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���,QWURGXFWLRQ
/XPLQHVFHQW�QDQRPDWHULDOV�DUH�EHFRPLQJ

LQFUHDVLQJO\�LPSRUWDQW� LQ�HQJLQHHULQJ��HOHF�
WURQLFV�� ELRORJ\� DQG�PHGLFLQH� >�Ü�@�� ,W� KDV
EHHQ� VKRZQ� XVLQJ� QXPHURXV� SK\VLFDO�
FKHPLFDO��DQG�ELRORJLFDO�REMHFWV�DV�H[DPSOHV
WKDW� WKH� WUDQVLWLRQ� IURP� PDFUR�REMHFWV� WR
SDUWLFOHV�RI��Ü���QP�VL]H�UHVXOWV�LQ�TXDOLWD�
WLYH� FKDQJHV� RI� SK\VLFRFKHPLFDO� SURSHUWLHV
RI� FHUWDLQ� FRPSRXQGV� DQG� V\VWHPV�REWDLQHG
XVLQJ� WKHVH� FRPSRXQGV�� 7KH� SURSHUWLHV� RI
QDQRVL]HG� FU\VWDOV� GHSHQG� HVVHQWLDOO\� RQ
TXDQWLW\� RI� DWRPV� RQ� WKH� VXUIDFH�� ORFDOL]HG
HOHFWURQLF� VWDWH� DQG� PD\� SURYLGH� QHZ� IHD�
WXUHV�FRPSDUHG�WR�EXON�SKDVH�>�Ü�@��

,QYHVWLJDWLRQ�RI�QDQRVL]HG�HIIHFWV�SOD\V�D
VLJQLILFDQW� SDUW� LQ� PDQXIDFWXULQJ� RI� QHZ
PDWHULDOV� ZLWK� XQLTXH� SURSHUWLHV�� ,W� LV
NQRZQ� WKDW� SK\VLFDO�� FKHPLFDO� DQG� ELRORJL�
FDO�SURSHUWLHV�RI�D�QDQRPDWHULDO�GHSHQG�WR�D

ODUJH�H[WHQW�RQ� LWV� VL]H��VKDSH��DQG�VXUIDFH
VXUURXQGLQJ� RI� QDQRSDUWLFOHV�� 1RZDGD\V�
WKH� PRVW� DFWXDO� LVVXH� LV� WKH� LQIOXHQFH� RI
LQRUJDQLF� QDQRSDUWLFOHV� RQ� ELRORJLFDO� RE�
MHFWV��WKH�F\WRWR[LFLW\�WKHUHRI��DQG�SRVVLELO�
LW\�RI�WDUJHWHG�GHOLYHU\�WR�FHUWDLQ�ELRORJLFDO
VWUXFWXUHV��7KH�OXPLQHVFHQW�SUREHV�EDVHG�RQ
RUWKRYDQDGDWHV� GRSHG� E\� 5DUH�(DUWK� HOH�
PHQWV�DUH�DPRQJ�WKH�PRVW�SURVSHFWLYH�PDWH�
ULDOV�IRU�LQYHVWLJDWLRQ�RI�LQRUJDQLF�QDQRPD�
WHULDO� LQWHUDFWLRQ� ZLWK� ELRORJLFDO� REMHFWV�
1XPHURXV� UHVHDUFK� ZRUNV� DUH� GHGLFDWHG� WR
V\QWKHVLV� PHWKRGV� DQG� VWXG\LQJ� RI� SURSHU�
WLHV�RI�UDUH�HDUWK�GRSHG�YDQDGDWHV�RI�<��*G�
DQG�/D�QDQRPDWHULDOV�>�Ü��@��

7KHUH� DUH� TXLWH�PDQ\� V\QWKHVLV�PHWKRGV
IRU� VXFK� FRPSRXQGV�� IRU� H[DPSOH�� VROLG�
SKDVH�>�@��ZHW�XOWUDVRQLF�>�@��VRO�JHO�>�@�DQG
ZHW�FKHPLFDO�PHWKRGV�LQ�GLIIHUHQW�V\QWKHVLV
FRQGLWLRQV�>�Ü��@��8VLQJ�WKH�GLIIHUHQW�PHWK�
RGV�� LW� LV� SRVVLEOH� WR� REWDLQ� D�JUHDW�YDULHW\
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RI�QDQRSDUWLFOH�VWUXFWXUDO�DQG�JHRPHWULF�SD�
UDPHWHUV�� ,Q�PDQ\� RFFDVLRQV�� DTXHRXV� VROX�
WLRQV� FRQWDLQ� SDUWLFOHV� LQ� WKH� DJJUHJDWH
IRUP��7R[LF�LPSXULWLHV�DQG�VXUIDFWDQWV�PD\
EH�SUHVHQW�LQ�VROXWLRQV�

%HIRUH�� ZH� KDYH� UHSRUWHG� D� V\QWKHVLV
PHWKRG�DQG�SURSHUWLHV�RI�UDUH�HDUWK�HOHPHQWV
RUWKRYDQDGDWHV� DTXHRXV� FROORLGDO� VROXWLRQV
>������@�� 7KH� V\QWKHVLV� PHWKRG� VSKHULFDO
SDUWLFOHV� RI� GLIIHUHQW� VL]H� DQG� FROORLGDO
SURSHUWLHV� WKHUHRI� ZHUH� GHVFULEHG� LQ� WKHVH
ZRUNV��,Q�WKLV�ZRUN��ZH�UHSRUW�WKH�V\QWKHVLV
PHWKRG� IRU� DTXHRXV� FROORLGDO� VROXWLRQV� FRQ�
WDLQLQJ� VSLQGOH�OLNH� DQG� URG�OLNH� VKDSHG
QDQRFU\VWDOV��7UDQVSDUHQW�DTXHRXV�VROXWLRQV
RI� 5H92��(X��� �5H� �/D�� *G�� <�� QDQROXPL�QRSKRUHV� SRVVHVV� EULJKW� OXPLQHVFHQFH� DQG
GR�QRW�FRQWDLQ�LPSXULWLHV�ZKLFK�FRXOG�FDXVH
VLGH�HIIHFWV�LQ�ELRORJLFDO�H[SHULPHQWV�

���([SHULPHQWDO
/DQWKDQLGH� FKORULGHV� ����� ��� VRGLXP

HWK\OHQHGLDPLQHWHWUDDFHWDWH� �('7$��1D�
����� ��� DQG� DQK\GURXV� VRGLXP� PHWD�
YDQDGDWH� ��� �� ZHUH� SXUFKDVHG� IURP� WKH
�$FURV� RUJDQLFV�� &RPSDQ\� DQG� ZHUH� DOO
XVHG� ZLWKRXW� IXUWKHU� SXULILFDWLRQ�� 1D�92�VROXWLRQ� ZLWK� S+� YDOXH� RI� ���ZDV� REWDLQHG
E\� DGGLQJ� VROXWLRQ� 1D2+� ��� PRO�/�� WR
1D92��DTXHRXV�VROXWLRQ���6ROXWLRQV� RI� VSLQGOH�� DQG� URG�OLNH
QDQRFU\VWDOV�ZHUH�REWDLQHG�DV�IROORZV�

7R����P/�RI�UDUH�HDUWK�HOHPHQW�FKORULGHV
DTXHRXV� VROXWLRQV� ������ PRO�/�� ����� P/
('7$��1D�VROXWLRQ�������PRO�/��ZDV�DGGHG�
7R� REWDLQHG� VROXWLRQ�� ����� P/� 1D�92�������PRO�/��ZDV�DGGHG�GURSZLVH��7KH�PL[�
WXUH� ZDV� LQWHQVLYHO\� VWLUUHG� XVLQJ� D� PDJ�
QHWLF� VWLUUHU�� 7KH� \HOORZLVK� VROXWLRQ� RE�
WDLQHG� DIWHU� VWLUULQJ� IRU� ���PLQ� KDG� D� S+
YDOXH� RI� DERXW� ����Ü������ $IWHU� VWLUULQJ�
WKH�VROXWLRQ�ZDV�SODFHG�LQWR�D�URXQG�ERWWRP
IODVN� DQG� UHIOX[HG� IRU� ��� K�� $V� D� UHVXOW�
WUDQVSDUHQW� FRORUOHVV� VROXWLRQV� ZLWK� D� S+
YDOXH�RI�DERXW����Ü����ZHUH�REWDLQHG��XQGHU
VLGH� LOOXPLQDWLRQ� 7\QGDOO� FRQH� ZDV� RE�
VHUYHG�� )RUPXOD� RI� QDQRSDUWLFOHV� LV
5H���(X���92��� ZKHUH� 5H� �<� DQG� *G� IRUVSLQGOH�OLNH�SDUWLFOHV�DQG�/D�IRU�QDQRURGV���

)LQDOO\��WKH�VROXWLRQ�ZDV�GLDO\]HG�DJDLQVW
ZDWHU�WR�UHPRYH�WKH�H[FHVV�LRQV��$�GLDO\VLV
PHPEUDQH� WXELQJ� ZLWK� D� PROHFXODU� ZHLJKW
FXWRII� RI� ��� ���� 'D� �SRUH� VL]H� RI� DERXW
���� QP�� ZDV� XVHG�� DQG� WKH� ZDWHU� ZDV� UH�
QHZHG� HDFK� �� K� �WKH� ZDWHU�FROORLG� YROXPH
UDWLR� LV� ����� &RQWURO� RI� GLDO\]HG� VROXWLRQ
SXULILFDWLRQ� IURP� HOHFWURO\WHV� LPSXULWLHV
ZDV� FDUULHG� RXW� E\� GHWHUPLQLQJ� WKH� GLD�
O\]DWH� HOHFWURFRQGXFWLYLW\�� 7KH� VROXWLRQ

DIWHU� GLDO\VLV� IRU� ��� K� KDG� D� S+� YDOXH� RI
DERXW����Ü�����2SWLPDO�V\QWKHVLV�FRQGLWLRQV
ZHUH�IRXQG�H[SHULPHQWDOO\�

1DQRFU\VWDOOLQH� SRZGHUV� ZHUH� REWDLQHG
E\� UHPRYLQJ� WKH� ZDWHU� IURP� WKH� FROORLGDO
VROXWLRQ�ZLWK�D�URWDU\�HYDSRUDWRU��EDWK�WHP�
SHUDWXUH����&��DQG�GU\LQJ�RI�VROLG�SKDVH�DW
����&�IRU����K��

89�YLV�DEVRUSWLRQ�VSHFWUD�RI�WKH�FROORLGDO
VROXWLRQV� ZHUH� PHDVXUHG� ZLWK� D� 63(&25'
���� VSHFWURPHWHU� ��$QDO\WLN� -HQD���� 3KR�
WROXPLQHVFHQFH� VSHFWUD� RI� VDPSOHV� LQ� VROX�
WLRQV� DQG� GULHG� SUHFLSLWDWHV� ZHUH� UHFRUGHG
XVLQJ�DQ�0'5����PRQRFKURPDWRU�ZLWK�FRQ�
WURO� DQG� LQIRUPDWLRQ�� JDWKHULQJ� V\VWHP� LQ
&$0$&� VWDQGDUG� DW� URRP� WHPSHUDWXUH
XQGHU� H[FLWDWLRQ� E\� KHOLXP�FDGPLXP� ODVHU�
O� �����QP��

7UDQVPLVVLRQ�HOHFWURQ�PLFURJUDSKV�RI�WKH
SDUWLFOHV� ZHUH� WDNHQ� XVLQJ� 7(0����.
��6(/0,���HOHFWURQ�PLFURVFRSH��6DPSOHV�IRU
PLFURVFRS\�ZHUH�DSSOLHG�RQ�VXEVWUDWHV�ZLWK
FDUERQ�ILOP�YLD�GLSSLQJ�DQG�GU\LQJ�RI�GLOXWH
VROXWLRQ�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH� YDULDWLRQ� RI� V\QWKHVLV� FRQGLWLRQV�Û

WHPSHUDWXUH�� V\QWKHVLV� GXUDWLRQ�� S+� YDOXH�
('7$�5H� UDWLR�� SUHVHQFH� RI� GHWHUJHQWV� Û
HIIHFW�FRQVLGHUDEO\�WKH�VKDSH�DQG�VL]H���Ë¯
FROORLGDO�SDUWLFOHV�>��Ü��@��,Q�WKLV�ZRUN��WKH
V\QWKHVLV� PHWKRG� IRU� WKH� QDQRFU\VWDOV� RI
GLIIHUHQW� VKDSH� XQGHU� LGHQWLFDO� V\QWKHVLV
FRQGLWLRQV� LV� GLVFXVVHG�� )LJ���� VKRZV� VRPH
RI� WKH� 7(0� LPDJHV� DQG� UHVSHFWLYH� SDUWLFOH
VL]H� KLVWRJUDPV�� 7KHVH� KLVWRJUDPV� ZHUH
EXLOW� XVLQJ� DVSHFW� UDWLRV� YDOXHV� RI� VROLG
SKDVH� LQ� DTXHRXV� VROXWLRQV� RI� VSLQGOH�OLNH
DQG�URG�OLNH�VKDSHG�SDUWLFOHV�

7KH� VSLQGOH�OLNH� QDQRFU\VWDOV� �)LJ���D�
DUH�IRUPHG�DW�WKH�V\QWKHVLV�RI�<92��(X���RU*G92��(X��� DQG� KDYH� DQ� DYHUDJH� VL]H� RI��u���� QP� �DVSHFW� UDWLRV� RI� ��� QP�� VWDQG�
DUG� GHYLDWLRQ� LV� ���� QP��� 7KH� URG�OLNH
QDQRFU\VWDOV� �)LJ���E�� ZLWK� DQ� DYHUDJH� VL]H
RI� ��u���� QP� �DVSHFW� UDWLRV� RI� ����� QP�
VWDQGDUG�GHYLDWLRQ�LV�����QP��DUH�IRUPHG�DW
WKH� V\QWKHVLV� RI� /D92��(X���� 2EYLRXVO\�VXFK� D� GLIIHUHQFH� LQ� WKH� QDQRFU\VWDO� VKDSH
LV� DVVRFLDWHG� ZLWK� YDULRXV� W\SH� RI� FU\VWDO
ODWWLFHV�� 7KH� PRUSKRORJ\� DQG� VKDSH� RI
QDQRFU\VWDOV� FDQ� EH� GHILQHG� E\� VWUXFWXUH
FKDUDFWHULVWLFV� RI� WKH� FU\VWDO� >��Ü��@�� 7KH
RUWKRYDQDGDWH� FU\VWDOOL]HV� LQ� WZR� W\SHV�
QDPHO\�� WHWUDJRQDO� ]LUFRQ� W\SH� DQG� PRQR�
FOLQLF� PRQD]LWH� W\SH� >��Ü��@�� $FFRUGLQJ� WR
WKH� OLWHUDU\� GDWD� >��@�� <� DQG� *G� RU�
WKRYDQDGDWHV� UHYHDO� WHWUDJRQDO� FU\VWDO
VWUXFWXUHV� ZLWK� VLPLODU� ODWWLFH� SDUDPHWHUV�
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ZKHUHDV� /D92�� UHYHDOV� PRQRFOLQLF� VWUXF�WXUH��7KH� FU\VWDO� VWUXFWXUHV� DQG� ODWWLFH� SD�
UDPHWHUV� FDQ�GHWHUPLQH� WKH�ZD\�RI� FU\VWDO�
OLQH�VWUXFWXUH�IRUPDWLRQ��ZKLFK��LQ�WXUQ��DI�
IHFWV� WKH� QDQRFU\VWDO� VKDSH�� ,Q� RXU� FDVH�
XQGHU� WKH� VDPH� V\QWKHVLV� SDUDPHWHUV�
<92��(X���DQG�*G92��(X���QDQRFU\VWDOV�DUHFKDUDFWHUL]HG� E\� WKH� VDPH� VSLQGOH�OLNH
VKDSH�� ZKLOH� /D92��(X��� UHYHDOV� DQRWKHU�URG�OLNH� VKDSH�� ,W� LV� WR� QRWH� WKDW� WKH� YDUL�
DWLRQ�RI�VRPH�V\QWKHVLV�SDUDPHWHUV�RU�XVLQJ
FRPELQHG� SUHVHQFH� RI� <� DQG� *G� LQ� D� KRVW
ODWWLFH� FDQ� FDXVH� FKDQJLQJ� RI� QDQRSDUWLFOHV
VL]H��KRZHYHU��WKH�IRUP�IDFWRU�YDOXH��SDUWL�
FOH� OHQJWK�� WR�ZLGWK� UDWLR�� UHPDLQV� XQ�
FKDQJHDEOH�� QDPHO\� ���r���� IRU� VSLQGOH�OLNH
DQG� ��r���� IRU� URG�OLNH� RQH�� 1DQRSDUWLFOHV
RI� ZLGH� DQG� XQFRQWUROOHG� VKDSH� UDQJH� DQG
GLVSHUVH�FRPSRVLWLRQ�DUH�IRUPHG�XQGHU�FRP�
ELQHG�SUHVHQFH�RI�<�DQG�/D�RU�*G�DQG�/D�LQ
D�KRVW�ODWWLFH�

)LJ����VKRZV�WKH�89�YLV�DEVRUSWLRQ�VSHF�
WUD� RI� WKH� LQLWLDO� 1D�92�� DQG� DV�SUHSDUHG5H92��(X��� FROORLG� VROXWLRQV�� 7KH� EURDGEDQG�SHDNHG�DW�����QP�IRU�VSLQGOH�OLNH�DQG
����QP�IRU�URG�OLNH�QDQRSDUWLFOHV� LV�DWWULE�
XWHG� WR� D� FKDUJH� WUDQVIHU� IURP� WKH� R[\JHQ
OLJDQGV�WR�WKH�FHQWUDO�YDQDGLXP�DWRP�LQVLGH

WKH�92��±�LRQ��7KLV�EDQG�LV�DOPRVW�LGHQWLFDOWR�WKDW�REVHUYHG�LQ�IUHH�92��±�VROXWLRQV�IRUZKLFK� WKH� DEVRUSWLRQ�PD[LPXP� LV� ����QP�
)LJ���� VKRZV� WKDW� WKH� DEVRUSWLRQ� SHDN� VKLIWV
WR� D� ORZHU� HQHUJ\�ZLWK�JURZWK�RI�QDQRSDUWL�
FOHV� OLQHDU� VL]HV�� WKDW� LV� LQ� DFFRUGDQFH� ZLWK
WKH�GHVFULEHG�GDWD�IRU�VLPLODU�V\VWHPV�>�����@�

)LJ����� 89�YLV� DEVRUSWLRQ� VSHFWUD� RI�1D�92��WKLQ� OLQH��� VSLQGOH�OLNH�5H92��(X��� �5H� �*GRU� <�� QDQRSDUWLFOHV� �VROLG� OLQH�� DQG� URG�OLNH
/D92��(X���QDQRSDUWLFOHV��GRWWHG�OLQH���

)LJ����� 7(0� LPDJHV� RI�*G92��(X��� �D�� DQG� /D92��(X��� �E�� QDQRFU\VWDOV� DQG� UHVSHFWLYH� SDUWLFOHVDVSHFW�UDWLRV�KLVWRJUDPV��
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)LJV���D�� F� VKRZ� WKH� SKRWROXPLQHVFHQFH
�3/�� VSHFWUD� RI� VDPSOHV� LQ� VROXWLRQV�� )LJV�
�E��G�Û�RI�SUHFLSLWDWHV�GULHG�DW�����&��7KH
PRVW�LQWHQVH�OXPLQHVFHQFH�EDQGV�DUH�DVVRFL�
DWHG� ZLWK� WKH� WUDQVLWLRQV� IURP� WKH� H[FLWHG�'�� OHYHO� WR� �)�� ORFDWHG� LQ� WKH� UDQJH� RI���Ü����QP�FRUUHVSRQGLQJ�WR�WKH�UHG�HPLV�
VLRQ�� LQ� JRRG� DFFRUGDQFH� ZLWK� WKH� -XGG�
2IHOW� WKHRU\� >��@� DQG�ZLWK� UHVXOWV� REWDLQHG
E\� GLIIHUHQW� DXWKRUV� IRU� VLPLODU� V\VWHPV
>�Ü������@�� ,W� VKRXOG� EH� QRWHG� WKDW� H[FLWHG�'�� OHYHO�WR��)��DUH�VSOLW� LQWR�WZR�SHDNV�Û������ DQG� ������ QP� IRU� VSLQGOH�OLNH
QDQRSDUWLFOHV� �)LJ���D�� E�� DQG� ������ DQG
������QP�IRU�URG�OLNH��)LJ���F��G���,W�LV�VHHQ
IURP� WKH� HPLVVLRQ� VSHFWUD� �)LJ����� WKDW� WKH
SHDN� LQWHQVLW\� LQ�WKH�UDQJH�QHDU�����QP�LV
KLJKHU� WKDQ� DW� ���� QP� IRU� DTXHRXV� VROX�
WLRQV�� $IWHU� GU\LQJ� RI� VROLG� SKDVH�� WKH� LQ�
WHQVLW\� UHODWLRQ� RI� VSOLW� SHDNV� FKDQJHV��2E�
YLRXVO\� WKDW� LW� LV� FRQQHFWHG� ZLWK� WKH� GH�
FUHDVH�RI�GHIHFWV�QXPEHU�LQ�QDQRFU\VWDO�DQG
IRUPDWLRQ�RI�LWV�UHJXODU�VWUXFWXUHV�

7KH� DTXHRXV� VROXWLRQV� RI� URG�OLNH� DQG
VSLQGOH�OLNH� QDQRFU\VWDOOLQH� OXPLQRSKRUHV
FDQ�EH�VWRUHG�IRU�PRUH�WKDQ���PRQWKV�XQGHU
QRUPDO� FRQGLWLRQV�ZLWKRXW� ORVLQJ� DQ� DJJUH�
JDWH� VWDELOLW\�� &ROORLGDO� SURSHUWLHV��QDPHO\�
SDUWLFOH� FKDUJH� DQG� VROXWLRQ� DJJUHJDWH� VWD�
ELOLW\��DUH� VLPLODU�WR� WKRVH�GHVFULEHG�EHIRUH
IRU� VSKHULFDO� SDUWLFOHV� >��@�� 7KH� UROH� RI
('7$�LV�GRXEOH�LQ�WKLV�V\QWKHVLV��)LUVWO\��LW
OLPLWV� WKH� JURZWK� RI� WKH� QDQRSDUWLFOHV� YLD
LQWHUDFWLRQV�ZLWK�ODQWKDQLGH�LRQV��6HFRQGO\�
LW�HQVXUHV�WKH�VWDELOLW\�RI�WKH�FROORLGDO�VROX�
WLRQV� YLD� HOHFWURVWDWLF� UHSXOVLRQV� ZLWK
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