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$EVWUDFW

7KLV SDSHU H[SODLQV ZK\ GLUHFWO\ DJLWDWHG WHVW FHOOV DUH VRPHWLPHV UHTXLUHG LQ RUGHU WR REWDLQ

JRRG DGLDEDWLF FDORULPHWU\ GDWD WKDW FDQ EH XVHG ZLWK FRQILGHQFH WR SUHGLFW ODUJH VFDOH SODQW EH�

KDYLRXU� ([SHULPHQWV IRU PHWK\O PHWKDFU\ODWH SRO\PHULVDWLRQ DUH UHSRUWHG� 6LPSOH SURFHGXUHV DUH

SUHVHQWHG IRU FDOFXODWLQJ JHQXLQH WKHUPR�NLQHWLF SDUDPHWHUV IURP GDWD ZKLFK LQFOXGHV HQHUJ\ GLV�

VLSDWLRQ IURP WKH VWLUUHU GULYH V\VWHP�

.H\ZRUGV� DGLDEDWLF� FDORULPHWU\� PL[LQJ� UXQDZD\� VHOI�KHDWLQJ� VWLUULQJ

,QWURGXFWLRQ

0L[LQJ DQG FKHPLFDO UHDFWLRQ

,Q WKLV SDSHU ZH IRFXV RQ EDWFK DQG VHPL�EDWFK OLTXLG SKDVH� H[RWKHUPLF FKHPL�

FDO UHDFWLRQV� )RU PRVW UHDFWLRQV WKH LQWULQVLF EDWFK UHDFWLRQ UDWH LV D IXQFWLRQ RI WHP�

SHUDWXUH DQG FRPSRVLWLRQ �FRQFHQWUDWLRQ� DORQH� VFDOH XS IURP ODERUDWRU\ WR LQGXV�

WULDO SURGXFWLRQ PD\ WKHUHIRUH DSSHDU WR EH D VWUDLJKWIRUZDUG PDWWHU� 7KH JURVV PL[�

LQJ LQ DQ\ UHDFWRU �DV HQFDSVXODWHG LQ WKH HGGLHV� VZLUOV DQG UH�FLUFXODWLRQ� LV GH�

VFULEHG DV WKH PDFURVFDOH PL[LQJ SDWWHUQ DQG WKLV LV XVXDOO\ WKRXJKW RI DV RFFXUULQJ

RQ D VFDOH JUHDWHU WKDQ a���� PLFURQV� 7KH IRUP RI WKLV LV VWURQJO\ GHSHQGHQW RQ WKH

SXPSLQJ FDSDFLW\ RI WKH LPSHOOHU XVHG IRU PL[LQJ� 5HDFWLRQV� RI FRXUVH� RFFXU RQ WKH

PROHFXODU OHYHO DQG LW LV RQ WKH PLFURVFDOH WKDW WKH PL[LQJ HQHUJ\ LV GLVVLSDWHG DQG

SRFNHWV RU µFOXPSV¶ RI IOXLG DUH ILQDOO\ UHGXFHG WR XQLIRUP FRPSRVLWLRQ� 7KLV W\SL�

FDOO\ RFFXUV RQ D VFDOH EHORZ ��� PLFURQV� 7KH FRQFHQWUDWLRQ�WHPSHUDWXUH�WLPH KLV�

WRU\ RI DQ\ PROHFXOHV LQ� RU HQWHULQJ� D UHDFWRU ZLOO DV D FRQVHTXHQFH EH GHSHQGHQW

RQ WKH FKRLFH RI DJLWDWRU� VWLUULQJ VSHHG DQG EDIIOLQJ V\VWHP� (YHQ IRU VLQJOH SKDVH

OLTXLG V\VWHPV� WKH HIIHFWLYH NLQHWLFV� IUDFWLRQDO FRQYHUVLRQ RI IHHG� DQG \LHOG DQG VH�

OHFWLYLW\ WR D GHVLUHG SURGXFW� PD\ WKHUHIRUH DOO GHSHQG RQ WKH SHUIRUPDQFH RI WKH

PL[LQJ V\VWHP�
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$GLDEDWLF FDORULPHWU\

7KH XVH RI ORZ SKL IDFWRU DGLDEDWLF FDORULPHWHUV WR VLPXODWH WKH WKHUPDO UXQDZD\
LQ ODUJH YHVVHOV RQ ORVV RI FRROLQJ LV ZHOO GRFXPHQWHG� IRU H[DPSOH >�@ DQG >�@� 7KH
SURJUHVV RI WKH UHDFWLRQ LV PRQLWRUHG XVLQJ D IDVW UHVSRQGLQJ WKHUPRFRXSOH LP�
PHUVHG LQ WKH UHDFWDQWV� �,Q VRPH ROGHU GHVLJQV RI FDORULPHWHU WKH WKHUPRFRXSOH LV
PRXQWHG RQ D FOLS RQ WKH H[WHUQDO VXUIDFH RI WKH WHVW FHOO� XQGHU VHYHUH UXQDZD\ FRQ�
GLWLRQV WKLV FDQ LQWURGXFH VLJQLILFDQW G\QDPLF ODJ LQWR WKH WHPSHUDWXUH UHDGLQJV��
7KH DVVXPSWLRQ LV PDGH WKDW WKH VLQJOH WHPSHUDWXUH UHDGLQJ LV UHSUHVHQWDWLYH RI WKH
ZKROH ERG\ RI UHDFWLQJ IOXLG� ,I WKLV LV QRW WKH FDVH WKHQ FRPSOH[ IORZ PL[LQJ PRGHOV
DUH UHTXLUHG WR GHVFULEH WKH QRQ�LGHDOLWLHV� 7KH IUDFWLRQDO FKDQJH LQ WHPSHUDWXUH LV
DOVR DVVXPHG WR EH SURSRUWLRQDO WR WKH IUDFWLRQDO FKDQJH LQ UHDFWDQW FRQFHQWUDWLRQ�
7KLV LV VWULFWO\ RQO\ WUXH LI D VLQJOH UHDFWLRQ LV WDNLQJ SODFH ZLWK D UHDFWLRQ HQWKDOS\
WKDW LV LQGHSHQGHQW RI WHPSHUDWXUH� $ UHODWLYHO\ VLPSOH SURFHGXUH WKHQ DOORZV WKH
DGLDEDWLF UXQDZD\ GDWD WR EH PRGHOOHG XVLQJ Q

WK RUGHU NLQHWLFV >�@� 3URYLVLRQ RI D
PDJQHWLFDOO\ GULYHQ DJLWDWLRQ EDU ZLWKLQ WKH VDPSOH WHVW FHOO HQVXUHV WKDW IRU ORZ YLV�
FRVLW\ V\VWHPV WKH µZHOO PL[HG¶ DVVXPSWLRQ LV YDOLG IRU DOO EXW WKH PRVW H[WUHPH VHOI�
KHDW UDWHV�

)RU UHDFWLRQV ZLWK YHU\ IDVW LQWULQVLF NLQHWLFV� KLJK YLVFRVLW\ UHDFWDQWV RU PXOWL�
SKDVH V\VWHPV �LQYROYLQJ LPPLVFLEOH OLTXLGV RU PL[WXUHV RI OLTXLGV DQG VROLGV� D
PDJQHWLFDOO\ GULYHQ PL[LQJ EDU PD\ EH LQDGHTXDWH WR PDLQWDLQ XQLIRUPLW\ RI WHP�
SHUDWXUH DQG FRPSRVLWLRQ ZLWKLQ WKH WHVW FHOO DW DQ\ WLPH� ,Q WKLV FDVH SRRU TXDOLW\
GDWD ZKLFK LV YHU\ QRLV\ ZLOO UHVXOW� NLQHWLF DQDO\VLV ZLOO EH LPSRVVLEOH DQG WKH VPDOO
VFDOH UHVXOWV DUH VSHFLILF WR WKH WHVW FRQGLWLRQV DQG FDQQRW EH XVHG WR SUHGLFW ODUJH
VFDOH EHKDYLRXU� >�@� ,W LV LQ WKHVH FLUFXPVWDQFHV WKDW WKH XVH RI GLUHFWO\ DJLWDWHG WHVW
FHOOV LV YLWDO� EXW WKH EHQHILWV DVVRFLDWHG ZLWK WKHLU XVH PD\ KDYH DQ DVVRFLDWHG GLVDG�
YDQWDJH ZKLFK PXVW EH FOHDUO\ DSSUHFLDWHG� 7KLV DULVHV IURP WKH SRZHU UHTXLUHG WR
GULYH WKH VWLUULQJ V\VWHP ZKLFK FDQ JLYH ULVH WR VLJQLILFDQW VHOI�KHDWLQJ� ,W LV HDV\ WR
FRQIXVH WKLV ZLWK WKH JHQXLQH VHOI�KHDWLQJ DVVRFLDWHG ZLWK H[RWKHUPLF FKHPLFDO DF�
WLYLW\ DQG WKLV PXVW EH DYRLGHG >�@�

([SHULPHQWDO�WHVWV�XVLQJ�GLUHFWO\�DJLWDWHG�FHOOV

$OO WKH H[SHULPHQWDO VWXGLHV ZHUH PDGH LQ WKH 3+,�7(& ,, DGLDEDWLF FDORULPHWHU�
7KLV LV LOOXVWUDWHG LQ )LJ� �� 6DPSOH PDWHULDO �$� LV FRQWDLQHG LQ D WHVW FHOO �%�� ,Q DOO
WKH H[SHULPHQWV GHVFULEHG LQ WKLV SDSHU ��� VWDLQOHVV VWHHO WHVW FHOOV ZLWK D YROXPH RI
��� PO DQG D WKHUPDO PDVV RI ���� - .±�ZHUH XVHG� 7KHVH FHOOV KDYH D ZDOO WKLFNQHVV
RI RQO\ ���� PP� $V WKH SUHVVXUH LQ WKH WHVW FHOO ULVHV GXULQJ D UXQDZD\ UHDFWLRQ� QL�
WURJHQ LV DGPLWWHG LQWR WKH PDLQ SUHVVXUH FRQWDLQPHQW YHVVHO �&� VR DV WR NHHS WKH
SUHVVXUH GLIIHUHQWLDO DFURVV WKH WHVW FHOO ZDOO VPDOO DQG KHQFH SUHYHQW LW IURP UXSWXU�
LQJ� 7KUHH JXDUG KHDWHUV DURXQG WKH WHVW FHOO �'� WUDFN WKH PHDVXUHG WHPSHUDWXUH
ZLWKLQ WKH FHOO DQG WKXV PLQLPLVH KHDW ORVVHV� 7KHVH FHOOV KDYH DQ DQFKRU W\SH VWLUUHU
PRXQWHG RQ D JURXQG VWDLQOHVV VWHHO VKDIW� 7KLV VKDIW UXQV RQ EHDULQJV PRXQWHG LQ D
KRXVLQJ RQ WKH WRS IDFH RI WKH FHOO� 2 ULQJV DERYH DQG EHORZ WKH EHDULQJ SURYLGH WKH
SUHVVXUH VHDO� PDWHULDOV RI WKH ODWWHU FDQ EH 9LWRQ� 1LWULOH� (3� 3HUODVW RU 37)( DQG
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DUH FKRVHQ WR UHPDLQ XQDIIHFWHG E\ WKH VDPSOH XQGHU WHVW� 'HWDLOV RI WKH WHVW FHOO
EHDULQJV DQG VHDOV DUH LOOXVWUDWHG LQ )LJ� �� 7KH GLUHFW GULYH DJLWDWLRQ V\VWHP �( LQ
)LJ� �� ORFDWHV LQWR D ILWWLQJ RQ WKH HQG RI WKH WHVW FHOO VWLUUHU VKDIW�

(DFK VHW RI EHDULQJV� VHDOV DQG VKDIW DUH XQLTXH VR WKDW LQLWLDO IULFWLRQDO ORVVHV�
DQG WKH H[WHQW WR ZKLFK LQGLYLGXDO VHWV RI EHDULQJV DQG VHDOV µEHG LQ¶ DIWHU D GHILQHG
SHULRG RI XVH� DUH QRW IXOO\ UHSURGXFLEOH� +RZHYHU� DOO GDWD SUHVHQWHG LQ WKH UHPDLQ�
GHU RI WKLV SDSHU VKRZ W\SLFDO EHKDYLRXU�

([SHULPHQWV ZLWK HPSW\ WHVW FHOOV

7KH ILUVW VHW RI H[SHULPHQWV ZDV WR PHDVXUH WKH WHPSHUDWXUH ZLWKLQ DQ HPSW\ WHVW
FHOO ZKHQ WKH VWLUULQJ GULYH V\VWHP ZDV UXQ DW D UDQJH RI FRQVWDQW VSHHGV RYHU DQ H[�
WHQGHG SHULRG RI WLPH� 5HVXOWV DUH VKRZQ LQ )LJ� �� ,Q WKLV FDVH WKH REVHUYHG UDWH RI
VHOI�KHDWLQJ LV WKH UHVXOW RI SRZHU GLVVLSDWLRQ LQ WKH EHDULQJ DQG VHDOV DORQH� )RU D
W\SLFDO VWLUUHU GULYH VSHHG RI ��� WR ��� USP WKH VHOI�KHDW UDWH IDOOV EHWZHHQ a��� DQG
����& PLQ±��

)LJ� � 7KH 3+,�7(& ,, DGLDEDWLF FDORULPHWHU

)LJ� � 'HWDLOV RI WKH GLUHFWO\ DJLWDWHG WHVW FHOO� EHDULQJV DQG VHDOV
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([SHULPHQWV ZLWK WHVW FHOOV FRQWDLQLQJ ZDWHU

6HYHUDO VHWV RI H[SHULPHQWV WKHQ IROORZHG LQ ZKLFK WKH VDPH PHDVXUHPHQWV ZHUH

PDGH EXW ZLWK WKH WHVW FHOO FRQWDLQLQJ ��� �� DQG ILQDOO\ �� J ZDWHU� 5HVXOWV IRU WKH

ODVW FDVH DUH VKRZQ LQ )LJ� �� 7KH SUHVHQFH RI WKH ZDWHU LQ WKH FHOO JUHDWO\ LQFUHDVHV

WKH WKHUPDO PDVV VR WKDW� DW WKH ��� WR ��� USP UDQJH RI VSHHGV� VHOI�KHDWLQJ DW UDWHV

RI ���� WR �����& PLQ±� LV QRUPDO�

)LJ� � 7HPSHUDWXUH YV� WLPH LQ DQ HPSW\ WHVW FHOO IRU D UDQJH RI VWLUULQJ VSHHGV

)LJ� � 7HPSHUDWXUH YV� WLPH LQ D WHVW FHOO FRQWDLQLQJ �� J RI ZDWHU IRU D UDQJH RI VWLUUHU VSHHGV
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(QHUJ\ GLVVLSDWLRQ UDWHV

6RPH DYHUDJH HQHUJ\ GLVVLSDWLRQ UDWHV IURP WKH VWLUUHU V\VWHP DUH QRZ FDOFXODWHG
IURP WKH UHVXOWV RI PDQ\ H[SHULPHQWV VXFK DV WKRVH GHVFULEHG DERYH� $V DQ H[DPSOH
WKH FDVH RI VWLUULQJ DW WKH YHU\ H[WUHPH VSHHG RI ��� USP LV XVHG� ,Q WKH HPSW\ WHVW
FHOO OLQHDU UHJUHVVLRQ RI VHYHUDO VHWV RI GDWD JLYHV DQ DYHUDJH YDOXH RI WKH VHOI�KHDW
UDWH RI ������& PLQ±�� 7KLV FRUUHVSRQGV WR DQ HQHUJ\ GLVVLSDWLRQ UDWH RI ���� :� )RU
WKH WHVW FHOOV ZLWK �� J RI ZDWHU WKH DQDORJRXV DYHUDJH KHDWLQJ UDWH ZDV ������& PLQ±�

ZLWK D FRUUHVSRQGLQJ SRZHU RI ���� : DQG IRU WKH FHOO ZLWK �� J RI ZDWHU WKHVH ILJXUHV
ZHUH ������& PLQ±� DQG ���� :� :LWKLQ WKH OLPLWV RI H[SHULPHQWDO DFFXUDF\ WKH HQHUJ\
GLVVLSDWLRQ UDWHV ZLWKLQ WKH WHVW FHOO DUH VHHQ WR EH LQGHSHQGHQW RI WKH SUHVHQFH RI WKH
YDULDEOH FKDUJH RI ZDWHU� 7KH IROORZLQJ LQYHVWLJDWLRQV ZHUH WKHQ PDGH WR VHH ZKHWKHU
WKHVH REVHUYDWLRQV FRXOG EH H[SODLQHG UDWLRQDOO\�

(DFK JHRPHWU\ RI PL[LQJ V\VWHP KDV D XQLTXH UHODWLRQVKLS EHWZHHQ WKH 3RZHU

QXPEHU� 3��ρ1�'�� DQG WKH 5H\QROGV QXPEHU �'�1ρ��µ� ZKHUH 3 LV WKH SRZHU UH�

TXLUHG IRU PL[LQJ� ρ LV WKH OLTXLG VSHFLILF GHQVLW\� 1 LV WKH VWLUULQJ VSHHG� ' LV WKH LP�

SHOOHU GLDPHWHU DQG µ WKH YLVFRVLW\ RI WKH OLTXLG EHLQJ VWLUUHG� 7KLV UHODWLRQVKLS ZDV

GHWHUPLQHG IRU WKH WHVW FHOO DQG DJLWDWRU� 7KH LPSHOOHU ZDV PRXQWHG LQ D YDULDEOH

VSHHG GULYH ZLWK DQ DVVRFLDWHG WRUTXH WUDQVGXFHU� 7KH UHVXOWV WKXV SHUWDLQ WR WKH PL[�

LQJ V\VWHP DORQH DQG GR QRW LQFOXGH WKH WHVW FHOO EHDULQJ� ,Q RUGHU WR FRYHU 5H\QROGV

QXPEHUV IURP ���� WR ��� D QXPEHU RI GLIIHUHQW 1HZWRQLDQ IOXLGV ZHUH XVHG� 7KHVH

LQFOXGHG ���� �� DQG ��� JO\FHURO DQG ZDWHU DW YDULRXV WHPSHUDWXUHV� :LWK WKH DQ�

FKRU PL[HU UXQQLQJ DW ��� USP WKH 5H\QROGV QXPEHU ZDV a������ DQG WKH FRUUH�

VSRQGLQJ 3RZHU QXPEHU KDG OHYHOOHG RXW WR DQ DSSUR[LPDWHO\ FRQVWDQW YDOXH RI ����

)RU ZDWHU DW DPELHQW WHPSHUDWXUH EHLQJ PL[HG DW ��� USP ZLWK D ��� PP GLDPHWHU

LPSHOOHU WKLV FRUUHVSRQGV WR D IOXLG SRZHU UHTXLUHPHQW IRU PL[LQJ RI a����� :� 2E�

YLRXVO\ WKLV LV RQO\ D WLQ\ IUDFWLRQ �a��� RI WKH W\SLFDO SRZHU UHTXLUHG WR RYHUFRPH

IULFWLRQ LQ WKH EHDULQJV� 7KXV YLUWXDOO\ DOO RI WKH WHVW FHOO KHDWLQJ IURP WKH PL[HU GULYH

V\VWHP LV DWWULEXWDEOH WR IULFWLRQDO ORVVHV LQ WKH EHDULQJV DQG VHDOV UDWKHU WKDQ WKH

IOXLG PL[LQJ GXW\� 7KLV FRQFOXVLRQ LV ZLGHO\ DSSOLFDEOH� 1RWH WKDW EHFDXVH WKH SRZHU

IRU IOXLG PL[LQJ YDULHV GLUHFWO\ ZLWK OLTXLG GHQVLW\� ZLWK WKH FXEH RI WKH VWLUULQJ

VSHHG DQG WKH ILIWK SRZHU RI WKH LPSHOOHU GLDPHWHU� RFFDVLRQDO H[FHSWLRQV WR WKLV FRQ�

FOXVLRQ VKRXOG EH DQWLFLSDWHG�

([SHULPHQWV ZLWK PHWK\O PHWKDFU\ODWH

0DQ\ H[SHULPHQWV RQ WKH SRO\PHULVDWLRQ RI PHWK\O PHWKDFU\ODWH ZHUH PDGH�
0RVW RI WKHVH ZHUH ZLWK ���� SSP RI DQ LQLWLDWRU� WKH H[DFW GHWDLO RI ZKLFK LV QRW UH�
YHDOHG EHFDXVH RI FRPPHUFLDO VHQVLWLYLW\� 'DWD IURP D W\SLFDO FORVHG FHOO H[SHULPHQW
DW D VWLUULQJ VSHHG RI ��� USP DUH VKRZQ LQ )LJ� �� 7KH H[SHULPHQW VWDUWV DW ���& DQG
KHDWLQJ DW DQ HVVHQWLDOO\ FRQVWDQW UDWH FRQWLQXHV IRU DOPRVW � K� $ IDLUO\ UDSLG UXQ�
DZD\ WKHQ WDNHV SODFH DQG LV FRPSOHWH LQ VRPH �� PLQ� $W WKH HQG RI LW WKH VWLUUHU LV
VWLOO UXQQLQJ DW ��� USP DQG D UHWXUQ WR VHOI�KHDWLQJ DW DQ HVVHQWLDOO\ FRQVWDQW EDFN�
JURXQG UDWH LV DJDLQ REVHUYHG� 7KHVH GDWD DUH VKRZQ LQ )LJ� ��
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'LVFXVVLRQ

3URFHVVLQJ WKH DGLDEDWLF GDWD WR JLYH WKHUPRNLQHWLF LQIRUPDWLRQ

7KH H[WUDFWLRQ RI NLQHWLF SDUDPHWHUV IURP WKH H[SHULPHQWDO GDWD LV FDUULHG RXW

IROORZLQJ WKH SURFHGXUH RXWOLQHG LQ >�@� 7KH IUDFWLRQDO FKDQJH LQ WHPSHUDWXUH LV

WDNHQ DV EHLQJ GLUHFWO\ HTXLYDOHQW WR WKH IUDFWLRQDO FKDQJH LQ FRPSRVLWLRQ� 7KLV HQ�

DEOHV WKH LGHDO GHVLJQ HTXDWLRQ IRU DQ QWK RUGHU UHDFWLRQ LQ D EDWFK UHDFWRU WR EH UH�

ZULWWHQ LQ WHUPV RI WHPSHUDWXUH� 5H�DUUDQJHPHQW WKHQ OHDGV WR (T� ����

N = G7�GW

>7I − 7V@ >(7I − 7)�(7I − 7V)@Q
= N�&$R

Q−�� ���

ZKHUH N� NRH[S�±(�57��

RU

OQN  OQ� NR&$R

Q−�� ± (�57� ���

ZKHUH 7 GHQRWHV WKH WHPSHUDWXUH DW DQ\ WLPH W� 6XEVFULSWV V DQG I GHQRWH VWDUW DQG IL�

QDO YDOXHV� Q LV WKH UHDFWLRQ RUGHU� N� WKH $UUKHQLXV UDWH FRHIILFLHQW �ZLWK SUH�H[SR�

QHQWLDO IDFWRU NR� DQG &$R WKH LQLWLDO FRQFHQWUDWLRQ RI WKH VSHFLHV RQ ZKLFK WKH UHDF�

WLRQ UDWH GHSHQGV� ,W LV LPSRUWDQW WR QRWH WKDW WKH µSVHXGR¶ UDWH FRHIILFLHQW N FDQ EH

GHWHUPLQHG IURP D VLQJOH H[SHULPHQW� ,I WKH UXQDZD\ UHDFWLRQ� RU D FHUWDLQ VWDJH RI

LW� FDQ EH GHVFULEHG E\ JOREDO QWK RUGHU NLQHWLFV WKHQ SORWWLQJ OQN DV D IXQFWLRQ RI UH�

FLSURFDO DEVROXWH WHPSHUDWXUH ZLOO JLYH D VWUDLJKW OLQH IRU WKH FRUUHFW FKRLFH RI UHDF�

WLRQ RUGHU Q� $QDORJRXV GHULYDWLRQV IRU PRUH FRPSOH[ IRUPV RI NLQHWLFV FDQ EH PDGH

)LJ� � 7HPSHUDWXUH DQG SUHVVXUH YV� WLPH� 00$ DQG ���� SSP RI LQLWLDWRU
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�H�J� VHULHV UHDFWLRQV RU DXWRFDWDO\WLF SURFHVVHV� EXW WKH PDWKHPDWLFV LV QRW DPHQDEOH

WR VLPSOH JUDSKLFDO LQWHUSUHWDWLRQ� 7KH VORSH RI WKH SORW RI OQN YV� UHFLSURFDO DEVROXWH

WHPSHUDWXUH HTXDOV WKH DFWLYDWLRQ HQHUJ\� (� GLYLGHG E\ WKH LGHDO JDV FRQVWDQW 5� $

SORW RI WKLV IRUP IRU WKH GDWD LQ )LJ� � LV SUHVHQWHG IRU ILUVW RUGHU NLQHWLFV LQ )LJ� ��

7KH VWDUW WHPSHUDWXUH IRU WKH H[RWKHUP KDV EHHQ WDNHQ DV ���& DQG WKH ILQDO WHPSHUD�

WXUH DV ����&� )RU FODULW\ RQO\ GDWD DW WKH VWDUW RI WKH H[RWKHUP DUH VKRZQ�

,W LV LPPHGLDWHO\ DSSDUHQW WKDW D VKDUS GLVFRQWLQXLW\ LQ WKH GDWD LV SUHVHQW DW ±�����7
HTXDOV ±����� .±�� L�H� �����&� 8S WR WKLV YDOXH WKH NLQHWLF DQDO\VLV VKRZV WKDW WKH
VHOI�KHDW UDWH LV LQGHSHQGHQW RI WHPSHUDWXUH �WKH VORSH RI WKH SORW LV HVVHQWLDOO\ ]HUR��

)LJ� � OQN YV� ±�����WHPSHUDWXUH� 00$ DQG ���� SSP RI LQLWLDWRU� )LUVW RUGHU NLQHWLFV

)LJ� � ,GHDOLVHG IRUP RI WHPSHUDWXUH YV� WLPH GDWD
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7KLV LV H[DFWO\ DV REVHUYHG LQ )LJV �� � DQG WKH HDUO\ SRUWLRQ RI )LJ� �� $W �����&�
WHPSHUDWXUH VHQVLWLYH VHOI�KHDWLQJ LV ILUVW GHWHFWHG DQG WKH VORSH RI WKH NLQHWLF DQDO\�
VLV LQ )LJ� � MXPSV WR D YDOXH RI ����� .� 7KLV FRUUHVSRQGV WR DQ DFWLYDWLRQ HQHUJ\ RI
�� N- PRO±�� ILUVW RUGHU NLQHWLFV DGHTXDWHO\ GHVFULEH WKH HDUO\ VWDJHV RI UHDFWLRQ XS WR
a����&� ±�����7 ±��� .±�� ,W LV QRZ YHU\ HDV\ WR GH�FRXSOH WKH VORZ� FRQVWDQW VHOI�
KHDWLQJ UHVXOWLQJ IURP IULFWLRQ LQ WKH WHVW FHOO EHDULQJV DQG VHDOV IURP WKH VHOI�KHDW�
LQJ GXH WR WKH WKHUPDO UXQDZD\� 7KLV LV GRQH E\ DVVXPLQJ WKDW WKH H[SHULPHQWDO GDWD
KDV WKH LGHDOLVHG IRUP VKRZQ LQ )LJ� �� 7KLV LV LQ IDFW WKH LGHQWLFDO WHPSHUDWXUH GDWD
WR WKDW VKRZQ LQ )LJ� �� %DFNJURXQG VHOI�KHDWLQJ DW D UDWH RI ������& PLQ±� �)LJ� ��
LV VXEWUDFWHG IURP DOO RI WKH VHOI�KHDW UDWH GDWD IRU WKH H[SHULPHQW� 7KH µRQVHW¶ WHP�
SHUDWXUH �7V� IRU H[RWKHUPLF UXQDZD\ LV �����& DQG WKH ILQDO WHPSHUDWXUH �7I� LV WKH
ILUVW GDWD SRLQW DW ZKLFK WKH FRUUHFWHG VHOI�KHDW UDWH IDOOV WR ]HUR� )RU WKLV GDWD VHW 7I
LV ������&� 7KH FRUUHVSRQGLQJ YDOXHV RI WLPH DUH ����� PLQ DQG ����� PLQ JLYLQJ D
GXUDWLRQ RI ���� PLQ IRU WKH WUXH FKHPLFDO H[RWKHUP�

7KH HQWKDOS\ RI UHDFWLRQ FDQ QRZ EH HVWLPDWHG IURP WKH DGLDEDWLF WHPSHUDWXUH
ULVH DV IROORZV�

±∆+U  >�7I ± 7V� ± ������ �������@&SΦ  

 >������ ± ����� ± �����@ ������ ������  ����� - �J UHDFWLRQ PL[WXUH�±��

ZKHUH &S LV WKH PHDQ VSHFLILF KHDW RI PHWK\O PHWKDFU\ODWH RYHU WKH WHPSHUDWXUH UDQJH
LQYROYHG DQG Φ LV WKH SKL IDFWRU IRU WKH WHVW FHOO DQG FRQWHQWV� VHH >�@ IRU H[DPSOH� ,Q
DQ DQDORJRXV PDQQHU (T� ��� FDQ EH UH�GHULYHG WR WDNH DFFRXQW RI WKH PHFKDQLFDO HQ�
HUJ\ LQSXW IURP WKH WHVW FHOO VKDIW GULYH V\VWHP >�@� )RU ILUVW RUGHU NLQHWLFV WKLV JLYHV�

N =
(G7�GW − (G7�GW)7V)

>(7I − 7) − (WI − WV) (G7�GW)7V@
= N�&$R

Q−� ���

)LJ� � OQN YV� ±�����WHPSHUDWXUH� 00$ DQG ���� SSP RI LQLWLDWRU� )LUVW RUGHU NLQHWLFV
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7KH GDWD IURP )LJ� � DUH UH�SORWWHG LQ WKLV IRUP LQ )LJ� �� $ JRRG VWUDLJKW OLQH ILW WR
WKH UXQDZD\ GDWD H[LVWV IURP ���� WR a����& ZLWK D VORSH WKDW LV VRPH ��� KLJKHU
WKDQ LQ )LJ� �� WKH ODWWHU FRUUHVSRQGV WR DQ DFWLYDWLRQ HQHUJ\ RI ����� N- PRO±��

&RQFOXVLRQV

7KH EDFNJURXQG VHOI�KHDWLQJ DULVLQJ IURP D GLUHFWO\ GULYHQ DJLWDWLRQ V\VWHP LQ DQ
DGLDEDWLF WHVW FHOO FDQ EH DFFRXQWHG IRU LQ D VLPSOH PDQQHU� 7KLV LV SDUWLFXODUO\ VR
ZKHQ WKH FKHPLFDO VHOI�KHDW UDWH DFFHOHUDWHV WR YDOXHV JUHDWO\ LQ H[FHVV RI WKH EDFN�
JURXQG UDWHV� WKLV LV WKH FDVH LQ WKLV H[DPSOH ZLWK WKH FKHPLFDO H[RWKHUP HYHQWXDOO\
UXQQLQJ DZD\ DW VHOI�KHDW UDWHV ULVLQJ WR RYHU ��& PLQ±�� (QWKDOS\ UHOHDVH� UHDFWLRQ RU�
GHU DQG DFWLYDWLRQ HQHUJ\ FDQ DOO EH HYDOXDWHG� :LWK VWLUULQJ VSHHGV RI ��� WR ��� USP
DQG 3+,�7(& ,, VWDLQOHVV VWHHO� WHVW FHOOV ZKLFK DUH XVHG ZLWK D YRLG IUDFWLRQ RI a ����
EDFNJURXQG VHOI�KHDW UDWHV RI WKH RUGHU RI ���� WR ����& PLQ±�PD\ EH SUHVHQW�

7KH FKDUDFWHULVWLFV RI PDQ\ GLIIHUHQW FKHPLFDO V\VWHPV RI D WKLFN� YLVFRXV RU
PXOWLSKDVH QDWXUH FRQILUP WKDW WKH IRUP RI UHVXOWV UHSRUWHG LQ WKLV SDSHU LV TXLWH JHQ�
HUDO DQG WKDW WKH H[SHULPHQWDO UHVXOWV DUH UHSURGXFLEOH�

5HIHUHQFHV

O +� *� )LVKHU� (PHUJHQF\ UHOLHI V\VWHP GHVLJQ XVLQJ ',(56 WHFKQRORJ\� $,&K(� �����
,6%1 �������������� &KDSWHU �� S� ����

� 6� 3� :DOGUDP� 7UDQV� ,&KHP(� ��� SDUW %� $XJ� ����� S� ����
� '� ,� 7RZQVHQG DQG -� &� 7RX� 7KHUPRFKLP� $FWD� �� ������ ��
� &� *RQ]DOHV 2WHUR� 'HJUHH &RXUVH WKHVLV� ,QVWLWXW 4XLPLF GH 6DUULD� %DUFHORQD� -XQH ����� S� ��
� 6� 3� :DOGUDP� 5� 3HUGULDX DQG 7� 3� (OVRQ� ,6&5( &RQIHUHQFH� %DOWLPRUH� $XJXVW �����
� -� 6LQJK� 7KHUPRFKLP� $FWD� �� ������ ����
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