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5HFHLYHG�'HFHPEHU��������
7KH� VWLPXODWHG� GRPDLQ�DFRXVWLF� HFKR� KDYLQJ� D� ORQJ�WLPH� PHPRU\� DQG� WKH� PDJQHWRD�

FRXVWLF� UHVSRQVHV� IRUPHG�XQGHU�H[FLWDWLRQ� RI�PDJQHWRVWULFWLYH� �IHUULWH�� HXURSLXP�JDUQHW�
LURQ� ERUDWH�� DQG� IHUULWH�SLH]RHOHFWULF� OD\HUHG� FRPSRVLWH� VDPSOHV� E\� WKUHH� UDGLRIUHTXHQF\
�5)��SXOVHV�DQG�E\�D�WUDLQ�RI�VLQJOH�RQHV�KDYH�EHHQ�FRPSDUDWLYHO\�VWXGLHG��7KHVH�PDJQH�
WRDFRXVWLF�UHVSRQVHV�ZHUH�LQGXFWLYHO\�JHQHUDWHG�E\�SODFLQJ�D�PDJQHWRVWULFWLYH�VDPSOH�LQWR
WKH�5)�FRLO�RI�D�SXOVH�105�VSHFWURPHWHU�
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���,QWURGXFWLRQ
'LIIHUHQW� W\SH� RI� PDJQHWRDFRXVWLF� UH�

VSRQVHV� ZHUH� REVHUYHG� LQ� >����@� DIWHU� WKH
H[FLWDWLRQ� RI� D� PDJQHWRVWULFWLYH� VDPSOH
PRXQWHG� LQ�5)�FRLO�RI�D�FRQYHQWLRQDO�SXOVH
105� VSHFWURPHWHU� E\� 5)� SXOVHV�� ,Q� >�@�� D
VODE�VKDSHG�IHUULWH�VDPSOH�ZDV�H[FLWHG�E\�D
WUDLQ� RI�5)�SXOVHV� RI� ����PLFURVHFRQGV�GX�
UDWLRQ�DQG����PV�UHSHWLWLRQ�WLPH�DW���0+]
IUHTXHQF\�� D� UHVSRQVH� VLJQDO� ZDV� REVHUYHG
DIWHU� HDFK�5)� SXOVH�� 7KH� )RXULHU� WUDQVIRU�
PDWLRQ� RI� WKDW� VLJQDO� VKRZV� D� VHULHV� RI
HTXDOO\�VSDFHG�SHDNV�ZLWK�VSDFHV�GHSHQGLQJ

RQ� WKH� VDPSOH� JHRPHWU\�� 8VLQJ� WKHVH� GDWD
IRU� WKH� VODE� VKDSHG� VDPSOH�� RQH� FRXOG� ILQG
WKH�DFRXVWLF�ZDYH�VSHHG�LQ�WKLV�PDWHULDO�DQG
FRPSDUH�ZLWK�VLPLODU�GDWD�REWDLQHG�E\�RWKHU
PHWKRGV� >�@�� ,Q� >�@�� WKH� GRPDLQ�DFRXVWLF
HFKR� �'$(�� VLJQDOV�ZHUH� LQGXFWLYHO\� JHQHU�
DWHG�XVLQJ�105�VSHFWURPHWHU�DIWHU�DSSOLFD�
WLRQ� RI� WKUHH� 5)� SXOVHV� LQ
&R����0Q����&X����1L���0J����)H���2�� IHUULWH�HXURSLXP�JDUQHW�DQG�LURQ�ERUDWH�VDPSOHV�DW
��� 0+]� IUHTXHQF\�� 7KH� DFRXVWLF� VLJQDO
SURSDJDWLQJ� LQ� D� IHUULWH� VDPSOH� DIWHU� WKH
DSSOLFDWLRQ�RI�WKH�ILUVW�5)�SXOVH�LV�UHFRUGHG
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DSSO\LQJ� WKH� VHFRQG� 5)� SXOVH� RI� WKH� VDPH
IUHTXHQF\��$V� D� UHVXOW� RI� WKH� VLPXOWDQHRXV
DFWLRQ�RI�DFRXVWLF�VLJQDO�DQG�WKH�VHFRQG�5)
SXOVH�� D� VWDWLRQDU\� VSDFH�SHULRGLF� PDJQHWLF
VWUXFWXUH� LV� IRUPHG� LQ� WKH� VDPSOH�ZLWK� WKH
SHULRG� HTXDO� WR� WKH� DFRXVWLF� ZDYH� OHQJWK�
7KLV� VWUXFWXUH� LV� D� PDJQHWLF� LPDJH� RI� WKH
DFRXVWLF�VLJQDO�>����@��

7KH�IRUPDWLRQ�RI�WKLV�VWUXFWXUH�FRXOG�EH
H[SODLQHG� E\� WKH� LUUHYHUVLEOH� SURFHVVHV� RI
PDJQHWL]DWLRQ� FKDQJH�� 7KH� LQIRUPDWLRQ
VWRUDJH� GXUDWLRQ� LV� SUDFWLFDOO\� XQOLPLWHG�
7KH�LQIRUPDWLRQ�LV�UHDG�E\�WKH�WKLUG�5)�RU
WKH�DFRXVWLF�SXOVH�DV�D�'$(�VLJQDO�� ,Q�FDVH
RI�'$(��WKH�LUUHYHUVLEOH�FKDQJH�LQ�PDJQHWL�
]DWLRQ� FRXOG�EH� FDXVHG�E\� WKH�GLVSODFHPHQW
RI� GRPDLQ� ZDOOV� LQ� IHUULWH� JUDLQV�� ,Q
QDQRVL]HG�JUDLQV��WKLV�FKDQJH�LQ�PDJQHWL]D�
WLRQ� LV� GXH� WR� PDJQHWRVWULFWLRQ� >�@�� 7KH
'$(� SKHQRPHQRQ� FDQ� EH� XVHG� WR� GHYHORS
WKH� '$(� SURFHVVRUV� SHUIRUPLQJ� LQWHJUDO
WUDQVIRUPDWLRQV� RI�5)� VLJQDOV��PHPRU\�GH�
YLFHV��DQG�GHOD\�OLQHV�>�@�

7KH�PDLQ�SURSHUWLHV� RI�'$(�ZHUH�TXDOL�
WDWLYHO\�ZHOO�DFFRXQWHG�IRU�E\�D�VLPSOH�SKH�
QRPHQRORJLFDO�PRGHO�>�@��8QIRUWXQDWHO\�WKLV
PRGHO�FDQQRW�EH�XVHG�LQ�WKH�GLUHFW�TXDQWLWD�
WLYH� FRPSDULVRQ� ZLWK� WKH� H[SHULPHQWDO� UH�
VXOWV�EHFDXVH�RI�LWV�VLPSOLFLW\��6R�IDU��SRO\�
FU\VWDOOLQH� IHUULWHV� ZLWK� JDUQHW� RU� VSLQHO
VWUXFWXUHV�KDYH�JHQHUDOO\�EHHQ�XVHG�LQ�'$(
LQYHVWLJDWLRQV� RI� >�@�� 7KH� PDLQ� PDWHULDOV
ZHUH�LURQ�\WWULXP�JDUQHW�<�)H�2���DQG�QLFNHOIHUULWH�1L)H�2��� 9DULRXV� NLQGV� RI� WKHVH� IHU�ULWHV� �<�)H����$O����2���� 1L����&R����)H�2��1L����&R����)H� DQG� 1L����&X����)H�2��� ZHUHXVHG� LQ�'$(� H[SHULPHQWV�� ,W� LV� VHHQ� WKDW� LQ
VSLQHOV�� )H��� LRQV� SDUWLDOO\� VXEVWLWXWHG� E\
&R���DQG�&X���RQHV�DQG� LQ�JDUQHW��)H��� LRQV
DUH� SDUWLDOO\� VXEVWLWXWHG� E\� $O��� RQHV�� 7KH
&R���DQG�&X���LRQV�LQ��1L±&R��1L�±[&R[)H�2��DQG�1L±&X� �1L�±[&X[)H�2��� IHUULWHV�� UHVSHF�WLYHO\�� LQFUHDVH� PDJQHWRHODVWLF� LQWHUDFWLRQV
LQ� WKHVH� PDWHULDOV�� 6PDOO� DGPL[WXUHV� RI
RWKHU� LRQV�FRXOG� DOVR�FKDQJH�RWKHU�SK\VLFDO
SURSHUWLHV� RI� IHUULWHV� WRZDUGV� RSWLPL]DWLRQ
RI� WKHLU� XVH� LQ� WKH� '$(� SURFHVVRUV�� $V� DQ
H[DPSOH�� VPDOO� DOXPLQXP� DGPL[WXUHV� LQ
QLFNHO�IHUULWHV�FKDQJH�WKHLU�VDWXUDWLRQ�PDJ�
QHWL]DWLRQ� DQG� D� PDQJDQHVH� DGPL[WXUH� LQ�
FUHDVHV� WKHLU� HOHFWULFDO� FRQGXFWLYLW\�� ZKLOH
FRSSHU� RQH� FRXOG� LPSURYH� WKHLU� PHFKDQLFDO
SURSHUWLHV��HWF��$V�D�UHVXOW��WKH�RSWLPDO�IHU�
ULWH� FRPSRVLWLRQ� FRXOG� EHFRPH� UDWKHU� FRP�
SOLFDWHG�

$GGLWLRQDO� H[SHULPHQWDO� LQYHVWLJDWLRQV
DUH� QHFHVVDU\� WR� FOHDU� RXW� WKH� '$(� IRUPD�
WLRQ�PHFKDQLVP�LQ�PDJQHWRVWULFWLYH�PDWHUL�
DOV�ZLWK�LQWHQVH�PDJQHWRDFRXVWLF�UHVSRQVHV�

:LWK�WKLV�SXUSRVH��ZH�SUHVHQW�KHUH�QHZ�UH�
VXOWV�RQ�'$(�VWXG\� LQ� LURQ�ERUDWH�DQG�IHU�
ULWH�SLH]RHOHFWULF��)3��OD\HUHG�FRPSRVLWH�RE�
WDLQHG�XVLQJ�D�FRQYHQWLRQDO�105�VSHFWURPH�
WHU� >�@�� ,Q� D�)3� OD\HUHG� FRPSRVLWH�� WKH�'$(
DQG� PDJQHWRDFRXVWLF� UHVSRQVH� VLJQDOV� ZHUH
LQGXFWLYHO\� H[FLWHG� DQG� HOHFWULFDOO\� GHWHFWHG�
%HVLGHV��WKH�FRPSDUDWLYH�VWXG\�RI�'$(�SURS�
HUWLHV� DQG� PDJQHWRDFRXVWLF� UHVSRQVHV� WR� DF�
WLRQ� RI� D� WUDLQ� RI� VLQJOH� 5)� SXOVHV� LQ� VODE
VKDSHG� &R����0Q����&X����1L���0J����)H���2�IHUULWH�� HXURSLXP� JDUQHW�� LURQ� ERUDWH�� DQG
)3� OD\HUHG� FRPSRVLWH� ZDV� FDUULHG� RXW� LQ
WKLV�ZRUN�XVLQJ� WKH� VDPH�PHWKRG� >�@��'$(
DQG� PDJQHWRDFRXVWLF� UHVSRQVH� VLJQDOV� ZHUH
IRU� WKH� ILUVW� WLPH� LQGXFWLYHO\� H[FLWHG� DQG
HOHFWULFDOO\� GHWHFWHG� LQ� )3� OD\HUHG� FRPSRV�
LWH� VDPSOHV�� WKXV� FRQILUPLQJ� WKHLU� PDJQH�
WRDFRXVWLF�QDWXUH�

���([SHULPHQWDO�DQG�UHVXOWV
7KH�H[SHULPHQWDO�VHWXS�XVHG�LQ�WKLV�ZRUN

WR� REVHUYH� DQG� LQYHVWLJDWH� WKH� '$(� DQG
PDJQHWRDFRXVWLF� VLJQDOV� FRPSULVHG� D� VWDQG�
DUG�%UXNHU�0LQLVSHF�S���105�VSHFWURPHWHU
IRU� VWXG\LQJ� WKH� SURWRQ� UHOD[DWLRQ� LQ� OLT�
XLGV� SURYLGHG� ZLWK� D� .DZDVDNL� (OHFWURQLFD
GLJLWDO�VLJQDO�DYHUDJHU�>�@��,W�ZDV�FDSDEOH�WR
SURGXFH� ���0+]� 5)� SXOVHV� ZLWK� GXUDWLRQV
DQG� SRZHUV� XS� WR�� FRUUHVSRQGLQJO\�� ��� PV
DQG� ����:��7KH�'$(�DQG�PDJQHWRDFRXVWLF
UHVSRQVH� VLJQDOV�ZHUH� REVHUYHG� DQG� VWXGLHG
DW� URRP� WHPSHUDWXUH� LQ� WKH� UHFWDQJXODU
VDPSOH� ��u�u����PP��� RI� SRO\FU\VWDOOLQH
IHUULWH� &R����0Q����&X����1L���0J����)H���2��HXURSLXP�JDUQHW�(X�)H�2���DQG�LURQ�ERUDWH)H%2�� VDPSOHV� FRQVLVWLQJ� RI� VPDOO� GLVRU�
GHUHG� VLQJOH� FU\VWDOV�ZLWK� WKH�PHDQ� GLDPH�
WHU� DERXW� �� PP� SODFHG� LQ� WKH� F\OLQGULFDO
FDSVXOH� RI� DERXW� �� FP�� YROXPH�� 7KHVH� VLJ�
QDOV�ZHUH�REVHUYHG�DOVR�XQGHU�LQGXFWLYH�H[�
FLWDWLRQ� RI� )3� OD\HUHG� FRPSRVLWH� VDPSOHV
FRQVLVWLQJ� RI� ILYH� VODE�VKDSH� ���u�u��PP��
OD\HUV� RI� FRPPHUFLDOO\� DYDLODEOH� IHUULWH� �)�
PDWHULDO�XVHG�DV�D�IHUULWH�FRUH�RI�WHOHYLVLRQ
LQGXFWLYH�FRLOV�DQG�SLH]RHOHFWULF�FHULXP�WLWD�
QLXP� OHDG� FHUDPLFV� �3��� IRUPLQJ� 3)3)3
VWUXFWXUH�� DQG� HOHFWULFDOO\� GHWHFWHG� E\
WUDQVIHUULQJ� HOHFWULF� VLJQDOV� IURP� VLOYHU
FRQWDFWV� FRQQHFWHG� WR� WKH� WZR� RXWHU� SLH]R�
OD\HUV�WR�WKH�UHFHLYHU��

7KH�105�UHFHLYHU�ZDV�ORFNHG�GXULQJ�DF�
WLRQ� RI� 5)� SXOVH� DQG� VWURQJ� WUDQVLHQW� UH�
VSRQVH�VLJQDO�RI�5)�FRLO��WKH�UHFHLYHU�UHFRY�
HU\� WLPH� LV�GHQRWHG�DV��� LQ�)LJ����IRU�'$(
VLJQDO� RVFLOORJUDPV��� $Q\� VLJQDO� IROORZLQJ
WKLV�WLPH�PRPHQW�ZDV�DEVHQW�IRU�WKH�HPSW\
FRLO� DQG� IRU� WKH� FRLO� ZLWK� WHVW� PDQJDQHVH
DQG� OLWKLXP� IHUULWH� VDPSOHV�� 7KH� VLJQDOV
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IURP�VDPSOHV�XQGHU�VWXG\�ZHUH�VXIILFLHQWO\
LQWHQVH� SURYLGLQJ� WKHLU� GLUHFW� REVHUYDWLRQ
RQ� RVFLOORVFRSH� ZLWKRXW� DYHUDJLQJ�� ,Q� DGGL�
WLRQ��LQWHQVH�HOHFWULF�VLJQDOV�IURP�SLH]RHOHF�
WULF�OD\HUV�ZHUH�REVHUYHG�ZKDW�FOHDUO\�VKRZV
WKH�PDJQHWRDFRXVWLF�QDWXUH�RI�WKH�REVHUYHG
VLJQDOV�

7KH� )3� VDPSOH� OD\HUV� ZHUH� FXW� XVLQJ� D
GLDPRQG�VDZ�DQG�VWDFNHG�E\�HSR[\�

,Q� )LJ����� WKH� RVFLOORJUDPV� RI� '$(� VLJ�
QDOV�LQ�LURQ�ERUDWH��D��DQG�)3�OD\HUHG�FRP�
SRVLWH��E��VDPSOHV�DUH�SUHVHQWHG��7KH�RVFLOOR�
JUDPV�ZHUH�WDNHQ�ZLWKRXW�GHWHFWLRQ��,W�ZDV
XVHG�WKH�SUHDPSOLILHU�RI�105�VSHFWURPHWHU
DQG� D� KLJK�IUHTXHQF\� RVFLOORVFRSH� ZLWK� WKH
IUHTXHQF\�EDQG�����0+]��7KH�'$(�VLJQDOV
DUH�VLPLODU�WR�WKRVH�LQ�1L����&X���)H�2��IHU�ULWH� >�@�� ,Q�)LJ����� WKH�GHSHQGHQFHV�RI�'$(
DPSOLWXGH� RQ� 5)� SXOVH� SRZHU� 3� DUH� SUH�
VHQWHG� IRU� WKH� LURQ� ERUDWH� �D�� DQG� )3� OD\�
HUHG� FRPSRVLWH� �E��� 7KH� 5)� SRZHU� ZDV
FKDQJHG� LQ�WKH�UDQJH�IURP���WR����:�ZLWK
WKH� DWWHQXDWRU� PDWFKHG� WR� ��� :�� 7KH� 5)
SRZHU�PHDVXUHPHQWV�ZHUH�PDGH�GLUHFWO\�E\
UHFRUGLQJ�WKH�5)�SXOVH�SRZHU�RQ�WKH�H[FLWD�
WLRQ� FRLO� FRQQHFWHG� WR� WKH� RVFLOORVFRSH� YLD
WKH����:�UHVLVWDQFH�

$V�LW� LV�VHHQ�IURP�WKH�GDWD�REWDLQHG�DQG
UHVXOWV� IURP� >�@�� WKH� SRZHU� WKUHVKROGV� DUH
REVHUYHG� ZLWKLQ� WKH� UDQJH� IURP� a�� :� IRU
HXURSLXP�JDUQHW�DQG�XS� WR�a���:�IRU� LURQ
ERUDWH���7KH�GHSHQGHQFHV�RI�'$(�IRU�IHUULWH
DQG� HXURSLXP� JDUQHW� RQ� WKH� H[WHUQDO� PDJ�
QHWLF� ILHOG� FUHDWHG�E\� D�+HOPKROW]� FRLO� V\V�
WHP�ZHUH� LQYHVWLJDWHG� LQ� >�@�DQG� WKH�FRUUH�
VSRQGLQJ�UHVXOW�IRU�WKH�HOHFWULFDOO\�GHWHFWHG
'$(� RI� WKH� )3� OD\HUHG� FRPSRVLWH� DUH� SUH�
VHQWHG�LQ�)LJ�����7KH�PDJQHWLF�ILHOG�ZDV�DS�
SOLHG�LQ�SDUDOOHO�WR�WKH�VDPSOH�VXUIDFHV�

7KH�'$(�DUH�DSSDUHQWO\�REVHUYHG�RQO\�LQ
WKH�PXOWLGRPDLQ� VWDWH� LQ� WKH� H[WHUQDO� ILHOG
XS�WR�a����2H�

$� ORZ� RVFLOODWLQJ� PDJQHWLF� ILHOG� DW
���� +]� IUHTXHQF\� DQG� ���� 2H� DPSOLWXGH
FDXVHV�WKH�VXSSUHVVLRQ�RI�'$(�VLJQDOV��7KLV
DOVR�SRLQWV�WR�WKH�GRPDLQ�ZDOO�RULJLQ�RI�WKH
REVHUYHG�VLJQDOV��$V�LQ�>�@��WKH�'$(�VLJQDOV
DUH� FKDUDFWHUL]HG� E\� DQRPDORXVO\� ODUJH� UH�
OD[DWLRQ�WLPHV�

7KH�'$(�VLJQDO�DPSOLWXGH�UHFRUGHG�DIWHU
WKH� WKLUG� �UHDG�RXW�� SXOVH� GHFUHDVHV� ZLWK
WKH� LQFUHDVH� RI� WKH� WLPH� LQWHUYDO� EHWZHHQ
WKH� ILUVW� DQG� WKH� VHFRQG� �UHDG�LQ�� SXOVHV�
$V� DQ� H[DPSOH�� LQ� WKH� FDVH� RI� IHUULWH�� WKLV
GHSHQGHQFH� VKRZV� DQ� RVFLOODWLQJ� FKDUDFWHU
�ZLWK� D� SHULRG� a�� PV�� DQG� IXOO� GHFD\� WLPH
a���PV�

)LJ����� 2VFLOORJUDPV� RI� '$(� VLJQDOV� LQ� LURQ
ERUDWH� �D�� DQG� IHUULWH�SLH]RHOHFWULF� OD\HUHG
FRPSRVLWH��E����7KH�WLPH�LQWHUYDO�EHWZHHQ�WKH
ILUVW�WZR�5)�SXOVHV�W��� ����PV��WKH�5)�SXOVH
GXUDWLRQ� W� ���PV�� 7KH� RVFLOORJUDPV� ZHUH
WDNHQ� DW� URRP� WHPSHUDWXUH� DQG� DW� H[WHUQDO
PDJQHWLF�ILHOGV�+� ����D��E���7RWDO�ºVFLOORVFRSH
VZHHS� GXUDWLRQ� LV� ���� PV�� ��� WKH� WKLUG� 5)
�UHDG�RXW��SXOVH�SRVLWLRQ�����WKH�'$(�VLJQDO�

)LJ�����7KH�GHSHQGHQFHV�RI�'$(�DPSOLWXGH�RQ
WKH� H[WHUQDO�PDJQHWLF� ILHOG� VWUHQJWK� IRU� IHU�
ULWH�SLH]RHOHFWULF�OD\HUHG�FRPSRVLWH�

)LJ�����7KH�GHSHQGHQFHV�RI�'$(�DPSOLWXGH�RQ
WKH� 5)� SXOVH� SRZHU� LQ� LURQ� ERUDWH� �D�� DQG
IHUULWH�SLH]RHOHFWULF�OD\HUHG�FRPSRVLWH��E��

*�,�0DPQLDVKYLOL�HW�DO����,QGXFWLYH�GHWHFWLRQ�RI����
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7KH� VWUXFWXUL]DWLRQ� LQ� WKH� '$(� VLJQDO
ZDV� DOVR� REVHUYHG� DW� LQFUHDVLQJ� WKH� WLPH
LQWHUYDO� EHWZHHQ� WKH� VHFRQG� DQG� WKH� WKLUG
5)�SXOVHV��7KH�'$(�DPSOLWXGH�GHFUHDVHG�DW
ORZ�WHPSHUDWXUHV�DQG�DOPRVW�GLVDSSHDUHG�LQ
D�VDPSOH�LPPHUVHG�LQ�OLTXLG�QLWURJHQ��

7KH� '$(� VLJQDO� LQ� LURQ� ERUDWH� KDG� D
PRUH�FRPSOH[�VWUXFWXUH�DW�KLJKHU�PDJQHWLF
ILHOGV�� 7KH�PDLQ� TXDOLWDWLYH� LQIRUPDWLRQ� LV
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�D��� LWV� LQWHQVLW\�LQFUHDVHV�VLJQLILFDQWO\��E\
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PDJQHWLF� ILHOG�� UHDFKLQJ� PD[LPXP� DW
a���2H��DQG�LW�LV�VXSSUHVVHG�E\�WKH�H[WHUQDO
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&R����0Q����&X����1L���0J����)H���2�� IHUULWH�HXURSLXP� JDUQHW�� LURQ� ERUDWH�� DQG� )3� OD\�
HUHG� FRPSRVLWH� DW� WKH� UHSHWLWLRQ� UDWH
������+]�DQG�5)�SXOVH�GXUDWLRQ���PV�LQ�WKH
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7KH�'$(� VLJQDO� LQ� LURQ� ERUDWH� KDV� D�PXFK
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