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VSHFWUD�RI�3F�6Q�VROLG�ILOPV�FRPSDUHG�WR�WKRVH�RI�3F�6Q�VROXWLRQV�ZHUH�WKRURXJKO\�VWXGLHGDQG� GLVFXVVHG� LQ� WKH� YLVLEOH� UDQJH� RI� OLJKW� VSHFWUXP�� 6SHFWUDO� SKRWR� UHVSRQVH� FRUUHODWHV
ZHOO� ZLWK� WKH� ILOP� DEVRUSWLRQ� LQ� WKH� ZKROH� VSHFWUDO� UDQJH� VWXGLHG� WKDW� LQGLFDWHV� WKH
SUHVHQFH�RI�SKRWR�HOHFWURPRWLYH�IRUFH�LQ�3F�6Q�ILOPV��
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���,QWURGXFWLRQ
3KWKDORF\DQLQHV� �3F�� EHORQJ� WR� WKH� FODVV

RI� PDFUR� KHWHURF\FOLF� RUJDQLF� FRPSRXQGV
VWUXFWXUDOO\�UHODWHG�WR�SRUSK\ULQV��3KWKDOR�
F\DQLQHV� DUH� DEOH� HDVLO\� WR� IRUP� FKHPLFDO
FRPSOH[HV� ZLWK� PDQ\� PHWDOV� RI� WKH� SHUL�
RGLFDO� V\VWHP� RI� HOHPHQWV�� %HLQJ� SRVVHVVHG
RI� KLJK� FKHPLFDO� VWDELOLW\�� OLJKW� UHVLVWDQFH�
DQG� WKHUPRVWDELOLW\�� SKWKDORF\DQLQHV� DQG
WKHLU�PHWDO�FRPSOH[HV�KDYH�EHHQ�KLVWRULFDOO\
ZLGHO\� XVHG� DV� V\QWKHWLF� G\HV� RI�JUHHQ�DQG
VN\�EOXH�FRORUV�>�@��3KWKDORF\DQLQHV�RI�PHW�
DOV� IRUP�� DV� D� UXOH�� PROHFXODU� FRPSOH[HV
WKDW� XQGHU� RSWLFDO� H[FLWDWLRQ� DUH� FKDUDF�
WHUL]HG� E\� FKDUJH� WUDQVIHU� VWDWHV�� $EVRUS�
WLRQ�EDQGV�FRUUHVSRQGLQJ�WR�WKRVH�VWDWHV�DUH
YHU\� VHQVLWLYH� WR� HOHFWULFDO� ILHOG� EHFDXVH� RI
FKDQJHV� LQ� GLSROH� PRPHQWV� RI� PROHFXODU

FHQWHUV� DEVRUELQJ� OLJKW� TXDQWD�� 7KLV� GLSROH
PRPHQW� YDULDWLRQ� LV� HDVLO\� GHWHFWHG� E\
6WDUN� VSHFWURVFRS\� WHFKQLTXH� >����@�� 0DQ\
SKWKDORF\DQLQH� PHWDOV� H[KLELW� VHPLFRQGXF�
WRU� DQG�SKRWR�VHPLFRQGXFWRU�SURSHUWLHV� >�@�
6RPH� RI� WKH� SKWKDORF\DQLQH� FRPSOH[HV� SRV�
VHVV� PDFURVFRSLF� SRODUL]DWLRQ� DQG� GLVSOD\
SRODU� �S\UR�� DQG� HYHQ� IHUURHOHFWULF�� SURSHU�
WLHV�>����@�

7KHVH�VSHFLILF�SURSHUWLHV�RI�SKWKDORF\DQ�
LQH� FRPSOH[HV� DQG� IRUPDWLRQ� RI� WKLQ� 3F
ILOPV� E\� GLIIHUHQW� WHFKQLTXHV� JLYH� HYHU\
SRVVLELOLW\�RI�XVLQJ�WKHP�LQ�D�ZLGH�VFRSH�RI
VFLHQWLILF� DQG� WHFKQLFDO� DSSOLFDWLRQV�� 0RUH�
RYHU�� WKHUH� LV� D� WUHQG� WR� XVH� WKLQ�3F� ILOPV
LQ� K\EULG� DQG� KHWHUR�WKLQ� ILOP� V\VWHPV� RI
GLIIHUHQW� IXQFWLRQDO� GHYLFHV�� ([DPSOHV� DUH
LQIRUPDWLRQ� UHFRUGLQJ� V\VWHPV� >�@�� HOHFWUR�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

)XQFWLRQDO�PDWHULDOV������������� ���



FKURPLF� PDWHULDOV� >�@�� RUJDQLF� WKLQ�ILOP
WUDQVLVWRU��27)7��>�@��JDV�VHQVRUV�>��@���

,Q�WKLV�ZRUN�PXOWLPROHFXODU�ILOPV�RQ�WKH
EDVLV� RI� LQVXIILFLHQWO\� VWXGLHG� ELQXFOHDU
VDQGZLFK� FRPSOH[� RI� WLQ� GLSKWKDORF\DQLQH
�3F�6Q�� ZHUH� SUHSDUHG� XVLQJ� /DQJPXLU�%ORGJHWW� WHFKQLTXH�� /DQJPXLU�%ORGJHWW
WHFKQRORJ\� DOORZ� RQH� WR� IRUP�PXOWLPROHFX�
ODU� ILOPV� RI� YHU\� ORZ� WKLFNQHVV� FRPSDUDEOH
WR�D��VL]H�GRZQ�WR�RQH�PROHFXOH��6RPH�RSWL�
FDO� �DEVRUSWLRQ� VSHFWUD��� HOHFWUR� RSWLFDO
�6WDUN� HIIHFW�� SKRWRVHQVLWLYLW\�� DQG� GLHOHF�
WULF�SURSHUWLHV�RI�ILOPV�RI�3F�6Q�ZHUH�VWXG�LHG� ZLWK� WKH� DLP� RI� IXUWKHU� XWLOL]LQJ� WKLV
PDWHULDO�LQ�GLIIHUHQW�WKLQ�ILOP�KHWHURV\VWHP
GHVLJQV�

���([SHULPHQWDO�SURFHGXUH
'XULQJ� WKH� SUHSDUDWLRQ�RI�/%� ILOPV�� WKH

EHKDYLRU� RI� PRQRPROHFXODU� OD\HU� RI� 3F�6QRQ� D� ZDWHU� VXUIDFH� ZDV� LQYHVWLJDWHG�� 7KLV
ZDV�FDUULHG�RXW�WR�UHYHDO�WKH�LGHDO�FRQGLWLRQV
RI� WKH� PRVW� KRPRJHQHRXV� PRQROD\HU� IRUPD�
WLRQ��HOLPLQDWLRQ�RI�DJJUHJDWLRQ�HIIHFWV�DQG�D
ORFDO� FROODSVH���7KH� LVRWKHUPV�RI�FRPSUHVVLRQ
DQG�PRQROD\HU�VWUHWFKLQJ��GHSHQGHQFH�RI�VXU�
IDFH�SUHVVXUH�S�RQ�WKH�DUHD�SHU�RQH�PROHFXOH
$�� KDYH� EHHQ� VWXGLHG� DW� YDULRXV� DPRXQWV� RI
3F�6Q� VROXWLRQ� LQ� FKORURIRUP� YROXPH� �IURP���� WR�����PO���&RQFHQWUDWLRQ�RI�3F�6Q� VROX�WLRQ� ZDV� F� ��������Ü��ZW����6SHHG� RI� EDU�
ULHU� PRYHPHQW� ZDV� Y� ������ P�PLQ�� $V
VHHQ� LQ� )LJ�� ��� DW� LQFUHDVHG� YROXPH� RI� D
VROXWLRQ� VSUHDG� LQWR� D� ZDWHU� VXUIDFH�� WKH
VXUIDFH� SUHVVXUH� JURZV� � WR� LWV� PD[LPXP

YDOXH� �XS� WR� D� FROODSVH� SRLQW��� 6LPXOWDQH�
RXVO\� WKH� DUHD� SHU� RQH� PROHFXOH� GHFUHDVHV�
WKH�VWUXFWXUH�EHFRPHV�PRUH� WLJKWO\�SDFNHG�
7KH� HVWLPDWHG� DUHD� SHU� RQH� SKWKDORF\DQLQH
PDFURF\FOH� LV� RI� 63F� �����QP��� 7KH� PLQL�
PXP� YDOXH� RI� WKH� DUHD� D� SKWKDORF\DQLQH
PDFURF\FOH� WDNHV� LQ� D� WLJKWO\�SDFNHG� VWUXF�
WXUH�LV�RI�6PLQ� ������QP���

,Q� WKH� SORW� RI� VXUIDFH� SUHVVXUH� GHSHQG�
HQFH� YHUVXV� DUHD� SHU� RQH� PROHFXOH�� )LJ����
WKH� DUHDV�� FKDUDFWHULVLQJ� D� �JDV�� SKDVH
�SUHVVXUH� OHVV� WKDQ� ���Ü�� P1�P��� �OLTXLG�
H[SDQGHG�� �SUHVVXUH� RI��Ü���P1�P��� �FRQ�
GHQVHG���SUHVVXUH�RYHU���Ü���P1�P��FDQ�EH
VHHQ�� $W� WKH� SUHVVXUH� RYHU� ��� P1�P� WKH
FRQGLWLRQ� FORVH� WR� FROODSVHG� VWDWH� LV� RE�
VHUYHG�� 7KH� DUHD� RFFXSLHG� E\� RQH� 3F�6QPROHFXOH� LQ� D� �JDV�� SKDVH�� PDNHV� ���Ü
����QP��� 7KH� PLQLPXP� YDOXH� RI� WKH� DUHD
RFFXSLHG� E\� RQH� PROHFXOH� LQ� D� WLJKWO\
SDFNHG� PRQROD\HU� PDNHV� DQ� DUHD� RI
�����QP��� DW� H[WUDSRODWLRQ� RI� WKH� �FRQ�
GHQVHG��SKDVH� WR�]HUR�SUHVVXUH��:H�RXWOLQH
WKDW�FRPSUHVVLRQ�SORW�GRHV�QRW�FRLQFLGH�ZLWK
WKH�FXUYHV�RI�WKH�ILOPV�VWUHWFKLQJ��,W�FDQ�EH
H[SODLQHG� E\� WKH� DJJUHJDWLRQ� RI� PROHFXOHV
LQ� D�PRQROD\HU� O\LQJ�RQ� D�ZDWHU� VXUIDFH�DW
KLJK� VXUIDFH� SUHVVXUH� YDOXHV� �ZH� FDQ� RE�
VHUYH� WKH�DUHDV�RI� WHPSRUDU\�FROODSVHG�FRQ�
GLWLRQV� RQ� WKH� S�$� LVRWKHUPV� RI� � 3F�6QPROHFXOHV��� )URP� WKHVH� GHSHQGHQFLHV� LW� LV
SRVVLEOH� WR� FDOFXODWH� WKDW� 3F�6Q� PROHFXOHVDUH�EHQG�WR�WKH�VXUIDFH�LQWHUIDFH�DW�DQ�DQJOH
RI�T�a����� �FRVT|��������6XFK�EHKDYLRU�RQ�D
ZDWHU� VXUIDFH� LV� W\SLFDO� IRU� PROHFXOHV� RI
SKWKDORF\DQLQHV�>������@�������

)LJ�����7KH�VXUIDFH�SUHVVXUH�YV��DUHD�SHU�RQH
PROHFXOH� FXUYH� IRU� 3F�6Q� DW� GLIIHUHQW
DPRXQWV� RI� � 3F�6Q� VROXWLRQ� �LQ� FKORURIRUP�XVHG� IRU� VSUHDGLQJ� RQWR� ZDWHU� VXUIDFH� RI
/DQJPXLU� WURXJK�� FXUYH� ��Û� ���� PO��� �� Û
����PO�����Û���PO�

)LJ�����7KH�VXUIDFH�SUHVVXUH�YV��DUHD�SHU�RQH
PROHFXOH� FXUYH�� &XUYH� �� Û� FRPSUHVVLRQ
F\FOH�� �� Û� GHFRPSUHVVLRQ� F\FOH� �YROXPH� RI
3F�6Q�VROXWLRQ�LQ�FKORURIRUP�����PO���
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3F�6Q� PRQROD\HUV� WUDQVIHU� IURP� ZDWHUVXUIDFH� RQ� VROLG� VXEVWUDWHV�ZDV� FDUULHG� RXW
E\� D� /DQJPXLU�6FKDHIHU� PHWKRG� RU� WKH
�KRUL]RQWDO� OLIW��� 3F�6Q� PRQROD\HUV� ZHUHIRUPHG� DIWHU� VSUHDGLQJ� 3F�6Q� FKORURIRUPVROXWLRQ�RQWR�WKH�ZDWHU�VXUIDFH�E\�HQWHULQJ
WKH� VROXWLRQ� RI�3F�6Q� LQWR� FKORURIRUP�ZLWKFRQFHQWUDWLRQ� F� �����Ü�Ü�������Ü�� ZW� ��
7KLQ�PRQRPROHFXODU� ILOPV�ZHUH� FRPSUHVVHG
WR� WKH� FRQGLWLRQ� RI� WLJKWO\� SDFNHG� OD\HUV
DQG� WKHQ� ZHUH� FRQVHFXWLYHO\� WUDQVIHUUHG
IURP�WKH�ZDWHU�VXUIDFH�RQWR�TXDUW]�RU�JODVV
VXEVWUDWHV� DW� WKH� URRP� WHPSHUDWXUH� ����Ü
���� .�� DQG� VXUIDFH� SUHVVXUH� S� ��Ü
���� P1�P�� S+� ������ 7KH� SUHSDUHG� WLQ
GLSKWKDORF\DQLQH� ILOPV� YDULHG� LQ� WKLFNQHVV
IURP���WR����PRQROD\HUV���Ü����QP��

���5HVXOWV�DQG�GLVFXVVLRQ�
3KWKDORF\DQLQH� FKURPRSKRUH� V\VWHPV�

FRQWDLQLJ�WKH�DURPDWLF�RU�KHWHURDURPDWLF�UH�
VLGXDOV� DQG� FRQQHFWHG� ZLWK� HDFK� RWKHU� E\
KHWHURDWRPV�� DUH� FKDUDFWHULVHG� E\� WKH� SUHV�
HQFH� RI� D� V\VWHP� RI� FRQMXJDWHG� ERQGV�� 7KH
SKWKDORF\DQLQH� FKURPRSKRUH� V\VWHP� XQGHU
VWXG\�FRQWDLQV��IRXU�S\UURO�UHVLGXDOV�ZKLFK�
WRJHWKHU� ZLWK� IRXU� DWRPV� RI� QLWURJHQ� FRQ�
QHFWLQJ�WKHP�IRUP�D�KHWHURF\FOH���PDFURF\�
FOH���� L�H�� D� ULQJ� RI� DOWHUQDWLQJ� DWRPV� RI
FDUERQ�DQG�QLWURJHQ�>�Ü�@��7KXV�WKH�KHWHUR�
F\FOH�� EHLQJ� DQ� HTXDWRULDO� OLJDQG� RU� VRPH
RWKHU� OLJDQG� FRQQHFWHG� ZLWK� WKH� DWRP� RI
PHWDO�� VHWWOH� GRZQ� LWVHOI� D� ZD\� RI� EHLQJ
SHUSHQGLFXODU�WR�WKH�F\FOH�SODQHV��L�H�RFFXS\
WUDQVD[LDO� SRVLWLRQ��� 0HWDOV� �0��� DV� VDLG
DERYH��DUH�FDSDEOH�RI�IRUPDWLRQ�RI�3F0�W\SH
FRPSOH[HV� RU� ELQXFOHDU� �VDQGZLFK�� FRP�
SOH[HV�RI�W\SH�3F�0��7KH�VWUXFWXUDO�IRUPXODRI�WLQ�GLSKWKDORF\DQLQH�FRQWDLQV�WZR�SKWKD�
ORF\DQLQH�ULQJV�EHWZHHQ�ZKLFK�WKHUH�LV�D�WLQ
DWRP� FRQQHFWHG� E\� GRQRU�DFFHSWRU� ERQGV
ZLWK� HLJKW� DWRPV� RI� QLWURJHQ� >�@�� (LJKW
DWRPV� RI� QLWURJHQ� LQ� HYHU\� SKWKDORF\DQLQH
PDFURF\FOH� WRJHWKHU� ZLWK� DWRPV� RI� FDUERQ
IRUP�D�S\UURO� ULQJ�� ,Q� D�SHULSKHUDO� SDUW�RI
PROHFXOHV� WKHUH� DUH� IRXU� EHQ]HQH� ULQJV�� LQ
HDFK� RI� ZKLFK� RQH� RI� WKH� K\GURJHQ� DWRPV
PD\� EH� UHSODFHG� E\� JURXS� 5� �VXEVWLWXWHG
SKWKDORF\DQLQHV��� ,Q� RXU� FDVH� WKH� UROH� RI�5
LV�SOD\HG�E\�WKH�DWRP�RI�K\GURJHQ�

7LQ� GLSKWKDORF\DQLQH� 3F�6Q� VSHFWUD� KDYHEHHQ� PHDVXUHG� HDUOLHU� LQ� VROXWLRQV� RI� FKORU�
EHQ]HQH� >�@�� GLPHW\OR[\HWKDQH� DQG� FKORU�
QDSKWKDOHQH� >�@��6SHFWUDO� FKDUDFWHULVWLFV�RI�D
YDULHW\� RI� SKWKDORF\DQLQH� GHULYDWLYHV� DUH
VXPPDUL]HG� LQ� >�@�� ,Q� ZRUN� >�@� LW� KDV� EHHQ
VKRZQ�WKDW�WKH�VSHFWUXP�RI�3F�6Q�FRPSRXQGLQ�FKORUEHQ]HQH�FRQVLVWV�RI�DQ�LQWHQVLYH�EDQG

DW� WKH� ZDYHOHQJWK� OPD[� �������QP� DQG� WKHZLGHQHG�EDQG�OPD[� �����QP��6XFK�NLQG�RID� VSHFWUXP� KDV� EHHQ� H[SODLQHG� E\� LQWHUDF�
WLRQ�EHWZHHQ�SKWKDORF\DQLQH�PDFURF\FOHV�

6SHFWUD�RI�DEVRUSWLRQ�RI�VROLG�/%�ILOPV�RI
WLQ� GLSKWKDORF\DQLQH� FRPSDUHG� WR� WKRVH� RI
VRPH�3F�6Q�VROXWLRQV�KDYH�EHHQ�PHDVXUHG�LQWKH�YLVLEOH� OLJKW�UDQJH�� ,Q�)LJ����WKH�3F�6QDEVRUSWLRQ� VSHFWUD� DUH� SUHVHQWHG� LQ� WKH
UDQJH�RI����Ü�����QP��IRU�WLQ�GLSKWKDORF\�
DQLQH�VROXWLRQV�LQ�FKORUEHQ]HQH�&K%��FXUYH����
IRU�WKH�VROXWLRQ�LQ�FKORURIRUP�&K)��FXUYH����
DQG� IRU� D� VROLG�3F�6Q�/%�ILOP�RI���� OD\HUVLQ�WKLFNQHVV��ZKLFK�KDV�EHHQ�SUHSDUHG�XVLQJ
GLOXWHG�VROXWLRQ�RI�3F�6Q� LQ�&K)� �FXUYH����$FFRUGLQJ�WR�WKH�FXUYHV�VSHFWUD��WKH�FKDUDF�
WHU�RI�DEVRUSWLRQ�VSHFWUD�RI�3F�6Q�VROXWLRQVLQ� &K%� DQG� &K)� DUH� LGHQWLFDO�� WKRXJK� WKH
VKLIW� RI� WKH� 4�EDQG� WRZDUGV� WKH� VKRUWHU
ZDYHOHQJWKV� LQ� FDVH� RI� 3F�6Q� VROXWLRQ� LQ&K%�LQ�FRPSDULVRQ�ZLWK�WKDW�RI�WKH�VROXWLRQ
LQ�&K)� LV� FOHDUO\�REVHUYHG��7KDW�FDQ�EH�H[�
SODLQHG�E\�WKH�LQGLYLGXDO�PROHFXODU�LQWHUDF�
WLRQ� EHWZHHQ� WKH� VROYHQW� PROHFXOHV� RI� GLI�
IHUHQW�QDWXUH�DQG�OLJDQG�UHDFWLYH�VSHFLHV�LQ�
FRUSRUDWHG�LQWR�SKWKDORF\DQLQH�PDFURF\FOH��

7KH�DEVRUSWLRQ�VSHFWUD�RI�3F�6Q�LQ�&K%�VRO�YHQW��)LJ�����FRPSDUHG�ZLWK�WKH�OLWHUDWXUH�GDWD
>�@� DUH� WXUQHG� RXW� WR� EH� WKH� VDPH�� IRU� ERWK
FDVHV� WKH�YDOXHV� RI� DEVRUSWLRQ�PD[LPD� DUH� LQ
JRRG�DJUHHPHQW��6R��IRU�LQVWDQFH��RQH�FDQ�VHH
IURP� WKH� )LJXUHV� WKDW� O�� ����������QP�%�EDQG���O�� ����������QP��O�� ����������QP�4�EDQG��� O�� ����� QP�� O�� ����������QP�LQ� EUDFNHWV� YDOXHV� RI� PD[LPD� WDNHQ� IURP
ZRUN� >�@� DUH� JLYHQ�� 1RWH� WKDW� VSHFWUXP� RI

)LJ�����$EVRUSWLRQ�VSHFWUD�RI�3F�6Q�LQ�GLIIHU�HQW� VROXWLRQV�� ��Û� FKORUEHQ]RO�� ��Û� FKORUR�
IRUP�� DQG���Û�DEVRUSWLRQ� VSHFWUXP�RI� VROLG
3F�6Q�/DQJPXLU�%ORGJHWW�ILOP��
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WKH�VROLG�/DQJPXLU�ILOP�RI�3F�6Q��LV�FOHDUO\GLVWLQJXLVKHG� IURP� WKH� VSHFWUD� RI�3F�6Q� LQWKH� VROXWLRQV�� 7KLV� VSHFLILF� EHKDYLRU� LV� D
IXQGDPHQWDO� FKDUDFWHU� RI� WKH� DEVRUSWLRQ
SURFHVV� LQ� WKH� WLJKWO\� SDFNHG� VWUXFWXUH� RI
WKH� VROLG� ILOP�� LQ� FRPSDULVRQ� ZLWK� WKDW� LQ
3F�6Q� VROXWLRQV�� $V� D� UHVXOW�� WKH� ZLGHQHGEDVLF� 4�EDQG� KDV� SUDFWLFDOO\� EHHQ� PHUJHG
ZLWK� WKH� RWKHU� FKDUDFWHULVWLF� PD[LPD�� :H
KDYH� FDUULHG� RXW� DOVR� DQ� LQYHVWLJDWLRQ� RI
3F�6Q�/%�ILOPV�DEVRUSWLRQ�VSHFWUD�LQ�ZLGHUZDYHOHQJWK�UDQJH��IURP�89�WR�,5���

,Q� )LJ���� WKH� DEVRUSWLRQ� VSHFWUXP� RI
3F�6Q�/%�ILOP�LQ�WKH�UDQJH�RI����Ü�����QP�FXUYH� ��� LV� SUHVHQWHG�� +HUH� ZH� DJDLQ� RE�
VHUYH� D� QXPEHU� RI� EDQGV� 4� ����� QP�
���� QP�� ���� QP�� ���� QP��� %�6RUUH� EDQG
�����QP���1� �����QP���/� �DURXQG�����QP��
7KH�QDWXUH�RI�WKHVH�EDQGV�LV�ZHOO�NQRZQ�>��
�@�� /RQJ�ZDYH� EDQG� 4� LV� FDXVHG� E\� HOHF�
WURQLF� WUDQVLWLRQ� D�XÜHJ�� RUELWDO� WUDQVLWLRQD�X�LV�ORFDOL]HG�PDLQO\�RQ�D�FDUERQ�DWRPV�RIS\UURO� IUDJPHQWV�� WKH� EDVLF� RUELWDO� WUDQVL�
WLRQ�HJ�LV�GHORFDOL]HG�RQ�ERWK�PDFURF\FOHV�RIGLSKWKDORF\DQLQH� PROHFXOHV�� %�EDQG� �6RUUH�
LQ�89� DUHD� RI� ����QP� LV� FDXVHG� E\� WUDQVL�
WLRQV�D�XÜHJ��D�X� RUELWDO� WUDQVLWLRQ� LV� ORFDO�L]HG�RQ�EULGJH�DWRPV�RI�QLWURJHQ��,Q�WKH�89
UHJLRQ� WKH� REVHUYHG�1���/���&�EDQGV� FDQ�EH
H[SODLQHG�ZLWK�WKH�WUDQVLWLRQ�E�XÜHJ��ZKHUHE�X� RUELWDO� WUDQVLWLRQ� LV� ORFDOL]HG� RQ� S\UURODWRPV�RI�QLWURJHQ��%DQGV�%��1��/�DUH�VKRZQ
DOVR� WR� EH� SUHVHQW� LQ� WKH� VSHFWUD� RI� 3F�6Q/%�ILOPV��%HVLGHV��LQ�WKH�,5�UHJLRQ�RQH�FDQ
GLVWLQJXLVK� WKH� ORFDO� DEVRUEWLRQ� PD[LPXP
QHDU� WKH� ZDYH� OHQJWK� RI� DERXW
�����QDQRPHWHUV�ZKLFK�FDQ�EH�DWWULEXWHG�WR
WKH� FKDUJH� WUDQVIHU� HIIHFW� EHWZHHQ� WZR
SKWKDORF\DQLQH�ULQJV�>��@��

7KH� VSHFWUD� RI� SKRWRVHQVLWLYLW\� RI� /%
ILOPV� LQ� ZLGH� VSHFWUDO� UDQJH� RI� ���Ü
����� QDQRPHWHUV� ZHUH� VWXGLHG� DV� ZHOO�
3KRWR�UHVSRQVH� �SKRWRVHQVLWLYLW\�� RI� WKH
ILOPV� ZDV� PHDVXUHG� E\� WZR� WHFKQLTXH�� E\
V\QFKURQRXV�GHWHFWLQJ�DW� WKH�IUHTXHQF\�RI
��� +]� ZLWK� WKH� XVH� RI� YLUWXDO� 3&� SUR�
JUDPV�3K\V/DE��E\�3DOWR��DQG�ZLWK�WKH�XVH
RI� FXUUHQW�YROWDJH� WUDQVGXFHU� �IRU� GF� FXU�
UHQW� PRGH� RI� RSHUDWLRQ� DQG� IRU� YHU\� ORZ
PRGXODWLRQ� IUHTXHQFLHV��� 7KH� [HQRQ� ODPS
'.66+�����ZDV�XVHG�DV�D�OLJKW�VRXUFH��,WV
VSHFWUDO� GHSHQGHQFH� RI� IOX[� LQWHQVLW\� ZDV
GHILQHG� E\� WKH� FDOLEUDWHG� VLOLFRQ� SKRWR
GLRGH�� 0HDVXUHPHQWV� LQ� WKH� ����Ü
����� QP� VSHFWUDO� UHJLRQ� ZHUH� PDGH� RI
ZLWK� WKH� XVH� RI� 3E6� SKRWRUHVLVWRU�� 6SHF�
WUDO� VWXG\LQJ�RI�SKRWRVHQVLWLYLW\�RI�3F�6QILOPV� KDYH� VKRZQ� WKDW� QRUPDOL]HG� VSHFWUD
RI� DEVRUSWLRQ� DQG� SKRWRVHQVLWLYLW\� RI� WKH

3F�6Q� ILOPV� DUH� LGHQWLFDO�� (OHFWURPRWLYHIRUFH� �(0)�� VLJQDO� �LQ� GF� PRGH�� ZDV� RI
DERXW�D�IHZ�P9�

���&RQFOXVLRQ
7KXV��ZH�KDYH� LQYHVWLJDWHG� WKH� EHKDYLRU

RI� PRQROD\HUV� RI� 3F�6Q� PROHFXOHV� RQ� WKHZDWHU� VXUIDFH�� S�$� LVRWKHUPV� RI� VXUIDFH
SUHVVXUH� GHSHQGHQFHV� IRU� 3F�6Q� PROHFXOHVZHUH� WKRURXJKO\� VWXGLHG�� /DQJPXLU�
%ORGJHWW� ILOPV� RQ� WKH� EDVLV� RI� 3F�6Q� ZHUHSUHSDUHG� ZLWK� WKH� ILOP� WKLFNQHVV� YDULHG
IURP�WZR�WR����PRQROD\HUV���Ü����QP���$E�
VRUSWLRQ� VSHFWUD� RI� 3F�6Q� /%� ILOPV� DQG3F�6Q� LQ� RUJDQLF� VROYHQWV� ZHUH� VWXGLHG�3KRWRVHQVLWLYLW\� VSHFWUD� RI� /%�3F�6Q� ILOPVLQ�WKH�UDQJH�RI����Ü�����QP�UHYHDOHG�WKDW
WKH\� DUH� FRPSOHWHO\�GHILQHG�E\� WKH�VSHFWUDO
DEVRUSWLRQ� RI� WKH� FKURPRSKRUH� V\VWHP� RI
WKH�GLSKWKDORF\DQLQH�G\H��

$XWKRUV� H[SUHVV� SURIRXQG� JUDWLWXGH� WR
3URI�/XNMDQHWV� (�$�� ��)68(� RI� 5XVVLDQ
)HGHUDWLRQ� 1,23,.��� IRU� JUDQWLQJ� WKH
SKWKDORF\DQLQH�FRPSRXQGV���������

5HIHUHQFHV
� ���%�'�%HUH]LQ��&RRUGLQDWLRQ�&RPSRXQGV�RI�3RU�

SK\ULQV�DQG�3KWKDORF\DQLQHV��6FLHQFH��0RVFRZ
�������>LQ�5XVVLDQ@��

� ���%�,�6WHSDQRY�LQ��&KHPLVWU\�DQG�7HFKQRORJ\�RI
2UJDQLF� '\HV�� &KHPLVWU\��0RVFRZ� ������� >LQ
5XVVLDQ@

)LJ�����$EVRUSWLRQ�VSHFWUXP�RI��3F�6Q�/DQJ�PXLU�%ORJHWW� ILOP� �WKLFNQHVV� ��� PRQROD\HUV�
�FXUYH� ���� SKRWRVHQVLYLW\� VSHFWUXP� �FXUYH� ��
LQ� ZDYHOHQJWK� UDQJH� RI� ���Ü����� QP�� 7KH
LQVHW�Û� DEVRUSWLRQ� VSHFWUXP� ���� DQG� SKRWR�
VHQVLYLW\� VSHFWUXP� ���� LQ� ODUJHU� VFDOH� ���Ü
�����QP�
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� ���3RUSK\ULQV�� 6SHFWURVFRS\�� (OHFWURFKHPLVWU\�
$SSOLFDWLRQ�� 8QGHU� WKH� (GLWRUVKLS� RI
1�6�(QLNRORSMDQD��1DXND��0RVFRZ��������

� ���0�:KDOOH\��-��&KHP��6RF��������������
� ���/�(GZDUGV��0�*RXWHUPDQ��-��0RO��6SHFWU������

�����������
� ���(OHFWURQLF� 6SHFWUD� DQG� 5HODWHG� &RQQHFWLRQV�

WKH� &DWDORJXH�� 8QGHU� WKH� HGLWRUVKLS� RI
3URI�/XNMDQWVD� (�$�� 0RVFRZ� 5HVHDUFK�DQG�
3URGXFWLRQ� $VVRFLDWLRQ�� %UDQFK� RI� 6FLHQWLILF
5HVHDUFK�,QVWLWXWH�RI�7HFKQLFDO�DQG�(FRQRPLF
5HVHDUFKHV� �&KHUNDVV\��� &KHUNDVV\� �������
Y�����

� ���:�+X�� <�/LX�� <�;X� HW� DO���6\QWK��0HW�� ����
����������

� ���1�1HQVDOD�� 7�1\RNRQJ�� 3RO\KHGURQ�� ���� ���
�������

� ���/LMXDQ� =KHQ�� /LZHL� 6KDQJ�� 0LQJ� /LX� HW� DO��
$SSO��3K\V��/HWW�����������������������

����$�=ODWNLQ��6�<XGLQ��$GYDQ��0DW��2SW����(OHFWU��
��������������

����1�/�/HYVKLQ��*�<XGLQ��(�$�.U\ORY��$�7�=ODW�
NLQ��3K\V��&KHP��0DJ�����������������

����6�<XGLQ�� /�%OLQRY�� 1�3HWXKRYD�� 6�3DOWR�� 7HFKQ�
3K\V��/HWW�������������������

����6�3�3DOWR��$�9�6RURNLQ��$�$�7HYRVRY��6�*�<XGLQ�
2SW��6SHFWU�����������������

����1�/�/HYVKLQ��1�1�3URQLQ��3�$�)RUVK��6�*�<XGLQ�
3K\V��7HFKQ��6HPLFRQG������������������

����/�0�%OLQRY��*�*UHZHU��0�/RHVFKH�HW�DO���0RO�
0DW�����������������
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