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7KH� UHDOL]DWLRQ� RI� YDULRXV� IOXFWXDWLQJ
SDLULQJ� PRGHV� RI� FDUULHUV� LV� VWXGLHG� LQ�
WHQVHO\�VWDUWLQJ�IURP�WKH�HDUOLHVW�LQYHVWLJD�
WLRQ� VWDJHV� RI� KLJK�WHPSHUDWXUH� VXSHUFRQ�
GXFWRUV� �+76&�� >�Ü�@�� 2I� JUHDW� LPSRUWDQFH
WKHUHLQ� LV� WKH� FRPSRVLWLRQ� DQG� WRSRORJ\� RI
WKH� GHIHFW� HQVHPEOH� WKDW� GHILQHV� WKH� UXQ�
QLQJ�FRQGLWLRQV�RI�WKH�WUDQVSRUW�FXUUHQW�DQG
WKH�FDUULHU�VFDWWHULQJ�PHFKDQLVPV��$V�PRVW
H[SHULPHQWDO� ZRUNV� ZDV� FDUULHG� RXW� RQ� FH�
UDPLFV�� ILOPV� DQG� WH[WXUHG� VDPSOHV�� GLIIHU�
LQJ�LQ�WHFKQRORJLF�SUH�KLVWRU\��QXPHURXV�DV�
SHFWV� RI� WKH� SUREOHP� UHPDLQ� XQFOHDU� XS� WR
QRZ�� 7DNLQJ� LQWR� FRQVLGHUDWLRQ� WKH� DERYH�
WKLV�ZRUN�LV�DLPHG�DW�VWXG\�RI�WKH�HYROXWLRQ
RI�WKH�IOXFWXDWLQJ�FRQGXFWLYLW\� �)&��PHFKD�
QLVP�LV�VLQJOH�FU\VWDOV�FRQWDLQLQJ�D�FRQWURO�
ODEOH� GHIHFW� VWUXFWXUH� DQG� GLIIHULQJ� LQ� WKH
WUDQVSRUW�FXUUHQW�JHRPHWU\����

7KH�+76&� VLQJOH� FU\VWDOV� RI�<%D�&X�2�±GFRPSRXQGV� ZHUH� JURZQ� XVLQJ� WKH� VROXWLRQ�

PHOW� WHFKQLTXH� LQ� D� JROG� FUXFLEOH� DV� KDV
EHHQ�GHVFULEHG�LQ�GHWDLO�LQ�>�@��)RU�WKH�UHVLV�
WLYH� VWXGLHV�� UHFWDQJXODU� FU\VWDOV� RI
�u���u�����PP�� VL]H� ZHUH� VHOHFWHG�� ,W� LV
NQRZQ� >�@�� WKDW� DV� <%D&X2� FRPSRXQGV� DUH
VDWXUDWHG�ZLWK�R[\JHQ��WKH�WHUWUD�RUWKR�VWUXF�
WXUH�WUDQVLWLRQ�WDNHV�SODFH�ZKLFK��LQ�LWV�WXUQ�
FDXVHV�WKH�FU\VWDO�WZLQQLQJ��WKXV�PLQLPL]LQJ
LWV�HODVWLF�HQHUJ\��7R�REWDLQ�WKH�VDPSOHV�FRQ�
WDLQLQJ� WKH� VLQJO\�GLUHFWHG� WZLQ� ERXQGDULHV
�7%���D�����PP�ZLGH�EULGJH�ZLWK�WKH�FRQWDFW
VSDFLQJ�RI�����PP�ZDV�FXW�RXW�RI�WKH�VDPSOH
DV�LV�VKRZQ�LQ�WKH�LQVHW��D��WR�)LJ������

7KH� H[SHULPHQWDO� JHRPHWU\� ZDV� VHOHFWHG
VR� WKDW� WKH� WUDQVSRUW� FXUUHQW� YHFWRU� ,� ZDV
HLWKHU�SDUDOOHO�RU�SHUSHQGLFXODU� WR� WKH�WZLQ
SODQHV�� 7KH� HOHFWULF� FRQWDFWV� ZHUH� IRUPHG
DFFRUGLQJ� WR� WKH� VWDQGDUG� IRXU�FRQWDFW
VFKHPH� E\� DSSO\LQJ� VLOYHU� SDVWH� RQWR� WKH
FU\VWDO� VXUIDFH� IROORZHG� E\� FRQQHFWLRQ� RI
VLOYHU� FRQGXFWRUV� RI� ����� PP� LQ� GLD�� DQG

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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�� K� DQHHDOLQJ� DW� ����&� LQ� R[\JHQ� DWPRV�
SKHUH��7KLV� SURFHGXUH� SURYLGHG� WKH� FRQWDFW
WUDQVLWLRQ� UHVLVWDQFH� OHVV� WKDQ� �� DQG� PDGH
LW� SRVVLEOH� WR� FDUU\� RXW� WKH� UHVLVWLYH�PHDV�
XUHPHQWV� DW� WKH� WUDQVSRUW� FXUUHQWV� XS� WR
���P$� LQ� WKH�DE� SODQH�� 7KH�PHDVXUHPHQWV
ZHUH� FDUULHG� RXW� LQ� WKH� WHPSHUDWXUH� GULIW
PRGH�� 7KH� WHPSHUDWXUH�ZDV�PHDVXUHG�ZLWK
D�FRSSHU�FRQVWDQWDQ�WKHUPRFRXSOH��WKH�YROW�
DJH�DFURVV�WKH�VDPSOH�DQG�DFURVV�WKH�UHIHU�
HQFH� UHVLVWRU�� ZLWK� 9����� QDQRYROWPHWHUV�
7KH�YROWPHWHU�VLJQDOV�ZHUH�WUDQVIHUUHG�WR�D
3&�WKURXJK�DQ�LQWHUIDFH����

)LJ���� SUHVHQWV� WKH� WHPSHUDWXUH� GHSHQG�
HQFHV� RI� HOHFWULF� FRQGXFWLYLW\� LQ� WKH� DE
SODQH�UDE�7�� IRU�WZR�EULGJH�SDUWV�� WKH� LQVHW�E�� LOOXVWUDWLQJ� WKH� UHVLVWLYH� VXSHUFRQ�
GXFWLQJ� WUDQVLWLRQV� WKHUHRI� LQ�GU�G7Ü7� FR�
RUGLQDWHV�� $FFRUGLQJ� WR� WKH� SURFHGXUH� >�@�
WKH�PD[LPXP�SRVLWLRQ�FRUUHVSRQGLQJ�WR�WKH
LQIOHFWLRQ�SRLQW�LQ�WKRVH�GHSHQGHQFHV�LV�FRQ�
VLGHUHG� DV� WKH� FULWLFDO� WHPSHUDWXUH� RI� WKH
UHVLVWLYH� VXSHUFRQGXFWLQJ� WUDQVLWLRQ�� 7KH
QDUURZ� VXSHUFRQGXFWLQJ� WUDQVLWLRQ� ZLGWK
�'7F�������.��HYLGHQFHV� WKH�KLJK�TXDOLW\�RIWKH�VDPSOHV��$W� WKH� VDPH�WLPH��D� ORZ�DGGL�
WLRQDO� SHDN� LQ� WKH� FXUYH� FRUUHVSRQGLQJ� WR
,A7%�H[SHULPHQWDO�JHRPHWU\�LV�SRVVLEO\�GXH
WR�WKH�HIIHFW�RI�7%V�ZKHUH�WKH�RUGHULQJ�SD�
UDPHWHU�PD\�EH�VRPHZKDW�VXSSUHVVHG�>�@�

,W�LV�VHHQ�LQ�)LJ����WKDW�WKH�UDE�7��DUH�RIPHWDOOLF� FKDUDFWHU� LQ� ERWK� FDVHV�� $W� ,A7%
RULHQWDWLRQ�� WKH� FRQGXFWLYLW\� DW� URRP� WHP�
SHUDWXUH� LV� DERXW� ���� ORZHU� WKDQ� WKDW� IRU
,A7%��$V�WKH�YHFWRU�,�LV�RULHQWHG�UHODWLYHO\
WR�FU\VWDOORJUDSKLF�D[HV�LQ�WKH�VDPH�PDQQHU

LQ�ERWK�EULGJH�SDUWV��WKH�ODUJHU�DE�YDOXH�DW
,A7%� FDQ� EH� H[SODLQHG� E\� WKH� FXUUHQW� FDU�
ULHU� VFDWWHULQJ� DW� 7%V�� 7KH� HOHFWURQ� IUHH
SDWK� LQ� WKH� VLQJOH� FU\VWDOV� KDV� EHHQ� HVWL�
PDWHG� DV� ���� PP� >�@�� EHLQJ� RQH� RUGHU
VPDOOHU� WKDQ� WKH� WZLQ� VSDFLQJ�� 7KHUHIRUH�
WKH� PD[LPXP� UHVLVWDQFH� LQFUHDVH� GXH� WR
VFDWWHULQJ� DW� 7%V�PD\� DWWDLQ� ������ 7KXV�
WKH�REWDLQHG�����UDE�LQFUHDVH�HYLGHQFHV�WKHHIILFLHQW�FDUULHU�VFDWWHULQJ�DW�7%����

,W�IROORZV�IURP�)LJ����WKDW�DERYH�����.�
WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�UHVLVWDQFH�LV
DSSUR[LPDWHO\� OLQHDU�� 8QGHU� WKDW� WHPSHUD�
WXUH�� WKH� UHVLVWLYLW\� LV� GHYLDWHG� GRZQZDUG
IURP�OLQHDULW\��WKDW�UHVXOWV�LQ�DSSHDUDQFH�RI
D�FHUWDLQ�H[FHVV�FRQGXFWLYLW\�GHWHUPLQHG�DV
D�UXOH�IURP�WKH�HTXDOLW\

'V� �V���V��� ���
ZKHUH� V�� LV� WKH� FRQGXFWLYLW\� YDOXH� GHWHU�PLQHG�E\�H[WUDSRODWLQJ�WKH�OLQHDU�VHFWLRQ�RI
V� ��$���%�7�Ü�� UHODWLRQVKLS� WR� ]HUR� WHP�
SHUDWXUH� DQG�V� LV� WKH� H[SHULPHQWDO� FRQGXF�
WLYLW\�LQ�WKH�QRUPDO�VWDWH��$FFRUGLQJ�WR�WKH
H[LVWLQJ� FRQFHSWV�� WKH� HOHFWURQ� VXEV\VWHP
GLPHQVLRQDOLW\�LQ�OD\HUHG�VXSHUFRQGXFWRUV�LV
GHILQHG� E\� UHODWLRQVKLS� EHWZHHQ� [F� �FRKHU�HQFH� OHQJWK� DORQJ� F� D[LV�� DQG� G� �WKH� �'
OD\HU� WKLFNQHVV���:KHQ� G���[F�� WKH� LQWHUDF�WLRQ� EHWZHHQ� WKH� IOXFWXDWLRQ� SDLUV� LV� UHDO�
L]HG� ZLWKLQ� WKH� ZKROH� VXSHUFRQGXFWRU� YRO�
XPH���'�PRGH��ZKLOH�DW�G�!�[F��WKH�LQWHUDF�WLRQ� LV� SRVVLEOH� RQO\� LPPHGLDWHO\� LQ
VXSHUFRQGXFWLYH�OD\HUV���'�PRGH���7KH�EDVLF
WKHRUHWLFDO�PRGHOV� WR� GHVFULEH� WKH�)&�PRGH
LQ� OD\HUHG� VXSHUFRQGXFWRUV� KDYH� EHHQ� SUR�
SRVHG� E\�$VODPD]RY� DQG�/DUNLQ� >�@� DV�ZHOO
DV�E\�/DZUHQFH�DQG�'RQLDFK� >�@��$FFRUGLQJ
WR�>�@��WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�)&�LV
GHVFULEHG�E\�HTXDWLRQ�
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1HDU�7F��DW�[F�!�G� ��'�PRGH���WKLV�HTXD�WLRQ�LV�WUDQVIRUPHG�>�@�LQWR�
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ZKLOH�IDU�IURP�7F��DW�[F���G���'�PRGH���LQWR

'V�'� � H�
��K�GH���� ���

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� HOHFWULF
UHVLVWLYLW\�UDE�7�� IRU� ,A7%�DQG� ,__7%�RULHQWD�WLRQV��FXUYHV���DQG����UHVSHFWLYHO\���,QVHW��D��
VFKHPH� RI� EULGJH� XVHG� LQ� UHVLVWLYH� VWXGLHV�
,QVHW� �E��� UHVLVWLYH� WUDQVLWLRQV� WR� WKH� VXSHU�
FRQGXFWLYH� VWDWH� LQ� GUDE�G7Ü7� FRRUGLQDWHV
IRU� ,A7%� DQG� ,__7%� RULHQWDWLRQV� �GDUN� DQG
OLJKW�V\PEROV��UHVSHFWLYHO\���
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ZKHUH�H� ��7�Ü�7F��7F��7KH�SUHFLVH�7F�GHWHU�PLQDWLRQ� LV�RI�JUHDW� LPSRUWDQFH�ZKHQ�SURF�
HVVLQJ�WKH�H[SHULPHQWDO�GDWD����

)LJ���� SUHVHQWV� WKH� WHPSHUDWXUH� GHSHQG�
HQFHV� RI� H[FHVV� FRQGXFWLYLW\� LQ� OJ'V�Ü�OJH
FRRUGLQDWHV�� 7KH�7F� LV� WKHUH� GHILQHG� DV� WKHFULWLFDO� WHPSHUDWXUH� YDOXH� 7FIP� LQ� WKH� DS�SUR[LPDWLRQ� RI� PHDQ� ILHOG� WKHRU\� GHWHU�
PLQHG�LQ�WKH�SRLQW
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FRUUHVSRQGLQJ� WR� WKH� PD[LPXP� LQ� WKH
GU�G7� GHSHQGHQFH� LQ� WKH� VXSHUFRQGXFWLYH
WUDQVLWLRQ�DUHD�>�@��,W� LV�VHHQ�LQ�)LJ����WKDW
QHDU� 7F�� WKH� 'V�7�� GHSHQGHQFH� LV� DSSUR[L�PDWHG�ZHOO�E\�(T�����DW�WKH�SRZHU�LQGH[�Ü����
WKXV�HYLGHQFLQJ�WKH��'�FKDUDFWHU�RI�IOXFWXDW�
LQJ� VXSHUFRQGXFWLYLW\� ZLWKLQ� WKLV� WHPSHUD�
WXUH�UDQJH��$V�WKH�WHPSHUDWXUH�ULVHV�IXUWKHU�
WKH� VORSH� RI� OJ'V�OJH�� UHODWLRQVKLS� LQFUHDVHV
DSSUHFLDEO\��7KLV�� LQ� WXUQ�� FDQ�EH�FRQVLGHUHG
DV� DQ� LQGLFDWLRQ� RQ� WKH� )&� GLPHQVLRQDOLW\
FKDQJH�� ,W� IROORZV� IURP� ���� DQG� ����� LQ� WKH
�'��'�FURVVRYHU�SRLQW��WKH�HTXDOLW\

[F���H���e��� �G�e�� ����
VKRXOG�EH�PHW��7KHQ��KDYLQJ�GHWHUPLQHG�WKH
H�� YDOXH� LQ� WKH� �'��'� FURVVRYHU� SRLQW� DQG
WDNLQJ�G� ������c�IRU�<%D�&X�2�±G�>�@��LW�LV
SRVVLEOH� WR� GHWHUPLQH� [F����� 7KH� FDOFXODWLRQUHVXOWV� REWDLQHG� XVLQJ� WKH� IRUPXOD� ���� DV
ZHOO� DV� FKDUDFWHULVWLF� VORSH� YDOXHV� RI� WKH
OJ'V�OJH�� IXQFWLRQ� FRUUHVSRQGLQJ� WR� SRZHU
LQGLFHV� LQ� ���� DQG� ���� IRU� WZR� EULGJH� SDUWV
DUH�SUHVHQWHG�LQ�WKH�7DEOH����

,W� LV� WR� QRWH�� KRZHYHU�� WKDW� WKH� XVH� RI
WKDW�FDOFXODWLRQ�SURFHGXUH�GRHV�QRW�DOORZ�WR
WDNH� LQWR� DFFRXQW� WKH� SRVVLEOH� HUURU� RI� WKH
UHVLVWLYH� PHDVXUHPHQWV� ZKHQ� GHWHUPLQLQJ
WKH� IOXFWXDWLQJ�TXDQWLWLHV� LV� VSDWLDOO\� LQKR�
PRJHQHRXV� V\VWHPV� DVVRFLDWHG� ZLWK� WKH
VPDOO� LQFOXVLRQV� RI� DQRWKHU� SKDVH� HYHQ� LQ
WKH� KLJK�TXDOLW\� VLQJOH� FU\VWDOV� >�@�� 7KXV�
ZKHQ� FRPSDULQJ� ZLWK� H[SHULPHQWDO� GDWD�
[F����� G�� DQG� 7F� LQ� (TV����Ü���� DUH� FRQVLG�HUHG� XVXDOO\� WR� EH� ILWWLQJ� SDUDPHWHUV�� $
VFDOLQJ�IDFWRU��VR�FDOOHG�&�IDFWRU��LV�DOVR�LQ�
WURGXFHG�WKDW�PDNHV�LW�SRVVLEOH�WR�WDNH�LQWR
DFFRXQW� WKH� WUDQVSRUW� FXUUHQW� GLVWULEXWLRQ
LQKRPRJHQHLW\�LQ�HDFK�VSHFLILF�VDPSOH�>�@���

8VLQJ�WKH�SURFHGXUH��WKH�EHVW�FRLQFLGHQFH
ZLWK� H[SHULPHQWDO� GDWD� KDV� EHHQ� REWDLQHG
IRU� (T������ ,Q� WKLV� FDVH�� WKH� FRKHUHQFH
OHQJWK� [F���� DPRXQWHG� �r����c� DQG
���r����c� IRU� ,A7%� DQG� ,__7%� RULHQWDWLRQV�
UHVSHFWLYHO\��,Q�WKLV�DVSHFW��RI�LQWHUHVW�LV�WR
FRPSDUH�WKH�REWDLQHG�UHVXOWV�ZLWK�WKH�PDJ�
QHWLF� VXVFHSWLELOLW\� GDWD� PHDVXUHG� LQ� >�@
ZKHUH�GHWHUPLQHG�ZDV�WKH�GLDPDJQHWLF�FRQWUL�
EXWLRQ� IURP� WKH� DUHD� ZLWK� KLJK�7F� EHLQJ� LQSURSRUWLRQ� WR� WKH� YROXPH� FRQWHQW� RI� WKDW
SKDVH�� 7KH� [F� YDOXH� REWDLQHG� IURP� WKRVH� H[�
SHULPHQWV� LV� ���r����c�� EHLQJ� FORVHU� WR� WKH
YDOXHV�FDOFXODWHG�XVLQJ�WKH�VHFRQG�PHWKRG���

1HYHUWKHOHVV�� ZKHQ� XVLQJ� ERWK� WKH� ILUVW
DQG� VHFRQG� FDOFXODWLRQ�PHWKRGV�� WKH�GLIIHU�
HQFH�EHWZHHQ�WKH�[F����YDOXHV� IRU� ,A7%�DQG,__7%�H[SHULPHQWDO�JHRPHWULHV�DPRXQWV����WR
��� ��� WKXV� HYLGHQFLQJ� DQ� HIIHFWLYH� LQIOX�
HQFH� RI� 7%� RQ� WKH� IRUPDWLRQ� SURFHVVHV� RI
IOXFWXDWLQJ�&RRSHU�SDLUV�

7KXV�� WKH� UHVLVWDQFH� LQFUHDVH� ZLWKLQ� WKH
OLQHDU� VHFWLRQ� RI� U�7�� GHSHQGHQFHV� DW� WKH
WUDQVSRUW� FXUUHQW� RULHQWDWLRQ� ,A7%� DV
FRPSDUHG�WR�WKH�FDVH�RI�,__7%�HYLGHQFHV�DQ
HIILFLHQW� VFDWWHULQJ� RI� QRUPDO� FDUULHUV� DW
WKH�7%��7KH� H[FHVV� FRQGXFWLYLW\� IXQFWLRQV
'V�7�� DUH� GHVFULEHG� VDWLVIDFWRULO\� E\� WKH
/DZUHQFH�'RQLDFK� WKHRUHWLFDO� PRGHO�� 7KH
SUHVHQFH� RI� 7%V� LQ� WKH� FU\VWDOV� PD\� IDYRU
WKH� LQWHQVLILFDWLRQ� RI� GH�SDLULQJ� SURFHVVHV
RI� IOXFWXDWLQJ� FDUULHUV�� WKXV� H[WHQGLQJ� WKH
OLQHDU�U�7��DUHD�LQ�WKH�DE�SODQH�DQG�VKLIWLQJ
WKH��'��'�FURVVRYHU�SRLQW�

)LJ����� OJ'V�OJH�� GHSHQGHQFHV� IRU� ,A7%� DQG
,__7%� RULHQWDWLRQV� �FXUYHV� �� DQG� ��� UHVSHF�
WLYHO\��� 7KH� �'��'� FURVVRYHU� SRLQWV� DUH
VKRZQ�E\�DUURZV�

7DEOH
%ULGJH 7FPI��. H� D�' D�' [F�����c
,__7% ����� ����� Ü����� Ü����� ����
,A7% ����� ����� Ü����� Ü����� ����
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