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,FRVDKHGUDO� TXDVLFU\VWDOV� �4&V�� DUH
KLJKO\� RUGHUHG� PHWDOOLF� SKDVHV� ZLWK� VWUXF�
WXUH�FKDUDFWHUL]HG�E\�WKH�SUHVHQFH�RI���IROG
V\PPHWU\� D[HV� >�@�� 7L±=U±1L� 4&V� EDVHG� RQ
%HUJPDQ� FOXVWHU� DUH� DWWULEXWHG� WR� WKH� �QG
FODVV� RI� NQRZQ� VWDEOH� 4&V�� 7KHLU� XQXVXDO
VWUXFWXUH� DVVXPHV� VSHFLDO� SK\VLFDO� SURSHU�
WLHV��6R�� LW� LV�ZHOO�NQRZQ�WKDW�4&V�DUH�DEOH
WR�DEVRUE�D� FRQVLGHUDEOH� DPRXQWV� RI�K\GUR�
JHQ� IRUPLQJ� D� VROLG� VROXWLRQ� >�@�� WKH� SD�
UDPHWHUV� RI� K\GURJHQ� GLIIXVLRQ� KDYH� EHHQ
LQYHVWLJDWHG�>�@��VXSHUFRQGXFWLYLW\�KDV�EHHQ
IRXQG� >����@�� PHFKDQLFDO� SURSHUWLHV� DQG
HODVWLF�SODVWLF� GHIRUPDWLRQ�PHFKDQLVP� KDYH
EHHQ� VWXGLHG� >����@�� +RZHYHU�� WKH� WKHUPDO�
SK\VLFDO� SURSHUWLHV� RI� 4&V� UHPDLQ� D� SRRUO\
LQYHVWLJDWHG� ILHOG� >�@�� 7KLV� FRQFHUQV� ILUVW� RI
DOO� WKH� FKDUDFWHULVWLFV� GHILQHG� E\� WKH� ODWWLFH
G\QDPLFV�� QDPHO\�� WKHUPDO� H[SDQVLRQ�
VTXDUH�URRW� GHYLDWLRQV�� FKDUDFWHULVWLF� 'HE\H
WHPSHUDWXUH�� HWF�� 7KLV� ZRUN� LV� DLPHG� DW� GH�
WHUPLQDWLRQ�RI� WKH� WKHUPDO� H[SDQVLRQ� FRHIIL�
FLHQW� �D�� DQG�'HE\H�WHPSHUDWXUH� �4'�� IRU�WL�WDQLXP�]LUFRQLXP�QLFNHO� DOOR\� RI

7L����=U����1L��� FRPSRVLWLRQ�XVLQJ�;�UD\�GLI�IUDFWLRQ�PHWKRG�
7KH�VWXGHG�REMHFWV�ZHUH�WKLQ�ULEERQV�SUH�

SDUHG� E\� TXHQFKLQJ� RQ� URWDWLQJ� ZKHHO� LQ
SXUH� DUJRQ� DWPRVSKHUH�� 7KH� WHFKQLTXHV� RI
VDPSOH� SUHSDUDWLRQ� DQG� VWUXFWXUH� DWWHVWD�
WLRQ�RI�4&V�DUH�GHVFULEHG�LQ�>�Ü�@��7KH�VDP�
SOHV� RI� d���PP� WKLFNQHVV� DQG� �� WR� �� PP
ZLGWK� PRXQWHG� RQ� D� FRSSHU� SODWH� ZHUH
SODFHG� LQ� DQ� RULJLQDO� YDFXXP� FKDPEHU� SXW
RQ� WKH� GLIIUDFWRPHWHU� JRQLRPHWHU�� 9DFXXP
LQ�WKH�FKDPEHU�ZDV�QRW�ZRUVH�WKDQ���Ü��3D�
7KH� VDPSOH� WHPSHUDWXUH� ZDV� YDULHG� IURP
URRP�YDOXH� WR� OLTXLG�QLWURJHQ�ERLOLQJ�SRLQW
DQG� FRQWUROOHG� E\� D� FKURPHO�FRSHO� WKHUPR�
FRXSOH�� 7KH� ;�UD\� GLIIUDFWLRQ� VSHFWUD� ZHUH
WDNHQ�VLPXOWDQHRXVO\�IURP�WKH�4&�DQG�IURP
FRSSHU�SODWH�DV�D�UHIHUHQFH�XVLQJ�ILOWHUHG�&X
LUUDGLDWLRQ�� )RU� 4&� H[DPLQDWLRQ�� WKUHH� UH�
IOHFWLRQV� O\LQJ� DORQJ� ��IROG� >���� ���� ���@
D[LV�� DQG� WZR� UHIOHFWLRQV� ZLWK� GLIIUDFWLRQ
YHFWRU� GLUHFWHG� DORQJ� ��IROG� >���� ���� ���@
D[LV�ZHUH�FKRVHQ��DV�ZHOO�DV�������DQG������
UHIOHFWLRQV� IURP� FRSSHU�� 7KH� 4&� UHIOHFWLRQ
LQGLFHV� DUH� JLYHQ� LQ� WZR�LQGH[� �1�� 0�
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&DKQ�V� QRWDWLRQ� >�@�� IRU� H[DPSOH�� ���������
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7HPSHUDWXUH� GHSHQGHQFHV� RI� GLIIUDFWLRQ
OLQH� SRVLWLRQV� DQG� LQWHJUDO� LQWHQVLWLHV� ZHUH
DQDO\]HG�� 7KH� TXDVL�FU\VWDOOLQLW\� SDUDPHWHU
�RU� WKH� TXDVL�ODWWLFH� SHULRG�� DT� ZDV� FDOFX�
ODWHG�IURP�OLQH�SRVLWLRQV�XVLQJ�WKH�HTXDWLRQ

DT� � O����CCCCCCCC1���W0
�VLQT����CCCCCC����W� �

���

7KHQ�� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW�ZDV
GHWHUPLQHG�IURP�WKH�H[SUHVVLRQ
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7KH� WRWDO� VTXDUH�URRW� DWRPLF� GLVSODFH�
PHQWV�8�

BBB
� ZHUH� FDOFXODWHG� E\� DQDO\]LQJ� WKH

LQWHJUDO� LQWHQVLW\� DQJXODU� GHSHQGHQFH� IRU
PXOWLSOH� UHIOHFWLRQ� RUGHUV� DORQJ� WKH� WZR
FKRVHQ� GLUHFWLRQV�� 6WDWLF� 8V�

BBB
� DQG� G\QDPLF

8G�
BBB
� FRQVWLWXHQWV� ZHUH� VHSDUDWHG� XVLQJ� 8�

BBB

WHPSHUDWXUH� GHSHQGHQFH� SORW� H[WUDSRODWLQJ
WR���z�7KH�FKDUDFWHULVWLF�'HE\H�WHPSHUDWXUH
4'� ZDV� GHWHUPLQHG� LQ� 'HE\H� DSSUR[LPDWLRQIURP� 'HE\H�:DOOHU� IDFWRU� HÜ�0� RI� LQWHQVLW\
IRUPXOD�XVLQJ�WHPSHUDWXUH�YDULDWLRQ�RI�GLI�
IUDFWLRQ� PD[LPD� LQWHJUDO� LQWHQVLW\� DV� ZHOO
DV� WKH� G\QDPLF� DWRPLF� GLVSODFHPHQWV� >��@�
(YHU\� VDPSOH� ZDV� DQDO\]HG� GXULQJ� VHYHUDO
KHDWLQJ�FRROLQJ�F\FOHV��

7KH� SUHOLPLQDU\� ;�UD\� SKDVH� DQDO\VLV
ZLWKLQ� WKH�ZLGH�UDQJH�RI�GLIIUDFWLRQ�DQJOHV
KDV�VKRZQ�WKDW�LQ�WKH�VDPSOHV�FKRVHQ��RQO\
WKH� LFRVDKHGUDO� TXDVL�FU\VWDOOLQH� SKDVH� ZDV
SUHVHQW��,W�LV�FKDUDFWHUL]HG�E\�D�3�W\SH�XQLW
FHOO� DQG� TXDVL�FU\VWDOOLQLW\� SDUDPHWHU� DTIURP� �������� WR� �������� QP�� $V� WKH� WHP�
SHUDWXUH� GURSV�� GLIIUDFWLRQ� SHDNV� ZHUH� RE�
VHUYHG�WR�VKLIW�WRZDUGV�ODUJHU�DQJOHV��DQG�WKH

LQWHQVLWLHV� WKHUHRI� LQFUHDVH� �)LJ������ 7KH
TXDVL�FU\VWDOOLQLW\� SDUDPHWHU� WHPSHUDWXUH
GHSHQGHQFH� IRU� D� W\SLFDO� VDPSOH� LV� VKRZQ� LQ
)LJ����

,W� VKRXOG� EH� QRWHG� WKDW� WKH� WHPSHUDWXUH
UDQJH� XQGHU� VWXG\� LV� ORZHU� WKDQ� V\QWKHVLV
WHPSHUDWXUH� DQG� FRUUHVSRQGV� WR� WKH� SKDVH
VWDELOLW\� DUHD�� ,Q� WKLV� WHPSHUDWXUH� UDQJH�
WKH� H[SHULPHQWDO� GDWD� DUH� IRXQG� WR� EH� DS�
SUR[LPDWHG�ZHOO�E\�D�OLQHDU�GHSHQGHQFH��7KH
TXDVL�FU\VWDOOLQLW\� SDUDPHWHU� YDOXHV� FDOFX�
ODWHG� IRU� GLIIHUHQW� FU\VWDOORJUDSKLF� GLUHF�
WLRQV�DUH�ZHOO�ILWWHG�E\�D�VLQJOH�GHSHQGHQFH�
)URP� WKH�SORW� VORSH�� WKH� OLQHDU� WKHUPDO�H[�
SDQVLRQ� FRHIILFLHQW� LV� IRXQG� WR� EH� LVRWURSLF
DQG�HTXDO�WR��������r������Ü��zÜ���7KH�YDOXH
GLVSHUVLRQ� IRU� GLIIHUHQW� VDPSOHV� PD\� EH
FDXVHG� E\� GLIIHUHQW� VWUXFWXUH� SHUIHFWLRQ
DQG��LQ�SDUWLFXODU��E\�GLIIHUHQFHV�LW�WKH�SKD�
VRQ� GHIHFW� GHQVLW\�� DV� LW� ZDV� REVHUYHG� IRU
$O��&X��)H���4&V�>��@��DV�ZHOO�DV�E\�UHVLGXDOPDFUR�VWUDLQ� HIIHFW�� ,Q� WKH� VXEVWDQWLDOO\
VWUHVV�IUHH�VDPSOHV��WKH�UHVXOWV�REWDLQHG�IRU
RSSRVLWH� ULEERQ� VLGHV� FRLQFLGH� �)LJ������ DQG
D� LV� FORVH� WR� ����Ü��zÜ��� )RU� FRSSHU� UHIHU�
HQFH�� WKH� H[SHULPHQWDO� DYHUDJH� YDOXH� D&XZDV� ����r������Ü��zÜ��� 6LQFH� LQ� WKH� WHP�
SHUDWXUH�UDQJH�XQGHU�VWXG\��D&X�YDULHV�IURP���� WR� �������Ü��zÜ�� DFFRUGLQJ� WR� WDEOH� GDWD
DV�D�VXIILFLHQWO\�UHOLDEOH��,W�PD\�EH�QRWHG�WKDW
WKH� YDOXH� REWDLQHG� LV� FORVH� WR� UHIHUHQFH� GDWD
IRU�WLWDQLXP�]LUFRQLXP�DOOR\V�>��@�

7KH�FDOFXODWLRQ�RI�VTXDUH�URRW�DWRPLF�GLV�
SODFHPHQWV� PDGH� WDNLQJ� LQWR� FRQVLGHUDWLRQ
WKH�FRUUHFWLRQV�IRU�DQJXODU�DQG�DWRPLF�PXO�
WLSOLHUV� IRU� WZR� SDLUV� RI� WKH� UHIOHFWLRQV
��������DQG�����������DV�ZHOO�DV���������DQG
����������� KDV� VKRZQ� WKDW�8�

BBB
� YDOXH� LV� WKH

VDPH� IRU� DWRPV� SRVLWLRQHG� LQ� WKH� SODQHV

)LJ����� 7KH� TXDVLFU\VWDOOLQH� SKDVH� ���������
GLIIUDFWLRQ� PD[LPXP� SRVLWLRQ� DQG� LQWHQVLW\
DW�WHPSHUDWXUH���.�����������������������������
�������

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� TXDVL�
FU\VWDOOLQLW\�SDUDPHWHU��REWDLQHG�E\�UHSHDWHG
VFDQQLQJ� RI� ���������� UHIOHFWLRQ� �RSHQ� V\P�
EROV���DQG�RI����������UHIOHFWLRQ��VKDGHG�V\P�
EROV��
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ERWK�ZLWK���IROG�DQG���IROG�V\PPHWU\�D[HV�
DQG� LV� ������Ü��QP�� DW� URRP� WHPSHUDWXUH�
7KH� YDOXH� REWDLQHG� LV� FORVH� WR� WKH� GDWD� IRU
FRDUVH�FU\VWDOOLQH� PHWDO� VDPSOHV� >��@�� 7KH
UHVXOWV� REWDLQHG� DW� �� ���� z� DOVR� KDYH
JLYHQ� WKH� VLQJOH�8�

BBB
� YDOXH� RI� ������Ü��QP��

7KHQ�� LW� IROORZV� IURP� WKH� WHPSHUDWXUH� GH�
SHQGHQFH� WKDW� VWDWLF� GLVSODFHPHQWV� DUH
DERXW� ������Ü��QP��� 7KH� G\QDPLFDO� GLV�
SODFHPHQWV�DW� URRP� WHPSHUDWXUH� FDQ�EH�RE�
WDLQHG�DV�D�GLIIHUHQFH��DQG�WKHQ�WKH�FKDUDF�
WHULVWLF� WHPSHUDWXUH� PD\� EH� HVWLPDWHG� DF�
FRUGLQJ�WR�WKH�H[SUHVVLRQ
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BBBBBBBBB

�·¹
��e��� ���

ZKHUH� P� LV� WKH� UHGXFHG� PDVV�� N�� WKH
%ROW]PDQQ�FRQVWDQW��K�� WKH�3ODQN�FRQVWDQW�
1RWH� WKDW� WKH� H[SUHVVLRQ� ���� LV� YDOLG� IRU
WHPSHUDWXUHV�7�ZKLFK�GR�QRW�GLIIHU� FRQVLG�
HUDEO\�IURP�4'��6XFK�HVWLPDWLRQ�GHWHUPLQHVWKH� YDOXH� RI� FKDUDFWHULVWLF� WHPSHUDWXUH� DV
4'|���� z�� 7KH� FKDUDFWHULVWLF� WHPSHUDWXUHUHILQHPHQW�ZDV� FDUULHG� RXW� XVLQJ� YDULDWLRQ
RI�����������DQG����������UHIOHFWLRQ�LQWHJUDO
LQWHQVLW\� XQGHU� WHPSHUDWXUH� GHFUHDVH� IURP
��� �����z�WR���� ����z��7KH�FKRLFH�RI�WKHUHIOHFWLRQV� ZDV� FDXVHG�� ILUVW�� E\� ORZ� VHQVL�
WLYLW\�WR�SKDVRQ�GHIHFWV��DQG�VHFRQG��E\�WKH
IDFW� WKDW� WKHVH� UHIOHFWLRQV� FKDUDFWHUL]H� GLI�
IHUHQW�FU\VWDOORJUDSKLF�GLUHFWLRQV��7KH�YDOXH
4'�ZDV�GHWHUPLQHG�IURP�WKH�H[SUHVVLRQ
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ZKHUH�)�[�� LV�WKH�'HE\H�IXQFWLRQ��WDNHQ�IURP
>��@��� DQG� [� �4'�7�� )URP� WKH� FDOFXODWLRQV�WKH� FKDUDFWHULVWLF� WHPSHUDWXUH� ZDV� IRXQG� WR
EH�4'� �����z�IRU�����������DQG�4'� �����zIRU�����������UHIOHFWLRQV��UHVSHFWLYHO\��)RU�ILYH
VDPSOHV��WKH�'HE\H�WHPSHUDWXUH�YDOXH�ZDV�GH�
WHUPLQHG� WR� EH�ZLWKLQ� WKH� UDQJH� IURP����� WR
����.��,W�VKRXOG�EH�QRWHG�WKDW�WKH�VDPSOHV�LQ
LQLWLDO�VWDWH�KDG�GLIIHUHQW�VWUXFWXUH�SHUIHFWLRQ
WKDW� PDQLIHVWHG� LWVHOI� DV� GLIIHUHQFHV� LQ� LQ�
WHQVLW\��ZLGWK�� DQG� SRVLWLRQV� RI� GLIIUDFWLRQ
PD[LPD�� :H� H[SODLQ� WKH� 4'� YDOXH� GLVSHU�VLRQ� MXVW� E\� WKDW� IDFW�� $� FRQFOXVLRQ� FDQ� EH
GUDZQ� WKDW�� DFFRUGLQJ� WR� WKH� ;�UD\� GLIIUDF�
WLRQ� GDWD�� 7L����=U����1L��� LFRVDKHGUDO� TXDVL�FU\VWDO�KDV�WKH�'HE\H�FKDUDFWHULVWLF�WHPSHUD�
WXUH�4'� ����r��� z�� 7KH� YDOXH� LV� IRXQG� WRDJUHH� ZHOO� ZLWK� RWKHU� GDWD� >����@�� ZKHUH� WKH
'HE\H� WHPSHUDWXUH� ZDV� XVHG� DV� ILWWLQJ� SD�

UDPHWHU� IRU� HOHFWULFDO� UHVLVWDQFH� WHPSHUD�
WXUH� GHSHQGHQFH��7KH� UHOLDELOLW\� RI� WKH� SUH�
VHQWHG� UHVXOWV� LV� VXSSRUWHG� DV� ZHOO� E\� WKH
IDFW� WKDW� IRU� FRSSHU� LQWHUQDO� UHIHUHQFH�� WKH
YDOXH�4'� �����z�ZDV�REWDLQHG�ZKLFK� LV� LQH[FHOOHQW� DFFRUGDQFH� ZLWK� ;�UD\� GDWD� IURP
>��@��4'� �����z��$W� ODVW�� OHW� XV� GLVFXVV� WKH� LVRWURS\� RI
DWRPLF�RVFLOODWLRQV�DQG�RI�'HE\H�WHPSHUDWXUH
LQ� WKH� LFRVDKHGUDO� TXDVL�FU\VWDOV�� $� VLPLODU
HIIHFW� ZDV� REVHUYHG� EHIRUH� LQ� $O±3G±0Q� 4&
>��@��:H�WKLQN�WKLV�IDFW�WR�EH�QRW�VXUSULVLQJ
IRU� LFRVDKHGUDO� TXDVLFU\VWDOV�� ,W� LV� NQRZQ
WKDW� IRU� FU\VWDOV�� WKH� �l� YDOXH� �LQ� WKH
'HE\H�:DOOHU� IDFWRU� HÜ�0�� LV�XVXDOO\� FDOFX�
ODWHG� XVLQJ� D� PRGHO� WDNLQJ� LQWR� DFFRXQW
RQO\�DWRPLF�LQWHUDFWLRQV�RI�WKH�ILUVW��RU�VHY�
HUDO� ILUVW�� FRRUGLQDWLRQ� VSKHUHV�� ,Q� WKH
'HE\H� DSSUR[LPDWLRQ�� WKH� IUHTXHQFLHV� RI
WKUHH� RVFLOODWLRQ� EUDQFKHV� GHSHQG� RQ� ZDYH
YHFWRU� LQ� WKH� VDPH�PDQQHU��7KDW� FRQGLWLRQ
LV� WKH� EHWWHU� IXOILOOHG�� WKH� EHWWHU� WKH� UHFLS�
URFDO�ODWWLFH�LV�LQVFULEHG�LQWR�VSKHUH��,Q�WKLV
VHQVH��WKH�7L±=U±1L�4&�ZLWK�VWUXFWXUH�EDVHG
RQ�%HUJPDQ� FOXVWHU� LQFOXGLQJ� WKUHH� VSKHUL�
FDOO\� V\PPHWULF� DWRPLF� VKHOOV� ZKHUH� HDFK
DWRP� LV� VXUURXQGHG� E\� LFRVDKHGURQ� RI� LWV
QHLJKERUV�� VDWLVILHV� WKH� 'HE\H� WKHRU\� FRP�
SOHWHO\��7KH�FOXVWHU�IRUPLQJ�DWRPV�RVFLOODWH
WRJHWKHU�� =LUFRQLXP� DWRPV� VKRXOG� SOD\� WKH
PDLQ� UROH�� EHFDXVH� WKH\� IRUP� WKH� VHFRQG
VKHOO� DQG� HQWHU� WKH� WKLUG� RQH�� 7KDW� LV�PD\
EH� WKH� UHDVRQ� WKDW� WKH� REWDLQHG�4&� FKDUDF�
WHULVWLF�WHPSHUDWXUH�LV�FORVH�WR�WKH�YDOXH�IRU
SXUH�]LUFRQLXP�DQG�RQO\�D�OLWWOH�ORZHU�WKDQ
IRU� WLWDQLXP� DQG� QLFNHO�� 7KLV� PD\� PHDQ
WKDW� PHWDOOLF� ERQGLQJ� W\SH� SUHYDLOV� LQ� WKH
VWUXFWXUH�

)LJ����� 7HPSHUDWXUH�GHSHQGHQFH�RI� TXDVL�FU\V�
WDOOLQLW\� SDUDPHWHU�� REWDLQHG� E\� ���������
UHIOHFWLRQ� VFDQQLQJ� IURP� WKH� RSSRVLWH� VLGHV
RI�WKH�VDPSOH��6KDGHG�V\PEROV�FRUUHVSRQG�WR
WKH� VLGH� FRQWDFWHG� ZLWK� TXHQFKLQJ� GUXP�
RSHQ�V\PEROV��WR�WKH�ULEERQ�IUHH�VLGH�
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7KXV�� XVLQJ� ;�UD\� GLIIUDFWLRQ� LQ� WHP�
SHUDWXUH� UDQJH� IURP� ��� WR� ����z�� WKHUPDO
H[SDQVLRQ� FRHIILFLHQW�� VTXDUH�URRW� DWRPLF
GLVSODFHPHQWV�� DQG� 'HE\H� FKDUDFWHULVWLF
WHPSHUDWXUH�KDYH�EHHQ�GHWHUPLQHG�IRU�LFRVD�
KHGUDO� 7L����=U����1L��� TXDVL�FU\VWDO�� DQG� LWKDV�EHHQ�VKRZQ�WKDW� WKHVH�WKHUPDO�SK\VLFDO
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