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,Q� WKH� IUDPH� RI� OLJKWLQJ� SUREOHP�� DSD�
WLWH�OLNH� VWUXFWXUHV�0H���=2���;�� �0H� �&D�6U��%D��=� �3��9��;� �)��&O��2+�����DUH�FRQ�
VLGHUHG�QRZ�WR�EH�PDWHULDOV�RI�JRRG�SURPLVH
IRU� OLJKW� FRQYHUWLQJ� FRDWLQJV�� ODUJH�IUDPH
SODVPD� GLVSOD\V�� 89� SURWHFWLQJ� FRDWLQJV�
HWF�� 6XFK� PDWHULDOV� LQFOXGH�� LQ� SDUWLFXODU�
FDOFLXP� IOXRUDSDWLWH� �)$3�� &D���32���)�GRSHG�ZLWK�UDUH�HDUWK�HOHPHQWV��5(��VXFK�DV
1G����6P����(X����HWF��>�@��6LQFH�WKH�DSDWLWH
FU\VWDO� ODWWLFH� FRQWDLQV� WZR� QRQ�HTXLYDOHQW
SRVLWLRQV� RI� WKH� PHWDO� DWRPV� LQ� GLIIHUHQW
ORFDO� HQYLURQPHQW� V\PPHWU\�� WKH� FRQWURO�
ODEOH� UHSODFHPHQW� RI� 0H��� LRQV� �0H� �&D�
6U��%D�� LQ� WKH�PDWUL[� ZLWK�5(� LRQV� DW� WKH
JURZWK� VWHS� PDNHV� LW� SRVVLEOH� WR� UHJXODWH
WKH�VSHFWUDO�DQG� OXPLQHVFHQFH�SURSHUWLHV�RI
WKH�PDWHULDOV� >�@�� 7KH�5(� LRQV� FDQ� UHSODFH
WKH�FDOFLXP�RQH�LQ�WZR�QRQ�HTXLYDOHQW�FU\V�
WDOORJUDSKLF�SRVLWLRQV�RI�WKH�ODWWLFH��GHSHQG�
LQJ�RQ�WKH�JURZLQJ�PHWKRG�DQG�ORFDO�FKDUJH
FRPSHQVDWLRQ�>�@�

7UDGLWLRQDOO\�� WKH� DSDWLWH�OLNH� PDWHULDO
V\QWKHVLV� DUH� V\QWKHVL]HG� XVLQJ� WKH� VROLG�

SKDVH� DQG� K\GURWKHUPDO� PHWKRGV� DV� ZHOO� DV
YDULRXV� YDFXXP� VSXWWHULQJ� WHFKQLTXHV� >�Ü�@�
7KH� SRZGHUV�� LQFOXGLQJ� WKH� QDQRFU\VWDO
RQHV�� DV� ZHOO� DV� FRDWLQJV� ZLWK� D� SUH�VSHFL�
ILHG�SKDVH�FRPSRVLWLRQV��DUH�GLIILFXOW�WR�RE�
WDLQ� SURFHHGLQJ� IURP�PXOWLFRPSRQHQW� FRP�
SRXQGV�� EHFDXVH� WKH� V\QWKHVLV� FRQWURO� LQ� D
V\VWHP�FRQVLVWLQJ�RI�VHYHUDO�SUHFXUVRUV�LV�D
FRPSOLFDWHG� WDVN�� $PRQJ� DOWHUQDWLYH� DQG
SURPLVLQJ�ZD\V� WR� SRO\FU\VWDOOLQH� FRDWLQJV�
GLVSHUVH�VWUXFWXUHV�DQG�QDQRFU\VWDOV�RI�DSD�
WLWH�OLNH�PDWHULDOV��WKH�ORZ�WHPSHUDWXUH�SUH�
FLSLWDWLRQ� RI� SUHFXUVRU� VDOWV� IURP� VXSHU�
VDWXUDWHG� DTXHRXV� VROXWLRQV� LV� ZRUWK� WR
PHQWLRQ� >����@�� ,W� LV� NQRZQ� >�@� WKDW� LQWUR�
GXFWLRQ� RI� LPSXULW\� LRQV� LQWR� DQ� DTXHRXV
VROXWLRQ� PD\� UHVXOW� LQ� D� GHFUHDVHG� VXSHU�
VDWXUDWLRQ�UHODWLYH�WR�WKH�PDLQ�FU\VWDOOL]LQJ
SKDVH� DQG�� GXH� WR� LQKLELWLQJ� HIIHFW�� LQ� GH�
FUHDVHG� JURZWK� UDWH� DQG� FKDQJHG� JURZWK
PHFKDQLVP�DV�ZHOO�DV�LQ�FKDQJHG�SKDVH�FRP�
SRVLWLRQ� DQG� VWUXFWXUH� RI� WKH� JURZLQJ� PL�
FURFU\VWDOV�� 7KHUH� DUH� QXPHURXV� ZRUNV� >��
�����@� DLPHG� DW� VWXG\� RI� IRUPDWLRQ� DQG
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JURZWK� RI� DONDOL�HDUWK� KDORDSDWLWHV� �LQFOXG�
LQJ� WKRVH� GRSHG� ZLWK� YDULRXV� PHWDO� LRQV�
IURP� DTXHRXV� VROXWLRQV�� 1HYHUWKHOHVV�� WKH
JURZWK� RI� KDORDSDWLWHV� DFWLYDWHG� ZLWK� 5(
HOHPHQWV� DV� ZHOO� DV� RI� PL[HG� DSDWLWHV
0H,��±[0H,,[�32���)�� DQG�� LQ� SDUWLFXODU�� RI)$3��DUH�VFDUFHO\�VWXGLHG�WR�GDWH��7KH�SXU�
SRVH� RI� WKLV�ZRUN� LV� WR� VWXG\� WKH� HIIHFW� RI
WKH� JURZLQJ� FRQGLWLRQV� IURP� DTXHRXV� VROX�
WLRQV� �WHPSHUDWXUH�� S+�� GRSDQW� FRQFHQWUD�
WLRQ�� DQQHDOLQJ�� RQ� WKH� SKDVH� FRPSRVLWLRQ�
VWUXFWXUH�DQG�PRUSKRORJ\�RI�SRO\FU\VWDOOLQH
)$3��6P���

7KH� LQLWLDO� )$3� ZDV� SUHFLSLWDWHG� IURP
DTXHRXV� VROXWLRQV� E\� PL[LQJ� WRJHWKHU� LQ� D
JODVV� WKH�&D&O�� DQG�.+�32�� VROXWLRQV� FRQ�WDLQLQJ�.)�LQ�WKH�SUHVHQFH�RI�DFHWDWH�EXIIHU
XQGHU�FRQWUROOHG� WHPSHUDWXUH��7KH� WRWDO� VR�
OXWLRQ� YROXPH� ZDV� ���� P/�� 7KH� PL[WXUH
WHPSHUDWXUH�ZDV� �������� RU����&�� WKH� VROX�
WLRQ� S+� ZDV� DGMXVWHG� WR� ����� ����� RU� ����
7KH� )$3�� 6P��� ZDV� REWDLQHG� DW� S+� ����
DQG� 7� ����&�� 7KH� DFWLYDWLRQ� ZDV� GRQH� E\
LQWURGXFLQJ�VDPDULXP�FKORULGH��� WKH�DFWLYD�
WRU�FRQFHQWUDWLRQ�EHLQJ���DQG���DW�����7KH
SUHFLSLWDWHV� IRUPHG� ZHUH� ZDVKHG�� GULHG� DW
���&�DQG�DQQHDOHG�LQ�DLU�DW�����&�IRU����K�
7KH� SKDVH� FRPSRVLWLRQ� RI� WKH� VDPSOHV� ZDV
H[DPLQHG�E\�;5'��'521��� LQVWUXPHQW��)H
.D� HPLVVLRQ�� O� ���������c�� WKH� VFDQQLQJ
DQJOH� �T� UDQJH� ��� WR� ��� GHJ��� 7KH� FRDWLQJ
FU\VWDOOLQLW\� H[WHQW� �WKH� DYHUDJH� VL]H� RI
FU\VWDOOLQH� EORFNV�� ZDV� FDOFXODWHG� IURP� WKH
;5'� OLQH� KDOI�ZLGWK� XVLQJ� WKH� 6HO\DNRY�
6FKHUHU� HTXDWLRQ�� 7KH�PLFURVWUXFWXUH� FKDU�
DFWHULVWLFV� RI� WKH� V\QWKHVL]HG� VDPSOHV� ZHUH
VWXGLHG� XVLQJ� VFDQQLQJ� HOHFWURQ�PLFURVFRS\
�6(0�� �-(2/������� 7KH� HOHPHQWDO� FRPSRVL�
WLRQ� ZDV� GHWHUPLQHG� XVLQJ� D� SKRWRHOHFWURQ
VSHFWURPHWHU� .UDWRV� ;36����� DV� ZHOO� DV
;�UD\�IOXRUHVFHQFH��;5)��DQDO\VLV��7KH�OXPL�
QHVFHQFH� DQV� OXPLQHVFHQFH� H[FLWDWLRQ� VSHFWUD
ZHUH�UHFRUGHG�XVLQJ�DQ�DXWRPDWHG�6'/���VHW
�/202��6W�3HWHUVEXUJ���7KH�;5)�DQG�HOHPHQ�
WDO� DQDO\VLV� KDYH� VKRZQ� WKDW� WKH� UDWLRV� RI
PDLQ� FRPSRQHQWV� LQ� WKH� SRZGHUV� DPRXQW
&D�3� �����r����� DQG� &D�)� �����r�����
WKXV� FRUUHVSRQGLQJ� WR� )$3� VWRLFKLRPHWU\
�VHH�7DEOH�����7KH�SUHVHQFH�RI�FDUERQ�LV�GXH
WR�K\GURFDUERQV�DGVRUEHG�IURP�WKH�HQYLURQ�

PHQWDO�DLU��7KH� LPSXULWLHV� �1D��.�� LQ�D�WRWDO
DPRXQW�OHVV�WKDQ�����DUH�GXH�WR�WKH�SUHVHQFH
RI�WKRVH�FRPSRQHQWV�LQ�WKH�LQLWLDO�VROXWLRQV�

,Q� )LJ����� SUHVHQWHG� DUH� WKH� ;5'� GDWD
IRU� WKH� LQLWLDO�QRPLQDOO\�SXUH�)$3�DQG� IRU
)$3�6P��� �&6P��� ��� DW���� REWDLQHG� E\
SUHFLSLWDWLRQ�DW�S+� �����DQG�7� ����&��7KH
;5'� SDWWHUQV� FRQWDLQ� WKH� VHW� RI� PDLQ� UH�
IOHFWLRQV� FRUUHVSRQGLQJ� WR� WKH� )$3� FU\VWDO
ODWWLFH��1R�DPRUSKRXV�SKDVHV�DUH�IRXQG��,Q
WKH�DSDWLWH�FU\VWDO�ODWWLFH��&D���LRQ�RFFXSLHV
WZR� QRQ�HTXLYDOHQW� FU\VWDOORJUDSKLF� SRVL�
WLRQV��QDPHO\��&D�,�� RQH�ZLWK�&�� V\PPHWU\LV� VXUURXQGHG� E\� QLQH� R[\JHQ� DWRPV� ZKLOH
&D�,,��RQH�ZLWK�&V�V\PPHWU\�LV�FRRUGLQDWHGZLWK� VL[� R[\JHQ� DQG� RQH� IOXRULQH� DWRPV
>��@�� $V� WKH� KHWHURYDOHQW� 6P��� LRQV� HQWHU
WKH� )$3� VWUXFWXUH� �U�6P����� ������c�
U�&D���� ������c� >��@��� WKH� FKDUJH� FRPSHQ�
VDWLRQ�� DFFRUGLQJ� WR� WKH� *ROGVFKPLGW� UXOH

7DEOH����(OHPHQWDO�DQDO\VLV�UHVXOWV�IRU�SXUH�DQG�6P�GRSHG�)$3�

6DPSOH (OHPHQW���
&D 3 ) & 2 6P ,PSXULW\

)$3 ���� ���� ��� ���� ���� Ü �����
)$3�6P����&6P��� ����� ���� ���� ��� ���� ���� ����� �����

)LJ�����;5'�SDWWHUQV�RI�QRPLQDOO\�SXUH�)$3��D�
DQG� )$3�6P��� ��� DW���� �E�� SUHFLSLWDWHG� IURP
DTXHRXV�VROXWLRQV�DW�7� ����&�DQG�S+� �����
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DQG�WR�>�@��PD\�RFFXU�E\�ZD\�RI�PHFKDQLVP
�&D���o��6P����� �9&D±� �9&D±� EHLQJ� D� FDO�FLXP�YDFDQF\���7KH�YDFDQF\�PD\�EH�LQ�YDUL�
RXV� FU\VWDOORJUDSKLF� SRVLWLRQV� UHODWLYH� WR
6P���LRQ��'RSLQJ�RI�)$3�ZLWK�KHWHURYDOHQW
6P��� LRQV� �&6P��� ��� ��� �VHH� )LJ���E�� UH�
VXOWV� LQ� HQODUJHG� )$3� FU\VWDO� ODWWLFH� SD�
UDPHWHUV�� D� �������c�� F� �������c� �IRU
SXUH�FDOFLXP�IOXRUR�DSDWLWH��D� ��������c�
F� ��������c��)LJ���D�� >��@��)RU�)$3�GRSHG
ZLWK�&6P��� ������D� �������c��F� �������c�:KHQ�)$3�ZDV�GRSHG�ZLWK�3E���LRQV�KDYLQJ
LRQLF� UDGLXV� H[FHHGLQJ� FRQVLGHUDEO\� WKDW� RI
&D��� �U�3E���� ������c��� WKH� LQFUHDVH� RI
3E��� FRQFHQWUDWLRQ� IURP����� WR� �����KDV
UHVXOWHG� LQ� OLQHDU� FKDQJHV� RI� WKH� )$3
FU\VWDO� ODWWLFH�SDUDPHWHUV� IURP�D� �������c�
F� �������c� WR� D� �������c�� F� �������c�� UH�
VSHFWLYHO\�� 3URFHHGLQJ� IURP� WKH� EURDGHQLQJ
RI� ;�UD\� UHIOHFWLRQV� IRU� WKH� )$3� SRZGHUV�
WKH�FRKHUHQW�VFDWWHULQJ�ILHOG��WKH�FU\VWDOOLQH
EORFN�� VL]H� KDV� EHHQ� HVWLPDWHG�� )RU� WKH
QRPLQDOO\� SXUH� )$3� REWDLQHG� DW� S+� ����
DQG�7� ����&��WKH�VL]H�LV�/� ����QP��,QWUR�
GXFWLRQ� RI� VDPDULXP� LRQV� �&6P��� �����
�� DW���� UHVXOWV� LQ� DQ� LQVLJQLILFDQW�GLPLQX�
WLRQ�RI� WKH�QDQRFU\VWDOOLQH� EORFN� VL]H� GRZQ
WR����DQG����QP��UHVSHFWLYHO\�

:KHQ�VWXG\LQJ�WKH�WHPSHUDWXUH�HIIHFW�RQ
WKH�VDPSOH�SKDVH�FRPSRVLWLRQ��WKH�IROORZLQJ

UHJXODULWLHV� KDYH� EHHQ� UHYHDOHG�� 7KH� VROX�
WLRQ�WHPSHUDWXUH�ORZHULQJ�GRZQ�WR�7� ����&
DW�S+� ������)LJ���D��UHVXOWV�LQ�IRUPDWLRQ�RI
DGGLWLRQDO�&D)�� SKDVH� DQG� D� GLPLQXWLRQ� RIWKH�QDQRFU\VWDOOLQH�EORFN�VL]H� �IRU�WKH�VDP�
SOH� REWDLQHG��/� ����QP���(IIHFW� RI� WKH� VR�
OXWLRQ�S+�RQ� WKH� VDPSOH�SKDVH� FRPSRVLWLRQ
DW�D�FRQVWDQW�WHPSHUDWXUH�KDV�EHHQ�VWXGLHG�
WRR��$W� S+� ����� DQG�7� ����&�� WKH� VLQJOH�
SKDVH� )$3� ZLWK� WKH� FU\VWDO� EORFN� VL]H� RI
���QP�KDV�EHHQ�REWDLQHG��$V�S+�LV�UDLVHG�WR
�����WKH�GLVVRFLDWLRQ�H[WHQW�RI�+)�LQFUHDVHV
DQG��DV�D�UHVXOW��WKH�IOXRULQH�LRQ�FRQFHQWUD�
WLRQ�LQ�WKH�VROXWLRQ�ULVHV��0RUHRYHU��WKH�S+
LQFUHDVH� IDYRUV�D�KLJKHU� VXSHUVDWXUDWLRQ�RI
WKH� VROXWLRQ� LQ�&D)�� SKDVH�� WKXV� LQLWLDWLQJLWV� IRUPDWLRQ� �)LJ���E���$V� WKH� VROXWLRQ�S+
LQFUHDVHV��WKH�QDQRFU\VWDOOLQH�EORFNV�EHFRPH
GLPLQLVKHG� VRZQ� WR� /� ���� QP�� 7KH� ;5'
DQDO\VLV�GDWD�DUH�VXPPDUL]HG�LQ�7DEOH���

7KH� UHVXOWV� RI� )$3� DQG� IRU� )$3�6P��
�&6P��� ��� DW���� PRUSKRORJ\� DQDO\VLV
XVLQJ� 6(0� DUH� SUHVHQWHG� LQ� )LJ����� 7KH
FU\VWDOOLWHV� DUH� VHHQ� WR� IRUP� VSKHULFDO� FRQ�
JORPHUDWHV�RI���WR����PP�VL]H��)LJ���D���7KH
HOHFWURQ� PLFURVFRSLF� LPDJH� RI� D� 6P��

)LJ�����;5'�SDWWHUQV�RI�)$3�SUHFLSLWDWHG�DW
7� ����&��D��DQG�DW�S+� ������E��

)LJ�����(0�LPDJHV�RI�QRPLQDOO\�SXUH�)$3��D�
DQG�)$3�6P������DW�����E��
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���DW����GRSHG�)$3�VDPSOH� VKRZV� WKDW� WKH
LPSXULW\� HQWHULQJ� FDXVHV� FKDQJHV� LQ� WKH
FU\VWDOOLWH� VL]H� DQG� VKDSH�� 7KH� FU\VWDOOLWH
JURZ� LQ� D� GHQVHU� SODWH�OLNH� VKDSH� DQG� WKH
VL]H� WKHUH� RI� DWWDLQV� ��� PP�� 7KHVH� VKDSH
DQG�VL]H�FKDQJHV�FDQ�EH�VXSSRVHG�WR�EH�GXH
WR�WKH�LQKLELWLQJ�HIIHFW�RI�WKH�LPSXULW\�>�@�

7KH� VSHFWUDO� DQG� OXPLQHVFHQFH� PHDVXUH�
PHQWV�KDYH�VKRZQ�WKDW�XQDQQHDOHG�VDPSOHV
RI�ERWK�LQLWLDO�DQG�GRSHG�)$3�DUH�QRW�OXPL�
QHVFHQW� DW� URRP� WHPSHUDWXUH��$QQHDOLQJ� RI
WKH� VDPSOHV� LQ� DLU� DW� ����&� UHVXOWV� LQ� DS�
SHDUDQFH� RI� DQ� LQWHQVH� OXPLQHVFHQFH�� 7KH
OXPLQHVFHQFH� VSHFWUD� HYLGHQFH� WKDW� VDPDU�
LXP� LRQV� HQWHU� WKH� )$3� FU\VWDO� ODWWLFH� LQ
WKH� WULYDOHQW� VWDWH�6P��� �)LJ������7KH� OXPL�
QHVFHQFH�ZDV�H[FLWHG� LQ�WKH�EDQG�SHDNHG�DW
OH[�� ����� QP�� ,W� LV� VHHQ� �)LJ���D�� WKDW� LQWKH����Ü����QP�UDQJH��WKH�OXPLQHVFHQFH�H[�
FLWDWLRQ� VSHFWUXP� RI� )$3�6P��� FRQVLVWV� RI
WKUHH� JURXSV� RI� SRRUO\� UHVROYHG� EDQGV�� WKH
KLJKHVW� LQWHQVLW\� OLQHV� EHLQJ� MXVW� ����� ����
����� DQG� ���� QP� RQHV�� 6LPLODU� WR� WKH� OXPL�
QHVFHQFH� H[FLWDWLRQ� VSHFWUXP�� WKH� OXPLQHV�
FHQFH� VSHFWUXP� RI� )$3�6P��� FRQWDLQV� WKUHH
KLJKHVW� LQWHQVLW\� JURXSV� RI� OLQHV� SHDNHG� DW
����� ����� DQG� ���� QP�� $FFRUGLQJ� WR� >��@�
WKRVH�JURXSV�RI�OLQHV�DUH�GXH�WR�LQWUD�FRQILJX�
UDWLRQ�HOHFWURQ�WUDQVLWLRQV�IURP�WKH�ORZHU�H[�
FLWHG� OHYHO� �*���� �PHWDVWDEOH� VWDWH�� WR� WKHJURXQG�PXOWLSOHW�OHYHOV��+������+������+����7KXV�� RXU� LQYHVWLJDWLRQ� KDV� VKRZQ� WKDW
VLQJOH�SKDVH� SRO\FU\VWDOOLQH� )$3� DQG
)$3�6P��� FDQ� EH� REWDLQHG� XVLQJ� SUHFLSLWD�
WLRQ� IURP� DTXHRXV� VROXWLRQV�� 7KH� RSWLPXP
SUHFLSLWDWLRQ� FRQGLWLRQV� DUH� S+� ����� DW
7� ����&� DV� ZHOO� DV� S+� ����� DW� 7� ����&�
7KH�FU\VWDOOLWHV�RI�WKH�VDPSOHV�VWXGLHG�FRQ�
VLVW� RI� QDQRFU\VWDOOLQH� EORFNV� RI� ��Ü��� QP
VL]H�� 7KH� WHPSHUDWXUH� ORZHULQJ� GRZQ� WR
���&�UHVXOWV�LQ�IRUPDWLRQ�RI�DGGLWLRQDO�&D)�SKDVH� DQG� D� GLPLQXWLRQ� RI� WKH� EORFN� VL]H�
,QFUHDVHG�S+�FDXVHV�IRUPDWLRQ�RI�WZR�SKDVH
)$3�&D)�� V\VWHP� DQG� WKH� EORFN� VL]H� GLPL�QXWLRQ�� ,Q� WKH� FDVH� RI� S+� LQFUHDVH�� WKH
DPRXQW�RI�&D)��LV�ODUJHU�WKDQ�LQ�WKH�VDPSOH

REWDLQHG� DW� ORZ� WHPSHUDWXUH�� WKDW� LV� HYL�
GHQFHG�E\� LQFUHDVHG� LQWHQVLW\� RI�&D)�� OLQHVDV� FRPSDUHG� WR� WKDW� RI� IOXRUDSDWLWH� OLQHV�
7KH�SUHVHQFH�RI�VDPDULXP�KDV�EHHQ�FRQILUPHG
E\�;�UD\� IOXRUHVFHQFH� DQG� HOHPHQWDO� DQDO\VLV�
6DPDULXP�KDV�EHHQ�IRXQG�WR�HQWHU�WKH�FDOFLXP
IOXRUDSDWLWH� FU\VWDO� ODWWLFH� DV� D� VXEVWLWXWLRQ
LPSXULW\�DQG�GRHV�QRW�LQLWLDWH�WKH�IRUPDWLRQ�RI
DQ\�DGGLWLRQDO�SKDVHV��7KH�DV�SUHSDUHG�VDPSOHV
KDYH� EHHQ� IRXQG� WR� EH� QRW� OXPLQHVFHQW�� 7KH
DQQHDOHG� VDPSOHV� VKRZ�D� OXPLQHVFHQFH� LGHQWL�
ILHG�DV�WKDW�RI�WULYDOHQW�VDPDULXP�

$XWKRUV� DUH� WKDQNIXO� WR� =�,�.ROXSD\HYD
DQG�6�9�'XNDURY�ZKR�DVVLVWHG�LQ�GHWHUPLQD�
WLRQ�RI�WKH�SKDVH�FRPSRVLWLRQ�DQG�VWUXFWXUH
RI�WKH�VDPSOHV�XQGHU�VWXG\�

)LJ�����/XPLQHVFHQFH�H[FLWDWLRQ��OOXP�� �����QP�
�D�� DQG� OXPLQHVFHQFH� �OH[�� ����� QP�� �E�� RI)$3�6P������DW����FU\VWDOV�

7DEOH����6XPPDU\�RI�;�UD\�SKDVH�DQDO\VLV�IRU�H[SHULPHQWDO�VDPSOHV�
6DPSOH S+ 7���& /�)$3���QP /�&D)����QP )$3�ODWWLFH�SDUDPHWHUV�
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