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���8QLWHG�6WDWHV�*HRORJLFDO�6XUYH\��*ROGHQ��&2��8QLWHG�6WDWHV��

 
%RG\��:H�SUHVHQW�D�SDUDOOHO�DSSURDFK�WR�WKH�FODVVLF�VLPXODWHG�DQQHDOLQJ�DOJRULWKP��.LUNSDWULFN�������LQ�RUGHU�WR�VROYH

IRU�WKH�UDWHV�RI�HDUWKTXDNH�UXSWXUHV�LQ�&DOLIRUQLDಬV�FRPSOH[�IDXOW�V\VWHP��EHLQJ�GHYHORSHG�IRU�WKH��UG�8QLIRUP

&DOLIRUQLD�(DUWKTXDNH�5XSWXUH�)RUHFDVW��8&(5)����7KURXJK�WKH�XVH�RI�GLVWULEXWHG�FRPSXWLQJ��ZH�KDYH�DFKLHYHG

VXEVWDQWLDO�VSHHGXS�ZKHQ�FRPSDUHG�WR�VHULDO�VLPXODWHG�DQQHDOLQJ��:H�ZLOO�GHVFULEH�WKH�SDUDOOHO�VLPXODWHG�DQQHDOLQJ

DOJRULWKP�LQ�GHWDLO��DV�ZHOO�DV�WKH�SDUDOOHOL]DWLRQ�SDUDPHWHUV�XVHG�DQG�WKHLU�HIIHFW�RQ�VSHHGXS��WLPH�WR�FRQYHUJHQFH��RU

DOWHUQDWLYHO\�D�VSHFLILHG�HQHUJ\�OHYHO��DQG�FRPPXQLFDWLRQV�HIILFLHQF\��$GGLWLRQDOO\�ZH�ZLOO�GLVFXVV�WKH�FRUUHODWLRQ

EHWZHHQ�SHUIRUPDQFH�RI�WKH�SDUDOOHO�DOJRULWKP�DQG�WKH�GHJUHH�RI�FRQVWUDLQWV�RQ�WKH�VROXWLRQ��:H�ZLOO�SUHVHQW�VFDOLQJ

UHVXOWV�WR�WKRXVDQGV�RI�SURFHVVRUV��DQG�H[SHULHQFHV�ZLWK�WKH�03-�([SUHVV�-DYD�0HVVDJH�3DVVLQJ�/LEUDU\��%DNHU

������RQ�WKH�8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLDಬV�+LJK�3HUIRUPDQFH�&RPSXWLQJ�DQG�&RPPXQLFDWLRQV�FOXVWHU�

�

5HIHUHQFHV�

0DUN�%DNHU��%U\DQ�&DUSHQWHU��DQG�$DPLU�6KDIL��03-�([SUHVV��7RZDUGV�7KUHDG�6DIH�-DYD�+3&��6XEPLWWHG�WR�WKH

,(((�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�&OXVWHU�&RPSXWLQJ��&OXVWHU��������%DUFHORQD��6SDLQ��������6HSWHPEHU�������

6��.LUNSDWULFN��&��'��*HODWW��-U���DQG�0��3��9HFFKL��2SWLPL]DWLRQ�E\�6LPXODWHG�$QQHDOLQJ��6FLHQFH����0D\����������

�����������������>'2,���������VFLHQFH�������������@�



)LQDO�,'��6��'���

6HLVPRORJLFDO�&RQVWUDLQWV�RQ�WKH�'HHS�6WUXFWXUH�RI�&RQWLQHQWV��,QYLWHG�
7��+��-RUGDQ���; (���3DXOVRQ���; 
���'HSW�RI�(DUWK�6FLHQFHV�=+6������8QLY�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��:KLOH�LW�LV�JHQHUDOO\�DJUHHG�WKDW�WKH�FUDWRQV�DUH�XQGHUODLQ�E\�WKLFN��EDVDOW�GHSOHWHG�NHHOV�LQ�QHDU�LVRS\FQLF

EDODQFH��WKH�PD[LPXP�WKLFNQHVV�RI�WKH�NHHOV�KDV�UHPDLQHG�FRQWURYHUVLDO�VLQFH�WKLV�WKHRU\�RI�WKH�FRQWLQHQWDO

WHFWRVSKHUH�ZDV�SURSRVHG�LQ�WKH�PLG�����V��5HFHQW�UHYLHZV�KDYH�FRPELQHG�WRPRJUDSKLF�PRGHOV�ZLWK�RWKHU

LQIRUPDWLRQ�WR�FRQFOXGH�WKDW�FUDWRQLF�NHHOV�DFKLHYH�PD[LPXP�GHSWKV�RI���������NP��+HUH�ZH�VKRZ�WKDW�WKLV�LQIHUHQFH

LV�QRW�FRQVLVWHQW�ZLWK�VRPH�ILUVW�RUGHU�DVSHFWV�RI�XSSHU�PDQWOH�WRPRJUDSK\��,Q�D�PHWD�DQDO\VLV�RI�PRUH�WKDQ����ZKROH�

PDQWOH�WRPRJUDSKLF�PRGHOV�SXEOLVKHG�E\�YDULRXV�UHVHDUFK�JURXSV��ZH�HVWLPDWH�WKH�FRUUHODWLRQ�EHWZHHQ�XSSHU�PDQWOH

VHLVPLF�VWUXFWXUH�DQG�FUXVWDO�WHFWRQLF�VWUXFWXUH�E\�SURMHFWLQJ�WKH�WRPRJUDSKLF�PRGHOV�RQWR�WKH�*75��JOREDO�WHFWRQLF

UHJLRQDOL]DWLRQ��7KHVH�SURMHFWLRQV�VKRZ�FRQVLVWHQW�DQG�VWDWLVWLFDOO\�VLJQLILFDQW�FUDWRQLF�VLJQDWXUHV�H[WHQGLQJ�WR�GHSWKV

H[FHHGLQJ�����NP��,Q�SDUWLFXODU��WKH�DYHUDJH�VKHDU�YHORFLWLHV�RI�VWDEOH�FRQWLQHQWDO�UHJLRQV�LQ�WKH�GHSWK�LQWHUYDO�����

����NP�DUH�KLJKHU�WKDQ�WKRVH�RI�WKH�FRQYHFWLQJ�RFHDQLF�PDQWOH��DQG�WKH�FRUUHVSRQGLQJ�VKHDU�YHORFLW\�JUDGLHQWV�DUH

VLJQLILFDQWO\�ORZHU��LQ�JRRG�DJUHHPHQW�ZLWK�KLJK�UHVROXWLRQ�UHJLRQDO�PRGHOV�GHULYHG�IURP�PXOWL�SKDVH�ZDYHIRUP

LQYHUVLRQV��:H�FRQFOXGH�WKDW�WKH�DYHUDJH�WKLFNQHVV�RI�WKH�FUDWRQLF�WHFWRVSKHUH�LV�XQOLNHO\�WR�EH�OHVV�WKDQ�����NP�

LQGHHG��EHQHDWK�VRPH��LI�QRW�PRVW��FUDWRQV��WKH�NHHOV�QHDUO\�ILOO�WKH�HQWLUH�XSSHU�PDQWOH��7KH�LVRS\FQLF�UHTXLUHPHQWV

IRU�WKLFN�FUDWRQLF�WHFWRVSKHUH�SODFH�VWURQJ�FRQVWUDLQWV�RQ�PRGHOV�RI�FRQWLQHQWDO�IRUPDWLRQ�DQG�HYROXWLRQ�



)LQDO�,'��6��'���

6HLVPRORJLFDO�&RQVWUDLQWV�RQ�WKH�'HHS�6WUXFWXUH�RI�&RQWLQHQWV��,QYLWHG�
7��+��-RUGDQ���; (���3DXOVRQ���; 
���'HSW�RI�(DUWK�6FLHQFHV�=+6������8QLY�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��:KLOH�LW�LV�JHQHUDOO\�DJUHHG�WKDW�WKH�FUDWRQV�DUH�XQGHUODLQ�E\�WKLFN��EDVDOW�GHSOHWHG�NHHOV�LQ�QHDU�LVRS\FQLF

EDODQFH��WKH�PD[LPXP�WKLFNQHVV�RI�WKH�NHHOV�KDV�UHPDLQHG�FRQWURYHUVLDO�VLQFH�WKLV�WKHRU\�RI�WKH�FRQWLQHQWDO

WHFWRVSKHUH�ZDV�SURSRVHG�LQ�WKH�PLG�����V��5HFHQW�UHYLHZV�KDYH�FRPELQHG�WRPRJUDSKLF�PRGHOV�ZLWK�RWKHU

LQIRUPDWLRQ�WR�FRQFOXGH�WKDW�FUDWRQLF�NHHOV�DFKLHYH�PD[LPXP�GHSWKV�RI���������NP��+HUH�ZH�VKRZ�WKDW�WKLV�LQIHUHQFH

LV�QRW�FRQVLVWHQW�ZLWK�VRPH�ILUVW�RUGHU�DVSHFWV�RI�XSSHU�PDQWOH�WRPRJUDSK\��,Q�D�PHWD�DQDO\VLV�RI�PRUH�WKDQ����ZKROH�

PDQWOH�WRPRJUDSKLF�PRGHOV�SXEOLVKHG�E\�YDULRXV�UHVHDUFK�JURXSV��ZH�HVWLPDWH�WKH�FRUUHODWLRQ�EHWZHHQ�XSSHU�PDQWOH

VHLVPLF�VWUXFWXUH�DQG�FUXVWDO�WHFWRQLF�VWUXFWXUH�E\�SURMHFWLQJ�WKH�WRPRJUDSKLF�PRGHOV�RQWR�WKH�*75��JOREDO�WHFWRQLF

UHJLRQDOL]DWLRQ��7KHVH�SURMHFWLRQV�VKRZ�FRQVLVWHQW�DQG�VWDWLVWLFDOO\�VLJQLILFDQW�FUDWRQLF�VLJQDWXUHV�H[WHQGLQJ�WR�GHSWKV

H[FHHGLQJ�����NP��,Q�SDUWLFXODU��WKH�DYHUDJH�VKHDU�YHORFLWLHV�RI�VWDEOH�FRQWLQHQWDO�UHJLRQV�LQ�WKH�GHSWK�LQWHUYDO�����

����NP�DUH�KLJKHU�WKDQ�WKRVH�RI�WKH�FRQYHFWLQJ�RFHDQLF�PDQWOH��DQG�WKH�FRUUHVSRQGLQJ�VKHDU�YHORFLW\�JUDGLHQWV�DUH

VLJQLILFDQWO\�ORZHU��LQ�JRRG�DJUHHPHQW�ZLWK�KLJK�UHVROXWLRQ�UHJLRQDO�PRGHOV�GHULYHG�IURP�PXOWL�SKDVH�ZDYHIRUP

LQYHUVLRQV��:H�FRQFOXGH�WKDW�WKH�DYHUDJH�WKLFNQHVV�RI�WKH�FUDWRQLF�WHFWRVSKHUH�LV�XQOLNHO\�WR�EH�OHVV�WKDQ�����NP�

LQGHHG��EHQHDWK�VRPH��LI�QRW�PRVW��FUDWRQV��WKH�NHHOV�QHDUO\�ILOO�WKH�HQWLUH�XSSHU�PDQWOH��7KH�LVRS\FQLF�UHTXLUHPHQWV

IRU�WKLFN�FUDWRQLF�WHFWRVSKHUH�SODFH�VWURQJ�FRQVWUDLQWV�RQ�PRGHOV�RI�FRQWLQHQWDO�IRUPDWLRQ�DQG�HYROXWLRQ�



)LQDO�,'��*��$�����

5DSLG�'HWHUPLQDWLRQ�RI�1HDU�)DXOW�(DUWKTXDNH�'HIRUPDWLRQ�8VLQJ�/,'$5
$��$��%RUVD������; -��+��0LQVWHU���; 
���81$9&2��%RXOGHU��&2��8QLWHG�6WDWHV��
���8&�6DQ�'LHJR��/D�-ROOD��&$��8QLWHG�6WDWHV��

 
%RG\��7KH������DLUERUQH�OLGDU�VXUYH\�RI�WKH�VRXWKHUQ�6DQ�$QGUHDV��6DQ�-DFLQWR�DQG�%DQQLQJ�IDXOWV��WKH�ಯ%��6XUYH\ರ�

KDV�GHOLYHUHG�D�KLJK�UHVROXWLRQ�GLJLWDO�HOHYDWLRQ�PRGHO��'(0��RI������NP�RI�WKH�PRVW�VHLVPLFDOO\�DFWLYH�IDXOW�V\VWHPV

LQ�VRXWKHUQ�&DOLIRUQLD�IRU�WKH�H[SUHVV�SXUSRVH�RI�SURYLGLQJ�D�EDVHOLQH�IRU�SRVW�HDUWKTXDNH�VOLS�GHWHUPLQDWLRQ���:H

XVHG�WKLV�VXUYH\�DV�D�WHVWEHG�WR�H[SHULPHQW�ZLWK�SURFHVVLQJ�DOJRULWKPV�IRU�UDSLG�HVWLPDWLRQ�RI�QHDU�IDXOW�JURXQG

GHIRUPDWLRQ���2QH�DOJRULWKP�XVHV�VLPXOWDQHRXV�FURVV�FRUUHODWLRQ�RI�ERWK�WRSRJUDSK\�DQG�EDFNVFDWWHU�LQWHQVLW\�IURP

SUH�HDUWKTXDNH�DQG�VLPXODWHG�SRVW�HDUWKTXDNH�/,'$5�GDWDVHWV���:H�VKRZ�UREXVW�UHFRYHU\�RI�WKH�GLUHFWLRQ�DQG

PDJQLWXGH�RI�DQ�DSSOLHG�V\QWKHWLF�VOLS�RI���P�LQ�WKH�KRUL]RQWDO�DQG�����P�LQ�WKH�YHUWLFDO�ZLWKLQ�WKH�WHVW�DUHD��ZLWK

H[FHOOHQW�GLVFULPLQDWLRQ�EHWZHHQ�DUHDV�ZLWK�DQG�ZLWKRXW�DSSOLHG�VOLS���$QRWKHU�DOJRULWKP�UHOLHV�RQ�DQ�HYROXWLRQDU\

SURJUDPPLQJ�DSSURDFK��ZKLFK�LV�PRUH�UREXVW�LQ�WKH�SUHVHQFH�RI�PXOWLSOH�PLQLPD�RI�WKH�VROXWLRQ�PDQLIROG��EXW�UHTXLUHV

VXEVWDQWLDOO\�PRUH�SURFHVVLQJ�SRZHU���2XU�UHVXOWV�LQGLFDWH�WKDW�RQH�VKRXOG�EH�DEOH�WR�UHFRYHU�VOLS�WR�DFFXUDFLHV�RI

EHWWHU�WKDQ����FP�LQ�WKH�KRUL]RQWDO�DQG���FP�LQ�WKH�YHUWLFDO��DW�D�VSDWLDO�UHVROXWLRQ�RI�ื���P�IRU�OLGDU�GDWDVHWV�ZLWK

VDPSOH�GHQVLWLHV�DV�ORZ�DV�����SRLQWV�P��



)LQDO�,'��*��$�����

5DSLG�'HWHUPLQDWLRQ�RI�1HDU�)DXOW�(DUWKTXDNH�'HIRUPDWLRQ�8VLQJ�/,'$5
$��$��%RUVD������; -��+��0LQVWHU���; 
���81$9&2��%RXOGHU��&2��8QLWHG�6WDWHV��
���8&�6DQ�'LHJR��/D�-ROOD��&$��8QLWHG�6WDWHV��

 
%RG\��7KH������DLUERUQH�OLGDU�VXUYH\�RI�WKH�VRXWKHUQ�6DQ�$QGUHDV��6DQ�-DFLQWR�DQG�%DQQLQJ�IDXOWV��WKH�ಯ%��6XUYH\ರ�

KDV�GHOLYHUHG�D�KLJK�UHVROXWLRQ�GLJLWDO�HOHYDWLRQ�PRGHO��'(0��RI������NP�RI�WKH�PRVW�VHLVPLFDOO\�DFWLYH�IDXOW�V\VWHPV

LQ�VRXWKHUQ�&DOLIRUQLD�IRU�WKH�H[SUHVV�SXUSRVH�RI�SURYLGLQJ�D�EDVHOLQH�IRU�SRVW�HDUWKTXDNH�VOLS�GHWHUPLQDWLRQ���:H

XVHG�WKLV�VXUYH\�DV�D�WHVWEHG�WR�H[SHULPHQW�ZLWK�SURFHVVLQJ�DOJRULWKPV�IRU�UDSLG�HVWLPDWLRQ�RI�QHDU�IDXOW�JURXQG

GHIRUPDWLRQ���2QH�DOJRULWKP�XVHV�VLPXOWDQHRXV�FURVV�FRUUHODWLRQ�RI�ERWK�WRSRJUDSK\�DQG�EDFNVFDWWHU�LQWHQVLW\�IURP

SUH�HDUWKTXDNH�DQG�VLPXODWHG�SRVW�HDUWKTXDNH�/,'$5�GDWDVHWV���:H�VKRZ�UREXVW�UHFRYHU\�RI�WKH�GLUHFWLRQ�DQG

PDJQLWXGH�RI�DQ�DSSOLHG�V\QWKHWLF�VOLS�RI���P�LQ�WKH�KRUL]RQWDO�DQG�����P�LQ�WKH�YHUWLFDO�ZLWKLQ�WKH�WHVW�DUHD��ZLWK

H[FHOOHQW�GLVFULPLQDWLRQ�EHWZHHQ�DUHDV�ZLWK�DQG�ZLWKRXW�DSSOLHG�VOLS���$QRWKHU�DOJRULWKP�UHOLHV�RQ�DQ�HYROXWLRQDU\

SURJUDPPLQJ�DSSURDFK��ZKLFK�LV�PRUH�UREXVW�LQ�WKH�SUHVHQFH�RI�PXOWLSOH�PLQLPD�RI�WKH�VROXWLRQ�PDQLIROG��EXW�UHTXLUHV

VXEVWDQWLDOO\�PRUH�SURFHVVLQJ�SRZHU���2XU�UHVXOWV�LQGLFDWH�WKDW�RQH�VKRXOG�EH�DEOH�WR�UHFRYHU�VOLS�WR�DFFXUDFLHV�RI

EHWWHU�WKDQ����FP�LQ�WKH�KRUL]RQWDO�DQG���FP�LQ�WKH�YHUWLFDO��DW�D�VSDWLDO�UHVROXWLRQ�RI�ื���P�IRU�OLGDU�GDWDVHWV�ZLWK

VDPSOH�GHQVLWLHV�DV�ORZ�DV�����SRLQWV�P��



)LQDO�,'��,1��$�����

$FFHOHUDWLRQ�RI��'�)LQLWH�'LIIHUHQFH�$:3�2'&�IRU�VHLVPLF�VLPXODWLRQ�RQ�*38�)HUPL�$UFKLWHFWXUH
-���=KRX���; <���&XL���; '���&KRL���; 
���6DQ�'LHJR�6XSHUFRSPXWHU�&HQWHU��/D�-ROOD��&$��8QLWHG�6WDWHV��

 
%RG\��$:3�2'&��D�KLJKO\�VFDODEOH�SDUDOOHO�ILQLWH�GLIIHUHQFH�DSSOLFDWLRQ��HQDEOHV�SHWDVFDOH��'�HDUWKTXDNH

FDOFXODWLRQV��7KLV�DSSOLFDWLRQ�JHQHUDWHV�UHDOLVWLF�G\QDPLF�HDUWKTXDNH�VRXUFH�GHVFULSWLRQ�DQG�GHWDLOHG�SK\VLFV�EDVHG

DQHODVWLF�JURXQG�PRWLRQV�DW�IUHTXHQFLHV�SHUWLQHQW�WR�VDIH�EXLOGLQJ�GHVLJQ��,Q�������WKH�FRGH�DFKLHYHG�0���D�IXOO

G\QDPLFDO�VLPXODWLRQ�RI�D�PDJQLWXGH���HDUWKTXDNH�RQ�WKH�VRXWKHUQ�6DQ�$QGUHDV�IDXOW�XS�WR���+]��WKH�ODUJHVW�HYHU

HDUWKTXDNH�VLPXODWLRQ�

�

%XLOGLQJ�RQ�WKH�VXFFHVV�RI�WKH�SUHYLRXV�ZRUN��ZH�KDYH�LPSOHPHQWHG�&8'$�RQ�$:3�2'&�WR�DFFHOHUDWH�ZDYH

SURSDJDWLRQ�RQ�*38�SODWIRUP��2XU�&8'$�GHYHORSPHQW�DLPV�RQ�DJJUHVVLYH�SDUDOOHO�HIILFLHQF\��RSWLPL]HG�JOREDO�DQG

VKDUHG�PHPRU\�DFFHVV�WR�PDNH�WKH�EHVW�XVH�RI�*38�PHPRU\�KLHUDUFK\��7KH�EHQFKPDUN�RQ�19,',$�7HVOD�&����

JUDSKLFV�FDUGV�GHPRQVWUDWHG�PDQ\�WHQV�RI�VSHHGXS�LQ�VLQJOH�SUHFLVLRQ�FRPSDUHG�WR�VHULDO�LPSOHPHQWDWLRQ�DW�D�WHVWLQJ

SUREOHP�VL]H��ZKLOH�DQ�03,�&8'$�LPSOHPHQWDWLRQ�LV�LQ�WKH�SURJUHVV�WR�H[WHQG�RXU�VROYHU�WR�PXOWL�*38�FOXVWHUV��2XU

&8'$�LPSOHPHQWDWLRQ�KDV�EHHQ�FDUHIXOO\�YHULILHG�IRU�DFFXUDF\�



)LQDO�,'��7��$�����

'HWHFWLRQ�RI�UHSHDWLQJ�DQG��DQWL�UHSHDWLQJ��HDUWKTXDNHV�LQ�WKH�%XFDUDPDQJD�1HVW
6��$��%DUUHWW���; *���3ULHWR���; *��&��%HUR]D���; 
���*HRSK\VLFV��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&$��8QLWHG�6WDWHV��
���'HSDUWDPHQWR�GH�)¯VLFD��8QLYHUVLGDG�GH�ORV�$QGHV��%RJRWD��&RORPELD��

 
%RG\��7KH�%XFDUDPDQJD�1HVW��EHQHDWK�QRUWKHUQ�&RORPELD�UHSUHVHQWV�WKH�GHQVHVW�FRQFHQWUDWLRQ�RI�LQWHUPHGLDWH�

GHSWK��HDUWKTXDNHV�LQ�WKH�ZRUOG��7KH�URXJKO\����NP��YROXPH�SURGXFHV�DSSUR[LPDWHO\����HYHQWV�SHU�GD\��\LHOGLQJ�DQ

DFWLYH�FDWDORJ�RI�VHLVPLFLW\�ZHOO�VHSDUDWHG�IURP�VXUURXQGLQJ�VHLVPLF�DFWLYLW\���:H�FRUUHODWH�WHPSODWH�HYHQW�ZDYHIRUPV

IURP�NQRZQ�HDUWKTXDNHV�WR�FRQWLQXRXV�UHFRUGV�IURP�WKH�&RORPELDQ�1DWLRQDO��561&��VHLVPLF�QHWZRUN��7\SLFDO

UHSHDWLQJ�HYHQWV�DUH�LGHQWLILHG�DV�ZHOO�DV�WKH�PRUH�FXULRXV�ಯDQWL�UHSHDWರ�HYHQWV�IRU�ZKLFK�VHLVPRJUDPV�VKRZ�UHYHUVHG

SRODULW\�DQG�QHDUO\�SHUIHFW�DQWL�FRUUHODWLRQ��7KHVH�HYHQWV�DUH�RI�SDUWLFXODU�LQWHUHVW�DV�WKH\�DUH�QRW�NQRZQ�IRU�VKDOORZ�

FUXVWDO�HDUWKTXDNH�SRSXODWLRQV����%\�FRPSLOLQJ�D�PRUH�FRPSOHWH�FDWDORJ�RI�HDUWKTXDNHV��DQG�E\�GHYHORSLQJ�SUHFLVH

UHODWLYH�ORFDWLRQV��ZH�VHHN�WR�XQGHUVWDQG�WKH�WHPSRUDO�DQG�VL]H�YDULDWLRQV�RI�WKHVH�UHFXUULQJ�HYHQWV�LQ�WKH

%XFDUDPDQJD�1HVW��



)LQDO�,'��7��*���

6WUXFWXUH�DQG�VHLVPLF�KD]DUG�RI�WKH�9HQWXUD�$YHQXH�DQWLFOLQH�DQG�9HQWXUD�IDXOW��&DOLIRUQLD
-���+XEEDUG���; -��+��6KDZ���; -��)��'RODQ���; 7��/��3UDWW������; /��-��0F$XOLIIH���; 
���(DUWK�	�3ODQHW��6FL���+DUYDUG�8QLY���&DPEULGJH��0$��8QLWHG�6WDWHV��
���(DUWK�6FL���86&��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��
���(DUWK�	�6SDFH�6FL���8QLY��RI�:DVK���6HDWWOH��:$��8QLWHG�6WDWHV��
���86*6��6HDWWOH��:$��8QLWHG�6WDWHV��

 
%RG\��7KH�9HQWXUD�$YHQXH�DQWLFOLQH��LQ�WKH�ZHVWHUQ�7UDQVYHUVH�5DQJHV��LV�RQH�RI�WKH�IDVWHVW�XSOLIWLQJ�VWUXFWXUHV�LQ

VRXWKHUQ�&DOLIRUQLD��ULVLQJ�DW�D�UDWH�RI�a��PP�\U��5RFNZHOO�HW�DO����������+RZHYHU��WKHUH�LV�GLVDJUHHPHQW�DERXW�ZKHWKHU

WKLV�VWUXFWXUH�SRVHV�D�VHLVPLF�KD]DUG��GXH�WR�XQFHUWDLQW\�DERXW�WKH�QDWXUH�RI�WKH�9HQWXUD�IDXOW��ZKLFK�OLHV�DORQJ�WKH

VRXWKHUQ�PDUJLQ�RI�WKH�IROG��7ZR�PRGHOV�KDYH�EHHQ�SURSRVHG��HLWKHU�WKH�9HQWXUD�IDXOW�H[WHQGV�WR�VHLVPRJHQLF�GHSWKV

EHQHDWK�WKH�DQWLFOLQH��H�J���6DUQD�:RMFLFNL�HW�DO����������RU�LW�LV�D�VKDOORZ��EHQGLQJ�PRPHQW�IDXOW�WKDW�GRHV�QRW�SRVH�D

VLJQLILFDQW�VHLVPLF�KD]DUG��H�J���<HDWV������D�E��+XIWLOH�DQG�<HDWV���������6HLVPLF�GDWD�DFURVV�WKH�WLS�RI�WKH�9HQWXUD

IDXOW�VXJJHVW�WKDW�LW�GHIRUPV�ODWH�3OHLVWRFHQH�DQG�\RXQJHU�VWUDWD��LPSO\LQJ�WKDW�WKH�IDXOW�V\VWHP�LV�DFWLYH��*LYHQ�WKDW

WKH�IDXOW�WUDFH�H[WHQGV�GLUHFWO\�WKURXJK�WKH�FLW\�RI�9HQWXUD��GLVWLQJXLVKLQJ�EHWZHHQ�WKHVH�WZR�LQWHUSUHWDWLRQV�KDV

FRQVLGHUDEOH�LPSRUWDQFH�LQ�UHJLRQDO�VHLVPLF�KD]DUG�DVVHVVPHQWV�

�

:H�XVH�ZHOO�GDWD��LQGXVWU\�VHLVPLF�UHIOHFWLRQ�SURILOHV��DQG�WZR�VHLVPLF�SURILOHV�DFTXLUHG�E\�RXU�JURXS�LQ�$XJXVW������

WR�FRQVWUXFW�D�PRUH�FRPSOHWH��'�PRGHO�RI�WKH�V\VWHP��%DVHG�RQ�GLSPHWHU�ORJV�DQG�VWUDWLJUDSKLF�FXWRIIV�LPDJHG�LQ

VHLVPLF�UHIOHFWLRQ�SURILOHV��ZH�VKRZ�WKDW�WKH�QRUWK�GLSSLQJ�9HQWXUD�IDXOW�H[WHQGV�WR�VHLVPRJHQLF�GHSWK�EHQHDWK�WKH

DQWLFOLQH��)DXOW�RIIVHW�LQFUHDVHV�ZLWK�GHSWK��LPSO\LQJ�WKDW�WKH�9HQWXUD�IDXOW�KDV�SURSDJDWHG�XSZDUGV�RYHU�WLPH��7KXV�

ZH�LQWHUSUHW�WKH�9HQWXUD�$YHQXH�DQWLFOLQH�WR�EH�D�IDXOW�SURSDJDWLRQ�IROG�XQGHUODLQ�E\�DQ�DFWLYH�WKUXVW�UDPS��$�GHFUHDVH

LQ�WKH�XSOLIW�UDWH�RI�WKH�DQWLFOLQH�DW����ND��DV�PHDVXUHG�IURP�XSOLIWHG�WHUUDFHV��5RFNZHOO�HW�DO����������LV�FRQVLVWHQW�ZLWK

D�EUHDNWKURXJK�RI�WKH�9HQWXUD�IDXOW�DW�WKDW�WLPH��DOWKRXJK�WKH�IDXOW�LV�VWLOO�EOLQG�DV�LW�LV�EXULHG�E\�D�VHGLPHQWDU\�FRYHU�

�

,Q�RUGHU�WR�DVVHVV�WKH�KD]DUG�RI�WKH�IDXOW��ZH�H[DPLQH�LWV�UHJLRQDO�H[WHQW��7KH�9HQWXUD�IROG�WUHQG�FRQWLQXHV�RIIVKRUH

DQG�FRLQFLGHV�ZLWK�D�VHW�RI�RLO�ILHOGV��$��'�VHLVPLF�GDWDVHW�DFURVV�WKH�'RV�&XDGUDV�ILHOG��ZKLFK�OLHV�DORQJ�WKH�WUHQG�

VKRZV�WKDW�LW�LV�D�IDXOW�SURSDJDWLRQ�IROG��VWUXFWXUDOO\�VLPLODU�WR�WKH�9HQWXUD�$YHQXH�DQWLFOLQH��'RV�&XDGUDV�LV�DOVR

XQGHUODLQ�E\�D�QRUWK�GLSSLQJ�WKUXVW�IDXOW��NQRZQ�DV�WKH�3LWDV�3RLQW�WKUXVW��%DVHG�RQ�RXU�DQG�RWKHUVಬ�PDSSLQJ��WKH

9HQWXUD�DQG�3LWDV�3RLQW�IDXOWV�IRUP�DQ�HQ�HFKHORQ�V\VWHP�WKDW�H[WHQGV�DW�OHDVW����NP�RIIVKRUH��2WKHU�UHJLRQDO�IDXOWV�

LQFOXGLQJ�WKH�6DQ�&D\HWDQR��/LRQ��DQG�5HG�0RXQWDLQ�IDXOWV��OLQN�ZLWK�WKH�9HQWXUD�3LWDV�3RLQW�V\VWHP�DW�GHSWK��ZH

VXJJHVW�WKDW�DW����NP�GHSWK��WKHVH�IDXOWV�PD\�DOO�OLQN�LQWR�D�VLQJOH��FRQWLQXRXV�IDXOW�VXUIDFH�

�

2QH�RI�WKH�JUHDWHVW�KD]DUGV�LQ�IROG�DQG�WKUXVW�EHOWV�LV�WKH�ULVN�RI�ODUJH��PXOWL�VHJPHQW�UXSWXUHV��/LQNDJH�RI�WKH

9HQWXUD�3LWDV�3RLQW�IDXOW�FRXOG�JHQHUDWH�D�0����HDUWKTXDNH��ZKLOH�UXSWXUH�LQ�DVVRFLDWLRQ�ZLWK�RWKHU�UHJLRQDO�IDXOWV

FRXOG�SURGXFH�HYHQ�ODUJHU�HYHQWV��:H�SURYLGH��'�PRGHOV�RI�WKHVH�IDXOWV�DQG�HVWLPDWH�WKH�PDJQLWXGHV�RI�SRWHQWLDO

PXOWL�VHJPHQW�HDUWKTXDNHV��)LQDOO\��ZH�VKRZ�WKDW�*36�GDWD�DUH�FRQVLVWHQW�ZLWK�D�YHU\�KLJK�VKRUWHQLQJ�UDWH��!��

PP�\U��DFURVV�WKH�DQWLFOLQH��UHLQIRUFLQJ�WKH�KD]DUGRXV�QDWXUH�RI�WKH�V\VWHP�



)LQDO�,'��7��*���

6WUXFWXUH�DQG�VHLVPLF�KD]DUG�RI�WKH�9HQWXUD�$YHQXH�DQWLFOLQH�DQG�9HQWXUD�IDXOW��&DOLIRUQLD
-���+XEEDUG���; -��+��6KDZ���; -��)��'RODQ���; 7��/��3UDWW������; /��-��0F$XOLIIH���; 
���(DUWK�	�3ODQHW��6FL���+DUYDUG�8QLY���&DPEULGJH��0$��8QLWHG�6WDWHV��
���(DUWK�6FL���86&��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��
���(DUWK�	�6SDFH�6FL���8QLY��RI�:DVK���6HDWWOH��:$��8QLWHG�6WDWHV��
���86*6��6HDWWOH��:$��8QLWHG�6WDWHV��

 
%RG\��7KH�9HQWXUD�$YHQXH�DQWLFOLQH��LQ�WKH�ZHVWHUQ�7UDQVYHUVH�5DQJHV��LV�RQH�RI�WKH�IDVWHVW�XSOLIWLQJ�VWUXFWXUHV�LQ

VRXWKHUQ�&DOLIRUQLD��ULVLQJ�DW�D�UDWH�RI�a��PP�\U��5RFNZHOO�HW�DO����������+RZHYHU��WKHUH�LV�GLVDJUHHPHQW�DERXW�ZKHWKHU

WKLV�VWUXFWXUH�SRVHV�D�VHLVPLF�KD]DUG��GXH�WR�XQFHUWDLQW\�DERXW�WKH�QDWXUH�RI�WKH�9HQWXUD�IDXOW��ZKLFK�OLHV�DORQJ�WKH

VRXWKHUQ�PDUJLQ�RI�WKH�IROG��7ZR�PRGHOV�KDYH�EHHQ�SURSRVHG��HLWKHU�WKH�9HQWXUD�IDXOW�H[WHQGV�WR�VHLVPRJHQLF�GHSWKV

EHQHDWK�WKH�DQWLFOLQH��H�J���6DUQD�:RMFLFNL�HW�DO����������RU�LW�LV�D�VKDOORZ��EHQGLQJ�PRPHQW�IDXOW�WKDW�GRHV�QRW�SRVH�D

VLJQLILFDQW�VHLVPLF�KD]DUG��H�J���<HDWV������D�E��+XIWLOH�DQG�<HDWV���������6HLVPLF�GDWD�DFURVV�WKH�WLS�RI�WKH�9HQWXUD

IDXOW�VXJJHVW�WKDW�LW�GHIRUPV�ODWH�3OHLVWRFHQH�DQG�\RXQJHU�VWUDWD��LPSO\LQJ�WKDW�WKH�IDXOW�V\VWHP�LV�DFWLYH��*LYHQ�WKDW

WKH�IDXOW�WUDFH�H[WHQGV�GLUHFWO\�WKURXJK�WKH�FLW\�RI�9HQWXUD��GLVWLQJXLVKLQJ�EHWZHHQ�WKHVH�WZR�LQWHUSUHWDWLRQV�KDV

FRQVLGHUDEOH�LPSRUWDQFH�LQ�UHJLRQDO�VHLVPLF�KD]DUG�DVVHVVPHQWV�

�

:H�XVH�ZHOO�GDWD��LQGXVWU\�VHLVPLF�UHIOHFWLRQ�SURILOHV��DQG�WZR�VHLVPLF�SURILOHV�DFTXLUHG�E\�RXU�JURXS�LQ�$XJXVW������

WR�FRQVWUXFW�D�PRUH�FRPSOHWH��'�PRGHO�RI�WKH�V\VWHP��%DVHG�RQ�GLSPHWHU�ORJV�DQG�VWUDWLJUDSKLF�FXWRIIV�LPDJHG�LQ

VHLVPLF�UHIOHFWLRQ�SURILOHV��ZH�VKRZ�WKDW�WKH�QRUWK�GLSSLQJ�9HQWXUD�IDXOW�H[WHQGV�WR�VHLVPRJHQLF�GHSWK�EHQHDWK�WKH

DQWLFOLQH��)DXOW�RIIVHW�LQFUHDVHV�ZLWK�GHSWK��LPSO\LQJ�WKDW�WKH�9HQWXUD�IDXOW�KDV�SURSDJDWHG�XSZDUGV�RYHU�WLPH��7KXV�

ZH�LQWHUSUHW�WKH�9HQWXUD�$YHQXH�DQWLFOLQH�WR�EH�D�IDXOW�SURSDJDWLRQ�IROG�XQGHUODLQ�E\�DQ�DFWLYH�WKUXVW�UDPS��$�GHFUHDVH

LQ�WKH�XSOLIW�UDWH�RI�WKH�DQWLFOLQH�DW����ND��DV�PHDVXUHG�IURP�XSOLIWHG�WHUUDFHV��5RFNZHOO�HW�DO����������LV�FRQVLVWHQW�ZLWK

D�EUHDNWKURXJK�RI�WKH�9HQWXUD�IDXOW�DW�WKDW�WLPH��DOWKRXJK�WKH�IDXOW�LV�VWLOO�EOLQG�DV�LW�LV�EXULHG�E\�D�VHGLPHQWDU\�FRYHU�

�

,Q�RUGHU�WR�DVVHVV�WKH�KD]DUG�RI�WKH�IDXOW��ZH�H[DPLQH�LWV�UHJLRQDO�H[WHQW��7KH�9HQWXUD�IROG�WUHQG�FRQWLQXHV�RIIVKRUH

DQG�FRLQFLGHV�ZLWK�D�VHW�RI�RLO�ILHOGV��$��'�VHLVPLF�GDWDVHW�DFURVV�WKH�'RV�&XDGUDV�ILHOG��ZKLFK�OLHV�DORQJ�WKH�WUHQG�

VKRZV�WKDW�LW�LV�D�IDXOW�SURSDJDWLRQ�IROG��VWUXFWXUDOO\�VLPLODU�WR�WKH�9HQWXUD�$YHQXH�DQWLFOLQH��'RV�&XDGUDV�LV�DOVR

XQGHUODLQ�E\�D�QRUWK�GLSSLQJ�WKUXVW�IDXOW��NQRZQ�DV�WKH�3LWDV�3RLQW�WKUXVW��%DVHG�RQ�RXU�DQG�RWKHUVಬ�PDSSLQJ��WKH

9HQWXUD�DQG�3LWDV�3RLQW�IDXOWV�IRUP�DQ�HQ�HFKHORQ�V\VWHP�WKDW�H[WHQGV�DW�OHDVW����NP�RIIVKRUH��2WKHU�UHJLRQDO�IDXOWV�

LQFOXGLQJ�WKH�6DQ�&D\HWDQR��/LRQ��DQG�5HG�0RXQWDLQ�IDXOWV��OLQN�ZLWK�WKH�9HQWXUD�3LWDV�3RLQW�V\VWHP�DW�GHSWK��ZH

VXJJHVW�WKDW�DW����NP�GHSWK��WKHVH�IDXOWV�PD\�DOO�OLQN�LQWR�D�VLQJOH��FRQWLQXRXV�IDXOW�VXUIDFH�

�

2QH�RI�WKH�JUHDWHVW�KD]DUGV�LQ�IROG�DQG�WKUXVW�EHOWV�LV�WKH�ULVN�RI�ODUJH��PXOWL�VHJPHQW�UXSWXUHV��/LQNDJH�RI�WKH

9HQWXUD�3LWDV�3RLQW�IDXOW�FRXOG�JHQHUDWH�D�0����HDUWKTXDNH��ZKLOH�UXSWXUH�LQ�DVVRFLDWLRQ�ZLWK�RWKHU�UHJLRQDO�IDXOWV

FRXOG�SURGXFH�HYHQ�ODUJHU�HYHQWV��:H�SURYLGH��'�PRGHOV�RI�WKHVH�IDXOWV�DQG�HVWLPDWH�WKH�PDJQLWXGHV�RI�SRWHQWLDO

PXOWL�VHJPHQW�HDUWKTXDNHV��)LQDOO\��ZH�VKRZ�WKDW�*36�GDWD�DUH�FRQVLVWHQW�ZLWK�D�YHU\�KLJK�VKRUWHQLQJ�UDWH��!��

PP�\U��DFURVV�WKH�DQWLFOLQH��UHLQIRUFLQJ�WKH�KD]DUGRXV�QDWXUH�RI�WKH�V\VWHP�



)LQDO�,'��',��$���

3\/LWK��$�)LQLWH�(OHPHQW�&RGH�IRU�0RGHOLQJ�4XDVL�6WDWLF�DQG�'\QDPLF�&UXVWDO�'HIRUPDWLRQ��,QYLWHG�
%���$DJDDUG���; &��$��:LOOLDPV���; 0��*��.QHSOH\���; 
���86*6�06�����0HQOR�3DUN��&$��8QLWHG�6WDWHV��
���*16�6FLHQFH��/RZHU�+XWW��1HZ�=HDODQG��
���&RPSXWDWLRQ�,QVWLWXWH��8QLYHUVLW\�RI�&KLFDJR��&KLFDJR��,/��8QLWHG�6WDWHV��

 
%RG\��:H�KDYH�GHYHORSHG�RSHQ�VRXUFH�ILQLWH�HOHPHQW�VRIWZDUH�IRU���'�DQG���'�G\QDPLF�DQG�TXDVL�VWDWLF�PRGHOLQJ�RI

FUXVWDO�GHIRUPDWLRQ��7KLV�VRIWZDUH��3\/LWK��FXUUHQW�UHOHDVH�LV�YHUVLRQ������FDQ�EH�XVHG�IRU�TXDVL�VWDWLF�YLVFRHODVWLF

PRGHOLQJ��G\QDPLF�VSRQWDQHRXV�UXSWXUH�DQG�RU�JURXQG�PRWLRQ�PRGHOLQJ��8QVWUXFWXUHG�DQG�VWUXFWXUHG�ILQLWH�HOHPHQW

GLVFUHWL]DWLRQV�DOORZ�IRU�VSDWLDO�VFDOHV�UDQJLQJ�IURP�WHQV�RI�PHWHUV�WR�KXQGUHGV�RI�NLORPHWHUV�ZLWK�WHPSRUDO�VFDOHV�LQ

G\QDPLF�SUREOHPV�UDQJLQJ�IURP�PLOOLVHFRQGV�WR�PLQXWHV�DQG�WHPSRUDO�VFDOHV�LQ�TXDVL�VWDWLF�SUREOHPV�UDQJLQJ�IURP

PLQXWHV�WR�WKRXVDQGV�RI�\HDUV��3\/LWK�GHYHORSPHQW�LV�SDUW�RI�WKH�16)�IXQGHG�&RPSXWDWLRQDO�,QIUDVWUXFWXUH�IRU

*HRG\QDPLFV��&,*��DQG�WKH�VRIWZDUH�UXQV�RQ�D�ZLGH�YDULHW\�RI�SODWIRUPV��ODSWRSV��ZRUNVWDWLRQV��DQG�%HRZXOI

FOXVWHUV���%LQDULHV��/LQX[��'DUZLQ��DQG�:LQGRZV�V\VWHPV��DQG�VRXUFH�FRGH�DUH�DYDLODEOH�IURP�JHRG\QDPLFV�RUJ�

3\/LWK�XVHV�D�VXLWH�RI�JHQHUDO��SDUDOOHO��JUDSK�GDWD�VWUXFWXUHV�FDOOHG�6LHYH�IRU�VWRULQJ�DQG�PDQLSXODWLQJ�ILQLWH�HOHPHQW

PHVKHV��7KLV�SHUPLWV�XVH�RI�D�YDULHW\�RI���'�DQG���'�FHOO�W\SHV�LQFOXGLQJ�WULDQJOHV��TXDGULODWHUDOV��KH[DKHGUD��DQG

WHWUDKHGUD�

�

&XUUHQW�3\/LWK�IHDWXUHV�LQFOXGH�SUHVFULEHG�IDXOW�UXSWXUHV�ZLWK�PXOWLSOH�HDUWKTXDNHV�DQG�DVHLVPLF�FUHHS��VSRQWDQHRXV

IDXOW�UXSWXUHV�ZLWK�D�YDULHW\�RI�IDXOW�FRQVWLWXWLYH�PRGHOV��WLPH�GHSHQGHQW�'LULFKOHW�DQG�1HXPDQQ�ERXQGDU\�FRQGLWLRQV�

DEVRUELQJ�ERXQGDU\�FRQGLWLRQV��WLPH�GHSHQGHQW�SRLQW�IRUFHV��DQG�JUDYLWDWLRQDO�ERG\�IRUFHV���3\/LWK�VXSSRUWV

LQILQLWHVLPDO�DQG�VPDOO�VWUDLQ�IRUPXODWLRQV�IRU�OLQHDU�HODVWLF�UKHRORJLHV��OLQHDU�DQG�JHQHUDOL]HG�0D[ZHOO�YLVFRHODVWLF

UKHRORJLHV��SRZHU�ODZ�YLVFRHODVWLF�UKHRORJLHV��DQG�'UXFNHU�3UDJHU�HODVWRSODVWLF�UKHRORJLHV���&XUUHQW�VRIWZDUH

GHYHORSPHQW�IRFXVHV�RQ�FRXSOLQJ�TXDVL�VWDWLF�DQG�G\QDPLF�VLPXODWLRQV�WR�UHVROYH�PXOWL�VFDOH�GHIRUPDWLRQ�DFURVV�WKH

HQWLUH�VHLVPLF�F\FOH�DQG�WKH�FRXSOLQJ�RI�HODVWLFLW\�WR�KHDW�DQG�RU�IOXLG�IORZ�



)LQDO�,'��',��$���

3\/LWK��$�)LQLWH�(OHPHQW�&RGH�IRU�0RGHOLQJ�4XDVL�6WDWLF�DQG�'\QDPLF�&UXVWDO�'HIRUPDWLRQ��,QYLWHG�
%���$DJDDUG���; &��$��:LOOLDPV���; 0��*��.QHSOH\���; 
���86*6�06�����0HQOR�3DUN��&$��8QLWHG�6WDWHV��
���*16�6FLHQFH��/RZHU�+XWW��1HZ�=HDODQG��
���&RPSXWDWLRQ�,QVWLWXWH��8QLYHUVLW\�RI�&KLFDJR��&KLFDJR��,/��8QLWHG�6WDWHV��

 
%RG\��:H�KDYH�GHYHORSHG�RSHQ�VRXUFH�ILQLWH�HOHPHQW�VRIWZDUH�IRU���'�DQG���'�G\QDPLF�DQG�TXDVL�VWDWLF�PRGHOLQJ�RI

FUXVWDO�GHIRUPDWLRQ��7KLV�VRIWZDUH��3\/LWK��FXUUHQW�UHOHDVH�LV�YHUVLRQ������FDQ�EH�XVHG�IRU�TXDVL�VWDWLF�YLVFRHODVWLF

PRGHOLQJ��G\QDPLF�VSRQWDQHRXV�UXSWXUH�DQG�RU�JURXQG�PRWLRQ�PRGHOLQJ��8QVWUXFWXUHG�DQG�VWUXFWXUHG�ILQLWH�HOHPHQW

GLVFUHWL]DWLRQV�DOORZ�IRU�VSDWLDO�VFDOHV�UDQJLQJ�IURP�WHQV�RI�PHWHUV�WR�KXQGUHGV�RI�NLORPHWHUV�ZLWK�WHPSRUDO�VFDOHV�LQ

G\QDPLF�SUREOHPV�UDQJLQJ�IURP�PLOOLVHFRQGV�WR�PLQXWHV�DQG�WHPSRUDO�VFDOHV�LQ�TXDVL�VWDWLF�SUREOHPV�UDQJLQJ�IURP

PLQXWHV�WR�WKRXVDQGV�RI�\HDUV��3\/LWK�GHYHORSPHQW�LV�SDUW�RI�WKH�16)�IXQGHG�&RPSXWDWLRQDO�,QIUDVWUXFWXUH�IRU

*HRG\QDPLFV��&,*��DQG�WKH�VRIWZDUH�UXQV�RQ�D�ZLGH�YDULHW\�RI�SODWIRUPV��ODSWRSV��ZRUNVWDWLRQV��DQG�%HRZXOI

FOXVWHUV���%LQDULHV��/LQX[��'DUZLQ��DQG�:LQGRZV�V\VWHPV��DQG�VRXUFH�FRGH�DUH�DYDLODEOH�IURP�JHRG\QDPLFV�RUJ�

3\/LWK�XVHV�D�VXLWH�RI�JHQHUDO��SDUDOOHO��JUDSK�GDWD�VWUXFWXUHV�FDOOHG�6LHYH�IRU�VWRULQJ�DQG�PDQLSXODWLQJ�ILQLWH�HOHPHQW

PHVKHV��7KLV�SHUPLWV�XVH�RI�D�YDULHW\�RI���'�DQG���'�FHOO�W\SHV�LQFOXGLQJ�WULDQJOHV��TXDGULODWHUDOV��KH[DKHGUD��DQG

WHWUDKHGUD�

�

&XUUHQW�3\/LWK�IHDWXUHV�LQFOXGH�SUHVFULEHG�IDXOW�UXSWXUHV�ZLWK�PXOWLSOH�HDUWKTXDNHV�DQG�DVHLVPLF�FUHHS��VSRQWDQHRXV

IDXOW�UXSWXUHV�ZLWK�D�YDULHW\�RI�IDXOW�FRQVWLWXWLYH�PRGHOV��WLPH�GHSHQGHQW�'LULFKOHW�DQG�1HXPDQQ�ERXQGDU\�FRQGLWLRQV�

DEVRUELQJ�ERXQGDU\�FRQGLWLRQV��WLPH�GHSHQGHQW�SRLQW�IRUFHV��DQG�JUDYLWDWLRQDO�ERG\�IRUFHV���3\/LWK�VXSSRUWV

LQILQLWHVLPDO�DQG�VPDOO�VWUDLQ�IRUPXODWLRQV�IRU�OLQHDU�HODVWLF�UKHRORJLHV��OLQHDU�DQG�JHQHUDOL]HG�0D[ZHOO�YLVFRHODVWLF

UKHRORJLHV��SRZHU�ODZ�YLVFRHODVWLF�UKHRORJLHV��DQG�'UXFNHU�3UDJHU�HODVWRSODVWLF�UKHRORJLHV���&XUUHQW�VRIWZDUH

GHYHORSPHQW�IRFXVHV�RQ�FRXSOLQJ�TXDVL�VWDWLF�DQG�G\QDPLF�VLPXODWLRQV�WR�UHVROYH�PXOWL�VFDOH�GHIRUPDWLRQ�DFURVV�WKH

HQWLUH�VHLVPLF�F\FOH�DQG�WKH�FRXSOLQJ�RI�HODVWLFLW\�WR�KHDW�DQG�RU�IOXLG�IORZ�



)LQDO�,'��6��$�����

$Q�(DUWKTXDNH�5XSWXUH�)RUHFDVW�,QYHUVLRQ�$SSOLHG�WR�)DXOW�6\VWHPV�LQ�&DOLIRUQLD�
0��7��3DJH���; (��+��)LHOG���; .���0LOQHU���; 
���86*6��3DVDGHQD��&$��8QLWHG�6WDWHV��
���86*6��*ROGHQ��&2��8QLWHG�6WDWHV��
���86&��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��3UHYLRXV�IDXOW�EDVHG�UXSWXUH�IRUHFDVWV�IRU�&DOLIRUQLD�KDYH�EHHQ�SODJXHG�ZLWK�PDJQLWXGH�ಯEXOJHVರ�DQG�IDLO�WR

VLPXOWDQHRXVO\�ILW�DOO�DYDLODEOH�GDWD���:H�SUHVHQW�UHVXOWV�IURP�DQ�LQYHUVLRQ�EDVHG�PHWKRGRORJ\�EHLQJ�GHYHORSHG�IRU�WKH

�UG�8QLIRUP�&DOLIRUQLD�(DUWKTXDNH�5XSWXUH�)RUHFDVW��8&(5)���WKDW�VLPXOWDQHRXVO\�VDWLVILHV�DYDLODEOH�VOLS�UDWH�

SDOHRVHLVPLF�HYHQW�UDWH��DQG�PDJQLWXGH�GLVWULEXWLRQ�FRQVWUDLQWV���8VLQJ�D�SDUDOOHO�VLPXODWHG�DQQHDOLQJ�DOJRULWKP��ZH

VROYH�IRU�WKH�UDWHV�RI�DOO�UXSWXUHV�WKDW�H[WHQG�WKURXJK�WKH�VHLVPRJHQLF�WKLFNQHVV�RQ�PDMRU�PDSSHG�IDXOWV�LQ�&DOLIRUQLD�

7KLV�LQYHUVH�DSSURDFK�HOLPLQDWHV�WKH�QHHG�IRU�H[SHUW�RSLQLRQ�YRWLQJ�RQ�UXSWXUH�UDWHV�WKHPVHOYHV��DOORZLQJ�IRU�PRUH

WUDQVSDUHQW�DQG�UHSURGXFLEOH�UHVXOWV�WKDQ�SUHYLRXV�HDUWKTXDNH�UXSWXUH�IRUHFDVWV���7KH�LQYHUVLRQ�PHWKRGRORJ\�DOVR

DOORZV�IRU�WKH�LQFRUSRUDWLRQ�RI�PXOWL�IDXOW�UXSWXUHV��ZKLFK�HOLPLQDWHV�WKH�PDJQLWXGH�GLVWULEXWLRQ�PLVILWV�WKDW�ZHUH

SUHVHQW�LQ�HDUOLHU�PRGHOV���)XUWKHUPRUH��ZH�VKRZ�WKDW�WKH�LQYHUVLRQ�VROXWLRQV�PDWFK�VOLS�UDWH�DQG�SDOHRVHLVPLF�HYHQW�

UDWH�GDWD�EHWWHU�WKDQ�SUHYLRXV�PRGHOV�



)LQDO�,'��6��$�����

$Q�(DUWKTXDNH�5XSWXUH�)RUHFDVW�,QYHUVLRQ�$SSOLHG�WR�)DXOW�6\VWHPV�LQ�&DOLIRUQLD�
0��7��3DJH���; (��+��)LHOG���; .���0LOQHU���; 
���86*6��3DVDGHQD��&$��8QLWHG�6WDWHV��
���86*6��*ROGHQ��&2��8QLWHG�6WDWHV��
���86&��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��3UHYLRXV�IDXOW�EDVHG�UXSWXUH�IRUHFDVWV�IRU�&DOLIRUQLD�KDYH�EHHQ�SODJXHG�ZLWK�PDJQLWXGH�ಯEXOJHVರ�DQG�IDLO�WR

VLPXOWDQHRXVO\�ILW�DOO�DYDLODEOH�GDWD���:H�SUHVHQW�UHVXOWV�IURP�DQ�LQYHUVLRQ�EDVHG�PHWKRGRORJ\�EHLQJ�GHYHORSHG�IRU�WKH

�UG�8QLIRUP�&DOLIRUQLD�(DUWKTXDNH�5XSWXUH�)RUHFDVW��8&(5)���WKDW�VLPXOWDQHRXVO\�VDWLVILHV�DYDLODEOH�VOLS�UDWH�

SDOHRVHLVPLF�HYHQW�UDWH��DQG�PDJQLWXGH�GLVWULEXWLRQ�FRQVWUDLQWV���8VLQJ�D�SDUDOOHO�VLPXODWHG�DQQHDOLQJ�DOJRULWKP��ZH

VROYH�IRU�WKH�UDWHV�RI�DOO�UXSWXUHV�WKDW�H[WHQG�WKURXJK�WKH�VHLVPRJHQLF�WKLFNQHVV�RQ�PDMRU�PDSSHG�IDXOWV�LQ�&DOLIRUQLD�

7KLV�LQYHUVH�DSSURDFK�HOLPLQDWHV�WKH�QHHG�IRU�H[SHUW�RSLQLRQ�YRWLQJ�RQ�UXSWXUH�UDWHV�WKHPVHOYHV��DOORZLQJ�IRU�PRUH

WUDQVSDUHQW�DQG�UHSURGXFLEOH�UHVXOWV�WKDQ�SUHYLRXV�HDUWKTXDNH�UXSWXUH�IRUHFDVWV���7KH�LQYHUVLRQ�PHWKRGRORJ\�DOVR

DOORZV�IRU�WKH�LQFRUSRUDWLRQ�RI�PXOWL�IDXOW�UXSWXUHV��ZKLFK�HOLPLQDWHV�WKH�PDJQLWXGH�GLVWULEXWLRQ�PLVILWV�WKDW�ZHUH

SUHVHQW�LQ�HDUOLHU�PRGHOV���)XUWKHUPRUH��ZH�VKRZ�WKDW�WKH�LQYHUVLRQ�VROXWLRQV�PDWFK�VOLS�UDWH�DQG�SDOHRVHLVPLF�HYHQW�

UDWH�GDWD�EHWWHU�WKDQ�SUHYLRXV�PRGHOV�



)LQDO�,'��6��%�����

0RGHOLQJ�%URDGEDQG�PRWLRQV�IURP�WKH�7RKRNX�HDUWKTXDNH
'���/L���; 5���&KX���; 5��:��*UDYHV���; '��9��+HOPEHUJHU���; 5��:��&OD\WRQ���; 
���&DOWHFK��3DVDGHQD��&$��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\���3DVDGHQD��&$��8QLWHG�6WDWHV��

 
%RG\��7KH������0��7RKRNX�HDUWKTXDNH�SURGXFHG�DQ�H[WUDRUGLQDU\�GDWDVHW�RI�RYHU������EURDGEDQG�UHJLRQDO�DQG

WHOHVHLVPLF�UHFRUGV��:KLOH�FRQVLGHUDEOH�SURJUHVV�KDV�EHHQ�PDGH�LQ�PRGHOLQJ�WKH�ORQJHU�SHULRG��!��V��ZDYHIRUPV��WKH

VKRUWHU�SHULRGV������V��SURYH�PRUH�GLIILFXOW��6LQFH�PRGHOLQJ�KLJK�IUHTXHQF\�ZDYHIRUPV�LQ��'�LV�FRPSXWDWLRQDOO\

H[SHQVLYH��ZH�IROORZ�WKH�DSSURDFK�SURSRVHG�E\�+HOPEHUJHU�DQG�9LGDOH���������ZKLFK�LQWHUIDFHV�WKH�&DJQLDUG�GH

+RRS�DQDO\WLFDO�VRXUFH�GHVFULSWLRQ�ZLWK�D��'�QXPHULFDO�FRGH�WR�DFFRXQW�IRU�HDUWKTXDNH�UDGLDWLRQ�SDWWHUQV��:H�H[WHQG

WKLV�PHWKRG�WR�D�VWDJJHUHG�JULG�ILQLWH�GLIIHUHQFH�FRGH��ZKLFK�LV�VWDEOH�LQ�WKH�SUHVHQFH�RI�ZDWHU��7KH�FRGH�DGDSWV�WKH

&RQYROXWLRQDO�30/�ERXQGDU\�FRQGLWLRQ��DQG�XVHV�WKH�ಯIROORZLQJ�WKH�ZDYHIURQWರ�WHFKQLTXH�DQG�PXOWLSOH�*38V��ZKLFK

VLJQLILFDQWO\�UHGXFHV�FRPSXWLQJ�WLPH��:H�WHVW�RXU�PHWKRG�DJDLQVW�H[LVWLQJ��'�DQG��'�FRGHV��DQG�H[DPLQH�WKH�HIIHFWV

RI�VODE�VWUXFWXUH��RFHDQ�EDWK\PHWU\�DQG�ORFDO�EDVLQV�LQ�DQ�DWWHPSW�WR�EHWWHU�H[SODLQ�WKH�REVHUYHG�VKRUWHU�SHULRG

UHVSRQVH�



)LQDO�,'��6��%�����

0RGHOLQJ�%URDGEDQG�PRWLRQV�IURP�WKH�7RKRNX�HDUWKTXDNH
'���/L���; 5���&KX���; 5��:��*UDYHV���; '��9��+HOPEHUJHU���; 5��:��&OD\WRQ���; 
���&DOWHFK��3DVDGHQD��&$��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\���3DVDGHQD��&$��8QLWHG�6WDWHV��

 
%RG\��7KH������0��7RKRNX�HDUWKTXDNH�SURGXFHG�DQ�H[WUDRUGLQDU\�GDWDVHW�RI�RYHU������EURDGEDQG�UHJLRQDO�DQG

WHOHVHLVPLF�UHFRUGV��:KLOH�FRQVLGHUDEOH�SURJUHVV�KDV�EHHQ�PDGH�LQ�PRGHOLQJ�WKH�ORQJHU�SHULRG��!��V��ZDYHIRUPV��WKH

VKRUWHU�SHULRGV������V��SURYH�PRUH�GLIILFXOW��6LQFH�PRGHOLQJ�KLJK�IUHTXHQF\�ZDYHIRUPV�LQ��'�LV�FRPSXWDWLRQDOO\

H[SHQVLYH��ZH�IROORZ�WKH�DSSURDFK�SURSRVHG�E\�+HOPEHUJHU�DQG�9LGDOH���������ZKLFK�LQWHUIDFHV�WKH�&DJQLDUG�GH

+RRS�DQDO\WLFDO�VRXUFH�GHVFULSWLRQ�ZLWK�D��'�QXPHULFDO�FRGH�WR�DFFRXQW�IRU�HDUWKTXDNH�UDGLDWLRQ�SDWWHUQV��:H�H[WHQG

WKLV�PHWKRG�WR�D�VWDJJHUHG�JULG�ILQLWH�GLIIHUHQFH�FRGH��ZKLFK�LV�VWDEOH�LQ�WKH�SUHVHQFH�RI�ZDWHU��7KH�FRGH�DGDSWV�WKH

&RQYROXWLRQDO�30/�ERXQGDU\�FRQGLWLRQ��DQG�XVHV�WKH�ಯIROORZLQJ�WKH�ZDYHIURQWರ�WHFKQLTXH�DQG�PXOWLSOH�*38V��ZKLFK

VLJQLILFDQWO\�UHGXFHV�FRPSXWLQJ�WLPH��:H�WHVW�RXU�PHWKRG�DJDLQVW�H[LVWLQJ��'�DQG��'�FRGHV��DQG�H[DPLQH�WKH�HIIHFWV

RI�VODE�VWUXFWXUH��RFHDQ�EDWK\PHWU\�DQG�ORFDO�EDVLQV�LQ�DQ�DWWHPSW�WR�EHWWHU�H[SODLQ�WKH�REVHUYHG�VKRUWHU�SHULRG

UHVSRQVH�
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6&(&�8&90�ದ�8QLILHG�&DOLIRUQLD�9HORFLW\�0RGHO
3���6PDOO���; 3��-��0DHFKOLQJ���; 7��+��-RUGDQ���; *��3��(O\������; 5���7DERUGD���; 
���8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��
���$UJRQQH�1DWLRQDO�/DERUDWRU\��$UJRQQH��,/��8QLWHG�6WDWHV��
���&DUQHJLH�0HOORQ�8QLYHUVLW\��3LWWVEXUJ��3$��8QLWHG�6WDWHV��

 
%RG\��7KH�6&(&�8QLILHG�&DOLIRUQLD�9HORFLW\�0RGHO��8&90��LV�D�VRIWZDUH�IUDPHZRUN�IRU�D�VWDWH�ZLGH�&DOLIRUQLD�YHORFLW\

PRGHO��8&90�SURYLGHV�UHVHDUFKHUV�ZLWK�WZR�QHZ�FDSDELOLWLHV������WKH�DELOLW\�WR�TXHU\�9S��9V��DQG�GHQVLW\�IURP�DQ\

VWDQGDUG�UHJLRQDO�&DOLIRUQLD�YHORFLW\�PRGHO�WKURXJK�D�XQLIRUP�LQWHUIDFH��DQG�����WKH�DELOLW\�WR�FRPELQH�PXOWLSOH�YHORFLW\

PRGHOV�LQWR�D�VLQJOH�VWDWH�ZLGH�PRGHO��7KHVH�IHDWXUHV�DUH�FUXFLDO�LQ�RUGHU�WR�VXSSRUW�ODUJH�VFDOH�JURXQG�PRWLRQ

VLPXODWLRQV�DQG�WR�IDFLOLWDWH�LPSURYHPHQWV�LQ�WKH�XQGHUO\LQJ�YHORFLW\�PRGHOV��8&90�SURYLGHV�LQWHJUDWHG�VXSSRUW�IRU�WKH

IROORZLQJ�VWDQGDUG�YHORFLW\�PRGHOV��6&(&�&90�+��6&(&�&90�6�DQG�WKH�&90�6,�YDULDQW��86*6�%D\�$UHD

�FHQFDOYP���/LQ�7KXUEHU�6WDWHZLGH��DQG�RWKHU�VPDOOHU�UHJLRQDO�PRGHOV��1HZ�PRGHOV�PD\�EH�HDVLO\�LQFRUSRUDWHG�DV

WKH\�EHFRPH�DYDLODEOH��7ZR�TXHU\�LQWHUIDFHV�DUH�SURYLGHG��D�/LQX[�FRPPDQG�OLQH�SURJUDP��DQG�D�&�DSSOLFDWLRQ

SURJUDPPLQJ�LQWHUIDFH��$3,���7KH�&�$3,�TXHU\�LQWHUIDFH�LV�VLPSOH��IXOO\�LQGHSHQGHQW�RI�DQ\�VSHFLILF�PRGHO��DQG�03,�

IULHQGO\��,QSXW�FRRUGLQDWHV�DUH�JHRJUDSKLF�ORQJLWXGH�ODWLWXGH�DQG�WKH�YHUWLFDO�FRRUGLQDWH�PD\�EH�HLWKHU�GHSWK�RU

HOHYDWLRQ��2XWSXW�SDUDPHWHUV�LQFOXGH�9S��9V��DQG�GHQVLW\�DORQJ�ZLWK�WKH�LGHQWLW\�RI�WKH�PRGHO�IURP�ZKLFK�WKHVH

PDWHULDO�SURSHUWLHV�ZHUH�REWDLQHG��,Q�DGGLWLRQ�WR�DFFHVV�WR�WKH�VWDQGDUG�PRGHOV��8&90�DOVR�LQFOXGHV�D�KLJK�UHVROXWLRQ

VWDWHZLGH�GLJLWDO�HOHYDWLRQ�PRGHO��9V���PDS��DQG�DQ�RSWLRQDO�QHDU�VXUIDFH�JHR�WHFKQLFDO�OD\HU��*7/��EDVHG�RQ�(O\ಬV

9V���GHULYHG�*7/��7KH�HOHYDWLRQ�DQG�9V���LQIRUPDWLRQ�LV�EXQGOHG�DORQJ�ZLWK�WKH�UHWXUQHG�9S�9V�YHORFLWLHV�DQG

GHQVLW\��VR�WKDW�DOO�UHOHYDQW�LQIRUPDWLRQ�LV�UHWULHYHG�ZLWK�D�VLQJOH�TXHU\��:KHQ�WKH�*7/�LV�HQDEOHG��LW�LV�EOHQGHG�ZLWK�WKH

XQGHUO\LQJ�FUXVWDO�YHORFLW\�PRGHOV�DORQJ�D�FRQILJXUDEOH�WUDQVLWLRQ�GHSWK�UDQJH�ZLWK�DQ�LQWHUSRODWLRQ�IXQFWLRQ��0XOWLSOH�

SRVVLEO\�RYHUODSSLQJ��UHJLRQDO�YHORFLW\�PRGHOV�PD\�EH�FRPELQHG�WRJHWKHU�LQWR�D�VLQJOH�VWDWH�ZLGH�PRGHO��7KLV�LV

DFFRPSOLVKHG�E\�WLOLQJ�WKH�UHJLRQDO�PRGHOV�RQ�WRS�RI�RQH�DQRWKHU�LQ�WKUHH�GLPHQVLRQV�LQ�D�UHVHDUFKHU�VSHFLILHG�RUGHU�

1R�UHFRQFLOLDWLRQ�LV�SHUIRUPHG�ZLWKLQ�RYHUODSSLQJ�PRGHO�UHJLRQV��DOWKRXJK�D�SRVW�SURFHVVLQJ�WRRO�LV�SURYLGHG�WR

SHUIRUP�D�VLPSOH�QXPHULFDO�VPRRWKLQJ��/DVWO\��D��'�UHJLRQ�IURP�D�FRPELQHG�PRGHO�PD\�EH�H[WUDFWHG�DQG�H[SRUWHG

LQWR�D�&90�(WUHH��7KLV�HWUHH�PD\�WKHQ�EH�TXHULHG�E\�8&90�PXFK�OLNH�D�VWDQGDUG�YHORFLW\�PRGHO�EXW�ZLWK�OHVV

RYHUKHDG�DQG�JHQHUDOO\�EHWWHU�SHUIRUPDQFH�GXH�WR�WKH�HIILFLHQF\�RI�WKH�HWUHH�GDWD�VWUXFWXUH�

85/��KWWS���VFHF�XVF�HGX�VFHFSHGLD�8&90



)LQDO�,'��3$��$���

2SHUDWLRQDO�(DUWKTXDNH�)RUHFDVWLQJ�DQG�'HFLVLRQ�0DNLQJ�LQ�D�/RZ�3UREDELOLW\�(QYLURQPHQW
7��+��-RUGDQ���; 
���'HSW�RI�(DUWK�6FLHQFHV�=+6������8QLY�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��2SHUDWLRQDO�HDUWKTXDNH�IRUHFDVWLQJ��2()��LV�WKH�GLVVHPLQDWLRQ�RI�DXWKRULWDWLYH�LQIRUPDWLRQ�DERXW�WKH�WLPH

GHSHQGHQFH�RI�VHLVPLF�KD]DUGV�WR�KHOS�FRPPXQLWLHV�SUHSDUH�IRU�SRWHQWLDOO\�GHVWUXFWLYH�HDUWKTXDNHV��0RVW�SUHYLRXV

ZRUN�RQ�WKH�SXEOLF�XWLOLW\�RI�2()�KDV�DQWLFLSDWHG�WKDW�IRUHFDVWV�ZRXOG�GHOLYHU�KLJK�SUREDELOLWLHV�RI�ODUJH�HDUWKTXDNHV�

L�H���GHWHUPLQLVWLF�SUHGLFWLRQV�ZLWK�ORZ�HUURU�UDWHV��IDOVH�DODUPV�DQG�IDLOXUHV�WR�SUHGLFW��ZRXOG�EH�SRVVLEOH��7KLV

H[SHFWDWLRQ�KDV�QRW�EHHQ�UHDOL]HG��$Q�DOWHUQDWLYH�WR�GHWHUPLQLVWLF�SUHGLFWLRQ�LV�SUREDELOLVWLF�IRUHFDVWLQJ�EDVHG�RQ

HPSLULFDO�VWDWLVWLFDO�PRGHOV�RI�DIWHUVKRFN�WULJJHULQJ�DQG�VHLVPLF�FOXVWHULQJ��'XULQJ�SHULRGV�RI�KLJK�VHLVPLF�DFWLYLW\�

VKRUW�WHUP�HDUWKTXDNH�IRUHFDVWV�FDQ�DWWDLQ�SURVSHFWLYH�SUREDELOLW\�JDLQV�LQ�H[FHVV�RI�����UHODWLYH�WR�ORQJ�WHUP

IRUHFDVWV��7KH�XWLOLW\�RI�VXFK�LQIRUPDWLRQ�LV�E\�QR�PHDQV�FOHDU��KRZHYHU��EHFDXVH�HYHQ�ZLWK�KXQGUHGIROG�LQFUHDVHV��WKH

SUREDELOLWLHV�RI�ODUJH�HDUWKTXDNHV�W\SLFDOO\�UHPDLQ�VPDOO��UDUHO\�H[FHHGLQJ�D�IHZ�SHUFHQW�RYHU�IRUHFDVWLQJ�LQWHUYDOV�RI

GD\V�RU�ZHHNV��&LYLO�SURWHFWLRQ�DJHQFLHV�KDYH�EHHQ�XQGHUVWDQGDEO\�FDXWLRXV�LQ�LPSOHPHQWLQJ�2()�LQ�WKLV�VRUW�RI�ಯORZ�

SUREDELOLW\�HQYLURQPHQW�ರ

7KH�QHHG�WR�PRYH�PRUH�TXLFNO\�KDV�EHHQ�XQGHUVFRUHG�E\�UHFHQW�VHLVPLF�FULVHV��VXFK�DV�WKH������/ಬ$TXLOD

HDUWKTXDNH�VHTXHQFH��LQ�ZKLFK�DQ�DQ[LRXV�SXEOLF�ZDV�FRQIXVHG�E\�LQIRUPDO�DQG�LQDFFXUDWH�HDUWKTXDNH�SUHGLFWLRQV�

$IWHU�WKH�/ಬ$TXLOD�HDUWKTXDNH��WKH�,WDOLDQ�'HSDUWPHQW�RI�&LYLO�3URWHFWLRQ�DSSRLQWHG�DQ�,QWHUQDWLRQDO�&RPPLVVLRQ�RQ

(DUWKTXDNH�)RUHFDVWLQJ��,&()���ZKLFK�,�FKDLUHG��WR�UHFRPPHQG�JXLGHOLQHV�IRU�2()�XWLOL]DWLRQ��2XU�UHSRUW��$QQ�

*HRSK\V����������������GRL����������DJ�������FRQFOXGHV���D��3XEOLF�VRXUFHV�RI�LQIRUPDWLRQ�RQ�VKRUW�WHUP�SUREDELOLWLHV

VKRXOG�EH�DXWKRULWDWLYH��VFLHQWLILF��RSHQ��DQG�WLPHO\��DQG�QHHG�WR�FRQYH\�HSLVWHPLF�XQFHUWDLQWLHV���E��(DUWKTXDNH

SUREDELOLWLHV�VKRXOG�EH�EDVHG�RQ�RSHUDWLRQDOO\�TXDOLILHG��UHJXODUO\�XSGDWHG�IRUHFDVWLQJ�V\VWHPV���F��$OO�RSHUDWLRQDO

PRGHOV�VKRXOG�EH�HYDOXDWHG�IRU�UHOLDELOLW\�DQG�VNLOO�E\�UHWURVSHFWLYH�WHVWLQJ��DQG�WKH�PRGHOV�VKRXOG�EH�XQGHU

FRQWLQXRXV�SURVSHFWLYH�WHVWLQJ�DJDLQVW�ORQJ�WHUP�IRUHFDVWV�DQG�DOWHUQDWLYH�WLPH�GHSHQGHQW�PRGHOV���G��6KRUW�WHUP

PRGHOV�XVHG�LQ�RSHUDWLRQDO�IRUHFDVWLQJ�VKRXOG�EH�FRQVLVWHQW�ZLWK�WKH�ORQJ�WHUP�IRUHFDVWV�XVHG�LQ�SUREDELOLVWLF�VHLVPLF

KD]DUG�DQDO\VLV���H��$OHUW�SURFHGXUHV�VKRXOG�EH�VWDQGDUGL]HG�WR�IDFLOLWDWH�GHFLVLRQV�DW�GLIIHUHQW�OHYHOV�RI�JRYHUQPHQW�

EDVHG�LQ�SDUW�RQ�REMHFWLYH�DQDO\VLV�RI�FRVWV�DQG�EHQHILWV���I��,Q�HVWDEOLVKLQJ�DOHUW�SURWRFROV��FRQVLGHUDWLRQ�VKRXOG�DOVR

EH�JLYHQ�WR�WKH�OHVV�WDQJLEOH�DVSHFWV�RI�YDOXH�RI�LQIRUPDWLRQ��VXFK�DV�JDLQV�LQ�SV\FKRORJLFDO�SUHSDUHGQHVV�DQG

UHVLOLHQFH�

$XWKRULWDWLYH�VWDWHPHQWV�RI�LQFUHDVHG�ULVN��HYHQ�ZKHQ�WKH�DEVROXWH�SUREDELOLW\�LV�ORZ��FDQ�SURYLGH�D�SV\FKRORJLFDO

EHQHILW�WR�WKH�SXEOLF�E\�ILOOLQJ�LQIRUPDWLRQ�YDFXXPV�WKDW�OHDG�WR�LQIRUPDO�SUHGLFWLRQV�DQG�PLVLQIRUPDWLRQ��)RUPDO�2()

SURFHGXUHV�EDVHG�RQ�SUREDELOLVWLF�IRUHFDVWLQJ�DSSURSULDWHO\�VHSDUDWH�KD]DUG�HVWLPDWLRQ�E\�VFLHQWLVWV�IURP�WKH

GHFLVLRQ�PDNLQJ�UROH�RI�FLYLO�SURWHFWLRQ�DXWKRULWLHV��7KH�SURVHFXWLRQ�RI�VHYHQ�,WDOLDQ�VFLHQWLVWV�RQ�PDQVODXJKWHU

FKDUJHV�VWHPPLQJ�IURP�WKHLU�DFWLRQV�EHIRUH�WKH�/ಬ$TXLOD�HDUWKTXDNH�PDNHV�FOHDU�ZK\�WKLV�VHSDUDWLRQ�VKRXOG�EH

H[SOLFLW�LQ�GHILQLQJ�2()�SURWRFROV�
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2SHUDWLRQDO�(DUWKTXDNH�)RUHFDVWLQJ�DQG�'HFLVLRQ�0DNLQJ�LQ�D�/RZ�3UREDELOLW\�(QYLURQPHQW
7��+��-RUGDQ���; 
���'HSW�RI�(DUWK�6FLHQFHV�=+6������8QLY�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��2SHUDWLRQDO�HDUWKTXDNH�IRUHFDVWLQJ��2()��LV�WKH�GLVVHPLQDWLRQ�RI�DXWKRULWDWLYH�LQIRUPDWLRQ�DERXW�WKH�WLPH

GHSHQGHQFH�RI�VHLVPLF�KD]DUGV�WR�KHOS�FRPPXQLWLHV�SUHSDUH�IRU�SRWHQWLDOO\�GHVWUXFWLYH�HDUWKTXDNHV��0RVW�SUHYLRXV

ZRUN�RQ�WKH�SXEOLF�XWLOLW\�RI�2()�KDV�DQWLFLSDWHG�WKDW�IRUHFDVWV�ZRXOG�GHOLYHU�KLJK�SUREDELOLWLHV�RI�ODUJH�HDUWKTXDNHV�

L�H���GHWHUPLQLVWLF�SUHGLFWLRQV�ZLWK�ORZ�HUURU�UDWHV��IDOVH�DODUPV�DQG�IDLOXUHV�WR�SUHGLFW��ZRXOG�EH�SRVVLEOH��7KLV

H[SHFWDWLRQ�KDV�QRW�EHHQ�UHDOL]HG��$Q�DOWHUQDWLYH�WR�GHWHUPLQLVWLF�SUHGLFWLRQ�LV�SUREDELOLVWLF�IRUHFDVWLQJ�EDVHG�RQ

HPSLULFDO�VWDWLVWLFDO�PRGHOV�RI�DIWHUVKRFN�WULJJHULQJ�DQG�VHLVPLF�FOXVWHULQJ��'XULQJ�SHULRGV�RI�KLJK�VHLVPLF�DFWLYLW\�

VKRUW�WHUP�HDUWKTXDNH�IRUHFDVWV�FDQ�DWWDLQ�SURVSHFWLYH�SUREDELOLW\�JDLQV�LQ�H[FHVV�RI�����UHODWLYH�WR�ORQJ�WHUP

IRUHFDVWV��7KH�XWLOLW\�RI�VXFK�LQIRUPDWLRQ�LV�E\�QR�PHDQV�FOHDU��KRZHYHU��EHFDXVH�HYHQ�ZLWK�KXQGUHGIROG�LQFUHDVHV��WKH

SUREDELOLWLHV�RI�ODUJH�HDUWKTXDNHV�W\SLFDOO\�UHPDLQ�VPDOO��UDUHO\�H[FHHGLQJ�D�IHZ�SHUFHQW�RYHU�IRUHFDVWLQJ�LQWHUYDOV�RI

GD\V�RU�ZHHNV��&LYLO�SURWHFWLRQ�DJHQFLHV�KDYH�EHHQ�XQGHUVWDQGDEO\�FDXWLRXV�LQ�LPSOHPHQWLQJ�2()�LQ�WKLV�VRUW�RI�ಯORZ�

SUREDELOLW\�HQYLURQPHQW�ರ

7KH�QHHG�WR�PRYH�PRUH�TXLFNO\�KDV�EHHQ�XQGHUVFRUHG�E\�UHFHQW�VHLVPLF�FULVHV��VXFK�DV�WKH������/ಬ$TXLOD

HDUWKTXDNH�VHTXHQFH��LQ�ZKLFK�DQ�DQ[LRXV�SXEOLF�ZDV�FRQIXVHG�E\�LQIRUPDO�DQG�LQDFFXUDWH�HDUWKTXDNH�SUHGLFWLRQV�

$IWHU�WKH�/ಬ$TXLOD�HDUWKTXDNH��WKH�,WDOLDQ�'HSDUWPHQW�RI�&LYLO�3URWHFWLRQ�DSSRLQWHG�DQ�,QWHUQDWLRQDO�&RPPLVVLRQ�RQ

(DUWKTXDNH�)RUHFDVWLQJ��,&()���ZKLFK�,�FKDLUHG��WR�UHFRPPHQG�JXLGHOLQHV�IRU�2()�XWLOL]DWLRQ��2XU�UHSRUW��$QQ�

*HRSK\V����������������GRL����������DJ�������FRQFOXGHV���D��3XEOLF�VRXUFHV�RI�LQIRUPDWLRQ�RQ�VKRUW�WHUP�SUREDELOLWLHV

VKRXOG�EH�DXWKRULWDWLYH��VFLHQWLILF��RSHQ��DQG�WLPHO\��DQG�QHHG�WR�FRQYH\�HSLVWHPLF�XQFHUWDLQWLHV���E��(DUWKTXDNH

SUREDELOLWLHV�VKRXOG�EH�EDVHG�RQ�RSHUDWLRQDOO\�TXDOLILHG��UHJXODUO\�XSGDWHG�IRUHFDVWLQJ�V\VWHPV���F��$OO�RSHUDWLRQDO

PRGHOV�VKRXOG�EH�HYDOXDWHG�IRU�UHOLDELOLW\�DQG�VNLOO�E\�UHWURVSHFWLYH�WHVWLQJ��DQG�WKH�PRGHOV�VKRXOG�EH�XQGHU

FRQWLQXRXV�SURVSHFWLYH�WHVWLQJ�DJDLQVW�ORQJ�WHUP�IRUHFDVWV�DQG�DOWHUQDWLYH�WLPH�GHSHQGHQW�PRGHOV���G��6KRUW�WHUP

PRGHOV�XVHG�LQ�RSHUDWLRQDO�IRUHFDVWLQJ�VKRXOG�EH�FRQVLVWHQW�ZLWK�WKH�ORQJ�WHUP�IRUHFDVWV�XVHG�LQ�SUREDELOLVWLF�VHLVPLF

KD]DUG�DQDO\VLV���H��$OHUW�SURFHGXUHV�VKRXOG�EH�VWDQGDUGL]HG�WR�IDFLOLWDWH�GHFLVLRQV�DW�GLIIHUHQW�OHYHOV�RI�JRYHUQPHQW�

EDVHG�LQ�SDUW�RQ�REMHFWLYH�DQDO\VLV�RI�FRVWV�DQG�EHQHILWV���I��,Q�HVWDEOLVKLQJ�DOHUW�SURWRFROV��FRQVLGHUDWLRQ�VKRXOG�DOVR

EH�JLYHQ�WR�WKH�OHVV�WDQJLEOH�DVSHFWV�RI�YDOXH�RI�LQIRUPDWLRQ��VXFK�DV�JDLQV�LQ�SV\FKRORJLFDO�SUHSDUHGQHVV�DQG

UHVLOLHQFH�

$XWKRULWDWLYH�VWDWHPHQWV�RI�LQFUHDVHG�ULVN��HYHQ�ZKHQ�WKH�DEVROXWH�SUREDELOLW\�LV�ORZ��FDQ�SURYLGH�D�SV\FKRORJLFDO

EHQHILW�WR�WKH�SXEOLF�E\�ILOOLQJ�LQIRUPDWLRQ�YDFXXPV�WKDW�OHDG�WR�LQIRUPDO�SUHGLFWLRQV�DQG�PLVLQIRUPDWLRQ��)RUPDO�2()

SURFHGXUHV�EDVHG�RQ�SUREDELOLVWLF�IRUHFDVWLQJ�DSSURSULDWHO\�VHSDUDWH�KD]DUG�HVWLPDWLRQ�E\�VFLHQWLVWV�IURP�WKH

GHFLVLRQ�PDNLQJ�UROH�RI�FLYLO�SURWHFWLRQ�DXWKRULWLHV��7KH�SURVHFXWLRQ�RI�VHYHQ�,WDOLDQ�VFLHQWLVWV�RQ�PDQVODXJKWHU

FKDUJHV�VWHPPLQJ�IURP�WKHLU�DFWLRQV�EHIRUH�WKH�/ಬ$TXLOD�HDUWKTXDNH�PDNHV�FOHDU�ZK\�WKLV�VHSDUDWLRQ�VKRXOG�EH

H[SOLFLW�LQ�GHILQLQJ�2()�SURWRFROV�
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&RXORPE�VWUHVV�FKDQJHV�LPSDUWHG�E\�VLPXODWHG�0!��HDUWKTXDNHV�WR�PDMRU�IDXOW�VXUIDFHV�LQ�6RXWKHUQ�&DOLIRUQLD
-��&��5ROOLQV���; *��3��(O\������; 7��+��-RUGDQ���; 
���*HRSK\VLFV��&DOWHFK��3DVDGHQD��&$��8QLWHG�6WDWHV��
���$UJRQQH�1DWLRQDO�/DERUDWRU\��&KLFDJR��,/��8QLWHG�6WDWHV��
���(DUWK�6FLHQFHV��8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��7R�VWXG\�VWDWLF�VWUHVV�LQWHUDFWLRQV�EHWZHHQ�IDXOWV�LQ�VRXWKHUQ�&DOLIRUQLD�DQG�LGHQWLI\�FDVHV�ZKHUH�RQH�ODUJH

HDUWKTXDNH�FRXOG�WULJJHU�DQRWKHU��ZH�VHOHFW�IRXUWHHQ�0!��HYHQWV�VLPXODWHG�E\�WKH�6&(&�&0(�&\EHU6KDNH�SURMHFW

DQG�FDOFXODWH�WKH�&RXORPE�VWUHVV�FKDQJHV�WKRVH�HYHQWV�LPSDUW�WR�PDMRU�IDXOW�VXUIDFHV�LQ�WKH�8&(5)��IDXOW�PRGHO�IRU

WKH�UHJLRQ��&\EHU6KDNH�VLPXODWHV�EHWZHHQ���DQG����VOLS�GLVWULEXWLRQV�IRU�HDFK�HYHQW�DW�D�VOLS�VDPSOLQJ�UHVROXWLRQ�RI��

NP��DQG�ZH�FDOFXODWH�VWUHVV�FKDQJHV�RQ�IDXOW�VXUIDFHV�DW�WKH�VDPH�UHVROXWLRQ��D�OHYHO�RI�GHWDLO�ZKLFK�LV�XQSUHFHGHQWHG

LQ�VWXGLHV�RI�VWUHVV�WUDQVIHU�DQG�ZKLFK�DOORZV�XV�WR�VWXG\�WKH�ZD\�WKDW�YDULDELOLWLHV�LQ�VOLS�RQ�WKH�VRXUFH�FDQ�DIIHFW

LPSDUWHG�VWUHVV�FKDQJHV��:H�ILQG�WKDW�HDUWKTXDNHV�UXSWXULQJ�WKH�VRXWKHUQ�6DQ�$QGUHDV�IDXOW�JHQHUDOO\�GHFUHDVH

&RXORPE�VWUHVV�RQ�ULJKW�ODWHUDO�IDXOWV�LQ�WKH�/RV�$QJHOHV�EDVLQ��ZKLOH�0!��HYHQWV�RQ�WKH�6DQ�-DFLQWR��(OVLQRUH�

1HZSRUW�,QJOHZRRG�DQG�3DORV�9HUGHV�IDXOWV�JHQHUDOO\�GHFUHDVH�VWUHVV�RQ�SDUDOOHO�ULJKW�ODWHUDO�IDXOWV�EXW�LQFUHDVH

&RXORPE�VWUHVV�RQ�WKH�0RMDYH�RU�6DQ�%HUQDUGLQR�VHFWLRQV�RI�WKH�6DQ�$QGUHDV��6WUHVV�LQWHUDFWLRQV�EHWZHHQ�VWULNH�VOLS

DQG�WKUXVW�IDXOWV�DQG�EHWZHHQ�WKH�6DQ�$QGUHDV�DQG�*DUORFN�IDXOWV�GHSHQG�RQ�WKH�UXSWXUH�DUHD�RI�WKH�VRXUFH��&RXORPE

VWUHVV�FKDQJHV�LPSDUWHG�E\�VLPXODWHG�6$)�HYHQWV�WR�ORFDWLRQV�RQ�WKH�6DQ�-DFLQWR�DQG�*DUORFN�IDXOWV�ZLWKLQ�a��NP�RI

WKH�6DQ�$QGUHDV�DSSHDU�WR�EH�LQIOXHQFHG�PRUH�E\�WKH�QHDUE\�GLVWULEXWLRQ�RI�KLJK�DQG�ORZ�VOLS�RQ�WKH�6DQ�$QGUHDV�WKDQ

E\�WKH�RYHUDOO�VOLS�GLVWULEXWLRQ�DFURVV�WKH�HQWLUH�UXSWXUH��8VLQJ�D�VLPSOLILHG�PRGHO��ZH�FDOFXODWH�WKDW�DQ�DUHD�RI�QR�VOLS

VXUURXQGHG�E\�KLJK�VOLS�RQ�D�UXSWXUH�LPSDUWV�VWURQJ�&RXORPE�VWUHVV�LQFUHDVHV�ื��NP�WR�HLWKHU�VLGH�RI�WKH�VRXUFH�IDXOW�

SRVVLEO\�H[SODLQLQJ�WKH�DSSDUHQW�a��NP�UDQJH�RI�LQIOXHQFH�RI�ORFDO�VOLS�RQ�WKH�6DQ�$QGUHDV��$GGLWLRQDOO\��ZH�GHYLVH�D

PHWKRG�IRU�HYDOXDWLQJ�XQFHUWDLQW\�YDOXHV�LQ�&RXORPE�VWUHVV�FKDQJHV�FDXVHG�E\�XQFHUWDLQWLHV�LQ�WKH�VWULNH��GLS�DQG

UDNH�RI�WKH�UHFHLYHU�IDXOW��7KHVH�ILQGLQJV�PD\�EH�XVHIXO�LQ�XQGHUVWDQGLQJ�VWUHVV�LQWHUDFWLRQV�EHWZHHQ�IDXOWV�RI�GLIIHUHQW

RULHQWDWLRQV�DQG�UDNHV��VWUHVV�WUDQVIHU�DQG�YDULDELOLW\�DW�VKRUW�GLVWDQFHV�IURP�WKH�VRXUFH�IDXOW��DQG�DSSOLFDWLRQV�RI

XQFHUWDLQW\�YDOXHV�WR�&RXORPE�VWUHVV�FKDQJHV�
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(DUWKTXDNH�VRXUFH�VFDOLQJ��VWUHVV�GURSV�DQG�UDGLDWHG�VHLVPLF�HQHUJLHV�RI�LQWHUPHGLDWH�GHSWK�HDUWKTXDNHV
*���3ULHWR���; *��$��/RSH]���; 6��$��%DUUHWW���; *��&��%HUR]D���; 
���'HSDUWDPHQWR�GH�)¯VLFD��8QLYHUVLGDG�GH�ORV�$QGHV��%RJRWD��&RORPELD��
���*HRSK\VLFV��6WDQIRUG�8QLYHUVLW\��3DOR�$OWR��&$��8QLWHG�6WDWHV��

 
%RG\��7KH�SK\VLFDO�PHFKDQLVP�IRU�LQWHUPHGLDWH�DQG�GHHS�IRFXV�HDUWKTXDNHV�LV�VWLOO�XQGHU�GHEDWH��7KH�WHPSHUDWXUHV

DQG�SUHVVXUHV�DUH�DERYH�WKH�SRLQW�ZKHUH�RUGLQDU\�IUDFWXUHV�RXJKW�WR�RFFXU��1HYHUWKHOHVV�WKHVH�HDUWKTXDNHV�UHSUHVHQW

D�VLJQLILFDQW�SRUWLRQ�RI�JOREDO�FDWDORJV�DQG�YDULRXV�PHFKDQLVPV�KDYH�EHHQ�SURSRVHG�WR�H[SODLQ�WKHLU�SUHVHQFH�

LQFOXGLQJ�GHK\GUDWLRQ�HPEULWWOHPHQW�DQG�UXQDZD\�VKHDU�LQVWDELOLWLHV�

�

,Q�RUGHU�WR�EHWWHU�XQGHUVWDQG�WKH�UXSWXUH�PHFKDQLVP�LW�LV�LPSRUWDQW�WR�VWXG\�HDUWKTXDNH�VRXUFH�SDUDPHWHUV�IRU�WKHVH

HYHQWV�DQG�WKHLU�VFDOLQJ�EHKDYLRU�ZLWK�HDUWKTXDNH�VL]H�DV�PHDVXUHG�E\�WKH�VHLVPLF�PRPHQW��,Q�WKLV�VWXG\�ZH�DQDO\]H

UXSWXUH�DUHD��VWUHVV�GURS�DQG�UDGLDWHG�VHLVPLF�HQHUJ\�IRU�D�UDQJH�RI�PDJQLWXGHV�DQG�D�ODUJH�QXPEHU�RI�HDUWKTXDNHV�LQ

WKH�%XFDUDPDQJD�1HVW���D�FRQFHQWUDWHG�SRFNHW�RI�VHLVPLF�DFWLYLW\�ZLWK�PHGLDQ�GHSWK�RI�����NP��ZLWK�PRUH�WKDQ���

HDUWKTXDNHV�SHU�GD\���DQG�FRPSDUH�RXU�UHVXOWV�ZLWK�W\SLFDO�YDOXHV�REVHUYHG�IRU�VKDOORZ�HDUWKTXDNHV�

�

:H�VWXG\�WKH�HIIHFW�RI�VHLVPLF�DWWHQXDWLRQ�DQG�615�WR�PLQLPL]H�ELDV�LQ�RXU�HVWLPDWHG�VRXUFH�SDUDPHWHUV��EHFDXVH�WKH

HIIHFWV�RI�QRLVH�DQG�DWWHQXDWLRQ�FDQ�OHDG�WR�ORZHU�UDGLDWHG�HQHUJ\�HVWLPDWHV�IRU�VPDOOHU�HDUWKTXDNHV��3UHOLPLQDU\

UHVXOWV�VXJJHVW�WKDW�WKH�%XFDUDPDQJD�1HVW�HDUWKTXDNHV�SUHVHQW�W\SLFDO�VWUHVV�GURS�DQG�DSSDUHQW�VWUHVV�YDOXHV��EXW

FRQWUDU\�WR�WKHLU�VKDOORZ�FRXQWHUSDUWV��WKH\�VKRZ�V\VWHPDWLFDOO\�KLJKHU�VWUHVV�GURS�IRU�ODUJHU�HYHQWV�
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0DJQLWXGH�8QFHUWDLQW\�DQG�*URXQG�0RWLRQ�6LPXODWLRQV�RI�WKH�����������1HZ�0DGULG�(DUWKTXDNH�6HTXHQFH
/���5DPLUH]�*X]PDQ���; 5��:��*UDYHV���; .��%��2OVHQ���; 2��6��%R\G���; 6���+DUW]HOO���; 6���1L���; 3��*��6RPHUYLOOH���;
5��$��:LOOLDPV���; -���=KRQJ���; 
���+D]DUGV�7HDP��86�*HRORJLFDO�6XUYH\��*ROGHQ��&2��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\��3DVDGHQD��&$��8QLWHG�6WDWHV��
���6DQ�'LHJR�6WDWH�8QLYHUVLW\��6DQ�'LHJR��&$��8QLWHG�6WDWHV��
���856�&RUSRUDWLRQ��3DVDGHQD��&$��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\��0HPSKLV��71��8QLWHG�6WDWHV��

 
%RG\��:H�SUHVHQW�D�VWXG\�RI�D�VHW�RI�WKUHH�GLPHQVLRQDO�HDUWKTXDNH�VLPXODWLRQ�VFHQDULRV�LQ�WKH�1HZ�0DGULG�6HLVPLF

=RQH��106=���7KLV�LV�D�FROODERUDWLRQ�DPRQJ�WKUHH�VLPXODWLRQ�JURXSV�ZLWK�GLIIHUHQW�QXPHULFDO�PRGHOLQJ�DSSURDFKHV

DQG�FRPSXWDWLRQDO�FDSDELOLWLHV��7KH�VWXG\�DUHD�FRYHUV�D�SRUWLRQ�RI�WKH�&HQWUDO�8QLWHG�6WDWHV��a��������NP���FHQWHUHG

RQ�WKH�1HZ�0DGULG�VHLVPLF�]RQH��ZKLFK�LQFOXGHV�VHYHUDO�PHWURSROLWDQ�DUHDV�VXFK�DV�0HPSKLV��71�DQG�6W��/RXLV��02�

:H�FRPSXWHG�V\QWKHWLF�VHLVPRJUDPV�WR�D�IUHTXHQF\�RI��+]�E\�XVLQJ�D�UHJLRQDO��'�YHORFLW\�PRGHO��5DPLUH]�*X]PDQ

HW�DO����������WZR�GLIIHUHQW�NLQHPDWLF�VRXUFH�JHQHUDWLRQ�DSSURDFKHV��*UDYHV�HW�DO���������/LX�HW�DO���������DQG�RQH

PHWKRGRORJ\�ZKHUH�VRXUFHV�ZHUH�JHQHUDWHG�XVLQJ�G\QDPLF�UXSWXUH�VLPXODWLRQV��2OVHQ�HW�DO����������7KH�VHW�RI���

K\SRWKHWLFDO�HDUWKTXDNHV�LQFOXGHG�GLIIHUHQW�PDJQLWXGHV��0Z��������DQG������DQG�HSLFHQWHUV�IRU�WZR�IDXOWV�DVVRFLDWHG

ZLWK�WKH�VHLVPLFLW\�WUHQGV�LQ�WKH�106=���WKH�$[LDO��&RWWRQZRRG�*URYH��DQG�WKH�5HHOIRRW�IDXOWV��%URDG�EDQG�V\QWKHWLF

VHLVPRJUDPV�ZHUH�JHQHUDWHG�E\�FRPELQLQJ�KLJK�IUHTXHQF\�V\QWKHWLFV�FRPSXWHG�LQ�D�RQH�GLPHQVLRQDO�YHORFLW\�PRGHO

ZLWK�WKH�ORZ�IUHTXHQF\�PRWLRQV�DW�D�FURVVRYHU�IUHTXHQF\�RI���+]��2XU�DQDO\VLV�LQGLFDWHV�WKDW�DERXW���WR���PLOOLRQ

SHRSOH�OLYLQJ�QHDU�WKH�IDXOW�UXSWXUHV�ZRXOG�H[SHULHQFH�0HUFDOOL�LQWHQVLWLHV�IURP�9,�WR�9,,,�LI�HYHQWV�VLPLODU�WR�WKRVH�RI�WKH

HDUO\�QLQHWHHQWK�FHQWXU\�RFFXUUHG�WRGD\��,Q�DGGLWLRQ��WKH�DQDO\VLV�GHPRQVWUDWHV�WKH�LPSRUWDQFH�RI��'�JHRORJLF

VWUXFWXUHV��VXFK�DV�WKH�5HHOIRRW�5LIW�DQG�WKH�0LVVLVVLSSL�(PED\PHQW��ZKLFK�FDQ�FKDQQHO�DQG�IRFXV�WKH�UDGLDWHG�ZDYH

HQHUJ\��DQG�UXSWXUH�GLUHFWLYLW\�HIIHFWV��ZKLFK�FDQ�VWURQJO\�DPSOLI\�PRWLRQV�LQ�WKH�IRUZDUG�GLUHFWLRQ�RI�WKH�UXSWXUHV�

%RWK�RI�WKHVH�HIIHFWV�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�WKH�SDWWHUQ�DQG�OHYHO�RI�WKH�VLPXODWHG�LQWHQVLWLHV��ZKLFK�VXJJHVWV�DQ

LQFUHDVHG�XQFHUWDLQW\�LQ�WKH�PDJQLWXGH�HVWLPDWHV�RI�WKH�����������VHTXHQFH�EDVHG�RQO\�RQ�KLVWRULF�LQWHQVLW\�UHSRUWV�

:H�FRQFOXGH�WKDW�DGGLWLRQDO�FRQVWUDLQWV�VXFK�DV�WKRVH�SURYLGHG�E\�SDOHROLTXHIDFWLRQ�DQDO\VHV�QHHG�WR�EH�FRQVLGHUHG

LQ�RUGHU�WR�KHOS�UHGXFH�WKH�PDJQLWXGH�HVWLPDWH�XQFHUWDLQWLHV�

�



)LQDO�,'��6��$���

0DJQLWXGH�8QFHUWDLQW\�DQG�*URXQG�0RWLRQ�6LPXODWLRQV�RI�WKH�����������1HZ�0DGULG�(DUWKTXDNH�6HTXHQFH
/���5DPLUH]�*X]PDQ���; 5��:��*UDYHV���; .��%��2OVHQ���; 2��6��%R\G���; 6���+DUW]HOO���; 6���1L���; 3��*��6RPHUYLOOH���;
5��$��:LOOLDPV���; -���=KRQJ���; 
���+D]DUGV�7HDP��86�*HRORJLFDO�6XUYH\��*ROGHQ��&2��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\��3DVDGHQD��&$��8QLWHG�6WDWHV��
���6DQ�'LHJR�6WDWH�8QLYHUVLW\��6DQ�'LHJR��&$��8QLWHG�6WDWHV��
���856�&RUSRUDWLRQ��3DVDGHQD��&$��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\��0HPSKLV��71��8QLWHG�6WDWHV��

 
%RG\��:H�SUHVHQW�D�VWXG\�RI�D�VHW�RI�WKUHH�GLPHQVLRQDO�HDUWKTXDNH�VLPXODWLRQ�VFHQDULRV�LQ�WKH�1HZ�0DGULG�6HLVPLF

=RQH��106=���7KLV�LV�D�FROODERUDWLRQ�DPRQJ�WKUHH�VLPXODWLRQ�JURXSV�ZLWK�GLIIHUHQW�QXPHULFDO�PRGHOLQJ�DSSURDFKHV

DQG�FRPSXWDWLRQDO�FDSDELOLWLHV��7KH�VWXG\�DUHD�FRYHUV�D�SRUWLRQ�RI�WKH�&HQWUDO�8QLWHG�6WDWHV��a��������NP���FHQWHUHG

RQ�WKH�1HZ�0DGULG�VHLVPLF�]RQH��ZKLFK�LQFOXGHV�VHYHUDO�PHWURSROLWDQ�DUHDV�VXFK�DV�0HPSKLV��71�DQG�6W��/RXLV��02�

:H�FRPSXWHG�V\QWKHWLF�VHLVPRJUDPV�WR�D�IUHTXHQF\�RI��+]�E\�XVLQJ�D�UHJLRQDO��'�YHORFLW\�PRGHO��5DPLUH]�*X]PDQ

HW�DO����������WZR�GLIIHUHQW�NLQHPDWLF�VRXUFH�JHQHUDWLRQ�DSSURDFKHV��*UDYHV�HW�DO���������/LX�HW�DO���������DQG�RQH

PHWKRGRORJ\�ZKHUH�VRXUFHV�ZHUH�JHQHUDWHG�XVLQJ�G\QDPLF�UXSWXUH�VLPXODWLRQV��2OVHQ�HW�DO����������7KH�VHW�RI���

K\SRWKHWLFDO�HDUWKTXDNHV�LQFOXGHG�GLIIHUHQW�PDJQLWXGHV��0Z��������DQG������DQG�HSLFHQWHUV�IRU�WZR�IDXOWV�DVVRFLDWHG

ZLWK�WKH�VHLVPLFLW\�WUHQGV�LQ�WKH�106=���WKH�$[LDO��&RWWRQZRRG�*URYH��DQG�WKH�5HHOIRRW�IDXOWV��%URDG�EDQG�V\QWKHWLF

VHLVPRJUDPV�ZHUH�JHQHUDWHG�E\�FRPELQLQJ�KLJK�IUHTXHQF\�V\QWKHWLFV�FRPSXWHG�LQ�D�RQH�GLPHQVLRQDO�YHORFLW\�PRGHO

ZLWK�WKH�ORZ�IUHTXHQF\�PRWLRQV�DW�D�FURVVRYHU�IUHTXHQF\�RI���+]��2XU�DQDO\VLV�LQGLFDWHV�WKDW�DERXW���WR���PLOOLRQ

SHRSOH�OLYLQJ�QHDU�WKH�IDXOW�UXSWXUHV�ZRXOG�H[SHULHQFH�0HUFDOOL�LQWHQVLWLHV�IURP�9,�WR�9,,,�LI�HYHQWV�VLPLODU�WR�WKRVH�RI�WKH

HDUO\�QLQHWHHQWK�FHQWXU\�RFFXUUHG�WRGD\��,Q�DGGLWLRQ��WKH�DQDO\VLV�GHPRQVWUDWHV�WKH�LPSRUWDQFH�RI��'�JHRORJLF

VWUXFWXUHV��VXFK�DV�WKH�5HHOIRRW�5LIW�DQG�WKH�0LVVLVVLSSL�(PED\PHQW��ZKLFK�FDQ�FKDQQHO�DQG�IRFXV�WKH�UDGLDWHG�ZDYH

HQHUJ\��DQG�UXSWXUH�GLUHFWLYLW\�HIIHFWV��ZKLFK�FDQ�VWURQJO\�DPSOLI\�PRWLRQV�LQ�WKH�IRUZDUG�GLUHFWLRQ�RI�WKH�UXSWXUHV�

%RWK�RI�WKHVH�HIIHFWV�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�WKH�SDWWHUQ�DQG�OHYHO�RI�WKH�VLPXODWHG�LQWHQVLWLHV��ZKLFK�VXJJHVWV�DQ

LQFUHDVHG�XQFHUWDLQW\�LQ�WKH�PDJQLWXGH�HVWLPDWHV�RI�WKH�����������VHTXHQFH�EDVHG�RQO\�RQ�KLVWRULF�LQWHQVLW\�UHSRUWV�

:H�FRQFOXGH�WKDW�DGGLWLRQDO�FRQVWUDLQWV�VXFK�DV�WKRVH�SURYLGHG�E\�SDOHROLTXHIDFWLRQ�DQDO\VHV�QHHG�WR�EH�FRQVLGHUHG

LQ�RUGHU�WR�KHOS�UHGXFH�WKH�PDJQLWXGH�HVWLPDWH�XQFHUWDLQWLHV�

�



)LQDO�,'��,1��%�����

6&(&�%URDGEDQG�3ODWIRUP�6WURQJ�*URXQG�0RWLRQ�6LPXODWLRQV
6���.XPDU���; 6���&DOODJKDQ���; 3��-��0DHFKOLQJ���; .��%��2OVHQ���; 5��-��$UFKXOHWD���; 3��*��6RPHUYLOOH���; 5��:�
*UDYHV���; 7��+��-RUGDQ���; 
���6RXWKHUQ�&DOLIRUQLD�(DUWKTXDNH�&HQWHU��8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��
���*HRORJLFDO�6FLHQFHV��6DQ�'LHJR�6WDWH�8QLYHUVLW\��6DQ�'LHJR��&$��8QLWHG�6WDWHV��
���(DUWK�6FLHQFH��8QLYHUVLW\�RI�&DOLIRUQLD��6DQWD�%DUEDUD��6DQWD�%DUEDUD��&$��8QLWHG�6WDWHV��
���856�&RUSRUDWLRQ��3DVDGHQD��&$��8QLWHG�6WDWHV��
���(DUWKTXDNH�6FLHQFH�&HQWHU��8�6��*HRORJLFDO�6XUYH\��3DVDGHQD��&$��8QLWHG�6WDWHV��

 
%RG\��7KH�6RXWKHUQ�&DOLIRUQLD�(DUWKTXDNH�&HQWHU��6&(&��%URDGEDQG�3ODWIRUP�LV�D�FROODERUDWLYH�VRIWZDUH

GHYHORSPHQW�SURMHFW�LQYROYLQJ�6&(&�UHVHDUFKHUV��JUDGXDWH�VWXGHQWV��DQG�WKH�6&(&�&RPPXQLW\�0RGHOLQJ

(QYLURQPHQW��7KH�JRDO�RI�WKH�6&(&�%URDGEDQG�6LPXODWLRQ�3ODWIRUP�LV�WR�JHQHUDWH�EURDGEDQG�������+]��JURXQG

PRWLRQV�IRU�HDUWKTXDNHV�XVLQJ�GHWHUPLQLVWLF�ORZ�IUHTXHQF\�DQG�VWRFKDVWLF�KLJK�IUHTXHQF\�VLPXODWLRQV��6&(&

GHYHORSHUV�KDYH�LQWHJUDWHG�FRPSOH[�VFLHQWLILF�PRGXOHV�IRU�UXSWXUH�JHQHUDWLRQ��ORZ�IUHTXHQF\�GHWHUPLQLVWLF

VHLVPRJUDP�V\QWKHVLV��KLJK�IUHTXHQF\�VWRFKDVWLF�VHLVPRJUDP�V\QWKHVLV��DQG�QRQ�OLQHDU�VLWH�HIIHFWV�FDOFXODWLRQ�LQWR�D

V\VWHP�WKDW�VXSSRUWV�HDV\�RQ�GHPDQG�FRPSXWDWLRQ�RI�EURDGEDQG�VHLVPRJUDPV��7KH�6&(&�%URDGEDQG�SODWIRUP�KDV

WZR�SULPDU\�PRGHV�RI�RSHUDWLRQ��YDOLGDWLRQ�PRGH��DQG�VFHQDULR�PRGH��,Q�YDOLGDWLRQ�PRGH��WKH�HDUWKTXDNH�PRGHOLQJ

VRIWZDUH�FDOFXODWHV�EURDGEDQG�VHLVPRJUDPV�IRU�RQH�RI�WKUHH�HDUWKTXDNHV��1RUWKULGJH��/RPD�3ULHWD��RU�/DQGHUV�DW

VLWHV�ZLWK�REVHUYHG�VWURQJ�PRWLRQ�GDWD��7KHQ��WKH�SODWIRUP�FDOFXODWHV�JRRGQHVV�RI�ILW�PHDVXUHPHQWV�WKDW�TXDQWLI\�KRZ

ZHOO�WKH�PRGHO�EDVHG�EURDGEDQG�VHLVPRJUDPV�PDWFK�WKH�REVHUYHG�VHLVPRJUDPV�IRU�HDFK�HYHQW��,Q�VFHQDULR�PRGH�

WKH�XVHU�FDQ�VSHFLI\�D�VFHQDULR�HDUWKTXDNH�DQG�D�OLVW�RI�VLWHV�DQG�FDOFXODWH�JURXQG�PRWLRQV�DW�HDFK�VLWH�IRU�WKH

VFHQDULR�HYHQW��,Q�)HEUXDU\�������6&(&�UHOHDVHG�%URDGEDQG�3ODWIRUP������DV�DQ�RSHQ�VRXUFH�VFLHQWLILF�VRIWZDUH

GLVWULEXWLRQ��6LQFH�WKDW�WLPH��ZH�KDYH�FRQWLQXHG�GHYHORSPHQW�RI�WKH�SODWIRUP�E\�DGGLQJ�D�QHZ�VLWH�UHVSRQVH�PRGXOH

DQG�QHZ�JRRGQHVV�RI�ILW�PHDVXUHV�E\�0D\KHZ�DQG�2OVHQ��$ORQJ�ZLWK�D�VRXUFH�FRGH�GLVWULEXWLRQ�RI�WKH�%URDGEDQG

3ODWIRUP��ZH�QRZ�RIIHU�D�YLUWXDO�VRIWZDUH�LPDJH�GLVWULEXWLRQ�RI�WKH�SODWIRUP�WR�VXSSRUW�LWV�XVH�RQ�D�YDULHW\�RI�FRPSXWLQJ

KDUGZDUH�DQG�RSHUDWLQJ�V\VWHPV�



)LQDO�,'��,1��%�����

1HZ�GHYHORSPHQWV�DQG�DSSOLFDELOLW\�RI�WKH�&ROODERUDWRU\�IRU�WKH�6WXG\�RI�(DUWKTXDNH�3UHGLFWDELOLW\��&6(3��WHVWLQJ

IUDPHZRUN
0���/LXNLV���; '���6FKRUOHPPHU���; -���<X���; 3��-��0DHFKOLQJ���; -��'��=HFKDU���; 7��+��-RUGDQ���; 
���6RXWKHUQ�&DOLIRUQLD�(DUWKTXDNH�&HQWHU��86&��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��
���6FKZHL]��(UGEHEHQGLHQVW��6('���(7+��=XULFK��6ZLW]HUODQG��

 
%RG\��6RXWKHUQ�&DOLIRUQLD�(DUWKTXDNH�&HQWHU��6&(&��EHJDQ�GHYHORSPHQW�RI�WKH�&ROODERUDWRU\�IRU�WKH�6WXG\�RI

(DUWKTXDNH�3UHGLFWDELOLW\��&6(3��LQ�-DQXDU\�RI������ZLWK�IXQGLQJ�SURYLGHG�E\�WKH�:��0��.HFN�)RXQGDWLRQ��6LQFH�WKDW

WLPH��VFLHQWLVWV�DQG�VRIWZDUH�HQJLQHHUV�KDYH�DSSOLHG�WKH�VFLHQWLILF�DQG�FRPSXWDWLRQDO�SULQFLSOHV�RI�&6(3�WR�GHYHORS

VHYHUDO�RSHUDWLRQDO�WHVWLQJ�FHQWHUV��7KH�:��0��.HFN�)RXQGDWLRQ�7HVWLQJ�&HQWHU�DW�6&(&��GHVLJQHG�WR�FRQGXFW

FRPSXWDWLRQDO�HDUWKTXDNH�IRUHFDVW�H[SHULPHQWV�LQ�&DOLIRUQLD��EHJDQ�RSHUDWLRQV�RQ�6HSWHPEHU���������DQG�KDV�EHHQ

LPSURYHG��RSWLPL]HG��DQG�H[WHQGHG�RYHU�WKH�SDVW�IRXU�\HDUV��7KH�LPSOHPHQWDWLRQ�RI�WKH�6&(&�7HVWLQJ�&HQWHU�KDV

EHHQ�JXLGHG�E\�IRXU�GHVLJQ�JRDOV�SURSRVHG�E\�WKH�5HJLRQDO�(DUWKTXDNH�/LNHOLKRRG�0RGHOV��5(/0��ZRUNLQJ�JURXS�����

&RQWUROOHG�(QYLURQPHQW������7UDQVSDUHQF\������&RPSDUDELOLW\��DQG�����5HSURGXFLELOLW\��%\�PHHWLQJ�WKHVH�JRDOV��WKH

&6(3�WHVWLQJ�IUDPHZRUN�FDQ�SURYLGH�FOHDU�GHVFULSWLRQV�RI�KRZ�DOO�UHJLVWHUHG�HDUWKTXDNH�IRUHFDVWV�DUH�SURGXFHG�DQG

HYDOXDWHG��$V�RI�$XJXVW�������WKHUH�DUH�IRXU�WHVWLQJ�FHQWHUV�HVWDEOLVKHG�DURXQG�WKH�JOREH��ZLWK�����PRGHOV�XQGHU�WHVW�

&6(3�VRIWZDUH�LV�DOVR�DYDLODEOH�IRU�SHUVRQDO�XVH�E\�VFLHQWLVWV�WR�SHUIRUP�LQGHSHQGHQW�VWXG\�DQG�HYDOXDWLRQ�RI�WKHLU

PRGHO�SULRU�VXEPLWWLQJ�LW�WR�WKH�7HVWLQJ�&HQWHU��KWWS���QRUWKULGJH�XVF�HGX�WUDF�FVHS�ZLNL�0LQL&6(3���7KH�6&(&�7HVWLQJ

&HQWHU�KRVWV�LQWHUPHGLDWH�WHUP�DQG�VKRUW�WHUP�DODUP�EDVHG�DQG�UDWH�EDVHG�IRUHFDVWV�IRU�&DOLIRUQLD��WKH�:HVWHUQ

3DFLILF��DQG�D�JOREDO�WHVWLQJ�UHJLRQ��:H�GHVFULEH�KRZ�WKH�&6(3�7HVWLQJ�&HQWHU�DW�6&(&�KDV�EHHQ�FRQVWUXFWHG�WR

PHHW�WKH�GHVLJQ�JRDOV��ZH�DOVR�SUHVHQW�UHFHQW�GHYHORSPHQWV�RI�WKH�7HVWLQJ�&HQWHU�DQG�VKDUH�RXU�H[SHULHQFHV

RSHUDWLQJ�WKH�FHQWHU�VLQFH�LWV�LQFHSWLRQ��$GGLWLRQDOO\��ZH�GLVFXVV�KRZ�WKH�&6(3�LQIUDVWUXFWXUH�LV�QRZ�EHLQJ�DSSOLHG�WR

JHRGHWLF�WUDQVLHQW�GHWHFWLRQ�DQG�HDUWKTXDNH�HDUO\�ZDUQLQJ�H[SHULPHQWV�



)LQDO�,'��6��%�����

6HDUFK�IRU�1RQ�9ROFDQLF�7UHPRU�LQ�WKH�$IWHUPDWK�RI�WKH������0����0DXOH��&KLOH�(DUWKTXDNH
5��-��:DOWHUV���; *��&��%HUR]D���; 6���,GH���; 
���*HRSK\VLFV��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&$��8QLWHG�6WDWHV��
���(DUWK�DQG�3ODQHWDU\�6FLHQFH��8QLYHUVLW\�RI�7RN\R��7RN\R��-DSDQ��

 
%RG\��:H�VHHN�WR�XQGHUVWDQG�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�DUHDO�H[WHQW�RI�QRQ�YROFDQLF�WUHPRU�DQG�VHLVPLF�VOLS�LQ

ODUJH�VXEGXFWLRQ�]RQH�HYHQWV��,GHDOO\��ZH�ZRXOG�VWXG\�DUHDV�ZKHUH�WUHPRU�LV�NQRZQ�WR�RFFXU��DQG�ZKHUH�WKH�VOLS

GLVWULEXWLRQ�LQ�D�ODUJH�HDUWKTXDNH�LV�ZHOO�NQRZQ��KRZHYHU��WKH�VXEGXFWLRQ�]RQHV�ZLWK�WKH�EHVW�FRQVWUDLQWV�RQ�WUHPRU

ORFDWLRQV���&DVFDGLD�DQG�WKH�1DQNDL�7URXJK���KDYH�QRW�VXIIHUHG�UHFHQW�ODUJH�HDUWKTXDNHV���:H�DWWHPSW�WR�VWXG\�WKLV

UHODWLRQVKLS�E\�VHDUFKLQJ�IRU�WUHPRU�XVLQJ�VHLVPLF�GDWD�IURP�WKH�&KLOH�,5,6�5$03�QHWZRUN�WKDW�ZDV�GHSOR\HG

IROORZLQJ�WKH�)HEUXDU\����������0�����0DXOH��&KLOH�HDUWKTXDNH���7KH�&KLOH�5$03�QHWZRUN�FROOHFWHG�GDWD�EHWZHHQ

PLG�0DUFK������WR�WKH�HQG�RI�6HSWHPEHU������LQ�WKH�UHJLRQ�VXUURXQGLQJ�WKH�HSLFHQWHU�RI�WKH�HYHQW���$OWKRXJK�QRQ�

YROFDQLF�WUHPRU�KDV�QRW�\HW�EHHQ�UHSRUWHG�QHDU�WKH�0DXOH�PDLQVKRFN�]RQH��LW�PD\�KDYH�EHHQ�REVHUYHG�WR�WKH�QRUWK�RI

WKH�&KLOH�7ULSOH�-XQFWLRQ��*DOOHJR�HW�DO����������:H�DSSO\�ZDYHIRUP�HQYHORSH�DQDO\VLV�WR�WKH�5$03�GDWD��DQG

EHFDXVH�RI�WKH�VHQVLWLYLW\�RI�WKLV�DSSURDFK�WR�DIWHUVKRFNV��ZH�FRQFHQWUDWH�RQ�GDWD�WRZDUGV�WKH�HQG�RI�WKH�GHSOR\PHQW�

%\�LGHQWLI\LQJ�DQ\�SRVVLEOH�QRQ�YROFDQLF�WUHPRU�LQ�WKH�6RXWK�$PHULFDQ�VXEGXFWLRQ�]RQH��ZH�KRSH�WR�EHWWHU�XQGHUVWDQG

LI�WKHUH�LV�D�UHODWLRQVKLS�EHWZHHQ�WUHPRU�DQG�PDLQVKRFN�VOLS�
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6HDUFK�IRU�1RQ�9ROFDQLF�7UHPRU�LQ�WKH�$IWHUPDWK�RI�WKH������0����0DXOH��&KLOH�(DUWKTXDNH
5��-��:DOWHUV���; *��&��%HUR]D���; 6���,GH���; 
���*HRSK\VLFV��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&$��8QLWHG�6WDWHV��
���(DUWK�DQG�3ODQHWDU\�6FLHQFH��8QLYHUVLW\�RI�7RN\R��7RN\R��-DSDQ��

 
%RG\��:H�VHHN�WR�XQGHUVWDQG�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�DUHDO�H[WHQW�RI�QRQ�YROFDQLF�WUHPRU�DQG�VHLVPLF�VOLS�LQ

ODUJH�VXEGXFWLRQ�]RQH�HYHQWV��,GHDOO\��ZH�ZRXOG�VWXG\�DUHDV�ZKHUH�WUHPRU�LV�NQRZQ�WR�RFFXU��DQG�ZKHUH�WKH�VOLS

GLVWULEXWLRQ�LQ�D�ODUJH�HDUWKTXDNH�LV�ZHOO�NQRZQ��KRZHYHU��WKH�VXEGXFWLRQ�]RQHV�ZLWK�WKH�EHVW�FRQVWUDLQWV�RQ�WUHPRU

ORFDWLRQV���&DVFDGLD�DQG�WKH�1DQNDL�7URXJK���KDYH�QRW�VXIIHUHG�UHFHQW�ODUJH�HDUWKTXDNHV���:H�DWWHPSW�WR�VWXG\�WKLV

UHODWLRQVKLS�E\�VHDUFKLQJ�IRU�WUHPRU�XVLQJ�VHLVPLF�GDWD�IURP�WKH�&KLOH�,5,6�5$03�QHWZRUN�WKDW�ZDV�GHSOR\HG

IROORZLQJ�WKH�)HEUXDU\����������0�����0DXOH��&KLOH�HDUWKTXDNH���7KH�&KLOH�5$03�QHWZRUN�FROOHFWHG�GDWD�EHWZHHQ

PLG�0DUFK������WR�WKH�HQG�RI�6HSWHPEHU������LQ�WKH�UHJLRQ�VXUURXQGLQJ�WKH�HSLFHQWHU�RI�WKH�HYHQW���$OWKRXJK�QRQ�

YROFDQLF�WUHPRU�KDV�QRW�\HW�EHHQ�UHSRUWHG�QHDU�WKH�0DXOH�PDLQVKRFN�]RQH��LW�PD\�KDYH�EHHQ�REVHUYHG�WR�WKH�QRUWK�RI

WKH�&KLOH�7ULSOH�-XQFWLRQ��*DOOHJR�HW�DO����������:H�DSSO\�ZDYHIRUP�HQYHORSH�DQDO\VLV�WR�WKH�5$03�GDWD��DQG

EHFDXVH�RI�WKH�VHQVLWLYLW\�RI�WKLV�DSSURDFK�WR�DIWHUVKRFNV��ZH�FRQFHQWUDWH�RQ�GDWD�WRZDUGV�WKH�HQG�RI�WKH�GHSOR\PHQW�

%\�LGHQWLI\LQJ�DQ\�SRVVLEOH�QRQ�YROFDQLF�WUHPRU�LQ�WKH�6RXWK�$PHULFDQ�VXEGXFWLRQ�]RQH��ZH�KRSH�WR�EHWWHU�XQGHUVWDQG

LI�WKHUH�LV�D�UHODWLRQVKLS�EHWZHHQ�WUHPRU�DQG�PDLQVKRFN�VOLS�
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$XWR�FRUUHODWLRQ�&OXVWHULQJ�(YHQW�'HWHFWLRQ�$SSOLHG�WR�7HFWRQLF�7UHPRU
$��&��$JXLDU���; *��&��%HUR]D���; 
���*HRSK\VLFV��6WDQIRUG��6WDQIRUG��&$��8QLWHG�6WDWHV��

 
%RG\��:H�H[SORLW�WKH�IDFW�WKDW�WHFWRQLF�WUHPRU�KDV�EHHQ�VKRZQ�WR�EH�FRPSULVHG�RI�IUHTXHQWO\�RFFXUULQJ�DQG�UHSHDWLQJ

ORZ�IUHTXHQF\�HDUWKTXDNHV��/)(V��WR�LGHQWLI\�WKRVH�HYHQWV���:H�UHIHU�WR�WKLV�DSSURDFK�DV�WKH�DXWR�FRUUHODWLRQ

FOXVWHULQJ�GHWHFWLRQ�PHWKRG�EHFDXVH�LW�EXLOGV�RQ�WKH�DXWR�FRUUHODWLRQ�DSSURDFK�RI�%URZQ�HW�DO���������ZKLFK�GHWHFWV

HYHQWV�EDVHG�RQ�SDLU�ZLVH�PDWFKLQJ���2XU�PHWKRG�WDNHV�DGYDQWDJH�RI�WKH�IDFW�WKDW�FRPPRQ�VLJQDOV�UHSHDW�PDQ\�WLPHV

ZLWKLQ�WKH�WUHPRU�VLJQDO���7KLV�PHWKRG�LV�DSSOLHG�WR����KRXUV�RI�GDWD�GXULQJ�WKH�$SULO�������WUHPRU�HSLVRGH�LQ�WKH

1DQNDL�7URXJK�LQ�6:�-DSDQ��:H�DQDO\]H���KRXU�SHULRGV�DW�D�WLPH�E\�DXWR�FRUUHODWLQJ���V�ZLQGRZV�VKLIWHG���VDPSOHV

HDFK��:H�WKHQ�VKLIW����PLQXWHV�DKHDG�RI�WKH�SUHYLRXVO\�DQDO\]HG�KRXU�DQG�FDUU\�GHWHFWLRQV�XQWLO�WKH����KRXUV�RI�GDWD

DUH�FRPSOHWHG��:H�DSSO\�D���VLJPD�GHWHFWLRQ�WKUHVKROG�WR�ILQG�LQGLYLGXDO�PDWFKHV��WKHQ�WDOO\�WKH�QXPEHU�RI�GHWHFWLRQV

IRU�HDFK�ZLQGRZ�DQG�XVH�WKLV�DV�RXU�WHVW�VWDWLVWLF���)RU�EDQG�OLPLWHG�*DXVVLDQ�ZKLWH�QRLVH��WKH�QXPEHU�RI�GHWHFWLRQV

VKRXOG�IROORZ�D�ELQRPLDO�GLVWULEXWLRQ�JRYHUQHG�E\�WKH�DVVXPHG�GHWHFWLRQ�WKUHVKROG��:H�XVH�WKLV�QXOO�K\SRWKHVLV�WR�WHVW

WKH�VLJQLILFDQFH�RI�WKH�GHWHFWLRQ�RI�D�FDQGLGDWH�/)(�IDPLO\���2XU�PHWKRG�SODFHV�WKH�GHWHFWLRQ�RI�/)(�IDPLOLHV�RQ�D

VRXQG�VWDWLVWLFDO�EDVLV���,W�VKRXOG�LPSURYH�RXU�DELOLW\�WR�GHWHFW�/)(V�ZLWKLQ�ZHDN�WUHPRU�VLJQDOV�DQG�ZLOO�OLNHO\�EH

DSSOLFDEOH�WR�RWKHU�HDUWKTXDNH�VZDUPV��
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7UDFNLQJ�(DUWKTXDNH�&DVFDGHV��,QYLWHG�
7��+��-RUGDQ���; 
���'HSW�RI�(DUWK�6FLHQFHV�=+6������8QLY�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��,Q�DVVHVVLQJ�WKHLU�ULVN�WR�VRFLHW\��HDUWKTXDNHV�DUH�EHVW�FKDUDFWHUL]HG�DV�FDVFDGHV�WKDW�FDQ�SURSDJDWH�IURP�WKH

QDWXUDO�HQYLURQPHQW�LQWR�WKH�VRFLR�HFRQRPLF��EXLOW��HQYLURQPHQW��6WURQJ�HDUWKTXDNHV�UDUHO\�RFFXU�DV�LVRODWHG�HYHQWV�

WKH\�XVXDOO\�FOXVWHU�LQ�IRUHVKRFN�PDLQVKRFN�DIWHUVKRFN�VHTXHQFHV��VHLVPLF�VZDUPV��DQG�H[WHQGHG�VHTXHQFHV�RI�ODUJH

HDUWKTXDNHV�WKDW�SURSDJDWH�DORQJ�PDMRU�IDXOW�V\VWHPV��7KHVH�FDVFDGHV�DUH�UHJXODWHG�E\�VWUHVV�PHGLDWHG�LQWHUDFWLRQV

DPRQJ�IDXOWV�GULYHQ�E\�WHFWRQLF�ORDGLQJ��:LWKLQ�WKHVH�FDVFDGHV��HDFK�ODUJH�HYHQW�FDQ�LWVHOI�FDXVH�D�FKDLQ�UHDFWLRQ�LQ

ZKLFK�WKH�SULPDU\�HIIHFWV�RI�IDXOWLQJ�DQG�JURXQG�VKDNLQJ�LQGXFH�VHFRQGDU\�HIIHFWV��LQFOXGLQJ�WVXQDPL��ODQGVOLGHV�

OLTXHIDFWLRQ��DQG�VHW�RII�GHVWUXFWLYH�SURFHVVHV�ZLWKLQ�WKH�EXLOW�HQYLURQPHQW��VXFK�DV�ILUHV�DQG�UDGLDWLRQ�OHDNDJH�IURP

QXFOHDU�SODQWV��5HFHQW�HDUWKTXDNHV�KDYH�GHPRQVWUDWHG�KRZ�WKH�VRFLR�HFRQRPLF�HIIHFWV�RI�ODUJH�HDUWKTXDNHV�FDQ

UHYHUEHUDWH�IRU�PDQ\�\HDUV�

7R�UHGXFH�HDUWKTXDNH�ULVN�DQG�LPSURYH�WKH�UHVLOLHQF\�RI�FRPPXQLWLHV�WR�HDUWKTXDNH�GDPDJH��VRFLHW\�GHSHQGV�RQ�ILYH

JHRWHFKQRORJLHV�IRU�WUDFNLQJ�HDUWKTXDNH�FDVFDGHV��ORQJ�WHUP�SUREDELOLVWLF�VHLVPLF�KD]DUG�DQDO\VLV��36+$���VKRUW�WHUP

�RSHUDWLRQDO��HDUWKTXDNH�IRUHFDVWLQJ��HDUWKTXDNH�HDUO\�ZDUQLQJ��WVXQDPL�ZDUQLQJ��DQG�WKH�UDSLG�SURGXFWLRQ�RI�SRVW�

HYHQW�LQIRUPDWLRQ�IRU�UHVSRQVH�DQG�UHFRYHU\��VHH�ILJXUH���,Q�WKLV�SUHVHQWDWLRQ��,�GHVFULEH�KRZ�UHFHQW�DGYDQFHV�LQ

HDUWKTXDNH�V\VWHP�VFLHQFH�DUH�OHDGLQJ�WR�LPSURYHPHQWV�LQ�WKLV�JHRWHFKQRORJ\�SLSHOLQH��,Q�SDUWLFXODU��,�ZLOO�KLJKOLJKW

WKH�UROH�RI�HDUWKTXDNH�VLPXODWLRQV�LQ�SUHGLFWLQJ�VWURQJ�JURXQG�PRWLRQV�DQG�WKHLU�VHFRQGDU\�HIIHFWV�EHIRUH�DQG�GXULQJ

HDUWKTXDNH�FDVFDGHV

6LQJOH�HYHQW�HDUWKTXDNH�FDVFDGH�VKRZLQJ�ILYH�JHRWHFKQRORJLHV�XVHIXO�IRU�DQWLFLSDWLQJ�DQG�UHVSRQGLQJ�WR�HYHQWV
GXULQJ�WKH�FDVDFGH��=HUR�WLPH�LV�WKH�RULJLQ�WLPH�RI�WKH�HDUWKTXDNH�



)LQDO�,'��6��$�����

$SSOLFDWLRQ�RI�6HFRQG�0RPHQW�6RXUFH�$QDO\VLV�WR�7KUHH�3UREOHPV�LQ�(DUWKTXDNH�)RUHFDVWLQJ
-���'RQRYDQ���; 7��+��-RUGDQ���; 
���(DUWK�6FLHQFHV��8QLY��RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��7KRXJK�HDUWKTXDNH�IRUHFDVWLQJ�PRGHOV�KDYH�RIWHQ�UHSUHVHQWHG�VHLVPLF�VRXUFHV�DV�VSDFH�WLPH�SRLQWV��XVXDOO\

K\SRFHQWHUV���D�PRUH�FRPSOHWH�KD]DUG�DQDO\VLV�UHTXLUHV�WKH�FRQVLGHUDWLRQ�RI�ILQLWH�VRXUFH�HIIHFWV��VXFK�DV�UXSWXUH

H[WHQW��RULHQWDWLRQ��GLUHFWLYLW\��DQG�VWUHVV�GURS��7KH�PRVW�FRPSDFW�VRXUFH�UHSUHVHQWDWLRQ�WKDW�LQFOXGHV�WKHVH�HIIHFWV�LV

WKH�ILQLWH�PRPHQW�WHQVRU��)07���ZKLFK�DSSUR[LPDWHV�WKH�GHJUHH�WZR�SRO\QRPLDO�PRPHQWV�RI�WKH�VWUHVV�JOXW�E\�LWV

SURMHFWLRQ�RQWR�WKH�VHLVPLF��GHJUHH�]HUR��PRPHQW�WHQVRU��7KLV�SURMHFWLRQ�\LHOGV�D�VFDODU�VSDFH�WLPH�VRXUFH�IXQFWLRQ

ZKRVH�GHJUHH�RQH�PRPHQWV�GHILQH�WKH�FHQWURLG�PRPHQW�WHQVRU��&07��DQG�ZKRVH�GHJUHH�WZR�PRPHQWV�GHILQH�WKH

)07��:H�DSSO\�WKLV�ILQLWH�VRXUFH�SDUDPHWHUL]DWLRQ�WR�WKUHH�IRUHFDVWLQJ�SUREOHPV��7KH�ILUVW�LV�WKH�TXHVWLRQ�RI

K\SRFHQWHU�ELDV��FDQ�ZH�UHMHFW�WKH�QXOO�K\SRWKHVLV�WKDW�WKH�FRQGLWLRQDO�SUREDELOLW\�RI�K\SRFHQWHU�ORFDWLRQ�LV�XQLIRUPO\

GLVWULEXWHG�RYHU�WKH�UXSWXUH�DUHD"�7KLV�K\SRWKHVLV�LV�FXUUHQWO\�XVHG�WR�VSHFLI\�UXSWXUH�VHWV�LQ�WKH�ಯH[WHQGHGರ

HDUWKTXDNH�IRUHFDVWV�WKDW�GULYH�VLPXODWLRQ�EDVHG�KD]DUG�PRGHOV��VXFK�DV�&\EHU6KDNH��)ROORZLQJ�0F*XLUH�HW�DO�

��������ZH�WHVW�WKH�K\SRWKHVLV�XVLQJ�WKH�GLVWULEXWLRQ�RI�)07�GLUHFWLYLW\�UDWLRV�FDOFXODWHG�IURP�D�JOREDO�GDWD�VHW�RI

VRXUFH�VOLS�LQYHUVLRQV��7KH�VHFRQG�LV�WKH�TXHVWLRQ�RI�VRXUFH�LGHQWLILFDWLRQ��JLYHQ�DQ�REVHUYHG�)07��DQG�LWV�HUURUV���FDQ

ZH�LGHQWLI\�LW�ZLWK�DQ�)07�LQ�WKH�FRPSOHWH�UXSWXUH�VHW�WKDW�UHSUHVHQWV�DQ�H[WHQGHG�IDXOW�EDVHG�UXSWXUH�IRUHFDVW"

6ROYLQJ�WKLV�SUREOHP�ZLOO�IDFLOLWDWH�RSHUDWLRQDO�HDUWKTXDNH�IRUHFDVWLQJ��ZKLFK�UHTXLUHV�WKH�UDSLG�XSGDWLQJ�RI�HDUWKTXDNH

WULJJHULQJ�DQG�FOXVWHULQJ�PRGHOV��2XU�SURSRVHG�PHWKRG�XVHV�WKH�VHFRQG�RUGHU�XQFHUWDLQWLHV�DV�D�QRUP�RQ�WKH�)07

SDUDPHWHU�VSDFH�WR�LGHQWLI\�WKH�FORVHVW�PHPEHU�RI�WKH�K\SRWKHWLFDO�UXSWXUH�VHW�DQG�WR�WHVW�ZKHWKHU�WKLV�FORVHVW

PHPEHU�LV�DQ�DGHTXDWH�UHSUHVHQWDWLRQ�RI�WKH�REVHUYHG�HYHQW��)LQDOO\��ZH�DGGUHVV�WKH�DIWHUVKRFN�H[FLWDWLRQ�SUREOHP�

JLYHQ�D�PDLQVKRFN��ZKDW�LV�WKH�VSDWLDO�GLVWULEXWLRQ�RI�DIWHUVKRFN�SUREDELOLWLHV"�7KH�)07�UHSUHVHQWDWLRQ�DOORZV�XV�WR

JHQHUDOL]H�WKH�PRGHOV�W\SLFDOO\�XVHG�IRU�WKLV�SXUSRVH��H�J���PDUNHG�SRLQW�SURFHVV�PRGHOV��VXFK�DV�(7$6���ZKLFK�ZLOO

DJDLQ�EH�QHFHVVDU\�LQ�RSHUDWLRQDO�HDUWKTXDNH�IRUHFDVWLQJ��7R�TXDQWLI\�DIWHUVKRFN�SUREDELOLWLHV��ZH�FRPSDUH

PDLQVKRFN�)07V�ZLWK�WKH�ILUVW�DQG�VHFRQG�VSDWLDO�PRPHQWV�RI�ZHLJKWHG�DIWHUVKRFN�K\SRFHQWHUV��:H�ZLOO�GHVFULEH

DSSOLFDWLRQV�RI�WKHVH�UHVXOWV�WR�WKH�8QLIRUP�&DOLIRUQLD�(DUWKTXDNH�5XSWXUH�)RUHFDVW��YHUVLRQ����ZKLFK�LV�QRZ�XQGHU

GHYHORSPHQW�E\�WKH�:RUNLQJ�*URXS�RQ�&DOLIRUQLD�(DUWKTXDNH�3UREDELOLWLHV�
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'LVFULPLQDWLQJ�7HFWRQLF�7UHPRU�IURP�0DJPDWLF�3URFHVVHV�LQ�2EVHUYDWLRQDOO\�&KDOOHQJLQJ�(QYLURQPHQWV
-��5��%URZQ���; *��&��%HUR]D���; 
���*HRSK\VLFV��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&$��8QLWHG�6WDWHV��

 
%RG\��'HHS�WHFWRQLF�WUHPRU�LV�D�ORQJ�GXUDWLRQ��ORZ�DPSOLWXGH�VLJQDO�WKDW�KDV�EHHQ�VKRZQ�WR�FRQVLVW�RI�ORZ�IUHTXHQF\

HDUWKTXDNHV��/)(V��RQ�WKH�SODWH�LQWHUIDFH�LQ�VXEGXFWLRQ�]RQHV��'HWHFWLQJ�/)(V�IURP�WUHPRU�OLNH�VLJQDOV�LQ�VXEGXFWLRQ

VHWWLQJV�FDQ�EH�FKDOOHQJLQJ�GXH�WR�WKH�FRPELQDWLRQ�RI�YROFDQLF�VHLVPLFLW\�DQG�VSDUVH�VWDWLRQ�JHRPHWU\��7KLV�LV

SDUWLFXODUO\�WUXH�IRU�LVODQG�DUFV�VXFK�DV�WKH�$ODVND�$OHXWLDQ�VXEGXFWLRQ�]RQH�ZKHUH�WKH�LVODQGV�DUH�VPDOO�DQG�QRLVH

OHYHOV�DUH�KLJK��:H�KDYH�GHWHFWHG�DQG�ORFDWHG�/)(V�ZLWKLQ�WUHPRU�VLJQDOV�DORQJ�WKH�$ODVND�$OHXWLDQ�$UF�LQ�IRXU

ORFDWLRQV��.RGLDN�,VODQG��$ODVND�3HQLQVXOD��HDVWHUQ�$OHXWLDQV��DQG�WKH�$QGUHDQRI�,VODQGV��,Q�DOO�DUHDV��WKH�/)(V�DUH

ORFDWHG�������NP�WUHQFKZDUG�RI�WKH�YROFDQLF�FKDLQ�DW�GHSWKV�UDQJLQJ�IURP�������NP��/RFDWLRQ�HUURUV�DUH�VLJQLILFDQW

��������NP�LQ�GHSWK��GXH�WR�VSDUVH�VWDWLRQ�JHRPHWU\�VXFK�WKDW�WKHUH�LV�WKH�SRVVLELOLW\�WKDW�WKH�WUHPRU�FRXOG�EH

DVVRFLDWHG�ZLWK�QHDUE\�YROFDQRHV��6LQFH�PRVW�GRFXPHQWHG�YROFDQLF�WUHPRU�LV�ORFDWHG�LQ�WKH�VKDOORZ�FUXVW��LW�FDQ�RIWHQ

EH�GLVFULPLQDWHG�IURP�WHFWRQLF�WUHPRU�VLPSO\�EDVHG�RQ�ORFDWLRQ��+RZHYHU��GHHS�YROFDQLF�WUHPRU�KDV�EHHQ�GRFXPHQWHG

LQ�+DZDLL�WR�GHSWKV�RI����NP�DQG�FRXOG�EH�PRUH�ZLGHVSUHDG��,Q�WKH�$OHXWLDQ�DUF��GHHS�ORQJ�SHULRG�HYHQWV��'/3V��

ZKLFK�DUH�WKRXJKW�WR�UHVXOW�IURP�WKH�PRYHPHQW�RI�PDJPD�DQG�YRODWLOHV��KDYH�EHHQ�ORFDWHG�DV�GHHS�DV����NP�DQG

VRPHWLPHV�UHVHPEOH�WUHPRU�OLNH�VLJQDOV�

�

�7KH�VSHFWUDO�FKDUDFWHU�LV�DQRWKHU�SRWHQWLDO�GLVFULPLQDQW��:H�FRPSDUH�WKH�FHSVWUD��)RXULHU�WUDQVIRUP�RI�WKH�ORJDULWKPLF

SRZHU�VSHFWUXP�RI�D�WLPH�VHULHV��RI�WKH�WHFWRQLF�WUHPRU�OLNH�VLJQDOV�/)(V�DQG�'/3V�DVVRFLDWHG�ZLWK�YROFDQRHV��6RXUFH

FKDUDFWHULVWLFV�RI�'/3V��QRQ�VKHDU�VOLS��DQG�WHFWRQLF�WUHPRU�/)(V��VKHDU�VOLS��DUH�GLVWLQFW�DQG�VKRXOG�EH�QRWLFHDEOH�LQ

WKH�FHSVWUDO�GRPDLQ��7KLV�DSSURDFK�RI�XVLQJ�WUHPRU�ORFDWLRQV�DQG�FHSVWUDO�DQDO\VLV�FRXOG�EH�XVHIXO�IRU�GHWHFWLQJ�DQG

GLIIHUHQWLDWLQJ�WHFWRQLF�WUHPRU�IURP�GHHS�YROFDQLF�SURFHVVHV�LQ�RWKHU�LVODQG�DUFV�DV�ZHOO�
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6KDNLQJ�DQG�IORRGLQJ�E\�WKH�7RKRNX�2NL�(DUWKTXDNH
6���:HL���; '��9��+HOPEHUJHU���; 5��:��*UDYHV���; +���.DQDPRUL���; -���$YRXDF���; 
���*HRORJLFDO�DQG�3ODQHWDU\�6FLHQFHV��&DOWHFK��3DVDGHQD��&$��8QLWHG�6WDWHV��
���86*6��3DVDGHQD��&$��8QLWHG�6WDWHV��

 
%RG\��/DUJH�VXEGXFWLRQ�]RQH�HDUWKTXDNHV�SRVH�RQH�RI�WKH�JUHDWHVW�QDWXUH�KD]DUGV�WR�PDQNLQG��HLWKHU�E\�VKDNLQJ

GRZQ�VWUXFWXUHV�DQG�RU�IORRGLQJ��5XSWXUH�SURSHUWLHV�RI�WKHVH�UDUH�HYHQWV�DUH�SRRUO\�XQGHUVWRRG��HVSHFLDOO\

WVXQDPLJHQLF�HDUWKTXDNHV�ZLWK�OLWWOH�SUH�VKDNLQJ�VXFK�DV�WKH������6DQULNX�HDUWKTXDNH��7KH�ZHOO�UHFRUGHG�7RKRNX�2NL

HDUWKTXDNH�VKHGV�VRPH�QHZ�OLJKW�RQ�WKHVH�LVVXHV��+HUH�ZH�GRFXPHQW�WKH�KLVWRU\�RI�WKH�UXSWXUH�IURP�WKH�LQYHUVLRQ�RI

DFFHOHURPHWULF�ZDYHIRUP�GDWD�DQG�KLJK�UDWH�*36�GDWD��2XU�UHVXOWV�GHPRQVWUDWH�WKDW�WKH�IORRGLQJ�ZDV�FDXVHG�E\�WKH

VKDOORZ�UXSWXUHG��0Za���SRUWLRQ�FORVH�WR�WKH�WUHQFK�ZKLOH�WKH�VKDNLQJ�FDPH�IURP�UXSWXUHV�DW�GHSWK�!��NP�ZLWK�D

UHODWLYHO\�VPDOO�PDJQLWXGH��0Za������6HYHUDO�GHHS�SRFNHWV�RI�KLJK�IUHTXHQF\�HQHUJ\�UHOHDVH�FDQ�EH�UHVROYHG��ZKLFK

FRUUHVSRQG�WR�ORFDWLRQV�SUHGLFWHG�IURP�EDFN�SURMHFWLRQ��7KH�3HDN�*URXQG�9HORFLW\��3*9��UHFRUGHG�E\�RYHU�����

VWURQJ�PRWLRQV�DQG�a����KLJK�UDWH�*36�VWDWLRQV�LV�QLFHO\�FRUUHODWHG�ZLWK�JHRORJLFDO�VWUXFWXUH��WRSRJUDSK\���6HSDUDWLRQ

RI�WKH�ZDYHILHOG�LQWR�XSJRLQJ�DQG�GRZQJRLQJ�HQHUJ\�LQGLFDWHV�WKDW�WKH�VKDNLQJ�RQ�WKH�LVODQG�LV�PDLQO\�FRQWUROOHG�E\

XSJRLQJ�HQHUJ\��)RUZDUG�FDOFXODWLRQ�LQGLFDWHV�WKDW�WKH�VKDOORZ�EDVLQ�VWUXFWXUH�FRXOG�DPSOLI\�WKH�JURXQG�VKDNLQJ�DQG

VRPH�RI�WKH�KLJK�IUHTXHQF\�DUULYDOV�FRXOG�EH�H[SODLQHG�E\�XVLQJ�D�PRGLILHG�VRXUFH�WLPH�IXQFWLRQ�ZKLFK�VXJJHVWV�D

SXOVH�OLNH�UXSWXUH�
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$�'LVFUHWH�(OHPHQW�0RGHOLQJ�$SSURDFK�WR�([SORULQJ�WKH�7UDQVLWLRQ�%HWZHHQ�)DXOW�UHODWHG�)ROGLQJ�6W\OHV
$��1��+XJKHV���; 1��3��%HQHVK���; 5��&��$OW�,,���; -��+��6KDZ���; 
���'HSDUWPHQW�RI�(DUWK�DQG�3ODQHWDU\�6FLHQFHV��+DUYDUG�8QLYHUVLW\��&DPEULGJH��0$��8QLWHG�6WDWHV��

 
%RG\��&RQWUDFWLRQDO�IDXOW�UHODWHG�IROGV�IRUP�DV�VWUDWLJUDSKLF�OD\HUV�RI�URFN�DUH�GHIRUPHG�GXH�WR�GLVSODFHPHQW�RQ�DQ

XQGHUO\LQJ�IDXOW���6SHFLILFDOO\��IDXOW�EHQG�IROGV�IRUP�DV�URFN�VWUDWD�DUH�GLVSODFHG�RYHU�QRQ�SODQDU�IDXOWV��DQG�IDXOW�

SURSDJDWLRQ�IROGV�IRUP�DW�WKH�WLSV�RI�IDXOWV�DV�WKH\�SURSDJDWH�XSZDUG�WKURXJK�VHGLPHQWDU\�OD\HUV���%RWK�W\SHV�RI

VWUXFWXUHV�DUH�FRPPRQO\�REVHUYHG�LQ�IROG�DQG�WKUXVW�EHOWV�DQG�SDVVLYH�PDUJLQ�VHWWLQJV�WKURXJKRXW�WKH�ZRUOG���)DXOW�

EHQG�DQG�IDXOW�SURSDJDWLRQ�IROGV�DUH�RIWHQ�VHHQ�LQ�FORVH�SUR[LPLW\�WR�HDFK�RWKHU��DQG�NLQHPDWLF�DQDO\VLV�RI�VRPH�IDXOW�

UHODWHG�IROGV�VXJJHVWV�WKDW�WKH\�KDYH�XQGHUJRQH�D�WUDQVLWLRQ�LQ�VWUXFWXUDO�VW\OH�IURP�IDXOW�EHQG�WR�IDXOW�SURSDJDWLRQ

IROGLQJ�GXULQJ�WKHLU�GHIRUPDWLRQDO�KLVWRU\���%HFDXVH�RI�WKH�VLPLODULW\�LQ�FRQGLWLRQV�LQ�ZKLFK�ERWK�IDXOW�EHQG�DQG�IDXOW�

SURSDJDWLRQ�IROGV�DUH�IRXQG��WKH�FLUFXPVWDQFHV�WKDW�SURPRWH�WKH�IRUPDWLRQ�RI�RQH�RI�WKHVH�VWUXFWXUDO�VW\OHV�RYHU�WKH

RWKHU�LV�QRW�LPPHGLDWHO\�HYLGHQW�

�

,Q�DQ�HIIRUW�WR�EHWWHU�XQGHUVWDQG�WKLV�LVVXH��ZH�KDYH�LQYHVWLJDWHG�WKH�UROH�RI�PHFKDQLFDO�DQG�JHRPHWULF�IDFWRUV�LQ�WKH

WUDQVLWLRQ�EHWZHHQ�IDXOW�EHQG�IROGLQJ�DQG�IDXOW�SURSDJDWLRQ�IROGLQJ�XVLQJ�D�VHULHV�RI�PRGHOV�GHYHORSHG�ZLWK�WKH

GLVFUHWH�HOHPHQW�PHWKRG��'(0����7KH�'(0�PRGHOV�HPSOR\�DQ�DJJUHJDWH�RI�FLUFXODU��IULFWLRQDO�GLVNV�WKDW�LQFRUSRUDWH

ERQGLQJ�DW�SDUWLFOH�FRQWDFWV�WR�UHSUHVHQW�WKH�QXPHULFDO�VWUDWLJUDSK\���$�YHUWLFDO�ZDOO�PRYLQJ�DW�D�IL[HG�YHORFLW\�GULYHV

GLVSODFHPHQW�RI�WKH�KDQJLQJ�ZDOO�VHFWLRQ�DORQJ�D�SUH�GHILQHG�IDXOW�UDPS�DQG�GHWDFKPHQW���:H�XWLOL]H�WKLV�VHWXS�WR

VWXG\�WKH�WUDQVLWLRQ�EHWZHHQ�IDXOW�EHQG�DQG�IDXOW�SURSDJDWLRQ�IROGLQJ�E\�YDU\LQJ�PHFKDQLFDO�VWUHQJWK��VWUDWLJUDSKLF

OD\HULQJ��IDXOW�JHRPHWULHV��DQG�ERXQGDU\�FRQGLWLRQV�RI�WKH�PRGHO�

�

,Q�PRVW�FLUFXPVWDQFHV��GLVSODFHPHQW�RI�WKH�KDQJLQJ�ZDOO�OHDGV�WR�WKH�GHYHORSPHQW�RI�DQ�HPHUJHQW�IROG�DV�WKH

KDQJLQJ�ZDOO�PDWHULDO�SDVVHV�DFURVV�WKH�IDXOW�EHQG���+RZHYHU��LQ�RWKHU�FDVHV��DQ�HPHUJHQW�IDXOW�SURSDJDWHV�XSZDUG

WKURXJK�WKH�VHGLPHQWDU\�VHFWLRQ��DVVRFLDWHG�ZLWK�WKH�GHYHORSPHQW�RI�D�VWHHS��QDUURZ�IURQW�OLPE��FKDUDFWHULVWLF�RI�IDXOW�

SURSDJDWLRQ�IROGLQJ���:H�ILQG�WKDW�WKH�ERXQGDU\�FRQGLWLRQV�LPSRVHG�RQ�WKH�IDU�ZDOO�RI�WKH�PRGHO�KDYH�WKH�VWURQJHVW

LQIOXHQFH�RQ�VWUXFWXUDO�VW\OH��EXW�WKDW�RWKHU�IDFWRUV��VXFK�DV�IDXOW�GLS�DQG�PHFKDQLFDO�VWUHQJWKV��SOD\�VHFRQGDU\�UROHV�

%\�WHVWLQJ�D�UDQJH�RI�YDOXHV�IRU�HDFK�RI�WKH�SDUDPHWHUV��ZH�DUH�DEOH�WR�LGHQWLI\�WKH�UDQJH�RI�YDOXHV�XQGHU�ZKLFK�WKH

WUDQVLWLRQ�RFFXUV���$GGLWLRQDOO\��ZH�ILQG�WKDW�WKH�WUDQVLWLRQ�EHWZHHQ�IDXOW�EHQG�DQG�IDXOW�SURSDJDWLRQ�IROGLQJ�LV�JUDGXDO�

ZLWK�VWUXFWXUHV�LQ�WKH�WUDQVLWLRQDO�UHJLPH�VKRZLQJ�HYLGHQFH�RI�HDFK�VWUXFWXUDO�VW\OH�GXULQJ�D�SRUWLRQ�RI�WKHLU�KLVWRU\�

�

7KH�SULPDU\�UROH�WKDW�ERXQGDU\�FRQGLWLRQV�SOD\�LQ�GHWHUPLQLQJ�IDXOW�UHODWHG�IROGLQJ�VW\OH�LPSOLHV�WKDW�WKH�JURZWK�RI

QDWXUDO�VWUXFWXUHV�PD\�EH�DIIHFWHG�E\�WKH�HPHUJHQFH�RI�DGMDFHQW�VWUXFWXUHV��RU�LQ�GLVWDO�YDULDWLRQV�LQ�GHWDFKPHQW

VWUHQJWKV��:H�H[SORUH�WKHVH�UHODWLRQVKLSV�XVLQJ�QDWXUDO�H[DPSOHV�IURP�YDULRXV�IROG�DQG�WKUXVW�EHOWV�
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$�'LVFUHWH�(OHPHQW�0RGHOLQJ�$SSURDFK�WR�([SORULQJ�WKH�7UDQVLWLRQ�%HWZHHQ�)DXOW�UHODWHG�)ROGLQJ�6W\OHV
$��1��+XJKHV���; 1��3��%HQHVK���; 5��&��$OW�,,���; -��+��6KDZ���; 
���'HSDUWPHQW�RI�(DUWK�DQG�3ODQHWDU\�6FLHQFHV��+DUYDUG�8QLYHUVLW\��&DPEULGJH��0$��8QLWHG�6WDWHV��

 
%RG\��&RQWUDFWLRQDO�IDXOW�UHODWHG�IROGV�IRUP�DV�VWUDWLJUDSKLF�OD\HUV�RI�URFN�DUH�GHIRUPHG�GXH�WR�GLVSODFHPHQW�RQ�DQ

XQGHUO\LQJ�IDXOW���6SHFLILFDOO\��IDXOW�EHQG�IROGV�IRUP�DV�URFN�VWUDWD�DUH�GLVSODFHG�RYHU�QRQ�SODQDU�IDXOWV��DQG�IDXOW�

SURSDJDWLRQ�IROGV�IRUP�DW�WKH�WLSV�RI�IDXOWV�DV�WKH\�SURSDJDWH�XSZDUG�WKURXJK�VHGLPHQWDU\�OD\HUV���%RWK�W\SHV�RI

VWUXFWXUHV�DUH�FRPPRQO\�REVHUYHG�LQ�IROG�DQG�WKUXVW�EHOWV�DQG�SDVVLYH�PDUJLQ�VHWWLQJV�WKURXJKRXW�WKH�ZRUOG���)DXOW�

EHQG�DQG�IDXOW�SURSDJDWLRQ�IROGV�DUH�RIWHQ�VHHQ�LQ�FORVH�SUR[LPLW\�WR�HDFK�RWKHU��DQG�NLQHPDWLF�DQDO\VLV�RI�VRPH�IDXOW�

UHODWHG�IROGV�VXJJHVWV�WKDW�WKH\�KDYH�XQGHUJRQH�D�WUDQVLWLRQ�LQ�VWUXFWXUDO�VW\OH�IURP�IDXOW�EHQG�WR�IDXOW�SURSDJDWLRQ

IROGLQJ�GXULQJ�WKHLU�GHIRUPDWLRQDO�KLVWRU\���%HFDXVH�RI�WKH�VLPLODULW\�LQ�FRQGLWLRQV�LQ�ZKLFK�ERWK�IDXOW�EHQG�DQG�IDXOW�

SURSDJDWLRQ�IROGV�DUH�IRXQG��WKH�FLUFXPVWDQFHV�WKDW�SURPRWH�WKH�IRUPDWLRQ�RI�RQH�RI�WKHVH�VWUXFWXUDO�VW\OHV�RYHU�WKH

RWKHU�LV�QRW�LPPHGLDWHO\�HYLGHQW�

�

,Q�DQ�HIIRUW�WR�EHWWHU�XQGHUVWDQG�WKLV�LVVXH��ZH�KDYH�LQYHVWLJDWHG�WKH�UROH�RI�PHFKDQLFDO�DQG�JHRPHWULF�IDFWRUV�LQ�WKH

WUDQVLWLRQ�EHWZHHQ�IDXOW�EHQG�IROGLQJ�DQG�IDXOW�SURSDJDWLRQ�IROGLQJ�XVLQJ�D�VHULHV�RI�PRGHOV�GHYHORSHG�ZLWK�WKH

GLVFUHWH�HOHPHQW�PHWKRG��'(0����7KH�'(0�PRGHOV�HPSOR\�DQ�DJJUHJDWH�RI�FLUFXODU��IULFWLRQDO�GLVNV�WKDW�LQFRUSRUDWH

ERQGLQJ�DW�SDUWLFOH�FRQWDFWV�WR�UHSUHVHQW�WKH�QXPHULFDO�VWUDWLJUDSK\���$�YHUWLFDO�ZDOO�PRYLQJ�DW�D�IL[HG�YHORFLW\�GULYHV
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OD\HULQJ��IDXOW�JHRPHWULHV��DQG�ERXQGDU\�FRQGLWLRQV�RI�WKH�PRGHO�
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ZLWK�VWUXFWXUHV�LQ�WKH�WUDQVLWLRQDO�UHJLPH�VKRZLQJ�HYLGHQFH�RI�HDFK�VWUXFWXUDO�VW\OH�GXULQJ�D�SRUWLRQ�RI�WKHLU�KLVWRU\�

�

7KH�SULPDU\�UROH�WKDW�ERXQGDU\�FRQGLWLRQV�SOD\�LQ�GHWHUPLQLQJ�IDXOW�UHODWHG�IROGLQJ�VW\OH�LPSOLHV�WKDW�WKH�JURZWK�RI

QDWXUDO�VWUXFWXUHV�PD\�EH�DIIHFWHG�E\�WKH�HPHUJHQFH�RI�DGMDFHQW�VWUXFWXUHV��RU�LQ�GLVWDO�YDULDWLRQV�LQ�GHWDFKPHQW

VWUHQJWKV��:H�H[SORUH�WKHVH�UHODWLRQVKLSV�XVLQJ�QDWXUDO�H[DPSOHV�IURP�YDULRXV�IROG�DQG�WKUXVW�EHOWV�
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RI�WKH�7RKRNX�2NL�HDUWKTXDNH�UHIOHFW�YDULDWLRQV�LQ�WKH�IULFWLRQDO�QDWXUH�RI�WKH�VXEGXFWLRQ�LQWHUIDFH�ZLWK�GHSWK��DQG�PD\
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RI�%URDGEDQG�&\EHU6KDNH�VHLVPRJUDPV�DW�6RXWKHUQ�&DOLIRUQLD�6HLVPLF�1HWZRUN�VWDWLRQ�ORFDWLRQV�IRU�FRPSDULVRQ�ZLWK

REVHUYDWLRQV�IRU�ZHOO�REVHUYHG�6RXWKHUQ�&DOLIRUQLD�HDUWKTXDNHV��DV�ZHOO�DV�FDOFXODWLRQ�RI�%URDGEDQG�&\EHU6KDNH

KD]DUG�FXUYHV�DW�SUHFDULRXVO\�EDODQFHG�URFN�VLWHV�WR�YDOLGDWH�RXU�WHFKQLTXH�DQG�WR�LQYHVWLJDWH�WKH�LPSDFW�RI�KLJKHU

IUHTXHQFLHV�RQ�WKHVH�IUDJLOH�JHRORJLFDO�VWUXFWXUHV�



)LQDO�,'��',��$�����

*OREDO�&RUUHODWLRQV�RI�0DQWOH�6WUXFWXUH�ZLWK�&UXVWDO�7HFWRQLF�5HJLRQV
(���3DXOVRQ���; 7��+��-RUGDQ���; 
���'HSDUWPHQW�RI�(DUWK�6FLHQFHV��8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��7RPRJUDSKLF�PRGHOV�RI�(DUWKಬV�PDQWOH�GHSHQG�RQ�D�SULRUL�HVWLPDWHV�RI�FUXVWDO�HODVWLF�VWUXFWXUH��EXW�WKH�PRGHO

SULRU�LV�XVXDOO\�LQGHSHQGHQW�RI�RWKHU�VWUXFWXUDO�LQIRUPDWLRQ�DERXW�WKH�FUXVW��VXFK�DV�JHRFKURQRORJLFDO�DJH�DQG�WHFWRQLF

KLVWRU\��7KHUHIRUH��WKH�FRUUHODWLRQ�RI�PDQWOH�PRGHOV�ZLWK�FUXVWDO�VWUXFWXUH�FDQ�SURYLGH�SRZHUIXO�LQVLJKWV�DERXW�WKH

UHODWLRQVKLS�RI�PDQWOH�KHWHURJHQHLW\�WR�OLWKRVSKHULF�G\QDPLFV�DQG�FRQWLQHQWDO�HYROXWLRQ��,Q�D�PHWD�DQDO\VLV�RI�PRUH

WKDQ����ZKROH�PDQWOH�WRPRJUDSKLF�PRGHOV�SXEOLVKHG�E\�YDULRXV�UHVHDUFK�JURXSV��ZH�HVWLPDWH�WKH�FRUUHODWLRQ�EHWZHHQ

XSSHU�PDQWOH�VHLVPLF�VWUXFWXUH�DQG�FUXVWDO�WHFWRQLF�VWUXFWXUH�E\�SURMHFWLQJ�WKH�WRPRJUDSKLF�PRGHOV�RQWR�WKH�*75�

JOREDO�WHFWRQLF�UHJLRQDOL]DWLRQ��7KH���[���GHJUHH�*75��PDS�FRPSULVHV�WKUHH�FRQWLQHQWDO�UHJLRQV�EDVHG�RQ�JHQHUDOL]HG

WHFWRQLF�EHKDYLRU�GXULQJ�WKH�3KDQHUR]RLF��6��3UHFDPEULDQ�VKLHOGV�DQG�SODWIRUPV���3��3KDQHUR]RLF�SODWIRUPV���4

�3KDQHUR]RLF�RURJHQLF�]RQHV���DV�ZHOO�DV�WKUHH�RFHDQLF�UHJLRQV�EDVHG�RQ�FUXVWDO�DJH��$�������0D���%���������0D��

DQG�&��!����0D���:H�FRPSXWHG�VKHDU�YHORFLW\�SHUWXUEDWLRQ�SURILOHV�E\�DYHUDJLQJ�D�WRPRJUDSKLF�PRGHO�RYHU�HDFK�RI

WKH�VL[�WHFWRQLF�UHJLRQV��)RU�HDFK�PRGHO��ZH�DVVHVVHG�WKH�VWDWLVWLFDO�VLJQLILFDQFH�RI�WKH�LQWHU�UHJLRQDO�YDULDWLRQV�DW�D

IL[HG�GHSWK�E\�FRPSXWLQJ�WKH�LQWUD�UHJLRQDO�YDULDQFH�DQG�FRUUHODWLRQ�OHQJWK��7KH�UHJLRQDOL]HG�YHORFLW\�SURILOHV�RI�WKH

XSSHU�PDQWOH�DUH�VLPLODU�DPRQJ�DOO�RI�WKH�WRPRJUDSKLF�PRGHOV�WKDW�ZH�DQDO\]HG��:LWKLQ�WKH�RFHDQLF�UHJLRQV��WKH

PRGHOV�GLVSOD\�D�FRQVLVWHQW�LQFUHDVH�RI�VKHDU�YHORFLW\�ZLWK�FUXVWDO�DJH�WKDW�UHPDLQV�VWDWLVWLFDOO\�VLJQLILFDQW�WR�D�GHSWK

RI�����NP��7KH�RFHDQLF�VKHDU�YHORFLW\�YDULDWLRQV�DUH�FRQVLVWHQW�ZLWK�KLJK�UHVROXWLRQ�PRGHOV�GHULYHG�IURP�DQLVRWURSLF

LQYHUVLRQV�RI�PXOWL�SKDVH�ZDYHIRUP�GDWD�LQ�ORFDOL]HG�UHJLRQV��7KH�SURILOHV�IRU�UHJLRQV�6�DQG�3�VKRZ�FRQVLVWHQW�DQG

VWDWLVWLFDOO\�VLJQLILFDQW�FUDWRQLF�VLJQDWXUHV�H[WHQGLQJ�EHORZ�����NP�GHSWK��,Q�SDUWLFXODU��WKH�VKHDU�YHORFLW\�JUDGLHQWV�RI

ERWK�UHJLRQV�DUH�GLVWLQFWO\�ORZHU�WKDQ�WKRVH�RI�WKH�FRQYHFWLQJ�RFHDQLF�PDQWOH�LQ�WKH�GHSWK�LQWHUYDO���������NP��ZKLFK

DOVR�DJUHHV�ZLWK�KLJK�UHVROXWLRQ�PRGHOV�GHULYHG�IRU�VSHFLILF�FUDWRQV�



)LQDO�,'��6��%�����

'LUHFWLYLW\�%DVLQ�&RXSOLQJ�LQ�WKH�/RV�$QJHOHV�5HJLRQ�IURP�WKH�&\EHU6KDNH�+D]DUG�0RGHO
)���:DQJ���; 7��+��-RUGDQ���; 6���&DOODJKDQ���; .���0LOQHU���; 3��-��0DHFKOLQJ���; 5��:��*UDYHV���; 
���(DUWK�6FLHQFHV��8QL��RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\��*ROGHQ��&2��8QLWHG�6WDWHV��

 
%RG\��7KH�FRXSOLQJ�EHWZHHQ�VRXUFH�GLUHFWLYLW\�HIIHFWV�DQG�EDVLQ�DPSOLILFDWLRQ�HIIHFWV�FDQ�VXEVWDQWLDOO\�HQKDQFH�WKH

ORZ�IUHTXHQF\�VHLVPLF�KD]DUGV�LQ�VHGLPHQWDU\�EDVLQV��7KHVH�HIIHFWV�KDYH�EHHQ�TXDOLWDWLYHO\�LOOXVWUDWHG�E\�7HUD6KDNH

�2OVHQ�HW�DO����������6KDNH2XW��*UDYHV�HW�DO����������DQG�RWKHU�HDUWKTXDNH�VFHQDULRV�VLPXODWHG�E\�WKH�6RXWKHUQ

&DOLIRUQLD�(DUWKTXDNH�&HQWHU��,Q�WKLV�VWXG\��ZH�XVH�YHUVLRQ���RI�WKH�&\EHU6KDNH�+D]DUG�0RGHO��&6+0����IRU�WKH�/RV

$QJHOHV�UHJLRQ��*UDYHV�HW�DO���������WR�TXDQWLI\�GLUHFWLYLW\�EDVLQ�HIIHFWV�LQ�ORZ�IUHTXHQF\�UHVSRQVH�VSHFWUD��7KH

&\EHU6KDNH�FRPSXWDWLRQDO�SODWIRUP�HPSOR\V�WKH�UHYHUVDO�V\PPHWULHV�RI�OLQHDU�ZDYH�SURSDJDWLRQ��VHLVPLF�UHFLSURFLW\�

WR�QXPHULFDOO\�VLPXODWH�VXLWHV�RI�V\QWKHWLF�WLPH�KLVWRULHV�ODUJH�HQRXJK�IRU�WKH�SUREDELOLVWLF�PDSSLQJ�RI�VKDNLQJ

LQWHQVLWLHV��,Q�&6+0����D�VHW�RI�PRUH�WKDQ���������UXSWXUH�UHDOL]DWLRQV�ZDV�JHQHUDWHG�WKDW�VWRFKDVWLFDOO\�VDPSOH�WKH

8QLIRUP�&DOLIRUQLD�(DUWKTXDNH�5XSWXUH�)RUHFDVW��8&(5)����KRUL]RQWDO�FRPSRQHQW�VHLVPRJUDPV�ZHUH�FRPSXWHG�DW

����VLWHV�LQ�WKH�/RV�$QJHOHV�UHJLRQ��DQG�KD]DUG�FXUYHV�DQG�KD]DUG�PDSV�ZHUH�FRQVWUXFWHG�IURP�WKH�8&(5)�

SUREDELOLWLHV��:H�XVH�WKH�UHVSRQVH�VSHFWUD�FDOFXODWHG�IURP�WKHVH�VHLVPRJUDPV�LQ�WKH�EDQG���������+]�WR�DQDO\]H�WKH

GHSHQGHQFH�RI�VWURQJ�PRWLRQ�DPSOLWXGHV�RQ�EDVLQ�DQG�VRXUFH�JHRPHWU\��IURP�ZKLFK�ZH�H[WUDFW�PHDVXUHV�RI

GLUHFWLYLW\�EDVLQ�FRXSOLQJ��7KHVH�PHDVXUHV�LQGLFDWH�KRZ�GLUHFWLYLW\�EDVLQ�FRXSOLQJ�LV�HQKDQFHG�E\�WKH�WHFWRQLF

EUDQFKLQJ�VWUXFWXUH�RI�WKH�6DQ�$QGUHDV�V\VWHP��:H�DQDO\]H�WKH�GHSHQGHQFH�RI�WKLV�FRXSOLQJ�RQ�VRXUFH�FRPSOH[LW\

DQG�HDUWK�VWUXFWXUH��DQG�ZH�FRPSDUH�RXU�UHVXOWV�ZLWK�SDUDPHWHUL]DWLRQV�RI�EDVLQ�DQG�GLUHFWLYLW\�HIIHFWV�LQ�WKH�JURXQG

PRWLRQ�SUHGLFWLRQ�HTXDWLRQV�RI�WKH�1H[W�*HQHUDWLRQ�$WWHQXDWLRQ�3URMHFW��������



)LQDO�,'��6��%�����

$�8QLILHG�)LQLWH�(OHPHQW�0HWKRG�IRU�$UELWUDU\�(ODVWLF�DQG

$FRXVWLF�0HGLD
+���.DUDRJOX���; -���%LHODN���; 
���&DUQHJLH�0HOORQ�8QLYHUVLW\��3LWWVEXUJK��3$��8QLWHG�6WDWHV��

 
%RG\��7KLV�VWXG\�UHSRUWV�RQ�D�PL[HG�ILQLWH�HOHPHQW�IRUPXODWLRQ�WKDW�RYHUFRPHV�FHUWDLQ�OLPLWDWLRQV�IDFHG�E\�ORZ�RUGHU

SULPDO�EDVHG�IRUPXODWLRQV�

$�SULPDO�EDVHG�IRUPXODWLRQ�ZLWK�GLVSODFHPHQW�DV�WKH�YDULDEOH�LV�D�ZLGHO\�XVHG�PHWKRG�WR�VROYH�ZDYH�SURSDJDWLRQ

SUREOHPV��,W�KDV�EHHQ�REVHUYHG��KRZHYHU��WKDW�LWV�DFFXUDF\�GHWHULRUDWHV�EDGO\�ZLWK�LQFUHDVLQJ�FRQWUDVW�EHWZHHQ�WKH�3�

DQG�6�ZDYH�YHORFLWLHV��D�VLWXDWLRQ�RIWHQ�UHIHUUHG�WR��LQDFFXUDWHO\��DV�DOPRVW�LQFRPSUHVVLEOH���7KH�H[WUHPH�FDVH�IRU�WKLV

FRQWUDVW�LV�DQ�LGHDO��FRPSUHVVLEOH�IOXLG�PHGLXP�ZLWK�6�ZDYH�YHORFLW\�HTXDOV�WR�]HUR��7KLV�H[WUHPH�FDVH�FUHDWHV

SUREOHPV�LQ�WKH�HTXDWLRQV�RI�FRPSUHVVLEOH�HODVWLFLW\�

%\�XVLQJ�D�GXDO�EDVHG�IRUPXODWLRQ��ZH�GHYHORS�D�PHWKRG�WKDW�LV�UREXVW�ZLWKLQ�WKH�HQWLUH�UDQJH�RI�DQ�HODVWLF�VROLG�ZLWK

PRGHUDWH�FRQWUDVW�EHWZHHQ�WKH�3��DQG�6�ZDYH�YHORFLWLHV�XS�WR

WKH�OLPLWLQJ�FDVH�RI�DQ�DFRXVWLF�PHGLXP�IRU�ZKLFK�WKH�6�ZDYH�YHORFLW\�LV�]HUR��%\�VROYLQJ�D�FRQVWUDLQHG�YDULDWLRQDO

SUREOHP�ZLWK�WKH�/DJUDQJH�0XOWLSOLHU�0HWKRG��ZH�GHYHORSHG�WKH�GXDO�EDVHG��PL[HG��IRUPXODWLRQ�ZLWK�SUHVVXUH�DQG

GLVSODFHPHQW�DV�WKH�YDULDEOHV�7KLV�LV�VLPLODU�WR

HDUOLHU�PL[HG�GLVSODFHPHQW�SUHVVXUH�IRUPXODWLRQV��H[FHSW�WKDW�ZH�LQWURGXFH�WKH�PHWKRGRORJ\�DV�D�JOREDO�RQH

DSSOLFDEOH�WR�GLIIHUHQW�GRPDLQV�UDWKHU�WKDQ�EHLQJ�OLPLWHG�WR�FHUWDLQ�H[WUHPH�FDVHV��7KH�YDULDWLRQDO�SUREOHP�PDNHV�D

ZLGHU�UDQJH�RI�LQWHUSRODWLRQ�IXQFWLRQV�SHUPLVVLEOH�IRU

SUHVVXUH�LQFOXGLQJ�GLVFRQWLQXRXV�IXQFWLRQV�DFURVV�HOHPHQW�ERXQGDULHV�

:H�YHULI\�WKH�PHWKRG�DQG�LOOXVWUDWH�WKH�JHQHUDO�SULQFLSOHV�ZLWK�DQ�DSSOLFDWLRQ�LQ�6RXWKHUQ�&DOLIRUQLD�RI�WKH�����

1RUWKULGJH�HDUWKTXDNH�

:H�DOVR�GLVFXVV�WKH�SRVVLEOH�H[WHQVLRQ�RI�WKH�PHWKRG�WR�IOXLG�VWUXFWXUH�LQWHUDFWLRQ�SUREOHPV�ZLWK�GU\�LQWHUIDFH

FRQGLWLRQV�



)LQDO�,'��6��%�����

$�8QLILHG�)LQLWH�(OHPHQW�0HWKRG�IRU�$UELWUDU\�(ODVWLF�DQG

$FRXVWLF�0HGLD
+���.DUDRJOX���; -���%LHODN���; 
���&DUQHJLH�0HOORQ�8QLYHUVLW\��3LWWVEXUJK��3$��8QLWHG�6WDWHV��

 
%RG\��7KLV�VWXG\�UHSRUWV�RQ�D�PL[HG�ILQLWH�HOHPHQW�IRUPXODWLRQ�WKDW�RYHUFRPHV�FHUWDLQ�OLPLWDWLRQV�IDFHG�E\�ORZ�RUGHU

SULPDO�EDVHG�IRUPXODWLRQV�

$�SULPDO�EDVHG�IRUPXODWLRQ�ZLWK�GLVSODFHPHQW�DV�WKH�YDULDEOH�LV�D�ZLGHO\�XVHG�PHWKRG�WR�VROYH�ZDYH�SURSDJDWLRQ

SUREOHPV��,W�KDV�EHHQ�REVHUYHG��KRZHYHU��WKDW�LWV�DFFXUDF\�GHWHULRUDWHV�EDGO\�ZLWK�LQFUHDVLQJ�FRQWUDVW�EHWZHHQ�WKH�3�

DQG�6�ZDYH�YHORFLWLHV��D�VLWXDWLRQ�RIWHQ�UHIHUUHG�WR��LQDFFXUDWHO\��DV�DOPRVW�LQFRPSUHVVLEOH���7KH�H[WUHPH�FDVH�IRU�WKLV

FRQWUDVW�LV�DQ�LGHDO��FRPSUHVVLEOH�IOXLG�PHGLXP�ZLWK�6�ZDYH�YHORFLW\�HTXDOV�WR�]HUR��7KLV�H[WUHPH�FDVH�FUHDWHV

SUREOHPV�LQ�WKH�HTXDWLRQV�RI�FRPSUHVVLEOH�HODVWLFLW\�

%\�XVLQJ�D�GXDO�EDVHG�IRUPXODWLRQ��ZH�GHYHORS�D�PHWKRG�WKDW�LV�UREXVW�ZLWKLQ�WKH�HQWLUH�UDQJH�RI�DQ�HODVWLF�VROLG�ZLWK

PRGHUDWH�FRQWUDVW�EHWZHHQ�WKH�3��DQG�6�ZDYH�YHORFLWLHV�XS�WR

WKH�OLPLWLQJ�FDVH�RI�DQ�DFRXVWLF�PHGLXP�IRU�ZKLFK�WKH�6�ZDYH�YHORFLW\�LV�]HUR��%\�VROYLQJ�D�FRQVWUDLQHG�YDULDWLRQDO

SUREOHP�ZLWK�WKH�/DJUDQJH�0XOWLSOLHU�0HWKRG��ZH�GHYHORSHG�WKH�GXDO�EDVHG��PL[HG��IRUPXODWLRQ�ZLWK�SUHVVXUH�DQG

GLVSODFHPHQW�DV�WKH�YDULDEOHV�7KLV�LV�VLPLODU�WR

HDUOLHU�PL[HG�GLVSODFHPHQW�SUHVVXUH�IRUPXODWLRQV��H[FHSW�WKDW�ZH�LQWURGXFH�WKH�PHWKRGRORJ\�DV�D�JOREDO�RQH

DSSOLFDEOH�WR�GLIIHUHQW�GRPDLQV�UDWKHU�WKDQ�EHLQJ�OLPLWHG�WR�FHUWDLQ�H[WUHPH�FDVHV��7KH�YDULDWLRQDO�SUREOHP�PDNHV�D

ZLGHU�UDQJH�RI�LQWHUSRODWLRQ�IXQFWLRQV�SHUPLVVLEOH�IRU

SUHVVXUH�LQFOXGLQJ�GLVFRQWLQXRXV�IXQFWLRQV�DFURVV�HOHPHQW�ERXQGDULHV�

:H�YHULI\�WKH�PHWKRG�DQG�LOOXVWUDWH�WKH�JHQHUDO�SULQFLSOHV�ZLWK�DQ�DSSOLFDWLRQ�LQ�6RXWKHUQ�&DOLIRUQLD�RI�WKH�����

1RUWKULGJH�HDUWKTXDNH�

:H�DOVR�GLVFXVV�WKH�SRVVLEOH�H[WHQVLRQ�RI�WKH�PHWKRG�WR�IOXLG�VWUXFWXUH�LQWHUDFWLRQ�SUREOHPV�ZLWK�GU\�LQWHUIDFH

FRQGLWLRQV�



)LQDO�,'��6��&�����

6WDWLRQ�WR�6WDWLRQ�*UHHQಬV�)XQFWLRQV�([WUDFWHG�)URP�6HLVPLF�&RGD�LQ�6RXWKHUQ�&DOLIRUQLD
(��7��+LUDNDZD������; 6���0D���; 
���'HSDUWPHQW�RI�*HRORJLFDO�6FLHQFHV��6DQ�'LHJR�6WDWH�8QLYHUVLW\��6DQ�'LHJR��&$��8QLWHG�6WDWHV��
���6FULSSV�,QVLWXWLRQ�RI�2FHDQRJUDSK\��,*33��8QLYHUVLW\�RI�&DOLIRUQLD��6DQ�'LHJR��/D�-ROOD��&$��8QLWHG�6WDWHV��

 
%RG\��,W�KDV�EHHQ�GHPRQVWUDWHG�UHFHQWO\�WKDW�FRUUHODWLRQ�RI�VHLVPLF�GLIIXVH�ILHOG��DPELHQW�QRLVH�DQG�FRGD��UHFRUGHG�DW

WZR�VWDWLRQV�OHDGV�WR�GHWHUPLQLVWLF�VWDWLRQ�WR�VWDWLRQ�*UHHQಬV�IXQFWLRQV��7KH�WKHRU\�UHTXLUHV�D�KRPRJHQHRXV

GLVWULEXWLRQ�RI�XQFRUUHODWHG�VRXUFHV�RU�VFDWWHUV��+RZHYHU��WKLV�FRQGLWLRQ�LV�QRW�VDWLVILHG�E\�WKH�DPELHQW�QRLVH�GDWD�

ZKLFK�LV�GRPLQDWHG�E\�WKH�PLFURVHLVPV��,Q�WKLV�VWXG\��ZH�ZLOO�H[SORUH�WKH�VHLVPLF�FRGD�UHFRUGHG�LQ�VRXWKHUQ�&DOLIRUQLD

IRU�RYHU����\HDUV��,Q�FRQWUDU\�WR�DPELHQW�VHLVPLF�QRLVH��FRGD�ZDYHV��JHQHUDWHG�E\�PXOWLSOH�VFDWWHULQJ�E\�VPDOO�VFDOH

KHWHURJHQHLWLHV��DUH�LQGHSHQGHQW�RI�WKH�VRXUFHV�WKDW�JHQHUDWH�WKHP��7KH�*UHHQಬV�IXQFWLRQ�H[WUDFWHG�IURP�FRGD�ZDYHV

VKRXOG�DSSURDFK�PRUH�FORVHO\�WR�WKH�WUXH�*UHHQಬV�IXQFWLRQV��7KHVH�*UHHQಬV�IXQFWLRQV�ZLOO�SURYLGH�D�ZD\�WR�TXDQWLI\�WKH

ELDV�LQ�WKHVH�WZR�GLIIHUHQW�GDWD�VHWV��:H�ZLOO�DOVR�H[SORUH�WKH�IUHTXHQF\�FRQWHQW�DQG�DPSOLWXGH�RI�FRGD�ZDYH�*UHHQಬV

IXQFWLRQV�DQG�FRPSDUH�WKHP�ZLWK�QXPHULFDO�*UHHQಬV�IXQFWLRQV�EDVHG�RQ�WKH�FXUUHQW�&RPPXQLW\�9HORFLW\�0RGHOV�RI

VRXWKHUQ�&DOLIRUQLD�



)LQDO�,'��6��&�����

6WDWLRQ�WR�6WDWLRQ�*UHHQಬV�)XQFWLRQV�([WUDFWHG�)URP�6HLVPLF�&RGD�LQ�6RXWKHUQ�&DOLIRUQLD
(��7��+LUDNDZD������; 6���0D���; 
���'HSDUWPHQW�RI�*HRORJLFDO�6FLHQFHV��6DQ�'LHJR�6WDWH�8QLYHUVLW\��6DQ�'LHJR��&$��8QLWHG�6WDWHV��
���6FULSSV�,QVLWXWLRQ�RI�2FHDQRJUDSK\��,*33��8QLYHUVLW\�RI�&DOLIRUQLD��6DQ�'LHJR��/D�-ROOD��&$��8QLWHG�6WDWHV��

 
%RG\��,W�KDV�EHHQ�GHPRQVWUDWHG�UHFHQWO\�WKDW�FRUUHODWLRQ�RI�VHLVPLF�GLIIXVH�ILHOG��DPELHQW�QRLVH�DQG�FRGD��UHFRUGHG�DW

WZR�VWDWLRQV�OHDGV�WR�GHWHUPLQLVWLF�VWDWLRQ�WR�VWDWLRQ�*UHHQಬV�IXQFWLRQV��7KH�WKHRU\�UHTXLUHV�D�KRPRJHQHRXV

GLVWULEXWLRQ�RI�XQFRUUHODWHG�VRXUFHV�RU�VFDWWHUV��+RZHYHU��WKLV�FRQGLWLRQ�LV�QRW�VDWLVILHG�E\�WKH�DPELHQW�QRLVH�GDWD�

ZKLFK�LV�GRPLQDWHG�E\�WKH�PLFURVHLVPV��,Q�WKLV�VWXG\��ZH�ZLOO�H[SORUH�WKH�VHLVPLF�FRGD�UHFRUGHG�LQ�VRXWKHUQ�&DOLIRUQLD

IRU�RYHU����\HDUV��,Q�FRQWUDU\�WR�DPELHQW�VHLVPLF�QRLVH��FRGD�ZDYHV��JHQHUDWHG�E\�PXOWLSOH�VFDWWHULQJ�E\�VPDOO�VFDOH

KHWHURJHQHLWLHV��DUH�LQGHSHQGHQW�RI�WKH�VRXUFHV�WKDW�JHQHUDWH�WKHP��7KH�*UHHQಬV�IXQFWLRQ�H[WUDFWHG�IURP�FRGD�ZDYHV

VKRXOG�DSSURDFK�PRUH�FORVHO\�WR�WKH�WUXH�*UHHQಬV�IXQFWLRQV��7KHVH�*UHHQಬV�IXQFWLRQV�ZLOO�SURYLGH�D�ZD\�WR�TXDQWLI\�WKH

ELDV�LQ�WKHVH�WZR�GLIIHUHQW�GDWD�VHWV��:H�ZLOO�DOVR�H[SORUH�WKH�IUHTXHQF\�FRQWHQW�DQG�DPSOLWXGH�RI�FRGD�ZDYH�*UHHQಬV

IXQFWLRQV�DQG�FRPSDUH�WKHP�ZLWK�QXPHULFDO�*UHHQಬV�IXQFWLRQV�EDVHG�RQ�WKH�FXUUHQW�&RPPXQLW\�9HORFLW\�0RGHOV�RI

VRXWKHUQ�&DOLIRUQLD�



)LQDO�,'��7��&�����

,QFRUSRUDWLQJ�IDXOW�VOLS�FRQVWUDLQWV�LQ��'�JHRPHFKDQLFDO�UHVWRUDWLRQ�ZLWK�DSSOLFDWLRQ�WR�UHVWUDLQLQJ�EHQG�V\VWHPV�LQ�WKH
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���'HSDUWPHQW�RI�*HRSK\VLFV��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&$��8QLWHG�6WDWHV��

 
%RG\��2XU�IXOO��'�WRPRJUDSK\��)�'7��XVHV��'�6&(&�&RPPXQLW\�9HORFLW\�0RGHO�9HUVLRQ������&90���LQ�6RXWKHUQ

&DOLIRUQLD�DV�LQLWLDO�PRGHO��D�VWDJJHUHG�JULG�ILQLWH�GLIIHUHQFH�FRGH�WR�VLPXODWH�VHLVPLF�ZDYH�SURSDJDWLRQ�DQG�WKH

VHQVLWLYLW\��)U«FKHW��NHUQHOV�DUH�FDOFXODWHG�EDVHG�RQ�WKH�VFDWWHULQJ�LQWHJUDO�DQG�DGMRLQW�PHWKRGV�WR�LWHUDWLYHO\�LPSURYH

WKH�PRGHO��:H�XVH�ERWK�HDUWKTXDNH�UHFRUGLQJV�DQG�DPELHQW�QRLVH�*UHHQಬV�IXQFWLRQ�GDWD��VWDFNLQJ�RI�VWDWLRQ�WR�VWDWLRQ

FRUUHODWLRQV�RI�DPELHQW�VHLVPLF�QRLVH��LQ�RXU�)�'7�LQYHUVLRQV��7R�UHGXFH�HUURUV�RI�HDUWKTXDNH�VRXUFHV��WKH�HSLFHQWHUV

DQG�VRXUFH�SDUDPHWHUV�RI�HDUWKTXDNHV�XVHG�LQ�RXU�)�'7�DUH�LQYHUWHG�EDVHG�RQ�IXOO�ZDYH�PHWKRG��,Q�WKH�ILUVW�WZR

LWHUDWLRQV��ZH�XVHG�VFDWWHULQJ�LQWHJUDO�WR�FRQVWUXFW�VHQVLWLYLW\��)U«FKHW��NHUQHOV�RI�EURDGEDQG�SKDVH�GHOD\

PHDVXUHPHQWV�DQG�/645�DOJRULWKP�WR�LQYHUW��'�SHUWXUEDWLRQV��,Q�ILUVW�LWHUDWLRQ��ZH�RQO\�XVHG�ZDYHIRUPV�IURP�UHJLRQDO

HDUWKTXDNHV�DQG�WKH�ZDYHIRUPV�RI�XSGDWHG�PRGHO�JHQHUDOO\�SURYLGH�EHWWHU�ILW�WR�WKH�REVHUYHG�ZDYHIRUPV��,Q�VHFRQG

LWHUDWLRQ��ZH�RQO\�XVHG�DPELHQW�QRLVH�*UHHQಬV�IXQFWLRQ�GDWD�LQ�LQYHUVLRQ�DQG�WKH�V\QWKHWLF�ZDYHIRUPV�JHQHUDWHG�E\

XSGDWHG�PRGHO�QRW�RQO\�LPSURYHG�DPELHQW�QRLVH�*UHHQಬV�IXQFWLRQ�ZDYHIRUP�ILWWLQJV�EXW�DOVR�HDUWKTXDNH�ZDYHIRUP

VLPLODULWLHV��6LQFH�WKH�ZDYHIRUP�ILWWLQJV�RI�HDUWKTXDNH�ZDYHIRUPV�DQG�DPELHQW�QRLVH�*UHHQಬV�IXQFWLRQ�GDWD�DUH

LPSURYHG�DIWHU�ILUVW�WZR�LWHUDWLRQV��ZH�VWDUW�WR�FRPELQH�IUHTXHQF\�GHSHQGHQW�PHDVXUHPHQWV�PDGH�RQ�ZDYHIRUPV�RI

HDUWKTXDNH�DQG�DPELHQW�QRLVH�*UHHQಬV�IXQFWLRQ�GDWD�DQG�WR�XVH�DGMRLQW�PHWKRG�IRU�VWUXFWXUH�SHUWXUEDWLRQV��$IWHU�VL[

LWHUDWLRQV��WKH�FXUUHQW�PRGHO�UHGXFHG�WKH�YDULDQFH�RI�WKH�ZDYHIRUP�PLVILW�PRUH�WKDQ�����
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*URXQG�0RWLRQ�3UHGLFWLRQ�IRU�D�VFHQDULR�0���(DUWKTXDNH�RQ�WKH�6RXWKHUQ�6DQ�$QGUHDV�)DXOW�8VLQJ�WKH�9LUWXDO�6RXUFH

$SSURDFK
0���'HQROOH���; (��0��'XQKDP���; *��&��%HUR]D���; *���3ULHWR���; 
���JHRSK\VLFV��VWDQIRUG��6WDQIRUG��&$��8QLWHG�6WDWHV��
���'HSDUWDPHQWR�GH�)¯VLFD��8QLYHUVLGDG�GH�ORV�$QGHV��%RJRW£��&RORPELD��

 
%RG\��7KH�XWLOLW\�RI�HPSLULFDO�JURXQG�PRWLRQ�SUHGLFWLRQ�HTXDWLRQV�LV�OLPLWHG�E\�WKH�VFDUFLW\�RI�ODUJH�HYHQWV��3K\VLFV�

EDVHG�VLPXODWLRQV�SURYLGH�DQ�LPSRUWDQW�ZD\�WR�RYHUFRPH�WKLV�GDWD�VFDUFLW\��SURYLGHG�WKH\�DFFXUDWHO\�WDNH�LQWR�DFFRXQW

WKH�FRPSOH[LW\�RI�WKH�VRXUFH��WKH�FUXVWDO�HODVWLF�DQG�DQHODVWLF�VWUXFWXUH�DQG�WKH�ORFDO�VLWH�HIIHFWV���2XU�LQFRPSOHWH

NQRZOHGJH�RQ�FUXVWDO�VWUXFWXUH�LV�DQ�LPSRUWDQW�VRXUFH�RI�XQFHUWDLQW\�LQ�JURXQG�PRWLRQ�VLPXODWLRQV��:H�XVH�WKH

DPELHQW�VHLVPLF�ILHOG�WR�YDOLGDWH�JURXQG�PRWLRQ�SUHGLFWLRQV�DW�ORQJ�SHULRGV���:H�FRPSXWH�WKH�LPSXOVH�UHVSRQVHV�RI�WKH

(DUWK�LQ�EHWZHHQ�VSHFLILF�VHLVPLF�VWDWLRQ�SDLUV�ZLWK�DPELHQW�VHLVPLF�ILHOG�DQDO\VLV��&RPSDULVRQ�RI�LPSXOVH�UHVSRQVHV

ZLWK�HDUWKTXDNH�UHFRUGV�IURP�PRGHUDWH�HDUWKTXDNHV�FRQILUPV�WKDW�WKLV�SURFHVV�SUHVHUYHV�UHODWLYH�DPSOLWXGH���7KH

GLVWULEXWLRQ�RI�WKH�QRLVH�VRXUFHV�LV�QRW�KRPRJHQHRXV��KRZHYHU��DQG�WKLV�KDV�WKH�SRWHQWLDO�WR�ELDV�DPSOLWXGH�YDULDWLRQV�

7R�KHOS�RYHUFRPH�WKLV�HIIHFW��ZH�FRPELQH�WKH�DPELHQW�ILHOG�UHVXOWV�ZLWK�LPSXOVH�UHVSRQVHV�FRPSXWHG�IURP�FRGD�ZDYH

LQWHUIHURPHWU\�XVLQJ�WKH�DIWHUVKRFN�VHTXHQFH�RI�WKH�$SULO��WK��������0�����(O�0D\RU�&XFDSDK�HDUWKTXDNH��:H�FRUUHFW

WKH�LPSXOVH�UHVSRQVHV�ZLWK�VLPSOH�DQDO\VLV�RQ�WKH�GLVSHUVLRQ�RI�WKH�VXUIDFH�ZDYHV�WR�DFFRXQW�IRU�WKH�GHSWK�

GHSHQGHQFH�RI�H[FLWDWLRQ�DV�ZHOO�DV�UDGLDWLRQ�SDWWHUQ�DQG�GLUHFWLYLW\�HIIHFWV���:H�XVH�D�VSHFWUDO�FROORFDWLRQ�PHWKRG

XVLQJ�&KHE\VKHY�SRO\QRPLDOV�WR�HYDOXDWH�WKH�GHSWK�GHSHQGHQFH�RI�WKH�IXQGDPHQWDO�PRGH�VXUIDFH�ZDYH�H[FLWDWLRQ�IRU

FRPSOH[�FUXVWDO�VWUXFWXUH��:H�YDOLGDWH�WKH�LPSURYHG�ZDYHIRUP�PDWFK�WKDW�UHVXOWV�E\�FRPSDULQJ�ZLWK�PRGHUDWH

HDUWKTXDNHV�LQ�VRXWKHUQ�&DOLIRUQLD��:H�DSSO\�RXU�DSSURDFK�WR�D�WHPSRUDU\�VHLVPLF�QHWZRUN�WKDW�ZDV�GHSOR\HG�DORQJ

WKH�VRXWKHUQ�VHJPHQW�RI�WKH�6DQ�$QGUHDV�)DXOW��6$9(/$�H[SHULPHQW���DGGLQJ�GLUHFWLYLW\�HIIHFWV�XVLQJ�WKH

UHSUHVHQWDWLRQ�WKHRUHP���$V�SUHGLFWHG�E\�ODUJH�VFDOH�FRPSXWHU�VLPXODWLRQV�VWURQJ�JURXQG�PRWLRQ�DPSOLILFDWLRQ�LQ�WKH

/RV�$QJHOHV�VHGLPHQWDU\�EDVLQ�LV�FOHDUO\�REVHUYHG�LQ�WKH�VFHQDULRV�ZH�VWXG\�IRU�D�ODUJH�0���VWULNH�VOLS�HDUWKTXDNH�RQ

WKH�UHDFK�RI�WKH�6DQ�$QGUHDV�)DXOW�QHDU�6DQ�*RUJRQLR�3DVV�



)LQDO�,'��6��$���

&,61�6KDNH$OHUW��'HOLYHULQJ�WHVW�ZDUQLQJV�IRU�&DOLIRUQLD�HDUWKTXDNHV
5��0��$OOHQ���; 0���%RHVH���; +���%URZQ���; 0���&DSULR���; *��%��&XD���; 0���)LVFKHU���; '��'��*LYHQ���; (���+DXNVVRQ�
�; 7��+��+HDWRQ���; 0���+HOOZHJ���; ,���+HQVRQ���; 0���/LXNLV���; 3��-��0DHFKOLQJ���; 0��$��0HLHU���; '��6��1HXKDXVHU���

; '��+��2SSHQKHLPHU���; .���6RODQNL���; 
���8&�%HUNHOH\��%HUNHOH\��&$��8QLWHG�6WDWHV��
���&DOWHFK��3DVDGHQD��&$��8QLWHG�6WDWHV��
���(7+�=XULFK��=XULFK��6ZLW]HUODQG��
���86�*HRORJLFDO�6XUYH\��3DVDGHQD��&$��8QLWHG�6WDWHV��
���6RXWKHUQ�&DOLIRUQLD�(DUWKTXDNH�&HQWHU�8QLYHUVLW\�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��
���86�*HRORJLFDO�6XUYH\��0HQOR�3DUN��&$��8QLWHG�6WDWHV��

 
%RG\��7KH�(DUWKTXDNH�(DUO\�:DUQLQJ��((:��SURMHFW�WHDP�ZLWKLQ�WKH�&DOLIRUQLD�,QWHJUDWHG�6HLVPLF�1HWZRUN���&,61�

KDV�EHHQ�GHYHORSLQJ�D�WHVW�HDUWKTXDNH�DOHUWLQJ�V\VWHP�IRU�WKH�SDVW�ILYH�\HDUV���7KH�SURMHFW�LV�D�FROODERUDWLRQ�EHWZHHQ

&DOWHFK��8&�%HUNHOH\��(7+�=XULFK��86&�6&(&�DQG�WKH�86*6��DQG�LV�IXQGHG�E\�WKH�86*6���:H�XVH�GDWD�IURP�WKH

UHFHQWO\�XSJUDGHG�DFDGHPLF��DQG�JRYHUQPHQW�RSHUDWHG�JHRSK\VLFDO�QHWZRUNV�DFURVV�WKH�VWDWH�WR�UDSLGO\�GHWHFW

HDUWKTXDNHV�DQG�DVVHVV�WKH�KD]DUG���7KH�WHVW�V\VWHP�LV�RSHUDWLRQDO�VWDWHZLGH�DQG�GHOLYHUV�ZDUQLQJV�WR�SURMHFW

VFLHQWLVWV�DQG�RWKHU�LQWHUHVWHG�VFLHQWLVWV����7KUHH�HYHQW�GHWHFWLRQ�DQG�KD]DUG�DVVHVVPHQW�DOJRULWKPV�DUH�FXUUHQWO\

XVHG��9LUWXDO�6HLVPRORJLVW��2QVLWH�DQG�(ODUP6��EXW�RWKHUV�PD\�EH�DGGHG�WR�WKH�V\VWHP���7KH�DOJRULWKPV�SURYLGH

KD]DUG�DVVHVVPHQWV�WR�D�'HFLVLRQ0RGXOH�WKDW�DJJUHJDWHV�WKH�LQIRUPDWLRQ��,W�WKHQ�JHQHUDWHV�D�XQLILHG�DOHUW�VWUHDP�WKDW

LV�EURDGFDVW�WR�FHUWLILHG�XVHUV��7KH�DOHUWV�DUH�UHFHLYHG�YLD�WKH�8VHU'LVSOD\��D�SRS�XS�FRPSXWHU�DSSOLFDWLRQ��:KHQ�LW

RSHQV���WKH�8VHU'LVSOD\�VKRZV�D�PDS�ZLWK�WKH�HYHQW�ORFDWLRQ�DQG�PDJQLWXGH��DQG�WUDFNV�WKH�SURSDJDWLRQ�RI�WKH�3��DQG

6�ZDYHV���,W�DOVR�VKRZV�D�FRXQWGRZQ�WR�VKDNLQJ�DW�WKH�XVHU
V�ORFDWLRQ�DQG�DQ�HVWLPDWH�RI�WKH�H[SHFWHG�SHDN�VKDNLQJ

LQWHQVLW\���7KH�DOJRULWKP�DQG�'HFLVLRQ0RGXOH�RXWSXWV�DUH�DUFKLYHG�E\�WKH�SURMHFW�WHVWLQJ�FHQWHU�IRU�LQGHSHQGHQW

SHUIRUPDQFH�HYDOXDWLRQ���2YHU�WKH�FRPLQJ�\HDU�WKH�SURMHFW�LQWHQGV�WR�UHOHDVH�DOHUWV�WR�D�VPDOO�JURXS�RI�WHVW�XVHUV�

,GHQWLILFDWLRQ�DQG�HQJDJHPHQW�RI�SRVVLEOH�SURMHFW�SDUWQHUV�LV�DOUHDG\�ZHOO�XQGHUZD\���,QGLYLGXDO�SURMHFW�FRPSRQHQWV

SUHVHQWDWLRQV�ZLOO�SURYLGH�DGGLWLRQDO�GHWDLO�

85/��KWWS���ZZZ�FLVQ�RUJ�HHZ�



)LQDO�,'��6��$���

1HDU�5HDO�WLPH�)XOO�ZDYH�&HQWURLG�0RPHQW�7HQVRU��&07��,QYHUVLRQ�IRU�*URXQG�PRWLRQ�IRUHFDVW�LQ��'�(DUWK�6WUXFWXUH

RI�6RXWKHUQ�&DOLIRUQLD
(���/HH���; 3���&KHQ���; 7��+��-RUGDQ���; 3��-��0DHFKOLQJ���; 
���*HRORJ\�	�*HRSK\VLFV��8QLY�RI�:<�*HRORJ\�	�*HRSK\V��/DUDPLH��:<��8QLWHG�6WDWHV��
���'HSDUWPHQW�RI�(DUWK�6FLHQFHV��8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��/RV�$QJHOHV��:<��8QLWHG�6WDWHV��

 
%RG\��$FFXUDWH�DQG�UDSLG�&07�LQYHUVLRQ�LV�LPSRUWDQW�IRU�VHLVPLF�KD]DUG�DQDO\VLV��:H�KDYH�GHYHORSHG�DQ�DOJRULWKP�IRU

YHU\�UDSLG�IXOO�ZDYH�&07�LQYHUVLRQV�LQ�D��'�(DUWK�VWUXFWXUH�PRGHO�DQG�DSSOLHG�LW�RQ�HDUWKTXDNHV�UHFRUGHG�E\�WKH

6RXWKHUQ�&DOLIRUQLD�6HLVPLF�1HWZRUN��6&61���7KH�SURFHGXUH�UHOLHV�RQ�WKH�XVH�RI�UHFHLYHU�VLGH�*UHHQ�WHQVRUV��5*7V��

ZKLFK�FRPSULVH�WKH�VSDWLDO�WHPSRUDO�GLVSODFHPHQWV�SURGXFHG�E\�WKH�WKUHH�RUWKRJRQDO�XQLW�LPSXOVLYH�SRLQW�IRUFHV

DFWLQJ�DW�WKH�UHFHLYHU��:H�KDYH�FRQVWUXFWHG�D�5*7�GDWDEDVH�IRU�����EURDGEDQG�VWDWLRQV�LQ�6RXWKHUQ�&DOLIRUQLD�XVLQJ

DQ�XSGDWHG�YHUVLRQ�RI�WKH��'�6&(&�&RPPXQLW\�9HORFLW\�0RGHO��&90��YHUVLRQ�����DQG�D�VWDJJHUHG�JULG�ILQLWH�

GLIIHUHQFH�FRGH��)LQLWH�GLIIHUHQFH�V\QWKHWLF�VHLVPRJUDPV�IRU�DQ\�HDUWKTXDNH�LQ�RXU�PRGHOLQJ�YROXPH�FDQ�EH�VLPSO\

FDOFXODWHG�E\�H[WUDFWLQJ�D�VPDOO��VRXUFH�FHQWHUHG�YROXPH�IURP�WKH�5*7�GDWDEDVH�DQG�DSSO\LQJ�WKH�UHFLSURFLW\

SULQFLSOH��:H�KDYH�GHYHORSHG�DQ�DXWRPDWHG�DOJRULWKP�WKDW�FRPELQHV�D�JULG�VHDUFK�IRU�VXLWDEOH�HSLFHQWHU�DQG�IRFDO

PHFKDQLVPV�ZLWK�D�JUDGLHQW�GHVFHQW�PHWKRG�WKDW�IXUWKHU�UHILQHV�WKH�JULG�VHDUFK�UHVXOWV��,Q�WKLV�DOJRULWKP��WKH�&07

VROXWLRQV�DUH�LQYHUWHG�QHDU�UHDO�WLPH�E\�XVLQJ�ZDYHIRUP�LQ�D��'�(DUWK�VWUXFWXUH��&RPSDULQJ�ZLWK�WKH�&07�VROXWLRQV

SURYLGHG�E\�WKH�6RXWKHUQ�&DOLIRUQLD�6HLVPLF�1HWZRUN��6&61��VKRZV�WKDW�RXU�VROXWLRQV�JHQHUDOO\�SURYLGH�EHWWHU�ILW�WR

WKH�REVHUYHG�ZDYHIRUPV��2XU�DOJRULWKP�PD\�SURYLGH�PRUH�UREXVW�&07�VROXWLRQV�IRU�HDUWKTXDNHV�LQ�6RXWKHUQ

&DOLIRUQLD��,Q�DGGLWLRQ��WKH�UDSLG�DQG�DFFXUDWH�IXOO�ZDYH�&07�LQYHUVLRQ�KDV�SRWHQWLDO�WR�H[WHQW�WR�DFFXUDWH�QHDU�UHDO�

WLPH�JURXQG�PRWLRQ�SUHGLFWLRQ�EDVHG�RQ��'�VWUXFWXUH�PRGHO�IRU�HDUWKTXDNH�HDUO\�ZDUQLQJ�SXUSRVH��:KHQ�FRPELQHG

ZLWK�UHDO�WLPH�WHOHPHWHUHG�ZDYHIRUP�UHFRUGLQJV��RXU�DOJRULWKP�FDQ�SURYLGH��QHDU��UHDO�WLPH�JURXQG�PRWLRQ�IRUHFDVW�

�
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%URDGEDQG�*URXQG�0RWLRQ�6LPXODWLRQV�IRU�D�.LQHPDWLF�9DULDWLRQ�RI�WKH�0Z�����6KDNH2XW�5XSWXUH
5��:��*UDYHV���; (���6H\KDQ���; -��3��6WHZDUW���; 
���86�*HRORJLFDO�6XUYH\��3DVDGHQD��&$��8QLWHG�6WDWHV��
���&LYLO�	�(QYLURQPHQWDO�(QJLQHHULQJ��8&/$��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��7KH������6KDNH2XW�6FHQDULR��3RUWHU�HW�DO���������GHVFULEHV�D�K\SRWKHWLFDO�0Z�����HDUWKTXDNH�RQ�WKH�VRXWKHUQ

6DQ�$QGUHDV�)DXOW��WKH�DVVRFLDWHG�VLPXODWHG�JURXQG�PRWLRQV��DQG�WKHLU�SRWHQWLDO�LPSDFW�RQ�WKH�EXLOW�HQYLURQPHQW��7KH

PDLQ�IHDWXUHV�RI�WKH�UXSWXUH�VFHQDULR��LQFOXGLQJ�LWV�HQG�SRLQWV��PDJQLWXGH��DQG�JURVV�VOLS�GLVWULEXWLRQ��ZHUH�GHILQHG

WKURXJK�H[SHUW�RSLQLRQ���2WKHU�GHWDLOV�RI�WKH�RULJLQDO�UXSWXUH�GHVFULSWLRQ�VXFK�DV�VOLS�DW�VPDOOHU�OHQJWK�VFDOHV��UXSWXUH

VSHHG��DQG�ULVH�WLPH�ZHUH�FRQVWUDLQHG�XVLQJ�HPSLULFDO�UHODWLRQVKLSV�DQG�H[SHULHQFH�JDLQHG�IURP�SUHYLRXV�VWURQJ�

PRWLRQ�PRGHOLQJ��+XGQXW�HW�DO�����������6XEVHTXHQW�DQDO\VHV�FRQVLGHULQJ�WKH�VHQVLWLYLW\�RI�NLQHPDWLFDOO\�SUHVFULEHG

UXSWXUH�VSHHG��*UDYHV�HW�DO���������DQG�IXOO\�VSRQWDQHRXV�G\QDPLF�UXSWXUH�SDUDPHWHUL]DWLRQV��2OVHQ�HW�DO��������

IRXQG�WKDW�JURXQG�PRWLRQ�DPSOLILFDWLRQ�GXH�WR�UXSWXUH�GLUHFWLYLW\�FDQ�EH�VLJQLILFDQWO\�DIIHFWHG�E\�WKH�FRKHUHQF\�RI�WKH

UXSWXUH�DFURVV�WKH�IDXOW�VXUIDFH���+HUH��ZH�EXLOG�RQ�WKHVH�HDUOLHU�VWXGLHV�E\�FRQVLGHULQJ�DQ�DOWHUQDWLYH�NLQHPDWLF

SDUDPHWHUL]DWLRQ�RI�WKH�6KDNH2XW�UXSWXUH�GHYHORSHG�XVLQJ�WKH�PHWKRGRORJ\�SUHVHQWHG�E\�*UDYHV�DQG�3LWDUND��������

7KH�UHVXOWLQJ�UXSWXUH�GHVFULSWLRQ�KDV�D�KLJK�GHJUHH�RI�VSDWLDO�DQG�WHPSRUDO�FRPSOH[LW\��ZKLFK�OHDGV�WR�D�UHGXFWLRQ�LQ

WKH�FRKHUHQFH�RI�WKH�UDGLDWHG�HQHUJ\�DQG�GLPLQLVKHG�ORQJHU�SHULRG�UXSWXUH�GLUHFWLYLW\�HIIHFWV�UHODWLYH�WR�WKH�RULJLQDO

VFHQDULR���$QDO\VLV�RI�WKH�RULJLQDO�6KDNH2XW�UHVXOWV�E\�6WDU�HW�DO���������DOVR�IRXQG�WKH�VKRUWHU�SHULRG�VLPXODWLRQV

DWWHQXDWH�IDVWHU�ZLWK�GLVWDQFH�DQG�KDYH�ORZHU�LQWUD�HYHQW�VLJPD�FRPSDUHG�ZLWK�HPSLULFDO�SUHGLFWLRQV���:H�KDYH

DGGUHVVHG�WKHVH�LVVXHV�E\�DGMXVWLQJ�WKH�4�YDOXH�XVHG�LQ�WKH�PRGHO�DQG�LQFUHDVLQJ�WKH�VWRFKDVWLF�YDULDELOLW\�LQ�WKH

VKRUWHU�SHULRG�VLPXODWLRQ�DSSURDFK��&RPSDULVRQ�RI�WKH�XSGDWHG�VLPXODWLRQ�UHVXOWV�ZLWK�HVWLPDWHV�IURP�JURXQG�PRWLRQ

SUHGLFWLRQ�HTXDWLRQV�VKRZV�LPSURYHG�GLVWDQFH�DWWHQXDWLRQ�EHKDYLRU�DQG�DQ�LQWUD�HYHQW�GLVSHUVLRQ�WKDW�LV�VLPLODU�WR�WKH

HPSLULFDO�PRGHOV�DW�SHULRGV�ORQJHU�WKDQ�DERXW���VHF��DQG�FORVHU�WR��EXW�VWLOO�VRPHZKDW�ORZHU��DW�VKRUWHU�SHULRGV�

&RPSDULVRQ�RI�VOLS�GLVWULEXWLRQ�DQG�UXSWXUH�SURSDJDWLRQ�FRQWRXUV�IRU�XSGDWHG��WRS��DQG�RULJLQDO��ERWWRP���NLQHPDWLF
6KDNH2XW�PRGHOV��7KH�XSGDWHG�PRGHO�H[KLELWV�VWURQJHU�KHWHURJHQHLW\�LQ�ERWK�VOLS�DQG�UXSWXUH�HYROXWLRQ�
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'HYHORSPHQW�RI�6KDNH$OHUW�3HUIRUPDQFH�(YDOXDWLRQ�6RIWZDUH
3��-��0DHFKOLQJ���; 0���/LXNLV���; 7��+��-RUGDQ���; 
���8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��6RXWKHUQ�&DOLIRUQLD�(DUWKTXDNH�&HQWHU��/RV�$QJHOHV��&$��8QLWHG�6WDWHV��

 
%RG\��7KH�&,61�7HVWLQJ�&HQWHU��&7&��LV�GHVLJQHG�WR�SURYLGH�DXWRPDWHG�DQG�LQWHUDFWLYH�SHUIRUPDQFH�HYDOXDWLRQV�RI

6KDNH$OHUW�HDUWKTXDNH�HDUO\�ZDUQLQJ�V\VWHP�SHUIRUPDQFH��7KH�&7&�VRIWZDUH�FRQVLVWV�RI�WZR�PDLQ�SDUWV������VRIWZDUH

SURJUDPV�WKDW�LQSXW�6KDNH$OHUW�((:�SHUIRUPDQFH�UHSRUWV��PDWFK�6KDNH$OHUW�IRUHFDVWV�WR�REVHUYDWLRQDO�GDWD��DQG

JHQHUDWH�D�YDULHW\�RI�((:�V\VWHP�SHUIRUPDQFH�VXPPDULHV��DQG�����DQ�DXWRPDWHG�WHVWLQJ�IUDPHZRUN�WKDW�FDQ�LQSXW

6KDNH$OHUW�((:�SHUIRUPDQFH�UHSRUWV��UHWULHYH�$166�REVHUYDWLRQDO�GDWD��DQG�SURGXFH�SHUIRUPDQFH�VXPPDULHV�RQ�D

GDLO\��RU�HYHQW��EDVLV��7KH�LQWHUDFWLYH�FDSDELOLWLHV�RI�WKH�&7&�VRIWZDUH�PD\�EH�XVHIXO�IRU�RIIOLQH�WHVWLQJ�RI�6KDNH$OHUW

V\VWHP��7KH�DXWRPDWHG�FDSDELOLWLHV�RI�WKH�&7&�VRIWZDUH�DUH�GHVLJQHG�WR�VXSSRUW�RQJRLQJ�6KDNH$OHUW�SHUIRUPDQFH

HYDOXDWLRQV��7KH�&7&�VRIWZDUH�LPSOHPHQWV�D�QXPEHU�RI�VWDQGDUG�((:�SHUIRUPDQFH�VXPPDULHV�LQFOXGLQJ�PDJQLWXGH

IRUHFDVW�HUURU�DQG�ORFDWLRQ�IRUHFDVW�HUURU�ZLWK�HYDOXDWLRQ�RI�6KDNH$OHUW�JURXQG�PRWLRQ�IRUHFDVWV�VXFK�DV�SHDN�YHORFLW\

XQGHU�GHYHORSPHQW��7KH�&7&�VRIWZDUH�LV�GLVWULEXWHG�DV�RSHQ�VRXUFH�VFLHQWLILF�VRIWZDUH�WR�VXSSRUW�WUDQVSDUHQF\�LQ

HYDOXDWLRQ�SURFHVVLQJ�DQG�WR�VXSSRUW�WHVWLQJ�VRIWZDUH�UH�XVH�ZLWKLQ�6KDNH$OHUW�GHYHORSPHQW�JURXSV�

85/��KWWS���ZZZ�VFHF�RUJ�HHZ
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$FWLYH�EOLQG�WKUXVW�IDXOWLQJ�DQG�JURZWK�IROGLQJ�LQ�WKH�VRXWKHUQ�/RQJPHQ�6KDQ��HDVWHUQ�7LEHWDQ�3ODWHDX�
0���:DQJ���; '���-LD���; -��+��6KDZ���; $���/LQ���; %���/LX���; <���/L���; 
���'HSDUWPHQW�RI�(DUWK�6FLHQFHV��1DQMLQJ�8QLYHUVLW\��1DQMLQJ��&KLQD��
���'HSDUWPHQW�RI�(DUWK�DQG�3ODQHWDU\�6FLHQFHV��+DUYDUG�8QLYHUVLW\��&DPEULGJH��0$��8QLWHG�6WDWHV��
���*UDGXDWH�6FKRRO�RI�6FLHQFH�DQG�7HFKQRORJ\��6KL]XRND�8QLYHUVLW\��6KL]XRND��-DSDQ��
���*HRSK\VLFDO�([SORUDWLRQ�&HQWHU��&KLQD�(DUWKTXDNH�$GPLQLVWUDWLRQ��=KHQJ]KRX��&KLQD��

 
%RG\��7KH�GHYDVWDWLQJ������:HQFKXDQ�HDUWKTXDNH�GHPRQVWUDWHV�WKDW�WKH�FHQWUDO�DQG�QRUWKHUQ�SDUWV�RI�WKH�/RQJPHQ

6KDQ�IROG�DQG�WKUXVW�EHOW�DUH�FXUUHQWO\�DFWLYH��+RZHYHU��JHRORJLFDO�HYLGHQFHV�RI�DFWLYH�IDXOWLQJ�DQG�IROGLQJ�LQ�WKH

XQUXSWXUHG�VRXWKHUQ�/RQJPHQ�6KDQ�UHPDLQ�SRRUO\�GHWHUPLQHG��:H�GHILQH�WKH�DFWLYLW\�RI�WKH�4LRQJ[L�WKUXVW�IDXOW

V\VWHP��47)��DORQJ�WKH�VRXWK�/RQJPHQ�6KDQ�UDQJH�IURQW�E\�LQWHJUDWLQJ�GHHS�	�VKDOORZ�VHLVPLF�UHIOHFWLRQ�GDWD�

JHRPRUSKLF�REVHUYDWLRQV��DQG�WUHQFK�VXUYH\��7KH�47)�LV�D����NP�ORQJ��16�WUHQGLQJ�VHW�RI�IDXOWV�WKDW�H[KLELW

JHRPRUSKLF�HYLGHQFH�RI�ODWH�4XDWHUQDU\�VXUIDFH�GHIRUPDWLRQ��7UHQFK�VXUYH\�DQG�UDGLRFDUERQ�DJHV�UHYHDO�WKDW�D

UHFHQW�VXUIDFH�UXSWXULQJ�HYHQW�RFFXUUHG�LQ�WKH�SDVW�����s���%3�RQ�D�VHW�RI�VWHHSO\�HDVW�GLSSLQJ�IDXOWV�WKDW�DUH�SDUW�RI

WKLV�V\VWHP���'�VWUXFWXUDO�PRGHOLQJ�UHYHDOV�WKDW�WKHVH�IDXOWV�DUH�EDFNWKUXVWV�WKDW�PHUJH�DW�GHSWK�ZLWK�WKH�EOLQG��ZHVW�

GLSSLQJ�47)�UDPS��7KLV�EOLQG�WKUXVW�UDPS�DFFRPPRGDWHV�HDVW�ZHVW�VKRUWHQLQJ�DQG�LV�RYHUODLQ�E\�IDXOW�EHQG�IROGV�

*URZWK�VWUDWD�DERYH�WKH�47)�LQFOXGH�GLVFUHWH�]RQHV�RI�GLSSLQJ�VWUDWD�ZLWK�ZHOO�GHILQHG�D[LDO�VXUIDFHV��LQGLFDWLQJ�WKDW

IROG�JURZWK�KDV�RFFXUUHG�GXULQJ�GHSRVLWLRQ�RI�WKH�ODWH�3OLRFHQH�4XDWHUQDU\�VWUDWD��7KH�WUHQG�DQG�VHQVH�RI�UHYHUVH�VOLS

DORQJ�WKH�47)�LQGLFDWHV�WKDW�WKH�VWUXFWXUH�DFFRPPRGDWHV�HDVW�ZHVW�FUXVWDO�VKRUWHQLQJ�RI�WKH�VRXWK�/RQJPHQ�6KDQ

DQG�UHIOHFWV�WKH�JURZWK�RI�HDVWHUQ�7LEHWDQ�3ODWHDX�LQ�WKH�ODWH�&HQR]RLF��7KLV�VKRUWHQLQJ�GLUHFWLRQ�LV�FRQVLVWHQW�ZLWK�WKH

REOLTXH��ULJKW�ODWHUDO�UHYHUVH�UXSWXUH�RQ�IDXOWV�WKDW�WUHQG�QRUWKHDVW�VRXWKZHVW�GXULQJ�WKH�:HQFKXDQ�HDUWKTXDNH��7KLV

VWXG\�DOVR�GHPRQVWUDWHV�WKDW�WKH�47)�KDV�JHQHUDWHG�D�VL]HDEOH�HDUWKTXDNH�LQ�WKH�+RORFHQH��DQG�WKXV�VKRXOG�EH

FRQVLGHUHG�LQ�IXWXUH�VHLVPLF�KD]DUG�DVVHVVPHQWV�RI�WKH�VRXWKHUQ�/RQJPHQ�6KDQ�DQG�GHQVHO\�SRSXODWHG�ZHVWHUQ

6LFKXDQ�EDVLQ�
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(IIHFW�RI�6HGLPHQWV�RQ�5XSWXUH�'\QDPLFV�RI�6KDOORZ�6XEGXFWLRQ�=RQH�(DUWKTXDNHV�DQG�7VXQDPL�*HQHUDWLRQ
6���0D���; 
���6DQ�'LHJR�6WDWH�8QLYHUVLW\��6DQ�'LHJR��&$��8QLWHG�6WDWHV��

 
%RG\��/RZ�YHORFLW\�IDXOW�]RQHV�KDYH�ORQJ�EHHQ�UHFRJQL]HG�IRU�FUXVWDO�HDUWKTXDNHV�E\�XVLQJ�IDXOW�]RQH�WUDSSHG�ZDYHV

DQG�JHRGHWLF�REVHUYDWLRQV�RQ�ODQG��+RZHYHU��WKH�PRVW�SURQRXQFHG�ORZ�YHORFLW\�IDXOW�]RQHV�DUH�SUREDEO\�LQ�WKH

VXEGXFWLRQ�]RQHV�ZKHUH�VHGLPHQWV�RQ�WKH�VHDIORRU�DUH�EHLQJ�FRQWLQXRXVO\�VXEGXFWHG��,Q�WKLV�VWXG\�,�IRFXV�RQ�VKDOORZ

VXEGXFWLRQ�]RQH�HDUWKTXDNHV��WKHVH�HDUWKTXDNHV�SRVH�D�VHULRXV�WKUHDW�WR�KXPDQ�VRFLHW\�LQ�WKHLU�DELOLW\�LQ�JHQHUDWLQJ

ODUJH�WVXQDPLV��1XPHURXV�REVHUYDWLRQV�LQGLFDWH�WKDW�WKHVH�HDUWKTXDNHV�KDYH�XQXVXDOO\�ORQJ�UXSWXUH�GXUDWLRQV��ORZ

UXSWXUH�YHORFLWLHV��DQG�RU�VPDOO�VWUHVV�GURSV�QHDU�WKH�WUHQFK��+RZHYHU��WKH�XQGHUO\LQJ�SK\VLFV�LV�XQFOHDU��,�ZLOO�XVH

G\QDPLF�UXSWXUH�VLPXODWLRQV�ZLWK�D�ILQLWH�HOHPHQW�PHWKRG�WR�LQYHVWLJDWH�WKH�G\QDPLF�VWUHVV�HYROXWLRQ�RQ�IDXOWV�LQGXFHG

E\�ERWK�VHGLPHQWV�DQG�IUHH�VXUIDFH��DQG�LWV�UHODWLRQV�ZLWK�UXSWXUH�YHORFLW\�DQG�VOLS��,�ZLOO�DOVR�H[SORUH�WKH�HIIHFW�RI�RII�

IDXOW�\LHOGLQJ�RI�VHGLPHQWV�RQ�WKH�UXSWXUH�FKDUDFWHULVWLFV�DQG�VHDIORRU�GHIRUPDWLRQ��$V�VKRZQ�LQ�0D�DQG�%HUR]D

��������WKH�PRUH�FRPSOLDQW�KDQJLQJ�ZDOO�FRPELQHG�ZLWK�IUHH�VXUIDFH�JUHDWO\�LQFUHDVHV�WKH�VWUHQJWK�GURS�DQG�VOLS�QHDU

WKH�WUHQFK��6HGLPHQWV�LQ�WKH�VXEGXFWLRQ�]RQH�OLNHO\�KDYH�D�VLJQLILFDQW�UROH�LQ�WKH�UXSWXUH�G\QDPLFV�RI�VKDOORZ

VXEGXFWLRQ�]RQH�HDUWKTXDNHV�DQG�WVXQDPL�JHQHUDWLRQ�


