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7KH�UDGLDWLRQOHVV�HQHUJ\�WUDQVIHU�PHFKDQLVPV�EHWZHHQ�HQHUJ\�GRQRU�DQG�DFFHSWRU�KDYH

EHHQ�VWXGLHG�WR�GHWHUPLQH�WKH�FKDUDFWHU�RI�WKHLU�VSDWLDO�GLVWULEXWLRQ��7KH�REVHUYHG�GHYLD�
WLRQ� RI� OXPLQHVFHQFH� GHFD\� ODZ� IURP� WKH� URRW� GHSHQGHQFH� LQGLFDWHV� D� LQKRPRJHQHRXV
GLVWULEXWLRQ� RI� S�WHUSKHQ\O� LQ� D� SRO\VW\UHQH� EORFN�� 7KLV� LQKRPRJHQHLW\� LV� GXH� WR� S�WHU�
SKHQ\O�H[SHOOLQJ�IURP�LQWHUQDO�YROXPH�RI�D�SRO\VW\UHQH�PDFURPROHFXOH��7KHUHIRUH��RQH�ZD\
WR� LPSURYH� WKH� VFLQWLOODWLRQ� HIILFLHQF\� LV� WR�SURYLGH� D�PRUH�KRPRJHQHRXV� GLVWULEXWLRQ� RI
DFWLYDWRU� LQ� D� VFLQWLOODWRU� EORFN�� 7KLV� FDQ� EH� UHDOL]HG� LQ� D� V\VWHP� LQFOXGLQJ� D� SODVWLF
FRSRO\PHU�DQG�WKH�DFWLYDWRU�PROHFXOHV�
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3ODVWLF�VFLQWLOODWRUV� �36��DUH�XVHG�ZLGHO\
LQ�YDULRXV�GHWHFWRUV�RI�HOHPHQWDU\�SDUWLFOHV
�FRXQWHUV�� FDORULPHWHUV�� WUDFNHUV�� HWF���
7KH\� VKRZ� KLJK� DFWLRQ� VSHHG� ����Ü�� QV��
KLJK� WUDQVSDUHQF\� WR� VHOI�OXPLQHVFHQFH�
KLJK�WHPSHUDWXUH�DQG�OLIHWLPH�VWDELOLW\��DQG
KLJK� UDGLDWLRQ� KDUGQHVV�� ,W� LV� WR� EH� DGGHG
WKH� PDQXIDFWXULQJ� SRVVLELOLW\� RI� ODUJH� VL]H
DQG� GLIIHUHQW� FRQILJXUDWLRQ� 36� ZLWK� ORZ
FRVW� DQG� HDVH� RI� 36� FRXSOLQJ� ZLWK� OLJKW
JXLGH� DQG� VSHFWUXP�VKLIWLQJ� ILEHUV�� +RZ�
HYHU�� WKH� 36� VFLQWLOODWLRQ� HIILFLHQF\� LV
UDWKHU� ORZ� �DERXW� ����� UHODWLYH� WR� DQWKUD�
FHQH��� WKDW� LV� ZK\� GXULQJ� ODVW� GHFDGH�� D
JUHDW�DWWHQWLRQ�LV�JLYHQ�WR�LWV�LPSURYHPHQW�
7R� XQGHUVWDQG� PRUH� FOHDUO\� WKH� ZD\V� WR
VXFK� LPSURYHPHQW�� OHW�XV�RXWOLQH� WKH�HIIHF�
WLYH� FROOHFWLQJ� SURFHVVHV� RI� WKH� SODVWLF� PD�
WUL[� H[FLWDWLRQ� HQHUJ\�� 1RZ� DOPRVW� �����
RI� SODVWLF� VFLQWLOODWRUV� PDUNHW� DUH� SRO\VW\�
UHQH� EDVHG� RU� SRO\YLQ\O� WROXHQH� EDVHG� VFLQ�

WLOODWRUV�� 7KH� OXPLQHVFHQFH� EDVH� RI� WKHVH
SRO\PHUV� LV� S�FRQMXJDWHG� HOHFWURQ� V\VWHP
�EHQ]HQH� PROHFXOH��� $IWHU� D� KLJK�HQHUJ\
SDUWLFOH� HQWHUHV� WKH� VFLQWLOODWRU�� WKH� H[FLWD�
WLRQ� RI� SRO\PHU�PDWUL[� RFFXUV�ZKLFK�� DIWHU
D� IDVW� UHOD[DWLRQ� GXULQJ� DERXW� ��Ü��� V�� LV
ILQDOO\� ORFDOL]HG�RQ� OXPLQHVFHQW�PRLHWLHV� RI
PDFURPROHFXOHV�� 7KH� H[FLWHG� VWDWH� OLIHWLPH
RI� D� OXPLQHVFHQW� PRLHW\� LV� DERXW� WHQ
QDQRVHFRQGV�� $� ORFDOL]HG� H[FLWDWLRQ� PD\
UHOD[�E\�UDGLDWLRQ��PLJUDWH�WR�D�QHLJKERULQJ
FHQWHU� RU� PDNH� D� SUDFWLFDOO\� QRQ�OXPLQHV�
FHQW�H[FLPHU�ZLWK�WKH�QHLJKERULQJ�FHQWHU��,W
LV� WR� QRWH� WKDW� LI� DQRWKHU� FORVHO\� ORFDWHG
FHQWHU�ZLWK�DSSURSULDWH�SURSHUWLHV�H[LVWV�LQ
WKH� VXUURXQGLQJ� RI� WKH� H[FLWHG� IUDJPHQW�
WKHQ� WKH� H[FLPHU� IRUPDWLRQ� WLPH� EHWZHHQ
SKHQ\O�PRLHWLHV�RI�WKH�SRO\VW\UHQH�PROHFXOH
LV�VRPH�SLFRVHFRQGV��7KH�H[FLPHU�FRQFHQWUD�
WLRQ�FDQ�UHDFK�VHYHUDO�WHQV�SHU�FHQW��DFFRUG�
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LQJ� WR�HVWLPDWLRQV�E\�GLIIHUHQW�DXWKRUV� >�@�
7KHUHIRUH�� WR� HOLPLQDWH� LQHIIHFWLYH� H[FLWD�
WLRQ� HQHUJ\� WUDQVIHU� SDWKV� LQ� WKH� SRO\PHU
EDVH�� D� OXPLQHVFHQW� DGGLWLYH� �DFWLYDWRU�� LV
XVXDOO\� DGGHG� WKHUHWR�� 7KH� PDLQ� WDVN� RI
WKDW�DGGLWLYH� LV� WR� UHOHDVH� WKH�H[FLWDWLRQ�RI
WKH�SRO\PHU�PDWUL[� LQ� D� UDGLDWLRQOHVV�PDQ�
QHU� DQG� WR� SUHYHQW� LWV� PLJUDWLRQ� DORQJ� D
SRO\PHU� FKDLQ�� 7R� UHDOL]H� WKH� HIIHFWLYH� UD�
GLDWLRQOHVV�HQHUJ\�WUDQVIHU�IURP�WKH�H[FLWHG
FHQWHU�RI�D�SRO\PHU�PDWUL[�WR�WKH�DFWLYDWRU
PROHFXOH�� WKHVH�PROHFXOHV� VKRXOG� EH� VSDFHG
E\�D�GLVWDQFH�OHVV�WKDQ�VR�FDOOHG�)RUVWHU�UD�
GLXV�>�@��$V�IDU�DV�)RUVWHU�UDGLXV�IRU�SKHQ\O
PRLHW\�RI�D�SRO\VW\UHQH�PROHFXOH�DQG�PROH�
FXOH�RI�D�W\SLFDO�DFWLYDWRU�Û�S�WHUSKHQ\O�LV
QRW� JUHDWHU� WKDQ� ���c�� DQG� GLPHQVLRQV� RI
SRO\VW\UHQH� PDFURPROHFXOHV� ZLWK� ���� FRQ�
YHUVLRQ�GHJUHH� DUH� RI�KXQGUHGV�$QJVWURPV�
WKHQ�WKH�HIILFLHQF\�RI�UDGLDWLRQOHVV�WUDQVIHU
GHSHQGV�LPPHGLDWHO\�RQ�WKH�KRPRJHQHLW\�RI
DFWLYDWRU� PROHFXOHV� GLVWULEXWLRQ� LQ� D� SRO\�
PHU� EORFN�� $W� SUHVHQW�� WKHUH� DUH� QR� VXIIL�
FLHQWO\�UHOLDEOH�H[SHULPHQWDO�PHWKRGV�WR�GH�
WHUPLQH�WKH�DFWLYDWRU�GLVWULEXWLRQ�LQ�D�SRO\�
PHU� PDWUL[�� ,Q� WKLV� ZRUN�� ZH� WULHG� WR
DQVZHU� WKLV� TXHVWLRQ� E\� LQYHVWLJDWLQJ� WKH
SHFXOLDULWLHV� RI� UDGLDWLRQOHVV� HQHUJ\� WUDQV�
IHU� IURP� D� SRO\PHU� PDWUL[� WR� DFWLYDWRU
PROHFXOHV�LQ�D�SODVWLF�VFLQWLOODWRU�

7R� VWXG\� WKH� VSDWLDO� GLVWULEXWLRQ� RI� WKH
DFWLYDWRU� �S�WHUSKHQ\O�� PROHFXOHV�� SRO\VW\�
UHQH� VDPSOHV� ZHUH� V\QWKHVL]HG� ZLWK� GLIIHU�
HQW� S�WHUSKHQ\O� FRQFHQWUDWLRQV� �IURP
����� �� WR� �� �� PDVV��� 7KH� VDPSOHV� ZHUH
V\QWKHVL]HG� E\� WKH� VWDQGDUG� WHFKQLTXH� GH�
VFULEHG�HOVHZKHUH��VHH��IRU�H[DPSOH�>�@���7KH
UHVLGXDO�PRQRPHU�FRQFHQWUDWLRQ�GLG�QRW�H[�
FHHG��������7KH�VWHDG\�VWDWH�DEVRUSWLRQ�DQG
HPLVVLRQ�VSHFWUD�ZHUH�VWXGLHG�DW�URRP�WHP�
SHUDWXUH� XVLQJ� D� )OXRUR0D[��� �+25,%$
-RELQ� ,YRQ� ,QF��� VSHFWURIOXRULPHWHU�� 7KH
GHFD\� NLQHWLFV� ZDV� PHDVXUHG� E\� &RPELQHG
6WHDG\� 6WDWH� DQG� /LIHWLPH� 6SHFWURPHWHU
)/6������(GLQEXUJK�,QVWUXPHQWV���7KH�H[FL�
WDWLRQ� VRXUFH� ZDV� D� QDQRVHFRQG� IODVK� ODPS
ZLWK� WKH� SXOVH� ZLGWK� �� QV� DQG� UHSHWLWLRQ
UDWH����N+]��7KH�IOXRUHVFHQFH�GHFD\�ZDV�RE�
VHUYHG�DW�����QP�ZDYHOHQJWK�

,W� LV� JHQHUDOO\� DGPLWWHG� >�@� WKDW� WKH� OX�
PLQHVFHQFH� RI� D� SXUH� �QRQ�DFWLYDWHG�� SRO\�
VW\UHQH�LV�SUHVHQWHG�E\�WKH�OXPLQHVFHQFH�RI
H[FLPHUV� ZKLFK� DUH� IRUPHG� EHWZHHQ� WZR
QHLJKERULQJ� �a� ���� c�� SKHQ\O� PRLHWLHV� RI
PDFURPROHFXOHV�� 7KH� OXPLQHVFHQFH� PD[L�
PXP� LV� DW� ���� QP� ZDYHOHQJWK�� ZKLFK� LV
FOHDUO\� VHHQ� LQ�)LJ����� ,W� LV� YHU\� LPSRUWDQW
IRU�WKH�IXUWKHU�DQDO\VLV�WKDW�WKHVH�H[FLPHUV
DUH� KRPRJHQHRXVO\� GLVWULEXWHG� ZLWKLQ� D

SRO\VW\UHQH� PROHFXOH�� ,W� LV� VHHQ� LQ� )LJ���
WKDW�ZLWK� LQFUHDVLQJ�S�WHUSKHQ\O� FRQFHQWUD�
WLRQ�� WKH� TXHQFKLQJ� RI� WKH� SRO\PHU� EDVH� LV
RFFXUUHG� DQG� IRU� S�WHUSKHQ\O� FRQFHQWUDWLRQ
��PDVV�����SRO\PHU�OXPLQHVFHQFH�LV�WRWDOO\
DEVHQW�� 7KH� UDGLDWLRQOHVV� OXPLQHVFHQFH
TXHQFKLQJ�RI�WKH�SRO\PHU�EDVH�LV�FRQILUPHG
E\�REVHUYHG�FKDUDFWHU�RI�LWV�GHFD\��

)LJ���� VKRZV� WLPH�UHVROYHG� FXUYHV� RI� H[�
FLPHU�OXPLQHVFHQFH�REWDLQHG�DIWHU�SXOVH�H[�
FLWDWLRQ�DW�����QP�ZDYHOHQJWK��,W�LV�VHHQ�LQ
WKH� )LJXUH� WKDW� DW� VPDOO� DFWLYDWRU� FRQFHQ�
WUDWLRQV� ����� �� DQG� EHORZ��� WKH� GHFD\
FXUYHV� RI� D� EORFN� SRO\VW\UHQH� OXPLQHVFHQFH
DUH� VLQJOH�H[SRQHQWLDO� ZLWK� OLIHWLPHV� DERXW
��� QV�� 7KH� OLIHWLPH� RI� QRQ�DFWLYDWHG� SRO\�
VW\UHQH� LV� FRQVWDQW� LQ� WKH� ZKROH� REVHUYHG
OXPLQHVFHQFH� VSHFWUXP� IURP� ���� QP� WR
���� QP�� ZKLFK� LQGLFDWHV� WKH� SUHVHQFH� RI
RQO\�VLQJOH�OXPLQHVFHQFH�FHQWHU�

)LJ����� /XPLQHVFHQFH� 6SHFWUD� RI� D� EORFN
SRO\VW\UHQH� DFWLYDWHG� ZLWK� S�WHUSKHQ\O�PROH�
FXOHV����Ü����S�73����Ü������Ü���������Ü
���������Ü�SXUH�SRO\VW\UHQH�

)LJ�����'HFD\�RI�H[FLPHU�OXPLQHVFHQFH������QP�
RI� D� EORFN� SRO\VW\UHQH� DFWLYDWHG� ZLWK
S�WHUSKHQ\O����Ü������S�73����Ü�������S�73�
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:KHQ� WKH� DFWLYDWRU� FRQFHQWUDWLRQ� LV
KLJKHU�WKDQ��������WKH�GHFD\�FXUYH�REWDLQV
D� GLVWLQFW� WUHQG� WR� QRQ�H[SRQHQWLDO� FKDUDF�
WHU��DV� LV�VHHQ� LQ�)LJ�����7KH�REVHUYHG�QRQ�
H[SRQHQWLDO�ODZ�HYLGHQFHV�WKH�H[LVWHQFH�RI�D
UDGLDWLRQOHVV� HQHUJ\� WUDQVIHU� FKDQQHO� IURP
WKH� SRO\PHU�PDWUL[� WR� DFWLYDWRU� PROHFXOHV�
,Q�WKLV�FDVH��WKH�GHFD\�FXUYHV�DUH�GHVFULEHG
UDWKHU� ZHOO� E\� )RUVWHU� WKHRU\� ZKHUH� WKH
PDLQ�SDUDPHWHU�LV�WKH�FULWLFDO�UDGLXV�RI�HQ�
HUJ\�WUDQVIHU�5��GHWHUPLQHG�E\�RYHUODSSLQJRI�WKH�GRQRU�OXPLQHVFHQFH�VSHFWUXP�DQG�WKH
DFFHSWRU�DEVRUSWLRQ�VSHFWUXP�>�@�
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ZKHUH�)G�Z�� LV� WKH� QRUPDOL]HG� VSHFWUXP� RI
WKH�GRQRU�OXPLQHVFHQFH��PD�Z���PRODU�H[WLQF�WLRQ�RI�WKH�DFFHSWRU��F��OLJKW�VSHHG��1D��WKHDFWLYDWRU�PROHFXODU�FRQFHQWUDWLRQ�

8VLQJ� WKH�GRQRU� OXPLQHVFHQFH� VSHFWUD� LQ
)LJ���� DQG� NQRZQ� DEVRUSWLRQ� VSHFWUXP� RI
S�WHUSKHQ\O�� ZH� FDQ�� DFFRUGLQJ� WR� (T�����
FDOFXODWH�WKH�FULWLFDO�UDGLXV�RI�HQHUJ\�WUDQV�
IHU�LQ�RXU�V\VWHP��7KLV�YDOXH�LV�IRXQG�WR�EH
RI����c�

7KH� WLPH� GHSHQGHQFH� RI� WKH� GRQRU� OXPL�
QHVFHQFH�GHFD\�GHSHQGV�LPPHGLDWHO\�RQ�VSD�
WLDO�GLVWULEXWLRQ�RI�DFFHSWRUV�ZLWK�UHVSHFW�WR
D�GRQRU�>�@�
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ZKHUH�UG�D�U��LV�WKH�IXQFWLRQ�RI�DFFHSWRU�GLV�WULEXWLRQ�UHODWLYH�WR�GRQRU��:�U���UDGLDWLRQ�
OHVV�HQHUJ\�WUDQVIHU�UDWH�EHWZHHQ�GRQRU�DQG

DFFHSWRU�SODFHG�DW�GLVWDQFH�U�DQG�GHILQHG�E\
WKH�IROORZLQJ�HTXDWLRQ�
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ZKHUH�WG�LV�WKH�GRQRU�OLIHWLPH�LQ�WKH�DEVHQFHRI�DFFHSWRU�
,I�WKH�GRQRUV�DUH�KRPRJHQHRXVO\�GLVWULE�

XWHG�UHODWLYH�WR�DFFHSWRU��WKHQ�WKHLU�VSDWLDO
IXQFWLRQ�RI�PXWXDO�GLVWULEXWLRQ�LV�

UG�D�U�� ��SFDU���� ���
ZKHUH�FD�LV�WKH�DFFHSWRU�FRQFHQWUDWLRQ�6XEVWLWXWLQJ� ���� LQWR� ����� ZH� JHW� WKH
GRQRU�GHFD\�ODZ�DV�
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,W� LV� VHHQ� IURP� (T����� WKDW� WKH� GRQRU
GHFD\� FXUYH� LQ� OQI�W������WG� YV�� �CCW � FRRUGL�QDWHV� FDQ� EH� ILWWHG� E\� OLQHDU� IXQFWLRQ�� 7KH
GHFD\�FXUYHV�RI�)LJ����UH�GUDZQ� LQ� WKH�QHZ
FRRUGLQDWHV�DUH�SUHVHQWHG�LQ�)LJ�����7KH�RE�
WDLQHG� H[SHULPHQWDO� SRLQWV� GR� QRW� OLH� RQ� D
VWUDLJKW�OLQH��7KLV�PD\�LQGLFDWH�WKH�LQKRPR�
JHQHLW\� RI� S�WHUSKHQ\O� GLVWULEXWLRQ� LQ� D
EORFN�RI�SRO\VW\UHQH�

7R� DQDO\]H� WKH� REWDLQHG� FXUYHV�� ZH� FDQ
VXSSRVH� WKDW�S�WHUSKHQ\O�PROHFXOHV� DUH� GLV�
WULEXWHG�LQKRPRJHQHRXVO\�LQ�WKH�SRO\VW\UHQH
YROXPH�DQG�WHQG�WR�SUHIHUDEOH�FROOHFWLQJ�EH�
WZHHQ� EDOOV� RI� PDFURPROHFXOHV�� 7KHUHIRUH�
WKH�SURFHVV�RI�WKH�H[FLWDWLRQ�HQHUJ\�TXHQFK�
LQJ�LQ�D�EORFN�SRO\VW\UHQH�FDQ�EH�FRQVLGHUHG
DV� UDGLDWLRQOHVV� WUDQVIHU� RI� H[FLWDWLRQ� HQ�
HUJ\� IURP� H[FLPHUV� �HQHUJ\� GRQRUV�� UDQ�
GRPO\� GLVWULEXWHG� LQ� D� EDOO�� WR� S�WHUSKHQ\O

)LJ�����'HFD\�FXUYHV�RI�WKH�GRQRU��VW\UHQH��OX�
PLQHVFHQFH� LQ� OQI�W������W�� YV���CCW � FRRUGLQDWHV���Ü������S�73����Ü�������S�73�

)LJ�����$UUDQJHPHQW�PRGHO�RI�GRQRUV��SKHQ\O
PRLHWLHV� RI� D� SRO\VW\UHQH� PROHFXOH�� DQG� DF�
FHSWRUV��S�WHUSKHQ\O��LQ�D�SODVWLF�VFLQWLOODWRU�

$�)�$GDGXURY�HW�DO����(IILFLHQF\�LPSURYHPHQW�RI����
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PROHFXOHV� �HQHUJ\� DFFHSWRUV�� UDQGRPO\� GLV�
WULEXWHG�RQ�WKH�EDOO�VXUIDFH��)LJ�����

$V�LV�VHHQ�IURP������WR�SURYLGH�QXPHULFDO
DVVHVV�RI�WKH�TXHQFKLQJ�SURFHVV��LW�LV�QHFHV�
VDU\�WR�NQRZ�WKH�IXQFWLRQ�RI�PXWXDO�GLVWUL�
EXWLRQ� EHWZHHQ� GRQRU� DQG� DFFHSWRU�� 7R� GH�
ILQH� LW��ZH� FDQ�XVH� WKH� FKDUDFWHULVWLF� IXQF�
WLRQ� PHWKRG� NQRZQ� IURP� WKH� SUREDELOLW\
WKHRU\��7KXV�� LI�ZH�NQRZ�WKH� FHQWUDOO\� V\P�
PHWULF� GLVWULEXWLRQ� IXQFWLRQV� RI� GRQRU� UG�U�DQG�DFFHSWRU�UD�U���WKHQ�ZH�DOZD\V�FDQ�FDOFX�ODWH�WKHLU�FKDUDFWHULVWLF�IXQFWLRQV�ZKLFK�KDYH
WKH�JHQHUDO�IRUP���MG�D��N�� ��H[S�LN���U�!>�@�,QWHJUDWLQJ� WKLV� HTXDWLRQ� ZLWK� DQJXODU� SD�
UDPHWHUV� DV� LQWHJUDWLRQ� YDULDEOHV�� ZH� FDQ
ZULWH� WKH� FKDUDFWHULVWLF� IXQFWLRQV� RI� GRQRU
DQG� DFFHSWRU� IRU� WKH� FHQWUDOO\� V\PPHWULF
FDVH�LQ�WKH�IRUP�
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f
UG�D��U�VLQ�N���U�N���U GU�

���

7R� ILQG� WKH� IXQFWLRQ� RI� GRQRU� DJDLQVW
DFFHSWRU�PXWXDO�GLVWULEXWLRQ�GHILQHG�LQ�UG�ÜUD�YDULDEOHV�� LW� LV�VXIILFLHQW� WR�XVH�WKH�IDFWWKDW� D� FKDUDFWHULVWLF� IXQFWLRQ� RI� D� VXP� RI
LQGHSHQGHQW� UDQGRP� YDULDEOHV� LV� WKH� SURG�
XFW�RI�WKHLU�FKDUDFWHULVWLF�IXQFWLRQV��6R�WKH
GRQRU�DFFHSWRU� GLVWULEXWLRQ� IXQFWLRQ� FDQ� EH
ZULWWHQ�LQ�WKH�IRUP�

UG�D��U�� ��S³��f MG�N�MG�N�N���UVLQ�N���U�GN�
���

/HW�XV�VXSSRVH�WKH�GRQRU�PROHFXOHV�WR�EH
GLVWULEXWHG� KRPRJHQHRXVO\� LQ� D� VSKHUH� RI
UDGLXV� 5�� 7KHQ� WKH� IXQFWLRQ� RI� WKH� GRQRU
VSDWLDO�GLVWULEXWLRQ�LV�

UG�U�� �T�5���U�����U��e�5� ���
,I� WKH� DFFHSWRU� GLVWULEXWLRQ� LV� D� VLPSOH

IXQFWLRQ� F���G�U���5��� WKHQ�� DFFRUGLQJ� WR� >�@�
WKH� XQNQRZQ� VSDWLDO� IXQFWLRQ� RI� GRQRU�DF�
FHSWRU�GLVWULEXWLRQ�KDV�WKH�IRUP�

UG�D�U�� �F�U
�

5� ��5���U����T�U���5�� ���

:H�KDYH�XVHG�����WR�ILW�WKH�H[SHULPHQWDO
GHFD\� FXUYH� �)LJ������ 7KH� DFFHSWRU� GHQVLW\
DQG� WKH� VSKHUH� UDGLXV� ZHUH� FKRVHQ� DV� DG�
MXVWDEOH� SDUDPHWHUV�� 7KH� EHVW� DSSUR[LPD�
WLRQ�LV�REWDLQHG�IRU�5� �����c�DQG�F� �����
�)LJ�����

,W�LV�NQRZQ�WKDW�LQ�WKH�PRGHO�RI�IUHH�OLQN
FRQQHFWLQJ� ZLWK� QR� VHOI�FURVVLQJ�� WKH� DYHU�
DJH�EDOO�GLPHQVLRQ�FDQ�EH�H[SUHVVHG�DV�>�@�

�K�!� �1��e��O�� ����
ZKHUH�1�LV�WKH�WRWDO�PROHFXODU�FKDLQ�OHQJWK�
O��HOHPHQWDU\�XQLW�OHQJWK�RI�WKH�FKDLQ�

7KH� WRWDO� OHQJWK�1� RI� D� SRO\PHU�PDFUR�
PROHFXOH� GHSHQGV� RQ� WKH� SRO\PHUL]DWLRQ
WHPSHUDWXUH�� ,Q� RXU� FDVH�� WKH� H[SHULPHQWDO
VDPSOHV� ZHUH� SRO\PHUL]HG� DW� ����&�� )RU
WKLV�WHPSHUDWXUH��1�a�����������,Q�WKLV�FDVH�
WKH� DYHUDJH�EDOO� UDGLXV� LV� �������c�� DJUHH�
LQJ�UDWKHU�ZHOO�ZLWK�H[SHULPHQWDO�YDOXH�

7R�YDOLGDWH�WKH�GHVFULEHG�DSSURDFK�WR�GH�
WHUPLQDWLRQ� RI� WKH� VSDWLDO� GLVWULEXWLRQ� RI
DFWLYDWRU� PROHFXOHV� LQ� WKH� SODVWLF� VFLQWLOOD�
WRU� EORFN�� LW� LV� WR� FRQVLGHU� D� V\VWHP�ZKHUH
GRQRUV�DUH�UDQGRPO\�GLVWULEXWHG�UHODWLYH� WR
DFFHSWRUV�� $� VW\UHQH�PHWK\O� PHWKDFU\ODWH
FRSRO\PHU� PD\� EH� VXFK� D� V\VWHP�� +HUH�
SKHQ\O�PRLHW\�RI�VW\UHQH�PROHFXOH�DFWV�DV�D
GRQRU� DQG� DFFHSWRUV� DUH� H[FLPHUV�� WKH� IRU�
PDWLRQ� SUREDELOLW\� RI� WKH� ODWWHU� LQFUHDVHV
ZLWK�VSHFLILF�IUDFWLRQ�RI�VW\UHQH�PROHFXOHV�

7R� FRQVLGHU� WKH� TXHQFKLQJ� SURFHVVHV� LQ
VXFK� D� V\VWHP�� ZH� KDYH� V\QWKHVL]HG� VRPH
PHWK\O� PHWKDFU\ODWH�VW\UHQH� �00$6W�� FR�
SRO\PHUV� ZLWK� GLIIHUHQW� VW\UHQH� FRQFHQWUD�
WLRQV�� $V� ZDV� H[SHFWHG�� ZKHQ� VW\UHQH� FRQ�
FHQWUDWLRQ� LV� LQFUHDVHG�� WKH� TXHQFKLQJ� RI
WKHLU� FKURPRSKRUH� IUDJPHQWV� LV� REVHUYHG
ZKLFK�LV�FOHDUO\�VHHQ�LQ�)LJ�����7KH�OXPLQHV�
FHQFH� RI� WKH� S�00$6W� FRSRO\PHU� LV� GXH� WR
OXPLQHVFHQFH� RI� VW\UHQH� SKHQ\O� PRLHWLHV
ZLWK� WKH� PD[LPXP� DW� ���� QP�� ZKLOH
PHWKDFU\ODWH� PRLHW\� LV� QRW� OXPLQHVFHQW� LQ
WKLV�VSHFWUDO�UHJLRQ�

:KHQ� WKH� VSHFLILF� IUDFWLRQ� RI� VW\UHQH
PROHFXOHV� LV� LQFUHDVHG�� WKH� OXPLQHVFHQFH
TXHQFKLQJ� LV�REVHUYHG��7KH�UHDVRQ�IRU�VXFK
D�TXHQFKLQJ� LV�GHVFULEHG� LQ�GHWDLO� LQ�OLWHUD�
WXUH� >�@� DQG� LV� FRQQHFWHG� ZLWK� WKH� PXWXDO
DUUDQJHPHQW� RI� VW\UHQH� DQG� PHWK\O
PHWKDFU\ODWH� PROHFXOHV� LQ� WKH� FRSRO\PHU�

)LJ����� )LWWLQJ� RI� H[SHULPHQWDO� GHFD\� FXUYH
�)LJ�����IRU�����PDVV�����S�WHUSKHQ\O�

$�)�$GDGXURY�HW�DO����(IILFLHQF\�LPSURYHPHQW�RI����

��� )XQFWLRQDO�PDWHULDOV�������������



7KH�FRSRO\PHUL]DWLRQ�FRQVWDQWV�GR�QRW�IDYRU
WKH� GLUHFW� DOWHUQDWLRQ� RI� VW\UHQH� PROHFXOHV
LQ�D�FRSRO\PHU�FKDLQ��QHYHUWKHOHVV��VXFK�DQ
DOWHUQDWLRQ� LV� SRVVLEOH� DQG� PD\� UHVXOW� LQ
IRUPDWLRQ�RI�H[FLPHUV�ZKLFK�DUH�WKH�H[FLWD�
WLRQ� HQHUJ\� WUDSV� ORFDOL]HG� DW� WKH� SKHQ\O
PRLHWLHV�RI�VW\UHQH�PROHFXOHV��:LWK�LQFUHDV�
LQJ�FRQFHQWUDWLRQ��WKH�SUREDELOLW\�RI�VW\UHQH
SDLU� FRXSOLQJ� LQ� WKH� S�00$6W� FRSRO\PHU
ULVHV��WKXV�LQFUHDVLQJ�WKH�H[FLPHU�IRUPDWLRQ
SUREDELOLW\� ZKLFK�� LQ� WXUQ�� FDXVHV� D� GH�
FUHDVH�RI�WKH�FRSRO\PHU�OXPLQHVFHQFH�LQWHQ�
VLW\��)LJ�����

7KH� OXPLQHVFHQFH� TXHQFKLQJ� FRQQHFWLRQ
ZLWK�WKH�UDGLDWLRQOHVV�HQHUJ\�WUDQVIHU�SURF�
HVVHV�LV�FRQILUPHG�E\�REVHUYHG�OXPLQHVFHQFH
GHFD\�FXUYHV�ZKLFK�DUH�SUHVHQWHG�LQ�)LJ����
,W� LV� VHHQ� LQ� WKH� )LJXUH� WKDW� DV� FRQFHQWUD�
WLRQ� LQFUHDVHV�� HYHU� PRUH� GHYLDWLRQ� RI� WKH
GHFD\� ODZ� IURP� VLQJOH� H[SRQHQWLDO� LV� RE�
VHUYHG��7KLV� LQGLFDWHV� WKH�SUHVHQFH�RI�D�UD�
GLDWLRQOHVV�FKDQQHO�RI�HQHUJ\�WUDQVIHU��(YHQ
IRU� ���� �� RI� VW\UHQH� PROHFXOHV� LQ� FRSRO\�
PHU�� WKH� OXPLQHVFHQFH� TXHQFKLQJ� LV� RE�
VHUYHG�� :KHQ� FRQVLGHULQJ� WKH� SURFHVV� LQ
PRUH� GHWDLO� DQG� GUDZLQJ� GHSHQGHQFHV
OQ�,�,�����W�W��YV���CCW �� WKHQ��DV� LW�VHHQ�IURP�����IRU�WKH�KRPRJHQHRXV�GLVWULEXWLRQ�RI�DF�
FHSWRU�UHODWLYH� WR�GRQRU�� WKH� OLQHDU�GHSHQG�
HQFH� PXVW� EH� REVHUYHG�� 5HEXLOGLQJ� WKH
GHFD\� FXUYHV� LQ�)LJ���� DQG� WDNLQJ����QV� DV
WKH�GRQRU�OLIHWLPH�ZKHQ�WKHUH�LV�QR�TXHQFK�
LQJ�� ZH� FDQ� VHH� WKDW� REWDLQHG� GHSHQGHQFHV
DUH� ZHOO� ILWWHG� E\� D� VWUDLJKW� OLQH� �)LJ�����
7KLV� LV� LQ� DFFRUGDQFH� ZLWK� RXU� DQDO\VLV� RI

H[FLPHUV� IRUPDWLRQ� LQ� WKH� VWXGLHG� FRSRO\�
PHU�FKDLQ�

7KXV�� WKH� FRQVLGHUDWLRQ� RI� GHFD\� FXUYHV
DOORZV�XV� WR� DQVZHU� WKH� TXHVWLRQ� DERXW� WKH
VSDWLDO� GLVWULEXWLRQ� KRPRJHQHLW\� RI� DFWLYD�
WRU�PROHFXOHV�LQ�D�SODVWLF�VFLQWLOODWRU�EORFN�
0RUHRYHU��LQ�)LJ�����LW�LV�VHHQ�WKDW�WKH�UDWH
RI� UDGLDWLRQOHVV� TXHQFKLQJ� LV� HVVHQWLDOO\
SURSRUWLRQDO�WR�WKH�IUDFWLRQ�RI�VW\UHQH�PROH�
FXOHV� LQ� D� FRSRO\PHU� FKDLP�� 7KH� OLQH� VORSH
LQ� � � OQ�,�,�����W�W�� YV�� �CCW � FRRUGLQDWHV�PXVWEH�GHWHUPLQHG�E\�(T������ZKLOH�NQRZLQJ�WKH
)RUVWHU� UDGLXV� RI� HQHUJ\� WUDQVIHU� DOORZV� WR
GHWHUPLQH� WKH� UDWLR� RI� DEVRUSWLRQ� FHQWHUV

)LJ����� /XPLQHVFHQFH� VSHFWUD� RI� FRSRO\PHU
�S�00$6W�� IRU� H[FLWDWLRQ� DW� ���� QP� ZDYH�
OHQJWK���� Ü� VW\UHQH� FRQFHQWUDWLRQ� ��������� Ü
��������Ü����

)LJ����� 'HFD\� FXUYHV� RI� S�00$6W� FRSRO\PHU
OXPLQHVFHQFH�ZLWK�GLIIHUHQW�FRQWHQW�RI�VW\UHQH�
��Ü�������Ü���������Ü������

)LJ����� 'HFD\� FXUYHV� RI� S�00$6W� FRSRO\PHU
OXPLQHVFHQFH� LQ� OQ�,�,�����W�W�� YV�� �CCW
FRRUGLQDWHV����Ü�������WDQD� �����������Ü����
WDQD� ��������
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�H[FLPHUV�� LQ� WKH� SKHQ\O� VXEV\VWHP� RI� D
SRO\PHU�� 7KH� FDOFXODWLRQ� PDGH� LQ� VXFK� D
ZD\� OHW� VXJJHVW� WKDW� ZLWKLQ� WKH� OLPLWV� RI
HUURU�WKLV�IUDFWLRQ�LV�HVVHQWLDOO\�HTXDO�WR�WKH
WRWDO� FRQFHQWUDWLRQ� RI� VW\UHQH�PROHFXOHV� LQ
WKH� FRSRO\PHU�� 7KDW� LV�� DOO� VW\UHQH� PROH�
FXOHV� DFW� DV� HQHUJ\� GRQRUV� DQG� DFFHSWRUV
VLPXOWDQHRXVO\�� 7KH� SUHVHQWHG� DQDO\VLV� RI
WKH� H[FLPHU� VWDWH� IUDFWLRQ� LV� RI� FRXUVH� QRW
IXOO\� FRUUHFW�� EHFDXVH� LW�PXVW� WDNH� LQWR� DF�
FRXQW� WKH� SRVVLELOLW\� RI� H[FLWDWLRQ� HQHUJ\
PLJUDWLRQ� RYHU� LGHQWLFDO� FHQWHUV�� LWV� UDWH
EHLQJ�GHSHQGHQW�RQ�WKH�VTXDUH�RI�FRQFHQWUD�
WLRQ��%XW�WKLV�GHSHQGHQFH�LV�QRW�REVHUYHG�LQ
)LJ�����7KLV�LQGLFDWHV�WKDW�WKH�PLJUDWLRQ�LQ�
IOXHQFH� RQ� WKH� TXHQFKLQJ� SURFHVVHV� LV� FRQ�
VLGHUDEO\�OHVVHU�WKDQ�LQIOXHQFH�RI�FDSWLRQ�E\
WUDSV� ZKLFK� DSSHDU� EHFDXVH� RI� H[FLPHUV
IRUPLQJ�

7KXV�� D� GHWDLOHG� VWXG\� RI� UDGLDWLRQOHVV
HQHUJ\�WUDQVIHU�PHFKDQLVPV�EHWZHHQ�HQHUJ\
GRQRU�DQG�DFFHSWRU�PDNHV� LW�SRVVLEOH�WR�GH�
WHUPLQH�WKH�FKDUDFWHU�RI�WKHLU�VSDWLDO�GLVWUL�
EXWLRQ�� 7KH� REVHUYHG� GHYLDWLRQ� RI� OXPLQHV�
FHQFH� GHFD\� ODZ� IURP� WKH� URRW� GHSHQGHQFH
LQGLFDWHV� D� LQKRPRJHQHRXV� GLVWULEXWLRQ� RI
S�WHUSKHQ\O� LQ�D�SRO\VW\UHQH�EORFN��7KLV� LQ�
KRPRJHQHLW\�LV�GXH�WR�S�WHUSKHQ\O�H[SHOOLQJ
IURP�LQWHUQDO�YROXPH�RI�D�SRO\VW\UHQH�PDF�

URPROHFXOH�� 7KH� VLPSOHVW�PRGHO� RI� VXFK� DQ
H[SHOOLQJ� DOORZHG� WR� HVWLPDWH� WKH� DYHUDJH
VL]H�RI�D�PDFURPROHFXOH�EDOO�WR�EH�RI����QP�
7KHUHIRUH��RQH�ZD\�WR�LPSURYH�WKH�VFLQWLOOD�
WLRQ�HIILFLHQF\�LV�WR�SURYLGH�D�PRUH�KRPRJH�
QHRXV�GLVWULEXWLRQ� RI� DFWLYDWRU� LQ� D� VFLQWLO�
ODWRU�EORFN��7KLV�FDQ�EH�UHDOL]HG�LQ�D�V\VWHP
LQFOXGLQJ� D� SODVWLF� FRSRO\PHU� DQG� WKH� DFWL�
YDWRU�PROHFXOHV�
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