
7DEOH�� 'HVFULSWLRQ RI WKH PHDVXUHG VDPSOHV
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<DVXDNL� 7HUDGD� +LUR\XNL 7DNDJL� ,VDR 0XUDWD� $NLWR 7DNDKDVKL

'HSDUWPHQW RI 1XFOHDU (QJLQHHULQJ� 2VDND 8QLYHUVLW\

<DPDGDRND ���� 6XLWD� 2VDND� ��������� -DSDQ

H�PDLO� WHUDGD#QHZMDSDQ�QXFO�HQJ�RVDND�X�DF�MS

,Q 2.7$9,$1� WKH ,QWHQVH ��0H9 1HXWURQ 6RXUFH )DFLOLW\ RI 2VDND 8QLYHUVLW\� WKH GRXEOH

GLIIHUHQWLDO FURVV VHFWLRQV �'';V� RI �Q�[S� UHDFWLRQ IRU
QDW

6L�
��

) LQGXFHG E\ LQFLGHQW '7 QHXWURQV KDYH EHHQ

PHDVXUHG E\ XVLQJ E\ WZR�GLPHQVLRQDO DQDO\VLV RI WKH (�72) VSHFWUXP� FRPELQHG ZLWK WKH SXOVH�VKDSH

GLVFULPLQDWLRQ WHFKQLTXH� )URP WKH UHVXOW RI FRPSDULVRQ ZLWK -(1'/ IXVLRQ ILOH� -(1'/ IXVLRQ ILOH IDLUO\

UHSURGXFHG WKH VKDSH RI WKH VSHFWUD� KRZHYHU� D VOLJKW XQGHUHVWLPDWLRQ ZDV REVHUYHG�

�� ,QWURGXFWLRQ

,Q IXVLRQ SRZHU UHDFWRU GHYHORSPHQW� LW LV LQGLVSHQVDEOH WR XQGHUVWDQG EHKDYLRU RI FKDUJHG SDUWLFOHV�

EHFDXVH WKH ''; RI FKDUJHG SDUWLFOHV HPLVVLRQ UHDFWLRQV �'';F� LQGXFHG E\ �� 0H9 LQFLGHQW QHXWURQV LV RI

SULPDU\ LPSRUWDQFH IRU HYDOXDWLRQ RI QXFOHDU KHDWLQJ DQG PDWHULDO GDPDJHV LQ WKH HOHPHQWV DQG FRPSRQHQWV RI

'7 IXVLRQ GHYLFHV� +RZHYHU� XQWLO QRZ RQO\ D IHZ GDWD KDYH EHHQ PHDVXUHG ZRUOGZLGH EHFDXVH RI H[SHULPHQWDO

GLIILFXOWLHV VXFK DV KLJK EDFNJURXQG DQG ORZ QHW�FRXQW UDWH GXH WR VPDOO FURVV VHFWLRQ DQG WKLQ VDPSOH�

,Q WKH SUHYLRXV H[SHULPHQWV� ZH FRXOG XVH UHODWLYHO\ WKLQ VDPSOHV EHFDXVH WKH\ ZHUH PRVWO\

PHGLXP�KHDY\ PHWDOV� +RZHYHU� LQ OLJKW HOHPHQWV� D WKLQ VDPSOH FDQQRW EH SUHSDUHG HDVLO\ DQG WKH WKLFNQHVV RI

WKHLU FRPSRXQGV DYDLODEOH EHFRPHV PRUH WKDQ D IHZ KXQGUHG PLFURPHWHUV� ,Q WKH ODVW IHZ \HDUV� WKH QHZ

XQIROGLQJ PHWKRG �VSHFWUXP W\SH %D\HV HVWLPDWLRQ PHWKRG >�@� ZDV WKHUHIRUH LQWURGXFHG WR UHDOL]H

PHDVXUHPHQWV ZLWK D

WKLFN VDPSOH >�@� 7KH

SXUSRVH RI WKLV VWXG\ LV WR

PHDVXUH WKH '';V RI

SURWRQ HPLVVLRQ UHDFWLRQ

IURP
QDW

6L����μP� DQG

��

)����μP� E\ XVLQJ WKH
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(�72) PHWKRG FRPELQHG ZLWK WKH SXOVH�VKDSH GLVFULPLQDWLRQ WHFKQLTXH >�@� 6LOLFRQ LV D YHU\ LPSRUWDQW

VHPLFRQGXFWRU PDWHULDO DQG FDQ EH XVHG DV D SODVPD IDFLQJ PDWHULDO �6L&�� EODQNHW PDWHULDO �/L�6L2��� DQG VR RQ�

)OXRULQH LV ZHOO NQRZQ DV LV FRQWDLQHG LQ )/,%( �/L�%H)��� ZKLFK LV RQH RI WKH IDPRXV OLTXLG EODQNHW PDWHULDOV�

7KH GHWDLOV RI WKH VDPSOHV DUH VKRZQ LQ 7DEOH ��

�� ([SHULPHQWDO SURFHGXUH

7KH FKDUJHG�SDUWLFOH VSHFWURPHWHU� WKH

VFKHPDWLF YLHZ RI ZKLFK LV VKRZQ LQ )LJ��� ZDV

DUUDQJHG LQ D F\OLQGULFDO YDFXXP FKDPEHU RI � P

LQ GLDPHWHU DQG � P LQ OHQJWK� 7KH FKDPEHU ZDV

NHSW DW D SUHVVXUH RI ～��� 3D� 7KH EDFNJURXQG

FRXQWV LQ FKDUJHG�SDUWLFOH GHWHFWLRQ ZDUH UHGXFHG

E\ WKH SXOVH�VKDSH GLVFULPLQDWLRQ WHFKQLTXH DQG

VKLHOGLQJ VHW PDGH RI LURQ� OHDG DQG SRO\HWK\OHQH�

7KH GHWHFWRU ZDV SODFHG LQVLGH WKH OHDG VKLHOG�

7KH SDUWLFOH�HPLVVLRQ DQJOH FDQ EH FKDQJHG E\

DGMXVWLQJ WKH VDPSOH SRVLWLRQ DV VKRZQ LQ )LJ���

7KH IOLJKW SDWK RI HPLWWHG SDUWLFOH YDULHV IURP ��

FP WR �� FP DFFRUGLQJ WR WKH HPLVVLRQ DQJOH� 7KH

PHDVXUHPHQWV RI WKH '';F ZHUH FDUULHG RXW DW

ILYH DQJOHV RI ��� ��� ��� �� DQG ��� GHJ�

$V QHXWURQ VRXUFH� SXOVHG '�7

QHXWURQV DW 2.7$9,$1 RI 2VDND 8QLYHUVLW\

ZHUH XVHG� 7KH 2.7$9,$1 JHQHUDWHV �×��
�

QHXWURQV�V E\ ERPEDUGLQJ D ��� *%T 7L7 WDUJHW

XVLQJ SXOVHG GHXWHURQ EHDPV ZLWK a� QV SXOVH

ZLGWK DQG � 0+] UHSHWLWLRQ IUHTXHQF\� 7KH 7L7

WDUJHW ZDV SRVLWLRQHG LQ D VWDLQOHVV VWHHO

WKURXJK�WXEH DQG RXW RI WKH YDFXXP FKDPEHU�

$ &V,�7O� VFLQWLOODWRU ���� PP LQ

WKLFNQHVV DQG �� PP LQ GLDPHWHU� ZDV XVHG DV

FKDUJHG�SDUWLFOH GHWHFWRU EHFDXVH RI LWV JRRG

SHUIRUPDQFH LQ SXOVH�VKDSH GLVFULPLQDWLRQ�

)LJXUH � VKRZV WKH HOHFWURQLF FLUFXLW IRU

WKH SUHVHQW PHDVXUHPHQW� 7KH WZR�GLPHQVLRQDO

GDWD DFTXLVLWLRQ KDV EHHQ GRQH E\ XVLQJ WKH SXOVH KHLJKW RI WKH G\QRGH VLJQDO FRUUHVSRQGLQJ WR HQHUJ\ DQG WKH

72) VLJQDO� 7KH ODWWHU ZDV FUHDWHG E\ WKH WLPH�WR�SXOVH�KHLJKW FRQYHUWHU XVLQJ WKH IDVW VLJQDOV RI WKH DQRGH DV WKH

VWDUW VLJQDO DQG WKH VWRS VLJQDO �ZLWK GHOD\� IURP WKH WULJJHU SXOVH RI WKH GHXWHURQ EHDP� 7KH ORJLF VLJQDO FUHDWHG

E\ WKH SXOVH�VKDSH GLVFULPLQDWLRQ FLUFXLW KDV EHHQ IHG DV WKH JDWH VLJQDO WR H[WUDFW WKH FKDUJHG SDUWLFOH RI LQWHUHVW�

)LJ�� 6FKHPDWLF DUUDQJHPHQW RI WKH FKDUJHG SDUWLFOH

VSHFWURPHWHU

)LJ�� 7KH VDPSOH SRVLWLRQ IRU YDULRXV HPLVVLRQ DQJOH
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)LJ�� %ORFN GLDJUDP RI WKH PHDVXULQJ V\VWHP
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5LVH WLPH FKDQQHO >����QVHF�FKDQQHO@
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$Q H[DPSOH RI WZR�GLPHQVLRQDO HQHUJ\ DQG ULVH WLPH GLVWULEXWLRQ DFTXLUHG E\ WKH &V,�7O� VFLQWLOODWRU LV

VKRZQ LQ )LJ��� 7KH FRQWRXUV RI HDFK SDUWLFOH VLJQDOV DUH VHSDUDWHG ZLWK HDFK RWKHU� 7KXV� ZH FDQ HOLPLQDWH WKH

REVWUXFWLYH EDFNJURXQG DQG FKRRVH D FRQWRXU RI HLWKHU DOSKD SDUWLFOHV RU SURWRQV VLJQDOV E\ WKLV WHFKQLTXH� ,Q

DGGLWLRQ� VLQFH EDFNJURXQG FDQ EH DOVR HOLPLQDWHG ZLWK WKH VHOHFWHG FRQWRXU ]RQH IRU HLWKHU DOSKD SDUWLFOH RU

SURWRQ LQ DQ (�72) VSHFWUXP DV VKRZQ LQ )LJ��� VDWLVIDFWRU\ FKDUJHG�SDUWLFOH PHDVXUHPHQW ZLWK ORZ EDFNJURXQG

ZDV UHDOL]HG� 7KH SULQFLSOH RI WZR�GLPHQVLRQDO (�72) DQDO\VLV IRU FKDUJHG SDUWLFOHV LV XQGHUVWRRG E\ WKH 

IROORZLQJ HTXDWLRQ�

)LJ�� 7ZR�GLPHQVLRQDO GLVWULEXWLRQ RI

ULVH WLPH DQG SXOVH KHLJKW VSHFWUXP
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)LJ�� ,GHDO (�72) VSHFWUD
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ZKHUH� 72) LV WKH WLPH�RI�IOLJKW� / WKH IOLJKW SDWK OHQJWK� ( DQG 0 WKH HQHUJ\ DQG PDVV RI WKH SDUWLFOH�

UHVSHFWLYHO\�

�� 'DWD DQDO\VLV

)LJXUH � VKRZV DQ H[DPSOH RI WKH (�72)

VSHFWUXP RI SURWRQ IURP
��
)�Q�[S� UHDFWLRQ DW WKH

HPLVVLRQ DQJOH RI �� GHJUHH� 7KH VSHFWUXP LQ WKH

EDFNJURXQG UXQ KDV EHHQ DOUHDG\ VXEWUDFWHG IURP WKDW

RI WKH IRUHJURXQG UXQ� %DFNJURXQG UXQ ZDV XQGHUWDNHQ

E\ UHPRYLQJ WKH VDPSOH� 6LQFH WKLFN VDPSOHV ZHUH

XVHG LQ WKLV ZRUN� EDFNJURXQG SURWRQ SURGXFHG LQ WKH

VFLQWLOODWLRQ FU\VWDO �&V,� LQGXFHG E\ VFDWWHUHG QHXWURQV

RI VRXUFH QHXWURQV LQ WKH VDPSOH ZDV UHPRYHG� 7KH QHW

HQHUJ\ VSHFWUD KDYH EHHQ REWDLQHG E\ SURSHUO\

FKRRVLQJ WKH UHJLRQ RI LQWHUHVW DURXQG WKH

FRUUHVSRQGLQJ LGHDO FXUYH >(T����@ LQ WKH (�72)

VSHFWUXP� 7R GHGXFH '';V� σ �(Q → (� θ �

>EDUQ�VU�0H9@� WKH QHW HQHUJ\ VSHFWUXP ZDV QRUPDOL]HG E\ FRPSDULQJ WKH HYDOXDWHG DQJXODU GLIIHUHQWLDO FURVV

VHFWLRQ �$';� RI +�Q�[S� ZLWK WKH PHDVXUHG FURVV VHFWLRQ REWDLQHG XVLQJ D SRO\HWK\OHQH VDPSOH� ,Q SURWRQ

PHDVXUHPHQWV� WKH UHVXOW ZLWK WKH SRO\HWK\OHQH VDPSOH ZDV DOVR XWLOL]HG IRU FDOLEUDWLRQ RI WKH GHWHFWHG SURWRQ

HQHUJ\� )LQDOO\� WKH ''; LV H[SUHVVHG DV WKH IROORZLQJ HTXDWLRQ�

ZKHUH� U LV WKH GLVWDQFH EHWZHHQ WKH QHXWURQ VRXUFH DQG WKH FHQWHU RI WKH VDPSOH� 1 WKH QXPEHU GHQVLW\ RI WKH

VDPSOH DWRP� 5�(Q→(�θ� WKH QHW FRXQW UDWH SHU XQLW HQHUJ\ RI WKH FKDUJHG SDUWLFOH HPLWWHG IURP WKH VDPSOH�

¦5¶�(Q→(�θ�G( WKH WRWDO QHW FRXQW RI WKH FKDUJHG SDUWLFOH IRU WKH UHIHUHQFH FURVV VHFWLRQ PHDVXUHPHQW� ¦

_¶�(Q→(�θ�G( WKH UHIHUHQFH DQJXODU GLIIHUHQWLDO FURVV VHFWLRQ RI WKH +�Q�S� UHDFWLRQ� U¶� )S¶ DQG 1¶ WKH

SDUDPHWHUV RI WKH UHIHUHQFH SRO\HWK\OHQH VDPSOH�

7KH UDZ ''; GDWD KDG WR EH FRUUHFWHG EHFDXVH WKH EURDGHQLQJ IXQFWLRQV RI DQJXODU UHVROXWLRQ DQG WKH

HQHUJ\ ORVV RI WKH FKDUJHG SDUWLFOHV LQ WKH VDPSOH ZHUH QRW QHJOLJLEOH� ,Q WKH SUHVHQW ZRUN� WKH VSHFWUXP W\SH

%D\HV HVWLPDWLRQ PHWKRG ZDV DSSOLHG WR RXU FKDUJHG SDUWLFOH XQIROGLQJ SUREOHP WR UHDOL]H WKLFN VDPSOH

PHDVXUHPHQW� 7KLV HVWLPDWLRQ PHWKRG ZDV UHFHQWO\ GHYHORSHG E\ H[WHQGLQJ WKH %D\HV WKHRUHP >�@� 7KH

XQIROGLQJ SURFHGXUH LV H[SUHVVHG E\ WKH IROORZLQJ HTXDWLRQ�
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ZKHUH� U
LM
LV WKH UHVSRQVH RI GHWHFWLRQ V\VWHP ZKLFK SURYLGHV WKH SUREDELOLW\ RI D GHWHFWLRQ HYHQW JLYLQJ SXOVH

KHLJKW K
L
IRU FKDUJHG SDUWLFOH HYHQW (

M� GL WKH GHWHFWHG SXOVH KHLJKW VSHFWUXP� HVW
M

�O�

WKH HVWLPDWHG VSHFWUXP LQ WKH

O�WK HVWLPDWLRQ FDOFXODWLRQ� 7KLV IRUPXOD ZDV UHSHDWHGO\ XVHG IRU WKH XQFRUUHFWHG VSHFWUXP GL LQ WKLV ZRUN� 7KH

UHYLVHG HVWM
�O�
LV XVHG DV SULRU LQIRUPDWLRQ IRU WKH QH[W UHYLVH FDOFXODWLRQ�

�� 5HVXOWV DQG GLVFXVVLRQ

7KH HQHUJ\ GLIIHUHQWLDO FURVV VHFWLRQV �(';V�� DQJXODU GLIIHUHQWLDO FURVV VHFWLRQV �$';V� DQG WRWDO

FURVV VHFWLRQV �72;V� ZHUH GHGXFHG E\ XVLQJ WKH PHDVXUHG ''; GDWD� 7KH PHDVXUHG GDWD ZHUH FRPSDUHG ZLWK

WKH HYDOXDWHG QXFOHDU GDWD RI -(1'/ IXVLRQ ILOH� 7KH H[SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ DUH GHVFULEHG LQ WKH

IROORZLQJ LQ GHWDLO� 7KH FRPSDULVRQV RI WKH WRWDO FURVV VHFWLRQV DPRQJ WKH PHDVXUHG GDWD DQG -(1'/�)) DUH

VKRZQ LQ )LJV�� DQG ��� 7KH 72; YDOXH IRU -(1'/�)) XVHG IRU WKH FRPSDULVRQ ZDV FRUUHFWHG E\ UHPRYLQJ WKH

ORZ HQHUJ\ FRQWULEXWLRQ LQ WKH VSHFWUD EHFDXVH WKH FKDUJHG�SDUWLFOH VSHFWURPHWHU FRXOG QRW PHDVXUH ''; GDWD

IRU ORZ�HQHUJ\ UHJLRQV �� �0H9�� ,Q WKH H[SHULPHQWDO UHVXOWV� WKH HUURU EDU RQO\ LQFOXGHV VWDWLVWLFDO HUURU�

��� 6LOLFRQ �
QDW

6L�

7KH FRPSDULVRQ

RI WKH PHDVXUHG '';

GDWD RI
QDW
6L�Q�[S� IRU

WKH HPLVVLRQ DQJOHV RI

��� ��� ��� �� DQG ���

GHJ DQG WKH PHDVXUHG

('; DQG $'; ZLWK

-(1'/�)) LV VKRZQ

LQ )LJV��� � DQG ��

UHVSHFWLYHO\� 7KH

$'; GDWD ZHUH ILWWHG

ZLWK WKH OHJHQGUH

SRO\QRPLDOV� )URP

WKH FRPSDULVRQ RI WKH PHDVXUHG ''; VSHFWUD ZLWK -(1'/�))� -(1'/�)) IDLUO\ UHSURGXFHG WKH VKDSH RI WKH

VSHFWUD IRU IRUZDUG DQJOHV� +RZHYHU� DQ XQGHUHVWLPDWLRQ ZDV REVHUYHG LQ WKH KLJKHU HQHUJ\ UHJLRQ IRU WKH (';
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