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,W�LV�NQRZQ�WKDW�DV�WKH�R[\JHQ�FRQWHQW�LQ
<%D&X2� FRPSRXQGV� GHFUHDVHV�� WKH� HOHFWULF
UHVLVWDQFH� LQFUHDVHV� DQG� WKH� FULWLFDO� WHP�
SHUDWXUH� �7F�� LV� ORZHUHG� >����@�� 7KH� GHIHFWHQVHPEOH� FRPSRVLWLRQ� DQG� WRSRORJ\� DV� ZHOO
DV� WKH� H[WHQW� DQG� FKDUDFWHU� RI� WKH� ODELOH
R[\JHQ� VXEV\VWHP� DUH� RI� JUHDW� LPSRUWDQFH
LQ� WKLV� FDVH� >�@�� ,W� LV� WR�QRWH� WKDW�� LQ� VSLWH
RI� YHU\� FRPSUHKHQVLYH� H[SHULPHQWDO� PDWH�
ULDO�DFFXPXODWHG�WR�GDWH��WKH�HIIHFW�RI�VPDOO
R[\JHQ�GHILFLW�RQ�YDULRXV�FRQGXFWDQFH�PRGH
DQG�� LQ� SDUWLFXODU�� RQ� WKH� IOXFWXDWLRQ� FRQ�
GXFWDQFH� �)&�� RI� WKRVH� FRPSRXQGV� UHPDLQV
VWLOO�XQFOHDU��3HUKDSV�WKLV� LV�GXH�LQ�SDUW�WR
WKH� IDFW� WKDW� WKH� DYDLODEOH� H[SHULPHQWDO
GDWD�ZHUH�REWDLQHG�PDLQO\�XVLQJ�WH[WXUL]HG
DQG� FHUDPLF� VDPSOHV� FRQWDLQLQJ� QXPHURXV
LQWHUJUDLQ� ERQGV� DV�ZHOO� DV� ILOPV� GHSRVLWHG
RQWR� YDULRXV� VXEVWUDWHV� E\� ZLGH� YDULHW\� RI
WHFKQRORJLHV� >�Ü�@�� 7KHUHIRUH�� LW� LV� H[SHGL�

HQW�WR�VWXG\�WKH�HYROXWLRQ�RI�YDULRXV�)&�PRGHV
LQ� KLJK�SHUIHFWLRQ� <%D&X2� VLQJOH� FU\VWDOV� LQ
WKH�FRXUVH�RI�R[\JHQ�FRQWHQW�UHGXFWLRQ�

<�%D�&X�2�±G�VLQJOH�FU\VWDOV�ZHUH�JURZQE\�VROXWLRQ�PHOW�WHFKQLTXH�LQ�D�JROG�FUXFLEOH
DW� ���Ü����&� DV� GHVFULEHG� LQ� >����@�� 7KH
W\SLFDO� VDPSOH� VL]H� ZDV� ���u���u�����PP��
WKH� VPDOOHVW� FU\VWDO� GLPHQVLRQ� FRUUHVSRQG�
LQJ� WR� F� D[LV�� 7R� REWDLQ� WKH� VDPSOHV� ZLWK
RSWLPXP� R[\JHQ� FRQWHQW� RI� Gd����� WKH� VH�
OHFWHG� FU\VWDOV� ZHUH� DQQHDOHG� LQ� R[\JHQ
VWUHDP�DW�����&�IRU���GD\V��7R�UHGXFH�R[\�
JHQ� FRQWHQW�� WKH� VDPSOHV� ZHUH� DQQHDOHG� LQ
R[\JHQ�VWUHDP�IRU��Ü��GD\V�DW�KLJKHU�WHP�
SHUDWXUHV�� 7KH� SDUDPHWHUV� RI� WKH� VDPSOHV
VWXGLHG�DUH�SUHVHQWHG�LQ�WKH�7DEOH�EHORZ�

7KH� HOHFWULF� FRQWDFWV� ZHUH� SUHSDUHG� E\
FRQQHFWLQJ� VLOYHU� ZLUHV� WR� WKH� FU\VWDO� VXU�
IDFH� XVLQJ� VLOYHU� SDVWH�� 7KH� HOHFWULF� UHVLV�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������� ���



WDQFH� ZDV� PHDVXUHG� E\� WKH� VWDQGDUG� IRXU�
FRQWDFW�WHFKQLTXH�DW���P$�'&�DW�WZR�RSSR�
VLWH� FXUUHQW� GLUHFWLRQV� LQ� ]HUR� PDJQHWLF
ILHOG�� ,Q� WKH� H[SHULPHQWDO� JHRPHWU\�� WKH
WUDQVSRUW�FXUUHQW�YHFWRU�ZDV�GLUHFWHG�DW����
ZLWK� UHVSHFW� WR� WKH� WZLQ� ERXQGDU\� �7%�
SODQH��7KH� WHPSHUDWXUH�ZDV�PHDVXUHG� E\� D
FRSSHU�FRQVWDQWDQ� WKHUPRFRXSOH�� WKH� YROW�
DJH�DFURVV�WKH�VDPSOH�DQG�DFURVV�WKH�UHIHU�
HQFH�UHVLVWRU��E\�9�����QDQRYROWPHWHUV��7KH
YROWPHWHU� VLJQDOV�ZHUH� WUDQVIHUUHG� WR� D� 36
WKURXJK� DQ� LQWHUIDFH�� 7KH� PHDVXUHPHQWV
ZHUH� GRQH� LQ� WHPSHUDWXUH� GULIW� PRGH�� WKH
GULIW� EHLQJ� DERXW� ���� .�PLQ� QHDU� 7F� DQGDERXW���.�PLQ�DW�7�!�7F��7KH�FULWLFDO� WHP�SHUDWXUH� ZDV� GHWHUPLQHG� IURP� WKH� PD[L�
PXP� SRVLWLRQ� LQ� WHPSHUDWXUH� GHSHQGHQFHV
RI� HOHFWULF� UHVLVWDQFH� GHULYDWLYH� �LQ� WKH� DE
SODQH�� ZLWK� UHVSHFW� WR� WHPSHUDWXUH�
G5DE�G7�7��� LQ� WKH� VXSHUFRQGXFWLQJ� WUDQVL�WLRQ� UHJLRQ�� $OO� WKH� PHDVXUHPHQWV� ZHUH
GRQH� WKUHH� GD\V� DIWHU� WKH� DQQHDOLQJ� ZDV
RYHU��WKXV�SURYLGLQJ�WKH�HTXLOLEULXP�GLVWUL�
EXWLRQ�RI�R[\JHQ�RYHU�WKH�VDPSOH�YROXPH�DW
URRP�WHPSHUDWXUH�>�@�

,Q� )LJ����� LV� VKRZQ� WKH� WHPSHUDWXUH� GH�
SHQGHQFHV� RI� HOHFWULF� UHVLVWLYLW\� LQ� WKH� DE
SODQH�PHDVXUHG� DIWHU� WKH� VDPSOH� DQQHDOLQJ
LQ� R[\JHQ� VWUHDP� DW� YDULRXV� WHPSHUDWXUHV�
,Q� WKH� LQVHW� �D��� WKH� VDPH� GHSHQGHQFHV� DUH
SUHVHQWHG� DV� QRUPDOL]HG� WR� WKH� UHVLVWLYLW\
YDOXH� DW� URRP� WHPSHUDWXUH�� UDE������� 7KHFRQGXFWLYLW\�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�LV
VHHQ� WR� EHKDYH� TXDOLWDWLYHO\� DV� D� TXDVL�
PHWDO�RQH��$V�WKH�DQQHDOLQJ�WHPSHUDWXUH�LQ�
FUHDVHV�� WKH� DEVROXWH� HOHFWULF� FRQGXFWLYLW\
YDOXH� LQFUHDVHV� ZKLOH� WKH� OLQHDU� UHJLRQ� RI
UDE�7�� EHFRPHV� QDUURZHG� VXEVWDQWLDOO\� DWKLJK�WHPSHUDWXUHV��,W�LV�VHHQ�IURP�WKH�7DEOH
WKDW� WKH� FULWLFDO� WHPSHUDWXUH� GURSV� DV� WKH
DQQHDOLQJ�WHPSHUDWXUH�LQFUHDVHV��7KH�LQLWLDO
QDUURZ� VXSHUFRQGXFWLQJ� WUDQVLWLRQ� UHJLRQ
�'7Fd���� .�� LV� HQODUJHG� FRQVLGHUDEO\� DQGWKH�WUDQVLWLRQ�LWVHOI�WDNHV�D�VWHSZLVH�VKDSH�
3HUKDSV� WKLV� HYLGHQFHV� WKH� DSSHDUDQFH� RI
VHYHUDO�SKDVHV�LQ�WKH�VDPSOH�WKDW�KDYH�YDUL�
RXV� FULWLFDO� WHPSHUDWXUHV� RI� VXSHUFRQ�
GXFWLQJ�WUDQVLWLRQ�

,W� LV� VHHQ� IURP� )LJ���� WKDW� EHORZ� D� FHU�
WDLQ� FKDUDFWHULVWLF� WHPSHUDWXUH� 7
�� WKH
UDE�7��GHSHQGHQFHV�EHFRPH��VPRRWKHG���WKDWPD\�EH�GXH�WR�DSSHDUDQFH�RI�DQ�H[FHVV�FRQ�
GXFWDQFH�� 7KH� WHPSHUDWXUH� GHSHQGHQFH� RI
WKH�ODWWHU�FDQ�EH�GHILQHG�DV

'V� �V���V��� ���
ZKHUH� V�� �U�Ü�� ��$���%7�Ü�� LV� WKH� FRQGXF�WLYLW\� GHWHUPLQHG� E\� LQWHUSRODWLQJ� WKH� OLQHDU
VHFWLRQ�REVHUYHG�LQ�WKH�KLJK�WHPSHUDWXUH�UHJLRQ
WR�]HUR�WHPSHUDWXUH��V� �UÜ���WKH�H[SHULPHQWDO
FRQGXFWLYLW\�YDOXH� DW�7���7
��7KH� H[FHVV� FRQ�
GXFWDQFH�QHDU�7F�LV�NQRZQ�WR�EH�GXH�WR�IOXFWX�DWLQJ�FRXSOLQJ�RI�WKH�FXUUHQW�FDUULHUV�DQG�FDQ
EH�GHVFULEHG�E\�D�SRZHU�GHSHQGHQFH�REWDLQH�LQ
WKH� WKHRUHWLFDO� /DZUHQFH�'RQLDFK� PRGHO� >�@
WKDW� VXSSRVHV� D� YHU\� VPRRWK� FURVVRYHU� IURP
�'�WR��'�PRGH�RI�WKH�IOXFWXDWLQJ�FRQGXFWDQFH
DV�WKH�VDPSOH�WHPSHUDWXUH�GHFUHDVHV�
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ZKHUH� H� ��7�Ü�7PIF��� 7PIF� LV� WKH� UHGXFHGWHPSHUDWXUH��7PIF�� WKH� FULWLFDO� WHPSHUDWXUH
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)LJ����� 5�7�� GHSHQGHQFHV� IRU� FU\VWDOV� DQ�
QHDOHG� DW� ����� ����� ����� ����� DQG� ���� .
�FXUYHV��Ü���UHVSHFWLYHO\���,QVHW��WKH�VDPH�GH�
SHQGHQFHV� IRU� HOHFWULF� UHVLVWDQFH� QRUPDOL]HG
WR�5����� 7KH� FXUYH� QXPEHUV� LQ� WKH� LQVHW� DUHWKH�VDPH�DV�LQ�PDLQ�ILJXUH�
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RI� WKH� PHDQ� ILHOG� DSSUR[LPDWLRQ�� -� 
�[F����G���� WKH� LQWHUSODQDU� FRXSOLQJ� FRQ�
VWDQW�� [F�� WKH� FRKHUHQFH� OHQJWK� DORQJ� WKH� FD[LV�� DQG�G�� WKH��'� OD\HU� WKLFNQHVV�� ,Q� WKH
OLPLWLQJ�FDVHV��QHDU�7F�DW�[F�!!G��WKH�LQWHU�DFWLRQ�EHWZHHQ�WKH�IOXFWXDWLQJ�&RRSHU�SDLUV
EHLQJ� UHDOL]HG� LQ� WKH� ZKROH� VXSHUFRQGXFWRU
YROXPH�� WKDW� LV�� LQ� WKH� �'� PRGH�� RU� IDU
IURP�7F�DW�[F��G��WKH�LQWHUDFWLRQ�EHLQJ�SRV�VLEOH� RQO\� LQ� WKH� SODQHV� RI� FRQGXFWLQJ� OD\�
HUV��L�H���LQ�WKH��'�PRGH���WKH�H[SUHVVLRQ����
LV�WUDQVIRUPHG�LQWR�WKH�NQRZQ�UHODWLRQVKLSV
IRU� WKH� �'� DQG� �'� FDVHV�� UHVSHFWLYHO\�� RI
WKH�$VODPD]RY�/DUNLQ�WKHRU\�>�@�
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:KHQ�PDNLQJ�D�FRPSDULVRQ�ZLWK�H[SHUL�
PHQWDO� GDWD�� LW� LV� RI� LPSRUWDQFH� WR� GHWHU�
PLQH� DFFXUDWHO\� WKH�7PIF� YDOXH� LQIOXHQFLQJVXEVWDQWLDOO\�WKH�VORSH�RI�'V�H��GHSHQGHQFHV�
:KHQ� FRPSDULQJ� ZLWK� H[SHULPHQWDO� GDWD�
[F�����G�� DQG�7F� DUH� XVXDOO\� WKH� ILWWLQJ� SD�UDPHWHUV� LQ� (TV����Ü���� >�@�� +RZHYHU�� WKH
XVH� RI� VXFK� SURFHGXUH� UHVXOWV� DV� D� UXOH� LQ
FRQVLGHUDEOH� TXDQWLWDWLYH� GLVFUHSDQFLHV� EH�
WZHHQ� WKH� WKHRU\�DQG�H[SHULPHQWV��7KLV�� LQ
WXUQ�� PDNHV� LW� QHFHVVDU\� WR� XVH� D� VFDOLQJ
IDFWRU�� VR�FDOOHG� &� IDFWRU�� DV� DQ� DGGLWLRQDO
ILWWLQJ�SDUDPHWHU�WKDW�HQDEOHV�WKH�ILWWLQJ�RI
WKH�H[SHULPHQWDO�GDWD�WR�FDOFXODWHG�RQHV��WKXV
WDNLQJ�LQWR�DFFRXQW�WKH�SRVVLEOH�LQKRPRJHQH�
RXV� VSUHDGLQJ� RI� WUDQVSRUW� FXUUHQW� IRU� HDFK
VSHFLILF�VDPSOH�>�@��,Q�RXU�FDVH�� LW� LV�7F�WKDWZDV�WDNHQ�WR�EH�7PIF��7KH�7F�ZDV�GHWHUPLQHGLQ� WKH� PD[LPXP� SRLQWV� RI� G5DE�G7�7�� GH�SHQGHQFHV� LQ� WKH� VXSHUFRQGXFWLQJ� WUDQVLWLRQ
UHJLRQ��DV�KDV�EHHQ�SURSRVHG�LQ�>�@�

)LJ���� SUHVHQWV� WKH� WHPSHUDWXUH� GHSHQG�
HQFHV� 'V�7�� LQ� OQ'V�OQH�� FRRUGLQDWHV�� ,Q� WKH
WHPSHUDWXUH�UHJLRQ�EHWZHHQ�7F� DQG����Ü����7F��WKHVH�GHSHQGHQFHV�DUH�DSSUR[LPDWHG�VDWLV�IDFWRULO\� E\� VWUDLJKW� OLQHV� ZLWK� WKH� VORSH�D�DERXW� Ü���� WKDW� FRUUHVSRQGV� WR� WKH� SRZHU
LQGH[�RI�Ü���� LQ�(T������ WKXV�HYLGHQFLQJ� WKH
�'�FKDUDFWHU�RI�WKH�IOXFWXDWLQJ�VXSHUFRQGXF�
WLYLW\�ZLWKLQ� WKDW� WHPSHUDWXUH�UDQJH��$�IXU�
WKHU� WHPSHUDWXUH� HOHYDWLRQ� UHVXOWV� LQ� D� FRQ�
VLGHUDEOH� UHGXFWLRQ� RI� WKH� 'V� GHFUHDVH� UDWH
�D�� DERXW�Ü���WKDW�� LQ�WXUQ�� FRXOG�EH�FRQVLG�HUHG�WR�EH�DVVRFLDWHG�ZLWK�WKH�)&�GLPHQVLRQ�
DOLW\� FKDQJH��$V�IROORZV�IURP�����DQG� ����� LQ
WKH�SRLQW�RI��'��'�FURVVRYHU�

H�� ��ª¬[F����e�Gº¼
�� ���

,Q� WKLV� FDVH�� KDYLQJ� GHWHUPLQHG� WKH� H�YDOXH� DQG� XVLQJ� OLWHUDWXUH� GDWD� RQ� 7F� DQGLQWHUSODQDU� VSDFLQJ� GHSHQGHQFHV� RQ� G� >��@�
[F���� FDQ� EH� FDOFXODWHG�� $V� VHHQ� LQ� WKH7DEOH�� WKH� [F���� FDOFXODWHG� XVLQJ� ���� LV� LQ�FUHDVHG�IURP������XS�WR������c�DV�7F�GURSV�7KLV�DJUHHV�TXDOLWDWLYHO\�ZLWK�WKH�[F���� �I�G�GHSHQGHQFH� REWDLQHG� IRU� ILOP�<%D&X2� VDP�
SOHV�>�@��EXW�WKH�DEVROXWH�[F����YDOXHV�H[FHHGFRQVLGHUDEO\� WKRVH� IRXQG� LQ� >�@� DW� R[\JHQ
GHILFLW�� ,W� LV� WR� QRWH� DOVR� WKDW� WKH� UHVXOW
REWDLQHG�IURP�WKH�VDPSOHV�ZLWK�WKH�KLJKHVW
7F�DJUHHV�VDWLVIDFWRULO\�ZLWK�WKH�YDOXHV�[F� ���r����c� GHWHUPLQHG� IURP� WKH� PDJQHWLF
VXVFHSWLELOLW\�PHDVXUHPHQWV�>�@�IRU�<%D&X2
VLQJOH�FU\VWDOV�JURZQ�E\�D�VLPLODU�WHFKQLTXH
DW�RSWLPXP�R[\JHQ�GRSLQJ�

$V� LV� QRWHG� DERYH�� WKH� R[\JHQ� FRQWHQW
UHGXFWLRQ� LV� DFFRPSDQLHG� E\� D� FRQVLGHUDEOH
ZLGHQLQJ� RI� WKH� H[FHVV� FRQGXFWDQFH� UHJLRQ
WRZDUGV� KLJKHU� WHPSHUDWXUHV� �7�!����7F�WKDW� FDQQRW� EH� REYLRXVO\� H[SODLQHG� ZLWKLQ
WKH� IUDPH� RI� WKH� H[LVWLQJ� IOXFWXDWLRQ� WKHR�
ULHV��$FFRUGLQJ�WR�WKH�PRGHUQ�FRQFHSWV��VHH�
H�J���>������@���VXFK�D�EHKDYLRU�RI�UDE�7��GH�SHQGHQFHV�PD\�EH�GXH�WR�WUDQVLWLRQ�LQWR�VR�
FDOOHG� SVHXGRJDS� VWDWH� W\SLFDO� RI� �XQGHU�
GRSHG�� +76&� FRPSRVLWLRQV�� $W� WKH� RWKHU
KDQG��LW�VHHPV�WKDW�LW�LV�FDQQRW�EH�H[FOXGHG
WKDW� WKH� PHQWLRQHG� IHDWXUH� PD\� EH� FDXVHG
LQ�SDUW�DOVR�E\�WKH�DGGLWLYH�FRQWULEXWLRQV�WR
WKH� FRQGXFWDQFH� IURP� LPSXULW\�SKDVHV�KDY�
LQJ�KLJKHU�7F��)RU�H[DPSOH��LQ�HDUOLHU�ZRUNVDLPHG� DW� )&� VWXGLHV� LQ� +76&� FRPSRXQGV
>�@��LW�KDV�EHHQ�VKRZQ�WKDW�VXSHUFRQGXFWLQJ
SKDVHV� ZLWK� 7F�!����� .�� DOWKRXJK� EHLQJVWUXFWXUDOO\� XQVWDEOH� DW� QRUPDO� FRQGLWLRQV�

)LJ�����'V�7��GHSHQGHQFHV�LQ�OQ'V�OQH��FRRUGL�
QDWHV��7KH�FXUYH�QXPEHUV�DUH�WKH�VDPH�DV�LQ
)LJ����� ,QVHW�� [F���� DV� D� IXQFWLRQ� RI� R[\JHQ
FRQWHQW���ÜG��

$�9�%RQGDUHQNR�HW�DO����(IIHFW�RI�R[\JHQ�GHILFLW�RQ����

)XQFWLRQDO�PDWHULDOV������������� ���



PD\�H[LVW� DV� LPSXULW\�SKDVHV� LQ�GRSHG�DQG
PXOWLSKDVH�VDPSOHV�

7KXV��WKH�R[\JHQ�FRQWHQW�UHGXFWLRQ�UHVXOWV
LQ� D� FRQVLGHUDEOH� EURDGHQLQJ� RI� WKH� UHJLRQ
ZKHUH� H[FHVV� FRQGXFWDQFH� H[LVWV�� WKH� FRKHU�
HQFH�OHQJWK�EHLQJ�LQFUHDVHG�PRUH�WKDQ�WZLFH�

5HIHUHQFHV
� ���,�9�$OHNVDQGURY�� $�)�*RQFKDURY�� 6�0�6WLVKRY�

3LV±PD�=K��(NVSHU��7HRU��)L]������������������
� ���0�$�2EROHQVNLL�� $�9�%RQGDUHQNR�� 5�9�9RYN�
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