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8VLQJ� RI� WUDQVSDUHQW� PDWUL[� SDUWLDOO\
ILOOHG�ZLWK�GLIIHUHQW�R[LGHV��VHPLFRQGXFWRUV
RU�RUJDQLF�G\HV�LV�D�VLPSOH�DQG�YHU\�FDSDEOH
ZD\�IRU�GHVLJQLQJ�RI�QRYHO�JXHVW�KRVW�IXQF�
WLRQDO� PDWHULDOV� DQG� FRPSRVLWHV�� 7KH� XO�
WUDSRURXV� QDQRVWUXFWXUHG� R[\K\GUR[LGHV� RI
DOXPLQLXP� �12$�� LV� D� PHGLXP� SRVVHVVLQJ

KLJK�VSHFLILF�VXUIDFH� VXLWDEOH�IRU�PROHFXODU
DGVRUSWLRQ�DQG�QDQRSDUWLFOHV�GHSRVLWLRQ��,Q�
FRUSRUDWLRQ� RI� YDULRXV� JXHVW� V\VWHPV� LQWR
WKH�12$�PDWUL[�DOORZV�EDVLF�UHVHDUFK�RI�WKH
LQWHUDFWLRQ� ZLWK� DGVRUEDWHV� RU� HYHQ� DQ� HQ�
KDQFHPHQW� RI� JXHVW� VXEV\VWHP� UHVSRQVH� E\
WKH� ORFDO� ILHOG� RI� WKH� PDWUL[�� )RU� DSSOLHG
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UHDVRQV� LW� LV� LQWHUHVWLQJ� WR� VWXG\� VSHFWUR�
VFRSLF�SURSHUWLHV�RI�VXFK�IXQFWLRQDO�FRPSRV�
LWHV� LQ� WKH� 89�YLVLEOH�,5�7+]� GRPDLQ�� WR
FUHDWH� QRYHO� UDQGRP� ODVLQJ� PHGLD�� WR� SUR�
YLGH�SKRWRLQGXFHG�FRQWURO�RI�WKH�7+]�UDQJH
UHVSRQVH�E\�FDUULHUV�G\QDPLFV�PDQLSXODWLRQ
HWF�
6\QWKHVLV� RI� WKH�12$� LV� EDVHG� RQ� VHOHF�

WLYH�R[LGDWLRQ�RI�WKH�VXUIDFH�RI�OLTXLG�DOOR\V
LQ�D�KXPLG�DWPRVSKHUH�DW�HOHYDWHG�WHPSHUD�
WXUH�� 7ZR� V\QWKHVLV� PHWKRGV� EDVHG� RQ� WKH
+J� DOOR\V� DQG� WKH�*D� DOOR\V� DUH� XVLQJ� QRZ
>����@��%RWK�PHWKRGV�SURYLGHV� VLPLODU�SURS�
HUWLHV� RI� 12$�� GHQVLW\� ����Ü����� J�FP��
KLJK� SRURVLW\� !��� YRO�� �� � DQG� ODUJH� VSH�
FLILF� VXUIDFH�Û�XS� WR� ����P��J�� 7KH�12$
VWUXFWXUH�FRQVLVWV�RI�DPRUSKRXV�QDQRILEULOV
ZLWK�W\SLFDO�OHQJWK����Ü����QP�DQG�GLDPH�
WHU� a�� QP�� KDYLQJ� WKH� FRPSRVLWLRQ
$O�2��Q+�2��Q� ����Ü����>����@��7KH�SKRWR�RIWKH�JURZQ�QDWLYH�12$�PRQROLWK�DQG�D�7(0
LPDJH� RI� WKH� ILEURXV� VWUXFWXUH� RI�12$�DUH
SUHVHQWHG�DW�)LJ���D�DQG�E�FRUUHVSRQGLQJO\�
7KH� LPDJH�ZDV�REWDLQHG�DW�WKH�WHPSHUDWXUH
a��� .� LQ� RUGHU� WR� VXSSUHVV� WKH� ZDWHU� ORVV
DQG�GHFRPSRVLWLRQ�RI�WKH�VDPSOH��ZDWHU�FRQ�
WHQW�XS�WR����ZW������
)RU� WKH� RSWLFDO� PHDVXUHPHQWV� ZH� XVHG

VDPSOHV�ZLWK�W\SLFDO�QXPEHU�RI�ZDWHU�PROH�
FXOHV� Q�a����Ü���� SUHVVHG� LQWR� SHOOHWV� ZLWK
GLDPHWHU� DERXW� ��� PP�� DQG� W\SLFDO� WKLFN�
QHVV������PP��7KH�SUHVVHG�VDPSOHV�GHQVLW\
ZDV�������J�FP��WKDW�FRUUHVSRQGV�WR�SRURV�
LW\� �YRLGV�YROXPH� IUDFWLRQ�� a�����DQG�VSH�
FLILF�VXUIDFH�DUHD����Ü����P��J�
)URP� WKH�RSWLFDO� SRLQW� RI�YLHZ�WKH�12$

SHOOHWUH�SUHVHQWV�W\SLFDO�VFDWWHULQJ�REMHFW�LQ
WKH� YLVLEOH� UDQJH�� ,WV� RSWLFDO� UHVSRQVH� LV
YHU\�VHQVLWLYH�WR�WKH�VDPSOH�SRLQW�DQG�DSHU�
WXUH� RI� WKH� SURELQJ� EHDP�� 7\SLFDO� VSHFWUDO
GHSHQGHQFLHV� RI� WKH� RSWLFDO� GHQVLW\� RI� WKH
VDPSOH�IRU�GLIIHUHQW�SRLQWV�DUH�SUHVHQWHG�DW
)LJ���D�� 7KH� VDPSOH� ZDV� LOOXPLQDWHG� ZLWK
ZLGH� DSHUWXUH� EHDP�� WKH� �� PP� GLDSKUDJP
ZDV�SRVLWLRQHG� MXVW� EHKLQG� WKH� VDPSOH��7KH
VKRUW� IRFXV���FP� OHQV�IRFXVHG� LPDJH�RI�WKH
GLDSKUDJP�DW� WKH�HGJH� RI� WKH� ILEHU� FRXSOHG
ZLWK�&&'�VSHFWURPHWHU��7KH�FXUYHV�ZHUH�RE�
WDLQHG�IRU�WKH�GLIIHUHQW�SRVLWLRQ�RI�WKH�GLD�
SKUDJP� DFURVV� WKH� SHOOHW� DQG� GHPRQVWUDWH
DQ�RSWLFDO�LQKRPRJHQHLW\�RI�WKH�VDPSOH�ZLWK
FRPPRQ� IHDWXUHV�� �L�� H[WLQFWLRQ� HQKDQFH�
PHQW� LQ� WKH� UDQJH� ���Ü���� QP�� �LL�� QRQ�
PRQRWRQLF� UHVSRQVH� ���Ü���� QP� FRQVLVWLQJ
RI�WZR�SHDNV�ZLWK�GHFUHDVH�RI�WKH�H[WLQFWLRQ
DW� ���� DQG� ���� QP�� �LLL�� DOPRVW� IODW� 0LH�
W\SH� UHVSRQVH�LQ�WKH����Ü����QP�UDQJH���LY�
WUDQVPLWWDQFH� HQKDQFHPHQW� DW� ZDYHOHQJWK
ORQJHU�WKDQ�����QP��3UHOLPLQDU\�)7,5�PHDV�

XUHPHQWV� ZLWK� WKLQQHU� SODWHV� KDYH� VKRZQ
WKH� WUDQVPLWWDQFH� JURZWK� WLOO� �� PP� WKDW
FKDQJHV�WR�WKH�VDPSOH�GDUNHQLQJ�DW�����PP���
$W� WKH�0LH� VFDWWHULQJ�UDQJH� �LL��ZH�KDYH

PHDVXUHG� VFDWWHULQJ� LQGLFDWUL[� DW� ���� QP
SUHVHQWHG� DW� )LJ���E� ZLWK� +H±1H� ODVHU
VRXUFH�� 7KH� H[SHULPHQWDO� VHWXS� DQG� PHDV�
XUHPHQW� WHFKQLTXH� IRU� SRURXV� VDPSOHV� DUH
SUHVHQWHG� LQ� >�@�� 7KH� H[SHULPHQWDO� GDWD
KDYH� VKRZQ� WKDW� WKH�12$�SHOOHW�EHORQJV� WR
VR�FDOOHG� /DPEHUW�W\SH� VFDWWHULQJ� VRXUFHV�
WKH� PHDVXUHG� LQGLFDWUL[� �GRWV�� FDQ� EH� GH�
VFULEHG� ZLWK� FRVLQH� DQJXODU� GLVWULEXWLRQ
�VROLG�FXUYH���7KH�LQWHJUDWHG�WRWDO�WUDQVPLW�
WDQFH� LQ� WKH� IRUZDUG� KHPLVSKHUH� ZDV
��r�����7KH�PDJQLWXGH�GHSHQGV�RQ�WKH�VH�
OHFWHG�SRLQW� DQG� ODVHU�EHDP�UDGLXV��7KH�HV�
WLPDWHV�KDYH�VKRZQ�WKDW�RQO\�DERXW�������
RI�WKH�LQSXW�SKRWRQV�SURSDJDWH�LQWR�WKH�VSD�
WLDO� DQJOH� FRUUHVSRQGLQJ� WR� IUHH� GLIIUDFWLRQ
RI�WKH�ODVHU�EHDP�ZLWKRXW�WKH�VDPSOH��7KXV
DOPRVW���������RI�WKH�WUDQVPLWWHG�SKRWRQV
EHORQJ�WR�VR�FDOOHG�GLIIXVLYH�RQHV�WKDW�PDQL�

)LJ����� �D�� 3KRWR� RI�JURZQ�QDWLYH�QDQRVWUXF�
WXUHG� R[\K\GUR[LGH� RI� DOXPLQLXP� PRQROLWK
VDPSOH�� �E�� 7(0� LPDJH� RI� WKH� VWUXFWXUH� RI
WKH�QDWLYH�12$�VDPSOH�DW����.�
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IHVWV� PXOWLSOH� VFDWWHULQJ� SKHQRPHQD� DW� WKH
GHYHORSHG�QDQRILEULOV�QHWZRUN�LQ�WKH�VDPSOH��
:H� KDYH� VWXGLHG� SKRWRLQGXFHG� YDULDWLRQ

RI�WKH�WRWDO�WUDQVPLWWDQFH�RI�WKH�12$�SHOOHW
ZLWK� VLQJOH� SXOVH� ODVHU� UDGLDWLRQ� RI� PRGH�
ORFNHG� 1G�<$*� ODVHU� DW� WKH� IXQGDPHQWDO
������ QP�� DQG� VHFRQG� KDUPRQLF� ����� QP�
���SV�):+0�SXOVHZLGWK��ZDYHOHQJWKV��7KH
DSSURDFK�ZDV�YHULILHG�ZLWK�1/2�GLDJQRVWLFV
UHVXOWV�RI�ERWK�RUJDQLF�DQG�LQRUJDQLF�QDQRV�
WUXFWXUHG� VXEV\VWHPV� LQ� GLIIHUHQW� NLQGV� RI
PDWULFHV� �VLQJOH� >����@� DQG� OLTXLG� >�@� FU\V�
WDOV�� SRURXV� OD\HUV� >����@� HWF���� 7KH� H[SHUL�
PHQWDO�VHWXS�LV�GHVFULEHG�LQ�>�@��WKH�H[SHUL�
PHQWDO� WHFKQLTXH� LPSOHPHQWDWLRQ� SHFXODUL�
WLHV� IRU� VFDWWHULQJ� VDPSOHV� LV� SUHVHQWHG� LQ
>�@��7KH�VDPSOH�ZDV�PRXQWHG�RQ�WKH�SKRWR�
GLRGH� LQSXW�DSHUWXUH� ��a��PP���WKH�W\SLFDO
ODVHU� EHDP� VSRWV� DW� WKH� VDPSOH� SODQH� ZHUH
���Ü����PP��):+0���:H�FDQ�VXJJHVW�WKDW
WKH� SKRWRGLRGH� FROOHFW� DOPRVW� DOO� SKRWRQV
WUDQVPLWWHG�WR�WKH�IRUZDUG�KHPLVSKHUH�RI�WKH

VDPSOH��7KH�YDULDWLRQ�RI� WKH�WUDQVPLWWHG�VLJ�
QDO�FDQ�EH�H[SODLQHG�LQ�WHUPV�RI�WKUHH�IDFWRUV
FKDQJHV�� �D�� SKRWRLQGXFHG� DEVRUSWLRQ�VDWXUD�
WLRQ�� �E�� VFDWWHULQJ� LQ� EDFNZDUG� KHPLVSKHUH�
HVSHFLDOO\� FRKHUHQW� EDFNZDUG� VFDWWHULQJ� RSSR�
VLWH�WR�WKH�LQFLGHQW�EHDP���F��HVVHQWLDO�UHGLVWUL�
EXWLRQ�RI�WKH�VFDWWHULQJ� LQGLFDWUL[� LQ�WKH�IRU�
ZDUG�KHPLVSKHUH��
7KH�WRWDO�WUDQVPLWWDQFHV�RI�WKH�12$�SHO�

OHW�YHUVXV�SHDN�ODVHU�LQWHQVLW\�DUH�SUHVHQWHG
DW� )LJ���� IRU� ����� QP� �D�� DQG� ���� QP� �E�
H[FLWDWLRQ� ZDYH� OHQJWKV�� ,Q� RUGHU� WR� DYRLG
LPSDFW�RI�WKH�VDPSOH�RSWLFDO� LQKRPRJHQHLW\
GHDOLQJ� ZLWK� GLIIHUHQW� VDPSOH� SRLQWV� DQG
ODVHU� EHDP� UDGLL�ZH� QRUPDOL]HG� WKH� H[SHUL�
PHQWDO�GDWD�RQ�WKH�WUDQVPLWWDQFH�DW�WKH�LQ�
LWLDO�LQWHQVLW\��OHVV���0:�FP���UDQJH��7KXV
ZH�KDYH�REWDLQHG�WKH�UHSURGXFLEOH�1/2�GDWD
IRU� WKH� GLIIHUHQW� VSRWV� DQG� JHRPHWULHV� RI
WKH�H[SHULPHQWV���
,Q� WKH� UDQJH� RI� PRGHUDWH� SHDN� ODVHU� LQ�

WHQVLWLHV� XS� WR� ���� 0:�FP�� ZH� KDYH� QRW

)LJ����� �D�� 6SHFWUDO� RSWLFDO� GHQVLW\� RI� WKH�12$�SHOOHW� IRU� WKH� GLIIHUHQW� SRLQWV� RI� WKH� VDPSOH�� �E��
6FDWWHULQJ�LQGLFDWUL[�RI�WKH�SHOOHW�DW�����QP��GRWV���/DPEHUW�W\SH�PRGHO��VROLG�OLQH��

)LJ����� 7KH� SKRWRLQGXFHG� YDULDWLRQ� RI� WKH� WRWDO� WUDQVPLWWDQFH� RI� WKH� 12$� SHOOHW� QRUPDOL]HG� RQ
OLQHDU�RQH�YHUVXV�WKH�SHDN� ODVHU�LQWHQVLW\�DW�ZDYHOHQJWK�������D��DQG������E��QP��7KH�SXOVHZLGWK
LV����SV��):+0��DW�����QP�
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REVHUYHG�WKH�LPSDFW�RI�WKH��F��IDFWRU��,Q�WKH
UHDOL]HG�DSSURDFK�RI�WKH�UHJLVWUDWLRQ�ZH�FDQ
QRW� VHSDUDWH� WKH� LPSDFWV� RI� WKH� �D�� DQG� �E�
IDFWRUV� DQG� ZH� DUH� JRLQJ� WR� GHVFULEH� WKH
HIIHFWV� DV� HIIHFWLYH� SKRWRLQGXFHG� DEVRUS�
WLRQ�VDWXUDWLRQ� SKHQRPHQD� LQ� WHUPV� RI� WKH
LPDJLQDU\�SDUW�RI�WKH�HIIHFWLYH�FXELF�1/2�VXV�
FHSWLELOLW\�,P�F�����DV�WKH�VLPSOHVW�PRGHO�>��@��
7KH� 1/2� UHVSRQVH� RI� WKH� 12$� DW

�����QP� LV� VLPLODU� WR� WKH� SRURXV� OD\HUV� RI
QDQRVWUXFWXUHG�7L2��>�@�DQG�6L�>�@�RQHV��:H
KDYH�REVHUYHG�HIILFLHQW�SKRWRLQGXFHG�H[WLQF�
WLRQ� HQKDQFHPHQW� �VHH� )LJ���D�� ZLWK� WKH
ODVHU� LQWHQVLW\� JURZWK� WKDW� VWDUWV� WR� VDWX�
UDWH�DW����0:�FP���,Q�WKH�LQLWLDO�LQWHQVLW\
UDQJH� �a���0:�FP��� WKH� HIIHFWLYH� 1/2� UH�
VSRQVH�,P�F�����LV�DERXW�������Ü��HVX�WKDW�LV�DQ
RUGHU� RI� PDJQLWXGH� KLJKHU� WKH� FRUUHVSRQGLQJ
RQH�DW����0:�FP��Û�,P�F�����a�������Ü���HVX�
� � � � ([FLWDWLRQ� RI� WKH� VDPSOH� DW� ���� QP
FKDQJHV�WKH�FKDUDFWHU�RI�WKH�1/2�UHVSRQVH��VHH
)LJ���E�� WKDW� KDG� QRQPRQRWRQLF� FKDUDFWHU
YHUVXV� WKH�SHDN� ODVHU� LQWHQVLW\��7KH�H[FLWD�
WLRQ�ZDYH� OHQJWK� LV� LQ� WKH�FRPSOH[�EDQG�RI
WKH� UHGXFHG� H[WLQFWLRQ� RI� WKH� VDPSOH� �VHH
)LJ���D��� 7KH� GHVFULEHG� UHVSRQVH� LV� W\SLFDO
WR�UHVRQDQW�H[FLWDWLRQ�RI�VRPH�GHIHFW�VWDWHV
RI�WKH�12$��7KH�LQLWLDO�VKDUS�SKRWRLQGXFHG
LQFUHDVH� �,P�F�����a�Ü������Ü�� HVX�� RI� WKH
WRWDO� WUDQVPLWWDQFH�� WKDW� JDLQV� WKH� SHDN
a���� DW� WKH� LQWHQVLW\� DERXW� ����0:�FP��
FKDQJHV�WR�VWHHS�GHFUHDVH��,P�F�����a�������Ü
��� HVX�� XS� WR� ���0:�FP�� ZLWK� FRQVHTXHQW
HQKDQFHPHQW� RI� WKH� VDPSOHV� WUDQVPLWWDQFH
�,P�F�����a�Ü������Ü���HVX���
7DNLQJ� LQWR� DFFRXQW� WKH� SRURVLW\� RI� WKH

SHOOHW�ZH�FDQ�VWDWH�WKDW�12$�QDQRILEULOV�KDYH
HIILFLHQW�1/2�UHVSRQVH�_,P�F����_�a���Ü��HVX�GXH
WR�WKH�SLFRVHFRQG�UDQJH�ODVHU�SXOVHV�VHOI�DF�
WLRQ�SKHQRPHQRQ��7KH�PDJQLWXGH�RI�WKH�HI�
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