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$PRQJ� ,9Ü9,� JURXS� WUDQVLWLRQDO� PHWDO
GLERULGHV��LW�LV�MXVW�WLWDQLXP�GLERULGH��7L%��WKDW� SRVVHVVHV� WKH� KLJKHVW� ODWWLFH� VWLIIQHVV
>�@�DV�LV�LQGLFDWHG�E\�LWV�ERWK�KLJK�KDUGQHVV
DQG�PHOWLQJ� WHPSHUDWXUH��$GGLWLRQDOO\��GXH
LWV� ORZ�GHQVLW\�DQG�KLJK�FKHPLFDO� VWDELOLW\�
WLWDQLXP� GLERULGH� LV� DPRQJ� WKH� PRVW� SUR�
VSHFWLYH� PDWHULDOV� WR� PDQXIDFWXUH� ZRUN�
SLHFHV� ZLWK� KLJK� ZHDU� DQG� KHDW� VWDELOLW\�
1HYHUWKHOHVV�� VWURQJ� GLUHFWHG� FRYDOHQW
ERQGV�DQG�KLJK�VWLIIQHVV�OHYHO�FKDUDFWHULVWLF
RI� 7L%�� SKDVH� UHVXOW� LQ� ORZ� GXFWLOLW\� DQGSRRU� EHQGLQJ� DQG� WHQVLOH� VWUHQJWKV� ZKLFK
FRQVLGHUDEO\� UHVWULFWV� WKH� DSSOLFDWLRQ� DUHD

RI� WKH� FHUDPLFV�� 7KHUHIRUH�� SUHVHQWO\�� WKH
ZD\V� WR� FRPSRVLWH� PDWHULDOV� EDVHG� RQ� WLWD�
QLXP� GLERULGH� LQ� FRPELQDWLRQ� ZLWK� PRUH
GXFWLOH� PDWHULDOV� DV� WKH� ELQGHUV� DUH� EHLQJ
VHDUFKHG�� 2QH� RI� WKH� SURPLVLQJ� V\VWHPV� LV
WKH� TXDVL�ELQDU\� V\VWHP� 7L%�±:�%��� ZKLFKPD\� EH� GHVFULEHG� DV� D� FHUDPLF� FRPSRVLWH
ZLWK�:�%��SKDVH�DV�WKH��PRUH�GXFWLOH��FRP�SRQHQW�� $� VXEVWDQWLDO� LQFUHDVH� LQ� WKH
VWUHQJWK�� KDUGQHVV� DQG� FUDFNLQJ� UHVLVWDQFH
KDYH�EHHQ�IRXQG�IRU�KRW�SUHVVHG�7L±:±%�PD�
WHULDO� DV� FRPSDUHG� WR� VLQJOH�SKDVH� PDWHULDOV
Û�WLWDQLXP�ERULGH�DQG�WXQJVWHQ�ERULGH�>�Ü�@�
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7L%�±:�%�� LV� DQ� HXWHFWLF� W\SH� V\VWHPZLWK� ZLGH� VROXELOLW\� UDQJH� RQ� WKH� VLGH� RI
7L%���VROXELOLW\�OLPLW�RI�:�%��LQ�7L%��DWWDLQV���PRO�����ZKLOH��DFFRUGLQJ�WR�TXDVL�ELQDU\
HTXLOLEULXP�GLDJUDP��7L%�� LV� SUDFWLFDOO\� LQ�VROXEOH�LQ�:�%���7KLV�IDFW�RIIHUV�VRPH�SURV�SHFWV� IRU� VWUHQJWKHQLQJ� WKH� FHUDPLFV� XVLQJ
KHDW� WUHDWPHQWV� UHVXOWLQJ� LQ� GLVLQWHJUDWLRQ
RI� VXSHUVDWXUDWHG� VROLG� VROXWLRQV� REWDLQHG
GXH�WR�KLJK�WHPSHUDWXUH�TXHQFKLQJ�>�@�

$V� LW� ZDV� IRXQG� H[SHULPHQWDOO\�� WKH
WUDQVLWLRQ� PHWDO� QLWULGHV�� ERULGHV� DQG� FDU�
ELGHV� EHLQJ� LQ� ILOP� VWDWH� PD\� GHPRQVWUDWH
PHFKDQLFDO� SURSHUWLHV� PXFK� H[FHHGLQJ� WKH
FRUUHVSRQGLQJ� FKDUDFWHULVWLFV� RI� EXONV� GXH
WR� WKHLU� VWUXFWXUH� SHFXOLDULWLHV� >�Ü�@�� )RU
H[DPSOH�� 7L%�� ERULGH� FRDWLQJ� ZHDU� UHVLV�WDQFH�PD\�EH�RQH�GHFLPDO�RUGHU�KLJKHU�WKDQ
WKDW� RI� EXON� DQDORJV� >����@�� ,Q� WKLV� FRQQHF�
WLRQ�� DV� D� IXUWKHU� VWHS� WRZDUGV� LPSURYLQJ
WKH�PHFKDQLFDO�SURSHUWLHV�RI�ERULGH�PDWHUL�
DOV��WKH�SXUSRVH�RI�WKLV�ZRUN�LV�WR�VWXG\�WKH
VWUXFWXUH� LQIOXHQFH� RQ� PHFKDQLFDO� FKDUDF�
WHULVWLFV� RI� TXDVL�ELQDU\� 7L±:±%� V\VWHP
ERULGHV�LQ�ILOP�VWDWH��

7KH���WR�����PP�WKLFN�FRDWLQJV�ZHUH�RE�
WDLQHG� XVLQJ� D� WULRGH� VSXWWHULQJ� V\VWHP
>��@�� 7KH� SRWHQWLDO�8� ����� WR� �����9�ZDV
DSSOLHG� WR� WKH� WDUJHW�� 7KH� LRQ� FXUUHQW� YDU�
LHG� IURP����� WR�����Pk�� ,Q�WKH�ILUVW� FDVH�
WKH� FRQGHQVDWLRQ� UDWH� �Y�� ZDV� ����� QP�V�
ZKLOH� LQ� WKH� VHFRQG� FDVH�� ����� QP�V�� 7KH
WDUJHW�WR�VXEVWUDWH� GLVWDQFH� ZDV� ���� FP�
7KH�ZRUNLQJ�JDV�ZDV�SXUH�DUJRQ� ���������
7KH�ZRUNLQJ� JDV� SUHVVXUH� DW� WKH� FRQGHQVD�
WLRQ�GLG�QRW�H[FHHG�����3D��7R�SXULI\�DGGL�
WLRQDOO\� WKH� ZRUNLQJ� JDV�� WLWDQLXP� ZDV
VSXWWHUHG�QHDU�WKH�LQSXW�]RQH��7KH�SUHOLPL�
QDU\� LRQ� FOHDQLQJ� ZDV� FDUULHG� RXW� XVLQJ
QHJDWLYH�SRWHQWLDO�����9�DSSOLHG�WR�WKH�VXE�
VWUDWH��7KH�VXEVWUDWH�KHDWLQJ�ZLWK�WKH�FRDW�
LQJ�GLG�QRW�H[FHHG�����v��$V� WKH�VXEVWUDWH
PDWHULDOV��SROLVKHG�������VLOLFRQ�VLQJOH�FU\V�
WDO� RI� ���Ü���� PP� WKLFNQHVV�� ���Ü���� PP
WKLFN� JODVV� FHUDPLFV�� DQG� RYHU� �PP� WKLFN
WDQWDOXP�ZHUH� XVHG��7KH� WDUJHW�ZDV� D� KRW�
SUHVVHG�GLVN�RI����YRO��:%�Ü���YRO��7L%�RI�����PP�GLDPHWHU�DQG���PP�WKLFNQHVV��$
GLIIHUHQFH�EHWZHHQ�WULRGH�VSXWWHULQJ�PHWKRG
DQG� LRQ�SODVPD� PDJQHWURQ� VSXWWHULQJ
ZLGHO\� XVHG� WRGD\� FRQVLVWV� LQ� WKH� XQLIRUP�
LW\�RI�WDUJHW�VSXWWHULQJ�DQG�DEVHQFH�RI�DQ\
VXEVWDQWLDO� SODQDULW\� GLVWXUEDQFH� GXULQJ
VSXWWHULQJ�� 7KXV�� DW� WH[WXUH� IRUPDWLRQ� LQ
FRQGHQVHG�ILOPV��WKH�WH[WXUH�D[LV�>����@�LQ�
FOLQDWLRQ� DQJOH� WR� WKH� ILOP� QRUPDO� GLG� QRW
H[FHHG��������

7KH�SKDVH�FRPSRVLWLRQ�DQG�VWUXFWXUH�ZDV
DQDO\]HG�XVLQJ�D�'521���GLIIUDFWRPHWHU�LQ

1L�ILOWHUHG� UDGLDWLRQ� RI� &X� DQRGH�� DQG
'521��� LQ� 0Q�ILOWHUHG� UDGLDWLRQ� RI� )H
DQRGH� LQ� TÜ�T� JHRPHWU\� ZLWK� %UDJJ�%UHQ�
WDQR�IRFXVLQJ��5HJLVWUDWLRQ�ERWK�LQ�GLVFUHWH
DQG� FRQWLQXRXV� UHJLPHV� ZDV� DSSOLHG�� $W
FRQWLQXRXV�UHJLVWUDWLRQ�RQ�GLDJUDP�WDSH��LWV
PRWLRQ� YHORFLW\� ZDV� ��� PP�PLQ� DW� JR�
QLRPHWHU� DQJXODU� YHORFLW\� �� GHJ�PLQ�� $W
GLVFUHWH� UHJLVWUDWLRQ�� D� VFDQ� VWHS� ZDV
'��T�� ������WR�������ZLWK�H[SRVXUH�WLPH�RI
��� WR�����V�SHU�SRLQW��7KH�FRQGHQVDWH�GHQ�
VLW\�ZDV�GHWHUPLQHG�XVLQJ�;�UD\�UHIOHFWLYLW\
PHWKRG� ZLWK� LQFLGHQW� DQJOHV� QHDU� WRWDO� UH�
IOHFWLRQ� DQJOH� >��@�� 7KH� HOHPHQWDO� FRPSRVL�
WLRQ�ZDV�DQDO\]HG�XVLQJ�D�5,%(5�/$6�����
$XJHU� VSHFWURPHWHU� LQ� PLFUR�SURILOLQJ� DQG
VFDQQLQJ� PLFURSUREH� VSHFWURPHWU\� PRGHV�
7R� UHPRYH� DGVRUEHG� LPSXULWLHV� IURP� WKH
VDPSOH�VXUIDFH�DV�ZHOO�DV�GXULQJ�PLFUR�SUR�
ILOLQJ��$U�� LRQ�HWFKLQJ�DW���NH9�HQHUJ\�ZDV
XVHG��7KH�HWFK�VSRW�GLDPHWHU�ZDV���PP��WKH
HWFKLQJ�UDWH���QP�V��$OO� WKH�PHDVXUHPHQWV
ZHUH�FDUULHG�RXW� LQ�DQDO\WLF�FKDPEHU�XQGHU
��Ü�Ü��Ü�� 3D� YDFXXP� XVLQJ� D� VWDQGDUG
WHFKQLTXH�� 7KH� KDUGQHVV� �+�� DQG� HODVWLF

)LJ�����(OHPHQWDO� DWRPLF�FRQFHQWUDWLRQ� �&�
LQ� WKH� ILOP� ZLWK� �D�� FXELF� SKDVH� �:�7L�%
�Y� ������QP�V��8� ������9���DQG��E��KH[DJR�
QDO� SKDVH� �:�7L�%�� � �Y� ������ QP�V�� 8� ����� 9�� YV�� WKH� HWFKHG� VXUIDFH� OD\HU� WKLFN�
QHVV��K���$WRPLF�GLVWULEXWLRQV�����:�����%����
&�����7L�����2�����1�
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PRGXOXV� �(��ZHUH�PHDVXUHG�XVLQJ�1DQR� ,Q�
GHQWHU� ,,� 076� 6\VWHP� ZLWK� GLDPRQG� LQ�
GHQWHU� LQ� WKH� VKDSHG� DV� D� WKUHH�IDFH� S\UD�
PLG� ZLWK� DSH[� DQJOH� ������ �%HUNRYLFK� LQ�
GHQWHU���)RU�PHFKDQLFDO�H[DPLQDWLRQ�RI�WKLQ
ILOPV�� KLJKO\� ORFDO� PHWKRGV� DUH� UHTXLUHG�
IRU� H[DPSOH�� PLFUR�KDUGQHVV� WHVWV�� 7R� H[�
FOXGH�WKH�VXEVWUDWH�HIIHFW�RQ�WHVWLQJ�UHVXOWV�
LW� LV� QHFHVVDU\� WKDW� LQGHQWLRQ� GHSWK� ZRXOG
DW� OHDVW� WHQ� WLPHV� OHVV� WKDQ� ILOP� WKLFNQHVV�
6XFK� LQYHVWLJDWLRQV� EHFRPH� SRVVLEOH� XVLQJ
QDQR�LQGHQWDWLRQ� PHWKRG�� ZLWK� KDUGQHVV
EHLQJ� GHWHUPLQHG� E\� LQGHQWLRQ� GHSWK� DQG
HODVWLF� PRGXOXV� EHLQJ� FDOFXODWHG� IURP� WKH
LQGHQWHU�ORDGLQJ�XQORDGLQJ�FXUYHV�>��@�

7KH� ILOP� SKDVH� FRPSRVLWLRQ� DQDO\VLV� KDV
VKRZQ�WKDW��H[FHSW�IRU�VXSHUVDWXUDWHG�VROLG
VROXWLRQ� �7L�:�%�� �KH[DJRQDO� $O%�� FU\VWDOODWWLFH��VSDFH�JURXS�3��PPP��FKDUDFWHULVWLF
RI� LRQ�SODVPD� TXDVL�ELQDU\� 7L%�Ü:�%�� FRQ�GHQVDWHV� >��@��DW� ORZ�FXUUHQW� �����P$��DQG
FRQGHQVDWLRQ�UDWH� ������QP�V��� WKH�FRDWLQJV
FRQWDLQLQJ� �7L�:�%� SKDVH� ZLWK� 1D&O� W\SH
FXELF� FU\VWDO� ODWWLFH� DUH� IRUPHG��0RUHRYHU�
WKH� FRDWLQJV�ZHUH� DOPRVW� VLQJOH�SKDVH� �L�H��
WKHUH� ZHUH� QRQH� RI� OLQHV� LQ� WKH� GLIIUDFWLRQ
SDWWHUQV�� H[FHSW� IRU�GLIIUDFWLRQ� OLQHV� ������
����������������������������DQG�VR�RQ�FKDUDF�
WHULVWLF�RI�WKH�1D&O�W\SH�FXELF�ODWWLFH���&RP�
SDUDWLYH�DQDO\VLV�RI�GLIIUDFWLRQ�SDWWHUQV�KDV
VKRZQ� WKDW� ZLWK� LQFUHDVLQJ� VSXWWHULQJ� SR�
WHQWLDO�� WKH� FRDWLQJ� FU\VWDOOLWH� RULHQWDWLRQ
FKDQJHG�IURP�SHUSHQGLFXODU�WR�JURZWK�SODQH
SUHIHUHQWLDO� GLUHFWLRQ� >���@� WR� >���@� RQH�
0RUHRYHU��DV�LQFUHDVHV�8�IURP���WR�����N9�

WKH�GLIIUDFWLRQ�OLQHV�VKLIW�WRZDUGV�H[WHQGHG
DQJOHV� FRUUHVSRQGLQJ� WR� ODWWLFH� SDUDPHWHU
GHFUHDVH� IURP� ������ WR� ������� QP�� ;�UD\
WHQVRPHWULF�PHDVXUHPHQWV� KDYH� VKRZQ� >��@
WKDW� LQ� �:�7L�%� FRDWLQJV� ZLWK� FXELF� FU\VWDO
ODWWLFH�� WHQVLOH�PDFUR�VWUDLQ�RI�DERXW�����WR
����DSSHDUV�

6WXG\LQJ� WKH� HOHPHQWDO� FRPSRVLWLRQ
GHSWK� GLVWULEXWLRQ� DFURVV� WKH� FRDWLQJV�ZLWK
FXELF� FU\VWDO� ODWWLFH�� WKH� PDLQ� FRQVWLWXHQW
UDWLR� �WXQJVWHQ�� WLWDQLXP� DQG� ERURQ�� ZDV
IRXQG�WR�YDU\�DV�FRPSDUHG�WR�WKH�SUH�FDOFX�
ODWHG� YDOXH� �LQ� WKH� WDUJHW�� PHWDO�WR�ERURQ
UDWLR� LV� ���� DFFRUGLQJ� WR� WKH� FRPSRVLWLRQ��
)LJ���D�� ,Q� WKH� FRDWLQJ�� D� UHODWLYH� GHFUHDVH
RI� ERURQ� DWRPLF� FRQFHQWUDWLRQ� LV� REVHUYHG�
WKH� PRVW� LQWHQVH� DW� WKH� LQLWLDO� GHSRVLWLRQ
VWDJHV��L�H��LQ�WKH�GHSHU�OD\HUV�RI�WKH�ILOP��
,Q� WKLV� FDVH�� WKH� PHWDO�ERURQ� DWRPLF� UDWLR
EHFDPH� FORVH� WR� D� XQLW\�� 7KH� UHODWLYH� GH�
FUHDVH� RI� ERURQ�DWRPLF� DPRXQW� LQ� WKH� FRDW�
LQJ�FRUUHODWHV�ZLWK�LQFUHDVH�RI�GLVVROYHG�FDUERQ
LPSXULW\�FRQFHQWUDWLRQ��)LJ���D��FXUYHV�������

$V� WKH� FRQGHQVDWLRQ� UDWH� LQFUHDVHV� WR
����� QP�V�� WKH� VXSHUVDWXUDWHG� VROLG� VROX�
WLRQ� �:�7L�%��ZLWK� KH[DJRQDO� FU\VWDO� ODWWLFHLV� REVHUYHG� WR� EH� IRUPHG� LQ� WKH� ILOPV�� 7KH
FRPSDULVRQ�RI�WKH�UHVXOWV�IRU�GLIIHUHQW�VSXW�
WHULQJ�HQHUJLHV�KDV�VKRZQ�WKDW�WKH�VSXWWHU�
LQJ� SRWHQWLDO� LQFUHDVH� IURP� ���� WR� ���� N9
UHVXOWV� LQ� WH[WXUH� GHYHORSPHQW� ZLWK� WKH
SUHIHUHQWLDO� RULHQWDWLRQ� D[LV� >����@� SHUSHQ�
GLFXODU�WR�WKH�JURZLQJ�ILOP�VXUIDFH�

7KH�H[SDQVLRQ�RI�H[SHULPHQWDO�GLIIUDFWLRQ
SURILOHV� REWDLQHG� LQ� WKH� DQJXODU� UDQJH� �T� 
��������� LQWR� WKH� FRQVWLWXHQW� OLQHV� XVLQJ
&DXFK\� DSSUR[LPDWLRQ� IXQFWLRQ� �����D�[��Ü��D��Û�SDUDPHWULF�FRHIILFLHQW��VKRZHG�D��KDOR�ZLWK�PD[LPXP�FRUUHVSRQGLQJ�WR�G� �������QP
IRU� VDPSOHV� SUHSDUHG� DW�8� ����� WR� ���� N9
�LQ�)LJ�����WKH�GLIIUDFWLRQ�OLQH�SRUWLRQ�FRUUH�

)LJ����� 'LIIUDFWLRQ� SDWWHUQ� IUDJPHQWV� IRU
ILOP�VDPSOHV�REWDLQHG�E\�WULRGH�VSXWWHULQJ�DW
GLIIHUHQW� VSXWWHU� YROWDJHV� �N9������ ����������
����������������&X±.D�UDGLDWLRQ��

)LJ����� 6WUXFWXUH�SHUIHFWLRQ�GHILQHG�E\�URFN�
LQJ�FXUYH�):+0��Z��YV��VSXWWHU�SRWHQWLDO��8�
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VSRQGLQJ� WR� FOXVWHU� FRPSRQHQW� LV� VKRZQ�E\
D�GDVKHG� OLQH��DQG� LWV�PD[LPXP�SRVLWLRQ�LV
LQGLFDWHG� E\� DQ� DUURZ��� :LWK� LQFUHDVLQJ
VSXWWHU�HQHUJ\��WKH�IUDFWLRQ�RI�FOXVWHU�FRP�
SRQHQW� LQ� WKH�ZKROH� FRQGHQVDWH�YROXPH�GH�
FUHDVHV� DQG� UHVXOWV� LQ� ORZHUHG� LQWHQVLW\� RI
FKDUDFWHULVWLF� �KDOR�� �)LJ����� FXUYHV� �Ü���
6LPXOWDQHRXVO\�ZLWK�GHFUHDVLQJ�LQWHQVLW\�RI
GLIIUDFWLRQ� OLQHV� IURP� FOXVWHU� FRPSRQHQW�
WKH�QDUURZ�OLQHV�IURP�1D&O�W\SH�FXELF�FU\V�
WDO� ODWWLFH� DUH� REVHUYHG�� $W� UHODWLYHO\� ORZ
>����@�WH[WXUH�GHJUHH�RI��:�7L�%��FU\VWDOOLWHV�8� �����N9���D�VPDOO�GLIIUDFWLRQ�SHDN�ZLWK
SRVLWLRQ�FRUUHVSRQGLQJ�WR�������OLQH�RI�FXELF
�:�7L�%� SKDVH� LV� REVHUYHG� DJDLQVW� WKH� KDOR�
OLNH� OLQH� EDFNJURXQG� �)LJ����� FXUYH� ���� ,Q�
FUHDVLQJ�WKH�WH[WXUH�GHJUHH�RI�VROLG�VROXWLRQ
�:�7L�%�� FU\VWDOOLWHV� ZLWK� KH[DJRQDO� ������SODQH�SUHIHUHQWLDO�RULHQWDWLRQ�SDUDOOHO�WR�WKH
JURZWK� VXUIDFH� DW� LQFUHDVLQJ�8� LV� IROORZHG
E\� �:�7L�%� FU\VWDOOLWH� IRUPDWLRQ� ZLWK� FXELF
ODWWLFH�DQG�SUHIHUHQWLDO�RULHQWDWLRQ��������,Q
;�UD\�GLIIUDFWLRQ�VSHFWUD��WZR�UHIOHFWLRQ�RU�
GHUV� IURP� WH[WXUH� SODQH� DUH� UHYHDOHG� �)LJ�
���FXUYH���� WH[WXUH�SODQH������� LV� LQGLFDWHG
E\� DQ� DUURZ�� DQG� DOO� WKH� UHIOHFWLRQV� IURP
WKH� SODQHV� LQFOLQHG� WR� WKH� WH[WXUH� SODQH� DW
FRUUHVSRQGLQJ� DQJOHV� IRU� FXELF� FU\VWDO� ODW�
WLFH�� 7KH� FDXVH� RI� WH[WXUH� RFFXUULQJ� DW� WKH
FXELF� SKDVH� FU\VWDOOL]DWLRQ� FRXOG� EH� WKH� FR�
KHUHQWO\�ERQGHG�JURZWK��HSLWD[\��RI��:�7L�%
FU\VWDOOLWHV� XQGHU� WKHLU� IRUPDWLRQ� RQ� JUDLQ
ERXQGDULHV�RI��:�7L�%��VROLG�VROXWLRQ�7KH� HVWLPDWLRQ� RI� >����@� WH[WXUH� SHUIHF�
WLRQ� RI� �:�7L�%�� VROLG� VROXWLRQ� FU\VWDOOLWHV�ZLWK�KH[DJRQDO�ODWWLFH��E\��������UHIOHFWLRQ
URFNLQJ� FXUYH� ):+0� YDULDWLRQ� KDV� VKRZQ
�)LJ�����DQ�DEUXSW�GURS�RQ�8�GHSHQGHQFH�LQ
WKH� UDQJH� ���Ü���� N9�� ,W� LV� LQ� WKLV� UDQJH�
WKH� WUDQVLWLRQ� IURP� ELVWUXFWXUDO� FOXVWHU�
FU\VWDOOLQH� VWDWH� WR� FU\VWDOOLQH� RQH� WDNHV
SODFH��)LJ�����

(OHPHQWDO� FRPSRVLWLRQ� DQDO\VLV� RI� FRDW�
LQJV� REWDLQHG� DW� WKH� UDWH� Y� ������QP�V
VKRZV� UDWKHU� XQLIRUP� HOHPHQW� GLVWULEXWLRQ
LQ� GHSWK� ZLWK�PDLQ� HOHPHQW� UDWLRV� FORVH� WR
WKH�WDUJHW�RQHV�DW�UHODWLYHO\�KLJK�FRQGHQVD�
WLRQ�UDWH��)LJ���E���7KH�VXEVWUXFWXUH�FKDUDF�
WHULVWLF� VWXG\� SHUIRUPHG� E\� DSSUR[LPDWLQJ
WKH� SURILOHV� RI� ;�UD\� GLIIUDFWLRQ� OLQHV� >��@
IRU� WZR� UHIOHFWLRQ� RUGHUV� RI� ������� WH[WXUH
OLQH� RI� �:�7L�%�� DQG� ������ IRU� �:�7L�%� ZLWK
FXELF� ODWWLFH� KDV� VKRZQ� WKDW� WKH� DYHUDJH
FU\VWDOOLWH�VL]H�LQ�WKH�WH[WXUH�D[LV�GLUHFWLRQ
>����@�LQ�KH[DJRQDO��:�7L�%��H[FHHGV����QP�ZKLOH� LQ� �:�7L�%� SKDVH� ZLWK� FXELF� ODWWLFH�
WKDW�LQ�WKH�GLUHFWLRQ�RI�WH[WXUH�D[LV�>���@�LV
VXEVWDQWLDOO\�OHVV�����QP���

7KH�VSHFLILF�VKDSH�RI�W\SLFDO�ORDGLQJ�GLV�
SODFHPHQW� FXUYHV� VKRZQ� LQ� )LJ���� IRU� ILOP
VDPSOHV� DQG� EXON� UHIHUHQFH�:�%�� LQGLFDWHVQR� SHFXOLDULWLHV� LQ� WKH� FXUYHV� ZKLFK� ZRXOG
UHVXOW�IURP�EUHDNLQJ�RU�SODVWLF�\LHOG�RI�WKH
ILOP�PDWHULDO�XQGHU�LQGHQWDWLRQ��7KHUHIRUH�
WKH� REVHUYHG� GLIIHUHQFHV� EHWZHHQ� WKH� ORDG�
LQJ�GLVSODFHPHQW� FXUYHV� IRU� WKH� ILOPV� ZLWK
FXELF�DQG�KH[DJRQDO�FU\VWDO�ODWWLFHV�DUH�FRQ�
QHFWHG� ZLWK� GLIIHUHQW� LQKHUHQW� VWUDLQLQJ
PHFKDQLVPV��7KH�VWUDLQHG�OD\HU�GHSWK�XQGHU
QDQR�LQGHQWDWLRQ� ZDV� ���Ü���� QP� WKDW� LV
RQH� GHFLPDO� RUGHU� ODUJHU� WKDQ� FRPSRVLWLRQ�
DOO\� LQKRPRJHQHRXV� VXUIDFH� OD\HU�� ,Q� WKH
7DEOH�� WKH� UHVXOWV� RI� QDQR�LQGHQWDWLRQ� IRU
ILOPV�ZLWK� FXELF�DQG�KH[DJRQDO� ODWWLFHV�DUH
VXPPDUL]HG�� $V� LW� LV� VHHQ� IURP� WKH� 7DEOH�
WKHUH�LV�D�SULQFLSDO�GLIIHUHQFH�LQ�PHFKDQLFDO
SURSHUWLHV� EHWZHHQ� WKH� �:�7L�%�� ILOPV� ZLWKKH[DJRQDO� ODWWLFH� DQG� �:�7L�%� ILOPV� ZLWK
FXELF�RQH��(ODVWLF�PRGXOXV�DQG�KDUGQHVV�RI
FXELF� ODWWLFH� ILOPV� DUH� VXEVWDQWLDOO\� ORZHU
WKDQ�WKRVH�IRU�WKH�KH[DJRQDO�ODWWLFH�RQHV�

,W� VKRXOG� EH� QRWHG� WKDW� IRU� WKH� VDPSOHV
REWDLQHG�DW�KLJKHU�VSXWWHULQJ�UDWH�Y� ������QP�V�
WKH� VWUXFWXUH� FKDQJHG� IURP� FOXVWHU�FU\VWDO�
OLQH� �LQ� WKH� UDQJH� 8� ����Ü���� N9�� )LJ����
FXUYH� �Ü��� WR� WZR�SKDVH� FU\VWDOOLQH� RQH
ZLWK� SKDVH� YROXPH� UDWLR� K��:�7L�%��F��:�7L�%�|����� �DW� 8� ����� N9�� )LJ����� FXUYH
���� DQG� IXUWKHU�� WR� VWURQJO\� WH[WXUHG� FU\V�
WDOOLQH� VWUXFWXUH� ZLWK� UDWLR� K��:�7L�%��F��:�7L�%�!���� DW�8� ����� N9�� ,W� LV� VHHQ� WKDW
IRU�WKLV�ILOP�VHULHV��WKH�FU\VWDOOLQLW\�GHJUHH
LQFUHDVH�UHVXOWV�LQ�D�KLJKHU�KDUGQHVV��ZKLOH
HODVWLF�PRGXOXV�GURSV�D�OLWWOH�LQ�WKH�VDPSOH
REWDLQHG� DW� 8� ����� N9� ZLWK� VXEVWDQWLDO
FRQFHQWUDWLRQ� RI� FXELF� SKDVH�� 7KH� PDLQ
FDXVH� RI� HODVWLF� PRGXOXV� GHFUHDVH� LQ� WZR�

)LJ����� /RDG�GLVSODFHPHQW� FXUYHV� IRU� 7L±:±%
ILOPV�REWDLQHG�DW�8� �����N9�ZLWK�FXELF�����DQG
KH[DJRQDO� ���� FU\VWDOOLQH� ODWWLFHV�� DQG� IRU� WKH
EXON�:�%��UHIHUHQFH�ZLWK�KH[DJRQDO�ODWWLFH�����
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SKDVH� VDPSOHV� FRXOG� EH� PLFUR�GLVFRQWLQXL�
WLHV� RFFXUULQJ� GXULQJ� WKH� FU\VWDOOL]DWLRQ� DW
JUDLQ� ERXQGDULHV� ZLWK� FXELF� SKDVH� EHLQJ
IRUPHG� LQ� WKH� ERXQGDU\� DUHD�� $� FRQILUPD�
WLRQ�RI� WKLV� LV� WKH�UHODWLYH�GHQVLW\�GHFUHDVH
RI�WKH�FRQGHQVDWH�REWDLQHG�DW�8� �����N9�E\
D� IDFWRU� ����� DV� FRPSDUHG� WR� WKHRUHWLFDO
GHQVLW\� IRU� WKH� VSHFLILF� WDUJHW� FRPSRVLWLRQ
�U�|����J�FP����)RU�WKH�VHFRQG�VDPSOH�VHULHV
ZLWK� WKH� PDLQ� FXELF� SKDVH� REWDLQHG� DW� WKH
UDWH� Y� ������ QP�V�� D� VXEVWDQWLDO� GHFUHDVH
RI� KDUGQHVV� DQG� HODVWLFLW\� PRGXOXV� LV� RE�
VHUYHG�� 1HYHUWKHOHVV�� LQ� WKLV� FDVH� DV� ZHOO�
WKH�������WH[WXUH�LQ�WKH�VDPSOHV�REWDLQHG�DW
8� ����� N9� UHVXOWV� LQ� KLJKHU� PHFKDQLFDO
FKDUDFWHULVWLFV�

&RQVLGHUDWLRQ� RI� WKH� UHVXOWV� REWDLQHG� DO�
ORZV�WR�GHILQH�WKUHH�NH\�SRLQWV�ZKLFK�FRXOG
FKDUDFWHUL]H� WKH� SHFXOLDULWLHV� RI� VWUXFWXUH
VWDWH� DQG�PHFKDQLFDO� FKDUDFWHULVWLFV� RI� WUL�
RGH�VSXWWHUHG� ILOPV� LQ� TXDVL�ELQDU\�:�%�Ü7L%��V\VWHP��7KH�ILUVW�SRLQW� LV�WKH�VXEVWDQ�WLDO� HIIHFW� RI� WKH� FRQGHQVDWLRQ� UDWH� RQ� HOH�
PHQWDO� DQG� SKDVH� FRPSRVLWLRQ�� 7KH� VHFRQG
RQH� LV� WKH� VWDELOLW\� RI� WKH� SKDVH� EHLQJ� QRW
FRUUHVSRQGLQJ� WR� HTXLOLEULXP� GLDJUDP� IRU
WKH� V\VWHP�� 7KH� WKLUG� LV� WKH� IRUPDWLRQ� RI
EL�VWUXFWXUH� FOXVWHU�FU\VWDOOLQH� FRDWLQJ� DQG
WKH� HIIHFW� RI� LWV� SHUIHFWLRQ� GHJUHH� RQ� PH�
FKDQLFDO�FKDUDFWHULVWLFV�

$� PRUH� GHWDLOHG� FRQVLGHUDWLRQ� RI� WKH
ILUVW� SRLQW� VKRZV� WKDW�� LQ� FRQWUDVW� WR� KLJK
FRQGHQVDWLRQ� UDWH� FRQGLWLRQV� ZKHQ� WKH
PHWDO�ERURQ� DWRPLF� UDWLR� LQ� WKH� GHSRVLWHG
FRDWLQJ� UHPDLQV� FORVH� WR� VWRLFKLRPHWULF
F_<�� YDOXH�� DW� ORZ� FRQGHQVDWLRQ� UDWH�� WKHUHODWLYH� ERURQ� FRQWHQW� EHFRPHV� ORZHU�� 7KH
SURFHVV� LV� VHHQ� WR� EH� VLPLODU� WR� HIIHFW� RE�
VHUYHG� LQ� >��@� IRU�PDJQHWURQ� VSXWWHULQJ� DW
WXQJVWHQ� FDUELGH� GHSRVLWLRQ� UDWHV� FORVH� WR
WKRVH�XVHG� LQ� RXU�ZRUN�� ,W� LV� MXVW� WKH� UHOD�
WLYHO\� ORZHUHG� DWRPLF� VWLFNLQJ� FRHIILFLHQW

IRU�:±&�%�� V\VWHP� DV� FRPSDUHG� WR�� IRU� H[�
DPSOH�� 7L±&�%��� DV� ZHOO� DV� SUHIHUHQWLDO� UH�
VSXWWHULQJ�WKH�OLJKW�HOHPHQWV�IURP�WKH�ILOP
JURZWK� VXUIDFH� ZLWK� EDFN�VFDWWHUHG� QHXWUDO
DUJRQ� DWRPV� WKDW� DUH� FRQVLGHUHG� DV� WKH
FDXVHV� RI� WKH� OLJKW� FRPSRQHQW� UHODWLYH� FRQ�
WHQW� GHFUHDVH� LQ� WXQJVWHQ� EDVHG� FRDWLQJ�� ,W
VKRXOG� EH� QRWHG� WKDW� XQGHU� DQDORJRXV� UH�
JLPHV� RI� 7L&� FRDWLQJ� GHSRVLWLRQ�� WKH
VWURQJHU� WLWDQLXP�FDUERQ� ERQG� UHVXOWV� LQ
FRQVHUYDWLRQ�RI�WKH�DWRPLF�UDWLR�FORVH�WR�WKH
VWRLFKLRPHWULF�RQH�>��@�

2QH� RI� WKH� PDLQ� FDXVHV� RI� PHWDVWDEOH
FXELF�VWUXFWXUH�RFFXUUHQFH�DW�ORZ�GHSRVLWLRQ
UDWHV�VHHPV�WR�FRQVLVW�LQ�PRUH�HIIHFWLYH�FDS�
WXUH� RI� OLJKW� LPSXULWLHV� �2�� 1�� &�� DQG� D
FRPSOH[� SKDVH� �:�7L�%����������&�2�1������ �����IRUPDWLRQ�ZLWK� ODFN�RI�PHWDO�DWRPV��:HDN�
HQLQJ� RI� WKH� PHWDO� ERQGV� VHHPV� WR� EH� D
FDXVH� RI� KDUGQHVV� DQG� HODVWLF� PRGXOXV� GH�
FUHDVH� LQ� WKH� FRDWLQJV� ZLWK� FXELF� ODWWLFH�
:KHQ�GLVFXVVLQJ�WKH�FDXVHV�RI�ORZHUHG�HODV�
WLF� PRGXOXV� LQ� KH[DJRQDO� �:�7L�%�� EDVHGFRDWLQJV� LQ� FRPSDULQJ� ZLWK� EXON� YDOXHV
�p�|����� *3D��� LQWHU�FU\VWDOOLWH� ERXQGDU\
VSHFLILF� GHQVLW\� LQFUHDVH� ZLWK� GHFUHDVLQJ
FU\VWDOOLWH� VL]H� WR� QDQRVFDOH� YDOXHV� DV� ZHOO
DV� PHWDO�ERURQ� ELQGLQJ� ZHDNHQLQJ� GXH� WR
GHFUHDVHG� WLWDQLXP� FRQFHQWUDWLRQ� VKRXOG� EH
WDNHQ� LQWR� FRQVLGHUDWLRQ�� 1RQ�HTXLOLEULXP
ERXQGDULHV�LQ�QDQR�PDWHULDOV�IRUP�DQ�HIIHF�
WLYH� VLQN� IRU� GLIIHUHQW� W\SHV� RI� GHIHFWV� LQ�
FOXGLQJ� WKH� GLVVROYHG� LPSXULW\� DWRPV��&RQ�
VLGHULQJ� WKH� VWUXFWXUH� RI� ERXQGDU\�GHIHFWV�
LW� VKRXOG� EH� QRWHG� WKDW� LQ� QDQR�FU\VWDOOLQH
PDWHULDOV�� WKH� LQWHUJUDLQ�ERXQGDU\�ZLGWK� LV
DERXW�����WR���QP��DFFRUGLQJ�WR�YDULRXV�HV�
WLPDWLRQV� >������@�� 7KH� QRQ�HTXLOLEULXP
JUDLQ� ERXQGDULHV� FRQWDLQ� D� ORW� RI� GLVORFD�
WLRQV��DQG�WKHUH�DUH�QRQ�FRPSHQVDWHG�GLVFOL�
QDWLRQV�LQ�JUDLQ�MRLQWV��'LVORFDWLRQV�DQG�GLV�
FOLQDWLRQV�FUHDWH�WKH�ORQJ�UDQJH�VWUHVV�ILHOGV

7DEOH�� 1DQR�LQGHQWDWLRQ� GDWD� IRU� WULRGH� VSXWWHUHG� ILOPV� ZLWK� FXELF� DQG� KH[DJRQDO� FU\VWDOOLQH
ODWWLFHV�XQGHU�LQGHQWHU�ORDG����P1
6SXWWHU�SRWHQWLDO

8��N9
&RQGHQVDWLRQ�UDWH

Y��QP�V
/DWWLFH�W\SH (ODVWLF�PRGXOXV�(�

*3D
+DUGQHVV�+��*3D

��� ���� +H[DJRQDO ��� ����
��� ���� +H[DJRQDO ��� ����
��� ���� +H[DJRQDO���FXELF ��� ����
��� ���� +H[DJRQDO ��� ����
��� ���� &XELF���KH[DJRQDO ��� ����
��� ���� &XELF ��� ����
��� ���� &XELF ��� ����

:�%��EXON +H[DJRQDO ��� ����
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FRQFHQWUDWHG�QHDU�JUDLQ�ERXQGDULHV�DQG�WUL�
SOH� MRLQWV�DQG�DUH�UHVSRQVLEOH� IRU� WKH�JUDLQ
ERXQGDU\�H[FHVV�HQHUJ\�

7KH�PDWHULDO�YROXPH� LQFUHDVH�GXH� WR�WKH
GHIHFWV� ZRXOG� UHVXOW� LQ� LQFUHDVHG� OHDVW�
VTXDUH� DWRPLF� VKLIW� DPSOLWXGH��7R� HVWLPDWH
WKH� DWRPLF� VKLIWV� LQ� WKH� GLUHFWLRQ� SHUSHQ�
GLFXODU� WR� JUDLQ� ERXQGDU\�� DQ� HPSLULF� IRU�
PXOD�� '�|�D�H� >��@� FDQ� EH� XVHG�� ZKHUH� D� LV
WKH�FU\VWDO�ODWWLFH�SDUDPHWHU��DQG�H��WKH�ODW�
WLFH� VWUDLQ�� 7KH� YDOXH� '� ������ QP� W\SLFDO
RI� QDQRFU\VWDOV� IRU� ODWWLFH� SDUDPHWHU� YDOXH
�����QP�FRUUHVSRQGV� WR����� ODWWLFH� VWUDLQ�
,Q� WKLV� FRQQHFWLRQ�� WKH� VWUDLQ� YDOXHV� �� �
REWDLQHG�LQ�WKLV�ZRUN�VHHP�WR�EH�UHDVRQDEOH
DQG� FRUUHVSRQG� WR� WKH�SURSRVHG�PRGHO��7KH
REVHUYHG� LQFUHDVHG� ERXQGDU\� HQHUJ\� LV� IRO�
ORZHG�E\�DWRPLF�YLEUDWLRQ�DPSOLWXGH�LQ�ODW�
WLFH�VLWHV�ZKLFK�SURPRWHV�WKH�PDWHULDO��SODV�
WLFL]DWLRQ���7KH�HVWLPDWLRQ�RI�ERXQGDU\�VWDWH
HIIHFW� RQ� QDQR�PDWHULDO� HODVWLFLW\� PDGH� LQ
>��@� KDV� VKRZQ� WKDW� IRU� WKH� ERXQGDU\�ZLGWK
��QP��WKH�HODVWLF�PRGXOXV�(�PD\�EH�ORZHU�E\
D�IDFWRU�RI���WKDQ� WKDW� IRU�EXON�VWDWH��ZKLOH
WKH� UHODWLYH� VKHDU� PRGXOXV� *� GHFUHDVH� PD\
DSSURDFK� D� IDFWRU� ��� ,Q� WKLV� FRQQHFWLRQ�� WKH
REWDLQHG�UHODWLYHO\�ORZ�PRGXOXV�(�YDOXH�LQGL�
FDWHV�D�KLJK�FRQWULEXWLRQ�RI�ERXQGDU\�SURSHU�
WLHV� LQWR� IRUPDWLRQ� RI� LQWHJUDO� PHFKDQLFDO
SURSHUWLHV� RI� QDQR�FRQGHQVDWHV� LQ� TXDVL�EL�
QDU\�:�%�Ü7L%��V\VWHP�)URP� WKH�GDWD�SUHVHQWHG�� LW� LV� VHHQ� WKDW
DW�UHODWLYHO\�ORZ�LRQ�ERPEDUGPHQW�HQHUJLHV�
WKH� FRDWLQJV� RI� �FOXVWHU�FU\VWDOOLWH�� W\SH
DUH� IRUPHG�� WKDW� UHVXOWV� LQ� D� GUDVWLF� GH�
FUHDVH�RI�HODVWLF�PRGXOXV�DQG�KDUGQHVV�� ,Q�
FUHDVLQJ� WKH� DYHUDJH� HQHUJ\� RI� GHSRVLWHG
SDUWLFOHV� DW� WKH� VSXWWHU� SRWHQWLDO� LQFUHDVH
SURPRWHV� FU\VWDOOL]DWLRQ� SURFHVV� ZKLFK
PDLQO\� FDXVHV� WKH� KDUGQHVV� LQFUHDVH�� 7KH
HODVWLF�PRGXOXV� LQFUHDVH� VHHPV� WR� EH� LQIOX�
HQFHG�PDLQO\� E\� WKH� FRDWLQJ� GHQVLW\� ZKLFK
LV�NQRZQ�WR�ULVH�LQ�GLERULGHV�ZLWK�GHSRVLWHG
SDUWLFOH� DYHUDJH� HQHUJ\� >��@�� ,Q� WKLV� ZRUN�
WKLV� UHVXOWV� LQ� WKH� KLJKHVW� HODVWLF� PRGXOXV
YDOXH� DWWDLQHG� DW� VSXWWHULQJ� DW� WKH� KLJKHVW
HQHUJ\�RI�����N9�

7KH� PDWHULDO� SODVWLFLW\� LPSURYHPHQW� LV
SURPRWHG� E\� FOXVWHU� FRPSRQHQW� DSSHDULQJ
XQGHU� UHODWLYHO\� ORZ� VSXWWHU� SRWHQWLDO
�8� ����Ü����N9���7KH� UHVXOWV� REWDLQHG�VKRZ
WKDW� XQGHU� VSXWWHU� SRWHQWLDOV� ������ ���� DQG
���� N9��� WKH� ZLGWK� RI� WKH� EURDGHQHG� UHIOHF�
WLRQ� DW� �T� ����� LQ� ;�UD\� GLIIUDFWLRQ� SDW�
WHUQV� VKRZQ� LQ� )LJ���� �FXUYHV� ��� ��� ��� UH�
PDLQV�SUDFWLFDOO\�FRQVWDQW�DW������ZKLFK�FRU�
UHVSRQGV� WR� FRKHUHQFH� OHQJWK� RI� ����� QP�
DFFRUGLQJ�WR�6HO\DNRY�6KHUUHU�IRUPXOD�>��@�
,I�WKH�ODWWLFH�SDUDPHWHU�������QP�W\SLFDO�RI

WKH� PRVW� FORVH� SDFNHG� FXELF� ODWWLFH� ZLWK� �
PHWDO�DWRPV�SHU�XQLW�LV�XVHG�WR�HVWLPDWH�WKH
QXPEHU� RI� DWRPV� LQ� WKH� FOXVWHU�� WKH� RE�
WDLQHG�FOXVWHU�VL]H�FRUUHVSRQGV�WR�DQ�DJJUH�
JDWH�FRQWDLQLQJ����PHWDO�DWRPV��ZKLOH�ERURQ
DWRPV� �H[FHHGLQJ� VLJQLILFDQWO\� LQ� VL]H� WKH
IUHH�YROXPH�RI�RFWDKHGUDO�LQWHUVWLWLDOV��PD\
EH�SDUWLDOO\�GULYHQ�RXW�WR�FOXVWHU�ERXQGDULHV�
WKXV� VWLPXODWLQJ� WKHLU� VWDELOLW\� DQG� IRUPLQJ
WKH�VWDEOH�ERQGV�EHWZHHQ�WKH�FOXVWHUV�

,W� LV� ZHOO� NQRZQ� >��Ü��@� WKDW� IRU� �'�
FRPSOH[HV�RI�OHVV�WKDQ�����PHWDO�DWRPV�LQ�D
FOXVWHU�� VHYHUDO� PDJLF� VWUXFWXUH� QXPEHUV
H[LVW� ZKLFK� FRUUHVSRQG� WR� WKH� PRVW� FORVH
RFFXSDQF\�� )RU� WKH� VWUXFWXUH� UDQJH� XQGHU
FRQVLGHUDWLRQ��WKH�FORVHVW�SDFNHG�VWUXFWXUHV
�SDFNLQJ� FRHIILFLHQW� ������ DUH� LFRVDKHGUDO
�SDFNLQJ�FRHIILFLHQW�������DV�ZHOO�DV�IFF�DQG
KFS��SDFNLQJ�FRHIILFLHQW��������)RU�DOO�WKHVH
VWUXFWXUHV�� WKH� ILUVW� PRVW� VWDEOH� FOXVWHU� LV
DQ�DJJUHJDWH�FRQWDLQLQJ����DWRPV����LQ�WKH
FHQWHU�� DQG� ��� LQ� WKH� ILUVW� FRRUGLQDWLRQ
VSKHUH��� ,Q� WKH� IROORZLQJ� FRRUGLQDWLRQ
VSKHUHV��WKHUH�DUH�VRPH�GLIIHUHQFHV��)RU�H[�
DPSOH�� LQ� IFF� EDVHG� VWUXFWXUHV�� D� URZ� RI
VWDEOH� DWRPLF� IRUPDWLRQV� UHSUHVHQWV� D� VH�
TXHQFH�������������������ZKLOH�LQ�KFS��WKLV
LV� ���� ���� ����� ����� 7KH�PLQLPXP�YROXPH
RI� IFF� EDVHG� FOXVWHU� UHSUHVHQWV� D� ���IDFH
SRO\KHGURQ� FRQWDLQLQJ� ��� DWRPV� VKRZQ� LQ
)LJ�����$� YLVXDO� UHSUHVHQWDWLRQ� RI� VXFK� ���
KHGURQ� LV� REWDLQHG� E\� VKLIWLQJ� WKH� PHWDO
VLWH� DWRPLF� SRVLWLRQV� E\� D� KDOI� RI� ERG\� GL�
DJRQDO�OHDGLQJ�WR�SRVLWLRQLQJ�RQH�RI�WKHP�LQ
WKH� ODWWLFH�FHQWHU��)LJ������6XFK�D�VWUXFWXUH
QDPHG� D� FXERFWDKHGURQ� VKRZV� D� KLJK� WKHU�
PRG\QDPLF�VWDELOLW\�>��@����

$V� LW� LV�VHHQ�IURP�)LJ�����WKH�ILOPV�FRQ�
WDLQ�� DORQJ� ZLWK� FOXVWHU� FRPSRQHQW�� QDQR�
FU\VWDOOLQH� LQFOXVLRQV� ZLWK� DYHUDJH� FU\VWDO�
OLWH�VL]H�IURP���QP��LQ�WKH�ILOPV�REWDLQHG�DW

)LJ����� 6FKHPH� RI� ���DWRPLF� IFF� FOXVWHU� RI
���KHGURQ�VKDSH��
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8� ����� N9�� WR� ��� QP� �LQ� WKH� ILOPV� SUR�
GXFHG� DW� 8� ����� N9��� 6XFK� EL�VWUXFWXUDO
VWDWH� FRUUHVSRQGV� WR� WKH� FODVVLF� VFKHPH
�SODVWLF� PDWUL[� Û� VROLG� LQFOXVLRQ��� ZKLFK
UHVXOWV� LQ� KLJK� PHFKDQLFDO� SURSHUWLHV� DW
SODVWLF�ELQGLQJ�FRPSRQHQW�FRQWHQW�OHVV�WKDQ
���YRO����>��@��

7KXV�� DW� D� ORZ� FRQGHQVDWLRQ� UDWH
������QP�V���WKH�IRUPDWLRQ�RI�FRPSOH[�FRP�
SRVLWLRQ� SKDVH� �:�7L�%����������&�2�1����������ZLWK�FXELF� ODWWLFH�KDV�EHHQ�UHYHDOHG��,W�ZDV
IRXQG�WKDW�WKH�VSXWWHULQJ�SRWHQWLDO�LQFUHDVH
XS�WR�����N9�UHVXOWV�LQ�IRUPDWLRQ�RI�SUHIHU�
HQWLDOO\� RULHQWHG� FU\VWDOOLWHV� ZLWK� >����@
D[LV� SHUSHQGLFXODU� WR� WKH� JURZWK� VXUIDFH�
,QFUHDVHG� FRQGHQVDWH� KDUGQHVV� DQG� HODVWLF
PRGXOXV� DUH� FRQVHTXHQFHV� RI� WKH� VWUXFWXUH
SHUIHFWLRQ� LPSURYHPHQW��+LJK� FRQGHQVDWLRQ
UDWHV�UHVXOW�LQ�IRUPDWLRQ�RI�ERULGH�FRDWLQJV
ZLWK� ORZ� JDVHRXV� LPSXULW\� FRQFHQWUDWLRQV
�&��1��2�� DQG� VWLPXODWH� WKH� IRUPDWLRQ� RI� D
SKDVH�ZLWK�KH[DJRQDO�ODWWLFH�RI�$O%��W\SH��7KHFKDQJH� RI� PDWHULDO� VWUXFWXUH� IURP� FOXVWHU�
FU\VWDOOLQH� VWDWH� DW� ORZ� VSXWWHU� SRWHQWLDOV
�8� ����� WR� ���� N9�� WR� WH[WXUHG� FU\VWDOOLQH
RQH� DW� 8�!����� N9� KDV� EHHQ� UHYHDOHG�� 7KH
PD[LPXP� KDUGQHVV� YDOXH� ����� *3D� ZDV� DW�
WDLQHG� IRU� WKH� VDPSOHV� ZLWK� VWURQJ� WH[WXUH
>����@� REWDLQHG� DW� WKH� KLJKHVW� 8� �����N9�
HODVWLFLW\�PRGXOXV�EHLQJ�p� �����*3D��

5HIHUHQFHV
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� ���0�%HUJHU�� /�.DUOVVRQ�� 0�/DUVVRQ�� 6�+RJ�
PDUN��7KLQ�6ROLG�)LOPV������������������

� ���0�%HUJHU��0�/DUVVRQ�� 6�+RJPDUN��6XUI��&RDW�
7HFKQRO�������������������

����2�9�6RERO��� (�$�6RERO��� $�$�3RGWHOH]KQLNRY�
6�7�5RVKFKHQNR��)XQFWLRQDO�0DWHULDOV��������
�������

����k�9�9LQRJUDGRY�� ,�k�%U\WRY�� k�<D�*UXGVN\
HW� DO��� ;�5D\� 0LUURU� 2SWLFV�� 0DVKLQRV�
WUR\HQL\H��/HQLQJUDG��������>LQ�5XVVLDQ@�

����2�9�6RERO��� k���3XJDFKRY�� k�1�6WHWVHQNR�
9HVWQLN�9678����������������

����,�&�1R\DQ�� -�%�&RKHQ�� 5HVLGXDO� 6WUHVV� 0HDV�
XUHG�E\�'LIIUDFWLRQ� DQG� ,QWHUSUHWDWLRQ��05(
6SULQJHU��1HZ�<RUN��������

����-��3�3DOPTXLVW�� =V�&]LJDQ\�� 0�2GHQ� HW� DO��
7KLQ�6ROLG�)LOPV�����������������

����:�&�2OLYHU�� *�0�3KDUU�� -��0DWHU��5HV��� ��
�������������

����:�/RVK�� 3�0�-DUGLP�� 6FULSWD� 0DWHU��� ���
������������

����;�=KX��5�%LUULQJHU��8�+HUU��+�*OHLWHU��3K\V�
5HY�������������������

����5�=�9DOL\HY�� ,�9�$OHNVDQGURY�� 1DQR�6WUXF�
WXUDO�0DWHULDOV�2EWDLQHG�8VLQJ�,QWHQVLYH�3ODV�
WLF� 'HIRUPDWLRQ�� /RJRV�� 0RVFRZ� ������� >LQ
5XVVLDQ@�

����k�,�*XVHY��k�k�5HPSHO��1DQR�&U\VWDOOLQH�0D�
WHULDOV�� )L]���0DW��/LW��� 0RVFRZ� ������� >LQ
5XVVLDQ@�

����-�<H�� 6�8OULFK�� .�6HOO� HW� DO��� 6XUI��&RDW�
7HFKQRO������Ü�����������������

����&�3�3RRO��)�-�2ZHQV��,QWURGXFWLRQ�WR�1DQRWHFK�
QRORJ\��:LOH\�,QWHUVFLHQFH��1HZ�<RUN��������

����<X�,�3HWURY�� 3K\VLFV� RI� 6PDOO� 3DUWLFOHV�
1DXND��0RVFRZ��������>LQ�5XVVLDQ@�

����9�$�3ROXNKLQ�� 1DQRVWUXFWXUH� DQG� 3UHFXUVRU
0RGHOLQJ�� 8UDO� 'LY��RI� 5$6�� (NDWHULQEXUJ
�������>LQ�5XVVLDQ@�

����$�3�6KSDN�� 2�9�6RERO��� <X�$�.XQLWVN\�
3�*�&KHUHPVNR\�� 6HOI�2UJDQL]LQJ� RI� /RZ�'L�
PHQVLRQDO�6\VWHPV��,03K�1$68��.\LY�������
>LQ�5XVVLDQ@�

����-�3DWVFKHLGHU��056�%XOO���������������������
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