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:KHQ� WKH� DQJOH� EHWZHHQ� WKH� VXQ� DQG� YLHZ�

GLUHFWLRQV� �SKDVH� DQJOH��ξ�� WHQGV� WR�]HUR� WKH� UHIOHFWHG�
UDGLDQFH�RI�D�VXUIDFH�ULVHV�VKDUSO\�XS�WR�LWV�PD[LPXP�

YDOXH�� H[DFWO\� DW� ]HUR� SKDVH� DQJOH�� 6HHOLQJHU�

LQWHUSUHWHG� FRUUHFWO\� WKLV� HIIHFW� REVHUYLQJ� 6DWXUQ¶V�

ULQJV��6HHOLQJHU��������,Q�RSWLFDO�UHPRWH�VHQVLQJ��WKLV�

HIIHFW�LV�NQRZQ�DV�WKH�KRW�VSRW�DQG�LW�FRQVWLWXWHV�D�ILQH�

%5')�VLJQDWXUH�RI�WKH�(DUWK¶V�VXUIDFHV��,W�ZDV�LQLWLDOO\�

REVHUYHG�LQ�DHULDO�SKRWRJUDSK\�DV�D�EULJKW�DUHD�DURXQG�

WKH� VKDGRZ� RI� WKH� SODQH��)URP� WKH� ILUVW�PRPHQW�� WKH�

KRW� VSRW� ZDV� UHFRJQL]HG� DV� SRVVLEOH� VWUXFWXUDO�

LGHQWLILHU� RI� WKH� YHJHWDWLRQ� FDQRSLHV� �*HUVWO� DQG�

6LPPHU��������

)URP� 6HHOLQJHU� XS� WR� QRZ�� WKH� VKDGRZ�KLGLQJ�

PHFKDQLVP��+DSNH�HW�DO��������+DSNH�������KDV�EHHQ�

WKH� SK\VLFDO� SURFHVV� DFFHSWHG� WR� H[SODLQ� WKH� KRW� VSRW�

HIIHFW�� 7KLV� PHFKDQLVP� WDNHV� SODFH� ZKHQ� WKH� VL]H� RI�

VFDWWHUV� LV� ODUJH� FRPSDUHG� ZLWK� WKH� ZDYHOHQJWK� DQG��

WKXV��ZHOO�GHILQHG�VKDGRZV�DSSHDU��7KHVH�VKDGRZV�DUH�

YLVLEOH� DW� ODUJH� SKDVH� DQJOH� EXW� FORVH� WR� ]HUR� SKDVH�

DQJOH� WKH\� DUH� KLGLQJ� E\� WKH� REMHFWV� �OHDYHV�� VRLO�

SDUWLFOHV�� WKDW� FDVW� WKHP�� +HQFH�� FORVH� WR� WKH�

EDFNVFDWWHULQJ� WKH� UHIOHFWDQFH� LV�PDQLIHVWO\�HQKDQFHG��

,Q� DGGLWLRQ�� ZKHQ� WKH� VL]H� RI� VFDWWHUV� LV� ORZHU� RU�

DSSUR[LPDWHO\� HTXDO� WR� WKH� ZDYHOHQJWK�� WKH� VKDGRZ�

KLGLQJ� PHFKDQLVP� FDQQRW� GHVFULEH� SURSHUO\� WKH� KRW�

VSRW�HIIHFW��$�GLIIHUHQW�PHFKDQLVP�NQRZQ�DV�FRKHUHQW�

EDFNVFDWWHU�RU�ZHDN�SKRWRQ�ORFDOL]DWLRQ�KDV�EHHQ�WKHQ�

LGHQWLILHG�DV�UHVSRQVLEOH�RI�WKH�KRW�VSRW��7KH�FRKHUHQW�

EDFNVFDWWHU� H[SODLQV� WKH� KRW� VSRW� DV� D� FRQVWUXFWLYH�

LQWHUIHUHQFH�SKHQRPHQRQ��%DUDEDQHQNRY�HW�DO����������

7KH� KDOI� ZLGWK� RI� WKH� FRKHUHQW�EDFNVFDWWHU� SHDN�

LQFUHDVHV�OLQHDUO\�ZLWK�WKH�ZDYHOHQJWK��ZKHUHDV�LQ�WKH�

VKDGRZ�KLGLQJ�WKHRU\�WKH�KDOI�ZLGWK�RI�WKH�KRW�VSRW�LV�

H[SHFWHG� WR� EH� LQGHSHQGHQW� RI� ZDYHOHQJWK��

)XUWKHUPRUH�� VLQJOH� VFDWWHULQJ� GRHV� QRW� FRQWULEXWH� WR�

FRKHUHQW�EDFNVFDWWHULQJ�� ZKLFK� GHSHQGV� RQ� PXOWLSO\�

VFDWWHUHG� OLJKW�� ZKHUHDV� WKH� VKDGRZ�KLGLQJ� LV�

LPSRUWDQW�RQO\�IRU�RQFH�VFDWWHUHG�UDGLDWLRQ���

0DQ\�KRW�VSRW�PRGHOV��PRVWO\�DFFRXQWHG�IRU�E\�

WKH�VKDGLQJ�PHFKDQLVP��KDYH�EHHQ�GHYHORSHG�LQ�RUGHU�

WR� LQFRUSRUDWH� WKH� KRW� VSRW� WR� WKH� OHDI� FDQRS\�%5')�

PRGHOV��$� UHYLHZ�RI�KRW� VSRW�PRGHOLQJ�FDQ�EH� IRXQG�

LQ�4LQ� DQG�*RHO� �������� 7KHVH�PRGHOV� SRLQW� RXW� WKH�

LQWHUHVW� LQ� WKH� KRW� VSRW� PHDVXUHPHQWV� IURP� UHPRWH�

VHQVLQJ� DSSOLFDWLRQV�� 6LQFH� WKH� KDOI� ZLGWK� RI� WKH� KRW�

VSRW� LV� SURSRUWLRQDO� WR� WKH� SKRWRQ�PHDQ� IUHH� SDWK�� LW�

VKRXOG�EH�GHSHQGHQW� RI� VWUXFWXUDO�SDUDPHWHUV� VXFK�XV�

OHDI� DUHD� LQGH[� �/$,��� OHDI� GLPHQVLRQ� �'�� RU� FDQRS\�

KHLJKW� �+��� 7KHUHIRUH�� WKH�KRW� VSRW� FRXOG�KDYH�XWLOLW\�

DV�D� ODQG�FRYHU�FODVVLILHU��0RUHRYHU�� WKH�DPSOLWXGH�RI�

WKH� KRW� VSRW� JLYHV� DFFHVV� WR� WKH� UHIOHFWDQFH� RI� WKH�

IROLDJH�HOHPHQWV�RU�VRLO�JUDLQV��%UpRQ�HW�DO���������

7KH�SRVVLELOLW\�WR�REWDLQ�WKH�KRW�VSRW�GLUHFWLRQDO�

VLJQDWXUH� IURP� UHPRWH� VHQVLQJ� SODWIRUPV� KDV� EHHQ�

GHPRQVWUDWHG�LQ�WKH�OLWHUDWXUH��%UpRQ�HW�DO����������7KH�

ILUVW�KRW�VSRW�GDWD�VHW�RI�PDMRU�ELRPHV�IURP�VSDFH�KDYH�

DOUHDG\� EHHQ� SURGXFHG� XVLQJ� WKH� 32/DUL]DWLRQ� DQG�

'LUHFWLRQDOLW\� RI� (DUWK� 5HIOHFWDQFH� �32/'(5��

LQVWUXPHQW� RQERDUG� WKH� $'YDQFHG� (DUWK� 2EVHUYLQJ�

6\VWHP��$'(26����%UpRQ�HW�DO���������7KH�DQDO\VLV�RI�

WKLV�GDWD� VHW� VKRZV�D� ORZHU�YDULDELOLW\� LQ� WKH�KRW�VSRW�
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KDOI� ZLGWKV� WKDQ� WKH� H[SHFWHG� IURP� WKH� WKHRUHWLFDO�

DSSURDFKHV� �4LQ� DQG� *RHO�� ������� ZKHUHDV� WKH�

DPSOLWXGH�RI�WKH�KRW�VSRW�SUHVHQWV�SURSRUWLRQDO�YDOXHV�

WR�WKH�OHDI�UHIOHFWDQFH���

7KH�PHDVXUHPHQW� DQG� DQDO\VLV� RI� WKH� KRW� VSRW�

HIIHFW� ZDV� RQH� RI� WKH� SULRULWLHV� GXULQJ� WKH� 'LJLWDO�

$LUERUQH� 6SHFWURPHWHU� ([SHULPHQW� �'$,6(;��

FDPSDLJQV� RI� WKH� (6$� �(6$� ������� ,Q� WKH� �����

FDPSDLJQ�� WKH� 32/'(5� DQG� WKH� +\SHUVSHFWUDO�

0$3SLQJ� �+\0$3�� LQVWUXPHQWV� UHFRUGHG�

VDWLVIDFWRULO\� WKH� KRW� VSRW� GLUHFWLRQDO� VLJQDWXUHV� RI�

GLIIHUHQW� DJULFXOWXUDO� FURSV�� ,Q� WKLV� SDSHU��ZH� SUHVHQW�

WKH� UHVXOWV� RI� WKH� KRW� VSRW� GLUHFWLRQDO� VLJQDWXUHV�

PHDVXUHG� XVLQJ� 32/'(5� LPDJHU\�� 2XU� PDLQ�

REMHFWLYH� LV� WR� DQDO\]H� WKH�SRWHQWLDO� DQG� OLPLWV� RI� WKH�

KRW� VSRW� VLJQDWXUH� WR� UHWULHYH� FDQRS\� ELRSK\VLFDO�

LQIRUPDWLRQ��

�
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�����7HVW�6LWH��

7KH� H[SHULPHQW� VLWH� LV� D� �� NP� E\� �� NP� DUHD�

FHQWHUHG�DW������¶�1������¶�:��ZKLFK�LV�ORFDWHG����NP�

IURP�$OEDFHWH��6SDLQ���FORVH�WR�WKH�%DUUD[�WRZQ��7KLV�

DUHD�ZDV�VHOHFWHG�E\�(6$�IRU�WKH�'$,6(;�FDPSDLJQV�

GXULQJ� ������ ����� DQG� ����� �(6$� ������� 7KH�

32/'(5� LQVWUXPHQW� IOHZ� LQ� WKH� ����� FDPSDLJQ�� $�

VXSHUYLVHG� FODVVLILFDWLRQ� RI� WKH� DUHD�ZDV�PDGH� EDVHG�

RQ� ILHOG� LQIRUPDWLRQ�� 'XULQJ� WKDW� VXPPHU�� WKH�

GRPLQDQW� FXOWLYDWLRQ� LQ� WKH� DUHD� ZDV� DSSUR[LPDWHO\�

���� GU\� ODQG� ����� EDUOH\�� ���� IDOORZ�� DQG� ����

LUULJDWHG� ODQG������FRUQ������DOIDOID�����ZKHDW�����

OHJXPHV�����VXJDU�EHHW��DQG����RWKHUV��ZLWK�D����RI�

XQFODVVLILHG�GDWD��

�

����$LUERUQH�32/'(5�GDWD�

,Q�WKH�'$,6(;�FDPSDLJQ��WKH�VSHFWUDO�ILOWHUV�RI�

WKH� 32/'(5� LQVWUXPHQW� ZHUH� FHQWHUHG� DW� ����� �����

������������������������������DQG�����QP�ZDYHOHQJWK��

7KH� 32/'(5� ILHOG�RI�YLHZ� �)29�� ZDV� DORQJ� WUDFN�

DQG� FURVV� WUDFN� RI� ±���� DQG� ±���� UHVSHFWLYHO\�� 7KLV�
UHVXOWHG� LQ� D� JURXQG� )29� RI� ���×���� NP�� IRU� WKH�

W\SLFDO�IOLJKW�DOWLWXGH�RI������P��$W�WKLV�IOLJKW�DOWLWXGH�

WKH�VSDWLDO�UHVROXWLRQ�ZDV����P��/HUR\�HW�DO����������

)RXU� IOLJKWV� ZLWK� WKH� $5$7� SODQH� FDUU\LQJ�

32/'(5�DQG�/($1'5(�LQVWUXPHQWV�ZHUH�SHUIRUPHG�

LQ� WKH������FDPSDLJQ��7KH\�FRUUHVSRQG�WR��UG�-XQH�DW�

QRRQ� �IURP� ������ WR� ������ 87��� �WK� -XQH� LQ� WKH�

PRUQLQJ� �IURP� ������ WR� ������ 87�� DQG� LQ� WKH�

DIWHUQRRQ� �IURP� ������ WR� ������87��� DQG� �WK� -XQH� LQ�

WKH�PRUQLQJ��IURP������� WR�������87���,Q�HDFK�IOLJKW�

WKH� 32/'(5� LQVWUXPHQW� UHFRUGV� DURXQG����� VSHFWUDO�

LPDJHV��ZKLFK� FRQVWLWXWHV� D� 32/'(5� VHTXHQFH��2QH�

LPDJH� LV� DFTXLUHG� ZLWKLQ� �� VHFRQGV�� DQG� WKH�

DFTXLVLWLRQ� LV� UHSHDWHG� HYHU\� ��� VHFRQGV�� ZLWK� DQ�

RYHUODS� EHWZHHQ� FRQVHFXWLYHV� LPDJHV�� 7KXV�� LQ� D�

VHTXHQFH�� HYHU\� SL[HO� LV� REVHUYHG� ZLWK� GLIIHUHQW�

YLHZLQJ�GLUHFWLRQV��W\SLFDOO\�EHWZHHQ�������FRYHULQJ�D�

ZLGH� UDQJH� RI� WKH� GLUHFWLRQDO� VSDFH�� 7KH� 32/'(5�

UHIOHFWDQFH� LPDJHV� ZHUH� FDOLEUDWHG�� JHR�FRGHG� DQG�

FRUUHFWHG� IRU� DWPRVSKHULF� HIIHFWV� DV� LW� LV� VSHFLILHG� LQ�

/HUR\�HW�DO����������

�
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7KH�PHWKRGRORJ\�IROORZHG�LV�WKDW�RI�%UpRQ�HW�DO�

�������� ZKLFK� LV� PDLQO\� EDVHG� RQ� DQ� RULJLQDO�

PHDVXUHPHQW� SULQFLSOH� WR� UHWULHYH� KRW� VSRW� DW� D� ILQH�

VSDWLDO� UHVROXWLRQ� IURP� 32/'(5� LPDJHU\�� 7KLV�

PHWKRGRORJ\�LV�EULHIO\�GHVFULEHG�EHORZ��

�

������0HDVXUHPHQW�SULQFLSOH�

,Q�D�VHTXHQFH�RI�32/'(5�LPDJHV��WKH�YLHZLQJ�

JHRPHWU\� IRU� D� SL[HO� JLYHQ� FKDQJHV� EHWZHHQ� ������

GHJUHHV� LQ� FRQVHFXWLYH� VQDSVKRWV� FRYHULQJ� WKH� IXOO�

GLUHFWLRQDO� UDQJH�� 7KLV� LV� D� VXLWDEOH� GLUHFWLRQDO�

UHVROXWLRQ� WR� UHFRQVWUXFW� WKH� %5')� RI� WKH� VXUIDFHV��

+RZHYHU�� IRU� D� SURSHU� GHVFULSWLRQ� RI� WKH� UHIOHFWDQFH�

HQKDQFHPHQW� DW� WKH�EDFNVFDWWHULQJ�� D� ILQHU�GLUHFWLRQDO�

UHVROXWLRQ� LV� QHHGHG� DQG�� FRQVHTXHQWO\�� D� QHZ�

PHDVXUHPHQW� SULQFLSOH� VKRXOG� EH� FRQVLGHUHG�� 7KLV�

PHDVXUHPHQW� SULQFLSOH� LV� EDVHG�RQ� WKH� DVVXPSWLRQ�RI�

VSDWLDO�KRPRJHQHLW\�RI�WKH�WDUJHW��,I�WKLV�DVVXPSWLRQ�LV�

YHULILHG� WKHQ� WKH� YDULDELOLW\� LQ� WKH�PHDVXUHG� UDGLDQFH�

ZLWK� WKH� YLHZLQJ� DQJOH� PD\� EH� FRQVLGHUHG� DV� D�

GLUHFWLRQDO� VLJQDWXUH��7KHUHE\��D� VSDWLDO�KHWHURJHQHLW\�

FRUUHFWLRQ�VKRXOG�EH�GRQH�LQ�RUGHU�WR�UHGXFH�VSXULRXV�

FRQWULEXWLRQ� WR� WKH� UHIOHFWDQFH� YDULDELOLW\� ZLWK� WKH�

YLHZLQJ� JHRPHWU\�� 2QFH� ZH� LGHQWLI\� D� KRW� VSRW�

EHORQJLQJ� WR� D� KRPRJHQHRXV� DUHD�� ZH� PHDVXUH� WKH�

UHIOHFWDQFH� FRUUHVSRQGLQJ� WR� D� UHJLRQ� FHQWHUHG� LQ� WKH�

KRW� VSRW� SL[HO�� 7KH� VL]H� RI� WKLV� UHJLRQ� ZLOO� EH�

GHWHUPLQHG� E\� WKH� VSDWLDO� UHVROXWLRQ� DQG� WKH� W\SLFDO�

VL]H�RI�WKH�VDPSOHV��,Q�WKLV�ZRUN��WKH�PD[LPXP�VL]H�RI�

WKH� KRW� VSRW� UHJLRQ� LV� �×�� SL[HOV� �DSSUR[LPDWHO\�
���×���� P���� ,Q� WKLV� DUHD�� WKH� SKDVH� DQJOH� FKDQJHV�

W\SLFDOO\� ����� SHU� SL[HO�� 7KDQNV� WR� WKH� PXOWL�DQJXODU�

32/'(5�GDWD��ZH�FDQ�XVH�GLIIHUHQW�VQDSVKRWV�LQ�RUGHU�

WR�LQFUHDVH�WKH�GLUHFWLRQDO�FRYHUDJH��7KLV�PHWKRG�ZDV�

VDWLVIDFWRULO\� WHVWHG� RYHU� DQ� $XVWUDOLDQ� VLWH� DQG� ODWHU�

DSSOLHG�RQ�D�JOREDO�VFDOH�XVLQJ�32/'(5�GDWD��%UpRQ�

HW�DO����������
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:H� KDYH� RQO\� SURFHVVHG� WKH� 32/'(5�

DWPRVSKHULFDOO\�FRUUHFWHG�GDWD�DFTXLUHG�DW�QRRQ�DQG�LQ�

WKH� DIWHUQRRQ�� ,Q� WKH� RWKHU� WZR� IOLJKWV�� WKH� 32/'(5�

)29�LV� ORZHU� WKDQ� WKH� VXQ�]HQLWK�DQJOH�DQG�� WKHUHE\��

WKH�KRW� VSRW�FRQGLWLRQ� LV�QRW� VDWLVILHG�E\�DQ\�SL[HO� LQ�

WKH�LPDJH��,Q�RUGHU�WR�XQGHUWDNH�D�VSHFWUDO�DQDO\VLV�RI�

WKH�KRW�VSRW�ZH�KDYH�VHOHFWHG�IRXU�EDQGV������QP������

QP�� ���� QP� DQG� ���� QP�� 7KH� EOXH� EDQG� VHUYHV� WR�

LGHQWLI\� DQ� DHURVRO� FRQWULEXWLRQ� WR� WKH� EDFNVFDWWHULQJ�

SHDN��)LUVW��ZH�KDYH�LGHQWLILHG�IRU�HDFK�LPDJH�WKH�SL[HO�

VDWLVI\LQJ�WKH�KRW�VSRW�FRQGLWLRQ��ORFDWLQJ����KRW�VSRWV�

IURP����� XVHIXO� VQDSVKRWV�� )LJXUH� �� VKRZV� WKH� H[DFW�

ORFDWLRQ� RI� WKH� KRW� VSRWV� LQ� EDQG� �� ����� QP���

$IWHUZDUGV�� RQO\� ��� KRW� VSRWV� EHORQJLQJ� WR�

KRPRJHQHRXV� ILHOGV� DQG� IDU� HQRXJK� IURP� WKH� FURS�

ERXQGDU\�ZHUH�LGHQWLILHG��EOXH�FLUFOHV�LQ�WKH�ILJXUH�����

,Q� IDFW�� WKH� KRW� VSRW� ORFDWLRQ� PRYHV� DURXQG� ���� P�

IURP�WKH�ILUVW�WR�WKH�ODVW�EDQG��ZKLFK�LV�URXJKO\�D�KDOI�

RI� WKH�ILHOG� OHQJWK�� ,W�KDPSHUV�WKH�VSHFWUDO�DQDO\VLV�RI�

WKH� KRW� VSRW� EHFDXVH� VRPH� VSHFWUDO� FKDQQHOV� ZLOO� EH�

PLVVLQJ�� )RU� WKH� ILQDO� VHOHFWLRQ� RI� WKH� VSHFWUDO� KRW�

VSRWV��ZH�KDYH�REWDLQHG�WKH�QDGLU�UHIOHFWDQFH�LQ�D��[��

SL[HOV�ZLQGRZ�FHQWHUHG�DW�EDFNVFDWWHULQJ��$�WKUHVKROG�

RI� ���� LQ� WKH� YDULDELOLW\� FRHIILFLHQW� �PHDQ�

YDOXH�VWDQGDUG� GHYLDWLRQ�� ZDV� IRXQG� WR� JLYH�

VDWLVIDFWRU\�UHVXOWV�WR�ILOWHU�RXW�KHWHURJHQHRXV�VDPSOHV��

)LQDOO\�����KRW�VSRW�ZHUH�VHOHFWHG�����DW�QRRQ������LQ�

WKH�DIWHUQRRQ��EXW�WKH�IRXU�VSHFWUDO�FKDQQHOV�KDYH�EHHQ�

RQO\�FRQVLGHUHG�LQ����FDVHV��������VHH�WDEOH�����

)RU� LQFUHDVLQJ� WKH� GLUHFWLRQDO� FRYHUDJH� RI� WKH�

KRW� VSRW� GLUHFWLRQDO� VLJQDWXUH�� ZH� KDYH� PDGH� XVH� RI�

DGGLWLRQDO� LPDJHV� RI� WKH� FRUUHVSRQGLQJ� 32/'(5�

VHTXHQFH�� ,Q� RUGHU� WR� PLQLPL]H� WKH� IOXFWXDWLRQV�

LQGXFHG� E\� WKH� DSSDUHQW� VRODU� PRYHPHQW�� ZH� KDYH�

XVHG�RQO\�WKRVH�VHTXHQFHV�ZKHUH�WKH�FKDQJH�LQ�WKH�VXQ�

]HQLWK�DQJOH�LV�ORZHU�WKDQ������DW�QRRQ�DQG�ORZHU�WKDQ�

����� LQ� WKH� DIWHUQRRQ�� $� VLPSOH� VSDWLDO� KHWHURJHQHLW\�

FRUUHFWLRQ� KDV� EHHQ� PDGH� XVLQJ� SDWFKHV� RI� GDWD� IDU�

DZD\�IURP�WKH�EDFNVFDWWHULQJ��7KH�GHYLDWLRQ�IURP�WKH�

PHDQ� UHIOHFWDQFH� ZDV� FRQVLGHUHG� DV� D� ELDV� WKDW� ZDV�

VXEVHTXHQWO\� VXEWUDFWHG� IURP� WKH� KRW� VSRW� GLUHFWLRQDO�

VLJQDWXUH���

7KH� KRW� VSRWV� EHORQJ� WR� GLIIHUHQW� DJULFXOWXUDO�

FRYHU�W\SHV��IURP�EDUH�VRLO�WR�WKH�GHQVHVW�DOIDOID�FURS��

7KHQ�� WKH� QH[W� VWHS� ZDV� WKH� FODVVLILFDWLRQ� RI� WKH�

ORFDWHG� KRW� VSRWV� �VHH� WDEOH� ���� 7KH� QXPEHU� RI� KRW�

VSRWV��+6�� LV�H[SUHVVHG�DV�WKH�VXP�RI�WKH�WZR�IOLJKWV��

)LJXUH����/RFDWLRQ�RI�WKH�KRW�VSRWV��EDQG����LQ�WKH�VWXG\�DUHD��D��1RRQ��E��$IWHUQRRQ���

7DEOH����6WUXFWXUDO�SDUDPHWHUV�DQG�QXPEHU�RI�KRW�VSRWV��1RRQ���$IWHUQRRQ��RI�WKH�GLIIHUHQW�VHOHFWHG�VDPSOHV��

6DPSOHV� $FURQ\P� +6�� +HLJKW��P�� /$,� )9&
�����

&RUQ�� &� ���� ��������� ����±����� ���

:KHDW� :� ���� ��������� �� ���

%DUOH\� %� ���� ���������� ���±���� ���

$OIDOID�� $� ���� �������� ���±���� ����

$OIDOID�FXW� $F� ���� �� �� ���

/HJXPHV� /� ���� �� �� ����

1R�FODVVLILHG�� 1�&�� ���� �� �� ��

6RLO� 6� ���� �� �� ��
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7KH�DYDLODEOH�ILHOG�GDWD�VKRZ�VLPLODULWLHV�LQ�KHLJKW�DQG�

/$,�IRU�WKH�GHYHORSHG�DOIDOID��ZKHDW�DQG�EDUOH\�FURSV��

7KH� IUDFWLRQ� RI� YHJHWDWLRQ� FRYHUDJH� �)9&�� ZDV�

GHULYHG� IURP� +\0$3� LPDJHU\� XVLQJ� D� YDULDEOH� DQG�

PXOWLSOH� HQGPHPEHU� VSHFWUDO� PL[WXUH� DQDO\VLV�

�90(60$��SURFHGXUH��*DUFtD�+DUR�HW�DO����������

�

�����7KHRUHWLFDO�DSSURDFK�

7KH� WKHRUHWLFDO� DSSURDFK� IROORZHG� WR� UHWULHYH�

ELRSK\VLFDO�LQIRUPDWLRQ�IURP�WKH�KRW�VSRW�VLJQDWXUH�LV�

WKDW� RI� %UpRQ� HW� DO� �������� 7KLV� PRGHO� DVVXPHV�

JHRPHWULFDO�RSWLFDO� SULQFLSOHV� WR� GHULYH� WKH� RYHUODS�

IXQFWLRQ��6�� EDVHG�RQ� WKH�PRGHO�RI� -XSS�DQG�6WUDKOHU�

��������7KH\�GHILQH�WKLV�IXQFWLRQ�DV�WKH�UDWLR�EHWZHHQ�

WKH� LOOXPLQDWHG� VKDGRZ� DQG� WKH� YLHZ� VKDGRZ� WR� WKH�

QDGLU�SURMHFWLRQ�DUHD��7KH\�XVHG�WKHQ�WKH�%RROHDQ�VHW�

WKHRU\�IRU�GHYHORSLQJ�D�PRUH�JHQHUDO�DOJRULWKP�RI�WKH�

KRW� VSRW� LQ� FRQWLQXRXV� FDQRSLHV� ZLWK� KRUL]RQWDO�

GLVWULEXWHG� OHDYHV�� %UpRQ� HW� DO� ������� DVVXPH�

UDQGRPO\� GLVWULEXWHG� OHDYHV� �XQLIRUP� DQJXODU�

GLVWULEXWLRQ��� ,Q� WKLV� FDVH�� WKH�PHDQ�SURMHFWLRQ�RI� WKH�

OHDI�VXUIDFHV�DORQJ�D�SDUWLFXODU�GLUHFWLRQ�GHILQHG�E\�θ�
LV� FRQVWDQW�� ò�� 7KH� KRW� VSRW� LV� H[SODLQHG� DV� D�

FRUUHODWLRQ� EHWZHHQ� WKH� GRZQZDUG� DQG� XSZDUG�

WUDQVPLVVLRQV�� +HQFH�� DW� D� OHYHO� ]�� WKH� DSSDUHQW�

SRVLWLRQ� RI� WKH� OHDYHV� LV� FRUUHODWHG� UHJDUGLQJ� WKH�

LQZDUG�DQG�RXWZDUG�UDGLDQFH�SDWKV��&RQVHTXHQWO\��WKH�

OHDI� DUHD� GHQVLW\� FRQVLGHUHG� LV� QRW� X/�W�δW� EXW� UDWKHU�
X/�W�>��6�G�'���@δW��ZKHUH�X/� � LV� WKH� OHDI�DUHD�GHQVLW\�
DW� D� OHYHO� W�� '� LV� WKH� W\SLFDO� OHDI� GLPHQVLRQ�� G� LV� WKH�

GHFRUUHODWLRQ� OHQJWK� DQG�6� LV� WKH�RYHUODS� IXQFWLRQ�� ,Q�

WKH� FDVH�RI�XQLIRUP�RULHQWHG� OHDYHV�� WKH�GHFRUUHODWLRQ�

OHQJWK� LV� UHODWHG� WR� WKH�SKDVH� DQJOH� �ξ�� UDWKHU� WKDQ� WR�
WKH� PRUH� FRPPRQ� ∆�θV�θY�ϕ�� IXQFWLRQ�� 7KH�

GHFRUUHODWLRQ� OHQJWK� LV� WKHQ� ZULWWHQ� DV� �VHH� IRUPDO�

GHPRQVWUDWLRQ�LQ�%UpRQ�HW�DO��������
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ZKHUH�µV�Y FRVθV�Y��
7KH� H[SUHVVLRQ� IRU� WKH� XSZDUG� DQG� GRZQZDUG�

WUDQVPLVVLRQ� LV� WKHQ� XVHG� WR� GHULYH� WKH� VLQJOH�

VFDWWHULQJ� UHIOHFWDQFH� 5V� IRU� WKLFN� FDQRSLHV� ZLWK� D�

QHJOLJLEOH�VRLO�FRQWULEXWLRQ��� 7KH� UDGLDWLYH� WUDQVIHU�

PRGHOLQJ� LQGLFDWHV� WKDW� WKH� UHIOHFWDQFH� FDQ� EH� ILWWHG�

DFFXUDWHO\�XVLQJ�WKH�IROORZLQJ�H[SUHVVLRQ����
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∆5+6� LV�WKH�DPSOLWXGH�RI�WKH�KRW�VSRW��ZKLFK�LV�

JLYHQ� E\� WKH� GLIIHUHQFH� RI� WKH� PRGHOHG� UHIOHFWDQFH�

ZKHQ� FRQVLGHU� WKH� KRW� VSRW� HIIHFW� �6 ��� DQG�ZLWKRXW�

FRQVLGHU�LW��6 ����
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ZKHUH�ρOHDI�LV�WKH�OHDI�UHIOHFWDQFH���

����������$QG�ξ��LV�WKH�KDOI�ZLGWK�DW�KDOI�PD[LPXP��
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� =ξ �� ����� �������

+HQFH�� ZH� FDQ� ILW� WKH� PHDVXUHG� GDWD� WR� WKH�

IXQFWLRQ� H[SUHVVHG� LQ� HTXDWLRQ� �� WR� GHULYH� WKH�

DPSOLWXGH�DQG�WKH�KDOI�ZLGWK�RI�WKH�KRW�VSRW��7KH�KDOI�

ZLGWK�LV�UHODWHG�WR�WKH�UDWLR�EHWZHHQ�/$,��OHDI�VL]H�DQG�

KHLJKW�RI� WKH�FRYHU��ZKLOVW� WKH�DPSOLWXGH� LV� UHODWHG� WR�

WKH�OHDI�UHIOHFWDQFH��

�

���5(68/76�$1'�',6&866,21��

)LJXUH� �� VKRZV� D� VHOHFWLRQ� RI� WKH� KRW� VSRW�

GLUHFWLRQDO� VLJQDWXUHV� REWDLQHG� IURP� WKH� 32/'(5�

VHTXHQFH��$�ZLQGRZ�RI��×��SL[HOV�����×����P���ZDV�

XVHG�IRU�HYHU\�SDWFK�YLHZ��HDFK�RQH�FRUUHVSRQGLQJ�WR�D�

GLIIHUHQW�LPDJH��7KH�GDWD�LV�SORWWHG�DV�D�IXQFWLRQ�RI�WKH�

VLJQHG�SKDVH� DQJOH��7KLV� WDNHV� D� SRVLWLYH�YDOXH� LI� WKH�

FRUUHFWHG�YLHZ�DQJOH��θY�FRVϕ��LV�ODUJHU�WKDQ�WKH�VRODU�
]HQLWK�DQJOH�DQG�YLFH�YHUVD���:H�FDQ�REVHUYH�WKDW�IURP�

DSSUR[LPDWHO\� ±���� WR� ����� WKH� UHIOHFWDQFH� LQFUHDVH�

OLQHDUO\��7KLV�WUHQG�LV�DVVRFLDWHG�WR�WKH�PDFUR�VWUXFWXUH�

RI� WKH� VDPSOH� DQG�� WKXV�� FDQ� EH� FRQQHFWHG� WR� WKH�

VXUIDFH� VFDWWHULQJ� SURFHVV�� %H\RQG� ±���� WKH� OLQHDU�

WUHQG�IDLOV�DQG� WKH�UHIOHFWDQFH� LQFUHDVH�EHFDXVH�RI�WKH�

VR�FDOOHG� JDS� HIIHFW�� PRVWO\� IRU� YHUWLFDO� RULHQWHG�

FDQRSLHV�LQ�SUHVHQFH�RI�WKH�PXOWLSOH�VFDWWHUHG�UDGLDWLRQ�

�H�J��ILJXUH��J�DQG��K���&ORVH�WR�WKH�EDFNVFDWWHULQJ�WKH�

UHIOHFWDQFH� LQFUHDVHV� VKDUSO\� VLQFH� WKH� SKDVH� DQJOH�

WHQGV� WR� ]HUR�GXH� WR� WKH�KRW� VSRW�HIIHFW��7KLV� WUHQG� LV�

QRZ� DVVRFLDWHG� WR� D� GLIIHUHQW� SK\VLFDO� PHFKDQLVP�

OLQNHG� WR� WKH� YROXPH� VFDWWHULQJ� SURFHVV�� L�H�� WKH� MRLQW�

SUREDELOLWLHV� RI� WUDQVPLVVLRQ� RI� SHQHWUDWLQJ� DQG�

UHIOHFWHG� UDGLDWLRQ� ZLWKLQ� WKH� FDQRS\�� 7KHUHE\�� WKH�

WHUP� RI� KRW� VSRW� VKRXOG� EH� UHVHUYHG� RQO\� WR� WKLV� ILQH�

UHVROXWLRQ� SHDN�� )LJXUH� �� VKRZV� DOVR� WKH� WKHRUHWLFDO�

KRWVSRW� VLJQDWXUH�DV�SUHGLFWHG�E\�HTXDWLRQ����:H�FDQ�

REVHUYH�D�JRRG�ILW�RI�WKH�IXQFWLRQ�LQ�WKH�LQWHUYDO�IURP�

±���� WR���� SKDVH� DQJOH��5HVXOWV� KDYH� DOVR� VKRZQ� WKDW�

WKLV� IXQFWLRQ� SURYLGHV� D� ORZHU� 506� HUURU� WKDQ� WKH�

PRUH� FRPPRQ� H[SRQHQWLDO� IXQFWLRQ� �.XXVN�� �������

0RUHRYHU��IRU�WKH�ILWWLQJ�DSSURDFK�FRQVLGHUHG��LW�JLYHV�

QDUURZHU� DQG�PRUH� UHDOLVWLF� KDOI�ZLGWKV�� HVSHFLDOO\� LQ�

WKH� DIWHUQRRQ� IOLJKW� ZKHUH� WKH� GLUHFWLRQDO� VLJQDWXUH�

SUHVHQWV� D� ORZHU�QXPEHU�RI�GDWD��7KHVH� UHVXOWV�DUH� LQ�

DJUHHPHQW�ZLWK� WKH� IDFW� WKDW� WKH� H[SRQHQWLDO� IXQFWLRQ�

RYHUHVWLPDWHV�WKH�KRW�VSRW�ZLGWK�ZLWK�UHODWLRQ�WR�RWKHU�

DSSURDFKHV��4LQ�DQG�*RHO���������PDLQO\�EHFDXVH�WKH�

H[SRQHQWLDO�IXQFWLRQ�GRHV�QRW�YDQLVK�HYHQ�ZKHQ�WKHUH�

LV�QRW�RYHUODS��,Q�ILJXUH���ZH�FDQ�VHH�WKDW�WKH�KRW�VSRW�

HIIHFW�DSSHDUV�LQGHSHQGHQWO\�RI�WKH�FDQRS\�FRYHU�W\SH��

7KH� KRW� VSRW� GLUHFWLRQDO� VLJQDWXUHV� VKRZ� D� VLPLODU�

EHKDYLRU� IRU� WKH� VRLO�� WKH� FODVV� ZLWK� ORZHVW� FRYHU�

�FRUQ���DQG�WKH�VHQHVFHQW�EDUOH\��7KH�RSWLFDO�SURSHUWLHV�

RI� WKHVH� FODVVHV� FKDQJH� OLQHDUO\�ZLWK� WKH�ZDYHOHQJWK��

,Q� FRQWUDVW�� WKH� VDPSOHV� ZLWK� D� KLJK� DPRXQW� RI�

SKRWRV\QWKHWLFDOO\�DFWLYH�YHJHWDWLRQ��VXFK�DV�WKH�ZKHDW�
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� � � � ����������������)LJXUH����+RW�6SRW�GLUHFWLRQDO�VLJQDWXUHV�DV�D�IXQFWLRQ�RI�WKH�VLJQHG�SKDVH�DQJOH��QHJDWLYH�ZKHQ�θY�FRVϕ�θV��
PHDVXUHG� XQGHU� GLIIHUHQW� VXQ� ]HQLWK� DQJOH� �6=$��� 7KH� OLQH� VKRZV� WKH� ILW� RI� WKH� GDWD� XVLQJ� WKH� IXQFWLRQ� RI�

HTXDWLRQ�����2Q�WKH�WRS�OHIW�VLGH�LV�ZULWWHQ�WKH�DPSOLWXGH�DQG�WKH�KDOI�ZLGWK�DW�����DQG�����QP������
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FRYHU�� SUHVHQW� JUHDWHU� GLIIHUHQFHV� EHWZHHQ� WKH�YLVLEOH�

DQG�1,5�VLJQDWXUHV��2Q�WKH�WRS�OHIW�VLGH�RI�WKH�JUDSKV��

ZH�KDYH�VKRZHG�WKH�UHWULHYHG�YDOXHV�IRU�WKH�DPSOLWXGH�

DQG�WKH�KDOI�ZLGWK�DW�����QP�DQG�����QP��7KH�EDUOH\�

FRYHU�LV�VKRZQ�WZLFH��ILJXUHV��D�DQG��F���,Q�ILJXUH��D��

WKH� KRW� VSRW� SHDN� KDV� EHHQ� FKDUDFWHUL]HG� XVLQJ� WZR�

LPDJHV� ZKLOVW� LQ� ILJXUH� �F� RQO\� RQH� LPDJH� KDV� EHHQ�

XVHG�� 7KH� XVH� RI� WZR� SDWFKHV� FORVH� WR� WKH�

EDFNVFDWWHULQJ� UHVXOWV� LQ� D� PRUH� DFFXUDWH�

UHSUHVHQWDWLRQ�RI�WKH�KRW�VSRW�HIIHFW�DQG��FRQVHTXHQWO\��

UHWULHYHG� SDUDPHWHUV� RIIHU� D� KLJKHU� FRQILGHQFH�� 7KH�

GLIIHUHQFHV�DUH�TXLWH� LPSRUWDQW� LQ�ERWK�DPSOLWXGH�DQG�

KDOI�ZLGWK��7KLV�LV�QR�VXUSULVLQJ�EHFDXVH�WKH�KLJKHU�WKH�

VDPSOLQJ� LQ� WKH�KRW� VSRW�GRPDLQ�� WKH�EHWWHU� WKH� OLNHO\�

DFFXUDF\� RI� UHWULHYHG� SDUDPHWHUV�� )RU� WKH� ZKHDW�

VDPSOH�WKH�WZR�JUDSKV�FRUUHVSRQGV�WR�WKH�WZR�GLIIHUHQW�

IOLJKWV��,Q�WKLV�FDVH��WKH�QXPEHU�RI�SDWFKHV�FRQVLGHUHG�

LQ�WKH�ILW� LV�DOVR�GLIIHUHQW��7KH�UHVXOWV�VKRZ�DOVR�ODUJH�

GLIIHUHQFHV� LQ� ERWK� DPSOLWXGH�� DIIHFWHG� E\� WKH� VXQ�

SRVLWLRQ��DQG�KDOI�ZLGWK��,Q�WKLV�FDVH��ZH�VKRXOG�QRWH�D�

KLJKHU� VSDWLDO� YDULDELOLW\� WKDW� UHVXOWV� LQ� D� ZRUVH� ILW�

DURXQG�WKH�KRW�VSRW����

)RU�LPSURYLQJ�WKH�VWDELOLW\�RI�WKH�VROXWLRQV��WKH�

ILW� ZDV� PDGH� LQ� D� WZR�VWHS� SURFHVV�� )LUVW�� WKH� OLQHDU�

SDUW�ZDV�ILWWHG�WR�WKH�GDWD�H[LVWLQJ�EHWZHHQ�±����DQG�±

���� WR�GHULYH� WKH�OLQHDU�FRHIILFLHQWV�E�DQG�F��7KHQ�WKH�

HTXDWLRQ�ZDV� ILW� EHWZHHQ� D� SKDVH� DQJOH� OLPLW� RI� ±����

DQG� ���� WR� GHULYH� WKH� DPSOLWXGH� DQG� WKH� KDOI� ZLGWK��

7KH� URRW�PHDQ� VTXDUH� �506�� HUURU�ZDV� FDOFXODWHG� WR�

HYDOXDWH� WKH� ILW� TXDOLW\� DURXQG� WKH�KRW� VSRW� �±� ����� ,Q�
DGGLWLRQ��WKH�DPSOLWXGH�WR�506�UDWLR�KDV�EHHQ�XVHG�WR�

HYDOXDWH� WKH� VLJQDO�WR�QRLVH� UDWLR�RI� WKH�PHDVXUHG�KRW�

VSRW� VLJQDWXUHV�� 7KH� YDOXHV� RI� WKH� UHODWLYH� 506� DUH�

W\SLFDOO\� ����� LQ� WKH� QRRQ� IOLJKW� DQG� ����� LQ� WKH�

DIWHUQRRQ��,W�VKRZV�WKH�EHVW�TXDOLW\�RI�WKH�KRW�VSRW�ILW�

LQ� WKH� QRRQ� IOLJKW� LPDJHV�� )RU� VSHFWUDO� FKDQQHOV�� WKH�

EOXH� EDQG� VKRZV� WKH� ZRUVW� ILW� LQ� UHODWLYH� WHUPV��

ZKHUHDV� WKH� QHDU� LQIUDUHG� EDQG� VKRZV� WKH� ORZHVW�

YDOXHV��7KH�VLJQDO�WR�QRLVH�UDWLR�ZDV�KLJKHU�DW�����QP��

ZLWK� W\SLFDO� YDOXHV� RI� ��� DW� QRRQ� DQG� ��� LQ� WKH�

DIWHUQRRQ��ZKHUHDV� WKH�ZRUVW� UDWLR� YDOXHV� ������ZHUH�

IRXQG� DW� ����� ,Q� JHQHUDO�� WKH� VLJQDO�WR�QRLVH� UDWLR�

VKRZV� VOLJKWO\� KLJKHU� YDOXHV� DW� ���� QP� WKDQ� DW� ����

QP�� 1HLWKHU� 506� QRU� VLJQDO�WR�QRLVH� UDWLR� SUHVHQW�

VLJQLILFDQW� GLIIHUHQFHV� UHJDUGLQJ� WKH� FDQRS\� FRYHU�

W\SH��

7R�DVVHVV�WKH�VWDELOLW\�RI�UHWULHYHG�SDUDPHWHUV��D�

VHQVLWLYLW\�DQDO\VLV�KDV�EHHQ�FRQGXFWHG�E\�FRPELQLQJ�

�� GLIIHUHQW� ZLQGRZ� VL]HV� ����� ���� ��� SL[HOV�� ZLWK� ��

GLIIHUHQW�SKDVH�DQJOH�OLPLWV�/ ^����������������`��7KLV�

DQDO\VLV�SURYLGHV�XV�ZLWK�WKH�FRQILGHQFH�LQWHUYDO�RI�WKH�

HVWLPDWHV�� � ,Q� JHQHUDO�� WKH� UHWULHYHG� DPSOLWXGH�

LQFUHDVHV�DQG�WKH�KDOI�ZLGWK�GHFUHDVHV�VOLJKWO\�ZLWK�WKH�

ZLQGRZ� VL]H�� L�H�� DW� LQFUHDVLQJ� WKH� QXPEHU� RI� SRLQWV�

GHSLFWLQJ� WKH� KRW� VSRW�� &RQFHUQLQJ� WKH� SKDVH� DQJOH�

OLPLWV� FRQVLGHUHG� LQ� WKLV� DVVHVVPHQW�� WKH� UHWULHYHG�

SDUDPHWHUV� DUH� TXLWH� LQVHQVLWLYH� VKRZLQJ� GLIIHUHQFHV�

RQ�WKH�RUGHU�RI�����LQ�ERWK�DPSOLWXGH�DQG�KDOI�ZLGWK���

)LJXUH� �� VKRZV� WKH� HVWLPDWHG� KRW� VSRW� KDOI�

ZLGWKV�� ZKLFK� PRVWO\� UDQJH� EHWZHHQ� ��� DQG� ���� 7KH�

VDPSOHV� KDYH� EHHQ� RUGHUHG� IURP� ORZ� WR� KLJK�

YHJHWDWLRQ�FRYHUDJH��D�GLIIHUHQW�QXPEHU�ZLWK�WKH�VDPH�

ODEHO� LQGLFDWHV� GLIIHUHQW� SDUFHO�� ZKLOVW� &� DQG� &�� �:�

DQG�:���UHIHUV�WR�WKH�VDPH�SDUFHO��:H�FDQ�REVHUYH�WKH�

ODFN�RI�D�UHJXODU�WHQGHQF\�ZLWK�WKH�FDQRS\�FRYHU�W\SH��

LQFOXGLQJ�EDUH�VRLO�DQG�GHQVHVW�YHJHWDWHG�VXUIDFHV�VXFK�

DV� DOIDOID� RU� ZKHDW�� 7KH� UHVXOWV� LQGLFDWH� WKDW� DW� WKLV�

VSDWLDO� DQG� GLUHFWLRQDO� UHVROXWLRQ� WKH� KDOI� ZLGWK�

SUHVHQWV�D� ORZHU�YDULDELOLW\� WKDQ� WKDW�SUHGLFWHG�E\� WKH�

DERYH� PRGHO�� 7KLV� ILQGLQJ� KDV� EHHQ� SUHYLRXVO\�

UHSRUWHG� LQ� %UpRQ� HW� DO� ������� RYHU� WKH�PDMRU� ,*3%�

ODQG� FRYHU� W\SHV�� 7KHUHIRUH�� LW� VHHPV� WR� EH� TXLWH�

GLIILFXOW�WR�LQWHUSUHW�WKH�KRW�VSRW�KDOI�ZLGWK�LQ�WHUPV�RI�

VWUXFWXUDO�SDUDPHWHUV�RI� WKH�FDQRS\�FRYHU��,Q�IDFW�� WKH�

KRW�VSRW�IRUPDWLRQ�VKRXOG�EH�D�TXLWH�FRPSOH[�SUREOHP�

VLQFH� YHJHWDWLRQ� FDQRSLHV� SUHVHQW� D� GHWDLOHG�

DUFKLWHFWXUH� ZLWK� GLIIHUHQW� HOHPHQWV� VXFK� XV� OHDYHV��

EXGV�DQG�DOVR�VSLNHV�LQ�GHYHORSHG�FHUHDO�FURSV��ZLWK�D�

SDUWLFXODU� OHYHO� RI� DJJUHJDWLRQ� �FOXPSLQJ�� DQG�

LQWHUVWLFHV� WURXJK�ZKLFK� OLJKW� FDQ� SHQHWUDWH� �5RXMHDQ�

������� +RZHYHU�� PRVW� RI� WKH� KRW� VSRW� PRGHOLQJ� KDV�

EHHQ� DFFRXQWHG� IRU� E\�XVLQJ� WKH� OHDI�RU� WKH�FURZQ�DV�

WKH� EDVLF� XQLW� WR� FRPSXWH� WKH� PXWXDO� VKDGRZLQJ��

ZKLFK�LV�D�VWURQJ�VLPSOLILFDWLRQ��4LQ�DQG�*RHO��������

,Q� DGGLWLRQ�� WKH� GLVWULEXWLRQ� RI� WKH� GDWD� SRLQWV� LQ� WKH�

KRW� VSRW� UHJLRQ� VHHPV� WR� EH� LQVXIILFLHQW� IRU�

�)LJXUH����5HWULHYHG�KRW�VSRW�KDOI�ZLGWK�LQ�WKH�QRRQ�DQG�LQ�WKH�DIWHUQRRQ�IOLJKWV��DFURQ\PV�DSSHDUV�LQ�WDEOH�������
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GHWHUPLQLQJ�DFFXUDWHO\�WKH�DPSOLWXGH�DQG�KDOI�ZLGWK�RI�

WKH� KRW� VSRW� SHDN�� :H� KDYH� PRUH� FRQILGHQW� LQ� WKH�

UHVXOWV�ZLWK�D�EHWWHU�VDPSOLQJ��

&RQFHUQLQJ�WKH�VSHFWUDO�FKDQQHOV��WKH�EOXH�EDQG�

VKRZV� URXJKO\� KLJKHU� YDOXHV� WKDQ� WKH� RWKHU� EDQGV�� ,I�

ZH� UHMHFW� WKLV� FKDQQHO� EHFDXVH� RI� LWV� ZRUVW� ILW�� ZH�

REWDLQ� WKDW� LQ� GHQVH� YHJHWDWHG� VXUIDFHV� WKH� VSHFWUDO�

YDULDELOLW\� RI� WKH� KDOI� ZLGWK� ZLWKLQ� LWV� FRQILGHQFH�

LQWHUYDO� LV� W\SLFDOO\�DERXW�������ZLWKRXW�REVHUYLQJ�DQ\�

UHJXODU� VSHFWUDO� WHQGHQF\�� 7KH� VSHFWUDO� YDULDELOLW\� LV�

QRW�H[SHFWHG� IURP� WKH� VKDGLQJ� WKHRU\�DQG� LW�FRXOG�EH�

DVVRFLDWHG� WR� WKH� LQYHUVLRQ�SURFHGXUH� UDWKHU� WKDQ� WR�D�

SK\VLFDO� SURFHVV�� 7KH� VRLO� DQG� FRUQ� VDPSOHV� VKRZ�

VSHFWUDO� GLIIHUHQFHV� XS� WR� ���� ,Q� WKHVH� FDVHV�� WKH� KRW�

VSRW� KDOI� ZLGWK� GHFUHDVHV� ZLWK� WKH� ZDYHOHQJWK� DV�

RSSRVHG� WR� WKH� WUHQG� SUHGLFWHG� E\� WKH� FRKHUHQW�

EDFNVFDWWHU�PHFKDQLVP��+DSNH���������$OWKRXJK�ERWK�

PHFKDQLVPV� FDQ� RFFXU� LQ� WKH� VDPH� PHGLXP�� LW� LV�

H[SHFWHG� WKDW� RQH� GRPLQDWH� WKH� IRUPDWLRQ� RI� WKH� KRW�

VSRW��,Q�DGGLWLRQ��DW�ORQJHU�ZDYHOHQJWKV��!����QP���WKH�

LQFUHDVLQJ� PXOWLSOH� VFDWWHUHG� UDGLDQFH� PD\� IDYRU� WKH�

FRKHUHQW� PHFKDQLVP� �+DSNH� HW� DO�� ������� )XUWKHU�

LQYHVWLJDWLRQV� DUH� UHTXLUHG� WR� H[SODLQ� WKLV� VSHFWUDO�

GHSHQGHQFH� DQG� GHWHUPLQH� LI� WKH� FRKHUHQW�

EDFNVFDWWHULQJ� FRQWULEXWH� WR� WKH� HQKDQFHPHQW� RI�

UHIOHFWDQFH� DW� EDFNVFDWWHU�� HVSHFLDOO\� LQ� WKH� 1,5�

UHJLRQ���

)LJXUH���VKRZV�WKH�UHWULHYHG�DPSOLWXGH��8QOLNH�

WKH�KDOI�ZLGWK��WKH�DPSOLWXGH�SUHVHQWV�D�UHJXODU�SDWWHUQ�

UHJDUGLQJ� WKH� FDQRS\� FRYHU� W\SH�� 7KH� VSHFWUDO�

YDULDELOLW\� LV� DOVR� FRQVLVWHQW� ZLWK� WKH� H[SHFWHG�

UHIOHFWDQFH� RI� OHDYHV� DQG� VRLO� SDUWLFOHV���

3KRWRV\QWKHWLFDOO\� DFWLYH� YHJHWDWHG� VDPSOHV� �DOIDOID��

ZKHDW�� OHJXPHV�� VKRZ� KLJKHU� DPSOLWXGH� LQ� WKH� JUHHQ�

FKDQQHO� WKDQ� LQ� WKH� EOXH� DQG� UHG� RQHV�� VKRZLQJ� WKH�

KLJKHVW� YDOXHV� IRU� WKH� 1,5�� ,Q� FRQWUDVW�� QRQ�

SKRWRV\QWKHWLFDOO\� DFWLYH� VDPSOHV� �VRLO� DQG� EDUOH\��

VKRZ� ZDYHOHQJWK� VFDOHG� DPSOLWXGH� DFFRUGLQJ� WR� WKH�

RSWLFDO� SURSHUWLHV� RI� WKH� GU\� OHDYHV�� 7KH� GHULYHG�

DPSOLWXGH� LV� KLJKHU� LQ� WKH� DIWHUQRRQ� IOLJKW� WKDQ� DW�

QRRQ�� LQ� DJUHHPHQW� ZLWK� WKH� WKHRUHWLFDO� IRUPXODWLRQ�

FRQVLGHUHG� DERYH� �HT�� ���� 7KH� YDULDELOLW\� ZLWKLQ� WKH�

FODVVHV� LV� VOLJKWO\� KLJKHU� WKDQ� LW� FRXOG� EH� H[SHFWHG�

IURP�WKH�QDGLU�UHIOHFWDQFH�YDOXHV��7KLV�FRXOG�EH�SDUWO\�

DVVRFLDWHG� WR� WKH� HUURUV� LQWURGXFHG� LQ� WKH� LQYHUVLRQ�

SURFHGXUH��)LQDOO\��WKH�ORZHVW�DPSOLWXGH�YDOXHV�DW�����

QP� LQGLFDWH� WKH� ORZ� DHURVRO� FRQWULEXWLRQ� WR� WKH� KRW�

VSRW��%UHyQ�HW�DO���������

)LQDOO\�� WKH� OHDI� UHIOHFWDQFH�RI� WKH�VDPSOHV�ZDV�

HVWLPDWHG�XVLQJ� WKH�HTXDWLRQ����7KLV�HTXDWLRQ�LV�YDOLG�

IRU� WKLFN� FDQRSLHV�� L�H�� ZKHQ� WKH� VRLO� FRQWULEXWLRQ� LV�

QHJOLJLEOH��7KHUHIRUH�� WKH�VRLO�DQG�FRUQ��∼����FRYHU��

�)LJXUH����5HWULHYHG�KRW�VSRW�DPSOLWXGH�LQ�WKH�QRRQ�DQG�LQ�WKH�DIWHUQRRQ�IOLJKWV��DFURQ\PV�DSSHDUV�LQ�WDEOH��������

��)LJXUH����/HDI�UHIOHFWDQFH�HVWLPDWLRQ�LQ�WKH�QRRQ�DQG�DIWHUQRRQ�IOLJKWV��
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WDUJHWV� KDYH� EHHQ� QRW� FRQVLGHUHG�� 5HVXOWV� FDQ� EH�

REVHUYHG� LQ� ILJXUH� ��� ,Q� JHQHUDO�� WKH� UHVXOWV� DUH�

VDWLVIDFWRU\�ZKHQ�XVLQJ�WKH�PRUH�FRQILGHQW�GDWD��QRRQ�

IOLJKW��� 7KH� HVWLPDWHG� VSHFWUDO� OHDI� UHIOHFWDQFH� VKRZV�

FRKHUHQW� UHVXOWV�� )RU� H[DPSOH�� EDUOH\� SUHVHQWV�

LQFUHDVLQJ� UHIOHFWDQFH� YDOXHV� ZLWK� WKH� ZDYHOHQJWK� DV�

H[SHFWHG� IURP� LWV� VHQHVFHQW� VWDJH�� ZKHUHDV� JUHHQ�

YHJHWDWHG�VDPSOHV�VKRZ�KLJK�YDOXHV�DW�����QP�WKDQ�DW�

���� QP�� ,Q� WKH� QRRQ� IOLJKW�� ZH� FDQ� REVHUYH� FHUWDLQ�

YDULDELOLW\�LQ�VDPSOHV�FRUUHVSRQGLQJ�WR�D�VDPH�FDQRS\�

W\SH�� H�J�� VDPSOHV� %� DQG� %��� EHFDXVH� RI� WKH�

GLIIHUHQFHV� LQ� DPSOLWXGH� SUHYLRXVO\� UHSRUWHG� �VHH�

ILJXUH��D�DQG��F���7KH�DIWHUQRRQ�IOLJKWV�SUHVHQW�ZRUVH�

UHVXOWV� PDLQO\� DVVRFLDWHG� WR� WKH� GLUHFWLRQDO� XQGHU��

VDPSOLQJ�� 7KLV� UHVXOW� LQ� DQ� XQGHUHVWLPDWLRQ� RI� 1,5�

UHIOHFWDQFH�IRU�WKH�ZKHDW�VDPSOHV��

�

���&21&/86,21�

,Q� WKLV� SDSHU�� ZH� KDYH� DQDO\]HG� WKH� KRW� VSRW�

GLUHFWLRQDO� VLJQDWXUHV� RI� GLIIHUHQW� YHJHWDWLRQ� FRYHUV�

GHULYHG� IURP�32/'(5�DLUERUQH�GDWD�DFTXLUHG�GXULQJ�

'$,6(;¶��� FDPSDLJQ�� 7KH� UHWULHYDO� RI� WKH� KRW� VSRW�

GLUHFWLRQDO� VLJQDWXUHV� UHOLHV� RQ� WKH� DVVXPSWLRQ� RI�

VSDWLDO� KRPRJHQHLW\� RI� WKH� WDUJHW�� 7KH� GDWD� SRLQWV� RI�

WKH�KRW�VSRW�VLJQDWXUH�KDYH�EHHQ�ILWWHG�WR�D�IXQFWLRQ�RI�

WKH� SKDVH� DQJOH� �HT� ���� 7KH� DPSOLWXGH� DQG� WKH� KDOI�

ZLGWK� RI� WKH� PHDVXUHG� KRW� VSRW� KDYH� EHHQ� UHWULHYHG�

XVLQJ�WKH�PHWKRG�SURSRVHG�E\�%UpRQ�HW�DO���������

7KH� KDOI� ZLGWK� UDQJHG� EHWZHHQ� ������

LQGHSHQGHQWO\� RI� WKH� FDQRS\� FRYHU� W\SH��7KLV� UHYHDOV�

WKH� GLIILFXOW\� WR� LQIHU� VWUXFWXUDO� LQIRUPDWLRQ� RI� WKH�

FDQRSLHV� IURP� WKH� KDOI� ZLGWK�� 6RPH� VDPSOHV� �VRLO��

FRUQ�� EDUOH\�� KDYH� VKRZQ� DQ� XQH[SHFWHG� VSHFWUDO�

GHSHQGHQFH� RI� WKH� KRW� VSRW� KDOI� ZLGWK�� )XUWKHU�

LQYHVWLJDWLRQV� VKRXOG� EH� GHVLUDEOH� WR� H[SODLQ� WKLV�

UHVXOW��

7KH� UHWULHYHG� YDOXHV� RI� WKH� DPSOLWXGH� RI� KRW�

VSRW� DQG� WKH� OHDI� UHIOHFWDQFH� DUH� FRQVLVWHQW� ZLWK� WKH�

H[SHFWDWLRQV�� SURYLGLQJ� WKXV� LQIRUPDWLRQ� OLQNHG� ZLWK�

WKH�SKHQRORJLFDO�VWDWXV�RI�WKH�FDQRS\��

1HYHUWKHOHVV��WKH�UHWULHYHG�SDUDPHWHUV�DUH�TXLWH�

VHQVLWLYH�WR�WKH�GLVWULEXWLRQ�RI�GDWD�SRLQWV�DORQJ�WKH�KRW�

VSRW�JHRPHWU\��,Q�IDFW��WKH�KRW�VSRW�GRPDLQ�LV�URXJKO\�

�� GHJUHHV� LQ� SKDVH� DQJOH��&RQVHTXHQWO\�� DQG�EHFDXVH�

WKH�QRLVH� LQ� WKH�GDWD�� D�SRRU�VDPSOLQJ�RI� WKLV�GRPDLQ�

ZLOO� WUDQVODWH� LQWR� ELDVHG� HVWLPDWHV� RI� WKH� KRW� VSRW�

SDUDPHWHUV�� ,Q� WKLV� ZD\�� WKH� DPSOLWXGH� VHHPV� WR� EH�

XQGHUHVWLPDWHG�DQG�WKH�KDOI�ZLGWK�RYHUHVWLPDWHG�ZKHQ�

WKH� KRW� VSRW� SHDN� LV� XQGHUVDPSOHG�� &RPSOHPHQWDU\�

PHDVXUHV� RI� WKH� KRW� VSRW� IURP� +\0$3� GDWD� WDNHQ�

GXULQJ�WKLV�FDPSDLJQ�ZLOO�EH�XVHG�WR�DQDO\]H�ERWK�WKH�

LQIOXHQFH�RI� WKH� VDPSOLQJ� LQ� WKH�KRW�VSRW�GRPDLQ�DQG�

WKH�VSHFWUDO�GHSHQGHQFH�LQ�WKH�KDOI�ZLGWK��

�

�
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7KLV� ZRUN� KDV� EHHQ� SDUWLDOO\� VXSSRUWHG� E\� WKH�

µ6FLHQWLILF� $QDO\VLV� RI� WKH� (6$� $LUERUQH� 0XOWL�

$QQXDO� ,PDJLQJ� 6SHFWURPHWHU� &DPSDLJQ� '$,6(;¶�

SURMHFW��6SHFLDO� WKDQNV�DUH�GXH� WR�'U��)�0��%UpRQ�IRU�

KLV�FRQWULEXWLRQ�WR�WKLV�ZRUN��

�

5()(5(1&(6�
%DUDEDQHQNRY�� <�1��� <�$�� .UDYWVRY�� 9�'�� 2]ULQ�

DQG� $�,�� 6DLFKHY�� ������ (QKDQFHG� EDFNVFDWWHULQJ� LQ�

RSWLFV�� ,Q� 3URJUHVV� LQ� 2SWLFV�� YRO�� ��� �(�� :ROI�� (G����

(OVHYLHU��1HZ�<RUN��SS����������
%UpRQ��)�0���)��0DLJQDQ��0��/HUR\�DQG� ,��*UDQW��

������ $QDO\VLV� RI� WKH� KRW� VSRW� GLUHFWLRQDO� VLJQDWXUHV�

PHDVXUHG� IURP� VSDFH�� -RXUQDO� RI�*HRSK\VLFDO�5HVHDUFK��

�����'��������������������

%UpRQ�� )�0��� 9�� 9DQGHUELOW�� 0�� /HUR\�� 3��

%LFKHURQ�� &�/�� :DOWKDOO� DQG� -�(�� � .DOVKRYHQ�� ������

(YLGHQFH�RI�KRW�VSRW�GLUHFWLRQDO�VLJQDWXUHV�IURP�DLUERUQH�

32/'(5� PHDVXUHPHQWV�� ,(((� 7UDQVDFWLRQV� RQ�

*HRVFLHQFH�DQG�5HPRWH�6HQVLQJ������������������

(6$�� ������ 3URFHHGLQJV� RI� WKH� '$,6(;� ILQDO�

UHVXOWV� ZRUNVKRS�� (6$� 63������ (6$� 3XEOLFDWLRQ�

'LYLVLRQ��(67(&��7KH�1HWKHUODQGV��-XO\�����������SS����

*DUFtD�+DUR�� )�-�� 6RPPHU�� 6�� DQG� .HPSHU�� 7��

�������� 9DULDEOH� PXOWLSOH� HQGPHPEHU� VSHFWUDO� PL[WXUH�

DQDO\VLV��90(60$���D�KLJK�SHUIRUPDQFH�FRPSXWLQJ�DQG�

HQYLURQPHQW� DQDO\VLV� WRRO�� 5HPRWH� 6HQVLQJ� RI�

(QYLURQPHQW��LQ�UHYLVLRQ��

+DSNH��%���'��'LPXFFL��5��1HOVRQ�DQG�:��6P\WKH��

������ 7KH� FDXVH� RI� WKH� KRW� VSRW� LQ� YHJHWDWLRQ� FDQRSLHV�

DQG� VRLOV�� VKDGRZ�KLGLQJ� YHUVXV� FRKHUHQW� EDFNVFDWWHU��

5HPRWH�6HQVLQJ�RI�(QYLURQPHQW�������������

+DSNH�� %��� ������ 7RSLFV� LQ� UHPRWH� VHQVLQJ� ���

7KHRU\� RI� 5HIOHFWDQFH� DQG� (PLWWDQFH� 6SHFWURVFRS\��

&DPEULGJH�8QLYHUVLW\�3UHVV������SS��

-XSS�� '�/�%�� DQG�$�+�� 6WUDKOHU�� ������$� KRWVSRW�

PRGHO�IRU�OHDI�FDQRSLHV��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW��
�������������

.XXVN��$���������7KH�KRW�VSRW�HIIHFW�RI�D�XQLIRUP�

YHJHWDWLYH� FRYHU�� 6RYLHW� -RXUQDO� RI� 5HPRWH� 6HQVLQJ�� ���

���������

/HUR\��0��2��+DWHFRHXU��)��3RQFKDXW��/��$ORQVR�

&KRUGD�� DQG� -�� 0RUHQR�� ������ 7KH� DLUERUQH� 32/'(5�

GDWD� LQ� WKH� '$,6(;¶��� FDPSDLJQ�� (6$� 63������ (6$�

3XEOLFDWLRQ� 'LYLVLRQ�� (67(&�� 7KH� 1HWKHUODQGV�� -XO\�

�������������

�4LQ�:��DQG�1�6�*RHO��������$Q�HYDOXDWLRQ�KRWVSRW�

PRGHOV� IRU� YHJHWDWLRQ� FDQRSLHV�� 5HPRWH� 6HQVLQJ�

5HYLHZV���������������

5RXMHDQ��-�/���������$�SDUDPHWULF�KRW�VSRW�PRGHO�

IRU�RSWLFDO�UHPRWH�VHQVLQJ�DSSOLFDWLRQ��5HPRWH�6HQVLQJ�RI�

(QYLURQPHQW���������������

6HHOLJHU��+���������=XU� WKHRULH�GHU�%HOHXFKWXQJ�GHU�

JURVVHQ�SODQHWHQ�LQEHVRQGHUH�GHV�6DWXUQ��$EKDQGO��%D\HU��

$NDG��:LVV��0DWK�1DWXUZ��.O��,,��������������


