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2QH� RI� WKH� PDLQ� SUREOHPV� IRU� RSWLFDO
GDWD� SURFHVVLQJ� LV� WR� ILQG� UHDO�WLPH� SKRWR�
PDWHULDOV� ZLWK� WKH�PRVW� HIIHFWLYH� FRPELQD�
WLRQ� RI� RSWLFDO� SURSHUWLHV�� 7KH� NH\� HOHPHQW
LQ�PDQ\� RSWLFDO� DSSOLFDWLRQV� LV� D� WKLQ� ILOP
RI�D�SKRWRVHQVLWLYH�PDWHULDO��%LRORJLFDO�RSWL�

FDO�PDWHULDOV� KDYH� DWWUDFWHG� D� ORW� RI� DWWHQ�
WLRQ� LQ� UHFHQW� \HDUV�� 7KH� UHWLQDO�SURWHLQ
EDFWHULRUKRGRSVLQ� �%5��� VLPLODU� WR� YLVXDO
KXPDQ�SLJPHQW�UKRGRSVLQ��D�ELRORJLFDO�SKR�
WRUHFHSWRU� DQG� SKRWRDFWLYH� SURWRQ� SXPS� LQ
WKH� SXUSOH�PHPEUDQH� �30�� RI� WKH�PLFURRU�
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)XQFWLRQDO�PDWHULDOV������������� ���



JDQLVP�+DOREDFWHULXP�VDOLQDUXP�� LV�RQH�RI
WKH�EULJKW�H[DPSOHV�>�@��(YROXWLRQ�KDV�RSWL�
PL]HG� WKLV� SURWHLQ� IRU� KLJK� SKRWRFKHPLFDO
HIILFLHQF\�� KLJKO\� GLUHFWLRQDO� QDWXUH�� WKHU�
PDO� DQG� SKRWRFKHPLFDO� VWDELOLW\� DQG� UDSLG
F\FOLQJ�>�@��7KH�SURWRQ�SXPSLQJ�PHFKDQLVP
LV� UHDOL]HG� YLD� D� VHULHV� RI� FRQIRUPDWLRQDO
FKDQJHV�RI�WKH�FKURPRSKRUH�DQG�WKH�SURWHLQ
GXULQJ�WKH�SKRWRFKHPLFDO�F\FOH��)LJ������$OO
SKRWRF\FOH�LQWHUPHGLDWHV�DUH�SKRWRDFWLYH�>�@
DQG� FDQ� EH� VSHFWURVFRSLFDOO\� GLVWLQJXLVKHG
E\� WKH� VKLIW� RI� DEVRUSWLRQ� PD[LPXP�� 7KH
LQLWLDO� VWDWH� RI� %5�� E5����� KDV� DQ� DEVRUS�
WLRQ�SHDN� DW�����QP�� DQG� WKH� ORQJHVW�OLYHG
VKRUW�ZDYHOHQJWK� DEVRUELQJ� LQWHUPHGLDWH
0���� �RU�0�VWDWH�� KDV� RQH� DW� ����QP��7KH
RSWLFDO� DQG� IXQFWLRQDO� SURSHUWLHV� RI� %5
PROHFXOHV�DUH�SUHVHUYHG�LQ�LVRODWHG�30V�DQG
SDUWLDOO\� HYHQ� LQ� GU\� ILOPV�� 7KLV� PDNHV� LW
SRVVLEOH� WR� REWDLQ� VDPSOHV� ZLWK� 30� IUDJ�
PHQWV�WR�EH�XVHG�LQ�UHDO�WLPH�RSWLFDO� LQIRU�
PDWLRQ�SURFHVVLQJ�>�@�

*HODWLQ� ILOPV� ZHUH� SUHSDUHG� XVLQJ� FDVW�
LQJ� SURFHGXUH� ZKHUHLQ� WKH� SKRWRVHQVLWLYH
PL[WXUH�RI�D�%5�SURWHLQ��LQ�D�IRUP�RI�DTXH�
RXV�30� VXVSHQVLRQ��� ���� �Z�Y�� JHODWLQ� VR�
OXWLRQ� DQG� FKHPLFDO� DGGLWLYHV� �DUFDLQH� VXO�
IDWH�� 1�1�1c�1c�WHWUDPHWK\O� HWK\OHQHGLDPLQH
DQG�����GLDPLQRSURSDQH�RU�WULHWKDQRODPLQH�
LV� LQWURGXFHG� EHWZHHQ� WZR� JODVV� VXSSRUWV
VHSDUDWHG�ZLWK����� WR������PP� WKLFN� VSDF�
HUV�DQG�LV�DOORZHG�WR�JHO�DW����&��$IWHU���K�
WKH�XSSHU��K\GURSKRELF��VXSSRUW�LV�UHPRYHG�
DQG�WKH�OD\HU�LV�GULHG�DW����&�DQG���Ü����
U�K�� >�@�� 7KH� UHVXOWLQJ� GU\� ILOP� WKLFNQHVV
FDQ�EH�YDULHG�EHWZHHQ����WR����PP��GHSHQG�
LQJ� RQ� VSDFHUV��� $OO� ILOPV� GHVFULEHG� KHUH
KDG�WKH�VDPH�%5�FRQFHQWUDWLRQ�LQ�WKH�JHOD�
WLQ� PDWUL[�� WKHLU� WKLFNQHVV� ZDV� QHDUO\
���PP� DQG� RSWLFDO� GHQVLW\�� PHDVXUHG� VSHF�
WURVFRSLFDOO\� DW� ���� QP�� LV� DERXW� ����� 7KH
JHODWLQ�%5�ILOPV�VKRZ�YHU\�KLJK�SKRWRVHQVL�
WLYLW\� �VHYHUDO� P:�FP�� RI� FZ� YLVLEOH� ODVHU
LUUDGLDWLRQ���WKHLU�VSDWLDO�UHVROXWLRQ�LV�W\SL�
FDOO\� DW� OHDVW� ����� OLQHV�PP�� WKH\� UHTXLUH
QR� H[WHUQDO� SURFHVVLQJ� DQG� PD\� EH� F\FOHG
WKURXJK� WKH� ZULWH�HUDVH� SURFHVV� RYHU� PLO�
OLRQV� RI� WLPHV� ZLWKRXW� GHJUDGDWLRQ�� 7KH
SKRWRVHQVLWLYLW\� DQG� F\FOLFLW\� RI� %5� ILOPV
DUH� IDU� EH\RQG� WKDQ� WKRVH� RI� V\QWKHWLF�PD�
WHULDOV�>����@�

$OWKRXJK�%5� ILOPV� DUH� QRZ�XVHG�ZLGHO\
IRU� RSWLFDO� SURFHVVLQJ�� WKH� ZLOG�W\SH� �:7��
L�H��JHQHWLFDOO\�XQPRGLILHG�%5�LV�QRW�QHFHV�
VDULO\�VXFFHVVIXO�>�@��)RU�YDULRXV�V\VWHPV�RI
RSWLFDO� LQIRUPDWLRQ� SURFHVVLQJ�� WKHUH� LV� D
VWURQJ� GHPDQG� IRU� JHQHUDWLRQ� RI� WKH� ILOPV
ZLWK�PD[LPXP�EOHDFKLQJ�DQG�GLIIUDFWLRQ�HI�
ILFLHQF\�DQG�FRQVLGHUDEO\�SURORQJHG�0�VWDWH

OLIHWLPHV�� )RU� H[DPSOH�� WKH� WLPH� VFDOH� RI
��� PV� �OLPLWHG� E\� WKH� QDWXUDO� WKHUPDO� UH�
OD[DWLRQ� WLPH� RI� WKH� LQLWLDO� E5���� VWDWH�� LV
QRW� HQRXJK� IRU� FDFKH�PHPRU\� DSSOLFDWLRQV
XVLQJ� WKH� %5� ILOPV�� $OWHUQDWLYHO\�� ZKHQ
SKRWRLQGXFHG� SRSXODWLRQ� GLVWULEXWLRQ� LV
XVHG�WR�VWRUH�LQIRUPDWLRQ�UHFRUGHG�E\�OLJKW�
RI�FULWLFDO�LPSRUWDQFH�LV�WKH�PD[LPXP�RFFX�
SDQF\� RI� 0�� L�H�� WKH� WRWDO� QXPEHU� RI� %5
PROHFXOHV� FRQYHUWHG� LQWR� WKH� 0�VWDWH� XSRQ
LOOXPLQDWLRQ�� ,W� LV� NQRZQ� WKDW� WKHUH� H[LVW
VHYHUDO� SRVVLEOH� DSSURDFKHV� WR� LPSURYH� WKH
SURSHUWLHV� RI� WKH�%5� ILOPV� IRU� LQIRUPDWLRQ
SURFHVVLQJ�ZLWKRXW� DSSUHFLDEOH� ORVV� RI� SKR�
WRVHQVLWLYLW\� DQG� F\FOLFLW\��7KH�%5�PROHFX�
ODU� SURSHUWLHV� FDQ� EH� PRGLILHG� E\� VHYHUDO
PHDQV�� FKDQJLQJ� SK\VLFDO�FKHPLFDO� FRQGL�
WLRQV� RI� WKH�PHGLXP�� UHWLQDO� UHSODFHPHQWV�
JHQHWLF�PRGLILFDWLRQ�RI� WKH�%5�SULPDU\� VH�
TXHQFH� >�@�� FKHPLFDO� PRGLILFDWLRQ� RI� WKH
%5�SRO\PHU� HQYLURQPHQW� E\� DGGLQJ� FKHPL�
FDOV�>�@��HWF��+HUH��ZH�GLVFXVV�WKH�FRPELQD�
WLRQ�RI�WZR�DSSURDFKHV�WR�LPSURYH�WKH�FKDU�
DFWHULVWLFV�RI�%5�ILOPV�IRU�LQIRUPDWLRQ�VWRU�
DJH� DQG� SURFHVVLQJ�� WKH� XVH� RI� %5� JHQHWLF
PXWDQWV� DQG� FKHPLFDO� PRGLILFDWLRQ� RI� WKH
SURWHLQ� HQYLURQPHQW�� 7KH� JHQHWLF� HQJLQHHU�
LQJ� RI�%5�KDV� EHFRPH�D�KLJK�HIIHFWLYH� WRRO
IRU�GHVLJQLQJ�QRYHO�SKRWRFKURPLF�PDWHULDOV�
7KH� UHSODFHPHQWV� RI� '��� DQG� (���� UHVLGXHV
�ZKLFK�DUH�IXQFWLRQDOO\�LPSRUWDQW�LQ�WKH�SUR�
WRQ� WUDQVIHU� SDWKZD\�� FDQ� RIIHU� WKH� GHVLUHG
SHUIRUPDQFH�FKDUDFWHULVWLFV�LQ�WKH�%5�JHQHWLF
PXWDQWV� '��1�� '��(�� DQG� (���4� %5� E\
FKDQJLQJ�WKHLU�SKRWRF\FOH�NLQHWLFV�

2QH� RI� WKH� DUHDV� ZKHUH� PRGLILFDWLRQ� RI
%5�DQG�WKH�UHVXOWLQJ�SURORQJHG�0�OLIHWLPHV
DSSHDUHG� WR� EH� TXLWH� HIIHFWLYH� LV� SKRWRDQ�
LVRWURSLF�UHVSRQVH�LQ�%5�ILOPV��7KH�SKRWRLQ�
GXFHG� DQLVRWURS\� RFFXUV� LQ� %5� ILOP� XSRQ
LOOXPLQDWLRQ� ZLWK� OLQHDUO\� SRODUL]HG� OLJKW
>�@��7KH�%5� ILOPV� DUH�XQLTXH�PDWHULDOV� IRU

)LJ�����0DLQ�UHDFWLRQV�RI� WKH�%5�SKRWRF\FOH�
,QWHUPHGLDWHV� DUH� GHVLJQDWHG� E\� OHWWHUV� -
WKURXJK�2�DFFRPSDQLHG�E\�SRVLWLRQ�RI�DEVRUS�
WLRQ�PD[LPXP�LQ�QP�

'�6WHSDQFKLNRY�HW�DO����%DFWHULRUKRGRSVLQ�DQG�LWV����
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G\QDPLF� KRORJUDSK\� UHFRUGLQJ� >�@�� 7KH
OLJKW�LQGXFHG�DQLVRWURS\�DQG�G\QDPLF�KRORJ�
UDSK\� UHFRUGLQJ� LQ� %5� ILOPV� KDYH� UHFHQWO\
GUDZQ�D�JUHDW�DWWHQWLRQ�LQ�WKH�ILHOG�RI�RSWL�
FDO�LPDJH�SURFHVVLQJ�>��Ü��@��+HUH��ZH�SUH�
VHQW� RXU� UHVXOWV� RQ� WKH� RSWLPL]DWLRQ� RI
OLJKW�LQGXFHG�DQLVRWURS\�FKDUDFWHULVWLFV�DQG
KRORJUDSK\� UHFRUGLQJ� E\� PHDQV� RI� JHQHWLF
DQG�FKHPLFDO�PRGLILFDWLRQV�

7KH� %5� PROHFXOHV� ERWK� LQ� WKH� LQLWLDO
VWDWH� E5���� DQG� ORQJHVW�OLYHG� LQWHUPHGLDWH
0���� SRVVHVV� DQLVRWURSLF� DEVRUSWLRQ�� :H
GHVLJQDWH� WKH� SKRWRLQGXFHG� DQLVRWURS\
PHWKRG�EDVHG�RQO\�RQ�DQLVRWURSLF�SURSHUWLHV
RI�E5����DV��%�W\SH�DQLVRWURS\���WKDW�EDVHG
RQO\� RQ� DQLVRWURSLF� SURSHUWLHV� RI� 0���� DV
�0�W\SH�DQLVRWURS\���DQG�WKH�PHWKRG�EDVHG
RQ�DQLVRWURSLF�SURSHUWLHV�RI�ERWK�E5����DQG
0���� DV� �%�0� W\SH� DQLVRWURS\�� >��@�� $Q
H[SHULPHQWDO� VHWXS� WR� GHWHFW� SKRWRDQLVRW�
URSLF� UHVSRQVHV�RI� WKH�%��0�DQG�%�0� W\SHV
LV� VKRZQ� LQ� )LJ����� 7R� LQGXFH� WKH� %� W\SH
DQLVRWURS\�� D� OLQHDUO\� SRODUL]HG� EHDP� RI� D
+H±1H� ODVHU�� O� ����� QP� LQLWLDWLQJ� VROHO\
E5���o0���� WUDQVLWLRQ� LV� VXIILFLHQW�� 7R
LQGXFH� WKH�0� DQG�%�0� W\SHV� DQLVRWURS\�� LW
LV� QHFHVVDU\� WR� LQLWLDWH� E5���o0���� WUDQ�
VLWLRQ� DQG� UXQ� VLPXOWDQHRXV� DQLVRWURSLF
SKRWRVHOHFWLRQ�RI�0����PROHFXOHV�ZLWK�OLQH�
DUO\� SRODUL]HG� EOXH� OLJKW� �)LJ������ :H� FRQ�
FXUUHQWO\�HPSOR\�D�+H±&G�ODVHU��O� �����QP�
WKDW� DFWLYDWHV� SUHGRPLQDQWO\� WKH� ORQJ�OLYHG
VKRUW�ZDYHOHQJWK� DEVRUELQJ� SKRWRF\FOH� LQ�
WHUPHGLDWH� 0����� DQG� +H±1H� ODVHU�� O� 
���� QP�� WR� LQGXFH� WKH� 0� DQG� %�0� W\SHV
DQLVRWURS\�� 7KH� OLQHDU� SRODUL]DWLRQ� RI� +H±
&G� ODVHU� EHDP� DQG� FLUFXODU� SRODUL]DWLRQ� RI
+H±1H�ODVHU�EHDP�LQGXFH�WKH�0�W\SH�DQLVRW�
URS\�� 7KH� RUWKRJRQDOO\� OLQHDUO\� SRODUL]HG
EHDPV� RI� WKH� +H±&G� DQG� +H±1H� ODVHUV� LQ�
GXFH� WKH�%�0� W\SH� DQLVRWURS\��7KH� LQWHQVL�
WLHV�RI�WKH�H[FLWLQJ�EHDPV�DUH�YDULHG�RYHU�D
ZLGH�UDQJH�E\�WZR�*ODQ�SULVPV�DUUDQJHG�LQ
VHULHV� DQG� PHDVXUHG� E\� SKRWRGLRGHV� 3'�
DQG� 3'��� UHVSHFWLYHO\�� 7KH�+H±1H� H[FLWLQJ
EHDP�SRODUL]DWLRQ� LV� YDULHG� E\� URWDWLQJ� WKH
O���SODWH��7KH�%5�ILOP�LV�PRXQWHG�EHWZHHQ
D� FURVVHG� SRODUL]HU� 3� DQG� DQDO\]HU� $�� WKH
RSWLFDO� D[LV� LQGXFHG� E\� WKH� H[FLWLQJ� EHDPV
LV�LQFOLQHG�DW�����WR�WKH�SRODUL]HU�D[LV��7HVW�
LQJ� LV� DOVR� SHUIRUPHG� E\� WKH� +H±1H� ODVHU
EHDP��:LWK�KLJK�SUHFLVLRQ��WKH�SKRWRDQLVRW�
URSLF�UHVSRQVH�YDOXH�FDQ�EH�GHWHUPLQHG�DW�D
KLJK� DFFXUDF\� E\� PHDVXULQJ� WKH� WUDQVPLW�
WDQFH�73�%5�$�RI�WKH�V\VWHP�3�%5�$�XVLQJ
WKH� SKRWRGLRGH� 3'��� :H� KDYH� VKRZQ� WKDW
WKH�PL[HG�%�0�W\SH�DQLVRWURS\�SURGXFHV�WKH
KLJKHVW� SKRWRDQLVRWURSLF� UHVSRQVH�� LW� LV

QHDUO\�WKUHH�WLPHV�JUHDWHU�WKDQ�WKDW�IRU�WKH
0�W\SH�DQG�WZLFH�DV�ODUJH�DV�WKDW�IRU�WKH�%
W\SH�>��@�

7KH� REWDLQHG� UHVXOWV� DUH� H[SODLQHG� LQ
WHUPV� RI� D� PRGHO� RI� WKH� UHYHUVLEOH� DQLVRW�
URSLF�SKRWRVHOHFWLRQ�RI�%5�PROHFXOHV�XQGHU
OLQHDUO\�SRODUL]HG� OLJKW��7KH�GLVWULEXWLRQ�RI
PROHFXODU� SRSXODWLRQV� EHWZHHQ� WKH� LQLWLDO
VWDWH� E5���� �1%�� DQG� LQWHUPHGLDWH� 0���
�10��XQGHU�H[FLWDWLRQ�ZLWK�+H±1H�ODVHU�DQG
+H±&G� ODVHU� EHDPV� LV� GHVFULEHG� E\� WKH� IRO�
ORZLQJ�EDODQFH�HTXDWLRQ�
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ZKHUH� V%� DQG� V0� DUH� DEVRUSWLRQ� FURVV�VHF�
WLRQV�IRU�WKH�%�VWDWH�DQG�0�VWDWH�DW�H[FLWLQJ
ZDYHOHQJWK�� UHVSHFWLYHO\��$%o0� DQG�$0o%
DUH� TXDQWXP� \LHOGV� RI� E5���o0���� DQG
0���oE5����WUDQVLWLRQV�� UHVSHFWLYHO\�� W� LV
DQ� DYHUDJH� OLIHWLPH� RI� WKH�0�VWDWH�� ,U� DQG,EO�DUH�+H±1H�ODVHU�DQG�+H±&G�ODVHU�LQWHQVL�WLHV� �LQGLFHV� U� DQG� EO� FRUUHVSRQG� WR� ZDYH�
OHQJWKV� O� ����� QP� DQG� OEO� ����� QP�� UH�VSHFWLYHO\��VHH�)LJ������,W�LV�DVVXPHG�WKDW�LQ
DOO� FDVHV� 1%���10� �1��� ZKHUH� 1�� LV� WKHWRWDO�GHQVLW\�RI�%5�PROHFXOHV�

,Q� JHQHUDO�� DQ� DQLVRWURSLFDOO\� DEVRUE�
LQJ�PROHFXOH�FDQ�EH�DSSUR[LPDWHG�E\�PX�
WXDOO\� RUWKRJRQDO� OLQHDU� RVFLOODWRUV�� VR
WKDW� WKH� DEVRUSWLRQ�FURVV�VHFWLRQ�GHSHQG�
HQFH� RQ� DQJOH� M� EHWZHHQ� D� ORQJ� DEVRUS�
WLRQ�D[LV�RI�D�PROHFXOH�DQG�HOHFWULF� ILHOG
YHFWRU�RI� OLJKW�WDNHV�WKH�IRUP�

VEO�U%�P�M�� �V_ _EO�U%�0FRV�MEO�U����V%EO�U%�0VLQ�MEO�U� �

ZKHUH�V__EO�U%�0� DQG�V%EO�U%�0� DUH� DEVRUSWLRQ� FURVV�
VHFWLRQV�IRU�WKH� OLJKW�SRODUL]HG�SDUDOOHO�DQG
SHUSHQGLFXODU�WR�D�ORQJ�DEVRUSWLRQ�D[LV�RI�D
PROHFXOH�� UHVSHFWLYHO\�� 7KH� DEVRUSWLRQ

)LJ����� ([SHULPHQWDO� VHWXS� IRU� WKH� GHWHFWLRQ
RI�WKH�SKRWRDQLVRWURSLF�UHVSRQVH�RI�WKH�%��0
DQG�%�0�W\SHV�LQ�%5�ILOPV�
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FURVV�VHFWLRQ� IRU� WKH� FLUFXODUO\� SRODUL]HG
OLJKW�WDNHV�WKH�IRUP�VU%� �����V__U%���V%U% ���7KH
DQLVRWURSLF�DEVRUSWLRQ�RI�PROHFXOHV�LV�GHVFULEHG
E\� WKH�PROHFXODU� GLFKURLVP�� N�� N� �VA��V__�
$V� D� UHVXOW�� WKH� KHWHURJHQHRXV� GLVWULEXWLRQ
RI� DQJXODU� FRQFHQWUDWLRQ� RI� PROHFXOHV� RF�
FXUV�� 7KH� SKRWRVWDWLRQDU\� VSHFLILF� DQJXODU
GLVWULEXWLRQ� RI�PROHFXOHV� LQ� E5���� VWDWH� LV
ZULWWHQ�DV�(T��������

7KLV� JLYHV� ULVH� WR� D� SKRWRLQGXFHG� DQLVRW�
URS\�� ELUHIULQJHQFH�� DQG� PDFURVFRSLF� GL�
FKURLVP��7KH�VSHFLILF�DQJXODU�GLVWULEXWLRQ�RI
PROHFXOHV� LQ� E5���� VWDWH� IRU� WKH� %�0� W\SH
DQLVRWURS\�LV�PRUH�DQLVRWURSLF�WKDQ�WKRVH�RE�
VHUYHG�IRU�WKH�DQLVRWURS\�RI�%�DQG�0�W\SHV�

&RPSDULQJ�WKH�H[SHULPHQWDO�GHSHQGHQFHV
RI� QRQOLQHDU� SKRWRLQGXFHG� PDFURVFRSLF� GL�
FKURLVP� RQ� WKH� ODVHU� LQWHQVLW\�ZLWK� VLPLODU
FDOFXODWHG�GHSHQGHQFHV�� LW� LV�SRVVLEOH�WR�GH�
WHUPLQH� WKH�PROHFXODU�GLFKURLVP�RI�%5� IRU
WKH� LQLWLDO� VWDWH� RI� WKH� SKRWRF\FOH� E5����
N%�� DQG� WKH� ORQJHVW�OLYHG� LQWHUPHGLDWH

0����� N0� >��@�� 7KH� SKRWRLQGXFHG� PDFUR�
VFRSLF�GLFKURLVP�'A�Ü'__�LV�ZULWWHQ�DV�

'A���'__� 
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ZKHUH�'A� DQG�'__� DUH� RSWLFDO� GHQVLWLHV� RI� DVDPSOH�LQ�WKH�WHVWLQJ�EHDP�SRODUL]HG�SHUSHQ�
GLFXODU� DQG� SDUDOOHO� WR� DQ� LQGXFHG� RSWLFDO
D[LV�� UHVSHFWLYHO\�� +HUH�� '�� �1�V__WHVW% � ����
NWHVW% �G��OQ��� LV�WKH� LQLWLDO�RSWLFDO�GHQVLW\�RI
SKRWRF\FOLQJ� PROHFXOHV� �G�� LV� WKH� VDPSOH
WKLFNQHVV�� � �V__WHVW� LV� WKH� DEVRUSWLRQ� FURVV�
VHFWLRQ� DW� OWHVW��� )RU� H[DPSOH�� WKH� H[SHUL�PHQWDO�DQG�FDOFXODWHG�GHSHQGHQFHV�RI�WKH�0
W\SH�PDFURVFRSLF�SKRWRLQGXFHG�GLFKURLVP�RQ
WKH� H[FLWLQJ�+H±&G� ODVHU� LQWHQVLW\� IRU� GLI�
IHUHQW� PROHFXODU� GLFKURLVP� YDOXHV� DUH
VKRZQ� LQ�)LJ����� ,W� LV� VHHQ� WKDW� WKH� H[SHUL�
PHQWDO� DQG� WKHRUHWLFDO� FXUYHV� DJUHH� YHU\
ZHOO� DW�N0� �����r�����ZLWK�O� �����QP��$Q
DGGLWLRQDO�LQIRUPDWLRQ�IRU�WKH�HVWLPDWLRQ�RI
N%� DQG� N0� ZDV� REWDLQHG� XVLQJ� H[FLWDWLRQ
VROHO\� ZLWK� WKH� +H±&G� ODVHU� DQG� WHVWLQJ
XVLQJ�WKH�FROOLPDWHG�ODPS�EHDP�ZLWK�OWHVW� ����QP�>��@�

7KH�SKRWRLQGXFHG�DQLVRWURS\�ZDV�VWXGLHG
LQ� SRO\PHU� ILOPV�ZLWK� WKH�:7�%5�� JHQHWLF
PXWDQWV�'��1� �$VS��oQRQ�LRQL]DEOH�$VQ��
'��(�%5��$VS��oLRQL]DEOH�*OX��DQG� LQ�UH�
VSHFWLYH�FKHPLFDOO\�PRGLILHG�%5�ILOPV��%RWK
$VS���PXWDQWV�VKRZ�D�VORZHG�SKRWRFKHPLV�
WU\��VLQFH�WKH�UHSODFHPHQW�RI�$VS����DQ�LQ�
WHUQDO�SURWRQ�GRQRU�LQ�WKH�SURWRQ�SDWKZD\�
FDQ�SURYLGH�D�PXWDQW�SURWHLQ�ZLWK�D�VORZHG
ODWHU�SKRWRF\FOH�SDUW��7KH�ODFN�RI�WKH�LQWHU�
QDO�SURWRQ�GRQRU�LQ�WKH�SURWHLQ�VORZV�GRZQ
VKDUSO\� WKH� SURWRQ� XSWDNH�� WKHUHIRUH�� WKH
OLIHWLPH�RI�0�LQWHUPHGLDWH�LV�DOVR�LQFUHDVHG
�)LJ������%HVLGHV�� WKH� FKHPLFDO�PRGLILFDWLRQ
RI� %5� W\SLFDOO\� SURGXFHV� ��WR���� WLPHV� LQ�
FUHDVH� LQ� WKH� 0� VWDWH� OLIHWLPH� DV� ZHOO�� UH�
VXOWLQJ�LQ�LWV�KLJKHU�SRSXODWLRQ��:H�EHOLHYH
WKDW� WKH� FKHPLFDOV� DIIHFW� WKH� S.D� RI� WKH
IXQFWLRQDOO\� LPSRUWDQW�UHVLGXHV� LQYROYHG� LQ
WKH�F\WRSODVPLF�SDUW�RI�WKH�SURWRQ�WUDQVIHU

)LJ�����([SHULPHQWDO�GHSHQGHQFHV�RI�SKRWRLQ�
GXFHG�GLFKURLVP�LQ�:7�%5�ILOP�RQ�WKH�LQWHQ�
VLW\� RI� OLQHDUO\� SRODUL]HG�+H±&G� ODVHU� H[FLW�
LQJ� EHDP� ,EO�OEO� �����QP��XQGHU� FRQFXUUHQWH[FLWDWLRQ�E\�FLUFXODUO\�SRODUL]HG�+H±1H�ODVHU
EHDP� DW� WKH� LQWHQVLW\� ,U� �����P:�FP�� DQG
FDOFXODWHG�GHSHQGHQFHV�DW�GLIIHUHQW�YDOXHV�RI
PROHFXODU�GLFKURLVP�N%�DQG�N0������Û�N% �����N0 ��� ����Û�N% ������N0 ������ ����Û�N% �����N0 �����
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SDWKZD\�� WKXV� KLQGHULQJ� FRQIRUPDWLRQ
FKDQJHV� RI� WKH� ODWHU� SKRWRF\FOH� SDUW� DQG
VORZLQJ�GRZQ�WKH�LQLWLDO�VWDWH�UHFRYHU\�

7KH� PROHFXODU� GLFKURLVP� RI� E5���� DQG
WKH� l���� LQWHUPHGLDWH� LQ� WKHVH� %5� ILOPV
KDV� EHHQ� HVWLPDWHG� �7DEOH��� 7KH� PROHFXODU
GLFKURLVP�RI�E5����LQ�'��(�%5��'��1�%5
DQG� FKHPLFDOO\� PRGLILHG� %5� ILOPV� LV
VOLJKWO\� LQFUHDVHG� DV� FRPSDUHG� WR� WKH� XQ�
PRGLILHG�:7�%5�ILOP��7KLV�LV�DQ�LQGLFDWLRQ
WKDW� VLWH�VSHFLILF� PXWDWLRQV� LQ� '��(� DQG
'��1�%5�DV�ZHOO� DV�WKH�DGGLWLRQ�RI�FKHPL�
FDOV� LQWR� JHODWLQ�PDWUL[� UHVXOW� LQ� LQVLJQLIL�
FDQW�ZHDNHQLQJ� RI� FKURPRSKRUH�SURWHLQ� LQ�
WHUDFWLRQ� DV� DJDLQVW� WKH� FKHPLFDOO\� XQ�
WUHDWHG�:7�%5�>��@��)RU�%�W\SH�DQLVRWURS\�
WKH� WUDQVPLWWDQFH�73�%5�$� LQ�FKHPLFDOO\�XQ�WUHDWHG�:7��'��(�DQG�'��1�%5�ILOPV�DQG
LQ� WKH� UHVSHFWLYH� FKHPLFDOO\�PRGLILHG� ILOPV
LV�SORWWHG�LQ�)LJ����DV�D�IXQFWLRQ�RI�H[FLWLQJ
+H±1H� ODVHU� EHDP� LQWHQVLW\� ,U�� 7KH� FKHPL�FDOO\�PRGLILHG�%5�ILOPV�H[KLELW�DOPRVW�IRXU�
IROG� LQFUHDVH� RI� WKH� SKRWRDQLVRWURSLF� UH�
VSRQVH�DQG�D�����IROG� LQFUHDVH�LQ�SKRWRVHQ�
VLWLYLW\�� ,W� VKRXOG� EH� QRWHG� WKDW�� WKH� %5
FRQFHQWUDWLRQ� EHLQJ� WKH� VDPH� LQ� DOO� ILOPV�
WKH� SKRWRLQGXFHG� DQLVRWURS\� ZDV� FRQVLGHU�
DEO\�KLJKHU�LQ�FKHPLFDOO\�PRGLILHG�%5�ILOPV
GXH� WR� D� VLJQLILFDQW� LQFUHDVHG� IUDFWLRQ� RI
%5� PROHFXOHV� FRQYHUWHG� LQWR� 0� >��@�� 7KH
SKRWRLQGXFHG� DQLVRWURS\� PRGHO� LQ� WKH� %5
ILOPV� >��@� LPSOLHV� WKDW�SKRWRDQLVRWURSLF� UH�
VSRQVH� JURZV� DV� WKH� WRWDO� QXPEHU� RI
EOHDFKHG�%5�PROHFXOHV�FRQYHUWHG�LQWR�WKH�0
VWDWH� LQFUHDVHV�� VLQFH� WKH� HIIHFWLYH� RSWLFDO
GHQVLW\� �WKH� GLIIHUHQFH� EHWZHHQ� WKH� LQLWLDO
DQG� UHVLGXDO� RSWLFDO� GHQVLWLHV� XSRQ� VDWXUD�
WLRQ�LQWHQVLW\�LUUDGLDWLRQ��LV�SURSRUWLRQDO�WR
WKH� DPRXQW� RI� EOHDFKHG� %5�PROHFXOHV�� 7KH
0� GHFD\� WLPH� FRQVWDQWV� W�� DQG� W�� �V�� IRUFKHPLFDOO\� PRGLILHG� :7� %5�� '��(� DQG
'��1� %5� LQ� DPELHQW� FRQGLWLRQV� DUH
������������������������������������UHVSHF�
WLYHO\�� DV� FRPSDUHG� ZLWK� ��������� IRU

FKHPLFDOO\� XQWUHDWHG� :7� %5� >��@�� 7KXV�
WKH� %� W\SH� DQLVRWURS\� LQ� WKHVH� %5� ILOPV
VHHPV�WR�EH�RI�LQWHUHVW�IRU�RSWLFDO�GDWD�VWRU�
DJH� >��@�� )RU� VSDWLDO� OLJKW� PRGXODWRUV�� WKH
0� DQG� %�0� W\SH� DQLVRWURS\� RI� WKHVH� %5
ILOPV�DUH�PRUH�SURPLVLQJ�>��@��,Q�WKH�ODWWHU
FDVHV�� WKH� F\FOH� SURFHVV� WLPH� LV� DERXW
����PVHF��)LJ�����

,W�LV�VHHQ�WKDW�WKH�%5�ILOPV�DUH�ORZ�VDWX�
UDWHG� G\QDPLF� UHFRUGLQJ�PDWHULDOV� �)LJ�����
7KH� GLIIUDFWLRQ� HIILFLHQF\� NLQHWLFV� LQ� %5

)LJ�����7UDQVPLWWDQFH�73�%5�$� IRU� WKH�FKHPL�FDOO\� XQWUHDWHG� :7�� '��(� DQG� '��1� %5
ILOPV�DQG�WKH�UHVSHFWLYH�ILOPV�ZLWK�FKHPLFDO
DGGLWLYHV�DV�D�IXQFWLRQ�RI�WKH�OLQHDUO\�SRODU�
L]HG�+H±1H� ODVHU� H[FLWLQJ� EHDP� LQWHQVLW\� ,U
�OU� �����QP�����Û�:7%5����Û�'��(�%5����Û
'��1�%5����Û�:7�%5�ZLWK�DGG�����Û�'��(�%5
ZLWK�DGG�����Û�'��1�%5�ZLWK�DGG�

7DEOH��0ROHFXODU�GLFKURLVP�RI�WKH�LQLWLDO�VWDWH�E5�����N%�DQG�WKH�ORQJHVW�OLYHG�0����LQWHUPHGL�
DWH��N0�IRU�WKH�:7��'��(�DQG�'��1�%5�LQ�FKHPLFDOO\�XQWUHDWHG�JHODWLQ�ILOPV�DQG�VLPLODU�ILOPV
ZLWK�FKHPLFDO�DGGLWLYHV

,QWHUPHGLDWH
RI�SKRWRF\FOH

%5�ILOPV :DYHOHQJWK
�QP�

0ROHFXODU
GLFKURLVP�N

,QLWLDO�VWDWH�
E5���

:7�
'��(��'��1�
:7���DGGLWLYHV�
'��(���DGGLWLYHV�
'��1���DGGLWLYHV

��������������
������������� ����r������

����r�����

/RQJHVW�OLYHG
LQWHUPHGLDWH�0���

:7��'��(��'��1�
:7���DGGLWLYHV
'��(����DGGLWLYHV
'��1���DGGLWLYHV
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ILOPV�FRQVLVWV�RI�WZR�VWDJHV��DQ�LQLWLDO�SHDN
IROORZHG�E\�D�GHFUHDVH�WR�D�VWHDG\�VWDWH�>���
��@�� 7KH� KLJK� DPSOLWXGH� RI� WKH� WUDQVLHQW
SURFHVV�LQ�%5�ILOPV��WKH�LQLWLDO�SHDN�VKDUS�
QHVV�� RI� KRORJUDSK\� UHFRUGLQJ� NLQHWLFV� LQ
5DPDQ�1DWK� WKLQ� JUDWLQJ� LV� D� XVHIXO� IHD�
WXUH�ZKLFK� FDQ�EH�XWLOL]HG� LQ�QRYHOW\� ILOWHU
DQG�GHWHFWLRQ�RI�UDSLG�REMHFW�PRYHPHQW��5H�
FHQWO\��ZH� KDYH� SURSRVHG� WR� XVH� WKH� LQLWLDO
RYHUVKRRW� LQ� WKH� ILUVW�RUGHU� VHOI�GLIIUDFWLRQ
EHDP�NLQHWLFV�LQ�WKLQ�KRORJUDSK\�JUDWLQJ�WR
GHWHFW�VPDOO�SHULRGLF�YLEUDWLRQV�>������@��,Q
WKLV�PHWKRG��WKH�YLEUDWLRQ�GHWHFWLRQ� LV�EDVHG
RQ� WKH� KRORJUDSKLF� JUDWLQJ� UHFRUGLQJ� E\� WKH
VKLIWHG� LQWHUIHUHQFH� SDWWHUQ� LQ� D� QRYHO� SODFH
RI�D�%5�ILOP��+HQFH��WKH�HIILFLHQF\�DQG�WLPH
UHVROXWLRQ� RI� YLEUDWLRQ� GHWHFWLRQ� GR� QRW� GH�
SHQG� RQ� WKH� YLEUDWLRQ� VKDSH�� 7KH\� GHSHQG
RQO\� RQ� WKH� DPSOLWXGH� DQG� VKDUSQHVV� RI� WKH
LQLWLDO�SHDN� LQ�WKH�ILUVW�RUGHU�VHOI�GLIIUDFWLRQ
EHDP�UHFRUGLQJ�NLQHWLFV�

,W�ZDV�DVVXPHG�EHIRUH�WKDW�D�VXEVWDQWLDO
JDLQ� LQ� WKH� EOHDFKLQJ� HIILFLHQF\� DQG� KHQFH
LQ� GLIIUDFWLRQ� HIILFLHQF\� RI� WKH� %5� ILOP
FRXOG� EH� UHDFKHG� ZLWK� MXVW� $VS��� JHQHWLF
PXWDQWV� ODFNLQJ� WKH� LQWHUQDO� SURWRQ� GRQRU
LQ�WKH�PROHFXOH��WKH�SURWRQ�XSWDNH�SDWKZD\
LV� DIIHFWHG��� H�J�� '��1� %5�� :H� ZHUH� WKH
ILUVW�WR�VKRZ�WKDW�(���4�%5��*OX���oQRQ�
LRQL]DEOH� *OQ�� ZKHUHLQ� WKH� SURWRQ� UHOHDVH
FRPSOH[�LQ�WKH�SURWHLQ�LV�DIIHFWHG��WKLV�PX�
WDQW� H[KLELWV� D� VWURQJO\� GHOD\HG� OLJKW�LQ�
GXFHG� SURWRQ� UHOHDVH�� SURYLGHV� D� FRQVLGHU�
DEOH� JDLQ� LQ� GLIIUDFWLRQ� HIILFLHQF\� DV� FRP�
SDUHG�WR�:7�DQG�'��1�%5��)LJ���D���8QOLNH
WKH� WUDQVPLWWDQFH� NLQHWLFV� LQ� WKH� :7� DQG
'��1�%5�IRU�+H±1H�ODVHU��O� �����QP��WKH
WUDQVPLWWDQFH� NLQHWLFV� LQ� (���4� %5� ILOP
�)LJ���E��GHPRQVWUDWHV�WZR�VWDJHV��DQ�LQLWLDO
SHDN� IROORZHG� E\� D� GHFUHDVH� WR� D� VWHDG\
VWDWH��7KLV�FRXOG�UHVXOW�IURP�WKH�IRUPDWLRQ
RI� D� FRQVLGHUDEOH�DPRXQW�RI�2�LQWHUPHGLDWH
>��@� HYHQ� LQ� WKLQ� ��� PP� (���4� %5� ILOP
�)LJ������ 7KH� (���4� %5� ILOP� KDV� D� ODUJHU
IUDFWLRQ�RI�EOHDFKHG�PROHFXOHV�DW�WKH�LQLWLDO
SKRWRH[FLWDWLRQ� VWDJH� WKDQ� WKH� '��1� DQG
:7�%5�RQHV��)LJ���E���7KH�H[LVWHQFH�RI�WZR
VWDJHV� LQ� WKH� WUDQVPLWWDQFH� NLQHWLF� UHVXOWV
PDLQO\� LQ� WKH� LQFUHDVH� RI� WKH� LQLWLDO� SHDN
VKDUSQHVV� RI� KRORJUDSK\� UHFRUGLQJ� NLQHWLFV
LQ� (���4� %5� ILOP� �)LJ���D��� 7KH� UDWLR� EH�
WZHHQ� WKH� SHDN� DQG� VWHDG\�VWDWH� YDOXHV� LV
����� ���� DQG� ���� IRU� WKH� :7�� '��1� DQG
(���4�%5��UHVSHFWLYHO\�

7R� FRQFOXGH�� WKH� JHODWLQ� ILOPV� ZLWK
FKHPLFDOO\� PRGLILHG� $VS��� PXWDQWV� PLJKW

EH� RI�SURPLVH� IRU�ERWK�RSWLFDO� GDWD� VWRUDJH
�XVLQJ�%� W\SH� DQLVRWURS\�� DQG� VSDWLDO� OLJKW
PRGXODWRUV� �XVLQJ�0� DQG� %�0� W\SH� DQLVRW�
URS\���7KH�ILOP�ZLWK�JHQHWLF�PXWDQW�(���4
%5� �ZKHUH� WKH� SURWRQ� UHOHDVH� FRPSOH[� LV
DIIHFWHG�� KDV� EHHQ� VKRZQ� WR� H[KLELW� DQ� LQ�
FUHDVHG� GLIIUDFWLRQ� HIILFLHQF\�� $� FRQVLGHU�
DEOH� SRSXODWLRQ� RI� UHG�OLJKW� DEVRUELQJ
2�VWDWH�DULVHV�LQ�WKH�(���4�ILOP�LQ�WKH�ODWHU
SDUW�RI�WKH�%5�SKRWRF\FOH��7KLV�UHVXOWV�LQ�D
VLJQLILFDQW� JDLQ� LQ� WKH� LQLWLDO� SHDN� VKDUS�
QHVV��7KH�(���4�%5�ILOP�LV�WKH�RQO\�NQRZQ
KRORJUDSKLF� UHYHUVLEOH� PDWHULDO� ZKHUH� VXFK
VKDUSQHVV� RI� WKH� LQLWLDO� WUDQVLHQW� SURFHVV� LV
REVHUYHG� LQ� G\QDPLF� UHFRUGLQJ� E\� ORZ�LQWHQ�
VLW\� UHG� OLJKW� IURP� D� FZ�+H±1H� ODVHU�� 7KLV
FRXOG�EH�H[WUHPHO\�XVHIXO�IRU�WKH�QRYHOW\�ILO�
WHU�DQG�GHWHFWLRQ�RI�REMHFW�UDSLG�PRYHPHQW�

$FNQRZOHGJHPHQW��:H� WKDQN�0U�,�%DVLV�
WL\� IRU�KLV�KHOS� LQ�GDWD�SURFHVVLQJ��7KH�UH�
VHDUFK�GHVFULEHG�LQ�WKLV�SXEOLFDWLRQ�ZDV�PDGH
SRVVLEOH� LQ�SDUW�E\�$ZDUG�1R�8%�������.9�
��� RI� WKH� 8�6�&LYLOLDQ� 5HVHDUFK� 	� 'HYHORS�
PHQW� )RXQGDWLRQ� IRU� WKH� ,QGHSHQGHQW� 6WDWHV
RI�WKH�)RUPHU�6RYLHW�8QLRQ��&5')��

)LJ����� 7KH� ILUVW�RUGHU� VHOI�GLIIUDFWLRQ� NLQHW�
LFV�LQ�5DPDQ�1DWK�WKLQ�JUDWLQJ��D��DQG�WUDQV�
PLWWDQFH�NLQHWLFV� �E�� IRU� WKH�+H±1H� ODVHU�UH�
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