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&DOFLXP� SKRVSKDWHV�� ILUVW� RI� DOO� K\�
GUR[\DSDWLWH� �+$3�� &D���32����2+���� DUHWKH�VXEMHFW�RI�LQWHQVLYH�VWXGLHV�EHFDXVH�WKH\
IRUP�DQ�LQRUJDQLF�EDVLV�RI�ERQH�WLVVXHV�DQG
GHQWDO� HQDPHO� >����@�� 7KHVH� FRPSRXQGV� QRW
RQO\�SRVVHVV� ELRORJLFDO� FRPSDWLELOLW\�ZLWK� D
KXPDQ� RUJDQLVP�� EXW� DFFUHWH� ZLWK� D� ERQH
WLVVXH� GXH� WR� GLUHFW� ELRFKHPLFDO� ERQGV� DQG
WUDQVIRUP�JUDGXDOO\�LQWR�D�ERQH��%HFDXVH�RI
VXFK�XQLTXH�SURSHUWLHV�� WKHVH�PDWHULDOV� DUH
ZLGHO\�XVHG�LQ�PHGLFLQH�IRU�UHJHQHUDWLRQ�RI
KXPDQ�ERQHV�DQG�WRRWK�DQG�IRU�FRDWLQJV�RI
PHWDO�LPSODQWV�

7R� GHSRVLW� VXFK� FRDWLQJV�� WKH� SODVPD
VSUD\�PHWKRG� LV�XVHG�PRVW�RIWHQ��+RZHYHU�
WKH� PHWKRG� KDV� D� QXPEHU� RI� VXEVWDQWLDO
GUDZEDFNV��:KHQ�D�IOX[�RI�IXVHG�+$3�SDU�
WLFOHV� KDYLQJ� WHPSHUDWXUH� DERYH� �����&
VWULNHV� D� PXFK� FROGHU� �DERXW� ����&�� PHWDO
VXEVWUDWH�� D� VKDUS� FRROLQJ� �TXHQFKLQJ�
FDXVHV� HVVHQWLDO� GLVRUGHULQJ� LQ� WKH� +$3
FU\VWDO� VWUXFWXUH� DV� ZHOO� DV� IRUPDWLRQ� RI
JODVV�OLNH� +$3� SKDVH� DW� WKH� FRDWLQJ�VXE�
VWUDWH�LQWHUIDFH��2Q�WKH�RQH�KDQG��WKLV�SKH�
QRPHQRQ�LPSURYHV�PHFKDQLFDO�SURSHUWLHV�RI
WKH� FRDWLQJ�� HVSHFLDOO\� LWV� DGKHVLRQ� >����@�
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2Q� WKH� RWKHU� KDQG�� IDVW� UHVRUSWLRQ� RI� WKH
DPRUSKRXV� SKDVH� ZDV� REVHUYHG� LQ� YLYR� DQG
LQ� YLWUR� >�@�� 7KLV� FLUFXPVWDQFH� LV� HVVHQWLDO
IRU�DSSOLFDWLRQ�RI�WKRVH�FRDWLQJV�RQ�VXUJLFDO
LPSODQWV�� %HVLGHV�� DW� FRROLQJ� RI� WKH� GHSRV�
LWHG�+$3�FRDWLQJ�IURP�����&�WR�URRP�WHP�
SHUDWXUH�� WKHUPDO� VWUHVVHV� DQG� PLFURFUDFNV
DSSHDU� RQ� WKH�+$3�VXEVWUDWH� LQWHUIDFH� GXH
D� FRQVLGHUDEOH�GLIIHUHQFH� LQ� WKHUPDO� H[SDQ�
VLRQ�FRHIILFLHQWV�EUWZHHQ�+$3�DQG�WKH�VXE�
VWUDWH� PDWHULDO�� WKXV� UHGXFLQJ� WKH� FRDWLQJ
DGKHVLYH�VWUHQJWK�DQG�LQFUHDVLQJ�UHVRUSWLRQ
UDWH�� 7R� UHGXFH� WKHUPDO� VWUHVVHV�� WKLFNQHVV
RI�FRDWLQJV�VKRXOG�EH�OLPLWHG��QRW�PRUH�WKDQ
���PP��� +RZHYHU�� VXFK� WKLQ� FRDWLQJV� JHW
GLVVROYHG� PXFK� IDVWHU� WKDQ� WKH� UHTXLUHG
OLIHWLPH� �XS� WR� ��� \HDUV��� 7KH� VLPLODU� SKH�
QRPHQD� DFFRPSDQ\� DOO� KLJK�WHPSHUDWXUH
GHSRVLWLRQ� PHWKRGV� VXFK� DV� SODVPD� DQG
PDJQHWURQ� VSXWWHULQJ�� SXOVH� ODVHU� GHSRVL�
WLRQ�� HWF�� %HVLGHV�� WKH� PDMRULW\� RI� GHSRVL�
WLRQ�PHWKRGV�KDYH�D�QXPEHU�RI�RWKHU�GLVDG�
YDQWDJHV�VXFK�DV�LQVXIILFLHQW�DGKHVLRQ��KLJK
SRURVLW\�� FU\VWDO� VWUXFWXUH� LPSHUIHFWLRQ�
GLVRUGHU� RI� FRDWLQJ� FKHPLFDO� DQG� SKDVH
VWUXFWXUH�DV�ZHOO�DV�WKH�VPDOO�WKLFNQHVV�WKHUHRI
GXH�WR�ORZ�SURGXFWLYLW\�RI�WKH�SURFHVV��

7DNLQJ�LQWR�DFFRXQW�WKH�RSHUDWLQJ�FRQGL�
WLRQV� RI� ELRDFWLYH� LPSODQWV� �H[SRVXUH� WR
EORRG�SODVPD�� HQ]\PHV��RVWHRFODVWV�� FHOOV�RI
LPPXQH�V\VWHP��HWF���PHWKRGV�RI�+$3�FRDW�
LQJ�GHSRVLWLRQ�VKRXOG�SURYLGH�ORZ�KHDWLQJ�RI
+$3� SRZGHU� DQG� WKH� VXEVWUDWH� GXULQJ� WKH
GHSRVLWLRQ�� KLJK� DGKHVLRQ�� ORZ� SRURVLW\� RI
WKH�FRDWLQJ�DQG�PLQLPXP�SRVVLEOH� FRQWDPL�
QDWLRQ� OHYHO�� SUHVHUYDWLRQ�RI�+$3�FKHPLFDO
DQG�SKDVH�FRPSRVLWLRQ��KLJK�SURFHVV�SURGXF�
WLYLW\�DQG�UHDVRQDEOH� WKLFNQHVV�RI� WKH�FRDW�
LQJ�� 6XFK� FRQGLWLRQV� DUH� UHDOL]HG� ZKHQ� WKH
FRDWLQJ�DGKHVLRQ�LV�SURYLGHG�E\�KLJK�NLQHWLF
HQHUJ\�RI�+$3�SDUWLFOHV�ERPEDUGLQJ�D�VXE�
VWUDWH�� DV� LW� RFFXUV� LQ� WKH� JDV� GHWRQDWLRQ
WHFKQLTXH��,Q�WKLV�PHWKRG��WKH�FRDWLQJ�GHSR�
VLWLRQ� LV� GRQH� E\� XVLQJ� WKH� HQHUJ\� RI� WKH
GHWRQDWLRQ� �H[SORVLRQ�� RI� JDVHRXV� PL[WXUHV
WR�DFKLHYH�WKH�DFFHOHUDWLRQ�RI�SRZGHU�SDUWL�
FOHV��

7KH� JDV� GHWRQDWLRQ� WHFKQLTXH� SURYLGHV
WKH�KLJKHVW�FRDWLQJ�TXDOLW\��WKH� ORZHVW�VXE�
VWUDWH� WHPSHUDWXUH�� KLJK� SURGXFWLYLW\� DQG
YHU\� HFRQRPLFDO� PDQXIDFWXULQJ� RSHUDWLRQ�
7KH�PHWKRG�SURYLGHV�FRDWLQJV�RI�DQ\�WKLFN�
QHVV��$GKHVLRQ�RI�ELRDFWLYH�FHUDPLF�FRDWLQJV
REWDLQHG� FDQ� EH��Ü�� WLPHV�KLJKHU� WKDQ� ,62
VWDQGDUG� UHTXLUHV�� 'XH� WR� LQWHUDFWLRQ� RI� D
KLJK� HQHUJ\� IOX[� RI� +$3� SDUWLFOHV� ZLWK� D
FROG�PHWDO� VXEVWUDWH� IROORZHG� E\� TXHQFKLQJ
RI� WKH� GHSRVLWHG� OD\HU�� WKH� K\GUDWLRQ� UDWH�
SKDVH� FRPSRVLWLRQ� DQG� FU\VWDO� VWUXFWXUH� RI

WKH� FRDWLQJ� PD\� VXIILFLHQWO\� GLIIHU� IURP
WKRVH�RI�WKH�LQLWLDO�+$3�SRZGHU��)RU�SODVPD
DQG� ODVHU� GHSRVLWHG� FRDWLQJV�� WKLV� SUREOHP
KDV� EHHQ� VWXGLHG�� 7KH� +$3� PRGLILFDWLRQ
XSRQ� JDV� GHWRQDWLRQ� GHSRVLWLRQ� RQ� PHWDO
VXEVWUDWHV�LV�VWXGLHG�LQ�WKLV�ZRUN�

7KH� VWRLFKLRPHWULF� K\GUR[\DSDWLWH� SRZ�
GHU�ZDV�XVHG�IRU�WKH�JDV�GHWRQDWLRQ�GHSRVL�
WLRQ��7KH�SRZGHU�ZDV�V\QWKHVL]HG�XVLQJ�FR�
SUHFLSLWDWLRQ�IURP�D�VROXWLRQ�RI�FDOFLXP�QL�
WUDWH� DQG� GLVXEVWLWXWHG� DPPRQLXP
SKRVSKDWH�DFFRUGLQJ�WR�WKH�UHDFWLRQ

&D12������1+���+�32�������1+��2+� 
 �&D���32����2+��������1+��12�����+�2�
7KH� SUHFLSLWDWLRQ� ZDV� UHDOL]HG� DW� URRP

WHPSHUDWXUH� DQG� S+� ���� XQGHU� LQWHQVH
VWLUULQJ�RI�WKH�VROXWLRQ��7KH�SUHFLSLWDWH�ZDV
NHSW�WRJHWKHU�ZLWK�WKH�PRWKHU�OLTXRU�GXULQJ
��� KRXUV�� $W� WKH� VDPH� WLPH�� WKH� VROXWLRQ
ZDV� SHULRGLFDOO\� VWLUUHG� XS�� ERLOHG� GXULQJ
��KRXU��FRROHG��VHWWOHG��GHFDQWHG��DGGHG�KRW
GLVWLOOHG� ZDWHU� DQG� VHWWOHG� DJDLQ�� $IWHU
�� WLPHV� UHSHDWLQJ� RI� WKDW� SURFHGXUH�� WKH
SUHFLSLWDWH� ZDV� ZDVKHG� ZLWK� KRW� GLVWLOOHG
ZDWHU�

7KH� SRZGHU� VR� REWDLQHG� ZDV� GULHG� DW
����&� DQG� DQQHDOHG� LQ� DLU� DW� �����&� IRU
�� KRXU�� 6LQWHULQJ� DQG� VKULQNDJH� �DERXW
��� �� RI� OLQHDU� GLPHQVLRQV�� ZHUH� REVHUYHG
GXULQJ� WKH� DQQHDOLQJ�� 7KHQ� WKH� SUHFLSLWDWH
ZDV� WUDQVIRUPHG� LQWR� D� KRPRJHQHRXV� FRQ�
JORPHUDWH� KDYLQJ� SRURVLW\� RI� ��� �� DQG
VWUHQJWK� RI� �Ü�� 03D�� $FFRUGLQJ� WR� ;�UD\
DQDO\VLV�� WKH� V\QWKHVL]HG�PDWHULDO�ZDV�SXUH
FU\VWDOOLQH� +$3� ZLWK� VSHFLILF� VXUIDFH� RI
DERXW� �� P��J� ZKLFK� FRUUHVSRQGV� WR� �� PP
SULPDU\� SDUWLFOHV� RI� SRZGHU�� 7KHQ� WKH� VLQ�
WHUHG�SUHFLSLWDWH�ZDV�JURXQG� LQ� D�SRUFHODLQ
PRUWDU� DQG� VLHYHG� WR� REWDLQ� D� SRZGHU� RI
RSWLPXP� SDUWLFOH� VL]H� IRU� JDV� GHWRQDWLRQ
GHSRVLWLRQ����Ü���PP���7KH�REWDLQHG�SRZGHU
SDUWLFOHV� KDG� D� VKDSH� RI� LUUHJXODU� VSOLQWHUV
ZLWK�WKH�VDPH�SRURVLW\�DV�WKH�VLQWHUHG�FRQ�
JORPHUDWH�

7KH�+$3�FRDWLQJV�ZHUH�GHSRVLWHG�RQ�WLWD�
QLXP� DQG� FRSSHU� VXEVWUDWHV� RI� YDULRXV
WKLFNQHVV�� $� KRPH�PDGH� RULJLQDO� JDV� GHWR�
QDWLRQ� VHWXS� ZDV� XVHG� IRU� GHSRVLWLRQ�� 7KH
GHWRQDWLRQ�ZDV�JHQHUDWHG�E\�LJQLWLQJ�DQ�H[�
SORVLYH�PL[WXUH� RI� R[\JHQ� DQG� D� FRPEXVWL�
EOH�JDV��K\GURJHQ��DFHW\OHQH��RU�SURSDQH�EX�
WDQH�� LQ� WKH� H[SORVLRQ� FKDPEHU�� 7KH� ZDYH
SURSDJDWHG� DORQJ� WKH�JXQ�WXEH�DQG�FDWFKHG
XS� D� SRUWLRQ� RI� +$3� SRZGHU� LQMHFWHG� LQWR
WKH� JXQ��3DUWLFOHV� RI� WKH�PDWHULDO�ZHUH� DF�
FHOHUDWHG�XS�WR��0�RI�VSHHG��0�LV�WKH�0DFK
QXPEHU�� DQG� ERPEDUG� D� VXEVWUDWH�� IRUPLQJ

9�0�']KDJDQ�HW�DO����5DPDQ�DQG�(65�VWXG\�RI�JDV����
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D� FRQWLQXRXV� FRDWLQJ� GXH� WR� SK\VLFDO� DQG
FKHPLFDO� LQWHUDFWLRQ�ZLWK�WKH�VXEVWUDWH�PD�
WHULDO��$�SURJUDPPDEOH�GLVSODFHPHQW�RI�WKH
GHWRQDWLRQ� JXQ� RU� WKH� VXEVWUDWH� SURYLGHG
FRDWLQJ� RI� D� ODUJH� DUHD� RU� PXOWL�VXUIDFHG
VXEVWUDWHV�� 7KH� H[SORVLYH�PL[WXUH� FRPSRVL�
WLRQ��GHWRQDWLRQ�VKRWV�IUHTXHQF\��DQG�GHSR�
VLWLRQ� GXUDWLRQ� ZHUH� YDULHG� GHSHQGLQJ� RQ
WKH�VXEVWUDWH�W\SH�DQG�WKLFNQHVV��

5DPDQ� VSHFWUD� RI� LQLWLDO� +$3� SRZGHUV
DQG�GHSRVLWHG�FRDWLQJV�ZHUH�LQYHVWLJDWHG�DW
URRP� WHPSHUDWXUH� XVLQJ� D� ')6���� GRXEOH
PRQRFKURPDWRU�DQG�SKRWRQ�FRXQWLQJ�V\VWHP
IRU� UHFRUGLQJ�� 7KH� FRQWLQXRXV� UDGLDWLRQ� RI
DERXW� ��� P:� SRZHU� DQG� ���� QP� ZDYH�
OHQJWK� IURP� D� GLRGH�SXPSHG� VROLG� VWDWH
ODVHU� RU� ������ QP� IURP� DQ� DUJRQ� LRQ� ODVHU
ZHUH� XVHG� IRU� H[FLWDWLRQ�� 7KH� PDJQHWLF
UHVRQDQFH�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�DW
URRP�WHPSHUDWXUH�XVLQJ�;�EDQG��PLFURZDYH
IUHTXHQF\� Q|���� *+]�� (65� VSHFWURPHWHU
5DGLRSDQ� ;������ ZLWK� ���� N+]� PDJQHWLF
ILHOG� PRGXODWLRQ�� 7KH� HVWLPDWHG� DFFXUDF\
RI�J�IDFWRU�GHWHUPLQDWLRQ�IRU�REVHUYHG�(65
OLQHV�ZDV�r����Ü��

+$3� FRQWDLQV� 32����� PROHFXODU� JURXSV
>�Ü�@�� FKDUDFWHUL]HG� E\� WR� IRXU�PDLQ�YLEUD�
WLRQV�RI�3±2�ERQGV�DW�Q|����FPÜ��DQG�PXFK
ZHDNHU� EDQGV� DW� Q|����FPÜ��� Q|����� � FPÜ��
DQG� Q|����FPÜ�� >�@�� 9DULDWLRQV� RI� Q� EDQG
VSHFWUDO� SDUDPHWHUV� �LQWHQVLW\�� IUHTXHQF\�
DQG� OLQHZLGWK�� DUH� XVHG� IRU� GLDJQRVWLFV� RI
VWUXFWXUDO� IHDWXUHV� DQG� FRPSRVLWLRQ� RI� FDO�
FLXP� SKRVSKDWH� FRDWLQJV� REWDLQHG� E\� YDUL�
RXV�PHWKRGV� >�Ü�@�� 7KH� GLVRUGHULQJ� HIIHFWV
LQ�+$3�RFFXUULQJ�DW�JDV�GHWRQDWLRQ�GHSRVL�
WLRQ� ZHUH� LQYHVWLJDWHG� E\� FRPSDULVRQ� RI
5DPDQ�VSHFWUD�IRU�WKH�LQLWLDO�+$3�SRZGHUV
DQG� WKH� REWDLQHG� FRDWLQJV�� )LJ���� VKRZV
WKRVH�GDWD�IRU�RQH�RI�WKH�VDPSOHV��7KH�FRQ�

VLGHUDEOH� EURDGHQLQJ� RI� WKH�PDLQ� YLEUDWLRQ
EDQG�Q|����FPÜ��DQG�DSSHDUDQFH�RI�DQ�DGGL�
WLRQDO�ORZ�IUHTXHQF\�FRPSRQHQW�DUH�VHHQ�ZHOO�

)LJ���� VKRZV� WKH� H[SHULPHQWDO� 5DPDQ
VSHFWUXP� DQG� LWV� FRPSXWHUL]HG� VLPXODWLRQ�
7ZR�/RUHQW]�SURILOHV�SHDNHG�DW�Q|����FPÜ�
DQG� Q|����FPÜ�� ZHUH� XVHG� DV� WKH� ILWWLQJ
FRPSRQHQWV��7KH�ILUVW�SURILOH�FRUUHVSRQGV�WR
WKH�FU\VWDOOLQH�FRPSRQHQW�RI�WKH�+$3�FRDW�
LQJ��,W�LV�EURDGHQHG�QRWLFHDEO\��OLQHZLGWK�RI
DERXW����FPÜ���DV�FRPSDUHG�WR�WKH�VSHFWUXP
RI� WKH� LQLWLDO� +$3� SRZGHU� �OLQHZLGWK� RI
��FPÜ��� HYLGHQFLQJ� WKH� FU\VWDO� SKDVH� GLVRU�
GHULQJ� RU� KLJK� LPSXULW\� FRQFHQWUDWLRQ� LQ
WKH�FRDWLQJ��7KH�VHFRQG�SURILOH�FRUUHVSRQGV
SUREDEO\� WR� WKH� DPRUSKRXV� SKDVH� RI� WKH
+$3� FRDWLQJ� FRLQFLGLQJ�ZHOO�ZLWK� WKDW�ZDV
REVHUYHG�LQ�>�����@��Q|����FPÜ����$V�IRU�WKH
UHODWLYH� VSDWLDO� GLVWULEXWLRQ� RI� DPRUSKL]HG
DQG� FU\VWDOOLQH� FRPSRQHQWV� LQ� WKH� +$3
FRDWLQJ�� LW� LV� REYLRXV� HQRXJK� WKDW�� GXH� WR
KLJK� WKHUPDO� FRQGXFWLYLW\� RI� D� PHWDO� VXE�
VWUDWH�� WKH� FRROLQJ� UDWH� RI� WKH� LQWHUIDFH
FRDWLQJ� OD\HU� LV� FRQVLGHUDEO\� KLJKHU� DQG
VWLPXODWHV� DPRUSKL]DWLRQ� SURFHVV�� )RU
SODVPD�GHSRVLWHG�+$3��WKLV�UHDVRQ�KDV�EHHQ
FRQILUPHG�LQ�>�����@��

7R� VWXG\� KRZ� WKH� VXEVWUDWH� WHPSHUDWXUH
DQG� FRROLQJ� UDWH� LQIOXHQFH� WKH� FU\VWDO� VWUXF�
WXUH�RI�GHSRVLWHG�+$3�FRDWLQJV��WKH�JDV�GHWR�
QDWLRQ� GHSRVLWLRQ� FRQGLWLRQV� ZHUH� YDULHG� DV
IROORZV��)RXU�ILOP�VDPSOHV�RI�WKH�VDPH�WKLFN�
QHVV�RI�G� ����PP�ZHUH�REWDLQHG�DW�WKH�VDPH
RSHUDWLQJ�PRGH�RI�WKH�GHWRQDWLRQ�JXQ��7ZR�RI
WKHP�ZHUH�GHSRVLWHG�RQWR�D� WKLQ� �G|����PP�
FRSSHU� IRLO�� WZR� RWKHUV�� RQWR� D� WKLFN
�G|���� PP�� FRSSHU� SODWH�� 7KH� FRDWLQJV� RQ
HDFK� VXEVWUDWH� W\SH� ZHUH� GHSRVLWHG� DW� WZR
YDULRXV� GLVWDQFHV� EHWZHHQ� WKH� JXQ� DQG� VXE�
VWUDWH�� /� ���� FP� DQG� /� ���� FP�� ,W� ZDV
VXSSRVHG� WKDW� GXH� WR� VXIILFLHQW� GLIIHUHQFH

)LJ����� 5HSUHVHQWDWLYH�5DPDQ� VSHFWUD� RI� WKH
LQLWLDO� +$3� SRZGHU� ���� DQG� WKH� GHSRVLWHG
FRDWLQJ�����

)LJ�����7KH�H[DPSOH�RI�WZR�/RUHQW]�SHDN�ILWWLQJ
RI�WKH�5DPDQ�VSHFWUXP�RI�D�+$3�FRDWLQJ��
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LQ� VXEVWUDWHV� WKLFNQHVV�� WKH� WKLFN� VXEVWUDWH
LV� OHVV� KHDWHG� GXULQJ� WKH� GHSRVLWLRQ� SHULRG
����V��DQG�IDVWHU�FRROHG�DIWHU�GHSRVLWLRQ��DV
ZHOO�DV�WKH�LQWHUIDFH�+$3�OD\HU���

$Q�HVVHQWLDOO\�KLJKHU�KHDWLQJ�RI�WKH�WKLQ
IRLO� DQG�VORZHU� FRROLQJ�RI� WKH�+$3�FRDWLQJ
WKHUHRQ� DUH� FRQILUPHG� E\� DSSHDUDQFH� RI
KLJK�WHPSHUDWXUH�R[LGH�WLQW�RQ�WKH�EDFN�IRLO
VLGH�� 'HFUHDVLQJ� WKH� GLVWDQFH� EHWZHHQ� WKH
VXEVWUDWH�DQG�GHWRQDWLRQ�JXQ�IURP����FP�WR
��� FP� LQFUHDVHV� WHPSHUDWXUH� RI� WKH� GHSRV�
LWHG� PDWHULDO�� 5DPDQ� VSHFWUD� RI� WKH� PHQ�
WLRQHG� VDPSOHV� DUH� SUHVHQWHG� LQ� )LJ����
JURXSHG�LQ�WKH�PDQQHU�WR�VKRZ�WKH�HIIHFW�RI
WKH�JXQ�VXEVWUDWH�GLVWDQFH��/��DQG�VXEVWUDWH
WKLFNQHVV��G��RQ�WKH�OLQH�VKDSH��&RPSDULVRQ
RI� WKH� VSHFWUD� DOORZV� WZR� IROORZLQJ� FRQFOX�
VLRQV�WR�EH�PDGH�

���)RU�WKH�LQWHQVLW\�RI�WKH�ORZ�IUHTXHQF\
VSHFWUXP�FRPSRQHQW��Q|����FPÜ���WKH�FULWL�
FDO� IDFWRU� LV� WKH� FRROLQJ� UDWH� RI� WKH� GHSRV�
LWHG�FRDWLQJ�EXW�QRW�WKH�WHPSHUDWXUH�RI�WKH

GHSRVLWLQJ� PDWHULDO�� 7KLV� LV� LQ� FRUUHODWLRQ
ZLWK�WKH�DPRUSKRXV�QDWXUH�RI�WKH�LQWHUIDFH
+$3�OD\HU�FDXVLQJ�WKLV�EDQG��

���$W�KLJKHU�FRDWLQJ�GHSRVLWLRQ�WHPSHUD�
WXUH� �L�H��IRU�/� ����FP���DQ�DGGLWLRQDO�VLJ�
QDO� DSSHDUV� LQ� WKH� KLJK�IUHTXHQF\� ZLQJ� RI
WKH�PDLQ� YLEUDWLRQ� EDQG� IRU� ERWK� WKLQ� DQG
WKLFN� VXEVWUDWHV�� ,Q� WKLV� FDVH�� WKH� H[SHUL�
PHQWDO� VSHFWUXP�VKRXOG�EH�GHVFULEHG�DV�VX�
SHUSRVLWLRQ� RI� WKUHH� EDQGV� ZLWK� WKH� DGGL�
WLRQDO� KLJK�IUHTXHQF\� SURILOH� Q�|����FPÜ�
�)LJ�����LQVWHDG�RI�VXSHUSRVLWLRQ�RI�WZR�SUR�
ILOHV� �)LJ������ 7KLV� UHVXOW� UHIOHFWV� SRVVLEOH
PRGLILFDWLRQ� RI� WKH� +$3� VWUXFWXUH� LQ� WKH
WRS��H[WHUQDO��OD\HU�RI�WKH�FRDWLQJ�FDXVHG�E\
KLJK� WHPSHUDWXUH� LQIOXHQFH� LQ� RSHQ� DLU�� ,Q
WKLV� FDVH�� HVSHFLDOO\� LQWHQVLYH� GHJUDGDWLRQ
RI�+$3�RFFXUV�DFFRPSDQLHG�E\�UHSODFHPHQW
RI�WZR�2+±�LRQV�RQWR�2�±�LRQ�DQG�IRUPDWLRQ
VR�FDOOHG�K\GUR[\O�R[\DSDWLWH�>�����@��

7KH�VWUXFWXUDO�PRGLILFDWLRQV�RI�WKH�+$3
SRZGHU�XSRQ�GHSRVLWLRQ�REVHUYHG�E\�5DPDQ

)LJ�����5DPDQ�VSHFWUD�IRU�WKH�IRXU�VDPSOHV�REWDLQHG�RQ�WKLQ��G� �����PP��DQG�WKLFN��G� �����PP�
VXEVWUDWHV�DW�GLIIHUHQW�GLVWDQFHV�EHWZHHQ�WKH�GHWRQDWLRQ�JXQ�DQG�WKH�VXEVWUDWH��/� ����DQG����FP��
7KH�VSHFWUD�DUH�QRUPDOL]HG�WR�WKH�LQWHQVLW\�RI�WKH�PDLQ�SHDN�Q�|����FPÜ��DQG�SORWWHG�LQ�WKH�PDQQHU
WR�VKRZ�WKH�HIIHFW�RQ�WKH�OLQHVKDSH�RI�WKH�JXQ�VXEVWUDWH�GLVWDQFH��/��DQG�VXEVWUDWH�WKLFNQHVV��G�
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VSHFWURVFRS\� LV�DFFRPSDQLHG�E\�D�FKDQJH�LQ
PDJQHWLF� SURSHUWLHV� RI� WKH� VDPSOHV�� )LJ���
VKRZV�(65�VSHFWUD�RI�WKH� LQLWLDO�+$3�SRZ�
GHUV�DQG�WKH�FRDWLQJV�GHSRVLWHG�RQWR�FRSSHU
IRLO� DW� YDULRXV� /�� 7KH� VSHFWUXP� RI� WKH� LQ�
LWLDO�+$3�PDWHULDO� �)LJ�����D��GHPRQVWUDWHV
RQO\�D�ZHDN�(65�VLJQDO�ZLWK�J� ������,Q�WKH
FRDWLQJV�� WKUHH� W\SHV� RI� (65� VLJQDOV� DUH
JHQHUDOO\� REVHUYHG� ZLWK� LQWHQVLWLHV� GHSHQG�
LQJ� RQ� WKH� GHSRVLWLRQ� FRQGLWLRQV�� 7KH� 7\SH

�� VLJQDO� �OLQH� �� LQ� )LJ����� D�� UHSUHVHQWV� D
VLQJOH� DV\PPHWULF� OLQH� ZLWK� WKH� VDPH� SD�
UDPHWHUV� �J�IDFWRU� J|���� DQG� OLQH� ZLGWK
'+SS|���P7��DV�IRU�WKH�LQLWLDO�PDWHULDO��EXWPRUH�LQWHQVH��DQG�DOORZV�LWV�GHILQLWH�DVVLJQ�
PHQW� WR� LVRODWHG� )H��� LRQV� >��@�� 7KH� SUHV�
HQFH�RI�WKLV�VLJQDO�LQ�WKH�FRDWLQJV�LV�FDXVHG
E\� XQFRQWUROODEOH� LQFRUSRUDWLRQ� RI� DWRPLF
LURQ� LPSXULW\� LQ� WKH�+$3� VWUXFWXUH�� 3URE�
DEO\� WKLV� LV� FDXVHG� E\� IHDWXUHV� RI� WHFKQR�
ORJLFDO� SURFHVV�RI� WKH�GHWRQDWLRQ�GHSRVLWLRQ
ZKHUH� WKH� +$3� SRZGHU� FRQWDFWV� ZLWK� WKH
PHWDO�WXEH�RI�WKH�GHWRQDWLRQ�JXQ�ZKHQ�PRY�
LQJ�DORQJ� LW�DW� DQ�XOWUDVRXQG�VSHHG��6KRUW�
WHUP�ULVH�RI�WKH�+$3�WHPSHUDWXUH�RFFXUULQJ
WKXV�UHVXOWV� LQ�D�VWUXFWXUDO�PRGLILFDWLRQ�RI
WKH� PDWHULDO� WKDW� LV� WHVWLILHG� E\� 5DPDQ
GDWD�

$QRWKHU�HIIHFW�RI�WKH�+$3�SRZGHU�LQWHU�
DFWLRQ�ZLWK�WKH�PHWDO�JXQ�WXEH�LV�IRUPDWLRQ
RI� DQ� DGGLWLRQDO� SKDVH�� QDPHO\� QDQRSDUWL�
FOHV� RI� LURQ� RU� LWV� R[LGHV�� LQ� WKH� GHSRVLWHG
FRDWLQJ�� 6XFK� QDQRSDUWLFOHV� DUH� UHVSRQVLEOH
IRU� RFFXUUHQFH� RI� YHU\� VWURQJ� PDJQHWLF
UHVRQDQFH� VLJQDOV� RI� W\SH� ��ZLWK�J|�� �OLQHV
�� LQ� )LJ����� D��� $GGLWLRQDO� H[SHULPHQWV
VKRZHG� WKDW� WKH� WHPSHUDWXUH� EHKDYLRU� RI
WKRVH� VLJQDOV� GLIIHUV� HVVHQWLDOO\� IURP� WKDW
RI� W\SHV� �� DQG� �� RQHV� �VHH� EHORZ��� :KLOH

)LJ�����)LWWLQJ�RI�WKH�5DPDQ�VSHFWUXP�RI�WKH
VDPSOH� ZLWK� /� ���� FP�� G� ����� PP� WDNLQJ
LQWR� DFFRXQW� WKH� FRQWULEXWLRQ� RI� WKH� WKLUG
FRPSRQHQW��Q�|����FPÜ��

)LJ�����(65�VSHFWUD�IRU�WKH�LQLWLDO�+$3�SRZGHU�DQG�WKH�FRDWLQJV�REWDLQHG�RQ�FRSSHU�VXEVWUDWHV��D��
/LQHV���RQ�D�ODUJH�VFDOH�IRU�D�ILOP�GHSRVLWHG�DW�/� ����FP��E���

9�0�']KDJDQ�HW�DO����5DPDQ�DQG�(65�VWXG\�RI����

��� )XQFWLRQDO�PDWHULDOV�������������



LQWHQVLWLHV�RI�VLJQDOV���DQG���LQFUHDVH�ZKHQ
WHPSHUDWXUH� GHFUHDVHV� �WKDW� LV� QRUPDO� IRU
SDUDPDJQHWLF� PDWHULDOV��� LQWHQVLW\� RI� VLJ�
QDOV���GHSHQGV�RQO\�VOLJKWO\�RQ�WHPSHUDWXUH
�WKDW� LV� W\SLFDO� IRU� VXSHUSDUDPDJQHWLFV
>��@��� 7KH�7\SH� �� VLJQDOV� DUH� REVHUYHG� DOVR
LQ� WKH� FRDWLQJV� GHSRVLWHG� RQWR� QRQPHWDO
�JODVVFHUDPLFV�� VXEVWUDWHV� HYLGHQFLQJ� WKDW
WKHLU�QDWXUH�LV�QRW�UHODWHG�WR�WKH�PHWDO�VXE�
VWUDWH��FRSSHU�RU�WLWDQLXP���

'HSHQGLQJ� RQ� WHFKQRORJLFDO� PRGHV� �R[\�
JHQ�FRQWHQW� LQ� WKH�GHWRQDWLRQ�PL[WXUH��GLV�
WDQFH� WR� WKH� VXEVWUDWH�� LWV� WKLFNQHVV�� HWF���
FRQFHQWUDWLRQV�RI�DWRPLF� DQG�QDQRVWUXFWXUH
LPSXULWLHV� DV� ZHOO� DV� UHODWLRQ� WKHUHEHWZHHQ
DUH� YDULHG�� 7KLV� UHVXOWV� LQ� UHVSHFWLYH
FKDQJHV� RI� WKH� VSHFWUD� REVHUYHG�� IRU� H[DP�
SOH��ZKHQ�GLVWDQFH�WR�D�VXEVWUDWH�LQFUHDVHV�
LQWHQVLWLHV�RI� VLJQDOV���GHFUHDVH� �)LJ�����D��
6LJQDOV�RI�7\SH����)LJ�����D�DQG����E��UHSUH�
VHQW�JURXS�RI�(65�OLQHV�FDXVHG�E\�LQWULQVLF
GHIHFWV�RI�WKH�+$3�VWUXFWXUH�EHLQJ�YDULRXV
LQ�QDWXUH�DQG�JHQHUDWHG�GXULQJ�WKH�GHWRQD�
WLRQ� GHSRVLWLRQ� SURFHVV�� 7KH� UDGLRVSHFWUR�
VFRSLF�SDUDPHWHUV�RI�WKH�VHSDUDWH�(65�OLQHV
LQ� VLJQDOV� �� LQGLFDWH� SUHVHQFH� RI�2�±� UDGL�FDOV��J[� ���������J\� ���������J]� ��������>��@��)�FHQWHUV��HOHFWURQV�ORFDOL]HG�RQ�YDFDQ�
FLHV�RI�K\GUR[\O�JURXSV��J� ���������>��@
DQG� SUREDEO\� &2±� UDGLFDOV� �J[� ��������J\� ���������J]� ���������>��@��7KH� UHODWLYH� LQWHQVLWLHV� RI� LQGLYLGXDO
7\SH���(65�VLJQDOV�GHSHQG�RQ�WHFKQRORJLFDO
SDUDPHWHUV� RI� GHSRVLWLRQ�� LQ� SDUWLFXODU�� RQ
R[\JHQ� FRQWHQW� LQ� WKH� H[SORVLYH� PL[WXUH�
7KXV�� WKH� GHWRQDWLRQ� GHSRVLWLRQ� FDXVHV� IRU�
PDWLRQ�RI�WKH�LQWULQVLF�SDUDPDJQHWLF�GHIHFWV
ORFDOL]HG� QHDU� WR� ��IROG� D[LV� �2�±� UDGLFDOVDQG�)�FHQWHUV��� 6XFK� ORFDO� VWUXFWXUH� LPSHU�
IHFWLRQV� UHVXOW� LQ� SDUWLDO� DPRUSKL]DWLRQ� RI
WKH� +$3� DQG� LQ� ORFDO� WUDQVIRUPDWLRQ� RI
+$3� LQWR�R[\DSDWLWHV��7KDW�HIIHFW� LV� LQWHQ�
VLILHG�ZKHQ�R[\JHQ�FRQWHQW�LQ�WKH�H[SORVLYH
PL[WXUH� LQFUHDVHV�� 6LPLODU� UHVXOWV�ZHUH� RE�
VHUYHG� LQ� VWXGLHV� RI� WKHUPDO� WUHDWPHQW� LQ�
IOXHQFH� RQ� +$3� VWUXFWXUH�� ,W� ZDV� VKRZQ
WKDW�+$3�ORVHV�XQGHU�KHDWLQJ�D�IUDFWLRQ�RI
LWV�K\GUR[\O�JURXSV�>���������@�DQG�2�±�LRQV
UHSODFH� WZR� 2+� JURXSV� LQ� FU\VWDO� ODWWLFH
IRUPLQJ�R[\DSDWLWH�>�����@�

7KXV�� WKH� FRPSDUDWLYH� VWXG\� RI� LQLWLDO
K\GUR[\DSDWLWH�SRZGHUV�DQG�FRDWLQJV�GHSRV�
LWHG�E\�JDV�GHWRQDWLRQ�UHYHDO�D�SDUWLDO�GLVRU�
GHULQJ�RI� WKH�PDWHULDO� FU\VWDOOLQH� VWUXFWXUH
GXULQJ� GHSRVLWLRQ�� 7KH� GLVRUGHU� UHVXOWV� LQ

EURDGHQLQJ� RI� WKH� PDLQ� 5DPDQ� EDQG� DW
����FPÜ�� DQG� WR� DSSHDUDQFH� RI� DGGLWLRQDO
EDQGV� DW� ���� FPÜ�� DQG� ���� FPÜ��� 7KH� DS�
SHDUDQFH�RI�WKH�QHZ�EDQGV�LV�UHODWHG�WR�QX�
FOHDWLRQ� RI� QHZ� SKDVHV�� DPRUSKRXV� +$3
�����FPÜ��� DQG� R[\DSDWLWH� ����� FPÜ���� ,Q
(65�VSHFWUD�RI�WKH�+$3�FRDWLQJV��WKH�OLQHV
IURP�LQWULQVLF�GHIHFWV�QRWLFHDEO\�JDLQ�LQ�LQ�
WHQVLW\�� 5DGLRVSHFWURVFRSLF� SDUDPHWHUV� RI
WKHVH� OLQHV� DOORZHG� LGHQWLI\LQJ� RI�2�±�UDGL�FDOV�DQG�)�FHQWHUV��7KH�JHQHUDO�FKDUDFWHU�RI
WKH� GHIHFWV� DQG� WKHLU� ORFDOL]DWLRQ� FRUURER�
UDWH� WKH� 5DPDQ� UHVXOWV� FRQFHUQLQJ� QXFOHD�
WLRQ�RI�WKH�QHZ�SKDVHV�DV�ZHOO�DV�IRUPDWLRQ
RI�QDQRVWUXFWXUHG�LURQ��

$FNQRZOHGJPHQWV�� 7KLV� ZRUN� ZDV� VXS�
SRUWHG�E\�67&8�)RXQGDWLRQ��SURMHFW��������

5HIHUHQFHV
� ���0�-�2OV]WD��;�&KHQJ��6�6�-HH�HW�DO���0DW��6FL�

(QJ��5����������������
� ���6�9�'RUR]KNLQ�� 0�(SSOH�� $QJHZ��&KHP��,QW�

(G�������������������
� ���.�$�*URVV��&�&�%HUQGW��+�+HUPDQ��-��%LRPHG�

0DWHU��5HV�����������������
� ���+�/L��.�$�.KRU��3�&KHDQJ��0DWHU��6FL��(QJ��$�

���������������
� ���6�&�*�/HHXZHQEXUJKD��-�*�&�:RONH��0�&�6LH�

EHUV�HW�DO���%LRPDWHULDOV������������������
� ���8�3RVVHW�� (�/RFNOLQ�� 5�7KXOO�� :�.LHIHU�� -�

%LRPHG��0DWHU��5HV������������������
� ���+�<X��+�=KDQJ��;�:DQJ�HW�DO���-��3K\V��&KHP�

6RO�������������������
� ���5�7HUQDQH�� 0�7K�&RKHQ�$GDG�� *�%RXORQ� HW

DO���6RO��6W��,RQLFV������������������
� ���-�0�)HUQDQGH]�3UDGDV�� /�&OHULH�� *�6DUGLQ�

-�/�0RUHQ]D��%LRPDWHULDOV������������������
����+��/�.LP�� <��6�.LP�� '��-�.LP� HW� DO��� -��.R�

UHDQ�3K\V��6RF�������������������
����+�/L��%�6�1J��.�$�.KRU� HW� DO���$FWD�0DWHUL�

DOLD�����������������
����+�)XMLPRUL�� +�7R\D�� .�,RNX� HW� DO��� &KHP�

3K\V��/HWW�������������������
����-�&�.QRZOHV�� &�&�%HUQGW�� :�%RQILHOG�� %LR�

FHUDPLFV����������������
����&�5H\�� -�&�7URPEH�� *�0RQWHO� -��� ,QRUJ��1XFO�

&KHP�����������������
����+�=KDR�� ;�/L�� -�:DQJ� HW� DO��� -��%LRPHG�

0DWHU��5HV�������������������
����%�6XWWHU��7�:DVRZLF]��7�+RZDUG� HW� DO���6RLO�

6FL��6RF��$P��-�������������������
����5�%HUJHU�� -�&� %LVVH\�� -�.OLDYD� HW� DO��� -��

0DJQ��DQG�0DJQ��0DWHU�������������������
����)�-�&DOOHQV��1XNOHRQLND�����������������
����$�0�3LHWDN�� -�:�5HLG�� 0�6D\HU�� %LRPDWHUL�

DOV������������������
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