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$EVWUDFW

7KLV UHSRUW SUHVHQWV H[SHULPHQWDO UHVXOWV RI PRGXOXV RI

UXSWXUH DQG VKHDU VWUHQJWK WHVWV RQ XQVSOLW� JUHHQ� VDZQ

'RXJODV�ILU OXPEHU� )LYH GLIIHUHQW VL]H�PDWFKHG VSHFLPHQV�

UDQJLQJ IURP QRPLQDO �� E\ ��LQ� �VWDQGDUG ��� E\ ���PP� WR

QRPLQDO �� E\ ���LQ� �VWDQGDUG ��� E\ ����PP�� ZHUH WHVWHG

LQ WKLUG�SRLQW EHQGLQJ DQG ILYH�SRLQW EHDP VKHDU� $ WRWDO RI

��� EHQGLQJ DQG ��� VKHDU VSHFLPHQV� DV ZHOO DV VKHDU

EORFNV FXW IURP HDFK EHDP� ZHUH WHVWHG� 5HVXOWV DGMXVWHG WR

�� SHUFHQW PRLVWXUH FRQWHQW DUH FRPSDUHG ZLWK UHVXOWV IURP

SULRU UHVHDUFK RQ 'RXJODV�ILU JOXHG�ODPLQDWHG WLPEHU EHDPV�

6WDWLVWLFDO PHWKRGV ZHUH XVHG WR LQYHVWLJDWH SRVVLEOH FRUUHOD�

WLRQV RI VKHDU VWUHQJWK WR EHDP VL]H� VKHDU VWUHQJWK WR EHQGLQJ

VWUHQJWK� DQG EHDP VKHDU VWUHQJWK WR $670 VKHDU EORFN

VWUHQJWK� 7KH UHVXOWV LQGLFDWH WKDW ��� D ILYH�SRLQW WHVW VHWXS

FDQ FRQVLVWHQWO\ SURGXFH EHDP VKHDU IDLOXUHV RYHU D ZLGH

UDQJH RI EHDP VL]HV� ��� VKHDU VWUHQJWK LV GHSHQGHQW RQ EHDP

VKHDU DUHD� ��� EHDP VKHDU VWUHQJWK LV UHODWHG WR $670 '���

VKHDU EORFN VWUHQJWK YDOXHV SURYLGHG WKDW WKH UH�HQWUDQW FRU�

QHU VWUHVV�FRQFHQWUDWLRQ HIIHFWV DUH FRQVLGHUHG� DQG ��� D ORZ

FRUUHODWLRQ H[LVWV EHWZHHQ PRGXOXV RI UXSWXUH DQG VKHDU

VWUHQJWK�

.H\ZRUGV� %HDP� GHVLJQ� VKHDU VWUHQJWK� VKHDU VWUHVV�

PRGXOXV RI UXSWXUH� VKHDU WHVW� PRGXOXV RI HODVWLFLW\

6HSWHPEHU ����

5DPPHU� 'RXJODV 5�� 6ROWLV� /DZUHQFH $�� /HERZ� 3DWULFLD .� �����

([SHULPHQWDO VKHDU VWUHQJWK RI XQFKHFNHG VROLG�VDZQ 'RXJODV�ILU�

5HV� 3DS� )3/¤53¤���� 0DGLVRQ� :,� 8�6� 'HSDUWPHQW RI

$JULFXOWXUH� )RUHVW 6HUYLFH� )RUHVW 3URGXFWV /DERUDWRU\� �� S�

$ OLPLWHG QXPEHU RI IUHH FRSLHV RI WKLV SXEOLFDWLRQ DUH DYDLODEOH WR WKH

SXEOLF IURP WKH )RUHVW 3URGXFWV /DERUDWRU\� 2QH *LIIRUG 3LQFKRW 'ULYH�

0DGLVRQ� :, �����¤����� /DERUDWRU\ SXEOLFDWLRQV DUH VHQW WR PRUH WKDQ

����� OLEUDULHV LQ WKH 8QLWHG 6WDWHV DQG HOVHZKHUH�

7KH )RUHVW 3URGXFWV /DERUDWRU\ LV PDLQWDLQHG LQ FRRSHUDWLRQ ZLWK WKH

8QLYHUVLW\ RI :LVFRQVLQ�

7KH 8QLWHG 6WDWHV 'HSDUWPHQW RI $JULFXOWXUH �86'$� SURKLELWV GLVFULPLQD�

WLRQ LQ LWV SURJUDPV RQ WKH EDVLV RI UDFH� FRORU� QDWLRQDO RULJLQ� VH[�

UHOLJLRQ� DJH� GLVDELOLW\� SROLWLFDO EHOLHIV� DQG PDULWDO RU IDPLOLDO VWDWXV�

3HUVRQV ZLWK GLVDELOLWLHV ZKR UHTXLUH DOWHUQDWLYH PHDQV RI FRPPXQLFDWLRQ

RI SURJUDP LQIRUPDWLRQ �EUDLOOH� ODUJH SULQW� DXGLRWDSH� HWF�� VKRXOG FRQWDFW

WKH 86'$ 2IILFH RI &RPPXQLFDWLRQV DW ����� ���¤����� 7R ILOH D FRP�

SODLQW� ZULWH WKH 6HFUHWDU\ RI $JULFXOWXUH� 8�6� 'HSDUWPHQW RI $JULFXOWXUH�

:DVKLQJWRQ� '& ������ RU FDOO ����� ���¤���� �YRLFH�� RU ����� ���¤����

�77'�� 86'$ LV DQ HTXDO HPSOR\PHQW RSSRUWXQLW\ HPSOR\HU�

$FNQRZOHGJPHQWV

:H H[SUHVV VLQFHUH DSSUHFLDWLRQ WR WKH IROORZLQJ DJHQFLHV

DQG LQGLYLGXDOV ZKR FRQWULEXWHG WR WKH VXFFHVV RI WKLV SURM�

HFW� WKH )HGHUDO +LJKZD\ $GPLQLVWUDWLRQ� IRU MRLQW IXQGLQJ

ZLWK WKH )RUHVW 3URGXFWV /DERUDWRU\ XQGHU FRRSHUDWLYH UH�

VHDUFK DJUHHPHQW )3��������� 0LFKDHO 5LWWHU RI WKH )RUHVW

3URGXFWV /DERUDWRU\� IRU VXSSRUW DQG LQWHUHVW LQ WKH UHVHDUFK�

DQG .DWK\ 6FDULQFH DQG -DYLHU (� )RQW RI WKH )RUHVW 3URGXFWV

/DERUDWRU\� IRU DVVLVWDQFH LQ YDULRXV ODERUDWRU\ H[SHULPHQWV�

&RQWHQWV
3DJH

,QWURGXFWLRQ ����������������������������������������������������������������������������
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%HQGLQJ 7HVWV ���������������������������������������������������������������������

)DLOXUH 'HILQLWLRQ ���������������������������������������������������������������
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0D[LPXP 6WUHVV &DOFXODWLRQV ��������������������������������������������

(ODVWLF 0RGXOXV &DOFXODWLRQV ���������������������������������������������

0RLVWXUH $GMXVWPHQWV���������������������������������������������������������

6SHFLILF *UDYLW\ $GMXVWPHQWV ���������������������������������������������

&HQVRUHG 6WDWLVWLFV &DOFXODWLRQV�����������������������������������������
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6KHDU 7HVWV ������������������������������������������������������������������������
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'LVFXVVLRQ �����������������������������������������������������������������������������

'U\�*UHHQ 5DWLR DQG 6SHFLILF *UDYLW\¤6KHDU

6WUHQJWK 5HODWLRQVKLS �����������������������������������������������������

6KHDU 6WUHQJWK WR %HDP 6L]H 5HODWLRQVKLS ������������������������

6KHDU %ORFN WR %HDP 6KHDU 5HODWLRQVKLS ��������������������������

&RPSDULVRQ RI 6ROLG�6DZQ DQG *OXHG�/DPLQDWHG

%HDP 6KHDU���������������������������������������������������������������������

6KHDU WR %HQGLQJ 6WUHQJWK 5HODWLRQVKLS ����������������������������

&RQFOXVLRQV ���������������������������������������������������������������������������

/LWHUDWXUH &LWHG����������������������������������������������������������������������

$SSHQGL[ $¥'HWDLOV RI ([SHULPHQWDO

'HIOHFWLRQ 3URFHGXUHV ��������������������������������������������������������

$SSHQGL[ %¥)LYH�3RLQW 6KHDU 5HVXOWV IRU

6ROLG�6DZQ 'RXJODV�ILU ������������������������������������������������������

$SSHQGL[ &¥7KLUG�3RLQW %HQGLQJ 5HVXOWV IRU

6ROLG�6DZQ 'RXJODV�ILU ������������������������������������������������������



([SHULPHQWDO�6KHDU
6WUHQJWK�RI�8QFKHFNHG
6ROLG�6DZQ�'RXJODV�ILU

'RXJODV 5� 5DPPHU� (QJLQHHU

/DZUHQFH $� 6ROWLV� 6XSHUYLVRU\ 5HVHDUFK (QJLQHHU

3DWULFLD .� /HERZ�0DWKHPDWLFDO 6WDWLVWLFLDQ
)RUHVW 3URGXFWV /DERUDWRU\� 0DGLVRQ� :LVFRQVLQ

,QWURGXFWLRQ

0HFKDQLFDO SURSHUWLHV RI OXPEHU ZHUH KLVWRULFDOO\ GHWHU�

PLQHG IURP VPDOO� VWUDLJKW�JUDLQHG� FOHDU VSHFLPHQV� 7KH

FOHDU ZRRG YDOXHV HVWDEOLVKHG D EDVHOLQH IURP ZKLFK DOORZ�

DEOH GHVLJQ YDOXHV ZHUH GHULYHG DFFRUGLQJ WR $PHULFDQ

6RFLHW\ IRU 7HVWLQJ DQG 0DWHULDOV �$670� SURFHGXUHV� ,Q

UHFHQW \HDUV� DOORZDEOH PHFKDQLFDO YDOXHV KDYH EHHQ EDVHG

RQ IXOO�VL]HG VWUXFWXUDO PHPEHUV� ,Q D FRRSHUDWLYH HIIRUW� WKH

8QLWHG 6WDWHV DQG &DQDGD FRQGXFWHG WKH ,Q�*UDGH SURJUDP

WR HVWDEOLVK VRPH PHFKDQLFDO SURSHUWLHV RI PRVW FRPPHUFLDO

VRIWZRRG VSHFLHV DQG JUDGHV RI OXPEHU LQ ERWK FRXQWULHV�

6WDQGDUGL]HG PHWKRGV IRU WHVWLQJ WKH PRGXOXV RI HODVWLFLW\�

PRGXOXV RI UXSWXUH� FRPSUHVVLRQ VWUHQJWK SDUDOOHO�WR�JUDLQ�

DQG WHQVLRQ VWUHQJWK SDUDOOHO�WR�JUDLQ SURSHUWLHV LQ $670

'���� �$670 ����� ZHUH HVWDEOLVKHG IRU WKLV HIIRUW� $W WKH

WLPH RI WKH ,Q�*UDGH SURJUDP� QR VWDQGDUGL]HG PHWKRG ZDV

DYDLODEOH IRU WHVWLQJ VWUXFWXUDO PHPEHUV IRU VKHDU VWUHQJWK�

7KHUHIRUH� FXUUHQW DOORZDEOH VKHDU VWUHQJWK YDOXHV DUH VWLOO

EDVHG RQ D VPDOO� FOHDU VSHFLPHQ SURFHGXUH VHW IRUWK LQ

$670 '��� �$670 ������

(WKLQJWRQ DQG RWKHUV ������ WUDFHG WKH HYROXWLRQ RI DOORZ�

DEOH VKHDU VWUHVV YDOXHV VLQFH DERXW ���� WR H[SODLQ WKH

GHYHORSPHQW RI WKH $670 '��� IDFWRUV� &XUUHQWO\� $670

'��� DGMXVWV WKH ��SHUFHQW SHUFHQWLOH VKHDU�VWUHQJWK YDOXHV

RI $670 '���� �$670 ����� IRU FOHDU� VWUDLJKW�JUDLQHG

VRIWZRRG VSHFLHV E\ DQ DGMXVWPHQW IDFWRU RI ����� DQG D

VWUHQJWK UDWLR RI � WR ����� 7KH DGMXVWPHQW IDFWRU FRQVLVWV RI

WKUHH VXEIDFWRUV�

�� VWUHVV FRQFHQWUDWLRQ RI ����� ZKLFK DFFRXQWV IRU WKH

VWUHVV ULVHU DW WKH HQG RI FKHFNV

�� GXUDWLRQ RI ORDG RI ����� ZKLFK DGMXVWV ���PLQ WHVW GDWD

WR DFFXPXODWHG ���\HDU OLYH�ORDG H[SHFWDQF\

�� H[SHULHQFH IDFWRU RI ����

7KH VWUHQJWK UDWLR DGMXVWV IRU VSOLWV� FKHFNV� RU VKDNHV�

$ ��� DGMXVWPHQW LV WDNHQ ZKHQ WKH GHIHFW LV HTXDO LQ OHQJWK

WR WKH ZLGH IDFH PHDVXUHPHQW�

7KH $670 '��� DGMXVWPHQW IDFWRUV DUH D GLUHFW UHVXOW RI WKH

LQDELOLW\ WR FUHDWH D KLJK SHUFHQWDJH RI VKHDU IDLOXUHV LQ ZRRG

EHDPV DQG 1HZOLQ©V HDUO\ LQIOXHQFH RQ GHVLJQ VWUHVV YDOXHV�

7KH VKHDU VWUHQJWK RI $670 '��� �$670 ����� VKHDU

EORFNV LV KLJKHU WKDQ WKH VKHDU VWUHQJWK REVHUYHG IURP WHVWV

RI EHDPV� 7KHUHIRUH� WR GHWHUPLQH D UHDOLVWLF UHODWLRQVKLS

EHWZHHQ WKH VKHDU VWUHQJWK RI FOHDU ZRRG DQG EHDPV� D QHZ

WHVW PHWKRG ZDV GHYHORSHG IRU EHDP VKHDU VWUHQJWK WKDW LV

DSSOLFDEOH WR D UDQJH RI EHDP VL]HV�

5DPPHU DQG 6ROWLV ������ H[SHULPHQWDOO\ WHVWHG WKH VKHDU

VWUHQJWK RI 6RXWKHUQ 3LQH DQG 'RXJODV�ILU JOXHG�ODPLQDWHG

EHDPV ZLWK D ILYH�SRLQW EHDP VKHDU VHWXS� 7KLV ZRUN LQGL�

FDWHG WKDW VKHDU VWUHQJWK YDULHV ZLWK EHDP VL]H DQG PD\ EH

FRUUHODWHG WR WKH VWDQGDUG $670 '��� VKHDU EORFN YDOXHV�

7KH UHVHDUFK UHSRUWHG KHUH LV DQ H[WHQVLRQ RI WKLV ZRUN WR

VROLG�VDZQ 'RXJODV�ILU� 7KH REMHFWLYH RI WKLV VWXG\ ZDV WR

LPSURYH FXUUHQW VKHDU GHVLJQ FULWHULD E\

�

x HVWDEOLVKLQJ D GDWD EDVH IRU EHDP VKHDU VWUHQJWK RI VROLG�

VDZQ 'RXJODV�ILU OXPEHU DQG FRUUHODWLQJ LW WR VKHDU EORFN

WHVW UHVXOWV�

x YHULI\LQJ LI WKH EHDP�VL]H HTXDWLRQ IRU VKHDU VWUHQJWK DQG

EHDP VL]H LV YDOLG IRU VROLG�VDZQ PDWHULDO�

x GHWHUPLQLQJ ZKHWKHU VKHDU VWUHQJWK LV PRUH GHSHQGHQW RQ

VKHDU DUHD� YROXPH� RU GHSWK IRU PRGHOLQJ SXUSRVHV� DQG

x GHWHUPLQLQJ LI WKHUH LV D FRUUHODWLRQ EHWZHHQ VKHDU DQG

EHQGLQJ VWUHQJWK�



�

%DFNJURXQG

,Q WKH HDUO\ ����V� VPDOO FOHDU WHVW VSHFLPHQV ZHUH UHFRJ�

QL]HG DV KDYLQJ KLJKHU VKHDU VWUHQJWK WKDQ ODUJHU EHDP PHP�

EHUV �(WKLQJWRQ DQG RWKHUV ������ ,Q WKH PLG ����V� WKH

$670 DGRSWHG D VWDQGDUG VKHDU EORFN WHVW PHWKRG IRU FOHDU

ZRRG SURSRVHG E\ WKH 86'$ )RUHVW 6HUYLFH� )RUHVW 3URGXFWV

/DERUDWRU\� 7KH $670 '��� �$670 ����� VKHDU EORFN WHVW

FRQVLVWV RI D �� E\ �� E\ ����LQ� ���� E\ ��� E\ ���PP� FOHDU

ZRRG VSHFLPHQ ZLWK D �� E\ ��LQ� ���� E\ ���PP� IDLOXUH

VXUIDFH �)LJ� ��� 5HVXOWV RI WKLV WHVW� LQ FRQMXQFWLRQ ZLWK

WHFKQLTXHV RXWOLQHG LQ $670 '���� �$670 ������ GHWHU�

PLQH VKHDU VWUHQJWK YDOXHV IRU JUHHQ� FOHDU� VWUDLJKW�JUDLQHG

ZRRG� 7KH $670 '��� SURFHGXUH �$670 ����� PRGLILHV

WKHVH VKHDU VWUHQJWK YDOXHV WR GHULYH DOORZDEOH GHVLJQ YDOXHV

IRU OXPEHU� 2QH FULWLFLVP RI WKLV SURFHGXUH OLHV LQ WKH

VWUHQJWK YDOXHV RI WKH $670 VKHDU EORFN�

7KH $670 VKHDU EORFN WHVW GRHV QRW UHVXOW LQ SXUH VKHDU

IDLOXUHV VLQFH PRPHQWV DQG ORFDO VWUHVV FRQFHQWUDWLRQV DUH

SUHVHQW DFURVV WKH IDLOXUH SODQH� 7KH VWUHVV FRQFHQWUDWLRQ DW

WKH UH�HQWUDQW FRUQHU RI WKH VKHDU EORFN KDV UDLVHG D TXHVWLRQ

RI WKH DGHTXDF\ RI WKH WHVW IRU GHWHUPLQLQJ UHDOLVWLF VKHDU

VWUHQJWK YDOXHV� 5DPPHU DQG 6ROWLV ������ UHYLHZHG WKH

HIIHFW RI WKH UH�HQWUDQW FRUQHU RQ WKH VKHDU VWUHVV GLVWULEXWLRQ

LQ WKH $670 VKHDU EORFN WHVW� %\ VXPPDUL]LQJ ERWK H[SHUL�

PHQWDO DQG ILQLWH HOHPHQW VWXGLHV� WKH DXWKRUV VKRZHG WKDW WKH

$670 DVVXPHG VKHDU VWUHQJWK �W$670� LV OHVV WKDQ WKH WUXH

IDLOXUH VWUHVV �WIDLO� E\ D IDFWRU RI DERXW ����

7KH UHVXOWV IURP $670 '��� FOHDU ZRRG VKHDU EORFN

VSHFLPHQV DUH QRW UHSUHVHQWDWLYH RI WKH VKHDU VWUHQJWK RI

VWUXFWXUDO EHDPV DQG GR QRW DFFRXQW IRU ORFDO GHIHFWV� FKHFNV�

VSOLWV� DQG NQRWV� $WWHPSWV WR FKDUDFWHUL]H WKH GHFUHDVHG

VKHDU VWUHQJWK ZLWK LQFUHDVHG EHDP VL]H EHJDQ LQ WKH ����V�

+XJJLQV DQG RWKHUV ������ REVHUYHG VKHDU VWUHQJWK YDULDWLRQ

GXULQJ D &DQDGLDQ EULGJH VWULQJHU UHVHDUFK SURMHFW� 7KH\

FRQFOXGHG WKDW VKHDU VWUHQJWK LV D IXQFWLRQ RI EHDP GHSWK DQG

VKHDU VSDQ� ZKHUH VKHDU VSDQ LV GHILQHG DV WKH GLVWDQFH EH�

WZHHQ D VXSSRUW DQG WKH QHDUHVW FRQFHQWUDWHG ORDG� 7KH\

VWDWHG WKDW VKHDU VWUHQJWK JHQHUDOO\ WHQGV WR GHFUHDVH DV WKH

VKHDU VSDQ�WR�GHSWK UDWLR LQFUHDVHV� 7KH\ DOVR REVHUYHG WKDW

VKHDU VWUHQJWK GHFUHDVHV WR DQ DV\PSWRWLF OHYHO IRU ODUJH

VSDQ�WR�GHSWK UDWLRV�

.HHQDQ ������ UHYLHZHG SULRU UHVHDUFK VWXGLHV LQ ZKLFK

VKHDU IDLOXUHV KDG RFFXUUHG DQG IRXQG D UHODWLRQVKLS EHWZHHQ

VKHDU VWUHQJWK DQG EHDP VL]H� +H DOVR FRQGXFWHG WHVWV RQ

VPDOO FOHDU VSHFLPHQV DQG XVHG ILQLWH HOHPHQW PRGHOV WR

LQGLFDWH WKDW WKH VKHDU VWUHQJWK RI 'RXJODV�ILU JOXHG�

ODPLQDWHG EHDPV GHSHQGHG RQ WKH VKHDUHG DUHD� .HHQDQ

GHILQHG VKHDUHG DUHD DV WKH VKHDU VSDQ� DV GHILQHG E\ +XJ�

JLQV DQG RWKHUV ������� PXOWLSOLHG E\ EHDP ZLGWK� 7KLV

SDUDPHWHU LV HDVLO\ GHILQHG IRU PHPEHUV ORDGHG E\ FRQFHQ�

WUDWHG ORDGV� EXW LV XQGHILQHG IRU XQLIRUPO\ GLVWULEXWHG ORDGV�

.HHQDQ DOVR FRQFOXGHG WKDW WKH WZR�EHDP WKHRU\ SURSRVHG

E\ 1HZOLQ DQG RWKHUV ������ LV QRW DSSOLFDEOH WR JOXHG�ODPL�

QDWHG EHDPV�

)RVFKL DQG %DUUHWW DSSOLHG WKH :HLEXOO WKHRU\ �:HLEXOO

����� WR WKH WHQVLRQ DQG VKHDU VWUHQJWK RI ZRRG� %DUUHWW

������ DSSOLHG WKH WKHRU\ WR WKH WHQVLRQ SHUSHQGLFXODU WR

JUDLQ� DQG )RVFKL DQG %DUUHWW ����������� DSSOLHG WKH WKHRU\

WR WKH VKHDU VWUHQJWK RI ZRRG� 7KHVH DXWKRUV UHODWHG VKHDU

VWUHQJWK WR DQ LQWHJUDWHG VWUHVV YROXPH GHILQHG E\ :HLEXOO

WKHRU\�

7KH :HLEXOO WKHRU\ LV D VWDWLVWLFDOO\ EDVHG WKHRU\ IRU SUH�

GLFWLQJ WKH VWUHQJWK RI D PDWHULDO� 7KH WKHRU\ LV PRVW DSSOLFD�

EOH WR SUHGLFWLQJ WKH VWUHQJWK RI EULWWOH PDWHULDOV� 7KH IRO�

ORZLQJ HTXDWLRQ LV WKH EDVLV IRU WKH WKHRU\�

3 H
G9= − ∫�

η σ� �
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7KLV HTXDWLRQ LV EDVHG RQ WKH SUHPLVH WKDW D ODUJHU YROXPH

ZLOO FRQWDLQ PRUH VWUHQJWK�UHGXFLQJ IODZV WKDQ D VPDOOHU

YROXPH� 3UREDELOLW\ RI IUDFWXUH� 3� LV UHODWHG WR K�V�� D SRVL�

WLYH QRQGHFUHDVLQJ IXQFWLRQ� DQG YROXPH 9� :HLEXOO SUR�

SRVHG D WZR SDUDPHWHU UHODWLRQVKLS RI
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ZKLFK LV UHODWHG WR REVHUYHG H[SHULPHQWDO UHVXOWV� 7KHP

SDUDPHWHU FKDUDFWHUL]HV WKH IODZV LQ D PDWHULDO� DQG WKHV�

)LJXUH �¥$670 VKHDU EORFN�
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SDUDPHWHU LV D UHIHUHQFH VWUHVV OHYHO� $IWHU DSSO\LQJ WKH

WKHRU\ WR D ZLGHU DUUD\ RI H[SHULPHQWDO UHVXOWV� :HLEXOO

DGGHG D SDUDPHWHU VX WR DFFRXQW IRU WKH WUXQFDWLRQ RI GDWD E\

VSHFLPHQ IRUPDWLRQ SURFHVV E\ VHWWLQJ D OHYHO RI VWUHVV EHORZ

ZKLFK WKH FRPSRQHQW ZLOO QHYHU IDLO� 7KH WKUHH SDUDPHWHUV

DUH GHWHUPLQHG IURP H[SHULPHQWDO GDWD�

7KH VWUHVV SDUDPHWHU V LV D IXQFWLRQ RI EHDP GHSWK� VSDQ� DQG

ZLGWK� WKHUHIRUH� WKH VWUHVV GLVWULEXWLRQ IURP ORDGLQJ DQG

PDWHULDO SDUDPHWHUV WRJHWKHU GHILQH WKH ULVN RI IUDFWXUH RI D

JLYHQ PDWHULDO� 8VLQJ :HLEXOO WKHRU\ IRU VKHDU VWUHQJWK

SUHGLFWLRQ LV GLIILFXOW VLQFH WKH VWUHVV GLVWULEXWLRQ UHTXLUHV

QXPHULFDO LQWHJUDWLRQ RI WKH YROXPH LQWHJUDO� )RVFKL DQG

%DUUHWW SHUIRUPHG WKHVH FDOFXODWLRQV IRU YDULRXV ORDGLQJV DQG

SURSRVHG D GHVLJQ SURFHGXUH WR DFFRXQW IRU VKHDU VWUHVV

YDULDWLRQ� 7KLV DSSURDFK KDV EHHQ DGRSWHG LQ &DQDGLDQ VWDQ�

GDUGV �&6$ ������

/RQJZRUWK ������ H[SHULPHQWDOO\ YHULILHG WKDW WKH $670

VKHDU EORFN VWUHQJWK LV QRW UHSUHVHQWDWLYH RI EHDP VWUHQJWK

DQG WKDW EHDP VL]H� VKHDUHG DUHD� RU YROXPH DSSUHFLDEO\

DIIHFWV VKHDU VWUHQJWK� +H WHVWHG ��� JOXHG�ODPLQDWHG 'RXJ�

ODV�ILU EHDPV� PDQXIDFWXUHG IROORZLQJ WKH &DQDGLDQ &6$

���� TXDOLILFDWLRQV� XVLQJ D IRXU�SRLQW EHQGLQJ WHVW ZLWK

VPDOO OHQJWK�WR�GHSWK �O�G� UDWLRV� 3ORWV RI VKHDU VWUHQJWK DV D

IXQFWLRQ RI .HHQDQ©V VKHDU DUHD VKRZ KLJKHU VWUHQJWK YDOXHV

IRU VPDOO VKHDU DUHDV DQG DV\PSWRWLFDOO\ GHFUHDVLQJ YDOXHV

IRU ODUJHU VKHDU DUHDV�

4XDLOH DQG .HHQDQ ������ FUHDWHG D VSHFLDOO\ GHVLJQHG

JOXHG�ODPLQDWHG PDWHULDO EHDP VKHDU WHVW WR PD[LPL]H VKHDU

IDLOXUH LQ UHFWDQJXODU EHDPV� 7KLV WHVW VSHFLPHQ FRQILJXUD�

WLRQ VXFFHVVIXOO\ SURGXFHG VKHDU IDLOXUHV LQ ��� RI ���

VSHFLPHQV WHVWHG� DQG JDYH IXUWKHU HYLGHQFH WKDW WKH $670

VKHDU EORFN WHVW SURGXFHV ORZHU VWUHQJWK YDOXHV WKDQ LV HYL�

GHQW LQ VPDOO UHFWDQJXODU EHDPV� 8VLQJ WKH VSHFLDO WHVW

VSHFLPHQ� .HHQDQ DQG RWKHUV ������ GHWHUPLQHG WKH VKHDU

VWUHQJWK RI VSUXFH JOXHG�ODPLQDWHG EHDPV� 7KH VWXG\

IRFXVHG RQ D UDQJH RI IDFWRUV¥IURP VPDOO FOHDU VSHFLPHQV WR

VWDQGDUG JOXHG�ODPLQDWHG VL]HV DQG WKUHH VSHFLHV RI VSUXFH

�ZKLWH� EODFN� DQG HDVWHUQ�� 7KH DXWKRUV FRQFOXGHG WKDW VKHDU

VWUHQJWK LV D IXQFWLRQ RI VKHDUHG DUHD� QRW YROXPH�

5DPPHU DQG 6ROWLV ������ WHVWHG ERWK 6RXWKHUQ 3LQH DQG

'RXJODV�ILU JOXHG�ODPLQDWHG EHDPV LQ ILYH�SRLQW EHQGLQJ�

7KH UHVXOWV VKRZHG D KLJK SHUFHQWDJH RI EHDP VKHDU IDLOXUHV�

��� RI ��� 6RXWKHUQ 3LQH DQG ��� RI ��� 'RXJODV�ILU EHDPV

IDLOHG LQ VKHDU� 7KH DXWKRUV FRQFOXGHG WKDW VKHDU VWUHQJWK LV D

IXQFWLRQ RI VKHDU DUHD DQG LV UHODWHG WR WKH $670 VKHDU EORFN

WKURXJK WKH IROORZLQJ HTXDWLRQ�
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ZKHUH

W LV EHDP VKHDU VWUHQJWK �OE�LQ
�
��

&I VWUHVV FRQFHQWUDWLRQ IDFWRU WR DGMXVW WKH $670

VKHDU EORFN DVVXPHG YDOXH WR WUXH PD[LPXP

VWUHVV�

W$670 $670 '��� SXEOLVKHG VKHDU EORFN YDOXH� DQG

$ VKHDU DUHD �DUHD RI EHDP VXEMHFWHG WR VKHDU

IRUFHV��

5DPPHU DQG 6ROWLV©V GHILQLWLRQ RI VKHDU DUHD GLIIHUV IURP WKDW

RI .HHQDQ DQG RWKHUV ������� ZKR GHILQHG VKHDU DUHD DV VKHDU

VSDQ WLPHV EHDP ZLGWK� ZKHUH VKHDU VSDQ ZDV GHILQHG DV WKH

OHQJWK RI WKH EHDP XQGHU SRVLWLYH VKHDU� ,Q WKH ZRUN UHSRUWHG

KHUH� VKHDU DUHD LV GHILQHG DV WKH OHQJWK XQGHU ERWK SRVLWLYH

DQG QHJDWLYH VKHDU LQ WKH UHJLRQ RI KLJK VKHDU� 7KLV GHILQLWLRQ

UHVXOWV LQ D VKHDU DUHD HTXLYDOHQW WR WZLFH .HHQDQ©V GHILQHG

DUHD IRU PRVW FDVHV HQFRXQWHUHG LQ HQJLQHHULQJ GHVLJQ�

$GGLWLRQDO FROODERUDWLRQ RI WKH VKHDU VWUHQJWK¤EHDP VL]H

HTXDWLRQ GHYHORSHG E\ 5DPPHU DQG 6ROWLV ������ LV RE�

VHUYHG XVLQJ GDWD JHQHUDWHG E\ WKH $PHULFDQ 3O\ZRRG $VVR�

FLDWLRQ �$3$� �<HK ������ 7KH $3$ FRQGXFWHG VLPSO\

VXSSRUWHG VKHDU WHVWV RQ ��� 'RXJODV�ILU JOXHG�ODPLQDWHG

EHDPV� 7KHLU GDWD H[KLELWHG VLPLODU VWUHQJWK YDOXHV DQG IHOO

ZLWKLQ WKH YDULDELOLW\ RI /RQJZRUWK©V DQG 5DPPHU DQG

6ROWLV©V VWXGLHV RQ 'RXJODV�ILU JOXHG�ODPLQDWHG EHDPV� DV

VKRZQ LQ )LJXUH ��

)LJXUH �¥&RPSDULVRQ RI YDULRXV GDWD IRU UHODWLRQVKLS

RI VKHDU VWUHQJWK WR VKHDU DUHD IRU 'RXJODV�ILU JOXHG�

ODPLQDWHG EHDPV� $3$ 7����� <HK ������� )3/ ����

5DPPHU DQG 6ROWLV ������� /RQJZRUWK �������
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5HVHDUFK�0HWKRGV

6KHDU DQG EHQGLQJ VWUHQJWKV RI VSHFLPHQV PDWFKHG E\ VWUHVV�

ZDYH HODVWLF PRGXOXV YDOXHV ZHUH GHWHUPLQHG IRU JUHHQ

'RXJODV�ILU EHDPV RI VHYHUDO VL]HV� )LYH�SRLQW EHQGLQJ

VSHFLPHQV ZHUH WHVWHG WR GHWHUPLQH EHDP VKHDU VWUHQJWK�

7KLUG�SRLQW EHQGLQJ VSHFLPHQV ZHUH WHVWHG WR GHWHUPLQH

PRGXOXV RI UXSWXUH DQG PRGXOXV RI HODVWLFLW\� 6ROLG�VDZQ

EHDP VWUHQJWK DQG VKHDU EORFN VWUHQJWK ZHUH UHODWHG WKURXJK

$670 '��� VKHDU EORFNV FXW IURP HDFK WHVW VSHFLPHQ�

0DWHULDOV

$ WRWDO RI ��� JUHHQ 1R� � JUDGH RU EHWWHU 'RXJODV�ILU

�3VHXGRWVXJD PHQ]LHVLL� EHDPV ZHUH REWDLQHG IURP D OXPEHU

PLOO ORFDWHG QHDU 3RUWODQG� 2UHJRQ� IRU GHWHUPLQDWLRQ RI

VKHDU DQG EHQGLQJ VWUHQJWK SURSHUWLHV� 1RPLQDO GLPHQVLRQV

UDQJHG IURP � LQ� E\ �� LQ� E\ �� IW �VWDQGDUG �� PP E\ ���

PP E\ ���� P� WR � LQ� E\ � LQ� E\ �� IW �VWDQGDUG �� PP E\

�� PP E\ ���� P�� 7KH QXPEHU DQG DYHUDJH VL]H RI HDFK

PHPEHU JURXS DUH OLVWHG LQ 7DEOH �� �%HDPV ZLOO KHUHDIWHU EH

UHIHUUHG WR E\ WKHLU QRPLQDO GLPHQVLRQV� � E\ �� � E\ ��� HWF��

8SRQ DUULYDO DW WKH )RUHVW 3URGXFWV /DERUDWRU\� HDFK VL]H RI

VKHDU VSHFLPHQV ZDV VRUWHG LQWR WKUHH JURXSV DQG HDFK VL]H

RI EHQGLQJ VSHFLPHQV ZDV VRUWHG LQWR WZR JURXSV EDVHG RQ

VWUHVV�ZDYH HODVWLF PRGXOXV YDOXHV� 7KXV� WKH VWDWLVWLFDO

GLVWULEXWLRQ RI PRGXOXV RI HODVWLFLW\ ZDV PDWFKHG EHWZHHQ

EHQGLQJ DQG VKHDU VSHFLPHQ JURXSV IRU HDFK VL]H H[FHSW WKH �

E\ � EHDPV� )RU WKLV VL]H� ERWK EHQGLQJ DQG VKHDU VSHFLPHQV

ZHUH FXW IURP RQH ���IW� ���P�� ORQJ VWRFN PHPEHU� UHVXOWLQJ

LQ HQG�PDWFKHG VSHFLPHQV� 2QH JURXS IURP HDFK VL]H ZDV

WHVWHG LQ WKLV VWXG\� 7KH UHPDLQLQJ PDWHULDO ZLOO EH XVHG IRU

IXWXUH VWXGLHV RQ VKHDU VWUHQJWK� $ IORZFKDUW RI WKH FRPSOHWH

WHVWLQJ SURJUDP LV VKRZQ LQ )LJXUH ��

$OO PDWHULDO ZDV VWDFNHG LQ DQ XQFRQWUROOHG HQYLURQPHQW

XQWLO WHVWLQJ� 3HULRGLF PRLVWXUH UHDGLQJV ZHUH WDNHQ WR HQVXUH

WKDW VSHFLPHQ PRLVWXUH FRQWHQW GLG QRW GURS EHORZ

�� SHUFHQW� 6SHFLPHQV ZHUH ZDWHUHG SHULRGLFDOO\ WR PDLQWDLQ

D PRLVWXUH FRQWHQW JUHDWHU WKDQ �� SHUFHQW� 7HVWLQJ ZDV

FRQGXFWHG GXULQJ WKH IDOO DQG ZLQWHU PRQWKV� 7R HQVXUH WKDW

WHPSHUDWXUH GLG QRW DIIHFW WKH UHVXOWV RI VWUHQJWK WHVWV� VSHFL�

PHQV ZHUH PRYHG LQVLGH DW OHDVW �� K EHIRUH WHVWLQJ� 3UHOLPL�

QDU\ WHVWV XVLQJ WKHUPRFRXSOHV GHWHUPLQHG WKDW WKLV ZDV DQ

DSSURSULDWH OHQJWK RI WLPH WR WKRURXJKO\ ZDUP WKH

VSHFLPHQV�

%HDP�6KHDU�7HVWV

$ ILYH�SRLQW EHQGLQJ WHVW VHWXS ZDV XVHG WR PD[LPL]H WKH

QXPEHU RI VKHDU IDLOXUHV� 7KLV VHWXS ZDV SUHYLRXVO\ XVHG WR

GHWHUPLQH WKH VKHDU VWUHQJWK RI 6RXWKHUQ 3LQH DQG 'RXJODV�

ILU JOXHG�ODPLQDWHG EHDPV �5DPPHU DQG 6ROWLV ������ 7KH

VHWXS FRQVLVWHG RI D WZR�VSDQ EHDP ZLWK FRQFHQWUDWHG ORDGV

V\PPHWULFDOO\ SODFHG RQ HLWKHU VLGH RI WKH FHQWHU VXSSRUW�

UHVXOWLQJ LQ ODUJHU VKHDU IRUFHV WKDQ FRXOG EH REWDLQHG E\ D

VLQJOH�VSDQ WHVW VHWXS� (DFK VHWXS KDG DQ RYHUDOO OHQJWK RI

��G� ZKHUH G LV WKH DFWXDO GHSWK RI WKH VSHFLPHQ� DQG LQGL�

YLGXDO FHQWHU�WR�FHQWHU VSDQV RI �G� )LJXUH � VKRZV WKH JHQ�

HUDO VHWXS� DQG 7DEOH � OLVWV GLPHQVLRQV IRU WKH WHVW VHWXSV�

6SHFLDO DWWHQWLRQ ZDV JLYHQ WR WKH ORDG DSSOLFDWLRQ SRLQWV�

/DUJH ORDGV QHHGHG WR SURGXFH VKHDU IDLOXUHV DOVR FUHDWHG

H[FHVVLYH FRPSUHVVLRQ SHUSHQGLFXODU�WR�JUDLQ GHIRUPDWLRQ

XQGHU WKH ORDGLQJ SRLQWV� 7R OLPLW WKHVH HIIHFWV� WKH ORDG DQG

VXSSRUW SODWHV ZHUH GHVLJQHG WR OLPLW WKH FRPSUHVVLRQ SHU�

SHQGLFXODU�WR�JUDLQ VWUHVV WR EHORZ ����� OE�LQ
�
����� 03D� DW

IDLOXUH� 6LQFH VKHDU VWUHQJWK RI WKH EHDP LQFUHDVHV ZLWK

VPDOOHU VL]HV� SURSRUWLRQDOO\ KLJKHU FRPSUHVVLRQ VWUHVVHV DUH

GHYHORSHG IRU VPDOOHU EHDPV� 7KXV� DV WKH EHDP VL]H GH�

FUHDVHG� WKH UHODWLYH GLVWDQFH EHWZHHQ WKH HQG RI WKH PLGGOH

SODWH DQG WKH HQG RI WKH ORDGLQJ SODWH ZDV GHFUHDVHG�

%HQGLQJ�7HVWV

7KLUG�SRLQW EHQGLQJ WHVWV RQ VLPSOH VSDQV ZHUH FRQGXFWHG WR

GHWHUPLQH WKH PRGXOXV RI UXSWXUH DQG EHQGLQJ PRGXOXV RI

HODVWLFLW\ RI WKH 'RXJODV�ILU EHDPV� $OO EHDPV WHVWHG KDG D

VSDQ RI ��G� H[FHSW WKH � E\ � VSHFLPHQV� 7KHVH VSHFLPHQV

ZHUH WHVWHG RQ D ��G VSDQ EHFDXVH WKH\ ZHUH QRW ORQJ HQRXJK

WR WHVW RQ D ��G VSDQ DQG KDYH IXOO HQG EHDULQJ� /RDGV ZHUH

SODFHG V\PPHWULFDOO\ DURXQG WKH FHQWHUOLQH DW D GLVWDQFH RI

���G� 6PDOO� IODW VOLGLQJ SODWHV GLVWULEXWHG WKH ORDG VR WKDW

FRPSUHVVLRQ SHUSHQGLFXODU WR JUDLQ GLG QRW LQIOXHQFH WKH

VWUHQJWK UHVXOWV� )LJXUH � VKRZV WKH JHQHUDO VHWXS� DQG 7DEOH

� OLVWV VHWXS GLPHQVLRQV IRU WKH WHVWV� 7KLV VHWXS FRQIRUPV WR

$670 '��� ������ �$670 ����� IRU GHWHUPLQDWLRQ RI

IOH[XUDO SURSHUWLHV�

7DEOH �¥'LPHQVLRQV DQG QXPEHU RI VROLG�VDZQ

'RXJODV )LU WHVW VSHFLPHQV

1RPLQDO $FWXDO DYHUDJH EHDP VL]H 1XPEHU

GLPHQ� :LGWK 'HSWK RI
7HVW VLRQV LQ� �PP� LQ� �PP� VSHFLPHQV

6KHDU � E\ � ���� ���� ���� ���� ��

� E\ �� ���� ���� ���� ����� ��

� E\ � ���� ���� ���� ����� ��

� E\ �� ���� ���� ����� ����� ��

� E\ �� ���� ���� ����� ����� ��

%HQGLQJ � E\ � ���� ���� ���� ���� ��

� E\ �� ���� ���� ���� ����� ��

� E\ � ���� ���� ���� ����� ��

� E\ �� ���� ���� ����� ����� ��

� E\ �� ���� ���� ����� ����� ��
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)LJXUH �¥)ORZFKDUW RI WHVWLQJ SURJUDP�

)LJXUH �¥&RQILJXUDWLRQ IRU ILYH�SRLQW ORDGHG EHDP VKHDU WHVW�
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)DLOXUH�'HILQLWLRQ

$ PRQRWRQLF ORDG ZDV DSSOLHG XQWLO IDLOXUH LQ ERWK EHQGLQJ

DQG VKHDU WHVWV� 7KLV ORDG ZDV DSSOLHG DW D UDWH WKDW FRQIRUPV

WR $670 '��� �$670 ������ ZKLFK VSHFLILHV PD[LPXP

ORDG WR EH DWWDLQHG EHWZHHQ � DQG �� PLQ� ZLWK IDLOXUH

LGHDOO\ RFFXUULQJ DW �� PLQ�

6SHFLPHQV WHVWHG IRU VKHDU VWUHQJWK IDLOHG LQ RQH RI WKUHH

PRGHV� EHQGLQJ FDXVHG E\ WHQVLOH UXSWXUH RU FRPSUHVVLYH

ZULQNOHV� VKHDU� RU FRPSUHVVLRQ SHUSHQGLFXODU WR JUDLQ� 6RPH

EHDP VKHDU WHVWV ZHUH VWRSSHG EHIRUH UHDFKLQJ DQ\ RI WKHVH

IDLOXUH VWDWHV EHFDXVH VSHFLPHQV KDG URWDWHG LQ WKH WHVW VHWXS

WR FDXVH DQ XQVWDEOH WHVW FRQILJXUDWLRQ� ,Q WKLV FDVH� WKH

PD[LPXP ORDG EHIRUH VWRSSLQJ WKH WHVW ZDV UHFRUGHG IRU GDWD

DQDO\VLV DQG WKH VSHFLPHQ ZDV QRW UHWHVWHG�

0HDVXUHPHQWV

0HDVXUHPHQWV LQFOXGHG VSHFLPHQ VL]H� ZHLJKW� PRLVWXUH

FRQWHQW� VSHFLILF JUDYLW\� DQG PD[LPXP ORDG DW IDLOXUH�

EHQGLQJ WHVWV DOVR LQFOXGHG PLGVSDQ GHIOHFWLRQ� :LGWK DQG

GHSWK GLPHQVLRQV ZHUH PHDVXUHG WR WKH QHDUHVW ����LQ�

����� PP� DW ORDGLQJ SRLQWV EHIRUH WHVWLQJ� 6SHFLPHQV ZHUH

WHVWHG LQ JUHHQ FRQGLWLRQ WR UHGXFH WKH RFFXUUHQFH RI DQ\

FKHFNV RU VSOLWV� 0RLVWXUH FRQWHQW UHDGLQJV ZHUH WDNHQ E\

WZR PHWKRGV� )RU WKH ILUVW PHWKRG� D WZR�SLQ FRQGXFWDQFH

HOHFWURQLF PRLVWXUH PHWHU �$670 ����� ZDV XVHG DW WKUHH

ORFDWLRQV ZLWKLQ WKH IDLOXUH ]RQH EXW DZD\ IURP WKH ORDGLQJ

SRLQWV� )RU WKH EHDP VKHDU VSHFLPHQV� DQ DGGLWLRQDO WZR

HOHFWURQLF PRLVWXUH UHDGLQJV ZHUH WDNHQ DERYH DQG EHORZ WKH

VKHDU IDLOXUH LQ D SRUWLRQ FXW IURP WKH LQWHULRU RI WKH FURVV

VHFWLRQ� 7KH HOHFWURQLF PRLVWXUH PHWHU JLYHV UHVXOWV WR

�� SHUFHQW PRLVWXUH FRQWHQW� ZKLFK ZDV VRPHWLPHV ORZHU

WKDQ WKH PRLVWXUH FRQWHQW RI WKH VSHFLPHQV� 7KH VHFRQG

PHWKRG ZDV WR FXW VPDOO VDPSOHV IURP WKH HQWLUH FURVV�

VHFWLRQ RI WKH EHDP DQG GU\ WKHP LQ D RYHQ DFFRUGLQJ WR

$670 '���� IRU PRLVWXUH FRQWHQW DQG $670 '���� IRU

VSHFLILF JUDYLW\ �$670 ������

7ZR W\SHV RI VFUHZ�GULYHQ PDFKLQHV ZLWK GLIIHUHQW ORDG�

PHDVXULQJ VHQVLWLYLWLHV ZHUH XVHG� FRUUHVSRQGLQJ WR HVWL�

PDWHG IDLOXUH ORDGV� 7KH � E\ �� DQG � E\ �� VSHFLPHQV ZHUH

WHVWHG ZLWK D � u ��
�
OE ������01� FDSDFLW\ PDFKLQH� 7KH

UHPDLQLQJ VSHFLPHQV ZHUH WHVWHG ZLWK D ��� u ��
�
OE ����

N1� FDSDFLW\ PDFKLQH� /RDG FHOO DFFXUDFLHV DQG ORDGLQJ UDWHV

IRU DOO WHVWV DUH OLVWHG LQ 7DEOH ��

'HIOHFWLRQ PHDVXUHPHQWV ZHUH UHFRUGHG E\ WZR PHWKRGV IRU

WKH EHQGLQJ VSHFLPHQV� )RU DOO VL]HV H[FHSW WKH � E\ �

EHDPV� GHIOHFWLRQV ZHUH PHDVXUHG ZLWKLQ WKH VKHDU�IUHH ]RQH

E\ D GHYLFH WKDW ZDV SODFHG RQ WRS RI WKH EHDP DQG LV VLPLODU

WR WKH PLGGOH RUGLQDWH GHIOHFWRPHWHU LQ $670 '����

�$670 ������ 0RUH GHWDLO DERXW WKH GHIOHFWLRQ PHDVXULQJ

SURFHGXUHV LV SURYLGHG LQ $SSHQGL[ $� )RU � E\ � VSHFLPHQV�

D \RON VXSSRUWHG DW WKH QHXWUDO D[LV ZDV XVHG WR PHDVXUH

WKH PLGVSDQ GHIOHFWLRQ UHODWLYH WR WKH HQG RI WKH EHDP

7DEOH �¥6HWXS GLPHQVLRQV IRU ILYH�SRLQW ORDGLQJ

EHDP VKHDU WHVW

6SDQ OHQJWK �LQ� �P��
3ODWH OHQJWK
�LQ� �PP��

%HDP VL]H ���G �G E� E�

� E\ � ���� ������ ����� ������ � ����� � �����

� E\ �� ����� ������ ����� ������ �� ����� �� ����

� E\ � �� ������ �� ������ �� ����� �� �����

� E\ �� ����� ������ ����� ������ �� ����� �� ����

� E\ �� ����� ������ ����� ������ �� ����� �� �����

)LJXUH �¥&RQILJXUDWLRQ IRU WKLUG�SRLQW EHQGLQJ WHVW�
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ZLWK D OLQHDU YDULDEOH GLIIHUHQWLDO WUDQVGXFHU �/9'7� ZLWK D

FRPSXWHUL]HG DFTXLVLWLRQ V\VWHP� ,Q ERWK PHWKRGV� GHIOHF�

WLRQV ZHUH UHDG DW ��V LQWHUYDOV XQWLO IDLOXUH�

6KHDU�%ORFN�7HVWV

)URP HDFK EHDP� WZR $670 VKHDU EORFN VSHFLPHQV ZHUH FXW

IURP XQGDPDJHG VHFWLRQV DGMDFHQW WR HDFK RWKHU DQG QHDU WKH

IDLOXUH� 2QH VKHDU EORFN ZDV WHVWHG LQ WKH JUHHQ FRQGLWLRQ�

DQG WKH RWKHU ZDV WHVWHG DIWHU FRQGLWLRQLQJ WR �� SHUFHQW

PRLVWXUH FRQWHQW� 7HVWLQJ SURFHGXUHV FRQIRUPHG WR $670

'���� ZLWK WKH VSHFLPHQ FXW DORQJ WKH JUDLQ RI WKH PDWHULDO

�$670 ������ $IWHU WHVWLQJ� PRLVWXUH FRQWHQW �$670

'����� DQG VSHFLILF JUDYLW\ �PHWKRG $� $670 '����� ZHUH

GHWHUPLQHG IURP WKH EURNHQ VKHDU EORFN VSHFLPHQV �$670

������

$QDO\VLV

$QDO\WLFDO SURFHGXUHV FRQVLVWHG RI PD[LPXP VWUHVV DQG

HODVWLF PRGXOXV FDOFXODWLRQV� DGMXVWPHQWV IRU PRLVWXUH FRQ�

WHQW DQG VSHFLILF JUDYLW\� DQG FHQVRUHG VWDWLVWLFV FDOFXODWLRQV�

0D[LPXP�6WUHVV�&DOFXODWLRQV

)LYH�3RLQW %HQGLQJ

6KHDU VWUHQJWK YDOXHV ZHUH GHWHUPLQHG E\ LGHDOL]LQJ WKH ILYH�

SRLQW EHQGLQJ WHVW DV D VLQJOH�VSDQ EHDP ZLWK RQH HQG IL[HG

DQG WKH RWKHU KLQJHG� ZLWK WKH VSDQ OHQJWK HTXDO WR WKH FHQ�

WHU�WR�FHQWHU VXSSRUW GLVWDQFH� 6KHDU FUDFNV ZHUH W\SLFDOO\

REVHUYHG ZLWKLQ WKH PLGGOH TXDUWHU RI WKH EHDP GHSWK� 7KHUH�

IRUH� D SDUDEROLF VKHDU VWUHVV GLVWULEXWLRQ ZDV DVVXPHG� 7KLV

DVVXPSWLRQ DOORZV FDOFXODWLRQ RI VKHDU VWUHVVHV EDVHG RQ

WHFKQLTXHV FRQVLVWHQW ZLWK FXUUHQW 1'6 GHVLJQ VSHFLILFDWLRQV

�$)	3$ ������

%DVHG RQ HOHPHQWDU\ VWUHQJWK RI PDWHULDO SULQFLSOHV� WKH

HTXDWLRQ IRU PD[LPXP VKHDU VWUHVV� LQ D EHDP IL[HG DW RQH

HQG DQG VLPSO\ VXSSRUWHG DW WKH RWKHU HQG� XQGHU WKH DFWLRQ

RI D FRQFHQWUDWHG ORDG DW PLGVSDQ LV

τ  
��
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EG
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ZKHUH

W LV VKHDU VWUHVV �OE�LQ
�
�3D���

3 ORDG DSSOLHG WR RQH VSDQ� KDOI WKH WRWDO

PHDVXUHG ORDG �OE �1���

E EHDP ZLGWK �LQ� �P��� DQG

G EHDP GHSWK �LQ� �P���

7KH ORDG PHDVXUHG LV WKH VXP RI WKH ORDG DSSOLHG DW PLGVSDQ

RI HDFK VSDQ RI OHQJWK �G�

7KLUG�3RLQW %HQGLQJ

0RGXOXV RI UXSWXUH YDOXHV ZHUH FDOFXODWHG XVLQJ EHDP

WKHRU\� FRQVLGHULQJ RQO\ WKH ORDG DSSOLHG WR WKH VSHFLPHQ

7DEOH �¥6HWXS GLPHQVLRQV IRU WKLUG�SRLQW EHQGLQJ

WHVW

6SDQ OHQJWK �LQ� �P��

%HDP VL]H ���G ��G

� E\ � ���� ������ ����� ������

� E\ �� ����� ������ ������ ������

� E\ � ����� ������ ��� ������

� E\ �� ����� ������ ������ ������

� E\ �� ����� ������ ������ ������

7DEOH �¥7HVW ORDGLQJ UDWHV DQG ORDG FHOO DFFXUDF\

6KHDU WHVWV %HQGLQJ WHVWV

%HDP
VL]H

/RDG UDWH
LQ�PLQ �PP�PLQ�

/RDG DFFXUDF\
OE �1�

6HQVLWLYLW\
D

���
/RDG UDWH

LQ�PLQ �PP�PLQ�
/RDG DFFXUDF\

OE �1�
6HQVLWLYLW\

D

���

� E\ � ���� ����� �� ���� ��� ���� ����� �� ���� ���

� E\ �� ���� ����� �� ���� ��� ���� ����� �� ���� ���

� E\ � ���� ����� ��� ����� ��� ���� ����� �� ���� ���

� E\ �� ���� ����� ��� ����� ��� ���� ����� �� ����� ���

� E\ �� ���� ����� ��� ����� ��� ���� ������ �� ����� ���

D
3HUFHQWDJH RI ORDG DFFXUDF\ GLYLGHG E\ PD[LPXP ORDG�
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DQG QHJOHFWLQJ WKH GHDG ZHLJKW RI WKH EHDP� 7KH PD[LPXP

VWUHVV DW IDLOXUH RU PRGXOXV RI UXSWXUH LV

σ = 3/

EG
�

���

ZKHUH

V LV IOH[XUDO VWUHVV �OE�LQ
�
�3D���

3 WRWDO ORDG DSSOLHG WR WHVW VHWXS �OE �1��� DQG

/ VSDQ OHQJWK �LQ� �P���

(ODVWLF�0RGXOXV�&DOFXODWLRQV

7ZR WHFKQLTXHV ZHUH XVHG WR GHWHUPLQH WKH PRGXOXV RI

HODVWLFLW\� %RWK VKHDU DQG EHQGLQJ VSHFLPHQV ZHUH QRQGH�

VWUXFWLYHO\ HYDOXDWHG E\ VWUHVV ZDYH WHFKQLTXHV XSRQ DUULYDO

DW WKH )RUHVW 3URGXFWV /DERUDWRU\� ,Q DGGLWLRQ� EHQGLQJ

VSHFLPHQV ZHUH LQVWUXPHQWHG GXULQJ WHVWLQJ WR SURGXFH D

ORDG YHUVXV GLVSODFHPHQW SORW IRU FDOFXODWLQJ PRGXOXV RI

HODVWLFLW\� (TXDWLRQV IRU HDFK PHWKRG DUH RXWOLQHG LQ WKH

IROORZLQJ VHFWLRQ�

6WUHVV :DYH RI 6KHDU 6SHFLPHQV

6WUHVV ZDYH WHVWLQJ LV EDVHG XSRQ SURSDJDWLRQ RI FRPSUHV�

VLRQ ZDYHV LQ DQ HODVWLF PDWHULDO� $Q LPSDFW IURP D KDPPHU

LQGXFHV D FRPSUHVVLRQ ZDYH LQ WKH PHPEHU� 7KH WLPH UH�

TXLUHG IRU WKH FRPSUHVVLRQ ZDYH WR WUDYHO IURP RQH HQG RI

WKH EHDP WR WKH RWKHU DQG EDFN LV PHDVXUHG E\ DQ RVFLOOR�

VFRSH �5RVV DQG 3HOOHULQ ����������� %HDP ZHLJKW ZDV

PHDVXUHG ZLWK D VSULQJ EDODQFH SULRU WR WHVWLQJ� :HLJKW RI

HDFK VSHFLPHQ ZDV GHWHUPLQHG WR WKH QHDUHVW SRXQG IRU � E\

� DQG ODUJHU VSHFLPHQV DQG WR WKH QHDUHVW KDOI�SRXQG IRU WKH

UHPDLQGHU RI WKH VSHFLPHQV� :LWK WKLV LQIRUPDWLRQ� WKH HODVWLF

PRGXOXV RI WKH EHDP ZDV GHWHUPLQHG IURP

( &VZ = �ρ ���

ZKHUH

(VZ LV VWUHVV ZDYH HODVWLF PRGXOXV �OE�LQ
�
�3D���

& FRPSUHVVLRQ ZDYH VSHHG �LQ�V �1�P��� DQG

U PDVV GHQVLW\ RI VSHFLPHQ �OEP�LQ
�
�NJ�P

�
���

0RLVWXUH FRQWHQW RI HDFK VSHFLPHQ ZDV PHDVXUHG ZLWK D

WZR�SLQ FRQGXFWDQFH HOHFWURQLF PRLVWXUH PHWHU �$670

����� WR WKH QHDUHVW SHUFHQWDJH XS WR �� SHUFHQW� 6WUHVV�

ZDYH HODVWLF YDOXHV IRU DOO EHDP VKHDU VSHFLPHQV DUH OLVWHG LQ

$SSHQGL[ %�

/RDG DQG 'HIOHFWLRQ RI %HQGLQJ 6SHFLPHQV

/RDG DQG GHIOHFWLRQ PHDVXUHPHQWV ZHUH FRQWLQXRXVO\ UH�

FRUGHG ZKLOH WKH EHDPV ZHUH ORDGHG WR IDLOXUH DFFRUGLQJ WR

$670 '��� ������ WHVW SURFHGXUHV� (ODVWLF PRGXOXV YDOXHV

ZHUH FDOFXODWHG E\ OLQHDU UHJUHVVLRQ RI WKH ORDG YHUVXV GH�

IOHFWLRQ GDWD EHWZHHQ �� DQG �� SHUFHQW RI WKH PD[LPXP

ORDG DW IDLOXUH� )RU DOO VSHFLPHQV H[FHSW WKH � E\ � VSHFL�

PHQV� GHIOHFWLRQV ZHUH PHDVXUHG LQ WKH VKHDU�IUHH VHFWLRQ RI

WKH EHDP DQG ZHUH FDOFXODWHG ZLWK WKH IROORZLQJ H[SUHVVLRQ�
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ZKHUH

( LV HODVWLF PRGXOXV �OE�LQ
�
�3D���

/ EHDP VSDQ �LQ� �P���

V VSDQ OHQJWK RI WHVW GHYLFH �LQ� �P��� DQG

' PLGVSDQ GHIOHFWLRQ �LQ� �P���

'HWDLOV RI WKH H[SHULPHQWDO SDUDPHWHUV IRU PHDVXULQJ HODVWLF

PRGXOXV DUH JLYHQ LQ $SSHQGL[ $� )RU WKH � E\ � VSHFLPHQV�

GHIOHFWLRQV ZHUH PHDVXUHG UHODWLYH WR WKH QHXWUDO D[LV DW HDFK

HQG RI WKH EHDP DQG WKXV LQFOXGHG D FRPSRQHQW RI VKHDU

GHIRUPDWLRQ� 7R DFFRXQW IRU VKHDU GHIRUPDWLRQ� WKH IROORZLQJ

H[SUHVVLRQ IRU PRGXOXV RI HODVWLFLW\ ZDV XVHG�
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ZKHUH WKH VKHDU PRGXOXV* �OE�LQ
�
� LV WDNHQ WR HTXDO ����

WLPHV WKH FDOFXODWHG (� 7KLV PHDQW WKDW WKH FDOFXODWHG ( ZDV

IRXQG E\ LWHUDWLRQ� $OO EHQGLQJ HODVWLF PRGXOXV YDOXHV

SXEOLVKHG LQ WKLV UHSRUW DUH WUXH RU ¦VKHDU IUHH§ YDOXHV

�$SSHQGL[ &��

0RLVWXUH�$GMXVWPHQWV

$670 '��� XVHV D VHDVRQLQJ IDFWRU WR DGMXVW JUHHQ $670

'���� VWUHQJWK YDOXHV WR GHILQHG GU\ FRQGLWLRQV IRU OXPEHU�

)RU VROLG�VDZQ OXPEHU� GU\ LV GHILQHG DV DQ DYHUDJH PRLVWXUH

FRQWHQW RI �� SHUFHQW ZLWK D PD[LPXP RI �� SHUFHQW PRLV�

WXUH FRQWHQW �$670 '����� IRU JOXHG�ODPLQDWHG WLPEHU

SURGXFWV� GU\ LV GHILQHG DV DQ DYHUDJH PRLVWXUH FRQWHQW RI

�� SHUFHQW ZLWK D PD[LPXP RI �� SHUFHQW PRLVWXUH FRQWHQW

�$670 '����� �$670 ������ 'U\�JUHHQ UDWLRV IRU DGMXVW�

LQJ JUHHQ� FOHDU VWUDLJKW�JUDLQ ZRRG VWUHQJWK YDOXHV WR

�� SHUFHQW PRLVWXUH FRQWHQW IRU PDQ\ FOHDU ZRRG VSHFLHV DUH

JLYHQ LQ $670 '����� $OWKRXJK $670 '��� DQG $670

'���� SURYLGH SURFHGXUHV IRU DGMXVWLQJ VWUHQJWK YDOXHV IURP

JUHHQ WR D GHILQHG GU\ FRQGLWLRQ� WKHVH VWDQGDUGV ODFN SURFH�

GXUHV IRU DGMXVWLQJ VWUHQJWK YDOXHV IURP DQ\ PRLVWXUH FRQWHQW

RWKHU WKDQ JUHHQ�

$670 '���� RXWOLQHV D SURFHGXUH IRU DGMXVWLQJ VKHDU

VWUHQJWK IRU YDU\LQJ PRLVWXUH FRQGLWLRQV ZLWK JUHHQ GHILQHG

DV �� SHUFHQW PRLVWXUH FRQWHQW� EXW DGYLVHV WKDW WKH H[SUHV�

VLRQ QRW EH XVHG IRU DGMXVWPHQWV WKDW DUH PRUH WKDQ � SHU�

FHQWDJH SRLQWV RI PRLVWXUH FRQWHQW� 7KH IROORZLQJ HTXDWLRQ LV

WKH $670 '���� H[SUHVVLRQ IRU DGMXVWLQJ VKHDU VWUHQJWK IRU

PRLVWXUH FRQWHQW�
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ZKHUH

3� LV VKHDU VWUHQJWK DW PRLVWXUH FRQWHQW0�� DQG

3� VKHDU VWUHQJWK DGMXVWHG WR PRLVWXUH FRQWHQW0��

,Q DGGLWLRQ WR $670 SURFHGXUHV� WKH IROORZLQJ H[SRQHQWLDO

IRUPXOD IRU DGMXVWLQJ VWUHQJWK YDOXHV DW PRLVWXUH FRQWHQWV

RWKHU WKDQ JUHHQ RU GU\ ZDV SURSRVHG E\ :LOVRQ �������
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ZKHUH 6L LV VWUHQJWK �OE�LQ
�
�3D�� DW D JLYHQ PRLVWXUH FRQWHQW�

(TXDWLRQ ���� LV WR EH DSSOLHG EHWZHHQ � SHUFHQW DQG0S

PRLVWXUH FRQWHQW�0S LV GHILQHG DV WKDW PRLVWXUH FRQWHQW WKDW

LQWHUVHFWV D KRUL]RQWDO OLQH UHSUHVHQWLQJ JUHHQ VWUHQJWK DQG D

OLQH UHSUHVHQWLQJ ORJDULWKPLF VWUHQJWK¤PRLVWXUH UHODWLRQVKLSV

DQG LV ORZHU WKDQ WKH ILEHU VDWXUDWLRQ SRLQW� 7KH:RRG +DQG�

ERRN �)RUHVW 3URGXFWV /DERUDWRU\ ����� GHILQHV WKLV0S

YDOXH DV �� SHUFHQW IRU 'RXJODV�ILU� ,Q WKH ���� HGLWLRQ RI WKH

:RRG +DQGERRN� WKLV H[SUHVVLRQ LV UHDUUDQJHG DV
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ZKHUH

6� LV HVWLPDWHG VWUHQJWK YDOXH DW0� PRLVWXUH

FRQWHQW�

0� PRLVWXUH FRQWHQW DW ZKLFK HVWLPDWHG VWUHQJWK

LV GHVLUHG�

6� NQRZQ VWUHQJWK DW PRLVWXUH FRQWHQW0��

6���6J GU\�JUHHQ UDWLR IRU VWUHQJWK SURSHUW\ RI

LQWHUHVW� DQG

0S LQWHUVHFWLRQ PRLVWXUH FRQWHQW �SHUFHQW��

ZKLFK JLYHV D JRRG HVWLPDWH RI WKH VWUHQJWK YDOXH ZLWK NQRZQ

GU\�JUHHQ UDWLRV� 7KH VSHFLILF PRLVWXUH DGMXVWPHQW XVHG ZLOO

EH QRWHG EHIRUH HDFK FDOFXODWLRQ�

6SHFLILF�*UDYLW\�$GMXVWPHQWV

7DEOH � RI $670 '���� �$670 ����� FXUUHQWO\ VSHFLILHV

DQ DYHUDJH JUHHQ FOHDU ZRRG VSHFLILF JUDYLW\ RI ���� IRU

FRDVW DQG LQWHULRU QRUWK 'RXJODV�ILU� ���� IRU LQWHULRU ZHVW

'RXJODV�ILU� DQG ���� IRU VRXWK 'RXJODV�ILU� ,Q RXU WHVWV� WKH

VSHFLILF JUDYLW\ YDOXHV RI EHQGLQJ DQG VKHDU WHVW VSHFLPHQV

ZHUH GLIIHUHQW WKDQ WKHVH VWDQGDUGL]HG YDOXHV� $GMXVWPHQWV

GHULYHG IURP $670 VKHDU EORFNV ZHUH DSSOLHG WR DFFRXQW IRU

GLIIHUHQFHV LQ VWUHQJWK IURP VSHFLILF JUDYLW\� 6SHFLILF JUDYLW\

DGMXVWPHQWV IRU JUHHQ 'RXJODV�ILU VSHFLHV DUH IRXQG LQ WKH

:HVWHUQ :RRG 'HQVLW\ 6XUYH\ �)RUHVW 3URGXFWV

/DERUDWRU\ ������ 7KHVH DGMXVWPHQWV FRQVLVW RI OLQHDU HTXD�

WLRQV IRU WKH IRXU 8�6� UHJLRQV RI 'RXJODV�ILU� WKH FRHIILFLHQWV

RI WKH OLQHDU H[SUHVVLRQV DUH OLVWHG LQ 7DEOH �� 7KHVH DGMXVW�

PHQWV DUH XVHG WR QRUPDOL]H WKH GDWD WR D VSHFLILF JUDYLW\ RI

���� ZKHQ QRWHG�

&HQVRUHG�6WDWLVWLFV�&DOFXODWLRQV

%HDP VKHDU VSHFLPHQV DUH H[SHFWHG WR KDYH IDLOXUH PRGHV

RWKHU WKDQ VKHDU� EDVHG RQ WKH UHVXOWV RI 5DPPHU DQG 6ROWLV

������ DQG /HLFHVWHU DQG %UHLWLQJHU ������� ,QIRUPDWLRQ

IURP VXVSHQGHG VKHDU WHVWV FDQ VWLOO EH XVHG WR FDOFXODWH

PHDQV DQG VWDQGDUG GHYLDWLRQV� 7KH IROORZLQJ DUH WKH H[SUHV�

VLRQV IRU WKH PD[LPXP OLNHOLKRRG HVWLPDWRUV �0/(V� WKDW

WDNH FHQVRUHG GDWD VHWV LQWR FRQVLGHUDWLRQ�

7KH 0/( SURFHGXUH XVHV WKH IROORZLQJ H[SUHVVLRQV DQG

WHFKQLTXHV DV GHVFULEHG LQ /DZOHVV ������� H[SORLWLQJ WKH

UHODWLRQVKLS WKDW LI VKHDU VWUHQJWK GLVWULEXWLRQ LV ORJQRUPDO�

ORJ VKHDU VWUHQJWK LV QRUPDOO\ GLVWULEXWHG� 7KH OLNHOLKRRG

IXQFWLRQ
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LV H[SUHVVHG DV�
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ZKHUH P DQG V DUH WKH WUXH SRSXODWLRQ PHDQ DQG VWDQGDUG

GHYLDWLRQ RI WKH QRUPDO GLVWULEXWLRQ� UHVSHFWLYHO\� I DQG 4

DUH H[SUHVVLRQV RI WKH VWDQGDUG QRUPDO SUREDELOLW\ GHQVLW\

DQG VXUYLYRU IXQFWLRQV �RQH PLQXV FXPXODWLYH GLVWULEXWLRQ

IXQFWLRQ�� UHVSHFWLYHO\�' LV WKH VHW RI VSHFLPHQV IRU ZKLFK \L

LV WKH REVHUYHG ORJ VKHDU VWUHQJWK� DQG& LV WKH VHW RI VSHFL�

PHQV IRU ZKLFK \L LV WKH REVHUYHG ORJ FHQVRUHG VKHDU

VWUHQJWK� ([SUHVVLRQV RI WKH VWDQGDUG QRUPDO GHQVLW\ DQG

VXUYLYRU IXQFWLRQV DUH DV IROORZ�
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7DEOH �¥&RHIILFLHQWV RI OLQHDU UHJUHVVLRQ IRU JUHHQ

VKHDU VWUHQJWK DV IXQFWLRQ RI VSHFLILF JUDYLW\
D

'RXJODV�ILU VSHFLHV
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�OE�LQ
�
� �03D�

6ORSH
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�
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,QWHULRU ZHVW ��� ������ ����� �������

,QWHULRU QRUWK ��� ������ ����� �������

,QWHULRU VRXWK �� ������ ����� �������

D
:HVWHUQ :RRG 'HQVLW\ 6XUYH\ ������� 6* LV VSHFLILF
JUDYLW\�
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6XEVWLWXWLQJ I DQG 4 LQWR (TXDWLRQ ���� DQG WDNLQJ WKH

ORJDULWKP RI WKH H[SUHVVLRQ UHVXOWV LQ WKH ORJ OLNHOLKRRG

IXQFWLRQ
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ZKHUH U LV WKH QXPEHU RI REVHUYHG XQFHQVRUHG VKHDU

VWUHQJWKV� (VWLPDWHV RI WKH PHDQ DQG VWDQGDUG GHYLDWLRQ DUH

GHWHUPLQHG E\ PD[LPL]LQJ WKH ORJ OLNHOLKRRG IXQFWLRQ�

0D[LPL]H (TXDWLRQ ���� E\ WDNLQJ GHULYDWLYHV ZLWK UHVSHFW WR

ERWK V DQG P DQG VHWWLQJ HDFK H[SUHVVLRQ WR ]HUR� 7KLV OHDGV

WR WKH IROORZLQJ V\VWHP RI HTXDWLRQV�
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ZKHUH 9�]L� LV WKH KD]DUG IXQFWLRQ RI WKH QRUPDO GLVWULEXWLRQ�

I�]L��4�]L�� DQG ]L �\L ¤ P��V� (VWLPDWHV RI WKH PHDQ DQG

VWDQGDUG GHYLDWLRQ� �µ DQG �σ � DUH GHWHUPLQHG E\ DQ LWHUDWLYH

SURFHVV XVLQJ (TXDWLRQV ���� DQG ����� $SSUR[LPDWH VWDQGDUG

HUURUV RI WKH HVWLPDWHG PHDQ DQG YDULDQFH DUH GHWHUPLQHG

E\ LQYHUWLQJ WKH )LVKHU LQIRUPDWLRQ PDWUL[ ,R �(T� ������
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ZKHUH ORJ LV WKH ORJ OLNHOLKRRG IXQFWLRQ LQ (TXDWLRQ �����

7KH VTXDUH URRW RI WKH GLDJRQDO HQWULHV RI WKH LQYHUWHG PDWUL[

DUH DSSUR[LPDWH VWDQGDUG HUURUV IRU �µ DQG �σ � 7KLV SURFH�

GXUH GHWHUPLQHV WKH PD[LPXP OLNHOLKRRG HVWLPDWHV RI PHDQ

DQG VWDQGDUG GHYLDWLRQV RI WKH QRUPDO GLVWULEXWHG ORJ VKHDU

VWUHVV� �µ DQG �σ �

)RU FRPSDULVRQ ZLWK H[SHULPHQWDO REVHUYDWLRQV� WKH IROORZ�

LQJ H[SUHVVLRQV ZHUH XVHG WR FDOFXODWH WKH ORJQRUPDO PHDQ

DQG VWDQGDUG GHYLDWLRQV� �µ" DQG �σ" � ZKLFK DUH RQH�WR�RQH

IXQFWLRQV RI WKH HVWLPDWHV �µ DQG �σ �

�

a
� �µ σ

"
= µH

�
� ����

�

a� �
� � � �σ σ

"
= −µ σ2

H H
� � � � ����

ZKHUH a �µ = Hµ
�HVWLPDWHG PHGLDQ YDOXH RI VWUHQJWK�� 7KHVH

H[SUHVVLRQV� (TXDWLRQV ���� WKURXJK ����� DUH XVHG WR HVWL�

PDWH FHQVRUHG GDWD VHW PHDQV DQG VWDQGDUG GHYLDWLRQV�

5HVXOWV

$YHUDJH YDOXHV DQG FRHIILFLHQWV RI YDULDWLRQ IRU EHDP VKHDU�

IOH[XUDO VWUHQJWK� DQG VKHDU EORFN VSHFLPHQV DUH VXPPDUL]HG

LQ 7DEOHV � WKURXJK �� 'DWD IRU LQGLYLGXDO 'RXJODV�ILU EHDP

VKHDU DQG EHQGLQJ VSHFLPHQV DUH SUHVHQWHG LQ $SSHQGL[HV %

DQG &� UHVSHFWLYHO\�

6KHDU�7HVWV

)LYH�SRLQW EHQGLQJ WHVWV UHVXOWHG LQ �� VKHDU IDLOXUHV RXW RI

��� VSHFLPHQV WHVWHG¥D ���SHUFHQW VKHDU IDLOXUH UDWH�

7DEOH � OLVWV WKH DYHUDJH VKHDU VWUHQJWK YDOXHV DQG FRHIIL�

FLHQWV RI YDULDWLRQ RI RQO\ WKRVH VSHFLPHQV WKDW IDLOHG LQ

VKHDU� DORQJ ZLWK WKH VKHDU VWUHVV DW IDLOXUH UHJDUGOHVV RI

IDLOXUH PRGH IRU HDFK EHDP VL]H WHVWHG� 6KHDU VWUHQJWK DQG

VKHDU VWUHVV DW IDLOXUH ZHUH DSSUR[LPDWHO\ HTXDO IRU EHDP

VL]HV WKDW KDG D KLJK SHUFHQWDJH RI VKHDU IDLOXUHV� )RU WKH

� E\ � DQG � E\ �� VSHFLPHQV ZLWK D ORZHU SHUFHQWDJH RI

VKHDU IDLOXUHV� VKHDU VWUHQJWK DQG VKHDU VWUHVV DW IDLOXUH ZHUH

GLIIHUHQW� SRVVLEO\ LQGLFDWLQJ WKDW WKH WUXH DYHUDJH VKHDU

VWUHQJWK LV KLJKHU� 7KH FRHIILFLHQW RI YDULDWLRQ YDOXHV IRU

VROLG�VDZQ 'RXJODV�ILU VKHDU VWUHQJWK UHSRUWHG KHUH¥���� WR

���� SHUFHQW¥DUH JUHDWHU WKDQ WKH ��SHUFHQW YDOXHV REVHUYHG

LQ JOXHG�ODPLQDWHG 'RXJODV�ILU EHDPV �5DPPHU DQG 6ROWLV

������ &XPXODWLYH GLVWULEXWLRQV RI VKHDU VWUHQJWK IRU HDFK

EHDP VL]H� LQFOXGLQJ VSHFLPHQV WKDW IDLOHG LQ PRGHV RWKHU

WKDQ VKHDU� DUH VKRZQ LQ )LJXUH �� 5HVXOWV VKRZQ ZHUH QRW

DGMXVWHG IRU PRLVWXUH FRQWHQW RU VSHFLILF JUDYLW\� 'HWDLOHG

LQIRUPDWLRQ IRU HDFK VSHFLPHQ LV JLYHQ LQ $SSHQGL[ %�

%HQGLQJ�7HVWV

0RVW RI WKH ��� EHDPV WHVWHG LQ EHQGLQJ IDLOHG HLWKHU LQ

WHQVLRQ RU FRPSUHVVLRQ SDUDOOHO WR WKH JUDLQ� 7KH W\SH RI

EHDP IDLOXUH IRU HDFK VSHFLPHQ LV GHVFULEHG LQ $SSHQGL[ &�

$YHUDJH PRGXOXV RI UXSWXUH� FRHIILFLHQW RI YDULDWLRQ� DQG

DYHUDJH PRLVWXUH FRQWHQW IRU HDFK EHDP VL]H DUH VKRZQ LQ

7DEOH �� &XPXODWLYH GLVWULEXWLRQV RI WKH PRGXOXV RI UXSWXUH

IRU HDFK EHDP VL]H DUH VKRZQ LQ )LJXUH �� WKH GDWD ZHUH QRW

DGMXVWHG WR D UHIHUHQFH PRLVWXUH RU VSHFLILF JUDYLW\� 'XULQJ

EHQGLQJ WHVWV RI � E\ � VSHFLPHQV� RQH VSHFLPHQ IDLOHG E\

VKHDU DW DQ H[LVWLQJ FKHFN�

6KHDU�%ORFN�7HVWV

7ZR VKHDU EORFN VSHFLPHQV ZHUH FXW IURP HDFK EHDP WHVW

VSHFLPHQ UHJDUGOHVV RI IDLOXUH PRGH� 2QH VKHDU EORFN

VSHFLPHQ ZDV WHVWHG DW DSSUR[LPDWHO\ WKH VDPH PRLVWXUH

FRQWHQW DV WKDW RI WKH EHDP DW WKH WLPH RI WHVWLQJ� WKH RWKHU
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7DEOH �¥'RXJODV�ILU EHQGLQJ VWUHQJWK UHVXOWV

%HDP VL]H
1XPEHU
RI WHVWV

$YHUDJH
PRLVWXUH

FRQWHQW ���

0RGXOXV RI
UXSWXUH

OE�LQ
�
�03D�

&29
���

� E\ � �� ���� ����� ������ ����

� E\ �� �� ���� ����� ������ ����

� E\ � �� ���� ����� ������ ����

� E\ �� �� ���� ����� ������ ����

� E\ �� �� ���� ����� ������ ����

7DEOH �¥'RXJODV�ILU EHDP VKHDU VWUHQJWK UHVXOWV

%HDP VL]H

6KHDU
IDLOXUHV�
WRWDO WHVWV

0RLVWXUH
FRQWHQW
���

6KHDU
VWUHQJWK

OE�LQ
�
�03D�

&29
D

���

6KHDU VWUHVV
DW IDLOXUH

OE�LQ
�
�03D�

&29
���

� E\ � ����� ���� ����� ������ ���� ����� ������ ����

� E\ �� ����� ���� ��� ������ ���� ��� ������ ����

� E\ � ����� ���� ��� ������ ���� ��� ������ ����

� E\ �� ����� ���� ��� ������ ���� ��� ������ ����

� E\ �� ����� ���� ��� ������ ���� ��� ������ ����

D

&29 LV FRHIILFLHQW RI YDULDWLRQ�

7DEOH �¥$670 VKHDU EORFN VWUHQJWK WHVW UHVXOWV

&RQGLWLRQ %HDP VL]H
1XPEHU
RI WHVWV

6SHFLILF

JUDYLW\D &29
0RLVWXUH

FRQWHQW ���
6KHDU VWUHQJWK
OE�LQ

�
�03D�

6KHDU VWUHQJWK
&29

E
���

*UHHQ � E\ � �� ���� ���� ���� ����� ������ ����
� E\ �� �� ���� ���� ���� ��� ������ ����
� E\ � �� ���� ���� ���� ��� ������ ����
� E\ �� �� ���� ���� ���� ����� ������ ����
� E\ �� �� ���� ��� ���� ��� ������ ����

:RRG +DQGERRN
E

����F

����G

¥
¥

¥
¥

��� ������
��� ������

��
¥

'U\ � E\ � �� ���� ���� ���� ����� ������ ����
� E\ �� �� ���� ���� ���� ����� ������ ����
� E\ � �� ���� ���� ���� ����� ������ ����
� E\ �� �� ���� ���� ���� ����� ������ ����
� E\ �� �� ���� ���� ���� ����� ������ ����

:RRG +DQGERRN ����F

����G

¥
¥

¥
¥

����� ������
����� ������

��
¥

D%DVHG RQ RYHQGU\ ZHLJKW GLYLGHG E\ ZHW YROXPH�
E)RUHVW 3URGXFWV /DERUDWRU\ �������
F&RDVW 'RXJODV�ILU�
G,QWHULRU QRUWK 'RXJODV�ILU�
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7DEOH �¥$670 VKHDU EORFN WKLUG�SRLQW EHQGLQJ WHVW UHVXOWV

&RQGLWLRQ %HDP VL]H
1XPEHU RI

WHVWV
6SHFLILF

JUDYLW\D &29
0RLVWXUH

FRQWHQW ���
6KHDU VWUHQJWK
OE�LQ

�
�03D�

6KHDU VWUHQJWK
&29 ���

*UHHQ � E\ � �� ���� ���� ���� ��� ������ ����

� E\ �� �� ���� ���� ���� ��� ������ ����

� E\ � �� ���� ���� ���� ��� ������ ����

� E\ �� �� ���� ��� ���� ��� ������ ����

� E\ �� �� ���� ���� ���� ����� ������ ����

:RRG +DQGERRN
E

����F

����G

¥
¥

¥
¥

��� ������
��� ������

��
¥

'U\ � E\ � �� ���� ���� ���� ����� ������ ����

� E\ �� �� ���� ���� ���� ����� ������ ����

� E\ � �� ���� ���� ���� ����� ������ ����

� E\ �� �� ���� ���� ���� ����� ������ ����

� E\ �� �� ���� ���� ���� ����� ������ ����

:RRG +DQGERRN ����F

����G

¥
¥

¥
¥

����� ������
����� ������

��
¥

D%DVHG RQ RYHQGU\ ZHLJKW GLYLGHG E\ ZHW YROXPH�
E)RUHVW 3URGXFWV /DERUDWRU\ �������
F&RDVW 'RXJODV�ILU�
G,QWHULRU QRUWK 'RXJODV�ILU�

)LJXUH �¥&XPXODWLYH GLVWULEXWLRQ RI 'RXJODV�ILU EHDP

VKHDU VWUHQJWK IRU YDULRXV EHDP VL]HV� 6ROLG V\PEROV

LQGLFDWH VKHDU VWUHVV DWWDLQHG GXULQJ QRQVKHDU IDLOXUH

PRGH�

)LJXUH �¥&XPXODWLYH GLVWULEXWLRQ RI 'RXJODV�ILU

PRGXOXV RI UXSWXUH IRU YDULRXV EHDP VL]HV�
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VKHDU EORFN VSHFLPHQ ZDV GULHG WR DERXW �� SHUFHQW PRLVWXUH

FRQWHQW EHIRUH WHVWLQJ� $YHUDJH YDOXHV DQG FRHIILFLHQWV RI

YDULDWLRQ IRU JUHHQ DQG GU\ VKHDU EORFNV DUH OLVWHG LQ 7DEOHV �

DQG �� &XPXODWLYH GLVWULEXWLRQ RI VKHDU EORFN GDWD LV VKRZQ

LQ )LJXUH �� 7KH YDOXHV IRU JUHHQ VKHDU EORFNV ZHUH VLPLODU WR

SXEOLVKHG DYHUDJH VWUHQJWK DQG YDULDELOLW\ �)RUHVW 3URGXFWV

/DERUDWRU\ ����� $670 ������ 7KH VWUHQJWK YDOXHV IRU GU\

VKHDU EORFNV� KRZHYHU� ZHUH JUHDWHU WKDQ WKH SXEOLVKHG YDO�

XHV RI ����� WR ����� OE�LQ
�
���� WR ���� 03D� �)RUHVW 3URG�

XFWV /DERUDWRU\ ������ +RZHYHU� WKH YDULDWLRQ ZDV VLPLODU WR

DFFHSWHG OHYHOV� +LJK GU\ VKHDU VWUHQJWK YDOXHV UHVXOWHG LQ DQ

H[SHULPHQWDO GU\�JUHHQ UDWLR JUHDWHU WKDQ WKH $670 '����

GU\�JUHHQ UDWLR �7DEOH ���� 6SHFLILF JUDYLW\ UHVXOWV �RYHQGU\

ZHLJKW�JUHHQ YROXPH� ZHUH ZLWKLQ WKH W\SLFDO ����� WR �����

OE�LQ
�
���� WR ���� 03D� UDQJH IRU FRDVW 'RXJODV�ILU �������

'LVFXVVLRQ

7KH ILYH�SRLQW EHQGLQJ WHVW SURFHGXUH SURGXFHG �� VKHDU

IDLOXUHV LQ ��� WHVWV� UHVXOWLQJ LQ D ���SHUFHQW VXFFHVV UDWH� 2I

WKH �� VSHFLPHQV WKDW GLG QRW IDLO LQ VKHDU� �� IDLOHG LQ

EHQGLQJ DQG � KDG H[FHVVLYH FRPSUHVVLRQ XQGHU ORDGLQJ

SRLQWV RU SUREOHPV ZLWK VWDELOLW\� 7KH ORZHVW OHYHO RI VXFFHVV

RFFXUUHG LQ WKH � E\ �� VSHFLPHQV� 7KHVH VSHFLPHQV H[SHUL�

HQFHG D KLJK LQFLGHQFH RI EHQGLQJ IDLOXUHV� ZKLFK ZDV DWWULE�

XWHG WR ORZHU WKDQ DYHUDJH PRGXOXV RI UXSWXUH� 7KH DYHUDJH

PRGXOXV RI UXSWXUH RI WKH � E\ �� VSHFLPHQV ZDV

�� SHUFHQW ORZHU WKDQ WKH LQ�JUDGH DYHUDJH RI ����� OE�LQ
�

����� 03D� IRU WKLV EHDP VL]H DW �� SHUFHQW PRLVWXUH FRQWHQW

�(YDQV DQG *UHHQ ������ 2WKHU W\SHV RI IDLOXUH REVHUYHG LQ

WKH � E\ �� VSHFLPHQV ZHUH ORFDO EXFNOLQJ DQG FRPSUHVVLRQ�

$ VPDOOHU DVSHFW UDWLR �EHDP KHLJKW GLYLGHG E\ ZLGWK� VKRXOG

DOVR UHGXFH WKH SUREOHP RI ORFDO DQG ODWHUDO VWDELOLW\ LQ IXWXUH

WHVWV�

,Q JHQHUDO� VKHDU IDLOXUHV VWDUWHG LQ WKH ZRRG DW WKH KLJKO\

VWUHVVHG UHJLRQ EHWZHHQ WKH ORDG VXSSRUWV DQG UDUHO\ SURSD�

JDWHG SDVW WKH ORDGLQJ SRLQWV �)LJ� ��� 6KHDU IDLOXUHV ZHUH

REVHUYHG LQ D ILYH�SRLQW EHQGLQJ WHVW E\ WKH UHODWLYH ORQJLWX�

GLQDO GLVSODFHPHQW RI YHUWLFDO OLQHV GUDZQ SULRU WR WHVWLQJ� ,Q

WKLV WHVW� FUDFNV SURSDJDWH IURP WKH KLJKO\ VKHDU VWUHVVHG

PLGGOH KDOI RI WKH EHDP DQG FRQWLQXH XQWLO WKHUH LV D UHGXF�

WLRQ LQ VKHDU VWUHVV� QHDU WKH ORDGLQJ SRLQWV� ,Q RXU WHVWV� WKH

FUDFNV GLG QRW SURSDJDWH WR WKH HQG RI WKH EHDP� DQG WKXV

IDLOXUH FRXOG QRW EH LGHQWLILHG E\ YLVLEOH HQG�GLVSODFHPHQW� $

VXEVWDQWLDO ORDG UHGXFWLRQ ZDV DOZD\V QRWHG DW FUDFN LQLWLD�

WLRQ� ,Q VRPH FDVHV� D VXVWDLQHG ORDG DIWHU VKHDU IDLOXUH SUR�

GXFHG D EHQGLQJ IDLOXUH� 7KLV LV UHDVRQDEOH EHFDXVH DIWHU

IDLOLQJ LQ VKHDU� WKH FURVV�VHFWLRQDO PRPHQW RI LQHUWLD LV

UHGXFHG E\ DERXW �� SHUFHQW� WKHUHIRUH� HYHQ ZLWK D UHGXFWLRQ

LQ ORDG DIWHU FUDFNLQJ� WKH UHPDLQLQJ FURVV�VHFWLRQ FRXOG IDLO

LQ EHQGLQJ�

)LJXUH �¥&XPXODWLYH GLVWULEXWLRQ RI 'RXJODV�ILU $670

VKHDU EORFN VWUHQJWKV� �D� VKHDU EORFNV REWDLQHG IURP

RULJLQDO EHDP VKHDU VSHFLPHQV� �E� VKHDU EORFNV

REWDLQHG IURP RULJLQDO EHQGLQJ VSHFLPHQV� 2SHQ

V\PEROV LQGLFDWH VKHDU VWUHQJWK YDOXHV DW PRLVWXUH

FRQWHQW RI RULJLQDO VSHFLPHQ� 6ROLG V\PEROV LQGLFDWH

VKHDU VWUHQJWK YDOXHV RI GU\ VSHFLPHQV�

7DEOH ��¥$670 '���� GU\�JUHHQ UDWLRV IRU 'RXJODV�ILU

'RXJODV�ILU
VSHFLHV

0RGXOXV RI
UXSWXUH

0RGXOXV RI
HODVWLFLW\

6KHDU
VWUHQJWK

&RDVW ���� ���� ����

,QWHULRU ZHVW ���� ���� ����

,QWHULRU QRUWK ���� ���� ����

,QWHULRU VRXWK ���� ���� ����
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2YHUDOO� XVLQJ D ILYH�SRLQW ORDGLQJ FRQILJXUDWLRQ WR HYDOXDWH

VKHDU VWUHQJWK RI XQVSOLW 'RXJODV�ILU EHDPV LV DQ DFFHSWDEOH

PHWKRG IRU SURGXFLQJ VKHDU IDLOXUHV SURYLGHG WKDW FDUH LV

WDNHQ WR VHOHFW EHDPV ZLWK VPDOO DVSHFW UDWLRV DQG WR REWDLQ

PDWHULDO ZLWK DGHTXDWH EHQGLQJ VWUHQJWK� ,Q DGGLWLRQ� WKH

ILYH�SRLQW FRQILJXUDWLRQ LV UHSUHVHQWDWLYH RI DFWXDO FRQWLQX�

RXV EHDP DSSOLFDWLRQV ZKHUH FULWLFDO VKHDU VWUHVV FRQGLWLRQV

H[LVW� ,Q RXU WHVWV� H[SHULPHQWDO EHDP VKHDU VWUHQJWK FRHIIL�

FLHQWV RI YDULDWLRQ DYHUDJHG ���� SHUFHQW� 7KH FRHIILFLHQWV RI

YDULDWLRQ DUH VOLJKWO\ KLJKHU WKDQ YDOXHV REVHUYHG IRU JOXHG�

ODPLQDWHG EHDPV �5DPPHU DQG 6ROWLV ����� DQG WKH VDPH DV

WKH VKHDU EORFN VWUHQJWK YDOXHV SXEOLVKHG LQ $670 '����

IRU 'RXJODV�ILU�

([SHULPHQWDO VKHDU EORFN FRHIILFLHQWV RI YDULDWLRQ UDQJHG

IURP ���� WR ���� SHUFHQW IRU GU\ VSHFLPHQV DQG ���� WR

���� SHUFHQW IRU JUHHQ VSHFLPHQV� 7KH DYHUDJH YDULDWLRQ ZDV

���� SHUFHQW IRU GU\ VSHFLPHQV DQG ���� SHUFHQW IRU JUHHQ

VSHFLPHQV� 7KHVH YDOXHV DUH VOLJKWO\ KLJKHU WKDQ WKH SXE�

OLVKHG FRHIILFLHQW RI YDULDWLRQ RI �� SHUFHQW IRU JUHHQ PDWH�

ULDO �$670 ������ 7KH VOLJKWO\ KLJKHU YDULDWLRQ IRU JUHHQ

VSHFLPHQV LV OLNHO\ DWWULEXWDEOH WR WKH ZLGHU UDQJH RI PRLV�

WXUH FRQWHQWV� RQO\ ��� RI ��� EORFNV KDG t�� SHUFHQW PRLV�

WXUH FRQWHQW� 2YHUDOO� WKH VWUHQJWK YDULDWLRQ UHVXOWV DUH FRQ�

VLVWHQW ZLWK SXEOLVKHG YDOXHV�

'U\�*UHHQ�5DWLR�DQG�6SHFLILF
*UDYLW\¤6KHDU�6WUHQJWK�5HODWLRQVKLS

$Q H[SHULPHQWDO GU\�JUHHQ UDWLR IRU VKHDU EORFNV ZDV FRP�

SDUHG WR SXEOLVKHG $670 UDWLRV IRU DOO 'RXJODV�ILU FODVVLIL�

FDWLRQ� 2QO\ ��� PDWFKHG JUHHQ VKHDU EORFNV ZLWK PRLVWXUH

FRQWHQW JUHDWHU WKDQ0S ��� SHUFHQW PRLVWXUH FRQWHQW� ZHUH

FRQVLGHUHG� 7KH DYHUDJH GU\�JUHHQ UDWLR RI WKH PDWFKHG

VSHFLPHQV ZDV ���� DW DQ DYHUDJH GU\ PRLVWXUH FRQWHQW RI

���� SHUFHQW� 8VLQJ WKH :LOVRQ ORJDULWKPLF H[SUHVVLRQ

�(T� ����� WR DGMXVW LQGLYLGXDO GU\ VWUHQJWK YDOXHV WR

�� SHUFHQW PRLVWXUH FRQWHQW UHVXOWHG LQ D GU\�JUHHQ UDWLR RI

���� ZLWK D FRHIILFLHQW RI YDULDWLRQ RI ���� SHUFHQW� 7KLV

YDOXH LV JUHDWHU WKDQ WKH SXEOLVKHG $670 '���� YDOXH IRU

FRDVW 'RXJODV�ILU �7DEOH ���� &RQILGHQFH LQWHUYDOV �&,V� IRU

WKH GU\�JUHHQ UDWLR ZHUH FDOFXODWHG E\ WKH GHOWD PHWKRG

�0RRG DQG RWKHUV ������ ZKLFK JLYHV 7D\ORU VHULHV DSSUR[L�

PDWLRQV RI WKH PHDQ DQG LWV VWDQGDUG HUURU� $FFRUGLQJO\� DQ

DSSUR[LPDWH ����� ¤ D� SHUFHQW WZR�VLGHG &, LV FDOFXODWHG DV

&, 'U\ � *UHHQ� 6('U\�*UHHQ= ± ⋅� ] �α � ����

ZKHUH ]
D��  ���D�� SHUFHQWLOH SRLQW RI VWDQGDUG QRUPDO

YDULDWH DQG 6( LV VWDQGDUG HUURU RI GU\�JUHHQ UDWLR�

7KH GHOWD PHWKRG UHVXOWHG LQ D GU\�JUHHQ HVWLPDWH RI ������

ZLWK D VWDQGDUG HUURU RI ������ 7KH ���SHUFHQW GU\�JUHHQ

UDWLR &, XVLQJ �(T� ����� LV ������������ LQGLFDWLQJ WKDW WKH

UDWLR GRHV QRW YDU\ WR D JUHDW H[WHQW�

7KH UHODWLRQVKLS RI $670 VKHDU EORFN VWUHQJWK WR PRLVWXUH

FRQWHQW ZDV SORWWHG WR LQGLFDWH ZKLFK PRLVWXUH DGMXVWPHQW

SURFHGXUH� $670 ���� �$670 ����� RU :LOVRQ©V PHWKRG

�:LOVRQ ������ EHWWHU PRGHOHG WKH PHDQ RI RXU GDWD

�)LJ� ���� :LOVRQ©V H[SUHVVLRQ ZDV SORWWHG XVLQJ

0S  �� SHUFHQW DQG D GU\�JUHHQ UDWLR RI ����� 7KH $670

'���� SURFHGXUH ZDV SORWWHG XVLQJ0�  �� SHUFHQW� 'DWD

IURP VKHDU EORFN VSHFLPHQV ZLWK PRLVWXUH FRQWHQW JUHDWHU

WKDQ WKH ILEHU VDWXUDWLRQ OHYHO ZHUH SORWWHG DW �� SHUFHQW

PRLVWXUH FRQWHQW� &OHDUO\� :LOVRQ©V H[SUHVVLRQ JDYH D EHWWHU

ILW IRU WKH VKHDU EORFN GDWD� LW ZDV XVHG WR DGMXVW EHDP VKHDU

GDWD IRU PRLVWXUH FRQWHQW ZKHUH QRWHG�

7KH UHODWLRQVKLS EHWZHHQ VSHFLILF JUDYLW\* DQG VKHDU

VWUHQJWK W ZDV DOVR HVWDEOLVKHG IRU WKH ��� $670 VKHDU

EORFN VSHFLPHQV ZLWK PRLVWXUH FRQWHQW t�� SHUFHQW� $ OLQHDU

UHJUHVVLRQ UHVXOWHG LQ WKH IROORZLQJ H[SUHVVLRQ�

τ = +��� � ���� � * ����

)LJXUH �¥6KHDU IDLOXUHV REVHUYHG GXULQJ WHVWLQJ�

�D� FURVV�VHFWLRQDO YLHZ RI EHDP� �E� VLGH YLHZ RI

EHDP�

�D�

�E�
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ZLWK D FRHIILFLHQW RI GHWHUPLQDWLRQ U
�
 ���� DQG D VWDQGDUG

HUURU HVWLPDWH RI ������ 7KLV H[SUHVVLRQ LV VLPLODU WR WKDW

H[SUHVVHG LQ WKH :HVWHUQ :RRG 'HQVLW\ 6XUYH\ �)RUHVW

3URGXFWV /DERUDWRU\ ����� 7DEOH ��� EXW ZLWK D ORZHU FRHIIL�

FLHQW RI GHWHUPLQDWLRQ DQG VLPLODU VWDQGDUG HUURU HVWLPDWH� ,Q

DGGLWLRQ� D OLQHDU UHJUHVVLRQ RI WKH ��� GU\ VKHDU EORFN

VSHFLPHQV DW DQ DGMXVWHG ���SHUFHQW PRLVWXUH FRQWHQW UH�

VXOWHG LQ WKH IROORZLQJ UHODWLRQVKLS EHWZHHQ VSHFLILF JUDYLW\

DQG VKHDU VWUHQJWK�

τ = +��� � ���� * ����

ZLWK U
�
 ���� DQG DQ HUURU HVWLPDWH RI ������ (TXDWLRQV ����

DQG ���� DQG WKH GDWD DUH SORWWHG LQ )LJXUH ��� (TXDWLRQV ����

DQG ���� DUH XVHG WR DGMXVW EHDP VKHDU IRU VSHFLILF JUDYLW\

ZKHUH QRWHG�

6KHDU�6WUHQJWK�WR�%HDP�6L]H
5HODWLRQVKLS

$ SORW RI XQDGMXVWHG VKHDU VWUHQJWK DV D IXQFWLRQ RI VKHDU

DUHD LQGLFDWHV D JHQHUDO LQFUHDVH RI VKHDU VWUHQJWK ZLWK

VPDOOHU DUHD �)LJ� ���� 7KH � E\ �� EHDPV ZHUH VRPHZKDW

ORZHU LQ VWUHQJWK WKDQ H[SHFWHG EHFDXVH RI WKH KLJK

LQFLGHQFH RI GLIIHUHQW IDLOXUH PRGHV� UHVXOWLQJ LQ DQ

H[WUHPHO\ FHQVRUHG GDWD VHW� 7KXV� WKH FHQVRULQJ HIIHFW

QHHGHG WR EH WDNHQ LQWR FRQVLGHUDWLRQ LQ GDWD DQDO\VLV�

7ZR VWDWLVWLFDO DSSURDFKHV� D FRPPHUFLDO VWDWLVWLFDO VRIWZDUH

SDFNDJH �6$6� DQG D PD[LPXP OLNHOLKRRG HVWLPDWRU �0/(�

SURFHGXUH� ZHUH XVHG WR HVWLPDWH WKH XQFHQVRUHG PHDQ DQG

VWDQGDUG GHYLDWLRQ RI VKHDU VWUHQJWK� 7KH 6$6 /,)(7(67

�6$6 ,QVWLWXWH ,QF� ����� SURFHGXUH� ZKLFK DVVXPHV D QRQ�

SDUDPHWULF GLVWULEXWLRQ DQG D SRZHU FXUYH UHODWLRQVKLS RI WKH

GDWD� SUHGLFWHG KLJKHU DYHUDJH YDOXHV WKDQ GLG WKH 6$6

/,)(5(* SURFHGXUH� ZKLFK DVVXPHV YDULRXV SDUDPHWULF

GLVWULEXWLRQV� EXW ERWK SUHGLFW HVWLPDWHG PHDQ JUHDWHU WKDQ

)LJXUH ��¥5HODWLRQVKLS RI $670 VKHDU VWUHQJWK WR

PRLVWXUH FRQWHQW� /LQHV UHSUHVHQW SXEOLVKHG

H[SUHVVLRQV WR DGMXVW VKHDU VWUHQJWK YDOXHV IRU

PRLVWXUH FRQWHQW� �1RWH� VKHDU EORFNV ZLWK PRLVWXUH

FRQWHQW JUHDWHU WKDQ �� SHUFHQW ZHUH SORWWHG DW ���

SHUFHQW OHYHO��

)LJXUH ��¥5HJUHVVLRQ RI VSHFLILF JUDYLW\ DQG $670

VKHDU VWUHQJWK DW �� DQG �� SHUFHQW PRLVWXUH FRQWHQW�

7RS UHJUHVVLRQ OLQH UHSUHVHQWV UHVXOWV IURP GU\

VSHFLPHQV� ERWWRP OLQH IURP JUHHQ VSHFLPHQV�

)LJXUH ��¥5HODWLRQVKLS RI EHDP VKHDU VWUHQJWK WR

VKHDU DUHD� ([SHULPHQWDO YDOXHV DUH SORWWHG DV RSHQ

FLUFOHV� (VWLPDWHG PHDQV DQG FRQILGHQFH OLPLWV�

FDOFXODWHG E\ FHQVRUHG GDWD DQDO\VLV� DUH SORWWHG

DV OLQHV DQG VROLG V\PEROV�



��

DYHUDJH H[SHULPHQWDO YDOXHV� 7KH 0/( DQDO\VLV� GHVFULEHG LQ

WKH $QDO\VLV VHFWLRQ� DOVR LQGLFDWHG WKH VDPH WUHQG DVVXPLQJ

D ORJQRUPDO SRSXODWLRQ GLVWULEXWLRQ �7DEOH ���� 6LQFH WKH

6$6 DQG WKH 0/( DQDO\VHV LQGLFDWHG WKH VDPH KLJKHU PHDQ

HVWLPDWHV� KHUHDIWHU WKH HVWLPDWHV RI XQFHQVRUHG GDWD DUH

EDVHG VROHO\ RQ WKH 0/( DQDO\VLV DVVXPLQJ D ORJQRUPDO

GLVWULEXWLRQ� 7KH HVWLPDWHG PHDQ DQG VWDQGDUG GHYLDWLRQ IRU

HDFK EHDP VL]H DUH SORWWHG LQ )LJXUH �� DQG OLVWHG LQ 7DEOH

��� 2YHUDOO� WKH HVWLPDWHG VKHDU VWUHQJWK PHDQ YDOXHV ZHUH

KLJKHU WKDQ WKH H[SHULPHQWDO YDOXHV� 7KH JUHDWHVW GLIIHUHQFH

EHWZHHQ WKH HVWLPDWHG PHDQ DQG DYHUDJH H[SHULPHQWDO VKHDU

VWUHQJWK RFFXUUHG IRU WKH KLJKO\ FHQVRUHG GDWD IRU WKH � E\ ��

VSHFLPHQV�

3DLUZLVH OLNHOLKRRG UDWLR �/5� WHVWV ZHUH XVHG WR GHWHUPLQH LI

WKHUH LV D VLJQLILFDQW GLIIHUHQFH LQ WKH VKHDU VWUHQJWK RI EHDPV

RI GLIIHUHQW VL]HV �1HOVRQ ������ 7KH /5 WHVW VWDWLVWLF 7 LV

GHILQHG DV

7 .= + + −� ��ORJ ORJ ORJ �/ / /� β ����

ZKHUH /. �LV WKH OLNHOLKRRG YDOXH RI LQGLYLGXDO VL]H VHWV

XVLQJ WKH HVWLPDWHV �σ DQG �µ DQG /β LV WKH OLNHOLKRRG YDOXH

RI WKH FRPELQHG VHW� DV FDOFXODWHG E\ (TXDWLRQ ���� XVLQJ WKH

FRPELQHG HVWLPDWHV� 7KH VWDWLVWLF LV UHMHFWHG RU DFFHSWHG E\

FRPSDULVRQ ZLWK WKH FKL�VTXDUH GLVWULEXWLRQ ZLWK �. � �

GHJUHHV RI IUHHGRP DQG DQ DVVXPHG OHYHO RI VLJQLILFDQFH�

7KH DSSUR[LPDWH WHVW LV

LI 7 � F
�
�� � D� �. � ��� IDLO WR UHMHFW WKH HTXDOLW\

K\SRWKHVLV�

LI 7 ! F
�
�� � D� �. � ��� UHMHFW WKH HTXDOLW\ K\SRWKHVLV�

DW D OHYHO RI VLJQLILFDQFH D� ,Q DGGLWLRQ� WKH S�YDOXH LV FDOFX�

ODWHG WR LQGLFDWH WKH VPDOOHVW OHYHO RI D DW ZKLFK WKH GDWD DUH

VLJQLILFDQWO\ GLIIHUHQW� 7DEOH �� OLVWV WKH SDLUZLVH FRPSDUL�

VRQV RI WKH H[SHULPHQWDO GDWD ZLWK D ���� OHYHO RI VLJQLIL�

FDQFH ��� SHUFHQW OHYHO RI FRQILGHQFH�� )RU 'RXJODV�ILU� WKHUH

ZDV QR VWDWLVWLFDO GLIIHUHQFH LQ GLVWULEXWLRQ RI VKHDU VWUHQJWK

EHWZHHQ WKH � E\ �� DQG � E\ �� EHDPV� +RZHYHU� WKH WKUHH

VPDOOHU VL]HV GLG VKRZ VLJQLILFDQW GLIIHUHQFHV� 6LQFH WKLV /5

WHVW VLPXOWDQHRXVO\ FRPSDUHV WKH P DQG V SDUDPHWHUV� IXUWKHU

FRPSDULVRQV DUH QHFHVVDU\ WR GHWHUPLQH ZK\ GLIIHUHQFHV

H[LVW�

&RQILGHQFH LQWHUYDOV ZHUH FDOFXODWHG IRU WKH UDWLRV RI WKH

VFDOH SDUDPHWHUV V IRU ORJ VWUHQJWK �1HOVRQ ������ %DVHG RQ

WKH VFDOH HVWLPDWHV �σ � ���SHUFHQW &,V ZHUH FDOFXODWHG

�7DEOH ���� $OO &,V LQFOXGHG WKH YDOXH RI �� WKXV WKH QHLJK�

ERULQJ VFDOH SDUDPHWHUV GLG QRW GLIIHU VLJQLILFDQWO\�

3DLUZLVH /5 WHVWV FRPSDULQJ WKH VFDOH HVWLPDWHV VKRZHG

VLPLODU UHVXOWV �7DEOH ���� ,Q DGGLWLRQ� WKH SUHYLRXV /5 WHVWV

VKRZHG VLJQLILFDQW GLIIHUHQFHV� ZLWK WKH H[FHSWLRQ RI WKH � E\

�� DQG � E\ �� GDWD� 7KLV VXJJHVWV GLIIHUHQFHV LQ WKH PHDQ

ORJ VWUHQJWK YDOXHV� DQG KHQFH WKH PHDQ VWUHQJWK YDOXHV DUH

WKH SULQFLSDO FDXVH RI VWUHQJWK YDULDWLRQ� ,Q IDFW� DSSUR[L�

PDWHO\ ���SHUFHQW &,V RQ WKH PHDQ ORJ VWUHQJWK GLIIHUHQFHV

RI QHLJKERULQJ VL]H JURXSV� DVVXPLQJ D FRPPRQ YDULDQFH

�XVLQJ D OLQHDUO\ SRROHG HVWLPDWH�� DOVR UHVXOWHG LQ WKH VDPH

GHFODUHG GLIIHUHQFH DV GLG WKH /5 WHVW IRU GLVWULEXWLRQDO GLI�

IHUHQFHV� ,Q VXPPDU\� WKH /5 WHVW UHYHDOHG D FKDQJH LQ VKHDU

VWUHQJWK ZLWK EHDP VL]H� ZLWK WKH UHODWLRQVKLS EHFRPLQJ

DV\PSWRWLF WR D FRQVWDQW YDOXH IRU ODUJHU EHDPV�

5HJUHVVLRQ DQDO\VHV ZHUH SHUIRUPHG E\ UHJUHVVLQJ HLWKHU

EHDP GHSWK� VKHDU DUHD� RU EHDP YROXPH DV D IXQFWLRQ RI

7DEOH ��¥0D[LPXP OLNHOLKRRG HVWLPDWHV RI XQDGMXVWHG

VKHDU VWUHQJWK UHVXOWV

%HDP
VL]H
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7DEOH ��¥/LNHOLKRRG UDWLR WHVWV IRU GLVWULEXWLRQ RI XQ�

DGMXVWHG VKHDU VWUHQJWK GDWD

&RPSDULVRQ
7

VWDWLVWLF
F
�

���D��.��� S�YDOXH

$FFHSW
HTXDOLW\
K\SR�
WKHVLV"

� E\ � WR
� E\ ��

������ ����� ������ 1R

� E\ �� WR
� E\ �
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VKHDU VWUHQJWK� 'DWD ZHUH DGMXVWHG WR D VSHFLILF JUDYLW\ RI

���� DQG PRLVWXUH FRQWHQW RI �� SHUFHQW E\ WKH VSHFLILF JUDY�

LW\ DQG GU\�JUHHQ UDWLR UHODWLRQVKLS GHYHORSHG LQ WKLV UHSRUW�

7KH DGMXVWPHQWV IRU VKHDU VWUHQJWK ZHUH EDVHG RQ ORFDO

PRLVWXUH FRQWHQW UHDGLQJV IURP D WZR�SLQ HOHFWURQLF PHWHU

DQG VSHFLILF JUDYLW\ PHDVXUHPHQWV REVHUYHG LQ WKH JUHHQ

$670 VKHDU EORFN� 7KHVH ORFDO YDOXHV ZHUH FRQVLGHUHG WR EH

PRUH UHSUHVHQWDWLYH RI WKH PRLVWXUH FRQWHQW DQG VSHFLILF

JUDYLW\ DW WKH ORFDWLRQ RI WKH VKHDU IDLOXUH WKDQ WKH FURVV�

VHFWLRQDO DYHUDJHV� 7KH UHJUHVVLRQ ZDV SHUIRUPHG RQ WKH ILYH

HVWLPDWHG PHDQ YDOXHV� %RWK WKH FRHIILFLHQW RI GHWHUPLQDWLRQ

�U
�
� �(T� ����� DQG WKH URRW PHDQ VTXDUH UHVLGXDO RU HUURU

�506(� �(T� ����� ZHUH FDOFXODWHG IRU VHYHUDO OLQHDU DQG

QRQOLQHDU H[SUHVVLRQV WR LGHQWLI\ ZKLFK SDUDPHWHU¥GHSWK�

VKHDU DUHD� RU YROXPH¥UHVXOWV LQ WKH EHVW HVWLPDWRU RI VKHDU

VWUHQJWK�

U
\

\ \

� = −
−
−

∑
∑

�

�

�

� ��

� �

\

����

506( =
−∑ � ��\ \
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����

ZKHUH

\ LV REVHUYHG YDOXH�

�\ YDOXH SUHGLFWHG XVLQJ ILWWHG SDUDPHWHUV� DQG

\ DULWKPHWLF PHDQ RI VDPSOH �.YnOVHWK ������

7KH UHJUHVVLRQ UHVXOWV DUH JLYHQ LQ 7DEOH ��� %HDP GHSWK G

ZDV WDNHQ DV DYHUDJH GHSWK RI WKH EHDPV IRU D JLYHQ VL]H�

6KHDU DUHD ZDV WDNHQ DV DYHUDJH ZLGWK E RI WKH EHDP PXOWL�

SOLHG E\ WRWDO OHQJWK XQGHU D PD[LPXP VKHDU IRUFH DFWLRQ�

ERWK SRVLWLYH DQG QHJDWLYH VKHDU� %HDP YROXPH ZDV GHILQHG

DV DYHUDJH ZLGWK PXOWLSOLHG E\ DYHUDJH GHSWK PXOWLSOLHG E\

OHQJWK RI VSDQ�

,Q JHQHUDO� UHJUHVVLRQ DQDO\VHV LQGLFDWHG KLJKHU FRHIILFLHQWV

RI GHWHUPLQDWLRQ XVLQJ VKHDU DUHD ZKHQ FKDUDFWHUL]LQJ WKH

YDULDWLRQ RI VKHDU VWUHQJWK� 6KHDU VWUHQJWK VLGH HIIHFWV ZHUH

PRGHOHG ZHOO E\ DOO WKH FXUYH HTXDWLRQV� ZKLFK PLJKW EH

DWWULEXWHG WR ILWWLQJ RQO\ WKH HVWLPDWHG PHDQ YDOXHV UDWKHU

WKDQ DOO WKH H[SHULPHQWDO GDWD�

3UHYLRXVO\� 5DPPHU DQG 6ROWLV ������ SORWWHG VKHDU DUHD

DJDLQVW VKHDU VWUHQJWK IRU JOXH�ODPLQDWHG 'RXJODV�ILU EHDP

VSHFLPHQV� WR UHODWH WR WKH SUHYLRXV VWXG\� WKH IROORZLQJ

7DEOH ��¥&RQILGHQFH LQWHUYDOV RQ UDWLRV RI VFDOH

SDUDPHWHUV VV

'RHV
FRQILGHQFH

��� FRQILGHQFH LQWHUYDO LQWHUYDO

&RPSDULVRQ /RZHU OLPLW 8SSHU OLPLW LQFOXGH �"

V� E\ � �V� E\ �� ������ ������ <HV

V� E\ �� �V� E\ � ������ ������ <HV

V� E\ � � V� E\ �� ������ ������ <HV

V� E\ �� � V� E\ �� ������ ������ <HV

7DEOH ��¥/LNHOLKRRG UDWLR WHVWV IRU VFDOH SDUDPHWHU VV

RI XQDGMXVWHG VKHDU VWUHQJWK GDWD

&RPSDULVRQ
7

VWDWLVWLF
F
�

������� S�YDOXH

$FFHSW
HTXDOLW\
K\SR�
WKHVLV"

� E\ � WR
� E\ ��

������ ����� ����� <HV

� E\ �� WR
� E\ �

������ ����� ����� <HV

� E\ � WR
� E\ ��

������ ����� ����� <HV

� E\ �� WR
� E\ ��

������ ����� ����� <HV

7DEOH ��¥5HJUHVVLRQV IRU UHODWLQJ DGMXVWHG

JUHHQ VKHDU VWUHQJWK WR EHDP VL]H
D

(TXDWLRQE
,QGHSHQGHQW
YDULDEOH U

�
506(

\  D � E[ 'HSWK ���� �����

6KHDU DUHD ���� ����

9ROXPH ���� ����

\  D � E[ � F[� 'HSWK ���� �����

6KHDU DUHD ���� ����

9ROXPH ���� ����

\  D � EOQ�[� 'HSWK ���� �����

6KHDU DUHD ���� ����

9ROXPH ���� ����

\  DHE[ 'HSWK ���� �����

6KHDU DUHD ���� ����

9ROXPH ���� ����

\  D[E 'HSWK ���� �����

6KHDU DUHD ���� ����

9ROXPH ���� ����

DU
�
LV FRHIILFLHQW RI GHWHUPLQDWLRQ� 506( LV

URRW PHDQ VTXDUH HUURU�
E1RWH� \ UHSUHVHQWV VKHDU VWUHQJWK DQG [
UHSUHVHQWV LQGHSHQGHQW YDULDEOH�
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GLVFXVVLRQ IRFXVHV RQ WKH VKHDU DUHD SDUDPHWHU �)LJ� ����

6KHDU VWUHQJWK GHFUHDVHG ZLWK DQ LQFUHDVH LQ VKHDU DUHD� WKH

FKDQJH GHFUHDVHG TXLFNO\ IRU VPDOO VKHDU DUHDV DQG DV\PS�

WRWLFDOO\ IRU ODUJHU VKHDU DUHDV� 7KH DV\PSWRWH UHVXOWHG LQ

VPDOO FKDQJHV LQ VKHDU VWUHQJWK IRU ODUJHU EHDPV DV ZDV QRWHG

LQ WKH VWDWLVWLFDO DQDO\VLV RI WKH WZR ODUJHVW VL]HV RI 'RXJODV�

ILU EHDPV�

$ SRZHU FXUYH ZDV UHJUHVVHG LQGHSHQGHQWO\ WKURXJK WKH ILYH

HVWLPDWHG PHDQ 'RXJODV�ILU VKHDU VWUHQJWK YDOXHV DGMXVWHG E\

WKH IDFWRUV GHYHORSHG ZLWKLQ WKLV UHSRUW� 7KH UHJUHVVLRQ

HTXDWLRQ IRU 'RXJODV�ILU EHDPV LV

τ = � ���

� ��

�

�
$

����

ZKHUH

W LV EHDP VKHDU VWUHQJWK �OE�LQ
�
� DQG

$ VKHDU DUHD�

7KH FRPSXWHG FRHIILFLHQW RI GHWHUPLQDWLRQ U
�
 ���� DQG

506(  ����� &RPSDULQJ WKH SDUDPHWHU YDOXHV ZLWK GDWD

IURP SUHYLRXV ZRUN RQ VKHDU RI 'RXJODV�ILU JOXHG�ODPLQDWHG

EHDPV �5DPPHU DQG 6ROWLV ������ WKH QXPHUDWRU LV ORZHU LQ

WKH ZRUN UHSRUWHG KHUH EHFDXVH WKH UHVXOWV ZHUH EDVHG RQ D

JUHHQ FRQGLWLRQ� +RZHYHU� WKH H[SRQHQW� ZKLFK GHILQHV WKH

VKDSH RI WKH FXUYH� RQ WKH VKHDU DUHD WHUP LV VLPLODU� 7KLV

LQGLFDWHV WKDW WKH HIIHFWV RI VL]H DUH VLPLODU LQ JOXHG�

ODPLQDWHG DQG VROLG�VDZQ PDWHULDOV�

6KHDU�%ORFN�WR�%HDP�6KHDU
5HODWLRQVKLS

7KH HIIHFW RI VWUHVV FRQFHQWUDWLRQ DW WKH UH�HQWUDQW FRUQHU ZDV

GLVFXVVHG E\ 5DPPHU DQG 6ROWLV ������� ,Q VXPPDU\� WKH

$670�DVVXPHG VKHDU VWUHQJWK �W
$670

� LV OHVV WKDQ WKH WUXH

IDLOXUH VWUHVV �W
IDLO
� E\ D IDFWRU RI DERXW ��� �5DGFOLIIH DQG

6XGGDUWK ������ )LQLWH HOHPHQW DQDO\VLV LQGLFDWHV D IDFWRU

JUHDWHU WKDQ ���� EXW WKLV DQDO\VLV GLG QRW PRGHO HIIHFWV

�FUXVKLQJ DQG VSOLWWLQJ� WKDW PLJKW DOOHYLDWH WKH VWUHVV FRQ�

FHQWUDWLRQ HIIHFW �&UDPHU DQG RWKHUV ������ 5DPPHU DQG

6ROWLV ������ FRQFOXGHG WKDW DQ HVWLPDWHG VWUHVV FRQFHQWUD�

WLRQ IDFWRU RI � LV DSSURSULDWH IRU WKH $670 VKHDU EORFN�

:KHQ GDWD IURP EHDP VKHDU WHVWV ZHUH FRPELQHG ZLWK WKH

GDWD IURP VKHDU EORFN WHVWV� $670 VKHDU EORFN VWUHQJWK GDWD

ZHUH DGMXVWHG WR WUXH PD[LPXP VWUHVV DW IDLOXUH E\

τ τIDLO $670 &I ����

ZKHUH

&I LV VWUHVV FRQFHQWUDWLRQ IDFWRU WR DGMXVW $670

VKHDU EORFN WR WUXH VWUHVV GLVWULEXWLRQ� DVVXPHG

WR EH ���� DQG

W$670 $670 '��� SXEOLVKHG VKHDU EORFN YDOXHV�

7KH DGMXVWHG $670 VKHDU VWUHVV WIDLO LV DVVXPHG WR RFFXU

RYHU D ��LQ
�
������FP

�
� IDLOXUH SODQH�

$ UHJUHVVLRQ DQDO\VLV RI VKHDU DUHD DJDLQVW DGMXVWHG JUHHQ

VKHDU VWUHQJWK ZDV FRQGXFWHG� LQFOXGLQJ ERWK WKH HVWLPDWHG

PHDQ EHDP GDWD DQG WKH DGMXVWHG PHDQ $670 VKHDU VWUHQJWK

YDOXH DW WKH ��LQ
�
������FP

�
� VKHDU DUHD �7DEOH ���� 7KH

UHVXOWV LQGLFDWHG WKDW WKH ORJDULWKPLF DQG SRZHU FXUYH HTXD�

WLRQV PRGHOHG VKHDU VWUHQJWK DJDLQVW VKHDU DUHD YDULDWLRQ

EHWWHU WKDQ GLG WKH RWKHU PRGHOV� 7KH IRUPV RI WKHVH HTXD�

WLRQV DUH FRQVLVWHQW ZLWK WKH SULRU ILQGLQJV RI /RQJZRUWK

������ DQG 5DPPHU DQG 6ROWLV ������ RQ VKHDU VWUHQJWK�

)LJXUH ��¥5HJUHVVLRQ RI HVWLPDWHG PHDQ EHDP VKHDU

VWUHQJWK �DGMXVWHG WR �� SHUFHQW PRLVWXUH FRQWHQW DQG

���� VSHFLILF JUDYLW\� DQG VKHDU DUHD� %RXQGV UHSUHVHQW

�� SHUFHQW FRQILGHQFH OLPLWV RQ HVWLPDWHG PHDQ�

7DEOH ��¥5HJUHVVLRQV IRU UHODWLQJ DGMXVWHG

JUHHQ VKHDU VWUHQJWK WR VKHDU DUHD� LQFOXGLQJ

$670 VKHDU EORFN

(TXDWLRQ D U� 506(

\  D � E[ ���� ���

\  D� E[ � F[� ���� ���

\  D � EOQ�[� ���� ����

\  DHE[ ���� ���

\  D[E ���� ����

D\ UHSUHVHQWV VKHDU VWUHQJWK�
[ UHSUHVHQWV VKHDU DUHD�
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7KH WIDLO YDOXH ZDV SORWWHG ZLWK WKH EHDP VKHDU GDWD �)LJ� ����

$ SRZHU FXUYH UHJUHVVLRQ� FRQVLVWHQW ZLWK WKH ILQGLQJ RI WKH

SUHYLRXV EHDP VKHDU UHJUHVVLRQ DQDO\VLV� ZDV SHUIRUPHG RQ

WKH FRPELQHG GDWD VHW DGMXVWHG IRU VSHFLILF JUDYLW\ DQG

PRLVWXUH FRQWHQW� )RU 'RXJODV�ILU GDWD� WKH UHJUHVVLRQ HTXD�

WLRQ LV

τ  
����

� ����

$
����

ZLWK D UHJUHVVLRQ FRHIILFLHQW RI U
�
 ���� DQG 506(  �����

7KH VKDSH RI WKH FXUYH� DV H[SUHVVHG E\ WKH H[SRQHQW� LV

VLPLODU WR WKH YDOXHV OLVWHG IRU 'RXJODV�ILU DQG 6RXWKHUQ 3LQH

JOXHG�ODPLQDWHG EHDPV �5DPPHU DQG 6ROWLV ����� DQG PD\

EH DSSUR[LPDWHG DV ���� 7KH FRQVWDQW LQ (TXDWLRQ ���� UHSUH�

VHQWV VKHDU VWUHQJWK FRUUHVSRQGLQJ WR D VKHDU DUHD RI �LQ
�

��� FP
�
�� $V QRWHG HDUOLHU� WKH VKHDU DUHD RI WKH $670 EORFN

LV � LQ
�
����� FP

�
�� 7KXV� WKHVH HTXDWLRQV FDQ EH UHZULWWHQ LQ

WHUPV RI WKH $670 VKHDU EORFN VWUHQJWK UDWKHU WKDQ WKH VKHDU

VWUHQJWK FRUUHVSRQGLQJ WR ��LQ
�
VKHDU DUHD E\ LQFOXGLQJ DQ

DGMXVWPHQW IDFWRU RI �
���
��

���
 ���� 'LYLGLQJ WKH QXPHUDWRU

E\ ��� ���� u �� UHVXOWV LQ D YDOXH WKDW IDOOV ZLWKLQ WKH RE�

VHUYHG $670 VKHDU EORFN VWUHQJWKV� 7KXV� WKH IROORZLQJ

HTXDWLRQ LV UHFRPPHQGHG�

τ
τ

 
��� $670

���

&

$
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7KLV UHFRPPHQGHG HTXDWLRQ UHODWHV EHDP VKHDU VWUHQJWK WR

$670 EORFN VKHDU VWUHQJWK� DQG LW GHSHQGV RQ WKH VKHDU

EORFN VWUHVV FRQFHQWUDWLRQ IDFWRU DQG WKH EHDP VKHDU DUHD�

(TXDWLRQ ���� LV SORWWHG IRU WKH 'RXJODV�ILU GDWD LQ

)LJXUH ��� $V WKH ILJXUH VKRZV� WKLV HTXDWLRQ LV D JRRG DS�

SUR[LPDWLRQ RI WKH GDWD IURP JUHHQ VSHFLPHQV�

&RPSDULVRQ�RI�6ROLG�6DZQ�DQG
*OXHG�/DPLQDWHG�%HDP�6KHDU

5HVXOWV IURP WHVWV RI VROLG�VDZQ EHDPV ZHUH DGMXVWHG WR

�� SHUFHQW PRLVWXUH FRQWHQW DQG ���� VSHFLILF JUDYLW\ WR

FRPSDUH WKHP ZLWK SULRU UHVXOWV IURP WHVWV RQ JOXHG�

ODPLQDWHG EHDPV� ([SHULPHQWDO GDWD ZHUH DGMXVWHG IRU VSH�

FLILF JUDYLW\ XVLQJ WKH H[SUHVVLRQV GHYHORSHG LQ WKLV UHSRUW

DQG WKRVH GHYHORSHG WKURXJK WKH :HVWHUQ :RRG 'HQVLW\

6XUYH\ �)RUHVW 3URGXFWV /DERUDWRU\ ����� IRU FRDVW DQG

LQWHULRU ZHVW 'RXJODV�ILU �7DEOH ��� $GMXVWPHQWV WR �� SHU�

FHQW PRLVWXUH FRQWHQW ZHUH PDGH XVLQJ WKH ORJDULWKPLF

PRLVWXUH UHODWLRQVKLS GHYHORSHG E\ :LOVRQ ������ XVLQJ

WKUHH GU\�JUHHQ UDWLRV� ,Q DGGLWLRQ WR 6���6J  ����� WKH SXE�

OLVKHG $670 '���� YDOXHV IRU FRDVW DQG LQWHULRU ZHVW

'RXJODV�ILU� ���� DQG ���� �7DEOH ���� ZHUH XVHG� )LQDOO\� DQ

0/( DQDO\VLV ZDV SHUIRUPHG RQ WKH DGMXVWHG GDWD WR HVWLPDWH

WKH PHDQ DQG VWDQGDUG GHYLDWLRQ RI WKH XQFHQVRUHG SRSXOD�

WLRQ� )LJXUH �� VKRZV WKH HVWLPDWHG VROLG�VDZQ PHDQ DQG

JOXH�ODPLQDWHG PHDQ 'RXJODV�ILU GDWD IURP 5DPPHU DQG

6ROWLV ������ DORQJ ZLWK WKH ���SHUFHQW FRQILGHQFH OLPLWV RI

WKH PHDQ HVWLPDWHV� 7KH SURSRVHG (TXDWLRQ ���� ZDV SORWWHG

XVLQJ WKH $670 '���� YDOXH DGMXVWHG WR �� SHUFHQW PRLV�

WXUH FRQWHQW ������ OE�LQ
�
���� 03D�� IRU WKH JOXH�ODPLQDWHG

GDWD DQG WKH H[SHULPHQWDO YDOXH RI ����� OE�LQ
�
����� 03D� DW

�� SHUFHQW PRLVWXUH FRQWHQW IRU WKH VROLG�VDZQ GDWD�

)LJXUH ��¥5HJUHVVLRQ RI HVWLPDWHG PHDQ JUHHQ EHDP

VKHDU VWUHQJWK� LQFOXGLQJ VKHDU EORFN UHVXOWV �DGMXVWHG

WR �� SHUFHQW PRLVWXUH FRQWHQW DQG ���� VSHFLILF JUDYLW\�

DQG VKHDU DUHD� %RXQGV UHSUHVHQW �� SHUFHQW FRQILGHQFH

OLPLWV RQ HVWLPDWHG PHDQ�

)LJXUH ��¥5HFRPPHQGHG HTXDWLRQ XVLQJ $670 '����

�7DEOH �� 'RXJODV�ILU VKHDU VWUHQJWK YDOXH� %RXQGV

UHSUHVHQW �� SHUFHQW FRQILGHQFH OLPLWV RQ HVWLPDWHG

PHDQ RI H[SHULPHQWDO GDWD DGMXVWHG WR �� SHUFHQW

PRLVWXUH FRQWHQW DQG ���� VSHFLILF JUDYLW\�



��

7KH ILJXUH VKRZV VLPLODU WUHQGV LQ VKHDU VWUHQJWK� EXW YDOXHV

IRU WKH VROLG�VDZQ PDWHULDO DUH JUHDWHU WKDQ WKRVH IRU WKH

JOXHG�ODPLQDWHG EHDPV IRU D GU\�JUHHQ UDWLR RI ����� 7KHVH

KLJKHU YDOXHV FRXOG LQGLFDWH WKDW WKH PRLVWXUH DGMXVWPHQWV

EDVHG RQ VKHDU EORFNV PLJKW QRW WUDQVIHU WR EHDP VKHDU

VWUHQJWK�

6KHDU�WR�%HQGLQJ�6WUHQJWK
5HODWLRQVKLS

:KLOH LQYHVWLJDWLQJ WKH VKHDU DQG FRPSUHVVLRQ SURSHUWLHV RI

����I 065 OXPEHU� *UHHQ DQG RWKHUV ������ LQYHVWLJDWHG WKH

UHODWLRQVKLS EHWZHHQ VKHDU VWUHQJWK DQG PRGXOXV RI UXSWXUH�

7KH\ SORWWHG DQG UHJUHVVHG $670 VKHDU EORFN VWUHQJWK

DJDLQVW PRGXOXV RI UXSWXUH DQG IRXQG D SRVLWLYH WUHQG ZLWK D

ORZ FRHIILFLHQW RI GHWHUPLQDWLRQ�

6LPLODUO\� )LJXUH �� VKRZV VRPH UHVXOWV RI D UHJUHVVLRQ

DQDO\VLV WR GHWHUPLQH ZKHWKHU D FRUUHODWLRQ H[LVWV EHWZHHQ

VKHDU DQG EHQGLQJ VWUHQJWK RI 'RXJODV�ILU EHDPV� 6HYHUDO

FXUYHV ZHUH UHJUHVVHG WKURXJK YDULRXV FRPELQDWLRQV RI WKH

VKHDU DQG EHQGLQJ VWUHQJWK GDWD WR XQFRYHU DQ\ UHODWLRQVKLS�

$OO EHQGLQJ DQG VKHDU VWUHQJWK GDWD� UHJDUGOHVV RI IDLOXUH

PRGH� ZHUH XVHG WR GHWHUPLQH LI DQ\ UHODWLRQVKLS H[LVWHG� $OO

VWUHQJWK GDWD� H[FHSW IRU WKH � E\ � VSHFLPHQV� ZHUH EDVHG RQ

VSHFLPHQV PDWFKHG E\ VWUHVV ZDYH HODVWLF PRGXOXV� GDWD IRU

WKH � E\ � VSHFLPHQV ZHUH HQG�PDWFKHG� $OO GDWD ZHUH DG�

MXVWHG WR �� SHUFHQW PRLVWXUH FRQWHQW DQG ���� VSHFLILF JUDY�

LW\ ZLWK (T� ���� XVLQJ $670 GU\�JUHHQ UDWLRV DQG :HVWHUQ

:RRG 'HQVLW\ 6XUYH\ �)RUHVW 3URGXFWV /DERUDWRU\ �����

VSHFLILF JUDYLW\ UHODWLRQVKLSV IRU PRGXOXV RI UXSWXUH DQG

VKHDU VWUHQJWK� 0RGXOXV RI UXSWXUH YDOXHV ZHUH DGMXVWHG

XVLQJ WKH FURVV�VHFWLRQDO VSHFLILF JUDYLW\ DQG PRLVWXUH FRQ�

WHQW� ZKHUHDV WKH EHDP VKHDU VWUHQJWK YDOXHV ZHUH DGMXVWHG

XVLQJ WKH ORFDO PRLVWXUH FRQWHQW DQG VSHFLILF JUDYLW\� DV

GHVFULEHG HDUOLHU� 7KH FRHIILFLHQW RI GHWHUPLQDWLRQ �U
�
� DQG

506( YDOXHV� DV GHWHUPLQHG E\ (TXDWLRQV ���� DQG ����� RI

WKH UHJUHVVLRQ DQDO\VLV IRU DOO FXUYHV DQG FRPELQHG VHWV DUH

OLVWHG LQ 7DEOH ��� 2YHUDOO� WKH U
�
YDOXHV LQGLFDWH D ORZ FRU�

UHODWLRQ EHWZHHQ EHDP VKHDU VWUHQJWK DQG PRGXOXV RI

UXSWXUH�

&RQFOXVLRQV

,Q VXPPDU\� ��� VLQJOH�VSDQ WKLUG�SRLQW EHQGLQJ DQG ILYH�

SRLQW WZR�VSDQ EHDP VKHDU WHVWV ZHUH FRQGXFWHG RQ JUHHQ

VROLG�VDZQ 'RXJODV�ILU EHDPV� %DVHG RQ WKHVH H[SHULPHQWV� D

GDWD VHW RI ERWK EHDP VKHDU DQG $670 EORFN VKHDU VWUHQJWK

IRU XQFKHFNHG� JUHHQ 'RXJODV�ILU EHDPV IRU D UDQJH RI EHDP

VL]HV IURP ��E\�� WR ��E\��� FURVV�VHFWLRQV ZDV GHYHORSHG�

2XU FRQFOXVLRQV DUH DV IROORZ�

�� 7KH ILYH�SRLQW EHQGLQJ WHVW SURFHGXUH LV UHFRPPHQGHG DV

D VWDQGDUG WR PHDVXUH EHDP VKHDU� &RQVLVWHQW VKHDU IDLO�

XUHV LQ DQ XQFKHFNHG EHDP RFFXUUHG EHWZHHQ WKH ORDGLQJ

SRLQW DQG PLGGOH VXSSRUW RI WKH EHDP� 7KH VKHDU FUDFN GLG

QRW SURSDJDWH WR WKH HQG RI WKH EHDP�

)LJXUH ��¥&RPSDULVRQ RI VKHDU PRLVWXUH DGMXVWPHQWV�

SUHYLRXV JOXHG�ODPLQDWHG VKHDU VWUHQJWK UHVXOWV

�5DPPHU DQG 6ROWLV ������ DQG SURSRVHG HTXDWLRQV�

1RWH� ERWWRP FXUYH ZDV JHQHUDWHG XVLQJ $670 VKHDU

EORFN YDOXH RI ����� OE�LQ
�

���� 03D� DQG WRS FXUYH XVLQJ

GU\ �DGMXVWHG WR �� SHUFHQW PRLVWXUH FRQWHQW� H[SHUL�

PHQWDO VKHDU EORFN YDOXH RI ����� OE�LQ
�

����� 03D��

)LJXUH ��¥0RGXOXV RI UXSWXUH DQG VKHDU VWUHQJWK RI

'RXJODV�ILU DW �� SHUFHQW PRLVWXUH FRQWHQW DQG VSHFLILF

JUDYLW\ RI ���� �DGMXVWPHQWV PDGH DVVXPLQJ FRDVW

'RXJODV�ILU UHODWLRQVKLSV��
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�� 6KHDU VWUHQJWK RI JUHHQ VROLG�VDZQ 'RXJODV�ILU EHDPV

YDULHV ZLWK EHDP VL]H� /DUJHU EHDPV KDYH ORZHU VKHDU

VWUHQJWK� 6KHDU VWUHQJWK YDULDWLRQ IRU YDULRXV VL]HV RI

EHDPV FDQ EH PRGHOHG ZLWK WKH IROORZLQJ DSSUR[LPDWH

HTXDWLRQ� ZKLFK LV EDVHG RQ D UHODWLRQVKLS EHWZHHQ EHDP

VKHDU DQG $670 VKHDU EORFN VWUHQJWK� LQFOXGLQJ D VWUHVV

FRQFHQWUDWLRQ IDFWRU IRU WKH UH�HQWUDQW FRUQHU RI WKH VKHDU

EORFN�

τ
τ
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�
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7KLV PRGHO LV VLPLODU WR WKDW IRXQG SUHYLRXVO\ IRU JOXHG�

ODPLQDWHG 'RXJODV�ILU DQG 6RXWKHUQ 3LQH �5DPPHU DQG

6ROWLV ������

�� 6KHDU DUHD SDUDPHWHU LV SUHIHUUHG WR EHDP YROXPH RU

GHSWK IRU PRGHOLQJ YDULDWLRQ LQ VKHDU VWUHQJWK EDVHG RQ D

UHJUHVVLRQ DQDO\VLV�

�� 7KH PRLVWXUH DGMXVWPHQW EDVHG RQ GU\�JUHHQ VKHDU EORFN

GDWD PD\ QRW EH DSSURSULDWH IRU EHDP VKHDU� )XUWKHU UH�

VHDUFK LV UHTXLUHG�

�� 7KHUH LV OLWWOH FRUUHODWLRQ EHWZHHQ VKHDU VWUHQJWK DQG

PRGXOXV RI UXSWXUH LQ PDWFKHG VROLG�VDZQ EHDPV�

/LWHUDWXUH�&LWHG

$)	3$� ����� $16,�1)3$ 1'6 ���� 1DWLRQDO GHVLJQ

VSHFLILFDWLRQ IRU ZRRG FRQVWUXFWLRQ� :DVKLQJWRQ� '&�

$PHULFDQ )RUHVW 	 3DSHU $VVRFLDWLRQ IRUPHUO\ 1DWLRQDO

)RUHVW 3URGXFWV $VVRFLDWLRQ��

$670� ����� $QQXDO %RRN RI 6WDQGDUGV� 9RO� ������

'������¤6WDQGDUG PHWKRGV RI WHVWLQJ VPDOO FOHDU VSHFL�

PHQV RI WLPEHU�

'������¤6WDWLF WHVWV RI WLPEHUV LQ VWUXFWXUDO VL]HV�

'������¤(VWDEOLVKLQJ VWUXFWXUDO JUDGHV DQG UHODWHG DOORZ�

DEOH SURSHUWLHV IRU YLVXDOO\ JUDGHG OXPEHU�

'�������¤(VWDEOLVKLQJ DOORZDEOH SURSHUWLHV IRU YLVXDOO\

JUDGHG GLPHQVLRQ OXPEHU IURP LQ�JUDGH WHVWV RI IXOO�VL]H

VSHFLPHQV�

'�������¤6WDQGDUG WHVW PHWKRGV IRU VSHFLILF JUDYLW\ RI

ZRRG DQG ZRRG�EDVH PDWHULDOV�

'�������¤(VWDEOLVKLQJ FOHDU ZRRG VWUHQJWK YDOXHV�

'�������¤(VWDEOLVKLQJ DOORZDEOH SURSHUWLHV IRU JUDGHV RI

VWUXFWXUDO OXPEHU�

'�������¤6WDQGDUG PHWKRGV RI WHVWLQJ VWUXFWXUDO SDQHOV LQ

IOH[XUH�

'�������¤(VWDEOLVKLQJ VWUHVVHV IRU VWUXFWXUDO JOXHG ODPL�

QDWHG WLPEHU�

'�������¤6WDQGDUG WHVW PHWKRGV IRU GLUHFW PRLVWXUH FRQ�

WHQW PHDVXUHPHQW RI ZRRG DQG ZRRG�EDVH PDWHULDOV�

'�������¤6WDQGDUG WHVW PHWKRGV IRU XVH DQG FDOLEUDWLRQ RI

KDQG�KHOG PRLVWXUH PHWHUV�

3KLODGHOSKLD� 3$� $PHULFDQ 6RFLHW\ IRU 7HVWLQJ DQG

0DWHULDOV�

%DUUHWW� -�'� ����� (IIHFW RI VL]H RQ WHQVLRQ SHUSHQGLFXODU�WR�

JUDLQ VWUHQJWK RI 'RXJODV�ILU� :RRG DQG )LEHU 6FLHQFH� �����

���¤����

&UDPHU� 6�0�� *RRGPDQ� -�5�� %RGLJ� -�� 6PLWK� )�:� �����

)DLOXUH PRGHOLQJ RI ZRRG VWUXFWXUDO PHPEHUV� 6WUXFWXUDO

5HVHDUFK ��� )RUW &ROOLQV� &2� &LYLO (QJLQHHULQJ 'HSDUW�

PHQW� &RORUDGR 6WDWH 8QLYHUVLW\�

&6$� ����� (QJLQHHULQJ GHVLJQ LQ ZRRG �ZRUNLQJ VWUHVV

GHVLJQ�� 2QWDULR� &DQDGD� &DQDGLDQ 6WDQGDUGV $VVRFLDWLRQ�

7DEOH ��¥5HJUHVVLRQV UHODWLQJ VKHDU VWUHQJWK WR PRGXOXV RI UXSWXUH
D

&RDVW ') 1RUWK ') :HVW ')

5HJUHVVHG HTXDWLRQ U
�

506(
E

U
�

506( U
�

506(

025  D � E�W� ���� ����� ���� ����� ���� �����

025  D � E�W� � F�W�� ���� ����� ���� ����� ���� �����

025  E�W� � F�W�� ���� ����� ���� ����� ���� �����

025  D�WE� ���� ����� ���� ����� ���� �����

025  DHEW ���� ����� ���� ����� ���� �����

025  D � EOQ�W� ���� ����� ���� ����� ���� �����

D
') LV 'RXJODV�ILU�
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(WKLQJWRQ� 5�/�� *DOOLJDQ� :�/�� 0RQWUH\� +�0�� )UHDV� $�'�

����� (YROXWLRQ RI DOORZDEOH VWUHVVHV LQ VKHDU IRU OXPEHU�

*HQ� 7HFK� 5HS� )3/¤*75¤��� 0DGLVRQ� :,� 8�6� 'HSDUW�

PHQW RI $JULFXOWXUH� )RUHVW 6HUYLFH� )RUHVW 3URGXFWV /DER�

UDWRU\�

(YDQV� -�:�� *UHHQ� '�:� ����� 0HFKDQLFDO SURSHUWLHV RI

YLVXDOO\ JUDGHG OXPEHU� 'RXJODV�ILU ODUFK� 5HSRUW RQ FRRS�

HUDWLYH VWXGLHV EHWZHHQ WKH 86'$ )RUHVW 6HUYLFH� )RUHVW

3URGXFWV /DERUDWRU\� 1RUWKHDVWHUQ /XPEHU 0DQXIDFWXUHUV

$VVRFLDWLRQ� ,QF�� 1RUWKHUQ +DUGZRRG DQG 3LQH 0DQXIDFWXU�

HUV $VVRFLDWLRQ� 6RXWKHUQ 3LQH ,QVSHFWLRQ %XUHDX� :HVW

&RDVW /XPEHU ,QVSHFWLRQ %XUHDX� DQG :HVWHUQ :RRG 3URG�

XFWV $VVRFLDWLRQ� 9RO� ��

)RUHVW 3URGXFWV /DERUDWRU\� ����� :RRG +DQGERRN� :RRG

DV DQ HQJLQHHULQJ PDWHULDO� $JULF� +DQGE� ��� �5HY�� :DVK�

LQJWRQ� '&� 8�6� 'HSDUWPHQW RI $JULFXOWXUH� ��� S�

)RVFKL� 5�2�� %DUUHWW� -�'� ����� /RQJLWXGLQDO VKHDU VWUHQJWK

RI 'RXJODV�ILU� &DQDGLDQ -RXUQDO RI &LYLO (QJLQHHULQJ� ��

���¤����

)RVFKL� 5�2�� %DUUHWW� -�'� ����� /RQJLWXGLQDO VKHDU LQ ZRRG

EHDPV� $ GHVLJQ PHWKRG� &DQDGLDQ -RXUQDO RI &LYLO

(QJLQHHULQJ� �� ���¤����

*UHHQ� '�:�� .UHWVFKPDQQ� '�(�� )DQWR]]L� -�$� ����� 6KHDU

DQG FRPSUHVVLRQ SHUSHQGLFXODU WR JUDLQ SURSHUW\ HVWLPDWLRQ

IRU ����I 065 OXPEHU� )RUHVW 3URGXFWV -RXUQDO� ����������

��¤���

+XJJLQV� 0�:�� 3DOPHU� -�+�/�� $SOLQ� (�1� ����� (YDOXD�

WLRQ RI WKH HIIHFW RI GHODPLQDWLRQ� (QJLQHHULQJ -RXUQDO� )HE�

UXDU\� ��¤���

.HHQDQ� )�-� ����� 6KHDU VWUHQJWK RI ZRRG EHDPV� )RUHVW

3URGXFWV -RXUQDO� ������ ��¤���

.HHQDQ� )�-�� .U\OD� -�� .\RNRQJ� %� ����� 6KHDU VWUHQJWK RI

VSUXFH JOXHG�ODPLQDWHG WLPEHU EHDPV� &DQDGLDQ -RXUQDO RI
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