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5HFHLYHG�0DUFK��������
6HFRQG� KDUPRQLF� JHQHUDWLRQ� HIILFLHQF\� YHUVXV� WKH� 7L2�� QDQRSDUWLFOHV� FRQFHQWUDWLRQLQFRUSRUDWHG�LQ�WKH�.'3�VLQJOH�FU\VWDOV�ZDV�VWXGLHG�ZLWKLQ�SLFRVHFRQG�UDQJH�SXPS�SXOVHV

DW� ����� QP�� )RU� WKH� ILUVW� WLPH� ZH� KDYH� REWDLQHG� WKH� IUHTXHQF\� FRQYHUVLRQ� HIILFLHQF\
HQKDQFHPHQW� LQ� WKH� .'3�7L2�� LQ� FRPSDULVRQ� ZLWK� WKH� .'3� FU\VWDOV� GXH� WR� WKH� LQWHUQDOVHOI�IRFXVLQJ� HIIHFW� WKDW� ZDV� REVHUYHG� DV� WKH� SXPS� EHDP� VSDWLDO� SURILOH� QDUURZLQJ� DW
PRGHUDWH�SHDN�LQWHQVLWLHV��
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���,QWURGXFWLRQ
6LQJOH� FU\VWDOV� �6&V�� RI� SRWDVVLXP� GLK\�

GURJHQ� SKRVSKDWH� �.'3�� .+�32��� KDYH� DJUHDW� YDULHW\� RI� DSSOLFDWLRQV� LQ� QRQOLQHDU
RSWLFV��SKRWRQLFV�DQG�RSWRHOHFWURQLFV� ILHOGV�
7KH\� EHORQJ� WR� WKRVH� IHZ� PDWHULDOV� ZLGHO\
XVHG�LQ�LQGXVWULDO�ODVHU�IDFLOLWLHV�DV�IUHTXHQF\
PXOWLSOLHUV�� SDUDPHWULF� DPSOLILHUV� DQG� HOHF�
WURRSWLFDO� VKXWWHUV�� 7KH� XQLTXH� FRPELQDWLRQ
RI�SURSHUWLHV�OLNH�ZLGH�UDQJH�RI�WUDQVSDUHQF\�
UHODWLYHO\� KLJK� PDJQLWXGHV� RI� WKH� TXDGULF
QRQOLQHDU� VXVFHSWLELOLW\�� HOHFWURRSWLFDO� DQG
SLH]RRSWLFDO�HIIHFWV��DV�ZHOO�DV�WKH�SRVVLELOLW\
RI� JURZLQJ�ZLGH� DSHUWXUH� FU\VWDOV��.'3� 6&V
GUDZ�VSHFLDO�DWWHQWLRQ�RI�WKH�UHVHDUFKHV��,W�LV
DOVR�DQ�LGHDO�PRGHO�V\VWHP�WR�VWXG\�WKH�HIIHFW

RI� LQWULQVLF� DQG� H[WULQVLF� GHIHFWV� LQ� FRPSOH[
R[LGH� LQVXODWRUV��

,PSURYLQJ�QRQOLQHDU� RSWLFDO� �1/2��SURS�
HUWLHV� RI� WKH�.'3� FU\VWDOV�� WKH� RSWLFDO�KDU�
PRQLF�JHQHUDWLRQ�HIILFLHQF\�LQ�SDUWLFXODU��LW
LV� SRVVLEOH� WR� LQFUHDVH� VLJQLILFDQWO\� WKH
UDQJH�RI�HQHUJLHV�LQWHQVLWLHV�RI� ODVHU�UDGLD�
WLRQ�� 8VH� RI� WKH�PRGHUQ� QDQRWHFKQRORJ\� IRU
PDQXIDFWXULQJ� RI� QHZ� FRPSRVLWH� PDWHULDOV
OHDGV�WR�FUHDWLRQ�RI�QDQRFRPSRVLWH�VWUXFWXUHV
ZLWK�XQLTXH�RSWLFDO�DQG�1/2�SURSHUWLHV��

,Q� VHYHUDO� SDSHUV� >����@� WKH�.'3�PDWUL[
KDV� EHHQ� VXFFHVVIXOO\� XVHG� DV� D� KRVW� RI
QDQRSDUWLFOHV� �13V���13V�DUH�KDYLQJ�DQ� LQ�
FUHDVLQJ� LPSRUWDQFH� GXH� WR� WKHLU� HIIHFW� RQ
WKH� PHFKDQLFDO�� HOHFWULF�� RSWLFDO� DQG� PDJ�
QHWLF�SURSHUWLHV�� ,W�ZDV�VKRZQ�WKDW�DQDWDVH
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PRGLILFDWLRQ� RI� WLWDQLXP� GLR[LGH�13V� IRUP
D�SHULRGLF�VWUXFWXUH�LQ�WKH�.'3�6&�>�@��7KH
SUHVHQFH� RI� QDQRFU\VWDOV� LQ� WKH� .'3� 6&V
GRHV� QRW� UHGXFH� LWV� RSWLFDO� TXDOLW\� >�@� EXW
VLJQLILFDQWO\�DIIHFWV�LWV�FXELF�1/2�UHVSRQVH
>�@�� 7KH� SDSHU� SUHVHQWV� DQ� DWWHPSW� WR� FRQ�
WURO� WKH� TXDGULF� UHVSRQVH� RI� WKH� .'3�7L2�6&V� ZLWKLQ� WKH� FXELF� UHIUDFWLYH� 1/2� UH�
VSRQVH�RI�WKH�JXHVW�KRVW�PHGLD��

���0DWHULDOV�DQG�PHWKRGV
1RPLQDOO\� SXUH� .'3� 6&V� DQG� FU\VWDOV

ZLWK�LQFRUSRUDWHG�7L2��13V��DQDWDVH�PRGLIL�FDWLRQ�� ZHUH� JURZQ� E\� WKH� WHPSHUDWXUH� UH�
GXFWLRQ� PHWKRG� >�@� RQWR� D� ��u��u���PP�
SRLQW� VHHG�� 7KH� DQDWDVH�13V�ZHUH� REWDLQHG
E\� WKH� PHWKRG� RI� SUHFLSLWDWLRQ� ZLWK� VXE�
VHTXHQW� PLFURZDYH� KHDWLQJ� DQG� FDOFLQDWLRQ
RI�WKH�UHVXOWDQW�SRZGHU��7KH�DYHUDJH�GLPHQ�
VLRQ� RI� DQDWDVH� 13V� GHWHUPLQHG� IURP� WKH
GDWD� RI� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\
DQG� ;�UD\� DQDO\VLV� ZDV� DERXW� ��� QP�� 7KH
FRQFHQWUDWLRQ�RI� WKH�13V� LQ� WKH�JURZWK�VR�
OXWLRQ�YDULHG� IURP���Ü�� WR���Ü��ZW�����,Q�
FRUSRUDWLRQ� RI�7L2��13V� LQ� WKH� FU\VWDO�PD�WUL[� GRHV� QRW� UHGXFH� VLJQLILFDQWO\� WKH
JURZWK�UDWH��

7KH� VWUXFWXUH� SHUIHFWLRQ� VWXG\� LQ� %UDJJ
DQG�/DXH�JHRPHWULHV�RI�WKH�JURZQ�.'3�7L2�FU\VWDO� VKRZHG� WKH� SUHVHQFH� RI� DQJXODU
WXUQV�XS� WR��� DUFVHF� RQ� WKH� URFNLQJ� FXUYHV
IRU� WKH� JURZWK� OD\HU� VWDFNV� >�@�� ,Q� WKH
JURZWK� SURFHVV� RI� .'3�7L2�� FU\VWDOV� WKHQDQRSDUWLFOHV� DUH� SXVKHG� DVLGH� IURP� WKH
FU\VWDOOL]DWLRQ� IURQW�� DQG� WKHQ� �FDSWXUHG�
E\�WKH�ERXQGDULHV�EHWZHHQ�WKH�JURZWK�OD\HU
VWDFNV��ZKLFK�FDXVHV�WKH�DQJXODU�WXUQV��QRW
REVHUYHG� LQ� QRPLQDOO\� SXUH� 6&V�� 7KLV� LQGL�
FDWHV�WKH�DSSHDUDQFH�RI�VHPLFRKHUHQW�ERXQG�
DU\�EHWZHHQ�WKH�JURZWK�OD\HU�VWDFNV�DQG�WKH
IRUPDWLRQ� RI� WZR�GLPHQVLRQDO� RUGHULQJ� RI
7L2�� QDQRSDUWLFOHV� LQ� WKH� EXON� RI� WKH� FU\V�WDO�� %HVLGHV�� VFDQQLQJ� HOHFWURQ� PLFURVFRS\
VWXG\� RI� WKH� VXUIDFH� UHOLHI� RI�.'3�7L2�� 6&VKRZHG� WKH� SUHVHQFH� RI� TXDVL�HTXLGLVWDQW
OD\HUV�ZLWK�DYHUDJH�VSDWLDO�SHULRG�RI����PP�
7KH�DQDWDVH�13V� LQFRUSRUDWLRQ�GRHV�QRW� UH�
GXFH� VLJQLILFDQWO\� WKH� ODVHU�GDPDJH� WKUHVK�
ROG� RI�.'3�7L2�� 6&V�ZLWK� FRQFHQWUDWLRQ� XSWR���Ü��ZW����RI�7L2��>�@��7KHUH� ZHUH� WZR� VHWV� RI� WKH� 6&� VDPSOHV
VWXGLHG�� �WKLQ�� ���u��u����PP��� DQG
�WKLFN�� ���u��u���PP��� SODWHV�� FXW� DORQJ
WKH� ,,� W\SH� RI� SKDVH� PDWFKLQJ� GLUHFWLRQ
�RHÜH� LQWHUDFWLRQ�� IRU� WKH� VHFRQG� KDUPRQLF
JHQHUDWLRQ� �6+*�� DW� ����� QP�� WKH� IXQGD�
PHQWDO� ZDYHOHQJWK� RI� 1G�<$*� ODVHU�� $OO
ERXQGDULHV� RI� WKH� VDPSOHV� ZHUH� ILQLVKHG

ZLWK� RSWLFDO� SROLVKLQJ�� ZLWK� IDFHV� RULHQWHG
DORQJ� SKDVH�PDWFKLQJ� GLUHFWLRQ� DQG� SRODUL�
]DWLRQ�RI�R��DQG�H�ZDYHV��

$�VFKHPH�RI�H[SHULPHQWDO�VHWXS�XVHG�IRU
WKH� 6+*� HIILFLHQF\� DQG� WKH� TXDGULF� QRQ�
OLQHDU� FRHIILFLHQW� G��� PHDVXUHPHQW� ZLWKSKDVH�PDWFKHG� PHWKRG� >�@� LV� SUHVHQWHG� LQ
)LJ�����7KH�EHDP�ZLWK�*DXVVLDQ�VSDWLDO�SUR�
ILOH� RI� PRGH�ORFNHG� 1G�<$*� ODVHU� �SXO�
VHZLGWK� ��� SV� �):+0�� DW� ����� QP�� �� +]
UHSHWLWLRQ� UDWH�� SDVVHG� WKURXJK� IRFXVLQJ
OHQV�/��I� ����FP���7KH�6&V�ZHUH�SRVLWLRQHG
DW���FP�DIWHU�WKH�ZDLVW��ZLWK�IDFHV�DGMXVWHG
GLDJRQDOO\� WR� WKH� SRODUL]DWLRQ� RI� WKH� SXPS
EHDP� LQ� RUGHU� WR� SURYLGH� WKH� HTXDO� HQHUJ\
VSOLWWLQJ�EHWZHHQ�R��DQG�H�ZDYHV��7KH�SKRWR�
GLRGHV�3'�� DQG�3'��ZHUH�XVHG� WR�PHDVXUH
WKH� LQSXW�WUDQVPLWWHG� �HZ�e�HZ7� SXOVH� HQHU�
JLHV�� DQG� 3'�� Û� WKH� 6+� �H�Z�� RQH�� 7KH
WUDQVPLWWHG� IXQGDPHQWDO� DQG� 6+� SXOVHV
ZHUH� GLVWULEXWHG� ZLWK� LQWHUIHUHQFH� GLFKURLF
PLUURU� �'0�� DQG� DSSURSULDWH� EDQGSDVV� ILO�
WHUV� %)��%)��� 7KH� VLPXOWDQHRXV� PHDVXUH�
PHQW� RI� WUDQVPLWWHG� IXQGDPHQWDO� DQG� 6+
HQHUJLHV�PDNHV�LW�SRVVLEOH�WR�GLVWLQJXLVK�WKH
FRQWULEXWLRQV� RI� IUHTXHQF\� FRQYHUVLRQ� DQG
QRQ�UDGLDWLYH� ORVVHV� LQ�H[WLQFWLRQ�RI�WKH�LQ�
FLGHQW�EHDP��$OO�UHJLVWUDWLRQ�FKDQQHOV�ZHUH
DEVROXWHO\� FDOLEUDWHG� ZLWK� SRZHU�HQHUJ\
PHWHU�9(3��/��

7KH�.'3�DQG�.'3�7L2��FU\VWDOV�FXW�IURPSULVPDWLF�JURZV�VHFWRU�ZHUH�XVHG�IRU�LQYHV�
WLJDWLRQ�� 7KH� VDPSOHV� QRWDWLRQ�� 7L2�� DQG13V� FRQFHQWUDWLRQV�� DV� ZHOO� DV� OLQHDU� DE�
VRUSWLRQ� FRHIILFLHQWV� DW� IXQGDPHQWDO� �DZ�

7DEOH�� &KDUDFWHUL]DWLRQ� GDWD� RI� .'3� DQG
.'3�7L2��6&V��7L2��FRQFHQWUDWLRQ�LQ�JURZWKVROXWLRQ��13V�FRQFHQWUDWLRQ�LQ�6&��DEVRUS�
WLRQ� FRHIILFLHQWV� DZ� DQG� D�Z� DW� ����� QPDQG� ���� QP�ZDYHOHQJWKV� FRUUHVSRQGLQJO\�
WKH� VORSH� PDJQLWXGH� S� RI� H�Z� YHUVXV� HZGHSHQGHQF\� LQ� ORJ�ORJ� VFDOH� WKDW� FKDUDF�
WHUL]HV�WKH�RUGHU�RI�WKH�1/2�UHVSRQVH��WKH
TXDGULF�1/2�FRHIILFLHQW�G��

.'3 .'3�7L2���
6&V�QRWDWLRQ 3U 3U� 3U���
7L2���ZW�� Ü ��Ü� ��Ü���

13V�FRQF���FPÜ� Ü �������� ���������
DZ��PÜ� ��� ��� �����
D�Z��PÜ� ��� ��� �����

S ��� ��� �����
G����SP�9 ���� ���� ������
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DQG�6+� �D�Z��ZDYHOHQJWKV�GDWD�DUH�SUHVHQWHGLQ�7DEOH��
7KH�HQHUJ\�FRQYHUVLRQ�HIILFLHQF\�K� �H�Z�HZ

LQWR� WKH� 6+� LQ� WKH� JLYHQ� SXPS� ILHOG� DS�
SUR[LPDWLRQ� ZDV� REWDLQHG� IURP� WKH� SRZHU
FRQYHUVLRQ� HIILFLHQF\� >�@� ZLWK� DFFRXQW� RI
WKH�UHIOHFWLRQ�ORVVHV�DW�WKH�6&�DLU�LQWHUIDFHV
DQG� WHPSRUDO� DYHUDJLQJ� DFURVV� WKH� LQFLGHQW
*DXVVLDQ�SXOVH�SURILOH��

K� ���CCC�S/
�_GHII_�H[S>�/�DZ���D�Z�e���@HZ

FWH�>O�ZD�����QZ�������QZH ������Q�ZH �@���

ZKHUH�QZ��ZR�H �Ü�UHIUDFWLYH�LQGLFHV�RI�WKH�RUGL�
QDU\� DQG� H[WUDRUGLQDU\� EHDPV� DW� SURSHU
ZDYHOHQJWKV�� GHII� �G��VLQ��T�� Ü� WKH� HIIHF�
WLYH� TXDGULF� 1/2� FRHIILFLHQW�� T� ����� Ü
DQJOH� EHWZHHQ� WKH� RSWLFDO� D[LV� DQG� ,,� W\SH
SKDVH�PDWFKLQJ�GLUHFWLRQ�LQ�WKH�.'3�>�@��F�Ü
WKH� VSHHG� RI� OLJKW�� H�� Ü� WKH� GLHOHFWULF� FRQ�
VWDQW�� W� DQG� D� DUH� WKH� LQFLGHQW� SXOVHZLGWK
DQG� EHDP� UDGLXV� �+:��H0���/�Ü�6&� WKLFN�
QHVV�

)RU�WKH�6+*�SURFHVV�H�Z�a�HZ�S ZLWK�S� ��
ZLWKRXW�DFFRXQW�RI�RWKHU�1/2�SURFHVV�PDQL�
IHVWDWLRQ�� 7KH� VORSH� S� UHIOHFWV� WKH� RUGHU� RI
WKH� RSWLFDO� QRQOLQHDULW\� IRU� WKH�H�Z�HZ�� GH�
SHQGHQF\� LQ� WKH� ORJ�ORJ� VFDOH�� 0HDQZKLOH
WKH� 6+�FRQYHUVLRQ� HIILFLHQF\� LV�K�a�HZ�ZLWK
D�FRHIILFLHQW�WKDW�FRQWDLQV�_G��_��,Q� RUGHU� WR� VWXG\� WKH� LPSDFW� RI� FXELF
UHIUDFWLYH� QRQOLQHDULW\� RQ� 6+� JHQHUDWLRQ
SURFHVV� RI� .'3�7L2�� 6&V�� WKH� DQDO\VLV� RIEHDP� VSDWLDO� SURILOH� WUDQVIRUPDWLRQ� DIWHU
WKH�VDPSOH�#�����QP�ZDV�SHUIRUPHG��:LWK
WKLV� SXUSRVH�� WKH� 6+*� UHJLVWUDWLRQ� V\VWHP
�VKRZHG� DV� GDVKHG� UHFWDQJOH� LQ� )LJ����� ZDV
UHSODFHG� E\� &&'�EDVHG� EHDP� SURILOHU�2SKLU

6SLULFRQ� 63����8� �����u����� S[�� ���� PP
SL[HO� VSDFLQJ���7KH� VSDWLDO� SURILOH� RI� IUHHO\
SURSDJDWLQJ�DQG�WUDQVIRUPHG�EHDP�ZDV�UHJ�
LVWHUHG�LQ���FP�DIWHU�WKH�RXWSXW�IDFH�RI�WKH
VDPSOH��:H�DGMXVWHG�WKH�SRODUL]DWLRQ�RI�WKH
LQFLGHQW�EHDP�DORQJ�RQH�RI�WKH�VDPSOH�IDFHV
�SRODUL]DWLRQ� RI� R�� RU� H�ZDYHV�� LQ� RUGHU� WR
VXSSUHVV�RHÜH�SDUDPHWULF�LQWHUDFWLRQ��

7KH� KLJK�IUHTXHQF\� QRLVH� RI� WKH� VSDWLDO
SURILOH�ZDV�UHPRYHG�E\�)RXULHU�ORZ�SDVV�ILO�
WHU�� 7KHQ�� DYHUDJLQJ� RYHU� FRQFHQWULF� VKHOOV
ZLWK���S[�ZLGWK��FHQWHUHG�RQ�D�EHDP�HQHUJ\
FHQWHU��ZDV�KHOG�LQ�RUGHU�WR�REWDLQ�DYHUDJHG
UDGLDO�GLVWULEXWLRQ��7KLV�PDGH�LW�SRVVLEOH�WR
DQDO\]H� WKH� SURILOH� WUDVIRUPDWLRQ� DIWHU� WKH
VDPSOH� GHSHQGLQJ� RQ� WKH� LQWHQVLW\� RI� LQFL�
GHQW�UDGLDWLRQ��

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�H[SHULPHQWDO�GDWD�RQ�WKH�6+*�LQ�WKH

.'3� DQG� .'3�7L2�� 6&V� FXW� IURP� WKH� SULV�PDWLF� JURZWK� VHFWRU� DUH� VKRZQ� LQ� )LJ����
7KH�6+�SXOVH�HQHUJ\�H�Z�YHUVXV� WKH� IXQGD�
PHQWDO� RQH� HZ� LV� SUHVHQWHG� LQ� GRXEOH� ORJD�
ULWKPLF�VFDOH�IRU�WKH��WKLQ���D��DQG��WKLFN�
�E��6&�VHWV�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQV�RI
DQDQWDVH�13V��$OO�WKH�GHSHQGHQFLHV�KDYH�DQ
DYHUDJH�VORSH��QRQOLQHDULW\�RUGHU��S� ����r����
XS� WR� HZ�a����P-� �SHDN� SXPS� LQWHQVLW\
��*:�FP����(VWLPDWHG�S�IRU�WKH��WKLQ��6&V
VHW� DUH� SUHVHQWHG� LQ� 7DEOH���� :H� VKRXOG
SRLQW� RXW� D� UHGXFWLRQ� RI� WKH� HIIHFWLYH�1/2
UHVSRQVH�RUGHU�S� ����r����IRU�WKH�.'3�7L2�
DW�HZ�!����P-�IRU�ERWK�VHWV��)RU�WKH��WKLFN�
.'3�7L2�� 6&� ZH� KDYH� REVHUYHG� WKH� ULVH� RI
WKH�HIIHFWLYH�1/2�UHVSRQVH�RUGHU�S� ����r����
DW�WKH�LQLWLDO�UDQJH��HZ������P-���

)LJ�����7KH�H[SHULPHQWDO�VHWXS�VFKHPH��$�Û�QHXWUDO�DWWHQXDWRU��6S�Û�EHDP�VSOLWWHU��/�Û�IRFXVLQJ�OHQV�
6&�Û� VLQJOH� FU\VWDO�� '0�Û� GLFKURLF�PLUURU�� 3'��� 3'�� DQG� 3'��Û� SKRWRGLRGHV�� %)�� DQG� %)��Û
EDQGSDVV�ILOWHUV��HZ��HZ�7 DQG�H�Z�Û�WKH�HQHUJLHV�RI�LQFLGHQW��WUDQVPLWWHG�DQG�6+�SXOVHV��UHVSHFWLYHO\�
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7KH�REWDLQHG�GDWD�JLYH�SRVVLELOLW\� WR�GH�
ULYH�K�HZ��GHSHQGHQFLHV�DQG�WR�HVWLPDWH�WKH
PDJQLWXGHV�RI�WKH�TXDGULF�1/2�FRHIILFLHQWV
_G��_� LQ�WKH�JLYHQ�SXPS�ILHOG�DSSUR[LPDWLRQZLWKRXW� LPSDFW� RI� WKH� KLJKHU� RUGHU� 1/2
HIIHFWV��7KH� _G��_�YDOXHV�IRU�WKH��WKLQ��.'3DQG� .'3�7L2�� 6&V� DUH� SUHVHQWHG� LQ� 7DEOH�
7KH�HVWLPDWLRQV�ZHUH�SHUIRUPHG�IRU�HZ������P-
SXPS�SXOVH�HQHUJ\�UDQJH��)RU�WKH�QRPLQDOO\
SXUH� .'3� ZH� KDYH� REWDLQHG� G��� ����r����� SP�9� WKDW� FRUUHVSRQGV� WR� WKH
UHIHUHQFH�GDWD�>����@��7KH�13V�LQFRUSRUDWLRQ
FDXVHV� WKH� HIIHFWLYH� G��� PDJQLWXGH� UHGXF�WLRQ�XS�WR������IRU�WKH�.'3�7L2���3U����7KH�K\GURJHQ�ERQGV�LQ�.'3�FU\VWDOV�KDYH
VPDOO� FRQWULEXWLRQ�WR�6+*�HIILFLHQF\��ZKLOH
>32�@�±� WHWUDKHGUDO� XQLWV� FRQWULEXWH� DERXW����� WR� 6+*� FRHIILFLHQWV� >�@�� ,Q� FRPSDUL�
VRQ� ZLWK� WKHP�� WKH� YROXPH� IUDFWLRQ� RI
DQDWDVH� QDQRSDUWLFOHV� LQ� .'3�7L2�� 6&V� LVORZ�� 7KHUHIRUH�ZH� VXJJHVW� WKDW� WKHUH� LV� QR
VLJQLILFDQW� FKDQJH�RI� WKH�TXDGULF�QRQOLQHDU
FRHIILFLHQW� DQG� LW� GRHV� QRW� GHSHQG� RQ
DQDWDVH� 13V� FRQFHQWUDWLRQ�� $QG� WKH� RE�
VHUYHG� GHFUHDVLQJ� RI� 6+*� HIILFLHQF\� LQ� WKH

�WKLQ��.'3�7L2��6&V�LV�FDXVHG�E\�PDQLIHVWD�WLRQ�RI�SKRWRLQGXFHG�DEVRUSWLRQ�SURFHVVHV�LQ
.'3�ZLWK�HPEHGGHG�7L2��13V��,Q�QRPLQDOO\SXUH� .'3� 6&V� ZH� KDYH� REVHUYHG� WKH� SKR�
WRLQGXFHG� EOHDFKLQJ� HIIHFW� DW� WKH� ZDYH�
OHQJWK� RI� 6+*� ����� QP�� >�@�� ZKLOH� 7L2�QDQRFU\VWDOV� OHDG� WR� WKH� HQKDQFHPHQW� RI
SKRWRLQGXFHG� DEVRUSWLRQ�� 7KHVH� SURFHVVHV
UDSLGO\�VDWXUDWH�ZLWK�WKH�6+�HQHUJ\�JURZWK
DW� ���� QP�� $V� D� UHVXOW�� WKH\� VLJQLILFDQWO\
FRQWULEXWH� WR� 6+*� HIILFLHQF\� LQ� WKH� �WKLQ�
VLQJOH� FU\VWDOV�� ZKHUHDV� LQ� WKH� �WKLFN�� RQH
WKH�RSSRVLWH�VLWXDWLRQ�LV�REVHUYHG��

:H�KDYH�REWDLQHG�DQ�HQKDQFHPHQW�RI�WKH
6+*�SURFHVV�HIILFLHQF\�LQ��WKLFN��.'3�7L2�FU\VWDO� UHODWLYHO\� WR� WKH�.'3� RQH� �)LJ���E��
:H�SURSRVH�WKDW�WKH�SRVVLEOH�PHFKDQLVP�RI
WKH�HIILFLHQF\�ULVH�LQ�.'3�7L2�� LV�WKH�LQWHU�DFWLRQ�EHWZHHQ�WKH�TXDGULF�1/2�UHVSRQVH�RI
WKH� PDWUL[� DQG� WKH� FXELF� RQH� RI� DQDWDVH
13V��7KH�VWXG\�RI�WKH�VSDWLDO�SURILOH�GLVWRU�
WLRQ� LQ� 6&V� ZLWK�ZLWKRXW� 7L2�� 13V� DW� GLI�IHUHQW� LQWHQVLWLHV� RI� LQFLGHQW� SXPS� UDGLD�
WLRQ�SURRIV�WKLV�VXJJHVWLRQ��

7KH��'�LPDJHV�RI�WUDQVPLWWHG�ODVHU�EHDP
SURILOHV� FDSWXUHG� ZLWK� &&'� EHDP� DQDO\]HU

)LJ�����7KH�FRPSDULVRQ�RI�ODVHU�EHDP�SURILOHV�WUDQVIRUPDWLRQ�DIWHU�WKH�VDPSOH�#�����QP���D��3U���Û
.'3�7L2�����Ü��ZW������E��3U��Û�.'3�

)LJ�����7KH�VHFRQG�KDUPRQLF�SXOVH� HQHUJ\�YHUVXV�WKH�IXQGDPHQWDO�RQH� IRU� WKH��WKLQ�� �D������PP�
DQG�WKH��WKLFN���E�����PP��.'3�����3U��DQG���Ü������3U���DQG���Ü���'��3U���7L2��ZW���.'3�7L2�VLQJOH�FU\VWDOV�
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EHKLQG�WKH��WKLFN��6&V�DUH�SUHVHQWHG�LQ�)LJ���
DW� PRGHUDWH� SHDN� SXPS� LQWHQVLW\
���0:�FP��� ,Q�.'3�7L2�� �3U���6&� �D��� WKHHIIHFWLYH� WUDQVIRUPDWLRQ�RI� WKH� EHDP� LV� RE�
VHUYHG��ZKLOH�DOPRVW�QHJOLJLEOH�GLVWRUWLRQ�RI
WKH�EHDP�SURILOH�WDNHV�SODFH�LQ�3U�RQH��E���

7KH� EHDP� NHUQ� DQG� DEHUUDWLRQ� SDWWHUQ
IRUPDWLRQ� LV� GHWHUPLQHG� E\� WKH� GHYHORSHG
LQWHUQDO� VHOI�IRFXVLQJ� RI� WKH� SXPS� EHDP� LQ
WKH� .'3�7L2��� )RU� WKH� �WKLQ�� VDPSOHV� DVOLJKW� GLVWRUWLRQ� RI� WUDQVPLWWHG� ODVHU� EHDP
ZDV� REVHUYHG� HDUOLHU� >�@�� DQG� UHJLVWHUHG� LQ
WKH�IDU�ILHOG�DIWHU�WKH�VDPSOH��VR�FDOOHG��H[�
WHUQDO� VHOI�IRFXVLQJ��� 7KH� GLVWLQFWLRQ� EH�
WZHHQ� .'3� DQG� .'3�7L2�� 6&V� EHKDYLRU� LVH[SODLQHG� E\� WKH� JLDQW� FXELF� QRQOLQHDU� UH�
VSRQVH�RI�DQDWDVH�13V�>��@��

$SSO\LQJ�WKH�GHVFULEHG�VSDWLDO�DYHUDJLQJ
SURFHGXUH� ZH� KDYH� REWDLQHG� WKH� WUDQVYHUVH
VSDWLDO�SURILOHV�WKDW�DUH�SUHVHQWHG�LQ�)LJ����
FURVV�VHFWLRQV� DW� �� FP� EHKLQG� �D��.'3�7L2��3U���DQG��E��.'3�3U��6&V��'DVKHG�OLQHV�FRU�
UHVSRQGV� WR� WKH� IUHHO\� SURSDJDWLQJ� ODVHU
EHDP� ZLWKRXW� FU\VWDOV�� 3URILOHV� DUH� SUH�
VHQWHG� DW� PRGHUDWH� ���� 0:�FP��� ▲�� DQG
KLJK� �����*:�FP������ LQFLGHQW� LQWHQVLWLHV�
$W� WKH�PRGHUDWH� LQWHQVLW\� 3U�� 6&� �D�� GHP�
RQVWUDWHV� HIIHFWLYH� QDUURZLQJ� RI� WKH� EHDP
NHUQ�DQG�WKH�DSSHDUDQFH�RI�WKH�SODWHDX�WKDW
FRUUHVSRQGV�WR�WKH�DYHUDJHG�DEHUUDWLRQ�SDW�
WHUQ� �VHH�)LJ���D���ZKLOH�IRU�3U�6&�ZH�KDYH
REVHUYHG� VOLJKW� EHDP� FRPSUHVVLRQ� �E��� 2QH
KXQGUHG�WLPHV�WKH�SHDN�SXPS�LQWHQVLW\�ULVH
���� ����*:�FP��� FDXVHV� WKH� VDWXUDWLRQ� RI
DQDWDVH� 13V� 1/2� UHVSRQVH�� :H� KDYH� RE�
VHUYHG�VLPLODU�QDUURZLQJ�RI�WKH�EHDP�LQ�ERWK
3U�DQG�3U��6&V��ZKLFK�LV�GHWHUPLQHG�E\�VHOI�
IRFXVLQJ� HIIHFW� RI� WKH� PDWUL[� DW� *:�FP�
SHDN�SXPS�LQWHQVLW\�UDQJH�>��@��

$V� D� UHVXOW�ZH� FDQ� FRQFOXGH� WKDW� DW� WKH
PRGHUDWH�SXPS�LQWHQVLW\�UDQJH�WKH�HIILFLHQW
LQWHUQDO� VHOI�IRFXVLQJ� LQ� .'3�7L2�� 6&
FDXVHG� E\� WKH� JLDQW� DQDWDVH� 13V� 1/2� UH�
VSRQVH� SURYLGHV� WKH� HIIHFWLYH� SXPS� HQHUJ\
FRQFHQWUDWLRQ� DQG� HQKDQFHPHQW� RI� WKH� IUH�
TXHQF\� FRQYHUVLRQ� HIILFLHQF\� LQ� FRPSDULVRQ
ZLWK�WKH�QRPLQDOO\�SXUH�.'3�VLQJOH�FU\VWDO�

���&RQFOXVLRQV
7KXV�� QRPLQDOO\� SXUH� .'3� DQG� GRSHG

.'3�7L2��FU\VWDOV�ZHUH�JURZQ�IURP�DTXHRXVVROXWLRQ� E\� WKH� WHPSHUDWXUH� ORZHULQJ� WHFK�
QLTXH�� 6HFRQG� KDUPRQLF� JHQHUDWLRQ� HIIL�
FLHQF\� YHUVXV� WKH� LQFRUSRUDWHG� 7L2�QDQRSDUWLFOHV� FRQFHQWUDWLRQ� ZDV� VWXGLHG
ZLWKLQ� SLFRVHFRQG� UDQJH� SXPS� SXOVHV� DW
����� QP� IRU� WKH� �WKLQ�� ����� PP�� DQG
�WKLFN�� ���� PP�� 6&V� VHWV�� $ERXW� ����� RI
TXDGULF�1/2�FRHIILFLHQWV�G���PDJQLWXGH�UH�GXFWLRQ� ZDV� REVHUYHG� IRU� WKH� �WKLQ�
.'3�7L2��6&V��:H�VXJJHVW�WKDW�WKH�SKRWRLQ�
GXFHG� DEVRUSWLRQ� E\� DQDWDVH� 13V� DW� 6+
ZDYHOHQJWK� FDQ� JLYH� WKH�PDLQ� FRQWULEXWLRQ
LQWR�WKH�REVHUYHG�UHGXFWLRQ�HIIHFW��

)RU� WKH� ILUVW� WLPH�ZH� KDYH� REWDLQHG� WKH
IUHTXHQF\� FRQYHUVLRQ� HIILFLHQF\� HQKDQFH�
PHQW� LQ� WKH� �WKLFN�� ���� PP�� .'3�7L2�� LQFRPSDULVRQ� ZLWK� .'3� FU\VWDOV� GXH� WR� WKH
LQWHUQDO� VHOI�IRFXVLQJ� HIIHFW� WKDW� ZDV� RE�
VHUYHG� DV� WKH� SXPS� EHDP� VSDWLDO� SURILOH
QDUURZLQJ� DW� PRGHUDWH� SHDN� LQWHQVLWLHV� XS
WR� ���� 0:�FP��� 7KXV� IRU� WKH� FRPSRVLWH
V\VWHP� �ZDWHU�VROXEOH� PDWUL[� ZLWK� PHWDO
R[LGH� QDQRSDUWLFOHV�� WKH� SRVVLELOLW\� RI
TXDGULF� QRQOLQHDU� RSWLFDO� UHVSRQVH� FRQWURO
ZLWK�WKH�FXELF�RQH�LV�VKRZQ��

)LJ�����6SDWLDO�ODVHU�EHDP�SURILOHV�WUDQVIRUPDWLRQ��DW������QP��DIWHU�.'3�7L2���D��3U���DQG�.'3��E��3U�VLQJOH� FU\VWDOV� DW� WKH� SHDN� SXPS� LQWHQVLWLHV� ���0:�FP�� �▲�� DQG� ����*:�FP�� ����� 'DVKHG� OLQH�Û
IUHHO\�SURSDJDWLQJ�ODVHU�EHDP��$OO�WKH�GDWD�DUH�QRUPDOL]HG�RQ�XQLW\�
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$FNQRZOHGJPHQWV�� 7KLV� ZRUN� ZDV� SDU�
WLDOO\� VXSSRUWHG� E\� WKH� 5)%5�6)%5
)���������DQG�1$68�������%�����SURMHFWV��

5HIHUHQFHV
� ���,�3ULWXOD�� 9�*D\YRURQVN\�� 0�.RS\ORYVN\� HW

DO���)XQFWLRQDO�0DWHULDOV�����������������
� ���,�3ULWXOD��9�*D\YRURQVN\��0�.RO\EDHYD�HW�DO��

2SW��0DW�������������������
� ���9�*D\YRURQVN\��9�6WDUNRY��0�.RS\ORYVN\�HW�DO��

8NU��-��3K\V�������������������
� ���,�3ULWXOD�� 2�%H]NURYQD\D�� 0�.RO\ED\HYD� HW

DO���0DW��&KHP��DQG�3K\V��������������������
� ���0�-�:HEHU�� &5&� +DQGERRN� RI� /DVHU� 6FLHQFH

DQG�7HFKQRORJ\��/LYHUPRUH��&DOLIRUQLD���������

� ���'�1�1LNRJRV\DQ�� 1RQOLQHDU� 2SWLFDO� &U\VWDOV�
$� &RPSOHWH� 6XUYH\�� 6SULQJHU�9HUODJ�� 1HZ
<RUN�������

� ���)�&KDUUD�� *�*�*XU]DG\DQ�� +LJK� )UHTXHQF\
3URSHUWLHV� RI� 'LHOHFWULF� &U\VWDOV�� 6SULQJHU�
1HZ�<RUN���������

� ���=K�/LQ�� =K�:DQJ�� &K�&KHQ� HW� DO��� -��&KHP�
3K\V���������������������

� ���,�3ULWXOD�� 9�*D\YRURQVN\�� <X�*URPRY� HW� DO��
2SW��&RPP���������������������

����9�*D\YRURQVN\�� $�*DODV�� (�6KHSHO\DY\\� HW
DO���$SSO��3K\V��%�����������������

����5�*DQHHY�� ,�.XODJLQ�� $�5\DVQ\DQVN\� HW� DO��
2SW��&RPP��������������������
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