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+LJKO\�QRQ�OLQHDU�RSWLFDO�PDWHULDOV�DWWUDFW
WKH�DWWHQWLRQ�EHFDXVH�RI�WKHLU�SRWHQWLDO�DSSOL�
FDWLRQ�LQ�WHOHFRPPXQLFDWLRQ�V\VWHPV�DV�XOWUD�
IDVW� RSWLFDO� VZLWFKHUV� ���Ü���V��� IUHTXHQF\
FRQYHUWHUV�� HOHFWURRSWLFDO� PRGXODWRUV�� HWF�
&KDOFRJHQLGH� JODVVHV� DUH� PDWHULDOV� RI� JRRG
SURVSHFWV� LQ� WKLV�DUHD�RI�DSSOLFDWLRQ�GXH�WR
KLJK� RSWLFDO� QRQOLQHDULW\� DQG� WUDQVSDUHQF\
LQ� YLVLEOH� DQG� QHDU� ,5� VSHFWUDO� UHJLRQV�
7KLUG� RUGHU� QRQ�OLQHDU� RSWLFDO� VXVFHSWLELOLW\
F���� RI� FKDOFRJHQLGH� JODVVHV� H[FHHGV� E\�PRUH
WKDQ� WZR� RUGHUV� RI� PDJQLWXGH� WKDW� RI� VLOLFD
JODVV� >�@��7KHUHIRUH��VWXG\�RI�RSWLFDO�SURSHUWLHV
RI�WKHVH�PDWHULDOV�LV�RI�JUHDW�LQWHUHVW��
7R� SUHGLFW� QRQ�OLQHDU� RSWLFDO� SURSHUWLHV

EDVLQJ� RQ� OLQHDU� RQHV�� VHPL�HPSLULFDO� UHOD�
WLRQVKLSV�SURSRVHG�LQ�>�Ü�@�FDQ�EH�XVHG��7KH
SUHVHQW�ZRUN�LV�FRQFHUQHG�ZLWK�WKH�VWXG\�RI
RSWLFDO�SURSHUWLHV�RI�*H�$V�6�WKLQ�ILOPV�DQG
HVWLPDWLRQ� RI� QRQ�OLQHDU� FKDUDFWHULVWLFV
WKHUHRI��3KRWRVWUXFWXUDO�WUDQVIRUPDWLRQV�LQ
WKH� ILOPV� XQGHU� LQYHVWLJDWLRQ� ZHUH� DOVR
VWXGLHG�
7KH� JODVVHV� RI�$V����*H����6����� FRPSRVL�WLRQ� ZHUH� SUHSDUHG� E\� FRQYHQWLRQDO� PHOW�

TXHQFKLQJ� WHFKQLTXH�� 7KLQ� ILOPV� ZHUH� SUH�
SDUHG� E\� WKHUPDO� YDFXXP� HYDSRUDWLRQ� RQWR

D� JODVV� VXEVWUDWH� EHLQJ� DW� URRP� WHPSHUD�
WXUH�� $� SODQHWDU\� V\VWHP� ZDV� XVHG� WR� SUR�
YLGH� WKH� ILOP� WKLFNQHVV� KRPRJHQHLW\�� 6RPH
VDPSOHV� ZHUH� H[SRVHG� WR� KDORJHQ� ODPS� UD�
GLDWLRQ�RU�QDWXUDO� OLJKW�XS�WR�VDWXUDWLRQ�RI
SKRWRVWUXFWXUDO� FKDQJHV�� 7KH� WUDQVPLVVLRQ
VSHFWUD�RI�WKH�ILOPV�ZHUH�PHDVXUHG�DW�URRP
WHPSHUDWXUH� LQ� WKH� ���Ü���� PP� UDQJH�� 7KH
6ZDQHSRHO�PHWKRG� >�@�ZDV�XVHG� WR�HYDOXDWH
RSWLFDO�FRQVWDQWV��UHIUDFWLYH�LQGH[�Q�DQG�WKH
ILOP�WKLFNQHVV�G�
,Q� )LJ����� W\SLFDO� Q�O�� FXUYHV� IRU� XQH[�

SRVHG�DQG�H[SRVHG�ILOPV�DUH�VKRZQ��7KH�VROLG
OLQH� VKRZV�H[WUDSRODWLRQ�UHVXOW�RI� WKH�YDOXHV
REWDLQHG�E\�WKH�IXQFWLRQ�Q�O�� �D�O����F��7KH
ZDYHOHQJWK� GHSHQGHQFHV� RI� UHIUDFWLYH� LQGH[
DUH� ZHOO� GHVFULEHG� E\� VLQJOH� RVFLOODWRU� PRGHO
>�@��
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ZKHUH�(��LV�WKH�VLQJOH�RVFLOODWRU�HQHUJ\��(G�GLVSHUVLRQ�HQHUJ\��(��WKH�SKRWRQ�HQHUJ\��(�GHILQHV� WKH� SRVLWLRQ� RI� HIIHFWLYH� RVFLOODWRU
FRQQHFWHG�ZLWK�DYHUDJH�HQHUJ\�JDS��WKH�GLV�
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SHUVLRQ� HQHUJ\� (G� FKDUDFWHUL]HV� WKH
VWUHQJWK� RI� LQWHUEDQG� WUDQVLWLRQV�� 7KH� H[�
SUHVVLRQ�����ZDV�DSSOLHG�VXFFHVVIXOO\�WR�DQD�
O\]H�WKH�GLVSHUVLRQ�GDWD�IRU�PRUH�WKDQ�KXQ�
GUHG� GLIIHUHQW� PDWHULDOV�� FRYDOHQW�� LRQLF�
FU\VWDOOLQH�� DQG� DPRUSKRXV� >�@�� 7R� REWDLQ
(��DQG�(G��ZH�KDYH�SORWWHG�HTXDWLRQ
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DW�WKH�SRLQWV�FRUUHVSRQGLQJ�WR�WKH�VSHFWUXP
H[WUHPHV� DQG� WKHQ� SHUIRUPHG� OHDVW� VTXDUHV
ILWWLQJ� WR� D� VWUDLJKW� OLQH� �VHH� )LJ������ 7KH
SRLQWV� FRUUHVSRQGLQJ� WR� PD[LPXP� SKRWRQ
HQHUJ\� DUH� VHHQ� WR� GURS� RXW� RI� WKH� OLQHDU
GHSHQGHQFH�� WKHUHIRUH�� WKH\� ZHUH� H[FOXGHG
IURP� FRQVLGHUDWLRQ�ZKHQ� HYDOXDWLQJ� WKH�(G
DQG�(��SDUDPHWHUV�7KH�RSWLFDO� EDQG�JDS�(J�ZDV�GHWHUPLQHG
XVLQJ� WKH� 7DXF� ODZ�� �DK�Z����� �I�(��� ,Q
)LJ�����WKH�HQHUJ\�GHSHQGHQFH�RI��D(�����SD�
UDPHWHU� LV�SORWWHG��ZKHUH�WKH� OLQHDU�VHFWLRQ
LQ� WKH� KLJK� SKRWRQ� HQHUJ\� UHJLRQ� FRUUH�
VSRQGV�WR�WKH�7DXF�ODZ��7KH�(J�YDOXH�FRUUH�VSRQGV� WR� WKH�SRLQW�ZKHUH� WKH�VWUDLJKW� OLQH
LQWHUVHFWV�ZLWK� DEVFLVVD� D[LV�� ,Q�)LJ����� WKH
DEVRUSWLRQ�FRHIILFLHQW� �LQ� ORJDULWKPLF� VFDOH�
YV� WKH� LQFLGHQW� SKRWRQ� HQHUJ\� LV� SORWWHG�
7KH� DOPRVW� OLQHDU� UHJLRQ�ZKHUH� WKH� DEVRUS�
WLRQ� FRHIILFLHQW� UDQJHV� IURP� ������ WR
������FPÜ��PHHWV�WKH�8UEDFK�ODZ�
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,Q� 7DEOH���� WKH� ILOP� RSWLFDO� SDUDPHWHUV
GHWHUPLQHG� IURP� WUDQVPLVVLRQ� VSHFWUD� DUH
SUHVHQWHG� �Q�� LV� UHIUDFWLYH� LQGH[� LQ� WKHOLPLW�(�o�����,W�LV�VHHQ�IURP�WKH�7DEOH�WKDW
(�� VFDOHV� ZHOO� ZLWK� WKH� RSWLFDO� EDQG� JDS�(��|���(J��� 7KH� *H±$V±6� JODVVHV� FRQWDLQFRYDOHQW� FKHPLFDO� ERQGV� EHVLGHV� RI� WKH� KR�
PRSRODU� RQHV�� 6WUXFWXUDO� IUDJPHQWV� RI� GLI�
IHUHQW� GLPHQVLRQDOLW\� FDQ� FR�H[LVW� VLPXOWD�
QHRXVO\�ZLWKLQ�WKH�FRYDOHQW�ERQGHG�QHWZRUN
RI� VXFK� WRSRORJLFDOO\� GLVRUGHUHG� JODVVHV� RU
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7DEOH����)LOPV�SDUDPHWHUV�REWDLQHG�IURP�WUDQVPLVVLRQ�VSHFWUD
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ILOPV��)UHVKO\�GHSRVLWHG�*H±$V±6�ILOPV�FRQ�
WDLQ� WKH� VDPH� PDLQ� VWUXFWXUDO� XQLWV� DV� LQ
WKH� UHVSHFWLYH� EXON� JODVVHV� DV�ZHOO� DV� VRPH
QRQ�VWRLFKLRPHWULF� PROHFXODU� IUDJPHQWV
IRUPLQJ� $V�HQULFKHG� DQG�RU� *H�HQULFKHG
QDQRSKDVHV�� 7KH�GHQVLW\� RI� VXFK� IUDJPHQWV
LQ� IUHVK�ILOPV� LV�KLJKHU�WKDQ� LQ�WKH�JODVVHV
�DQG�LQ�ZHOO�DQQHDOHG�ILOPV���WKXV�LQGLFDWLQJ
D�KLJKHU�GLVRUGHU�GHJUHH� WKHUHLQ�� ,W� LV� VHHQ
IURP� 7DEOH��� WKDW� LOOXPLQDWLRQ� RI� IUHVK
ILOPV� UHVXOWV� LQ� LQFUHDVHG�(J� YDOXH�� L�H�� LQSKRWR�EOHDFKLQJ�� 7KH� SKRWRLQGXFHG� VWUXF�
WXUDO� WUDQVIRUPDWLRQV� DQG� VWUXFWXUDO� UHDU�
UDQJHPHQW� FDXVH� VRPH� LQFUHDVH� RI� WKH� ILOP
WKLFNQHVV� �E\� DERXW� �Ü�� ���� 7KH� SUHVHQFH
RI� WKH� SKRWRVWUXFWXUDO� FKDQJHV� PDNHV� LW
SRVVLEOH� WR� XVH� VXFK� ILOPV� LQ� LQIRUPDWLRQ
UHFRUGLQJ�DQG�SKRWROLWKRJUDSK\�
7KH�QRQ�OLQHDU�RSWLFDO�SURSHUWLHV�ZHUH�HV�

WLPDWHG� E\� WZR� GLIIHUHQW� ZD\V� EDVLQJ� RQ
OLQHDU�RQHV�FDOFXODWHG�IURP�WKH�WUDQVPLVVLRQ
VSHFWUD�� ,Q� >�@�� WR� HVWLPDWH� WKH� QRQ�OLQHDU
SURSHUWLHV�RI�FKDOFRJHQLGH�JODVVHV��D�JHQHUDO�
L]HG� 0LOOHU� UXOH� ZDV� XVHG� ZKLFK� HVWDEOLVKHV
UHODWLRQ�EHWZHHQ� OLQHDU�RSWLFDO� VXVFHSWLELOLW\�
F����� DQG� WKLUG� RUGHU� QRQ�OLQHDU� RSWLFDO� VXV�
FHSWLELOLW\��F�����$FFRUGLQJ�WR�WKLV�UXOH�
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+HUH�$� LV�D� FRQVWDQW�� ,WV�YDOXH�IRU�FKDO�

FRJHQLGHV� DSSHDUV� WR� EH� k� �������Ü��� DQG
VR� WKH� F���� YDOXH� LV� REWDLQHG� LQ� HVX�� :H

FRPSDUHG� WKH�HVWLPDWHG�DQG�H[SHULPHQWDOO\
PHDVXUHG�YDOXHV�DQG�DFKLHYHG�D�VDWLVIDFWRU\
DJUHHPHQW�ZLWKLQ�RQH�RUGHU�RI�PDJQLWXGH��
,W�ZDV�SURSRVHG�LQ�>�@��WR�XVH�D�FODVVLFDO

DQKDUPRQLF� RVFLOODWRU� PRGHO� WR� HVWDEOLVK
FRUUHODWLRQ�EHWZHHQ�F����DQG�(J�
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ZKHUH�KQ�LV�SKRWRQ�HQHUJ\��
%� ���������Ü���HVX��H9��� LV�D�FRQVWDQW��9DOXHV
RI�Q�� DQG�(J� ZHUH�PHDVXUHG� LQGHSHQGHQWO\IRU� VLOLFD� JODVVHV�� VRPH� R[LGHV� DQG� FKDOFR�
JHQLGHV�DQG�SORWWHG�LQ�WKH�IRUP�RI�IXQFWLRQ
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UHSUHVHQWLQJ� WKH� UHVXOWV� REWDLQHG� E\� DXWKRUV
RI�WKH�ZRUN�DV�ZHOO�DV�OLWHUDWXUH�GDWD��$OO�WKH
YDOXHV�ZHUH�ILWWHG�ZHOO�E\�D�VWUDLJKW�OLQH��

,Q�7DEOH����HVWLPDWLRQV�RI�Q��DQG�F����DUHREWDLQHG�XVLQJ�IRUPXODV� ����DQG�����IRU�XQ�
H[SRVHG� DQG� H[SRVHG� ILOPV�� 7KH� UHVXOWV� FR�
LQFLGH�ZLWKLQ�DQ�RUGHU�RI�PDJQLWXGH�EXW�WKH
YDOXHV� REWDLQHG� XVLQJ� JHQHUDOL]HG� 0LOOHU
UXOH� H[FHHG� E\� DERXW� ����� WKRVH� REWDLQHG
EDVLQJ� RQ� WKH� DQKDUPRQLF� RVFLOODWRU�PRGHO�
7KH�QRQ�OLQHDU�RSWLFDO�SDUDPHWHUV�RI�VWXGLHG
ILOPV� DUH� PRUH� WKDQ� WZR� RUGHUV� RI� PDJQL�
WXGH� KLJKHU� WKDQ� WKRVH� RI� VLOLFD� JODVV�� 7KH
KLJK�YDOXHV�RI�QRQ�OLQHDU�RSWLFDO�SDUDPHWHUV
VKRZ� WKDW� VXFK�PHGLD� DUH� RI� JRRG� SURPLVH
IRU� WKH� XVH� LQ� RSWLFDO� VZLWFKLQJ�� IUHTXHQF\
FRQYHUWHUV�� HOHFWURRSWLFDO� PRGXODWRUV� DQG
RSWLFDO�VLJQDO�SURFHVVLQJ�GHYLFHV�
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