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

$XWRPDWHG WKHUPDO VWUDLJKWHQLQJ RI ZHOGHG WKLQ�VKHHW VWUXFWXUHV ZLWK EXFNOLQJ GHIRUPDWLRQV KDV EHHQ GHYHORSHG� $Q

DXWRPDWHG V\VWHP KDV EHHQ GHVLJQHG IRU WKHUPDO VWUDLJKWHQLQJ RI ZHOGHG VKHHW VWUXFWXUHV� EDVHG RQ DSSOLFDWLRQ RI

PDWKHPDWLFDO VLPXODWLRQ� PDQLSXODWLRQ URERW� GHIRUPDWLRQPHDVXUHPHQW V\VWHP DQGPLFURSODVPD KHDW VRXUFH� $XWRPDWHG

WKHUPDO VWUDLJKWHQLQJ DOORZV HOLPLQDWLRQ RI VNLOOHG PDQXDO ODERXU� SURYLGHV D KLJK TXDOLW\ RI WKH VXUIDFH RI D ZHOGHG

VWUXFWXUH VKHHW� LPSURYHV SURFHVV HIILFLHQF\ DQG HFRORJLFDO FKDUDFWHULVWLFV�

.H\ZRU G V � ZHOGHG WKLQ�VKHHW VWUXFWXUHV� ZHOGLQJ GHIRU�

PDWLRQV� WKHUPDO VWUDLJKWHQLQJ� DXWRPDWLRQ RI SURFHVV� PDWKH�

PDWLFDO PRGHOLQJ

([SHULHQFH LQ PDQXIDFWXUH RI ZHOGHG WKLQ�VKHHW VWUXF�
WXUHV VKRZV WKDW WKH W\SH RI ORFDO GHIRUPDWLRQV� RIWHQ
REVHUYHG LQ VKHHW PHWDO� L�H� EXFNOLQJ� LV IRUPHG GXH

WR ORVV LQ VWDELOLW\ EHFDXVH RI FRPSUHVVLRQ VWUHVVHV
FDXVHG E\ D ORQJLWXGLQDO VKULQNDJH RI ZHOGV LQ ZHOG�

LQJ�RQ RI VWLIIHQHUV� ,I WKHVH GHIRUPDWLRQV H[FHHG WKH

DOORZDEOH OHYHO� WKHQ WKH WKHUPDO VWUDLJKWHQLQJ LV XVX�

DOO\ XVHG� UHVXOWLQJ LQ RFFXUUHQFH RI SODVWLF GHIRUPD�

WLRQV RI VKRUWHQLQJ LQ VKHHW PHWDO� DOORZLQJ UHPRYDO
RI WKH �H[FHVVLYH� PHWDO�

7KHUPDO VWUDLJKWHQLQJ RI ZHOGHG WKLQ�VKHHW VWUXF�
WXUHV FDQ EH FRQVLGHUHG DV QRQ�HIILFLHQW H[SHQVHV�
7KXV� LQ VKLSEXLOGLQJ \DUGV LWV YROXPHV� DV WR WKH
H[SHQVHV IRU WKH TXDOLILHG PDQSRZHU� DUH ��w�� � RI

WRWDO H[SHQVHV IRU DVVHPEO\ DQG ZHOGLQJ RI KXOO VWUXF�
WXUHV� DQG FDQ UHDFK ��w�� � DQG PRUH LQ VRPH FDVHV

RI VWUDLJKWHQLQJ RI WKLQ�ZDOOHG VWUXFWXUHV >�w�@� ,Q

PDQXIDFWXUH RI UDLOZD\ FDU ERGLHV WKH EXFNOLQJ GH�

IRUPDWLRQV DUH DSSUR[LPDWHO\ �� � RI DOO W\SHV RI
ZHOGLQJ GHIRUPDWLRQV RI VKDSH FKDQJHV� DQG WKH H[�

SHQVHV IRU WKHUPDO VWUDLJKWHQLQJ FDQ UHDFK �� � RI

WKH FRVW RI PDQXIDFWXUH RI WKH FDU ERG\ >�@�0RUHRYHU�
WKHUH DUH QR XQWLO QRZ GDWD DERXW GHYHORSPHQW DQG
DSSOLFDWLRQ RI WKH DXWRPDWHG WKHUPDO VWUDLJKWHQLQJ

RI ZHOGHG WKLQ�ZDOOHG VWUXFWXUHV�

9DOXH RI UHVLGXDO SODVWLF GHIRUPDWLRQV LQ WKHUPDO
VWUDLJKWHQLQJ GHSHQGV RQ PD[LPXP YDOXH DQG GLVWUL�

EXWLRQ RI WHPSHUDWXUH RI KHDWLQJ� SRZHU RI VXSSO\
VRXUFH� TXDQWLW\ DQG DUUDQJHPHQW RI KHDW VSRWV� UH�

VLGXDO VWUHVVHV DQG ULJLGLW\ RI VWUXFWXUH� ULJLGLW\ RI

H[WHUQDO IDVWHQLQJ� HWF� 7KXV� WKH HIIHFWLYHQHVV RI WKHU�

PDO VWUDLJKWHQLQJ GHSHQGV RQ D ODUJH QXPEHU RI SD�

UDPHWHUV WKDW LV D PDMRU SUREOHP LQ DXWRPDWLRQ RI

WKLV WHFKQRORJLFDO RSHUDWLRQ� 2QH RI WKH ZD\V IRU WKH
VROXWLRQ RI WKLV SUREOHP LV WKH VHOHFWLRQ RI RSWLPXP

SDUDPHWHUV RI KHDWLQJ� TXDQWLW\ DQG DUUDQJHPHQW RI

KHDW VSRWV XVLQJ WKH PDWKHPDWLFDO PRGHOLQJ RI WKH
SURFHVV RI WKHUPDO VWUDLJKWHQLQJ IRU HDFK GHILQLWH

VWUXFWXUH� 7KH PRGHUQ OHYHO RI WKH FRPSXWHU HQJLQHHU�

LQJ DQG FDOFXODWLRQ PHWKRGV IRU SUHGLFWLRQ RI VWUHVV�

VWUDLQ VWDWH LQ WKLQ�VKHHW VWUXFWXUHV DOORZV XV WR PDNH

WKLV PRGHOLQJ DQG WR GHWHUPLQH WKH RSWLPXP SDUDPH�
WHUV RI WKH WKHUPDO VWUDLJKWHQLQJ SURFHVV TXLFNO\ LQ D
UHDO WLPH�

7KH SURSHU VHOHFWLRQ RI KHDW VRXUFH LV LPSRUWDQW
LQ DXWRPDWLRQ RI WKH SURFHVV RI WKHUPDO VWUDLJKWHQLQJ

RI WKLQ�VKHHW ZHOGHG VWUXFWXUHV� 7UDGLWLRQDOO\� WKH

KHDWLQJ ZLWK D JDV IODPH LV XVHG� KRZHYHU� WKLV KHDW
VRXUFH KDV VRPH GUDZEDFNV IURP WKH SRLQW RI YLHZ RI

WKH SURFHVV DXWRPDWLRQ� ,W LV UDWLRQDO WR VWXG\ WKH
IHDVLELOLW\ RI XVH RI DOWHUQDWLYH VRXUFHV RI KHDWLQJ� IRU
H[DPSOH� E\ HOHFWULFDO UHVLVWDQFH� LQGXFWLRQ� SODVPD

DQG RWKHU VRXUFHV� 7R DXWRPDWH WKH FRQWURO RI WKH

ZHOGHG VWUXFWXUH VKDSH DQG SRVLWLRQLQJ RI D KHDWLQJ

GHYLFH� LW LV QHFHVVDU\ WR XVH HLWKHU LQGXVWULDO URERW
RU D VSHFLDO PDQLSXODWRU�

0DWKHPDWLFDO PRGHOLQJ� ,W FDQ KHOS VROYLQJ WZR
SUREOHPV� ILUVWO\� WR GHWHUPLQH RSWLPXP SDUDPHWHUV

RI KHDWLQJ� DW ZKLFK WKH PD[LPXP UHVLGXDO SODVWLF

VKULQNDJH GHIRUPDWLRQV FDQ EH SURGXFHG ZLWKRXW D

ORFDO ORVV LQ VWDELOLW\ RI WKH PHWDO VKHHW DQG� VHFRQGO\�
WR GHWHUPLQH WKH UHTXLUHG TXDQWLW\ RI ORFDO KHDWV DQG
WKHLU DUUDQJHPHQW WR HOLPLQDWH RU GHFUHDVH WKH GLVWRU�
WLRQ RI VWUXFWXUH ZLWKLQ DGPLVVLEOH OLPLWV� 0DWKHPDWL�

FDO PRGHOLQJ RI WKH SURFHVV RI WKHUPDO VWUDLJKWHQLQJ

VKRXOG EH IXOILOOHG TXLFNO\� LQ D UHDO WLPH� L�H� PDWKH�

PDWLFDO PRGHO VKRXOG EH PD[LPXP VLPSOLILHG� )RU

WKLV SXUSRVH WKH VKDSH RI KHDW VSRW ZDV VHOHFWHG URXQG
�)LJXUH ��� 7KLV PDGH LW SRVVLEOH WR GHYHORS D XQLGL�
PHQVLRQDO PRGHO RI KHDWLQJ D URXQG VSRW LQ PHWDO

VKHHW RI LQILQLWH VL]HV� 7KH IROORZLQJ DVVXPSWLRQV ZHUH

WDNHQ� SODQH VWUHVVHG VWDWH DQG DEVHQFH RI RII�SODQH

GLVSODFHPHQWV� V\PPHWU\ LQ VKHHW SODQH� XQOLPLWHG
VL]HV RI VKHHW WKDW FRUUHVSRQGV WR UHDO FRQGLWLRQV RI

KHDWLQJ ZLWK D FRQFHQWUDWHG VRXUFH DW VRPH GLVWDQFH
IURP WKH VKHHW HGJH� +HUH� WKH PHWKRGV RI VROXWLRQ
RI SUREOHPV WKHUPRSODVWLFLW\ZHUH XVHG >�@� $V D UHVXOW

RI FRQWLQXRXV REVHUYDWLRQ RI IRUPDWLRQ DQG SURSDJD�

WLRQ DQG SODVWLF VKULQNDJH GHIRUPDWLRQV GXULQJ KHDW�

� %�(� 3$721� /�0� /2%$129� *�$� 76<%8/.,1� 2�9� 0$.+1(1.2 DQG <X�1� 3(5(9(5=(9� ����

)LJXUH �� 6FKHPH RI KHDWLQJ URXQG VSRW LQ PHWDO VKHHW� K x VKHHW
WKLFNQHVV� U� x KHDW VSRW UDGLXV� 4 x KHDW VRXUFH SRZHU
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LQJ DQG FRROLQJ WKH UHVLGXDO SODVWLF VKULQNDJH IURP
WKLV KHDWLQJ LQ PHWDO VKHHW ZHUH GHWHUPLQHG� 0RGHO
ZDV DOVR DGGHG E\ WKH IHDVLELOLW\ RI DOORZDQFH IRU WKH
SURFHVV RI D ORFDO EXFNOLQJ� %\ FRQWLQXRXV FODULI\LQJ
WKH RSWLPXP SDUDPHWHUV RI KHDWLQJ DW ZKLFK WKH PD[L�
PXP UHVLGXDO SODVWLF VKULQNDJH GHIRUPDWLRQV ZHUH
SRVVLEOH WR SURGXFH ZLWKRXW D ORFDO EXFNOLQJ RI PHWDO
VKHHW ZHUH GHWHUPLQHG�

$V DQ H[DPSOH� WKH FDOFXODWHG GDWD RI GLVWULEXWLRQV
RI WHPSHUDWXUH� SODVWLF GHIRUPDWLRQV DQG VWUHVVHV LQ
VWHHO �6W��� VKHHW RI � PP WKLFNQHVV DUH JLYHQ LQ
)LJXUHV � DQG � DW GLIIHUHQW PRPHQWV RI WLPH IURP
KHDWLQJ EHJLQQLQJ� 5DGLXV RI KHDW VSRW LV �� PP�
HIIHFWLYH FDSDFLW\ RI KHDW VRXUFH LV ��� -�V� WLPH RI
KHDWLQJ LV �� V� )LJXUH � JLYHV GDWD IURP >�@ FRQFHUQLQJ
WKH UHFRPPHQGHG GLDPHWHUV RI KHDWLQJ XS WR ��� �&�
DQG DOVR WKH REWDLQHG FDOFXODWHG GDWD FRQFHUQLQJ WKH
PD[LPXP GLDPHWHUV RI VSRW� DW ZKLFK D ORFDO EXFNOLQJ
KDV QRW \HW RFFXUUHG DW GLIIHUHQW WLPH RI KHDWLQJ XS
WR ��� �&� 7KH VPDOOHU WLPH RI KHDWLQJ� WKH ODUJHU
UDGLXV RI KHDW VSRW� 7R REWDLQ WKHVH GDWD D GHYHORSHG
DSSURDFK ZDV XVHG LQ ZKLFK EXFNOLQJ LV RFFXUUHG LQ
D VXIILFLHQWO\ ODUJH DUHD ZKHUH WKH WHPSHUDWXUH FRP�
SUHVVLRQ VWUHVVHV DUH RFFXUUHG� 7R HYDOXDWH WKH FULWLFDO
VWDWH DW ZKLFK EXFNOLQJ LV RFFXUUHG WKH PHWKRG RI
%XEQRYw*DOHUNLQ IRU D ULJLG URXQG SODWH� KLQJH�VXS�

SRUWHG DURXQG WKH FRQWRXU DQG IUHH LQ D UDGLDO GLUHF�
WLRQ� ZDV XVHG >�@�

$IWHU FDOFXODWLRQ RI RSWLPXP SDUDPHWHUV RI URXQG
KHDW VSRW IRU WKH JLYHQ PDWHULDO DQG WKLFNQHVV RI PHWDO
VKHHW� LW LV QHFHVVDU\ WR GHWHUPLQH WKH TXDQWLW\ RI
WKHVH VSRWV DQG WKHLU DUUDQJHPHQW IRU WKH JLYHQ VWUXF�
WXUH ZLWK DOORZDQFH IRU ZLGWK DQG OHQJWK RI EXFNOLQJ
]RQH� TXDQWLW\ RI ZDYHV RI EXFNOLQJ DQG WKHLU PD[L�
PXP GHIOHFWLRQV �)LJXUH ��� 7R HYDOXDWH WKH �H[FHV�

)LJXUH �� &DOFXODWHG GLVWULEXWLRQV RI WHPSHUDWXUH LQ VWHHO VKHHW DW
GLIIHUHQW PRPHQW RI WLPH IURP KHDWLQJ EHJLQQLQJ� � x W  ���
� x ��� � x ��� � x ��� V

)LJXUH �� &DOFXODWHG GLVWULEXWLRQV RI SODVWLF GHIRUPDWLRQV �D� DQG VWUHVVHV �E� LQ VWHHO VKHHW DW WKH GLIIHUHQW PRPHQWV RI WLPH IURP WKH
KHDWLQJ EHJLQQLQJ �VROLG FXUYH x UDGLDO GHIRUPDWLRQV� VSRW FXUYH x WDQJHQW GHIRUPDWLRQV�
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VLYH� DUHD ) RI VKHHW� ZKLFK LV QHFHVVDU\ WR UHPRYH
LQ WKHUPDO VWUDLJKWHQLQJ LQ WKH ]RQH RI EXFNOLQJ � �
� [ � D� � � \ � E� WKH IROORZLQJ IRUPXOD LV XVHG LQ
D JHQHUDO IRUP�
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ZKHUH 8
]
LV WKH GLVSODFHPHQW RI VKHHW SRLQWV LQ D

GLUHFWLRQ QRUPDO WR VXUIDFH�
9DOXH ) FDQ EH DOVR GHWHUPLQHG DSSUR[LPDWHO\� LI

RQO\ WKH YDOXH RI PD[LPXP GHIOHFWLRQ I� LQ WKH FHQWHU
RI EXFNOLQJ � � [ � D� � � \ � E LV NQRZQ�
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$V D UHVXOW RI KHDWLQJ URXQG VSRW LQ PHWDO VKHHW

WKH UHVLGXDO SODVWLF VKULQNDJH GHIRUPDWLRQV εUUS (U)�
εββ
S (U) �ZKHUH U x FXUUHQW UDGLXV� DUH IRUPHG� ZKLFK

OHDG WR WKH GHFUHDVH LQ DUHD RI PHWDO VKHHW�

)� = �π ∫
�

∞

U (ε
UU

S + εββ
S ) GU� ���

7KXV� LI WKH YDOXHV RI �H[FHVVLYH� DUHD RI PHWDO

VKHHW ) DQG GHFUHDVH LQ DUHD RI PHWDO VKHHW IURP RQH

KHDW VSRW )� DUH GHWHUPLQHG� WKHQ WKH UHTXLUHG TXDQ�

WLW\ RI KHDW VSRWV LV DSSUR[LPDWHO\ HTXDO WR

1 = )

)�

� ���

,Q GHWHUPLQDWLRQ RI RSWLPXP DUUDQJHPHQW RI KHDW
VSRWV DW WKH DUHD RI PHWDO VKHHW ZLWK EXFNOLQJ WKH
IROORZLQJ PDLQ UXOHV DUH XVHG >�� �@�

• KHDW VSRWV FDQQRW EH ORFDWHG QHDU WKH ZHOGHG
VWLIIHQHUV FORVHU WKDQ E\ ��w��� PP� RWKHUZLVH WKH
SODVWLF VKULQNDJH GHIRUPDWLRQV� FDXVHG E\ KHDWLQJ�
ZLOO LQFUHDVH WKH EXFNOLQJ GHIOHFWLRQ VLPLODU WR WKH
DFWLRQ RI VKULQNDJH IURP ZHOGV�

• KHDW VSRWV DUH� ILUVW RI DOO� DUUDQJHG DORQJ WKH
ZHOGHG VWLIIHQHUV LQ WKH ]RQH RI UHVLGXDO FRPSUHVVLRQ
VWUHVVHV WKDW SURPRWHV� WR VRPH GHJUHH� WKH IRUPDWLRQ
DQG SURSDJDWLRQ RI SODVWLF VKULQNDJH GHIRUPDWLRQV�

• GLVWDQFH EHWZHHQ QHLJKERULQJ KHDW VSRWV LV GH�
WHUPLQHG VR WKDW WKH WHPSHUDWXUH ILHOGV IURP KHDW
VSRWV FRXOG QRW LQIOXHQFH HDFK RWKHU� WKDW PDNHV LW
SRVVLEOH WR SHUIRUP WKHUPDO VWUDLJKWHQLQJ ZLWKRXW
EUHDNV IRU FRROLQJ PHWDO VKHHW�

• LI LW LV LPSRVVLEOH LQ IXOILOOPHQW RI DERYH UXOHV
WR DUUDQJH DOO UHTXLUHG TXDQWLW\ RI KHDW VSRWV RQ WKH
VKHHW DUHD� WKHQ WKH SURFHVV RI WKHUPDO VWUDLJKWHQLQJ
VKRXOG EH GLYLGHG LQ WZR� WKUHH RU PRUH VHULHV RI
KHDWLQJ ZKLFK DUH IXOILOOHG DIWHU PHWDO VKHHW FRROLQJ�

)LJXUH � JLYHV DQ H[DPSOH RI DUUDQJHPHQW RI URXQG
KHDW VSRWV �KHDW VSRW UDGLXV LV �� PP� KHDW VRXUFH
FDSDFLW\ LV ��� -�V� KHDWLQJ WLPH LV �� V� RQ WKH DUHD
RI ����×���×� PP VL]H VKHHW IRU GLIIHUHQW PD[LPXP
EXFNOLQJ GHIOHFWLRQV ��� �� DQG �� PP�� 3DUDPHWHUV
RI KHDW VSRW ZHUH IRXQG DV RSWLPXP IURP SRLQW RI
YLHZ RI PD[LPXP UHVLGXDO SODVWLF VKULQNDJH GHIRUPD�
WLRQV IRU PHWDO VKHHW PDGH IURP � PP WKLFN VWHHO 6W��
DW ��� �& PD[LPXP WHPSHUDWXUH RI KHDWLQJ� �� V WLPH
RI KHDWLQJ DQG DEVHQFH RI D ORFDO EXFNOLQJ RI VKHHW
GXULQJ KHDWLQJ�

6HOHFWLRQ RI KHDW VRXUFH� $V KDV EHHQ DOUHDG\
QRWHG� KHDWLQJ ZLWK D JDV IODPH LV XVHG WUDGLWLRQDOO\
IRU WKH WKHUPDO VWUDLJKWHQLQJ� +RZHYHU� WKLV KHDW
VRXUFH KDV D QXPEHU RI GUDZEDFNV IURP WKH SRLQW RI
YLHZ RI SURFHVV DXWRPDWLRQ DQG SURYLGLQJ VWDEOH KHDW
FKDUDFWHULVWLFV� $Q DGGLWLRQ� WKH IODPH KHDWLQJ KDV
ORZ HFRORJLFDO FKDUDFWHULVWLFV�

7HVWV RI HOHFWULFDO UHVLVWDQFH KHDW VRXUFH UHYHDOHG
VXFK DQ HVVHQWLDO GUDZEDFN DV LQFUHDVHG UHTXLUHPHQWV
WR URXJKQHVV RI PHWDO VKHHW VXUIDFH� DQG DOVR GDPDJHV
RI VKHHW VXUIDFH WKDW LV LQDGPLVVLEOH LQ WKHUPDO
VWUDLJKWHQLQJ�

6RXUFH RI LQGXFWLRQ KHDWLQJ E\ KLJK�IUHTXHQF\ FXU�
UHQWV XVLQJ D JHQHUDWRU RI �� N: FDSDFLW\ DQG D VSH�
FLDOO\�GHYHORSHG LQGXFWLRQ KHDWLQJ GHYLFH �)LJXUH ��
VKRZHG LWV HIILFLHQF\ IRU WKH PHWDO VKHHW WKLFNQHVV
IURP � PP DQG ODUJHU� )RU WKH VPDOOHU WKLFNQHVV WKH
LQGXFWLRQ KHDW VRXUFH GLG QRW SURYLGH VPDOO VL]HV RI
KHDW VSRW WKDW OHG WR EXFNOLQJ RI WKH PHWDO VKHHW�

6PDOO VL]HV RI ]RQH RI FRQFHQWUDWHG KHDWLQJ FRXOG
EH SURYLGHG E\ D PLFURSODVPD KHDW VRXUFH 03,�� RI
� N: FDSDFLW\ XVLQJ D QRQ�WUDQVIHUUHG DUF SODVPDWURQ

)LJXUH �� 'HSHQGHQFH RI PD[LPXP GLDPHWHU RI KHDW VSRW RQ VKHHW
WKLFNQHVV� � x W  ��� � x ��� � x �� V� � x FDOFXODWHG GDWD RI
.X]PLQRY

)LJXUH �� /D\RXW RI DUHD RI ZHOGHG VWUXFWXUH RI D×E VL]H ZLWK D EXFNOLQJ GHIRUPDWLRQ
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�)LJXUH ��� +HUH� WKH PLFURSODVPD KHDWLQJ GRHV QRW
GHSHQG RQ WKH VXUIDFH URXJKQHVV� GRHV QRW GDPDJH
WKH PHWDO VKHHW DW D SURSHU VHOHFWHG FRQGLWLRQ� LW LV
HDVLO\ FRQWUROOHG DQG KDV D ORZ FRQVXPSWLRQ RI HQHUJ\
DQG KLJK HFRORJLFDO FKDUDFWHULVWLFV� 7KH GUDZEDFNV
LQFOXGH WKH GLIILFXOW\ LQ SURYLGLQJ VWDEOH FKDUDF�
WHULVWLFV DW ORQJ�WLPH FRQGLWLRQV RI RSHUDWLRQ� 7DNLQJ
LQWR DFFRXQW WKH DYDLODELOLW\ RI KHDW VRXUFH 03,��
DQG IHDVLELOLW\ RI PDQXIDFWXUH RI D WUDQVIHUUHG�DUF
WRUFK� WKH PLFURSODVPD KHDW VRXUFH ZDV VHOHFWHG�

7KH ODVHU KHDW VRXUFH ZLWK D GHIRFXVHG EHDP VD�
WLVILHV DOPRVW DOO UHTXLUHPHQWV VSHFLILHG WR KHDW VRXUFH
IRU WKHUPDO VWUDLJKWHQLQJ RI WKLQ�VKHHW VWUXFWXUHV�
QDPHO\ KLJKO\�FRQFHQWUDWHG KHDWLQJ� VLPSOLFLW\ LQ
DGMXVWPHQW DQG FRQWURO� VWDELOLW\ RI FKDUDFWHULVWLFV�
HFRORJ\� 7KH PDLQ GUDZEDFN LV WKH KLJK FRVW� +RZ�
HYHU� WDNLQJ LQWR DFFRXQW WKH PRGHUQ WHQGHQF\ WR D

DQ DEUXSW UHGXFWLRQ LQ FRVW IRU ODVHU VRXUFHV� WKHQ
WKH\ FDQ EH UHIHUUHG WR PRVW FKDOOHQJLQJ KHDW VRXUFHV
IRU DXWRPDWLRQ RI WKH WKHUPDO VWUDLJKWHQLQJ SURFHVV�

6\VWHP RI FRQWURO RI VWUXFWXUH GHIRUPDWLRQ�
$XWRPDWLRQ RI WKH SURFHVV RI WKHUPDO VWUDLJKWHQLQJ
RI WKLQ�VKHHW VWUXFWXUHV UHTXLUHG WKH FUHDWLRQ RI V\VWHP
RI HYDOXDWLRQ RI D GHIRUPDWLRQ YDOXH� 7KH GHYHORSHG
V\VWHP SURYLGHV WKH PHDVXUHPHQW RI GHIRUPDWLRQV LQ
SURJUDPPHG SUHVHW SRLQWV� XQLIRUPO\ DUUDQJHG DW D
GHILQLWH SLWFK RYHU WKH HQWLUH DUHD RI WKH VWUXFWXUH
VKHHW� +HUH� XVLQJ WKH GHYHORSHG DOJRULWKP >�@ D OR�
FDOL]LQJ RI SRLQWV RI PD[LPXP GHIRUPDWLRQV LV UHD�
OL]HG� FRRUGLQDWHV RI WKHVH SRLQWV DQG YDOXHV RI GHIRU�
PDWLRQV SURSHU DUH PHDVXUHG DQG UHFRUGHG LQ WKH URERW
PHPRU\�2Q WKH EDVLV RI WKLV LQIRUPDWLRQ WKH FRQWUROOLQJ
SURJUDP GHILQHV WKH TXDQWLW\ DQG DUUDQJHPHQW RI KHDW
VSRWV QHFHVVDU\ IRU WKHUPDO VWUDLJKWHQLQJ RI EXFNOLQJ�
RU LQWHUUXSWV WKH SURFHVV� LI WKH VWUXFWXUH GHIRUPDWLRQ
LV DGPLVVDEOH� $V DPHDVXULQJ HOHPHQW LQ FRQWURO V\VWHP�
D SRWHQWLRPHWHU JDXJH RI OLQHDU GLVSODFHPHQWV� SRVVHVV�
LQJ VDWLVIDFWRU\ DFFXUDF\ �± ��� PP� DQG VLPSOLFLW\ RI
VLJQDO SURFHVVLQJ� LV XVHG�

$XWRPDWHG FRPSOH[� $Q DXWRPDWHG FRPSOH[ IRU
WKHUPDO VWUDLJKWHQLQJ RI WKLQ�VKHHW ZHOGHG VWUXFWXUHV
KDV EHHQ GHYHORSHG RQ WKH EDVH RI GHYHORSHG PDWKH�
PDWLFDO PRGHOV �)LJXUH ��� ,W LQFOXGHV D PDQLSXODWLRQ

)LJXUH �� $UUDQJHPHQW RI KHDW VSRWV IRU GLIIHUHQW PD[LPXP GH�
IOHFWLRQV RI EXFNOLQJ� � �D�� �� �E� DQG �� �F� PP

)LJXUH �� ,QGXFWLRQ KHDWLQJ +) VRXUFH ZLWK D KHDWLQJ GHYLFH

)LJXUH �� 0LFURSODVPD KHDW VRXUFH 03,�� ZLWK DQ DUF�WUDQVIHUUHG
WRUFK

)LJXUH �� $XWRPDWHG FRPSOH[ IRU WKHUPDO VWUDLJKWHQLQJ RI WKLQ�
VKHHW ZHOGHG VWUXFWXUHV
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URERW 50��� �380$ ����� HTXLSSHG ZLWK V\VWHPV
RI FRQWURO RI GHIRUPDWLRQV DQG FRQWURO RI SURFHVV RI
VWUDLJKWHQLQJ� DQG D PLFURSODVPD KHDW VRXUFH� *DXJH
RI GHIRUPDWLRQV DQG SODVPDWURQ� IXOILOOLQJ WKH UROH RI
D KHDWLQJ GHYLFH� DUH DUUDQJHG RQ WKH URERW RSHUDWLQJ
KHDG VR WKDW WKH WUDQVLWLRQ IURP RSHUDWLRQ RI PHDV�
XUHPHQW WR WKH RSHUDWLRQ RI KHDWLQJ DQG� YLFH YHUVD�
WRRN SODFH E\ D VLPSOH WXUQ RI WKH KHDG� DFFRPSOLVKHG
E\ WKH URERW FRPPDQG� 7KH FRQWUROOLQJ SURJUDP FDQ
ORFDWH LQ D FRQWURO EORFN LQ WKH URERW RU LQ WKH FRPSXWHU
ZKLFK LV GLUHFWO\ FRQQHFWHG WR WKH URERW FRQWURO V\V�
WHP�

7KH SURFHVV RI WKH DXWRPDWHG VWUDLJKWHQLQJ RFFXUV
DV IROORZV� 2SHUDWRU LQWURGXFHV GDWD WR WKH FRPSXWHU
DERXW PDWHULDO DQG PHWDO VKHHW WKLFNQHVV� SRZHU SD�
UDPHWHUV RI KHDW VRXUFH DQG VL]HV RI KHDW VSRW� &RP�
SXWHU GHILQHV WKH RSWLPXP KHDW GXUDWLRQ �ZKHQ QH�
FHVVDU\� WKH RSWLPXP SRZHU KHDWLQJ DQG VSRW UDGLXV
FDQ EH FDOFXODWHG�� 7KHQ WKH RSHUDWRU LQ WKH FRQGLWLRQ
�WHDFKLQJ� UHFRUGV WKH FRRUGLQDWHV RI WKUHH DQJXODU
SRLQWV RI VKHHW VXUIDFH LQ WKH URERW PHPRU\ WR SUHVHW
WKH OLPLWV RI EXFNOLQJ DUHD DQG WKH VR�FDOOHG ]HUR
SODQH� UHODWLYH WR ZKLFK WKH GHIRUPDWLRQ ZLOO EH PHD�
VXUHG� )XUWKHU� WKH VWUDLJKWHQLQJ SURFHVV LV SHUIRUPHG
FRPSOHWHO\ LQ WKH DXWRPDWLF FRQGLWLRQ� ILUVWO\� WKH
VKHHW GHIRUPDWLRQ LV PHDVXUHG� WKHQ WKH GDWD RI PHD�
VXUHPHQW DUH SURFHVVHG� WKHQ WKH KHDWLQJ RI UHTXLUHG
VSRWV LQ SODFHV� SUHVHW E\ WKH SURJUDP� LV RFFXUUHG�
'XULQJ VRPH SUHVHW WLPH WKH URERW ZDLWV IRU VWUXFWXUH
FRROLQJ DQG WKHQ UHSHDWV WKH GHIRUPDWLRQ PHDVXUH�
PHQW� 7KH GDWD RI PHDVXUHPHQWV DUH SURFHVVHG DQG
SURFHVV RI VWUDLJKWHQLQJ LV FRPSOHWHG �LI WKH GHIRUPD�
WLRQV LQ VWUXFWXUH DUH DGPLVVLEOH�� RU UHSHDWHG WDNLQJ
LQWR DFFRXQW WKH UHFHQW PHDVXUHPHQWV�

7HVW UHVXOWV� 8VLQJ WKH FUHDWHG FRPSOH[� H[SHUL�
PHQWV RI DXWRPDWHG WKHUPDO VWUDLJKWHQLQJ RI WKLQ�
VKHHW VWUXFWXUHV ZHUH PDGH XQGHU WKH ODERUDWRU\ FRQ�
GLWLRQV RQ VPDOO VSHFLPHQV RI ���×��� PP VL]H� 6SHFL�
PHQ ZDV SURGXFHG E\ ZHOGLQJ D VKHHW �6W��� RI � PP
WKLFNQHVV WR D IUDPH RI ��×�� PP DQJOH� 9DOXH RI
EXFNOLQJ GHIRUPDWLRQV ZDV FRQWUROOHG E\ D OLQHDU KHDW
LQSXW RU ZHOGV OHQJWK� )LJXUH �� VKRZV UHVXOWV RI
PHDVXUHPHQWV RI GHIOHFWLRQV RI WKUHH ZHOGHG VSHFL�
PHQV RI ���×���×� PP VL]H LQ D FHQWUDO VHFWLRQ EHIRUH
DQG DIWHU WKH DXWRPDWHG WKHUPDO VWUDLJKWHQLQJ� )L�
JXUH �� VKRZV D ZHOGHG VSHFLPHQ 1R�� ZLWK D EXFN�
OLQJ GHIRUPDWLRQ EHIRUH DQG DIWHU VWUDLJKWHQLQJ� 9DOXH
RI GHIOHFWLRQ ZDV GHFUHDVHG IURP � WR ��� PP� 7DNLQJ
LQWR DFFRXQW WKH VPDOO WRWDO VL]HV RI WKH VSHFLPHQ� WKLV
LV D JRRG UHVXOW� 6HULHV RI H[SHULPHQWV FRQILUPHG WKH
SULQFLSDO IHDVLELOLW\ RI XVH RI WKH DXWRPDWHG WKHUPDO
VWUDLJKWHQLQJ RI WKH WKLQ�VKHHW VWUXFWXUHV� $GYDQWDJHV

RI WKH DXWRPDWHG VWUDLJKWHQLQJ DUH HYLGHQW� DV WKH
SURFHVV LV LPSDFW�IUHH� HOLPLQDWHV WKH VNLOOHG PDQXDO
ODERXU� SURYLGHV KLJK TXDOLW\ RI ZHOGHG VWUXFWXUH VXU�
IDFH� LPSURYHV WKH HIILFLHQF\ DV D UHVXOW RI SURFHVV
RSWLPL]LQJ DQG IHDVLELOLW\ RI FRQWURO RI VHYHUDO FRP�
SOH[HV E\ RQH RSHUDWRU DQG LPSURYHV WKH HFRORJLFDO
FKDUDFWHULVWLFV�

&21&/86,216

�� 7KH IHDVLELOLW\ RI FUHDWLRQ RI WKH WHFKQRORJ\ RI WKH
DXWRPDWHG WKHUPDO VWUDLJKWHQLQJ RI WKLQ�VKHHW VWUXFWXUHV
ZLWK EXFNOLQJ GHIRUPDWLRQ LV VKRZQ IRU WKH ILUVW WLPH�

�� $XWRPDWHG FRPSOH[ KDV EHHQ GHYHORSHG IRU
WKHUPDO VWUDLJKWHQLQJ RI ZHOGHG WKLQ�VKHHW VWUXFWXUHV
XVLQJ D PDWKHPDWLFDO PRGHOLQJ� PDQLSXODWLRQ URERW�
V\VWHPV RI PHDVXUHPHQW RI GHIRUPDWLRQV DQG PLFUR�
SODVPD KHDW VRXUFH�

�� 3URFHVV RI WKH DXWRPDWHG WKHUPDO VWUDLJKWHQLQJ
DOORZV HOLPLQDWLRQ RI WKH VNLOOHG PDQXDO ODERXU� SUR�
YLGHV KLJK TXDOLW\ RI ZHOGHG VWUXFWXUH VKHHW VXUIDFH�
LQFUHDVHV WKH SURFHVV HIILFLHQF\� LPSURYHV WKH HFRORJL�
FDO FKDUDFWHULVWLFV�

�� $XWRPDWHG WKHUPDO VWUDLJKWHQLQJ RI ZHOGHG
WKLQ�VKHHW VWUXFWXUHV FDQ ILQG DSSOLFDWLRQ LQ EUDQFKHV
RI LQGXVWU\� ZKLFK PDQXIDFWXUH GLIIHUHQW KXOO ZHOGHG
VWUXFWXUHV� VXFK DV VKLS DQG UDLOZD\ FDU EXLOGLQJ� WDQN
FRQVWUXFWLRQ� HWF�

�� ������ :HOGHG EXLOGLQJ VWUXFWXUHV� 5HIHU� %RRN� (G� E\
/�0� /REDQRY� 9RO��� 3ULQFLSOHV RI GHVLJQ RI VWUXFWXUHV�
.\LY� 1DXNRYD 'XPND�

�� /RSDWLQ� 1�,� ������ &DOFXODWLRQ RI JHQHUDO DQG ORFDO ZHOG�
LQJ GHIRUPDWLRQV LQ ZHOGLQJ RI WKLQ�VKHHW VWUXFWXUHV IURP
DOXPLQLXP DOOR\V� 9RSURV\ 0DWHULDORYHGHQL\D� �� ��w���

�� =DLNLQ� 9�0� ������ &DOFXODWLRQ RI FRQGLWLRQV RI WKHUPDO
QRQLPSDFW VWUDLJKWHQLQJ RI ZHOGHG VWUXFWXUHV IURP DOX�
PLQLXP�PDJQHVLXP DOOR\V� $YWRPDWLFK� 6YDUND� �� ��w���

�� 0DWVXL� 6� ������ 3UHYHQWLRQ RI ZHOGLQJ GHIRUPDWLRQV LQ
WKLQ�VNLQ ZHOGHG VWUXFWXUHV� -� /LJKW 0HWDO :HOGLQJ DQG
&RQVWUXFWLRQ� �� �w���

�� 0DNKQHQNR� 9�,� ������ &DOFXODWLRQ PHWKRGV RI VWXG\ RI
ZHOGHG VWUHVV DQG VWUDLQ NLQHWLFV� .\LY� 1DXNRYD 'XPND�

�� .X]PLQRY� 6�$� ������ :HOGLQJ GHIRUPDWLRQV RI KXOO VWUXF�
WXUHV� /HQLQJUDG� 6XGRVWURHQLH�

�� 9ROPLU� $�6� ������ 6WDELOLW\ RI GHIRUPDEOH V\VWHPV� 0RV�
FRZ� 1DXND�

�� 0LNKDMORY� 9�6� ������ 6WUDLJKWHQLQJ RI KXOO ZHOGHG VWUXF�
WXUHV� /HQLQJUDG� 6XGRVWURHQLH�

�� 7V\EXONLQ� *�$� ������ $OJRULWKP RI VHDUFK RI VKHHW VWUXF�
WXUH PD[LPXP GHIRUPDWLRQV XVLQJ URERWLF PDQLSXODWRU�
$YWRPDWLFK� 6YDUND� �� ��w���

)LJXUH ��� 5HVXOWV RI PHDVXUHPHQW RI GHIOHFWLRQV 8
]
RI ZHOGHG

VSHFLPHQV LQ D FHQWUDO WUDQVYHUVH VHFWLRQ EHIRUH ��w�� DQG DIWHU
��w�� DXWRPDWHG WKHUPDO VWUDLJKWHQLQJ ��w� x QXPEHUV RI VSHFL�
PHQV�

)LJXUH ���:HOGHG VSHFLPHQ 1R�� ����×���×� PP� EHIRUH �D� DQG
DIWHU �E� DXWRPDWHG WKHUPDO VWUDLJKWHQLQJ
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9�$� 6+21,1� 9�6� 0$6+,1� 2�9� 92-7(1.2 DQG 9�9� 1292=+,/29

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

,W LV VKRZQ WKDW VPRRWKLQJ RI WKH PHWDO VXUIDFH RQ WKH ERXQGDULHV RI VKHHW WHH MRLQWV RI DOXPLQLXP DQG HOLPLQDWLRQ RI

DQJXODU GHIRUPDWLRQ E\ KLJK�IUHTXHQF\ SHHQLQJ SURYLGH D ORZHULQJ RI WKH YDOXHV RI VWUHVV FRQFHQWUDWLRQ IDFWRU ��� WLPHV�

-RLQW SHHQLQJ LQFUHDVHV WKH XOWLPDWH IDWLJXH VWUHQJWK E\ �� � DW ]HUR�WR�FRPSUHVVLRQ DQG E\ �� � DW UHSHDWHG VWUHVV

F\FOHV�

.H\ZRU G V � DOXPLQLXP DOOR\V� ZHOGHG WHH MRLQWV� MRLQW SUR�

ILOH� DQJXODU UHVLGXDO GHIRUPDWLRQ� VWUHVV FRQFHQWUDWLRQ� KLJK�
IUHTXHQF\ SHHQLQJ� IDWLJXH UHVLVWDQFH

2QH�VLGHG HOHFWULF�DUF ZHOGLQJ RQ RI VWLIIHQHUV WR WKH

VNLQ RI D VKHOO VWUXFWXUH �WHH ZHOGHG MRLQWV� RI DOX�

PLQLXP DOOR\V LQGXFHV D FRQVLGHUDEOH UHVLGXDO DQJXODU

GHIRUPDWLRQ� ,W UHVXOWV IURP QRQ�XQLIRUP VKULQNDJH
RI ZHOG PHWDO DQG OHDGV WR QRQ�IODWQHVV RI WKH EDVH

PHWDO VXUIDFH RQ WKH IDFH VLGH RI WKH VWUXFWXUH� LQ WKH

]RQH RI VWLIIHQHU ZHOGLQJ >�w�@� 8QGHU WKH LPSDFW RI

WUDQVYHUVH IRUFHV LQ RSHUDWLRQ� WKH DQJXODU UHVLGXDO

GHIRUPDWLRQ FDXVHV DQ DGGLWLRQDO EHQGLQJ PRPHQW LQ
WKH EDVH PHWDO RQ ZHOG ERXQGDULHV� ZKLFK OHDGV WR

LQFUHDVH RI WKH OHYHO RI VWUHVV FRQFHQWUDWLRQ >�@� DQG�

KHQFH� WR ORZHULQJ RI IDWLJXH UHVLVWDQFH RI ZHOGHG
MRLQWV >�� �@�

9DULRXV PHWKRGV RI WKHUPDO DQG FROG VWUDLJKWHQLQJ

RI WKH HQWLUH VWUXFWXUH DQG LWV LQGLYLGXDO FRPSRQHQWV

>�� �� �� �@ DUH NQRZQ IRU FRUUHFWLRQ RI SRVWZHOG
DQJXODU GHIRUPDWLRQ� 7KH\ DUH EDVHG RQ DSSOLFDWLRQ

RI D QRQ�XQLIRUP OLQHDU RU YROXPH SODVWLF GHIRUPDWLRQ

RI WKH PHWDO LQ WKH EHQGLQJ SODQH� 6WUDLJKWHQLQJ LQ�

GXFHV UHVLGXDO VWUHVVHV RI GLIIHUHQW VLJQ DQG OHYHO�
ZKLFK DUH QRQ�XQLIRUPO\ GLVWULEXWHG DFURVV WKH WKLFN�

QHVV RI D VWUXFWXUDO HOHPHQW�

,PSDFW RI WKH NQRZQ PHWKRGV >�@ RI FRQFHQWUDWHG

KHDWLQJ� XVHG IRU VWUDLJKWHQLQJ WKLFN�ZDOOHG VWUXF�
WXUDO HOHPHQWV E\ SODVWLF VKRUWHQLQJ RI WKH VXUIDFH

OD\HU RI WKH PHWDO IURP WKH FRQYH[ VLGH� LV VLPLODU WR
QRQ�XQLIRUP KHDWLQJ LQ ZHOGLQJ� ,W OHDGV WR IRUPDWLRQ

RI WHQVLOH UHVLGXDO VWUHVVHV RQ WKH VXUIDFH DQG FRP�

SUHVVLYH VWUHVVHV LQ WKH FHQWUDO OD\HUV RI WKH PHWDO�

6XFK D SURFHVVLQJ SURPRWHV D VLJQLILFDQW ORZHULQJ RI

IDWLJXH UHVLVWDQFH RI ZHOGHG MRLQWV�
&ROG VWUDLJKWHQLQJPHWKRGV DUH GXH WR SODVWLF HORQ�

JDWLRQ RI WKH PHWDO OD\HU RQ WKH FRQFDYH VXUIDFH RI

WKH VWUXFWXUDO HOHPHQW ZLWK IRUPDWLRQ RI FRPSUHVVLYH

UHVLGXDO VWUHVVHV >�@� 7KLV LV KDPPHU SHHQLQJ DQG

UROOHU WUHDWPHQW RI WKH ZHOG� DSSOLFDWLRQ RI D IRUFH

DORQJ RU DFURVV WKH MRLQW DQG DSSO\LQJ PHFKDQLFDO

YLEUDWLRQ WR WKH VWUXFWXUDO HOHPHQW >�@� 6KRW EODVWLQJ

FDQ EH DOVR LQFOXGHG LQWR FROG VWUDLJKWHQLQJ� 7KH PDLQ

GUDZEDFN RI WKH DERYH PHWKRGV RI FROG VWUDLJKWHQLQJ
LV GHYHORSPHQW RI KLJK WHQVLOH UHVLGXDO VWUHVVHV LQ WKH

FHQWUDO OD\HUV RI WKH PHWDO DW LQFUHDVH RI WUHDWPHQW

LQWHQVLW\� ,Q DGGLWLRQ� FROG VWUDLJKWHQLQJ GRHV QRW

DOZD\V LPSURYH WKH SURILOH JHRPHWU\ LQ WKH ]RQH RI

WUDQVLWLRQ IURP WKH ZHOG WR EDVH PHWDO >�� �@�

,Q DLUFUDIW FRQVWUXFWLRQ RQH�VLGHG WUHDWPHQW RI WKH

VXUIDFH ZLWK VWHHO VKRW LV ZLGHO\ XVHG IRU VWUDLJKWHQLQJ

RI GHQWV LQ WKLQ�ZDOOHG HOHPHQWV RI DOXPLQLXP DOOR\V

>�� �@� 7KH ZRUN�KDUGHQHG VXUIDFH OD\HU RI WKH PHWDO
LQ WKH WUHDWPHQW ]RQH DFWV RQ SUDFWLFDOO\ XQGHIRUPHG

PHWDO OD\HUV� ORFDWHG EHORZ WKLV OD\HU� DV DQ RII�FHQWHU

WHQVLOH IRUFH� DQG FDXVHV HODVWLF UHYHUVH GHIRUPDWLRQ

�EHQGLQJ RXW�� $ V\VWHP RI UHVLGXDO VWUHVVHV EDODQFHG
DFURVV WKH WKLFNQHVV GHYHORSV� FRPSUHVVLYH VWUHVVHV LQ

WKH DFWLYH ZRUN�KDUGHQHG OD\HU� WHQVLOH VWUHVVHV LQ WKH

ORZHU O\LQJ DQG FHQWUDO PHWDO OD\HUV� DV ZHOO DV FRP�

SUHVVLYH VWUHVVHV RQ WKH HOHPHQW VXUIDFH RQ LWV UHYHUVH

VLGH� 6KRW EODVWLQJ RI D ORZ LQWHQVLW\ FUHDWHV ORZ OHYHOV

RI WHQVLOH UHVLGXDO VWUHVVHV LQ WKH FHQWUDO OD\HUV RI WKH

PHWDO DQG SURPRWHV D VLJQLILFDQW LPSURYHPHQW RI ID�

WLJXH UHVLVWDQFH RI WKH HOHPHQW LQ WKH ]RQH RI GHQW

FRUUHFWLRQ�

+LJK�IUHTXHQF\ PHFKDQLFDO SHHQLQJ RI D WKLQ VXU�

IDFH OD\HU RI WKH PHWDO LQ WKH FRQFHQWUDWRU ]RQH DORQJ
ZHOG ERXQGDU\ GRHV QRW KDYH WKHVH GUDZEDFNV� ,W LV

SHUIRUPHG ZLWK D VLQJOH�URZ JURXS RI QHHGOH�OLNH

VWULNHUV >��@� 3HHQLQJ LQFUHDVHV WKH UDGLXV RI WUDQVLWLRQ

IURP WKH ZHOG VXUIDFH WR WKH EDVH PHWDO� LQGXFHV KLJK
FRPSUHVVLYH UHVLGXDO VWUHVVHV LQ WKH ZRUN�KDUGHQHG

OD\HU DQG SURYLGHV D VLJQLILFDQW LQFUHDVH RI IDWLJXH
UHVLVWDQFH RI ZHOGHG MRLQWV DW WUDQVYHUVH DFWLRQ RI

DOWHUQDWLQJ VWUHVVHV� ,Q FDVH RI D RQH�VLGHG KLJK�IUH�

TXHQF\ SHHQLQJ RI ZHOGHG MRLQWV LPSURYHPHQW RI WKH

WUDQVLWLRQ RQ WKH ZHOG ERXQGDU\ PD\ EH DFFRPSDQLHG

E\ PDQLIHVWDWLRQ RI WKH HIIHFW RI EHQGLQJ RXW LQ WKH
ZHOGHG HOHPHQW SODQH� VLPLODU WR WKDW DFKLHYHG LQ

VKRW�EODVWLQJ WUHDWPHQW RI EDVH PHWDO� 7KLV PD\ SUR�

PRWH HOLPLQDWLRQ RI UHVLGXDO DQJXODU GHIRUPDWLRQ LQ

VKHHW ZHOGHG MRLQWV�

7KH SXUSRVH RI WKLV ZRUN LV WR HVWDEOLVK WKH SRV�

VLELOLW\ RI HOLPLQDWLRQ RI UHVLGXDO DQJXODU EHQGLQJ

GHIRUPDWLRQ DQG LPSURYHPHQW RI WKH IDWLJXH UHVLV�
WDQFH RI D WHH MRLQW LQ VKHHW DOXPLQLXP DOOR\ $0J�

�$Ow��� 0J�� ZHOGHG ZLWK FRQVXPDEOH HOHFWURGH LQ
LQHUW JDVHV� E\ DSSOLFDWLRQ RI ORFDO KLJK�IUHTXHQF\

SHHQLQJ RI WKH VXUIDFH OD\HU RI WKH PHWDO RQ ZHOG� 9�$� 6+21,1� 9�6� 0$6+,1� 2�9� 92-7(1.2 DQG 9�9� 1292=+,/29� ����
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ERXQGDULHV� LPSURYLQJ WKH JHRPHWU\ RI WUDQVLWLRQ RI
WKH VXUIDFHV RI WKH ZHOG DQG EDVH PHWDO�

,QYHVWLJDWLRQV ZHUH SHUIRUPHG RQ SODWHV RI
���×���×���� PP VL]H RI $0J� DOOR\� LQ WKH FHQWUDO
SDUW RI ZKLFK D VWLIIHQHU ����×��×���� PP� RI WKH VDPH
DOOR\ ZDV ZHOGHG RQ ZLWK WZR ILOOHW ZHOGV� 3XOVHG�DUF
ZHOGLQJ RI D MRLQW ZDV SHUIRUPHG ZLWK 6Y�$0J� FRQ�
VXPDEOH HOHFWURGH RI ���PPGLDPHWHU LQ D KHOLXP�DUJRQ
PL[WXUH RI JDVHV LQ WKH IROORZLQJ PRGH� ZHOGLQJ FXUUHQW
,Z  ��w�� $� DUF YROWDJH 8D  ����w���� 9� ZHOGLQJ
VSHHG YZ  ��w�� P�K� ZLUH IHHG UDWHV YI  ���w
��� P�PLQ� %DVLF FXUUHQW YDOXH ,E DQG YDOXH RI SXOVH
UHSHWLWLRQ UDWH )S ZHUH GHILQHG DV

,E  ,Z�����w����� )S  .,E�

ZKHUH .  ���w���� +HOLXP FRQWHQW LQ WKH PL[WXUH
ZDV �� YRO��� :HOGLQJ RI WHH MRLQW EODQNV ZDV SHU�
IRUPHG LQ WKH FRQGLWLRQ RI ULJLG UHVWUDLQW�

+LJK�IUHTXHQF\ SHHQLQJ ZLWK D VLQJOH�URZ JURXS
RI VWULNHUV RI WKH PHWDO VXUIDFH RQ ZHOG ERXQGDULHV LQ
ZHOGHG EODQNV �)LJXUH �� ZDV SHUIRUPHG ZLWK DQ XO�
WUDVRQLF FRQYHUWHU RI �8OWUDPHW� W\SH RI ���:SRZHU
>��@� 'HSHQGHQFH RI EHQGLQJ RXW DQJOH RQ WKH PRGH
DQG FRQGLWLRQV RI SHHQLQJ ZDV VWXGLHG RQ VPDOO
���×�� PP� SODWHV RI WKH EDVH PHWDO� ,QIOXHQFH RI
GLIIHUHQW IDFWRUV RQ WKH DQJOH RI EHQGLQJ RXW UHODWLYH
WR WKH OLQH RI RQH�VLGHG SHHQLQJ LQ WKH SODWH PLGGOH
DORQJ LWV HQWLUH OHQJWK ZDV GHWHUPLQHG� 6WULNHUV RI ��
� DQG � PP GLDPHWHU ZHUH XVHG� $YHUDJH VSHHG RI
WRRO GLVSODFHPHQW ZDV YDULHG LQ WKH UDQJH RI �w
� PP�V�

*HRPHWU\ RI MRLQW SURILOH LQ ZHOGHG EODQNV DIWHU
ZHOGLQJ DQG KLJK�IUHTXHQF\ SHHQLQJ RI WKH VXUIDFH RQ
ZHOG ERXQGDULHV� DV ZHOO DV WKH DQJOH RI EHQGLQJ RXW
ϕ′ LQ VPDOO�VL]HG SODWHV RI WKH EDVH PHWDO DIWHU SHHQLQJ�
ZHUH GHWHUPLQHG E\ WKH PHWKRG RI SURILOHPHWU\ LQ
WRROPDNHUVs PLFURVFRSH %0,��� 5HVLGXDO DQJXODU
�SRVW�ZHOGLQJ� GHIRUPDWLRQ ϕ� HFFHQWULFLW\ H ZHUH GH�
WHUPLQHG IRU EDVH GLVWDQFH � PP IURP WKH IXVLRQ ]RQH�
DV ZHOO DV DQJOH θ DQG UDGLXV RI WUDQVLWLRQ ρ IURP ZHOG
VXUIDFH WR EDVH PHWDO �)LJXUHV � DQG ���

,QIOXHQFH RI KLJK�IUHTXHQF\ SHHQLQJ RQ IDWLJXH UH�
VLVWDQFH RI ZHOGHG MRLQWV ZDV HYDOXDWHG RQ VSHFLPHQV
RI ��×��� PP VL]H ZLWK ZRUNLQJ ]RQH ZLGWK RI �� PP�
ZKLFK ZHUH FXW RXW RI D ZHOGHG EODQN LQ DV�ZHOGHG
FRQGLWLRQ DQG DIWHU KLJK�IUHTXHQF\ SHHQLQJ� 9DOXHV
RI VWUHVV FRQFHQWUDWLRQ IDFWRU LQ ZHOGV ZHUH GHWHU�
PLQHG� XVLQJ WKH NQRZQ FDOFXODWLRQ SURFHGXUHV >�@�
SURFHHGLQJ IURP WKH GDWD RI PHDVXUHPHQW RI WKH MRLQW
SURILOH SDUDPHWHUV� )DWLJXH WHVWLQJ RI ZHOGHG MRLQWV
ZDV FRQGXFWHG XQGHU D[LDO F\FOLF ORDG DW VWUHVV F\FOH
DV\PPHWU\ IDFWRUV 5σ  � DQG ��� DQG IUHTXHQF\ RI
�w� +] ZLWK DSSOLFDWLRQ RI HOHFWURK\GUDXOLF PDFKLQH
8(���� ,Q WHVWLQJ WKH IDWLJXH OLIH ZDV OLPLWHG E\ YDOXH
1  �⋅��� ORDGLQJ F\FOHV�

0HDVXUHPHQW RI UHVLGXDO DQJXODU GHIRUPDWLRQ RQ
WKH UHYHUVH VLGH RI WKH LQLWLDO MRLQWV VKRZHG WKDW WKH
PD[LPXP �XS WR ��� DQJOH RI UHVLGXDO GHIRUPDWLRQ LV
REVHUYHG GLUHFWO\ XQGHU WKH ZHOG LQ WKH ]RQH RI WKH
JUHDWHVW WKLFNQHVV RI WKH GHSRVLWHG PHWDO� 2Q WKH
ERXQGDULHV RI ZHOGV ZLWK WKH EDVH PHWDO WKH UHVLGXDO
DQJXODU GHIRUPDWLRQ ϕ �)LJXUH �� D� H[FHHGHG ��� %H�
\RQG WKH ZHOGHG MRLQW WKH DQJXODU GHIRUPDWLRQ LV QHJ�
OLJLEOH�

,Q WKH FDVH RI 0,* ZHOGLQJ ZLWK ZHOG ORFDWLRQ LQ
WKH FHQWUDO ]RQH RI WKH FURVV�VHFWLRQ RI ODUJH�VL]HG
EODQNV RI D WHH MRLQW� WKH PLQLPXP ORQJLWXGLQDO UH�
VLGXDO EHQGLQJ RI WKH EDVH PHWDO XQGHU WKH VWLIIHQHU
ZDV HQVXUHG� ,Q WKH ]RQHV RI DFWLRQ RI FRPSUHVVLYH
UHVLGXDO ZHOGLQJ VWUHVVHV RQ WKH HGJHV RI WKH PDLQ
SODWH WKH GHIOHFWLRQ ZDV HTXDO WR ��w�� PP RQ D
��� PP OHQJWK DV D UHVXOW RI WKH ORVV RI VWDELOLW\�

)LJXUH �� +LJK�IUHTXHQF\ SHHQLQJ RI D IUDJPHQW RI WKH ZHOGHG
MRLQW� SHUIRUPHG ZLWK D PDQXDO WRRO

)LJXUH �� 3URILOHV RI ZHOGHG MRLQWV LQ WKH LQLWLDO FRQGLWLRQ �D� DQG
DIWHU KLJK�IUHTXHQF\ SHHQLQJ RI WKH VXUIDFH OD\HU RI WKH PHWDO RQ
ZHOG ERXQGDULHV �E� �K� / x FRRUGLQDWHV RI PHDVXUHPHQWV�
SRLQWV x SURMHFWLRQV RI WKH D[LV� UHODWLYH WR ZKLFK DQJXODU GHIRU�
PDWLRQ SURFHHGV�
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5HVXOWV RI VWXG\LQJ WKH LQIOXHQFH RI WKH PRGHV RI
RQH�VLGHG KLJK�IUHTXHQF\ SHHQLQJ RQ WKH FKDQJH RI
WKH UHVLGXDO DQJXODU GHIRUPDWLRQ E\ EHQGLQJ RXW RI
WKH EDVH PHWDO SODWHV UHODWLYH WR WKH D[LV RI SHHQLQJ
]RQH GHPRQVWUDWHG WKDW EHQGLQJ RXW DQJOH ϕ′ HVVHQ�
WLDOO\ GHSHQGV RQ WKH DYHUDJH VSHHG RI GLVSODFHPHQW
RI WKH WRRO LQ SHHQLQJ DQG WKLFNQHVV RI PHWDO EHLQJ
WUHDWHG �)LJXUH ��� 0D[LPXP �XS WR ��� DQJOH RI
EHQGLQJ RXW DW SODWH WKLFNQHVV RI ���� PP LV IRUPHG
DW D PLQLPXP �� PP�V� SHHQLQJ VSHHG DQG ZLWK
LQFUHDVH RI WKH ODWWHU WKH EHQGLQJ RXW DQJOH EHFRPHV
VPDOOHU� 6WULNHU GLDPHWHU GLG QR KDYH DQ\ VLJQLILFDQW
LQIOXHQFH RQ WKH GHSHQGHQFH RI WKH DQJOH RI SODWH EHQG�
LQJ RXW RQ WKH DYHUDJH SHHQLQJ VSHHG �)LJXUH �� D��

$V LV VHHQ IURP )LJXUH �� E WKH DERYH GDWD LQGLFDWH
WKDW WKH PD[LPXP EHQGLQJ RXW DQJOH LV SURYLGHG DW
WKLFNQHVV RI WKH SURFHVVHG PHWDO RI ���w��� PP� ,Q�
FUHDVH RI SODWH WKLFNQHVV XS WR ��� PP DQG PRUH OHDGV
WR GHFUHDVH RI WKLV DQJOH� ,Q SODWHV OHVV WKDQ ��� PP
WKLFN� D QHJDWLYH EHQGLQJ RXW DQJOH IRUPV� ZKLFK LV
LQGLFDWLYH RI LUUDWLRQDOLW\ RI DSSO\LQJ WKH XVHG SHHQLQJ
PRGHV WR FRUUHFW WKH DQJXODU GHIRUPDWLRQ LQ MRLQWV RI
VXFK D WKLFNQHVV� 7KLV LV GXH WR WKH IDFW WKDW WKH DUHD
RI PHWDO VXUIDFH� ZKHUH SODVWLF HORQJDWLRQ RFFXUV RQ
WKH VLGH RSSRVLWH WR SHHQLQJ� WXUQV RXW WR EH JUHDWHU
WKDQ WKDW GLUHFWO\ LQ WKH ]RQH RI VWULNHU LPSDFW�

,Q ZHOGHG EODQNV WKH WUDQVYHUVH UHVLGXDO DQJXODU
GHIRUPDWLRQ ZDV HOLPLQDWHG RQO\ LQ WKH ]RQH RI SHHQ�
LQJ RQ ZHOG ERXQGDULHV �VHH )LJXUH �� E�� 3HHQLQJ
ZDV SHUIRUPHG ZLWK VWULNHUV RI � PP GLDPHWHU DW
DYHUDJH VSHHG RI WRRO GLVSODFHPHQW RI �w� PP�V�
$GGLWLRQDO SHHQLQJ RI WKH HQWLUH ZHOG VXUIDFH DQG RI
DUHDV RI LWV PD[LPXP WKLFNQHVV GLG QRW OHDG WR DQ\
QRWLFHDEOH FKDQJH RI WKH DQJXODU UHVLGXDO GHIRUPDWLRQ
RI WKH VXUIDFH RQ WKH UHYHUVH VLGH RI WKH MRLQW�

8QGHU WKH LPSDFW RI KLJK�IUHTXHQF\ SHHQLQJ RI
WKH VXUIDFH OD\HU RI WKH PHWDO RQ ZHOG ERXQGDULHV WKH
GHIOHFWLRQ DORQJ WKH HGJHV RI WKH PDLQ SODWH GHFUHDVHG
E\ QRW PRUH WKDQ �� �� ,W LV SUREDEOH WKDW WKH UHVLGXDO
ORQJLWXGLQDO GHIRUPDWLRQ RI WKH ZHOGHG EODQN FKDQJHV
RQO\ VOLJKWO\ DV D UHVXOW RI KLJK�IUHTXHQF\ SHHQLQJ�
DQG GRHV QRW HQVXUH D IXOO UHOLHYLQJ RI WKH ORQJLWXGLQDO
WHQVLOH UHVLGXDO VWUHVVHV FDXVHG E\ WKH ZHOGLQJ SURFHVV�
,Q WKLV FDVH LQ WKH SHHQHG MRLQWV ρ YDOXH LQFUHDVHG ���
WLPHV� DQJOH RI WUDQVLWLRQ θ IURP WKH ZHOG VXUIDFH WR
WKH EDVH PHWDO GHFUHDVHG ��� WLPHV� DQG UHVLGXDO DQ�
JXODU GHIRUPDWLRQ DOVR GHFUHDVHG VLJQLILFDQWO\� ZKLFK

SURYLGHG D ��� WLPHV GHFUHDVH RI WKH YDOXHV RI VWUHVV
FRQFHQWUDWLRQ IDFWRU �7DEOH��

7HVWLQJ IRU VLQJOH VWDWLF WHQVLRQ RI VSHFLPHQV RI
WKH LQLWLDO MRLQWV DQG WKRVH ZLWK SHHQHG ZHOG ERXQGD�
ULHV VKRZHG WKDW SHHQLQJ RQO\ VOLJKWO\ FKDQJHV WKH
IUDFWXUH PRGH� 6SHFLPHQV IDLOHG LQ WKH EDVH PHWDO
EH\RQG WKH ZHOGV� 7KH\ KDG SUDFWLFDOO\ WKH VDPH YD�
OXHV RI XOWLPDWH WHQVLOH VWUHQJWK σW  ���w��� 03D�
+RZHYHU� XVH RI SHHQLQJ OHG WR DQ HDUOLHU GHYHORSPHQW
RI SODVWLF GHIRUPDWLRQV LQ WKH MRLQWV� ZKLFK UHVXOWHG
LQ WKH ORZHULQJ RI FRQGLWLRQDO HODVWLF OLPLW σ���� E\
�� � �IURP ����� WR ���� 03D�� DQG SURRI VWUHVV σ���

E\ �� � ������w����� 03D�� FRPSDUHG WR WKH UHVSHF�
WLYH FKDUDFWHULVWLFV RI WKH LQLWLDO VSHFLPHQV�

$W F\FOLF WHVWLQJ WKH IDWLJXH FUDFN LQ WKH LQLWLDO
ZHOGHG VSHFLPHQV LQLWLDWHG LQ WKH VXUIDFH OD\HU RI WKH
PHWDO RQ ZHOG ERXQGDU\ DQG SURSDJDWHG DW DQ DQJOH
RI ��� LQ WKH GLUHFWLRQ WRZDUGV WKH DSSOLHG ORDG� 7KH
VDPH QDWXUH RI IDWLJXH IUDFWXUH ZDV REVHUYHG DOVR LQ
WKH VSHFLPHQV ZLWK WKH SHHQHG VXUIDFH� 7KH IDWLJXH
FUDFN LQLWLDWHG LQ WKHP XQGHU D ZRUN�KDUGHQHG OD\HU
RI WKH PHWDO LQ WKH VWUHVV FRQFHQWUDWLRQ ]RQH�

2QH�VLGHG KLJK�IUHTXHQF\ PHFKDQLFDO SHHQLQJ RI
PHWDO VXUIDFH RQ ZHOG ERXQGDULHV VLJQLILFDQWO\ LP�

)LJXUH �� 'HSHQGHQFH RI EHQGLQJ RXW DQJOH ϕ′ RI ���� PP WKLFN
SODWH RQ VSHHG Y RI WKH PDQXDO WRRO PRYHPHQW DW RQH�VLGHG KLJK�
IUHTXHQF\ SHHQLQJ ZLWK VWULNHUV RI D GLDPHWHU RI � �O�� � �V� DQG
� �Q� PP �D� DQG RQ SODWH WKLFNQHVV V LQ WUHDWPHQW ZLWK VWULNHUV
RI � PP GLDPHWHU DW SHHQLQJ VSHHG RI � PP�V �E�

&KDQJHV RI SDUDPHWHUV RI SURILOH JHRPHWU\ DQG VWUHVV FRQFHQWUDWLRQ LQ D ZHOGHG WHH MRLQW RI $0J� DOOR\� LQGXFHG E\ RQH�VLGHG KLJK�
IUHTXHQF\ SHHQLQJ RI WKH VXUIDFH OD\HU RI WKH PHWDO RQ ZHOG ERXQGDULHV

&RQGLWLRQ

RI WKH MRLQW
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,QLWLDO ���� ��� ���� ��� ���� ���� ����� ����� ���� ���� ���� ����

$IWHU SHHQ�

LQJ

��� ��� ���� ��� ���� ���� w w w w w w

1R W H � 6 x VWDQGDUG GHYLDWLRQV RI WKH FRQVLGHUHG SDUDPHWHUV� ασ x FRHIILFLHQW RI VWUHVV FRQFHQWUDWLRQ� GXH WR WKH VKDSH RI WKH WUDQVLWLRQ

VXUIDFH IURP WKH ZHOG WR EDVH PHWDO� .
H

x VWUHVV FRQFHQWUDWLRQ IDFWRU� GXH WR HFFHQWULFLW\ H� GDVK DERYH WKH V\PERO LV WKH DYHUDJH VWDWLVWL�

FDO YDOXH RI WKH SDUDPHWHU�
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SURYHG WKH FKDUDFWHULVWLFV RI IDWLJXH UHVLVWDQFH RI WKH
WHH MRLQW RI $0J� DOOR\ �)LJXUH �� D�� ,W LV HVWDEOLVKHG
WKDW WKH HIIHFWLYHQHVV RI SHHQLQJ DV D PHDVXUH WR LP�
SURYH WKH IDWLJXH UHVLVWDQFH RI WKH MRLQWV GHSHQGV RQ
DV\PPHWU\ RI H[WHUQDO VWUHVV� 7KH JUHDWHVW LQFUHDVH RI
IDWLJXH UHVLVWDQFH σPD[ RI ZHOGHG WHH MRLQWV LV REVHUYHG
DW ]HUR�WR�FRPSUHVVLRQ VWUHVV F\FOH 5σ  �� $V D UHVXOW
RI SHHQLQJ WKH IDWLJXH OLIH RI WKH MRLQWV ULVHV PRUH
WKDQ �� WLPHV� DQG WKH XOWLPDWH IDWLJXH VWUHQJWK DW
1  �⋅��� VWUHVV F\FOHV ULVHV E\ �� �� $W FRHIILFLHQW
RI VWUHVV F\FOH DV\PPHWU\ 5σ  ��� D ORZHU �E\ DOPRVW
��� WLPHV� LQFUHDVH RI WKH IDWLJXH OLIH DQG LQFUHDVH RI
XOWLPDWH IDWLJXH VWUHQJWK E\ DSSUR[LPDWHO\ � � DUH
REVHUYHG�

6PDOOHU GLIIHUHQFH EHWZHHQ WKH IDWLJXH OLIH RI WKH
MRLQWV LQ WKH LQLWLDO FRQGLWLRQ DQG RI WKRVH ZLWK SHHQHG
ZHOG ERXQGDULHV DW5σ  ��� LV UHODWHG WRPDQLIHVWDWLRQ
RI SODVWLF GHIRUPDWLRQV� DV WKH OHYHO RI DFWLQJ PD[L�
PXP VWUHVVHV LQ WKH MRLQWV H[FHHGHG WKH SURRI VWUHVV
σPD[!σ���� 7KLV LV SUREDEO\� ZKDW FDXVHV LQ WKH SHHQHG
MRLQWV UHOD[DWLRQ RI WHQVLOH VWUHVVHV� ZKLFK EDODQFH WKH
FRPSUHVVLYH UHVLGXDO VWUHVVHV RI WKH VXUIDFH ZRUN�KDU�
GHQHG PHWDO OD\HU� $V D UHVXOW� WKH PDJQLWXGHV RI
FRPSUHVVLYH UHVLGXDO VWUHVVHV� LQGXFHG E\ SHHQLQJ� GH�
FUHDVHG� ZKLFK LV H[DFWO\ ZKDW FDXVHG D ORZHULQJ RI
WKH VSHFLPHQ IDWLJXH OLIH� 1RZ LQ WKH LQLWLDO MRLQWV
SODVWLF GHIRUPDWLRQ OHDG WR D GHFUHDVH RI WKH DQJXODU
UHVLGXDO GHIRUPDWLRQ DQG ORZHULQJ RI VWUHVV FRQFHQ�

WUDWLRQ RQ ZHOG PHWDO ERXQGDULHV� ZKLFK SURPRWHG
ORQJHU IDWLJXH OLIH RI WKH VSHFLPHQV�

&RPSDULVRQ RI 6w1 FXUYHV� UHSUHVHQWHG E\ VWUHVV
DPSOLWXGHV �)LJXUH �� E� VKRZV WKDW DW 5σ  ��� D
KLJKHU IDWLJXH OLIH RI WKH LQLWLDO VSHFLPHQV DQG D ORZHU
IDWLJXH OLIH RI WKH SHHQHG VSHFLPHQV LV IRXQG WKDQ LQ
WKH FDVH RI 5σ  �� /LPLWV RI XOWLPDWH IDWLJXH VWUHQJWK
σD DW 5σ  ��� GURS WR YDOXHV RI σD DW 5σ  � RQO\ LQ
WKH FDVH RI LQFUHDVH RI WKH EDVLF IDWLJXH OLIH� 3HHQHG
MRLQWV KDYH ORZHU IDWLJXH UHVLVWDQFH DW 5σ  ��� WKDQ
DW 5σ  �� $W GHFUHDVH RI WKH EDVLF IDWLJXH OLIH YDOXHV
RI σD DW 5σ  ��� EHFRPH HVVHQWLDOO\ VPDOOHU WKDQ DW
5σ  ��

2EWDLQHG UHVXOWV LQGLFDWH WKDW DW RYHUORDGLQJ
�σPD[ ! σ���� RI VSHFLPHQV RI WHH ZHOGHG MRLQWV ZLWK
D UHVLGXDO DQJXODU GHIRUPDWLRQ DW F\FOLF VWUHVVHV KLJKHU
WKDQ WKH PHWDO \LHOG SRLQW� D VPDOOHU LQFUHDVH RI VSHFL�
PHQ IDWLJXH OLIH LV SURYLGHG WKDQ LQ WKH FDVH RI DSSOL�
FDWLRQ RI D RQH�VLGHG KLJK�IUHTXHQF\ SHHQLQJ XQGHU
WKH VDPH FRQGLWLRQV RI F\FOLF VWUHVVHV�

&21&/86,216

�� 7R LPSURYH WKH MRLQW SURILOH RQ ZHOG ERXQGDULHV
DQG HOLPLQDWH WKH UHVLGXDO DQJXODU GHIRUPDWLRQ RI WHH
ZHOGHG MRLQWV RI DOXPLQLXP DOOR\V� LW LV UDWLRQDO WR
DSSO\ RQH�VLGHG KLJK�IUHTXHQF\ SHHQLQJ DW EDVH PHWDO
WKLFNQHVV RI ���w��� PP�

�� 7KH HVWDEOLVKHG PRGHV RI RQH�VLGHG KLJK�IUH�
TXHQF\ SHHQLQJ RI WHH MRLQWV RI $0J� DOOR\ ���� PP
WKLFN� PDGH E\ 0,* ZHOGLQJ� SURYLGH D ORZHULQJ RI
WKH VWUHVV FRQFHQWUDWLRQ IDFWRU ��� WLPHV DQG LPSURYH�
PHQW RI WKH XOWLPDWH IDWLJXH VWUHQJWK E\ �� � DW
]HUR�WR�FRPSUHVVLRQ VWUHVV F\FOH�

�� $ SRVLWLYH HIIHFW RI KLJK�IUHTXHQF\ SHHQLQJ RI
WKH MRLQWV LV ORZHUHG XQGHU WKH LPSDFW RI H[WHUQDO
ORDG� XQGHU WKH FRQGLWLRQV RI ZKLFK WKH QRPLQDO PD[L�
PXP VWUHVVHV LQ WKH ZHOGHG MRLQW H[FHHG WKH SURRI
VWUHVV�

�� .LVHO\RY� 6�1� ������ *DV HOHFWULF ZHOGLQJ RI DOXPLQLXP

DOOR\V� 0RVFRZ� 0DVKLQRVWURHQLH�
�� 7URFKXQ� ,�3� ������ ,QWHUQDO IRUFHV DQG VWUDLQV LQ ZHO�

GLQJ� 0RVFRZ� 0DVKJL]�
�� .X]PLQRY� 6�$� ������ :HOGLQJ GLVWRUWLRQV RI VKLS KXOO

VWUXFWXUHV� /HQLQJUDG� 6XGRVWURHQLH�
�� 0DNKQHQNR� 9�,�� 0RVHQNLV� 5�<X� ������ &DOFXODWLRQV RI

VWUHVV FRQFHQWUDWLRQ IDFWRUV LQ ZHOGHG MRLQWV ZLWK EXWW DQG
ILOOHW ZHOGV� $YWRPDWLFK� 6YDUND� �� �w���

�� 6WHSDQRY� 9�*�� .OHVWRY� 0�,� ������ 6XUIDFH VWUHQJWKH�

QLQJ RI KXOO VWUXFWXUHV� /HQLQJUDG� 6XGRVWURHQLH�
�� 6DQGHUV� :�:�� 'D\� 5�+� ������ )DWLJXH RI DOXPLQLXP

DOOR\ ZHOGPHQWV� :5& %XOO�� $XJXVW� ���
�� 6DJDOHYLFK� 9�0� ������ 0HWKRGV RI HOLPLQDWLRQ RI ZHO�

GLQJ VWUDLQV DQG VWUHVVHV� 0RVFRZ� 0DVKLQRVWURHQLH�
�� 6WHSQRY� 0�1�� *LDWVLQWRY� (�9� ������ )DWLJXH RI OLJKW

VWUXFWXUDO DOOR\V� 0RVFRZ� 0DVKLQRVWURHQLH�
�� +HUWHO� +� ������ (UPX

..
GXQJVIHVWLJNHLW GHU .RQVWUXNWLRQ�

%HUOLQ� 6SULQJHU�
��� 7UXI\DNRY� 9�,�� 6KRQLQ� 9�$�� 0DVKLQ� 9�6� HW DO� ������

$SSOLFDWLRQ RI KLJK�IUHTXHQF\ SHHQLQJ WR LPSURYH WKH IDWL�
JXH UHVLVWDQFH RI EXWW ZHOGHG MRLQWV LQ DOXPLQLXP DOOR\V�
7KH 3DWRQ :HOGLQJ -�� �� �w���

)LJXUH �� 5HVXOWV RI IDWLJXH WHVWLQJ RI VSHFLPHQV RI WHH MRLQW RI
$0J� DOOR\ ���� PP WKLFN� SURGXFHG DW QRPLQDO PD[LPXP σ

PD[

�D� DQG DPSOLWXGH σ
D
�E� VWUHVVHV� �� � x DIWHU ZHOGLQJ� �� � x

DIWHU ZHOGLQJ DQG KLJK�IUHTXHQF\ SHHQLQJ� �� � x 5σ  �� �� � x
5σ  ��� �SRLQWV DUH H[SHULPHQWDO GDWD� SRLQWV ZLWK DUURZV x QR
VSHFLPHQ IUDFWXUH RFFXUUHG�
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8NUDLQLDQ (QJLQHHULQJ $FDGHP\� .KDUNLY� 8NUDLQH

,QWHQVLW\ RI LQLWLDWLRQ DQG GHYHORSPHQW RI GDPDJH DW FUHHS RI ZHOGHG MRLQWV LQ KHDW�UHVLVWDQW VWHHOV LV VKRZQ WR GHSHQG

XSRQ WKH NLQG RI LQLWLDO PHWDO VWUXFWXUH LQ LQFRPSOHWH UHILQLQJ UHJLRQ� &RQWURO RI WHPSHUDWXUH FRQGLWLRQV RI WKH ODWWHU

FDQ SURYLGH LPSURYHPHQW RI RSHUDWLRQDO UHOLDELOLW\ RI ZHOGHG MRLQWV�

.H\ZRU G V � DXWRPDWLF ZHOGLQJ� SHDUOLWLF VWHHOV� ZHOGHG

MRLQWV� PLFURGDPDJH� LQLWLDO VWUXFWXUH� VWUXFWXUDO KHWHURJHQHLW\�
VWHDP SLSHOLQHV

+HDW�UHVLVWDQW SHDUOLWLF VWHHOV ��.K�0�) DQG

��.K�0) DUH XVHG WR PDNH VWHDP SLSHOLQHV IRU SRZHU

SODQWV� IRU H[DPSOH VWHDP SRZHU SODQW� ([WHQVLRQ RI

VHUYLFH OLIH RI VWHDP SLSHOLQHV WR RYHU ������� K LV D

YHU\ WRSLFDO LVVXH LQ WHUPV RI FRVW HIIHFWLYHQHVV� )UDF�

WXUH RI ZHOGHG MRLQWV LQ VWHDP SLSHOLQHV RSHUDWLQJ

XQGHU FRQGLWLRQV RI ORZ�WHPSHUDWXUH FUHHS DW 7RS �

� ��� 7PHOW �OLIH ! ������� K� RFFXUV PRVWO\ LQ DQ
LQFRPSOHWH UHILQLQJ UHJLRQ RI WKH +$= >�w�@� 6WDWLV�

WLFV RI IUDFWXUH UDWH LQ WKLV UHJLRQ LQFOXGHV D VXEVWDQWLDO

VSUHDG LQ WLPH� L�H� IURP ���� WR ������� K RI RSHUD�

WLRQ >�� �w�@� ,QYHVWLJDWLRQ RI IUDFWXUH RI ZHOGHG

MRLQWV VKRZV WKDW WKH XVH RI UHJXODWRU\ GRFXPHQWV�

H�J� �$SSHQGL[ WR 78 ��������w��� 6FDOH RI 0LFUR�

VWUXFWXUHV RI 0HWDO RI %RLOHU 3LSHV RI 6WHHOV

��.K�0)� ��.K�0�) DQG ��.K�0)65�� ZKLFK

VSHFLI\ WKH DFFHSWDQFH VWUXFWXUH� XQIRUWXQDWHO\ GRHV

QRW OHDG WR SUHYHQWLRQ RI IUDFWXUH RI ZHOGHG MRLQWV LQ

WKH DERYH UHJLRQ�

7KH SXUSRVH RI WKLV VWXG\ZDV WR GHFUHDVH WKH LQLWLDO
VWUXFWXUDO KHWHURJHQHLW\ RI PHWDO RI WKH LQFRPSOHWH

UHILQLQJ UHJLRQ LQ RUGHU WR LQFUHDVH LWV UHVLVWDQFH WR

PLFURGDPDJHV XQGHU VHUYLFH FUHHS FRQGLWLRQV�

5HVLVWDQFH RIZHOGHG MRLQWV WR PLFURGDPDJHV XQGHU
FRQGLWLRQV RI RSHUDWLQJ VWUHVVHV DQG WHPSHUDWXUHV GH�

SHQGV XSRQ WKHLU LQLWLDO VWUXFWXUH� LQFOXGLQJ VWUXFWXUDO

KHWHURJHQHLW\� SK\VLFDO VHUYLFH FRQGLWLRQV DQG RWKHU
IDFWRUV >�� �� �� �� �w��@�

0HWDO RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ XQGHUJRHV

KHDWLQJ GXULQJ ZHOGLQJ LQ D WHPSHUDWXUH UDQJH RI
$

F
�
w$

F
�
� 9DOXHV RI PLFURKDUGQHVV RI PHWDO RI WKLV UH�

JLRQ PD\ EH PXFK ORZHU WKDQ WKRVH RI WKH EDVH PHWDO

�ZKLFK LV QRW VXEMHFWHG WR D FRUUHVSRQGLQJ KHDWLQJ
GXULQJ ZHOGLQJ� >�� ��� ��@� DOWKRXJK WKLV LV QRW DO�
ZD\V WKH FDVH >�� �� ��� ��� ��@�

([SHULPHQWDO SURFHGXUH� ([SHULPHQWDO SURJUDP

LQFOXGHG FDOFXODWLRQ�H[SHULPHQWDO PRGHOOLQJ RI WHP�

SHUDWXUH FRQGLWLRQV >�� ��� ��@� ZKLFK DOORZHG D

VPRRWK DSSUR[LPDWLRQ RI LVRWKHUPV FKDUDFWHULVLQJ

WHPSHUDWXUH ILHOGV RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ

DQG FRROLQJ UDWHV� &RRUGLQDWHV RI IUDJPHQWV RI WKH

UHJLRQ VWXGLHG� ZKHUH WKH PXWXDOO\ GLIIHULQJ VWUXF�

WXUHV DUH IRUPHG� ZHUH GHWHUPLQHG RQ WKH EDVLV RI WKH

GHWHUPLQHG WHPSHUDWXUH YDOXHV� ,W ZDV IRXQG WKDW IRU�
PDWLRQ RI WKHVH VWUXFWXUHV DQG VL]HV RI WKH IUDJPHQWV

GHSHQG XSRQ WKH KHDW LQSXW LQWR WKH EDVH PHWDO DQG
JHRPHWU\ RI WKH ZHOGHG MRLQWV� DQG DUH FRQWUROOHG E\

WKH FRROLQJ UDWH DIWHU ZHOGLQJ KHDWLQJ� &RUUHVSRQGLQJ

SDUDPHWHUV RI DXWRPDWLF PHWDO�HOHFWURGH ZHOGLQJ LQ

D PL[WXUH RI VKLHOGLQJ JDVHV ���w�� � &2� � ��w

�� � $U� IRU VDPSOHV RI VWHHOV ��.K�0�) DQG

��.K�0) ZHUH VHOHFWHG RQ WKH EDVLV RI GDWD FKDUDF�

WHULVLQJ FHUWDLQ WHPSHUDWXUH FRQGLWLRQV� 7KLV PDGH LW

SRVVLEOH WR RSWLPLVH WKH LQLWLDO VWUXFWXUH RI WKH LQFRP�

SOHWH UHILQLQJ UHJLRQ� L�H� SURGXFH VWUXFWXUH ZKLFK

GLIIHUHG WR D PLQLPXP SRVVLEOH GHJUHH IURP WKDW RI
WKH EDVH PHWDO �IRU H[DPSOH� KHUH QHZ SURGXFWV RI

GHFRPSRVLWLRQ RI DXVWHQLWH VKRXOG EH EDLQLWH RU VRU�
ELWH�� 7KH EDVH PHWDO VWUXFWXUH FRQVLVWHG RI �� �

IHUULWH DQG EDLQLWH PDNLQJ WKH EDODQFH�
6DPSOHV RI WKH VDPH PHOW� KDYLQJ LGHQWLFDO FKHPL�

FDO FRPSRVLWLRQ DQG VXEMHFWHG WR LGHQWLFDO KHDW WUHDW�

PHQW� ZHUH XVHG IRU WKH H[SHULPHQWV� :HOGLQJ SD�

UDPHWHUV XVHG IRU WKHVH H[SHULPHQWV DUH JLYHQ LQ WKH

7DEOH� 3UHKHDWLQJ ZDV ��� �& LQ DOO WKH FDVHV�

0LFURVWUXFWXUDO DQDO\VLV� HOHFWURQ PLFURVFRS\� ;�
UD\ PLFURDQDO\VLV ��1HSKRW ��� �(90�����$� DQG

�&DPHED[�� DQG UDGLRJUDSK\ ZHUH HPSOR\HG IRU H[D�

PLQDWLRQV� &UHHS ZDV HYDOXDWHG RQ VWDQGDUG VSHFL�

PHQV �)LJXUH �� XVLQJ PDFKLQHV RI WKH $,0$���� DQG

,3��0 W\SHV� DV ZHOO DV RQ VSHFLPHQV FXW IURP ZHOGHG
MRLQWV WKDW IUDFWXUHG GXULQJ RSHUDWLRQ�

3RUHV ZHUH VWXGLHG E\ WUDQVPLVVLRQ HOHFWURQ PL�
FURVFRS\ XVLQJ FDUERQ UHSOLFDV DQG E\ WKH OLJKW PH�

WDOORJUDSK\ PHWKRGV� $PRXQW DQG FRPSRVLWLRQ RI FDU�

ELGH SKDVHV ZHUH GHWHUPLQHG E\ DQDO\VLV RI WKH UH�
VXOWLQJ SUHFLSLWDWHV E\ WKH SKRWRPHWU\ PHWKRGV� 3UH�

FLSLWDWLRQ RI FDUELGHV 0�& DQG 0��&� ZDV SURYLGHG

� 9�9� '0,75,. DQG $�1� 3$6+&+(1.2� ����

:HOGLQJ

SDUDPHWHUV

:HOGLQJ

VSHHG� P�K

:HOGLQJ

FXUUHQW� $

$UF

YROWDJH� 9

6WDQGDUG ��w�� ��� ��w��

6XJJHVWHG ��w�� ���w��� ��
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E\ DQRGLF GLVVROXWLRQ LQ VDOW VROXWLRQV� DQG WKDW RI
FDUELGHV 9& DQG0R�&x LQ DFLG VROXWLRQV� 6WUXFWXUH
RI FDUELGHV ZDV LGHQWLILHG IURP ;�UD\ SDWWHUQV PDGH
E\ XVLQJ GLIIUDFWRPHWHU �'URQ��0�� 7\SHV RI FDU�
ELGHV ZHUH LGHQWLILHG DOVR IURP WKH SKRWRV RI UHSOLFDV
RI FRUUHVSRQGLQJ VWHHOV PDGH DW D FHUWDLQ PDJQLILFD�
WLRQ� L�H� E\ FRPSDULQJ WKHP ZLWK SKRWRV RI FDUELGHV
VWXGLHG >��@�0LFURKDUGQHVV �LQVWUXPHQW 307��� ZDV
PHDVXUHG DFURVV WKH VHFWLRQ RI ZHOGHG MRLQWV�

([SHULPHQWDO UHVXOWV� ,W ZDV IRXQG WKDW ZHOGLQJ
KHDWLQJ RI WKH EDVH PHWDO GHWHUPLQHG QRW RQO\ ZLGWK
RI WKH LQFRPSOHWH UHILQLQJ UHJLRQV RI WKH +$=� EXW
DOVR LWV ORFDO LQFUHDVH �)LJXUHV � DQG ��� ZKLOH WKH
WLPH RI KHDWLQJ WKH PHWDO WR D WHPSHUDWXUH UDQJH RI
$

F
�
w$

F
�
DQG WKH FRROLQJ UDWH GHWHUPLQHG DOVR WKH UHJLRQ

VWUXFWXUH� $V VKRZQ E\ WKH H[DPLQDWLRQV� VL]HV RI
JUDLQV RI VWUXFWXUH RI WKH UHJLRQ FRQVLGHUHG �ZHOGHG
MRLQWV LQ VWHHOV ��.K�0�) DQG ��.K�0)� FKDQJHG
LQVLJQLILFDQWO\ GXULQJ ZHOGLQJ KHDWLQJ� FRPSDUHG
ZLWK VWUXFWXUH RI WKH EDVH PHWDO� DQG DPRXQWHG WR
LQGH[ �w� �*267 ����w���� %DLQLWH LQ WKH LQFRP�
SOHWH UHILQLQJ UHJLRQ DIWHU ZHOGLQJ KHDWLQJ UHWDLQHG
LWV RULHQWDWLRQ FRUUHVSRQGLQJ WR EDLQLWH RI WKH EDVH
PHWDO�

6L]H DQG VWUXFWXUH RI ORFDO GDUN�HWFKHG HGJHV LQ
VWUXFWXUH RI WKLV UHJLRQ �)LJXUH �� GHSHQG XSRQ WKH
WLPH RI LWV KHDWLQJ LQ D WHPSHUDWXUH UDQJH RI $

F
�
w$

F
�

DQG XSRQ WKH FRROLQJ UDWH� 6XFK HGJHV DUH QHZ SUR�
GXFWV RI GHFRPSRVLWLRQ RI DXVWHQLWH DQG FRQVLVW RI
FRDUVH�ODPLQDU RU VSKHURLGLVHG SHDUOLWH� ZKLFK DJUHHV

ZLWK WKH GDWD RI >�@� DV ZHOO DV RI EDLQLWH GLIIHULQJ
LQ VWUXFWXUH IURP EDLQLWH RI WKH EDVH PHWDO� RU VRU�
ELWH�W\SH HXWHFWRLG� ZKLFK LV SURYHG E\ UHVXOWV RI >��@�
1HZ SURGXFWV RI GHFRPSRVLWLRQ RI DXVWHQLWH PD\ FRQ�
WDLQ DOVR IUDJPHQWV RI PDUWHQVLWH ZLWK GLVSHUVHG FDU�
ELGH SDUWLFOHV LQVLGH WKH PDUWHQVLWH QHHGOHV� ZKLFK
FRUUHVSRQGV WR >�@�

7KHUH LV QR ZD\ RI SUHYHQWLQJ IRUPDWLRQ RI VXFK
VWUXFWXUHV LQ DUF ZHOGLQJ� +RZHYHU� PRGHOOLQJ RI WHP�
SHUDWXUH FRQGLWLRQV VKRZV WKDW TXDQWLWDWLYH DQG TXDOL�
WDWLYH FRPSRVLWLRQ RI WKHVH SURGXFWV LQ WKH UHJLRQ
VWXGLHG FDQ EH RSWLPLVHG� DQG IRUPDWLRQ RI IUDJPHQWV

)LJXUH �� 'HSHQGHQFH RI ZLGWK O RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ
XSRQ ZHOGLQJ FXUUHQW ,Z� DXWRPDWLF ZHOGLQJ� YZ  �� P�K� VSHFL�
PHQV RI VWHHO ��.K�0�) �VHH )LJXUH ��

)LJXUH �� 6FKHPDWLF RI FXWWLQJ RI VSHFLPHQV IRU FUHHS WHVWV� +  
 �� PP� F  E  � PP� O  �� PP� α  ���±��R

)LJXUH �� 6FKHPDWLF RI UHJLRQV RI D ZHOGHG MRLQW �ZHOGLQJ XQGHU
VWDQGDUG FRQGLWLRQV� JHRPHWU\ x VHH )LJXUH ��� � x IXVLRQ� � x
RYHUKHDWLQJ� � x QRUPDOLVLQJ� � x LQFRPSOHWH UHILQLQJ� � x
UHFU\VWDOOLVDWLRQ� �x IUDJPHQW RI LQFRPSOHWH UHILQLQJ UHJLRQZKHUH
IRUPDWLRQ RI D PDUWHQVLWLF VWUXFWXUH ZDV UHYHDOHG �KDWFKHG�

)LJXUH �� 0LFURVWUXFWXUH RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ �VHH
)LJXUH ��� D x ZHOGLQJ XQGHU VWDQGDUG FRQGLWLRQV� E x ZHOGLQJ
XQGHU VXJJHVWHG FRQGLWLRQV �×����
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RI PDUWHQVLWH FDQ EH SUHYHQWHG �)LJXUH �� D�� RU� IRU
H[DPSOH� EDLQLWH FORVH LQ VWUXFWXUH WR WKDW RI WKH EDVH
PHWDO FDQ EH SURGXFHG WKURXJK DSSURSULDWH KHDW LQSXW
WR WKH EDVH PHWDO�

0RGHOOLQJ VKRZV WKDW IRUPDWLRQ RI IUDJPHQWV RI
PDUWHQVLWH LV OLNHO\ WR GHSHQG XSRQ WKH KHDW LQSXW
SURYLGLQJ DQ DSSURSULDWH WLPH RI ZHOGLQJ KHDWLQJ WR
D UDQJH RI $

F
�
w$

F
�
� DV ZHOO DV �WR D ODUJHU GHJUHH� XSRQ

WKH FRROLQJ UDWH RI DERXW �� �&�V DQG KLJKHU WR D
WHPSHUDWXUH UDQJH RI ���w��� �& �VWHHO ��.K�0�)��
+RZHYHU� WKH QDWXUH RI IRUPDWLRQ RI PDUWHQVLWH IUDJ�
PHQWV LV QRW \HW FOHDU DQG UHTXLUHV IXUWKHU VWXGLHV�

*LYHQ WKDW DQDO\VLV RI PLFURVWUXFWXUH RI WKLV UHJLRQ
LV GLIILFXOW� DQG EDVHG RQ WKH H[SHULHQFH RI LWV H[DPL�
QDWLRQ� LW VKRXOG EH QRWHG WKDW IUDJPHQWV RI WKH
PDUWHQVLWH VWUXFWXUH FDQQRW EH UHYHDOHG WR D VXIILFLHQW
GHJUHH E\ XVLQJ DQ RSWLFDO PLFURVFRSH� )RU WKLV LW LV
QHFHVVDU\ WR XVH DOVR WKH ;�UD\ GLIIUDFWLRQ PHWKRG�
ZKLFK DOORZV GHWHUPLQDWLRQ RI FDUERQ FRQWHQW RI WKH
α�SKDVH IURP SKRWRPHWU\ FXUYHV� 7R FRQILUP WKH GDWD
REWDLQHG� LW LV QHFHVVDU\ WR VWXG\ DOVR WKH FRUUHVSRQG�
LQJ UHSOLFDV�

0DUWHQVLWH LV HWFKHG RXW LQ WKH IRUP RI OLJKW VSHDU�
SRLQW QHHGOHV RU WKHLU WZLQV �VHH )LJXUH �� D�� ZKLFK
DJUHHV ZLWK >��@� 7KH SUHVHQFH RI PDUWHQVLWH IUDJ�
PHQWV LV SURYHG DOVR E\ PLFURKDUGQHVV PHDVXUHPHQWV
�)LJXUH ��� 9DOXHV RI PLFURKDUGQHVV VKRXOG EH
FKHFNHG XVLQJ WKH ;�UD\ GLIIUDFWLRQ PHWKRG�

([DPLQDWLRQ RI VSHFLPHQV WKDW IUDFWXUHG VKRZV
WKDW FDUELGH UHDFWLRQ 0�& → 0��&� DQG FRDJXODWLRQ
RI FDUELGHV� LQFOXGLQJ DORQJ WKH JUDLQ ERXQGDULHV� ID�
YRXULQJ IRUPDWLRQ RI SRUHV� RFFXU PRUH LQWHQVLYHO\
�XQGHU ORZ�WHPSHUDWXUH FUHHS FRQGLWLRQV� RQ WKH SULRU
PDUWHQVLWH IUDJPHQWV �VSHFLPHQV DIWHU KHDW WUHDW�
PHQW�� +RZHYHU� LW LV WKH RSLQLRQ RI WKH DXWKRUV RI
WKLV SDSHU WKDW IXUWKHU VWXGLHV DUH UHTXLUHG WR LQYHV�
WLJDWH NLQHWLFV RI WKLV UHDFWLRQ�

0RGHOOLQJ DQG VXEVHTXHQW H[SHULPHQWDO SURFHVV
RI DXWRPDWLF ZHOGLQJ RI WKHVH VWHHOV LQ D PL[WXUH RI
VKLHOGLQJ JDVHV &2� � $U DOORZHG WKH H[SHGLHQF\ RI
NHHSLQJ WR WKH XSSHU OLPLW RI WKH ZHOGLQJ FXUUHQW

����w��� $� DQG ZHOGLQJ VSHHG ���w�� P�J� WR EH
SURYHG �)LJXUH ��� 6WXGLHV >�� ��@ VKRZ WKDW PDUWHQ�
VLWH PD\ QRW EH IRUPHG LQ WKH LQFRPSOHWH UHILQLQJ
UHJLRQV� EXW WKH\ JLYH QR H[SODQDWLRQ KRZ WKLV FRXOG
EH DFKLHYHG�

0RGHOOLQJ RI WHPSHUDWXUH FRQGLWLRQV RI DUF ZHOG�
LQJ >�� ��@ RI VWHHO ��.K�0�) DOORZHG HVWDEOLVKLQJ
WKH SRVVLELOLW\ RI DQ DEVROXWH HOLPLQDWLRQ RI PDUWHQVLWH
IUDJPHQWV LQ WKH LQFRPSOHWH UHILQLQJ UHJLRQ RI ZHOGHG
MRLQWV RI DQ\ WKLFNQHVV� H�J� LQ DXWRPDWLF ZHOGLQJ RI
VDPSOHV �� PP WKLFN RI VWHHO ��.K�0�)� 7KH DERYH
VDPSOHV ZHUH ZHOGHG WKURXJK WKH ILUVW �� PP RI WKHLU
WKLFNQHVV DW D FXUUHQW RI ��� $ DQG ZHOGLQJ VSHHG RI
�� P�K� DQG WKHQ WKURXJK WKH UHVW RI �� PP x DW
D FXUUHQW RI ��� $ DQG ZHOGLQJ VSHHG RI �� P�K�
6WUXFWXUH RI QHZ SRUWLRQV RI DXVWHQLWH GHFRPSRVLWLRQ
SURGXFWV LQ WKH JLYHQ UHJLRQ FRQVLVWHG SULPDULO\ RI
XSSHU EDLQLWH DQG VRUELWH� DQG LW ZDV FORVH WR WKDW RI
WKH EDVH PHWDO� 7KH H[SHULHQFH VKRZV WKDW WHPSHUD�
WXUH FRQGLWLRQV IRU HDFK FULWLFDO ZHOGHG MRLQW VKRXOG
EH GHWHUPLQHG LQGLYLGXDOO\ E\ WKH FDOFXODWLRQV�

6PDOO DPRXQWV RI FDUELGHV 0��&� �DERXW � ��
ZHUH UHYHDOHG LQ D FDUELGH FRPSRQHQW RI VWUXFWXUH RI
WKH JLYHQ UHJLRQ DIWHU ZHOGLQJ KHDWLQJ� 6PDOO DPRXQWV
RI FDUELGHV 0��&� ZHUH DOVR GHWHFWHG LQ RWKHU UHJLRQV

)LJXUH �� ,QLWLDO PLFURKDUGQHVV RI ZHOGHG MRLQWV LQ VWHHO ��.K�0�) �VHH )LJXUH ��� D x ZHOGLQJ XQGHU VXJJHVWHG FRQGLWLRQV� E x
ZHOGLQJ XQGHU VWDQGDUG FRQGLWLRQV �LQFRPSOHWH UHILQLQJ UHJLRQ LV KDWFKHG�

)LJXUH �� 'HSHQGHQFH RI WKH FRQWHQW RI PDUWHQVLWH 0 LQ VWUXFWXUH
RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ XSRQ ZHOGLQJ VSHHG YZ �VHH JH�
RPHWU\ RI VSHFLPHQV LQ )LJXUH ��
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RI WKH +$= DQG LQ WKH ZHOG PHWDO DIWHU KHDW WUHDWPHQW
RI WKH VDPSOHV ZHOGHG XQGHU VWDQGDUG DQG VXJJHVWHG
FRQGLWLRQV� ZKLFK ILQGV FRQILUPDWLRQ LQ >�@� 8QIRU�
WXQDWHO\� WHPSHULQJ DIWHU ZHOGLQJ ���� �&� � K� OHDGV
WR FRQFHQWUDWLRQ RI FDUELGH SUHFLSLWDWHV DW WKH JUDLQ
ERXQGDULHV �)LJXUH ��� ZKLFK GHSHQGV XSRQ WKH W\SH
RI QHZ SRUWLRQV RI DXVWHQLWH GHFRPSRVLWLRQ SURGXFWV�
,W FDQ EH H[SHULPHQWDOO\ SURYHG WKDW WKH LQWHQVLW\ RI
IRUPDWLRQ RI PLFURGDPDJHV LQ WKLV UHJLRQ LV GHWHU�
PLQHG E\ WKH GHJUHH RI VWUXFWXUDO KHWHURJHQHLW\ XQGHU
ORZ�WHPSHUDWXUH FUHHS FRQGLWLRQV�

,Q ZHOGLQJ XQGHU VWDQGDUG FRQGLWLRQV WKH GHJUHH
RI FRQFHQWUDWLRQ RI FDUELGHV 0��&�� 0�&� DQG 0�&
�ILQH�GLVSHUVHG� DW WKH JUDLQ ERXQGDULHV �VHH)LJXUH ��
LV KLJKHU WKDQ LQ D VLPLODU VWUXFWXUH RI WKH UHJLRQ LQ
ZHOGLQJ XQGHU WKH VXJJHVWHG FRQGLWLRQV� ,QLWLDOO\� D
FRQVLGHUDEOH QXFOHDWLRQ RI LQGLYLGXDO SRUHV XQGHU WKH
FUHHS FRQGLWLRQV RFFXUV DOVR DW WKH JUDLQ ERXQGDULHV�
ZKHUH FRDJXODWLQJ �DW D GLIIHUHQW LQWHQVLW\� FDUELGHV
0��&� DQG 0�&� DUH ORFDWHG� ZKLFK DJUHHV ZLWK >��@�

7KH SUHVHQFH RI FDUELGHV DW WKH JUDLQ ERXQGDULHV OHDGV
QRW RQO\ WR GHYHORSPHQW RI SRURVLW\� EXW DOVR WR IRU�
PDWLRQ RI FKDLQV RI SRUHV �w� µP LQ VL]H DORQJ WKH
JUDLQ ERXQGDULHV �)LJXUH ��� 7KH SRUH FKDLQV LQ WKH
EXON RI JUDLQV DUH VPDOOHU DQG KDYH VL]H RI ���w��� µP�
ZKLFK FRUUHVSRQGV WR GDWD RI >�� ��@�

0LFURGDPDJHV LQ WKH DERYH ZHOGHG MRLQWV �FUHHS
VWDJHV , DQG ,,� DUH FDXVHG E\ QXFOHDWLRQ DQG GHYH�
ORSPHQW RI SRUHV >��� ��� ��� ��@� 6KDSH RI PLFURSRUHV
DW WKH LQLWLDO VWDJH RI WKHLU GHYHORSPHQW LV FRQWUROOHG
E\ GHFUHDVLQJ WKH VXUIDFH HQHUJ\� LQFOXGLQJ E\ GLIIHU�
HQFH LQ WKH FRQFHQWUDWLRQ RI YDFDQFLHV RYHU WKH VXUIDFH
RI D SRUH ZLWK D VKDSH FORVH WR HOOLSVRLG� ,W ZDV HV�
WDEOLVKHG WKDW LQ WKH SURFHVV RI GHYHORSPHQW RI WKH
DOUHDG\ IRUPHG SRUHV� WKHLU LQFUHDVH GHWHUPLQHG E\
WKH LQWHQVLW\ RI YROXPH GLIIXVLRQ RI DWRPV DQG WKH
FRQFHQWUDWLRQ RI YDFDQFLHV GHSHQGV XSRQ WKH LQLWLDO
VWUXFWXUH �)LJXUH ��� ZKLOH WKH VKDSH RI WKH SRUHV
GLIIHUV IURP HOOLSVRLG�

,W FDQ EH VKRZQ WKDW SRUHV LQ VSHFLPHQV WHVWHG
LQLWLDOO\ QXFOHDWH SULPDULO\ DW WKH JUDLQ ERXQGDULHV
QRUPDO WR WKH D[LV RI DSSOLHG WHQVLOH VWUHVV� L�H� LQ WKH
UHJLRQV ZKHUH DOVR FRDJXODWLQJ FDUELGHV 0��&� DUH
ORFDWHG� 3RUHV LQ PHWDO RI ZHOGHG MRLQWV RSHUDWLQJ
XQGHU WKH FUHHS FRQGLWLRQV LQLWLDOO\ QXFOHDWH LQ WKH
VDPH PDQQHU� ,W LV VLJQLILFDQW WKDW IXUWKHU RQ �FUHHS
VWDJH ,,� PLFURSRUHV LQ VWUXFWXUH RI WKH UHJLRQ VWXGLHG
�VWDQGDUG DQG VXJJHVWHG FRQGLWLRQV� DUH IRUPHG DOVR
LQ WKH EXON RI JUDLQV �VHH )LJXUH ��� +RZHYHU� WKHLU
TXDQWLW\ DQG GHJUHH RI GHYHORSPHQW GLUHFWO\ GHSHQG
XSRQ WKH LQLWLDO VWUXFWXUDO KHWHURJHQHLW\ RI WKH LQFRP�
SOHWH UHILQLQJ UHJLRQV�

)RUPDWLRQ RI PLFURGDPDJHV LV IDYRXUHG DOVR E\ D
SUREDEOH UHODWLYH SODVWLF GHIRUPDWLRQ RI LQGLYLGXDO
JUDLQV RI WKH α�SKDVH� DV ZHOO DV WKHLU VXE�JUDLQV >��@�
L�H� WKH SUREDELOLW\ RI LQFUHDVH LQ WKH VXUIDFH RI PL�
FURSRUHV PD\ EH UHDOLVHG WKURXJK WKH PHFKDQLVP RI
LQWHUDFWLRQ RI LQWHUQDO VOLS DQG VOLSSDJH DORQJ WKH
JUDLQ ERXQGDULHV�

)LJXUH �� ,QLWLDO VWUXFWXUH RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ �OLJKW
FHPHQWLWH SDUWLFOHV DUH ORFDWHG PRVWO\ DORQJ WKH JUDLQ ERXQGDULHV
RI WHPSHUHG EDLQLWH� GHJUHH RI HWFKLQJ RI IHUULWH PDWUL[ LV GLIIHUHQW�
ZHOGLQJ XQGHU VWDQGDUG FRQGLWLRQV� EDVHPHWDOx VWHHO ��.K�0�)�
�×�����

)LJXUH �� 0HWDO RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ GDPDJHG E\
FUHHS SRUHV �FDUERQ UHSOLFD� VHUYLFH OLIH ������� K� ZHOGLQJ XQGHU
VWDQGDUG FRQGLWLRQV� EDVH PHWDO x VWHHO ��.K�0�)� �×�����

)LJXUH �� ,QFUHDVH LQ OHQJWK RI SRUHV� /� XQGHU ORZ�WHPSHUDWXUH
FUHHS FRQGLWLRQV DW 7  ��� �& �UDQJH RI WHQVLOH VWUHVVHV σ  ��w
�� 03D�� �x DXWRPDWLF ZHOGLQJ XQGHU VXJJHVWHG FRQGLWLRQV� � x
XQGHU VWDQGDUG FRQGLWLRQV
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1XFOHDWLRQ DQG GHYHORSPHQW RI SRURVLW\ LQ PHWDO
RI WKH UHJLRQ FRQVLGHUHG XQGHU FRQGLWLRQV RI PRUH
IUHTXHQW VWRSV DQG VWDUWV DUH PRUH LQWHQVLYH� DQG LQL�
WLDOO\ WDNH SODFH SULPDULO\ DORQJ WKH JUDLQ ERXQGDULHV�
+RZHYHU� KHUH FDUELGH SKDVHV SOD\ DQ DX[LOLDU\ UROH�
UDWKHU WKDQ WKH FHQWUDO RQH�

7KHUHIRUH� WKH LQWHQVLW\ RI QXFOHDWLRQ DQG GHYH�
ORSPHQW RI SRURVLW\ LQ VDPSOHV ZHOGHG XQGHU WKH VXJ�
JHVWHG FRQGLWLRQV �VHOHFWHG RQ WKH EDVLV RI GDWD GHULYHG
E\ PRGHOOLQJ RI WHPSHUDWXUH FRQGLWLRQV� GHFUHDVHV
DSSUR[LPDWHO\ E\ ��w�� �� FRPSDUHG ZLWK VLPLODU
VDPSOHV ZHOGHG XQGHU WKH VWDQGDUG FRQGLWLRQV� 7KH
UDWH RI PLFURGDPDJHV RI ZHOGHG MRLQWV LQ VWHHOV
��.K�0�) DQG ��.K�0) GHFUHDVHV DFFRUGLQJO\�

&21&/86,216

�� ,QWHQVLW\ RI QXFOHDWLRQ DQG GHYHORSPHQW RI SRURVLW\
LQ PHWDO RI WKH LQFRPSOHWH UHILQLQJ UHJLRQ RI ZHOGHG
MRLQWV LQ KHDW�UHVLVWDQW VWHHOV XQGHU ORZ�WHPSHUDWXUH
FUHHS FRQGLWLRQV ZDV IRXQG WR GHSHQG XSRQ WKH NLQG
RI LQLWLDO VWUXFWXUH RI WKLV UHJLRQ�

�� 'DWD RI PRGHOOLQJ RI LQLWLDO VWUXFWXUH RI WKH
LQFRPSOHWH UHILQLQJ UHJLRQ VHUYHG DV WKH EDVLV IRU WKH
H[SHULPHQWDO FRQILUPDWLRQ RI WKH SRVVLELOLW\ RI GH�
FUHDVLQJ LWV LQLWLDO VWUXFWXUDO KHWHURJHQHLW\ DQG� DF�
FRUGLQJO\� GHFUHDVLQJ WKH LQWHQVLW\ RI IRUPDWLRQ RI
PLFURGDPDJHV LQ WKH UHJLRQ� 7KLV ZLOO DOORZ SHUIRU�
PDQFH RI ZHOGHG MRLQWV WR EH LPSURYHG�

�� =HP]LQ� 9�1� ������ +HDW UHVLVWDQFH RI ZHOGHG MRLQWV� /H�
QLQJUDG� 0DVKLQRVWURHQLH�

�� .KURPFKHQNR� )�$� ������ 5HOLDELOLW\ RI ZHOGHG MRLQWV LQ
WXEHV� ERLOHUV DQG VWHDP SLSHOLQHV� 0RVFRZ� (QHUJRL]GDW�

�� 6KURQ� 5�=�� 1HEHVRYD� ,�)� ������ 6WUXFWXUH� SKDVH FRPSR�
VLWLRQ DQG ORQJ�WLPH VWUHQJWK RI FKURPH�PRO\EGHQXP ZHOG
PHWDO� $YWRPDWLFK� 6YDUND� ��� �w���

�� .KURPFKHQNR� )�$� ������ 6HUYLFH OLIH RI VWHDP SLSHOLQH
ZHOGHG MRLQWV� 0RVFRZ� 0DVKLQRVWURHQLH�

�� 'PLWULN� 9�9�� ,OLHQNR� 1�$�� .LULFKHQNR� (�3� ������ ,P�
SURYHPHQW RI PHWDO PHFKDQLFDO SURSHUWLHV RI LQFRPSOHWH UH�
ILQLQJ ]RQH� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� %HUH]LQD� 7�*�� %RURGLQD� (�5�� $VKLNKPLQD� /�$� HW DO�
������ )LQH VWUXFWXUH RI KHDW�DIIHFWHG ]RQH LQ ZHOGLQJ RI
��.K�0�) VWHHO� $YWRPDWLFK� 6YDUND� ��� ��w���

�� 0LOOHU� .� ������ &UHHS DQG IUDFWXUH� 0RVFRZ� 0HWDOOXU�
JL\D�

�� 'PLWULN� 9�9� ������ 6LPXODWLRQ RI VWUXFWXUH RI KHDW�UHVLVWDQW
SHDUOLWH VWHHO ZHOGHG MRLQW� $YWRPDWLFK� 6YDUND� �� ��w���

�� .XPDQLQ� 9�,�� .RYDO\RYD� /�$�� $OHNVHHY� 6�9� ������ 0H�
WDO VHUYLFH OLIH LQ FUHHS FRQGLWLRQV� 0RVFRZ� 0HWDOOXUJL\D�

��� .DVDWNLQ� %�6�� .DUHWD� 1�/�� 9DNKQLQ� <X�1� HW DO� ������
�:KLWH� VWULS LQ ��.K�0�) VWHHO ZHOGHG MRLQWV� $YWR�
PDWLFK� 6YDUND� ��� ��w���

��� 'LDFKHQNR� 6�6�� *HUPDQ� 6�,�� 3DYO\DN� <D�6� ������ ,Q�
YHVWLJDWLRQ RI VRIWHQLQJ ]RQH SURGXFHG LQ ZHOGLQJ RI VWHHOV�
0HWDOORYHGHQLH L 7HUP� 2EUDE� 0HWDOORY� �� ��w���

��� 7VDU\XN� $�.� ������ 3HFXOLDULWLHV RI SKRVSKRUXV LQIOXHQFH
RQ VL]H RI QRQ�PHWDOOLF LQFOXVLRQV DQG SURSHUWLHV RI KHDW�UH�
VLVWDQW VWHHO ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND� �� ��w���

��� *RWDOVN\� <X�1� ������ :HOGLQJ RI GLVVLPLODU VWHHOV� .\LY�
7HNKQLND�

��� 5R]HQEHUJ� 9�0� ������ &UHHS RI PHWDO� 0RVFRZ� 0HWDO�
OXUJL\D�

��� .KURPFKHQNR� )�$�� .DOXJLQ� 5�1�� /DSSD� 9�$� HW DO�
������ 3HFXOLDULWLHV RI VWUXFWXUDO FKDQJHV LQ ZHOGHG MRLQWV
RI VWHHO ��.K�0�) DW FUHHS� 6YDURFKQ� 3URL]YRGVWYR� ���
��w���

��� .KURPFKHQNR� )�$�� /DSSD� 9�$�� )HGLQD� ,�9� HW DO�
������ ,QIOXHQFH RI WHFKQRORJLFDO DQG PHWDOOXUJLFDO KHUHGLW\
RQ GDPDJH RI ��.K�0�) VWHHO ZHOGHG MRLQW ]RQHV XQGHU
FUHHS FRQGLWLRQV� ,ELG�� �� ��w���

��� )RPLQD� 2�3�� *DYUDQHN� 9�9�� 'LDFKHQNR� 6�6� HW DO�
������ 2Q QDWXUH RI D ZKLWH VWULS LQ ZHOGHG MRLQWV� 0HWDO�
ORYHGHQLH L 7HUP� 2EUDE� 0HWDOORY� �� ��w���

��� )RPLQD� 2�3�� *DYUDQHN� 9�9�� 'LDFKHQNR� 6�6� HW DO�
������ 6LPXODWLRQ RI ZKLWH VWULS LQ ZHOGHG MRLQWV�
6YDURFKQ� 3URL]YRGVWYR� �� ��w���

��� )RPLQD� 2�3�� *DYUDQHN� 9�9�� 'LDFKHQNR� 6�6� HW DO�
������ +DUGQHVV RI ZKLWH VWULS LQ ZHOGHG MRLQWV� ,ELG�� ���
�w��

��� 'PLWULN� 9�9� ������ $ PHWKRG RI GHWHUPLQLQJ WKH WHP�
SHUDWXUH FRQGLWLRQV LQ WKH PROWHQ SRRO� :HOGLQJ ,QW�� ��
���w����

��� 'PLWULN� 9�9� ������ 6WDELOLVDWLRQ RI FRQGLWLRQV RI DXWR�
PDWLF ZHOGLQJ RI SHDUOLWH VWHHOV� 6YDURFKQ� 3URL]YRGVWYR� ��
��w���

��� ������ 0HWDOORJUDSK\ RI LURQ� 3DUW �� 6WUXFWXUH RI VWHHOV
ZLWK PLFURSKRWRJUDSK DWODV� (G� E\ )�1� 7DYDG]H� 0RVFRZ�
0HWDOOXUJL\D�

��� .UXWDVRYD� (�,� ������ 5HOLDELOLW\ RI PHWDO RI SRZHU HTXLS�
PHQW� 0RVFRZ� (QHUJRL]GDW�

��� (OSDQRYD� 1�9�� %HUH]LQD� 7�*� ������ ,QIOXHQFH RI VWUXF�
WXUH RQ NLQHWLFV RI IUDFWXUH RI ��.K�0�) VWHHO DW FUHHS�
0HWDOORYHGHQLH L 7HUP� 2EUDE� 0HWDOORY� �� ��w���
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

6WUXFWXUH� FKHPLFDO KHWHURJHQHLW\ DQG PLFURKDUGQHVV RI VWUXFWXUDO FRPSRQHQWV RI EUD]HG MRLQWV PDGH E\ XVLQJ DUF KHDWLQJ

DQG DGKHVLRQ�DFWLYH EUD]LQJ ILOOHU DOOR\V RI WKH 1Lw&Uw=U V\VWHP ZHUH VWXGLHG� 7KH XVH RI EUD]LQJ ILOOHU DOOR\V RI RSWLPDO

FRPSRVLWLRQ DQG DSSURSULDWH WHFKQLTXHV ZDV IRXQG WR SURYLGH GHSRVLWHG PHWDO RI ORZ KDUGQHVV DQG DYRLGDQFH RI FUDFNLQJ

RI WKH EUD]HG ZHOG DQG WKH +$=� $SSOLFDWLRQ RI FRPSRVLWH EUD]LQJ ILOOHU DOOR\V ZDV SURYHG WR EH PRVW SURPLVLQJ IRU

UHSDLU RI EODGHV RI XQZHOGDEOH VXSHUDOOR\V ZLWK D KLJK �RYHU �� �� FRQWHQW RI WKH γ′�SKDVH�

.H\ZRU G V � KLJK QLFNHO DOOR\V� VXSHUDOOR\V� γ′�SKDVH� DUF

KHDWLQJ� EUD]HG MRLQW� GHSRVLWHG PHWDO� EUD]LQJ ILOOHU DOOR\�
FRPSRVLWH EUD]LQJ ILOOHU DOOR\� PLFURVWUXFWXUH� FUDFNV

&DVW KHDW�UHVLVWDQW 1L�EDVH DOOR\V DUH XVHG WR PDQX�
IDFWXUH EODGHV RI JDV WXUELQH HQJLQHV DSSOLHG LQ DLU�
FUDIW HQJLQHHULQJ� VKLS EXLOGLQJ DQG SRZHU HQJLQHHU�

LQJ� 7KH PRVW FRPPRQ PHWKRG IRU PDQXIDFWXULQJ RI

WKH EODGHV LV LQYHVWPHQW FDVWLQJ� +RZHYHU� WKLV

PHWKRG OHDGV WR IRUPDWLRQ RI GLIIHUHQW W\SHV RI GH�

IHFWV� 'HYHORSPHQW RI D WHFKQRORJ\ IRU UHSDLU RI WKH
EODGHV WR UHPRYH WKHVH GHIHFWV LV RQH RI WKH SUHVVLQJ
SUREOHPV RI XS�WR�GDWH JDV WXUELQH PDQXIDFWXULQJ�

:HOGLQJ FDQ EH XVHG WR UHSDLU EODGHV IURP DOOR\V
ZLWK D FRPSDUDWLYHO\ ORZ FRQWHQW RI WKH γ′�SKDVH� ZKLFK

GHSHQGV PDLQO\ XSRQ WKH ZHLJKW FRQWHQW RI DOXPLQLXP
DQG WLWDQLXP >�@� ,W LV EHOLHYHG WKDW DOOR\V ZLWK D KLJK

WRWDO FRQWHQW RI WKHVH WZR HOHPHQWV �=K6�8�9,�=K6�.�

=K6��� &K6 ��� &K6 ��� &K6 ���9,� ,1����/&� ���&

HWF�� DQG D VXEVWDQWLDO FRQWHQW RI WKH γ′�SKDVH �VXSHU�

DOOR\V� FDQQRW EH ZHOGHG� XQOHVV VSHFLDO WHFKQLTXHV DUH

HPSOR\HG IRUZHOGLQJ� 7KXV� VWXG\ >�@ UHFRPPHQGV WKDW

SUHKHDWLQJ WR ��� �& �IRU DUJRQ�DUF ZHOGLQJ� DQG WR

��� �& �IRU HOHFWURQ EHDP ZHOGLQJ� VKRXOG EH XVHG WR

PDNH WKH FUDFN�IUHH ZHOGV LQ ZHOGLQJ RI DOOR\V ZLWK D

KLJK FRQWHQW RI WKH γ′�SKDVH� ,W LV WKH RSLQLRQ RI WKH

DXWKRUV RI WKLV VWXG\ WKDW LQ WKLV FDVH LW LV LPSRUWDQW WR

FRQWURO WKH FRROLQJ F\FOH GXULQJZHOGLQJ� ,W LV DOVR QRWHG

WKDW HYHQ PLQRU GHYLDWLRQV LQ FKHPLFDO FRPSRVLWLRQ RI

DQ DOOR\ PD\ KDYH D VXEVWDQWLDO HIIHFW RQ LWV EHKDYLRXU

GXULQJ ZHOGLQJ�
7KH DXWKRUV RI >�@ FODLP WKDW (%: RI DOOR\ ,1�

���/& FDQ SURYLGH FUDFN�IUHH ZHOGV LI ZHOGLQJ LV SHU�

IRUPHG ZLWK SUHKHDWLQJ WR ���� �& ZLWK RU ZLWKRXW
ILOOHU PHWDO� :HOGHG MRLQWV LQ WKLV FDVH KDYH KLJK
VKRUW�WLPH VWUHQJWK DW ��� �& �σW  ���w��� 03D�

σ���  ���w��� 03D� DQG UHVLVWDQFH WR KLJK�F\FOH

IDWLJXH FORVH WR WKDW RI WKH EDVH PHWDO� 'LVWULEXWLRQ
RI WKH γ′�SKDVH DIWHU FRPSUHKHQVLYH KHDW WUHDWPHQW LV

RI D KRPRJHQHRXV FKDUDFWHU� DQG SDUWLFOHV DUH ��� µP
LQ VL]H�

7KH DXWKRUV RI >�@ FODLP WKDW VXVFHSWLELOLW\ RI DOOR\
���& WR FUDFNLQJ GHFUHDVHV ZLWK LQFUHDVH LQ WKH ZHOG�

LQJ VSHHG� $SSDUHQWO\� WKH GDWD RI WKLV VWXG\ DUH LGHQ�

WLFDO WR WKRVH FRQWDLQHG LQ >�� �@� L�H� WKH\ FDQ EH

UHGXFHG WR GHFUHDVLQJ WKH FRROLQJ UDWH GXULQJ ZHOGLQJ

DQG GHFUHDVLQJ ZHOGLQJ VWUHVVHV� $SSUHFLDWLQJ WKH

KLJK LPSRUWDQFH RI WKHVH GDWD� ZH VKRXOG QRWH WKDW
UHVXOWV RI WKH DERYH VWXGLHV ZHUH REWDLQHG XQGHU LGHDO

FRQGLWLRQV� ZKLFK DUH IDU IURP UHDOLW\� ZKHUH UHSDLU

RI HDFK W\SH RI D GHIHFW UHTXLUHV D VSHFLDO DSSURDFK�

([SHULPHQWDO� 7KH DXWKRUV RI WKLV VWXG\ RIIHU D
GLIIHUHQW DSSURDFK WR DGGUHVVLQJ WKH SUREOHP RI HOLPL�
QDWLRQ RI FUDFNV LQ DUF KHDWLQJ� 7KLV DSSURDFK FRQVLVWV

LQ GHFUHDVLQJ KHDW LQSXW �FULWLFDO WHPSHUDWXUH RI PHOW�

LQJ RI WKH EDVH PHWDO LV QRW UHDFKHG� DQG SURYLGLQJ

WKH SRVVLELOLW\ RI �KHDOLQJ� WKH FUDFNV IRUPHG DW WKH

MRLQW ERXQGDU\� ,Q RWKHU ZRUGV� WKH DXWKRUV VXJJHVW

WKDW WXQJVWHQ�HOHFWURGH DUJRQ�DUF KHDWLQJ VKRXOG EH

XVHG DQG D ILOOHU PHWDO VKRXOG EH HPSOR\HG DV D EUD]LQJ

ILOOHU DOOR\�
6HOHFWLRQ RI D EUD]LQJ ILOOHU DOOR\ ZDV EDVHG RQ

RXU H[SHULHQFH LQ XVLQJ HOHPHQWV RI JURXSV ,9 DQG 9

RI WKH SHULRGLF WDEOH DV GHSUHVVDQWV >�w�@� %UD]LQJ

ILOOHU DOOR\V RI WKH 1Lw&Uw=U V\VWHP ZHUH XVHG LQ WKH
FDVW VWDWH DQG LQ D FRPSRVLWH IRUP �PL[WXUH RI WKH

EUD]LQJ ILOOHU DOOR\ DQG KHDW�UHVLVWDQW DOOR\ SRZGHUV��
$OOR\ ZLWK D KLJK �RYHU �� YRO��� FRQWHQW RI WKH

γ′�SKDVH� L�H� =K6�8�9,� ZDV FKRVHQ DV WKH EDVH PHWDO

IRU WKH VWXGLHV�

7KH IROORZLQJ H[SHULPHQWDO SURFHGXUH ZDV HP�

SOR\HG� 7KHUPRFRXSOH ZDV IL[HG RQ WKH VLGH RI WKH

ERWWRP RI DQ DUWLILFLDOO\ LQGXFHG FRQLFDO GHIHFW WR
HVWLPDWH WHPSHUDWXUH RI WKH ZHOG SRRO� $UF KHDWLQJ

ZDV FDUULHG RXW E\ WZR PHWKRGV� ZLWK DQG ZLWKRXW

PHOWLQJ RI WKH EDVH PHWDO�

6DPSOHV IRU PDNLQJ PLFURVHFWLRQV ZHUH FXW QRUPDO
WR WKH VXEVWUDWH VXUIDFH� &KHPLFDO KHWHURJHQHLW\ RI

WKH UHVXOWLQJ GHSRVLWHG PHWDO ZDV H[DPLQHG XVLQJ WKH

-(2/ VFDQQLQJ HOHFWURQ PLFURVFRSH ,60����

HTXLSSHG ZLWK WKH PLFURDQDO\VLV V\VWHP� ([DPLQD�

WLRQV ZHUH FRQGXFWHG LQ WKH VHFRQGDU\ HOHFWURQ PRGH�

5HVXOWV RIPHWDOORJUDSKLF H[DPLQDWLRQV RI WKH VDP�

SOHV PDGH E\ DUF KHDWLQJ ZLWK PHOWLQJ RI WKH EDVH

PHWDO DQG WKHQ DGGLQJ WKH 1Lw&Uw=U V\VWHP ILOOHU

DOOR\ �LQ WKH FDVW IRUP� VKRZHG WKDW PLFURVWUXFWXUH

RI WKH GHSRVLWHG PHWDO FRQVLVWHG RI SULPDU\ GHQGULWHV

� 9�)� .+258129� 6�9� 0$.6,029$ DQG ,�9� =92/,16.<� ����
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RI D 1L�EDVH VROLG VROXWLRQ DQG HXWHFWLF FRPSRQHQW

�)LJXUH ���

$V UHYHDOHG E\ WKH H[DPLQDWLRQ RI FKHPLFDO KHWHUR�

JHQHLW\� WKH GHSRVLWHG PHWDO LV ULFK LQ WKH EDVH PHWDO

HOHPHQWV �7DEOH�� 7KHUHIRUH� LQ WKH FDVH RI PHOWLQJ RI

WKH EDVH PHWDO DQG EUD]LQJ ILOOHU DOOR\ WKH ZHOG PHWDO

LV FORVH LQ FKHPLFDO FRPSRVLWLRQ WR WKH EDVH PHWDO� )RU�

PDWLRQ RI LVRODWHG KRW FUDFNV ZDV VHHQ LQ WKH IXVLRQ

]RQH� 7KH\ SURSDJDWHG DORQJ WKH ERXQGDULHV RI JUDLQV

RI WKHEDVHPHWDO� DQG LQ VRPH UHJLRQV WKH\ZHUHSDUWLDOO\

ILOOHG ZLWK WKH EUD]LQJ ILOOHU DOOR\ �)LJXUH ���

6XEVWDQWLDO GHFUHDVH LQ WKHUPDO HIIHFW RQ WKH EDVH

PHWDO ZDV DFKLHYHG LQ WKH FDVH ZKHUH WKH ODWWHU ZDV

QRW PHOWHG EXW ZHWWHG ZLWK WKH PROWHQ EUD]LQJ ILOOHU

DOOR\� 6XVFHSWLELOLW\ WR IRUPDWLRQ RI KRW FUDFNV LQ WKLV

FDVH GHFUHDVHG� EXW WKH PRVW LPSRUWDQW IDFW LV WKDW

WKH\ ZHUH ILOOHG ZLWK WKH EUD]LQJ ILOOHU DOOR\ �)L�

JXUH ���

,W LV DSSDUHQW WKDW FUDFNV ZHUH IRUPHG DW D WHP�

SHUDWXUH DERYH WKH WHPSHUDWXUH RI VROLGLILFDWLRQ RI

WKH ZHOG PHWDO� DQG D EUD]LQJ ILOOHU DOOR\ FRPSRQHQW

FKDUDFWHULVHG E\ KLJKHU IORZDELOLW\ SHQHWUDWHG DORQJ

WKH ERXQGDULHV RI JUDLQV RI WKH EDVH PHWDO� 7KH UH�

VXOWLQJ PLFURVWUXFWXUH RI WKH GHSRVLWHG PHWDO FRQVLVWV

RI WZR SKDVHV� FRDUVH GHQGULWHV RI VROLG VROXWLRQ DQG

HXWHFWLF FRPSRQHQW �)LJXUH ��� 5HVXOWV RI H[DPLQD�

WLRQ RI FKHPLFDO KHWHURJHQHLW\ RI WKH GHSRVLWHG PHWDO

VKRZ WKDW PXWXDO GLIIXVLRQ SURFHVVHV EHWZHHQ WKH EDVH

PHWDO DQG EUD]LQJ ILOOHU DOOR\ WDNH SODFH LQ LW� +RZ�

HYHU� WKHVH SURFHVVHV DUH OHVV SURQRXQFHG �VHH WKH 7D�

EOH� WKDQ LQ KHDWLQJ ZLWK PHOWLQJ RI WKH EDVH PHWDO�

)XUWKHU GHFUHDVH LQ WKHUPDO HIIHFW RQ WKH IXVLRQ

]RQH PHWDO LV DFKLHYHG WKURXJK XVLQJ FRPSRVLWH ILOOHU

DOOR\ SRZGHUV� L�H� PL[WXUHV RI ORZ�PHOWLQJ SRLQW DO�

OR\ RI WKH 1Lw&Uw=U V\VWHP DQG KLJK�PHOWLQJ SRLQW

KLJK�DOOR\HG KHDW�UHVLVWDQW DOOR\ =K6���8� ,Q WKLV

FDVH WKH ILOOHU WR EDVH PHWDO UDWLR LV HVSHFLDOO\ LPSRU�

WDQW� 2Q WKH RQH KDQG� WKH KLJKHU WKH ZHLJKW IUDFWLRQ

RI WKH KLJK�PHOWLQJ SRLQW FRPSRQHQW� WKH KLJKHU WKH

OHYHO RI SURSHUWLHV RI WKH GHSRVLWHG PHWDO� 2Q WKH

RWKHU KDQG� ZHLJKW IUDFWLRQ RI WKH ILOOHU DOOR\ VKRXOG

QRW EH WRR ORZ� DV LW LV QHFHVVDU\ WR HQVXUH JRRGZHWWLQJ

RI WKH EDVH PHWDO DQG WKH SRVVLELOLW\ RI KHDOLQJ WKH

KRW FUDFNV LI WKH\ DUH IRUPHG� 7KH RSWLPDO EUD]LQJ

ILOOHU DOOR\ WR ILOOLQJ DJHQW UDWLR DOORZV DYRLGDQFH RI

FUDFNV DQG SURGXFWLRQ RI WKH GHSRVLWHG PHWDO ZLWK D

KRPRJHQHRXV ILQH�GLVSHUVHG VWUXFWXUH �)LJXUH ���

5HVXOWV DQG GLVFXVVLRQV� $V QRWHG DERYH� KLJK

1L�EDVH DOOR\V ZLWK D KLJK FRQWHQW RI WKH γ′�SKDVH DUH
QRQ�ZHOGDEOH� $QDO\VLV RI WKH SRLQW RI WKH SURFHVVHV

WKDW RFFXU LQ WKLV FDVH VKRZV WKDW� RQ WKH RQH KDQG�

ZHOGLQJ OHDGV WR D VXEVWDQWLDO RYHUKHDWLQJ RI WKH+$=�

DFFRPSDQLHG E\ IRUPDWLRQ RI OLTXLG LQWHUOD\HUV DORQJ

WKH JUDLQ ERXQGDULHV� DQG D GUDPDWLF GHFUHDVH LQ PHWDO

VWUHQJWK� ,Q WKLV FDVH HYHQ D VOLJKW HIIHFW RI ZHOGLQJ

VWUHVVHV LV HQRXJK IRU D FUDFN WR EH IRUPHG LQ WKH EDVH

PHWDO� 2Q WKH RWKHU KDQG� XVLQJ ILOOHU DOOR\V FORVH LQ

FKHPLFDO FRPSRVLWLRQ WR WKH EDVH PHWDO PDNHV LW LP�

SRVVLEOH WR KHDO WKH FUDFNV� DV WHPSHUDWXUH RI VROLGL�

ILFDWLRQ RI WKH PROWHQ SRRO PHWDO LV UDWKHU KLJK� ,Q

DGGLWLRQ� WKH FUDFNV PD\ EH IRUPHG LQ WKH EDVH PHWDO

DW VRPH GLVWDQFH IURP WKH ZHOG SRRO� ,QFUHDVH LQ KHDW

LQSXW DQG GHFUHDVH LQ WKH ZHOGLQJ VSHHG� DV VXJJHVWHG

LQ >�w�@� GR GHFUHDVH ZHOGLQJ VWUHVVHV� EXW LQFUHDVH

WKH ULVN RI WKH HIIHFW RI VXFK D IDFWRU DV IRUPDWLRQ RI

OLTXLG LQWHUOD\HUV DW WKH JUDLQ ERXQGDULHV�

)LJXUH ��0LFURVWUXFWXUH RI GHSRVLWHGPHWDO SURGXFHG LQ DUF KHDWLQJ
ZLWK PHOWLQJ RI EDVH PHWDO DQG XVLQJ EUD]LQJ ILOOHU DOOR\ RI WKH
1Lw&Uw=U V\VWHP �×�����

)LJXUH �� +RW FUDFNV IRUPHG LQ DUF KHDWLQJ ZLWK PHOWLQJ RI EDVH
PHWDO �×����

'LVWULEXWLRQ RI HOHPHQWV RI VWUXFWXUDO FRPSRQHQWV RI GHSRVLWHG PHWDO

6WUXFWXUDO FRPSRQHQWV
&RQWHQW RI HOHPHQWV� ZW��

1L &R =U 7L &U 0R : 1E $O )H

$UF KHDWLQJ ZLWK EDVH PHWDO PHOWLQJ

'HQGULWH ���� ��� ��� ��� ���� ��� ���� ��� ��� ���

(XWHFWLF ���� ��� ���� ��� ��� w ��� ��� ��� ���

$UF KHDWLQJ ZLWKRXW EDVH PHWDO PHOWLQJ

'HQGULWH ���� ��� ��� ��� ���� ��� ��� ��� ��� ���

(XWHFWLF ���� ��� ���� ��� ��� w ��� ��� ��� w
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7KH DSSURDFK VXJJHVWHG E\ WKH DXWKRUV RI WKLV

VWXG\ SURYHG LWVHOI WR EH YHU\ HIILFLHQW IRU GHFUHDVLQJ

KRW FUDFNLQJ� ,WV GLVWLQFWLYH IHDWXUH LV WKDW LW SURYLGHV

D PLQLPXP KHDW LQSXW LQ DUF KHDWLQJ� 1R OLTXLG LQ�

WHUOD\HUV DUH IRUPHG LQ WKH +$= LQ WKLV FDVH� DQG

ZHWWLQJ RI WKH EDVH PHWDO RFFXUV DW WHPSHUDWXUHV PXFK

ORZHU WKDQ LWV PHOWLQJ SRLQW� 7KH LPSRUWDQW UROH LQ

WKLV FDVH LV SOD\HG E\ ERWK EUD]LQJ SDUDPHWHUV DQG

SHFXOLDULWLHV RI EUD]LQJ ILOOHU DOOR\V RI QHZ V\VWHPV�

VXFK DV WKH 1Lw&Uw=U V\VWHP ZKLFK KDV D KLJK DGKH�

VLRQ DFWLYLW\� LQFUHDVHG GXFWLOLW\ FRPSDUHG ZLWK WKH

1Lw&Uw%w6L V\VWHP DQG ORZHU KDUGQHVV� 7KH ODWWHU LV

ZHOO SURYHG E\ WKH UHVXOWV RI PHDVXUHPHQW RI PLFUR�

KDUGQHVV RI VWUXFWXUDO FRPSRQHQWV RI WKH GHSRVLWHG

PHWDO PDGH E\ GLIIHUHQW PHWKRGV �)LJXUH ���

,W VKRXOG EH QRWHG WKDW WKH EHVW UHVXOWV ZHUH RE�

WDLQHG LQ WKH FDVH RI XVLQJ FRPSRVLWH EUD]LQJ ILOOHU

DOOR\V� UDWKHU WKDQ WKH FDVW RQHV� DV WKH IRUPHU DOORZ

UHJXODWLRQ RI QRW RQO\ WKH GHSRVLWHGPHWDO FRPSRVLWLRQ

EXW DOVR WKH KHDW LQSXW� 0RUHRYHU� LQ WKLV FDVH FKHPL�

FDO FRPSRVLWLRQ RI WKH GHSRVLWHG PHWDO LV KDUGO\ DI�

IHFWHG E\ VL]HV RI GHIHFWV� 1DWXUDOO\� WKH UDWLR RI ORZ�

PHOWLQJ SRLQW WR KLJK�PHOWLQJ SRLQW FRPSRQHQWV RI

WKH FRPSRVLWH EUD]LQJ ILOOHU DOOR\ LV DOVR LPSRUWDQW�

6WUXFWXUH RI WKH GHSRVLWHGPHWDO SURGXFHG E\ XVLQJ

FRPSRVLWH EUD]LQJ ILOOHU DOOR\V FRQVLVWV RI XQLIRUPO\

GLVWULEXWHG GLVSHUVHG UHJLRQV RI VROLG VROXWLRQ DQG

HXWHFWLF� ZKLFK FUHDWHV IDYRXUDEOH FRQGLWLRQV IRU KR�

PRJHQLVLQJ DQQHDOLQJ� UHVXOWLQJ IURP ERWK QRQ�HTXL�

OLEULXP VWUXFWXUH DQG FRPSDUDWLYHO\ VKRUW OHQJWK RI

GLIIXVLRQ IORZV�

&21&/86,216

�� &RPELQDWLRQ RI DUF KHDWLQJ DQG DGKHVLRQ�DFWLYH

EUD]LQJ ILOOHU DOOR\V� VXFK DV WKRVH RI WKH 1Lw&Uw=U

V\VWHP� XVHG DV WKH ILOOHU PHWDO KROGV KLJK SURPLVH

IRU GHYHORSPHQW RI D WHFKQRORJ\ IRU UHSDLU RI FRPSR�

QHQWV RI KRW VHFWLRQ RI JDV WXUELQH HQJLQHV�

�� 7KH XVH RI FRPSRVLWH EUD]LQJ ILOOHU DOOR\V ZDV

IRXQG WR EH HVSHFLDOO\ HIILFLHQW IRU UHJXODWLRQ RI FKHPL�

FDO FRPSRVLWLRQ RI WKH GHSRVLWHG PHWDO DQG KHDW LQSXW�

�� 8VLQJ D FRPSRVLWH EUD]LQJ ILOOHU DOOR\ DQG DUF

KHDWLQJ PDGH LW SRVVLEOH WR HOLPLQDWH FUDFNLQJ DQG

SURGXFH GHSRVLWHG PHWDO ZLWK D KRPRJHQHRXV ILQH�

GLVSHUVHG VWUXFWXUH�

�� -DKQNH� %� ������ +LJK�WHPSHUDWXUH HOHFWURQ EHDP ZHOGLQJ RI
QLFNHO�EDVH VXSHUDOOR\ ,1����/&� :HOGLQJ -�� 1RY�� ���w����

�� +DDINHQV� 0�+�� 0DWWKH\� -�+�*� ������ $ QHZ DSSURDFK
WR WKH ZHOGDELOLW\ RI QLFNHO�EDVH DV�FDVW DQG SRZGHU PHWDO�
OXUJ\ VXSHUDOOR\V� ,ELG�� ��w���

�� .RUHQ� $�� 5RPDQ� 0�� :HLVVKDXV� ,� HW DO� ������ ,PSUR�
YLQJ WKH ZHOGDELOLW\ RI 1L�EDVH VXSHUDOOR\V ���&� ,ELG��
1RY�� ���w����

�� .KRUXQRY� 9�)�� 8NDGHU� (�0� ������ 3ULQFLSOHV IRU GHYH�
ORSPHQW RI HXWHFWLF ILOOHU PHWDOV IRU KHDW�UHVLVWDQW QLFNHO DO�
OR\ EUD]LQJ� ,Q� 3URF� RI ,QW� &RQI� RQ -RLQLQJ :HOGLQJ�
+DJXH� -XO\ �w�� ����� 2[IRUG� 3HUJDPRQ 3UHVV�

�� .KRUXQRY� 9�)�� ,YDQFKHQNR� 9�*�� .YDVQLWVNLM� 9�9�
������ ,QYHVWLJDWLRQ RI 1Lw&Uw=U DQG 1Lw&Uw+I DOOR\V� ,Q�
3URF� RI ,QW� &RQI� RQ 6ROGHULQJ� %UD]LQJ DQG 'LIIXVLRQ
%RQGLQJ� $DFKHQ� 0D\� ����� $DFKHQ�

�� .KRUXQRY� 9�� 0DNV\PRYD� 6�� 6DPRNKLQ� 6� HW DO� ������
%UD]LQJ ILOOHU DOOR\ FRQWDLQLQJ =U DQG +I DV GHSUHVVDQWV� ,Q�
3URF� RI �UG ,QW� &RQI� RQ +LJK 7HPSHUDWXUH &DSLOODULW\�
.XUDVKLNL� 1RY� ��w��� ����� 2VDND�

)LJXUH �� �+HDOHG� FUDFNV DW WKH IXVLRQ OLQH IRUPHG LQ DUF KHDWLQJ
ZLWKRXW PHOWLQJ RI EDVH PHWDO XVLQJ EUD]LQJ ILOOHU DOOR\ RI WKH
1Lw&Uw=U V\VWHP �×����

)LJXUH �� 0LFURVWUXFWXUH RI GHSRVLWHG PHWDO SURGXFHG E\ DUF KHDW�
LQJ ZLWKRXW PHOWLQJ RI EDVH PHWDO XVLQJ EUD]LQJ ILOOHU DOOR\ RI WKH
1Lw&Uw=U V\VWHP �×�����

)LJXUH ��0LFURVWUXFWXUH RI PHWDO DW WKH IXVLRQ ERXQGDU\ LQ VDPSOH
RI KHDW�UHVLVWDQW DOOR\ =K6�8�9, SURGXFHG E\ XVLQJ D FRPSRVLWH
EUD]LQJ ILOOHU DOOR\ �×����

)LJXUH �� 0LFURVWUXFWXUH RI FRPSRQHQWV RI GHSRVLWHG PHWDO SUR�
GXFHG E\ DUF KHDWLQJ ZLWK ��� DQG ZLWKRXW ��� PHOWLQJ RI EDVH
PHWDO� $ x EDVH PHWDO� % x GHQGULWH� & x HXWHFWLF
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,�9� 3(17(*29 DQG 2�,� 3(75,(1.2

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

$ PDWKHPDWLFDO PRGHO KDV EHHQ GHYHORSHG RI WHPSHUDWXUH GLVWULEXWLRQ DORQJ WKH OHQJWK RI HOHFWURGH H[WHQVLRQ LQ

FRQVXPDEOH HOHFWURGH &2
�
DUF ZHOGLQJ� DOORZLQJ IRU QRQ�OLQHDULW\ RI WKHUPRSK\VLFDO FRHIILFLHQWV DQG LPSDFW RI KHDW

FRQWULEXWHG E\ WKH GURS� ZKLFK SHUPLWV FDOFXODWLRQ RI WKH WHPSHUDWXUH JUDGLHQW DQG WHPSHUDWXUH LQ DQ\ SRLQW RQ HOHFWURGH

H[WHQVLRQ �IURP WKH QR]]OH WR WKH GURS�� 5HFRPPHQGDWLRQV DUH JLYHQ RQ VHOHFWLRQ RI HOHFWURGH H[WHQVLRQ VL]H�

.H\ZRU G V � DUF ZHOGLQJ� FDUERQ GLR[LGH JDV� HOHFWURGH H[�

WHQVLRQ� PDWKHPDWLFDO PRGHO� FDOFXODWLRQ� WHPSHUDWXUH� KHDW
FRQGXFWLYLW\� WHPSHUDWXUH GLVWULEXWLRQ

6WXG\LQJ WKH WKHUPDO SURFHVVHV LQ WKH VHFWLRQ RI HOHF�
WURGH H[WHQVLRQ UHPDLQV WR EH WKH PRVW LPSRUWDQW VXE�

MHFW RI QXPHURXV LQYHVWLJDWLRQV LQ WKH ILHOG RI ZHOGLQJ

IDEULFDWLRQ >�w��@� +RZHYHU� WKH FRQGXFWHG DQDO\VLV
RI WKHRUHWLFDO DQG SUDFWLFDO GHYHORSPHQWV RQ WKH LVVXH

GHPRQVWUDWHG WKDW WKH SURFHVVHV RI WHPSHUDWXUH GLV�

WULEXWLRQ DORQJ WKH HOHFWURGH H[WHQVLRQ� DOORZLQJ IRU

WKHUPRSK\VLFDO SDUDPHWHUV DQG KHDW� FRQWULEXWHG E\

WKH GURS� DUH LQVXIILFLHQWO\ VWXGLHG� 2QH RI WKH LP�

SRUWDQW DQG VWLOO XQVROYHG SUREOHPV RI WKH WKHRU\ RI

ZHOGLQJ SURFHVVHV LQ FRQVXPDEOH HOHFWURGH ZHOGLQJ LV

VROYLQJ WKH HTXDWLRQ RI KHDW FRQGXFWLYLW\ IRU HOHFWURGH

H[WHQVLRQ LQ WKH JHQHUDO IRUP� ZKHQ WKH WKHUPRSK\VL�

FDO FRHIILFLHQWV DUH QRQ�OLQHDU IXQFWLRQV RI WHPSHUD�

WXUH�

(OHFWURGH H[WHQVLRQ FDQ EH FRQGLWLRQDOO\ VXEGL�
YLGHG LQWR WZR VHFWLRQV� VHFWLRQ RI HOHFWURGH H[WHQVLRQ

DGMDFHQW WR WKH QR]]OH DQG KHDWHG E\ HOHFWULF FXUUHQW�

ZKHUH WKH LQIOXHQFH RI WKH KHDW FRQWULEXWHG E\ WKH

GURS� LV QHJOLJLEOH� DQG VHFWLRQ DGMDFHQW WR WKH GURS�
ZKHUH KHDWLQJ LV GXH WR WKH LPSDFW RI HOHFWULF FXUUHQW

DQG KHDW VXSSOLHG WKURXJK KHDW FRQGXFWLYLW\ RI WKH

GURS� )LJXUH � VKRZV� KRZ ERWK WKHVH VHFWLRQV LQWHU�
IDFH DW D FHUWDLQ WHPSHUDWXUH RI WKH ERXQGDU\ 7� DQG

HOHFWURGH H[WHQVLRQ O�� FRUUHVSRQGLQJ WR WKLV WHPSHUD�

WXUH� 7KLV SDSHU LV GHYRWHG WR GHWHUPLQDWLRQ RI WKHVH

YDOXHV DQG LVVXLQJ UHFRPPHQGDWLRQV RQ VHOHFWLRQ RI

HOHFWURGH H[WHQVLRQ�

7KH SUHVHQWHG PDWKHPDWLFDO PRGHO RI WHPSHUDWXUH

GLVWULEXWLRQ DORQJ WKH HOHFWURGH H[WHQVLRQ �LQ FRQ�

VXPDEOH HOHFWURGH &2� DUF ZHOGLQJ� DOORZLQJ IRU WKH

QRQ�OLQHDULW\ RI WKHUPRSK\VLFDO FRHIILFLHQWV DQG LQ�

IOXHQFH RI KHDW FRQGXFWLYLW\ IURP WKH GURS� LV EDVHG
RQ VROYLQJ WKH )RXULHU GLIIHUHQWLDO HTXDWLRQ >��@�

:RUN >��@ SURYLGHG D SURFHGXUH RI FDOFXODWLRQ RI

WKH YROWDJH GURS RQ HOHFWURGH H[WHQVLRQ IRU WKH ILUVW

VHFWLRQ� )RXULHU HTXDWLRQ KDV WKH IROORZLQJ IRUP IRU LW�

γ&S(7) YI

G7

GO
w ρ(7)M� = �� ���

ZKHUH YI LV WKH ZLUH IHHG UDWH� P�V� γ LV WKH GHQVLW\

RI PHWDO �VWHHO�� NJ�P
�
� &S�7� LV WKH VSHFLILF KHDW

FRQWHQW RI VWHHO� -��NJ⋅.�� ρ�7�M� LV WKH VSHFLILF WKHU�

PDO SRZHU HYROYHG E\ SDVVLQJ FXUUHQW� :�P
�
� ρ�7�

LV WKH VSHFLILF HOHFWULF UHVLVWDQFH RI WKH PHWDO� 2KP⋅P�
M  �,��πG�� LV WKH FXUUHQW GHQVLW\� $�P�

�

7KLV HTXDWLRQ \LHOGHG WKH GHSHQGHQFH RI WKH FXU�
UHQW HOHFWURGH H[WHQVLRQ O RQ FXUUHQW WHPSHUDWXUH 7

RI WKLV VHFWLRQ RI H[WHQVLRQ DQG LQLWLDO WHPSHUDWXUH 7�

RI HOHFWURGH ZLUH DW QR]]OH RXWOHW�

O(7� 7�) =
YIγ
M
�

∫
7
�

7

&S(7)
ρ(7) G7� ���

DOORZLQJ GHWHUPLQDWLRQ RI WKH OHQJWK RI HOHFWURGH H[�

WHQVLRQ WR ERXQGDU\ SRLQW O�� LI 7� DQG 7� DUH NQRZQ

O�(7�� 7�) =
YIγ
M
�

∫
7
�

7
�

&S(7)
ρ(7) G7�

���

� ,�9� 3(17(*29 DQG 2�,� 3(75,(1.2� ����

)LJXUH �� &LUFXLW RI GLVWULEXWLRQ RI WHPSHUDWXUH DORQJ WKH OHQJWK
RI HOHFWURGH H[WHQVLRQ �IRU GHVLJQDWLRQV VHH WKH WH[W�

7/2003 19



,Q >��@ DOVR D IRUPXOD KDV EHHQ GHULYHG WR GHWHU�
PLQH WKH WHPSHUDWXUH JUDGLHQW LQ WKH ILUVW VHFWLRQ RI
HOHFWURGH H[WHQVLRQ �GHULYDWLYH G7�GW��

G7

GO
=

ρ(7)M�

γ&S(7)YI
�

���

1RQ�OLQHDU DSSUR[LPDWLRQV RI ρ�7� DQG &S�7�
JLYHQ LQ >��@� DUH XVHG LQ FDOFXODWLRQV� 7KHVH IRUPXODV�
KRZHYHU� DUH LQYDOLG LQ WKH VHFRQG VHFWLRQ RI HOHFWURGH
H[WHQVLRQ� ZKLFK LV LQ WKH WHPSHUDWXUH UDQJH RI 7� XS
WR ZLUH PHOWLQJ WHPSHUDWXUH 7P� 7KHUHIRUH� OHW XV
FRQVLGHU WKH VHFWLRQ RI HOHFWURGH H[WHQVLRQ ∆O  OH[W w
O�� ZKHUH WKH PHWDO KHDW FRQGXFWLYLW\ KDV D VLJQLILFDQW
LQIOXHQFH RQ LWV KHDWLQJ �VHH )LJXUH ��� /HW XV DVVXPH
D V\VWHP RI FRRUGLQDWHV� PRYLQJ WRJHWKHU ZLWK WKH
ZLUH DW D FRQVWDQW ZLUH IHHG UDWH IRU DQ HOHPHQW RI
WKH OHQJWK RI HOHFWURGH H[WHQVLRQ GO LQ WKH HQWLUH VHF�
WLRQ RI HOHFWURGH H[WHQVLRQ >��@� 7HPSHUDWXUH RI HOH�
PHQW GO LQFUHDVHV GXULQJ LWV PRYHPHQW� DQG WKH KHDW�
LQJ SURFHVV LV RI D G\QDPLF QDWXUH� /HW XVZULWH )RXULHU
HTXDWLRQ IRU DQ HOHPHQW RI HOHFWURGH H[WHQVLRQ LQ VHF�
WLRQ ∆O � DOORZLQJ IRU D XQLGLPHQVLRQDO QDWXUH RI WKH
SUREOHP �DVVXPLQJ WKDW UDGLDWLRQ DQG FRQYHFWLRQ
ORVVHV DUH QHJOLJLEOH >��w��@� LQ WKH IROORZLQJ IRUP�

&S(7) G7
GW

= λ(7) G
�7

GO�
+ ρ(7)M�� ���

)RU D FRQVLGHUHG V\VWHP RI FRRUGLQDWHV WKH FXUUHQW
OHQJWK RI HOHFWURGH H[WHQVLRQ O  YIW >��@� 8VLQJ WKLV
GHSHQGHQFH� ZH ZLOO UHSODFH YDULDEOH GW  GO�YI LQ
HTXDWLRQ ���� DQG ZLOO REWDLQ DQ HTXDWLRQ� GHVFULELQJ
HOHFWURGH H[WHQVLRQ LQ WKH VHFRQG VHFWLRQ� DOORZLQJ
IRU KHDW FRQGXFWLYLW\ DQG QRQ�OLQHDULW\ RI WKHUPR�
SK\VLFDO SDUDPHWHUV�

G�7

GO�
w γYI

&S(7)
λ(7)

G7

GO
+

ρ(7)
λ(7) M

� = �� ���

ZKHUH λ�7� LV WKH KHDW FRQGXFWLYLW\ RI VWHHO�
:��P⋅.��

7KLV HTXDWLRQ FDQ EH VROYHG E\ QXPHULFDO PHWKRGV
ZLWKRXW VLPSOLILFDWLRQ� EXW WKLV QR ORQJHU SHUPLWV SHU�
IRUPDQFH RI WKHRUHWLFDO JHQHUDOL]DWLRQV RU DQDO\VLV�
ZKLFK LV UHTXLUHG WR VROYH WKH GHILQHG SUREOHP� ,Q
RUGHU WR GHULYH DQ DQDO\WLFDO VROXWLRQ LQ WKH VHFWLRQ
RI HOHFWURGH H[WHQVLRQ ∆O OHW XV XVH DYHUDJHG WKHUPR�
SK\VLFDO SDUDPHWHUV �DYHUDJH YDOXHV RI UDWLR RI VSHFLILF
KHDW FRQWHQW WR KHDW FRQGXFWLYLW\ DQG VSHFLILF HOHFWULF
UHVLVWDQFH RI HOHFWURGH PDWHULDO WR KHDW FRQGXFWLYLW\�
UHVSHFWLYHO\� LQ WKH LQWHJUDWLRQ UDQJH DQG OHW XV LQ�
WURGXFH WKH IROORZLQJ V\PEROV�

D =
γYI

7P w 7�

∫
7
�

7
P

&S(7)
λ(7) G7� E = M�

7P w 7�

∫
7
�

7
P

ρ(7)
λ(7) G7�

���

&DOFXODWLRQ RI YDOXHV D DQG E E\ WKHVH IRUPXODV
LV SHUIRUPHG� XVLQJ QRQ�OLQHDU DSSUR[LPDWLRQV RI ρ�7�
DQG &S�7�� JLYHQ LQ >��@� DV ZHOO DV DSSUR[LPDWLRQ

RI WKH GHSHQGHQFH RI KHDW FRQGXFWLYLW\ RQ WHPSHUD�
WXUH�

λ(7) =














����� w �����7 DW 7 ≤ ����

����� w �����7 DW ��� ≤ 7 ≤ ����

����� w �����7 DW ��� ≤ 7 ≤ ����

����� w �����7 DW ��� ≤ 7 ≤ ����

������ + �����7 DW 7 ≥ ����

,QWURGXFWLRQ RI FRQVWDQWV D DQG E LQWR HTXDWLRQ
��� DOORZV WUDQVIRUPLQJ LW DV IROORZV�

G�7

GO�
w D

G7

GO
+ E = �� ���

,Q FDVH RI UHSODFHPHQW RI YDULDEOH 7′  G7�GO

�QHZ YDULDEOH LV WHPSHUDWXUH JUDGLHQW�� HTXDWLRQ ���
WXUQV LQWR D OLQHDU GLIIHUHQWLDO HTXDWLRQ RI WKH ILUVW
RUGHU�

G7′

GO
w D7′ + E = �� ���

,QWHJUDWLQJ WKLV H[SUHVVLRQ LQ WKH IROORZLQJ OLPLWV�
WHPSHUDWXUH JUDGLHQW IURP 7′�O�� XS WR FXUUHQW YDOXH
RI 7′�O�� HOHFWURGH H[WHQVLRQ IURP O� XS WR FXUUHQW

YDOXH RI O� ZH REWDLQ DQ H[SUHVVLRQ WR FDOFXODWH WKH
WHPSHUDWXUH JUDGLHQW LQ DQ\ SRLQW LQ WKH VHFWLRQ RI
HOHFWURGH H[WHQVLRQ ∆O�

G7

GO
= 7′ =

(D7′(O�) w E) HD(O w O
�
) + E

D
� ����

ZKHUH 7′�O� LV WKH WHPSHUDWXUH JUDGLHQW LQ WKH YLFLQLW\
RI WKH ERXQGDU\ SRLQW IURP WKH VLGH RI WHPSHUDWXUH
LQWHUYDO ∆O�

$W WUDQVLWLRQ WR YDULDEOH 7 DQG VHSDUDWLRQ RI WKH
YDULDEOHV LQ H[SUHVVLRQ ����� ZH ZLOO WDNH LQWHJUDO

∫
7(O

�
)

7(O)

G7 = ∫
O
�

O

(D7′(O�) w E) HD(O w O
�
) + E

D
GO�

����

WKHQ �DW 7�O��  7�� ZH ZLOO ZULWH

7(O) = 7� +





7′(O�)
D

w
E

D�





 (HD(O w O

�
) w �) +

E(O w O�)
D

� ����

7KLV HTXDWLRQ DOORZV FDOFXODWLRQ RI WHPSHUDWXUH
LQ DQ\ SRLQW LQ HOHFWURGH H[WHQVLRQ VHFWLRQ ∆O� LI YDOXHV
RI 7�� O� DQG 7′�O�� DUH NQRZQ� +RZHYHU� LI YDOXHV RI
7� DQG O� DV ZLOO EH VKRZQ EHORZ� FDQ EH VHOHFWHG
EDVHG RQ FHUWDLQ JURXQGV� WKH WHPSHUDWXUH JUDGLHQW
LQ WKH ERXQGDU\ SRLQW 7′�O�� FDQ EH GHWHUPLQHG RQO\�
ZKHQ XVLQJ WKH ERXQGDU\ FRQGLWLRQV RQ WKH HOHFWURGH
H[WHQVLRQwGURS LQWHUIDFH� $VVXPLQJ WKDW DW O  OH[W
YDOXH 7�OH[W� LV HTXDO WR WKH WHPSHUDWXUH RI PHOWLQJ
RI HOHFWURGH ZLUH 7P� DQG VROYLQJ DW WKHVH YDOXHV HTXD�
WLRQ ���� ZLWK UHVSHFW WR 7′�O�� ZH ILQG

7′(O�) =
D(7P w 7�) w E(OH[W w O�)

HD(O
H[W

w O
�
)
w �

+ E

D
� ����
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6XEVWLWXWLQJ H[SUHVVLRQ ���� LQWR IRUPXOD �����
ZH REWDLQ WKH HTXDWLRQ IRU FDOFXODWLRQ RI WHPSHUDWXUH
LQ HOHFWURGH H[WHQVLRQ VHFWLRQ O� ≤ O � OH[W�

7(O) = HD(O w O
�
)
w �

HD(O
H[W

w O
�
)
w �




7P w 7� w

E(OH[W w O�)
D





+

+ 7� +
E(O w O�)

D
�

����

([SUHVVLRQ ���� SURYLGHV WKH FRQGLWLRQ RI WKH
ERXQGDU\ RI WKH FRQVLGHUHG WZR VHFWLRQV RI HOHFWURGH
H[WHQVLRQ LQ WHUPV RI WHPSHUDWXUH LQ SRLQW O�� EXW GRHV
QRW SURYLGH WKH ERXQGDU\ E\ WHPSHUDWXUH JUDGLHQW�
,Q WKH VHFRQG LQWHUYDO� WKH DYHUDJHG WKHUPRSK\VLFDO
SDUDPHWHUV DUH XVHG� ZKLFK DUH GHWHUPLQHG IURP IRU�
PXOD ���� DQG LQ WKH ILUVW x WKH SUHFLVH QRQ�OLQHDU
GHSHQGHQFLHV RI WKHUPRSK\VLFDO SDUDPHWHUV RQ WHP�
SHUDWXUH�

+RZHYHU� WKHUH H[LVW FRQGLWLRQV� DW ZKLFK LW LV
SRVVLEOH WR SURYLGH WKH PLQLPXP SRVVLEOH GLVFUHSDQF\
RI WHPSHUDWXUH JUDGLHQWV LQ WKH ERXQGDU\ SRLQW� 'H�
WHUPLQDWLRQ RI WKHVH FRQGLWLRQV FRQVLVWV LQ WKH IROORZ�
LQJ� /HW XV LQWURGXFH GHVLJQDWLRQ ∆O  OH[W w O� DQG
ZULWH )�7�� ∆O� DV WKH UDWLR RI WHPSHUDWXUH JUDGLHQWV
LQ WKH ERXQGDU\ SRLQW E\ IRUPXODV ���� DQG ����

)(7�� ∆O) =






D(7P w 7�) w E∆O

HD∆O w �
+ E

D






 ×

×
γ&S(7�)YI
ρ(7�) M

�
�

����

$V VKRZQ E\ DQDO\VLV RI WKH ODWWHU H[SUHVVLRQ� WKLV
IXQFWLRQ LV DOZD\V JUHDWHU WKDQ � LQ WKH WHPSHUDWXUH
UDQJH RI ���w���� .� ,W LV REYLRXV WKDW WKH PLQLPXP
YDOXH RI WKLV IXQFWLRQ FORVHVW WR �� FRUUHVSRQGV WR WKH
EHVW FRQGLWLRQ RI VROXWLRQ FR�RUGLQDWLRQ� 7KHUHIRUH�
WDNLQJ D GHULYDWLYH IURP WKLV H[SUHVVLRQ E\ 7� �FRQ�
VLGHULQJ WKDW YDOXHV D DQG E DUH DOVR IXQFWLRQ RI 7��
DQG HTXDWLQJ LW WR ]HUR� ZH REWDLQ WKH FRQGLWLRQ IRU
RSWLPXP DOLJQPHQW

G)(7�� ∆O)
G7�

= �� ����

6ROYLQJ HTXDWLRQ ���� ZLWK WKH VSHFLILHG YDOXH RI

7� UHODWLYH WR ∆O� ZH ZLOO ILQG LQWHUYDO ∆O DV D IXQFWLRQ
RI YI DQG M� 7KH DERYH SURFHGXUH RI ILQGLQJ ∆O LV HDVLO\
LPSOHPHQWHG� XVLQJ 0DWK&DG SDFNDJH �∆O YDOXH SUDF�
WLFDOO\ GRHV QRW GHSHQG RQ 7� DQG 7��� &DOFXODWLRQ

UHVXOWV LQ ∆O LQWHUYDO DV D IXQFWLRQ RI YI DQG M DUH
JLYHQ DV D IDPLO\ RI FXUYHV LQ )LJXUH �� 9DOXHV RI YI
DQG M �RU FXUUHQW ,� IRU WKH JLYHQ HOHFWURGH ZLUH GL�

DPHWHU FDQ EH VHOHFWHG E\ FXUYHV JLYHQ LQ )LJXUH ��

ZKLFK DUH D QRPRJUDSKLF JHQHUDOL]DWLRQ RI UHFRPPHQ�

GDWLRQV RI .(033, &RPSDQ\ DQG D QXPEHU RI SXE�

OLFDWLRQV >�� �� ��� ��@� ,Q WKLV FDVH� WKH XSSHU OLPLW

RI WKH UHFRPPHQGHG YDOXHV FRUUHVSRQGV WR HOHFWURGH

H[WHQVLRQ HTXDO WR �� PP� DQG WKH ORZHU WR ��� PP

IRU DOO WKH GLDPHWHUV RI HOHFWURGH ZLUH�
'HWHUPLQLQJ ∆O DQG XVLQJ H[SUHVVLRQ ���� ZH ZLOO

ILQG WKH HOHFWURGH H[WHQVLRQ

OH[W  O��7�� 7�� � ∆O� ����

7KLV LV WKH YDOXH RI OH[W� ZKLFK VKRXOG EH VXEVWL�
WXWHG LQWR IRUPXOD ���� LQ FDOFXODWLRQ RI WHPSHUDWXUH
GLVWULEXWLRQ DORQJ HOHFWURGH H[WHQVLRQ LQ WKH VHFRQG
LQWHUYDO�

,Q WKH ILUVW VHFWLRQ RI WKH HOHFWURGH DW � ≤ O � O��
FDOFXODWLRQ RI WHPSHUDWXUH GLVWULEXWLRQ DORQJ WKH H[WHQ�
VLRQ OHQJWK LV FRQGXFWHG E\ WKH IRUPXOD RI 0DWK&DG
SDFNDJH IRU LQYHUVH IXQFWLRQV� XVLQJ H[SUHVVLRQ ����

7(O) = URRW






YIγ
M�

∫
7
�

7

&S(7)
ρ(7) G7 w O� 7







� ����

)LJXUH �� 5HVXOWV RI FDOFXODWLRQV RI ∆O LQWHUYDO DV D IXQFWLRQ RI YI

DQG M DW DQ\ YDOXHV RI 7�

)LJXUH �� 1RPRJUDPV IRU VHOHFWLRQ RI YDOXHV RI YI DQG M
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,Q )LJXUH � WKH GHULYHG IRUPXODV ZHUH XVHG WR SORW
D IDPLO\ RI FXUYHV RI WHPSHUDWXUH GLVWULEXWLRQ DORQJ
HOHFWURGH H[WHQVLRQ DW GLIIHUHQW VSHFLILHG YDOXHV RI
WHPSHUDWXUHV RI ERXQGDU\ SRLQW 7� DQG LQLWLDO WHP�
SHUDWXUHV 7� IRU RQH VSHFLILF UHFRPPHQGHG ZHOGLQJ
PRGH �GH  � PP� YI  ����� P�V� M  ��� $�PP

���
:LUH WHPSHUDWXUH 7� DW LWV H[LW IURP WKH QR]]OH

PD\ EH LQ WKH UDQJH RI ���w��� �& >�� ��� ��@� 7KH
ORZHU OLPLW FRUUHVSRQGV WR DQ XQZRUQ FRSSHU QR]]OH�
DQG WKH XSSHU RQH WR QR]]OHV RI GLIIHUHQW EURQ]HV DQG
FHUPHWV DW SURQRXQFHG ZHDU�

,I WKH YDOXH RI FRQWDFW YROWDJH GURS 8F RQ WKH
QR]]OH LV NQRZQ� WKHQ ZLUH WHPSHUDWXUH 7� FDQ EH
FDOFXODWHG E\ WKH IROORZLQJ IRUPXOD�

7� = URRW






γYI
M

∫
7
DPE

θ

&S DY(7)G7 w .8� 8F� θ






� ����

ZKHUH 7DPE LV WKH DPELHQW WHPSHUDWXUH� &S DY  

 ��� -��NJ⋅.� LV WKH DYHUDJHG YDOXH RI VSHFLILF KHDW
FRQWHQW RI VWHHO LQ WKH WHPSHUDWXUH UDQJH RI WKH LQLWLDO

FRQWDFW KHDWLQJ RI WKH ZLUH� .8 LV WKH FRHIILFLHQW�

DOORZLQJ IRU WKH SRZHU VKDUH FRQVXPHG LQ LQFUHDVLQJ

WKH ZLUH WHPSHUDWXUH� RXW RI WKH WRWDO SRZHU HYROYHG

LQ FRQWDFW�

&DOFXODWLRQ E\ WKH IRUPXODV RI +ROP WKHRU\ >��@
IRU WKH FRQVLGHUHG FDVH VKRZV WKDW .8  ������ DQG
LW SUDFWLFDOO\ GRHV QRW FKDQJH ZLWK WKH FKDQJH RI
ZHOGLQJ PRGH� :LUH WHPSHUDWXUHV 7� DW QR]]OH RXWOHW
ZHUH FDOFXODWHG� SURFHHGLQJ IURP IRUPXOD ���� IRU D
QXPEHU RI ZHOGLQJ PRGHV WULHG RXW LQ SUDFWLFH �7D�
EOH�� &DOFXODWLRQ ZDV SHUIRUPHG IRU QR]]OH RI FRSSHU
0� DW YDOXH 8F  ���� 9� ZKLFK FRUUHVSRQGV WR WKH
FDVH RI D QHZ QR]]OH >��@� 7KH VDPH PRGHV ZHUH XVHG
WR ILQG YDOXHV RI ∆O� O�  OH[W w ∆O IURP WKH DERYH
IRUPXODV� DQG WHPSHUDWXUH LQ ERXQGDU\ SRLQW 7� ZDV
GHWHUPLQHG IURP IRUPXOD ���� DW O  O��

$V H[SUHVVLRQV ��� DQG ���� GHSHQG RQ ZLUH WHP�
SHUDWXUH 7� ZKHQ LW OHDYHV WKH QR]]OH� WKHQ LQ FRQ�
VWUXFWLRQ RI JUDSKLF GHSHQGHQFLHV E\ WKHVH H[SUHV�
VLRQV� ZH REWDLQ D IDPLO\ RI FXUYHV IRU GLIIHUHQW 7��
JLYHQ LQ )LJXUH �� )URP FRQVLGHUDWLRQ RI WKH REWDLQHG
FXUYHV LW IROORZV WKDW LQFUHDVH RI LQLWLDO WHPSHUDWXUHV
IURP 7� XS WR 7�� �IRU LQVWDQFH� DW QR]]OH ZHDU�� LV
HTXLYDOHQW WR VKLIWLQJ RI WKH RULJLQ RI FR�RUGLQDWHV E\
OHQJWK

O(7��� 7�) =
YIγ
M�

∫
7
�

7
��

&S(7)
ρ(7) G7� ����

,Q WKLV FDVH� LI LW LV QHFHVVDU\ WR PDLQWDLQ WKH WHP�
SHUDWXUH LQ ERXQGDU\ SRLQW� WKHQ WKH HOHFWURGH H[WHQ�
VLRQ VKRXOG EH VKRUWHQHG E\ WKLV OHQJWK� RU� LI ZH
SUHVHUYH WKH HOHFWURGH H[WHQVLRQ XQFKDQJHG� WKH
ERXQGDU\ WHPSHUDWXUH ZLOO ULVH� &DOFXODWHG YDOXHV RI
ERXQGDU\ WHPSHUDWXUH 7� IURP WKH 7DEOH VKRZ WKDW
7� FDQ VRPHWLPHV EH FORVH WR D GDQJHURXV OLPLW� LI DQ
DWWHPSW LV PDGH WR NHHS WKH HOHFWURGH H[WHQVLRQ XQ�
FKDQJHG� ZKLOH FKDQJLQJ WKH ZHOGLQJ PRGHV� 6KRUW�
HQLQJ RI WKH H[WHQVLRQ PD\ EH UHFRPPHQGHG WR PDLQ�
WDLQ WKH ZHOGLQJ TXDOLW\ ZLWK QR]]OH ZHDU�

7KHUH H[LVWV D FHUWDLQ IOH[LELOLW\ LQ VHOHFWLRQ RI WKH
WHPSHUDWXUH RI ERXQGDU\ SRLQW DQG HOHFWURGH H[WHQ�
VLRQ� EXW LQ D UDWKHU QDUURZ UDQJH� $W YHU\ VKRUW
H[WHQVLRQV �� � PP� WKHUH LV WKH ULVN RI WKH QR]]OH
EXUQLQJ DW UDQGRP RVFLOODWLRQV RI WKH ZHOGLQJ WRUFK
DQG WKH SURFHVV HIILFLHQF\ GHFUHDVHV� $W JUHDW H[WHQ�
VLRQV �DQG KLJKHU WHPSHUDWXUHV RI WKH ERXQGDU\�� WKH
PHOWLQJ HIILFLHQF\ ULVHV� ZKLFK LV DWWULEXWDEOH WR D

)LJXUH �� 'LVWULEXWLRQ RI WHPSHUDWXUHV DORQJ HOHFWURGH H[WHQVLRQ
DW GLIIHUHQW VSHFLILHG YDOXHV RI WHPSHUDWXUH RI ERXQGDU\ SRLQW 7�

DQG LQLWLDO WHPSHUDWXUHV 7�

&RPSDULVRQ RI FDOFXODWHG FXUYHV ZLWK H[SHULPHQWDO GDWD

([SHULPHQWDO GDWD IURP >�� ��@ &DOFXODWHG GDWD

GH� PP ,� � YI� P�V M� ��PP
�

OH[W� PP ∆O� PP O�� PP °�� ¨ �
Ì
¯� °�� ¨ �

Ì
¯�

OH[W� PP

�DW °�  ��� ¨  FRQVW�

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

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

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

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

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

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

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

��� �� ���� ���� ��� ����� ���� ����� ���
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PRUH HIIHFWLYH XVH RI WKH KHDW WR PHOW HOHFWURGH PHWDO�
EXW WKLV PD\ JLYH ULVH WR DQ LQDGPLVVLEOH �SXOVHG�
PRGH RI ZLUH KHDWLQJ ZLWK D PDUNHG GHWHULRUDWLRQ RI
ZHOG TXDOLW\ >��@� 7KH JUHDWHU WKH QR]]OH ZHDU� WKH
KLJKHU WKH SUREDELOLW\ RI VXFK SXOVDWLRQV� DV LQ D ZRUQ
QR]]OH WKH FRQWDFW LV XQVWDEOH �DOWHUQDWLRQ RI WKH VOLG�
LQJ� VSDUN DQG DUF FRQWDFWV LV SRVVLEOH�� ZKLFK JHQH�
UDWHV KHDW ZDYHV� SURSDJDWLQJ RYHU WKH H[WHQVLRQ DQG
UHVXOWLQJ LQ VHOI�H[FLWHG RVFLOODWLRQV�

:LWK JUHDW HOHFWURGH H[WHQVLRQV DQG KLJK WHPSHUD�

WXUHV RI ERXQGDU\ SRLQW 7� WKH SURFHVV PD\ EH VWDEL�

OL]HG E\ UHJXODWLRQ RI WKH UDWH RI FDUERQ GLR[LGH JDV

IORZ� DV DFFRUGLQJ WR >�@ ZLWK WKH LQFUHDVH RI WKH JDV

IORZ DQG GHFUHDVH RI YROWDJH LQ WKH QR]]OHwZRUNSLHFH

VHFWLRQ� WKH GURS WHPSHUDWXUH GHFUHDVHV DQG WKH SUR�

FHVV EHFRPHV PRUH VWDEOH� )RU LQVWDQFH� DV VKRZQ E\

FDOFXODWLRQV >�@� DW FXUUHQWV RI DERXW ��� $ DQG H[�

WHQVLRQV RI DERXW �� PP DW D ODUJH JDV IORZ� WHPSHUD�

WXUH 7� RI SUHKHDWLQJ RI � PP GLDPHWHU HOHFWURGH PD\

UHDFK ���� �& DQG PRUH ZLWKRXW ORVV RI VWDELOLW\�

+RZHYHU� LI WKH JDV IORZ UDWH LV LQVXIILFLHQW� WKHQ

VHOI�H[FLWHG RVFLOODWLRQV PD\ GHYHORS LQ WKH DUF VHOI�

UHJXODWLRQ V\VWHP x D SHULRGLFDO FKDQJH RI HOHFWURGH

PHOWLQJ UDWH DQG DUF OHQJWK ZLWK �w�� +] IUHTXHQF\�

7KHUH H[LVWV DQ RSWLPDO UDQJH RI ERXQGDU\ SRLQW WHP�

SHUDWXUHV RI ��� �& ���� .� ≤ 7� ≤ ��� �& ����� .��

ZLWKLQ ZKLFK QR H[FHVV FRQVXPSWLRQ RI FDUERQ GLR[LGH

JDV LV \HW UHTXLUHG� DQG WKHUH LV QR ULVN RI GHYHORSPHQW

RI VHOI�H[FLWHG RVFLOODWLRQV �ZLWK LQFUHDVH RI 7� LW LV

DOZD\V QHFHVVDU\ WR LQFUHDVH &2� FRQVXPSWLRQ�� 7KH

ORZHU OLPLW RI WKLV UDQJH LV FORVH WR UHFRPPHQGDWLRQV

RI >��@� ZKLFK FRLQFLGH ZLWK WKRVH IRU FRQVXPDEOH�

HOHFWURGH 6$:� $W WKLV WHPSHUDWXUH WKHUH LV D FRP�

SOHWH JXDUDQWHH RI WKH DEVHQFH RI SXOVDWLRQV RI WKH

WKHUPDO PRGHV� +RZHYHU� DW VXFK D WHPSHUDWXUH RI

WKH ERXQGDU\ LW LV LQDGPLVVLEOH WR ZRUN ZLWK ZRUQ

QR]]OHV� DV WKH UHTXLUHG H[WHQVLRQ OHQJWK WHQGV WR ]HUR�

LI 7� LV FORVH WR ��� �&� 7KHUHIRUH� 7� LQ WKH PLGGOH

RI D UDQJH RI ���w��� �& ����w��� .� VKRXOG EH

VHOHFWHG DV UHFRPPHQGHG WHPSHUDWXUHV RI WKH ERXQ�

GDU\ SRLQW� 7KH 7DEOH JLYHV DV DQ H[DPSOH WKH FDOFX�

ODWHG YDOXHV RI H[WHQVLRQV IRU WKH FRQVLGHUHG ZHOGLQJ

PRGHV� LI ERXQGDU\ WHPSHUDWXUH 7� LV PDLQWDLQHG FRQ�

VWDQW DQG HTXDO WR ��� .�
9DOXH O� FDQ EH FDOFXODWHG QRW E\ IRUPXOD ���� EXW

E\ DSSUR[LPDWLRQ

O� =
YI

M�
(7�

��� w 7�
���) (�⋅���)� ����

ZKHUH YI LV PHDVXUHG LQ P�V� M LQ $�PP
�� 7� DQG 7�

LQ .� KHUH O��7�� LV REWDLQHG LQ PP ��⋅��� LV WKH
GLPHQVLRQDO FRHIILFLHQW�� (UURU RI FDOFXODWLRQV E\ WKLV
IRUPXOD LQ WKH UHDO UDQJH RI 7� YDULDWLRQ GRHV QRW
H[FHHG � ��

)RUPXOD ���� FDQ EH FRQYHUWHG WR WKH IRUP FRQ�
YHQLHQW IRU GHWHUPLQDWLRQ RI WKH FXUUHQW WHPSHUDWXUH
LQ WKH ILUVW VHFWLRQ RI HOHFWURGH H[WHQVLRQ DGMDFHQW WR

WKH QR]]OH� DV D IXQFWLRQ RI WKH FXUUHQW YDOXH RI O
LQVWHDG RI IRUPXOD �����

7(O) =
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

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
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�
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'HWHUPLQDWLRQ RI WKH UHFRPPHQGHG OHQJWK RI HOHF�
WURGH H[WHQVLRQ LV UHGXFHG WR WKH IROORZLQJ� )RU WKH
YDOXHV RI YI DQG M �RU FXUUHQW , ZLWK VXEVHTXHQW GH�
WHUPLQDWLRQ RI FXUUHQW GHQVLW\ M�� WHPSHUDWXUH 7� VH�
OHFWHG IURP FXUYHV LQ )LJXUH �� UHFRPPHQGHG IRU WKLV
ZLUH GLDPHWHU� DQG NQRZQ YDOXH RI 7�� O� LV IRXQG
IURP IRUPXOD ���� DQG ∆O LQWHUYDO LV GHWHUPLQHG E\
WKH FXUYHV LQ )LJXUH �� $IWHU WKDW WKH OHQJWK RI HOHF�
WURGH H[WHQVLRQ LV GHWHUPLQHG E\ WKH IROORZLQJ IRU�
PXOD�

OH[W = O� + ∆O� ����

5HVXOWV RI FDOFXODWLRQV �VHH WKH 7DEOH� DJUHH ZLWK
WKH GDWD RI H[SHULPHQWV� JLYHQ LQ >�� ��� ��@�

(TXDWLRQV� GHULYHG GXULQJ WKH FRQGXFWHG VWXG\ IRU
FDOFXODWLRQ RI WHPSHUDWXUH GLVWULEXWLRQ DORQJ WKH HOHF�
WURGH H[WHQVLRQ� DUH WKH EDVLV IRU IXUWKHU GHYHORSPHQW
RI D FRPSOHWH PDWKHPDWLFDO PRGHO RI SRZHU VRXUFHw
ZHOGLQJ DUF V\VWHP LQ FRQVXPDEOH HOHFWURGH &2� DUF
ZHOGLQJ�

,Q FRQFOXVLRQ� LW VKRXOG EH QRWHG WKDW WKH GHYH�
ORSHG PRGHO DOORZV FDOFXODWLRQ RI WKH ]RQH� LQ ZKLFK
HOHFWURGH KHDWLQJ LV GHWHUPLQHG E\ KHDWLQJ SURSHU
IURP WKH SDVVLQJ FXUUHQW� DQG WKH OHQJWK RI HOHFWURGH
]RQH� LQ ZKLFK WKH PDLQ WKHUPDO SURFHVVHV DUH GHWHU�
PLQHG E\ KHDWLQJ IURP WKH GURS�

([SUHVVLRQV ZHUH REWDLQHG� GHVFULELQJ WHPSHUD�
WXUH GLVWULEXWLRQ DORQJ WKH VROLG SDUW RI HOHFWURGH H[�
WHQVLRQ ZLWK DOORZDQFH IRU KHDW FRQGXFWLYLW\ RI WKH
HOHFWURGH PHWDO� DV ZHOO DV H[SUHVVLRQV IRU FDOFXODWLRQ
RI WKH WHPSHUDWXUH JUDGLHQW DQG WHPSHUDWXUH GLVWUL�
EXWLRQ LQ WKH ILUVW VHFWLRQ RI WKH HOHFWURGH H[WHQVLRQ
DGMDFHQW WR WKH QR]]OH� DQG DQ H[SUHVVLRQ WR FDOFXODWH
WKH WHPSHUDWXUH JUDGLHQW DQG WHPSHUDWXUH LQ WKH VH�
FRQG VHFWLRQ RI HOHFWURGH H[WHQVLRQ DGMDFHQW WR WKH
GURS� 7HPSHUDWXUH GLVWULEXWLRQ DORQJ WKH HOHFWURGH
H[WHQVLRQ LV UHSUHVHQWHG LQ WKH IRUP RI D IXQFWLRQ�
GHSHQGHQW RQ ZHOGLQJ FXUUHQW� ZLUH IHHG UDWH� FXUUHQW
GHQVLW\ DQG HOHFWURGH H[WHQVLRQ�

5HFRPPHQGDWLRQV DUH JLYHQ RQ VHOHFWLRQ RI HOHF�
WURGH H[WHQVLRQ� ,W LV VKRZQ WKDW ZLWK WKH FKDQJH RI
ZHOGLQJ PRGHV LW LV EHWWHU WR NHHS FRQVWDQW QRW WKH
H[WHQVLRQ� EXW WKH WHPSHUDWXUH RI WKH ERXQGDU\ SRLQW
EHWZHHQ WKH ILUVW DQG VHFRQG VHFWLRQV RI HOHFWURGH
H[WHQVLRQ� :LWK LQFUHDVH RI WKH ZLUH WHPSHUDWXUH�
ZKHQ LW OHDYHV WKH QR]]OH� HOHFWURGH H[WHQVLRQ VKRXOG
EH GHFUHDVHG�

,W LV HVWDEOLVKHG WKDW KHDW FRQGXFWLYLW\ KDV DQ HV�
VHQWLDO LQIOXHQFH RQ KHDWLQJ RI HOHFWURGH H[WHQVLRQ QRW
DORQJ LWV HQWLUH OHQJWK� EXW RQO\ LQ WKH VHFWLRQ� DGMD�
FHQW WR WKH GURS� 7KH GHULYHG H[SUHVVLRQ DOORZV GH�
WHUPLQDWLRQ RI WKH EHJLQQLQJ RI WKLV VHFWLRQ� 6ROYLQJ
WKLV SUREOHP� WDNLQJ LQWR DFFRXQW WKH KHDW FRQGXFWLY�
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LW\� DOORZV FDOFXODWLRQ RI WHPSHUDWXUH JUDGLHQW LQ WKH
VHFWLRQ RI HOHFWURGH H[WHQVLRQ� DGMDFHQW WR WKH GURS�

7KH PRGHO DOORZV GHWHUPLQDWLRQ RI WHPSHUDWXUH
JUDGLHQW G7�GO RQ WKH ERXQGDU\ ZLWK WKH GURS DW
7  7P� ZKLFK� LQ LWV WXUQ� ZLOO SHUPLW LQ WKH IXWXUH
GHWHUPLQDWLRQ RI WKH DPRXQW RI KHDW FRPLQJ IURP WKH
GURS WR WKH HOHFWURGH� DQG VWXG\LQJ WKH WKHUPDO ED�
ODQFH RI WKH GURS LQ JUHDWHU GHWDLO DQG PRUH DFFXUDWHO\
WKDQ EHIRUH�

7KH GHYHORSHG PDWKHPDWLFDO PRGHO RI WKH SUR�
FHVVHV� SURFHHGLQJ LQ WKH SRZHU VRXUFHwZHOGLQJ DUF
V\VWHP IRU FRQVXPDEOH HOHFWURGH &2� DUF ZHOGLQJ�
ZLOO SHUPLW GHYHORSPHQW RI WKH GDWD EDVH RI YDULRXV
PRGHV RI WKLV ZHOGLQJ SURFHVV�

�� $NXORY� $�,� ������ 2Q TXDQWLW\ RI KHDW FRQWULEXWHG WR WKH
DUF E\ WKH HOHFWURGH KHDWHG LQ WKH H[WHQVLRQ� $YWRPDWLFK�
6YDUND� �� ��w���

�� $QWLSRY� 9�9� ������ &2��ZHOGLQJ ZLWK WKLQ HOHFWURGH
ZLUH DW LQFUHDVHG VSHHG RI JDV IORZ� 6\Q� RI 7KHVLV IRU
&DQG� RI 7HFKQ� 6FL� 'HJUHH� 0RVFRZ� 1�(� %DXPDQ
0978�

�� 9DUXNKD� (�1� ������ $OORZDQFH IRU ZLUH SUHKHDWLQJ LQ WKH
PDWKHPDWLFDO PRGHO RI HOHFWURGH PHOWLQJ GXULQJ PHFKDQL]HG
ZHOGLQJ� ,Q� 3URF� RI 5XVVLDQ 6FL��7HFKQ� &RQI� RQ &XUUHQW
3UREOHPV RI :HOGLQJ 6FLHQFH DQG 7HFKQRORJ\� 9RURQH]K�
����� 9RURQH]K� 6$%$�

�� 'XERYHWVN\� 6�9� ������ ,QYHVWLJDWLRQ DQG GHYHORSPHQW RI
FDOFXODWLRQ SURFHGXUH RI &2��ZHOGLQJ PRGHV IRU ORZ�FDUERQ
DQG ORZ�DOOR\HG VWHHOV� 6\Q� RI 7KHVLV IRU &DQG� RI 7HFKQ�
6FL� 'HJUHH� .\LY�

�� 0DULVKNLQ� $�.� ������ ,QYHVWLJDWLRQ RI HOHFWURGH ZLUH
KHDWLQJ� PHOWLQJ DQG HYDSRUDWLRQ LQ DUF ZHOGLQJ� 6\Q� RI
7KHVLV IRU &DQG� RI 7HFKQ� 6FL� 'HJUHH� &KHO\DELQVN�

�� 3DQLEUDWWVHY� %�.� ������ &DOFXODWLRQ RI HOHFWURGH ZLUH
IHHG UDWH LQ &2��ZHOGLQJ ZLWK D VKRUW DUF� 6YDURFKQ� 3URL]�
YRGVWYR� ��� ��w���

�� 3DWRQ� %�(� ������ $XWRPDWLF HOHFWULF DUF ZHOGLQJ� .\LY�
0DVKJL]�

�� 5\NDOLQ� 1�1� ������ &DOFXODWLRQV RI WKHUPDO SURFHVVHV LQ
ZHOGLQJ� 0RVFRZ� 0DVKJL]�

�� 4XLQQ� 7�3�� 0DGLJDQ� 5�%�� 6LHZHUW� 7�$� ������ $Q HOHF�
WURGH H[WHQVLRQ PRGHO IRU JDV PHWDO DUF ZHOGLQJ� :HOGLQJ
-�� ��� ���w����

��� 6R� *�.�� GH %RHU� )�*� ������ $QDO\VLV RI VWDQGRII HVWLPD�
WLRQ DOJRULWKPV LQ *0$: VKRUW�FLUFXLW WUDQVIHU PRGH� $XV�
WUDO�:HOGLQJ -�� ��� ��w���

��� =KXNRYVN\� 9�6� ������ 3ULQFLSOHV RI KHDW WUDQVIHU WKHRU\�
/HQLQJUDG� (QHUJL\D�

��� 3HQWHJRY� ,�9�� 3HWULHQNR� 2�,� ������ 0HWKRG RI FDOFXOD�
WLRQ RI YROWDJH GURS LQ HOHFWURGH VWLFNRXW OHQJWK ZLWK DOOR�
ZDQFH IRU QRQ�OLQHDULW\ RI WKHUPRSK\VLFDO SDUDPHWHUV� 7KH
3DWRQ :HOGLQJ -�� �� ��w���

��� /HEHGHY� $�9� ������ ,QIOXHQFH RI KHDW HYROXWLRQ LQ HOHF�
WURGH H[WHQVLRQ RQ DUF VHOI�UHJXODWLRQ� $YWRPDWLFK� 6YDUND�
�� ��w���

��� 3DWRQ� %�(� ������ ,QYHVWLJDWLRQ RI HOHFWURGH KHDWLQJ SUR�
FHVV LQ DXWRPDWLF VXEPHUJHG�DUF ZHOGLQJ� ,Q� 7UDQVDFW� RQ
$XWRPDWLF :HOGLQJ� ��w���

��� 3DWRQ� %�(�� 6KHMNR� 3�3� ������ 0HWDO WUDQVIHU FRQWURO LQ
FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ� $YWRPDWLFK� 6YDUND� ��
�w��

��� 3RWDSLHYVN\� $�*� ������ &RQVXPDEOH�HOHFWURGH JDV�
VKLHOGHG ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

��� &KXEXNRY� $�$� ������ 6WXG\ DQG LPSURYHPHQW RI UHOLDEL�
OLW\ RI FRQVXPDEOH HOHFWURGH &2� DUF ZHOGLQJ� 6\Q� RI 7KH�
VLV IRU &DQG� RI 7HFKQ� 6FL� 'HJUHH� .\LY�

��� 6KHMQNLQ� 0�=� ������ 'HWHUPLQDWLRQ RI DGPLVVLEOH WKLQ
HOHFWURGH ZLUH H[WHQVLRQ LQ &2��ZHOGLQJ� 6YDURFKQ� 3URL]�
YRGVWYR� �� ��w���

��� ������ 8QWHUVXFKXQJ GHU .RQWDNWYHUKDHOWQLVVH EHL GHU
6WURPXHEHUWUDJXQJ DXI GHQ 6FKZHLVVGUDKW� :LVVHQ�
VFKDIWOLFKH =HLWVFKULIW GHU 7HFKQLVFKHQ 8QLYHUVLWDHW �2WWR
YRQ *XHULFNH�� 0DJGHEXUJ� �� ��w����

��� +ROP� 5� ������ (OHFWULF FRQWDFWV� 0RVFRZ� ,QRVWU� /LWHUD�
WXUD�

��� .RVKNDU\RY� %�7�� 0LNKDMORY� $�1�� %XGQLN� 1�0� ������
,QIOXHQFH RI HOHFWURGH H[WHQVLRQ RQ PHOWLQJ HOHFWURGH SUR�
FHVV LQ &2��ZHOGLQJ� 6YDURFKQ� 3URL]YRGVWYR� ��� ��w���
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

3ULQFLSOHV RI WKH WHFKQRORJ\ IRU H[SORVLRQ FXWWLQJ RI PHWDO VWUXFWXUHV XVLQJ HORQJDWHG FXPXODWLYH H[SORVLYH FKDUJHV

�(&(&� GHYHORSHG E\ WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DUH FRQVLGHUHG� 5HODWLRQVKLSV GHVFULELQJ WKH HIILFLHQF\

RI (&(& ZLWKLQ WKH IUDPHZRUN RI WKH K\GURG\QDPLF WKHRU\ DUH SUHVHQWHG� ([DPSOHV RI VXFFHVVIXO DSSOLFDWLRQ RI WKH

H[SORVLRQ FXWWLQJ WHFKQRORJ\ LQ VRPH LQGXVWULHV DUH JLYHQ� LQFOXGLQJ XQGHU FULWLFDO FRQGLWLRQV ZKHUH VSHFLDO PHDVXUHV

KDYH WR EH WDNHQ WR SURYLGH SURWHFWLRQ IURP WKH VLGH HIIHFWV RI H[SORVLRQ�

.H\ZRU G V � H[SORVLYH� FXPXODWLRQ� H[SORVLRQ FXWWLQJ� HORQ�

JDWHG FXPXODWLYH H[SORVLYH FKDUJH� PDLQ SLSHOLQH� HPHUJHQF\

VLWXDWLRQ

+\GURG\QDPLF FXPXODWLRQ WKHRU\� ZHOO VWXGLHG IRU
D[LV\PPHWULF FKDUJHV >�@� LV EDVHG RQ DQ DVVXPSWLRQ

WKDW FROOLVLRQ RI D FXPXODWLYH MHW ZLWK D EDUULHU UHVXOWV

LQ GHYHORSPHQW RI D KLJK SUHVVXUH� XQGHU ZKLFK WKH

VWUHQJWK RI PHWDO FDQ EH LJQRUHG DQG WKH EDUULHU FDQ

EH UHJDUGHG DV DQ LGHDO XQFRPSUHVVLEOH OLTXLG� 7KHVH
FRQGLWLRQV DUH YDOLG LI SUHVVXUH LQ FROOLVLRQ RI WKH MHW

ZLWK WKH EDUULHU LV LQ H[FHVV RI �⋅��� 03D� L�H� LI

YHORFLW\ RI WKH FXPXODWLYH MHW LV YM ! ���� P�V�

)LJXUH � VKRZV VFKHPDWLFV RI WKH VHFWLRQ RI DQ

D[LV\PPHWULF FXPXODWLYH FKDUJH ZLWK D FRQLFDO PHWDO

FDYLW\ DQG WKH FXPXODWLYH MHW IRUPDWLRQ�:KHQ D SODQH

GHWRQDWLRQ ZDYH SURSDJDWHV WKURXJK WKH FKDUJH WR�
ZDUGV WKH FDYLW\� HOHPHQWV RI OLQHU RI WKH FXPXODWLYH

FDYLW\ VXEMHFWHG WR FRPSUHVVLRQ PRYH LQVLGH WRZDUGV

LWV JHRPHWULF FHQWUH� 7KHLU FROOLVLRQ FDXVHV IRUPDWLRQ

RI D KLJK�YHORFLW\ FXPXODWLYH MHW� UHVXOWLQJ IURP DQ

LQWHQVLYH IORZ RI WKH LQWHUQDO OD\HUV RI WKH PHWDO OLQHU�

7KLV MHW LV IROORZHG E\ D ORZ�YHORFLW\ SHVWOH RI WKH

H[WHUQDO OD\HUV RI WKH OLQHU WKDW GRHV QRW SDUWLFLSDWH

LQ SHQHWUDWLRQ WKURXJK WKH EDUULHU� $W D YHORFLW\ RI

WKH MHW HTXDO WR YM ! ���� P�V WKH EDVLF SRVWXODWHV

RI WKH FXPXODWLRQ WKHRU\ FDQ EH GHVFULEHG XVLQJ HTXD�

WLRQV RI K\GURG\QDPLFV� 6ROXWLRQV WR WKHVH HTXDWLRQV

FDQ EH ZULWWHQ GRZQ DV IROORZV�

GHSWK RI SHQHWUDWLRQ WKURXJK WKH EDUULHU

/ = O √ ρM

ρE
� ���

YHORFLW\ RI SHQHWUDWLRQ RI WKH MHW LQWR WKH EDUULHU

8 = YM



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ρM
+ �





w���

�
���

YHORFLW\ RI WKH MHW

YM = Y� FWJ
α
�
� ���

ZKHUH O LV WKH MHW OHQJWK� ρM DQG ρE DUH WKH MHW DQG

EDUULHU GHQVLWLHV� UHVSHFWLYHO\� Y� LV WKH OLQHU UHGXFWLRQ
YHORFLW\� DQG α LV WKH DQJOH DW WKH OLQHU FRQH DSH[�

$FFRUGLQJ WR ���� WKH GHSWK RI SHQHWUDWLRQ WKURXJK

WKH EDUULHU LV SURSRUWLRQDO WR WKH OHQJWK RI WKH FXPX�

ODWLYH MHW DQG WKH VTXDUH URRW RI WKH MHW WR EDUULHU
GHQVLW\ UDWLR� ,W VKRXOG EH QRWHG DW WKLV SRLQW WKDW
WKH MHW H[WHQGV ZKLOH PRYLQJ� DQG WKHPD[LPXP GHSWK

RI SHQHWUDWLRQ LV SURYLGHG LQ D FDVH ZKHUH WKH EDUULHU

LV DW D FHUWDLQ �IRFDO� GLVWDQFH IURP WKH FKDUJH D[LV�

7KH SHQHWUDWLQJ DELOLW\ RI WKH MHW GHSHQGV XSRQ WKH
GHQVLW\ RI WKH OLQHU PDWHULDO� 7KHUHIRUH� LQ SUDFWLFH
WKH SUHIHUHQFH LV JLYHQ ILUVW RI DOO WR D OLQHU RI WKH

FXPXODWLYH FDYLW\ PDGH IURP PHWDO� DV D UXOH FRSSHU

RU VWHHO� ,Q DGGLWLRQ� WR IRUP D KLJK�YHORFLW\ MHW �YM ≥
≥ ���� P�V�� LW LV QHFHVVDU\ WKDW FKDUJHV EH ILOOHG
ZLWK KLJK H[SORVLYHV� VXFK DV KH[RJHQ �5';�� RFWR�

JHQ RU RWKHU DQDORJXHV KDYLQJ D KLJK GHWRQDWLRQ YH�

ORFLW\�

(&(& GHVLJQHG E\ 3:, �)LJXUH �� D� E� LV D

VKDSHG PHWDO WXEH ILOOHG ZLWK H[SORVLYH� 7KH FXPX�

ODWLYH FDYLW\ RI (&(& KDV D VKDSH RI D VHPL�F\OLQGHU�
&\OLQGULFDO FDVLQJ RI (&(& LV PDGH IURP FRSSHU� ,W

� 9�*� 3(786+.29� /�$� 92/*,1 DQG /�'� '2%586+,1� ����




7KH DUWLFOH LV EDVHG RQ WKH SDSHU SUHVHQWHG DW WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ &XWWLQJ 7HFKQRORJ\� 0DUFK �w�� ����� +DQRYHU�

)LJXUH �� 6FKHPDWLFV RI VHFWLRQ RI D[LV\PPHWULF FXPXODWLYH H[SOR�
VLYH FKDUJH ZLWK D FRQLFDO PHWDO OLQHU �D� DQG IRUPDWLRQ RI WKH MHW
�E�� �x GHWRQDWRU� �x H[SORVLYH� �x FXPXODWLYH FDYLW\� � x
SHVWOH� � x GHWRQDWLRQ IURQW� � x FXPXODWLYH MHW
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LV FKDUJHG ZLWK 5'; FRPSDFWHG GXULQJ PDQXIDFWXUH

RI WKH FKDUJH WR ����w���� J�FP�� 7KH GHWRQDWLRQ

YHORFLW\ RI (&(& DFKLHYHG LQ WKLV FDVH LV XS WR

���� P�V�

5HVXOWV RI HYDOXDWLRQ RI SDUDPHWHUV RI WKH (&(&

FXPXODWLYH MHW E\ WKH SXOVH UDGLRJUDSK\ �)LJXUH ��

F� VKRZ WKDW YHORFLW\ RI WKH OHDGLQJ SDUW RI WKH MHW LV

����w���� P�V� ZKLFK LV D ELW ORZHU WKDQ WKDW RI WKH

FXPXODWLYH FKDUJHV ZLWK D FRQLFDO PHWDO FDYLW\� 7KLV

LV DWWULEXWDEOH WR WKH IDFW WKDW VXFK IDFWRUV DV VWUHQJWK

DQG FRPSUHVVLELOLW\ RI WKH MHW DQG EDUULHU PDWHULDOV

VKRZ XS DW WKH DERYH YHORFLWLHV� (TXDWLRQV RI K\GUR�

G\QDPLFV FDQQRW EH XVHG LQ WKLV FDVH�

7KH IROORZLQJ ZDV HVWDEOLVKHG DV D UHVXOW RI VWXGLHV

IRU HYDOXDWLRQ RI RSWLPDO SDUDPHWHUV DQG JHRPHWULF

PRGHOOLQJ RI (&(& >�� �@�

/

'
= I



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


� ���

ZKHUH ' LV WKH (&(& GLDPHWHU� GF DQG δF DUH WKH

GLDPHWHU DQG WKLFNQHVV RI WKH FXPXODWLYH FDYLW\� DQG

) LV WKH IRFDO GLVWDQFH�

7KH ILUVW WZR GLPHQVLRQOHVV SDUDPHWHUV LQ H[SUHV�

VLRQ ��� FKDUDFWHULVH (&(&� DQG WKH ODVW RQH FKDUDF�

WHULVHV LWV ORFDWLRQ UHODWLYH WR WKH EDUULHU�

7KH IROORZLQJ HPSLULFDO UHODWLRQVKLSV RI WKHVH SD�

UDPHWHUV ZHUH GHULYHG RQ WKH EDVLV RI UHVXOWV RI ODWHU

VWXGLHV FRQGXFWHG DW 3:,�

G
F

'
= ����w����� ���

δ
F

'
= ����w����� ���

)

'
= ���w���� ���

7KH SURFHVV RI PDQXIDFWXUH RI (&(& LV D VHTXHQ�

WLDO GUDZLQJ RI WKH FRSSHU WXEH SUHOLPLQDULO\ ILOOHG

ZLWK 5'; WKURXJK WKH VKDSLQJ KROHV RI VHYHUDO GUDZ�

LQJ GLHV� 'UDZLQJ RI WKH FKDUJH ELOOHW LV SHUIRUPHG

WR JLYH LW WKH SUHVHW VL]H DQG VKDSH� DV ZHOO DV WKLFNQHVV

RI WKH ZDOO RI WKH WXEH� LQFOXGLQJ WKH FXPXODWLYH

FDYLW\� DQG SURYLGH WKH UHTXLUHG GHJUHH RI FRPSDFWLQJ

RI WKH H[SORVLYH�

&RPSUHKHQVLYH VWXGLHV SHUIRUPHG WR RSWLPLVH

VRPH WHFKQRORJLFDO RSHUDWLRQV DQG SURGXFH H[SHUL�

PHQWDO EDWFKHV RI (&(& DOORZHG WKH GHYHORSPHQW RI

DQ RSWLPDO IORZ GLDJUDP RI WKH SURFHVV RI PDQXIDFWXUH

RI WKHVH FKDUJHV� HQVXULQJ D KLJK GHJUHH RI VDIHW\ DQG

TXDOLW\ RI WKH SURGXFWV DW PLQLPXP FRVWV� 7KH FRP�

SOHWH VHW RI EDVLF DQG VXSSRUWLQJ HTXLSPHQW IRU PDVV

SURGXFWLRQ RI (&(& ZDV EXLOW E\ 3:,�

7KLV HTXLSPHQW DOORZV PDQXIDFWXUH RI (&(& RI

D VWUDLJKW�OLQH� FLUFXODU� VDGGOH�VKDSHG RU DQ\ RWKHU

FRQILJXUDWLRQ ZLWK D GLDPHWHU IURP ��� WR ���� PP�

DQG� LI FXVWRP�PDGH� WR ���� PP� 0DLQ W\SHV DQG

SDUDPHWHUV RI VWDQGDUG (&(& IRU JURXQG DQG XQGHU�

ZDWHU RSHUDWLRQV DUH JLYHQ LQ WKH 7DEOH� ZKLOH UHOD�

WLRQVKLSV FKDUDFWHULVLQJ WKH GHJUHH RI SHQHWUDWLRQ RI

WKH MHW LQWR WKH EDUULHU DUH VKRZQ LQ )LJXUH ��

2LO DQG RLO SURGXFWV SOD\ DQ LPSRUWDQW UROH LQ WKH

IXHO DQG HQHUJ\ V\VWHP RI DQ\ FRXQWU\� 7UDQVIHU DQG

GHOLYHU\ RI RLO DQG RLO SURGXFWV WR FXVWRPHUV DUH GRQH

YLD PDLQ SLSHOLQHV WKDW VKRXOG EH PDLQWDLQHG DQG UH�

SDLUHG GXULQJ VHUYLFH�

,Q WKLV FDVH� WKH PRVW LPSRUWDQW RSHUDWLRQV DUH

FXWWLQJ RI D OLQHDU SDUW RI SLSHOLQHV� FXWWLQJ RXW RI

�UHSDLU VSRROV�� FRQQHFWLRQ RI EUDQFK SLSHV WR DQ DF�

WLYH PDLQ SLSHOLQH ZLWKRXW LQWHUUXSWLRQ RI WUDQVIHU RI

D SURGXFW� DV ZHOO DV RWKHUV DVVRFLDWHG ZLWK FXWWLQJ

RI SLSHOLQHV� 3HUIRUPLQJ WKHVH RSHUDWLRQV XVLQJ (&(&

KDV D QXPEHU RI SHFXOLDULWLHV DQG DGYDQWDJHV� 7KH\

LQFOXGH D KLJK FXWWLQJ VSHHG� KLJK UHOLDELOLW\ RI WKH

SURFHVV� SRVVLELOLW\ RI D UHPRWH FRQWURO RI WKH SURFHVV

IURP DQ\ GLVWDQFH� DQG PDNLQJ RI KROHV DQG VOLWV RI

DQ\ VKDSH DQG VL]H� GHSHQGLQJ XSRQ WKH FKDUJH JH�

RPHWU\�

)LJXUH �� (&(& IRU JURXQG �D� DQG XQGHUZDWHU �E� FXWWLQJ� DQG
SXOVH ;�UD\ SDWWHUQ RI H[SORVLRQ RI (&(& LQ ZDWHU �F�� � x
H[SORVLYH� � x OLQHU� � x IRFDO GLVWDQFH

)LJXUH �� 'HSHQGHQFH RI WKH GHSWK RI FXW XSRQ WKH IRFDO GLVWDQFH
�D� DQG GLDPHWHU RI (&(& �E�� �x ORZ�FDUERQ VWHHO� �x VWDLQOHVV
VWHHO
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3:, DQG 91,,637QHIW �5XVVLD� FRQGXFWHG WKHR�

UHWLFDO DQG H[SHULPHQWDO VWXGLHV� WKH UHVXOWV RI ZKLFK

VHUYHG DV WKH EDVLV IRU WKH LGHQWLILFDWLRQ RI SDUDPHWHUV

RI (&(& UHTXLUHG WR HQVXUH DQ RSWLPDO FXWWLQJ DELOLW\

RI WKH FXPXODWLYH MHW� DQG IRU WKH GHYHORSPHQW RI

LQJHQLRXV DQG VLPSOH GHVLJQV RI GHYLFHV IRU H[SORVLRQ

FXWWLQJ RI PDLQ SLSHOLQHV�

7KH (&(& GHYLFH� WKH VR FDOOHG H[WHUQDO FLUFXODU

FXPXODWLYH SLSH FXWWHU �7U..1�� ZDV GHYHORSHG IRU

WUDQVYHUVH FXWWLQJ RI SLSHOLQHV WR FXW RXW WKH �VSRRO�

RU D GHIHFWLYH UHJLRQ� ,W FRQVLVWV RI WZR (&(& VHPL�

ULQJV DQG IRXU DGMXVWLQJ �LQFOXGLQJ WZR FRQQHFWLQJ�

IL[LQJ URGV� DV ZHOO DV DQ HOHFWULF GHWRQDWRU KROGHU�

)L[LQJ URGV DUH PDGH IURP SRO\HWK\OHQH� 7KH\ SURYLGH

MRLQLQJ RI WKH VHPL�ULQJV DQG WKHLU ORFDWLRQ DW DQ HTXDO

IRFDO GLVWDQFH IURP WKH SLSH VXUIDFH�

2QH RI WKH IL[LQJ URGV KDV DQ RSHQLQJ WR LQVWDOO

WKH HOHFWULF GHWRQDWRU WKDW LQLWLDWHV WKH SLSH FXWWHU�

$W H[SORVLRQ WKH 7U..1 W\SH GHYLFH LV FDSDEOH RI

FXWWLQJ WKURXJK WKH VWHHO PDLQ SLSHOLQH ZLWK D ZDOO

WKLFNQHVV HTXDO� DV D UXOH� WR D GLDPHWHU RI (&(&�

7KH GHYLFH LV LQWHQGHG IRU FXWWLQJ PDLQ SLSHOLQHV DQG

RWKHU WXEXODU VWUXFWXUHV ZLWK D GLDPHWHU IURP ��� WR

���� PP DQG ZDOO WKLFNQHVV IURP �� WR �� PP�

7KH WHFKQRORJ\ IRU FXWWLQJ D �VSRRO� RU GHIHFWLYH

UHJLRQ IURP D SLSHOLQH ILOOHG ZLWK RLO RU RLO SURGXFWV

SURYLGHV IRU WKH XVH RI WZR SLSH FXWWHUV� /RFDWLRQV

QRW OHVV WKDQ �� PP ZLGH� ZKHUH WKH SLSH FXWWHUV DUH

LQVWDOOHG RQ D SLSHOLQH� DUH WR EH WKRURXJKO\ FOHDQHG

RQ WKH HQWLUH SHULPHWHU RI D SLSH� $IWHU LQVWDOOLQJ WKH

SLSH FXWWHUV� D SLW ZKHUH WKH �VSRRO� LV WR EH FXW RXW

LV ILOOHG� SULRU WR H[SORVLRQ� ZLWK D OD\HU RI WKH DLU�

PHFKDQLFDO IRDP QRW OHVV WKDQ � P WKLFN RYHU WKH SLSH�

7KH XVH RI WKH IRDP SURYLGHV D UHOLDEOH SUHYHQWLRQ RI

ILUH RU EODVW� ZKHQ WKH VSRRO LV FXW IURP D GDPDJHG

SLSHOLQH DQG WKH VSDFH ERWK RXWVLGH DQG LQVLGH WKH

SLSH PD\ KDYH D GDQJHURXV FRQFHQWUDWLRQ RI WKH FRP�

EXVWLEOH PL[WXUH� )LJXUH � VKRZV WKH PRPHQW RI RXW�

IORZ RI SHWURO IURP WKH GHIHFWLYH UHJLRQ RI WKH SLSHOLQH

LPPHGLDWHO\ DIWHU H[SORVLRQ FXWWLQJ RI WKLV UHJLRQ XV�

LQJ WZR SLSH FXWWHUV �)LJXUH �� DQG WKH DLU�PHFKDQLFDO

IRDP�

6RPHWLPHV D SLSHOLQH PD\ EH LQ D VWUHVVHG VWDWH

LQGXFHG E\ FRPSUHVVLYH VWUHVVHV� 7KLV LV WKH FDVH ZKHUH

WKH VSRRO PD\ EH MDPPHG DIWHU WKH H[SORVLRQ� 7R PDNH

LWV UHPRYDO HDVLHU �GLVDVVHPEOH�� WKUHH ORQJLWXGLQDO

(&(& DUH LQVWDOOHG RQ WKH SLSHOLQH LQ DGGLWLRQ WR WKH

WZR WUDQVYHUVH SLSH FXWWHUV� $IWHU WKH H[SORVLRQ WKH

VSRRO LV FXW LQWR DQRWKHU WKUHH SDUWV ZKLFK FDQ EH

UHDGLO\ UHPRYHG�

,I WKH VSRRO KDV D ODUJH OHQJWK� LW LV DGYLVDEOH WR

FXW LW RXW E\ WKH PHWKRG VKRZQ LQ )LJXUH �� ,Q WKLV

FDVH WKH SLSH FXWWHUV VKRXOG EH LQVWDOOHG LQ D SODQH

QRUPDO WR WKH SLSH D[LV� ZKLOH DQRWKHU VLPLODU SLSH

FXWWHU VKRXOG EH SODFHG DW D VPDOO DQJOH WR LW� ,W FDQ

EH HDVLO\ VHHQ WKDW QR MDPPLQJ RI DQ\ SDUW RI WKH

VSRRO ZLOO WDNH SODFH LQ WKLV FDVH�

7KH WHFKQRORJ\ ZDV GHYHORSHG WR FXW RXW GHIHFWLYH

JDWHV� YDOYHV RU RWKHU SLSH ILWWLQJV� $FFRUGLQJ WR WKLV

WHFKQRORJ\� WKH SLSH FXWWHUV DUH LQVWDOOHG RQ D SLSHOLQH

RQ ERWK VLGHV RI D JDWH� DQG D VSLUDO H[SORVLYH FKDUJH

RI D VWDQGDUG GHWRQDWLRQ FRUG �'&� LV ORFDWHG QHDU

WKH DERYH FXWWHUV� '& LV LQLWLDWHG E\ WKH SLSH FXWWHUV�

$W H[SORVLRQ WKH UHJLRQ WR EH FXW LV SDUWHG DQG

0DLQ SDUDPHWHUV RI (&(& PDGH E\ 3:,

&KDUJH

GHVLJQDWLRQ

&RQWHQW

RI H[SORVLYH�

J�P

7KLFNQHVV RI EDUULHU

JURXQG XQGHUZDWHU

8.= �� �� ���� ���

8.= �� �� ���� ����

8.= ���� ��� ���� ����

8.= �� ��� ���� ����

8.= �� ��� ���� ����

8.= �� ��� ���� ����

8.= �� &XVWRP�PDGH

8.= �� 6DPH

1R W H V � �� 1XPEHUV LQ GHVLJQDWLRQV RI (&(& VWDQG IRU LWV GLDPH�

WHU DQG JXDUDQWHHG WKLFNQHVV RI WKH FXW EDUULHU XQGHU JURXQG FRQGL�

WLRQV� �� 8QGHUZDWHU H[SORVLRQ FXWWLQJ LV SHUIRUPHG DW D GHSWK RI

��� P �GLYLQJ RSHUDWRUV� DQG ��� P �PDQLSXODWRU��

)LJXUH �� 2XWIORZ RI SHWURO IURP SLSHOLQH DIWHU H[SORVLRQ FXWWLQJ
XVLQJ IRDP SURWHFWLRQ

)LJXUH �� 6FKHPDWLF RI WKH SLSH FXWWLQJ GHYLFH� �x FLUFXODU (&(&�
� x SURWHFWLQJ PHWDO WXEH LVRODWLQJ WKH ]RQH RI IRUPDWLRQ RI WKH
FXPXODWLYH MHW� � x GLVWDQFH ERVV� � x HOHFWULF GHWRQDWRU� � x
VDGGOH�VKDSHG FKDUJH� � x FKDUJH LQ DQ DOO�IRDP SODVWLF MDFNHW�
� x (&(&� � x FRQQHFWLQJ SLHFH
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VTXHH]HG� WKLV PDNLQJ LW HDV\ WR UHPRYH IURP WKH SLSH�

OLQH�

,QYHVWLJDWLRQV ZHUH FRQGXFWHG WR VWXG\ WKH HIIHFW

RI H[SORVLRQ RI (&(& RQ WKH VWDWH RI SLSHOLQH PHWDO

ZLWKLQ WKH FXWWLQJ ]RQH� ,W ZDV HVWDEOLVKHG WKDW GLV�

WRUWLRQ RI D SLSH ZDV ZLWKLQ WKH WROHUDEOH OLPLWV DQG

GLG QRW H[FHHG �� � RI WKH SLSH ZDOO WKLFNQHVV� 3HQH�

WUDWLRQ RI WKH FXPXODWLYH MHW LQWR WKH SLSH ZDOO UHVXOWV

LQ VWLFNLQJ RI FRSSHU WR D FXW HGJH� OLNH LQ WKH FDVH

RI FODGGLQJ RI FRSSHU WR VWHHO E\ H[SORVLRQ ZHOGLQJ�

3HQHWUDWLRQ RI WKH FXPXODWLYH MHW DOVR OHDGV WR IRUPD�

WLRQ RI VKRFN ZDYHV LQ D SLSH PDWHULDO QHDU WKH FXWWLQJ

]RQH� 7KH VKRFN ZDYHV FDXVH VWUXFWXUDO FKDQJHV LQ

PHWDO WR D GHSWK RI ��w�� PP IURP WKH H[WHUQDO VXU�

IDFH RI WKH SLSH DQG LQFUHDVH LQ LWV KDUGQHVV� 6L]H RI

WKH KDUGHQLQJ ]RQH LV VPDOOHU WKDQ VL]H RI WKH +$=

UHVXOWLQJ IURP VXEVHTXHQW DUF ZHOGLQJ RI D QHZ VSRRO�

1HYHUWKHOHVV� WKH FRSSHU�FRYHUHG SDUW DQG ]RQH KDYLQJ

D FKDQJHG VWUXFWXUH DQG KDUGQHVV DUH DV D UXOH UHPRYHG

IURP WKH SLSHOLQH E\ JDV FXWWLQJ SULRU WR LQVWDOOLQJ D

QHZ VSRRO�

7KH XVH RI (&(& DQG 7U..1 GHYHORSHG RQ LWV

EDVH LQ PDLQ SLSHOLQHV RI 5XVVLD DQG 8NUDLQH GXULQJ

����w���� PDGH LW SRVVLEOH WR FXW PRUH WKDQ ����

UHSDLU VSRROV� JDWHV DQG YDOYHV� 7KDW SURYLGHG D VXE�

VWDQWLDO LPSURYHPHQW LQ SURGXFWLRQ DUUDQJHPHQW� H[�

FOXGHG WKH XVH RI KDUG PDQXDO ODERXU� LPSURYHG VDIHW\

FRQGLWLRQV� FRQVLGHUDEO\ GHFUHDVHG ODERXU FRQVXPS�

WLRQ DQG UHGXFHG SLSHOLQH GRZQWLPH� 7KXV� WKH WLPH

RI FXWWLQJ D VSRRO IURP WKH ���� PP GLDPHWHU SLSHOLQH

ZDV UHGXFHG E\ D IDFWRU RI � WR �� FRPSDUHG ZLWK WKH

SUHYLRXV WHFKQRORJ\ WKDW XVHG JDV FXWWLQJ�

7KH (&(& GHYLFH� WKH GHVLJQ RI ZKLFK LV VKRZQ

LQ )LJXUH �� ZDV GHYHORSHG WR FXW KROHV LQ DFWLYH

SLSHOLQHV IRU FRQQHFWLQJ EUDQFK SLSHV WR WKHP� 3HU�

PLVVLEOH JDSV EHWZHHQ (&(& DQG WKH EUDQFK SLSH

ZDOO� DQG WKLFNQHVV RI WKH UHFHLYLQJ FKDPEHU FRYHU

ZHUH GHWHUPLQHG LQ RSWLPLVDWLRQ RI WKH GHYLFH� 'H�

VLJQV RI SURWHFWLYH VFUHHQV� UHXVDEOH SLSH XQLRQV IRU

IL[LQJ WKH VDGGOH�VKDSHG (&(& DQG IL[WXUHV IRU FRP�

SOHWH EUHDNLQJ RI D EULGJH XQGHU WKH (&(& FRQQHFWLRQ

LQ WKH FDVH RI LQFRPSOHWH FXWWLQJ ZHUH GHYHORSHG�

7KH VHTXHQFH RI PRXQWLQJ RI WKH GHYLFH RQ DQ RLO

SLSHOLQH LV DV IROORZV� 1XW � DQG� DOLJQHG ZLWK WKH

QXW� SURWHFWLYH VFUHHQ �� E\SDVV EUDQFK SLSH �� RSHQ

JDWH � DQG UHFHLYLQJ FKDPEHU � ZLWK D IODQJH DUH

ZHOGHG WR WKH FHQWUH RI D KROH WR EH PDGH LQ SLSHOLQH

�� 3LSH XQLRQ � ZLWK WKH VDGGOH�VKDSHG (&(& � IL[HG

RQ EUDFNHWV DQG WKH HOHFWULF GHWRQDWRU DUH PRXQWHG

RQ WKH QXW XVLQJ DQ DX[LOLDU\ URG� &RPSRVLWH VWHP �

LV WKHQ VFUHZHG LQWR WKH QXW E\ SUHVVLQJ WKH SLSH XQLRQ

ZLWK (&(& WR WKH SLSHOLQH� &RYHU �� LV SXW RQ WKH

UHFHLYLQJ FKDPEHU DIWHU WDNLQJ WKH HOHFWULF GHWRQDWRU

HQGV RXW WKURXJK WKH VHDOHG RXWOHW� 7KH FRYHU LV IL[HG

WR WKH IODQJH XVLQJ EROWV ��� 6HDOLQJ EHWZHHQ WKH FRYHU

DQG VWHP LV SURYLGHG XVLQJ JODQG ��� DQG WKDW EHWZHHQ

WKH FRYHU DQG IODQJH RI WKH UHFHLYLQJ FKDPEHUx XVLQJ

D SRURQLWH JDVNHW� ,Q GHWRQDWLRQ RI (&(& WKH VFUHHQ

SURYLGHV UHOLDEOH SURWHFWLRQ RI WKH E\SDVV EUDQFK SLSH�

DQG WKH FXW RXW SDUW RI WKH SLSHOLQH LV IRUFHG RXW

WRJHWKHU ZLWK WKH VWHP IURP WKH JDWH WR WKH UHFHLYLQJ

FKDPEHU XQGHU WKH HIIHFW RI SUHVVXUH RI D OLTXLG RLO

SURGXFW� $IWHU FORVLQJ WKH JDWH WKH UHFHLYLQJ FKDPEHU

ZLWK DOO LWV FRQWHQW LV FXW RXW XVLQJ WKH FLUFXODU SLSH

FXWWHU� 7KH GHYLFH IRU UHPRYDO RI WKH FXW RXW SDUW RI

WKH SLSH DQG WKH UHFHLYLQJ FKDPEHU FDQ EH XVHG PDQ\

WLPHV IXUWKHU RQ� %HFDXVH WKH VHW RI WKH GHYLFH LV ILWWHG

ZLWK SLSH XQLRQV RI GLIIHULQJ OHQJWKV� WKH GHYLFH LV

YHUVDWLOH DQG FDQ EH XVHG IRU FXWWLQJ LQ RI DQ\ VL]H RI

EUDQFK SLSHV� 7KH VDGGOH�VKDSHG (&(& LV PDGH IURP

RQH VWUDLJKW�OLQH OHQJWK RI WKH FKDUJH E\ IRUPLQJ� ,Q

VRPH FDVHV WKH SUREDELOLW\ H[LVWV WKDW D SLSH LV QRW

FRPSOHWHO\ FXW LQ WKH ORFDWLRQ RI WKH (&(& FRQQHF�

WLRQ� $ PHWKRG ZDV VXJJHVWHG WR LPSURYH UHOLDELOLW\

RI RSHUDWLRQ RI WKH VDGGOH�VKDSHG (&(&� FRQVLVWLQJ

LQ LWV LQLWLDWLRQ DW D SRLQW ORFDWHG DW DQ HTXDO GLVWDQFH

IURP WKH FRQQHFWLRQ� 7KLV LV WKH SRLQW ZKHUH WKH SUHV�

VXUH LV LQFUHDVHG DQG DQ LQFRPSOHWH FXW� LI DQ\� LV

EURNHQ� ,I WKH LQFRPSOHWH FXW GRHV WDNH SODFH� D UH�

FLSURFDWLQJ PRWLRQ LV LPSDUWHG WR WKH VWHP WKURXJK

H\HV XVLQJ OHYHUV� WKLV SURYLGLQJ FRPSOHWH EUHDNLQJ

RI WKH UHPDLQLQJ EULGJH�

7KH (&(& GHYLFH� WKH VR FDOOHG VDGGOH�VKDSHG FLU�

FXODU FXPXODWLYH SLSH FXWWHU �7U..6�� ZDV GHYHORSHG

WR FXW KROHV LQ SLSHOLQHV� 7KH GHYLFH FRQVLVWV RI RQH

)LJXUH �� (&(& GHYLFH IRU FRQQHFWLQJ D EUDQFK SLSH WR RLO SLSHOLQH �VHH GHVLJQDWLRQV LQ WKH WH[W�
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VDGGOH�VKDSHG (&(& DQG IRXU IL[LQJ URGV� LQFOXGLQJ

WKH HOHFWULF GHWRQDWRU KROGHU �VHH )LJXUH ��� 7U..6

LV LQWHQGHG IRU FXWWLQJ KROHV ZLWK D GLDPHWHU RI �� WR

��� PP LQ PDLQ SLSHOLQHV ZLWK D GLDPHWHU RI ��� WR

���� PP DQG ZDOO WKLFNQHVV RI � WR �� PP� $W H[�

SORVLRQ WKH GHYLFH LV FDSDEOH RI FXWWLQJ D KROH LQ WKH

PDLQ SLSHOLQH ZLWK D ZDOO WKLFNQHVV HTXDO WR ��� RI

WKH (&(& GLDPHWHU� $FFRUGLQJ WR WKH VSHFLILFDWLRQV

GHYHORSHG� 3:, FDQ PDQXIDFWXUH ��� W\SHV RI 7U..6

E\ RUGHUV RI FXVWRPHUV�

8VLQJ (&(& DQG 7U..6 GHYHORSHG RQ LWV EDVH LQ

PDLQ SLSHOLQHV RI 5XVVLD DQG 8NUDLQH GXULQJ ����w

���� DOORZHG FRQQHFWLRQ RI ��� EUDQFK SLSHV ZLWKRXW

LQWHUUXSWLRQ RI WUDQVIHU RI RLO DQG RLO SURGXFWV� ZKLFK

SURYLGHG D VXEVWDQWLDO LPSURYHPHQW LQ SURGXFWLRQ DU�

UDQJHPHQW� LPSURYHG VDIHW\ FRQGLWLRQV DQG H[FOXGHG

RLO SLSHOLQH GRZQWLPH�

,QFUHDVH LQ SURGXFWLRQ RI RLO DQG JDV IURP RIIVKRUH

ILHOGV UHVXOWV LQ ZLGHQLQJ RI WKH QHWZRUN RI XQGHUZD�

WHU PDLQ SLSHOLQHV� 3UREOHPV DVVRFLDWHG ZLWK FXWWLQJ

RI SLSHV DULVH LQ WKHLU PDLQWHQDQFH DQG UHSDLU� 6WD�

WLRQDU\ SODWIRUPV�ZKLFK KDYH WR EH GLVDVVHPEOHG DIWHU

FRPSOHWLRQ RI RSHUDWLRQ RI RLO DQG JDV ILHOGV� LQFUHDVH

LQ QXPEHU� 3UREOHPV DULVH ZLWK SODWIRUPV KDYLQJ

IRXQGDWLRQV XS WR ������w������ W LQ ZHLJKW� ZKLFK

KDYH WR EH GLVPDQWOHG LQ VHD GRZQ WR ���w��� P GHHS�

&RVWV RI WKHLU FRPSOHWH GLVPDQWOLQJ PD\ DPRXQW WR

86� ���w��� POQ� ZKLFK LV ��w�� � RI WKRVH LQFXUUHG

IRU WKHLU FRQVWUXFWLRQ DQG LQVWDOODWLRQ� $OVR� WKHUH DUH

WUDGLWLRQDO RSHUDWLRQV DVVRFLDWHG ZLWK XQGHUZDWHU UH�

SDLU DQG FXWWLQJ RI KXOOV RI VXQN VKLSV� FRQVWUXFWLRQ

RI GDPV HWF� 7KHUHIRUH� FXWWLQJ RI PHWDO VWUXFWXUHV

XQGHU ZDWHU LV DQ LQFUHDVLQJO\ ZLGH�VSUHDG DQG WRSLFDO

SURFHVV�

([SORVLRQ FXWWLQJ XVLQJ (&(& LV DGYDQWDJHRXV

RYHU WKHUPDO FXWWLQJ PHWKRGV IRU XQGHUZDWHU DSSOL�

FDWLRQV� ,WV DGYDQWDJHV LQFOXGH VLPSOLFLW\ RI WKH HTXLS�

PHQW LQYROYHG DQG SODFHPHQW RI FKDUJHV� DQG SRVVL�

ELOLW\ RI UHPRWH FRQWURO RI WKH SURFHVV� ZKLFK UHGXFHV

WKH WLPH GXULQJ ZKLFK D GLYHU KDV WR VWD\ XQGHU ZDWHU�

,Q DGGLWLRQ� WKH FXWWLQJ SURFHVV GRHV QRW GHSHQG XSRQ

WKH GHSWK� DQG LW UHTXLUHV QR KLJK�VNLOOHG VSHFLDOLVWV

WR EH SHUIRUPHG� 7KHUH DUH FDVHV ZKHUH H[SORVLRQ FXW�

WLQJ LV LQGLVSHQVDEOH� 7KH H[DPSOHV DUH RSHUDWLRQV DW

IDFLOLWLHV ZLWK FRPEXVWLEOH RU JDVHRXV H[SORVLEOH PL[�

WXUHV� RU RSHUDWLRQV LQYROYLQJ WKH ULVN RI VKHDU� ZKHUH

SDUWV RI VWUXFWXUHV EHLQJ FXW PD\ IDOO GRZQ�

7R SURYLGH IRUPDWLRQ RI WKH KLJK�YHORFLW\ FXPX�

ODWLYH MHW XQGHU ZDWHU� WKH FXPXODWLYH FDYLW\ VKRXOG

EH SURWHFWHG IURP LQJUHVV RI WKH ZDWHU� 7KH VSHFLDO

(&(& LQ D IRDP SODVWLF SURWHFWLYH MDFNHW ZDV GHYH�

ORSHG IRU WKLV SXUSRVH� 7KH MDFNHW HQFORVHV WKH (&(&

FDVLQJ DQG ILOOV LQ WKH FXPXODWLYH FDYLW\� 7KH ORVV LQ

HIILFLHQF\ RI (&(& LQ WKLV FDVH LV QR PRUH WKDQ ��w

�� �� 6XFK FKDUJHV DUH FDSDEOH RI ZRUNLQJ DW D GHSWK

RI GRZQ WR �� P� ,I QHFHVVDU\ WR ZRUN DW D GHSWK RI

��w�� P� D FRDWLQJ WKDW SUHYHQWV LQJUHVV RI ZDWHU LV

GHSRVLWHG RQ WKH SURWHFWLYH MDFNHW� $QG DW D GHSWK RI

GRZQ WR ��� P� ZKLFK LV VWLOO DFFHVVLEOH WR D GLYHU�

DQG GRZQ WR ��� P� ZKHUH LW LV QHFHVVDU\ WR XVH D

PDQLSXODWRU� (&(& LV SODFHG LQ D PHWDO MDFNHW PDGH

IURP DQ DSSURSULDWH PDWHULDO�

([SORVLRQ RI WKH XQGHUZDWHU FKDUJH UHVXOWV LQ IRU�

PDWLRQ RI VKRFN ZDYHV� ZKLFK PD\ FDXVH GDPDJH WR

LFKWK\RIDXQD RI ZDWHU DUHDV LPSRUWDQW IRU HFRQRP\�

7KH WROHUDEOH OHYHO RI WKH LQWHQVLW\ RI VKRFN ZDYHV

XQGHU ZDWHU VKRXOG QRW EH KLJKHU WKDQ ���w��� 03D�

$SSDUHQWO\� FRPPHUFLDO DSSOLFDWLRQ RI WKH XQGHUZD�

WHU H[SORVLRQ FXWWLQJ WHFKQRORJ\ GHSHQGV XSRQ WKH

HIILFLHQF\ RI PHDQV IRU SURWHFWLRQ RI LFKWK\RIDXQD

IURP WKH LPSDFW RI H[SORVLRQ�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DQG

WKH ,QVWLWXWH RI 0HFKDQLFV RI WKH 1$6 RI 8NUDLQH

FRQGXFWHG LQYHVWLJDWLRQV WR VWXG\ WKH HIIHFW RI SUHV�

VXUH RI D VKRFNZDYH SURSDJDWLQJ LQ ZDWHU LQ H[SORVLRQ

RI GLIIHUHQW W\SHV RI (&(&� DV ZHOO DV WKH HIIHFW RI

GLIIHUHQW W\SHV RI SURWHFWLYH VFUHHQV RQ WKH GHJUHH RI

VXSSUHVVLRQ RI WKH VKRFN ZDYHV� 0HDVXUHPHQWV RI WKH

VKRFN ZDYHV JHQHUDWHG E\ H[SORVLRQ RI WKH (&(&

VHFWLRQV ZLWK D GLDPHWHU RI �� PP DQG OHQJWK RI

��� PP� SODFHG LQ GLIIHUHQW SURWHFWLYH VFUHHQV� VXFK

DV GU\ VDQG� IRDP SODVWLFV� NHUDP]LWH JUDYHO� FRPELQHG

VFUHHQV FRQVLVWLQJ RI VDQG OD\HUV DQG IRDP SODVWLFV�

DV ZHOO DV VFUHHQV FRQVLVWLQJ RI DLU EXEEOHV� ZHUH PDGH

WR HYDOXDWH WKH HIILFLHQF\ RI WKH SURWHFWLRQ PHWKRGV

DQG PHDQV� &RPSDUDWLYH FKDUDFWHULVWLFV RI WKH SUR�

WHFWLYH VFUHHQV WHVWHG DUH VKRZQ LQ )LJXUH �� ,Q WKLV

)LJXUH WKH UDWLR RI PD[LPXP YDOXHV RI SUHVVXUH 3 LQ

D ZDYH DW H[SORVLRQ RI WKH �� PP GLDPHWHU (&(&

VHFWLRQ LQ ZDWHU WR WKH SHDN YDOXH RI SUHVVXUH 3S IL[HG

LQ H[SORVLRQ RI WKH VDPH (&(& XVLQJ GLIIHUHQW SUR�

WHFWLYH VFUHHQV LV JLYHQ RQ WKH D[LV RI RUGLQDWHV� $V

VKRZQ E\ WKH PHDVXUHPHQW UHVXOWV� WKH EXEEOH SUR�

WHFWLRQ GHFUHDVHV SUHVVXUH E\ D IDFWRU RI �� WKH VDQG

VFUHHQV x ��� NHUDP]LWH JUDYHO x ��� IRDP SODV�

WLFV x ��� DQG DOWHUQDWLQJ OD\HUV RI VDQG DQG IRDP

SODVWLFV x ���

7KH IRDP SODVWLF VFUHHQ LV PRVW SURPLVLQJ LQ WHUPV

RI WHFKQRORJLFDO DQG HFRQRPLF LQGLFDWRUV� DV LW VHUYHV

DV WKH SURWHFWLYH MDFNHW IRU (&(& DQG� DW WKH VDPH

WLPH� SHUIRUPV WKH IXQFWLRQ RI D VRUW RI D EXEEOH

SURWHFWLRQ� ,I QHFHVVDU\� WKH ]RQH RI WKH VDIH LPSDFW

)LJXUH �� (IILFLHQF\ RI GLIIHUHQW SURWHFWLYH VFUHHQV E\ WKH UHVXOWV
RI PHDVXUHPHQW RI PD[LPXP ZDYH SUHVVXUH DW D GLVWDQFH RI ��� P
IURP(&(&� �x EXEEOH SURWHFWLRQ� �w�x VDQG� JUDYHO� NHUDP]LWH
DQG IRDP SODVWLF VFUHHQV� � x DOWHUQDWLQJ OD\HUV RI VDQG DQG IRDP
SODVWLFV
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RQ LFKWK\RIDXQD FDQ EH HQODUJHG E\ VFDULQJ ILVK IURP

WKH (&(& H[SORVLRQ ]RQH ZLWK D UDGLXV RI XS WR �w� P

XVLQJ WKH DFRXVWLF PHWKRGV�

3:, DQG 91,,637QHIW �5XVVLD� GHYHORSHG DQ XQ�

GHUZDWHU FLUFXODU FXPXODWLYH SLSH FXWWHU �7U..3��

EDVHG RQ WKH (&(& LQ D IRDP SODVWLF MDFNHW� IRU FXW�

WLQJ PDLQ SLSHOLQHV ZLWK D GLDPHWHU RI ���w���� PP

DQG ZDOO WKLFNQHVV RI ����� PP� 7KH SLSH FXWWHU FRQ�

VLVWV RI WZR VHPL�ULQJV RI (&(& LQ WKH IRDP SODVWLF

SURWHFWLYH MDFNHW ZLWK SUHOLPLQDULO\ SODFHG FDVLQJV RI

LQWHUPHGLDWH FKDUJHV� ,Q DGGLWLRQ� WKH SURWHFWLYH MDFN�

HWV KDYH OXJV WR ZKLFK DGGLWLRQDO ZHLJKWV DUH FRQ�

QHFWHG� 7KH\ SURYLGH IL[DWLRQ RI 7U..3 WR D SLSH�

(QGV RI DX[LOLDU\ '& DUH SXW WR WKH FDVLQJV RI WKH

LQWHUPHGLDWH FKDUJHV� ZKLFK DUH WKHQ ILOOHG ZLWK D

IXVHG H[SORVLYH� 7KH FXWWHU SURYLGHV FXWWLQJ RI D SLSH

DW WKH SUHVHQFH RI D ZDWHU OD\HU EHWZHHQ LW DQG WKH

SLSH HTXDO WR QRW PRUH WKDQ � PP� $IWHU D GLYHU JRHV

RXW RI ZDWHU� 7U..3 LV LQLWLDWHG ZLWK WKH HOHFWULF

GHWRQDWRU FRQQHFWHG XQGHU ZDWHU WR WKH PDLQ '&�

7KH WHFKQRORJ\ IRU GLVPDQWOLQJ RI VWDWLRQDU\ RII�

VKRUH SODWIRUPV E\ H[SORVLRQ FXWWLQJ� SURYLGLQJ IRU

SURWHFWLRQ RI LFKWK\RIDXQD� ZDV GHYHORSHG DQG VXF�

FHVVIXOO\ WHVWHG RQ WKH EDVLV RI VWXGLHV FRQGXFWHG E\

3:, >�@� 7KLV WHFKQRORJ\ ZDV DSSOLHG IRU WKH ILUVW

WLPH LQ ���� IRU FXWWLQJ RI IRXQGDWLRQ RI WKH GULOO

SODWIRUP LQ WKH %ODFN 6HD DW D GLVWDQFH RI �� NP IURP

WKH FLW\ RI (YSDWRULD� )RXQGDWLRQ RI WKH GULOO SODWIRUP

FRQVLVWHG RI WKUHH LGHQWLFDO EORFNV� HDFK PRXQWHG RQ

QLQH SLOHV� (DFK SLOH ZDV D VWUXFWXUH FRQVLVWLQJ RI

FRD[LDOO\ ORFDWHG SLSHV ZLWK D GLDPHWHU RI ���w

��� PP DQG ZDOO WKLFNQHVV RI �w�� PP� 7KH VSDFH

EHWZHHQ WKH SLSHV ZDV ILOOHG ZLWK VROLGLILHG FHPHQW�

&XWWLQJ RI WKH SLSHV ZDV GRQH DW D GHSWK RI �� P LQ

VHTXHQFH E\ WKH IROORZLQJ PHWKRG� )LUVW WZR FLUFXP�

IHUHQWLDO WUDQVYHUVH FXWV ZHUH PDGH RQ DQ H[WHUQDO

SLSH DW D GLVWDQFH RI DERXW ��� PP� 7KHQ WKH VSRRO

ZDV FXW LQWR WKUHH HTXDO SDUWV XVLQJ WKUHH ORQJLWXGLQDO

FKDUJHV� 7KLV FDXVHG GHVWUXFWLRQ RI WKH FHPHQW OD\HU�

6XEVHTXHQW FXWWLQJ RI VPDOOHU GLDPHWHU SLSHVZDV GRQH

LQ D VLPLODU ZD\� &LUFXODU FKDUJHV 7U..3 �� DQG ��PP

LQ GLDPHWHU DQG VWUDLJKW�OLQH RQHV �� PP LQ GLDPHWHU

ZHUH HPSOR\HG IRU GLVPDQWOLQJ� $SSHDUDQFH RI WKH FXW

LQ D PXOWLOD\HU SLSH LV VKRZQ LQ )LJXUH ��

�� SLSHV ZHUH FXW E\ H[SORVLRQ LQ GLVPDQWOLQJ RI

WKH IRXQGDWLRQ RI WKH GULOO SODWIRUP� 7KH WRWDO WLPH

RI XQGHUZDWHU H[SORVLRQ RSHUDWLRQV ZDV �� GD\V�

,Q ���� WKH H[SORVLRQ WHFKQRORJ\ ZDV DSSOLHG IRU

GLVPDQWOLQJ RI DQ H[SORUDWLRQ SODWIRUP ORFDWHG LQ WKH

$]RY 6HD DW D GHSWK RI �� P� ,Q ���� WKH VLPLODU ZRUN

ZDV GRQH LQ GLVPDQWOLQJ RI EORFNV RI VWDWLRQDU\ SODW�

IRUPV LQ WKH %ODFN 6HD DW D GHSWK RI �� DQG �� P� ,Q

WKH VDPH \HDU WKH ZRUN ZDV FRPSOHWHG RQ XQGHUZDWHU

H[SORVLRQ FXWWLQJ RI �� K\GUDXOLF HQJLQHHULQJ WXEXODU

VXSSRUWV ORFDWHG LQ WKH &DVSLDQ 6HD DW D GHSWK RI � P�

UHVXOWLQJ LQ GLVPDQWOLQJ RI D UHJLRQ RI D VFDIIROG EULGJH

��� P ORQJ� ,Q ����w���� SRQWRRQV RI VWDWLRQDU\ RII�

VKRUH SODWIRUPV LQ WKH &DVSLDQ 6HD ZHUH VXFFHVVIXOO\

WULPPHG E\ H[SORVLRQ FXWWLQJ DIWHU WKH\ZHUH LQVWDOOHG

RQ WKH VKHOI�

7R PDLQWDLQ WKHLU IXHO HQHUJ\ EDODQFH� PDQ\ LQ�

GXVWULDOLVHG FRXQWULHV LQFUHDVHG FRQVWUXFWLRQ RI QX�

FOHDU SRZHU VWDWLRQV� LQ DGGLWLRQ WR JURZWK RI SUR�

GXFWLRQ RI RLO DQG JDV� 7KHVH VWDWLRQV UHTXLUH PDLQ�

WHQDQFH DQG UHSDLU GXULQJ RSHUDWLRQ� DQG VXEVHTXHQWO\

FORVLQJ DQG GLVPDQWOLQJ� 7KXV� LQ ���� LQ 8NUDLQH�

DIWHU WKH GLVDVWHU DW WKH &KRUQRE\O QXFOHDU SRZHU

SODQW� WKHUH ZDV WKH QHHG IRU HPHUJHQF\ UHSDLU RI WKH

VKHOWHU DQG VXEVHTXHQW GLVPDQWOLQJ RI SRZHU XQLW ��

$W SUHVHQW LW LV QHFHVVDU\ WR SHUIRUP VRPHWLPHV GLI�

IHUHQW W\SHV RI ZRUNV IRU GLVPDQWOLQJ GLIIHUHQW PHWDO

VWUXFWXUHV LQ HPHUJHQF\ VLWXDWLRQV� $SSDUHQWO\� DO�

ORZLQJ IRU WKH DERYH DGYDQWDJHV RI WKH H[SORVLRQ FXW�

WLQJ WHFKQRORJ\� LW SUHVHQWV DOPRVW WKH RQO\ VROXWLRQ

WR WKH SUREOHP IRU FULWLFDO FRQGLWLRQV� +RZHYHU� D

QXPEHU RI VSHFLILF UHTXLUHPHQWV DUH LPSRVHG RQ WKH

H[SORVLRQ FXWWLQJ WHFKQRORJ\� )LUVW RI DOO� WKHVH DUH

WKH SUHOLPLQDU\ RSWLPLVDWLRQ RI WKH (&(& SDUDPHWHUV

IRU D VSHFLILF PHWDO VWUXFWXUH WR EH FXW� UHPRWH GHOLYHU\

DQG LQVWDOODWLRQ RI (&(& XVLQJ PDQLSXODWRUV �UR�

ERWV�� HQVXULQJ UHOLDEOH IL[DWLRQ RI (&(& WR KRUL]RQ�

WDO DQG YHUWLFDO UHJLRQV RI D PHWDO VWUXFWXUH ZLWK D

JXDUDQWHHG IRFDO GLVWDQFH� UHPRWH GHWRQDWLRQ RI

(&(& XVLQJ UDGLR VLJQDOV� SUHYHQWLRQ RI LPSDFW E\

VKRFN ZDYHV RQ VXUURXQGLQJ IDFLOLWLHV DQG SUREDEOH

VSUHDG RI UDGLRDFWLYH GXVW� DV ZHOO DV IUDJPHQWV RI WKH

FKDUJH DQG VWUXFWXUH EHLQJ FXW�

8VLQJ WKH DYDLODEOH H[SHULHQFH DQG UHVXOWV RI VSH�

FLDO VWXGLHV� 3:, GHYHORSHG WZR GHVLJQV RI WKH DV�

VHPEO\�WUDQVSRUWDWLRQ GHYLFH EDVHG RQ 7U..1� LQ�

WHQGHG IRU FXWWLQJ WXEXODU PHWDO VWUXFWXUHV ZLWK DOO

WKH DERYH UHTXLUHPHQWV PHW� 7KH ILUVW GHVLJQ FDOOHG

�WRQJV� LV LQWHQGHG IRU FXWWLQJ SLSHV ZLWK D GLDPHWHU

RI ��w��� PP� DQG WKH VHFRQG GHVLJQ FDOOHG �FOLS�x

IRU FXWWLQJ SLSHV ZLWK D GLDPHWHU RI ���w���� PP�

,I SLSHV KDYH DQ LQWHUPHGLDWH GLDPHWHU� ERWK ILUVW DQG

VHFRQG GHYLFHV FDQ EH XVHG� GHSHQGLQJ XSRQ WKH VSH�

FLILF ZRUN WR EH GRQH�

)LJXUH �� $SSHDUDQFH RI WKH FXW PDGH LQ D PXOWLOD\HU SLSH XVHG LQ
IRXQGDWLRQ RI VWDWLRQDU\ RII�VKRUH SODWIRUPV
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:KHQ WKH �WRQJV� W\SH GHYLFH LV XVHG �)LJXUH ���

(&(& WRJHWKHU ZLWK DQ DVVHPEO\ IL[WXUH LV IHG WR WKH

LQLWLDO SRVLWLRQ DQG FRQQHFWHG WR WKH PDQLSXODWRU�

:KHQ GRLQJ VR� WKH (&(& VHPL�ULQJV DUH LQ D GUDZQ

DSDUW FRQGLWLRQ� 7KH PDQLSXODWRU PRYHV WKH GHYLFH

WR WKH VLWH� GHOLYHUV (&(& WR WKH FXWWLQJ ORFDWLRQ� VR

WKDW WKH SLSH D[LV DQG (&(& SODQH DUH LQ D PXWXDOO\

SHUSHQGLFXODU SRVLWLRQ� DQG WKHQ� E\ WUDQVODWLRQDO PR�

WLRQ� WKH PDQLSXODWRU PRXQWV (&(& RQ WKH SLSH�

ZKHUH LW LV VHFXUHG ZLWK D VSHFLDO ORFN DQG IL[LQJ URGV

KDYLQJ DQ HODVWLF HOHPHQW RQ WKHLU HQGV WR IL[ (&(&

LQ DQ\ SRVLWLRQ GXH WR LWV HODVWLF SURSHUWLHV� $IWHU WKH

PDQLSXODWRU LV PRYHG WR D VDIH SODFH� WKH GHWRQDWLRQ

RI (&(& LV SURYLGHG� 7KHQ WKH SODFH RI H[SORVLRQ

RSHUDWLRQV LV H[DPLQHG ZLWK WKH KHOS RI WKH PDQLSX�

ODWRU� 'HSHQGLQJ XSRQ WKH H[DPLQDWLRQ UHVXOWV� WKH

SRVVLELOLW\ H[LVWV RI FRQWLQXLQJ WKH RSHUDWLRQV� LI QH�

FHVVDU\� $ VSHFLILF IHDWXUH RI SHUIRUPLQJ ILHOG RSHUD�

WLRQV LQ WKH FDVH RI XVLQJ WKH �FOLS� W\SH GHYLFH LV

WKDW WZR PDQLSXODWRUV DUH UHTXLUHG WR LQVWDOO (&(&�

DQG WKDW WKH DVVHPEO\ IL[WXUH LV GLVFRQQHFWHG IURP

(&(&E\PDNLQJ WKHPDQLSXODWRUVPRYH UDGLDOO\ IURP

WKH SLSH FHQWUH� 7KH UHVW RI WKH RSHUDWLRQV DUH VLPLODU

WR WKRVH GHVFULEHG DERYH�

:KHUH LW LV QHFHVVDU\ WR SURWHFW VXUURXQGLQJ ID�

FLOLWLHV IURP D VLGH HIIHFW RI H[SORVLRQ� WKLV SURWHFWLRQ

LV SURYLGHG E\ WKH DLU�PHFKDQLFDO IRDP IRUPHG E\ D

SRUWDEOH IRDP JHQHUDWRU� ZKLFK LV GHOLYHUHG WR WKH

VLWH E\ WKH PDQLSXODWRU� $ VXEVWDQWLDO ��� WLPHV� VXS�

SUHVVLRQ RI VKRFN ZDYHV� GHFUHDVH LQ WKH QXPEHU RI

IUDJPHQWV RI WKH (&(& MDFNHW� DQG DQ DOPRVW DEVROXWH

HOLPLQDWLRQ RI VSUHDG RI UDGLRDFWLYH GXVW ZHUH IL[HG

LQ WKLV FDVH�

$QDORJXH RI WKH �WRQJV� W\SH GHYLFH �)LJXUH ��

ZDV XVHG LQ ���� IRU H[SORVLRQ FXWWLQJ RI ILUH�ILJKWLQJ

SLSHV ��� PP LQ GLDPHWHU RQ WKH URRI RI SRZHU XQLW

� GXULQJ OLTXLGDWLRQ RI DFFLGHQW DW WKH &KRUQRE\O

QXFOHDU SRZHU SODQW� 7KH OHYHO RI UDGLDWLRQ LQ WKDW

FDVH ZDV ��� 5�K�

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW 3:, KDV

H[SHULHQFH LQ GHYHORSPHQW DQG SUDFWLFDO DSSOLFDWLRQ

RI VXSHU�SUHFLVLRQ OLQHDU VHYHULQJ GHYLFHV EDVHG RQ WKH

XVH RI WKH H[SORVLRQ HQHUJ\� 7KH GHYLFHV DUH VDIH IRU

KXPDQV DQG LQWHQGHG IRU DHURVSDFH HQJLQHHULQJ� 7KH\

FDQ EH XVHG� IRU H[DPSOH� IRU PDNLQJ RI HPHUJHQF\

H[LWV LQ D SLORWsV FDELQ� 6LPLODU GHYLFH ZDV GHYHORSHG

IRU WKH URFNHW�VSDFH WUDQVSRUWDWLRQ V\VWHP RI WKH

�(QHUJL\Dw%XUDQ� V\VWHP� 7KH SURMHFWHG XVH RI WKH

H[SORVLRQ FXWWLQJ WHFKQRORJ\ LV IRU GLVPDQWOLQJ RI

RUELWDO VSDFH VWDWLRQV LQ H[WUD�YHKLFXODU DFWLYLW\�

�� /DYUHQWLHY� 0�$� ������ &XPXODWLYH FKDUJH DQG SULQFLSOHV
RI LWV DFWLRQ� 8VSHNKL 0DW� 1DXN� ��� ��w���

�� %DXP� )�$�� 2UOHQNR� 3�3�� 6WDQ\XNRYLFK� .�3� HW DO�
������ 3K\VLFV RI H[SORVLRQ� 0RVFRZ� 1DXND�

�� 5DLQKDUW� '�� 3LUVRQ� '� ������ ([SORVLRQ WUHDWPHQW RI

PHWDOV� 0RVFRZ� 0LU�
�� .XGLQRY� 9�0�� .RURWHHY� $�<D�� 9ROJLQ� /�$� ������ ([�

SHULHQFH RI DSSOLFDWLRQ RI XQGHUZDWHU H[SORVLRQ FXWWLQJ IRU
GLVPDQWOLQJ RI VWDWLRQDU\ RII�VKRUH SODWIRUP WXEXODU VXS�
SRUW� $YWRPDWLFK� 6YDUND� �� ��w���

)LJXUH �� �7RQJV� W\SH GHYLFH EDVHG RQ (&(& IRU FXWWLQJ RI SLSHV�
� x (&(& VHPL�ULQJ FRQQHFWRU� � x KLQJH� � x ERVV IRU VHWWLQJ
WKH IRFDO GLVWDQFH� � x VDPH ZLWK D SRUW IRU HOHFWULF GHWRQDWRU�
� x KLQJHG ORFN� � x GHYLFH DOLJQPHQW DQG IL[DWLRQ RI (&(&
VHPL�ULQJV� � x SLSH FXW� � x (&(& VHPL�ULQJ
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

(QJLQHHULQJ FDOFXODWLRQ RI RSWLPXP UDWH RI FRROLQJ PHWDO EHLQJ ZHOGHG �WR SURYLGH WKH WHFKQRORJLFDO VWUHQJWK� GHSHQGLQJ

RQ ZHOGLQJ SURFHVV SDUDPHWHUV DQG VHFWLRQ RI ZHOG OD\HUV� DQG DOVR ZLWK DOORZDQFH IRU &&7 GLDJUDP RI RYHUFRROHG

DXVWHQLWH GHFD\ LV VXJJHVWHG�

.H\ZRU G V � DUF ZHOGLQJ� TXHQFKLQJ VWHHOV� PXOWLOD\HU

ZHOGV� ZHOGHG MRLQWV� GHOD\HG IUDFWXUH� FROG FUDFNV� SRUWLRQ

KHDW LQSXW

,W WXUQV RXW VR� WKDW WKH DUF IXVLRQ ZHOGLQJ RI TXHQFK�

LQJ KXOO VWHHOV LV PDGH RIWHQ XVLQJ KLJK�DOOR\ DXVWHQL�

WLF ZHOGLQJ FRQVXPDEOHV WR SURYLGH WKH UHTXLUHG UH�

VLVWDQFH RI MRLQWV WR FROG FUDFN IRUPDWLRQ >�@� :KHQ

WKH ORZ�DOOR\ ZHOGLQJ FRQVXPDEOHV DUH XVHG LW LV QH�

FHVVDU\ WR XVH SUHKHDWLQJ� ,Q VRPH FDVHV WKH GHVLUDEOH

UHVXOW LV DWWDLQHG XVLQJ WKH DXWRSUHKHDWLQJ�

'UDZEDFNV RI WKHVH WHFKQRORJLHV DUH� ILUVWO\� KLJK
FRVW RI DXVWHQLWLF PDWHULDOV DQG ORZHU FKDUDFWHULVWLFV RI

SURSHUWLHV RI MRLQWV DV FRPSDUHG ZLWK WKRVH RI SDUHQW

PHWDO� VHFRQGO\� WKH QHHG LQ DX[LOLDU\ FRPSOH[ DQG OD�

ERXU�LQWHQVLYH RSHUDWLRQ RI SUHKHDWLQJ� ZKLFK LV RIWHQ
QRW UHDOL]DEOH� LQ SDUWLFXODU IRU ODUJH�VL]HG SURGXFWV�

2YHU WKH UHFHQW \HDUV WKH KLJK�VWUHQJWK DXVWHQL�
WLF�PDUWHQVLWLF FRQVXPDEOHV DUH GHYHORSHG IRUZHOGLQJ

TXHQFKLQJ VWHHOV >�@� ,Q WKHLU XVH� WKH LPSRVVLELOLW\

RI XVH RI SRVW KHDW WUHDWPHQW� IRU H[DPSOH� KLJK WHP�

SHULQJ WR UHOLHYH WKH UHVLGXDO VWUHVVHV� VKRXOG EH QRWHG�

H[FHSW WKH DERYH�PHQWLRQHG GUDZEDFNV�

7DNLQJ LQWR DFFRXQW WKH DERYH�GHVFULEHG VLWXDWLRQ

ZH WKLQN WKDW WKH SRVVLELOLW\ RI SURGXFLQJ PHWDO RI KLJK�

VWUHQJWK ZHOGV� EHLQJ FORVH WR SDUHQW PHWDO� LV D FKDO�

OHQJLQJ YDULDQW IRU TXHQFKLQJ KDUG�WR�ZHOG VWHHOV�
+RZHYHU� WR UHDOL]H WKLV LGHD WKH DGGLWLRQDO LQYHV�

WLJDWLRQV GLUHFWHG WR DWWDLQLQJ WKH UHTXLUHG WHFKQR�

ORJLFDO VWUHQJWK RI ZHOGHG MRLQWV RI TXHQFKLQJ VWHHOV
DW D VLPXOWDQHRXV LQFUHDVH LQ VWUHQJWK RI WKH ZHOG

PHWDO WR WKH OHYHO RI WKH SDUHQW PHWDO DUH QHFHVVDU\�

7KLV SUREOHP FDQ EH VROYHG E\ FRPELQDWLRQ RI GLIIH�
UHQW YDULDQWV RI DXWRSUHKHDWLQJ DQG SRUWLRQ�GLVFUHWH

IRUPDWLRQ RI ZHOGV >�w�@�

,Q FDVH RI DXWRSUHKHDWLQJ� IRU H[DPSOH� XVLQJ D

UHFLSURFDWLQJ GLVSODFHPHQWV RI DUF �HOHFWURGH� >�@� LWV

DGYDQWDJHV FDQ EH UHDOL]HG� LI WR PD[LPXP RSWLPL]H

WKH UDWH RI FRROLQJ PHWDO GXULQJ IXOILOOPHQW RI HDFK

ZHOG OD\HU�

7KH DLP RI WKH SUHVHQW ZRUN LV WR VKRZ WKH IHDVL�

ELOLW\ RI LPSURYLQJ MRLQW PHWDO UHVLVWDQFH WR FROG
FUDFNV ZLWKRXW SUHKHDWLQJ LQZHOGLQJ TXHQFKLQJ VWHHOV

DQG WR SURGXFH ZHOG PHWDO VLPLODU WR SDUHQW PHWDO

RZLQJ WR RSWLPL]LQJ PHWDO FRROLQJ LQ IXOILOOPHQW RI

HDFK VHSDUDWH OD\HU RI WKH ZHOG�

7DNLQJ LQWR DFFRXQW WKH QHJDWLYH K\GURJHQ HIIHFW

RQ WHFKQRORJLFDO VWUHQJWK RI MRLQWV� WKH PHDVXUHV ZHUH

WDNHQ WR OLPLW WKH FRQWHQW RI GLIIXVLYH�PRELOH K\GUR�

JHQ LQ WKH GHSRVLWHG PHWDO ZKLFK FRXOG QRW H[FHHG

��� FP
�
SHU ��� J RI PHWDO� 7R GHWHUPLQH WKH K\GURJHQ

FRQWHQW� WKH PHWKRG RI DOFRKRO VDPSOH ZDV XVHG�

7R RSWLPL]H WKH ZHOGHG MRLQWV FRROLQJ DIWHU IXO�

ILOOPHQW RI HDFK OD\HU ZLWK DOORZDQFH IRU &&7 GLD�
JUDPV RI RYHUFRROHG DXVWHQLWH GHFD\ RI D GHILQLWH VWHHO�

LW LV QHFHVVDU\ WR HVWDEOLVK WKH UHTXLUHG UDWHV RI FRROLQJ

PHWDO RI ZHOG DQG +$= GHSHQGLQJ RQ WKH ZHOGLQJ

FRQGLWLRQV�

7R HYDOXDWH WKH WKHUPDO FRQGLWLRQ RI HOHPHQWV

ZHOGHG LQ QDUURZ�JDS ZHOGLQJ RI URRW ZHOGV RI WKLFN

PHWDO� LW LV SRVVLEOH WR XVH WKH FDOFXODWHG VFKHPH RI

1�1� 5\NDOLQ� ZKLFK WDNHV LQWR DFFRXQW WKH KHDW

VSUHDGLQJ LQ VHPLILQLWH ERG\ IURP HIIHFW RI D VSRW

PRELOH KHDW VRXUFH >�� �@� ,Q DFFRUGDQFH ZLWK WKLV

VFKHPH WKH WHPSHUDWXUH RI DQ\ VSRW RI WKH ERG\ LQ

TXDVL�VWDWLRQDU\ VWDWH LV GHWHUPLQHG E\ WKH IROORZLQJ

IRUPXOD >�@�
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'XULQJ VRXUFH GLVSODFHPHQW LQ D[LV [w[� WKH WHP�

SHUDWXUH RI VSRWV �ZKHUH YDOXH [ LV QHJDWLYH� GRHV QRW

GHSHQG RI VSHHG RI LWV GLVSODFHPHQW DQG LV HTXDO WR
WHPSHUDWXUHV RI OLPLWLQJ VWDWH RI IL[HG VRXUFH� L�H� DW

5  w[

75 = T

�πλ5 � ���

)RU ORZ�FDUERQ VWHHO λ  ����:��P⋅�&� >�@� 7DN�
LQJ LQWR DFFRXQW WKDW T  ,

Z
8
D
ϕ �ϕ x HIILFLHQF\

IDFWRU RI DUF�� HTXDOLW\ ��� FDQ EH ZULWWHQ LQ WKH IRUP

5 =
,
Z
8

D

�πλ75
ϕ� ���

ZKHUH 5 LV WKH GLVWDQFH LQ ZHOG D[LV IURP DUF WR SRLQW

ZLWK WHPSHUDWXUH 75� P� ,
Z
LV WKH ZHOGLQJ FXUUHQW�

$� 8
D
LV WKH DUF YROWDJH� 9� 75� �&�

� $�7� 1$=$5&+8.� ����
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,Q+$=�LQ D[LV \� WKH GLVWULEXWLRQ RI WHPSHUDWXUHV
GHSHQGV RQ ZHOGLQJ VSHHG >�� �@� +RZHYHU� DV +$=
LQ QDUURZ�JDS ZHOGLQJ LV VPDOO DQG ORFDWHG DOPRVW DW
WKH VDPH GLVWDQFH IURP WKH ZHOG D[LV� L�H� E�� �ZKHUH
E LV WKH JDS ZLGWK�� WKDW DPRXQWV WR �w� PP IRU
��w�� PP JDS ZLGWK� WKHQ WKH FDOFXODWLRQ FDQ EH
PDGH ZLWK D FHUWDLQ DFFXUDF\ ZLWKRXW WDNHQ LQWR DF�
FRXQW WKLV UHPDUN�

5HDOO\� DV IROORZV IURP WKH 7DEOH� ZKHQ SODWHV RI
�� DQG �� PP WKLFNQHVV DQG ����×���� PP VL]H DUH
ZHOGHG �ZHOG LQ WKH PLGGOH DORQJ WKH ORQJ VLGH�� WKH
FDOFXODWHG HVWLPDWHV RI YDOXH 5 IRU WHPSHUDWXUHV ���w
��� �& DUH GLIIHUHG IURP H[SHULPHQWDO YDOXHV E\ �w
�� � WKDW LV TXLWH DGPLVVLEOH IRU HQJLQHHULQJ HVWLPD�
WLRQV�

6XEVWLWXWLQJ DSSURSULDWH YDOXHV λ WR IRUPXOD ���
DQG WDNLQJ LQWR DFFRXQW WKDW LQ FDOFXODWLRQV RI WKLV
NLQG ϕ FDQ EH DFFHSWHG HTXDO WR � �IRU JDV HOHFWULF
ZHOGLQJ RQ RSHQ VXUIDFH ϕ  ���w����� ZH VKDOO REWDLQ

5 =
,Z8D

�π����75
� ���

7R RSWLPL]H WKH ZLGWK RI JURRYH LQ QDUURZ�JDS
ZHOGLQJ RI TXHQFKLQJ VWHHOV� WKH GHWHUPLQDWLRQ RI GLV�
WDQFH IURP DUF WR WKH PHWDO ]RQH ZLWK LQWHUHVWHG WR
XV WHPSHUDWXUH RI DXWRSUHKHDWLQJ GHSHQGLQJ RQ ZHOG�
LQJ SDUDPHWHU LV DQ LPSRUWDQW FKDUDFWHULVWLF� 7KLV GLV�
WDQFH FDQ EH GHWHUPLQHG ERWK H[SHULPHQWDOO\ DQG DOVR
UDWKHU DSSUR[LPDWHO\ E\ FDOFXODWLRQ�

,I WR PDNH WKH DSSURSULDWH PHDVXUHPHQWV RU FDO�

FXODWLRQV IRU WZR WHPSHUDWXUHV� IRU H[DPSOH ��� DQG

��� �&� WKHQ LW LV SRVVLEOH WR GHWHUPLQH DSSUR[LPDWHO\

WKH PHDQ UDWH RI PHWDO FRROLQJ LQ WKH ]RQH RI ZHOGLQJ

ZLWKLQ WKLV UDQJH RI WHPSHUDWXUHV� ,Q WKH JLYHQ FDVH

D WUDGLWLRQDO DQDO\VLV RI &&7 GLDJUDPV RI GHFD\ RI

WKH RYHUFRROHG DXVWHQLWH RI VWHHOV ZHOGHG LV XVHG IRU

HVWLPDWLRQ RI VWUXFWXUHV IRUPHG LQ +$= PHWDO RI WKH

ZHOGHG MRLQWV�
)XUWKHU� ZH VKDOO GR WKH IROORZLQJ� /HW XV DVVXPH

WKDW LW LV QHFHVVDU\ WR SURYLGH WKH GLVWULEXWLRQ RI WHP�
SHUDWXUHV 75 LQ ZHOG D[LV DW WKH GLVWDQFH 5 IURP DUF
DW \ DQG ]  � �)LJXUH ���

7KH IROORZLQJ HTXDWLRQ FDQ EH PDGH IRU QDUURZ�
JDS ZHOGLQJ ZLWK DOORZDQFH IRU DPRXQW RI PHWDO GH�
SRVLWHG IRU WLPH W�

EKOD\HU5γ = 3W� ���

ZKHUH KOD\HU LV WKH OD\HU KHLJKW� γ LV WKH VSHFLILF GHQVLW\
RI WKH GHSRVLWHG PHWDO �IRU VWHHO ����⋅��w� J�PP��� 3
LV WKH DPRXQW RI PHWDO GHSRVLWHG SHU XQLW\ RI WLPH
IRU VHOHFWHG SDUDPHWHUV RI SURFHVV �J�V�� ,Q DGGLWLRQ�
W  5�YZ� ZKHUH YZ LV WKH ZHOGLQJ VSHHG DW VHOHFWHG
YDOXHV ,Z DQG 8D�

7R WUDQVIRUP IRUPXOD ��� LW VKRXOG EH QRWHG WKDW
ψOD\HU  E�KOD\HU� KHQFH KOD\HU  E�ψOD\HU� 6XEVWLWXWLQJ
WKLV H[SUHVVLRQ WR IRUPXOD ��� DQG� PDNLQJ WKH DSSUR�
SULDWH WUDQVIRUPDWLRQV� ZH VKDOO REWDLQ WKH FDOFXODWHG
ZLGWK RI JURRYH �JDS� IRU VHOHFWHG YDOXHV RI ZHOGLQJ
FXUUHQW DQG DUF YROWDJH LQ QDUURZ�JDS ZHOGLQJ�

E = √3ψOD\HU

5γ W � ���

ZKHUH ψOD\HU LV WKH FRHIILFLHQW RI OD\HU VKDSH �UDWLR RI
JURRYH ZLGWK WR KHLJKW RI GHSRVLWHG OD\HU�� 5 LV GH�
WHUPLQHG E\ FDOFXODWLRQV E\ IRUPXOD ��� RU H[SHUL�
PHQWDOO\� W LV WKH WLPH RI FRROLQJ WR WHPSHUDWXUH 75�
V� DW ZKLFK WKH TXHQFKHG VWUXFWXUHV� SURQH WR FROG
FUDFNV� DUH QRW IRUPHG LQ WKH MRLQW PHWDO� V�

3DUDPHWHU W  W5 LV VHOHFWHG ZLWK DOORZDQFH IRU
&&7 GLDJUDPV RI GHFD\ RI RYHUFRROHG DXVWHQLWH RI
GHILQLWH VWHHOV ZHOGHG �)LJXUH ���

7DNLQJ LQWR DWWHQWLRQ WKDW 5  YZW� WKH ILQDO IRU�
PXOD RI GHWHUPLQDWLRQ RI JDS ZLGWK LQ QDUURZ�JDS
ZHOGLQJ FDQ EH UHGXFHG WR WKH IROORZLQJ IRUP�

E = √3ψOD\HU

YZγ � ���

)RU WKH ZLGH UDQJH RI FRQGLWLRQV3  ���w��� NJ�K
DQG FDQ EH GHWHUPLQHG E\ IRUPXOD 3  SYI� ZKHUH S
LV WKH PDVV RI � P OLQHDU OHQJWK RI ZLUH� NJ�P� YI LV
WKH ZLUH IHHG VSHHG� P�K�

9DOXHV RI FRHIILFLHQW RI OD\HU VKDSH ψOD\HU VKRXOG
EH WDNHQ VXFK DW ZKLFK WKH VXIILFLHQW UHVLVWDQFH RI
ZHOG PHWDO DJDLQVW KRW FUDFN IRUPDWLRQ LV SURYLGHG�
)RU WKH QDUURZ�JDS ZHOGLQJ ψOD\HU  ���w����

2SWLPL]LQJ RI SDUDPHWHUV RI SURFHVV RI ZHOGLQJ ZLWK VLPLODU ZHOGV RI TXHQFKLQJ VWHHOV

6WHHO JUDGH
6L]HV RI SODWHV

ZHOGHG� PP

:HOGLQJ SDUDPHWHUV 7HPSHUDWXUH RI

DXWRSUHKHDWLQJ 75�

�&

5� PP

,
Z
� $ 8

D
� 9 ([SHULPHQWDO &DOFXODWHG

��.K1�0'$ ����×����×��� ���w���

���

��w��

��

���w���

���

��� ���w���

���

��.K�1�0 ���×����×��� ���w���

���

��w��

��

���w���

�����

��� ���w���

���

1R W H � ,Q QXPHUDWRU WKH UDQJH RI YDOXHV LV JLYHQ� ZKLOH LQ GHQRPLQDWRU WKH PHDQ YDOXH LV JLYHQ�

)LJXUH �� 6FKHPH RI FDOFXODWHG GHWHUPLQDWLRQ RI JURRYH ZLGWK
GHSHQGLQJ RQ DPRXQW RI GHSRVLWHG PHWDO
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8VLQJ &&7 GLDJUDPV RI GHFD\ RI RYHUFRROHG
DXVWHQLWH IRU GHILQLWH VWHHOV ZLWK DOORZDQFH IRU VHOHF�
WLRQ RI PHWDO VWUXFWXUHV UHVLVWDQW WR FROG FUDFNV� LW LV
SRVVLEOH WR GHWHUPLQH QRW RQO\ 75� EXW DOVR WKH WLPH
W WR UHDFK WKLV WHPSHUDWXUH LQ FRROLQJ IURP WKH WHP�
SHUDWXUH RI DXVWHQL]LQJ� ,Q WKRVH FDVHV ZKHQ WKHUH DUH
QR DSSURSULDWH &&7 GLDJUDPV RI GHFD\ �IRU GHILQLWH
VWHHOV�� FRQVWUXFWHG LQ KHDWLQJ XS WR KLJK WHPSHUDWXUHV
�����w���� �&� LW LV SRVVLEOH WR XVH GLDJUDPV IRU KHDW
WUHDWPHQW DSSUR[LPDWHO\ �DV SUHOLPLQDU\� >�@�

$IWHU VHOHFWLRQ 75 IURP IRUPXOD ��� 5 LV GHWHU�
PLQHG DW SUHVHW ,Z DQG 8D� :HOGLQJ VSHHG IRU WKH
VHOHFWHG SURFHVV SDUDPHWHUV LV IRXQG IURP UDWLR YZ  
 5�W� 7KHQ� WKH UHTXLUHG JDS ZLGWK LV FDOFXODWHG
XVLQJ IRUPXOD ���� DV LW LV HDV\ WR GHWHUPLQH 3 DW
SUHVHW SDUDPHWHUV RI WKH SURFHVV� +RZHYHU� LW FDQ EH
GRQH LQ DQRWKHU ZD\� WR GHWHUPLQH UHTXLUHG ,Z DQG
8D E\ SUHVHWWLQJ 3�

$IWHU PDNLQJ FDOFXODWLRQV� LQFOXGLQJ WKRVH RQ GH�
WHUPLQDWLRQ RI JDS ZLGWK E� LW LV SRVVLEOH WR UHYHDO DQ
LQWHUHVWLQJ IDFW� WR SURYLGH WKH FDOFXODWHG ZLGWK RI
ZHOG DW VHOHFWHG YDOXHV RI ZHOGLQJ FXUUHQW DQG DUF
YROWDJH LQ VRPH FDVHV LV LPSRVVLEOH� DV LW LV QHFHVVDU\
WR XVH WKH WUDQVYHUVH RVFLOODWLRQV RI WKH HOHFWURGH�
+HUH� WKH DPSOLWXGH $ RI RVFLOODWLRQV LV GHWHUPLQHG
DSSUR[LPDWHO\ RQ WKH EDVLV RI H[SHULPHQWDO GDWD�

$ =
E w (�w�)

�
�

6HOHFWLRQ RI RSWLPXP YDULDQW LV PDGH E\ WKH
PHWKRG RI VXFFHVVLYH DSSUR[LPDWLRQV� )RU WKLV SXU�
SRVH� WKH FDOFXODWLRQV VKRXOG EH SHUIRUPHG IRU VHYHUDO
YDULDQWV RI SURFHVV SDUDPHWHUV �,Z DQG 8D��

,W VKRXOG EH QRWHG WKDW DW GLIIHUHQW FRQGLWLRQV WKH
HIILFLHQF\ LV DGHTXDWHO\ GHWHUPLQHG E\ 3�E UDWLR DQG
LQFUHDVHG ZLWK LQFUHDVH LQ WKLV FKDUDFWHULVWLF� 0RUH�
RYHU� WKH GHFUHDVH LQ JDS ZLGWK GRHV QRW DOZD\V SUR�
PRWH WKH LQFUHDVH LQ WKH SURFHVV HIILFLHQF\� DV ZLWK

GHFUHDVH LQ JDS WR SURYLGH WKH TXDOLW\ IRUPDWLRQ RI
ZHOG �LQ SDUWLFXODU UHVLVWDQFH WR KRW FUDFNLQJ� LW LV
QHFHVVDU\ WR GHFUHDVH WKH DPRXQW RI GHSRVLWHG PHWDO
SHU WLPH XQLW\� &DVHV DUH SRVVLEOH ZKHQ DW ODUJH JDSV
WKH KLJKHU HIILFLHQF\ RI WKH SURFHVV FDQ EH SURYLGHG
WKDQ DW VPDOO JDSV� 7KLV LV DWWDLQHG E\ JUHDW LQFUHDVH
LQ DPRXQW RI GHSRVLWHG PHWDO SHU WLPH XQLW\ �IRU ODUJH
JDSV� DQG SURYLGLQJ WKH UHTXLUHG FRHIILFLHQW RI OD\HU
VKDSH ψOD\HU IRU WKH QDUURZ�JDS ZHOGLQJ�

7KH RIIHUHG SURFHGXUH RI FDOFXODWLRQ FDQ EH XVHG
LQ ZHOGLQJ ZLWK D WUDGLWLRQDO JURRYH SUHSDUDWLRQ� ,Q
WKLV FDVH LW LV UDWLRQDO ILUVW RI DOO WR GHWHUPLQH WKH DUHD
RI FURVV�VHFWLRQ RI GHSRVLWHG OD\HU 6 DQG� WDNLQJ WKLV
LQWR DFFRXQW� WR PDNH WKH XVXDO HGJH SUHSDUDWLRQ� 7KH
FURVV�VHFWLRQ DUHD LV GHWHUPLQHG E\ IRUPXOD

6 = 3W

5γ�

7DNLQJ LQWR DFFRXQW WKDW 5  YZW� WKH IRUPXOD FDQ
EH UHGXFHG WR WKH IRUP

6 = 3

YZγ�

,W VKRXOG EH QRWHG KHUH WKDW� LQ SULQFLSOH� WKH QHZ
DSSURDFK LV VXJJHVWHG WR WKH VHOHFWLRQ RI JURRYH VHF�
WLRQ DQG DPSOLWXGH RI WUDQVYHUVH RVFLOODWLRQV RI HOHF�
WURGH E\ FDOFXODWLRQ GHSHQGLQJ RQ WKH SURFHVV SDUDPH�
WHUV DQG ZLWK DOORZDQFH IRU UHVLVWDQFH RI MRLQWV RI
GHILQLWH VWHHOV ZHOGHG DJDLQVW FROG DQG KRW FUDFNV�

$W SUHVHQW WKH SURFHVV SDUDPHWHUV �WDNLQJ LQWR DF�
FRXQW WKH JUDGH RI VWHHOV ZHOGHG� DUH VHOHFWHG� DV D
UXOH� GHSHQGLQJ RQ D VWDQGDUGL]HG HGJH SUHSDUDWLRQ�
7KLV DSSURDFK GRHV QRW DOZD\V SURYLGH WKH QHFHVVDU\
UDWH RI PHWDO FRROLQJ LQ WKH ORZHU VXEFULWLFDO LQWHUYDO
RI WHPSHUDWXUHV IRU PDQ\ KDUG�WR�ZHOG VWHHOV� DQG�
FRQVHTXHQWO\� WKH UHVLVWDQFH RI PHWDO RI WKHLU MRLQWV
DJDLQVW FROG FUDFNV�

7KH GHYHORSHG SURFHGXUH RI VHOHFWLRQ RI FRQGLWLRQV
ZDV WHVWHG LQ ZHOGLQJ SODWHV RI �� DQG �� PP WKLFN
VWHHOV RI ��.K1�0'$ DQG ��.K�1�0 JUDGHV� UH�
VSHFWLYHO\� 3ODWHV RI ���×��� PP VL]H ZHUH DVVHPEOHG
LQ WKH IRUP RI D ULJLG WHFKQRORJLFDO VDPSOH RI W\SH RI
WKH &HQWUDO 5	' ,QVWLWXWH RI 6KLSEXLOGLQJ 7HFKQROR�
JLHV� :HOG ZDV PDGH DORQJ WKH ORQJ VLGH RI WKH SODWH�
:HOGLQJ ZDV SHUIRUPHG ZLWK ZLUH 6Y�
��.K*61�0'� &DOFXODWHG ZLGWK RI JURRYH DW VH�
OHFWHG SDUDPHWHUV RI WKH SURFHVV� IRU H[DPSOH IRU VWHHO
RI ��.K�1�0 JUDGH� ZDV ��w�� PP� 7KH UHVW SD�
UDPHWHUV ZHUH DV IROORZV� ,Z  ���w��� $� 8D  ��w
�� 9� YZ  ��� P�K�

¯¯7 GLDJUDP RI GHFD\ RI RYHUFRROHG DXVWHQLWH IRU
VWHHO ��.K�1�0 LV JLYHQ LQ )LJXUH � >�� �@� 7HPSHUD�
WXUH 75  ���w��� �&� +HUH� LW ZDV QHFHVVDU\ WR SUR�
YLGH W  W5  ��� DQG ��� V LQ DFFRUGDQFH ZLWK WKH
GLDJUDP� 7KH DERYH�PHQWLRQHG UHTXLUHPHQW LV GHILQHG
E\ WKH IRUPDWLRQ RI PHWDO VWUXFWXUHV �DV D UHVXOW RI
DXVWHQLWH GHFD\ DQG GHYHORSLQJ RI SURFHVVHV RI VHOI�
WHPSHULQJ LQ ZHOGLQJ�� UHVLVWDQW DJDLQVW IRUPDWLRQ RI
FROG FUDFNV� 7KH IXUWKHU FDOFXODWLRQV ZHUH PDGH XVLQJ
WKH DERYH SURFHGXUH�

)LJXUH �� &&7 GLDJUDP RI GHFD\ RI RYHUFRROHG DXVWHQLWH LQ VWHHO
RI ��.K�1�0 JUDGH
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5HVXOWV RI LQYHVWLJDWLRQV VKRZHG WKDW WKH ORQJLWX�
GLQDO DQG WUDQVYHUVH FROG FUDFNV ZHUH QRW UHYHDOHG LQ
ZHOGHG MRLQWV �)LJXUH ��� 7KLV SURYHV D VXIILFLHQW
UHVLVWDQFH RI MRLQW PHWDO WR FROG FUDFN IRUPDWLRQ LQ
ZHOGLQJ XVLQJ WKH VHOHFWHG WHFKQRORJ\�

,W VKRXOG EH QRWHG WKDW LQ VSLWH RI SRVVLELOLW\ RI
SURGXFLQJ MRLQWV UHVLVWDQW WR FUDFN IRUPDWLRQ ZLWK XVH
RI SUHKHDWLQJ �DV D UHVXOW RI RSWLPL]LQJ FRROLQJ GXULQJ
ZHOGLQJ D VHSDUDWH OD\HU�� LW LV QRW DOZD\V SRVVLEOH
WR XVH WKLV PHWKRG IRU MRLQLQJ KDUG�WR�ZHOG VWHHOV ZLWK
D KLJK VWDELOLW\ RI DXVWHQLWH� IRU H[DPSOH VWHHO
��.K1�0� 7KH WKLQJ LV WKDW RSWLPL]LQJ RI UDWH RI
FRROLQJ MRLQWV RI WKHVH VWHHOV LQ IXOILOOPHQW RQO\ RQH
OD\HU RI WKH ZHOG DW RSWLPXP FRQGLWLRQV FDQ OHDG WR
GHWHULRUDWLRQ RI PHFKDQLFDO SURSHUWLHV RI ZHOG PHWDO
GXH WR D ORQJ GXUDWLRQ DERYH $F

�

� 7R HOLPLQDWH WKLV

GUDZEDFN WKH RIIHUHG SURFHGXUH RI FDOFXODWLRQ VKRXOG
EH FRPELQHG ZLWK XVH RI D IDYRXUDEOH HIIHFW RI PDQ\�
OD\HU QDWXUH RI ZHOGV >�@ DQG WKHLU SRUWLRQ�GLVFUHWH
IRUPDWLRQ >�� �@�

7KXV� WKH RSWLPL]LQJ RI SDUDPHWHUV RI ZHOGLQJ DQG
DXWRSUHKHDWLQJ �OHQJWK RI DXWRSUHKHDWLQJ DUHD� WHP�
SHUDWXUH� LV EDVHG RQ QHHG WR SURYLGH WKH WHPSHUDWXUH
RI DXWRSUHKHDWLQJ RI PHWDO LQ WKH ZHOGLQJ ]RQH DW D
GHILQLWH GLVWDQFH IURP DUF� DW ZKLFK LW LV SRVVLEOH WR
SUHYHQW IRUPDWLRQ RI FROG FUDFNV ZLWK DOORZDQFH IRU
D WLPHO\ UHSHDWHG WKHUPDO HIIHFW RI DUF RQ WKLV PHWDO�
7KLV UHSHDWHG HIIHFW LV UHFRPPHQGHG RQFH RU WZR WLPHV
SHU RQH SDVV� 7R UHDOL]H WKH SURFHVV WKH WZLQ�DUF ZHOG�
LQJ DQG ZHOGLQJ ZLWK RQH DUF E\ VFKHPH �WZR RU WKUHH
OD\HUV DUH PDGH SHU RQH SDVV� DUH XVHG� WKDW LV HVSH�
FLDOO\ QHFHVVDU\ IRU URRW ZHOGV� :KHQ WKH UHTXLUHG
WHPSHUDWXUH RI DXWRSUHKHDWLQJ LV UHDFKHG� WKH ZHOGLQJ
FDQ EH SHUIRUPHG E\ VFKHPH �RQH OD\HU SHU RQH SDVV��

7KH GHYHORSHG DSSURDFK RI RSWLPL]LQJ WKH JURRYH
ZLGWK �QDUURZ�JDS ZHOGLQJ� RU VHFWLRQ RI GHSRVLWHG
OD\HU �ZHOGLQJ ZLWK WUDGLWLRQDO JURRYH� FDQ EH XVHG
LQ ZHOGLQJ VWHHOV QRW RQO\ WR SURYLGH WKH UHTXLUHG
UHVLVWDQFH RI MRLQWV WR FUDFN IRUPDWLRQ� EXW DOVR IRU
REWDLQLQJ UHTXLUHG PHFKDQLFDO SURSHUWLHV RI ZHOGHG
MRLQW PHWDO�

&21&/86,216

�� (QJLQHHULQJ FDOFXODWLRQ RI UDWH RI FRROLQJ PHWDO
GHSHQGLQJ RQ SDUDPHWHUV RI ZHOGLQJ SURFHVV KDV EHHQ

GHYHORSHG ZLWK DOORZDQFH IRU XVH RI &&7 GLDJUDPV
RI GHFD\ RI RYHUFRROHG DXVWHQLWH RI VWHHO EHLQJ ZHOGHG�

�� )HDVLELOLW\ ZDV HVWDEOLVKHG WR SURYLGH WKH UH�
TXLUHG UHVLVWDQFH RI MRLQWV RI KDUG�WR�ZHOG VWHHOV RI
��.K1�0'$ DQG ��.K�1�0 JUDGHV WR FUDFN IRUPD�
WLRQ E\ RSWLPL]LQJ WKH UDWH RI FRROLQJ PHWDO GXULQJ
ZHOGLQJ ZLWKRXW SUHKHDWLQJ�

�� 7R LPSURYH WKH HIILFLHQF\ RI SURFHVV RI ZHOGLQJ
VWHHOV ZLWK D KLJK VWDELOLW\ RI GHFD\ RI RYHUFRROHG
DXVWHQLWH �ZLWKRXW XVH RI SUHKHDWLQJ� WKH XSGDWLQJ
RI SURFHGXUH RI FDOFXODWLRQ DV UHJDUGV WR IXOILOOPHQW
RI PXOWLOD\HU ZHOGV ZLWK D SRUWLRQ�GLVFUHWH IRUPDWLRQ
LV UHTXLUHG�

�� ������ 7HFKQRORJ\ RI IXVLRQ HOHFWULF ZHOGLQJ RI PHWDOV DQG
DOOR\V� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� *RWDOVN\� <X�1�� 6QLVDU� 9�9�� .XSRUHY� $�/� HW DO� $UF
ZHOGLQJ PHWKRG RI TXHQFKLQJ VWHHOV� 8665 DWKRUsV FHUW�
������� ,QW� &O� % �� . ������ 3XEO� ���������

�� 1D]DUFKXN� $�7� ������ &RQWURO RI ZHOG PHWDO VROLGLILFDWLRQ
DQG WKHUPRGHIRUPDWLRQDO F\FOH LQ DXWRPDWLF DUF ZHOGLQJ�
$YWRPDWLFK� 6YDUND� ���� �w��

�� 1D]DUFKXN� $�7� ������ ,QIOXHQFH RI SRUWLRQ�GLVFUHWH ZHOG
IRUPDWLRQ RQ WKHUPDO F\FOH LQ IXVLRQ DUF ZHOGLQJ� ,ELG�� ��
��w���

�� 1D]DUFKXN� $�7� ������ 5HVLVWDQFH RI MRLQWV RI TXHQFK�
LQJ VWHHOV ZLWK PXOWLOD\HU ZHOGV WR FROG FUDFNLQJ� ,ELG��
�� ��w���

�� 5\NDOLQ� 1�1� ������ &DOFXODWLRQ RI WKHUPDO SURFHVVHV LQ
ZHOGLQJ� 0RVFRZ� 0DVKJL]�

�� 3HWURY� *�/�� 7XPDUHY� $�6� ������ 7KHRU\ RI ZHOGLQJ
SURFHVVHV� 0RVFRZ� 9\VVKD\D 6KNROD�

�� 3RSRY� $�$�� 3RSRYD� /�(� ������ ,VRWKHUPDO DQG WKHUPR�
NLQHWLF GLDJUDPV RI GHFRPSRVLWLRQ RI VXSHUFRROHG DXVWHQLWH�
+HDW�WUHDWHUsV UHIHU� ERRN� 0RVFRZ� 0HWDOOXUJL\D�

)LJXUH �� 0DFURVHFWLRQ RI MRLQW RI VWHHO ��.K1�0'$ PDGH DW
FDOFXODWHG ZLGWK RI JDS� D x WUDQVYHUVH� E x ORQJLWXGLQDO
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*�*� %$629� $�1� 7.$&+(1.2 DQG 1�3� (),029$

+ROGLQJ &RPSDQ\ �/XJDQVNWHSORYR]�� /XJDQVN� 8NUDLQH

'HVLJQV RI D VSHFLDOL]HG ZHOGLQJ HTXLSPHQW DUH SUHVHQWHG DQG WHFKQRORJ\ RI PDQXIDFWXUH RI DLU WDQNV RI ORFRPRWLYHV LV

JLYHQ�

.H\ZRU G V � GHVLJQ� WDQN� ERWWRP� VKHOO� YROXPH� DLU� SUHV�
VXUH� WHFKQRORJ\� FRQGLWLRQ� ZHOGLQJ� ZHOGLQJ LQVWDOODWLRQ�

ZHOGLQJ ZLUH� IOX[� TXDOLW\

,QGLVSHQVDEOH SDUW RI WKH ORFRPRWLYHV SURGXFHG LV DLU

WDQNV RI ��w��� O FDSDFLW\� ZKLFK DUH XVHG LQ EUDNH�

DXWRPDWLRQ DQG ILUH H[WLQJXLVKLQJ V\VWHPV >�@� &RQ�

GLWLRQV RI WKHLU RSHUDWLRQ DUH FKDUDFWHUL]HG E\ WKH
SUHVHQFH RI D VWDWLF SUHVVXUH� DFWLQJ IRU VKRUW RU ORQJ

WLPH DW URRP DQG ORZHU WHPSHUDWXUH� SHUIRUPLQJ KHUH

WKH IXQFWLRQ RI DFFXPXODWLRQ DQG FRQVHUYDWLRQ RI DLU�

,Q EUDNH V\VWHPV WKH WDQNV RI ���� ���� ���� ��� O
FDSDFLW\ DUH XVHG� ZKLOH LQ IHHG V\VWHPV WKH\ DUH RI

���� ���� ��� O FDSDFLW\ DQG VWRUH WDQNV KDYH ��� ���
FRPSHQVDWLRQ WDQNV �� DQG DX[LOLDU\ WDQNV � DQG �� O

FDSDFLW\� )RU ILUH H[WLQJXLVKLQJ OLTXLG WKH ��� O FD�

SDFLW\ WDQN LV XVHG >�� �@�

7DQN �)LJXUH �� FRQVLVWV RI WKH IROORZLQJ GHVLJQ

HOHPHQWV� F\OLQGULFDO VKHOO �� PDGH IURP �w�PP WKLFN

VKHHW VWHHO� WZR FRQYH[ ERWWRPV � RI �w� PP WKLFN�

QHVV� SLSH FRQQHFWLRQ � IRU FRQQHFWLRQ RI DLU FRQGXLW

DQG SLSH FRQQHFWLRQ � IRU DUUDQJHPHQW RI RXWOHW YDOYH�
1XPEHU DQG DUUDQJHPHQW RI SLSH FRQQHFWLRQV GHSHQGV

RQ W\SH RI WDQN LQVWDOOLQJ RQ WKH ORFRPRWLYH� 7KH WDQN

KDV D WDEOH LQGLFDWLQJ QDPH RI SODQW�PDQXIDFWXUHU�
PDQXIDFWXUH QXPEHU� GDWH RI PDQXIDFWXUH� DOORZDEOH

SUHVVXUH DQG WHUP RI LQVSHFWLRQ >�@� 'HVLJQ RI WDQNV

LV PDGH LQ DFFRUGDQFH ZLWK *267 �����w��� 6KHOOV

DQG ERWWRPV DUH PDQXIDFWXUHG IURP ORZ�FDUERQ VWHHO

RI JUDGHV 96W�VS� �NLOOHG�� *267 ���w��� DQG

96W�VS� �NLOOHG�� *267 ���w�� >�@�

%HORZ� WKH WHFKQRORJ\ RI PDQXIDFWXUH RI DLU WDQNV
RQ WKH H[DPSOH RI PDQXIDFWXUH RI PDLQ WDQNV RI EUDNH

V\VWHP RI ORFRPRWLYHV LV JLYHQ� ZKLFK FDQ EH DOVR XVHG

IRU PDQXIDFWXUH RI JDV F\OLQGHUV�

%RWWRPV RI DERYH ��� PP GLDPHWHU DUH PDQXIDF�

WXUHG E\ D KRW VWDPSLQJ� ZKLFK LV PDGH LQ VHYHUDO

VWDJHV LQFOXGLQJ VWDPSLQJ IURP VKHHW VWHHO� SUHOLPL�

QDU\ IRUPLQJ� KHDWLQJ XS WR ��� �& LQ IXUQDFH� ILQDO
IRUPLQJ LQ KRW VWDWH� VWUDLJKWHQLQJ DQG VXEVHTXHQW�
PHFKDQLFDO WUHDWPHQW� 7R PDQXIDFWXUH VKHOOV IURP

VKHHW VWHHO� WKH EODQNV RI D UHTXLUHG VL]H DUH FXW� VXE�

MHFWHG WR IRUPLQJ LQ EHQGLQJ WKUHH�UROO PDFKLQHV XQWLO

WKH QHFHVVDU\ GLDPHWHU� EHQGLQJ SUHOLPLQDU\ WKH HGJHV

LQ VKHHW�EHQGLQJ PDFKLQHV�

� *�*� %$629� $�1� 7.$&+(1.2 DQG 1�3� (),029$� ����

)LJXUH �� 6FKHPH RI WDQN GLYLVLRQ LQWR GHVLJQ HOHPHQWV� �� � x
SLSH FRQQHFWLRQV� � x ERWWRP� � x EDFNLQJ ULQJ� � x VKHOO

)LJXUH �� 6FKHPDWLF GLDJUDP RI LQVWDOODWLRQ IRU DXWRPDWLF VXE�
PHUJHG DUF ZHOGLQJ RI F\OLQGULFDO VKHOOV RQ IOX[ FXVKLRQ� � x DLU
KRVH� � x SODWH ZLWK JXLGHV� � x ZHOGLQJ WUDFWRU� � x SLYRWHG
FDQWLOHYHU ZLWK IOX[ FXVKLRQ� � x VKHOO
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%HIRUH ZHOGLQJ RI ORQJLWXGLQDO EXWW ZHOG WKH VKHOO
LV SUHOLPLQDU\ DVVHPEOHG� )RU WKLV SXUSRVH� LWV HGJHV
DUH DEXWWHG� NHHSLQJ WKHP LQ D VLQJOH SODQH DQG SUR�
YLGLQJ ��� ± � PP JDS IRU ZHOGLQJ� 7ZR UXQ�RXW
WHFKQRORJLFDO WDEV DUH ZHOGHG�RQ E\ WKH VHPL�DXWR�
PDWLF VKLHOGHG�JDV ZHOGLQJ DURXQG WKH VKHOO HGJHV�

:HOGLQJ RI ORQJLWXGLQDO ZHOGV RI ���w��� PP
GLDPHWHU VKHOO LV PDGH DXWRPDWLFDOO\ XVLQJ LQVWDOOD�
WLRQ� VKRZQ LQ )LJXUH �� ZLWK D VLQJOH�VLGHG ZHOG RQ
D IOX[ FXVKLRQ� ,QVWDOODWLRQ FRQVLVWV RI D SHGHVWDO
PRXQWHG RQ D SODWH� D SLYRWHG FDQWLOHYHU ZLWK D IOX[
FXVKLRQ� WZR SQHXPDWLF F\OLQGHUV� SODWH ZLWK JXLGHV
IRU D ZHOGLQJ WUDFWRU PRYHPHQW�

$V�DVVHPEOHG VKHOO LV PRXQWHG RQ D SLYRW FDQWLOH�
YHU� PRYHG DVLGH SUHOLPLQDU\� 7KHQ� WKH FDQWLOHYHU LV
UHWXUQHG LQWR RSHUDWLQJ FRQGLWLRQ� SXWWLQJ IRUZDUG
WKH VKHOO EXWW UHODWLYH WR SODWH UHFHVV� 3QHXPDWLF F\�
OLQGHUV DUH VZLWFKHG RQ IRU FDQWLOHYHU SUHVVLQJ DJDLQVW
WKH SODWH� DQG WKHQ WKH IOX[ LV SUHVVHG DJDLQVW WKH
EXWW E\ SUHVVXUL]LQJ DLU VXSSOLHG WR DQ DLU KRVH DU�
UDQJHG XQGHU WKH IOX[� 7KHQ� WKH DXWRPDWLF ZHOGLQJ
RI EXWW ZHOG LV SHUIRUPHG E\ D WUDFWRU PRYLQJ DORQJ
WKH SODWH JXLGHV� VWDUWLQJ RQ D UXQ�LQ WDE DQG ILQLVKLQJ
RQ D UXQ�RXW WDE WKDW SUHYHQWV WKH IRUPDWLRQ RI FUDWHUV
LQ WKH VKHOO ZHOG� :HOGLQJ LV SHUIRUPHG ZLWK ZLUH

6Y���$ RI � PP GLDPHWHU XVLQJ IOX[ $1����$� $Q
REOLJDWRU\ RSHUDWLRQ� FRPSOHWLQJ WKH VKHOO PDQXIDF�
WXUH� LV LWV VWUDLJKWHQLQJ ZKLFK LV PDGH E\ WKH PHWKRG
RI UROOLQJ LQ D VKHHW�EHQGLQJ WKUHH�UROO PDFKLQH� 4XD�
OLW\ RI ZHOGV LV LQVSHFWHG E\ ;�UD\ PHWKRG� &RQGLWLRQ
RI IXOILOOPHQW RI D VLQJOH�VLGHG EXWW ZHOGLQJ RI VKHOO
ORQJLWXGLQDO MRLQW RQ D IOX[ FXVKLRQ LV DV IROORZV >�@�
VKHHW WKLFNQHVV � PP� JDSZLGWK ��� ± � PP� HOHFWURGH
GLDPHWHU � PP� ZHOGLQJ FXUUHQW ���w��� $� DUF YRO�
WDJH ��w�� 9� ZHOGLQJ VSHHG �� P�K� DLU SUHVVXUH LQ
KRVH x �����w����� 03D�

%HIRUH ZHOGLQJ RI WDQN FLUFXPIHUHQWLDO ZHOGV�
EDFNLQJ ULQJV �VHH )LJXUH �� DUH SODFHG LQVLGH ERWWRPV�
ZKLFK WKHQ SUHVVHG�LQ LQWR D VKHOO� 7R DVVHPEOH ERW�
WRPVZLWK D VKHOO� WKH SLSH FRQQHFWLRQV DUH ILUVW ZHOGHG
WR WKHP� 7KHZHOGLQJ�RQ LV SHUIRUPHG LQ D VKLHOGHG�JDV
DXWRPDWLF LQVWDOODWLRQ �)LJXUH �� FRQVLVWLQJ RI D UR�
WDWRU� RQ ZKLFK D ERWWRP DQG SLSH FRQQHFWLRQ� DQG
VXSSRUWV ZLWK D IL[HG ZHOGLQJ KHDG DUH PRXQWHG�

:HOGLQJ RI WZR FLUFXPIHUHQWLDO ZHOGV RI WKH WDQN
DUH SHUIRUPHG VLPXOWDQHRXVO\ LQ D VSHFLDOL]HG LQVWDO�
ODWLRQ �)LJXUH ���

$V�DVVHPEOHG WDFN�ZHOGHG WDQN LV WUDQVSRUWHG
IURP D IHHGHU WR WKH D ZRUNLQJ WDEOH� ZKLFK OLIWV LW
IRU D KHLJKW RI URWDWLRQ D[LV ZLWK D QH[W FODPSLQJ RI

)LJXUH �� 6FKHPDWLF GLDJUDP RI LQVWDOODWLRQ IRU ZHOGLQJ SLSH FRQQHFWLRQ WR ERWWRP LQ VKLHOGLQJ JDV� � x ERWWRP� � x SLSH FRQQHFWLRQ�
� x ZLUH IHHG PHFKDQLVP� � x SRZHU VRXUFH� � x� JDV SLSHOLQH� � x F\OLQGHU ZLWK JDV� � x PDQLSXODWRU

)LJXUH �� 6FKHPDWLF GLDJUDP RI D VSHFLDOL]HG LQVWDOODWLRQ IRU VLPXOWDQHRXV VXEPHUJHG DUF ZHOGLQJ RI WZR FLUFXPIHUHQWLDO ZHOGV� � x
IUDPHZRUN� � x WDQN� � x GULYH RI WDQN URWDWLRQ� � x FODPS� � x ZHOGLQJ KHDG� � x KRSSHU ERU IOX[� � x OLIWLQJ WDEOH� � x GULYH
IRU WDQN OLIWLQJ
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ZRUNSLHFH ZLWK WKH KHOS RI GULYHV� 7KHQ� WKH QR]]OHV
RI ZHOGLQJ KHDGV DUH PRXQWHG RQ EXWWV RI D VKHOO ZLWK
ERWWRPV� DQG VLPXOWDQHRXVO\ WKH GULYH RI WDQN URWDWLRQ
DQG ZHOGLQJ HTXLSPHQW DUH VZLWFKHG RQ� $XWRPDWLF
ZHOGLQJ LV SHUIRUPHG LQ WZR SDVVHV ZLWK ZHOGLQJ ZLUH
6Y���$ XQGHU IOX[ RI $1����$ JUDGH DW WKH IROORZLQJ
FRQGLWLRQV� JDS ZLGWK �w� PP� ZLUH GLDPHWHU � PP�
ZHOGLQJ FXUUHQW ���w��� $� DUF YROWDJH ��w�� 9�
ZHOGLQJ VSHHG ��w�� P�K� ZLUH IHHG VSHHG ���w
��� P�K� $IWHU ZHOGLQJ FRPSOHWLRQ� WKH FODPSV DUH
PRYHG DVLGH� WDEOH LV ORZHUHG DQG WDQN LV UROOHG GRZQ
RQ D UHFHLYLQJ UDFN� &LUFXPIHUHQWLDO ZHOGV DUH VXE�
MHFWHG WR ;�UD\ FRQWURO� $IWHU DSSURYDO RI TXDOLW\ RI
DVVHPEO\ DQG ZHOGLQJ� VPDOO SDUWV� VXFK DV IODQJHV�
SLSH FRQQHFWLRQV� FUDPSV �IRU WDEOH IDVWHQLQJ� DUH
ZHOGHG RQ�

7KHQ� WKH WDQN LV WUDQVSRUWHG WR D VSHFLDOL]HG EHQFK
IRU K\GUDXOLF WHVWV� ZKHUH IRXU WDQNV DUH WHVWHG VLPXO�
WDQHRXVO\�

7HFKQLFDO FKDUDFWHULVWLF RI D VSHFLDOL]HG EHQFK

1XPEHU RI VLPXOWDQHRXVO\
WHVWHG WDQNV� SFV �������������������������������������������������������� �
7LPH RI WHVWLQJ DW KLJKHVW SUHVVXUH� PLQ ������������������������� �
$LU SUHVVXUH� DWP ������������������������������������������������������� �
:DWHU SUHVVXUH� DWP�

LQ WDQN ZDWHU ILOOLQJ �������������������������������������������� ���
KLJKHVW LQ WHVWLQJ ������������������������������������������������� ��
ORZHVW LQ WHVWLQJ ���������������������������������������������������� �

'LPHQVLRQV� PP ����������������������������������� ����×����×����

7HVW SUHVVXUH VKRXOG QRW EH ORZHU WKDQ ���ZRUNLQJ
SUHVVXUH� WKDW LV ��w�� DWP �ZRUNLQJ SUHVVXUH LQ EUDNH
V\VWHP RI ORFRPRWLYHV LV � DWP�� 2EOLJDWRU\ FRQGLWLRQ
LQ OHDNDJH WHVW LV WKH XVH RI ZDUP �KHDWHG� ZDWHU WR
SUHYHQW WKH FRQGHQVDWH IRUPDWLRQ RQ WKH WDQN H[WHUQDO
VXUIDFH� 'HIHFWV� UHYHDOHG E\ ;�UD\ UDGLDWLRQ� DUH
HOLPLQDWHG E\ WKH PHWKRG DLU�DUF JRXJLQJ DQG QH[W
ZHOGLQJ�RQ E\ PDQXDO DUF ZHOGLQJ�

)LQDO RSHUDWLRQV RI WKH PDQXIDFWXUH RI WDQNV DUH
SUHVHUYDWLRQ DQG SDLQWLQJ� 3UHVHUYDWLRQ FRQVLVWV RI
JUHDVLQJ WKUHDGHG MXQFWLRQV ZLWK DQWL�FRUURVLRQ
JUHDVH� VHDOLQJ RI KROHV ZLWK ZRRGHQ SOXJV� 7KH PDQX�
IDFWXUHG WDQNV DUH WUDQVSRUWHG WR WKH DUHDV RI DVVHPEO\
RI ORFRPRWLYHV�

,PSOHPHQWDWLRQ RI WKH DERYH�GHVFULEHG WHFKQRORJ\
RI PDQXIDFWXUH RI WDQNV PDGH LW SRVVLEOH WR DYRLG
FRPSOHWHO\ WKH XVH RI WKH PDQXDO DUF ZHOGLQJ WKDW
LQFUHDVHV WKH TXDOLW\ RIZHOGHG MRLQWV� LPSURYHV ODERXU
FRQGLWLRQV� LQFUHDVHV LWV HIILFLHQF\ DQG UHGXFHV WKH
FRVW RI WKH DLU WDQNV�

�� ������ 267 ���������w��� 'LHVHO DLU YHVVHOV� 0DLQ VL]HV
DQG VSHFLILFDWLRQV� 0RVFRZ� 07L70� 91,7,�

�� ������ 'LHVHO 7(��0� 2SHUDWLQJ PDQXDO� 0RVFRZ� 7UDQV�
SRUW�

�� )LORQRY� 6�3�� *LEDORY� $�,�� 1LNLWLQ� 1�$� HW DO� ������
'LHVHO �7(���� 0RVFRZ� 7UDQVSRUW�

�� ,QR]HPWVHY� 9�*� ������ 5DLOZD\ UROOLQJ VWRFN EUDNHV�
0RVFRZ� 7UDQVSRUW�

�� ������ :HOGHUsV UHIHUHQFH ERRN� (G� E\ 9� 6WHSDQRY� 0RV�
FRZ� 0DVKLQRVWURHQLH�
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6�,� 35,78/$� 9�$� /(%('(9 DQG 9�$� 7.$&+(1.2

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

1HZ W\SHV RI FRQWURO V\VWHPV IRU ZHOGLQJ DQG VXUIDFLQJ HTXLSPHQW DUH SURSRVHG� ZKLFK DUH EDVHG RQ WKH PRGXODU GHVLJQ

SULQFLSOH� 7KHVH GHYHORSPHQWV LQFRUSRUDWH HQJLQHHULQJ VROXWLRQV RQ DGMXVWDEOH UHYHUVLEOH HOHFWULF GULYHV� XVLQJ

PHFKDQRWURQLF SULQFLSOHV RI GHVLJQ� DQG D SURJUDPPDEOH FRQWUROOHU DV WKH KLJKHU KLHUDUFKLF OLQN�

.H\ZRU G V � DUF ZHOGLQJ� VXUIDFLQJ� FXWWLQJ� F\FOH� UHJXOD�

WLRQ� HOHFWULF GULYH� FRQWUROOHU� VWUXFWXUH� UHOLDELOLW\� V\VWHPV

3UREOHPV� UHODWHG WR WKH TXDOLW\ RI SHUIRUPDQFH RI
ZHOGLQJ DQG VXUIDFLQJ RSHUDWLRQV� DV ZHOO DV HQVXULQJ

UHOLDEOH RSHUDWLRQ RI PHFKDQL]HG DQG DXWRPDWHG DUF

ZHOGLQJ HTXLSPHQW� VWLOO UHPDLQ WR EH WKH PDLQ LVVXH

LQ ZHOGLQJ IDEULFDWLRQ RU UHSDLU�UHVWRUDWLRQ ZRUN� $Q

LPSRUWDQW FRQGLWLRQ LV WKH UHSHDWDELOLW\ RI WKH RE�

WDLQHG UHVXOWV ZLWK D KLJK TXDOLW\� 2Q WKH RWKHU KDQG�

XVHU RI PHFKDQL]HG DQG DXWRPDWHG HTXLSPHQW ZRXOG

OLNH WR UHFHLYH WKH UHTXLUHG W\SHV RI VHPL�DXWRPDWLF
DQG DXWRPDWLF PDFKLQHV DW D PLQLPXP FRVW DQG LQ D

VKRUW WHUP� 7KLV DFWXDOO\ PHDQV RQH�GD\ GHOLYHU\�

:KDW VKRXOG WKH GHYHORSHU DQG PDQXIDFWXUHU RI WKH

UHTXLUHG HTXLSPHQW GR� ZKHQ VROYLQJ WKH VSHFLILF

SUREOHPV RI ZHOGLQJ SURGXFWLRQ"

7KH SXUSRVH RI WKLV ZRUN FRQVLVWV LQ SURYLGLQJ RQH

RI WKH SRVVLEOH UHSOLHV WR WKLV TXHVWLRQ� ,W LV REYLRXV

WKDW RQH RI WKH ZD\V WR VROYH WKH SUREOHPV� DULVLQJ

LQ IDEULFDWLRQ� UHSDLU DQG UHVWRUDWLRQ RI FRPSRQHQWV

DQG SDUWV RI YDULRXV PHWDO VWUXFWXUHV LQ YLHZ RI HYHU

JURZLQJ UHTXLUHPHQWV WR WKH TXDOLW\ RI ZRUN SHUIRUP�

DQFH� LQ SDUWLFXODU� LQ WKH FDVH RI LQWHUQDWLRQDO FR�RS�

HUDWLRQ� FDQ EH FRQWLQXRXV ZLGHQLQJ RI WKH HTXLSPHQW

UDQJH� 6XFK D SURFHVV ZDV SRVVLEOH LQ IRUPHU WLPHV�

DQG DOORZHG 3:, GHVLJQHUV JDLQLQJ SULFHOHVV H[SHUL�

HQFH RI GHYHORSPHQW RI WKHVH W\SHV RI HTXLSPHQW�

ZKLFK LQ RXU RSLQLRQ LV QRW DYDLODEOH LQ DQ\ RI WKH

HQWHUSULVHV RI UHVHDUFK RU GHVLJQ�WHFKQRORJLFDO SURILOH�

,W VKRXOG EH QRWHG WKDW LQ DGGLWLRQ WR WKH DERYH GL�

YHUVLW\� D ORW RI DWWHQWLRQ ZDV JLYHQ WR XQLILHG HQJL�

QHHULQJ VROXWLRQV >�@� 7KLV LV LPSRVVLEOH QRZ LQ YLHZ RI

WKH QHZ HFRQRPLF FRQGLWLRQV� ZKHQ D XVHU LV UHDG\ WR

SD\ RQO\ IRU WKH ILQDO UHVXOW x D KLJK�HIIHFWLYH� FRVW�

HIIHFWLYH DQG WHFKQRORJLFDOO\ DWWUDFWLYH HTXLSPHQW�

7KH ZLVK WR WDNH XS D VXLWDEOH SODFH LQ ZHOGLQJ

HTXLSPHQW DQG WHFKQRORJ\ PDUNHW QHFHVVLWDWHG GHYH�

ORSPHQW RI VHPL�DXWRPDWLF PDFKLQHV� V\VWHPV DQG
DXWRPDWLF PDFKLQHV E\ WKH PRGXODU GHVLJQ SULQFLSOH�

6RPH RI WKHVH VROXWLRQV DUH SUHVHQWHG LQ >�w�@� DQG

WKH\ FDQ EH EDVHG RQ GLIIHUHQW VSHFLILF DSSURDFKHV�

6R� IRU LQVWDQFH� WKH VHPL�DXWRPDWLF PDFKLQHV DUH GH�

VLJQHG E\ WKH PRGXODU SULQFLSOH� XVLQJ DV WKH EDVLF

PRGHO WKH VLPSOHVW VHPL�DXWRPDWLF PDFKLQH DV WR WHFK�

QLFDO ILWWLQJ ZLWK VXEVHTXHQW HQKDQFHPHQW RI LWV IXQF�

WLRQDO FDSDELOLWLHV� 'HVLJQ RI VXUIDFLQJ XQLWV E\ WKH

PRGXODU SULQFLSOH LV EDVHG RQ WKH XVH RI LQGLYLGXDO

UHSODFHDEOH FRPSRQHQWV IRU SURFHVVLQJ SDUWV RI YDULRXV

FRQILJXUDWLRQ E\ VXUIDFLQJ� 7KH PHWKRG� XVHG LQ GH�

YHORSPHQW RI DXWRPDWLF ZHOGLQJ PDFKLQHV RI D PRGX�

ODU GHVLJQ� LV VRPHZKDW VLPLODU WR WKH PHWKRG RI GH�
YHORSPHQW RI VHPL�DXWRPDWLF PDFKLQHV RI DQDORJRXV

GHVLJQ� EXW LW IHDWXUHV PXFK JUHDWHU GLYHUVLW\ RI FRP�

SRQHQWV DQG PRGXOHV� ,W VKRXOG EH QRWHG WKDW WKH

PHWKRGRORJ\ RI GHVLJQLQJ PRGXODU ZHOGLQJ XQLWV LV

XVHG WR D FHUWDLQ H[WHQW LQ GHVLJQ RI DXWRPDWLF ZHOGLQJ

PDFKLQHV�

7HQGHQFLHV� UHODWHG WR PHFKDQRWURQLF PHWKRGV RI

GHVLJQLQJ RI KLJK�TXDOLW\ KLJKO\ UHOLDEOH HTXLSPHQW
DUH EHFRPLQJ PRUH DQG PRUH FOHDUO\ WUDFHDEOH LQ GH�

YHORSPHQW RI VHPL�DXWRPDWLF DQG DXWRPDWLF PDFKLQHV

RI D PRGXODU GHVLJQ >�@�

6RPH IHDWXUHV RI PRGXODU GHVLJQ FDQ EH VHHQ LQ

WKH HTXLSPHQW RI D QXPEHU RI IRUHLJQ PDQXIDFWXUHUV

>�@� ,Q WKLV FDVH SDUW RI PDQXIDFWXUHU WDVNV DUH XQ�

GHUWDNHQ E\ WKH GHYHORSHU RI ZHOGLQJ HTXLSPHQW� 7KLV
FRQFHUQV DQ DEUXSW QDUURZLQJ RI WKH UDQJH RI W\SHV

RI SXUFKDVHG LWHPV� DV ZHOO DV SUREOHPV� UHODWHG WR

OD\RXW RI WKH V\VWHPV� WKHLU VHWWLQJ XS� WHVWLQJ DQG
VXEVHTXHQW VHUYLFH� 7KLV DOORZV WKH GHYHORSHUV DQG

GHVLJQHUV ILQGLQJ WKH PRVW UDWLRQDO DQG HIIHFWLYH WHFK�

QLFDO VROXWLRQV DW PLQLPXP FRVW LQ SURGXFWLRQ DQG

RSHUDWLRQ� ZKLFK ZLOO EH LQ GHPDQG LQ VSHFLILF HTXLS�

PHQW DQG WHFKQRORJ\ PDUNHWV�

,Q KLV FRQQHFWLRQ OHW XV FRQVLGHU DGYDQFHG GHYH�

ORSPHQWV RI DXWRPDWHG DUF ZHOGLQJ HTXLSPHQW� EDVHG
RQ WKH PRGXODU GHVLJQ SULQFLSOH DQG XVH RI

PHFKDQRWURQLF PHWKRGRORJLHV� 6XFK GHYHORSPHQWV DUH

EDVHG RQ WKH PHFKDQRWURQLF PRGXOH RI UHYHUVLEOH DG�

MXVWDEOH '& HOHFWULF GULYH� ZKLFK IHDWXUHV D KLJK GH�

JUHH RI YHUVDWLOLW\� L�H� WKH DELOLW\ RI UHOLDEOH RSHUDWLRQ

ZLWK DQ\ HOHFWULF PRWRUV� DSSOLHG LQ ZHOGLQJ HTXLS�

PHQW �.3.� .3$� 6/� '38� '3� '��� '�� HWF��

KDYLQJ GLIIHUHQW VXSSO\ YROWDJHV� DUPDWXUH ZLQGLQJ
SDUDPHWHUV�� 6XFK DQ DELOLW\ LV SURYLGHG E\ UHDGMXV�

WDEOH VWUXFWXUHV RI IHHGEDFNV >�@ LQ WKH UHJXODWRU RI

URWDWLRQ IUHTXHQF\ RI WKH HOHFWULF GULYH VKDIW DQG D

EXLOW�LQ UHYHUVHU� RSHUDWLQJ E\ WKH SULQFLSOH RI D ORJLF
DXWRPDWLF GHYLFH >�@�

7KH DERYH HOHFWULF GULYH IXOO\ FRUUHVSRQGV WR WKH
QRWLRQ RI �PHFKDQRWURQLF FRPSRQHQW�� ,W VKRXOG EH� 6�,� 35,78/$� 9�$� /(%('(9 DQG 9�$� 7.$&+(1.2� ����
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QRWHG WKDW WKH FRQVLGHUHG HOHFWULF GULYH PD\ RSHUDWH

ERWK IURP UHVLVWLYH DQG YROWDJH FRQWUROOHUV RI WKH IUH�

TXHQF\ RI URWDWLRQ RI WKH GULYH PRWRU VKDIWV� ,Q DG�

GLWLRQ� DQ LPSRUWDQW HQJLQHHULQJ VROXWLRQ� DSSOLHG IRU

WKH HOHFWULF GULYH UHJXODWRU� LV WKH DELOLW\ WR RUJDQL]H

IHHGEDFNV� ERWK E\ WKH SDUDPHWHUV RI WKH HOHFWULF PR�

WRU SURSHU �DQDORJ RI PHDVXUHPHQW RI HPI�YROWDJH DQG

,5�FRPSHQVDWLRQ� DQG E\ WDFKRJHQHUDWRU DXWSXW �IRU

HOHFWULF PRWRUV RI '38��w�� W\SH�� 8VH RI DQ HOHFWULF

PRWRU ZLWK D WDFKRJHQHUDWRU VLJQLILFDQWO\ ZLGHQV WKH

UDQJH RI DGMXVWPHQW RI WKH IUHTXHQF\ RI LWV VKDIW UR�

WDWLRQ� )RU LQVWDQFH� IRU HOHFWULF PRWRUV ZLWK WDFKR�

JHQHUDWRUV WKH DGMXVWPHQW UDQJH LV ��w�� WLPHV DW WKH

ULJLGLW\ RI PHFKDQLFDO FKDUDFWHULVWLFV QRW OHVV WKDQ

� �� DQG IRU RWKHU HOHFWULF PRWRUV WKLV UDQJH LV HTXDO

WR ��w�� WLPHV DW WKH VDPH ULJLGLW\ RI PHFKDQLFDO

FKDUDFWHULVWLFV�

6XFK HOHFWULF GULYHV DUH PRXQWHG LQ DOO WKH HOHF�

WURPHFKDQLFDO V\VWHPV RI DXWRPDWLF ZHOGLQJ PD�

FKLQHV� PHFKDQLVPV RI HOHFWURGH ZLUH IHHG� V\VWHPV RI

WUDYHO DQG ZHOGLQJ GLVSODFHPHQW� V\VWHPV RI FRUUHF�

WLRQ RI HOHFWURGH ZLUH SRVLWLRQ UHODWLYH WR WKH EXWW

EHLQJ ZHOGHG �IROORZLQJ V\VWHPV�� 7KH DERYH HOHF�

WURPHFKDQLFDO V\VWHPV� DV ZHOO DV V\VWHPV RI VKLHOGLQJ

PHGLXP IHHG �JDV� IOX[� DQG SRZHU VXSSO\ WR WKH DUF

DUH FRPELQHG E\ WKH QH[W GHYLFH E\ KLHUDUFK\� QDPHO\

D FRQWURO GHYLFH LQ WKH IRUP RI D SXUFKDVHG SURJUDP�

PDEOH FRQWUROOHU ZLWK D GHYHORSHG SURJUDP EDVH�

ZKLFK VXSSRUWV HQWHULQJ DQG SURFHVVLQJ RI ERWK GLJLWDO

DQG DQDORJ VLJQDOV� 7KH IROORZLQJ VHQVRUV DUH FRQ�

QHFWHG WR FRQWUROOHU LQSXWV� DXWRPDWLF PDFKLQH SRVL�

WLRQ� SURFHVV SDUDPHWHUV PRQLWRULQJ� VSHFLDO FRQGL�

WLRQV� :H LQFOXGH ZLWK WKH ODWWHU WKH PHFKDQLFDO VHQ�

VRU RI DUF H[FLWDWLRQ XQGHU D OD\HU RI IOX[ IRU HOHFWURGH

ZLUHV RI D ODUJH GLDPHWHU �� PP DQG PRUH�� XVHG WR

LQFUHDVH SURFHVV HIILFLHQF\�

,Q RXU RSLQLRQ� D GHYLFH IRU DUF H[FLWDWLRQ XQGHU

D OD\HU RI IOX[� XVHG LQ WKH FRQVLGHUHG PRGXODU DXWR�

PDWLF PDFKLQHV VKRXOG EH JLYHQ VSHFLDO DWWHQWLRQ GXH

WR RULJLQDOLW\ RI LWV HQJLQHHULQJ VROXWLRQ� )LJXUH �

VKRZV D IUDJPHQW RI WKH V\VWHP RI DUF H[FLWDWLRQ XQGHU

D OD\HU RI IOX[� PRXQWHG� IRU LQVWDQFH� LQ D WUDFWRU

W\SH DXWRPDWLF PDFKLQH� 7KH GHYLFH RSHUDWHV DV IRO�

ORZV�

:KHQ UROOHUV �� VZLWFK RQ WKH HOHFWURGH ZLUH IHHG

WKH ODWWHU PRYHV LQ WKH ZRUNSLHFH GLUHFWLRQ DQG LQ

FDVH RI FRQWDFW EHWZHHQ WKH ZLUH DQG ZRUNSLHFH D

VLJQDO RI FXUUHQW IORZLQJ LQ WKH ZHOGLQJ FLUFXLW LV VHQW

WR WKH FRQWURO V\VWHP E\ WKH FXUUHQW VHQVRU� :KHQ

VXFK D VLJQDO DUULYHV� UHYHUVLQJ RI ZLUH IHHG VWDUWV

ZLWK DUF HORQJDWLRQ XS WR WKH PRPHQW RI VZLWFKLQJ

RQ RI ZHOGLQJ YROWDJH VHQVRU� :KHQ WKHVH VLJQDOV FR�

LQFLGH� WKH HOHFWULF PRWRU RI IHHG PHFKDQLVP �� LV

VZLWFKHG RYHU WR ZRUNLQJ PRWLRQ DQG PDLQWDLQLQJ WKH

DUF ZLWK VLPXOWDQHRXV VZLWFKLQJ RQ RI WKH GULYH RI

GLVSODFHPHQW RI DXWRPDWLF PDFKLQH � WR SHUIRUPZHOG�

LQJ� ,Q FDVH� LI WKHUH DUH DQ\ REVWDFOHV WR DUF H[FLWDWLRQ�

IRU LQVWDQFH� D SLHFH RI IOX[� ZKLFK KDSSHQV TXLWH

RIWHQ� HOHFWURGH ZLUH UXQV DJDLQVW WKH DERYH SLHFH RI

IOX[� FXUUHQW VHQVRU GRHV QRW LVVXH WKH VLJQDO� DQG WKH

IRUFH RI WKH DULVHQ IHHG UHVLVWDQFH LV WUDQVIHUUHG WR

FDVLQJ ��� FRQQHFWHG E\ OHYHOV VSULQJ�ORDGHG UHODWLYH

WR ORDG�FDUU\LQJ SRVW � WR FDVLQJ VXVSHQVLRQ � �WKHVH

PD\ EH VLPSO\ VSULQJV�� &DVLQJ �� ZLWK IHHG PHFKD�

QLVP �� UHHO � DQG FXUUHQW�VXSSO\LQJ WLS � PRYHV IURP

SRVLWLRQ$ LQWR SRVLWLRQ% �VKLIWV XSZDUGV�� WULJJHULQJ

RII VHQVRU �� $ VLJQDO IURP VHQVRU � WULJJHUV RII UHYHUVDO

RI HOHFWURGHZLUH IHHG� DQG WKHQ E\ WKH WLPHU FRQWUROOHU

VLJQDO WKHZLUH VWDUWVPRYLQJ DJDLQ WR H[FLWDWLRQ SRLQW�

7KLV F\FOH LV UHSHDWHG XQWLO WKH DERYH FRPELQDWLRQ RI

VLJQDOV IURP WKH VHQVRUV RI FXUUHQW DQG DUF YROWDJH

DSSHDUV� 7KH DERYH DOJRULWKP RI H[FLWDWLRQ PD\ EH

FKDQJHG WKLV ZD\� ,Q FDVH RI QRQ�H[FLWDWLRQ RI WKH DUF

LQ WKLV SRLQW� D FRPPDQG PD\ EH H[HFXWHG IRU D VOLJKW

VKLIWLQJ RI WKH DXWRPDWLF PDFKLQH ��w� PP� UHODWLYH

WR WKH ILUVW SRLQW RI DWWHPSWLQJ WR H[FLWH WKH DUF�

7KH FRQVLGHUHG GHVLJQ RI WKH GHYLFH IRU DUF H[FL�

WDWLRQ XQGHU D OD\HU RI IOX[ IXOILOOV WZR IXQFWLRQV�

SURWHFWV WKH HTXLSPHQW IURP EUHDNDJH� DQG HOHFWURGH

ZLUH IURP LUUHSDUDEOH EHQGV� VLJQDOV WKH FRQGLWLRQ RI

DUF QRQ�H[FLWDWLRQ� ZKHQ WKH HOHFWURGH ZLUH KDV

UHDFKHG D SRVLWLRQ� ZKHUH WKH DUF H[FLWDWLRQ VKRXOG

WDNH SODFH� 3URJUDPPLQJ RI HOHFWURGH ZLUH IHHG UDWH�

ZHOGLQJ VSHHG DQG RSHQ�FLUFXLW YROWDJH RI ZHOGLQJ

FXUUHQW VRXUFH� DV ZHOO DV FUDWHU ZHOGLQJ XS DW WKH

PRPHQW RI ZHOGLQJ SURFHVV FRPSOHWLRQ PD\ EH LQFRU�

SRUDWHG LQWR WKH IXQFWLRQLQJ DOJRULWKP�

)LJXUH �� )UDJPHQW RI D V\VWHP RI DUF H[FLWDWLRQ XQGHU WKH IOX[�
� x VHQVRU� � x UHHO ZLWK HOHFWURGH ZLUH� � x SRVW� � x FDVLQJ
VXVSHQVLRQ� � x FDUULDJH� � x GULYH RI GLVSODFHPHQW RI WKH DXWR�
PDWLF GHYLFH� � x HOHFWURGH ZLUH� � x ZHOGHG LWHP� � x FXUUHQW�
FRQGXFWLQJ WLS� ��x IHHG DQG SUHVV�GRZQ UROOHU� ��x IHHG PHFKD�
QLVP HOHFWULF PRWRU� �� x FDVLQJ ZLWK IHHG PHFKDQLVP
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,W LV REYLRXV WKDW WKH V\VWHP RI GHYLFHV IRU DUF

H[FLWDWLRQ� ZKHQ XVLQJ HOHFWURGH ZLUHV RI D JUHDWHU

GLDPHWHU VKRXOG EH UHJDUGHG DV D V\VWHP� KDYLQJ D

FHUWDLQ PHWKRGRORJ\ RI LWV GHVLJQ DQG XVH� 6RPHWLPHV�

LQ SDUWLFXODU IRU UHODWLYHO\ OLJKW�ZHLJKW DXWRPDWLF PD�

FKLQHV RI WUDFWRU W\SH� ZLWKGUDZDO RI WKH DXWRPDWLF

PDFKLQH IURP WKH ZRUNSLHFH LV XVHG DV WKH PRWLRQ�

LQGLFDWLQJ QRQ�H[FLWDWLRQ RI WKH DUF� LQVWHDG RI DQ

HODVWLF VXVSHQVLRQ RI WKH HOHFWURGH ZLUH IHHG V\VWHP�

,W PD\ EH VWDWHG WKDW VXFK D V\VWHP RI H[FLWDWLRQ

LV TXLWH UHOLDEOH DQG QRW D VLQJOH PDOIXQFWLRQ RU DQ\

ZHOG GHIHFWV ZHUH IRXQG LQ DOO WKH FDVHV RI LWV DSSOL�

FDWLRQ�

7KH EORFN�GLDJUDP RI WKH QHZ PRGXODU FRQWURO

V\VWHP RI PHFKDQL]HG DQG DXWRPDWHG HTXLSPHQW �VLQ�

JOH�DUF YDULDQW RI WKH OD\RXW� LV VKRZQ LQ )LJXUH ��

,W LV QDWXUDO WKDW WKH HTXLSPHQW PD\ EH IXUWKHU ILWWHG

ZLWK RWKHU HOHFWURPHFKDQLFDO V\VWHPV� IRU LQVWDQFH�

HOHFWURGH ZLUH RVFLOODWRU� RWKHU VHQVRUV� HWF� $OO WKDW

ZLOO MXVW UHVXOW LQ DGGLWLRQDO PRXQWLQJ RI FRQWUROODEOH

HOHFWULF GULYHV DQG HVWDEOLVKLQJ QHZ FRQQHFWLRQV� ,W

VKRXOG EH QRWHG WKDW WKH FRQWUROOHU� DV D UXOH� LV

VHOHFWHG ZLWK D GHOLEHUDWHO\ JUHDWHU QXPEHU RI LQSXWVw

RXWSXWV WKDQ LV UHTXLUHG LQ D VSHFLILF FDVH� DQG� WKHUH�

IRUH� VRPH FKDQJHV LQ HTXLSPHQW FRPSRVLWLRQ GR QRW

OHDG WR D FDUGLQDO FKDQJH RI WKH PDLQ ILWWLQJ RI WKH

HQWLUH V\VWHP� ,W LV REYLRXV WKDW VXFK D V\VWHP VWUXF�

WXUDOO\ DQG IXQFWLRQDOO\ LV UHDGLO\ DGMXVWDEOH� \HW LW

LV SUDFWLFDOO\ GHYRLG RI DOO WKRVH H[FHVV FRPSRQHQWV�

ZKLFK ZHUH FKDUDFWHULVWLF RI HDUOLHU GHYHORSHG HTXLS�

PHQW RI D VLPLODU W\SH�

$GGLWLRQ WR WKH FRQWURO V\VWHP RI DQ LQWHUIDFH IRU

LQWHUDFWLRQ ZLWK RWKHU HTXLSPHQW DOORZV ZLWKRXW DQ\

VSHFLDO KDUGZDUH RSWLPL]DWLRQ LQFOXGLQJ LQWR WKH RSH�

UDWLQJ F\FOH DQ DXWRPDWLF PDFKLQH ZLWK FRPSRQHQWV�

KDYLQJ WKHLU RZQ VRIWZDUH DQG KDUGZDUH� IRU LQVWDQFH�

XS�WR�GDWH HTXLSPHQW IRU 79 RU ODVHU IROORZLQJ� DV

ZHOO DV SHULSKHUDO HTXLSPHQW IRU GLVSODFHPHQW RI WKH

ZRUNSLHFH EHLQJ ZHOGHG RU VXUIDFHG�

6HOHFWLRQ RI WKH W\SH RU VWUXFWXUH RI WKH SURJUDP�

PDEOH FRQWUROOHU VKRXOG �LI UHTXLUHG� WDNH LQWR DF�

FRXQW WKH FRQGLWLRQV RI ZHOGLQJ �KLJK OHYHO RI QRLVH

DQG WKH DVVRFLDWHG VROXWLRQV RI WKH SUREOHPV RI QRLVH

SURWHFWLRQ RI HOHFWURQLF GHYLFHV IRU FRQWURO DQG UHJX�

ODWLRQ�� DV ZHOO DV WKH DELOLW\ WR DSSO\ YDULRXV PHWKRGV

WR FRQWURO WKH ZHOGLQJ SURFHVV� LQFOXGLQJ DOJR�

ULWKPL]HG PRGXODWLRQ RI WKH PRGHV� FRQWURO RI PDVV

WUDQVIHU RI HOHFWURGH PHWDO� DGDSWDWLRQ WR FKDQJLQJ

SDUDPHWHUV RI ZHOG PHWDO HGJH SUHSDUDWLRQ� ZKHQ XV�

LQJ WKH VFDQQLQJ SULQFLSOH RI IROORZLQJ ZLWK WKH DUF

VHQVRU� XVH RI RWKHU SHULSKHUDO GHYLFHV� IRU LQVWDQFH

IRU EXLOGLQJ�LQ LQWR OLQHV� RU FRQWUROOLQJ DX[LOLDU\ GLV�

SODFHPHQWV� HWF� ,W PD\ EH IXUWKHU VWDWHG WKDW WKH

SUREOHPV RI HQVXULQJ QRLVH SURWHFWLRQ RI HTXLSPHQW

V\VWHPV DQG LWV UHOLDEOH IXQFWLRQLQJ DUH FORVHO\ FRQ�

QHFWHG WR OD\RXW RI DOO LWV V\VWHPV DQG FRQQHFWLRQ

WRSRORJ\� (IIHFWLYH VROXWLRQ RI WKHVH SUREOHPV LV SRV�

VLEOH� LI GHYHORSHUV RI WKLV VSHFLILF NLQG RI HTXLSPHQW

KDYH WKH QHFHVVDU\ H[SHULHQFH�

,W LV REYLRXV WKDW WKH SURSRVHG GHYHORSPHQW PD\

EH XVHG ERWK LQ WKH QHZO\ GHYHORSHG VWUXFWXUHV RI

PHFKDQL]HG DQG DXWRPDWHG DUF ZHOGLQJ HTXLSPHQW�

DQG LQ XSJUDGLQJ RI WKDW ZKLFK WKH XVHU DOUHDG\ KDV

LQ KLV IDFLOLW\� 2XU H[SHULHQFH RI XVLQJ WKH DERYH

FRQFHSW RI GHYHORSPHQW RI VHPL�DXWRPDWLF ZHOGLQJ

PDFKLQHV VKRZV WKDW ZLWK DYDLODELOLW\ RI D VHW RI PH�

FKDQLFDO FRPSRQHQWV WKH ZRUNLQJ YDULDQW RI D PD�

FKLQH� RSHUDWLQJ WR FXVWRPHU DOJRULWKPV� PD\ EH GH�

OLYHUHG LQ � WR � ZHHNV WLPH� ,W WKLV FDVH D KLJK UHOL�

DELOLW\ LV JXDUDQWHHG� ZKLFK LV GXH WR D WKRURXJK SUH�

)LJXUH �� %ORFN�GLDJUDP RI D QHZ PRGXODU V\VWHP RI FRQWURO RI PHFKDQL]HG DQG DXWRPDWHG HTXLSPHQW
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OLPLQDU\ UHWURILWWLQJ RI DOO WKH FRPSRQHQWV DQG V\V�

WHPV� WKHLU IDVW UHSODFHPHQW DQG UHSDLUDELOLW\ �LI UH�

TXLUHG�� DV ZHOO DV JXDUDQWHHG UHOLDELOLW\ RI EDWFK�

SURGXFHG SXUFKDVHG LWHPV�

9DULDQW RI GHYHORSPHQW RI D QHZ PRGXODU V\VWHP

IRU FRQWURO RI PHFKDQL]HG DQG DXWRPDWHG HTXLSPHQW

LV VKRZQ LQ )LJXUH �� DQG D YDULDQW RI D VLQJOH�DUF

ZHOGLQJ PDFKLQH RI WUDFWRU W\SH ZLWK WKLV FRQWURO

V\VWHP LQ )LJXUH ��

,W PD\ EH IXUWKHU VSHFLILHG PRUH SUHFLVHO\ WKDW LQ

WKLV GHYHORSPHQW LW WXUQHG RXW WR EH VXIILFLHQW WR

DSSO\ D UHODWLYHO\ VLPSOH FRQWUROOHU RI �=(/,2� W\SH�

ZKLFK KDV VLPSOH SURJUDP WRROV� ZKLFK FDQ EH VHUYLFHG

E\ WKH VWDII RI HYHQ VPDOO EXVLQHVVHV� 7KH ZHOGLQJ

WUDFWRU GHVLJQ LQFRUSRUDWHV D V\VWHP RI ODVHU OLJKWLQJ�

ZKLFK LQ WKH RSLQLRQ RI ZHOGLQJ RSHUDWRUV� LV YHU\

XVHIXO IRU FXUUHQW DGMXVWPHQW RI WKH SRVLWLRQ RI HOHF�

WURGH ZLUH UHODWLYH WR WKH EXWW EHLQJ ZHOGHG�

1HZ PRGXODU V\VWHPV RI FRQWURO RI PHFKDQL]HG

DQG DXWRPDWHG HTXLSPHQW DUH QRZ LQVWDOOHG DOVR LQ

ZHOGLQJ DQG VXUIDFLQJ VXVSHQGHG DXWRPDWLF PDFKLQHV�

DXWRPDWLF PDFKLQHV IRU SRVLWLRQ EXWW ZHOGLQJ RI SLSHV

DQG RWKHU W\SHV RI ZHOGLQJ DQG VXUIDFLQJ HTXLSPHQW�

&21&/86,216

�� 0RGXODU SULQFLSOH RI GHVLJQ RI FRQWURO V\VWHPV IRU

PHFKDQL]HG DQG DXWRPDWHG DUF ZHOGLQJ HTXLSPHQW

SUHGHWHUPLQHV WKH VHDUFK IRU VXFK VROXWLRQV� ZKLFK

ZRXOG V\QWKHVL]H GHYHORSPHQW RI D EURDG UDQJH RI

VHPL�DXWRPDWLF DQG DXWRPDWLF PDFKLQHV IRU YDULRXV

SXUSRVHV ZLWK D RQH�W\SH HOHPHQW EDVH� SURJUDPPLQJ

RI RSHUDWLQJ F\FOH DQG UHJXODWLRQ RI ZHOGLQJ SURFHVV

SDUDPHWHUV� 6XFK V\VWHPV DUH DFTXLULQJPRUH DQGPRUH

RI WKH IHDWXUHV RI PHFKDQRWURQLF V\VWHPV�

�� $SSOLFDWLRQ RI WKH PRGXODU SULQFLSOH RI GHVLJQ

PD\ EH UHJDUGHG DV ZHOO�VXEVWDQWLDWHG� LI WKLV DOORZV

VLPSOLI\LQJ WKH SDFNDJH RI ZRUN RQ GHVLJQLQJ VXFK

V\VWHPV� QDUURZLQJ WKH HOHPHQW GLYHULVW\� VLPSOLI\LQJ

VHWWLQJ XS DQG PDLQWDLQLQJ WKH RSHUDELOLW\� HQVXULQJ

UHOLDEOH IXQFWLRQLQJ RI WKH HTXLSPHQW ZLWK D KLJK

TXDOLW\ RI ZHOGLQJ� DV ZHOO DV SURYLGLQJ PD[LPXP

IDVW UHVSRQVH RI WKH GHYHORSHUV DQG PDQXIDFWXUHUV RI

WKH DERYH HTXLSPHQW WR PDUNHW GHPDQGV�

�� &KYHUWNR� $�,� ������ 3ULQFLSOHV RI UDWLRQDO GHVLJQ RI
HTXLSPHQW IRU DXWRPDWLF DQG PHFKDQL]HG ZHOGLQJ DQG VXU�
IDFLQJ� .\LY� 1DXNRYD 'XPND�

�� /HEHGHY� 9�$�� 3LFKDN� 9�*� ������ 1HZ PRGXODU HTXLS�
PHQW IRU FRQVXPDEOH HOHFWURGH PHFKDQL]HG DUF ZHOGLQJ� VXU�
IDFLQJ DQG FXWWLQJ� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� 0RVKNLQ� 9�)�� /HEHGHY� 9�$�� .RYDOHQNR� 9�)� HW DO� ������
9HUVDWLOH PRGXODU VXUIDFLQJ HTXLSPHQW� ,ELG�� �� ��w���

�� 3DWRQ� 9�(�� 0RVKNLQ� 9�)�� 3ULWXOD� 6�,� HW DO� ������
3URVSHFWV RI GHYHORSPHQW RI HOHFWULF DUF ZHOGLQJ HTXLSPHQW�
,Q� 3UREOHPV RI ZHOGLQJ DQG VSHFLDO HOHFWURPHWDOOXUJ\�
.\LY� 1DXNRYD 'XPND�

�� 3RGXUDHY� <X�9�� .XOHVKRY� 9�6� ������ 3ULQFLSOHV RI FRQ�
VWUXFWLRQ DQG FXUUHQW WHQGHQFLHV RI PHJDWURQ V\VWHP GHYH�
ORSPHQW� 7HNKQRORJL\D 0DVKLQRVWURHQL\D� �� ��w���

�� 3DWRQ� %�(�� 'XGNR� '�$�� 0RVKNLQ� 9�)� HW DO� ������ 'L�
UHFWLRQV RI GHYHORSPHQW DQG LPSURYHPHQW RI KLJK�HIILFLHQW
V\VWHPV IRU PHFKDQL]HG DUF ZHOGLQJ� VXUIDFLQJ DQG FXWWLQJ
�$QDO\VLV RI GHYHORSPHQW RI OHDGLQJ PDQXIDFWXUHUV RI ZHOG�
LQJ HTXLSPHQW�� 6YDURFKQ� 3URL]YRGVWYR� ��� ��w���

�� /HEHGHY� 9�$�� 3RORVNRY� 6�,�� %UDWFKXN� 6�'� ������
(YDOXDWLRQ RI LQIOXHQFH RI GLVWXUEDQFHV RI HOHFWULF GULYH RSH�
UDWLRQ RQ UHOLDELOLW\ RI HTXLSPHQW IRU PHFKDQL]HG DQG DXWR�
PDWLF ZHOGLQJ� ,ELG�� �� �w���

�� %HVVN\� 2�.�� *DOLJX]RY� $�$�� .RURJRG� 9�,� HW DO� 'LUHFW
FXUUHQW UHYHUVLEOH HOHFWULF GULYH� 8665 DXWKRUsV FHUW�
�������� ,QW� &O� + �� 3 ����� 3XEO� ���������

)LJXUH ��9DULDQW RI D QHZPRGXODU V\VWHP RI FRQWURO RI PHFKDQL]HG
DQG DXWRPDWHG HTXLSPHQW� � x FRQWUROOHU� � x RUJDQV RI FRQWURO
RI F\FOH VWDUW DQG VWRS

)LJXUH �� 9DULDQW RI VLQJOH�DUF DXWRPDWLF ZHOGLQJ PDFKLQH RI WUDF�
WRU W\SH ZLWK D QHZ PRGXODU V\VWHP RI FRQWURO DQG V\VWHP RI DUF
H[FLWDWLRQ XQGHU IOX[
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$�3� 085$6+29� (�$� $67$.+29� ,�$� '(0,$129 DQG $�'� .$38/$

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

:HDU UHVLVWDQFH RI FRDWLQJV XQGHU JDV�DEUDVLYH ZHDU FRQGLWLRQV ZDV IRXQG WR GHSHQG RQ WKH W\SH RI KDUGHQLQJ SKDVHV

V\QWKHVL]HG GXULQJ VSUD\LQJ� DV ZHOO DV RQ WKH SRURVLW\ �FRKHVLRQ VWUHQJWK� RI WKH FRDWLQJ�

.H\ZRU G V � ZHDU UHVLVWDQFH� JDV�DEUDVLYH HIIHFW� WKHUPDO

FRDWLQJV� V\QWKHVLV� KDUGHQLQJ SKDVHV� FDUELGHV� ERULGHV� UH�

GXFHG ZHDU

7R LPSURYH WKH SHUIRUPDQFH RI PDFKLQH FRPSRQHQWV

VXEMHFWHG WR DEUDVLYH ZHDU� WKH FRDWLQJV IURP PDWH�

ULDOV FRQWDLQLQJ FDUELGHV RI WXQJVWHQ DQG WLWDQLXP RU

VHOI�IOX[LQJ 1Lw&Uw%w6L DOOR\V DUH XVHG >�� �@�

7KH SUHVHQW ZRUN JLYHV WKH UHVXOWV RI WHVWLQJ FRDW�

LQJV PDGH IURP FRPSRVLWH SRZGHUV �IHUURDOOR\w%�&�

6L&� XVLQJ SODVPD�DUF DQG GHWRQDWLRQ PHWKRGV� 3RZ�

GHUV ZHUH SURGXFHG E\ FRQJORPHUDWLRQ XVLQJ SRO\YL�
Q\O DOFRKRO DV D ELQGHU� DQG DOVR SDUWLDO VLQWHULQJ RI

VDPSOHV� FRPSDFWHG IURP PHFKDQLFDO PL[WXUH RI SRZ�

GHUV ZLWK D QH[W FUXVKLQJ� PLOOLQJ DQG VHOHFWLRQ RI
SRZGHUV IUDFWLRQV RI QRW VPDOOHU WKDQ w��� µP�
3ODVPD�DUF VSUD\LQJ ZDV SHUIRUPHG DW WKH IROORZLQJ
FRQGLWLRQ� FXUUHQW ��� $� YROWDJH �� 9� VSUD\LQJ GLV�

WDQFH ��� PP� SODVPD�IRUPLQJ PHGLXP�DUJRQ�QLWUR�

JHQ JDV PL[WXUH� ,Q GHWRQDWLRQ FRDWLQJ WKH IROORZLQJ

FRQVXPSWLRQ RI JDVHV ZDV HVWDEOLVKHG� P
��K� ����w

���� SURSDQH�EXWDQH� ���� R[\JHQ� ���� DLU� 7\SHV RI
FRDWLQJV DUH JLYHQ LQ 7DEOH �� 3RURVLW\ RI FRDWLQJV�

GHWHUPLQHG E\ PHWDOORJUDSKLF H[DPLQDWLRQ� ZDV �w
�� �� PRUHRYHU� WKH ORZHU YDOXHV RI SRURVLW\ ZHUH
REVHUYHG LQ FRDWLQJV PDGH E\ WKH GHWRQDWLRQ PHWKRG�

7HVWV IRU ZHDU UHVLVWDQFH RI FRDWLQJV LQ WKH FRQGL�

WLRQV RI JDV�DEUDVLYH ZHDU ZHUH FDUULHG RXW XVLQJ

FKDPEHUV RI MHW�DEUDVLYH WUHDWPHQW� ,QVLGH WKH FKDP�

EHU WKH JXQ ZDV IL[HG VR WKDW LWV D[LV ZDV XQGHU ��
DQJOH ZLWK UHVSHFW WR KRUL]RQWDO SODQH RQ ZKLFK

��×��×� PP VL]H VDPSOHV ZHUH IDVWHQHG� 7KLFNQHVV

RI FRDWLQJV ZDV ����w���� PP� 'LVWDQFH IURP VDPSOH

FHQWHU WR WKH JXQ QR]]OH H[LW VHFWLRQ ZDV ��� PP� $V

DQ DEUDVLYH PDWHULDO� WKH SRZGHU RI HOHFWURFRUXQGXP

RI VWDQGDUG JUDGH ��$ RI ���w��� PP JUDLQV� KDYLQJ

�����w����� 03D PLFURKDUGQHVV� ZDV XVHG�

:HDU WHVWV ZHUH SHUIRUPHG LQ WKH IROORZLQJ VH�
TXHQFH� 8VLQJ D SUHVVXUH VWDELOL]HU WKH SUHVVXUH RI

FRPSUHVVHG DLU� ��� 03D� ZDV GHWHUPLQHG� 6DPSOHV

ZHUH EORZQ RXW ZLWK DQ DLU�DEUDVLYH MHW IRU �� V� $IWHU

UHIHUHQFH ZHLJKLQJ� WKH\ ZHUH DJDLQ VXEMHFWHG WR

WUHDWPHQW IRU �� V� $OO WKHVH RSHUDWLRQV ZHUH UHSHDWHG
�w� WLPHV� $W WKH HQG RI HDFK RSHUDWLRQ WKH VDPSOH
PDVV ORVV ZDV HYDOXDWHG� 5DWH RI ZHDU DQG UHGXFHG

PDVV ZHDU RI WKH FRDWLQJV ZHUH GHWHUPLQHG IURP WKH

UHVXOWV RI ZHLJKLQJ� 7KH ODWWHU ZDV UHFDOFXODWHG LQWR

D OLQHDU UHGXFHG ZHDU XVLQJ WKH YDOXHV RI GHQVLW\ RI

FRDWLQJV ZKLFK ZHUH GHWHUPLQHG SUHOLPLQDU\ E\ WKH

PHWKRG RI K\GURVWDWLF ZHLJKLQJ�

:O  :PDVV�ρFRDW 6FRDW�

ZKHUH :O� :PDVV
DUH WKH OLQHDU DQG PDVV UHGXFHG

ZHDU� UHVSHFWLYHO\� ρ
FRDW

� 6
FRDW

DUH WKH GHQVLW\ DQG DUHD

RI FRDWLQJV� UHVSHFWLYHO\�

&RDWLQJV JLYHQ LQ 7DEOH � ZHUH VXEMHFWHG WR WHVW
IRU UHVLVWDQFH WR JDV�DEUDVLYH ZHDU� )RXU VDPSOHV RI
HDFK W\SH ZHUH SUHSDUHG IRU WHVWV� 3KDVH FRPSRVLWLRQ

DQG PD[LPXP PLFURKDUGQHVV RI FRDWLQJV DUH JLYHQ LQ

7DEOH �� DQG WKH UHVXOWV RI WHVWV IRU JDV�DEUDVLYH ZHDU
RI VSUD\HG FRDWLQJV DUH JLYHQ LQ 7DEOH � DQG )LJXUH�

&RDWLQJV SURGXFHG IURP FRPSRVLWH SRZGHU RI

)H9w%�&V\VWHP FRQWDLQLQJ YDQDGLXPERULGHV LQ WKHLU
FRPSRVLWLRQ ZHUH PRVW ZHDU UHVLVWDQW�

� $�3� 085$6+29� (�$� $67$.+29� ,�$� '(0,$129 DQG $�'� .$38/$� ����

7DEOH �� &RDWLQJV XVHG DW WHVWV IRU JDV�DEUDVLYH ZHDU

1R� RI

H[SHUL�

PHQW

0HWKRG RI VSUD\LQJ 7\SH RI FRDWLQJ ,QLWLDO SRZGHU� ZW�� 0HWKRG RI SURGXFLQJ )UDFWLRQ RI SRZGHU� µP

� 3ODVPD�DUF )H7Lw%�& ���� %�&� UHVW )H7L &RQJORPHUDWH w�����

� )H7Lw6L& ���� 6L&� UHVW )H7L 6DPH w���

� )H9w%�& ���� %�&� UHVW )H9 � w���

� )H9w6L& ���� 6L&� UHVW )H9 � w���

� 'HWRQDWLRQ )H9w6L& ���� 6L&� UHVW )H9 &RQJORPHUDWH w��

� )H9w6L& ���� 6L&� UHVW )H9 6LQWHUHG w��

� )H9w%�& ���� %�&� UHVW )H9 6DPH w��
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&RDWLQJV� ZKRVH FRPSRVLWLRQ DIWHU VSUD\LQJ LQ�

FOXGHV WLWDQLXP FDUELGHV DQG LURQ FDUERVLOLFLGHV� KDG

ORZHU ZHDU UHVLVWDQFH DQG WKRVH� SURGXFHG IURP SRZ�

GHUV RI ODUJHU IUDFWLRQV DQG FKDUDFWHUL]HG E\ KLJK SR�

URVLW\ KDG WKH ORZHVW UHVLVWDQFH DW JDV�DEUDVLYH ZHDU�

'HWRQDWLRQ FRDWLQJV SURGXFHG IURP SRZGHU RI

VPDOO IUDFWLRQV �w�� µP� SRVVHVVHG ZHDU UHVLVWDQFH�

PXFK H[FHHGLQJ WKH ZHDU UHVLVWDQFH RI SODVPD FRDW�

LQJV� VSUD\HG IURP SRZGHUV RI IUDFWLRQ w��� µP�
0RUHRYHU� WKH GHWRQDWLRQ FRDWLQJV FRQWDLQHG D QHJOL�

JLEOH DPRXQW RI FDUELGH DQG ERULGH SKDVHV� KRZHYHU�

WKH\ ZHUH FKDUDFWHUL]HG E\ WKH ORZHU SRURVLW\�
$W VLPLODU PLFURKDUGQHVV RI WKH FRDWLQJ� ZKRVH

FRPSRVLWLRQ LQFOXGHG WLWDQLXP FDUELGH� LURQ FDU�

ERVLOLFLGHV� ZHUH LQIHULRU E\ WKH ZHDU UHVLVWDQFH WR WKH
FRDWLQJV FRQWDLQLQJ YDQDGLXP ERULGHV�

7KXV� WKH ZHDU UHVLVWDQFH RI WKHUPDO FRDWLQJV LQ
WKH FRQGLWLRQV RI JDV�DEUDVLYH ZHDU DW ORZ DQJOHV RI
DWWDFN RI DEUDVLYH LV GHILQHG E\ WKH ZHDU UHVLVWDQFH
RI WKH KDUGHQLQJ SKDVH DQG PDWUL[� 7R SURGXFH FRDW�
LQJV ZLWK D KLJK ZHDU UHVLVWDQFH LQ WKH JDV�DEUDVLYH
FRQGLWLRQV RI ZHDU� LW LV UDWLRQDO WR XVH FRPSRVLWH
SRZGHU RI )H9w%�& V\VWHP� KDYLQJ WKH ��w�� µP
VL]HV RI SDUWLFOHV� 7KLV ZLOO SURYLGH WKH GHQVH FRDWLQJV
ZLWK D KLJK FRKHVLRQ VWUHQJWK�

�� ������ +LJK�WHPSHUDWXUH VSUD\HG FRDWLQJV� (G� E\ /�.�
'UX]KLQLQ� 9�9� .XGLQRY� 0RVFRZ� $WRPL]GDW�

�� %RULVRY� <X�6�� .KDUODPRY� <X�$�� 6LGRUHQNR� 6�$� HW DO�
������ 7KHUPDO VSUD\HG SRZGHU FRDWLQJV� .\LY� 1DXNRYD
'XPND�

,QWHQVLW\ RI ZHDU ,UHG RI SODVPD ��w�� DQG GHWRQDWLRQ ��w�� FRDWLQJV IURP FRPSRVLWH SRZGHUV RI GLIIHUHQW V\VWHPV LQ JDV�DEUDVLYH
ZHLJKLQJ� � x )H7Lw%�&� � x )H7Lw6L&� � x )H9w%�&� � x )H9w6L&� � x)H9w6L& �IUDFWLRQ w�� µP�� � x )H9w6L& �IUDFWLRQ
w�� µP�� � x )H9w%�&

7DEOH �� 3KDVH FRPSRVLWLRQ DQG PLFURKDUGQHVV RI FRDWLQJV

1R�

RI H[SHUL�

PHQW

7\SH RI FRDWLQJ 3KDVH FRPSRVLWLRQ 0LFURKDUGQHVV� 03D

� )H7Lw%�& )H�%� )H�&� )H7L� )H�&� )H�7L� 7L%�� WUDFHV %�&� )H�7L2� DQG )H�2� ����w����

� )H7Lw6L& )H�7L� )H6L&� )H�6L�&� 7L�6L�� 7L2� )H�2�� 7L2� ����w�����

� )H9w%�& )H9� 9%� 9&� 9�2�� 9�2�� 9�&� σ�9)H� WUDFHV )H�2�� )H�2� �����w�����

� )H9w6L& 9�&�� )H6L& �)H�6L�&�� )H9� 92����� α�6L&� )H92� �����w�����

� )H9w6L& )H9� 92����� 6L&� 9�&� ����w����

� )H9w6L& )H9� 92����� 6L&� 9�6L�� 9�&� ����w����

� )H9w%�& 9�%�� )H9� σ�9)H ����w����

7DEOH �� :HDU RI VSUD\HG FRDWLQJV DW JDV�DEUDVLYH ZHDU

1R�

RI H[SHUL�

PHQW

&RDWLQJ

GHQVLW\�

W�P�

7LPH RI WHVWLQJ� V :HDU LQWHQVLW\

�� �� �� �� �� �� �� ��
0DVV�

J�V

/LQHDU�

µP�V

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

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

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

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

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

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

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

7KH SDSHU GHVFULEHV WKH SRVVLELOLW\ RI FRQVWUXFWLRQ RI V\VWHPV RI FRQWURO DQG UHJXODWLRQ� SRZHUHG E\ WKH ZHOGLQJ FXUUHQW

VRXUFH YROWDJH� $ VLPSOH DQG HIIHFWLYH WHFKQLFDO VROXWLRQ LV SURSRVHG� ZKLFK DOORZV VROYLQJ ERWK WKH SUREOHP RI SURWHFWLRQ

IURP KLJK�YROWDJH VXUJHV GXULQJ WKH ZHOGLQJ SURFHVV� DQG SRZHULQJ WKH VHPL�DXWRPDWLF PDFKLQH V\VWHPV GXULQJ VKRUW�

FLUFXLWLQJ RI WKH DUF JDS� 7KH DERYH WHFKQLFDO VROXWLRQ ZDV LPSOHPHQWHG LQ D UDQJH RI VHPL�DXWRPDWLF PDFKLQHV RI

PRGXODU GHVLJQ RI 36K ���9 W\SH DQG LV QRZ XVHG LQ LQGXVWU\� EHLQJ LQGHSHQGHQW RQ ZHOGLQJ FXUUHQW VRXUFH DSSOLHG

LQ WKH DUF ZHOGLQJ SURFHVV�

.H\ZRU G V � PHFKDQL]HG ZHOGLQJ� FRQWURO V\VWHP� HOHFWULF

GULYH� ZHOGLQJ FXUUHQW VRXUFH� ZHOGLQJ YROWDJH� SRZHU� SURWHF�
WLRQ� FLUFXLW

,Q JDV�VKLHOGHG PHFKDQL]HG DUF ZHOGLQJ WKH V\VWHPV
RI FRQWURO RI WKH RSHUDWLQJ F\FOH RI VHPL�DXWRPDWLF

PDFKLQHV DQG DGMXVWDEOH HOHFWULF GULYHV FDQ EH PDQX�

IDFWXUHG ZLWK SRZHU VXSSO\ IURP D ZHOGLQJ FXUUHQW
VRXUFH >�@� 7KLV VLPSOLILHV WKH SRZHU DQG UHJXODWLQJ

FLUFXLWV DQG \LHOGV D VLJQLILFDQW WHFKQRORJLFDO HIIHFW

>�@� $SSOLFDWLRQ RI VXFK D FLUFXLW LV MXVWLILHG LQ FDVH
RI DSSO\LQJ VLPSOH SDUDPHWULF UHJXODWRUV RI WKH IUH�

TXHQF\ RI URWDWLRQ RI WKH GULYH HOHFWULF PRWRU VKDIW

LQ WKH HOHFWURGH ZLUH IHHG PHFKDQLVP �IRU LQVWDQFH�

LQ $���8P� $���0 VHPL�DXWRPDWLF PDFKLQHV�� $

JUDYH GUDZEDFN RI VXFK V\VWHPV LV D YHU\ QDUURZ UDQJH

RI UHJXODWLRQ RI WKH IHHG UDWHV� OLPLWLQJ WKHLU H[WHQVLRQ

WR RWKHU W\SHV RI PHFKDQL]HG ZHOGLQJ SURFHVVHV �ZHOG�

LQJ RI DOXPLQLXP� VXUIDFLQJ� FXWWLQJ� SXOVHG SUR�

FHVVHV� HWF��� $ ODUJH QXPEHU RI GHYHORSPHQWV RI V\V�

WHPV RI FRQWURO DQG UHJXODWLRQ RI WKH VHPL�DXWRPDWLF

PDFKLQHV ZHUH LQWURGXFHG ODWHO\� ZKLFK XVH PLFURFLU�

FXLWV� WUDQVLVWRU HOHFWULF GULYHV ZLWK EURDG UDQJHV RI

UHJXODWLRQ >�@� ,W ZRXOG EH XVHIXO WR SURYLGH SRZHULQJ

RI VXFK GHYLFHV IURP D ZHOGLQJ FXUUHQW VRXUFH� ZKLFK

ZRXOG VLPSOLI\ WKH SRZHU V\VWHP DQG VROYH WKH SUREOHP

RI KDYLQJ IHHGEDFNVE\ WKH DUF SURFHVVSDUDPHWHUV�ZKLFK

ZRXOG HOLPLQDWH DQ\ DGGLWLRQDO HOHFWULF FRQQHFWLRQV�

OHDGLQJ WR WKH VHPL�DXWRPDWLF PDFKLQHV IHHG XQLW�
+RZHYHU� VXFK D GHVLJQ RI WKH HOHFWULF SDUWV RI WKH

VHPL�DXWRPDWLF PDFKLQH LV GLIILFXOW� EHFDXVH RI WKH

SUHVHQFH RI KLJK�YROWDJH FRPSRQHQWV LQ WKH VSHFWUXP

RI DUF SURFHVV YROWDJH� ZKLFK PD\ EH WKH FRQVHTXHQFH

RI WUDQVLHQW SURFHVVHV LQ ZHOGLQJ ZLWK V\VWHPDWLF

VKRUW�FLUFXLWLQJ RI WKH DUF JDS� DW DUF HUULQJ� LQ ZHOG�

LQJ ZLWK SRZHU VXSSO\ IURP URWDWLQJ VRXUFHV RI ZHOG�

LQJ FXUUHQW x ZHOGLQJ JHQHUDWRUV �VZLWFKLQJ RYHU

YROWDJHV�� )LJXUH � VKRZV RQH RI WKH SRVVLEOH FKDUDF�

WHULVWLF RVFLOORJUDPV RI WKH DUF SURFHVV YROWDJH LQ &2�

ZHOGLQJ ZLWK ��� PP HOHFWURGH ZLUH RI 6Y���*�6

W\SH� ,W LV VHHQ WKDW WKH YROWDJH SXOVHV PD\ UHDFK

FRQVLGHUDEOH YDOXHV� ZKLFK LV WKH VRXUFH RI IDLOXUH RI

VHPLFRQGXFWRU GHYLFHV LQ WUDQVLVWRU V\VWHPV�

$ WHFKQLFDO VROXWLRQ GHVFULEHG LQ >�@ ZDV SURSRVHG

HDUOLHU� LQ RUGHU WR VROYH WKH SUREOHP RI SURWHFWLRQ RI

WKH V\VWHPV RI FRQWURO DQG UHJXODWLRQ� ZKHQ WKH\ DUH

SRZHUHG IURP WKH YROWDJH RI ZHOGLQJ FXUUHQW VRXUFH

FKDQJLQJ LQ D EURDG UDQJH �IURP RSHQ�FLUFXLW YROWDJH

WR ZHOGLQJ YROWDJH�� $ GHYLFH VKRZQ LQ )LJXUH � LV

SURSRVHG IRU WKH FDVH ZLWK WKH SXOVHG FRPSRQHQWV LQ

WKH YROWDJH VSHFWUXP RI WKH DUF SURFHVV�

7KH FLUFXLW LQFOXGHV FKRNH /�� FRQQHFWHG LQ VHULHV

ZLWK GLRGH 9�� ZKLFK LV VKXQWHG E\ UHVLVWRU 5�� FD�

SDFLWRUV &�� &� IRU SRZHU DFFXPXODWLRQ DQG GLRGH
9�� 6XFK D SURWHFWLRQ FLUFXLW GLIIHUV IURP WKH ILOWHU

FLUFXLWV� ZKLFK DUH NQRZQ DQG GHVFULEHG LQ WHFKQLFDO

SXEOLFDWLRQV >�@� 7KLV LV GXH WR WKH QHHG WR VLPXOWD�

QHRXVO\ VROYH WZR SUREOHPV� QDPHO\ FRQVLGHUDEOH GH�

FUHDVH RU HOLPLQDWLRQ RI WKH KLJK YDOXHV RI WKH SXOVHG

FRPSRQHQW LQ WKH VSHFWUXP RI ZHOGLQJ YROWDJH DQG

SURYLVLRQ RI D FRQWLQXRXV SRZHU VXSSO\ WR V\VWHPV�

ZKLFK DUH SRZHUHG IURP D VRXUFH RI ZHOGLQJ FXUUHQW�

%HIRUH WKH VWDUW RI WKH ZHOGLQJ SURFHVV FDSDFLWRU

&� LV FKDUJHG WKURXJK FKRNH /� DQG GLRGH 9�� DQG

FDSDFLWRU &� YLD GLRGH 9�� 3RZHU VXSSO\ RI WKH VHPL�

DXWRPDWLF PDFKLQH V\VWHPV �HOHFWULF GULYH� FRQWURO

� 9�$� /(%('(9� ���� )LJXUH �� 2VFLOORJUDP RI DUF SURFHVV YROWDJH LQ &2� ZHOGLQJ
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F\FOH FLUFXLWV� DODUPV� HWF�� LV GUDZQ IURP FDSDFLWRU

&�� 'XULQJ &2� ZHOGLQJ� ZKHQ VKRUW�FLUFXLWLQJ RI

WKH DUF JDS RFFXUV� FDSDFLWRU &� VWDUWV GLVFKDUJLQJ

WKURXJK UHVLVWRU 5� DQG FKRNH /�� 3RZHU LV VWRUHG LQ

WKH ODWWHU� :KHQ WKH VKRUW�FLUFXLW GLVDSSHDUV �DUF H[�

FLWDWLRQ� WKH FKRNH UHOHDVHV LWV HQHUJ\ WR WKH ZHOGLQJ

DUF� 7KH HPI RI FKRNH /� DQG KLJK�YROWDJH VXUJHV RI

ZHOGLQJ FXUUHQW VRXUFHV DUH GLUHFWHG WRZDUGV HDFK

RWKHU� $ SDUWLDO VXSSUHVVLRQ RI WKH KLJK�YROWDJH VXUJH

RFFXUV� ,Q DGGLWLRQ� WKH FKRNH� KDYLQJ D FHUWDLQ LQ�

GXFWDQFH� ILOWHUV WKH DERYH VXUJH XQWLO LWV VDWXUDWLRQ

RFFXUV� DQG WKH FKRNH LQGXFWDQFH LV LQVLJQLILFDQW� 'XU�

LQJ WKH VKRUW�FLUFXLW RI WKH DUF JDS WKH FKDUJH RI FD�

SDFLWRU &� SURYLGHV SRZHU IRU WKH V\VWHPV RI WKH VHPL�

DXWRPDWLF PDFKLQH�

&DOFXODWLRQ RI SDUDPHWHUV RI FKRNH /� �LQGXF�

WDQFH� KHDWLQJ�� FDSDFLWRUV &�� &�� UHVLVWRU 5� LV FRQ�

GXFWHG E\ WKH SURFHGXUHV RI >�@� DQG WKH LQLWLDO GDWD

FRUUHVSRQG WR WKH SDUDPHWHUV RI WKH VKRUW�FLUFXLW� L�H�

GXUDWLRQ RI SKDVHV RI WKH VKRUW�FLUFXLWLQJ DQG DUFLQJ

NQRZQ IRU WKH DUF ZHOGLQJ SURFHVV� 7KH DPSOLWXGH RI

WKH KLJK�YROWDJH VXUJH IRXQG IRU WKLV SURFHVV E\ ZHOG�

LQJ YROWDJH RVFLOORJUDPV� VKRXOG EH ORZHUHG WR WKH

OHYHO GHWHUPLQHG E\ WKH FDSDELOLWLHV RI WKH XVHG HOH�

PHQW EDVH� 6R� IRU LQVWDQFH� IRU WKH WUDQVLVWRU HOHFWULF

GULYH DSSOLHG LQ WKH VHPL�DXWRPDWLFPDFKLQHV RIPRGX�

ODU GHVLJQ RI 36K ���9 W\SH >�@ WKLV OHYHO VKRXOG QRW

H[FHHG ��w�� 9� ,Q D QXPEHU RI FDVHV� ZKHQ MXVW WKH

ILOWHULQJ SURSHUWLHV RI /&5�ILOWHU DUH VXIILFLHQW IRU

VXSSUHVVLRQ RI WKH KLJK�YROWDJH SXOVH DQG WKH FLUFXLW

UHVSRQVH VKRXOG EH PDGH IDVWHU� WKH FKRNH LV VKXQWHG

E\ GLRGH 9� �VHH )LJXUH �� GRWWHG OLQH��

7KH SURSRVHG SURWHFWLRQ FLUFXLW LV TXLWH VLPSOH�

DQG LWV HIIHFWLYHQHVV LV FRQILUPHG E\ IDLOXUH�VDIH RSH�

UDWLRQ RI VHPL�DXWRPDWLF PDFKLQHV RI 3��3���9 W\SH�

ZKHUH VXFK FLUFXLWV DUH XVHG WR VROYH WKH SUREOHP RI

HQVXULQJ WKH LQGHSHQGHQFH RI WKH VHPL�DXWRPDWLF PD�

FKLQH RQ WKH W\SH RI WKH ZHOGLQJ FXUUHQW VRXUFH� XVHG

LQ DUF ZHOGLQJ�

$V DQ H[DPSOH IRU SURWHFWLRQ RI WKH FLUFXLW RI D

VHPL�DXWRPDWLF PDFKLQH ZLWK SRZHU VXSSO\ WR LW IURP

DUF YROWDJH LQ &2� ZHOGLQJ� ZLWK VKRUW�FLUFXLWLQJ RI

WKH DUF JDS ZLWK IUHTXHQF\ LQ WKH UDQJH RI ��w��� +]�

DQG LQGXFWDQFH RI WKH FKRNH RI WKH ZHOGLQJ FXUUHQW

VRXUFH RI ��� P+� WKH FLUFXLW SDUDPHWHUV DUH DV IRO�

ORZV� /�  ��� P+� &�  ���� µ)� &�  ���� µ)�
5�  �� 2KP� &KDUDFWHULVWLF RVFLOORJUDPV RI VXSSO\

YROWDJH RI WKH FLUFXLW RI WKH VHPL�DXWRPDWLF PDFKLQH

ZLWKRXW WKH SURWHFWLRQ FLUFXLW DQG ZLWK LWV DSSOLFDWLRQ

DUH VKRZQ LQ )LJXUH �� :LWK WKH VDPH VWUXFWXUH RI

WKH SURWHFWLRQ FLUFXLW LWV SDUDPHWHUV ZLOO YDU\ GHSHQG�

LQJ RQ WKH NLQG RI ZHOGLQJ SURFHVV DQG XVHG ZHOGLQJ

FXUUHQW VRXUFH �ZHOGLQJ FLUFXLW SDUDPHWHUV� PHWKRG

WR SURGXFH WKH ZHOGLQJ YROWDJH� SUHVHQFH RI KLJK RSHQ�

FLUFXLW YROWDJH� HWF���

3URWHFWLRQ FLUFXLW PD\ EH GHVLJQHG DV D VHSDUDWH

PRGXOH ZLWK VHYHUDO GHVLJQ YDULDQWV� DQG FDQ EH EDWFK�

SURGXFHG� DOVR IRU WKH QHHGV RI XSJUDGLQJ WKH VHPL�

DXWRPDWLF PDFKLQH IOHHW� DOUHDG\ LQ VHUYLFH�

)LJXUH �� 2VFLOORJUDPV RI VXSSO\ YROWDJH RI WKH VHPL�DXWRPDWLF
PDFKLQH FLUFXLW� D x RQ WKH DUF� E x DIWHU WKH SURWHFWLRQ FLUFXLW

)LJXUH �� &LUFXLW RI SURWHFWLRQ RI WKH FRQWURO V\VWHPV RI VHPL�DXWR�
PDWLF PDFKLQHV� ZKHQ WKH\ DUH SRZHUHG IURP WKH ZHOGLQJ VRXUFH
YROWDJH

�� 3RWDSLHYVN\� $�*� ������ &RQVXPDEOH HOHFWURGH JDV�

VKLHOGHG ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�
�� /HEHGHY� 9�$�� 6YHWQLNRY� %�*� ������ (OHFWULF GULYH RI

VHPL�DXWRPDWLF ZHOGLQJ PDFKLQH ZLWK ZHOGLQJ SRZHU
VRXUFH� $YWRPDWLFK� 6YDUND� ��� ��w���

�� /HEHGHY� 9�$�� 3LFKDN� 9�*� ������ 6HPL�DXWRPDWLF
ZHOGLQJ DQG VXUIDFLQJ PDFKLQHV RI 36K ��� W\SH� ,ELG��
�� ��w���

�� /HEHGHY� 9�$�� ,YDQRY� *�3�� 5R]GREXGNR� *�,� ������ 6WD�
ELOLVDWLRQ RI WKH DUF YROWDJH VXSSO\LQJ WKH ZHOGLQJ PDFKLQH
FLUFXLW� ,ELG�� �� ��w���

�� 9HNVOHU� *�&� ������ 'HVLJQ RI SRZHU VXSSO\ GHYLFHV�
.\LY� 7HFKQLND�
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7R IXOILO ZHOGLQJ MREV LQ WKH ILHOG FRQGLWLRQV� WKH

PRELOH ZHOGLQJ XQLWV FRQVLVWLQJ RI D ZHOGLQJ JHQHUD�

WRU DQG GULYHQ LQWHUQDO FRPEXVWLRQ HQJLQH DUH ZLGHO\

XVHG� 6R�FDOOHG LQYHUWHG '& JHQHUDWRUV DUH ZLGHO\

XVHG IRU D ORQJ WLPH DV ZHOGLQJ JHQHUDWRUV� 7KH ODWWHU

DUH WZR�SDFNDJH LQGXFWLRQ $& PDFKLQHV RI LQFUHDVHG

IUHTXHQF\ ZLWK D UHFWLI\LQJ EORFN DQG FKDUDFWHUL]HG
E\ D UHODWLYH VLPSOLFLW\ DQG UHOLDELOLW\�

+RZHYHU� DW SUHVHQW WKHVH JHQHUDWRUV EHFDPH ROG�

IDVKLRQHG DQG GR QRW FRUUHVSRQG RIWHQ WR PRGHUQ WHFK�

QRORJLFDO UHTXLUHPHQWV VSHFLILHG WR WKLV HTXLSPHQW�

7KH\ DUH QRW SURYLGHG ZLWK D FRUUHFWLRQ RI H[WHUQDO
VWDWLF DQG G\QDPLF FKDUDFWHULVWLFV GHSHQGLQJ RQ WKH

JUDGH RI HOHFWURGHV DQG RSHUDWLRQ FRQGLWLRQV XVHG�

6PRRWK DGMXVWPHQW RI ZHOGLQJ FXUUHQW LQ LQYHUWHG
JHQHUDWRUV LV OLPLWHG E\ D VHOHFWHG UDWKHU QDUURZ VXE�

UDQJH�

6RPH DGYDQFHG WHFKQRORJLFDO SURFHVVHV PDGH LQ

WKH ILHOG FRQGLWLRQV UHTXLUH WKH SUHVHQFH RI QRW RQO\

ZHOGLQJ YROWDJH� EXW DOVR VLQJOH� DQG WKUHH�SKDVH

PDLQV YROWDJH RI ������� 9 DQG �� +] IUHTXHQF\�

7KLV PDGH GHYHORSHUV DQG PDQXIDFWXUHUV RI ZHOGLQJ

XQLWV WR FRQQHFW DGGLWLRQDOO\ RQH PRUH PDFKLQH ZLWK

D GULYHQ HQJLQH� L�H� DX[LOLDU\ $& JHQHUDWRU� 7KHUH LV

D QHHG RIWHQ LQ DLU�SODVPD FXWWLQJ LQ WKH ILHOG FRQGL�

WLRQV� +RZHYHU� LW LV LPSRVVLEOH WR VROYH DOO WKHVH

SUREOHPV RQ WKH EDVH RI DQ LQYHUWHG ZHOGLQJ JHQHUDWRU

ZLWKRXW PRGLILFDWLRQ RI WKH ODWWHU�

6SHFLDOLVWV RI 3:, KDYH FDUULHG RXW WKH QHFHVVDU\
UHVHDUFK ZRUNV DQG GHYHORSHG WKH EDVHV IRU GHVLJQ RI

DV\QFKURQRXV ZHOGLQJ JHQHUDWRUV IRU DQ\ FXUUHQWV�

7KH DV\QFKURQRXV JHQHUDWRUV KDYH VRPH DGYDQWDJHV
DV FRPSDUHGZLWK NQRZQ LQYHUWHG ZHOGLQJ JHQHUDWRUV�

7KH PDLQ RI WKHP DUH DV IROORZV�

• VPRRWK ORFDO DQG UHPRWH DGMXVWPHQW RI ZHOGLQJ

FXUUHQW LQ RQH UDQJH XVLQJ VWDQGDUG HOHFWULFDO FRQWURO

VLJQDO RI �w�� 9�

• FRUUHFWLRQ RI H[WHUQDO VWDWLF DQG G\QDPLF FKD�

UDFWHULVWLFV GHSHQGLQJ RQ JUDGH RI HOHFWURGHV DQG RSH�

UDWLRQ FRQGLWLRQV XVHG�

• SUHVHQFH RI VLQJOH� DQG WKUHH�SKDVH $& PDLQV RI

������� 9 YROWDJH DQG �� +] IUHTXHQF\�
• GHFUHDVHG DOWHUQDWLQJ YROWDJH� IRU H[DPSOH� ��

RU �� 9 DQG �� +] IUHTXHQF\�

• IHDVLELOLW\ RI XVH RI WKH DV\QFKURQRXV ZHOGLQJ
JHQHUDWRU QRW RQO\ IRU PDQXDO DUF� EXW DOVR IRU RWKHU

PHWKRGV RI ZHOGLQJ� IRU H[DPSOH� LQ &2�� IRU DLU�

SODVPD FXWWLQJ� ZLWKRXW KLJK DGGLWLRQDO PDWHULDO H[�

SHQVHV�

7KXV� WKH DV\QFKURQRXV ZHOGLQJ JHQHUDWRUV DUH VX�

SHULRU WR WUDGLWLRQDO LQYHUWHG JHQHUDWRUV E\ D QXPEHU

RI WHFKQLFDO DQG WHFKQRORJLFDO FKDUDFWHULVWLFV� 8QLTXH

DOJRULWKP RI ZHOGLQJ FXUUHQW FRQWURO� UHDOL]HG LQ DV\Q�

FKURQRXV ZHOGLQJ JHQHUDWRU� SURYLGHV KLJK TXDOLW\ RI

ZHOGLQJ E\ DQ\ HOHFWURGH� DQG RSHQV DOVR ZLGH RSSRU�

WXQLWLHV IRU IXUWKHU LPSURYHPHQW RIZHOGLQJ SURSHUWLHV

RI WKH DV\QFKURQRXV ZHOGLQJ JHQHUDWRU DQG PDQLIHV�

WDWLRQ RI LWV QHZ WHFKQRORJLFDO DGYDQWDJHV LQ GLIIHUHQW

W\SHV RI ZHOGLQJ� ,Q DGGLWLRQ� WKH GHVLJQ RI GHYHORSHG

DV\QFKURQRXV ZHOGLQJ JHQHUDWRUV LV SURYLGHG RQ EDVH

RI VHULDO DV\QFKURQRXV HOHFWULF PRWRUV RI DSSURSULDWH

SRZHU WKDW LV D EDVLV RI WKHLU KLJK UHOLDELOLW\� UHODWLYH

VLPSOLFLW\ DQG ORZ FRVW� 9DULDQWV RI DV\QFKURQRXV

ZHOGLQJ JHQHUDWRUV KDYH EHHQ GHYHORSHG IRU GLIIHUHQW

ZHOGLQJ FXUUHQWV �IURP ��� XS WR ��� $�� LQFOXGLQJ

WZR� DQG IRXU�VWDWLRQ W\SHV�

7HFKQLFDO FKDUDFWHULVWLF RI DV\QFKURQRXV ZHOGLQJ
JHQHUDWRU IRU ��� $

5DWHG ZHOGLQJ FXUUHQW DW �� � GXW\ F\FOH� $ �������������� ���

5DWHG RSHUDWLQJ YROWDJH� 9 ������������������������������������� ����

5DQJH RI ZHOGLQJ FXUUHQW DGMXVWPHQW� $ ���������������� ��w���

2SHQ�FLUFXLW YROWDJH� 9 ������������������������ QRW PRUH WKDQ ��

3RZHU RI WKUHH�SKDVH PDLQV RI ��� 9
DQG �� +]� N9⋅$ �������������������������������������������������������� �

3RZHU RI VLQJOH�SKDVH PDLQV RI ��� 9
DQG �� +]� N9⋅$ �������������������������������������������������������� �
0DVV� NJ ������������������������������������������� QRW PRUH WKDQ ���

)RU DGGLWLRQDO LQIRUPDWLRQ� SOHDVH� FRQWDFW�
*�1� 0RVNRYLFK� ,�,� =DUXED�

7HO� �������� ��������� ���������
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