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$EVWUDFW�7KH�F\OLQGHU�ZRUNLQJ�IOXLG�PHDQ�WHPSHUDWXUH��UDWH�RI�KHDW�IOX[HV�WR�FRPEXVWLRQ�FKDPEHU�DQG�WHPSHUDWXUH�GLVWULEXWLRQ�RQ�FRPEXVWLRQ�FKDPEHU�VXUIDFH�ZLOO�EH�FDOFXODWHG LQ�WKLV�UHVHDUFK��%\� VLPXODWLQJ� WKHUPRG\QDPLF� F\FOH� RI� HQJLQH�� WHPSHUDWXUH� GLVWULEXWLRQ� RI� FRPEXVWLRQ�FKDPEHU� ZLOO� EH� FDOFXODWHG� E\� WKH� &UDQN�1LFROVRQ� PHWKRG�� $Q� LPSOLFLW� ILQLWH� GLIIHUHQFH�PHWKRG� ZDV� XVHG� LQ� WKLV� FRGH�� 6SHFLDO� WUHDWPHQWV� IRU� SLVWRQ� PRYHPH QW� DQG� D� JULG�WUDQVIRUPDWLRQ�IRU�GHVFULELQJ�WKH�UHDOLVWLF�SLVWRQ�ERZO�VKDSH�ZHUH�GHVLJQHG�DQG�XWLOL]HG��7KH�UHVXOWV�ZHUH�YHULILHG�WR�EH�DFFXUDWH�IRU�VLPSOLILHG�WHVW�SUREOHPV��,Q�DGGLWLRQ��WKH�PHWKRG�ZDV�DSSOLHG� WR� UHDOLVWLF� SUREOHPV� RI� KHDW� WUDQVIHU� LQ� DQ� ,VX]X� 'LHVHO� HQJLQH�� DQG� JDYH� JRRG�DJUHHPHQW�ZLWK�DYDLODEOH�H[SHULPHQWDO�PHDVXUHPHQW�

.H\ZRUGV��KHDW�ORVV��FRPEXVWLRQ�FKDPEHU��'LHVHO�HQJLQH�
,QWURGXFWLRQ�,W�LV�NQRZQ�WKDW�KHDW�WUDQVIHU�HIIHFWV�LQWHUQDO�FRPEXVWLRQ� HQJLQH� SHUIRUPDQFH�� HIILFLHQF\��DQG HPLVVLRQV�� $V� IDU� DV� SHUIRUPDQFH� LV�FRQFHUQHG�� FRROLQJ� IRU� WKH� F\OLQGHU� KHDG��F\OLQGHU� ZDOO�� DQG� SLVWRQ� LV� GHVLUHG�� � 7KLV� LV��EHFDXVH� RI� SUREOHPV� VXFK� DV� WKHUPDO� VWUHVVHV�LQ� UHJLRQV� RI� KLJK� KHDW� IOX[�� GHWHULRUDWLRQ� RI�WKH� OXEULFDWLQJ� RLO� ILOP�� DQG� NQRFN� DQG� SUH�LJQLWLRQ�LQ�VSDUN�LJQLWLRQ�HQJLQHV��2Q�WKH�RWKHU�KDQG�� DQ� LQFUHDVH� RI� KHDW� WUDQVIHU� WR� WKH�FRPEXVWLRQ� FKDPEHU�ZDOOV�ZLOO� ORZHU� WKH�JDV�WHPSHUDWXUH� DQG� SUHVVXUH�ZLWKLQ� WKH� F\OLQGHU��ZKLFK� UHGXFHV� WKH�ZRUN� SHU� F\FOH� WUDQVIHUUHG�WR� WKH� SLVWRQ��+HDW� WUDQVIHU� IURP� WKH�ZRUNLQJ�JDV� WR� WKH� FRROLQJ� V\VWHP� RI� D� FRQYHQWLRQDO�'LHVHO� HQJLQH� DFFRXQWV� IRU� XS� WR� ���� RI� WKH�IXHO� HQHUJ\��$ERXW�����RI� WKLV� HQHUJ\� LV� ORVW�WKURXJK� WKH�SLVWRQ� DQG� ���� WKURXJK� WKH�KHDG�>�@��%\� VLPXODWLQJ� WKH� WKHUPRG\QDPLF� F\FOH� RI�HQJLQH��PHDQ� WHPSHUDWXUH�RI�F\OLQGHU�ZRUNLQJ�IOXLG� DQG� KHDW� IOX[HV� WR� FRPEXVWLRQ� FKDPEHU�ZLOO�EH��FDOFXODWHG����)ROORZLQJ��WKDW��XVLQJ��WKH�
��0�6F��6WXGHQW����$VVLVWDQW��3URIHVVRU

KHDW� FRQGXFWLRQ� HTXDWLRQV�� E\� FRQVLGHULQJ�PDWHULDO� SURSHUW\� GDWD� DQG� DSSURSULDWHERXQGDU\�FRQGLWLRQV�D�WHPSHUDWXUH�GLVWULEXWLRQ�LV�REWDLQHG�IRU�FDOFXODWHG�KHDW�IOX[HV�7KH� FKDPEHU�ZDOO� WHPSHUDWXUH� 7Z� LV� D� YLWDO�SDUDPHWHU� IRU� GHWHUPLQLQJ� PDJQLWXGH� RI� KHDW�IOX[� DQG� HQJLQH� F\FOH� VLPXODWLRQ�� ,Q� JHQHUDO��WKH� FRPEXVWLRQ� FKDPEHU� RI� DQ� LQWHUQDO�FRPEXVWLRQ�HQJLQH�LV�IRUPHG�E\�F\OLQGHU�ZDOO��KHDG� DQG� SLVWRQ�� ZKHUH� WKH� WHPSHUDWXUH�GLVWULEXWLRQV� DUH� GLIIHUHQW� IRU� HDFK� VXUIDFH��7\SLFDOO\�� WKH� WHPSHUDWXUH� RI� HDFK� VXUIDFH� LV�DVVXPHG�WR�EH�D�FRQVWDQW�>�@�ZKHUH�WKLV�LV�QRW�FRQVLVWHQW� ZLWK� WKH� DFWXDO� VLWXDWLRQ� RFFXUULQJ�RQ�WKH�VXUIDFH�RI�WKH�FRPEXVWLRQ�FKDPEHU��
(QJLQH�DQG�2SHUDWLQJ�6SHFLILFDWLRQV7KH�HQJLQH�VWXGLHG�LQ�WKLV�ZRUN�ZDV�DQ�,VX]X�'LHVHO� HQJLQH� GHYHORSHG� E\� ,VX]X� &HUDPLFV�5HVHDUFK� ,QVWLWXWH� �,&5,��� ,W� LV� D� FHUDPLF��VLQJOH� F\OLQGHU� ',� 'LHVHO� HQJLQH�� 7KH� SLVWRQ�FURZQ�� KHDG�� OLQHDU�� F\OLQGHU� DQG� YDOYHV� DUH�PDGH� RI� 6LOLFRQ� 1LWULGH� �.\RFHUD� 61������7KLV� PDWHULDO� KDV� WKH� IROORZLQJ� SURSHUWLHV� DW�URRP� WHPSHUDWXUH�� GHQVLW\� ����� � NJPU ��WKHUPDO� FRQGXFWLYLW\� ���� �� .:PN �� DQG�



VSHFLILF�KHDW� ����� �� .NJ-FS ��$GGLWLRQDO�LQVXODWLRQ� LV� SURYLGHG� E\� DLU� JDSV� DQG�LQVXODWLQJ�ULQJV�EHWZHHQ�WKH�FHUDPLFV�DQG� WKH�PHWDO� FRPSRQHQWV� RI� WKH� HQJLQH�� 7KH� HQJLQH�KDV�OLPLWHG�FRROLQJ�RI�WKH�F\OLQGHU�ZDOO�DQG�RI�WKH� ERWWRP� RI� WKH� PHWDO� VNLUW� RI� WKH� SLVWRQ��%RWK�RI�WKHVH�UHJLRQV�DUH�FRROHG�E\�OXEULFDWLQJ�RLO�
7DEOH���6SHFLILFDWLRQV�RI�,VX]X�FHUDPLF�'LHVHO�HQJLQH%RUH�RI�F\OLQGHU �� PP6WURNH �� PP6TXLVK ��� PP&RPSUHVVLRQ�UDWLR ���� ²&RQQHFWLQJ�URG� ��� PP3LVWRQ�FURZQ VKDOORZ�GLVK ²(QJLQH�VSHHG ���� UHY�PLQ

7KHUPRG\QDPLF�F\FOH�VLPXODWLRQ�7KH�SULPDU\�IHDWXUH�XVHG�LQ�WKH�GHYHORSPHQW�RI� WKLV� F\FOH� VLPXODWLRQ� LV� WKH� ILUVW� ODZ� RI�WKHUPRG\QDPLFV�ZKLFK�LV�XWLOL]HG�WR�GHULYH�DQ�H[SUHVVLRQ�IRU�WKH�FUDQN�DQJOH��WLPH��GHULYDWLYH�RI� WKH� RYHUDOO� JDV� WHPSHUDWXUH� LQ� WHUPV� RI�HQJLQH� GHVLJQ� YDULDEOHV�� RSHUDWLQJ� FRQGLWLRQV��DQG�VXE�PRGHO�SDUDPHWHUV�7KH�ILUVW�ODZ�RI�WKHUPRG\QDPLFV�IRU�WKH�RQH �]RQH�IRUPXODWLRQ�IRU�WKLV�V\VWHP�LV�>�@�
RXWRXWLQLQWRW KPKPGG:GG4GG( �� ��� TTT ��������

ZKHUH� ( LV� WKH� WRWDO� HQHUJ\�� WRW4 LV� WKH� WRWDO�QHW�KHDW�LQSXW��: LV�WKH�QHW�ZRUN GRQH�E\�WKH�V\VWHP�� �P LV�WKH PDVV�IORZ�UDWH�LQWR�RU�RXW�RI�WKH� V\VWHP�� DQG� K LV� WKH� VSHFLILF� HQWKDOS\�HLWKHU�LQWR�RU�RXW�RI�WKH�V\VWHP�7KH�RQO\�VLJQLILFDQW�HQHUJ\�RI�WKH�V\VWHP�LV�LQWHUQDO� HQHUJ\� �X��� WKH� RQO\� VLJQLILFDQW�ZRUN�WHUP� LV� GXH� WR� WKH� SLVWRQ� PRWLRQ� �V\VWHP�ERXQGDU\�PRWLRQ���6R�HTXDWLRQ�����EHFRPHV�
RXWRXWLQLQWRW KPKP9S4GPXG ������ ��� T �������������������������������������������������������������

ZKHUH�P LV�WKH�PDVV�LQ�WKH�F\OLQGHU�� S LV�WKH�F\OLQGHU� SUHVVXUH�� DQG� �9 LV� WKH� F\OLQGHU�YROXPH�WLPH�UDWH�RI�FKDQJH��7R�REWDLQ�D�GHULYDWLYH�RI�WKH�SUHVVXUH��ZKLFK�LV� LQGHSHQGHQW� RI� WKH� JDV� WHPSHUDWXUH�� DQ�H[SUHVVLRQ� IRU� WKH� GHULYDWLYH� RI� WKH� SUHVVXUH�

�S LV� QHHGHG��7KLV�PD\� EH� REWDLQHG� IURP� WKH�GHULYDWLYH�RI�LGHDO�JDV�HTXDWLRQ�RI�VWDWH99S57P75P7P5S ��� ���� ��� � �����������������������������������������������������������������������������&RPELQLQJ�HTXDWLRQV����������DQG�DVVXPLQJ�WKDW� WKH� FRPSRVLWLRQ� DQG� WKHUPRG\QDPLF�SURSHUWLHV�DUH�FRQVWDQW�WKHUHIRUH� ��� ������ PX7&P7&P9S4P&7 RXWSRXWLQSLQWRWY ���� ���DQG
¿¾½®̄­ ��¸̧¹·¨̈©§ ��� RXWSRXWLQSLQWRW 7&P7&P9S49S ����� ���� J JJ

���6ROYLQJ� WKHVH� GLIIHUHQWLDO� HTXDWLRQV� DQG�DVVXPLQJ� D� FRQVWDQW� ZDOO� WHPSHUDWXUH� WKH�F\OLQGHU� ZRUNLQJ� IOXLG� PHDQ� WHPSHUDWXUH���SUHVVXUH� DQG� PDJQLWXGH� RI� KHDW� IOX[HV� WR�FRPEXVWLRQ�FKDPEHU�ZLOO�EH�REWDLQHG��)LJXUHV����� DQG� ���� VKRZ� WKH� SUHVVXUH� DQG� JDV�WHPSHUDWXUH� RI� F\OLQGHU�ZRUNLQJ� IOXLG� DJDLQVW�FUDQN�DQJOH��WLPH��
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0RGHOV�DQG�1XPHULFDO�0HWKRGV7KH� DSSURDFK� WR� GHWHUPLQH� WKH� FRPEXVWLRQ�FKDPEHU� WHPSHUDWXUH� GLVWULEXWLRQ� LV� GHGXFHG�IURP� WKH� HQHUJ\� FRQVHUYDWLRQ� ODZ�� )RU�VLPSOLFLW\� LW� LV� DVVXPHG� WKDW� WKH� HQJLQH�JHRPHWU\�LV�D[LV\PPHWULF��,Q�WZR�GLPHQVLRQDO�F\OLQGULFDO� FRRUGLQDWH� WKH� KHDW� FRQGXFWLRQ�HTXDWLRQ�LV�
W7F]7NUU7NUUU S ww ¹̧·©̈§ wwww�¹̧·©̈§ wwww U� ���������������������������������������������

ZKHUH� U DQG� ] DUH� WKH� FRRUGLQDWHV� LQ� WKH�UDGLDO�DQG�D[LDO�GLUHFWLRQV�� UHVSHFWLYHO\�� 7 LV�WKH� ZDOO� WHPSHUDWXUH�� N LV� WKH� WKHUPDO�FRQGXFWLYLW\��� SF LV�WKH�VSHFLILF�KHDW��DQG�� W LV�WLPH�$V�WKH�ERXQGDU\�FRQGLWLRQ��WKH�WHPSHUDWXUHV�RQ�WKH�RXWHU�VXUIDFH�RI�WKH�F\OLQGHU�ZDOO�OLQHU��KHDG� DQG� SLVWRQ� ZHUH� WUHDWHG� DV� FRQVWDQW�VXUIDFH� WHPSHUDWXUH� FRQGLWLRQV�� LQ� ZKLFK� WKHWHPSHUDWXUH�HTXDOV�HLWKHU�WKH�PHDVXUHG�FRRODQW�WHPSHUDWXUH� RU� WKH� RLO� WHPSHUDWXUH� LQ� WKH�FUDQNVKDIW�FDVH��7KLV�LV�UHDVRQDEOH�EHFDXVH�WKH�YDULDWLRQ�RI� WKH�WHPSHUDWXUH�RQ� WKHVH�VXUIDFHV�LV�PXFK�VPDOOHU�WKDQ�WKDW�RQ�WKH�LQQHU�VXUIDFHV�RI� WKH� FRPEXVWLRQ� FKDPEHU�� 7KH� ERXQGDU\�FRQGLWLRQ�RQ� WKH� LQQHU�JDV�VLGH�VXUIDFH�RI� WKH�FRPEXVWLRQ�FKDPEHU�ZDV�D�VSHFLILHG�KHDW�IOX[��ZKLFK� ZDV� REWDLQHG� WKURXJK� WKH� F\FOH�VLPXODWLRQ�SURFHVV��7KH� QXPHULFDO� PHWKRG� XVHG� KHUH� LV� WKH�&UDQN�1LFROVRQ� PHWKRG� ZKLFK� LV� DQ� LPSOLFLW�DQG� DFFXUDWH� PHWKRG�� )RU� WKH� FRQVWDQW�FRHIILFLHQW� KHDW� FRQGXFWLRQ� HTXDWLRQ��� �� \\[[W 777 � D �� WKH &UDQN�1LFROVRQ�PHWKRG�LV�>�@�
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3LVWRQ� PRYHPHQW� LV� D� FRPSOLFDWHG� IHDWXUH�WKDW� FKDUDFWHUL]HV� HQJLQH� RSHUDWLRQ� ZKLFK� LV�LPSRUWDQW� LQ� WKH� KHDW� FRQGXFWLRQ� SUREOHP��$VVXPLQJ�WKDW�WKH�FRQQHFWLQJ�URG�OHQJWK�LV� O ��FUDQN� UDGLXV� LV� U DQG� FUDQN� DQJOH� LV� T �� WKHQ�DFFRUGLQJ�WR�)LJ����D��>�@�
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�� ����� �VLQ� FRV�VLQ� TTTS UOU1YS ��������
:KHUH� FV LV�WKH�VTXLVK�KHLJKW�� V LV�WKH�SLVWRQ�SRVLWLRQ�� S] LV�WKH�GLVWDQFH EHWZHHQ�WKH�FUDQN�D[LV� DQG� WKH� SLVWRQ� WRS� VXUIDFH�� SY LV� WKH�LQVWDQWDQHRXV� SLVWRQ� YHORFLW\�� 1 LV WKH�URWDWLRQDO�VSHHG�RI�WKH�FUDQNVKDIW�DQG� E LV�WKH�GLVWDQFH�EHWZHHQ�WKH�SLVWRQ�WRS�VXUIDFH�DQG�WKH�SLVWRQ�SLQ�D[LV��

)LJ�����6FKHPDWLF�GLDJUDPV�VKRZLQJ��D��JHRPHWULFDO�UHODWLRQVKLSV�RI�SLVWRQ�PRYHPHQW� �E��JULG�GLVWULEXWLRQ�LQ�DQ�HQJLQH�F\OLQGHU�
,Q� WKLV� UHVHDUFK� D� VSHFLDO� WHFKQLTXH� ZDV�GHYHORSHG� WR� VROYH� WKH� PRYLQJ� ERXQGDU\�SUREOHP� RI� HQJLQH� SLVWRQV�� 7KH� JULGV� ZHUH�IRUPHG� LQ� D� F\OLQGULFDOO\� V\PPHWULF� GRPDLQ�ZHUH� WKH� OHIW� VLGH� UHSUHVHQW� WKH� FHQWHUOLQH� RI�WKH� HQJLQH� F\OLQGHU�� 1RGHV� UHSUHVHQWLQJ�



ERXQGDULHV�RU�LQQHU�SRLQWV�RI�WKH�F\OLQGHU�ZDOO��KHDG�DQG�SLVWRQ�ZHUH�GHWHUPLQHG��7KHVH�QRGHV�SDUWLFLSDWH� LQ� WKH�FRPSXWDWLRQ�DQG�DUH� WHUPHG�FRPSXWHG� QRGHV�� EXW� RWKHUV� RXWVLGH� WKH�ERXQGDULHV�DUH�QRQ�FRPSXWHG�QRGHV��,Q�)LJ�����E��WKH�QRGHV�LQ�WKH�ZKLWH�UHJLRQV�DUH�WKH�FRP�SXWHG� QRGHV� DQG� WKH� QRGHV� LQ� VKDGRZHG�UHJLRQV�DUH�WKH�QRQ�FRPSXWHG�QRGHV�7KH�FRPSXWHG�QRGHV�UHSUHVHQWLQJ�WKH�SLVWRQ�DQG� WKH� JDS� EHWZHHQ� WKH� SLVWRQ� DQG� F\OLQGHU�ZDOO�>UHJLRQ�$%&' LQ�)LJ�����E�@ DUH�VHSDUDWHG�IURP�RWKHU�FRPSXWHG�QRGHV��:KHQ� WKH�HQJLQH�LV�UXQQLQJ��WKH�SLVWRQ�SRVLWLRQ� V LV�GHWHUPLQHG�XVLQJ�HTQ������,I� FVV � LV�PRYHG�WR� ]VS '� LQ�WKH� QH[W� WLPH� VWHS� >)LJ�� ��E�@�� WKH� QRGHV� MXVW�DERYH� WKH� SLVWRQ� WRS� ERXQGDU\� $% DUH�FRQYHUWHG� LQWR� WKH� QRGHV� RI� D� QHZ� WRS�ERXQGDU\�DQG� WKH�QRGHV�RQ�WKH�IRUPHU�ERWWRP�ERXQGDU\�&'�DUH� FKDQJHG� LQWR� QRQ�FRPSXWHG�QRGHV��0HDQZKLOH�� WHPSHUDWXUHV� DW� HDFK� QRGH�DW� WKH�IRUPHU�SLVWRQ�SRVLWLRQ�DUH�PRYHG�WR�WKH�FRUUHVSRQGLQJ�QRGH�DW�WKH�QHZ�SLVWRQ�SRVLWLRQ��,Q� WKLV� ZD\� WKH� XSZDUG� SLVWRQ� PRYHPHQW� LV�UHDOL]HG� LQ� WKH� ILQLWH� GLIIHUHQFH� DQDO\VLV��'RZQZDUG�SLVWRQ�PRYHPHQW�LV�WUHDWHG�ZLWK�DQ�DQDORJRXV�PHWKRG�,QVWHDG� RI� D� IODW�WRSSHG� SLVWRQ� VXFK� DV� WKDW�W\SLFDOO\�XVHG�LQ�VSDUN�LJQLWLRQ�HQJLQHV��'LHVHO�HQJLQHV XVXDOO\� KDYH� D� SLVWRQ� ZLWK� ERZO�� ,Q�PHGLXP�WR�VPDOO� VL]H� GLUHFW�LQMHFWLRQ� 'LHVHO�HQJLQHV�� XVH� RI� D� ERZO�LQ�SLVWRQ� FRPEXVWLRQ�FKDPEHU� UHVXOWV� LQ� VXEVWDQWLDO� VZLUO�DPSOLILFDWLRQ� DW� WKH� HQG� RI� WKH� FRPSUHVVLRQ�SURFHVV�� 7KH� HIIHFW� RI� DLU� VZLUO� RQ� WKH�SHUIRUPDQFH� DQG� HPLVVLRQV� FKDUDFWHULVWLF� RI�WKLV�W\SH�RI�HQJLQH�LV�YHU\�LPSRUWDQW�,Q� RUGHU� WR� GHVFULEH� WKH� FRQILJXUDWLRQ� RI� D�ERZO�VKDSHG� SLVWRQ� LQ� WKH� ILQLWH� GLIIHUHQFH�UHSUHVHQWDWLRQ�� WDEXODU� LQIRUPDWLRQ� DERXW� WKH�SLVWRQ� RXWOLQH� LV� XVHG� >L�H�� WKH� FRRUGLQDWHV� LUDQG� L] LQ�)LJ���

)LJ�����6LOKRXHWWH�RI�SLVWRQ�ERZO7KH� ILQLWH� GLIIHUHQFH� HTXDWLRQV� DUH� PRVW�HIILFLHQWO\� VROYHG� LQ� D� UHFWDQJXODU� GRPDLQ��

7KXV�� LW� LV� FRQYHQLHQW� WR� WUDQVIRUP� WKH�QRQUHFWDQJXODU� SK\VLFDO� GRPDLQ� WR� DUHFWDQJXODU� FRPSXWDWLRQDO� GRPDLQ�� )URP� WKH�JHRPHWU\� FKDUDFWHULVWLFV�� WKH� UHODWLRQVKLS�EHWZHHQ� WKH� SK\VLFDO� DQG� WKH� FRPSXWDWLRQDO�GRPDLQ�FDQ�EH�GHILQHG�DVU]U   ���[[ ����
»¼º«¬ª �����  �

� LLLL
LL ]UUUU ]]]]U ����� �

�KK ����
�� ���� LL UUU:KHUH� ��� ]U[[  DQG� ��� ]UKK  DUH�PDSSLQJ�IXQFWLRQV�

5HVXOWV�DQG�'LVFXVVLRQ$FFRUGLQJ� WR� WKH� HQJLQH� VSHFLILFDWLRQV�� D�ILQLWH� GLIIHUHQFH�PRGHO�RI� WKLV� HQJLQH�ZDV� VHW�XS�� )LJXUH� �� VKRZV� WKH� JULGV� DQG� ERXQGDU\�FRQGLWLRQV� RI� WKH� PRGHO� IRU� WKH� ILQH� JULG�RSWLRQ��7KH�JULG�QXPEHU�LQ�WKH�U�GLUHFWLRQ�LV����IRU� WKH� ILQH� JULG� RSWLRQ�� ZKLFK� LQFOXGHV� IRXU�JULGV�ZLWKLQ� WKH�SLVWRQ�OLQHU� DLU� JDS�� 7KH�JULG�VL]H� LQ� WKH� U�GLUHFWLRQ� GHSHQGV� RQ� WKH� SLVWRQ�VLOKRXHWWH� DQG� WKH� GLVWULEXWLRQ� RI� LWV� RXWOLQH�SRLQWV� �LW� LV� ���� PP� ZLWKLQ� WKH� DLU� JDS�� DQG�����������RU���PP�ZLWK�LQFUHDVLQJ�GHSWK�EHORZ�WKH� F\OLQGHU�ZDOO��� 7KH� JULG� QXPEHU� LQ� WKH� ]�GLUHFWLRQ��KRZHYHU�� LV�PXFK�PRUH� WKDQ�WKDW� LQ�WKH�U�GLUHFWLRQ�DQG�LW�LV�����IRU�WKH�ILQH�RSWLRQ��7KH�JULG�VL]H�LQ�]�GLUHFWLRQ LV���PP�ZLWKLQ�WKH�F\OLQGHU�ZDOO�DQG����������� ����RU���PP�ZLWK�LQFUHDVLQJ�GHSWK�EHORZ�WKH�KHDG�VXUIDFH�

)LJ�����1XPHULFDO�PHVK�RI�,VX]X�FHUDPLF 'LHVHO�HQJLQH�DW���R $7'&



7KH� JDVNHW� EHWZHHQ� WKH� KHDG� OLQHU� DQG�F\OLQGHU� LV� PDGH� RI� D� PHWDO� FRPSUHVVHG�PDWHULDO� ZKHUH� LWV� WKHUPDO� UHVLVWDQFH� ZDV�QHJOHFWHG� LQ� WKLV� PRGHO�� 3LVWRQ� ULQJV� DQG� WKH�JDV�EHWZHHQ�WKHP�RFFXS\�WKH�JDS�EHWZHHQ�WKH�SLVWRQ� DQG� WKH� F\OLQGHU� ZDOO�� ,Q� RUGHU� WR�LQFOXGH� WKH� HIIHFWV� RI� SLVWRQ� ULQJV� RQ� KHDW�FRQGXFWLRQ�� WKH� SLVWRQ� ULQJ�SURSHUWLHV� IRU� JDS�JULGV�IURP�WKH�ERWWRP�RI�WKH�SLVWRQ�WR�WKH�ILIWK�PHVK�SRLQW�ZHUH�JLYHQ�7KH� WHPSHUDWXUHV� DERYH� WKH� KHDG� OLQHU� DQG�RXWVLGH� WKH� F\OLQGHU� ZDOO� ZHUH� GHVLJQDWHG� DV�.7 �����  DQG .7 �����  �� L�H�� WKH� VDPH� DV�WKH� FRRODQW� WHPSHUDWXUH� ZKHUH� WKH�WHPSHUDWXUHV� RQ� WKH� ERWWRP� VXUIDFH� RI� WKH�SLVWRQ�DQG�RQ�WKH�LQQHU�VXUIDFH�RI�WKH�F\OLQGHU�ZDOO� EHORZ� WKH� SLVWRQ� ZHUH� VSHFLILHG� DV�.7RLO ����  DQG� .7RLO ����  �� )RU� WKH� ILUHG�FDVH� WKH� FRUUHVSRQGLQJ� WHPSHUDWXUHV� DUH�.7 �����  �� .7 �����  �� .7RLO ����  ��.7RLO ����  ��UHVSHFWLYHO\�7KH� LQVWDQWDQHRXV� WHPSHUDWXUH� DW� D� SRLQ W�ORFDWHG� RQ� WKH� KHDG� OLQHU� VXUIDFH� KDV� EHHQ�PHDVXUHG� IRU� ERWK� PRWRUHG� DQG� ILUHG� HQJLQH�RSHUDWLRQ�FDVHV�>�@��%DVHG�RQ�WKH�LQVWDQWDQHRXV�VXUIDFH�WHPSHUDWXUH��WKH�KHDW�IOX[�DW�WKLV�SRLQW�ZDV� FDOFXODWHG� XVLQJ� WKH� WUDQVLHQW� KHDW�FRQGXFWLRQ�HTXDWLRQ��)RU�WKH�PRWRUHG�FDVH��WKH�FDOFXODWLRQ�WLPH�VWHS�LV� V������� �u �L�H�������FUDQN�DQJOH�GHJUHHV� DQG IRU�WKH�ILUHG�FDVH��WKH�FDOFXODWLRQ�WLPH�VWHS�LV V������� �u ��)LJXUHV���DQG� �� FRPSDUH� WKH� FRPSXWHG� DQG� PHDVXUHG�WHPSHUDWXUH� DW� WKH� PRQLWRULQJ� SRLQW� IRU� WKH�PRWRUHG�DQG�ILUHG�FDVHV���1RWH�WKDW��LQ�WKLV�FDVH�WKH� ILQLWH� GLIIHUHQFH� FRGH� ZDV� UXQ� IRU� ����HQJLQH� F\FOHV� �VWDUWLQJ� IURP� WKH�XQLIRUP�ZDOO�WHPSHUDWXUH� LQLWLDO� FRQGLWLRQ� RI� .7 ��� ��XQWLO�D�SVHXGR�VWHDG\�VWDWH�ZDV�UHDFKHG��L�H��IRU�WKH� ZDUPHG� XS� HQJLQH��� 7KH� FRPSXWHG�WHPSHUDWXUH� LQ� WKH�PHDVXUHPHQW�SRVLWLRQ� LV� LQ�JRRG� DJUHHPHQW� ZLWK� WKH� PHDVXUHG�WHPSHUDWXUH� IRU� ERWK� WKH� PRWRUHG� DQG� ILUHG�FDVHV�� 7KHVH� UHVXOWV� VWURQJO\� YHULI\� WKDW� WKH�SUHVHQW�FRGH�GHYHORSHG�LQ�WKLV�VWXG\�LV�VXLWDEOHIRU� PRGHOLQJ� WKH� WHPSHUDWXUH� GLVWULEXWLRQ� RI�WKH�FRPEXVWLRQ�FKDPEHU�VXUIDFHV�LQ�HQJLQHV��7KH� FRPSXWHG� WLPH�DYHUDJHG� WHPSHUDWXUH�GLVWULEXWLRQV�RQ�HDFK�VXUIDFH�RI�WKH�FRPEXVWLRQ�FKDPEHU� DUH� VKRZQ� LQ� )LJ�� �� WR� ���� 7KH��WHPSHUDWXUH�GLVWULEXWLRQV�IRU�WKH�F\O LQGHU�KHDG�ZDV�VKRZQ�LQ�)LJ����ZKLFK�LV��������. ORZHU�WKDQ� WKH� RULJLQDO� �DVVXPHG�� FRQVWDQW�WHPSHUDWXUH��DQG�KDYH�WKHLU�PD[LPXP�YDOXH�DW�

WKH� HGJH� RI� WKH� ERZO�� 7KH� PD[LPXP� WLPH�DYHUDJHG� WHPSHUDWXUH� GLIIHUHQFH� DW� SRLQWV� RQ�WKH�VXUIDFH�LV�DERXW����.��7HPSHUDWXUH�GLVWULEXWLRQV�IRU�WKH�SLVWRQ�ZDV�JLYHQ� LQ� )LJ�� � ZKLFK� LV DOVR� ORZHU� WKDQ� WKH�RULJLQDO� JXHVV�� ZKLFK� IRUPHG� D� KLJK�WHPSHUDWXUH� UHJLRQ� RQ� WKH� ERZO�VLGH� VXUIDFH�DQG� D� ORZ� WHPSHUDWXUH� UHJLRQ� RQ� WKH� ERZO �YDOOH\�VXUIDFH�)LJXUH� ��� VKRZV� WKDW� WKH� WHPSHUDWXUH�GLVWULEXWLRQV�RQ�WKH�F\OLQGHU�ZDOO�VXUIDFH�LV�WKH�VDPH�DV�WKH�RLO�WHPSHUDWXUH�DGMDFHQW�WR�WKH�ZDOO�IRU�WKH�PDMRULW\�RI�ORFDWLRQV�RQ�WKH�VXUIDFH��EXW�WKHUH� LV� D� ��� . LQFUHPHQW� LQ� WHPSHUDWXUH� LQ�WKH�UHJLRQ�QHDU WKH�F\OLQGHU�KHDG��7KLV�SURYHV�WKDW� FRPEXVWLRQ� DQG� KHDW� WUDQVIHU� ZLWKLQ� WKH�F\OLQGHU� GR� QRW� KDYH� PXFK� LQIOXHQFH� RQ� WKH�WHPSHUDWXUH� GLVWULEXWLRQ� RI� WKH� ZDOO� VXUIDFH��H[FHSW� IRU� LQ� D� QDUURZ� UHJLRQ� LQ� WKH� ULQJ�UHYHUVDO�UHJLRQ�QHDU�WKH�F\OLQGHU�KHDG�
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)LJ�����6XUIDFH�WHPSHUDWXUH�FRPSDULVRQ�RQ�WKH�F\OLQGHU�KHDG�IRU�PRWRUHG�FDVH
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���
���
���
���
���
���
���
���

� �� �� �� ��U��PP�

7HPS
HUDWX

UH��.
� )LQDO�5HVXOW2ULJLQDO�,QSXW

)LJ�����3UHGLFWHG�WLPH�DYHUDJHG�WHPSHUDWXUH�GLVWULEXWLRQV�RQ�WKH�F\OLQGHU�KHDG�VXUIDFH

���
���
���
���
���
���
���

� � �� �� �� �� �� �� ��6��PP�

7HPS
HUDWX

UH��.
�

)LQDO�5HVXOW2ULJLQDO�,QSXW

)LJ�����3UHGLFWHG�WLPH�DYHUDJHG�WHPSHUDWXUH�GLVWULEXWLRQV�RQ�WKH�SLVWRQ�VXUIDFH
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� )LQDO�5HVXOW2ULJLQDO�,QSXW

)LJ������3UHGLFWHG�WLPH�DYHUDJHG�WHPSHUDWXUH�GLVWULEXWLRQV�RQ�WKH�F\OLQGHU�OLQHU�ZDOO
&RQFOXVLRQ7KH�F\OLQGHU�ZRUNLQJ�IOXLG�PHDQ� WHPSHUDWXUH��UDWH�RI�KHDW�IOX[HV�WR�FRPEXVWLRQ�FKDPEHU�DQG�WHPSHUDWXUH� GLVWULEXWLRQ� RQ� FRPEXVWLRQ�FKDPEHU� VXUIDFH� ZHUH� VXFFHVVIXOO\� GHYHORSHG�LQ� WKLV� VWXG\�� 7KH� QXPHULFDO� PHWKRG� XVHG� LV�&UDQN�1LFROVRQ�ILQLWH�GLIIHUHQFH�PHWKRG��7KLV�PHWKRG� LV�FKDUDFWHUL]HG�E\� LWV� LPSOLFLW�QDWXUH��XQFRQGLWLRQDO� QXPHULFDO� VWDELOLW\� DQG� JRRG�DFFXUDF\�6SHFLDO� WUHDWPHQWV� IRU� WKH� KHDG� JDVNHW� DQG�WKH� SLVWRQ�OLQHU� DLU� JDS�� DQG� D� JULG�WUDQVIRUPDWLRQ� IRU� GHVFULELQJ� WKH� UHDOLVWLF�

SLVWRQ� ERZO� VKDSH�ZHUH� GHVLJQHG�DQG�XWLOL]HG�LQ� WKH� SUHVHQW� VWXG\�� 7KH� DFFRPSOLVKPHQW� RI�PRGHOLQJ�SLVWRQ�PRYHPHQW�ZLWKLQ� WKH�SUHVHQW�ILQLWH�GLIIHUHQFH�IRUPXODWLRQ PDNHV�WKLV�FRGH�D�FRPSXWHU� SURJUDP� ZLWK� WKH� FDSDELOLW\� RI�UHDOLVWLF�HQJLQH�VLPXODWLRQ�7KLV� FRGH� ZDV� XVHG� WR� FDOFXODWH� KHDW�FRQGXFWLRQ� SURFHVVHV� RFFXUULQJ� LQ� WKH�FRPEXVWLRQ� FKDPEHUV� RI� DQ� ,VX]X FHUDPLF�HQJLQH��7KH�SUHVHQW�FRGH�SURYLGHV�DQ�DFFXUDWH�DQG� FRQVLVWHQW� PHWKRG� IRU� REWDLQLQJ� WKH�WHPSHUDWXUH� GLVWULEXWLRQV� ZLWKLQ� HQJLQH�FRPSRQHQWV� DQG� WKHVH� UHVXOWV� ZRXOG� DOVR� EH�XVHIXO�IRU�VWUXFWXUDO�DQDO\VLV�
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