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3RKDQJ 1HXWURQ )DFLOLW\� ZKLFK LV WKH SXOVHG QHXWURQ IDFLOLW\ EDVHG RQ WKH ����0H9 HOHFWURQ

OLQHDU DFFHOHUDWRU� ZDV FRQVWUXFWHG IRU QXFOHDU GDWD SURGXFWLRQ LQ .RUHD� 7KH 3RKDQJ 1HXWURQ )DFLOLW\

FRQVLVWV RI DQ HOHFWURQ OLQHDU DFFHOHUDWRU� D ZDWHU�FRROHG 7D WDUJHW ZLWK D ZDWHU PRGHUDWRU DQG D

WLPH�RI�IOLJKW SDWK ZLWK DQ �� P OHQJWK� 7KH QHXWURQ HQHUJ\ VSHFWUD DUH PHDVXUHG IRU GLIIHUHQW ZDWHU OHYHOV

LQVLGH WKH PRGHUDWRU DQG FRPSDUHG ZLWK WKH 0&13 FDOFXODWLRQ� 7KH RSWLPXP VL]H RI WKH ZDWHU PRGHUDWRU

LV GHWHUPLQHG RQ WKH EDVH RI WKLV UHVXOW� 7KH WLPH GHSHQGHQW VSHFWUD RI QHXWURQV LQ WKH ZDWHU PRGHUDWRU DUH

LQYHVWLJDWHG ZLWK WKH 0&13 FDOFXODWLRQ�

�� ,QWURGXFWLRQ

$PRQJ WKH YDULRXV NLQGV RI QHXWURQ VRXUFHV �UHDFWRUV� DFFHOHUDWRU�EDVHG QHXWURQV� DQG UDGLRLVRWRSLF

QHXWURQ HPLWWHUV�� WKH DFFHOHUDWRU�EDVHG QHXWURQ VRXUFH LV WKH PRVW HIILFLHQW RQH IRU KLJK�UHVROXWLRQ

PHDVXUHPHQWV RI PLFURVFRSLF QHXWURQ FURVV VHFWLRQV� ,W SURGXFHV VKRUW EXUVWV RI QHXWURQV ZLWK D EURDG

FRQWLQXRXV HQHUJ\ VSHFWUXP E\ QXFOHDU UHDFWLRQV RI HQHUJHWLF SKRWRQV RU FKDUJHG SDUWLFOHV� (VSHFLDOO\� DQ

HOHFWURQ OLQHDU DFFHOHUDWRU �OLQDF� LV D SRZHUIXO WRRO WR SURGXFH LQWHQVH SXOVHG QHXWURQV� 3XOVHG QHXWURQV

EDVHG RQ DQ HOHFWURQ OLQDF DUH VXLWHG IRU PHDVXULQJ HQHUJ\ GHSHQGHQW FURVV VHFWLRQV ZLWK KLJK UHVROXWLRQ E\

WKH WLPH�RI�IOLJKW �72)� WHFKQLTXH FRYHULQJ WKH HQHUJ\ UDQJH IURP WKHUPDO QHXWURQV WR D IHZ WHQV RI 0H9�

7KH PHDVXUHPHQW RI QHXWURQ FURVV VHFWLRQV JLYHV EDVLF LQIRUPDWLRQ IRU WKH VWXG\ RI QHXWURQ LQWHUDFWLRQ ZLWK

QXFOHL� 3UHFLVH PHDVXUHPHQWV RI QHXWURQ FURVV VHFWLRQV DUH RI JUHDW LPSRUWDQFH IRU WKH VDIHW\ GHVLJQ RI

QXFOHDU UHDFWRUV DQG IRU WKH HYDOXDWLRQ RI WKH QHXWURQ IOX[ GHQVLW\ DQG HQHUJ\ VSHFWUXP DURXQG D UHDFWRU�

7KH QXFOHDU GDWD SURMHFW ZDV LQLWLDWHG WR FRQVWUXFW WKH LQIUDVWUXFWXUH IRU WKH QXFOHDU GDWD SURGXFWLRQ E\

WKH .RUHD $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH �.$(5,� >�@� 7KHUH ZDV QR DFWLYLW\ IRU QXFOHDU GDWD

SURGXFWLRQ H[SHULPHQW XQWLO WKLV SURMHFW ZDV ODXQFKHG� 6LQFH WKHQ� WKH FROODERUDWLRQ JURXS IRU QXFOHDU GDWD

SURGXFWLRQ ZDV RUJDQL]HG IURP VHYHUDO XQLYHUVLWLHV LQ .RUHD� 7KH SXOVHG QHXWURQ IDFLOLW\ XVLQJ D ����0H9

HOHFWURQ OLQDF ZDV SURSRVHG LQ ���� DW WKH 3RKDQJ $FFHOHUDWRU /DERUDWRU\ �3$/� >�@� 7KH ����0H9

HOHFWURQ OLQDF ZDV GHVLJQHG DQG FRQVWUXFWHG EDVHG RQ H[SHULHQFHV REWDLQHG IURP FRQVWUXFWLRQ DQG RSHUDWLRQ

RI WKH ��*H9 HOHFWURQ OLQDF DW 3$/ >�@�

7KH QHXWURQ HQHUJ\ VSHFWUD DUH PHDVXUHG IRU GLIIHUHQW ZDWHU OHYHOV LQVLGH WKH PRGHUDWRU DQG FRPSDUHG

ZLWK WKH UHVXOWV RI WKH 0&13 FDOFXODWLRQ� 7KH RSWLPXP VL]H RI WKH ZDWHU PRGHUDWRU LV GHWHUPLQHG RQ WKH

EDVH RI WKLV UHVXOW� )XUWKHUPRUH� WKH WLPH GHSHQGHQW VSHFWUD RI QHXWURQV LQ WKH ZDWHU PRGHUDWRU DUH

LQYHVWLJDWHG ZLWK WKH 0&13 FDOFXODWLRQ�

�� 3RKDQJ 1HXWURQ )DFLOLW\

7KH 3RKDQJ 1HXWURQ )DFLOLW\ �31)� FRQVLVWV RI D ����0H9 HOHFWURQ OLQDF� D ZDWHU�FRROHG 7D WDUJHW� DQG

DQ ���P ORQJ 72) SDWK� 7KH ����0H9 HOHFWURQ OLQDF FRQVLVWV RI D WKHUPLRQLF 5)�JXQ� DQ DOSKD PDJQHW�

IRXU TXDGUXSROH PDJQHWV� WZR 6/$&�W\SH DFFHOHUDWLQJ VHFWLRQV� D TXDGUXSROH WULSOHW� DQG D EHDP�DQDO\]LQJ

PDJQHW� $IWHU WKH 5)�FRQGLWLRQLQJ RI WKH DFFHOHUDWLQJ VWUXFWXUHV DQG WKH ZDYH�JXLGH QHWZRUN� ZH WHVWHG WKH

EHDP DFFHOHUDWLRQ >�@� 7KH PD[LPXP 5) SRZHU IURP D 6/$& ���� NO\VWURQ ZDV XS WR �� 0:� 7KH 5)

SRZHU IHG WR WKH 5)�JXQ ZDV � 0:� 7KH PD[LPXP HQHUJ\ LV �� 0H9� DQG WKH PHDVXUHG EHDP FXUUHQWV DW

×
-RLQW DSSRLQWPHQW DW WKH &HQWHU IRU +LJK (QHUJ\ 3K\VLFV� .\XQJSRRN 1DW� 8QLY�� 7DHJX �������� .RUHD

+
3HUPDQHQW DGGUHVV� 7URLWVN ,QVWLWXWH IRU ,QQRYDWLRQ DQG 7KHUPRQXFOHDU 5HVHDUFK� 0RVFRZ� 5XVVLD

∗
3HUPDQHQW DGGUHVV� )UDQN /DERUDWRU\ RI 1HXWURQ 3K\VLFV� -,15� 'XEQD� 5XVVLD
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WKH HQWUDQFH RI WKH ILUVW DFFHOHUDWLQJ VWUXFWXUH DQG DW WKH HQG RI OLQDF DUH ��� P$ DQG �� P$� UHVSHFWLYHO\�

7KH OHQJWK RI HOHFWURQ EHDP SXOVHV LV ��� µV� DQG WKH SXOVH UHSHWLWLRQ UDWH LV �� +]� 7KH PHDVXUHG HQHUJ\

VSUHDG LV ë�� DW LWV PLQLPXP� 7KH HQHUJ\ VSUHDG ZDV UHGXFHG E\ DGMXVWPHQW RI WKH 5) SKDVH IRU WKH

5)�JXQ DQG E\ RSWLPL]DWLRQ RI WKH PDJQHWLF ILHOG IRU WKH DOSKD PDJQHW�

$V D SKRWRQHXWURQ WDUJHW� LW LV QHFHVVDU\ WR XVH D KHDY\ PDVV PDWHULDO LQ RUGHU WR SURGXFH DQ LQWHQVH

QHXWURQ VRXUFH E\ ZD\ RI %UHPVVWUDKOXQJ XQGHU WKH KLJK EHDP SRZHU RI HOHFWURQV� :H KDYH FKRVHQ D

WDQWDOXP DV WKH WDUJHW PDWHULDO� ZKLFK KDV WKH DGYDQWDJH RI KLJK GHQVLW\ ����� J�FP
�
�� KLJK PHOWLQJ SRLQW

������
R
&� DQG KLJK UHVLVWDQW DJDLQVW WKH FRUURVLRQ E\ FRROLQJ ZDWHU� 7KH GHVLJQ RI D ZDWHU�FRROHG 7D WDUJHW

ZDV GRQH XVLQJ WKH 0RQWH &DUOR VLPXODWLRQ FRGHV� (*6� DQG 0&13 YHUVLRQ �%� 7KH 7D WDUJHW DV VKRZQ LQ

)LJ� � ZDV FRPSRVHG RI WHQ VKHHWV RI 7D SODWH� ��� FP LQ GLDPHWHU DQG ��� FP LQ WRWDO OHQJWK� 7KHUH ZDV

�����FP ZDWHU JDS EHWZHHQ WKHP LQ RUGHU WR FRRO WKH WDUJHW HIIHFWLYHO\ >�@� 7KH KRXVLQJ RI WKH WDUJHW ZDV

PDGH RI WLWDQLXP� 7KH FRQYHUVLRQ UDWLR REWDLQHG IURP 0&13 FRGH IURP D ����0H9 HOHFWURQ WR QHXWURQV

ZDV ������ 7KH QHXWURQ \LHOG SHU N: EHDP SRZHU DW WKH WDUJHW ZDV ���×���� Q�VHF� ZKLFK ZDV DERXW ����

ORZHU WKDQ WKH FDOFXODWHG YDOXH EDVHG RQ WKH 6ZDQVRQ¶V IRUPXOD >�@�

6LQFH ZH KDYH WR XWLOL]H WKH VSDFH DQG WKH LQIUDVWUXFWXUHV RI WKH 3$/� DQ ���P ORQJ 72) SDWK DQG D

GHWHFWRU URRP ZHUH FRQVWUXFWHG SHUSHQGLFXODU WR WKH HOHFWURQ OLQDF� 7KH 72) WXEHV ZHUH PDGH E\ VWDLQOHVV

VWHHO ZLWK WZR GLIIHUHQW GLDPHWHUV RI �� DQG �� FP�

)LJ� �� 6FKHPDWLFV RI WKH ZDWHU�FRROHG 7D WDUJHW� Q 7D SODWH� R 3DUWLQJ VWULS� S &RROLQJ ZDWHU �LQOHW�� T
&ROOLQJ ZDWHU �RXWOHW�� U 7L KRXVLQJ� 7KH QXPEHUV UHIHU WR GLPHQVLRQV LQ PP�

�� ([SHULPHQWDO $UUDQJHPHQW

7KH H[SHULPHQWDO VHWXS IRU WKH QHXWURQ 72) VSHFWUXP PHDVXUHPHQW LV VKRZQ LQ )LJ� �� 7KH 7D WDUJHW LV

ORFDWHG LQ WKH SRVLWLRQ ZKHUH WKH HOHFWURQ EHDP KLWV WKH FHQWHU RI WKH WDUJHW� 7KH WDUJHW V\VWHP FRQVLVWV RI D

7D WDUJHW DQG D ZDWHU PRGHUDWRU� 7KH ZDWHU PRGHUDWRU LV RI D F\OLQGULFDO VKDSH ZLWK D GLDPHWHU RI �� FP

DQG D KHLJKW RI �� FP� ZKRVH KRXVLQJ ZDV PDGH RI DOXPLQXP ZLWK D WKLFNQHVV RI ��� FP� 7KH ZDWHU

PRGHUDWRU ZDV PRXQWHG RQ DQ DOXPLQXP SODWH ZLWK D WKLFNQHVV RI ��� FP DQG DQ LURQ WDEOH ZLWK D WKLFNQHVV

RI � FP DV VKRZQ LQ )LJ� �� 7KH UHDU SDUW RI WKH ZDWHU PRGHUDWRU LV FRYHUHG E\ D �� FP OHDG�

,Q RUGHU WR UHGXFH WKH JDPPD IODVK JHQHUDWHG E\ WKH HOHFWURQ EXUVW IURP WKH WDUJHW DQG VFDWWHUHG KLJK

HQHUJ\ QHXWURQV IURP WKH EHDP� D 3E EORFN ZLWK D VL]H RI �� [ �� [�� FP
�
ZDV SODFHG DW WKH HQWUDQFH RI

72) WXEH ZLWK D GLDPHWHU RI �� FP� /HDG ZDV FKRVHQ EHFDXVH RI LWV ORZ HQHUJ\ FURVV VHFWLRQ ZKLFK LV

DERXW � EDUQV DW ����� H9 DQG �� EDUQV DERYH ��� H9� WKHUHIRUH WKH OHDG FDQ VHUYH DV DQ HIIHFWLYH ORZ EDQG

ILOWHU UHPRYLQJ PRUH KLJK HQHUJ\ QHXWURQV WKDQ VXE�WKHUPDO QHXWURQV� 7KHUH LV ��� P WKLFN FRQFUHWH

EHWZHHQ WKH WDUJHW URRP DQG WKH GHWHFWRU KDOO� 7KH VDPSOH ZDV SODFHG DW WKH PLGSRLQW RI WKH 72) SDWK�
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$V D QHXWURQ GHWHFWRU� D
�
/L�=Q6�$J� VFLQWLOODWRU %&���

ZLWK D GLDPHWHU RI ���� FP DQG D WKLFNQHVV RI ��� FP PRXQWHG

RQ DQ (0,������ SKRWRPXOWLSOLHU ZDV XVHG� ,W ZDV ORFDWHG DW D

GLVWDQFH RI ���� P IURP WKH SKRWRQHXWURQ WDUJHW� 7KH QHXWURQ

GHWHFWRU ZDV VKLHOGHG E\ OHDG EULFNV DQG ERUDWHG SRO\HWK\OHQH

SODWHV�

,Q RUGHU WR PRQLWRU WKH QHXWURQ LQWHQVLW\ GXULQJ WKH

H[SHULPHQW� D %)� SURSRUWLRQDO FRXQWHU ZLWK D GLDPHWHU RI ���

FP DQG D OHQJWK RI ��� FP ZDV SODFHG LQVLGH WKH WDUJHW URRP DW D

GLVWDQFH RI DERXW � PHWHUV IURP WKH WDUJHW DV VKRZQ LQ )LJ� ��

7KH SRO\HWK\OHQH VSKHUH ZLWK D GLDPHWHU RI ���� FP ZDV XVHG

DV D QHXWURQ PRGHUDWRU IRU WKH %)� FRXQWHU� 7KH QHXWURQ

GHWHFWRU ZLWK SRO\HWK\OHQH VSKHUH KDV WKH PD[LPDO UHVSRQVH IRU

IDVW QHXWURQV >�@� 7KH OHDG VKLHOG ZLWK D WKLFNQHVV RI �� FP ZDV

XVHG WR SURWHFW JDPPD IODVK JHQHUDWHG E\ WKH HOHFWURQ EXUVW

IURP WKH WDUJHW� $GGLWLRQDOO\� D ERUDWHG SRO\HWK\OHQH SODWH ZLWK

D WKLFNQHVV RI � FP ZDV XVHG WR FXW WKH WKHUPDO QHXWURQV

JHQHUDWHG IURP WKH PRGHUDWRU DQG ZDOOV LQVLGH WKH WDUJHW URRP�

,Q RUGHU WR LQYHVWLJDWH WKH QHXWURQ HQHUJ\ VSHFWUD IRU WKH

GLIIHUHQW ZDWHU OHYHOV LQ WKH PRGHUDWRU� ZH XVHG IRXU ZDWHU

OHYHOV DV VKRZQ LQ )LJ� �� *� UHSUHVHQWV WKH JHRPHWU\ ZLWKRXW

ZDWHU LQVLGH WKH PRGHUDWRU� *� FRUUHVSRQGV WR WKH KDOI RI ZDWHU

LQ WKH PRGHUDWRU LQ ZKLFK ZDWHU LV DURXQG WKH WDUJHW EXW QR

ZDWHU DERYH WKH WDUJHW� *� LV WKH JHRPHWU\ ZLWK D ZDWHU OHYHO RI

� FP DERYH WKH WDUJHW VXUIDFH� *HRPHWU\ *� LV D IXOO RI ZDWHU LQ

WKH PRGHUDWRU� ZKLFK FRUUHVSRQGV WR �� FP ZDWHU OHYHO IURP WKH WDUJHW VXUIDFH� 7KH FRROLQJ ZDWHU LQVLGH

WKH 7D WDUJHW FRXOG QRW FKDQJH VLJQLILFDQWO\ WKH VSHFWUDO GLVWULEXWLRQ RI RULJLQDO SKRWRQHXWURQV�
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)LJ� ��*HRPHWU\ IRU WKH WDUJHW V\VWHP XVHG LQ WKH

H[SHULPHQW DQG WKH 0&13 FDOFXODWLRQ� 7KH

QXPEHUV LQ WKLV ILJXUH UHIHU WR GLPHQVLRQV LQ FP�

7D WDUJHW
%)�

3E
%RUDWHG

3RO\HWK\OHQ

3UH� $PS� $PS� 6&$ &RXQWHU

+9 3&

� P
3RO\HWK\OHQ

)LJ� �� ([SHULPHQWDO DUUDQJHPHQW IRU D %)� QHXWURQ PRQLWRU

LQ WKH WDUJHW URRP DQG EORFN GLDJUDP IRU WKH GDWD WDNLQJ�
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�� 'DWD 7DNLQJ

7KH QHXWURQ HQHUJ\ VSHFWUD SURGXFHG IURP D WDQWDOXP WDUJHW ZLWK D ZDWHU PRGHUDWRU ZHUH PHDVXUHG E\

WKH 72) PHWKRG� $V VKRZQ LQ )LJ� �� WKH VLJQDO IURP WKH
�
/LB=Q6�$J� VFLQWLOODWRU ZDV FRQQHFWHG WKURXJK

DQ 257(&���� SUH�DPSOLILHU �3UH� $PS�� WR DQ 257(&���� DPSOLILHU �0DLQ $PS��� 7KH DPSOLILHU RXWSXW

ZDV WKHQ IHG D GLVFULPLQDWRU �'LVF�� LQSXW� ZKRVH RXWSXW ZDV XVHG DV D VWRS VLJQDO RI WKH ��� 0+]

WLPH�GLJLWL]HU �7XUER 0&6�� 7KH ORZHU WKUHVKROG OHYHO RI WKH GLVFULPLQDWRU ZDV VHW WR �� P9� 7KH 7XUER

0&6 ZDV RSHUDWHG DV D ������FKDQQHO WLPH DQDO\]HU� 7KH FKDQQHO ZLGWK RI WKH WLPH DQDO\]HU ZDV VHW WR ���

µV� 7KH �� +] WULJJHU VLJQDO �5) 7ULJJHU� IRU WKH PRGXODWRU RI WKH HOHFWURQ OLQDF ZDV FRQQHFWHG WR DQ

257(&���� VLQJOH FKDQQHO DQDO\]HU �6&$�� WKH RXWSXW VLJQDO ZDV XVHG DV WKH VWDUW VLJQDO IRU WKH 7XUER

0&6� 7KH 7XUER 0&6 LV FRQQHFWHG WR D SHUVRQDO FRPSXWHU� 7KH GDWD ZHUH FROOHFWHG� VWRUHG DQG DQDO\]HG

RQ WKLV FRPSXWHU�

7KH EORFN GLDJUDP RI WKH GDWD DFTXLVLWLRQ V\VWHP IRU WKH %)� QHXWURQ PRQLWRU LV VKRZQ LQ )LJ� �� 7KH

VLJQDO IURP D %)� FRXQWHU ZDV FRQQHFWHG WKURXJK DQ 257(&����3& SUHDPSOLILHU �3UH� $PS�� WR DQ

257(&����$ VSHFWURPHWULF DPSOLILHU �$PS��� 7KH DPSOLILHU RXWSXW ZDV IHG WR DQ 257(&�6&$��� VLQJOH

FKDQQHO DQDO\]HU �6&$�� ZKHUH WKH GLVWDQFH IURP WKH SUHDPSOLILHU WR WKH DPSOLILHU LV DERXW �� P� 7KH

VLQJOH FKDQQHO DQDO\]HU ZDV XVHG WR FUHDWH WKH VWDQGDUG VLJQDO DQG WR FXW QRLVHV RULJLQDWLQJ IURP JDPPD

UD\V DQG ORZ�HQHUJ\ QHXWURQV� 7KH RXWSXW VLJQDO IURP WKH VLQJOH FKDQQHO DQDO\]HU ZDV IHG LQWR DQ

257(&���� WLPHU DQG FRXQWHU� 7KH FRXQWHU ZDV FRQQHFWHG ZLWK D SHUVRQDO FRPSXWHU� 'XULQJ WKH

H[SHULPHQW� WKH HOHFWURQ OLQDF ZDV RSHUDWHG ZLWK D UHSHWLWLRQ UDWH RI �� +]� D SXOVH ZLGWK RI ��� µV� D SHDN
FXUUHQW RI �� P$� DQG HOHFWURQ HQHUJ\ RI �� 0H9�

�� 'DWD $QDO\VLV

7KH QHXWURQ HQHUJ\ VSHFWUD JHQHUDWHG E\ WKH 7D WDUJHW ZLWK D ZDWHU PRGHUDWRU ZLWK GLIIHUHQW ZDWHU

OHYHOV RI *��*� ZHUH PHDVXUHG ZLWK WKH 72) PHWKRG DW 31)� )LJ� � VKRZV D W\SLFDO QHXWURQ 72) VSHFWUXP

IRU WKH *� JHRPHWU\� 7KH QHXWURQ HQHUJ\ VSHFWUXP PDLQO\ FRQVLVWV RI IDVW QHXWURQV ZLWK WKH PHDQ HQHUJ\ RI

���� 0H9 DQG WKHUPDO QHXWURQV SURGXFHG LQ WKH ZDWHU PRGHUDWRU DQG VFDWWHUHG IURP WKH ZDOO DQG RWKHU

PDWHULDOV DURXQG WKH WDUJHW� 7KH 72) VSHFWUXP ZDV RQO\ PHDVXUHG LQ WKH GLUHFWLRQ SHUSHQGLFXODU WR WKH

LQFLGHQW HOHFWURQ EHDP� ,Q RUGHU WR HVWLPDWH WKH EDFNJURXQG OHYHO� ZH WRRN QHXWURQ 72) VSHFWUD IRU D 6P

VDPSOH ZLWK D &G ILOWHU RI ��� PP LQ WKLFNQHVV DQG D UXQ ZLWKRXW DQ\ VDPSOHV �EODQN UXQ�� 7KH EDFNJURXQG

OHYHO ZDV HVWLPDWHG IURP WKH ILWWLQJ IXQFWLRQ ��� ,F,ED,) ×+×+= � ZKHUH D� E� DQG F DUH FRQVWDQWV DQG , LV

WKH FKDQQHO QXPEHU RI WKH WLPH GLJLWL]HU� DV VKRZQ LQ )LJ� �� 7KH UHVRQDQFHV LQ WKH QHXWURQ 72) VSHFWUXP

IRU WKH EODQN UXQ DUH UHODWHG WR 6E DQG : LPSXULWLHV LQVLGH WKH 3E EORFN� 7KH VLJQDO�WR�EDFNJURXQG UDWLR

GHILQHG DV WKH QHXWURQ FRXQWV PLQXV EDFNJURXQG FRXQWV GLYLGHG E\ WKH EDFNJURXQG FRXQWV DW D SDUWLFXODU

HQHUJ\ ZDV DERXW �� WR ��

)LJ� �� 7KH JHRPHWU\ XVHG LQ 0&13 IRU RSWLPL]LQJ WKH ZDWHU OHYHO� *�� *�� *�� DQG *�

LQGLFDWH WKH ZDWHU OHYHO LQ WKH PRGHUDWRU YHVVHO� 7KH QXPEHUV UHIHU WR GLPHQVLRQV LQ FP�
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)LJ� �� 7\SLFDO QHXWURQ VSHFWUXP IRU WKH *� JHRPHWU\ PHDVXUHG DW �� P 72) SDWK

�� � 1HXWURQ 0RQLWRU &RXQWV

7KH %)� SURSRUWLRQDO FRXQWHU ZDV RSHUDWHG LQ WKH FRXQW PRGH DV D QHXWURQ PRQLWRU� 7KH QHXWURQ

PRQLWRU ZDV WHVWHG E\ XVLQJ D QHXWURQ VRXUFH
���
&I ZLWK D PHDQ QHXWURQ HQHUJ\ RI ���� 0H9 DQG DQ

DFWLYLW\ RI ���×��� Q�VHF� 7KH SXOVH VKDSH RI WKH QHXWURQ PRQLWRU ZDV FKHFNHG ZLWK DQ RVFLOORVFRSH DQG

QR VDWXUDWLRQ ZDV REVHUYHG GXULQJ WKH OLQDF SXOVH GXUDWLRQ� 7KH W\SLFDO EHKDYLRU RI QHXWURQ FRXQWV GXULQJ

WKH RQH SHULRG RI H[SHULPHQW LV VKRZQ LQ )LJ� �� 1HXWURQ FRXQWV GXULQJ WKH H[SHULPHQW ZHUH FKDQJHG GXH WR

WKH XQVWDEOH PRGXODWRU V\VWHP IRU WKH HOHFWURQ OLQDF� 7KH EDFNJURXQG FRXQW UDWHV IRU WKH %)� QHXWURQ

PRQLWRU ZHUH OHVV WKDQ ���� FRXQWV SHU VHFRQG� 7KH EDFNJURXQG FRXQW UDWHV ZHUH PHDVXUHG EHIRUH DQG

LPPHGLDWHO\ DIWHU RSHUDWLQJ WKH DFFHOHUDWRU� 7KH DYHUDJH FRXQW UDWHV IRU WKH QHXWURQ PRQLWRU ZHUH DERXW

��� FRXQWV SHU VHFRQG� 7KH QHXWURQ PRQLWRU FRXQWV ZHUH XVHG WR QRUPDOL]H WKH QHXWURQ LQWHQVLW\ EHWZHHQ

WKH UXQV�

)LJ� �� 7\SLFDO EDFNJURXQG OHYHO PHDVXUHG DW �� P 72) SDWK OHQJWK� 6ROLG OLQH DQG GRW OLQH

UHSUHVHQW WKH 72) VSHFWUXP IRU 6P VDPSOH DQG ZLWKRXW DQ\ VDPSOH LQ WKH EHDP OLQH� UHVSHFWLYHO\�



�

��� 1HXWURQ (QHUJ\ 6SHFWUXP

7KH PHDVXUHG 72) VSHFWUD DV D IXQFWLRQ RI FKDQQHO QXPEHU ZHUH QRUPDOL]HG XVLQJ WKH QHXWURQ

FRXQWV IURP WKH QHXWURQ PRQLWRU DQG FRQYHUWHG DV D IXQFWLRQ RI QHXWURQ HQHUJ\� (DFK FKDQQHO , LQ WKH WLPH

DQDO\]HU LV FRQYHUWHG WR WKH QHXWURQ HQHUJ\ (L YLD�

���

:KHUH� / LV WKH QHXWURQ IOLJKW SDWK LQ PHWHU� τ∆ LV WKH FKDQQHO ZLGWK LQ µV DQG VHW WR ��� µV� DQG ,� LV WKH

QXPEHU RI FKDQQHO DW WKH WLPH RI IOLJKW HTXDOV WR ]HUR ZKHQ WKH QHXWURQ EXUVW ZDV SURGXFHG� 7KH UHODWLRQ

EHWZHHQ D FKDQQHO QXPEHU RI WKH QHXWURQ 72) VSHFWUXP DQG LWV HQHUJ\ ZDV FDOLEUDWHG ZLWK UHVRQDQFH

HQHUJLHV RI 7D� 6P� DQG RWKHU VDPSOHV ZLWK D EODFN UHVRQDQFH� *RRG OLQHDULW\ ZDV IRXQG EHWZHHQ WKH

QHXWURQ 72) DQG WKH FKDQQHO QXPEHU� :H IRXQG WKH IOLJKW SDWK OHQJWK / HTXDO WR �����±���� P�

7KH PHDVXUHG QHXWURQ IOX[ ZDV FRUUHFWHG IRU WKH GHWHFWRU HIILFLHQF\� �� L(ε ZKLFK LV HQHUJ\

GHSHQGHQW DQG LV JLYHQ E\�

���

ZKHUH W LV WKH WKLFNQHVV RI VFLQWLOODWRU LQ FHQWLPHWHUV DQG & LV FRQVWDQW IRU HDFK VFLQWLOODWRU DQG LV JLYHQ E\

WKH PDQXIDFWXUHU >�@� ,Q WKLV H[SHULPHQW ZH XVHG ��� FP WKLFN %&���
�
/L�=Q6�$J� VFLQWLOODWRU DQG IRU WKLV

& ���� FP�H9
���
�

)LJ� � VKRZV WKH QHXWURQ IOX[ �QXPEHU RI QHXWURQV SHU HQHUJ\ JURXS� LQ WKH HQHUJ\ UDQJH RI ���� WR �

H9 IRU GLIIHUHQW ZDWHU OHYHOV� 7KH QHXWURQ IOX[ LQ HDFK FKDQQHO ZDV VXPPHG XS RYHU HYHU\ ���� OHWKDUJ\

ZLGWK� 7KH *� JHRPHWU\ ZLWK D ZDWHU OHYHO RI � FP JLYHV PRUH WKHUPDO QHXWURQV FRPSDUHG WR RWKHU

JHRPHWU\� 7RR KLJK ZDWHU OHYHO LQ WKH PRGHUDWRU GHFUHDVHV WKHUPDO QHXWURQV GXH WR WKH DEVRUSWLRQ RI

WKHUPDO QHXWURQV�

��� &RPSDUH ZLWK WKH 0&13 FDOFXODWLRQ

7KH FRQWLQXRXV HQHUJ\ 0RQWH &DUOR FRGH 0&13 YHUVLRQ �% >�@ KDV EHHQ XVHG WR FDOFXODWH WKH QHXWURQ

VSHFWUD IRU YDULRXV JHRPHWULHV� 7KH 0&13 FRGH KDV LWV RZQ QXFOHDU GDWD OLEUDU\ JHQHUDWHG IURP WKH

HYDOXDWHG QXFOHDU GDWD ILOHV RI (1')�%�9, >�@� 8VLQJ WKH 0&13 VWDWLVWLFDO VDPSOLQJ WHFKQLTXH� WKH QHXWURQ

GLVWULEXWLRQV RI PRGHUDWHG QHXWURQV ZHUH FDOFXODWHG DV D IXQFWLRQ RI WLPH DQG HQHUJ\� 7KH SXUSRVH RI WKLV

FDOFXODWLRQ LV WR FRPSDUH ZLWK PHDVXUHPHQWV IRU WKH WKHUPDO QHXWURQ IOX[ OHDYLQJ WKH ZDWHU PRGHUDWRU DQG

WR RSWLPL]H WKH SKRWRQHXWURQ WDUJHW V\VWHP�

7KH QHXWURQ VRXUFH WHUP IRU WKH WDQWDOXP SODWHV LQ WKH WDUJHW ZDV FKRVHQ WR EH DQ ³HYDSRUDWLRQ´ HQHUJ\

VSHFWUXP >��� ��@ JLYHQ E\�

�

���
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)LJ� �� 7\SLFDO QHXWURQ LQWHQVLW\ PHDVXUHG E\ D %)�PRQLWRU IRU DQ KRXU RSHUDWLRQ��
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����	��� ����� −=φ ���

ZKHUH ( LV WKH QHXWURQ HQHUJ\ LQ 0H9� 7 LV WKH HIIHFWLYH WHPSHUDWXUH RI WKH WDQWDOXP WDUJHW LQ 0H9 DQG

F ������ LV D QRUPDOL]DWLRQ FRQVWDQW� 8VLQJ DQ HIIHFWLYH WHPSHUDWXUH RI ���� 0H9 >��@� (T� ��� JLYHV

QHXWURQ HQHUJ\ DERXW ���� 0H9 LQ DYHUDJH� 7KH VRXUFH SDUDPHWHUV ZHUH FKRVHQ VXFK WKDW WKH QHXWURQV DW

³ELUWK´ DUH GLVWULEXWHG XQLIRUPO\ WKURXJKRXW D KRPRJHQL]HG PL[WXUH RI WDQWDOXP DQG FRROLQJ ZDWHU ZLWK

LVRWURSLF DQJXODU GLVWULEXWLRQ >��@�

,Q WKH FDOFXODWLRQ� ZH LJQRUH WKH HIIHFW RI DOXPLQXP ZDOO RI WKH ZDWHU PRGHUDWRU EHFDXVH RI LWV VPDOO

FRQWULEXWLRQ WR WKH WRWDO IOX[ RI VFDWWHUHG QHXWURQV� 7KH PLQLPXP DQG PD[LPXP QHXWURQ FXWRII HQHUJLHV

ZHUH ������ H9 DQG �� 0H9� UHVSHFWLYHO\� 7KH QHXWURQ WLPH FXWRII ZDV ��
�
6KDNHV �� 6KDNH  ��

��
VHF��

:H FRQVLGHUHG WKH QHXWURQ HQHUJ\ UHJLRQV IURP ����� H9 WR �� 0H9 IRU WKH FDOFXODWLRQ� 7KH HQHUJ\

UHJLRQ ZDV GLYLGHG LQWR ��� JURXSV ZLWK DQ HTXDO OHWKDUJ\ ZLGWK� 7KH QHXWURQ FXUUHQW ZLWKLQ �� GHJUHHV

72) GDWD�
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)LJ� �� 0HDVXUHG QHXWURQ IOX[ IRU GLIIHUHQW JHRPHWU\ LQ WKH QHXWURQ HQHUJ\ IURP ���� WR � H9�
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)LJ� ��� 1HXWURQ HQHUJ\ VSHFWUD LQ WKH ZDWHU PRGHUDWRU FDOFXODWHG E\ WKH 0&13 FRGH IRU

GLIIHUHQW JHRPHWU\ DV VKRZQ LQ )LJ� ��



�

ZLWK UHVSHFW WR WKH GLUHFWLRQ RI GHWHFWRU IURP WKH OHDG VXUIDFH ZDV FDOFXODWHG IRU GLIIHUHQW ZDWHU OHYHOV

LQVLGH WKH PRGHUDWRU� )RU JRRG VWDWLVWLFV LQ WKH FDOFXODWLRQ� WKH QXPEHU RI SDUWLFOH KLVWRU\ FDOFXODWHG IRU

GLIIHUHQW JHRPHWU\ ZDV PRUH WKDQ ���������� FRXQWV�

)LJ� �� VKRZV QHXWURQ VSHFWUD FDOFXODWHG E\ 0&13 FRGH IRU GLIIHUHQW JHRPHWU\ GHVFULEHG DERYH� )RU

IDVW QHXWURQV LQ WKH HQHUJ\ UHJLRQV RI ��� WR �� 0H9� WKH QHXWURQ IOX[ IRU JHRPHWU\ *� DQG *� LV DOPRVW

VDPH DQG KLJKHU WKDQ RWKHU JHRPHWU\ EHFDXVH WKHUH LV QR ZDWHU DERYH WKH WDUJHW VXUIDFH� 7KH QHXWURQ IOX[ LQ

WKH HQHUJ\ UHJLRQ IURP ���� H9 WR ��� H9 LV PD[LPXP DURXQG DW � FP RI ZDWHU OHYHO� ZKLFK FRUUHVSRQGV WR

JHRPHWU\ *�� DV VKRZQ LQ )LJ� ��� 7KH SRLQWV FRUUHVSRQG WR 0&13 FDOFXODWLRQ DQG WKH OLQH LV D SRO\QRPLDO

VSOLQH LQWHUSRODWLRQ�

7KH PHDVXUHG GLIIHUHQWLDO QHXWURQ VSHFWUD IRU WKUHH JHRPHWULHV ZHUH VKRZQ LQ )LJ� �� FRPSDUHG ZLWK

WKRVH RI WKH 0&13 FDOFXODWLRQV� ,Q WKLV ILJXUH� WKH VSHFWUXP IRU *� �*�� JHRPHWU\ ZDV PXOWLSOLHG ZLWK D

IDFWRU ������� IRU WKH EHWWHU YLVXDOL]DWLRQ� 7KH SRLQWV �WULDQJOHV� TXDGUDWHV� DQG FLUFOHV DUH IRU *�� *�� DQG

*� JHRPHWU\� UHVSHFWLYHO\� UHSUHVHQW WKH UHVXOW RI WKH 0&13 FDOFXODWLRQ� 7KH PHDVXUHG GLIIHUHQWLDO HQHUJ\

VSHFWUD ZHUH QRUPDOL]HG XVLQJ WKH QHXWURQ PRQLWRU FRXQWV� 7KH FDOFXODWHG VSHFWUD KDYH UHODWLYH

QRUPDOL]DWLRQ �QRUPDOL]DWLRQ FRHIILFLHQWV DUH &� ���� IRU *�� &� ����� IRU *�� DQG &� ��� IRU *���

7KH PHDVXUHG QHXWURQ VSHFWUD ZHUH DJUHHG ZLWK WKRVH RI WKH 0&13 FDOFXODWLRQ ZLWKLQ WKH

H[SHULPHQWDO XQFHUWDLQW\� 7KH VWDWLVWLFDO XQFHUWDLQW\ RI 0&13 FDOFXODWLRQ ZDV UDQJHG IURP � WR � �
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)LJ� ��� &DOFXODWHG QHXWURQ IOX[ DV D IXQFWLRQ RI WKH ZDWHU OHYHO LQ WKH PRGHUDWRU LQ WKH QHXWURQ HQHUJ\

IURP ���� H9 WR ��� H9� 7KH PHDVXUHG SRLQWV DUH FRQQHFWHG E\ D VSOLQH ILW�
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)LJ� ��� 0HDVXUHG DQG FDOFXODWHG GLIIHUHQWLDO QHXWURQ VSHFWUXP IRU WKUHH GLIIHUHQW JHRPHWULHV� 7KH

SRLQWV FRUUHVSRQG WR 0&13 FDOFXODWLRQ� 7KH VSHFWUXP IRU *� �*�� JHRPHWU\ LV PXOWLSOLHG E\ D

IDFWRU �� ����� IRU WKH EHWWHU YLHZ�
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GHSHQGLQJ RQ WKH HQHUJ\ ELQ�

�� &RQFOXVLRQ

7KH QHXWURQ HQHUJ\ VSHFWUD SURGXFHG E\ WKH SKRWRQHXWURQ WDUJHW ZLWK D ZDWHU PRGHUDWRU ZHUH

PHDVXUHG ZLWK D
�
/L�=Q6�$J� JODVV VFLQWLOODWRU DV D QHXWURQ GHWHFWRU ZLWK WKH QHXWURQ 72) PHWKRG DW �� P

IOLJKW SDWK RI 3RKDQJ 1HXWURQ )DFLOLW\� $V D QHXWURQ PRQLWRU� D %)� SURSRUWLRQDO FRXQWHU ZDV XVHG� 7KH

QHXWURQ 72) VSHFWUD ZHUH QRUPDOL]HG ZLWK WKH QHXWURQ PRQLWRU FRXQWV� :H PHDVXUHG WKH QHXWURQ 72)

VSHFWUD IRU GLIIHUHQW ZDWHU OHYHOV LQVLGH WKH PRGHUDWRU DQG FRPSDUHG ZLWK WKH 0&13 FDOFXODWLRQ LQ RUGHU WR

PD[LPL]H WKH WKHUPDO QHXWURQ IOX[�

7KH PHDVXUHG QHXWURQ HQHUJ\ VSHFWUD IRU GLIIHUHQW ZDWHU OHYHOV LQ WKH PRGHUDWRU ZHUH YHULILHG E\ WKH

0&13 FDOFXODWLRQV� 7KH H[SHULPHQWDO DQG FDOFXODWHG GDWD ZHUH DJUHHG ZLWKLQ WKH H[SHULPHQWDO XQFHUWDLQW\�

$FFRUGLQJ WR WKH UHVXOWV RI WKH PHDVXUHPHQW DQG WKH FDOFXODWLRQ� WKH � FP ZDWHU OHYHO LQ WKH PRGHUDWRU

JLYHV WKH PD[LPDO WKHUPDO QHXWURQ IOX[ IRU WKH SUHVHQW JHRPHWU\ RI WKH SKRWRQHXWURQ WDUJHW V\VWHP�

$FNQRZOHGJHPHQW

7KH DXWKRUV ZRXOG OLNH WR H[SUHVV WKHLU VLQFHUH WKDQNV WR WKH VWDII RI WKH 3RKDQJ $FFHOHUDWRU /DERUDWRU\

IRU WKH H[FHOOHQW ��� 0H9 HOHFWURQ OLQDF RSHUDWLRQ DQG VWURQJ VXSSRUW� 7KLV ZRUN LV VXSSRUWHG E\ WKH

UHVHDUFK IXQGV IURP WKH .RUHD $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH�

5HIHUHQFHV

>�@ 0LQLVWU\ RI 6FLHQFH DQG 7HFKQRORJ\ RI .RUHD ������� ³���� 5HTXHVW IRU 3URMHFW RQ /RQJ�7HUP

1XFOHDU 5	' SURJUDP�´

>�@ *� 1� .LP� HW DO�� �3URSRVHG 1HXWURQ )DFLOLW\ XVLQJ ����0H9 HOHFWURQ OLQDF DW 3RKDQJ $FFHOHUDWRU

/DERUDWRU\�� LQ 3URFHHGLQJV ,QWHUQDWLRQDO &RQIHUHQFH RQ 1XFOHDU 'DWD IRU 6FLHQFH DQG 7HFKQRORJ\�

HGLWHG E\ *� 5HIIR� $� 9HQWXUD DQG &� *UDQGL �7ULHVWH� ,WDO\� 0D\ ������ ������ S�����

>�@ -� <� &KRL� HW DO�� ³'HVLJQ RI ����0H9 HOHFWURQ /LQDF IRU 1HXWURQ %HDP )DFLOLW\ DW 3$/�´ LQ

3URFHHGLQJV RI ���� .$35$ :RUNVKRS� HGLWHG E\ .RUHD $FFHOHUDWRU DQG 3ODVPD 5HVHDUFK

$VVRFLDWLRQ �6HRXO� .RUHD� -XQH ������ ������ S� ��� +� 6� .DQJ� HW DO�� ³%HDP $FFHOHUDWLRQ 5HVXOW

RI 7HVW /LQDF�´ LQ 3URFHHGLQJV RI )LUVW $VLDQ 3DUWLFOH $FFHOHUDWRU &RQIHUHQFH� HGLWHG E\ <� +� &KLQ HW

DO�� �7VXNXED� -DSDQ� 0DU� ������ ������ S� ����

>�@ :� <� %DHN� HW DO�� ³'HVLJQ RI WKH 3KRWRQHXWURQ 7DUJHW IRU 3XOVHG 1HXWURQ 6RXUFHV DW 3$/�´ LQ

3URFHHGLQJV RI :RUNVKRS RQ 1XFOHDU 'DWD 3URGXFWLRQ DQG (YDOXDWLRQ� HGLWHG E\ -� &KDQJ DQG *� 1�

.LP �3RKDQJ� .RUHD� $XJ� ���� ������

>�@ :� 3� 6ZDQVRQ� ³5DGLRORJLFDO 6DIHW\ $VSHFWV RI WKH 2SHUDWLRQ RI (OHFWURQ /LQHDU $FFHOHUDWRUV�´

,$($ 7HFKQLFDO 5HSRUWV 1R� ��� �������

>�@ %� :LHJHO� $� 9� $OHYUD� %� 5� /� 6LHEHUW� ³&DOFXODWLRQV RI WKH UHVSRQVH IXQFWLRQV RI %RQQHU 6SKHUHV

ZLWK +H SURSRUWLRQDO FRXQWHU XVLQJ D UHDOLVWLF GHWHFWRU PRGHO´� 37% %HULFKW 1����

3K\VLNDOLVFK�7HFKQLVFKH %XQGHVDQVWDOW� %UDXQVFKZHLJ� *HUPDQ\� �������

>�@ 6FLQWLOODWLRQ GHWHFWRU� %&���� %LFURQ� 6DLQW�*REDLQ 1RUWRQ ,QGXVWULDO &HUDPLFV FRRSHUDWLRQ� 8VHU¶V

0DQXDO� 86$ �������

>�@ 0&13� ³$ *HQHUDO 0RQWH &DUOR 1�3DUWLFOH 7UDQVSRUW &RGH 6\VWHP� 9HUVLRQ �%´� /RV $ODPRV

1DWLRQDO /DERUDWRU\� /$�������0� �������

>�@ (1')�%�9,� ³(YDOXDWHG 1XFOHDU 'DWD )LOHV´� %URRNKDYHQ 1DWLRQDO /DERUDWRU\� 1DWLRQDO 1XFOHDU

'DWD &HQWHU� 2Q�OLQH GDWD VHUYLFH� �������

>��@ <� 'DQRQ� ³'HVLJQ DQG FRQVWUXFWLRQ RI WKH 53, HQKDQFHG WKHUPDO QHXWURQ WDUJHW DQG WKHUPDO FURVV

VHFWLRQ PHDVXUHPHQWV RI UDUH HDUWK LVRWRSHV´� 'RFWRUDO 7KHVLV� 5HQVVHODHU 3RO\WHFKQLF ,QVWLWXWH

�������

>��@ <� 'DQRQ� 5� &� %ORFN� 5� (� 6ORYDFHN� ³'HVLJQ DQG FRQVWUXFWLRQ RI D WKHUPDO QHXWURQ WDUJHW IRU WKH

53, OLQDF´� 1XFO� ,QVWU� DQG 0HWK� $��� ������� ����

>��@ &� 5� 6WRSD� ³0HDVXUHPHQWV RI QHXWURQ LQGXFHG ILVVLRQ FURVV VHFWLRQV RI
���
&P�

���
&P DQG

���
&P E\

PHDQV RI OHDG VORZLQJ�GRZQ�WLPH VSHFWURPHWU\´� 'RFWRUDO 7KHVLV� 5HQVVHODHU 3RO\WHFKQLF ,QVWLWXWH�

�������

>��@ 0� (� 2YHUEHUJ� %�0RUHWWL� 5�6ORYDFHN� 5�%ORFN� ³3KRWRQHXWURQ WDUJHW IRU WKH 53, OLQHDU DFFDOHUDWRU´�

1XFO� ,QVWU� DQG 0HWK� $��� ������� ����


