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SCIENTIFIC AND TECHNICAL
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5HVLGXDO VWUHVVHV IRUPHG LQ VXUIDFHG VKDIWV DQG LQIOXHQFLQJ WKHLU F\FOLF ORDGLQJ UHVLVWDQFH KDYH EHHQ H[SHULPHQWDOO\

VWXGLHG� ,W LV VKRZQ WKDW VXEVHTXHQW PHFKDQLFDO WUHDWPHQW RI WKH VKDIWV �UROO EXUQLVKLQJ� XOWUDVRQLF VKRFN SHHQLQJ�

H[SORVLRQ WUHDWPHQW� LQGXFHV FRPSUHVVLYH VWUHVVHV LQ WKH VXUIDFH OD\HU�

.H\ ZRU G V � VXUIDFLQJ� VKDIW PRGHO� UHVLGXDO VWUHVVHV� UROO

EXUQLVKLQJ� XOWUDVRQLF VKRFN SHHQLQJ� FDOFXODWLRQ� H[SHULPHQW

6XUIDFLQJ LV RQH RI WKH PRVW HIILFLHQW PHWKRGV IRU UH�
FRQGLWLRQLQJ RI VXUIDFHV RI SDUWV DQG LPSDUWLQJ WKHP

FHUWDLQ IXQFWLRQDO SURSHUWLHV� 7KH VXUIDFLQJ PHWKRG LV

VXFFHVVIXOO\ XVHG LQ ZDWHU WUDQVSRUW WR LPSDUW FRUURVLRQ

UHVLVWDQFH� H�J� LQ VHD ZDWHU� WR GLIIHUHQW VXUIDFHV� VXFK

DV SDUWV RI WKH W\SH RI VKDIWV� GLIIHUHQW PHFKDQLVPV DQG

GHYLFHV�+RZHYHU� LQPDQ\FDVHV WKHTXDOLW\RI D VXUIDFHG
VKDIW PD\ EH GHWHUPLQHG QRW RQO\ E\ WKH FRUURVLRQ UH�

VLVWDQFH RI LWV VXUIDFH� EXW WR D VXEVWDQWLDO GHJUHH E\ LWV

UHVLVWDQFH WR F\FOLF ORDGLQJ� 7KLV SUREOHP LV FRYHUHG LQ

VXIILFLHQW GHWDLO LQ OLWHUDWXUH >�� �� HWF��� 6R� KHUH WKHUH

LV QR QHHG WR GZHOO RQ LW DW OHQJWK� :KDW VKRXOG EH

QRWHG LV MXVW WKDW WKH F\FOLF ORDGLQJ UHVLVWDQFH RI WKH

VXUIDFHG VKDIW GHSHQGV WR D FRQVLGHUDEOH GHJUHH XSRQ

JHRPHWULFDO DQG SK\VLFDO KHWHURJHQHLWLHV IRUPHG GXULQJ

WKH VXUIDFLQJ SURFHVV DQG FDXVHG E\ FRUUHVSRQGLQJ PL�

FUR� DQG PDFURGLVFRQWLQXLWLHV� PLFURVWUXFWXUDO GHIHFWV

DQG UHVLGXDO VWUHVVHV� 7KHUHIRUH� WKH FKDOOHQJH LQ DSSOL�

FDWLRQ RI WKH VXUIDFLQJ WHFKQRORJ\ LV WR GHFUHDVH WKH

GHJUHH RI PDQLIHVWDWLRQ RI WKH DERYH IDFWRUV E\ VHOHFWLQJ
UDWLRQDO SDUDPHWHUV DQG FRQGLWLRQV RI VXUIDFLQJ DQG VXE�

VHTXHQW WUHDWPHQW RI D VXUIDFHG SDUW� ,Q D QXPEHU RI

FDVHV WKH ODWWHU PD\ IDYRXU D VXEVWDQWLDO LQFUHDVH LQ

IDWLJXH UHVLVWDQFH WKURXJK UHGLVWULEXWLRQ RI UHVLGXDO
VWUHVVHV DQG FKDQJHV LQ SURSHUWLHV RI WKH PDWHULDO RI D

VXUIDFHG SDUW�

7KH VXEVHTXHQW WUHDWPHQW RI WKH VXUIDFHG VKDIWV

PD\ EH RI WZR W\SHV� KHDW DQG PHFKDQLFDO WUHDWPHQW�

%RWK DUH DLPHG DW LPSURYHPHQW RI PLFURVWUXFWXUH DQG

SURYLGLQJ RI IDYRXUDEOH GLVWULEXWLRQ RI UHVLGXDO

VWUHVVHV� ZKLFK HYHQWXDOO\ VKRXOG OHDG WR DQ LQFUHDVH

LQ IDWLJXH UHVLVWDQFH� +LJK WHPSHULQJ LV WKH PRVW FRP�

PRQ W\SH RI VXEVHTXHQW KHDW WUHDWPHQW� ,W OHDGV WR

DQ HVVHQWLDO UHOD[DWLRQ RI UHVLGXDO VWUHVVHV DIWHU VXU�

IDFLQJ DQG� WR D FHUWDLQ GHJUHH� WR DQ LPSURYHPHQW RI
PLFURVWUXFWXUHV RI WKH +$= PHWDO XQGHU UDWKHU VHYHUH

WHPSHUDWXUH FRQGLWLRQV RI VXUIDFLQJ� ZKLFK FDXVH IRU�

PDWLRQ RI TXHQFKLQJ VWUXFWXUHV� )URP WKLV VWDQGSRLQW�

KLJK WHPSHULQJ LV XQGRXEWHGO\ D YHU\ HIILFLHQW RSHUD�
WLRQ IRU LPSURYHPHQW RI IDWLJXH UHVLVWDQFH RI WKH VKDIWV

PDGH IURP IHUULWLF�SHDUOLWLF VWHHO� ZKHUH WKH GHSRVLWHG

OD\HU LV LGHQWLFDO LQ LWV SURSHUWLHV WR WKH EDVH PHWDO�
ZKLFK LV D FKDUDFWHULVWLF IHDWXUH RI UHFRQGLWLRQLQJ VXU�

IDFLQJ�

,Q WKH FDVH RI GHSRVLWLRQ RI D FRUURVLRQ�SURWHFWLYH

OD\HU RI DXVWHQLWLF VWHHO� GLIIHUHQFHV LQ SURSHUWLHV RI
WKH EDVH DQG GHSRVLWHG PHWDOV OHDG WR IRUPDWLRQ RI

QHZ UHVLGXDO VWUHVVHV DIWHU WHPSHULQJ� ,Q WKLV FDVH D

YHU\ KLJK WHQVLOH VWUHVVHV PD\ EH IRUPHG LQ WKH GH�

SRVLWHG OD\HU QHDU WKH IXVLRQ ]RQH� ,W PHDQV WKDW KHDW

WUHDWPHQW RI WKH VXUIDFHG VKDIW LV RI ORZ HIILFLHQF\ LQ

WHUPV RI GHFUHDVLQJ UHVLGXDO VWUHVVHV� ,Q DGGLWLRQ� LW

VKRXOG EH WDNHQ LQWR DFFRXQW WKDW KROGLQJ RI WKH VXU�

IDFHG VKDIW DW WHPSHUDWXUHV RI KLJK WHPSHULQJ OHDGV
WR D PDUNHG LQWHQVLILFDWLRQ RI WKH SURFHVVHV RI FDUELGH

IRUPDWLRQ DQG HPEULWWOHPHQW RI WKH PDWHULDO QHDU WKH

IXVLRQ ]RQH� ZKLFK PD\ FDXVH D VXEVWDQWLDO GHFUHDVH
LQ WKH IDWLJXH VWUHQJWK DW WKH SUHVHQFH RI IDWLJXH FUDFN

LQLWLDWRUV� 7KLV LV RQH RI WKH PDLQ UHDVRQV RI D ZLGH

LQWHUHVW RI GHYHORSHUV LQ GLIIHUHQWPHWKRGV RI PHFKDQL�

FDO WUHDWPHQW RI WKH VXUIDFHG VKDIWV� SULPDULO\ LQ WHUPV

RI SURGXFLQJ D PRUH IDYRXUDEOH GLVWULEXWLRQ RI UHVLG�

XDO VWUHVVHV DQG VLPXOWDQHRXV VWUHQJWKHQLQJ GXH WR

FROG ZRUNLQJ RI WKH VXUIDFH OD\HU LQ ZKLFK WKH IDWLJXH

FUDFNV DUH LQLWLDWHG�

7KH PRVW FRPPRQ PHWKRGV RI PHFKDQLFDO WUHDW�

PHQW DUH DV IROORZV� UROO EXUQLVKLQJ >�� �� HWF�@� H[�

SORVLRQ WUHDWPHQW >�� HWF�@ DQG XOWUDVRQLF VKRFN SHHQ�

LQJ �863� >� w �� HWF�@� 8QIRUWXQDWHO\� QR UHVXOWV RI
FRPSDUDWLYH LQYHVWLJDWLRQV� RQ WKH EDVLV RI ZKLFK LW

ZRXOG EH SRVVLEOH WR HYDOXDWH DGYDQWDJHV RI WKLV RU

WKDW PHWKRG RI PHFKDQLFDO WUHDWPHQW IRU VKDIWV ZLWK

D GHSRVLWHG FRUURVLRQ SURWHFWLYH OD\HU RI DXVWHQLWLF

VWHHO� DUH DYDLODEOH LQ WKH OLWHUDWXUH� 7KH REMHFWLYH RI

WKLV VWXG\ ZDV WR FODULI\ WKLV LVVXH�

)RU WKLV SXUSRVH WKH FRPSUHKHQVLYH LQYHVWLJDWLRQV

ZHUH FRQGXFWHG WR VWXG\ GLVWULEXWLRQ RI UHVLGXDO

VWUHVVHV LQ D PRGHO RI WKH VKDIW PDGH IURP FDUERQ

6W��� �& x ����� 0Q x ���� 6L x ����� &U x �����
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1L x ����� 6 x ����� 3 x ����� VXUIDFHG E\ &2�

DUF ZHOGLQJ XVLQJ ZLUH RI WKH 6Y���.K��1�)%6 �&x
����� &U x ����� 1L x ���� 9 x ���� 1E x ����
6L x ��� ZW��� )H x EDODQFH� JUDGH �)LJXUH �� RQ
D VPDOO SLWFK VSLUDO SDWK� $ OD\HU � w � PP WKLFN ZDV
GHSRVLWHG LQ VHYHUDO SDVVHV RQ D UHJLRQ ZLWK D GLDPHWHU
RI �� PP� 7KHQ WKH VXUIDFH RI WKLV UHJLRQ ZLWK WKH
GHSRVLWHG OD\HU ZDV WUHDWHG E\ WXUQLQJ WR D GLDPHWHU
RI �� PP� ZKLFK FRUUHVSRQGHG WR VL]HV RI WKH VKDIW
PRGHO IDWLJXH WHVWHG ZLWKRXW PHFKDQLFDO WUHDWPHQW�
7KH VDPSOH WKXV SURGXFHG �YDULDQW � IURP WKH 7DEOH�
ZDV XVHG WR LQYHVWLJDWH GLVWULEXWLRQ RI UHVLGXDO
VWUHVVHV� ,W ZDV XVHG DV D UHIHUHQFH WR HYDOXDWH WKH
FRQWULEXWLRQ RI GLIIHUHQW W\SHV RI PHFKDQLFDO WUHDW�
PHQW DSSOLHG WR RWKHU VDPSOHV RI WKH VDPH VL]HV �7D�
EOH� WR WKH GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV� 5HVLGXDO
VWUHVVHV ZHUH PHDVXUHG E\ WKH 6DFKV PHWKRG >�@� GLVNV
� w �� PP WKLFN ZHUH FXW RXW IURP WKH VKDIW PRGHO

LQ D WUDQVYHUVH GLUHFWLRQ WR GHWHUPLQH UDGLDO σUU
G DQG

FLUFXPIHUHQWLDO σββ
G VWUHVVHV� $V FXWWLQJ RXW RI WKH GLVNV

OHDGV WR D FRPSOHWH UHOD[DWLRQ RI D[LDO UHVLGXDO VWUHVVHV
σ]]� WKLV VKRXOG H[HUW D FHUWDLQ HIIHFW DOVR RQ GLIIHUHQFH

RI PHDVXUHG VWUHVVHV LQ WKH GLVN� σUU
G DQG σ]]

G � IURP

WKRVH LQ WKH VKDIW EHIRUH LW ZDV FXW LQWR WKH GLVNV�
7KH GHJUHH RI WKLV GLIIHUHQFH ZDV GHWHUPLQHG E\

FDOFXODWLRQV RQ WKH EDVLV RI QXPHULFDO PRGHOOLQJ RI
WKHUPRPHFKDQLFDO SURFHVVHV RFFXUULQJ LQ VXUIDFLQJ RI
WKH VKDIW PRGHO >�@� )LJXUH � VKRZV WKH FDOFXODWHG
GDWD RQ GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV σββ DQG σ]]

LQ GLIIHUHQW VHFWLRQV RI WKH VKDIW PRGHO DORQJ WKH
OHQJWK RI WKH OD\HU � PP WKLFN GHSRVLWHG LQ � SDVVHV�
)LJXUH �� E VKRZV GLVWULEXWLRQ RI FDOFXODWHG VWUHVVHV

σββ
G DQG σUU

G LQ D GLVN� ZKLFK FRUUHVSRQGV WR RSHUDWLRQ

RI FXWWLQJ RXW RI GLVNV IURP WKH VKDIW� L�H� ZKHUH FRQ�
GLWLRQV σ]]  σU]  � DUH DVVLJQHG IRU WKH HQG HGJHV RI
WKH GLVN LQ VHFWLRQV � DQG � �)LJXUH ��� &RPSDULQJ

WKH GDWD RQ σββ
G �FXUYH �� LQ )LJXUH �� E ZLWK WKH GDWD

LQ )LJXUH �� D �FXUYHV �� �� VKRZV WKDW FXWWLQJ RXW
RI WKH GLVNV KDV D FRPSDUDWLYHO\ VPDOO HIIHFW RQ WKH

YDOXH DQG FKDUDFWHU RI GLVWULEXWLRQ RI FLUFXPIHUHQWLDO
VWUHVVHV σββ� DOWKRXJK WKLV OHDGV WR D VXEVWDQWLDO
FKDQJH LQ VWUHVVHV σ]] �LI ZH FRPSDUH WKH GDWD LQ )L�

JXUH �� E ZLWK σ]]
G ≡ ��� 1HYHUWKHOHVV� LW VKRXOG EH

WDNHQ LQWR DFFRXQW WKDW UHVLGXDO VWUHVVHV σββ LQ WKH
GHSRVLWHG OD\HU DUH DW D OHYHO RI ���03D IRU WKH VKDIW�

ZKLOH IRU WKH GLVN σββ
G ≈ ��� 03D� 7KH SHDN YDOXHV RI

WKHVH VWUHVVHV LQ WKH IXVLRQ ]RQH YDU\ IURP ��� 03D
LQ WKH VKDIW WR ≈ ���03D LQ WKH GLVN� 5HVLGXDO VWUHVVHV
σUU DUH FKDUDFWHUL]HG E\ D PXFK OHVV GLIIHUHQFH� DV WKH\
DUH VPDOO DV FRPSDUHG ZLWK σββ DQG σ]]�

7KHUHIRUH� PHDVXUHPHQWV RI UHVLGXDO VWUHVVHV LQ WKH
GLVNV FXW RXW IURP WKH VXUIDFHG VKDIW JLYH D VXIILFLHQWO\
UHOLDEOH SLFWXUH RI GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV DQG
DQ DSSUR[LPDWH SLFWXUH RI WKH OHYHO RI VWUHVVHV σββ DQG
σUU LQ WKH UHVSHFWLYH VHFWLRQV RI WKH VKDIW� ZKLFK LV
DFFHSWDEOH IRU FRPSDUDWLYH HVWLPDWLRQV RI WKH GHJUHH
RI WKH HIIHFW RI D FRUUHVSRQGLQJ PHFKDQLFDO WUHDWPHQW
RI WKH VXUIDFHG VKDIW RQ UHVLGXDO VWUHVVHV� 0RUHRYHU�
WKHUH FRXOG KDUGO\ EH D PRUH UHOLDEOH H[SHULPHQWDO
PHWKRG IRU VXFK SXUSRVHV� H[FHSW� SUREDEO\� IRU WKH

)LJXUH �� 6FKHPDWLF RI VXUIDFLQJ RI WKH VKDIW PRGHO XVHG IRU IDWLJXH
WHVWV

)LJXUH �� 'LVWULEXWLRQ RI FDOFXODWHG UHVLGXDO VWUHVVHV σββ �D� DQG
σ

]]
�E� LQ WKH VXUIDFLQJ ]RQH RI WKH PRGHO VKDIW RI 6W���� VHFWLRQV

� DQG � FRUUHVSRQG WR WKH EHJLQQLQJ� � DQG � x WR WKH FHQWUH RI
D GHSRVLW� �� � x DORQJ WKH VKDIW D[LV� �� � x LQ WKH ]RQH RI
RYHUODSSLQJ RI WKH QHLJKERXULQJ EHDGV

9DULDQWV RI PHFKDQLFDO WUHDWPHQW RI WKH VKDIW PRGHO RI 6W���
VXUIDFHG XVLQJ ZLUH 6Y���.K��1�)%6

1R� RI

YDULDQW

6DPSOH

LQGH[
0HWKRG RI WUHDWPHQW

� ;9 :LWKRXW PHFKDQLFDO WUHDWPHQW

� , 5ROO EXUQLVKLQJ

� ;,, 6DPH

� 9,,, �

� ;9,,, ([SORVLRQ WUHDWPHQW

� ;9,, 6DPH

� ;; 863 XVLQJ D WRRO ZKLFK ZDV LQ VHUYLFH

IRU VRPH WLPH

� ;, 6DPH

� ;;, �

�� ;9, 863 ZLWK SUHKHDWLQJ WR ��� �&

�� ;;,, 6DPH
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PHWKRGV RI QHXWURQ >��@ RU V\QFKURQRXV >��@ GLIIUDF�
WLRQ� ZKLFK UHTXLUH D VSHFLDO H[SHQVLYH HTXLSPHQW�

5HVLGXDO VWUHVVHV LQ WKH GLVNV� σββ
G DQG σUU

G � ZHUH

PHDVXUHG LQ WKH IROORZLQJ VHTXHQFH� 7KH PHWKRG RI
VWUDLQ PHDVXUHPHQW XVLQJ ZLUH UHVLVWDQFH JDXJHV ZDV
XVHG WR IL[ WKH OHYHO RI FLUFXPIHUHQWLDO VWUDLQV LQ D
GLVN LQGXFHG E\ ERULQJ DQG WXUQLQJ� 6L[ RU HLJKW SUH�
OLPLQDULO\ FDOLEUDWHG VWUDLQ JDXJHV ZHUH SODFHG RQ WKH
RXWVLGH VXUIDFH RI WKH GLVN ZLWK UDGLXV U  5R �)L�
JXUH �� D� WR PHDVXUH FLUFXPIHUHQWLDO VWUDLQV εββ �5R��
$ KROH ZLWK UDGLXV UE  U� ZDV GULOOHG LQ WKH FHQWUH

RI WKH GLVN DQG WKH ILUVW UHDGLQJ RI VWUDLQV εββ �5R�
UE  U�� ZDV WDNHQ� 7KHQ WKLV KROH ZDV ERUHG WR D VL]H
RI UE  U� DQG D QHZ UHDGLQJ RI εββ �5R� UE  U�� ZDV
WDNHQ� HWF� %RULQJ RI WKH EDVH PHWDO ZDV GRQH VWDUWLQJ
IURP UE  �� PP ZLWK VXEVHTXHQW UHPRYDO RI OD\HUV
��� w ��� PP WKLFN� 7KH YDOXH RI εββ �5R� UE�� WDNHQ
ZLWK DQ RSSRVLWH VLJQ� GHWHUPLQHV DQ HODVWLF FKDQJH

LQ FLUFXPIHUHQWLDO VWUDLQV εββ
H �5R� U�� GHSHQGLQJ XSRQ

UDGLDO UHVLGXDO VWUHVVHV σUU �UE� DFWLQJ RQ WKH VXUIDFH
ZLWK UDGLXV U  UE� 7KHUHIRUH� WKH IROORZLQJ UHODWLRQ�
VKLS KROGV�

)LJXUH �� 'LDJUDP RI ERULQJ RI WKH GLVN XVLQJ VWUDLQ JDXJHV �D� DQG GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV σββ
G

DQG σ
UU

G
LQ WKLV GLVN DFFRUGLQJ

WR WKH FDOFXODWHG �VROLG OLQHV� DQG H[SHULPHQWDO GDWD �O x σββ
G

� Q x σ
UU

G
� ZLWKRXW WUHDWPHQW� DV ZHOO DV H[SHULPHQWDO GDWD IRU σββ

G

DIWHU 863 ��� �E�

)LJXUH �� 'LVWULEXWLRQ RI UHVLGXDO VWUHVVHV
σββ
G

LQ WKH GLVNVZLWKRXW DQGZLWK WUHDWPHQW
RI WKH VKDIW PRGHO� QXPEHUV RI WKH FXUYHV
FRUUHVSRQG WR QXPEHUV RI YDULDQWV IURP
WKH 7DEOH
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%RULQJ ZDV ILQLVKHG DW UE  5E ≈ ���5R� 7KHQ WKH
JDXJHV IRU PHDVXULQJ FLUFXPIHUHQWLDO VWUHVVHV εββ �5E�
ZHUH LQVWDOOHG RQ WKH VXUIDFH RI UDGLXV UE  5E DQG D
OD\HU�E\�OD\HU WXUQLQJ RI WKH RXWVLGH VXUIDFH RI WKH
GLVN ZDV GRQH� (DFK RI WKH WXUQLQJV ZDV ILQLVKHG DW
U  UW� WKLFNQHVV RI WKH UHPRYHG OD\HU EHLQJ HTXDO WR
��� w ��� PP� 6WUDLQ εββ �5E� WDNHQ ZLWK DQ RSSRVLWH
VLJQ� ZKLFK ZDV PHDVXUHG DIWHU HDFK WXUQLQJ DOORZLQJ
IRU WKH NQRZQ YDOXHV RI VWUHVVHV σUU �5E�� PDGH LW
SRVVLEOH WR GHWHUPLQH UHVLGXDO VWUHVVHV σUU�UW� IURP WKH
IROORZLQJ UHODWLRQVKLS�
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+HUH εββ
H �5E�  w εββ

H �5E� UW�� 5E � UW � 5R� ( LV

WKH QRUPDO HODVWLFLW\ PRGXOXV RI EDVH DQG GHSRVLWHG
PHWDOV HTXDO WR ����⋅��� DQG ����⋅��� 03D� UHVSHF�
WLYHO\�

7KH DSSURDFK GHVFULEHG ZDV XVHG WR WKH VXUIDFHG
VKDIW PRGHOV DIWHU DSSURSULDWH PHFKDQLFDO WUHDWPHQW
DQG ZLWKRXW LW �VHH WKH 7DEOH��

7KH H[SHULPHQWDO YDOXHV RI σββ
G DQG σUU

G IRU YDULDQW

� ZLWKRXW PHFKDQLFDO WUHDWPHQW� VKRZQ LQ )LJXUH ��
E� DUH LQ JRRG DJUHHPHQW ZLWK WKH FDOFXODWHG GDWD�
)LJXUH � �FXUYH �� VKRZV WKH H[SHULPHQWDO YDOXHV RI

σββ
G DIWHU DSSURSULDWH PHFKDQLFDO WUHDWPHQW LQ FRP�

SDULVRQ ZLWK WKH GDWD IRU YDULDQW �� 'HVSLWH D UDWKHU
ZLGH VSUHDG RI WKH H[SHULPHQWDO GDWD� ZKLFK LV SDU�
WLDOO\ DVVRFLDWHG ZLWK WKH SURFHGXUDO HUURU �PRUH VR
IRU ERULQJ DQG WXUQLQJ RSHUDWLRQV�� WKH PDUNHG WUHQG
KHUH LV WR IRUPDWLRQ RI FRPSUHVVLYH VWUHVVHV LQ WKH
VXUIDFH OD\HU� 7KLFNQHVV RI VXFK D OD\HU GHSHQGV XSRQ
WKH W\SH RI WUHDWPHQW� 8QGHU FRQYHQWLRQDO 863 FRQ�
GLWLRQV �)LJXUH �� F� G� WKLFNQHVV RI WKH VXUIDFH OD\HU
ZLWK WKH QHJDWLYH YDOXHV RI VWUHVVHV LV QRW LQ H[FHVV
RI ��� PP� ZKLFK LV LQ D VXIILFLHQWO\ JRRG DJUHHPHQW
ZLWK UHVXOWV RI VWXG\ >�@� 7KH ODWWHU VKRZV WKDW WKLFN�
QHVV RI WKH FROG ZRUNHG OD\HU ZLWK VXFK D WUHDWPHQW
LV FORVH WR WKH DERYH YDOXH� 5ROO EXUQLVKLQJ �)LJXUH ��
D� XQGHU FRQYHQWLRQDO FRQGLWLRQV >�@ LQFUHDVHV WKH
FRPSUHVVLRQ ]RQH WR � PP� ZKLOH H[SORVLRQ WUHDWPHQW
FDQ VXEVWDQWLDOO\ ZLGHQ WKLV ]RQH GHSHQGLQJ XSRQ WKH
HQHUJ\ RI H[SORVLRQ� 7KXV� DW ORZ YDOXHV RI WKH H[�
SORVLRQ HQHUJ\ WKLV OD\HU LV DERXW � PP WKLFN� DQG DW
KLJK YDOXHV LWV WKLFNQHVV DPRXQWV WR �� PP �FXUYHV
� DQG � LQ )LJXUH �� E� UHVSHFWLYHO\�� 7KHUHIRUH� VWXG�
LHG ZDV WKH SRVVLELOLW\ RI LQFUHDVLQJ WKLFNQHVV RI WKH
FROG ZRUNHG OD\HU LQ 863 GXH WR SUHKHDWLQJ RI WKH
VKDIW �SULRU WR WUHDWPHQW� WR D WHPSHUDWXUH RI ��� �&
�)LJXUH �� H�� +RZHYHU� WKH HIILFLHQF\ RI WKLV KHDWLQJ

LV YHU\ ORZ� 0RUHRYHU� LQ VXEVHTXHQW FRROLQJ� GXH WR
GLIIHUHQFHV LQ SURSHUWLHV RI EDVH DQG GHSRVLWHG PHWDOV
WKH OHYHO RI FRPSUHVVLYH VWUHVVHV LQGXFHG E\ WUHDWPHQW
LV SDUWLDOO\ ORZHUHG�

,W IROORZV IURP WKH DERYHVDLG WKDW LW LV EHVW WR
SHUIRUP PHFKDQLFDO WUHDWPHQW RI WKH VXUIDFHG VKDIW
DW D VXIILFLHQWO\ VPDOO WKLFNQHVV RI WKH GHSRVLWHG OD\HU�
ZKHQ WKH IXVLRQ ]RQH� L�H� WKH ]RQH RI SRWHQWLDO IRU�
PDWLRQ RI IDWLJXH FUDFNV� LV LQ D UHJLRQ RI ORZ RU HYHQ
FRPSUHVVLYH UHVLGXDO VWUHVVHV� +RZHYHU� HYHQ DW D UHOD�
WLYHO\ VPDOO WKLFNQHVV RI WKH FROG ZRUNHG OD\HU� OLNH�
IRU H[DPSOH� LQ 863� RQH FDQ H[SHFW DQ LQFUHDVH LQ
UHVLVWDQFH WR IDWLJXH ORDGV LQ WKH FDVH ZKHUH IDWLJXH
FUDFNV DUH LQLWLDWHG LQ WKH VXUIDFH OD\HU ZLWKRXW WUHDW�
PHQW�

&21&/86,216

�� 7UHDWPHQW RI VXUIDFHG VKDIWV �863� UROO EXUQLVKLQJ
DQG H[SORVLRQ WUHDWPHQW� SURPRWHV IRUPDWLRQ RI FRP�
SUHVVLYH VWUHVVHV LQ WKH VXUIDFH OD\HU� 7KLFNQHVV RI WKH
OD\HU RI FRPSUHVVLYH VWUHVVHV LQ WKH DXVWHQLWLF VWHHO
GHSRVLW XQGHU FRQYHQWLRQDO FRQGLWLRQV RI 863 LV QRW
LQ H[FHVV RI ��� PP� LQ UROO EXUQLVKLQJ LW LV DERXW
� PP� ZKLOH LQ H[SORVLRQ WUHDWPHQW LW FDQ YDU\ RYHU
ZLGH UDQJHV �� w �� PP� GHSHQGLQJ XSRQ WKH OHYHO
RI GLVWULEXWLRQ RI WKH H[SORVLRQ HQHUJ\�

�� %RWK 863 DQG UROO EXUQLVKLQJ DUH HIILFLHQW LQ
WHUPV RI SUHYHQWLRQ RI IDWLJXH FUDFNV LQLWLDWHG RQ WKH
VXUIDFH RI WKH GHSRVLWHG OD\HU�

5()(5(1&(6

�� .UDYVWRY� 7�*�� 6WDOQLFKHQNR� 2�,�� 2OHMQLN� 1�9� ������
5HFRQGLWLRQLQJ RI SDUWV E\ VXUIDFLQJ DQG HYDOXDWLRQ RI

WKHLU VWUHQJWK� .\LY� 9\VKFKD 6KNROD�
�� %HQXD� )�$�� %RJGDQRY� $�0� ������ ,QYHVWLJDWLRQ RI UHVLG�

XDO VWUHVVHV LQ VXUIDFHG VKLS VKDIWV� 5HFKQ� 7UDQVSRUW� �� � w
��

�� .XGU\DYWVHY� ,�9�� 6DYYLQD� 1�0� ������ 3URWHFWLRQ DQG UH�
FRQGLWLRQLQJ RI ODUJH VKDIWV E\ VXUIDFLQJ ZLWK VXEVHTXHQW
FROG ZRUNLQJ LQ UHODWLRQVKLS ZLWK WKHLU IDWLJXH UHVLVWDQFH�
,Q� 6WXG\ RI VWUHQJWKHQLQJ RI PDFKLQH SDUWV� 0RVFRZ�
0DVKLQRVWUR\HQL\H�

�� .XGU\DYWVHY� ,�9�� 1DXPFKHQNRY� 1�(� ������ )DWLJXH RI

ZHOGHG VWUXFWXUHV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�
�� 7UXI\DNRY� 9�,�� 0LNKHHY� 3�3�� .XGLQRY� 9�,� HW DO�

������ ,QFUHDVH LQ IDWLJXH VWUHQJWK RI ZHOGHG MRLQWV E\ H[�
SORVLRQ ORDGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� 6WDWQLNRY� (�6K�� 6KHYWVRY� (�0�� .XOLNRY� 9�)� ������
8OWUDVRQLF VKRFN SHHQLQJ WRRO IRU VWUHQJWKHQLQJ RI ZHOGV
DQG GHFUHDVLQJ RI UHVLGXDO VWUHVVHV� ,Q� 1HZ SK\VLFDO PHWK�

RGV IRU LQWHQVLILFDWLRQ RI WHFKQRORJLFDO SURFHVVHV� 0RVFRZ�
0HWDOOXUJLD�

�� 0DNKQHQNR� 9�,�� .UDYWVRY� 7�*� ������ 7KLFNQHVV RI D
SODWH RI WKH GHIRUPHG OD\HU LQ XOWUDVRQLF VKRFN SHHQLQJ RI
VXUIDFHG SDUWV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� .UDYWVRY� 7�*� ������ ,QFUHDVH LQ IDWLJXH VWUHQJWK RI VXU�
IDFHG VKDIWV E\ XOWUDVRQLF SHHQLQJ� ,ELG�� ��� �� w ���

�� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� .UDYWVRY� 7�*� HW
DO� ������ 1XPHULFDO LQYHVWLJDWLRQ RI WKHUPRPHFKDQLFDO
SURFHVVHV LQ VXUIDFLQJ RI VKDIWV RI VKLS PHFKDQLVPV DQG GH�
YLFHV� 7KH 3DWRQ :HOGLQJ -�� �� � w ���

��� ������ 0HDVXUHPHQW RI UHVLGXDO DQG DSSOLHG VWUHVV XVLQJ

QHXWURQ GLIIUDFWLRQ� (G� 0� +DXWFKLQJ� $� .UDZLW]� %RV�
WRQ� /RQGRQ� .OXZHU $NDG� 3XEO� 'RUGUHFKW�

��� ������ (YDOXDWLRQ RI UHVLGXDO VWUHVVHV LQ WKH EXON RI PDWHUL�
DOV E\ KLJK HQHUJ\ V\QFKURWURQ GLIIUDFWLRQ� -� RI 1RQGH�

VWUXFWLYH (YDOXDWLRQ� �� ��� w ����
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

$ GHSHQGHQFH LV HVWDEOLVKHG RI IUDFWXUH UHVLVWDQFH RI ZHOGHG MRLQWV LQ $Ow/L DOOR\V ���� DQG ���� RQ WKH ZHOGLQJ SURFHVV

�FRQVXPDEOH RU QRQ�FRQVXPDEOH HOHFWURGH� HOHFWURQ EHDP�� ,W LV VKRZQ WKDW GLIIHUHQW WKHUPDO FRQGLWLRQV RI ZHOGLQJ OHDG

WR GLIIHUHQW GHJUHHV RI +$= PHWDO VRIWHQLQJ� $SSOLFDWLRQ RI D KLJKO\�FRQFHQWUDWHG KHDW VRXUFH LQ HOHFWURQ EHDP ZHOGLQJ�

HQVXUHV D KLJKHU UHVLVWDQFH WR FUDFN LQLWLDWLRQ DQG SURSDJDWLRQ� 7KH PHWDO RI WKH IXVLRQ ERXQGDU\ RI WKH ZHOG ZLWK WKH

EDVH PHWDO KDV WKH ORZHVW IUDFWXUH UHVLVWDQFH RI DOO WKH VWXGLHG ]RQHV RI ZHOGHG MRLQWV� LUUHVSHFWLYH RI WKH MRLQLQJ SURFHVV�

.H\ ZRU G V � IXVLRQ ZHOGLQJ� $Ow/L DOOR\V� KHDW LQSXW�
ZHOG PHWDO� IXVLRQ ]RQH� +$=� QRPLQDO EUHDNLQJ VWUHVV� VSHFLILF

ZRUN RI FUDFN SURSDJDWLRQ� FULWLFDO VWUHVV LQWHQVLW\ IDFWRU� -�LQ�

WHJUDO� FRPSDUDWLYH DQDO\VLV

)DVW KHDWLQJ DQG VXEVHTXHQW VORZ FRROLQJ RI WKHPHWDO�

FRQFXUUHQW ZLWK WKH WKHUPDO F\FOH RI IXVLRQ ZHOGLQJ�

OHDG WR WKH +$= GHYHORSLQJ ]RQHV GLIIHULQJ IURP HDFK
RWKHU E\ WKH GHJUHH RI JUDLQ ERXQGDU\ SDUWLDO PHOWLQJ

DQG FRDUVH SDUWLFOH SUHFLSLWDWLRQ� DV D UHVXOW RI SKDVH

WUDQVIRUPDWLRQV >�@� 3UHVHQFH RI D KHWHURJHQHRXV

VWUXFWXUH LQ WKH PHWDO OLPLWV SODVWLF GHIRUPDWLRQ LQ

WKH UHJLRQV EHWZHHQ WKH ZHOG FU\VWDOOLWH ERXQGDULHV�

WKXV SURPRWLQJ LWV ORFDOLVDWLRQ DQG GHYHORSPHQW RI D

EXON�VWUHVVHG VWDWH RI WKH MRLQWV� 6WUHVV FRQFHQWUDWLRQ
LV DFFRPSDQLHG E\ LQLWLDWLRQ RI PLFURFUDFNV WKDW FDXVH

D ORZHULQJ RI ZHOGHG MRLQW PHWDO VWUHQJWK �FRPSDUHG

WR WKDW RI WKH EDVH PHWDO� DQG SUHPDWXUH IDLOXUH RI

WKH MRLQWV�

7KH DLP RI WKLV VWXG\ LV WR HVWDEOLVK D GHSHQGHQFH
RI IUDFWXUH UHVLVWDQFH RI WKH MRLQWV LQ KLJK�SHUIRUPDQFH

$Ow/L DOOR\V ���� DQG ���� RQ WKH XVHG SURFHVVHV RI
IXVLRQ ZHOGLQJ WKDW GLIIHU E\ WKH OHYHO RI KHDW LQSXW
DQG WKHUPDO LPSDFW LQ GLIIHUHQW UHJLRQV RI WKH +$=�

WKXV SURPRWLQJ EDVH PHWDO VRIWHQLQJ WR GLIIHUHQW GH�

JUHHV� 7KLV ZDV DFKLHYHG XVLQJ PRGHUQ WHFKQRORJLHV

RI ZHOGLQJ KLJK�VWUHQJWK DOXPLQLXP DOOR\V� QDPHO\

FRQVXPDEOH DQG QRQ�FRQVXPDEOH DUJRQ�DUF ZHOGLQJ�

DV ZHOO DV (%: WKDW DUH WKH PRVW ZLGHO\ DSSOLHG LQ

GHYHORSPHQW RI OLJKW�ZHLJKW ZHOGHG VWUXFWXUHV�

7KH REMHFW RI H[SHULPHQWDO HYDOXDWLRQ ZHUH ��� PP

WKLFN VKHHWV DIWHU TXHQFKLQJ DQG DUWLILFLDO DJHLQJ� 2S�

WLPL]HG ZHOGLQJ PRGHV SURYLGHG D PLQLPDO OHYHO RI WKH

SURFHVV KHDW LQSXW DQG D KLJK TXDOLW\ RI ZHOG IRUPDWLRQ�

1RQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ �7,*� ZDV FRQ�

GXFWHG LQ WKH SXOVHG�DUF PRGH DW VTXDUH�ZDYH DV\PPHW�
ULFDO FXUUHQW� 3HULRGLFDO QDWXUH RI FXUUHQW LPSDFW RQ WKH

ZHOG SRRO HQVXUHG LQWHQVLYH VWLUULQJ RI WKH OLTXLG PHWDO

DQG UHILQHPHQW RI ZHOG FU\VWDOOLWHV >�@� /RZHULQJ RI

WKHUPDO LPSDFW RQ WKH PHWDO LQ ZHOGLQJ DQG VKRUWHQLQJ

RI LWV GXUDWLRQ ZHUH DFKLHYHG E\ XVLQJ FRQVXPDEOH HOHF�

WURGH ZHOGLQJ �0,*� LQ D JDV PL[WXUH RI DUJRQ DQG

KHOLXP >�@� (%:� XQOLNH WKH DUF SURFHVVHV �7,* DQG
0,*� LV FKDUDFWHUL]HG E\ D KLJK VSHFLILF SRZHU GHQVLW\
�7DEOH��

/RZ KHDW LQSXW YDOXHV LQ (%: SURPRWH IRUPDWLRQ

RI D VPDOO YROXPH RI WKH OLTXLG PHWDO LQ WKH ZHOG SRRO

DQG D QDUURZ +$= >�@� (%: ZDV SHUIRUPHG ZLWK

GLVFUHWH VFDQQLQJ RI WKH EHDP DQG SURJUDPPHG KHDW
LQSXW E\ UHJXODWLRQ RI WKH EHDP KROGLQJ WLPH LQ LWV

GZHOO SRLQWV ZLWKLQ WKH VHOHFWHG SDWK WKDW KDG WKH
IRUP RI FXUYHV RI WKH VHFRQG NLQG >�@� 6FDQ VKDSH DQG
SDUDPHWHUV ZHUH FRQWUROOHG E\ DQ RVFLOORJUDSK�

&KDQJH RI WKH PHWDO WHPSHUDWXUH FRQGLWLRQ GXULQJ
ZHOGLQJ DQG GLVWULEXWLRQ RI WKH DFWLQJ IRUFHV LPSDUW

IXUWKHU G\QDPLFV WR WKH ZHOG SRRO� WKDW DJDLQVW WKH
EDFNJURXQG RI FRQWLQXRXV SXPSLQJ GRZQ SURPRWHV
IRUPDWLRQ RI ZHOGHG MRLQWV ZLWK D KLJK GHQVLW\ DQG
ILQH�FU\VWDOOLQH VWUXFWXUH RI ZHOG PHWDO >�@�

� 7�0� /$%85� $QGU�$� %21'$5(9� $�9� /2=296.$<$� 9�6� 0$6+,1 DQG $�*� 32./<$76.<� ����

7\SLFDO ZHOGLQJ PRGHV LQ MRLQLQJ $Ow/L DOOR\V

:HOGLQJ SURFHVV 8QLW� SRZHU VRXUFH ,
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7,* ,���� ��� w ��� �63�

��� w ��� �53�
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7KH TXDOLW\ RI WKH SURGXFHG ZHOGHG MRLQWV ZDV
GHWHUPLQHG E\ ;�UD\ LQVSHFWLRQ� ,WV UHVXOWV FRQILUPHG
WKH DEVHQFH RI VXFK LQQHU GHIHFWV DV SRUHV RU R[LGH
ILOPV� $OOR\ ���� ZDV ZHOGHG XVLQJ 6Y�$0J�� �$Ow
���0J� ILOOHU ZLUH� DQG DOOR\ ���� x XVLQJ 86 ZLUH
����� :LUH GLDPHWHU LQ DOO WKH FDVHV ZDV ��� PP� ,Q
RUGHU WR SUHYHQW GHIHFWV LQ WKH ZHOG PHWDO� WKH HGJHV
ZHUH VFUDSHG WR WKH GHSWK RI QRW OHVV WKDQ ��� PP
SULRU WR ZHOGLQJ�

)UDFWXUH UHVLVWDQFH ZDV HYDOXDWHG E\ WKH UHVXOWV
RI WHVWLQJ E\ RII�FHQWHU WHQVLRQ IODW VDPSOHV ZLWK D
VKDUS QRWFK RI ��� PP UDGLXV� 7KH QRWFK WLS ZDV
ORFDWHG LQ WKH IROORZLQJ VWUXFWXUDO ]RQHV RI ZHOGHG
MRLQWV� ZHOG D[LV� IXVLRQ ]RQH DQG +$= DW � PP GLV�
WDQFH IURP WKH IXVLRQ ERXQGDU\ RI WKH ZHOG DQG WKH
EDVH PHWDO� 7HVWHG IRU FRPSDULVRQ ZHUH VLPLODU VDP�
SOHV RI EDVH PHWDO ZLWK WUDQVYHUVH RULHQWDWLRQ RI WKH
UROOHG VWRFN WKDW LV WKH OHDVW IDYRXUDEOH LQ VKHHW VHPL�
ILQLVKHG SURGXFWV RI DOXPLQLXP DOOR\V� 7KH WKHRUHWLFDO
FRHIILFLHQW RI VWUHVV FRQFHQWUDWLRQ LQ WKH VWXGLHG VDP�
SOHV ZDV HTXDO WR �� DQG ZDV GHWHUPLQHG E\ D SURFH�
GXUH GHVFULEHG LQ >�@�

$QDO\VLV RI WKH IUDFWXUH UHVLVWDQFH YDOXHVZDV EDVHG
RQ SK\VLFDO SULQFLSOHV RI HODVWR�SODVWLF IUDFWXUH >�@�
7KH VWUHVVHG VWDWH DQG RWKHU VWDJHV RI WKH SURFHVV RI
VKHHW PDWHULDO IUDFWXUH ZHUH VLPXODWHG XVLQJ FHUWDLQ
VDPSOH GLPHQVLRQV DQG WHVWLQJ SURFHGXUH� 7KH GLD�
JUDP� UHFRUGLQJ DOO WKH IUDFWXUH VWDJHV� DOORZHG GH�
WHUPLQDWLRQ RI WKH QRPLQDO EUHDNLQJ VWUHVV σI DQG
VSHFLILF ZRUN RI FUDFN SURSDJDWLRQ �6:&3�� -�LQWH�
JUDO YDOXH ZDV IRXQG IURP FDOFXODWLRQ RI WKH IXQFWLRQ
RI GHIRUPDWLRQ HQHUJ\ FKDQJH� GHSHQGLQJ RQ FUDFN
OHQJWK� XVLQJ 0HUNOHw.RUWHQ UHODWLRQVKLS >�@

- = 8  >% (: w D�) I (D��:)@

 �

ZKHUH8 LV WKH ZRUN RI FUDFN LQLWLDWLRQ� L�H� DUHD XQGHU
WKH FXUYH RI GHSHQGHQFH RI IRUFH RQ GLVSODFHPHQW�
I�D��:� LV WKH IXQFWLRQ RI JHRPHWULFDO UDWLR RI FUDFN
OHQJWK D� DQG VL]H RI WHVWHG VDPSOH :� WKDW KDV WKH
IROORZLQJ IRUP�

I(D��:) = � [(� + α)�(� + α�)]�

ZKHUH

α = √ >�α��(: w D�)@� + �>�D��(: w D�)@ + � w >�D��(: w D�) + �@ �

9DOXHV RI FULWLFDO VWUHVV LQWHQVLW\ IDFWRU .F LQ GLI�
IHUHQW ]RQHV RI ZHOGHG MRLQWV RI WKH VWXGLHG DOOR\V
ZHUH HYDOXDWHG E\ WKH OLQHDU GHSHQGHQFH RI .F RQ
6:&3 WKDW GHVFULEHV WKH FUDFN SURSDJDWLRQ VWDJH LQ
IUDFWXUH >�@

.Ï  ����� 6:&3 � �����⋅��w��

5HVXOWV RI VWXG\LQJ WKH ZHOGHG MRLQWV VKRZHG WKDW
$Ow/L DOOR\V ���� DQG ���� GLIIHU IURP WKH EDVH PHWDO
E\ ORZHU �E\ �� w ���� YDOXHV RI σI DQG.F �)LJXUH ��
D� E�� :HOGV LQ DOOR\ ���� KDG �� � KLJKHU σI YDOXHV�
LUUHVSHFWLYH RI WKH ZHOGLQJ SURFHVV� .F YDOXH LQ DOOR\
���� ZDV �� � KLJKHU� WKDQ WKDW RI DOOR\ ����� /RZHU
YDOXHV RI WKLV FKDUDFWHULVWLF DUH IRXQG LQ ZHOGHG MRLQWV

RI ERWK WKH DOOR\V SURGXFHG E\ 7,* SURFHVV �)LJXUH ��
D� E�� 7KH VWUHVV OHYHO DW ZKLFK ZHOGV LQ DOOR\ ����
IDLOHG� ZDV ��� w ��� 03D� DQG LQ DOOR\ ���� x
��� w ��� 03D� 9DOXHV RI .F LQ WKH ILUVW FDVH ZHUH
HTXDO WR ���� w ����� DQG LQ WKH VHFRQG FDVH WR ���� w
���� 03D√P� 'LIIHUHQFHV LQ IUDFWXUH UHVLVWDQFH YDO�

XHV� GHWHUPLQHG LQ WKH VWXGLHG DOOR\V� FDQ EH DWWULE�
XWHG WR WKH SUHVHQFH RI VWDEOH VWUHQJWKHQLQJ SKDVHV�
&RPSRVLWLRQ RI DOOR\ ���� LQFOXGHV VXFK SKDVHV DV
δ′�$O�/L�� 7��$O�&X/L� DQG 6�$O�&X/L� >�@� $OOR\

����� LQ DGGLWLRQ WR SKDVH δ′� DOVR FRQWDLQV SKDVH

6��$O�0J/L� >�@�

3KDVH FRPSRVLWLRQ RI WKH DERYH DOOR\V DOVR DIIHFWV

WKH HQHUJ\ YDOXHV RI IUDFWXUH UHVLVWDQFH� GHVFULELQJ

WKH HQHUJ\ RI LQLWLDWLRQ �-F�LQWHJUDO� DQG VXEVHTXHQW

JURZWK �6:&3� RI WKH FUDFN� 7KHLU YDOXHV LQ DOOR\

���� DUH �� w �� � KLJKHU� WKDQ LQ DOOR\ ���� �)L�

JXUH �� F� G�� 7KLV LV LQGLFDWLYH RI WKH FDSDELOLW\ RI

���� DOOR\ PHWDO WR XQGHUJR SODVWLF GHIRUPDWLRQ� WKDW

FDQ EH GXH WR D VPDOOHU DWRPLF GLDPHWHU RI FRSSHU

������ QP�� FRPSDUHG WR WKDW RI PDJQHVLXP

����� QP�� SUHVHQW LQ WKH FRPSRVLWLRQ RI DOOR\ �����
'LIIHUHQW WKHUPDO FRQGLWLRQV RI IXVLRQ ZHOGLQJ RI

WKH VWXGLHG $Ow/L DOOR\V DQG PHWDO FRROLQJ UDWHV� FRQ�
FXUUHQW ZLWK LWV VROLGLILFDWLRQ� OHDG WR GLIIHUHQW GH�
JUHHV RI VRIWHQLQJ RI WKH +$= PHWDO� $V D UHVXOW�
GLIIHUHQW YDOXHV RI σI DQG .F DUH REVHUYHG LQ WKH +$=
PHWDO� %UHDNLQJ VWUHVV RI 7,* ZHOGHG MRLQWV LQ DOOR\
����� LV ��� WR ��� 03D� DQG WKDW RI DOOR\ ���� x
��� w ��� 03D� WKLV EHLQJ ORZHU WKDQ LQ WKH EDVH
PHWDO ���� DQG ��� 03D� UHVSHFWLYHO\�� /RZHU σI

YDOXHV LQ DOOR\ ���� �FRPSDUHG WR DOOR\ ������ DUH�
SRVVLEO\� GXH WR WKH DELOLW\ RI FRSSHU� SUHVHQW LQ LWV
FRPSRVLWLRQ� WR ORZHU WKH FRPSRVLWLRQDO VWDELOLW\ RI
RYHUVDWXUDWHG VROLG VROXWLRQ� DQG FDXVH LWV PRUH LQ�
WHQVLYH GHFRPSRVLWLRQ GXULQJ SURFHVV KHDWLQJ� LQFOXG�
LQJ KHDWLQJ LQ ZHOGLQJ >�@� (QHUJ\ YDOXHV RI IUDFWXUH
�-�LQWHJUDO DQG 6:&3� RI ZHOGHG MRLQW PHWDO LQ WKH
+$= DUH HTXDO WR ��� DQG ��� -�FP� LQ DOOR\ ����
DQG WR ��� DQG ��� -�FP� LQ DOOR\ ����� UHVSHFWLYHO\�

&RPSDULVRQ RI IUDFWXUH YDOXHV RI MRLQWV SURGXFHG
E\ GLIIHUHQW ZHOGLQJ SURFHVVHV� UHYHDOHG WKH FKDUDF�
WHULVWLF IRU WKH VWXGLHG DOOR\V ���� DQG ���� WHQGHQF\
RI σI DQG .F ORZHULQJ� 7,* ZHOGV LQ DOOR\ ���� DUH
FKDUDFWHULVHG E\ WKH ORZHVW YDOXHV RI EUHDNLQJ VWUHVV
���� w ��� 03D�� .F YDOXHV IRU DOOR\ ���� DUH
���� 03D√P DQG IRU DOOR\ ���� w ���� 03D√P� 7KH

QRWHG UHJXODULW\ LV GXH WR WKHUPDO FRQGLWLRQV RI ZHOG�
LQJ� XQGHU ZKLFK WKH SDUWLFOHV RI WKH VWUHQJWKHQLQJ
δ′�$O�/L� SKDVH GR QRW KDYH WLPH WR JURZ� DV D UHVXOW
RI WKH ORZ UDWH RI WKH VROLG VROXWLRQ GHFRPSRVLWLRQ
>�@� 6KRUWHQLQJ RI WKHUPDO LPSDFW GXUDWLRQ LQ 0,*�
OHDGV WR � w � � KLJKHU YDOXHV RI σI DQG .F� FRPSDUHG
WR D 7,* ZHOG�

8VH RI D KLJKO\�FRQFHQWUDWHG KHDW VRXUFH LQ (%:
UHVXOWV LQ KLJKHU YDOXHV RI σI �)LJXUH ��� ZKLFK LQ
DOOR\ ���� LQFUHDVH E\ �� 03D� DQG LQ DOOR\ ���� x
E\ �� 03D� FRPSDUHG WR WKRVH LQ DUF ZHOGLQJ SURF�
HVVHV� &UDFN UHVLVWDQFH IDFWRU .F RI ZHOGV LQ DOOR\
���� LV ���� 03D√P� DQG LQ DOOR\ ���� x
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���� 03D√P� WKLV EHLQJ E\ �� w �� � KLJKHU� WKDQ

LQ WKH ZHOGV SURGXFHG E\ WKH DUF SURFHVVHV� ,Q RWKHU
ZHOGHG MRLQW UHJLRQV� .F YDOXHV FKDQJH E\ � DQG
�� 03D√P� UHVSHFWLYHO\� GHSHQGLQJ RQ WKH ZHOGLQJ

KHDW LQSXW� ,Q (%:� WKH ZHOGV LQ DOOR\ ���� DUH
FKDUDFWHULVHG E\ -�LQWHJUDO YDOXHV� HTXDO WR
���� -�FP�� WKLV EHLQJ DSSUR[LPDWHO\ � w � WLPHV
KLJKHU� WKDQ LQ WKH ZHOGV SURGXFHG E\ WKH DUF SURF�
HVVHV� :HOGV LQ DOOR\ ���� LQ WKLV FDVH GLIIHU IURP

VXFK ZHOGV LQ DOOR\ ���� E\ ��� w ��� -�FP� VPDOOHU
YDOXHV RI -�LQWHJUDO� $ VLPLODU GHSHQGHQFH LV IRXQG
DOVR IRU 6:&3 YDOXHV �)LJXUH �� G�� :HOGV LQ ERWK
WKH VWXGLHG DOOR\V DUH FKDUDFWHULVHG E\ LWV KLJKHVW OHYHO
���� DQG ��� -�FP�� UHVSHFWLYHO\�� 7KLV LV SURPRWHG
E\ WKHUPDO FRQGLWLRQV RI ZHOGLQJ E\ WKH HOHFWURQ
EHDP� ZKHQ WKH VKRUW�WHUP SURFHVVHV RI KHDWLQJ DQG
FRROLQJ OLPLW WKH GHYHORSPHQW RI SKDVH WUDQVIRUPD�
WLRQV WKDW FDQ OHDG WR HPEULWWOHPHQW RI LQWHUPHWDOOLF

)LJXUH �� ,QIOXHQFH RI ZHOGLQJ SURFHVV RQ σI �D�� .F �E�� -�LQWHJUDO �F� DQG 6:&3 �G� LQ GLIIHUHQW ]RQHV RI $Ow/L DOOR\V ���� DQG

����� � x (%:� � x 0,*� � x 7,*� O x GLVWDQFH IURP WKH ZHOG D[LV
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LQFOXVLRQV DORQJ WKH JUDLQ ERXQGDULHV� 0,* MRLQWV
KDYH � w �� � ORZHU IUDFWXUH UHVLVWDQFH� DQG LQ 7,*
MRLQWV WKLV YDOXH LV ORZHU E\ �� w �� �� WKLV� KRZHYHU�
EHLQJ KLJKHU� FRPSDUHG WR WKDW RI WKH EDVH PHWDO ����
-�FP��� 7KLV LV SURPRWHG E\ IRUPDWLRQ RI D ILQH�FU\V�
WDOOLQH VWUXFWXUH RI WKH ZHOG PHWDO� 0DFURVWUXFWXUDO
DQDO\VLV RI ZHOGHG MRLQWV UHYHDOV WKDW WKH WKLFNQHVV
RI WKH FU\VWDO OD\HU DQG LQWHUJUDQXODU OD\HUV LV ��� DQG
��� WLPHV VPDOOHU LQ (%: ZHOG PHWDO� WKDQ LQ 7,*
ZHOG PHWDO� UHVSHFWLYHO\�

,W VKRXOG EH QRWHG WKDW LUUHVSHFWLYH RI WKH ZHOGLQJ
KHDW LQSXW� WKH IXVLRQ ]RQH RI MRLQWV LQ DOOR\V ����
DQG ����� LV FKDUDFWHUL]HG E\ PLQLPDO YDOXHV RI σI�
.F� -�LQWHJUDO DQG 6:&3� XQOLNH RWKHU VWUXFWXUDO
]RQHV �)LJXUH ��� $ KLJKHU KHDW LQSXW LQ 7,* \LHOGV
ORZHU YDOXHV RI σI DQG .F� FRPSDUHG WR RWKHU ZHOGLQJ
SURFHVVHV VWXGLHG �)LJXUH ��� 7KH YDOXHV RI WKH DERYH
SURSHUWLHV RI ���� DOOR\ ZHOGHG MRLQWV DUH HTXDO RQ
DYHUDJH WR ��� 03D DQG ���� 03D√P�

$ KLJKHU VXVFHSWLELOLW\ RI ���� DOOR\ MRLQWV WR TXD�
VLEULWWOH IUDFWXUH� LV LQGLFDWLYH RI ORZHU �E\ �� 03D
DQG ��� 03D√P� YDOXHV RI σI DQG .F� 7KH DERYH LV

DWWULEXWDEOH QRW RQO\ WR WKH VWUXFWXUDO LQKRPRJHQHLW\
RI WKH PHWDO LQ WKLV ]RQH� UHVXOWLQJ IURP WKH DOOR\

VRIWHQLQJ XQGHU WKH LPSDFW RI WKH WKHUPDO F\FOH RI
ZHOGLQJ� EXW DOVR WR FRDJXODWLRQ� DV ZHOO DV HPEULW�
WOHPHQW RI WKH SKDVHV ORFDWHG DORQJ WKH JUDLQ ERXQGD�
ULHV� 7KLV LV DOVR EURXJKW DERXW E\ WKH SUHVHQFH RI
WHQVLOH VWUHVVHV� LQGXFHG E\ SKDVH WUDQVIRUPDWLRQV DQG
FRDJXODWLRQ RI LQFOXVLRQV LQ WKH UHJLRQV DORQJ WKH JUDLQ
ERXQGDULHV LQ WKH IXVLRQ ]RQH� 'HYHORSPHQW RI VWUHVVHV
LV SURPRWHG E\ D KLJK KHDW LQSXW DQG ORZ FRROLQJ
UDWH� FRQFXUUHQW ZLWK WKH SURFHVV RI IXVLRQ ZHOGLQJ
RI DOXPLQLXP DOOR\V >�@�

6WXG\ RI GLIIHUHQW SURFHVVHV RI MRLQLQJ $Ow/L DOOR\V
GHPRQVWUDWHG D GHSHQGHQFH RI -�LQWHJUDO HQHUJ\ YDOXH
RQ WKH ZHOGLQJ KHDW LQSXW� /RZHU YDOXHV DUH FKDUDF�
WHULVWLF RI MRLQWV� SURGXFHG E\ 7,* ZHOGLQJ� ZLWK
KLJKHU YDOXHV IRU (%:� 7KH UDQJH RI -�LQWHJUDO YDUL�
DWLRQ IRU ���� DOOR\ LV ��� w ��� -�FP�� DQG IRU DOOR\
����x ��� w ��� -�FP�� 6:&3 FKDUDFWHULVWLF LQ WKH
IXVLRQ ]RQHV RI ERWK RI WKH VWXGLHG DOOR\V� KDV FORVH
YDOXHV RI ��� DQG ��� -�FP�� UHVSHFWLYHO\ �)LJXUH ��
G�� 9DOXHV RI -�LQWHJUDO DQG 6:&3 LQ ���� DOOR\
MRLQWV DUH FORVH WR WKRVH RI WKH EDVH PHWDO� DQG LQ DOOR\
���� WKH\ DUH ORZHU E\ �� WR �� �� 7KH HVWDEOLVKHG
GHSHQGHQFH FDQ EH UHODWHG WR IRUPDWLRQ RQ ���� DOOR\
JUDLQ ERXQGDULHV RI D JUHDWHU YROXPH IUDFWLRQ RI FRDUVH
SDUWLFOHV RI VWDEOH 7��$O�&X/L� DQG 6�$O�&X/L�
SKDVHV� FRPSDUHG WR DOOR\ ����� DV ZHOO DV WKHLU KLJKHU
EULWWOHQHVV XQGHU QRQ�XQLIRUP SODVWLF VWUDLQ� WKDW LV
GXH WR WKHLU QDWXUH DQG GHYHORSPHQW RI FRQVLGHUDEOH
WHQVLOH VWUHVVHV LQ ZHOGLQJ� 3UHVHQFH RI WKH DERYH LQ�
FOXVLRQV LQ WHVWLQJ WKH ZHOGHG MRLQWV OHDGV WR FUDFN
LQLWLDWLRQ QHDU WKH EULWWOH VWUXFWXUDO IUDJPHQWV LQ WKH
LQWHUJUDQXODU UHJLRQV� $ JUHDWHU ULJLGLW\ RI WKH LQFOX�
VLRQV RI VWUHQJWKHQLQJ SKDVHV �δ′� 7� DQG 6�� WKDQ

WKDW RI WKH PDWUL[� FDXVHV LQLWLDWLRQ RI PLFURFUDFNV LQ
WKH SODQH RI WKHLU FRQWDFW� WKDW LV YLVLEOH LQ WKH IUDF�
WXUHV RI EURNHQ VDPSOHV� $QDO\VLV RI WKH IUDFWXUHV
SURYLGHV HYLGHQFH LQ IDYRU RI WKH VXSSRVLWLRQ RI JUDLQ
ERXQGDU\ FRKHVLRQ VWUHQJWK ORZHULQJ GXULQJ ZHOGLQJ
DV D UHVXOW RI SKDVH WUDQVIRUPDWLRQV DQG FRDJXODWLRQ
RI SKDVH LQFOXVLRQV�

,Q0,*ZHOGHG MRLQWV WKH PHWDO IUDFWXUH UHVLVWDQFH

YDOXHV RQ WKH ERXQGDU\ RI WKH ZHOG IXVLRQ ZLWK WKH

EDVH PHWDO� DUH DOVR ORZHU� WKDQ LQ RWKHU VWUXFWXUDO

]RQHV� 7KH VKRUW�WHUP DFWLRQ RI ZHOGLQJ KHDWLQJ LQ

0,*� FRPSDUHG WR 7,*� SURYLGHV DQ LQFUHDVH LQ DOO

WKH IUDFWXUH UHVLVWDQFH YDOXHV RI DOOR\ ���� E\ �� w

�� � DQG RI DOOR\ ���� x ��� WLPHV LQ WKH IXVLRQ

]RQH�
$ VLPLODU WHQGHQF\ RI WKH VWXGLHG IUDFWXUH FKDUDF�

WHULVWLFV FKDQJLQJ LV DOVR IRXQG LQ WKH MRLQWV RI ERWK
WKH DOOR\V DIWHU (%:� EXW WKH QDWXUH RI WKHLU FKDQJH
LV GLIIHUHQW� &RPSDUHG WR WKH MRLQWV SURGXFHG E\ DUF
ZHOGLQJ SURFHVVHV� σI YDOXH ULVHV E\ � WR �� �� .F

YDOXH LQ WKH IXVLRQ ]RQH RI DOOR\ ���� LQFUHDVHV E\
�� � DQG WKDW RI DOOR\ ���� E\ �� �� 6:&3 YDOXH
LV DOPRVW GRXEOHG LQ ERWK WKH DOOR\V� DQG -�LQWHJUDO
YDOXH LQFUHDVHV � WLPHV LQ DOOR\ ���� DQG ��� WLPHV LQ
DOOR\ ���� �)LJXUH �� F�� 7KLV LV GXH WR D ORZHU OHYHO
RI WKH PHWDO VRIWHQLQJ XQGHU WKH LPSDFW RI D ORZ KHDW
LQSXW LQ (%:� DQG WKH UHVXOWDQW ORZHU SUREDELOLW\

)LJXUH �� 0LFWURVWUXFWXUH RI

+$= PHWDO LQ DUJRQ�DUF 7,*

ZHOGLQJ �D� DQG (%: �E� RI

DOOR\ ���� �×���� �UHGXFHG E\

����
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RI DSSHDUDQFH RI FRDUVH JUDLQ ERXQGDU\ LQWHUPHWDOOLF
LQFOXVLRQV LQ WKH IXVLRQ ]RQH�

0HWDOORJUDSKLF H[DPLQDWLRQ RI WKH MRLQWV LQ WKH
YLFLQLW\ RI WKH ERXQGDU\ ZLWK WKH ZHOG� VKRZHG WKDW
LQ WKLV ]RQH WKH EDVH PHWDO EHFRPHV RYHUKHDWHG GXULQJ
ZHOGLQJ XQGHU WKH LPSDFW RI QRQ�HTXLOLEULXP VROLGXV
WHPSHUDWXUH� $ FKDUDFWHULVWLF SDUWLDO PHOWLQJ RI WKH
VWUXFWXUDO FRQVWLWXHQWV ZLWK IRUPDWLRQ RI OLTXLG LQ�
FOXVLRQV LQ WKH VROLG PHWDO EXON LV DQ LQGLFDWLRQ RI LW
�)LJXUH ��� ,Q DUF ZHOGLQJ SURFHVVHV� WKH IXVLRQ ]RQH
VWUXFWXUH UHYHDOV WKLFNHU JUDLQ ERXQGDULHV� WKHLU WULSOH
MXQFWLRQV DQG D FRQVLGHUDEOH DPRXQW RI SDUWLDOO\
PHOWHG SKDVHV� ,Q (%: D SUHGRPLQDQWO\ SRO\KHGUDO
VWUXFWXUH ZLWK PLQRU LQFOXVLRQV RI SDUWLDOO\�PHOWHG
SKDVHV LV REVHUYHG�

7KXV� LQ RUGHU WR SURYLGH D IDYRXUDEOH FRPELQDWLRQ
RI WKH ORDG DQG HQHUJ\ YDOXHV RI IUDFWXUH UHVLVWDQFH�
LW LV GHVLUDEOH WR SHUIRUP ZHOGLQJ DW D ORZHU KHDW
LQSXW� WKLV SURPRWLQJ HOLPLQDWLRQ RU OLPLWDWLRQ RI WKH
GHJUHH RI HPEULWWOHPHQW RI LQWHUPHWDOOLF SKDVH LQFOX�

VLRQV DORQJ JUDLQ ERXQGDULHV DQG KDYLQJ D FRQVLGHU�
DEOH SRVLWLYH HIIHFW RQ LPSURYHPHQW RI ZHOGHG MRLQWV
SHUIRUPDQFH LQ KLJK�VWUHQJWK $Ow/L DOOR\V�

5()(5(1&(6

�� 5DENLQ� '�0�� /R]RYVND\D� $�9�� 6NO\DELQVND\D� ,�(�

������ 0HWDOV VFLHQFH RI ZHOGLQJ DOXPLQLXP DQG LWV DOOR\V�

.\LY� 1DXNRYD 'XPND�

�� ,VKFKHQNR� $�<D� ������ :HOGLQJ RI OLJKW DOOR\V DQG PHWDO�

OLF FRPSRVLWH PDWHULDOV� $YWRPDWLFKHVND\D 6YDUND� �� �� w
���

�� %RQGDUHY� $�$�� %RQGDUHY� $QGU�$� ������ ,QYHVWLJDWLRQ RI

SK\VLFR�PHWDOOXUJLFDO SURFHVVHV DQG SURFHVV IHDWXUHV RI HOHF�

WURQ EHDP ZHOGLQJ RI DOXPLQLXP DOOR\V� ,Q� &RO� RI SDS� RQ

,QFUHDVLQJ :HOGLQJ 3URGXFWLRQ (IIHFWLYHQHVV� /LSHWVN�

�� ,VKFKHQNR� $�<D�� %RQGDUHY� $�$�� 1D]DUHQNR� 6�9� HW DO�

������ 7HFKQRORJ\ RI HOHFWURQ EHDP ZHOGLQJ RI KLJK�

VWUHQJWK DOXPLQLXP DOOR\V VWULQJHU SDQHOV� 7KH 3DWRQ :HOG�

LQJ -�� �� �� w ���

�� .LVKNLQD� 6�,� ������ )UDFWXUH UHVLVWDQFH RI DOXPLQLXP DO�

OR\V� 0RVFRZ� 0HWDOOXUJLD�

�� .KHUWVEHUJ� 5�9� ������ 'HIRUPDWLRQ DQG IUDFWXUH PHFKDQ�

LFV RI VWUXFWXUDO PDWHULDOV� 0RVFRZ� 0HWDOOXUJLD�

�� ������ 6WDWLF VWUHQJWK DQG IUDFWXUH PHFKDQLFV RI VWHHOV� (G�

E\ 9� 'DO� 9� $QWRQ� 0RVFRZ� 0HWDOOXUJLD�
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3�3� /$=(%129

=DSRUL]K\D 6WDWH 7HFKQLFDO 8QLYHUVLW\� =DSRUL]K\D� 8NUDLQH

$%675$&7

5HVXOWV RI FRPSDUDWLYH FRUURVLRQ WHVWV RI &Uw1L GHSRVLWHG PHWDO LQ DONDOL VROXWLRQV DUH JLYHQ� &RUUHODWLRQ DQG UHJUHVVLRQ

DQDO\VHV DUH PDGH� WKXV H[DPLQLQJ WKH LQWHUUHODWLRQ EHWZHHQ WKH LQSXW �δ�IHUULWH LQ ZHOGV� DQG RXWSXW �UDWH RI PHWDO

FRUURVLRQ� SDUDPHWHUV�

.H\ ZRU G V � UHJUHVVLRQ DQG FRUUHODWLRQ DQDO\VHV� GHSRVLWHG

PHWDO� FRUURVLRQ UDWH� VRGLXP K\GUR[LGH� FRRNLQJ OLTXRU� FRUUH�

ODWLRQ

7KH HTXLSPHQW IRU FKHPLFDO LQGXVWU\ LV VXEMHFWHG WR
WKH FRUURVLRQ SURFHVVHV� ,Q RQH FDVHV WKHVH SURFHVVHV

OHDG WR D XQLIRUP IUDFWXUH RI VWHHOV DQG DOOR\V� ZKLOH
LQ RWKHUV x WR WKH FRUURVLRQ FUDFNLQJ DQG RWKHU W\SHV

RI FRUURVLRQ RI VWUXFWXUHV� ZKLFK DUH RSHUDWLQJ LQ FRQ�

WDFW ZLWK DJJUHVVLYH PHGLD� 7KXV� LQ ���� D FRRNLQJ

ERLOHU �.DP\XU� RI ���� W�GD\ FDSDFLW\ DW WKH SXOS�
DQG�SDSHU PLOO �0F0LOODQ %ORGHO� �86$� H[SORGHG

EHFDXVH RI D FRUURVLRQ IDLOXUH RI D EXWW ZHOGHG MRLQW
RI WKH XSSHU FRQLFDO SDUW ZLWK D YHVVHO F\OLQGHU >�@�

$IWHU WKUHH�\HDU LQVSHFWLRQ RI ZRUN RI ERLOHUV RI D
FRQWLQXRXV FRRNLQJ DW WKH VXOSKDWH�SXOS IDFWRULHV RI

WKH 86$� WKH UHVXOWV RI LQVSHFWLRQ ZHUH VXPPDUL]HG

DQG SUHVHQWHG DW WKH ,QWHUQDWLRQDO &RQJUHVV LQ

7RURQWR �&DQDGD� >�� �@ DQG WKH IROORZLQJ FRQFOX�

VLRQV ZHUH PDGH�

$PRQJ ��� ERLOLQJ DSSDUDWXVHV� PRUH WKDQ �� RI

WKHP KDG FUDFNV LQ ZHOGHG MRLQWV RI DQ LPSUHJQDWLRQ

]RQH ORFDWHG LQ FDVLQJ PHWDO� 7KH\ ZHUH PDLQO\ RE�

VHUYHG LQ ZHOGHG MRLQWV RI YHVVHOV PDGH IURP FDUERQ

DQG ELPHWDO VWHHOV DQG DOVR ,QFRQHO�SODWHG VWHHOV�

7KH FUDFN LQLWLDWLRQ LV REVHUYHG LQ VWUXFWXUHV

SDVVHG KHDW WUHDWPHQW DQG ZLWKRXW LW� %RLOHUV ZLWK D

IXOO WUHDWPHQW DUH OHVV VHQVLWLYH WR WKH FRUURVLRQ FUDFN�

LQJ WKDQ WKH DSSDUDWXVHV ZLWK D ORFDO �QRUPDOL]LQJ�

RI ZHOGHG MRLQWV�

,Q DOO WKH ERLOHUV WKH FRUURVLRQ SURFHVVHV DUH SUR�

YRNHG E\ D PDLQ FRPSRQHQW RI WKH FRRNLQJ OLTXRU x

1D2+�

7KH LQGXVWULDO VROXWLRQV� LQ ZKLFK WKH VXOSKDWH

FHOOXORVH LV FRRNHG� DUH WKH FRPSOH[ V\VWHPV� 7DEOH �

JLYHV FKDUDFWHULVWLFV RI WKH FRRNLQJ OLTXRUV XVHG�

$W GHVLJQLQJ RI WHFKQRORJLFDO FRPSOH[HV RI WKH

SXOS�DQG�SDSHU LQGXVWU\� WKH &Uw1L VWHHOV ZHUH VXF�

FHVVIXOO\ XVHG IRU PDQ\ GHFDGHV �FRRNLQJ ERLOHUV RI

FRPSDQLHV �.DP\XU�� �3DQGLD�� .0:� VWHDPLQJ

WRZHUV� HWF��� &RPLQJ IURP WHFKQLFDO�HFRQRPLFDO

WDVNV WKH YHVVHOV DUH PDQXIDFWXUHG IURP D ELPHWDO

VKHHW UROOHG VWRFN� 7KH ELPHWDO KDV D EDVH OD\HU �ERLOHU

VWHHOV RI W\SH ��0Q� DQG DQDORJV RI VWHHOV ��.� ��.�

ZKLFK LV FODG ZLWK FRUURVLRQ�UHVLVWDQW VWHHOV RI W\SHV

��.K��1��7 �&x ���� &Ux ����� 1L x ����� 7L x

��� ZW���� ��.K��1��0�7 �& x ����� &U x �����

1L x ����� 0R x ���� 7L x ��� ZW���� $QDO\VLV RI
FRQGLWLRQ RI WKH ERLOHUV SDUN VKRZHG WKDW� DV D UHVXOW

RI ORQJ�WLPH VHUYLFH� WKH SURWHFWLYH OD\HU RI WKH DS�

SDUDWXVHV XQGHUZHQW D VLJQLILFDQW FRUURVLRQ DFWLRQ�

7KH VWXG\ RI FRUURVLRQ�DFWLYH DQG LQKLELWLQJ LQ�
JUHGLHQWV RI WKH VXOSKDWH OLTXRU SOD\V D ODUJH UROH LQ

ILJKWLQJ ZLWK WKH FRUURVLRQ� ,W ZDV HVWDEOLVKHG WKDW
WKH FDUERQDWH� DQG VLOLFDWH�LRQV KDYH LQKLELWLQJ DFWLRQ�

ZKLOH WKH FKORULGH�� VXOSKLWH� DQG VXOSKDWH�LRQV KDYH

DFWLYDWLQJ DFWLRQ RQ WKH FRUURVLRQ SURFHVVHV� $V LW

IROORZV IURP >�@� VRGLXP FKORULGH 1D&O DQG VRGLXP

WKLRVXOSKDWH 1D�6�2� FRQWULEXWH WR WKH LQLWLDWLRQ RI

D SLWWLQJ FRUURVLRQ LQ VWDLQOHVV VWHHOV� WKH VRGLXP VXO�

SKDWH 1D�62� EUDNHV LW UHPDUNDEO\� ZKLOH WKH VRGLXP
VXOSKLWH 1D�62� LV QHXWUDO �7DEOH ���

&RUURVLRQ DFWLRQ RI WKH VXOSKDWH OLTXRU RQ VWHHO
��.K��1��7 DQG ��.K��1��0�7 �& x ���� &U x

����� 1Lx ����� 0Rx ���� 7Lx ��� ZW��� LQFUHDVHV

ZLWK LQFUHDVH LQ WHPSHUDWXUH �UHDFKLQJ PD[LPXP DW

� 3�3� /$=(%129� ����

7DEOH �� &RPSRVLWLRQ RI ZKLWH OLTXRUV

6XOSKDWH IDFWRU\
&RQFHQWUDWLRQ RI HOHPHQWV LQ VROXWLRQ� &� J�O

1D2+ 1D�6 1D�&2� 1D�62� 1D&O 1D�6�2� 1D�62�

&,6 ���� w ���� ���� w ���� ���� w ���� ��� w ��� ��� ��� w ��� ����

&DQDGD >�@ ≤ ���� ���� ���� ��� ��� ��� ����
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��� w ��� �&� GHSHQGLQJ RQ FRQFHQWUDWLRQ RI DFWLYH
DONDOL DQG GHFUHDVHV DV D UHVXOW RI GLOXWLRQ ZLWK D
EODFN OLTXRU �LQ DFFRUGDQFH ZLWK WHFKQRORJLFDO UHJX�
ODWLRQV RI VXOSKDWH�SXOS IDFWRULHV��

,Q VWXG\ RI JHQHUDO FRUURVLRQ UHVLVWDQFH RI &Uw1L
PHWDOV RI GLIIHUHQW V\VWHPV RI DOOR\LQJ LQ VRGLXP K\�
GUR[LGH DQG LQGXVWULDO ZKLWH OLTXRU �1D2+ x �� w
��� 1D�6 x ��� 1D�&2� x ��� 1D�6�2� DQG
1D�62� x ��� J�O� RI ERLOHU �.DP\XU� DW WKH $UN�
KDQJHOVN SXOS�DQG�SDSHU PLOO D VLPLODU UHJXODULW\ RI
FRUURVLRQ UDWH RQ WHPSHUDWXUH GLIIHUHG RQO\ E\ TXDQ�
WLWDWLYH FKDUDFWHULVWLFV LV REVHUYHG� 7R FRQILUP WKH
ULJKW XVH RI 1D2+ IRU DFFHOHUDWLQJ WHVWV RI VROXWLRQV
LQ WKH GHYHORSPHQW RI ZHOGLQJ PDWHULDOV XVHG LQ DONDOL
PHGLD RI SXOS�DQG�SDSHU LQGXVWU\ D VWDWLVWLF SURFHVV�
LQJ RI GDWD RI FRUURVLRQ UHVLVWDQFH RI VSHFLPHQV LQ
ODERUDWRU\ DQG UHDO FRQGLWLRQV ZDV PDGH �7DEOH ���

7KH PHWKRGV RI FRUUHODWLRQ DQG UHJUHVVLRQ DQDO\VLV
PDNH LW SRVVLEOH WR VWXG\ WKH UHODWLRQ EHWZHHQ WKH
LQSXW DQG RXWSXW SDUDPHWHUV� 2IWHQ� D FRHIILFLHQW RI

FRUUHODWLRQ U\[ �LQ FDVH RI D OLQHDU UHODWLRQ� LV FKDU�
DFWHULVWLFV RI FORVHQHVV RI UHODWLRQ EHWZHHQ WZR UDQ�
GRP YDOXHV >�� �@� $W D VXIILFLHQW FORVHQHVV RI GLVWUL�
EXWLRQ RI H[DPLQLQJ YDULDEOHV [� \ WR D QRUPDO ODZ
U\[ LV D FKDUDFWHULVWLF RI GHJUHH RI LQWHUUHODWLRQ FORVH�
QHVV� 7KH JLYHQ VLWXDWLRQ LV W\SLFDO RI D OLQHDU UHODWLRQ
�SUREDELOLW\ RI SORWWLQJ D K\SRWKHWLF OLQH RI UHJUHVVLRQ
LQ D FRUUHODWLRQ ILHOG��

$ UHJUHVVLRQ DQDO\VLV RI D VHULHV RI H[SHULPHQWV
�VHH 7DEOH �� ZDV PDGH DW DQ LQSXW SDUDPHWHU [ �PDVV
VKDUH RI δ�IHUULWH� �� DQG RXWSXW SDUDPHWHUV \�� \�
�FRUURVLRQ UDWH GXULQJ UHDO 5F� DQG ODERUDWRU\ 5F�

WHVWV�� 2Q WKH EDVLV RI 7DEOH GDWD� D VWDWLVWLF SURFHVV�
LQJ RI UHVXOWV ZDV PDGH� $ JUDSKLFDO SDLU FRUUHODWLRQ
RI WZR FDVHV \��[ DQG \��[ ZDV PDGH SUHOLPLQDU\
ZKLFK DOORZV VHWWLQJ RI FRUUHODWLRQ EHWZHHQ \�� \�

DQG [� DQG DOVR LWV IRUP� ,Q DFFRUGDQFH ZLWK GDWD RI
7DEOH �� WKH SRLQWV ZKRVH VHW IRUPV D FRUUHODWLRQ ILHOG
�)LJXUH� D� E�� DUH SORWWHG LQ FRRUGLQDWHV \��[ DQG
\��[� 2Q WKLV EDVLV� D K\SRWKHVLV ZDV DVVXPHG WKDW

7DEOH �� 6LQJOH�IDFWRU HIIHFW RI DQLRQV RI ZKLWH VXOSKDWH OLTXRU RQ FRUURVLRQ UDWH� 5F� RI VWHHO ��.K��1��7 >�@

1D&O 1D�62� 1D�6�2� 1D�62�

&� J�O 5F� PP�\HDU &� J�O 5F� PP�\HDU &� J�O 5F� PP�\HDU &� J�O 5F� PP�\HDU

w ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

1R W H � 6SHFLPHQV ZHUH WHVWHG DW ��� �& WHPSHUDWXUH LQ D PRGHO VROXWLRQ RI OLTXRU� J�O� 1D2+ x ������ 1D�6 x ������ 1D�62� x �����

1D�6�2� x ����� 1D�&2� x ����� 1D�62� x �����

7DEOH �� &RUURVLRQ UHVLVWDQFH RI &Uw1L GHSRVLWHG PHWDO

1XPEHU

RI VSHFLPHQ

*UDGH RI ZHOGLQJ

HOHFWURGH
7\SH RI GHSRVLWHG PHWDO

0DVV FRQWHQW RI

δ�IHUULWH� �
5DWH RI FRUURVLRQ DW WHVWV� J��P

�⋅K�

IXOO�VFDOH 5F� ODERUDWRU\ 5F�

[ \� \�

� w � 2=/�� ��.K��1� ���� ���� ��� ������� ������� ������ ������� ������� ������

� w � 7V/��� ��.K��1��*� ���� ���� ��� ������� ������� ������ ������� ������� ������

� w � =,2�� ��.K��1��*�% ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 1,$7�� ��.K��1��0�*� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 1=K��� ��.K��1��0�% ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� ($�������X ��.K��1��0�*�) ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 2=/�� ��.K��1��*� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� ($������ ��.K��1��0�*� w ������� ������� ������ ������� ������� ������

�� w �� ($������� ��.K��1��0�*�) w ������� ������� ������ ������� ������� ������

�� w �� 3LORW ��.K��1�� ������ <� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 6DPH ��.K��1�� ����� � <� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� � ��.K��1�� ������ � <� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 2.5�� �6ZHGHQ� ��.K��1�0� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� ���095 �6ZHGHQ� ��.K��1��*� ���� ���� ��� ������� ������� ������ ������� ������� ������

1R W H V � �� )XOO�VFDOH WHVWV RI ERLOHU �.DP\XU� ZHUH SHUIRUPHG DW ��� w ��� �& DQG SUHVVXUH ��� 03D LQ D FRRNLQJ OLTXRU GXULQJ ����� K�

�� /DERUDWRU\ WHVWV RI DXWRFODYH ZHUH SHUIRUPHG DW ��� �& DQG SUHVVXUH ��� 03D LQ �� � VROXWLRQ RI 1D2+ GXULQJ ��� K�
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WKHUH LV D OLQHDU UHODWLRQ EHWZHHQ WKH SDUDPHWHUV H[�
DPLQHG� DQG� FRQVHTXHQWO\� WKH UHJUHVVLRQ OLQHV DUH
VWUDLJKW�

,QLWLDO GDWD IRU UHJUHVVLRQ DQDO\VLV DUH JLYHQ EHORZ
�VXPPLQJ RI UHVXOWV IURP �� H[SHULPHQWV��

∑ [  ������ ∑ \�  ������ ∑ \�  �������

∑ [\�  ������� ∑ [
�
 ������� ∑ \�

�
 ������

∑ [\�  ������� ∑ \�

�
 ��������

8VLQJ WKHVH GDWD WKH FRHIILFLHQWV RI FRUUHODWLRQ EH�
WZHHQ SDUDPHWHUV \��[ DQG \��[ DUH GHWHUPLQHG DF�
FRUGLQJ WR IRUPXODH >�@

U� =
Q∑ [\� w ∑ [ ∑ \�

√Q ∑ [
�
w (∑[)� √Q ∑ \�

�
w (∑\�)

�

= ����� ���

U� =
Q∑ [\� w ∑ [ ∑ \�

√Q ∑ [
�
w (∑[)� √Q ∑ \�

�
w (∑\�)

�

= ����� ���

7KH YDOXHV U� DQG U� DUH ZLWKLQ WKH LQWHUYDO ��� ≤
≤ U ≤ ��� WKDW FKDUDFWHUL]HV WKH FRQGLWLRQ RI D VWURQJ
LQWHUUHODWLRQ EHWZHHQ WZR UDQGRP SDUDPHWHUV� 5HOD�
WLRQ \�  I�[� LV SUHVHQWHG E\ WKH HTXDWLRQ

\�  D�[ � E�� ���

ZKRVH FRHIILFLHQW ZDV GHWHUPLQHG E\ WKH OHDVW�VTXDUHV
PHWKRG >�@� 6XEVWLWXWLQJ QXPHULFDO YDOXHV RI YDUL�
DEOHV IURP GDWD RI UHJUHVVLRQ DQDO\VLV ZH VKDOO REWDLQ
D V\VWHP RI QRUPDO HTXDWLRQV� $IWHU WKHLU VROXWLRQ ZH
VKDOO ILQG FRHIILFLHQWV D� DQG E��








(∑ [)D� + QE� = ∑ \�� D� = ����� �

(∑ [
�)D� + (∑ [)E� = ∑ [\�� E� = ������

���

7KH HTXDWLRQ RI UHJUHVVLRQ OLQH ��� ZLOO WDNH IRUP

\�  �����[ � ������ ���

5HJUHVVLRQ DQG FRUUHODWLRQ DQDO\VHV RI UHVXOWV RI H[SHULPHQWV� Dx
IXOO�VFDOH WHVWV RI VSHFLPHQV RI GHSRVLWHG PHWDO LQ D FRRNLQJ OLTXRU
DQG VRGLXP K\GUR[LGH �\�  �����[ � ������� E x VDPH� WKH
ODERUDWRU\ WHVWV �\�  �����[ � ������� F x FRUUHODWLRQ UHODWLRQ
\�  I�\�� �\�  �����\� � ������

7DEOH �� 5HVXOWV RI FRUUHODWLRQ DQG UHJUHVVLRQ DQDO\VHV RI SD�
UDPHWHUV \��[� \��[ DQG \��\�




&KDUDFWHULVWLF

1XPHULFDO YDOXH

[ \� \�

&RQILGHQFH SUREDELOLW\� 3 ���� ���� ����

&RHIILFLHQW RI FRUUHODWLRQ�

U� w ���� w

U� w w ����

,QWHUYDO IRU D VWURQJ UHODWLRQ�

WDEOH >���� ���@

FDOFXODWLRQ >����� ����@

0DWKHPDWLFDO H[SHFWDWLRQ� 0

�DULWKPHWLF PHDQ�

���� ���� ����

/LPLWV RI LQWHUYDO�

ORZHU �w����� ���� ���� ����

XSSHU ������� ���� ���� ����

9DOXH RI SDUDPHWHU DW WKH

OLPLW RI D FRQILGHQFH LQWHUYDO�

PD[LPXP ���� ���� ����

PLQLPXP � ���� ����

5DQJH ���� ���� ����

'LVSHUVLRQ� 6 ���� ���� ����

6WDQGDUG GHYLDWLRQ� σ\�[

�URRW�PHDQ�VTXDUH�

���� ���� ����

(TXDWLRQV RI UHJUHVVLRQ�

\�  I�[� \�  �����[ � �����

\�  I�[� \�  �����[ � �����

\�  I�\�� \�  �����\� � �����

&RQILGHQFH ]RQHV RI OLQHDU

UHJUHVVLRQ� ∆\�[

\�  �����[ � ����� ± ∆\�[

\�  �����[ � ����� ± ∆\�[

\�  �����\� � ����� ± ∆\�[



1XPEHU RI H[SHULPHQWV �VHOHFWLRQ� ZDV ���
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6LPLODUO\� ZH VKDOO FDOFXODWH WKH FRHIILFLHQW RI UH�
JUHVVLRQ OLQH \�  I�[��

\�  D�[ � E�� ���








(∑ [)D� + QE� = ∑ \�� D� = ������

(∑ [
�)D� + (∑ [)E� = ∑ [\�� E� = ������

���

7KH HTXDWLRQ ��� ZLOO WDNH IRUP

\�  �����Ó � ������ ���

,Q DFFRUGDQFH ZLWK ��� DQG ��� WKH FDOFXODWLRQ
OLQHV RI UHJUHVVLRQ DUH SORWWHG �VHH )LJXUH� D� E�� $IWHU
VROXWLRQ RI WKHVH HTXDWLRQV ZH VKDOO ILQG D FRUUHODWLRQ
UHODWLRQ RI IXQFWLRQV \�  I�\���







\� = �����[ + ������

\� = �����[ + ������

\� = �����\� + ������

���

$ FDOFXODWLRQ UHJUHVVLRQ OLQH LV VKRZQ LQ )LJXUH�
F� ,W IROORZV IURP JUDSKV WKDW WKH SDUDPHWHUV \� DQG
\� �UHVXOWV RI UHDO DQG ODERUDWRU\ WHVWV� UHVSHFWLYHO\�
DUH PXWXDOO\ FRUUHODWHG�

7R GHWHUPLQH D FRQILGHQFH ]RQH RI WKH OLQHDU UH�
JUHVVLRQ ZH VKDOO XVH WKH IRUPXOD IURP >�@

∆\�[  Wσ\�[� ����

ZKHUH∆\�[ LV WKH OLQHDU GHYLDWLRQ RI H[SHULPHQWDO SRLQW
\
a
L IURP FRUUHVSRQGLQJ SRLQW \L DW WKH UHJUHVVLRQ OLQH�

W LV WKH QRPLQDO GHYLDWLRQ� σ\�[ = √∑(\
L
w \
a)

�

Q w �

LV WKH VWDQG�

DUG GHYLDWLRQ�

7KH SURFHVVLQJ RI H[SHULPHQW UHVXOWV �VHH 7DEOH ��
E\ WKH DERYH�GHVFULEHG SURFHGXUH ZDV UHDOL]HG LQ WKH
FRPSXWHU XVLQJ VSHFLDO SURJUDPV� 7KH PXWXDO FRUUH�
ODWLRQ RI WKH SDUDPHWHUV \� DQG \� UHVXOWV IURP WKH
JLYHQ JUDSKV SORWWHG RQ WKH EDVLV RI HTXDWLRQV ����
��� DQG ���� 7KH FRQILGHQFH ]RQHV UHIOHFW OLPLWV� L�H�
HOOLSVHV RI FRUUHODWLRQ ILHOGV� 7KH PDLQ GHVFULELQJ VWD�
WLVWLFV DUH JLYHQ LQ 7DEOH ��

7KH DERYH UHVXOWV PDNH LW SRVVLEOH WR VWDWH WKDW
WKH FRPSOH[ RI H[SHULPHQWV XVLQJ VROXWLRQV 1D2+
FDQ EH GHWHUPLQLQJ DOVR IRU WKH LQGXVWULDO OLTXRUV�
7KLV IDFWRU RXWOLQHV WKH ULJKW DSSOLFDWLRQ RI VRGLXP
K\GUR[LGH DV D PRGHO PHGLXP LQ LQYHVWLJDWLRQ RI FRU�
URVLRQ RI PDWHULDOV RSHUDWLQJ LQ DONDOL PHGLD XVHG LQ
WKH SXOS�DQG�SDSHU LQGXVWU\�

5()(5(1&(6

�� 6PLWK� .� ������ ([SORVLRQ RI D FRQWLQXRXV FRRNLQJ ERLOHU�
3XOS DQG 3DSHU� ��� �� w ���

�� 6LQJEHLO� '�� *DUQHU� $� ������ 6WUHVV FRUURVLRQ FUDFNLQJ RI
.UDIW FRQWLQXRXV GLJHVWHUV� ,Q� 3URF� RI ,QW� &RQJU� RQ 0HW�
&RUU�� 7RURQWR� -XQH � w �� 2WWDZD�

�� &KDNUDSDQL� '�*� HW DO� ������ 3XOS GLJHVWHU FUDFNLQJ DI�
IOLFWV D YDULHW\ RI DOOR\V� ,ELG�

�� 0XHOOHU� '�$� ������ &RUURVLRQ VWXGLHV RI FDUERQ VWHHO LQ
DONDOLQH SXOSLQJ OLTXRUV E\ SRWHQWLDO WLPH DQG SRODUL]D�
WLRQ x JXUYR�UHWHGV� 7$33,� �� ��� w ����

�� 6KNROQLNRY� (�9�� $QDQLHYD� *�)�� 6PLUQRY� 9�'� ������
+RZ WR GHFUHDVH FRUURVLRQ RI FRRNLQJ ERLOHUV� %XPD]KQ�
3URP\VKOHQQRVW� ��� �� w ���

�� .ROHPDHY� 9�$�� 6WDURYHURY� 2�9�� 7XUXQGD\HYVN\� 9�%�
������ 7KHRU\ RI SUREDELOLW\ DQG PDWKHPDWLFDO VWDWLVWLFV�
0RVFRZ� 9\VVKD\D 6KNROD�

�� 5XPVKLQVN\� /�=� ������ 0DWKHPDWLFDO SURFHVVLQJ RI UH�
VXOWV RI H[SHULPHQWV� 0RVFRZ� 1DXND�

�� /DNLQ� *�)� ������ %LRPHWU\� 0RVFRZ� 9\VVKD\D 6KNROD�
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3�3� /$=(%129

=DSRUL]K\D 6WDWH 7HFKQLFDO 8QLYHUVLW\� =DSRUL]K\D� 8NUDLQH

$%675$&7

5HVXOWV RI FRPSDUDWLYH FRUURVLRQ WHVWV RI &Uw1L GHSRVLWHG PHWDO LQ DONDOL VROXWLRQV DUH JLYHQ� &RUUHODWLRQ DQG UHJUHVVLRQ

DQDO\VHV DUH PDGH� WKXV H[DPLQLQJ WKH LQWHUUHODWLRQ EHWZHHQ WKH LQSXW �δ�IHUULWH LQ ZHOGV� DQG RXWSXW �UDWH RI PHWDO

FRUURVLRQ� SDUDPHWHUV�

.H\ ZRU G V � UHJUHVVLRQ DQG FRUUHODWLRQ DQDO\VHV� GHSRVLWHG

PHWDO� FRUURVLRQ UDWH� VRGLXP K\GUR[LGH� FRRNLQJ OLTXRU� FRUUH�

ODWLRQ

7KH HTXLSPHQW IRU FKHPLFDO LQGXVWU\ LV VXEMHFWHG WR
WKH FRUURVLRQ SURFHVVHV� ,Q RQH FDVHV WKHVH SURFHVVHV

OHDG WR D XQLIRUP IUDFWXUH RI VWHHOV DQG DOOR\V� ZKLOH
LQ RWKHUV x WR WKH FRUURVLRQ FUDFNLQJ DQG RWKHU W\SHV

RI FRUURVLRQ RI VWUXFWXUHV� ZKLFK DUH RSHUDWLQJ LQ FRQ�

WDFW ZLWK DJJUHVVLYH PHGLD� 7KXV� LQ ���� D FRRNLQJ

ERLOHU �.DP\XU� RI ���� W�GD\ FDSDFLW\ DW WKH SXOS�
DQG�SDSHU PLOO �0F0LOODQ %ORGHO� �86$� H[SORGHG

EHFDXVH RI D FRUURVLRQ IDLOXUH RI D EXWW ZHOGHG MRLQW
RI WKH XSSHU FRQLFDO SDUW ZLWK D YHVVHO F\OLQGHU >�@�

$IWHU WKUHH�\HDU LQVSHFWLRQ RI ZRUN RI ERLOHUV RI D
FRQWLQXRXV FRRNLQJ DW WKH VXOSKDWH�SXOS IDFWRULHV RI

WKH 86$� WKH UHVXOWV RI LQVSHFWLRQ ZHUH VXPPDUL]HG

DQG SUHVHQWHG DW WKH ,QWHUQDWLRQDO &RQJUHVV LQ

7RURQWR �&DQDGD� >�� �@ DQG WKH IROORZLQJ FRQFOX�

VLRQV ZHUH PDGH�

$PRQJ ��� ERLOLQJ DSSDUDWXVHV� PRUH WKDQ �� RI

WKHP KDG FUDFNV LQ ZHOGHG MRLQWV RI DQ LPSUHJQDWLRQ

]RQH ORFDWHG LQ FDVLQJ PHWDO� 7KH\ ZHUH PDLQO\ RE�

VHUYHG LQ ZHOGHG MRLQWV RI YHVVHOV PDGH IURP FDUERQ

DQG ELPHWDO VWHHOV DQG DOVR ,QFRQHO�SODWHG VWHHOV�

7KH FUDFN LQLWLDWLRQ LV REVHUYHG LQ VWUXFWXUHV

SDVVHG KHDW WUHDWPHQW DQG ZLWKRXW LW� %RLOHUV ZLWK D

IXOO WUHDWPHQW DUH OHVV VHQVLWLYH WR WKH FRUURVLRQ FUDFN�

LQJ WKDQ WKH DSSDUDWXVHV ZLWK D ORFDO �QRUPDOL]LQJ�

RI ZHOGHG MRLQWV�

,Q DOO WKH ERLOHUV WKH FRUURVLRQ SURFHVVHV DUH SUR�

YRNHG E\ D PDLQ FRPSRQHQW RI WKH FRRNLQJ OLTXRU x

1D2+�

7KH LQGXVWULDO VROXWLRQV� LQ ZKLFK WKH VXOSKDWH

FHOOXORVH LV FRRNHG� DUH WKH FRPSOH[ V\VWHPV� 7DEOH �

JLYHV FKDUDFWHULVWLFV RI WKH FRRNLQJ OLTXRUV XVHG�

$W GHVLJQLQJ RI WHFKQRORJLFDO FRPSOH[HV RI WKH

SXOS�DQG�SDSHU LQGXVWU\� WKH &Uw1L VWHHOV ZHUH VXF�

FHVVIXOO\ XVHG IRU PDQ\ GHFDGHV �FRRNLQJ ERLOHUV RI

FRPSDQLHV �.DP\XU�� �3DQGLD�� .0:� VWHDPLQJ

WRZHUV� HWF��� &RPLQJ IURP WHFKQLFDO�HFRQRPLFDO

WDVNV WKH YHVVHOV DUH PDQXIDFWXUHG IURP D ELPHWDO

VKHHW UROOHG VWRFN� 7KH ELPHWDO KDV D EDVH OD\HU �ERLOHU

VWHHOV RI W\SH ��0Q� DQG DQDORJV RI VWHHOV ��.� ��.�

ZKLFK LV FODG ZLWK FRUURVLRQ�UHVLVWDQW VWHHOV RI W\SHV

��.K��1��7 �&x ���� &Ux ����� 1L x ����� 7L x

��� ZW���� ��.K��1��0�7 �& x ����� &U x �����

1L x ����� 0R x ���� 7L x ��� ZW���� $QDO\VLV RI
FRQGLWLRQ RI WKH ERLOHUV SDUN VKRZHG WKDW� DV D UHVXOW

RI ORQJ�WLPH VHUYLFH� WKH SURWHFWLYH OD\HU RI WKH DS�

SDUDWXVHV XQGHUZHQW D VLJQLILFDQW FRUURVLRQ DFWLRQ�

7KH VWXG\ RI FRUURVLRQ�DFWLYH DQG LQKLELWLQJ LQ�
JUHGLHQWV RI WKH VXOSKDWH OLTXRU SOD\V D ODUJH UROH LQ

ILJKWLQJ ZLWK WKH FRUURVLRQ� ,W ZDV HVWDEOLVKHG WKDW
WKH FDUERQDWH� DQG VLOLFDWH�LRQV KDYH LQKLELWLQJ DFWLRQ�

ZKLOH WKH FKORULGH�� VXOSKLWH� DQG VXOSKDWH�LRQV KDYH

DFWLYDWLQJ DFWLRQ RQ WKH FRUURVLRQ SURFHVVHV� $V LW

IROORZV IURP >�@� VRGLXP FKORULGH 1D&O DQG VRGLXP

WKLRVXOSKDWH 1D�6�2� FRQWULEXWH WR WKH LQLWLDWLRQ RI

D SLWWLQJ FRUURVLRQ LQ VWDLQOHVV VWHHOV� WKH VRGLXP VXO�

SKDWH 1D�62� EUDNHV LW UHPDUNDEO\� ZKLOH WKH VRGLXP
VXOSKLWH 1D�62� LV QHXWUDO �7DEOH ���

&RUURVLRQ DFWLRQ RI WKH VXOSKDWH OLTXRU RQ VWHHO
��.K��1��7 DQG ��.K��1��0�7 �& x ���� &U x

����� 1Lx ����� 0Rx ���� 7Lx ��� ZW��� LQFUHDVHV

ZLWK LQFUHDVH LQ WHPSHUDWXUH �UHDFKLQJ PD[LPXP DW

� 3�3� /$=(%129� ����

7DEOH �� &RPSRVLWLRQ RI ZKLWH OLTXRUV

6XOSKDWH IDFWRU\
&RQFHQWUDWLRQ RI HOHPHQWV LQ VROXWLRQ� &� J�O

1D2+ 1D�6 1D�&2� 1D�62� 1D&O 1D�6�2� 1D�62�

&,6 ���� w ���� ���� w ���� ���� w ���� ��� w ��� ��� ��� w ��� ����

&DQDGD >�@ ≤ ���� ���� ���� ��� ��� ��� ����
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��� w ��� �&� GHSHQGLQJ RQ FRQFHQWUDWLRQ RI DFWLYH
DONDOL DQG GHFUHDVHV DV D UHVXOW RI GLOXWLRQ ZLWK D
EODFN OLTXRU �LQ DFFRUGDQFH ZLWK WHFKQRORJLFDO UHJX�
ODWLRQV RI VXOSKDWH�SXOS IDFWRULHV��

,Q VWXG\ RI JHQHUDO FRUURVLRQ UHVLVWDQFH RI &Uw1L
PHWDOV RI GLIIHUHQW V\VWHPV RI DOOR\LQJ LQ VRGLXP K\�
GUR[LGH DQG LQGXVWULDO ZKLWH OLTXRU �1D2+ x �� w
��� 1D�6 x ��� 1D�&2� x ��� 1D�6�2� DQG
1D�62� x ��� J�O� RI ERLOHU �.DP\XU� DW WKH $UN�
KDQJHOVN SXOS�DQG�SDSHU PLOO D VLPLODU UHJXODULW\ RI
FRUURVLRQ UDWH RQ WHPSHUDWXUH GLIIHUHG RQO\ E\ TXDQ�
WLWDWLYH FKDUDFWHULVWLFV LV REVHUYHG� 7R FRQILUP WKH
ULJKW XVH RI 1D2+ IRU DFFHOHUDWLQJ WHVWV RI VROXWLRQV
LQ WKH GHYHORSPHQW RI ZHOGLQJ PDWHULDOV XVHG LQ DONDOL
PHGLD RI SXOS�DQG�SDSHU LQGXVWU\ D VWDWLVWLF SURFHVV�
LQJ RI GDWD RI FRUURVLRQ UHVLVWDQFH RI VSHFLPHQV LQ
ODERUDWRU\ DQG UHDO FRQGLWLRQV ZDV PDGH �7DEOH ���

7KH PHWKRGV RI FRUUHODWLRQ DQG UHJUHVVLRQ DQDO\VLV
PDNH LW SRVVLEOH WR VWXG\ WKH UHODWLRQ EHWZHHQ WKH
LQSXW DQG RXWSXW SDUDPHWHUV� 2IWHQ� D FRHIILFLHQW RI

FRUUHODWLRQ U\[ �LQ FDVH RI D OLQHDU UHODWLRQ� LV FKDU�
DFWHULVWLFV RI FORVHQHVV RI UHODWLRQ EHWZHHQ WZR UDQ�
GRP YDOXHV >�� �@� $W D VXIILFLHQW FORVHQHVV RI GLVWUL�
EXWLRQ RI H[DPLQLQJ YDULDEOHV [� \ WR D QRUPDO ODZ
U\[ LV D FKDUDFWHULVWLF RI GHJUHH RI LQWHUUHODWLRQ FORVH�
QHVV� 7KH JLYHQ VLWXDWLRQ LV W\SLFDO RI D OLQHDU UHODWLRQ
�SUREDELOLW\ RI SORWWLQJ D K\SRWKHWLF OLQH RI UHJUHVVLRQ
LQ D FRUUHODWLRQ ILHOG��

$ UHJUHVVLRQ DQDO\VLV RI D VHULHV RI H[SHULPHQWV
�VHH 7DEOH �� ZDV PDGH DW DQ LQSXW SDUDPHWHU [ �PDVV
VKDUH RI δ�IHUULWH� �� DQG RXWSXW SDUDPHWHUV \�� \�
�FRUURVLRQ UDWH GXULQJ UHDO 5F� DQG ODERUDWRU\ 5F�

WHVWV�� 2Q WKH EDVLV RI 7DEOH GDWD� D VWDWLVWLF SURFHVV�
LQJ RI UHVXOWV ZDV PDGH� $ JUDSKLFDO SDLU FRUUHODWLRQ
RI WZR FDVHV \��[ DQG \��[ ZDV PDGH SUHOLPLQDU\
ZKLFK DOORZV VHWWLQJ RI FRUUHODWLRQ EHWZHHQ \�� \�

DQG [� DQG DOVR LWV IRUP� ,Q DFFRUGDQFH ZLWK GDWD RI
7DEOH �� WKH SRLQWV ZKRVH VHW IRUPV D FRUUHODWLRQ ILHOG
�)LJXUH� D� E�� DUH SORWWHG LQ FRRUGLQDWHV \��[ DQG
\��[� 2Q WKLV EDVLV� D K\SRWKHVLV ZDV DVVXPHG WKDW

7DEOH �� 6LQJOH�IDFWRU HIIHFW RI DQLRQV RI ZKLWH VXOSKDWH OLTXRU RQ FRUURVLRQ UDWH� 5F� RI VWHHO ��.K��1��7 >�@

1D&O 1D�62� 1D�6�2� 1D�62�

&� J�O 5F� PP�\HDU &� J�O 5F� PP�\HDU &� J�O 5F� PP�\HDU &� J�O 5F� PP�\HDU

w ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

��� ����� ��� ����� ��� ����� ��� �����

1R W H � 6SHFLPHQV ZHUH WHVWHG DW ��� �& WHPSHUDWXUH LQ D PRGHO VROXWLRQ RI OLTXRU� J�O� 1D2+ x ������ 1D�6 x ������ 1D�62� x �����

1D�6�2� x ����� 1D�&2� x ����� 1D�62� x �����

7DEOH �� &RUURVLRQ UHVLVWDQFH RI &Uw1L GHSRVLWHG PHWDO

1XPEHU

RI VSHFLPHQ

*UDGH RI ZHOGLQJ

HOHFWURGH
7\SH RI GHSRVLWHG PHWDO

0DVV FRQWHQW RI

δ�IHUULWH� �
5DWH RI FRUURVLRQ DW WHVWV� J��P

�⋅K�

IXOO�VFDOH 5F� ODERUDWRU\ 5F�

[ \� \�

� w � 2=/�� ��.K��1� ���� ���� ��� ������� ������� ������ ������� ������� ������

� w � 7V/��� ��.K��1��*� ���� ���� ��� ������� ������� ������ ������� ������� ������

� w � =,2�� ��.K��1��*�% ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 1,$7�� ��.K��1��0�*� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 1=K��� ��.K��1��0�% ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� ($�������X ��.K��1��0�*�) ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 2=/�� ��.K��1��*� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� ($������ ��.K��1��0�*� w ������� ������� ������ ������� ������� ������

�� w �� ($������� ��.K��1��0�*�) w ������� ������� ������ ������� ������� ������

�� w �� 3LORW ��.K��1�� ������ <� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 6DPH ��.K��1�� ����� � <� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� � ��.K��1�� ������ � <� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� 2.5�� �6ZHGHQ� ��.K��1�0� ���� ���� ��� ������� ������� ������ ������� ������� ������

�� w �� ���095 �6ZHGHQ� ��.K��1��*� ���� ���� ��� ������� ������� ������ ������� ������� ������

1R W H V � �� )XOO�VFDOH WHVWV RI ERLOHU �.DP\XU� ZHUH SHUIRUPHG DW ��� w ��� �& DQG SUHVVXUH ��� 03D LQ D FRRNLQJ OLTXRU GXULQJ ����� K�

�� /DERUDWRU\ WHVWV RI DXWRFODYH ZHUH SHUIRUPHG DW ��� �& DQG SUHVVXUH ��� 03D LQ �� � VROXWLRQ RI 1D2+ GXULQJ ��� K�

7/2001 17



WKHUH LV D OLQHDU UHODWLRQ EHWZHHQ WKH SDUDPHWHUV H[�
DPLQHG� DQG� FRQVHTXHQWO\� WKH UHJUHVVLRQ OLQHV DUH
VWUDLJKW�

,QLWLDO GDWD IRU UHJUHVVLRQ DQDO\VLV DUH JLYHQ EHORZ
�VXPPLQJ RI UHVXOWV IURP �� H[SHULPHQWV��

∑ [  ������ ∑ \�  ������ ∑ \�  �������

∑ [\�  ������� ∑ [
�
 ������� ∑ \�

�
 ������

∑ [\�  ������� ∑ \�

�
 ��������

8VLQJ WKHVH GDWD WKH FRHIILFLHQWV RI FRUUHODWLRQ EH�
WZHHQ SDUDPHWHUV \��[ DQG \��[ DUH GHWHUPLQHG DF�
FRUGLQJ WR IRUPXODH >�@

U� =
Q∑ [\� w ∑ [ ∑ \�

√Q ∑ [
�
w (∑[)� √Q ∑ \�

�
w (∑\�)

�

= ����� ���

U� =
Q∑ [\� w ∑ [ ∑ \�

√Q ∑ [
�
w (∑[)� √Q ∑ \�

�
w (∑\�)

�

= ����� ���

7KH YDOXHV U� DQG U� DUH ZLWKLQ WKH LQWHUYDO ��� ≤
≤ U ≤ ��� WKDW FKDUDFWHUL]HV WKH FRQGLWLRQ RI D VWURQJ
LQWHUUHODWLRQ EHWZHHQ WZR UDQGRP SDUDPHWHUV� 5HOD�
WLRQ \�  I�[� LV SUHVHQWHG E\ WKH HTXDWLRQ

\�  D�[ � E�� ���

ZKRVH FRHIILFLHQW ZDV GHWHUPLQHG E\ WKH OHDVW�VTXDUHV
PHWKRG >�@� 6XEVWLWXWLQJ QXPHULFDO YDOXHV RI YDUL�
DEOHV IURP GDWD RI UHJUHVVLRQ DQDO\VLV ZH VKDOO REWDLQ
D V\VWHP RI QRUPDO HTXDWLRQV� $IWHU WKHLU VROXWLRQ ZH
VKDOO ILQG FRHIILFLHQWV D� DQG E��








(∑ [)D� + QE� = ∑ \�� D� = ����� �

(∑ [
�)D� + (∑ [)E� = ∑ [\�� E� = ������

���

7KH HTXDWLRQ RI UHJUHVVLRQ OLQH ��� ZLOO WDNH IRUP

\�  �����[ � ������ ���

5HJUHVVLRQ DQG FRUUHODWLRQ DQDO\VHV RI UHVXOWV RI H[SHULPHQWV� Dx
IXOO�VFDOH WHVWV RI VSHFLPHQV RI GHSRVLWHG PHWDO LQ D FRRNLQJ OLTXRU
DQG VRGLXP K\GUR[LGH �\�  �����[ � ������� E x VDPH� WKH
ODERUDWRU\ WHVWV �\�  �����[ � ������� F x FRUUHODWLRQ UHODWLRQ
\�  I�\�� �\�  �����\� � ������

7DEOH �� 5HVXOWV RI FRUUHODWLRQ DQG UHJUHVVLRQ DQDO\VHV RI SD�
UDPHWHUV \��[� \��[ DQG \��\�




&KDUDFWHULVWLF

1XPHULFDO YDOXH

[ \� \�

&RQILGHQFH SUREDELOLW\� 3 ���� ���� ����

&RHIILFLHQW RI FRUUHODWLRQ�

U� w ���� w

U� w w ����

,QWHUYDO IRU D VWURQJ UHODWLRQ�

WDEOH >���� ���@

FDOFXODWLRQ >����� ����@

0DWKHPDWLFDO H[SHFWDWLRQ� 0

�DULWKPHWLF PHDQ�

���� ���� ����

/LPLWV RI LQWHUYDO�

ORZHU �w����� ���� ���� ����

XSSHU ������� ���� ���� ����

9DOXH RI SDUDPHWHU DW WKH

OLPLW RI D FRQILGHQFH LQWHUYDO�

PD[LPXP ���� ���� ����

PLQLPXP � ���� ����

5DQJH ���� ���� ����

'LVSHUVLRQ� 6 ���� ���� ����

6WDQGDUG GHYLDWLRQ� σ\�[

�URRW�PHDQ�VTXDUH�

���� ���� ����

(TXDWLRQV RI UHJUHVVLRQ�

\�  I�[� \�  �����[ � �����

\�  I�[� \�  �����[ � �����

\�  I�\�� \�  �����\� � �����

&RQILGHQFH ]RQHV RI OLQHDU

UHJUHVVLRQ� ∆\�[

\�  �����[ � ����� ± ∆\�[

\�  �����[ � ����� ± ∆\�[

\�  �����\� � ����� ± ∆\�[



1XPEHU RI H[SHULPHQWV �VHOHFWLRQ� ZDV ���
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6LPLODUO\� ZH VKDOO FDOFXODWH WKH FRHIILFLHQW RI UH�
JUHVVLRQ OLQH \�  I�[��

\�  D�[ � E�� ���








(∑ [)D� + QE� = ∑ \�� D� = ������

(∑ [
�)D� + (∑ [)E� = ∑ [\�� E� = ������

���

7KH HTXDWLRQ ��� ZLOO WDNH IRUP

\�  �����Ó � ������ ���

,Q DFFRUGDQFH ZLWK ��� DQG ��� WKH FDOFXODWLRQ
OLQHV RI UHJUHVVLRQ DUH SORWWHG �VHH )LJXUH� D� E�� $IWHU
VROXWLRQ RI WKHVH HTXDWLRQV ZH VKDOO ILQG D FRUUHODWLRQ
UHODWLRQ RI IXQFWLRQV \�  I�\���







\� = �����[ + ������

\� = �����[ + ������

\� = �����\� + ������

���

$ FDOFXODWLRQ UHJUHVVLRQ OLQH LV VKRZQ LQ )LJXUH�
F� ,W IROORZV IURP JUDSKV WKDW WKH SDUDPHWHUV \� DQG
\� �UHVXOWV RI UHDO DQG ODERUDWRU\ WHVWV� UHVSHFWLYHO\�
DUH PXWXDOO\ FRUUHODWHG�

7R GHWHUPLQH D FRQILGHQFH ]RQH RI WKH OLQHDU UH�
JUHVVLRQ ZH VKDOO XVH WKH IRUPXOD IURP >�@

∆\�[  Wσ\�[� ����

ZKHUH∆\�[ LV WKH OLQHDU GHYLDWLRQ RI H[SHULPHQWDO SRLQW
\
a
L IURP FRUUHVSRQGLQJ SRLQW \L DW WKH UHJUHVVLRQ OLQH�

W LV WKH QRPLQDO GHYLDWLRQ� σ\�[ = √∑(\
L
w \
a)

�

Q w �

LV WKH VWDQG�

DUG GHYLDWLRQ�

7KH SURFHVVLQJ RI H[SHULPHQW UHVXOWV �VHH 7DEOH ��
E\ WKH DERYH�GHVFULEHG SURFHGXUH ZDV UHDOL]HG LQ WKH
FRPSXWHU XVLQJ VSHFLDO SURJUDPV� 7KH PXWXDO FRUUH�
ODWLRQ RI WKH SDUDPHWHUV \� DQG \� UHVXOWV IURP WKH
JLYHQ JUDSKV SORWWHG RQ WKH EDVLV RI HTXDWLRQV ����
��� DQG ���� 7KH FRQILGHQFH ]RQHV UHIOHFW OLPLWV� L�H�
HOOLSVHV RI FRUUHODWLRQ ILHOGV� 7KH PDLQ GHVFULELQJ VWD�
WLVWLFV DUH JLYHQ LQ 7DEOH ��

7KH DERYH UHVXOWV PDNH LW SRVVLEOH WR VWDWH WKDW
WKH FRPSOH[ RI H[SHULPHQWV XVLQJ VROXWLRQV 1D2+
FDQ EH GHWHUPLQLQJ DOVR IRU WKH LQGXVWULDO OLTXRUV�
7KLV IDFWRU RXWOLQHV WKH ULJKW DSSOLFDWLRQ RI VRGLXP
K\GUR[LGH DV D PRGHO PHGLXP LQ LQYHVWLJDWLRQ RI FRU�
URVLRQ RI PDWHULDOV RSHUDWLQJ LQ DONDOL PHGLD XVHG LQ
WKH SXOS�DQG�SDSHU LQGXVWU\�

5()(5(1&(6

�� 6PLWK� .� ������ ([SORVLRQ RI D FRQWLQXRXV FRRNLQJ ERLOHU�
3XOS DQG 3DSHU� ��� �� w ���

�� 6LQJEHLO� '�� *DUQHU� $� ������ 6WUHVV FRUURVLRQ FUDFNLQJ RI
.UDIW FRQWLQXRXV GLJHVWHUV� ,Q� 3URF� RI ,QW� &RQJU� RQ 0HW�
&RUU�� 7RURQWR� -XQH � w �� 2WWDZD�

�� &KDNUDSDQL� '�*� HW DO� ������ 3XOS GLJHVWHU FUDFNLQJ DI�
IOLFWV D YDULHW\ RI DOOR\V� ,ELG�

�� 0XHOOHU� '�$� ������ &RUURVLRQ VWXGLHV RI FDUERQ VWHHO LQ
DONDOLQH SXOSLQJ OLTXRUV E\ SRWHQWLDO WLPH DQG SRODUL]D�
WLRQ x JXUYR�UHWHGV� 7$33,� �� ��� w ����

�� 6KNROQLNRY� (�9�� $QDQLHYD� *�)�� 6PLUQRY� 9�'� ������
+RZ WR GHFUHDVH FRUURVLRQ RI FRRNLQJ ERLOHUV� %XPD]KQ�
3URP\VKOHQQRVW� ��� �� w ���

�� .ROHPDHY� 9�$�� 6WDURYHURY� 2�9�� 7XUXQGD\HYVN\� 9�%�
������ 7KHRU\ RI SUREDELOLW\ DQG PDWKHPDWLFDO VWDWLVWLFV�
0RVFRZ� 9\VVKD\D 6KNROD�

�� 5XPVKLQVN\� /�=� ������ 0DWKHPDWLFDO SURFHVVLQJ RI UH�
VXOWV RI H[SHULPHQWV� 0RVFRZ� 1DXND�

�� /DNLQ� *�)� ������ %LRPHWU\� 0RVFRZ� 9\VVKD\D 6KNROD�
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,�$� *21&+$529� $�3� 3$/76(9,&+ DQG 9�6� 72.$5(9

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

7KH FRQWHQW RI GLIIXVLYH DQG UHVLGXDO K\GURJHQ LQ WKH GHSRVLWHG DQG ZHOG PHWDO ZDV GHWHUPLQHG XVLQJ WKH PHWKRG RI D

JDV FKURPDWRJUDSK\ LQ ZHOGLQJ ZLWK IXVHG PDQJDQHVH�VLOLFDWH IOX[HV RI $1����$� $1��� DQG $1���60 JUDGHV� ,W ZDV

HVWDEOLVKHG WKDW WKH FULWLFDO FRQWHQW RI K\GURJHQ LQ ZHOG GXULQJ 6$: DW ZKLFK WKH SRUHV DUH IRUPHG� GRHV QRW GHSHQG

RQ WKH IOX[ JUDGH DQG DPRXQWV WR �� w �� FP
�
+

�
���� J RI ZHOG PHWDO WKDW LV HTXDO WR WKH K\GURJHQ VROXELOLW\ LQ δ�LURQ

DW PHOWLQJ WHPSHUDWXUH DQG ��
�
3D SUHVVXUH�

.H\ ZRU G V � IXVHG IOX[� GHSRVLWHG PHWDO� ZHOG PHWDO�
SRUHV� GLIIXVLYH K\GURJHQ� UHVLGXDO K\GURJHQ

$VVXUDQFH RI VRXQG ZHOGV LV RQH RI PDLQ UHTXLUHPHQWV

VSHFLILHG WR ZHOGLQJ IOX[HV� 7R HYDOXDWH WKH UHVLVWDQFH

RI ZHOGV WR SRUH IRUPDWLRQ� D PHWKRG ZDV VXJJHVWHG

E\ .�9� /\XEDYVN\� ZKLFK FRQVLVWV LQ D EHDG GHSR�
VLWLRQ RQ D SODWH ZLWK D 9�VKDSHG JURRYH� ILOOHG SUH�

OLPLQDU\ ZLWK D SRUWLRQ RI D UXVW >�@� &ULWHULRQ RI
HYDOXDWLRQ LV D PLQLPXP DPRXQW RI WKH UXVW �LQ JUDPV

SHU ��� PP RI ZHOG�� DW ZKLFK WKH H[WHUQDO SRUHV DUH

IRUPHG�

'XH WR LWV VLPSOLFLW\ WKH PHWKRG RI /\XEDYVN\
ZDV ZLGHO\ VSUHDG LQ WHVWLQJ RI ZHOGLQJ IOX[HV� +RZ�

HYHU� DV ZDV QRWHG E\ WKH DXWKRU� WKH UXVW FRPSRVLWLRQ

LV FKDQJHG GHSHQGLQJ RQ WKH FRQGLWLRQV RI LWV SURGXF�

LQJ DQG VWRUDJH� 1DWXUDOO\� KHUH� WKH FULWLFDO DPRXQW

RI WKH UXVW LV FKDQJHG FDXVLQJ WKH SRUH IRUPDWLRQ LQ

WKH ZHOGV� ,Q DGGLWLRQ� GHSHQGLQJ RQ WKH VL]HV RI

SODWHV� JURRYH� VWHHO JUDGH� ZLUH GLDPHWHU DQG ZHOGLQJ

FRQGLWLRQV WKH UHVLVWDQFH DJDLQVW WKH SRUH IRUPDWLRQ

GXULQJ ZHOGLQJ LV JUHDWO\ FKDQJHG >�� �@� ,W VHHQ IURP
7DEOH � WKDW WKH UHVXOWV RI WHVWLQJ IOX[HV E\ WKH
/\XEDYVN\sV PHWKRG FDUULHG RXW E\ XV DW GLIIHUHQW
VXUIDFLQJ FRQGLWLRQV DUH FRPSDUDWLYH DQG VXLWDEOH IRU

HYDOXDWLRQ ZLWKLQ RQH VHULHV RI H[SHULPHQWV ZLWK WKH

VDPH ZHOGLQJ FRQGLWLRQV� VL]HV RI VDPSOHV DQG UXVW

FRPSRVLWLRQ� $FWXDOO\� WKH IOX[ SURSHUWLHV DQG ZHOG�

LQJ WHFKQRORJ\ SHFXOLDULWLHV DUH HYDOXDWHG E\ WKLV

PHWKRG IURP WKH SRLQW RI YLHZ RI SUHYHQWLRQ RI SR�

URVLW\ FDXVHG E\ K\GURJHQ�

,W LV NQRZQ IURP WKH OLWHUDWXUH >�� �@ WKDW WKH PDLQ

FDXVH RI WKH ZHOG SRURVLW\ LQ 6$: LV DQ LQFUHDVHG

FRQWHQW RI K\GURJHQ DQG DEUXSW GURS RI LWV VROXELOLW\

GXULQJ PHWDO VROLGLILFDWLRQ� 7KH PRVW YDOLG GDWD DERXW
WKH K\GURJHQ VROXELOLW\ ZLWKLQ WKH UDQJH RI WHPSHUD�

WXUH RI LURQ PHOWLQJ 7P DUH JLYHQ LQ >�� �@ DQG WKH\

DPRXQW WR �� w �� IRU D VROLG LURQ DQG �� w

�� FP
����� J IRU WKH PROWHQ LURQ�

'DWD DERXW K\GURJHQ FRQWHQW DQG SRUH IRUPDWLRQ
LQ ZHOGV GXULQJ WKH 6$: DUH QRW QXPHURXV DQG FRQ�

WUDGLFWRU\� 7KH DXWKRUV RI >�@ VKRZHG WKDW WKH ZHOGV

DUH VRXQG DW K\GURJHQ FRQWHQW XS WR ��� DQG SRURXVx

DW ��� FP
����� J� $FFRUGLQJ WR >�@� WKH VDPSOHV IRU

K\GURJHQ DQDO\VLV LQ ZHOGLQJ ZLWK IOX[ $1��� FRQ�
WDLQHG >+@GLII � >+@UHV ! ���� FP

����� J� ,W VKRXOG
EH QRWHG WKDW IOX[ EHIRUH ZHOGLQJ ZDV FDOFLQDWHG DW
��� �& WHPSHUDWXUH IRU � K DQG WKH GHIHFWV ZHUH QRW

REVHUYHG LQ WKH VDPSOHV� 7KH FRQWUDGLFWLRQ RI GDWD LV

GXH WR WKH LPSHUIHFWLRQ RI PHWKRGV RI VDPSOLQJ DQG
DQDO\VLV� 0RUHRYHU� ORZ YDOXHV RI WKH GLIIXVLRQ K\�

GURJHQ LQ WKH GHSRVLWHG PHWDO LQ 6$: ���� w
��� FP

����� J� JLYHQ LQ ZRUNV >�� �@ DUH H[SODLQHG
E\ WKH LPSHUIHFWLRQ RI WKH PHWKRG RI DQDO\VLV DQG QRW
SUHFLVH WHUPLQRORJ\� $V D PDWWHU RI IDFW WKH TXHVWLRQ

LV DERXW WKH ZHOG PHWDO ZKHQ WKH DXWKRUV SURGXFH D

�SHQFLO� VDPSOH E\ SRXULQJ WKH ZHOG SRRO PHWDO WR D

FRSSHU PRXOG�

7R REWDLQ WKH REMHFWLYH GDWD DERXW WKH K\GURJHQ

FRQWHQW LQ WKH GHSRVLWHG DQG ZHOG PHWDO LQ 6$: DQG

WKHLU FRPSDULVRQ ZLWK D K\GURJHQ VROXELOLW\ LQ LURQ

DW WKH PHOWLQJ WHPSHUDWXUH� WKH FKURPDWRJUDSKLF

PHWKRG RI DQDO\VLV RI >+@GLII E\*267 �����w�� XVLQJ
D JDV DQDO\]HU 2%����� ZDV XVHG� 6DPSOHV IRU WKH

DQDO\VLV ZHUH PDQXIDFWXUHG IURP ;��� �& x XS WR

����� 0Q x ���� 6L x ���� 1E x ����� 1 x

���� ZW��� )H x EDODQFH� W\SH VWHHO� 7KH ZHOGLQJ

ZLUH RI 6Y���*1 �& x ���� 0Q x ���� 1L x

��� ZW��� )H x EDODQFH� JUDGH RI � PP GLDPHWHU

ZDV FOHDQHG IURP FRSSHU SODWLQJ DQG GHJUHDVHG EHIRUH

ZHOGLQJ� 7KH VXUIDFLQJ ZDV SHUIRUPHG DW WKH IROORZ�

LQJ FRQGLWLRQV� ,
Z
 ��� w ��� $� 8

D
 �� w �� 9�

Y
Z
 �� P�K� 7KH K\GURJHQ FRQWHQW LQ ZHOGV YDULHG

E\ LQWURGXFLQJ GLIIHUHQW DPRXQW RI UXVW WR WKH ��� ×
× ��� PP JURRYHV RQ WKH VDPSOHV�

$IWHU PHDVXULQJ WKH >+@GLII FRQWHQW LQ WKH GHSRV�

LWHG DQG ZHOG PHWDO WKH VDPSOHV RI � w � PP GLDPHWHU

DQG �� PP OHQJWK ZHUH FXW IURP ZHOGV WR GHWHUPLQH

WKH FRQWHQW RI >+@
UHV

E\ WKH PHWKRG RI D JDV FKURPD�
WRJUDSK\ XVLQJ HTXLSPHQW GHVFULEHG LQ >��@� 7KH VDP�

SOHV ZHUH GHJDVVHG DW WHPSHUDWXUH ��� �& XQWLO VWRS�

SDJH RI WKH UHVLGXDO K\GURJHQ HYROXWLRQ�� ,�$� *21&+$529� $�3� 3$/76(9,&+ DQG 9�6� 72.$5(9� ����
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7DEOH �� +\GURJHQ FRQWHQW LQ VXEPHUJHG DUF ZHOGLQJ

)OX[

$PRXQW RI

LQWURGXFHG

UXVW�

J���� PP

RI ZHOG

3RUHV LQ ZHOG

&RQWHQW RI >+@GLII LQ

GHSRVLWHG PHWDO�

FP
�
���� J

+\GURJHQ FRQWHQW LQ ZHOG PHWDO� FP
�
���� J

>+@GLII >+@UHV >+@WRWDO

$1����$ � 1RQH ���� ����� ���

���

���� ���� ���

���

��� ���

��� 6DPH ����� ����� ����

����

���� ����� ����

����

��� ����

��� 0DQ\ ����� ����� ����

����

����� ����� ����

����

��� ����

$1���60 � 1RQH ���� ���� ���

���

���� ���� ���

���

��� ���

��� 6DPH ����� ����� ����

����

���� ����� ����

����

��� ����

��� 6LQJOH ����� ����� ����

����

����� ����� ����

����

��� ����

$1��� � 1RQH ���� ���� ���

���

���� ���� ���

���

��� ���

��� 6DPH ����� ����� ����

����

���� ���� ���

���

��� ���

��� 0DQ\ ����� ����� ����

����

����� ����� ����

����

��� ����

7DEOH �� 5HVXOWV RI WHVWLQJ ZHOGLQJ IOX[HV E\ WKH /\XEDYVN\sV PHWKRG

6XUIDFLQJ FRQGLWLRQV �'&53�

$PRXQW RI

LQWURGXFHG

UXVW�

J���� PP

RI ZHOG

3RUHV LQ ZHOGV LQ VXEPHUJHG DUF VXUIDFLQJ

$1����$ $1���60 $1���

6WHHO ��*� �& x ����� 0Q x ��� ZW��� )H x EDODQFH��

ZLUH 6Y���*$ �& � ���� 0Q x ��� w ��� ZW��� )H x EDO�

DQFH� � PP GLD�� YZ  �� P�K� 8D  �� 9� ,Z  ��� $

��� 1RQH w w

���� &KDLQ w w

��� 6DPH 1RQH 1RQH

��� w &KDLQ 6LQJOH

��� w w &KDLQ

6WHHO ��*� �& x ���� 0Q x ��� ZW��� )H x EDODQFH��

ZLUH 6Y���$ �& x ���� 6L x ����� 0Q x ���� w ���� ZW���

)H x EDODQFH� � PP GLD�� YZ  �� P�K� 8D  �� 9�

,Z  ��� $

��� 1RQH w x

��� 6LQJOH w w

��� &KDLQ 1RQH w

��� &RQWLQXRXV 6LQJOH w

��� w &KDLQ w

��� w w 1RQH

��� w w 6LQJOH

��� w w &KDLQ

6W�� �& x ���� w ����� 0Q x ��� w ��� ZW��� )H x EDO�

DQFH�� ZLUH 6Y���$ � PP GLD�� YZ  �� P�K� 8D  �� 9�

,Z  ��� $

��� 1RQH w w

��� &KDLQ w w

��� w 1RQH w

��� w &KDLQ w

��� w w 1RQH

��� w w 6LQJOH
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7KH IOX[HV $1���� $1����$ DQG $1���60 ZHUH

XVHG IRU LQYHVWLJDWLRQV� ZKLFK DUH FORVH LQ FKHPLFDO

FRPSRVLWLRQ DQG EHORQJHG WR WKH VDPH VODJ V\VWHP

0Q2w6L2�w&D)�� EXW GLIIHUHG E\ D PHFKDQLVP RI

SUHYHQWLRQ RI K\GURJHQ DEVRUSWLRQ E\ WKH ZHOG SRRO�

,Q ZHOGLQJ ZLWK D SXPLFLRXV IOX[ $1��� D VLJQLILFDQW

DPRXQW RI VLOLFRQ WHWUDIORXULGH LV HYROYHG� ELQGLQJ

WKH K\GURJHQ LQ WKH ]RQH RI ZHOGLQJ LQWR +) ZKLFK

LV LQVROXEOH LQ VWHHO� ,Q ZHOGLQJ ZLWK D JODVV�W\SH IOX[

$1����$ WKH VXUIDFH RI JUDLQV LV OHVV GHYHORSHG DQG

6L)� HYROXWLRQ LV OHVV LQWHQVLYH� $V D UHVXOW WKH K\�

GURJHQ LQ WKH ]RQH RI ZHOGLQJ KDV D SRRU ELQGLQJ�

)OX[ $1���60� ZKLFK KDV D JODVV�FU\VWDOOLQH VWUXF�

WXUH RI JUDLQV� HYROYHV D ORZHU DPRXQW RI 6L)� DV

FRPSDUHG ZLWK IOX[ $1����$ GXULQJ KHDWLQJ LQ WKH

ZHOGLQJ SURFHVV� $W VLPLODU FRQGLWLRQV WKH DLU VDP�

SOLQJ IURP WKH ]RQH RI ZHOGLQJ WKH HYROXWLRQ RI VLOLFRQ

WHWUDIOXRULGH DPRXQWV WR ���� PJ�P� LQ IOX[ $1�

��60 DQG ���� PJ�P� LQ $1����$ IOX[� ,Q >��@ ZH

KDYH HVWDEOLVKHG WKDW IOX[ $1���60 LV GLIIHUHG IURP

IOX[ $1����$ DQG $1��� E\ D ORZHU FRQWHQW RI WKH

SRWHQWLDO K\GURJHQ DQG ORZHU WHPSHUDWXUH RI LWV

GHVRUSWLRQ GXULQJ KHDWLQJ�
7DEOH � JLYHV WKH UHVXOWV RI PHDVXUHPHQW RI FRQWHQW

RI WKH GLIIXVLYH K\GURJHQ LQ WKH GHSRVLWHG DQG ZHOG
PHWDO DQG DOVR UHVLGXDO K\GURJHQ LQ 6$: ZLWK IOX[HV
$1���� $1 ����$ DQG $1���60� ,W LV VHHQ IURP WKH
JLYHQ GDWD WKDW WKH FULWLFDO FRQWHQW RI K\GURJHQ LQ
ZHOG DW ZKLFK WKH SRUHV EHJLQ WR IRUP IRU DOO WKUHH
W\SHV RI IOX[HV LV DSSUR[LPDWHO\ VLPLODU DQG DPRXQWV
WR �� w �� FP����� J RI ZHOG PHWDO�

7KH UHVXOWV REWDLQHG DUH ZHOO FRUUHODWHG ZLWK H[�
SHULPHQWDO GDWD RI >��@ ZKHUH LW ZDV VWDWHG WKDW WKH
FULWLFDO FRQFHQWUDWLRQ RI K\GURJHQ IRU WKH SRUH IRUPD�
WLRQ LQ D SXUH LURQ LV �� FP����� J RI LURQ DQG DOVR
RI >��@ ZKHUH LW ZDV RXWOLQHG WKDW SRUHV DSSHDU LQ

ZHOG DW �� w �� FP����� J RI ZHOG PHWDO LQ ZHOGLQJ
ZLWK FRDWHG HOHFWURGHV RI WKH FDOFLXP IOXRULGH W\SH�

,Q )LJXUH WKH GDWD REWDLQHG E\ XV DUH FRPELQHG
ZLWK D IUDJPHQW RI D GLDJUDP RI )Hw+� VROXELOLW\
ZLWKLQ WKH UDQJH RI WHPSHUDWXUH RI VROLG LURQ PHOWLQJ
IRU WKH EHWWHU YLVXDO SUHVHQWDWLRQ� $V LV VHHQ� WKH SRUHV
DUH IRUPHG LQ PHWDO GXULQJ WKH 6$:� LI WKH K\GURJHQ
FRQWHQW LQ LW DW WKH PRPHQW RI VROLGLILFDWLRQ LV HTXDO
WR WKH VROXELOLW\ OLPLW�

7KH NQRZOHGJH RI WKLV IDFW PDNHV LW SRVVLEOH WR
XVH WKH GLIIHUHQFH EHWZHHQ WKH FULWLFDO FRQWHQW RI K\�
GURJHQ LQ ZHOG FDXVLQJ WKH SRUH IRUPDWLRQ
��� FP����� J� DQG K\GURJHQ FRQWHQW LQ ZHOG GXULQJ
ZHOGLQJ ZLWK WKLV IOX[ DV D FULWHULRQ RI UHVLVWDQFH RI
ZHOGV WR WKH SRUH IRUPDWLRQ LQ 6$:� )URP GDWD RI
7DEOH � UHVLVWDQFH OLPLW RI ZHOGV WR WKH SRUH IRUPDWLRQ
LQ 6$: ZLWK IOX[ $1���60 LV KLJKHVW ����� w ���  
 ���� FP����� J��:HOGV� SURGXFHGZLWK IOX[ $1���
����� w ���  ��� FP����� J�� RFFXS\ WKH LQWHUPHGL�
DWH SRVLWLRQ� :HOGV� SURGXFHG ZLWK IOX[ $1����$
����� w ���  ��� FP����� J� KDYH WKH ORZHVW UHVLV�
WDQFH WR WKH SRUH IRUPDWLRQ�

7KH GDWD REWDLQHG DERXW WKH GLIIXVLYH K\GURJHQ
FRQWHQW LQ WKH GHSRVLWHG PHWDO PDNHV LW SRVVLEOH� H[�
FHSW WKH IHDVLELOLW\ RI DVVHVVPHQW RI WKHZHOG UHVLVWDQFH
WR SRUH IRUPDWLRQ E\ WKH K\GURJHQ FRQWHQW LQ WKH
ODWWHU� WR XVH WKH VWDQGDUG FODVVLILFDWLRQ RI ,,: E\
WKH OHYHOV RI K\GURJHQ LQ ZHOGV� GHYHORSHG UHODWLYH
WR ZHOGLQJ ZLWK HOHFWURGHV� WR WKH ZHOGLQJ IOX[HV >��@�
)OX[ $1���60 SURYLGHV D VXIILFLHQWO\ ORZ OHYHO RI
K\GURJHQ �XS WR � FP����� J RI GHSRVLWHG PHWDO��
DQG IOX[HV $1��� DQG$1����$ EHORQJ WR WKHPDWHULDOV
ZKLFK SURYLGH WKH ORZ OHYHO RI K\GURJHQ �� w
�� FP����� J RI GHSRVLWHG PHWDO��

&21&/86,216

�� &ULWLFDO FRQWHQW RI K\GURJHQ LQ ZHOG GXULQJ 6$:�
DW ZKLFK WKH SRUHV DUH IRUPHG� LV �� w �� FP����� J
RI ZHOG PHWDO IRU WKH PDQJDQHVH�VLOLFDWH IOX[HV� WKDW
LV HTXDO WR WKH K\GURJHQ VROXELOLW\ LQ δ�LURQ DW PHOWLQJ
WHPSHUDWXUH DQG SUHVVXUH ��� 3D�

�� ,W ZDV VXJJHVWHG WKDW WKH GLIIHUHQFH EHWZHHQ

WKH FULWLFDO FRQWHQW RI K\GURJHQ LQ ZHOG FDXVLQJ WKH

SRUH IRUPDWLRQ ��� FP����� J� DQG K\GURJHQ FRQWHQW

LQ ZHOG GXULQJ ZHOGLQJ ZLWK WKH IOX[ H[DPLQHG FDQ

EH XVHG DV D FULWHULRQ RI ZHOG UHVLVWDQFH WR SRUH IRU�

PDWLRQ LQ 6$:� ,Q 6$: ZLWK $1���60 WKH UHVLV�

WDQFH OLPLW RI ZHOGV WR SRUH IRUPDWLRQ LV KLJKHVW�

:HOGV SURGXFHG ZLWK IOX[ $1��� RFFXS\ WKH LQWHU�

PHGLDWH SRVLWLRQ� :HOGV SURGXFHG ZLWK IOX[ $1����$

KDYH WKH ORZHVW UHVLVWDQFH WR WKH SRUH IRUPDWLRQ�

5()(5(1&(6

�� /\XEDYVN\� .�9� ������ 0HWDOOXUJ\ RI DXWRPDWLF VXE�
PHUJHG DUF ZHOGLQJ RI ORZ�FDUERQ VWHHO� ,Q� 3UREOHPV RI

WKHRU\ RI ZHOGLQJ SURFHVVHV� 0RVFRZ� 7V1,,70$6K�
�� )UXPLQ� ,�,� ������ 3UHYHQWLRQ RI SRUHV LQ VXEPHUJHG DUF

ZHOGLQJ DQG VXUIDFLQJ� $YWRPDWLFKHVND\D 6YDUND� �� � w
���

�� )UXPLQ� ,�,�� .LUGR� ,�9�� 3RGJD\HWVN\� 9�9� ������ 3RUH
IRUPDWLRQ LQ ZHOGV DQG HIIHFW RI IOX[ FRPSRVLWLRQ RQ VXVFHS�
WLELOLW\ WR SRUHV� $YWRJHQQR\H 'HOR� ��� � w ���

(IIHFW RI K\GURJHQ FRQFHQWUDWLRQ LQ ZHOG PHWDO DW PHOWLQJ WHP�
SHUDWXUH RQ SRUH IRUPDWLRQ LQ ZHOGV� P x VRXQG PHWDO� O x
SRUHV LQ PHWDO
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�� 3RGJD\HWVN\� 9�9� ������ 3RUHV� LQFOXVLRQV DQG FUDFNV LQ

ZHOGV� .\LY� 7HNKQLND�
�� 6KDSRYDORY� 9�,�� 7URILPHQNR� 9�9� ������ +\GURJHQ VROX�

ELOLW\ LQ GHOWD�LURQ� ,]Y� 9X]RY� &KHUQ� 0HWDOOXUJLD� ��
�� w ���

�� *DODNWLRQRYD� 1�$� ������ +\GURJHQ LQ PHWDOV� 0RVFRZ�
0HWDOOXUJLD�

�� 3RWDSRY� 1�1�� /\XEDYVN\� .�9� ������ +\GURJHQ LQ GHSRV�
LWHG PHWDO LQ VXEPHUJHG DUF ZHOGLQJ� 6YDURFKQR\H 3URL]�

YRGVWYR� �� � w ��
�� .RYDFK� <D�� 3HWURY� *�/� ������ ,QYHVWLJDWLRQ RI K\GUD�

WLRQ DQG GHK\GUDWLRQ RI DFLG IOX[HV IRU WKH DXWRPDWLF DUF
ZHOGLQJ RI VWHHOV� ,Q� :HOGLQJ IOX[HV DQG VODJV� .\LY�
1DXNRYD 'XPND�

�� .DVDWNLQ� %�6�� 9DNKQLQ� <X�1�� 7VDU\XN� $�.� HW DO�
������ (IIHFW RI WRWDO FRQWHQW RI K\GURJHQ LQ IOX[ $Q���0
RQ FRQFHQWUDWLRQ RI GLIIXVLYH K\GURJHQ LQ GHSRVLWHG PHWDO�
$YWRPDWLFKHVND\D 6YDUND� �� �� w ���

��� 3DOWVHYLFK� $�3� ������ &KURPDWRJUDSKLF PHWKRG RI GHWHU�
PLQDWLRQ RI K\GURJHQ LQ FRPSRQHQWV RI HOHFWURGH FRDWLQJV�
,ELG� �� �� w ���

��� *RQFKDURY� ,�$�� 7RNDUHY� 9�6�� 3DOWVHYLFK� $�3� ������
$ERXW WKH HIIHFW RI PHWKRG RI SURGXFWLRQ RI ZHOGLQJ IOX[HV
RQ WKHLU TXDOLW\� ,Q� $EVWUDFWV RI SDSHUV RI ,QW� 6FL��7HFKQ�
6HPLQDU RQ 6XEPHUJHG $UF :HOGLQJ 7RGD\ DQG 7RPRUURZ�
=DSRUL]K\D� 6HSW� � w �� .\LY� 3:,�

��� ������ (IIHFW RI K\GURJHQ RQ EORZKROH IRUPDWLRQ LQ SXUH
LURQ GXULQJ VROLGLILFDWLRQ� -� RI WKH ,URQ DQG 6WHHO RI -DSDQ�
�� �� w ���

��� 3DOWVHYLFK� $�3� ������ ([SHULPHQWDO LQYHVWLJDWLRQ RI SRUH
IRUPDWLRQ LQ ZHOGV FDXVHG E\ K\GURJHQ LQ ZHOGLQJ ZLWK
HOHFWURGHV ZLWK D EDVLF FRDWLQJ� ,Q� $EVWUDFWV RI SDSHUV RI

$OO�8QLRQ &RQI� RQ :HOGLQJ &RQVXPDEOHV� &KHUHSRYHWV�
2FW� � w ��� .\LY� 3:,�

��� ������ :HOG PHWDO K\GURJHQ OHYHOV DQG WKH GHILQLWLRQ RI
K\GURJHQ�FRQWUROOHG HOHFWURGHV� ,,: 'RF� ������w���
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1�0� 7$5$629 DQG 6�6� .$3867,1

.KDUNRY 1DWLRQDO $HURVSDFH 8QLYHUVLW\� .KDUNRY� 8NUDLQH

$%675$&7

7KH WHFKQRORJ\ RI MRLQLQJ WKLQ HOHPHQWV ���� w ��� PP�� PDGH IURP DOXPLQLXP DOOR\V� E\ WKH DUJRQ�DUF ZHOGLQJ ZLWK

XVH RI D GURS GRVLQJ RI WKH HOHFWURGH PHWDO� LV GHVFULEHG� 7KH SURFHVV RI DUF ZHOGLQJ LV SUHVHQWHG� LWV PDLQ SDUDPHWHUV

DUH JLYHQ DQG WKH VWUHQJWK RI WKH MRLQWV LV H[DPLQHG� 5HFRPPHQGDWLRQV DUH JLYHQ RQ WKH VHOHFWLRQ RI FRQGLWLRQV RI EXWW

MRLQW ZHOGLQJ�

.H\ ZRU G V � DUJRQ�DUF ZHOGLQJ� DOXPLQLXP DOOR\V� WKLQ�

VKHHW HOHPHQWV� GURS GRVLQJ� GURS IRUPDWLRQ� MRLQW� VWUHQJWK�

VWDELOLW\

,Q VRPH EUDQFKHV RI HQJLQHHULQJ �DLUFUDIW� LQVWUXPHQW�

HWF�� WKH WKLQ�VKHHW VWUXFWXUHV IURP DOXPLQLXP DQG

LWV DOOR\V IRXQG D ZLGH DSSOLFDWLRQ� +RXVLQJV� FKDVVLV�

FRYHUV RI GLIIHUHQW LQVWUXPHQWV� SLSHOLQHV� WDQNV DUH

PDQXIDFWXUHG IURP WKLQ ���� w ��� PP� VKHHWV RI DOX�

PLQLXP DOOR\V� 7KH GLIILFXOWLHV LQ ZHOGLQJ RI WKLQ�

VKHHW DOXPLQLXP DOOR\ VWUXFWXUHV DUH FDXVHG E\ WKH

SUHVHQFH RI D UHIUDFWRU\ R[LGH ILOP RQ WKH VXUIDFH RI

ZRUNSLHFHV� D ORZ ULJLGLW\ RI HGJHV EHLQJ ZHOGHG DQG

WKHLU VXVFHSWLELOLW\ WR GLVWRUWLRQ GXULQJ WKH SURFHVV RI

DUF KHDWLQJ� DV ZHOO DV D KLJK UDWLR RI VXUIDFH WHQVLRQ

IRUFHV WR WKH ERG\ IRUFH >�� �@� 7KH LQDFFXUDF\ LQ
DVVHPEO\ DQG GLVWRUWLRQ RI HGJHV LQ ZHOGLQJ FDXVH D

ORFDO LQFUHDVH LQ JDSV LQ WKH EXWW DQG FKDQJH WKH QDWXUH
RI D KHDW GLVVLSDWLRQ WKDW LQFUHDVHV WKH SUREDELOLW\ RI

EXUQ�WKURXJK IRUPDWLRQ >�@� FRPSOLFDWHV WKH WHFKQRO�

RJ\ RI ZHOGLQJ� LQFUHDVHV WKH H[SHQVHV IRU WKH PDQX�

IDFWXUH RI FRPSRQHQWV�
7R LPSURYH WKH SURFHVV RI MRLQW IRUPDWLRQ LV SRV�

VLEOH E\ XVLQJ D VKRUW�WLPH ORFDO KHDWLQJ RI WKH ZRUN�

SLHFH DQG D GURS GRVLQJ RI D ILOOHU PHWDO >�@�

7KH SHFXOLDULW\ RI WKH PHQWLRQHG SURFHVV �)L�
JXUH �� LV WKH IDFW WKDW WKH VSRW ZHOGLQJ LV SHUIRUPHG

E\ D VLQJOH GURS RI WKH PROWHQ PHWDO RI D SUHVHW PDVV
DQG WHPSHUDWXUH� 7KH HOHPHQWV WR EH ZHOGHG DUH

KHDWHG E\ DUF DW D UHYHUVH SRODULW\ FXUUHQW LQ DUJRQ�
7R ORFDOL]H KHDWLQJ DQG WR UHGXFH WKH FRQVXPSWLRQ RI

JDV WKH GLDPHWHU RI WKH RXWOHW RULILFH RI DQ RXWHU QR]]OH

� LV VHOHFWHG FORVH WR WKH GLDPHWHU RI D ZHOG VSRW� DQG

WKH QR]]OH HGJH LV ORFDWHG DW D VPDOO GLVWDQFH IURP WKH

ZRUNSLHFH VXUIDFH� )RU WKLV SXUSRVH� D VXSSRUW EXVKLQJ

� LV IHG FORVHO\ WR WKLV VXUIDFH� 7KH GURS PDVV LV VH�

OHFWHG FRPLQJ IURP WKH WKLFNQHVVHV RI HOHPHQWV EHLQJ
ZHOGHG� (DFK GURS LV IRUPHG IURP DQ HOHFWURGH FXW

�VWLFNRXW� RI OHQJWK OH ORFDWHG DW WKH HGJH RI D PDVVLYH
KHDW�GLVVLSDWLQJ LQWHUQDO QR]]OH �� 'XULQJ WKH GURS

IRUPDWLRQ DQG ZRUNSLHFH KHDWLQJ WKH HOHFWURGH DQG
WKH LQWHUQDO QR]]OH DUH IL[HG� $ PRUH IOH[LEOH DGMXVW�

PHQW RI WKH ZRUNSLHFH KHDWLQJ LV SURYLGHG ZLWK WKH

� 1�0� 7$5$629 DQG 6�6� .$3867,1� ����

)LJXUH �� 6FKHPDWLF GLDJUDP RI DUF VSRW ZHOGLQJ� �x RXWHU QR]]OH�
� x KHDW�GLVVLSDWLQJ LQWHUQDO QR]]OH� � x VXSSRUWLQJ EXVKLQJ

)LJXUH ��&\FORJUDPRIZHOGLQJ FXUUHQW LQ IRUPDWLRQ DQG GHSRVLWLRQ
RI D GURS� ,S�D x SLORW DUF FXUUHQW� ,P�D x PDLQ DUF FXUUHQW� WS�D x
WLPH RI SLORW DUF EXUQLQJ� W

P�D
x WLPH RI PDLQ DUF EXUQLQJ� WG�G x

PRPHQW RI GURS GHWDFKPHQW� W
G�P�D

x WLPH RI PDLQ DUF GHOD\� WF�G x
WLPH RI FXUUHQW GURS
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KHOS RI WKH KHDW�GLVVLSDWLQJ QR]]OH� $IWHU WKH GURS
IRUPDWLRQ WKH IXUWKHU DUF EXUQLQJ LV XVHG IRU WKH ZRUN�
SLHFH KHDWLQJ� +HUH� WKH GURS PDVV LV QRW FKDQJHG� ,W
GHSHQGV RQ WKH HOHFWURGH GLDPHWHU G

H
� DQG DOVR LWV

VWLFNRXW O
H
DQG LQ FDVH RI WKH DOXPLQLXP DOOR\V� WKH

PDVV FDQ EH DGMXVWHG ZLWKLQ ���� w ���� J� 7KH HOHF�
WURGH GLDPHWHU LV VHOHFWHG FRPLQJ IURP WKH ZRUNSLHFH
WKLFNQHVV δZS� 7KXV� DW δZS  ��� w ��� PP GH  
 ��� PP� DW δZS  ��� w ��� PP GH  ��� PP� 7KH
GHWDFKPHQW RI D PROWHQ GURS DQG LWV GHSRVLWLRQ RQ
WKH ZRUNSLHFH DUH SHUIRUPHG XVLQJ D IRUFHG JDV�G\�
QDPLF PHWKRG >�@�

7R SURYLGH WKH VWDELOLW\ RI WKH ZHOGLQJ SURFHVV D
SURJUDPPLQJ FKDQJH LQ WKH DUF FXUUHQW LV XVHG �)L�
JXUH ��� $W WKH EHJLQQLQJ RI WKH F\FOH GXULQJ WKH DUF
H[FLWLQJ ZLWK D VKRUW�FLUFXLWLQJ D SLORW DUF FXUUHQW ,S�D
LV SUHVHW LQ D ORZ YDOXH� WKHQ LW LV LQFUHDVHG XS WR WKH
RSHUDWLQJ YDOXH RI D PDLQ DUF FXUUHQW ,P�D� 7KH PHDQ
WHPSHUDWXUH RI GURS LV DGMXVWHG ZLWKLQ ��� w ���� �&
E\ FKDQJLQJ WKH HOHFWURGH GLDPHWHU DQG DUF FXUUHQW�
7R LPSURYH WKH SURFHVV RI VROLGLILFDWLRQ DQG ILOOLQJ
WKH FUDWHU DIWHU WKH GURS GHWDFKPHQW D GHOD\ LQ DUF
SRZHU FXUUHQW LV XVHG ZLWK D JUDGXDO LWV GHFUHDVLQJ�
7R LQFUHDVH D VSDFH VWDELOLW\ RI WKH DUF DQG WR LQFUHDVH
WKH GHJUHH RI LWV FRQVWULFWLRQ� WKH SXOVHV RI D XQLSRODU
FXUUHQW RI ��� +] IUHTXHQF\ DUH XVHG >�@�

7KH PDLQ SDUDPHWHUV RI WKH ZHOGLQJ SURFHVV DUH
WKH GLDPHWHU GH DQG VWLFNRXW OH� FXUUHQW RI SLORW DUF
,S�D DQG PDLQ DUF ,P�D� WLPH RI EXUQLQJ RI SLORW DUF WS�D
DQG PDLQ DUF WP�D� WKH WLPH RI GHOD\ RI D SRZHU FXUUHQW
RI PDLQ DUF DIWHU WKH GURS GHWDFKPHQW WG�P�D� FRQVXPS�
WLRQ RI DUJRQ�

7KH WHFKQRORJ\ RI DUF VSRW ZHOGLQJ RI WKLQ�VKHHW
HOHPHQWV KDV EHHQ GHYHORSHG XVLQJ WKH DERYH�PHQ�
WLRQHG SURFHGXUHV� ([SHULPHQWDO LQYHVWLJDWLRQV
VKRZHG WKDW LQ WKLV FDVH WKH ZHOGHG VSRWV DUH SURGXFHG
VLPLODU LQ DSSHDUDQFH� PDLQ VL]HV DQG VWUHQJWK� 7KH
GHSRVLWHG HOHFWURGH PHWDO LV MRLQHG UHOLDEO\ WR WKH
ZRUNSLHFHV WR EH ZHOGHG� 7KH GHYHORSHG WHFKQRORJ\
PDNHV LW SRVVLEOH WR SHUIRUP ZHOGLQJ RI FRPSRQHQWV

IURP DOXPLQLXP DOOR\V $0WV �$Ow0Q�� $0J �$Ow
0J�� $. �$Ow&Xw0Jw0Q�� HWF� :HOGLQJ FDQ EH SHU�
IRUPHG ERWK ZLWKRXW DQ\ EDFNLQJV DQG DOVR RQ D UH�
PRYDEOH EDFNLQJ XVLQJ WKH GLIIHUHQW W\SHV RI WKH
MRLQWV� EXWW� RYHUODS� LQFOXGLQJ WKRVH ZLWK D KROH LQ
RQH VKHHW �)LJXUH ��� -RLQWV RI W\SH E DUH SUHIHUDEOH
DW D VPDOO RYHUODSSLQJ�

7KH PHFKDQLVP RI IRUPDWLRQ RI MRLQWV DQG WKHLU
FKDUDFWHULVWLFV ZHUH VWXGLHG LQ FKDQJLQJ GLIIHUHQW SD�
UDPHWHUV DQG IDFWRUV RI WKH ZHOGLQJ SURFHVV� ,Q SDU�
WLFXODU� WKH HIIHFW RI DUF FXUUHQW ,D �,P�D� DQG WLPH RI
ZHOGLQJ WZ �WP�D� RQ WKH VWUHQJWK RI EXWW MRLQWV DQG
VL]HV RI LWV PDLQ GHVLJQ HOHPHQWV ZHUH VWXGLHG�

6WDQGDUG $0WV DOOR\ VSHFLPHQV RI �� PP ZLGWK
DQG ��� PP WKLFNQHVV ZHUH EXWW ZHOGHG E\ D VLQJOH
VSRW XVLQJ HTXLSPHQW ZKLFK SURYLGHG D ORFDO KHDWLQJ
DQG VWHSOHVV DGMXVWPHQW RI WKH DUF FXUUHQW ,D DQG WLPH
RI ZHOGLQJ WZ ZLWKLQ WKH ZLGH UDQJHV� 7KH ZHOGLQJ
ZDV SHUIRUPHG E\ D VSHFLDO ZHOGLQJ JXQ� ZLWK WKH
KHOS RI ZKLFK D GRVHG GHSRVLWLRQ RI WKH PROWHQ PHWDO
LV UHDOL]HG� $V D ILOOHU PHWDO D ZLUH 6Y�$0WV RI � PP
GLDPHWHU ZDV XVHG� 7KH PDVV RI WKH GHSRVLWHG GURS
ZDV FRQVWDQW� L�H� PG  �� PJ�

7ZR YDULDQWV RI ZHOGLQJ ZHUH SHUIRUPHG� XVLQJ D
UHPRYDO EDFNLQJ DQG ZLWKRXW DQ\ EDFNLQJV� $ VLQJOH�
VSRW MRLQWV ZHUH WHVWHG LQ UXSWXUH WHVW PDFKLQH �WKUHH
VSHFLPHQV DW HDFK FRQGLWLRQ� DQG D UXSWXUH VWUHQJWK
3U RI D VSRW ZDV GHWHUPLQHG� 0DLQ SDUDPHWHUV RI WKH
ZHOGHG VSRW ZHUH DOVR PHDVXUHG �)LJXUH ��� VSRW GL�
DPHWHU GV� KHLJKW RI XSSHU UHLQIRUFHPHQW K� GLDPHWHU
RI PHOWLQJ ]RQH IURP UHYHUVHG VLGH G� DQG KHLJKW RI
VDJJLQJ K��

,Q ZHOGLQJ RQ D UHPRYDEOH EDFNLQJ WKH YDOXH RI
3U GHSHQGV PDLQO\ RQ WKH VL]HV DQG VKDSH RI D FDVW
ZHOG QXJJHW� ZKLFK DUH GHWHUPLQHG E\ WZ DQG ,D� :LWK
LQFUHDVH LQ WZ DQG ,D WKH UXSWXUH IRUFH LQFUHDVHV� UHDFK�
LQJ D PD[LPXP YDOXH� ZKLFK GHSHQGV RQ WKH PDVV RI
WKH GHSRVLWHG GURSV� WKLFNQHVV DQG PDWHULDO RI WKH
HOHPHQWV MRLQHG� 7KH IXUWKHU LQFUHDVH LQ ,D DQG WZ DW
SUHVHUYLQJ KLJK VWUHQJWK RI WKH MRLQW PDGH E\ DUF VSRW

)LJXUH �� 3UHSDUDWLRQ RI HGJHV DQG W\SHV RI MRLQWV� D x EXWW� E x RYHUODS� F x ZLWK D KROH LQ RQH VKHHW

)LJXUH �� 0DLQ SDUDPHWHUV RI D ZHOGHG VSRW LQ ZHOGLQJ ZLWKRXW EDFNLQJV �D� DQG RQ D UHPRYDEOH EDFNLQJ �E�
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ZHOGLQJ �)LJXUH �� D� OHDGV WR D GHWHULRUDWLRQ RI WKH
DSSHDUDQFH EHFDXVH RI WKH PROWHQ PHWDO RYHUKHDWLQJ�

,Q ZHOGLQJ ZLWKRXW DQ\ EDFNLQJV WKH VDJJLQJ IRU�
PDWLRQ LV SURYLGHG E\ D VXUIDFH WHQVLRQ RI ILOP DW WKH
ORZHU VXUIDFH RI WKH HOHPHQWV EHLQJ ZHOGHG� ,Q WKLV
FDVH WKH FKDQJH LQ YDOXHV ,D DQG WZ DIIHFW JUHDWO\ RQ
VWUHQJWK RI ZHOGHG VSRW MRLQWV� $W ORZ YDOXHV ,D DQG
WZ WKH QRQ�IXVLRQ RI HOHPHQWV LV REVHUYHG� ,Q FDVH RI
DQ H[FHVVLYH KHDWLQJ D ODUJH VDJJLQJ �XS WR � PP� LV
REVHUYHG IURP WKH ORZHU VLGH RI WKH VKHHWV� ,Q DGGLWLRQ�
WKH VSRWV DUH SURGXFHG ZLWKRXW WKH XSSHU UHLQIRUFH�
PHQW DQG KDYH D FRQFDYH VXUIDFH� 7KH VWUHQJWK RI VXFK
MRLQWV LV VPDOO� 7KH VDWLVIDFWRU\ ZHOGHG VSRWV LQ DS�
SHDUDQFH KDYH D QHJOLJLEOH VDJJLQJ IURP WKH ORZHU
VLGH RI VKHHW� UHVHPEOLQJ WKH VKDSH RI D ULYHW FDS�
+HUH� WKH PD[LPXP YDOXH 3U LV ��� w ��� N1 �)L�
JXUH �� E��

7KH IUDFWXUH RI ZHOGHG VSHFLPHQV RFFXUV ZLWK D
WHDU RI PHWDO LQ RQH RI WKH VKHHWV� 7KH GHYLDWLRQ RI
YDOXHV WZ IRU PRUH WKDQ ��� V SURPRWHV XQTXDOLW\ MRLQW�
ZKLOH LQ ZHOGLQJ RQ D UHPRYDEOH EDFNLQJ WKH VDPH
LQFUHDVH LQ WZ OHDGV RQO\ WR WKH LQFUHDVH LQ VL]HV RI WKH
FDVW ]RQH DW KLJK VSRW SUHVHUYHG VWUHQJWK� &RQVH�
TXHQWO\� LQ ZHOGLQJ ZLWKRXW DQ\ EDFNLQJV LW LV QHF�
HVVDU\ WR VHW YDOXHV ,D DQG WZ PRUH SUHFLVHO\ DQG WR
NHHS FRQVWDQW�

7KH VWDELOLW\ RI FKDUDFWHULVWLFV RI WKH SURGXFHG
MRLQW DQG� ILUVW RI DOO� VWUHQJWK LV RI D JUHDW LPSRUWDQFH�
7KH VWUHQJWK RI MRLQWV ZDV H[DPLQHG LQ WHQVLOH WHVW RI
$0WV DOOR\ VSHFLPHQV RI ��� PP WKLFNQHVV DQG �� PP
ZLGWK ZHOGHG E\ D VLQJOH VSRW ZLWKRXW DQ\ EDFNLQJV
DW WKH IROORZLQJ RSWLPXP FRQGLWLRQV� ,D  �� $� WZ  
 ��� V� GH  ��� PP� PG  �� PJ� $0WV DOOR\ ZDV
XVHG IRU HOHFWURGH� 7KH QXPEHU RI WHVW VSHFLPHQV ZDV
��� SFV LQ D EDWFK� 7R SUHYHQW WKH HIIHFW RI SDUHQW

PHWDO SURSHUWLHV RQ WKH VWUHQJWK RI MRLQWV� DOO WKH
VSHFLPHQV IRU ZHOGLQJ ZHUH FXW IURP RQH VKHHW� 7KH
VXUIDFH RI VSHFLPHQV ZDV GHJUHDVHG SUHOLPLQDU\ ZLWK
DFHWRQH DQG FOHDQHG ZLWK D PHWDO EUXVK� 7KH WHVW
UHVXOWV ZHUH SURFHVVHG XVLQJ WKH PHWKRGV RI D PDWKH�
PDWLFDO VWDWLVWLFV�

7KH WHVW UHVXOWV REWDLQHG VKRZHG WKDW WKH PHDQ
YDOXH RI WKH UXSWXUH IRUFH �PDWKHPDWLFDO H[SHFWDWLRQ�
IRU WKH ZHOGHG VSRW RI � PP GLDPHWHU ZDV ��� N1�
WKH GHYLDWLRQ RI D UXSWXUH IRUFH IURP WKH PHDQ YDOXH
GLG QRW H[FHHG ± �� �� 7KH VHSDUDWLRQ RI RQH RI WKH
VKHHWV DURXQG WKH VSRW LV REVHUYHG� 7KH UHVXOWV RE�
WDLQHG SURYH D VXIILFLHQWO\ KLJK OHYHO RI ILQDO VHWWLQJ�
XS RI WKH DUF VSRW ZHOGLQJ SURFHVV ZLWK D GRVHG HOHF�
WURGH PHWDO� +HUH� WKH TXDOLW\ RI ZHOGLQJ GHSHQGV
QHJOLJLEO\ RQ WKH VNLOO RI WKH ZHOGHU� DV WKH SURFHVV
LV IXOILOOHG DXWRPDWLFDOO\�

7KH LQYHVWLJDWLRQV PDGH LW SRVVLEOH WR LVVXH WKH
ZHOO�JURXQGHG UHFRPPHQGDWLRQV IRU WKH VHOHFWLRQ RI
FRQGLWLRQV RI ZHOGLQJ� SURYLGLQJ WKH TXDOLW\ VSRW
MRLQWV ZLWK D VWDEOH VWUHQJWK�

)LJXUH �� 'HSHQGHQFH RI UXSWXUH VWUHQJWK 3U
RQ WZ DW GLIIHUHQW YDOXHV RI ,D� D x ZHOGLQJ RQ D UHPRYDEOH EDFNLQJ� E x VDPH� ZLWKRXW

EDFNLQJ

5()(5(1&(6

�� ������ :HOGLQJ LQ DLUFUDIW FRQVWUXFWLRQ� (G� E\ %�(� 3D�
WRQ� .\LY� 0,,97V�

�� /R]RYVN\� 9�3�� 7LPRVKHQNR� $�1� ������ $UF VSRW ZHOGLQJ
RI DOXPLQLXP DOOR\ WKLQ�VKHHW RYHUODS MRLQWV� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

�� 6ODYLQ� *�$�� 3HWURY� $�9�� 6PLUQRYD� 6�9� HW DO� ������
$XWRPDWLF QRQ�FRQVXPDEOH HOHFWURGH SXOVHG�DUF ZHOGLQJ RI
WKLQ�VKHHW DOXPLQLXP DOOR\V� 6YDURFKQR\H 3URL]YRGVWYR� ���
�� w ���

�� 7DUDVRY� 1�0�� 7XOLQ� 9�0� ������ &RQWURO RI HOHFWURGH
PHWDO WUDQVIHU E\ D VKRUW�WLPH LQFUHDVH LQ UDWH RI D VKLHOGLQJ
JDV IORZLQJ� ,ELG�� �� �� w ���

�� 7DUDVRY� 1�0�� 5RJDFKHY� (�3�� *UHEHQQLNRY� $�9� ������
6RXUFH RI XQLSRODU SXOVHV RI ��� +] IUHTXHQF\ DQG SHFXOLDUL�
WLHV RI DUF ZHOGLQJ ZLWK LWV XVH� $YWRPDWLFKHVND\D 6YDUND�
�� �� w ���
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<X�3� %$59,1.2
�
� 9�0� *2/,1.2

�
� $�<X� %$59,1.2

�
� $�9� 3(5(/087(5

�
DQG *�9� .8/(%$

�

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
8NUDLQLDQ ,QVWLWXWH RI (QYLURQPHQWDO DQG 5HVRXUFHV 6WXGLHV� .\LY� 8NUDLQH

�
*$2 �3ULGUHQSURYVN\ 0DLQ 3LSHOLQHV�� .UHPHQFKXJ� 8NUDLQH

$%675$&7

7KH SDSHU DQDO\VHV GLIIHUHQW PHWKRGV RI PDNLQJ YHUWLFDO HUHFWLRQ MRLQWV LQ WDQNV EXLOW RI FRLOHG EODQNV� ,W LV VXJJHVWHG

WKDW LQ UHSDLU RI HUHFWLRQ MRLQWV LQ WKH FXUUHQWO\ XVHG WDQNV DQG LQ FRQVWUXFWLRQ RI QHZ WDQNV� WKH EXWW MRLQW VKRXOG EH

PDGH E\ ZHOGLQJ�LQ VSHFLDO VKHHW LQVHUWV� 7KHRUHWLFDO HVWLPDWLRQ RI ORFDO VWUHVVHV LQ WKH WDQN ZDOO DIWHU ZHOGLQJ�LQ WKH

LQVHUWV LV SUHVHQWHG� DOORZLQJ IRU DFWXDO UDGLDO GLVWRUWLRQV RI WKH ZDOO�

.H\ ZRU G V � VWHHO WDQNV� FRLOHG EODQNV� YHUWLFDO HUHFWLRQ

MRLQWV RI ZDOOV� DQJXODU GHIRUPDWLRQV� HQG SRUWLRQV RI ZDOOV� LQ�
VHUWV� KRRS VWUHVVHV

4XDOLW\ DQG SHUIRUPDQFH RI YHUWLFDO HUHFWLRQ ZHOGHG
MRLQWV LQ WKH ZDOO RI WDQNV� EXLOW RI FRLOHG EODQNV� DUH

LQKHUHQWO\ FRQQHFWHG ZLWK GHYHORSPHQW DQG LPSURYH�

PHQW RI WKH ZHOGLQJ SURFHVV� 7KH FRLOLQJ PHWKRG�

VXJJHVWHG LQ ���� E\*�9� 5DHYVN\� 'U� RI 6FL� �(QJ��

DW WKH 3:, >�@� KDV EHHQ VXFFHVVIXOO\ DSSOLHG VLQFH

���� LQ FRQVWUXFWLRQ RI ��� w ���� P
� WDQNV ZLWK XS

WR �� PP ZDOOV� 7KH ZDOOV ZHUH PDGH LQ WKH IDFWRU\

LQ WKH IRUP RI RQH SDQHO� ZHOGHG RI VHSDUDWH VKHHWV

E\ DXWRPDWLF ZHOGLQJ IURP ERWK VLGHV� 'XULQJ WKH
ZDOO PRXQWLQJ� MXVW WKH RSHUDWLRQV RI XQFRLOLQJ WKH

FRLO� ILW�XS DQG ZHOGLQJ RI RQH YHUWLFDO HUHFWLRQ MRLQW

ZHUH SHUIRUPHG� 7KLV PHWKRG RI WDQN FRQVWUXFWLRQ

ZDV D EUHDNWKURXJK LQ LPSURYHPHQW RI WKH TXDOLW\ RI

ZHOGHG MRLQWV� VKRUWHQLQJ WKH WDQN FRQVWUXFWLRQ SH�

ULRG� UHGXFWLRQ RI WKHLU FRVW DQG ZDV ZHOO VXLWHG WR

VDWLVI\ WKH QHHGV RI WKH SRVW�ZDU SHULRG >�@� 7KLV WHFK�

QRORJ\ KDV EHFRPH ZHOO�HVWDEOLVKHG ZLWK WLPH DQG LV

H[WHQVLYHO\ DSSOLHG QRZ LQ 8NUDLQH DQG 5XVVLD�

6XEVHTXHQW PDVWHULQJ RI WKH WHFKQRORJ\ RI FRQ�

VWUXFWLRQ RI ������ ������ ����� DQG ����� P
�
WDQNV

RI FRLOHG EODQNV� UHTXLUHG FUHDWLRQ RI SURGXFWLRQ ID�

FLOLWLHV� DOORZLQJ IDEULFDWLRQ RI FRLOV RI KLJK�VWUHQJWK

VWHHOV �SODWH WKLFNQHVV XS WR �� PP� DQG GHYHORSPHQW

RI VSHFLDO WHFKQRORJLHV RI DVVHPEO\ DQG ZHOGLQJ RI

HUHFWLRQ MRLQWV� 0DNLQJ VRXQG HUHFWLRQ MRLQWV EHFDPH

WKH GHWHUPLQDQW WHFKQRORJLFDO RSHUDWLRQ LQ FRQVWUXF�

WLRQ RI VXFK WDQNV >�@�

6KDSLQJ RI WKH ZDOO HQG SRUWLRQV� WKHLU DVVHPEO\
DQG ZHOGLQJ LQ VLWH RI DQ DOLJQHG YHUWLFDO EXWW RI WDQNV

RI XS WR ���� P
�
YROXPH LQFOXVLYH� ZHUH VXFFHVVIXOO\

PDVWHUHG E\ VSHFLDOLVHG PRXQWLQJ RUJDQLVDWLRQV� 7KLV

DOORZHG D YHU\ TXLFN WUDQVLWLRQ WR ZHOGLQJ RQO\ EXWW

MRLQWV�

,Q PRXQWLQJ ODUJHU YROXPH WDQNV ZLWK �� w �� PP

WKLFNQHVV RI WKH ZDOO ORZHU KRUL]RQWDO VHFWLRQ RI

��*�6 �& x ���� w ���� 0Q x ���� 6L x ��� ZW���

DQG ��*�$) �&x ����� 0Q x ���� 1 x ����� 9 x

��� ZW��� )H x EDODQFH� VWHHOV� WKH SUREOHP RI UHOL�

DELOLW\ RI YHUWLFDO HUHFWLRQ MRLQWV LQ WKH ZDOO PDWFKLQJ

WKDW RI WKH UHVSHFWLYH IDFWRU\�PDGH EXWW MRLQWV� ZDV

EHFRPLQJ HYHU PRUH XUJHQW� 7KH UHVXOWV RI WHFKQLFDO
GLDJQRVWLFV RI YHUWLFDO HUHFWLRQ MRLQWV RI WKH ZDOO LQ
����� P

�
WDQNV� EXLOW RI FRLOHG EODQNV ZLWK �� PP

WKLFNQHVV RI WKH ZDOO ORZHU KRUL]RQWDO VHFWLRQ RI

��*�6 VWHHO� UHYHDOHG WKHLU SRRU TXDOLW\� 7KLV ZDV
PDQLIHVWHG LQ WKH SUHVHQFH RI LQDGPLVVLEOH KLJK DQ�

JXODU GHIRUPDWLRQV DQG FRQVLGHUDEOH PLVDOLJQPHQW RI

WKH HGJHV� WKDW PDUNHGO\ ORZHUHG WKH WDQN SHUIRUP�

DQFH XQGHU ORZ�F\FOH ORDGLQJ >�@� 7KH RSHUDWLQJ FRGHV

>�@ IRU WDQN FRQVWUXFWLRQ GLG QRW GLUHFWO\ VSHFLI\ WKH
DQJXODU GHIRUPDWLRQV� $QJXODU GHIRUPDWLRQV ZHUH

OLPLWHG LQGLUHFWO\ E\ WROHUDQFHV IRU WKH WDQN ZDOO GH�
IOHFWLRQ IURP WKH YHUWLFDO� 7KLV� LQ D FHUWDLQ VHQVH�

UHVXOWHG IURP WKH PRQRSRO\ RI WKH FRLOLQJ SURFHVV RI

WDQN IDEULFDWLRQ LQ WKH DEVHQFH RI DQ\ DOWHUQDWLYH LQ

WKH IRUP RI FRQVWUXFWLRQ RI WKH ZDOO IURP LQGLYLGXDO

VKHHWV� :LWK WKH DYDLODELOLW\ RI VSHFLDOLVHG IDFWRULHV

ILWWHG ZLWK KLJKO\ HIILFLHQW PLOOV IRU FRLOHG EODQN IDE�

ULFDWLRQ >�@� D VLPXOWDQHRXV LQWURGXFWLRQ RI PRUH

VWULQJHQW UHTXLUHPHQWV WR HUHFWLRQ MRLQWV LQ WKH ZDOO

RI WDQNV RI ����� P
�
DQG JUHDWHU YROXPH� ZRXOG KDYH

PHDQW LQWHUUXSWLQJ WKH IXQFWLRQLQJ RI WKH HQWLUH WDQN

FRQVWUXFWLRQ LQGXVWU\ IRU D FHUWDLQ WLPH� 7KHUHIRUH�

LPSURYHPHQW RI WKH HUHFWLRQ MRLQW TXDOLW\ EHFDPH D

OHQJWK\ VWHS�E\�VWHS SURFHVV WKDW UHVXOWHG LQ SDUW RI
WKH EXLOW WDQNV KDYLQJ EXWW MRLQWV RI D UDWKHU ORZ

TXDOLW\� :LWK WLPH WKLV FDXVHG D FULWLFDO FRQGLWLRQ RI

WDQNV H[SRVHG WR LQWHQVLYH ORZ�F\FOH ORDGLQJ �UHJXODU

� w � WLPHV D GD\ ILOOLQJ�GLVFKDUJH� >�@�
$QDO\VLV RI WKH H[LVWLQJ GHVLJQV RI YHUWLFDO HUHF�

WLRQ MRLQWV� 3UDFWLFDO H[SHULHQFH VKRZHG WKDW GHYHO�

RSPHQW RI D WHFKQRORJ\ WKDW ZRXOG DOORZ DFKLHYLQJ

WKH JHRPHWULFDO VKDSH RI D PRUH WKDQ �� PP ZDOO LQ

D VHFWLRQ RI DQ DOLJQHG HUHFWLRQ MRLQW� PHHWLQJ WKH

� <X�3� %$59,1.2� 9�0� *2/,1.2� $�<X� %$59,1.2� $�9� 3(5(/087(5 DQG *�9� .8/(%$� ����
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UHTXLUHPHQWV RI IRUHLJQ VWDQGDUGV >�@� LV D FRPSOLFDWHG

WDVN� 0DQ\ RUJDQLVDWLRQV >�@ KDYH EHHQ WU\LQJ WR ILQG

LWV RSWLPDO VROXWLRQ IRU PRUH WKDQ �� \HDUV QRZ� $V

D WHPSRUDU\ PHDVXUH� VSHFLDO LQVWUXFWLRQV KDYH EHHQ

GHYHORSHG IRU UHLQIRUFHPHQW RI GHIHFWLYH ZDOOV LQ

396��� WDQNV WKDW DOORZHG RSHUDWLQJ WDQNV ZLWK DQ�

JXODU GHIRUPDWLRQV >�@� 'HSHQGLQJ RQ WKH YDOXHV RI

DQJXODU GHIRUPDWLRQV� GHWHUPLQHG E\ WKH WDQN ZDOO

GHIOHFWLRQ IURP WKH GHVLJQ VKDSH� EDVHG RQ ��� PP

OHQJWK� LW ZDV SURSRVHG WR PRXQW RQ SDUW RI WKH MRLQW

OHQJWK� VSHFLDO KRUL]RQWDO VWLIIHQHUV� UHOLHYLQJ WKH

ZHOGHG MRLQW VWUHVVHG VWDWH�

$QRWKHU VROXWLRQ RI WKH SUREOHP RI RSHUDWLRQDO

VDIHW\ RI WDQNV ZLWK FRQVLGHUDEOH DQJXODU GHIRUPD�

WLRQV LQ HUHFWLRQ MRLQWV� FDQ FRQVLVW LQ WKH XVH D GLI�

IHUHQWLDWHG DSSURDFK WR WKH QXPEHU RI WKHLU ORDGLQJ

F\FOHV� L�H� FDQ EH EDVHG RQ FR�RUGLQDWLQJ WKH �DQJX�

ODULW\� ZLWK WKH DGPLVVLEOH QXPEHU RI WKH WDQN ILOO�

LQJwGLVFKDUJH F\FOHV GXULQJ LWV VXEVHTXHQW VHUYLFH�

6XFK D ZRUN ZDV SHUIRUPHG DW WKH 3:,� XVLQJ VSHFLDO

VDPSOHV >�� ��@� ,W UHVXOWHG LQ DGGLQJ WR WKH FRGHV

>��@� D WDEOH LQGLFDWLQJ WKH QXPEHU RI DGPLVVLEOH F\�

FOHV RI WKH ZDOO ORDGLQJ� GHSHQGLQJ RQ DQJXODU GHIRU�

PDWLRQ RI WKH ZHOGHG MRLQW� VWHHO JUDGH DQG VKHHW

WKLFNQHVV� 7KH GHSHQGHQFH JLYHQ LQ WKH WDEOH DOORZV

DVVHVVPHQW RI IDWLJXH OLIH RI WKH FRQVLGHUHG EXWW MRLQWV

LQ QHZO\ FRQVWUXFWHG WDQNV DQG GHWHUPLQDWLRQ RI WKH

UHVLGXDO OLIH RI WDQNV DIWHU D FHUWDLQ SHULRG RI VHUYLFH�

7HVWLQJ DOVR FRQILUPHG WKDW LI WKH UHTXLUHPHQWV WR

DQJXODU GHIRUPDWLRQV LQ ZHOGHG MRLQW DQG HGJH PLV�

DOLJQPHQW� DOORZHG E\ WKH FRGHV >�@� DUH PHW� DW ORZ�

F\FOH ORDGLQJ WKH IDWLJXH FUDFN GHYHORSV LQ WKHP DW

F\FOH QXPEHU RI QRW OHVV WKDQ �⋅���� L�H� WKH EXWW MRLQW
SHUIRUPDQFH LV DFWXDOO\ SURYLGHG GXULQJ WKH HQWLUH

RSHUDWLQJ OLIH RI WKH WDQNV� 7KH LVVXH RI WKH PHWKRG

IRU UHSDLULQJ WKH GHIHFWV LQ YHUWLFDO EXWW MRLQWV RI WKH

ZDOOV DIWHU WKH\ KDYH VWRRG WKH DGPLVVLEOH QXPEHU RI

ORDGLQJ F\FOHV� ZDV QRW FRQVLGHUHG�

+RZHYHU� LQWHQVLYH FUDFNLQJ LQ YHUWLFDO HUHFWLRQ

MRLQWV RI WKH FRQVLGHUHG WDQN ZDOOV DIWHU �� w �� \HDUV

RI VHUYLFH >��@� PDGH LW QHFHVVDU\ WR ORRN IRU QHZ

WHFKQRORJLHV� ERWK WR LPSURYH WKH TXDOLW\ RI EXWW

MRLQWV LQ WKH QHZO\ FRQVWUXFWHG WDQNV� DQG WR UHVWRUH

WKH SHUIRUPDQFH RI EXWW MRLQWV WKDW GHYHORSHG FUDFNV�

,Q RUGHU WR LPSURYH WKH TXDOLW\ RI HUHFWLRQ MRLQWV

LQ WKH QHZO\ FRQVWUXFWHG WDQNV� D VSHFLDO WHFKQRORJ\

ZDV GHYHORSHG IRU PDNLQJ WKHVH MRLQWV >��@� ,Q WKLV

WHFKQRORJ\� VSHFLDO VKDSLQJ GHYLFHV DUH XVHG WR JLYH

WKH HQG SRUWLRQV RI WKH FRLOV D JHRPHWULFDO VKDSH� FORVH

WR WKH GHVLJQ VKDSH� SULRU WR ZHOGLQJ� 7KH VKDSLQJ

GHYLFHV DUH DWWDFKHG WR D WUXVVHG ODGGHU DURXQG ZKLFK

WKH SDQHO ZDV FRLOHG� $IWHU DWWDFKPHQW RI WKH ZDOO

HGJHV WR WKHP DORQJ WKH HQWLUH KHLJKW� WKHLU HQG SRU�

WLRQV DUH VKDSHG WR WKH UHTXLUHG FXUYDWXUH E\ VXE�

VHTXHQW URWDWLRQ RI WKH WUXVVHG ODGGHU� 3UDFWLFDO H[�

SHULHQFH VKRZV WKDW DSSOLFDWLRQ RI WKH GHYHORSHG WHFK�

QRORJ\ GRHV QRW JXDUDQWHH VWDEOH UHVXOWV LQ WHUPV RI

SURYLGLQJ WKH UHTXLUHG VKDSH RI WKH HQG SRUWLRQV� 7KLV

LV GXH WR WKH GLIIHUHQFH LQ ZDOO WKLFNQHVV LQ GLIIHUHQW

KRUL]RQWDO VHFWLRQV DQG KLJKHU FRPSOLDQFH RI WKH

SDQHO�

,Q YLHZ RI WKH DERYH GLVDGYDQWDJHV� D WHFKQRORJ\

ZDV SURSRVHG ZLWK D ULJLG SXQFKwGLH V\VWHP >��@� LQ

ZKLFK WKH VKDSLQJ ZDV SHUIRUPHG VXFFHVVLYHO\ LQ HDFK

KRUL]RQWDO VHFWLRQ RI WKH ZDOO� 7KH SXQFK ZDV K\GUDX�

OLFDOO\ GULYHQ E\ D VSHFLDO RLO SXPSLQJ SODQW� 'XULQJ

WKH ZRUN SHUIRUPDQFH� WKH HQWLUH GHYLFH ZDV PRYHG

E\ WKH FUDQH WR WKH UHTXLUHG KRUL]RQWDO VHFWLRQ� 7KH

WHFKQRORJ\ ZDV GHVLJQHG IRU PXOWLSOH XVH RI WKH GH�

YLFH� &RQVLGHULQJ WKDW WKH WDQNV DUH LQGLYLGXDO VWUXF�

WXUHV� WKH ZRUN RQ WKH SXQFKwGLH V\VWHP ZDV OLPLWHG

WR H[SHULPHQWV RQ VHYHUDO WDQNV�

$QRWKHU DUHD RI VWXGLHV WR LPSURYH WKH JHRPHWULFDO

VKDSH RI D YHUWLFDO HUHFWLRQ MRLQW� LV FKDQJH RI WKH

SDQHO HQG SRUWLRQ GHVLJQ� $V RQH RI WKH YDULDQWV LW LV

SURSRVHG WRPDNH WKH EXWW MRLQW QRW DOLJQHG� EXW �VWDJ�

JHUHG� E\ WKH KRUL]RQWDO VHFWLRQV� 0DNLQJ WKH SDQHO

HQG SRUWLRQV LQ WKH IRUP RI �FRPEV� �ZLWK RSSRVLWHO\

ORFDWHG SURWUXVLRQV DQG UHFHVVHV� DQG WKHLU VXEVHTXHQW

MRLQLQJ GXULQJ HUHFWLRQ >��@� VKRXOG KDYH FRPSOHWHO\

HOLPLQDWHG DOO WKH GUDZEDFNV� LQKHUHQW LQ WKH W\SLFDO

JHRPHWU\ RI D EXWW� DOLJQHG LQ WKH KRUL]RQWDO VHFWLRQV

DORQJ RQH YHUWLFDO OLQH� :KHQ WKH DERYH PHWKRG LV

XVHG� LW LV QHFHVVDU\ WR MRLQ WKH VWDUW RI RQH DQG HQG

RI DQRWKHU FRLO LQ HDFK EXWW MRLQW� ,I WKH FRLO ZHLJKW

LV �� WRQV� D FHUWDLQ VDJJLQJ RI WKH IRXQGDWLRQ ZLOO

DOZD\V EH REVHUYHG LQ WKH DUHD RI SODFLQJ WKH FRLO RQ

WKH ERWWRP� 7KLV FLUFXPVWDQFH� LQ FRPELQDWLRQ ZLWK

WKH SUHVHQFH RI GHIRUPDWLRQV LQ ZHOGHG SDQHOV XS WR

�� P KLJK� PDNHV LW GLIILFXOW WR DFKLHYH DFFXUDWH ILW�XS

RI WKH �FRPE� VKHHWV IRU ZHOGLQJ� DQG UHTXLUHV UH�

GXFLQJ WKH MRLQW OLQH VKLIWLQJ WR ��� w ��� PP� 7KH

�FRPE� PHWKRG KDV ODWHO\ IRXQG DSSOLFDWLRQ LQ 5XVVLD

LQ FRQVWUXFWLRQ RI ODUJH�YROXPH WDQNV�

7KH 3:, LV GHYHORSLQJ D PRUH YHUVDWLOH� LQ WKH

DXWKRUVs RSLQLRQ� PHWKRG RI PDNLQJ WKH YHUWLFDO HUHF�

WLRQ MRLQWV E\ ZHOGLQJ LQ VSHFLDO VKHHW LQVHUWV �)L�

JXUH ��� SURYLGLQJ WKH UHTXLUHG TXDOLW\� ,W LV DQWLFL�

SDWHG WKDW VXFK D JHRPHWU\ RI WKH HUHFWLRQ MRLQW ZLOO

EH SULPDULO\ VXLWDEOH IRU UHSDLU RI WKH FXUUHQWO\ RSHU�

DWLQJ DQG� ODWHU RQ� DOVR RI WKH QHZO\ FRQVWUXFWHG

WDQNV� PDGH RI FRLOHG EODQNV� 7KH LQVHUW KHLJKW VKRXOG

HTXDO WR WKH KRUL]RQWDO VHFWLRQ KHLJKW �H[FHSW IRU WKH

ILUVW RQH IURP WKH ERWWRP�� $OWHUQDWLRQ RI LQVHUWV RI

GLIIHUHQW KHLJKW DOORZV SURGXFWLRQ RI D YHUWLFDO �VWDJ�

JHUHG�ZHOG E\ WKH KRUL]RQWDO VHFWLRQV DORQJ WKH HQWLUH

KHLJKW RI WKH ZDOO� ,I UHTXLUHG� LQVHUWV IRU VHYHUDO

KRUL]RQWDO VHFWLRQV FDQ EH MRLQHG WRJHWKHU WR SURGXFH

D ODUJHU SLHFH�

)HDWXUHV RI WKH WHFKQRORJ\ RI EXWW MRLQW UHSDLU�
GHYHORSHG DW WKH 3:,� :HOGLQJ�LQ RI LQVHUWV LV D

FRPSOLFDWHG WHFKQRORJLFDO SUREOHP� 6R� LQ WKH WDQNV�

FRQVWUXFWHG E\ VKHHW�E\�VKHHW PHWKRG� WKH GHVLJQHG

ZDOO FXUYDWXUH LV JLYHQ WR HDFK VKHHW E\ IRUJH�UROOLQJ�

1RZ� WKH WDQN ZDOO� SURGXFHG E\ IRUFHG GHSOR\PHQW

RI WKH FRLO SDQHO WR WKH GHVLJQ UDGLXV� ZLWK LWV VXE�

VHTXHQW IDVWHQLQJ WR ULJLG GLVFV EHORZ DQG RQ WRS�

FRQWLQXRXVO\ LV LQ WKH SUH�VWUHVVHG FRQGLWLRQ GXULQJ

VHUYLFH �)LJXUH ��� XQGHU WKH LPSDFW RI LQQHU HTXLOLE�

ULXP EHQGLQJ PRPHQWV� ,I DQ RSHQLQJ IRU WKH LQVHUW

LV FXW LQ VXFK D ZDOO� WKH IRUPHG IUHH HGJHV ZLOO VWDUW
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PRYLQJ LQVLGH WKH WDQN XQGHU WKH LPSDFW RI WKH PR�

PHQWV� 7KHUHIRUH� SULRU WR ZHOGLQJ�LQ HDFK LQVHUW� LW

LV ILUVW QHFHVVDU\ WR HQVXUH WKH GHVLJQ SRVLWLRQ RI WKH

HGJH DORQJ WKH HQWLUH OHQJWK RI WKH FXW�RXW RSHQLQJ�

DQG WKHQ VKDSH WKH LQVHUW WR ILW LW�

:KHQ ZHOGLQJ�LQ WKH LQVHUWV� WKH ZDOO SUH�WHQVLRQ

DSSOLHG E\ PRPHQWV 0�� 0� VKRXOG EH WDNHQ LQWR

DFFRXQW� DQG D VSHFLDO WHFKQRORJ\ VKRXOG EH XVHG IRU

ZHOGLQJ WKH LQVHUWV LQWR WKH �ULJLG� FRQWRXU� $V LV

VHHQ IURP )LJXUH �� WZR YHUWLFDO ZHOGV DQG RQH KRUL�

]RQWDO ZHOG DUH PDGH LQ PRXQWLQJ HDFK LQVHUW� $W WKH

GHVLJQ WKLFNQHVVHV RI WKH KRUL]RQWDO ZDOO VHFWLRQV�

WUDQVYHUVH VKULQNDJH RI HDFK ZHOG GXULQJ ZHOGLQJ

�IURP PHDVXUHPHQW GDWD� LV HTXDO WR ��� w ��� PP�

,I QR VSHFLDO PHDVXUHV DUH WDNHQ� WUDQVYHUVH VKULQNDJH

ZLOO EH FRPSHQVDWHG WKURXJK DQ LQFUHDVH RI WKH FXU�

YDWXUH RI WKH DGMDFHQW ZDOO UHJLRQV ZLWK IRUPDWLRQ RI

LQDGPLVVLEOH GHSUHVVLRQV �GHQWV�� 7KHUHIRUH� WKH LQ�

VHUW OHQJWK VKRXOG EH VSHFLILHG� DOORZLQJ IRU WUDQVYHUVH

VKULQNDJH �GHIRUPDWLRQ� RI YHUWLFDO ZHOGV� 7KH GLUHF�

WLRQ RI ORQJLWXGLQDO VKULQNDJH RI YHUWLFDO ZHOGV LV LQ

WKH SODQH RI PD[LPDO ULJLGLW\ RI WKH ZDOO DQG GRHV

QRW OHDG WR LWV QRWLFHDEOH GLVWRUWLRQ� $SSHDUDQFH RI D

GHSUHVVLRQ LQ WKH ZDOO� UHVXOWV IURP WUDQVYHUVH DQG

ORQJLWXGLQDO GHIRUPDWLRQV RI KRUL]RQWDO ZHOGHG MRLQWV

LQ FRROLQJ RI WKH ZHOG PHWDO� :HOGLQJ GHIRUPDWLRQV

LQGXFHG E\ KRUL]RQWDO ZHOGV DUH UHGXFHG E\ DSSO\LQJ

VSHFLDO ZHOGLQJ WHFKQRORJLHV DQG JHRPHWULHV�

$OO WKH DERYH IDFWV ZHUH WDNHQ LQWR DFFRXQW LQ

GHYHORSPHQW E\ WKH 3:, RI D QHZ WHFKQRORJ\ IRU

UHSDLU RI YHUWLFDO EXWW MRLQWV LQ WKH ZDOO� ,W LV DVVXPHG

WKDW DIWHU UHSDLU WKH VWUDLJKW�OLQH HUHFWLRQ MRLQW� ZLOO

EH UHSODFHG E\ D UHJXODU EXWW MRLQW RI WKH ZDOO ZLWK

WKH YHUWLFDO EXWW �VWDJJHUHG� DORQJ WKH HQWLUH KRUL�

]RQWDO VHFWLRQ KHLJKW� /RFDO GHIOHFWLRQV RI WKH ZDOO LQ

WKH EXWW SODQH ZLOO PHHW WKH UHTXLUHPHQWV RI WKH FRGHV

LQ IRUFH LQ 8NUDLQH >��@�

7KH GHYHORSHG WHFKQRORJ\ ZDV XVHG LQ ���� WR

UHSDLU WKUHH HUHFWLRQ MRLQWV LQ WKH ZDOO RI ����� P
�

WDQN 1R�� LQ �6QLJLUHYND� SXPSLQJ SODQW �)LJXUH ���

$QDO\VLV RI ZDOO GLVWRUWLRQV GXULQJ UHSDLU DQG DIWHU

LWV FRPSOHWLRQ UHYHDOHG WKDW ZLWK WKH DFWXDO DEVHQFH

RI DQJXODU GHIRUPDWLRQV RU PLVDOLJQPHQW RI WKH EXWW

MRLQW HGJHV� WKH F\OLQGULFDO VXUIDFH RI ZHOGHG�LQ LQ�

VHUWV GRHV QRW DOZD\V PDWFK WKH GHVLJQ VKDSH RI WKH

ZDOO ZLWKLQ WKH WROHUDQFHV RI WKH FXUUHQWO\ RSHUDWLQJ

FRGHV� ,W ZDV DOVR IRXQG WKDW WKH FXUUHQW FRGH UHTXLUH�

PHQWV GR QRW IXOO\ DOORZ IRU WKH IHDWXUHV RI WKH UHSDLU

WHFKQRORJ\ DQG GR QRW SHUPLW D VXIILFLHQW GHJUHH RI

FRQWURO RYHU WKHLU JHRPHWULFDO VKDSH� 0HDVXUHPHQWV

VKRZHG WKDW ORFDO GHIRUPDWLRQV RI WKH ZDOO LQ WKH

YLFLQLW\ RI WKH LQVHUWV VKRXOG EH HYDOXDWHG QRW RQO\

E\ WKH GLPHQVLRQV RI WKH JDS EHWZHHQ WKH KRUL]RQWDO

JDXJH RU WKH YHUWLFDO EDU DQG WKH ZDOO� EXW DOVR E\

GHYLDWLRQ ∆I �RQ WKH OHYHO RI KRUL]RQWDO ZHOGV DQG LQ
WKH VKHHW PLGGOH� RI WKH DFWXDO YDOXH RI GHIOHFWLRQ I

IURP WKH GHVLJQ YDOXH� DOORZLQJ IRU WKH WDQN GHVLJQ

UDGLXV� GHWHUPLQHG E\ ∆I YDOXH �)LJXUH ��� ,I ∆I GH�
SHQGHQFH RQ KRRS VWUHVVHV σK LV IRXQG IRU WKH FRQVLG�

HUHG UHJLRQV RI WKH ZDOO� LW LV SRVVLEOH WR LQWURGXFH

WKH DGPLVVLEOH ∆I YDOXHV� DW ZKLFK FRQGLWLRQ σK�O �

< σ\ ZLOO EH VDWLVILHG �σK�O DUH WKH YDOXHV RI KRRS

VWUHVVHV� DOORZLQJ IRU ORFDO GHIOHFWLRQ RI WKH ZDOO JHR�

PHWULFDO VKDSH IURP WKH GHVLJQ VKDSH� σ\ LV WKH VWDQG�

DUGLVHG \LHOG SRLQW RI UROOHG VKHHWV LQ WKH FRQVLGHUHG

KRUL]RQWDO VHFWLRQ RI WKH ZDOO��

&ULWHULRQ σK�O � σ\ FDQ EH DFFHSWHG WDNLQJ LQWR

DFFRXQW WKH IDFW WKDW GXULQJ WKH WDQN ILOOLQJ ZLWK WKH

SURGXFW IRU VWRUDJH� LWV ZDOO JUDGXDOO\ DFTXLUHV WKH

GHVLJQ VKDSH DQG ∆I YDOXHV WHQG WR ]HUR�
6XFK WROHUDQFHV IRU PRXQWLQJ WKH LQVHUWV ZLOO SUR�

YLGH FHUWDLQ JXDUDQWHHV RI WDQN SHUIRUPDQFH GXULQJ

RSHUDWLRQ� ,W LV QDWXUDO WKDW DV H[SHULHQFH RI RSHUDWLRQ

RI ����� P
�
WDQNV DIWHU UHSDLU LV JDLQHG DQG WKHLU

)LJXUH �� *HQHUDO YLHZ RI D VHFWLRQ RI ����� P
�

WDQN ZDOO ZLWK
VSHFLDO LQVHUWV XVHG LQVWHDG RI D VWUDLJKW�OLQH HUHFWLRQ MRLQW

)LJXUH �� 6FKHPDWLF RI WKH WDQN ZDOO SUH�WHQVLRQ DW 5UHV ! 5G �D�
DQG 5UHV � 5G �E�� 5UHV x UHVLGXDO FXUYDWXUH UDGLXV RI WKH FRLOHG
EODQN� 5G x GHVLJQ UDGLXV RI WKH WDQN ZDOO� 'LQ x LQQHU GLDPHWHU
RI WKH WDQN

)LJXUH �� 3RVVLEOH SRVLWLRQV RI VKHHW LQVHUWV DIWHU ZHOGLQJ�LQ� � x
GHVLJQ SRVLWLRQ RI WDQN ZDOO� � x VKHHW LQVHUW
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UHSDLU WHFKQRORJ\ LV LPSURYHG� ∆I YDOXHV ZLOO EH IXU�
WKHU GHWHUPLQHG PRUH SUHFLVHO\�

7KHRUHWLFDO HYDOXDWLRQ RI ORFDO VWUHVVHV LQ WKH
WDQN ZDOO DIWHU ZHOGLQJ�LQ WKH LQVHUWV� 7KH VRXJKW
GHSHQGHQFH RI ∆I ZDV GHULYHG XVLQJ DQ DOO�SXUSRVH

FRPSXWLQJ SURJUDP V\VWHP 6&$'� FRPSOHPHQWHG E\

D SURFHGXUH IRU DOORZLQJ IRU WKH LQLWLDO JHRPHWULFDO

LPSHUIHFWLRQV RI WKH PRGHO� 7KH UHTXLUHG LQLWLDO GDWD

ZHUH WDNHQ IURP PHDVXUHPHQWV PDGH GXULQJ UHSDLU RI

WKUHH YHUWLFDO HUHFWLRQ MRLQWV RI WKH DERYH WDQN 1R��

LQ �6QLJLUHYND� SXPSLQJ SODQW� 7KH GLDPHWHU RI WKLV

WDQN ZDV ���� P DQG WKH ZDOO KHLJKW ZDV �� P� 7KH

FRPSXWDWLRQDO VFKHPH RI WKH WDQN ZDV GHWHUPLQHG E\

WKH ILQLWH HOHPHQW PRGHO RI WKH ZDOO DQG WKH PHWKRG

RI DVVLJQLQJ LWV JHRPHWULFDO VKDSH�

,Q YLHZ RI WKH VWUXFWXUH V\PPHWU\� FDOFXODWLRQ ZDV

PDGH IRU RQH IRXUWK RI WKH WDQN� ,Q WKLV FDVH� WKH ILUVW

VL[ KRUL]RQWDO VHFWLRQV �VWDUWLQJ IURP WKH ERWWRP�

ZHUH FRQVLGHUHG� DV WKH\ DUH WKH PRVW DFWLYH VHFWLRQV

RI WKH ZDOO� 7KH FRQGLWLRQV RI ULJLG UHVWUDLQW LQ WKH

ZDOO�WR�ERWWRP MRLQW ZHUH DFFHSWHG IRU WKH ZDOO ORZHU

ERXQGDU\� ZKLFK FRQWULEXWHV WR D FHUWDLQ UHOLDELOLW\

PDUJLQ� )UHHGRP RI OLQHDU GLVSODFHPHQWV ZLWK OLPL�

WDWLRQ RI WKH DQJOH RI WKH JXLGH WXUQLQJ ZDV SURYLGHG

RQ WKH XSSHU HGJH� WKDW DSSUR[LPDWHO\ FRUUHVSRQGV

WR WKH FRQGLWLRQV LQ WKH ZDOO PLGGOH� %RXQGDU\ FRQ�

GLWLRQV UHVXOWLQJ IURP WKH SUREOHP V\PPHWU\� ZHUH

GHILQHG DORQJ WKH YHUWLFDO HGJHV RI WKH FRQVLGHUHG

IUDJPHQW�

&RPSXWDWLRQ ZDV SHUIRUPHG E\ D ILQLWH HOHPHQW

PRGHO� LQFOXGLQJ UHFWDQJXODU DQG WULDQJXODU VKHOO HOH�

PHQWV� 7KH VL]H RI WKHVH HOHPHQWV GLG QRW H[FHHG

��� PP DORQJ D KRUL]RQWDO DQG ��� PP DORQJ D YHU�

WLFDO IRU WKH ZDOO UHJLRQ UHPRYHG IRU WKH UHSDLUHG DUHD�

ZLWK VXEVHTXHQW IRXU WLPHV UHGXFWLRQ LQ WKH LQVHUW

UHJLRQ� 7KH VFKHPDWLF RI WKH ZDOO EUHDNLQJ XS LQWR

ILQLWH HOHPHQWV LV SUHVHQWHG LQ )LJXUH �� 7KH ZLGWK RI

LQVHUWV LQ WKH FLUFXODU GLUHFWLRQ ZDV DVVXPHG WR EH WKH

DYHUDJH RYHU WKHLU DFWXDO OHQJWK ����� DQG ���� PP�

DQG ZDV HTXDO WR ���� PP� 7KH WKLFNQHVV RI WKH VKHHW

LQVHUWV DQG ZDOO HOHPHQWV ZDV DVVXPHG LQ NHHSLQJ

ZLWK 7DEOH ��

&DOFXODWLRQ ZDV SHUIRUPHG� DOORZLQJ IRU HODVWLF

ORDGLQJ RI WKH ZDOO PDWHULDO� KDYLQJ WKH IROORZLQJ

FKDUDFWHULVWLFV� PRGXOXV RI HODVWLFLW\ (  

 ���
�⋅��� 03D� 3RLVVRQsV UDWLR µ  ����

7KH ZDOO RI WKH FRQVLGHUHG UHIHUHQFH WDQN ZLWK WKH

DVVXPHG GLVWRUWLRQV� SUDFWLFDOO\ FRUUHVSRQGHG WR WKH

DFWXDO ZDOO VWUXFWXUH RI WDQN 1R�� DIWHU UHSDLU� &KDU�

DFWHULVWLF UHJLRQV DORQJ WZR YHUWLFDOV ZHUH VHOHFWHG RQ

LW� ZKHUH VSHFLDO LQVHUWV ZHUH ZHOGHG LQ�

7KH GLVWRUWHG VKDSH RI WKH WDQN ZDV GHWHUPLQHG

E\ PHDVXUHPHQW RI PD[LPDO GHIOHFWLRQV IURP WKH GH�

VLJQ VKDSH� WDNHQ RQ WKH OHYHO RI KRUL]RQWDO ZHOGV LQ

SRLQWV� ORFDWHG LQ WKH PLGGOH RI WKH VKHHW LQVHUWV�

0HDVXUHPHQW UHVXOWV DUH JLYHQ LQ 7DEOH ��

&RQVLGHULQJ� WKDW WKH PHDVXUHPHQWV ZHUH WDNHQ

ZLWK D FHUWDLQ HUURU� WKHLU UHVXOWV ZHUH �VPRRWKHG�

E\ VROYLQJ WKH SUREOHP RI WKH EHVW PHDQ�URRW�VTXDUH

DSSUR[LPDWLRQ� 7KH IROORZLQJ UHODWLRQVKLSV ZHUH GH�

ULYHG� IRU ZDOO UHJLRQV � DQG �� UHVSHFWLYHO\�
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�
w �������Ó

� + �������Ó
�
w

w �������Ó
� + �������Ó w ��������

∆([) = ������Ó
� + �������[

�
w �������Ó

� +

+ �������Ó
�
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ZKHUH [ LV WKH FR�RUGLQDWH �PP⋅�����

)LJXUH �� 6FKHPDWLF RI ILQLWH HOHPHQWV RI ZDOO VHFWLRQV � DQG �
�UHLQIRUFHG DUHD LV KLJK�OLJKWHG�

7DEOH �� 7KLFNQHVV RI VKHHW LQVHUWV IRU GLIIHUHQW KRUL]RQWDO VHF�
WLRQV RI WKH ZDOO

6HFWLRQ QXPEHU :DOO� PP 5HLQIRUFHPHQW �LQVHUW�� PP

, �� ��

,, �� ��

,,, �� ��

,9 �� ��
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7DEOH �� 9DOXH RI GHIOHFWLRQ I IURP WKH GHVLJQ VKDSH DORQJ
KHLJKW K RI WKH ZDOO� PP

K� PP 6HFWLRQ � 6HFWLRQ �
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)LJXUH � VKRZV WKH FXUYHV� SORWWHG IURP WKHVH HTXD�

WLRQV� ,W ZDV DVVXPHG WKDW WKH DFWXDO VXUIDFH WKDW

GHYLDWHG IURP DQ LGHDO F\OLQGULFDO VKHOO� LV JLYHQ E\

WKH IROORZLQJ HTXDWLRQV LQ WKH F\OLQGULFDO V\VWHP RI

FR�RUGLQDWHV�

ρ = �����+ ∆([)VLQ� >π6�/@�

ZKHUH ρ LV WKH FR�RUGLQDWH RI D SRLQW RQ WKH ZDOO

VXUIDFH� 6 LV WKH FR�RUGLQDWH DORQJ DQ DUF� / LV WKH DUF

OHQJWK RI WKH GLVWXUEDQFH ]RQH �ZLWK DYHUDJLQJ� /  

 ���� PP LV DVVXPHG��

$ VFKHPDWLF RI WKLV VXUIDFH VLJQLILFDQWO\ GLVWRUWHG

DORQJ WKH UDGLDO FR�RUGLQDWH �ZDOO VHFWLRQ �� LV VKRZQ

LQ )LJXUH ��

$OO WKH FDOFXODWLRQV ZHUH PDGH XQGHU WKH FRQGLWLRQ

RI WKH VKHOO ORDGLQJ E\ ILOOLQJ LW ZLWK ZDWHU XS WR WKH

KHLJKW RI �� P� WKLV FRUUHVSRQGLQJ WR WKH PD[LPDO

GHVLJQ ILOOLQJ OHYHO LQ WDQN VHUYLFH� &DOFXODWLRQV ZHUH

ILUVW SHUIRUPHG ZLWK JHRPHWULFDO SDUDPHWHUV RI ZDOO

VHFWLRQV � DQG � LQ WKH OLQHDU GHILQLWLRQ� L�H� ZLWKRXW

DOORZLQJ IRU YDOXHV RI WKH VHFRQG RUGHU� ,W WXUQHG RXW

WKDW WKH WKXV GHULYHG UDGLDO GLVSODFHPHQWV DUH TXLWH

VLJQLILFDQW �XS WR ��� PP�� +LJKHU GLVSODFHPHQW YDO�

XHV ZHUH LQGLFDWLYH RI WKH QHHG WR SHUIRUP FDOFXODWLRQV

LQ WKH JHRPHWULFDOO\ QRQ�OLQHDU GHILQLWLRQ� ,Q WKLV FDVH

WKH GHULYHG GLVSODFHPHQW YDOXHV ZHUH DSSUR[LPDWHO\

E\ DQ RUGHU RI PDJQLWXGH VPDOOHU� WKDQ LQ OLQHDU FDO�

FXODWLRQ� 7KH REWDLQHG YDOXHV DJUHH ZHOO ZLWK WKH

DFWXDO PHDVXUHPHQWV� 7KH ZDOO VWUHVVHG VWDWH FKDQJHG

E\ � w �� �� )LJXUH � VKRZV WKH TXDOLWDWLYH SDWWHUQ

RI KRRS VWUHVV GLVWULEXWLRQ LQ ZDOO VHFWLRQV � DQG ��

,W IROORZV IURP FDOFXODWLRQ WKDW WKH PD[LPDO VWUHVVHV

LQ ZDOO VHFWLRQ � DUH HTXDO WR ����� DQG LQ ZDOO VHFWLRQ

� WR ����� 03D� L�H� GR QRW H[FHHG WKH VWDQGDUGLVHG

σ\ YDOXHV RI WKH PDWHULDO RI WKH ZDOO �� PP WKLFN

���*�6 VWHHO�� (TXLYDOHQW VWUHVVHV �E\ WKH �WK WKHRU\

RI VWUHQJWK�� ULVH XS WR σW YDOXHV� ,W VKRXOG� KRZHYHU�

EH WDNHQ LQWR DFFRXQW� WKDW σW YDOXHV ZHUH GHULYHG LQ

WKH DVVXPSWLRQ WKDW WKH VSHFLILHG GHIOHFWLRQV DUH SUH�

VHQW DOVR DW GHVLJQ ILOOLQJ RI �� P KHLJKW� $V VKRZQ

E\ REVHUYDWLRQV� DOUHDG\ DW ILOOLQJ � WR � P KLJKHU�

WKDQ WKH OHYHO RI WKH DVVXPHG GHIOHFWLRQ ORFDWLRQ� WKH

ZDOO VKDSH EHFRPHV FORVH WR WKH GHVLJQ VKDSH� DQG WKH

GHIOHFWLRQ YDOXHV DUH UHGXFHG � WR � WLPHV� 7KLV DOORZV

VDWLVI\LQJ MXVW WKH SURSRVHG σK�O � σ\ FRQGLWLRQ�

)LJXUH �� &XUYHV RI VPRRWKLQJ WKH PHDVXUHG GHYLDWLRQV ∆ RI WKH
ZDOO� KDWFKHG OLQH x ZDOO VHFWLRQ �� VROLG OLQH x ZDOO VHFWLRQ �

)LJXUH �� 6FKHPDWLF �GHYHORSPHQW� RI ZDOO GHIOHFWLRQ VXUIDFH �ZDOO
VHFWLRQ ��

)LJXUH �� 'LVWULEXWLRQ RI KRRS VWUHVVHV LQ QRQ�OLQHDU FRPSXWDWLRQ LQ ZDOO VHFWLRQV � �D� DQG � �E�
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5HVXOWV RI WKH SHUIRUPHG LQYHVWLJDWLRQV DOORZHG D

UHDOLVWLF HYDOXDWLRQ RI WKH LQIOXHQFH RI ORFDO GHIOHF�

WLRQV IURP WKH GHVLJQ VKDSH RQ WKH WDQN ZDOO VWUHVVHG

VWDWH DQG DVVLJQLQJ WROHUDQFHV IRU WKHP LQ GHYHORSPHQW

RI WKH FRQWUDFWRU GHVLJQ IRU EXWW MRLQW UHSDLU�

5()(5(1&(6

�� 5D\HYVN\� *�9� ������ )DEULFDWLRQ RI YHUWLFDO F\OLQGULFDO
VWHHO WDQNV E\ WKH FRLOLQJ PHWKRG� 0RVFRZ�/HQLQJUDG� *RV�
WRSWHNKL]GDW�

�� %LOHWVN\� 6�0�� *ROLQNR� 9�0� ������ 3URGXFWLRQ�VFDOH IDE�
ULFDWLRQ RI RXWVL]HG ZHOGHG VKHHW VWUXFWXUHV� .\LY� 1DXNRYD
'XPND�

�� %LOHWVN\� 6�0�� &KNDOLQ� 9�%�� *ROLQNR� 9�0� HW DO� ������
3UREOHPV RI FRQVWUXFWLRQ RI WDQN IOHHW� %XGLYQ� 8NUDLQ\� ��
�� w ���

�� 5' ����������w�� ������ ,QVWUXFWLRQV RQ UHLQIRUFHPHQW RI
YHUWLFDO HUHFWLRQ MRLQWV LQ WKH ZDOOV RI 596������ WDQNV�
,QWU� IURP �������� WLOO ��������� 0RVFRZ�

�� 961 ���w�� ������ ,QVWUXFWLRQV RQ IDEULFDWLRQ DQG PRXQW�
LQJ RI YHUWLFDO F\OLQGULFDO WDQNV� 0RVFRZ�

�� %LOHWVN\� 6�0�� *ROLQNR� 9�0�� %DUYLQNR� <X�3� ������
0HWKRGV IRU LPSURYHPHQW RI RSHUDWLRQDO UHOLDELOLW\ RI
ZHOGHG F\OLQGULFDO WDQNV� PDGH RI FRLOHG EODQNV� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

�� $3,���� ������ :HOGHG VWHHO WDQNV IRU RLO VWRUDJH� :DVK�
LQJWRQ�

�� 3RSRYVN\� %�9�� ']KXU� <X�)� ������ 6WDJHV RI VROYLQJ WKH
SUREOHP RI DVVHPEO\ RI YHUWLFDO EXWW MRLQWV LQ WDQN ZDOOV�
0RQWD]KQ� L 6SHWV� 5DERW\ Y 6WURLWHOVWYH� ��� � w ��

�� %DUYLQNR� <X�3�� %LOHWVN\� 6�0�� *ROLQNR� 9�0� HW DO�
������ 2Q WROHUDQFHV IRU DQJXODU GHIRUPDWLRQV RI YHUWLFDO
ZHOGHG EXWW MRLQWV LQ ����� w ����� P� WDQNV IRU VWRUDJH RI
RLO DQG SHWUROHXP SURGXFWV� $YWRPDWLFKHVND\D 6YDUND� ��
�� w ���

��� 3RSRYVN\� %�9�� 5LWFKLN� *�$�� %DUYLQNR� <X�3� HW DO�
������ 2Q WROHUDQFHV IRU DQJXODU GHIRUPDWLRQV RI YHUWLFDO
ZHOGHG EXWW MRLQWV RI RLO WDQN ZDOOV� 0RQWD]KQ� L 6SHWV�
5DERW\ Y 6WURLWHOVWYH� �� �� w ���

��� 961 ���w�� ������ 0RXQWLQJ RI YHUWLFDO F\OLQGULFDO VWHHO
WDQNV RI ��� XS WR ����� P� YROXPH IRU VWRUDJH RI RLO DQG
SHWUROHXP SURGXFWV� 0RVFRZ� 0LQPRQWD]KVSHWVVWURM
6665�

��� %DUYLQNR� $�<X�� %DUYLQNR� <X�3�� *ROLQNR� 9�0� HW DO�
������ 2Q SHUIRUPDQFH RI ����� P� YHUWLFDO F\OLQGULFDO
WDQNV RI ��*�$) VWHHO� 7UXERSURYRGQ� 7UDQVS� 1HIWL� ��
�� w ���

��� 73 ���������w�� ������ $OEXP 9,� 6SHFLILFDWLRQ IRU
PRXQWLQJ RSHUDWLRQ SHUIRUPDQFH� 0RXQWLQJ RI D WDQN� ,QWU�
��������� 0RVFRZ�

��� /\DOLQ� .�9� ������ 6RPH DVSHFWV RI LPSURYHPHQW RI WKH
GHVLJQ DQG WHFKQRORJ\ RI DVVHPEO\ DQG ZHOGLQJ RI F\OLQGUL�
FDO WDQNV� 0RQWD]KQ� L 6SHWV� 5DERW\ Y 6WURLWHOVWYH� �� �� w
���

��� %91 %���������w�� ������ 9HUWLFDO VWHHO WDQNV IRU VWRUDJH
RI RLO DQG SHWUROHXP SURGXFWV ZLWK QRW PRUH WKDQ ���� N3D
SUHVVXUH RI VDWXUDWHG YDSRXUV� .\LY� 'HU]KNRPQDIWRJD]�
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$�*� 32./<$76.< DQG $�$� *5,1<8.

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

7KH HIIHFW RI SDUDPHWHUV RI WKH DV\PPHWULF DQG PRGXODWHG FXUUHQWV RQ WKH OHQJWK RI R[LGH ILOP LQFOXVLRQV LQ WKH ZHOGV

DQG SRURVLW\ RI WKH MRLQWV LQ DOOR\V $0J�� ���� DQG ���� SURGXFHG E\ D SXOVHG�DUF 7,* ZHOGLQJ LV FRQVLGHUHG� 7KH XVH

RI WKH DV\PPHWULF FXUUHQW DOORZV D GHFUHDVH RI � WLPHV LQ WKH UHODWLYH OHQJWK RI WKH R[LGH ILOP LQFOXVLRQV LQ WKH $0J�

DOOR\ ZHOGV DQG UHGXFHV WKH SUREDELOLW\ RI IRUPDWLRQ RI ZKLVNHU LQFOXVLRQV LQ WKH ZHOGV� (IILFLHQW GHJDVVLQJ RI WKH

PROWHQ SRRO PHWDO LV DFKLHYHG LQ WKH FDVH RI XVLQJ WKH PRGXODWHG FXUUHQW ZLWK D PRGXODWLRQ IUHTXHQF\ RI � +]�

.H\ ZRU G V � SXOVHG DUF� DV\PPHWULF FXUUHQW� PRGXODWHG

FXUUHQW� QRQ�FRQVXPDEOH HOHFWURGH� DOXPLQLXP DOOR\V� LQFOXVLRQV

RI R[LGH ILOP� SRUHV

,Q QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ RI DOXPLQLXP

DOOR\V WKH LQFOXVLRQV RI R[LGH ILOP DUH RIWHQ REVHUYHG

LQ ZHOGV >� w �@� ,Q DGGLWLRQ� WKH /L�FRQWDLQLQJ DOOR\V

DUH FKDUDFWHUL]HG E\ DQ LQFUHDVHG VXVFHSWLELOLW\ WR WKH

SRUH IRUPDWLRQ >�� �@�

7KH ZHOGLQJ PHWKRGV� EDVHG RQ LQWHQVLILFDWLRQ RI

PHWDO VWLUULQJ� SURPRWH LWV GHJDVVLQJ� UHILQLQJ RI R[LGH

LQFOXVLRQV LQ WKH ERWWRP SDUW RI ZHOG SRRO DQG WKHLU

HVFDSH WR WKH VXUIDFH IRU GLUHFW DFWLRQ RI WKH DUF >� w

��@� 7KH HIIHFWLYH VWLUULQJ RI WKH PROWHQ PHWDO RYHU

DOO WKH YROXPH RI WKH ZHOG SRRO LV SURYLGHG LQ D QRQ�

FRQVXPDEOH HOHFWURGH SXOVHG�DUF ZHOGLQJ� +HUH� WKH

SXOVDWLQJ IRUFH DFWLRQ RI WKH DUF RFFXUV DV D UHVXOW RI

FKDQJLQJ WKH DPSOLWXGH YDOXHV RI FXUUHQW RI VWUDLJKW

DQG UHYHUVH SRODULW\ �DV\PPHWULF FXUUHQW� RU ODUJH

GURSV LQ DPSOLWXGH GXULQJ WKH SHULRG RI D SXOVH DQG
SDXVH �PRGXODWHG FXUUHQW� >��@� $V WKH DUF SUHVVXUH

LV SURSRUWLRQDO WR WKH VTXDUH RI DPSOLWXGH YDOXH RI

FXUUHQW DQG �UHDFWV� DOPRVW LQVWDQWDQHRXVO\ RQ LWV

FKDQJH� WKHQ WKH SHULRGLF LQFUHDVH LQ FXUUHQW FRQWULE�

XWHV WR WKH LQFUHDVH LQ D GHSWK RI DUF LPPHUVLRQ LQWR

WKH PROWHQ PHWDO DQG LWV VWLUULQJ� SURYLGLQJ WKH GH�

VWUR\LQJ RI R[LGH ILOPV DQG HVFDSH RI JDV EXEEOHV >��@�

7KH DLP RI WKH SUHVHQW ZRUN LV WR GHWHUPLQH H[�

SHULPHQWDOO\ WKH SDUDPHWHUV RI DV\PPHWULF DQG PRGX�

ODWHG FXUUHQWV DW ZKLFK WKH PRVW HIIHFWLYH GHVWUR\LQJ
RI R[LGH ILOP DQG UHPRYDO RI JDV EXEEOHV IURP WKH

PROWHQ PHWDO RI WKH ZHOG SRRO LV DWWDLQHG� 7KH DXWR�

PDWLF VLQJOH�SDVV QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ

RI EXWW MRLQWV ZDV SHUIRUPHG LQ DUJRQ E\ D VWDWLRQDU\

DQG SXOVDWLQJ DUF XVLQJ DV\PPHWULF DQG PRGXODWHG

FXUUHQWV IURP WKH SRZHU VRXUFHV ,698���� �5XVVLD��

,���� �8NUDLQH� DQG 0:���� �$XVWULD�� :HOG EHDGV

ZHUH IRUPHG RQ VWDLQOHVV VWHHO EDVHPHWDO ZLWK D JURRYH

RI D VHPLVSKHULFDO VKDSH� 6WDQGDUG ZLUH 6Y�$0J�

�$Ow���0J� ZDV XVHG DV D ILOOHU LQ ZHOGLQJ VKHHWV RI
DOOR\ $0J�� 6Y�$0J�� �$Ow���0J�x IRU DOOR\ ����

�$Ow0Jw/L� DQG 6Y����� �$Ow&X� IRU DOOR\ ����
�$Ow&Xw/L�� 7KH VKHHWV EHLQJ ZHOGHG DQG ILOOHU PD�
WHULDOV ZHUH VXEMHFWHG WR WKH FKHPLFDO HWFKLQJ XVLQJ

WKH JHQHUDOO\�DFFHSWHG WHFKQRORJ\� 7R HYDOXDWH WKH

HIIHFW RI FXUUHQW SDUDPHWHUV RQ WKH IRUPDWLRQ RI WKH

R[LGH ILOP LQFOXVLRQV LQ ZHOGV RI DOOR\ $0J� WKH EXWW

MRLQWV RI � PP WKLFN VKHHWV ZHUH DVVHPEOHG ZLWK D

JXDUDQWHHG JDS E  ��� PP >��@� 7KH EXWWV RI VKHHWV

RI � PP WKLFN DOOR\V ���� DQG ���� ZHUH DVVHPEOHG

ZLWKRXW D JDS� EHFDXVH WKH ORQJ ZKLVNHU R[LGH LQFOX�

VLRQV� W\SLFDO RI /L�FRQWDLQLQJ DOOR\V� DUH IRUPHG LQ

ZHOGV DOVR LQ FRQYHQWLRQDO FRQGLWLRQV RI DVVHPEO\�

-XVW EHIRUH ZHOGLQJ� WKH HGJHV RI VKHHWV EHLQJ ZHOGHG

ZHUH PDFKLQHG IURP WKUHH VLGHV IRU WKH GHSWK RI QRW

OHVV WKDQ ��� PP� 7KH OHQJWK RI GHIHFWV ZDV PHDVXUHG
RQ ORQJLWXGLQDO IUDFWXUHV RI ZHOGV� 7KH UHODWLYH OHQJWK

� $�*� 32./<$76.< DQG $�$� *5,1<8.� ����

7DEOH �� (IIHFW RI SDUDPHWHUV RI DV\PPHWU\ RI YDULDEOH SRODULW\
FXUUHQW RI VTXDUH VKDSH RQ UHODWLYH OHQJWK RI R[LGH ILOP LQFOX�

VLRQV LQ $0J� DOOR\ ZHOGV
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RI LQFOXVLRQV RI R[LGH ILOP LQ ZHOGV OUHOZDV GHWHUPLQHG
DV D WRWDO OHQJWK RI GHIHFWV SHU � OLQHDU PHWHU RI ZHOG�

$V LQ FULWLFDO VWUXFWXUHV WKH OHQJWK RI VHSDUDWH GHIHFWV

LV OLPLWHG� WKHQ LQ HDFK YDULDQW WKH PD[LPXP OHQJWK�

OPD[� RI VHSDUDWH R[LGH LQFOXVLRQV LQ ZHOGV ZDV PHDV�

XUHG�

7R HYDOXDWH WKH SRURVLW\ RI ZHOGV LQ ZHOGLQJ DOOR\V

���� DQG ���� RQO\ IDFH DQG ODWHUDO VXUIDFHV RI HGJHV

EHLQJ ZHOGHG ZHUH PDFKLQHG� 7KH VXUIDFH OD\HU IURP

ORZHU HGJHV ZDV QRW UHPRYHG LQ RUGHU WR H[DPLQH WKH

EHKDYLRXU RI JDV EXEEOHV IRUPLQJ LQ WKH ZHOG SRRO

ORZHU SDUW� 7KH SRURVLW\ RI ZHOGHG MRLQWV ZDV HYDOX�

DWHG IURP ;�UD\ SKRWRJUDSK� QXPEHU RI SRUHV RI GLI�

IHUHQW GLDPHWHU ZDV FDOFXODWHG SHU ��� PP RI ZHOG

DQG WKHQ WKHLU WRWDO YROXPH ZDV FDOFXODWHG� DVVXPLQJ

SRUHV VSKHULFDO�

7KH DQDO\VLV RI ORQJLWXGLQDO IUDFWXUHV RI ZHOGV RI

DOOR\ $0J� VKRZHG WKDW WKH UHODWLYH OHQJWK RI LQFOX�

VLRQV GHSHQGV RQ DPSOLWXGH YDOXHV DQG WLPH RI FXUUHQW

SDVVLQJ DW VWUDLJKW� τVWU� DQG UHYHUVHG� τUHY� SRODULWLHV
�7DEOH ��� ,QFUHDVH LQ τUHY DQG GHFUHDVH LQ τVWU FRQWULE�
XWH WR WKH DFWLYDWLRQ RI SURFHVVHV RI D FDWKRGH GHVWUR\�

LQJ RI R[LGH ILOP GXULQJ ZHOGLQJ DQG WR UHGXFWLRQ RI

OHQJWK RI GHIHFWV LQ ZHOGV� $PSOLWXGH DV\PPHWU\ RI

ZHOGLQJ FXUUHQW FDXVHV WKH LQWHQVLYH YLEUDWLRQV RI WKH

PROWHQ PHWDO LQ FKDQJH RI WKH SRODULW\ DW WKH H[SHQVH

RI DEUXSW GURSV RI WKH DUF SUHVVXUH� 'XULQJ WKH SHULRG

RI VWUDLJKW SRODULW\ FXUUHQW SDVVLQJ WKH IRUFH DFWLRQ

RI WKH DUF SURYLGHV LQFUHDVH LQ VWHHSQHVV RI WKH SHQH�

WUDWLRQ IURQW DQG GHSWK RI DUF LPPHUVLRQ LQWR WKH ZHOG

SRRO FUDWHU� 7KLV UHVXOWV LQ GHVWUR\LQJ RI WKH R[LGH

ILOP LQ WKH ERWWRP SDUW DQG LWV VHSDUDWH XQGHVWUR\HG

SDUWLFOHV DUH HVFDSHG E\ WKH PROWHQ PHWDO IORZV WR WKH

VXUIDFH DQG HQWHU IRU WKH GLUHFW DFWLRQ RI WKH DUF�

7KHUHIRUH� WKH XVH RI WKH DV\PPHWULF FXUUHQW ZLWK

,VWU  �,UHY DQG �τVWU  τUHY DOORZV D � WLPHV GHFUHDVH

LQ OHQJWK RI R[LGH ILOP LQFOXVLRQV RI ZHOG DQG � w �

WLPHV GHFUHDVH LQ PD[LPXP OHQJWK RI VHSDUDWH GHIHFWV

LQ ZHOGV RI DOOR\ $0J��

,Q DGGLWLRQ� WKH XVH RI FXUUHQWZLWK D SUHGRPLQDQFH

RI τUHY LPSURYHV WKH FDWKRGH FOHDQLQJ RI ILOOHU ZLUH

HQWHULQJ WKH ZHOG SRRO� $V WKH LQVXIILFLHQW GHVWUR\LQJ

RI WKH R[LGH ILOP DW WKH ILOOHU VXUIDFH LV RQH RI PDLQ

FDXVHV RI IRUPDWLRQ RI ORQJ ZKLVNHU R[LGH LQFOXVLRQV

LQ ZHOGV GXULQJ QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ RI

/L�FRQWDLQLQJ DOXPLQLXP DOOR\V WKH LQWHQVLYH FDWKRGH

FOHDQLQJ RI WKH ILOOHU ZLUH SURPRWHV WKH LPSURYHPHQW

RI WKH ZHOG TXDOLW\� 7KXV� LQ D SXOVHG�DUF ZHOGLQJ

ZLWK DV\PPHWULF FXUUHQW �,VWU  �,UHY� �τVWU  τUHY� DV
FRPSDUHG ZLWK ZHOGLQJ ZLWK D FRQYHQWLRQDO VLQXVRL�

GDO FXUUHQW WKH SUREDELOLW\ RI SURGXFLQJ GHIHFW�IUHH

ZHOGV RI DOOR\V ���� DQG ���� LV � WLPHV LQFUHDVHG�

7KH XVH RI FXUUHQW� DV\PPHWULF LQ DPSOLWXGH� LP�

SURYHV WKH FRQGLWLRQV RI GHJDVVLQJ RI WKH PROWHQ PHWDO

DW WKH H[SHQVH RI LWV YLEUDWLRQV RFFXUULQJ GXH WR DEUXSW

FKDQJHV RI WKH IRUFH DFWLRQ RI DUF DW WKH SRODULW\

FKDQJH� $V D UHVXOW� WKH SRUHV UHPDLQ RQO\ LQ ]RQHV

RI ZHOGV IXVLRQ ZLWK WKH SDUHQW PHWDO LQ ZHOGHG MRLQWV

RI /L�FRQWDLQLQJ DOOR\V ���� DQG ����� ,Q DGGLWLRQ�

WKH YROXPH RI YRLGV LV GHFUHDVHG E\ �� w �� � DV

FRPSDUHG ZLWK D V\PPHWULFDO FXUUHQW �7DEOH ���

7R LQWHQVLI\ WKH YLEUDWLRQV RI WKH PROWHQ PHWDO

DQG LWV VWLUULQJ RYHU DOO WKH YROXPH RI WKH ZHOG SRRO

LV SRVVLEOH LQ D SXOVHG�DUF ZHOGLQJ ZLWK D PRGXODWHG

FXUUHQW� $W WKH PRGXODWLRQ IUHTXHQF\ IP  � w � +]

D PHFKDQLFDO GHVWUR\LQJ RI ORQJ R[LGH ILOP LQFOXVLRQV

RFFXUV GXH WR DEUXSW YLEUDWLRQV RI PROWHQ PHWDO� WKXV

OHDGLQJ WR WKH GHFUHDVH LQ OPD[� +HUH� WKH UHODWLYH

OHQJWK RI R[LGH ILOP LQ ZHOGV OUHO GHSHQGV JUHDWO\ RQ
UDWLR RI GXUDWLRQ RI SXOVHV τSXOVH DQG SDXVHV τSDXVH RI
ZHOGLQJ FXUUHQW �7DEOH ��� 7KLV LV VWLSXODWHG E\ GLI�

IHUHQW FRQGLWLRQV RI R[LGDWLRQ RI WKH PROWHQ PHWDO

DQG FDWKRGH GHVWUR\LQJ E\ LW RI R[LGH ILOP DW WKH

PRPHQWV RI SXOVHV DQG SDXVHV RI WKH ZHOGLQJ FXUUHQW�

'XULQJ SDXVHV WKH HIIHFWLYHQHVV RI WKH FDWKRGH LV UH�

GXFHG JUHDWO\ GXH WR GHFUHDVH LQ WKH FXUUHQW OHYHO�

ZKLOH D SURFHVV RI R[LGDWLRQ RI PHWDO PHOWHG E\ D

SUHYLRXV SXOVH RI FXUUHQW LV DFWLYDWHG� 7KHUHIRUH� WKH

)LJXUH �� 6FKHPH RI FDWKRGH GHVWUR\LQJ RI R[LGH ILOP LQ D PRGXODWHG FXUUHQW ZHOGLQJ� � x R[LGL]HG VXUIDFH RI UHPHOWHG ZHOG PHWDO�
� x ]RQH RI FDWKRGH FOHDQLQJ� � x VXUIDFH RI PROWHQ ZHOG PHWDO� �� � x R[LGL]HG VXUIDFH� PHOWHG DW WKH PRPHQW RI D SXOVH DFWLRQ
�� x ZHOG� � x EXWW DKHDG RI ZHOG SRRO�

)LJXUH �� 0DFURVHFWLRQV RI ZHOG URRW ZLWK D UHPRYHG EHDG �D� E�
�×�� DQG ;�UD\ SKRWRJUDSKV RI ZHOGV RI DOOR\ ���� �F� G�� ZHOGLQJ
ZLWK D SXOVHG DUF DW I

P
 � �D� F� DQG � �E� G� +]
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7DEOH �� (IIHFW RI SDUDPHWHUV RI PRGXODWLRQ RI YDULDEOH SRODULW\ FXUUHQW RI D VTXDUH VKDSH RQ UHODWLYH OHQJWK RI R[LGH ILOP LQFOXVLRQV
LQ $0J� DOOR\ ZHOGV
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)LJXUH �� 3RUHV RQ WUDQVYHUVH �D w F� �×�� DQG ORQJLWXGLQDO �G w I� �×�� PDFURVHFWLRQV IURP WKH IXVLRQ ]RQH RI ZHOGHG MRLQWV RI DOOR\
����� ZHOGLQJ ZLWK D VWDWLRQDU\ �D� G� DQG SXOVHG DUF DW IP  � �E� H� DQG �� �F� I� +] �UHGXFHG E\ ����

7DEOH �� 3RURVLW\ RI ���� DOOR\ ZHOGHG MRLQWV PDGH LQ ZHOGLQJ ZLWK V\PPHWULFDO DQG DV\PPHWULF FXUUHQW
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1XPEHU RI SRUHV SHU ��� PP RI

ZHOG� SFV� GLD�� PP
7RWDO

DPRXQW RI
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9ROXPH RI

SRUHV SHU

��� PP RI

ZHOG� PP
�

3RUHV ORFDWLRQ

��� w ��� ��� w �� ��� w ���

6\PPHWULFDO FXUUHQW

��� ��� ���� ���� ��� �� �� ��� ���� :HOG DQG IXVLRQ ]RQH

$V\PPHWULF LQ DPSOLWXGH

��� ��� ���� ���� ��� �� �� ��� ��� )XVLRQ ]RQH

��� ��� ���� ���� ��� �� �� ��� ��� 6DPH

$V\PPHWULF LQ GXUDWLRQ

��� ��� ���� ��� ��� �� �� ��� ��� :HOG DQG IXVLRQ ]RQH

��� ��� ��� ���� ��� �� �� ��� ��� 6DPH
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QH[W FXUUHQW SXOVH ZLWK D ORZ IUHTXHQF\ RI PRGXODWLRQ

DQG D KLJK GXUDWLRQ RI WKH SDXVH GRHV QRW SURYLGH D

FRPSOHWH FDWKRGH GHVWUR\LQJ RI WKH IRUPHG R[LGH ILOP

�)LJXUH ��� ,QFUHDVH LQ τSXOVH DQG GHFUHDVH LQ τSDXVH RI
WKH PRGXODWHG FXUUHQW DW WKH VDPH IUHTXHQF\ RI PRGX�

ODWLRQ SURPRWH WKH LPSURYHPHQW RI WKH FDWKRGH FOHDQ�

LQJ DQG UHGXFWLRQ LQ LQWHQVLW\ RI R[LGDWLRQ RI PHWDO

PHOWHG E\ WKH DUF� 7KH UHODWLYH OHQJWK RI LQFOXVLRQV

RI R[LGH ILOP LQ ZHOGV RI DOOR\ $0J� SURGXFHG LQ

ZHOGLQJ ZLWK D PRGXODWHG FXUUHQW DW IP  � w � +]

DQG GXUDWLRQ RI FXUUHQW SXOVHV HTXDO WR �� w �� � RI

WKH F\FOH GXUDWLRQ� LV E\ �� w �� � OHVV WKDQ WKDW LQ

ZHOGLQJ ZLWK D V\PPHWULFDO VLQXVRLGDO FXUUHQW� $W

IP ! � +] WKH HIIHFWLYHQHVV RI D G\QDPLF DFWLRQ RI WKH

DUF RQ WKH PROWHQ PHWDO LV GHFUHDVHG�

7KH IUHTXHQF\ RI FXUUHQW PRGXODWLRQ DOVR LQIOX�

HQFHV JUHDWO\ WKH SURFHVVHV RI GHJDVVLQJ RI PHWDO EHLQJ

PHOWHG E\ DUF �7DEOH ��� $W D ORQJ GXUDWLRQ RI SXOVHV

DQG SDXVHV RI WKH PRGXODWHG FXUUHQW �IP  � w � +]�

D ODUJH DPRXQW RI SRUHV RI GLDPHWHU RI XS WR � PP LV

REVHUYHG LQ URRW RI ZHOGV DQG ]RQHV RI LWV IXVLRQ ZLWK

WKH SDUHQW PHWDO� 7KHLU WRWDO YROXPH LV ���� w

���� PP
�
�VHH )LJXUH �� D� F�� ,QFUHDVH LQ PRGXODWLRQ

IUHTXHQF\ WR � +] FUHDWHV IDYRXUDEOH FRQGLWLRQV IRU

WKH LQWHQVLYH HVFDSH RI JDV EXEEOHV WR WKH ZHOG SRRO

VXUIDFH� $V D UHVXOW WKHUH DUH QR SRUHV LQ WKH ZHOG

PHWDO� DQG LQ WKH IXVLRQ ]RQH WKHLU GLDPHWHU GRHV QRW

H[FHHG ��� PP DW WKH ��� w ��� PP
�
WRWDO YROXPH RI

YRLGV �)LJXUH �� E� G��
$W WKH IXUWKHU LQFUHDVH RI PRGXODWLRQ IUHTXHQF\

WKH QXPEHU DQG GLDPHWHU RI SRUHV LQ WKH IXVLRQ ]RQH

DUH LQFUHDVHG� 7KH JDV EXEEOHV� WU\LQJ WR HVFDSH� DUH

QRWPDQDJHG WR UHDFK WKHZHOG SRRO VXUIDFH DQG UHPDLQ

LQ WKH VROLGLI\LQJ PHWDO �)LJXUH ���

&21&/86,216

�� ,Q QRQ�FRQVXPDEOH HOHFWURGH SXOVHG�DUF ZHOGLQJ RI

DOXPLQLXP DOOR\V WKH OHQJWK RI R[LGH ILOP DQG SRURVLW\

RI ZHOGHG MRLQWV LV GHFUHDVHG DV FRPSDUHG ZLWK ZHOG�

LQJ XVLQJ D VWDWLRQDU\ DUF�

�� 7KH XVH RI DV\PPHWULF FXUUHQW �ZLWK ,VWU  �,UHY
DQG � τVWU τUHY� SURPRWHV WKH LQWHQVLILFDWLRQ RI VWLUULQJ
RI WKH PROWHQ PHWDO DQG DFWLYDWLRQ RI SURFHVVHV RI

FDWKRGH GHVWUR\LQJ RI WKH R[LGH ILOP� 7KLV GHFUHDVHV

WKH UHODWLYH OHQJWK RI R[LGH ILOP LQFOXVLRQV E\ � WLPHV

LQ ZHOGV RI $0J� DQG DOVR SUREDELOLW\ RI IRUPDWLRQ

RI ORQJ ZKLVNHU LQFOXVLRQV LQ ZHOGV RI /L�FRQWDLQLQJ

DOOR\V ���� DQG �����

�� $EUXSW FKDQJHV LQ IRUFH DFWLRQ RI DUF GXULQJ

SXOVHV DQG SDXVHV RI WKH PRGXODWHG FXUUHQW ZLWK IP  

 � +] DOVR SURYLGH WKH PRVW IDYRXUDEOH FRQGLWLRQV

IRU UHPRYLQJ WKH JDV EXEEOHV IURP WKH ZHOG SRRO PHOW�

+HUH� WKH WRWDO YROXPH RI YRLGV LQ ZHOGHG MRLQWV RI

DOOR\V ���� DQG ���� �� PP WKLFN VKHHW� LV � w ��

WLPHV GHFUHDVHG DV FRPSDUHG ZLWK D VWDWLRQDU\ DUF

ZHOGLQJ DW D FRQYHQWLRQDO VLQXGRLGDO FXUUHQW�

7DEOH �� 3RURVLW\ RI ���� DOOR\ ZHOGHG MRLQWV PDGH LQ ZHOGLQJ ZLWK D PRGXODWHG FXUUHQW
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� �� ��� ��� ��� �� �� ��� ���� �

�� ��� �� ��� �� �� ��� ���� �

� �� ��� ��� ��� � � ��� ��� )XVLRQ ]RQH

�� ��� �� ��� � � ��� ��� 6DPH

�� �� ��� ��� ��� �� � ��� ��� �
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5()(5(1&(6

�� 0RLVHHQNR� ,�*�� 6WROERY� 9�,�� 7XUFKHQNR� 0�$� ������
2[LGH LQFOXVLRQV LQ ZHOGLQJ DOOR\ $0J�� 6YDURFKQR\H
3URL]YRGVWYR� �� �� w ���

�� 0RLVHHQNR� ,�*�� /XNDVKLQ� 1�9� ������ 7RZDUGV WKH SURE�
OHP RI LPSURYHPHQW WKH DLU�WLJKWQHVV RI DOOR\ $0J� ZHOGHG
YHVVHOV� ,ELG�� �� �� w ���

�� /XNLDQRY� 9�)�� )RPLQ� 9�1�� 0RLVHHQNR� 9�3� HW DO�
������ (IIHFW RI R[LGH LQFOXVLRQV RQ VWUHQJWK RI ZHOGHG
MRLQWV RI $0J� DOOR\ SUHVVXUH YHVVHOV� ,ELG�� �� ���

�� ,VKFKHQNR� $�<D�� &KD\XQ� $�*�� %HOHWVN\� 9�0� HW DO�
������ 3HFXOLDULWLHV RI IXVLRQ ZHOGLQJ RI DOXPLQLXP DOOR\
������ $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� %DUDERNKLQ� 1�6�� %XVKXHY� <X�*�� 6KXOJLQD� (�9� HW DO�
������ 7HFKQRORJLFDO SHFXOLDULWLHV RI ZHOGLQJ KLJK�VWUHQJWK
DOXPLQLXP DOOR\ ����� 6YDURFKQR\H 3URL]YRGVWYR� ��� �� w
���

�� 6KLU\DHYD� 1�9�� 2YFKLQQLNRY� 9�9�� *DELGXOOLQ� 5�0�
������ 3RUH IRUPDWLRQ LQ ZHOGLQJ DOOR\ RI DOXPLQLXP�PDJQH�
VLXP�OLWKLXP V\VWHP� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� 2ERWXURY� 9�,�� 7RONDFKHY� <X�1� ������ 6RPH SHFXOLDULWLHV
RI IRUPDWLRQ DQG GHVWUR\LQJ RI R[LGH ILOPV LQ DUJRQ�DUF
ZHOGLQJ RI DOXPLQLXP DOOR\V� 6YDURFKQR\H 3URL]YRGVWYR�
��� �� w ���

�� 6XVKNRY� 9�1�� 6NDFKNRY� <X�1�� 1RYLNRY� 2�0� HW DO�
������ 6XVFHSWLELOLW\ RI OLJKW DOOR\V WR WKH R[LGH LQFOXVLRQV
IRUPDWLRQ GXULQJ ZHOGLQJ� ,ELG�� �� �� w ���

�� &KD\XQ� $�*�� 6\URYDWND� 9�9�� 0DW\DVK� 9�,� ������ $UF
ZHOGLQJ RI DOXPLQLXP DOOR\ ����� XVLQJ (03� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

��� ,VKFKHQNR� $�<D�� &KD\XQ� $�*�� ,O\XVKHQNR� 5�9� ������
:HOGDELOLW\ DQG WHFKQRORJ\ RI DUF ZHOGLQJ RI DOOR\ RI DOX�
PLQLXP�PDJQHVLXP�OLWKLXP V\VWHP� ,ELG�� ��� �� w ���

��� 3RNO\DWVN\� $�*�� ,VKFKHQNR� $�<D�� %HVVRQRY� $�6� HW DO�
������ 3UHYHQWLRQ RI R[LGH ILOP IRUPDWLRQ LQ ZHOGV GXULQJ D
SXOVHG�DUF ZHOGLQJ DOXPLQLXP DOOR\V� ,ELG�� �� �� w ���

��� 0DUXR� +�� +LUDWD� <R�� 0DNLQR� +� ������ 5HFWDQJXODU
ZDYH $& 7,* DUF ZHOGLQJ RI DOXPLQLXP DOOR\� 4� -� RI
-:6� �� �� w ���

��� ,VKFKHQNR� $�<D�� 3RNO\DWVN\� $�*�� <DYRUVND\D� 0�5�
������ 3UHYHQWLRQ RI R[LGH ILOP LQFOXVLRQV LQ ZHOGV LQ DU�
JRQ�DUF ZHOGLQJ RI DOXPLQLXP DOOR\V� $YWRPDWLFKHVND\D
6YDUND� �� �� w ���
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.�$� <86+&+(1.2� '�9� .29$/(1.2 DQG ,�9� .29$/(1.2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH GHYHORSHG D QHZ JHQHUDWLRQ RI DFWLYDWLQJ IOX[HV� 'DWD DUH JLYHQ RQ WKH

DSSOLFDWLRQ RI WKH DHURVRO DFWLYDWLQJ IOX[HV �DFWLYDWRUV� RI WKH 3$7,* VHULHV LQWHQGHG IRU ZHOGLQJ VWDLQOHVV VWHHOV RI WKH

��� ����� ���� ���� ���� HWF�� DQG ��� ����� ���� HWF�� JUDGHV� GXSOH[ VWHHOV� QLFNHO DOOR\V RI WKH 1LPRQLN� +DVWHOOR\

DQG ,QFRQHO W\SHV� DQG KHDW�UHVLVWDQW DQG KLJK�WHPSHUDWXUH VWHHOV� 7HFKQRORJLFDO DQG HFRQRPLFDO DGYDQWDJHV RI PDQXDO

DQG PHFKDQL]HG ZHOGLQJ RI WKLQ DQG WKLFN PHWDO LQ PDNLQJ EXWW� FRUQHU� RYHUODS DQG 7�MRLQWV LQ WKH IRUP RI GLIIHUHQW

VWUXFWXUHV DUH SUHVHQWHG�

.H\ ZRU G V � 7,* ZHOGLQJ� SHQHWUDWLRQ� DFWLYDWLQJ IOX[�
VWHHOV� QLFNHO DOOR\V

,Q ���� D WHDP RI VFLHQWLVWV RI WKH 3:, SXEOLVKHG WKH

SLRQHHULQJ GDWD RQ WKH UHVXOWV RI LQYHVWLJDWLRQ LQWR

WKH HIIHFW RI DFWLYDWLQJ IOX[HV LQ DUJRQ�DUF WXQJVWHQ�

HOHFWURGH ZHOGLQJ RI WLWDQLXP >�@� ,Q WKH \HDUV WKDW

IROORZHG VFLHQWLVWV RI WKH 3:, DQG D QXPEHU RI RWKHU

RUJDQL]DWLRQV VWXGLHG WKH HIIHFW RI WKH DFWLYDWLQJ

IOX[HV RQ SURFHVVHV RFFXUULQJ LQ WKH DUF FROXPQ� EH�
KDYLRXU RI PROWHQ PHWDO LQ WKH SRRO� SHQHWUDWLRQ DQG
IRUPDWLRQ RI WKH ZHOG PHWDO >� w ��@�

7KH 3UHVHQWDWLRQ�&RQIHUHQFH RI WKH (�2� 3DWRQ

(OHFWULF :HOGLQJ ,QVWLWXWH �� w �� 2FWREHU� �����

7:,� $ELQJWRQ� &DPEULGJH� *UHDW %ULWDLQ� >��� ��@

DQG UHVXOWV RI WKH MRLQW SURMHFW SHUIRUPHG LQ ���� w

���� LQ FROODERUDWLRQ ZLWK 7:, >��@ JDYH D QHZ LP�

SHWXV WR GHYHORSPHQW RI WKH LQYHVWLJDWLRQV LQ WKLV

DUHD� 7KHVH LQYHVWLJDWLRQV FRQILUPHG WKDW WKH DFWLYDW�

LQJ IOX[HV OHG WR D VXEVWDQWLDO LQFUHDVH LQ SHQHWUDWLRQ

DQG SURGXFWLYLW\ LQ ZHOGLQJ ORZ�DOOR\ ���' DQG ��$�

DQG VWDLQOHVV ����/ DQG ���/� VWHHOV� LQGHSHQGHQWO\

RI WKH GHJUHH RI WKHLU SXULW\ LQ UHVSHFW WR VXOSKXU DQG

R[\JHQ� DV ZHOO DV RI WKH PHWKRG XVHG IRU WKHLU SUR�

GXFWLRQ� ,Q WKH ODVW \HDUV WKH LQYHVWLJDWLRQV ZHUH FRQ�

GXFWHG LQ WKH IROORZLQJ DUHDV�
• GHYHORSPHQW RI WKH QHZ W\SHV RI WKH DFWLYDWLQJ

IOX[HV LQ FRPSRVLWLRQ DQG DSSOLFDWLRQ PHWKRGV�
• ZLGHQLQJ RI WKH UDQJH RI VWUXFWXUDO PDWHULDOV�

ZKLFK FDQ EH ZHOGHG XVLQJ WKH DFWLYDWLQJ IOX[HV� DQG

W\SHV RI MRLQWV�

• DFFXPXODWLRQ RI H[SHULHQFH LQ FRPPHUFLDO DSSOL�

FDWLRQ RI WKH DFWLYDWLQJ IOX[HV IRU IDEULFDWLRQ RI DFWXDO

ZHOGHG VWUXFWXUHV�

• LQYHVWLJDWLRQ RI SURFHVVHV RFFXUULQJ LQ WKH ZHOG�

LQJ DUF DQGZHOG SRRO XQGHU WKH HIIHFW RI WKH DFWLYDWLQJ

IOX[HV� ZRUNLQJ RXW RI WKHRUHWLFDO SULQFLSOHV RI WKH
SURFHVV�

• LGHQWLILFDWLRQ RI WKH QHZ ILHOGV RI DSSOLFDWLRQ RI

WKH DFWLYDWLQJ IOX[HV IRU YDULRXV ZHOGLQJ PHWKRGV�

0DWHULDOV DQG LQYHVWLJDWLRQ UHVXOWV� 7UDGLWLRQ�

DOO\� WKH DFWLYDWLQJ IOX[HV FRQVLVW RI GLVSHUVHG SRZGHUV

RI PHWDO R[LGHV DQG KDOLGHV� 7KH VR�FDOOHG EUXVK RU

ZHW ZDG PHWKRGV� ZKHUH D WKLQ OD\HU RI WKH PL[WXUH

FRQVLVWLQJ RI D SRZGHUHG IOX[ DQG VROYHQW LV DSSOLHG

WR WKH VXUIDFH� DUH XVHG IRU D XQLIRUP GHSRVLWLRQ RI

WKH DFWLYDWLQJ IOX[HV� *RRG UHVXOWV DUH DFKLHYHG LQ

VSUD\LQJ RI D VXVSHQVLRQ FRQVLVWLQJ RI WKH VDPH PDLQ

FRPSRQHQWV�

7KH DFWLYDWLQJ IOX[HV LQ WKH IRUP RI FUD\RQV DOVR
ILQG WKHLU ZD\ LQWR DSSOLFDWLRQ� (DFK RI WKH DSSOLFD�
WLRQ PHWKRGV� DV ZHOO DV PDWHULDOV� KDYH ERWK DGYDQ�

WDJHV DQG GLVDGYDQWDJHV�

7KH PDLQ DGYDQWDJH RI WKH DFWLYDWLQJ IOX[HV LQ WKH

IRUP RI DHURVROV �DFWLYDWRUV� LV D XQLIRUP FRYHULQJ
DORQJ WKH OHQJWK RI WKH ZHOG DQG WKURXJK WKLFNQHVV

RI WKH GHSRVLWHG OD\HU� EHWWHU SUDFWLFDELOLW\ DQG FRQ�

YHQLHQFH LQ WKH DSSOLFDWLRQ� DV ZHOO DV DQ H[WHQGHG

VKHOI OLIH LQ WKH IRUP UHDG\ IRU XVH >��� ��@�

)LJXUH � VKRZV D IORZ GLDJUDP RI WKH SURFHVV RI

7,* ZHOGLQJ RI VWHHO ���/ �)H&Uw��1Lw��� � PP

WKLFN DQG PDFURVHFWLRQV PDGH ZLWKRXW DQG ZLWK DQ

DFWLYDWRU� 7KH ODWWHU FDVH LV FKDUDFWHUL]HG E\ D ZHOG

VKDSH SHFXOLDU RI WKLV SURFHVV DQG E\ DQ LQFUHDVHG

SHQHWUDWLRQ�

7KH 3:, GHYHORSHG DFWLYDWLQJ IOX[HV RI WKH 3$�

7,* VHULHV IRU ZHOGLQJ GLIIHUHQW JUDGHV RI DOOR\HG DQG

VWDLQOHVV VWHHOV x IOX[HV RI WKH 3$7,* 6 W\SH� DQG

IRU ZHOGLQJ 1L�EDVH DOOR\V x IOX[HV RI WKH 3$7,* 1
W\SH� %HORZ ZH GHVFULEH LQYHVWLJDWLRQV RI WKH WHFK�

QRORJLFDO FDSDELOLWLHV DQG SURSHUWLHV RI ZHOGHG MRLQWV

PDGH XVLQJ DHURVRO �$� DFWLYDWRUV 3$7,* 6�$ DQG

3$7,* 1�$� ,Q DOO WKH FDVHV WKH XVH ZDV PDGH RI WKH

7,* ZHOGLQJ HTXLSPHQW�

,QYHVWLJDWHG ZDV WKH SRVVLELOLW\ RI MRLQLQJ PHWDO
� w �� PP WKLFN� 0DFUR� DQG PLFURVWUXFWXUHV RI WKH

ZHOG PHWDO ZHUH DQDO\VHG� ,Q D QXPEHU RI FDVHV FKHPL�

FDO FRPSRVLWLRQ DQG PHFKDQLFDO SURSHUWLHV RI WKH ZHOG

PHWDO ZHUH GHWHUPLQHG� &KRLFH RI WKH FRPSRVLWLRQ RI

DQ DFWLYDWRU ZDV EDVHG RQ WKH V\VWHP RI DOOR\LQJ RI

WKH EDVH PHWDO� :HOGLQJ ZDV SHUIRUPHG ZLWKRXW D

ILOOHU ZLUH DW D '&63� 7KH DXWRPDWLF ZHOGLQJ KHDGV
DQG DUJRQ DV D VKLHOGLQJ JDVZHUH XVHG� %RWK DXWRPDWLF

DQG PDQXDO ZHOGLQJ ZDV SHUIRUPHG� 7KH VSHFLDO FRQ�

� .�$� <86+&+(1.2� '�9� .29$/(1.2 DQG ,�9� .29$/(1.2� ����
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VLGHUDWLRQ LQ VLQJOH�SDVV ZHOGLQJ ZDV JLYHQ WR SURYLG�

LQJ D PD[LPXP SHQHWUDWLRQ DQG ZHOG RI D SUHVHW JH�

RPHWU\�

7\SHV RI MRLQWV� 7DEOH � JLYHV H[DPSOHV RI WKH

MRLQWV ZKLFK FDQ EH PDGH LQ SUDFWLFH� $V LW IROORZV

IURP WKH 7DEOH� WKH XVH RI WKH DFWLYDWRUV KDV QR OLPL�

WDWLRQV DV WR W\SHV RI WKH MRLQWV DQG VSDWLDO SRVLWLRQ

RI WKH ZHOG� 7KH IROORZLQJ H[WUD UHTXLUHPHQWV DUH

LPSRVHG LQ WKLV FDVH�

• XQLIRUP DSSOLFDWLRQ RI WKH DFWLYDWRU WR WKH VXU�

IDFHV ZHOGHG�

• UHWHQWLRQ RI D ODUJH YROXPH RI WKH PROWHQ PHWDO

IURP IORZLQJ RXW LQ IUHH ZHOG IRUPDWLRQ�

6XFK UHTXLUHPHQWV DULVH ZKHQ VXUIDFH WHQVLRQ RI

WKH PROWHQ PHWDO LV LQVXIILFLHQW WR UHWDLQ WKH ZHOG

SRRO� ZKLFK LV XVXDOO\ FKDUDFWHULVWLF RI ORZ�DOOR\ DQG

VWDLQOHVV VWHHOV LQ ZHOGLQJ PHWDO PRUH WKDQ � w � PP

WKLFN XVLQJ QR EDFNLQJ SODWH RU EDFNLQJ JDV� ,I D

EDFNLQJ SODWH LV XVHG� WKLFNQHVV RI WKH PHWDO ZKLFK

FDQ EH ZHOGHG LQ D VLQJOH SDVV DPRXQWV WR �� w �� PP�

ZKLOH LQ SHUIRUPLQJ WZR�SDVV WZR�VLGHG ZHOGLQJ LW LV

SRVVLEOH WR SURGXFH D EXWW MRLQW XS WR �� PP WKLFN

�)LJXUH ��� 1DWXUDOO\� WKLV FDQ EH DFKLHYHG DOVR LQ

PDNLQJ FRUQHU DQG 7�MRLQWV� /LNH LQ WKH FDVH RI FRQ�

YHQWLRQDO 7,* ZHOGLQJ� $�7,* ZHOGLQJ SURFHVV FDQ

EH SHUIRUPHG LQ D JURRYH� LQFOXGLQJ XVLQJ D ILOOHU

ZLUH�

7KH 3$7,* 6�$ DFWLYDWRUV JLYH JRRG UHVXOWV LQ

$�7,* ZHOGLQJ RI )H�EDVH VWHHOV ZLWK D QRUPDO FDUERQ

FRQWHQW ����� w ���� &�� DGGLWLRQDOO\ DOOR\HG ZLWK

PDQJDQHVH� VLOLFRQ� FKURPLXP� QLFNHO� PRO\EGHQXP�

YDQDGLXP� QLRELXP� QLWURJHQ DQG WXQJVWHQ LQ PRGHU�

DWH DPRXQWV� ,Q ZHOGLQJ WKHVH VWHHOV� WKH TXDOLW\ RI

WKH ZHOGV GHSHQGV XSRQ WKH FDUERQ HTXLYDOHQW� ([WUD

KDUGHQLQJ RI WKH ZHOG DQG +$= PHWDO KDV EHHQ IL[HG�

7KH UHTXLUHG PHWDO SURSHUWLHV DUH DFKLHYHG GXH WR

DSSURSULDWH KHDW WUHDWPHQW� ,Q ZHOGLQJ VWHHOV FRQWDLQ�

LQJ D ORZ DPRXQW RI GHR[LGL]HUV� SRUHV DUH GHWHFWHG

LQ WKH ZHOGV� 7KH XVH RI D ILOOHU ZLUH ZLWK DQ LQFUHDVHG

FRQWHQW RI PDQJDQHVH DQG VLOLFRQ DOORZV HOLPLQDWLRQ

RI WKLV GUDZEDFN�

&KHPLFDO FRPSRVLWLRQV RI W\SLFDO UHSUHVHQWDWLYHV

RI ORZ�FDUERQ DQG ORZ�DOOR\HG VWHHOV� DV ZHOO DV VWDLQ�

OHVV VWHHOV� RQ ZKLFK WKH VRXQG ZHOGV ZHUH SURGXFHG

E\ ZHOGLQJ XVLQJ WKH 3$7,* 6�$ DFWLYDWRUV� DUH JLYHQ

LQ 7DEOH ��

$QDO\VLV RI PHFKDQLFDO SURSHUWLHV RI WKH ZHOG PHW�

DO RQ &Uw1L VWHHOV RI WKH DXVWHQLWLF JUDGH RI WKH )H&Uw

�� w ��1Lw� w �� V\VWHP VKRZV WKDW WKH\ DUH LGHQWLFDO

LQ IXOO WR WKRVH RI WKH ZHOGV SURGXFHG ZLWKRXW WKH

DFWLYDWRUV� 0DVV IUDFWLRQV RI WKH EDVLF DOOR\LQJ HOH�

PHQWV �FKURPLXP� QLFNHO� PDQJDQHVH� VLOLFRQ� HWF���

LQFOXGLQJ JDVHV� LQ WKH PHWDO RI ERWK ZHOGV GR QRW

FKDQJH�

6WHHOV RI WKH FKURPH�QLFNHO DXVWHQLWLF�PDUWHQVLWLF

JUDGH RI WKH )H&Uw��1Lw� W\SH H[KLELW WKH VDPH SH�

FXOLDULWLHV� 7KH ZHOGV DUH ZHOO IRUPHG LQ WKH WKLFNQHVV

UDQJH LQYHVWLJDWHG �XS WR �� w ��PP�� $IWHU ZHOGLQJ�

VWHHOV RI WKLV W\SH VKRXOG EH VXEMHFWHG WR VWDQGDUG

WHPSHULQJ� 7KLV SURYLGHV IXOO�VWUHQJWK ZHOGHG MRLQWV

ZLWK JRRG GXFWLOLW\ DQG WRXJKQHVV RI WKH ZHOG PHWDO�

'XSOH[ &Uw1Lw0R VWHHOV RI WKH )H&Uw�� w ��1Lw

� w �0R7L V\VWHP FDQ DOVR EH ZHOO ZHOGHG XVLQJ WKH

DFWLYDWRUV� 6LQFH LQ WKLV FDVH WKH ZHOG FRROLQJ FRQGL�

WLRQV FKDQJH �PRUH LQWHQVLYH KHDW WUDQVIHU WR WKH EDVH

PHWDO DFURVV WKH ZHOG VHFWLRQ DW D ORZHU ZHOGLQJ KHDW

LQSXW�� UHGLVWULEXWLRQ RI WKH UDWLRV RI WKH DXVWHQLWLF

DQG IHUULWLF SKDVHV PD\ RFFXU LQ WKH ZHOG� 2SWLPL]D�

WLRQ RI SKDVH FRPSRVLWLRQ RI WKHZHOGPHWDO LV DFKLHYHG

LQ ZHOGLQJ LQ D PL[WXUH RI DUJRQ ZLWK VPDOO DGGLWLRQV

)LJXUH �� )ORZ GLDJUDP RI WKH DUF ZHOGLQJ SURFHVVHV DQG PDFURVHFWLRQV RI ZHOGHG MRLQWV LQ VWHHO ���/
� PP WKLFN PDGH E\ WKH 7,* �D� DQG $�7,* �E� ZHOGLQJ PHWKRGV
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7DEOH �� ([DPSOHV RI WKH MRLQWV ZKLFK FDQ EH PDGH E\ WKH $�7,* ZHOGLQJ PHWKRG

7\SHV

RI MRLQWV

&KDUDFWHU

RI PDNLQJ

D ZHOG

6KDSH RI WKH ZHOG FURVV VHFWLRQ

/LPLWV RI WKH YDOXHV RI

WKLFNQHVV 6 DQG URRW IDFHV W�

PP

%XWW 2QH�VLGHG 6�  � w �

6�  � w ��

6�  � w �� DQG PRUH

W  � w �

7ZR�VLGHG 6�  � w ��

6�  �� w ��

W�  � w �

6�  �� w �� DQG PRUH

W�  � w ��

&RUQHU 2QH�VLGHG 6�  � w �

6�  � w �� DQG PRUH

7ZR�VLGHG 6�  � w �� DQG PRUH

6�  � w ��

W  � w �

7 w 6�  � w � DQG PRUH

6�  � w � DQG PRUH

6�  �

6�  �

6�  �

2YHUODS w 6�  ��� w ���

6�  ��� w ���

)LJXUH �� 0DFURVHFWLRQV RI WKH $�7,* ZHOGHG MRLQWV LQ VWHHO ���/ RI GLIIHUHQW WKLFNQHVV
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7DEOH �� &KHPLFDO FRPSRVLWLRQ RI PDWHULDOV ZHOGHG E\ WKH $�7,* ZHOGLQJ PHWKRG

6WHHO

�DOOR\�

FODVV

*UDGH

&RQWHQW RI HOHPHQWV� ZW��

& 6L 0Q &U 1L 0R 7L $O

6WDLQOHVV ���/ ���� ��� ��� ���� ��� ���� � ���� w

���/ ����� ���� ��� ���� ���� ���� � ���� w

��� ���� ���� ���� ���� ���� ���� ���� w

'XSOH[ ��&Uw�1L ���� ��� ��� ���� ��� w w w

$YHVWD

6$)����

���� ���� ���� ���� ��� ���� w w

$XVWHQLWLF�PDUWHQ�

VLWLF

��&Uw�1L ����� ���� ��� ����� ��� w w w

0DUWHQVLWLF ��&Uw�1L ���� ���� ��� ����� ���� ���� w w

)HUULWLF�PDUWHQVLWLF ��&Uw0R ��� ���� w ���� ���� w ���� ���� w ���� ���� ���� � ���� ����� w �����

&KURPH�PRO\EGH�

QXP

����&Uw���0R w w w ���� w ��� w w

&DUERQ�PDQJDQHVH ��' ���� ���� ���� ���� ���� � ����� � ����� �����

��$ ��� ���� ���� ���� ���� � ����� � ����� ����

1LFNHO DOOR\V ,QFRQHO ��� ����� ���� ���� ���� ����� w w w

,QFRQHO ��� w w w ���� ���� w w w

,QFRQHO ��� ���� w ���� ���� ��� ���� w ���� ���� w ���� ��� w ��� ��� w ��� ��� w ���

,QFRQHO ���/& w w w ���� ���� ���� ���� ����

,QFRQHO ��� ���� w w ���� ���� w ��� ���

1LPRQLN��� ���� ���� ���� ���� ���� w ���� w

+DVWHOOR\ ; ��� w w ���� ���� ��� w w

+D\QHVV ��� ���� ��� ���� ���� ���� ��� w ����

7DEOH � �FRQW��

6WHHO

�DOOR\�

FODVV

*UDGH

&RQWHQW RI HOHPHQWV� ZW��

)H &R 3 6 : 2 2WKHU

6WDLQOHVV ���/ w ����� w ���� ����� w ����� ����� w ��� w ����� ���� w ����&X

���� w ����9

����� w ����� 1

���� w ����&X

���/ w w ����� w ����� ����� w ����� w ������ w ������ ���� w ����9

���� w �����1

��� w ���� ����� ����� w w ����&X

�����1

'XSOH[ ��&Uw�1L w w w w w w 1 �QRW GHWHUP��

$YHVWD

6$)����

w ���� ����� w w w ����1L

����&X

$XVWHQLWLF�PDUWHQ�

VLWLF

��&Uw�1L w w w ����� w w ����&X

0DUWHQVLWLF ��&Uw�1L w w ���� ���� w w w

)HUULWLF�PDUWHQVLWLF ��&Uw0R w w ����� w ����� ����� w ����� w ����� w ����� ������� w ������&D

����� w �����1

&KURPH�PRO\EGH�

QXP

����&Uw���0R %DODQFH w w w w w w

&DUERQ�PDQJDQHVH ��' 6DPH � ����� ����� ����� w ������ �����1E

����&X

��$ � w ����� ����� w ������ ����&X

1LFNHO DOOR\V ,QFRQHO ��� ��� w w ����� w w ����&X

,QFRQHO ��� ��� w w w w w w

,QFRQHO ��� %DODQFH w w ���� w w ����&X

,QFRQHO ���/& 6DPH ��� w w ��� w ����7D

����1E

,QFRQHO ��� w ���� w w ��� w ���7D

���1E

1LPRQLN��� ��� w ����� ����� w ������ w

+DVWHOOR\ ; ���� ��� w w ��� w w

+D\QHVV ��� w w w w w w �����/D
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RI QLWURJHQ �≈ � w � ��� ZKLFK KDV QR HIIHFW RQ WKH

SURFHVV VWDELOLW\ DQG ZHOG VKDSH�

6LPLODU UHVXOWV XVLQJ WKH DFWLYDWRUV DUH REWDLQHG

DOVR RQ RWKHU )H�EDVH VWHHOV RI GLIIHUHQW DOOR\LQJ V\V�

WHPV� 3HFXOLDULWLHV RI WKHLU VWUXFWXUDO VWDWH PD\ DIIHFW

PHFKDQLFDO SURSHUWLHV RI WKH ZHOG �HVSHFLDOO\ LQ WKH

FDVH RI ZHOGLQJ ZLWKRXW D ILOOHU�� $V LW KDV EHHQ PHQ�

WLRQHG DERYH� WKH DSSURSULDWH KHDW WUHDWPHQW SURYLGHV

PHFKDQLFDO SURSHUWLHV RI WKH ZHOG PHWDO DQG MRLQW DV

D ZKROH LGHQWLFDO WR WKRVH RI WKH EDVH PHWDO� 7KLV ZDV

FRQILUPHG LQ ZHOGLQJ FKURPLXP IHUULWLF VWHHOV RI WKH

)LJXUH �� 0LFURVWUXFWXUHV RI $�7,* ZHOG PHWDO RQ GLIIHUHQW VWHHOV� D x )Hw��&Uw�1L ����/�� E x )Hw��&Uw��1L
����/�� F x )Hw��&Uw�1L� G x )Hw��&Uw�1Lw0R7L

)LJXUH �� 0LFURVWUXFWXUHV RI $�7,* ZHOG PHWDO RQ GLIIHUHQW QLFNHO DOOR\V� D x 1LPRQLN���� E x ,QFRQHO ���� F x +DVWHOOR\ ;

)LJXUH ��0DFURVHFWLRQ �D� DQG PLFURVWUXFWXUH �E� RI $�7,* ZHOG
PHWDO RQ &Xw1L DOOR\ &Xw��1Lw��� � PP WKLFN

)LJXUH �� 9DULDWLRQV LQ WKH ZHOG DVSHFW UDWLR �N  %�+� ZKHUH %
LV WKH ZHOG ZLGWK DQG + LV WKH SHQHWUDWLRQ GHSWK� LQ DUJRQ�DUF
ZHOGLQJ RI �� GLIIHUHQW PHOWV RI VWDLQOHVV VWHHO ���/� � x 7,*�
� x $�7,*
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)H�� w ��&U W\SH� PDUWHQVLWLF�IHUULWLF VWHHOV RI WKH

)H� w ��&U W\SH� DV ZHOO DV ORZ�DOOR\ VWHHOV RI WKH

EDLQLWLF DQG PDUWHQVLWLF JUDGHV�

0LFURVWUXFWXUHV RI WKH ZHOG PHWDO SURGXFHG E\

$�7,* ZHOGLQJ RI VRPH VWHHOV DUH VKRZQ LQ )LJXUH ��

7KH\ DUH W\SLFDO IRU WKLV W\SH RI PDWHULDOV�

1LFNHO DOOR\V KDYH D VRPHZKDW GLIIHUHQW EHKDYLRXU

LQ $�7,* ZHOGLQJ� ZKLFK LV DVVRFLDWHG ZLWK WKHLU ORZ

WKHUPDO FRQGXFWLYLW\ DQG� LQ D QXPEHU RI FDVHV� ZLWK

DQ LQFUHDVHG FRQWHQW RI VSHFLDO DOOR\LQJ HOHPHQWV �WL�

WDQLXP� DOXPLQLXP�� $OOR\V RI WKH &Xw1L V\VWHP� RQ

WKH FRQWUDU\� KDYH D YHU\ KLJK WKHUPDO FRQGXFWLYLW\�

ZKLFK DIIHFWV SHQHWUDWLRQ DQG ZHOG IRUPDWLRQ�

7DEOH � JLYHV FKHPLFDO FRPSRVLWLRQV RI D QXPEHU

RI QLFNHO DOOR\V IRU ZKLFK WKH 3$7,* 1�$ VHULHV DF�

WLYDWRUV ZHUH GHYHORSHG� )LJXUH � VKRZV W\SLFDO PL�

FURVWUXFWXUHV RI WKH ZHOG PHWDO RQ D QXPEHU RI QLFNHO

DOOR\V� ,Q DOO WKH FDVHV ZH DFKLHYH WKH PDLQ EHQHILWV

RI WKH XVH RI DQ DFWLYDWLQJ IOX[� LQFUHDVH LQ SHQHWUDWLRQ

�KHQFH� SURGXFWLYLW\�� GHFUHDVH LQ WKH QXPEHU RI

SDVVHV DQG GHFUHDVH LQ KHDW LQSXW�

0DLQ GLIILFXOWLHV IRU ZHOGLQJ DULVH LQ WKH FDVH RI

PDWHULDOV ZLWK D KLJK WKHUPDO FRQGXFWLYLW\ �DOX�

PLQLXP� FRSSHU DQG DOOR\V RQ WKHLU EDVH�� $V WR WKH

ODWWHU FDVH� ZH PDQDJHG WR GHYHORS DFWLYDWLQJ IOX[HV

IRU WKLV JUDGH RI PDWHULDOV� 6R IDU� WKH HIIHFW KHUH LV

QRW WKDW VXEVWDQWLDO DV LQ WKH FDVH RI ZHOGLQJ RI )H�

DQG 1L�EDVH DOOR\V� 1HYHUWKHOHVV� SHQHWUDWLRQ KDV EHHQ

DOPRVW GRXEOHG� )LJXUH � VKRZV PDFUR� DQG PLFUR�

VWUXFWXUH RI WKH ZHOG PHWDO RQ DOOR\ &Xw��1Lw���

([SHUHPHQWV DOORZ D FRQFOXVLRQ RI WKH SRVVLELOLW\

RI PDNLQJ DFWLYDWLQJ IOX[HV ZKLFK FRXOG SURYLGH DQ

LQFUHDVH LQ SHQHWUDWLRQ �RU GHFUHDVH LQ KHDW LQSXW�

DQG VXLW PDQ\ PHWKRGV RI ZHOGLQJ DQG W\SHV RI PD�

WHULDOV� SURYLGHG WKDW DQ DSSURSULDWH DUF FRQWUDFWLRQ

FRQFHQWUDWLRQ RI HQHUJ\ UHOHDVHG DW WKH DQRGH DQG

FRQYHFWLYH IORZV LQ WKH ZHOG SRRO DUH DFKLHYHG�

$ GLVWLQFWLYH IHDWXUH RI ZHOGLQJ XVLQJ DFWLYDWRUV

LV WKDW WKLV SURFHVV SURYLGHV DOPRVW LGHQWLFDO ZHOG

VKDSH IRU VLPLODU W\SHV RI VWHHOV� L�H� PHWDO UHFHLYHG

IURP GLIIHUHQW VXSSOLHUV DQG PDQXIDFWXUHG E\ GLIIHU�

HQW WHFKQRORJLFDO SURFHVVHV �PHOWLQJ LQ DUF RU LQGXF�

WLRQ IXUQDFHV� YDFXXP RI HOHFWURVODJ YDFXXP�DUF RU

HOHFWURQ�EHDP UHPHOWLQJ�� DQG EHKDYHV VLPLODUO\ LQ

WHUPV RI SHQHWUDWLRQ DQG ZHOG IRUPDWLRQ�

)LJXUH � VKRZV WKH GDWD RQ YDULDWLRQV LQ WKH ZHOG

VKDSH LQ 7,* DQG $�7,* ZHOGLQJ IRU GLIIHUHQW PHOWV

RI VWDLQOHVV VWHHO RI WKH ���/ JUDGH �)H&Uw��1Lw����

,W LV DSSDUHQW WKDW WKH DFWLYDWRU OHYHOV WKH HIIHFW RI

WKH PHWDO PDQXIDFWXULQJ PHWKRG� ZKLFK LV HVSHFLDOO\

LPSRUWDQW IRU IDEULFDWLRQ RI FULWLFDO VWUXFWXUHV LQ WHUPV

RI JXDUDQWHHG UHSURGXFLELOLW\ RI WKH ZHOGLQJ WHFKQRO�

RJ\ DQG ZHOG TXDOLW\�

&RVW HIIHFWLYHQHVV RI DSSOLFDWLRQ RI WKH DFWLYDWRUV

LV YHU\ KLJK� ,W LV SURYLGHG GXH WR WKH IROORZLQJ IDF�

WRUV�

)LJXUH �� $�7,* ZHOGLQJ RI D FRPSRQHQW RI WKH JDV WXUELQH HQJLQH F\OLQGULFDO FDVLQJ PDGH IURP QLFNHO DOOR\ 1LPRQLN����
���� PP WKLFN >��@� D x PDQXDO DSSOLFDWLRQ RI WKH DHURVRO DFWLYDWRU WR D MRLQW SULRU WR ZHOGLQJ� E x PHFKDQL]HG
$�7,* ZHOGLQJ� F x ZHOG

7DEOH �� &RPSDULVRQ RI FRVW HIIHFWLYHQHVV RI $�7,* DQG FRQYHQWLRQDO 7,* ZHOGLQJ PHWKRGV

:HOGLQJ

PHWKRG
7HFKQRORJ\

:HOGLQJ

VSHHG�

PP�PLQ

&RVWV� 86 ��P

*DV :LUH 6DODULHV
3URGXFWLRQ

FRVWV
3RZHU 7RWDO

7,* � SDVVHV ��x URRW ZHOG� � w � x ILOOLQJ ZHOGV�

7,* � ZLUH�

�� ���� ���� ����� ���� ���� �����

$�7,* � SDVV �$�7,* ZHOGLQJ ZLWKRXW ZLUH� �� ���� w ����� ���� ���� �����

1R W H V � �� &DOFXODWLRQ ZDV PDGH IRU ZHOGLQJ RI ���/ VWDLQOHVV VWHHO SLSHV ��� PP GLD� ZLWK ZDOO WKLFNQHVV RI ��� PP� �� $OO FDOFXODWLRQV

ZHUH PDGH XVLQJ WKH :(/'&267 VRIWZDUH GHYHORSHG E\ 7:, �*UHDW %ULWDLQ�� ZKHUH WKH VDODU\ LV DVVXPHG WR EH 86 � �� SHU KRXU� �� 7KH

VDYLQJ DFKLHYHG IURP XVH RI RQH FDQ RI WKH DHURVRO DFWLYDWRU 3$7,* 6�$� LQWHQGHG IRU D UXQQLQJ ZHOG OHQJWK RI �� w �� P� LV DERXW 86 �

��� w �����
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• GHFUHDVH LQ WKH QXPEHU RI SDVVHV�

• GHFUHDVH LQ WKH DPRXQW RI WKH GHSRVLWHG PHWDO

WKURXJK DYRLGLQJ JURRYH SUHSDUDWLRQ�

• HOLPLQDWLRQ RI WKH QHHG WR XVH D ILOOHU ZLUH�

• UHGXFWLRQ RI ODERXU FRVWV IRU SHUIRUPLQJ� JURRY�

LQJ DQG UHSHDWHG ZHOGLQJ RI WKH URRW ZHOG�

• GHFUHDVH LQ RYHUDOO SRZHU DQG ODERXU FRQVXPS�

WLRQ�

7DEOH � VKRZV D FRPSDUDWLYH DQDO\VLV RI FRVW HI�

IHFWLYHQHVV RI WKH 7,* DQG $�7,* ZHOGLQJ PHWKRGV

E\ DQ H[DPSOH RI PDNLQJ FLUFXPIHUHQWLDO ZHOGV RQ

SLSHV� 7KH GDWD RI WKLV DQDO\VLV SURYH WKH HIILFLHQF\

RI XVH RI WKH DFWLYDWRUV�

2QH VKRXOG QRWH D VXEVWDQWLDO FRPPHUFLDO H[SHUL�

HQFH DFFXPXODWHG LQ XVLQJ WKH DHURVRO DFWLYDWRUV 3$�

7,* LQ *UHDW %ULWDLQ E\ $%% $OVWRP 3RZHU 8.�

/WG� >��@� 7KLV &RPSDQ\� LQ FROODERUDWLRQ ZLWK WKH

3:,� FRQGXFWHG WKH ZRUN RQ PDNLQJ DQG XWLOL]DWLRQ

RI WKH DFWLYDWRUV IRU (QJOLVK FDUERQ VWHHOV DQG QLFNHO

DOOR\V >��@� )LJXUH � VKRZV DQ H[DPSOH RI $�7,*

ZHOGLQJ RI FLUFXPIHUHQWLDO ZHOGV RQ D F\OLQGULFDO FDV�

LQJ RI WKH JDV WXUELQH SRZHU SODQW PDGH IURP QLFNHO

DOOR\ 1LPRQLN���� ���� PP WKLFN >��@�

7KH PDQ\�\HDU H[SHULHQFH LV LQGLFDWLYH RI FRQVLG�

HUDEOH DGYDQWDJHV RI XVLQJ DFWLYDWRUV IRU WKH IDEULFD�

WLRQ RI VWUXFWXUHV LQ KHDW DQG QXFOHDU SRZHU JHQHUD�

WLRQ� FKHPLFDO� RLO� DHURVSDFH HQJLQHHULQJ� VKLS EXLOG�

LQJ� IRRG SURFHVVLQJ PDFKLQH�EXLOGLQJ� ERLOHU FRQ�

VWUXFWLRQ DQG RWKHU LQGXVWULHV� DV ZHOO DV LQ WKH PDQX�

IDFWXUH RI WXEHV DQG SLSHV DQG WKHLU SURGXFWV�

&21&/86,216

�� 7KH 3:, GHYHORSHG QHZ W\SHV RI DFWLYDWLQJ IOX[HV

RI WKH 3$7,* VHULHV IRU ZHOGLQJ GLIIHUHQW JUDGHV RI

VWHHOV DQG VRPH 1L�EDVH DOOR\V� 7KH DHURVRO DFWLYDWRU

KDV EHHQ GHYHORSHG DQG YDOLGDWHG IRU WKH IDEULFDWLRQ

RI DFWXDO ZHOGHG VWUXFWXUHV�

�� 7KH UDQJH RI VWUXFWXUDO PDWHULDOV DQG W\SHV RI

MRLQWV ZKLFK FDQ EH ZHOGHG XVLQJ WKH DHURVRO DFWLYD�

WRUV KDV EHHQ ZLGHQHG�

�� 7KH XVH RI WKH DFWLYDWRUV DOORZV DQ LQFUHDVH RI

� w � WLPHV LQ WKH SHQHWUDWLRQ GHSWK� PLQLPL]LQJ RU

HOLPLQDWLRQ RI WKH HIIHFW RI FDVW�WR�FDVW YDULDWLRQ RQ

SHQHWUDWLRQ� VLQJOH�SDVV ZHOGLQJ RI EXWW MRLQWV XS WR

�� w �� PP WKLFN ZLWKRXW JURRYH SUHSDUDWLRQ� HOLPL�

QDWLRQ RI GLIIHUHQW W\SHV RI GHIHFWV �SRUHV� FUDFNV�

ODFN RI SHQHWUDWLRQ� HWF�� E\ UHPHOWLQJ WKH PHWDO WR

D GHSWK RI GRZQ WR �� PP ZLWKRXW PDFKLQLQJ RI

GHIHFWV� UHGXFWLRQ LQ ZHOGLQJ VWUDLQV� LQFUHDVH LQ SUR�

GXFWLYLW\ RI ZHOGLQJ RSHUDWLRQV E\ D IDFWRU RI � WR �

DQG GHFUHDVH RI � w � WLPHV LQ WKH PDWHULDOV DQG ODERXU

FRQVXPSWLRQ�

5()(5(1&(6

�� *XUHYLFK� 6�0�� =DPNRY� 9�1�� .XVKQLUHQNR� 1�$� ������
,QFUHDVH LQ HIILFLHQF\ RI SHQHWUDWLRQ RI WLWDQLXP DOOR\V LQ DU�
JRQ�DUF ZHOGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� � w ��

�� 6LPRQLN� $�*�� 3HWULDVKYLOL� 9�,�� ,YDQRY� $�$� ������ (I�
IHFW RI WKH DUF GLVFKDUJH FRQWUDFWLRQ LQ DGGLQJ HOHFWULFDOO\
QHJDWLYH HOHPHQWV� 6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���

�� 2VWURYVN\� 2�(�� .U\XNRYVN\� 9�1�� %XN� %�%� HW DO�
������ (IIHFW RI DFWLYDWLQJ IOX[HV RQ SHQHWUDWLQJ SRZHU RI
WKH ZHOGLQJ DUF DQG FRQFHQWUDWLRQ RI WKH HQHUJ\ LQ WKH DQ�
RGH VSRW� ,ELG�� �� � w ��

�� 3DWRQ� %�(�� 0DNDUD� $�0�� 0HGRYDU� %�,� HW DO� ������
:HOGDELOLW\ RI VWUXFWXUDO VWHHOV VXEMHFWHG WR UHILQLQJ UHPHOW�
LQJ� $YWRPDWLFKHVND\D 6YDUND� �� � w ��

�� 6DYLWVN\� 0�0�� /HVNRY� *�,� ������ 0HFKDQLVP RI WKH HI�
IHFW RI HOHFWULFDOO\ QHJDWLYH HOHPHQWV RQ SHQHWUDWLQJ SRZHU
RI WKH DUF ZLWK D WXQJVWHQ HOHFWURGH� ,ELG�� �� �� w ���

�� 3DWRQ� %�(�� =DPNRY� 9�1�� 3ULOXWVN\� 9�3� HW DO� ������
&RQWUDFWLRQ RI WKH ZHOGLQJ DUF FDXVHG E\ WKH IOX[ LQ WXQJ�
VWHQ�HOHFWURGH DUJRQ�DUF ZHOGLQJ� 7KH 3DWRQ :HOGLQJ -�� ��
� w ���

�� 6DYLWVN\� 0�0�� .XVKQLUHQNR� %�1�� 2OHMQLN� 2�,� ������
3HFXOLDULWLHV RI WXQJVWHQ�HOHFWURGH ZHOGLQJ XVLQJ DQ DFWLYDW�
LQJ IOX[ �$�7,* SURFHVV�� $YWRPDWLFKHVND\D 6YDUND� ���
�� w ���

�� (ULNVVRQ� -�� /LPX� +�� +DQQHU]� 1� HW DO� ������ :HOGLQJ
WHVWV RQ VWDLQOHVV VWHHO ZLWK WKH 3DWRQ $�7,* PHWKRG� ,Q�
3URF� RI WKH �WK :RUOG &RQI� RQ 'XSOH[ 6WDLQOHVV 6WHHO�

0DDVWULFKW� 2FW� �� w ��� 0DDVWULFKW�
�� 3DVNHOO� 7�� /XQGLQ� &�� &DVWQHU� +� ������ *7$: IOX[ LQ�

FUHDVHV ZHOG MRLQW SHQHWUDWLRQ� :HOGLQJ -�� �� �� w ���
��� 3HUU\� 1�� 0RU\D� 6�� 6RXWLI� (� ������ 6WXG\ DQG GHYHORS�

PHQW RI IOX[ HQKDQFHG *7$ SHQHWUDWLRQ LQ D FRPPHUFLDO
JUDGH WLWDQLXP� ,Q� 3URF� RI WKH �WK ,QW� &RQI� RQ 7UHQGV LQ

:HOGLQJ 5HVHDUFK $60�$:6� 3LSH 0RQWDLP� *HRUJLD�
-XQH � w �� *HRUJLD�

��� <XVKFKHQNR� .�$�� .RYDOHQNR� '�9� ������ &ROODERUDWLRQ
EHWZHHQ 7:, DQG 3:,� $YWRPDWLFKHVND\D 6YDUND� �� �� w
���

��� <XVKFKHQNR� .�$�� 6DYLWVN\� 0�0�� .RYDOHQNR� '�9�
������ $�7,* ZHOGLQJ RI FDUERQ�PDQJDQHVH DQG VWDLQOHVV
VWHHO� ,Q� 3URF� RI &RQI� RQ :HOGLQJ 7HFKQRORJ\ RI 3:,�
$ELQJWRQ� 2FW� $ELQJWRQ�

��� /XFDV� :�� +RZVH� '� ������ $FWLYDWLQJ IOX[ x LQFUHDVLQJ
WKH SHUIRUPDQFH DQG SURGXFWLYLW\ RI WKH 7,* DQG SODVPD
SURFHVVHV� :HOGLQJ DQG 0HWDO )DEULFDWLRQ� �� �� w ���

��� 6WDQNHYLFK� ,�<D�� 'PLWULHY� 9�,�� .DULGD� 9�/� HW DO�
������ $SSOLFDWLRQ RI WKH DFWLYDWLQJ IOX[ IRU DXWRPDWLF ZHO�
GLQJ RI WKH QXFOHDU SRZHU SODQW SLSLQJV� (QHUJHWLFK� 6WURL�
WHOVWYR� ��� �� w ���

��� <XVKFKHQNR� .�$�� .RYDOHQNR� '�9�� .RYDOHQNR� ,�9�
������ $HURVRO DFWLYDWRU 3$7,* 6�$ IRU $�7,* ZHOGLQJ RI
VWHHOV� 6YDUVKFKLN� �� �� w ���

��� /XFDV� :� ������ $FWLYDWLQJ IOX[ x LPSURYLQJ WKH SHUIRU�
PDQFH RI WKH 7,* SURFHVV� :HOGLQJ DQG 0HWDO )DEULFDWLRQ�
�� � w ���

��� <XVKFKHQNR� .�$�� .RYDOHQNR� ,�9�� .RYDOHQNR� '�9� HW DO�
������ $�7,* ZHOGLQJ RI QLFNHO DOOR\ 1LPRQLN����
6YDUVKFKLN� �� �� w ���
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9�1� 5$'=,<(96.<� *�*� 7.$&+(1.2 DQG <X�)� *$5768129

91,,NRPSUHVVRUPDVK� 6XP\� 8NUDLQH

$%675$&7

,W LV VKRZQ WKDW DUJRQ�DUF ZHOGLQJ FRPELQHG ZLWK EUD]LQJ WR IRUP D ODUJH ILOOHW RI D PHWDO SRZGHU FDQ SURYLGH D UHOLDEOH

7�MRLQW LQ KDUG�RI�DFFHVV FKDQQHOV LQ WKH FHQWULIXJDO FRPSUHVVRU LPSHOOHUV� 6LPSOH�WR�SHUIRUP DXWRYDFXXP KHDWLQJ DSSOLHG

IRU EUD]LQJ DOORZV FOHDQLQJ RI VXUIDFHV SULRU WR PHOWLQJ RI D EUD]LQJ ILOOHU DOOR\� SURPRWHV IRUPDWLRQ RI WKH IUDPH RI D

SRZGHU LQ D ODUJH ILOOHW DQG FUHDWHV FRQGLWLRQV IRU IRUPDWLRQ RI D FRPSRVLWH PHWDO VWUXFWXUH ZLWK UHTXLUHG PHFKDQLFDO

SURSHUWLHV�

.H\ ZRU G V � DUJRQ�DUF ZHOGLQJ� EUD]LQJ� DXWRYDFXXP

KHDWLQJ� VXUIDFH FOHDQLQJ� VWUXFWXUL]DWLRQ� IRUPDWLRQ RI D ILOOHW�
IRUPDWLRQ RI D IUDPH� LPSHOOHU� 7�MRLQW� PHWDO SRZGHU� EUD]LQJ
ILOOHU DOOR\

5HOLDELOLW\ DQG GXUDELOLW\ RI D FHQWULIXJDO FRPSUHVVRU
GHSHQG LQ PDQ\ UHVSHFWV XSRQ WKH IDWLJXH VWUHQJWK RI
WKH PRVW ORDGHG FRPSRQHQW� L�H� LPSHOOHU� +LJK�FD�

SDFLW\ FRPSUHVVRUV LQFOXGH WKH FORVHG�W\SH LPSHOOHUV

�)LJXUH �� FRQVLVWLQJ RI WZR GLVNV �PDLQ DQG FRYHU�
LQJ�� ZKLFK DUH FRQQHFWHG WR HDFK RWKHU E\ EODGHV�

7KH EODGHV DUH PLOOHG LQ D ERG\ RI RQH RI WKH GLVNV
RU IRUPHG VHSDUDWHO\ IURP D SODWH DQG WKHQ MRLQHG WR

WKH GLVNV E\ ZHOGLQJ RU EUD]LQJ� 2XWVLGH GLDPHWHU RI

WKH LPSHOOHU LV ��� w ���� PP DQG WKH ZLGWK RI D

FKDQQHO RQ WKH RXWVLGH GLDPHWHU LV � w �� PP� 7KH

LPSHOOHUV DUH PDQXIDFWXUHG IURP VWURQJ VWHHOV ZLWK D

\LHOG SRLQW RI PRUH WKDQ ��� 03D� 3URYLGLQJ WKDW

WKH FKDQQHO LV VXIILFLHQWO\ ZLGH� D 7�MRLQW EHWZHHQ

WKH GLVN DQG WKH EODGH LV PDGH E\ WZR�VLGHG ZHOGLQJ

ZLWK D UHTXLUHG OHJ RI WKH ILOOHW ZHOG� ,I WKH FKDQQHOV

DUH QDUURZ� ZHOGLQJ LV GLIILFXOW WR SHUIRUP� 6R� LQ

WKLV FDVH MRLQLQJ LV GRQH WKURXJK VORWV PDGH LQ WKH

GLVN� 7KLV DGGV FRPSOH[LW\ WR WKH ZHOGLQJ SURFHVV
EHFDXVH RI WKH QHFHVVLW\ WR DFKLHYH D JXDUDQWHHG SHQH�
WUDWLRQ WR IRUP ILOOHWV RI D PROWHQ RU FORVH WR PROWHQ

PHWDO LQ D 7�MRLQW�

$V VKRZQ LQ >�@� LW LV EHVW WR XVH VLPXOWDQHRXVO\
(%:DQG EUD]LQJ WR DFKLHYH WKH JXDUDQWHHG IRUPDWLRQ

RI WKH TXDOLW\ ILOOHWV� )RU WKLV D VWULS RI D EUD]LQJ ILOOHU

DOOR\ LV SODFHG LQ D JDS EHWZHHQ ZRUNSLHFHV DQG WKHQ

WKH HOHFWURQ EHDP LV XVHG WR SHQHWUDWH WKH GLVN DQG

SDUWLDOO\ WKH EODGH� (%: FDXVHV WKH VWULS WR PHOW DQG

IRUP ILOOHWV XQGHU WKH HIIHFW RI FDSLOODU\ IRUFHV�
$ UHOLDEOH DQG VWURQJ MRLQW EHWZHHQ WKH GLVN DQG

WKH EODGHV LV HQVXUHG E\ WKH EUD]LQJ SURFHVV SHUIRUPHG

LQ YDFXXP XVLQJ D KLJK�VWUHQJWK 3G�EDVHG ILOOHU DOOR\

>� w �@� +RZHYHU� LQ 7�MRLQWV� ZKHUH D ILOOHW LV IRUPHG
E\ WKH PROWHQ ILOOHU DOOR\ XQGHU WKH HIIHFW RI FDSLOODU\
IRUFHV� WKH UDGLXV RI WKH ILOOHW LV QR PRUH WKDQ � PP�

$W 5  �6 �5 LV WKH UDGLXV RI WKH ILOOHW DQG 6 LV WKH

WHH ZDOO WKLFNQHVV�� WKH ILOOHW LV NQRZQ WR LQGXFH QR

FRQFHQWUDWLRQ RI VWUHVVHV� 1RUPDOO\ WKH EODGHV DQG

GLVNV DUH QRW OHVV WKDQ � PP WKLFN� 7KHUHIRUH� WKH

ILOOHW ZLWK D UDGLXV RI � PP DFWV DV D VXEVWDQWLDO VWUHVV

UDLVHU DQG OHDGV WR IDWLJXH IUDFWXUH RI WKH GLVNV� ,Q

WKLV FDVH WKH IDWLJXH VWUHQJWK RI D 7�MRLQW LV DOPRVW

KDOI RI WKDW RI WKH EDVH PHWDO�

,W LV VKRZQ LQ >�@ WKDW IDWLJXH VWUHQJWK RI D EUD]HG

7�MRLQW FDQ EH EURXJKW XS WR WKH OHYHO RI WKH EDVH

PHWDO E\ IRUPDWLRQ RI D UHTXLUHG VL]H RI WKH ILOOHW IURP

D PHWDO SRZGHU LPSUHJQDWHG ZLWK WKH EUD]LQJ ILOOHU

DOOR\ PHOW GXULQJ YDFXXP KHDWLQJ� $ORQJ ZLWK DGYDQ�

WDJHV� WKH EUD]LQJ WHFKQRORJ\ LQYROYLQJ IRUPDWLRQ RI

ODUJH�UDGLXV ILOOHWV KDV D VHULRXV GUDZEDFN� 7KH ILOOHW
LV IRUPHG IURP D SDVWH ZKLFK FRQVLVWV RI D PHWDO SRZ�

GHU ERQGHG E\ D FRSRO\PHU VROXWLRQ� $IWHU HYDSRUDWLRQ
RI D VROYHQW DQG VROLGLILFDWLRQ RI WKH SDVWH� WKH LP�

SHOOHU LV KHDWHG LQ D IXUQDFH WR WKH EUD]LQJ WHPSHUD�

WXUH� DW ZKLFK WKH PROWHQ ILOOHU DOOR\ LPSUHJQDWHV WKH

ILOOHW WR MRLQ LW WR WKH EDVH PHWDO� 1RQXQLIRUP KHDWLQJ
RI WKH LPSHOOHU FRPSRQHQWV DVVRFLDWHG ZLWK WKHLU GLI�

IHUHQW WKLFNQHVV� DV ZHOO DV SKDVH WUDQVIRUPDWLRQV RI
WKH PHWDO VWUXFWXUH� UHVXOW LQ D GHIRUPDWLRQ ZKLFK

FKDQJHV WKH JDS VL]H� WKLV OHDGLQJ WR IUDFWXUH RI WKH

ILOOHWV IRUPHG RI D PHWDO SRZGHU� 7KH\ DUH FUDFNHG RU
VHSDUDWH IURP WKH EDVH PHWDO� &UDFNV DUH QRW ILOOHG

ZLWK WKH PROWHQ ILOOHU DOOR\ GXULQJ EUD]LQJ� EHFDXVH

WKH PHOW GRHV QRW IORZ IURP WKH PLFURFDSLOODU\ FKDQ�

QHOV EHWZHHQ SDUWLFOHV RI WKH SRZGHU WRZLGHU FKDQQHOV

IRUPHG E\ WKH FUDFNV�
2I LQWHUHVW LV IL[DWLRQ RI WKH LPSHOOHU FRPSRQHQWV

E\ IXVLRQ ZHOGLQJ SULRU WR IRUPDWLRQ RI WKH ODUJH�UD�� 9�1� 5$'=,<(96.<� *�*� 7.$&+(1.2 DQG <X�)� *$5768129� ����

)LJXUH �� &HQWULIXJDO FRPSUHVVRU LPSHOOHU
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GLXV ILOOHWV IURP DPHWDO SRZGHU �)LJXUH ��� $UJRQ�DUF
ZHOGLQJ SHUIRUPHG WKURXJK VORWV LQ D FRYHU GLVN� FRP�
ELQHG ZLWK VXEVHTXHQW EUD]LQJ XVLQJ DXWRYDFXXP
KHDWLQJ� VKRZV SURPLVH IRU WKLV DSSOLFDWLRQ �)LJXUH ��
>�@� $ VRUEHQW RI SRZGHUV RI UHDFWLYH PHWDOV FUHDWHV
YDFXXP ZLWK D ORZ SDUWLDO R[\JHQ SUHVVXUH LQ D FDYLW\
RI WKH LPSHOOHU VHDOHG E\ ZHOGLQJ RI WKH SURFHVV SOXJV
DQG VKURXG� 7KHVH FRQGLWLRQV SURYLGH D TXDOLW\ LP�
SUHJQDWLRQ �FRPSDUDEOH ZLWK EUD]LQJ LQ YDFXXP IXU�
QDFHV� RI WKH ZHOG ILOOHWV IRUPHG RI D PHWDO SRZGHU
E\ WKH PROWHQ EUD]LQJ ILOOHU DOOR\� 7KH ZHOGV FRQVWL�
WXWLQJ �� w �� � RI WKH EODGH OHQJWK SURYLGH D UHOLDEOH
HOLPLQDWLRQ RI WKH ULVN RI IUDFWXUH RI WKH ILOOHWV PDGH
IURP D SRZGHU LQ KHDWLQJ WR WKH EUD]LQJ WHPSHUDWXUH�

7KH EODGH LV ZHOGHG WKURXJK LWV HQWLUH WKLFNQHVV
WR WKH GLVN WR IRUP D GHIHFW�IUHH FRPELQHG 7�MRLQW� ,Q
WKLV FDVH SUREDEOH ODSV DQG GHIRUPDWLRQ RI WKH VXUIDFH
LQ D FRUQHU RI WKH 7�MRLQW DUH QRW GLVFDUGHG� DV DOO WKH
VKDSH GHIHFWV DUH UHSDLUHG E\ VXEVHTXHQW IRUPDWLRQ
RI WKH SRZGHU ILOOHW�

,Q ZHOGLQJ WKURXJK WKLFNQHVV RI WKH EODGH� WKH
PHWDO VXUIDFH LQ WKH +$= LV R[LGL]HG� 7KLV ]RQH LV
ORFDWHG LQ SODFHV RI IRUPDWLRQ RI WKH EUD]HG MRLQW
ILOOHWV� 7KHUHIRUH� UHPRYDO RI DQ R[LGH ILOP IURP WKH
VXUIDFH LV D QHFHVVDU\ FRQGLWLRQ WR DFKLHYH WKH TXDOLW\
EUD]LQJ� 1R DEUDVLYH JULQGLQJ RU HWFKLQJ LV SHUPLWWHG�
DV WKH\ FDXVH FRQWDPLQDWLRQ RI WKH EUD]LQJ JDSV� 7KH
HIILFLHQWPHWKRG LV �VHOI�FOHDQLQJ� RI WKHPHWDO VXUIDFH
IURP WKH R[LGH ILOP LQ DXWRYDFXXP KHDWLQJ >�@� ,W LV
VKRZQ LQ >�@ WKDW LQ DXWRYDFXXP KHDWLQJ WR ��� �&
WKH R[LGH ILOP RI D EOXH�YLROHW FRORXU� �� w �� µP
WKLFN� IRUPHG RQ FDUERQ VWHHO �VXFK D ILOP LV IRUPHG
LQ WKH ZHOG ]RQH RQ WKH LPSHOOHU� LV UHGXFHG WR SXUH
LURQ WR IRUP D URXJK VXUIDFH� ZKLFK SURPRWHV ZHWWLQJ
DQG VSUHDGLQJ RI WKHPROWHQ EUD]LQJ ILOOHU DOOR\� 7KHUH�
IRUH� QR GLIILFXOWLHV DVVRFLDWHG ZLWK VXUIDFH FOHDQLQJ
DULVH LQ DXWRYDFXXP EUD]LQJ RI VWHHO 7�MRLQWV LQ WKH
LPSHOOHUV RI VWUXFWXUDO FDUERQ VWHHOV� +RZHYHU� WKH
LPSHOOHUV DUH PDGH PDLQO\ IURP DOOR\HG VWHHOV
���.K��1� �& x ����� &U x ����� 1L x ��� ZW���
)H x EDODQFH�� ��.K*05% �& x ����� &U� 0Q�
0R x XS WR ���� 1L x XS WR ��� ZW���� ��.K�*05
�& x ����� &U x ���� 0Q� 0R x ���� : x
��� ZW���� ��.K1�)$ �& x ���� &U x ���� 1L x
���� 9 x ��� ZW����� �6HOI�FOHDQLQJ� IURP WKH R[LGH
ILOP RQ WKH DERYH VWHHOV KDV D ELW GLIIHUHQW FKDUDFWHU

DQG HQGV DW D WHPSHUDWXUH RI DERYH ���� w ���� �&�
GHSHQGLQJ XSRQ WKH VWHHO FRPSRVLWLRQ� 7KLV PD\ OHDG
WR IRUPDWLRQ RI D GHIHFWLYH EUD]HG MRLQW� DV WKH VHOHFWHG
EUD]LQJ WHPSHUDWXUH IRU D QXPEHU RI UHDVRQV LV ��� w
���� �&� ,Q WKLV FDVH WKH PROWHQ EUD]LQJ ILOOHU DOOR\
LPSUHJQDWHV WKH SRZGHU ILOOHWV� ZKLOH WKH EDVH PHWDO
UHPDLQV XQFOHDQHG IURP WKH R[LGH ILOP� 7KLV MRLQW
IUDFWXUHV E\ D EULWWOH PHFKDQLVP GLUHFWO\ LQ WKH MRLQLQJ
]RQH� 7R SURYLGH WKH JXDUDQWHHG FOHDQLQJ RI WKH R[L�
GL]HG VXUIDFH� LW LV QHFHVVDU\ WKDW D KDOLGH�FRQWDLQLQJ
VDOW� ZKRVH YDSRXUV DFWLYDWH WKH GHR[LGDWLRQ SURFHVV�
EH DGGHG WR WKH VRUEHQW FRPSRVLWLRQ >��@�

6SHFLDO SRZGHUV PHHWLQJ D QXPEHU RI UHTXLUHPHQWV
VKRXOG EH XVHG IRU IRUPDWLRQ RI D EUD]HG MRLQW� )LUVWO\�
WKH\ VKRXOG IRUP� ZLWK D FRSRO\PHU VROXWLRQ� D SODVWLF
SDVWH ZKLFK ZRXOG DOORZ IRUPDWLRQ RI D VPRRWK ILOOHW
LQ WKH 7�MRLQW� FKDUDFWHUL]HG E\ D JUDGXDO WUDQVLWLRQ
WR WKH EDVH PHWDO� 7KLV FKDUDFWHULVWLF GHSHQGV ERWK
XSRQ VL]H DQG VKDSH RI WKH SRZGHU SDUWLFOHV� 6HFRQGO\�
LQ KHDWLQJ WKH SRZGHU VKRXOG KHOS UHWDLQ WKH VKDSH
RI WKH ILOOHW DQG LWV ERQGLQJ WR WKH EDVH PHWDO� 7KLUGO\�
VL]H DQG VKDSH RI WKH SRZGHU SDUWLFOHV VKRXOG SURYLGH
IRUPDWLRQ RI WKH PLFURFDSLOODU\ FKDQQHOV WR HQVXUH
WKHLU UHOLDEOH ILOOLQJ ZLWK WKH EUD]LQJ ILOOHU DOOR\ PHOW�
)RXUWKO\� WKH SRZGHU FRPSRVLWLRQ VKRXOG EH VHOHFWHG
VR WKDW DQ DFWLYH PXWXDO GLIIXVLRQ RI FRPSRQHQWV RF�
FXUV LQ WKH SURFHVV RI LQWHUDFWLRQ RI WKH EUD]LQJ ILOOHU
DOOR\ ZLWK WKH PHOW WR FDXVH DQ LVRWKHUPDO VROLGLILFD�
WLRQ RI WKH ZHOG PHWDO DQG LQFUHDVH LQ LWV PHFKDQLFDO
SURSHUWLHV� 3RZGHUV RI )Hw1L DOOR\V� L�H� SHUPDOOR\V�
PHHW WKHVH UHTXLUHPHQWV�

,Q VHOHFWLRQ RI WKH SRZGHU FRPSRVLWLRQ� LW LV QHF�
HVVDU\ WR WDNH LQWR DFFRXQW WKH SHFXOLDULW\ RI
DXWRYDFXXP KHDWLQJ� $W WKH ILUVW VWDJH RI KHDWLQJ WR
��� w ��� �&� R[LGDWLRQ RI WKH VRUEHQW LV DFFRPSDQLHG
E\ R[LGDWLRQ RI WKH EDVH PHWDO DQG SRZGHU LQ WKH
ILOOHWV� $W D WHPSHUDWXUH DERYH ��� �& WKH SDUWLDO
SUHVVXUH RI R[\JHQ LV GUDVWLFDOO\ GHFUHDVHG� DQG FOHDQ�
LQJ RI WKH VXUIDFHV IURP WKH R[LGH ILOP EHJLQV� $ URXJK
ILOP RI WKH UHGXFHG PHWDO� SURPRWLQJ IRUPDWLRQ RI D
GLIIXVLRQ ERQG DW WKH FRQWDFW SRLQWV� LV IRUPHG RQ WKH
VXUIDFH RI WKH SRZGHU SDUWLFOHV �)LJXUH ��� 7KH IRUPHG
IUDPH RI WKH MRLQHG SDUWLFOHV PDLQWDLQV WKH VKDSH RI
WKH ILOOHW LQ LWV LPSUHJQDWLRQ E\ WKH PROWHQ EUD]LQJ
ILOOHU DOOR\� $FWLYLW\ RI WKH SURFHVV FDQ EH FRQWUROOHG
E\ VHOHFWLRQ RI D SURSHU SRZGHU FRPSRVLWLRQ�

,W LV LQGLFDWHG WR SHUIRUP DXWRYDFXXP EUD]LQJ RI
WKH LPSHOOHU DW D PLQLPXP SRVVLEOH WHPSHUDWXUH� DW
ZKLFK WKH UHTXLUHG PHFKDQLFDO SURSHUWLHV RI D EUD]HG

)LJXUH �� 6FKHPDWLF RI WKH EUD]H�ZHOGHG 7�MRLQW� �x EUD]HG MRLQW
ILOOHW� � x EUD]LQJ ILOOHU DOOR\� � x ZHOG

)LJXUH �� 6FKHPDWLF RI WKH SURFHVV RI DXWRYDFXXP EUD]LQJ RI WKH
LPSHOOHU� � x GLVN� � x VKURXG� � x GLVN ZLWK EODGHV� � x
SURFHVV SOXJ� � x FDUWULGJH ZLWK D VRUEHQW DQG DFWLYDWRU
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MRLQW DUH HQVXUHG� $Q LQFUHDVH LQ WHPSHUDWXUH LQ
DXWRYDFXXP KHDWLQJ UHTXLUHV DQ LQFUHDVH LQ WHFKQR�
ORJLFDO DOORZDQFHV RQ WKH RXWVLGH VXUIDFHV RI WKH GLVNV
WR DYRLG WKHLU GHIRUPDWLRQ XQGHU WKH HIIHFW RI WKH
DWPRVSKHULF SUHVVXUH� ZKHUHDV DQ LQFUHDVH LQ WKLFNQHVV
RI WKH GLVNV LV XQGHVLUDEOH EHFDXVH LW PDNHV ZHOGLQJ
LQ GHHS VORWV PRUH GLIILFXOW� ,Q DGGLWLRQ� DQ LQFUHDVH
LQ WHPSHUDWXUH IDYRXUV JURZWK RI JUDLQ LQ WKH PHWDO
DQG R[LGDWLRQ RI WKH JUDLQ ERXQGDULHV RQ WKH RXWVLGH
VXUIDFH RI WKH GLVNV� 7HPSHUDWXUH ZLWKLQ D UDQJH RI
��� w ���� �& VHHPV RSWLPDO� DV LW LV DW WKLV WHPSHUD�
WXUH WKDW QRUPDOL]LQJ� KDUGHQLQJ RU DXVWHQL]DWLRQ RI
VWHHOV XVHG IRU WKH IDEULFDWLRQ RI WKH LPSHOOHUV RFFXU�
6LQFH WKH VWHHO LPSHOOHUV DUH QRW GHVLJQHG IRU FRP�
SUHVVLRQ RI DJJUHVVLYH JDVHV� WKH EUD]LQJ ILOOHU DOOR\V
RQ D &Xw0Q EDVH DUH PRVW VXLWDEOH IRU WKH WHFKQR�

ORJLFDO SURFHVV XQGHU FRQVLGHUDWLRQ� $OOR\LQJ RI WKH
&Xw0Q EDVH ZLWK QLFNHO DQG GLVSHUVLQJ HOHPHQWV DO�
ORZV VHOHFWLRQ RI WKH ILOOHU DOOR\ ZLWK D UHTXLUHG PHOW�
LQJ SRLQW WR HQVXUH GHVLUDEOH PHFKDQLFDO SURSHUWLHV RI
WKH MRLQWV LQ GLIIXVLRQ LQWHUDFWLRQ ZLWK WKH SRZGHU
>��@�

$FFRUGLQJ WR WKH SURFHVV FRQGLWLRQV� WKH SRZGHU
SDUWLFOHV VKRXOG EH �� w ��� µP LQ VL]H� 7KH ZHOG
PHWDO IRUPHG E\ LPSUHJQDWLRQ RI WKH SRZGHU ZLWK
WKLV VL]H RI WKH SDUWLFOHV E\ WKH &Xw0Q EUD]LQJ ILOOHU
DOOR\ PHOW KDV ORZ GXFWLOH SURSHUWLHV DW D VKRUW�WLPH
KROGLQJ XQGHU WKH EUD]LQJ WHPSHUDWXUH FRQGLWLRQV� $W
D ORQJ LVRWKHUPDO KROGLQJ WKH OLTXLG SKDVH LQ FRQWDFW
RI WKH SDUWLFOHV LV VROLGLILHG DQG WKH PROWHQ ILOOHU DOOR\
FDXVHV GLVSHUVLRQ RI WKH SRZGHU SDUWLFOHV LQ JDSV EH�
WZHHQ WKH SDUWLFOHV >��@� +ROGLQJ IRU �� w �� PLQ
OHDGV WR IRUPDWLRQ RI D KRPRJHQHRXV EUD]HG MRLQW PHW�
DO� ZKLFK FRQVLVWV RI DQ DOOR\HG &Xw0Qw1L PDWUL[
UHLQIRUFHG ZLWK VSKHURLGDO SDUWLFOHV � w �� µP LQ VL]H
IRUPHG IURP WKH SRZGHU �)LJXUH ��� 0HWDO ZLWK VXFK
D KRPRJHQHRXV HTXLOLEULXP ILQH�GLVSHUVHG VWUXFWXUH
LV FKDUDFWHUL]HG E\ WKH IROORZLQJ PHFKDQLFDO SURSHU�
WLHV� σ\  ��� 03D� σW  ��� 03D� δ  �� �� ψ  
 �� �� .&8  ��� -�FP� DQG +% ���� 7KH DERYH
SURSHUWLHV SURYLGH WKH 7�MRLQW PHWDO LQ WKH LPSHOOHU
ZLWK VWUHQJWK HTXDO WR WKDW RI WKH EDVH PHWDO� SURYLG�
LQJ WKDW WKH VL]H RI WKH ILOOHW LV SURSHUO\ VHOHFWHG�

2QH VKRXOG QRWH WKH DGYDQWDJH RI DXWRYDFXXP
KHDWLQJ GXULQJ WKH SURFHVV RI IRUPDWLRQ RI WKH EUD]HG
MRLQW PHWDO VWUXFWXUH� %UD]LQJ LV FKDUDFWHUL]HG E\ D
VKRUW�WLPH KROGLQJ� GXULQJ ZKLFK D VWUXFWXUDOO\ KHW�
HURJHQHRXV MRLQW LV IRUPHG DV D UXOH� $Q H[WHQVLRQ RI
KROGLQJ IRU WKH GLIIXVLRQ SURFHVVHV RFFXUULQJ GXULQJ
EUD]LQJ LQ DQ DWPRVSKHUH LV QRW LQGLFDWHG EHFDXVH RI
WKH ULVN RI R[LGDWLRQ� ZKHUHDV LQ YDFXXP EUD]LQJ ZLWK
D FRQWLQXRXV HYDFXDWLRQ RI JDVHV LW LV LQWROHUDEOH EH�
FDXVH RI WKH ULVN RI HYDSRUDWLRQ RI HOHPHQWV ZLWK D
KLJK YDSRXU SUHVVXUH� ,Q WKLV FDVH SURSHUWLHV RI WKH
EUD]LQJ ILOOHU DOOR\ DQG FRQGLWLRQV RI IRUPDWLRQ RI D
MRLQW FKDQJH WR D FRQVLGHUDEOH GHJUHH� $XWRYDFXXP
KHDWLQJ OHDGV WR IRUPDWLRQ RI D QHXWUDO ORZ�UDUHIDFWLRQ
DWPRVSKHUH� LQ ZKLFK DQ HTXLOLEULXP SUHVVXUH RI YD�

)LJXUH �� )UDFWRJUDP RI IUDFWXUH RI WKH ILOOHW IUDPH IRUPHG IURP WKH SHUPDOOR\ SRZGHU �Dx ×����� Ex ×�����
�UHGXFHG E\ ����

)LJXUH ��0LFURVWUXFWXUH RI WKH FRPSRVLWH ZHOG PHWDO IRUPHG XVLQJ
DQ DOOR\HG FRSSHU�PDQJDQHVH EUD]LQJ ILOOHU DOOR\ DQG SHUPDOOR\
SRZGHU �×��� �UHGXFHG E\ ����
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SRXUV RI PHWDO DQG UHDFWLYH FRPSRXQGV LV HVWDEOLVKHG�
7KLV DOORZV DGGLWLRQ RI UHDGLO\ HYDSRUDWLQJ PHWDOV WR
WKH EUD]LQJ ILOOHU DOOR\V DQG DQ DFWLYH VDOW x WR WKH
VRUEHQW WR FUHDWH RSWLPDO FRQGLWLRQV IRU IRUPDWLRQ RI
WKH MRLQWV�

7KH WHFKQRORJ\ RI DXWRYDFXXP EUD]LQJ RI FRP�
ELQHG 7�MRLQWV ZDV WHVWHG LQ WKH IDEULFDWLRQ RI LPSHO�
OHUV ZLWK FKDQQHOV � WR �� PP ZLGH� )XOO�VFDOH WHVWV
RI WKH EUD]H�ZHOGHG LPSHOOHUV SURYHG UHOLDELOLW\ RI WKH
UHVXOWLQJ MRLQWV�

7KH GHYHORSPHQW UHVXOWV PDNH LW SRVVLEOH WR FRQ�
VLGHU WKLV WHFKQRORJ\ RI WKH IDEULFDWLRQ RI WKH LPSHOOHUV
WR EH SURPLVLQJ� DV LWV LPSOHPHQWDWLRQ UHTXLUHV QR
H[SHQVLYH PDWHULDOV DQG QR VSHFLDO HTXLSPHQW� ,W FDQ
EH DSSOLHG XVLQJ LQVLJQLILFDQW FDSLWDO H[SHQVHV LQ PDVV
RU FXVWRPL]HG SURGXFWLRQ IRU WKH IDEULFDWLRQ� UHSDLU
DQG XSJUDGLQJ RI FHQWULIXJDO FRPSUHVVRUV�

&21&/86,216

�� 7KH XVH RI DUJRQ�DUF ZHOGLQJ ZLWK WKURXJK SHQH�
WUDWLRQ RI D EODGH YLD D VORW LQ WKH GLVN� FRPELQHG
ZLWK EUD]LQJ WR IRUP ODUJH�UDGLXV ILOOHWV IURP D PHWDO
SRZGHU� OHDGV WR HOLPLQDWLRQ RI GUDZEDFNV FKDUDF�
WHULVWLFV RI HDFK RI WKH PHWKRGV RI PDNLQJ 7�MRLQWV LQ
LPSHOOHU FRPSRQHQWV�

�� $XWRYDFXXPKHDWLQJ XVHG GXULQJ EUD]LQJ FUHDWHV
RSWLPDO FRQGLWLRQV IRU IRUPDWLRQ RI D MRLQW DW DOO LWV
VWDJHV� VXUIDFH SUHSDUDWLRQ� IRUPDWLRQ RI D IUDPH IURP
SDUWLFOHV DQG VWUXFWXUL]DWLRQ RI WKH ZHOG PHWDO� 3K\VL�
FDO�FKHPLFDO DQG PHWDOOXUJLFDO SURFHVVHV RFFXUULQJ DW
DOO WKH VWDJHV RI IRUPDWLRQ RI D MRLQW FDQ EH FRQWUROOHG

WKURXJK VHOHFWLRQ RI D UHTXLUHG FRPSRVLWLRQ RI WKH
SURFHVV FRQVXPDEOHV�

5()(5(1&(6

�� 0\HUV� /�:�� /D)ODPPH� *� ������ (OHFWURQ EHDP EUD]H
ZHOGLQJ RI FRPSUHVVRU LPSHOOHUV� ,,: 'RF� ,9����w���

�� 5DG]L\HYVN\� 9�1�� %RQGDUHY� $�$�� 5\PDU� 9�,� ������
%UD]LQJ RI FHQWULIXJDO PDFKLQH LPSHOOHUV� 6YDURFKQR\H
3URL]YRGVWYR� �� �� w ���

�� 5DG]L\HYVN\� 9�1�� /RWVPDQRY� 6�1�� 5\PDU� 9�,� ������
%UD]HG FHQWULIXJDO FRPSUHVVRU LPSHOOHUV RI ORZ�DOOR\HG
VWHHOV� .KLP� L 1HIW� 0DVKLQRVWUR\HQL\H� �� � w ��

�� 5DG]L\HYVN\� 9�1�� 5\PDU� 9�,�� &KHUQRY� 9�<X� ������
7HFKQRORJ\ IRU IDEULFDWLRQ RI DOO�EUD]HG FHQWULIXJDO FRP�
SUHVVRU LPSHOOHUV� ,ELG�� ��� �� w ���

�� 5DG]L\HYVN\� 9�1�� 5\PDU� 9�,� ������ 9DFXXP EUD]LQJ RI
FHQWULIXJDO FRPSUHVVRU LPSHOOHUV RI VWHHO ��.K��1�� ,ELG��
�� � w ���

�� 5DG]L\HYVN\� 9�1�� 5\PDU� 9�,�� %HVSDORY� 9�.� ������
9DFXXP EUD]LQJ RI 7�MRLQWV ZLWK D ODUJH ILOOHW RI D SRZGHU�
6YDURFKQR\H 3URL]YRGVWYR� �� � w ��

�� 5\PDU� 9�,�� /RWVPDQRY� 6�1�� 5DG]L\HYVN\� 9�1� HW DO�
������ ,QWHUDFWLRQ RI PDQJDQHVH� FKURPLXP DQG WLWDQLXP
ZLWK DLU XQGHU FRQGLWLRQV RI DXWRYDFXXP KHDWLQJ GXULQJ
EUD]LQJ� ,ELG�� ��� � w ��

�� .XFKXN�<DWVHQNR� 6�,�� .KDUFKHQNR� *�.�� )DOFKHQNR
<X�9� HW DO� ������ 6HOI�FOHDQLQJ RI WKH PDWLQJ VXUIDFHV
IURP R[LGHV LQ VROLG�VWDWH ZHOGLQJ XVLQJ KHDWLQJ� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

�� 5DG]L\HYVN\� 9�1�� *DUWVXQRY� <X�)� ������ &OHDQLQJ RI
VXUIDFH RI FDUERQ VWHHO IURP DQ R[LGH ILOP LQ DXWRYDFXXP
KHDWLQJ� 6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���

��� 5\PDU� 9�,�� 5DG]L\HYVN\� 9�1� 6RUEHQW IRU DXWRYDFXXP
EUD]LQJ RI KDUG�WR�EUD]H PDWHULDOV� 8665 DXWKRUsV FHUWLIL�
FDWH ������� ,QW� &O� % �� - ����� % �� . ������ 3XEO�
���������

��� 5DG]L\HYVN\� 9�1�� *DUWVXQRY� <X�)�� 7NDFKHQNR� *�*�
������ %UD]LQJ RI VWHHO XVLQJ FRSSHU�PDQJDQHVH FRUHG ILOOHU
DOOR\ LQ D ZLGH JDS� $YWRPDWLFKHVND\D 6YDUND� ��� �� w ���

��� 5DG]L\HYVN\� 9�1�� *DUWVXQRY� <X�)�� 7NDFKHQNR� *�*�
������ (IIHFW RI GLVSHUVLRQ RI WKH LURQ SRZGHU FRUH E\ D
FRSSHU ILOOHU DOOR\ RQ SURSHUWLHV RI WKH EUD]HG MRLQW� ,ELG��
�� �� w ���
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