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

$%675$&7

7KH PRGHO RI PXOWLFRPSRQHQW SODVPD IRUPHG QHDU WKH PHWDO VXUIDFH LQ JDV�VKLHOGHG DUF� ODVHU DQG ODVHU�DUF ZHOGLQJ LV

VXJJHVWHG� 7KH PRGHO LV EDVHG RQ WKH V\VWHP RI EDODQFH UHODWLRQVKLSV IRU IORZV RI KHDY\ SDUWLFOHV� WKHLU PRPHQWXP DQG

HQHUJ\ LQ WKH .QXGVHQ OD\HU QHDU WKH VXUIDFH RI PHWDO HYDSRUDWLQJ LQWR WKH SODVPD RI H[WHUQDO JDV� ([SUHVVLRQV GHULYHG

IRU GHQVLW\ RI HOHFWURQ DQG LRQ FXUUHQWV IORZLQJ WR WKHPHWDO VXUIDFH DQG IRU GLVWULEXWLRQ RI SRWHQWLDO LQ WKHPXOWLFRPSRQHQW

QHDU�VXUIDFH SODVPD �DUF� ODVHU RU FRPELQHG� DUH JLYHQ�

.H\ ZRU G V � ODVHU ZHOGLQJ� DUF ZHOGLQJ� ODVHU�DUF �FRP�
ELQHG� ZHOGLQJ� QHDU�VXUIDFH SODVPD� .QXGVHQ OD\HU� PHWDO�
VXUIDFH� HYDSRUDWLRQ� LQYHVWLJDWLRQV

0DLQ IDFWRUV ZKLFK GHWHUPLQH PHWDO SHQHWUDWLRQ LQ

DUF� ODVHU RU ODVHU�DUF �FRPELQHG� ZHOGLQJ DUH WKH

WKHUPDO DQG G\QDPLF HIIHFWV RI D KHDW VRXUFH XVHG RQ

WKH ZHOG SRRO VXUIDFH� 7KHUHIRUH� WKH NQRZOHGJH RI

SULQFLSOHV RI LQWHUDFWLRQ RI WKH HOHFWULF DUF DQG ODVHU

EHDP ZLWK PHWDO LV D QHFHVVDU\ FRQGLWLRQ IRU VXEVWDQ�

WLDWHG SUHGLFWLRQ DQG FRQWURO RI WKH UHVSHFWLYH ZHOGLQJ

SURFHVVHV�

+LJK�SRZHU GHQVLW\ KHDW VRXUFHV �HOHFWULF DUF� ODVHU
EHDP RU WKHLU FRPELQDWLRQ� DIIHFWLQJ WKH PHWDO VXUIDFH
PD\ UHVXOW LQ LWV KHDWLQJ WR WHPSHUDWXUHV FRPSDUDEOH

ZLWK ERLOLQJ WHPSHUDWXUHV DQG KLJKHU� 6XFK KHDWLQJ

FDXVHV D PDUNHG HYDSRUDWLRQ RI PHWDO LQWR WKH HQYLURQ�

PHQW� DV D UHVXOW RI ZKLFK WKH ODWWHU EHFRPHV PXOWLFRP�

SRQHQW� L�H� FRQWDLQLQJ SDUWLFOHV RI WKH PHWDO YDSRXUV�

LQ DGGLWLRQ WR SDUWLFOHV RI WKH H[WHUQDO JDV� $V ORQJ DV

WKH SDUWLDO SUHVVXUH RI WKH YDSRXU LV ORZHU WKDQ WKDW RI

WKH HQYLURQPHQW� PHWDO DWRPV GLIIXVH LQWR LW �GLIIXVLRQ

PRGH RI HYDSRUDWLRQ� DQG SUHVVXUH RQ WKH PHWDO VXUIDFH

LV DOPRVW HTXDO WR WKH H[WHUQDO SUHVVXUH� :LWK IXUWKHU

LQFUHDVH LQ WHPSHUDWXUH RI WKHPHWDO VXUIDFH WKH SUHVVXUH

RI WKH YDSRXU EHFRPHV KLJKHU WKDQ WKH H[WHUQDO RQH�

ZKLFK LQGXFHV VFDWWHU RI WKH YDSRXU �FRQYHFWLYH PRGH

RI HYDSRUDWLRQ� DFFRPSDQLHG E\ IRUPDWLRQ RI WKH UHDF�

WLYH IRUFH DIIHFWLQJ WKH PHWDO VXUIDFH� ,Q WKLV FDVH WKH

SUHVVXUH RQ WKH ZHOG SRRO� ZKLFK GHWHUPLQHV G\QDPLFV

RI PRWLRQ RI LWV VXUIDFH DQG� HYHQWXDOO\� PHWDO SHQHWUD�

WLRQ� FDQEHPXFK LQ H[FHVV RI WKH SUHVVXUH RI WKH H[WHUQDO

PHGLXP >�@� DQG WKH HQHUJ\ RI VXEOLPDWLRQ RI DWRPV

UHPRYHG ZLWK WKH YDSRXU IORZ IURP WKH PHWDO VXUIDFH

FRQWULEXWHV VXEVWDQWLDOO\ WR WKH HQHUJ\ EDODQFH RI WKLV

VXUIDFH >�@�

$Q LPSRUWDQW IDFWRU ZKLFK DIIHFWV PHWDO HYDSRUD�

WLRQ SURFHVVHV LQ WKH FDVH RI WKH ZHOGLQJ PHWKRGV

XQGHU FRQVLGHUDWLRQ LV WKDW WKH PHGLXP ZKLFK LV H[�

WHUQDO ZLWK UHVSHFW WR WKH PHWDO LV LRQL]HG WR D FRQ�

VLGHUDEOH H[WHQW� L�H� FRQWDLQV ERWK QHXWUDO SDUWLFOHV

�JDV DWRPV DQG PROHFXOHV� PHWDO DWRPV� DQG FKDUJHG
SDUWLFOHV �HOHFWURQV DQG LRQV RI GLIIHUHQW NLQGV DQG

FKDUJHV�� 3K\VLFDO SKHQRPHQD RFFXUULQJ LQ VXFK D

PXOWLFRPSRQHQW SODVPD �HQHUJ\ UHOHDVH GXH WR IORZ

RI WKH HOHFWULF FXUUHQW� DEVRUSWLRQ DQG UHIUDFWLRQ RI

WKH ODVHU EHDP� KHDW� PDVV DQG HOHFWULF WUDQVIHU EH�

WZHHQ SODVPD DQG PHWDO� GHWHUPLQH LQ PDQ\ UHVSHFWV

FKDUDFWHULVWLFV RI WKH WKHUPDO DQG G\QDPLF HIIHFWV RI

WKH KHDW VRXUFHV XQGHU FRQVLGHUDWLRQ RQ WKH ZHOG SRRO

VXUIDFH� 2Q WKLV EDVLV� WKH SXUSRVH RI WKH ZRUN GH�

VFULEHG LQ WKLV DUWLFOH ZDV D GHWDLOHG WKHRUHWLFDO LQ�

YHVWLJDWLRQ RI SURFHVVHV RFFXUULQJ LQ WKH PXOWLFRPSR�

QHQW QHDU�VXUIDFH SODVPD LQ JDV�VKLHOGHG DUF� ODVHU DQG

ODVHU�DUF ZHOGLQJ�
0RGHO RI WKH QHDU�VXUIDFH SODVPD� 7R GHVFULEH

SURFHVVHV RFFXUULQJ LQ WKH DUF� ODVHU DQG FRPELQHG

SODVPD DGMRLQLQJ WKH PHWDO VXUIDFH �)LJXUH ��� ZH

XVH D XQLILHG DSSURDFK >� w �@ ZLWKLQ ZKLFK WKH QHDU�

VXUIDFH SODVPD OD\HU LV FRQGLWLRQDOO\ GLYLGHG LQWR

WKUHH ]RQHV�

7KH ILUVW ]RQH ZKLFK GLUHFWO\ DGMRLQV WKH VXUIDFH
LV WKH VSDFH FKDUJH OD\HU� ,W LV LQ WKLV OD\HU WKDW WKH

FRQGLWLRQ RI TXDVL�QHXWUDOLW\ RI WKH SODVPD LV GLV�

WXUEHG DQG WKH PDLQ GURS RI SRWHQWLDO EHWZHHQ SODVPD

DQG PHWDO LV IRUPHG� 7KLV OD\HU LV DVVXPHG WR EH FRO�

OLVLRQOHVV� DV DW D SUHVVXUH FORVH WR WKH DWPRVSKHULF
RQH DQG YDOXHV RI WKH HOHFWURQ WHPSHUDWXUH� 7

H
≅ � w

� H9� FKDUDFWHULVWLF RI WKH ZHOGLQJ PHWKRGV XQGHU

FRQVLGHUDWLRQ� WKLFNQHVV RI WKLV OD\HU[

__
FRPPHQVXUDEOH

ZLWK WKH 'HE\H UDGLXV U' ≤ ��
w�
FP


LV PXFK OHVV WKDQ

WKH FKDUDFWHULVWLF OHQJWKV RI WKH IUHH SDWK RI WKH SODVPD

SDUWLFOHV� O ≅ ��
w�

w ��
w�

FP�

7KH VHFRQG ]RQH LV WKH LRQL]DWLRQ UHJLRQ RI WKH

TXDVL�QHXWUDO SODVPD �RU SUHVKHDWK�� ZKHUH DQ LQWHQ�

VLYH JHQHUDWLRQ RI WKH FKDUJHG SDUWLFOHV RFFXUV GXH WR

LRQL]DWLRQ RI WKH JDV DWRPV GHVRUEHG IURP WKH VXUIDFH

DQG WKH HYDSRUDWLQJ PHWDO DWRPV E\ WKH SODVPD HOHF�

WURQV� ,RQV IRUPHG KHUH DUH DFFHOHUDWHG WR WKH PHWDO

VXUIDFH DQG UHFRPELQH QHDU LW XQGHU WKH HIIHFW RI WKH

HOHFWULF ILHOG LQGXFHG E\PRUHPRELOH HOHFWURQV� 7KHUH�

IRUH� FRQGLWLRQV RI ORFDO LRQL]DWLRQ HTXLOLEULXP DUH
GLVWXUEHG DQG DPDUNHG FKDQJH LQ WKH SODVPD SRWHQWLDO

� ,�9� .5,97681� ����



+HUH DQG EHORZ DOO HVWLPDWHV RI RUGHUV RI PDJQLWXGHV DSSO\ WR WKH
DWPRVSKHULF�SUHVVXUH DUJRQ SODVPD�
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RFFXUV ZLWKLQ WKH LRQL]DWLRQ UHJLRQ RI WKH SODVPD� WKH

FKDQJH LQ WKH SODVPD SRWHQWLDO �)LJXUH �� EHLQJ FRP�

PHQVXUDEOHZLWK WKH SRWHQWLDO GURS LQ WKH VSDFH FKDUJH

OD\HU�

%RXQGDU\ RI WKH .QXGVHQ OD\HU /. WKLFN LV DW D

GLVWDQFH RI VHYHUDO OHQJWKV RI WKH IUHH SDWK RI KHDY\

SDUWLFOHV IURP WKH PHWDO VXUIDFH� 2XWVLGH WKLV OD\HU

WKHUH OLHV WKH WKLUG ]RQH� L�H� WKH K\GURG\QDPLF UHJLRQ

RI WKH SODVPD� ZKHUH ORFDO WKHUPRG\QDPLF HTXLOLE�

ULXP LV HVWDEOLVKHG ERWK E\ WUDQVODWLRQDO DQG LQWHUQDO

GHJUHHV RI IUHHGRP RI WKH SDUWLFOHV� $V WKLFNQHVV RI

WKH .QXGVHQ OD\HU /. ≤ ��w� FP LV PXFK OHVV WKDQ WKH

FKDUDFWHULVWLF WUDQVYHUVH VL]HV RI WKH ]RQH RI FRQWDFW

RI WKH SODVPD ZLWK WKH PHWDO VXUIDFH DQG UDGLXV RI

FXUYDWXUH RI WKLV VXUIDFH� D ≅ ��
w�
FP� WKH .QXGVHQ

OD\HU� DQG HVSHFLDOO\ WKH SUHVKHDWK DQG WKH VSDFH

FKDUJH OD\HU� FDQ IXUWKHU RQ EH FRQVLGHUHG IODW DQG

TXDVL�XQLGLPHQVLRQDO� 7KH ODWWHU LPSOLHV WKDW VSDFH

FKDQJHV LQ FKDUDFWHULVWLFV RI WKH SODVPD DORQJ WKH

OD\HU LQWHUIDFH FDQ EH LJQRUHG� DV FRPSDUHG ZLWK WKHLU

FKDQJHV DFURVV HDFK OD\HU�

$FFRUGLQJ WR WKLV DSSURDFK� WKH QHDU�VXUIDFH

SODVPD FRQVLVWV DFWXDOO\ RI WZR PDLQ UHJLRQV x QRQ�

HTXLOLEULXP �[ � /.� DQG K\GURG\QDPLF �[ ! /.��

IRU ZKLFK WKH ILUVW UHJLRQ LV D GLVFRQWLQXLW\ VXUIDFH�

,W VKRXOG EH QRWHG WKDW� EHFDXVH RI D VPDOO YDOXH RI

/.� DV FRPSDUHG ZLWK FKDUDFWHULVWLF VL]HV RI WKH K\�

GURG\QDPLF UHJLRQ RI WKH SODVPD� FRQGLWLRQDO RYHUODS

RI WKH .QXGVHQ OD\HU RQ WKH PHWDO VXUIDFH LV D VXIIL�

FLHQWO\ JRRG DSSUR[LPDWLRQ IRU GHVFULSWLRQ RI WKH K\�

GURG\QDPLF SURFHVVHV� 3DUDPHWHUV RI WKH SODVPD DW

WKLV ERXQGDU\ �FRQFHQWUDWLRQ DQG WHPSHUDWXUH RI SDU�

WLFOHV� YHORFLW\ DQG SUHVVXUH RI SODVPD�� ZKLFK SOD\

WKH UROH RI ERXQGDU\ FRQGLWLRQV IRU GHWHUPLQDWLRQ RI

UHVSHFWLYH YDOXHV LQ WKH K\GURG\QDPLF UHJLRQ� FDQ EH

FDOFXODWHG SURYLGLQJ WKDW WKH GLVWULEXWLRQ IXQFWLRQV

RI WKH SODVPD SDUWLFOHV E\ YHORFLWLHV DUH NQRZQ� ,Q D

JHQHUDO FDVH� WR GHWHUPLQH WKHP LW LV QHFHVVDU\ WR VROYH

D FRPSOLFDWHG V\VWHP RI NLQHWLF HTXDWLRQV ZLWK UHVSHFW

WR WKH GLVWULEXWLRQ IXQFWLRQV RI SDUWLFOHV RI DOO NLQGV

E\ DOORZLQJ IRU LQWHUDFWLRQ RI WKH FKDUJHG SDUWLFOHV

ZLWK WKH HOHFWULF ILHOG LQ WKH SUHVKHDWK DQG LQ WKH

VSDFH FKDUJH OD\HU� DV ZHOO DV IRU LQHODVWLF SURFHVVHV

LQ WKH LRQL]DWLRQ UHJLRQ �LRQL]DWLRQ� UHFRPELQDWLRQ�

UH�FKDUJLQJ� HWF��� 1R SUHFLVH VROXWLRQ LV DYDLODEOH VR

IDU IRU WKLV SUREOHP� 7KHUHIRUH� ZH VXJJHVW XVLQJ DQ

DSSUR[LPDWH DSSURDFK EDVHG RQ PDNLQJ VRPH DVVXPS�

WLRQV ZLWK UHVSHFW WR WKH NLQG RI WKH GLVWULEXWLRQ IXQF�

WLRQV DW ERXQGDULHV RI WKH OD\HUV DQG GHULYLQJ EDODQFH

UHODWLRQVKLSV IRU WKH IORZV RI SDUWLFOHV� WKHLU PRPHQ�

WXP DQG HQHUJ\� $ VLPLODU DSSURDFK ZDV XVHG HDUOLHU

IRU GHVFULSWLRQ RI WKH .QXGVHQ OD\HU IRUPHG QHDU WKH

VXUIDFH RI PHWDO HYDSRUDWLQJ XQGHU WKH HIIHFW RI D

KLJK�SRZHU ODVHU UDGLDWLRQ LQWR YDFXXP >�@ DQG JDV

ZLWK EDFN SUHVVXUH >�@� DV ZHOO DV HYDSRUDWLRQ RI PHWDO

LQWR SODVPD DW WKH FDWKRGH VSRW RI WKH YDFXXP HOHFWULF

DUF >�� �@�

3ULRU WR UHDOL]DWLRQ RI WKH DSSURDFK VXJJHVWHG� FRQ�

VLGHU LQ PRUH GHWDLO WKH SURFHVVHV ZKLFK RFFXU LQ WKH

.QXGVHQ OD\HU� IRUPHG QHDU WKH VXUIDFH RI WKH PHWDO

HYDSRUDWLQJ LQWR WKH SODVPD RI WKH DWPRVSKHULF SUHV�

VXUH H[WHUQDO JDV� $VVXPH WKDW WKHUH LV D IORZ RI WKH

HOHFWULF FXUUHQW EHWZHHQ WKH SODVPD DQG WKLV PHWDO

�LQ DUF RU FRPELQHG ZHOGLQJ�� %HVLGHV� IXUWKHU RQ ZH

ZLOO FRQVLGHU RQO\ WKH FDVH ZKHUH PHWDO VHUYHV DV WKH

DUF DQRGH� $V IDU DV ODVHU ZHOGLQJ LV FRQFHUQHG� LQ

WKLV FDVH WKH HOHFWULF FXUUHQW EHWZHHQ WKH SODVPD DQG

VXUIDFH ZLOO EH DVVXPHG WR EH HTXDO WR ]HUR�

&XUUHQW WUDQVIHU DQG GLVWULEXWLRQ RI SRWHQWLDO LQ
WKH .QXGVHQ OD\HU� $VVXPH WKDW SODVPD DW WKH H[WHU�
QDO ERXQGDU\ RI WKH .QXGVHQ OD\HU LV FKDUDFWHUL]HG

E\ WKH IROORZLQJ SDUDPHWHUV� Q
H

�
x FRQFHQWUDWLRQ RI

HOHFWURQV� Qα�
�
x FRQFHQWUDWLRQ RI DWRPV� Qα=

�
x FRQ�

FHQWUDWLRQ RI LRQV �α  Jx IRU H[WHUQDO JDV SDUWLFOHV�

α  P x IRU PHWDO SDUWLFOHV� = x FKDUJH QXPEHU��

=H x LRQ FKDUJH� H x HOHPHQWDU\ FKDUJH� 7H x
HOHFWURQ WHPSHUDWXUH� 7x WHPSHUDWXUH RI KHDY\ SDU�

WLFOHV� ZKLFK LV DVVXPHG WR EH WKH VDPH IRU DOO NLQGV

RI DWRPV DQG LRQV EXW RWKHU WKDQ 7H �WZR�WHPSHUDWXUH
SODVPD PRGHO�� PH x HOHFWURQ PDVV� 0α x PDVV RI

KHDY\ SDUWLFOHV �DWRPV DQG LRQV� RI JDV DQG PHWDO�

M x FRPSRQHQW RI GHQVLW\ RI WKH HOHFWULF FXUUHQW LQ

WKH QHDU�VXUIDFH SODVPD QRUPDO WR WKH PHWDO VXUIDFH�

$V QRWHG DERYH� XQGHU DQ H[WHUQDO JDV SUHVVXUH FORVH

WR WKH DWPRVSKHULF RQH� WKH .QXGVHQ OD\HU FDQ EH

FRQVLGHUHG WKLQ DQG TXDVL�XQLGLPHQVLRQDO� 7KHUHIRUH�

YDOXHV RI QH
�
� Qα�

�
� Qα=

�
� 7H� 7 DQG M FDQ EH UHJDUGHG DV

ORFDO SDUDPHWHUV FRUUHVSRQGLQJ WR D FHUWDLQ SRLQW RI

WKH PHWDO VXUIDFH FKDUDFWHUL]HG E\ D ORFDO YDOXH RI

WHPSHUDWXUH RI LWV VXUIDFH� 7PV�
$VVXPH WKDW WKH HOHFWULF FXUUHQW WUDQVIHU LQ WKH

.QXGVHQ OD\HU LV UHDOL]HG RQO\ E\ HOHFWURQV DQG LRQV

FRPLQJ IURP WKH SODVPD �LW LV DVVXPHG WKDW DOO LRQV

ZKLFK FRPH WR WKH PHWDO VXUIDFH UHFRPELQH WKHUH DQG

FRPH EDFN WR WKH SODVPD LQ WKH IRUP RI DWRPV DQG

)LJXUH �� 6WUXFWXUH RI WKH QHDU�VXUIDFH SODVPD� IORZV RI SDUWLFOHV
DQG GLVWULEXWLRQ RI SRWHQWLDO LQ WKH .QXGVHQ OD\HU� ϕ�

� ϕ
__
DUH WKH

YDOXHV RI SRWHQWLDO DW WKH H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ OD\HU

DQG WKH VSDFH FKDUJH OD\HU� UHVSHFWLYHO\� $ x DWRPV� � x LRQV�

� x HOHFWURQV
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WKDW WKHUH DUH QR IORZV RI HOHFWURQV UHIOHFWHG IURP WKH

VXUIDFH DQG HPLWWHG E\ PHWDO�� 7KHQ WKH WRWDO GHQVLW\

RI WKH HOHFWULF FXUUHQW� M� IORZLQJ IURP WKH SODVPD WR

WKH VXUIDFH �LQ WKH FDVH RI D ODVHU SODVPD M  �� FDQ

EH UHSUHVHQWHG DV IROORZV�

M = MH w ML� ���

ZKHUH MH LV WKH GHQVLW\ RI WKH HOHFWURQ FXUUHQW RQWR

WKH PHWDO VXUIDFH�

ML = ∑
α� = ≥ �

Mα=

LV WKH WRWDO GHQVLW\ RI WKH LRQ FXUUHQW �IRU LRQV RI DOO

NLQGV DQG FKDUJHV�� WKH GLUHFWLRQ RI PRYHPHQW RI HOHF�

WURQV EHLQJ WDNHQ DV WKH GLUHFWLRQ RI WKH HOHFWULF FXU�

UHQW LQ WKH SODVPD�

1XPHULFDO HVWLPDWHV VKRZ WKDW IRU FRQGLWLRQV XQ�

GHU FRQVLGHUDWLRQ WKH FKDUDFWHULVWLF OHQJWKV RI WKH IUHH

SDWK RI HOHFWURQV� OHD ≅ ��
w�
FP� DUH FRPPHQVXUDEOH

ZLWK /.� 7KHUHIRUH� WKH HOHFWURQ FRPSRQHQW RI WKH

SODVPD ZLWKLQ WKH .QXGVHQ OD\HU FDQ EH FRQVLGHUHG

FROOLVLRQOHVV ZLWK D VXIILFLHQW GHJUHH RI DFFXUDF\� DQG

WKH HOHFWURQ WHPSHUDWXUH FDQ EH FRQVLGHUHG FRQVWDQW

WKURXJK WKLFNQHVV RI WKLV OD\HU� ,Q DGGLWLRQ� DV SRWHQ�

WLDO RI WKH SODVPD LV DV D UXOH KLJKHU WKDQ SRWHQWLDO

RI WKH PHWDO VXUIDFH� ZKLFK LV WUXH XS WR M ≅
≅ ��

�
$�FP

�
� PRYHPHQW RI HOHFWURQV LV LQKLELWHG E\

WKH HOHFWULF FXUUHQW DQG WKDW RI LRQV LV DFFHOHUDWHG

WRZDUGV WKH VXUIDFH� ,Q WKLV FDVH WKH GLVWULEXWLRQ RI

FRQFHQWUDWLRQ RI HOHFWURQV LQ WKH .QXGVHQ OD\HU FDQ

EH UHJDUGHG DV WKH %ROW]PDQQ GLVWULEXWLRQ�

QH([) = QH
�
H[S






 w

H>ϕ�
w ϕ([)@
N%7H






 �

���

ZKHUH ϕ�
LV WKH SRWHQWLDO RI WKH SODVPD ZLWK UHJDUG

WR WKH PHWDO VXUIDFH �ϕ�
! ��� ϕ�[� LV WKH GLVWULEXWLRQ

RI SRWHQWLDO LQ WKLV OD\HU �VHH )LJXUH ��� DQG N% LV WKH
%ROW]PDQQ FRQVWDQW� 7KHQ WKH FXUUHQW GHQVLW\ RI HOHF�

WURQV ZKLFK UHDFK WKH VXUIDFH FDQ EH GHWHUPLQHG XVLQJ

WKH IROORZLQJ UHODWLRQVKLS�

MH = �

�
HQH

�
Y7

H
H[S






w

Hϕ�

N%7H






 �

���

ZKHUH Y
7H

= √�N%7HπPH

LV WKH WKHUPDO YHORFLW\ RI HOHF�

WURQV DW WKH H[WHUQDO ERXQGDU\ RI WKH OD\HU�

7R FDOFXODWH YDOXHV RI WKH LRQV FXUUHQWV IORZLQJ

RQWR WKH PHWDO VXUIDFH� LW LV QHFHVVDU\ WR FRQVLGHU

SURFHVVHV WDNLQJ SODFH LQ WKH LRQL]DWLRQ UHJLRQ� ZKHUH

WKH LQWHQVLYH JHQHUDWLRQ RI LRQV DQG WKHLU DFFHOHUDWLRQ

WR WKH VXUIDFH RFFXU� )RU WKLV ZH XVH DQ DSSURDFK

VXJJHVWHG LQ >�� ��@� ,W LV EDVHG RQ DQ DVVXPSWLRQ WKDW

WKH OHQJWK RI WKH IUHH SDWK RI LRQV UHODWLYH WR WKH

&RXORPE FROOLVLRQV EHWZHHQ HDFK RWKHU� OLL� LV PXFK
VKRUWHU WKDQ WKH FRUUHVSRQGLQJ OHQJWK IRU HODVWLF FRO�

OLVLRQV RI LRQV ZLWK DWRPV� OLD� DQG WKH OHQJWK RI WKH

IUHH SDWK RI DWRPV ZLWK UHVSHFW WR WKH LRQL]DWLRQ

HYHQWV� OLRQ� &KDUDFWHULVWLF YDOXHV RI WKH DERYH SDUDPH�

WHUV IRU FRQGLWLRQV XQGHU FRQVLGHUDWLRQ DUH DV IROORZV�

OLL ≅ ��
w�
FP� OLD ≅ ��

w�
FP DQG OLRQ ≅ ��

w�
FP� ,Q WKLV

FDVH LW FDQ EH FRQVLGHUHG WKDW LRQV LQ WKH SUHVKHDWK

RI WKH SODVPD DUH LQWHQVLYHO\ WUDQVIRUPHG LQWR 0D[�

ZHOOLDQ RQHV DQG DFTXLUH D FRPPRQ YHORFLW\ RI WKH

GLUHFWHG PRYHPHQW 9L�[�� ZKLFK FDQ EH GHWHUPLQHG

E\ XVLQJ WKH HTXDWLRQ RI PRWLRQ RI WKH �LRQ IOXLG� DV

D XQLW�

∑
α� = ≥ �

0αQα=9L

G9L

G[
+

+
GSL
G[

+ ∑
α� = ≥ �

=HQα=
Gϕ
G[

= ��

���

ZKHUH SL�[�  ∑
α� = ≥ �

Qα=([)N%7 LV WKH WRWDO LRQ SUHVVXUH

�WHPSHUDWXUH RI KHDY\ FRPSRQHQWV LV DVVXPHG WR EH

FRQVWDQW WKURXJK WKLFNQHVV RI WKH SUHVKHDWK�� $V LW LV

VXSSRVHG WKDW DOO LRQ FRPSRQHQWV DUH DFFHOHUDWHG DV

D XQLW� DOORZLQJ IRU TXDVL�QHXWUDOLW\ RI WKH SODVPD LQ

WKH LRQL]DWLRQ UHJLRQ DQG XVLQJ GHSHQGHQFH QH�[� GH�
WHUPLQHG IURP IRUPXOD ��� LQ WKH H[SOLFLW IRUP� VR�

OXWLRQ IRU WKLV HTXDWLRQ FDQ EH ZULWWHQ DV IROORZV�

9L

�([) =

∑
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= + 7

7H




HQα=
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∑
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0αQα=
�

>ϕ�
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ZKHUH WKH LQLWLDO YHORFLW\ RI LRQV DW WKH H[WHUQDO

ERXQGDU\ RI WKH SUHVKHDWK LV DVVXPHG WR EH QHJOLJLEO\

VPDOO�

7R ILQG FRQFHQWUDWLRQV RI WKH FKDUJHG SDUWLFOHV DW

WKH ERXQGDU\ RI WKH VSDFH FKDUJH OD\HU� ZH XVH WKH

HTXDWLRQ RI FRQWLQXLW\ IRU HDFK LRQ FRPSRQHQW� 0XO�

WLSO\LQJ WKHVH HTXDWLRQV E\ D FRUUHVSRQGLQJ YDOXH RI

=� DQG VXPPLQJ WKHP XS IRU DOO NLQGV DQG FKDUJHV RI

LRQV DOORZLQJ IRU WKH FRQGLWLRQ RI TXDVL�QHXWUDOLW\ RI

WKH SODVPD LQ WKH LRQL]DWLRQ UHJLRQV \LHOG

G(QH9L)
G[

= ∑
α� = ≥ �

=Qα=
•

≠ �� ���

ZKHUH Qα=
•

LV WKH UDWH RI FKDQJHV LQ WKH FRQFHQWUDWLRQV

RI WKH FRUUHVSRQGLQJ LRQV UHODWHG WR WKH LQHODVWLF SURF�

HVVHV� &RQFHQWUDWLRQ RI WKH FKDUJHG SDUWLFOHV DW WKH

ERXQGDU\ RI WKH SUHVKHDWK DQG WKH VSDFH FKDUJH OD\HU

FDQ EH VROYHG GLUHFWO\ ZLWKRXW VROYLQJ WKH DERYH HTXD�

WLRQ� %\ VHOHFWLQJ VXFK D YDOXH RI [
__

∗
IRU WKH DERYH

ERXQGDU\� DW ZKLFK WKH FRQGLWLRQ RI TXDVL�QHXWUDOLW\

RI WKH SODVPD LV GLVWXUEHG� L�H�
GQH

G[
_[ = [

__ = ∞ >��@� DQG

XVLQJ ���� ZH ILQG WKDW


+HUH DQG EHORZ WKH EDU RYHU D OHWWHU PHDQV WKDW WKH YDOXH UHIHUV

WR WKH H[WHUQDO ERXQGDU\ RI WKH VSDFH FKDUJH OD\HU�
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DQG� DFFRUGLQJ WR ����
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%\ VXEVWLWXWLQJ ��� WR ��� ZH REWDLQ DQ H[SUHVVLRQ

ZKLFK GHWHUPLQHV WKH YHORFLW\ RI LRQV DW WKH ERXQGDU\

RI WKH VSDFH FKDUJH OD\HU
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8VLQJ ���� ZH FDQ ZULWH GHQVLWLHV RI WKH LRQ FXU�

UHQWV DW WKH PHWDO VXUIDFH LQ WKH IROORZLQJ IRUP�

Mα= = =HQα=
�

H[S




w
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%\ GHWHUPLQLQJ WKH HOHFWURQ DQG LRQ FRPSRQHQWV

RI WKH HOHFWULF FXUUHQW IORZLQJ IURP WKH SODVPD WR WKH

VXUIDFH� ZH FDQ ILQG SRWHQWLDO RI WKH SODVPD UHODWLYH

WR PHWDO� 6XEVWLWXWLQJ ��� DQG ���� WR ��� \LHOGV
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N%7H
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,W VKRXOG EH HPSKDVL]HG WKDW WKH YHORFLW\ RI LRQV

DW WKH SUHVKHDWK ERXQGDU\ JLYHQ E\ H[SUHVVLRQ ���

VKRXOG PHHW FULWHULRQ RI IRUPDWLRQ RI WKH VSDFH FKDUJH

OD\HU �%RKP FULWHULRQ >��@�� ,Q WKH FDVH RI WKH PXO�

WLFRPSRQHQW SODVPD XQGHU FRQVLGHUDWLRQ� WKH VDLG FUL�

WHULRQ LV GHWHUPLQHG E\ DQ DSSURDFK GHVFULEHG LQ >��@�

$VVXPH WKDW DOO LRQV DUH �FROG� DQG KDYH FRPPRQ

YHORFLW\ 9
__
L LQ D GLUHFWLRQ WR WKH VXUIDFH� &RQVLGHULQJ

WKDW HOHFWURQV DUH GLVWULEXWHG IROORZLQJ WKH

%ROW]PDQQ FULWHULRQ DQG WKDW WKHUH DUH QR IORZV RI

WKH FKDUJHG SDUWLFOHV IURP WKH PHWDO VXUIDFH� IRU D

FROOLVLRQOHVV OD\HU RI WKH VSDFH FKDUJH WKH 3RLVVRQsV

HTXDWLRQ FDQ EH ZULWWHQ DV IROORZV�

G
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&RQGLWLRQ RI H[LVWHQFH RI WKH VROXWLRQ IRU WKLV HTXD�

WLRQ DW [ ≤ [
__
FDQ EH IRXQG E\PXOWLSO\LQJ LW E\ Gϕ�G[�

LQWHJUDWLQJ EHWZHHQ [
__
DQG [ DQG DVVXPLQJ WKDW �VHH

>��@�

Gϕ
G[

_[ = [w ≈ ��

([SDQGLQJ WKH VROXWLRQ REWDLQHG LQWR D VHULHV QHDU

SRLQW [  [
__
�ϕ ≈ ϕ

__
� DQG XVLQJ FRQGLWLRQ RI QRQ�TXDVL�

QHXWUDOLW\ RI WKH SODVPD DW WKH ERXQGDU\ RI WKH OD\HUV

\LHOG JHQHUDOL]DWLRQ RI WKH %RKP FULWHULRQ IRU D FDVH

RI WKH QRQ�PDJQHWL]HG SODVPD FRQWDLQLQJ LRQV RI GLI�

IHULQJ PDVVHV DQG FKDUJHV�

9L

w ≥ √N%7H ∑
α� = ≥ �

=
�
Qα=
w

QH
w 0α

� ����

ZKLFK LV LQ DJUHHPHQW ZLWK ����

)LQDOO\� VROXWLRQ RI WKH 3RLVVRQsV HTXDWLRQ ����

IRU WKH VSDFH FKDUJH OD\HU DOORZV WKH LQWHQVLW\ RI WKH

HOHFWULF ILHOG DW WKH PHWDO VXUIDFH WR EH IRXQG�

(V = w
Gϕ
G[

_[ = ��

7KLV LV QHFHVVDU\ IRU GHWHUPLQDWLRQ RI WKH HPLVVLRQ

FXUUHQW DQG HVWLPDWLRQ RI LWV FRQWULEXWLRQ WR WKH FXU�

UHQW WUDQVIHU EHWZHHQ WKH SODVPD DQG PHWDO� %\ DV�

VXPLQJ LQ WKH ILUVW LQWHJUDO RI WKLV HTXDWLRQ WKDW [  
 � �ϕ  ��� ZH FDQ VKRZ WKDW IRU FRQGLWLRQV XQGHU

FRQVLGHUDWLRQ (V ≤ ��
�
9�FP DQG WKDW FKDUDFWHULVWLF

YDOXHV RI WKH WKHUPLRQLF HPLVVLRQ FXUUHQW GHQVLW\� H�J�

IRU LURQ� DW 7PV ≅ ���� . GR QRW H[FHHG �� $�FP
�

�IRU FRPSDULVRQ� ML ≅ ��� $�FP�
�� 7KHUHIRUH� QHJOHFW�

LQJ WKH HPLVVLRQ FXUUHQW LQ ZULWLQJ H[SUHVVLRQ ��� LV

D VXIILFLHQWO\ JRRG DSSUR[LPDWLRQ�

0HWDO HYDSRUDWLRQ LQWR SODVPD ZLWK EDFN SUHV�
VXUH� &RQVLGHU PHWDO HYDSRUDWLRQ LQWR WKH SODVPD RI
D VXUURXQGLQJ JDV KDYLQJ SUHVVXUH S�� 8SRQ HQWHULQJ
WKH SODVPD� VRPH RI WKH HYDSRUDWHG DWRPV DUH LRQL]HG�

$V D UHVXOW� XQGHU D SUHVVXUH RI WKH LRQL]HG YDSRXU

ORZHU WKDQ S� WKH QHDU�VXUIDFH SODVPD FRQWDLQV DWRPV
DQG LRQV RI WKH H[WHUQDO JDV �IXUWKHU RQ WKH JDV LV

DVVXPHG WR EH DWRPLF�� LQ DGGLWLRQ WR HOHFWURQV� DQG

DWRPV DQG LRQV RI PHWDO� L�H� LW LV WZR�FRPSRQHQW� $V

WKH SUHVVXUH RI WKH YDSRXU LQFUHDVHV WR D YDOXH LQ

H[FHVV RI S�� LW VWDUWV SUHVVLQJ RXW WKH H[WHUQDO JDV

SODVPD WR IRUP D IORZ RI WKH LRQL]HG PHWDO YDSRXU

�RQH�FRPSRQHQW SODVPD� IURP WKH PHWDO VXUIDFH�

,Q ERWK FDVHV� WR ILQG FKDUDFWHULVWLFV RI WKH SODVPD

DW WKH H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ OD\HU� ZH

ZLOO XVH D XQLILHG DSSURDFK VLPLODU WR WKDW GHVFULEHG

LQ >�@� DOORZLQJ IRU WKH IDFW WKDW WKH H[WHUQDO PHGLXP

ZLWK UHVSHFW WR WKH PHWDO LV LRQL]HG >�� �@ DQG FDQ EH

RQH� RU WZR�FRPSRQHQW� 7KH SRLQW RI WKH DSSURDFK

VXJJHVWHG LV DV IROORZV� ,Q WUDQVLWLRQ RYHU WKH .QXGVHQ

OD\HU WKH IORZV RI KHDY\ SDUWLFOHV �DWRPV DQG LRQV��

IORZV RI WKHLU PRPHQWXP DQG WKH WRWDO HQHUJ\ IORZ

IRU D WUDQVODWLRQDO PRWLRQ RI DOO KHDY\ SDUWLFOHV VKRXOG

SHUVLVW EXW VHSDUDWHO\ IRU JDV DQG PHWDO FRPSRQHQWV

RI WKH SODVPD �LW LV DVVXPHG WKDW WKH H[WHUQDO JDV LV

LQHUW DQG GRHV QRW HQWHU LQWR FKHPLFDO UHDFWLRQV ZLWK

PHWDO DWRPV�� $V WKH KHDY\ FRPSRQHQWV RI WKH SODVPD

LQ D K\GURG\QDPLF UHJLRQ PD\ KDYH GLIIHUHQW YHORFL�

WLHV �H�J� LQ D GLIIXVLRQ PRGH RI HYDSRUDWLRQ� EXW DUH
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DVVXPHG WR KDYH WKH VDPH WHPSHUDWXUH� WKH EDODQFH

UHODWLRQVKLSV IRU WKH IORZ RI PRPHQWXP DUH ZULWWHQ

VHSDUDWHO\ IRU HDFK RI WKH FRPSRQHQWV DQG WKRVH IRU

WKH WRWDO HQHUJ\ IORZ DUH ZULWWHQ DV D VXP� ,Q DGGLWLRQ�

WR ZULWH WKHVH UHODWLRQVKLSV LW LV QHFHVVDU\ WR DFFRXQW

IRU WKH FRUUHVSRQGLQJ FRQWULEXWLRQV RI LRQV IURP WKH

HOHFWULF ILHOG LQ WKH EXON RI WKH .QXGVHQ OD\HU LQWR

WKH IORZV RI PRPHQWXP DQG HQHUJ\� $OO RI WKH EDODQFH

UHODWLRQVKLSV REWDLQHG VKRXOG EH UHJDUGHG DV ORFDOO\

XQLGLPHQVLRQDO� VLPLODU WR FRQYHQWLRQDO JDV�G\QDPLF

GLVFRQWLQXLWLHV >��@�

)ROORZLQJ >�@� VHW DQ H[SOLFLW IRUP RI WKH IXQFWLRQV

RI GLVWULEXWLRQ RI KHDY\ SDUWLFOHV LQ YHORFLWLHV DW WKH

.QXGVHQ OD\HU ERXQGDULHV� &RQVLGHULQJ WKDW DW WKH

H[WHUQDO ERXQGDU\ RI WKH OD\HU WKHUH LV DQ HTXLOLEULXP

LQ WKH WUDQVODWLRQDO GHJUHHV RI IUHHGRP RI KHDY\ SDU�

WLFOHV� WKH FRUUHVSRQGLQJ GLVWULEXWLRQ IXQFWLRQV DW [  
 /. FDQ EH VHW LQ WKH IRUP RI WKH ORFDOO\ 0D[ZHOOLDQ

GLVWULEXWLRQV�
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ZKHUH X LV WKH PHDQ YHORFLW\ RI PHWDO SDUWLFOHV �X ≥
≥ �� DQG Y__

� = Y\
� + Y]

�
� 7KH DOORZDQFH LV PDGH LQ ZULW�

LQJ ���� WKDW WKH PHDQ YHORFLW\ RI WKH KHDY\ SDUWLFOHV

RI JDV LV HTXDO WR ]HUR� L�H� WKH IORZV RI JDV DWRPV DQG

LRQV WR WKH PHWDO VXUIDFH DUH FRPSHQVDWHG IRU E\ WKH

IORZ RI JDV DWRPV HPLWWHG IURP WKLV VXUIDFH� DV LW LV

VXJJHVWHG WKDW WKH JDV SDUWLFOHV GR QRW SHQHWUDWH GHHS

LQWR WKH PHWDO DQG DUH QRW DFFXPXODWHG DW LWV VXUIDFH�

$V WKH VHFRQG ERXQGDU\ IRU GHULYLQJ WKH EDODQFH

UHODWLRQVKLSV� LQVWHDG RI WKH PHWDO VXUIDFH ZH FDQ VH�

OHFW WKH H[WHUQDO ERXQGDU\ RI WKH VSDFH FKDUJH OD\HU�

ZKLFK LV WKLQ �[
__
�� /.� DQG FROOLVLRQOHVV XQGHU WKH

FRQGLWLRQV FRQVLGHUHG� 7KLV VHOHFWLRQ LV EDVHG RQ WKH

IDFW WKDW DW WKLV ERXQGDU\ WKH FRQFHQWUDWLRQV DQG YH�

ORFLWLHV RI LRQV KDYH EHHQ DOUHDG\ GHWHUPLQHG DQG WKH

DWRP GLVWULEXWLRQ IXQFWLRQV FDQ EH FRQVLGHUHG FRQ�

VWDQW ZLWKLQ WKH VSDFH FKDUJH OD\HU� 7KHQ� WKH IROORZ�

LQJ FDQ EH DVVXPHG IRU WKH PHWDO DWRPV DW [  [
__
>�@�
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+HUH βP� LV WKH SURSRUWLRQDOLW\ FRHIILFLHQW ZKLFK
GHWHUPLQHV ZKLFK SDUW RI WKH HYDSRUDWHG DWRPV DFWX�

DOO\ FRPHV EDFN WR WKH VXUIDFH� QPV LV WKH FRQFHQWUDWLRQ

RI DWRPV RI D VDWXUDWHG YDSRXU QHDU WKH PHWDO VXUIDFH

>�@� FRUUHVSRQGLQJ WR D JLYHQ ORFDO YDOXH RI WHPSHUD�

WXUH RI WKLV VXUIDFH� 7PV�
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ZKHUH ν�∗ LV WKH HIIHFWLYH 'HE\H IUHTXHQF\ RI RVFLOOD�
WLRQV RI DWRPV LQ PHWDO DQG λY LV WKH HOHFWURQLF ZRUN
IXQFWLRQ RI WKH PHOW� $V WR WKH SDUW RI WKH GLVWULEXWLRQ

IXQFWLRQ ZKLFK GHVFULEHV EHKDYLRXU RI WKHPHWDO DWRPV

FRPLQJ EDFN WR WKH VXUIDFH �Y[ � ��� DFFRUGLQJ WR >�@

LW LV DVVXPHG WR EH SURSRUWLRQDO WR WKH GLVWULEXWLRQ

IXQFWLRQ RI DWRPV DW DQ H[WHUQDO ERXQGDU\ RI WKH

.QXGVHQ OD\HU �����

$OORZLQJ IRU WKH DERYH DVVXPSWLRQ WKDW DOO PHWDO

LRQV FRPLQJ WR WKH VXUIDFH UHFRPELQH QHDU LW� DUH DE�

VRUEHG E\ WKH VXUIDFH DQG HPLWWHG RQO\ LQ WKH IRUP

RI DWRPV� LW FDQ EH ZULWWHQ IRU WKH PHWDO LRQV DW [  
 [
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+HUH WKH βPL FRHIILFLHQW DOORZV IRU YDULDWLRQV LQ
WKH FRQFHQWUDWLRQ RI PHWDO LRQV DW WKH ERXQGDU\ RI

WKH VSDFH FKDUJH OD\HU� DV FRPSDUHG ZLWK WKHLU FRQ�

FHQWUDWLRQ DW WKH H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ

OD\HU� ZKLOH DGGLWLRQ RI WKH XPL ≠ X �XPL� �� SDUDPHWHU
PDNHV LW SRVVLEOH WR DFFRXQW IRU WKH YHORFLW\ RI LRQV

FRPLQJ EDFN WR WKH VXUIDFH� ZKLFK WKH\ DFTXLUH LQ WKH

SUHVKHDWK RI WKH SODVPD�

%\ DQ DQDORJ\ ZLWK ���� DQG ����� WKH IROORZLQJ

FDQ EH ZULWWHQ IRU KHDY\ JDV SDUWLFOHV DW [  [
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ZKHUH SDUDPHWHUV RI WKH GLVWULEXWLRQ IXQFWLRQV IRU WKH

KHDY\ JDV SDUWLFOHV� βJ�� βJL DQG XJL� KDYH WKH VDPH

LPSOLFDWLRQ DV IRU WKH PHWDO SDUWLFOHV�

3DUDPHWHUV RI WKH GLVWULEXWLRQ IXQFWLRQV IRU LRQV�

βαL DQG XαL �α  P� J�� FDQ EH GHWHUPLQHG DV IROORZV�

8VLQJ ���� DQG ����� FDOFXODWH WKH FRQFHQWUDWLRQ RI

LRQV RI DOO NLQGV DQG WKHLU YHORFLWLHV� ZKLFK DUH DV�

VXPHG WR EH LGHQWLFDO� DW WKH H[WHUQDO ERXQGDU\ RI

WKH VSDFH FKDUJH OD\HU�

Q
__

α= = ∫Iα=(Y→)GY→� 9

__
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__
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∫Y[Iα=(Y→)GY→�

α = P� J� = ≥ ��
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$QG VHW WKH UHVXOWV REWDLQHG HTXDO WR H[SUHVVLRQV

��� DQG ���� UHVSHFWLYHO\� 7KLV ZLOO UHVXOW LQ WKH IRO�

ORZLQJ�

βαL =
�H[S




w
�

�





� w Φ(γαL)
� ZαL ≡ 9
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KHUH
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ZαL LV WKH GLPHQVLRQOHVV YHORFLW\ RI LRQV FRPLQJ EDFN

WR WKH PHWDO VXUIDFH DQG Φ ([)  ��√ π ∫
[

�

H[S ×

× (w ξ�)Gξ LV WKH SUREDELOLW\ LQWHJUDO� )RU FRPSDULVRQ�
LW VKRXOG EH QRWHG WKDW LQ >�� �@ WKH YHORFLW\ RI LRQV

FDOFXODWHG DW WKH H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ

OD\HU ZDV VHW HTXDO WR XPL� ZKLFK JHQHUDOO\ VSHDNLQJ

LV QRW YDOLG IRU WKH KDOI�0D[ZHOOLDQ GLVWULEXWLRQ IXQF�

WLRQV RI WKH W\SH RI �����

%\ VHWWLQJ WKH H[SOLFLW NLQG RI WKH GLVWULEXWLRQ

IXQFWLRQV IRU KHDY\ SDUWLFOHV DW WKH LRQL]DWLRQ UHJLRQ

ERXQGDULHV� LW LV QRW GLIILFXOW WR REWDLQ WKH GHVLUHG

EDODQFH UHODWLRQVKLSV E\ HTXDWLQJ UHVXOWV RI FDOFXOD�

WLRQV RI WKH FRUUHVSRQGLQJ IORZV DW [  /. DQG [  

 [
__
� %HVLGHV� WKH IORZV RI PRPHQWXP DQG HQHUJ\ DW

[  [
__
VKRXOG EH FDOFXODWHG ZLWK DOORZDQFH IRU WKH

LQIORZ RI PRPHQWXP DQG HQHUJ\ RI LRQV IURP WKH

HOHFWULF ILHOG LQ WKH EXON RI WKLV UHJLRQ� 7KXV� DOORZLQJ

IRU ���� DQG ���� DQG DGGLQJ GHVLJQDWLRQ RI WKH GL�

PHQVLRQOHVV YHORFLW\ RI YDSRXU DW WKH .QXGVHQ OD\HU

ERXQGDU\
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�KHUH X LV WKH YHORFLW\ RI WKH PHWDO YDSRXU DW WKH

H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ OD\HU�� WKH EDODQFH

UHODWLRQVKLSV WR EH GHWHUPLQHG FDQ EH ZULWWHQ DV IRO�

ORZV�

IRU WKH IORZV RI SDUWLFOHV�
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7KHUHIRUH� ZH KDYH D V\VWHP RI ILYH HTXDWLRQV ����

WR ���� WR GHWHUPLQH QP�
�
� QJV� βP�� βJ� DQG 7� 7KH UHVW

RI WKH Qα=
�

�α  P� J� SDUDPHWHUV� ZKLFK DUH SDUW RI

WKLV V\VWHP RI HTXDWLRQV� DUH IRXQG IURP FRQGLWLRQV

RI WKH LRQL]DWLRQ HTXLOLEULXP LQ WKH K\GURG\QDPLF

UHJLRQ RI WKH SODVPD� 7KH FRQFHQWUDWLRQ RI DWRPV RI

WKH VDWXUDWHG YDSRXU� QPV� LV GHWHUPLQHG IURP UHOD�

WLRQVKLS ����� 7KH VXUIDFH WHPSHUDWXUH 7PV DQG WKH

GLPHQVLRQOHVV YHORFLW\ RI WKH YDSRXU DW WKH ERXQGDU\

RI WKH .QXGVHQ OD\HU� γP� DUH WKH H[WHUQDO SDUDPHWHUV�
$V QRWHG DERYH� LQ D FDVH ZKHUH WKH LRQL]HG YDSRXU

SUHVVXUH LV LQ H[FHVV RI WKH H[WHUQDO SUHVVXUH

QH
�
N%7H + ∑

= ≥ �

QP=
�
N%7 > S

�

HYDSRUDWLRQ LV RI D FRQYHFWLYH PRGH DQG WKH QHDU�VXU�

IDFH SODVPD EHFRPHV RQH�FRPSRQHQW� ,Q WKLV FDVH WKH

V\VWHP RI WKH EDODQFH UHODWLRQVKLSV LV VLPSOLILHG DQG

UHGXFHG WR WKUHH HTXDWLRQV ����� ���� DQG ���� DW

QJV  QJ=
�

 � �= ≥ ��ZLWK UHVSHFW WR WKH XQNQRZQ

YDOXHV RI QP�
�
� βP� DQG 7�

,Q WKH DEVHQFH RI LRQL]DWLRQ �Qα=
�

 �� α  P� J�

= ≥ ��� WKH FRPSOHWH V\VWHP RI HTXDWLRQV ���� WKURXJK

���� JHQHUDOL]HV UHVXOWV RI >�@ REWDLQHG IRU D FDVH RI

UDSLG VXUIDFH HYDSRUDWLRQ LQWR D JDVZLWK EDFN SUHVVXUH

�FRQYHFWLYH PRGH� DQG IRU D FDVH RI GLIIXVLRQ HYDSR�

UDWLRQ ZKHUH WKH H[WHUQDO PHGLXP LV PXOWL�FRPSR�

QHQW� ,Q WKH FRQYHFWLYH PRGH RI HYDSRUDWLRQ LQWR WKH

H[WHUQDO JDV ZLWKRXW LRQL]DWLRQ �QP�
� N%7 ! S�� WKLV

V\VWHP KDV WKH NQRZQ DQDO\WLFDO VROXWLRQ >�@� ZKHUHDV

LQ WKH GLIIXVLRQ PRGH �QP�
� N%7 ≤ S��� DVVXPLQJ WKDW

WKH UDWH RI GLIIXVLRQ RI WKH YDSRXU DWRPV LQWR WKH

H[WHUQDO JDV LV QHJOLJLEO\ ORZ �γP ≈ ��� WKLV VROXWLRQ

LQ DQ DSSUR[LPDWH IRUP FDQ EH ZULWWHQ DV IROORZV�

QP�
� = QPV� QJV = QJ�

� = S
�

N%7
w QP�

�
�

βP� = βJ� = �� 7 = 7PV�
����
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7KH VROXWLRQV JLYHQ FDQ EH XVHG� IRU H[DPSOH� IRU

FDOFXODWLRQ RI WKH PDVV40 DQG HQHUJ\4( IORZV IURP

WKH PHOW VXUIDFH� DV ZHOO DV SUHVVXUH 3 DFWLQJ RQ WKLV

VXUIDFH GXULQJ ODVHU WUHDWPHQW RI PHWDOV ZLWKRXW IRU�

PDWLRQ RI WKH QHDU�VXUIDFH SODVPD� %\ FDOFXODWLQJ WKH

UHVSHFWLYH IORZV ZH ILQG >�@ WKDW

40 = 0PQP�
�
0V�

4( = �

�
QP�
�
N%70V




� + �

�
0

�


+
λY
0P

40�

3 = QP�
�
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� + �

�
0

�


+ QJ�
�
N%7�

����

ZKHUH 0 ≡ X�V LV WKH 0DFK QXPEHU IRU WKH YDSRXU

IORZ DW WKH H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ OD\HU�

V = √ �N%7��0P LV WKH ORFDO YHORFLW\ RI VRXQG �WKH

YDSRXU LV DVVXPHG WR EH DQ LGHDO RQH�DWRPLF JDV�� ,W

IROORZV IURP UHODWLRQVKLSV ���� DQG ���� WKDW LQ WKH

GLIIXVLRQ PRGH RI HYDSRUDWLRQ �0 ≈ �� WKH UHVXOWLQJ

PDVV DQG HQHUJ\ IORZV IURP WKH PHWDO VXUIDFH DUH

DOPRVW HTXDO WR ]HUR DQG SUHVVXUH DSSOLHG WR WKH VXU�

IDFH LV HTXDO WR DQ DPELHQW SUHVVXUH �L�H� WKH YDSRXU

XQGHU VXFK FRQGLWLRQV FDQ EH UHJDUGHG DV VDWXUDWHG��

$QDO\VLV RI WKH .QXGVHQ OD\HU RI WKH SODVPD GRHV

QRZ DOORZ FDOFXODWLRQ RI WKH 0 YDOXH IRU WKH YDSRXU

IORZ DW WKH H[WHUQDO ERXQGDU\ RI WKH OD\HU� ,Q RWKHU

ZRUGV� WKH YHORFLW\ RI VFDWWHU RI WKH YDSRXU FDQ EH

VHW DUELWUDULO\ ZLWKRXW YLRODWLRQ RI WKH ODZV RI FRQ�

VHUYDWLRQ RI PDVV� PRPHQWXP DQG HQHUJ\ LQ WUDQVLWLRQ

RYHU WKH .QXGVHQ OD\HU� 7KLV UHVXOW LV QRW H[WUDRUGL�

QDU\� DV WKLV LV WUXH DOVR IRU WKH 5HQNLQ�+XJRQLRW

FRQGLWLRQV IRU VKRFN ZDYHV >��@� 7KH YDOXHV RI X �RU

0� FDQ EH GHWHUPLQHG IURP WKH VWDWH RI WKH SODVPD

IORZ LQ WKH K\GURG\QDPLF UHJLRQ DQG WKH UHTXLUHPHQW

WKDW WKH .QXGVHQ OD\HU UHPDLQ DGMDFHQW WR WKH PHWDO

VXUIDFH >�@�

,RQL]DWLRQ SURFHVVHV DQG SODVPD FRPSRVLWLRQ

RXWVLGH WKH .QXGVHQ OD\HU� 7R FRPSOHWH WKH DERYH

V\VWHP RI WKH EDODQFH UHODWLRQVKLSV� LW LV QHFHVVDU\ WR

GHWHUPLQH FRQFHQWUDWLRQV RI DOO FKDUJHG SDUWLFOHV DW

WKH H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ OD\HU� $V LW LV

VXSSRVHG WKDW SODVPD LQ WKH K\GURG\QDPLF UHJLRQ LV

TXDVL�QHXWUDO DQG LRQL]DWLRQ�HTXLOLEULXP� FRPSRVL�

WLRQ RI VXFK D PXOWL�FRPSRQHQW SODVPD FDQ EH GHWHU�

PLQHG XVLQJ WKH IROORZLQJ V\VWHP RI HTXDWLRQV�

6DFKsV HTXDWLRQ� ZLWK DOORZDQFH IRU QRQ�LGHDOLW\

RI WKH SODVPD >��@
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�KHUH K LV WKH 3ODQFNsV FRQVWDQW� θα= DUH WKH VWDWLVWLFDO

VXPV IRU KHDY\ SDUWLFOHV RI WKH NLQG RI α=� 8α= DUH

WKHLU LRQL]DWLRQ SRWHQWLDOV IRU WUDQVLWLRQ RI SDUWLFOHV

RI WKH NLQG RI α IURP FKDUJHG VWDWH = LQWR = � ��

∆8=  H�= � ���U' LV WKH GHFUHDVH LQ WKH UHVSHFWLYH

LRQL]DWLRQ SRWHQWLDOV FDXVHG E\ LQWHUDFWLRQ RI WKH

FKDUJHG SDUWLFOHV LQ WKH SODVPD��

'HE\H UDGLXV
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FRQGLWLRQ RI TXDVL�QHXWUDOLW\ RI WKH SODVPD

QH
� = ∑

α� = ≥ �

Qα=
�
=� α = P� J� ����

ODZ RI SDUWLDO SUHVVXUHV ZKLFK GHWHUPLQHV WKH RYHU�

DOO JDV�VWDWLF SUHVVXUH RI WKH SODVPD �DOORZLQJ IRU WKH

HOHFWURQ SUHVVXUH� DW WKH H[WHUQDO ERXQGDU\ RI WKH

.QXGVHQ OD\HU
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�
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= ≥ �
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�
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QJ=
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ZKHUH
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DQG D GHFUHDVH LQ SUHVVXUH GXH WR QRQ�LGHDOLW\ RI WKH

SODVPD LV LJQRUHG�

(TXDWLRQV ���� WKURXJK ���� FRPSOHWH WKH V\VWHP

RI HTXDWLRQV GHVFULELQJ WKH .QXGVHQ OD\HU IRUPHG QHDU

WKH VXUIDFH RI WKH PHWDO DW LWV HYDSRUDWLRQ LQWR WKH

H[WHUQDO JDV SODVPD� %HVLGHV� WKH\ LQFOXGH RQH PRUH

H[WHUQDO SDUDPHWHU 7H� L�H� WKH HOHFWURQ WHPSHUDWXUH�
7KHUHIRUH� WKH .QXGVHQ OD\HU FDQ EH FRPSUHKHQVLYHO\

VWXGLHG E\ VHWWLQJ RQO\ WKUHH H[WHUQDO SDUDPHWHUV�

7PV� X DQG 7H� ZKLFK FDQ EH GHWHUPLQHG E\ XVLQJ WKH
HTXDWLRQ RI WKHUPDO FRQGXFWLYLW\ LQ WKH EXON RI PHWDO�

HTXDWLRQ RI PRWLRQ RI WKH SODVPD LQ WKH K\GURG\QDPLF

UHJLRQ DQG HTXDWLRQ RI WKH HQHUJ\ EDODQFH IRU SODVPD

HOHFWURQV� ,W VKRXOG EH QRWHG KHUH WKDW ZLWKLQ WKH

IUDPHV RI WKH PRGHO RI WKH QHDU�VXUIDFH SODVPD XQGHU

FRQVLGHUDWLRQ WKH GHQVLW\ RI WKH FXUUHQW� M� IORZLQJ
IURP WKH SODVPD WR WKH PHWDO VXUIDFH LV QRW DQ LQGH�

SHQGHQW H[WHUQDO SDUDPHWHU ZKLFK GHWHUPLQHV WKH

HYDSRUDWLRQ SURFHVV� DV LW LV H[SUHVVO\ LQFOXGHG QHLWKHU

LQ WKH EDODQFH UHODWLRQVKLSV QRU LQ WKH HTXDWLRQV IRU

GHWHUPLQDWLRQ RI WKH LRQL]DWLRQ FRPSRVLWLRQ RI WKH

SODVPD�

$QDO\VH WKH DERYH UHODWLRQVKLSV WR ILQG SUHVVXUH

RI WKH SODVPD ZKLFK GHWHUPLQHV LWV PRWLRQ LQWR WKH

K\GURG\QDPLF UHJLRQ� $V LW IROORZV IURP ����� SUHV�

VXUH DW WKH H[WHUQDO ERXQGDU\ RI WKH .QXGVHQ OD\HU

UHPDLQV FRQVWDQW �S  S�� DV ORQJ DV WKH VXUIDFH WHP�
SHUDWXUH LV VXFK WKDW WKH FRUUHVSRQGLQJ YDOXH RI WKH

SDUWLDO SUHVVXUH RI WKH LRQL]HG YDSRXU LV ORZHU WKDQ

RU HTXDO WR WKH DPELHQW SUHVVXUH� DQG VWDUWV JURZLQJ

�RWKHU FRQGLWLRQV EHLQJ HTXDO� ZLWK IXUWKHU LQFUHDVH

LQ 7PV� *URZWK RI SUHVVXUH LV DFFRPSDQLHG E\ WKH

DFFHOHUDWLRQ RI WKH YDSRXU DQG D FRUUHVSRQGLQJ LQ�

FUHDVH LQ SUHVVXUH RQWR WKH PHOW VXUIDFH� ZKLFK GHWHU�
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PLQHV G\QDPLFV RI LWV PRWLRQ XQGHU WKH HIIHFW RI WKH

ODVHU EHDP� HOHFWULF DUF RU WKHLU FRPELQDWLRQ� 7KH UROH

RI WKH ERXQGDU\ WHPSHUDWXUH RI WKH VXUIDFH� DW ZKLFK

WKH DFFHOHUDWLRQ RI WKH YDSRXU LQWR WKH H[WHUQDO PH�

GLXP ZLWK DQ DWPRVSKHULF SUHVVXUH VWDUWV DW WKH DE�

VHQFH RI LRQL]DWLRQ� LV SOD\HG E\ WKH ERLOLQJ WHPSHUD�

WXUH 7E� DW ZKLFK WKH SUHVVXUH RI WKH VDWXUDWHG YDSRXU
LV HTXDO WR WKH DWPRVSKHULF RQH� 7KH HIIHFW RI WKH

HOHFWURQ SUHVVXUH GHWHUPLQHG E\ WKH FRQFHQWUDWLRQ DQG

WHPSHUDWXUH RI HOHFWURQV RQ WKH VDLG ERXQGDU\ WHP�

SHUDWXUH FDQ EH LOOXVWUDWHG E\ D SORW VKRZQ LQ )L�

JXUH �� 7KH )LJXUH VKRZV GHSHQGHQFH RI WKH LURQ VXU�

IDFH WHPSHUDWXUH� DW ZKLFK

QH
�
N%7H + ∑

= ≥ �

QP=

�
N%7PV = S

� = �⋅��� 3D�

XSRQ WKH HOHFWURQ SODVPD WHPSHUDWXUH FDOFXODWHG RQ

WKH EDVLV RI VLPSOLILHG UHODWLRQVKLSV ���� ZLWK IXUWKHU

DOORZDQFH IRU LRQL]DWLRQ IURP ���� DQG TXDVL�QHXWUD�

OLW\ RI WKH SODVPD ����� $V LW IROORZV IURP )LJXUH ��

WKH VXUIDFH WHPSHUDWXUH� DERYH ZKLFK SUHVVXUH RQWR

WKH VXUIDFH VWDUWV JURZLQJ WR H[FHHG WKH DWPRVSKHULF

RQH� LV PXFK ORZHU WKDQ 7E DW WKH SUHVHQFH RI

LRQL]DWLRQ� DQG GHFUHDVHV ZLWK DQ LQFUHDVH LQ 7H�
7KHUHIRUH� LQ KHDWLQJ PHWDOV XVLQJ D ORZ�SRZHU ODVHU

EHDP �QRW OHDGLQJ WR IRUPDWLRQ RI WKH QDWXUDO ODVHU

SODVPD� WKH XVH RI DQ H[WUD H[WHUQDO LRQL]HU� VXFK DV

WKH HOHFWULF DUF� HQDEOHV D VXEVWDQWLDO GHFUHDVH LQ D

WKUHVKROG WHPSHUDWXUH RI WKH VXUIDFH IRU WUDQVLWLRQ

IURP WKH WKHUPDO FRQGXFWLYLW\ PRGH RI PHWDO SHQHW�

UDWLRQ WR D PRUH HIILFLHQW PRGH RI GHHS SHQHWUDWLRQ�

,Q DGGLWLRQ WR DQ H[WUD DUF KHDWLQJ RI WKH PHWDO

VXUIDFH� WKLV LV RQH RI WKH PDLQ FDXVHV RI DQ LQFUHDVH

LQ WKH HIILFLHQF\ RI ODVHU�DUF ZHOGLQJ� DV FRPSDUHG

ZLWK ODVHU ZHOGLQJ XVLQJ ORZ� DQG PHGLXP�SRZHU

ODVHUV�

&21&/86,216

�� 7KH JHQHUDO V\VWHP RI HTXDWLRQV IRU GHVFULSWLRQ RI

WKH PXOWLFRPSRQHQW SODVPD IRUPHG QHDU WKH HYDSR�

UDWLQJ PHWDO VXUIDFH LQ JDV�VKLHOGHG DUF� ODVHU RU FRP�

ELQHG ZHOGLQJ ZDV REWDLQHG�

�� 7KLV V\VWHP RI HTXDWLRQV DOORZV GHWHUPLQDWLRQ

RI FRPSRVLWLRQ RI WKH PXOWLFRPSRQHQW QHDU�VXUIDFH

SODVPD� WHPSHUDWXUH RI KHDY\ SDUWLFOHV� YDOXHV RI HOHF�

WURQ DQG LRQ FXUUHQWV IORZLQJ IURP WKH SODVPD WR WKH

VXUIDFH� DV ZHOO DV SRWHQWLDO GLVWULEXWLRQ LQ WKH .QXG�

VHQ OD\HU GHSHQGLQJ XSRQ WKH ORFDO YDOXHV RI WKH PHWDO

VXUIDFH WHPSHUDWXUH� WKH HOHFWURQ SODVPD FRPSRQHQW

WHPSHUDWXUH� YHORFLW\ RI VFDWWHU RI WKH YDSRXU DQG

FXUUHQW GHQVLW\ DW WKH H[WHUQDO ERXQGDU\ RI WKH .QXG�

VHQ OD\HU�

�� 7KH HTXDWLRQV GHULYHG PDNH WKH EDVLV IRU FDO�

FXODWLRQ RI FKDUDFWHULVWLFV RI WKH WKHUPDO DQG G\QDPLF

HIIHFW RI WKH DUF� ODVHU RU FRPELQHG SODVPD RQ WKH

ZHOG SRRO VXUIDFH LQ WKH UHVSHFWLYH JDV�VKLHOGHG ZHOG�

LQJ PHWKRGV�

7KH DXWKRU LV JUDWHIXO WR <X�/� 9DVHQLQ IRU KLV

SDUWLFLSDWLRQ LQ GLVFXVVLRQ RI WKH GDWD JLYHQ LQ WKLV

DUWLFOH�

5()(5(1&(6

�� .QLJKW� &K�-� ������ 7KHRUHWLFDO PRGHOLQJ RI UDSLG VXUIDFH

YDSRUL]DWLRQ ZLWK EDFN SUHVVXUH� $,$$ -�� �� ��� w ����

�� $UXW\XQ\DQ� 5�9�� %DUDQRY� 9�<X�� %ROVKRY� /�$� HW DO�
������ (IIHFW RI ODVHU UDGLDWLRQ RQ PDWHULDOV� 0RVFRZ�

1DXND�

�� %HMOLV� ,�,�� /\XELPRY� *�$�� 5DNKRYVN\� 9�,� ������ 'LIIX�

VLRQ PRGHO RI WKH QHDU�FDWKRGH UHJLRQ RI D KLJK�FXUUHQW DUF

GLVFKDUJH� 'RNODG\ $1 6665� �� �� w ���

�� =KXNRY� 0�)�� .R]ORY� 1�3�� 3XVWRJDURY� $�9� HW DO�
������ 1HDU�HOHFWURGH SURFHVVHV LQ DUF GLVFKDUJHV� 1RYRVL�
ELUVN� 1DXND�

�� '\X]KHY� *�$�� 1HPFKLQVN\� 9�$�� 6KNROQLN� 6�0� HW DO�
������ $QRGH SURFHVVHV LQ WKH KLJK�FXUUHQW DUF GLVFKDUJH�

.KLPL\D 3OD]P\� ��� ��� w ����

�� $QLVLPRY� 6�,�� ,PDV� <D�$�� .KRG\NR� *�6� HW DO� ������
(IIHFW RI KLJK�SRZHU UDGLDWLRQ RQ PHWDOV� 0RVFRZ� 1DXND�

�� %HMOLV� ,�,� ������ 2Q WKH WKHRU\ RI HURVLRQ SURFHVVHV LQ WKH

DUF GLVFKDUJH FDWKRGH SODVPD� 'RNODG\ $1 6665� ��
���� w �����

�� %HMOLV� ,�,� ������ )ORZ RI WKH QHDU�FDWKRGH DUF SODVPD LQ

WKH .QXGVHQ OD\HU� 7HSORIL]LND 9\VRNLNK 7HPSHUDWXU� ��
��� w ����

�� %DNVKW� )�*�� '\X]KHY� *�$�� 0LWURIDQRY� 1�.� HW DO�
������ 3UREH PHDVXUHPHQWV RI WKH ORZ�WHPSHUDWXUH SODVPD

DW KLJK GHJUHHV RI LRQL]DWLRQ� =KXUQDO 7HNKQ� )L]LNL� ���
���� w �����

��� =KDULQRY� $�9�� 6DQRFKNLQ� <X�9� ������ '\QDPLFV RI

KHDY\ SDUWLFOHV QHDU WKH QHJDWLYHO\ FKDUJHG ZDOO LQ WKH

GHQVH LRQL]HG SODVPD� )L]LND 3OD]P\� �� ��� w ����

��� &KHQ� )� ������ (OHFWULFDO SUREHV� ,Q� 'LDJQRVWLFV RI
SODVPD� (G� E\ 5� +DGGOVWRQH� 6� /HRQDUG� 0RVFRZ� 0LU�

��� %RKP� '� ������ 7KH FKDUDFWHULVWLFV RI HOHFWULFDO GLVFKDUJH
LQ PDJQHWLF ILHOGV� (G� E\ $� *XWKULH� 5�.� :DNHUOLQJ�

1HZ <RUN� 0F*UDZ�+LOO�

��� /DQGDX� /�'�� /LIVKLWV� (�0� ������ +\GURG\QDPLFV� 0RV�

FRZ� 1DXND�

��� *UDQRYVN\� 9�/� ������ (OHFWULF FXUUHQW LQ JDV� (VWDE�
OLVKHG FXUUHQW� 0RVFRZ� 1DXND�

)LJXUH �� 'HSHQGHQFH RI WKH LURQ VXUIDFH WHPSHUDWXUH 7V� DW ZKLFK

SUHVVXUH RI WKH LRQL]HG YDSRXU LV HTXDO WR WKH DWPRVSKHULF SUHVVXUH�

XSRQ HOHFWURQ WHPSHUDWXUH 7H RI WKH SODVPD
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

7KH VSHFWUDO PHWKRG ZDV XVHG WR LQYHVWLJDWH WKH UHDO *7$ ZHOGLQJ DUF EXUQLQJ EHWZHHQ D QRQ�FRQVXPDEOH WXQJVWHQ

HOHFWURGH DQG D FRQVXPDEOH WLWDQLXP DQG QRQ�FRQVXPDEOH FRSSHU ZDWHU�FRROHG DQRGHV� ([SHULPHQWDO GDWD ZHUH REWDLQHG

RQ GLVWULEXWLRQ RI WHPSHUDWXUH LQ WKH DUF FROXPQ DORQJ WKH DUF UDGLXV QHDU WKH DQRGH� ,W LV VKRZQ WKDW D[LDO GLVWULEXWLRQ

RI WHPSHUDWXUH LQ WKH DUF FROXPQ GHSHQGV XSRQ WKH VWDWH RI WKH DQRGH� ,Q D UHJLRQ DGMRLQLQJ WKH DQRGH WKH DUF WHPSHUDWXUH

LV KLJKHU LQ WKH YLFLQLW\ RI WKH FRQVXPDEOH DQRGH�

.H\ ZRU G V � ZHOGLQJ DUF� VSHFWUXP� DUF WHPSHUDWXUH� WLWD�

QLXP DQRGH� QRQ�FRQVXPDEOH DQRGH� WXQJVWHQ HOHFWURGH

7HPSHUDWXUH RI WKH ZHOGLQJ DUF LV RQH RI WKH PDLQ

SDUDPHWHUV ZKLFK GHWHUPLQH LWV WHFKQRORJLFDO FKDUDF�

WHULVWLFV DQG SK\VLFDO�FKHPLFDO SURFHVVHV RFFXUULQJ LQ

WKH ZHOGLQJ ]RQH� 7KHUHIRUH� WKH GDWD RQ YDOXHV RI

WKH WHPSHUDWXUH DQG LWV GLVWULEXWLRQ LQ D UHDO ZHOGLQJ

DUF DUH QHHGHG ERWK IRU HVWLPDWLRQ RI WKH HIILFLHQF\

RI WKH PHWKRGV HPSOR\HG IRU LQFUHDVLQJ WKH WHFKQR�

ORJLFDO FDSDELOLWLHV RI WKH DUF DQG IRU FKHFNLQJ WKH
GLUHFWLYLW\ DQG NLQHWLFV RI WKH PHWDOOXUJLFDO SURFHVVHV�

+RZHYHU� QR GDWD REWDLQHG GLUHFWO\ GXULQJ WKH
ZHOGLQJ SURFHVV DUH DYDLODEOH LQ WKH OLWHUDWXUH� 7KH

PDMRULW\ RI SDSHUV GHVFULEH LQYHVWLJDWLRQV ZKLFK LQ�

YROYH D QRQ�FRQVXPDEOH �XVXDOO\ FRSSHU ZDWHU�

FRROHG� DQRGH >� w �@� $W WKH VDPH WLPH� FRQGLWLRQV

RI WKH H[SHULPHQWV LQYROYLQJ D FRQVXPDEOH DQRGH >��

� w ��@ GLIIHU JUHDWO\ IURP WKH DFWXDO ZHOGLQJ FRQGL�
WLRQV� ,Q WKH UHSRUWHG FDVHV )H�EDVHG DOOR\V ZHUH DV D
UXOH XVHG DV WKH DQRGH� :H DUH QRW DZDUH RI DQ\

OLWHUDWXUH VRXUFHV JLYLQJ WKH GDWD RQ WKH WHPSHUDWXUH
LQ WKH DUF EXUQLQJ DW D FRQVXPDEOH WLWDQLXP DQRGH�

%HVLGHV� LQ LQYHVWLJDWLRQV RI WKH WHPSHUDWXUH LQ WKH
DUFV EXUQLQJ DW D FRQVXPDEOH VWHHO DQRGH WKHUH ZHUH

FDVHV FKDUDFWHUL]HG E\ VRPH SURFHGXUDO LQDFFXUDFLHV�

7KH\ LQFOXGH� IRU H[DPSOH� SURFHVVLQJ RI WKH UHVXOWV
RI VSHFWUDO VWXGLHV >�� � w ��� ��� ��@ ZKLFK LV QRW

DOZD\V FRUUHFW IRU D VHOHFWHG VSHFWURJUDSK VOLW >��@�

XVLQJ XQUHOLDEOH YDOXHV RI SUREDELOLWLHV RI WUDQVLWLRQ

RI VSHFWUDO OLQHV >��@� HWF� ,Q DGGLWLRQ� WKH SXEOLFDWLRQV

JLYH QR GDWD RQ WKH HUURUV LQ HVWDEOLVKLQJ WKH GLVWDQFH

IURP WKH SODQH RI WKH DQRGH WR WKH SODQH RI FURVV
VHFWLRQ RI WKH FROXPQ RI WKH DUF LQ ZKLFK WKH VSHFWUXP

ZDV WDNHQ� ,W VKRXOG DOVR EH QRWHG WKDW DOO RI WKH

LQYHVWLJDWLRQV ZHUH FRQGXFWHG DW WKH DUF ZKLFK ZDV

IL[HG UHODWLYH WR WKH DQRGH �XQOLNH DFWXDO ZHOGLQJ
FRQGLWLRQV��

,W LV YHU\ OLNHO\ WKDW WKH DERYH SURFHGXUDO HUURUV
DIIHFWHG UHVXOWV RI GHWHUPLQDWLRQ RI WHPSHUDWXUH DW

WKH DUF D[LV >� w ��@� )RU H[DPSOH� DV LW IROORZV IURP

WKH UHIHUHQFHV� DQ LQFUHDVH RI �� WLPHV LQ WKH ZHOGLQJ
DUF �IURP �� WR ��� $� LV DFFRPSDQLHG E\ DQ LQFUHDVH

RI RQO\ ��� . LQ WKH DUF WHPSHUDWXUH� %HVLGHV� LW LV

GLIILFXOW WR DJUHH ZLWK WKH UHVXOWV JLYHQ LQ >��@� ZKHUH
WKH DUJRQ DUF ZDV LQYHVWLJDWHG XVLQJ D WXQJVWHQ FDWK�

RGH DQG DQRGHV PDGH IURP&Uw1L VWHHO DQG DOXPLQLXP�

7KH DYHUDJH WHPSHUDWXUH LQ WKH EXON RI WKH DUF FROXPQ
ZDV GHWHUPLQHG E\ D UHODWLYH LQWHQVLW\ RI JORZ RI

VSHFWUDO OLQHV $U,� $U,, DQG &U,� 'HVSLWH WKH IDFW WKDW

WKH LQWHQVLYH JORZ RI WKH DWRPLF OLQHV RI DUJRQ FDQ
EH REVHUYHG RQO\ DW D WHPSHUDWXUH RI PRUH WKDQ ����.
>��@� WKH YDOXHV RI WKH WHPSHUDWXUH FDOFXODWHG E\ WKH
DXWKRUV RI >��@ IURP VSHFWUDO OLQHV $U, ZHUH QRW LQ

H[FHVV RI ���� . DW ,
Z
 �� $� 7KH FDXVH RI D GHFUHDVH

LQ WKH DUF WHPSHUDWXUH GHWHUPLQHG IURP VSHFWUDO OLQHV

$U,,� L�H� ����� w ����� �VWHHO DQRGH� DQG ����� w

����� . �DOXPLQLXP DQRGH�� ZLWK DQ LQFUHDVH LQ WKH

FXUUHQW IURP �� WR �� $ LV QRW FOHDU HLWKHU� ,W LV OLNHO\

WKDW LW LV WKH SURFHGXUDO HUURUV PDGH LQ WDNLQJ WKH
VSHFWUD DQG WKHLU SURFHVVLQJ WKDW UHVXOWHG LQ WKH GDWD
REWDLQHG LQ >�@� 7KH\ VXJJHVW WKDW WKH DUF WHPSHUDWXUH

�RWKHU FRQGLWLRQV EHLQJ HTXDO� GRHV QRW GHSHQG LQ WKH
OHDVW XSRQ WKH VWDWH RI WKH DQRGH� $ORQJ WKH HQWLUH
OHQJWK RI WKH FROXPQ RI WKH DUF EXUQLQJ DW D FRSSHU
ZDWHU�FRROHG DQG FRQVXPDEOH VWHHO DQRGHV WKH YDOXHV

RI WKH WHPSHUDWXUH GHWHUPLQHG ZHUH VLPLODU x DERXW

����� . QHDU WKH FDWKRGH DQG DERXW ���� . QHDU WKH

DQRGH �,
Z
 ��� $� DUF OHQJWK  � PP�� 7KH DERYH

YDOXHV RI WKH WHPSHUDWXUH QHDU WKH DQRGH DUH PXFK

ORZHU WKDQ WKRVH JLYHQ LQ >��� ��@� $V LW IROORZV IURP
WKHVH UHIHUHQFHV� WKH DUF WHPSHUDWXUH QHDU WKH DQRGH

PDGH IURP &Uw1L VWHHO� ZKLFK ZDV FDOFXODWHG IURP

WKH UHODWLYH LQWHQVLW\ RI JORZ RI VSHFWUDO OLQHV RI WKH
YDSRXUV� L�H� &D, DQG &D,,� ZDV DERXW ���� . �DW ,

Z
 

 ��� $�� DQG WKDW FDOFXODWHG IURP WKH LQWHQVLW\ RI

FRQWLQXXP ZDV DERXW ����� . �DW ,
Z
 �� $�� ,Q

VRPH UHIHUHQFHV >�� w ��@ D FRQFOXVLRQ RI WKH SUHVHQFH

RI WKH DQRGH YDSRXUV LQ WKH DUF FROXPQ LV PDGH RQO\

IURP WKH SUHVHQFH RI WKHLU VSHFWUDO OLQHV LQ VSHFWUD RI

UDGLDWLRQ RI WKH DUF� 2Q WKLV EDVLV� WKH DXWKRUV PDGH

WKHRUHWLFDO FDOFXODWLRQV IRU WZR� DQG WKUHH�FRPSRQHQW
SODVPD DQG HVWLPDWHG WKH HIIHFW RI WKH DQRGH YDSRXUV

RQ FKDUDFWHULVWLFV RI WKH DUF >��� ��@� 6LQFH LW LV H[�

SHULPHQWDOO\ HVWDEOLVKHG >�� �� ��� ��� ��@ WKDW WKH

� /�(� (526+(1.2� 9�3� 35,/876.<� 9�<X� %(/286 DQG 9�1� =$0.29� ����



7KH ZRUN SHUIRUPHG ZDV VXSSRUWHG E\ WKH 6WDWH )XQGDPHQWDO
5HVHDUFK )XQG� 3URMHFW 1R����������
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DQRGH PDWHULDO YDSRXUV GR QRW SHQHWUDWH LQWR FHQWUDO
UHJLRQV RI WKH DUF FROXPQ� WKH WHPSHUDWXUH FDOFXODWHG
IURP WKHLU JORZ FDQ FRUUHVSRQG RQO\ WR WKH SHULSKHUDO
UHJLRQ RI WKH DUF JDS� 7KHUHIRUH� WKH SURFHGXUH IRU
GHWHUPLQDWLRQ RI WKH WHPSHUDWXUH RI WKH FROXPQ RI
WKH DUF EXUQLQJ DW D FRQVXPDEOH DQRGH EDVHG RQ WKH
JORZ RI VSHFWUDO OLQHV RI WKH DQRGH PDWHULDO YDSRXUV
VKRXOG EH FRQVLGHUHG LQFRUUHFW�

2I QRWLFH DOVR LV D UDWKHU ODUJH VFDWWHU RI WKH YDOXHV
RI WKH DUF WHPSHUDWXUH GHWHUPLQHG IURP VSHFWUDO OLQHV
$U, DQG $U,, >�� ��� ��@� ZKLFK FDQ EH DWWULEXWHG WR
HUURUV LQ WKH H[SHULPHQWDO SURFHGXUHV�

7R LQFUHDVH WKH DFFXUDF\ RI PHDVXUHPHQWV LQ GH�
WHUPLQDWLRQ RI WKH D[LDO GLVWULEXWLRQ RI WHPSHUDWXUH
LQ WKH DUF EXUQLQJ DW D FRQVXPDEOH WLWDQLXP DQRGH�
ZH PRGLILHG WKH H[SHULPHQWDO SURFHGXUH� DV FRPSDUHG
WR WKDW GHVFULEHG LQ >�� �@� 7KLV DOORZHG XV WR UHJLVWHU
VSHFWUXP RI UDGLDWLRQ RI WKH UHDO ZHOGLQJ DUF� ,Q WKH
H[SHULPHQWDO VHWXS VKRZQ LQ )LJXUH �� ZHOGLQJ WRUFK
� ZLWK FDWKRGH � ZDV ULJLGO\ IL[HG DW EHG �� XVLQJ
IUDPH �� :HOGLQJ WDEOH � ZLWK DQRGH � �FRQVXPDEOH
WLWDQLXP RU QRQ�FRQVXPDEOH FRSSHU ZDWHU�FRROHG�
SODFHG RQ LW ZDV PRYHG RYHU EHG ��� /DVHU HPLWWHU �
LOOXPLQDWHG WKH HQG RI DQRGH �� DQG WKH DQRGH SODQH
ZDV DOLJQHG ZLWK WKH HGJH RI WKH VOLW RI VSHFWURJUDSK
��� 7KLV ZDV GRQH XVLQJPHFKDQLVP IRU WKH D[LDOPRYH�
PHQW RI WKH DQRGH � DQG RSWLFDO V\VWHP ��� 3LFWXUH
RI WKH DQRGH SODQH DQG VSHFWURJUDSK VOLW ZDV GLVSOD\HG
DW D ×�� PDJQLILFDWLRQ E\ 79 FDPHUD �� RQ PRQLWRU
�� HTXLSSHG ZLWK D FRRUGLQDWH JULG� ,OOXPLQDWRU ��

ZDV XVHG IRU WXQLQJ WR LQFUHDVH FRQWUDVW RI WKH SLFWXUH
RI WKH VSHFWURJUDSK VOLW� )LOPLQJ RI VSHFWUXP RI DUF
FROXPQ � DW D SUHVHW VHFWLRQ ZDV GRQH GXULQJ WKH
ZHOGLQJ SURFHVV E\ FRQWUROOLQJ WKH GLVWDQFH IURP WKH
DQRGH SODQH WR WKH SUHVHW VHFWLRQ DW DQ DFFXUDF\ RI
XS WR ��� PP XVLQJ RSWLFDO GLVWDQFH JDXJH �� 7KH
ZHOGLQJ VSHHG ZDV � P�K�

7UDQVYHUVH VSHFWUD RI WKH DUF ZHUH SKRWRJUDSKHG
DW UHJLRQV ORFDWHG DW D VSDFLQJ RI ��� PP DORQJ WKH
DUF OHQJWK XVLQJ WKH VSHFWURJUDSK ZLWK D VOLW ZLGWK
RI ���� PP� 7KH DUF WHPSHUDWXUH ZDV GHWHUPLQHG IURP
UDGLDWLRQ RI FRQWLQXXP� DV WKLV PHWKRG LV OHVV VXVFHS�
WLEOH WR UDQGRP HUURUV� 7KH XVHZDVPDGH RI D UDGLDWLRQ
RI FRQWLQXXP ZLWK D ZDYH OHQJWK RI λ  ����� QP�
ZKLFK IDOOV ZLWKLQ D UDQJH RI λ  ��� w ��� QP� ZKHUH
WKH LQWHQVLW\ RI FRQWLQXXP RI WKH DUJRQ SODVPD LV
FRQVWDQW DQG GRHV QRW GHSHQG XSRQ WKH UDGLDWLRQ IUH�

TXHQF\ >��@� 7KH HPLVVLYLW\ IRU D FRQWLQXXP LQ WKLV
UDQJH RI IUHTXHQFLHV FDQ EH ZULWWHQ DV IROORZV >�@�

εν = ����⋅��w�� ξ(ν� 7)QHQL�(N7)� ⁄ �
>:�(ÏÊ�⋅VU⋅Vw�)@�

ZKHUH ξ(ν� 7) LV WKH IXQFWLRQ ZKLFK DOORZV IRU WKH

GHYLDWLRQ RI D JLYHQ DWRP IURP WKH K\GURJHQ PRGHO�
Q
H
DQG Q

L
DUH WKH FRQFHQWUDWLRQV RI HOHFWURQV DQG LRQV�

UHVSHFWLYHO\� 7 LV WKH WHPSHUDWXUH RI WKH DUF SODVPD
DQG N LV WKH %ROW]PDQQ FRQVWDQW� )RU DUJRQ WKH ξ�ν�
7� GHSHQGHQFH XSRQ WKH WHPSHUDWXUH LV YHU\ VPDOO
DQG FDQ EH LJQRUHG >��@� ,Q WKH DERYH UDQJH RI WKH
VSHFWUXP IUHTXHQFLHV ξ�ν� 7� ≈ FRQVW� 7KH DEVROXWH
YDOXH RI WKLV SDUDPHWHU� DFFRUGLQJ WR >�� ��@� FDQ EH
FRQVLGHUHG HTXDO WR ���� 7R LQYHVWLJDWH WKH GLVWULEX�
WLRQ RI WHPSHUDWXUH LQ WKH DUF IURP WKH DERYH H[SUHV�
VLRQ� ZH SORWWHG D WKHRUHWLFDO GHSHQGHQFH RI WKH HPLV�
VLYLW\ RI FRQWLQXXP XSRQ WKH WHPSHUDWXUH� &RPSRVL�
WLRQ RI WKH DUJRQ SODVPD �Q

H
� Q

L
� GHSHQGLQJ XSRQ WKH

WHPSHUDWXUH ZLWK WKH PRVW FRPSOHWH DOORZDQFH IRU
WKH HQHUJ\ OHYHOV ZDV FDOFXODWHG LQ WKH ZRUN GHVFULEHG
LQ >��@� 7KH DUJRQ DUF EXUQLQJ DW D FRSSHU ZDWHU�
FRROHG DQRGH >�� �@ ZDV XVHG DV D UDGLDWLRQ UHIHUHQFH
IRU WKH H[SHULPHQWDO GHWHUPLQDWLRQ RI WKH HPLVVLYLW\
RI FRQWLQXXP DQG WKHQ IRU WKH FDOFXODWLRQ RI WKH DUF
WHPSHUDWXUH IURP WKH WKHRUHWLFDOO\ FDOFXODWHG GHSHQG�
HQFH ε�7�� +HWHURJHQHLW\ RI WKH DUF GLVFKDUJH ZDV
DOORZHG IRU E\ QXPHULFDO VROXWLRQ RI WKH $EHO HTXDWLRQ
>�@ WR GHWHUPLQH ORFDO SDUDPHWHUV RI WKH SODVPD DORQJ
WKH UDGLXV RI WKH DUF� &RQYHUVLRQ RI WKH REVHUYHG GLV�
WULEXWLRQV RI εν�[� IURP WKH FHQWUH WR SHULSKHU\ RI WKH
DUF FROXPQ �DW HDFK RI LWV VHFWLRQV� LQWR UDGLDO HPLV�
VLYLW\ ZDV GRQH RQ WKH EDVLV RI �� SRLQWV XVLQJ WDEOHV
WDNHQ IURP >��@� &RQYHUVLRQ RI WKH UDGLDO GLVWULEXWLRQV
RI WKH FRQWLQXXP HPLVVLYLW\ WR WKH UDGLDO GLVWULEXWLRQ
RI WHPSHUDWXUH ZDV SHUIRUPHG XVLQJ FRPSXWHU GDWD
SURFHVVLQJ�

$ORQJ ZLWK WDNLQJ WKH DUF VSHFWUD XVLQJ WKH VSHF�
WURJUDSK� WKH DUF ZDV V\QFKURQRXVO\ ILOPHG XVLQJ D
YLGHR FDPHUD E\ WKH PHWKRG GHVFULEHG LQ >��@� 7KHQ
WKH YLGHR ILOP ZDV ZDWFKHG DQG SKRWRJUDSKV RI WKH
LPDJH ZHUH PDGH IURP WKH PRQLWRU VFUHHQ�

)LJXUH �� 6FKHPDWLF RI WKH H[SHULPHQWDO VHWXS IRU LQYHVWLJDWLRQ RI
WKH DUF� �x DUF� � x WXQJVWHQ HOHFWURGH� � x WRUFK� � x IUDPH�
� x ODVHU HPLWWHU� � x DQRGH� � x WDEOH� � x PHFKDQLVP IRU
D[LDO PRYHPHQW RI WKH DQRGH� � x RSWLFDO GLVWDQFH JDXJH� �� x
RSWLFDO V\VWHP� ��x LOOXPLQDWRU� ��x 79 FDPHUD� ��x PRQLWRU�
�� x VSHFWURJUDSK� �� x EHG

)LJXUH �� $[LDO GLVWULEXWLRQ RI WHPSHUDWXUH LQ WKH DUF FROXPQ�
Ux WLWDQLXP DQRGH� Ox FRSSHU DQRGH� O x GLVWDQFH IURP WKH
DQRGH
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7KH VDPH FRQGLWLRQV DV LQ >�� �� �@ ZHUH VHOHFWHG IRU
LQYHVWLJDWLRQ RI WHPSHUDWXUH RI WKH DUF EXUQLQJ DW WKH
FRQVXPDEOH DQRGH ��� × �� × � PP LQ VL]H PDGH IURP
FRPPHUFLDO WLWDQLXP RI WKH 97��� JUDGH� 7KH DERYH
UHIHUHQFHV GHVFULEH LQYHVWLJDWLRQV RI WKH GLVWULEXWLRQ RI
WHPSHUDWXUH LQ WKH DUF EXUQLQJ DW D FRSSHU ZDWHU�FRROHG
DQRGH XQGHU WKH IROORZLQJ FRQGLWLRQV� ,

Z
 ��� $� DUF

JDS OHQJWK x � PP� GLDPHWHU RI WKH WXQJVWHQ FDWK�
RGHx �PP DQG LWV SRLQWLQJ DQJOHx ���� 7KLV DOORZHG
FRPSDULVRQ RI WKH D[LDO GLVWULEXWLRQ RI WHPSHUDWXUH LQ
WKH DUFV EXUQLQJ DW WKH FRQVXPDEOH WLWDQLXP DQG FRSSHU
ZDWHU�FRROHG DQRGHV �)LJXUH ��� DV ZHOO DV RI VWUXFWXUHV
RI WKHVH DUFV �)LJXUH ��� $V LW FDQ EH VHHQ IURP)LJXUH ��
WKH YDOXHV RI WHPSHUDWXUH DORQJ WKH OHQJWK RI WKH DUF
IURP FDWKRGH WR DQRGH FRLQFLGH IRU ERWK W\SHV RI WKH
DQRGHV XS WR D GLVWDQFH RI � PP IURP WKH DQRGH� ,Q WKH
QHDU�DQRGH UHJLRQ WKH WHPSHUDWXUH RI WKH DUF EXUQLQJ
DW WKH FRQVXPDEOH WLWDQLXPDQRGH LV KLJKHU�ZKLFK VHHPV
WR EH FDXVHG E\ D KLJKHU WHPSHUDWXUH LQ WKH DFWLYH VSRW
RI WKH FRQVXPDEOH WLWDQLXP DQRGH� $W WKH VDPH WLPH�
ERWK DUFV KDYH WKH LGHQWLFDO VWUXFWXUH� 7KLV FDQ EH VHHQ
IURP SKRWRJUDSKV RI WKH DUFV PDGH E\ XVLQJ D OLJKW ILOWHU
ZKLFK WUDQVPLWV UDGLDWLRQ RI VSHFWUDO OLQHV $U,� $U,, DQG
FRQWLQXXP �)LJXUH �� D� E�� DV ZHOO DV RQO\ WKH FRQWLQ�
XXP UDGLDWLRQ RI WKH DUJRQ SODVPD �)LJXUH �� F� G�� ,Q
WKH ILUVW FDVH D EULJKW FRUH LV REVHUYHG QHDU WKH HQG RI
WKH FDWKRGH� ZKLFK LV FDXVHG E\ DQ HQKDQFHG JORZ RI
WKH OLQHV RI DUJRQ >�@� ,Q WKH VHFRQG FDVH WKH HQG RI WKH
FDWKRGH LPPHUVHG LQ SODVPD LV VHHQ�

7KH UHVXOWV REWDLQHG �DOORZLQJ IRU WKH GDWD RI
ZRUNV LQ >�� �@�� PDNH LW SRVVLEOH WR FRQFOXGH WKDW
WKH D[LDO GLVWULEXWLRQ RI WHPSHUDWXUH LQ WKH ZHOGLQJ
DUJRQ DUF ZLWK D WXQJVWHQ FDWKRGH GHSHQGV XSRQ WKH
VWDWH RI WKH DQRGH� ,Q D UHJLRQ DGMRLQLQJ WKH DQRGH
WKH DUF WHPSHUDWXUH LV KLJKHU LQ WKH FDVH RI XVLQJ D
FRQVXPDEOH DQRGH� )RU WKH WLWDQLXP DQRGH WKLV WHP�
SHUDWXUH LV ����� .� $W WKH VDPH WLPH� WKH DUF VWUXF�
WXUH GRHV QRW GHSHQG XSRQ WKH VWDWH RI WKH DQRGH�

5()(5(1&(6

�� *OLFNVWHLQ� 6�6� ������ 7HPSHUDWXUH PHDVXUHPHQWV LQ D IUHH
EXUQLQJ DUF� :HOGLQJ -�� �� ��� w ����

�� 0HFKHY� 9�6�� (URVKHQNR� /�(� ������ 'HWHUPLQDWLRQ RI
WHPSHUDWXUH RI WKH DUF GLVFKDUJH SODVPD LQ DUJRQ� $YWR�
PDWLFKHVND\D 6YDUND� �� � w ��

�� 0HFKHY� 9�6�� (URVKHQNR� /�(� ������ 5DGLDO GLVWULEXWLRQ
RI WHPSHUDWXUH RI WKH HOHFWULF DUF LQ DUJRQ� ,ELG�� �� � w ��

�� 0HFKHY� 9�6�� (URVKHQNR� /�(� ������ $[LDO GLVWULEXWLRQ RI
WHPSHUDWXUH RI WKH HOHFWULF DUF LQ DUJRQ� ,ELG�� �� �� w ���

�� 0HFKKHY� 9�6�� (URVKHQNR� /�(� ������ ,QYHVWLJDWLRQ RI WKH
VSHFWUXP RI UDGLDWLRQ RI WKH DUJRQ SODVPD QHDU HOHFWURGHV�
,ELG�� �� � w ��

�� 0HFKHY� 9�6�� (URVKHQNR� /�(� ������ 3DUDPHWHUV RI WKH
DUF GLVFKDUJH SODVPD QHDU HYDSRUDWLQJ HOHFWURGHV� 7HSORIL�
]LND 9\VRNLNK 7HPSHUDWXU� �� ��� w ����

�� 0HFKHY� 9�6�� (URVKHQNR� /�(� ������ 3DUDPHWHUV RI WKH
DUF FROXPQ LQ DUJRQ QHDU D ZRUNSLHFH LQ QRQ�FRQVXPDEOH
HOHFWURGH ZHOGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� (URVKHQNR� /�(�� 0HFKHY� 9�6�� 'HPLDQFKXN� $�6� ������
,QYHVWLJDWLRQ RI WKH QHDU�HOHFWURGH UHJLRQ RI WKH DUJRQ DUF DW
DQ HYDSRUDWLQJ DQRGH� =KXUQDO 3ULNODGQRM 6SHNWURVNRSLL�
��� � w ���

�� /DSLQ� ,�/� ������ 'HWHUPLQDWLRQ RI WHPSHUDWXUH RI WKH
ZHOGLQJ DUF E\ DWRPLF OLQHV RI FRSSHU� 6YDURFKQR\H 3URL]�
YRGVWYR� �� � w ��

��� /DSLQ� ,�/� ������ 2SWLFDO VWXG\ RI WKH KLJK�FXUUHQW )H�DUF�
,ELG�� �� � w ��

��� /DSLQ� ,�/� ������ 2SWLFDO VWXG\ RI UDGLDO GLVWULEXWLRQ RI
WHPSHUDWXUH DQG HOHFWULFDO FRQGXFWLYLW\ RI SODVPD LQ WKH
KLJK�FXUUHQW )H�DUF� ,ELG�� �� � w ��

��� /DSLQ� ,�/�� 7XUNLQ� 3�6�� 6DPVRQRY� 9�,� ������ (IIHFW RI
IOXRUVSDU RQ VWUXFWXUH RI WKH DUF EXUQLQJ LQ WKH DLU DWPRV�
SKHUH� ,ELG�� �� � w ��

��� /DSLQ� ,�/�� 7XUNLQ� 3�6�� 6DPVRQRY� 9�,� ������ (IIHFW RI
IOXRUVSDU RQ UDGLDO GLVWULEXWLRQ RI WHPSHUDWXUH DQG HOHFWULFDO
FRQGXFWLYLW\ RI WKH HOHFWULF DUF EXUQLQJ LQ DLU� ,ELG�� �� � w ���

��� 6KDZ� &�%� ������ 'LDJQRVWLF VWXGLHV RI WKH *7$: DUF�
:HOGLQJ -�� �� �� w ���

��� (URVKHQNR� /�(� ������ :LGWK RI WKH VSHFWURJUDSK VOLW LQ
GHWHUPLQDWLRQ RI WKH DUF GLVFKDUJH WHPSHUDWXUH� ,Q� 6SHF�
WURVFRS\� VSHFWUDO DQDO\VLV DQG WHFKQLFDO�DQG�HFRQRPLF HI�
IHFW RI WKHLU DSSOLFDWLRQ� .\LY� =QDQL\H�

��� 0HFKHY� 9�6�� (URVKHQNR� /�(� ������ (OHFWULFDO FRQGXFWLY�
LW\ RI WKH HOHFWULF DUF LQ DUJRQ� $YWRPDWLFKHVND\D 6YDUND�
�� �� w ���

��� %HORY� <X�0�� %ORNKLQD� 7�$�� *ROGIDUE� 9�0� HW DO�
������ 3URSHUWLHV RI WKH VKRUW DUJRQ DUF DQG LWV LQWHUDFWLRQ
ZLWK FRQVXPDEOH DQRGH� ,Q� 3K\VLFV� HQJLQHHULQJ DQG DSSOL�
FDWLRQ RI WKH ORZ�WHPSHUDWXUH SODVPD� $OPD�$WD�

��� %HORY� <X�0�� *ROGIDUE� 9�0�� ,OLLQD� (�9� ������ &KDUDF�
WHULVWLF RI WKH VKRUW DUJRQ DUF ZLWK FRQVXPDEOH VWHHO DQRGH�
)L]LND L .KLPL\D 2EUDE� 0DWHULDORY� �� ��� w ����

��� 'XQQ� *�-�� $OOHPDQG� &�'�� (DJHU� 7�:� ������ 0HWDO
YDSRUV LQ JDV WXQJVWHQ DUFV� 3DUW �� 6SHFWURVFRS\ DQG PRQR�
FKURPDWLF SKRWRJUDSK\� 0HWDOOXUJLFDO 7UDQVDFW� $� � w���
���� w �����

��� 0HWFDOH� -�&�� 4XLJOH\� %�&� ������ $UF DQG SRRO LQVWDELO�
LW\ LQ *7$ ZHOGLQJ� :HOGLQJ -�� �� ��� w ����

��� 0LOOV� *�6� ������ )XQGDPHQWDO PHFKDQLVPV RI SHQHWUDWLRQ
LQ *7$ ZHOGLQJ� ,ELG�� �� �� w ���

��� *OLFNVWHLQ� 6�6� ������ $UF SK\VLFV DQG ZHOG SRRO EHKDY�
LRXU� &DPEULGJH� 7:,�

��� 'XQQ� *�-�� (DJHU� 7�:� ������ 0HWDO YDSRUV LQ JDV WXQJ�
VWHQ DUFV� 3DUW �� 7KHRUHWLFDO FDOFXODWLRQV RI WUDQVSRUW SURS�
HUWLHV� 0HWDOOXUJLFDO 7UDQVDFW� $� � w��� ���� w �����

��� 5RPDQHQNRY� (�,�� 9LQRJUDGRY� 9�$�� *XPD� 9�9� HW DO�
������ &DOFXODWLRQ RI FRPSRVLWLRQ RI WKH WZR�FRPSRQHQW
HTXLOLEULXP SODVPD� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

��� (URVKHQNR� /�(�� 3ULOXWVN\� 9�3�� =DPNRY� 9�1� ������ ,Q�
YHVWLJDWLRQ RI JORZ RI WKH DQRGH YDSRXUV LQ WKH DUF LQ *7$
ZHOGLQJ RI WLWDQLXP RYHU WKH IOX[ OD\HU� ,ELG�� ��� �� w ���

��� /\XEDYVN\� .�9�� 6LGHOQLNRY� <X�9�� 6WDUFKHQNR� (�*�
������ 6SHFWUDO LQYHVWLJDWLRQ RI WKH ZHOGLQJ DUF LQ DUJRQ�
)L]LND L .KLPL\D 2EUDE� 0DWHULDORY� �� ��� w ����

��� $VLQRYVN\� (�,�� %DWHQLQ� 9�0� ������ ([SHULPHQWDO VWXG\
RI WKH FRQWLQXRXV VSHFWUXP RI WKH DUJRQ SODVPD� 7HSORIL]LND
9\VRNLNK 7HPSHUDWXU� �� ��� w ����

��� 'UHOOLVKDN� .�6�� .QRSS� &�)�� &DPQHO� $�%� ������ 3UDF�
WLWLRQ IXQFWLRQV DQG WKHUPRG\QDPLF SURSHUWLHV RI DUJRQ
SODVPD� 3K\VLFV RI )OXLG� �� ���� w �����

��� %LHOVNL� $�� .DF]PDUHN� :�� .\EU\FKW� -� HW DO� ������ 2Q
WKH GHWHUPLQDWLRQ RI WKH UDGLDO LQWHQVLW\ GLVWULEXWLRQ RI UD�
GLDWLRQ LQ F\OLQGULF SODVPD� $FWD 3K\V� 3RO�� �� ��� w ����

��� (URVKHQNR� /�(�� 3ULOXWVN\� 9�3�� =DPNRY� 9�1� ������
9LGHR VSHFWUDO PHWKRG IRU LQYHVWLJDWLRQ RI WKH ZHOGLQJ DUF
LQ DUJRQ� $YWRPDWLFKHVND\D 6YDUND� ���� � w �� ���

)LJXUH �� $UJRQ DUF � PP ORQJ� EXUQLQJ DW FRSSHU ZDWHU�FRROHG
�D� F� DQG FRQVXPDEOH WLWDQLXP �E� G� DQRGHV DW ,

Z
 ��� $� D�

E x OLJKW ILOWHU DW λ
PD[

 ��� QP� F� G x VDPH DW λ
PD[

 ��� QP
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$�9� /2=296.$<$� $�$� &+$-.$� $�$� %21'$5(9� $�*� 32./<$76.< DQG $QGU�$� %21'$5(9

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

$%675$&7

%DVH PHWDO VRIWHQLQJ LQ WKH +$= LQ (%: DQG DUJRQ�DUF ZHOGLQJ �$$:� RI ZRUN� DQG KHDW�KDUGHQHG DOXPLQLXP DOOR\V

�$0J�� ����� ����� ����� ZDV VWXGLHG� ,W LV IRXQG WKDW LQ (%: WKH H[WHQW RI WKH VRIWHQLQJ ]RQH LV � w � WLPHV VPDOOHU

WKDQ LQ $$:� $IWHU DUWLILFLDO DJHLQJ WKH JUHDWHVW KDUGQHVV RI WKH +$= PHWDO LV REVHUYHG LQ DOOR\ ���� DQG WKH ORZHVW x

LQ DOOR\ �����

.H\ ZRU G V � DOXPLQLXP DOOR\V� KHDW KDUGHQLQJ� HOHFWURQ

EHDP ZHOGLQJ� DUJRQ�DUF ZHOGLQJ� KHDW�DIIHFWHG ]RQH� KDUGQHVV�
PLFURVWUXFWXUH

0HWDO VRIWHQLQJ DQG VWUXFWXUH LQ DQ\ SRLQW RI WKH +$=
DUH GHSHQGHQW RQ WKH LQLWLDO VWUXFWXUH RI WKH EDVH PHWDO

DQG WKH WKHUPDO F\FOH RI ZHOGLQJ >�� �@� 7KH EDVH

PHWDO PLFURVWUXFWXUH FDQ EH GLIIHUHQW� GHSHQGLQJ RQ

WKH SUHYLRXV KHDW RU WKHUPRPHFKDQLFDO WUHDWPHQW�

0DWHULDOV LQ WKH KHDW� RU ZRUN�KDUGHQHG FRQGLWLRQV

DUH PRVWO\ XVHG LQ ZHOGHG VWUXFWXUHV >�@� ,Q ZHOGLQJ

RI VXFK PDWHULDOV LQGLYLGXDO ]RQHV RI WKH +$= DUH

KHDWHG WR GLIIHUHQW WHPSHUDWXUHV� 7KH GHJUHH RI +$=
PHWDO VRIWHQLQJ LQ HDFK FRQFUHWH ]RQH GHSHQGV RQ WKH

QDWXUH RI WUDQVIRUPDWLRQV LQ WKH VROLG VROXWLRQ� +$=

VHFWLRQ ZLWK WKH PD[LPDO VRIWHQLQJ LV WKH ZHDNHVW

OLQN RI WKH ZHOGHG MRLQW WKDW LV UHVSRQVLEOH IRU LWV
VWUHQJWK�

7KH DLP RI WKLV ZRUN ZDV WR VWXG\ WKH IHDWXUHV RI
PHWDO VRIWHQLQJ LQ WKH +$= RI KLJK�VWUHQJWK DOX�

PLQLXP DOOR\V LQ (%: DQG $$: ZLWK GLIIHUHQW KHDW

LQSXWV�

7KH LQIOXHQFH RI WKH ZHOGLQJ SURFHVV RQ EDVH PHWDO

VRIWHQLQJ LQ WKH +$= ZDV VWXGLHG RQ ZRUN� DQG KHDW�

KDUGHQHG DOXPLQLXP DOOR\V� $ QRW KHDW�KDUGHQDEOH
DOOR\ $0J� ZDV ZHOGHG LQ WKH ZRUN�KDUGHQHG FRQGL�

WLRQ �$0J�133 DIWHU ZRUN KDUGHQLQJ�� DQG KHDW�KDU�

GHQDEOH DOOR\V ���� �$Ow0Jw/L�� ���� �$Ow&X� DQG
���� �$Ow&Xw/L� DIWHU TXHQFKLQJ DQG DUWLILFLDO DJH�
LQJ �7DEOH��

3ODWHV � PP WKLFN ZHUH MRLQHG E\ (%: DQG $$:
LQ RQH SDVV LQ RSWLPDO PRGHV� ZLWKRXW DSSO\LQJ ILOOHU

ZLUH� 7KH IROORZLQJ PRGH ZDV VHOHFWHG IRU (%:� YZ  

 �� P�K� DFFHOHUDWLQJ YROWDJH RI �� N9� EHDP FXU�

UHQW RI �� P$� IRU $$:� Y
Z
 �� P�K� ,

Z
 ��� w

��� $�

$V WKHUH H[LVWV D FHUWDLQ FRUUHODWLRQ EHWZHHQ WKH

PHWDO VWUHQJWK DQG KDUGQHVV� VRIWHQLQJ RI WKH DOOR\V

LQ ZHOGLQJ ZDV VWXGLHG E\ KDUGQHVV PHDVXUHPHQW LQ

WKH SRLQWV ORFDWHG DW GLIIHUHQW GLVWDQFHV IURP WKH ZHOG

D[LV RU WKH IXVLRQ OLQH� 7KH KDUGQHVV ZDV PHDVXUHG

ZLWK 5RFNZHOO LQVWUXPHQW DW ��� 1 ORDG�

7KH QDWXUH RI EDVH PHWDO VRIWHQLQJ LQ WKH +$= LV

LOOXVWUDWHG E\ WKH FXUYHV RI YDULDWLRQ RI ZHOGHG MRLQW

KDUGQHVV �)LJXUH ��� ,W LV IRXQG WKDW WKH GHJUHH RI
PHWDO VRIWHQLQJ LQ HDFK SRLQW RI WKH +$= GHSHQGV RQ

WKH W\SH RI EDVH PHWDO VWUHQJWKHQLQJ DQG WKHUPDO F\FOH

RI ZHOGLQJ� 8QGHU WKH LQIOXHQFH RI WKH ZHOGLQJ DUF

KHDW� WKH ZRUN�KDUGHQHG �ZURXJKW� DOOR\ $0J� LQ
WKH +$= LQ QRQ�FRQVXPDEOH HOHFWURGH $$:� LV VRI�

WHQHG WR WKH OHYHO FKDUDFWHULVWLF RI WKH PHWDO LQ WKH

DQQHDOHG FRQGLWLRQ �+5% ���� 7KH H[WHQW RI WKH VRI�

WHQLQJ ]RQH� LQFOXGLQJ WKH ZHOG� LV �� PP� WKH GHJUHH

RI VRIWHQLQJ EHLQJ �� w �� � �)LJXUH �� D�� $ PXFK

VPDOOHU VRIWHQLQJ RI WKLV DOOR\ LV IRXQG LQ (%:� 7KH

H[WHQW RI WKH VRIWHQLQJ ]RQH LV UHGXFHG WR �� PP� WKH

GHJUHH RI VRIWHQLQJ GRHV QRW H[FHHG �� � �)LJXUH ��
E��

$ FKDUDFWHULVWLF IHDWXUH RI KHDW�KDUGHQDEOH DOOR\V
LV WKH IDFW WKDW PHWDO VRIWHQLQJ LQ WKH +$= FDQ EH

GXH ERWK WR WKH SURFHVVHV RI GLVVROXWLRQ RI WKH
VWUHQJWKHQLQJ SKDVHV DQG WKHLU IXUWKHU SUHFLSLWDWLRQ

IURP WKH VROLG VROXWLRQ� 7KHVH DUH RSSRVLWH SURFHVVHV
WKDW SURFHHG VLPXOWDQHRXVO\� 7KH G\QDPLFV RI GHYHO�

RSPHQW RI HDFK RI WKHP GHSHQGV RQ WKH PD[LPDO WHP�

� $�9� /2=296.$<$� $�$� &+$-.$� $�$� %21'$5(9� $�*� 32./<$76.< DQG $QGU�$� %21'$5(9� ����

&RPSRVLWLRQ RI ZHOGHG DOOR\V

$OOR\
(OHPHQW FRQWHQW� ZW��

0J &X /L 0Q 2WKHU HOHPHQWV

$0J� ��� w w ��� 7L  ���� )H  ���� 6L  ���

���� ��� w ���� w =U  ���� )H ≤ ���� 6L  ���

���� w ��� w ���� 7L  ���� =U  ���� 0J � ���

���� w ��� ��� w =U  ���� 7L  ����� 6F  ���� w ����
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SHUDWXUH DFKLHYDEOH LQ HDFK SRLQW RI WKH +$=� DQG

WKH GXUDWLRQ RI VWD\LQJ LQ HDFK WHPSHUDWXUH LQWHUYDO�

+DUGQHVV SURILOHV RI ZHOGHG MRLQWV PHWDO �)L�

JXUH �� F w K� KDYH SODWHDX[ V\PPHWULFDO UHODWLYH WR

WKH ZHOG WKDW FRUUHVSRQG WR WKH KDUGQHVV OHYHO ORZ�

HULQJ�

,W LV IRXQG WKDW KDUGQHVV OHYHOV FORVH LQ WKHLU YDOXH�

FDQ EH DFKLHYHG ERWK DW WKH VWDJH RI KLJK�WHPSHUDWXUH

UHFRYHU\ RI WKH TXHQFKHG FRQGLWLRQ DQG SDUWLDO DQ�

QHDOLQJ� 7KH GHULYHG GDWD DUH LQGLFDWLYH RI WKH IDFW

WKDW WKH QDWXUH RI VRIWHQLQJ RI DOOR\V ����� ���� DQG

���� LQ DV�ZHOGHG FRQGLWLRQ LV SUDFWLFDOO\ WKH VDPH�

,Q $$: WKH H[WHQW RI WKH VRIWHQLQJ ]RQH� LQFOXGLQJ

WKH ZHOG� LV ≈ �� w �� PP� LQ (%: LW LV UHGXFHG WR

�� w �� PP� :LWK ERWK ZHOGLQJ SURFHVVHV WKH ZHOG

PHWDO KDV WKH ORZHVW KDUGQHVV�

,Q WKH FDVH RI (%:� WKH OHYHO RI ZHOG PHWDO KDUG�

QHVV LV E\ � w � XQLWV KLJKHU WKDQ ZLWK $$:� H[FHSW

IRU DOOR\ ����� ,Q DOOR\ ���� ZLWK ERWK ZHOGLQJ SURF�

HVVHV� WKH ZHOG PHWDO KDUGQHVV LV DSSUR[LPDWHO\ WKH

VDPH� EHLQJ HTXDO WR+5% ��� 7KH OHYHO RI ZHOG PHWDO

KDUGQHVV LQ DOOR\V $0J� DQG ���� LV KLJKHU �+5% ��

DW $$: DQG +5% �� w �� LQ (%:�� WKDQ LQ DOOR\V

���� DQG ���� �+5% �� w �� DQG �� w ��� UHVSHF�

WLYHO\��

$UWLILFLDO DJHLQJ RI ZHOGHG MRLQWV ZDV XVHG IRU

LGHQWLILFDWLRQ RI WKH SURFHVVHV� SURFHHGLQJ LQ GLIIHUHQW

SRLQWV RI WKH +$=� 7KH VDPH VDPSOHV WKDW ZHUH XVHG

IRU KDUGQHVV PHDVXUHPHQW DIWHU ZHOGLQJ� ZHUH VXE�

MHFWHG WR DUWLILFLDO DJHLQJ LQ WKH RSWLPDO SURGXFWLRQ

PRGH� GLIIHUHQW IRU HDFK RI WKH DOOR\V� 7KH DUWLILFLDO

DJHLQJ RSHUDWLRQ LV DGPLVVLEOH IRU FHUWDLQ ZHOGPHQWV�

)LJXUH �� +DUGQHVV SURILOHV RI ZHOGHG MRLQW PHWDO LQ DUJRQ�DUF �D� F� H� J� DQG HOHFWURQ EHDP �E� G� I� K� SURFHVVHV RI IXVLRQ ZHOGLQJ
RI WKH IROORZLQJ DOXPLQLXP DOOR\V� D� E x� $0J�133� F� G x ����� H� I x ����� J� K x ����� � x UHVXOWV REWDLQHG DIWHU ZHOGLQJ
�U x $$:� ∆ x (%:�� � x DIWHU DUWLILFLDO DJHLQJ �O x IRU DQ\ ZHOGLQJ SURFHVV�
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,W DOORZV HYDOXDWLRQ RI WKH QDWXUH RI VWUXFWXUDO WUDQV�

IRUPDWLRQV DQG WKH FRQGLWLRQ RI WKH VROLG VROXWLRQ LQ

HDFK SRLQW RI WKH +$= DW WKH PRPHQW RI ZHOGLQJ�

7KH SUHVHQFH RU DEVHQFH RI VRIWHQLQJ DW DUWLILFLDO DJH�

LQJ LV GLUHFWO\ UHODWHG WR WKH FRQGLWLRQ RI WKH VROLG

VROXWLRQ� L�H� WKH SURFHVVHV RI ORZ� DQG KLJK�WHPSHUD�

WXUH UHFRYHU\ DQG DQQHDOLQJ�

&RPSDULVRQ RI WKH GHULYHG FXUYHV RI KDUGQHVV YDUL�

DWLRQ GLUHFWO\ DIWHU ZHOGLQJ DQG VXEVHTXHQW DUWLILFLDO

DJHLQJ� DOORZHG GHWHUPLQDWLRQ RI WKH OLPLWV RI KLJK�

WHPSHUDWXUH UHFRYHU\ RI WKH DQQHDOHG FRQGLWLRQ� GH�

JUHH RI DQQHDOLQJ� SUHVHQFH RI ORZ�WHPSHUDWXUH UHFRY�

HU\ IRU HDFK RI WKH VWXGLHG DOOR\V �VHH )LJXUH ��

FXUYHV ��� $OOR\ ����� DV D UXOH� LV QRW VXEMHFWHG WR

DQQHDOLQJ LQ ZHOGLQJ� DV DIWHU DUWLILFLDO DJHLQJ WKH

VRIWHQLQJ ]RQH LV SUDFWLFDOO\ DEVHQW LQ LW� 7KH ZHOG

PHWDO KDUGQHVV LV UHVWRUHG WR WKH OHYHO RI EDVH PHWDO

KDUGQHVV LQ WKH ZHOGHG MRLQWV SURGXFHG E\ (%: SURF�

HVV DQG LQ $$: WKH VRIWHQLQJ ]RQH RI WKLV DOOR\ LV

VLJQLILFDQWO\ UHGXFHG �IURP �� WR �� PP��

$IWHU DUWLILFLDO DJHLQJ RI ZHOGHG MRLQWV RI DOOR\V

���� DQG ���� SURGXFHG E\ (%:� D FRQVLGHUDEOH LQ�

FUHDVH RI WKH +$= PHWDO KDUGQHVV WR WKH EDVH PHWDO

KDUGQHVV OHYHO LV IRXQG� 7KLV LV DWWULEXWDEOH WR WKH

SURFHVVHV RI WHPSHUDWXUH UHFRYHU\ DQG DEVHQFH RI DQ�

QHDOLQJ GXH WR D VKRUW�WHUP LPSDFW RI WKH (%: WKHU�

PDO F\FOH�

:HOG PHWDO KDUGQHVV LV FRQVLGHUDEO\ LQFUHDVHG �E\

�� XQLWV LQ DOOR\ ���� DQG �� XQLWV LQ DOOR\ ������

WKLV EHLQJ� SUREDEO\� GXH WR IRUPDWLRQ RI VROLG VROXWLRQ

RI WKH PDLQ DOOR\LQJ HOHPHQWV� QDPHO\ FRSSHU DQG

OLWKLXP� LQ DOXPLQLXP GXULQJ WKH ZHOG PHWDO VROLGL�

ILFDWLRQ LQ FRROLQJ�

,Q DUWLILFLDO DJHLQJ RI ZHOGHG MRLQWV RI WKHVH DOOR\V

SURGXFHG E\ $$:� WKH +$= PHWDO KDUGQHVV SURILOHV

KDYH VHFWLRQV RI KLJK� DQG ORZ�WHPSHUDWXUH UHFRYHU\�

DV ZHOO DV D SDUWLDO RU FRPSOHWH DQQHDOLQJ� ,Q WKH

VHFWLRQV RI KLJK�WHPSHUDWXUH UHFRYHU\ RI WKH TXHQFKHG

VWDWH� GLUHFWO\ DGMDFHQW WR WKH IXVLRQ OLQH� WKH KDUGQHVV

DIWHU DUWLILFLDO DJHLQJ LQFUHDVHV E\ �� XQLWV IRU ERWK

DOOR\V DQG UHDFKHV WKH EDVH PHWDO KDUGQHVV YDOXHV LQ

DV�ZHOGHG � DUWLILFLDO DJHLQJ FRQGLWLRQ�

$W �� PP GLVWDQFH IURP WKH IXVLRQ OLQH WKH KDUG�

QHVV SURILOHV VKRZ WKH SUHVHQFH RI �GLSV� V\PPHWULFDO

UHODWLYH WR WKH ZHOG� FRQVLGHUDEOH LQ DOOR\ ���� DQG

OHVV SURQRXQFHG LQ DOOR\ ����� WKLV EHLQJ LQGLFDWLYH

RI GLIIHUHQW GHJUHHV RI +$= PHWDO DQQHDOLQJ GXULQJ

ZHOGLQJ �VHH )LJXUH �� H� J�� $W D JUHDWHU GLVWDQFH

IURP WKH IXVLRQ OLQH� D FHUWDLQ LQFUHDVH LQ WKH EDVH

PHWDO KDUGQHVV LV IRXQG WKDW LV LQGLFDWLYH RI D ORZ�

WHPSHUDWXUH UHFRYHU\� 7KXV� LQ $$: RI DOOR\V RI $Ow

&Xw/L DQG $Ow&X V\VWHPV D ZHDN DQQHDOLQJ RI DOOR\

���� DQG D PRUH VLJQLILFDQW DQQHDOLQJ RI DOOR\ ����

DUH IRXQG�

&RPSDULVRQ RI KDUGQHVV SURILOHV IRU DOOR\V ����

DQG ���� DIWHU WKHLU DUWLILFLDO DJHLQJ OHDGV WR WKH FRQ�

FOXVLRQ WKDW GHVSLWH WKH IDFW WKDW WKH H[WHQW RI WKH

VRIWHQLQJ ]RQH LQ ERWK DOOR\V LV SUDFWLFDOO\ WKH VDPH�

WKH GHJUHH RI VRIWHQLQJ LV PXFK JUHDWHU �DERXW �� ��

LQ DOOR\ ����� FRPSDUHG WR /L�EHDULQJ DOOR\ ����� ,W

LV QRW PRUH WKDQ � � IRU WKH ODWWHU�

/LWKLXP SUHVHQFH LQ $Ow&X V\VWHP DOOR\ LV DOVR

IDYRXUDEOH IRU LQFUHDVLQJ WKH ZHOG PHWDO KDUGQHVV DI�

WHU DUWLILFLDO DJHLQJ� 6R� LQ DOOR\ ����� LW LV LQFUHDVHG

E\ �� XQLWV DQG UHDFKHV +5% ���� LQ DOOR\ ���� LW

LQFUHDVHV E\ �� XQLWV WR WKH OHYHO RI +5% ���

7KH +$= PHWDO VWUXFWXUH IRUPV XQGHU FRPSOH[

QRQ�HTXLOLEULXP FRQGLWLRQV� 7KH +$= PHWDO QHDU WKH

IXVLRQ OLQH LV FKDUDFWHULVHG E\ WKDW LQ DGGLWLRQ WR VROLG

VROXWLRQ WUDQVIRUPDWLRQV� LW XQGHUJRHV RYHUKHDWLQJ

GXH WR SDUWLDO PHOWLQJ RI VWUXFWXUDO FRPSRQHQWV� DQG

UHFU\VWDOOL]DWLRQ SURFHVVHV EHFRPH ZHOO�GHYHORSHG�

7KUHH OHYHOV RI RYHUKHDWLQJ FDQ EH FRQGLWLRQDOO\ VLQ�

JOHG RXW� VWURQJ x DOPRVW DOO WKH JUDLQ ERXQGDULHV

DUH WKLFNHQHG� WULSOH MXQFWLRQV DUH REVHUYHG� SKDVH

LQFOXVLRQV DUH SDUWLDOO\ PHOWHG� PHGLXPx LQGLYLGXDO

ERXQGDU\ WKLFNHQLQJ DSSHDUV� MXQFWLRQV� LQGLYLGXDO

LQFOXVLRQV RU �SHULSKHUDO� ]RQH RI LQFOXVLRQV DUH SDU�

WLDOO\ PHOWHG� ZHDN x D SRO\KHGUDO VWUXFWXUH LV

IRUPHG� $OO WKH WKUHH VWDJHV RI RYHUKHDWLQJ� JUDGXDOO\

JRLQJ RYHU IURP RQH WR DQRWKHU� DUH FKDUDFWHULVWLF IRU

(%:� LQ $$: WKH IXVLRQ ]RQH FDQ EH FKDUDFWHULVHG

DV D ]RQH ZLWK D ZHDN� RU� DW WKH XWPRVW� PHGLXP

RYHUKHDWLQJ�

2YHUKHDWLQJ RI WKH PHWDO LQ KLJK�WHPSHUDWXUH UH�

FRYHU\ VHFWLRQ RI WKH +$= LV FKDUDFWHULVHG E\ WKDW

XQGHU WKH LQIOXHQFH RI KHDWLQJ XS WR WKH QRQ�HTXLOLE�

ULXP VROLGXV WHPSHUDWXUH� SDUWLDO PHOWLQJ RI VWUXFWXUDO

FRPSRQHQWV RFFXUV ZLWK OLTXLG LQFOXVLRQV IRUPDWLRQ

LQ WKH VROLG PHWDO EXON� 7KH FORVHU WR WKH IXVLRQ ]RQH�

WKH JUHDWHU WKH GHJUHH RI SDUWLDO PHOWLQJ� ,Q WKLV FDVH�

FRQWLQXRXV LQWHUOD\HUV RI D ORZ�PHOWLQJ HXWHFWLF� IRUP

LQVWHDG RI LQGLYLGXDO SDUWLDOO\ PHOWHG LQFOXVLRQV� $S�

SHDUDQFH RI OLTXLG LQWHUOD\HUV LQ WKH VROLG PHWDO EXON�

OHDGV WR UHGLVWULEXWLRQ RI WKH DOOR\LQJ� LPSXULW\ HOH�

PHQWV� DQG JDVHV� DV D UHVXOW RI WKH GLIIHUHQFH LQ WKH

FRHIILFLHQWV RI GLIIXVLRQ LQ WKH VROLG DQG OLTXLG VWDWHV�

)LJXUH � VKRZV WKH PLFURVWUXFWXUH RI WKUHH ]RQHV RI

D ZHOGHG MRLQW� SURGXFHG LQ $$: RI DOOR\ ����� WKDW

FKDUDFWHULVHV WKH VWUXFWXUDO FKDQJHV LQ WKH VHFWLRQ RI

D KLJK�WHPSHUDWXUH UHFRYHU\ RI WKH TXHQFKHG FRQGL�

WLRQ� DQQHDOLQJ VHFWLRQ DQG EDVH PHWDO� ,Q RWKHU DOOR\V

LW LV GLIILFXOW WR VLQJOH RXW WKH DQQHDOLQJ ]RQH LQ DQ

RSWLFDO PLFURVFRSH� HVSHFLDOO\ LQ (%:�

7KH JUHDWHVW H[WHQW RI WKH ]RQH RI SDUWLDOO\ PHOWHG

VWUXFWXUDO FRPSRQHQWV LV IRXQG LQ $$: RI DOOR\V ����

DQG ���� DQG LV HTXDO WR ���� w ���� DQG ���� w

���� PP� UHVSHFWLYHO\ �)LJXUHV �� D DQG �� D�� ,Q

DOOR\V $0J� DQG ���� SDUWLDO PHOWLQJ WDNHV SODFH LQ

D VHFWLRQ ��� PP ORQJ IURP WKH IXVLRQ OLQH� ,Q LQGL�

YLGXDO DUHDV RI ZHOGHG MRLQW RI DOOR\ ����� WKH H[WHQW

RI WKLV ]RQH FDQ EH ��� PP� ,Q (%: WKH OHQJWK RI

WKH ]RQH RI SDUWLDOO\ PHOWHG VWUXFWXUDO FRPSRQHQWV LV

UHGXFHG E\ � w �� WLPHV DQG GRHV QRW H[FHHG ��� PP

LQ DOOR\ ���� DQG ��� PP LQ DOOR\ ����� ZKLOH LQ

DOOR\V $0J� DQG ����� WKLV ]RQH LV SUDFWLFDOO\ DEVHQW

�OHVV WKDQ ��� PP��

7KH QDWXUH RI SDUWLDO PHOWLQJ LQ (%: LV PRUH

ORFDO WKDQ LQ $$:� 6R� IRU LQVWDQFH� LQ (%: DOOR\
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���� GHPRQVWUDWHV SDUWLDO PHOWLQJ RI WKH JUDLQ

ERXQGDULHV� EXW WKH WKLFNQHVV RI SDUWLDOO\ PHOWHG LQ�

WHUOD\HUV DQG WKHLU OHQJWK DUH PXFK VPDOOHU WKDQ LQ

$$:� 3DUWLDO PHOWLQJ RI LQGLYLGXDO LQWHUPHWDOOLFV

SURFHHGV GLUHFWO\ DW WKH IXVLRQ ERXQGDU\ �)LJXUH ��

E�� ,Q (%: RI DOOR\ ����� WKH SDUWLDOO\ PHOWHG ]RQHV

DUH LQGLYLGXDO ORFDO DUHDV �)LJXUH �� E��

'HYHORSPHQW RI UHFU\VWDOOL]DWLRQ SURFHVVHV DOVR GH�

SHQGV RQ WKH ZHOGLQJ SURFHVV� 7KH VPDOOHVW UHFU\VWDO�

OL]DWLRQ ]RQH LV IRXQG LQ ZHOGHG MRLQWV RI DOOR\ �����

LQ $$: LWV OHQJWK LV ���� PP� LQ (%: x ���� PP�

,Q DOOR\V $0J� DQG ����� LWV OHQJWK LV DOPRVW WKH

VDPH DQG GRHV QRW H[FHHG � PP LQ $$: DQG ��� PP

LQ (%: �)LJXUH ��� $OOR\ ���� ZDV ZHOGHG LQ WKH

UHFU\VWDOOL]HG FRQGLWLRQ�

6WUXFWXUDO WUDQVIRUPDWLRQV UHODWHG WR SDUWLDO PHOW�

LQJ RI WKH VWUXFWXUDO FRPSRQHQWV DQG UHFU\VWDOOL]DWLRQ�

SURFHHG ZLWKLQ WKH ]RQH RI WKH KLJK�WHPSHUDWXUH UH�

FRYHU\ RI WKH TXHQFKHG FRQGLWLRQ�

$QDO\VLV RI WKH GHULYHG GDWD VKRZHG WKDW WKH SURS�

HUWLHV RI WKH +$= PHWDO QHDU WKH IXVLRQ OLQH GHSHQG

RQ D QXPEHU RI WUDQVIRUPDWLRQV UHODWHG WR GLVVROXWLRQ

RI WKH VWUHQJWKHQLQJ SKDVHV DQG UHSHDWHG IRUPDWLRQ

RI WKH VROLG VROXWLRQ� L�H� UHFRYHU\ RI WKH TXHQFKHG

FRQGLWLRQ� DV ZHOO DV JURZWK RI LQGLYLGXDO FRDUVHU

SDUWLFOHV OHDGLQJ WR DQ LQFUHDVH RI GXFWLOLW\ DQG ORZ�

HULQJ RI WKHPHWDO KDUGQHVV �VWUHQJWK�� SDUWLDO PHOWLQJ

RI WKH VWUXFWXUDO FRPSRQHQWV DQG IRUPDWLRQ RI FRQ�

WLQXRXV EULWWOH HXWHFWLF LQWHUOD\HUV DORQJ WKH JUDLQ

)LJXUH �� 0LFURVWUXFWXUH RI WKH +$= PHWDO �D� E� DQG EDVH PHWDO
�F � LQ QRQ�FRQVXPDEOH HOHFWURGH $$: RI ���� DOOR\ VKHHWV �� PP
WKLFN�� Dx KLJK�WHPSHUDWXUH UHFRYHU\ ]RQH� Ex DQQHDOLQJ ]RQH�
F x EDVH PHWDO �×���� �UHGXFHG E\ ����

)LJXUH �� 0LFWURVWUXFWXUH RI WKH IXVLRQ ]RQH PHWDO LQ $$: �D�
DQG (%: �E� RI ���� DOOR\ VKHHWV � PP WKLFN �×���� �UHGXFHG E\
����

)LJXUH ��0LFWURVWUXFWXUH RI WKH +$= PHWDO SURGXFHG LQ $$: �D�
DQG (%: �E� RI DOOR\ ���� �DUURZV VKRZV WKH IXVLRQ ERXQGDULHV�
�×���� �UHGXFHG E\ ����
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ERXQGDULHV� FDXVLQJ WKH DOOR\ HPEULWWOHPHQW� JUDLQ

UHFU\VWDOOL]DWLRQ DQG JURZWK� ORZHULQJ WKH PHWDO

VWUHQJWK SURSHUWLHV� 7KH VWUHQJWK RI LQGLYLGXDO VDP�

SOHV PDGH� FORVH LQ WKHLU FRPSRVLWLRQ WR WKH HXWHFWLF

LQWHUOD\HUV� WKDW IRUP DORQJ WKH ERXQGDULHV RI SDU�

WLDOO\ PHOWHG JUDLQV LQ WKH +$= PHWDO LQ ZHOGLQJ RI

DOOR\ ����� GRHV QRW H[FHHG �� 03D�

$UWLILFLDO DJHLQJ RI KHDW�KDUGHQDEOH DOXPLQLXP DO�

OR\V DOORZV LQFUHDVLQJ WKH VWUHQJWK �KDUGQHVV� RI WKH

ZHOGHG MRLQW PHWDO DW WKH H[SHQVH RI DGGLWLRQDO GH�

FRPSRVLWLRQ RI WKH VROLG VROXWLRQ QHZO\ IRUPHG GXULQJ

ZHOGLQJ� 7KH VWUXFWXUDO FRQGLWLRQ� GXH WR SDUWLDO PHOW�

LQJ RI WKH SKDVH FRPSRQHQWV �RYHUKHDWLQJ�� FDQQRW

EH FKDQJHG E\ UHFU\VWDOOL]DWLRQ RU DQQHDOLQJ DW WKH

H[SHQVH RI ORZ�WHPSHUDWXUH KHDW WUHDWPHQW �DJHLQJ��

,Q WKLV FRQQHFWLRQ� DSSOLFDWLRQ RI WKH ZHOGLQJ SURF�

HVVHV ZLWK D FRQFHQWUDWHG KHDW VRXUFH� LV SURPLVLQJ�

DV LW DOORZV WKH +$= PHWDO RYHUKHDWLQJ DQG DQQHDOLQJ

WR EH UHGXFHG�

&21&/86,216

,Q QRQ�FRQVXPDEOH HOHFWURGH $$:� WKH ZRUN�KDUG�

HQHG DOOR\ $0J� KDV WKH +$= KDUGQHVV FKDUDFWHULVWLF

RI DQQHDOHG PHWDO�

7KH H[WHQW RI WKH VRIWHQLQJ ]RQH LQ $$: RI � PP

VKHHWV RI KHDW�KDUGHQHG DOOR\V ����� ���� DQG ����

DQG ZRUN�KDUGHQHG DOOR\ $0J�� LV DSSUR[LPDWHO\ WKH

VDPH DQG HTXDO WR �� w �� PP� LQFOXGLQJ WKH ZHOG�

$IWHU DUWLILFLDO DJHLQJ� WKH H[WHQW RI WKH VRIWHQLQJ

]RQH LQ DOOR\ ���� LV UHGXFHG WR �� w �� PP� DQG

SUDFWLFDOO\ GRHV QRW FKDQJH LQ DOOR\V ���� DQG �����

7KH GHJUHH RI VRIWHQLQJ DIWHU DUWLILFLDO DJHLQJ RI WKH

ZHOGHG MRLQWV LV WKH VPDOOHVW �DERXW � �� LQ DOOR\

���� DQG WKH KLJKHVW �DERXW �� w �� �� LQ DOOR\ �����

,Q DOOR\ ���� LW LV VPDOOHU WKDQ LQ DOOR\ ���� DQG LV

DERXW � ��

,Q (%: RI ZRUN� DQG KHDW�KDUGHQHG DOOR\V� WKH

H[WHQW RI WKH VRIWHQLQJ ]RQH LV � w � WLPHV VPDOOHU

WKDQ LQ $$:� $IWHU DUWLILFLDO DJHLQJ RI ZHOGHG MRLQWV

RQ KHDW�KDUGHQHG DOOR\V� WKH +$= PHWDO KDUGQHVV LV

UHVWRUHG WR WKH OHYHO RI KDUGQHVV RI WKH PHWDO LQ WKH

LQLWLDO FRQGLWLRQ�

,Q ERWK IXVLRQ ZHOGLQJ SURFHVVHV� WKH ORZHVW KDUG�

QHVV LV IRXQG LQ WKH ZHOG PHWDO �LQ (%: LW LV KLJKHU�

WKDQ LQ $$:�� $IWHU DUWLILFLDO DJHLQJ� WKH ZHOG PHWDO

KDUGQHVV LQ DOOR\ ���� ULVHV WR WKH EDVH PHWDO OHYHO

�+5% ����� WKXV DOORZLQJ SURGXFWLRQ RI D MRLQW RI

HTXLYDOHQW VWUHQJWK�

6RIWHQLQJ LQ WKH +$= LQ IXVLRQ ZHOGLQJ RI KHDW�

KDUGHQHG DOOR\V LV GXH WR WKH KLJK� DQG ORZ�WHPSHUD�

WXUH UHFRYHU\ RI WKH TXHQFKHG FRQGLWLRQ� DV ZHOO DV

SDUWLDO DQQHDOLQJ� $QDO\VLV RI KDUGQHVV SURILOHV OHDGV

WR WKH FRQFOXVLRQ WKDW VRIWHQLQJ RI DOOR\ ���� LVPDLQO\

GXH WR KLJK� DQG ORZ�WHPSHUDWXUH UHFRYHU\� LQ DOOR\

���� x WR UHFRYHU\ SURFHVVHV DQG ZHDN DQQHDOLQJ�

LQ DOOR\ ���� x WR UHFRYHU\ DQG FRQVLGHUDEOH DQQHDO�

LQJ�

$ IHDWXUH RI WKH +$= PHWDO QHDU WKH IXVLRQ ]RQH

�KLJK�WHPSHUDWXUH UHFRYHU\ ]RQH� LV PHWDO RYHUKHDW�

LQJ GXH WR SDUWLDOPHOWLQJ RI WKH VWUXFWXUDO FRPSRQHQWV

DQG IRUPDWLRQ RI H[WHQGHG ORZ�PHOWLQJ HXWHFWLF LQ�

WHUOD\HUV DORQJ WKH JUDLQ ERXQGDULHV� ,Q $$: RYHU�

KHDWLQJ RI WKH +$= PHWDO KDV WKUHH OHYHOV� FRQGLWLRQ�

DOO\ GHVFULEHG DV VWURQJ� PHGLXP DQG ZHDN� DQG LQ

(%:PHWDO RYHUKHDWLQJ UHDFKHV RQO\ WKH VHFRQG OHYHO�

QDPHO\ WKH PHGLXP RQH�

5()(5(1&(6

�� 5DENLQ� '�0� ������ 0HWDOOXUJ\ RI IXVLRQ ZHOGLQJ RI DOX�

PLQLXP DQG LWV DOOR\V� .\LY� 1DXNRYD 'XPND�
�� 5DENLQ� '�0�� /R]RYVND\D� $�9�� 6NODELQVND\D� ,�(�

������ 0HWDO VFLHQFH RI ZHOGLQJ DOXPLQLXP DQG LWV DOOR\V�
.\LY� 1DXNRYD 'XPND�

�� *ROGHU� <X�3�� *ULVKLQD� 9�0�� 'RURNKLQD� 9�(� HW DO�
������ 5HIHUHQFH ERRN RQ DOXPLQLXP DOOR\V� 0RVFRZ�
9,/6�

)LJXUH ��0LFURVWUXFWXUH RI WKH IXVLRQ ]RQH LQ $$:RI � PP VKHHWV
RI DOOR\ ����� D x �×����� E x �×���� �UHGXFHG E\ ����
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9�$� 6+21,1 DQG $�*� 32./<$76.<

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

$%675$&7

5HVXOWV RI H[SHULPHQWDO LQYHVWLJDWLRQV RI D ORZ�F\FOH IDWLJXH UHVLVWDQFH RI EXWW MRLQWV PDGH IURP � PP WKLFN $0J� DOOR\

DW D[LDO IURP�]HUR ORDGLQJ GHSHQGLQJ RQ WKH JHRPHWU\ RI ZHOG FRQYH[LW\� VWLSXODWHG E\ WKH 7,* DQG 0,* ZHOGLQJ

PHWKRGV� DUH SUHVHQWHG� 7KH IHDVLELOLW\ RI HYDOXDWLRQ RI IDWLJXH OLPLW RI EXWW MRLQWV E\ SDUDPHWHU RI WKH FRQYH[LW\

KHLJKWwZHOG ZLGWK UDWLR ZKLFK KDV D JRRG FRUUHODWLRQ ZLWK DQ HVWLPDWHG VWUHVV FRQFHQWUDWLRQ IDFWRU DW WKH ZHOG ERXQGDULHV

LV SURYHG�

.H\ ZRU G V � DOXPLQLXP DOOR\V� VKLHOGHG�JDV ZHOGLQJ� QRQ�

FRQVXPDEOH DQG FRQVXPDEOH HOHFWURGHV� EXWW MRLQW� IDWLJXH UHVLV�

WDQFH� ZHOG FRQYH[LW\� ZHOG IODZV� VWUHVV FRQFHQWUDWLRQ

2QH RI PDLQ IDFWRUV GHWHUPLQLQJ WKH ORZ YDOXHV RI

IDWLJXH UHVLVWDQFH RI EXWW ZHOGHG MRLQWV DV FRPSDUHG
ZLWK WKRVH RI WKH SDUHQW PHWDO� LV D VWUHVV FRQFHQWUD�

WLRQ DW WKH ZHOG ERXQGDULHV >� w �@� ,W GHSHQGV PDLQO\

RQ VXFK ORFDO SDUDPHWHUV RI WKH ZHOG FRQYH[LW\ FRQ�

WRXU DV D UDGLXV >�@ DQG DQJOH RI PDWLQJ WKH VXUIDFHV

RI WKH GHSRVLWHG DQG SDUHQW PHWDO >�@� &RQWURO RI

WKHVH SDUDPHWHUV LQ ZHOGHG MRLQWV LV D UDWKHU ODERXU�

LQWHQVLYH RSHUDWLRQ >�� �@�

([WHUQDO SDUDPHWHUV RI WKH FRQWRXU� D ZHOG ZLGWK

DQG LWV FRQYH[LW\ KHLJKW� ZKLFK DUH UHJXODWHG E\

VWDQGDUGV IRU ZHOGHG EXWW MRLQWV DQG FRQWUROOHG LQ

PDQXIDFWXUH RI VWUXFWXUHV� LQIOXHQFH WKHZHOG VWUHQJWK

DW VWDWLF ORDGLQJ >�� �� �@ DQG DUH WDNHQ LQWR DFFRXQW

LQ HYDOXDWLQJ WKH TXDOLW\ FODVV RI WKH ZHOGHG MRLQW

�>�@ DQG RWK���
0HFKDQLFDO UHPRYLQJ RI D FRQYH[ SDUW RI WKH ZHOG

WR WKH OHYHO RI WKH SDUHQW PHWDO VXUIDFH WR SUHYHQW WKH

VWUHVV FRQFHQWUDWLRQ OHDGV WR D VLJQLILFDQW UHGXFWLRQ LQ

D VWDWLF VWUHQJWKDQGGRHVQRW DOZD\VSURYLGH WKH LQFUHDVH

LQ WKH IDWLJXH UHVLVWDQFH RI WKH ZHOGHG EXWW MRLQW� 7KLV

LV GXH WR WKH ORZHU FKDUDFWHULVWLFV RI WKH ZHOG PHWDO

VWUHQJWK DV FRPSDUHG ZLWK WKRVH RI WKH SDUHQW PHWDO�

DV ZHOO DV WR WKH SUHVHQFH RI IODZV >�� �� �� �� ��� ��@�

,W LV HYLGHQW WKDW LQ WKLV FDVH WKH ZHOG FRQYH[ SDUW LV D

QHFHVVDU\ GHVLJQ HOHPHQW� 7KH VHOHFWLRQ RI WKH PHWKRG

DQG FRQGLWLRQV RI WKH DUF ZHOGLQJ� FRPLQJ IURP WKH

SDUDPHWHUV RI ZHOG FRQYH[LW\ DW ZKLFK WKH KLJK YDOXHV

RI IDWLJXH UHVLVWDQFH DQG VWDWLF VWUHQJWK RI WKH MRLQW DUH

SURYLGHG� LV DQ DFWXDO SUREOHP�

,W LV NQRZQ >�� w ��@ WKDW WKH VKDSH RI WKH EXWW

ZHOG FRQYH[LW\ GHSHQGV� ILUVW RI DOO� RQ WKH ZLGWK RI

WKH SHQHWUDWLRQ ]RQH� DPRXQW RI PHOWHG SDUHQW DQG

ILOOHU PHWDO DQG DOVR RQ WKH DUF SUHVVXUH� WKHUPRSK\VL�
FDO FKDUDFWHULVWLFV RI WKH PROWHQ PHWDO� JUDYLW\ IRUFH

DQG FDSLOODU\ IRUFHV� (IIHFW RI WKHVH IDFWRUV RQ WKH

ZHOG FRQYH[LW\ LV SUHGHWHUPLQHG E\ WKH ZHOGLQJ FRQ�

GLWLRQV� SUHSDUDWLRQ RI HGJHV ZHOGHG DQG VSDWLDO SR�
VLWLRQ RI WKH ZHOG SRRO�

$OO WKH SDUDPHWHUV RI ZHOG FRQYH[LW\ FRQWRXU� GH�
WHUPLQHG E\ SURFHVVHV RI ZHOGLQJ DUH LQWHUUHODWHG�

7KXV� WKH UDGLXV U DQG DQJOH θ RI PDWLQJ VXUIDFHV RI

ZHOG DQG SDUHQW PHWDO DUH FRQQHFWHG LQWR UHODWLRQ U  

 I���θ� >��� ��@� DQG WKH DQJOH θ LV GLUHFWO\ SURSRU�

WLRQDO WR WKH FRQYH[LW\ KHLJKW K DQG LQYHUVHO\ SUR�

SRUWLRQDO WR WKH ZHOG ZLGWK E >��@� +HUH� WKH UHODWLRQ

RI SDUDPHWHUV K�E LV XVHG DV D WRWDO SDUDPHWHU RI WKH

H[WHUQDO VKDSH RI WKH ZHOG FRQWRXU LQ WKH EXWW MRLQW

>�@� 7DNLQJ LQWR DFFRXQW WKDW WKH VWUHVV FRQFHQWUDWLRQ
IDFWRU ασ DQG UDWLR K�E DUH WKH IXQFWLRQV RI WKH VDPH

SDUDPHWHUV� QDPHO\ ασ  I�U� θ� DQG K�E  ϕ�U� θ��
WKH YDOXH ασ FDQ EH SUHVHQWHG DV ασ  I >ϕ��K�E�@  
 )�K�E�� 7KLV UHODWLRQVKLS FDQ VHUYH D EDVLV LQ VH�
OHFWLRQ RI ZHOGLQJ WHFKQRORJ\ E\ SDUDPHWHUV RI WKH
FRQYH[LW\ FRQWRXU� SURYLGLQJ WKH RSWLPXP YDOXHV RI

D VWUHVV FRQFHQWUDWLRQ IDFWRU DQG IDWLJXH UHVLVWDQFH RI

WKH EXWW MRLQWV�

7KH DLP RI WKH SUHVHQW ZRUN LV WR HVWDEOLVK WKH

FKDUDFWHULVWLFV RI IDWLJXH UHVLVWDQFH RI ZHOGHG EXWW

MRLQWV RI WKH DOXPLQLXP DOOR\V GHSHQGLQJ RQ WKH JH�

RPHWU\ RI ZHOG FRQYH[LW\ DW GLIIHUHQW PHWKRGV RI

ZHOGLQJ DQG WR SURYH H[SHULPHQWDOO\ WKH IHDVLELOLW\

RI XVLQJ WKH H[WHUQDO SDUDPHWHUV RI WKH ZHOG FRQYH[LW\

IRU HYDOXDWLQJ WKH IDWLJXH UHVLVWDQFH�
3URFHGXUH RI LQYHVWLJDWLRQV� $OXPLQLXP DOOR\

$0J� �0J x ���� 0Q x ���� 7L x ���� )H x ����

6L x ��� ZW��� SODWHV RI � PP WKLFNQHVV ZHUH LQYHV�

WLJDWHG� 7ZR SODWHV RI ��� × ��� PP
�
VL]H ZHUH EXWW

ZHOGHG ZLWK D ZHOG RI ��� PP OHQJWK IRU RQH SDVV

RQ D EDFNLQJ� ZLWKRXW HGJH SUHSDUDWLRQ� ZLWK � w

� PP JDS XVLQJ QRQ�FRQVXPDEOH �7,*� DQG FRQVXP�

DEOH �0,*� HOHFWURGHV DW VL[ GLIIHUHQW YDULDQWV �7D�

EOH ��� %HIRUH ZHOGLQJ WKH EXWW HGJHV ZHUH FOHDQHG
E\ D VFUDSHU�

,Q 7,* ZHOGLQJ� WKH DUJRQ VKLHOGLQJ JDV �LWV FRQ�

VXPSWLRQ ZDV ��� P
��V�� � PP GLDPHWHU QRQ�FRQ�

VXPDEOH HOHFWURGH DQG � PP GLDPHWHU ILOOHU ZLUH 6Y�

$0J� ZHUH XVHG� :HOGLQJ RI WKH �VW YDULDQW ZDV

SHUIRUPHG E\ DOWHUQDWLQJ FXUUHQW VXSSOLHG IURP DUF

SRZHU VRXUFH RI WKH 8'*���� W\SH� ZHOGLQJ RI WKH

�QG YDULDQW x E\ D SXOVHG V\PPHWULF FXUUHQW� DQG
ZHOGLQJ RI WKH �UG YDULDQW x E\ D SXOVHG YDULDEOH�� 9�$� 6+21,1 DQG $�*� 32./<$76.<� ����
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SRODULW\ DV\PPHWULF FXUUHQW RI D UHFWDQJXODU VKDSH

IURP WKH SRZHU VRXUFH RI WKH ,���� W\SH�

,Q 0,* ZHOGLQJ� WKH ��� PP GLDPHWHU ZLUH 6Y�

$0J� ZDV XVHG� ,Q FDVH RI YDULDQWV � DQG � D '&53

ZDV XVHG IURP DUF SRZHU VRXUFH RI WKH 9'8���� W\SH�

ZKLOH LQ YDULDQW � D SXOVHG FXUUHQW RI ���+] IUHTXHQF\

ZDV XVHG IURP SRZHU VRXUFH RI WKH ,83�� W\SH� ,Q

YDULDQW � WKH PL[WXUH RI VKLHOGLQJ JDVHV ��� P
�
�V

$U � ��� P
�
�V +H ZDV XVHG� ZKLOH LQ YDULDQWV � DQG

� RQO\ DUJRQ ZDV XVHG ZKRVH FRQVXPSWLRQ DPRXQWHG

WR ��� P
�
�V�

�� SODWHV RI ��� × ���PP
�
VL]H ZHUH ZHOGHG� $IWHU

ZHOGLQJ WKH ZHOG FRQYH[LW\ IURP WKH EDFN VLGH RI WKH

MRLQW ZDV VXEMHFWHG WR JULQGLQJ WR WKH OHYHO RI WKH

SDUHQW PHWDO VXUIDFH� 7KH ZHOGHG SODWHV ZHUH FXW E\

D PHFKDQLFDO PHWKRG DFURVV WKH ZHOG IRU WKH VDPSOHV

RI �� PP ZLGWK DQG ��� PP OHQJWK ZLWK D QH[W

PLOOLQJ RI ODWHUDO VXUIDFHV LQ WKH ]RQH RI WKH ZHOGHG

MRLQW� $IWHU PLOOLQJ LQ �� PP OHQJWK WKH ZLGWK RI WKH

ZRUNLQJ ]RQH RI WKH VDPSOH ZDV �� PP ZLWK D UDGLXV

5  �� PP RI WUDQVLWLRQ WR WKH FODPSLQJ DUHDV�

7KH JHRPHWU\ RI WKH ZHOGHG MRLQW FRQWRXU LQ VDP�

SOHV ZDV PHDVXUHG E\ D URXJKQHVV LQGLFDWRU KDYLQJ D

GLDO ZLWK WKH ���� PP VFDOH IDFWRU DQG D PLFURPHWULF

VFUHZ ZLWK ����� PP VFDOH IDFWRU XVLQJ WKH SURFHGXUH

GHVFULEHG LQ >�@� 8VLQJ WKH FRPSXWHU SURFHVVLQJ RI

WKH PHDVXUHPHQW GDWD WKH YDOXHV RI ZLGWK DQG KHLJKW

RI WKH ZHOG FRQYH[LW\ DQG DOVR UDGLXV DQG DQJOH RI

PDWLQJ WKH VXUIDFH RI WKH ZHOGHG MRLQW ZLWK WKH SDUHQW

PHWDO ZHUH GHWHUPLQHG�

&RPLQJ IURP WKH REWDLQHG YDOXHV RI SDUDPHWHUV RI

WKH ZHOGHG MRLQW FRQWRXU D VWUHVV FRQFHQWUDWLRQ IDFWRU

ασ DW WKH ZHOG ERXQGDULHV DFFRUGLQJ WR WKH UHODWLRQ�

VKLS RI %�0� %HUH]RYVN\ DQG 2�$� %DNVKL ZDV FDOFX�

ODWHG >��@

ασ = � + �




U

K

FWJ
θ
�

+ �
U

V

+ �
U

E + U





���
� ���

ZKHUH V LV WKH WKLFNQHVV RI PHWDO EHLQJ ZHOGHG�

7KH PHDQ VWDWLVWLF YDOXHV RI VWUHVV FRQFHQWUDWLRQ

IDFWRUV α
__

σ DQG UHODWLYH FRQYH[LW\ K�E
____

� DQG DOVR URRW�

PHDQ�VTXDUH GHYLDWLRQV 6α RI VWUHVV FRQFHQWUDWLRQ IDF�

WRUV DQG UHODWLYH FRQYH[LW\ 6K�EZHUH GHWHUPLQHG �7D�

EOH ��� 9ROXPH Z RI PHWDO GHSRVLWHG GXULQJ ZHOGLQJ

SHU OLQHDU OHQJWK � P RI ZHOG ZDV IRXQG IURP IRUPXOD

Z =
πGZLUH

�
YZLUH

�YZ
� ���

ZKHUH GZLUH LV WKH ZLUH GLDPHWHU� YZLUH LV WKH VSHHG RI

ZLUH IHHGLQJ� YZ LV WKH ZHOGLQJ VSHHG�

7KH IDWLJXH WHVWV RI VDPSOHV ZHUH SHUIRUPHG IRU

DQ D[LDO WHQVLRQ XQGHU WKH FRQGLWLRQV RI D VRIW ORDGLQJ

DW ���� w ���� +] IUHTXHQF\ DW IURP�]HUR F\FOH RI

VWUHVVHV5σ  � LQ D PRGLILHG WHVW PDFKLQH 80(���WP�

)URP � WR �� VDPSOHV ZHUH WHVWHG IRU HDFK YDULDQW�

7HVW UHVXOWV DQG WKHLU GLVFXVVLRQ� 5HVXOWV RI ORZ�

F\FOH WHVWV DUH SUHVHQWHG E\ WKH UHODWLRQVKLS RI D PD[L�

PXP UDWHG VWUHVV RI F\FOH IURP IDWLJXH OLIH WR IUDFWXUH

LQ ORJDULWKPLF FRRUGLQDWHV �)LJXUH ��� ,Q WKH )LJXUH�

WKH FRQILGHQFH ERXQGDULHV RI SRVLWLRQ RI IDWLJXH FXUYHV

DW �� � SUREDELOLW\ DUH RXWOLQHG ZLWK GDVK OLQHV DQG

WKH DUHDV RI VFDWWHULQJ RI H[SHULPHQWDO GDWD x ZLWK

WKLQ VROLG OLQHV� 7KH YDOXHV RI WHQVLOH VWUHQJWK DQG

IDWLJXH OLPLW ZLWKLQ WKH UDQJH RI IDWLJXH OLIH 1  

7DEOH �� &RQGLWLRQV RI VLQJOH�SDVV ZHOGLQJ RI EXWW MRLQW

1R� RI

YDULDQW

0HWKRG RI

ZHOGLQJ
8

R��F
� 9 8

D
� 9 ,

Z
� $ Y

Z
� P�V Y

ZLUH
� P�V

� 7,* �� �� ��� ������ �����

� � �� �� �������


������ �����

� � �� �� �������


������ �����

� 0,* �� �� ��� ������ �����

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

� � ������


�� w �� ��� ������ �����

9DOXHV RI VWUDLJKW DQG UHYHUVHG SRODULW\ FXUUHQW�
9DOXHV RI RSHQ�FLUFXLW YROWDJH LQ D SDXVH DQG SXOVH�

7DEOH �� 3DUDPHWHUV FKDUDFWHUL]LQJ ZHOG FRQYH[LW\ DQG VWUHVV FRQFHQWUDWLRQ DW LWV ERXQGDULHV

1R� RI

YDULDQW

0HWKRG RI

ZHOGLQJ

Z⋅��w��
P��P

K� PP E� PP α
__

σ 6α K�E
____

6K�E

� 7,* ���� ���� ���� ���� ����� ����� �����

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

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

� 0,* ���� ���� ���� ���� ����� ����� �����

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

� � ���� ���� ���� ���� ����� ����� �����
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 �⋅��� w �⋅��� F\FOHV DUH SUHVHQWHG LQ 7DEOH �� ,W DOVR
FRQWDLQV GDWD RI YDOXH RI URRW�PHDQ�VTXDUH GHYLDWLRQ

6σ DW WHVW EDVH 1  �⋅��� F\FOHV�
'XULQJ WHVWV WKH IDWLJXH FUDFN LQLWLDWLRQ LQ VDPSOHV

RFFXUUHG PDLQO\ LQ WKH ZHOG ERXQGDULHV� ,W ZDV HV�

WDEOLVKHG WKDW WKH MRLQWV PDGH E\ 7,* ZHOGLQJ SRVVHVV

WKH EHVW FKDUDFWHULVWLFV RI IDWLJXH UHVLVWDQFH� 7KHLU

IDWLJXH OLIH LV ��� w ��� WLPHV KLJKHU WKDQ WKDW RI WKH

MRLQWV ZHOGHG E\ WKH 0,* PHWKRG� 7KH IDWLJXH OLPLW

RI ZHOGHG MRLQWV PDGH E\ YDULDQW � E\ WKH0,*PHWKRG

DUH E\ �� w �� � ORZHU WKDQ WKDW RI MRLQWV PDGH E\

YDULDQW � E\ WKH PHWKRG 7,*� 7KH GHFUHDVH LQ IDWLJXH

OLPLWV E\ � w �� � LV SURYLGHG E\ 0,* ZHOGLQJ XVLQJ

VKLHOGLQJ JDVHV $U � +H E\ YDULDQW �� ,Q YDULDQW � DV

FRPSDUHG ZLWK YDULDQW � WKH ZHOGLQJ VSHHG LV ���

WLPHV KLJKHU DQG HOHFWURGH ZLUH IHHG VSHHG LV ��� WLPHV

KLJKHU� 7KH SXOVHG FRQGLWLRQV RI ZHOGLQJ DW PHWKRGV

7,* �YDULDQWV � DQG �� DQG 0,* �YDULDQW �� GR QRW

SURYLGH WKH LQFUHDVH LQ WKH IDWLJXH UHVLVWDQFH RI WKH

ZHOGHG MRLQWV� 7KHLU IDWLJXH OLPLWV DUH E\ � � ORZHU

RQ DYHUDJH WKDQ WKRVH RI WKH MRLQWV PDGH E\ WKH FRU�

UHVSRQGLQJ PHWKRGV RI ZHOGLQJ DW FRQYHQWLRQDO DOWHU�

QDWLQJ FXUUHQW �YDULDQWV � DQG ���

6RPH VDPSOHV� ZHOGHG E\ WKH 7,* PHWKRG DQG

KDYLQJ D PLQLPXP �DERXW � PP� FRQYH[LW\� ZHUH

IUDFWXUHG LQ ZHOG KDYLQJ IODZV LQ WKH IRUP RI SRUHV

DQG R[LGH LQFOXVLRQV� 7KH IODZV ZHUH IRUPHG LQ WKH

ORZHU URRW ZHOG SDUW DQG GHFUHDVHG JUHDWO\ WKH IDWLJXH

OLIH RI WKH MRLQW� 0RUHRYHU� WKH WHVW UHVXOWV RI VDPSOHV

ZLWK ZHOG GHIHFWV �)LJXUH �� DUH DYDLODEOH LQ SULQFLSOH

ZLWKLQ WKH UHJLRQ RI VFDWWHULQJ RI UHVXOWV RI WHVWLQJ

WKH VDPSOHV ZHOGHG E\ WKH 0,* PHWKRG� ZKLFK DUH

W\SLFDO RI ODUJH ���� w ��� PP� KHLJKW RI WKH ZHOG

FRQYH[LW\�

7KH KLJK UHVLVWDQFH WR ORZ�F\FOH IDWLJXH RI VDPSOHV

RI ZHOGHG MRLQWV ZLWK GHIHFW�IUHH ZHOGV LV SURYLGHG

E\ VPDOO FRQYH[LW\ DQG ORZ YDOXHV RI VWUHVV FRQFHQ�

WUDWLRQ IDFWRUV GHILQHG E\ D VKDSH RI WKH MRLQW DW WKH

ZHOG ERXQGDULHV �VHH 7DEOH ���:LWK LQFUHDVH LQ YDOXHV

K�E DQG ασ WKH UHVLVWDQFH WR D ORZ�F\FOH IDWLJXH RI

WKH MRLQWV LV GHFUHDVHG� 7KH FKDQJH LQ ZHOG FRQYH[LW\

IURP K�E  ��� w ���� IRU WKH LQYHVWLJDWHG EDVHV RI

IDWLJXH OLIH RI WKH MRLQWV 1  �⋅��� w �⋅��� LV DFFRP�
SDQLHG E\ GHFUHDVH LQ IDWLJXH OLPLW RI WKH MRLQWV E\

� w �� � �)LJXUH ��� +HUH� WKH WHQVLOH VWUHQJWK RI WKH

MRLQWV LV LQFUHDVHG DSSUR[LPDWHO\ E\ � � �7DEOH ���

7KH ODUJH ZHOG FRQYH[LW\ LQ WKH MRLQWV PDGH E\

WKH 0,* PHWKRG LV IRUPHG� XQOLNH WKH 7,* PHWKRG�

DW WKH H[SHQVH RI LQFUHDVLQJ WKH YROXPH RI WKH PHWDO

GHSRVLWHG� 7KLV LV H[SODLQHG E\ � WLPHV LQFUHDVH LQ

ZLUH IHHG VSHHG DW � WLPHV LQFUHDVH LQ WKH ZHOGLQJ

VSHHG� ,Q 0,* ZHOGLQJ LQ VKLHOGLQJ JDVHV $U � +H

XVLQJ WKH YDULDQW �� WKH YDOXH K�E LV ��� WLPHV GH�

FUHDVHG DV FRPSDUHG ZLWK YDULDQW � GXH WR ��� WLPHV

GHFUHDVH LQ WKH YROXPH RI WKH PHWDO GHSRVLWHG �VHH

7DEOH ��� ,Q DGGLWLRQ� WKH VWUHVV FRQFHQWUDWLRQ IDFWRU

LV ��� WLPHV GHFUHDVHG� +RZHYHU� LQ D SXOVHG�FXUUHQW

0,* ZHOGLQJ XVLQJ YDULDQW � WKH GHFUHDVH LQ WKH YRO�

XPH RI WKH PHWDO GHSRVLWHG WR WKH YDOXHV FORVH WR WKRVH

)LJXUH �� 5HVXOWV RI IDWLJXH WHVWV RI VDPSOHV RI EXWW MRLQWV ZHOGHG
E\ GLIIHUHQW PHWKRGV� Dx YDULDQW � �X�� 7,* ZHOGLQJ� VLQXVRLGDO
FXUUHQW� E x YDULDQW � �O�� 7,* ZHOGLQJ� SXOVHG VLQXVRLGDO FXU�
UHQW� YDULDQW � ���� 7,* ZHOGLQJ� SXOVHG DV\PPHWULF FXUUHQW� F x
YDULDQW � �P�� 0,* ZHOGLQJ� VLQXVRLGDO FXUUHQW� G x YDULDQW �
�∆�� 0,* ZHOGLQJ� VLQXVRLGDO FXUUHQW� H x YDULDQW � �U�� 0,*
ZHOGLQJ� SXOVHG FXUUHQW �DUJRQ ZDV XVHG LQ DOO WKH FDVHV� H[FHSW
YDULDQW �� LQ YDULDQW � VKLHOGLQJ JDVHV $U � +H ZHUH XVHG� 5σ  ��
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REWDLQHG LQ 7,* ZHOGLQJ GRHV QRW OHDG WR WKH GHFUHDVH

LQ WKH ZHOG FRQYH[LW\ DV WKH QRWLFHDEOH QDUURZLQJ RI

LWV ZLGWK DQG LQFUHDVH LQ FRQYH[LW\ KHLJKW DUH RF�

FXUUHG� &RUUHODWLRQ EHWZHHQ WKH UDWLR K�E DQG IDFWRU

ασ LV SUHVHQWHG LQ )LJXUH �� 'XH WR D VLJQLILFDQW LQ�

FUHDVH LQ UDWLR K�E DQG VWUHVV FRQFHQWUDWLRQ IDFWRU DW

WKH ZHOG ERXQGDULHV WKH PD[LPXP UHGXFWLRQ �E\ �� w

�� �� RI IDWLJXH OLPLWV RI WKH MRLQWV PDGH XVLQJ YDULDQW

� DV FRPSDUHG ZLWK YDULDQW � LV RFFXUUHG�

$W ORZ YDOXHV RI UDWLR K�E RI ZHOG PDGH ZLWK D

QRQ�FRQVXPDEOH HOHFWURGH WKH HIIHFW RI D SXOVHG ZHOG�

LQJ FXUUHQW RQ WKH FKDUDFWHULVWLFV RI IDWLJXH UHVLVWDQFH

LV QRW VR ODUJH DV LQ WKH 0,* PHWKRG�

7KXV� WKH HIIHFW RI PHWKRG DQG FRQGLWLRQ RI ZHOG�

LQJ RQ WKH IDWLJXH UHVLVWDQFH RI ZHOGHG EXWW MRLQWV LV

GHWHUPLQHG E\ FKDQJHV LQ D VKDSH RI WKH FRQYH[LW\

FRQWRXU DQG SDUDPHWHUV RI PDWLQJ WKH ZHOG DQG SDUHQW

PHWDO ZKLFK DUH FRUUHODWHG ZLWK GHILQLWH YDOXHV RI D

VWUHVV FRQFHQWUDWLRQ IDFWRU�

7DNLQJ LQWR DFFRXQW WKDW WKH IDWLJXH UHVLVWDQFH RI

WKH EXWW MRLQW LV GHWHUPLQHG E\ WKH FRQGLWLRQV RI VWUHVV

FRQFHQWUDWLRQ DW WKH ZHOG ERXQGDULHV DQG EDVLQJ RQ

WKH VDWLVIDFWRU\ FRUUHODWLRQ EHWZHHQ WKH IDFWRU ασ DQG

SDUDPHWHU K�E IRU WKH JLYHQ W\SH RI WKH MRLQW� LW LV

SRVVLEOH WR SUHGLFW WKH IDWLJXH OLIH RI WKH MRLQW E\

VHWWLQJ VXFK ZHOGLQJ FRQGLWLRQV E\ WKH SUHVHW YDOXH

K�E WR ZKLFK WKH IDWLJXH OLPLW ZLOO FRUUHVSRQG ZLWK

D FHUWDLQ SUREDELOLW\�

7KH IHDVLELOLW\ RI XVLQJ SDUDPHWHU K�E DV DQ LQ�

GLUHFW FULWHULRQ IRU HYDOXDWLRQ RI WKH IDWLJXH UHVLVWDQFH

RI ZHOGHG MRLQWV PDNHV LW SRVVLEOH WR FODULI\ WKH DS�

SURDFKHV WR HYDOXDWLQJ WKH ZHOGHG MRLQW TXDOLW\ UHJX�

ODWHG E\ VWDQGDUGV� 7KH DFWXDO SDUDPHWHU K�E RI ZHOG

PDGH� DFFRUGLQJ WR *267 �����w��� E\ VLQJOH�SDVV

ZHOGLQJ ZLWKRXW HGJH SUHSDUDWLRQ RI � PP WKLFN

SODWHV� KDV VFDWWHULQJ RI YDOXHV ZLWKLQ WKH ����� w

����� UDQJHV� 7KH LQFUHDVHG VFDWWHULQJ RI YDOXHV RI

IDWLJXH UHVLVWDQFH RI EXWW MRLQWV FRUUHVSRQGV WR WKLV

ZLGH UDQJH RI VFDWWHULQJ RI WKLV SDUDPHWHU� 7KH OLPLW

RI UDQJHV RI YDOXHV RI SDUDPHWHU K�E LQ FRQWURO RI

WKH ZHOG FRQYH[LW\ VKDSH FDQ GHFUHDVH WKH VFDWWHU RI

YDOXHV ασ DQG� FRQVHTXHQWO\� ZLOO OHDG WR D VLJQLILFDQW

GHFUHDVH LQ VFDWWHULQJ RI YDOXHV RI WKH IDWLJXH UHVLV�

WDQFH RI WKH MRLQWV� 0RUHRYHU� WKH VHOHFWLRQ RI UHVXOWV

RI PHDVXUHPHQWV RI ZHOGHG MRLQWV ZLWK VLPLODU SD�

UDPHWHUV K�E �VHH )LJXUH �� ZLOO LQGLFDWH D IUHTXHQF\

GLVWULEXWLRQ RI YDOXHV ασ FORVH WR QRUPDO�

7KH ORZ YDOXHV RI FRQYH[LW\ SDUDPHWHU K�E ZKLFK

ZHUH REWDLQHG LQ ZHOGHG MRLQWV GXULQJ ZHOGLQJ ZLWK

D QRQ�FRQVXPDEOH HOHFWURGH SURPRWH WKH LQFUHDVH LQ

UHVLVWDQFH RI WKH ZHOG ERXQGDULHV WR D ORZ�F\FOH ID�

WLJXH GXH WR GHFUHDVH LQ WKH VWUHVV FRQFHQWUDWLRQ� +RZ�

)LJXUH �� )DWLJXH FXUYHV DQG WKHLU FRQILGHQFH ERXQGDULHV ��� �
SUREDELOLW\� IRU ZHOGHG EXWW MRLQWV ZLWK GHIHFW�IUHH ZHOGV RI WKUHH
JURXSV RI VDPSOHV �YDULDQWV � w � LQ 7,* ZHOGLQJ� YDULDQWV � w �
DW 0,* PHWKRG �VHH GHVLJQDWLRQV LQ )LJXUH���� DQG DOVR WKH UHVXOWV
RI WHVWLQJ VDPSOHV IUDFWXUHG LQ ZHOG KDYLQJ IODZV� X x YDULDQW
�� � x YDULDQW �

)LJXUH �� 5HODWLRQVKLS EHWZHHQ WKH IDWLJXH OLPLW σ
PD[

RI VDPSOHV
RI EXWW MRLQW DQG SDUDPHWHU RI ZHOG FRQYH[LW\ K�E DW GLIIHUHQW
WHVW EDVHV� � x 1  �⋅���� � x �⋅���� � x �⋅���� � x �⋅���

7DEOH �� &KDUDFWHULVWLFV RI IUDFWXUH UHVLVWDQFH RI EXWW ZHOGHG MRLQWV DW VWDWLF DQG F\FOLF ORDGLQJ

1R� RI

YDULDQW

0HWKRG RI

ZHOGLQJ
σ
W
� 03D

σ
PD[

� 03D

1  �⋅��� 1  �⋅���
1  �⋅���

1  �⋅���

σ
__
PD[

 6σ

� 7,* ����� ����� ����� ����� ����� �����

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

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

� 0,* ����� ����� ����� ����� ����� �����

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

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

 σ
__
PD[

x PHDQ YDOXHV�
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HYHU� WKH GHFUHDVH LQ FRQYH[LW\ KHLJKW OHDGV WR WKH LQ�

FUHDVH LQ VWUHVV LQ WKH ZHOG PHWDO� +HUH� WKH SUREDELOLW\

RI UHGXFLQJ WKH IDWLJXH OLIH RI WKH MRLQW LQ WKH SUHVHQFH

RI IODZV XS WR WKH YDOXHV W\SLFDO RI MRLQWV ZLWK ODUJH

KHLJKW RI WKH ZHOG FRQYH[LW\ LV LQFUHDVHG� 7KHUHIRUH�

WKH ZD\ IRU LPSURYHPHQW RI WKH IDWLJXH UHVLVWDQFH RI

EXWW ZHOGHG MRLQWV E\ GHFUHDVLQJ WKH ZHOG FRQYH[LW\

KHLJKW FDQ EH LQ WKLV FDVH LQHIIHFWLYH� 7KH IODZV ZKLFK

DUH GLIILFXOW WR UHYHDO DQG HOLPLQDWH� UHPDLQ LQHYLWDEO\

LQ ZHOGV HYHQ DW WKHLU VNLOOHG PDNLQJ�

,Q FDVH RI XVH RI D SXOVHG ZHOGLQJ ZLWK D FRQVXP�

DEOH HOHFWURGH WKH GHFUHDVH LQ YROXPH RI GHSRVLWHG

PHWDO WR WKDW REWDLQHG LQ 7,* ZHOGLQJ GRHV QRW SUR�

YLGH WKH LQFUHDVH LQ IDWLJXH OLIH RI MRLQWV GXH WR LQFUHDVH

LQ YDOXHV RI FRQYH[LW\ SDUDPHWHU K�E WKH VDPH DV LQ

MRLQWV PDGH E\ 0,* ZHOGLQJ ZLWK LQFUHDVHG YROXPHV

RI WKH PHWDO GHSRVLWHG� 7KH LQFUHDVH LQ KHLJKW RI WKH

ZHOG FRQYH[LW\ GLUHFWHG IRU VWUHVV GHFUHDVH LQ ZHOG

PHWDO ZLOO QRW EH D FDXVH RI GHWHULRUDWLQJ WKH ZHOGHG

MRLQW TXDOLW\ LI WR XVH WKH DX[LOLDU\ PHDVXUHV IRU LP�

SURYHPHQW RI WKH IDWLJXH UHVLVWDQFH RI MRLQWV DW WKH

ZHOG ERXQGDULHV �>��@ DQG RWK���

2SWLPXP YDOXHV RI SDUDPHWHU K�E� DW ZKLFK KLJK

UHVLVWDQFH RI D ORZ�F\FOH IDWLJXH LV DWWDLQHG� ZHOG GH�

IHFWV DUH PLQLPXP DQG VDWLVIDFWRU\ VWDWLF VWUHQJWK RI

WKH EXWW ZHOGHG MRLQW LV REVHUYHG� DUH SURYLGHG XVLQJ

PHWKRGZLWK D FRQVXPDEOH HOHFWURGH LQ VKLHOGLQJ JDVHV

$U � +H DW D KLJK ZHOGLQJ VSHHG DQG PLQLPXP YROXPH

RI WKH PHWDO GHSRVLWHG�

7KXV� ZKHQ WKH ZHOGHG EXWW MRLQW LV PDGH LW LV

UHFRPPHQGHG WR RSWLPL]H WKH JHRPHWU\ RI WKH ZHOG

FRQYH[LW\ FRQWRXU RQ WKH EDVLV RI UHODWLRQ EHWZHHQ

WKH H[WHUQDO SDUDPHWHUV RI FRQYH[LW\� VWUHVV FRQFHQ�

WUDWLRQV LQ WKH ]RQHV RI ZHOG DQG SDUHQW PHWDO PDWLQJ

DQG DOVR WKH FRQGLWLRQV RI LQIOXHQFH RI ZHOG IODZV DW

VWDWLF DQG F\FOLF ORDGLQJ�

&21&/86,216

�� ,W ZDV HVWDEOLVKHG� WKDW ORZ� F\FOH IDWLJXH UHVLVWDQFH

RI VDPSOHV RI D EXWW MRLQW LV GHFUHDVHG ZLWK LQFUHDVH

LQ D SDUDPHWHU RI WKH H[WHUQDO VKDSH RI WKH ZHOG FRQ�

YH[LW\ ZKLFK LV GHWHUPLQHG E\ UDWLR RI FRQYH[LW\

KHLJKW WR ZLGWK� 7KLV SDUDPHWHU KDV D VDWLVIDFWRU\

FRUUHODWLRQ ZLWK D VWUHVV FRQFHQWUDWLRQ IDFWRU LQ WKH

]RQH RI ZHOG DQG SDUHQW PHWDO PDWLQJ� ZKHUH WKH

IDWLJXH FUDFNV DUH LQLWLDWHG�

��:LWK GHFUHDVH LQ ZHOG FRQYH[LW\ SDUDPHWHU K�E

DQG D SURSHU GHFUHDVH LQ VWUHVV FRQFHQWUDWLRQ IDFWRU

ασ DW WKH ZHOG ERXQGDULHV WKH GDQJHU RI D IDWLJXH

IUDFWXUH RI WKH ZHOGHG MRLQWV GXH WR IODZV LV RFFXUUHG�

,Q WKLV FDVH� WKH IDWLJXH OLIH RI WKH VDPSOH LV UHGXFHG

WR YDOXHV W\SLFDO RI ZHOGV ZLWK ODUJH FRQYH[LWLHV PDGH

E\ ZHOGLQJ ZLWK D FRQVXPDEOH HOHFWURGH XVLQJ D FRQ�

YHQWLRQDO DOWHUQDWLQJ RU SXOVHG FXUUHQW�

�� 7R KDYH WKH RSWLPXP VKDSH RI WKH ZHOG FRQ�

YH[LW\ FRQWRXU� SURYLGLQJ LQFUHDVHG IDWLJXH UHVLVWDQFH

RI � w � PP WKLFN $0J� DOOR\ EXWW MRLQW DW PLQLPXP

SUREDELOLW\ RI IUDFWXUH FDXVHG E\ IODZV LW LV UHFRP�

PHQGHG WR XVH WKH KLJK�VSHHG ZHOGLQJ ZLWK D FRQVXP�

DEOH HOHFWURGH LQ VKLHOGLQJ JDVHV $U � +H DW PLQLPXP

YROXPH RI WKH PHWDO GHSRVLWHG�

5()(5(1&(6

�� 6LOYHVWURY� $�9� ������ )DWLJXH VWUHQJWK RI DOOR\ $0J�
ZHOGHG MRLQWV� 6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���

�� 6DYHOLHY� 9�1�� &KL]KHYVN\� 6�9�� 1DYURWVN\� '�0� ������
7HFKQRORJ\ RI ZHOGLQJ DQG VWUHQJWK RI ZHOGHG MRLQWV PDGH
IURP DOXPLQLXP�PDJQHVLXP DOOR\V� 6HULHV :HOGLQJ� %UD]LQJ

DQG &XWWLQJ RI 0HWDOV� ,VVXH �� /HQLQJUDG� /'173�
�� 7UXI\DNRY� 9�,�� 2VDXOHQNR� /�/�� .RU\DJLQ� <X�$� ������

6WUHVV FRQFHQWUDWLRQ LQ EXWW MRLQWV� $YWRPDWLFKHVND\D

6YDUND� ��� �� w ���
�� 6DQGHUV� :�:� ������ )DWLJXH EHKDYLRU RI DOXPLQLXP DOOR\

ZHOGPHQWV� :5& %XOOHWLQ� $SULO� ���� ���
�� .UX

..
JHU� 8� ������ )DWLJXH VWUHQJWK RI GHIHFWLYH 7,*�

ZHOGHG MRLQWV RI WKLQ�ZDOOHG DOXPLQLXP DOOR\V� ,Q� &ROORT�
RQ $OXPLQLXP DQG LWV $OOR\V LQ :HOGHG &RQVWUXFWLRQ�
3RUWR�

�� 6DQGHUV� :�:�� 'H\� 5�+� ������ )DWLJXH EHKDYLRU RI DOX�
PLQLXP DOOR\ ZHOGPHQWV� :5& %XOOHWLQ� $XJXVW� ���� ���

�� /LHXUDGH� +�3� )DWLJXH WHVWLQJ RI ZHOGHG FRPSRQHQWV� ,,:
'RF� ;,,,�:*����w���

�� $VQLV� $�(�� ,YDVKFKHQNR� *�$� ������ ,PSURYHPHQW RI

VWUHQJWK RI ZHOGHG VWUXFWXUHV� .\LY� 1DXNRYD 'XPND�
�� ������ 1) $ ������ $OXPLQLXP DQG DOXPLQLXP DOOR\V�

:HOGLQJ� &ODVVLILFDWLRQ DQG FRQWURO RI ZHOGHG MRLQWV� $SULO�
��� w ����

��� /DZUHQFH� )�9�� 0XQVH� :�+�� %XUN� -�'� ������ (IIHFW RI
SRURVLW\ RQ WKH IDWLJXH SURSHUWLHV RI ���� DOXPLQLXP DOOR\
ZHOGPHQWV� :5& %XOOHWLQ� -XQH� ���� ���

��� /DEXU� 7�0�� ,VKFKHQNR� $�<D�� 3RNO\DWVN\� $�*� ������
(IIHFW RI LQFOXVLRQV RI R[LGH ILOP RQ FKDUDFWHULVWLFV RI UHVLV�
WDQFH RI DOXPLQLXP DOOR\ $0J� 133 ZHOGHG MRLQWV WR IUDF�
WXUH DW GLIIHUHQW WHPSHUDWXUHV� $YWRPDWLFKHVND\D 6YDUND�
��� �� w ���

��� %HOFKXN� *�$�� 1DOHWRY� 9�6� ������ $ERXW VRPH UHJXODUL�
WLHV RI ZHOG IRUPDWLRQ LQ SODFH RI ZHOG�SDUHQW PHWDO PDWLQJ�
6YDUND Y 6XGRVWUR\HQLL� ��� �� w ���

��� %HUH]RYVN\� %�0�� 6WLNKLQ� 9�$� ������ 3HFXOLDULWLHV RI IRU�
PDWLRQ RI ]RQH RI WUDQVLWLRQ IURP EXWW ZHOG UHLQIRUFHPHQW
WR WKH SDUHQW PHWDO� 9RSURV\ 6YDURFKQ� 3URL]YRGVWYD� ����
�� w ����

��� %HUH]RYVN\� %�0� ������ :HWWLQJ DQG VSUHDGLQJ RI ZHOG
SRRO DW WKH PHWDO VXUIDFH� $YWRPDWLFKHVND\D 6YDUND� ���
�� w ���

��� 3DWVNHYLFK� ,�5�� 5\DERY� 9�5�� 'HHY� *�)� ������ 6XUIDFH
SKHQRPHQD LQ PHWDO ZHOGLQJ� .\LY� 1DXNRYD 'XPND�

��� 0DNKQHQNR� 9�,�� 0RVHQNLV� 5�<X� ������ &DOFXODWLRQ RI
VWUHVV FRQFHQWUDWLRQ IDFWRUV LQ ZHOGHG MRLQWV ZLWK EXWW DQG
ILOOHW ZHOGV� $YWRPDWLFKHVND\D 6YDUND� �� � w ���

��� +REEDFKHU� $� ������ 9HUEHVVHUXQJ GHU 6FKZLQJIHVWLJNHLW
JHVFKZHLβWHU $OXPLQLXP�%DXWHLOH GXUFK 1DFKEHKDQGOXQJ�
$OXPLQLXP� ���� ��� w ����

)LJXUH �� 5HODWLRQVKLS EHWZHHQ WKH VWUHVV FRQFHQWUDWLRQ IDFWRU ασ
DW WKH ZHOG ERXQGDULHV DQG SDUDPHWHU RI LWV FRQYH[LW\ K�E LQ $0J�
DOOR\ EXWW MRLQWV PDGH ZLWK FRQVXPDEOH DQG QRQ�FRQVXPDEOH HOHF�
WURGHV �VHH GHVLJQDWLRQV LQ )LJXUH ��
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2�*� /(9&+(1.2

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

$%675$&7

,W ZDV HVWDEOLVKHG WKDW D FDUERQ PRQR[LGH DQG QLWURJHQ R[LGHV DUH WKH PDLQ FRPSRQHQWV RI D JDVHRXV FRQVWLWXHQW RI WKH

ZHOGLQJ DHURVRO LQ PHFKDQL]HG VROLG ZLUH ZHOGLQJ LQ &2
�
� LQ $U � &2

�
DQG $U � &2

�
� 2

�
PL[WXUHV� 7KH UHGXFWLRQ LQ

R[LGL]LQJ DELOLW\ RI WKH VKLHOGLQJ JDV OHDGV WR WKH GHFUHDVH LQ LQWHQVLW\ RI HYROXWLRQ RI FDUERQ PRQR[LGH DQG LQFUHDVH LQ

QLWURJHQ R[LGHV� ,QWURGXFLQJ RI R[\JHQ WR WKH VKLHOGLQJPL[WXUH FRPSRVLWLRQ UHGXFHV WKH HYROXWLRQ RI WKH FDUERQ PRQR[LGH

DW WKH H[SHQVH RI LWV R[LGL]LQJ DQG LQFUHDVHV WKH LQWHQVLW\ RI IRUPDWLRQ RI WKH QLWURJHQ R[LGHV� 7KH PHFKDQLVPV RI

IRUPDWLRQ RI JDVHRXV FRPSRQHQWV RI WKH ZHOGLQJ DHURVRO DQG UHODWLRQV EHWZHHQ WKH LQWHQVLW\ RI WKHLU HYROXWLRQ DQG

ZHOGLQJ FRQGLWLRQV DUH H[SODLQHG�

.H\ ZRU G V � PHFKDQL]HG ZHOGLQJ� VKLHOGLQJ JDVHV� ZHOG�

LQJ DHURVRO� WR[LF FRPSRQHQWV� ZHOGLQJ FRQGLWLRQV

7KH DUF ZHOGLQJ LV DFFRPSDQLHG E\ HYROXWLRQ RI KDUP�

IXO HOHPHQWV RI WKH ZHOGLQJ DHURVRO� KDYLQJ KDUG DQG
JDVHRXV FRQVWLWXHQWV� LQWR WKH DLU� &KHPLFDO FRPSR�

VLWLRQ RI D KDUG FRQVWLWXHQW RI ZHOGLQJ DHURVRO

�+&:$� KDV EHHQ VWXGLHG FRPSUHKHQVLYHO\ DQG GH�
VFULEHG LQ GHWDLO LQ GLIIHUHQW OLWHUDWXUH VRXUFHV� +RZ�

HYHU� WKH GDWD DERXW WKH FRPSRVLWLRQV RI D JDVHRXV

FRQVWLWXHQW RI WKH ZHOGLQJ DHURVRO �*&:$� DUH QRW

QXPHURXV DQG� VRPHWLPHV� FRQWUDGLFWRU\� 7KXV� DF�

FRUGLQJ WR >�@ WKH R]RQH �2��� QLWURJHQ R[LGHV �12
[
�

DQG FDUERQ PRQR[LGH �&2� DUH WKH REOLJDWRU\ FRP�

SRQHQWV RI WKH *&:$� ZKLFK DUH IRUPHG GXULQJ WKH

VKLHOGHG�JDV ZHOGLQJ� 7KH UHVXOWV RI LQYHVWLJDWLRQV RI

LQWHQVLW\ RI HYROXWLRQ RI WKHVH HOHPHQWV XVLQJ GLIIHUHQW

VKLHOGLQJ JDVHV VKRZHG WKDW LQ FDVH RI ZHOGLQJ RI VWHHO

ZLWK D FRQVXPDEOH HOHFWURGH LQ &2� WKH\ DUH QHJOL�

JLEOH �DSSUR[LPDWHO\ E\ RQH RUGHU ORZHU WKDQ WKRVH

LQ DUJRQ ZHOGLQJ ZLWK DQ DGGLWLRQ IURP � WR �� �

&2�� >�@� 7KH UHFHQW GDWD >�@� REWDLQHG XVLQJ XS�

JUDGHG JDV DQDO\]HUV� VKRZ WKDW WKH PHFKDQLVP RI WKH

R]RQH IRUPDWLRQ LV FRPSOH[ DQG WKH LQWHQVLW\ RI LWV

HYROXWLRQ GHSHQGV RQ WKH PHWKRG RI ZHOGLQJ� SDUHQW

PHWDO� W\SH RI ZHOGLQJ FRQVXPDEOHV� ZHOGLQJ FXUUHQW

,
Z
� YROWDJH 8

D
� DUF OHQJWK DQG DOVR WKH VKLHOGLQJ JDV

FKHPLFDO FRPSRVLWLRQ� 0RUHRYHU� LW LV QRWHG LQ >�@

WKDW DW GLIIHUHQW PHWKRGV RI ZHOGLQJ LQ VKLHOGLQJ JDVHV

WKH R]RQH IRUPDWLRQ LV REVHUYHG LQ ZHOGLQJ ZLWK FRQ�

VXPDEOH DQG QRQ�FRQVXPDEOH HOHFWURGHV RQO\ LQ LQHUW

JDVHV� ZKLOH WKH DSSHDUDQFH RI WKH FDUERQ PRQR[LGH

LV W\SLFDO RI ZHOGLQJ ZLWK D FRQVXPDEOH HOHFWURGH LQ

&2� >�@�

7KH SUHVHQW ZRUN ZDV DLPHG DW YHULILFDWLRQ RI WKH

DERYH�PHQWLRQHG VWDWHPHQWV XVLQJ JHQHUDOO\�DFFHSWHG

GRPHVWLF SURFHGXUHV� DQG DOVR HVWDEOLVKLQJ WKH UHOD�
WLRQVKLSV EHWZHHQ WKH LQWHQVLW\ RI IRUPDWLRQ RI

*&:$ DQG +&:$ GXULQJ PHFKDQL]HG ZHOGLQJ LQ

GLIIHUHQW VKLHOGLQJ JDVHV DQG FRQGLWLRQV�

,QLWLDO PDWHULDOV DQG SURFHGXUHV RI LQYHVWLJD�
WLRQV� 6DPSOLQJ RI ZHOGLQJ DHURVROV ZDV PDGH GXULQJ

WKH SURFHVV RI DXWRPDWLF VXUIDFLQJ RI EHDGV ZLWK

��� PP GLDPHWHU ZLUH 6Y���*�6 �& x ����� 6L x

���� 0Q x ���� &U x ≤ ��� ZW��� RQ SODWHV IURP

VWHHO 96W�� �ULPPHG� �&x ���� w ����� 0Qx ��� w

����� 6Lx ���� w ���� 1Lx ≤ ����&Ux ≤ ���� &X x

≤ ���� 6 x ≤ ����� 3 x ≤ ���� $V x � ���� ZW����

XVLQJ WKH IROORZLQJ FRQGLWLRQV� ZHOGLQJ FXUUHQW �GL�

UHFW DW UHYHUVHG SRODULW\� x ��� w ��� $� DUF YROW�

DJH x �� w �� 9� ZLUH IHHG VSHHG x ��� w ��� P�K�

ZHOGLQJ VSHHG x �� P�K� HOHFWURGH VWLFNRXW x

�� PP� 7KH IROORZLQJ VKLHOGLQJ JDVHV ZHUH XVHG DV D

JDV SURWHFWLRQ� &2�� �� � $U � � �� � &2� DQG �� �

$U � �� � &2� � � � 2� PL[WXUHV� 7KH VKLHOGLQJ JDV

FRQVXPSWLRQ ZDV �� O�PLQ�

� 2�*� /(9&+(1.2� ����

)LJXUH �� 6NHWFK RI D EHQFK IRU *&:$ VDPSOLQJ� � x SDUHQW
PHWDO� �x FROOHFWLQJ QR]]OH� �x PHDVXULQJ�VHSDUDWLQJ FKDPEHU�
�x FROOHFWLQJ SLSH� �x ILOWHU� �x DQHPRPHWRU� �x DEVRUEHUV�
� x DVSLUDWRU
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7KH FKHPLFDO FRPSRVLWLRQ DQG LQWHQVLW\ RI *&:$
IRUPDWLRQ ZHUH GHWHUPLQHG XVLQJ WKH JHQHUDOO\�DF�
FHSWHG SURFHGXUHV >�� �@ LQ D VSHFLDO EHQFK �)LJXUH ���
$OO WKH IORZ RI DHURVRO ZDV WUDSSHG XVLQJ D VSHFLDO
FROOHFWLQJ QR]]OH� WKHQ LW FDPH WKURXJK WKH PHDVXU�
LQJ�VHSDUDWLQJ FROXPQ E\ D GUDXJKW DJLWDWRU� IURP
ZKLFK D SDUW RI IORZ ZDV VDPSOHG E\ DQ DVSLUDWRU LQWR
DEVRUEHUV WR GHWHUPLQH WKH FRQWHQW RI R[LGHV RI QLWUR�
JHQ DQG R]RQH� 7KH FRQWHQW RI FDUERQ PRQR[LGH ZDV
H[DPLQHG XVLQJ WKH *.K�� W\SH DQDO\]HU� 7KH LQWHQ�
VLW\ RI IRUPDWLRQ RI +&:$ ZDV H[DPLQHG XVLQJ SUR�
FHGXUHV >�� �@� $W HDFK ZHOGLQJ FRQGLWLRQ � VDPSOHV
RI DHURVRO ZHUH PDGH�

7R GHWHUPLQH WKH FRQFHQWUDWLRQV RI QLWURJHQ R[LGHV

LQ WKH VHOHFWHG DLU YROXPH� WKH PHWKRG EDVHG RQ WKH

UHDFWLRQ RI LQWHUDFWLRQ RI QLWURJHQ R[LGHV ZLWK DQ DJHQW

RI *ULHVV�,ORVZD\ ZDV XVHG >�@� 7KH PHWKRG VHQVLWLYLW\

LV ���� PJ�P� WKDW LQ FDOFXODWLRQ IRU LQWHQVLW\ RI IRU�

PDWLRQ RI QLWURJHQ R[LGHV DW WKH ��� O�PLQ UDWH RI DLU

VDPSOLQJ ZDV ���⋅��w� PJ�PLQ� (UURU LQ PHDVXUHPHQW
GLG QRW H[FHHG ± �� �� 7KH R]RQH FRQWHQW LQ DLU ZDV

GHWHUPLQHG E\ WKH PHWKRG EDVHG RQ LQWHUDFWLRQ RI WKLV

HOHPHQW ZLWK D SRWDVVLXP LRGLQH� 6HQVLWLYLW\ RI WKH

PHWKRG ZDV ���� PJ�P� �LQWHQVLW\ RI IRUPDWLRQ RI

QLWURJHQ R[LGHV LV HTXDO WR ���⋅��w� PJ�PLQ DW WKH

��� O�PLQ UDWH RI VDPSOLQJ�� WKH HUURU LQ PHDVXUHPHQW

ZDV QRW PRUH WKDQ ± �� � >�@�
5HVXOWV RI LQYHVWLJDWLRQV� 7KH UHVXOWV RI LQYHVWL�

JDWLRQV �7DEOH� VKRZHG WKDW *&:$ FRQWDLQV D PRQ�
R[LGH RI FDUERQ DQG QLWURJHQ R[LGHV ZKRVH DQRXQW
GHSHQGV RQ WKH FRPSRVLWLRQ RI WKH VKLHOGLQJ JDV DQG
ZHOGLQJ FRQGLWLRQV� WKH R]RQH ZDV QRW SUHVHQW�

'XULQJ ZHOGLQJ LQ PL[WXUHV $U � &2� DQG $U �
� &2� � 2� WKH LQWHQVLW\ RI &2 IRUPDWLRQ LV� UHVSHF�
WLYHO\� � DQG � WLPHV ORZHU WKDQ LQ FDVH RI ZHOGLQJ
LQ &2�� $V WKH VRXUFH RI &2 IRUPDWLRQ LV &2�� GLV�
VRFLDWLQJ DV D UHVXOW RI DUF EXUQLQJ >�@� WKHQ ZLWK
GHFUHDVH LQ &2� LQ WKH VKLHOGLQJ JDV WKH FRQWHQW RI
&2 LQ DHURVRO LV GHFUHDVHG� 7KH UHSODFHPHQW RI D SDUW
RI &2� E\ $U GHFUHDVHV WKH IRUPDWLRQ RI D WR[LF FDUERQ
PRQR[LGH GXULQJ ZHOGLQJ� :KHQ WKH PL[WXUH $U �
� &2� � 2� LV XVHG� D PLQLPXP HYROXWLRQ RI FDUERQ

PRQR[LGH LV REVHUYHG GXH WR LWV R[LGL]LQJ DW WKH DUF
KLJK WHPSHUDWXUH�

�&2 � 2� → �&2�� ���

7KXV� WKH VLJQLILFDQW �� WLPHV� GHFUHDVH LQ D SDUWLDO
SUHVVXUH RI &2 GXULQJ ZHOGLQJ LQ PL[WXUH $U � &2� �
� 2� LV H[SODLQHG E\ SUHVHQFH RI DUJRQ DQG R[\JHQ
LQ LW� ,Q DGGLWLRQ� DV WKH R]RQH FDQ IRUP LQ WKH SURFHVV
RI DUF EXUQLQJ IURP WKH R[\JHQ RI DLU DQG VKLHOGLQJ
JDV XQGHU WKH DFWLRQ RI WKH XOWUDYLROHW DUF UDGLDWLRQ

�2� ↔ �2�� ���

WKHQ WKH UHDFWLRQ LV SRVVLEOH

&2 � 2� → &2� � 2�� ���

WKDW DOVR UHGXFHV WKH HYROXWLRQ RI FDUERQ PRQR[LGH
DQG R]RQH� 7KH DERYH�PHQWLRQHG VWDWHPHQW LV FRQ�
ILUPHG E\ WKH DEVHQFH RI R]RQH LQ WKH *&:$ FRP�
SRVLWLRQ GXULQJ RXU H[SHULPHQWV� 7KH UHVXOWV RI LQYHV�
WLJDWLRQV >�� �� �@ VKRZHG WKDW DW WKH LQLWLDO PRPHQW
RI ZHOGLQJ WKH R]RQH FRQWHQW LV KLJK� 7KHQ LW UHDFWV
ZLWK D QLWURJHQ PRQR[LGH� IRUPLQJ GLR[LGHV RI QLWUR�
JHQ DQG R[\JHQ

2� � 12 → 12� � 2�� ���

DQG XQGHU WKH DFWLRQ RI WKH DUF UDGLDWLRQ LW GHFRPSRVHV
LQWR

2� → 22 � 2� ���

+HQFH� WKH FRQFOXVLRQ FDQ EH PDGH WKDW WKH DE�
VHQFH RI R]RQH LQ *&:$ LV H[SODLQHG E\ LWV IDVW GH�
FRPSRVLWLRQ GXULQJ LQWHUDFWLRQ ZLWK WKH FDUERQ PRQ�
R[LGH� QLWURJHQ PRQR[LGH DQG XQGHU WKH DFWLRQ RI WKH
DUF UDGLDWLRQ� $W WKH VDPH WLPH WKH IXOO DEVHQFH RI
WKH R]RQH LQ RXU H[SHULPHQWV LV H[SODLQHG E\ LWV GH�
FRPSRVLWLRQ LQ WKH SURFHVV RI VDPSOLQJ DHURVROV GXULQJ
R]RQH PRYHPHQW LQ PHDVXULQJ�VHSDUDWLQJ FROXPQ DQG
KRVHV WR WKH JDV DQDO\]HU �VHH )LJXUH ��� ,W ZDV HV�
WDEOLVKHG LQ WKH FRXUVH RI RWKHU H[SHULPHQWV RQ GH�
WHUPLQDWLRQ RI WKH R]RQH FRQWHQW GLUHFWO\ LQ WKH UHV�
SLUDWRU\ ]RQH LQ &2� ZHOGLQJ WKDW LWV FRQWHQW GRHV

,QWHQVLW\ RI IRUPDWLRQ RI *&:$ FRPSRQHQWV XVLQJ GLIIHUHQW VKLHOGLQJ JDVHV


:HOGLQJ FRQGLWLRQ
&2� $U � &2� $U � &2� � 2�

,Z� $ 8D� 9 YZ � P�K

��� �� ���
���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

��� �� ���
���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

��� �� ���
���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

��� �� ���
���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

��� �� ���
���� ± ����

���� ± ����

���� ± ����

���� ± ����

���� ± ����

����� ± ����

,Q QXPHUDWRU WKH YDOXHV RI &2 �J�PLQ� DUH JLYHQ� LQ GHQRPLQDWRU x 12
�
�PJ�PLQ��
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QRW H[FHHG WKH OLPLWLQJ DGPLVVLEOH FRQFHQWUDWLRQ
�ORZHU WKDQ ��� PJ� P��� DQG� VRPHWLPHV� RQO\ WKH
R]RQH WUDFHV DUH REVHUYHG�

7KH QLWURJHQ PRQR[LGH LV IRUPHG DV D UHVXOW RI
KLJK�WHPSHUDWXUH R[LGL]LQJ RI QLWURJHQ RI DLU VXU�
URXQGLQJ WKH DUF�

1� � 2� ↔ �12� ���

8QGHU WKH DFWLRQ RI WKH XOWUDVRQLF UDGLDWLRQ RI WKH
DUF WKH QLWURJHQ PRQR[LGH LV R[LGL]HG E\ R[\JHQ RI
DLU XS WR D SRLVRQRXV GLR[LGH RI QLWURJHQ >��� ��@�

�12 � 2� ↔ �12�� ���

,Q &2� ZHOGLQJ WKH DUF LV EXUQLQJ LQ WKH DWPRV�

SKHUH RI WKLV JDV� WKHUHIRUH� WKH LQWHQVLW\ RI IRUPDWLRQ

RI QLWURJHQ R[LGHV LV WRR VPDOO DV FRPSDUHG ZLWK WKDW

RI D FDUERQ PRQR[LGH� ,W LV� RQ DYHUDJH� E\ WKUHH

RUGHUV ORZHU WKDQ WKH LQWHQVLW\ RI IRUPDWLRQ RI WKH

FDUERQ PRQR[LGH �VHH 7DEOH�� 'XULQJ ZHOGLQJ LQ PL[�

WXUHV $U � &2� DQG $U � &2� � 2� WKH LQWHQVLW\ RI

IRUPDWLRQ RI QLWURJHQ R[LGHV LV KLJKHU WKDQ WKDW LQ

&2� ZHOGLQJ WKDW LV GXH WR WKH XOWUDYLROHW UDGLDWLRQ

ZKLFK EHFRPHV PRUH LQWHQVLYH GXULQJ ZHOGLQJ LQ PL[�

WXUHV RQ WKH EDVH RI DUJRQ�
:LWK WKH LQFUHDVH LQ WKH ZHOGLQJ FXUUHQW WKH LQ�

WHQVLW\ RI WKH IRUPDWLRQ RI WKH FDUERQ PRQR[LGH DQG
QLWURJHQ GLR[LGH LV UHGXFHG ILUVW WR D FHUWDLQ YDOXH RI
FXUUHQW DQG WKHQ LW LV LQFUHDVHG DJDLQ �VHH )LJXUH ���
7KH PLQLPXP OHYHO RI LQWHQVLW\ RI WKH IRUPDWLRQ RI
WKHVH JDVHV FRUUHVSRQGV WR WKH PRPHQW RI WKH DUF LP�
PHUVLRQ WR WKH SDUHQW PHWDO >��@ DQG WR WKH GHFUHDVH
LQ DUHD RI LWV FRQWDFW ZLWK WKH VXUURXQGLQJ DLU DQG
VKLHOGLQJ JDV� :LWK D IXUWKHU LQFUHDVH LQ WKH ZHOGLQJ

FXUUHQW WKH DUF OHQJWK RYHU WKH VXUIDFH RI WKH SDUHQW
PHWDO LV LQFUHDVHG DQG� UHVSHFWLYHO\� WKH DUHD RI DUF
FRQWDFW ZLWK DLU DQG VKLHOGLQJ PHGLXP LV LQFUHDVHG�

7KXV� WKHUH DUH GHILQLWH ZHOGLQJ FRQGLWLRQV IRU
+&:$ >��� ��@ DQG IRU *&:$� ZKLFK SURYLGH WKH
PLQLPXP OHYHO RI WKHLU HYROXWLRQV� 6R� LQ ZHOGLQJ DW
��� $ WKH LQWHQVLW\ RI IRUPDWLRQ RI FDUERQ PRQR[LGH
LV � w � WLPHV ORZHU WKDQ LQ FDVH RI XVLQJ WKH PLQLPXP
�,Z  ��� $� DQG PD[LPXP �,Z  ��� $� ZHOGLQJ
FXUUHQW�

7KH LQYHVWLJDWLRQV RI UHODWLRQVKLS EHWZHHQ WKH LQ�
WHQVLW\ RI +&:$ IRUPDWLRQ DQG ZHOGLQJ FXUUHQW�
PDGH DW WKH VDPH ZHOGLQJ FRQGLWLRQV WKDW ZHUH XVHG
LQ GHWHUPLQDWLRQ RI LQWHQVLW\ RI HYROXWLRQV RI *&:$
FRPSRQHQWV VKRZHG WKDW UHODWLRQVKLSV REWDLQHG KDYH

)LJXUH �� 5HODWLRQVKLS EHWZHHQ WKH LQWHQVLW\ RI IRUPDWLRQ RI FDUERQ PRQR[LGH 9&2 �D� DQG QLWURJHQ GLR[LGH 912
�

�E� DQG ZHOGLQJ
FXUUHQW LQ ZHOGLQJ ZLWK ��� PP GLDPHWHU ZLUH 6Y���*�6 LQ VKLHOGLQJ JDVHV� P x &2�� U x $U � &2�� ∆ x $U � &2� � 2�

)LJXUH �� 5HODWLRQVKLS EHWZHHQ WKH LQWHQVLW\ 9D RI +&:$ IRUPD�
WLRQ DQG ,Z LQ ZHOGLQJ ZLWK ��� PP GLDPHWHU ZLUH 6Y���*�6 LQ
VKLHOGLQJ JDVHV �GHVLJQDWLRQV RI )LJXUH ��
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PRUH FRPSOLFDWHG IRUP DV FRPSDUHG ZLWK WKDW RI
*&:$ �)LJXUH ��� DQG DOVR UHIOHFW WKH PLQLPXP
HYROXWLRQ RI +&:$�

&21&/86,216

�� ,W ZDV HVWDEOLVKHG WKDW LQ VROLG ZLUH PHFKDQL]HG
ZHOGLQJ LQ &2�� PL[WXUHV $U � &2� DQG $U � &2� �
� 2� WKH PDLQ FRPSRQHQWV RI D JDVHRXV FRQVWLWXHQW
RI WKH ZHOGLQJ DHURVRO DUH WKH FDUERQ PRQR[LGH DQG
QLWURJHQ R[LGHV�

�� 5HGXFWLRQ RI R[LGL]LQJ DELOLW\ RI WKH VKLHOGLQJ
JDV �LQWURGXFLQJ RI DUJRQ LQWR PL[WXUH FRPSRVLWLRQ�
OHDGV WR WKH GHFUHDVH LQ LQWHQVLW\ RI HYROXWLRQ RI WKH
FDUERQ PRQR[LGH DQG LQFUHDVH LQ QLWURJHQ R[LGH� ,Q�
WURGXFLQJ RI R[\JHQ WR WKH FRPSRVLWLRQ RI D VKLHOGLQJ
PL[WXUH DOVR UHGXFHV WKH HYROXWLRQ RI FDUERQPRQR[LGH
DV D UHVXOW RI LWV R[LGL]LQJ DQG DFWLYDWHV WKH IRUPDWLRQ
RI QLWURJHQ R[LGHV�

�� 5HODWLRQVKLSV EHWZHHQ WKH LQWHQVLW\ RI IRUPD�
WLRQ RI FDUERQ PRQR[LGH DQG QLWURJHQ R[LGHV DQG
ZHOGLQJ FXUUHQW XVLQJ &2�� PL[WXUHV $U � &2� DQG
$U � &2� � 2� KDYH D IRUP RI SDUDERODV ZLWK D PLQL�
PXP WKDW FRUUHVSRQGV WR WKH FRQGLWLRQ DW ZKLFK WKH
DUF KDV D PD[LPXP LPPHUVLRQ WR WKH SDUHQW PHWDO�

�� 7KHVH UHODWLRQVKLSV VKRXOG EH WDNHQ LQWR DFFRXQW
LQ WKH VHOHFWLRQ RI RSWLPXP SDUDPHWHUV RI WKH ZHOGLQJ
SURFHVV �FRPSRVLWLRQV RI VKLHOGLQJ JDVHV DQG ZHOGLQJ
FRQGLWLRQV� IRU LPSURYLQJ WKH ODERXU FRQGLWLRQV RI
ZHOGHUV�

5()(5(1&(6

�� *RUEDQ� /�1�� .UDVQ\XN� (�3�� )DNWRURY� ,�(� ������ (IIHFW
RI ODERXU FRQGLWLRQV RQ WKH KHDOWK DQG PRUELGLW\ RI SHUVRQ�
QHO LQ ZHOGLQJ LQGXVWU\� ,Q� &ROO� RQ /DERXU K\JLHQH� 5H�
SXEO� ,QWHULQGXVWU\� ,VVXH ��� �� w ���

�� 6LSHN� /�� 6PDUV� (� 2]RQH DQG QLWURJHQ R[LGHV LQ JDV�VKLHO�
GHG DUF ZHOGLQJ� ,,: 9,,,�����w���

�� 0DWXVLDN� -� ������ 3RZVWDZDQLH R]RQX SU]\ SURFHVDFK VSD�
ZDQLD L FLHFLD PHWDOL� %LXOHW\Q ,QVWLWXWX VSDZDOQLFWZD Z
&OLZLFDFK� �� ��� w ����

�� $:6 )���w��� (YDOXDWLQJ FRQWDPLQDQWV LQ WKH ZHOGLQJ HQ�
YLURQPHQW� $ VDPSOLQJ VWUDWHJ\ JXLGH� 0LDPL� $:6�

�� 08 1R�����w��� 0HWKRGLFDO UHFRPPHQGDWLRQV RQ GHWHU�
PLQDWLRQ RI KDUPIXO VXEVWDQFHV LQ ZHOGLQJ DHURVRO �KDUG
SKDVH DQG JDVHV�� $SSURY� RQ ��������� 0RVFRZ� 0LQ]G�
UDY 6665�

�� 08 1R�����w��� +\JLHQLF HYDOXDWLRQ RI ZHOGLQJ FRQVX�
PDEOHV DQG PHWKRGV RI ZHOGLQJ� VXUIDFLQJ DQG FXWWLQJ RI
PHWDOV� $SSURY� RQ ��������� 0RVFRZ� 6665�

�� 3RNKRGQ\D� ,�.�� 6KOHSDNRY� 9�1�� 6XSUXQ� 6�$� HW DO�
������ 0HWKRGRORJ\ RI SULPDU\ VDQLWDU\�K\JLHQLF HYDOXDWL�
RQ RI IOX[�FRUHG ZLUHV� .\LY� 3:,�

�� 0LJDM� .�9� ������ +\JLHQH DQG VDIHW\ RI ODERXU LQ HOHFW�
ULF DQG ZHOGLQJ ZRUNV LQ VKLS�EXLOGLQJ� /HQLQJUDG� 6XGR�
VWUR\HQL\H�

�� 3UHVV� +� ������ )RUPDWLRQ GHV R[\GHV GD]RWH ORUV GX VRX�
GDJH DX[ JD]� 0HVXUHV SRXU OD SUHYHQWLRQ GDWWHLQWHV D OD
VDQWH� 6RXGDJH DW WHFKQLTXHV FRQQH[HV� ���� ��� w ����

��� 6LSHN� /� (PLVVLRQ RI JDVHV SROOXWDQWV GXULQJ *7$ ZHOGLQJ
RI <RUFDOEUR %UDVV� ,,: 9,,,�����w���

��� ������ 1LWURJHQ R[LGHV� +\JLHQLF FULWHULD RI VXUURXQGLQJ
PHGLXP VWDWH� ,VVXH �� *HQHYD� 92=�

��� /HYFKHQNR� 2�*� ������ (IIHFW RI WHFKQRORJLFDO FRQGLWLRQV
RI &2� ZHOGLQJ RI VWUXFWXUDO VWHHOV RQ WKH DHURVRO HYROXWLRQ�
$YWRPDWLFKHVND\D 6YDUND� ����� �� w ���

��� /HYFKHQNR� 2�*� ������ 7HFKQRORJLFDO PHWKRGV RI UHGXFLQJ
WKH OHYHO RI ZHOGLQJ DHURVRO IRUPDWLRQ �5HYLHZ�� 6YDURFK�
QR\H 3URL]YRGVWYR� �� �� w ���
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9�'� *25%$&+ DQG 9�6� *2/29&+(1.2

&HQWUDO 5HVHDUFK ,QVWLWXWH RI 6KLSEXLOGLQJ 7HFKQRORJ\� 6W��3HWHUVEXUJ� 5XVVLD

$%675$&7

7KH SDSHU SUHVHQWV WKH UHVXOWV RI GHYHORSPHQW DQG LQWURGXFWLRQ RI WKH WHFKQRORJ\ RI 6$: RI VWHHOV DQG VWUXFWXUHV XVHG

IRU VKLS KXOOV� WKDW HQDEOHG FRQVWUXFWLRQ RI PRGHUQ VKLSV ZLWK D KLJK TXDOLW\ DQG HIIHFWLYHQHVV�

.H\ ZRU G V � VXEPHUJHG�DUF ZHOGLQJ� ZHOGHG VWUXFWXUHV�

VKLSEXLOGLQJ� GHYHORSPHQWV� LQYHVWLJDWLRQ

7UDQVLWLRQ IURP ULYHWHG VKLS VWUXFWXUHV WR DOO�ZHOGHG

VWUXFWXUHV WKDW EHJDQ LQ ULYHU VKLSEXLOGLQJ LQ WKH PLG�

GOH RI ����V� PDGH LW SRVVLEOH WR VWRS XVLQJ WKH VPDOO�

DVVHPEO\ PHWKRG RI VKLS KXOO FRQVWUXFWLRQ DQG JR

RYHU WR WKH VHFWLRQDO PHWKRG� WKXV DOORZLQJ D FRQVLG�

HUDEOH YROXPH RI DVVHPEO\ DQG ZHOGLQJ RSHUDWLRQV WR

EH WUDQVIHUUHG WR WKH VKRSV >� w �@�
'XULQJ WKLV SHULRG DOO WKH ZHOGHG MRLQWV ZHUH PDGH

E\ PDQXDO ZHOGLQJ ZLWK DUF HOHFWURGHV RU ZLWK LRQ�

LVLQJ �FKDON� FRDWLQJ� $ FRQVLGHUDEOH R[LGDWLRQ DQG

QLWURJHQ VDWXUDWLRQ RI PROWHQ PHWDO UHVXOWHG LQ D

KLJKHU VWUHQJWK DQG PXFK ORZHU GXFWLOLW\ RI ZHOG
PHWDO �WR δ ≤ � �� >�� �@� 7KLV OLPLWHG WKH DSSOLFDWLRQV

RI HOHFWULF DUF ZHOGLQJ� ,W ZDV QRW DOORZHG IRU SHU�

IRUPDQFH RI EXWW MRLQWV RQ WKH VKLS KXOO� EXW IRXQG
DSSOLFDWLRQ RQO\ IRU ZHOGLQJ RI WKH IUDPLQJ DQG ZHOG�

LQJ LW WR WKH VKLS KXOO VNLQ�

6WHHO ZHOGLQJ ZDV LQLWLDOO\ LQWURGXFHG LQWR ULYHU

VKLSEXLOGLQJ IRU WKH VDPH UHDVRQ >�@� 7UDQVLWLRQ WR

VHD VKLS KXOO FRQVWUXFWLRQ ZDV IXUWKHU UHVWUDLQHG E\

WKH DEVHQFH RI UHOLDEOH� HDVLO\ ZHOGDEOH VWHHOV�

$ VHULRXV LPSHWXV WR ZHOGLQJ LQWURGXFWLRQ LQWR

VKLSEXLOGLQJZDV JLYHQ E\ LQYHQWLRQ DW WKH (�2� 3DWRQ

(OHFWULF:HOGLQJ ,QVWLWXWH RI WKH $FDGHP\ RI 6FLHQFHV

RI 8NU�665 RI KLJK�VSHHG DXWRPDWLF 6$: ZLWK ZLUH

HOHFWURGH LQ ���� w ���� >�@� $Q HVVHQWLDO FRQWULEX�

WLRQ WR PDVWHULQJ 6$: DOVR ZDV GHYHORSPHQW RI

267V��� �6L2�x �� w ��� 0Q2x �� w ��� &D2x

≤ ��� 0J2 x ≤ �� $O�2� x ≤ �� &D)� x � w ��

)H2 x ��� w �� 6� 3 x ≤ ����� ZW��� IXVHG IOX[ LQ

7V1,,70$6K LQ ����� WKDW LV VWLOO ZLGHO\ DSSOLHG LQ

YDULRXV LQGXVWULHV LQ DXWRPDWLF ZHOGLQJ RI VWHHOV RI

UHJXODU� PHGLXP DQG KLJKHU VWUHQJWK �FRPSRVLWLRQ RI

WKH DERYH PDWHULDOV LV JLYHQ LQ WKH 7DEOH DW WKH HQG

RI WKH DUWLFOH��

7KH FRQFHSW RI WUDQVLWLRQ IURP ULYHWLQJ WR ZHOGLQJ

LQ VKLSEXLOGLQJ ZDV LPSOHPHQWHG LQWR SUDFWLFH E\

�2UJVXGSURP� 7UXVW� HVWDEOLVKHG LQ ���� DQG UHRU�

JDQLVHG LQ ���� LQWR D &HQWUDO 5HVHDUFK ,QVWLWXWH RI

6KLSEXLOGLQJ 7HFKQRORJ\ �7V1,,76� WKDW ODWHU RQ EH�

FDPH D ZHOO�NQRZQ PDMRU UHVHDUFK FHQWHU IRU GHYHO�

RSPHQW RI WKH WHFKQRORJ\ RI FRQVWUXFWLRQ RI PRGHUQ

VKLSV >�� �@�

,Q WKLV SHULRG WKH ZHOGLQJ UHVHDUFK DW 7V1,,76

ZDV FRQGXFWHG LQ FORVH LQWHUDFWLRQ ZLWK WKH ZHOO�

NQRZQZHOGLQJ UHVHDUFK FHQWHUV �3:,� 7V1,,70$6K�

0�,� .DOLQLQ /3,� �(OHNWULN� )DFWRU\� HWF��� DQG

RWKHU VSHFLDOLVWV LQ WKH ILHOG RI VKLSEXLOGLQJ WHFKQRO�

RJ\ >� w �@�

,Q WKH LQLWLDO SHULRG RI ZHOGLQJ GHYHORSPHQW� ORZ�

FDUERQ VWHHOV RI JUDGHV 6W��� 6W�� DQG 6W�� ZHUH XVHG

IRU VKLS KXOOV WKDW ZHUH ZHOGHG PDQXDOO\ ZLWK HOHF�
WURGHV RI DFLG W\SH� 8VH RI KLJKHU VWUHQJWK ORZ�DOOR\HG

VWHHOV ZDV SURSRVHG IRU DOO�ZHOGHG KXOOV RI VHD VKLSV�

,QWURGXFWLRQRI VHFWLRQDOPHWKRGRI FRQVWUXFWLRQ LQWR

VKLSEXLOGLQJ SUDFWLFH HQDEOHG DSSOLFDWLRQ RI D QHZ WHFK�

QRORJ\ IRU WKDW WLPHx DXWRPDWLF DUF ZHOGLQJ� %\ ����

3:, LQ SULQFLSOH GHYHORSHG WZR DXWRPDWLF ZHOGLQJ

SURFHVVHV� 7KH ILUVW ZDV EDVHG RQ DSSOLFDWLRQ RI ZLUH

ZLWK D VWDELOLVLQJ WKLQ FRDWLQJ� DQG WKH VHFRQG x RQ

WKH XVH RI ZLUH RI D FUXFLIRUP FURVV� VHFWLRQ ZLWK D WKLFN

FRDWLQJ� ,Q WKH VDPH SHULRG 3:, GHYHORSHG WKH ILUVW LQ

WKH 8665 VHOI�SURSHOOHG ZHOGLQJ XQLWwWUDFWRU IRU DXWR�

PDWLF ZHOGLQJ LQ VKLSEXLOGLQJ� $SSOLFDELOLW\ RI VXFK

XQLWV LQ VKLSEXLOGLQJKDGQRW\HWEHHQSURYHGRU DFFHSWHG

E\ DQ\RQH EHIRUH >�� �@�
$W WKH VDPH WLPH �VWDUWLQJ IURP ����� �2UJVXG�

SURP� UHVXPHG WKH ZRUN EHJXQ LQ ���� DQG LQWHU�

UXSWHG E\ WKH ZDU� RQ GHYHORSPHQW DQG LQWURGXFWLRQ

RI WKH WHFKQRORJ\ RI DXWRPDWLF 6$:WR UHSODFHPDQXDO

FRDWHG�HOHFWURGH ZHOGLQJ� $OUHDG\ EHIRUH WKH ZDU� LW

ZDV HVWDEOLVKHG WKDW IOX[ RI 267V��� JUDGH LV WKH

PRVW VXLWDEOH IRU DXWRPDWLF ZHOGLQJ RI VWHHOV 6W���

6W�� DQG ��*� ,WV DSSOLFDWLRQ SURYLGHV KLJK WHFKQR�

ORJLFDO SURSHUWLHV RI WKH ZHOG PHWDO� LWV ORZHVW VXV�
FHSWLELOLW\ WR SRURVLW\ DQG WKH KLJKHVW YDOXHV RI WKH

ZHOGHG MRLQW PHFKDQLFDO SURSHUWLHV� ,Q WKH VDPH SH�

ULRG LW ZDV VKRZQ WKDW DXWRPDWLF 6$: LV SRVVLEOH

RQO\ LQ WKH GRZQKDQG SRVLWLRQ DQG SURYLGHV � w �

WLPHV KLJKHU HIILFLHQF\ RI ZHOGLQJ RSHUDWLRQV� FRP�

SDUHG WR PDQXDO FRDWHG�HOHFWURGH ZHOGLQJ >�� �� �@�

7KHVH IHDWXUHV RI ZHOGLQJ LQ WKH SRVW�ZDU SHULRG�

RQ WKH RQH KDQG� QHFHVVLWDWHG LWV IDVWHU DQG ZLGHU

LQWURGXFWLRQ� DQG� RQ WKH RWKHU KDQG x LQYHVWLJDWLRQ� 9�'� *25%$&+ DQG 9�6� *2/29&+(1.2� ����
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DQG GHYHORSPHQW RI WKH WHFKQRORJ\ RI ZHOGLQJ DOO

VKLS KXOO VWHHOV DSSOLHG DW WKH WLPH RI JUDGHV 6W���

6W��� ��.K61'� ��.K61'� ��.K61�'� HWF� � WR ��

PP WKLFN�

,QYHVWLJDWLRQ DQG GHYHORSPHQW RI WKH WHFKQRORJ\

RI DXWRPDWLF ZHOGLQJ ZHUH FRQGXFWHG ZLWK D VLPXO�

WDQHRXV UHWURILWWLQJ RI WKH SLORW VDPSOH RI 0$*��

DXWRPDWLF PDFKLQH �)LJXUH ��� GHYHORSHG E\

�2UJVXGSURP� 7UXVW DV IDU EDFN DV LQ ����� %DWFK

SURGXFWLRQ RI WKLV PDFKLQH VWDUWLQJ IURP ���� SOD\HG

D GHFLVLYH UROH LQ LQWURGXFWLRQ RI DXWRPDWLF 6$: IRU

EXWW MRLQWV RI VKLS KXOO VWUXFWXUHV � w �� PP WKLFN�

7HFKQRORJ\ RI DXWRPDWLF 6$: RI EXWW MRLQWV RI WKLQ

�� w � PP� VKHHWV ZDV RSWLPLVHG DW WKH VDPH WLPH�

)XQGDPHQWDO LVVXHV RI DXWRPDWLF 6$: RI EXWW

MRLQWV RI WKH PDLQ VWHHO JUDGHV LQ WKH GRZQKDQG SR�

VLWLRQ� ZHUH VROYHG E\ ���� w ����� WKLV DOORZLQJ DQ

HVVHQWLDO UHGXFWLRQ RI WKH YROXPH RI PDQXDO ZHOGLQJ

DSSOLFDWLRQ DQG DFKLHYLQJ D VLJQLILFDQW WHFKQLFDO�HFR�

QRPLF HIIHFW >�� �@�

,Q ���� w ���� WKH WHFKQRORJ\ RI KRVH PHFKDQLVHG

6$: ZLWK HOHFWURGH ZLUH RI ��� DQG ��� PP GLDPHWHU

E\ VHPL�DXWRPDWLF PDFKLQHV RI 36K�� DQG 36K���

W\SH� GHVLJQHG E\3:,�ZDV GHYHORSHG DQG LQWURGXFHG

IRU PHFKDQLVLQJ WKH ZHOGLQJ RI ILOOHW� DV ZHOO DV VKRUW

EXWW MRLQWV�

6SHFLDO URWDWLQJ �EHGV��WLOWHUV ZHUH GHYHORSHG IRU

SDUWLDO WLOWLQJ RI WKH VHFWLRQV DQG DOORZLQJ GRZQKDQG

ZHOGLQJ ZHUH GHYHORSHG IRU DSSOLFDWLRQ RI PHFKDQLVHG

6$: RI EXWW DQG ILOOHW MRLQWV ZKHQ PDNLQJ VHFWLRQV

ZLWK FXUYLOLQHDU FRQWRXUV� 7KLV DUHD RI ZHOGLQJ PHFK�

DQLVDWLRQ ZDV QRW GHYHORSHG DQ\ IXUWKHU� LQ YLHZ RI

WKH FXPEHUVRPH GHVLJQ RI WKH WLOWHUV DQG JUHDW FRP�

SOH[LW\ RI RSHUDWLRQV� 7KH PHWKRG RI VHSDUDWH DVVHP�

EO\ DQG ZHOGLQJ RI WKH IUDPLQJ GHYHORSHG LQ ���� w

���� WKDW DOORZHG DSSO\LQJ DXWRPDWLF 6$: IRU WKHVH

SXUSRVHV� WXUQHG RXW WR EH D TXLWH HIIHFWLYH PHWKRG

IRU PHFKDQLVDWLRQ RI ILOOHW ZHOGLQJ �MRLQLQJ WKH IUDP�

LQJ WR WKH GHFNLQJ�� )RU WKLV SXUSRVH 7V1,,76 GHYHO�

RSHG WKH WHFKQRORJ\ RI DXWRPDWLF LQFOLQHG�HOHFWURGH

6$: RI ILOOHW ZHOGV DQG D VSHFLDO DXWRPDWLF PDFKLQH

$68���� �)LJXUH ���

,Q ���� w ���� WKH PDLQ SULQFLSOHV RI DXWRPDWLF

DQG PHFKDQLVHG ZHOGLQJ RI EXWW DQG ILOOHW ZHOGV RI

VKLS VWUXFWXUHV ZHUH HODERUDWHG�

)XUWKHU RQ �DIWHU ����� 6$: GHYHORSHG WKURXJK

LPSURYHPHQW RI WKH ZHOGLQJ WHFKQRORJ\� ZHOGLQJ

HTXLSPHQW� ZHOGLQJ FRQVXPDEOHV� PHWKRGV DQG PHDQV

RI FRQWURO RI ZHOGLQJ TXDOLW\� DQG RI VDQLWDU\�K\JLHQLF

FRQGLWLRQV RI ZHOGLQJ RSHUDWLRQV SHUIRUPDQFH� HWF�

,Q RUGHU WR DFKLHYH D ZLGHU LQWURGXFWLRQ RI PHFKD�

QLVHG 6$:� D SURFHGXUH ZDV DFFHSWHG XQGHU ZKLFK WKH

GHVLJQ EXUHDXV ZHUH WR HQYLVDJH WKH PD[LPDO SRVVLEOH

YROXPH RI 6$: DOUHDG\ DW WKH VWDJH RI WKH VKLS GHWDLO

GHVLJQ� DQG 7V1,,76 VWXGLHG WKH WHFKQLFDO SURMHFWV DQG

LVVXHG DSSURSULDWH UHFRPHQGDWLRQV� ,Q RUGHU WR GHWHU�

PLQH WKH YROXPH RI PHFKDQLVHG ZHOGLQJ� 7V1,,76 LQ

���� w ���� GHYHORSHG D FDOFXODWLRQ SURFHGXUH� DFFRUG�

LQJ WR ZKLFK WKH YROXPH RI PHFKDQLVHG ZHOGLQJ DSSOL�

FDWLRQ �RU OHYHO RI ZHOGLQJ RSHUDWLRQV PHFKDQLVDWLRQ�

ZHUH GHWHUPLQHG DV D UDWLR RI WKH DUHD RI ORQJLWXGLQDO

VHFWLRQ RI WKH ZHOGV SURGXFHG E\ PHFKDQLVHG ZHOGLQJ

SURFHVVHV� WR WKH WRWDO DUHD RI WKH ORQJLWXGLQDO VHFWLRQ

RI WKH ZHOGV PDGH E\ DOO WKH ZHOGLQJ SURFHVVHV >�@�

,Q ���� w ���� WKLV SURFHGXUH ZDV UHSODFHG E\

3:, SURFHGXUH� DFFRUGLQJ WR ZKLFK WKH OHYHO RI PHFK�

DQLVDWLRQ RI ZHOGLQJ RSHUDWLRQV ZDV GHWHUPLQHG DV

WKH UDWLR RI WKH UHGXFHG ODERXU FRQVXPSWLRQ RI ZHOG�

LQJ E\ PHFKDQLVHG SURFHVVHV� WR WKH WRWDO ODERXU FRQ�

VXPSWLRQ RI ZHOGLQJ SHUIRUPHG E\ DOO WKH SURFHVVHV�

,Q ���� w ���� D VHULHV RI LQYHVWLJDWLRQV ZHUH FDU�

ULHG RXW WR HVWDEOLVK WKH DSSOLFDELOLW\ RI YDULRXV SURF�

HVVHV RI ZHOGLQJ EXWW MRLQWV ZLWK ODUJHU JDSV �XS WR

� PP� RQ D IOX[ SDG RU IOX[�FRSSHU EDFNLQJ� )RU WKHVH

SXUSRVHV� D QXPEHU RI VKLSEXLOGLQJ \DUGV� EDVHG RQ

3:, GHYHORSPHQWV� EXLOW HOHFWURPDJQHWLF EHQFKHV

)LJXUH �� )LUVW DXWRPDWLF PDFKLQH 0$*�� IRU 6$: RI EXWW MRLQWV
RQ VKLS VWUXFWXUHV

)LJXUH �� $XWRPDWLF PDFKLQH $68���� IRU LQFOLQHG�HOHFWURGH 6$:
RI 7�MRLQWV RI VKLS VWUXFWXUHV
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DQG 7V1,,76 GHYHORSHG D WHFKQRORJ\ RI DXWRPDWLF

6$: IURP ERWK VLGHV RQ IOX[ SDGV RI EXWW MRLQWV ZLWK

ODUJHU JDSV DQG VTXDUH HGJHV IRU VKHHW WKLFNQHVV RI

� w �� PP DQG ZLWK HGJH SUHSDUDWLRQ �IRU �� w �� PP

WKLFN VKHHWV�� 7KH WHFKQRORJ\ RI DXWRPDWLF ZHOGLQJ

IURP RQH VLGH ZLWK ZHOG IRUPDWLRQ IURP ERWK VLGHV�

ZDV GHYHORSHG DW WKH VDPH WLPH�

,Q YLHZ RI LQVXIILFLHQW XQLIRUPLW\ RI WKH ZHOGHG

MRLQW TXDOLW\� KRZHYHU� WKH DERYH WHFKQRORJLHV GLG

QRW EHFRPH ZLGHO\ DFFHSWHG� ,Q RUGHU WR LPSURYH WKH

HIIHFWLYHQHVV RI ILOOHW ZHOGLQJ� 7V1,,76 GHYHORSHG WKH

WHFKQRORJ\ DQG DXWRPDWLF PDFKLQH '$68���� �)L�

JXUH �� IRU VLPXOWDQHRXV DXWRPDWLF LQFOLQHG�HOHFWURGH

6$: RI WZR ZHOGV �IURP WZR VLGHV� RI 7�MRLQWV �LQ

ZHOGLQJ RI WKH IUDPLQJ WR WKH SDQHOV�� DV ZHOO DV WKH

WHFKQRORJ\ RI PHFKDQLVHG 6$: RI ILOOHW VSRW ZHOGV

RQ VKHHW VWUXFWXUHV�

,Q ���� w ���� UHVHDUFK RQ ZHOGLQJ WZR�OD\HU VWHHOV

�GLIIHUHQW JUDGHV RI VKLS KXOO VWHHOV� FODG ZLWK

��.K��1�7�$,6,���� VWHHO�ZDVSHUIRUPHG� HOHFWURGHV

821,����1=K� DQG WHFKQRORJ\ RI PDQXDO DQG DXWR�

PDWLF 6$:ZHUH GHYHORSHG� ,Q DGGLWLRQ WR GHYHORSPHQW

DQG LPSURYHPHQW RI WKH ZHOGLQJ SURFHVVHV� FRQVLGHUDEOH

DWWHQWLRQ ZDV JLYHQ WR LPSURYHPHQW RI WKH TXDOLW\ RI

ZHOGLQJ FRQVXPDEOHV� ZHOGV DQG ZHOGHG MRLQWV�

,QYHVWLJDWLRQ RI ZHOG VXVFHSWLELOLW\ WR EULWWOH IUDF�

WXUH GHPRQVWUDWHG WKH DGYHUVH LQIOXHQFH RI WKH ZHOG

DQG +$= PHWDO VDWXUDWLRQ ZLWK K\GURJHQ� ,QYHVWLJD�

WLRQV RI WKH IDWLJXH DQG G\QDPLF VWUHQJWK� VHQVLWLYLW\

WR DJHLQJ DQG FRUURVLRQ UHVLVWDQFH RI ZHOGHG MRLQWV

ZHUH SHUIRUPHG� WKDW UHVXOWHG LQ GHYHORSPHQW RI 1L�

FRQWDLQLQJ ZLUH ���*1 IRU DXWRPDWLF 6$: DQG RI

PDQXDO VSHFLDO�SXUSRVH HOHFWURGHV� SURYLGLQJ D ZHOG

PHWDO UHVLVWDQW WR FRUURVLRQ DQG KDYLQJ KLJK PHFKDQL�

FDO SURSHUWLHV�

/LPLWDWLRQV RQ WKH FRQWHQW RI VLOLFRQ DQG PDQJD�

QHVH� VXOSKXU DQG SKRVSKRURXV ZHUH LQWURGXFHG IRU

WKH IOX[HV FRPSRVLWLRQ� 7KLV UHVXOWHG LQ GLYLVLRQ RI

WKH IOX[ LQWR WZR NLQGV� QDPHO\ ODUJH JUDQXOH IOX[

IRU DXWRPDWLF ZHOGLQJ DQG ILQH JUDQXOH IOX[ ZLWK D

PRUH VWULQJHQW OLPLWDWLRQ RI SKRVSKRURXV FRQWHQW IRU

PHFKDQLVHG ZHOGLQJ�

���� ZDV WKH VWDUW RI GHYHORSPHQW RI WKH WHFKQRO�

RJ\ RI DXWRPDWLF YHUWLFDO DUF �DQG ODWHU RQ DOVR HOHF�

WURVODJ� ZHOGLQJ RI ILHOG EXWW MRLQWV XVLQJ D ZHOGLQJ

WUDFWRU RI 7&��� W\SH ZLWK D PDJQHWLF VKRH GHYHORSHG

E\ 3:,�

$ VHULHV RI LQYHVWLJDWLRQV RQ RSWLPLVDWLRQ RI WKH WHFK�

QLTXH DQG WHFKQRORJ\ RI ZHOGLQJ DQG ZHOGLQJ HTXLS�

PHQW� DV ZHOO DV RQ VWXG\LQJ WKH SURSHUWLHV RI ZHOGHG

MRLQWV� DOORZHG EHJLQQLQJ LQ ���� w ���� WKH LQWURGXF�

WLRQ RI DXWRPDWLF YHUWLFDOZHOGLQJZLWK IRUFHG IRUPDWLRQ

RI ZHOGV RI ILHOG EXWW MRLQWV RI WKH KXOOV LQ FRQVWUXFWLRQ

RI ODUJH WRQQDJH VKLSV RI WKH W\SH RI WDQNHUV� GU\�FDUJR

VKLSV� UHIULJHUDWRUV� HWF� >�@�

,Q WKH VDPH SHULRG H[WHQVLYH UHVHDUFK KDV EHHQ

SHUIRUPHG RQ DSSOLFDWLRQ RI WKH SURFHVV RI HOHFWURVODJ

ZHOGLQJ LQ IDEULFDWLRQ RI ODUJH�VL]HG LWHPV RI XS WR

�� W ZHLJKW RI WKH W\SH RI VWHPV� UXGGHU SLQV� VKLS

VKDIWV� HWF� (OHFWURVODJ ZHOGLQJ WXUQHG RXW WR EH HV�

SHFLDOO\ HIIHFWLYH LQ IDEULFDWLRQ RI ODUJH�VL]HG SDUWV RI

FDVW�ZHOGHG VWUXFWXUHV� ,W FDQ EH VDLG WKDW E\ ����

LQYHVWLJDWLRQV RI 6$: SURFHVVHV KDG EHHQ FRPSOHWHG�

DQG WKH\ EHFDPH TXLWH ZLGHO\ LQWURGXFHG DW WKDW WLPH

DOUHDG\� ZKLOH WKH WHFKQLFDO FDSDELOLWLHV RI PHFKDQL�

VDWLRQ RI VWUXFWXUH ZHOGLQJ E\ DSSO\LQJ 6$: SURF�

HVVHV� KDG EHHQ SUDFWLFDOO\ H[KDXVWHG�

)LJXUH � VKRZV WKH G\QDPLFV RI LQWURGXFWLRQ RI

FRQVXPDEOH HOHFWURGH HOHFWULF DUF ZHOGLQJ SURFHVVHV

LQ VKLSEXLOGLQJ�

7KH DELOLW\ WR ZLGHO\ DSSO\ WKH DERYH WHFKQRORJLHV

LQ SURGXFWLRQ ZDV IRUWLILHG E\ GHYHORSPHQW RI WKH

QHFHVVDU\ ZHOGLQJ HTXLSPHQW� 2YHU D UHODWLYHO\ VKRUW

SHULRG 3:, GHYHORSHG D IDPLO\ RI VSHFLDO DQG DOO�SXU�

SRVH ZHOGLQJ WUDFWRUV DQG XQLWV �76���� 76���� 76�

��� 76���� 76���� 76���0� ,6���08� '76���� 76�

��� $����� 36K��� 36K���� HWF���

$ FRQVLGHUDEOH DVVLVWDQFH ZDV UHQGHUHG E\ WKH VWDII

RI WKLV ,QVWLWXWH DQG LWV GLUHFWRU� DFDGHPLFLDQ (�2�3D�

WRQ WR WKH IDFWRULHV RI WKLV LQGXVWU\ LQ LQWURGXFWLRQ

RI DGYDQFHG ZHOGLQJ SURFHVVHV� HVSHFLDOO\ GXULQJ LWV

PDVWHULQJ LQ WKH HQWHUSULVHV ORFDWHG LQ WKH VRXWK RI

WKH FRXQWU\ >�� �@�

)LJXUH �� $XWRPDWLF PDFKLQH '$68���� IRU WZLQ ZLUH 6$: RI 7�
MRLQWV IURP WZR VLGHV VLPXOWDQHRXVO\

)LJXUH �� '\QDPLFV RI YDULDWLRQ RI WKH YROXPH RI LQWURGXFWLRQ�
2

LQ
� RI PHFKDQLVHG SURFHVVHV RI FRQVXPDEOH HOHFWURGH HOHFWULF DUF

ZHOGLQJ DQG OHYHO RI ZHOGLQJ RSHUDWLRQV PHFKDQLVDWLRQ� <
P
� LQ

VKLSEXLOGLQJ�Px 6$:�Ox &2
�
ZHOGLQJ��x PHFKDQLVDWLRQ

OHYHO
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/HQLQJUDG �(OHNWULN� )DFWRU\� DQG ODWHU RQ DOVR

91,,(62� GHYHORSHG D EURDG UDQJH RI HTXLSPHQW IRU

DUF DQG UHVLVWDQFH ZHOGLQJ WKDW LV H[WHQVLYHO\ DSSOLHG

LQ VKLSEXLOGLQJ IDFWRULHV�

%\ ���� WKH SUREOHPV RI WKH WHFKQRORJLHV RI PHFK�

DQLVHG SURFHVVHV RI ZHOGLQJ WKH VKLSEXLOGLQJ VWUXF�

WXUHV KDG EHHQ VROYHG� 7KH FUHDWHG UDQJH RI ZHOGLQJ

WHFKQRORJLHV DQG HTXLSPHQW DOORZHG IDEULFDWLRQ RI

DQ\ ZHOGHG VKLS VWUXFWXUHV�

,Q FRQVWUXFWLRQ RI ZHOGHG VKLSV LQ WKLV SHULRG WRS

SULRULW\ ZDV JLYHQ WR WKH LVVXHV RI LPSURYHPHQW RI

ZHOGLQJ HIILFLHQF\ DW GLIIHUHQW VWDJHV RI VKLS FRQVWUXF�

WLRQ�

&RQVWUXFWLRQ RI ODUJH WRQQDJH VKLSV DQG DSSOLFD�

WLRQ RI ODUJH�VL]HG VWHHO VKHHWV IRU VKLS KXOOV� DV ZHOO

DV GHYHORSPHQWV LQ WKH ILHOG RI LQWHJUDWHG DXWRPDWLRQ

RI VKLS KXOO VWUXFWXUHV IDEULFDWLRQ� SRVHG D QXPEHU RI

WDVNV IRU WKH ZHOGLQJ SURGXFWLRQ� UHODWHG WR WKH QHHG

WR GHYHORS QHZ HIIHFWLYH ZHOGLQJ WHFKQRORJLHV� DPRQJ

ZKLFK SULPDULO\ LV DXWRPDWLF RQH�VLGH ZHOGLQJ RI IODW

SDQHOV ZLWK ZHOG IRUPDWLRQ IURP WZR VLGHV �ZLWKRXW

WLOWLQJ WKH SDQHOV��

,Q ���� w ���� WKH WHFKQRORJ\� �0LU� DXWRPDWLF

PDFKLQH DQG EHQFKHV IRU DXWRPDWLF ZHOGLQJ RI EXWW

MRLQWV XS WR �� PP WKLFN RQ D IOX[�FRSSHU SDG ZHUH

FUHDWHG� DQG LQ ���� WKH WHFKQRORJ\ DQG �%ULJ� DXWR�

PDWLF PDFKLQH IRU ZHOGLQJ RQ D VOLGLQJ FRSSHU VKRH

ZHUH GHYHORSHG >�@�

)RU ZHOGLQJ WKH IUDPLQJ RI PDLQ RULHQWDWLRQ WR

WKH SDQHOV� LQ ���� w ���� ZHOGLQJ�DVVHPEO\ XQLWV

ZHUH GHYHORSHG WKDW SHUIRUP SUHVVLQJ RI WKH IUDPLQJ

WR WKH SDQHOV� UHYHUVH EHQGLQJ LQ WKH ZHOG DUHD DQG

VLPXOWDQHRXV ZHOGLQJ RI WKH IUDPLQJ IURP ERWK VLGHV�

DV ZHOO DV SRVLWLRQLQJ RI IRXU VWLIIHQHUV IURP WZR VLGHV

IRU WKHLU VLPXOWDQHRXV DXWRPDWLF ZHOGLQJ RQ E\ HLJKW

ZHOGLQJ KHDGV�

7KH WHFKQRORJ\ RI PXOWL�KHDG DXWRPDWLF 6$:

ZLWK $1��� IOX[ �3:, GHYHORSPHQW� ZDV SURSRVHG

LQ RUGHU WR LPSURYH WKH HIILFLHQF\ RI ZHOGLQJ LQ IDE�

ULFDWLRQ RI IODW VHFWLRQV LQ LQWHJUDWHG PHFKDQLVDWLRQ

OLQHV� 7KH WHFKQRORJ\ HQYLVDJHG SHUIRUPDQFH RI EXWW

MRLQWV RI WKH SDQHOV E\ WZR ZHOGLQJ KHDGV IURP WZR

VLGHV PDNLQJ VLQJOH�SDVV ZHOGV RQ D IOX[�FRSSHU EDFN�

LQJ RU D IOX[ SDG ZLWK WKH ZHOGLQJ VSHHG RI �� w

�� P�K DQG RI 7�MRLQWV RI WKH IUDPLQJ ZLWK WKH SDQHO

E\ WZLQ�DUF ZHOGLQJ KHDGV IURP WZR VLGHV RI WKH IUDP�

LQJ VLPXOWDQHRXVO\ ZLWK WKH ZHOGLQJ VSHHG RI XS WR

�� P�K�

,PSURYHPHQW RI ZHOGLQJ WHFKQRORJ\� ZHOGLQJ FRQ�

VXPDEOHV DQG ZHOGLQJ HTXLSPHQW IRU DXWRPDWLF RQH�

VLGH ZHOGLQJ RI IODW SDQHOV ZLWKRXW WLOWLQJ WKHP�

VKRXOG EH UHJDUGHG DV PDMRU GHYHORSPHQWV LQ WKLV

ILHOG� %DFNLQJ IOX[ $1���3 IRU WKH YDULDQW RI ZHOGLQJ

RQ D IOX[�FRSSHU EDFNLQJ ZDV GHYHORSHG LQ FR�RSHUD�

WLRQ ZLWK 3:, �������

,Q ���� 7V1,,76 GHYHORSHG WKH WHFKQRORJ\ RI DXWR�

PDWLF ZHOGLQJ IURP ERWK VLGHV RI EXWW MRLQWV RI IODW

SDQHOV ZLWKRXW WLOWLQJ WKHP� ZKLFK HQYLVDJHV GRZQ�

KDQG ZHOGLQJ E\ DXWRPDWLF VXEPHUJHG�DUF SURFHVV�

DQG D EDFNLQJ UXQ IURP WKH UHYHUVH VLGH LQ WKH RYHUKHDG

SRVLWLRQ E\ DXWRPDWLF &2� ZHOGLQJ ZLWK WKLQ ZLUH�

$Q HVVHQWLDO GUDZEDFN RI WKH WHFKQRORJLHV RI DXWR�

PDWLF 6$: IURP RQH VLGH ZLWK ZHOG IRUPDWLRQ IURP

WZR VLGHV� LV SURGXFWLRQ RI ZHOGV IURP ERWK VLGHV ZLWK

ODUJH YDULDWLRQV E\ WKH ZLGWK DQG KHLJKW RI WKH FRQ�

YH[LWLHV� 7KLV LV ODUJHO\ GHSHQGHQW RQ WKH ILW�XS RS�

HUDWLRQV GXULQJ VWUXFWXUH DVVHPEO\�

:KHQ ILW�XS RSHUDWLRQV DUH SHUIRUPHG� WKH SXUSRVH

LV WR HQVXUH VXFK D JDS LQ WKH MRLQW� ZKLFK HOLPLQDWHV

WKH SRVVLELOLW\ RI IRUPDWLRQ RI D EXUQ�WKURXJK RU ODFN�

RI�SHQHWUDWLRQ LQ ZHOGLQJ� DQG LQVXIILFLHQW DWWHQWLRQ

LV JLYHQ WR WKH SURGXFHG GLPHQVLRQV RI VWUXFWXUDO HOH�

PHQWV RI HGJH SUHSDUDWLRQ IRU ZHOGLQJ� $V D UHVXOW�

FURVV�VHFWLRQDO DUHDV DQG JURRYH YROXPHV WR EH ILOOHG

LQ ZHOGLQJ� UHVSHFWLYHO\� YDU\ JUHDWO\ LQ GLIIHUHQW VHF�

WLRQV RI WKH MRLQW� WKLV� LQ FRPELQDWLRQ ZLWK YDULDWLRQV

RI WKH ZHOGLQJ PRGH� OHDGLQJ WR VLJQLILFDQWO\ GLIIHUHQW

JHRPHWULFDO GLPHQVLRQV RI ZHOGV WKDW RIWHQ JR EH\RQG

WKH WROHUDQFH OLPLWV�

7V1,,76 SHUIRUPHG VWXGLHV WR HVWDEOLVK WKH DGPLV�

VLEOH GHYLDWLRQV RI WKH JDS DQG JURRYH ZLGWK� DW ZKLFK

WKH VSHFLILHG ZHOG GLPHQVLRQV FDQ EH SURYLGHG� 7KH

UDWLRQDOLW\ RI GHYHORSPHQW DQG DSSOLFDWLRQ RI DXWR�

PDWLF FRQWURO RI ZHOGLQJ PRGH SDUDPHWHUV WR SURGXFH

ZHOGV RI UHTXLUHG GLPHQVLRQV ZDV HVWDEOLVKHG >�@�

,Q ZHOGLQJ� GHYLDWLRQ IURP WKH VSHFLILHG YDOXHV RI

ZHOGLQJ FXUUHQW� DUF YROWDJH DQG ZHOGLQJ VSHHG WR�

ZDUGV ODUJHU RU VPDOOHU YDOXHV� DV ZHOO DV YDULDWLRQ

RI JDS VL]HV� JURRYH DQJOHV� WRHV� HWF� LQ WKH MRLQW

DVVHPEOHG IRU ZHOGLQJ OHDG WR D VLWXDWLRQ ZKHUH� RQ

WKH RQH KDQG� WKH ZHOGHG MRLQW QHHGV D JUHDWHU RU

VPDOOHU YROXPH RI GHSRVLWHG PHWDO WR ILOO WKH DFWXDO

JURRYH� DQG� RQ WKH RWKHU KDQG� WKH DFWXDO ZHOGLQJ

PRGH ZLOO SURYLGH D ODUJHU RU VPDOOHU YROXPH RI WKH

GHSRVLWHG PHWDO� 7KLV UHVXOWV LQ WKH FRQGLWLRQV XQGHU

ZKLFK WKH GLPHQVLRQV RI WKH ZHOG FRQYH[LW\ DIWHU

ZHOGLQJ KDYH LQDGPLVVLEOH GHYLDWLRQV IURP WKH VSHFL�

ILHG YDOXHV�

7KHUHIRUH� WKH PDLQ UHTXLUHPHQW WKDW VKRXOG EH

PHW E\ D ZHOGLQJ WHFKQRORJ\ ZLWK SURJUDP FRQWURO�

LV SURYLVLRQ LQZHOGLQJ RI D YDULDEOH �UHTXLUHG� YROXPH

RI WKH GHSRVLWHG PHWDO LQ GLIIHUHQW VHFWLRQV RI WKH MRLQW

DORQJ LWV OHQJWK� VR WKDW WKH GLPHQVLRQV RI WKH ZHOG

FRQYH[LW\ �RU ZHOG OHJ� GLG QRW JR EH\RQG WKH YDOXHV

HVWDEOLVKHG E\ WKH VWDQGDUGV� GHVSLWH WKH SRVVLEOH YDUL�

DWLRQV RI WKH ZHOGLQJ PRGH SDUDPHWHUV DQG VWUXFWXUDO

HOHPHQWV RI WKH MRLQWV DVVHPEOHG IRU ZHOGLQJ�

7KXV� WKH YROXPH RI WKH GHSRVLWHG PHWDO LV WKH

PDLQ FRQWUROODEOH SDUDPHWHU RI SURJUDPPDEOH WHFK�

QRORJ\ RI DXWRPDWLF ZHOGLQJ WKDW GLUHFWO\ LQIOXHQFHV

WKH ZHOG TXDOLW\� ,W IROORZV IURP WKH DERYH VDLG WKDW

LQ RUGHU WR SURGXFH ZHOGV RI WKH UHTXLUHG TXDOLW\� LW

LV QHFHVVDU\ WR DSSO\ WKH WHFKQRORJ\ RI FRQVXPDEOH

HOHFWURGH HOHFWULF DUF ZHOGLQJ DQG &1& ZHOGLQJ
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HTXLSPHQW WKDW VKRXOG PHHW WKH IROORZLQJ UHTXLUH�

PHQWV�

• DXWRPDWLF VHOHFWLRQ RI ZHOGLQJ FXUUHQW� DUF YROW�
DJH DQG ZHOGLQJ VSHHG� GHSHQGLQJ RQ PHWDO WKLFNQHVV

DQG MRLQW W\SH� DFFRUGLQJ WR WKH FXUUHQW VWDQGDUGV�

• DXWRPDWLF PDLQWHQDQFH GXULQJ ZHOGLQJ RI WKH

SURFHVV PRGH� HVWDEOLVKHG LQ NHHSLQJ ZLWK WKH VWDQG�

DUGV� LWV FRUUHFWLRQ DW YDULDWLRQ RI WKH PDLQV YROWDJH�

GLPHQVLRQV RI VWUXFWXUDO HOHPHQWV RI HGJH SUHSDUDWLRQ

LQ WKH MRLQW� HWF��

• DXWRPDWLF GLUHFWLRQ RI WKH ZHOGLQJ DUF DORQJ D

VSHFLILHG WUDMHFWRU\ ZLWK WKH UHTXLUHG DFFXUDF\�

• DXWRPDWLF VZLWFKLQJ RQ RI ZHOGLQJ IOX[ RU VKLHOG�
LQJ JDV IHHG SULRU WR WKH VWDUW RI ZHOGLQJ DQG LWV

VZLWFKLQJ RII DIWHU ZHOGLQJ LV RYHU� DQG IOX[ UHPRYDO

GXULQJ ZHOGLQJ�

7HFKQRORJLHV RI FRQVXPDEOH HOHFWURGH HOHFWULF DUF

ZHOGLQJ PHHWLQJ WKH DERYH UHTXLUHPHQWV� VKRXOG EH

FDOOHG FRPSXWHU�FRQWUROOHG RU &1& DXWRPDWLF WHFK�

QRORJLHV �)LJXUH ���

)RU RSWLPLVLQJ VXFK D WHFKQRORJ\� D PRFN�XS RI

&1& DXWRPDWLF PDFKLQH RI �0LU��3� W\SH DQG ZHOG�

LQJ IURP RQH VLGH RI IODW SDQHOV RI XS WR �� PP WKLFN

PHWDO DQG OHQJWK RI �� P ZLWK ZHOG IRUPDWLRQ IURP

ERWK VLGHV RQ D IOX[�FRSSHU EDFNLQJ ZHUH GHYHORSHG�

3DQHO IDEULFDWLRQ LV HQYLVDJHG LQ WKH DSSURSULDWH

SRVLWLRQV RI WKH IORZ OLQH� :HOGLQJ RI XS WR ��� PP

WKLFN MRLQWV LV SHUIRUPHG E\ RQH DUF� DQG WKDW RI

WKLFNHU MRLQWV x E\ WZR DUFV VLPXOWDQHRXVO\�

6$: LV SHUIRUPHG DW GLUHFW FXUUHQW VXSSOLHG IURP

SRZHU VRXUFHV RI WZR W\SHV 9'8���� RU 9'8�����

DW FXUUHQWV RI ��� w ���� $ DQG DUF YROWDJH RI �� w

�� 9 ZLWK RI � w � PP HOHFWURGH ZLUH DQG IOX[ 267V�

�� RU $1�����

:HOGLQJ XQLW �PRYLQJ RYHU D JDQWU\� EHORQJV WR

VXVSHQGHG W\SH ZLWK WZR VHTXHQWLDOO\ ORFDWHG KHDGV

ZLWK &1& V\VWHP DQG V\VWHP RI IROORZLQJ WKH GLUHF�

WLRQ RI WKH ZHOGLQJ DUFV PRYHPHQW DORQJ WKH EXWW�

7KH ILUVW ZHOGLQJ KHDG LQ WKH GLUHFWLRQ RI PRYHPHQW�

LV GHVLJQHG IRU ZHOGLQJ ZLWK RQH ZLUH� DQG WKH VHF�

RQG x IRU ZHOGLQJ ZLWK D VSOLW HOHFWURGH�

&1& XQLW VRIWZDUH DOORZV WKH DXWRPDWLF PDFKLQH

WR SHUIRUP ZRUN LQ WKH DXWRPDWLF� PHFKDQLVHG �PDQ�

XDO�� FRUUHFWLRQ DQG UHIHUHQFH PRGHV�

3URJUDP FRQWURO V\VWHP ZDV HYDOXDWHG E\ FRPSDU�

LQJ WKH TXDOLW\ RI ZHOG IRUPDWLRQ ZLWK WKH VZLWFKHG

RQ RU VZLWFKHG RII V\VWHP RI DXWRPDWLF FRQWURO RI WKH

ZHOGLQJ SURFHVV�

6WDWLVWLFDO SURFHVVLQJ RI H[SHULPHQWDO UHVXOWV LQ

ZHOGLQJ WKH MRLQWV RI �� PP WKLFN PHWDO� VKRZHG WKDW

WKH JHRPHWULFDO SDUDPHWHUV RI ZHOGV SHUIRUPHG ZLWK

WKH VZLWFKHG RQ DQG VZLWFKHG RII DXWRPDWLF FRQWURO

V\VWHP� DUH ZLWKLQ WKH WROHUDQFHV� L�H� QR FRUUHFWLRQ

RI WKH PDLQ SDUDPHWHUV RI WKH ZHOGLQJ SURFHVV ZDV

UHTXLUHG� EXW VWDELOLVDWLRQ RI WKH SURFHVV ZLWK SURJUDP

FRQWURO UHVXOWHG LQ SURGXFWLRQ RI VPRRWKHU EHDGV� ERWK

IURP WKH IDFH DQG WKH UHYHUVH VLGH� VPRRWKHU WUDQVLWLRQ

IURP WKH ZHOG WR WKH EDVH PHWDO� VPDOOHU YDULDWLRQ RI

WKH ZHOG FRQYH[LW\ ZLGWK DQG KHLJKW�

,Q WZLQ�DUF ZHOGLQJ RI MRLQWV RQ XS WR �� PP WKLFN

PHWDO ZLWKRXW DXWRPDWLF FRQWURO RI WKH ZHOGLQJ SURF�

HVV� WKH ZHOGV DUH FKDUDFWHULVHG E\ JUHDWHU YDULDWLRQ

RI ZHOG FRQYH[LW\ ZLGWK DQG KHLJKW� HVSHFLDOO\ IURP

WKH UHYHUVH VLGH RI WKH MRLQWV� ,QFRPSOHWH ILOOLQJ RI

JURRYH DQG XQGHUFXWV DUH IRXQG RQ VRPH RI WKH

PDFURVHFWLRQV� :KHQ WKH V\VWHP RI DXWRPDWLF FRQWURO

)LJXUH �� %ORFN GLDJUDP RI DQ DOJRULWKP IRU DXWRPDWLF FRQVXPDEOH
HOHFWURGH 6$: ZLWK &1&

YZ =
αG,Z

����ρK (D + E)

8D = �� w
��⋅��w�,Z

GH
���

± �

αP,Z

����ρ)H
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RI WKH ZHOGLQJ SURFHVV LV VZLWFKHG RQ� WKH DERYH ZHOG

GHIHFWV DUH DEVHQW�

3URGXFWLRQ WULDOV RI WKH DERYH ZHOGLQJ WHFKQRORJ\

FRQILUPHG WKH HDUOLHU GHULYHG UHVXOWV�

&21&/86,216

�� 7KH SURFHVV RI FRQVXPDEOH HOHFWURGH 6$: GHYHO�

RSHG E\ 3:,� KDG D FRQVLGHUDEOH LPSDFW RQ DGYDQFH

RI VFLHQFH DQG WHFKQRORJ\ LQ YDULRXV LQGXVWULHV�

�� ([WHQVLYH DSSOLFDWLRQ RI DXWRPDWLF DQG PHFK�

DQLVHG 6$: LQ VKLSEXLOGLQJ DOORZHG HIIHFWLYH FRQ�

VWUXFWLRQ RI KLJK�TXDOLW\ PRGHUQ VKLSV DQG YHVVHOV

ZLWK KXOOV PDGH RI YDULRXV JUDGHV RI KXOO VWHHO�

�� 3:,� 7V1,,70$6K� �(OHNWULN� )DFWRU\� DORQJ�

VLGH ZLWK 7V1,,76� PDGH D JUHDW FUHDWLYH FRQWULEXWLRQ

WR GHYHORSPHQW DQG LPSURYHPHQW RI WKH WHFKQRORJ\

RI 6$: RI KXOO VWHHOV DQG ZHOGLQJ HTXLSPHQW�

5()(5(1&(6

�� %HOFKXN� *�$� ������ 2Q KLVWRU\ RI HOHFWULF DUF ZHOGLQJ GH�
YHORSPHQW LQ ORFDO VKLSEXLOGLQJ� 7UDQVDFW� RI /.,� ,VVXH ��
�� w ���

�� *RORYFKHQNR� 9�6�� 6KUDHUPDQ� 0�5�� $EUDPRYLFK� 9�5� HW
DO� ������ 'HYHORSPHQW RI ZHOGLQJ LQ VKLSEXLOGLQJ� 6XGRV�
WUR\HQL\H� 7HNKQRORJLD 6XGRVWUR\HQL\D� �� �� w ���

�� *RORYFKHQNR� 9�6�� .D]LPLURY� $�$�� 0DWVNHYLFK� 9�'� HW
DO� ������ :HOGLQJ LQ VKLSEXLOGLQJ� ,Q� :HOGLQJ LQ WKH
8665� 0RVFRZ� 1DXND�

�� 9RORJGLQ� 9�3� ������ &RQVWUXFWLRQ RI WKH ILUVW DUF�ZHOGHG
ODXQFK LQ 'DO]DYRG )DFWRU\ LQ 9ODGLYRVWRN� ,Q� &ROO� RI 3D�
SHUV RQ (OHFWULF $UF :HOGLQJ LQ $XWRPRWLYH ,QGXVWU\� $LU�
FUDIW &RQVWUXFWLRQ DQG 6KLSEXLOGLQJ� 0RVFRZ� *RVWHNKL]GDW�

�� 0XVKFKHQNR� '�$� ������ (OHFWULF DUF ZHOGLQJ LQ ULYHU
VKLSEXLOGLQJ LQ WKH �QG )LYH <HDU 3ODQ SHULRG� 0RUVNR\H
6XGRVWUR\HQL\H� �� �� w ���

�� 3DWRQ� (�2� ������ $XWRPDWLF ZHOGLQJ LQ VKLSEXLOGLQJ�
0RVFRZ� 2ERURQJL]�

�� .D]LPRURY� $�$� ������ $XWRPDWLF ZHOGLQJ LQ ULYHU VKLS�
EXLOGLQJ� ,Q� &ROO� GHYRWHG WR ��WK DQQLYHUVDU\ RI (�2� 3D�
WRQ� .\LY� $1 8NU�665�

�� *RUEDFK� 9�'�� *RORYFKHQNR� 9�6�� 6WHJDQWVHY� 9�3�
������ $XWRPDWLF FRQWURO RI WKH PRGH RI 6$: RI VWHHO SDQ�
HOV� 9HVWQLN 7HNKQRORJLL 6XGRVWUR\HQL\D� �� �� w ���

0DWHULDO

(OHPHQW FRQWHQW� ZW��

& 0Q 6L &U &X 1L 6 3 )H

6W�� ���� w ���� ��� w ��� %DODQFH

6W�� ��� w ��� ���� w ���� 6DPH

6W�� ���� w ���� ��� w ��� �

��* ���� w ���� ��� w ��� ���� w ���� �

��.K61' ≤ ���� ��� w ��� ��� w ��� ��� w ��� ��� w ���� ��� w ��� �

��.K61' ���� w ��� ��� w ��� ��� w ��� ��� w ��� ��� w ��� ��� w ��� �

��.K61�' ≤ ��� ��� w ��� ��� w ��� ��� w ��� ��� w ��� ��� w ��� �

���*1 � ���� ��� w ��� ��� w ��� �

821,����1=K� ≤ ���� ��� w ��� ��� w ��� ���� w ���� ��� w ���� � ����� � �����
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�
(DVW 6LEHULDQ 5DLO 5RDG� ,UNXWVN� 5XVVLD

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

$%675$&7

7KH LPSRUWDQFH RI VROYLQJ WKH SUREOHPV RI VWUHQJWKHQLQJ RI UROO VXUIDFHV RI ZKHHOV LV VKRZQ� 'UDZEDFNV RI WUDGLWLRQDO

UHSDLU WHFKQRORJLHV LQWHQGHG IRU UHFRQGLWLRQLQJ RI QHFNV RI D[OHV RI UDLOZD\ FDU ZKHHOVHWV DUH FRQVLGHUHG� 7KH XVH RI

ODVHU VXUIDFLQJ DQG KHDW WUHDWPHQW LV VXJJHVWHG� ([DPSOH RI H[SHULPHQWDO�FRPPHUFLDO LPSOHPHQWDWLRQ RI UHFRPPHQGHG

ODVHU WHFKQRORJLHV LQ WKH ,UNXWVN��6RUWLQJ� FDU GHSRW �(655� 5XVVLD� LV GHVFULEHG�

.H\ ZRU G V � ODVHU VXUIDFLQJ� KHDW WUHDWPHQW� UHVWRUDWLRQ�
VWUHQJWKHQLQJ� ODVHU FRPSOH[� UDLOZD\ WUDQVSRUW� UROOLQJ VWRFN

FRPSRQHQWV� RSWLPL]DWLRQ RI WHFKQRORJ\

'XULQJ VHUYLFH RI WKH UDLOZD\ WUDQVSRUW WKH FRPSR�

QHQWV RI WKH UROOLQJ VWRFN DUH FKDQJHG GXH WR ZHDU RU

DSSHDUDQFH RI GLIIHUHQW NLQGV RI WURXEOHV� 7KLV UHVXOWV

LQ QHFHVVLW\ RI XVLQJ WHFKQRORJLHV RI GLDJQRVWLFV DQG

UHSDLU� 7KHUHIRUH� WKH SUREOHP RI UHVWRUDWLRQ DQG UH�

SDLU RI XQGHUFDUULDJH RI UDLOZD\ FDUV LV DFWXDO >�@�

2QH RI VXEDVVHPEOLHV RI WKH FDU XQGHUFDUULDJH�

ZKLFK LV RSHUDWLQJ XQGHU PRVW FRPSOLFDWHG FRQGL�

WLRQV� LV D ZKHHOVHW� ,WV D[OH LV VXEMHFWHG FRQVWDQWO\

WR WKH DFWLRQ RI KLJK VWDWLF DQG G\QDPLF ORDGV� ,Q

DGGLWLRQ� LW XQGHUJRHV DGGLWLRQDO FRPSUHVVLRQ VWUHVVHV

LQ SRLQWV RI ORDG�FDUU\LQJ MRLQWV ZLWK ZKHHOV DQG WDNHV

VKRFNV IURP UDLOV LQ SUHVHQFH RI GHIHFWV DW WKH UROO

VXUIDFH RI ZKHHOV DQG DW MXQFWLRQV� 'LIIHUHQW WHFKQR�

ORJLFDO YLRODWLRQV LQ PDQXIDFWXUH DQG WUHDWPHQW LQ�

IOXHQFH WKH D[OH VHUYLFHDELOLW\� &RPELQDWLRQ RI D QXP�

EHU RI IDFWRUV FDXVHV WKH LQLWLDWLRQ RI ORFDO VWUHVVHV LQ

WKH D[OHZKLFK OHDG� WRJHWKHUZLWK IDWLJXH SKHQRPHQD�

WR WKH FUDFN LQLWLDWLRQ� 7KH GHSWK RI D GHIHFWLYH OD\HU

LQ D[OH QHFNV LV XVXDOO\ DERXW ��� w ��� PP SHU GL�

DPHWHU�

,Q UHVWRUDWLRQ RI D[OH QHFNV LW LV QHFHVVDU\ WR JULQG

�WR ERUH� QHFNV SUHOLPLQDU\ IRU WKH VL]H ZKLFK LV VPDOOHU
WKDQ WKH UDWHG VL]H E\ ��� w ��� PP SHU GLDPHWHU DQG

WKHQ WR SHUIRUP VXUIDFLQJ ZLWK D WROHUDQFH IRU D ILQDO

PHFKDQLFDO WUHDWPHQW DQG WR JULQG ILQDOO\ WR WKH UDWHG

VL]H� 6XFK GHIHFWV RI WKH GHSRVLWHG OD\HU� DV FUDFNV� FDYL�

WLHV DQG SRUHV DUH LQDGPLVVLEOH� 7KH KDUGQHVV RI WKH

GHSRVLWHG OD\HU VKRXOG EH +5& �� w ���

7UDGLWLRQDOO\� WKH FDU SDUWV ZHUH UHVWRUHG XVLQJ

WKH PHWKRGV RI DUF RU IODPH ZHOGLQJ DQG VXUIDFLQJ

�PDQXDO DUF� DXWRPDWLF DQG PHFKDQL]HG VXEPHUJHG
DUF DQG VKLHOGHG�JDV� SODVPD DUF� JDV ZHOGLQJ� HWF��

>�@� 7KH GUDZEDFNV RI WKH DERYH�PHQWLRQHG PHWKRGV

DUH D ODUJH �DERYH � PP� WROHUDQFH IRU D ILQLVKLQJ

PHFKDQLFDO WUHDWPHQW DQG KLJK SUHKHDWLQJ RI WKH SDUW

WR EH VXUIDFHG WKDW FDQ LQIOXHQFH QHJDWLYHO\ RQ LWV

VKDSH DQG VL]HV DIWHU FRROLQJ� ,Q DGGLWLRQ� WKH PDWHULDO

RI WKH ZKHHOVHW D[OH �VWHHO ��� �& x ���� w �����

0Q x ��� w ���� 6L x ���� w ���� ZW��� )H x ED�

ODQFH� LV GLIILFXOW�WR�ZHOG� ,W LV QRW UHFRPPHQGHG IRU

XVH LQ DUF ZHOGLQJ DQG VXUIDFLQJ >�@� 7KHUHIRUH� IURP

RXU SRLQW RI YLHZ� LW LV UDWLRQDO WR XVH WKH ODVHU VXU�

IDFLQJ ZLWK D FRQWLQXRXV UDGLDWLRQ RI WKH &2��ODVHU

IRU UHVWRUDWLRQ RI QHFNV RI WKH FDU D[OHV WR HOLPLQDWH

WKH PHQWLRQHG GUDZEDFNV >�@�

7DNLQJ LQWR DFFRXQW WKH SHFXOLDULWLHV RI WKH SDUHQW

PHWDO RI WKH UDLOZD\ FDU D[OHV LW LV UHFRPPHQGHG WR

XVH WKH SRZGHUV RI 1L�EDVHG VHOI�IOX[LQJ DOOR\V IRU WKH

ODVHU VXUIDFLQJ RI WKH QHFNV� 7KH WHFKQRORJ\ RI VXU�
IDFLQJ WKHVH PDWHULDOV LV GHVFULEHG LQ GHWDLO LQ >�@�

$W WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH WKH

WHFKQRORJ\ RI ODVHU VXUIDFLQJ RI QHFNV RI WKH FDU D[OHV

ZDV WHVWHG RQ WKH VDPSOHV�VLPXODWRUV PDGH IURP VWHHO

�� XVLQJ D ILOOHU RI SRZGHU 3*�65� �& x ��� w ����

&U x ���� w ����� 6L x ��� w ���� % x ��� w ����

)H x XS WR ��� ZW��� 1L x EDODQFH� SURYLGLQJ KDUG�

QHVV RI DSSUR[LPDWHO\ +5& ��� 7KH IROORZLQJ FRQ�

GLWLRQV ZHUH VHOHFWHG� UDGLDWLRQ SRZHU x ��� w
��� N:� VXUIDFLQJ VSHHG x �� w �� P�K� GLDPHWHU

RI UDGLDWLRQ IRFXVLQJ VSRW x ��� w ��� PP� PDVV FRQ�

VXPSWLRQ RI VXUIDFLQJ SRZGHU x ���� J �V� ([SHUL�

PHQWVZHUH DOVR SHUIRUPHG XVLQJ RWKHU ILOOHUPDWHULDOV�

,W ZDV HVWDEOLVKHG WKDW LQ WKH GHSRVLWHG PHWDO WKH

PLFURFUDFNV DUH IRUPHG �� w �� µP RSHQLQJ ZLGWK�

ZKRVH QXPEHU� VL]H DQG SHULRGLFLW\ RI UHSHWLWLRQ GH�

SHQG RQ PDQ\ IDFWRUV �IRU H[DPSOH� RQ KDUGQHVV RI

WKH OD\HU GHSRVLWHG� FKHPLFDO FRPSRVLWLRQ DQG JUDQX�

ODWLRQ RI WKH VXUIDFLQJ SRZGHU� QDWXUH DQG UDWH RI
KHDW GLVVLSDWLRQ�� 7KH SUHKHDWLQJ DQG D GHOD\HG FRRO�
LQJ RI WKH SDUW EHLQJ VXUIDFHG DUH WKH PRVW HIILFLHQW

DQG VLPSOH PHWKRGV RI WKH FUDFN SUHYHQWLRQ�

,Q WKH UDLOZD\ FDU GHSRW ,UNXWVN��6RUWLQJ�

�(655� 5XVVLD� DQ H[SHULPHQWDO ZRUNVKRS RI D ODVHU
UHVWRUDWLRQ RI WKH VXUIDFHV RI D[OHV LQWHQGHG IRU ILWWLQJ

EHDULQJV ZDV FUHDWHG LQ ����� 7KH HTXLSPHQW LQFOXGHG
D ODVHU WHFKQRORJLFDO LQVWDOODWLRQ /2.��0 �IDVW�IORZ

&2��ODVHU RI ��� N: UDGLDWLRQ SRZHU�� D KRUL]RQWDO

URWDWRU 0������ ���� w ��� PLQ
w� IUHTXHQF\ RI IDFH

� ,�'� .2=8%(1.2�� 9�<X� .+$6.,1� DQG 9�'� &+(51,(1.2� ����
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SODWH URWDWLRQ�� FLUFXODU JULQGLQJ PDFKLQH�WRRO RI WKH

�0��� W\SH� D VSHFLDOL]HG KHDWLQJ XQLW IRU KHDW WUHDW�

PHQW DIWHU VXUIDFLQJ� 7KLV ZRUNVKRS FRXOG UHVWRUH

PRQWKO\ XS WR ��� D[OHV ZKLFK ZHUH UHMHFWHG HDUOLHU

WR WKH PHWDO VFUDS�

,Q SDUDOOHO ZLWK D UHVWRUDWLRQ RI WKH FDU D[OH QHFNV�

WKH DFWXDO SUREOHP LV WKH LQFUHDVH LQ D VHUYLFH OLIH RI

WKH UROO VXUIDFHV RI ZKHHOVHWV� L�H� ZKHHO ULPV� +RZ�

HYHU� WKLV HIIHFW VKRXOG QRW EH DFFRPSDQLHG E\ WKH

GHFUHDVH LQ WKH VHUYLFH OLIH RI WKH UDLOV� 2XU LQYHVWL�

JDWLRQV VKRZHG WKDW WKH EHVW UHVXOWV DUH SURYLGHG XVLQJ

DQ �LVODQG� VWUHQJWKHQLQJ ZKLFK FUHDWHV KDUG ZHDU�

UHVLVWDQW DUHDV RI PHWDO LQ D FRPSDUDWLYHO\ VRIW GDPS�

LQJ PDWUL[� 7KLV VWUHQJWKHQLQJ FDQ EH UHDOL]HG E\ XV�

LQJ D ODVHU KHDW WUHDWPHQW �/+7� ZLWKRXW IXVLRQ

ZKLFK LV XVHG DV D ILQLVKLQJ RSHUDWLRQ�

$W WKH 3:, WKH WHFKQRORJ\ RI /+7 RI VWHHOV ZLWK�

RXW IXVLRQ ZDV WHVWHG RQ VDPSOHV�VLPXODWRUV� LQFOXG�

LQJ FOHDQLQJ DQG GHJUHDVLQJ RI WKH VXUIDFH WR EH

VWUHQJWKHQHG� GHSRVLWLRQ RI DQ DEVRUELQJ FRDWLQJ�

/+7 SURSHU DQG UHPRYLQJ �ULQVLQJ� RI UHPQDQWV RI

WKH DEVRUELQJ FRDWLQJ� 6SHFLDOO\�GHYHORSHG ZDWHU�VRO�

XEOH SRO\PHULF FRDWLQJV� IRU H[DPSOH� 07V6����� 6*�

���� )6��0 DUH XVHG DV DEVRUELQJ FRDWLQJV >�@� 7KH\

SRVVHVV KLJK �DERXW �� w �� �� DEVRUEDELOLW\ DQG DUH

LQH[SHQVLYH� QRW WR[LF� QRW EXUQLQJ� 7KH\ GR QRW

HYROYH IXPHV LQ ODVHU KHDWLQJ DQG DUH HDVLO\ GHSRVLWHG

E\ D SQHXPDWLF VSUD\LQJ� SDLQWLQJ E\ D EUXVK RU D

UROOHU� ,Q FDVH RI XVLQJ FRDWLQJ 07V6���� WKH /+7

SDUDPHWHUV DUH DV IROORZV� UDGLDWLRQ SRZHU x ��� w

��� N:� ZLGWK RI D KDUGHQLQJ SDWKx �PP� VSHHGx

�� P�K� 7KH GHSWK RI /+7 SDWK LV ��� w ��� PP� WKH

VXUIDFH LV QRW VXEMHFWHG WR IXVLRQ� 7R DFKLHYH WKH HIIHFW

RI �LVODQG� VWUHQJWKHQLQJ DW WKH ZKHHO ULP� ILOOHW DQG

D SDUW RI WKH IODQJH� LW LV QHFHVVDU\ WR XVH VFDQQLQJ

ZKLFK SURYLGHV WKH VDZ�VKDSHG SDWK RI VWUHQJWKHQLQJ�

7KH VWUHQJWKHQHG VDPSOHV ZHUH WHVWHG IRU D ZHDU

UHVLVWDQFH E\ WKH PHWKRG RI D �GU\� IULFWLRQ LQ D

VSHFLDOO\�GHVLJQHG PDFKLQH XVLQJ D F\OLQGHU�SLQ

VFKHPH� 0DWLQJ ERGLHV ZHUH PDQXIDFWXUHG IURP VWHHO

�� �& x ���� ZW��� )H x EDODQFH� ZLWK D QH[W

KDUGHQLQJ WR DERXW +5& �� KDUGQHVV� 7KH VSHFLILF

SUHVVXUH ZDV LQ WKH �� w �� 03D UDQJH� IUHTXHQF\ RI

URWDWLRQ RI WKH WHVW VDPSOH ZDV �� w ���� PLQw�� OLQHDU

UDWHV RI IULFWLRQ x ���� w ����� P�K� 7KH ZHDU RI

VDPSOHV ZDV PHDVXUHG E\ D FKDQJH LQ GLDPHWHU XVLQJ

D PLFURPHWHU ZLWK ���� PP GLYLVLRQ RI VFDOH� DQG DOVR

E\ FKDQJLQJ WKH PDVV LQ ZHLJKLQJ XVLQJ VFDOHV RI 07=

1R���� W\SH ������ ZLWK HUURU ± �� PJ� 7R LPSURYH

WKH DFFXUDF\ RI PHDVXUHPHQWV WKH IULFWLRQ GXUDWLRQ

ZDV H[WHQGHG� 7KH WHVW UHVXOWV VKRZHG WKDW WKH ZHDU

UHVLVWDQFH RI WKH VWUHQJWKHQHG VDPSOHV H[FHHGV WKDW

RI VDPSOHV PDGH IURP D PDWHULDO RI D VWDQGDUG FDU

ZKHHO E\ � w � WLPHV�

2Q WKH EDVLV RI UHVXOWV DQG DOVR WKH H[SHULHQFH RI

VHUYLFH RI D FRPSOH[ IRU UHVWRUDWLRQ RI D[OH QHFNV

�,UNXWVN FLW\� WKH GHFLVLRQ ZDV WDNHQ DERXW WKH GH�

YHORSPHQW DQG GHVLJQLQJ RI DQ LQGXVWULDO FRPSOH[ IRU

D ODVHU UHVWRUDWLRQ RI D[OH QHFNV DQG VWUHQJWKHQLQJ RI

UROO VXUIDFHV RI WKH UDLOZD\ FDU ZKHHOVHWV� 7KH ([�

SHULPHQWDO 'HVLJQ 7HFKQRORJLFDO %XUHDX RI WKH 3:,

KDV GHVLJQHG D FRPSOH[ �)LJXUH�� ZKLFK LQFOXGHV D

WHFKQRORJLFDO ODVHU � RI � N: UDGLDWLRQ SRZHU �IRU

H[DPSOH� �3OXWRQ��� >�@�� WZR VWDWLRQV IRU ODVHU WUHDW�

PHQW � DQG ��� D V\VWHP RI WUDQVSRUWDWLRQ DQG IRFXVLQJ

RI D ODVHU UDGLDWLRQ� V\VWHP �� IRU FRQWURO RI VWDWLRQV

� DQG ���

7KH FRPSOH[ LV RSHUDWLQJ LQ D VHPL�DXWRPDWLF FRQ�

GLWLRQ� L�H� ORDGLQJ� IL[LQJ DQG XQORDGLQJ RI WKH SDUWV

DUH SHUIRUPHG ZLWK WKH KHOS RI WUDQVSRUW PHDQV RI WKH

ZRUNVKRS� ZKLOH WKH RWKHU WHFKQRORJLFDO RSHUDWLRQV

DUH DXWRPDWLF� -XVW EHIRUH WKH EHJLQQLQJ RI WKH ZRUN

WKH ODVHU � LV VZLWFKHG RQ DQG VHW IRU D UHTXLUHG FRQ�

GLWLRQ� FRYHULQJ SUHOLPLQDU\ WKH SDWK RI UDGLDWLRQ E\

D JDWH�WLFNHU� )XUWKHU WKH VXSSO\ DQG LQWHUUXSWLRQ RI

UDGLDWLRQ DUH PDGH E\ D PHFKDQLFDO GLVSODFHPHQW RI

WKH JDWH� 7KH FDU D[OH� SUHSDUHG IRU VXUIDFLQJ �FOHDQHG

DQG GHJUHDVHG� LV PRXQWHG DW WKH VWDWLRQ �� )RU WKLV

SXUSRVH WKH GHYLFH � LV WXUQHG QRUPDO WR WKH D[LV RI

WKH VWDWLRQ� DQG WKH D[OH� KHDWHG LQ WKH IXUQDFH WR

≈ ��� �&� LV ORZHUHG E\ D VLQJOH�UDLO RYHUKHDG WUDYHO�

OLQJ FUDQH� WKH GHYLFH � LV SODFHG LQ WKH SRVLWLRQ VKRZQ

LQ WKH )LJXUH DQG IL[HG� WKH URWDWRU � FHQWHUV DUH SXW

XQGHU DQG WKH D[OH LV FODPSHG E\ WKHP� 7KHQ� WKH

GHYLFH IRU DX[LOLDU\ KHDWLQJ � LV SODFHG QHDU WKH QHFN

WR EH VXUIDFHG DQG VZLWFKHG RQ� 7KH D[OH LV VHW LQWR

URWDWLRQ� WKH KHDG � LV SXW LQWR LQLWLDO SRVLWLRQ� WKH

OHYHO RI WKH VXUIDFLQJ SRZGHU LQ WKH KHDG KRSSHU LV

FKHFNHG �LI QHFHVVDU\� WKH SRZGHU LV DGGHG�� WKH SRZ�

GHU IHHGLQJ DQG ODVHU UDGLDWLRQ DUH VZLWFKHG RQ DQG

WKH VXUIDFLQJ SURFHVV LV VWDUWHG�

,W VKRXOG EH QRWHG WKDW WKH GHYLFH � UHSUHVHQWV D

WZR�KDOI UHIOHFWRU ZLWK YDFXXP�DUF WXEHV �E\ � WXEHV

RI � N: FDSDFLW\ HDFK�� ZKLFK HPEUDFHV WKH D[OH QHFN

IURP ERWK VLGHV� 7KH XSSHU SDUW RI WKH UHIOHFWRU LV PDGH

/DVHU WHFKQRORJLFDO FRPSOH[ IRU VXUIDFLQJ D[OH QHFNV DQG KHDW WUHDW�
PHQW RI UROO VXUIDFHV RI FDU ZKHHOVHWV� � x WHFKQRORJLFDO ODVHU�
�x XQLW RI GLVWULEXWLQJ PLUURU� �x KHDG IRU ODVHU VXUIDFLQJ� � x
GHYLFH IRU DX[LOLDU\ KHDWLQJ� �� �x ORDGLQJ URWDWLQJ GHYLFHV� �x
VWDWLRQ RI ODVHU VXUIDFLQJ RI D[OH QHFNV� �� �� x URWDWRUV� � x
GHYLFH IRU GHSRVLWLRQ RI DEVRUELQJ FRDWLQJ� �� x VWDWLRQ IRU ODVHU
WKHUPDO VWUHQJWKHQLQJ RI ZKHHOVHWV� �� x FRQWURO FDELQHWV� �� x
KHDG IRU ODVHU VWUHQJWKHQLQJ
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RSHQ WR KDYH D IUHH DFFHVV RI D ODVHU UDGLDWLRQ DQG

ILOOHU SRZGHU WR WKH VXUIDFH EHLQJ GHSRVLWHG� DQG DOVR

WR KDYH D IHDVLELOLW\ RI YLVXDO LQVSHFWLRQ RI WKH VXU�

IDFLQJ SURFHVV� 7KLV GHYLFH PDLQWDLQV D FRQVWDQW WHP�

SHUDWXUH RI SUHKHDWHG QHFN GXULQJ WKH ZKROH SURFHVV�

7KH URWDWLQJ GHYLFH � FDQ UHVHW HTXLSPHQW TXLFNO\

DIWHU FRPSOHWLRQ RI VXUIDFLQJ RI RQH QHFN IRU WKH VXU�

IDFLQJ RI WKH DQRWKHU QHFN� 7KH UHDG\ SDUW LV XQORDGHG

LQ D UHYHUVHG VHTXHQFH� 7KH ORDGLQJ DQG XQORDGLQJ RI

WKH ZKHHOVHWV DW WKH VWDWLRQ �� LV SHUIRUPHG VLPLODUO\�

7KH GLIIHUHQFH LQ SUHSDUDWLRQ IRU /+7 DW WKLV VWDWLRQ

FRQVLVWV RI GHSRVLWLRQ RI DQ DEVRUELQJ FRDWLQJ RQ WKH

VWUHQJWKHQLQJ VXUIDFH RI WKH ZKHHO XVLQJ D GHYLFH �

UHSUHVHQWLQJ D SQHXPDWLF VSUD\HU RI WKH DEVRUELQJ

FRDWLQJ VROXWLRQ DQG D IHQ IRU LWV GU\LQJ� +HDG �� RI

WKH VWDWLRQ �� KDV D PHFKDQLFDO VFDQQHU ZKLFK PDNHV

LW SRVVLEOH WR SURGXFH WKH /+7 RI UROO VXUIDFHV ERWK

LQ VDZ�OLNH DQG VSLUDO ZD\�

5()(5(1&(6

�� ������ 7V7������ ,QVWUXFWLRQ RQ IRUPDWLRQ DQG PDLQWHQDQ�
FH RI ZKHHOVHWV RI WUDFWLYH UROOLQJ VWRFN RI UDLOZD\V RI ����
PP ZKHHO WUDFN� 0RVFRZ� 7UDQVSRUW�

�� %RJGDQRY� $�)�� &KXUVLQ� 9�*� ������ 6HUYLFH DQG UHSDLU
RI FDU ZKHHOVHWV� 0RVFRZ� 7UDQVSRUW�

�� 6RURNLQ� 9�*�� 9RORVQLNRYD� $�9�� 9\DWNLQ� 6�$� HW DO�
������ +DQGERRN RI JUDGHV RI VWHHOV DQG DOOR\V� 0RVFRZ�
0DVKLQRVWUR\HQL\H�

�� 9HOLFKNR� 2�$� ������ /DVHU VWUHQJWKHQLQJ DQG VXUIDFLQJ RI
LGXVWULDO SURGXFWV� ,Q� 7UDQVDFW� RI 3:, RQ 1HZ 3URFHVVHV
DQG (TXLSPHQW IRU 7KHUPDO DQG 9DFXXP &RDWLQJ� .\LY�
3:,�

�� $ELOVLLWRY� *�$�� *ROXEHY� 9�6�� *RQWDU� 9�*� HW DO�
������ 7HFKQRORJLFDO ODVHUV� +DQGERRN� 0RVFRZ� 0DVKL�
QRVWUR\HQL\H�
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$�*� 32./<$76.<

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

$%675$&7

7KH HIIHFW RI TXDOLW\ RI PDQXIDFWXUH DQG SUHSDUDWLRQ RI PDWHULDOV WR EH ZHOGHG DQG D ILOOHU ZLUH DQG DOVR FRQGLWLRQV RI

DVVHPEO\ DQG ZHOGLQJ RI MRLQWV RQ WKH DSSHDUDQFH RI PDFURLQFOXVLRQV RI DQ R[LGH ILOP LQ WKH ZHOG PHWDO GXULQJ ZHOGLQJ

DGYDQFHG DOXPLQLXP DOOR\V LV FRQVLGHUHG� 7KH UHJXODULWLHV RI IRUPDWLRQ DQG ORFDWLRQ RI GHIHFWV LQ ZHOG VHFWLRQ GHSHQGLQJ

RQ WKH FDXVHV RI WKHLU LQLWLDWLRQ DUH GHVFULEHG� 7KH FRQGLWLRQV ZKLFK FRQWULEXWH WR WKH R[LGL]LQJ SURFHVVHV DQG UHGXFH

WKH HIIHFWLYHQHVV RI WKH FDWKRGH GHVWUR\LQJ RI WKH R[LGH ILOP LQ WKH ]RQH RI ZHOGLQJ DUH DQDO\]HG� 3HFXOLDULWLHV RI IRUPDWLRQ
RI WKUHDG�OLNH ORQJLWXGLQDO LQFOXVLRQV RI R[LGH ILOP LQ WKH ZHOG FHQWUDO SDUW GXULQJ ZHOGLQJ /L�FRQWDLQLQJ DOOR\V DUH

GHILQHG�

.H\ ZRU G V � DUJRQ�DUF ZHOGLQJ� KLJK�VWUHQJWK /L�FRQWDLQ�

LQJ DOOR\V� DOXPLQLXP DOOR\V� PDFURLQFOXVLRQV RI R[LGH ILOP�
WKUHDG�OLNH ORQJLWXGLQDO R[LGH LQFOXVLRQV

,QFOXVLRQV RI WKH R[LGH ILOP DUH RQH RI WKH GHIHFWV

ZKLFK LV PRVW ZLGHO\ REVHUYHG LQ D QRQ�FRQVXPDEOH

DUF ZHOGLQJ RI DOXPLQLXP DOOR\V >� w �@� 7KH TXDOLW\

RI PDQXIDFWXUH DQG SUHSDUDWLRQ RI VXUIDFHV RI PDWH�

ULDOV ZHOGHG DQG D ILOOHU ZLUH� DQG DOVR FRQGLWLRQV RI

DVVHPEO\ DQG ZHOGLQJ RI MRLQWV LQIOXHQFH JUHDWO\ WKH

LQLWLDWLRQ RI R[LGH LQFOXVLRQV LQ WKH ZHOG PHWDO� 7KH

SUHVHQFH RI ODPLQDWLRQV DQG GLVFRQWLQXLWLHV LQ WKH SDU�

HQW PHWDO RU LWV LQFUHDVHG JDV VDWXUDWLRQ FDQ FDXVH WKH

DSSHDUDQFH RI PDFURLQFOXVLRQV RI WKH R[LGH ILOP LQ

WKH ZHOG PHWDO >�@� :LWK PRYLQJ IORZV RI WKH ZHOG

SRRO PROWHQ PHWDO WKHVH GHIHFWV FDQ PRYH DOO RYHU LWV

YROXPH DQG UHPDLQ LQ WKH ZHOG PHWDO LQ WKH IRUP RI

FRDUVH R[LGH ILOPV DQG SRUHV �)LJXUH �� D��

1RQ�TXDOLW\ SUHSDUDWLRQ RI HGJHV WR EH ZHOGHG
OHDGV� DV D UXOH� WR WKH DSSHDUDQFH RI R[LGH LQFOXVLRQV
LQ ZHOGV >� w �@� 2UJDQLF LPSXULWLHV DW WKH ZRUNSLHFH

VXUIDFHV DUH GHFRPSRVHG DFWLYHO\ GXULQJZHOGLQJ� WKXV

UHGXFLQJ WKH HIIHFWLYHQHVV RI WKH KHDWLQJ ]RQH SURWHF�

WLRQ ZLWK DQ LQHUW JDV� +HUH� WKH R[\JHQ FRPSRXQGV

DUH HYROYHG SURPRWLQJ WKH DOXPLQLXP R[LGL]LQJ LQ WKH

ZHOGLQJ ]RQH� 7KH SUHVHQFH RI K\GUR[\O JURXSV LQ WKH

ILOP FRPSRVLWLRQ RU PRLVWXUH DEVRUEHG DW LWV VXUIDFH
DOVR SURPRWH WKH DFWLYDWLRQ RI WKH R[LGL]LQJ SURFHVVHV

DQG DSSHDUDQFH RI WKH R[LGH ILOP LQ WKH ZHOG PHWDO

�)LJXUH �� E��
7KH R[LGH ILOPV ORFDWLQJ DW WKH HGJH VXUIDFHV DUH

PRVW KD]DUGRXV >�@� 7KH FDWKRGH FOHDQLQJ LV PRVW

HIIHFWLYH RQO\ LQ WKH XSSHU SDUW RI WKH EXWW� ,WV ORZHU

SDUW GRHV QRW H[SHULHQFH WKH GLUHFW DUF DFWLRQ� 7KH

R[LGH ILOPV� ORFDWLQJ WKHUH� FDQ EH IUDJPHQWHG DQG

HVFDSH WR WKH VXUIDFH RQO\ E\ WKH PRYLQJ PHWDO RI WKH

ZHOG SRRO� +RZHYHU� GXH WR D KLJK VSHFLILF ZHLJKW RI

R[LGH DV FRPSDUHG ZLWK WKDW RI WKH PROWHQ DOXPLQLXP�

RQO\ WKLQ ILQH ILOP LQFOXVLRQV FDQ HVFDSH� 0RVW LQFOX�

VLRQV RI WKH R[LGH ILOP DUH UHPDLQHG GXULQJ WKH ZHOG

VROLGLILFDWLRQ LQ LWV ORZHU SDUW �)LJXUH �� F��

7KH SUREDELOLW\ RI RFFXUUHQFH RI R[LGH LQFOXVLRQV
LQ WKH ZHOG LV LQFUHDVHG LQ XVLQJ WKH ILOOHU ZLUH >�@

DQG GHSHQGV RQ WKH FRQGLWLRQV RI LWV IHHGLQJ WR WKH

ZHOGLQJ ]RQH >�� �@� 7KH RUJDQLF LPSXULWLHV DQG DG�

VRUEHG PRLVWXUH DW LWV VXUIDFH EULQJ D ODUJH DPRXQW

RI R[\JHQ FRPSRXQGV� WKXV LQFUHDVLQJ WKH R[LGL]LQJ� $�*� 32./<$76.<� ����

)LJXUH �� ,QFOXVLRQV RI R[LGH ILOP LQ IUDFWXUHV RI DOXPLQLXP DOOR\
ZHOGV PDGH E\ DUJRQ�DUF QRQ�FRQVXPDEOH ZHOGLQJ� 7KH\ DUH FDXVHG
E\ DQ LQFUHDVHG FRQWHQW RI JDVHV LQ SDUHQW PHWDO �D�� RUJDQLF LP�
SXULWLHV RI HGJHV WR EH ZHOGHG �E�� LQVXIILFLHQW FDWKRGH GHVWUR\LQJ
RI LQLWLDO R[LGH ILOP DW WKH HGJH VXUIDFHV �F�� SUHVHQFH RI GHIHFWV
�RYHUODSV� LQ ILOOHU ZLUH �G�� KLJKHU WHPSHUDWXUH RI ILOOHU PHOWLQJ
DV FRPSDUHG ZLWK WKDW RI SDUHQW PHWDO �H�� LQMHFWLRQ RI DLU WKURXJK
WKH JDS IRUPHG LQ WKH EXWW �I�� DUF VKLIWLQJ IURP WKH EXWW FHQWHU
�J� DQG VHYHUDO IDFWRUV VLPXOWDQHRXVO\ �K�
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SURFHVVHV LQ WKH ZHOG SRRO� 7KH ILOOHU LV IHG XVXDOO\

WR WKH IURQW SDUW RI WKH ZHOG SRRO �E\ D VOLJKW FRQWDFW

RI WKH XSSHU FXW RI WKH HGJH LQ WKH EXWW FHQWHU�� ,WV

SHULRGLF GLVSODFHPHQW IURP WKH FHQWHU OHDGV WR D ZDQ�

GHULQJ RU VKLIWLQJ RI WKH DUF WR RQH HGJH� WKXV GLV�

WXUELQJ WKH FDWKRGH FOHDQLQJ RI VXUIDFHV ZHOGHG DQG�

VRPHWLPHV HYHQ WR WKH ODFN RI IXVLRQ RI WKH HGJHV�

7KLV SUREDELOLW\ LV LQFUHDVHG DW D KLJK UDWH RI IHHGLQJ

WKH VPDOO�GLDPHWHU ILOOHU ZLUH� 7KLV ZLUH KDV QR WLPH

LQ SULQFLSOH WR EH PHOWHG LQ WKH KHDG SDUW RI WKH ZHOG

SRRO DQG KLQGHUV WKH FDWKRGH FOHDQLQJ RI WKH HGJHV

ZHOGHG ZKLFK DUH ORFDWHG XQGHU LW� $V D UHVXOW RI WKLV�

WKH VHSDUDWH PDFURLQFOXVLRQV RI R[LGH ILOP� DUUDQJHG

PDLQO\ LQ LWV PLGGOH DQG XSSHU SDUWV DUH REVHUYHG

�)LJXUH �� G��
8QSURSHU VHOHFWLRQ RI WKH ILOOHU ZLUH FRPSRVLWLRQ

FDQ EH D FDXVH RI WKH DSSHDUDQFH RI WKH R[LGH ILOPV�

,Q FDVH RI XVLQJ WKH FRPSRVLWLRQ RI WKH ILOOHU ZLWK D

PHOWLQJ WHPSHUDWXUH�PXFK H[FHHGLQJ WKH WHPSHUDWXUH

RI WKH SDUHQW PHWDO PHOWLQJ� WKH XQGHVWUR\HG SDUWLFOHV

RI WKH R[LGH ILOP DUH REVHUYHG LQ WKH XSSHU SDUW RI

WKH ZHOG PHWDO �)LJXUH �� H��
7KH FRQGLWLRQV RI DVVHPEO\ DQG HGJH IL[DWLRQ EH�

IRUH ZHOGLQJ LQIOXHQFH JUHDWO\ WKH SURFHVVHV RI R[L�

GL]LQJ RI DUF�PHOWHG PHWDO DQG D FDWKRGH FOHDQLQJ RI

HGJHV ZHOGHG >�� �� w ��@� 'XH WR XQFDUHIXO DVVHPEO\

DQG IL[DWLRQ RI WKH FRPSRQHQWV EHIRUH ZHOGLQJ DQG

GLVWRUWLRQ RI HGJHV IURP KHDWLQJ� WKH\ DUH GLVSODFHG

DQG D JDS LV IRUPHG LQ WKH EXWW� 7KLV UHVXOWV LQ FUHDWLRQ

RI XQIDYRXUDEOH FRQGLWLRQV DKHDG RI WKH ZHOG SRRO IRU

WKH LQMHFWLRQ RI DWPRVSKHULF DLU WR WKH HGJHV WKURXJK

WKH JDS� 7KHUHIRUH� WKH FRQGLWLRQV DUH FUHDWHG DKHDG

RI WKH ZHOG SRRO IRU JURZLQJ WKH R[LGH ILOP� LQFOXGLQJ

DOVR WKH HGJH VXUIDFHV� 7KLV LV SURPRWHG E\ WKH KHDW

VSUHDGLQJ EH\RQG WKH ]RQH RI WKH LQHUW JDV SURWHFWLRQ�

0RUHRYHU� DV D UHVXOW RI KDUPRQLF RVFLOODWLRQV RI WKH

PROWHQ PHWDO LW SHQHWUDWHV HDVLO\ WR WKH JDS WKDW OHDGV

WR DQ LQWHQVLYH R[LGL]LQJ RI WKH VXUIDFH RI WKH PROWHQ

PHWDO DQG HGJHV DW WKH SRLQWV RI WKHLU FRQWDFW�

,Q GRZQZDUG ZHOGLQJ WKH PROWHQ PHWDO IORZLQJ

WR WKH KHDG SDUW RI WKH ZHOG SRRO GHFUHDVHV WKH GHSWK

RI DUF SHQHWUDWLRQ WR WKH SDUHQW PHWDO� WKXV UHGXFLQJ

WKH HIIHFWLYHQHVV RI WKH FDWKRGH FOHDQLQJ RI WKH HGJHV�

1RQ�GHVWUR\HG R[LGHV IRUP WKH QRQ�PHWDOOLF LQFOX�

VLRQV LQ WKH ZHOG PHWDO� ZKLFK� DV D UXOH� DUH UHPDLQHG

LQ WKH ORZHU SDUW RI WKH ZHOG GXH WR D QHJOLJLEOH

VWLUULQJ RI WKH ZHOG SRRO PROWHQ PHWDO LQ D FRQYHQ�

WLRQDO DUJRQ�DUF ZHOGLQJ �)LJXUH �� I��
7KH SUHVHQFH RI D ODUJH EXWW JDS LQFUHDVHV WKH

SUREDELOLW\ RI DUF VKLIWLQJ WR RQH RI WKH HGJHV� 7KLV

UHVXOWV LQ D SRVVLEOH IRUPDWLRQ RI R[LGL]HG DUHDV RI

QRQ�IXVLRQ LQ D ZHOG URRW SDUW �)LJXUH �� J�� +HUH�

LW LV LPSRUWDQW WR SURYLGH D SHUIHFW SURWHFWLRQ RI WKH

ZHOG ]RQH ZLWK DQ LQHUW JDV >��@� 7KH SUREDELOLW\ RI

RFFXUUHQFH RI PDFURLQFOXVLRQV RI R[LGH ILOP LQ ZHOGV

LV LQFUHDVHG LQ D YLRODWLRQ RI ODPLQDULW\ RI VKLHOGLQJ

JDV IORZ� DW LWV LQVXIILFLHQW FRQVXPSWLRQ RU XQSURSHU

VHOHFWLRQ RI VL]HV DQG VKDSH RI WKH VKLHOGLQJ QR]]OH�

7KH SUHVHQFH RI D FRQGHQVHG PRLVWXUH DW WKH LQQHU

VXUIDFHV RI SLSLQJV IRU WKH VKLHOGLQJ JDV IHHGLQJ DQG

DOVR LQ D JXQ QR]]OH� DV ZHOO DV DSSOLFDWLRQ RI DUJRQ

ZLWK D GHZ SRLQW DERYH ��� . DV D VKLHOGLQJ JDV FDQ

VHUYH DQ DGGLWLRQDO VRXUFH RI R[\JHQ >��@�

7KH DUF VKLIWLQJ IURP WKH EXWW FHQWHU LQIOXHQFHV

JUHDWO\ WKH IRUPDWLRQ RI LQFOXVLRQV LQ ZHOGV� OHDGLQJ

WR D QRQ�XQLIRUP GHVWUR\LQJ RI WKH R[LGH ILOP DW WKH

HGJHV ZHOGHG DQG WKH ILOOHU ZLUH >�@� 7KH PDLQ FDXVHV

RI WKH DUF VKLIWLQJ FDQ EH D QRQ�V\PPHWULF ORFDWLRQ

RI HOHFWURGH UHODWLYH WR WKH HGJHV ZHOGHG� D QRQ�V\P�

PHWULF IRUPDWLRQ RI D FURZQ RU D EXUQLQJ�WKURXJK RI

WKH HOHFWURGH HGJH GXULQJ ZHOGLQJ� D QRQ�XQLIRUP RU

XQWLJKW FRQWDFW RI EXWW HGJHV WR WKH IRUPLQJ EDFNLQJ

�HVSHFLDOO\ LQ WKLQPHWDO ZHOGLQJ�� D QRQ�XQLIRUP KHDW

UHPRYDO IURP ERWK VLGHV RI WKH EXWW �HVSHFLDOO\ LQ

ZHOGLQJ RI GLVVLPLODU PDWHULDOV DQG WKRVH RI GLIIHUHQW

WKLFNQHVV��

,W LV QDWXUDO WKDW LQ ZHOGLQJ RI VWUXFWXUHV XQGHU

WKH LQGXVWULDO FRQGLWLRQV VHYHUDO IDFWRUV PD\ RFFXU

VLPXOWDQHRXVO\� SURPRWLQJ WKH R[LGL]LQJ RI SDUHQW DQG

ILOOHU PDWHULDOV� PHOWHG E\ DUF� RU KLQGHULQJ WKH HI�

IHFWLYH GHVWUR\LQJ RI WKH R[LGH ILOP� 7KLV UHVXOWV LQ

IRUPDWLRQ RI EUDQFKHG LQFOXVLRQV RI R[LGH ILOP� GLI�

IHUHQW LQ VKDSH DQG ORFDWHG DOPRVW DFURVV DOO WKH WKLFN�

QHVV RI WKH ZHOG PHWDO �)LJXUH �� K��
7KH R[LGH LQFOXVLRQV LQ ZHOG PHWDO RI WKH /L�FRQ�

WDLQLQJ DOOR\V VKRXOG EH HVSHFLDOO\ GLVWLQJXLVKHG� ,Q

DUJRQ�DUF ZHOGLQJ RI WKHVH DOOR\V ZLWK D QRQ�FRQVXP�

DEOH HOHFWURGH XVLQJ D ILOOHU ZLUH WKH W\SLFDO WKUHDG�

OLNH H[WHQGHG R[LGH LQFOXVLRQV DUH IRUPHG LQ WKH ZHOG

FHQWUDO SDUW �)LJXUH ��� 7KH FDXVHV RI DSSHDUDQFH RI

WKHVH GHIHFWV DUH FODULILHG QRZ� EXW LW KDV DOUHDG\

EHFRPH HYLGHQW WKDW WKH IRUPDWLRQ RI LQFOXVLRQV LV GXH

WR WKH XVH RI ILOOHUV KDYLQJ D KLJKHU WHPSHUDWXUH RI

PHOWLQJ WKDQ WKDW RI WKH SDUHQW PHWDO� 7KLV LV SURYHG

E\ D IXOO DEVHQFH RI DERYH�PHQWLRQHG GHIHFWV LQ ZHOG�

LQJ ZLWKRXW WKH ILOOHU ZLUH DQG DOVR LQ FDVH RI XVLQJ

WKH VWDWLRQDU\ LQVHUWV �VWULSV� RI PHWDO FRUUHVSRQGLQJ

LQ FKHPLFDO FRPSRVLWLRQ WR WKH SDUHQW PHWDO�

&21&/86,216

��0DFURLQFOXVLRQVRI R[LGH ILOP LQZHOGVGXULQJZHOGLQJ

DOXPLQLXP DOOR\V DUH IRUPHG GXH WR YLRODWLRQ RI UHTXLUH�

PHQWV WR WKH SUHSDUDWLRQ RI VXUIDFHV RI HGJHV WR EH

ZHOGHG� DFFXUDF\ RI DVVHPEO\ DQG ZHOGLQJ WHFKQRORJ\�

)LJXUH �� ([WHQGHG WKUHDG�OLNH LQFOXVLRQV RI R[LGH ILOP LQ IUDFWXUHV RI ZHOGV �D� E� DQG LQ WUDQVYHUVH PDFURVHFWLRQ �F� IRUPHG LQ DUJRQ�
DUF QRQ�FRQVXPDEOH ZHOGLQJ RI /L�FRQWDLQLQJ DOXPLQLXP DOOR\V
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�� ,W LV SRVVLEOH WR UHYHDO WKH PDLQ FDXVH RI IRUPD�

WLRQ RI QRQ�PHWDOOLF R[LGH LQFOXVLRQV LQ ZHOGV E\ WKHLU

VKDSH DQG ORFDWLRQ� ,Q FDVH RI LQVXIILFLHQWO\ HIIHFWLYH

FDWKRGH GHVWUR\LQJ RI WKH R[LGH ILOP WKH\ DUH DUUDQJHG

FORVH WR WKH XSSHU SDUW RI WKH ZHOG LQ WKH IRUP RI

VHSDUDWH LQFOXVLRQV DQG KDYH D GDUN VXUIDFH� ZKLOH LQ

FDVH RI DQ H[FHVVLYH R[LGL]LQJ RI PHWDO GXULQJ ZHOGLQJ

WKH\ DUH DUUDQJHG PDLQO\ LQ WKH ZHOG URRW SDUW� KDYLQJ

D ODUJH OHQJWK DQG OLJKW EULJKW VXUIDFH�

�� 7KH ORQJ WKUHDG�OLNH LQFOXVLRQV RI R[LGH ILOP�

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

GXH WR LQVXIILFLHQW FDWKRGH FOHDQLQJ RI WKH ILOOHU VXU�

IDFH� ZKLFK SRVVHVVHV XVXDOO\ KLJKHU WHPSHUDWXUH RI

PHOWLQJ DV FRPSDUHG ZLWK WKDW RI WKH SDUHQW PHWDO�

5()(5(1&(6

�� 0RLVHHQNR� ,�*�� 6WROERY� 9�,�� 7XUFKHQNR� 0�$� ������
2[LGH LQFOXVLRQV LQ ZHOGLQJ DOOR\ $0J�� 6YDURFKQR\H 3UR�

L]YRGVWYR� �� �� w ���
�� 0RLVHHQNR� ,�*�� /XNDVKLQ� 1�9� ������ $ERXW WKH SUREOHP

RI LPSURYLQJ WKH OHDN�WLJKWQHVV RI $0J� DOOR\ ZHOGHG YHV�
VHOV� ,ELG�� �� �� w ���

�� /XNLDQRY� 9�)�� )RPLQ� 9�1�� 0RLVHHQNR� 9�3� HW DO�
������ (IIHFW RI R[LGH LQFOXVLRQV RQ VWUHQJWK RI ZHOGHG MR�
LQWV RI $0J� DOOR\ SUHVVXUH YHVVHOV� ,ELG�� �� ��

�� (URIHHYD� 0�0�� %\NRY� 9�9�� .RQNHYLFK� 9�<X� HW DO� ������
(YDOXDWLRQ RI IHDVLELOLW\ RI XVLQJ JUDQXODWHG DOOR\ RI $Ow=Qw0J
VXVWHP LQ ZHOGHG SUHIDEULFDWLRQV� ,ELG�� �� �� w ���

�� .U\XNRYVN\� 9�1�� 1RYLNRY� 2�0�� 0HVKNRYD� 2�9� HW DO�
������ 'LFRQWLQXLWLHV LQ ZHOG RI $0J� DOOR\ LQ SUHVHQFH RI
R[LGH LQFOXVLRQV� ,ELG�� ��� �� w ���

�� 2ERWXURY� 9�,�� 7RONDFKHY� <X�,� ������ 6RPH SHFXOLDULWLHV
RI IRUPDWLRQ DQG GHVWUR\LQJ RI R[LGH ILOPV LQ DUJRQ�DUF
ZHOGLQJ RI DOXPLQLXP DOOR\V� ,ELG�� ��� �� w ���

�� 6WROERY� 9�,�� 0RLVHHQNR� ,�*�� /XNDVKLQ� 1�9� ������ (I�
IHFW RI VRPH WHFKQRORJLFDO IDFWRUV RQ IRUPDWLRQ RI R[LGH LQ�
FOXVLRQV LQ $0J� DOOR\ ZHOGLQJ� ,ELG�� �� �� w ���

�� 7HUHQWLHY� ,�0�� %DUXWNLQ� )�(�� .RQRYDORY� *�6� ������
(IIHFW RI FRQGLWLRQV RI DOXPLQLXP DOOR\ ZHOGLQJ RQ ZHOG
PHWDO GHQVLW\� ,ELG�� ��� �� w ���

�� 7HUHQWLHY� ,�0�� 6O\XVDUHYVN\� 9�9�� .DOLQLFKHQNR� %�*� HW
DO� ������ (IIHFW RI WHFKQRORJLFDO SDUDPHWHUV RI TXDOLW\ RI
ZHOG PHWDO RI $0J� DOOR\ ZHOGHG MRLQWV� ,ELG�� �� �� w ���

��� 6XVKNRY� 9�1�� 6NDFKNRY� <X�1�� 1RYLNRY� 2�0� HW DO�
������ 6XVFHSWLELOLW\ RI OLJKW DOOR\V WR WKH IRUPDWLRQ RI R[�
LGH LQFOXVLRQV LQ ZHOGLQJ� ,ELG�� �� �� w ���

��� 6NDFKNRY� <X�1�� 1RYLNRY� 2�0�� 0DPRQ� 0�'� ������
&DXVHV RI DSSHDUDQFH RI R[LGH ILOPV RQ $0J� DOOR\ ZHOGV�
,ELG�� �� �� w ���

��� <XVXIRYD� =�$� ������ $ERXW WKH PHFKDQLVP RI GHVWUR\LQJ
RI R[LGH ILOPV LQ EXWW GXULQJ DUJRQ�DUF ZHOGLQJ RI DOX�
PLQLXP DOOR\V� ,ELG�� ��� �� w ���

��� 6NDFKNRY� <X�1�� 0DPDHY� $�$�� 1RYLNRY� 2�0� ������
,PSURYHPHQW RI TXDOLW\ RI $0J� DOOR\ ZHOGV� ,ELG�� �� ���

��� 6XVKNRY� 9�1�� .U\XNRYVN\� 9�1�� =KDQGDUHY� $�3� HW DO�
������ (IIHFW RI VRPH SDUDPHWHUV RI DWPRVSKHUH RI ZHOG�
LQJ VKRS RQ WKH TXDOLW\ RI DOXPLQLXP DOOR\ ZHOGV� ,ELG��
�� �� w ���
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6�9� 0('9('(9 DQG '�3� .81.(9,&+

,QVWLWXWH RI (QJLQHHULQJ &\EHUQHWLFV� 1$6%� 0LQVN� %HODUXV

$%675$&7

6WUXFWXUH DQG IXQFWLRQDO FDSDELOLWLHV RI ,169$5 V\VWHP RI &$' RI DVVHPEO\�ZHOGLQJ MLJV DUH FRQVLGHUHG� ([DPSOHV DUH

JLYHQ RI MLJV GHVLJQHG E\ FRPSXWHUL]HG PHWKRGV IRU ILWWLQJ DJULFXOWXUDO PDFKLQHU\ ZLWK ZHOGHG VWUXFWXUHV� 0XOWLYDULDQW

GHVLJQ DOORZHG WKH TXDOLW\ RI HQJLQHHULQJ VROXWLRQV RI WKH MLJV WR EH LPSURYHG� DQG WKH ODERXU FRQVXPSWLRQ LQ WKHLU

FRQVWUXFWLRQ WR EH UHGXFHG DOPRVW WZR WLPHV�

.H\ ZRU G V � LQIRUPDWLRQ WHFKQRORJLHV� DVVHPEO\�ZHOGLQJ
MLJV� GHVLJQ DXWRPDWLRQ� SDUW IDEULFDWLRQ WHFKQRORJ\

1HZ LQIRUPDWLRQ WHFKQRORJLHV RI GHVLJQ� PRGHOLQJ DQG

SURGXFWLRQ UDSLGO\ SHQHWUDWH LQWR WKH SURFHVVHV RI

ZHOGLQJ DQG DOOLHG WHFKQRORJLHV >�@� $ QXPEHU RI VSH�

FLDOLVWV UHJDUG WKHP DV WKH YHU\ EDVLV IRU LQGXVWULDO

UHQRYDWLRQ DQG PDLQWDLQLQJ D KLJK OHYHO RI SURGXFW

FRPSHWLWLYHQHVV >�@�

7KH 3ULQFLSDO :HOGLQJ (QJLQHHU 'HSDUWPHQW RI
�0RJLOHYOLIWPDVK� )DFWRU\ ZDV IDFHG ZLWK WKH WDVN

RI SURYLGLQJ LQ DV VKRUW WLPH DV SRVVLEOH WKH UHTXLUHG

MLJV IRU SURGXFWLRQ RI WKH PDLQ ORDG�FDUU\LQJ VWUXF�
WXUHV RI DQ DJULFXOWXUDO PDFKLQH� %\ SUHOLPLQDU\ HV�
WLPDWHV� GHYHORSPHQW RI GHYLFHV DQG EHQFKHV E\ WKH
WUDGLWLRQDO PHWKRGV ZRXOG KDYH WDNHQ D JURXS RI GH�
VLJQHUV � WR � PRQWKV ZLWK SDUWLFLSDWLRQ RI D TXDOLILHG

WHFKQRORJLVW� 7KLV WLPH EHLQJ XQDFFHSWDEOH� D GHFLVLRQ
ZDV WDNHQ WR DSSO\ WKH WHFKQRORJ\ RI &$' RI DVVHP�

EO\�ZHOGLQJ MLJV �$:-� GHYHORSHG LQ WKH ,QVWLWXWH RI
(QJLQHHULQJ &\EHUQHWLFV RI WKH 1$6 RI %HODUXV >�@�

$W SUHVHQW� $:- &$' KDV EHHQ EURXJKW WR WKH

OHYHO RI D GHYHORSHG VRIWZDUH V\VWHP ,169$5 �5XV�
VLDQ DEEUHYLDWLRQ IRU 7RRO .LW RI :HOGLQJ (QJLQHHU��

IXQFWLRQLQJ LQ ,%0 3& 3HQWLXP ,, LQ :LQGRZVs��
���� RSHUDWLQJ V\VWHP VXSSRUWHG E\ $XWR�&$' Y���
JUDSKLFV V\VWHP� 7KH GUDZLQJV JHQHUDWHG E\ D 3& DUH

WDNHQ WR WKH SHULSKHUDO JUDSKLF GHYLFHV RI WKH W\SH RI

+3�/ ODVHU SULQWHU DQG +3���& MHW SORWWHU� )LJXUH �

LV D JHQHUDOL]HG EORFN�GLDJUDP RI ,169$5 V\VWHP�

,Q WKH JHQHUDO FDVH� �,WHP�EORFN SURYLGHV HQWHULQJ

RI WKH LQLWLDO JHRPHWULFDO LQIRUPDWLRQ RQ WKH SDUWV RI

WKH ZHOGHG VWUXFWXUH EHLQJ ILWWHG� DV ZHOO DV FRQWURO

DVVHPEO\ RI ZHOGHG DVVHPEO\ HOHPHQWV �:$(� LQ

QRPLQDO GLPHQVLRQV� $VVHPEO\ RI SDUWV ZLWK GHYLDWLRQ

RI GLPHQVLRQV IURP WKH QRPLQDO YDOXHV LV DOVR SRVVLEOH

IRU HYDOXDWLRQ RI WKH JDSV LQ EXWWV RI ZHOGHG MRLQWV�
$OVR XVHG LV WKH LQIRUPDWLRQ IURP �7HFKQRORJ\� EORFN
RQ WKH ZHOGHG VWUXFWXUH EUHDNGRZQ LQWR SURFHVV DV�

VHPEOLHV RI WKH ZHOGHG VWUXFWXUH� SRVLWLRQ RI DVVHP�

EOLHV DQG SDUWV LQ DVVHPEO\�ZHOGLQJ� DQG PRGHV RI
ZHOG SHUIRUPDQFH�

�6WDWHPHQW RI ZRUN� EORFN HQDEOHV WKH HQJLQHHU�

WHFKQRORJLVW WR VHW IRUWK KLV UHTXLUHPHQWV WR WKH GH�

YHORSHG GHYLFH� JLYLQJ WKH IROORZLQJ GDWD�

• $:- W\SH �VWDWLRQDU\� URWDWLQJ RU QRQ�URWDWLQJ��
• W\SH RI ORDGLQJ GHYLFHV GULYH �PDQXDO� PHFKDQL�

FDO� SQHXPDWLF� PDJQHWLF� HOHFWURPDJQHWLF� K\GUDXOLF�

FRPELQHG��

• W\SH RI $:- ERG\ �SODWH� IUDPH� EHDP� IUDPH�

EHDP��

• UHTXLUHPHQWV WR ZHOG DFFHVVLELOLW\ IRU WKH ZHOG�

LQJ WRRO �JRRG� VDWLVIDFWRU\��

• QHHG WR DQDO\]H WKH VWUHVV�VWUDLQ VWDWH RI :$(

LQ $:-� DOORZLQJ IRU WKH UHVXOWV RI &$' RI WKH ODWWHU�

7KH LQIRUPDWLRQ RQ WKH W\SHV �W\SHVL]HV� RI WKH
XVHG WLOWHUV� URWDWRUV� PDQLSXODWRUV� ZHOGHUVs WDEOHV

DQG RWKHU GHYLFHV� ZLWK ZKLFK WKH GHYHORSHG GHYLFH

LV ILWWHG� LV HQWHUHG LQWR WKH �'HYLFH RSHUDWLQJ HQYL�

� 6�9� 0('9('(9 DQG '�3� .81.(9,&+� ����

)LJXUH �� %ORFN�GLDJUDP RI ,169$5 V\VWHP IRU &$' RI DVVHPEO\�ZHOGLQJ SURFHVV MLJV
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URQPHQW� EORFN� $OVR LQGLFDWHG LV WKH W\SH RI SURILOHV

�FKDQQHO EDU� UHFWDQJXODU WXEH� DYDLODEOH LQ WKH IDF�

WRU\� IRU PDNLQJ WKH ERG\ RI WKH GHYLFH� MLJ RU EHQFK�

2YHU MXVW D PRQWK DQG D KDOI SHULRG� WKH ,169$5

V\VWHP KDV EHHQ XVHG WR FRQVWUXFW WKUHH�GLPHQVLRQDO

FRPSXWHU PRGHOV RI DVVHPEO\ XQLWV DQG WHFKQRORJLFDO

DVVHPEOLHV IRU WKH ZHOGHG HOHPHQWV RI WKH LWHP �)L�

JXUH �� DQG GHYHORS YDULDQWV RI GHYLFH DQG EHQFK GH�

VLJQV �)LJXUH ��� 7KH UDWLRQDO YDULDQW DJUHHG XSRQ

ZLWK WKH HQJLQHHU�WHFKQRORJLVW KDV EHHQ EURXJKW WR

WKH VWDJH RI DVVHPEO\ DQG ZRUNLQJ GUDZLQJV� 0DNLQJ

WKH MLJ HOHPHQWV E\ VXFK FRPSXWHU�GHYHORSHG GUDZ�

LQJV XVLQJ WKH IDFWRU\ WRRO VWRFN� GHPRQVWUDWHG WKH

KLJK TXDOLW\ RI WKH GRFXPHQWDWLRQ DQG SUDFWLFDO DE�

)LJXUH �� )LWWHG ZHOGHG VWUXFWXUHV� D x ZRUNLQJ SRVLWLRQ� E x DVVHPEO\ VHTXHQFH
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VHQFH RI DQ\ HUURUV ZKHQ UHSURGXFLQJ WKH ZHOGHG

VWUXFWXUH JHRPHWULFDO GLPHQVLRQV LQ WKH EDVH HOHPHQWV

DQG ERGLHV RI WKH EHQFKHV�

7KH WRWDO VFRSH RI GUDZLQJV ZDV ≈ ��� VKHHWV RI

$� IRUPDW� JHQHUDWHG E\ RQH GHVLJQ HQJLQHHU LQ RQH

FRPSXWHU ZLWK �PRGHVW� WHFKQLFDO FKDUDFWHULVWLFV

�FORFN IUHTXHQF\ RI ��� 0+]� RQ�OLQH VWRUDJH RI

�� 0E� +'' x �*E�� %\ RXU HVWLPDWHV� WKH ODERXU

FRQVXPSWLRQ IRU GHVLJQ ZDV UHGXFHG E\ DOPRVW WZR

WLPHV� +RZHYHU� WKH PDLQ SRVLWLYH IHDWXUHV RI $:-

&$' DUH IRXQG LQ RWKHU DVSHFWV�

)LUVWO\� ZKHQ WKUHH�GLPHQVLRQDO PRGHOV RI SDUWV

ZHUH FRQVWUXFWHG IURP SODQH SURMHFWLRQ GUDZLQJV�

FRQWURO DVVHPEO\ ZDV SHUIRUPHG DQG GHVLJQ GHILFLHQ�

FLHV ZHUH UHPRYHG� 7KH EUHDNGRZQ RI WKH PDLQ :$(

LQWR WHFKQRORJLFDO DVVHPEOLHV� ZDV DOVR GHWHUPLQHG

PRUH SUHFLVHO\ DW WKLV VWDJH�

6HFRQGO\� WKH VDPH EDVLF VFKHPDWLF ZDV XVHG WR

GHVLJQ VHYHUDO YDULDQWV RI WKH GHYLFHV� WKLV EHLQJ SUDF�

WLFDOO\ LPSRVVLEOH ZLWK WKH WUDGLWLRQDO SURFHGXUH LQ

YLHZ RI WKH ODFN RI WLPH� $ QXPEHU RI TXDQWLWDWLYH

FKDUDFWHULVWLFV IRU HDFK GHVLJQ YDULDQW KDYH DOVR EHHQ

GHWHUPLQHG� $:- ZHLJKW� SURGXFWLRQ DUHD RFFXSLHG

E\ $:-� VXUIDFH DUHD SURWHFWHG IURP PROWHQ PHWDO

VSDWWHU� XQLILFDWLRQ IDFWRU RI WKH GHYLFH FRPSRQHQWV�

FRHIILFLHQW RI HIIHFWLYHQHVV RI KHDW UHPRYDO IURP WKH

)LJXUH �� 6FKHPDWLF RI ZHOGHG VWUXFWXUH DVVHPEO\ �D� DQG YDULDQWV RI GHVLJQ HPERGLPHQW RI DVVHPEO\�ZHOGLQJ EHQFK ZLWK D UHODWLYHO\
KLJK �E�� SUHIHUDEOH SRVLWLRQ RI WKH FHQWHU RI JUDYLW\ RI :$( w $:- �F� DQG FKDQJHG SRVLWLRQ RI :$( LQ ZHOGLQJ �G�
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ZHOGV LQWR WKH ERG\ HOHPHQWV RI WKH GHYLFH� FRQVXPS�

WLRQ RI VWDQGDUG VWRFN �FKDQQHO EDU� UHFWDQJXODU

WXEHV� IRU PDNLQJ WKH $:- ERG\� WKUHH�GLPHQVLRQDO

FRRUGLQDWHV RI WKH SRVLWLRQ RI WKH FHQWHU RI JUDYLW\ RI

WKH LQVWDOOHG :$(� WKH GHYHORSHG $:-� DV ZHOO DV

:$(w$:- V\VWHP� WHQWDWLYH ODERXU FRQVXPSWLRQ

DQG FRVW RI DVVHPEO\�ZHOGLQJ IL[WXUH IDEULFDWLRQ XQ�

GHU WKH FRQGLWLRQV RI D SDUWLFXODU IDFWRU\�

7KH YDULDQWV ZHUH MRLQWO\ FR�RUGLQDWHG E\ WKH $:-

GHVLJQHU DQG WKH WHFKQRORJLVW� ZKR GHYHORSHG WKH

VWDWHPHQW RI ZRUN IRU WKH GHVLJQ� 7KH SUHIHUDEOH YDUL�

DQW ZDV XVHG WR HYDOXDWH WKH DFFHVVLELOLW\ RI WKH ZHOGV

IRU WKH ZHOGLQJ WRUFK� DV ZHOO DV WKH FRQYHQLHQFH RI

ZHOGLQJ SHUIRUPDQFH XVLQJ FRPSXWHUL]HG GXPPLHV RI

ZHOGHUV�

7KLUGO\� RQ UDWKHU ODUJH EHQFKHV ��� w �� UHVWV

DQG FODPSV DURXQG WKH :$(�� WKH PDLQ WLPH VDYLQJ

DQG TXDOLW\ LPSURYHPHQW FRQVLVW LQ WKDW WKH FR�RUGL�

QDWHV RI DOO WKH IDVWHQHU KROHV RI WKH UHVWV DQG WKH

FODPSV DUH UHFDOFXODWHG IRU WKH GHYLFH ERG\ DXWRPDW�

LFDOO\ DQG DUH SURYLGHG LQ WKH IRUP RI WDEOHV� GHVLJQHG

IRU WKH FRRUGLQDWH�VHWWLQJ RSHUDWRU RI WKH GULOOLQJ�ERU�

LQJ PDFKLQH�

7KH VWUXFWXUDO HOHPHQW OLEUDU\ �6(/� RI WKH V\VWHP

LQFOXGHVPRUH WKDQ ��� HQWULHV RI GLIIHUHQW UHVWV� ORFNV�

SLQV� DQG FODPSV �VFUHZ� OHYHU� ED\RQHW� SQHXPDWLF

DQG PDJQHWLF�� 2I WKH ODWWHU� WKH VFUHZ FODPSV ZHUH

XVHG LQ WKH GHYLFHV DQG EHQFKHV� LQ YLHZ RI WKH VPDOO

SURGXFWLRQ SURJUDP� 8VLQJ WKH VDPH EDVLF VFKHPDWLF

ZLWKRXW DQ\ UHWURILWWLQJ WKH V\VWHP FDQ GHVLJQ D YDUL�

DQW RI WKH GHYLFH ZLWK SQHXPDWLF FODPSV RI WKH W\SH�

VL]H DQG IRUFH VSHFLILHG E\ WKH XVHU� 6(/ LV RSHQ IRU

HQWHULQJ QHZ LQJHQLRXV GHVLJQV RI DVVHPEO\�ZHOGLQJ

IL[WXUH DQG QRQ�VWDQGDUG HTXLSPHQW� 7R VDWLVI\ WKH

QHHGV RI FXVWRPL]HG DQG VPDOO�VFDOH SURGXFWLRQ� WKLV

EORFN LQFRUSRUDWHV WKH PDLQ HOHPHQWV IURP WKH UDQJH

RI DOO�SXUSRVH DVVHPEO\ GHYLFHV IRU ZHOGLQJ ZLWK

�� PP VORW�

7KH HQJLQHHU�GHVLJQHU RI ZHOGLQJ MLJV LV UHTXLUHG

WR HIILFLHQWO\ �EDVH� WKH ZHOGHG VWUXFWXUH� KDYLQJ

ILUVW FR�RUGLQDWHG ZLWK WKH WHFKQRORJLVW WKH DVVHPEO\�

ZHOGLQJ VHTXHQFH DQG UDWLRQDO SRVLWLRQ RI WKH LWHP LQ

ZHOGLQJ LQ WKH MLJV� 7KH SUHOLPLQDU\ YDULDQW RI $:-

WKUHH�GLPHQVLRQDO PRGHO LV IRUPHG LQ WKH DXWRPDWLF

PRGH� WDNLQJ LQWR DFFRXQW WKH LQIRUPDWLRQ UHFHLYHG

IURP WKH �6WDWHPHQW RI ZRUN� EORFN�

9LVXDO DVVHVVPHQW RI WKH GHVLJQ YDULDQW� DORQJVLGH

ZLWK LWV TXDQWLWDWLYH FKDUDFWHULVWLFV FDQ EH IROORZHG

E\ WKH FKDQJH RI WKH GHVLJQ DV UHJDUGV WKH W\SHV DQG

VL]HV RI WKH VWUXFWXUDO HOHPHQWV� W\SHV RI ERGLHV DQG

UHVSHFWLYH PDWHULDOV�

7R SURGXFH D FR�RUGLQDWHG UDWLRQDO YDULDQW RI

$:-� DVVHPEO\ GUDZLQJV RI $:- ZLWK WKH VSHFLILFD�

WLRQ DUH JHQHUDWHG LQ WKH DXWRPDWLF PRGH� DV ZHOO DV

RI WKH GHYLFH ERG\ RQ VHYHUDO VKHHWV ZLWK DSSHQGHG

WDEOHV RI IDVWHQHU KROH FR�RUGLQDWHV RQ WKH ERG\�

7KH H[SHULHQFH RI VXFK DQ HIIHFWLYH FRPSXWHU�DLGHG

GHVLJQ RI WKH ZHOGLQJ MLJV LQ D VKRUW SURGXFWLRQ WLPH

RQFH PRUH FRQILUPHG WKH HIIHFWLYHQHVV RI WKH GHYHO�

RSHG PHWKRGV RI LQWHUDFWLYH�DOJRULWKPLF V\QWKHVLV RI

WKH REMHFWV RI WHFKQRORJLFDO SUHSDUDWLRQ IRU ZHOGLQJ

SURGXFWLRQ� ,Q RXU RSLQLRQ� WKH WHFKQRORJ\ RI &$'

RI ZHOGLQJ MLJV FDQ PHHW WKH UHTXLUHPHQWV WR $:-

ERWK IRU WKH URERWLF >�@ DQG IRU WKH WUDGLWLRQDO WHFK�

QRORJLFDO SURFHVVHV�

,Q IXUWKHU ZRUNZH EHOLHYH LW LV UDWLRQDO� LW DGGLWLRQ

WR LPSURYHPHQW RI GHVLJQ DOJRULWKPV DQG SURJUDPV�

WR SURYLGH WKH FDSDELOLWLHV IRU DQDO\VLV DQG HYDOXDWLRQ

RI WKH VWUHVV�VWUDLQ VWDWH RI :$( LQ WKH GHYLFH >�@�

DV ZHOO DV D JUDGXDO WUDQVLWLRQ IURP WKH WUDGLWLRQDO

IRUPV RI SURFHVV GRFXPHQWV WR WKH JUDSKLF IRUPV >�@�

&21&/86,216

�� 0XOWLYDULDQW &$' RI SURFHVV MLJV DQG EHQFKHV IRU

IUDPHZHOGHG VWUXFWXUHV KDV SURYLGHG D UHDO VKRUWHQLQJ

RI WKH GHYHORSPHQW SHULRG WZR WLPHV DQG HVVHQWLDOO\

LPSURYHG WKH TXDOLW\ RI WKH GRFXPHQWDWLRQ�

�� &XUUHQWO\� WKHUH LV D QHHG IRU GHYHORSPHQW DQG

LQWURGXFWLRQ RI FRPSXWHU V\VWHPV WKDW FRPELQH WKH

FDSDELOLWLHV RI GHVLJQ RI DVVHPEO\�ZHOGLQJ SURFHVVHV�

DV ZHOO DV RI WKH MLJV DQG QRQ�VWDQGDUG SURFHVV HTXLS�

PHQW�

5()(5(1&(6

�� 0DNKQHQNR� 9�,� ������ &RPSXWHUL]DWLRQ RI HQJLQHHULQJ DF�
WLYLW\ LQ ZHOGLQJ DQG UHODWHG WHFKQRORJLHV� 6YDURFKQR\H

3URL]YRGVWYR� �� �� w ���
�� 'DY\GRY� <X�9�� =O\JDUHY� 9�$�� .RQFKHHY� /�.� ������

,QIRUPDWLRQ WHFKQRORJLHV x D EDVLV IRU UHQRYDWLRQ LQ WKH
5XVVLDQ LQGXVWU\� ,QIRUP� 7HNKQRORJLL Y 3URHNWLURYDQLL L

3URL]YRGVWYH� �� �� w ���
�� 0HGYHGHY� 6�9�� 5DNRYLFK� $�*� ������ &$' RI DVVHPEO\�

ZHOGLQJ MLJV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���
�� .RUVKHQNR� (�$�� =YRU\NLQ� 1�2�� *DHYVN\� 2�$� ������

([SHULHQFH RI LQWHJUDWHG SURGXFWLRQ�WHFKQRORJLFDO VROXWLRQ
IRU DVVHPEO\ DQG URERWLF ZHOGLQJ RI D WKUHH�GLPHQVLRQDO
VWUXFWXUH� ,ELG�� �� �� w ���

�� .LVHOHY� 6�1�� $NVHQRY� <X�1�� 6PLUQRY� 9�<X� HW DO�
������ 3URJUDP�SURFHGXUDO VXSSRUW DQG DQDO\VLV RI VWUHVV�
VWUDLQ VWDWH RI FRPSOH[ ZHOGHG VWUXFWXUHV� 6YDURFKQR\H

3URL]YRGVWYR� �� �� w ���
�� 0HGYHGHY� 6�9� ������ *HQHUDWLRQ RI ZHOGLQJ SURFHVV GRFX�

PHQWV� ,ELG�� �� �� w ���
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,�,� =$58%$� 9�9� $1'5((9 DQG 9�9� '<0(1.2

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

$%675$&7

7KH DGYDQWDJHV RI WK\ULVWRU FRQWURO RI ZHOGLQJ WUDQVIRUPHUV DUH FRQVLGHUHG� ,W LV GHPRQVWUDWHG WKDW SXOVH VWDELOL]DWLRQ

RI DUFLQJ LQ D WK\ULVWRU�FRQWUROOHG WUDQVIRUPHU JUHDWO\ H[SDQGV LWV ZHOGLQJ�WHFKQRORJLFDO FDSDELOLWLHV DQG DSSOLFDWLRQV�

$ WUDQVIRUPHU RI WKLV W\SH GHYHORSHG LQ 3:, SURYLGHV D VPRRWK DGMXVWPHQW RI WKH RSHUDWLRQDO PRGH� �KRW� DQG �FROG�

VWDUW� ZHOGLQJ FXUUHQW PRGXODWLRQ ZLWK DQ DGMXVWDEOH IUHTXHQF\� ,W FDQ EH XVHG LQ $& DQG '& HOHFWURGH ZHOGLQJ�

.H\ ZRU G V � DUF ZHOGLQJ� ZHOGLQJ WUDQVIRUPHU� ZHOGLQJ

JHQHUDWRU� WK\ULVWRU UHJXODWLRQ� ZHOGLQJ FXUUHQW PRGXODWLRQ�

DUFLQJ VWDELOL]DWLRQ GHYLFH� WHFKQRORJLFDO SURSHUWLHV RI ZHOGLQJ

SRZHU VRXUFHV� PHWDO VSDWWHU

7KH HDUOLHU DQWLFLSDWHG ZLGH DQG IDVW RXVWLQJ RI WUD�

GLWLRQDO DUF ZHOGLQJ SRZHU VRXUFHV E\ LQYHUWHU UHFWL�
ILHUV DFWXDOO\ WRRN ORQJHU DQG GLG QRW EHFRPH DQ DOO�
HPEUDFLQJ SURFHVV� 7KLV LV WUXH QRW RQO\ IRU RXU FRXQ�

WU\� EXW DOVR IRU RWKHU LQGXVWULDOL]HG FRXQWULHV RI WKH

:HVW� ,Q WKLV SDSHU ZH GR QRW DQDO\]H WKH FDXVHV IRU
WKLV SKHQRPHQRQ� QRW GR ZH KDYH DQ\ GRXEW DERXW D

QXPEHU RI DGYDQWDJHV RI LQYHUWHU ZHOGLQJ SRZHU

VRXUFHV� DQG WKH SURVSHFWV IRU WKHLU SUDFWLFDO DSSOLFD�

WLRQ� :H ZLOO MXVW LQGLFDWH WKDW WKH VLPSOLFLW\ DQG

UHOLDELOLW\ RI D ZHOGLQJ SRZHU VRXUFH LQ PDQ\ DSSOL�

FDWLRQV UHPDLQ� DQG� SUREDEO\� ZLOO VWLOO UHPDLQ IRU D

ORQJ WLPH VRPH RI LWV PDLQ TXDOLW\ FKDUDFWHULVWLFV DQG
WKH EDVH IRU VHOHFWLRQ RI LWV W\SH� :LWK WKH FXUUHQWO\

DYDLODEOH FRPSRQHQWV� WKH LQYHUWHU SRZHU VRXUFHV KDYH

D OLPLWDWLRQ RQ FXUUHQW� )RU SRZHUIXO ZHOGLQJ UHFWL�

ILHUV ZLWK WKH UDWHG FXUUHQW ,
U
! ���� $� DSSOLFDWLRQ

RI WUDGLWLRQDO FLUFXLW VROXWLRQV LV SUHIHUDEOH IRU UHOL�

DELOLW\ DQG FRVW�HIIHFWLYHQHVV UHDVRQV� 7KHUH LV QR

GRXEW� DOVR� WKDW LQWURGXFWLRQ RI LQYHUWHU SRZHU
VRXUFHV ZDV D NLQG RI FKDOOHQJH IRU WKH UHJXODUZHOGLQJ

WUDQVIRUPHUV DQG UHFWLILHUV� TXLWH DFXWHO\ UDLVLQJ WKH

LVVXH RI WKHLU IXWXUH� 7KLV �FKDOOHQJH� JDYH DQ LPSHWXV

WR LPSURYHPHQW RI WKH WUDGLWLRQDO ZHOGLQJ SRZHU

VRXUFHV� $ JRRG H[DPSOH RI LW DUH D QXPEHU RI 3:,

GHYHORSPHQWV IRU LPSURYHPHQW RI WUDQVIRUPHUV IRU FRQ�

VXPDEOH DQG QRQ�FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ�

,W LV NQRZQ WKDW ZHOGLQJ WUDQVIRUPHUV VWLOO EHORQJ

WR WKH PRVW ZLGHO\ DFFHSWHG SRZHU VRXUFHV IRU DUF

ZHOGLQJ� 7KH VLPSOLFLW\ DQG UHOLDELOLW\ RI WKHLU GHVLJQ�

DVZHOO DV WKHLU VHUYLFLQJ�PDQHXYHUDELOLW\� UDWKHU KLJK

HIILFLHQF\� JRRG WHFKQRORJLFDO SURSHUWLHV TXLWH RIWHQ

PDNH WKHP EH\RQG FRPSDULVRQ ZLWK RWKHU NLQGV RI

VLPLODU HTXLSPHQW� $PRQJ WKH WHFKQRORJLFDO DGYDQ�

WDJHV RI ZHOGLQJ WUDQVIRUPHU DSSOLFDWLRQ� SULPDULO\�

LV WKH DEVHQFH RI PDJQHWLF EORZ WKDW RIWHQ EHFRPHV

DQ DOPRVW XQFRQTXHUDEOH �YLFH� RI '& DUF ZHOGLQJ�

$OVR YDOXDEOH LV WKH SURFHVV RI WKH LWHP FOHDQLQJ IURP

R[LGH ILOPV LQ $& QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ

RI DOXPLQLXP DQG LWV DOOR\V LQ LQHUW JDVHV DQG PL[�

WXUHV�

,QVXIILFLHQW DUFLQJ VWDELOLW\ DW �� +] LV QRZ VXF�
FHVVIXOO\ RYHUFRPH E\ DSSO\LQJ WKH DUFLQJ VWDELOL]HUV

�$6� x SXOVH JHQHUDWRUV WKDW SURYLGH D UHOLDEOH UH�
LJQLWLRQ RI WKH DUF DW SRODULW\ UHYHUVDO LQ ZHOGLQJ >�@�

$YDLODELOLW\ RI WKH PRGHUQ VHPL�FRQGXFWRU HOHPHQWV
DOORZHG $6 WR EH EURXJKW WR D KLJK GHJUHH RI SHUIHF�

WLRQx WKH\ DUH FRPSDUDWLYHO\ LQH[SHQVLYH DQG VPDOO�

VL]HG� DQG ILW HDVLO\ LQWR WKH FDVLQJ RI DQ\ WUDQVIRUPHU

>�@� :KHQ WKH ZHOGLQJ WUDQVIRUPHU RSHUDWHV LQ DQ
RSHQ�FLUFXLW PRGH� $6 DXWRPDWLFDOO\ VZLWFKHV RII� ,Q

YLHZ RI WKHVH DGYDQWDJHV� WKH WUDQVIRUPHUV ZLWK $6

LQ WHUPV RI WKHLU ZHOGLQJ�WHFKQRORJLFDO FDSDELOLWLHV

FDQ FRPSOHWHO\ VXEVWLWXWH WKH ZHOGLQJ UHFWLILHUV LQ

ZHOGLQJ ZLWK FRDWHG HOHFWURGHV RI SUDFWLFDOO\ DQ\

JUDGHV� ERWK IRU DOWHUQDWLQJ DQG GLUHFW FXUUHQW� $6

DSSOLFDWLRQ DOORZHG WKH HIIHFWLYH YDOXH RI RSHQ�FLUFXLW

YROWDJH 8R��F LQ ZHOGLQJ WUDQVIRUPHUV WR EH UHGXFHG

WR �� 9� &RQVXPSWLRQ RI DFWLYH PDWHULDOV XVHG IRU

WUDQVIRUPHU IDEULFDWLRQ� LWV ZHLJKW DQG RYHUDOO GL�

PHQVLRQV ZHUH UHGXFHG DQG LWV HIILFLHQF\ ZDV LP�

SURYHG >�@�

$V VKRZQ E\ H[SHULPHQWV >�@� LQ ZHOGLQJ ZLWK $6

8R��F YDOXH RI WKH ZHOGLQJ WUDQVIRUPHU FDQ EH UHGXFHG

WR �� 9� ,Q WKLV FDVH� KRZHYHU� QRW MXVW LWV DPSOLWXGH

YDOXH 8
PD[

LV UHGXFHG� EXW DOVR WKH UDWH RI ULVH RI WKH

LQVWDQWDQHRXV YROWDJH WR WKH OHYHO RI LJQLWLRQ YROWDJH�

ZKLFK FDQQRW EH UHJDUGHG DV IDYRXUDEOH LQ WHUPV RI

LPSURYHPHQW RI WKH SURFHVV VWDELOLW\� ,Q DGGLWLRQ�

ZLWK D VHW UDWHG FXUUHQW WKH H[WHUQDO YROW�DPSHUH FKDU�

DFWHULVWLF EHFRPHV VWLIIHU� VKRUW�FLUFXLW FXUUHQW ULVHV�

DQJOH RI SKDVH VKLIW EHWZHHQ 8R��F DQG ,Z EHFRPHV

VPDOOHU� WKLV EHLQJ DOVR XQGHVLUDEOH� ERWK LQ WHUPV RI

VWDEOH DUFLQJ DQG IRU WHFKQRORJLFDO FRQVLGHUDWLRQV �IRU

LQVWDQFH� PHWDO VSDWWHU EHFRPHV PRUH LQWHQVLYH��

,PSURYHPHQW RI ZHOGLQJ WUDQVIRUPHUV LV UHODWHG

WR WUDQVLWLRQ IURP WKH PHFKDQLFDO DQG HOHFWURPHFKDQL�

FDO UHJXODWLRQ RI WKH RSHUDWLRQDO PRGH WR VHPL�FRQ�

GXFWRU RU HOHFWURQLF FRQWURO� 2QH RI WKH PDMRU DGYDQ�

WDJHV RI VXFK D FRQWURO� LV WKH RSHUDWLQJ VSHHG� 7KLV

HQDEOHV H[SDQVLRQ RI WKH UDQJH RI WHFKQRORJLFDO WDVNV�

DOVR LQ WHUPV RI GRVHG KHDW LQSXW LQWR WKH ZHOG SRRO�

DV ZHOO DV SXUSRVHIXO LPSDFW RQ PHWDO WUDQVIHU�� ,�,� =$58%$� 9�9� $1'5((9 DQG 9�9� '<0(1.2� ����
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.QRZQ DUH ZHOGLQJ WUDQVIRUPHUV ZLWK WKH GHYLFHV
IRU WK\ULVWRU FRQWURO RI WKH RSHUDWLQJ PRGH� WKH VR�
FDOOHG WK\ULVWRULVHG WUDQVIRUPHUV WKDW RSHUDWH E\ WKH
SULQFLSOH RI SKDVH UHJXODWLRQ RI FXUUHQW� 7KH FRQWUROOHU
FRQVLVWV RI WZR WK\ULVWRUV� LQ DQWL�SDUDOOHO FRQQHFWLRQ
DQG D V\VWHP RI SKDVH�SXOVH FRQWURO� +RZHYHU�
7')=K������ ���� W\SH WUDQVIRUPHUV GHVLJQHG DV VXFK
D FLUFXLW� JHQHUDWH LQWHUPLWWHQW FXUUHQW LQ WKH VHFRQ�
GDU\ �ZHOGLQJ� FLUFXLW� WKLV EHLQJ KLJKO\ XQGHVLUDEOH
LQ WHUPV RI WKH SURFHVV VWDELOLW\� 1RQHWKHOHVV� LQ 6$:
ZLWK SRZHUIXO KLGGHQ DUFV� ZKHQ WKH PROWHQ PHWDO
SRRO UHOLDEO\ LQVXODWHG IURP WKH HQYLURQPHQW� KDV D
JUHDW KHDW LQHUWLD� D TXLWH VWDEOH SURFHVV LV DFKLHYHG�
GHVSLWH D SHULRGLFDO LQWHUUXSWLRQ RI WKH FXUUHQW LQ WKH
FLUFXLW� 7KLV� KRZHYHU� LV SUDFWLFDOO\ XQDFKLHYDEOH LQ
ZHOGLQJ ZLWK OHVV SRZHUIXO RSHQ DUFV �ZLWK FRDWHG
HOHFWURGHV RU JDV VKLHOGLQJ��

,Q WKLV FDVH ZH KDYH WR UHVRUW WR WKH PHWKRG RI WKH
VR�FDOOHG SHULRGLFDO SRZHULQJ RI WKH DUF IURP DQ DX[�
LOLDU\ ORZ�SRZHU VRXUFH� 'HVSLWH WKH GLIIHUHQW YDULDQWV
RI SHULRGLFDO SRZHULQJ >�@� WKH HVVHQFH RI DOO WKHVH
PHWKRGV LV UHGXFHG WR ILOOLQJ WKH SDXVHV LQ WK\ULVWRU
FRQWURO E\ VPDOO FXUUHQW WKDW PDLQWDLQV WKH QRUPDO
ZHOGLQJ SURFHVV� ,W LV NQRZQ WKDW LQ RUGHU WR PDLQWDLQ
WKH DUFLQJ LQ FRDWHG�HOHFWURGH PDQXDO DUF ZHOGLQJ LW
LV VXIILFLHQW IRU WKH YDOXH RI FXUUHQW LQ WKH SDXVHV WR
EH LQ WKH UDQJH RI �� w �� $�

8VH RI SHULRGLFDO SRZHULQJ FDQ DOVR SURPRWH D

ORZHULQJ RI 8R��F RI WKH PDLQ ZHOGLQJ WUDQVIRUPHU� ,Q

WKLV FDVH� KRZHYHU� RQH VKRXOG QRW LJQRUH VXFK DQ

LPSRUWDQW IDFWRU DV HOHFWURGH PHWDO WUDQVIHU LQ WKH

GLVFKDUJH JDS� 9LRODWLRQ RI WKH VWDELOLW\ RI $& ZHOG�

LQJ SURFHVV LV UHODWHG QRW VR PXFK WR FXUUHQW SRODULW\

UHYHUVDO� DV WR WKH PRPHQW RI WKH GURS VHSDUDWLRQ

GXULQJ LWV KDOI�SHULRG� (VSHFLDOO\ GDQJHURXV DUH ODUJH

GURSV� VHSDUDWLQJ IURP WKH HOHFWURGH GXULQJ WKH GLS

RI WKH ZHOGLQJ FXUUHQW VLQXVRLG� 6XFK GURSV FDQ GHLRQ�

L]H WKH DUF FROXPQ VR PXFK WKDW DIWHU SRODULW\ UHYHUVDO

LW ZLOO QRW UH�LJQLWH� DQG WKH SURFHVV ZLOO EH LQWHU�

UXSWHG >�@�

7DNLQJ LW LQWR DFFRXQW� 3:, GHYHORSHG $6 WKDW

IHHG LQWR WKH GLVFKDUJH JDS DQ HQHUJ\ SXOVH QRW RQO\

DW SRODULW\ UHYHUVDO� EXW DOVR DW DQ\ PRPHQW RI WKH

DUF H[WLQFWLRQ� DV D UHVXOW RI LWV HORQJDWLRQ� DQ DEUXSW

GURS RI FXUUHQW RU IRU RWKHU UHDVRQV� 7KHVH PHDVXUHV

SURYLGH D TXLWH KLJK VWDELOLW\ RI WKH SURFHVV LQ D EURDG

UDQJH RI ZHOGLQJ PRGHV� 7HVWLQJ FRQILUPHG WKH UD�

WLRQDOLW\ RI DSSO\LQJ VXFK $6 LQ SKDVH UHJXODWLRQ RI

WKH WUDQVIRUPHU FXUUHQW�
([SHULPHQWV VKRZHG WKDW ODUJH GURSV IDOO LQWR WKH

PROWHQ PHWDO SRRO SUHGRPLQDQWO\ DW WKH HQG RI D KDOI�
SHULRG GXULQJ WKH FXUUHQW VLQXVRLG GLS� ZKHQ HOHFWUR�
PDJQHWLF IRUFHV DUH GHFUHDVHG WR D PLQLPXP DQG WKH
IRUFHV RI JUDYLW\ DQG VXUIDFH WHQVLRQ SUHYDLO� 0HWDO
WUDQVIHU LV TXLWH RIWHQ DFFRPSDQLHG E\ VKRUW FLUFXLWV
RI WKH GLVFKDUJH JDS >�@� WKDW EHLQJ H[WUHPHO\ XQID�
YRXUDEOH IRU WKH WK\ULVWRU�FRQWUROOHG WUDQVIRUPHUV� ,I
VZLWFKLQJ RQ RI WKH WK\ULVWRU NH\ DW SRODULW\ UHYHUVDO
DQG SRZHU VRXUFH WUDQVLWLRQ WR WKH RSHUDWLQJ PRGH
FRLQFLGHV ZLWK VKRUW FLUFXLWLQJ RI WKH DUF JDS� WKH

FXUUHQW LQ WKH FLUFXLW LV DEUXSWO\ LQFUHDVHG� FDXVLQJ
DQ H[SORVLRQ RI WKH EULGJH EHWZHHQ WKH GURS DQG WKH
PROWHQ PHWDO SRRO� 7KH GURS LV HMHFWHG EH\RQG WKH
ZHOG� 0HWDO ORVVHV DUH DEUXSWO\ LQFUHDVHG x VSDWWHU
PD\ H[FHHG �� w �� �� WKLV EHLQJ DEVROXWHO\ LQDGPLV�
VLEOH IRU WHFKQRORJLFDO UHDVRQV� ,Q WKLV FDVH� RQH VKRXOG
WU\ WR PDNH WKH FXUUHQW PLQLPDO GXULQJ WKH EULGJH
H[SORVLRQ� DV IDU DV SRVVLEOH� $W VKRUW FLUFXLWLQJ FDXVHG
E\ PHWDO WUDQVIHU� WKH SLORW FXUUHQW PRGH VKRXOG EH
RQ IRU D ORQJHU WLPH� DQG VZLWFKLQJ WR WKH RSHUDWLQJ
PRGH VKRXOG RQO\ EH SHUIRUPHG DIWHU WKH PROWHQ
EULGJH EUHDNLQJ XS� 7KLV DOJRULWKP VKRXOG IRUP WKH
EDVLV RI WKH FLUFXLW RI WK\ULVWRU FRPPXWDWRU FRQWURO�

7KXV� LQ GHYHORSPHQW RI WK\ULVWRU WUDQVIRUPHUV
ZLWK $6 WZR DGGLWLRQDO UHTXLUHPHQWV DUH LQWURGXFHG
WKDW PXVW EH VDWLVILHG E\ WKH FRQWURO V\VWHP�

• $6 VZLWFKLQJ RQ DQG HQHUJ\ SXOVH IHHGLQJ LQWR
WKH GLVFKDUJH JDS IRU WKH DUF UHLJQLWLRQ PXVW EH SHU�
IRUPHG QRW RQO\ DW SRODULW\ UHYHUVDO� EXW DOVR DW DQ\
RWKHU DUFLQJ LQWHUUXSWLRQV GXULQJ ZHOGLQJ�

• DW VKRUW FLUFXLWLQJ GXH WR PHWDO WUDQVIHU DV ODUJH
GURSV GXULQJ WKH FXUUHQW VLQXVRLG GLS� WK\ULVWRUV
VZLWFKLQJ WR WKH RSHUDWLQJ PRGH VKRXOG EH GHOD\HG
XS WR H[SORVLRQ RI WKH EULGJH EHWZHHQ WKH HOHFWURGH
DQG WKH PROWHQ PHWDO SRRO LQ WKH SLORW DUF PRGH�

,W LV QDWXUDO WKDW WK\ULVWRU FRQWURO DOORZV SHUIRUP�
DQFH RI D ZKROH QXPEHU RI RWKHU DGMXVWPHQWV WKDW
PD\ EH UHTXLUHG IRU YDULRXV WHFKQRORJLFDO SURFHVVHV�
7KH\ H[SDQG WKH ZHOGLQJ�WHFKQRORJLFDO FDSDELOLWLHV
RI WKH WUDQVIRUPHU� HYHQ WKRXJK WKH\ DUH RSWLRQDO
IHDWXUHV�

7KH H[WHUQDO YROW�DPSHUH VWDWLF FKDUDFWHULVWLF RI D
WK\ULVWRU�FRQWUROOHG SRZHU VRXUFH ZLWK SHULRGLFDO
SRZHULQJ KDV WZR EUDQFKHV� 2QH RI WKHP FRUUHVSRQGV
WR WKH PDLQ SRZHU WUDQVIRUPHU DQG KDV D UDWKHU ORZ
RSHQ�FLUFXLW YROWDJH ��� w �� 9� DQG D UDWKHU KLJK
VKRUW�FLUFXLW FXUUHQW ,VK��F  ���� w ����,U� 7KH VHFRQG
FRUUHVSRQGV WR RSHUDWLRQ RI DQ DX[LOLDU\ WUDQVIRUPHU
WKDW FDQ EH PDGH LQ WKH IRUP RI DQ LQGLYLGXDO FRP�
SRQHQW RU DGGLWLRQDO ZLQGLQJ RI WKH PDLQ SRZHU WUDQV�
IRUPHU ZLWK ,VK��F  ���� w ����,U� )RU ERWK EUDQFKHV
WKH WRWDO RSHQ�FLUFXLW YROWDJH LV HTXDO WR �� w �� 9�

:KHQ DX[LOLDU\ WUDQVIRUPHU LV GHVLJQHG DV D VHSD�
UDWH FRPSRQHQW� WKH SULPDU\ ZLQGLQJV RI WKH PDLQ
DQG DX[LOLDU\ WUDQVIRUPHU DUH FRQQHFWHG WR WKH VDPH
SKDVHV RI WKH SRZHU PDLQV� 7KH VHFRQGDU\ ZLQGLQJ RI
WKH PDLQ WUDQVIRUPHU LV FRQQHFWHG LQ VHULHV ZLWK D
FKDLQ WKDW FRQVLVWV RI WKH VHFRQGDU\ ZLQGLQJ RI WKH
DX[LOLDU\ WUDQVIRUPHU DQG D WK\ULVWRU FRQWUROOHU FRQ�
QHFWHG WR LW LQ SDUDOOHO� 7KH HOHFWURGH DQG WKH LWHP
DUH FRQQHFWHG WR WKH VHFRQGDU\ FLUFXLW RXWSXW� 7KXV�
WKH PDLQ SRZHU WUDQVIRUPHU SURYLGHV WKH DVVLJQHG
ZHOGLQJ PRGH� DQG WKH DX[LOLDU\ WUDQVIRUPHU RSHUDWHV
LQ D WLPH LQWHUYDO ZKHQ WKH SRZHU FRPPXWDWRU LV
FORVHG� DQG NHHSV WKH SLORW DUF UXQQLQJ�

,Q WKH YDULDQW RI SLORW DUF SRZHULQJ IURP WKH DX[�
LOLDU\ ZLQGLQJ RI WKH PDLQ WUDQVIRUPHU� WKH FXUUHQW
OHYHO LV GHWHUPLQHG E\ WKH SDUDPHWHUV RI WKLV ZLQGLQJ
DQG LV OLPLWHG HLWKHU E\ WKH WKURWWOH� RU E\ WKH UHVLVWRU�

3URFHHGLQJ IURP WKH UHVXOWV RI FDOFXODWLRQV DQG
H[SHULPHQWV LW LV IRXQG WKDW LQ WHUPV RI RSWLPL]LQJ
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WKH ZHLJKW RI WKH HQWLUH SRZHU VRXUFH� WKH ILUVW YDULDQW
RI WKH WK\ULVWRU WUDQVIRUPHU GHVLJQ LV SUHIHUDEOH DW
,U ≥ ��� $� DQG WKH VHFRQG x DW ,U � ��� $�

)LJXUH � VKRZV WKH VR�FDOOHG SKDVH WUDMHFWRU\ RI
FXUUHQW x GL�GW  I�L� GHSHQGHQFH IRU WKH SRZHU
VRXUFH ZLWK WKH YROW�DPSHUH FKDUDFWHULVWLF FKDQJLQJ
GXULQJ HDFK KDOI�SHULRG� 7KH H[WHUQDO EUDQFKHV RI WKLV
SKDVH WUDMHFWRU\ �FXUYHV �� FRUUHVSRQG WR DUFLQJ LQ
WKH ZRUNLQJ PRGH� DQG WKH LQQHU EUDQFKHV
�FXUYHV �� x WR SLORW DUF UXQQLQJ� ,Q WKH VHFRQG FDVH
GL�GW YDULHV RQO\ VOLJKWO\ DW WKH VWDUW DQG HQG RI HDFK
KDOI�SHULRG�

3:, GHYHORSHG WK\ULVWRU�FRQWUROOHG ZHOGLQJ
WUDQVIRUPHUV WKDW KDYH H[WHQVLYH IXQFWLRQDO FDSDELOL�
WLHV� $PRQJ WKHP DUH VPRRWK �ORFDO DQG UHPRWH� DG�
MXVWPHQW RI ZHOGLQJ FXUUHQW LQ RQH UDQJH� SXOVH VWD�
ELOL]DWLRQ RI DUFLQJ� ZHOGLQJ FXUUHQW PRGXODWLRQ�
�KRW� DQG �FROG� VWDUWV� 6XFK SURFHVV PXOWLIXQFWLRQ�
DOLW\ LV SURYLGHG E\ WKH HOHFWURQLF FRQWURO XQLW WKDW
LQFRUSRUDWHV VSHFLDO DOJRULWKPV� 7KH\ DUH XVHG WR LVVXH
WR WKH DSSURSULDWH FRPSRQHQWV RI WKH FRQWURO XQLW WKH
FRPPDQGV IRU SHUIRUPDQFH RI D SDUWLFXODU IXQFWLRQ�
7KHVH DOJRULWKPV DUH LPSOHPHQWHG DV IHHGEDFNV E\
FXUUHQW DQG YROWDJH RI WKH DUF� DV ZHOO DV E\ WKH PDLQV
YROWDJH� /HW XV FRQVLGHU LQ JUHDWHU GHWDLO WKH RSHUDWLRQ
RI WKH FRQWURO XQLW RI D QHZ WK\ULVWRU�FRQWUROOHG WUDQV�
IRUPHU�

6WDELOL]DWLRQ RI $& DUF UXQQLQJ LV SURYLGHG E\ DQ
HQHUJ\ SXOVH WKDW FRPHV WR WKH DUF JDS LQ HDFK KDOI�
SHULRG� ZKHQ WKH LQVWDQWDQHRXV YDOXH RI RSHQ�FLUFXLW
YROWDJH UHDFKHV WKH OHYHO RI DUFLQJ YROWDJH� 7KH DOJR�
ULWKP RI WLPH θS�I RI VXFK D SXOVH IHHGLQJ ZLOO EH
H[SUHVVHG DV IROORZV�

θS�I = DUFVLQ (8D�8PD[ + πQ)�

ZKHUH 8D LV WKH DUFLQJ YROWDJH� 8PD[ LV WKH DPSOLWXGH
YDOXH RI RSHQ�FLUFXLW YROWDJH� DQG Q LV WKH QXPEHU RI
FXUUHQW KDOI�SHULRGV�

6WDELOL]LQJ SXOVHV FRPH WR WKH GLVFKDUJH JDS� LU�
UHVSHFWLYH RI LWV FRQGLWLRQ DW D JLYHQPRPHQW �ZKHWKHU
LW LV RSHQ� VKRUWHG E\ D GURS RI WUDQVIHUUHG PHWDO RU
ZKHWKHU WKH DUF LV UXQQLQJ�� :KHQ WKH GLVFKDUJH JDS
LV FORVHG E\ D GURS RI PROWHQ PHWDO� WKH FRQWURO XQLW
JHQHUDWHV D �EDQ� IRU RSHQLQJ WKH SRZHU WK\ULVWRUV
XQWLO WKH EULGJH KDV VHSDUDWHG FRPSOHWHO\ DW D VPDOO
FXUUHQW IURP WKH DX[LOLDU\ SRZHU VRXUFH� $IWHU WKH
VKRUW FLUFXLW� WKH SRZHU WK\ULVWRUV RSHQ� DQG WKH ZRUN�
LQJ FXUUHQW LV UHVWRUHG� 6XFK D PHDVXUH� DV ZDV QRWHG
DERYH� SURPRWHV D ORZHULQJ RI PHWDO VSDWWHU�

:HOGLQJ FXUUHQW DGMXVWPHQW LV SHUIRUPHG E\
FKDQJLQJ WKH DQJOH RI RSHQLQJ RI WKH SRZHU WK\ULVWRUV�
ZKHQ WKH\ DUH FRPSOHWHO\ RSHQ� WKH FXUUHQW LV PD[L�
PDO� DQG ZKHQ WKH\ DUH FRPSOHWHO\ FORVHG� LW LV PLQL�
PDO� ,Q WKH ODWWHU FDVH� LW LV GHWHUPLQHG E\ WKH LQLWLDO
SDUDPHWHUV RI WKH SRZHU DQG DX[LOLDU\ WUDQVIRUPHUV�

:HOGLQJ FXUUHQW PRGXODWLRQ LV SHUIRUPHG E\ DO�
WHUQDWLYH VZLWFKLQJ RQ WKH PDLQ �SXOVH FXUUHQW� DQG
DX[LOLDU\ �SDXVH FXUUHQW� WUDQVIRUPHUV� 7KH YDOXHV RI
WKHVH FXUUHQWV DUH VHW LQ DGYDQFH� 7KH GXUDWLRQ RI WKH
SDXVH DQG WKH SXOVH YDULHV EHWZHHQ ���� w ���� V�

&XUUHQW ULVH XS WR WKH UDWHG YDOXH DW WKH VWDUW RI
FRDWHG�HOHFWURGH PHWDO�DUF ZHOGLQJ IRU D UHOLDEOH LQ�
LWLDO LJQLWLRQ RI WKH DUF x WKH VR�FDOOHG KRW VWDUW x
LV SURYLGHG E\ D FRPSOHWH RSHQLQJ RI WKH WK\ULVWRUV
IRU � w �� SHULRGV RI �� +] FXUUHQW ZKHQ WKH HOHFWURGH
WRXFKHV WKH LWHP DW WKH VWDUW RI ZHOGLQJ�

&XUUHQW ORZHULQJ WR WKH PLQLPDO YDOXH �DERXW �� w
�� $� DW WKH VWDUW RI QRQ�FRQVXPDEOH HOHFWURGH ZHOG�
LQJ WR DYRLG EXUQLQJ WKURXJK WKH LWHP RU HOHFWURGH
HURVLRQ EHFDXVH RI WKH LQLWLDO LJQLWLRQ RI WKH DUF DW WKH
PRPHQW RI VKRUW FLUFXLWLQJ RI WKH HOHFWURGH WR WKH
LWHP x �FROG� VWDUW x LV SHUIRUPHG E\ VZLWFKLQJ RQ
WKH SLORW DUF FXUUHQW IRU � w �� SHULRGV ZLWK VXE�
VHTXHQW WUDQVLWLRQ WR WKH VHW FXUUHQW IURP WKH PDLQ
WUDQVIRUPHU�

,W VKRXOG EH ERUQH LQ PLQG WKDW FRDWHG�HOHFWURGH
ZHOGLQJ LQ DOO SRVLWLRQV LQ VSDFH� H[FHSW IRU WKH GRZQ�
KDQG SRVLWLRQ� LV FRQGXFWHG SUDFWLFDOO\ ZLWK D NLQG
RI FXUUHQW PRGXODWLRQ� ,W LV SHUIRUPHG DW WKH H[SHQVH
RI PHFKDQLFDO PRYLQJ RI WKH DUF DZD\ IURP WKH ZHOG
E\ WKH ZHOGHU� 7KH DUF EHFRPHV ORQJHU� ZKHUHDV WKH
FXUUHQW GHFUHDVHV DQG UXQV RXWVLGH WKH PROWHQ PHWDO
SRRO� 7KH ODWWHU FRROV GRZQ VOLJKWO\ DQG GRHV QRW IORZ
IURP D YHUWLFDO RU LQFOLQHG SODQH RI WKH LWHP� ,Q WKLV
FDVH� SDUW RI WKH DUF HQHUJ\ LV SUDFWLFDOO\ ZDVWHG� DV
LW LV VSHQW IRU KHDWLQJ WKH +$= PHWDO� ,Q DGGLWLRQ�
WKH PROWHQ PHWDO RI WKH SRRO SHULRGLFDOO\ UHPDLQV
XQSURWHFWHG� WKXV SURPRWLQJ GHWHULRUDWLRQ RI WKH ZHOG
TXDOLW\� ,Q FDVH RI ZHOGLQJ FXUUHQW PRGXODWLRQ GXH
WR WK\ULVWRU FRQWURO� WKH DUF VWD\V DERYH WKH PROWHQ
PHWDO SRRO DOO WKH WLPH� WKXV SURYLGLQJ LWV SURWHFWLRQ
DOVR GXULQJ WKH ZHOG FRROLQJ ZKHQ WKH ZHOGLQJ FXUUHQW
LV UHGXFHG� 6XFK DPRGXODWLRQ LPSURYHV WKH ZHOG TXDO�
LW\� VDYHV WKH SRZHU� HYHQ WKRXJK LW UHTXLUHV WKH
ZHOGHU WR KDYH FHUWDLQ VNLOOV WKDW DUH DFTXLUHG UDWKHU
TXLFNO\�

7KH IXQFWLRQDO FDSDELOLWLHV RI WKH GHYHORSHG WK\ULV�
WRU�FRQWUROOHG WUDQVIRUPHUV JXDUDQWHH D KLJK�TXDOLW\
PDQXDO DUF ZHOGLQJ ZLWK FRDWHG HOHFWURGHV RI DQ\
JUDGHV ERWK IRU DOWHUQDWLQJ DQG GLUHFW FXUUHQW� 6XFK
D SRZHU VRXUFH SURYLGHV FRQVXPDEOH HOHFWURGHZHOGLQJ
RI QRW RQO\ WKH FDUERQ� EXW DOVR VRPH VWDLQOHVV VWHHOV�
FDVW LURQ� DVZHOO DV QRQ�FRQVXPDEOH HOHFWURGHZHOGLQJ
RI VWDLQOHVV VWHHOV� DOXPLQLXP DQG LWV DOOR\V LQ DUJRQ�

3URFHVV WHVWLQJ RI WKH GHYHORSHG WUDQVIRUPHU ZDV
FRQGXFWHG WR *267 �����w��� ZKLOH DUFLQJ VWDELOLW\

)LJXUH ��*UDSK RI GL�GW  I�L� GHSHQGHQFH IRU RQH FXUUHQW SHULRG
�I  �� +]�
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ZDV HYDOXDWHG IXUWKHU E\ RWKHU PHWKRGV� 7ZR JUDGHV
RI FRDWHG HOHFWURGHV ZHUH PRVWO\ XVHG� 821,������
�& x ���� w ����� 6L x ��� w ���� 0Q x ��� w ����
&U x XS WR ����� 1L x XS WR ���� 6 x XS WR �����
3 x XS WR ���� ZW��� DV D W\SLFDO UHSUHVHQWDWLYH RI
HOHFWURGHV ZLWK FDOFLXP IOXRULGH FRDWLQJ �IRU GLUHFW
FXUUHQW� DQG 03�� �& x ���� w ���� 6L x XS WR
����� 0Q x ��� w ���� &U x XS WR ���� 1L x XS WR
����� 6 x XS WR ����� 3 x XS WR ���� ZW��� ZLWK D
UXWLOH FRDWLQJ �IRU DOWHUQDWLQJ FXUUHQW�� DV ZHOO DV
RWKHUV� IRU LQVWDQFH� 9,����� �&x ���� w ����� 6L x
���� w ����� 0Q x ��� w ���� &U x ��� w ���� 6 x
XS WR ����� 3 x XS WR ����� 0R x ���� w ��� ZW����
2=/�� �& x ����� 6L x ��� w ���� 0Q x ��� w ����
&U x ���� w ����� 1L x ��� w ���� 6 x XS WR �����
3 x ���� ZW���� HWF� :HOGLQJ LQ WKH VDPH PRGHV
XVLQJ D EDWFK�SURGXFHG ZHOGLQJ JHQHUDWRU 362����
ZDV SHUIRUPHG IRU FRPSDULVRQ�

,W LV IRXQG WKDW WKH ZHOGV PDGH ZLWK WKH GHYHORSHG
WK\ULVWRU WUDQVIRUPHU� SUDFWLFDOO\ GR QRW GLIIHU IURP
WKRVH PDGH DW GLUHFW FXUUHQW VXSSOLHG E\ 362����
JHQHUDWRU� $ QHZ WUDQVIRUPHU SURYLGHV D KLJK VWDELOLW\
RI WKH SURFHVV RI ZHOGLQJ ZLWK HOHFWURGHV ERWK IRU

DOWHUQDWLQJ DQG IRU GLUHFW FXUUHQW� QRW EHLQJ LQ DQ\
ZD\ LQIHULRU WR WKH ZHOGLQJ JHQHUDWRU E\ WKLV FKDUDF�
WHULVWLF >�� �@�

$ PRFN�XS RI RQH RI WKH QHZ WUDQVIRUPHUV ZLWK
WK\ULVWRU FRQWURO RI FXUUHQW� QDPHO\ RI 8'6���� 8��
LV VKRZQ LQ )LJXUH ��

6SHFLILFDWLRQ RI 8'6���� 8�
0DLQV�

YROWDJH� 9 ����������������������������������������������������������� ���

IUHTXHQF\� +] ������������������������������������������������������ ��

5DWHG ZHOGLQJ FXUUHQW DW UHODWLYH GXW\

F\FOH RI �� �� $ ��������������������������������������������������������� ���

5DQJH RI ZHOGLQJ FXUUHQW DGMXVWPHQW� $ ������������������������ �� w ���

7RWDO RSHQ�FLUFXLW YROWDJH� 9 ���������������������������������������� �� ± �

2SHQ�FLUFXLW YROWDJH RI ZHOGLQJ ZLQGLQJ� 9�

QRW PRUH WKDQ ������������������������������������������������������������ ��

5DWHG ZRUNLQJ YROWDJH� 9 �������������������������������������������� ��

(IILFLHQF\ DW UDWHG FXUUHQW� �� QRW PRUH WKDQ ����������������� ��

3RZHU IDFWRU �������������������������������������������������������������� ���

5DWHG SRZHU FRQVXPSWLRQ� N: ������������������������������������� ����

)UHTXHQF\ RI SXOVHV VWDELOL]LQJ WKH DUFLQJ� +] ����������������� ���

:HLJKW� NJ� QRW PRUH WKDQ ������������������������������������������� ��

2YHUDOO GLPHQVLRQV� FP� QRW PRUH WKDQ �������������������������� �� × �� × ��

%\ WKH UHVXOWV RI SURGXFWLRQ WULDOV 8'6���� 8�
XQLW FDQ EH UHFRPPHQGHG IRU TXDQWLW\ SURGXFWLRQ�

)LJXUH �� 0RFN�XS RI 8'6���� 8�

5()(5(1&(6

�� =DUXED� ,�,�� '\PHQNR� 9�9� ������ 'RXEOH�FRQWURO VWDEL�
OL]HUV RI $& DUF� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� =DUXED� ,�,�� '\PHQNR� 9�9�� %RORWNR� 9�,� ������ :HOG�
LQJ WUDQVIRUPHUV ZLWK DUFLQJ VWDELOL]HUV� ,ELG�� ��� �� w ���

�� 3HQWHJRY� ,�9�� '\PHQNR� 9�9�� 6NOLIRV� 9�9� ������
:HOGLQJ SRZHU VRXUFHV ZLWK D SXOVHG DUF LJQLWLRQ� ,ELG�� ��
�� w ���

�� ������ (TXLSPHQW IRU DUF ZHOGLQJ� 5HIHUHQFH ERRN� (G� E\
9�9� 6PLUQRY� /HQLQJUDG� (QHUJRDWRPL]GDW�

�� =DUXED� ,�,�� '\PHQNR� 9�9� ������ ,QIOXHQFH RI GURS
WUDQVIHU RI PHWDO RQ VWDELOLW\ RI $& ZHOGLQJ DUF� $YWR�
PDWLFKHVND\D 6YDUND� ��� �� w ���

�� =DUXED� ,�,�� '\PHQNR� 9�9�� %DUJDPHQ� 9�3� ������ $&
ZHOGLQJ LQ &2�� ,ELG�� ��� �� w ���

�� =DUXED� ,�,�� $QGUHHY� 9�9�� '\PHQNR� 9�9� ������ (LQLJH
:HJH ]XU 9HUEHVVHUXQJ GHV 0$*�6FKZHLβSUR]HVVHV� =,6
0LWWHLOXQJHQ� �� ��� w ����

�� =DUXED� ,�,�� $QGUHHY� 9�9� ������ :D\V RI LPSURYHPHQW
RI WK\ULVWRUL]HG SRZHU VRXUFHV� 6YDUVKFKLN� �� �� w ���
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9�*� 3(786+.29 DQG 9�$� 7,729

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

$%675$&7

*HQHUDO SULQFLSOHV RI IRUPDWLRQ RI UHVLGXDO VWUHVVHV DQG VWUDLQV LQ ZHOGHG MRLQWV DV D UHVXOW RI WKHLU ORFDO H[SORVLRQ

WUHDWPHQW DUH FRQVLGHUHG LQ WHUPV RI WKH HODVWR�SODVWLF WKHRU\� 5HFRPPHQGDWLRQV RQ RSWLPL]DWLRQ RI H[SORVLRQ ORDGLQJ

SDUDPHWHUV DUH JLYHQ� ,W LV VKRZQ WKDW UHVXOWV RI WKH WUHDWPHQW GR QRW GHSHQG XSRQ WKH SUHVHQFH DQG YDOXH RI LQLWLDO

UHVLGXDO VWUHVVHV LQ ZHOG PHWDO�

.H\ ZRU G V � H[SORVLRQ WUHDWPHQW� UHVLGXDO ZHOGLQJ

VWUHVVHV� VWUHVV UHOD[DWLRQ� GHIRUPDWLRQ GLDJUDP� +XJRQLRW

FXUYH� VKRFN ZDYH

3K\VLFDO PRGHO RI WKH PHFKDQLVP RI UHOLHYLQJ UHVLGXDO
VWUHVVHV �56� E\ ORFDO H[SORVLRQ WUHDWPHQW� VXJJHVWHG

LQ >�� �@� DOORZV D VDWLVIDFWRU\ GHVFULSWLRQ RI WKH H[�

SHULPHQWDO GDWD RQ WKH HIIHFW RI VXFK WUHDWPHQW RQ

WKH ORDG�FDUU\LQJ FDSDFLW\ RI ZHOGHG MRLQWV >�@� 7KLV

PRGHO LV EDVHG RQ WKH FRQFHSW RI IRUPDWLRQ RI WKH

ELD[LDO VWUHVV�VWUDLQ WUDFH �667� LQ D VKRUW UDQJH RI
H[SORVLRQ FDXVHG E\ UHOD[DWLRQ RI WDQJHQWLDO VWUHVVHV

DQG VHOHFWLYH GHIRUPDWLRQ RI PHWDO EHKLQG WKH IURQW

RI QRQ�XQLGLPHQVLRQDO VKRFN ZDYH IORZV� 7KH TXDQ�

WLWDWLYH HVWLPDWLRQ RI YDOXHV RI VWUHVVHV DQG VWUDLQV LQ

667 LQ D XQLGLPHQVLRQDO DSSUR[LPDWLRQ� LQFOXGLQJ

WKRVH LQGXFHG E\ LWV VR�FDOOHG VHFRQGDU\ UHOD[DWLRQ

>�@� DV ZHOO DV VKRFN FRPSUHVVLRQ SUHVVXUHV UHTXLUHG
IRU IRUPDWLRQ RI DQ HIILFLHQW 667 ZLWK SUHVHW VWUHVV
FRPSRQHQWV LV GHVFULEHG LQ >�� �� �@� ,Q >�� �@ WKH

UHOLHI RI 56 LV DWWULEXWHG WR LQWHUDFWLRQ RI WKH ILHOGV

RI VWUHVVHV LQ 667 DQG UHVLGXDO VWUHVVHV� OHDGLQJ WR

HVWDEOLVKPHQW RI D QHZ HTXLOLEULXP VWDWH LQ D ZHOG�

PHQW DV D ZKROH�

&RQVLGHU VFKHPDWLFDOO\ WKH VHTXHQFH RI HYHQWV LQ
LQWHUDFWLRQ RI 667 ZLWK WKH VWUHVVHG PHWDO RI D ZHOGHG

MRLQW XVLQJ D FRPELQHG σ�ε� GLDJUDP >�@� ,W LV RI
LQWHUHVW WR GZHOO VHSDUDWHO\ RQ D YHUVLRQ RI H[SORVLRQ

ORDGLQJ ZKLFK FUHDWHV XQLD[LDO VWUDLQV DORQJ WKH \

D[LV� ZKLFK FRLQFLGHV ZLWK D GLUHFWLRQ RI SURSDJDWLRQ

RI D SODQH VKRFN ZDYH� DQG RQ D SUDFWLFDOO\ PRUH

LPSRUWDQW YHUVLRQ RI WUHDWPHQW ZKLFK LQGXFHV QRQ�

LQLGLPHQVLRQDO ZDYH IORZV�

7R VLPSOLI\ GLVFXVVLRQV� ZHZLOO XVH D IODW WKUHH�URG
VLPXODWRU RI D ZHOGHG MRLQW� LQ ZKLFK WKH FHQWUDO URG

LV ORDGHG E\ LQLWLDO WHQVLOH 56 σ
[� DQG WKH HQG URGV

DUH ORDGHG E\ EDODQFHG FRPSUHVVLYH 56 σ
[�� 7KH VKRFN

ZDYH IURQW LV SDUDOOHO WR WKH SODQH RI WKH FHQWUDO URG�

,QLWLDO 56 DQG VWUDLQV LQ WKH URGV DUH VKRZQ LQ )LJXUH �

E\ SRLQWV $ DQG %� DQG WKH VSHFLILF SRWHQWLDO HQHUJ\

RI HODVWLF VWUDLQ RI WKH V\VWHP LV GHOLQHDWHG E\ WKH DUHD

RI WULDQJOH 2$&�

/RDGLQJ RI WKH FHQWUDO URG E\ WKH SODQH VKRFN ZDYH
ZLWK SUHVVXUH σ\ DW WKH IURQW �σ\ ! � IRU WKH FRPSUHV�

VLYH ZDYH�� ZKLFK VDWLVILHV FRQGLWLRQ σ\�σG ! � w

w ν��� w �ν�� ZKHUH σG LV WKH G\QDPLF \LHOG VWUHVV�

DQG ν LV WKH 3RLVVRQsV UDWLR� LQGXFHV 667 RI DQ LQVWDQ�

WDQHRXV LQWHQVLW\ LQ LW� ,Q WKLV FDVH WKH URG WUDQVIRUPV

LQWR D VWDWH WKH UHSUHVHQWDWLYH SRLQWV RI ZKLFK DUH

ORFDWHG LQ OHQJWK $3� �)LJXUH ��� ,W LV H[SUHVVHG E\
HTXDWLRQ ε  ε�  FRQVW� ZKLOH RUGLQDWHV RI σ

[
IRU

SRLQWV RI WKH LQVWDQWDQHRXV VWDWHV DUH GHWHUPLQHG E\

WKH YDOXH RI SUHVVXUH LQ D ZDYH DQG E\ WKH +XJRQLRW

FXUYH RI PHWDO >�@� $W σ
[
� σ\�V 667 UHOD[HV DW DQ

DOWHUQDWLQJ VWUDLQ UDWH XQWLO DQ HTXLOLEULXP RU VRPH

LQWHUPHGLDWH VWDWH �H�J� FRUUHVSRQGLQJ WR SRLQW ) LQ

)LJXUH �� LV DFKLHYHG ZLWKLQ D WLPH SHULRG UHTXLUHG

IRU SURSDJDWLRQ RI WKH GLVWXUEDQFH LQWURGXFHG LQWR
WKH V\VWHP E\ IRUPDWLRQ RI 667 WR WKH HQG URGV�

$SSUR[LPDWH HVWLPDWLRQ RI WKH WLPH RI UHOD[DWLRQ

RI WKH LQVWDQWDQHRXV 667 WR UHDFK WKH HTXLOLEULXP

VWDWH >�@ FDQ EH PDGH� IRU H[DPSOH� RQ WKH EDVLV RI

WKH NQRZQ GDWD RQ GHSHQGHQFH RI WKH YHORFLW\ RI PR�

ELOH GLVORFDWLRQV XSRQ WKH DSSOLHG VWUHVVHV� 9HORFLW\
9 RI WKH PRELOH GLVORFDWLRQV LQ FU\VWDOV RI DOOR\ )H �

� 9�*� 3(786+.29 DQG 9�$� 7,729� ����

)LJXUH �� ,QWHUDFWLRQ RI 667 IRUPHG XQGHU FRQGLWLRQV RI XQLD[LDO
VWUDLQ DW ORDGLQJ DQG XQORDGLQJ ZLWK WKH VWUHVVHG PHWDO
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���� � 6L ZLWK WKH EFF ODWWLFH DW D VKHDU VWUHVV RI DERXW
��� 03D LV �⋅��w� FP�V >�@� %\ VHWWLQJ WKH W\SLFDO
YDOXHV RI WKH %XUJHUV YHFWRU DW E ≅ ���⋅��w� FP DQG
WKH PRELOH GLVORFDWLRQ GHQVLW\ �XSSHU HVWLPDWH� DW
ρ�  ���� FPw�� ZH ILQG WKDW GXULQJ WKH SURFHVV RI
UHOD[DWLRQ RI WKH LQVWDQWDQHRXV 667 RQH PLJKW H[SHFW

UHDOL]DWLRQ RI WKH VWUDLQ UDWH DW γ
R

 ρE9 ≅ �� Vw�� ZKLFK
FRUUHVSRQGV WR WKH G\QDPLF YLVFRVLW\ FRHIILFLHQW HTXDO
WR µσ ≅ ��� 3D⋅V >�@� 7KHUHIRUH� WKH FKDUDFWHULVWLF WLPH
RI UHOD[DWLRQ RI 667 HTXDOV DERXW µσ�( ≈ � µV� 7KLV
HVWLPDWLRQ LV URXJK� DQG ILUVW RI DOO EHFDXVH RI WKH
DEVHQFH RI UHOLDEOH GDWD RQ GHQVLW\ DQG YHORFLW\ RI WKH
PRELOH GLVORFDWLRQV� 6XSSRVHGO\� IRU WKH FODVV RI PD�
WHULDOV XQGHU FRQVLGHUDWLRQ� DW VXEVWDQWLDOO\ KLJK
VWUHVVHV σ

[
 σG ≅ �σ\�V WKH FKDUDFWHULVWLF WLPH RI UH�

OD[DWLRQ RI WKH LQVWDQWDQHRXV 667 LV VKRUWHU DW OHDVW
E\ DQ RUGHU RI PDJQLWXGH DQG� WKXV� HTXDOV IUDFWLRQV
RI D PLFURVHFRQG RU VHYHUDO PLFURVHFRQGV >��@�

$V LQWHUDFWLRQ RI 667 ZLWK 56 LQ WKH VKRUW DQG
ORQJ H[SORVLRQ UDQJHV RI ZHOGHG MRLQWV RFFXUV DW D
UDWH HTXDO WR WKH YHORFLW\ RI HODVWLF ZDYHV� L�H� ZLWKLQ
WKH PLFURVHFRQG WLPH UDQJHV� RQH PLJKW H[SHFW WKDW
VWDUWLQJ IURP D FHUWDLQ WLPH PRPHQW DIWHU IRUPDWLRQ
RI 667 WKH SURFHVVHV RI LWV UHOD[DWLRQ DQG EDODQFLQJ
ZLWK WKH 56 ILHOG LQ D ZHOGHG MRLQW ZLOO WDNH SODFH
VLPXOWDQHRXVO\�

%\ FRQGLWLRQDOO\ VHSDUDWLQJ WKHVH SURFHVVHV LQ
WLPH� RQH PLJKW VXSSRVH WKDW VLQFH WKH PRPHQW RI
EHJLQQLQJ RI LQWHUDFWLRQ RI 667 ZLWK WKH 56 ILHOG WKH
HVWDEOLVKPHQW RI D QHZ HTXLOLEULXP RI WKH V\VWHP
VKRZV XS DV D FRPELQHG GHIRUPDWLRQ RI WKH URGV DORQJ
VWUDLJKW OLQHV )' DQG %$ �)LJXUH ��� ,Q WKLV FDVH� LI
LQ WKH VWDWH RI WKH HVWDEOLVKHG HTXLOLEULXP σ�'� !!
!! σ\�V� WKH UHOD[DWLRQ SURFHVV FRQWLQXHV DORQJ
VWUDLJKW OLQH '$ WR SRLQW .� ZKHUH σ�.�  σ�� $W
VWUHVVHV RIσ

[
≤ σ\�V LQ 667 �H�J� SRLQW3�′ FRUUHVSRQGLQJ

WR σ
[
 σ\�V� WKH VWDJH RI WKH VHFRQGDU\ UHOD[DWLRQ LV

DEVHQW DQG WKH V\VWHP LV WUDQVIRUPHG LQWR D QHZ VWDWH

RI HTXLOLEULXP E\ HODVWLF GHIRUPDWLRQ RI WKH UHVSHFWLYH
URGV DORQJ OLQHV 3�′ .′ DQG %/ WR IRUP WKH UHVXOWLQJ

WHQVLOH 56 σ
[�
′ LQ WKH HQG URGV DQG FRPSUHVVLYH 56

σ
[�
′ LQ WKH FHQWUDO URG� WKH VSHFLILF SRWHQWLDO HQHUJ\

RI WKH V\VWHP EHLQJ GHOLQHDWHG E\ WKH DUHD RI WULDQJOH
&.′0′�

,Q WKH DFWXDO FDVHV RI ORFDO H[SORVLRQ ORDGLQJ RI
ZHOGHG MRLQWV� ZKLFK LQGXFHV QRQ�XQLGLPHQVLRQDO
ZDYH FRQILJXUDWLRQV LQ PHWDO� D VXEVWDQWLDO FRQWULEX�
WLRQ WR WKH HIIHFW RI UHGLVWULEXWLRQ RI 56 LV PDGH E\
SODVWLF VWUDLQV UHVXOWLQJ ERWK IURP UHOD[DWLRQ RI
VWUHVVHV LQ IRUPDWLRQ RI 667 DQG IURP SHFXOLDULWLHV RI
WKH ILHOG RI PDVV YHORFLWLHV EHKLQG WKH IURQW RI WKH
QRQ�XQLGLPHQVLRQDO VKRFNZDYHV� ZKHUH WKHUH LV D SRV�
VLELOLW\ IRU D SODVWLF IORZ �VSUHDG� RI PHWDO WR RFFXU
LQ D VKRUW H[SORVLRQ UDQJH DORQJ DQG DFURVV WKH GHWR�
QDWLRQ SURSDJDWLRQ GLUHFWLRQ >�@� 7KHUHIRUH� WKH VWDWH
RI PHWDO LQ WKH WUDFH IRUPHG LQ WKLV FDVH FDQ EH UHS�
UHVHQWHG� GHSHQGLQJ XSRQ WKH LQVWDQWDQHRXV LQWHQVLW\
RI 667� FRPSOHWHQHVV RI LWV VHFRQGDU\ UHOD[DWLRQ DQG
YDOXH RI WKH IRUPHG SODVWLF VWUDLQV� E\ SRLQWV 'L �)L�
JXUH ��� DEVFLVVDV RI ZKLFK DUH ε('L) ! ε($) = ε[� DQG
RUGLQDWHV GHSHQG XSRQ WKH LQWHQVLW\ DQG JHRPHWU\ RI
ORDGLQJ�

)LJXUH � VKRZV WKUHH SDUWLFXODU FDVHV RI LQWHUDFWLRQ

RI 667 RI D GLIIHUHQW LQWHQVLW\ LQ WKH WKUHH�URG VLPX�

ODWRU RI D ZHOGHG MRLQW� σ[ � σ[� � σ\�V �SRLQW '′′��
σ[ � σ\�V �SRLQW '� DQG σ[ ! σ\�V �SRLQW '′�� )RU
H[DPSOH� ZKHQ WKH σ[ FRPSRQHQW RI 667� ZKLFK FR�

LQFLGHV ZLWK WKH GLUHFWLRQ RI DFWLRQ RI WHQVLOH 56 σ[��

LV ORZHU WKDQ σ\�V� DQG SODVWLF GHIRUPDWLRQ DFFRPSD�

Q\LQJ LWV IRUPDWLRQ LV HTXDO WR WKH 3�' OHQJWK� WKH

V\VWHP LV EDODQFHG E\ ZD\ RI GHIRUPDWLRQ RI WKH FHQ�

WUDO URG DORQJ VWUDLJKW OLQH '. DQG RI WKH HQG URG x

DORQJ OLQH /′/� VR WKDW SRLQWV . DQG / FRUUHVSRQG WR

WKH ILQDO VWUHVVHV DQG VWUDLQV RI WKH URGV�

%DVHG RQ WKH XVH RI WKH FRQFHSW RI DQ HIIHFWLYH

667 ZLWK D UHGXFHG HIIHFWLYHQHVV RI σ[
�  α′σ\�V >�� �@�

ZKHUH α′ LV WKH FRHIILFLHQW RI UHGXFWLRQ� WKH OLQHV RI
D FRPELQHG GHIRUPDWLRQ RI WKH URGV LQ WKH V\VWHP DUH

5. DQG %/� UHVSHFWLYHO\� ,Q WKLV FDVH 56 LQ WKH URGV
GHFUHDVH E\ WKHLU DEVROXWH YDOXHV DQG FKDQJH WKHLU

VLJQV� ZKLOH WKH SRWHQWLDO HQHUJ\ RI WKH V\VWHP LV

SURSRUWLRQDO WR WULDQJOH &.0� 7KLV VLWXDWLRQ FDQ DOVR

EH UHSUHVHQWHG DV IROORZV� WKH FHQWUDO �WHQVLRQHG� URG

LV LQVWDQWDQHRXVO\ ZLWKGUDZQ IURP WKH V\VWHP DQG

UHSODFHG E\ WKH RWKHU RQH� KDYLQJ D ODUJHU OHQJWK DQG

LQ D GLIIHUHQW VWUHVVHG VWDWH >�� �@� 7KH ODWWHU FDQ

FKDQJH GHSHQGLQJ XSRQ WKH VSHFLILF FRQGLWLRQV RI ORDG�

LQJ RI WKH URG� %XW XQOLNH WKH LQLWLDO URG� WKLV URG LV

DV D UXOH FRPSUHVVHG� ZKLFK� LQ FRPELQDWLRQ ZLWK LWV

SODVWLF VWUDLQV� LV UHVSRQVLEOH IRU WKH EHQHILFLDO HIIHFW

RI WKH UHOLHI RI 56 E\ H[SORVLRQ WUHDWPHQW�
$VVXPH WKDW LQ D JHQHUDO FDVH σ[�σ\�V  U′  α′ w ��

7KHQ� RQ WKH EDVLV RI DQDO\VLV PDGH LQ >�@� ZH ILQG
WKDW� IRU H[DPSOH� DW U  ���� I  ��� DQG N  ����
�I LV WKH UDWLR RI DUHDV RI WKH ]RQHV DIIHFWHG E\ WKH
LQLWLDO FRPSUHVVLYH DQG WHQVLOH 56 DQG N  σ[��σ[���
WKH V\VWHP DV D ZKROH ZLOO EH HORQJDWHG DSSUR[LPDWHO\

)LJXUH �� ,QWHUDFWLRQ RI WKH HIIHFWLYH 667 ZLWK WKH VWUHVVHG PHWDO
�σ[

��

x 56 LQ 667 RI WKH LQVWDQWDQHRXV LQWHQVLW\�
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E\ ��� �σ\�V�(� DQG WKH ILQDO 56 LQ WKH V\VWHP ZLOO
FKDQJH WKHLU VLJQ� 7KH OLPLWLQJ VWDWH σ[�

′ LV QRW DOZD\V
LQGLFDWHG� 2IWHQ LW PD\ VXIILFH WR KDYH WKH ILQDO YDOXHV
RI 56 WR EH FORVH WR ]HUR� IRU ZKLFK WKH LQWHQVLW\ RI

ORDGLQJ VKRXOG PHHW FRQGLWLRQ RI U′  IN RU σ[

�  σ[�

�)LJXUH ��� ,W PD\ EH ZHOO WR LQWHUSUHW WKH SURFHVV
XQGHU FRQVLGHUDWLRQ YLVXDOO\ DQG LQ VXFK D ZD\ WKDW
XQGHU WKH HIIHFW RI H[SORVLRQ WKH FHQWUDO URG LV MXVW
GHIRUPHG DORQJ WKH $<6 OLQH� DFTXLULQJ SODVWLF GH�
IRUPDWLRQ <6� )XUWKHU FRPELQHG GHIRUPDWLRQ RI WKH
URGV RFFXUV DORQJ WKH </ DQG 6. OHQJWKV DQG OHDGV
WR WKH VDPH ILQDO VWUHVVHG VWDWH RI WKH V\VWHP�

&RQVLGHU QRZ KRZ WKH YDOXH RI VWUHVVHV DQG VWUDLQV
LQ 667 LV DIIHFWHG E\ WKH SUHVHQFH RI WKH LQLWLDO 56�
,Q WKLV FDVH WKH HTXDWLRQV GHVFULELQJ DQ HODVWLF EHKDY�
LRXU RI PHWDO RQ FRRUGLQDWHV σ[ DQG σ\ KDYH WKH IRO�
ORZLQJ IRUP >�� �@�

σ\ =
� w ν

ν (σ[ + σ[

′ )� σ\ = σG + σ[ + σ[

′
�

���

+HUH σ[
′ LV WKH LQLWLDO ORQJLWXGLQDO WHQVLOH 56�

ZKHUHIURP LW IROORZV WKDW DW WKH PRPHQW RI EHJLQQLQJ
RI WKH IORZ�

σ\K

S = σ\K +
� w ν

ν σ[

′
� σ[K

S = σ
[K

+
� w ν

ν σ[

′
� ���

ZKHUH σ[K DQG σ\K DUH WKH PDLQ VWUHVVHV DW D SRLQW
FRUUHVSRQGLQJ WR WKH +XJRQLRW \LHOG VWUHVV DW WKH DE�

VHQFH RI WKH LQLWLDO VWUHVVHG VWDWH DQG σ[K

S DQG σ\K

S DUH

WKH VDPH DW WKH SUHVHQFH RI WKH ODWWHU�
$OORZLQJ IRU UHODWLRQVKLSV RI WKH WKHRU\ RI VKRFN

ZDYHV LQ PHWDOV >�@� WKH IROORZLQJ H[SUHVVLRQV FDQ EH
GHULYHG IRU WKH SODVWLFLW\ UHJLRQ�

σ\

S = .ε\ ± �

�




σG w �

µ
λσ[

′ 


� σ[

S = .ε\ +w
�

�



σG w �

µ
λσ[

′ 

 �
���

ZKHUH .� µ DQG λ DUH WKH /DPHsV FRQVWDQWV DQG σ[

S

DQG σ\

S DUH WKH PDLQ VWUHVVHV DW WKH ZDYH IURQW DW WKH

SUHVHQFH RI WKH LQLWLDO 56 LQ PHWDO�

,I PHWDO ZLWK DQG ZLWKRXW WKH LQLWLDO 56 LV ORDGHG
WR WKH VDPH SUHVVXUH� WKH VWUDLQ LQ D GLUHFWLRQ RI SURSD�
JDWLRQ RI WKH ZDYH XQGHU ORDGLQJ ZLOO FKDQJH E\ D

YDOXH RI ε\S w ε\ = w σ′[�(� DV D UHVXOW RI ZKLFK WKH

UHVLGXDO XQLD[LDO VWUDLQ ZLOO EH DV IROORZV�

ε\
�S = ε\

�
w σ

[

′ ⁄ (�

7KH UHODWLRQVKLSV REWDLQHG VKRZ WKDW DW WKH SUHV�
HQFH RI LQLWLDO 56 LQ WKH PHWDO LWV EHKDYLRXU� ZKHQ
ORDGHG E\ D SODQH VKRFN ZDYH� FDQ EH GHVFULEHG LQ
WKH FRRUGLQDWH V\VWHP WKH RULJLQ RI ZKLFK LV WUDQVODWHG
WR SRLQW �S �)LJXUH ��� WKH FRRUGLQDWHV RI WKH ODWWHU

EHLQJ DV IROORZV
� w ν

ν σ′[�
σ′

[

(
�

)LJXUH � VKRZV WKH +XJRQLRW FXUYH SORWWHG IRU

FDVHV RI
� w ν

ν σ[
′ DQG σ[  ��

%\ XVLQJ WKH UHODWLRQVKLSV GHULYHG� LW FDQ EH VKRZQ

WKDW σ[

�S  �σ\�σ\K� wσG  σ[

�� 7KLV DOORZV D FRQFOXVLRQ

WKDW WKH YDOXH RI WKH LQWHQVLW\ RI 667 GRHV QRW GHSHQG
XSRQ WKH YDOXH DQG VLJQ RI WKH LQLWLDO 56� 7KH SUHVHQFH
RI WKH ODWWHU OHDGV RQO\ WR D FKDQJH LQ DQ LQVWDQWDQHRXV
UHVLGXDO VWUDLQ �)LJXUH ��� $QG LI ZH WDNH LQWR FRQ�
VLGHUDWLRQ WKH H[LVWHQFH RI D VWDJH RI UHOD[DWLRQ RI

667 �ε\�� → ε\�� � ε\K�� >�@�� ZH FDQ FRQFOXGH WKDW WKH

VWDWH RI WKH PHWDO LQ D UHOD[HG 667 GRHV QRW GHSHQG
XSRQ LWV LQLWLDO VWUHVVHG VWDWH� SURYLGLQJ WKDW σ[

′ � �

�WHQVLOH 56� DQG � � σ[
′ � �λ��. �FRPSUHVVLYH 56��

)LJXUH � VKRZV OLQHV RI ORDGLQJ RI WKH PHWDO ZKLFK
KDV GLIIHUHQW 56� ,W FDQ EH VHHQ IURP WKLV )LJXUH WKDW
LI WKH VKRFN FRPSUHVVLRQ SUHVVXUH σ\ LV VXIILFLHQW IRU
WKH VWUHVVHG PHWDO WR WUDQVIRUP WR WKH \LHOG VWDWH� LWV
LQVWDQWDQHRXV VWDWH ZLOO EH FKDUDFWHUL]HG E\ SRLQW )�
ZKRVH SRVLWLRQ GRHV QRW GHSHQG XSRQ DEVFLVVD RI SRLQW
$L� 7KLV FRQFOXVLRQ LV SURYHG E\ UHVXOWV RI WKH H[SHUL�
PHQWDO VWXGLHV RI VWUHVVHV DQG VWUDLQV LQ WKH 667 ]RQH
PHWDO >�@� 1RWH WKDW WKH FRUUHFWLRQ PDGH E\ WKH VHFRQG
WHUP LQ IRUPXODH ��� IRU VWHHO 6W�� �& x ���� w �����

)LJXUH �� +XJRQLRW FXUYH σ w ε\ SORWWHG WR LOOXVWUDWH WKH HIIHFW RI
56 RQ WKH VWDWH RI PHWDO LQ WKH 667 ]RQH

)LJXUH �� /LQHV RI WKH UHSUHVHQWDWLYH SRLQWV RI WKH VWUHVVHG VWDWH
LQ WKH SODQH RI PDLQ VWUHVVHV IRU PHWDO ZLWK GLIIHUHQW 56 ORDGHG
E\ WKH SODQH VKRFN ZDYH
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0Q x ��� w ��� ZW��� )H x EDODQFH� DW σ[
′  

 ��� 03D LV QRW LQ H[FHVV RI DERXW ��� ��

5()(5(1&(6

�� 3HWXVKNRY� 9�*�� )DGHHQNR� <X�,� ������ ([SORVLRQ WUHDW�
PHQW RI ZHOGHG MRLQWV� )L]LND *RUHQL\D L 9]U\YD� �� �� w
���

�� *ULVKDHQNR� $�,�� 3HWXVKNRY� 9�*� ������ 5HVLGXDO VWUHVV�
VWUDLQ VWDWH RI PHWDO DIWHU ORFDO H[SORVLRQ ORDGLQJ� $YWR�
PDWLFKHVND\D 6YDUND� �� � w ���

�� .XGLQRY� 9�0�� 3HWXVKNRY� 9�*� ������ ,QFUHDVH RI ORDG�
FDUU\LQJ FDSDFLW\ RI ZHOGHG PHWDO VWUXFWXUHV E\ D ORFDO H[�
SORVLRQ WUHDWPHQW� ,Q� 3URF� RI WKH �WK ,QW� &RQI� RQ +LJK
(QHUJ\ 5DWH )DEULFDWLRQ� 6DQ $QWRQLR� -XQH �� w ��� 1HZ
<RUN� $60(�

�� 3HWXVKNRY� 9�*�� )DGHHQNR� <X�,�� .XGLQRY� 9�0� ������
3K\VLFDO PHFKDQLVP RI H[SORVLRQ WUHDWPHQW RI ZHOGHG MRLQWV�
,Q� 3URF� RI WKH �WK ,QW� &ROORT� RQ ([SORVLRQV DQG 5HDF�
WLYH 6\VWHPV� 0LQVN� $XJ� �� w ��� 0LQVN� 6�,�

�� 'DY\GHQNR� $�9�� 3HWXVKNRY� 9�*� ������ 5HGLVWULEXWLRQ
RI DUELWUDU\ V\VWHP RI LQWHUQDO VWUHVVHV LQ D QRUPDO LQFLGHQW
VKRFN ZDYH� =KXUQDO 3ULNODGQRM 0HNKDQLNL L 7HNKQ� )L�
]LNL� �� �� w ����

�� 3HWXVKNRY� 9�*�� )DGHHQNR� <X�,�� .XGLQRY� 9�0� ������
5HOLHI RI UHVLGXDO VWUHVVHV LQ ZHOGV E\ H[SORVLRQ� ,Q� 3URF�
RI ��WK &RQI� RQ ([SORVLRQ 7UHDWPHQW RI 0DWHULDOV� 1RYRVL�
ELUVN� 6HSW� � w ��� 1RYRVLELUVN� 62 $1 6665�

�� 3HWXVKNRY� 9�*�� 3DVKFKLQ� $�1� ������ (YDOXDWLRQ RI WKH
HIILFLHQF\ RI GHFUHDVLQJ ZHOGLQJ VWUHVVHV E\ DSSO\LQJ DQ H[�
WHUQDO ORDG� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� .UDVRYVN\� <D�$� ������ 3K\VLFDO SULQFLSOHV RI VWUHQJWK�
.\LY� 1DXNRYD 'XPND�

�� 'HULEDV� $�$� ������ 3K\VLFV RI H[SORVLRQ VWUHQJWKHQLQJ
DQG ZHOGLQJ� 1RYRVLELUVN� 1DXND�

��� 0RJLOHYVN\� 0�$� ������ 3HFXOLDULWLHV RI WKH PHFKDQLVP RI
GHIRUPDWLRQ RI PHWDOV XQGHU SODQH VKRFN ZDYH ORDGLQJ� 6\�
QRSVLV RI 7KHVLV IRU WKH &DQG� 6FL� �3K\V��0DWK�� 'HJUHH�
1RYRVLELUVN�
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1�*� (),0(1.2 DQG 1�$� .$/,1

8NUDLQLDQ (QJLQHHULQJ�3HGDJRJLFDO $FDGHP\� .KDUNRY� 8NUDLQH

$%675$&7

&DOFXODWLRQ IRUPXODH DUH VXJJHVWHG DQG WKH DPRXQW RI VLOLFRQ� WLWDQLXP DQG DOXPLQLXP EHLQJ UHGXFHG IURP D VODJ LQ

GHR[LGL]LQJ RI LOPHQLWH W\SH HOHFWURGHV ZLWK )Hw& DOOR\ LV GHILQHG� ,W LV VKRZQ WKDW 7L2
�
FDQ VHUYH DQ DGGLWLRQDO R[LGL]HU

RI FDUERQ LQ SDUDOOHO ZLWK )Hw2� 7KH XVH RI DOOR\ )Hw& LQ LOPHQLWH W\SH HOHFWURGHV GRHV QRW OHDG WR D VLJQLILFDQW LQFUHDVH

LQ FRQWHQW RI VLOLFRQ DQG DOXPLQLXP LQ WKH GHSRVLWHG PHWDO�

.H\ ZRU G V � UHGXFWLRQ� R[LGL]LQJ� R[LGHV� FDUERQ� LO�

PHQLWH� HOHFWURGHV� FDVW LURQ SRZGHU� GHSRVLWHG PHWDO

7KH LOPHQLWH FRQFHQWUDWH )H2⋅7L2� LV D PDLQ VODJ�

IRUPLQJ FRPSRQHQW RI HOHFWURGH FRDWLQJV RI DQ LO�

PHQLWH W\SH� FRQWDLQLQJ DOVR DOXPRVLOLFDWHV� FDUERQ�

DWHV� IHUURPDQJDQHVH DQG RUJDQLF VXEVWDQFHV� :KHQ

FDUERQ LQ WKH IRUP RI )Hw& DOOR\ LV XVHG DV D GHR[LGL]HU

LQ SDUDOOHO ZLWK D IHUURPDQJDQHVH� WKH UHGXFWLRQ RI

LURQ� PDQJDQHVH� VLOLFRQ� WLWDQLXP DQG DOXPLQLXP

IURP WKHLU R[LGHV� DYDLODEOH LQ D VODJ� ZLOO EH WKHUPR�
G\QDPLFDOO\ IHDVLEOH >�� �@�

7KH SUHVHQW ZRUN LV DLPHG DW WKH LQYHVWLJDWLRQ RI

UHDFWLRQV RI UHGXFWLRQ RI VLOLFRQ� WLWDQLXP DQG DOX�

PLQLXP LQ ZHOGLQJ ZLWK HOHFWURGHV RI DQ LOPHQLWH W\SH

FRQWDLQLQJ )Hw& DOOR\ LQ WKH IRUP RI D FDVW LURQ SRZ�

GHU DV D GHR[LGL]HU�

7KH H[SHULPHQWDO HOHFWURGHV PDQXIDFWXUHG E\ WKH

PHWKRG RI H[WUXVLRQ RQ � PP GLDPHWHU ZLUH 6Y���$

�&x ���� 6L x ����� 0Qx ���� w ���� ZW��� )Hx
EDODQFH� ZHUH LQYHVWLJDWHG� +HUH� WKH FRHIILFLHQW RI
FRDWLQJ ZHLJKW ZDV ����� 7KH PDVV FRQWHQW RI FRP�

SRQHQWV LQWURGXFHG LQWR WKH FRDWLQJ ZDV DV IROORZV�

�� LOPHQLWH FRQFHQWUDWH x ��� IHUURPDQJDQHVH x ���
FDVW LURQ SRZGHU x ZLWKLQ � w ��� 7KH PXOWLOD\HU

VXUIDFLQJ IRU FRQGXFWDQFH RI FKHPLFDO DQDO\VLV RI WKH

GHSRVLWHG PHWDO ZDV PDGH DW '&53 ���� w ��� $�
LQ DFFRUGDQFH ZLWK *267 ��w���

� 1�*� (),0(1.2 DQG 1�$� .$/,1� ����

7DEOH �� 0DVV FRQWHQW RI HOHPHQWV� UHGXFHG IURP R[LGHV DW >&@  ���� �� LQ GHSRVLWHG PHWDO� �

5HGXFHG

HOHPHQW
6L2� 7L2� 7L2 7L�2� 7L�2� )H2⋅7L2� $O�2�

6L ���� w w w w w w

7L w ����⋅��w� ���� ����⋅��w� ����⋅��w� ����⋅��w� w

$O w w w w w w ����⋅��w�

7DEOH �� )RUPXODH RI FDOFXODWLRQ RI FRQWHQWV RI VLOLFRQ� WLWDQLXP DQG DOXPLQLXP EHLQJ HTXLOLEULXP ZLWK FDUERQ

5HDFWLRQ RI LQWHUDFWLRQ &RQVWDQW RI UHDFWLRQ HTXLOLEULXP
)RUPXOD RI FDOFXODWLRQ RI FRQWHQW RI UHGXFHG

HOHPHQW LQ GHSRVLWHG PHWDO

�6L2�� � �>&@  >6L@ � �^&2` OJ .6Lw&  w������7 � ���� >6L@  .6Lw& >&@
�  �����>&@�

�7L2�� � �>&@  >7L@ � �^&2` OJ .7Lw&  w������7 � ����� >7L@  .7Lw& >&@
�  �����>&@�

�7L2� � >&@  >7L@ � ^&2` OJ .7Lw&  w������7 � ���� >7L@  .7Lw& >&@  ����>&@

����7L�2�� � ���>&@  >7L@ � ���^&2` OJ .7Lw&  w������7 � ����� >7L@  .7Lw& >&@
���  ������>&@���

����7L�2�� � ���>&@  >7L@ � ���^&2` OJ .7Lw&  w������7 � ����� >7L@  .7Lw& >&@
���  ������>&@���

�)H2⋅7L2�� � �>&@  >7L@ � )H � �^&2` OJ .7Lw&  w������7 � ����� >7L@  .7Lw& >&@
�  �����>&@�

����$O�2�� � ���>&@  >$O@ � ���^&2` OJ .$Ow&  w������7 � ����� >$O@  .$Ow& >&@
���  �������>&@���
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,W LV VKRZQ LQ >�@ WKDW VLOLFRQ� WLWDQLXP DQG DOX�

PLQLXPDUH UHGXFHG IURPR[LGHV LQ FRQWDFWZLWK DPROWHQ

DOOR\ )Hw& DFFRUGLQJ WR WKH IROORZLQJ UHDFWLRQ�

�0H2� � >&@  >0H@ � ^&2`�

7LWDQLXP IRUPV D VHULHV RI R[LGHV �7L2� 7L�2��

7L�2�� 7L2��� ZKLFK IRUP LQ WXUQ LOPHQLWH )H2⋅7L2�

ZLWK LURQ R[LGHV >�@� ,W LV NQRZQ >�@ WKDW 7L2� LQ

ZHOGLQJ DUF FDQ GLVVRFLDWH WR 7L2 DQG 7L�2� DV PRVW

VWDEOH DW KLJK WHPSHUDWXUHV�

7KH IRUPXODH RI FDOFXODWLRQ RI FRQWHQWV RI UHGXFHG

HOHPHQWV EHLQJ HTXLOLEULXP ZLWK FDUERQ GHSHQGLQJ RQ

WKH WHPSHUDWXUH ZHUH GHGXFHG RQ WKH EDVLV RI WKHU�

PRG\QDPLF FDOFXODWLRQV RI UHDFWLRQV RI UHGXFWLRQ RI

R[LGHV RI VLOLFRQ� WLWDQLXP DQG DOXPLQLXP GLVVROYHG

LQ DOOR\ )Hw& ZLWK FDUERQ �7DEOH ���

7DNLQJ LQWR DFFRXQW WKDW WKH PDVV FRQWHQW RI FDU�

ERQ >&@ LQ WKH GHSRVLWHG PHWDO VKRXOG QRW H[FHHG

���� � WKH FDOFXODWLRQ RI FRQWHQW RI UHGXFHG HOHPHQWV

ZDV PDGH �7DEOH ��� +HUH� WKH GDWD RI >�� �� �@ ZHUH

XVHG� 7KH WHPSHUDWXUH RI ZHOG PHWDO VROLGLILFDWLRQ

ZDV WDNHQ HTXDO WR ���� .�

$V LV VHHQ IURP 7DEOH �� WKH UHGXFWLRQ RI WLWDQLXP

IURP 7L2 IRUPLQJ LQ GLVVRFLDWLRQ RI 7L2� LQ ZHOGLQJ

DUF� ZLOO EH PRVW SUREDEOH� 7KH SUREDELOLW\ RI UHGXF�

WLRQ RI WLWDQLXP IURP RWKHU R[LGHV DQG LOPHQLWH LV WRR

ORZ� 7KH UHGXFWLRQ RI VLOLFRQ IURP 6L2� SURYLGHV D

VPDOO JURZWK LQ FRQWHQW RI >6L@ WKDW FDQQRW LQIOXHQFH

JUHDWO\ WKH FKDQJH RI PHFKDQLFDO SURSHUWLHV RI WKH

GHSRVLWHG PHWDO DQG LWV VXVFHSWLELOLW\ WR WKH SRUH IRU�

PDWLRQ� 7KH UHGXFWLRQ RI DOXPLQLXP LV DOVR QHJOLJLEOH

DQG GR QRW LQIOXHQFH VLJQLILFDQWO\ RQ WKH ZHOGLQJ�

WHFKQRORJLFDO SURSHUWLHV RI HOHFWURGHV� 7KH UHGXFWLRQ

RI WLWDQLXP WR ���� � LQ WKH GHSRVLWHG PHWDO LQIOXHQFHV

IDYRXUDEO\ RQ WKH UHILQLQJ RI VWUXFWXUH RI WKH ODWWHU

DQG LQFUHDVH RI LWV PHFKDQLFDO SURSHUWLHV�

7R FKHFN WKH FDOFXODWLRQ PHWKRG� WKH FKHPLFDO

DQDO\VLV RI PHWDO SURGXFHG E\ VXUIDFLQJ ZLWK H[SHUL�

PHQWDO HOHFWURGHV ZDV PDGH� ,WV UHVXOWV DUH JLYHQ LQ

)LJXUH� ,W ZDV HVWDEOLVKHG LQ WKLV FDVH WKDW WKH UHGXF�

WLRQ RI VLOLFRQ DQG DOXPLQLXP ZLWK FDUERQ ZLWKLQ WKH

JLYHQ UDQJH RI >&@ FRQWHQW LV QRW RFFXUUHG LQ SULQFLSOH�

XQOLNH WKH REVHUYHG UHGXFWLRQ RI WLWDQLXP ZKLFK FR�

LQFLGHV YHU\ FORVHO\ ZLWK FDOFXODWHG GDWD�

7KXV� ZKHQ WKH DOOR\ )Hw& LV XVHG LQ HOHFWURGHV

RI DQ LOPHQLWH W\SH DV D GHR[LGL]HU LQ DPRXQWV ZKLFK

SURYLGH WKH PDVV FRQWHQW RI >&@ RI QRW PRUH WKDQ

���� � WKHUH LV QR KD]DUG RI WKH VLOLFRQ�UHGXFWLRQ SURF�

HVV� GHWHULRUDWLQJ WKH ZHOGLQJ�WHFKQRORJLFDO SURSHU�

WLHV RI WKH LOPHQLWH W\SH HOHFWURGHV� 7KH UHGXFWLRQ RI

DOXPLQLXP LV DOVR QHJOLJLEOH DQG FDQ EH QRW WDNHQ LQWR

DFFRXQW� 7KH WLWDQLXP UHGXFWLRQ LV SRVVLEOH PDLQO\

E\ UHDFWLRQ RI UHGXFWLRQ 7L2 IRUPHG DV D UHVXOW RI

GLVVRFLDWLRQ RI 7L2� IURP WKH LOPHQLWH� 7KXV� 7L2�

FDQ VHUYH DQ DGGLWLRQDO R[LGL]HU RI FDUERQ LQ SDUDOOHO

ZLWK )H2 WKDW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW GXULQJ

GHYHORSPHQW RI WKH LOPHQLWH W\SH HOHFWURGHV ZKLFK

DUH GHR[LGL]HG ZLWK DOOR\ )Hw&�

&21&/86,216

�� &DOFXODWLRQ IRUPXODH DUH REWDLQHG IRU GHWHUPLQD�

WLRQ RI DPRXQW RI UHGXFHG VLOLFRQ� WLWDQLXP DQG DOX�

PLQLXP GHSHQGLQJ RQ WKH FRQWHQW RI FDUERQ LQ WKH

GHSRVLWHG PHWDO�

�� ,W LV HVWDEOLVKHG WKDW LQ HOHFWURGHV RI LOPHQLWH

W\SH WKH 7L2� FDQ VHUYH DQ DGGLWLRQDO R[LGL]HU RI FDU�

ERQ LQ SDUDOOHO ZLWK )H2�

�� 7KH XVH RI DOOR\ )Hw& DV D GHR[LGL]HU DW WKH

FRQGLWLRQ RI SURYLGLQJ WKH PDVV FRQWHQW RI >&@ RI QRW

PRUH WKDQ ���� � GRHV QRW OHDG WR WKH LQFUHDVH LQ

FRQWHQW RI VLOLFRQ DQG DOXPLQLXP DERYH WKH DGPLVVLEOH

OHYHO�

�� 7KH YDOLGLW\ RI WKH FDOFXODWLRQ PHWKRG ZDV

SURYHG H[SHULPHQWDOO\ DQG WKH GDWD DERXW WKH DPRXQWV

RI UHGXFHG HOHPHQWV LQ ZHOGLQJ ZLWK H[SHULPHQWDO

HOHFWURGHV ZHUH REWDLQHG�

5()(5(1&(6

�� (ILPHQNR� 1�*�� .DOLQ� 1�$� ������ 2[LGL]LQJ DELOLW\ RI
UDUH�HDUWK HOHPHQWV DV FRPSDUHG ZLWK NQRZQ GHR[LGL]HUV�
6YDURFKQR\H 3URL]YRGVWYR� ��� � w ��

�� (ILPHQNR� 1�*�� .DOLQ� 1�$� ������ 7KHUPRG\QDPLF DQDO\�
VLV RI UHGR[ SURFHVVHV ZLWK FDUERQ SDUWLFLSDWLRQ GXULQJ IX�
VLRQ ZHOGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� .XOLNRY� ,�6� ������ 'HR[LGL]LQJ RI PHWDOV� 0RVFRZ� 0H�
WDOOXUJLD�

�� 3RWDSRY� 1�1�� 9ROREXHY� <X�6� ������ 3HFXOLDULWLHV RI R[L�
GL]LQJ RI PHWDO ZLWK WLWDQLXP GLR[LGH LQ VXEPHUJHG�DUF
ZHOGLQJ DQG VXUIDFLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w
���

�� 0HG]KLER]KVN\� 0�<D� ������ )XQGDPHQWDOV RI WKHUPRG\�
QDPLFV DQG NLQHWLFV RI VWHHOPDNLQJ SURFHVVHV� .\LY�
'RQHWVN� 9\VVKD\D 6KNROD�

5HODWLRQVKLS EHWZHHQ WKH FRQWHQW RI WLWDQLXP ���� DOXPLQLXP ����
VLOLFRQ ��� DQG FDUERQ ��� LQ WKH GHSRVLWHG PHWDO DQG WKH DPRXQW
RI DOOR\ )Hw& LQ FRDWLQJ RI HOHFWURGHV
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