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RI�SDUWLDOO\�SUHPL[HG�FRPEXVWLRQ�PD\�IRU�H[DPSOH�EH�IRXQG�LQ�'LHVHO�HQJLQHV��JDV�WXUELQHV�DQG

FRPEXVWLRQ� LQ� IXUQDFHV�� )XHO� ULFK� UHJLRQV� DUH� XVHG� IRU� IODPH� VWDELOL]DWLRQ� EXW�� LQ� RUGHU� WR

PLQLPL]H�12 �IRUPDWLRQ��PRVW�RI�WKH�FRPEXVWLRQ�RFFXUV�XQGHU�SUHPL[HG�IXHO�OHDQ�FRQGLWLRQV�
[

)LJXUH� ����JLYHV� D� VFKHPDWLF�GUDZLQJ�RI� D�EXUQHU��7KH� IXQFWLRQ�RI� D�EXUQHU� LV� WR�EULQJ

WRJHWKHU�WKH�IXHO�ZLWK�WKH�DLU�VXFK�WKDW�D�GHVLUDEOH�IODPH�LV�REWDLQHG��%XUQHUV�OLNH�XVHG�LQ�WKH�JODVV

LQGXVWU\�DUH�XVXDOO\�PDGH�XS�RXW�RI�D�PHWDO�WXEH�WKURXJK�ZKLFK�WKH�SUHPL[HG�PL[WXUH�RI�IXHO�DQG

R[\JHQ�LV�LQMHFWHG�LQWR�WKH�IXUQDFH��%HVLGHV�UHTXLUHPHQWV�ZLWK�UHVSHFW�WR�WKH�HIILFLHQF\��WKH�OHQJWK

RI�WKH�IODPH�LV�DERXW�WKH�PRVW�LPSRUWDQW�FRQVLGHUDWLRQ�LQ�WKH�RSHUDWLRQ�RI�IXUQDFHV��,W�LV�LPSRUWDQW

WKDW�WKH�IODPH�OHQJWK�LV�VXFK�WKDW�D�ZDOO�VLWXDWHG�RSSRVLWH�WR�WKH�LQMHFWLRQ�LV�QRW�KHDWHG�WRR�PXFK�

$�WRR�ORQJ�IODPH�PD\�GHVWUR\�WKLV�ZDOO�E\�FRUURVLRQ��&RQYHUVHO\��D�IODPH�ZKLFK�LV�WRR�VKRUW

JHQHUDOO\�SURGXFHV�ORZ�TXDOLW\�JODVV�E\�VSRW�KHDWLQJ�DQG�QRQ�XQLIRUP�KHDWLQJ�RI�WKH�VXUIDFH�RI

WKH�PHOW�

,Q�WKH�FDVH�RI�JDV�EXUQHUV��SULPDU\�DLU�LV�RIWHQ��VXSSOLHG�WR�UHDOL]H�D�VWDEOH�EXUQLQJ�RI�WKH

IODPH��:LWKRXW�SUHPL[LQJ�ZLWK�SULPDU\�DLU�� WKH�JDV� IODPH� LV� ORQJ�� UDGLDWLQJ��OXPLQRXV��DQG

XQVWDEOH��6XFK�D�IODPH�LV�FDOOHG�D�GLIIXVLRQ�IODPH�EHFDXVH�R[\JHQ�KDV�WR�EH�VXSSOLHG�E\�GLIIXVLRQ

IURP� WKH� VXUURXQGLQJ� VHFRQGDU\� DLU��%\�SUHPL[LQJ� WKH� IXHO�ZLWK�SULPDU\� DLU� WKH� IODPH�ZLOO

EHFRPH�VKRUWHU��PRUH�VWDEOH�DQG�OHVV�UDGLDWLQJ��7KH�OHQJWK�RI�WKH�IODPH�LV�DOVR�LQIOXHQFHG�E\�WKH

W\SH�RI�IXHO�XVHG�DQG�WKH�EXUQHU�H[LW�GLDPHWHU��7KH�IODPH�OHQJWK�GRHV�QRW�GHSHQG�YHU\�PXFK�RQ

WKH�IXHO�PDVV�IORZ��7KH�UHDVRQ�IRU�WKLV�LV�WKDW�DW�D�KLJKHU�EXUQHU�H[LW�YHORFLW\�WKH�PL[LQJ�ZLWK�WKH

FRPEXVWLRQ�DLU�ZLOO�DOVR�EH�VWURQJHU��FDXVLQJ�WKH�IODPH�OHQJWK�WR�UHPDLQ�DOPRVW�FRQVWDQW�
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/LNH�WKH�EXUQHUV�XVHG�LQ�WKH�JODVV�PHOWLQJ�IXUQDFH��PRVW�LQGXVWULDO�EXUQHUV�DUH�RSHUDWLQJ�RQ�D

KLJK�SRZHU�OHYHO��7KLV�LPSOLHV�KLJK�IORZ�YHORFLWLHV��7KHUHIRUH�JHQHUDOO\�WKH�IODPHV�DUH�WXUEXOHQW�

7XUEXOHQFH�LQFUHDVHV�WKH�HIILFLHQF\�RI�WKH�PL[LQJ�SURFHVV�E\�D�IDFWRU�RI�WKRXVDQG�DQG�PRUH��$

SULQFLSDO�GLIILFXOW\�LQ�WKH�PRGHOOLQJ�RI�WXUEXOHQW�IODPHV�LV�WKH�DGHTXDWH�PRGHOOLQJ�RI�WXUEXOHQFH

LWVHOI�

,Q� MHWV�� WXUEXOHQFH� LV� LQLWLDWHG� E\� WKH� IORZ� EHLQJ� VXEMHFW� WR� VR�FDOOHG�.HOYLQ�+HOPKROW]

LQVWDELOLWLHV��/HVLHXU���������7KHVH�LQVWDELOLWLHV�DUH�JHQHUDWHG�E\�ODUJH�YHORFLW\�JUDGLHQWV�LQ�WKH

IORZ��0ROHFXODU�YLVFRVLW\�LV�UHVSRQVLEOH�IRU�WKH�H[FKDQJH�RI�PRPHQWXP�LQ�WKH�IORZ��WKHUHE\

GLPLQLVKLQJ�WKHVH�YHORFLW\�JUDGLHQWV��$V�D�UHVXOW�RI�WKH�.HOYLQ�+HOPKROW]�LQVWDELOLWLHV��YRUWLFHV

VWDUW�WR�GHYHORS�LQ�WKH�IORZ��7KH�YRUWLFDO�VWUXFWXUH�LQFUHDVHV�WKH�OHQJWK�RI�WKH�LQWHUIDFH�EHWZHHQ

WZR�OD\HUV�ZLWK�GLIIHUHQW�YHORFLWLHV��7KHUHIRUH��WKH\�PRVW�HIIHFWLYHO\�WUDQVSRUW�PRPHQWXP�

,Q�D�WXUEXOHQW�IORZ�WKH�YHORFLW\�IOXFWXDWHV�ERWK�LQ�VSDFH�DQG�WLPH��&HUWDLQ�SDWWHUQV�UHSHDW

WKHPVHOYHV�DW�LUUHJXODU�LQWHUYDOV��WKHUH�LV�QHYHU�H[DFW�UHSHWLWLRQ��DQG�WKH�PRWLRQ�LV�WUXO\�QRQ�

SHULRGLF��:KHQ�WZR�LGHQWLFDO�V\VWHPV�DUH�VWDUWHG�DW�QHDUO\�LGHQWLFDO�FRQGLWLRQV��WKH�WZR�PRWLRQV

GLYHUJH�IURP�HDFK�RWKHU�DW�DQ�H[SRQHQWLDO�UDWH��2I�FRXUVH��LI�WKH�VWDUWLQJ�FRQGLWLRQV�ZHUH�SUHFLVHO\

WKH�VDPH��WKHQ�WKH�GHWHUPLQLVWLF�QDWXUH�RI�WKH�HTXDWLRQV��&KDSWHU����JXDUDQWHHV�WKDW�WKH�PRWLRQV

DUH�LGHQWLFDO�IRU�DOO�WLPH��%XW�VLQFH�VRPH�XQFHUWDLQW\�LQ�WKH�VWDUWLQJ�FRQGLWLRQV�LV�LQHYLWDEOH�LQ�UHDO

SK\VLFDO�V\VWHPV��LQ�WKH�WXUEXOHQW�IORZ�UHJLPH�WKH�GLYHUJHQFH�RI�QRPLQDOO\�LGHQWLFDO�PRWLRQV

FDQQRW�EH�DYRLGHG�

7KH� SURFHGXUHV� LQYROYHG� LQ� FRPSXWDWLRQDO� WXUEXOHQFH� PD\� EH� GLYLGHG� LQ� WZR� JOREDO

FDWHJRULHV������GHWHUPLQLVWLF�PHWKRGV��DQG�����SUREDELOLVWLF�PHWKRGV

�L��'HWHUPLQLVWLF�PHWKRGV

7KH�PRVW�VWUDLJKWIRUZDUG�ZD\�RI�ILQGLQJ�D�VROXWLRQ�WR�WKH�1DYLHU�6WRNHV�HTXDWLRQV�LV�E\�VROYLQJ

WKHP�GLUHFWO\��WKLV�LV�FDOOHG�D�'LUHFW�1XPHULFDO�6LPXODWLRQ��'16���7KHVH�VLPXODWLRQV�KDYH�D

UDWKHU�OLPLWHG�UDQJH�RI�DSSOLFDELOLW\��$�WXUEXOHQW�IORZ�VKRZV�IOXFWXDWLRQV�RQ�VPDOO�DV�ZHOO�DV�RQ

ODUJH�VFDOHV��(YHQ�LQ�D�FRQVWDQW�GHQVLW\�HQYLURQPHQW�WKLV�PDNHV�REWDLQLQJ�WKH�QXPHULFDO�VROXWLRQ

RI�WKH�JRYHUQLQJ�HTXDWLRQV��L�H��WKH�1DYLHU�6WRNHV�HTXDWLRQV��QRW�IHDVLEOH�IRU�WKH�KLJK�5H\QROGV

QXPEHUV� RI� LQWHUHVW� LQ� WKH� SUHVHQW� VWXG\��7R� UHVROYH� WKH� VPDOO� VFDOHV�� D� YHU\� ILQH� JULG�� DQG

FRQVHTXHQWO\�D�ODUJH�FRPSXWHU�PHPRU\��LV�QHHGHG��7KH�UHTXLUHG�WLPH�UHVROXWLRQ�PDNHV�WKHVH

FDOFXODWLRQV�DOVR�YHU\�WLPH�FRQVXPLQJ��&DSDELOLWLHV�RI�FXUUHQW�FRPSXWHUV�OLPLW�'16�FDOFXODWLRQV

�ZLWKRXW� FRPEXVWLRQ�� WR� ORZ�5H\QROGV� QXPEHUV��1HYHUWKHOHVV�� VROYLQJ� WKH� FRPSOHWH� VHW� RI

HTXDWLRQV� IRU� UHDFWLQJ� IORZV� VXEMHFWHG� WR� WXUEXOHQW� IOXFWXDWLRQV� PD\� EH� YHU\� XVHIXO�� '16

SURGXFHV�VLPSOLILHG�EXW�UHDOLVWLF�UHDOL]DWLRQV�RI�D�VPDOO�SDUW�RI�D�WXUEXOHQW�IODPH��7KLV�PD\�KHOS

XV�WR�XQGHUVWDQG�UHDO�IODPHV�DQG�WR�PRGHO�WKHP�XVLQJ�D�QHFHVVDULO\�OHVV�FRPSOHWH�PDWKHPDWLFDO

IORZ�PRGHO�

�LL��3UREDELOLVWLF�PHWKRGV

(YHQ�LI�LW�ZRXOG�EH�SRVVLEOH�WR�SHUIRUP�D�'16�IRU�D�SUDFWLFDO�V\VWHP�RQH�PD\�ZHOO�DVN�ZHWKHU

WKHUH� LV� DQ\�VHQVH� LQ� ILQGLQJ�QXPHULFDO� VROXWLRQV� WR� WKH�1DYLHU�6WRNHV�HTXDWLRQV�� VLQFH� WZR

VROXWLRQV�IURP�LGHQWLFDO�LQLWLDO�FRQGLWLRQV�XVLQJ�VOLJKWO\�GLIIHUHQW�DSSUR[LPDWLRQV�ZRXOG�DOVR

GLYHUJH��+RZHYHU�� WKHVH�GLIIHUHQW� VROXWLRQV� UHSUHVHQW� WKH� VDPH�VWDWLVWLFDO�EHKDYLRXU�� L�H�� WKH

SUREDELOLW\�RI� ILQGLQJ�D�FHUWDLQ�VWDWH� LQ�VSDFH�DQG� WLPH� LV�HTXDO� IRU�ERWK�VROXWLRQV��7KXV�� LQ

LPSOHPHQWLQJ�WKH�DSSURDFK�RI�WKH�ILUVW�FDWHJRU\��LW�LV�VXIILFLHQW�WR�NQRZ�WKH�EHKDYLRXU�RI�WKH�IORZ

YDULDEOHV�LQ�D�VWDWLVWLFDO�VHQVH�
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3UREDELOLVWLF�PHWKRGV� DWWHPSW� WR�GLUHFWO\� VROYH� HTXDWLRQV� IRU� WKHVH� VWDWLVWLFDO� TXDQWLWLHV�

7KHUHIRUH��DOO�VWDWLVWLFDO�PHWKRGV�DSSO\�VRPH�NLQG�RI�DYHUDJLQJ�WHFKQLTXH�WR�WKH�1DYLHU�6WRNHV

HTXDWLRQV��&KDSWHU�����7KH�GUDZEDFN�RI�WKHVH�VWDWLVWLFDO�PHWKRGV�LV�WKDW��GXH�WR�WKH�DYHUDJLQJ

SURFHVV��WKH�QRQOLQHDU�WHUPV�LQ�WKH�1DYLHU�6WRNHV�HTXDWLRQV�JLYH�ULVH�WR�FRUUHODWLRQ�WHUPV�RI

IOXFWXDWLQJ� YDULDEOHV� WKDW� KDYH� WR� EH� PRGHOOHG�� )LQGLQJ� DQ� DSSURSULDWH� PRGHO� IRU� WKHVH

FRUUHODWLRQV�LV�NQRZQ�DV�WKH�WXUEXOHQFH�FORVXUH�SUREOHP��$�PDMRU�GLIILFXOW\�ZLWK�WXUEXOHQFH

PRGHOV� LV� WKHLU� ODFN�RI�XQLYHUVDOLW\��$� WXUEXOHQFH�FORVXUH�RSWLPL]HG�IRU�D�SDUWLFXODU� W\SH�RI

WXUEXOHQW�IODPH�PD\�QRW�EH�DGHTXDWH�WR�SUHGLFW�WKH�IODPH�EHKDYLRXU�LQ�RWKHU�FRQILJXUDWLRQV��7R

PRGHO�WKH�FRUUHODWLRQ�WHUPV�DQG�WKHUHE\�FORVH�WKH�IORZ�PRGHO��LQ�WKH�SUHVHQW�VWXG\��XVH�LV�PDGH

RI�WKH�VWDQGDUG�N�J�WXUEXOHQFH�PRGHO��7KH�N�J�PRGHO�KDV�EHHQ�XVHG�LQ�D�PDMRULW\�RI�WXUEXOHQW�MHW

FDOFXODWLRQV� UHSRUWHG� LQ� OLWHUDWXUH�� ,Q� VSLWH�RI� LWV� ODFN�RI�XQLYHUVDOLW\� DQG� WKH�PDQ\� VSHFLILF

DVVXPSWLRQV�PDGH�LQ�LWV�GHULYDWLRQ��WKH��N�J�PRGHO�RIIHUV�DQ�DGHTXDWH�ZD\�RI�VLPXODWLQJ�WXUEXOHQW

MHW�IODPHV�

����785%8/(17�&20%867,21�02'(/6

'LVFXVVLRQ�RI�WKH�FKHPLFDO�DVSHFWV�RI�WXUEXOHQW�FRPEXVWLRQ�LV�IDFLOLWDWHG�LI�ZH�GHDO�ZLWK�QRQ�

SUHPL[HG��&KDSWHU����DQG�SUHPL[HG�V\VWHPV��&KDSWHU����VHSDUDWHO\��+RZHYHU��WKHUH�DUH�VHYHUDO

SRLQWV�RI�VLPLODULW\�LQ�WKH�GHVFULSWLRQ�RI�WKH�FKHPLFDO�EHKDYLRXU�RI�WKHVH�WZR�V\VWHPV��:KHQ�DQ

DYHUDJLQJ�WHFKQLTXH�LV�DSSOLHG�WR�WKH�FRQVHUYDWLRQ�HTXDWLRQ�IRU�VSHFLHV� ��DQ�DYHUDJHG�FKHPLFDO

VRXUFH�WHUP� �IRU�VSHFLHV �DSSHDUV��:KHQ�UHDFWLRQV�DUH�DVVXPHG�WR�EH�IDVW��FKHPLFDO�UHDFWLRQ

LV�FRQILQHG�WR�WKLQ�VXUIDFHV��H�J��ODPLQDU�IODPHOHWV��)RU�ERWK�V\VWHPV��WKH�PHDQ�UDWH�RI�FUHDWLRQ

RI�VSHFLHV��H�J�� ��PD\�WKHQ�EH�H[SUHVVHG�DV

ZKHUH� �>NJ�P V@�LV�WKH�UDWH�RI�FUHDWLRQ�RI�VSHFLHV� L�SHU�XQLW�DUHD�RI�IODPHOHW�VXUIDFH��DQG�

*� >P @�LV� WKH�IODPH�VXUIDFH�DUHD�RI�IODPHOHW�SHU�XQLW�YROXPH��,Q�QRQ�SUHPL[HG�V\VWHPV���

GHSHQGV�RQ�WKH�PROHFXODU�WUDQVSRUW�RI�UHDFWDQWV�IURP�HDFK�VLGH�RI�WKH�UHDFWLRQ�]RQH�ZKLOH�LQ

SUHPL[HG� V\VWHPV� � GHSHQGV� RQ� WKH� VSHHG� DW�ZKLFK� D� SUHPL[HG� IODPHOHW� SURSDJDWHV� LQWR

UHDFWDQWV��$QRWKHU�VKDUHG�SRLQW�LV�WKDW�ERWK�V\VWHPV�PD\�LQ�ILUVW�DSSUR[LPDWLRQ�EH�GHVFULEHG�E\

D�VLQJOH�VFDODU�YDULDEOH��,Q�QRQ�SUHPL[HG�V\VWHPV�WKDW�YDULDEOH�LV�WKH�VR�FDOOHG�PL[WXUH�IUDFWLRQ

=��ZKLOH�LQ�SUHPL[HG�V\VWHPV�LW�LV�WKH�SURJUHVV�YDULDEOH�F��$OWKRXJK�WKH�PHDQLQJ�RI�WKHVH�VFDODUV

LV�TXLWH�GLIIHUHQW��HDFK�SOD\V�D�GHFLVLYH�UROH�LQ�GHWHUPLQLQJ�WKH�LQVWDQWDQHRXV�DQG�VWDWLVWLFDO�VWDWH

RI�WKH�IOXLG��%\�LQWURGXFWLRQ�RI�WKH�VFDODU�TXDQWLWLHV�=�DQG�F��WKH�HPSKDVLV�LV�SXW�RQ�ILQGLQJ�D

VROXWLRQ� IRU� WKHVH� WZR�TXDQWLWLHV� UDWKHU� WKDQ�RQ�ILQGLQJ�D�VROXWLRQ�RI� WKH�DYHUDJHG� WUDQVSRUW

HTXDWLRQV�IRU�DOO�VSHFLHV�DQG�WKH�WHPSHUDWXUH�

�L��1RQ�SUHPL[HG�FRPEXVWLRQ

)RU�QRQ�SUHPL[HG�FRPEXVWLRQ��WKH�PL[WXUH�IUDFWLRQ�=�REH\V�D�VRXUFH�IUHH�FRQYHFWLRQ�GLIIXVLRQ

HTXDWLRQ�WKDW�LV�UHODWLYHO\�HDV\�WR�VROYH��7KH�PL[WXUH�IUDFWLRQ�PD\�EH�GHILQHG�DV�D�VFDOHG�HOHPHQW

PDVV�IUDFWLRQ��,W�LV�WKHUHIRUH�D�FRQVHUYHG�VFDODU�ZKLFK�LV�LQYDULDQW�XQGHU�FRPEXVWLRQ��6WULFWO\��WKH

PL[WXUH�IUDFWLRQ�=�FDQ�EH�LQWURGXFHG�RQO\�LI�GLIIXVLYLWLHV�RI�DOO�VSHFLHV�DUH�HTXDO��7KH�VLPSOHVW

PRGHO�EDVHG�RQ�WKH�FRQVHUYHG�VFDODU�=�LV�REWDLQHG�LI�RQH�DVVXPHV�WKDW�IXHO�DQG�R[LGL]HU�UHDFW�LQ

D�RQH�VWHS��LUUHYHUVLEOH��LQILQLWHO\�IDVW�UHDFWLRQ��7KLV�LV�WKH�VR�FDOOHG�IODPH�VKHHW�DSSUR[LPDWLRQ�

LQWURGXFHG�E\�%XUNH�DQG�6FKXPDQQ���������$QRWKHU�PRGHO�EDVHG�RQ�WKH�PL[WXUH�IUDFWLRQ�=�LV

WKH� FKHPLFDO� HTXLOLEULXP� PRGHO�� *LYHQ� WKH� SUHVVXUH� DQG� WKH� HQWKDOS\�� WKH� HTXLOLEULXP
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FRPSRVLWLRQ�FDQ�EH�GHWHUPLQHG�DV�D�IXQFWLRQ�RI�WKH�LQVWDQWDQHRXV�PL[WXUH�IUDFWLRQ�=�E\�PDNLQJ

XVH�RI�VWDQGDUG�WHFKQLTXHV��H�J��:LOOLDPV������E��

,Q�WKH�ODPLQDU�IODPHOHW�PRGHO��D�WXUEXOHQW�GLIIXVLRQ�IODPH�LV�DVVXPHG�WR�EH�DQ�HQVHPEOH�RI

ODPLQDU�GLIIXVLRQ�IODPHV��)RU�WKLV�PRGHO�WR�EH�YDOLG��WKH�'DPN|KOHU�QXPEHU��GHILQHG�DV�WKH�UDWLR

RI�WKH�.ROPRJRURY�WLPH�WR�WKH�FKHPLFDO�WLPH��PXVW�E\�KLJK��DQG�WKH�GLIIXVLRQ�IODPH�PXVW�EH�WKLQ

LQ�PL[WXUH�IUDFWLRQ�VSDFH��,I�WKLV�LV�WKH�FDVH��WKHQ�WKH�ORFDO�VWUXFWXUH�LQ�D�WXUEXOHQW�GLIIXVLRQ�IODPH

PD\�EH�UHJDUGHG�WR�EH�RQH�GLPHQVLRQDO��7KH�ORFDO�LQVWDQWDQHRXV�VFDODU�IODPH�VWUXFWXUH�PD\�WKHQ

EH�GHVFULEHG�E\�D�VHW�RI�HTXDWLRQV�LQ�RQH�GLPHQVLRQ��WKH�VR�FDOOHG�IODPHOHW�HTXDWLRQV��:LWK�WKHVH

IODPHOHW�HTXDWLRQV��DOO� VFDODU�TXDQWLWLHV�PD\�EH�VROYHG�DV�D� IXQFWLRQ�RI� WZR�SDUDPHWHUV�� WKH

PL[WXUH�IUDFWLRQ�=�DQG�WKH�VFDODU�GLVVLSDWLRQ�UDWH�DW�WKH�SRLQW�RI�VWRLFKLRPHWULF�PL[WXUH��L�H�� �

1XPHULFDO�GDWD�REWDLQHG�IURP�IODPHOHW�FDOFXODWLRQV�LV�VWRUHG�LQWR�D�VR�FDOOHG�IODPHOHW�OLEUDU\

ZKLFK�PD\�EH�LQFRUSRUDWHG�GLUHFWO\�LQWR�WKH�WXUEXOHQW�IODPH�FDOFXODWLRQV�LI�WKH\�DUH�DYHUDJHG

DSSURSULDWHO\���:LWK� �DV�WKH�FKHPLFDO�QRQ�HTXLOLEULXP�SDUDPHWHU��WKH�IODPHOHW�PHWKRG�PDNHV

LW�SRVVLEOH�WR�PRGHO�FKHPLFDO�QRQ�HTXLOLEULXP�HIIHFWV�OLNH�IODPH�TXHQFKLQJ�

,Q�WKH�DYHUDJLQJ�SURFHGXUH��XVH�LV�PDGH�RI�SUHVXPHG�SUREDELOLW\�GHQVLW\�IXQFWLRQV��3')©V��

7KH�VKDSH�RI�D�SUHVXPHG�3')�LV�GHWHUPLQHG�E\�WZR�PRPHQWV�DORQH��WKH�PHDQ�DQG�WKH�YDULDQFH

RI�WKH�FRQFHUQLQJ�TXDQWLW\�

�LL��3UHPL[HG�FRPEXVWLRQ

,Q�SUHPL[HG�FRPEXVWLRQ��WKH�VFDODU�ILHOG�PD\�EH�GHVFULEHG�E\�D�SURJUHVV�YDULDEOH�F�ZKLFK�HTXDOV

��LQ�WKH�XQEXUQW�PL[WXUH�DQG���LQ�WKH�EXUQW�JDV��,Q�WKH�VLPSOHVW�DSSURDFK��WKH�SUHPL[HG�IODPH�LV

UHJDUGHG�DV�LQILQLWHO\�WKLQ�DQG�WKH�SURJUHVV�RI�WKH�VSHFLHV�PDVV�IUDFWLRQV�ZLWKLQ�WKH�SUHPL[HG

IODPH�IURQW�LV�OHIW�XQUHVROYHG��7KH�SURJUHVV�YDULDEOH�PD\�EH�LQWHUSUHWHG�DV�D�QRQ�GLPHQVLRQDO

SURGXFW�PDVV�IUDFWLRQ�DQG�WKHUHIRUH�LW��REH\V�D�WUDQVSRUW�HTXDWLRQ�VLPLODU�WR�WKDW�IRU�D�VSHFLHV

PDVV�IUDFWLRQ��%\�WLPH�DYHUDJLQJ�WKLV�HTXDWLRQ��D�WLPH�DYHUDJHG�FKHPLFDO�VRXUFH�WHUP�DSSHDUV�

$�ILUVW�PRGHO�IRU�WKLV�WLPH�DYHUDJHG�FKHPLFDO�VRXUFH�WHUP�ZDV�JLYHQ�E\�6SDOGLQJ��������DQG�LW

LV�FDOOHG�WKH�¦(GG\�%UHDN�8S§�PRGHO��(%8�PRGHO���$�GUDZEDFN�RI�WKH�(%8�PRGHO�LV�WKDW�WKH

PHDQ�FKHPLFDO�VRXUFH�WHUP�LV�RQO\�FRQWUROOHG�E\�WKH�WXUEXOHQW�IORZ�ILHOG��DQG�WKDW�WKHUH�LV�QR

LQIOXHQFH�RI�FKHPLVWU\�RQ�WKH�PHDQ�FKHPLFDO�VRXUFH�WHUP��,Q�WKH�%UD\�0RVV�/LEE\�PRGHO��%0/

PRGHO���%UD\�HW�DO�������E���WKH�PHDQ�FKHPLFDO�VRXUFH�WHUP�LV�JLYHQ�E\

DQG�LW�GHSHQGV�RQ�WKH�GHQVLW\�RI�WKH�XQEXUQW�PL[WXUH� �DQG�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�

ZKLFK�LQ�WXUQ�GHSHQGV�RQ�WKH�ORFDO�PL[WXUH�FRPSRVLWLRQ��7KH�HPSLULFDO�IDFWRU� ��FDOOHG�WKH�PHDQ

VWUHWFK�IDFWRU��DFFRXQWV�IRU�WKH�LQIOXHQFH�RI�IODPH�VWUHWFK�DQG�IODPH�FXUYDWXUH�RQ�WKH�ODPLQDU

EXUQLQJ�YHORFLW\��$V�LQ�(TXDWLRQ��������*�LV�WKH�ORFDO�IODPHOHW�VXUIDFH�WR�YROXPH�UDWLR��,W�PD\�IRU

H[DPSOH�EH�JLYHQ�DV�D�IXQFWLRQ�RI�WKH�PHDQ�SURJUHVV�YDULDEOH��PDNLQJ�WKH�PRGHO�YHU\�VLPLODU�WR

WKH�(%8�PRGHO��$OVR�D�WUDQVSRUW�HTXDWLRQ�PD\�EH�VROYHG�IRU�*��&DQW�HW�DO����������+RZHYHU�

PDQ\�XQNQRZQ�FRUUHODWLRQV�DSSHDU�WKDW�KDYH�WR�EH�PRGHOOHG��0RGHOV�OLNH�WKH�(%8�PRGHO�DQG

WKH�%0/�PRGHO�� DUH�RIWHQ�QRW� VXIILFLHQWO\� DFFXUDWH� WR�SUHGLFW� WKH� FRUUHFW� WXUEXOHQW� EXUQLQJ

YHORFLW\�DQG�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV�

$OWHUQDWLYHO\��WKH�VROXWLRQ�IRU�WKH�SURJUHVV�YDULDEOH�PD\�EH�IRXQG�E\�VROYLQJ�D�NLQHPDWLF

HTXDWLRQ�IRU�WKH�VR�FDOOHG�OHYHO�VHW�IXQFWLRQ�*��,Q�WKLV�PRGHO��WKH�PHDQ�WXUEXOHQW�IODPH�IURQW�LV

IRXQG�DV�WKH�]HUR�OHYHO�VHW�RI�WKH�OHYHO�VHW�IXQFWLRQ�*��7KH�SURSDJDWLRQ�VSHHG�RI�WKH�WXUEXOHQW

IODPH�IURQW�LV�SUHVFULEHG�E\�D�PRGHO�HTXDWLRQ�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\��VHH�&KDSWHU����



�

�LLL��3DUWLDOO\�SUHPL[HG�FRPEXVWLRQ

3DUWLDOO\� SUHPL[HG� FRPEXVWLRQ� LV� IRXQG� LQ� WKH� VWDELOL]DWLRQ� PHFKDQLVP� RI� OLIWHG� WXUEXOHQW

GLIIXVLRQ�IODPHV�WKDW�ZLOO�EH�WUHDWHG�LQ�&KDSWHU����%HFDXVH�WKH�IODPH�LV�OLIWHG��WKH�IXHO�HPDQDWLQJ

IURP�WKH�EXUQHU�LV�VXEMHFWHG�WR�SDUWLDO�SUHPL[LQJ��%HVLGHV�WKH�GHYHORSPHQW�RI�D�GLIIXVLRQ�IODPH

WKH�PL[HG�UHDFWDQWV�FDQ� LJQLWH�DQG�EXUQ� LQ�D�SUHPL[HG�IDVKLRQ�� ,Q�VXFK� OLIWHG� IODPHV�� IODPH

SURSDJDWLRQ� JHQHUDWHV� D� IODPH� VWUXFWXUH� WKDW� LV� FDOOHG� D� WULSOH� IODPH�� 7ULSOH� IODPHV�PD\� EH

GHVFULEHG�E\�D�FRPELQDWLRQ�RI�D�ODPLQDU�SUHPL[HG�IODPH�DQG�D�ODPLQDU�GLIIXVLRQ�IODPH��0�OOHU

HW�DO�������D��

����287/,1(�2)�7+,6�7+(6,6

7KH�PRGHO�JHRPHWU\�WR�EH�VWXGLHG�LQ�WKLV�WKHVLV�LV�WKDW�RI�DQ�D[L�V\PPHWULF�EXUQHU��7KLV�JHRPHWU\

LV�PXFK�VLPSOHU�WKDQ�WKDW�IRXQG�LQ�SUDFWLFDO�V\VWHPV��EXW�LW�DOORZV�WR�LQFRUSRUDWH�DOO�WKH�LPSRUWDQW

EDVLF�LQJUHGLHQWV�ZH�ZDQW�WR�VWXG\��7KH�ERXQGDU\�FRQGLWLRQV�IRU�VXFK�DQ�D[L�V\PPHWULF�MHW�DUH

DOVR�UDWKHU�HDV\�WR�LPSOHPHQW�LQWR�D�QXPHULFDO�PHWKRG��,Q�WKLV�WKHVLV��PRGHOV�IRU�ERWK�SUHPL[HG

DQG�GLIIXVLRQ�IODPHOHWV�ZLOO�EH�XVHG�LQ�FRPELQDWLRQ�ZLWK�D�N�J�WXUEXOHQFH�PRGHO�WR�QXPHULFDOO\

VLPXODWH�GLIIXVLRQ�IODPHV��SUHPL[HG�IODPHV�DQG�SDUWLDOO\�SUHPL[HG�IODPHV�

&KDSWHU�WZR�VWDUWV�ZLWK�D�GHVFULSWLRQ�RI�WKH�IXOO�VHW�RI�PDFURVFRSLF�HTXDWLRQV�WR�EH�VROYHG�

&KDSWHU�WKUHH�GHDOV�ZLWK�WKH�DYHUDJLQJ�SURFHVV�DQG�WKH�WXUEXOHQFH�FORVXUH�SUREOHP��&KDSWHU�IRXU

IRFXVVHV�RQ�WKH�QXPHULFDO�VLPXODWLRQ�RI�D�WXUEXOHQW�MHW�ZLWKRXW�FKHPLFDO�UHDFWLRQV��&DOFXODWHG

UHVXOWV�ZLOO�EH�FRPSDUHG�WR�PHDVXUHPHQWV�HPSOR\LQJ�KRW�ZLUH�DQHPRPHWU\��+:$���$�VSHFLDO

PHWKRG�RI�WUHDWLQJ�WKH�KRW�ZLUH�DQHPRPHWU\�VLJQDOV�KDV�EHHQ�GHYHORSHG�DQG�ZLOO�EH�H[SODLQHG�

0HDQ� WHPSHUDWXUH�PHDVXUHPHQWV� KDYH� EHHQ� FDUULHG� RXW� XVLQJ� D� WKHUPRFRXSOH�� 7KH�PL[LQJ

SURFHVV�ZLOO�EH�GHVFULEHG�E\�WKH�WHPSHUDWXUH�PHDVXUHPHQWV�LQ�D�KHDWHG�MHW��&KDSWHU�ILYH�IRFXVVHV

RQ�WKH�QXPHULFDO�VLPXODWLRQ�RI�WXUEXOHQW�GLIIXVLRQ�IODPHV��,W�LV�VKRZQ�KRZ�WKH�PL[WXUH�IUDFWLRQ

HTXDWLRQ�FDQ�EH�XVHG�LQ�QXPHULFDOO\�VLPXODWLQJ�WKHVH�IODPHV��&KDSWHU�VL[�WUHDWV�WKH�WXUEXOHQW

SUHPL[HG�IODPHV�ZKHUH�DQ�HTXDWLRQ�IRU�WKH�VFDODU�*�LV�XVHG�WR�GHVFULEH�WKH�SUHPL[HG�IODPH�

&KDSWHU�VHYHQ�WUHDWV�WKH�FRPELQHG�SUREOHP��ZKHUH�WKH�GLIIXVLRQ�IODPHOHW�PRGHO�DQG�WKH�SUHPL[HG

IODPHOHW�PRGHO�KDYH�EHHQ�XVHG�LQ�FRPELQDWLRQ�WR�QXPHULFDOO\�VLPXODWH�D�OLIWHG�WXUEXOHQW�MHW

GLIIXVLRQ� IODPH�� &KDSWHU� HLJKW� JLYHV� VRPH� ILQDO� UHPDUNV� DQG� UHFRPPHQGDWLRQV� IRU� IXWXUH

UHVHDUFK�
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&KDSWHU��

*RYHUQLQJ�HTXDWLRQV�IRU�FKHPLFDOO\�UHDFWLQJ�IORZ

)RU�VWXG\LQJ�WXUEXOHQW�SDUWLDOO\�SUHPL[HG�GLIIXVLRQ�IODPHV�D�QXPEHU�RI�WKHRUHWLFDO�PRGHOV�KDYH

EHHQ�GHYHORSHG��(DFK�RI� WKHP�KDV� LWV� DGYDQWDJHV�DQG�GLVDGYDQWDJHV��$W� ILUVW� WKH�JRYHUQLQJ

HTXDWLRQV�PD\�EH�GLYLGHG�LQWR�WZR�JURXSV�DFFRUGLQJ�WR�WKH�FRQGLWLRQ�RI�ZKHWKHU�RU�QRW�WKH�IORZ

PD\�EH�FRQVLGHUHG�DV�D�FRQWLQXXP�

,Q�WKLV�WKHVLV��WKH�IORZ�ZLOO�EH�FRQVLGHUHG�WR�EH�D�FRQWLQXXP��7KH�FRQGLWLRQV�IRU�WKH�YDOLGLW\

RI�HTXDWLRQV�GHVFULELQJ�FRQWLQXXP�IORZV�PD\�EH�IRXQG�IURP�WKH�FULWHULRQ�WKDW�WKH�FKDUDFWHULVWLF

LQWHUDFWLRQ�OHQJWK�DQG�WLPH�RI�LQWHUDFWLRQ�RI�WKH�SDUWLFOHV�FRPSRVLQJ�WKH�IORZ�DUH�ERWK�VPDOO

FRPSDUHG� WR� WKH� FKDUDFWHULVWLF� � PDFURVFRSLF� GLPHQVLRQV� RI� WKH� IORZ�� $W� UHODWLYHO\� ORZ

WHPSHUDWXUHV��WKH�FKDUDFWHULVWLF�LQWHUDFWLRQ�OHQJWK�LV�WKH�PHDQ�IUHH�SDWK�RI�WKH�PROHFXOHV��$W

QRUPDO�WHPSHUDWXUH�DQG�DWPRVSKHULF�SUHVVXUH�LW�LV�LQ�WKH�RUGHU�RI�����P�

&RQWLQXXP�RU�PDFURVFRSLF�HTXDWLRQV�DUH�H[WUHPHO\�XVHIXO� LQ� VROYLQJ�D� ODUJH�QXPEHU�RI

SUDFWLFDO�SUREOHPV�FRQQHFWHG�ZLWK�FKHPLFDOO\�UHDFWLQJ�IORZV��,W�LV�ZHOO�NQRZQ�WKDW�D�PDFURVFRSLF

GHVFULSWLRQ�RI�IOXLG�IORZ�PD\�EH�GHULYHG�IURP�WKH�SRVWXODWLRQ�RI�D�QXPEHU�RI�FRQVHUYDWLRQ�ODZV

VXFK�DV�FRQVHUYDWLRQ�RI�PDVV��PRPHQWXP�DQG�HQHUJ\��7KH�JHQHUDO�HTXDWLRQV�RI�FRQVHUYDWLRQ�DUH

QRW� VXIILFLHQW� WR� GHVFULEH� D� FKHPLFDOO\� UHDFWLQJ� IORZ�� $GGLWLRQDO� HTXDWLRQV� JLYLQJ� PRUH

LQIRUPDWLRQ�DERXW�WKH�QDWXUH�RI�WKH�IOXLG�DQG�WKH�IORZ�VKRXOG�EH�LQWURGXFHG��7KHVH�UHODWLRQV�PD\

EH�H[SUHVVHG�LQ�WKH�IRUP�RI�HTXDWLRQV�RI�VWDWH��LQ�WKH�IRUP�RI�FRQVWLWXWLYH�UHODWLRQV�FRQQHFWLQJ

VWUHVVHV�ZLWK�YHORFLW\�JUDGLHQWV��YLVFRVLW\�FRHIILFLHQWV��HWF�

����&216(59$7,21�(48$7,216

�L��&RQVHUYDWLRQ�RI�PDVV

)URP�WKH�PDVV�EDODQFH�RI�DQ�DUELWUDU\�FRQWURO�YROXPH�LW�IROORZV��LQ�FRQVHUYDWLRQ�IRUP��WKDW�

ZKHUH W� �WLPH�>V@

[ � �&DUWHVLDQ�FRRUGLQDWH�LQ�MWK�GLUHFWLRQ�>P@M

'� �PDVV�GHQVLW\�>NJ�P @�

� X � �FRPSRQHQW�RI�WKH�YHORFLW\�YHFWRU�X�>P�V@�LQ�D�&DUWHVLDQ�FRRUGLQDWH�V\VWHP�M

7KH�VHFRQG�WHUP�LQ�(TXDWLRQ�������LQGLFDWHV�D�VXPPDWLRQ�RYHU�WKH�LQGH[�M��M �������DFFRUGLQJ�WR

(LQVWHLQ
V�FRQYHQWLRQ�

�

)RU�D�PL[WXUH�ZLWK�1�VSHFLHV��WKH�PL[WXUH�GHQVLW\�'�LV�WKH�VXP�RI�WKH�VSHFLHV�PDVV�GHQVLWLHV�' �N
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7KH�YHORFLW\�YHFWRU�X�RI�WKH�PL[WXUH�LV�WKH�PDVV�ZHLJKWHG�VXP�RI�VSHFLHV�YHORFLWLHV�Y �N

7KH�PDVV�FRQVHUYDWLRQ�(TXDWLRQ�������PD\�DOVR�EH�ZULWWHQ�DV�

,Q�WKLV�HTXDWLRQ�'�'W�GHQRWHV�WKH�PDWHULDO�GHULYDWLYH�

�LL��&RQVHUYDWLRQ�RI�VSHFLHV

%\� FRQVLGHULQJ� WKH� FRQVHUYDWLRQ� RI� VSHFLHV� IRU� DQ� DUELWUDU\� FRQWURO� YROXPH� LW� IROORZV�� LQ

FRQVHUYDWLRQ�IRUP��WKDW�

ZKHUH�WKH�PDVV�IUDFWLRQ�< �LV�GHILQHG�E\L

- �LV�WKH�PDVV�PROHFXODU�GLIIXVLRQ�IOX[�RI�VSHFLHV�L�LQ�WKH�M�WK�FRRUGLQDWH�GLUHFWLRQ�DQG� �LV�WKHLM

UDWH�RI�PDVV�JHQHUDWLRQ�RI�VSHFLHV�L��L�H��WKH�FKHPLFDO�VRXUFH�WHUP�ZLWK�XQLW�NJ�P �V ��� ��

�LLL��&RQVHUYDWLRQ�RI�PRPHQWXP

%\�FRQVLGHULQJ�WKH�FKDQJH�RI�PRPHQWXP�IRU�DQ�DUELWUDU\�FRQWURO�YROXPH�DQG�HTXDWLQJ�WKLV�WR�WKH

LPSRVHG�IRUFH�LW�IROORZV��LQ�FRQVHUYDWLRQ�IRUP��WKDW�

ZKHUH�) �LV�WKH�VWUHVV�WHQVRU�ML

ZLWK�S�>1�P @�DV�WKH�SUHVVXUH��
 �GHQRWHV�WKH�.URQHFNHU�GHOWD�ZKLFK�LV�HTXDO�WR�]HUR�XQOHVV�M L�

ML

IRU�ZKLFK�LW�LV�HTXDO�WR�RQH�� �LV�WKH�ERG\�IRUFH�DFWLQJ�RQ�WKH�N�WK�VSHFLHV�LQ�WKH�[ �GLUHFWLRQ�L

([DPSOHV� RI� ERG\� IRUFHV� DUH� WKH� JUDYLW\� IRUFH� DQG� WKH� /RUHQW]� IRUFH� IRU� HOHFWURPDJQHWLF

LQIOXHQFHV�

�LY��&RQVHUYDWLRQ�RI�HQHUJ\

)URP�WKH�HQHUJ\�EDODQFH�IRU�DQ�DUELWUDU\�FRQWURO�YROXPH�LW�IROORZV�WKDW�
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+HUH�8�>-�NJ@��LV�WKH�LQWHUQDO�HQHUJ\�SHU�XQLW�PDVV��T �>-�P V@�LV�WKH�FRPSRQHQW�LQ�[ �GLUHFWLRQ�RIM M
�

WKH� KHDWIOX[� YHFWRU�T�� L�H�� �0T �0[ � >-�P V@� LV� WKH� KHDW� ORFDOO\� DGGHG� WKURXJK� FRQGXFWLRQ� DQGM M
�

GLIIXVLRQ�SURFHVVHV��VHH�6HFWLRQ������� �>-�P V@�LV�WKH�DPRXQW�RI�KHDW�DGGHG�YROXPHWULFDOO\�SHU�

XQLW�RI�WLPH�DQG�YROXPH�GXH�WR�UDGLDWLYH�H[FKDQJH�DQG�HOHFWULFDO�FXUUHQWV��-RXOH�KHDW��

8VLQJ�(TXDWLRQ�������LW�IROORZV�WKDW�(TXDWLRQ��������PD\�DOVR�EH�ZULWWHQ�DV�

7KH�HQHUJ\�HTXDWLRQ�PD\�DOVR�EH�ZULWWHQ�LQ�WHUPV�RI�WKH�VR�FDOOHG�HQWKDOS\�K�>-�NJ@�ZKLFK�LV

LQWURGXFHG�E\�WKH�GHILQLWLRQ�

:LWK�(TXDWLRQ�������LW�LV�IRXQG�WKDW�

8VLQJ�WKH�FRQWLQXLW\�(TXDWLRQ��������WKH�ILUVW�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�RI�(TXDWLRQ��������FDQ

EH�UHZULWWHQ�DV�

6R�WKDW�(TXDWLRQ��������FDQ�EH�UHZULWWHQ�DV�

6XEVWLWXWLRQ�RI�WKLV�HTXDWLRQ�LQWR�(TXDWLRQ��������\LHOGV�

6R�WKH�HQHUJ\�HTXDWLRQ�LQ�WHUPV�RI�WKH�HQWKDOS\�K�LV�

����(48$7,216�2)�67$7(

)URP� WKHUPRG\QDPLFV� LW� LV� NQRZQ� WKDW� WZR� UHODWLRQVKLSV� H[LVW� EHWZHHQ� WKH� PDFURVFRSLF

FKDUDFWHULVWLFV�RI�WKH�IOXLG��QDPHO\��GHQVLW\��SUHVVXUH��LQWHUQDO�HQHUJ\��DQG�WHPSHUDWXUH��2QH�RI

WKHVH�IXQFWLRQDO�UHODWLRQVKLSV�LV�XVXDOO\�FDOOHG�WKH�WKHUPDO�HTXDWLRQ�RI�VWDWH��,Q�WKH�VSHFLILF�FDVH

RI�D�JDVHRXV�PHGLXP��VRPH�PRUH�RU�OHVV�VLPSOH�UHODWLRQVKLSV�IRU�WKH�HTXDWLRQ�RI�VWDWH�KDYH�EHHQ
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DGRSWHG��:H�ZLOO�DVVXPH�WKDW�ZH�DUH�GHDOLQJ�ZLWK�D�SHUIHFW�JDV�IRU�ZKLFK�WKH�WKHUPDO�HTXDWLRQ

RI�VWDWH�UHDGV�

ZKHUH 5� �VSHFLILF�JDV�FRQVWDQW�>-�NJ�.@

5 � �XQLYHUVDO�JDV�FRQVWDQW� ��������-�PRO�.
�

7� �WHPSHUDWXUH�>.@

:� �PL[WXUH�PROHFXODU�ZHLJKW�>NJ�PRO@

: � �PROHFXODU�ZHLJKW�RI�VSHFLHV�L�>NJ�PRO@
L

$OVR�QHHGHG�LV�D�UHODWLRQ�EHWZHHQ�WKH�HQWKDOS\�K�DQG�WKH�WHPSHUDWXUH�7��7KH�HQWKDOS\�K�LV�WKH

PDVV�ZHLJKWHG�VXP�RI�WKH�VSHFLILF�HQWKDOS\�RI�DOO�VSHFLHV�

7KH�VSHFLILF�HQWKDOS\�K �RI�VSHFLHV�L�LV�D�IXQFWLRQ�RI�WKH�WHPSHUDWXUH�JLYHQ�E\�
L

ZKHUH� �LV�WKH�KHDW�RI�IRUPDWLRQ�SHU�XQLW�PDVV�DW�UHIHUHQFH�WHPSHUDWXUH�7 �DQG� �>-�NJ�.@�LV
�

WKH�VSHFLILF�KHDW�DW�FRQVWDQW�SUHVVXUH�SHU�XQLW�PDVV�RI�VSHFLHV�L��7KH�PDVV�ZHLJKWHG�VSHFLILF�KHDW

LV�LQWURGXFHG�E\�

8VLQJ�(TXDWLRQV����������������DQG��������ZH�PD\�ZULWH�

����&2167,787,9(�(48$7,216

�L��'LIIXVLRQ�IOX[

7KH�GLIIXVLRQ�IOX[�PD\�EH�PRGHOOHG�DV�

ZKHUH�WKH�ILUVW�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�UHSUHVHQWV�)LFN
V�ODZ�ZLWK�D�VLQJOH�GLIIXVLRQ�FRHIILFLHQW

' �IRU�GLIIXVLRQ�RI�VSHFLHV�L�LQ�WKH�PL[WXUH�� �LV�WKH�WKHUPDO�GLIIXVLRQ�FRHIILFLHQW�RI�VSHFLHV�L
L

LQ�WKH�PL[WXUH��7UDQVSRUW�SURSHUWLHV�DUH�RIWHQ�VLPSOLILHG�E\�QHJOHFWLQJ�WKHUPDO�GLIIXVLRQ�

�LL��+HDW�IOX[�YHFWRU

&RQGXFWLRQ�DQG�GLIIXVLRQ�SURFHVVHV�\LHOG�WKH�KHDW�IOX[�YHFWRU�DV�
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ZKHUH� )RXULHU
V� ODZ� RI� WKHUPDO� FRQGXFWLYLW\� VWDWHV� WKDW� WKH� KHDW� IOX[� LV� SURSRUWLRQDO� WR� WKH

WHPSHUDWXUH�JUDGLHQW��ILUVW�WHUP�RQ�WKH�ULJKW�KDQG�VLGH���7KH�TXDQWLW\����-�.�P�V��GHQRWHV�WKH
WKHUPDO�FRQGXFWLYLW\��)XUWKHUPRUH��WKH�KHDW�IOX[�YHFWRU�LQFOXGHV�WKH�WUDQVSRUW�RI�VSHFLILF�VSHFLHV

HQWKDOS\��K ��E\�GLIIXVLRQ��VHFRQG�WHUP�RQ�WKH�ULJKW�KDQG�VLGH��L

)URP�(TXDWLRQ��������,W�IROORZV�WKDW�

VR�WKDW�IRU�WKH�FRQGXFWLRQ�WHUP�FDQ�EH�ZULWWHQ�

DQG�E\�VXEVWLWXWLRQ�RI�WKLV�HTXDWLRQ�LQWR�(TXDWLRQ��������LW�IROORZV�WKDW�

�LLL��6KHDU�VWUHVV�WHQVRU

)RU�D�1HZWRQLDQ�IOXLG�WKH�VKHDU�VWUHVV�WHQVRU�- ��DOVR�FDOOHG�WKH�GHYLDWRULF�VWUHVV�WHQVRU��UHDGV�LM

ZKHUH���>1V�P @�LV� WKH�G\QDPLF�YLVFRVLW\��7KH�YLVFRVLW\�FRHIILFLHQW� � LV� WKH�VR�FDOOHG�EXON�

YLVFRVLW\��)RU�PRQDWRPLF�JDV�PL[WXUHV��NLQHWLF�WKHRU\�VKRZV�WKDW� ��7KH�QRQ]HUR�YDOXHV�RI

IRU�SRO\DWRPLF�JDVHV�DUH��DV�H[SODLQHG�E\�:LOOLDPV���������FDXVHG�E\�WKH�UHOD[DWLRQ�HIIHFWV

EHWZHHQ�WKH�WUDQVODWLRQDO�PRWLRQ�DQG�WKH�YDULRXV�LQWHUQDO�GHJUHHV�RI�IUHHGRP��7KHVH�HIIHFWV�OHDG

WR�D�SRVLWLYH�YDOXH�IRU� ��+RZHYHU��LQ�VWXGLHV�RI�FRPEXVWLRQ�SURFHVVHV� �LV�XVXDOO\�WDNHQ�WR�EH

QHJOLJLEOH�

�LY��&KHPLFDO�VRXUFH�WHUP

$�FKHPLFDO�UHDFWLRQ�PHFKDQLVP�RI�0�HOHPHQWDU\�UHDFWLRQ�VWHSV��LQYROYLQJ�1�VSHFLHV��FDQ�EH

UHSUHVHQWHG�E\�WKH�IROORZLQJ�VHW�RI�HTXDWLRQV�

ZKHUH� �DUH�WKH�VWRLFKLRPHWULF�FRHIILFLHQWV�RI�WKH�UHDFWDQWV�� �WKH�VWRLFKLRPHWULF�FRHIILFLHQWV

RI�WKH�SURGXFWV�DQG�0 �LGHQWLILHV�WKH�FKHPLFDO�V\PERO�IRU�VSHFLHV�L��7KH�SURGXFWLRQ�UDWH�RI�VSHFLHVL

L�LV�HTXDO�WR

ZKHUH�: �LV�WKH�PROHFXODU�ZHLJKW�RI�VSHFLHV�L�DQG�55 �LV�WKH�UHDFWLRQ�UDWH�IRU�WKH�N�WK�UHDFWLRQ�L N

$FFRUGLQJ�WR�WKH�ODZ�RI�PDVV�DFWLRQ�WKLV�UHDFWLRQ�UDWH�LV�JLYHQ�E\
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ZKHUH�N �LV�WKH�VSHFLILF�UHDFWLRQ�UDWH�FRQVWDQW�IRU�WKH�N�WK�UHDFWLRQ�� �LV�WKH�PRODU�FRQFHQWUDWLRQN

RI�VSHFLHV�0 ��ZKLFK�LV�WKH�QXPEHU�RI�PROHV�RI�VSHFLHV�L�SHU�XQLW�YROXPH�L

)RU�D�JLYHQ�FKHPLFDO�UHDFWLRQ��N �LV�LQGHSHQGHQW�RI�WKH�FRQFHQWUDWLRQV� �DQG�GHSHQGV�RQO\�RQN

WKH�WHPSHUDWXUH��,Q�JHQHUDO��N �LV�PRGHOOHG�DFFRUGLQJ�WR�WKH�HPSLULFDO�$UUKHQLXV�H[SUHVVLRQ�N

ZKHUH� ( � LV� WKH� DFWLYDWLRQ� HQHUJ\� IRU� UHDFWLRQ� N��$ � UHSUHVHQWV� WKH� FROOLVLRQ� IUHTXHQF\�� RUN N

IUHTXHQF\�IDFWRU��IRU�UHDFWLRQ�N��7KLV�FROOLVLRQ�IUHTXHQF\�LV�DSSUR[LPDWHG�E\

$� WDEOH�RI�YDOXHV� IRU� WKHVH� UHDFWLRQ�FRQVWDQWV� WKDW�DUH�XVHG� LQ� WKH�SUHVHQW� VWXG\� LV�JLYHQ� LQ

$SSHQGL[�%�

����6,03/,)<,1*�$668037,216

������&RQVHUYHG�VFDODU�DSSURDFK

7UDQVSRUW�SURSHUWLHV�DUH�RIWHQ�VLPSOLILHG�E\�QHJOHFWLQJ�WKHUPDO�GLIIXVLRQ�LQ�(TXDWLRQ��������DQG

E\�PRGHOOLQJ�WKH�GLIIXVLRQ�IOX[�E\�)LFN
V�ODZ�

,W� KDV� WR� EH� PHQWLRQHG� KHUH� WKDW� VHYHUH� WHPSHUDWXUH� JUDGLHQWV� PD\� RFFXU� LQ� IORZV� ZLWK

FRPEXVWLRQ�ZLWK�WKH�FRQVHTXHQFH�WKDW�WKHUPDO�GLIIXVLRQ�HIIHFWV�PD\�EH�VLJQLILFDQW��+RZHYHU�

ZKHQ�WKH�FRQVHUYDWLRQ�HTXDWLRQ�RI�VSHFLHV�������LV�WR�EH�DSSOLHG�WR�WXUEXOHQW�IORZV��WKHUH�DUH

FRPSHOOLQJ� UHDVRQV� WR� VLPSOLI\� WKH� WUHDWPHQW�RI�PROHFXODU�GLIIXVLRQ��$SDUW� IURP�D�GHWDLOHG

DQDO\VLV�RI�ODPLQDU�GLIIXVLRQ�WKHUH�DUH�DOUHDG\�VXIILFLHQW�FRPSOH[LWLHV�LQ�WXUEXOHQW�UHDFWLQJ�IORZV

WR�MXVWLI\�WKH�VLPSOLILFDWLRQ�DVVRFLDWHG�ZLWK�)LFN
V�ODZ��%HVLGHV��LQ�PRVW�WXUEXOHQW�UHDFWLQJ�IORZV

RI� SUDFWLFDO� LQWHUHVW�� WKH� WXUEXOHQFH�5H\QROGV� QXPEHU� LV� VXIILFLHQWO\� KLJK� VR� WKDW�PROHFXODU

WUDQVSRUW�LV�RI�VHFRQGDU\�LPSRUWDQFH�

7KH�FRQVHUYDWLRQ�HTXDWLRQ�RI�VSHFLHV�������FDQ�QRZ�EH�ZULWWHQ�DV�

6LQFH�LQ�FKHPLFDO�UHDFWLRQV�HOHPHQWV�DUH�FRQVHUYHG��ZH�KDYH�IRU�HDFK�HOHPHQW�L

ZKHUH�� �LV�WKH�QXPEHU�RI�NLORJUDPV�RI�WKH�HOHPHQW�L�LQ�D�NLORJUDP�RI�VSHFLHV�M�DQG� �LV�WKHLM

PDVV�UDWH�RI�FUHDWLRQ�RI�VSHFLHV�M��:H�FDQ�WKXV�GHYHORS�IURP�(TXDWLRQ��������WKH�FRQVHUYDWLRQ
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HTXDWLRQV�IRU�HOHPHQWV� ��QDPHO\

8QGHU�WKH�DVVXPSWLRQ�RI�RQH�VLQJOH�GLIIXVLRQ�FRHIILFLHQW��L�H��LI�' '��(TXDWLRQ��������UHGXFHVM

WR

6XFK�DQ�DSSUR[LPDWLRQ�PD\�OHDG�WR�FRQVLGHUDEOH�HUURUV�LQ�FDVH�WKH�GLIIXVLRQ�FRHIILFLHQWV�DUH�QRW

DOO�HTXDO��+RZHYHU��IRU�WXUEXOHQW�IORZV��&KDSWHU�����WKH�DUELWUDULQHVV�RI�WKH�FKRLFH�RI�'�KDV�OLWWOH

LQIOXHQFH�RQ�WKH�PHDQ�HTXDWLRQV�IRU�WKH�PDVV�IUDFWLRQV�= �VLQFH�WKH�PROHFXODU�GLIIXVLYLW\�'�LVL

PXFK� VPDOOHU� WKDQ� WKH� WXUEXOHQW� GLIIXVLYLW\�' � �VHH� 6HFWLRQ� �������� %HFDXVH� WKH� WXUEXOHQWW

GLIIXVLYLW\�' �LV�HTXDO�IRU�DOO�HOHPHQWV��WKH�DYHUDJHG�(TXDWLRQ��������EHFRPHV�LGHQWLFDO�IRU�DOOW

HOHPHQWV�

'HVSLWH� WKH� UHVHUYDWLRQV� FRQFHUQLQJ� LWV� DFFXUDF\�� WKH� DVVXPSWLRQ� RI� HTXDO� GLIIXVLRQ

FRHIILFLHQWV� LV�RIWHQ�DSSOLHG�EHFDXVH� LW� OHDGV� WR�D�FRQVLGHUDEOH� VLPSOLILFDWLRQ��$Q� LPSRUWDQW

REVHUYDWLRQ�LV�WKDW�WKH�SDUWLDO�GLIIHUHQWLDO�(TXDWLRQV��������QRZ�KDYH�EHFRPH�LGHQWLFDO�IRU�DOO�= �L
7KH� LPSOLFDWLRQ� LV� WKDW�XQGHU�DSSURSULDWH� LQLWLDO� DQG�ERXQGDU\�FRQGLWLRQV�� FRQGLWLRQV�ZKLFK

SUHYDLO�LQ�PDQ\�FLUFXPVWDQFHV�RI�SUDFWLFDO�LQWHUHVW��WKH�VROXWLRQ�RI�DOO�WKHVH�HTXDWLRQV�FDQ�EH

REWDLQHG�IURP�WKDW�RI�D�VLQJOH�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQ�IRU�D�FRQVHUYHG�VFDODU�=�[�W���WKH�VR�

FDOOHG�PL[WXUH�IUDFWLRQ�

=� PD\� EH� GHILQHG� DV� D� OLQHDU� FRPELQDWLRQ� RI� HOHPHQW� PDVV� IUDFWLRQV�� DQG� LW� LV� JHQHUDOO\

FRQYHQLHQW�WR�VFDOH�=�WR�EH�LQ�WKH�UDQJH�>���@�ZLWK�WKH�YDOXH�]HUR�LQ�RQH�VWUHDP�DQG�WKH�YDOXH

XQLW\� LQ� D� VHFRQG� VWUHDP�� $Q� DSSURSULDWH� GHILQLWLRQ� RI� WKH� PL[WXUH� IUDFWLRQ� IRU� FRPSOHWH

FRPEXVWLRQ�RI�D�K\GURFDUERQ�IXHO�LV�JLYHQ�LQ�6HFWLRQ�������

,Q�WKH�OLPLW�RI�IDVW�FKHPLVWU\��L�H��IDVW�UHODWLYH�WR�WKH�WLPH�VFDOHV�RI�WKH�IORZ��WKH�SUREOHP�RI

GHWHUPLQLQJ� WKH� FKHPLFDO� FRPSRVLWLRQ� LV� GUDVWLFDOO\� VLPSOLILHG�� )RU� H[DPSOH�� LI� WKH� VWDWLF

SUHVVXUH�S�DQG�WKH�HQWKDOS\�K�DUH�NQRZQ��WKH�HTXLOLEULXP�FRPSRVLWLRQ�FDQ�EH�GHWHUPLQHG�LI�WKH

PL[WXUH�IUDFWLRQ�=�DQG�WKHUHE\�WKH�HOHPHQW�PDVV�IUDFWLRQV�RI�DOO�HOHPHQWV�SUHVHQW�DUH�NQRZQ��7KLV

FKHPLFDO�HTXLOLEULXP�FRPSRVLWLRQ�PD\�WKHQ�EH�GHWHUPLQHG�D�SULRUL�DQG�WKHUHIRUH�WKH�QHHG�WR

HYDOXDWH�WKH�UHDFWLRQ�UDWHV�GXULQJ�WKH�DFWXDO�IORZ�FDOFXODWLRQ�LV�UHPRYHG�

������&RQVHUYDWLRQ�HTXDWLRQ�RI�HQHUJ\

$�IXUWKHU�VLPSOLILFDWLRQ�PD\�EH�PDGH�LQ�WKH�FRQVHUYDWLRQ�HTXDWLRQ�RI�HQHUJ\��7KH�FRQVHUYDWLRQ

HTXDWLRQ�RI�HQHUJ\�PD\�EH�ZULWWHQ�LQ�YDULRXV�IRUPV��,Q�ORZ�VSHHG�WXUEXOHQW�IORZV��L�H��IORZV�LQ

ZKLFK�D�FKDUDFWHULVWLF�0DFK�QXPEHU�LV�VPDOO�FRPSDUHG�ZLWK�XQLW\��LW�LV�FXVWRPDU\�WR�DGRSW�WKH

VWDWLF�HQWKDOS\�DV�WKH�YDULDEOH�FKDUDFWHUL]LQJ�WKH�HQHUJ\�FRQWHQW�RI�WKH�IOXLG�DQG�WKXV�WR�PDNH�WKH

IROORZLQJ�DVVXPSWLRQV�

�WKH�NLQHWLF�HQHUJ\�RI�WKH�IOXLG�FDQ�EH�QHJOHFWHG�LQ�FRPSDULVRQ�ZLWK�WKH�HQWKDOS\��

�FKDQJHV�LQ�WKH�HQWKDOS\�GXH�WR�SUHVVXUH�IOXFWXDWLRQV�0S�0W�DUH�DVVXPHG�WR�EH�VPDOO��EXW�WKLV�RQO\
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KROGV�LI�SUHVVXUH�ZDYHV�DUH�QRW�WRR�VWURQJ�DQG�LI�WKH�IORZ�LV�IUHH�WR�H[SDQG�

�WKH�FKDQJH�RI�HQWKDOS\�GXH�WR�ZRUN�GRQH�E\�WKH�ERG\�IRUFHV�FDQ�EH�QHJOHFWHG�

�WKH�FKDQJH�RI�HQWKDOS\�GXH�WR�ZRUN�GRQH�E\�YLVFRXV�VWUHVVHV�FDQ�EH�QHJOHFWHG�

�WKH�FKDQJH�RI�HQWKDOS\�GXH�WR�UDGLDWLRQ�FDQ�EH�QHJOHFWHG�

7KH�FRQVHUYDWLRQ�HTXDWLRQ�RI�HQHUJ\��������FDQ�WKHQ�EH�ZULWWHQ�DV�

%\�VXEVWLWXWLRQ�RI�(TXDWLRQ��������IRU�WKH�KHDW�IOX[�YHFWRU�LQWR�(TXDWLRQ��������DQG�PDNLQJ

XVH�RI�(TXDWLRQ��������IRU�WKH�GLIIXVLRQ�IOX[��WKH�ILQDO�FRQVHUYDWLRQ�HTXDWLRQ��WKH�FRQVHUYDWLRQ

HTXDWLRQ�RI�HQHUJ\��FDQ�EH�ZULWWHQ�DV�

7KLV�HTXDWLRQ�LV�VLJQLILFDQWO\�VLPSOLILHG�XQGHU�WKH�DVVXPSWLRQ�WKDW� ��WKDW�LV��WKH�/HZLV

QXPEHU��/H��GHILQHG�DV

HTXDOV����7KXV�ZH�VHH�WKDW�LI�WKH�/HZLV�QXPEHU�LV�XQLW\��WKHQ�WKH�HQHUJ\�HTXDWLRQ�LQ�WHUPV�RI�WKH

VWDWLF�HQWKDOS\�WDNHV�RQ�D�VWDQGDUG��FRQYHFWLRQ�GLIIXVLRQ�IRUP�

7KH�LPSOLFDWLRQ�RI�WKH�DVVXPSWLRQ�/H ��LV�WKDW��VXEMHFWHG�WR�DSSURSULDWH�ERXQGDU\�DQG�LQLWLDO

FRQGLWLRQV��DOVR�WKH�VROXWLRQ�RI�WKH�HQHUJ\�HTXDWLRQ�FDQ�EH�REWDLQHG�IURP�WKH�VROXWLRQ�IRU�WKH

FRQVHUYHG�VFDODU�=��7KHUHIRUH��LI�WKH�HQHUJ\�(TXDWLRQ��������LV�DSSOLHG��WKH�FDOFXODWLRQ�RI�WKH�VWDWH

YDULDEOHV�LQ�D�UHDFWLQJ�IORZ�LV�JUHDWO\�VLPSOLILHG��)RU�H[DPSOH��LI�FKHPLFDO�HTXLOLEULXP�SUHYDLOV�

WKH�VROXWLRQ�IRU�WKH�VWDWLF�SUHVVXUH�S�DQG�WKH�PL[WXUH�IUDFWLRQ�=�\LHOG�WKH�HQWLUH�VWDWH�RI�WKH�IOXLG�

,Q�WKH�FDVH�RI�ODUJH�IODPHV��FKDQJH�RI�HQWKDOS\�GXH�WR�UDGLDWLRQ�FDQQRW�EH�QHJOHFWHG�DQG�K�LV

LQGHSHQGHQW�RI�=�

������(TXDWLRQ�RI�VWDWH

7KH�ODVW�DVVXPSWLRQ�LV�WKDW�WKH�GHQVLW\�LV�QRW�LQIOXHQFHG�E\�WKH�VWDWLF�SUHVVXUH��L�H��WKH�PHGLXP

LV�EDVLFDOO\�UHJDUGHG�WR�EH�LQFRPSUHVVLEOH��,I�SUHVVXUH�IOXFWXDWLRQV�DUH�QRW�WRR�ODUJH��OLNH�LQ�D�IUHH

MHW��LW�PD\�EH�DVVXPHG�WKDW�WKH�GHQVLW\�LV�RQO\�LQIOXHQFHG�E\�WHPSHUDWXUH�FKDQJHV��QRQ�XQLIRUP

GHQVLW\�PL[LQJ�DQG�FKHPLFDO�UHDFWLRQV��7KH�GHQVLW\�PD\�WKHQ�EH�FDOFXODWHG�IURP�WKH�HTXDWLRQ�RI

VWDWH��������E\�LQVHUWLQJ�D�FKDUDFWHULVWLF�YDOXH�S �IRU�WKH�VWDWLF�SUHVVXUH�S�
F

7KH�UHVXOW�RI�WKLV�ODVW�DVVXPSWLRQ�LV�WKDW��LI�FKHPLFDO�HTXLOLEULXP�SUHYDLOV��WKH�GHQVLW\�KDV�EHFRPH

D�IXQFWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�=�RQO\�
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&KDSWHU��

7XUEXOHQW�)ORZV

,Q�WKLV�FKDSWHU��DQ�DYHUDJLQJ�WHFKQLTXH�ZLOO�EH�DSSOLHG�WR�WKH�1DYLHU�6WRNHV�HTXDWLRQV��+HQFH�

D�IHDVLEOH�V\VWHP�RI�HTXDWLRQV�ZLOO�EH�REWDLQHG�IRU�WKH�KLJK�5H\QROGV�QXPEHU�UHJLPH�WKDW�LV�RI

LQWHUHVW� LQ� WKH� SUHVHQW� VWXG\�� 7KH� DYHUDJLQJ� WHFKQLTXH� LV� EDVHG� RQ� WKH� VR�FDOOHG� 5H\QROGV

GHFRPSRVLWLRQ�LQ�ZKLFK�D�YDULDEOH�LV�VSOLW�LQWR�D�WLPH�DYHUDJHG�SDUW�DQG�D�IOXFWXDWLRQ��&RUUHODWLRQ

FRHIILFLHQWV� DQG� VWDQGDUG� GHYLDWLRQV� RI� WKH� IOXFWXDWLQJ� YDULDEOHV�PD\� EH� XVHG� WR� GHILQH� WKH

WXUEXOHQW�OHQJWK��WLPH�DQG�YHORFLW\�VFDOHV�WKDW�FKDUDFWHUL]H�WKH�WXUEXOHQW�IORZ�ILHOG�

7KH�N�J�PRGHO�ZLOO�EH�XVHG�DV�D�WXUEXOHQFH�FORVXUH�PRGHO��L�H��IRU�PRGHOOLQJ�WKH�FRUUHODWLRQ
WHUPV��7KH�)DYUH�DYHUDJLQJ�WHFKQLTXH�ZLOO�EH�XVHG�WR�DYRLG�PRGHOOLQJ�RI�WKH�GHQVLW\�YHORFLW\

FRUUHODWLRQ� WHUPV��$� SUHVXPHG�3')�PHWKRG�� LQ�ZKLFK� WKH� VKDSH� RI� WKH� SUREDELOLW\� GHQVLW\

IXQFWLRQ�IRU�WKH�PL[WXUH�IUDFWLRQ�LV�SUHVFULEHG��LV�XVHG�IRU�REWDLQLQJ�WKH�DYHUDJHG�VFDODU�TXDQWLWLHV

OLNH�WKH�WLPH�DYHUDJHG�GHQVLW\�

,Q�6HFWLRQ������WKH�QXPHULFDO�VROXWLRQ�DOJRULWKP�ZLOO�EH�GHVFULEHG�IRU�DQ�D[L�V\PPHWULFDO�MHW

FRQILJXUDWLRQ��8VH�LV�PDGH�RI�D�UHFWDQJXODU�FRPSXWDWLRQDO�GRPDLQ�

����785%8/(17�/(1*7+��7,0(�$1'�9(/2&,7<�6&$/(6

$�WXUEXOHQW�IORZ�ILHOG�PD\�EH�FKDUDFWHUL]HG�E\�VHYHUDO�OHQJWK��WLPH�DQG�YHORFLW\�VFDOHV��7KHVH

VFDOHV�DUH�EDVHG�RQ�WLPH�DYHUDJHG��PHDQ��SURSHUWLHV�RI�WKH�IORZ�ILHOG��$�WLPH�DYHUDJHG�TXDQWLW\

PD\�EH�GHILQHG�DV�IROORZV��%\�WDNLQJ�VDPSOHV�RI�D�FHUWDLQ�TXDQWLW\�1�LQ�D�WXUEXOHQW�IORZ�DW�D
FHUWDLQ�WLPH�LQWHUYDO��W��WKH�PHDQ�YDOXH�IRU�1�PD\�EH�GHWHUPLQHG�IURP

ZKHUH�1�LV�WKH�WRWDO�QXPEHU�RI�VDPSOHV�WDNHQ��7KLV�HTXDWLRQ�PD\�DOVR�EH�ZULWWHQ�DV

ZKHUH�7�LV�WKH�WRWDO�PHDVXULQJ��RU�DYHUDJLQJ��WLPH�� ��%\�OHWWLQJ�WKH�WLPH�LQWHUYDO��W
DSSURDFK�]HUR�D�WLPH�DYHUDJHG�YDOXH�IRU�1�LV�GHILQHG�E\

ZKHUH�7�PXVW�EH�ORQJ�HQRXJK�WR�VPRRWK�RXW�WKH�WXUEXOHQW�IOXFWXDWLRQV�EXW�VKRUW�HQRXJK�QRW�WR

DYHUDJH�RXW�DQ\�LPSRVHG�WLPH�GHSHQGHQFH��+RZHYHU��LQ�WKLV�WKHVLV��RQO\�IORZV�ZLOO�EH�FRQVLGHUHG

LQ�ZKLFK�WKH�PHDQ�TXDQWLWLHV�DUH�FRQVWDQW�LQ�WLPH��(TXDWLRQ�������PD\�WKHQ�EH�UHSODFHG�E\�DQ

HTXDWLRQ�ZLWK� �

$SSO\LQJ� WKH�VR�FDOOHG�5H\QROGV�GHFRPSRVLWLRQ��D�YDULDEOH�1�PD\�EH�VSOLW� LQWR�D� WLPH�
DYHUDJHG��SDUW� �DQG�D�IOXFWXDWLRQ� �
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$�JHQHUDO�VSDWLDO�FRUUHODWLRQ�FRHIILFLHQW�IXQFWLRQ� �PD\�WKHQ�EH�GHILQHG�DV

ZKHUH�1 �DQG�1 �PD\�EH�GLIIHUHQW�VFDODU�TXDQWLWLHV�RU�YHORFLW\�FRPSRQHQWV��)RU�KRPRJHQHRXVL M

LVRWURSLF�WXUEXOHQFH��WKH�JHQHUDO�VSDWLDO�YHORFLW\�FRUUHODWLRQ�FRHIILFLHQW�IXQFWLRQ�FDQ�EH�GHVFULEHG

LQ�WHUPV�RI�WKH�ORQJLWXGLQDO�DQG�ODWHUDO�FRUUHODWLRQ�FRHIILFLHQWV� �DQG� ��+LQ]H��������

UHVSHFWLYHO\��7KH�ORQJLWXGLQDO�YHORFLW\�FRUUHODWLRQ�FRHIILFLHQW�LV�GHILQHG�DV

ZKHUH� �LV�LQ�WKH�PHDQ�IORZ�GLUHFWLRQ��7KH�ODWHUDO�FRUUHODWLRQ�FRHIILFLHQW�LV�GHILQHG�DV

ZKHUH�[ �LV�SHUSHQGLFXODU�WR�WKH�PHDQ�IORZ�GLUHFWLRQ��)RU�KRPRJHQHRXV�LVRWURSLF�WXUEXOHQFH��I�

DQG�J�PD\�EH�H[SDQGHG�LQWR�7D\ORU�VHULHV��+LQ]H��������OLNH

)XUWKHUPRUH��IRU�LVRWURSLF�WXUEXOHQFH�LW�KROGV�WKDW��%DWFKHORU��������

7KHUHIRUH��IRU�VPDOO�YDOXHV�RI� ��(TXDWLRQ�������PD\�EH�ZULWWHQ�DV

ZKHUH���LV�WKH�VR�FDOOHG�7D\ORU�PLFURVFDOH�

7KH�7D\ORU�PLFURVFDOH�PD\�DOVR�EH�H[SUHVVHG�LQ�WHUPV�RI�WKH�WXUEXOHQFH�NLQHWLF�HQHUJ\�N�GHILQHG

E\
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DQG�LWV�GLVVLSDWLRQ�J��VHH�6HFWLRQ������ZKLFK�LV�IRU�LVRWURSLF�WXUEXOHQFH�HTXDO�WR

)RU�LVRWURSLF�WXUEXOHQFH�LW�KROGV�WKDW� �DQG�WKHUHIRUH

DQG�ZLWK�(TXDWLRQ��������WKH�GLVVLSDWLRQ�UDWH�PD\�EH�ZULWWHQ�DV

:LWK�(TXDWLRQ��������DQG�(TXDWLRQ��������WKH�7D\ORU�PLFURVFDOH�PD\�WKHQ�EH�ZULWWHQ�DV

7XUEXOHQW�IORZV�FRQVLVW�RI�HGGLHV�RI�GLIIHUHQW�VL]HV��7KH�HQHUJ\�H[FKDQJH�EHWZHHQ�WKH�PHDQ

IORZ�DQG�WKH�WXUEXOHQFH�LV�JRYHUQHG�E\�WKH�G\QDPLFV�RI�WKH�ODUJH�HGGLHV��7KH�VL]H�RI�WKH�ODUJHVW

HQHUJ\�FRQWDLQLQJ�HGGLHV�LV�XVXDOO\�GHVFULEHG�E\�WKH�ORQJLWXGLQDO�LQWHJUDO�OHQJWK�VFDOH�/ �GHILQHGI

E\

7KLV�OHQJWK�VFDOH�WHOOV�XV�KRZ�IDU�ZH�ZRXOG�KDYH�WR�JR�IURP�D�SRLQW�LQ�WKH�IORZ�IRU�WKH�YHORFLW\

IOXFWXDWLRQV�WR�EHFRPH�XQFRUUHODWHG��7KH�LQWHJUDO�OHQJWK�VFDOH�LV�PDLQO\�GHWHUPLQHG�E\�WKH�EXUQHU

JHRPHWU\�DQG�LW�LV�RI�WKH�RUGHU�RI�WKH�EXUQHU�H[LW�GLDPHWHU��7KH�ODWHUDO�LQWHJUDO�OHQJWK�VFDOH�/ �LVJ

GHILQHG�E\

)RU� LVRWURSLF� WXUEXOHQFH�� WKH� ODWHUDO� LQWHJUDO� OHQJWK� VFDOH� LV� HTXDO� WR� RQH�KDOI� WLPHV� WKH

ORQJLWXGLQDO� LQWHJUDO� OHQJWK� VFDOH� �%DWFKHORU�� ������� ,Q� WKLV� VWXG\�� WKH� LQWHJUDO� OHQJWK� VFDOH

GHQRWHG�E\�O �UHIHUV�WR�WKH�ORQJLWXGLQDO�LQWHJUDO�OHQJWK�VFDOH�/ ��%DVHG�RQ�WKH�FDOFXODWHG�TXDQWLWLHVW I

N�DQG�J��VHH�6HFWLRQ���������LW�PD\�EH�DSSUR[LPDWHG�E\��3HWHUV�������

$�WXUEXOHQW�IORZ�ILHOG�PD\�ORFDOO\�EH�FKDUDFWHUL]HG�E\�D�URRW�PHDQ�VTXDUH�YHORFLW\�IOXFWXDWLRQ

��,Q�WHUPV�RI�WKH�WXUEXOHQFH�NLQHWLF�HQHUJ\��WKH�URRW�PHDQ�VTXDUH�YHORFLW\�IOXFWXDWLRQ

LV�JLYHQ�E\�

7KH�WXUEXOHQW�WLPH�VFDOH� �LV�WKHQ�JLYHQ�E\
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%DVHG�RQ�WKHVH�LQWHJUDO�VFDOHV��WKH�WXUEXOHQFH�5H\QROGV�QXPEHU�LV�GHILQHG�DV

7KH�.ROPRJRURY�OHQJWK�VFDOH�����LV�GHILQHG�DV�WKH�VL]H�RI�WKH�VPDOOHVW�HGGLHV�LQ�D�WXUEXOHQW�IORZ�
DQG�FDQ�EH�HVWLPDWHG�WR�EH

7KHVH�HGGLHV�DUH�DOVR�FDOOHG�WKH�GLVVLSDWLQJ�HGGLHV�EHFDXVH�LQ�WKHVH�HGGLHV�WKH�NLQHWLF�HQHUJ\�LV

GLVVLSDWHG�E\�YLVFRXV�DFWLRQ��1HDU�WR�WKH�EXUQHU�H[LW��WKH�.ROPRJRURY�OHQJWK�VFDOH�FDQ�EH�DV�VPDOO

DV�����PP��7KH�.ROPRJRURY�WLPH�VFDOH�LV�JLYHQ�E\

7KHUHIRUH��WKH�7D\ORU�PLFURVFDOH�PD\�DOVR�EH�H[SUHVVHG�DV

7KH�7D\ORU�PLFURVFDOH�LV�QRW�D�GLUHFW�PHDVXUH�RI�HLWKHU�WKH�ODUJH�HQHUJ\�FRQWDLQLQJ�HGGLHV�QRU

RI�WKH�VPDOOHVW�GLVVLSDWLQJ�HGGLHV��(TXDWLRQ��������LQGLFDWHV�WKDW�LW�PD\�EH�LQWHUSUHWHG�DV�

WLPHV�WKH�GLVWDQFH�WKDW�D�ODUJH�HGG\�ZLWK�YHORFLW\� �FRQYHFWV�D�.ROPRJRURY�HGG\�GXULQJ�LWV

WXUQRYHU�WLPH� �

$QRWKHU�OHQJWK�VFDOH�IUHTXHQWO\�XVHG�LQ�WXUEXOHQFH�PRGHOOLQJ�LV�WKH�VR�FDOOHG�PL[LQJ�OHQJWK�OP
LQWURGXFHG�E\�3UDQGWO���������7KH�PL[LQJ�OHQJWK�PD\�EH�FRPSDUHG�WR�WKH�LQWHJUDO�OHQJWK�VFDOH

E\�FRQVLGHULQJ�DQ�HTXLOLEULXP��QHDU�ZDOO�ERXQGDU\�OD\HU��7KH�¨ODZ�RI�WKH�ZDOO©��+LQ]H�������

VWDWHV�WKDW�WKH�YHORFLW\�GLVWULEXWLRQ�LQ�WKH�WXUEXOHQW�SDUW�RI�WKH�ERXQGDU\�OD\HU�FDQ�EH�H[SUHVVHG

DV

ZKHUH� �LV�WKH�IULFWLRQ�YHORFLW\��ZLWK� �WKH�PHDQ�ZDOO�VKHDU�VWUHVV�DQG�\�LV�WKH�GLVWDQFH

QRUPDO�WR�WKH�ZDOO��)URP�(TXDWLRQ��������LW�LV�REWDLQHG�WKDW

7KH�PL[LQJ�OHQJWK�LQ�WKH�ERXQGDU\�OD\HU�LV�LQWURGXFHG�DV

ZLWK� �WKH�XQLYHUVDO�YRQ�.iUPiQ�FRQVWDQW�

:LWK�WKH�N�J�WXUEXOHQFH�PRGHO��WKH�PHDQ�ZDOO�VKHDU�VWUHVV�PD\�EH�HYDOXDWHG�DV
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DQG�(TXDWLRQ��������PD\�WKHQ�EH�ZULWWHQ�DV

)RU�HTXLOLEULXP�FRQGLWLRQV��SURGXFWLRQ�HTXDOV�GLVVLSDWLRQ��(TXDWLRQ��������UHGXFHV�WR

)XUWKHUPRUH��DV�ZH�VKDOO�VHH�IURP�(TXDWLRQ��������IRU�WKH�5H\QROGV�VWUHVV�WHQVRU��LW�PD\�EH

HYDOXDWHG�WKDW

&RPELQLQJ�(TXDWLRQ����������������DQG��������DQG�VROYLQJ�IRU�O �OHDGV�ZLWK� �WRP

&RPSDULQJ�(TXDWLRQ��������IRU�WKH�PL[LQJ�OHQJWK�WR�(TXDWLRQ��������IRU�WKH�LQWHJUDO�OHQJWK�VFDOH

LW�IROORZV�ZLWK� �WKDW�WKH�PL[LQJ�OHQJWK�LV�MXVW�VOLJKWO\�VPDOOHU�WKDQ�WKH�LQWHJUDO�OHQJWK

VFDOH�� ,W� LV� QRWLFHG� KHUH� WKDW� DOVR� RWKHU� GHILQLWLRQV� DQG� QRWDWLRQV� DUH� XVHG� LQ� OLWHUDWXUH�� )RU

H[DPSOH� WKH�QRWDWLRQ� O � LV�RIWHQ�XVHG� WR�UHIHU� WR� WKH�HGG\�OHQJWK�VFDOH�� L�H�� ��6XFK�DW

GHILQLWLRQ�ZRXOG�KDYH�D�ODUJH�LQIOXHQFH�RQ�WKH�RWKHU�PRGHO�FRQVWDQWV�LQ�WKLV�WKHVLV��IRU�H[DPSOH

WKH�PRGHO� FRQVWDQWV� LQ� WKH�H[SUHVVLRQ� IRU� WKH� WXUEXOHQW�EXUQLQJ�YHORFLW\� LQ�&KDSWHU���� ,W� LV

WKHUHIRUH�LPSRUWDQW�WR�PHQWLRQ�WKDW�WKH�GHILQLWLRQV�JLYHQ�LQ�WKLV�VHFWLRQ�DUH�XVHG�FRQVLVWHQWO\

WKURXJKRXW�WKLV�VWXG\�

����$9(5$*('�(48$7,216

�L��&RQWLQXLW\�HTXDWLRQ

/HW� XV� ILUVW� FRQVLGHU� WKH� FRQWLQXLW\� HTXDWLRQ� DV� JLYHQ� E\� (TXDWLRQ� ������� 7LPH� DYHUDJLQJ

DFFRUGLQJ�WR�(TXDWLRQ�������OHDGV�WR

$SSO\LQJ�WKH�5H\QROGV�GHFRPSRVLWLRQ�RI�(TXDWLRQ�������ZH�REWDLQ

ZKHUH�FRUUHODWLRQV� �DSSHDU��7KHVH�FRUUHODWLRQV�DUH�QRQ�]HUR�LQ�IORZV�ZLWK� ODUJH�GHQVLW\

IOXFWXDWLRQV�OLNH�LQ�D�IODPH��7KHUHIRUH�WKH\�KDYH�WR�EH�PRGHOOHG��$OVR�LQ�WKH�DYHUDJHG�PRPHQWXP

HTXDWLRQV�WKHVH�GHQVLW\�YHORFLW\�FRUUHODWLRQ�WHUPV�DSSHDU��7R�FLUFXPYHQW�WKH�PRGHOOLQJ�RI�WKHVH

WHUPV�WKH�)DYUH�DYHUDJLQJ�WHFKQLTXH�LV�QRZ�LQWURGXFHG��$�PDVV�ZHLJKWHG�RU�)DYUH�DYHUDJHG

TXDQWLW\�LV�GHILQHG�DV
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6XEVWLWXWLQJ�WKLV�LQWR�(TXDWLRQ��������WKH�WLPH�DYHUDJHG�FRQWLQXLW\�HTXDWLRQ�UHDGV

DQG�ZH�QRZ�ZDQW�WR�ILQG�D�VROXWLRQ�IRU�WKH�WLPH�DYHUDJHG�GHQVLW\� �DQG�WKH�)DYUH�DYHUDJHG

YHORFLW\�FRPSRQHQWV� �

�LL��0RPHQWXP�HTXDWLRQV

:LWK�)DYUH�DYHUDJLQJ��D�TXDQWLW\�1�PD\�EH�GHFRPSRVHG�LQWR�D�)DYUH�DYHUDJHG�TXDQWLW\� �DQG

D�IOXFWXDWLRQ� �

%\�VXEVWLWXWLQJ�WKLV�LQWR�WKH�PRPHQWXP�HTXDWLRQV�������H[FHSW�IRU�GHQVLW\�DQG�SUHVVXUH��DQG

DSSO\LQJ�WLPH�DYHUDJLQJ��WKH�WLPH�DYHUDJHG�PRPHQWXP�HTXDWLRQV�UHDG��IRU�VWHDG\�IORZ

ZKHUH �LV�WKH�WLPH�DYHUDJHG�VKHDU�VWUHVV�WHQVRU�DQG�5 �LV�DQ�HOHPHQW�RI�WKH�5H\QROGV�VWUHVVLM

WHQVRU�

�

�LLL��5H\QROGV�VWUHVV�WUDQVSRUW�HTXDWLRQV

7KH�5H\QROGV�VWUHVV�WUDQVSRUW�HTXDWLRQV�PD\�EH�REWDLQHG�E\�PXOWLSO\LQJ�WKH�PRPHQWXP�HTXDWLRQ

IRU� �ZLWK� ��WLPH�DYHUDJLQJ�DQG�DGGLQJ�WKH�VDPH�HTXDWLRQ�ZLWK�L�DQG�M�LQWHUFKDQJHG�

ZKHUH� �LV�DQ�HOHPHQW�RI�WKH�GLVVLSDWLRQ�UDWH�WHQVRU�UHSUHVHQWLQJ�WKH�ZRUN�RI�YLVFRXV�VWUHVVHV

GXH�WR�IOXFWXDWLRQ�PRWLRQ�

7KH�VHFRQG�DQG�WKLUG�WHUP�EHWZHHQ�EUDFNHWV�DUH�FDOOHG�GLODWDWLRQ�GLVVLSDWLRQ�DQG�DUH�XVXDOO\

QHJOHFWHG��&OHDUO\�WKH�5H\QROGV�VWUHVV�WUDQVSRUW�HTXDWLRQV�FRQWDLQ�QHZ�FURVV�FRUUHODWLRQV��IRU

ZKLFK�HTXDWLRQV�PD\�EH�GHULYHG��ZKLFK�KRZHYHU�ZLOO�DJDLQ�FRQWDLQ�XQNQRZQ�FRUUHODWLRQV�
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�LY��7XUEXOHQFH�NLQHWLF�HQHUJ\�HTXDWLRQ

)RU�L M��(TXDWLRQ��������EHFRPHV�WKH�WXUEXOHQFH�NLQHWLF�HQHUJ\�HTXDWLRQ�

ZKHUH� �LV�FDOOHG�WKH�WXUEXOHQFH�NLQHWLF�HQHUJ\��DQG� �UHSUHVHQWV�GLVVLSDWLRQ�RI�WXUEXOHQW

HQHUJ\�E\�YLVFRXV�PRWLRQ�

�Y��0L[WXUH�IUDFWLRQ�HTXDWLRQ

7LPH�DYHUDJLQJ�RI�(TXDWLRQ��������JLYHV�WKH�HTXDWLRQ�IRU�WKH�)DYUH�DYHUDJHG�PL[WXUH�IUDFWLRQ�

IRU�VWHDG\�IORZ

�YL��0L[WXUH�IUDFWLRQ�YDULDQFH�HTXDWLRQ

0XOWLSO\LQJ� WKH�PL[WXUH� IUDFWLRQ� (TXDWLRQ� ������� E\� LWV� IOXFWXDWLRQ� �� DQG� DSSO\LQJ� WLPH

DYHUDJLQJ�JLYHV�WKH�HTXDWLRQ�IRU�WKH�PL[WXUH�IUDFWLRQ�YDULDQFH��IRU�VWHDG\�IORZ

ZKHUH� �UHSUHVHQWV�WKH�SURGXFWLRQ�RI�PL[WXUH�IUDFWLRQ�IOXFWXDWLRQV�

DQG� �UHSUHVHQWV�GLVVLSDWLRQ�E\�PROHFXODU�GLIIXVLRQ�

�Y��(TXDWLRQ�RI�VWDWH

,I�WKH�JLYHQ�V\VWHP�RI�HTXDWLRQV�FDQ�EH�VROYHG�IRU�WKH�)DYUH�DYHUDJHG�YHORFLWLHV�� �DQG

��WKHQ�WKH�WLPH�DYHUDJHG�GHQVLW\�LV�REWDLQHG�E\�WLPH�DYHUDJLQJ�WKH�HTXDWLRQ�RI�VWDWH��������
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+RZ�WR�REWDLQ�WKLV�WLPH�DYHUDJHG�GHQVLW\�DQG�DOO�RWKHU�VFDODU�TXDQWLWLHV�OLNH�WKH�VSHFLHV�PDVV

IUDFWLRQV�DQG�WKH�WHPSHUDWXUH�ZLOO�EH�WUHDWHG�LQ�6HFWLRQ�������

����785%8/(1&(�&/2685(�02'(/

,Q�WKH�SUHFHGLQJ�VHFWLRQ�D�VHW�RI�HTXDWLRQV�KDV�EHHQ�GHULYHG�IRU�WKH�)DYUH�DYHUDJHG�YHORFLWLHV�

WXUEXOHQFH�NLQHWLF�HQHUJ\��)DYUH�DYHUDJHG�PL[WXUH�IUDFWLRQ��PL[WXUH�IUDFWLRQ�YDULDQFH��DQG�WLPH�

DYHUDJHG� GHQVLW\�� +RZHYHU�� GXH� WR� WKH� DYHUDJLQJ� SURFHVV�� FRUUHODWLRQ� WHUPV� RI� IOXFWXDWLQJ

YDULDEOHV�ZHUH�LQWURGXFHG��,Q�RUGHU�WR�FORVH�WKH�JLYHQ�VHW�RI�HTXDWLRQV��D�WXUEXOHQFH�PRGHO�KDV

WR�EH�XVHG�WKDW�UHODWHV�WKHVH�FRUUHODWLRQ�WHUPV�WR�WKH�TXDQWLWLHV�IRU�ZKLFK�WKH�HTXDWLRQV�DUH�EHLQJ

VROYHG�

9DULRXV�PRGHOV�KDYH�EHHQ�SURSRVHG�WR�DFKLHYH�FORVXUH�RI�WKH�HTXDWLRQV�IRU�WXUEXOHQFH�LQ

UHDFWLQJ�IORZ�V\VWHPV��7KH�PRGHO�XVHG�LQ�WKLV�VWXG\�LV�WKH�VR�FDOOHG�N�J�WZR�HTXDWLRQ�PRGHO�WKDW
ZDV�LQWURGXFHG�E\�-RQHV�DQG�/DXQGHU��������IRU�UHFLUFXODWLQJ�IORZV�

������N�J�WXUEXOHQFH�PRGHO

�L��0RPHQWXP�HTXDWLRQV

$�OLQHDU�UHODWLRQVKLS�LV�DVVXPHG�EHWZHHQ�5H\QROGV�VWUHVV�DQG�WKH�UDWH�RI�VWUDLQ�

7KH�WLPH�DYHUDJHG�YLVFRXV�VKHDU�VWUHVV�WHQVRU�LV�DSSUR[LPDWHG�E\

7KH�WLPH�DYHUDJHG�VKHDU�VWUHVV�WHQVRU�DQG�WKH�5H\QROGV�VWUHVV�WHQVRU�DUH�RIWHQ�FRPELQHG�E\

UHSODFLQJ�WKH�WXUEXOHQW�YLVFRVLW\�LQ�(TXDWLRQ��������E\�WKH�HIIHFWLYH�YLVFRVLW\� ��L�H�

OLNH

7KH�WXUEXOHQW�YLVFRVLW\�LV�RIWHQ�PXFK�ODUJHU�WKDQ�WKH�PROHFXODU�YLVFRVLW\��,Q�DQDORJ\�ZLWK�WKH

FRQVWDQW�GHQVLW\�PRGHO��WKH�WXUEXOHQW�YLVFRVLW\�LV�PRGHOOHG�DV

ZKHUH� WKH� WXUEXOHQFH� FRQVWDQW� �� (TXDWLRQ� ������� PDNHV� WKH� WXUEXOHQW� YLVFRVLW\

SURSRUWLRQDO�WR�WKH�PHDQ�GHQVLW\��+RZHYHU��WKDW�GHSHQGHQF\�LV�XQFHUWDLQ��,Q�IDFW��(TXDWLRQ�������

PD\�OHDG�WR�XQUHDOLVWLF�UHVXOWV�LQ�VWDJQDWLQJ�WXUEXOHQFH�ZLWK�VLJQLILFDQW�GHQVLW\�IOXFWXDWLRQV��%UD\

HW�DO����������$OWKRXJK�LQ�IXWXUH�UHVHDUFK�DGGLWLRQDO�DWWHQWLRQ�VKRXOG�EH�JLYHQ�WR�WKH�LQIOXHQFH�RI
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GHQVLW\� IOXFWXDWLRQV� RQ� WKH� WXUEXOHQW� YLVFRVLW\�� DW� SUHVHQW�� (TXDWLRQ� ������� LV� XVHG�ZLWKRXW

PRGLILFDWLRQ�

�LL��7XUEXOHQFH�NLQHWLF�HQHUJ\�HTXDWLRQ

,Q�(TXDWLRQ���������WKH�SUHVVXUH�JUDGLHQW�WHUP�KDV�EHHQ�QHJOHFWHG�EHFDXVH�LQ�WKH�W\SH�RI�IORZV

FRQVLGHUHG�LQ�WKH�SUHVHQW�VWXG\�WKLV�WHUP�LV�VXIILFLHQWO\�VPDOO�WR�QHJOHFW�LW��7KH�WXUEXOHQW�GLIIXVLRQ

WHUP�KDV�EHHQ�PRGHOOHG�E\�XVLQJ�D�%RXVVLQHVT�W\SH�K\SRWKHVLV�DQG�D�IL[HG�3UDQGWO�QXPEHU� �

7KLV�OHDGV�WR�WKH�IROORZLQJ�HTXDWLRQ�IRU� �

ZKHUH� �UHSUHVHQWV�WKH�SURGXFWLRQ�RI�WXUEXOHQFH�NLQHWLF�HQHUJ\�LQ�ZKLFK�WKH�5H\QROGV

VWUHVV�WHUP�LV�PRGHOOHG�E\�(TXDWLRQ��������

�LLL��(TXDWLRQ�IRU�WKH�GLVVLSDWLRQ�UDWH

7KH�WXUEXOHQFH�GLVVLSDWLRQ�UDWH� �LV�IRXQG�IURP�WKH�IROORZLQJ�WUDQVSRUW�HTXDWLRQ��+DQMDOLF�HW�DO��

������

ZKLFK�LV�YHU\�VLPLODU�WR�WKH�HTXDWLRQ�IRU�WKH�WXUEXOHQW�NLQHWLF�HQHUJ\��7KH�ODUJH�HGG\�IUHTXHQF\�

KDV�EHHQ�XVHG�WR�PRGHO�WKH�SURGXFWLRQ�DQG�GLVVLSDWLRQ�WHUPV��$�%RXVVLQHVT�W\SH�K\SRWKHVLV�LV

HPSOR\HG�ZLWK�WKH�3UDQGWO�QXPEHU�) ��7KH�FRQVWDQWV�LQ�WKH�N�J�PRGHO�DUH�GHWHUPLQHG�HPSLULFDOO\J

�-RQHV�HW�DO���������E\�FRQVLGHULQJ�YDULRXV�HTXLOLEULXP�WXUEXOHQW�IORZV���7KH�FRQVWDQWV�DUH�JLYHQ

LQ�7DEOH����

& & & ) )� � � N J

���� ���� ���� � ���

7DEOH�����6WDQGDUG�PRGHO�FRHIILFLHQWV�LQ�WKH�N�J�PRGHO

�Y��0L[WXUH�IUDFWLRQ�HTXDWLRQ

$�%RXVVLQHVT�DSSUR[LPDWLRQ�LV�DGRSWHG�IRU�WKH�WXUEXOHQW�IOX[�RI�VFDODU�TXDQWLWLHV��QDPHO\

ZKHUH� �LV�D�IL[HG�WXUEXOHQW�6FKPLGW�QXPEHU�

7KH�PHDQ�PROHFXODU�IOX[HV�DUH�UHODWLYHO\�XQLPSRUWDQW�FRPSDUHG�WR�WKH�WXUEXOHQW�IOX[HV�DQG

DUH��ZLWK�/H ���PRGHOOHG�E\
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)RU�WKH�PL[WXUH�IUDFWLRQ�(TXDWLRQ��������WKLV�OHDGV�WR

,W�LV�FRPPRQ�SUDFWLFH�WR�WDNH�WKH�6FKPLGW�QXPEHU� �HTXDO�WR�����IRU�IUHH�VKHDU�IORZV�

�YL��0L[WXUH�IUDFWLRQ�YDULDQFH�HTXDWLRQ

$SSO\LQJ�WKH�%RXVVLQHVT�DSSUR[LPDWLRQ�WR�WKH�PL[WXUH�IUDFWLRQ�YDULDQFH�(TXDWLRQ��������OHDGV

WR

ZKHUH�WKH�6FKPLGW�QXPEHU� �LV�HTXDO�WR������7KH�SURGXFWLRQ�RI�PL[WXUH�IUDFWLRQ�IOXFWXDWLRQV

LV�PRGHOOHG�DV

)RU�PRGHOOLQJ�WKH�VFDODU�GLVVLSDWLRQ�UDWH� ��D�FODVVLFDO�PRGHO�KDV�EHHQ�XVHG�EDVHG�RQ�WKH

DVVXPSWLRQ�RI�SURSRUWLRQDOLW\�RI�WLPH�VFDOHV�IRU�PHFKDQLFDO�DQG�VFDODU�WXUEXOHQFH�� �

ZLWK�D�FRQVWDQW�RI�SURSRUWLRQDOLW\�FORVH�WR����%HJXLHU�HW�DO���������

������3UHVXPHG�3')�PHWKRG

7KH�V\VWHP�RI�HTXDWLRQV�JLYHQ�LQ�WKH�SUHFHGLQJ�VHFWLRQ�LV�FORVHG�E\�VROYLQJ�WKH�HTXDWLRQ�RI

VWDWH��������IRU�WKH�WLPH�DYHUDJHG�GHQVLW\��+HUH�LW�LV�DVVXPHG�WKDW�WKH�PL[WXUH�LV�LQ�FKHPLFDO

HTXLOLEULXP�� +RZ� WR� WUHDW� QRQ�HTXLOLEULXP� FKHPLVWU\� ZLOO� EH� RXWOLQHG� LQ� &KDSWHU� ��� )RU

HTXLOLEULXP�FKHPLVWU\�DOO�VFDODU�TXDQWLWLHV��H[FHSW�IRU�WKH�SUHVVXUH��DUH�IXQFWLRQV�RI�WKH�PL[WXUH

IUDFWLRQ�=�RQO\�

6LPLODU�WR�6HFWLRQ�����IRU�WLPH��QRZ�WKH�GRPDLQ�IRU�=�LV�VSOLW�LQWR�D�QXPEHU�RI�LQWHUYDOV��=M
�M ������1 ��ZLWK�D�GLVFUHWH�YDOXH� �EHLQJ�ZLWKLQ�WKH�LQWHUYDO� ��$�GLVFUHWH�SUREDELOLW\LQWHUYDOV

GHQVLW\�IXQFWLRQ� �PD\�WKHQ�EH�GHILQHG�LQ�VXFK�D�ZD\�WKDW� �WLPHV�WKH�ZLGWK�RI�WKH

LQWHUYDO� �JLYHV�WKH�SUREDELOLW\�RI�=�EHLQJ�ZLWKLQ�WKDW�LQWHUYDO��7KHUHIRUH��ZKHQ�PHDVXULQJ�

�PD\�EH�GHWHUPLQHG�IURP
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ZKHUH� �LV�WKH�QXPEHU�RI�VDPSOHV�ZLWKLQ�LQWHUYDO �DQG�1�WKH�WRWDO�QXPEHU�RI�VDPSOHV

WDNHQ��&RQVWUXFWLQJ�D�3')�LQ�WKLV�ZD\�IURP�PHDVXUHPHQWV�RIWHQ�UHYHDOV�D�UHPDUNDEOH�DQG�DOPRVW

XQLYHUVDO�VWUXFWXUH��7KLV�LV��OLNH�LQ�WKLV�VWXG\��RIWHQ�WDNHQ�DGYDQWDJH�RI�LQ�FRPEXVWLRQ�PRGHOOLQJ�

,I�WKH�3')�IRU�=�LV�NQRZQ��WKHQ�D�WLPH�DYHUDJHG�YDOXH�IRU�WKH�VFDODU�1�PD\�EH�DSSUR[LPDWHG
E\

%\�OHWWLQJ�WKH�LQWHUYDO�ZLGWKV� �DSSURDFK�]HUR��RQH�REWDLQV��ZLWK�=�VFDOHG�EHWZHHQ���DQG����

$�)DYUH�DYHUDJHG�VFDODU�TXDQWLW\�PD\�EH�FDOFXODWHG�E\

ZKHUH� �LV�WKH�VR�FDOOHG�)DYUH�3')�IRU�=�

0DNLQJ�XVH�RI�WKH�SUHVXPHG�3')�PHWKRG��LW�LV�DVVXPHG�WKDW�WKH�VKDSH�RI�WKH�3')�IRU�=�PD\�EH

SUHVFULEHG�E\�WKH�)DYUH�DYHUDJHG�PL[WXUH�IUDFWLRQ�DQG�LWV�YDULDQFH��,W�LV�RIWHQ�DSSUR[LPDWHG�E\

D�EqWD�IXQFWLRQ�GLVWULEXWLRQ�

ZKHUH� �LV�WKH�EqWD�IXQFWLRQ�

ZLWK

$VLGH�IURP�WKH�PDWKHPDWLFDO�FRQYHQLHQFH��SUHVFULELQJ�WKH�VKDSH�RI�WKH�)DYUH�3')�LQVWHDG�RI�WKDW

IRU� WKH�FRQYHQWLRQDO�3')�LV� MXVWLILHG�EHFDXVH� WKH�FRQYHQWLRQDO�3')©V� LQ�D�PL[LQJ� OD\HU�DUH

LQIOXHQFHG�E\�WKH�GHQVLW\�UDWLR��5RVKNR���������7KH�3')�LQ�D�FRQVWDQW�GHQVLW\�OD\HU�WHQGV�WR

VKRZ�PRUH�V\PPHWU\�WKDQ�WKH�3')�LQ�D�OD\HU�ZLWK�ODUJH�GLIIHUHQFHV�LQ�GHQVLW\��+RZHYHU��ZKHQ

PHDVXUHPHQW�GDWD�DUH�UHZRUNHG�LQ�WHUPV�RI�WKH�)DYUH�SUREDELOLW\�GHQVLW\�IXQFWLRQ��LW�LV�YHU\

VLPLODU�WR�WKDW�IRXQG�LQ�XQLIRUP�GHQVLW\�IORZ��.HQQHG\�HW�DO����������)DYUH�TXDQWLWLHV�EHKDYH�OLNH

FRQYHQWLRQDO�TXDQWLWLHV�LQ�LVRWKHUPDO�IORZV��DQG�WKHUHIRUH�WKH�3')�LV�SUHVFULEHG�DV�D�)DYUH�3')�
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7KH�WLPH�DYHUDJHG�GHQVLW\�PD\�EH�REWDLQHG�E\�PDNLQJ�XVH�RI�WKH�IDFW�WKDW

DQG�UHSODFLQJ�WKH�FRQYHQWLRQDO�3')�LQ�(TXDWLRQ��������E\�WKH�)DYUH�3')�DFFRUGLQJ�WR�(TXDWLRQ

�������WKHQ�OHDGV�WR

$OO�RWKHU�WLPH�DYHUDJHG�VFDODU�TXDQWLWLHV�PD\�WKHQ�EH�REWDLQHG�E\�UHSODFLQJ�WKH�FRQYHQWLRQDO

3')�LQ�(TXDWLRQ��������E\�WKH�)DYUH�3')�DFFRUGLQJ�WR�(TXDWLRQ��������

����180(5,&$/�62/87,21�$/*25,7+0

,Q�WKH�SUHVHQW�LQYHVWLJDWLRQ�RI�D[L�V\PPHWULFDO�WXUEXOHQW�MHW�IORZV��ILUVW�D�F\OLQGULFDO�V\VWHP�RI

FRRUGLQDWHV�ZLWK�WKH�[ �D[LV�FRLQFLGLQJ�ZLWK�WKH�FHQWHUOLQH�RI�WKH�MHW��)LJXUH������LV�LQWURGXFHG��

7KH�WUDQVIRUPDWLRQ�UHDGV�

DQG�F\OLQGULFDO�YHORFLW\�FRPSRQHQWV�DUH�LQWURGXFHG�DFFRUGLQJ�WR

ZKHUH�X��Y�DQG�Z�DUH�WKH�D[LDO��UDGLDO�DQG�WDQJHQWLDO�YHORFLW\�FRPSRQHQWV��UHVSHFWLYHO\��7KH

WDQJHQWLDO�YHORFLW\�FRPSRQHQW�Z�LV�DOVR�FDOOHG�WKH�D]LPXWKDO�RU�VZLUO�YHORFLW\�FRPSRQHQW�
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%HFDXVH�RI�D[LDO�V\PPHWU\�WKH�JUDGLHQWV�LQ���GLUHFWLRQ�DUH�]HUR��L�H�� ��,Q�WKLV�VWXG\�

VZLUOLQJ�IORZV�ZLOO�QRW�EH�FRQVLGHUHG��7KHUHIRUH�WKH�PHDQ�WDQJHQWLDO�YHORFLW\�FRPSRQHQW�HTXDOV

]HUR��L�H�� ��,Q�F\OLQGULFDO�FRRUGLQDWHV�WKH�HTXDWLRQV�UHDG�

�L��&RQWLQXLW\

�LL��0RPHQWXP

[�FRPSRQHQW�

U�FRPSRQHQW�

�LLL��7XUEXOHQFH�NLQHWLF�HQHUJ\

ZKHUH
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�LY��'LVVLSDWLRQ�UDWH

�Y��0L[WXUH�IUDFWLRQ

�YL��0L[WXUH�IUDFWLRQ�YDULDQFH

ZKHUH

(DFK�RI�WKH�GHULYHG�WUDQVSRUW�HTXDWLRQV�PD\�EH�ZULWWHQ�LQ�D�JHQHUDO�IRUP�

ZKHUH�1�LV�HTXDO�WR���IRU�FRQVHUYDWLRQ�RI�PDVV��X�DQG�Y�IRU�FRQVHUYDWLRQ�RI�PRPHQWXP��=�IRU
FRQVHUYDWLRQ�RI�HOHPHQWV�� �� ��
�LV�D�JHQHUDOL]HG�H[FKDQJH�FRHIILFLHQW�DQG�6�LV�WKH�VR�
FDOOHG�VRXUFH�WHUP�

(TXDWLRQV�RI�WKH�W\SH�RI�(TXDWLRQ��������PD\�EH�VROYHG�QXPHULFDOO\�E\�GLYLGLQJ�WKH�IORZ

GRPDLQ�LQWR�FRQWURO�YROXPHV��7KH�FDOFXODWLRQ�GRPDLQ�XVHG�IRU�FDOFXODWLQJ�WKH�WXUEXOHQW�MHWV�LV

UHFWDQJXODU�DQG�WKH�JULG�LV�DV�LQGLFDWHG�LQ�)LJXUH������7KH�JULG�LV�PRVW�GHQVH�QHDU�WKH�QR]]OH��,Q

WKH�FRUH�UHJLRQ�RI�WKH�MHW�� ��WKH�JULG�VSDFLQJ�LV�NHSW�FRQVWDQW��2XWVLGH�WKH�FRUH�UHJLRQ��WKH

JULG�VSDFLQJ�LQ�[��DQG�U�GLUHFWLRQ�LQFUHDVHV�OLQHDUO\�ZLWK�[�DQG�U��UHVSHFWLYHO\��7R�HQVXUH�WKDW�WKH

ERXQGDU\�RI�WKH�FRPSXWDWLRQDO�GRPDLQ�LV�VXIILFLHQWO\�IDU�DZD\�IURP�WKH�MHW��WKH�ZLGWK�RI�WKH

FRPSXWDWLRQDO�GRPDLQ�LV�DERXW�����WLPHV�WKH�KDOI�ZLGWK�RI�WKH�MHW��VHH�6HFWLRQ����DW�LWV�PRVW

GRZQVWUHDP�SRVLWLRQ��7KLV�UHVXOWV�LQ�D�ZLGWK�WR�OHQJWK�UDWLR�RI�DERXW������
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)LJXUH�����&RPSXWDWLRQDO�GRPDLQ�DQG�JULG�

7KH�JULG�LV�VWDJJHUHG�IRU�WKH�D[LDO�DQG�UDGLDO�YHORFLW\�FRPSRQHQWV��L�H��YHORFLW\�FRPSRQHQWV

DUH�FRPSXWHG�LQ�GLIIHUHQW�FRQWURO�YROXPHV�WKDQ�WKH�VFDODU�YDULDEOHV��7KH�FRQWURO�YROXPHV�DUH�DV

LQGLFDWHG�LQ�)LJXUH������7KH�YHORFLW\�FRPSRQHQWV�DUH�FRPSXWHG�RQ�WKH�FRQWURO�YROXPH�IDFHV

DVVRFLDWHG�ZLWK�WKH�VFDODU�YDULDEOHV�EHFDXVH�WKH�YHORFLW\�FRPSRQHQWV�DUH�QHHGHG�WKHUH�WR�HYDOXDWH

WKH� FRQYHFWLYH� IOX[HV� RI� WKH� VFDODU� TXDQWLWLHV�� 7KH� YHORFLW\� JULGSRLQWV� DUH� ORFDWHG�PLGZD\

EHWZHHQ�WKH�VFDODU�TXDQWLW\�JULGSRLQWV��7KH�YHORFLW\�FRQWURO�YROXPH�IDFHV�DUH�PLGZD\�EHWZHHQ

WKH�YHORFLW\�JULGSRLQWV��%\�WKLV�ZHOO�NQRZQ�SURFHGXUH��VR�FDOOHG�FKHFNHU�ERDUG�RVFLOODWLRQV�LQ�WKH

SUHGLFWHG�SUHVVXUH�ILHOG�DUH�DYRLGHG�
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)LJXUH�����&RQWURO�YROXPHV�
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%\�LQWHJUDWLRQ�RI�(TXDWLRQ��������RYHU�WKH�FRQWURO�YROXPH�RI�)LJXUH��������WKH�IROORZLQJ

EDODQFH�HTXDWLRQ�LV�REWDLQHG�

7KH� ORZHU�FDVH�VXEVFULSWV�H��Z��Q�DQG�V�GHQRWH�HYDOXDWLRQ�DW� WKH�FRQWURO�YROXPH�IDFHV��7KH

TXDQWLWLHV�DUH�HYDOXDWHG�DW�WKH�FRQWURO�IDFHV�HPSOR\LQJ�OLQHDU�LQWHUSRODWLRQ��IRU�H[DPSOH

7KH�JUDGLHQWV�LQ�WKH�GLIIXVLYH�WHUPV�DUH�GLVFUHWL]HG�E\�D�VHFRQG�RUGHU�VFKHPH�

7KH�GLVFUHWL]HG�HTXDWLRQ��DV�GHVFULEHG�H[WHQVLYHO\�E\�3DWDQNDU����������PD\�WKHQ�EH�ZULWWHQ�DV�

7KH�FRHIILFLHQWV� �UHSUHVHQW�WKH�LQIOXHQFH�RI�WKH�YDOXH�RI� �RQ�WKH�FRUUHVSRQGLQJ�JULGSRLQW

WKURXJK�FRQYHFWLYH�DQG�GLIIXVLYH�HIIHFWV��7KH�VRXUFH�WHUP�6�LQ�JHQHUDO�LV�D�QRQ�OLQHDU�IXQFWLRQ

RI�1�DQG�LW�LV�OLQHDUL]HG�DV� ��,QFRUSRUDWLRQ�RI�OLQHDU�GHSHQGHQFH�LV�EHWWHU�WKDQ�WUHDWLQJ

6�DV�D�FRQVWDQW�EHFDXVH�SURSHU�OLQHDUL]DWLRQ�RI�WKH�VRXUFH�WHUP�IUHTXHQWO\�LV�WKH�NH\�WR�REWDLQLQJ

D�FRQYHUJLQJ�VROXWLRQ�SURFHGXUH��3DWDQNDU���������:LWK�WKLV�SURFHGXUH�(TXDWLRQ��������EHFRPHV�
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)LJXUH�����&RQWURO�YROXPH�

,Q�WKH�SUHVHQW�VWXG\�WKH�VR�FDOOHG�¨K\EULG�VFKHPH©�LV�XVHG�IRU�WKH�FRHIILFLHQWV� �

ZKHUH�WKH�FRQYHFWLRQ�DQG�GLIIXVLRQ�FRHIILFLHQWV�DUH�JLYHQ�E\� �DQG�

DQG�VLPLODU�H[SUHVVLRQV�IRU�WKH�RWKHU�FRHIILFLHQWV��:KHQ�WKH�ORFDO�3HFOHW�QXPEHU�� ��LV

ODUJHU�WKDQ����GLIIXVLYH�IOX[HV�DUH�QHJOHFWHG��7KLV�SURFHGXUH�LV�NQRZQ�DV�¨XSZLQG©�GLIIHUHQFLQJ

DQG�LW�LV�XVHG�WR�VWDELOL]H�WKH�QXPHULFDO�DOJRULWKP��7KH�UHVXOWLQJ�ILUVW�RUGHU�DFFXUDF\�SUHVHQWV�QR

SUREOHP� ZKHQ� WKH� JULG� VSDFLQJ� LV� VPDOO� HQRXJK�� 6WDELOL]DWLRQ� LV� DOVR� HQKDQFHG� ZKHQ� DOO

FRHIILFLHQWV� �DUH�SRVLWLYH��DQG�WKHUHIRUH�WKH�FRHIILFLHQW� �VKRXOG�DOZD\V�EH�QHJDWLYH�

7KH� HTXDWLRQV� RI� WKH� W\SH� RI� (TXDWLRQ� ������� DUH� VROYHG� E\� WKH� 7UL�'LDJRQDO�0DWUL[�

$OJRULWKP��7'0$���3UHVV�HW�DO����������7R�SUHYHQW�GLYHUJHQFH�RI�WKH�SURFHGXUH�WR�VROYH�WKH

FRXSOHG�VHW�RI�HTXDWLRQV��DQ�XQGHU�UHOD[DWLRQ�PHWKRG�LV�HPSOR\HG�

%RXQGDU\� FRQGLWLRQV� FDQ� EH� LPSOHPHQWHG� DV� HLWKHU� 'LULFKOHW� RU� 1HXPDQQ� ERXQGDU\

FRQGLWLRQV��'LULFKOHW��RU�IL[HG�YDOXH��ERXQGDU\�FRQGLWLRQV�DUH�LPSOHPHQWHG�E\�VHWWLQJ�WKH�TXDQWLW\

DW�ERXQGDU\�JULGSRLQWV�WR�D�FHUWDLQ�IL[HG�YDOXH�DQG�DSSO\LQJ�D�VXIILFLHQW�VWURQJ�FRQYHFWLYH�IOX[�

1HXPDQQ��RU�]HUR�JUDGLHQW��ERXQGDU\�FRQGLWLRQV�DUH�LPSOHPHQWHG�E\�VHWWLQJ�WKH�FRUUHVSRQGLQJ

FRHIILFLHQW� �WR�]HUR��WKHUHE\�EUHDNLQJ�WKH�FRQQHFWLRQ�EHWZHHQ�WKH�ERXQGDU\�JULGSRLQW�DQG�WKH

¨OLYH©�JULGSRLQW�ZKHUH�WKH�VROXWLRQ�LV�FRPSXWHG��)RU�H[DPSOH�IRU�D�WXUEXOHQW�MHW�GLIIXVLRQ�IODPH

ZLWKRXW�D�FR�IORZ�DQG�D�XQLIRUP�RXWOHW�SURILOH�ZLWK�RXWOHW�YHORFLW\� �DQG�WXUEXOHQFH�LQWHQVLW\

,��ERXQGDU\�FRQGLWLRQV�IRU�WKH�GLIIHUHQW�YDULDEOHV�PD\�EH�LPSOHPHQWHG�DV�LQGLFDWHG�LQ�)LJXUH�����
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)LJXUH�����%RXQGDU\�FRQGLWLRQV�

7KH�SURFHGXUH�HPSOR\HG� IRU� WKH�QXPHULFDO� VLPXODWLRQ�RI� WKH� IORZ�ILHOG� LV� WKH� VR�FDOOHG

6,03/(�DOJRULWKP��7KH�QDPH�6,03/(�VWDQGV�IRU�6HPL�,PSOLFLW�0HWKRG�IRU�3UHVVXUH�/LQNHG

(TXDWLRQV��,Q�WKLV�PHWKRG�WKH�FRQWLQXLW\�HTXDWLRQ�LV�XVHG�WR�REWDLQ�D�VR�FDOOHG�SUHVVXUH�FRUUHFWLRQ

HTXDWLRQ��7KLV�LV�DUULYHG�DW�E\�GHFRPSRVLQJ�X�DQG�Y�LQWR�WKH�FRPSXWHG�YHORFLWLHV�� �

DQG�YHORFLW\�FRUUHFWLRQV�� ��7KDW�LV� �DQG� ��6LPLODUO\�WKH�SUHVVXUH�LV

ZULWWHQ�DV� ��)URP�WKH�GLVFUHWL]HG�PRPHQWXP�HTXDWLRQV��HTXDWLRQV�UHODWLQJ� �DQG�

FDQ�EH�IRXQG��)LQDOO\��E\�XVLQJ�WKH�FRQWLQXLW\�HTXDWLRQ��D�SUHVVXUH�FRUUHFWLRQ�IRU� �LV�REWDLQHG�

7KH�RUGHU�LQ�ZKLFK�WKH�HTXDWLRQV�LQ�WKH�6,03/(�DOJRULWKP�DUH�VROYHG�LV�

���&RPSXWH� �IURP�WKH�PRPHQWXP�HTXDWLRQV�ZLWK�WKH�JXHVVHG�SUHVVXUH�DQG�GHQVLW\

ILHOG�

���&RPSXWH� �IURP�WKH�SUHVVXUH�FRUUHFWLRQ�HTXDWLRQ�

���8SGDWH�WKH�SUHVVXUH�ZLWK� �

���8SGDWH�WKH�YHORFLW\�ZLWK�WKH�YHORFLW\�FRUUHFWLRQV� �

���&RPSXWH�VFDODU�YDULDEOHV�VXFK�DV� �

���5HWXUQ�WR����XQWLO�FRQYHUJHQFH�LV�DFKLHYHG�



��

)LJXUH�����9DU\LQJ�WKH�QXPEHU�RI�JULG�SRLQWV�LQ�D[LDO�GLUHFWLRQ�

)LJXUH�����VKRZV�WKH�UHVXOW�RI�D�VLPXODWLRQ�RI�D�KLJK�5H\QROGV�QXPEHU��5H� ��������WXUEXOHQW

DLU�MHW�WR�EH�GLVFXVVHG�LQ�6HFWLRQ��������7KH�VLPXODWLRQ�KDV�EHHQ�SHUIRUPHG�RQ�D�FRPSXWDWLRQDO

GRPDLQ� ZLWK� D� OHQJWK� RI� ��� QR]]OH� GLDPHWHUV� DQG� D� ZLGWK� RI� ����� QR]]OH� GLDPHWHUV�� 7KH

FRPSXWDWLRQ�LQYROYHG����UDGLDO�JULG�QRGHV�ZKLOH�WKH�QXPEHU�RI�JULG�SRLQWV�LQ�D[LDO�GLUHFWLRQV�ZDV

YDULHG� IURP� ��� WR� ��� DQG� ���� QRGHV�� 7KH� UHVXOWV� VKRZ� KDUGO\� DQ\� GLIIHUHQFH� EHWZHHQ� WKH

FRPSXWDWLRQV�ZLWK����DQG�����QRGHV�LQ�D[LDO�GLUHFWLRQ��7KHUHIRUH��IRU�WKH�FRPSXWDWLRQ�ZLWK���

QRGHV�LQ�D[LDO�GLUHFWLRQ�WKH�QXPHULFDO�DFFXUDF\�LV�H[SHFWHG�WR�H[FHHG�WKH�XQFHUWDLQWLHV�RI�RWKHU

DVSHFWV� RI� WKH� SUHGLFWLRQV�� )RU� WKLV� SUHGLFWLRQ�� WKH� JULG� H[SDQGV� LQ� D[LDO� GLUHFWLRQ�ZLWK� DQ

H[SDQVLRQ�IDFWRU�RI�������$�QXPEHU�RI����QRGHV�ZDV�XVHG�IRU�WKH�QR]]OH�RXWOHW�SURILOH��DQG��

QRGHV�DW�WKH�QR]]OH�ZDOO��,Q�WKH�FR�IORZ��WKH�H[SDQVLRQ�IDFWRU�LQ�UDGLDO�GLUHFWLRQ�ZDV�HTXDO�WR�����

,QFUHDVLQJ�WKH�QXPEHU�RI�JULG�SRLQWV�LQ�UDGLDO�GLUHFWLRQ�KDG�QR�VLJQLILFDQW�HIIHFW�RQ�WKH�RXWFRPH

RI�WKH�FRPSXWDWLRQV�



��



��

&KDSWHU��

$[L�V\PPHWULFDO�WXUEXOHQW�MHWV

$[L�V\PPHWULF�WXUEXOHQW�MHW�IORZV�EHORQJ�WR�WKH�IDPLO\�RI�IUHH�WXUEXOHQW�IORZV��)UHH�WXUEXOHQFH

LV� HQFRXQWHUHG� LQ�D� IORZ� ILHOG�ZKHUH� WKHUH� LV�QR�GLUHFW� HIIHFW�RI�DQ\� IL[HG�ERXQGDU\�RQ� WKH

WXUEXOHQFH�LQ�WKH�IORZ��$OVR�WKH�SODQH�MHW�DQG�WKH�PL[LQJ�OD\HU�EHWZHHQ�WZR�SDUDOOHO�IORZV�ZLWK

GLIIHUHQW�PHDQ�YHORFLWLHV��ZKLFK�LV�RIWHQ�FDOOHG�WKH�KDOI�MHW��DUH�H[DPSOHV�RI�IUHH�WXUEXOHQW�IORZV�

$QRWKHU�JURXS�RI�IUHH�WXUEXOHQW�IORZV�LV�JLYHQ�E\�WKH�ZDNH�IORZV�EHKLQG�REVWDFOHV��OLNH�WKH�SODQH

ZDNH�EHKLQG�D�F\OLQGULFDO�URG�RU�WKH�FLUFXODU�ZDNH�EHKLQG�D�VSKHUH��7KHVH�H[DPSOHV�PD\�DOVR�EH

FDWHJRUL]HG�LQWR�SODQH�PHDQ�IORZV�DQG�URWDWLRQDOO\�V\PPHWULF��D[L�V\PPHWULFDO��PHDQ�IORZV�

,Q� 6HFWLRQ� ����� D� PDWKHPDWLFDO� PRGHO� ZLOO� EH� XVHG� IRU� LQWURGXFLQJ� VRPH� LPSRUWDQW

FKDUDFWHULVWLFV�RI�DQ�D[L�V\PPHWULF�WXUEXOHQW�MHW�IORZV��,PSRUWDQW�SDUDPHWHUV�GHVFULELQJ�DQ�D[L�

V\PPHWULFDO�WXUEXOHQW�MHW�IORZ�ZLOO�EH�LQWURGXFHG�OLNH�WKH�VR�FDOOHG�HQWUDLQPHQW�UDWH��WKH�GHFD\

FRQVWDQWV�DQG�WKH�KDOI�ZLGWK�VSUHDGLQJ�UDWHV�

7KH�KRW�ZLUH�DQHPRPHWU\�PHWKRG�ZLOO�EH�XVHG�IRU�SHUIRUPLQJ�PHDVXUHPHQWV�LQ�D�WXUEXOHQW�MHW�

6RPH�RI�WKH�LPSRUWDQW�MHW�FKDUDFWHULVWLFV�ZLOO�EH�PHDVXUHG�DQG�FRPSDUHG�WR�UHVXOWV�REWDLQHG�ZLWK

WKH�VWDQGDUG�N�J�PRGHO��6HFWLRQ�����LV�FRQFHUQHG�ZLWK�WKH�LQWHUSUHWDWLRQ�RI�WKH�WLPH�DYHUDJHG
VLJQDOV�IURP�DQ�;�KRW�ZLUH�SUREH�DQG�WKH�GHYHORSPHQW�RI�D�UHODWHG�ORRN�XS�LQYHUVLRQ�PHWKRG�

,Q�WKH�SUHVHQW�VWXG\��D�FRUUHFWLRQ�PHWKRG�KDV�EHHQ�GHYHORSHG�WKDW�DFFRXQWV�IRU�WKH�HIIHFW�RI�WKH

IOXFWXDWLQJ�ELQRUPDO�YHORFLW\�FRPSRQHQW��,W�LV�GHPRQVWUDWHG�WKDW�WKH�LQIOXHQFH�RI�WKH�IOXFWXDWLQJ

ELQRUPDO�YHORFLW\�FRPSRQHQW�FDQQRW�EH�QHJOHFWHG�LI�DFFXUDWH�IORZ�PHDVXUHPHQWV�DUH�UHTXLUHG�

,Q�6HFWLRQ������D�WKHUPRFRXSOH�ZLOO�EH�XVHG�IRU�WHPSHUDWXUH�PHDVXUHPHQWV�LQ�D�KHDWHG�MHW��7KH

PL[WXUH�IUDFWLRQ�ILHOG�SUHGLFWHG�ZLWK�WKH�VWDQGDUG�N�J�PRGHO�ZLOO�EH�FRPSDUHG�WR�WKH�PHDVXUHG
WHPSHUDWXUH�ILHOG�

,Q�OLWHUDWXUH��PDQ\�PRGLILFDWLRQV�KDYH�EHHQ�XVHG�WR�WKH�VWDQGDUG�N�J�PRGHO�LQ�RUGHU�WR�ILQG�D
EHWWHU� DJUHHPHQW� EHWZHHQ�PHDVXUHPHQWV� DQG� SUHGLFWLRQV� LQ� D� WXUEXOHQW� MHW�� 6RPH� RI� WKHVH

PRGLILFDWLRQV�WR�WKH�VWDQGDUG�N�J�PRGHO�ZLOO�EH�GLVFXVVHG�LQ�6HFWLRQ�����

����0$7+(0$7,&$/�02'(/

7R�JHW�VRPH�LQVLJKW�LQWR�WKH�TXDOLWDWLYH�EHKDYLRXU�RI�D�WXUEXOHQW�MHW��LQ�WKLV�VHFWLRQ�VRPH�IXUWKHU

VLPSOLILFDWLRQV�ZLOO�EH�DGRSWHG��,Q�WKLV�ZD\�LW�LV�SRVVLEOH�WR�ILQG�DQ�DQDO\WLFDO�VROXWLRQ�WR�WKHVH

VLPSOLILHG�HTXDWLRQV�

,Q�PDQ\�H[DPSOHV�RI�IUHH�WXUEXOHQFH�LW�LV�SRVVLEOH�WR�GLVWLQJXLVK�RQH�PDLQ�IORZ�GLUHFWLRQ�LQ

ZKLFK� WKH� YHORFLW\� LV� VXEVWDQWLDOO\� ODUJHU� WKDQ� LQ� DQ\� RWKHU� GLUHFWLRQ�� 7KLV� FLUFXPVWDQFH

FRQVLGHUDEO\�VLPSOLILHV�WKH�WKHRUHWLFDO�LQYHVWLJDWLRQ�RI�WKHVH�IORZV�EHFDXVH�FKDQJHV�RI�TXDQWLWLHV

LQ�WKH�GLUHFWLRQ�RI�WKH�PDLQ�IORZ�DUH�VORZ�FRPSDUHG�WR�WKRVH�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ��$OVR�WKH

PHDQ�SUHVVXUH�YDULDWLRQ� LV� VPDOO� LQ� WKH� WUDQVYHUVH�GLUHFWLRQ�� ,Q� WKH�PDLQ�IORZ�GLUHFWLRQ� WKH

SUHVVXUH�YDULHV�PDLQO\�DFFRUGLQJ�WR�WKH�SUHVVXUH�GLVWULEXWLRQ�LQ�WKH�XQGLVWXUEHG�IORZ��8VXDOO\�WKH

SUHVVXUH�GLVWULEXWLRQ�LQ�WKH�PDLQ�IORZ�GLUHFWLRQ�LV�XQLIRUP��7KHUHIRUH��WKH�DVVXPSWLRQ�PD\�EH

PDGH�WKDW�WKH�SUHVVXUH�LV�XQLIRUP�WKURXJKRXW�WKH�ZKROH�IORZ�UHJLRQ�

:LWK�WKH�SUHVHQW�PDWKHPDWLFDO�PRGHO��VROXWLRQV�DUH�REWDLQHG�ZLWK�WKH�SURSHUW\�RI�VLPLODULW\�

7KH�WHUP�¦VLPLODULW\§�LV�XVHG�ZKHQ�D�OHQJWK�VFDOH�DQG�D�YHORFLW\�VFDOH�DORQH�DUH�DVVXPHG�WR�EH

VXIILFLHQW�WR�GHWHUPLQH�WKH�VWUXFWXUH�RI�DQ\�ILHOG�RI�WXUEXOHQFH��)RU�WXUEXOHQW�MHW�IORZV��WKH�PRUH
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RU�OHVV�EHOO�VKDSHG�FXUYHV�DUH�VHHQ�WR�EH�JHRPHWULFDOO\�VLPLODU�ZKHQ�WKH�YHORFLWLHV�DW�DQ\�VHFWLRQ

DUH�PDGH�QRQ�GLPHQVLRQDO�ZLWK�WKH�PHDQ�FHQWHUOLQH�YHORFLW\�DV�D�YHORFLW\�VFDOH�DQG�ZKHQ�WKH

UDGLDO�GLVWDQFHV�DUH�PDGH�QRQ�GLPHQVLRQDO�ZLWK�WKH�VR�FDOOHG�¦KDOI�YDOXH§�GLVWDQFH��7KLV�¦KDOI�

YDOXH§�GLVWDQFH�LV�WKH�GLVWDQFH�IURP�WKH�FHQWHUOLQH�WR�WKH�SRLQW�DW�ZKLFK�WKH�PHDQ�YHORFLW\�LV�KDOI

WKH�YDOXH�RQ�WKH�FHQWHUOLQH�

7KH�DVVXPSWLRQV�UHDG�

��EXR\DQF\�LV�DEVHQW

��WKH�SUHVVXUH�LQ�WKH�IOXLG�LV�XQLIRUP

��LQ�WKH�D[LDO�GLUHFWLRQ��[���GLIIXVLRQ��KHDW�FRQGXFWLRQ�DQG�YLVFRXV�DFWLRQ�DUH�QHJOLJLEOH

:LWK� WKHVH� DVVXPSWLRQV� WKH� HTXDWLRQV� IRU� FRQVHUYDWLRQ�RI�PDVV� ��������PRPHQWXP� LQ� D[LDO

GLUHFWLRQ��������DQG�PL[WXUH�IUDFWLRQ��������UHDG�IRU� �

�L��&RQWLQXLW\�HTXDWLRQ�

�LL��&RQVHUYDWLRQ�RI�PRPHQWXP�LQ�D[LDO�GLUHFWLRQ�

�LLL��0L[WXUH�IUDFWLRQ�HTXDWLRQ�

-HW�LQYDULDQWV

%HFDXVH�RI�FRQVHUYDWLRQ�RI�PRPHQWXP�

LV�LQGHSHQGHQW�RI�[��L�H�� �DV�IROORZV�GLUHFWO\�IURP�(TXDWLRQ�������

%HFDXVH�=�LV�D�FRQVHUYHG�VFDODU�

LV�LQGHSHQGHQW�RI�[��L�H�� �DV�IROORZV�IURP�(TXDWLRQ�������

7KHVH�TXDQWLWLHV�DUH�HTXDO�WR�WKH�UDWHV�RI�IORZ�RI�D[LDO�PRPHQWXP�DQG�RI�MHW�PHGLXP��IRU

H[DPSOH�IXHO���UHVSHFWLYHO\��%HFDXVH� �DUH�LQGHSHQGHQW�RI�[��WKHLU�YDOXHV�DUH�HTXDO�WR

WKHLU�YDOXHV�DW�WKH�LQMHFWLRQ�SODQH��ZKHUH�[ ���$VVXPLQJ�D�XQLIRUP�SURILOH�DW�WKH�LQMHFWLRQ�SODQH�

L�H�� �

ZKHUH�'�LV�WKH�QR]]OH�GLDPHWHU�
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$QDO\WLFDO�VROXWLRQ

$VVXPLQJ�D�FRQVWDQW�WXUEXOHQW�YLVFRVLW\�� �DQG�FRQVWDQW�GHQVLW\��WKH�IROORZLQJ�UHODWLRQV�VDWLVI\W

WKH�GLIIHUHQWLDO�(TXDWLRQV��������������DQG��������6FKOLFKWLQJ�HW�DO���������

ZKHUH�WKH�QRQ�GLPHQVLRQDO�VSDFH�YDULDEOH���LV�GHILQHG�E\

DQG���LV�D�FRQVWDQW��7KLV�VROXWLRQ�GRHV�QRW�VDWLVI\�WKH�ERXQGDU\�FRQGLWLRQV�IRU�WKH�LQMHFWLRQ�SODQH
�[ �D��LQ�GHWDLO��EXW�LW�DJUHHV�ZLWK�WKH�LQWHJUDO�UHODWLRQV�������DQG���������7KH\�FDQ�WKHUHIRUH�EH

DFFHSWHG�DV�VROXWLRQV�ZKLFK�DUH�YDOLG�IRU�ODUJH�YDOXHV�RI�[��DW�ZKLFK�WKH�HIIHFWV�RI�WKH�GHWDLOV�RI

WKH�SURILOHV�RI�X�DQG�=�DW�[ �D�KDYH�EHFRPH�LQVLJQLILFDQW�

2Q�GLPHQVLRQDO�DUJXPHQWV�WKH�WXUEXOHQW�YLVFRVLW\�KDV�EHHQ�PRGHOOHG�E\

ZKHUH� WKH� HPSLULFDO� FRQVWDQW��� KDV� WR�EH�GHWHUPLQHG� IURP�PHDVXUHPHQWV��1RWLFH� WKDW�� � LVW

FRQVWDQW�WKURXJKRXW�WKH�ZKROH�IORZILHOG��ZKLFK�LV�XQUHDOLVWLF�LQ�WKH�RXWHU�IORZ�UHJLRQ�ZKHUH��W
IDOOV�WR�WKH�ODPLQDU�YDOXH�

6WUHDP�IXQFWLRQ

7KH�VWUHDP�IXQFWLRQ�5�PD\�EH�GHILQHG�DV

7KH�SK\VLFDO�VLJQLILFDQFH�RI�WKH�VWUHDP�IXQFWLRQ�LV�WKDW�OLQHV�RI�5 FRQVWDQW�DUH�VWUHDPOLQHV��LQ
VWHDG\�IORZ�WKHVH�DUH�FXUYHV�DFWXDOO\�WUDFHG�RXW�E\�WKH�SDUWLFOHV�LQ�WKH�IORZ��)LJXUH�����VKRZV�WKH

VWUHDPOLQHV�RI�WKH�DYHUDJHG�YHORFLW\�ILHOG�DQG�WKH�FRQWRXU�OLQHV�RI�WKH�PHDQ�PL[WXUH�IUDFWLRQ�IRU

� ������DQG�)  �����,W�ZLOO�EH�VKRZQ�ODWHU�WKDW�WKHVH�YDOXHV�IRU���DQG�)�FRUUHVSRQG�WR�WKH�YDOXHVW�=

IRXQG�LQ�SUDFWLFH�
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(QWUDLQPHQW�UDWH

7KH�WRWDO�PDVV�UDWH�RI�IORZ�LQ�WKH�MHW��0��FDQ�EH�REWDLQHG�E\�LQWHJUDWLRQ��DV�IROORZV�

7KH�HQWUDLQPHQW�UDWH��L�H��WKH�UDWH�RI�LQFUHDVH�RI�0�ZLWK�[��LV�REWDLQHG�E\�GLIIHUHQWLDWLRQ�RI��������

WKH�UHVXOW�LV�

'HFD\�FRQVWDQWV

7KH�YDOXHV�RI�X�DQG�=�RQ�WKH�D[LV�YDU\�UHFLSURFDOO\�ZLWK�D[LDO�GLVWDQFH�[��LQ�DFFRUGDQFH�ZLWK

ZKHUH� �DQG� �DUH�WKH�YHORFLW\�DQG�PL[WXUH�IUDFWLRQ�GHFD\�FRQVWDQWV��UHVSHFWLYHO\��:LWK

(TXDWLRQV���������������������DQG��������LW�IROORZV�WKDW
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,I�WKH�IODPH�OHQJWK�/�RI�D�WXUEXOHQW�GLIIXVLRQ�IODPH�LV�GHILQHG�DV�WKH�GLVWDQFH�IURP�WKH�QR]]OH�WR

WKH� D[LDO� SRVLWLRQ� RQ� WKH� FHQWHUOLQH� ZKHUH� WKH� PL[WXUH� IUDFWLRQ� EHFRPHV� HTXDO� WR� WKH

VWRLFKLRPHWULF�YDOXH��/�PD\�EH�FDOFXODWHG�IURP�(TXDWLRQ��������DV� ��$V�DOUHDG\

PHQWLRQHG�LQ�&KDSWHU����WKH�OHQJWK�RI�D�WXUEXOHQW�GLIIXVLRQ�IODPH�GRHV�QRW�GHSHQG�YHU\�PXFK�RQ

WKH�IXHO�PDVV�IORZ��1RWLFH�WKDW�WKLV�VLPSOLILHG�PRGHO�DOVR�SUHGLFWV�WKDW�WKH�OHQJWK�RI�D�WXUEXOHQW

GLIIXVLRQ�IODPH�LV�LQGHSHQGHQW�RI�WKH�QR]]OH�RXWOHW�YHORFLW\�

5DGLDO�GLVWULEXWLRQV�RI�X��Y�DQG�=��ZKHQ�QRUPDOL]HG�E\�WKH�FHQWHUOLQH�YDOXHV��DUH

7KH�YHORFLW\�UHDFKHV�KDOI�RI�LWV�FHQWHUOLQH�YDOXH�IRU���HTXDO�WR� �ZKLOH�WKH�PL[WXUH

IUDFWLRQ�UHDFKHV�KDOI�RI�LWV�FHQWHUOLQH�YDOXH�IRU���HTXDO�WR� ��,W�LV�RIWHQ�XVHIXO�WR

FKDUDFWHULVH�WKH�ZLGWK�RI�D�MHW�E\�WKH�KDOI�ZLGWK�U ��L�H��WKH�UDGLXV�DW�ZKLFK�WKH�D[LDO�YHORFLW\���

FRPSRQHQW�HTXDOV�RQH�KDOI�RI�LWV�YDOXH�RQ�WKH�FHQWHUOLQH��)URP�(TXDWLRQ��������LW�IROORZV�WKDW

ZKHUH� �DUH�WKH�VR�FDOOHG�KDOI�ZLGWK�VSUHDGLQJ�UDWHV��7KH\�DUH�HTXDO�WR�

)URP�PHDVXUHPHQWV��:\JQDQVNL�HW�DO���������WKH�KDOI�ZLGWK�VSUHDGLQJ�UDWH�IRU�X�LV�HYDOXDWHG�WR

EH�DSSUR[LPDWHO\�HTXDO�WR�������DQG�WKDW�IRU�=�LV�HTXDO�WR�������.HDJ\�HW�DO����������7KLV�LPSOLHV

��WR�EH�DSSUR[LPDWHO\�HTXDO�WR�������DQG�WKH�WXUEXOHQW�3UDQGWO�QXPEHU� �WR�EH�HTXDO�WR�����

:KHQ�WKH�HQWUDLQPHQW�UDWH�LV�FDOFXODWHG�ZLWK�WKHVH�FRQVWDQWV�IURP�(TXDWLRQ���������LW�LV�HYDOXDWHG

WR� EH� HTXDO� WR� �� )URP�PHDVXUHPHQW� �5LFRX� HW� DO��� ������ WKLV� HQWUDLQPHQW� UDWH� LV

HYDOXDWHG�WR�EH�FRQVLGHUDEO\�OHVV��L�H�� ��7KH�UHDVRQ�IRU�WKLV�LV�WKDW�WKH�XQLIRUP�� �PRGHOW

LV�XQUHDOLVWLF�LQ�WKH�RXWHU�UHJLRQ��ZKHUH�� �UHGXFHV�WR�WKH�ODPLQDU�YDOXH�W

2WKHU�VLPLODULW\�IHDWXUHV�DUH�
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:KHQ�WKH�GHQVLW\�YDULHV��DQ�DQDO\WLFDO�VROXWLRQ�RI�WKH�HTXDWLRQV�FDQQRW�EH�IRXQG��LQ�JHQHUDO�

+RZHYHU��IRU�ODUJH�[�WKH�GHQVLW\�LV�DSSUR[LPDWHO\�HTXDO�WR�WKH�DPELHQW�DLU�GHQVLW\�DQG�WKH�MHW

LQYDULDQWV�PD\�EH�UHZULWWHQ�DV

ZKHUH� �WKH�DPELHQW�DLU�GHQVLW\�DQG� �WKH�QR]]OH�IOXLG�GHQVLW\��7KHUHIRUH��WKH�YHORFLW\�GHFD\

DQG�PL[WXUH�IUDFWLRQ�GHFD\�VFDOH�LQ�WKH�VDPH�ZD\�DV�LQ�WKH�FRQVWDQW�GHQVLW\�FDVH�LI�'�LV�UHSODFHG

E\�WKH�HIIHFWLYH�QR]]OH�GLDPHWHU�' �H

ZKHUH� �

���� +27�:,5(�$1(020(75<�,1�$1�,627+(50$/�785%8/(17

-(7

,Q� WKLV� VHFWLRQ�� WKH� ZHOO� NQRZQ� +RW�:LUH� $QHPRPHWU\� �+:$�� PHWKRG� ZLOO� EH� XVHG� IRU

SHUIRUPLQJ� YHORFLW\� PHDVXUHPHQWV� LQ� DQ� D[LDO� V\PPHWULF� WXUEXOHQW� MHW�� +:$� KDV� D� JRRG

IUHTXHQF\�UHVSRQVH��KLJK�DFFXUDF\��DQG�LW�LV�UDWKHU�HDV\�WR�XVH��7KHUHIRUH��+:$�LV�WKH�PRVW

ZLGHO\�XVHG�WRRO�IRU�WXUEXOHQW�IORZ�VWXGLHV��7KH�SULQFLSOH�RI�+:$�LV�EDVHG�RQ�KHDW�WUDQVIHU�RI

DQ�HOHFWULFDOO\�KHDWHG�HOHPHQW�WR�WKH�IORZ��ZKHUH�WKH�KHDW�WUDQVIHU�WR�WKH�IORZ�GHSHQGV�RQ�WKH�IOXLG

YHORFLW\��7KH�KHDWHG�HOHPHQW� LV�FRROHG�E\� WKH�IORZ�ZKLFK�UHVXOWV� LQ�D�GURS�RI� WKH�HOHFWULFDO

UHVLVWDQFH�RI�WKH�HOHPHQW��7KH�KRW�ZLUH�HOHPHQW�LV�D�VKRUW�����PP�DFWLYH�OHQJWK��DQG�YHU\�WKLQ

����P��ZLUH�ILWWHG�EHWZHHQ�SURQJV��7KH�ZLUHV�DUH�PDGH�RI�WXQJVWHQ�RU�SODWLQXP�

)RU�PHDVXUHPHQWV�LQ�WKUHH�GLPHQVLRQDO���'��WXUEXOHQW�IORZV�PDQ\�W\SHV�RI�KRW�ZLUH�SUREHV

PD\�EH�XVHG��(DFK�W\SH�KDV�LWV�DGYDQWDJHV�DQG�GLVDGYDQWDJHV��:LWK�IRXU�ZLUH�SUREHV�DQ�RYHU�

GHWHUPLQHG�V\VWHP�RI�HTXDWLRQV�LV�REWDLQHG��WKH�VROXWLRQ�RI�ZKLFK�PD\�FDXVH�PDQ\�GLIILFXOWLHV�

2WKHU�SUREHV�LQFOXGLQJ�WKUHH�ZLUH�SUREHV�KDYH�D�ORZ�VSDWLDO�UHVROXWLRQ��5HJLRQV�QHDU�WKH�ZDOO�

ZKLFK�DUH�RI�JUHDW�LQWHUHVW�LQ�PDQ\�VWXGLHV��DUH�GLIILFXOW�WR�UHDFK�ZLWK�WKLV�SUREH��7KH�SUREH�XVHG

E\�0�OOHU���������FRQVLVWV�RI�D�VLQJOH�LQFOLQHG�ZLUH��7KH�SUREH�LV�URWDWHG�DURXQG�LWV�D[LV��,Q�VSLWH

RI�WKH�VLPSOLFLW\�RI�LWV�SULQFLSOH�LW�LV�UDWKHU�FRPSOH[�LQ�ERWK�LWV�FRQVWUXFWLRQ�DQG�FDOLEUDWLRQ��,W

QHHGV�PDQ\�PHDVXULQJ�SRLQWV�DQG�WKH�DFFXUDF\�LV�DIIHFWHG��7KHVH�IDFWRUV�OHG�WR�WKH�GHFLVLRQ�WR

PDNH�XVH�RI�WKH�;�ZLUH�SUREH�LQ�WKH�SUHVHQW�VWXG\��6XFK�D�SUREH�KDV�D�UHODWLYHO\�VPDOO�VL]H�JLYLQJ

D�KLJK�VSDWLDO�UHVROXWLRQ��7KH�VHSDUDWLRQ�EHWZHHQ�WKH�ZLUHV�LV�RI�WKH�RUGHU�RI���PP��$Q�H[WHQVLYH

RYHUYLHZ�RI�+:$�KDV�EHHQ�JLYHQ�E\�%UXXQ��������

�



��

(KIWTG�����'ZRGTKOGPVCN�UGV�WR�

������([SHULPHQWDO�VHW�XS

)LJXUH�����JLYHV�D�VNHWFK�RI�WKH�H[SHULPHQWDO�VHW�XS��7KH�DLUIORZ�RXW�RI�WKH�QR]]OH�LV�JHQHUDWHG

ZLWK�KLJK�SUHVVXUH�DLU����EDU���$IWHU�RSHQLQJ�WKH�YDOYH��WKH�DLU�LV�OHG�LQWR�D�EXIIHU�WR�DWWHQXDWH�WKH

KLJK�IUHTXHQF\�SUHVVXUH�YDULDWLRQV���7KH�DLU�LV�ILOWHUHG�E\�DQ�RLO�ILOWHU�EHIRUH�LW�HQWHUV�WKH�PDVV

IORZ�FRQWUROOHU��0)&���7KH�0)&�LV�XVHG�WR�UHJXODWH�WKH�PDVV�IORZ�DQG�WKHUHE\�LQGLUHFWO\�WKH

RXWOHW�YHORFLW\�RI�WKH�QR]]OH��)URP�WKH�0)&�WKH�DLU�IORZV�WKURXJK�D�KHDWHU�ZKLFK�LV�FRQWUROOHG

E\� D� UHJXODWRU� DQG� D� IHHG�EDFN� WHPSHUDWXUH� LQGLFDWRU�� )RU� VDIHW\� SUHFDXWLRQV� WKH� KHDWHU� LV

HTXLSSHG�ZLWK�D�FXW�RII�VZLWFK�IRU�VLWXDWLRQV�ZKHUH�WKH�WHPSHUDWXUH�PD\�ULVH�WRR�KLJK��)LQDOO\�WKH

DLU�UHDFKHV�WKH�QR]]OH�

7KH�KRW�ZLUH�SUREH�PD\�EH�SRVLWLRQHG�DW�HYHU\�SRVLWLRQ�DORQJ�WKH�FHQWHUOLQH�RI�WKH�MHW��7KH

SUREH�D[LV�LV�SODFHG�LQ�WKH�PDLQ�VWUHDP�GLUHFWLRQ��WKHUHE\�PLQLPL]LQJ�WKH�LQIOXHQFH�RI�WKH�SUREH

RQ�WKH�IORZ�

7KH�KRW�ZLUH�VLJQDOV�RI�WKH�DQHPRPHWHUV��',6$�W\SH���'����SURGXFH�D�YROWDJH�EHWZHHQ���DQG

��9��GHSHQGLQJ�RQ�WKH�PRQLWRUHG�YHORFLW\��$�ODERUDWRU\�LQWHUIDFH�ZLWK���$�'�LQSXWV�KDV�EHHQ

XVHG� WR� FRQYHUW� WKH� KRW�ZLUH� VLJQDOV� LQWR� D� GLJLWDO� VLJQDO��7KH� VRIWZDUH� XVHG� WR� FRQWURO� WKH

VDPSOLQJ�DQG�FRQYHUVLRQ�KDV�EHHQ�ZULWWHQ�LQ�/$%9,(:��)RU�SRVW�SURFHVVLQJ�WKH�FDOLEUDWLRQ�DQG

PHDVXUHPHQW�GDWD��VRIWZDUH�KDV�EHHQ�ZULWWHQ�LQ�0$7/$%�

7R� EH� DEOH� WR� SHUIRUP� D� IXOO� FDOLEUDWLRQ� RI� D� FURVV�ZLUH� DW� GLIIHUHQW� WHPSHUDWXUHV� WKH

H[SHULPHQWDO�VHW�XS�PD\�DOVR�EH�XVHG�DV�D�FDOLEUDWLRQ�VHW�XS�LQ�ZKLFK�WKH�ZLUHV�DUH�\DZHG�ZLWK

UHVSHFW� WR� WKH�PHDQ� IORZ� GLUHFWLRQ�� ,Q� WKLV�ZD\�� GDWD� DERXW� VHQVLWLYLW\� RI� WKH� SUREH� WR� WKH

WDQJHQWLDO�YHORFLW\�FRPSRQHQWV�LV�REWDLQHG��%HIRUH�OHDYLQJ�WKH�QR]]OH��WKH�WXUEXOHQFH�LQ�WKH�IORZ

LV�VXSSUHVVHG�E\�JULGV��7KHQ�WKH�IORZ�FRQWUDFWV�DQG�HPDQDWHV�IURP�WKH�QR]]OH��6R�WKH�FDOLEUDWLRQ
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LV�SHUIRUPHG�LQ�D�ORZ�WXUEXOHQFH�OHYHO�MHW�IORZ��7KH�YHORFLW\�DW�WKH�RXWOHW�LV�FDOFXODWHG�IURP�WKH

SUHVVXUH�GURS�RYHU�WKH�QR]]OH��$�PHDVXUHPHQW�RI�WKH�YHORFLW\�SURILOH�RI�WKH�HMHFWHG�MHW�IORZ

VKRZV�WKDW�WKH�SURILOH�LV�IODW�ZLWKLQ�D�FLUFOH�ZLWK�D�UDGLXV�RI�����RI�WKH�QR]]OH�RXWOHW�UDGLXV�

:LWKLQ�WKLV�UHJLRQ��WKH�WXUEXOHQFH�LQWHQVLW\�,�GHILQHG�DV

LV�OHVV�WKDQ�������,I�WKH�ZLUH�LV�SODFHG�LQ�WKLV�UHJLRQ��WKH�YHORFLW\�DW�WKH�SRVLWLRQ�RI�WKH�ZLUH�LV

DFFXUDWHO\�NQRZQ�DQG�FDQ�EH�XVHG�IRU�FDOLEUDWLQJ�WKH�KRW�ZLUH��:LWK�DQ�RXWOHW�FURVV�VHFWLRQ�RI

����PP ��D�PD[LPXP�YHORFLW\�RI����P�V�FDQ�EH�UHDFKHG��

������)UHTXHQF\�UHVSRQVH�DQG�VSDWLDO�UHVROXWLRQ

+RW�ZLUH�DQHPRPHWU\�FDQ�EH�FDUULHG�RXW�E\�WZR�SULQFLSOHV��WKH�FRQVWDQW�FXUUHQW�PHWKRG�DQG�WKH

FRQVWDQW�WHPSHUDWXUH�PHWKRG��$SSO\LQJ�WKH�FRQVWDQW�FXUUHQW�PHWKRG��WKH�FXUUHQW�WKURXJK�WKH�ZLUH

LV�NHSW�FRQVWDQW��DQG�WKH�FKDQJH�RI�UHVLVWDQFH�GXH�WR�FRROLQJ�LV�PHDVXUHG��$SSO\LQJ�WKH�FRQVWDQW

WHPSHUDWXUH�PHWKRG��WKH�UHVLVWDQFH�LV�NHSW�FRQVWDQW��DQG�WKH�YROWDJH�RYHU�WKH�ZLUH�QHHGHG�WR

DFKLHYH�WKLV�LV�PHDVXUHG��%HFDXVH�RI�WKH�OLPLWDWLRQ�E\�KHDW�WUDQVIHU�LQ�WKH�ZLUH��WKH�PD[LPXP

IUHTXHQF\�WKDW�FDQ�EH�IROORZHG�LQ�WKH�FRQVWDQW�FXUUHQW�PRGH�LV�LQ�RI�WKH�RUGHU�RI����+]��ZKLFK

LV� IDU� WRR� ORZ� IRU� WXUEXOHQFH� PHDVXUHPHQWV�� 7KHUHIRUH� RIWHQ� XVH� LV� PDGH� RI� WKH� FRQVWDQW

WHPSHUDWXUH�PHWKRG�ZLWK�ZKLFK�IUHTXHQFLHV�XS�WR����N+]�FDQ�EH�PRQLWRUHG��7KLV�RSHUDWLRQ

PRGH�LV�YHU\�DGHTXDWH�IRU�PHDVXULQJ�WXUEXOHQFH��KDYLQJ�W\SLFDO�IUHTXHQFLHV�XS�WR���N+]�

7R�DFKLHYH�D�JRRG�VSDWLDO�UHVROXWLRQ��D�KRW�ZLUH�SUREH�VKRXOG�KDYH�D�ZLUH�OHQJWK��O��ZKLFK�LV

VKRUW�FRPSDUHG�WR�WKH�VPDOOHVW�HGG\�VL]H�WKDW�RFFXUV�LQ�WKH�IORZ��L�H��WKH�.ROPRJRURY�OHQJWK���
+RZHYHU��IRU�VWDQGDUG�KRW�ZLUH�SUREHV��ZLWK�D�OHQJWK�RI�����PP�DQG�D�GLDPHWHU�RI�����P��DQ

LPSHUIHFW�VSDWLDO�UHVROXWLRQ�RI�WKH�ILQH�VFDOH�WXUEXOHQFH�LV�REWDLQHG�EHFDXVH�WKH�.ROPRJRURY

OHQJWK�VFDOH�PD\�EH�DV�VPDOO�DV����PP�LQ�WKH�ZDOO�UHJLRQ�FORVH�WR�WKH�QR]]OH��)RU�D�VLQJOH�QRUPDO

KRW�ZLUH�SODFHG�SHUSHQGLFXODU�WR�WKH�PHDQ�IORZ��WKH�PHDVXUHG�IOXFWXDWLQJ�YHORFLW\� �ZLOO�EH�

ZKHUH�U�LV�D�FRRUGLQDWH�DORQJ�WKH�ZLUH��SHUSHQGLFXODU�WR�WKH�PHDQ�IORZ�GLUHFWLRQ��7KH�PHDVXUHG

QRUPDO�5H\QROGV�VWUHVV�PD\�EH�GHULYHG�DV

)RU�WKH�FDVH�RI�KRPRJHQHRXV��LVRWURSLF�WXUEXOHQW�IORZ��WKLV�HTXDWLRQ�PD\�EH�ZULWWHQ�DV

ZKHUH� � LV� WKH� WUDQVYHUVH�FRUUHODWLRQ�FRHIILFLHQW�GHILQHG�E\�(TXDWLRQ� �������7KH� UHODWLRQ

EHWZHHQ�WKH�PHDVXUHG�DQG�WKH�UHDO�QRUPDO�5H\QROGV�VWUHVV�GHSHQGV�YHU\�PXFK�RQ�WKH�VKDSH�RI

WKH�FRUUHODWLRQ�FRHIILFLHQW��)RU�VPDOO�YDOXHV�RI�U�WKH�FRUUHODWLRQ�IXQFWLRQ�PD\�EH�DSSUR[LPDWHG

E\�(TXDWLRQ���������L�H�� ��%\�VXEVWLWXWLRQ�RI�WKLV�UHODWLRQ�LQWR�(TXDWLRQ�������

WKH�IROORZLQJ�UHODWLRQ�IRU�WKH�PHDVXUHG�QRUPDO�5H\QROGV�VWUHVV�PD\�EH�GHULYHG�
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)LJXUH�����3UHGLFWHG�VSDWLDO�UHVROXWLRQ�HUURU�LQ�WKH�PHDVXUHG�QRUPDO�5H\QROGV�VWUHVV�DORQJ

WKH�FHQWHUOLQH�RI�D�WXUEXOHQW�MHW��VHH�6HFWLRQ��������

ZKHUH���LV�WKH�7D\ORU�PLFURVFDOH�JLYHQ�E\�(TXDWLRQ���������7KH�VSDWLDO�UHVROXWLRQ�HUURU�PD\�EH
GHILQHG�E\

7KLV�UHODWLRQ�LV�YDOLG�LI�WKH�ZLUH�OHQJWK�O�LV�VPDOO�FRPSDUHG�WR�WKH�7D\ORU�PLFURVFDOH����7KHUHIRUH�
LW�PD\�EH�XVHG�IRU�HUURUV�XS�WR�DERXW����� ���)RU�ODUJHU�HUURUV��WKH�FRUUHODWLRQ�FRHIILFLHQW

PD\�IRU�H[DPSOH�EH�DSSUR[LPDWHG�E\

7KLV�UHODWLRQ�VDWLVILHV� �� �DQG�WKH�LQWHJUDO�UHODWLRQ���������6XEVWLWXWLRQ�RI�(TXDWLRQ

�������LQWR�(TXDWLRQ��������OHDGV�IRU� �WR

7KLV� H[SUHVVLRQ�PD\� EH� XVHG� IRU� HUURUV� XS� WR� DERXW� ���� � ��� )LJXUH� ���� VKRZV� WKH

SUHGLFWHG� VSDWLDO� UHVROXWLRQ� HUURU� DORQJ� WKH� FHQWHUOLQH� RI� D� WXUEXOHQW� MHW� WR� EH� GLVFXVVHG� LQ

6HFWLRQ��������ZKHUH�O�KDV�EHHQ�VHW�WR������PP��WKH�GHQVLW\�'�WR������NJ�P �DQG�WKH�G\QDPLF�

YLVFRVLW\���WR�����#�� 3D�V��$OWKRXJK�WKHUH�LV�D�VPDOO�UHJLRQ� �ZKHUH�ERWK�SUHGLFWHG���

HUURUV�EHFRPH�ODUJH��WKH�UHVROXWLRQ�HUURU�LV�EHOLHYHG�QRW�WR�H[FHHG�D�YDOXH�RI�DERXW����WKURXJKRXW

WKH�HQWLUH�IORZ�ILHOG��7KLV�YDOXH�KDV�DOVR�EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH��%UXXQ��������
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)LJXUH�����'HILQLWLRQ�RI�WKH�\DZ�DQJOH�LQ

WKH�SURQJ�SODQH�

������

������/RRN�XS�LQYHUVLRQ�PHWKRG�IRU�+:$

7KH�PHWKRG�RI�PHDVXUHPHQW�XVHG�LQ�WKLV�LQYHVWLJDWLRQ�LV�VLPLODU�WR�WKH�VR�FDOOHG�ORRN�XS�PDWUL[

PHWKRGV��$�ILUVW�ORRN�XS�PDWUL[�PHWKRG�ZDV�LQWURGXFHG�E\�&KHHVHZULJKW���������,Q�KLV�PHWKRG

D� �FDOLEUDWLRQ�ZDV�FDUULHG�RXW�XVLQJ�HLJKW�GLIIHUHQW�YHORFLWLHV�DQG�ILIWHHQ�DQJXODU�SRVLWLRQV�

)RU�HDFK�YHORFLW\�\DZ�DQJOH�SDLU� ��)LJXUH�������D�XQLTXH�YROWDJH�SDLU� �LV�REWDLQHG�

SURYLGHG�WKDW�WKH�YHORFLW\�YHFWRU�LV�ZLWKLQ�WKH�DSSURDFK�DFFHSWDQFH�UHJLRQ��7KH�SUREH�LV�RULHQWHG

VXFK�WKDW�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW��:��HTXDOV�]HUR��7KH�DQJOHV� �DUH�ERWK

DSSUR[LPDWHO\�HTXDO�WR��� ��7KH�FDOLEUDWLRQ�GDWD�ZHUH�FXUYH�ILWWHG�XVLQJ�VHSDUDWH�ILIWK�RUGHUR

SRO\QRPLDOV�LQ� �DQG� �IRU�WKH�8�DQG�9�YHORFLW\�FRPSRQHQWV��7KHQ�D�ORRN�XS�PDWUL[�ZDV

FUHDWHG�FRQWDLQLQJ�YDOXHV�FRUUHVSRQGLQJ�WR�DOO�SRVVLEOH�GLVFUHWH�YDOXHV�IRU�( �DQG�( �� �

7KH�SURFHGXUH�XVHG�E\�&KHHVHZULJKW�LV�D�UDWKHU�FXPEHUVRPH�SURFHGXUH��DQG�ODWHU�PHWKRGV

KDYH�XVHG�D�PDWUL[�RI�PXFK�VPDOOHU�GLPHQVLRQ�OLQNHG�WR�DQ�LQWHUSRODWLRQ�VFKHPH��7KH�ILUVW�RI

WKHVH�PHWKRGV�ZDV�LQWURGXFHG�E\�:LOOPDUWK�DQG�%RJDU���������2WKHU�ORRN�XS�PDWUL[�PHWKRGV

KDYH� VXEVHTXHQWO\� EHHQ� SUHVHQWHG� E\� =LOEHUPDQ� �������� -RKQVRQ� DQG� (FNHOPDQQ� �������

/XHSWRZ�HW�DO����������%URZQH�HW�DO����������DQG�6FKHZH�DQG�5RQQHEHUJHU��������

,Q� WKH�SUHVHQW�VWXG\�XVH� LV�PDGH�RI�DQ� LQWHUSRODWLRQ�VFKHPH�DOVR��)LUVW�RI�DOO� WKH� UHODWLRQ

EHWZHHQ�WKH�YHORFLW\�DQG�WKH�YROWDJH�RXWSXW�RI�WKH�ZLUH�KDV�WR�EH�FDOLEUDWHG�LQ�FRPELQDWLRQ�ZLWK

WKH�DQHPRPHWHU�XVHG�LQ�FRQMXQFWLRQ�ZLWK�WKLV�ZLUH��,Q�WKH�FDOLEUDWLRQ�WHFKQLTXH�XVHG��WKH�FURVV�

ZLUH�LV�H[SRVHG�WR�IRXU�YHORFLWLHV�HYHQO\�GLVWULEXWHG�LQ�WKH�H[SHFWHG�YHORFLW\�UDQJH��ZKLOH�WKH

SUREH� LV� \DZHG�ZLWK� UHVSHFW� WR� WKH�YHORFLW\�YHFWRU� LQ� WKH� IORZ�DQJOH� UDQJH� ��� ����� � ��R R R

LQFUHPHQWV��

$�SRO\QRPLDO�IXQFWLRQ�RI�WKH�IRUP�

������

LV�XVHG�WR�ILW�WKH�GDWD�IRU�HDFK�\DZ�DQJOH���
,W�ZDV�IRXQG�WKDW�D�ILUVW�RUGHU�SRO\QRPLDO�RI�WKH�IRUP



��
R

��
R

���
R

7 
 7
�
EQU�

8 
 7
�
UKP�

'
�

'
�

7
�
� �

��

)LJXUH�����&DOLEUDWLRQ�FXUYHV�IRU�WKH�WZR�KRW�ZLUHV�IRU�GLIIHUHQW�YDOXHV�RI�WKH�\DZ�DQJOH���

������

ZDV�DFFXUDWH�HQRXJK�WR�NHHS�WKH�UHODWLYH�HUURU�ZLWKLQ�WKH�������UDQJH��)LJXUH������

+RW�ZLUHV�KDYH�WR�EH�UHFDOLEUDWHG�RQ�D�UHJXODU�EDVLV�GXH�WR�FKDQJLQJ�HQYLURQPHQWDO�FLUFXPVWDQFHV

DV�ZHOO�DV�DJHLQJ�HIIHFWV�RI�WKH�ZLUHV�

$IWHU�WKH�FDOLEUDWLRQ�KDV�EHHQ�SHUIRUPHG��WKH�PHDVXUHPHQW�FDQ�EH�GRQH��7R�REWDLQ�WKH�YHORFLW\

FRPSRQHQWV�8�DQG�9�UHODWHG�WR�D�SDLU�RI�LQSXW�YROWDJHV� DQG� ��WKH�IROORZLQJ�SURFHGXUH�LV

XVHG��$�OLQH�FRUUHVSRQGLQJ�WR�( ( �LV�GUDZQ�LQ�)LJXUH�����DQG�WKH�LQWHUVHFWLRQ�SRLQWV�ZLWK�WKH�

LQGLYLGXDO�FDOLEUDWLRQ�FXUYHV�DUH�GHWHUPLQHG��$�VLPLODU�SURFHGXUH�LV�DSSOLHG�WR�WKH�YDOXH�( �IRU�

ZLUH����3ORWWLQJ�WKHVH�SRLQWV�RQ�D� �JUDSK��)LJXUH������LGHQWLILHV�WZR�FXUYHV�FRUUHVSRQGLQJ

WR�ZLUHV���DQG����UHVSHFWLYHO\��7KH�FRUUHFW�YDOXH�RI��8 ����LV�REWDLQHG�IURP�WKH�LQWHUVHFWLRQ�RI�

WKHVH�WZR�FXUYHV��7KH�UHODWHG�YDOXHV�RI�8�DQG�9�DUH�FDOFXODWHG�IURP�
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)LJXUH�����8 �YHUVXV�\DZ�DQJOH���SORWV�FRUUHVSRQGLQJ�WR�
���

( �DQG�( �LQ�)LJXUH������ �

)LJXUH�����)RUZDUG�UHYHUVH�DPELJXLW\�

������)RUZDUG�UHYHUVH�DPELJXLW\�HIIHFWV

7KH�VLJQDO�DPELJXLW\�IRU�DQ�;�KRW�ZLUH�SUREH�LV�LOOXVWUDWHG�LQ�)LJXUH������'XH�WR�WKH�URWDWLRQDO

V\PPHWU\�RI�WKH�VHQVLQJ�HOHPHQWV�WKH�VLJQ�RI�WKH�QRUPDO�DQG�WDQJHQWLDO�YHORFLW\�FRPSRQHQWV�ZLOO

QRW�KDYH�DQ\�HIIHFW�RQ�WKH�PHDVXUHG�YROWDJHV� �DQG� ��7KHUHIRUH��D�YHORFLW\� WKDW�LV�RXWVLGH

WKH�DSSURDFK�DFFHSWDQFH�UHJLRQ�ZLOO�UHVXOW�LQ�D�PHDVXUHG�YHORFLW\� �ZLWK�WKH�VDPH�DEVROXWH

YDOXH� IRU� WKH� QRUPDO� DQG� WDQJHQWLDO� YHORFLW\� FRPSRQHQWV�� ,Q� RWKHU� ZRUGV�� WKH� PHDVXUHG

YHORFLW\ � KDV� WKH� VDPH� FRROLQJ� HIIHFW� DV� WKH� UHDO� YHORFLW\� �� 'XH� WR� WKLV� GLUHFWLRQDO

LQVHQVLWLYLW\�WKH�PHDVXUHG�PHDQ�YHORFLW\ �ZLOO�EH�WRR�KLJK�DQG�WKH�PHDVXUHG�PHDQ�YHORFLW\�

ZLOO�EH�WRR�ORZ�LI�VLWXDWLRQV�OLNH�GHSLFWHG�LQ�)LJXUH�����GR�RFFXU��$OVR�WKH�PHDVXUHG�YDULDQFHV

ZLOO� EH� WRR� ORZ�� $� VROXWLRQ� IRU� WKLV� SUREOHP� PD\� EH� IRXQG� LQ� XVLQJ� WKH� IO\LQJ� KRW�ZLUH�

DQHPRPHWHU�WHFKQLTXH��3D\QH�HW�DO��������DQG�6KHLK�HW�DO����������LQ�ZKLFK�WKH�SUREH�LV�PRYHG

ZLWK�D�NQRZQ�YHORFLW\�VR�WKDW�WKH�UHVXOWLQJ�UHODWLYH�YHORFLW\�ZLOO�UHPDLQ�ZLWKLQ�WKH�DSSURDFK

DFFHSWDQFH�UHJLRQ��6XFK�D�PHWKRG��KRZHYHU��KDV�QRW�EHHQ�XVHG�LQ�WKH�SUHVHQW�VWXG\�DQG�WKH�HIIHFW

RI�IRUZDUG�UHYHUVH�DPELJXLW\�KDV�EHHQ�QHJOHFWHG�
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)LJ�����5HDO�DQG�PHDVXUHG�YHORFLW\�FRPSRQHQWV�

������(IIHFW�RI�WKH�IOXFWXDWLQJ�ELQRUPDO�YHORFLW\�FRPSRQHQW

7KH�ORRN�XS�LQYHUVLRQ�PHWKRG�GHVFULEHG�LQ�6HFWLRQ�������JLYHV�YHU\�DFFXUDWH�UHVXOWV�IRU�D�SXUH

WZR�GLPHQVLRQDO� IORZ� VLWXDWLRQ�� +RZHYHU�� WXUEXOHQW� IORZV� DUH� QHYHU� WZR�GLPHQVLRQDO�� ,Q

WXUEXOHQW�IORZV�WKHUH�LV�DOZD\V�D�WKLUG�YHORFLW\�FRPSRQHQW��L�H��WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW

ZKLFK�LV�GHILQHG�DV�WKH�YHORFLW\�FRPSRQHQW�SHUSHQGLFXODU�WR�ERWK�ZLUHV��$OWKRXJK�WKH�PHDQ

ELQRUPDO�YHORFLW\�FRPSRQHQW�PD\�EH�]HUR��WKH�IOXFWXDWLRQ�LQ�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW

LV�QRW�HTXDO�WR�]HUR�LQ�WXUEXOHQW�IORZV��,W�KDV�EHHQ�GHPRQVWUDWHG�E\�7XWX�HW�DO���������WKDW�YHU\

ODUJH�HUURUV�DUH�PDGH�LI�WKH�LQIOXHQFH�RI�WKH�IOXFWXDWLQJ�ELQRUPDO�YHORFLW\�FRPSRQHQW�LV�QHJOHFWHG�

7KH\�GHPRQVWUDWHG�WKDW�HUURUV�LQ�WKH�PHDVXUHG�5H\QROGV�VWUHVVHV�FDQ�EH�DV�KLJK�DV�����ZKHQ�WKH

WXUEXOHQFH�LQWHQVLW\�LV������7KHVH�HUURUV�ZHUH�FDXVHG�E\�WKH�FRPELQHG�HIIHFW�RI�IRUZDUG�UHYHUVH

DPELJXLW\�DQG�VHQVLWLYLW\�WR�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW��7XWX�HW�DO���������GHPRQVWUDWHG

KRZHYHU� WKDW��HVSHFLDOO\�DW� ORZ�WXUEXOHQFH�LQWHQVLW\�� ��� WKH�HUURU�GXH�WR� WKH�IRUZDUG�

UHYHUVH�DPELJXLW\�HIIHFW�LV�VPDOO�FRPSDUHG�WR�WKH�HUURU�DVVRFLDWHG�ZLWK�QHJOHFWLQJ�WKH�HIIHFW�RI

WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW��7KHUHIRUH��VSHFLDO�DWWHQWLRQ�ZLOO�EH�JLYHQ�KHUH�WR�WKH�LQIOXHQFH

RI�WKH�IOXFWXDWLQJ�ELQRUPDO�YHORFLW\�FRPSRQHQW�RQ�WKH�;�KRW�ZLUH�UHVXOWV�

5HODWLRQ�EHWZHHQ�PHDVXUHG�DQG�UHDO�YHORFLW\�FRPSRQHQWV

7KH� SRVLWLRQLQJ� RI� WKH� KRW�ZLUHV� LV� DV� GHSLFWHG� LQ� )LJXUH� ����ZLWK�8� DV� WKH� D[LDO� YHORFLW\

FRPSRQHQW��9�DV�WKH�UDGLDO�YHORFLW\�FRPSRQHQW�DQG�:�DV�WKH�WDQJHQWLDO�RU�ELQRUPDO�YHORFLW\

FRPSRQHQW��)URP�WKH�PHDVXUHG�YROWDJHV� �DQG� �WKH�PHDVXUHG�YHORFLW\�FRPSRQHQWV�8 �DQGP

9 �LQ�WKH�SURQJ�SODQH�DUH�FDOFXODWHG�DV�LI�WKH�IORZ�LV�WZR�GLPHQVLRQDO��L�H��IURP�(TXDWLRQV��������P

+RZHYHU��WKH�UHDO�YHORFLW\�FRPSRQHQWV�8��9�DQG�:�DUH�QRW�LQ�WKH�SURQJ�SODQH��)LJXUH������
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7R�H[SUHVV�WKH�HIIHFW�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW��L�H��:��RQ�WKH�PHDVXUHG�YHORFLW\

FRPSRQHQWV�8 �DQG�9 ��ZH�KDYH�WR�PDNH�XVH�RI�DQ�DGGLWLRQDO�UHODWLRQ�IRU�WKH�DQJXODU�VHQVLWLYLW\P P

RI�DQ�LQFOLQHG�KRW�ZLUH��-|UJHQVRQ��������DQG�&KDPSDJQH�HW�DO���������HVWDEOLVKHG�WKH�IROORZLQJ

UHODWLRQVKLS�IRU�WKH�HIIHFWLYH�FRROLQJ�YHORFLW\�8 ��RI�D�ZLUH�HII

ZKHUH� �� � DQG �DUH� WKH�QRUPDO�� WDQJHQWLDO� DQG�ELQRUPDO� �QRUPDO� WR� WKH�SURQJ�SODQH�

YHORFLW\�FRPSRQHQWV��UHVSHFWLYHO\��7KH�HIIHFWLYH�FRROLQJ�YHORFLW\�LV�WKH�YHORFLW\�ZKLFK��LQ�QRUPDO

GLUHFWLRQ��ZRXOG�JLYH�WKH�VDPH�YROWDJH�GLIIHUHQFH�RYHU�WKH�ZLUH�DV�WKH�UHDO�YHORFLW\��7KHUHIRUH

WKH�YROWDJH�GLIIHUHQFH�RYHU�WKH�ZLUH�LV�RQO\�D�IXQFWLRQ�RI�WKLV�HIIHFWLYH�FRROLQJ�YHORFLW\��7KH

IDFWRUV�N�DQG�K�DFFRXQW�IRU�WKH�DGGLWLRQDO�FRROLQJ�GXH�WR�WKH�WDQJHQWLDO�DQG�ELQRUPDO�YHORFLW\

FRPSRQHQW��UHVSHFWLYHO\��7KH�IDFWRU�N�LV�FDOOHG�WKH�¨\DZ�IDFWRU©�DQG�K�WKH�¨SLWFK�IDFWRU©��7KH

IDFWRUV�N�DQG�K�GHSHQG�RQ�WKH�OHQJWK�WR�GLDPHWHU�UDWLR�RI�WKH�ZLUH�DQG�WKH�SURQJ�HIIHFWV��7\SLFDO

YDOXHV�IRU�N�DQG�K�IRU�D�VWDQGDUG�SODWHG�KRW�ZLUH�DUH�����DQG�������%UXXQ���������UHVSHFWLYHO\�

7KH� HIIHFWLYH� FRROLQJ�YHORFLW\� RI� WKH�PHDVXUHG�YHORFLW\� FRPSRQHQWV� HTXDOV� WKH� HIIHFWLYH

FRROLQJ�YHORFLW\�RI�WKH�UHDO�YHORFLW\�FRPSRQHQWV��7KHUHIRUH�

6XPPDWLRQ� DQG� VXEWUDFWLRQ� RI� WKH� VHW� RI� (TXDWLRQV� ������� JLYHV� WKH� IROORZLQJ� ;�KRW�ZLUH

UHVSRQVH�HTXDWLRQV�

(TXDWLRQV��������PD\�EH�UHSODFHG�E\�

ZKHUH� WKH� LQIOXHQFH�RI� WKH�\DZ�IDFWRU�N�KDV�EHHQ� WDNHQ� LQWR�DFFRXQW�E\� WKH� UHGHILQHG�SLWFK

IDFWRU�K��$�W\SLFDO�YDOXH�IRU�K�LV�WKHQ�JLYHQ�E\� ��$Q�DSSURSULDWH�YDOXH

IRU� WKH�SLWFK�IDFWRU�K�PD\�DOVR�EH�IRXQG�GXULQJ�WKH�FDOLEUDWLRQ�LQ�D� WXUEXOHQFH�IUHH�IORZ�E\

DGMXVWLQJ�FHUWDLQ�YDOXHV�IRU�8��9�DQG�:��%\�DGMXVWLQJ�9�WR����8�WR� �DQG�:�WR�

LW�LV�IRXQG�IURP�(TXDWLRQV��������WKDW�

ZKHUH� � LV� DQ� DGMXVWHG� FDOLEUDWLRQ� YHORFLW\� DQG� �� LV� DQ� DGMXVWHG� FDOLEUDWLRQ� DQJOH�� $Q
H[SHULPHQWDO�YDOXH�RI�����KDV�EHHQ�IRXQG�ZKLFK�FRPSDUHV�ZHOO�WR�WKH�W\SLFDO�YDOXH�IRXQG�IURP

OLWHUDWXUH�

1RWLFH�WKDW�(TXDWLRQV��������PD\�DOVR�EH�ZULWWHQ�DV
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7KHUHIRUH��(TXDWLRQV��������PD\�EH�LQWHUSUHWHG�DV�D�FRUUHFWHG�YHUVLRQ�RI�(TXDWLRQV��������LQ

ZKLFK�WKH�LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW�:�KDV�EHHQ�WDNHQ�LQWR�DFFRXQW��,Q�WKH

OLPLW�RI�D�]HUR�ELQRUPDO�YHORFLW\�FRPSRQHQW��WKH�FRUUHFWHG�;�KRW�ZLUH�UHVSRQVH�(TXDWLRQV�������

UHGXFH�WR�WKH�XQFRUUHFWHG�;�KRW�ZLUH�UHVSRQVH�(TXDWLRQV���������7KHUHIRUH��WKH�KLJK�DFFXUDF\�RI

WKH�ORRN�XS�LQYHUVLRQ�PHWKRG�IRU�UHDO�WZR�GLPHQVLRQDO�IORZ�KDV�EHHQ�PDLQWDLQHG�

$�UHODWLRQ�EHWZHHQ�WKH�PHDVXUHG�DQG�UHDO�YHORFLW\�FRPSRQHQWV�LV�REWDLQHG�E\�HTXDWLQJ�WKH

ULJKW�KDQG�VLGH�RI�(TXDWLRQV��������WR�WKH�ULJKW�KDQG�VLGH�RI�(TXDWLRQV��������

(TXDWLRQV��������LQGLFDWH�WKDW�ZLWK� �WKH�D[LDO�YHORFLW\�FRPSRQHQW�LV�DOZD\V�RYHU�HVWLPDWHG�

L�H�� ��DQG�WKHUHE\�WKH�UDGLDO�YHORFLW\�FRPSRQHQW�9�LV�DOZD\V�XQGHU�HVWLPDWHG�

5HODWLRQ�EHWZHHQ�PHDVXUHG�DQG�UHDO�5H\QROGV�VWUHVVHV

,Q�RUGHU�WR�ILQG�D�UHODWLRQ�EHWZHHQ�WKH�PHDVXUHG�5H\QROGV�VWUHVVHV� �DQG

UHDO�5H\QROGV�VWUHVVHV� �WKH�IROORZLQJ�SURFHGXUH�LV�XVHG��)LUVW��WKH�PHDVXUHG

TXDQWLWLHV�$ �DQG�$ �DUH�LQWURGXFHG�E\�� �

WKH�XQFRUUHFWHG�;�KRW�ZLUH�UHVSRQVH�(TXDWLRQV��������DUH�ZULWWHQ�OLNH

DQG�WKH�FRUUHFWHG�UHVSRQVH�(TXDWLRQV��������DUH�ZULWWHQ�OLNH

$�VWDQGDUG�DYHUDJLQJ�WHFKQLTXH�LV�DSSOLHG�WR�WKH�HTXDWLRQV��2QH�FDQ�GHFRPSRVH�HDFK�YHORFLW\

FRPSRQHQW�DQG�WKH�YDULDEOHV�$ �LQWR�D�PHDQ�DQG�IOXFWXDWLQJ�SDUW�OLNHL

8VLQJ�VWDQGDUG�DYHUDJLQJ�WHFKQLTXHV��ZH�JHW�WKH�IROORZLQJ�VHW�RI�HTXDWLRQV�

ZKHUH�LW�LV�DVVXPHG�WKDW�WKH�PHDQ�ELQRUPDO�YHORFLW\�FRPSRQHQW�HTXDOV�]HUR��L�H�� �IRU�D

WXUEXOHQW� MHW� IORZ�ZLWKRXW�VZLUO��$Q� LGHQWLFDO� VHW�RI�HTXDWLRQV� LV�REWDLQHG� IRU� WKH�PHDVXUHG

TXDQWLWLHV�E\�VHWWLQJ� �WR�]HUR��$�VHW�RI�HTXDWLRQV�IRU�WKH�WXUEXOHQW�IORZ�TXDQWLWLHV�PD\�EH

REWDLQHG�E\�VXEWUDFWLQJ�(TXDWLRQV��������IURP�WKH�LQVWDQWDQHRXV�(TXDWLRQV��������

7KH�IROORZLQJ�VHW�RI�WXUEXOHQFH�HTXDWLRQV�PD\�EH�REWDLQHG�
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ZKHUH� WKH� IXQFWLRQV� � FRQWDLQ� WKLUG� DQG� KLJKHU� RUGHU� FRUUHODWLRQ� WHUPV� LQ

��7KH�IXQFWLRQV� �PD\�EH�HYDOXDWHG�DV

ZKHUH� WKH� SUREDELOLW\� GHQVLW\� IXQFWLRQ � PD\� EH� PRGHOOHG� IRU� WKH� VSHFLILF� IORZ

FRQGLWLRQV�IRXQG�LQ�D�WXUEXOHQW�MHW�IORZ�ZLWKRXW�VZLUO��6WDWLVWLFDO�LQGHSHQGHQFH�LV�DVVXPHG�IRU

WKH�WDQJHQWLDO�YHORFLW\�FRPSRQHQW�

DQG�WKHUHIRUH

$�ELYDULDWH�QRUPDO�GLVWULEXWLRQ�LV�DVVXPHG�RYHU� �

ZKHUH� �DUH�WKH�VWDQGDUG�GHYLDWLRQV�RI�X�DQG�Y��UHVSHFWLYHO\��DQG�'�LV�WKH�FRUUHODWLRQ
FRHIILFLHQW�RI�X�DQG�Y�

$VVXPLQJ�WKLV�GLVWULEXWLRQ�OHDGV�WR�WKH�IROORZLQJ�UHODWLRQV�

7KH�GLVWULEXWLRQ�IRU� �LV�DVVXPHG�WR�EH�QRUPDO�
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7KHUHIRUH�

7KH�IXQFWLRQV� �PD\�WKHQ�EH�HYDOXDWHG�DV

7KH�IXOO�VHW�RI�(TXDWLRQV��������DQG��������QRZ�UHDG�

/HW�XV�QRZ�ORRN�DW�WKH�XQFRUUHFWHG�UHVSRQVH�(TXDWLRQV���������8QGHU�WKH�DVVXPSWLRQ�WKDW�WKH

PHDVXUHG�3')� �PD\�DOVR�EH�DSSUR[LPDWHG�E\�D�ELYDULDWH�QRUPDO�GLVWULEXWLRQ��DQ

LGHQWLFDO� V\VWHP� RI� HTXDWLRQV� LV� REWDLQHG� IRU� WKH�PHDVXUHG�PHDQ� YHORFLW\� FRPSRQHQWV� DQG

PHDVXUHG�5H\QROGV�VWUHVVHV��L�H�

7KH�UHODWLRQ�EHWZHHQ�PHDVXUHG�5H\QROGV�VWUHVVHV�DQG�UHDO�5H\QROGV�VWUHVVHV�LV�QRZ�JLYHQ�E\

HTXDWLQJ�WKH�ULJKW�KDQG�VLGH�RI�(TXDWLRQ��������WR�WKH�ULJKW�KDQG�VLGH�RI�(TXDWLRQ��������

,QIOXHQFH�RI�WKH�IOXFWXDWLQJ�ELQRUPDO�YHORFLW\�FRPSRQHQW�LQ�MHW�IORZV

:H�DUH�QRZ�DEOH�WR�JLYH�DQ�HVWLPDWH�RI�WKH�HUURU�DVVRFLDWHG�ZLWK�QHJOHFWLQJ�WKH�LQIOXHQFH�RI�WKH

IOXFWXDWLQJ�ELQRUPDO�YHORFLW\�FRPSRQHQW��+HUH�LW�ZLOO�EH�FDUULHG�RXW�IRU�D�IORZ�FRQGLWLRQ�WKDW�LV

W\SLFDO�IRU�MHW�IORZV��L�H�� ��7KH�QRWDWLRQ� �UHIHUV�WR�WKH

VWDQGDUG�GHYLDWLRQ�RI�1��DQG�'�LV�WKH�FRUUHODWLRQ�FRHIILFLHQW�RI� �DQG� ��L�H�� ��)RU

WKLV�IORZ�FRQGLWLRQ��LW�PD\�EH�REWDLQHG�IURP�(TXDWLRQV��������WKDW
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)LJXUH� ���� 7KH� UHODWLYH� HUURU� DVVRFLDWHG� ZLWK� QHJOHFWLQJ� WKH

LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW�DV�D�IXQFWLRQ�RI�WKH

WXUEXOHQFH�LQWHQVLW\�,�

ZKHUH�,�LV�WKH�WXUEXOHQFH�LQWHQVLW\�GHILQHG�DV ��7KH�SLWFK�IDFWRU�K�KDV�EHHQ�VHW�HTXDO�WR���

%\�HTXDWLQJ�WKH�ULJKW�KDQG�VLGH�RI�(TXDWLRQV��������WR�WKH�ULJKW�KDQG�VLGH�RI�(TXDWLRQV��������

PHDVXUHPHQW�HUURUV��GHILQHG��DV

������

ZLWK�[�DV�WKH�FRQVLGHUHG�DYHUDJHG�TXDQWLW\��PD\�EH�HYDOXDWHG�DV�D�IXQFWLRQ�RI�WKH�WXUEXOHQFH

LQWHQVLW\�,��)LJXUH�����VKRZV�WKH�HYDOXDWHG�HUURUV�LQ�WKH�PHDQ�D[LDO�YHORFLW\�FRPSRQHQW�DQG

5H\QROGV�VWUHVVHV�DVVRFLDWHG�ZLWK�QHJOHFWLQJ�WKH�LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW�

,W�DSSHDUV�WKDW�WKH�PHDVXUHG��LQWHUSUHWHG��PHDQ�YHORFLW\�LV�KLJKHU�WKDQ�WKH�DFWXDO�YHORFLW\��7KH

FRQWUDU\�LV�WUXH�IRU�WKH�5H\QROGV�VWUHVVHV��6LPLODU�UHVXOWV�KDYH�DOVR�EHHQ�IRXQG�E\�7XWX�DQG

&KHYUD\���������$OWKRXJK�WKH�HUURUV�WKH\�IRXQG�ZHUH�VOLJKWO\�KLJKHU�GXH�WR�WKH�FRPELQHG�HIIHFW

RI�IRUZDUG�UHYHUVH�DPELJXLW\�DQG�VHQVLWLYLW\�WR�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW��2EYLRXVO\�

QHJOHFWLQJ�WKH�LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW�LV�UHVSRQVLEOH�IRU�PDNLQJ�ODUJH

HUURUV�LQ�WKH�GDWD�FRQYHUVLRQ��7KHUHIRUH�DGGLWLRQDO�LQIRUPDWLRQ�KDV�WR�EH�REWDLQHG��DERXW�WKH

PDJQLWXGH� RI� WKH� IOXFWXDWLQJ� ELQRUPDO� YHORFLW\� FRPSRQHQW�� 7KH� SURFHGXUH� HPSOR\HG� IRU

REWDLQLQJ�LQIRUPDWLRQ�DERXW�WKLV�ELQRUPDO�YHORFLW\�FRPSRQHQW�ZLOO�EH�GHVFULEHG�LQ�WKH�QH[W

VHFWLRQ�

������,QFRUSRUDWLQJ�DQ�HTXDWLRQ�IRU�WKH�IOXFWXDWLQJ�WDQJHQWLDO�YHORFLW\�FRPSRQHQW

:LWK� (TXDWLRQV� ������� ZH� KDYH� D� VHW� RI� �� HTXDWLRQV� ZLWK� �� XQNQRZQV�� L�H�

��7KHUHIRUH�DQ�DGGLWLRQDO�HTXDWLRQ�KDV� WR�EH�REWDLQHG� IRU� WKH

YDULDQFH�LQ�WKH�WDQJHQWLDO�YHORFLW\�FRPSRQHQW��7R�REWDLQ�WKLV�HTXDWLRQ��WKH�ZLUHV�ZLOO�EH�SODFHG

LQ�DQRWKHU�DWWLWXGH��L�H��DWWLWXGH�E� LQ�)LJXUH�������,Q�SURQJ�DWWLWXGH�E�� WKH�WDQJHQWLDO�YHORFLW\

FRPSRQHQW�:�LV�LQ�WKH�SURQJ�SODQH�ZKHUHDV�WKH�UDGLDO�YHORFLW\�FRPSRQHQW�9�KDV�EHFRPH�WKH

ELQRUPDO�YHORFLW\�FRPSRQHQW�
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6LPLODU�WR�(TXDWLRQV��������LW�LV�REWDLQHG�IRU�SURQJ�DWWLWXGH�E�WKDW

,QWURGXFLQJ�WKH�PHDVXUHG�TXDQWLWLHV�$ �DQG�$ �IRU�WKLV�SURQJ�DWWLWXGH�DV� �

OHDGV�ZLWK� WKH�DVVXPSWLRQ� WKDW� �DQG� WKH�3')�GHVFULEHG� LQ� WKH�SUHFHGLQJ�VHFWLRQ� WR� WKH

IROORZLQJ�DYHUDJHG�HTXDWLRQV�

,I�WKH�LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW�LV�QHJOHFWHG��WKHQ�FRPELQLQJ�WKH�HTXDWLRQ

IRU� �\LHOGV�WKH�YDULDQFH�LQ�WKH�WDQJHQWLDO�YHORFLW\�FRPSRQHQW�DV�

7KHUHIRUH�LW�VHHPV�DSSURSULDWH�WR�XVH�D�FRPELQDWLRQ�RI�WKHVH�WZR�HTXDWLRQV�DV�DQ�DGGLWLRQDO

HTXDWLRQ�IRU�WKH�YDULDQFH�LQ�WKH�WDQJHQWLDO�YHORFLW\�FRPSRQHQW��L�H�

1RZ�VXSSRVH�WKDW�WKH�YDULDQFH�LQ�WKH�WDQJHQWLDO�YHORFLW\�FRPSRQHQW�LV�HTXDO�WR�]HUR��,Q�WKDW

FDVH��WKH�PHDVXUHG�3')� �LV�QRW�QHFHVVDULO\�HTXDO�WR�WKH�ELYDULDWH�QRUPDO�GLVWULEXWLRQ

ZKLFK�ZDV�DVVXPHG�LQ�WKH�SUHFHGLQJ�VHFWLRQ��7KHUHIRUH��FRUUHFWLRQ�FRQVWDQWV�PD\�EH�DGGHG�WR
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WKH�(TXDWLRQV��������

�,Q�RUGHU�WR�PDLQWDLQ�WKH�KLJK�DFFXUDF\�RI�WKH�ORRN�XS�LQYHUVLRQ�PHWKRG�LQ�FDVH�RI� ��WKH

FRQVWDQWV� �PD\�EH�HYDOXDWHG�IURP�(TXDWLRQV��������DV�

DQG�WKH�DGDSWHG�V\VWHP�RI�(TXDWLRQV��������UHDGV�

)ROORZLQJ� WKLV� SURFHGXUH�� LW� LV� HQVXUHG� WKDW� IRU� � WKH� VROXWLRQ� IRXQG� IURP� WKH� DGDSWHG

(TXDWLRQV��������DSSURDFKHV�WKH�VROXWLRQ�IRXQG�E\�PDNLQJ�XVH�RI�WKH�ORRN�XS�LQYHUVLRQ�PHWKRG�

7KH�FRPSOHWH�V\VWHP�RI�HTXDWLRQV�QRZ�UHDGV�

7KLV� VHW� RI� VL[� DOJHEUDLF� HTXDWLRQV� KDV� WR� EH� VROYHG� IRU� WKH� VL[� XQNQRZQV�

�

6R�ZH�KDYH�WR�VROYH� ��IRU�

8VLQJ�1HZWRQ©V�PHWKRG�ZH�OLQHDUL]H�DURXQG� �DQG�VROYH

ZKHUH
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)LJXUH������0HDQ�D[LDO�YHORFLW\�FRPSRQHQW�DW�WKH�QR]]OH�H[LW�

7KH�VROXWLRQ�REWDLQHG�IURP�WKH�ORRN�XS�LQYHUVLRQ�PHWKRG��L�H��(TXDWLRQV��������DQG�(TXDWLRQ

��������PD\�EH�XVHG�DV�DQ�LQLWLDO�JXHVV�IRU� �

������5HVXOWV

0HDVXUHPHQWV� KDYH� EHHQ� FDUULHG� RXW� LQ� D� KLJK� 5H\QROGV� QXPEHU� WXUEXOHQW� DLU� MHW� DW� DQ

DWPRVSKHULF�SUHVVXUH�S�RI������#�� �3D�����7KH�WHPSHUDWXUH�7�ZDV�NHSW�FRQVWDQW�DW�����(&��7KH�

PDVV�IORZ�WKURXJK�WKH�QR]]OH�0�ZDV�DGMXVWHG�E\�WKH�0DVV�)ORZ�&RQWUROOHU��0)&���WR�����#����

NJ�V�ZLWK�DQ�HUURU�RI�����:LWK�D�QR]]OH�GLDPHWHU�'�RI�������PP�DQG�D�GHQVLW\�'�RI������NJ�P�

WKLV� JLYHV� DQ� DYHUDJH� QR]]OH� H[LW� YHORFLW\� � RI� ����P�V����� 7KH� 5H\QROGV� QXPEHU

� ��PD\�WKHQ�EH�FDOFXODWHG�WR�EH�HTXDO�WR�������

)LJXUH���������VKRZ�WKH�FRQGLWLRQV�PHDVXUHG�DW�D�GLVWDQFH�RI�����PP�GRZQVWUHDP�RI�WKH

QR]]OH�H[LW��)LJXUH������VKRZV�WKH�PHDQ�D[LDO�YHORFLW\�SURILOH��7KH�D[LDO�RXWOHW�YHORFLW\�DW�WKH

FHQWHUOLQH�� ��ZDV�PHDVXUHG�WR�EH�HTXDO�WR������P�V��7KH�SURILOH�LV�YHU\�IODW�DQG�VKRZV�HYHQ

D�VOLJKW�LQFUHDVH�RI�WKH�YHORFLW\�FORVH�WR�WKH�ZDOO��$W�WKH�ZDOO�WKHUH�LV�D�YHU\�VWHHS�JUDGLHQW�LQ�WKH

ERXQGDU\�OD\HU��7KH�FXUYH�ILWWHG�OLQH�VKRZQ�LQ�)LJXUH������KDV�EHHQ�XVHG�IRU�SUHVFULELQJ�WKH

ERXQGDU\�FRQGLWLRQ�LQ �LQ�WKH�QXPHULFDO�VLPXODWLRQ�

)LJXUH������VKRZV�WKH�PHDQ�UDGLDO�YHORFLW\�FRPSRQHQW�DW�WKH�QR]]OH�H[LW���7KH�FXUYH�ILWWHG�OLQH

VKRZQ�LQ�)LJXUH������KDV�EHHQ�XVHG�IRU�SUHVFULELQJ�WKH�ERXQGDU\�FRQGLWLRQ�LQ�WKH�QXPHULFDO

VLPXODWLRQ��0HDVXUHPHQW�UHVXOWV�KDYH�EHHQ�FRUUHFWHG�VXFK�DV�WR�REWDLQ�D�]HUR�UDGLDO�YHORFLW\

FRPSRQHQW� DW� WKH� FHQWHUOLQH�� ,W� LV� DVVXPHG� WKDW� D�PHDVXUHG� QRQ�]HUR�PHDQ� UDGLDO� YHORFLW\

FRPSRQHQW�DW�WKH�FHQWHUOLQH�LV�FDXVHG�E\�WKH�IDFW�WKDW�WKH�SUREH�D[LV�PDNHV�D�VPDOO�DQJOH���ZLWK
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WKH�FHQWHUOLQH�RI�WKH�MHW��7KHUHIRUH��WKH�UHODWLRQ�EHWZHHQ�WKH�UHDO�YHORFLW\�FRPSRQHQWV�DQG�WKH

PHDVXUHG�YHORFLW\�FRPSRQHQWV�LV�JLYHQ�E\

7KLV�OHDGV�WR�WKH�IROORZLQJ�FRUUHFWLRQ�IRUPXOD

7KH�DQJOH��� LV�DGMXVWHG�VXFK� WKDW�D�]HUR�PHDQ�UDGLDO�YHORFLW\�FRPSRQHQW� LV�REWDLQHG�DW� WKH
FHQWHUOLQH�

$SSOLHG�YDOXHV�IRU���ZKHUH�VPDOO��XS�WR�DERXW����(�
$�VWULNLQJ�FKDUDFWHULVWLF�RI�)LJXUH������LV�WKH�FRQVWDQW�JUDGLHQW�LQ� �FORVH�WR�WKH�FHQWHUOLQH

RI�WKH�QR]]OH��L�H�� ��7KLV�ZLOO�LQIOXHQFH�WKH�JUDGLHQW�LQ�D[LDO�GLUHFWLRQ�RI�WKH

D[LDO�YHORFLW\�FRPSRQHQW�FORVH�WR�WKH�QR]]OH�H[LW��)URP�WKH�FRQWLQXLW\�HTXDWLRQ�LW�IROORZV�WKDW�

7KHUHIRUH��WKH�JUDGLHQW�LQ�WKH�D[LDO�YHORFLW\�FRPSRQHQW�DW�WKH�FHQWHUOLQH�LV�OLQNHG�WR�D�JUDGLHQW

LQ�WKH�UDGLDO�YHORFLW\�FRPSRQHQW�DW�WKH�FHQWHUOLQH��$W�WKH�HMHFWLRQ�SODQH��WKH�UDGLDO�YHORFLW\�SURILOH

PD\�EH�DSSUR[LPDWHG�E\

%HFDXVH�RI�V\PPHWU\�� �VKRXOG�EH�HTXDO�WR�]HUR�LQ�RUGHU�WR�DYRLG�D�MXPS�LQ�WKH�UDGLDO�YHORFLW\

FRPSRQHQW�DW�WKH�FHQWHUOLQH��7KH�FRQVWDQW� LV�DSSUR[LPDWHO\�HTXDO�WR� ��6XEVWLWXWLRQ�RI

(TXDWLRQ��������LQWR�(TXDWLRQ��������OHDGV�WR

DQG�WKHUHIRUH��IRU�

7KLV�UHVXOW�GLIIHUV�ODUJHO\�IURP�WKH�]HUR�JUDGLHQW�WKDW�ZRXOG�EH�IRXQG�LI�WKH�RXWOHW�SURILOH�ZRXOG

EH�WKDW�RI�D�IXOO\�GHYHORSHG�WXUEXOHQW�SLSH�IORZ��7KHUHIRUH��D�FRUH�UHJLRQ��LQ�ZKLFK�WKH�D[LDO

YHORFLW\�FRPSRQHQW�UHPDLQV�DSSUR[LPDWHO\�FRQVWDQW��LV�QRW�REVHUYHG�LQ�WKH�SUHVHQW�PHDVXUHPHQWV

�)LJXUH��������7KH�FDXVH�RI�WKH�H[LW�YHORFLW\�SURILOH�GLVWULEXWLRQ�QRW�EHLQJ�D�IXOO\�GHYHORSHG�SLSH
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)LJXUH������0HDQ�UDGLDO�YHORFLW\�FRPSRQHQW�DW�WKH�QR]]OH�H[LW�

IORZ� GLVWULEXWLRQ� LV� WKH� JHRPHWU\� RI� WKH� QR]]OH� EHLQJ� WRR� VKRUW�� L�H�� FDXVLQJ� D� WRR� UDSLG

FRQWUDFWLRQ�

0HDVXUHG�YHORFLW\�IOXFWXDWLRQ�LQWHQVLWLHV�DW�WKH�EXUQHU�H[LW�ZHUH�YHU\�ORZ��L�H��OHVV�WKDQ�����

RYHU�WKH�HQWLUH�RXWOHW��%RXQGDU\�FRQGLWLRQV�IRU�N�DQG�J�KDYH�EHHQ�VHW�DV�LQ�)LJXUH�����ZLWK�D
WXUEXOHQFH�LQWHQVLW\�,�RI�������RYHU�WKH�HQWLUH�RXWOHW�DQG�D�FRQVWDQW�PL[LQJ�OHQJWK� O �RI�����P

WLPHV�WKH�QR]]OH�GLDPHWHU�'��%HFDXVH�WKH�WXUEXOHQFH�LQWHQVLW\�DW�WKH�QR]]OH�RXWOHW�LV�YHU\�ORZ

FRPSDUHG�WR�YDOXHV�RI�WKH�WXUEXOHQFH�LQWHQVLW\�IRXQG�GRZQVWUHDP�RI�WKH�QR]]OH��WKH�VSHFLILF

GLVWULEXWLRQV�RI�,�DQG�O �RYHU�WKH�QR]]OH�RXWOHW�DUH�H[SHFWHG�WR�KDYH�MXVW�D�VPDOO�LQIOXHQFH�RQ�WKHP

RXWFRPH� RI� WKH� QXPHULFDO� VLPXODWLRQV��0HDVXUHG�PHDQ� YHORFLW\� GLVWULEXWLRQV� LQ� WKH� MHW� DUH

SUHVHQWHG�LQ�$SSHQGL[�$�

)LJXUH������VKRZV�WKH�FHQWHUOLQH�D[LDO�YHORFLW\�FRPSRQHQW�DV�D�IXQFWLRQ�RI�WKH�D[LDO�GLVWDQFH

IURP�WKH�QR]]OH�H[LW��$�WUXH�FRUH�UHJLRQ�LQ�ZKLFK�WKH�PHDQ�YHORFLW\�UHPDLQV�DSSUR[LPDWHO\

FRQVWDQW�LV�QRW�LGHQWLILHG��$V�H[SODLQHG�DW�WKH�EHJLQQLQJ�RI�WKLV�VHFWLRQ��WKLV�LV�FDXVHG�E\�WKH

JUDGLHQW� LQ� UDGLDO� GLUHFWLRQ� RI� WKH� UDGLDO� YHORFLW\� FRPSRQHQW�� 7KH� LQLWLDO� VORSH� RI� WKH� D[LDO

GLVWULEXWLRQ�RI�WKH�FHQWHUOLQH�YHORFLW\�DJUHHV�FORVHO\�ZLWK�WKH�YDOXH�HVWLPDWHG�LQ�(TXDWLRQ��������

7KH�QXPHULFDO�VLPXODWLRQ�HPSOR\LQJ�WKH�VWDQGDUG�N�J�PRGHO��XVLQJ�WKH�YDOXHV�IURP�7DEOH�����
GLG�QRW�SUHGLFW�WKH�VDPH�EHKDYLRXU�LQ�WKH�FRUH�UHJLRQ��7KLV�PD\�EH�FDXVHG�E\�VHWWLQJ�DQ�LQFRUUHFW

ERXQGDU\�FRQGLWLRQ�IRU�WKH�UDGLDO�YHORFLW\�FRPSRQHQW�DW�WKH�LQIORZ�SODQH�RI�WKH�FRPSXWDWLRQDO

GRPDLQ��HVSHFLDOO\�LQ�WKH�FR�IORZ��+RZHYHU��EHFDXVH�RI�IRUZDUG�UHYHUVH�DPELJXLW\�HIIHFWV��WKH

H[SHULPHQWDO�XQFHUWDLQW\�LQ�WKH�YDOXH�IRU�WKH�UDGLDO�YHORFLW\�FRPSRQHQW�LV�YHU\�ODUJH�LQ�WKH�FR�

IORZ�UHJLRQ�

7KH�YHORFLW\�GHFD\�FRQVWDQW� �YDULHV�H[SHULPHQWDOO\�ZLWK�WKH�D[LDO�ORFDWLRQ�EHWZHHQ�����

XSVWUHDP� DQG� ����� GRZQVWUHDP�� )RU� WKH� QXPHULFDO� VROXWLRQ� WKH� YHORFLW\� GHFD\� FRQVWDQW� LV

DSSUR[LPDWHO\�HTXDO�WR�������7KLV�DJUHHV�UHDVRQDEO\�ZHOO�ZLWK�WKH�H[SHULPHQWDO�YDOXH�RI������

IRXQG�E\�3DQFKDSDNHVDQ�HW�DO���������
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)LJXUH������&HQWHUOLQH�SURILOH�RI�WKH�QRUPDOL]HG�D[LDO�YHORFLW\� �

)LJXUH������9DULDWLRQ�RI�WKH�KDOIZLGWK� �ZLWK�D[LDO�GLVWDQFH�

)LJXUH������VKRZV�WKH�KDOI�ZLGWK�RI�WKH�MHW�DV�D�IXQFWLRQ�RI�WKH�D[LDO�GLVWDQFH��,Q�WKH�IDU�ILHOG��WKH

KDOI�ZLGWK�VSUHDGLQJ�UDWH�KDV�EHHQ�GHWHUPLQHG�WR�EH�HTXDO�WR��������7KLV�LV�ORZHU�WKDQ�WKH�YDOXHV

IRXQG�LQ�OLWHUDWXUH��7DEOH������ZKLFK�PD\�EH�FDXVHG�E\�WKH�XVHG�+:$�FRUUHFWLRQ�PHWKRG�RU�E\

HIIHFWV�GXH�WR�D�GLIIHUHQW�5H\QROGV�QXPEHU��)URP�)LJXUH������LW�FDQ�EH�VHHQ�WKDW�WKH�YLUWXDO�RULJLQ

LV�DW�DQ�D[LDO�SRVLWLRQ�RI�[ �D ����'��7KH�KDOI�ZLGWK�VSUHDGLQJ�UDWH�SUHGLFWHG�ZLWK�WKH�VWDQGDUG

N�J�PRGHO� LV�DSSUR[LPDWHO\�HTXDO� WR��������&RPSDUHG� WR� WKH�SUHVHQW�H[SHULPHQWDO� UHVXOW�RI
��WKH�KDOI�ZLGWK�VSUHDGLQJ�UDWH�LV�RYHU�HVWLPDWHG�ZLWK�DERXW����
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)LJXUH������1RUPDOL]HG�WRWDO�PDVV�UDWH�RI�IORZ�LQ�WKH�MHW�

$XWKRU�V�

:\JQDQVNL�HW�DO�������� �����

5RGL������� �����

:LWWPHU������� �����

*HRUJH�HW�DO�������� �����

&DSS�HW�DO�������� �����

3DQFKDSDNHVDQ�HW�DO�������� �����

3UHVHQW �����

7DEOH�����0HDVXUHG�KDOIZLGWK�VSUHDGLQJ�UDWHV�IRU�URXQG�MHWV�

)LJXUH������VKRZV�WKH�YDULDWLRQ�ZLWK�D[LDO�GLVWDQFH�RI�WKH�WRWDO�PDVV�UDWH�RI�IORZ�LQ�WKH�MHW�

,Q�WKH�IDU�ILHOG�WKH�HQWUDLQPHQW�UDWH�KDV�EHHQ�GHWHUPLQHG�WR�EH�HTXDO�WR� ��$OVR�WKLV�YDOXH

LV�VOLJKWO\�ORZHU�WKDQ�WKDW�IRXQG�LQ�OLWHUDWXUH��L�H�� ��5LFRX�HW�DO���������7KH�HQWUDLQPHQW

UDWH�WKDW�IROORZV�IURP�WKH�QXPHULFDO�VLPXODWLRQ�HPSOR\LQJ�WKH�N�J�PRGHO�DJUHHV�VDWLVIDFWRULO\
ZLWK�WKH�YDOXH�REWDLQHG�IURP�WKH�PHDVXUHPHQWV�

)LJXUH������VKRZV�WKH�UDGLDO�SURILOH�RI�WKH�QRUPDOL]HG�D[LDO�YHORFLW\� �DV�D�IXQFWLRQ�RI

WKH� QRUPDOL]HG� UDGLDO� GLVWDQFH� U��[�D��� $OVR� VKRZQ� LV� WKH� DQDO\WLFDO� UHODWLRQ� DFFRUGLQJ� WR

(TXDWLRQ��������DQG�WKH�VROXWLRQ�JLYHQ�E\�WKH�SUHVHQW�FRPSXWDWLRQDO�PHWKRG���7KH�YDOXH�IRU��
KDV�EHHQ�DGMXVWHG�WR�������VR�WKDW�WKH�DQDO\WLFDO�VROXWLRQ�FRLQFLGHV�ZLWK�WKH�PHDVXUHPHQWV�DW�WKH

KDOI�YDOXH�SRLQW�� ��2EYLRXVO\�WKH�DQDO\WLFDO�VROXWLRQ�SUHGLFWV�D�WRR�KLJK�YDOXH�IRU

WKH�PHDQ�D[LDO�YHORFLW\�FRPSRQHQW�LQ�WKH�RXWHU�UHJLRQ��7KH�UHDVRQ�IRU�WKLV�LV�WKH�LQDGHTXDF\�RI

WKH�XQLIRUP�� �PRGHO�LQ�WKH�RXWHU�UHJLRQ��ZKHUH�� �IDOOV�WR�WKH�ODPLQDU�YDOXH��7KH�N�J�PRGHO�DOVRW W

RYHU�SUHGLFWV�WKH�PHDQ�D[LDO�YHORFLW\�FRPSRQHQW�LQ�WKH�RXWHU�UHJLRQ��7KH�WXUEXOHQW�YLVFRVLW\��W
LV�RYHU�SUHGLFWHG�E\�WKH���N�J�PRGHO�LQ�WKH�RXWHU�UHJLRQ��+RZHYHU��DOVR�WKH�PHDVXUHPHQW�UHVXOWV
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)LJXUH������5DGLDO�SURILOH�RI�WKH�QRUPDOL]HG�D[LDO�YHORFLW\� �DV�D�IXQFWLRQ

RI�WKH�QRUPDOL]HG�UDGLDO�GLVWDQFH�U��[�D��

RXJKW�WR�EH�WUHDWHG�ZLWK�VRPH�VXVSLFLRQ�LQ�WKH�RXWHU�UHJLRQ��%HFDXVH�RI�WKH�DEVHQFH�RI�D�GRPLQDQW

YHORFLW\�LQ�D[LDO�GLUHFWLRQ�DQG�WKH�UHODWLYH�KLJK�WXUEXOHQFH�LQWHQVLWLHV��IRUZDUG�UHYHUVH�DPELJXLW\

HIIHFWV�RI�WKH�KRW�ZLUH��VHH�6HFWLRQ��������SOD\�DQ�LPSRUWDQW�UROH�LQ�WKDW�UHJLRQ��$V�D�UHVXOW�RI�WKLV�

DOVR�WKH�FDOFXODWHG�WRWDO�PDVV�IORZ��L�H��)LJXUH�������PXVW�WR�EH�WUHDWHG�FDUHIXOO\�EHFDXVH�WKH�RXWHU

UHJLRQ�KDV�D�ODUJH�FRQWULEXWLRQ�WR�WKH�LQWHJUDO�RI�(TXDWLRQ��������

)LJXUH������VKRZV�WKH�UDGLDO�SURILOH�RI�WKH�QRUPDOL]HG�UDGLDO�YHORFLW\� �DV�D�IXQFWLRQ�RI

WKH�QRUPDOL]HG�UDGLDO�GLVWDQFH�U��[�D���7KLV�ILJXUH�VKRZV�PXFK�VFDWWHU�EHFDXVH�WKH�UDGLDO�YHORFLW\

FRPSRQHQW�LV�YHU\�VPDOO�FRPSDUHG�WR�WKH�D[LDO�YHORFLW\�FRPSRQHQW��5HPHPEHU�WKDW�(TXDWLRQ

������� KDV� EHHQ� DSSOLHG� WR� REWDLQ� D� ]HUR�PHDQ� UDGLDO� YHORFLW\� FRPSRQHQW� DW� WKH� FHQWHUOLQH�

+RZHYHU��D�QRQ�]HUR�UDGLDO�YHORFLW\�FRPSRQHQW�PD\�DOVR�KDYH�EHHQ�FDXVHG�E\�DQ�RII�FHQWHUOLQH

SRVLWLRQ��7KLV�ZRXOG�OHDG�WR�DQ�HUURU�LQ�WKH�DSSOLHG�YDOXH�IRU����$�VPDOO�HUURU�LQ�WKH�SUREH�DQJOH
DGMXVWPHQW�ZLOO�OHDG�WR�D�ODUJH�HUURU�LQ�WKH�PHDVXUHG�UDGLDO�YHORFLW\�FRPSRQHQW�

1HJDWLYH�YDOXHV�IRU �ZHUH�REVHUYHG�LQ�WKH�RXWHU�UHJLRQ��7KH�PHDVXUHG�YDOXHV�IRU �GHFUHDVH

KRZHYHU�PXFK�IDVWHU�WR�]HUR�WKDQ�WKH�DQDO\WLFDO�VROXWLRQ�JLYHQ�E\�(TXDWLRQ��������RU�WKH�YDOXHV

REWDLQHG�IURP�WKH�QXPHULFDO�VLPXODWLRQ�HPSOR\LQJ�WKH�N�J�PRGHO��7KLV�LV�SUREDEO\�FDXVHG�E\�WKH
IRUZDUG�UHYHUVH�DPELJXLW\�HIIHFW��6HFWLRQ���������ZKHUH�D�YDOXH�IRU�WKH�UDGLDO�YHORFLW\�FRPSRQHQW

�KLJKHU�WKDQ�WKDW�IRU�WKH�D[LDO�YHORFLW\�FRPSRQHQW�� �LV�UHIOHFWHG�LQWR�D�KLJKHU�YDOXH�IRU�WKH

PHDVXUHG�PHDQ�D[LDO�YHORFLW\�FRPSRQHQW� ��$Q�LQFUHDVH�RI�WKH�PHDQ�D[LDO�YHORFLW\�FRPSRQHQW

ZLWK�MXVW����LV�KRZHYHU�ZLWKLQ�WKH�HUURU�UDQJH�RI�)LJXUH������DQG�WKHUHIRUH�QRW�GHWHFWDEOH��,Q�WKH

RXWHU�UHJLRQ��WKH�UDGLDO�YHORFLW\�FRPSRQHQW�PD\�KRZHYHU�EH�H[SHFWHG�WR�EH�VPDOOHU�WKDQ�WKDW�RI

WKH�DQDO\WLFDO�VROXWLRQ�EHFDXVH�WKH�HQWUDLQPHQW�UDWH�RI�WKH�PHDVXUHG�MHW�LV�PXFK�VPDOOHU�WKDQ�WKDW

GHWHUPLQHG�IURP�WKH�DQDO\WLFDO�VROXWLRQ�
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)LJXUH������5DGLDO�SURILOH�RI�WKH�QRUPDOL]HG�UDGLDO�YHORFLW\� �DV�D�IXQFWLRQ

RI�WKH�QRUPDOL]HG�UDGLDO�GLVWDQFH� �

)LJXUH� ����� &HQWHUOLQH� SURILOHV� RI� WKH� UHODWLYH� YHORFLW\� IOXFWXDWLRQ

LQWHQVLWLHV�

)LJXUH� ����� VKRZV� WKH�YDULDWLRQ�RI� WKH� UHODWLYH�YHORFLW\� IOXFWXDWLRQ� LQWHQVLWLHV� DORQJ� WKH

FHQWHUOLQH�RI�WKH�MHW��/LNH�IRU�WKH�PHDQ�D[LDO�YHORFLW\�FRPSRQHQW��DOVR�IRU�WKH�UHODWLYH�YHORFLW\

IOXFWXDWLRQ�LQWHQVLWLHV�RI�WKH�UDGLDO�DQG�WDQJHQWLDO�YHORFLW\�FRPSRQHQWV��VLPLODULW\�VHHPV�WR�EH

DWWDLQHG�DIWHU�DERXW����QR]]OH�GLDPHWHUV��)RU�WKH�UHODWLYH�YHORFLW\�IOXFWXDWLRQ�LQWHQVLW\�RI�WKH�D[LDO

YHORFLW\�FRPSRQHQW��KRZHYHU��VLPLODULW\�ZDV�QRW�HYHQ�DWWDLQHG�DW�DQ�D[LDO�GLVWDQFH�RI����QR]]OH

RXWOHW�GLDPHWHUV�

)LJXUH� ����� VKRZV� WKH� PHDVXUHG� WXUEXOHQFH� LQWHQVLW\� DQG� WKDW� SUHGLFWHG� E\� WKH� SUHVHQW

FRPSXWDWLRQDO�PHWKRG�EDVHG�RQ�WKH�VWDQGDUG�N�J�PRGHO��7KH�VWDQGDUG�N�J�PRGHO�SUHGLFWV�D�FRUH
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)LJXUH������0HDVXUHG�DQG�SUHGLFWHG�WXUEXOHQFH�LQWHQVLW\�

������

������

UHJLRQ� LQ� ZKLFK� WKH� WXUEXOHQFH� LQWHQVLW\� UHPDLQV� VPDOO�� ZKHUHDV� LQ� WKH� PHDVXUHPHQWV� DQ

LPPHGLDWH�LQFUHDVH�RI�WXUEXOHQFH�LQWHQVLW\�LV�IRXQG�DIWHU�WKH�QR]]OH�H[LW��,Q�WKH�GHYHORSHG�UHJLRQ�

D�JRRG�DJUHHPHQW�LV�IRXQG�EHWZHHQ�PHDVXUHG�DQG�SUHGLFWHG�WXUEXOHQFH�LQWHQVLW\�

����7+(502&283/(�0($685(0(176�,1�$�+($7('�-(7

7KH�PL[WXUH�IUDFWLRQ�SOD\V�D�YHU\�LPSRUWDQW�UROH�LQ�FRPEXVWLRQ�PRGHOOLQJ��$V�DQ�LQWHUPHGLDWH

VWHS�WR�XQGHUVWDQG�WKH�PL[LQJ�SDWWHUQ�GXULQJ�FRPEXVWLRQ��LW�LV�QHFHVVDU\�WR�VWXG\�WKH�PL[LQJ

SDWWHUQ�ZLWKRXW�FKHPLFDO�UHDFWLRQ��7KHUHIRUH�D�WHVW�ULJ��KDV�EHHQ�EXLOW�WR�VLPXODWH�D�FRPEXVWLRQ

MHW�RXWOHW�PDNLQJ�XVH�RI�D�KHDWHG�MHW�DV�D�FRXQWHUSDUW�RI�WKH�IXHO�RXWOHW�VXUURXQGHG�E\�FROG�DLU��L�H�

WKH�R[LGL]HU�VWUHDP��%\�VXEVWLWXWLRQ�RI� �LQWR�(TXDWLRQ��������DQG�DVVXPLQJ�D�FRQVWDQW�YDOXH

IRU�F ��WKH�GLIIHUHQWLDO�HTXDWLRQ�IRU�WKH�WHPSHUDWXUH�PD\�EH�ZULWWHQ�DV�S

7KLV�HTXDWLRQ�LV�VLPLODU�WR�WKDW�IRU�WKH�PL[WXUH�IUDFWLRQ��7KHUHIRUH�WKH�PL[WXUH�IUDFWLRQ�=�PD\�

XQGHU�DSSURSULDWH�LQLWLDO�DQG�ERXQGDU\�FRQGLWLRQV��EH�HYDOXDWHG�IURP�WHPSHUDWXUH�PHDVXUHPHQWV

DV�D�VFDOHG�����IXQFWLRQ�RI��WKH�WHPSHUDWXUH�7��

ZKHUH�7 �LV�WKH�RXWOHW�WHPSHUDWXUH�DW�WKH�FHQWHUOLQH�RI�WKH�MHW��DQG�7 �LV�WKH�WHPSHUDWXUH�RI�WKHFR VHF

VHFRQGDU\�DLU�

7KHUH�DUH�VHYHUDO� WHFKQLTXHV� WR�PHDVXUH�D� WHPSHUDWXUH��2QH�RI� WKH�PRVW�FRPPRQO\�XVHG

WHFKQLTXHV� LV� WKH� WKHUPRFRXSOH��$� WKHUPRFRXSOH�ZLUH�FRQVLVWV�RI� WZR�GLIIHUHQW�PHWDOV��7KH

SULQFLSOH�LV�EDVHG�RQ�WKH�SK\VLFDO�SKHQRPHQRQ�WKDW�D�WHPSHUDWXUH�GLIIHUHQFH�FDXVHV�D�YROWDJH

GLIIHUHQFH�RYHU�WKH�ZLUH�

7KH�ZLUHV�XVHG�LQ�WKH�SUHVHQW�H[SHULPHQWV�DUH��PDGH�RI�FKURPHO�DOXPHO��W\SH�.��ZLWK�D�ZLUH
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GLDPHWHU�RI�����P��:LWK�DQ�DLU�VWUHDP�YHORFLW\�X�RI����P�V�LQ�WKH�WHVW�ULJ�WKH�PHDVXUHG��UHVSRQVH

WLPH�RI�WKH�WKHUPRFRXSOH�LQ�DLU�LV�W� ������V��7KLV�UHVSRQVH�WLPH�LV�KRZHYHU�QRW�ORZ�HQRXJK�WR

EH�DEOH�WR�IROORZ�WKH�VPDOOHVW�WLPH�VFDOHV�RI�WXUEXOHQFH��ZKLFK�DUH�RI�WKH�RUGHU�RI�PLOOLVHFRQGV�

7KHUHIRUH�RQO\�PHDQ�WHPSHUDWXUH�SURILOHV�FRXOG�EH�PHDVXUHG�

,Q�WKH�QXPHULFDO�VLPXODWLRQV�WKH�WLPH�DYHUDJHG�GHQVLW\�LV�FDOFXODWHG�IURP�(TXDWLRQ��������

ZKHUH� �LV�FRQVWDQW�DQG�HTXDO�WR��������-�NJ�.�

7KH�WLPH�DYHUDJHG�PL[WXUH�IUDFWLRQ�PD\�EH�HYDOXDWHG�DV�

ZKHUH�7�LV�WKH�GHQVLW\�UDWLR� �ZLWK� �WKH�RXWOHW�GHQVLW\�DW�WKH�FHQWHUOLQH�RI�WKH�MHW��DQG�

WKH�GHQVLW\�RI�WKH�VHFRQGDU\�DLU�

������5HVXOWV

0HDVXUHPHQW� KDYH� EHHQ� FDUULHG� RXW� DW� WKH� VDPH� PDVV� IORZ� DV� WKDW� IRU� WKH� LVRWKHUPDO

PHDVXUHPHQWV��L�H��WKH�PDVV�IORZ�WKURXJK�WKH�QR]]OH�ZDV�DGMXVWHG�E\�WKH�0DVV�)ORZ�&RQWUROOHU

�0)&��WR�����#�� NJ�V��%HFDXVH�WKH�WHPSHUDWXUH�LQFUHDVH�RI�WKH�MHW�ZDV�YHU\�VPDOO�FRPSDUHG�WR���

WKDW�RI�WKH�LVRWKHUPDO�MHW��WKH�ODPLQDU�YLVFRVLW\�ZDV�DOPRVW�WKH�VDPH�DV�WKDW�IRU�WKH�LVRWKHUPDO

FDVH�DQG�WKLV�OHDGV�WR�WKH�VDPH�5H\QROGV�QXPEHU�RI��������7KH�DWPRVSKHULF�SUHVVXUH�S�ZDV�HTXDO

WR� �����#�� �3D��7KH� FHQWHUOLQH� WHPSHUDWXUH� DW� WKH� QR]]OH� RXWOHW�7 �ZDV� NHSW� FRQVWDQW� DW� D�
FR

WHPSHUDWXUH�RI�����(&�ZKLOH�WKH�WHPSHUDWXUH�RI�WKH�VHFRQGDU\�DLU�ZDV�HTXDO�WR�����(&��7KH

FHQWHUOLQH�GHQVLW\�DW�WKH�QR]]OH�H[LW�� ��PD\�WKHQ�EH�FDOFXODWHG�WR�EH�HTXDO�WR������NJ�P �ZKLOH�

WKDW�RI�WKH�VHFRQGDU\�DLU�� ��LV�HTXDO�WR������NJ�P ��7KH�GHQVLW\�UDWLR� �LV�WKHUHE\�HTXDO�

WR�������%HFDXVH�WKLV�GHQVLW\�UDWLR�LV�DOPRVW�XQLW\��WKH�IORZILHOG�LV�DVVXPHG�WR�EH�VLPLODU�WR�WKDW

RI�WKH�LVRWKHUPDO�IORZ�PHDVXUHG�LQ�WKH�SUHFHGLQJ�VHFWLRQ��7KH�RXWOHW�YHORFLW\�SURILOH� �RI

)LJXUH������LV�PXOWLSOLHG�E\�D�IDFWRU� �LQ�RUGHU�WR�REWDLQ�WKH�VDPH�PDVVIORZ�DV�WKDW�LQ�WKH

LVRWKHUPDO�IORZ�

7KH�UDGLDO�GLVWULEXWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ��DQG�WKHUHE\�WKH�WHPSHUDWXUH��DW�WKH�QR]]OH�H[LW

LV�JLYHQ�LQ�)LJXUH���������'XH�WR�KHDW�FRQGXFWLRQ�DW�WKH�ZDOO��WKH�RXWOHW�WHPSHUDWXUH�GHFUHDVHV

WRZDUGV�WKH�ZDOO��$OVR�WKH�WHPSHUDWXUH�RI�WKH�VHFRQGDU\�DLU�LV�VHHQ�WR�EH�VOLJKWO\�LQFUHDVHG�GXH

WR�KHDW�FRQGXFWLRQ��7KLV�HIIHFW�PD\�KRZHYHU�EH�QHJOHFWHG�LQ�WKH�QXPHULFDO�FRPSXWDWLRQV�EHFDXVH

RI�WKH�ORZ�FRQYHFWLRQ�YHORFLW\�LQ�WKDW�UHJLRQ��)LJXUH�������
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)LJXUH������0L[WXUH�IUDFWLRQ�SURILOH�FORVH�WR�WKH�QR]]OH�H[LW�

)LJXUH������&HQWHUOLQH�SURILOH�RI�WKH�PL[WXUH�IUDFWLRQ�

)LJXUH��������VKRZV�WKH�FHQWHUOLQH�SURILOH�RI�WKH�PL[WXUH�IUDFWLRQ��,Q�WKH�UHVXOW�RI�WKH�QXPHULFDO

VLPXODWLRQ�DV�ZHOO�DV� LQ� WKH�UHVXOW�RI� WKH�PHDVXUHPHQWV��D�FRUH�UHJLRQ�LQ�ZKLFK�WKH�PL[WXUH

IUDFWLRQ� UHPDLQV� DSSUR[LPDWHO\� FRQVWDQW� LV� FOHDUO\� SUHVHQW�� 7KH� OHQJWK� RI� WKH� FRUH�UHJLRQ

SUHGLFWHG�E\�WKH�SUHVHQW�QXPHULFDO�PHWKRG�LV�WRR�ORQJ��7KH�PL[WXUH�IUDFWLRQ�GHFD\�FRQVWDQW�

YDULHV�EHWZHHQ������XSVWUHDP�DQG������GRZQVWUHDP�LQ�WKH�H[SHULPHQW�ZKLOH�LW�YDULHV�EHWZHHQ

����� DQG� ����� IRU� WKH� QXPHULFDO� VROXWLRQ�� 3LWWV� ������� JLYHV� � ZKLFK� DJUHHV

UHDVRQDEO\�ZHOO�ZLWK�WKH�YDOXHV�IRXQG�KHUH�

)LJXUH������VKRZV�WKH�KDOI�ZLGWK�DV�D�IXQFWLRQ�RI�WKH�D[LDO�GLVWDQFH��,Q�WKH�IDU�ILHOG��WKH�KDOI�

ZLGWK�VSUHDGLQJ�UDWH�KDV�EHHQ�GHWHUPLQHG�WR�EH�HTXDO�WR��������7KLV�YDOXH�FRPSDUHV�ZHOO�ZLWK

YDOXHV�IRXQG�LQ�OLWHUDWXUH��7DEOH�������)URP�)LJXUH������LW�FDQ�EH�VHHQ�WKDW�WKH�YLUWXDO�RULJLQ�LV
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)LJXUH������9DULDWLRQ�RI�WKH�KDOI�ZLGWK� �ZLWK�D[LDO�GLVWDQFH�

DW�DQ�D[LDO�SRVLWLRQ�RI�[ �D ����'��ZKLFK�LV�IXUWKHU�XSVWUHDP�RI�WKH�QR]]OH�H[LW�WKDQ�WKH�YLUWXDO

RULJLQ�IRXQG�IRU�WKH�YHORFLW\�ILHOG��VHH�SDJH������7KH�KDOI�ZLGWK�VSUHDGLQJ�UDWH�SUHGLFWHG�E\�WKH

N�J�PRGHO�DJUHHV�ZHOO�ZLWK�WKH�H[SHULPHQW�

$XWKRU�V�

%HFNHU�HW�DO�������� �����

%LUFK�HW�DO�������� �����

6DQWRUR�HW�DO�������� �����

3LWWV�HW�DO�������� �����

5LFKDUGV�HW�DO�������� �����

3UHVHQW �����

7DEOH�����0HDVXUHG�KDOIZLGWK�VFDODU�VSUHDGLQJ�UDWHV�IRU�URXQG�MHWV�

)LJXUH������VKRZV�WKH�UDGLDO�SURILOH�RI�WKH�QRUPDOL]HG�PL[WXUH�IUDFWLRQ� �DV�D�IXQFWLRQ�RI�WKH

QRUPDOL]HG� UDGLDO� GLVWDQFH� �� 7KH� GLVWULEXWLRQV� IURP� WKH�PHDVXUHPHQWV� VDWLVIDFWRULO\

FROODSVH�RQ�RQH�FXUYH��LQGLFDWLQJ�VLPLODULW\�LQ�WHUPV�RI� ��$OVR�VKRZQ�LV�WKH�DQDO\WLFDO

UHODWLRQ�DFFRUGLQJ�WR�(TXDWLRQ���������7KH�YDOXH�IRU� �KDV�EHHQ�DGMXVWHG�WR�����VR�WKDW�WKH�WZR

FXUYHV�FRLQFLGH�DW� WKH�KDOI�YDOXH�SRLQW� �� -XVW�DV� IRU� WKH�PHDQ�D[LDO�YHORFLW\

FRPSRQHQW��DOVR�IRU�WKH�PL[WXUH�IUDFWLRQ��WKH�DQDO\WLFDO�VROXWLRQ�SUHGLFWV�D�WRR�KLJK�YDOXH�LQ�WKH

RXWHU�UHJLRQ�
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)LJXUH� ����� 5DGLDO� SURILOH� RI� WKH� QRUPDOL]HG�PL[WXUH� IUDFWLRQ� � DV� D

IXQFWLRQ�RI�WKH�QRUPDOL]HG�UDGLDO�GLVWDQFH� �
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������

����02',),&$7,216�72�7+(�N�J�02'(/

,Q�WKLV�VHFWLRQ��VRPH�PRGLILFDWLRQV�WR�WKH�VWDQGDUG�N�J�PRGHO�ZLOO�EH�FRQVLGHUHG��%HFDXVH�WKH
VWDQGDUG�N�J�PRGHO�FRQVWDQWV�GR�SUHGLFW�D�WRR�KLJK�VSUHDGLQJ�UDWH�RI�PRPHQWXP��6DQGHUV�������
VXJJHVWHG�WR�VHW�WKH� �FRQVWDQW�WR������LQVWHDG�RI�WKH�VWDQGDUG�YDOXH�RI�������+RZHYHU��VXFK�D

PRGLILFDWLRQ�ZRXOG�DOVR�PDNH�WKH�FRUH�UHJLRQ�ORQJHU��6XFK�DQ�HIIHFW�LV�HVSHFLDOO\�QRW�GHVLUDEOH

IRU�WKH�VFDODU�PL[LQJ�VLQFH�WKH�FRUH�UHJLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�ILHOG�LV�DOUHDG\�SUHGLFWHG�WRR

ORQJ�E\�WKH�VWDQGDUG�PRGHO��7KHUH�LV�DQRWKHU�LPSRUWDQW�SRLQW�ZLWK�UHJDUG�WR�WKH�FRPEXVWLRQ

SUREOHP�WR�EH�WUHDWHG�LQ�&KDSWHU����FKDQJLQJ�WKH�YDOXH�IRU �ZLOO�KDYH�LQIOXHQFH�RQ�WKH�SUHGLFWHG

IODPH�EUXVK�WKLFNQHVV��7KH�UHDVRQ�IRU�WKLV�LV�WKDW�WKH�SUHGLFWHG�IODPH�EUXVK�WKLFNQHVV�GHSHQGV�RQ

WKH�LQWHJUDO�OHQJWK�VFDOH�ZKLFK�LQ�WXUQ�GHSHQGV�RQ�WKH�PL[LQJ�OHQJWK�O ��SUHVFULEHG�DW�WKH�EXUQHUP

H[LW��&RPSDULQJ�(TXDWLRQ��������ZLWK�(TXDWLRQ��������OHDGV�ZLWK� �WR� �DQG

ZLWK �WR� ��&KDQJLQJ�WKH�YDOXH�RI� �IURP������WR������ZRXOG�WKHUHIRUH�HQODUJH

WKH�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV�E\�DERXW������$�EHWWHU�PRGLILFDWLRQ�ZRXOG�WKHUHIRUH�EH�WKDW

UHFRPPHQGHG�E\�/DXQGHU�HW�DO���������EDVHG�RQ�WKH�ZRUN�RI�5RGL��������

ZKHUH

7KLV�ZRXOG�UHVXOW�LQ�D�FRQVWDQW�YDOXH�RI������IRU �LQ�WKH�FRUH�UHJLRQ�DQG��DFFRUGLQJ�WR�WKH

DQDO\WLFDO�PRGHO��D�YDOXH�RI������LQ�WKH�GHYHORSHG�UHJLRQ��+RZHYHU��EHFDXVH�WKH�VFDODU�VSUHDGLQJ

UDWH�ZDV�DOUHDG\�SUHGLFWHG�TXLWH�DFFXUDWH�E\�WKH�VWDQGDUG�PRGHO��DOVR�WKLV�PRGLILFDWLRQ�ZLOO�QRW
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EH�XVHG�LQ�WKH�SUHVHQW�VWXG\�

$QRWKHU�PRGLILFDWLRQ�FRQVLGHUHG�LQ�WKLV�VWXG\�LV�WKH�VR�FDOOHG�5HQRUPDOLVDWLRQ�*URXS��51*�

PRGHO� �<DNKRW� HW� DO��� ������� 7KH� 51*�PRGHO� GLIIHUV� IURP� WKH� VWDQGDUG�N�J� PRGHO� LQ� WKH
GHILQLWLRQ�RI�LWV�FRQVWDQWV��7KH�FRQVWDQWV�DUH�JLYHQ�LQ�7DEOH�����

& & & ) )� � � N J

����� ���� ������ ������

7DEOH�����&RHIILFLHQWV�LQ�WKH�51*�PRGHO

7KH�¨FRQVWDQW©� �LV�QRW�UHDOO\�D�FRQVWDQW�DQ\PRUH�EXW�GHSHQGV�RQ�WKH�ORFDO�VFDOHG�VWUDLQ�UDWH��
JLYHQ�E\

+HUH��6�LV�WKH�VWUDLQ�UDWH�RI�WKH�PHDQ�IORZ��GHILQHG�E\

LQ�ZKLFK� �LV�DQ�HOHPHQW�RI�WKH�VWUDLQ�UDWH�WHQVRU�

&RPSXWDWLRQDO�UHVXOWV�VKRZ�WKDW�WKH�VFDOHG�VWUDLQ�UDWH�LV�ORZHU�WKDQ� ��7KLV�LPSOLHV�D�VPDOOHU�

DQG�WKHUHIRUH�D�ORZHU�GLVVLSDWLRQ�UDWH��7KH�KLJKHU� �UHVXOWV�LQ�D�PXFK�WRR�KLJK�VSUHDGLQJ�UDWH

DQG�D�WRR�VKRUW�FRUH�UHJLRQ�

7KH�ODVW�PRGHO�FRQVLGHUHG�KHUH�LV�WKH�VR�FDOOHG�QRQ�HTXDO�VFDOHV�PRGHO��6DQGHUV���������7KH

QRQ�HTXDO�VFDOHV�PRGHO�FRQVLVWV�HVVHQWLDOO\�RI�QHZ�H[SUHVVLRQV�IRU�WKH�HGG\�GLIIXVLYLW\�DQG�VFDODU

GLVVLSDWLRQ�UDWH��7KH�PRGHOV�GLVFXVVHG�VR�IDU�DUH�EDVHG�RQ�WKH�DVVXPSWLRQ�RI�HTXDO�OHQJWK�DQG

WLPH�VFDOHV�IRU�PHFKDQLFDO�DQG�VFDODU�WXUEXOHQFH��7KLV�DVVXPSWLRQ�LV�QR�ORQJHU�XVHG��'HSHQGLQJ

RQ�WKH�WLPH�VFDOH�UDWLR�5�

WKH�WXUEXOHQW�6FKPLGW�QXPEHU�LV�FDOFXODWHG�DV

ZKHUH� �

7KH�VFDODU�GLVVLSDWLRQ�UDWH�LV�FDOFXODWHG�DV�
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7KH�FRQVWDQW�1�LV�DGMXVWHG�VXFK�WKDW�DW�WKH�FHQWHUOLQH�SRVLWLRQ�RI�PD[LPXP�WXUEXOHQFH�NLQHWLF
HQHUJ\�WKH�VFDODU�GLVVLSDWLRQ�UDWH�LV�HTXDO�WR�WKDW�SUHGLFWHG�E\�WKH�HTXDO�VFDOHV�PRGHO��L�H�

DQG�WKHUHIRUH

%HFDXVH�WKH�FRQVWDQW�1�LV�DGMXVWHG�LQ�WKLV�ZD\��WKH�SUHGLFWHG�SURILOHV�DUH�QRW�WRR�IDU�IURP�WKRVH
SUHGLFWHG�ZLWK�WKH�HTXDO�VFDOHV�PRGHO�

)LJXUHV� ����� DQG� ����� JLYH� D� FRPSDULVRQ� EHWZHHQ� UHVXOWV� REWDLQHG� ZLWK� WKH� GLIIHUHQW

WXUEXOHQFH�PRGHOV�FRQVLGHUHG��7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�QRQ�HTXDO�VFDOHV�PRGHO�SURGXFHV

UHVXOWV�WKDW�DUH�DOPRVW�LGHQWLFDO�WR�WKH�UHVXOWV�REWDLQHG�ZLWK�WKH�VWDQGDUG�HTXDO�VFDOHV�PRGHO��7KH

51*�PRGHO�JLYHV�UHVXOWV�FORVH�WR�WKH�H[SHULPHQWDO�YDOXHV�IRU�WKH�UHJLRQ�FORVH�WR�WKH�QR]]OH�H[LW�

EXW�IXUWKHU�GRZQVWUHDP�WKH�VWDQGDUG�VHW�RI�SDUDPHWHUV�SHUIRUPV�EHWWHU��/RZHULQJ� �IURP�����

WR������UHVXOWV�LQ�WRR�KLJK�FHQWHUOLQH�YDOXHV�RI�YHORFLW\�DQG�PDVV�IUDFWLRQ��&RPSDUHG�WR�WKH�RWKHU

WXUEXOHQFH�PRGHOV��WKH�VWDQGDUG�N�J�JLYHV�UHODWLYHO\�JRRG�UHVXOWV��$OWKRXJK�WKH�LQIOXHQFH�RI�ODUJH
GHQVLW\� IOXFWXDWLRQV�KDV�QRW�EHHQ�FRQVLGHUHG� LQ� WKLV�FKDSWHU�� WKH� VWDQGDUG�N�J�PRGHO� LV� DOVR
EHOLHYHG�WR�EH�DQ�DSSURSULDWH�PRGHO�IRU�VLPXODWLQJ�WKH�FRPEXVWLRQ�SUREOHPV�WR�EH�WUHDWHG�LQ�WKH

QH[W�FKDSWHUV�



��

)LJXUH������&HQWHUOLQH�SURILOHV�RI�WKH�QRUPDOL]HG�D[LDO�YHORFLW\�SUHGLFWHG�E\

GLIIHUHQW�FKRLFHV�IRU�WKH�SDUDPHWHUV�LQ�WKH�N�J�PRGHO�

)LJXUH������&HQWHUOLQH�SURILOH�RI�WKH�PL[WXUH�IUDFWLRQ�SUHGLFWHG�E\�GLIIHUHQW

FKRLFHV�IRU�WKH�SDUDPHWHUV�LQ�WKH�N�J�PRGHO�

����&21&/86,216

$Q�D[L�V\PPHWULFDO�WXUEXOHQW�MHW�KDV�EHHQ�VWXGLHG��ERWK�WKHRUHWLFDOO\�DV�ZHOO�DV�H[SHULPHQWDOO\�

,Q�WKH�PDWKHPDWLFDO�PRGHO��WKH�WXUEXOHQW�YLVFRVLW\�ZDV�DVVXPHG�WR�EH�FRQVWDQW�WKURXJKRXW�WKH

ZKROH�IORZ�ILHOG�DQG�LW�ZDV�SURSRUWLRQDO�WR�WKH�VTXDUH�URRW�RI�WKH�PRPHQWXP�LQ�D[LDO�GLUHFWLRQ�

7KLV�DVVXPSWLRQ�OHDG�WR�D�FRQVWDQW�VSUHDGLQJ�UDWH�LQ�WKH�DQDO\WLFDO�PRGHO�ZKLFK�LV�DOVR�REVHUYHG



��

H[SHULPHQWDOO\��,Q�WKH�PDWKHPDWLFDO�PRGHO��WKH�HPSLULFDO�FRQVWDQW���PD\�EH�DGMXVWHG�VR�DV�WR
REWDLQ�WKH�VDPH�VSUHDGLQJ�UDWH�DV�WKDW�IRXQG�LQ�H[SHULPHQWV��$QRWKHU�LPSRUWDQW�SURSHUW\�RI�WKH

PDWKHPDWLFDO�PRGHO�LV�WKDW�RI�VLPLODULW\��L�H��WKH�FHQWHUOLQH�YDOXH�DQG�WKH�KDOI�YDOXH�GLVWDQFH

DORQH�ZHUH�VXIILFLHQW�WR�GHVFULEH�WKH�UDGLDO�YHORFLW\�DQG�PL[WXUH�IUDFWLRQ�SURILOH�DW�DQ\�D[LDO

GLVWDQFH���6LPLODULW\�ZDV�DOVR�IRXQG�LQ�WKH�H[SHULPHQWV�DIWHU�DQ�D[LDO�GLVWDQFH�IURP�WKH�QR]]OH

RXWOHW�RI�DERXW����QR]]OH�GLDPHWHUV�

,Q�WKH�H[SHULPHQWV��XVH�KDV�EHHQ�PDGH�RI�WKH�KRW�ZLUH�DQHPRPHWU\�PHWKRG��$�PRGLILHG�ORRN�

XS� LQYHUVLRQ�PHWKRG�KDV�EHHQ�GHYHORSHG��$�VHW�RI�;�KRW�ZLUH� UHVSRQVH�HTXDWLRQV�KDV�EHHQ

PRGLILHG�E\�LQFOXGLQJ�WKH�LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW��,Q�WKH�OLPLW�RI�D�]HUR

ELQRUPDO�YHORFLW\�FRPSRQHQW�WKLV�QHZ�VHW�RI�HTXDWLRQV�UHGXFHV�WR�WKH�FRPPRQO\�XVHG�;�KRW�ZLUH

HTXDWLRQV�� )RU� D� SXUH� WZR�GLPHQVLRQDO� IORZ�� WKLV� PRGLILHG� ORRN�XS� LQYHUVLRQ� PHWKRG� VWLOO

RSHUDWHV�ZLWK�YHU\�KLJK�DFFXUDF\�

)RU�WKUHH�GLPHQVLRQDO�IORZV��WKH�FRUUHFWHG�;�KRW�ZLUH�UHVSRQVH�HTXDWLRQV�IRUP�DQ�XQGHU�

GHWHUPLQHG�V\VWHP�RI�HTXDWLRQV��7R�JHW�D�GHWHUPLQHG�V\VWHP�RI�HTXDWLRQV��WKH�;�KRW�ZLUH�SUREH

KDV�WR�EH�XVHG�LQ�WZR�GLIIHUHQW�DWWLWXGHV��,Q�WKH�DYHUDJHG�HTXDWLRQV��VHFRQG�DQG�KLJKHU�RUGHU

YHORFLW\� FRUUHODWLRQ� WHUPV� KDYH� EHHQ�PRGHOOHG� IRU� WKH� VSHFLILF� IORZ� FRQGLWLRQV� IRXQG� LQ� D

WXUEXOHQW� MHW�ZLWKRXW� VZLUO��7KH�GLVWULEXWLRQ� IRU� WKH�D[LDO� DQG� UDGLDO�YHORFLW\�FRPSRQHQWV� LV

DVVXPHG� WR� EH� ELYDULDWH� QRUPDO�ZKLOH� WKH� WDQJHQWLDO� YHORFLW\� FRPSRQHQW� LV� DVVXPHG� WR� EH

VWDWLVWLFDOO\� LQGHSHQGHQW��7KH� UHVXOWLQJ� VHW� RI� VL[� HTXDWLRQV� LV� VROYHG�E\�PDNLQJ�XVH�RI� WKH

1HZWRQ�PHWKRG�

,W�ZDV�VKRZQ�WKDW�QHJOHFWLQJ�WKH�LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW�OHDGV�WR�DQ

RYHU�SUHGLFWLRQ� RI� WKH�PHDQ� YHORFLW\� DQG� W\SLFDOO\� WR� DQ� XQGHU�SUHGLFWLRQ� RI� WKH�PHDVXUHG

YHORFLW\�IOXFWXDWLRQ�LQWHQVLWLHV��2EYLRXVO\��WKH�LQIOXHQFH�RI�WKH�ELQRUPDO�YHORFLW\�FRPSRQHQW

FDQQRW�EH�QHJOHFWHG�LI�DFFXUDWH�IORZ�PHDVXUHPHQWV�DUH�UHTXLUHG�

0L[WXUH�IUDFWLRQ�SURILOHV�ZHUH�REWDLQHG�DV�D�VFDOHG�IXQFWLRQ�RI�WKH�PHDVXUHG�WHPSHUDWXUH�

7HPSHUDWXUHV�ZHUH�PHDVXUHG�E\�PDNLQJ�XVH�RI�D�WKHUPRFRXSOH��8QIRUWXQDWHO\��WKH�UHVSRQVH�WLPH

RI�WKH�WKHUPRFRXSOH�ZDV�QRW�VPDOO�HQRXJK�WR�EH�DEOH�WR�PHDVXUH�WKH�IOXFWXDWLRQV�LQ�WKH�PL[WXUH

IUDFWLRQ�

7KH�H[SHULPHQWDO�UHVXOWV�ZHUH�FRPSDUHG�WR�WKH�PDWKHPDWLFDO�PRGHO�DV�ZHOO�DV�WR�SUHGLFWLRQV

REWDLQHG� ZLWK� WKH� VWDQGDUG� N�J� WXUEXOHQFH� PRGHO�� ,W� ZDV� IRXQG� WKDW� ZLWK� WKH� VWDQGDUG� N�J
WXUEXOHQFH�PRGHO��WKH�VSUHDGLQJ�UDWH�IRU�WKH�D[LDO�YHORFLW\�FRPSRQHQW�LV�RYHU�SUHGLFWHG�ZLWK

DERXW����ZKLOH�WKH�VSUHDGLQJ�UDWH�IRU�WKH�PL[WXUH�IUDFWLRQ�ZDV�LQ�JRRG�DJUHHPHQW�ZLWK�WKDW�IRXQG

LQ�WKH�PHDVXUHPHQWV��5DWKHU�ODUJH�GLIIHUHQFHV�EHWZHHQ�PHDVXUHPHQWV�DQG�VLPXODWLRQ�ZHUH�IRXQG

QHDU� WR� WKH� RXWOHW� RI� WKH� QR]]OH�� 7KHVH� GLIIHUHQFHV� PD\� EH� FDXVHG� E\� LQFRUUHFW� ERXQGDU\

FRQGLWLRQV�� HVSHFLDOO\� LQ� WKH� FR�IORZ�ZKHUH� WKH� UDGLDO� YHORFLW\� FRPSRQHQW�ZDV� VHW� WR� ]HUR�

&RQWUDU\�WR�IXOO\�GHYHORSHG�WXUEXOHQW�SLSH�IORZ��WKH�UDGLDO�YHORFLW\�FRPSRQHQW�ZDV�PHDVXUHG�WR

EH�UDWKHU�KLJK�DW�WKH�QR]]OH�RXWOHW�

6HYHUDO�PRGLILFDWLRQV�WR�WKH�VWDQGDUG�N�J�PRGHO�KDYH�EHHQ�FRQVLGHUHG��+RZHYHU��DOO�PRGHOV
FRQVLGHUHG�OHDG�WR�HLWKHU�D�WRR�VKRUW�RU�ORQJ�FRUH�UHJLRQ�RU�WR�DQ�RYHU��RU�XQGHU�SUHGLFWLRQ�RI�WKH

VSUHDGLQJ�UDWH��7KLV�OHDG�WR�WKH�GHFLVLRQ�WR�PDNH�XVH�RI�WKH�VWDQGDUG�N�J�PRGHO�IRU�VLPXODWLRQ�RI
WKH�WXUEXOHQW�FRPEXVWLRQ�SUREOHPV�WR�EH�WUHDWHG�LQ�WKH�QH[W�FKDSWHUV�
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7XUEXOHQW�GLIIXVLRQ�IODPHV

7KLV�FKDSWHU�GHDOV�ZLWK� WKH�PRGHOOLQJ�RI� WXUEXOHQW�GLIIXVLRQ�IODPHV�� ,I� WKH�FRQVHUYHG�VFDODU

DSSURDFK�RI�6HFWLRQ�����LV�DSSOLHG��WKH�FDOFXODWLRQ�RI�WKH�VWDWH�YDULDEOHV�LQ�D�UHDFWLQJ�IORZ�LV

JUHDWO\�VLPSOLILHG��,QGHHG�LI�FKHPLFDO�HTXLOLEULXP�SUHYDLOV��WKH�VROXWLRQ�IRU�WKH�FRQVHUYHG�VFDODU

=� DQG� WKH� VWDWLF� SUHVVXUH�S� \LHOGV� WKH� HQWLUH� VWDWH� RI� WKH� IOXLG��'LIIHUHQW�PRGHOV� KDYH� EHHQ

GHYHORSHG�IRU�WKH�FDVH�ZKHQ�HTXLOLEULXP�LV�QRW�DVVXPHG��H�J��ZKHQ�XVH�LV�PDGH�RI�ILQLWH�UDWH

NLQHWLFV�RU�WKH�DVVXPSWLRQ�LV�PDGH�WKDW�WKH�FKHPLFDO�WLPH�VFDOH�LV�YHU\�VKRUW�FRPSDUHG�WR�WKH

.ROPRJRURY�WLPH�VFDOH�

,Q� WKLV� VWXG\�� D� ODPLQDU� GLIIXVLRQ� IODPHOHW� PRGHO� ZLOO� EH� XVHG� IRU� PRGHOOLQJ� WXUEXOHQW

GLIIXVLRQ�IODPHV��8QOLNH�WKH�FKHPLFDO�HTXLOLEULXP�PRGHO��WKH�ODPLQDU�IODPHOHW�PRGHO�PDNHV�LW

SRVVLEOH� WR� UHSUHVHQW� FKHPLFDO� QRQ�HTXLOLEULXP� HIIHFWV� OLNH� IODPH� TXHQFKLQJ�� 7KH� XVH� RI� D

ODPLQDU�GLIIXVLRQ�IODPHOHW�PRGHO�LV�EDVHG�RQ�WKH�FRQFHSW�WKDW�ZLWKLQ�WKH�WXUEXOHQW�IORZ�ILHOG�WKHUH

GR�H[LVW�RQH�GLPHQVLRQDO�PL[LQJ�OD\HUV��7KH�RQH�GLPHQVLRQDO�VWUXFWXUH�RI�WKHVH�PL[LQJ�OD\HUV

OHDGV��XQGHU�WKH�LQIOXHQFH�RI�FRPEXVWLRQ��WR�WKH�VR�FDOOHG�IODPHOHW�HTXDWLRQV��7KH�VSHFLHV�PDVV

IUDFWLRQV�DQG�WHPSHUDWXUH�FDOFXODWHG�DV�IXQFWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�E\�WKH�IODPHOHW�HTXDWLRQV�

GHSHQG�RQ�WKH�VKDSH�RI�WKH�VFDODU�GLVVLSDWLRQ�SURILOH�ZLWKLQ�WKH�PL[LQJ�OD\HU��%HFDXVH�FRPEXVWLRQ

WDNHV� PDLQO\� SODFH� XQGHU� VWRLFKLRPHWULF� FRQGLWLRQV�� LW� LV� WKH� VFDODU� GLVVLSDWLRQ� UDWH� XQGHU

VWRLFKLRPHWULF�FRQGLWLRQV�WKDW�KDV�WKH�ODUJHVW�LQIOXHQFH�RQ�WKH�RXWFRPH�RI�WKH�IODPHOHW�HTXDWLRQV�

2WKHU�PDWWHUV�WR�EH�GLVFXVVHG�LQ�WKLV�FKDSWHU�DUH�WKH�LQIOXHQFH�RI�SUHPL[LQJ��WKH�GHILQLWLRQ�IRU

WKH�PL[WXUH� IUDFWLRQ� LQ� WKH� SUHVHQFH�RI�PXOWL�FRPSRQHQW� GLIIXVLRQ�� DQG� WKH�PRGHO� XVHG� IRU

REWDLQLQJ�WKH�FRQGLWLRQHG�VFDODU�GLVVLSDWLRQ�UDWH�ZKLFK�LV�XVHG�DV�WKH�FKHPLFDO�QRQ�HTXLOLEULXP

SDUDPHWHU��7KH�PRGHO�ZLOO�EH�HYDOXDWHG�E\�VLPXODWLQJ�D�VWDELOL]HG�QDWXUDO�JDV�IODPH�

����21(�',0(16,21$/�6&$/$5�',66,3$7,21�/$<(56

5HVXOWV� REWDLQHG� IURP� GHWDLOHG� LPDJLQJ�PHDVXUHPHQWV� RI� FRQVHUYHG� VFDODU� ILHOGV� � LQ

QRQUHDFWLYH�WXUEXOHQW�IORZV��%LVK�HW�DO���������DV�ZHOO�DV�GLUHFW�QXPHULFDO�VLPXODWLRQV��'16��RI

SDVVLYH�VFDODU�PL[LQJ�LQ�WXUEXOHQW�IORZV��6LJJLD��������KDYH�VKRZQ�WKDW�WKHUH�GR�H[LVW�VRPH

FRKHUHQW�ILQH�VWUXFWXUHV�DVVRFLDWHG�ZLWK�WKH�PROHFXODU�PL[LQJ��7KH�UHVXOWV�VKRZ�WKDW�WKH�VFDODU

GLVVLSDWLRQ�ILHOG� �ZLWK�3�GHILQHG�DV

FRQVLVWV�HQWLUHO\�RI�WKLQ�VWUDLQHG�ODPLQDU�VKHHW�OLNH�GLIIXVLRQ�OD\HUV��7KH�LQWHUQDO�VWUXFWXUH�RI

WKHVH�VFDODU�GLVVLSDWLRQ�OD\HUV�PD\�EH�H[DPLQHG�E\�FRQVLGHULQJ�WKH�ORFDO�YHORFLW\�ILHOG�LQ�D

WUDQVODWLQJ�DQG�URWDWLQJ�FRRUGLQDWH�IUDPH�PRYLQJ�ZLWK�DQ\�FKRVHQ�PDWHULDO�SRLQW�LQ�WKH�IORZ��7KLV

FRRUGLQDWH�IUDPH�LV�DOLJQHG�ZLWK�WKH�ORFDO�LQVWDQWDQHRXV�SULQFLSDO�D[HV�RI�WKH�VWUDLQ�UDWH�WHQVRU�

7KH�ORFDO�VWUDLQ�UDWH�WHQVRU�PD\�WKHQ�EH�UHSUHVHQWHG�E\�LWV�SULQFLSDO�VWUDLQ�UDWHV��L�H�
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)RU�FRQVWDQW�GHQVLW\��FRQWLQXLW\�UHTXLUHV� ��7KH�VWUDLQ�UDWH�WHQVRU�FDQ�WKHQ�EH�ZULWWHQ

DV�

ZKHUH� �LV�D�VLQJOH�SDUDPHWHU�GHVFULELQJ�WKH�VWUXFWXUH�RI�WKH�VWUDLQ�UDWH�WHQVRU��DQG�

VLPSO\�FKDUDFWHUL]HV�WKH�PDJQLWXGH�RI�WKH�SULQFLSDO�VWUDLQ�UDWH�FRPSRQHQW��,I�LW�LV�DVVXPHG�WKDW

��WKHQ�WKH�VWUXFWXUH�SDUDPHWHU�)�LV�ERXQGHG�E\� ��7ZR�FODVVHV�RI�ORFDO�VWUDLQ

UDWH�ILHOGV�DUH�SRVVLEOH��DV�VKRZQ�LQ�)LJXUH������7KH�ILUVW��QDPHO\� ��FRUUHVSRQGV� WR� WZR

H[WHQVLRQDO�D[HV�DQG�RQH�FRPSUHVVLRQDO�VWUDLQ�D[LV��'HIRUPDWLRQV�SURGXFHG�ZKHQ� �ZLOO

GLVWRUW�DQ\�PDWHULDO�YROXPH�WRZDUGV�D�VKHHW�OLNH�WRSRORJ\��VR�WKDW�WKH�ORFDO�JUDGLHQW� �ZLOO�WHQG

WR�DOLJQ�ZLWK�WKH�HLJHQYHFWRU�IRU�WKH�PRVW�FRPSUHVVLYH�SULQFLSDO�VWUDLQ�UDWH� ��6HOI�VLPLODU

VROXWLRQV��%XFK�HW�DO���������VKRZ�WKDW��LQ�WKH�VWHDG\�VWDWH�OLPLW��WKH�VFDODU�GLVVLSDWLRQ�UDWH�VFDOHV

OLQHDUO\�ZLWK�WKH�VWUDLQ�UDWH�D�

ZKHUH� �LV�WKH�LQYHUVH�HUURU�IXQFWLRQ�� �DUH�WKH�VFDODU�ERXQGDU\�YDOXHV�IRU�=��,Q

FDVH�RI�D�MHW�RI�IXHO��WKH�VXEVFULSWV�U�DQG�O�UHIHU�WR�WKH�PL[WXUH�IUDFWLRQ�DW�WKH�IXHO�ULFK�DQG�IXHO�

OHDQ�VLGH�� UHVSHFWLYHO\��(TXDWLRQ������� UHIOHFWV�FRUUHFWO\� WKDW��DW�DQ\�VWUDLQ� UDWH� D�� WKH�VFDODU

GLVVLSDWLRQ� FDQ� EH� ODUJH� RU� VPDOO� LI� WKH� GLIIHUHQFH� EHWZHHQ� � LV� ODUJH� RU� VPDOO�

UHVSHFWLYHO\�� �GHSHQG�RQ�WKH�H[WHQW�RI�SUHPL[LQJ��+HUH�LW�ZLOO�EH�DVVXPHG�WKDW�ZH�DUH

GHDOLQJ�ZLWK�SXUH�GLIIXVLRQ�IODPHV�IRU�ZKLFK� ��7KH�IXQFWLRQ� �LV�VKRZQ�LQ

)LJXUH�����IRU� �DQG�WKUHH�GLIIHUHQW�YDOXHV�RI�WKH�VWUDLQ�UDWH�D�
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)LJXUH�����/RFDO�IORZ�ILHOG�VWUXFWXUHV�IRU�WZR�GLIIHUHQW�FODVVHV�RI�WKH�ORFDO�VWUDLQ�UDWH

VWUXFWXUH�

)LJXUH�����6FDODU�GLVVLSDWLRQ�DV�D�IXQFWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�DW�WKUHH

GLIIHUHQW�YDOXHV�RI�WKH�VWUDLQ�UDWH�D�

:KHQ� �WKH�ORFDO�IORZ�WHQGV�WR�GHIRUP�D�PDWHULDO�YROXPH�LQWR�D�OLQH�OLNH�WRSRORJ\�DV

LQGLFDWHG�LQ�)LJXUH������ZLWK �DJDLQ�WHQGLQJ�WR�DOLJQ�ZLWK�WKH�PRVW�FRPSUHVVLYH�SULQFLSDO�VWUDLQ

UDWH�D[LV��+RZHYHU��VHOI�VLPLODU�VROXWLRQV��%XFK�HW�DO���������VKRZ�WKDW�OLQH�OLNH�VWUXFWXUHV�LQ�WKH

VFDODU�GLVVLSDWLRQ�ILHOG�PXVW�GHFD\�H[SRQHQWLDOO\�LQ�WLPH��7KHUHIRUH��QR�OLQH�OLNH�VWUXFWXUHV�FDQ

EH�VXVWDLQHG�LQ�WKH�FRQVHUYHG�VFDODU�JUDGLHQW�ILHOG��7KXV�DV�WKH�ORFDO� FKDQJHV��WKH�VFDODU

GLVVLSDWLRQ�G\QDPLFV�DOORZ�RQO\�WKH�VKHHW�OLNH�VWUXFWXUHV�WR�EH�VXVWDLQHG�

7KH�LPSOLFDWLRQV�RI�WKLV�IXQGDPHQWDOO\�OD\HU�OLNH�VWUXFWXUH�RI�VFDODU�PL[LQJ�LQ�WXUEXOHQW�IORZV

DUH� VXEVWDQWLDO�� HVSHFLDOO\� IRU� WXUEXOHQW� FRPEXVWLRQ�� � 7KLV� ORFDO� RQH�GLPHQVLRQDO� OD\HU�OLNH

VWUXFWXUH�PXVW�H[LVW�LUUHVSHFWLYH�RI�WKH�GHJUHH�RI�FKHPLFDO�QRQ�HTXLOLEULXP�WR�ZKLFK�WKH�YDULRXV

FRQVWLWXHQW�FKHPLFDO�VSHFLHV�ILHOGV�DUH�VXEMHFWHG��7KH�SUHVHQFH�RI�WKH�ORFDOO\�RQH�GLPHQVLRQDO

GLVVLSDWLRQ�OD\HUV�LV�LQGHSHQGHQW�RI�WKH�FKHPLFDO�VWDWH�RI�WKH�IORZ��$V�D�FRQVHTXHQFH��DQ\�PRGHO
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UHODWLQJ�WKH�FRPEXVWLRQ�FKHPLVWU\�LQ�WXUEXOHQW�UHDFWLYH�IORZV�WR�WKH�XQGHUO\LQJ�VFDODU�PL[LQJ

SURFHVV�PXVW�UHFRYHU�WKLV�OD\HU�OLNH�GLVVLSDWLYH�VWUXFWXUH�LQ�WKH�PL[WXUH�IUDFWLRQ��7KHUHIRUH��WKLV

PDQLIHVWO\�RQH�GLPHQVLRQDO�ORFDO�VWUXFWXUH�RI�VFDODU�GLVVLSDWLRQ�ILHOGV�LQ�WXUEXOHQW�IORZV�SURYLGHV

D�VWDUWLQJ�SRLQW�IRU�D�SK\VLFDOO\�EDVHG�IRUPXODWLRQ�IRU�WKH�FKHPLFDO�VWDWH�RI�QRQ�HTXLOLEULXP

FRPEXVWLRQ� RFFXUULQJ� LQ� WKH� IORZ��7KH� LQVLJKWV� SURYLGHG� E\� WKLV� DQDO\VLV� VXSSRUW� WKH� IOXLG

G\QDPLF� IRXQGDWLRQV�RI�FHUWDLQ� VKHHW�OLNH�FRQFHSWXDO�PRGHOV�RI� UHDFWLQJ� IORZV�� VXFK�DV� WKH

IODPHOHW�PRGHO�XVHG�LQ�WKLV�VWXG\�

��� 5(*,0(6� ',$*5$0� )25� 121�35(0,;('� 785%8/(17

&20%867,21

,Q�RUGHU�WR�FRQVWUXFW�D�UHJLPHV�GLDJUDP�IRU�QRQ�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ��LW�LV�QHFHVVDU\

WR� LGHQWLI\� WKH� UHOHYDQW� TXDQWLWLHV� WKDW� LQIOXHQFH� WKH� IODPH� VWUXFWXUH�� 6LQFH�PDQ\� FKHPLFDO

UHDFWLRQV�ZLWK� TXLWH� GLIIHUHQW� UDWH� FRQVWDQWV� RFFXU� LQ� D� UHDO� IODPH� LW� LV� GLIILFXOW� WR� GHILQH� D

FKDUDFWHULVWLF�FKHPLFDO� WLPH�VFDOH�EDVHG�RQ� UHDFWLRQ�NLQHWLFV��2QH�ZD\� WR� UHVROYH� WKLV� LV� WR

FRQVLGHU�WKH�VSHFLDO�FDVH�RI�D�IODPHOHW�DW�H[WLQFWLRQ��VHH�6HFWLRQ�������7KH�LQYHUVH�RI�WKH�VWUDLQ

UDWH� � UHSUHVHQWV� WKH� FKDUDFWHULVWLF� IORZ� WLPH��7KHUHIRUH� WKH� LQYHUVH� RI� WKH� VWUDLQ� UDWH� DW

H[WLQFWLRQ��L�H�� ��PD\�EH�XVHG�WR�FKDUDFWHUL]H�WKH�FKHPLFDO�WLPH�VFDOH� ��L�H�

/HW�XV�FRQVLGHU�WKH�'DPN|KOHU�QXPEHU�GHILQHG�DV�WKH�UDWLR�RI�WKH�.ROPRJRURY�WLPH�W �WR�WKH�

FKHPLFDO�WLPH�W �F

,Q�WKH�UDQJH� ��WXUEXOHQFH�LV�RI�ILQH�VFDOH��WKDW�LV��WKH�HGG\�VL]H�DQG�PL[LQJ�OHQJWK�DUH�VPDOOHU

WKDQ�WKH�IODPH�IURQW�WKLFNQHVV��7KH�HIIHFW�RI�WKHVH�ILQH�VFDOH�HGGLHV�LV�WR�HQKDQFH�WKH�LQWHQVLW\

RI�WKH�WUDQVSRUW�SURFHVVHV�ZLWKLQ�WKH�FRPEXVWLRQ�IURQW��UHJLRQV�RI�LQWHQVH�PL[LQJ�DQG�UHDFWLRQ

DSSHDU��:H�ZLOO�FDOO�WKLV�UHJLPH�WKH��GLVWULEXWHG�UHDFWLRQ�]RQHV�UHJLPH��,I�FRPEXVWLRQ�LV�IDVW�ZLWK

UHVSHFW�WR�WKH�.ROPRJRURY�WLPH���L�H��LI� ��WKH�IORZ�PD\�EH�FRQVLGHUHG�DV�TXDVL�VWHDG\��7KH

WXUEXOHQW�HGGLHV�DUH�RI�GLPHQVLRQV�PXFK�ODUJHU�WKDQ�WKH�ODPLQDU�IODPH�IURQW�WKLFNQHVV��7KH�ODUJH

HGGLHV�GLVWRUW� WKH�RWKHUZLVH�VPRRWK��ODPLQDU�� IODPH�IURQW��EXW� WKHUH� LV�D�VPDOO� LQIOXHQFH�RI

WXUEXOHQFH�RQ�WKH�VWUXFWXUH�RI�WKH�IODPH�IURQW��)LJXUH�������:H�FDOO�WKLV�WKH�IODPHOHW�UHJLPH�
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)LJXUH� ���� (IIHFW� RI� WXUEXOHQFH� RQ� WKH� VWUXFWXUH� RI� WKH

UHDFWLRQ�]RQH�

6ORZ� FKHPLVWU\� LV� QRW� YHU\� RIWHQ� RI� SUDFWLFDO� LQWHUHVW�� WKHUH� DUH� D� IHZ� DSSOLFDWLRQV� OLNH

FRPEXVWLRQ�RI�KLJKO\�GLOXWHG�UHDFWDQWV�LQ�SRVW�IODPH�UHJLRQV�ZKHUH�FKHPLVWU\�LV�VORZ�FRPSDUHG

WR�FRQYHFWLRQ�DQG�GLIIXVLRQ��2Q�WKH�RWKHU�KDQG��UHDFWLQJ�IORZV�ZLWK�IDVW�FKHPLVWU\�RFFXU�LQ�PDQ\

DSSOLFDWLRQV��7KH�UHDVRQ�LV�YHU\�VLPSOH��IRU�FRPEXVWLRQ�WR�EH�VWDEOH�DQG�FRPSOHWH�LW�PXVW�EH�UDSLG

DQG�WKHUHIRUH�WKH�FKHPLFDO�WLPH�VFDOHV�PXVW�EH�VXIILFLHQWO\�VKRUW�XQGHU�DOO�FLUFXPVWDQFHV��)RU

H[DPSOH�D�UHFLSURFDWLQJ�HQJLQH�LV�GHVLJQHG�VXFK�WKDW�RQO\�DW�OLPLWLQJ�FRQGLWLRQV��WKDW�LV�DW�YHU\

KLJK�HQJLQH�VSHHGV�� WXUEXOHQW� WLPH�VFDOHV�PD\�EHFRPH�FRPSDUDEOH� WR�FKHPLFDO� WLPH�VFDOHV�

7KHUHIRUH��WKH�IODPHOHW�UHJLPH�FRYHUV�D�ZLGH�UDQJH�RI�DSSOLFDWLRQV�

$QRWKHU� LPSRUWDQW� FRQVLGHUDWLRQ� LQ� FRQVWUXFWLQJ� WKH� UHJLPHV� GLDJUDP� IRU� QRQ�SUHPL[HG

WXUEXOHQW�FRPEXVWLRQ�LV�WKDW�RI�WKH�IODPH�WKLFNQHVV�LQ�PL[WXUH�IUDFWLRQ�VSDFH�� ��,W�PD\�EH

GHILQHG�DV�WKH�WKLFNQHVV�RI�WKH�UHJLRQ�LQ�PL[WXUH�IUDFWLRQ�VSDFH�ZKHUH�HVVHQWLDOO\�DOO�FKHPLFDO

DFWLYLW\�RFFXUV��,Q�D�QRQ�KRPRJHQHRXV�PL[WXUH�ILHOG�WKH�UHDFWLRQ�]RQH�LV�DWWDFKHG�WR�WKH�KLJK

WHPSHUDWXUH�UHJLRQ��FORVH� WR�VWRLFKLRPHWULF�PL[WXUH��DQG� LV�FRQYHFWHG�DQG�GLIIXVHG�ZLWK� WKH

PL[WXUH� ILHOG��5HDFWLRQ� UDWHV� DUH� KLJK�ZKHUH� WKH�PHDQ�PL[WXUH� IUDFWLRQ� FRUUHVSRQGV� WR� WKH

VWRLFKLRPHWULF�YDOXH��7KH�VKDSH�RI� WKH�VXUIDFH�DW�ZKLFK� WKH�PL[WXUH�IUDFWLRQ� LV�HTXDO� WR� WKH

VWRLFKLRPHWULF�YDOXH�PD\�EH�DV�GHSLFWHG�LQ�WKH�WRS�RI�)LJXUH������,Q�WKLV�ILJXUH����LV�WKH�ORFDO
OD\HU�QRUPDO�FRRUGLQDWH��L�H��QRUPDO�WR�DQ�LVR�VXUIDFH�RI�WKH�PL[WXUH�IUDFWLRQ�=��7KH�PL[WXUH

IUDFWLRQ�=�GHSHQGV�RQ���DV�GHSLFWHG�LQ�WKH�ERWWRP�RI�)LJXUH������2Q�ERWK�VLGHV�RI�WKH�UHDFWLRQ
OD\HU�WKH�PL[WXUH�IUDFWLRQ�H[WHQGV�WR�WKH�ULFK�DQG�OHDQ�YDOXH��L�H�� �DQG� ��UHVSHFWLYHO\��%DVHG

RQ�WKHVH�YDOXHV��D�FULWHULRQ�FDQ�EH�IRUPXODWHG�WKDW�GLVWLQJXLVKHV�EHWZHHQ�WKH�FRQQHFWHG�DQG

VHSDUDWHG�UHDFWLRQ�]RQHV�UHJLPHV��,Q�FDVH�RI�K\GURJHQ�RU�K\GURFDUERQ�FRPEXVWLRQ�LQ�DLU��WKH

VWRLFKLRPHWULF�PL[WXUH�IUDFWLRQ�LV�VPDOO�DQG�WKHUHIRUH�KHDW�ORVV�LV�SUHGRPLQDQWO\�WRZDUGV�WKH

R[LGL]HU�VLGH��)RU�K\GURJHQ�DQG�K\GURFDUERQ�FRPEXVWLRQ�WKH�UDQJH� ��ZLWK�W\SLFDOO\

�� HVVHQWLDOO\� FRYHUV� WKH� UHJLRQ�ZKHUH�DOO� FKHPLFDO� DFWLYLW\�RFFXUV��&KDQJLQJ� WKH

ERXQGDU\�FRQGLWLRQ�RQ�WKH�OHDQ�VLGH�LV�WKHUHIRUH�H[SHFWHG�WR�DOZD\V�KDYH�D�UDWKHU�ODUJH�LQIOXHQFH

RQ�WKH�IODPHOHW�VWUXFWXUH��+RZHYHU��FKDQJLQJ�WKH�ERXQGDU\�FRQGLWLRQ�RQ�WKH�IXHO�VLGH�LV�QRW

H[SHFWHG�WR�KDYH�D�ODUJH�LQIOXHQFH�RQ�WKH�IODPHOHW�VWUXFWXUH�DV�ORQJ�DV ��VHH�)LJXUH������

7KLV�PHDQV� WKDW� LI� WKH� VFDODU� GLVVLSDWLRQ� UDWH� XQGHU� VWRLFKLRPHWULF� FRQGLWLRQV� � �� LV� NHSW

FRQVWDQW��FKDQJLQJ�WKH�ERXQGDU\�FRQGLWLRQ�RI�IODPHOHW�(TXDWLRQV��������RQ�WKH�ULFK�VLGH�WR�WKH
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)LJXUH�����0L[WXUH�IUDFWLRQ�H[WHQGLQJ�WR�WKH�ULFK�DQG�OHDQ�YDOXHV�

)LJXUH�����)ODPHOHW�SURILOHV�DW�GLIIHUHQW�VFDODU�GLVVLSDWLRQ�UDWHV�XQGHU�VWRLFKLRPHWULF

FRQGLWLRQV�

LQIOXHQFH�RQ�WKH�VROXWLRQ�DV�ORQJ�DV� ��7KH�YDOXH�IRU� �LV�GHFUHDVHG�XQGHU�WKH�LQIOXHQFH

RI�SUHPL[LQJ�DV�LQGLFDWHG�E\�WKH�DUURZ�LQ�)LJXUH������,I� �LV�ODUJHU�WKDQ �RQH�KDV�VHSDUDWHG

UHDFWLRQ�]RQHV��RWKHUZLVH�FRQQHFWHG�UHDFWLRQ�]RQHV��$OVR�LQ�WKH�UHJLPHV�GLDJUDP�RI�)LJXUH����

DQ�DUURZ�KDV�EHHQ�GUDZQ�WR�LQGLFDWH�WKDW�XQGHU�WKH�LQIOXHQFH�RI�SUHPL[LQJ�D�IODPH�HQWHUV�IURP

WKH�VHSDUDWHG�UHDFWLRQ�]RQHV�UHJLPH�LQWR�WKH�FRQQHFWHG�UHDFWLRQ�]RQHV�UHJLPH��1RWLFH�WKDW�ODPLQDU

IODPHOHW�EXUQLQJ�FDQ�VWLOO�RFFXU�LQ�WKH�UHJLPH�GHQRWHG�E\�WKH�FRQQHFWHG�UHDFWLRQ�]RQHV�UHJLPH�
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)LJXUH�����5HJLPHV�LQ�QRQ�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�
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,Q�QRQ�SUHPL[HG�FRPEXVWLRQ��WKH�UHDFWDQWV�DUH�LQLWLDOO\�VHSDUDWHG��:KHQ�WKH�GLIIHUHQW�IHHGV�RI

UHDFWDQWV�DUH�EURXJKW�WRJHWKHU��D�UHDFWLRQ�LV�SRVVLEOH��7KLV�UHDFWLRQ�FDQ�RQO\�WDNH�SODFH�DW�WKH

SRVLWLRQ�ZKHUH�WKH�UHDFWDQWV�PHHW�HDFK�RWKHU�DQG�D�IODPPDEOH�FRPSRVLWLRQ�RI�IXHO�DQG�R[LGL]HU

H[LVWV��WKHQ�D�IODPH�VKHHW�ZLOO�EH�IRUPHG��,I�WKH�FKHPLFDO�UHDFWLRQ�LV�YHU\�IDVW�FRPSDUHG�WR�WKH

GLIIXVLRQ��WKLV�IODPH�VKHHW�ZLOO�EH�YHU\�WKLQ��,Q�FDVH�RI�D�ODPLQDU�IORZILHOG��D�ODPLQDU�GLIIXVLRQ

IODPH�ZLOO�H[LVW��,Q�WKH�ODPLQDU�IODPHOHW�FRQFHSW�WKH�WXUEXOHQW�IODPH�LV�WKRXJKW�WR�EH�DQ�HQVHPEOH

RI�ODPLQDU�IODPHOHWV��$�IODPHOHW�LV�D�YHU\�WKLQ�UHDFWLRQ�OD\HU�HPEHGGHG�ZLWKLQ�WKH�WXUEXOHQW�IORZ�

(DFK�IODPHOHW�KDV�WKH�VWUXFWXUH�RI�D�ODPLQDU�IODPH�

%\�LQWURGXFLQJ�D�FRRUGLQDWH�WUDQVIRUPDWLRQ�RI�WKH�&URFFR�W\SH�DW�WKH�ORFDWLRQ�RI�WKH�ODPLQDU

IODPH�IURQW�DQG�E\�PDNLQJ�XVH�RI�DV\PSWRWLF�H[SDQVLRQV��3HWHUV��������VKRZHG�WKDW�WKH�VFDODU

IODPH�VWUXFWXUH�WR�ILUVW�RUGHU�FDQ�EH�GHVFULEHG�DV�D�IXQFWLRQ�RI�WZR�SDUDPHWHUV��L�H��WKH�PL[WXUH

IUDFWLRQ�=�DQG�WKH�VFDODU�GLVVLSDWLRQ�UDWH�3�XQGHU�VWRLFKLRPHWULF�FRQGLWLRQV��L�H�� ��8QGHU�WKH

DVVXPSWLRQ�WKDW�JUDGLHQWV�LQ�WKH�VFDODU�TXDQWLWLHV�DORQJ�VXUIDFHV�RI�FRQVWDQW�PL[WXUH�IUDFWLRQ�DUH

QHJOLJLEOH�FRPSDUHG�WR�WKH�JUDGLHQWV�SHUSHQGLFXODU�WR�WKHVH�VXUIDFHV��ORFDOO\��WKH�FRQFHQWUDWLRQ

RI�DQ\�FRQVWLWXHQW�FDQ�EH�H[SUHVVHG�DV�D�IXQFWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ��L�H�

,Q�WKH�OLPLW�RI�IDVW�FKHPLVWU\�LW�FDQ�LQGHHG�EH�VKRZQ��3HWHUV��������WKDW�JUDGLHQWV�DORQJ�WKH

VXUIDFH�RI�VWRLFKLRPHWULF�PL[WXUH�IUDFWLRQ�DUH�VPDOOHU�WKDQ�WKH�JUDGLHQWV�SHUSHQGLFXODU�WR�WKDW

VXUIDFH��)DU�DZD\�IURP�WKH�VWRLFKLRPHWULF�VXUIDFH��WKH�VWUXFWXUH�LV�WR�OHDGLQJ�RUGHU�HTXDO�WR�WKH

HTXLOLEULXP�VWUXFWXUH��ZKLFK�DJDLQ�GHSHQGV�RQ�=�RQO\�
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%\�PDNLQJ�XVH�RI�WKH�FRQVHUYDWLRQ�HTXDWLRQ�RI�PDVV��WKH�VSHFLHV�FRQVHUYDWLRQ�(TXDWLRQ�������

FDQ�WKHQ�EH�ZULWWHQ�DV�

DQG�E\�PDNLQJ�XVH�RI�WKH�FRQVHUYDWLRQ�HTXDWLRQ�IRU�=��������WKLV�HTXDWLRQ�UHGXFHV�WR�

:KHUH�3�LV�WKH�VFDODU�GLVVLSDWLRQ�UDWH�GHILQHG�DV�

,Q�WKH�VDPH�ZD\��WKH�FRQVHUYDWLRQ�HTXDWLRQ�RI�HQHUJ\��������UHGXFHV�WR

%\�VXEVWLWXWLRQ�RI�(TXDWLRQV��������DQG�������ZH�JHW�XQGHU�WKH�DVVXPSWLRQ�WKDW�7 7�=���IDVW

FKHPLVWU\��

6R�WKDW�WKH�WHPSHUDWXUH�HTXDWLRQ�FDQ�EH�ZULWWHQ�DV�

6R�QRZ�ZH�KDYH�D�VHW�RI�1���RQH�GLPHQVLRQDO�HTXDWLRQV�LQ�
PL[WXUH�IUDFWLRQ�VSDFH
��1�IRU�WKH

PDVV�IUDFWLRQV�DQG�RQH�IRU�WKH�WHPSHUDWXUH�

7KH�ERXQGDU\�FRQGLWLRQV�DUH�

�)RU�= ��� �DQG�

�)RU�= ��� �DQG�

(TXDWLRQV��������FDQ�RQO\�EH�VROYHG�LI�DOO�TXDQWLWLHV�LQYROYHG�DUH�D�IXQFWLRQ�RI�WKH�PDVV

IUDFWLRQV�DQG�WKH�WHPSHUDWXUH�RQO\��L�H��DOVR�D�IXQFWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�RQO\��8QGHU�WKH

DVVXPSWLRQ�WKDW�SUHVVXUH�IOXFWXDWLRQV�DUH�QHJOLJLEOH�WKH�GHQVLW\�LV�UHODWHG�WR�WKH�WHPSHUDWXUH�DQG
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WKH�PDVV�IUDFWLRQV�E\�WKH�HTXDWLRQ�RI�VWDWH���������VR�WKDW�

$FFRUGLQJ�WR�(TXDWLRQ��������WKHQ�DOVR�WKH�FKHPLFDO�VRXUFH�WHUPV�GHSHQG�RQ�WKH�PDVV�IUDFWLRQV

DQG�WKH�WHPSHUDWXUH�RQO\�

)XUWKHU�LW�KROGV�WKDW�

3URYLGHG�WKDW�WKH�
3�SURILOH
�3 3�=��LV�VSHFLILHG�ZH�DUH�QRZ�DEOH�WR�VROYH�WKH�(TXDWLRQV�������
IRU�WKDW�VSHFLILF�
3�SURILOH
��,Q�RWKHU�ZRUGV��IRU�D�VSHFLILF�3�SURILOH�ZH�DUH�DEOH�WR�PDS�DOO�VFDODU
TXDQWLWLHV��H[FHSW�IRU�S��LQWR�PL[WXUH�IUDFWLRQ�VSDFH�E\�PDNLQJ�XVH�RI�(TXDWLRQV��������

7KH�SUREOHP�QRZ�DULVHV�WKDW�ZH�KDYH�WR�GHILQH�D�SDUDPHWULF�GHVFULSWLRQ�RI�DOO�3�SURILOHV
DSSHDULQJ� LQ� D� WXUEXOHQW� GLIIXVLRQ� IODPH�� DQG� ZH� KDYH� WR� ILQG� RXW� KRZ� WR� FDOFXODWH� WKHVH

SDUDPHWHUV�LQ�WKH�WXUEXOHQW�GLIIXVLRQ�IODPH��7KH�VFDODU�IODPH�VWUXFWXUH�PD\�WKHQ�EH�FDOFXODWHG

D�SULRUL�IRU�D�YDULHW\�RI�WKHVH�SDUDPHWHUV��,Q�WXUEXOHQW�GLIIXVLRQ�IODPHV��KRZHYHU��WKHUH�LV�DQ

LQILQLWH�QXPEHU�RI�3�SURILOHV�EHORQJLQJ�WR�WKH�ILYH�GLIIHUHQW�VWDWHV�RI�WKH�IODPHOHW�

���7KH�VWHDG\�XQUHDFWHG�LQLWLDO�PL[WXUH�

���7KH�XQVWHDG\�WUDQVLWLRQ�DIWHU�LJQLWLRQ�

���7KH�TXDVL�VWHDG\�EXUQLQJ�VWDWH�

���7KH�XQVWHDG\�WUDQVLWLRQ�DIWHU�TXHQFKLQJ�

���7KH�XQVWHDG\�WUDQVLWLRQ�DIWHU�UH�LJQLWLRQ�

6R�ZH�KDYH�WR�OLPLW�RXUVHOYHV�WR�WKH�PRVW�IUHTXHQWO\�RFFXUULQJ�3�SURILOHV��,QVWHDG�RI�XVLQJ�WKH
FRQVWDQW�GHQVLW\�3�SURILOHV�RI�(TXDWLRQ��������LW�LV�DOVR�SRVVLEOH�WR�GLUHFWO\�FKRRVH�D�ODPLQDU�IODPH
PRGHO�WR�EH�UHSUHVHQWDWLYH�IRU�WKH�IODPHOHWV�LQ�WXUEXOHQW�GLIIXVLRQ�IODPHV��8QVWHDG\�WUDQVLWLRQ

IODPHOHWV�UHTXLUH�WKH�VSHFLILFDWLRQ�RI�LQLWLDO�FRQGLWLRQV�DQG�GHSHQG�WKHUHIRUH�RQ�D�ODUJHU�QXPEHU

RI�SDUDPHWHUV��$V�WKH\�FDQ�EH�H[SHFWHG�WR�RFFXU�OHVV�IUHTXHQWO\�WKDQ�WKH�VWHDG\�VWDWHV�LQ�WXUEXOHQW

GLIIXVLRQ�IODPHV��WKHLU�FRQWULEXWLRQ�ZLOO�EH�RPLWWHG�DQG�ZH�ZLOO�OLPLW�RXU�DWWHQWLRQ�WR�3�SURILOHV
RI�WKH�VWHDG\�VWDWH�IODPHOHWV��,W�VHHPV�DSSURSULDWH�WR�FKRRVH�D�ODPLQDU�IORZ�FRQILJXUDWLRQ�WKDW

IXOILOV�WKH�IROORZLQJ�UHTXLUHPHQWV�

���,W�LV�D�VWHDG\�VWDWH�FRQILJXUDWLRQ�WKDW�FDQ�EH�LQYHVWLJDWHG�WKHRUHWLFDOO\�RU�H[SHULPHQWDOO\�

���7KH�=�GHSHQGHQFH�RI�WKH�3�SURILOH�IROORZV�FORVHO\�WKDW�RI�(TXDWLRQ�������

6XFK�D�FRQILJXUDWLRQ�LV�WKH�FRXQWHU�IORZ�JHRPHWU\�RU�VWDJQDWLRQ�SRLQW�IORZ��,W�KDV�WKH�DGGLWLRQDO

DGYDQWDJH�WKDW�FRXQWHU�IORZ�GLIIXVLRQ�IODPHV�KDYH�EHHQ�VWXGLHG�WKHRUHWLFDOO\�DQG�H[SHULPHQWDOO\

PRUH�RIWHQ�WKDQ�DQ\�RWKHU�GLIIXVLRQ�IODPH�FRQILJXUDWLRQ��7KH�JRYHUQLQJ�HTXDWLRQV�UHGXFH�YLD�D

VLPLODULW\� WUDQVIRUPDWLRQ� WR� RQH�GLPHQVLRQDO� HTXDWLRQV� WKDW� FDQ� EH� VROYHG� ZLWK� DUELWUDULO\

FRPSOLFDWHG�WUDQVSRUW�SURSHUWLHV�DQG�FKHPLVWU\��)RU�D�FRXQWHU�IORZ�GLIIXVLRQ�IODPH�ZLWK�VWUDLQ

UDWH�D�DW�WKH�R[LGL]HU�VLGH��WKH�3�SURILOH�PD\�EH�DSSUR[LPDWHG�E\��.LP�HW�DO��������
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ZKHUH� M �� DSSOLHV� IRU� WKH� SODQDU� FRQILJXUDWLRQ� DQG� M �� DSSOLHV� IRU� WKH� D[L�V\PPHWULFDO

FRQILJXUDWLRQ��7KH�GHQVLW\�DW�WKH�R[LGL]HU�VLGH�LV�JLYHQ�E\� �DQG� �LV�WKH�LQYHUVH�RI�WKH

FRPSOHPHQWDU\�HUURU�IXQFWLRQ��L�H�� �

,Q�VXPPDU\��3�SURILOHV�IRXQG�LQ�FRXQWHU�IORZ�GLIIXVLRQ�IODPHV�DUH�DVVXPHG�WR�EH�SUHGRPLQDQW
LQ�WXUEXOHQW�GLIIXVLRQ�IODPHV��7KHUHIRUH��LW�LV�SRVVLEOH�WR�FDUU\�RXW�FDOFXODWLRQV�IRU�D�OLPLWHG�VHW

RI�3�SURILOHV�D�SULRUL�RQ�D�QXPEHU�RI�FRXQWHU�IORZ�GLIIXVLRQ� IODPHV��)RU�HDFK�FRXQWHU�IORZ
GLIIXVLRQ�IODPH�DOO�VFDODU�TXDQWLWLHV��H[FHSW�WKH�SUHVVXUH�S��FDQ�WKHQ�EH�FDOFXODWHG�DV�D�IXQFWLRQ

RI�WKH�VWUDLQ�UDWH�D�DQG�WKH�PL[WXUH�IUDFWLRQ�=�DQG�VWRUHG�LQ�D�VR�FDOOHG�IODPHOHW�OLEUDU\�

,I�WKH�PL[WXUH�IUDFWLRQ�ILHOG� �KDV�EHHQ�VROYHG�WKHQ�WKH�VFDODU�GLVVLSDWLRQ�UDWH� �FDQ

EH�HYDOXDWHG�IURP�(TXDWLRQ���������7KH�ORFDO�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�GLIIXVLRQ�IODPH�FDQ

WKHQ�EH�GHWHUPLQHG�IURP�WKH�SUH�FDOFXODWHG�IODPHOHW�ZLWK

ZKHUH

7KH� VFDODU� GLVVLSDWLRQ� XQGHU� VWRLFKLRPHWULF� FRQGLWLRQV�� L�H�� WKH� VFDODU� GLVVLSDWLRQ� DW� WKH

SRVLWLRQ� ��LV�GHILQHG�DV�

7KH�FKRLFH�RI�WDNLQJ� �DV�WKH�SDUDPHWULF�UHSUHVHQWDWLRQ�RI�WKH�3�SURILOH�LV�PRWLYDWHG�E\�WKH�IDFW
WKDW� LQ� DV\PSWRWLF� DQDO\VLV� IRU� ODUJH� DFWLYDWLRQ� HQHUJLHV� WKH� YDULDWLRQ� RI� 3� DURXQG� � LV

FRQVLGHUHG�WR�EH�D�KLJKHU�RUGHU�HIIHFW��3HWHUV���������,W�KDV�DOVR�EHHQ�VKRZQ�E\�6HVKDGUL�HW�DO�

�������WKDW�WKH�H[SRQHQWLDO�WHUP�KDV�OLWWOH�LQIOXHQFH�RQ�WKH�IODPH�VWUXFWXUH��L�H��UHSODFLQJ�3�E\�
LQ�(TXDWLRQV��������OHDGV�WR�YLUWXDOO\�WKH�VDPH�UHVXOWV�

6R��LW�FDQ�EH�VXPPDUL]HG�WKDW�WKH�RYHUDOO�VFDODU�IODPH�VWUXFWXUH��H[FHSW�IRU�S��FDQ�EH�GHVFULEHG

DV�D�IXQFWLRQ�RI�WZR�SDUDPHWHUV��L�H�� �

7KH� LPSOHPHQWDWLRQ�RI� WKH�IODPHOHW�FRQFHSW� LV�EDVHG�RQ� WKH�GHYHORSPHQW�RI�D� OLEUDU\�RI


IODPHOHW� SURILOHV
�� HDFK� RI� ZKLFK� LV� FKDUDFWHULVHG� E\� WKH� VFDODU� GLVVLSDWLRQ� UDWH� XQGHU

VWRLFKLRPHWULF�FRQGLWLRQV� ��7KH�VWUXFWXUH�RI�WKH�IODPHOHW�LV�LQIOXHQFHG�E\�WKH�WXUEXOHQW�IORZ�

7KH� IODPHOHW� FDQ� EH� VWUHWFKHG� E\� WKH� WXUEXOHQW� IORZILHOG�� 7KH� SDUDPHWHU� � SURYLGHV� WKH

LQWHUDFWLRQ�EHWZHHQ�WKH�WXUEXOHQW�IORZILHOG�DQG�WKH�FRPEXVWLRQ�

$�VFKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�IODPHOHW�PRGHO�LV�JLYHQ�LQ�)LJXUH�������7KH�IODPHOHW�OLEUDU\

GHSLFWHG� LQ� WKH� WRS� RI� )LJXUH� � ���� LV� FRQVWUXFWHG� E\� GHWHUPLQLQJ� WKH� VROXWLRQ� RI� ODPLQDU

FRXQWHUIORZ�GLIIXVLRQ�IODPHV�GHSLFWHG�LQ�WKH�ORZHU�OHIW�FRUQHU��7KH�IODPHOHW�OLEUDU\�FRQWDLQV�D

QXPEHU�RI�IODPHOHW�SURILOHV�DW�GLIIHUHQW�FRQGLWLRQHG�VFDODU�GLVVLSDWLRQ�UDWHV� �L ���QXPEHU�RI

IODPHOHWV���,Q�WKH�WXUEXOHQW�IORZ�GHSLFWHG�LQ�WKH�ORZHU�ULJKW�FRUQHU��WKH�VFDODU�GLVVLSDWLRQ�UDWH

XQGHU�VWRLFKLRPHWULF�FRQGLWLRQV�LV�FRPSXWHG�IURP�WKH�ORFDO�YDOXH�RI�WKH�PL[WXUH�IUDFWLRQ�DQG�WKH
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PL[WXUH�IUDFWLRQ�VSDFH

ODPLQDU�FRXQWHUIORZ
GLIIXVLRQ�IODPH

GLIIXVLRQ�IODPHOHW�LQ
WXUEXOHQW�IORZ

E\�H[SHULPHQW�RU
IURP�WKHRU\

��

)LJXUH�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�ODPLQDU�IODPHOHW�PRGHO�

VFDODU�GLVVLSDWLRQ�UDWH��$�IODPHOHW�SURILOH�ZLWK�WKH�VDPH�FRQGLWLRQHG�VFDODU�GLVVLSDWLRQ�UDWH�LV

REWDLQHG�IURP�WKH�IODPHOHW�OLEUDU\��)LQDOO\��WKH�ORFDO�PL[WXUH�IUDFWLRQ�LV�XVHG�WR�REWDLQ�WKH�ORFDO

YDOXHV�RI�WKH�VFDODU�YDULDEOHV�IURP�WKDW�IODPHOHW�VROXWLRQ�



X 
 X�[�
Y 
 U4�[�
<
L

 <

L
�[�

7 
 7�[�
S 
 S�[�U�

3
VW

3
VW

3
VW

3
T

D
T

3
T

=
=
VW

7�=
VW
� 3

	�

VW

[
	� [
�

��

)LJXUH�����5HVSRQVH�RI�D�GLIIXVLRQ�IODPH��L�H��WKH�6�VKDSHG�FXUYH�

������

4XHQFKLQJ

7KH�VWUXFWXUH�RI�WKH�IODPHOHW�LV�LQIOXHQFHG�E\�WKH�WXUEXOHQW�IORZ�ILHOG��%HFDXVH�RI�WKH�YHORFLW\

JUDGLHQWV�SUHVHQW�LQ�D�WXUEXOHQW�IORZ��WKH�IODPHOHW�ZLOO�EH�VWUHWFKHG��7KLV�VWUHWFKLQJ�PD\�UHVXOW

LQ�H[WLQFWLRQ�RI�WKH�IODPHOHW��:KHQ� �EHFRPHV�WRR�ODUJH��WKH�GLIIXVLRQ�RI�KHDW�DZD\�IURP�WKH

UHDFWLRQ�]RQH�LV�QR�ORQJHU�EDODQFHG�E\�WKH�SURGXFWLRQ�RI�KHDW�E\�FKHPLFDO�UHDFWLRQ��7KLV�UHVXOWV

LQ�D�UHGXFWLRQ�RI�WKH�WHPSHUDWXUH�LQ�WKH�UHDFWLRQ�]RQH��7KH�GHFUHDVH�RI�WHPSHUDWXUH�WKHQ�UHVXOWV

LQ�D�GHFUHDVH�RI�WKH�FKHPLFDO�UHDFWLRQ�UDWH��DQG�VR�WKH�IODPH�ZLOO�EH�TXHQFKHG��7KLV�LPSOLHV�WKDW

WKHUH�H[LVWV�D�FULWLFDO�YDOXH�IRU� ��)RU�YDOXHV�RI� �ODUJHU�WKDQ�WKH�FULWLFDO�YDOXH� ��WKHUH�LV�QR

EXUQLQJ�VWDWH�RI�WKH�IODPHOHW�SRVVLEOH��)RU�WKH�ODPLQDU�FRXQWHU�IORZ�GLIIXVLRQ�IODPH�WKLV�PHDQV

WKDW�WKHUH�H[LVWV�D�TXHQFKLQJ�VWUDLQ�UDWH� �� �FDQ�EH�GHWHUPLQHG�IURP�D�ODPLQDU�FRXQWHU�IORZ

GLIIXVLRQ�IODPH��ZLWK�WKH�VWUDLQ�UDWH�VOLJKWO\�VPDOOHU�WKDQ�WKH�TXHQFKLQJ�VWUDLQ�UDWH��DV�WKH�YDOXH

RI�WKH�VFDODU�GLVVLSDWLRQ�UDWH�DW� ��$�SORW�RI� �DV�D�IXQFWLRQ�RI� �LV�WKH�ZHOO�NQRZQ

6�VKDSHG�FXUYH�RI�)LJXUH�����

��� 21(�',0(16,21$/� /$0,1$5� &2817(5)/2:� ',))86,21

)/$0(6

,Q�WKLV�VHFWLRQ�WKH�V\VWHP�RI�RUGLQDU\�GLIIHUHQWLDO�HTXDWLRQV�GHVFULELQJ�WKH�ODPLQDU�IODPHOHWV�LV

GHULYHG��&RQVLGHU�D�VWHDG\�D[LV\PPHWULFDO�FRXQWHUIORZ�FRQILJXUDWLRQ�ZLWK�WKH�IXHO�RULJLQDWLQJ

IURP� �DQG�WKH�R[LGL]HU�IURP� ��)LJXUH�������7KH�YHORFLW\�FRPSRQHQWV�DUH�DV�GHILQHG�LQ

6HFWLRQ������$�VLPLODULW\�VROXWLRQ�LV�REWDLQHG�E\�ZULWLQJ

7KHUHE\�D�VHW�RI�RQH�GLPHQVLRQDO�HTXDWLRQV�LQ�WKH�[�GLUHFWLRQ�LV�REWDLQHG�
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)LJXUH�����/DPLQDU�FRXQWHUIORZ�GLIIXVLRQ�IODPH�

������
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&RQWLQXLW\�

U�FRPSRQHQW�RI�PRPHQWXP�

6SHFLHV�

7HPSHUDWXUH�

,Q�(TXDWLRQ��������M ��DSSOLHV�IRU�WKH�SODQDU�DQG�M ��IRU�WKH�D[LV\PPHWULFDO�FRQILJXUDWLRQ��,Q

(TXDWLRQ��������� �UHSUHVHQWV�WKH�SUHVVXUH�JUDGLHQW�WHUP�DQG�LV�GHILQHG�DV�

ZKHUH�D�UHSUHVHQWV�WKH�VWUDLQ�UDWH��L�H��WKH�YHORFLW\�JUDGLHQW�LQ�WKH�R[LGL]HU�VWUHDP�

DQG� LV� LQ� JHQHUDO� SUHVFULEHG�� 7KH� ERXQGDU\� FRQGLWLRQV� IRU� � DUH� � DW� � DQG

� DW� �� 7KH� ERXQGDU\� FRQGLWLRQ� IRU� X� IROORZV� IURP� WKH� FRQWLQXLW\

(TXDWLRQ���������7KH�V\VWHP�RI�HTXDWLRQV�LV�FORVHG�E\�WKH�HTXDWLRQ�RI�VWDWH��L�H��(TXDWLRQ��������
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������'HILQLWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ

7KH�PL[WXUH�IUDFWLRQ�PD\�EH�GHILQHG�DV�D�OLQHDU�FRPELQDWLRQ�RI�HOHPHQW�PDVV�IUDFWLRQV� �VXFK

WKDW�LW�LV���LQ�WKH�R[LGL]HU�VWUHDP�DQG���LQ�WKH�IXHO�VWUHDP��,Q�D�WZR�IHHG�V\VWHP��WKH�ORFDO�PL[WXUH

IUDFWLRQ� UHSUHVHQWV� WKH� ORFDO�PDVV� IUDFWLRQ� RULJLQDWLQJ� IURP� WKH� IXHO� VWUHDP��7KHUHIRUH�� WKH

PL[WXUH�IUDFWLRQ�PD\�EH�GHILQHG�E\�

ZKHUH� �LV�WKH�ORFDO�PDVV�IUDFWLRQ�RI�IXHO�LQ�WKH�XQEXUQW�PL[WXUH�DQG� �GHQRWHV�WKH�PDVV

IUDFWLRQ�RI�IXHO�LQ�WKH�IXHO�VWUHDP��6LPLODUO\��VLQFH���=�UHSUHVHQWV�WKH�PDVV�IUDFWLRQ�RULJLQDWLQJ

IURP� WKH�R[LGL]HU� VWUHDP��RQH�REWDLQV� IRU� WKH� ORFDO�PDVV� IUDFWLRQ�RI�R[\JHQ� LQ� WKH�XQEXUQW

PL[WXUH�

ZKHUH� �UHSUHVHQWV�WKH�PDVV�IUDFWLRQ�RI�R[\JHQ�LQ�WKH�R[LGL]HU�VWUHDP�

7KH�VWRLFKLRPHWULF�PL[WXUH�IUDFWLRQ� �FDQ�EH�GHILQHG�LQ�WHUPV�RI�D�JOREDO�UHDFWLRQ�HTXDWLRQ�

)RU�LQVWDQFH�IRU�FRPSOHWH�FRPEXVWLRQ�RI�D�K\GURFDUERQ�IXHO�)�

WKH�FKDQJHV�RI�PDVV�IUDFWLRQ�RI�R[\JHQ�DQG�IXHO�DUH�UHODWHG�E\�(TXDWLRQ��������

ZKHUH� �DQG �DUH�WKH�VWRLFKLRPHWULF�FRHIILFLHQWV�RI�WKH�IXHO�DQG�R[\JHQ��UHVSHFWLYHO\��DQG�

DQG� �DUH�WKH�PROHFXODU�ZHLJKWV�RI�WKH�IXHO�DQG�R[\JHQ��UHVSHFWLYHO\��(TXDWLRQ��������PD\�EH

LQWHJUDWHG�WR

ZKHUH� � LV� WKH�VWRLFKLRPHWULF�R[LGL]HU� WR�IXHO�PDVV�UDWLR��%\�VXEVWLWXWLRQ�RI

(TXDWLRQV��������DQG��������LQWR�(TXDWLRQ��������RQH�REWDLQV

)RU�D�VWRLFKLRPHWULF�PL[WXUH�� �DQG� ZLOO�ERWK�EH�]HUR�DQG�WKHUHIRUH

)RU� PHWKDQH�DLU� FRPEXVWLRQ� ZLWK� ����� � DQG� � WKH� VWRLFKLRPHWULF� PL[WXUH

IUDFWLRQ�PD\�EH�HYDOXDWHG�WR�EH�HTXDO�WR��������)RU�K\GURJHQ�DLU�FRPEXVWLRQ�LW�LV�HTXDO�WR�������

,W�PXVW�EH�QRWHG�KHUH�WKDW�WKH�IXHO�PDVV�IUDFWLRQ� �FDQ�RQO\�EH�GHILQHG�LI�DOO�GLIIXVLYLWLHV�DUH

HTXDO��%HFDXVH�PXOWL�FRPSRQHQW�GLIIXVLRQ�FDXVHV�GLIIHUHQW�HOHPHQWV�WR�GLIIXVH�ZLWK�GLIIHUHQW

YHORFLWLHV��WKH�GHILQLWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�LV�QRQ�WULYLDO��7KH�IXHO�PDVV�IUDFWLRQ�PXVW�EH

H[SUHVVHG�LQ�WHUPV�RI�WKH�HOHPHQW�PDVV�IUDFWLRQV�

$VVXPH�WKDW
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)LJXUH������5HODWLRQ�EHWZHHQ�VWUDLQ�UDWH�DQG�VFDODU�GLVVLSDWLRQ�UDWH�

LQ�D�SODQDU������&+ �DLU�FRXQWHUIORZ�GLIIXVLRQ�IODPH��

7KH�VSHFLHV�PDVV�IUDFWLRQV�PD\�EH�H[SUHVVHG�LQ�WHUPV�RI�WKH�HOHPHQW�PDVV�IUDFWLRQV�RI�&�DQG�+

DQG�WKH�SURGXFWV�PDVV�IUDFWLRQV�RI� �

6XEVWLWXWLRQ�RI�(TXDWLRQV��������DQG��������LQWR�(TXDWLRQ��������OHDGV�WR�

7KH� DGYDQWDJH� RI� WKLV� GHILQLWLRQ� IRU� =� LV� WKDW� IRU� =� HTXDO� WR� �� WKH� PL[WXUH� LV� UHDOO\

VWRLFKLRPHWULF�LQ�WHUPV�RI�WKH�PL[WXUH�IUDFWLRQ�GHILQLWLRQ�JLYHQ�E\�(TXDWLRQ��������

������7KH�UHODWLRQ�EHWZHHQ�WKH�VWUDLQ�UDWH�DQG�WKH�VFDODU�GLVVLSDWLRQ�UDWH

6RPH�UHVXOWV�RI�D�FRPSXWDWLRQ�IRU�D�SODQDU������ �DLU�IODPH�SHUIRUPHG�E\�3HHWHUV��������DQG

UHVXOWV� RI� D� FRPSXWDWLRQ�SHUIRUPHG� IRU� D�SODQH� �DLU� IODPH�E\�6DQGHUV� �������KDYH�EHHQ

VXPPDUL]HG�LQ�$SSHQGL[�&��)LJXUHV������VKRZV�WKH�FDOFXODWHG�UHODWLRQ�EHWZHHQ�WKH�VWUDLQ�UDWH

DQG� WKH� VFDODU� GLVVLSDWLRQ� UDWH� DW� VWRLFKLRPHWULF� FRQGLWLRQV� LQ� WKH� SODQDU� �DLU� IODPH�

2EYLRXVO\��WKH�VFDODU�GLVVLSDWLRQ�UDWH�LQFUHDVHV�OLQHDUO\�ZLWK�WKH�VWUDLQ�UDWH�D�DV�SUHGLFWHG�E\

(TXDWLRQ���������:LWK�=  �������'  �����DQG�'  �����IRU�WKH�PHWKDQH�IODPH��(TXDWLRQ�������VW VW �

SUHGLFWV�WKDW� �ZKLFK�LV�MXVW�VOLJKWO\�ORZHU�WKDQ�WKH�JUDGLHQW�RI�DSSUR[LPDWHO\

�IRXQG�IURP�WKH�FDOFXODWLRQV��L�H��IURP�(TXDWLRQV�����������
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)LJXUH� ����� 7KH� HIIHFW� RI

SUHPL[LQJ�

%HFDXVH�RI�WKH�DSSDUHQWO\�OLQHDU�UHODWLRQVKLS�EHWZHHQ�WKH�VWUDLQ�UDWH�DQG�WKH�VFDODU�GLVVLSDWLRQ

UDWH�LQ�ODPLQDU�FRXQWHU�IORZ�GLIIXVLRQ�IODPHV��PDQ\�UHVHDUFKHUV�DUJXH�WKDW�WKH�VWUDLQ�UDWH�FDQ�EH

XVHG�DV�WKH�FKHPLFDO�QRQ�HTXLOLEULXP�SDUDPHWHU�UDWKHU�WKDQ�WKH�VFDODU�GLVVLSDWLRQ�UDWH��+HUH�LW

LV�DUJXHG�WKDW�VXFK�DQ�DSSURDFK�PD\�OHDG�WR�YHU\�XQUHDOLVWLF�UHVXOWV�HVSHFLDOO\�LQ�FDVHV�ZKHUH

SUHPL[LQJ�SOD\V�DQ�LPSRUWDQW�UROH��,Q�WKHVH�FDVHV�WKH�UHODWLRQ�EHWZHHQ�3�DQG�D�LV�YHU\�PXFK
LQIOXHQFHG�E\�WKH�OHYHO�RI�SUHPL[LQJ��VHH�(TXDWLRQ���������&RQVLGHU�WKH�FDVH�RI�)LJXUH������ZKHUH

D�SUHPL[HG�IODPH�KHDWV�XS�WKH�PL[WXUH�WR�WKH�HTXLOLEULXP�WHPSHUDWXUH� ��3K\VLFDOO\�

LQFUHDVLQJ� WKH� VWUDLQ� UDWH� LQ� WKH� EXUQW�PL[WXUH� VKRXOG� QRW� OHDG� WR� D� GHFUHDVHG� WHPSHUDWXUH�

+RZHYHU��LI�WKH�VWUDLQ�UDWH�ZRXOG�EH�XVHG�DV�WKH�SDUDPHWHU�LQGLFDWLQJ�WKH�VWDWH�RI�QRQ�HTXLOLEULXP

WKLV�ZRXOG�OHDG�WR�WKH�XQUHDOLVWLF�UHVXOW�WKDW�WKH�WHPSHUDWXUH�LV�GHFUHDVHG�E\�LQFUHDVLQJ�WKH�VWUDLQ

UDWH��%HFDXVH�WKH�VFDODU�GLVVLSDWLRQ�UDWH�HTXDOV�]HUR�LQ�WKLV�FDVH��WKH�VFDODU�GLVVLSDWLRQ�UDWH�ZRXOG

LQGHHG�OHDG�WR�D�WHPSHUDWXUH�WKDW�UHPDLQV�FORVH�WR�WKH�HTXLOLEULXP�WHPSHUDWXUH�

$QRWKHU�SRLQW�FOHDUO\�LOOXVWUDWLQJ�WKDW�WKH�VWUDLQ�UDWH�LV�QRW�WKH�SURSHU�SDUDPHWHU�WR�EH�XVHG�DV

D�FKHPLFDO�QRQ�HTXLOLEULXP�SDUDPHWHU�LV�WKDW��ZLWK� �EHLQJ�LQGHSHQGHQW�RI�WKH�VSHFLILF�IORZ

FRQILJXUDWLRQ��(TXDWLRQ�������� LQGLFDWHV� WKDW� WKH�TXHQFKLQJ�VWUDLQ�UDWH� LV� IORZ�FRQILJXUDWLRQ

GHSHQGHQW��,Q�QXPHULFDO�FRPSXWDWLRQV��H�J��6DQGHUV��������LW�KDV�LQGHHG�EHHQ�IRXQG�WKDW�WKH

TXHQFKLQJ� VWUDLQ� UDWH� IRU�SODQDU� FRXQWHUIORZ�GLIIXVLRQ� IODPHV� LV� DERXW� WZLFH� DV�KLJK� DV� WKH

TXHQFKLQJ�VWUDLQ�UDWH�IRU�WKH�D[L�V\PPHWULFDO�FDVH��1HYHUWKHOHVV��LQ�PDQ\�VWXGLHV��WKH�XQFHUWDLQW\

RQ�WKH�FKRLFH�RI�WKH�JHRPHWU\�RI�WKH�ODPLQDU�IODPHOHWV�ZDV�WUDQVIHUUHG�WR�DQ�XQFHUWDLQW\�LQ�WKH

FKRLFH�RI�WKH�PHDQ�VWUDLQ�UDWH�FRHIILFLHQW��+RZHYHU��D�FRQVLVWHQW�DSSURDFK�WR�WKH�IODPHOHW�PRGHO

VKRXOG�QRW�YHU\�PXFK�GHSHQG�RQ�WKH�FKRLFH�RI�WKH�ODPLQDU�IODPH�FRQILJXUDWLRQ�XVHG�IRU�EXLOGLQJ

WKH�IODPHOHW�OLEUDU\��7KHUHIRUH�WKH�VFDODU�GLVVLSDWLRQ�UDWH�LV�WKH�DSSURSULDWH�SDUDPHWHU�WR�EH�XVHG

DV�WKH�SDUDPHWHU�LQGLFDWLQJ�WKH�VWDWH�RI�FKHPLFDO�QRQ�HTXLOLEULXP�
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)DYUH�DYHUDJHG�VFDODU�TXDQWLWLHV�DUH�FDOFXODWHG�E\�PDNLQJ�XVH�RI�D�SUHVXPHG�3')�PHWKRG��$

)DYUH�DYHUDJHG�VFDODU�TXDQWLW\�LV�FDOFXODWHG�DV

=�DQG� �DUH�DVVXPHG�WR�EH�VWDWLVWLFDOO\�LQGHSHQGHQW�DQG�WKH�3')�LV�GHVFULEHG�DV�WKH�SURGXFW�RI

WZR�VHSDUDWH�3')©V�� ��7KH�YDULDQFH�LQ�WKH�FRQGLWLRQHG�)DYUH�DYHUDJHG�VFDODU

GLVVLSDWLRQ�UDWH� �LV�DVVXPHG�WR�EH�]HUR�DQG�WKHUHIRUH�WKH�3')�IRU �LV�JLYHQ�E\�D�VLQJOH�GHOWD

IXQFWLRQ�DW� �

7KHUHIRUH��)DYUH�DYHUDJHG�VFDODU�TXDQWLWLHV�DUH�REWDLQHG�E\�LQWHJUDWLRQ�RYHU�D�IODPHOHW�SURILOH

ZLWK�VFDODU�GLVVLSDWLRQ�UDWH� �

7KH�WLPH�DYHUDJHG�GHQVLW\�LV�REWDLQHG�VLPLODU�WR�(TXDWLRQ��������

7KH�LQWHJUDWLRQV�LQ�(TXDWLRQ��������DQG�(TXDWLRQ��������DUH�SHUIRUPHG�RYHU�D�IODPHOHW�ZLWK�VFDODU

GLVVLSDWLRQ�UDWH� �DW�VWRLFKLRPHWULF�FRQGLWLRQV��7KLV�DYHUDJH�YDOXH�� �FDQ�EH�GHWHUPLQHG�IURP

(TXDWLRQ��������DV

ZKHUH�WKH�PHDQ�VFDODU�GLVVLSDWLRQ�UDWH�LV�PRGHOOHG�DV��HTXDO�VFDOHV�PRGHO��

ZLWK�D�PRGHOOLQJ�FRQVWDQW�F  ����3

)RU�WKH�3')�RYHU�WKH�PL[WXUH�IUDFWLRQ�D�EHWD�IXQFWLRQ�3')�LV�DVVXPHG�WR�EH�DSSURSULDWH��,WV

VKDSH�LV�GHWHUPLQHG�E\�WKH�)DYUH�DYHUDJHG�PL[WXUH�IUDFWLRQ�DQG�LWV�YDULDQFH��7KHUHIRUH�HTXDWLRQV

IRU�WKH�)DYUH�DYHUDJHG�PL[WXUH�IUDFWLRQ� �DQG�IRU�WKH�PL[WXUH�IUDFWLRQ�YDULDQFH� �DUH�VROYHG�

,Q�WKLV�ZD\�WKH�PL[WXUH�IUDFWLRQ�YDULDQFH�VHUYHV�DV�DQ�DGGLWLRQDO�SDUDPHWHU�LQ�WKH�SUHVXPHG�3')

PHWKRG�WR�DFFRXQW�IRU�WXUEXOHQFH�HIIHFWV��%HFDXVH�WKH�LQWHJUDWLRQ�LQ�(TXDWLRQV��������DQG��������

LV�D�YHU\�WLPH�FRQVXPLQJ�SURFHVV��WKHVH�LQWHJUDWLRQV�DUH�SHUIRUPHG�LQ�DGYDQFH�DQG�WKH�RXWFRPH

LV�WDEXODWHG�LQ�DQ�DGDSWLYH�ZD\��3HHWHUV���������0DNLQJ�XVH�RI�DQ�DGDSWLYH�WDEXODWLRQ�DOJRULWKP

IRU�DYHUDJHG�TXDQWLWLHV�UHGXFHV�WKH�WRWDO�&38�WLPH�E\�D�IDFWRU�RI����RU�HYHQ�PRUH�
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,Q�WKLV�VHFWLRQ��UHVXOWV�RI�FRPSXWDWLRQV�DUH�FRPSDUHG�WR�PHDVXUHPHQWV�SXEOLVKHG�E\�6WUHE�������

RQ�QDWXUDO�JDV�IODPHV��7KH�FDVH�FRQVLGHUHG�LV�D�VWDELOL]HG�PHWKDQH�DLU�IODPH�ZLWK�FRQFHQWUDWLRQV

RI��������� �������� ������� �DQG�������� �E\�YROXPH��$�FRPSDULVRQ�EHWZHHQ

QDWXUDO�JDV�DQG�SXUH�PHWKDQH��3HHWHUV��������VKRZV�WKDW�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�SURSHUWLHV

RI�SXUH�PHWKDQH�DQG�WKRVH�RI�QDWXUDO�JDV�DUH�YLUWXDOO\�QHJOLJLEOH��7KHUHIRUH�SUHGLFWLRQV�IRU�WKLV

IODPH�KDYH�EHHQ�SHUIRUPHG�ZLWK�WKH�SXUH�PHWKDQH�IODPHOHWV�GHVFULEHG�LQ�$SSHQGL[�&�

7KH�IXHO�LVVXHV�IURP�D�QR]]OH�ZLWK�' ��PP�ZLWK�DQ�DYHUDJH�VSHHG�RI������P�V�LQWR�VWLOO�DLU�

7KH�IODPH�RI�DSSUR[LPDWHO\��P�����'��ORQJ�LV�VWDELOL]HG�ZLWK�WZR�VHSDUDWH� �DQG �VWUHDPV�

7KHVH�VWUHDPV�KDYH�PLQLPDO�HIIHFW�RQ�WKH�GRZQVWUHDP�G\QDPLFV�VLQFH�WKHLU�WRWDO�PRPHQWXP�IOX[

LV�RQO\��Ó�� �1��ZKLOH�WKH�IXHO�MHW�LVVXHV�ZLWK�D�IOX[�RI��������1��7KH�VWDELOL]LQJ�PHFKDQLVP�FDQ��

EH� H[SODLQHG� E\� FRQVLGHULQJ� WKH� TXHQFKLQJ� VFDODU� GLVVLSDWLRQ� UDWH�� 7KH� TXHQFKLQJ� VFDODU

GLVVLSDWLRQ�UDWH�LQFUHDVHV�ZKHQ�WKH�R[\JHQ�PDVV�IUDFWLRQ�DW�WKH�R[LGL]HU�ERXQGDU\�LV�LQFUHDVHG�

7KLV�PDNHV�WKH�IODPHOHWV�PRUH�UHVLVWDQW�WR�VWUDLQ��%\�DOVR�DGGLQJ�K\GURJHQ�WKURXJK�DQ�RXWHU

DQQXOXV��WKH�QDWXUDO�JDV�MHW�LVVXHV�LQWR�DQ�R[\JHQ�ULFK�KRW�PL[WXUH��7KH�KLJKHU�WHPSHUDWXUH�DOVR

PDNHV�WKH�IODPHOHWV�PRUH�UHVLVWDQW�WR�VWUDLQ��'XH�WR�WKLV�VHFRQG�HIIHFW�OHVV�R[\JHQ�KDV�WR�EH�DGGHG

DQG�WKH�LQIOXHQFH�RI�WKH�VWDELOL]DWLRQ�JDV�LV�UHGXFHG��%HFDXVH�WKH�VWDELOL]LQJ�JDV�GRHV�QRW�KDYH

D�ODUJH�LQIOXHQFH�RQ�WKH�IODPH��LW�LV�D�JRRG�DSSUR[LPDWLRQ�LQ�FRPSXWDWLRQDO�VWXGLHV�WR�FRPSOHWHO\

QHJOHFW�WKH�VWDELOL]LQJ�JDV��7R�VLPXODWH�WKH�HIIHFW�RI�WKH�VWDELOL]LQJ�JDV��WKH�YDOXH�RI�WKH�VFDODU

GLVVLSDWLRQ�UDWH�DV�FDOFXODWHG�E\�(TXDWLRQ��������KDV�EHHQ�ERXQGHG�E\�WKH�TXHQFKLQJ�YDOXH�IRU

WKH�VFDODU�GLVVLSDWLRQ�UDWH��L�H�� �

7KH�VWDQGDUG�N�J�PRGHO�KDV�EHHQ�XVHG�LQ�FRPELQDWLRQ�ZLWK�WKH�HTXDO�VFDOHV�WUDQVSRUW�PRGHO�
$W�WKH�EXUQHU�H[LW��D�SRZHU�ODZ�YHORFLW\�GLVWULEXWLRQ�IRU�IXOO\�GHYHORSHG�WXUEXOHQW�SLSH�IORZ�ZDV

LPSRVHG��1LNXUDGVH��������

ZKHUH�WKH�VXEVFULSW�R�LQGLFDWHV�DQ�RXWOHW�FRQGLWLRQ�DQG�F�LQGLFDWHV�WKH�FHQWHUOLQH�FRQGLWLRQ��,I�WKH

DYHUDJH�EXUQHU�RXWOHW�YHORFLW\� �LV�GHILQHG�DV

WKHQ��VXEVWLWXWLRQ�RI�(TXDWLRQ��������DQG�LQWHJUDWLRQ�RYHU�WKH�RXWOHW�OHDGV�WR�

:LWK�DQ�DYHUDJH�RXWOHW�YHORFLW\�HTXDO�WR������P�V�DQG�Q ���WKLV�OHDGV�WR�D�PD[LPXP�RXWOHW

FHQWHUOLQH�YHORFLW\�RI������P�V��HTXDO�WR�WKDW�IRXQG�LQ�WKH�PHDVXUHPHQWV�

7KH� FKDUDFWHULVWLF�YHORFLW\� IOXFWXDWLRQ�ZDV�DGMXVWHG� WR� WKH�YDOXH� IRXQG� LQ�PHDVXUHPHQWV�RI

/DXIHU��������

7KHUHIRUH�WKH�WXUEXOHQFH�NLQHWLF�HQHUJ\�DW�WKH�EXUQHU�H[LW�LV�REWDLQHG�IURP
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)LJXUH������&RPSDULQJ�WLPH�VFDOHV�DQG�WKH�SUHPL[LQJ�FRQGLWLRQ�

������

7KH�GLVVLSDWLRQ�UDWH�RI�WXUEXOHQFH�NLQHWLF�HQHUJ\�ZDV�REWDLQHG�IURP�D�VWDQGDUG�IRUPXOD�IRU

IXOO\�GHYHORSHG�WXUEXOHQW�SLSH�IORZ��VHH�(TXDWLRQ���������

ZKHUH�WKH�PL[LQJ�OHQJWK� �ZDV�DGMXVWHG�WR�WKH�YDOXH�IRXQG�LQ�PHDVXUHPHQWV�RI�/DXIHU��������

)RU� �WKLV�H[SUHVVLRQ�UHGXFHV�WR� ZLWK���WKH�YRQ�.iUPiQ�FRQVWDQW��HTXDO�WR������
,Q�)LJXUH������WKH�WLPH�VFDOH�UDWLR� �KDV�EHHQ�SORWWHG�DV�D�IXQFWLRQ�RI� ��,W�FDQ�EH�VHHQ

WKDW�DW�WKH�SRVLWLRQ�ZKHUH� ��WKH�IODPH�LV�MXVW�LQVLGH�WKH�ODPLQDU�IODPHOHW�UHJLPH�RI�)LJXUH

�����7KH�GHJUHH�RI�SUHPL[LQJ�PD\�EH�HYDOXDWHG�E\�DVVXPLQJ�WKDW�WKH�PL[WXUH�IUDFWLRQ�IOXFWXDWHV

EHWZHHQ� �DQG� ��OHDGLQJ�WR� ��:LWK� �WKLV�OHDGV�WR� �

)URP�)LJXUH������LW�LV�FOHDU�WKDW�WKH�IODPH�WLS�HQWHUV�LQWR�WKH�FRQQHFWHG�UHDFWLRQ�]RQHV�UHJLPH�RI

)LJXUH� ����� 7KH� DSSOLFDELOLW\� RI� WKH� SUHVHQW� IODPHOHW�PRGHO� LV� TXHVWLRQDEOH� LQ� WKDW� UHJLPH�

+RZHYHU��PL[WXUH�IUDFWLRQ�JUDGLHQWV�DUH�VPDOO�DW�WKH�IODPH�WLS�DQG�WKHUHIRUH�WKH�PHDVXUHG�DV�ZHOO

DV�WKH�SUHGLFWHG�PL[WXUH�FRPSRVLWLRQ�ZLOO�ERWK�EH�FORVH�WR�WKH�HTXLOLEULXP�FRPSRVLWLRQ�

)LJXUH������VKRZV�WKH�SUHGLFWHG�FHQWHUOLQH�SURILOH�RI�WKH�PHDQ�WHPSHUDWXUH�DQG�LWV�VWDQGDUG

GHYLDWLRQ��7KH�SUHGLFWHG�WHPSHUDWXUH�ZLWKRXW�DFFRXQWLQJ�IRU�KHDW�ORVV�LV�VHHQ�WR�EH�PXFK�KLJKHU

WKDQ�WKDW�IRXQG�H[SHULPHQWDOO\�E\�6WUHE���������+HDW�ORVV�LV�PDLQO\�FDXVHG�E\�WKHUPDO�UDGLDWLRQ

RI� �� � DQG� VRRW� SDUWLFOHV�� &UDXIRUG� HW� DO�� ������� DUWLILFLDOO\� UHGXFHG� WKH� DGLDEDWLF

WHPSHUDWXUH� �E\�WKH�YHU\�FUXGH�DVVXPSWLRQ
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)LJXUH������3UHGLFWHG�FHQWHUOLQH�SURILOH�RI�WKH�PHDQ�WHPSHUDWXUH�DQG

LWV�VWDQGDUG�GHYLDWLRQ��([SHULPHQWDO�GDWD�DUH�IURP�6WUHE��������

�

ZKHUH� �LV�D�¨ILWWLQJ©�WHPSHUDWXUH©�VHW�WR������.�DQG�WKH�FRQVWDQW� �LV�VHW�WR�������6DQGHUV�

�������$�GLVDGYDQWDJH�RI�WKLV�PHWKRG�LV�WKDW�WKH�VSHFLHV�FRQFHQWUDWLRQV��ZKLFK�DUH�VHQVLWLYH�WR

WKH�WHPSHUDWXUH��DUH�QRW�DGMXVWHG��$�EHWWHU�ZD\�RI�LPSOHPHQWLQJ�WKH�HIIHFW�RI�UDGLDWLRQ�ZRXOG�EH

E\�H[WHQGLQJ�WKH�HTXDWLRQ�IRU�WKH�IODPHOHW�WHPSHUDWXUH��L�H��(TXDWLRQ���������ZLWK�D�UDGLDWLYH�VLQN

WHUP��6DQGHUV���������+RZHYHU��WKLV�KDV�QRW�EHHQ�SXUVXHG�LQ�WKH�SUHVHQW�VWXG\�

)LJXUH� ����� LOOXVWUDWHV� WKDW� LQLWLDOO\� WKH� SUHGLFWHG� YHORFLW\� GHFD\V� IDVWHU� WKDQ� WKH�PHDVXUHG

YHORFLW\��7KLV�LV�SUREDEO\�GXH�WR�ODPLQDUL]DWLRQ�LQ�WKH�H[SHULPHQW�FDXVHG�E\�WKH�LQFUHDVH�RI

PROHFXODU�YLVFRVLW\�ZLWK�WHPSHUDWXUH��7KH�XVHG�N�J�WXUEXOHQFH�PRGHO�LV�QRW�DEOH�WR�DFFRXQW�IRU
WKLV�HIIHFW��7KLV�LV�DOVR�D�UHDVRQ�IRU�WKH�IDVWHU�SUHGLFWHG�WHPSHUDWXUH�LQFUHDVH�LQ�)LJXUH���������7KH

WXUEXOHQFH�NLQHWLF�HQHUJ\�LV�SUHGLFWHG�VDWLVIDFWRULO\��7KH�IDVW�PL[LQJ�LQ�WKH�SUHGLFWLRQV�LV�DOVR

LOOXVWUDWHG�E\�WKH�KLJKHU�KDOI�ZLGWK�VSUHDGLQJ�UDWHV�SUHVHQWHG�LQ�)LJXUH�������7KH�RYHU�SUHGLFWHG

WHPSHUDWXUH�LQ�WKH�IDU�ILHOG�LV�SUREDEO\�FDXVHG�E\�DQ�RYHU�SUHGLFWHG�PL[WXUH�IUDFWLRQ��'LIIHUHQFHV

LQ� WKH� QHDU� ILHOG�PD\�EH� FDXVHG�E\� WKH� VWDELOL]LQJ� � VWUHDPV�QRW� DFFRXQWHG� IRU� LQ� WKH

VLPXODWLRQ��7KH�XQGHU�SUHGLFWHG� �PDVV�IUDFWLRQ�LQ�WKH�QHDU�ILHOG�RI�)LJXUH������LV�GXH�WR�WKH

RYHU�SUHGLFWHG�PL[LQJ�LQ�WKH�QHDU�ILHOG��0HDVXUHG� �PDVV�IUDFWLRQV��QRW�VKRZQ�LQ�D�ILJXUH��DUH

KLJKHU� WKDQ� WKRVH� SUHGLFWHG� ZLWK� WKH� ODPLQDU� IODPHOHW� PHWKRG� XVLQJ� VWHDG\� IODPHOHWV�� 7KH

PD[LPXP�FHQWHUOLQH�YDOXH�RI� �LQ�WKH�H[SHULPHQW�ZDV������ZKLOH�WKH�PDVV�IUDFWLRQV�RI�

IRXQG�LQ�WKH�VWHDG\�IODPHOHWV�VKRZ�D�PD[LPXP�YDOXH�RI�������VHH�$SSHQGL[�&���$FFRUGLQJ�WR

0DX��HW�DO���������DQG�DOVR�WR�%DUORZ�HW�DO����������WUDQVLHQW�HIIHFWV�DUH�WKH�UHDVRQ�IRU�WKLV

GLVFUHSDQF\��$ORQJ�WKH�MHW�D[LV��WKHUH�LV�D�VWURQJ�GHFD\�RI�WKH�VFDODU�GLVVLSDWLRQ�UDWH��7KH�VFDODU

GLVVLSDWLRQ�UDWH�LQIOXHQFHV�WKH�IODPHOHW�VROXWLRQ�VLJQLILFDQWO\�DQG�WKHUHIRUH�D�IODPHOHW�WKDW�LV

WUDQVSRUWHG�GRZQVWUHDP�KDV�WR�XQGHUJR�VWURQJ�FKDQJHV��%HFDXVH�D�IDVW�GHFUHDVH�RI�WKH�VFDODU

GLVVLSDWLRQ�UDWH�FDXVHV�DQ�RYHUVKRRW�RI� ��WKH�&2�PDVV�IUDFWLRQ�LV�XQGHU�SUHGLFWHG�ZLWK�WKH

VWHDG\�IODPHOHWV��6LQFH� �LV�D�IXHO��WKH�KLJKHU� �PDVV�IUDFWLRQ�FDQ�DOVR�H[SODLQ�SDUW�RI�WKH

ORZHU�PHDVXUHG�WHPSHUDWXUH�
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)LJXUH������3UHGLFWHG�FHQWHUOLQH�SURILOH�RI�WKH�PHDQ�D[LDO�YHORFLW\

FRPSRQHQW�DQG�WXUEXOHQFH�NLQHWLF�HQHUJ\��([SHULPHQWDO�GDWD�DUH�IURP

6WUHE���������

)LJXUH������3UHGLFWHG�KDOIZLGWKV�IRU�WKH�YHORFLW\�DQG�WKH�PL[WXUH

IUDFWLRQ�� ([SHULPHQWDO� GDWD� DUH� IURP� 6WUHE� �������

�
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)LJXUH� ����� 3UHGLFWHG� FHQWHUOLQH� SURILOH� RI� WKH�PDVV� IUDFWLRQV� RI

�� ([SHULPHQWDO� GDWD� DUH� IURP� 6WUHE� �������

�

)LJXUH������3UHGLFWHG�UDGLDO�SURILOH�RI�WKH�PHDQ�WHPSHUDWXUH�DQG�LWV

VWDQGDUG�GHYLDWLRQ� DW�[�' �����([SHULPHQWDO� GDWD� DUH� IURP�6WUHE

�������� �

5DGLDO�SURILOHV�RI�WKH�WHPSHUDWXUH�DQG�LWV�VWDQGDUG�GHYLDWLRQ�IRU� ��L�H��MXVW�GRZQVWUHDP

RI� WKH� IODPH�� DUH� VKRZQ� LQ�)LJXUH� ������$JDLQ� WKH� LQFOXVLRQ�RI� DQ� HPSLULFDO� FRUUHFWLRQ� IRU

UDGLDWLRQ�JLYHV�LPSURYHG�UHVXOWV��)LJXUH������VKRZV�WKDW�WKH�UDGLDO�SURILOH�IRU�WKH�D[LDO�YHORFLW\

FRPSRQHQW�LV�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�PHDVXUHPHQWV��7KH�SUHGLFWHG�WXUEXOHQFH�NLQHWLF�HQHUJ\

SURILOH�RQO\�VKRZV�D�TXDOLWDWLYH�FRUUHVSRQGHQFH�ZLWK� WKH�PHDVXUHPHQWV��7KH�UHDVRQ�IRU� WKH

DSSDUHQW�YHUWLFDO�VKLIW�EHWZHHQ�SUHGLFWLRQV�DQG�PHDVXUHPHQWV�LV�XQNQRZQ�
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)LJXUH������3UHGLFWHG�UDGLDO�SURILOH�RI�WKH�D[LDO�YHORFLW\�FRPSRQHQW

DQG�WKH�WXUEXOHQFH�NLQHWLF�HQHUJ\�DW�[�' �����([SHULPHQWDO�GDWD�DUH

IURP�6WUHE��������� �

����&21&/86,216

7XUEXOHQW�IORZV�VKRZ�D�IXQGDPHQWDOO\�OD\HU�OLNH�VWUXFWXUH�RI�VFDODU�PL[LQJ��7KH�RQH�GLPHQVLRQDO

ORFDO�VWUXFWXUH�RI�WKH�VFDODU�GLVVLSDWLRQ�ILHOGV�LQ�WXUEXOHQW�IORZV�SURYLGHV�D�VWDUWLQJ�SRLQW�IRU

IRUPXODWLQJ�WKH�FKHPLFDO�VWDWH�RI�QRQ�HTXLOLEULXP�FRPEXVWLRQ�LQ�WKH�IORZ��,Q�D�RQH�GLPHQVLRQDO

VHW�RI�IODPHOHW�HTXDWLRQV��WKH�VFDODU�GLVVLSDWLRQ�SURILOH�SURYLGHV�WKH�UHODWLRQ�EHWZHHQ�WKH�IORZ

ILHOG�DQG�WKH�VWDWH�RI�FKHPLFDO�QRQ�HTXLOLEULXP��7KH�PRVW�IUHTXHQWO\�RFFXUULQJ�3�SURILOHV�LQ�D
WXUEXOHQW�IORZ�DUH�WKRVH�RI�WKH�VWHDG\�VWDWH�IODPHOHWV��6ROXWLRQV�WR�WKH�IODPHOHW�HTXDWLRQV�PD\

WKHUHIRUH�DOVR�EH�REWDLQHG�E\�DQDO\VLQJ�WKH�FRXQWHU�IORZ�JHRPHWU\�IRU�ZKLFK�WKH�3�SURILOH�IROORZV
FORVHO\�WKDW�RI�D�IUHTXHQWO\�RFFXUULQJ�VWHDG\�VWDWH�IODPHOHW�LQ�D�WXUEXOHQW�IORZ��,W�LV�PDLQO\�WKH

VFDODU�GLVVLSDWLRQ�UDWH�XQGHU�VWRLFKLRPHWULF�FRQGLWLRQV�WKDW�LQIOXHQFHV�WKH�RXWFRPH�RI�WKH�IODPHOHW

HTXDWLRQV��7KHUHIRUH��D�IODPHOHW�OLEUDU\�KDV�EHHQ�EXLOW�ZLWK�WKH�VFDODU�GLVVLSDWLRQ�UDWH�XQGHU

VWRLFKLRPHWULF�FRQGLWLRQV�DV�WKH�LQSXW�SDUDPHWHU�LQGLFDWLQJ�WKH�VWDWH�RI�FKHPLFDO�QRQ�HTXLOLEULXP�

,Q�WKH�QXPHULFDO�VLPXODWLRQ��WKLV�FRQGLWLRQHG�VFDODU�GLVVLSDWLRQ�UDWH��ZKLFK�LV�QHHGHG�DV�DQ�LQSXW

SDUDPHWHU�IRU�WKH�IODPHOHW�OLEUDU\��LV�DSSUR[LPDWHG�E\�DVVXPLQJ�D�IL[HG�VKDSH�IRU�WKH�VFDODU

GLVVLSDWLRQ�SURILOH�

7KH�DFFXUDF\�RI�WKH�IODPHOHW�PRGHO�GLUHFWO\�GHSHQGV�RQ�WKH�WUDQVSRUW�SURSHUWLHV�DQG�FKHPLVWU\

XVHG�LQ�WKH�IODPHOHW�FRPSXWDWLRQV��7KH�RQH�GLPHQVLRQDO�IODPHOHW�HTXDWLRQV�FDQ�EH�VROYHG�ZLWK

DUELWUDULO\�FRPSOLFDWHG�WUDQVSRUW�SURSHUWLHV�DQG�FKHPLVWU\��,Q�WKH�SUHVHQW�QXPHULFDO�VLPXODWLRQ

RI�D� VWDELOL]HG�QDWXUDO�JDV� IODPH��6WUHE��������� WKH�DEVHQFH�RI� UDGLDWLYH�KHDW� WUDQVIHU� LQ� WKH

IODPHOHW�HTXDWLRQV�OHDG�WR�D�UDWKHU�ODUJH�GLIIHUHQFH�EHWZHHQ�PHDVXUHG�DQG�FDOFXODWHG�WHPSHUDWXUH�

%\�LPSOHPHQWLQJ�D�UHODWLYHO\�VLPSOH�PRGHO�IRU�VRRW�UHODWHG�UDGLDWLRQ��WKH�GLIIHUHQFH�EHWZHHQ

PHDVXUHG�DQG�FDOFXODWHG�PD[LPXP�PHDQ�WHPSHUDWXUH�KDV�EHHQ�UHGXFHG�E\�DERXW����.��$QRWKHU

VRXUFH�RI�HUURU�LV�WKDW�WKH�SUHGLFWHG�PL[LQJ�UDWH�FORVH�WR�WKH�EXUQHU�RXWOHW�LV�WRR�ODUJH�FRPSDUHG

ZLWK�YDOXHV�IRXQG�IURP�WKH�H[SHULPHQWV��7KLV�UHVXOWV�LQ�XQGHU�SUHGLFWHG�YHORFLW\�DQG�PL[WXUH

IUDFWLRQ�YDOXHV�DQG�RYHU�SUHGLFWHG�WHPSHUDWXUHV�LQ�WKLV�UHJLRQ�
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3UHGLFWHG�&2�PDVV�IUDFWLRQV�DUH�ORZHU�WKDQ�WKRVH�PHDVXUHG�E\�6WUHE���������7UDQVLHQW�HIIHFWV

DUH�WKRXJKW�WR�EH�UHVSRQVLEOH�IRU�WKH�KLJKHU�YDOXHV�LQ�WKH�H[SHULPHQWV��L�H��WKH�VWURQJ�GHFUHDVH�RI

�DV�WKH�IODPHOHW�LV�WUDQVSRUWHG�GRZQVWUHDP�FDXVHV�DQ�RYHUVKRRW�LQ�WKH�SURGXFWLRQ�RI�&2�

+RZHYHU�� DOO� RWKHU� SUHGLFWHG� PDVV� IUDFWLRQV� VKRZ� D� UHDVRQDEO\� JRRG� DJUHHPHQW� ZLWK� WKH

H[SHULPHQWDO�GDWD��$OVR�RWKHU�IHDWXUHV�VXFK�DV�VSUHDGLQJ�UDWHV��YHORFLW\�DQG�WXUEXOHQFH�LQWHQVLWLHV

DUH�SUHGLFWHG�VDWLVIDFWRULO\�
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&KDSWHU��

7XUEXOHQW�SUHPL[HG�IODPHV

,Q�WKLV�FKDSWHU��D�IODPHOHW�PRGHO�IRU�WXUEXOHQW�SUHPL[HG�IODPHV�ZLOO�EH�FRQVLGHUHG�DQG�HYDOXDWHG�

7KH�DSSURDFK�WR�WKH�SUHPL[HG�IODPHOHW�PRGHO�IROORZHG�LQ�WKLV�FKDSWHU�LV�TXLWH�GLIIHUHQW�IURP�WKDW

IROORZHG�LQ�WKH�GLIIXVLRQ�IODPHOHW�PRGHO�RI�&KDSWHU����7KHUH�LV�KRZHYHU�D�FHUWDLQ�DQDORJ\�ZLWK

WKH�GLIIXVLRQ�IODPHOHW�PRGHO��FKHPLVWU\�LV�FRQVLGHUHG�WR�EH�IDVW�FRPSDUHG�WR�WKH�FKDUDFWHULVWLF

WLPH�VFDOHV�RI�WXUEXOHQFH�DQG�WKHUHIRUH�FRPEXVWLRQ�WHQGV�WR�RFFXU�LQ�ORFDOO\�ODPLQDU�SUHPL[HG

IODPHV�HPEHGGHG�LQ�WKH�WXUEXOHQW�IORZ�ILHOG��/LNH�IRU�WKH�GLIIXVLRQ�IODPHOHWV��WKH�UHDFWLRQ�]RQH

LQ�WKH�SUHPL[HG�IODPHOHWV�LV�DOVR�YHU\�WKLQ��7KH�SUHKHDW�]RQH�WKLFNQHVV�RI�WKH�SUHPL[HG�IODPHOHW�

ZKLFK�LV�GHWHUPLQHG�E\�WKH�UDWLR�RI�WKH�WKHUPDO�GLIIXVLYLW\�DQG�WKH�ODPLQDU�EXUQLQJ�YHORFLW\��LV

DOVR�FRQVLGHUHG�WR�EH�YHU\�WKLQ�FRPSDUHG�WR�WKH�WXUEXOHQW�OHQJWK�VFDOHV��7KHUHIRUH��GLIIHUHQW�IURP

WKH� GLIIXVLRQ� IODPHOHW� DSSURDFK�� WKH� LQWHUQDO� VWUXFWXUH� RI� WKH� SUHPL[HG� IODPHOHWV� UHPDLQV

XQUHVROYHG�� 7KH� SURSDJDWLRQ� RI� DQ� LQILQLWHVLPDOO\� WKLQ� SUHPL[HG� IODPH� LV� GHVFULEHG� E\� D

NLQHPDWLF�HTXDWLRQ�

$YHUDJLQJ� WHFKQLTXHV� OHDG� WR� D� NLQHPDWLF� HTXDWLRQ� IRU� WKH� WXUEXOHQW� IODPH� EUXVK�� DQ

H[SUHVVLRQ�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�DQG�DQ�H[SUHVVLRQ�IRU�WKH�WXUEXOHQW�IODPH�EUXVK

WKLFNQHVV��$�VROXWLRQ�WR�WKH�NLQHPDWLF�HTXDWLRQ�LV�IRXQG�E\�PDNLQJ�XVH�RI�D�VR�FDOOHG�OHYHO�VHW

DOJRULWKP��,W�ZLOO�EH�VKRZQ�KRZ�WKH�SUHPL[HG�IODPHOHW�PRGHO�PD\�EH�XVHG�LQ�FRPELQDWLRQ�ZLWK

WKH�GLIIXVLRQ�IODPHOHW�PRGHO�

7R�HYDOXDWH�WKH�PRGHO��D�QXPHULFDO�VLPXODWLRQ�RI�D�WXUEXOHQW�SUHPL[HG�%XQVHQ�IODPH�ZLOO�EH

FDUULHG�RXW��7XUEXOHQW�PL[LQJ�LV�RI�PLQRU�LPSRUWDQFH�LQ�WKH�XVHG�WHVW�FDVH��LW�WKHUHIRUH�SUHVHQWV

D� JRRG� ZD\� RI� HYDOXDWLQJ� WKH� XVHG� H[SUHVVLRQ� IRU� WKH� WXUEXOHQW� EXUQLQJ� YHORFLW\� LQ� D

KRPRJHQHRXV�PL[WXUH�IUDFWLRQ�ILHOG��7KH�HIIHFW�RI�PL[WXUH�IUDFWLRQ�IOXFWXDWLRQV�RQ�WKH�WXUEXOHQW

EXUQLQJ�YHORFLW\�ZLOO�EH�WUHDWHG�LQ�WKH�QH[W�FKDSWHU�

��� 5(*,0(6�',$*5$0�)25�35(0,;('�785%8/(17

&20%867,21

7KH�WXUEXOHQW�OHQJWK��WLPH�DQG�YHORFLW\�VFDOHV�WKDW�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�FODVVLILFDWLRQ�RI

SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�ZLOO�EH�FRQVLGHUHG�KHUH�

7XUEXOHQW�OHQJWK�VFDOHV

7KH� WXUEXOHQW�SUHPL[HG� IODPH�EUXVK� WKLFNQHVV� O � LV�RI� WKH� VDPH�RUGHU�RI�PDJQLWXGH�DV� WKH)�W

LQWHJUDO�OHQJWK�VFDOH� ��,W�PD\�EH�GHILQHG�DV�WZR�WLPHV�WKH�U�P�V��YDOXH�RI�WKH�GLVWDQFH�RI�WKH

SUHPL[HG�IODPH�WR�LWV�DYHUDJH�SRVLWLRQ�

:KHUH� �LV�GHILQHG�DV�WKH�LQVWDQWDQHRXV�GLVWDQFH�IURP�ORFDWLRQ� �WR�WKH�SUHPL[HG�IODPH

IURQW�DQG� �DV�WKH�DYHUDJH�GLVWDQFH�WR�WKH�SUHPL[HG�IODPH�IURQW�� �LV�WKH�VR�FDOOHG�SUREDELOLW\

GHQVLW\� IXQFWLRQ�RI�*��7KH� IRUP�RI� WKLV�3')� LV� ¦SUH�DVVXPHG§� DQG� LWV� ORFDO� VKDSH�PD\�EH

GHWHUPLQHG�E\�WZR�SDUDPHWHUV��WKH�PHDQ�DQG�WKH�YDULDQFH�RI�*�
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,Q�PDQ\�SUDFWLFDO�DSSOLFDWLRQV�RI�WXUEXOHQW�FRPEXVWLRQ�WKH�VPDOOHVW�OHQJWK�VFDOH�LV�WKH�UHDFWLRQ

]RQH�WKLFNQHVV�RI�D�SUHPL[HG�IODPH��O ��7KH�WKLFNQHVV�O �RI�WKH�LQQHU�OD\HU�LQ�ZKLFK�WKH�FKHPLFDO
 


UHDFWLRQV� WDNH�SODFH�LV� W\SLFDOO\�RQH�WHQWK�RI� WKH�SUHKHDW�]RQH�WKLFNQHVV��7KH�ODPLQDU�IODPH

WKLFNQHVV��O ��UHSUHVHQWV�WKH�WKLFNQHVV�RI�WKLV�SUHKHDW�]RQH��2Q�GLPHQVLRQDO�JURXQGV��DQG�WKH)

DVVXPSWLRQ�RI�D�FKHPLFDOO\�LQHUW�SUHKHDW�]RQH��LWV�WKLFNQHVV�PD\�EH�FDOFXODWHG�IURP�

ZKHUH��IRU�D�/HZLV�QXPEHU�HTXDO�WR�RQH�� �LV�WKH�WKHUPDO�GLIIXVLYLW\�RI�WKH�XQEXUQW�PL[WXUH�

��DQG� �LV�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�RI�D�IODW�IODPH��)RU�IXHO�OHDQ�PL[WXUHV��WKH

UDWLR� RI� WKHUPDO� FRQGXFWLYLW\� WR� VSHFLILF� KHDW� DW� FRQVWDQW� SUHVVXUH� PD\� EH� HYDOXDWHG� IURP

�6PRRNH��������

)RU�H[DPSOH�IRU�D�K\GURJHQ�IODPH��ZLWK�7 �HTXDO�WR����.��' �DSSUR[LPDWHO\�HTXDO�WR����NJ�PX X
�

DQG�D�ODPLQDU�EXUQLQJ�YHORFLW\�RI�DSSUR[LPDWHO\��P�V��WKH�SUHKHDW�]RQH�WKLFNQHVV�LV�RI�WKH�RUGHU

RI������PP�

7XUEXOHQW�YHORFLW\�VFDOHV

$Q�LPSRUWDQW�YHORFLW\�VFDOH�LV�JLYHQ�E\�WKH�ODPLQDU�EXUQLQJ�YHORFLW\��,W�LV�GHILQHG�DV�WKH�YHORFLW\

DW�ZKLFK�WKH�ODPLQDU�SUHPL[HG�IODPH�SURSDJDWHV�UHODWLYH�WR�WKH�XQEXUQW�PL[WXUH��2U�LQ�RWKHU

ZRUGV��LW�PD\�EH�GHILQHG�DV�WKH�QRUPDO�FRPSRQHQW�RI�WKH�YHORFLW\�RI�WKH�XQEXUQW�PL[WXUH�UHODWLYH

WR�WKH�ODPLQDU�SUHPL[HG�IODPH�IURQW��,Q�WKH�VDPH�ZD\�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\� �LV�GHILQHG

DV�WKH�QRUPDO�FRPSRQHQW�RI�WKH�PHDQ�YHORFLW\�RI�WKH�XQEXUQW�PL[WXUH�UHODWLYH�WR�WKH�VXUIDFH�RI

WKH�DYHUDJH�IODPH�SRVLWLRQ��L�H��WKH�VXUIDFH� ��7KLV�WXUEXOHQW�EXUQLQJ�YHORFLW\�GHSHQGV�RQ�ERWK

WKH�FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ�DV�ZHOO�DV�RQ�WKH�ODPLQDU�EXUQLQJ�YHORFLW\��'DPN|KOHU

�������ZDV�WKH�ILUVW�WR�SUHVHQW�WKHRUHWLFDO�H[SUHVVLRQV�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\��+H

LGHQWLILHG� WZR�GLIIHUHQW� UHJLPHV�ZKLFK�KH� FDOOHG� WKH� ODUJH�VFDOH� DQG� VPDOO�VFDOH�WXUEXOHQFH

UHJLPH��)RU�WKH�ODUJH�VFDOH�WXUEXOHQFH�UHJLPH�KH�DVVXPHG�WKDW�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LV

SURSRUWLRQDO� WR� WKH� VXUIDFH�DUHD�RI� WKH� WXUEXOHQW� IODPH��ZKLFK� LV� LQ� WXUQ�SURSRUWLRQDO� WR� WKH

FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ� ��([SHULPHQWDO�GDWD�IRU�IXOO\�GHYHORSHG�IODPHV��$EGHO�*D\HG

HW�DO���������VXJJHVW�WKDW�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LV�DSSUR[LPDWHO\

LQ�WKH�ODUJH�VFDOH�WXUEXOHQFH�OLPLW��+RZHYHU��WKHUH�LV�D�GHILFLHQF\�LQ�WKLV�H[SUHVVLRQ��ZKHQ�

DSSURDFKHV�]HUR�� �WHQGV�WR�]HUR��$FWXDOO\�� �VKRXOG�EH�FORVH�WR� �ZKHQ �WHQGV�WR�]HUR��,Q

RUGHU�WR�DYRLG�WKLV�DQRPDO\��(TXDWLRQ�������PD\�EH�UHSODFHG�E\

)RU�ODUJH�VFDOH�WXUEXOHQFH��WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LV�WKHUHIRUH�DVVXPHG�WR�EH�LQGHSHQGHQW

RI�FKHPLFDO�SURFHVVHV��6XIILFLHQWO\�ODUJH�VFDOH�WXUEXOHQFH�PHUHO\�ZULQNOHV�D�SUHPL[HG�ODPLQDU

IODPH�ZLWKRXW�VLJQLILFDQWO\�PRGLI\LQJ�LWV�LQWHUQDO�VWUXFWXUH��$OWKRXJK�(TXDWLRQ�������SUHGLFWV�WKDW

�LQFUHDVHV�OLQHDUO\�ZLWK� �WKLV�LV�QRW�REVHUYHG�LQ�PHDVXUHPHQWV�IRU�YHU\�ODUJH�YDOXHV�RI

��)RU�ODUJH�WXUEXOHQFH�LQWHQVLWLHV�DQ�LQFUHDVHG�YDOXH�IRU� �JLYHV�ULVH�WR�D�VPDOOHU�WKDQ
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OLQHDU�LQFUHDVH�RI�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\��H�J��$EGHO�*D\HG�HW�DO����������7KLV�GHYLDWLRQ

IURP�WKH�VWUDLJKW�OLQH�RI�WKH�ODUJH�VFDOH�WXUEXOHQFH�OLPLW�LV�FDOOHG�WKH�¨EHQGLQJ�RI�WKH�WXUEXOHQW

EXUQLQJ�YHORFLW\©��DOVR�NQRZQ�DV�¨WKH�EHQGLQJ�HIIHFW©��7KLV�¨EHQGLQJ�HIIHFW©�FDQQRW�EH�H[SODLQHG

IURP�'DPN|KOHU©V�DQDO\VLV��ZKLFK�LV�VROHO\�EDVHG�RQ�JHRPHWULFDO�DUJXPHQWV�

)RU�VPDOO�VFDOH�WXUEXOHQFH�'DPN|KOHU�DUJXHG�WKDW�WXUEXOHQFH�PRGLILHV�WKH�WUDQVSRUW�LQ�WKH

SUHKHDW�]RQH��6XIILFLHQWO\�VPDOO�VFDOH�WXUEXOHQFH�DOWHUV�WKH�HIIHFWLYH�WUDQVSRUW�FRHIILFLHQWV�LQ�WKH

IODPH�ZLWKRXW�VLJQLILFDQWO\�ZULQNOLQJ�WKH�IODPH�IURQW��'DPN|KOHU�XVHG�WKH�VFDOLQJ�UHODWLRQ�IRU

WKH�ODPLQDU�EXUQLQJ�YHORFLW\�

ZKHUH� � LV� WKH� FKHPLFDO� WLPH� VFDOH��+H� UHSODFHG� WKH� ODPLQDU� GLIIXVLYLW\�'� E\� D� WXUEXOHQW

GLIIXVLYLW\� �WR�REWDLQ

ZKHUH�IRU�D�WXUEXOHQW�6FKPLGW�QXPEHU� �WKH�WXUEXOHQW�GLIIXVLYLW\�LV�JLYHQ�E\

��IRU�GHILQLWLRQV�RI� �VHH�6HFWLRQ�������,I�LW�LV�DVVXPHG�WKDW�WKH�FKHPLFDO�WLPH

VFDOH�LV�QRW�DIIHFWHG�E\�WXUEXOHQFH��WKHQ�FRPELQLQJ�(TXDWLRQ�������ZLWK�(TXDWLRQ�������OHDGV�WR

)RU�WKH�VDPH�UHDVRQ�WKDW�(TXDWLRQ�������ZDV�UHSODFHG�E\�(TXDWLRQ��������(TXDWLRQ�������PD\�EH

UHSODFHG�E\�

VKRZLQJ�WKDW�LQ�WKH�VPDOO�VFDOH�WXUEXOHQFH�UHJLPH�WKH�UDWLR�RI�WKH�WXUEXOHQW�WR�WKH�ODPLQDU�EXUQLQJ

YHORFLW\�QRW�RQO\�GHSHQGV�RQ�WKH�YHORFLW\�UDWLR� �EXW�DOVR�RQ�WKH�OHQJWK�VFDOH�UDWLR� �

,Q�WKH�SDVW��PDQ\�DWWHPSWV�KDYH�EHHQ�PDGH�WU\LQJ�WR�PRGLI\�'DPN|KOHU©V�DQDO\VLV�DQG�WR

GHULYH�H[SUHVVLRQV�WKDW�ZRXOG�UHSURGXFH�WKH�ODUJH�DPRXQW�RI�H[SHULPHQWDO�GDWD�RQ�WXUEXOHQW

EXUQLQJ�YHORFLWLHV��+RZHYHU��PDQ\�RI�WKHVH�H[SUHVVLRQV�IDLO�EHFDXVH�RI�WKH�H[LVWHQFH�RI�WKH�WZR

GLIIHUHQW�UHJLPHV�WKDW�ZHUH��DOUHDG\�UHFRJQL]HG�E\�'DPN|KOHU�LQ�������5HFHQWO\�3HWHUV�������

GHULYHG�DQ�H[SUHVVLRQ�WKDW�LQGHHG�FRYHUV�ERWK�UHJLPHV�LQ�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�

ZKHUH� �LV�FDOOHG�WKH�IODPH�VXUIDFH�DUHD�UDWLR�ZKLFK��IRU�WKH�FDVH�RI�D�IXOO\�GHYHORSHG�WXUEXOHQW

IODPH��PD\�EH�DSSUR[LPDWHG�E\��VHH�$SSHQGL[�(��

DQG� �LV�WKH�EXUQLQJ�YHORFLW\�RI�WKH�XQVWUHWFKHG�IODPH��,Q�(TXDWLRQ���������WKH�0DUNVWHLQ�OHQJWK

m�DFFRXQWV�IRU�HIIHFWV�RI�IODPH�FXUYDWXUH�DQG�IODPH�VWUHWFK�RQ�WKH�ODPLQDU�EXUQLQJ�YHORFLW\��VHH
(TXDWLRQ����������(TXDWLRQ��������KDV�EHHQ�GHULYHG�E\�FRQVLGHULQJ�D�WXUEXOHQW�IODPH�ZKLFK�LV

WLPH�DYHUDJHG�VWDWLRQDU\�DQG�RQH�GLPHQVLRQDO�DV�LQ�)LJXUH������7KH�YDULDEOH�*�KDV�KHUH�EHHQ

GHILQHG�DV�WKH�GLVWDQFH�LQ�[�GLUHFWLRQ�WR�WKH�SUHPL[HG�IODPH�IURQW�
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)LJXUH�����7LPH�DYHUDJHG�VWDWLRQDU\�DQG�RQH�GLPHQVLRQDO�SUHPL[HG�IODPH�
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$YHUDJLQJ�RI�WKH�NLQHPDWLF�HTXDWLRQ�IRU�*��������ZLWK�VXEVWLWXWLRQ�RI�(TXDWLRQ��������OHDGV�WR

:KHUH� ��&RPSDULQJ�WKLV�HTXDWLRQ�WR�WKH�NLQHPDWLF�HTXDWLRQ�IRU� ��L�H�

OHDGV�WR

7KH�ODVW�WKUHH�WHUPV�LQ�WKLV�HTXDWLRQ�DUH�XQFORVHG�DQG�VKRXOG�EH�PRGHOOHG��6LQFH�GLIIXVLRQ�LV�QRW

SUHVHQW�LQ�WKH�LQVWDQWDQHRXV�*�HTXDWLRQ��LW�FDQQRW�DSSHDU�LQ�WKH�HTXDWLRQ�IRU� ��7KH�FXUYDWXUH

WHUP�LV�WKHUHIRUH�FRPELQHG�ZLWK�WKH�WXUEXOHQW�WUDQVSRUW�WHUP�DV�

,Q�WKLV�PRGHO��WKHVH�WHUPV�PD\�WKHUHIRUH�EH�QHJOHFWHG�LQ�FDVH�RI�D�IODW�IODPH�� ���1XPHULFDO

VLPXODWLRQV�E\�$VKXUVW��������KDYH�VKRZQ�WKDW�WKH�VWUDLQ�LV�VWDWLVWLFDOO\�LQGHSHQGHQW�RI�)�DQG�WKDW
WKH�PHDQ�VWUDLQ� �RQ�WKH�IODPH�VXUIDFH�LV�DOZD\V�QHJDWLYH��7KH�PHDQ�VWUDLQ�KDV�EHHQ

PRGHOOHG�DV

:LWK� ��(TXDWLRQ��������PD\�WKHQ�EH�ZULWWHQ�DV�(TXDWLRQ��������H[FHSW�IRU�WKH�GHIHFW

FRUUHFWLRQ�IRU�WKH�FDVH�RI� �

7KH�GHULYDWLRQ�RI�(TXDWLRQ��������LV�JLYHQ�LQ�$SSHQGL[�(��EDVHG�RQ�D�WUDQVSRUW�HTXDWLRQ�IRU

)�JLYHQ�E\�3HWHUV���������+HUH�LW�LV�RQO\�PHQWLRQHG�WKDW�LQ�WKH�OLPLW� �(TXDWLRQ�������

UHGXFHV�WR�
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)LJXUH����� �DV�D�IXQFWLRQ�RI� �IRU�GLIIHUHQW�OHQJWK�VFDOH�UDWLRV�

DQG�IRU�m ��(TXDWLRQ�������WKHQ�EHFRPHV�LGHQWLFDO�WR�(TXDWLRQ��������7KLV�UHJLPH�RI� �LV

ZKDW�3HWHUV�FDOOHG�WKH�FRUUXJDWHG�IODPHOHW�UHJLPH�

,Q�WKH�OLPLW� �(TXDWLRQ��������UHGXFHV�WR� �DQG�IRU�m ��(TXDWLRQ�������WKHQ
EHFRPHV�LGHQWLFDO�WR�(TXDWLRQ�������7KLV�UHJLPH�RI� �LV�ZKDW�3HWHUV�FDOOHG�WKH�WKLQ�UHDFWLRQ�

]RQHV�UHJLPH��,Q�WKLV�VPDOO�VFDOH�WXUEXOHQFH�UHJLPH��'DPN|KOHU�DVVXPHG�WKDW�WKH�FKHPLFDO�WLPH

VFDOH�LV�QRW�DIIHFWHG�E\�WXUEXOHQFH��7KH�SK\VLFDO�SLFWXUH�EHKLQG�WKLV�LV�WKDW��LQ�WKH�WKLQ�UHDFWLRQ�

]RQHV�UHJLPH��WXUEXOHQW�HGGLHV�WKDW�HQWHU�LQWR�WKH�FKHPLFDOO\�LQHUW�SUHKHDW�]RQH�GR�QRW�HQWHU�WKH

UHDFWLRQ�]RQH��7KHUHIRUH�WKH\�DIIHFW�WKH�FKHPLFDO�UHDFWLRQV�RQO\�LQGLUHFWO\�E\�FRQWUROOLQJ�WKH

GLIIXVLRQ�SURFHVVHV�LQ�WKDW�]RQH�

$OVR�WKH�¦EHQGLQJ�HIIHFW§�LV�GHVFULEHG�E\�(TXDWLRQ���������)RU�D�FRQVWDQW�OHQJWK�VFDOH�UDWLR

��ZKLFK�LV�W\SLFDO�IRU�H[SHULPHQWV�DW�FRQVWDQW�SUHVVXUH�DQG�ZLWK�D�IL[HG�JHRPHWU\��(TXDWLRQ

�������VKRZV�D�GHYLDWLRQ�IURP�WKH�VWUDLJKW�OLQH� �DQG�OHDGV�WR�VPDOOHU�YDOXHV�RI�

IRU�VPDOO�OHQJWK�VFDOH�UDWLRV��7KLV�LV�LOOXVWUDWHG�LQ�)LJXUH�����IRU�m ��

)LJXUH�����VKRZV�WKH�UHJLPHV�GLDJUDP�IRU�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�UHVXOWLQJ�IURP�WKH

DQDO\VLV�JLYHQ�DERYH��$ORQJ�WKH�KRUL]RQWDO�D[LV�LV�WKH�OHQJWK�VFDOH�UDWLR� �ZKHUH� �LV�WKH

LQWHJUDO�OHQJWK�VFDOH�RI�WXUEXOHQFH�DQG� �LV�WKH�ODPLQDU�IODPH�WKLFNQHVV��$ORQJ�WKH�YHUWLFDO�D[LV

LV�WKH�YHORFLW\�VFDOH�UDWLR� �ZKHUH� �LV�D�FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ�DQG� �LV�WKH

ODPLQDU�EXUQLQJ�YHORFLW\��7KH�WXUEXOHQFH�5H\QROGV�QXPEHU�5H �PD\�EH�GHILQHG�DV�W
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)LJXUH�����5HJLPHV�IRU�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�

ZKHUH�)�LV�WKH�6FKPLGW�QXPEHU�RI�RUGHU�XQLW\��7KH�OLQH�RI��5H ��VHSDUDWHV�WKH�ODPLQDU�IODPHW

UHJLPH��ZKLFK� LV� VLWXDWHG� LQ� WKH� ORZHU� OHIW� FRUQHU�� IURP� WKH� WXUEXOHQW�IODPH� UHJLPHV�� ,Q� WKH

WXUEXOHQW�IODPH�UHJLPHV�WKH�OLQH� �VHSDUDWHV�WKH�ZULQNOHG�DQG�FRUUXJDWHG�IODPHOHWV��%RWK

UHJLPHV�DUH�LQ�WKH�IODPHOHW�UHJLPH�FKDUDFWHUL]HG�E\�WKH�.DUORYLW]�QXPEHU��.D��EHLQJ�VPDOOHU�WKDQ

���IDVW�FKHPLVWU\���7KH�.DUORYLW]�QXPEHU�LV�GHILQHG�KHUH�DV�

7KH�ERXQGDU\�WR�WKH�WKLQ�UHDFWLRQ�]RQHV�UHJLPH�LV�JLYHQ�E\�.D ���ZKLFK�LV�HTXLYDOHQW�WR�WKH

FRQGLWLRQ�WKDW�WKH�ODPLQDU�IODPH�WKLFNQHVV� �LV�HTXDO�WR�WKH�.ROPRJRURY�VFDOH����7KH�WKLFNQHVV�
RI�WKH�LQQHU�OD\HU�LQ�ZKLFK�WKH�FKHPLFDO�UHDFWLRQV�WDNH�SODFH�LV�W\SLFDOO\�RQH�WHQWK�RI�WKH�SUHKHDW

]RQH�WKLFNQHVV��7KH�ERXQGDU\�EHWZHHQ�WKH�WKLQ�UHDFWLRQ�]RQHV�UHJLPH�DQG�WKH�EURNHQ�UHDFWLRQ�

]RQHV�UHJLPH�LV�JLYHQ�E\� ��ZKLFK�LV�HTXLYDOHQW�WR�WKH�FRQGLWLRQ�WKDW�WKH�LQQHU�OD\HU

WKLFNQHVV� � LV�HTXDO�WR�WKH�.ROPRJRURY�VFDOH����$�PRUH�GHWDLOHG�GLVFXVVLRQ�RI�WKH�YDULRXV
UHJLPHV�KDV�EHHQ�JLYHQ�E\�3HWHUV��������

����)/$0(/(7�02'(//,1*

,I�FKHPLVWU\�LV�IDVW�FRPSDUHG�WR�FRQYHFWLRQ�DQG�GLIIXVLRQ��ERWK�WKH�SUHPL[HG�IODPH�DV�ZHOO�DV�WKH

GLIIXVLRQ�IODPH�PD\�EH�UHJDUGHG�DV�ORFDOO\�ODPLQDU�IODPHV�HPEHGGHG�LQ�D�WXUEXOHQW�IORZ�ILHOG�

$�SDUWLDOO\�SUHPL[HG�WXUEXOHQW�GLIIXVLRQ�IODPH�PD\�WKHQ�EH�WUHDWHG�DV�DQ�HQVHPEOH�RI�ODPLQDU

SUHPL[HG�IODPHOHWV�DQG�ODPLQDU�GLIIXVLRQ�IODPHOHWV��VHH�)LJXUH������
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(KIWTG�����6WTDWNGPV�HNCOG�CU�CP�GPUGODNG�QH�NCOKPCT�RTGOKZGF�CPF�NCOKPCT�FKHHWUKQP
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7KH�SUHPL[HG�IODPH�LV�GHVFULEHG�E\�D�SURJUHVV�YDULDEOH�F��7KLV�SURJUHVV�YDULDEOH�PD\�EH

LQWHUSUHWHG�DV�D�QRQ�GLPHQVLRQDO�SURGXFW�PDVV�IUDFWLRQ�

LQ�ZKLFK� �LV�WKH�ORFDO�PDVV�IUDFWLRQ�RI�WKH�IXHO��%HFDXVH�WKH�SUHPL[HG�IODPH�IURQW�LV�YHU\�WKLQ�

LWV� LQWHUQDO�VWUXFWXUH�LV�OHIW�XQUHVROYHG�DQG�WKH�IODPH�IURQW�LV� WUHDWHG�DV�D�GLVFRQWLQXLW\��7KH

SURJUHVV�YDULDEOH�PD\�WKHQ�EH�LQWHUSUHWHG�DV�D�VWHS�IXQFWLRQ�WKDW�VHSDUDWHV�WKH�XQEXUQW�PL[WXUH

DQG�WKH�EXUQW�JDV�LQ�WKH�JLYHQ�IORZ�ILHOG��%\�GHILQLWLRQ�F�HTXDOV���LQ�WKH�XQEXUQW�PL[WXUH�DQG�F

HTXDOV���LQ�WKH�EXUQW�JDV��7KH�WLPH�GHSHQGHQW�SRVLWLRQ�RI�WKH�SUHPL[HG�IODPH�LV�GHVFULEHG�E\�WKH

NLQHPDWLF�HTXDWLRQ

LQ�ZKLFK� �LV�WKH�YHORFLW\�RI�WKH�IODPH�VXUIDFH��7KLV�IODPH�VXUIDFH�YHORFLW\�LV�WKH�VXP�RI�WKH

ORFDO�IORZ�YHORFLW\�DW�WKH�XQEXUQW�VLGH�RI�WKH�IODPH�DQG�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�QRUPDO�DQG

UHODWLYH�WR�WKH�XQEXUQW�VLGH�RI�WKH�IODPH��)LJXUH������

LQ�ZKLFK� �LV�WKH�QRUPDO�YHFWRU�RQ�WKH�IODPH�VXUIDFH�SRLQWLQJ�WRZDUGV�WKH�XQEXUQW�PL[WXUH��7KH

ODPLQDU�EXUQLQJ�YHORFLW\�LV�NQRZQ�DV�D�IXQFWLRQ�RI�IODPH�FXUYDWXUH�DQG�IODPH�VWUHWFK��&ODYLQ�

������

+HUH� �LV�WKH�EXUQLQJ�YHORFLW\�RI�WKH�XQVWUHWFKHG�IODPH����LV�WKH�IODPH�IURQW�FXUYDWXUH�DQG�m�LV
WKH�0DUNVWHLQ�OHQJWK��7KH�0DUNVWHLQ�OHQJWK�DFFRXQWV�IRU�IODPH�FXUYDWXUH�DQG�IODPH�VWUHWFK�HIIHFWV

RQ�WKH�ODPLQDU�EXUQLQJ�YHORFLW\��,W�PD\�EH�GHULYHG�RQ�WKH�EDVLV�RI�IODPHOHW�FDOFXODWLRQV��3HWHUV�

������RU�PHDVXUHPHQWV��6HDUE\�HW�DO��������DQG�.DUSRY�HW�DO���������

$�QXPHULFDO�SUREOHP�QRZ�DULVHV��KRZ�WR�WUDFN�WKLV�HYROYLQJ�LQWHUIDFH"�$Q�DWWUDFWLYH�ZD\�LV

PDNLQJ�XVH�RI� D� VR�FDOOHG� OHYHO�VHW�PHWKRG� �6HWKLDQ���������7KH�PDLQ� LGHD�RI� WKH� OHYHO�VHW

PHWKRGRORJ\�LV�WR�HPEHG�WKH�SURSDJDWLQJ�LQWHUIDFH�DV�WKH�]HUR�OHYHO�VHW�RI�D�KLJKHU�GLPHQVLRQDO

IXQFWLRQ�*��*�PD\�IRU�H[DPSOH�EH�GHILQHG�DV�D�VLJQHG�GLVWDQFH�IXQFWLRQ�ZKHUH�*�LV�SRVLWLYH�DW

WKH�EXUQW�VLGH�RI�WKH�IODPH�IURQW�DQG�QHJDWLYH�DW�WKH�XQEXUQW�VLGH�RI�WKH�IODPH�IURQW��)LJXUH������
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(KIWTG�����$WTPV�CPF�WPDWTPV�ICU�TGIKQPU�UGRCTCVGF�D[�C�VJKP
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7KH�OHYHO�VHW�PHWKRG�GLYLGHV�WKH�GRPDLQ�LQWR�JULG�SRLQWV�WKDW�KROG�DSSUR[LPDWLRQV�WR�WKH�YDOXHV

RI�WKH�OHYHO�VHW�IXQFWLRQ�*��7KH�QRUPDO� �WR�WKH�IODPH�IURQW�PD\�WKHQ�EH�HYDOXDWHG�DV

DQG�WKH�FXUYDWXUH���DV

ZKHUH� �PD\�EH�DSSUR[LPDWHG�E\�VRPH�DSSURSULDWH�ILQLWH�GLIIHUHQFH�RSHUDWRU��L�H�� �

7KH�IODPH�SRVLWLRQ�LV�WKHQ�IRXQG�DV�WKH�]HUR�OHYHO�VHW�RI�*�E\�LQWHUSRODWLRQ�

)RU� *� HTXDO� WR� ]HUR� LW� VKRXOG� VDWLVI\� WKH� VDPH� NLQHPDWLF� HTXDWLRQ� DV� WKDW� IRU� F�� L�H�

(TXDWLRQ���������,Q�FRPELQDWLRQ�ZLWK�(TXDWLRQ��������DQG�(TXDWLRQ��������WKLV�OHDGV��DIWHU�VRPH

PDQLSXODWLRQV��WR�WKH�OHYHO�VHW�HTXDWLRQ�IRU�*�

ZKHUH�)�LV�WKH�VR�FDOOHG�VSHHG�IXQFWLRQ�

ZKLFK�SURYLGHV�WKH�VSHHG�RI�WKH�IODPH�IURQW�VXUIDFH�LQ�WKH�GLUHFWLRQ�RSSRVLWH�WR�WKH�GLUHFWLRQ�RI

WKH�QRUPDO�RQ�WKH�IODPH�IURQW��(TXDWLRQ��������ZDV�ILUVW�IRUPXODWHG�E\�0DUNVWHLQ��������DQG

LQGHSHQGHQWO\�E\�:LOOLDPV������D��LQ�D�VOLJKWO\�GLIIHUHQW�ZD\��L�H��DV

1XPHULFDO�VROXWLRQV�RI�(TXDWLRQ��������LQ�D�IOXFWXDWLQJ�IORZ�ILHOG�KDYH�EHHQ�REWDLQHG�IRU�WKH�ILUVW

WLPH�E\�.HUVWHLQ�HW�DO���������

,I�WKH�OHYHO�VHW�HTXDWLRQ�IRU�*�LV�VROYHG�WKHQ�WKH�VROXWLRQ�IRU�WKH�SURJUHVV�YDULDEOH�F�PD\�EH

IRXQG�E\�F +�*���ZKHUH�+�LV�WKH�+HDYLVLGH�IXQFWLRQ�ZKLFK�HTXDOV���IRU�*���DQG���IRU�*!��

6FDODU�TXDQWLWLHV�PD\�WKHQ�EH�FDOFXODWHG�DV�

ZKHUH� �LV�WKH�XQEXUQW�VFDODU�TXDQWLW\�ZKLFK�LV�GHWHUPLQHG�E\�DQ�LQHUW�PL[LQJ�SURFHVV�DQG
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WKHUHE\�� LI� WKH� GLIIXVLYLWLHV� RI� DOO� VSHFLHV� DUH� DVVXPHG� WR� EH� HTXDO�� VROHO\� E\� WKH� PL[WXUH

IUDFWLRQ�=��7KH�EXUQW�VFDODU�TXDQWLW\� � LV�FDOFXODWHG�E\�PDNLQJ�XVH�RI� WKH� IODPHOHW�PRGHO

GHVFULEHG�LQ�&KDSWHU���

����21(�',0(16,21$/�/$0,1$5�35(0,;('�)/$0(6

6ROXWLRQV�IRU�SUHPL[HG�IODPHV�LQ�D�FRXQWHUIORZ�FRQILJXUDWLRQ�PD\�EH�REWDLQHG�ZLWK�WKH�VDPH�VHW

RI�HTXDWLRQV�DV�WKRVH�JLYHQ�IRU�WKH�ODPLQDU�FRXQWHUIORZ�GLIIXVLRQ�IODPHV�LQ�6HFWLRQ������%RXQGDU\

FRQGLWLRQV�KDYH�WR�EH�VHW�DV�VKRZQ�LQ�)LJXUH������L�H��SUHPL[HG�JDVHV�ZLWK�WKH�VDPH�FRPSRVLWLRQ

DW�ERWK�ERXQGDULHV� ��7KHUHIRUH��WKH�PL[WXUH�IUDFWLRQ�LV�FRQVWDQW�WKURXJK�WKH�ZKROH

GRPDLQ��%HFDXVH�RI�V\PPHWU\��ERXQGDU\�FRQGLWLRQV�RQ�RQH�VLGH�PD\�EH�UHSODFHG�E\�]HUR�JUDGLHQW

FRQGLWLRQV�DW�WKH�V\PPHWU\�SRVLWLRQ��H[FHSW�IRU�WKH�YHORFLW\�X��ZKLFK�WDNHV�WKH�YDOXH� �

7KH�ODPLQDU�EXUQLQJ�YHORFLW\� �PD\�EH�LGHQWLILHG�DV�D�PLQLPXP�SRLQW�LQ�WKH�YHORFLW\�SURILOH

DKHDG�RI�WKH�SUHPL[HG�IODPH��7KH�YHORFLW\�JUDGLHQW�DKHDG�RI�LW�LV�HTXDO�WR�WKH�LPSRVHG�VWUDLQ

UDWH�D��WLPHV�WZR�IRU�WKH�D[L�V\PPHWULFDO�FDVH���/LQHDU�H[WUDSRODWLRQ�RI� �WR�D ��\LHOGV�D

YDOXH�ZKLFK�VKRXOG�FORVHO\�DSSUR[LPDWH�WKH�VWUHWFK�IUHH�EXUQLQJ�YHORFLW\� �

$QRWKHU�ZD\�RI�REWDLQLQJ�WKH�VWUHWFK�IUHH�EXUQLQJ�YHORFLW\� �LV�E\�VROYLQJ�WKH�HTXDWLRQV�IRU

WKH�SODQDU�VWHDG\�IODPH�FRQILJXUDWLRQ�QRUPDO� WR� WKH�[�GLUHFWLRQ�ZLWK� WKH�XQEXUQW�PL[WXUH�DW

��DQG�WKH�EXUQW�JDV�DW� ��7KH�HTXDWLRQV�DUH�DV�IROORZV�

&RQWLQXLW\�

6SHFLHV�

7HPSHUDWXUH�
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7KH� FRQWLQXLW\� HTXDWLRQ� PD\� EH� LQWHJUDWHG� WR� \LHOG� �� ZKHUH� WKH� LQGH[� X� GHQRWHV

FRQGLWLRQV�RI�WKH�XQEXUQW�PL[WXUH��7KH�EXUQLQJ�YHORFLW\� �LV�DQ�HLJHQYDOXH��ZKLFK�PXVW�EH

GHWHUPLQHG�DV�SDUW�RI�WKH�VROXWLRQ��7KH�SUHVVXUH�LV�WDNHQ�DV�FRQVWDQW��DQG�WKH�V\VWHP�RI�HTXDWLRQV

LV�FORVHG�E\�WKH�HTXDWLRQ�RI�VWDWH��L�H��(TXDWLRQ���������6RPH�QXPHULFDO�DV�ZHOO�DV�H[SHULPHQWDO

UHVXOWV�RQ�PHWKDQH�DQG�K\GURJHQ�IODPHV��REWDLQHG�E\�GLIIHUHQW�DXWKRUV��KDYH�EHHQ�VXPPDUL]HG

LQ�$SSHQGL[�'�

����$9(5$*('�(48$7,216

7KH�PHDQ�SUHPL[HG�IODPH�SRVLWLRQ�LV�IRXQG�DV�WKH�]HUR�OHYHO�VHW�RI�WKH�OHYHO�VHW�IXQFWLRQ� ��VHH

)LJXUH�������$W�VRPH�LQLWLDO�WLPH�W ��� �LV�VHW�HTXDO�WR�D�VLJQHG�GLVWDQFH�IXQFWLRQ�WKDW�REH\V

$IWHU�WKLV�LQLWLDOL]DWLRQ�WKH�SURSDJDWLRQ�RI�WKH�]HUR�OHYHO�VHW�LV�IRXQG�E\�VROYLQJ�WKH�OHYHO�VHW

HTXDWLRQ�

ZKHUH�IRU�WKH�]HUR�OHYHO�VHW�WKH�VSHHG�IXQFWLRQ�)�LV�QRZ�JLYHQ�E\

ZLWK� �WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\��)RU�VWHDG\�PHDQ�IORZ�VLWXDWLRQV�WKH�WXUEXOHQW�EXUQLQJ

YHORFLW\�LV�GHILQHG�DV�WKH�FRPSRQHQW�RI�WKH�PHDQ�YHORFLW\�DKHDG�RI�WKH�WXUEXOHQW�IODPH�EUXVK

QRUPDO� WR� WKH�VXUIDFH�RI� WKH�DYHUDJH�IODPH�SRVLWLRQ��2EYLRXVO\�� WKH�VWHDG\�VWDWH�VROXWLRQ�RI

(TXDWLRQ���������L�H��) ���REH\V�WKLV�GHILQLWLRQ�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\��0�OOHU�HW�DO�

�����D��HYDOXDWHG�WKH�FRQGLWLRQHG�YHORFLW\� �XQGHU�WKH�DVVXPSWLRQ�WKDW�WKH�PDVV�IOX[�WKURXJK

WKH�WXUEXOHQW�IODPH�LV�FRQVWDQW�DQG�WKHUHIRUH�WKDW� �ZKHUH� �LV�WKH�GHQVLW\�LQ�WKH

XQEXUQW�PL[WXUH��7KLV�LV�KRZHYHU�RQO\�WUXH�IRU�VWHDG\�RQH�GLPHQVLRQDO�IODPHV�DQG�PD\�OHDG�WR

ODUJH� HUURUV� LQ� WKH� FDVH�RI� VWURQJO\� FXUYHG� IODPHV��.HOOHU� ������� HYDOXDWHG� WKH� FRQGLWLRQHG

YHORFLW\� �DW�WKH�XQEXUQW�VLGH�RI�WKH�WXUEXOHQW�IODPH�EUXVK�E\�PDNLQJ�XVH�RI�D�VHDUFK�DOJRULWKP�

,Q�WKH�SUHVHQW�VWXG\�WKH�FRQGLWLRQHG�YHORFLW\� �LV�HYDOXDWHG�DW�WKH�XQEXUQW�VLGH�RI�WKH�WXUEXOHQW

IODPH�EUXVK��L�H��DW� �E\�LQWHUSRODWLRQ�IURP�WKH�PHDQ�YHORFLW\�ILHOG�VROYHG�LQ�WKH�N�J
PRGHO��DQG�IRXQG�HOVHZKHUH�E\�VROYLQJ

ZLWK�WKH���FRRUGLQDWH�QRUPDO�WR�DQ�LVR�VXUIDFH�RI� ��VR�WKDW

7KH�ERXQGDU\�FRQGLWLRQ�IRU�(TXDWLRQ��������LV�JLYHQ�E\� ��$OVR�WKH�WXUEXOHQW

EXUQLQJ�YHORFLW\� �LV�HYDOXDWHG�DW�WKH�XQEXUQW�VLGH�RI�WKH�WXUEXOHQW�IODPH�EUXVK�DQG�D�VLPLODU

SURFHGXUH�LV�IROORZHG�
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)LJXUH�����*�DV�WKH�GLVWDQFH�WR�WKH�SUHPL[HG�IODPH�

DQG� �DV�WKH�GLVWDQFH�WR�WKH�PHDQ�IODPH�SRVLWLRQ�
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7KH�OHYHO�VHW�HTXDWLRQ�PD\�EH�GLVFUHWL]HG�ZLWK�D�IRUZDUG�GLIIHUHQFH�VFKHPH�LQ�WLPH��OLNH

6R�WKDW�

DQG�WKHUHIRUH

,Q�PDQ\�OHYHO�VHW�PHWKRGV��WKH�VSHHG�IXQFWLRQ�LV�WDNHQ�WR�EH�FRQVWDQW�LQ���GLUHFWLRQ��2YLQN�HW�DO��
�������L�H�� ��+RZHYHU��LI�VXFK�DQ�DSSURDFK�LV�XVHG��WKLV�OHDGV�WR�WKH�QHFHVVLW\�RI�PDNLQJ

XVH�RI�D�UH�LQLWLDOL]DWLRQ�DOJRULWKP��7KLV�LV�H[SODLQHG�DV�IROORZV��,I�DW�WLPH�OHYHO�Q�WKH�OHYHO�VHW

IXQFWLRQ� �LV�HTXDO�WR�WKH�VLJQHG�GLVWDQFH�IXQFWLRQ�WKHQ��E\�VROYLQJ�(TXDWLRQ���������WKLV�ZRXOG

OHDG�DW�WLPH�OHYHO�Q���WR

ZKHUH�!�DQG���DUH�SHUSHQGLFXODU�FRRUGLQDWHV�DORQJ�DQ�LVRVXUIDFH�RI� ��6R�JUDGLHQWV�LQ�WKH�OHYHO�

VHW�IXQFWLRQ�DUH�JHWWLQJ�VWHHSHU�DIWHU�HYHU\�WLPH�VWHS��7R�HQVXUH�WKDW�WKH�OHYHO�VHW�IXQFWLRQ�VWD\V

ZHOO�EHKDYHG�WKH�OHYHO�VHW�FDOFXODWLRQ�KDV�WR�EH�VWRSSHG�SHULRGLFDOO\�DQG�WKH�OHYHO�VHW�IXQFWLRQ

KDV�WR�EH�UH�LQLWLDOL]HG�E\�VROYLQJ�WKH�GLVFUHWL]HG�YHUVLRQ�RI�(TXDWLRQ���������2YLQN�HW�DO���������

7KH�QHW�HIIHFW�LV�WR�VWUDLJKWHQ�RXW�WKH�OHYHO�VHWV�RQ�HLWKHU�VLGH�RI�WKH�]HUR�OHYHO�VHW�DQG�WR�SURGXFH

D� �IXQFWLRQ�ZLWK� FRUUHVSRQGLQJ�WR�WKH�VLJQHG�GLVWDQFH�IXQFWLRQ��)RU�WXUEXOHQW�IODPH

FDOFXODWLRQV�LQ�WKUHH�GLPHQVLRQV��.HOOHU��������XVHG�D�UH�LQLWLDOL]DWLRQ�DOJRULWKP�GHYLVHG�E\

6XVVPDQ��������LQ�ZKLFK�WKH�VROXWLRQ�RI�(TXDWLRQ��������LV�IRXQG�DV�WKH�VWHDG\�VWDWH�VROXWLRQ�RI

D� WLPH�GHSHQGHQW� HTXDWLRQ��+HUH� DQRWKHU� SURFHGXUH� LV� IROORZHG�ZKLFK�PDNHV� WKH� XVH� RI� D

UHLQLWLDOL]DWLRQ�DOJRULWKP�UHGXQGDQW��,I�LW�LV�DVVXPHG�WKDW�DW�WLPH�OHYHO�Q���WKH�PDJQLWXGH�RI�WKH

JUDGLHQW�LQ� � LV�HTXDO�WR���WKHQ�(TXDWLRQ��������VLPSO\�OHDGV�WR�WKH�IROORZLQJ�DSSUR[LPDWH
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GLIIHUHQWLDO�HTXDWLRQ�ZKLFK�WKH�VSHHG�IXQFWLRQ� �VKRXOG�VDWLVI\�LQ�RUGHU�WR�NHHS�WKH�JUDGLHQW�LQ�

HTXDO�WR���

7KH�ERXQGDU\�FRQGLWLRQ�IRU� �LV�JLYHQ�E\�(TXDWLRQ��������LQ�JULG�QRGHV�ZKHUH� �LV�SRVLWLYH

DQG�RQH�RI�WKH�QHLJKERXULQJ�JULG�QRGHV�KDV�D�QHJDWLYH�YDOXH�IRU� �

7KH�VSDWLDO�GLVFUHWL]DWLRQ�LV�VXFK�WKDW�JUDGLHQWV�DUH�HYDOXDWHG�LQ�DQ�¨XSZLQG©�PDQQHU��IRU

H[DPSOH

,Q�ZKLFK�N�HTXDOV�L���RU�L���VR�WKDW�LW�IXOILOOV

7KH�WXUEXOHQW�EXUQLQJ�YHORFLW\�ZKLFK�DSSHDUV�LQ�WKH�H[SUHVVLRQ�IRU�WKH�VSHHG�IXQFWLRQ�VWLOO�KDV

WR�EH�VSHFLILHG��7KH�H[SUHVVLRQ�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�JLYHQ�LQ�(TXDWLRQ��������KDV

EHHQ�XVHG��$�FXUYDWXUH�WHUP� �KDV�EHHQ�DGGHG�ZKLFK�DULVHV�IURP�WKH�HIIHFW�RI�WXUEXOHQW

WUDQVSRUW�DQG�0DUNVWHLQ�GLIIXVLRQ���L�H��IURP�WKH�FORVXUH�RI�(TXDWLRQ��������

ZKHUH� �LV�GHILQHG�DV�LQ�(TXDWLRQ��������EXW�ZLWK� �LQVWHDG�RI�*��7KH�LQFOXVLRQ�RI�WKLV�WHUP

DYRLGV�WKH�IRUPDWLRQ�RI�FXVSV�LQ�WKH�PHDQ�IODPH�IURQW��,Q�JHQHUDO�� �LV�SRVLWLYH�EHFDXVH

RI�D�ODUJH�WXUEXOHQW�GLIIXVLRQ�FRHIILFLHQW��7KHUHIRUH��DQ�LQFUHDVHG�FXUYDWXUH�RI�WKH�PHDQ�WXUEXOHQW

IODPH�IURQW�JLYHV�ULVH�WR�D�GHFUHDVHG�WXUEXOHQW�EXUQLQJ�YHORFLW\�WHQGLQJ�WR�GHFUHDVH�WKH�FXUYDWXUH

DJDLQ�� ,Q�PDWKHPDWLFDO� WHUPV�� WKH�VROXWLRQ�RI� WKH� OHYHO�VHW�HTXDWLRQ�EHFRPHV� WRWDO�YDULDWLRQ

GLPLQLVKLQJ��6HWKLDQ��������

7KH�H[SUHVVLRQ�IRU�WKH�FXUYDWXUH�LQ�F\OLQGULFDO�FRRUGLQDWHV�LV�JLYHQ�E\

VHFRQG�RUGHU�GHULYDWLYHV�DUH�GLVFUHWL]HG�OLNH

6WULFWO\�VSHDNLQJ�(TXDWLRQ��������LV�RQO\�YDOLG�LQ�SUHPL[HG�V\VWHPV�ZLWK�]HUR�PL[WXUH�IUDFWLRQ
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JUDGLHQWV��+RZ�WKH�HIIHFW�RI�PL[WXUH�IUDFWLRQ�IOXFWXDWLRQV�RQ�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�FDQ

EH�WDNHQ�LQWR�DFFRXQW�ZLOO�EH�GLVFXVVHG�LQ�&KDSWHU���

%HFDXVH�WKH�VSDWLDO�GLVSODFHPHQW�RI�WKH�IODPHOHW�IURP�LWV�PHDQ�SRVLWLRQ�LV�W\SLFDOO\�QHDU

*DXVVLDQ��:LUWK�HW�DO���������WKH�3')�IRU�*�VKRXOG�EH�FORVH�WR�D��*DXVVLDQ�GLVWULEXWLRQ��,Q�WKH

SUHVHQW�VWXG\�WKH�3UREDELOLW\�'HQVLW\�)XQFWLRQ��3')��IRU�*�LV�WDNHQ�DV

ZKHUH� �LV�WKH�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV��%HFDXVH�RI

LW�FDQ�EH�GHGXFHG�IURP�(TXDWLRQ��������WKDW

)XUWKHUPRUH�� �LV�WDNHQ�WR�EH�SURSRUWLRQDO�WR�WKH�LQWHJUDO�OHQJWK�VFDOH� ��3HWHUV��������

ZLWK�D�PRGHOOLQJ�FRQVWDQW�E  ������,W�LV�D�VWHDG\�VWDWH�VROXWLRQ�RI�WKH�WUDQVSRUW�HTXDWLRQ�IRU��

�6HH�$SSHQGL[�)���7KHUHIRUH��WKH�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV�LV�SURSRUWLRQDO�WR�WKH�LQWHJUDO

OHQJWK� VFDOH�ZLWK�D� FRQVWDQW�RI�SURSRUWLRQDOLW\� HTXDO� WR�������$OVR�RWKHU�GHILQLWLRQV� IRU� WKH

WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV�KDYH�EHHQ�XVHG�LQ�WKH�OLWHUDWXUH��H�J�� ��%UD\�HW�DO���������

RU� � �3HWHUV�� ������� 7KHVH� GHILQLWLRQV� ZRXOG� REYLRXVO\� UHGXFH� WKH� FRQVWDQW� RI

SURSRUWLRQDOLW\�EHWZHHQ�WKH�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV�DQG�WKH�LQWHJUDO�OHQJWK�VFDOH�EXW�WKH\

ZRXOG�E\�QR�PHDQV�DOWHU�WKH�SUHVHQW�PRGHO��

7KH�SUREDELOLW\�RI�EXUQLQJ�3 �PD\�EH�HYDOXDWHG�DV�WKH�SUREDELOLW\�WKDW�*�LV�ODUJHU�WKDQ�]HUR�E

%HFDXVH� WKH� OD\HU�ZLWKLQ�ZKLFK�FKHPLFDO�FRQYHUVLRQ�RI� UHDFWDQWV� WR�SURGXFWV� WDNHV�SODFH� LV

DVVXPHG�WR�EH�LQILQLWHVLPDOO\�WKLQ��WKH�3')�IRU�F�LV�GRPLQDWHG�E\�GHOWD�IXQFWLRQV�DW�F ��DQG�F ��

7KHUHIRUH�WKH�WLPH�DYHUDJHG�YDOXH�RI�F�LV�HTXDO�WR�WKH�SUREDELOLW\�RI�EXUQLQJ�

)DYUH�DYHUDJHG�VFDODU�TXDQWLWLHV�DUH�FDOFXODWHG�IURP�WKH�IODPHOHW�OLEUDULHV�E\�PDNLQJ�XVH�RI

D�SUHVXPHG�3')�PHWKRG��$�)DYUH�DYHUDJHG�VFDODU�TXDQWLW\�LV�FDOFXODWHG�DV

=�� DQG�F�DUH�DVVXPHG�WR�EH�VWDWLVWLFDOO\�LQGHSHQGHQW�DQG�WKH�3')�LV�GHVFULEHG�E\�WKH�SURGXFW

RI�WKUHH�3')©V�� ��7KH�)DYUH�3')�IRU�F�LV�JLYHQ�E\
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7KH�YDULDQFH�LQ�WKH�FRQGLWLRQHG�)DYUH�DYHUDJHG�VFDODU�GLVVLSDWLRQ�UDWH� �LV�DVVXPHG�WR�EH�]HUR

DQG�WKHUHIRUH�WKH�3')�IRU �LV�JLYHQ�E\�D�VLQJOH�GHOWD�IXQFWLRQ�DW� �

6XEVWLWXWLQJ�(TXDWLRQ��������LQWR�(TXDWLRQ��������DQG�HYDOXDWLQJ�WKH�SDUWLDO�LQWHJUDWLRQ�RYHU�F�DQG

�JLYHV�

7KH�)DYUH�DYHUDJHG�SURJUHVV�YDULDEOH�LV�REWDLQDEOH�IURP

ZKHUH� �LV�WKH�DYHUDJH�GHQVLW\�LQ�WKH�EXUQW�JDV�

,Q�WKH�VDPH�ZD\�WKH�DYHUDJH�GHQVLW\� �LQ�WKH�XQEXUQW�JDV�FDQ�EH�FDOFXODWHG�IURP�D�TXHQFKHG

IODPHOHW��7KH�PHDQ�GHQVLW\�LV�WKHQ�GHWHUPLQHG�IURP

7KH�LQWHJUDWLRQV�LQ�(TXDWLRQ��������DQG�(TXDWLRQ��������DUH�SHUIRUPHG�RYHU�D�IODPHOHW�ZLWK�VFDODU

GLVVLSDWLRQ�UDWH� �DW�VWRLFKLRPHWULF�FRQGLWLRQV��7KLV�DYHUDJH�YDOXH�� �FDQ�EH�GHWHUPLQHG�IURP

(TXDWLRQ��������

%RXQGDU\�FRQGLWLRQV

$W�WKH�ERXQGDU\�RI�WKH�FDOFXODWLRQ�GRPDLQ��WKH�ERXQGDU\�FRQGLWLRQ�IRU�WKH�OHYHO�VHW�IXQFWLRQ�LV

JLYHQ�E\�(TXDWLRQ���������$W� WKH�V\PPHWU\�D[LV�� WKH�ERXQGDU\�FRQGLWLRQ�IRU� � LV�JLYHQ�E\

��$W�WKH�EXUQHU�ZDOO��WKH�JUDGLHQW�RI� �LQ�QRUPDO�GLUHFWLRQ�LV�VHW�HTXDO�WR�]HUR��,Q�WKLV

ZD\�GLIIXVLRQ�RI�SURGXFWV�WRZDUGV�WKH�ZDOO�LV�]HUR��:LWK�WKH�SUHVHQW�PRGHO��D�SUREOHP�RFFXUV

QHDU�WR�WKH�EXUQHU�ZDOO��,Q�SUDFWLFH��QHDU�WKH�ZDOO��QRW�RQO\�WKH�PL[WXUH�YHORFLW\�LV�UHGXFHG�E\

IULFWLRQ��EXW�DOVR�WKH�EXUQLQJ�YHORFLW\�QHDU�WKH�ZDOO�LV�UHGXFHG�IRU�H[DPSOH�E\�FRROLQJ�RI�D�FROG

EXUQHU�ZDOO��7KLV�HIIHFW�LV�QRW�PRGHOOHG�E\�(TXDWLRQ���������$�JUDGLHQW�WKHRU\��VLPLODU�WR�WKDW�RI

/HZLV�HW�DO���������IRU�ODPLQDU�IODPHV��PLJKW�EH�XVHIXO�WR�LPSURYH�WKH�SUHVHQW�PRGHO�RQ�WKLV

VWDELOL]DWLRQ�PHFKDQLVP��$W�SUHVHQW��WKH�VSHHG�IXQFWLRQ�LV�VLPSO\�VHW�HTXDO�WR�]HUR�LQ�WKH�ILUVW�JULG

QRGH�DW�WKH�EXUQHU�ZDOO��,Q�WKLV�ZD\��WKH�IODPH�LV�SUHYHQWHG�IURP�PRYLQJ�DORQJ�WKH�ZDOO��RU�IURP

GHWDFKLQJ�IURP�WKH�ZDOO��8QUHDOLVWLF�UHVXOWV�PLJKW�EH�REWDLQHG�QHDU�WKH�EXUQHU�ZDOO��+RZHYHU��WKLV

HIIHFW�LV�DVVXPHG�WR�KDYH�D�QHJOLJLEOH�HIIHFW�RQ�WKH�GRZQVWUHDP�G\QDPLFV�RI�WKH�IODPH��%RXQGDU\

FRQGLWLRQV�KDYH�EHHQ�LPSOHPHQWHG�DV�LQGLFDWHG�LQ�)LJXUH�����
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)LJXUH�����%RXQGDU\�FRQGLWLRQV�IRU�WKH�OHYHO�VHW�IXQFWLRQ�

����5(68/76

7R�HYDOXDWH�WKH�PRGHO��D�KLJK�5H\QROGV�QXPEHU�WXUEXOHQW�SUHPL[HG�K\GURJHQ�DLU�IODPH�KDV�EHHQ

VLPXODWHG�QXPHULFDOO\�DQG�UHVXOWV�KDYH�EHHQ�FRPSDUHG�WR�H[SHULPHQWDO�GDWD�JLYHQ�E\�:X�HW�DO�

��������$�FRD[LDO�PRGHO�JHRPHWU\�RI�D�URXQG�MHW�EXUQHU�ZDV�XVHG��7KH�GLDPHWHU�RI�WKH�EXUQHU�ZDV

���PP�ZLWK�D�ZDOO�WKLFNQHVV�RI���PP��$�����SRZHU�ODZ�YHORFLW\�GLVWULEXWLRQ�IRU�IXOO\�GHYHORSHG

WXUEXOHQW� SLSH� IORZ�ZDV� LPSRVHG� DW� WKH�EXUQHU� H[LW�� L�H��(TXDWLRQ� �������ZLWK�Q� HTXDO� WR���

%RXQGDU\�FRQGLWLRQV�IRU� �KDYH�EHHQ�WUHDWHG�LQ�WKH�VDPH�ZD\�DV�GHVFULEHG�LQ�6HFWLRQ�����

7HVW�FDVHV�DUH�DV�VXPPDUL]HG�LQ�7DEOH������7KH�OHQJWK�VFDOH�UDWLR� �DQG�YHORFLW\�VFDOH�UDWLR�

KDYH�EHHQ�HYDOXDWHG�DW�WKH�FHQWHUOLQH�RI�WKH�MHW�EXUQHU��)RU�HDFK�WHVW�FDVH��WKH�ODPLQDU�EXUQLQJ

YHORFLW\�KDV�EHHQ�REWDLQHG�IURP�GDWD�JLYHQ�LQ�$SSHQGL[�'��7KH�ODPLQDU�IODPH�WKLFNQHVV�PD\�EH

HYDOXDWHG�IURP�(TXDWLRQ��������$W�DWPRVSKHULF�SUHVVXUH�DQG�D�WHPSHUDWXUH�RI�����.�WKH�GHQVLW\

LQ�WKH�XQEXUQW�PL[WXUH�LV�DSSUR[LPDWHO\�HTXDO�WR������NJ�P ��:LWK�(TXDWLRQ�������WKH�WKHUPDO�

GLIIXVLYLW\�' �PD\�WKHQ�EH�HYDOXDWHG�WR�EH�DSSUR[LPDWHO\�HTXDO�WR�����#�� �P �V��$FFRUGLQJ�WR7 �� �

7DEOH������WKH�OHQJWK�VFDOH�UDWLR�LV�DSSUR[LPDWHO\�HTXDO�WR�����DQG�WKH�YHORFLW\�VFDOH�UDWLR�LV

VPDOOHU�WKDQ�����IRU�DOO�IODPHV��7KHUHIRUH��DOO�SUHPL[HG�IODPHV�DUH�ZHOO�ZLWKLQ�WKH�ZULQNOHG�DQG

FRUUXJDWHG�IODPHOHW�UHJLPHV�RI�)LJXUH������7KLV�MXVWLILHV�WR�PDNH�XVH�RI�WKH�IODPHOHW�PRGHO�
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7DEOH�����,PSRUWDQW�SDUDPHWHUV�HYDOXDWHG�IRU�WKH�GLIIHUHQW�WHVW�FDVHV��L�H��HTXLYDOHQFH�UDWLR�1��5H\QROGV�QXPEHU�5H�
DYHUDJH�EXUQHU�H[LW�YHORFLW\� ��WKH�ODPLQDU�EXUQLQJ�YHORFLW\� �DQG�WKH�0DUNVWHLQ�QXPEHU�0��7KH�OHQJWK�VFDOH

UDWLR� �DQG�YHORFLW\�VFDOH�UDWLR� �KDYH�EHHQ�HYDOXDWHG�DW�WKH�FHQWHUOLQH�RI�WKH�EXUQHU�H[LW�

,Q�WKH�QXPHULFDO�VLPXODWLRQ��WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LV�REWDLQHG�IURP�(TXDWLRQ��������

%HFDXVH�WKH�SUHPL[HG�IODPH�LV�LQ�WKH�FRUH�UHJLRQ�RI�WKH�MHW��WKH�ODPLQDU�EXUQLQJ�YHORFLW\� �DQG

0DUNVWHLQ�QXPEHU�0�DUH�DVVXPHG�WR�EH�FRQVWDQW�IRU�HDFK�WHVW�FDVH�DV�JLYHQ�LQ�7DEOH������7KH

0DUNVWHLQ�OHQJWK�LV�REWDLQHG�IURP�GDWD�JLYHQ�LQ�$SSHQGL[�'�

&DOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�RQ�D�UHFWDQJXODU�JULG�FRQVLVWLQJ�RI�����Ó����QRGHV�LQ�D[LDO

DQG�UDGLDO�GLUHFWLRQ��UHVSHFWLYHO\��7KH�WRWDO�OHQJWK�RI�WKH�FDOFXODWLRQ�GRPDLQ�LV���'�LQ�D[LDO

GLUHFWLRQ�DQG���'�LQ�UDGLDO�GLUHFWLRQ��)LJXUH�����VKRZV�WKH�VROXWLRQ�IRU�WKH�OHYHO�VHW�IXQFWLRQ�IRU

WHVW�FDVH����L�H��D�FDOFXODWLRQ�DW�DQ�DYHUDJH�EXUQHU�H[LW�YHORFLW\�RI����P�V�DQG�DQ�HTXLYDOHQFH�UDWLR

RI������7KH�]HUR�OHYHO�VHW�UHSUHVHQWV�WKH�DYHUDJHG�SUHPL[HG�IODPH�SRVLWLRQ��)LJXUH������VKRZV

WKH�VROXWLRQ�IRU�WKH�DYHUDJH�SURJUHVV�YDULDEOH�IRU�WKH�VDPH�WHVW�FDVH��$OVR�VKRZQ�LQ�WKLV�ILJXUH

DUH�WKH�VWUHDPOLQHV��FRQWRXU�OLQHV�RI�WKH�VWUHDPIXQFWLRQ���6WUHDPOLQHV�GLYHUJH�ZKLOH�FURVVLQJ�WKH

SUHPL[HG�IODPH�GXH�WR�WKHUPDO�H[SDQVLRQ��7KH�FRQWRXU�OLQH� �FRLQFLGHV�ZLWK�WKH�FRQWRXU�OLQH

�LQ�)LJXUH�����
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)LJXUH�����&RQWRXU�OLQHV�RI�WKH�OHYHO�VHW�IXQFWLRQ� �>P@�SUHGLFWHG�IRU�WHVW

FDVH���

)LJXUH������&RQWRXU� OLQHV�RI� WKH�SURJUHVV�YDULDEOH� �DQG�VWUHDPOLQHV

SUHGLFWHG�IRU�WHVW�FDVH���

)LJXUH������FOHDUO\�LOOXVWUDWHV�WKDW�WKH�WHPSHUDWXUH�GHSHQGV�RQ�ERWK�WKH�SURJUHVV�YDULDEOH�DQG�WKH

PL[WXUH�IUDFWLRQ��0L[LQJ�WXUQV�RXW�WR�WDNH�SODFH�PDLQO\�GRZQVWUHDP�RI�WKH�SUHPL[HG�IODPH��7KLV

LV�DOVR� WKH� UHDVRQ�ZK\�D�FRQVWDQW� ODPLQDU�EXUQLQJ�YHORFLW\� �ZDV�XVHG�IRU�FDOFXODWLQJ� WKH

WXUEXOHQW�EXUQLQJ�YHORFLW\�ZLWKRXW�WDNLQJ�WKH�HIIHFW�RI�PL[WXUH�IUDFWLRQ�IOXFWXDWLRQV�LQWR�DFFRXQW�

,W�ZDV�DOVR�REVHUYHG�E\�:X�HW�DO���������WKDW�YDU\LQJ�WKH�HTXLYDOHQFH�UDWLR�RI�WKH�RXWHU�EXUQHU

IODPH� KDG�QR� VLJQLILFDQW� LQIOXHQFH� RQ� WKH� IORZ�DQG� FRPEXVWLRQ�SURSHUWLHV�ZLWKLQ� WKH� LQQHU
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)LJXUH������&DOFXODWHG�LVR�FRQWRXUV�RI�WKH�WLPH�DYHUDJHG�SURJUHVV�YDULDEOH��)DYUH�DYHUDJHG�PL[WXUH�IUDFWLRQ�DQG

WKH�)DYUH�DYHUDJHG�WHPSHUDWXUH�SUHGLFWHG�IRU�WHVW�FDVH���

SUHPL[HG� IODPH�� 7KHUHIRUH�� WKH� HTXLYDOHQFH� UDWLR� RI� WKH� RXWHU� EXUQHU�ZDV� NHSW� QHDU� WR� WKH

IODPPDELOLW\�OLPLW��0 �����

)LJXUH������VKRZV�WKH�PHDVXUHG��:X�HW�DO���������DQG�SUHGLFWHG�WLPH�DYHUDJHG�XQUHDFWHGQHVV

DORQJ�WKH�FHQWHUOLQH��7KH�XQUHDFWHGQHVV�LV�VLPSO\�GHILQHG�DV���F��$�VLJQLILFDQW�WUHQG�LV�WKDW�WKH

IODPH�OHQJWK�LQFUHDVHV�ZLWK�LQFUHDVLQJ�5H\QROGV�QXPEHU�IRU�DOO�YDOXHV�RI�WKH�HTXLYDOHQFH�UDWLR�

7KH�OHQJWK�RI�WKH�SUHPL[HG�IODPH�LV�GHILQHG�DV�WKH�GLVWDQFH�IURP�WKH�QR]]OH�WR�WKH�FHQWHUOLQH

SRVLWLRQ� ZKHUH� �� � 7KH� WXUEXOHQW� IODPH� EUXVK� WKLFNQHVV� DW� WKH� WLS� RI� WKH� IODPH� LV

XQGHU�SUHGLFWHG��(VSHFLDOO\� WRZDUGV� WKH� WLS�RI� WKH�IODPH��D� WRR�IDVW�GHFUHDVH�LQ� WKH�SURJUHVV

YDULDEOH� LV� SUHGLFWHG�� 7KLV� PD\� EH� FDXVHG� E\� WKH� SUHVFULEHG� ERXQGDU\� FRQGLWLRQ� IRU� WKH

FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ�ZKLFK�ZLOO�WXUQ�RXW�ODWHU�WR�EH�VOLJKWO\�WRR�ORZ�DW�WKH�FHQWHUOLQH�

$OVR�DQLVRWURSLF�HIIHFWV�PLJKW�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�PRGHOOLQJ�RI�WKH�IODPH�WLS�ZKHUHDV�

DFFRUGLQJ�WR�WKH�XVHG�N�J�PRGHO��SUHGLFWHG�IOXFWXDWLRQV�DUH�HTXDO�LQ�DOO�GLUHFWLRQV�
)LJXUH������VKRZV�WKH�SUHPL[HG�IODPH�OHQJWK�DV�D�IXQFWLRQ�RI�WKH�DYHUDJH�EXUQHU�H[LW�YHORFLW\�

,W�LV�VKRZQ�WKDW�WKH�IODPH�OHQJWK�LV�VKRUWHVW�IRU�WKH�IODPHV�ZLWK�HTXLYDOHQFH�UDWLR������7KLV�PD\

EH�H[SODLQHG�IURP�WKH�IDFW�WKDW�DW�WKLV�HTXLYDOHQFH�UDWLR��WKH�ODPLQDU�EXUQLQJ�YHORFLW\�UHDFKHV�LWV

PD[LPXP�YDOXH��VHH�)LJXUH�'���LQ�$SSHQGL[�'���+RZHYHU��HVSHFLDOO\�IRU�WKH�ODUJH�5H\QROGV



���

)LJXUH������0HDQ�XQUHDFWHGQHVV�DORQJ�WKH�FHQWHUOLQH��6\PEROV�DUH�PHDVXUHPHQWV�RI�:X�HW�DO���������

QXPEHUV��WKH�IODPH�OHQJWK�RI�WKH�VWRLFKLRPHWULF�IODPH�LV�QRW�PXFK�VKRUWHU�WKDQ�WKDW�RI�WKH�IODPH

ZLWK�HTXLYDOHQFH�UDWLRQ������7KLV�LV�FDXVHG�E\�WKH�0DUNVWHLQ�OHQJWK�FKDQJLQJ�IURP�QHJDWLYH�IRU

WKH� VWRLFKLRPHWULF� IODPH� WR� SRVLWLYH� IRU� WKH� IODPH� ZLWK� HTXLYDOHQFH� UDWLR� ����� $� QHJDWLYH

0DUNVWHLQ�OHQJWK�LV�DFWLQJ�WR�LQFUHDVH�ZULQNOLQJ�RI�WKH�IODPH�VXUIDFH�VR�WKDW�WKH�UHTXLUHG�DUHD�WR

FRPSOHWH�UHDFWLRQ�FDQ�EH�DFKLHYHG�LQ�D�VKRUWHU�IODPH�OHQJWK��)RU�WKH�IODPH�ZLWK�HTXLYDOHQFH�UDWLR

������RQ�WKH�RWKHU�KDQG��WKH�0DUNVWHLQ�OHQJWK�UHPDLQV�DOPRVW�WKH�VDPH�DV�WKDW�IRU�WKH�IODPH�ZLWK

HTXLYDOHQFH� UDWLR� ����� 7KHUHIRUH�� DOWKRXJK� WKH� ODPLQDU� EXUQLQJ� YHORFLW\� RI� WKH� IODPH� ZLWK

HTXLYDOHQFH�UDWLR������LV�QRW�PXFK�ORZHU�WKDQ�WKDW�IRU�WKH�VWRLFKLRPHWULF�IODPH��WKH�IODPH�OHQJWK

RI�WKH�IODPH�ZLWK�HTXLYDOHQFH�UDWLR������LV�PXFK�ODUJHU�WKDQ�WKDW�RI�WKH�VWRLFKLRPHWULF�IODPH�

+RZHYHU��WKLV�HIIHFW�LV�PRUH�SURQRXQFHG�LQ�WKH�PHDVXUHPHQWV�

)LJXUH������DOVR�VKRZV�WKDW�IRU�ODUJH�5H\QROGV�QXPEHUV��DQ�LQFUHDVHG�EXUQHU�H[LW�YHORFLW\

JLYHV�ULVH�WR�D�VPDOOHU�LQFUHDVH�RI�WKH�IODPH�OHQJWK��7KLV�LV�FDXVHG�E\�WKH�IDFW�WKDW�DW�WKH�KLJK

5H\QROGV�QXPEHUV��ZKHUH�WKH�ODPLQDU�IODPH�VSHHG�EHFRPHV�UHODWLYHO\�VPDOO�LQ�FRPSDULVRQ�WR�WKH

FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ��WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LQFUHDVHV�QHDUO\�SURSRUWLRQDO

WR� WKH� FKDUDFWHULVWLF� YHORFLW\� IOXFWXDWLRQ�� 6LQFH� WKH� FKDUDFWHULVWLF� YHORFLW\� IOXFWXDWLRQ� LV

SURSRUWLRQDO� WR� WKH� DYHUDJH� EXUQHU� H[LW� YHORFLW\�� WKH� WXUEXOHQW� EXUQLQJ� YHORFLW\� EHFRPHV

SURSRUWLRQDO�WR�WKH�DYHUDJH�EXUQHU�H[LW�YHORFLW\��DQG�DQ�LQFUHDVHG�WXUEXOHQW�EXUQLQJ�YHORFLW\

QHDUO\� FRPSHQVDWHV� IRU� WKH� LQFUHDVHG�EXUQHU� H[LW� YHORFLW\��7KHUHIRUH�� DW� WKH� KLJK�5H\QROGV

QXPEHUV��WKH�IODPH�OHQJWK�WHQGV�WR�EHFRPH�LQGHSHQGHQW�RI�WKH�DYHUDJH�EXUQHU�H[LW�YHORFLW\��



���

)LJXUH������)ODPH�OHQJWK�DV�D�IXQFWLRQ�RI�WKH�DYHUDJH�EXUQHU�H[LW�YHORFLW\��6\PEROV�DUH

PHDVXUHPHQWV�RI�:X�HW�DO���������

,Q�)LJXUH�������WKH�PHDVXUHG�DQG�SUHGLFWHG�UDGLDO�YDULDWLRQ�RI�XQUHDFWHGQHVV�DUH�LOOXVWUDWHG

IRU�0 ����DQG������DQG�5H �������7KH�RWKHU�WHVW�FDVHV�UHYHDOHG�VLPLODU�UHVXOWV��7KH�VKDSH�RI�WKH
PHDQ�IODPH�SRVLWLRQ�LQ�D�SODQH�WKURXJK�LWV�D[LV�LV�URXJKO\�WULDQJXODU�IRU�DOO�SUHGLFWHG�IODPHV��VHH

)LJXUH�������%HFDXVH�DOO�IODPHV�KDYH�WKH�VDPH�EDVH�GLPHQVLRQ��WKH\�DOO�KDYH�URXJKO\�WKH�VDPH

ZLGWK�DW�HTXDO�IUDFWLRQV�RI�WKHLU�KHLJKW��+RZHYHU��WKH�PHDVXUHG�IODPHV�WXUQ�RXW�WR�KDYH�D�OHVV

WULDQJXODU�VKDSH�WKDQ�WKH�SUHGLFWHG�IODPHV��WKH�SUHGLFWHG�IODPHV�DUH�ORFDWHG�PRUH�WRZDUGV�WKH

FHQWHUOLQH�RI�WKH�MHW��7KH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LV�RYHU�SUHGLFWHG�FORVH�WR�WKH�EXUQHU�ZDOO�

7KH�UHDVRQ�IRU�WKLV�PD\�EH�IRXQG�LQ�WKH�SUHVFULEHG�ERXQGDU\�FRQGLWLRQV��HVSHFLDOO\�WKDW�IRU�WKH

FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ��L�H��(TXDWLRQ���������WKDW�GRHV�QRW�WHQG�WR�]HUR�FORVH�WR�WKH

EXUQHU�ZDOO��,I�WKH�FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ�LV�RYHU�SUHGLFWHG��WKHQ�DOVR�WKH�WXUEXOHQW

EXUQLQJ�YHORFLW\�ZLOO�EH�RYHU�SUHGLFWHG��$QRWKHU�UHDVRQ�IRU�WKH�RYHU�SUHGLFWHG�WXUEXOHQW�EXUQLQJ

YHORFLW\�PD\�EH�JLYHQ�E\�WKH�IDFW�WKDW�LQ�WKH�PHDVXUHPHQWV�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�LV�ORZHU

EHFDXVH�RI�KHDW�UHOHDVH�WR�WKH�EXUQHU�ZDOO�

$W�DQ�D[LDO�SRVLWLRQ�RI�RQH�KDOI�RI�WKH�IODPH�OHQJWK��WKH�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV�LV

SUHGLFWHG�UDWKHU�ZHOO��$OVR��WKH�LQFUHDVH�RI�WKH�SURJUHVV�YDULDEOH�RYHU�WKH�WXUEXOHQW�IODPH�EUXVK

LV�VHHQ�WR�EH�YHU\�VLPLODU�WR�WKDW�RI�WKH�PHDVXUHPHQWV��$JDLQ��DW�WKH�IODPH�WLS��WKH�WXUEXOHQW�IODPH

EUXVK�WKLFNQHVV�LV�XQGHU�SUHGLFWHG�



���

)LJXUH������5DGLDO�SURILOHV�RI�QRUPDOL]HG�PHDQ�XQUHDFWHGQHVV�IRU�5H �������6\PEROV�DUH�PHDVXUHPHQWV�RI�:X

HW�DO���������

,Q�)LJXUH�������WKH�SUHGLFWHG�DQG�PHDVXUHG�FHQWHUOLQH�SURILOHV�RI�WKH�PHDQ�QRUPDOL]HG�D[LDO

YHORFLW\�FRPSRQHQW�DUH�JLYHQ��5HVXOWV�DUH�JLYHQ�IRU�0 ���������DQG������DW�5H �����DQG�������
%HFDXVH�WKH�SUHGLFWHG�IODPHV�DUH�ORFDWHG�PRUH�WRZDUGV�WKH�FHQWHUOLQH�WKDQ�LQ�WKH�H[SHULPHQW�

WKHUH�LV�D�UDWKHU�ODUJH�LQIOXHQFH�RI�WKH�IODPH�RQ�WKH�FHQWHUOLQH�YHORFLW\��7KH�WKHUPDO�H[SDQVLRQ

ZLWKLQ�WKH�SUHPL[HG�IODPH�UHVXOWV�LQ�D�FRQYHUJHQFH�RI�WKH�VWUHDPOLQH�QHDU�WKH�FHQWHUOLQH��UHVXOWLQJ

LQ�DQ�LQFUHDVHG�YHORFLW\��$�ODUJHU�YHORFLW\�LQFUHDVH�LV�REVHUYHG�ZKHQ�WKH�IODPH�OHQJWK�LV�VKRUWHU�

7KH�LQFUHDVHG�FHQWHUOLQH�YHORFLW\�ZDV�QRW�REVHUYHG�LQ�WKH�PHDVXUHPHQWV�E\�:X�HO�DO���������

7KH\� DVVXPHG� WKDW�� HYHU\ZKHUH� LQ� IURQW� RI� WKH� SUHPL[HG� IODPH�� WKH� PHDQ� D[LDO� YHORFLW\

FRPSRQHQW�ZDV�WKH�VDPH�DV�DW�WKH�EXUQHU�H[LW��8QIRUWXQDWHO\��MXVW�D�IHZ�PHDVXUHPHQWV�KDYH�EHHQ

GRQH�ZLWKLQ� WKH� LQWHUHVWLQJ�UHJLRQ�RI� WKH�SUHPL[HG�IODPH��)XUWKHU�GRZQVWUHDP�� WKH�YHORFLW\

GHFUHDVHV�GXH�WR�PL[LQJ�ZLWK�WKH�VXUURXQGLQJ�IORZ�
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)LJXUH� �����&HQWHUOLQH� SURILOH� RI� WKH�PHDQ� QRUPDOL]HG� D[LDO� YHORFLW\�� 6\PEROV� DUH�PHDVXUHPHQWV� RI�:X� HW

DO���������

,Q�)LJXUH�������WKH�SUHGLFWHG�FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ�LV�FRPSDUHG�WR�WKH�PHDVXUHG

FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ��$V�IRXQG�IRU�WKH�PHDQ�D[LDO�YHORFLW\�FRPSRQHQW��DOVR�WKH

FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ�LQFUHDVHV�WKH�PRVW�IRU�WKH�VKRUWHVW�IODPHV��7KLV�UHVXOW�LV�DOVR

IRXQG�LQ�WKH�PHDVXUHPHQWV��'XH�WR�WKH�GHQVLW\�UDWLR�RI�WKH�IODPHV��YHORFLW\�LQFUHDVHV�QRUPDO�WR

WKH�IODPHV��)ODPH�LQWHUPLWWHQF\�FDXVHV�WKH�YHORFLW\�WR�IOXFWXDWH��$OWKRXJK��IRU�PRVW�SUHGLFWHG

IODPHV��WKH�FKDUDFWHULVWLF�YHORFLW\�IOXFWXDWLRQ�GHFUHDVHV�DJDLQ�GRZQVWUHDP�RI�WKH�SUHPL[HG�IODPH�

WKLV�HIIHFW�LV�QRW�DV�VWURQJ�DV�LQ�WKH�PHDVXUHPHQWV��7KLV�VXJJHVWV�WKDW�WKH�GLVVLSDWLRQ�RI�WXUEXOHQFH

NLQHWLF�HQHUJ\�LV�XQGHU�SUHGLFWHG��$Q�DGDSWDWLRQ�RI�WKH�FRQVWDQWV�OLNH�LQ�(TXDWLRQ��������ZLWK�D

ORZHU�YDOXH�IRU�& �PLJKW�WKHUHIRUH�EH�XVHIXO��
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)LJXUH� ����� &HQWHUOLQH� SURILOH� RI� WKH� QRUPDOL]HG� YHORFLW\� IOXFWXDWLRQ�� 6\PEROV� DUH�PHDVXUHPHQWV� RI�:X� HW

DO���������

����&21&/86,216

8VH�KDV�EHHQ�PDGH�RI�D�SUHPL[HG�IODPHOHW�PRGHO�EDVHG�RQ�D�OHYHO�VHW�HTXDWLRQ�IRU�WKH�VFDODU� �

7KH�H[SUHVVLRQ�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\��XVHG�LQ�WKLV�NLQHPDWLF�HTXDWLRQ��FRYHUV�WKH

FRUUXJDWHG�IODPHOHW�UHJLPH�DV�ZHOO�DV�WKH�WKLQ�UHDFWLRQ�]RQHV�UHJLPH��,Q�WKH�FRUUXJDWHG�IODPHOHW

UHJLPH��WKH�H[SUHVVLRQ�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�UHGXFHV�WR�WKH�H[SUHVVLRQ�JLYHQ�E\

'DPN|KOHU��������IRU�ZKDW�KH�FDOOHG�WKH�ODUJH�VFDOH�WXUEXOHQFH�UHJLPH��,Q�WKH�WKLQ�UHDFWLRQ�

]RQHV�UHJLPH��WKH�H[SUHVVLRQ�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�UHGXFHV�WR�WKH�H[SUHVVLRQ�JLYHQ

E\�'DPN|KOHU��������IRU�ZKDW�KH�FDOOHG�WKH�VPDOO�VFDOH�WXUEXOHQFH�UHJLPH�

$Q�H[SUHVVLRQ�JLYHQ�E\�&ODYLQ��������IRU�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�KDV�EHHQ�XVHG�WR

PRGHO�WKH�NLQHPDWLF�HTXDWLRQ�IRU�WKH�OHYHO�VHW�IXQFWLRQ� ��,Q�WKH�H[SUHVVLRQ�IRU�WKH�ODPLQDU

EXUQLQJ�YHORFLW\��WKH�0DUNVWHLQ�OHQJWK�m�DFFRXQWV�IRU�IODPH�FXUYDWXUH�DQG�IODPH�VWUHWFK�HIIHFWV
RQ�WKH�ODPLQDU�EXUQLQJ�YHORFLW\��$OVR�LQ�WKH�HTXDWLRQ�IRU� ��WKH�LQIOXHQFH�RI�PHDQ�FXUYDWXUH�KDV

EHHQ� LQFRUSRUDWHG� LQWR� WKH� H[SUHVVLRQ� IRU� WKH� WXUEXOHQW� EXUQLQJ� YHORFLW\� E\� PHDQV� RI� WKH

0DUNVWHLQ�OHQJWK�DQG�WKH�WXUEXOHQW�GLIIXVLYLW\��%HFDXVH�RI�D�ODUJH�WXUEXOHQW�GLIIXVLRQ�FRHIILFLHQW�

WKH�VROXWLRQ�IRU�WKH�OHYHO�VHW�IXQFWLRQ� �EHFRPHV�WRWDO�YDULDWLRQ�GLPLQLVKLQJ��HYHQ�LI�WKH�ODPLQDU

IODPH�LV�XQVWDEOH�EHFDXVH�RI�D�QHJDWLYH�0DUNVWHLQ�OHQJWK�

7KH� OHYHO�VHW� IXQFWLRQ�*� LV�GHILQHG�DV�D� VLJQHG�GLVWDQFH� IXQFWLRQ��DQG� WKH�3')�IRU�*� LV

DSSUR[LPDWHG�E\�D�FRVLQH�UHODWLRQ��%HFDXVH�WKH�SUHPL[HG�IODPH�LV�DVVXPHG�WR�EH�LQILQLWHVLPDOO\

WKLQ��D�VROXWLRQ�IRU�WKH�PHDQ�SURJUHVV�YDULDEOH� �PD\�EH�REWDLQHG�IURP�WKH�VROXWLRQ�IRU� �DQG
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DQ�H[SUHVVLRQ�JLYHQ�IRU�WKH�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV��7KH�WXUEXOHQW�IODPH�EUXVK�WKLFNQHVV

LV�WDNHQ�WR�EH�SURSRUWLRQDO�WR�WKH�LQWHJUDO�OHQJWK�VFDOH�

7KH�FRQGLWLRQ�WKDW� �VKRXOG�VDWLVI\�WKH�OHYHO�VHW�HTXDWLRQ�DV�ZHOO�DV�WKH�FRQGLWLRQ�WKDW�

VKRXOG�UHPDLQ�D�VLJQHG�GLVWDQFH�IXQFWLRQ�OHDGV�WR�DQ�DGGLWLRQDO�HTXDWLRQ�IRU�WKH�VSHHG�IXQFWLRQ�)�

%\� LQWURGXFWLRQ� RI� WKLV� DGGLWLRQDO� HTXDWLRQ� IRU� WKH� VSHHG� IXQFWLRQ� )�� WKH� FRPPRQO\� XVHG

SURFHGXUH�LQ�ZKLFK�WKH�UH�LQLWLDOLVDWLRQ�DOJRULWKP�DOWHUQDWHV�ZLWK�WKH�OHYHO�VHW�HTXDWLRQ��L�H��WZR

HTXDWLRQV�IRU�RQH�XQNQRZQ��KDV�EHHQ�PDGH�UHGXQGDQW��7KHUHIRUH�LW�PD\�EH�FRQFOXGHG�WKDW�WKH

LQWURGXFWLRQ�RI� WKLV�DGGLWLRQDO�HTXDWLRQ� IRU� WKH�VSHHG� IXQFWLRQ�)� OHDGV� WR�D�PRUH�FRQVLVWHQW

DSSURDFK�WR�WKH�OHYHO�VHW�DOJRULWKP�ZLWK�WZR�HTXDWLRQV�IRU�WZR�XQNQRZQV�

5HVXOWV�RI�D�QXPHULFDO�VLPXODWLRQ�KDYH�EHHQ�FRPSDUHG�WR�PHDVXUHPHQWV�RI�:X�HW�DO���������

7HVW�FDVHV�KDYH�EHHQ�GRQH�IRU�HTXLYDOHQFH�UDWLRV�0 ���������DQG������DQG�5H\QROGV�QXPEHUV�RI
������������DQG��������1XPHULFDO�UHVXOWV�DV�ZHOO�DV�PHDVXUHPHQWV�UHYHDOHG�D�FOHDU�LQIOXHQFH

RI�WKH�0DUNVWHLQ�QXPEHU��:KLOH�IRU�WHVW�FDVHV�ZLWK�DQ�HTXLYDOHQFH�UDWLRQ�0�RI�����WKH�ODPLQDU
EXUQLQJ�YHORFLW\�ZDV�KLJKHVW���WKH�IODPH�OHQJWK�IRU�WKH�VWRLFKLRPHWULF�IODPHV�ZDV�QRW�PXFK�ORQJHU

EHFDXVH�RI�WKH�QHJDWLYH�0DUNVWHLQ�QXPEHU��7KH�IODPH�OHQJWK�IRU�WKH�VWRLFKLRPHWULF�IODPHV�ZDV

HYHQ�VOLJKWO\�VKRUWHU�DW�WKH�KLJKHVW�5H\QROGV�QXPEHU��$�QHJDWLYH�0DUNVWHLQ�OHQJWK�PDNHV�WKH

ODPLQDU� IODPH�XQVWDEOH�ZKLFK� OHDGV� WR�DQ� LQFUHDVHG�IODPH�VXUIDFH�DQG� WKHUHE\�DQ� LQFUHDVHG

WXUEXOHQW� EXUQLQJ� YHORFLW\�� /RQJHVW� IODPH� OHQJWKV� ZHUH� IRXQG� IRU� WKH� ULFK� IODPHV� ZLWK� DQ

HTXLYDOHQFH�UDWLR�0�RI������IRU�ZKLFK�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�ZDV�ORZHVW�DQG�WKH�0DUNVWHLQ

OHQJWK�ZDV�SRVLWLYH�KDYLQJ�D�VWDELOL]LQJ�HIIHFW�RQ�WKH�SUHPL[HG�IODPH��+RZHYHU��WKHVH�HIIHFWV

ZHUH�PRUH�SURQRXQFHG�LQ�WKH�PHDVXUHPHQWV��7KH�0DUNVWHLQ�OHQJWK�IRU�WKH�IODPHV�ZLWK�0 ����
LV�DOPRVW�WKH�VDPH�DV�WKDW�IRU�WKH�IODPHV�ZLWK�0 �����7KHUHIRUH��WKH�LQFUHDVHG�IODPH�OHQJWK�IRU
WKH� IODPHV� ZLWK�0 ����� LV� SUREDEO\� FDXVHG� E\� D� GHFUHDVHG� ODPLQDU� EXUQLQJ� YHORFLW\�� 7KH
GLIIHUHQFH�EHWZHHQ�PHDVXUHPHQWV�DQG�QXPHULFDO�VLPXODWLRQ�IRU�WKH�YHU\�ULFK�IODPHV�ZLWK�0 ����
PLJKW� EH� FDXVHG� E\� DQ� LQDFFXUDF\� LQ� WKH� ODPLQDU� EXUQLQJ� YHORFLW\� RU� DQ� LQDFFXUDF\� LQ� WKH

HTXLYDOHQFH�UDWLR��%HFDXVH�WKH�WHVW�FDVH�ZLWK�0 �����DQG�5H ������ZDV�FORVHVW�WR�WKH�WKLQ�
UHDFWLRQ�]RQHV�UHJLPH��DOVR�WKH�PRGHO�FRQVWDQW������LQ�(TXDWLRQ�������PLJKW�EH�WRR�KLJK�

7KH�VKDSH�RI�WKH�IODPH�VHHPV�WR�GLIIHU�IURP�WKDW�IRXQG�H[SHULPHQWDOO\�LQ�WKH�VHQVH�WKDW�WKH

VLPXODWHG�IODPH�KDV�D�PRUH�WULDQJXODU�VKDSH��&ORVH�WR�WKH�EXUQHU�ZDOO��WKH�WXUEXOHQW�EXUQLQJ

YHORFLW\�VHHPV�WR�EH�RYHU�SUHGLFWHG��7KHUHIRUH��UDGLDO�SURILOHV�RI�WKH�PHDQ�XQUHDFWHGQHVV�DUH

ORFDWHG�D�ELW�PRUH�WRZDUGV�WKH�FHQWHUOLQH��$�JRRG�FRPSDULVRQ�KDV�EHHQ�IRXQG�IRU�WKH�WXUEXOHQW

IODPH� EUXVK� WKLFNQHVV� DW� RQH� KDOI� RI� WKH� WXUEXOHQW� IODPH� OHQJWK�� $W� WKH� IODPH� WLS�� DQ

XQGHU�SUHGLFWHG�WXUEXOHQFH�NLQHWLF�HQHUJ\�VHHPV�WR�EH�WKH�UHDVRQ�IRU�WKH�GLIIHUHQFH�EHWZHHQ

FDOFXODWHG� DQG�PHDVXUHG� FHQWHUOLQH� DQG� UDGLDO� SURILOHV� RI� WKH�PHDQ�SURJUHVV� YDULDEOH��$OVR

DQLVRWURSLF�HIIHFWV�PLJKW�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�PRGHOOLQJ�RI�WKH�IODPH�WLS��+RZHYHU��ZLWK

WKH�XVHG�N�J�WXUEXOHQFH�PRGHO��LW�LV�LPSRVVLEOH�WR�PRGHO�DQLVRWURSLF�HIIHFWV�
&HQWHUOLQH�SURILOHV�RI�WKH�PHDQ�YHORFLW\�VKRZ�D�YHORFLW\�LQFUHDVH�LQ�IURQW�RI�WKH�SUHPL[HG

IODPH��7KLV�YHORFLW\�LQFUHDVH�LV�GXH�WR�D�FRQWUDFWLRQ�RI�WKH�IORZ�RQ�WKH�FHQWHUOLQH�FDXVHG�E\�DQ

H[SDQVLRQ�RI�WKH�IORZ�ZLWKLQ�WKH�SUHPL[HG�IODPH��%HFDXVH�LQ�WKH�VLPXODWLRQ�WKH�SUHPL[HG�IODPH

LV�ORFDWHG�PRUH�WRZDUGV�WKH�FHQWHUOLQH��WKLV�HIIHFW�LV�PRUH�SURQRXQFHG��$OVR�WKLV�HIIHFW�LV�WKH

ODUJHVW�IRU�WKH�VKRUWHVW�IODPHV��6LPLODU�UHVXOWV�KDYH�EHHQ�REWDLQHG�IRU�WKH�FKDUDFWHULVWLF�YHORFLW\

IOXFWXDWLRQ��+RZHYHU��WKH�XVHG�WXUEXOHQFH�PRGHO�WXUQV�RXW��WR�EH�LQFDSDEOH�RI�SUHGLFWLQJ�WKH

UDWKHU�IDVW�WXUEXOHQFH�GHFUHDVH�EHKLQG�WKH�SUHPL[HG�IODPH��$Q�DGDSWDWLRQ�RI�WKH�FRQVWDQWV�OLNH

LQ�(TXDWLRQ��������PLJKW�EH�XVHIXO�
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)LJXUH�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�D�OLIWHG�MHW�GLIIXVLRQ�IODPH�

&KDSWHU��

/LIWHG�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV

0DQ\�LQGXVWULDO�EXUQHUV�RSHUDWH�DW�FRQGLWLRQV�VXFK�WKDW�OLIWHG�IODPHV�RFFXU��$W�VXIILFLHQWO\�ORZ

QR]]OH�H[LW�YHORFLWLHV�RI�WKH�IXHO��WKH�EDVH�RI�WKH�IODPH�H[WHQGV�XSVWUHDP�WR�WKH�QR]]OH�ZDOO�

ZKHUH�LW�LV�VWDELOL]HG��+RZHYHU��LI�WKH�QR]]OH�H[LW�YHORFLW\�RI�WKH�IXHO�LQ�D�MHW�GLIIXVLRQ�IODPH

H[FHHGV�D�FKDUDFWHULVWLF�YDOXH�FDOOHG�WKH�OLIW�RII�YHORFLW\��WKH�IODPH�DEUXSWO\�GHWDFKHV�IURP�WKH

QR]]OH�DQG�VWDELOL]HV�IXUWKHU�GRZQVWUHDP��7KH�D[LDO�GLVWDQFH�IURP�WKH�QR]]OH�H[LW�SODQH�WR�WKH

SODQH�DW�ZKLFK�WKH�IODPH�EHJLQV��WKH�OLIW�RII�KHLJKW�RI�WKH�IODPH��LQFUHDVHV�DV�WKH�H[LW�YHORFLW\�LV

LQFUHDVHG�IXUWKHU��:KHQ�WKH�H[LW�YHORFLW\�H[FHHGV�D�VHFRQG�FULWLFDO�YDOXH��WKH�EORZ�RII�YHORFLW\�

WKH�IODPH�FDQ�QR�ORQJHU�EH�VWDELOL]HG�LQ�WKH�PL[LQJ�UHJLRQ��DQG�FRPEXVWLRQ�FHDVHV��EORZ�RII

RFFXUV���/LIW�RII�YHORFLWLHV��OLIW�RII�KHLJKWV�DQG�EORZ�RII�YHORFLWLHV�DUH�DOO�RI�IXQGDPHQWDO�DQG

DSSOLHG�LQWHUHVW��7KLV�&KDSWHU�ZLOO�IRFXV�RQ�WKH�VWDELOL]DWLRQ�PHFKDQLVP�LQ�D�OLIWHG�IODPH��$Q

H[SUHVVLRQ�ZLOO�EH�GHULYHG�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LQ�D�QRQ�KRPRJHQHRXV�PL[WXUH

IUDFWLRQ�ILHOG�DQG�FDOFXODWHG�OLIW�RII�KHLJKWV�ZLOO�EH�FRPSDUHG�WR�PHDVXUHPHQW�GRQH�E\�6FKHIHU

HW�DO���������

����/,)7('�)/$0(�67$%,/,=$7,21�0(&+$1,60

,Q�D�OLIWHG�GLIIXVLRQ�IODPH��WKH�IXHO�LVVXLQJ�IURP�WKH�EXUQHU�LV�VXEMHFWHG�WR�SDUWLDO�SUHPL[LQJ��7KH

PL[HG�UHDFWDQWV�FDQ�LJQLWH�DQG�EXUQ�LQ�D�SUHPL[HG�IDVKLRQ��7KH�OLIWHG�IODPH�PD\�EH�WUHDWHG�DV�DQ

HQVHPEOH�RI�ODPLQDU�SUHPL[HG�IODPHOHWV�DQG�ODPLQDU�GLIIXVLRQ�IODPHOHWV��VHH�)LJXUH������

'LIIHUHQW�WKHRULHV�IRU�OLIWHG�IODPH�VWDELOL]DWLRQ�KDYH�EHHQ�SURSRVHG�LQ�OLWHUDWXUH��$�WKRURXJK

UHYLHZ� KDV� EHHQ� JLYHQ� E\� 3LWWV� �������� 7KH� VWDELOL]DWLRQ� PHFKDQLVPV� SURSRVHG� E\
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9DQTXLFNHQERUQH�DQG�YDQ�7LJJHOHQ��������VXJJHVW�WKDW�IODPH�VWDELOL]DWLRQ�RFFXUV�RQ�WKH�FRQWRXU

RI�PHDQ�VWRLFKLRPHWULF�PL[WXUH�DW�WKH�SRVLWLRQ�ZKHUH�WKH�D[LDO�PHDQ�YHORFLW\�HTXDOV�WKH�WXUEXOHQW

EXUQLQJ�YHORFLW\�IRU�HQWLUHO\�SUHPL[HG�FRQGLWLRQV��+RZHYHU��3HWHUV�DQG�:LOOLDPV��������KDYH

DUJXHG�WKDW�LQ�D�QRQ�SUHPL[HG�IORZ�ILHOG��IODPH�SURSDJDWLRQ�ZLOO�SURFHHG�DORQJ�LQVWDQWDQHRXV

VXUIDFHV�RI�VWRLFKLRPHWULF�PL[WXUHV�XS�WR�WKH�SRVLWLRQ�ZKHUH�WRR�PDQ\�IODPHOHWV�DUH�TXHQFKHG�

VR�WKDW�IODPH�SURSDJDWLRQ�RI�WKH�WXUEXOHQW�IODPH�WRZDUGV�WKH�QR]]OH�FDQQRW�SURFHHG�IXUWKHU��,Q

DGGLWLRQ��0�OOHU�HW�DO�������D��FRPELQH�IODPHOHW�IRUPXODWLRQV�IRU�SUHPL[HG�DQG�QRQSUHPL[HG

FRPEXVWLRQ� LQ�RUGHU� WR� WUHDW�SDUWLDOO\�SUHPL[HG�FRPEXVWLRQ� LQ� WKH� IDVW� FKHPLVWU\� OLPLW�� DQG

VXJJHVW�WKDW�IODPH�VWDELOL]DWLRQ�RFFXUV�YLD�VR�FDOOHG�WULSOH�IODPHV�

$OVR� LQ� WKLV�VWXG\�� WULSOH�IODPHV�DUH�FRQVLGHUHG�WR�EH�WKH�NH\�HOHPHQW� LQ� WKH�VWDELOL]DWLRQ

PHFKDQLVP��$V�LQGLFDWHG�LQ�)LJXUH������D�SUHPL[HG�IODPH�ZLOO�SURSDJDWH�IDVWHVW�DORQJ�WKH�VXUIDFH

RI�VWRLFKLRPHWULF�PL[WXUH��7KH�OHDGLQJ�HGJH�RI�WKH�IODPH��FDOOHG�WKH�WULSOH�SRLQW��SURSDJDWHV�DORQJ

WKH�VXUIDFH�RI�VWRLFKLRPHWULF�PL[WXUH��2Q�WKH�OHDQ�VLGH�RI�WKDW�VXUIDFH�WKHUH�LV�D�OHDQ�SUHPL[HG

IODPH�EUDQFK�DQG�RQ�WKH�ULFK�VLGH�WKHUH�LV�D�ULFK�SUHPL[HG�IODPH�EUDQFK��ERWK�SURSDJDWLQJ�ZLWK

D� ORZHU� EXUQLQJ� YHORFLW\��'RZQVWUHDP�RI� WKH� WULSOH� SRLQW�� RQ� WKH� VXUIDFH� RI� VWRLFKLRPHWULF

PL[WXUH��D�GLIIXVLRQ�IODPH�GHYHORSV�ZKHUH�WKH�XQEXUQW�IXHO�IURP�WKH�ULFK�SUHPL[HG�IODPH�EUDQFK

UHDFWV�ZLWK�WKH�UHPDLQLQJ�R[\JHQ�IURP�WKH�OHDQ�SUHPL[HG�IODPH�EUDQFK�

7KH�EXUQLQJ�YHORFLW\�RQ� WKH� WZR�SUHPL[HG� IODPH�EUDQFKHV� VKRXOG� WR� ILUVW� DSSUR[LPDWLRQ

GHSHQG�RQ�WKH�ORFDO�PL[WXUH�IUDFWLRQ��+RZHYHU��QXPHULFDO�VLPXODWLRQV��3OHVVLQJ�HW�DO��������

VKRZ�WKDW�WKH�PD[LPXP�RI�WKH�PDVV�EXUQLQJ�UDWH�QRUPDO�WR�WKH�IODPH�IURQW�HYDOXDWHG�IURP�WZR�

GLPHQVLRQDO� VLPXODWLRQV� LV� VLJQLILFDQWO\� ORZHU� WKDQ� WKH� PDVV� EXUQLQJ� UDWH� WKURXJK� D� RQH�

GLPHQVLRQDO�IODPH�LQ�D�KRPRJHQHRXV�PL[WXUH��7KH�ORZHULQJ�RI�WKH�EXUQLQJ�YHORFLW\�PD\�LQ�SDUW

EH�DWWULEXWHG�WR�WKH�ORFDO�PL[WXUH�IUDFWLRQ�JUDGLHQW��$Q�DG�KRF�H[SUHVVLRQ�WKDW�PRGHOV�WKLV�HIIHFW

ZDV�SURSRVHG�HDUOLHU�E\�0�OOHU�HW�DO���������

7KH�EXUQLQJ�YHORFLW\� �LV�H[SHFWHG�WR�GHFUHDVH�ZLWK�LQFUHDVLQJ� �DQG�WR�YDQLVK�DW�D�VFDODU

GLVVLSDWLRQ�UDWH�FORVH�WR�WKH�TXHQFKLQJ�VFDODU�GLVVLSDWLRQ�UDWH� ��7KHUHIRUH��WKH�SDUDPHWHU���LV

FORVH� WR� XQLW\� DQG� LW� LV� VHW� HTXDO� WR� ������ D� YDOXH� ZKLFK� ZDV� IRXQG� IRU� GLOXWHG� PHWKDQH

IODPHV��3HWHUV��������

��� 785%8/(17�%851,1*�9(/2&,7<�,1�$�121�+202*(1(286

0,;785(�)5$&7,21�),(/'

,Q�WKLV�VHFWLRQ�DQ�H[SUHVVLRQ�LV�GHULYHG�IRU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LQ�D�QRQ�KRPRJHQHRXV

PL[WXUH�IUDFWLRQ�ILHOG��7KH�WXUEXOHQW�EXUQLQJ�YHORFLW\�LV�H[SHFWHG�WR�EH�KLJKHVW�LQ�UHJLRQV�ZKHUH

WKH�SUREDELOLW\�RI�ILQGLQJ�D�VWRLFKLRPHWULF�PL[WXUH�LV�KLJKHVW��7KLV�FRUUHVSRQGV�WR�UHJLRQV�ZKHUH

WKH�PHDQ�PL[WXUH�IUDFWLRQ�LV�LQ�WKH�YLFLQLW\�RI�WKH�VWRLFKLRPHWULF�YDOXH��7KH�H[SUHVVLRQ�XVHG�IRU

WKH� WXUEXOHQW�EXUQLQJ�YHORFLW\� LV�HVVHQWLDOO\� WKH�VDPH�DV� WKDW�XVHG� LQ�KRPRJHQHRXV�PL[WXUH

IUDFWLRQ�ILHOGV��L�H��(TXDWLRQ��������ZLWK�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�UHSODFHG�E\�DQ�DYHUDJH

YDOXH�

7KH�DYHUDJH�ODPLQDU�EXUQLQJ�YHORFLW\�LV�REWDLQHG�IURP
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6XEVWLWXWLRQ�RI�(TXDWLRQ�������DQG�XVLQJ�D�VLQJOH�'LUDF�3')�IRU� ��L�H��(TXDWLRQ���������OHDGV

WR�

:KHUH� �FDQ�EH�GHWHUPLQHG�IURP�(TXDWLRQ���������$�FRQYHQLHQW�UHSUHVHQWDWLRQ�RI�WKH�LQWHJUDO

LQ�(TXDWLRQ�������LV

ZKLFK�GHILQHV�WKH�ZLGWK� ��%HFDXVH� �KDV�D�VWURQJ�SHDN�LQ�WKH�YLFLQLW\�RI� �DQG

GHFHDVHV�UDSLGO\�WRZDUGV�WKH�OHDQ�DQG�ULFK�VLGH�� �KDV�DQ�DOPRVW�FRQVWDQW�YDOXH�RI������IRU

PHWKDQH�IODPHV��7KH�DYHUDJH�ODPLQDU�EXUQLQJ�YHORFLW\�LQ�(TXDWLRQ�������LV�QRZ�JLYHQ�E\

7KLV�IRUPXODWLRQ�RI�WKH�DYHUDJH�ODPLQDU�EXUQLQJ�YHORFLW\�FRQWDLQV�WZR�FRQWULEXWLRQV�

���$� WHUP�GXH� WR� SDUWLDO� SUHPL[LQJ�ZKLFK� UHVWULFWV� IODPH�SURSDJDWLRQ� WR� UHJLRQV�ZKHUH� WKH

SUREDELOLW\�IRU�VWRLFKLRPHWULF�FRQGLWLRQV�LV�ODUJH�

���$�IDFWRU�DFFRXQWLQJ�IRU�IODPHOHW�TXHQFKLQJ��7KH�ODPLQDU�EXUQLQJ�YHORFLW\�GHFUHDVHV�LI�WKH

PHDQ�VFDODU�GLVVLSDWLRQ�UDWH�LQFUHDVHV��LQGLFDWLQJ�WKDW�ODPLQDU�WULSOH�IODPHV�DUH�OHVV�DEOH�WR

SURSDJDWH�GXH�WR�LQFUHDVHG�ORFDO�PL[WXUH�IUDFWLRQ�JUDGLHQWV�

����5(68/76

7KH�WXUEXOHQW�EXUQLQJ�YHORFLW\�PRGHO�RI�(TXDWLRQ�������ZDV�XVHG�WR�VLPXODWH�IODPH�VWDELOL]DWLRQ

LQ� D� WXUEXOHQW� PHWKDQH� MHW� GLIIXVLRQ� IODPH�� 1XPHULFDO� UHVXOWV� KDYH� EHHQ� FRPSDUHG� WR

PHDVXUHPHQW�GDWD�REWDLQHG�E\�6FKHIHU�HW�DO����������7KH�EXUQHU�FRQVLVWV�RI�D�����PP�GLDPHWHU

IXHO�MHW�ORFDWHG�LQ�WKH�FHQWHU�RI�D�SODWH��0HWKDQH�ZDV�LQMHFWHG�WKURXJK�WKH�FHQWUDO�IXHO�WXEH�LQWR

VXUURXQGLQJ�VWLOO�DLU��0HDVXUHPHQWV�IURP�6FKHIHU�HW�DO���������ZHUH�REWDLQHG�DW�MHW�H[LW�YHORFLWLHV

RI��������DQG����P�V��FRUUHVSRQGLQJ�WR�MHW�H[LW�5H\QROGV�QXPEHUV�RI�������������DQG�������

UHVSHFWLYHO\��7KHVH�MHW�H[LW�YHORFLWLHV�DUH�ZHOO�EHORZ�WKH�IODPH�EORZ�RII�YHORFLW\�RI�DERXW����P�V�

&DOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�RQ�D�UHFWDQJXODU�JULG�FRQVLVWLQJ�RI���Ó���QRGHV�LQ�D[LDO�DQG

UDGLDO�GLUHFWLRQ��UHVSHFWLYHO\��7KH�WRWDO�OHQJWK�RI�WKH�FDOFXODWLRQ�GRPDLQ�LV���'�LQ�D[LDO�GLUHFWLRQ
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)LJXUH� ���� &RQWRXU� OLQHV� RI� WKH� OHYHO� VHW� IXQFWLRQ� � >P@� LQ� WKH

VWDELOL]DWLRQ�UHJLRQ�RI�D�OLIWHG�WXUEXOHQW�MHW�GLIIXVLRQ�IODPH��([LW�YHORFLW\

LV����P�V��5H �������

DQG���'� LQ�UDGLDO�GLUHFWLRQ��7R�VWDUW�ZLWK��DQ�LVRWKHUPDO�MHW�RI�PHWKDQH�LV�FDOFXODWHG��8SRQ

REWDLQLQJ�D�FRQYHUJHG�VROXWLRQ�IRU� WKH� LVRWKHUPDO� MHW��FRPEXVWLRQ� LV� LQLWLDWHG�E\�VHWWLQJ� WKH

�ILHOG�HTXDO�WR�WKDW�IRU�D�VSKHULFDO�IODPH�IURQW�ZLWK�UDGLXV��'�DQG�LWV�FHQWUH�LQ�WKH�VR�FDOOHG

LJQLWLRQ�QRGH� �

7KH�SRVLWLRQ�RI�WKH�LJQLWLRQ�QRGH �VKRXOG�EH�FKRVHQ�VXFK�WKDW�WKH�ORFDO�EXUQLQJ�YHORFLW\�LV

KLJK�HQRXJK�WR�SUHYHQW�GLUHFW�EORZ�RII�RI�WKH�IODPH��7KHUHIRUH��WKH�LJQLWLRQ�QRGH�LV�FKRVHQ�DW�WKH

HQG�RI�WKH�FDOFXODWLRQ�GRPDLQ�DV�D�QRGH�LQ�ZKLFK�WKH�PL[WXUH�IUDFWLRQ�LV�FORVH�WR�VWRLFKLRPHWULF�

:LWK�VXFK�DQ�LJQLWLRQ�QRGH��WKH�IODPH�VKRXOG�EH�DEOH�WR�SURSDJDWH�WRZDUGV�WKH�EXUQHU��1RWLFH�WKDW

WKHUH�LV�DOVR�D�WKUHVKROG�WR�WKH�FKRVHQ�UDGLXV�RI�WKH�VSKHULFDO�IODPH�IURQW��D�UDGLXV�WRR�VPDOO

�FXUYDWXUH�WRR�ODUJH��ZLOO�GHFUHDVH�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�WR�VXFK�DQ�H[WHQW�WKDW�WKH�IODPH

ZLOO�DOVR�EORZ�RII�GLUHFWO\�

:KHQ�WKH�XQVWHDG\�IODPH�IURQW�SURSDJDWLRQ�WRZDUGV�WKH�EXUQHU�H[LW�UHDFKHV�D�VWHDG\�VWDWH��WKH

OLIW�RII�KHLJKW�FDQ�EH�GHWHUPLQHG��)LJXUH�����GHSLFWV�WKH�VWHDG\�VWDWH�VROXWLRQ�REWDLQHG�IRU�WKH

OHYHO�VHW�IXQFWLRQ�DW�DQ�DYHUDJH�EXUQHU�H[LW�YHORFLW\�RI����P�V�ZKLFK�FRUUHVSRQGV�WR�D�5H\QROGV

QXPEHU�RI��������)LJXUH�����VKRZV�WKH�VROXWLRQ�IRU�WKH�DYHUDJH�SURJUHVV�YDULDEOH�IRU�WKH�VDPH

WHVW�FDVH��$OVR�VKRZQ�LQ�WKLV�ILJXUH�DUH�WKH�SUHGLFWHG�VWUHDPOLQHV��)LJXUH�����GHSLFWV�WKH�D[LDO

YHORFLW\�SURILOH�DORQJ�DQ�D[LDO�OLQH�WKURXJK�WKH�IODPH�EDVH�IRU�GLIIHUHQW�5H\QROGV�QXPEHUV��)RU

WKH�5H ������FDVH��WKLV�OLQH�KDV�EHHQ��LQGLFDWHG�LQ�)LJXUH�����DV�D�GDVKHG�OLQH��,W�FDQ�EH�VHHQ�WKDW

WKH�D[LDO�YHORFLW\�FRPSRQHQW�LQ�IURQW�RI�WKH�IODPH�EDVH�GHFUHDVHV�WR�D�ORFDO�PLQLPXP�DW�WKH�IODPH

EDVH�� DQG� WKHQ� DFFHOHUDWHV� DFURVV� WKH� IODPH� GXH� WR� YROXPH� H[SDQVLRQ�� ,W� LV� IRXQG� WKDW� WKH

GRZQVWUHDP�YDOXH�RI�WKH�D[LDO�YHORFLW\�FRPSRQHQW�LQFUHDVHV�ZLWK�LQFUHDVLQJ�5H\QROGV�QXPEHU�

$OWKRXJK� QR� TXDQWLWDWLYH� GDWD� RQ� WKH�PHDQ� D[LDO� YHORFLW\� FRPSRQHQW� LV� DYDLODEOH� IURP� WKH

PHDVXUHPHQWV�E\�6FKHIHU�HW�DO����������WKH\�DOVR�REVHUYHG�WKH�VDPH�WUHQG�IURP�WKH��LQVWDQWDQHRXV

YHORFLW\�SURILOHV�PHDVXUHG�DORQJ�DQ�D[LDO�OLQH�WKURXJK�WKH�LQVWDQWDQHRXV�IODPH�EDVH�
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)LJXUH�����&RQWRXU� OLQHV�RI� WKH�SURJUHVV�YDULDEOH� �DQG�VWUHDPOLQHV

SUHGLFWHG�LQ�WKH�VWDELOL]DWLRQ�UHJLRQ�RI�D�OLIWHG�WXUEXOHQW�MHW�GLIIXVLRQ

IODPH��([LW�YHORFLW\�LV����P�V��5H �������

)LJXUH�����$[LDO�PHDQ�YHORFLW\�SURILOHV�DW�GLIIHUHQW�5H\QROGV�QXPEHUV�

3URILOHV� DUH� DORQJ� DQ� D[LDO� OLQH� WKURXJK� WKH� IODPH� EDVH� DV� LQGLFDWHG� LQ

)LJXUH�����IRU�5H ������

)LJXUH�����VKRZV�WKH�LVR�FRQWRXU�OLQHV�RI�WKH�)DYUH�DYHUDJHG�PL[WXUH�IUDFWLRQ��$OVR�LQGLFDWHG�LV

WKH�]HUR� OHYHO�VHW�RI� �DQG� WKH�FRQWRXU� OLQH�RI� �HTXDO� WR� WKH�TXHQFKLQJ�VFDODU�GLVVLSDWLRQ

UDWH� ��,I�WKH�VWDELOL]DWLRQ�KHLJKW�ZRXOG�EH�GHWHUPLQHG�E\� ��DV�E\�WKH�IODPHOHW

TXHQFKLQJ�FULWHULRQ��WKH�OLIW�RII�KHLJKW�ZRXOG�EH�XQGHU�SUHGLFWHG��$W�WKH�OLIW�RII�KHLJKW��WKH�YDOXH

RI� �LV�DSSUR[LPDWHO\�HTXDO�WR�������7KHUHIRUH��LQ�WKH�QXPHULFDO�VLPXODWLRQ��WKH�FRQWULEXWLRQ

RI�GLIIXVLRQ�IODPHOHW�TXHQFKLQJ�WR�WKH�VWDELOL]DWLRQ�PHFKDQLVP�LV�VPDOO��7KH�GHIOHFWLRQ�RI��WKH

PL[WXUH�IUDFWLRQ�LVR�FRQWRXUV�DW�WKH�IODPH�EDVH�LV�FDXVHG�E\�WKH�ORFDO�GHIOHFWLRQ�RI�WKH�VWUHDPOLQHV
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)LJXUH�����&RQWRXU�OLQHV�RI�WKH�PL[WXUH�IUDFWLRQ��WKH�]HUR�OHYHO�VHW�RI�

DQG�WKH�FRQWRXU�OLQH� �LQ�WKH�VWDELOL]DWLRQ�UHJLRQ�RI�D�OLIWHG�WXUEXOHQW

MHW�GLIIXVLRQ�IODPH�

)LJXUH�����0HDVXUHG�DQG�FDOFXODWHG�OLIW�RII�KHLJKWV�DV�D�IXQFWLRQ�RI�WKH

DYHUDJH�EXUQHU�H[LW�YHORFLW\�

DW�WKH�IODPH�EDVH�ZKLFK�LQ�WXUQ�LV�FDXVHG�E\�H[SDQVLRQ�LQ�WKH�IODPH�

)LJXUH�����VKRZV�WKH�PHDVXUHG�DQG�FDOFXODWHG�OLIW�RII�KHLJKW�+�DV�D�IXQFWLRQ�RI�WKH�DYHUDJH

EXUQHU�H[LW�YHORFLW\��$W�ORZ�EXUQHU�H[LW�YHORFLWLHV��WKH�OLIW�RII�KHLJKW�LV�RYHU�SUHGLFWHG�ZKLFK�LV

SUREDEO\�FDXVHG�E\�XQ�XQGHU�SUHGLFWHG�WXUEXOHQW�EXUQLQJ�YHORFLW\��'HFUHDVLQJ�WKH�DSSOLHG�YDOXH

IRU���LV�H[SHFWHG�WR�KDYH�MXVW�D�VPDOO�LQIOXHQFH�RQ�WKH�SUHGLFWHG�OLIW�RII�KHLJKW�VLQFH�WKH�YDOXH�RI

�LV�VPDOO�DW�WKH�OLIW�RII�KHLJKW��)XUWKHUPRUH��DW�KLJK�H[LW�YHORFLWLHV��WKH�OLIW�RII�KHLJKW�LV

XQGHU�SUHGLFWHG�DQG�DQ�LQFUHDVHG�YDOXH�IRU���ZRXOG�EH�GHVLUDEOH�
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7KH�DSSOLFDELOLW\�RI�WULSOH�IODPH�FRQFHSWV�WR�OLIWHG�IODPH�VWDELOL]DWLRQ�KDV�EHHQ�HYDOXDWHG��,Q�WKLV

WULSOH�IODPH�FRQFHSW��ERWK�HIIHFWV��SUHPL[HG�IODPH�SURSDJDWLRQ�DQG�IODPHOHW�TXHQFKLQJ�DGG�WR

WKH�VWDELOL]DWLRQ�PHFKDQLVP��%RWK�HIIHFWV�KDYH�EHHQ�LQFOXGHG�LQ�WKH�XVHG�H[SUHVVLRQ�IRU�WKH

WXUEXOHQW�EXUQLQJ�YHORFLW\��$W�WKH�OLIW�RII�KHLJKW��WKH�YDOXH�RI� �WXUQHG�RXW�WR�EH�VPDOO��L�H�

DERXW�������7KHUHIRUH��LQ�WKH�SUHVHQW�VWXG\��WKH�LQIOXHQFH�RI�IODPHOHW�TXHQFKLQJ�RQ�WKH�SUHGLFWHG

WXUEXOHQW�EXUQLQJ�YHORFLW\�WXUQHG�RXW�WR�EH�VPDOO��$OWKRXJK�WKH�LQIOXHQFH�RI�IODPHOHW�TXHQFKLQJ

PD\�EH�LQFUHDVHG�E\�LQFUHDVLQJ�WKH�DSSOLHG�YDOXH�IRU���� WKLV�LV�QRW�H[SHFWHG�WR�LPSURYH�WKH

SUHGLFWHG�OLIW�RII�KHLJKW�DV�D�IXQFWLRQ�RI�WKH�EXUQHU�H[LW�YHORFLW\��+RZHYHU��WKH�OLIW�RII�KHLJKW�LV

SUHGLFWHG�UDWKHU�ZHOO�E\�PDNLQJ�XVH�RI�WKH�WULSOH�IODPH�FRQFHSW�

$V�D�ILQDO�UHPDUN�LW�LV�PHQWLRQHG�KHUH�WKDW��DW�WKH�PRPHQW��LW�LV�QRW�DW�DOO�FHUWDLQ�ZKHWKHU�RU

QRW�WKH�WULSOH�IODPH�FRQFHSW�SURYLGHV�D�JRRG�GHVFULSWLRQ�RI�ZKDW�KDSSHQV�LQ�UHDOLW\��$OWKRXJK

H[SHULPHQWV� LQGHHG� VKRZ� D� GRZQVWUHDP�SURSDJDWLQJ� GLIIXVLRQ� IODPH� WKDW� LV� DQFKRUHG� E\� D

OHDGLQJ�HGJH�IODPH��ZKLFK�LV�VLPLODU�WR�D�WULSOH�IODPH��LW�LV�DOVR�FOHDU�WKDW�WXUEXOHQFH�FDXVHV

FRQVLGHUDEOH�GLVWRUWLRQ�RI�WKH�ORFDO�YHORFLW\�ILHOG�DQG�VLJQLILFDQW�GLIIHUHQFHV�IURP�WKH�ODPLQDU

FDVH��ZKLFK�PDNHV�DSSOLFDWLRQ�RI�(TXDWLRQ�������XQFHUWDLQ��&DOFXODWLRQV�RI�9H\QDQWH�HW�DO��������

VKRZ�WKDW�LQWHUDFWLRQV�EHWZHHQ�WULSOH�IODPHV�DQG�HYHQ�D�VLQJOH�YRUWH[�FDQ�FDXVH�FRQVLGHUDEOH

GLVWRUWLRQ�RI�WKH�IODPH�VWUXFWXUH��)XUWKHUPRUH��H[SHULPHQWV��H�J��0XOOHU�HW�DO���������DSSHDU�WR

VKRZ� D� WUDQVSRUW� RI� WKH� IODPH�E\� ODUJH� VWUXFWXUHV� DW� WKH� HGJH�RI� WKH� MHW��/RFDO� SURSDJDWLRQ

YHORFLWLHV�DUH�LQIOXHQFHG�E\�WKUHH�GLPHQVLRQDO�VWUXFWXUHV�PRYLQJ�VRPHWLPHV�LQ�VSLUDOV�DURXQG�WKH

D[LV�RI�V\PPHWU\��7KHUHIRUH�� WKHUH� UHPDLQV�D�VXEVWDQWLDO�GLIIHUHQFH�EHWZHHQ� WKH�YHU\�FUXGH

WXUEXOHQFH�PRGHOOLQJ�EDVHG�RQ�WKH�N�J�PRGHO�DQG�WKH�ODUJH�VFDOH�G\QDPLFV�LQ�D�MHW��0RGHOOLQJ�RI

WKHVH�IHDWXUHV�LV�EH\RQG�WKH�VFRSH�RI�WKLV�WKHVLV�
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&KDSWHU��

&RQFOXGLQJ�GLVFXVVLRQ

,Q�WKLV�WKHVLV��IODPHOHW�PRGHOOLQJ�KDV�EHHQ�XVHG�IRU�WKH�PRGHOOLQJ�RI�SDUWLDOO\�SUHPL[HG�WXUEXOHQW

MHW�GLIIXVLRQ�IODPHV��0RGHOOLQJ�RI�SDUWLDOO\�SUHPL[HG�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV�ZDV�IDFLOLWDWHG

E\�ILUVW�GHDOLQJ�ZLWK�WKH�SUREOHP�RI�WXUEXOHQW�PL[LQJ��LQ�&KDSWHU�����7KH�FKHPLFDO�DVSHFWV�ZHUH

FRQVLGHUHG�ILUVW�IRU�WKH�FDVH�RI�QRQ�SUHPL[HG�V\VWHPV��LQ�&KDSWHU����DQG�VXEVHTXHQWO\�IRU�WKH

FDVH�RI�SUHPL[HG�V\VWHPV��LQ�&KDSWHU����

)RU�SHUIRUPLQJ�PHDVXUHPHQWV�LQ�D�WXUEXOHQW�MHW��D�QHZ�PHWKRG�IRU�WUHDWLQJ�;�KRW�ZLUH�VLJQDOV

KDV� EHHQ� GHYHORSHG�� 7KLV�PHWKRG� HQDEOHV� WDNLQJ� LQWR� DFFRXQW� WKH� HIIHFW� RI� WKH� IOXFWXDWLQJ

ELQRUPDO�YHORFLW\�FRPSRQHQW��0HDVXUHG�YHORFLW\�DQG�WHPSHUDWXUH�SURILOHV�KDYH�EHHQ�FRPSDUHG

WR�VLPXODWLRQV�SHUIRUPHG�HPSOR\LQJ�WKH�VWDQGDUG�N�J�PRGHO�

,Q�WKH�GLIIXVLRQ�IODPHOHW�PRGHO�IRU�QRQ�SUHPL[HG�V\VWHPV��WKH�VFDODU�GLVVLSDWLRQ�UDWH�ZDV

SURSRVHG�DV�WKH�DSSURSULDWH�FKHPLFDO�QRQ�HTXLOLEULXP�SDUDPHWHU��7KH�SUHVHQW�GLIIXVLRQ�IODPHOHW

PRGHO� IRU�QRQ�SUHPL[HG�V\VWHPV�KDV�EHHQ�HYDOXDWHG�E\�FRQVLGHULQJ�D�VWDELOL]HG�QDWXUDO�JDV

IODPH�

,Q�WKH�IODPHOHW�PRGHO�IRU�SUHPL[HG�V\VWHPV��XVH�ZDV�PDGH�RI�WKH�OHYHO�VHW�HTXDWLRQ�IRU�WKH

GLVWDQFH�IXQFWLRQ� ��$Q�DGGLWLRQDO�HTXDWLRQ�IRU�WKH�VSHHG�IXQFWLRQ�)�ZDV�LQWURGXFHG�WKDW�OHDGV

WR�D�PRUH�FRQVLVWHQW�DSSURDFK�WR�WKH�OHYHO�VHW�DOJRULWKP�LQ�ZKLFK�WKH�XVH�RI�D�UH�LQLWLDOLVDWLRQ

DOJRULWKP� LV� UHGXQGDQW�� ,Q� WKH� OHYHO�VHW� HTXDWLRQ�� DQ� H[SUHVVLRQ�ZDV� XVHG� IRU� WKH� WXUEXOHQW

EXUQLQJ�YHORFLW\� �WKDW�FDQ�EH�DSSOLHG�LQ�ERWK�WKH�FRUUXJDWHG�IODPHOHW�UHJLPH�DV�ZHOO�DV�LQ�WKH

WKLQ�UHDFWLRQ�]RQHV�UHJLPH��$OVR�WKH�EHQGLQJ�HIIHFW�LV�GHVFULEHG�E\�WKH�XVHG�H[SUHVVLRQ�IRU� �

7KH�SUHPL[HG�IODPHOHW�PRGHO�ZDV�HYDOXDWHG�E\�FRQVLGHULQJ�D�WXUEXOHQW�SUHPL[HG�K\GURJHQ�DLU

IODPH��)LQDOO\��LQ�&KDSWHU����D�FRPELQDWLRQ�RI�DOO�PRGHOV�GLVFXVVHG�ZDV�XVHG�IRU�WKH�PRGHOOLQJ

RI�OLIWHG�IODPHV�LQ�ZKLFK�SDUWLDO�SUHPL[LQJ�SOD\V�DQ�LPSRUWDQW�UROH�

,Q�WKH�SUHVHQW�&KDSWHU��FRQFOXGLQJ�UHPDUNV�ZLOO�EH�SURYLGHG�RQ�HDFK�VXEMHFW�VHSDUDWHO\�DQG

VXJJHVWLRQV�ZLOO�EH�JLYHQ�IRU�IXWXUH�UHVHDUFK�LQ�WXUEXOHQW�FRPEXVWLRQ�

����785%8/(1&(�0($685(0(176�$1'�02'(//,1*

6FDODU�WUDQVSRUW�DQG�PL[LQJ�LQ�WXUEXOHQW�IORZV�LV�RI�SDUWLFXODU�LQWHUHVW�LQ�FRPEXVWLRQ�PRGHOOLQJ�

3UHGLFWHG�VFDODU�TXDQWLWLHV�GHSHQG�RQ�WKH�SUHGLFWHG�PL[WXUH�IUDFWLRQ��8QIRUWXQDWHO\��WKH�SUHGLFWHG

PL[WXUH�IUDFWLRQ��LQ�WXUQ��VWURQJO\�GHSHQGV�RQ�WKH�XVHG�WXUEXOHQFH�PRGHO��VHH�&KDSWHU�����,Q�WKH

GRZQVWUHDP�UHJLRQ�RI�WKH�MHW��ZKHUH�FKHPLFDO�HTXLOLEULXP�SUHYDLOV��HUURUV�LQ�WKH�SUHGLFWHG�VFDODU

TXDQWLWLHV�DUH�GLUHFWO\�UHODWHG�WR�WKH�HUURU�LQ�WKH�SUHGLFWHG�PL[WXUH�IUDFWLRQ��$OVR�FORVH�WR�WKH

EXUQHU�H[LW��WKHUH�LV�D�VWURQJ�UHODWLRQ�EHWZHHQ�WKH�FDOFXODWHG�PL[WXUH�IUDFWLRQ�DQG�WKH�FDOFXODWHG

VFDODU�TXDQWLWLHV��DV�FDQ�EH�VHHQ�IURP�WKH�XVHG�IODPHOHW�GDWD�LQ�$SSHQGL[�&��/DUJH�GLIIHUHQFHV

LQ� FDOFXODWHG� VFDODU�TXDQWLWLHV�FDQ� WKHUHIRUH�EH� LQWURGXFHG�E\� ODUJH�GLIIHUHQFHV� IRXQG� LQ� WKH

FDOFXODWHG�PL[WXUH� IUDFWLRQ�IURP�QXPHULFDO�VLPXODWLRQV�SHUIRUPHG�ZLWK�GLIIHUHQW� WXUEXOHQFH

PRGHOV�

,Q� WKH�PHDVXUHPHQW��PL[WXUH� IUDFWLRQ�SURILOHV�ZHUH�REWDLQHG� DV� D� VFDOHG� IXQFWLRQ�RI� WKH

PHDVXUHG�WHPSHUDWXUH�LQ�D�KHDWHG�MHW��9HORFLW\�GLVWULEXWLRQV�LQ�DQ�LVRWKHUPDO�MHW�ZHUH�REWDLQHG

E\�PDNLQJ�XVH�RI�;�KRW�ZLUH�DQHPRPHWU\�LQ�FRPELQDWLRQ�ZLWK�D�ORRN�XS�LQYHUVLRQ�PHWKRG��$

FRUUHFWLRQ�PHWKRG�KDV�EHHQ�GHYHORSHG�WKDW�DFFRXQWV�IRU�WKH�LQIOXHQFH�RI�WKH�IOXFWXDWLQJ�ELQRUPDO
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���

YHORFLW\�FRPSRQHQW��([SHULPHQWDO�UHVXOWV�ZHUH�FRPSDUHG�WR�SUHGLFWLRQV�REWDLQHG�ZLWK�GLIIHUHQW

WXUEXOHQFH� PRGHOV�� 3UHGLFWLRQV� REWDLQHG� ZLWK� WKH� VWDQGDUG� N�J� WXUEXOHQFH� PRGHO� DJUHHG

UHDVRQDEO\�ZHOO�ZLWK�YDOXHV�IRXQG�H[SHULPHQWDOO\��7KHUHIRUH��WKH�VWDQGDUG�N�J�WXUEXOHQFH�PRGHO

RIIHUV�DQ�DGHTXDWH�ZD\�RI�VLPXODWLQJ�WXUEXOHQW�MHWV�

,Q�H[SHULPHQWV��WKH�IORZ�DW�WKH�EXUQHU�H[LW�LV�RIWHQ�WKDW�RI�D�IXOO\�GHYHORSHG�WXUEXOHQW�SLSH

IORZ�� ,Q� WKH� QXPHULFDO� VLPXODWLRQ� WKLV� SURYLGHV� D�ZHOO�NQRZQ�GHVFULSWLRQ� IRU� WKH� ERXQGDU\

FRQGLWLRQV�DW�WKH�EXUQHU�H[LW��VHH�6HFWLRQ�������+RZHYHU��VRPHWLPHV�WKH�IORZ�DW�WKH�QR]]OH�H[LW

LV�QRW�HTXDO�WR�WKDW�RI�D�IXOO\�GHYHORSHG�WXUEXOHQW�SLSH�IORZ��H�J��IRU�WKH�IORZ�VWXGLHG�LQ�&KDSWHU���

:KHQ�WKH�ERXQGDU\�FRQGLWLRQV�DW�WKH�LQOHW�SODQH�RI�WKH�FRPSXWDWLRQDO�GRPDLQ�DUH�QRW�NQRZQ

H[DFWO\��LW�PLJKW�EH�XVHIXO�WR�H[WHQG�WKH�FRPSXWDWLRQDO�GRPDLQ�E\�DOVR�WDNLQJ�LQWR�DFFRXQW�SDUW

RI�WKH�QR]]OH�JHRPHWU\��6XFK�DQ�DSSURDFK�ZRXOG�KRZHYHU�UHTXLUH�D�PRUH�FRPSOH[�PHWKRG�RI

JULG� JHQHUDWLRQ� WKDQ� WKDW� XVHG� LQ� WKH� SUHVHQW� VWXG\�� $OVR� WKH� LPSOHPHQWDWLRQ� RI� ERXQGDU\

FRQGLWLRQV�ZRXOG�EHFRPH�PRUH�FRPSOH[�

����785%8/(17�&20%867,21�02'(//,1*

'LIIXVLRQ�IODPHV

,Q�WKH�UHJLRQ�FORVH�WR�WKH�EXUQHU�H[LW��EHVLGHV�WKH�PRGHOOLQJ�RI�WXUEXOHQW�PL[LQJ��WKH�PRGHOOLQJ

RI�FKHPLFDO�QRQ�HTXLOLEULXP�HIIHFWV�SOD\V�DQ�LPSRUWDQW�UROH��&KHPLFDO�QRQ�HTXLOLEULXP�LV�FDXVHG

E\�VWURQJ�JUDGLHQWV�LQ�WKH�PL[WXUH�IUDFWLRQ�ILHOG��LH��E\�D�KLJK�YDOXH�IRU�WKH�VFDODU�GLVVLSDWLRQ�UDWH�

7KH�VFDODU�GLVVLSDWLRQ�UDWH�LV�KLJKHVW�QHDU�WKH�EXUQHU�H[LW�DQG�LW�SOD\V�DQ�LPSRUWDQW�UROH�LQ�WKH

VWDELOL]DWLRQ�PHFKDQLVP�RI�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV�

,Q�PDQ\�RWKHU�VWXGLHV��H�J��6DQGHUV���������WKH�VWUDLQ�UDWH�KDV�EHHQ�XVHG�DV�WKH�FKHPLFDO�QRQ�

HTXLOLEULXP�SDUDPHWHU��+RZHYHU�� WKH�TXHQFKLQJ� VWUDLQ� UDWH�GHSHQGV�RQ� WKH� FRQVLGHUHG� IORZ

FRQILJXUDWLRQ�DQG�RQ�WKH�OHYHO�RI�SUHPL[LQJ��&RQWUDU\�WR�WKH�TXHQFKLQJ�VWUDLQ�UDWH��WKH�TXHQFKLQJ

VFDODU�GLVVLSDWLRQ�UDWH�LV�LQGHSHQGHQW�RI�WKH�VSHFLILF�IORZ�FRQILJXUDWLRQ�DQG��WR�D�FHUWDLQ�GHJUHH�

LQGHSHQGHQW�RI�WKH�OHYHO�RI�SUHPL[LQJ��7KHUHIRUH��LQ�WKLV�VWXG\��WKH�VFDODU�GLVVLSDWLRQ�UDWH�ZDV

XVHG�DV�WKH�FKHPLFDO�QRQ�HTXLOLEULXP�SDUDPHWHU�

%HFDXVH�RI�PXOWL�FRPSRQHQW�GLIIXVLRQ��WKH�GHILQLWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�LV�QRQ�WULYLDO�

$Q�DSSURSULDWH�GHILQLWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�LV�EDVHG�RQ�D�VFDOHG�FRPELQDWLRQ�RI�HOHPHQW

PDVV�IUDFWLRQV��VHH�6HFWLRQ��������ZKLFK�UHSURGXFHV�WKH�FRUUHFW�VWRLFKLRPHWULF�YDOXH��UHJDUGOHVV

WKH�VWUHQJWK�RI�WKH�GLIIHUHQWLDO�GLIIXVLRQ�HIIHFWV�

&ORVH�WR�WKH�QR]]OH�H[LW��PL[WXUH�IUDFWLRQ�YDOXHV�RQ�WKH�ULFK�DQG�OHDQ�VLGH�RI�WKH�IODPHOHW

H[WHQG�WR���DQG����UHVSHFWLYHO\��7KHVH�YDOXHV�FRUUHVSRQG�WR�WKH�ERXQGDU\�FRQGLWLRQV�XVHG�LQ�WKH

IODPHOHW�FDOFXODWLRQV��(IIHFWV�OLNH�LQFUHDVHG�WHPSHUDWXUH�OHYHOV�DW�WKH�OHDQ�VLGH�RI�VWRLFKLRPHWULF�

FDXVHG�E\�GLIIHUHQWLDO�GLIIXVLRQ��DUH�WDNHQ�LQWR�DFFRXQW�FRUUHFWO\��,Q�WKH�GRZQVWUHDP�UHJLRQ�RI�MHW

IODPHV��KRZHYHU��PL[WXUH�IUDFWLRQ�YDOXHV�RQ�WKH�ULFK�DQG�OHDQ�VLGH�RI�WKH�IODPHOHW�GR�QRW�H[WHQG

WR�WKRVH�LPSRVHG�LQ�WKH�IODPHOHW�FDOFXODWLRQV�DQG�FDOFXODWHG�UHVXOWV�DUH�TXHVWLRQDEOH��(VSHFLDOO\

IRU�GLOXWHG�K\GURJHQ�IODPHV��UHVXOWV�RI�IODPHOHW�PRGHOOLQJ�LQ�WKH�GRZQVWUHDP�UHJLRQ�RI�MHW�IODPHV

SUHGLFW�WRR�KLJK�WHPSHUDWXUH�OHYHOV�DW�WKH�OHDQ�VLGH�RI�VWRLFKLRPHWULF��H�J��6DQGHUV���������6XUHO\

WKH�DEVHQFH�RI�GLIIHUHQWLDO�GLIIXVLRQ�HIIHFWV�LQ�WKH�PHDVXUHG�WHPSHUDWXUH�ILHOG��H�J��0HLHU�HW�DO�

�������IDU�GRZQVWUHDP�LQ�MHW�IODPHV��LQGLFDWHV�WKH�ORFDO�LQDSSOLFDELOLW\�RI�WKH�SUHVHQW�IODPHOHW

PRGHO��,Q�WKHVH�UHJLRQV��D�EHWWHU�SUHGLFWLRQ�ZRXOG�EH�REWDLQHG�E\�DVVXPLQJ�FKHPLFDO�HTXLOLEULXP

RU� E\� XVLQJ� HTXDO� GLIIXVLYLWLHV� LQ� WKH� IODPHOHW� FDOFXODWLRQV�� 1HYHUWKHOHVV�� IRU� VWXG\LQJ� WKH

VWDELOL]DWLRQ�PHFKDQLVP�FORVH�WR�WKH�EXUQHU�H[LW�� ���WKH�SUHVHQW�IODPHOHW�PRGHO�SURYLGHV

DQ�DFFXUDWH�GHVFULSWLRQ�RI�WKH�GLIIXVLRQ�IODPHV�
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$Q�DQDO\WLF�H[SUHVVLRQ�IRU�WKH�FRQGLWLRQHG�VFDODU�GLVVLSDWLRQ�UDWH�ZDV�XVHG�WKDW�KDV�EHHQ

GHULYHG�ZLWK� WKH� DVVXPSWLRQ� RI� WKH�PL[WXUH� IUDFWLRQ� H[WHQGLQJ� IURP� SXUH� DLU� WR� SXUH� IXHO�

+RZHYHU��LQ�WXUEXOHQW�GLIIXVLRQ�IODPHV��SUHPL[HG�IXHO�LV�RULJLQDWLQJ�IURP�WKH�D[LV�RI�V\PPHWU\�

7KHUHIRUH��D�EHWWHU�UHSUHVHQWDWLRQ�RI�WKH�PL[WXUH�IUDFWLRQ�SURILOH�LV�JLYHQ�E\�WKH�UHODWLRQ�IRU�DQ

LQILQLWH�PL[LQJ�OD\HU�ZLWK�SDUWLDOO\�SUHPL[HG�ERXQGDU\�FRQGLWLRQV�RQ�WKH�IXHO�VLGH��$�FRUUHFW

YDOXH�IRU�WKH�ORFDO�FRQGLWLRQHG�VFDODU�GLVVLSDWLRQ�UDWH�FDQ�DOVR�EH�REWDLQHG�E\�XVLQJ�WKH�YDOXH�IRU

WKH� VFDODU� GLVVLSDWLRQ� UDWH� DW� WKH� UDGLDO� SRVLWLRQ�ZKHUH� WKH�PL[WXUH� IUDFWLRQ� LV� HTXDO� WR� WKH

VWRLFKLRPHWULF�YDOXH��7KLV�ODVW�PHWKRG�UHTXLUHV�WKH�XVH�RI�VRPH�NLQG�RI�VHDUFK�DOJRULWKP�RU�WKH

VROXWLRQ�RI�DQ�DGGLWLRQDO�HTXDWLRQ�VLPLODU�WR�(TXDWLRQ��������XVHG�IRU�WKH�FRQGLWLRQHG�YHORFLWLHV�

+RZHYHU��FORVH�WR�WKH�EXUQHU�H[LW��ZKHUH�WKH�SUHVFULEHG�VFDODU�GLVVLSDWLRQ�SURILOH�LV�XVHG�WR�VWXG\

WKH�VWDELOL]DWLRQ�DQG�TXHQFKLQJ�PHFKDQLVP��WKH�QRQ�SUHPL[HG�VFDODU�GLVVLSDWLRQ�SURILOHV�DUH

DVVXPHG�WR�EH�DFFXUDWH�HQRXJK�

$OWKRXJK�WKH�ODPLQDU�IODPHOHW�PRGHO�LQ�QRQ�SUHPL[HG�FRPEXVWLRQ�KDV�EHHQ�VXFFHVVIXOO\

DSSOLHG�IRU�WKH�SUHGLFWLRQ�RI�PHDQ�YDOXHV�RI�WHPSHUDWXUH�DQG�VSHFLHV�FRQFHQWUDWLRQ��VRPH�DVSHFWV

RI� ODPLQDU�IODPHOHW�PRGHOOLQJ�LQ� WXUEXOHQW�FRPEXVWLRQ�DUH�VWLOO�XQFOHDU��DV��IRU� LQVWDQFH�� WKH

PRGHOOLQJ� RI� WUDQVLHQW� HIIHFWV��:KHQ� WUDQVLHQW� HIIHFWV� SOD\� DQ� LPSRUWDQW� UROH�� OLNH� IRU� WKH

SUHGLFWLRQ�RI�&2�PDVV�IUDFWLRQV��VHH�6HFWLRQ�������XVH�KDV�WR�EH�PDGH�RI�D�IODPHOHW�PRGHO�ZLWK

XQVWHDG\�IODPHOHWV��7KH�WHPSRUDO�GHYHORSPHQW�RI�WKH�VFDODU�GLVVLSDWLRQ�UDWH�LQ�WKH�IODPHOHW�KDV

WR�EH�NQRZQ��7KLV�WHPSRUDO�GHYHORSPHQW�RI�WKH�VFDODU�GLVVLSDWLRQ�UDWH��KRZHYHU��GHSHQGV�RQ�WKH

FRQVLGHUHG�IORZ�FRQILJXUDWLRQ��7KHUHIRUH��WKLV�ZRXOG�OHDG�WR�DQ�LQWHUDFWLYH�IODPHOHW�DSSURDFK�LQ

ZKLFK�WKH�XVHG�IODPHOHW�OLEUDU\�KDV�WR�EH�DGMXVWHG�WR�WKH�VSHFLILF�IORZ�FRQILJXUDWLRQ�

3UHPL[HG�IODPHV

)RU�PRGHOOLQJ�RI�WKH�WXUEXOHQW�SUHPL[HG�IODPH�EUXVK��XVH�KDV�EHHQ�PDGH�RI�D�OHYHO�VHW�DOJRULWKP

IRU�WKH�VFDODU� �LQ�ZKLFK� �LV�GHILQHG�DV�WKH�GLVWDQFH�WR�WKH�PHDQ�SUHPL[HG�IODPH�IURQW�SRVLWLRQ�

7KH�VROXWLRQ�IRU� �ZDV�IRXQG�DV�WKH�VWHDG\�VWDWH�VROXWLRQ�RI�D�WLPH�GHSHQGHQW�HTXDWLRQ��L�H��WKH

OHYHO�VHW�HTXDWLRQ��7KH�LQVWDQWDQHRXV�YDOXH�IRU�*�LV�GHILQHG�DV�WKH�GLVWDQFH�WR�WKH�LQVWDQWDQHRXV

SUHPL[HG�IODPH�IURQW�LQ�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�]HUR�OHYHO�VHW�RI� ��%\�XVLQJ�WKLV

GHILQLWLRQ�IRU�*�� �LV�HTXDO�WR����+RZHYHU��ZLWK�WKLV�GHILQLWLRQ��WKH�WLPH�GHSHQGHQW� �LV

E\�QR�PHDQV�HTXDO�WR���DW�DOO�WLPH��7KH�PHDQ�YDOXH�IRU� �LV�FDOOHG�WKH�IODPH�VXUIDFH�DUHD�UDWLR

DQG�LW�LQFUHDVHV�ZLWK�LQFUHDVLQJ�WXUEXOHQFH�LQWHQVLW\��VHH�$SSHQGL[�(��

$Q�DGGLWLRQDO�HTXDWLRQ�ZDV�LQWURGXFHG�IRU�WKH�VSHHG�IXQFWLRQ�)��%\�VLPXOWDQHRXVO\�VROYLQJ

WKLV�HTXDWLRQ�IRU�)�ZLWK�WKH�OHYHO�VHW�HTXDWLRQ��WKH�PDJQLWXGH�RI�WKH�JUDGLHQW�LQ� �LV�NHSW�HTXDO

WR����8QOLNH�WKH�ERXQGDU\�FRQGLWLRQV�IRU�RWKHU�VFDODU�TXDQWLWLHV��WKH�ERXQGDU\�FRQGLWLRQV�IRU�)

DQG� �DUH�QRW�JLYHQ�DW�WKH�ERXQGDU\�RI�WKH�FRPSXWDWLRQDO�GRPDLQ�EXW�DW�WKH�]HUR�OHYHO�VHW�RI� �

$W�WKH�]HUR�OHYHO�VHW�RI� ��WKH�VSHHG�IXQFWLRQ�)�LV�SUHVFULEHG�E\�WKH�FRQGLWLRQHG�IORZ�YHORFLWLHV

DQG�ORFDO�ODPLQDU�EXUQLQJ�YHORFLW\��9DOXHV�IRU�)�DQG� �DW�WKH�ERXQGDU\�RI�WKH�FRPSXWDWLRQDO

GRPDLQ�DUH�JLYHQ�E\�WKH�IDFW�WKDW� VKRXOG�UHPDLQ�HTXDO�WR���

)RU�WKH�WXUEXOHQW�EXUQLQJ�YHORFLW\��D�PRGHO�H[SUHVVLRQ�JLYHQ�E\�3HWHUV��������ZDV�XVHG��7KLV

H[SUHVVLRQ� FRYHUV� WKH� VPDOO�VFDOH� DQG� ODUJH�VFDOH� WXUEXOHQFH� UHJLPH� DOUHDG\� UHFRJQL]HG� E\

'DPN|KOHU���������1XPHULFDO�UHVXOWV�DV�ZHOO�DV�PHDVXUHPHQW�GDWD�JLYHQ�E\�:X�HW�DO��������

UHYHDOHG�D�FOHDU�LQIOXHQFH�RI�WKH�0DUNVWHLQ�QXPEHU��&RPSDUHG�WR�PHDVXUHPHQW�GDWD�JLYHQ�E\�:X

HW�DO���������D�UHDVRQDEO\�JRRG�FRUUHVSRQGHQFH�ZDV�IRXQG�IRU�WKH�SUHGLFWHG�IODPH�EUXVK�WKLFNQHVV

DQG�IODPH�OHQJWK�



���

/LIWHG�IODPHV

,Q�&KDSWHU����WULSOH�IODPHV�ZHUH�FRQVLGHUHG�WR�EH�WKH�NH\�HOHPHQW�LQ�WKH�VWDELOL]DWLRQ�PHFKDQLVP

RI�OLIWHG�IODPHV��$�WULSOH�IODPH�LV�D�FRPELQDWLRQ�RI�D�SUHPL[HG�IODPH�DQG�D�GLIIXVLRQ�IODPH��7KH

IODPHOHW�IRUPXODWLRQV�IRU�SUHPL[HG�FRPEXVWLRQ�DQG�QRQ�SUHPL[HG�FRPEXVWLRQ�ZHUH�XVHG�LQ

FRPELQDWLRQ�ZLWK�WKH�VWDQGDUG�N�J�WXUEXOHQFH�PRGHO�IRU�FDOFXODWLQJ�D�OLIWHG�IODPH��7KH�LQIOXHQFH

RI�D�QRQ�KRPRJHQRXV�PL[WXUH�IUDFWLRQ�ILHOG�ZDV�LQFRUSRUDWHG�LQWR�WKH�XVHG�H[SUHVVLRQ�IRU�WKH

WXUEXOHQW�EXUQLQJ�YHORFLW\��3UHGLFWHG�OLIW�RII�KHLJKWV�FRPSDUHG�TXLWH�ZHOO�WR�PHDVXUHPHQW�GDWD

JLYHQ�E\�6FKHIHU�HW�DO���������

7KH�ERXQGDU\�FRQGLWLRQV�IRU�WKH�GLIIXVLRQ�IODPH�ZLWKLQ�WKH�WULSOH�IODPH�DUH�GLIIHUHQW�IURP

WKRVH�DSSOLHG�LQ�WKH�GLIIXVLRQ�IODPHOHW�FRPSXWDWLRQV��L�H��WKH�PL[WXUH�IUDFWLRQ�GRHV�QRW�H[WHQG

IURP� SXUH� DLU� WR� SXUH� IXHO�� $OVR�� DW� WKH� WULSOH� SRLQW�� WKHUH� LV� D� VWURQJ� GHYLDWLRQ� IURP� RQH�
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WKHUH�LV�RIWHQ�PRUH�WKDQ�RQH�VROXWLRQ�WR�WKH�HTXDWLRQV��)RU�H[DPSOH��D�EXUQLQJ�DQG�QRQ�EXUQLQJ

VROXWLRQ�PD\�ERWK�FRH[LVW�DW�WKH�VDPH�5H\QROGV�QXPEHU��7KHUH�PD\�DOVR�EH�D�UHJLPH�LQ�ZKLFK
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PLJKW�FRH[LVW�
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PRGHOOLQJ�LV�DQ�LPSRUWDQW�WRRO�LQ�WKH�GHVLJQ�RI�PDQ\�IORZ�PDFKLQHV��IURP�SXPSV�WR�DHURSODQHV�

+RZHYHU��D�XQLYHUVDO�VROXWLRQ�WR�WKH�WXUEXOHQFH�FORVXUH�SUREOHP�VWLOO�VHHPV�D�ORQJ�ZD\�RII��2QH�

SRLQW�FORVXUH�PRGHOV�VXFK�DV�WKH�N�J�PRGHO�DUH�DSSOLFDEOH�WR�D�IDLUO\�ZLGH�UDQJH�RI�IORZV��ZKLOH

RWKHU� IORZV�ZLOO� QHHG� WZR�SRLQW� FORVXUH�PRGHOV� DQG� WKH� UHPDLQGHU�ZLOO� QHHG� D�/DUJH�(GG\

6LPXODWLRQ��/(6���$OVR�LQ�WKH�VWDELOL]DWLRQ�PHFKDQLVP�RI�OLIWHG�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV�

ODUJH�VFDOH�G\QDPLFV�VHHP�WR�SOD\�DQ�LPSRUWDQW�UROH��/(6�ZLWK�VXEJULG�VFDOH��6*6��PRGHOOLQJ

IRU�WKH�ILQH�VFDOHV�RI�WKH�IODPH�IURQW�PD\�EH�D�SRVVLEOH�DSSURDFK�IRU�PRGHOOLQJ�WKHVH�IHDWXUHV�LQ

IXWXUH�UHVHDUFK�

0RUH�H[SHULPHQWV�DQG�GLUHFW�QXPHULFDO�VLPXODWLRQV��'16��DUH�QHHGHG�WR�FODULI\�WKH�PRGHOOLQJ

LVVXHV�RI�IRU�H[DPSOH�WKH�OLIWHG�IODPH�VWDELOLVDWLRQ�PHFKDQLVP��)URP�WKHVH�H[SHULPHQWV�DQG

VLPXODWLRQV�LW�PD\�WKHQ�EH�SRVVLEOH�WR�H[WUDFW�WKH�UHOHYDQW�SDUDPHWHUV�WR�EH�XVHG�DV�LQSXW�WR�D

GHWDLOHG�NLQHWLF�FDOFXODWLRQ��([SHUWV�LQ�WKH�ILHOG�RI�H[SHULPHQWV��'16�DQG�WXUEXOHQW�FRPEXVWLRQ

PRGHOOLQJ� QHHG� WR� GHEDWH� RQ� WKH� GHVLJQ� RI� �QXPHULFDO� RU� SK\VLFDO�� H[SHULPHQWV� QHHGHG� IRU
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WXUEXOHQW� FRPEXVWLRQ� UHVHDUFK�� 2IWHQ�� H[SHUWV� LQ� '16� KDYH� OLWWOH� H[SHULHQFH� LQ� WXUEXOHQW

FRPEXVWLRQ� DQG� DUH�XQOLNHO\� WR� FKRRVH� WKH�PRVW� LQWHUHVWLQJ� FDVHV� WR�EH� VLPXODWHG��$QRWKHU

SUREOHP�LV�WKDW�VWLOO�WRR�PDQ\�RI�WKH�H[LVWLQJ�GDWD�EDVHV�DUH�DFFHVVLEOH�RQO\�WR�WKRVH�WKDW�JHQHUDWHG

WKHP� DQG� WKH� IHZ� WKDW� FDQ� DIIRUG� WR� H[SHQG� D� ODUJH� DPRXQW� RI� WLPH� WR� XQUDYHO� WKH� KLJKO\

VSHFLDOL]HG�IRUP�LQ�ZKLFK�WKH\�DUH�VWRUHG��,W�LV�LPSRUWDQW�WKDW�WKH�H[LVWLQJ�GDWD�EDVHV��DQG�WKH�QHZ

RQHV�JHQHUDWHG��EH�PDGH�DYDLODEOH�WR�DQ\�LQWHUHVWHG�FRPEXVWLRQ�VFLHQWLVW�LQ�D�IRUP�LQ�ZKLFK�WKH\

FDQ�EH�UHDGLO\�SRVW�SURFHVVHG��7KH�LQWHUQHW�LV�EHFRPLQJ�PRUH�DQG�PRUH�LPSRUWDQW�LQ�SURYLGLQJ

XV�DQ�HIILFLHQW�ZD\�IRU�GLVWULEXWLQJ�WKHVH�GDWD�EDVHV�
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EXR\DQW�ILUH��&RPEXVW��)ODPH��9RO������SS��������

'DPN|KOHU��*�� �������� =�� (OHNWURFKHP���9RO�� ���� SS�� ��������� (QJOLVK� WUDQVODWLRQ��1$&$
7HFKQ��0HPR���1R��������������

'DYLV��0�5��DQG�5HUNVKDQDQGDQD��3����������,QWHJUDO�VFDOHV�DQG�PL[LQJ�OHQJKWV�LQ�WXUEXOHQW
PL[LQJ�DQG�FRPEXVWLRQ��([SHULPHQWDO�7KHUPDO�DQG�)OXLG�6FLHQFH��9RO�����SS����������

'L[RQ�/HZLV��*���'DYLG��7���*DVNHOO�� 3�+��� )XNXWDQL�� 6��� -LQQR��+���0LOOHU�� -�$���.HH��5�-��
6PRRNH��0�'���3HWHUV��1���(IIHOVEHUJ��(���:DUQDW]��-���%HKUHQGW��)����������&DOFXODWLRQ�RI
WKH� VWUXFWXUH� DQG� H[WLQFWLRQ� OLPLW� RI� D�PHWKDQH�DLU� FRXQWHUIORZ�GLIIXVLRQ� IODPH� LQ� WKH
IRUZDUG�VWDJQDWLRQ�UHJLRQ�RI�D�SRURXV�F\OLQGHU�����WK�6\PSRVLXP�RQ�&RPEXVWLRQ��SS�
����������

'RRUPDDO��-�3��YDQ�DQG�5DLWKE\��*�'����������(QKDQFHPHQWV�RI�WKH�6LPSOH�PHWKRG�IRU�SUHGLFWLQJ
LQFRPSUHVVLEOH�IOXLG�IOXLG�IORZV��1XPHULFDO�+HDW�7UDQVIHU��9RO�����SS���������

'U\GHQ��+�/���6FKXEDXHU��*�%���0RFN��:�&��-U���DQG�6NUDPVWDG��+�.����������1DWO��$GYLVRU\
&RPP��$HURQDXW��7HFK��5HSWV��1R������

'XFORV��-�0��DQG�9H\QDQWH��'����������$�FRPSDULVRQ�RI�IODPHOHW�PRGHOV�IRU�SUHPL[HG�WXUEXOHQW
FRPEXVWLRQ��&RPEXVWLRQ�DQG�IODPH��9RO������SS����������

(FKHNNL��7���&KHQ��-�+����������8QVWHDG\�VWUDLQ�UDWH�DQG�FXUYDWXUH�HIIHFWV�LQ�WXUEXOHQW�SUHPL[HG
PHWKDQH�DLU�IODPHV��&RPEXVWLRQ�DQG�IODPH��9RO�������SS����������

(PELG��3HGUR�)���0DMGD��$QGUHZ�-���6RXJDQLGLV��3DQDJLRWLV�(����������&RPSDULVRQ�RI�WXUEXOHQW
IODPH�VSHHGV�IURP�FRPSOHWH�DYHUDJLQJ�DQG�WKH�*�HTXDWLRQ��3K\V��)OXLGV��������SS�������
�����

(YHUHVW��'DYLG�$���'ULVFROO��-DPHV�)���'DKP��-�$���)HLNHPD��'RXJODV�$����������,PDJHV�RI�WKH
WZR�GLPHQVLRQDO�ILHOG�DQG�WHPSHUDWXUH�JUDGLHQWV�WR�TXDQWLI\�PL[LQJ�UDWHV�ZLWKLQ�D�QRQ�
SUHPL[HG�WXUEXOHQW�MHW�IODPH��&RPEXVWLRQ�DQG�)ODPH��9RO�������SS��������������

)DYUH��$�-���*DYLJOLR��-�-���DQG�'XPDV��5����������6SDFH�WLPH�GRXEOH�FRUUHODWLRQV�DQG�VSHFWUD�LQ
D�WXUEXOHQW�ERXQGDU\�OD\HU��-��)OXLG�0HFK���9RO�����SS����������



���

)HGRWRY��6�3����������6WRFKDVWLF�GHVFULSWLRQ�RI�SUHPL[HG�WUXEXOHQW�FRPEXVWLRQ�LQ�WHUPV�RI�D
FRDUVH�JUDLQHG�IODPH�VXUIDFH�GHQVLW\��&RPEXVWLRQ�DQG�)ODPH��9RO�������SS����������

)HGRWRY�� 6�3�� ��������*�HTXDWLRQ�� VWRFKDVWLF� FRQWURO� WKHRU\� DQG� UHODWLYLVWLF�PHFKDQLFV� RI� D
SDUWLFOH�PRYLQJ�LQ�D�UDQGRP�ILHOG��&RPEXVW��7KHRU\�0RGHOOLQJ��9RO�����/��/��

)XUXNDZD�� -��� 0DUXWD�� .�� $QG� +LUDQR�� 7�� �������� )ODPH� IURQW� FRQILJXUDWLRQ� RI� WXUEXOHQW
SUHPL[HG�IODPHV��&RPEXVWLRQ�DQG�IODPH��9RO�������SS����������

*DOHQ��5�$�0�/����������'HVLJQ�RI�D�PRGXODU�PXOWLFKDQQHO�KRW�ZLUH�DQHPRPHWHU�V\VWHP��7KHVLV�
(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�

*HRUJH��:�.��DQG�&DSS��6�3����������$�VWXG\�RI�WKH�WXUEXOHQW�D[LV\PPHWULF�MHW��-��(QJ��6FL��.LQJ
6DXG�8QLY���9RO������SS��������

*HUPDQR��0����������7KH�VWDWLVWLFDO�PHDQLQJ�RI�WKH�%RXVVLQHVT�DSSUR[LPDWLRQ�LQ�WHUPV�RI�WKH
)DYUH�DYHUDJHV��(5&2)7$&�%XOOHWLQ��9RO������SS��������

*LULPDML��6�6����������$VVXPHG���SGI�PRGHO�IRU�WXUEXOHQW�PL[LQJ��YDOLGDWLRQ�DQG�H[WHQVLRQ�WR
PXOWLSOH�VFDODU�PL[LQJ��&RPEXVW��6FL��DQG�7HFKQ���9RO������SS����������

*ODVVPDQ��,����������&RPEXVWLRQ��$FDGHPLF�3UHVV��,QF���6DQ�'LHJR��&DOLIRUQLD�
*UDKDP��/�-�:��DQG�%UHPKRUVW��.����������$�OLQHDU�FRPSHQVDWLRQ�WHFKQLTXH�IRU�LQFOLQHG�KRW�

ZLUH�DQHPRPHWHUV�VXEMHFWHG�WR�IOXLG�WHPSHUDWXUH�FKDQJHV��0HDV��6FL��7HFKQRO���9RO�����SS�
����������

*UDKDP��/�-�:��DQG�%UHPKRUVW��.����������,QVWDQWDQHRXV�WLPH�FRQVWDQW�DGMXVWPHQW�RI�FROG�ZLUHV
DFWLQJ�DV�UHVLVWDQFH�WKHUPRPHWHUV�ZKHQ�XVLQJ�PXOWL�ZLUH�DQHPRPHWHU�SUREHV��0HDV��6FL�
7HFKQRO���9RO�����SS����������

+DELE��0�$�� DQG�:KLWHODZ�� -�+�� ��������9HORFLW\� FKDUDFWHULVWLFV� RI� D� FRQILQHG� FRD[LDO� MHW�
-RXUQDO�RI�)OXLGV�(QJLQHHULQJ��9RO�������SS����������

+DELE��0�$��DQG�:KLWHODZ��-�+����������9HORFLW\�FKDUDFWHULVWLFV�RI�FRQILQHG�FRD[LDO�MHWV�ZLWK
DQG�ZLWKRXW�VZLUO��-RXUQDO�RI�)OXLGV�(QJLQHHULQJ��9RO�������SS��������

+DQMDOLF��.���/DXQGHU��%�(����������$�5H\QROGV�VWUHVV�PRGHO�DQG�LWV�DSSOLFDWLRQV�WR�WKLQ�VKHDU
IORZ��-��)OXLG�0HFK���9RO������SS����������

+DQMDOLF��.����������$GYDQFHG�WXUEXOHQFH�FORVXUH�PRGHOV��D�YLHZ�RI�FXUUHQW�VWDWXV�DQG�IXWXUH
SURVSHFWV��,QW��-��+HDW�DQG�)OXLG�)ORZ��9RO������1R�����SS����������

+HUQDQGH]���-���&UHVSR��$���'XLMP��1�-����������1XPHULFDO�PRGHOLQJ�RI�WXUEXOHQW�MHW�GLIIXVLRQ
IODPHV�LQ�WKH�DWPRVSKHULF�VXUIDFH�OD\HU��&RPEXVWLRQ�DQG�)ODPH��9RO�������SS����������

+LQ]H��-�2����������7XUEXOHQFH��DQ�LQWURGXFWLRQ�WR�LWV�PHFKDQLVP�DQG�WKHRU\��0F*UDZ�+LOO��1HZ
<RUN�

,P��+�*���%HFKWROG��-�.��DQG�/DZ��&�.����������&RXQWHUIORZ�GLIIXVLRQ�IODPHV�ZLWK�XQVWHDG\
VWUDLQ�UDWHV��&RPEXVW��6FL��DQG�7HFK���9RO�������SS����������

,QDJH��6��,��DQG�2KWVXND��0����������$�SURSRVDO�IRU�D�QHZ�WXUEXOHQW�SUHPL[HG�FRPEXVWLRQ�PRGHO
DQG�LWV�HYDOXDWLRQ��GHYHORSPHQW�RI�WKH�PRGHO���-60(�,QWHUQDWLRQDO�-RXUQDO��6HULHV�%��9RO�
����1R����

-RKQVRQ��)�'��DQG�(FNHOPDQQ��+����������$�YDULDEOH�DQJOH�PHWKRG�RI�FDOLEUDWLRQ�IRU�;�SUREHV
DSSOLHG�WR�ZDOO�ERXQGHG�WXUEXOHQW�VKHDU�IORZ��([S��,Q�)OXLGV��9RO�����SS����������

-RQHV�� :�3��� /DXQGHU�� %�(�� �������� 7KH� SUHGLFWLRQ� RI� ODPLQDULVDWLRQ� ZLWK� D� WZR�HTXDWLRQ
WXUEXOHQFH�PRGHO��,QW��-��+HDW�0DVV�7UDQVIHU��9RO������SS����������

-|UJHQVRQ�)�(����������'LUHFWLRQDO�VHQVLWLYLW\�RI�ZLUH�DQG�ILEUH�ILOP�SUREHV��',6$�,QIR����
.DUSRY��9�3���/LSDWQLNRY��$�1���:RODQVNL��3����������)LQGLQJ�WKH�0DUNVWHLQ�1XPEHU�8VLQJ�WKH

0HDVXUHPHQWV� RI� ([SDQGLQJ� 6SKHULFDO� /DPLQDU� )ODPHV�� &RPEXVW�� )ODPH�� 9RO�� ����
SS����������



���

.HDJ\��:�5��DQG�:HOOHU��$�(����������$�VWXG\�RI�IUHHO\�H[SDQGLQJ�LQKRPRJHQHRXV�MHWV��3URF�
+HDW�7UDQVI��)OXLG�0HFK��,QVW�������SS��������

.HOOHU��3����������%HUHFKQXQJHQ�GHU�7XUEXOHQWHQ�)ODPPHQDXVEUHLWXQJ�EHL�GHU�2WWRPRWRULVFKHQ
9HUEUHQQXQJ�PLW�HLQHP�)ODPHOHW�0RGHOO��3K��'��7KHVLV��7HFKQLVFKHQ�+RFKVFKXOH�$DFKHQ�
*HUPDQ\�

.HQQHG\�� ,�0�� DQG�.HQW�� -�+�� ��������0HDVXUHPHQWV� RI� D� FRQVHUYHG� VFDODU� LQ� WXUEXOHQW� MHW
GLIIXVLRQ�IODPHV�����WK�6\PSRVLXP�RQ�&RPEXVWLRQ��SS����������

.HQQHG\��,�0��DQG�.HQW��-�+����������6FDODU�PHDVXUHPHQWV�LQ�D�FR�IORZLQJ�WXUEXOHQW�GLIIXVLRQ
IODPH��&RPEXVW��6FL��DQG�7HFKQ���9RO������SS����������

.HQQHG\��/�$����������7XUEXOHQW�FRPEXVWLRQ���VHOHFWHG�WHFKQLFDO�SDSHUV��3URJUHVV�LQ�DVWURQDXWLFV
DQG�DHURQDXWLFV��9RO������$PHULFDQ�,QVWLWXWH�RI�$HURQDXWLFV�DQG�$VWURQDXWLFV�

.HQW�� -�+�� DQG� %LOJHU�� 5�:�� �������� 7XUEXOHQW� GLIIXVLRQ� IODPHV�� ���WK� 6\PSRVLXP� RQ
&RPEXVWLRQ��SS����������

.HQW��-�+��DQG�%LOJHU��5�:����������7KH�SUHGLFWLRQ�RI�WXUEXOHQW�GLIIXVLRQ�IODPH�ILHOGV�DQG�QLWULF
R[LGH�IRUPDWLRQ�����WK�6\PSRVLXP�RQ�&RPEXVWLRQ��SS������������

.HUVWHLQ��$�5���$VKXUVW��:�7���:LOOLDPV��)�$����������)LHOG�(TXDWLRQ�IRU�,QWHUIDFH�3URSDJDWLRQ
LQ�DQ�8QVWHDG\�+RPRJHQHRXV�)ORZ�)LHOG��3K\VLFDO�5HYLHZ�$��9RO������1R�����SS�������
�����

.KDOLO��.�+���(O�0DKDOODZ\��)�0��DQG�.KDOLO��(�(���������)ORZ��PL[LQJ�DQG�KHDW�WUDQVIHU�LQ
IXUQDFHV���VHOHFWLRQ�IURP�SDSHUV��SUHVHQWHG�DW�WKH��VW�FRQIHUHQFH�RQ�PHFKDQLFDO�SRZHU
HQJLQHHULQJ��&DLUR��0+7�WKH�VFLHQFH�DQG�DSSOLFDWLRQV�RI�KHDW�DQG�PDVV�WUDQVIHU��9RO����
3HUJDPRQ�3UHVV��2[IRUG�

.LP�� -�6��� :LOOLDPV�� )�$�� �������� 6WUXFWXUHV� RI� )ORZ� DQG� 0L[WXUH�)UDFWLRQ� )LHOGV� IRU
&RXQWHUIORZ�'LIIXVLRQ�)ODPHV�ZLWK�6PDOO�6WRLFKLRPHWULF�0L[WXUH�)UDFWLRQV��6,$0�-�
$SSO��0DWK���9RO������SS������������

.XR��.�.��<����������3ULQFLSOHV�RI�FRPEXVWLRQ��:LOH\�,QWHUVFLHQFH��&KLFKHVWHU�
/DPHUV��$�3�*�*��DQG�6DQGHUV��-�3�+�������D���7LMGJHPLGGHOGH�EHKRXGVYHUJHOLMNLQJHQ�HQ�KHW

N�J�PRGHO��(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�
/DPHUV��$�3�*�*��DQG�6DQGHUV��-�3�+�������E���:DDUVFKLMQOLMNKHLGVGLFKWKHLGVIXQFWLH�LQ�GH�YRUP

YDQ���'HOWD�'LUDF�IXQFWLHV��(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�
/DVKHU��:�&��DQG�7DXOEHH��'�%����������2Q�WKH�FRPSXWDWLRQ�RI�WXUEXOHQW�EDFNVWHS�IORZ��,QW��-�

+HDW�DQG�)OXLG�)ORZ��9RO������1R�����SS��������
/DVKHU��:�&�� DQG�7DXOEHH��'�%�� ��������5H\QROGV� VWUHVV�PRGHO� DVVHVVPHQW�XVLQJ� URXQG� MHW

H[SHULPHQWDO�GDWD��,QW��-��+HDW�DQG�)OXLG�)ORZ��9RO������1R�����SS����������
/DXIHU��-����������&LWHG�LQ�+LQ]H��-�2����������7XUEXOHQFH��0F*UDZ�+LOO��1HZ�<RUN��� �HGLWLRQ�QG

SS����������
/DXQGHU��%�(���0RUVH��$���5RGL��:��DQG�6SDOGLQJ��'�%����������7KH�SUHGLFWLRQ�RI�IUHH�VKHDU

IORZV��$�FRPSDULVRQ�RI�WKH�SHUIRUPDQFH�RI�VL[�WXUEXOHQFH�PRGHOV��3URFHHGLQJV�RI�1$6$
&RQIHUHQFH�RQ�)UHH�6KHDU�)ORZV��/DQJOH\��$OVR�,PSHULDO�&ROOHJH�0HFKDQLFDO�(QJLQHHULQJ
'HSDUWPHQW�5HSRUW�70�71�$�����

/DZ��&�.���&KR��3���0L]RPRWR��0��DQG�<RVKLGD��+����������)ODPH�FXUYDWXUH�DQG�SUHIHUHQWLDO
GLIIXVLRQ�LQ�WKH�EXUQLQJ�LQWHQVLW\�RI�EXQVHQ�IODPHV��7ZHQW\�ILUVW�6\PSRVLXP��,QWHUQDWLRQDO�
RQ�&RPEXVWLRQ�7KH�&RPEXVWLRQ�,QVWLWXWH��SS������������

/DZ��&�.����������$�FRPSLODWLRQ�RI�UHFHQW�H[SHULPHQWDO�GDWD�RI�SUHPL[HG�ODPLQDU�IODPHV��,Q�
5HGXFHG�NLQHWLF�PHFKDQLVPV�IRU�DSSOLFDWLRQV�LQ�FRPEXVWLRQ�V\VWHPV��(GLWRUV��3HWHUV��1�
DQG�5RJJ��%�



���

/HH��7��:���6KDQNODQG��5��DQG�)HQWRQ��0����������)ODPH�FXUYDWXUH�VWDWLVWLFV�LQ�D[LV\PPHWULF
WXUEXOHQW�MHW�IODPHV��&RPEXVW��6FL��DQG�7HFK���9RO�������SS��������

/HKPDQQ��%��DQG�0DQWH��-����������$�WZR�FRPSRQHQW�/DVHU�'RSSOHU�VFDQQLQJ�WHFKQLTXH�IRU�WKH
DQDO\VLV�RI�XQVWHDG\�IORZ�ILHOGV�DQG�WXUEXOHQW�VWUXFWXUHV��([SHULPHQWDO�7KHUPDO�DQG�)OXLG
6FLHQFH��9RO�����SS����������

/HZLV��%���(OEH��*�Y���������6WDELOLW\�DQG�VWUXFWXUH�RI�EXUQHU�IODPHV��-��&KHP��3K\V���9RO�����
SS�������

/HVLHXU��0����������7XUEXOHQFH�LQ�)OXLGV��.OXZHU�$FDGHPLF�3XEOLVKHUV��'RUGUHFKW�
/LEE\��3�$����������,QWURGXFWLRQ�WR�WXUEXOHQFH��7D\ORU�	�)UDQFLV��:DVKLQJWRQ��'�&�
/LEE\��3�$��DQG�(FRQRPRV��&����������$�IODPH�]RQH�PRGHO�IRU�FKHPLFDO�UHDFWLRQ�LQ�D�ODPLQDU

ERXQGDU\�OD\HU�ZLWK�DSSOLFDWLRQ�WR�WKH�LQMHFWLRQ�RI�K\GURJHQ�R[\JHQ�PL[WXUHV��,QW��-��+HDW
0DVV�7UDQVIHU��9RO�����SS����������

/LEE\��3�$��DQG�:LOOLDPV��)�$����������7XUEXOHQW�UHDFWLQJ�IORZV��7RSLFV�LQ�DSSOLHG�SK\VLFV��9RO�
����6SULQJHU��%HUOLQ�

/LEE\��3�$��DQG�:LOOLDPV��)�$����������3UHPL[HG�ODPLQDU�IODPHV�ZLWK�JHQHUDO�UDWHV�RI�VWUDLQ�
&RPEXVW��6FL��$QG�7HFK���9RO������SS����������

/LEE\�� 3�$�� DQG� :LOOLDPV�� )�$�� �������� 7XUEXOHQW� UHDFWLQJ� IORZV� �&RPEXVWLRQ� WUHDWLVH��
$FDGHPLF�3UHVV��/RQGRQ�

/LEE\���3�$����������,QWURGXFWLRQ�WR�WXUEXOHQFH��7D\ORU�DQG�)UDQFLV��:DVKLQJWRQ�'�&�
/LEE\��3�$���%UD\��.�1�&��DQG�0RVV��-�%����������(IIHFWV�RI�ILQLWH�UHDFWLRQ�UDWH�DQG�PROHFXODU

WUDQVSRUW�LQ�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ��&RPEXVWLRQ�DQG�)ODPH��9RO������SS����������
/LQDQ�� $�� DQG� :LOOLDPV�� )�$�� �������� )XQGDPHQWDO� DVSHFWV� RI� FRPEXVWLRQ�� 7KH� 2[IRUG

HQJLQHHULQJ�VFLHQFH�VHULHV��9RO������2[IRUG�8QLYHUVLW\�3UHVV��2[IRUG�
/RFNZRRG��)�&��DQG�0RQHLE��+�$����������)OXFWXDWLQJ�WHPSHUDWXUH�PHDVXUHPHQWV�LQ�D�KHDWHG

URXQG�IUHH�MHW��&RPEXVWLRQ�6FLHQFH�DQG�7HFKQRORJ\��9RO������SS��������
/RXFK��'�6����������$�GLIIHUHQW�SK\VLFDO�LQWHUSUHWDWLRQ�RI�IODPH�VKHHW�VXUIDFH�GHQVLW\��&RPEXVW�

6FL��DQG�7HFKQ���9RO�������SS��������
/XHSWRZ��5�0���%UHXHU��.�6��DQG�+DULWRQLGLV��-�+����������&RPSXWHU�DLGHG�FDOLEUDWLRQ�RI�;�

SUREHV�XVLQJ�D�ORRN�XS�WDEOH��([S��LQ�IOXLGV��9RO�����SS����������
0DQVRXU��0�6���&KHQ��<�&��DQG�3HWHUV��1�� ��������7KH� UHDFWLRQ�]RQH�VWUXFWXUH�RI� WXUEXOHQW

SUHPL[HG� PHWKDQH�KHOLXP�DLU� IODPHV� QHDU� H[WLQFWLRQ�� 7ZHQW\�)RXUWK� 6\PSRVLXP
�,QWHUQDWLRQDO��RQ�&RPEXVWLRQ�7KH�&RPEXVWLRQ�,QVWLWXWH��SS����������

0DUNVWHLQ��*�+����������1RQVWHDG\�IODPH�SURSDJDWLRQ��3HUJDPRQ�3UHVV��/RQGRQ�
0DXU\��)�$���/LEE\��3�$����������1RQSUHPL[HG�IODPHV�LQ�VWDJQDWLQJ�WXUEXOHQFH�SDUW�,��WKH�N�J

WKHRU\�ZLWK�HTXLOLEULXP�FKHPLVWU\�IRU�WKH�PHWKDQH�DLU�V\VWHP��&RPEXVWLRQ�DQG�)ODPH��9RO�
�����SS����������

0DX���)���.HOOHU��'��DQG�3HWHUV��1����������$�ODJUDQJLDQ�VLPXODWLRQ�RI�IODPHOHW�H[WLQFWLRQ�DQG
UH�LJQLWLRQ�LQ�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV�����UG�6\PSRVLXP�RQ�&RPEXVWLRQ��SS������
����

0DX���)��DQG�3HWHUV��1����������5HGXFHG�NLQHWLF�PHFKDQLVPV�IRU�SUHPL[HG�PHWKDQH�DLU�IODPHV
,Q��5HGXFHG�NLQHWLF�PHFKDQLVPV�IRU�DSSOLFDWLRQV�LQ�FRPEXVWLRQ�V\VWHPV��(GLWRUV��3HWHUV��1�
DQG�5RJJ��%�

0F&RPE�:�'���������7KH�SK\VLFV�RI�IOXLG�WXUEXOHQFH��&ODUHQGRQ�3UHVV��2[IRUG�
0HKWD�� 5�9�� �������� ([SHULPHQWDO� VWXG\� RI� WXUEXOHQW� PL[LQJ� DQG� VHOHFWLYLW\� RI� FRPSHWLQJ

UHDFWLRQV��7KHVLV��3HQQV\OYDQLD�6WDWH�8QLYHUVLW\�



���

0HLHU��:��� 3UXFNHU�� 6��� &DR��0��+�� DQG� 6WULFNHU��:�� ������� &KDUDFWHUL]DWLRQ� RI� WXUEXOHQW
+ �1 �DLU�MHW�GLIIXVLRQ�IODPHV�E\�VLQJOH�SXOVH�VSRQWDQHRXV�5DPDQ�VFDWWHULQJ��&RPEXVW��6FL�

� �

DQG�7HFKQ���9RO�������SS����������
0HOO��:�(��� 1LOVHQ��9��� .RViO\��*��� 5LOH\�� -�-�� �������� ,QYHVWLJDWLRQ� RI� FORVXUH�PRGHOV� IRU

QRQSUHPL[HG�WXUEXOHQW�UHDFWLQJ�IORZV��3K\V��)OXLGV��9RO�����1R����
0XxL]��/��DQG�0XQJDO��0�*����������,QVWDQWDQHRXV�IODPH�VWDELOL]DWLRQ�YHORFLWLHV�LQ�OLIWHG�MHW

GLIIXVLRQ�IODPHV��&RPEXVWLRQ�DQG�IODPH��9RO�������SS��������
0�OOHU��&�0���%UHLWEDFK��+���3HWHUV��1�������D���3DUWLDOO\�3UHPL[HG�7XUEXOHQW�)ODPH�3URSDJDWLRQ

LQ�-HW�)ODPHV��7ZHQW\�)LIWK�6\PSRVLXP��,QWHUQDWLRQDO��RQ�&RPEXVWLRQ��SS������������
7KH�&RPEXVWLRQ�,QVWLWXWH��3LWWVEXUJK�

0�OOHU�� &�0�� �����E��� 1XPHULVFKH� VLPXODWLRQ� LQVWDWLRQlUHU�� WXUEXOHQWHU
IUHLVWUDKOGLIIXVLRQVIODPPHQ� PLW� GHP� IODPHOHW�PRGHOO�� 3K�'�� 7KHVLV�� 7HFKQLVFKH
+RFKVFKXOH�$DFKHQ�

0�OOHU��8�5����������2Q�WKH�DFFXUDF\�RI�WXUEXOHQFH�PHDVXUHPHQWV�ZLWK�LQFOLQHG�KRW�ZLUHV��-�
)OXLG�0HFK���9RO�������SS����������

0XUWK\��6�1�%����������7XUEXOHQW�PL[LQJ�LQ�QRQUHDFWLYH�DQG�UHDFWLYH�IORZV��3URMHFW�648,'
ZRUNVKRS��:HVW�/DID\HWWH��,QG��SURFHHGLQJV�E\�3URMHFW�648,'��3OHQXP�3UHVV��1HZ�<RUN�

1DJDJR��<��DQG�7VXML��7����������5HFHQW�GHYHORSPHQWV�LQ�KRW��DQG�FROG�ZLUH�WHFKQLTXHV�IRU
PHDVXUHPHQWV�LQ�WXUEXOHQW�VKHDU�IORZV�QHDU�ZDOOV��([SHULPHQWDO�WKHUPDO�DQG�IOXLG�VFLHQFH�
9RO�����SS���������

1DXV��,�0�0�0�&���������$SSOLFDWLRQ�RI�KRW�ZLUH�DQHPRPHWU\�LQ�D�IUHH�WXUEXOHQW�MHW��7KHVLV�
(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�

1KR��(��/H�+XX�DQG�%pJXLHU��&����������9HORFLW\�PHDVXUHPHQWV�LQ��'�WXUEXOHQW�IORZV�E\�PHDQV
RI�D�URWDWLQJ�;�ZLUH�SUREH��0HDV��6FL��7HFKQRO���9RO�����SS����������

1LNXUDGVH��-����������&LWHG�LQ�6FKOLFKWLQJ��+��DQG�*HUVWHQ��.����������*UHQ]VFKLFKW�7KHRULH�
6SULQJHU�9HUODJ��%HUOLQ�+HLGHOEHUJ���QG�HGLWLRQ��SS�����

1LOVHQ��3�-��DQG�$QGHUVVRQ��+�,����������'HYHORSLQJ�WXUEXOHQW�IORZ�LQ�D�URWDWLQJ�FKDQQHO��,QW��-�
+HDW�DQG�)OXLG�)ORZ��9RO������1R�����SS����������

2YLQN��5��DQG�/DPHUV��$����������0RGHOOLQJ�DQG�FDOFXODWLRQ�RI�D�SDUWLDOO\�SUHPL[HG�WXUEXOHQW
IODPH��6XEPLWWHG�WR�&RPEXVWLRQ�6FLHQFH�DQG�7HFKQRORJ\�

3DQFKDSDNHVDQ��1�5��DQG�/XPOH\��-�/����������7XUEXOHQFH�PHDVXUHPHQWV�LQ�D[LV\PPHWULF�MHWV
RI�DLU�DQG�KHOLXP��3DUW����$LU�MHW��-��)OXLG�0HFK���9RO�������SS����������

3DUFKHQ�� 5�5�� �������� 'HFD\� RI� VZLUO� LQ� WXUEXOHQW� SLSH� IORZV�� 3K�'�� 7KHVLV�� (LQGKRYHQ
8QLYHUVLW\�RI�7HFKQRORJ\�

3DWDQNDU��6�9�� ��������1XPHULFDO� KHDW� WUDQVIHU� DQG� IOXLG� IORZ��6HULHV� LQ� FRPSXWDWLRQDO� DQG
SK\VLFDO�SURFHVVHV�LQ�PHFKDQLFV�DQG�WKHUPDO��+HPLVSKHUH��/RQGRQ�

3D\QH��)�5��DQG�/XPOH\��-�/����������2QH�GLPHQVLRQDO�VSHFWUD�GHULYHG�IURP�DQ�DLUERUQH�KRW�ZLUH
DQHPRPHWHU��4��-��5R\��0HW��6RF���9RO������SS����������

3HHWHUV��7�:�-����������1XPHULFDO�PRGHOLQJ�RI�WXUEXOHQW�QDWXUDO�JDV�GLIIXVLRQ�IODPHV��3K�'�
7KHVLV��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\�

3HUU\��$�(����������+RW�ZLUH�DQHPRPHWU\��&ODUHQGRQ�3UHVV��2[IRUG�
3HWHUV��1����������3UHPL[HG�EXUQLQJ�LQ�GLIIXVLRQ�IODPHV��WKH�IODPH�]RQH�PRGHO�RI�OLEE\�DQG

HFRQRPRV��,QW��-��+HDW�0DVV�7UDQVIHU��9RO������SS���������
3HWHUV��1��DQG�:LOOLDPV��)�$����������$,$$�-���9RO������SS����������
3HWHUV��1����������/RFDO�TXHQFKLQJ�GXH�WR�IODPH�VWUHWFK�DQG�QRQ�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ

&RPEXVWLRQ�6FLHQFH�DQG�7HFKQRORJ\��9RO������SS�������



���

3HWHUV��1�������D���/DPLQDU�GLIIXVLRQ�IODPHOHW�PRGHOV�LQ�QRQ�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�
3URJ��(QHUJ\�&RPEXVW��6FL���9RO������SS����������

3HWHUV��1�������E���3DUWLDOO\�SUHPL[HG�GLIIXVLRQ�IODPHOHWV�LQ�QRQ�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�
���WK�6\PSRVLXP�RQ�&RPEXVWLRQ��SS����������

3HWHUV��1����������/DPLQDU�IODPHOHW�FRQFHSWV�LQ�WXUEXOHQW�FRPEXVWLRQ�����WK�6\PSRVLXP�RQ
&RPEXVWLRQ��SS������������

3HWHUV��1����������$�VSHFWUDO�FORVXUH�IRU�SUHPL[HG�WXUEXOHQW�FRPEXVWLRQ�LQ�WKH�IODPHOHW�UHJLPH�
-��)OXLG�0HFK���9RO�������SS����������

3HWHUV��1��DQG�5RJJ��%����������5HGXFHG�NLQHWLF�PHFKDQLVPV�IRU�DSSOLFDWLRQV�LQ�FRPEXVWLRQ
V\VWHPV��6SULQJHU�9HUODJ��%HUOLQ�+HLGHOEHUJ�

3HWHUV��1����������7XUEXOHQWH�%UHQQJHVFKZLQGLJNHLW��')*�$EVFKOX�EHULFKW�]XP�)RUVFKXQJV
YRUKDEHQ�3H���������

3HWHUV�� 1�� �������� )RXU� /HFWXUHV� RQ� 7XUEXOHQW� &RPEXVWLRQ�� (5&2)7$&�6XPPHU� 6FKRRO�
$DFKHQ��*HUPDQ\�

3LUXPRY��8�*��DQG�5RVO\DNRY��*�6����������*DV�IORZ�LQ�QR]]OHV��6SULQJHU�6HULHV�LQ�&KHPLFDO
3K\VLFV��9RO������6SULQJHU�9HUODJ��%HUOLQ�+HLGHOEHUJ�

3LWWV��:�0��DQG�.DVKLZDJL��7����������7KH�DSSOLFDWLRQ�RI�ODVHU�LQGXFHG�5D\OHLJK�OLJKW�VFDWWHULQJ
WR�WKH�VWXG\�RI�WXUEXOHQW�PL[LQJ��-��)OXLG�0HFK���9RO������SS����������

3LWWV��:�0����������$VVHVVPHQW�RI�WKHRULHV�IRU�WKH�EHKDYLRU�DQG�EORZRXW�RI�OLIWHG�WXUEXOHQW�MHW
GLIIXVLRQ�IODPHV��7ZHQW\�6HFRQG�6\PSRVLXP��,QWHUQDWLRQDO��RQ�&RPEXVWLRQ��SS����������
7KH�&RPEXVWLRQ�,QVWLWXWH��3LWWVEXUJK�

3LWWV�� :�0�� �������� (IIHFWV� RI� JOREDO� GHQVLW\� UDWLR� RQ� WKH� FHQWHUOLQH� PL[LQJ� EHKDYLRXU� RI
D[LV\PPHWULF�MHWV��([S��)OXLGV��9RO������SS����������

3OHVVLQJ�� 7��� 7HUKRHYHQ�� 3��� 3HWHUV�� 1�� DQG� 0DQVRXU�� 0�6�� �������� $Q� H[SHULPHQWDO� DQG
QXPHULFDO�VWXG\�RQ�D�ODPLQDU�WULSOH�IODPH��&RPEXVWLRQ�DQG�)ODPH��9RO�������SS����������

3ROODUG��$�� DQG�6LX��$�/��:�� ��������7KH� FDOFXODWLRQ� RI� VRPH� ODPLQDU� IORZV� XVLQJ� YDULRXV
GLVFUHWLVDWLRQ�VFKHPHV��&RPSXWHU�PHWKRGV�LQ�DSSOLHG�PHFKDQLFV�DQG�HQJLQHHULQJ��9RO�����
SS����������

3UDQGWO��/����������hEHU�GLH�DXVJHELOGHWH�WXUEXOHQ]��=$00��9RO�����SS����������
3UHVV��:�+���7HXNROVN\��6�$���9HWWHUOLQJ��:�7��DQG�)ODQQHU\��%�3����������1XPHULFDO�5HFLSHV

LQ�)RUWUDQ��&DPEULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH�
5D]LQVN\�� (�� DQG�%ULJKWRQ�� -�$�� ��������&RQILQHG� MHW�PL[LQJ� IRU� QRQVHSDUDWLQJ� FRQGLWLRQV�

-RXUQDO�RI�%DVLF�(QJLQHHULQJ��SS���������
5HDGHU�+DUULV��0�-����������7KH�GHFD\�RI�VZLUO�LQ�D�SLSH��,QW��-��+HDW�DQG�)OXLG�)ORZ��9RO�����

1R�����SS����������
5H\QROGV��2�� ��������$Q�H[SHULPHQWDO�GHWHUPLQDWLRQ�RI� WKH�FLUFXPVWDQFHV�ZKLFK�GHWHUPLQH

ZKHWKHU�WKH�PRWLRQ�RI�ZDWHU�VKDOO�EH�GLUHFW�RU�VLQXRXV��DQG�RI�WKH�ODZ�RI�UHVLVWDQFH�RQ
SDUDOOHO�FKDQQHOV��3KLO��7UDQV��5��6RF��$�����SS������

5H\QROGV��2����������2Q�LQFRPSUHVVLEOH�YLVFRXV�IORZ�DQG�WKH�GHWHUPLQDWLRQ�RI�WKH�FULWHULRQ�
3KLO��7UDQV��5��6RF��$�����SS������

5LFKDUGV��%�(����������0HDVXUHPHQW�RI�XQVWHDG\�IOXLG�G\QDPLF�SKHQRPHQD��6HULHV�LQ�WKHUPDO
DQG�IOXLGV�HQJLQHHULQJ��+HPLVSKHUH�3XEO��&RUS���0F*UDZ�+LOO�

5LFKDUGV��&�'��DQG�3LWWV��:�0����������*OREDO�GHQVLW\�HIIHFWV�RQ�WKH�VHOI�SUHVHUYDWLRQ�EHKDYLRXU
RI�WXUEXOHQW�IUHH�MHWV��-��)OXLG�0HFK���9RO�������SS����������

5LFRX�� )�3�� DQG� 6SDOGLQJ�� '�%�� �������� 0HDVXUHPHQW� RI� (QWUDLQPHQW� E\� D[L�V\PPHWULFDO
WXUEXOHQW�MHWV��-��)OXLG�0HFKDQLFV��9RO������SS��������



���

5RGL��:����������7KH�SUHGLFWLRQV�RI�IUHH�WXUEXOHQW�ERXQGDU\�OD\HUV�E\�XVH�RI�D���HTXDWLRQ�PRGHO
RI�WXUEXOHQFH��3K�'��7KHVLV��8QLYHUVLW\�RI�/RQGRQ�

5RGL��:����������$�QHZ�PHWKRG�RI�DQDO\VLQJ�KRW�ZLUH�VLJQDOV�LQ�KLJKO\�WXUEXOHQW�IORZ�DQG�LWV
HYDOXDWLRQ�LQ�D�URXQG�MHW��',6$�,QIRUPDWLRQ��9RO�����

5RHNDHUWV��'��DQG�YDQ�GHU�0HHU��7K��+����������6WDWLVWLFDO�3URSHUWLHV�RI�WXUEXOHQW�JDVHRXV�IODPHV�
(5&2)7$&�%XOOHWLQ��9RO������SS��������

5RJJ��%���%HKUHQGW��)���:DUQDW]��-����������7XUEXOHQW�QRQ�SUHPL[HG�FRPEXVWLRQ�LQ�SDUWLDOO\
SUHPL[HG�GLIIXVLRQ�IODPHOHWV�ZLWK�GHWDLOHG�FKHPLVWU\�����WK�6\PSRVLXP�RQ�&RPEXVWLRQ�
SS������������

5RVKNR��$����������6WUXFWXUH�RI�WXUEXOHQW�VKHDU�IORZV��D�QHZ�ORRN��$,$$�3DSHU�1R��������
6DPSHUV��:�)�-����������([SHULPHQWDO�DQDO\VLV�RI�WKH�VZLUOLQJ�IORZ�LQ�D�PRGHO�RI�D�WDQJHQWLDOO\

ILUH�IXUQDFH��7KHVLV��(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�
6DPSHUV��:�)�-���/DPHUV��$�3�*�*��DQG�6WHHQKRYHQ��$�$�Y����������$QDO\VLV�RI�H[SHULPHQWDO

DQG�QXPHULFDO�UHVXOWV�RI�D�WXUEXOHQW�VZLUOLQJ�IORZ�LQ�D�WXEH��&KHP��(QJ��&RPP���9RO������
SS����������

6DQGHUV�� -�3�+�� HQ� /DPHUV�� $�3�*�*�� �������� )DYUH� PLGGHOLQJ� HQ� GH� PRGHOOHULQJ� YDQ� HHQ
WXUEXOHQWH�GLIIXVLHYODP��(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�

6DQGHUV��-�3�+��DQG�/DPHUV��$�3�*�*����������6FDODU�WUDQVSRUW�LQ�D�WXUEXOHQW�MHW��,QW��&RPP��+HDW
0DVV�7UDQVIHU��9RO������SS����������

6DQGHUV��-�3�+����������6FDODU�WUDQVSRUW�DQG�IODPHOHW�PRGHOOLQJ�LQ�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV�
3K�'��7KHVLV��(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�

6DQWRUR��5�-���6HPHUMLDQ��+�*���(PPHUPDQ��3�-��DQG�*RXODUG��5����������2SWLFDO�7RPRJUDSK\
IRU�IORZ�ILHOG�GLDJQRVWLFV��,QW��-��+HDW�0DVV�7UDQVIHU��9RO������SS������������

6FKHIHU�� 5�:��� 1DPD]LDQ�� 0�� DQG� .HOO\�� -�� �������� &+�� 2+� DQG� &+ � FRQFHQWUDWLRQ
�

PHDVXUHPHQWV�LQ�D�OLIWHG�WXUEXOHQW�MHW�IODPH��6$1',$�UHSRUW�6$1'��������
6FKHIHU��5�:��DQG�*RL[��3�-����������0HFKDQLVP�RI�IODPH�VWDELOL]DWLRQ�LQ�WXUEXOHQW��OLIWHG�MHW

IODPHV��&RPEXVWLRQ�DQG�)ODPH��9RO�������SS����������
6FKHZH��-��$QG�5RQQHEHUJHU��'����������(UURU�WROHUDQW�FDOLEUDWLRQ�RI�GXDO�VHQVRU�SUREHV�XVHG�LQ

D�WXUEXOHQW�ZDOO�ERXQGDU\�OD\HU��([S��,Q�)OXLGV��9RO�����SS����������
6FKOLFKWLQJ��+����������*UHQ]VFKLFKW�7KHRULH������HUZ��XQG�QHXEHDUE��$XIO���:LVVHQVFKDIWOLFKH

%XHFKHUHL���%UDXQ��.DUOVUXKH�
6FKOLFKWLQJ��+��DQG�*HUVWHQ��.����������*UHQ]VFKLFKW�7KHRULH���QG�HGLWLRQ��6SULQJHU�9HUODJ�

%HUOLQ�+HLGHOEHUJ�
6HDUE\��*���4XLQDUG��-�� ��������'LUHFW�DQG�,QGLUHFW�0HDVXUHPHQWV�RI�0DUNVWHLQ�1XPEHUV�RI

3UHPL[HG�)ODPHV��&RPEXVW��)ODPH��9RO������SS����������
6HVKDGUL�� .�� DQG� 3HWHUV�� 1�� �������� $V\PSWRWLF� 6WUXFWXUH� DQG� ([WLQFWLRQ� RI� 0HWKDQH�$LU

'LIIXVLRQ�)ODPHV��&RPEXVW��)ODPH��9RO������SS��������
6HWKLDQ��-�$����������&XUYDWXUH�DQG�WKH�HYROXWLRQ�RI�IURQWV��&RPPXQ��0DWK�3K\V���9RO�������SS�

��������
6HWKLDQ�� -�$�� ��������/HYHO� VHW�PHWKRGV��(YROYLQJ� LQWHUIDFHV� LQ� JHRPHWU\�� IOXLG�PHFKDQLFV�

FRPSXWHU�YLVLRQ��DQG�PDWHULDOV�VFLHQFH��&DPEULGJH�8QLYHUVLW\�3UHVV��1HZ�<RUN�
6KHLK��&�0���7HQQHNHV��+���DQG�/XPOH\��-�/����������$LUERUQH�KRW�ZLUH�PHDVXUHPHQWV�RI�WKH

VPDOO�VFDOH�VWUXFWXUH�RI�DWPRVSKHULF�WXUEXOHQFH��3K\V��)OXLGV��9RO������SS����������
6LJJLD�� (�'�� �������� 1XPHULFDO� VWXG\� RI� VPDOO�VFDOH� LQWHUPLWWHQF\� LQ� WKUHH�GLPHQVLRQDO

WXUEXOHQFH��-��)OXLG�0HFK���9RO�������SS����������



���

6PDOOZRRG�� *�-��� *�OGHU�� g�/��� 6QHOOLQJ�� '�5��� 'HVFKDPSV�� %�0�� DQG� *|NDOS�� ,�� �������
&KDUDFWHUL]DWLRQ�RI�IODPH�IURQW�VXUIDFHV�LQ�WXUEXOHQW�SUHPL[HG�PHWKDQH�DLU�FRPEXVWLRQ�
&RPEXVWLRQ�DQG�)ODPH��9RO�������SS����������

6PDOV��$�+�/����������7($&+�7��HHQ�FRPSXWHUSURJUDPPD�YRRU�WZHH�GLPHQVLRQDOH��WXUEXOHQWH�
UHFLUFXOHUHQGH�VWURPLQJHQ��(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�

6PRRNH��0�'���*LRYDQJLJOL��9�� �������)RUPXODWLRQ� RI� WKH� SUHPL[HG� DQG� QRQSUHPL[HG� WHVW
SUREOHPV��,Q��5HGXFHG�NLQHWLF�PHFKDQLVPV�DQG�DV\PSWRWLF�DSSUR[LPDWLRQV�IRU�PHWKDQH�DLU
IODPHV��(GLWRU��6PRRNH��0�'��6SULQJHU��%HUOLQ��SS�������

6SDOGLQJ��'�%����������0L[LQJ�DQG�FKHPLFDO�UHDFWLRQ�LQVWHDG\�FRQILQHG�WXUEXOHQW�IODPHV����WK

6\PSRVLXP� �,QWHUQDWLRQDO�� RQ� &RPEXVWLRQ�� SS�� ��������� 7KH� &RPEXVWLRQ� ,QVWLWXWH�
3LWWVEXUJK�

6SDOGLQJ��'�%����������&RPEXVWLRQ�DQG�PDVV�WUDQVIHU���D�WH[WERRN�ZLWK�PXOWLSOH�FKRLFH�H[HUFLVHV
IRU�HQJLQHHULQJ�VWXGHQWV���3HUJDPRQ�3UHVV��2[IRUG�

6WnUQHU��6�+���.HOPDQ��-�%���0DVUL��$�5��DQG�%LOJHU��5�:����������0XOWLVSHFLHV�PHDVXUHPHQWV
DQG�PL[WXUH�IUDFWLRQ�LPDJLQJ�LQ�WXUEXOHQW�GLIIXVLRQ�IODPHV��([SHULPHQWDO�WKHUPDO�DQG�IOXLG
VFLHQFH��9RO�����SS����������

6WnUQHU��6�+���%LOJHU��5�:���/RQJ��0�%����������$�PHWKRG�IRU�FRQWRXU�DOLJQHG�VPRRWKLQJ�RI�MRLQW
�'�VFDODU�LPDJHV�LQ�WXUEXOHQW�IODPHV��&RPEXVW��6FL��DQG�7HFK���9RO�������SS����������

6WUHE��+����������8QWHUVXFKXQJHQ�]XP�(LQIOX��GHV�$XIWULHEV�DXI�GLH�0LVFKXQJ�XQG�5HDNWLRQ�LQ
WXUEXOHQWHQ�)UHLVWUDKOGLIIXVLRQVIODPPHQ��3K�'��WKHVLV��8QLYHUVLWlW�.DUOVUXKH��*HUPDQ\�

6XQ��&�-���6XQJ��&�-��DQG�/DZ��&�.�� ��������6WUHWFK�HIIHFWV� LQ�FRXQWHUIORZ�DQG�SURSDJDWLQJ
VSKHULFDO�IODPHV��$,$$����������5HQR�

6XVVPDQ��0���6PHUHND��3���2VKHU��6����������$�/HYHO�6HW�$SSURDFK�IRU�&RPSXWLQJ�6ROXWLRQV�WR
,QFRPSUHVVLEOH�7ZR�3KDVH�)ORZV��-RXUQ��2I�&RPS��3K\V���9RO�������SS����������

6ZDPLQDWKDQ��0�.���5DQNLQ��*�:��DQG�6ULGKDU��.����������(YDOXDWLRQ�RI�WKH�EDVLF�V\VWHP�RI
HTXDWLRQV�IRU�WXUEXOHQFH�PHDVXUHPHQWV�XVLQJ�WKH�0RQWH�&DUOR�WHFKQLTXH��-��)OXLG�0HFK��
9RO�������SS�������

7DNDJL�� 7RVKLPL�� 6KLQ�� +\XQ�'RQJ�� DQG� ,VKLR�� $NLUD� �������� 3URSHUWLHV� RI� WXUEXOHQFH� LQ
WXUEXOHQW�GLIIXVLRQ�IODPHV��&RPEXVWLRQ�DQG�)ODPH��9RO������SS����������

7D\ORU��6�&����������3K�'��WKHVLV��8QLYHUVLW\�RI�/HHGV�
7VHQJ��/��.��� ,VPDLO��0�$��� )DHWK��*�0�� ��������/DPLQDU� EXUQLQJ� YHORFLWLHV� DQG�0DUNVWHLQ

QXPEHUV�RI�K\GURFDUERQ�DLU�IODPHV��&RPEXVWLRQ�DQG�)ODPH��9RO������SS����������
7XWX�� 1DULQGHU� .�� DQG� &KHYUD\�� 5HQH� �������� &URV�ZLUH� DQHPRPHWU\� LQ� KLJK� LQWHQVLW\

WXUEXOHQFH��-��)OXLG�0HFK���9RO������1R�����SS����������
9DQTXLFNHQERUQH��/��DQG�YDQ�7LJJHOHQ��$����������&RPEXVW��)ODPH��9RO������SS��������
9H\QDQWH��'���9HULVFK��/���3RLQVRW��7���/LxiQ��$��DQG�5XHWVFK��*����������6WXG\LQJ�WXUEXOHQFH

XVLQJ�QXPHULFDO�GDWDEDVHV��9�3��0RLQ�DQG�:�&��5H\QROGV��(GV����&HQWHU�IRU�WXUEXOHQFH
5HVHDUFK��6WDQIRUG�8QLYHUVLW\��SS��������

9LGHWR��%�'��DQG�6DQWDYLFFD��'�$����������)ODPH�WXUEXOHQFH�LQWHUDFWLRQV�LQ�D�IUHHO\�SURSDJDWLQJ�
SUHPL[HG�IODPH��&RPEXVW��6FL��$QG�7HFK���9RO������SS��������

9RV��-�%����������7KH�FDOFXODWLRQ�RI�WXUEXOHQW�UHDFWLQJ�IORZV�ZLWK�D�FRPEXVWLRQ�PRGHO�EDVHG�RQ
ILQLWH�FKHPLFDO�NLQHWLFV��3K�'��7KHVLV��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\�

:DJQHU��7�&��DQG�.HQW��-�&����������2Q�WKH�GLUHFWLRQDO�VHQVLWLYLW\�RI�KRW�ZLUHV��D�QHZ�ORRN�DW�DQ
ROG�SKHQRPHQRQ��([SHULPHQWV�LQ�)OXLGV��9RO�����SS����������

:DONHU�� '�$��� 1J��:�)���:DONHU��0�'�� �������� ([SHULPHQWDO� FRPSDULVRQ� RI� WZR� KRW�ZLUH
WHFKQLTXHV�LQ�VXSHUVRQLF�IORZ��$,$$�-RXUQDO��9RO������1R�����SS������������



���

:DUQDW]��-����������7KH�VWUXFWXUH�RI�ODPLQDU�DONDQH���DONHQH���DQG�DFHW\OHQH�IODPHV��(LJKWHHQWK
6\PSRVLXP��,QWHUQDWLRQDO��RQ�&RPEXVWLRQ��SS����������

:DUQDW]��-���0DDV��8���'LEEOH��5�:����������&RPEXVWLRQ��6SULQJHU�9HUODJ��%HUOLQ�
:HVWEURRN��&�.��DQG�'U\HU��)�/����������&KHPLFDO�NLQHWLF�PRGHOLQJ�RI�K\GURFDUERQ�FRPEXVWLRQ�

3URJ��(QHUJ\�&RPEXVW��6FL���9RO������SS�������
:LFN��'�3���*ODXVHU��0�1�� DQG�8NHLOH\�� /�6�� �������� ,QYHVWLJDWLRQ� RI� 7XUEXOHQW� )ORZV� YLD

3VHXGR�)ORZ�9LVXDOLVDWLRQ�3DUW�,��$[LV\PPHWULF�-HW�0L[LQJ�/D\HU��([SHULPHQWDO�7KHUPDO
DQG�)OXLG�6FLHQFH��9RO�����SS����������

:LOOLDPV��)�$����������&RPEXVWLRQ�WKHRU\��$GGLVRQ�:HVOH\�3XEOLVKLQJ�&R���$PVWHUGDP�
:LOOLDPV��)�$�������D���,Q��7KH�0DWKHPDWLFV�RI�&RPEXVWLRQ��SS����������(GLWRU��%XFNPDVWHU��-�

6,$0��3KLODGHOSKLD�
:LOOLDPV�� )�$�� �����E��� &RPEXVWLRQ� WKHRU\�� VHFRQG� (GLWLRQ�� 7KH� %HQMDPLQ�&XPPLQJV

3XEOLVKLQJ�&RPSDQ\��,QF���&DOLIRUQLD�
:LOOPDUWK��:�:��DQG�%RJDU��7�-����������6XUYH\�DQG�QHZ�PHDVXUHPHQWV�RI�WXUEXOHQW�VWUXFWXUH

QHDU�WKH�ZDOO��3K\V��)OXLGV��9RO������6��6���
:LOVRQ��5�$�0��DQG�'DQFNZHUWV��3�9�� ��������6WXGLHV� LQ� WXUEXOHQW�PL[LQJ�,,��$�KRW�DLU� MHW�

&KHPLFDO�(QJLQHHULQJ�6FLHQFH��9RO������SS����������
:LUWK��0���3HWHUV��1����������7XUEXOHQW�3UHPL[HG�&RPEXVWLRQ��D�)ODPHOHW�)RUPXODWLRQ�DQG

6SHFWUDO� $QDO\VLV� LQ� 7KHRU\� DQG� ,&�(QJLQH� ([SHULPHQWV�� 7ZHQW\�)RXUWK� 6\PSRVLXP
�,QWHUQDWLRQDO��RQ�&RPEXVWLRQ��SS�����������7KH�&RPEXVWLRQ�,QVWLWXWH��3LWWVEXUJK�

:LWWPHU�� 9�� �������� *HVFKZLQGLJNHLW� XQG� 7HPSHUDWXU� LQ� HLQHU� WXUEXOHQWHQ
)UHLVWUDKOGLIIXVLRQVIODPPHQ��3K�'��7KHVLV��8QLYHUVLWlW�.DUOVUXKH��*HUPDQ\�

:X��0�6���.ZRQ��6���'ULVFROO�� -�)���)DHWK��*�0�� ��������7XUEXOHQW�3UHPL[HG�+\GURJHQ�$LU
)ODPHV�DW�+LJK�5H\QROGV�1XPEHUV��&RPEXVW��6FL��$QG�7HFK���9RO������SS����������

:\JQDQVNL��,��DQG�)LHGOHU��+����������6RPH�PHDVXUHPHQWV�LQ�WKH�VHOI�SUHVHUYLQJ�MHW��-��)OXLG
0HFK���9RO������SS����������

<DNKRW��9���2UV]DJ��6�$���7KDQJDP��6���*DWVNL��7�%��DQG�6SH]LDOH��&�*����������'HYHORSPHQW
RI�WXUEXOHQFH�PRGHOV�IRU�VKHDU�IORZV�E\�D�GRXEOH�H[SDQVLRQ�WHFKQLTXH��3K\V��)OXLGV�$��
SS������������

<RVKL]DZD��$����������$�VWDWLVWLFDOO\�GHULYHG�VXEJULG�PRGHO�IRU�WKH�ODUJH�HGG\�VLPXODWLRQ�RI
WXUEXOHQFH��3K\V��)OXLGV��9RO������1R�����SS������������

<RVKL]DZD��$����������6WDWLVWLFDO�DQDO\VLV�RI�WKH�GHYLDWLRQ�RI�WKH�5H\QROGV�VWUHVV�IURP�LWV�HGG\�
YLVFRVLW\�UHSUHVHQWDWLRQ��3K\V��)OXLGV��9RO������1R�����SS������������

<XOH��$�-���'DPRX��0��DQG�.RVWRSRXORV��'����������0RGHOLQJ�FRQILQHG�MHW�IORZ��,QW��-��+HDW�DQG
)OXLG�)ORZ��9RO������1R�����SS��������

=LMOHPD��0����������&RPSXWDWLRQDO�PRGHOLQJ�RI�WXUEXOHQW�IORZ�LQ�JHQHUDO�GRPDLQV��3K�'��7KHVLV�
'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\�

=LOEHUPDQ��0�� ��������2Q� WKH� LQWHUDFWLRQ�RI� WUDQVLWLRQDO�VSRWV�DQG�JHQHUDWLRQ�RI�D�V\QWKHWLF
WXUEXOHQW�ERXQGDU\�OD\HU�3K�'��7KHVLV��7HO�$YLY�8QLYHUVLW\��,VUDHO�



���
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)LJXUH $�� 0HDQ D[LDO YHORFLW\ SURILOHV DW YDULRXV D[LDO SRVLWLRQV�

$SSHQGL[�$

0HDVXUHG�PHDQ�YHORFLW\�DQG�WHPSHUDWXUH�GLVWULEXWLRQV�LQ�D

WXUEXOHQW�MHW

,Q�WKLV�DSSHQGL[��VRPH�PRUH�UHVXOWV�DUH�SUHVHQWHG�RI�PHDVXUHPHQWV�GRQH�LQ�WKH�KLJK�5H\QROGV

QXPEHU�WXUEXOHQW�DLU�MHW�GLVFXVVHG�LQ�6HFWLRQ��������)LJXUH�$���VKRZV�WKH�PHDVXUHG�SURILOHV�RI

WKH�D[LDO�PHDQ�YHORFLW\�FRPSRQHQW�DW�VHYHUDO�D[LDO�GLVWDQFHV�IURP�WKH�QR]]OH�H[LW��7KH�VSUHDGLQJ

RI�WKH�MHW�LV�FOHDUO\�HYLGHQW�

)LJXUH�$���VKRZV�WKH�PHDVXUHG�SURILOHV�RI�WKH�UDGLDO�PHDQ�YHORFLW\�FRPSRQHQW�DW�VHYHUDO

D[LDO�GLVWDQFHV��7KLV�ILJXUH�VKRZV�D�ORW�PRUH�VFDWWHU�EHFDXVH�WKH�UDGLDO�YHORFLW\�FRPSRQHQW�LV

YHU\�VPDOO�FRPSDUHG�WR�WKH�D[LDO�YHORFLW\�FRPSRQHQW��7KHUHIRUH��D�YHU\�VPDOO�HUURU�LQ�WKH�SUREH

DQJOH�DGMXVWPHQW�UHVXOWV�LQ�D�UHODWLYH�ODUJH�HUURU�LQ�WKH�UDGLDO�YHORFLW\�FRPSRQHQW��:LWK�DQ�D[LDO

YHORFLW\�FRPSRQHQW�RI����P�V�DQG�D�UDGLDO�YHORFLW\�FRPSRQHQW�RI���P�V��DQ�HUURU�LQ�WKH�SUREH

DQJOH�DGMXVWPHQW�RI�RQO\����(�ZRXOG�DOUHDG\�OHDG�WR�DQ�HUURU�LQ�WKH�PHDVXUHG�UDGLDO�YHORFLW\

FRPSRQHQW�RI�������7KDW� LV�DOVR�WKH�UHDVRQ�ZK\�PHDVXUHPHQW�UHVXOWV�RQ�WKH�UDGLDO�YHORFLW\

FRPSRQHQW�DUH�QRW�YHU\�RIWHQ�UHSRUWHG�LQ�OLWHUDWXUH��1HYHUWKHOHVV��)LJXUH�$���KDV�EHHQ�JLYHQ�KHUH

WR� GHPRQVWUDWH� WKH� DFFXUDF\� RI� WKH� SUHVHQW� PHDVXUHPHQW� PHWKRG� DQG� WR� GHPRQVWUDWH� WKH

SRVVLELOLW\� RI�PHDVXULQJ� WKH� UDGLDO� YHORFLW\� FRPSRQHQW��$�PD[LPXP�YDOXH� RI� ����P�V�ZDV

REVHUYHG�IRU� �DW�DQ�D[LDO�SRVLWLRQ�RI�����WLPHV�WKH�QR]]OH�GLDPHWHU��$OVR�QHJDWLYH�YDOXHV�IRU

ZKHUH� REVHUYHG� LQ� WKH� RXWHU� IORZ� UHJLRQ�� 7KHVH� QHJDWLYH� YDOXHV� DUH� FDXVHG� E\� WKH� PDVV

HQWUDLQPHQW�RI�WKH�MHW��$OVR�LQ�WKLV�SORW��WKH�VSUHDGLQJ�RI�WKH�MHW�LV�FOHDUO\�HYLGHQW�
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)LJXUH $�� 0HDQ UDGLDO YHORFLW\ FRPSRQHQW DW YDULRXV D[LDO SRVLWLRQV�

)LJXUH $�� 0HDQ PL[WXUH IUDFWLRQ SURILOHV DW YDULRXV D[LDO SRVLWLRQV�

)LJXUH�$���VKRZV�WKH�PHDVXUHG�PHDQ�PL[WXUH�IUDFWLRQ�SURILOHV�DW�VHYHUDO�D[LDO�VWDWLRQV��7KH

PL[WXUH�IUDFWLRQ�LV�GHILQHG�DV�D�VFDOHG�IXQFWLRQ�RI�WKH�PHDVXUHG�WHPSHUDWXUH��VHH�6HFWLRQ������

)LJXUH�$���VKRZV�WKH�HYROXWLRQ�RI�WKH�UDGLDO�GLVWULEXWLRQ�ZLWK�GLVWDQFH�IURP�WKH�QR]]OH�H[LW��,Q

GRZQVWUHDP�GLUHFWLRQ�WKH�FHQWHUOLQH�WHPSHUDWXUH�GURSV�DQG�WKH�UDGLDO�GLVWULEXWLRQ�VSUHDGV�RXW

FRQIRUP�WKH�VSUHDGLQJ�RI�WKH�MHW�IRXQG�LQ�)LJXUH�$����&OHDUO\�WKH�WHPSHUDWXUH�GLVWULEXWLRQ�H[WHQGV

IXUWKHU�LQ�UDGLDO�GLUHFWLRQ�WKDQ�WKH�D[LDO�YHORFLW\�GLVWULEXWLRQ�



���

$SSHQGL[�%

5HDFWLRQ�PHFKDQLVP

1XPEHU 5HDFWLRQ % � (

>PROH� FP � V@ >N-�PROH@��

+ �2 FKDLQ UHDFWLRQV
� �

� +�2 �2+�2 �����(��� ���� ������
�

� 2+�2�+�2 �����(��� ���� �����
�

� + �2�2+�+ �����(�� ���� ������
�

� 2+�+�+ �2 �����(�� ���� ������
�

� + �2+�+ 2�+ �����(�� ���� ������
� �

� + 2�+�+ �2+ �����(�� ���� ������
� �

� 2+�2+�+ 2�2 �����(�� ���� �����
�

� + 2�2�2+�2+ �����(��� ���� ������
�

+2 IRUPDWLRQ DQG FRQVXPSWLRQ
�

� +�2 �0��+2 �0� �����(��� ����� �����
� �

�� +2 �0��+�2 �0� �����(��� ����� �������
� �

�� +2 �+�2+�2+ �����(��� ���� �����
�

�� +2 �+�+ �2 �����(��� ���� �����
� � �

�� +2 �2+�+ 2�2 �����(��� ���� �����
� � �

�� +2 �+�+ 2�2 �����(��� ���� �����
� �

�� + 2�2�2+�2 �����(��� ���� ������
� �

+ 2 IRUPDWLRQ DQG FRQVXPSWLRQ
� �

�� +2 �+2 �+ 2 �2 �����(��� ���� ������
� � � � �

�� 2+�2+�0��+ 2 �0� �����(��� ����� �����
� �

�� + 2 �0��2+�2+�0� �����(��� ����� ������
� �

�� + 2 �+�+ 2�2+ �����(��� ���� ������
� � �

�� + 2 �2+�+ 2�+2 �����(��� ���� �����
� � � �

�� + 2�+2 �+ 2 �2+ �����(��� ���� �������
� � � �

5DGLFDO UHFRPELQDWLRQ

�� +�+�0��+ �0� �����(��� ����� �����
�

�� 2+�+�0��+ 2�0� �����(��� ����� �����
�

�� 2�2�0��2 �0� �����(��� ����� �����
�

12 3URGXFWLRQ

�� 1 �2�12�1 �����(��� ���� �������
�

�� 12�1�1 �2 �������(��� ���� �����
�

�� 12�+�1�2+ �����(��� ���� �������

�� 1�2+�12�+ �������(��� ���� �����

�� 12�2�1�2 �����(�� ���� �������
�

�� 1�2 �12�2 �������(��� ���� ������
�

7DEOH %��� 7KH K\GURJHQ UHDFWLRQ PHFKDQLVP� LQFOXGLQJ WKH 12 VFKHPH� XVHG LQ WKH IODPHOHW FDOFXODWLRQV E\

6DQGHUV �������
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1XPEHU 5HDFWLRQ % � (

>PROH� FP � V@ >N-�PROH@��

&2�&2 UHDFWLRQV
�

�� &2�2+�&2 �+ �����(�� ���� ������
�

�� &2 �+�&2�2+ �����(�� ���� ������
�

&+ FRQVXPSWLRQ

�� &+�2 �+&2�2 �����(��� ���� �����
�

�� &+�&2 �+&2�&2 �����(��� ���� �����
�

+&2 FRQVXPSWLRQ

�� +&2�+�&2�+ �����(��� ���� �����
�

�� +&2�2+�2�+ 2 �����(��� ���� �����
�

�� +&2�2 �&2�+2 �����(��� ���� �����
� �

�� +&2�0��&2�+�0� �����(��� ���� ������

�� &2�+�0��+&2�0� �����(��� ���� �����

&+ FRQVXPSWLRQ
�

�� &+ �+�&+�+ �����(�� ���� �����
� �

�� &+�+ �&+ �+ �����(�� ���� ������
� �

�� &+ �2�&2�+�+ �����(��� ���� �����
�

�� &+ �2 �&2�2+�+ �����(��� ���� �����
� �

�� &+ �2 �&2 �+�+ �����(��� ���� �����
� � �

&+ 2 FRQVXPSWLRQ
�

�� &+ 2�+�+&2�+ �����(��� ���� ������
� �

�� &+ 2�2�+&2�2+ �����(��� ���� ������
�

�� &+ 2�2+�+&2�+ 2 �����(��� ���� �����
� �

�� &+ 2�0��+&2�+�0� �����(��� ���� ������
�

&+ FRQVXPSWLRQ
�

�� &+ �+�&+ �+ �����(��� ���� ������
� � �

�� &+ �+ �&+ �+ �����(��� ���� ������
� � �

�� &+ �+�&+ �����(��� ���� ������
� �

�� &+ �2�&+ 2�+ �����(��� ���� �����
� �

�� &+ �&+ �& + �����(��� ����� ������
� � � �

�� &+ �2 �&+ 2�2+ �����(��� ���� ������
� � �

�� &+ �+�&+ �+ �����(�� ���� ������
� � �

�� &+ �+ �&+ �+ �����(�� ���� ������
� � �

�� &+ �2�&+ �2+ �����(�� ���� ������
� �

�� &+ �2+�&+ �+ 2 �����(�� ���� ������
� � �

�� &+ �+ 2�&+ �2+ �����(�� ���� ������
� � �

7DEOH %��� 7KH &� PHFKDQLVP XVHG LQ WKH IODPHOHW FDOFXODWLRQV E\ 6DQGHUV �������
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+ 2 ���
�

&2 ����

&2 ���
�

&+ ���
�

2 ���
�

1 ���
�

7DEOH %��� 7KLUG ERG\ HIILFLHQFLHV XVHG LQ WKH IODPHOHW FDOFXODWLRQV E\ 6DQGHUV �������
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$SSHQGL[�&

'LIIXVLRQ�IODPHOHW�UHVXOWV

)LJXUH�&���VKRZV�WKH�UHVXOW�RI�FRPSXWDWLRQV�SHUIRUPHG�RQ�D�SODQH� �DLU�IODPH�E\�6DQGHUV

�������DW�GLIIHUHQW�VWUDLQ�UDWHV��7KH�FDOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�ZLWK�WKH�PHFKDQLVP�RI

7DEOH�%���LQFOXGLQJ����VSHFLHV�DQG����UHDFWLRQV��,QFUHDVLQJ�WKH�VWUDLQ�UDWH�FDXVHV�D�WHPSHUDWXUH

GHFUHDVH��$�TXHQFKLQJ�YDOXH�RI� �ZDV�IRXQG�FRUUHVSRQGLQJ�WR�D�TXHQFKLQJ�VFDODU

GLVVLSDWLRQ�UDWH� RI������V�

)LJXUH�&���VKRZV�WKH�PDVV�IUDFWLRQ�SURILOHV��7KH�R[\JHQ�OHDN�WKURXJK�WKH�UHDFWLRQ�]RQH��DW

��LQFUHDVHV�DV�WKH�VWUDLQ�UDWH�LQFUHDVHV�

)LJXUH�&���VKRZV�WKH�UHVXOW�RI�FRPSXWDWLRQV�RQ�D�SODQH������ �DLU�IODPH�SHUIRUPHG�E\

3HHWHUV��������DW�GLIIHUHQW�VWUDLQ�UDWHV��&DOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�ZLWK�D�&��PHFKDQLVP�

,QFUHDVLQJ�WKH�VWUDLQ�UDWH�FDXVHV�D�WHPSHUDWXUH�GHFUHDVH��$�TXHQFKLQJ�YDOXH�RI� �ZDV

IRXQG�FRUUHVSRQGLQJ�WR�D�TXHQFKLQJ�VFDODU�GLVVLSDWLRQ�UDWH� RI������V�

)LJXUH�&���VKRZV�WKH�PDVV�IUDFWLRQ�SURILOHV��$V�WKH�VWUDLQ�UDWH�LQFUHDVHV�WKH�IROORZLQJ�FDQ�EH

REVHUYHG�

�WKH�R[\JHQ�OHDN�WKURXJK�WKH�UHDFWLRQ�]RQH��DW� ��LQFUHDVHV�

� � LQFUHDVHV�DV�H[SHFWHG�LQ�D�IODPH�QHDU�H[WLQFWLRQ��ZKLOH� �GHFUHDVHV��$�IODPH�QHDU

TXHQFKLQJ� LV�QRW�DEOH� WR�EXUQ� WKH� IXHO�FRPSOHWHO\�ZKLFK� OHDGV� WR�D�KLJKHU� � OHYHO��ZKLOH

FRUUHVSRQGLQJO\�OHVV� �LV�SURGXFHG�



���

)LJXUH�&���0DVV�IUDFWLRQ�SURILOHV�IRU�ODPLQDU�FRXQWHUIORZ�K\GURJHQ�DLU�IODPHV�DW�VWUDLQ�UDWHV

���V�DQG�������V��DIWHU�6DQGHUV��������

)LJXUH�&���7HPSHUDWXUH�SURILOHV�IRU�ODPLQDU�FRXQWHUIORZ�K\GURJHQ�DLU�GLIIXVLRQ�IODPHV�DW�GLIIHUHQW

VWUDLQ�UDWHV��DIWHU�6DQGHUV��������
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)LJXUH�&���7HPSHUDWXUH�SURILOHV�IRU�ODPLQDU�FRXQWHU�IORZ�PHWKDQH�DLU�GLIIXVLRQ�IODPHV�DW

GLIIHUHQW�VWUDLQ�UDWHV��DIWHU�3HHWHUV��������

)LJXUH�&���0DVV�IUDFWLRQ�SURILOHV�IRU�ODPLQDU�FRXQWHU�IORZ�PHWKDQH�DLU�GLIIXVLRQ�IODPHV

DW�VWUDLQ�UDWHV�RI����V�DQG�����V��DIWHU�3HHWHUV��������
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)LJXUH '�� %XUQLQJ YHORFLWLHV RI DQ XQVWUHWFKHG ODPLQDU PHWKDQH IODPH DW DWPRVSKHULF SUHVVXUH

DQG D WHPSHUDWXUH RI 7  ���.�
X

�'���

�'���

$SSHQGL[�'

3UHPL[HG�IODPHOHW�UHVXOWV

)LJXUH�'���VKRZV�VRPH�UHVXOWV�RI�FDOFXODWLRQV�E\�0DX��HW�DO���������IRU�D�PHWKDQH�DLU�IODPH�E\

PDNLQJ�XVH�RI�WKH�& �PHFKDQLVP�RI�$SSHQGL[�%��$OVR�VKRZQ�DUH�VRPH�UHVXOWV�RI�H[SHULPHQWV
�

FRPSLOHG� E\�:DUQDW]� ������� DQG� UHVXOWV� RI� H[SHULPHQWV� E\�/DZ� �������� 3ORWWHG� DORQJ� WKH

KRUL]RQWDO�D[LV�LV�WKH�HTXLYDOHQFH�UDWLR��0��ZKLFK�LV�UHODWHG�WR�WKH�PL[WXUH�IUDFWLRQ�DV�

7KH�LQIOXHQFH�RI�IODPH�VWUHWFK�DQG�FXUYDWXUH�RQ�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�LV�UHSUHVHQWHG

E\�WKH�0DUNVWHLQ�OHQJWK�m�LQ�(TXDWLRQ���������,W�PD\�EH�GHULYHG�IURP�DQ�DV\PSWRWLF�DQDO\VLV�IRU

ZHDNO\�VWUHWFKHG�IODPHV��&ODYLQ�HW�DO����������ZLWK�WKH�UHVXOW

ZKHUH�0�LV�WKH�VR�FDOOHG�0DUNVWHLQ�QXPEHU��7KH�TXDQWLW\���LV�WKH�UHGXFHG�JDV�H[SDQVLRQ�IDFWRU�

7KH�FRQVWDQW���LV�WKH�=HO©GRYLFK�QXPEHU�ZKLFK�LV�WKH�SURGXFW�RI���ZLWK�WKH�QRQGLPHQVLRQDO
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)LJXUH '�� 0DUNVWHLQ QXPEHUV RI D PHWKDQH IODPH DW DWPRVSKHULF SUHVVXUH DQG 7  ���.�
X

DFWLYDWLRQ�HQHUJ\� ��L�H�

DQG�/H�LV�WKH�/HZLV�QXPEHU�RI�WKH�XQEXUQW�PL[WXUH��7KH�0DUNVWHLQ�QXPEHU�LV�JHQHUDOO\�D�SRVLWLYH

TXDQWLW\�H[FHSW�IRU�OHDQ�K\GURJHQ�IODPHV�ZKHUH�WKH�/HZLV�QXPEHU�PD\�EH�VXIILFLHQW�VPDOO�WR

UHVXOW�LQ�QHJDWLYH�YDOXHV�RI�0��7KH�0DUNVWHLQ�QXPEHU�FDQ�LQ�SULQFLSOH�EH�GHWHUPLQHG�GLUHFWO\

IURP�(TXDWLRQ��������E\�PDNLQJ�PHDVXUHPHQWV�RI�WKH�ORFDO�EXUQLQJ�YHORFLW\��UDGLXV�RI�FXUYDWXUH�

DQG�ORFDO�IORZ�JUDGLHQWV�LPSRVHG�RQ�D�VWUHWFKHG�IODPH��+RZHYHU��VXFK�GLUHFW�PHWKRGV�RIWHQ�KDYH

DQ� HUURU� WROHUDQFH�RI�DERXW�������([SHULPHQWDO� ILQGLQJV�RI� WKH�0DUNVWHLQ�QXPEHU�DUH�YHU\

VHQVLWLYH� WR� WKH� XVHG� H[SHULPHQWDO� PHWKRG� �6HDUE\� HW� DO��� ������� )LJXUH� '��� VKRZV� VRPH

H[SHULPHQWDO�UHVXOWV�IRU�DQ�DWPRVSKHULF�PHWKDQH�DLU�IODPH�DV�REWDLQHG�E\�6HDUE\���������7VHQJ

������� DQG� 7D\ORU� �������� $OVR� VKRZQ� DUH� VRPH� UHVXOWV� FDOFXODWHG� E\� 3HWHUV� ������� IURP

(TXDWLRQ��'�����2EYLRXVO\��WKH�0DUNVWHLQ�QXPEHU�GHFUHDVHV�IRU�OHDQ�PL[WXUHV��)RU�YHU\�OHDQ

PL[WXUHV��WKH�0DUNVWHLQ�QXPEHU�HYHQ�EHFRPHV�QHJDWLYH��$�QHJDWLYH�0DUNVWHLQ�QXPEHU�PHDQV

WKDW�WKH�EXUQLQJ�YHORFLW\�LQFUHDVHV�XQGHU�LQFUHDVHG�FXUYDWXUH��OHDGLQJ�WR�DQ�XQVWDEOH�IODPH��7KH

QHJDWLYH�0DUNVWHLQ�QXPEHUV�DUH�FDXVHG�E\�WKH�IDFW�WKDW�WKH�/HZLV�QXPEHU�LV�VOLJKWO\�VPDOOHU�WKDQ

RQH��L�H��EHLQJ�HTXDO�WR������

)LJXUH�'���DQG�)LJXUH�'���VKRZ�WKH�VDPH�UHVXOWV�IRU�DQ�DWPRVSKHULF�K\GURJHQ�DLU�IODPH��$OVR

IRU� K\GURJHQ� IODPHV�� WKH�0DUNVWHLQ� QXPEHU� EHFRPHV� QHJDWLYH� IRU� OHDQ� PL[WXUHV�� (YHQ� DW

VWRLFKLRPHWULF�PL[WXUH� �1 ���� WKH�0DUNVWHLQ� QXPEHU� LV� QHJDWLYH� DQG� WKHUHIRUH� WKH� IODPH� LV

XQVWDEOH��2QO\�IRU�YHU\�ULFK�PL[WXUHV�� WKH�K\GURJHQ�IODPH�EHFRPHV�VWDEOH��7KH�IDFW� WKDW� WKH

0DUNVWHLQ�QXPEHUV�IRU�K\GURJHQ�IODPHV�DUH�QHJDWLYH�LQ�D�ODUJH�UHJLPH�LV�FDXVHG�E\�WKH�IDFW�WKDW

WKH�/HZLV�QXPEHU�IRU�K\GURJHQ�LV�VLJQLILFDQWO\�VPDOOHU�WKDQ�RQH��L�H��/H �����
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)LJXUH '�� %XUQLQJ YHORFLWLHV RI DQ XQVWUHWFKHG ODPLQDU K\GURJHQ IODPH DW DWPRVSKHULF

SUHVVXUH DQG D WHPSHUDWXUH RI 7  ���.�
X

)LJXUH '�� 0DUNVWHLQ QXPEHUV RI D K\GURJHQ�DLU IODPH DW DWPRVSKHULF SUHVVXUH DQG

7  ���.�
X
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$SSHQGL[�(

(TXDWLRQ�IRU�WKH�IODPH�VXUIDFH�DUHD�UDWLR

$�PRGHO�HTXDWLRQ�IRU�WKH�IODPH�VXUIDFH�DUHD�UDWLR� �KDV�EHHQ�REWDLQHG�E\�3HWHUV��������

7KH�WHUPV�RQ�WKH�OHIW�KDQG�VLGH�UHSUHVHQW�WKH�XQVWHDG\�FKDQJH�DQG�FRQYHFWLRQ�RI� E\�WKH�PHDQ

YHORFLW\�ILHOG��7KH�ILUVW�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�GHVFULEHV�WKH�WXUEXOHQW�WUDQVSRUW�RI� ZKLFK

ZDV�PRGHOOHG�DV�D�FXUYDWXUH�WHUP��+HUH�� �LV�GHILQHG�DV�LQ�(TXDWLRQ��������EXW�ZLWK� �LQVWHDG

RI�*��7KH�VHFRQG�WHUP�UHSUHVHQWV�WKH�SURGXFWLRQ�RI�WKH�IODPH�VXUIDFH�DUHD�UDWLR�E\�PHDQ�YHORFLW\

JUDGLHQWV�DQG�WKH�WKLUG�WHUP�E\�ORFDO�WXUEXOHQW�IOXFWXDWLRQV��7KH�IRXUWK�DQG�ODVW�WHUPV�RQ�WKH�ULJKW

KDQG�VLGH�DUH�WKH�NLQHPDWLF�UHVWRUDWLRQ�WHUP�DQG�WKH�VFDODU�GLVVLSDWLRQ�WHUP�RI�WKH�IODPH�VXUIDFH

DUHD�UDWLR��UHVSHFWLYHO\�

)RU�WKH�FDVH�RI�IXOO\�GHYHORSHG�WXUEXOHQFH�DQG�D�IXOO\�GHYHORSHG�WXUEXOHQW�IODPH�LQ�WKH�OLPLW

RI�ODUJH�WLPHV��WXUEXOHQW�SURGXFWLRQ�RI�IODPH�VXUIDFH�DUHD�UDWLR�HTXDOV�NLQHPDWLF�UHVWRUDWLRQ�DQG

VFDODU�GLVVLSDWLRQ�LQ�(TXDWLRQ��(����

ZKHUH� �KDV�EHHQ�VHW�HTXDO�WR�XQLW\��,Q�WKH�OLPLW�RI�ODUJH�WLPHV��LW�KROGV�WKDW� ��VHH

$SSHQGL[� )��� :LWK� � �IRU� D� WXUEXOHQW� 6FKPLGW� QXPEHU� RI� ����� DQG� �

(TXDWLRQ��(����PD\�WKHQ�EH�ZULWWHQ�DV

ZLWK�WKH�VROXWLRQ

&RQVWDQWV�DUH�DGDSWHG�VXFK�DV�WR�UHWULHYH�'DPN|KOHUV�UHODWLRQV�IRU�WKH�VPDOO�VFDOH�DQG�ODUJH�VFDOH

WXUEXOHQFH�UHJLPH��VHH�6HFWLRQ�������L�H�

/HDGLQJ�WR
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$SSHQGL[�)

(TXDWLRQ�IRU�WKH�YDULDQFH�LQ�*

$�PRGHO�HTXDWLRQ�IRU�WKH�YDULDQFH�LQ�*��L�H�� �KDV�EHHQ�REWDLQHG�E\�3HWHUV��������

7KH�WHUPV�RQ�WKH�OHIW�KDQG�VLGH�UHSUHVHQW�WKH�XQVWHDG\�FKDQJH�DQG�FRQYHFWLRQ�RI� E\�WKH�PHDQ

YHORFLW\�ILHOG��7KH�ILUVW�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�GHVFULEHV�WKH�HIIHFW�RI�0DUNVWHLQ�GLIIXVLRQ�DQG

WXUEXOHQW�WUDQVSRUW�RI� �ZKLFK�ZDV�PRGHOOHG�DV�D�FXUYDWXUH�WHUP��+HUH�� �LV�GHILQHG�DV�LQ

(TXDWLRQ��������EXW�ZLWK� �LQVWHDG�RI�*��7KH�VHFRQG�WHUP�UHSUHVHQWV�WKH�SURGXFWLRQ�RI� �E\

ORFDO�WXUEXOHQW�IOXFWXDWLRQV��7KH�ODVW�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�LV�WKH�VFDODU�GLVVLSDWLRQ�WHUP

ZLWK� �

&RQVLGHU�D�SODQDU�IODPH�IRU�ZKLFK�WKH�FXUYDWXUH�WHUP�YDQLVKHV��,Q�LQWHUSUHWLQJ� �DV�D�GLVWDQFH

IXQFWLRQ�IRU�WKH�WXUEXOHQW�IODPH�� �LV�HTXDO�WR�XQLW\�LQ�WKH�SURGXFWLRQ�WHUP��:LWK�

�IRU�D�WXUEXOHQW�6FKPLGW�QXPEHU�RI������DQG�UHSODFLQJ� �E\

WKH�YDULDQFH�HTXDWLRQ�PD\�EH�ZULWWHQ�DV�

ZLWK� �DV�WKH�LQWHJUDO�WLPH�VFDOH��7KH�VROXWLRQ�RI�(TXDWLRQ��)����LV�JLYHQ�E\

ZKHUH� ��7KHUHIRUH��LQ�WKH�OLPLW�RI�ODUJH�WLPHV��LW�KROGV�WKDW
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6XPPDU\

,Q� WKLV� WKHVLV�� D� PRGHO� IRU� QXPHULFDOO\� VLPXODWLQJ� D� SDUWLDOO\� SUHPL[HG� WXUEXOHQW� IODPH� LV

SUHVHQWHG��7KH�XVHG�PRGHO�LV�EDVHG�RQ�WKH�IODPHOHW�FRQFHSW��L�H��WKH�DVVXPSWLRQ�WKDW�ODPLQDU

IODPHV�DUH�HPEHGGHG�LQ�WKH�WXUEXOHQW�IORZ�ILHOG��,Q�PDQ\�FDVHV�RI�SUDFWLFDO�LQWHUHVW��FKHPLVWU\

LV�IDVW�FRPSDUHG�WR�FRQYHFWLYH�DQG�GLIIXVLYH�SURFHVVHV��,Q�WKHVH�FDVHV�WKH�.ROPRJRURY�WLPH� �

ZKLFK�LV�WKH�WXUQRYHU�WLPH�RI�WKH�VPDOOHVW�HGGLHV��LV�PXFK�ODUJHU�WKDQ�WKH�FKHPLFDO�WLPH�VFDOH� �

7KH�WXUEXOHQW�HGGLHV�DUH�RI�GLPHQVLRQV�PXFK�ODUJHU�WKDQ�WKH�WKLFNQHVV�RI�WKH�ODPLQDU�IODPH��,Q

WKLV�KLJK�'DPN|KOHU�QXPEHU�¨IODPHOHW�UHJLPH©�WKH�SDUWLDOO\�SUHPL[HG�WXUEXOHQW�GLIIXVLRQ�IODPH

PD\�EH�WUHDWHG�DV�DQ�HQVHPEOH�RI�ODPLQDU�SUHPL[HG�IODPHOHWV�DQG�ODPLQDU�GLIIXVLRQ�IODPHOHWV�

,Q�WKH�IODPHOHW�UHJLPH��WKH�GLIIXVLRQ�IODPH�LV�PDSSHG�LQVWDQWDQHRXVO\�LQWR�¨PL[WXUH�IUDFWLRQ

VSDFH©�DV�D�IXQFWLRQ�RI�WZR�SDUDPHWHUV��WKH�PL[WXUH�IUDFWLRQ�=�DQG�WKH�VFDODU�GLVVLSDWLRQ�UDWH�3�

7KH�LVR�VXUIDFH�DW�ZKLFK�WKH�PL[WXUH�IUDFWLRQ�=�HTXDOV�WKH�VWRLFKLRPHWULF�PL[WXUH�IUDFWLRQ�GHILQHV

WKH�ORFDWLRQ�RI�WKH�GLIIXVLRQ�IODPH��%\�FDOFXODWLQJ�WKH�FRQGLWLRQHG�VFDODU�GLVVLSDWLRQ�UDWH�3 ��WKH
VW

ORFDO�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�GLIIXVLRQ�IODPH�LV�GHWHUPLQHG�IURP�WKH�SUH�FDOFXODWHG�IODPHOHW�

OLEUDULHV��/DPLQDU�FRXQWHUIORZ�GLIIXVLRQ�IODPHV�DUH�FKRVHQ�WR�EH�WKH�PRVW�UHSUHVHQWDWLYH�IRU

EXLOGLQJ�WKHVH�GLIIXVLRQ�IODPHOHW�OLEUDULHV�

)RU�PDQ\�WXUEXOHQW�IODPHV�SDUWLDO�SUHPL[LQJ�LV�UHOHYDQW��7KH�PL[HG�UHDFWDQWV�FDQ�LJQLWH�DQG

EXUQ�LQ�D�SUHPL[HG�IDVKLRQ��7KH�SUHPL[HG�IODPH�LV�GHVFULEHG�E\�D�SURJUHVV�YDULDEOH�F��%HFDXVH

WKH�SUHPL[HG�IODPH�IURQW�LV�YHU\�WKLQ��LWV�LQWHUQDO�VWUXFWXUH�UHPDLQV�XQUHVROYHG�DQG�LW�LV�WUHDWHG

DV�D�GLVFRQWLQXLW\��7KH�PRWLRQ�RI�WKH�SUHPL[HG�IODPH�LV�GHVFULEHG�E\�D�NLQHPDWLF�HTXDWLRQ�LQ

ZKLFK�WKH�ODPLQDU�EXUQLQJ�YHORFLW\�LV�NQRZQ�DV�D�IXQFWLRQ�RI�IODPH�FXUYDWXUH�DQG�IODPH�VWUHWFK�

)RU�WKH�UHSUHVHQWDWLRQ�RI�WKH�ORFDWLRQ�RI�WKH�SUHPL[HG�IODPH�IURQW�D�ILHOG�HTXDWLRQ�IRU�WKH�VFDODU

*�PD\�EH�XVHG��*�LV�GHILQHG�DV�WKH�GLVWDQFH�WR�WKH�SUHPL[HG�IODPH��DQG�WKH�OHYHO�VHW�* ��GHILQHV

WKH�ORFDWLRQ�RI�WKH�SUHPL[HG�IODPH�IURQW�

7R�WUHDW�WKH�WXUEXOHQFH�FORVXUH�SUREOHP��XVH�KDV�EHHQ�PDGH�RI�WKH�VWDQGDUG�N�J�PRGHO��)DYUH�

DYHUDJHG�VFDODU�TXDQWLWLHV�KDYH�EHHQ�FDOFXODWHG�IURP�WKH�IODPHOHW�OLEUDULHV�E\�PDNLQJ�XVH�RI�D

SUHVXPHG�3UREDELOLW\�'HQVLW\�)XQFWLRQ��3')��PHWKRG��7KH�PHDQ�IODPH�SRVLWLRQ�LV�IRXQG�DV�WKH

]HUR�OHYHO�VHW�RI�WKH�OHYHO�VHW�IXQFWLRQ� ��7KLV�]HUR�OHYHO�VHW�LV�IRXQG�E\�VROYLQJ�WKH�OHYHO�VHW

HTXDWLRQ�IRU� �LQ�ZKLFK� �LV�HTXDO�WR�D�VLJQHG�GLVWDQFH�IXQFWLRQ��7KH�)DYUH�DYHUDJHG�SURJUHVV

YDULDEOH�LV�IRXQG�DV�D�IXQFWLRQ�RI� �

1XPHULFDO� VLPXODWLRQV� KDYH� EHHQ� SHUIRUPHG� IRU� D� EXUQHU�VWDELOLVHG� WXUEXOHQW� PHWKDQH

GLIIXVLRQ�IODPH��IRU�D�SUHPL[HG�WXUEXOHQW�K\GURJHQ�DLU�IODPH�DQG�IRU�D�OLIWHG�WXUEXOHQW�PHWKDQH

GLIIXVLRQ�IODPH��)URP�WKH�VLPXODWHG�GLIIXVLRQ�IODPH�LW�LV�FOHDU�WKDW�EHVLGHV�UDGLDWLRQ��DOVR�WLPH�

GHSHQGHQW�HIIHFWV�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW�LQ�RUGHU�WR�REWDLQ�D�JRRG�FRPSDULVRQ�EHWZHHQ

VLPXODWLRQ�DQG�PHDVXUHPHQW�GDWD�IURP�OLWHUDWXUH��)RU�WKH�SUHPL[HG�IODPH��D�JRRG�DJUHHPHQW�KDV

EHHQ� IRXQG� RQ� WKH� ORFDWLRQ� RI� WKH� SUHPL[HG� IODPH� DV�ZHOO� DV� RQ� WKH� WXUEXOHQW� IODPH�EUXVK

WKLFNQHVV��$OVR�IRU�WKH�OLIWHG�WXUEXOHQW�PHWKDQH�GLIIXVLRQ�IODPH�D�UDWKHU�JRRG�DJUHHPHQW�KDV�EHHQ

IRXQG�EHWZHHQ�FDOFXODWHG�DYHUDJH�OLIW�RII�KHLJKW�RI�WKH�IODPH�DERYH�WKH�EXUQHU�DQG�YDOXHV�IRU�WKH

DYHUDJH�OLIW�RII�KHLJKW�IRXQG�LQ�OLWHUDWXUH�

%HVLGHV�WKH�ZRUN�GRQH�RQ�WKH�PRGHOOLQJ�RI�SDUWLDOO\�SUHPL[HG�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV�

PHDVXUHPHQWV�KDYH�EHHQ�FDUULHG�RXW�RQ�DQ�D[L�V\PPHWULF�WXUEXOHQW�MHW��7KH�DLP�KHUH�ZDV�WR�WHVW

WKH�DSSOLFDELOLW\�RI�WKH�N�J�PRGHO�WR�WKH�IORZ�SUREOHP�FRQVLGHUHG��7KH�KRW�ZLUH�DQHPRPHWU\

PHWKRG�KDV�EHHQ�XVHG� LQ�FRPELQDWLRQ�ZLWK�D� ORRN�XS� LQYHUVLRQ�PHWKRG� IRU�;�KRW�ZLUHV��$

FRUUHFWLRQ�PHWKRG�KDV�EHHQ�DSSOLHG�WR�DFFRXQW�IRU�WKH�HIIHFW�RI�WKH�IOXFWXDWLQJ�ELQRUPDO�YHORFLW\

FRPSRQHQW��6HFRQG�DQG�KLJKHU�RUGHU�YHORFLW\�FRUUHODWLRQ�WHUPV�KDYH�EHHQ�PRGHOOHG�E\�DVVXPLQJ



���

D�ELYDULDWH�QRUPDO�GLVWULEXWLRQ�IRU�WKH�D[LDO�DQG�UDGLDO�YHORFLW\�FRPSRQHQWV��ZKLOH�WKH�WDQJHQWLDO

YHORFLW\� FRPSRQHQW� LV� DVVXPHG� WR� EH� VWDWLVWLFDOO\� LQGHSHQGHQW� IURP� WKH� RWKHU� YHORFLW\

FRPSRQHQWV��$Q�DGGLWLRQDO�HTXDWLRQ�IRU�WKH�YDULDQFH�LQ�WKH�WDQJHQWLDO�YHORFLW\�FRPSRQHQW�LV

REWDLQHG�IURP�D�PHDVXUHPHQW�DW�ZKLFK�WKH�SURQJ�SODQH�LV�URWDWHG�RYHU����GHJUHHV��7KH�UHVXOWLQJ

VHW�RI�VL[�DOJHEUDLF�HTXDWLRQV�LV�VROYHG�E\�PDNLQJ�XVH�RI�1HZWRQ©V�LWHUDWLRQ�PHWKRG��0HDVXUHG

D[LDO�DQG�UDGLDO�YHORFLW\�FRPSRQHQWV�DQG�WKHLU�IOXFWXDWLRQV�LQ�D�WXUEXOHQW�MHW�DJUHHG�ZHOO�ZLWK

RWKHU�H[SHULPHQWDO�GDWD�IURP�OLWHUDWXUH��7KH�PHDVXUHG�FHQWHUOLQH�YHORFLW\�GHFD\�DV�ZHOO�DV�WKH

KDOI�ZLGWK�VSUHDGLQJ�UDWH�DOVR�DJUHHG�ZHOO�ZLWK�YDOXHV�IRXQG�IURP�WKH�N�J�PRGHO�SUHGLFWLRQ�
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6DPHQYDWWLQJ

,Q�GLW�SURHIVFKULIW�ZRUGW�HHQ�PRGHO�JHSUHVHQWHHUG�YRRU�KHW�XLWYRHUHQ�YDQ�EHUHNHQLQJHQ�DDQ�HHQ

JHGHHOWHOLMN�YRRUJHPHQJGH�WXUEXOHQWH�MHW�GLIIXVLHYODP��+HW�JHEUXLNWH�PRGHO�LV�JHEDVHHUG�RS�KHW

IODPHOHW� FRQFHSW�� G�Z�]�� GH� DDQQDPH�GDW� ODPLQDLUH� YODPPHQ� ]LMQ� LQJHEHG� LQ� KHW� WXUEXOHQWH

VWURPLQJVYHOG��,Q�YHHO�JHYDOOHQ�GLH�YDQ�SUDNWLVFK�EHODQJ�]LMQ�LV�GH�FKHPLH�VQHO�LQ�YHUJHOLMNLQJ

WRW�FRQYHFWLHYH�HQ�GLIIXVLHYH�SURFHVVHQ��,Q�GH]H�JHYDOOHQ�LV�GH�.ROPRJRURY�WLMGVFKDDO� ��GLH

RYHUHHQNRPW� PHW� GH� RPZHQWHOLQJVWLMG� YDQ� GH� NOHLQVWH� ZHUYHOWMHV�� HHQ� VWXN� ODQJHU� GDQ� GH

FKHPLVFKH�WLMGVFKDDO� ��'H�UXLPWHOLMNH�GLPHQVLH�YDQ�GH�WXUEXOHQWH�ZHUYHOV�LV�YHHO�JURWHU�GDQ�GH

GLNWH�YDQ�GH� ODPLQDLUH�YODP�� ,Q�GLW� ¨IODPHOHW� UHJLPH©�YDQ�KRJH�'DPN|KOHU�JHWDOOHQ�PDJ�GH

JHGHHOWHOLMN�YRRUJHPHQJGH�WXUEXOHQWH�GLIIXVLHYODP�ZRUGHQ�EHKDQGHOG�DOV�HHQ�FRPSRVLWLH�YDQ

ODPLQDLUH�YRRUJHPHQJGH�YODPPHQ�HQ�ODPLQDLUH�GLIIXVLHYODPPHQ�

,Q�KHW�IODPHOHW�UHJLPH�NDQ�GH�GLIIXVLHYODP�LQVWDQWDDQ�ZRUGHQ�DIJHEHHOG�RS�GH�¨PHQJIUDFWLH

UXLPWH©��GLW�DOV�IXQFWLH�YDQ�WZHH�SDUDPHWHUV��GH�PHQJIUDNWLH�=�HQ�GH�VFDODLUH�GLVVLSDWLH�VQHOKHLG

3��+HW�RSSHUYODN�ZDDURS�GH�PHQJIUDNWLH�=�JHOLMN�LV�DDQ�GH�VWRLFKLRPHWULVFKH�PHQJIUDNWLH� �OHJW

GH�ORFDWLH�YDQ�GH�GLIIXVLHYODP�YDVW��'RRU�KHW�EHSDOHQ�YDQ�GH�JHFRQGLWLRQHHUGH�VFDODLUH�GLVVLSDWLH

VQHOKHLG� �ZRUGW�GH�ORNDOH�FKHPLVFKH�VDPHQVWHOOLQJ�LQ�GH�GLIIXVLHYODP�YDVWJHOHJG�P�E�Y��HHQ

YRRUDI�RSJHVWHOGH�IODPHOHW�ELEOLRWKHHN��/DPLQDLUH�WHJHQVWURRP�GLIIXVLHYODPPHQ�]LMQ�JHNR]HQ

DOV�PHHVW�JHVFKLNWH�YODPPHQ�YRRU�KHW�RSERXZHQ�YDQ�GH]H�IODPHOHW�ELEOLRWKHHN�

9RRU�YHHO� WXUEXOHQWH�YODPPHQ� LV�JHGHHOWHOLMNH�YRRUPHQJLQJ�UHOHYDQW��'H�YRRUJHPHQJGH

UHDFWDQWHQ�NXQQHQ�RQWEUDQGHQ�HQ�HHQ�YRRUJHPHQJGH�YODP�YRUPHQ��'H�YRRUJHPHQJGH�YODP

ZRUGW�EHVFKUHYHQ�GRRU�GH�YRRUWJDQJVYDULDEHOH�F��2PGDW�GH�YRRUJHPHQJGH�YODP�HUJ�GXQ�LV�ZRUGW

GH�LQWHUQH�VWUXFWXXU�YDQ�GH�YODP�QLHW�EHVFKRXZG�PDDU�ZRUGW�GH]H�EHKDQGHOG�DOV�GLVFRQWLQXwWHLW�

'H�EHZHJLQJ�YDQ�GH�YRRUJHPHQJGH�YODP�ZRUGW�EHVFKUHYHQ�GRRU�HHQ�NLQHPDWLVFKH�YHUJHOLMNLQJ

ZDDULQ�GH�ODPLQDLUH�YHUEUDQGLQJVVQHOKHLG�JHJHYHQ�LV�DOV�IXQFWLH�YDQ�GH�ORNDOH�YODPNURPPLQJ

HQ�YODPVWUHNNLQJ��9RRU�KHW�YLQGHQ�YDQ�GH�ORFDWLH�YDQ�GH�YRRUJHPHQJGH�YODP�ZRUGW�JHEUXLN

JHPDDNW�YDQ�GH�VFDODLUH�JURRWKHLG�*��'H�VFDODLUH�JURRWKHLG�*�LV�JHGHILQLHHUG�DOV�GH�DIVWDQG�WRW

GH�YRRUJHPHQJGH�YODP�HQ�KHW�QXO�QLYHDX�* ��GHILQLHHUW�GDQ�GH�ORFDWLH�YDQ�KHW�YRRUJHPHQJGH

YODPIURQW�

9RRU�EHKDQGHOLQJ�YDQ�KHW�WXUEXOHQWH�VOXLWLQJVSUREOHHP�LV�JHEUXLN�JHPDDNW�YDQ�KHW�VWDQGDDUG

N�J�PRGHO��)DYUH�JHPLGGHOGH�VFDODLUH�JURRWKHGHQ�ZRUGHQ�EHUHNHQG�XLW�GH�IODPHOHW�ELEOLRWKHHN

GRRU�JHEUXLNPDNLQJ�YDQ�HHQ�DDQJHQRPHQ�YRUP�YRRU�GH�NDQVGLFKWKHLGVYHUGHOLQJ��'H�JHPLGGHOGH

SRVLWLH�YDQ�KHW�YODPIURQW�ZRUGW�JHYRQGHQ�DOV�KHW�QXO�QLYHDX�YDQ�GH�QLYHDX�IXQFWLH� ��'LW�QXO�

QLYHDX�ZRUGW�JHYRQGHQ�GRRU�KHW�RSORVVHQ�YDQ�GH�QLYHDX�SODDWVLQJV�YHUJHOLMNLQJ�YRRU� �ZDDULQ�

JHOLMN� LV� DDQ� GH� DIVWDQGVIXQFWLH� PHW� HHQ� SRVLWLHI� RI� QHJDWLHI� WHNHQ�� 'H� )DYUH�JHPLGGHOGH

YRRUWJDQJVYDULDEHOH�ZRUGW�JHYRQGHQ�DOV�IXQFWLH�YDQ� �

1XPHULHNH�VLPXODWLHV�]LMQ�XLWJHYRHUG�YRRU�HHQ�EUDQGHU�JHVWDELOLVHHUGH�WXUEXOHQWH�PHWKDDQ

GLIIXVLHYODP��HHQ�YRRUJHPHQJGH�WXUEXOHQWH�ZDWHUVWRI�OXFKW�YODP�HQ�YRRU�HHQ�YDQ�GH�EUDQGHU

ORVJHNRPHQ��¨OLIWHG©��WXUEXOHQWH�PHWKDDQ�GLIIXVLHYODP��8LW�GH�JHVLPXOHHUGH�GLIIXVLHYODP�EOLMNW

GDW�QDDVW�VWUDOLQJ�RRN�WLMGDIKDQNHOLMNH�HIIHFWHQ�PHH�]RXGHQ�PRHWHQ�ZRUGHQ�JHQRPHQ�RP�WRW�HHQ

JRHGH� RYHUHHQNRPVW� WXVVHQ� VLPXODWLH� HQ� PHWLQJHQ� XLW� GH� OLWHUDWXXU� WH� NRPHQ�� 9RRU� GH

YRRUJHPHQJGH�YODP�LV�HHQ�JRHGH�RYHUHHQNRPVW�JHYRQGHQ�YRRU�GH�ORFDWLH�YDQ�GH�YRRUJHPHQJGH

YODP�� DOV� RRN� YRRU� GH� GLNWH� YDQ� KHW� WXUEXOHQWH� YODPJHELHG�� 2RN� YRRU� GH� YDQ� GH� EUDQGHU

ORVJHNRPHQ�WXUEXOHQWH�PHWKDDQ�GLIIXVLHYODP�LV�HHQ�UHGHOLMNH�RYHUHHQNRPVW�JHYRQGHQ�WXVVHQ

EHUHNHQGH� JHPLGGHOGH� ¨OLIW�RII©� KRRJWH� YDQ� GH� YODP�ERYHQ� GH� EUDQGHU� HQ�ZDDUGHQ� YRRU� GH

JHPLGGHOGH�¨OLIW�RII©�KRRJWH�JHYRQGHQ�LQ�GH�OLWHUDWXXU�



���

1DDVW� KHW� ZHUN� DDQ� GH� PRGHOOHULQJ� YDQ� JHGHHOWHOLMN� YRRUJHPHQJGH� WXUEXOHQWH� MHW

GLIIXVLHYODPPHQ�]LMQ�PHWLQJHQ�XLWJHYRHUG�DDQ�HHQ�D[LDDO�V\PPHWULVFKH�WXUEXOHQWH� MHW��'RHO

KLHUYDQ�ZDV�WH�WHVWHQ�RI�KHW�N�J�PRGHO�WRHSDVEDDU�LV�YRRU�GH�RQGHU]RFKWH�VWURPLQJVFRQILJXUDWLH�

'DDUWRH�LV�GH�KLWWHGUDDG�DQHPRPHWULH�PHWKRGH�JHEUXLNW�LQ�FRPELQDWLH�PHW�HHQ�RS]RHN�LQYHUVLH

PHWKRGH�YRRU�NUXLV�KLWWHGUDGHQ��(HQ�FRUUHFWLH�PHWKRGH�LV�WRHJHSDVW�RP�YRRU�KHW�HIIHFW�YDQ�GH

IOXFWXHUHQGH�ELQRUPDOH�VQHOKHLGVFRPSRQHQW�WH�FRUULJHUHQ��7ZHHGH��HQ�KRJHUH�RUGH�VQHOKHLGV�

FRUUHODWLH�WHUPHQ�]LMQ�JHPRGHOOHHUG�RQGHU�GH�DDQQDPH�YDQ�HHQ�ELYDULDQWH�QRUPDOH�YHUGHOLQJ�YRRU

GH�D[LDOH�HQ�UDGLDOH�VQHOKHLGVFRPSRQHQWHQ�WHUZLMO�GH�WDQJHQWLHOH�VQHOKHLGVFRPSRQHQW�VWDWLVWLVFK

RQDIKDQNHOLMN�LV�DDQJHQRPHQ�YDQ�GH�DQGHUH�VQHOKHLGVFRPSRQHQWHQ��(HQ�H[WUD�YHUJHOLMNLQJ�YRRU

GH�YDULDQWLH�LQ�GH�WDQJHQWLsOH�VQHOKHLGVFRPSRQHQW�ZRUGW�YHUNUHJHQ�XLW�HHQ�PHWLQJ�ZDDUELM�KHW

YODN�YDQ�GH�KLWWHGUDGHQ�LV�JHURWHHUG�RYHU����JUDGHQ��+HW�UHVXOWHUHQGH�VWHOVHO�YDQ�]HV�DOJHEUDwVFKH

YHUJHOLMNLQJHQ�ZRUGW�RSJHORVW�GRRU�JHEUXLN�WH�PDNHQ�YDQ�1HZWRQ©V�LWHUDWLH�PHWKRGH��*HPHWHQ

D[LDOH�HQ�UDGLDOH�VQHOKHLGVFRPSRQHQWHQ�HQ�KXQ�IOXFWXDWLHV�LQ�HHQ�WXUEXOHQWH�MHW�NRPHQ�JRHG

RYHUHHQ�PHW�JHJHYHQV�XLW�GH�OLWHUDWXXU��+HW�JHPHWHQ�KDUWOLMQ�VQHOKHLGVYHUYDO�HQ�GH�KDOIZDDUGH

VSUHLGLQJVVQHOKHLG�NRPHQ�RRN�JRHG�RYHUHHQ�PHW�ZDDUGHQ�JHYRQGHQ�XLW�QXPHULHNH�VLPXODWLHV�PHW

KHW�N�J�PRGHO�



���

1DZRRUG

'H]H�VWXGLH�LV�XLWJHYRHUG�DDQ�GH�IDFXOWHLW�ZHUNWXLJERXZNXQGH��VHFWLH�HQHUJLH�WHFKQRORJLH��$DQ

GLW�RQGHU]RHN�KHEEHQ�PHHUGHUH�SHUVRQHQ�KXQ�ELMGUDJH�JHOHYHUG��ZDDUYRRU�LN�KHQ�KDUWHOLMN�ZLO

EHGDQNHQ��,U��$QWRRQ�3�*�*��/DPHUV��SURI�GU�LU��+DUU\�:�0��+RHLMPDNHUV�HQ�SURI�GU�LU��$QWRQ

$��YDQ�6WHHQKRYHQ�ZLO�LN�EHGDQNHQ�YRRU�KHW�NULWLVFK�OH]HQ�YDQ�PLMQ�SURHIVFKULIW�HQ�KHW�JHYHQ�YDQ

]LQYROOH�VXJJHVWLHV��0HGH�GDQN]LM�KHQ�ZHUG�GLW�RQGHU]RHN�LQ�JRHGH�EDQHQ�JHOHLG��2RN�GH�RYHULJH

OHGHQ�YDQ�GH�NHUQFRPPLVVLH��SURI�GU��'�-�(�0��5RHNDHUWV�HQ�SURI�GU�LU��0�(�+��YDQ�'RQJHQ��ZLO

LN�EHGDQNHQ�YRRU�KHW�SURHIOH]HQ�HQ�YRRU�KXQ�VXJJHVWLHV�

9RRU�KHW�KHOSHQ�RSERXZHQ�YDQ�GH�PHHWRSVWHOOLQJ�EHQ�LN�GDQN�YHUVFKXOGLJG�DDQ�GH�YROJHQGH

VWXGHQWHQ�DIJHVWXGHHUGHQ�� 0DXULFH� YDQ� *LOV�� YRRU� KHW� RQWZHUSHQ� HQ� ERXZHQ� YDQ� GH

PHHWRSVWHOOLQJ��)HUU\�YDQ�GHU�+LMGHQ��YRRU�KHW�YHUGHU�SHUIHFWLRQHUHQ�KLHUYDQ��5LFKDUG�%ROO��YRRU

KHW�RQWZHUSHQ�HQ�ERXZHQ�YDQ�GH�FDOOLEUDWLHRSVWHOOLQJ�HQ�KHW� VFKULMYHQ�YDQ�GH�ELMEHKRUHQGH

VRIWZDUH�� 5RJHU� 0DWHLMVHQ� HQ� -�UJHQ� %HQLVFKHN� YRRU� KHW� YHUGHU� RQWZLNNHOHQ� YDQ� GH]H

FDOOLEUDWLHRSVWHOOLQJ��7RW�VORW��,QJULG�1DXV��YRRU�KHW�WHVWHQ�YDOLGHUHQ�YDQ�GH�JHEUXLNWH�FRUUHFWLH

PHWKRGH�YRRU�GH�LQYORHG�YDQ�GH�ELQRUPDOH�VQHOKHLGVFRPSRQHQW�

'U�LU��7LP�:�-��3HHWHUV�ZLO�LN�EHGDQNHQ�YRRU�KHW�WHU�EHVFKLNNLQJ�VWHOOHQ�YDQ�GH�GRRU�KHP

RQWZLNNHOGH�VRIWZDUH�YRRU�GH�DGDSWLHYH�WDEXODWLH�YDQ�IODPHOHW�JHPLGGHOGH�VFDODLUH�JURRWKHGHQ�

9RRUDO�RRN�GDQN]LM�PLMQ�NDPHUJHQRWHQ�5RHO�/XSSHV�HQ�7RQ�*LHOHQ�KHE�LN�PLMQ�ZHUN�DDQ�GH

78�(LQGKRYHQ�DOWLMG�PHW�SOH]LHU�NXQQHQ�XLWYRHUHQ��$OV�KHW�QRGLJ�ZDV��GDQ�ZDUHQ�]LM�DOWLMG�EHUHLG

HHQ�KHOSHQGH�KDQG�WH�ELHGHQ��KLHUYRRU�ZLO�LN�KHQ�KDUWHOLMN�EHGDQNHQ�

7RW�VORW�ZLO�LN�PLMQ�IDPLOLH�HQ�YULHQGHQ�EHGDQNHQ�YRRU�DOOH�VWHXQ�GLH�LN�YDQ�KHQ�JHNUHJHQ�KHE�



���

&XUULFXOXP�9LWDH

���PHL����� *HERUHQ�WH�+HQJHOR��2YHULMVVHO��

����������� +$92��&KULVWHOLMNH�6FKROHQJHPHHQVFKDS��$DOWHQ�

����������� 3URSDHGHXVH�9OLHJWXLJERXZNXQGH�DDQ�GH�+RJHVFKRRO�+DDUOHP�

����������� /XFKWYDDUW��HQ�5XLPWHYDDUWWHFKQLHN�DDQ�GH�7HFKQLVFKH�8QLYHUVLWHLW�'HOIW�

$IJHVWXGHHUG� LQ� GH� YDNJURHS� 7KHRUHWLVFKH� $sURG\QDPLFD� PHW� DOV

DIVWXGHHURSGUDFKW� ¦$� SHUWXUEDWLRQ� PHWKRG� DSSOLHG� WR� VKRFN� ZDYH

DQQLKLODWLRQ�E\�PDJQHWRK\GURG\QDPLF�DFWLRQ�LQ�VXSHUVRQLF�IORZ§�RQGHU

EHJHOHLGLQJ�YDQ�LU��*��6FKRXWHQ�HQ�SURI�GU�LU��+�:�0��+RHLMPDNHUV�

����������� 3URPRWLHRQGHU]RHN�DDQ�GH�7HFKQLVFKH�8QLYHUVLWHLW�(LQGKRYHQ��IDFXOWHLW

:HUNWXLJERXZNXQGH��VHFWLH�(QHUJLHWHFKQRORJLH�

��QRYHPEHU������ :HUN]DDP� DOV� 6RIWZDUH� 'HYHORSPHQW� (QJLQHHU� ELM� GH� 0DF1HDO

6FKZHQGOHU�&RUSRUDWLRQ��06&��WH�*RXGD��ZZZ�PDFVFK�FRP��



.HQQHG\��,�0��DQG�.HQW��-�+����������0HDVXUHPHQWV�RI�D�FRQVHUYHG�VFDODU�LQ�WXUEXOHQW�MHW�GLIIXVLRQ
�

IODPHV�����WK�6\PSRVLXP�RQ�&RPEXVWLRQ��SS����������

6DQGHUV��-�3�+����������6FDODU�WUDQVSRUW�DQG�IODPHOHW�PRGHOOLQJ�LQ�WXUEXOHQW�MHW�GLIIXVLRQ�IODPHV��3K�'�
�

7KHVLV��(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\�

6WHOOLQJHQ

EHKRUHQGH�ELM�KHW�SURHIVFKULIW

)ODPHOHW�0RGHOOLQJ�IRU�3DUWLDOO\�3UHPL[HG

7XUEXOHQW�-HW�'LIIXVLRQ�)ODPHV

5R\�2YLQN

�� 2QGHU�GH�DDQQDPH�YDQ�JHOLMNH�GLIIXVLHFRsIILFLsQWHQ�YRRU�DOOH�VWRIIHQ�LV�GH�GHILQLWLH�YDQ�GH

PHQJIUDFWLH� WH� NLH]HQ� DOV� HHQ� ZLOOHNHXULJH� OLQHDLUH� FRPELQDWLH� YDQ� PDVVDIUDFWLHV� YDQ

HOHPHQWHQ��$OV�HFKWHU�QLHW�DOOH�GLIIXVLHFRsIILFLsQWHQ�JHOLMN�]LMQ�NDQ�GH�PHQJIUDFWLH�KHW�EHVWH

ZRUGHQ�JHGHILQLHHUG�DOV�GH�PDVVDIUDFWLH�EUDQGVWRI� LQ�KHW�RQYHUEUDQGH�JDV��+RRIGVWXN��

UHVSHFWLHYHOLMN�KRRIGVWXN���YDQ�GLW�SURHIVFKULIW�

�� +HW� YRRUVFKULMYHQ� YDQ� GH� NDQVGLFKWKHLGVYHUGHOLQJ� LQ� WHUPHQ� YDQ� )DYUH�JHPLGGHOGH

JURRWKHGHQ�OHLGW�QLHW�DOOHHQ�WRW�HHQ�PDWKHPDWLVFKH�YHUHHQYRXGLJLQJ��PDDU�RRN�WRW�HHQ�EHWHUH

EHVFKULMYLQJ�YDQ�GH�UHDOLWHLW��.HQQHG\�HW�DO�������� �HQ�KRRIGVWXN���YDQ�GLW�SURHIVFKULIW��

�� +HW�YHUZDDUOR]HQ�YDQ�GH�LQYORHG�YDQ�GH�ELQRUPDOH�VQHOKHLGVFRPSRQHQW�LQ�GH�YHUZHUNLQJ

YDQ�GH�VLJQDOHQ�YDQ�KLWWHGUDDG�DQHPRPHWULH�OHLGW�ELM�KRJH�WXUEXOHQWLH�LQWHQVLWHLW�WRW�JURWH

IRXWHQ� LQ� GH� EHSDDOGH� ZDDUGHQ� YRRU� GH� 5H\QROGVVSDQQLQJHQ�� +RRIGVWXN� �� YDQ� GLW

SURHIVFKULIW�

�� $OV�SDUDPHWHU�GLH�GH�WRHVWDQG�YDQ�QLHW�FKHPLVFK�HYHQZLFKW�DDQJHHIW�GLHQW�ELM�YRRUNHXU�WRFK

JHEUXLN�WH�ZRUGHQ�JHPDDNW�YDQ�GH�VFDODLUH�GLVVLSDWLH�VQHOKHLG�HQ�QLHW�YDQ�GH�¨VWUDLQ�UDWH©

]RDOV�ZRUGW�JHSURSDJHHUG�GRRU�6DQGHUV������� ��+RRIGVWXN���YDQ�GLW�SURHIVFKULIW��

�� 'H�WXUEXOHQWH�YHUEUDQGLQJVVQHOKHLG�ZRUGW�]RZHO�EHwQYORHG�GRRU�ORNDOH�VQHOKHLGVIOXFWXDWLHV

LQ�KHW�WXUEXOHQWH�VWURPLQJVYHOG�DOV�RRN�GRRU�GH�ORNDOH�FKHPLVFKH�VDPHQVWHOOLQJ��+RRIGVWXN��

YDQ�GLW�SURHIVFKULIW�

�� ¨7ULSOH�IODPHV©�VSHOHQ�HHQ�EHODQJULMNH�URO�LQ�KHW�VWDELOLVDWLH�PHFKDQLVPH�YDQ�¨OLIWHG©��YDQ�GH

EUDQGHU�ORVJHNRPHQ��GLIIXVLHYODPPHQ��+RRIGVWXN���YDQ�GLW�SURHIVFKULIW�

�� 'LW�SURHIVFKULIW�LV�¨PLOOHQQLXP�SURRI©�

�� 1DDUPDWH�HHQ�VWXGLH�IXQGDPHQWHOHU�YDQ�DDUG�LV��LV�GH]H�PRHLOLMNHU�LQ�HHQ�PDDWVFKDSSHOLMNH

FRQWH[W�WH�SODDWVHQ�



�� %LM�KHW�DDQJHYHQ�YDQ�GH�ULFKWLQJ�¨&HQWUXP©�RS�YHUNHHUVERUGHQ�]RX�PHQ�RRN�GH�DIVWDQG

PRHWHQ�YHUPHOGHQ��'LW�RP�HLQGHORRV�KHHQ�HQ�ZHHU�ULMGHQ�WH�YRRUNRPHQ�LQ�KHW�JHYDO�GDW�KHW

FHQWUXP�QLHW�YROGRHW�DDQ�GH�YHUZDFKWLQJ�

��� ,Q� GH� VSRUW� ]DO� ZLQQHQ� RI� YHUOLH]HQ� VWHHGV� PHHU� JDDQ� DIKDQJHQ� YDQ� VWHHGV� NOHLQHUH

SUHVWDWLHYHUEHWHULQJHQ��2P� WH� NRPHQ� WRW� HHQ� HHUOLMNH� SUHVWDWLHYHUJHOLMNLQJ� ]DO� QDDVW� KHW

RSVWHOOHQ�YDQ�ULFKWOLMQHQ�EHWUHIIHQGH�SUHVWDWLHEHYRUGHUHQGH�YRHGLQJVVXSSOHPHQWHQ��GRSLQJ��

LQ�YHHO�WDNNHQ�YDQ�VSRUW�RRN�KHW�RSVWHOOHQ�YDQ�QDXZJH]HWWH�DsURG\QDPLVFKH�ULFKWOLMQHQ�VWHHGV

EHODQJULMNHU�ZRUGHQ�

��� +HW�JURWH�DDQWDO�ILOHV�RS�GH�GLJLWDOH�VQHOZHJ�]RUJW�QRJDO�HHQV�YRRU�WH�YHHO�DIOHLGLQJ��+HW�LV

GDQ�EHWHU�RP�GH�ZLQGRZV�WH�VOXLWHQ�

��� (HQ�WKHRULH�¨EHJULMSHQ©�EHWHNHQW�YDDN�KHW�LQ�VWDDW�]LMQ�DDQ�WH�NXQQHQ�JHYHQ�ZDDURP�GLH

WKHRULH�HHQ�EHSHUNWH�JHOGLJKHLG�KHHIW�
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