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

&RQVLGHUHG DUH SUREDEOH FDXVHV RI LQFUHDVH LQ WKH SHQHWUDWLRQ GHSWK LQ SODVPD DQG DUF ZHOGLQJ E\ WKH 0,* DQG 7,*
PHWKRGV XVLQJ DFWLYDWLQJ IOX[HV� ,W LV VKRZQ WKDW GHHS SHQHWUDWLRQ RI PHWDO LV FDXVHG E\ FRQWUDFWLRQ RI WKH DUF DQG

LQFUHDVH LQ WKH FRQFHQWUDWLRQ RI WKHUPDO DQG PHFKDQLFDO HIIHFWV RI SODVPD RQ PHWDO ZLWK D VLPXOWDQHRXV GHFUHDVH LQ LWV

VXUIDFH WHQVLRQ DW WKH SUHVHQFH RI HOHPHQWV WKDW KDYH D KLJK VXUIDFH DFWLYLW\ DQG VXVFHSWLELOLW\ WR IRUPDWLRQ RI QHJDWLYH

RU SRVLWLYH LRQV�

.H\ZRU G V � SODVPD DQG DUF ZHOGLQJ LQ LQHUW�JDV DWPRV�

SKHUH� DFWLYDWLQJ IOX[HV� PHWDO DQG WXQJVWHQ HOHFWURGHV� DUF

SUHVVXUH� VXUIDFH WHQVLRQ� SHQHWUDWLRQ� PHFKDQLFDO SURSHUWLHV�

ZHOGHG MRLQW

$FWLYDWLRQ RI SURFHVVHV RFFXUULQJ LQ WKH ZHOG SRRO

DQG DUF EXUQLQJ LQ LQHUW JDVHV E\ XVLQJ PLFURDGGLWLRQV

RI FKHPLFDO HOHPHQWV LV DQ DGYDQFHG DUHD RI GHYHORS�

PHQW RI ZHOGLQJ >�w�@� $GGLWLRQ RI ����w���� � �RI

PDVV RI PHWDO PHOWHG� RI HOHPHQWV ZKLFK KDYH D KLJK

VXUIDFH DFWLYLW\ DQG VXVFHSWLELOLW\ WR IRUPDWLRQ RI

QHJDWLYH RU SRVLWLYH LRQV WR WKH ZHOGLQJ ]RQH DOORZV

YDOXHV RI WKH ZHOG IRUP IDFWRU WR EH YDULHG RYHU ZLGH

UDQJHV ZLWK QR FKDQJHV LQ ZHOGLQJ FRQGLWLRQV� )RU

H[DPSOH� QDUURZ ZHOGV ZLWK GHHS SHQHWUDWLRQ �GRZQ

WR �� PP� RU ZLGH ZHOGV ZLWK ORZ SHQHWUDWLRQ �DERXW

�w� PP� FDQ EH SURGXFHG LQ DUJRQ�DUF ZHOGLQJ E\
WKH 7,* PHWKRG >�@�

7HFKQRORJLHV RI DUJRQ�DUF ZHOGLQJ RI VWHHOV DQG

WLWDQLXP DOOR\V E\ WKH 7,* PHWKRG� GHYHORSHG E\ WKH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� ZHUH ZLGHO\
DSSOLHG� VWDUWLQJ IURP ����� LQ DLUFUDIW DQG URFNHW

HQJLQHHULQJ� QXFOHDU SRZHU JHQHUDWLRQ DQG RWKHU LQ�

GXVWULHV RI WKH IRUPHU 6RYLHW 8QLRQ� 6RPH RI WKHP�

FROOHFWLYHO\ FDOOHG $�7,* ZHOGLQJ� DIWHU WKH\ ZHUH

WHVWHG E\ 7:, LQ ����w����� EHFDPH WKH VXEMHFW RI

LQYHVWLJDWLRQ DQG DSSOLFDWLRQ LQ GLIIHUHQW FRXQWULHV RI

(XURSH� $VLD DQG $PHULFD� 7KH HIIRUWV PDGH VHSD�

UDWHO\ DQG DW GLIIHUHQW WLPHV LQ WKH 86$ DQG -DSDQ

RQ DGDSWDWLRQ RI WKH DERYH WHFKQRORJLHV WR ORFDO FRQ�

GLWLRQV DQG WKHLU LPSURYHPHQW ZHUH LQFOXGHG LQWR WKH
OLVWV RI SULRULW\ GLUHFWLRQV RI GHYHORSPHQW RI ZHOGLQJ
>�� �@�

$QDO\VLV GHVFULEHG LQ >�@ VKRZHG WKH DEVHQFH RI D
VLQJOH RSLQLRQ RQ WKLV PDWWHU� ([LVWLQJ K\SRWKHVHV

FDQ EH FRQGLWLRQDOO\ VXEGLYLGHG LQWR WZRPDLQ JURXSV�

7KH ILUVW JURXS LQFOXGHV WKRVH ZKLFK JLYH SUHIHUHQFH

WR PHWDOOXUJLFDO DQG WKHUPDO SURFHVVHV RFFXUULQJ LQ

OLTXLG DQG VROLG PHWDO� ZKHUHDV WKH VHFRQG JURXS LQ�

FOXGHV K\SRWKHVHV ZKLFK VXJJHVW WKDW SK\VLFDO SUR�

FHVVHV LQ WKH ZHOGLQJ DUF DUH RI D SULPDU\ LPSRUWDQFH�

+RZHYHU� WKH PRVW W\SLFDO VLWXDWLRQ LV WKDW LQ
ZKLFK ERWK JURXSV RI WKH SURFHVVHV SDUWLFLSDWH� ZLWK

VRPH RI WKHP SUHYDLOLQJ RYHU WKH RWKHU GHSHQGLQJ

XSRQ WKH FRQGLWLRQV� 7KXV� LW ZDV HVWDEOLVKHG WKDW LQ

DUJRQ�DUF ZHOGLQJ E\ WKH 7,* PHWKRG WKH FHUWDLQ

FRUUHODWLRQ H[LVWV EHWZHHQ YDULDWLRQV LQ VXUIDFH WHQ�

VLRQ FRHIILFLHQW σ RI OLTXLG VWHHO DQG ZHOG ZLGWK E�

DV ZHOO DV EHWZHHQ FXUUHQW GHQVLW\ M LQ WKH DFWLYH VSRW

DW DQRGH DQG SHQHWUDWLRQ GHSWK K� GHSHQGLQJ XSRQ

WKH WRWDO VXOSKXU DQG R[\JHQ FRQWHQW RI VWHHO RU RI

VWHHO DQG VKLHOGLQJ JDV �)LJXUH ��� 7KHVH HOHPHQWV DUH

NQRZQ WR KDYH D KLJK VXUIDFH DFWLYLW\ DQG HQHUJ\ RI
DIILQLW\ IRU HOHFWURQ� L�H� WKH\ FDQ VLPXOWDQHRXVO\ LQL�

WLDWH PHWDOOXUJLFDO SURFHVVHV LQ WKH ZHOG SRRO DQG

SK\VLFDO SURFHVVHV LQ WKH DUF�

,W FDQ EH VHHQ IURP WKH )LJXUH WKDW DV WKH WRWDO

FRQWHQW & RI WKHVH HOHPHQWV LQ VWHHO JURZV IURP �����

WR ����� ZW��� WKH VXUIDFH WHQVLRQ FRHIILFLHQWV DQG

ZLGWK RI WKH ZHOG VXEVWDQWLDOO\ GHFUHDVH� ZKLFK LV

DFFRPSDQLHG E\ LQFUHDVH LQ WKH FXUUHQW GHQVLW\ DQG

SHQHWUDWLRQ GHSWK� )XUWKHU LQFUHDVH LQ WKH WRWDO FRQ�

WHQW RI VXOSKXU DQG R[\JHQ LQ VWHHO� RU DQ H[WUD DPRXQW

RI R[\JHQ DGGHG WR WKH VKLHOGLQJ JDV OHDGLQJ WR LQ�

FUHDVH LQ WKH WRWDO FRQWHQW RI WKHVH HOHPHQWV LQ WKH

ZHOGLQJ ]RQH WR ���� ZW�� RI WKH PROWHQ PHWDO� KDV

D ORZHU HIIHFW RQ WKH VXUIDFH WHQVLRQ FRHIILFLHQW DQG

� %�(� 3$721� 0�0� 6$9,76.<� 9�6� *92='(76.<� ,�9� .5,97681� $�0� 6$9,76.<� <X�(� *2'/,6 DQG $�)� /83$1� ����

)LJXUH �� (IIHFW RI WKH WRWDO FRQWHQW & RI VXOSKXU DQG R[\JHQ LQ
VWHHO �VROLG FXUYHV�� DV ZHOO DV VXOSKXU DQG R[\JHQ LQ VWHHO DQG
VKLHOGLQJ JDV �GDVKHG FXUYHV�� RQ σ ���� M ���� K ��� DQG E ��� LQ
DUJRQ�DUF ZHOGLQJ
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ZLGWK RI WKH ZHOG WKDQ RQ WKH FXUUHQW GHQVLW\ DQG
SHQHWUDWLRQ GHSWK LQ VWHHO�

7KHUHIRUH� LW FDQ EH DVVXPHG WKDW DW DQ LQVLJQLIL�
FDQW FRQWHQW �XS WR ����� �� RI VXOSKXU DQG R[\JHQ
LQ VWHHO WKH PHWDOOXUJLFDO SURFHVVHV DUH GRPLQDQW
ZLWKLQ WKH ZHOGLQJ ]RQH� :LWK WKH FRQWHQW RI WKHVH
HOHPHQWV LQ H[FHVV RI ����� ZW�� WKH SK\VLFDO SUR�
FHVVHV LQ WKH DUF EHFRPH PRUH DFWLYH� WKXV OHDGLQJ WR
LQFUHDVH LQ WKH FXUUHQW GHQVLW\ DQG SHQHWUDWLRQ GHSWK
RI PHWDO� SUREDEO\ EHFDXVH RI DPRUH LQWHQVLYH WKHUPDO
DQG PHFKDQLFDO LPSDFW RQ WKH ZHOG SRRO E\ WKH DUF�

$UF SUHVVXUH 3
D
RQ WKH VXUIDFH RI WKH ZHOG SRRO LQ

7,* ZHOGLQJ LV DWWULEXWDEOH WR LQWHUDFWLRQ RI WZR
IRUFHV� 7KH HIIHFW RI RQH RI WKHP LV FDXVHG E\ UHWDU�
GDWLRQ QHDU WKH DQRGH VXUIDFH RI WKH SODVPD IORZ
IRUPHG LQ WKH DUF FROXPQ DV D UHVXOW RI LQWHUDFWLRQ RI
WKH HOHFWULF FXUUHQW RI WKH DUF ZLWK D QDWXUDO PDJQHWLF
ILHOG >�@� ZKHUHDV WKH HIIHFW RI WKH RWKHU LV FDXVHG E\
D UHDFWLYH SUHVVXUH RI WKH MHW RI PHWDO YDSRXUV IURP
WKH DQRGH VSRW RI WKH DUF >��@� $V SURYHG E\ WKH
H[SHULPHQWDO DQG FDOFXODWLRQ GDWD� ERWK FRPSRQHQWV
RI WKH DUF SUHVVXUH DUH D IXQFWLRQ RI FXUUHQW GHQVLW\
M� DQG� VLQFH WKH GLVWULEXWLRQ RI WKH FXUUHQW GHQVLW\
LQ WKH DQRGH VSRW LV GHVFULEHG E\ WKH FXUYH ZLWK PD[L�
PXP DW WKH FHQWUH >��@� WKH DUF SUHVVXUH KDV D VLPLODU
GLVWULEXWLRQ �)LJXUH ��� $V VKRZQ E\ H[SHULPHQWV�
LQFUHDVH LQ WKH VXOSKXU DQG R[\JHQ FRQWHQW RI VWHHO
LV DFFRPSDQLHG E\ LQFUHDVH LQ WKH DUF SUHVVXUH RQ
PHWDO� ZKLOH DIWHU H[WUD DFWLYDWLRQ E\ R[\JHQ LWV YDOXH
EHFRPV FRPPHQVXUDEOH ZLWK WKH YDOXH RI VXUIDFH WHQ�
VLRQ �FRPSDUH )LJXUHV � DQG ���

&RQWUDFWLRQ RI WKH DUF E\ DFWLYDWRUV DQG UHGXFWLRQ
LQ WUDQVYHUVH VL]H RI WKH ZHOG SRRO VXUIDFH VHHP WR
OHDG WR LQFUHDVH LQ UHVLVWDQFH RI PROWHQ PHWDO WR SHQH�
WUDWLRQ RI WKH DUF� +RZHYHU� WKH HIIHFW RI WKLV IDFWRU
LV FRPSHQVDWHG IRU E\ GHFUHDVH LQ VXUIDFH WHQVLRQ RI
PHWDO DW WKH PHWDOwVODJ LQWHUIDFH�

,I WKH ILUVW FRPSRQHQW RI WKH DUF SUHVVXUH LV GRPL�

QDQW LQ 7,* ZHOGLQJ� WKLV OHDGV WR IRUPDWLRQ RI D

FUDWHU LQ PHWDO� LQ ZKLFK WKH SODVPD IORZ LV VXEMHFWHG

WR DGGLWLRQDO FRQWUDFWLRQ E\ WKH PHWDO SUHVVHG RXW

IURP WKH FUDWHU� 7KLV UHVXOWV LQ FKRNLQJ RI WKH YDSRXU

IORZ� FDXVLQJ LQFUHDVH LQ WKH NLQHWLF HQHUJ\ RI WKH

IORZ DQG� KHQFH� WKH SHQHWUDWLQJ SRZHU RI WKH DUF�

*HRPHWULF VL]HV RI D ZHOG DQG FKDUDFWHULVWLFV RI

WKH SODVPD IORZ YDU\ LQ D VLPLODU ZD\� ,W FDQ EH VHHQ

IURP WUDQVYHUVH PDFURVHFWLRQ RI WKH ZHOG VKRZQ LQ

)LJXUH � WKDW WKH SHQHWUDWLRQ ]RQH� ZKLOH JRLQJ GHHSHU

LQWR PHWDO� ILUVW QDUURZV DQG WKHQ JUDGXDOO\ ZLGHQV�

,I LQ WKLV FDVH WKH ERWWRP RI WKH FUDWHU LV EURNHQ RXW�

WKLV OHDGV WR IRUPDWLRQ RI D FKDQQHO LQ PHWDO� LQ ZKLFK

D VHFRQGDU\ SODVPD IORZ LV IRUPHG� 7KLV SURFHVV LV

LGHQWLFDO WR WKDW RFFXUULQJ LQ WKH SODVPDWURQ >��� ��@�

7KH DERYH�VDLG VHHPV WR EH WKH IDFWRU ZKLFK PDNHV

WKH SODVPD IORZV IRUPHG E\ WKH DFWLYDWHG DUF DQG

SODVPDWURQ FORVHU WR HDFK RWKHU LQ HQHUJ\ DQG WHFK�

QRORJLFDO FKDUDFWHULVWLFV�
,W VKRXOG EH QRWHG WKDW GXULQJ WKH SODVPD ZHOGLQJ

SURFHVV WKH SODVPD IORZ UDSLGO\ ZLGHQV DW LWV H[LW
IURP WKH SODVPDWURQ QR]]OH DV D UHVXOW RI WKH SUHVVXUH

GURS� ZKLFK XVXDOO\ OHDGV WR GHFUHDVH LQ WKH LQWHQVLW\
RI KHDWLQJ DQG SHQHWUDWLQJ SRZHU RI SODVPD� 7R DGG
WR LW� WKHUH DUH HDVLO\ LRQLVHG HOHPHQWV QHDU WKH VXUIDFH
RI WKH PHWDO ZHOGHG� ZKLFK DUH FRQWDLQHG LQ WKH EDVH
PHWDO YDSRXUV� 7KHVH HOHPHQWV IDYRXU ZLGHQLQJ RI WKH
SODVPD IORZ DQG LQFUHDVH UHVLVWDQFH RI PHWDO WR WKH
SHQHWUDWLRQ RI SODVPD LQWR WKH ZHOG SRRO EHFDXVH RI
D KLJK VXUIDFH WHQVLRQ RIPROWHQPHWDO LQ DUJRQ� 9DOXHV
RI WKH UHTXLUHG FKDUDFWHULVWLFV RI SODVPD DUH XVXDOO\
PDLQWDLQHG E\ LQFUHDVLQJ WKH ZHOGLQJ FXUUHQW� IORZ
UDWH RI WKH SODVPD JDV DQG FRQWUDFWLRQ RI SODVPD XVLQJ
K\GURJHQ� DV ZHOO DV E\ GHFUHDVLQJ WKH QR]]OH WR ZRUN�
SLHFH GLVWDQFH >��@� /LWWOH FRQVLGHUDWLRQ KDV EHHQ
JLYHQ VR IDU WR WKH HIIHFW H[HUWHG E\ HDVLO\ LRQLVHG DQG
VXUIDFH�DFWLYH HOHPHQWV LQ SODVPD ZHOGLQJ� 7KH LQYHV�
WLJDWLRQ UHVXOWV >�@ DUH LQGLFDWLYH RI WKH IDFW WKDW DO�

)LJXUH �� 'LVWULEXWLRQ RI H[FHVV SUHVVXUH RQ DQRGH E\ WKH DUF LQ

DUJRQ�DUF ZHOGLQJ RI VWHHO ZLWK∑
6 + 2

�

≤ ����� ���� HTXDO WR �����w

����� ��� DQG ≥ ����� ��� � �KRUL]RQWDO OLQHV VKRZ OHYHOV RI UHVLV�

WDQFH RI PHWDO WR SHQHWUDWLRQ RI WKH DUF FDXVHG E\ VXUIDFH WHQVLRQ

3V�W DQG K\GURVWDWLF SUHVVXUH 3K RI PHWDO GXULQJ ZHOGLQJ LQ DUJRQ

DQG $U � � � 2� PL[WXUH� UD LV WKH DQRGH VSRW UDGLXV�

)LJXUH �� 7UDQVYHUVH PDFURVHFWLRQ RI WKH ZHOG PDGH E\ DUJRQ�DUF
ZHOGLQJ E\ WKH 7,* PHWKRG ZLWK DFWLYDWLRQ LQ VWHHO � PP WKLFN
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ORZDQFH IRU WKHVH IDFWRUV ZRXOG RSHQ XS QHZ RSSRU�
WXQLWLHV IRU IXUWKHU LQFUHDVH LQ WKH HIILFLHQF\ RI WKLV
ZHOGLQJ PHWKRG� 0DFURVHFWLRQV RI WKH ZHOGV PDGH E\
SODVPD ZHOGLQJ RQ VWHHO � PP WKLFN ZLWKRXW DQG ZLWK
DFWLYDWLRQ XQGHU FRQGLWLRQV LQGLFDWHG LQ 7DEOH � DUH
VKRZQ LQ )LJXUH �� $V LW FDQ EH VHHQ IURP WKLV )LJXUH�
DSSOLFDWLRQ RI DQ DFWLYDWLQJ IOX[ ZKLFK FRQWDLQV PD�
WHULDOV ZLWK DQ LQFUHDVHG VXUIDFH DFWLYLW\ DQG DIILQLW\
IRU HOHFWURQ HQDEOHV WKH SODVPD IORZ LQ WKH QHDU�DQRGH
UHJLRQ WR EH DGGLWLRQDOO\ FRQWUDFWHG DQG LWV SHQHWUDW�
LQJ SRZHU WR EH LQFUHDVHG E\ D IDFWRU RI ���w� LQ
ZHOGLQJ DW ORZ FXUUHQWV� ,Q WKLV FDVH PHFKDQLFDO SUR�
SHUWLHV RI ZHOGHG MRLQWV DUH LPSURYHG DQG WKH IXOO�
VWUHQJWK MRLQWV DUH SURYLGHG�

,QWHUHVWLQJ UHVXOWV ZHUH REWDLQHG DOVR LQ 0,*
ZHOGLQJ XVLQJ ZLUH 6Y���*�6� SHUIRUPHG LQ DUJRQ�
&2

�
RU WKHLU PL[WXUH �$U � ���&2

�
� ZLWK RU ZLWKRXW

DFWLYDWLQJ IOX[HV� 3ODWHV �� PP WKLFN RI VWHHO 96W�NS
�ULPPLQJ� ZHUH XVHG DV WKH EDVH PHWDO >��@�

7KH HIIHFW RI LQFUHDVH LQ WKH SHQHWUDWLRQ GHSWK LV
PRUH SURQRXQFHG LQ ZHOGLQJ SHUIRUPHG LQ SXUH DUJRQ�
$V VKRZQ E\ WKH UHVXOWV RI WKH LQYHVWLJDWLRQV FRQ�
GXFWHG �7DEOH ��� DSSOLFDWLRQ RI DQ DFWLYDWRU LQ WKLV
FDVH DOORZV WKH SHQHWUDWLRQ GHSWK WR EH LQFUHDVHG DO�
PRVW ��� WLPHV FRPSDUHG ZLWK ZHOGLQJ LQ &2

�
DQG

LQ D PL[WXUH RI $U � �� � &2
�
� DQG ��� WLPHV FRP�

SDUHG ZLWK ZHOGLQJ LQ DUJRQ ZLWKRXW DQ DFWLYDWRU�
7KH VKDSH RI WKH ZHOG LV DOVR FKDQJHG LQ WKLV FDVH�
7KH ILQJHU�VKDSHG SHQHWUDWLRQ FKDUDFWHULVWLF RI ZHOG�

7DEOH �� 3DUDPHWHUV RI DUF DQG SODVPD ZHOGLQJ ZLWK DFWLYDWLRQ

:HOGLQJ PHWKRG ,Z� � 8D� 9 YZ� P�K

$�7,* ZLWK IOX[ 96��H ��� �� �

3ODVPD�

ZLWK IOX[ 96��H ��� �� ��

ZLWKRXW IOX[ ��� �� ��

)LJXUH �� 0DFURVHFWLRQV RI ZHOGV PDGH RQ VWHHO � PP WKLFN E\
SODVPD ZHOGLQJ ZLWKRXW �D� DQG ZLWK �E� DFWLYDWLRQ

7DEOH �� (IIHFW RQ SHQHWUDWLRQ GHSWK E\ DFWLYDWRUV


:HOGLQJ PHWKRG 6KLHOGLQJ DWPRVSKHUH
3HQHWUDWLRQ GHSWK�

PP

:LWKRXW DFWLYDWRU $U

$U � �� � &2�

&2�

���

���

���

:LWK DFWLYDWRU $U

$U � �� � &2�

&2�

���

���

���



:HOGLQJ FRQGLWLRQV XVHG ZHUH DV IROORZV� ,Z  ��� $� 8D  �� 9�

YZ  �� P�K�

)LJXUH �� 0DFURVHFWLRQV RI ZHOGV PDGH E\ 0,* ZHOGLQJ RQ VWHHO
96W�NS �� PP WKLFN LQ &2� �D� DQG DUJRQ ZLWK DFWLYDWLRQ �E�

7DEOH �� (IIHFW RI DQ DFWLYDWRU RQ HQHUJ\ SDUDPHWHUV RI JDV�
VKLHOGHG ZHOGLQJ RI VWHHO 96W�NS �� PP WKLFN

2QH�SDVV ZHOGLQJ ,Z� � 8D� 9 YZ� P�K T�Y

,Q $U ZLWK DFWLYDWRU ��� �� �� ����

,Q &2� ZLWKRXW

DFWLYDWRU

��� �� �� �����
)LJXUH �� 7HPSHUDWXUH GHSHQGHQFH RI LPSDFW WRXJKQHVV RI PHWDO
LQ GLIIHUHQW ]RQHV RI D ZHOGHG MRLQW PDGH E\ 0,* ZHOGLQJ ZLWK
DFWLYDWLRQ� � x ZHOG� � x +$=� � x EDVH PHWDO
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LQJ LQ SXUH DUJRQ EHFRPHV ZHGJH�VKDSHG XQGHU WKH
HIIHFW RI DQ DFWLYDWRU �)LJXUH ���

&RPSDULVRQ RI WHFKQRORJLFDO FDSDELOLWLHV RI ZHOG�
LQJ LQ DUJRQ ZLWK DQ DFWLYDWRU DQG LQ &2

�
ZLWKRXW

DQ DFWLYDWRU VKRZHG WKDW LQ RQH�SDVV ZHOGLQJ ZLWK
IXOO SHQHWUDWLRQ RI PHWDO RI WKH VDPH WKLFNQHVV WKH
KHDW LQSXW T�Y LQ WKH ILUVW FDVH ZDV DSSUR[LPDWHO\
��� WLPHV DV ORZ DV LQ WKH VHFRQG FDVH �7DEOH ���

7KLV IDFW LV RQH RI WKH SUREDEOH FDXVHV RI LPSURYH�

PHQW RI PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV� 7KLV

FDQ EH ZHOO LOOXVWUDWHG E\ DQ H[DPSOH RI YDULDWLRQV

LQ LPSDFW WRXJKQHVV RI WKH ZHOG DQG +$=PHWDO VSHFL�

PHQV ZLWK D VKDUS QRWFK �&KDUS\� WHVWHG DW w�� �&

�7DEOH ���
$V HVWDEOLVKHG� YDOXHV RI LPSDFW WRXJKQHVV RI WKH

EDVH DQG +$= PHWDO WHQG WR PRQRWRQRXVO\ GHFUHDVH�
WKH YDOXH RI LPSDFW WRXJKQHVV RI WKH ZHOG PHWDO UH�
PDLQLQJ DOPRVW XQFKDQJHG �)LJXUH ���

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW DFWLYDWLRQ
RI SK\VLFDO�FKHPLFDO SURFHVVHV RFFXUULQJ LQ 7,*�0,*
DQG SODVPDZHOGLQJ XQGHU WKH HIIHFW RI PLFURDGGLWLRQV
RI FKHPLFDO HOHPHQWV FUHDWHV SUHFRQGLWLRQV IRU D PRUH
HIILFLHQW XWLOLVDWLRQ RI HQHUJ\ RI WKH DUF DQG SHUIRUP�
LQJ ZHOGLQJ DW D GHFUHDVHG KHDW LQSXW� DV ZHOO DV IRU
FRQWUROOLQJ WKH ZHOG PHWDO PHOWLQJ DQG VROLGLILFDWLRQ
SURFHVVHV DQG WKH NLQHWLFV RI VWUXFWXUDO WUDQVIRUPD�
WLRQV LQ WKH +$= WR LPSURYH PHFKDQLFDO SURSHUWLHV
DQG SHUIRUPDQFH RI ZHOGHG MRLQWV� ,Q DGGLWLRQ� WKLV
ZLOO SURYLGH D VXEVWDQWLDO LPSURYHPHQW LQ FXOWXUH RI
ZHOGLQJ SURGXFWLRQ DQG LWV HQYLURQPHQWDO VDIHW\�

�� 3DWRQ� %�(�� 0DNDUD� $�0�� 0HGRYDU� %�,� HW DO� ������
:HOGDELOLW\ RI VWUXFWXUDO VWHHOV VXEMHFWHG WR UHILQLQJ UHPHOW�
LQJ� $YWRPDWLFK� 6YDUND� �� �w��

�� 0DNDUD� $�0�� 6DYLWVN\� 0�0�� .XVKQLUHQNR� %�1� HW DO�
������ ,QIOXHQFH RI UHILQLQJ RQ PHWDO SHQHWUDWLRQ LQ DUF
ZHOGLQJ� ,ELG�� �� �w���

�� =DPNRY� 9�1�� 3ULOXWVN\� 9�3�� *XUHYLFK� 6�0� ������ ,Q�
IOXHQFH RI IOX[ FRPSRVLWLRQ RQ QRQ�FRQVXPDEOH HOHFWURGH
ZHOGLQJ SURFHVV� ,ELG�� �� ��w���

�� 6DYLWVN\� 0�0�� /HVNRY� *�,� ������ 0HFKDQLVP RI LQIOX�
HQFH RI HOHFWURQHJDWLYH HOHPHQWV RQ SHQHWUDWLQJ SRZHU RI
WKH DUF ZLWK WXQJVWHQ FDWKRGH� ,ELG�� �� ��w���

�� -XVKFKHQNR� .�$�� 6DYLWVN\� 0�0�� .RYDOHQNR� 2�9�
������ $�7,* ZHOGLQJ RI FDUERQ�PDQJDQHVH DQG VWDLQOHVV
VWHHO� ,Q� 3URF� RI ,QW� &RQI� RQ :HOGLQJ 7HFKQRORJ\ RI 3D�
WRQ ,QVWLWXWH� &DPEULGJH� 2FW� ����� &DPEULGJH� $ELQJWRQ
3XEO�

�� *RUGRQ� -�5� ������ 3HUVSHFWLYHV RQ ZHOGLQJ UHVHDUFK DQG GH�
YHORSPHQW LQ WKH 86$� :HOGLQJ 5HY� ,QW�� $XJXVW� ��w����

�� ������ 7HFKQRORJLHV RI ZHOGLQJ DQG MRLQLQJ LQ WKH ��VW FHQ�
WXU\� -� -:6� �� �w���

�� 6DYLWVN\� 0�0�� .XVKQLUHQNR� %�1�� 2OHMQLN� 2�,� ������ 3H�
FXOLDULWLHV RI WXQJVWHQ HOHFWURGH ZHOGLQJ RI VWHHOV ZLWK DFWLYH
IOX[HV �$�7,* SURFHVV�� $YWRPDWLFK� 6YDUND� ��� ��w���

�� 9RURSDM� 1�0�� .ULYWVXQ� ,�9� ������ *DV�G\QDPLF FKDUDF�
WHULVWLFV RI SODVPD IORZV LQ ZHOGLQJ DUFV� 0DJQLWQD\D
*LGURGLQDPLND� �� ���w����

��� 3DWRQ� %�(�� =DPNRY� 9�1�� 3ULOXWVN\� 9�3� HW DO� ������
&RQWUDFWLRQ RI WKH ZHOGLQJ DUF FDXVHG E\ WKH IOX[ LQ WXQJ�
VWHQ�HOHFWURGH DUJRQ�DUF ZHOGLQJ� 7KH 3DWRQ :HOGLQJ -�� ��
�w���

��� 6DYLWVN\� 0�0�� *YR]GHWVN\� 9�6�� 6NU\SQLN� 9�,� HW DO�
������ &XUUHQW GHQVLW\ LQ DQRGH VSRW GXULQJ ZHOGLQJ RI FRQ�
YHQWLRQDO DQG UHILQHG VWHHOV� $YWRPDWLFK� 6EDUND� �� ��w���

��� 6DYLWVN\� 0�0�� .XVKQLUHQNR� %�1�� /XSDQ� $�)� HW DO�
������ 3HFXOLDULWLHV RI ZHOG IRUPDWLRQ LQ ZHOGLQJ ZLWK DFWL�
YDWLQJ IOX[� ,ELG�� �� ��w���

��� ������ 0LFURSODVPD ZHOGLQJ� (G� E\ %�(� 3DWRQ� .\LY�
1DXNRYD 'XPND�

��� 'XGNR� '�$�� 6DYLWVN\� $�0�� 6DYLWVN\� 0�0� ������ &RQ�
VXPDEOH HOHFWURGH JDV�VKLHOGHG ZHOGLQJ ZLWK DFWLYDWLQJ IOX[�
$YWRPDWLFK� 6YDUND� ��� ��w���

7DEOH �� (IIHFW RI DFWLYDWRU RQ PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQW

:HOGLQJ SURFHVV :HOGHG MRLQW UHJLRQ σ\� ª3¾ σW� ª3¾
.&9� -�FP�

��� Ì¯ w�� Ì¯

,Q $U ZLWK DFWLYDWRU :HOG ��� ��� �� ��

+$= 1�' 1�' �� ��

,Q &2� ZLWKRXW DFWLYDWRU :HOG ��� ��� �� ��

+$= 1�' 1�' �� ��

1R W H �:HOGLQJ ZDV SHUIRUPHG RQ PHWDO ZLWK WKH IROORZLQJ PHFKDQLFDO SURSHUWLHV� σ\  ��� 03D� σW  ��� 03D� .&9��  �� DQG .&9w��  

 �� -�FP
�
�
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$�$� 6/,9,16.<
�
DQG 3� 9(,7

�

�
,QVWLWXWH RI -RLQLQJ DQG %HDP 7HFKQRORJLHV� 2WWR�YRQ�*XHULFNH 8QLYHUVLW\� 0DJGHEXUJ� *HUPDQ\

�
,QVWLWXWH RI ([SHULPHQWDO 3K\VLFV� 2WWR�YRQ�*XHULFNH 8QLYHUVLW\� 0DJGHEXUJ� *HUPDQ\

5HVXOWV RI PHWDOORJUDSKLF H[DPLQDWLRQV RI GLIIHUHQW UHJLRQV RI WKH 1L&U��)H$O< KLJK�QLFNHO DOOR\ ZHOGHG MRLQWV� PDGH

E\ WXQJVWHQ HOHFWURGH LQ LQHUW JDV� FRQVXPDEOH HOHFWURGH LQ PL[WXUH RI JDVHV DQG XQGHU WKH IOX[ OD\HU� DUH JLYHQ�
6XVFHSWLELOLW\ RI WKH DOOR\ WR WKH IRUPDWLRQ RI KRW FUDFNV ZDV HYDOXDWHG DQG WKH SUHVHQFH RI GXFWLOLW\ GLS LQ LW QHDU

��� �& WHPSHUDWXUH DIWHU KHDW WUHDWPHQW ZDV IRXQG� 7KH UHODWLRQVKLS ZDV HVWDEOLVKHG EHWZHHQ WKH GHFUHDVHG GXFWLOLW\

RI WKH DOOR\ DQG IRUPDWLRQ RI SKDVH DQG FKHPLFDO KHWHURJHQHLW\�

.H\ZRU G V � DUF ZHOGLQJ �7,*� 0$*06� 6$:� 00$:��

KLJK�QLFNHO DOOR\� ZHOGHG MRLQWV� VWUXFWXUH� WHFKQRORJLFDO
VWUHQJWK� FXUYH RI GXFWLOLW\

1LFNHO�EDVHG DOOR\ RI 1L&U��)H$O< W\SH �FRPPHUFLDO
GHVLJQDWLRQ 1LFURIHU� ���� +7x ���&$�� GHYHORSHG
E\ WKH VSHFLDOLVWV RI .UXSS 9'0 *PE+ LQ ����� LV
ZLGHO\ XVHG LQ PDQXIDFWXUH RI HTXLSPHQW IRU WKH PH�

WDOOXUJLFDO� FHUDPLF DQG FKHPLFDO LQGXVWULHV� XQLWV IRU

ZDVWH UHF\FOLQJ >�w�@� &KHPLFDO FRPSRVLWLRQ RI DOOR\

1L&U��)H$O< LV DV IROORZV� �� 1L xEDVH� ��w�� &U�

�w�� )H� ����w���� &� ≤ ��� 0Q� ≤ ��� 6L� ≤ ��� &X�

���w��� $O� ���w��� 7L� ����w���� <� ����w���� =U�

)URP WKH GDWD RI FRPSDQ\�SURGXFHU WKH PDWHULDO SRV�
VHVVHV D KLJK KHDW UHVLVWDQFH DQG KLJK�WHPSHUDWXUH

VWUHQJWK DQG FDQ EH XVHG DW WHPSHUDWXUH XS WR ���� �&

LQ FDUEXUL]LQJ� R[\JHQ�FRQWDLQLQJ DQG QLWULGLQJ PH�

GLXP >�@�

7R DWWDLQ WKH KLJK�WHPSHUDWXUH VWUHQJWK RI WKH DO�

OR\ WKH GHYHORSHUV XVHG WKH SULQFLSOHV RI D VROLG�VROX�
WLRQ� FDUELGH DQG GLVSHUVLRQ KDUGHQLQJ WKDW SURYLGHV

WKH SUHVHQFH RI D FRPSOH[ SKDVH VWUXFWXUH LQ WKH PD�

WHULDO� LQFOXGLQJ D VROLG γ�VROXWLRQ RI FDUERQ LQ 1Lw

&Uw)H�PDWUL[ >�@� VWUHQJWKHQLQJ FDUELGH 0H��&��

ZKHUH 0H  �&U� )H� 1L� >�� �w�@� LQWHUPHWDOOLF γ′�
SKDVH 1L��$O� 7L� >�� �w�@�

7KH VDPH DV PDQ\ RWKHU DXVWHQLWLF GLVSHUVLRQ�KDU�
GHQHG DOOR\V� WKH DOOR\ 1L&U��)H$O< LV FKDUDFWHUL]HG
E\ D VDWLVIDFWRU\ ZHOGDELOLW\� ZLWK D PDQLIHVWDWLRQ RI
VXVFHSWLELOLW\ WR WKH IRUPDWLRQ RI KRW FUDFNV LQ ZHOG�

LQJ DQG KHDW WUHDWPHQW >�w��@� 7KH SRVVLEOH FKDQJHV

LQ VWUXFWXUH RI PDWHULDO FDXVHG E\ WKH SURFHVVHV RI

ZHOGLQJ RU KHDW WUHDWPHQW DQG OHDGLQJ WR WKH ORVV LQ

WHFKQRORJLFDO VWUHQJWK FDQ EH DV IROORZV�

• JURZWK RI DXVWHQLWLF JUDLQ LQ +$= PHWDO�

• DJJORPHUDWLRQ RI SULPDU\ FDUELGHV �WHQGHQF\ RI

FDUELGHV WR WKH IRUPDWLRQ RI FRDUVH JUDLQ�ERXQGDU\

SUHFLSLWDWLRQV GXULQJ KHDWLQJ DW WKH XQFKDQJHG WRWDO

VKDUH RI SUHFLSLWDWHG FDUELGHV��

• IRUPDWLRQ RI D FDUELGH FKDLQ �SURFHVV� RSSRVLWH
WR WKH DERYH�GHVFULEHG�� L�H� SUHFLSLWDWLRQ RI QXPHURXV

ILQH FDUELGH SKDVHV DORQJ WKH JUDLQ ERXQGDULHV�

• IRUPDWLRQ RI EULWWOH WRSRORJLFDOO\ FORVH�SDFNHG
µ�� σ�� /DYHV�SKDVHV�

6LPLODU VWUXFWXUDO WUDQVIRUPDWLRQV IRU VRPH DOOR\V
RQ QLFNHO EDVH FDQ FDXVH QRW RQO\ WKH IRUPDWLRQ RI

KRW FUDFNV LQ ZHOGLQJ� EXW DOVR WR UHGXFH VLJQLILFDQWO\
WKH VHUYLFHDELOLW\ RI ZHOGHG VWUXFWXUHV� PDGH IURP

WKHVHPDWHULDOV� XQGHU WKH DFWLRQ RI KLJK WHPSHUDWXUHV�

$W WKH ,QVWLWXWH RI -RLQLQJ DQG %HDP 7HFKQRORJLHV

D VHULHV RI H[SHULPHQWV ZDV SHUIRUPHG� LQFOXGLQJ

ZHOGLQJ RI KLJK�UHVLVWDQW QLFNHO DOOR\ 1L&U��)H$O<�

WHVW IRU VXVFHSWLELOLW\ WR KRW FUDFNLQJ� PHFKDQLFDO�

WHFKQRORJLFDO WHVWV DQG DQDO\VLV RI PLFURVWUXFWXUH RI

WKH ZHOGHG MRLQW� 7KH ODWWHU ZDV SHUIRUPHG DW WKH

DVVLVWDQFH RI 0HWKRGRORJLFDO�'LDJQRVWLF &HQWHU RI

0DWHULDOV 6FLHQFH RI 0DJGHEXUJ 8QLYHUVLW\� ,W LQ�

FOXGHG WKH RSWLFDO PLFURVFRS\ �PLFURVFRSHV �1LNRQ�

(SLSKRW� DQG �/HLFD 5HLFKHUW 0H)�$��� VFDQQLQJ

HOHFWURQ PLFURVFRS\ �HOHFWURQ PLFURVFRSH -(2/ -60

����� DQG WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �HOHFWURQ
PLFURVFRSH 3KLOLSV &0�����

:HOGLQJ ZDV SHUIRUPHG RQ ��� × ��� PP SODWHV

RI � DQG ��PP WKLFNQHVV ZLWK 9�VKDSHG JURRYH SUHSD�

UDWLRQ� ,Q WKH VFRSH RI LQYHVWLJDWLRQV WKH SODVPD ZHOG�

LQJ ZLWKRXW ILOOHU PDWHULDO ZDV XVHG IRU ILOOLQJ URRW

ZHOGV� DQG QH[W SDVVHV ZHUH PDGH XVLQJ IRXU GLIIHUHQW

PHWKRGV� WXQJVWHQ HOHFWURGH LQ LQHUW JDV �7,*�� FRQ�

VXPDEOH HOHFWURGH JDV�PL[WXUH VKLHOGHG �0$*06�

DQG VXEPHUJHG DUF ZHOGLQJ XQGHU WKH IOX[ OD\HU

�6$:�� DQG DOVR ZLWK FRYHUHG HOHFWURGHV �00$:��
,Q DOO FDVHV D ILOOHU PHWDO ZDV XVHG� ZKLFK LV VLPLODU

WR SDUHQW PHWDO �30� LQ FKHPLFDO FRPSRVLWLRQ� 7KH

PDLQ ZHOGLQJ SDUDPHWHUV DUH JLYHQ LQ WKH 7DEOH� 7R

LQFUHDVH WKH SURGXFWLYLW\ DQG WR GHFUHDVH WKH QXPEHU

RI SDVVHV WKH 7,* ZHOGLQJ RQ �� PP WKLFN SODWHV ZDV

SHUIRUPHG ZLWK WUDQVYHUVH DUF RVFLOODWLRQV�

7KH TXDQWLWDWLYH DQDO\VLV RI JUDLQ VL]H LQ +$=
PHWDO DQG 30 VKRZHG WKDW WKH WKHUPDO F\FOH RI ZHOG�

LQJ LQIOXHQFHV QHJOLJLEO\ WKH JURZWK RI WKH PDWUL[

JUDLQ� 2QO\ LQ WKH GLUHFW YLFLQLW\ RI WKH IXVLRQ OLQH

�XS WR ��� PP� VRPH FRDUVHQLQJ RI VWUXFWXUH E\ RQH
QXPEHU RI JUDLQ LV REVHUYHG� $W VRPH GLVWDQFH IURP

WKH IXVLRQ OLQH� IRU PRUH WKDQ E\ ��� PP� WKH JUDLQ

SUHVHUYHV VWDEOH VL]HV� 7KH SURFHVVHV RI DJJORPHUDWLRQ

RI FDUELGHV DQG IRUPDWLRQ RI D FDUELGH FKDLQ LQ +$=� $�$� 6/,9,16.< DQG 3� 9(,7� ����
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PHWDO ZHUH QRW REVHUYHG LQ +$=PHWDO� &DUELGH SKDVH
LQ 30 DQG +$= PHWDO LV SUHVHQWHG E\ FDUELGHV RI
WZR W\SHV� SUHFLSLWDWHG ERWK DW WKH ERXQGDULHV DQG
DOVR LQVLGH WKH DXVWHQLWLF JUDLQ� 7KH ILUVW JURXS LQ�
FOXGHV WKH FDUELGHV RI PDLQO\ URXQG RU JOREXODU VKDSH
ZLWK DQ DYHUDJH GLDPHWHU RI DERXW �w� µP� WKH VHFRQG
JURXS LQFOXGHV WKH FRDUVHU FDUELGH LQFOXVLRQV RI LU�
UHJXODU VKDSH ZLWK DQ ��w�� µP DYHUDJH OHQJWK� HORQ�
JDWHG LQ WKH GLUHFWLRQ RI UROOLQJ 30 SODWHV �)LJXUHV �
DQG ���

7KH HOHFWURQ PLFURDQDO\VLV RI FDUELGH SKDVH
VKRZHG WKDW WKH VWUXFWXUH RI ZHOGHG MRLQWV RI DOOR\
1L&U��)H$O< LQFOXGHV WKH SDUWLFOHV RI FDUELGHV
0H��&� DQG 0H�&�� ZKHUH 0H  �&U� 1L� )H�� 'RPL�
QDWLQJ UROH LQ WKH IRUPDWLRQ RI FDUELGH SKDVH LV SOD\HG
E\ WKH DWRPV RI FKURPLXP� L�H� VHSDUDWH SDUWLFOHV RI
FDUELGH UHSUHVHQW LQ SULQFLSOH WKH SXUH FRPSRXQGV RI
FKURPLXP DQG FDUERQ� 7KH SUHVHQFH RI FDUELGHV RI
0H��&� DQG 0H�&� W\SHV LQ WKH DOOR\ VWUXFWXUH ZDV
FRQILUPHG DOVR E\ WKHPHDVXUHPHQWV RI PLFURKDUGQHVV�
0LFURKDUGQHVV RI JUDLQV RI γ�PDWUL[ ZDV RQ DYHUDJH
+9 ��������w��� �+9 ��������w����� 9DOXHV RI PL�
FURKDUGQHVV RI FDUELGH SDUWLFOHV SURYH WKH SUHVHQFH RI
WZR JURXSV RI FDUELGHV ZLWK GLIIHUHQW OHYHOV RI PLFUR�
KDUGQHVV� +9 ��������w��� �+9 ��������� DQG
+9 ��������� �+9 ��������w����� :LWK DOORZDQFH

IRU WKH UHIHUHQFH GDWD RQ PLFURKDUGQHVV RI FDUELGHV
&U�&� DQG &U��&� >��@ WKH FRQFOXVLRQ FDQ EH PDGH
DERXW WKH SUHVHQFH RI ERWK W\SHV RI FDUELGHV LQ WKH
DOOR\ VWUXFWXUH LQ LQLWLDO VWDWH DQG DIWHU ZHOGLQJ� ,Q
JHQHUDO� WKLV SKHQRPHQRQ� ZLGHO\ VSUHDG IRU KLJK�
WHPSHUDWXUH KLJK�VWUHQJWK PDWHULDOV RQ QLFNHO EDVH
>�@� LV FRQILUPHG DOVR IRU 1L&U��)H$O< E\ GDWD RI
>��@� ,Q SDUDOOHO ZLWK LQYHVWLJDWLRQV RI D FDUELGH SKDVH
LQ UHJLRQV DGMDFHQW GLUHFWO\ WR WKH IXVLRQ OLQH �LQ +$=
PHWDO DQG DORQJ WKH ERXQGDULHV RI GHQGULWHV LQ ZHOG��
WKH DUHDV ZLWK HXWHFWRLG VWUXFWXUH RI SKDVH SUHFLSLWD�
WLRQV ZHUH REVHUYHG �)LJXUHV �w���

7KH SUHVHQFH RI WKH HXWHFWRLG SKDVH QHDU WKH IXVLRQ
OLQH FDQ VHUYH D QHJDWLYH IDFWRU� LQWHQVLI\LQJ WKH IRU�
PDWLRQ RI KRW FUDFNV GXULQJ ZHOGLQJ�WHFKQRORJLFDO
WUHDWPHQW RI DOOR\ 1L&U��)H$O<� 7KLV LV GXH WR D
KLJKHU IXVLELOLW\ RI HXWHFWLF ZLWK UHVSHFW WR 30 DQG
LWV FOHDUO\ H[SUHVVHG EULWWOH �ODPHOODU� PRUSKRORJ\
�)LJXUH ��� 7KH PLFURKDUGQHVV RI WKH HXWHFWRLG SKDVH
� WLPHV H[FHHGV WKDW RI γ�PDWUL[ RQ DYHUDJH DQG
DPRXQWV WR +9 ��������w���� ,Q LWV WXUQ� WKH GLVWUL�
EXWLRQ RI HXWHFWRLG IRUPDWLRQV DORQJ WKH JUDLQ
ERXQGDULHV DURXQG WKH PDWUL[ FDUELGHV LQGLFDWHV WKH
SURFHVV RI UHGLVWULEXWLRQ RI HOHPHQWV RI WKH FDUELGH
SKDVH DQG γ� PDWUL[� IRUPDWLRQ RI HXWHFWRLG FRPSRVL�
WLRQ� LWV SUH�IXVLRQ DQG VXEVHTXHQW FU\VWDOOL]DWLRQ LQ

3DUDPHWHUV RI ZHOGLQJ IRU ILOOLQJ SDVVHV RQ �� PP WKLFN SODWHV

3DUDPHWHU
0HWKRG RI ZHOGLQJ

7,* 0$*06 6$:

'LDPHWHU RI ILOOHU PDWHULDO� PP ��� ��� ���

:HOGLQJ FXUUHQW� $ ��� ��� ���w���

$UF YROWDJH� 9 �� �� ��

:HOGLQJ VSHHG� FP�PLQ �� �� ��

2VFLOODWLRQV RI DUF�

DPSOLWXGH RI RVFLOOVWLRQV� PP � w w

UDWH RI RVFLOODWLRQV� FP�PLQ �� w w

6KLHOGLQJ JDV�IOX[�

NLQG $U � � � 1� $U � � � 1� � � � +H � ���� � &2� 6$: IOX[ �����

FRQVXPSWLRQ� O�PLQ �� �� w

)LJXUH �� 0LFURVWUXFWXUH RI SDUHQW PHWDO RI 7,* ZHOGHG MRLQW RI
1L&U��)H$O< DOOR\ DW WKH GLVWDQFH RI DERXW � PP IURP IXVLRQ OLQH
�GDUN SDUWLFOHV x FDUELGH SKDVH� OLJKW SDUWLFOHV x \WWULXP DQG
]LUFRQLXP� 6(0� EDFN VFDWWHUHG HOHFWURQV�

)LJXUH �� 0LFURVWUXFWXUH RI +$= PHWDO RI 7,* ZHOGHG MRLQW RI
1L&U��)H$O< DOOR\ QHDU WKH IXVLRQ OLQH� 7\SLFDO DUH WKH HXWHFWRLG
IRUPDWLRQV DORQJ WKH IXVLRQ OLQH IURP WKH VLGH RI +$= PHWDO �6(0�
EDFN VFDWWHUHG HOHFWURQV�
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WKH IRUP RI HXWHFWRLG SKDVH� DUUDQJLQJ RQO\ DURXQG
WKH FDUELGH�

7R HVWDEOLVK WKH HIIHFW RI DERYH�GHVFULEHG VWUXF�
WXUDO WUDQVIRUPDWLRQV LQ WKH PDWHULDO RQ LWV WHFKQR�
ORJLFDO VWUHQJWK D VHULHV RI WHVWV ZDV PDGH IRU UHVLV�
WDQFH RI DOOR\ 1L&U��)H$O< DJDLQVW KRW FUDFNLQJ LQ
ZHOGLQJ� 7HVWV �395�WHVW� ZHUH SHUIRUPHG LQ DFFRU�
GDQFH ZLWK D VWDQGDUG GRFXPHQW '96 ������� 7KH
WHVW SULQFLSOH LV VKRZQ VFKHPDWLFDOO\ LQ )LJXUH ��

:HOGLQJ WRUFK ZDV GLVSODFHG DORQJ WKH D[LV RI D
��� × �� × �� PP IODW VSHFLPHQ DW D FRQVWDQW ZHOGLQJ
VSHHG� SURYLGLQJ LWV SHQHWUDWLRQ IRU VRPH GHSWK� GH�
SHQGLQJ RQ WKH ZHOGLQJ SDUDPHWHUV� 6LPXOWDQHRXVO\�
ZLWK WKH EHJLQQLQJ RI WKH ZHOGLQJ SURFHVV WKH VSHFL�
PHQ EHJDQ WR EH VXEMHFWHG WR WHQVLRQ LQ WKH GLUHFWLRQ
RI DUF PRYHPHQW ZLWK D FRQVWDQWO\ LQFUHDVLQJ VSHHG�
+HUH� WKH GHILQLWH YDOXH RI WHQVLRQ UDWH YWHQV FRUUH�
VSRQGV WR HDFK SRLQW LQ WKH ZHOG� 7KH TXDQWLWDWLYH
FULWHULRQ IRU GHWHUPLQDWLRQ RI PDWHULDO VXVFHSWLELOLW\
WR KRW FUDFN IRUPDWLRQ LV D FULWLFDO UDWH RI WHQVLRQ YFU
�UDWH RI WHQVLRQ DW ZKLFK WKH ILUVW FUDFNV DUH REVHUYHG
DW WKH VSHFLPHQ VXUIDFH��

'XULQJ WHVWV WKH DUJRQ 7,* ZHOGLQJ ZLWKRXW ILOOHU
ZLUH ZDV XVHG DV WKH PRVW SUHIHUDEOH PHWKRG RI ZHOG�
LQJ IURP WKH SRLQW RI YLHZ RI UHVLVWDQFH DJDLQVW KRW
FUDFNLQJ� 7KH ZHOGLQJ VSHHG IRU GLIIHUHQW WHVW VSHFL�
PHQV YDULHG ZLWKLQ ����w���� FP�PLQ DW RWKHU SD�
UDPHWHUV EHLQJ FRQVWDQW� 7KH SURFHVVHG WHVW GDWD DUH
JLYHQ LQ )LJXUH ��

&ULWLFDO UDWH RI WHQVLRQ LV LQYHUVHO\ SURSRUWLRQDO
WR OLQHDU HQHUJ\� L�H� ZLWK LQFUHDVH RI WKH ODWWHU LQ
ZHOGLQJ WKH KD]DUG RI IRUPDWLRQ RI KRW FUDFNV LV DOVR
LQFUHDVHG� $FFRUGLQJ WR >��@ WKH FRQFOXVLRQ FDQ EH

PDGH� RQ WKH EDVLV RI FULWHULD HVWDEOLVKHG H[SHULPHQ�
WDOO\� DERXW WKH VDWLVIDFWRU\ UHVLVWDQFH RI DOOR\
1L&U��)H$O< DJDLQVW WKH KRW FUDFN IRUPDWLRQ DV PD�
WHULDO LQGLFDWLQJ WKH FULWLFDO UDWH RI WHQVLRQ� ORFDWLQJ
LQ WKH LQWHUYDO RI ��w�� PP�PLQ GXULQJ WKH 395�
WHVW� 7KXV� LQ ZHOGLQJ DW ORZ YDOXHV RI OLQHDU HQHUJ\
�≈ � N-�FP� WKH PDWHULDO SRVVHVVHV WKH KLJK HQRXJK
FUDFN UHVLVWDQFH DQG PDNHV LW SRVVLEOH WR SURGXFH WKH
TXDOLW\ ZHOGHG MRLQWV� $W WKH VDPH WLPH ZKHQ WKH
OLQHDU HQHUJ\ UHDFKHV ��� N-�FP DQG PRUH WKH DOOR\
SRVVHVVHV XQVDWLVIDFWRU\ UHVLVWDQFH DJDLQVW WKH KRW
FUDFN IRUPDWLRQ LQ VKLHOGHG�JDV DUF ZHOGLQJ�

+RW FUDFNV IRUPHG LQ ZHOGV GXULQJ 395�WHVW KDYH
D FOHDUO\ H[SUHVVHG LQWHUGHQGULWLF QDWXUH DQG IRUPHG�
ILUVW RI DOO� LQ SHULSKHU\ ]RQHV RI ZHOGV QHDU WKH IXVLRQ
OLQH� $Q DGGLWLRQDO IDFWRU SURPRWLQJ LQLWLDWLRQ DQG
SURSDJDWLRQ RI KRW FUDFNV LQ WKHVH UHJLRQV� LQ SDUWLFX�
ODU� LV WKH SUHVHQFH RI DQ HXWHFWLF OLTXLG LQ WKH LQWHU�
JUDLQ DQG LQWHUGHQGULWLF VSDFH EHORZ WKH VROLGXV WHP�
SHUDWXUH� 7KH WUDQVLWLRQ RI KRW FUDFNV IURP WKH ZHOG
WR WKH +$= PHWDO ZDV REVHUYHG LQ VRPH FDVHV E\ WKLV
UHDVRQ �)LJXUH ���

7R FKHFN WKH VHUYLFHDELOLW\ RI ZHOGHG MRLQWV RI
KHDW�UHVLVWDQW DOOR\ 1L&U��)H$O< DW KLJK WHPSHUD�
WXUHV D QXPEHU RI LQYHVWLJDWLRQV ZDV FDUULHG RXW� LQ�
FOXGLQJ KHDWLQJ DQG KROGLQJ RI ZHOGHG VSHFLPHQV
PDGH E\ GLIIHUHQW PHWKRGV RI ZHOGLQJ LQ WKH UDQJH RI
FULWLFDO WHPSHUDWXUHV ZLWK D VXEVHTXHQW PHFKDQLFDO
WHFKQRORJLFDO WHVWV DQG PHWDOORJUDSKLF H[DPLQDWLRQV
RI VWUXFWXUDO FKDQJHV�

6RPH UHIHUHQFHV >��� ��@ LQGLFDWH WKH KD]DUG RI
IRUPDWLRQ RI WKH VR�FDOOHG FUDFNV RI D UHSHDWHG KHDWLQJ
IRU KHDW�UHVLVWDQW DOOR\V RQ QLFNHO EDVH DW WKHLU KHDW

)LJXUH �� 6FKHPDWLF GLDJUDP RI 395�WHVW

)LJXUH �� 0LFURVWUXFWXUH RI +$= PHWDO RI 7,* ZHOGHG MRLQW RI
1L&U��)H$O< DOOR\ QHDU WKH IXVLRQ OLQH �6(0� DEVRUEHG HOHFWURQV�

)LJXUH �� (XWHFWRLG SKDVH DURXQG FDUELGH SDUWLFOH� DUHD RI +$=
PHWDO QHDU WKH IXVLRQ OLQH �6(0� DEVRUEHG HOHFWURQV�
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WUHDWPHQW RU LQ WKH RSHUDWLQJ FRQGLWLRQV XQGHU WKH
DFWLRQ RI KLJK WHPSHUDWXUHV� ,QWHUYDO RI WHPSHUDWXUHV
���w��� �& LV PRVW KD]DUGRXV KHUH� 7KH GHFLVLYH IDFWRU
VWLSXODWLQJ WKH UHGXFWLRQ LQ GXFWLOLW\ RI WKH PDWHULDO
ZLWKLQ WKLV WHPSHUDWXUH LQWHUYDO LV DFFHSWHG WR EH
FRQVLGHUHG LWV GLVSHUVLRQ KDUGHQLQJ DV D UHVXOW RI SUH�
FLSLWDWLRQ RI γ′�SKDVH 1L��$O� 7L� >��� ��� ��� ��@�

7KH VWXG\ RI ILQH VWUXFWXUH RI KHDW�WUHDWHG ZHOGHG

VSHFLPHQV RI DOOR\ 1L&U��)H$O< �KHDWLQJ XS WR

��� �&� KROGLQJ IRU ��� K� DLU FRROLQJ� VKRZHG WKH

SUHVHQFH RI γ′�SKDVH LQ LWV VWUXFWXUH� ZKLFK ZDV QRW

REVHUYHG LQ VWXG\ RI PDWHULDO VWUXFWXUH LQ WKH LQLWLDO

VWDWH� 3DUWLFOHV RI γ′�SKDVH DUH SUHFLSLWDWHG LQ WKHZHOG�
+$= PHWDO DQG 30 DQG KDYH D URXQGHG VKDSH �GL�

DPHWHU RI DERXW ��w�� QP� �)LJXUHV � DQG ��� $V WKH

JUDLQ ERXQGDULHV RI WKH DV�GHOLYHUHG 30 ZHUH DOPRVW

IUHH IURP WKH FDUELGH SUHFLSLWDWLRQV �)LJXUH ���� WKH

VWXG\ RI D ILQH VWUXFWXUH RI WKH ZHOGHG MRLQWV DIWHU

KHDWLQJ VKRZHG WKH SUHVHQFH RI QXPHURXV SUHFLSLWD�

WLRQV RI D ILQH�GLVSHUVHG FDUELGH SKDVH ERWK DORQJ WKH

JUDLQ ERXQGDULHV LQ WKH 30 �)LJXUH ��� DQG +$=

PHWDO� DQG DOVR DORQJ WKH LQWHUGHQGULWLF ERXQGDULHV

LQ ZHOG �)LJXUH ����

7R HVWDEOLVK WKH HIIHFW RI WHPSHUDWXUH ORDG DQG

FDXVHG VWUXFWXUDO WUDQVIRUPDWLRQV E\ LW LQ WKH PDWHULDO

RQ LWV PHFKDQLFDO�WHFKQRORJLFDO SURSHUWLHV WKH FRP�

SDUDWLYH WHVWV ZHUH PDGH RQ WUDQVYHUVH WHQVLRQ� EHQG�

LQJ DQG LPSDFW VWUHQJWK RI ZHOGHG VSHFLPHQV IURP

1L&U��)H$O< DOOR\� 5HVXOWV RI LPSDFW VWUHQJWK WHVWV

DUH VKRZQ LQ )LJXUH ��� 6DPSOHV ZLWK 9�QRWFK IRU

WHVWV ZHUH FXW RXW IURP ZHOGHG MRLQWV PDGH E\ 7,*�

0$*06 ZHOGLQJ DQG 6$: �URRW ZHOG ZDV ILOOHG

ZLWK D SODVPD ZHOGLQJ�� 7KH QRWFK ZDV ORFDWHG RQ

30� DORQJ ZHOG D[LV LQ WUDQVYHUVH VHFWLRQ� IXVLRQ OLQH

DQG LQ +$= PHWDO� (QHUJ\ RI IUDFWXUH $Y DW LPSDFW

VWUHQJWK WHVW IRU VSHFLPHQV IURP 30 DQG W\SLFDO UH�

JLRQV RI WKH ZHOGHG MRLQW ZDV DSSUR[LPDWHO\ VLPLODU

DQG HTXDO WR ��w�� -� +HUH� WKH QRWLFHDEOH DGYDQWDJH

RI DQ\ PHWKRG RI ZHOGLQJ ZDV QRW REVHUYHG� $W WKH

VDPH WLPH WKH SURYRNLQJ KHDWLQJ XS WR ��� �& DQG

KROGLQJ IRU ��� K KDV OHG WR WKH GHFUHDVH LQ IUDFWXUH

HQHUJ\ DOPRVW E\ �� � ERWK LQ 30 DQG DOVR LQ +$=

PHWDO� +RZHYHU� WKH KLJKHVW GURS LQ PDWHULDO WRXJK�

QHVV GXH WR ORZ�WHPSHUDWXUH KROGLQJ ZDV REVHUYHG LQ

WKH ZHOG� ,Q WKLV FDVH WKH IUDFWXUH HQHUJ\ ZDV � WLPHV

UHGXFHG DQG HTXDO WR ��w�� - IRU WKH ZHOGV�

)LJXUH �� 'HSHQGHQFH RI FULWLFDO UDWH RI WHQVLRQ YFU IRU 1L&U��)H$O< DOOR\ RQ ZHOGLQJ VSHHG �D� DQG OLQHDU HQHUJ\ �E�

)LJXUH �� ,OOXVWUDWLRQ RI KRW FUDFN �FRPLQJ RXW� IURP ZHOG PHWDO
WR +$= PHWDO �RSWLFDO PLFURVFRS\� HWFKLQJ DFFRUGLQJ WR %ORHFK
DQG :HGO ,,�

)LJXUH �� 3DUWLFOHV RI γ′�SKDVH LQ ZHOG DIWHU ORZ�WHPSHUDWXUH KROG�
LQJ �HOHFWURQ WUDQVPLVVLRQ PLFURVFRS\�

)LJXUH ��3DUWLFOHV RI γ′�SKDVH LQ SDUHQWPHWDO DIWHU ORZ�WHPSHUDWXUH
KROGLQJ �HOHFWURQ WUDQVPLVVLRQ PLFURVFRS\�
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)LJXUH ��� ,QWHUJUDLQ ERXQGDU\ LQ SDUHQW PHWDO EHIRUH ORZ�WHP�
SHUDWXUH KROGLQJ� 'LVORFDWLRQ QHWZRUN DQG VHSDUDWH FDUELGH PL�
FURSDUWLFOHV DUH W\SLFDO �HOHFWURQ WUDQVPLVVLRQ PLFURVFRS\�

)LJXUH ��� 0LFURVWUXFWXUH RI SDUHQW PHWDO DIWHU ORZ�WHPSHUDWXUH
KROGLQJ� *UDLQ ERXQGDULHV DUH FRYHUHG ZLWK FDUELGH SUHFLSLWDWLRQV�
5LJKW JUDLQ ZLWK FRQWUDVW SUHFLSLWDWLRQV RI γ′�SKDVH �HOHFWURQ WUDQV�
PLVVLRQ PLFURVFRS\�

)LJXUH ��� )UDFWXUH HQHUJ\ $
Y
RI 1L&U��)H$O< DOOR\ LQ W\SLFDO

UHJLRQV RI ZHOGHG MRLQWV� 30 ���� ZHOG ���� IXVLRQ OLQH ��� DQG
+$= PHWDO ��� PDGH E\ GLIIHUHQW PHWKRGV RI ZHOGLQJ LQ LQLWLDO
VWDWH DIWHU ZHOGLQJ �,� DQG DIWHU ORZ�WHPSHUDWXUH KROGLQJ �,,�

)LJXUH ��� &KDQJH LQ IUDFWXUH HQHUJ\ RI 1L&U��)H$O< DOOR\ GH�
SHQGLQJ RQ WHPSHUDWXUH RI SURYRNLQJ KHDWLQJ IRU ZHOGV PDGH E\
7,* ���� DQG IRU 30 ���

)LJXUH ��� &KDQJH LQ GXFWLOLW\ RI 1L&U��)H$O< DOOR\ LQ W\SLFDO
UHJLRQV RI ZHOGHG MRLQWV� 30 DQG ZHOGV PDGH E\ GLIIHUHQW PHWKRGV
RI ZHOGLQJ LQ LQLWLDO VWDWH DIWHU ZHOGLQJ ��� DQG DIWHU ORZ�WHPSHUD�
WXUH KROGLQJ ���

)LJXUH ��� &KDQJH LQ VWUHQJWK RI 1L&U��)H$O< DOOR\ LQ W\SLFDO
UHJLRQV RI ZHOGHG MRLQWV� 30 DQG ZHOGV PDGH E\ GLIIHUHQW PHWKRGV
RI ZHOGLQJ LQ LQLWLDO VWDWH DIWHU ZHOGLQJ ��� DQG DIWHU KLJK�WHP�
SHUDWXUH KROGLQJ ���
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7KH IXUWKHU WHVWV RI ZHOGHG VSHFLPHQV RI
1L&U��)H$O< DOOR\ DW GLIIHUHQW WHPSHUDWXUHV RI WKH
SURYRNLQJ KHDWLQJ VKRZHG WKDW WKH UDQJH RI WHPSHUD�
WXUHV QHDU ��� �& LV PRVW KD]DUGRXV IURP WKH SRLQW
RI YLHZ RI UHGXFWLRQ LQ WKH LPSDFW VWUHQJWK �)L�
JXUH ���� 7KH KROGLQJ GXUDWLRQ ZDV QRW FKDQJHG DQG
HTXDO WR ��� K IRU DOO FDVHV� 6LPLODU UHVXOWV ZHUH RE�
WDLQHG DOVR DW FRPSDUDWLYH WHVWLQJ RI VSHFLPHQV RI 30
DQG DOOR\ 1L&U��)H$O< IRU WUDQVYHUVH EHQGLQJ �)L�
JXUH ���� %HQGLQJ DQJOH RI VDPSOHV� QRW VXEMHFWHG WR
KHDW DFWLRQ� PDGH IURP 30 DQG FRQWDLQLQJ ZHOGV�
ZDV ����� 7KH LQLWLDWLRQ RI WKH ILUVW FUDFNV ZDV RE�
VHUYHG LQ VDPSOHV IURP 30� KHDWHG WR ��� �& DQG
VXEMHFWHG WR KROGLQJ IRU ��� K DW ���� DQJOH RI EHQG�
LQJ� :KHQ WHVWLQJ ZHOGHG VDPSOHV� ZKRVH URRW ZHOG
ZDV ILOOHG E\ D SODVPD ZHOGLQJ� WKH WHQVLOH IRUFHV ZHUH
WUDQVIHUUHG WR ILOOLQJ SDVVHV PDGH E\ 7,*� 0$*06
ZHOGLQJ DQG 00$:� ,Q WKLV FDVH� D EULWWOH IUDFWXUH
LQ ZHOG DW EHQGLQJ DQJOHV ��� �� DQG ��� DW GLIIHUHQW
PHWKRGV RI ZHOGLQJZDV REVHUYHG LQ VDPSOHV VXEMHFWHG
WR WKH SURYRNLQJ KHDWLQJ�

7KXV� WHVWV IRU WUDQVYHUVH EHQGLQJ DOVR FRQILUPHG
WKH SUHVHQFH RI D VLJQLILFDQW GURS LQ GXFWLOLW\ RI PD�
WHULDO RI ZHOGV RI 1L&U��)H$O< DOOR\ ZHOGHG MRLQWV�
VXEMHFWHG WR KHDWLQJ DQG KROGLQJ LQ WKH UDQJH RI WHP�
SHUDWXUHV QHDU ��� �&�

7HVWV IRU WUDQVYHUVH WHQVLRQ RI VDPSOHV IURP 30
DQG FRQWDLQLQJ ZHOGHG 7,*� 0$*06 DQG 00$:
ZHOGV� DOVR FRQILUPHG WKH PDWHULDO KDUGHQLQJ GXH WR
WKH DERYH�GHVFULEHG WHPSHUDWXUH WUHDWPHQW �)L�

JXUH ���� +HUH� WKH VDPSOHV ZHUH IUDFWXUHG LQ 30 LQ
DOO FDVHV�

6WXG\ RI IUDFWXUH VXUIDFHV RI ZHOGHG VDPSOHV DIWHU
LPSDFW VWUHQJWK WHVWV UHYHDOV WKH KLJKHU GXFWLOLW\ RI
WKH VWUXFWXUH RI URRW ZHOGV PDGH E\ WKH SODVPD ZHO�
GLQJ �)LJXUHV ��� ��� ULJKW SDUW�� LQ FRPSDULVRQ ZLWK
ILOOLQJ SDVVHV PDGH E\ GLIIHUHQW DUF PHWKRGV RI ZHO�
GLQJ� LQ SDUWLFXODU ZLWK D 7,* �)LJXUHV ��� ��� OHIW
SDUW�� ,Q DGGLWLRQ� WKH FRPSDULVRQ RI D VKDSH RI VHF�
WLRQV RI IUDFWXUH VXUIDFHV VKRZV WKH PXFK KLJKHU OHYHO
RI D SODVWLF GHIRUPDWLRQ LQ QRQ�KHDWHG VDPSOHV �)L�
JXUH ���� DV FRPSDUHG ZLWK WKH PRUH EULWWOH SDWWHUQ

)LJXUH ��� *HQHUDO YLHZ RI IUDFWXUH VXUIDFH FRQWDLQLQJ 7,* ZHOG
DIWHU LPSDFW VWUHQJWK WHVW

)LJXUH ��� *HQHUDO YLHZ RI IUDFWXUH VXUIDFH RI VDPSOH FRQWDLQLQJ
7,* ZHOG DIWHU LPSDFW VWUHQJWK WHVW� %HIRUH WKH VDPSOH WHVW WKH
ORZ�WHPSHUDWXUH KROGLQJ ���� �&� ��� K� ZDV XVHG

)LJXUH ��� )UDFWRJUDSKLF SDWWHUQ RI IUDFWXUH RI 7,* ZHOG DIWHU
LPSDFW VWUHQJWK WHVW �6(0�

)LJXUH ��� )UDFWRJUDSKLF SDWWHUQ RI IUDFWXUH RI 7,* ZHOG DIWHU
LPSDFW VWUHQJWK WHVW� %HIRUH VDPSOH WHVW WKH ORZ�WHPSHUDWXUH KROG�
LQJ ���� �&� ��� K� ZDV XVHG �6(0�

)LJXUH ��� 0LFURVWUXFWXUH RI +$= PHWDO RI 7,* ZHOGHG MRLQW RI
1L&U��)H$O< DOOR\ DIWHU WKHUPDO KROGLQJ ���� �&� ��� K�� 7\SLFDO
UHJLRQV� SRO\FU\VWDO FKURPLXP FDUELGH �D�� PDWUL[ ZLWK D GLVORFD�
WLRQ QHWZRUN �E� �HOHFWURQ WUDQVPLVVLRQ PLFURVFRS\�
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RI IUDFWXUH LQ VDPSOHV� VXEMHFWHG SUHOLPLQDU\ WR WKH
SURYRNLQJ KHDWLQJ �)LJXUH ���� 7KH PRUH FRPSUHKHQ�
VLYH LQYHVWLJDWLRQ RI IUDFWXUH VXUIDFHV LQ ZHOGV VKRZV
WKH FHOOXODU �KRQH\FRPE� VWUXFWXUH RI IUDFWXUH W\SLFDO
RI GXFWLOH PDWHULDOV LQ VDPSOHV� ZKLFK ZHUH QRW VXE�
MHFWHG WR WKHUPDO DFWLRQ DIWHU ZHOGLQJ �)LJXUH ����
DV FRPSDUHG ZLWK EULWWOH �VKHDU� VWUXFWXUH RI IUDFWXUH
VXUIDFH RI ZHOGV VXEMHFWHG WR D ORZ�WHPSHUDWXUH KROG�
LQJ �)L�JXUH ����

7KXV� WKH UHVXOWV RI PHFKDQLFDO�WHFKQRORJLFDO WHVWV
RI ZHOGHG MRLQWV RI 1L&U��)H$O< DOOR\ LQGLFDWH DGH�
TXDWHO\ WKH HVVHQWLDO GHFUHDVH LQ GXFWLOLW\ DQG WRXJK�
QHVV RI WKH PDWHULDO GXH WR HYHQ FRPSDUDWLYHO\ VKRUW�
WLPH KROGLQJ LQ WKH UHJLRQ RI ��� �& WKDW LV� LQ LWV
WXUQ� FDXVHG GLUHFWO\ E\ WKH γ′�SKDVH SUHFLSLWDWLRQ�

+HUH� WKH PRVW ZHDNHQHG ]RQH RI WKH ZHOGHG MRLQW LV
WKH ZHOG� 7KLV IDFW FDQQRW EH JURXQGHG RQO\ GXH WR
WKH γ′�SKDVH SUHFLSLWDWLRQ�

'XULQJ H[DPLQDWLRQV XVLQJ WKH PHWKRG RI HOHFWURQ

WUDQVPLVVLRQ PLFURVFRS\ WKH SUHVHQFH RI �IULQJLQJ��

IUHH RI KDUGHQLQJ SDUWLFOHV DQG GLVORFDWLRQV QHDU WKH

LQWHUSKDVH FDUELGHwPDWUL[ ERXQGDU\ ZDV UHYHDOHG LQ

WKH PLFURVWUXFWXUH RI PHWDO RI +$= DQG ZHOG RI WKHU�

PDOO\�DIIHFWHG VDPSOHV �)LJXUHV �� DQG ���� 7KH

ZLGWK RI �IULQJLQJ� LV DERXW ��� µP� ,Q )LJXUHV ��

DQG �� WKH SUHVHQFH RI γ′�SKDVH LV GHVLJQDWHG E\ GLV�

ORFDWLRQ OLQHV� L�H� RQ DUHDV� EHLQJ IUHH RI GLVORFDWLRQV�

WKHUH DUH QR DOVR WKH SDUWLFOHV RI WKH γ′�SKDVH� 0RUH�

RYHU� WKH HOHFWURQ PLFURDQDO\VLV RI VWUXFWXUH VKRZHG

VRPH GHSOHWLRQ RI �IULQJLQJ� PHWDO ZLWK FKURPLXP

DV FRPSDUHG ZLWK WKH PDWUL[� 7KLV SKHQRPHQRQ FDQ

EH H[SODLQHG E\ WKH IDFW WKDW LQ WKH FRQGLWLRQV RI

IRUPDWLRQ RI WKH KDUGHQLQJ FDUELGH0H��&� ����w��� �&

DFFRUGLQJ WR >�@� WKH PDWUL[ LV GHSOHWHG ZLWK FKURPLXP

WKDW LQFUHDVHV� LQ WXUQ� WKH VROXELOLW\ RI γ′�SKDVH QHDU
WKH ERXQGDU\ RI JUDLQ RU GHQGULWH� DQG� PRUH FOHDUO\�

HOHPHQWV RI γ′�KDUGHQHUV� UHVXOWLQJ LQ WKH IRUPDWLRQ RI
WKH DERYH�GHVFULEHG ]RQHV� EHLQJ IUHH IURP SUHFLSLWD�

WLRQV� 7KHVH ZHUH VDPSOHV� LQ ZKLFK WKH LQWHQVLYH SUH�

FLSLWDWLRQ RI ILQH�GLVSHUVHG FDUELGH SKDVH DORQJ WKH

ERXQGDULHV RI JUDLQV DQG GHQGULWHV ZDV REVHUYHG DIWHU

WKH ORZ�WHPSHUDWXUH KROGLQJ ���� �&� ��� K��
7KXV� WKH VLJQLILFDQW GHFUHDVH LQ GXFWLOLW\ RI WKH

ZHOGHG MRLQWV FDXVHG E\ WKH WHPSHUDWXUH HIIHFW� LV WKH
UHVXOW RI D SKDVH DQG FKHPLFDO LQKRPRJHQHLW\� VWLSX�
ODWHG E\ FRPSOH[ VWUXFWXUDO WUDQVIRUPDWLRQV� VXFK DV
SUHFLSLWDWLRQ RI KDUGHQLQJ γ′�SKDVH LQ WKH PDWUL[� SUH�
FLSLWDWLRQ RI ILQH�GLVSHUVHG FDUELGH SKDVH 0H��&�

DORQJ WKH ERXQGDULHV RI GHQGULWHV DQG SDUWLDO KRPR�
JHQL]DWLRQ �GLVVROXWLRQ RI γ′�SKDVH� LQ WKH QHDU�ERXQ�
GDU\ UHJLRQ� +HUH� WKH ZHOG ZLWK LWV GHQGULWLF VWUXF�
WXUH LV WKH PRVW ZHDNHQHG ]RQH EHFDXVH RI WKH DQLVRW�
URS\ RI LWV PHFKDQLFDO SURSHUWLHV DV FRPSDUHG ZLWK
30 RU +$= PHWDO�

�� ������ +RFKWHPSHUDWXUZHUNVWRIIH GHU .UXSS 9'0 IXHU GHQ
$QODJHQEDX� 9'0 5HSRUW� ��� ���

�� %ULOO� 8� ������ 3UDNWLVFKH (UIDKUXQJHQ PLW GHP QHXHQ
:HUNVWRII 1LFURIHU ���� +7 LP 2IHQ� XQG :DHUPHEHKDQ�
GOXQJVDQODJHQEDX� 6WDKO� �� ��w���

�� %ULOO� 8� ������ 1HXH (UJHEQLVVH PLW GHP :HUNVWRII 1LFUR�
IHU ���� +7 LP 2IHQ� XQG :DHUPHEHKDQGOXQJVDQODJHQEDX�
,ELG�� �� ��w���

�� %DDU� %�� %ULOO� 8� ������ *HIXHJHFKDUDNWHULVLHUXQJ GHU
QHXHQ NDUELGKDHUWHQGHQ� KRFKZDUPIHVWHQ 1LFNHOEDVLVOH�
JLHUXQJ 1LFURIHU ���� +7 ��������� 3UDNW� 0HWDOORJUDSKLH�
��� ���w����

�� %ULOO� 8� ������ (LJHQVFKDIWHQ XQG (LQVDW]JHELHWH GHU QHXHQ
ZDUPIHVWHQ /HJLHUXQJ 1LFURIHU ���� +7� 6WDKO� �� ��w���

�� %ULOO� 8� ������ 1HXH ZDUPIHVWH XQG NRUURVLRQVEHVWDHQGLJH
1LFNHO�%DVLV�/HJLHUXQJ IXHU 7HPSHUDWXUHQ ELV ]X ���� �&�
0HWDOO�:LVVHQVFKDIW � 7HFKQLN� �� ���w����

�� $QLN� 6�� 'RUQ� /� ������ 0HWDOOSK\VLNDOLVFKH 9RUJDHQJH
EHLP 6FKZHLβHQ YRQ 1LFNHOZHUNVWRIIHQ x :DHUPHEHKDQ�
GOXQJ XQG 6FKZHLVVYHUIDKUHQ� 6FKZHLβHQ XQG 6FKQHLGHQ�
��� ���w����

�� 'XUDQG�&KDUUH� 0� ������ 7KH PLFURVWUXFWXUH RI VXSHUDO�
OR\V� $PVWHUGDP� *RUGRQ	%UHDFK�

�� 6LPV� &K�7� HW DO� ������ 6XSHUDOOR\V ,,� -RKQ :LOH\ DQG
6RQV�

��� $QLN� 6�� 'RUQ� /� ������ 0HWDOOSK\VLNDOLVFKH 9RUJDHQJH EHLP
6FKZHLβHQ YRQ 1LFNHOZHUNVWRIIHQ x (LQIOXβ GHU :HUNVWRI�
I]XVDPPHQVHW]XQJ� 6FKZHLβHQ XQG 6FKQHLGHQ� �� ���w����

��� 6DYFKHQNR� 9�6�� <XVKFKHQNR� .�$�� 6DYROHM� 1�,� HW DO�
������ 6RPH IXQGDPHQWDOV RI KRW FUDFNLQJ LQ ZHOGLQJ RI FDVW
KHDW�UHVLVWDQW QLFNHO DOOR\V� $YWRPDWLFK� 6YDUND� �� ��w���

��� 6DYFKHQNR� 9�6�� <XVKFKHQNR� .�$�� 6DYROHM� 1�,� ������
,QIOXHQFH RI GHIRUPDWLRQ UDWH RQ VXVFHSWLELOLW\ RI VWDEOH�
DXVWHQLWLF ZHOGV WR KRW FUDFNLQJ LQ ORZ�WHPSHUDWXUH UDQJH RI
EULWWOHQHVV� ,ELG�� ��� �w���

��� <XVKFKHQNR� .�$�� /LSRGDHY� 9�1�� %HOFKXN� 0�9� HW DO�
������ 5HVLVWDQFH RI ZHOGHG MRLQWV IURP KHDW�UHVLVWDQW
QLFNHO DOOR\ RI +DVWHOOR\ 1 W\SH WR KRW FUDFNLQJ� ,ELG�� ��
��w���

��� .YDVQLWVN\� 9�)� ������ :HOGLQJ DQG EUD]LQJ RI KHDW�UHVLV�
WDQW DOOR\V LQ VKLSEXLOGLQJ� ,ELG�� ��� ��w���

��� 0RURFKNR� 9�3�� )\RGRURY� %�0�� $QGUHHY� 9�'� ������
&RPSDULVRQ RI ODVHU� HOHFWURQ EHDP DQG DUJRQ�DUF SURFHVVHV
RI ZHOGLQJ RI KHDW�UHVLVWDQW QLFNHO DOOR\ .K1��907<X.�
6YDURFKQ� 3URL]YRGVWYR� �� ��w���

��� *ROGVFKPLGW� +�-� ������ ,QWHUVWLWLDO DOOR\V� /RQGRQ� %XW�
WHUZRUWKV�

��� %ULOO� 8� ������ (LQIOXβ GHV &�*HKDOWHV DXI GLH *HIXHJHDXV�
ELOGXQJ GHU KRFKZDUPIHVWHQ 1LFNHOEDVLVOHJLHUXQJ
1L&U��)H��$O<� 0HWDOO� ��� ���w����

��� .OXJ� 3� ������ %HLWUDJ ]XU 3UXHIXQJ GHU +HLβULβDQIDHO�
OLJNHLW YRQ KRFKOHJLHUWHQ 6FKZHLβ]XVDW]ZHUNVWRIIHQ PLW
GHP 395�7HVW GHU 9(:�.DSIHQEHUJ� 'LVV� *UD]�

��� 6RURNLQ� /�,�� 7XSLNLQ� 9�,� ������ &ODVVLILFDWLRQ RI KHDW�UH�
VLVWDQW QLFNHO DOOR\V LQ FRQIRUPLW\ ZLWK WKHLU UHVLVWDQFH WR
FUDFN IRUPDWLRQ GXULQJ KHDW WUHDWPHQW RI ZHOGHG MRLQWV�
$YWRPDWLFK� 6YDUND� �� ��w���

��� 6NYRUWVRY� (�$�� *ROXEHY� (�1� ������ $ERXW FUDFNLQJ RI
ZHOGHG MRLQWV RI DXVWHQLWLF GLVSHUVLRQ�KDUGHQLQJ DOOR\V LQ
KHDW WUHDWPHQW� 6YDURFKQ� 3URL]YRGVWYR� �� �w���

��� ,EDV� 2�� %ULOO� 8� ������ (LQIOXβ GHU $XVODJHUXQJVWHPSHUD�

WXU XQG �]HLW DXI GLH =DHKLJNHLW YRQ DXVJHZDHKOWHQ 1L�%DVLV�

/HJLHUXQJHQ� .RQIHUHQ] �:HUNVWRIISUXHIXQJ�� (LQ]HOEHULFKW�
��� <XVKFKHQNR� .�$�� 3LQFKXN� 1�,�� 1DNRQHFKQ\� $�$� HW DO�

������ ,QYHVWLJDWLRQ RI ZHOGDELOLW\ RI FDVW KHDW�UHVLVWDQW
QLFNHO DOOR\V ZLWK � � $O� $YWRPDWLFK� 6YDUND� ��� ��w���

)LJXUH ��� 0LFURVWUXFWXUH RI 7,* ZHOG RI 1L&U��)H$/< DOOR\
DIWHU WKHUPDO KROGLQJ ���� �&� ��� K�� 7\SLFDO UHJLRQV� D x LQ�
WHUGHQGULWLF ERXQGDU\ FRYHUHG ZLWK FDUELGH SUHFLSLWDWLRQV� E x
�IULQJLQJ�� DGMDFHQW WR LW� EHLQJ IUHH IURP SUHFLSLWDWLRQV� F x
PDWUL[ ZLWK D GLVORFDWLRQ QHWZRUN �HOHFWURQ WUDQVPLVVLRQ PLFURV�
FRS\�
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&U\VWDOORJUDSKLF WH[WXUH DQG PLFURVWUXFWXUH RI IXVLRQ ZHOGHG MRLQWV ZHUH VWXGLHG� &ULWHULD ZHUH VHOHFWHG IRU HVWLPDWLRQ

RI WKH GHJUHH RI LQKHULWDQFH RI VWUXFWXUDO VWDWH RI WKH EDVH PHWDO E\ WKH ZHOG PHWDO� )DFWRUV GHWHUPLQLQJ WKH GHJUHH RI

VXFK LQKHULWDQFH ZHUH HVWDEOLVKHG� DQG FRQGLWLRQV IRU D PLQLPXP GLVWRUWLRQ RI WKH VWUXFWXUDO VWDWH ZHUH LGHQWLILHG�

.H\ZRU G V � IXVLRQ ZHOGLQJ� PHWDO VROLGLILFDWLRQ� FU\VWDO�
ORJUDSKLF RULHQWDWLRQ� VLQJOH�FU\VWDO VWDWH� ;�UD\ H[DPLQDWLRQV�
GLVRULHQWDWLRQ� GLVORFDWLRQ GHQVLW\� LQKHULWDQFH RI VWUXFWXUH�
ZHOGLQJ FRQGLWLRQV

6WUXFWXUDO VWDWH RI WKH ZHOG PHWDO LV RQH RI WKH PDLQ

IDFWRUV GHWHUPLQLQJ SK\VLFDO�PHFKDQLFDO SURSHUWLHV
DQG SHUIRUPDQFH RI ZHOGHG MRLQWV >�w�@� 7KH ODWWHU

JUHDWO\ GHSHQGV XSRQ KRZ SUHFLVHO\ WKH VWUXFWXUDO

VWDWH RI WKH EDVH PHWDO LV LQKHULWHG E\ WKH ZHOG PHWDO�

3URFHHGLQJ IURP EDVLF SRVWXODWHV RI WKH PHWDO VR�

OLGLILFDWLRQ WKHRU\ >�w�@� LW FDQ EH SUHVXPHG WKDW WKH
GHJUHH RI LQKHULWDQFH LV GHWHUPLQHG FXPXODWLYHO\ E\
WKH LQLWLDO FU\VWDOORJUDSKLF RULHQWDWLRQ� SHUIHFWLRQ RI

VWUXFWXUH RI D PDWHULDO ZHOGHG DQG SDUDPHWHUV RI WKH

WKHUPDO HIIHFW RI D ZHOGLQJ KHDW VRXUFH �ZHOGLQJ FRQ�

GLWLRQV DQG SDUDPHWHUV��

3XEOLFDWLRQV GHGLFDWHG WR WKLV LVVXH DUH QRW QXPH�

URXV� DQG WKRVH DYDLODEOH RIWHQ FRQWDLQ FRQWUDGLFWRU\

UHVXOWV >�� �w��@� 7KH\ IRFXV PDLQO\ RQ MXVW D VWDWH�

PHQW DQG LOOXVWUDWLRQ RI WKH IDFW RI LQKHULWDQFH RI

RULHQWDWLRQ RI PHOWHG JUDLQV RI WKH EDVH PHWDO E\ WKH

ZHOG PHWDO� DV ZHOO DV RQ SHFXOLDULWLHV RI D FRDUVH�

FU\VWDOOLQH PDFURVWUXFWXUH RI WKH ZHOG PHWDO� +RZ

SUHFLVHO\ DW GLIIHUHQW VFDOH �VWUXFWXUDO� OHYHOV WKH ZHOG

PHWDO FDQ LQKHULW FU\VWDOORJUDSKLF RULHQWDWLRQ DQG

VWUXFWXUH RI WKH EDVH PHWDO� DV ZHOO DV ZKLFK IDFWRUV

WKLV LQKHULWDQFH GHSHQGV XSRQ x WKHVH DUH WKH LVVXHV

WKH SUHVHQW VWXG\ LV GHGLFDWHG WR�

7KH REMHFW RI WKH SDFNDJH RI LQYHVWLJDWLRQV LQ WKLV

VWXG\ LV DQ LQLWLDO FU\VWDOORJUDSKLF RULHQWDWLRQ DQG

PLFURVWUXFWXUH RI WKH VLQJOH�FU\VWDO EDVH PHWDO� DV ZHOO

DV WKHLU YDULDWLRQV XQGHU WKH HIIHFW RI WKH WKHUPDO�GH�

IRUPDWLRQ ZHOGLQJ F\FOH�
&ULWHULD IRU HVWLPDWLRQ RI VWUXFWXUH RI ZHOGHG

MRLQWV DUH DV IROORZV�

• PDFURSDUDPHWHUV RI VWUXFWXUDO SHUIHFWLRQ �UHWHQ�

WLRQ RI WKH VLQJOH�FU\VWDO QDWXUH DQG FU\VWDOORJUDSKLF

RULHQWDWLRQ RI WKH EDVH PHWDO� GHYLDWLRQ RI FU\VWDO�

ORJUDSKLF RULHQWDWLRQ RI WKH ZHOG PHWDO IURP WKH UH�

VSHFWLYH FKDUDFWHULVWLFV RI WKH LQLWLDO EDVH PHWDO��

• SDUDPHWHUV RI VWUXFWXUH DW D PHVR�OHYHO �GHQVLW\

RI GLVORFDWLRQV� XQLIRUPLW\ RI WKHLU GLVWULEXWLRQ� VFDW�

WHU RI WKH PRVW SUREDEOH FU\VWDOOLQH RULHQWDWLRQ RI WKH

ZHOG PHWDO��

,QYHVWLJDWLRQV ZHUH SHUIRUPHG RQ VLQJOH FU\VWDOV

RI WXQJVWHQ� PRO\EGHQXP DQG QLRELXP� 7KLV HOLPL�

QDWHG WKH HIIHFW RI PXOWLSOLFLW\ RI FU\VWDOORJUDSKLF

RULHQWDWLRQV ZLWKLQ WKH PHOWLQJ ]RQH RQ VWUXFWXUDO

SHUIHFWLRQ RI WKH ZHOG� DV LQ SRO\FU\VWDOV DQG HYHQ

KHDYLO\ WH[WXUHG PHWDOV WKLV IDFWRU KDV D VXEVWDQWLDO
HIIHFW RQ DFFXUDF\ RI WKH LQYHVWLJDWLRQ UHVXOWV�

2QH�FRPSRQHQW WH[WXUHG SRO\FU\VWDOV DOZD\V FRQ�

WDLQ SDUW RI JUDLQV ZLWK WKH RULHQWDWLRQ RWKHU WKDQ WKH

EDVLF RQH� ZKLFK DIIHFWV ERWK PHFKDQLVP RI LQKHUL�

WDQFH RI VWUXFWXUH DQG LWV SHUIHFWLRQ� 0RUHRYHU� LQ�

YHVWLJDWLRQV RI VLQJOH FU\VWDOV� RZLQJ WR WKH DFFXUDF\

RI GHWHUPLQDWLRQ RI FU\VWDOORJUDSKLF RULHQWDWLRQ RI

ZHOGHG �PHOWHG� VXUIDFHV� FDQ SURYLGH PXFK PRUH

FRQVSLFXRXV UHVXOWV RQ WKH HIIHFW RI WKLV FKDUDFWHULVWLF

RQ VWUXFWXUDO SHUIHFWLRQ RI WKH ZHOG PHWDO� ,Q DGGL�

WLRQ� WKH FKRLFH RI VLQJOH FU\VWDOV DV WKH LQYHVWLJDWLRQ

REMHFW PDNHV LW SRVVLEOH WR VWXG\ FKDUDFWHULVWLFV RI

IRUPDWLRQ RI GLIIHUHQW GLVORFDWLRQ GLVWULEXWLRQV XQGHU

WKH HIIHFW RI ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV ZLWK

VSHFLILF FU\VWDOORJUDSKLF RULHQWDWLRQV RI WKH VLQJOH

FU\VWDOV ZHOGHG�

7KH FKRLFH RI UHIUDFWRU\ PHWDOV IRU WKH LQYHVWLJD�

WLRQV ZDV EDVHG RQ WKH QHFHVVLW\ WR KDYH WKH SRVVLELOLW\

WR ZLGHO\ YDU\ WKHUPDO ILHOGV GXULQJZHOGLQJ� %HVLGHV�

RZLQJ WR WKH LVRPRUSKLF QDWXUH RI UHIUDFWRU\ PHWDOV

OHVV GLVWRUWLRQV DUH EURXJKW LQWR VWUXFWXUH GXULQJ VR�

OLGLILFDWLRQ DQG FRROLQJ� WKXV SURYLGLQJ D PRUH DFFX�

UDWH DQVZHU WR WKH TXHVWLRQV SRVHG� ,QLWLDO UHIUDFWRU\

PHWDOV DUH FKDUDFWHULVHG E\ D ORZ FRQWHQW RI LPSXUL�

WLHV� ZKLFK DOVR DOORZHG XV WR UDLVH WKH DFFXUDF\ RI

UHVXOWV DQG DYRLG WKH SUREDELOLW\ RI D QRQ�XQLIRUP

QXFOHDWLRQ RI WKH VROLGLILFDWLRQ FHQWUHV� $FFRUGLQJ WR

WKH FHUWLILFDWH GDWD RQ WKH LQLWLDO VLQJOH FU\VWDOV JURZQ

E\ WKH ]RQH PHOWLQJ PHWKRG� WKH PHWDOV LQYHVWLJDWHG
KDG WKH IROORZLQJ FRPSRVLWLRQV� ZW���
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: x ������ >¯@ x �⋅��w�w�⋅��w��
>¬@ x �⋅��w�w�⋅��w�� >«@ x ��w��⋅��w��
0R x ������ >¯@ x �⋅��w�w�⋅��w��

>¬@ x �⋅��w�w�⋅��w�� >«@ x �⋅��w�w�⋅��w��
1E x ������ >¯@ x �⋅��w�w�⋅��w��

>¬@ x �⋅��w�w�⋅��w�� >«@ x �⋅��w�w�⋅��w��

7KH EDVH �LQLWLDO� PHWDO LV FKDUDFWHULVHG E\ D XQL�
IRUP GLVWULEXWLRQ RI GLVORFDWLRQV� D VPDOO QXPEHU RI
ORZ�DQJOH ERXQGDULHV DQG GLVRULHQWDWLRQ RI HOHPHQWV
RI D VXEVWUXFWXUH LQ DQ LUUDGLDWHG YROXPH RI � PP�

HTXDO WR ��w�� PUDG �)LJXUH �� D� E��
6DPSOHV IRU ZHOGLQJ H[SHULPHQWV ZHUH FXW IURP

VLQJOH�FU\VWDO URGV ��w�� PP LQ GLDPHWHU JURZQ E\
]RQH PHOWLQJ� 7KH URGV XVHG KDG D GLIIHUHQW FU\VWDOOLQH
RULHQWDWLRQ RI WKH D[LV� ����!� ����!� ����! DQG
����!� 7KLV DOORZHG XV WR YDU\ FU\VWDOORJUDSKLF RUL�
HQWDWLRQV RI IXVLRQ VXUIDFHV DQG ZHOGLQJ GLUHFWLRQV�

WKH WRS VXUIDFH EHLQJ NHSW XQFKDQJHG x ������ 7KH
DFFXUDF\ RI RULHQWDWLRQ RI WKH VLQJOH�FU\VWDO URGV� DF�
FRUGLQJ WR WKH FHUWLILFDWH GDWD� LV DSSUR[LPDWHO\
�� PUDG� :HOGLQJ RI WKH VDPSOHV FXW IURP GLIIHUHQW
URGV PD\ OHDG WR D VXEVWDQWLDO GLVRULHQWDWLRQ LQ WKH
MRLQW� 6SHFLDO DUUDQJHPHQWV ZHUH PDGH WR DYRLG WKH
QHJDWLYH HIIHFW RI VXFK GLVRULHQWDWLRQ� ILUVWO\� WKH VDP�
SOHV IRU ZHOGLQJ ZHUH WDNHQ IURP RQH URG� DQG� VH�
FRQGO\� WKH IODW SODWHV ZHUH FXW IURP WKH URGV� ZKLFK
ZHUH WKHQ FXW OHQJWKZLVH� 7KH SODWHV ZHUH DEXWWHG
IRU ZHOGLQJ DORQJ WKH FXW� 7KLV SURYLGHG WKH VDPH
FU\VWDOORJUDSKLF RULHQWDWLRQ RI WKH IXVLRQ VXUIDFHV DQG
ZHOGLQJ GLUHFWLRQV DQG DYRLGHG D GLVWRUWLQJ HIIHFW RI
LQDFFXUDFLHV RI FXWWLQJ DQG DVVHPEO\ RI WKH SODWHV IRU
ZHOGLQJ� $V D UHVXOW� WKH UHODWLYH GLVRULHQWDWLRQ RI WKH
VDPSOHV LQ D EXWW ZDV QRW LQ H[FHVV RI �� PUDG �DF�
FXUDF\ RI GHWHUPLQDWLRQ RI RULHQWDWLRQ E\ WKH /DXH
PHWKRG�� 7KH VDPSOHV ZHUH FXW E\ WKH HOHFWULF�VSDUN
PHWKRG� $ GHIHFWLYH VXUIDFH OD\HU ZDV UHPRYHG E\

)LJXUH �� 6SDWLDO GLVWULEXWLRQ RI LQWHQVLW\ , �D� F� H� DQG LVR�LQWHQVLYH OLQHV �E� G� I� RI VFDWWHUHG ;�UD\ UDGLDWLRQ LQ D]LPXWKDO SODQH
,T⊥ IRU GLIIHUHQW ]RQHV RI D ZHOGHG MRLQW LQ WXQJVWHQ VLQJOH FU\VWDOV� D� E x EDVH PHWDO� F� G x IXVLRQ OLQH� H� I x FHQWUDO SDUW RI WKH
ZHOG �PHOWLQJ VXUIDFH ������ ZHOGLQJ GLUHFWLRQ >���@� UHIOH[ ������ ZHOGLQJ VSHHG �� PP�V�
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PDFKLQLQJ IROORZHG E\ HOHFWULF SROLVKLQJ� ,PPHGL�
DWHO\ EHIRUH DVVHPEO\ IRU ZHOGLQJ� WKH VXUIDFHV RI WKH
VDPSOHV ZHUH FOHDQHG E\ FKHPLFDOV� GHJUHDVHG DQG
GULHG� 7KLFNQHVV RI WKH VDPSOHV ZHOGHG ZDV IURP ���
WR ��� PP�

7KH WRS VXUIDFH� HQG DQG VSHFLDOO\ PDGH REOLTXH
VHFWLRQV ZHUH XVHG IRU PLFURVWUXFWXUDO DQG ;�UD\ H[D�
PLQDWLRQV� 7KH VSHFLDO VXUIDFH ZDV SURYLGHG DV D UHVXOW
RI FXWWLQJ WKH ZHOGHG VDPSOHV DW DQ DQJOH RI �� PUDG
WR WKH ZHOGLQJ GLUHFWLRQ DQG QRUPDO WR WKH WRS VXUIDFH�
7KH SXUSRVH RI SUHSDUDWLRQ RI VSHFLDO H[DPLQDWLRQ
VXUIDFHV ZDV WR LQFUHDVH DFFXUDF\ RI HVWLPDWLRQ RI FKD�
UDFWHULVWLFV RI GLIIHUHQW ]RQHV LQ ZHOGHG MRLQWV WKURXJK
HQODUJLQJ WKH H[DPLQDWLRQ DUHD�

7KH ZHOGLQJ H[SHULPHQWV ZHUH SHUIRUPHG XVLQJ D
KLJKO\ FRQFHQWUDWHG SUHFLVLRQ HOHFWURQ EHDP LQ YD�
FXXP LQ RUGHU WR DFFXUDWHO\ UHSURGXFH UHVXOWV RQ FRP�
SDUDWLYHO\ VPDOO �DERXW �� × �� PP� VDPSOHV� HQVXUH
PRELOLW\ DQG ORFDOLW\ RI KHDWLQJ� YDU\ WKH WKHUPDO
ZHOGLQJ F\FOHV RYHU ZLGH UDQJHV DQG HOLPLQDWH FRQ�
WDPLQDWLRQ RI WKH ZHOG PHWDO� 7KH VWDQGDUG HOHFWURQ
EHDP ZHOGLQJ HTXLSPHQW ZDV XWLOLVHG�

$V LW ZDV QHFHVVDU\ WR VWXG\ SHFXOLDULWLHV RI VR�
OLGLILFDWLRQ DQG VWUXFWXUH DOORZLQJ IRU WKH SRVVLEOH
SURFHVV YDULDQWV� WKH H[SHULPHQWV ZHUH FRQGXFWHG
ZLWKLQ D ZLGH UDQJH RI ZHOGLQJ FRQGLWLRQV DQG SD�
UDPHWHUV� LQFOXGLQJ ZLWK HOHFWURQ EHDP SUHKHDWLQJ
DQG SRVWZHOG KHDWLQJ� +HDW UHPRYDO ZDV UHJXODWHG
E\ XVLQJ WKH SURFHVV IL[WXUH� 7KH ZHOGLQJ VSHHG ZDV
YDULHG IURP � WR �� PP�V� DQG WKH SUHKHDWLQJ WHP�
SHUDWXUH ZDV YDULHG IURP ��� WR ��� �&� 7KH ZHOGHG
MRLQW ZDV RI WKH EXWW W\SH ZLWK WKURXJK SHQHWUDWLRQ�

,W VKRXOG EH QRWHG WKDW D FRQVLVWHQW WKURXJK SHQH�
WUDWLRQ LV DQ LPSHUDWLYH FRQGLWLRQ RI SURGXFLQJ WKH
TXDOLW\ VLQJOH�FU\VWDO ZHOGHG MRLQW� 9LRODWLRQ RI VWD�
ELOLW\ RI ZHOGLQJ FRQGLWLRQV� ZHOG JHRPHWU\ DQG KR�
PRJHQHLW\ RI WKH WHPSHUDWXUH ILHOG PD\ FDXVH IRUPD�
WLRQ RI KLJK�DQJOH JUDLQ ERXQGDULHV DQG H[WUD GHIHFWV
RI WKH FU\VWDOOLQH VWUXFWXUH� :HOGLQJ SDUDPHWHUV ZHUH
VHOHFWHG RQ WKLV EDVLV� 7DEOH � JLYHV W\SLFDO FRQGLWLRQV
DQG SDUDPHWHUV RI ZHOGLQJ WXQJVWHQ VLQJOH FU\VWDOV RI
D GLIIHULQJ WKLFNQHVV� )RU PRO\EGHQXP DQG QLRELXP
WKH EHDP FXUUHQW ZDV GHFUHDVHG ��� DQG � WLPHV�
UHVSHFWLYHO\� FRPSDUHG ZLWK WXQJVWHQ�

0HWDOORJUDSKLF H[DPLQDWLRQV ZHUH FDUULHG RXW XV�
LQJ RSWLFDO PLFURVFRSHV �0,0��� DQG �1HRSKRW ���
DW D PDJQLILFDWLRQ RI �� WR ��� SRZHU� 7KH GHQVLW\
RI FKDRWLFDOO\ GLVWULEXWHG GLVORFDWLRQV ZDV GHWHUPLQHG
IURP WKH HWFKLQJ SLWV E\ XVLQJ WKH FDOFXODWLRQ PHWKRG
VXJJHVWHG LQ >��@� 7KLV PHWKRG KDV DQ LQVXIILFLHQW
DFFXUDF\ DQG VHQVLWLYLW\� DQG LV HPSOR\HG PRVWO\ IRU
H[SUHVV�HVWLPDWLRQ RI WKH VWDWH RI VWUXFWXUH� 5HWDLQLQJ
RI D VLQJOH�FU\VWDO QDWXUH DQG DEVHQFH RI KLJK�DQJOH
ERXQGDULHV ZHUH HVWLPDWHG E\ WKH H[SUHVV�PHWKRG
IURP WKH SUHVHQFH RI UHJLRQV RI D GLIIHULQJ HWFKDELOLW\�
,W VKRXOG EH QRWHG WKDW WKH PHWDOORJUDSK\ PHWKRG LV
YHU\ UDSLG� EXW LW JLYHV RQO\ TXDOLWDWLYH HVWLPDWHV�

9DOXHV RI PLFURKDUGQHVV DUH DQ LQGLUHFW PHDVXUH
RI GHIHFWLYHQHVV RI VLQJOH FU\VWDOV DQG WKHLU ZHOGHG
MRLQWV� 0LFURKDUGQHVV ZDV PHDVXUHG XVLQJ WKH /(&2

KDUGQHVV PHWHU 0���� ZLWK DQ DXWRPDWLF LQGHQWHU
GULYH XQGHU D ORDG RI ���w��� 1 DQG KROGLQJ IRU �� V�

;�UD\ H[DPLQDWLRQV E\ WKH /DXH PHWKRG DQG WKH
URFNLQJ FU\VWDO PHWKRG ZHUH XVHG WR VWXG\ FU\VWDO�
ORJUDSKLF RULHQWDWLRQ DQG UHODWLYH GLVRULHQWDWLRQ RI
HOHPHQWV RI D VXEVWUXFWXUH RI ERWK EDVH PHWDO DQG
ZHOGV� 7KH /DXH PHWKRG RI EDFNZDUG WDNH ZDV HP�
SOR\HG WR HVWLPDWH WKH GHJUHH RI VLQJOH�FU\VWDOOLQLW\
DQG GHYLDWLRQ RI FU\VWDOORJUDSKLF RULHQWDWLRQ RI WKH
ZHOG PHWDO IURP WKH EDVH PHWDO� 3RVLWLRQV RI UHIOH[HV
LQ GLDJUDPV� WKHLU GLVWRUWLRQ DQG GLUHFWLRQV RI SUHIHUHG
VPHDUV� FRPSDUHG ZLWK WKH UHIHUHQFH RQHV� VHUYHG DV
WKH FKDUDFWHULVWLFV� 7KH PHWKRG RI WKH EDFNZDUG WDNH
RI D URFNLQJ VLQJOH FU\VWDO ZDV HPSOR\HG IRU TXDQWL�
WDWLYH HVWLPDWLRQ RI WKH GLVORFDWLRQ VXEVWUXFWXUH SD�
UDPHWHUV DQG GHWHUPLQDWLRQ RI XQLIRUPLW\ RI GLVWULEX�
WLRQ RI HOHPHQWV RI WKH GLVORFDWLRQ HQVHPEOH� :KHQ
XVLQJ D VLQJOH�FU\VWDO VDPSOH� RQH VKRXOG WDNH LQWR
DFFRXQW WKH TXDQWLWDWLYH UHODWLRQVKLS EHWZHHQ ZLGWK
δT⊥ DQG VKDSH ,T⊥ RI GLVWULEXWLRQ RI WKH ;�UD\ UHIOH[
LQWHQVLW\ DQG SDUDPHWHUV RI WKH GLVORFDWLRQ HQVHPEOH
>��� ��@� &ULWHULD IRU HVWLPDWLRQ RI WKH VXEVWUXFWXUH
HOHPHQWV ZHUH SRVLWLRQ� JHQHUDO DQJOH EURDGHQLQJ DQG
VKDSH RI GLVWULEXWLRQ RI WKH UHIOH[ LQWHQVLW\� ZKLOH LQ
IRUPDWLRQ RI WKH LQWHQVLW\ SHDNV LQ GLVWULEXWLRQ ,T⊥
WKH FULWHULD ZHUH WKHLU TXDQWLW\� DQJOH EURDGHQLQJ RI
LQGLYLGXDO SHDNV DQG OHYHO RI WKH LQWHQVLW\ GURS EH�
WZHHQ WKHP� 7KLV DOORZHG XV WR HVWLPDWH WKH GHQVLW\
RI GLVORFDWLRQV� WKHLU GLVWULEXWLRQ� DV ZHOO DV JHQHUDO�
PHDQ DQG ORFDO DQJOHV RI GLVRULHQWDWLRQ RI HOHPHQWV
RI WKH GLVORFDWLRQ HQVHPEOH� ([DPLQDWLRQV ZHUH SHU�
IRUPHG ZLWK WKH 856���� XQLW DQG WKH '521��0
GLIIUDFWRPHWHU XVLQJ FRSSHU UDGLDWLRQ�

'LVWULEXWLRQV RI WKH LQWHQVLW\ RI ;�UD\ UHIOHFWLRQV
LQ D]LPXWKDO GLUHFWLRQV RI UHIOH[HV� VXFK DV ^���`�
^���`� ^���`� ^���`� ^���` DQG ^���`� FRQVWLWXWLQJ WKH
DQJOH RI OHVV WKDQ ��� PUDG ZLWK RQH RI WKH H[DPL�
QDWLRQ SODQHV ZHUH VWXGLHG� 7KH DSSURSULDWH FRUUHF�
WLRQV ZHUH PDGH LQ WKH LQWHQVLW\ YDOXHV DW DQ LQFOLQHG
SRVLWLRQ RI D VDPSOH�

7KHUHIRUH� WKH TXDOLWDWLYH DQG TXDQWLWDWLYH FKD�
UDFWHULVWLFV �PHWDOORJUDSKLF PHWKRGV� FRPSOHPHQWHG
ZLWK WKH TXDQWLWDWLYH SDUDPHWHUV RI VWUXFWXUH �;�UD\
PHWKRGV� DOORZ WKH PDQ\�DVSHFW FKDUDFWHULVDWLRQ RI
WKH LQLWLDO PHWDO� DV ZHOO DV YDULDWLRQV FDXVHG E\ LWV
PHOWLQJ DQG VROLGLILFDWLRQ GXULQJ WKH ZHOGLQJ SURFHVV�
ZLWK D KLJK GHJUHH RI DFFXUDF\ DQG UHOLDELOLW\�

7R PDNH LQYHVWLJDWLRQV PRUH FRQYHQLHQW� WKH EDVLF
IDFWRUV GHWHUPLQLQJ IRUPDWLRQ RI VWUXFWXUH ZLWKLQ WKH
ZHOGHG MRLQW ]RQH ZHUH VXEGLYLGHG LQWR FKDUDFWHULVWLFV
RI WKH ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV DQG SDUDPH�
WHUV RI WKH LQLWLDO VWUXFWXUH�

,QYHVWLJDWLRQV RI ZHOGHG MRLQWV LQ QLRELXP DQG
WXQJVWHQ VLQJOH FU\VWDOV� SURGXFHG DW D VSHHG UDQJLQJ
IURP � WR �� PP�V� UHYHDOHG WKH IROORZLQJ VWUXF�
WXUDO�RULHQWDWLRQ SHFXOLDULWLHV RI PHWDO RI WKHVH MRLQWV
GHSHQGLQJ XSRQ WKH ZHOGLQJ FRQGLWLRQV DQG SDUDPH�
WHUV �SULPDULO\ WKH ZHOGLQJ VSHHG��

)LUVW RI DOO� ;�UD\ �)LJXUHV �w�� DQG PHWDO�
ORJUDSKLF H[DPLQDWLRQV VKRZHG WKH SRVVLELOLW\ RI UH�
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WDLQLQJ RI D VLQJOH�FU\VWDOOLQH VWUXFWXUH RI ZHOGHG
MRLQWV LQ VLQJOH FU\VWDOV RI D GLIIHULQJ FU\VWDOORJUDSKLF
RULHQWDWLRQ� SURGXFHG ZLWKLQ WKH DERYH VSHHG UDQJH�
7KH ZHOG PHWDO LQKHULWHG WKH EDVH PHWDO FU\VWDO�
ORJUDSKLF RULHQWDWLRQZLWK HDFK RI WKH FRQVLGHUHG FRP�
ELQDWLRQV RI ZHOGLQJ FRQGLWLRQV� RULHQWDWLRQV RI WKH

IXVLRQ VXUIDFH DQG ZHOGLQJ GLUHFWLRQV �)LJXUH ���
+RZHYHU� WKH GLDJUDPV RI GLIIHUHQW ]RQHV RI D ZHOGHG
MRLQW IL[HG GHYLDWLRQV RI WKH RULHQWDWLRQ UHODWLYH WR
WKDW RI WKH EDVH PHWDO IURP �� WR ��� PUDG� 7KH
GLVRULHQWDWLRQ DQJOH GHSHQGV SULPDULO\ XSRQ WKH LQL�
WLDO RULHQWDWLRQ RI WKH ZHOG HGJHV� DV ZHOO DV XSRQ WKH

)LJXUH �� 'LDJUDPV RI WKH (% ZHOG PHWDO RQ WXQJVWHQ VLQJOH FU\VWDOV SURGXFHG DW D VSHHG RI �� PP�V ZLWK WKH IROORZLQJ LQLWLDO
RULHQWDWLRQV RI IXVLRQ VXUIDFHV� D x >���@� E x >���@� F x >���@� G x >���@� H x EDVH PHWDO ^���`

)LJXUH �� 6SDWLDO GLVWULEXWLRQ RI LQWHQVLW\ �D� F� DQG LVR�LQWHQVLYH OLQHV �E � G� RI VFDWWHUHG ;�UD\ UDGLDWLRQ LQ D]LPXWKDO SODQH ,T⊥ IRU
WKH FHQWUDO SDUW RI WKH ZHOG� D� Ex PRO\EGHQXP� F� Gx WXQJVWHQ �IXVLRQ VXUIDFH ������ ZHOGLQJ GLUHFWLRQ >���@� UHIOH[ ������ ZHOGLQJ
VSHHG � PP�V�
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ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV� 9DOXHV RI YDUL�
DWLRQV LQ WKH FU\VWDOORJUDSKLF RULHQWDWLRQ DFURVV WKH
VHFWLRQ� REWDLQHG E\ WKH /DXH PHWKRG� DUH ��w
��� PUDG� $V WKH PHDVXUHPHQW HUURU RI �� PUDG DQG
LQDFFXUDF\ RI FXWWLQJ DQG DVVHPEO\ RI WKH VDPSOHV
HTXDO WR ��w�� PUDG DUH FRPPHQVXUDEOH ZLWK WKH
YDOXHV REWDLQHG� GHULYLQJ RI WKH H[DFW QXPHULFDO GH�
SHQGHQFLHV RI YDULDWLRQV LQ FU\VWDOORJUDSKLF RULHQWD�
WLRQ RI WKH ZHOG PHWDO XSRQ WKH ZHOGLQJ FRQGLWLRQV
DQG SDUDPHWHUV LQYROYHV SUREOHPV� 1HYHUWKHOHVV� LW LV
SRVVLEOH WR GLVWLQJXLVK WKH PDLQ WUHQGV LQ LQKHULWDQFH
RI WKH FU\VWDOORJUDSKLF RULHQWDWLRQ GHSHQGLQJ XSRQ
WKH ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV� 7KHVH WUHQGV
DUH LGHQWLFDO IRU WKH PRO\EGHQXP� WXQJVWHQ DQG QLR�
ELXP VLQJOH FU\VWDOV� +RZHYHU� WKHUH DUH DOVR VRPH
GLIIHUHQFHV QRW RI D SULQFLSDO LPSRUWDQFH� ([DFW SHDNV
RI WKH LQWHQVLW\ RI UHIOHFWLRQ RI WKH ZHOG PHWDO �WXQJ�
VWHQ� DUH LQGLFDWLYH RI D PRUH GHYHORSHG SRO\JRQLVD�
WLRQ SURFHVV �)LJXUH ���

0DLQ SHFXOLDULWLHV RI YDULDWLRQV LQ VWUXFWXUH RI WKH
ZHOGHG MRLQWV LQ D GLUHFWLRQ IURP WKH EDVH PHWDO WR
WKH ZHOG FHQWUH DUH DV IROORZV� VSRWV LQ WKH GLDJUDPV
DQG SDWWHUQV RI WKH LQWHQVLW\ RI VFDWWHUHG ;�UD\ UD�
GLDWLRQ JUDGXDOO\ LQFUHDVH LQ ZLGWK DQG VSOLW LQWR LQ�
GLYLGXDO PD[LPD �)LJXUHV �w��� 7KLV LV LQGLFDWLYH RI
YDULDWLRQV LQ GHQVLW\ DQG GLVWULEXWLRQ RI GLVORFDWLRQ
GHIHFWV LQ GLIIHUHQW SDUWV RI WKH ZHOG�

&RQVLGHU JHQHUDOLVHG UHVXOWV RI LQYHVWLJDWLRQ RI WKH
ZHOGV PDGH E\ SHQHWUDWLRQ RI D VROLG SODWH� UHVXOWLQJ
LQ PLQLPLVDWLRQ RI WKH HIIHFW RI WKH HUURU RI SRVLWLRQLQJ
DQG SUHSDUDWLRQ RI VDPSOHV� 7DEOH � JLYHV WKH GDWD RI
LQYHVWLJDWLRQ RI ZHOGHG MRLQWV ZLWK WKH IXVLRQ VXUIDFH
RULHQWDWLRQ RI ����� �ZHOGLQJ GLUHFWLRQ ����!�� $V
VHHQ IURP WKH 7DEOH� WKH ZHOGLQJ VSHHG KDV D VXEVWDQ�
WLDO HIIHFW RQ SHUIHFWLRQ RI VWUXFWXUH RI WKH ZHOG PHWDO
�WKH ILUVW DQG VHFRQG JURXSV RI VWUXFWXUH SDUDPHWHUV
FKDUDFWHULVLQJ LQKHULWDQFH RI WKH EDVH PHWDO VWUXF�
WXUH�� L�H� RQ WKH DFFXUDF\ RI LQKHULWDQFH RI WKH EDVH
PHWDO VWUXFWXUH� 7KH EHVW UHVXOWV ZHUH REWDLQHG DW D
IXVLRQ VXUIDFH RI ����� DQG ZHOGLQJ GLUHFWLRQ RI >���@
DQG >���@� DQG WKH ZRUVW UHVXOWV x DW D ZHOGLQJ
GLUHFWLRQ RI >���@� *RRG LQKHULWDQFH RI SHUIHFWLRQ RI
WKH VLQJOH�FU\VWDO VWUXFWXUH ZLWK D IXVLRQ VXUIDFH RI
����� IRU DOO ZHOGLQJ GLUHFWLRQV ZDV IL[HG DW ORZ
ZHOGLQJ VSHHGV ���� PP�V� �GLVRULHQWDWLRQ RI VXE�
VWUXFWXUH ZDV HTXDO WR ��w�� PUDG� GHYLDWLRQ RI RUL�

HQWDWLRQ RI WKH ZHOG LQ LWV FHQWUDO SDUW ZDV ��w
�� PUDG�� )XUWKHU GHFUHDVH LQ WKH ZHOGLQJ VSHHG �WR
� PP�V� DJJUDYDWHV WKH WUHQG WR GHFUHDVH LQ GLVRUL�
HQWDWLRQ RI WKH VXEVWUXFWXUH HOHPHQWV DQG GLVORFDWLRQ
GHQVLW\ ZLWK WKH ZHOGLQJ VSHHG GHFUHDVHG WR WKLV RUL�
HQWDWLRQ RI WKH IXVLRQ VXUIDFH� +RZHYHU� ORZ ZHOGLQJ
VSHHGV PD\ FDXVH SUREOHPV RI D WHFKQRORJ\ FKDUDFWHU
�LQFUHDVH LQ WKH ZHOG ZLGWK� EXUQV�WKURXJK HWF���

6LPLODU H[DPLQDWLRQV RI EXWW ZHOGHG VDPSOHV UH�
YHDO WKH HIIHFW RI GLVWXUEDQFHV DVVRFLDWHG ZLWK DVVHP�
EO\ DQG SUHSDUDWLRQ RI IXVLRQ VXUIDFHV �7DEOH �� )L�
JXUH ��� 'LVRULHQWDWLRQ RI WKH VXEVWUXFWXUH HOHPHQWV
DW WKH ZHOG FHQWUH IRU WKH EHVW ZHOGLQJ YDULDQWV LV
��w�� PUDG� )RU D IXVLRQ VXUIDFH RI ����� >���@� GLV�
RULHQWDWLRQ RI WKH VXEVWUXFWXUH HOHPHQWV DW WKH FHQWUDO
SDUW RI WKH ZHOG SURGXFHG DW D VSHHG RI ��� PP�V
DPRXQWV WR ���w��� PUDG� ,QFUHDVLQJ WKH ZHOGLQJ
VSHHG WR �� PP�V OHDGV WR GHFUHDVH LQ GLVRULHQWDWLRQ
WR ��w�� PUDG� :LWK IXUWKHU LQFUHDVH LQ WKH ZHOGLQJ
VSHHG �WR �� PP�V� WKH WUHQG WR IXUWKHU LPSURYHPHQW
RI SHUIHFWLRQ RI WKH ZHOG VWUXFWXUH ZDV IL[HG� EXW�
OLNH DW ORZ ZHOGLQJ VSHHGV� WKLV UHVXOWV LQ D WHFKQR�

7DEOH �� (VWLPDWHV RI GLVORFDWLRQ VWUXFWXUH RI PHWDO LQ WKH ]RQH
DORQJ WKH ZHOG D[LV
 UHVXOWLQJ IURP FDOFXODWLRQ RI WKH DFWXDO
SK\VLFDO EURDGHQLQJ RI UDGLDO GLVWULEXWLRQ RI WKH LQWHQVLW\ RI VFDW�
WHULQJ RI ;�UD\ UDGLDWLRQ
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,QLWLDO RULHQWDWLRQ RI WKH PHOWLQJ VXUIDFH >���@�



9DOXHV RI DFWXDO EURDGHQLQJ DUH JLYHQ IRU UHIOH[HV ����� DQG

������

7DEOH �� 'LVRULHQWDWLRQ RI WKH VXEVWUXFWXUH HOHPHQWV ZLWKLQ WKH
]RQH RI WKH ZHOG D[LV LQ WXQJVWHQ EXWW ZHOGHG MRLQWV PDGH DW GLI�
IHUHQW ZHOGLQJ VSHHGV RQ VDPSOHV ZLWK D GLIIHUHQW FU\VWDO�
ORJUDSKLF RULHQWDWLRQ

6XUIDFH RULHQWD�

WLRQ

:HOGLQJ VSHHG�

PP�V

0D[LPXP GLVRULHQWDWLRQ� PUDG

Y
Z⊥ Y

Z_ _

>���@ ��� ���w��� ��w��
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1R W H � 2ULHQWDWLRQ RI WKH VDPSOH VXUIDFH x >���@� YZ ⊥ x QRUPDO

WR WKH ZHOGLQJ GLUHFWLRQ� YZ__ x SDUDOOHO WR WKH ZHOGLQJ GLUHFWLRQ�

7DEOH �� 7\SLFDO FRQGLWLRQV RI (%: RI WXQJVWHQ VLQJOH FU\VWDOV

7KLFNQHVV RI PHWDO

ZHOGHG� PP
%HDP FXUUHQW� P$ :HOGLQJ VSHHG� PP�V

��� ��� �

��� ��� ��

��� ��� ��

��� ��� ��

1R W H V � �� 3UHKHDWLQJ FRQGLWLRQV ZHUH VHOHFWHG RQ WKH EDVLV RI DO�

OR\ ZHOGHG� VDPSOH VL]H DQG IL[WXUH W\SH� �� $FFHOHUDWLQJ YROWDJH LQ

DOO FDVHV ZDV �� 9� �� 3UHVVXUH LQVLGH WKH FKDPEHU DPRXQWHG WR

��� 03D�
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ORJLFDO SUREOHP RI IRUPDWLRQ RI VRXQG ZHOGV �XQGHU�
FXWV� UHFHVVHV HWF���

$V VHHQ IURP 7DEOHV �w� DQG )LJXUHV � DQG �� WKH
HIIHFW RI WKH ZHOGLQJ VSHHG RQ SHUIHFWLRQ RI WKH ZHOG
PHWDO VWUXFWXUH LV FORVHO\ UHODWHG WR WKH LQLWLDO RULHQ�
WDWLRQ RI WKH EDVH PHWDO� ([DPLQDWLRQV RI VDPSOHV RI
RWKHU FU\VWDOORJUDSKLF RULHQWDWLRQV� ZHOGHG XQGHU GLI�

IHUHQW FRQGLWLRQV �VSHHGV�� VKRZ WKDW� DORQJ ZLWK WKH
ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV� DQ HYHQ KLJKHU
HIIHFW RQ IRUPDWLRQ RI WKH ZHOG PHWDO VWUXFWXUH LV
H[HUWHG E\ RULHQWDWLRQ RI WKH LQLWLDO PHOWLQJ VXUIDFH
�)LJXUHV �� �� ��� DV WKH IXVLRQ VXUIDFH VHUYHV DV D
SULPHU �VXEVWUDWH� IRU VROLGLILFDWLRQ� 7KH GHJUHH RI
LQKHULWDQFH RI WKH VXEVWUDWH VWUXFWXUH GHWHUPLQHV SHU�
IHFWLRQ RI WKH ZHOG PHWDO VWUXFWXUH�

$QDO\VLV RI WKH DERYH GDWD VKRZHG WKDW WKH EHVW
UHVXOWV FRXOG EH REWDLQHG IRU VDPSOHV ZLWK D PHOWLQJ
VXUIDFH RI ^���` DQG ^���` DW LQFUHDVHG ZHOGLQJ VSHHGV�
ZKLOH IRU VDPSOHV ZLWK D PHOWLQJ VXUIDFH RI ^���` WKH
EHVW UHVXOWV ZHUH REWDLQHG DW ORZ ZHOGLQJ VSHHGV� DQG
WKH OHVV SHUIHFW VLQJOH�FU\VWDO ZHOGV ZHUH SURGXFHG DW
D PHOWLQJ VXUIDFH RI ^���`� ,QFUHDVLQJ WKH ZHOGLQJ
VSHHG IRU VXUIDFH RULHQWDWLRQV RI >���@ DQG >���@ OHDGV
WR VRPH GHFUHDVH LQ PD[LPXP YDOXHV RI GLVRULHQWDWLRQ
RI WKH VXEVWUXFWXUH HOHPHQWV� +RZHYHU� UHIOH[HV ZLWK
FOHDUO\ GHILQHG KHWHURJHQHRXV DVWHULVP ZHUH UHYHDOHG
LQ WKH ;�UD\ SDWWHUQV �VHH )LJXUH ��� ZKLFK LV LQGLFD�
WLYH RI WKH SUHVHQFH RI UHGXQGDQW� QRQ�XQLIRUPO\ GLV�
WULEXWHG GLVORFDWLRQV ZLWK GLIIHUHQW %XUJHUV YHFWRUV�
7KLV GLVWULEXWLRQ RI GLVORFDWLRQV IRUPV UHJLRQV RI ORFDO
RYHUVWUHVVHV VXVFHSWLEOH WR UHFU\VWDOOLVDWLRQ� )RU D IX�
VLRQ VXUIDFH RULHQWDWLRQ RI ^���` ZH IDLOHG WR SURGXFH
ZHOGV ZLWK D VWUXFWXUH FORVH WR WKDW RI WKH EDVH PHWDO�

7KHUHIRUH� LW FDQ EH FRQFOXGHG WKDW HDFK LQLWLDO
FU\VWDOORJUDSKLF RULHQWDWLRQ KDV LWV RZQ RSWLPDO ZHOG�
LQJ FRQGLWLRQV DQG SDUDPHWHUV SURYLGLQJ D PRUH SHU�
IHFW VWUXFWXUH�

5HVXOWV RI HVWLPDWLRQ RI WKH WRWDO GLVORFDWLRQ GHQ�

VLW\ LQ WKH ZHOG VWUXFWXUH FRLQFLGH ZLWK HDUOLHU HVWDE�

OLVKHG GHSHQGHQFLHV RI SHUIHFWLRQ RI WKH ZHOG PHWDO

VWUXFWXUH XSRQ WKH FU\VWDOORJUDSKLF RULHQWDWLRQ RI WKH

LQLWLDO PHWDO� DV ZHOO DV ZHOGLQJ FRQGLWLRQV DQG SD�

UDPHWHUV� $V GLVRULHQWDWLRQ RI WKH VXEVWUXFWXUH HOH�

PHQWV LQFUHDVHV� WKH GLVORFDWLRQ GHQVLW\ JURZV IURP

DERXW �⋅���w�⋅��� WR �⋅���w�⋅��� FPw�� ,Q UHJLRQV

ZKHUH WKH WRWDO GLVORFDWLRQ GHQVLW\ JURZV PRUH WKDQ

�� WLPHV� WKH GHQVLW\ RI FKDRWLFDOO\ ORFDWHG GLVORFD�

WLRQV IDOOV �VHH 7DEOH �� EHFDXVH RI WKHLU UH�JURXSLQJ

DQG IRUPDWLRQ RI VXE�ERXQGDULHV� 7KH WRWDO GLVORFDWLRQ

GHQVLW\ RI WKH HQWLUH GLVORFDWLRQ HQVHPEOH LQFUHDVHV

GXH WR YDULDWLRQV LQ WKH FRQFHQWUDWLRQ DQG GLVRULHQ�

WDWLRQ RI VXE�ERXQGDULHV�
9DOXHV RI PLFURKDUGQHVV LQ GLIIHUHQW SDUWV RI WKH

ZHOG DUH VKRZQ LQ )LJXUH �� 0LFURKDUGQHVV JURZV LQ
WKH +$= DQG GHFUHDVHV LQ WKH ]RQH RI WKH ZHOG D[LV�
'HFUHDVH LQ PLFURKDUGQHVV RI PHWDO LQ WKH FHQWUDO SDUW
RI WKH ZHOG PD\ EH UHODWHG WR WKH SRO\JRQLVDWLRQ SUR�
FHVVHV �GHFUHDVH LQ WKH GHQVLW\ RI FKDRWLFDOO\ ORFDWHG
GLVORFDWLRQV DQG IRUPDWLRQ RI VXE�ERXQGDULHV�� 5HGLV�
WULEXWLRQ RI GLVORFDWLRQV OHDGV WR FKDQJHV LQ GLVWULEX�
WLRQ RI LQWHUVWLWLDO LPSXULWLHV� ,QFUHDVH LQ WKH FRQFHQ�
WUDWLRQ DQG DQJOH RI GLVRULHQWDWLRQ RI WKH GLVORFDWLRQ
ZDOOV LV DFFRPSDQLHG E\ JURZWK RI WKH FRQFHQWUDWLRQ
RI LPSXULWLHV� L�H� �FOHDQLQJ� RI WKH PDWHULDO PDWUL[�

7KH UHYHDOHG VWUXFWXUDO RULHQWDWLRQ SHFXOLDULWLHV
FDQ EH H[SODLQHG DV IROORZV� &U\VWDOORJUDSKLF RULHQ�
WDWLRQ RI PHWDO DQG SHUIHFWLRQ RI VWUXFWXUH LQ JURZWK

)LJXUH �� +LVWRJUDPV RI GLVRULHQWDWLRQ ��� � x PLQLPXP� �� � x
PD[LPXP� RI VXEVWUXFWXUH HOHPHQWV RI WKH ZHOG SURGXFHG E\ (%:
DW GLIIHUHQW VSHHGV� D x ���� E x �� PP�V� �� � x QRUPDO WR
WKH ZHOGLQJ GLUHFWLRQ� �� � x SDUDOOHO WR WKH ZHOGLQJ GLUHFWLRQ
�θ x DQJXODU ZLGWK�

)LJXUH �� 9DULDWLRQ LQ FKDUDFWHULVWLFV RI VXEVWUXFWXUH LQ D FURVV
VHFWLRQ RI ZHOGHG MRLQWV LQ WXQJVWHQ VLQJOH FU\VWDOV RI D GLIIHULQJ
RULHQWDWLRQ� D x GLVRULHQWDWLRQ RI VXEVWUXFWXUH HOHPHQWV� WRWDO
GLVORFDWLRQ GHQVLW\� E x PLFURKDUGQHVV� � x >���@� � x >���@�
�x >���@� �x >���@� �x >���@ �SRO\FU\VWDOOLQH VWUXFWXUH DORQJ
WKH D[LV�
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RI FU\VWDOV GHSHQG WR D VXEVWDQWLDO GHJUHH XSRQ WKH
SDUDPHWHUV� WKH VROLGLILFDWLRQ UDWH LQ SDUWLFXODU >��
��w��@� $SSDUHQWO\� HDFK VSHFLILF UDQJH RI WKH VROLGL�
ILFDWLRQ UDWHV KDV LWV RZQ� PRVW IDYRXUDEOH FU\VWDO�
ORJUDSKLF GLUHFWLRQV� WKH VR�FDOOHG FU\VWDOORJUDSKLF
SODQHV RI WKH SULRULW\ JURZWK�

:H FRQGXFWHG H[SHULPHQWV LQWHQGHG WR YHULI\ YD�
OLGLW\ RI WKLV SRVWXODWH DQG VSHFLI\ LW IRU WKH (%:
FRQGLWLRQV� 7KH VDPSOHV ZHUH ORFDOO\ DQG VXFFHVVLYHO\
UHPHOWHG ZLWK HOHFWURQ EHDP E\ RYHUODSSLQJ WKH SHQH�
WUDWHG ]RQH WR D GLVWDQFH PRUH WKDQ KDOI WKH ZHOG
ZLGWK� )LJXUH � VKRZV UHVXOWV RI ;�UD\ H[DPLQDWLRQV
RI WKHVH VDPSOHV� ,W IROORZV IURP WKHP WKDW YDULDWLRQV
LQ ERWK RULHQWDWLRQ RI JURZWK DQG SHUIHFWLRQ RI VWUXF�
WXUH RI WKH UHPHOHG ZHOG PHWDO GHSHQG XSRQ WKH VSHHG
RI GLVSODFHPHQW RI WKH PROWHQ ]RQH� 7KXV� DW D VSHHG
RI ��� PP�V �)LJXUH �� E� VROLGLILFDWLRQ RFFXUV LQ D
GLUHFWLRQ FORVH WR >���@� 'LIIUDFWLRQ VSRWV LQ WKH GLD�
JUDPV KDYH WKH IRUP RI UHIOH[HV RI D UHJXODU VKDSH
ZLWK D VOLJKWO\ GHYHORSHG LQWHUQDO VWUXFWXUH� ZKLFK LV
LQGLFDWLYH RI DQ LQVLJQLILFDQW GLVRULHQWDWLRQ RI EORFNV
DQG D KLJK SHUIHFWLRQ RI PDWHULDO� ,QFUHDVLQJ WKH VSHHG
WR ��� PP�V �)LJXUH �� F� OHDGV WR JURZWK RI FU\VWDOV
LQ WKH >���@ GLUHFWLRQ� L�H� WKH RULHQWDWLRQ JUDGXDOO\
VKLIWV WR WKH >���@ GLUHFWLRQ� 7KH GLIIUDFWLRQ VSRWV DUH
PRUH VPHDUHG DQG KDYH DQ LQWHUQDO VWUXFWXUH� $W D
VSHHG RI GLVSODFHPHQW HTXDO WR ��� PP�V �)LJXUH ��
G� WKH GLUHFWLRQ RI D SUHIHUUHG JURZWK LV >���@�

,I WKH VROLGLILFDWLRQ GLUHFWLRQ DQG VXEVWUDWH RULHQ�
WDWLRQ FRLQFLGH ZLWK WKH GLUHFWLRQ RI D SUHIHUUHG
JURZWK� WKH VROLGLILFDWLRQ SURFHVV WR RFFXU UHTXLUHV
WKH OHDVW RYHUFRROLQJ� LW WDNHV SODFH XQGHU PRUH HTXL�
OLEULXP FRQGLWLRQV� DQG PHWDO VWUXFWXUH LV PRUH SHU�
IHFW�

7KHUHIRUH� WKH GHFLVLYH IDFWRUV LQ IRUPDWLRQ RI
VWUXFWXUH RI D ZHOGHG MRLQW DUH SHUIHFWLRQ DQG LQLWLDO
FU\VWDOORJUDSKLF RULHQWDWLRQ RI WKH IXVLRQ VXUIDFH� DV
WKH ODWWHU VHUYHV DV D IRXQGDWLRQ RQ ZKLFK WKH �EULFNV�
RI D VROLGLI\LQJ PHWDO DUH DUUDQJHG� LQKHULWLQJ LWV RUL�
HQWDWLRQ DQG SHUIHFWLRQ� (IIHFW RI WKH VROLGLILFDWLRQ
UDWH LV PRUH SURQRXQFHG LQ WKH FDVH RI QRQ�FRLQFLGHQFH
RI LQLWLDO RULHQWDWLRQ DQG GLUHFWLRQ RI D SUHIHUUHG
JURZWK� ZKLFK SUHYHQWV LQKHULWDQFH RI WKH LQLWLDO
VWUXFWXUH� 0DQLIHVWDWLRQ RI WKLV SKHQRPHQRQ LV
JURZWK RI WKH GLVORFDWLRQ GHQVLW\� FDXVLQJ UHGLVWULEX�
WLRQ RI GLVORFDWLRQV� WKXV OHDGLQJ WR IRUPDWLRQ RI RYHU�
VWUHVVHG FHQWUHV LQ WKH FDVH RI XQIDYRXUDEOH ZHOGLQJ
FRQGLWLRQV DQG SDUDPHWHUV� 7KH VWURQJHU WKH GHYLDWLRQ
RI WKH ZHOGLQJ SDUDPHWHUV IURP WKH IDYRXUDEOH RQHV
IRU D JLYHQ FU\VWDOORJUDSKLF RULHQWDWLRQ� WKH KLJKHU
WKH GHIHFWLYHQHVV RI D VWUXFWXUH� 7KLV FDQ H[SODLQ GLI�
IHUHQFH LQ WKH GLVORFDWLRQ GHQVLW\ DQG GLVRULHQWDWLRQ
RI WKH VXEVWUXFWXUH HOHPHQWV LQ PHWDO RI WKH ZHOGV
SURGXFHG DW GLIIHUHQW ZHOGLQJ VSHHGV �VHH )LJXUHV �
DQG �� 7DEOHV � DQG ���

$V WKH VROLGLILFDWLRQ UDWH LV GLIIHUHQW DFURVV WKH VHF�
WLRQ RI WKH ZHOG �DOPRVW HTXDO WR ]HUR QHDU WKH IXVLRQ
OLQH� DQG PD[LPXP� DOPRVW HTXDO WR WKH ZHOGLQJ VSHHG
DORQJ WKH ZHOG D[LV >�� ��@�� WKH HIIHFW RI FRQGLWLRQV RI
JURZWK RI VLQJOH FU\VWDOV RQ WKHLU SHUIHFWLRQ FDQ EH
WUDFHG LQ RQH ZHOG �VHH )LJXUHV � DQG ���

;�UD\ UHIOH[HV IRU WKH EDVH PHWDO KDG D VPRRWK
GLVWULEXWLRQ RI WKH LQWHQVLW\ ZLWK D ZLGWK RI DERXW
��w�� PUDG� ,Q WKH +$= WKH ZLGWK RI WKLV GLVWULEXWLRQ
JURZV� EXW LWV VKDSH UHPDLQV VPRRWK� 7KH FOHDUO\ GH�
ILQHG SHDNV LQ WKH LQWHQVLW\ GLVWULEXWLRQ DSSHDU LQ WKH
FHQWUDO SDUW RI WKH ZHOG� 7KHVH SHDNV FKDUDFWHULVH D
ZHOO�IRUPHG VXE�JUDLQ VWUXFWXUH�

)LJXUH �� 6WHUHRJUDSKLF SURMHFWLRQ �D� DQG GLDJUDPV �EwG� RI RULHQWDWLRQV RI QLRELXP FU\VWDOV GHPRQVWUDWLQJ YDULDWLRQV LQ WKH GLUHFWLRQ
RI WKHLU JURZWK GHSHQGLQJ XSRQ WKH VSHHG RI GLVSODFHPHQW RI WKH PROWHQ SRRO� E x ���� F x ���� G x ��� PP�V
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7KH GLVORFDWLRQ GHQVLW\ LQ WKH ZHOG PHWDO PD\
JURZ DOPRVW E\ DQ RUGHU RI PDJQLWXGH HYHQ ZLWK WKH
EHVW YDULDQWV RI UHODWLRQVKLSV EHWZHHQ WKH LQLWLDO FU\V�
WDOORJUDSKLF RULHQWDWLRQV DQG ZHOGLQJ VSHHG� ZKLOH LQ
RWKHU OHVV VXFFHVVIXO H[SHULPHQWV LW PD\ JURZ WR D
PXFK KLJKHU YDOXH �VHH )LJXUH �� D��

9DOXHV RI PLFURKDUGQHVV �VHH )LJXUH �� E� FRUUHODWH
ZLWK WKH DERYH UHVXOWV RI ;�UD\ H[DPLQDWLRQV� 5HJLRQV
ZLWK WKH KLJKHVW GHQVLW\ RI FKDRWLFDOO\ ORFDWHG GLVOR�
FDWLRQV KDYH D PD[LPXP KDUGQHVV� DQG UHJLRQV LQ
ZKLFK WKH GLVORFDWLRQV DUH DUUDQJHG LQWR ZDOOV DQG
WKH VXE�ERXQGDULHV DUH IRUPHG KDYH D PLQLPXP KDUG�
QHVV�

,W FDQ EH FRQFOXGHG KHUH WKDW YDULDWLRQV LQ WKH
ZHOGLQJ VSHHG DUH FDSDEOH RI VXEVWDQWLDOO\ �E\ RUGHUV
RI PDJQLWXGH� FKDQJLQJ WKH GLVORFDWLRQ GHQVLW\ LQ WKH
ZHOG PHWDO� WKXV GHWHUPLQLQJ LQKHULWDQFH RI VWUXFWXUH
RI WKH LQLWLDO EDVH PHWDO E\ WKH ZHOG PHWDO� ,QFUHDVH
LQ WKH VSHHG RI ZHOGLQJ RI WKH VDPSOHV� LQ ZKLFK WKH
GHQVHO\ SDFNHG FU\VWDOORJUDSKLF SODQHV RI WKH >���@
DQG >���@ W\SH SUHYDLO� OHDGV WR IRUPDWLRQ RI WKH OHDVW
GLVWRUWHG VWUXFWXUH RI WKH ZHOG PHWDO� )RU VXUIDFHV
ZLWK WKH OHVV GHQVHO\ SDFNHG FU\VWDOORJUDSKLF SODQHV
RI WKH W\SH RI >���@ DQG FORVH WR WKHP� WKH VLPLODU
UHVXOWV FDQ EH REWDLQHG ZLWK GHFUHDVH LQ WKH ZHOGLQJ
VSHHG�

,W VKRXOG EH HPSKDVLVHG WKDW WKH UHVXOWV REWDLQHG
VKRXOG QRW EH DOORZHG IRU VHSDUDWHO\� DQG WKH HIIHFW
RI WKH FU\VWDOORJUDSKLF RULHQWDWLRQ VKRXOG QRW EH VHSD�
UDWHG IURP WKH HIIHFW RI ZHOGLQJ FRQGLWLRQV DQG SD�
UDPHWHUV� $QG LW LV WKH ODVW IDFWRU WKDW WKH VFDWWHU RI
WKH GDWD REWDLQHG LV DVVRFLDWHG ZLWK� 9DULDWLRQV LQ WKH
ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV� PRVW GLIIHUHQW
IURP WKH RSWLPDO RQHV� PD\ OHDG WR D VXEVWDQWLDO VFDW�
WHU RI WKH GDWD DQG GHJUHH RI GHSHQGHQFH RI VWUXFWXUDO
SHUIHFWLRQ XSRQ WKHVH SDUDPHWHUV� (DFK SDUWLFXODU FDVH
UHTXLUHV VSHFLILFDWLRQ RI VROLGLILFDWLRQ FRQGLWLRQV� HV�
SHFLDOO\ WKH VSHHG� DQG HYHQ WR D KLJK GHJUHH x WKH
LQLWLDO FU\VWDOORJUDSKLF RULHQWDWLRQ DW WKH PRPHQW RI
QXFOHDWLRQ RI D FU\VWDO �WKH LQLWLDO VWDJH RI VROLGLILFD�
WLRQ��

5HVXOWV RI WKH LQYHVWLJDWLRQV SHUIRUPHG KHOSHG WR
GHWHUPLQH WKH ZD\V RI SURGXFLQJ ZHOGHG MRLQWV LQ
ERWK VLQJOH FU\VWDOV DQG WH[WXUHG DQG SRO\FU\VWDOOLQH
PHWDOV ZLWK D PLQLPXP GLVWRUWLRQ RI WKH LQLWLDO VWUXF�
WXUH DQG UHTXLUHG SURSHUWLHV�

7KHUHIRUH� ;�UD\ DQG PHWDOORJUDSK\ H[DPLQDWLRQV
SURYHG WKDW LQ IXVLRQZHOGLQJ WKHZHOGPHWDO LQKHULWHG
WKH VWUXFWXUDO VWDWH RI WKH EDVH PHWDO�

7KH GHJUHH RI LQKHULWDQFH RI WKH LQLWLDO VWUXFWXUDO
VWDWH� GHWHUPLQLQJ WKH OHYHO RI PHFKDQLFDO SURSHUWLHV
RI D ZHOGHG MRLQW� FDQ EH HVWLPDWHG QRW RQO\ E\ GH�
YLDWLRQ RI FU\VWDOORJUDSKLF RULHQWDWLRQ RI WKH ZHOG
PHWDO IURP WKH EDVH RQH� EXW DOVR E\ GLVRULHQWDWLRQ
RI WKH VXEVWUXFWXUH HOHPHQWV� GHQVLW\ DQG GLVWULEXWLRQ
RI GLVORFDWLRQV�

7KH GHJUHH RI LQKHULWDQFH LV GHWHUPLQHG E\ WKH
LQLWLDO FU\VWDOORJUDSKLF RULHQWDWLRQ� DV ZHOO DV ZHOGLQJ
FRQGLWLRQV DQG SDUDPHWHUV� :LWK WKHLU IDYRXUDEOH
FRPELQDWLRQ WKH GHYLDWLRQ RI WKH FU\VWDOORJUDSKLF RUL�

HQWDWLRQ RI WKH ZHOG PHWDO IURP WKH LQLWLDO RQH LV QRW
LQ H[FHVV RI �� PUDG� DQG GLVRULHQWDWLRQ RI WKH VXE�
VWUXFWXUH HOHPHQWV LV ��w�� PUDG DW ��w�� PUDG IRU
WKH EDVH PHWDO� *URZWK RI WKH GLVORFDWLRQ GHQVLW\ �E\
DQ RUGHU RI PDJQLWXGH DQG PRUH� LQ WKH ZHOG PHWDO
DQG GLIIHULQJ GLVWULEXWLRQ RI GLVORFDWLRQV ZHUH IL[HG
LQ DOO WKH YDULDQWV RI WKH LQYHVWLJDWHG FU\VWDOORJUDSKLF
RULHQWDWLRQ DQG ZHOGLQJ FRQGLWLRQV�

7KH UHYHDOHG SHFXOLDULWLHV RI LQKHULWDQFH DUH DW�
WULEXWDEOH WR FRUUHVSRQGHQFH RI WKH VROLGLILFDWLRQ UDWH
DQG VSHHG RI SUHIHUUHG JURZWK IRU D FHUWDLQ FU\VWDO�
ORJUDSKLF RULHQWDWLRQ� 9DULDWLRQV LQ WKH LQKHULWDQFH
FKDUDFWHULVWLFV DFURVV WKH VHFWLRQ RI WKH ZHOGV LV FDXVHG
E\ YDULDWLRQV LQ WKH VROLGLILFDWLRQ UDWH�

(DFK FU\VWDOORJUDSKLF RULHQWDWLRQ RI WKH ZHOG
HGJHV KDV VSHFLILF ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV
FKDUDFWHULVHG E\ D PLQLPXP GLVWRUWLRQ RI WKH LQLWLDO
VWUXFWXUDO VWDWH� /RZHU ZHOGLQJ VSHHG DQG SUHKHDWLQJ
DUH UHTXLUHG IRU D VDWLVIDFWRU\ LQKHULWDQFH RI VWUXFWXUH
RI WKH ZHOG HGJHV E\ WKH ZHOG PHWDO� LQ WKH WH[WXUH
RI ZKLFK WKH OHVV GHQVHO\ SDFNHG FU\VWDOORJUDSKLF
SODQHV RI WKH W\SH RI ����� DQG ����� SUHYDLO� $QG
YLFH YHUVD� IRU WKH GHQVHO\ SDFNHG SODQHV ����� DQG
����� RI WKH IXVLRQ VXUIDFH WKH EHVW UHVXOWV FDQ EH
REWDLQHG DW LQFUHDVHG ZHOGLQJ VSHHGV�

�� 3HWURY� *�/�� 7XPDUHY� $�6� ������ 7KHRU\ RI ZHOGLQJ
SURFHVVHV� 0RVFRZ� 9\VVKD\D 6KNROD�

�� ������ 0HWDOOXUJ\ DQG WHFKQRORJ\ RI ZHOGLQJ RI UHIUDFWRU\
PHWDOV DQG DOOR\V RQ WKHLU EDVH� (G� E\ 6�0� *XUHYLFK�
.\LY� 1DXNRYD 'XPND�

�� 7UHILORY� 9�,�� 0LOPDQ� <X�9�� )LUVWRY� 6�$� ������ 3K\VL�
FDO SULQFLSOHV RI UHIUDFWRU\ PHWDOV VWUHQJWK� .\LY� 1DXNRYD
'XPND�

�� 9D\QJDUG� '� ������ ,QWURGXFWLRQ WR SK\VLFV RI PHWDO VR�
OLGLILFDWLRQ� 0RVFRZ� 0LU�

�� &KDOPHUV� %� ������ 7KHRU\ RI VROLGLILFDWLRQ� 0RVFRZ�
0HWDOOXUJL\D�

�� 6DYLWVN\� (�0�� %XUNKDQRY� *�6� ������ 6LQJOH FU\VWDOV RI
UHIUDFWRU\ DQG UDUH PHWDOV DQG DOOR\V� 0RVFRZ� 1DXND�

�� ������ 7KHRU\ RI ZHOGLQJ SURFHVVHV� (G� E\ 9�9� )URORY�
0RVFRZ� 9\VVKD\D 6KNROD�

�� 6DYDJH� :�)�� $URQVRQ� $�+� ������ 3UHIHUUHG RULHQWDWLRQ
LQ WKH ZHOG IXVLRQ ]RQH� :HOGLQJ -�� �� ��w���

�� 0DWVXGD� )�� +DVKLPRWR� 7�� 6HQGD� 7� ������ )XQGDPHQWDO
LQYHVWLJDWLRQ RI VROLGLILFDWLRQ VWUXFWXUH LQ ZHOG PHWDO�
7UDQVDFW� RI 1.-0� �� ��w���

��� 1HURGHQNR� 0�0�� 3ROLVKFKXN� (�3�� 5DENLQD� 0�'� HW DO�
������ 3HFXOLDULWLHV RI VROLGLILFDWLRQ DQG IUDFWXUH RI ZHOGHG
MRLQWV RI WKLQ VKHHW PRO\EGHQXP DQG QLRELXP DOOR\V� $YWR�
PDWLFK� 6YDUND� ��� ��w���

��� 1HURGHQNR� 0�0�� 3ROLVKFKXN� (�3�� 0LOPDQ� <X�9� HW DO�
������ 5HODWLRQVKLS EHWZHHQ FU\VWDOORJUDSKLF WH[WXUHV RI
EDVH DQG ZHOG PHWDOV LQ ORZ�DOOR\ PRO\EGHQXP DOOR\V�
,ELG�� ��� ��w���

��� 3VKHQLFKQLNRY� <X�3� ������ 5HYHDOLQV WKH ILQH VWUXFWXUH RI
FU\VWDOV� 0RVFRZ� 0HWDOOXUJL\D�

��� %DUDEDVK� 5�,�� .DUDVHYVND\D� 2�3�� .RQRQHQNR� 9�$�
������ ([DPLQDWLRQ RI PHWDO GLVORFDWLRQ VWUXFWXUH E\ WKH
URFNLQJ FU\VWDO PHWKRG� ,Q� 3K\VLFV RI PHWDOV� ,VVXH ���

��� .ULYRJOD]� 0�$� ������ 'LIIUDFWLRQ RI ;�UD\V DQG QHXURQV
LQ LUUHJXODU FU\VWDOV� .\LY� 1DXNRYD 'XPND�

��� ������ *URZWK RI DQG GHIHFWV LQ PHWDO FU\VWDOV� (G� E\
'�(� 2YVLHQNR� .\LY� 1DXNRYD 'XPND�

��� (VLQ� 9�2� ������ 'LUHFWLRQ RI SUHIHUUHG JURZWK RI FU\VWDOV
ZLWK FXELF ODWWLFH� )L]LND 0HWDOORY L 0HWDOORYHGHQLH� ���
���w����

��� 3LNXQRY� 0�9�� 6KLVKNRY� 9�9�� 6WULJLQD� 1�,� HW DO� ������
3UHIHUUHG GLUHFWLRQ RI JURZWK RI UHIUDFWRU\ PHWDOV XQGHU
FRQGLWLRQV RI IORDWLQJ�]RQH PHOWLQJ� ,]Y� 9X]RY� 7VYHWQ�
0HWDOOXUJL\D� �� ���w����

��� 3URNKRURY� 1�1� ������ 3K\VLFDO SURFHVVHV LQ PHWDOV GXULQJ
ZHOGLQJ� 0RVFRZ� 0HWDOOXUJL\D�
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$�9� %(51$76.<

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

7KH SDSHU VHWV IRUWK WKH SRVVLELOLWLHV IRU GHWHUPLQDWLRQ RI UHGXFWLRQ LQ DUHD ϕ
]

DQG .&9
]

EDVHG RQ WKH UHVXOWV RI WHVWLQJ

VWDQGDUG VDPSOHV FXW RXW DFURVV WKH GLUHFWLRQ RI UROOLQJ RQ WKH VKHHW SODQH� $Q DGGLWLRQDO QRWLRQ RI ODPHOODU FUDFNLQJ

FRHIILFLHQW LV LQWURGXFHG� ZKLFK LV WKH .&9
]

PD[

� .&9
PD[

UDWLR LQ WKH HQWLUH UDQJH RI WUDQVLWLRQ WHPSHUDWXUH�

.H\ZRU G V � ORZ�FDUERQ DQG ORZ�DOOR\ VWHHOV� DQLVRWURS\ RI
PHFKDQLFDO SURSHUWLHV� UHGXFWLRQ LQ DUHD� LPSDFW VWUHQJWK� OD�

PHOODU�WRXJK DQG ODPHOODU�EULWWOH IUDFWXUH

,W ZDV HVWDEOLVKHG IURP WKH UHVXOWV RI H[SHUW HYDOX�

DWLRQ RI IUDFWXUHG ZHOGHG MRLQWV� FRQQHFWLRQV DQG

VWUXFWXUHV� DQG IURP WKH ODERUDWRU\ LQYHVWLJDWLRQV

PDGH DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�

WKDW WKH DQLVRWURS\ RI FKDUDFWHULVWLFV RI WRXJKQHVV DQG

GXFWLOLW\ RI UROOHG PHWDO LQIOXHQFHV JUHDWO\ QRW RQO\
WKH WHFKQRORJLFDO VWUHQJWK RI ZHOGHG MRLQWV� EXW DOVR

VHUYLFH UHOLDELOLW\ DQG OLIH RI ZHOGHG VWUXFWXUHV GXH

WR IRUPDWLRQ RI ODPHOODU�WRXJK DQG ODPHOODU�EULWWOH

FUDFNV >�w�@�

$EVHQFH LQ WKH GRPHVWLF SUDFWLFH �XQWLO WKH HQG RI

WKH ����V� RI WKH PHWKRGV RI WHVWLQJ WKH UROOHG PHWDO

LQ WKH GLUHFWLRQ RI WKLFNQHVV GLG QRW PDNH LW SRVVLEOH

WR MXGJH HYHQ DSSUR[LPDWHO\ RI LWV VXLWDELOLW\ IRU WKH

GHIHFW�IUHH PDQXIDFWXUH DQG VHUYLFH RI ZHOGHG VWUXF�

WXUHV� DQG DOVR OLPLWHG WKH RXWSXW RI VWHHOV ZLWK VWDQ�

GDUGL]HG FKDUDFWHULVWLFV RI UHGXFWLRQ LQ DUHD ϕ
]
� WKDW

SUHGHWHUPLQHG WKH ZRUNLQJ RXW RI *267 �����w���

7KH PDLQ SUREOHP FRQVLVWHG LQ WKH QHFHVVLW\ RI
FUHDWLRQ RI D VHSDUDWH GRFXPHQW RQ UHJXODWLRQ RI DO�

ORZDEOH DQLVRWURS\ RI FKDUDFWHULVWLFV RI GXFWLOLW\ DQG
FUDFN UHVLVWDQFH RI UROOHG PHWDO� LQFOXGLQJ WKH LPSDFW

VWUHQJWK WR SURYLGH WKH UHVLVWDQFH RI ZHOGHG MRLQWV

QRW RQO\ WR ODPHOODU�WRXJK IUDFWXUHV LQ ZHOGLQJ� EXW

DOVR WR ODPHOODU�EULWWOH IUDFWXUHV LQ VHUYLFH�

7KH LPSRUWDQW FULWHULRQ RI HYDOXDWLRQ RI VXVFHSWL�

ELOLW\ RI UROOHG PHWDO WR ODPHOODU�WRXJK IUDFWXUHV LV
WKH UHGXFWLRQ LQ DUHD ϕ

]
>�w�@�

)URP WKH GDWD RI IRUHLJQ DQG GRPHVWLF UHVHDUFKHUV�

WKH ODPHOODU FUDFNV LQ ZHOGLQJ PHWDO VWUXFWXUHV RFFXU DW

ϕ
]
� �� � DQG DOPRVW HOLPLQDWHG DW ϕ

]
! �� � >�� �@�

*HUPDQ UHVHDUFKHUV KDYH GHYHORSHG WKH V\VWHP RI
HVWLPDWHV IRU WKH HYDOXDWLRQ RI GLIIHUHQW IDFWRUV IRU

HVWDEOLVKLQJ UHTXLUHG YDOXHV ϕ
]
RI UROOHG PHWDO� ZKLFK�

LQ WKH RSLQLRQ RI DXWKRUV RI WKH SUHVHQW DUWLFOH� LQFOXGH

VRPH QRW TXLWH FRUUHFW SRVLWLRQV� DQG DOVR VWDWHPHQWV

RI D GLVFXVVLQJ QDWXUH� 7KH DSSURDFK SURSHU� GHILQLQJ

PRUH SUHFLVHO\ WKH HVWLPDWLRQ RI FRQWULEXWLRQ RI GLI�

IHUHQW IDFWRUV WR WKH UHVLVWDQFH RI FRQQHFWLRQV DQG

ZHOGHG MRLQWV WR WKH ODPHOODU IUDFWXUHV IURP WKH HQ�

JLQHHULQJ SRLQW RI YLHZ UHSUHVHQWV DQ XQGRXEWHG LQ�

WHUHVW� $W WKH VDPH WLPH WKH UHTXLUHPHQWV RI WKH FRQ�

VXPHU WR WKH VXSSOLHG UROOHG PHWDO VKRXOG KDYH� SUR�

EDEO\� WKH PRUH GHILQLWH QDWXUH�
,Q DFFRUGDQFH ZLWK WKH HDUOLHU GHYHORSHG *267

�����w�� �6WHHO� 0HWKRGV RI 7HQVLOH 7HVWLQJ RI

7KLFN�6KHHW 5ROOHG 0HWDO LQ WKH 'LUHFWLRQ RI 7KLFN�

QHVV� GHSHQGLQJ RQ UHGXFWLRQ LQ DUHD ϕ
]
� WKH VKHHW

UROOHG PHWDO LV FODVVLILHG LQWR JURXSV RI TXDOLW\� GH�

VLJQDWHG DV =��� =��� =�� �7DEOH ���

*URXS RI TXDOLW\ =�� LV ORZHVW� DQG VWHHOV� LQ�

FOXGHG LQWR LW� DUH QRW VXLWDEOH IRU XVH LQ VWUXFWXUHV

RU FRQQHFWLRQV ZKHUH WKH RFFXUUHQFH RI WHQVLOH IRUFHV

LQ WKH GLUHFWLRQ RI VKHHW WKLFNQHVV DUH SRVVLEOH� ,W LV

FRQVLGHUHG WKDW LQ VWUXFWXUHV PDQXIDFWXUHG IURP WKH

VKHHW UROOHG PHWDO RI WKH JURXS RI TXDOLW\ =�� WKH

ODPHOODU�WRXJK FUDFNV FDQQRW RFFXU� 6WHHOV XVHG LQ
FULWLFDO ZHOGHG FRQQHFWLRQV DQG VWUXFWXUHV UHIHU WR DQ

LQWHUPHGLDWH JURXS RI TXDOLW\ =���

,W LV UHFRPPHQGHG WR UHFRUG WKH XOWLPDWH UHVLVWDQFH

σW

]

DQG \LHOG VWUHQJWK σ\
]

LQ FDVHV RI OLPLWHG YDOXHV RI

UHGXFWLRQ LQ DUH ϕ
]
EHWZHHQ WKH JURXSV RI TXDOLW\ =��

DQG =�� �)LJXUH ���

,W ZDV DOOXULQJ IURP WKH HQJLQHHULQJ SRLQW RI YLHZ

WR GHYHORS WKH PHFKDQLVP RI GHWHUPLQDWLRQ RI UHGXF�

WLRQ RI DUHD ϕ
]
IURP WKH UHVXOWV RI WHVWLQJ VWDQGDUG

VDPSOHV ORFDWHG LQ WKH VKHHW SODQH ϕ� 8VLQJ WKH UHVXOWV

RI WHVWLQJ ORZ�FDUERQ DQG ORZ�DOOR\ VWHHOV� FDUULHG RXW

DW 3:,� LW LV SRVVLEOH WR SORW WKH JUDSKLFDO GHSHQGHQFH

RI ϕ
PLQ

RQ ϕ
] PLQ

�)LJXUH ���

� $�9� %(51$76.<� ����

7DEOH �� &ODVVLILFDWLRQ RI VKHHW UROOHG PHWDO GHSHQGLQJ RQ UHGXF�
WLRQ LQ DUHD

*URXS

RI TXDOLW\

9DOXH RI UHGXFWLRQ LQ DUHD ϕ
]
� QRW OHVV WKDQ� �

0HDQ YDOXHV IURP UHVXOWV

RI WHVWLQJ WKUHH VDPSOHV

6HSDUDWH

=�� �� ��

=�� �� ��

=�� �� ��
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8VLQJ WKH GHSHQGHQFH REWDLQHG LW LV SRVVLEOH WR
GHWHUPLQH E\ UHGXFWLRQ LQ DUHD ϕ � �� � WKH EHORQJLQJ
RI VWHHO JUDGH WHVWHG WR WKH JURXS RI TXDOLW\ =�� �7D�
EOH �� DQG LQ VRPH FDVH WR =�� DQG =�� �ϕ ! �� ���

,Q RWKHU ZRUGV� IURP UHVXOWV RI DFFHSWDQFH WHQVLOH
WHVWV LQ WKH FRQGLWLRQV RI PDVV SURGXFWLRQ RI VWUXFWXUDO
VWHHOV LW LV SRVVLEOH WR HYDOXDWH DSSUR[LPDWHO\ WKH VXV�
FHSWLELOLW\ RI D VWHHO VKHHW DQG LWV ZHOGHG MRLQWV WR
ODPHOODU�WRXJK IUDFWXUHV�

$V LV RXWOLQHG LQ >�@� WKH GHWHUPLQDWLRQ RI ϕ
]
LV

QHFHVVDU\� EXW QRW VXIILFLHQW FRQGLWLRQ IRU WKH HYDOX�
DWLRQ RI VXVFHSWLELOLW\ RI WKH VKHHW RU ZHOGHG MRLQW WR
ODPHOODU�WRXJK DQG� LQ SDUWLFXODU� WR ODPHOODU�EULWWOH
IUDFWXUHV� 7KXV� LQ VRPH FDVHV� WKH VDWLVIDFWRU\ YDOXH
ϕ
]
GRHV QRW DOZD\V FRUUHVSRQG WR WKH UHTXLUHG OHYHO

RI PHWDO FUDFN UHVLVWDQFH LQ WRXJK DQG� LQ SDUWLFXODU�
LQ EULWWOH VWDWH�

7DEOHV � DQG � DQG )LJXUH � JLYH UHVXOWV RI WHQVLOH
DQG LPSDFW EHQG WHVWV RI �� PP WKLFN VWHHO RI ��*�6
JUDGH�

,Q VSLWH RI SUHOLPLQDU\ SUHGLFWLRQV� EDVHG RQ YDOXHV
RI UHGXFWLRQ LQ DUHD LQ WKH WKLFNQHVV GLUHFWLRQ ϕ

]
 

 ��w�� �� WKH LPSDFW VWUHQJWK .&9
]
�)LJXUH ��

FXUYH �D� RFFXUUHG WR EH LQDGPLVVLEO\ ORZ ZLWKLQ WKH
HQWLUH UDQJH RI WHPSHUDWXUHV� ,W VKRXOG EH QRWHG WKDW
LPSDFW VWUHQJWK VSHFLPHQV ZLWK D QRWFK� ORFDWHG LQ
WKH WKLFNQHVV GLUHFWLRQ ��D� DQG �IURP VKHHW VXUIDFH�
��E�� DOVR VKRZHG YHU\ ORZ YDOXHV RI WKH LPSDFW
VWUHQJWK WKDW LQGLFDWHV WKH SRVVLELOLW\ RI LQLWLDWLRQ RI
IUDFWXUHV� LQFOXGLQJ WKRVH IURP WKH VKHHW VXUIDFH� )XU�
WKHU� WKLV FKDUDFWHULVWLF �FRQGLWLRQDOO\ .&9%� FDQ EH
XVHG IRU REWDLQLQJ WKH DGGLWLRQDO LQIRUPDWLRQ�

)LJXUH �� 'HSHQGHQFH RI UDWLR RI VWUHQJWK FKDUDFWHULVWLFV RI WHVW
VSHFLPHQV �σW

]

�σW DQG σ\

]

�σ\� RQ UHGXFWLRQ LQ DUHD ϕ
]
LQ WKH GLUHFWLRQ

RI WKLFNQHVV �PHDQ YDOXH�� � x 6W��� �� PP WKLFNQHVV� � x
��*�$)� �� PP� � x ��*�$)� �� PP� � x ��*�$)� �� PP�
�x ��*�$)� �� PP� �x ��*�$)� ��PP� �x ��*�$)� �� PP�
� x ��*�$)� �� PP� � x ��*�$)�6K� �� PP� �� x ��*�6�
�� PP� �� x ��*�$)� �� PP� �� x ��.K*'$)� �� PP� Ox
σW

]

�σW� Q x σ\

]

�σ\

)LJXUH �� 'HSHQGHQFH RI UHGXFWLRQ LQ DUHD LQ WKH GLUHFWLRQ RI
WKLFNQHVV ϕ

]
PLQ

RQ UHGXFWLRQ LQ DUHD LQ WKH UROOLQJ DUHD ϕPLQ� 'HVLJ�
QDWLRQV RI �w�� KHUH DQG LQ )LJXUH � DUH VLPLODU WR )LJXUH �� �� x
��*�6�6K� �� PP� �� x ��*�6� �� PP

7DEOH �� 5HVXOWV RI PHFKDQLFDO LPSDFW EHQG WHVWV RI �� PP WKLFN
VWHHO RI ��*�6 JUDGH

/RFDWLRQ

RI VSHFLPHQV

DQG QRWFKHV

,PSDFW EHQG WHVWV� -�FP�� DW 7� �&

w�� w�� � ���

�¾� .&9 � ��w��

����

�� ��w��

��

�E� .&9% �w��

����

��w��

����

��w��

��

��

�¾� .&9
]

�w�

���

���w���

�

�w�

���

�w��

���

1R W H � /RFDWLRQ RI VSHFLPHQV UHODWLYH WR UROOLQJ GLUHFWLRQ LV VKRZQ

LQ )LJXUH ��

)LJXUH �� 'HSHQGHQFH RI LPSDFW VWUHQJWK .&9� .&9
]
� .&9% RQ

WHPSHUDWXUH IRU VSHFLPHQV �D� �E DQG �D RI ��*�6 JUDGH RI VWHHO

7DEOH �� 5HVXOWV RI PHFKDQLFDO WHQVLOH WHVWV RI �� PP WKLFN VWHHO
RI ��*�6 JUDGH

/RFDWLRQ

RI VSHFLPHQV
σ\� 03D σW� 03D δ� � ϕ� �

$FURVV GLUHFWLRQ

RI UROOLQJ

���w���

���

���w���

�����

��w��

��

��w��

��

'LUHFWLRQ = ���w���

���

���w���

���

��w��

����

��w��

��

1R W H � +HUH DQG LQ 7DEOHV �� � WKH QXPHUDWRU LQFOXGHV UDQJHV RI

YDOXHV� ZKLOH WKH GHQRPLQDWRU LQFOXGHV WKH PHDQ YDOXHV�

)LJXUH �� 'HSHQGHQFH RI LPSDFW VWUHQJWK LQ WKH GLUHFWLRQ RI WKLFN�
QHVV .&9

]

PLQ
RQ LPSDFW VWUHQJWK .&9

PLQ
LQ UROOLQJ SODQH� �� x

��*�6�6K� �� PP� �� x ��*�6� �� PP� �� x ��*�6� �� PP
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7KH XVH RI WHVW VSHFLPHQV IRU LPSDFW VWUHQJWK RI
UROOHG PHWDO LQ WKH WKLFNQHVV GLUHFWLRQ ��D� ZDV UH�FRP�
PHQGHG LQ WKH VWDQGDUG GUDIW� 7KLV ZDV PHW ZLWK RE�
MHFWLRQV IURP WKH VLGH RI UHSUHVHQWDWLYHV RI WKH PHWDO�
OXUJLFDO LQGXVWU\ EHFDXVH RI WKH LPSRVVLELOLW\ WR PDQX�
IDFWXUH WKHZHOGHG FUXFLIRUPVSHFLPHQV LQ WKH FRQGLWLRQV
RI D PDVV SURGXFWLRQ DW WKH PHWDOOXUJLFDO SODQWV DQG
GLIILFXOWLHV WR SURYLGH D VXIILFLHQW LPSDFW VWUHQJWK LQ
WKH GLUHFWLRQ =� %\ WKHVH UHDVRQV WKH LPSDFW VWUHQJWK
WHVWV ZHUH QRW LQFOXGHG LQWR *267 �����w��� 7KLV GH�
FLVLRQ GRHV QRW SURYLGH D GLUHFW HYDOXDWLRQ RI UHVLVWDQFH
RI VWHHOV WR WKH ODPHOODU�EULWWOH IUDFWXUHV� $Q DWWHPSW
ZDV PDGH WR HYDOXDWH WKH VXVFHSWLELOLW\ RI VWHHOV WR WKH
IRUPDWLRQ RI ODPHOODU�WRXJK DQG ODPHOODU�EULWWOH IUDF�
WXUHV� LQ SDUWLFXODU� IURP WKH UHVXOWV RI LPSDFW EHQG
WHVWV RI VWDQGDUG VSHFLPHQV ORFDWHG DFURVV WKH UROOLQJ
GLUHFWLRQ LQ WKH VKHHW SODQH ��D��

7KH PDLQ LGHD� FRQILUPHG E\ QXPHURXV WHVWV� FRQ�
VLVWV LQ WKH IDFW WKDW WKHUH LV QR DOPRVW DQLVRWURS\ RI
WKH WUDQVLWLRQ WHPSHUDWXUH LQ VWHHOV KDYLQJ D VOLJKWO\�
H[SUHVVHG FU\VWDOORJUDSKLF WH[WXUH RI UROOLQJ� ,Q RWKHU
ZRUGV� .&9] YDOXH LV UHGXFHG ZLWK UHVSHFW WR YDOXHV
RI .&9 DW WKH XSSHU �VKHOI� RI WHPSHUDWXUH UHODWLRQ�
VKLS RI WKH LPSDFW VWUHQJWK WKDW SUHGHWHUPLQHV LWV
DSSURSULDWH GHFUHDVH LQ WKH UDQJH RI WKH WUDQVLWLRQ
WHPSHUDWXUHV� ,Q WKLV FDVH WKH WUDQVLWLRQ WHPSHUDWXUH�
GHWHUPLQHG E\ D IUDFWLRQ RI D WRXJK FRPSRQHQW LQ
IUDFWXUHV� UHPDLQV VLPLODU LQ ERWK FDVHV�

)LJXUH � VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH PLQL�
PXP YDOXHV RI .&9] DQG .&9 IRU VWHHO JUDGHV LQ�
YHVWLJDWHG DW WKH �XSSHU VKHOI��

8VLQJ WKH LPSDFW VWUHQJWK .&9� GHWHUPLQHG IURP
WKH UHVXOWV RI WHVWLQJ VWDQGDUG VSHFLPHQV� ORFDWHG
DFURVV WKH UROOLQJ GLUHFWLRQ LQ WKH VKHHW SODQH� LW LV
SRVVLEOH WR HYDOXDWH RQO\ DSSUR[LPDWHO\ WKH PLQLPXP
YDOXHV RI .&9] LQ WKH FRQGLWLRQV RI D WRXJK VWDWH RI
WKH PHWDO�

)LJXUH � VKRZV WKH FRHIILFLHQW RI D ODPHOODU FUDFN�

LQJ �&/&� UHSUHVHQWLQJ WKH .&9]
PD[�.&9PD[ UDWLR

LQ WKH HQWLUH UDQJH RI WUDQVLWLRQ WHPSHUDWXUHV IRU VRPH
VWHHOV LQYHVWLJDWHG�

9DOXHV &/&� FRQILUPLQJ WKH DEVHQFH RI WKH FOHDUO\
H[SUHVVHG DQLVRWURS\ RI WUDQVLWLRQ WHPSHUDWXUHV IRU
VWHHOV VXSSOLHG LQ KRW�UROOHG FRQGLWLRQ DUH VKRZQ LQ
)LJXUH ��

,W ZDV HVWDEOLVKHG �7DEOHV � DQG �� LQ LQYHVWLJDWLRQ
RI PHFKDQLFDO SURSHUWLHV RI �� PP WKLFN VWHHO RI D
FRQWUROODEOH UROOLQJ �;��� WKDW VWHHO LV FKDUDFWHUL]HG
E\ WKH LVRWURS\ RI GXFWLOLW\ FKDUDFWHULVWLFV LQ WKH URO�
OLQJ SODQH DQG GLUHFWLRQ = �UHGXFWLRQ LQ DUHD ϕ]  
 ��w�� � LV FRPSDUDEOH DOPRVW ZLWK UHGXFWLRQ LQ
DUHD ϕ  ��w�� ���

2WKHU FKDUDFWHULVWLFV RI VWUHQJWK DQG GXFWLOLW\ RE�
WDLQHG LQ WHVWLQJ VSHFLPHQV FXW RXW LQ WKH GLUHFWLRQ
=� DOVR FRUUHVSRQG DOPRVW WR VLPLODU FKDUDFWHULVWLFV
REWDLQHG LQ WHVWLQJ VSHFLPHQV FXW RXW LQ WKH VKHHW
SODQH�

$W WKH VDPH WLPH WKH VWHHO RI ;�� JUDGH LV FKD�
UDFWHUL]HG E\ DQ LQFUHDVHG VXVFHSWLELOLW\ WR ODPHOODU�

7DEOH �� 5HVXOWV RI PHFKDQLFDO WHQVLOH WHVWV RI �� PP WKLFN VWHHO RI ;�� W\SH

/RFDWLRQ RI VSHFLPHQV σ\� 03D σW� 03D δ� � ϕ� �

$FURVV UROOLQJ GLUHFWLRQ �����w�����

�����

�����w�����

�����

����w����

����

����w����

����

'LUHFWLRQ = �����w�����

�����

�����w�����

�����

����w����

����

����w����

����

7DEOH �� 5HVXOWV RI PHFKDQLFDO LPSDFW EHQG WHVW RI �� PP WKLFN VWHHO RI ;�� W\SH

/RFDWLRQ RI VSHFLPHQV

DQG QRWFKHV

,PSDFW EHQG WHVW� -�FP�� DW 7� �&

w�� w�� w�� � ��� ���

�¾� .&9 ����w����

����

����w�����

����

w �����w�����

�����

�����w�����

�����
w

�¾� .&9
]

w ���w����

���

�w��

�

w ����w���

����

����w����

����

)LJXUH �� 'HSHQGHQFH RI &/& IRU VWHHOV ZLWK D VOLJKWO\�GHYHORSHG
FU\VWDOORJUDSKLF WH[WXUH RQ WHPSHUDWXUH� � x ��*�$)� �� PP�
� x ��*�$)� �� PP� � x ��*�6�6K� �� PP� � x ��*�$)�
�� PP� � x ��*�$)� �� PP

)LJXUH �� 'HSHQGHQFH RI LPSDFW VWUHQJWK .&9 DQG .&9
]
IRU

VSHFLPHQV �D DQG �D RI ;�� W\SH VWHHO RQ WHPSHUDWXUH
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EULWWOH IUDFWXUHV HYHQ DW SRVLWLYH WHPSHUDWXUHV �)L�
JXUH ��� 7KXV� DW 7  �� �& WKH YDOXHV.&9] DUH HTXDO
WR �w��� DQG DW QHJDWLYH WHVW WHPSHUDWXUHV x WR �w
�� -�FP��

8QOLNH VWHHOV ZLWK D VOLJKWO\�GHYHORSHG FU\VWDO�
ORJUDSKLF WH[WXUH� VWHHOV RI D FRQWUROODEOH UROOLQJ KDYH
KLJKO\�GLIIHUHG YDOXHV &/& �)LJXUH �� WKDW SURYHV
WKH SUHVHQFH RI DQLVRWURS\ RI WUDQVLWLRQ WHPSHUDWXUHV�

,W LV LPSRVVLEOH LQ WKH ODWWHU FDVH WR MXGJH RI VXV�
FHSWLELOLW\ RI UROOHG PHWDO WR ODPHOODU�EULWWOH IUDFWXUHV
IURP YDOXHV .&9�

7KXV� WKH VWHHOV RI D FRQWUROODEOH UROOLQJ UHTXLUH
GLUHFW WHVWV WR GHWHUPLQH WKH .&9] YDOXHV GXULQJ VHU�
YLFH XQGHU WKH FRQGLWLRQV RI D PLQLPXP WHPSHUDWXUH�

&21&/86,216

�� ,W ZDV HVWDEOLVKHG WKDW LW LV SRVVLEOH WR HYDOXDWH WKH
VXVFHSWLELOLW\ RI VRPH ORZ�FDUERQ DQG ORZ�DOOR\ VWHHOV

ZLWK D VOLJKWO\�GHYHORSHG FU\VWDOORJUDSKLF WH[WXUH WR
WKH LQLWLDWLRQ RI ODPHOODU�WRXJK FUDFNV IURP WKH UHVXOWV
RI WHVWV RI VWDQGDUG WHQVLOH VSHFLPHQV ORFDWHG DFURVV
WKH UROOLQJ GLUHFWLRQ LQ WKH VKHHW SODQH ϕ�

�� ,W LV SRVVLEOH WR GHWHUPLQH DSSUR[LPDWHO\ WKH

YDOXHV .&9]
PD[ DQG WHPSHUDWXUH RI PHWDO WUDQVLWLRQ

WR WKH EULWWOH VWDWH IURP WKH UHVXOWV RI LPSDFW EHQW
WHVWV .&9PD[ RI VWDQGDUG VSHFLPHQV ORFDWHG DFURVV
WKH UROOLQJ GLUHFWLRQ LQ WKH VKHHW SODQH�

�� 'LUHFW WHVWV RI VSHFLPHQV� ORFDWHG LQ WKH GLUHF�
WLRQ RI VKHHW WKLFNQHVV� DUH QHFHVVDU\ IRU LPSDFW EHQG
.&9] WR HYDOXDWH WKH VXVFHSWLELOLW\ RI VWHHOV RI D
FRQWUROODEOH UROOLQJ WR ODPHOODU�WRXJK DQG ODPHOODU�
EULWWOH IUDFWXUHV�

)LJXUH �� 'HSHQGHQFH RI &/& IRU VWHHOV RI D FRQWUROODEOH UROOLQJ
ZLWK D GHYHORSHG FU\VWDOORJUDSKLF WH[WXUH RQ WHPSHUDWXUH� �w� x
��*�6 ZLWK GLIIHUHQW WHPSHUDWXUH RI UROOLQJ HQG� � x ;�� W\SH�
� x ;�� W\SH

�� *LUHQNR� 9�6�� %HUQDWVN\� $�9�� 5DENLQD� 0�'� ������ /D�
PHOODU� ODPHOODU�EULWWOH DQG ODPHOODU�WRXJK IUDFWXUH RI
ZHOGHG MRLQWV� 3UREOHP\ 3URFKQRVWL� �� ��w���

�� *LUHQNR� 9�6�� %HUQDWVN\� $�9�� .R]DFKHN� 9�0� HW DO�
������ 6WDWLF VWUHQJWK RI FUXFLIRUP ZHOGHG MRLQWV DW ORZ
WHPSHUDWXUHV� $YWRPDWLFK� 6YDUND� �� ��w���

�� %HUQDWVN\� $�9� ������ ,QIOXHQFH RI DQLVRWURS\ RI WKH
UROOHG VWRFN PHFKDQLFDO SURSHUWLHV RQ LQLWLDWLRQ DQG GHYHORS�
PHQW RI WRXJK DQG ODPHOODU�WRXJK IUDFWXUHV� 7KH 3DWRQ
:HOGLQJ -�� �� ��w���

�� 1RYLNRY� 9�,�� *LUHQNR� 9�6�� %HUQDWVN\� $�9� ������ $QL�
VRWURS\ RI WKH SURSHUWLHV RI UROOHG PHWDO DQG SHUIRUPDQFH RI
ZHOGHG VWUXFWXUHV� $YWRPDWLFK� 6YDUND� ��� ��w���

�� *UDQVWURP� $� ������ 7KH UHOHYDQFH RI WHVW PHWKRGV IRU OD�
PHOODU WHDULQJ RI VWHHO VWUXFWXUHV� ,,: 'RF� ,;����w���

�� 6FKRQKHHU� :� ������ 0HWDOOXUJLFDO DQG FRQVWUXFWLRQDO
PHDVXUHV IRU WKH SUHYHQWLRQ RI ODPHOODU WHDULQJ LQ ZHOGHG
VWUXFWXUHV� ,,: 'RF� ,;�,, ��w���

�� /RPEDUGLQL� -� ������ (YDOXDWLRQ RI ODPHOODU WHDULQJ LQ WKH
VWUXFWXUDO VWHHO� ,,: 'RF� ,9�����w���

�� 6FKRQKHHU� :� ������ ψ�YDOXH DV FULWHULRQ IRU MXGJLQJ WKH
ODPHOODU WHDULQJ WHQGHQF\ RI VWHHO VWUXFWXUHV� ,,: 'RF� ,;�
����w���
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

,QWHUDFWLRQ RI QRUPDO LQFLGHQW VKRFN ZDYH ZLWK WKH ILHOG RI LQWHUQDO VWUHVVHV LQ PHWDO LV FRQVLGHUHG� ,W LV VKRZQ WKDW

XQGHU UDWLRQDO FRQGLWLRQV RI ORDGLQJ RI VWUXFWXUDO VWHHOV WKLV FRUUHFWLRQ LV DERXW � � RI WKH ZDYH DPSOLWXGH� 7KHUHIRUH�

LW FDQ EH LJQRUHG LQ SUDFWLFDO FDOFXODWLRQV�

.H\ZRU G V � UHVLGXDO VWUHVV� H[SORVLRQ WUHDWPHQW� VWUHVV UH�

OLHI� VKRFN ZDYH� G\QDPLF \LHOG VWUHVV� HODVWR�SODVWLF VWUDLQ

([SORVLRQ WUHDWPHQW XVLQJ FDSWLYH VWULS RU FRUG H[�

SORVLYH FKDUJHV KDV UHFHLYHG FXUUHQWO\ D ZLGH DFFHS�

WDQFH IRU UHOLHYLQJ UHVLGXDO VWUHVVHV LQ ZHOGHG MRLQWV�

$ QXPEHU RI VWXGLHV >�w� HWF�@ KDYH EHHQ GHGLFDWHG

WR SUDFWLFDO DQG SK\VLFDO DVSHFWV RI WKLV SKHQRPHQRQ�

)RU H[DPSOH� VWXG\ >�@ FRQVLGHUHG V\PPHWULF FDVH RI

LQLWLDO VWUHVVHV σ\�  σ]� DQG σ[�  � WR LQYHVWLJDWH WKH

SDWK RI D SRLQW UHSUHVHQWLQJ WKH VWUHVV�VWUDLQ VWDWH RI

D PDWHULDO LQ WKH VSDFH RI SULQFLSDO VWUHVVHV GXULQJ

H[SORVLRQ ORDGLQJ DQG XQORDGLQJ� 7KH SODQH RI IURQW

RI WKH VKRFN ZDYH LQ WKLV FDVH LV ORFDWHG LQ SDUDOOHO

WR WKH VXUIDFH RI PHWDO� D[HV σ\ DQG σ] DUH LQ WKH SODQH

RI WKH VXUIDFH RI D SODWH WUHDWHG� DQG D[LV σ
[
LV QRUPDO

WR LW� ,W LV DVVXPHG WKDW EHKDYLRXU RIPHWDO FRUUHVSRQGV

WR WKH PRGHO RI DQ HODVWR�SODVWLF PHGLXP� ,Q WKH FDVH

XQGHU FRQVLGHUDWLRQ� ZKDWHYHU WKH LQLWLDO VWUHVVHV DUH

ZLWKLQ WKH HODVWLFLW\ OLPLWV� WKH VWUDLJKW OLQH RI DQ

HODVWLF VWUHVV SURSDJDWHV WR WKH \LHOG VXUIDFH DW SRLQWV

ZKLFK EHORQJ WR D FHUWDLQ VWUDLJKW OLQH� WKH SURMHFWLRQ

RI ZKLFK WR SODQH σ
[
� σ\ LV VWUDLJKW OLQH 44 VKRZQ

LQ )LJXUH � �LQ WKH FDVH RI WKH HODVWLFLW\ ZDYHV WKLV

LV VWUDLJKW OLQH 33�� �'  �(  �)  �*  σ
V
�KHUH

σ
V
LV WKH G\QDPLF \LHOG VWUHVV�� VHFWLRQ �6 LV WKH SUR�

MHFWLRQ RI D K\GURVWDWLF D[LV� 'XULQJ IXUWKHU ORDGLQJ

WKH UHSUHVHQWDWLYH SRLQWPRYHV DORQJ VWUDLJKW OLQH44�

,Q D FKDUDFWHULVWLF FDVH WKH SDWK RI ORDGLQJ LV PRUH

FRPSOH[ IRU WKH PDMRULW\ RI WKH W\SHV RI ZHOGHG MRLQWV

DW σ\� ≠ σ]�� $V VKRZQ EHORZ� WKHVH SDWKV LQ WKH SODVWLF

UHJLRQ DUH D IDPLO\ RI FXUYHV WKDW KDYH DV DQ DV\PSWRWH

DW KLJK YDOXHV RI σ
V
WKH VWUDLJKW OLQHV WKH SURMHFWLRQV

RI ZKLFK WR SODQH σ
[
� σ\ DUH 33 DQG 44�

7KH SXUSRVH RI WKLV VWXG\ ZDV WR GHWHUPLQH WKH

DERYH SDWKV DQG� RQ WKLV EDVLV� ERXQGDULHV RI WKH UH�

JLRQ RI DSSOLFDELOLW\ RI WKH GLDJUDP VKRZQ LQ )LJXUH �

IRU D FDVH RI DV\PPHWU\ RI LQLWLDO VWUHVVHV� ,W VKRXOG
EH QRWHG KHUH WKDW WKHUH DUH SK\VLFDO WKHRULHV RI WKH
SURFHVVHV RI LQWHUDFWLRQ RI VKRFN ZDYHV ZLWK VWUHVVHG

PHWDO ZKLFK DUH EDVHG RQ PRUH VRSKLVWLFDWHG PRGHOV

RI D PHGLXP� LQFOXGLQJ WKRVH ZKLFK DOORZ IRU QRQ�

XQLGLPHQVLRQDOLW\ RI ORDGLQJ �VHH� H�J� >�� �@�� 1H�

YHUWKHOHVV� LW LV RI LQWHUHVW WR DQDO\VH KRZ KLJK WKH

FRUUHFWLRQ WR FDOFXODWLRQV� DOORZLQJ IRU DV\PPHWU\ RI

LQLWLDO UHVLGXDO VWUHVVHV� PD\ EH� 7KH LQSXW GDWD IRU

WKH FRQVLGHUDWLRQ XVLQJ WKH GLDJUDP VXJJHVWHG DUH UH�

VLGXDO VWUHVVHV σ\ DQG σ] LQ PHWDO ZHOGHG DQG YDOXHV

RI VWUHVVHV σ
[N

FDXVHG E\ H[WHUQDO ORDGLQJ�

,I ZH XVH WKH DVVRFLDWHG \LHOG ODZ IRU D PDWHULDO
WKDW IROORZV WKH 6DLQW 9HQDQwYRQ 0LVHV \LHOG FULWH�

ULRQ �WKH FDVH RI LGHDO SODVWLFLW\� LQ WKH IRUP >�� �@�

� 9�*� 3(786+.29� ����

)LJXUH �� 3DWKV RI D UHSUHVHQWDWLYH SRLQW LQ SODQH RI SULQFLSDO VWUHVVHV IRU D FDVH RI �DSSUR[LPDWHG� �D� DQG �UHILQHG� �E� WKHRU\
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ZKHUH εL LV WKH VWUDLQ DQG 6L DUH WKH VWUHVV WHQVRU
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�KHUH * LV WKH GHYLDWRU FRPSRQHQW RI WKH VWUHVV WHQ�

VRU�� ZKLFK ZLOO PDNH LW SRVVLEOH WR ILQG WKH ORDGLQJ

SDUDPHWHU GHSHQGHQFH RI σ[� σ\ DQG σ]� )LJXUH �� E

VKRZV RQ WKH FRPELQHG FRRUGLQDWH SODQHV σ[� σ\ DQG

σ[� σ] WKH SUREDEOH SDWKV RI ORDGLQJ LQ WKH HODVWLF DQG

SODVWLF UHJLRQV FRUUHVSRQGLQJ WR VROXWLRQV RI V\VWHP

���� +HUH WKH UHJLRQ FRQILQHG E\ VWUDLJKW OLQHV 55

DQG5�5� LV WKH SURMHFWLRQ RI D \LHOG F\OLQGHU� VWUDLJKW

OLQH 44 LV WKH DV\PSWRWH RI WKH SDWKV DW σ[ → ∞� DQG
σ[� FRUUHVSRQGV WR WKH EHJLQQLQJ RI SODVWLF IORZ� ,W

LV PRUH FRQYHQLHQW WR FRQVLGHU WKH SURFHVV RQ FRRUGL�

QDWHV σ[� σP� ZKHUH σP  ����σ\ � σ[�� 7KH FRUUH�

VSRQGLQJ SDWKV DUH VKRZQ LQ )LJXUH �� D�

7KH ORDGLQJ SURFHVV FDQ EH GHVFULEHG DV IROORZV�

�� 7KH LQLWLDO SRLQW EHORQJV WR VHFWLRQ $'� σP�  

 ����σ\� � σ]��� 'LIIHUHQW YDOXHV RI ∆σ�  σ\� � σ]��

| ∆σ _ � ���√σ<6� w σP� � _ σP� _ � σ<6� ZKHUH σ<6 LV WKH

VWDWLF \LHOG VWUHVV� PD\ FRUUHVSRQG WR RQH LQLWLDO SRLQW�

,W ZDV DVVXPHG LQ WKH FDOFXODWLRQV WKDW σV  �σ<6�

�� (ODVWLF ORDGLQJ RFFXUV DORQJ VWUDLJKW OLQH

σ[ =
� w ν

ν (σP w σP�) DW ν = �

�
σ[ = �(σP w σP�)� ���

�� 7KH SRLQW RI \LHOG JRLQJ WR WKH VXUIDFH LV FKD�

UDFWHULVHG E\ YDOXH

σ[� =
� w ν
� w �ν




�

�
6[ + σ

P�




� ���

ZKHUH 6[� = w��� √�σV

� w �∆σ�
� �
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�� )XUWKHU ORDGLQJ FDQ EH GHVFULEHG E\ WKH IROORZ�

LQJ SDUDPHWULF HTXDWLRQV GHULYHG IURP VROYLQJ V\VWHP
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ZKHUH β =
�σV w �6[�

�σV + �6[�
� W ! �� ∆σ[  σ[N w σ[O� ∆σP  

= σPN w σ[N LV WKH ZDYH DPSOLWXGH� σPN LV WKH YDOXH

RI σP FRUUHVSRQGLQJ WR σ[N� DQG σPO LV WKDW FRUUHVSRQG�

LQJ WR σ[O�

$V\PSWRWLF UHODWLRQVKLS EHWZHHQ σ[N DQG σPN DW

ODUJH DPSOLWXGHV RI σ[N FDQ EH GHULYHG IURP IRUPXODH

��� DQG UHODWLRQVKLSV ��� DQG ���� σ[N → σPN w σV�

7KHUHIRUH� WKH SDWKV RI ORDGLQJ LQ WKH SODVWLF UHJLRQ

RQ FRRUGLQDWHV σ[ w σP KDYH WKH IRUP RI FXUYH 15

VKRZQ LQ )LJXUH �� D�

&RQVLGHUDWLRQ RI ORDGLQJ XVLQJ WKH VLPSOLILHG GLD�

JUDP VXJJHVWV UHSODFHPHQW RI WKH SDWK RI EURNHQ OLQH

.15 DQG ∆σ HTXDO WR ]HUR� 3RLQW 3 FRUUHVSRQGV WR

DQ DSSUR[LPDWHG XQORDGLQJ YDOXH RI δP�′
� SRLQW 7 FRU�

UHVSRQGV WR WKH SUHFLVH YDOXH RI σP�� 'HVLJQDWH FRU�

UHFWLRQ 37 DV σS �σS ! ���

∆σ�

6
[�

=

= w � ⁄ � √�σ
V
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V
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[�

1XPEHU RI

FXUYH LQ )L�

JXUH �� E

� �EURNHQ� �σ
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∞ w

σ
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�
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�����σV ���� �

σ<6 �����σV ���� �

�σ<6�√ � ≈
≈ ����σ<6

�����δV ���� �

)LJXUH �� 3ORWV LQ SODQH RI SULQFLSDO VWUHVVHV LOOXVWUDWLQJ DOJRULWKPV DQG UHVXOWV RI DSSOLFDWLRQ RI WKH �UHILQHG� WKHRU\� σP  ����σ\ �
� σ]� �VHH D� E DQG WKH UHVW RI WKH GHVLJQDWLRQV LQ WKH WH[W�
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7R GHWHUPLQH WKH VWUHVVHG VWDWH DIWHU XQORDGLQJ� LW

LV QHFHVVDU\ WR NQRZ WKH YDOXHV RI σP�� σS DQG GLIIHU�

HQFH RI VWUHVVHV DIWHU XQORDGLQJ ∆σ�  σ\� w σ]�� 7KH

∆σ[ GHSHQGHQFLHV RI ∆σ DQG σS DW ν  ���� REWDLQHG

E\ WUDQVIRUPDWLRQ RI V\VWHP ���� KDYH WKH IROORZLQJ

IRUP LQ WKH SDUDPHWULF UHSUHVHQWDWLRQ�

∆σ
σ<6 = ± � √�β

H[S (W��)
βHW + �

�
σS

σ<6 = �

βHW + �
�

ZKHUH VLJQ LQ WKH ILUVW IRUPXOD FRLQFLGHV ZLWK WKDW RI

∆σ��

)LJXUH �� E VKRZV WKH FDOFXODWLRQ FRUUHFWLRQV WR

SDUDPHWHUV JLYHQ LQ WKH 7DEOH� 'DVKHG OLQHV FRUUH�

VSRQG WR WKH σS YDOXH� DQG VROLG OLQHV FRUUHVSRQG WR

∆σ�
7KH DOJRULWKP RI XVLQJ WKH VLPSOLILHG GLDJUDPZLWK

FRUUHFWLRQV LV DV IROORZV� 7KH IROORZLQJ FDOFXODWLRQV

DUH PDGH� SURFHHGLQJ IURP LQLWLDO VWUHVVHV σ\� DQG σ]��

σP�  ����σ\� w σ]��� ∆σ�  σ\� w σ]��

7KHQ� DOORZLQJ IRU WKH NQRZQZDYH DPSOLWXGH σ[N�

WKH DSSUR[LPDWHG EURNHQ OLQH RI ORDGLQJ DQG XQORDG�

LQJ RI WKH W\SH RI .4*3 LV SORWWHG� DQG WKH DSSUR[L�

PDWHG XQORDGLQJ YDOXH RI σP�
′

�SRLQW 3 LQ )LJXUH ��

D� LV GHWHUPLQHG� 7KHQ WKH ∆σ[ YDOXH LV IRXQG� 7KH

YDOXHV RI ∆σS DQG ∆σ� FDQ EH GHWHUPLQHG IURP WKH

YDOXH RI ∆σ[  σ[N w σ[O XVLQJ SORWV VKRZQ LQ )LJXUH ��

E� DQG WKHQ σ\� DQG σ]� DUH IRXQG IURP IRUPXODH

σ\� = σP�
′ +

∆σ�
�

w σS� σ]� = σP�
′ w

∆σ�
�

w σS�

,W FDQ EH VHHQ IURP )LJXUH �� E� WKDW WKH ∆σ FRU�

UHFWLRQ LV PRVW VXEVWDQWLDO� DQG WKH YDOXH RI σS DW

∆σ[ � wσV FDQ EH LJQRUHG�

,I σP�� wσ<6� SRLQW 7 VWDUWV GULIWLQJ �VHH )LJXUH ��

D� WR LQFUHDVH LQ WKH σP YDOXHV DIWHU WKH VKRFN�ZDYH

SURFHVV� 7KH FDOFXODWLRQ PDGH RQ WKH EDVLV RI WKH

DVVRFLDWHG \LHOG ODZ ��� DQG FRQGLWLRQ RI WKH ε\  ε]  
 � XQLD[LDO VWUDLQ VKRZHG WKDW WKH ILQDO VWDWH RI σP�

DQG ∆σ� FRXOG EH GHWHUPLQHG IURP WKH IROORZLQJ V\V�

WHP RI HTXDWLRQV�

σP�
� + �

�
∆σ�

� = σ<6
� �

∆σ�
∆σ� =




σP�

σ
P�





γ

�

ZKHUH γ =
�(� w ν)
� + ν � DW ν  

�

�
γ  ����

,W FDQ EH DVVXPHG LQ WKH ILUVW DSSUR[LPDWLRQ WKDW

σP�  wσ<6 DQG ∆σ�  ∆σ� w �σ<6�σP��
���

�

,W LV LPSRUWDQW WR NQRZ DOVR FRUUHFWLRQ σS[ �VHH

)LJXUH �� D� IRU D SUDFWLFDO XVH RI WKH DERYH FDOFXOD�

WLRQV� 7KLV FRUUHFWLRQ LV D GLIIHUHQFH EHWZHHQ WKH �SUH�

FLVH� DQG DSSUR[LPDWHG ZDYH DPSOLWXGH QHHGHG WR

GHWHUPLQH WKH FHUWDLQ ILQDO VWDWH σP� FKDUDFWHULVHG E\

SRLQW 7�

7KH YDOXH RI σS[ FDQ EH GHWHUPLQHG IURP WKH IRO�

ORZLQJ WUDQVFHQGHQWDO HTXDWLRQ�

σS[

σV
= �

� + β H[S (α w σS[�σV)
�

ZKHUH α  � � ���σV� �6[O � σP� w σP�� DQG σP� �

� σP��

7KH FDOFXODWLRQ PDGH DW σP�  � VKRZHG WKDW DW

σV  �σ<6 PD[�σS[�σV�  ������ ZKLFK LV OHVV WKDQ

� � RI WKH ZDYH DPSOLWXGH σ[N HTXDO LQ WKLV FDVH WR

σV� 7KHUHIRUH� WKLV FRUUHFWLRQ FDQ EH DOVR LJQRUHG LQ

SUDFWLFDO FDOFXODWLRQV� 7KLV UHVXOWV IURP WKH IDFW WKDW

DQ LQVLJQLILFDQW UHODWLYH YDULDWLRQ LQ WKH ZDYH DPSOL�

WXGH σ[N OHDGV WR PRUH SURQRXQFHG YDULDWLRQV LQ WKH

ILQDO VWDWH RI σP��σ<6� DV XVXDOO\ σ[N ≅ �σ<6�

:H VKRXOG GZHOO QRZ RQ SHFXOLDULWLHV RI WKH G\�

QDPLF VKRFN�ZDYH SURFHVV DOORZHG IRU LQ WKLV VWXG\

LQ FRPSDULVRQ ZLWK WKH TXDVL�VWDWLF ORDGLQJ DQG XQ�

ORDGLQJ FRQGLWLRQV� )RU H[DPSOH� DV VKRZQ LQ >�� ��@�

WKH DFWXDO KLJK�UDWH SLFWXUH RI GHIRUPDWLRQ RI D WRXJK

HODVWR�SODVWLF PDWHULDO FDQ EH GHVFULEHG XVLQJ WKH

HODVWR�SODVWLF TXDVL�VWDWLF SURFHVV FKDUDFWHULVHG E\

VRPH HIILFLHQW G\QDPLF \LHOG VWUHVV� ZKLFK GHSHQGV

XSRQ WKH VWUDLQ UDWH DQG WRXJKQHVV RI WKH PDWHULDO�

$W DQ DFWXDO VWUDLQ UDWH DFKLHYHG LQ WKH SURFHVV RI

UHOLHYLQJ UHVLGXDO VWUHVVHV E\ H[SORVLRQ WUHDWPHQW RI

VXFK PDWHULDOV DV VWHHO 6W��� WKH G\QDPLF \LHOG VWUHVV

LV �w� WLPHV DV KLJK DV WKH VWDWLF RQH� 7KHVH GDWD

JHQHUDWHG IURP H[SHULPHQWV RQ KLJK�UDWH WHQVLRQ DQG

FRPSUHVVLRQ RI URGV DUH JLYHQ LQ >��@� ,Q DGGLWLRQ�

SHFXOLDULW\ RI WKH G\QDPLF FKDUDFWHU RI GHIRUPDWLRQ

VKRXOG EH DOORZHG IRU E\ DGGLQJ WR WKH SURFHVV FRQ�

VLGHUHG WKH GULIW RI WKH SRLQW ZKLFK UHSUHVHQWV WKH

VWUHVVHG VWDWH RI D PDWHULDO ZLWK UHVSHFW WR WKH VWDWLF

\LHOG VWUHVV�

�� 3HWXVKNRY� 9�*�� )DGHHQNR� <X�,� ������ 2Q H[SORVLRQ
WUHDWPHQW RI ZHOGHG MRLQWV� )L]LND *RUHQL\D L 9]U\YD� ��
��w���

�� .XGLQRY� 9�0�� 7UXI\DNRY� 9�,�� 3HWXVKNRY� 9�*� HW DO�
������ 3DUDPHWHUV RI H[SORVLYH FKDUJHV XVHG WR UHOLHYH UHVL�
GXDO VWUHVVHV LQ EXWW ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND� ��
��w��� ���

�� 3HWXVKNRY� 9�*�� )DGHHQNR� <X�,� ������ :HOGLQJ VWUHVVHV

UHOLHI E\ H[SORVLRQ WUHDWPHQW� 1��<�� %DFNERQH�
�� .XGLQRY� 9�0�� 3HWXVKNRY� 9�*� ������ 7HFKQRORJ\ RI H[�

SORVLRQ WUHDWPHQW RI ZHOGHG PHWDO VWUXFWXUHV� ,Q� $QQXDO RI
%LJ 6RYLHW (QF\FORSHGLD� ,VVXH ��� 0RVFRZ� 6RY� (QWVLNO�

�� 3HWXVKNRY� 9�*�� *ULVKDHQNR� $�,� ������ &DOFXODWLRQ RI
VWUHVV�VWUDLQ VWDWH RI D VROLG ERG\ VXEMHFWHG WR ORFDO H[SOR�
VLRQ ORDGLQJ� )L]LND *RUHQL\D L 9]U\YD� �� ��w����

�� 3HWXVKNRY� 9�*�� 7LWRY� 9�$� ������ 3DUDPHWHUV RI VKRFN�
ZDYH ORDGLQJ XVHG WR UHOLHYH UHVLGXDO ZHOGLQJ VWUHVVHV E\ H[�
SORVLRQ WUHDWPHQW� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� .DFKDQRY� /�0� ������ 3ULQFLSOHV RI SODVWLFLW\ WKHRU\�
0RVFRZ� 1DXND�

�� 6HGRY� /�,� ������ 0HFKDQLFV RI FRQWLQXXP� 0RVFRZ�
)L]PDWJL]�

�� 6WHSDQRY� *�9� ������ (ODVWR�SODVWLF VWUDLQ RI PDWHULDOV

XQGHU SXOVHG ORDGV� .\LY� 1DXNRYD 'XPND�
��� 5DNKPDWXOLQ� .K�$�� 'HPLDQRY� <X�$� ������ 6WUHQJWK XQ�

GHU LQWHQVLYH VKRUW�WLPH ORDGV� 0RVFRZ� )L]PDWJL]�
��� 3LVDUHQNR� *�6�� 3HWXVKNRY� 9�*� ������ 0HFKDQLFDO SUR�

SHUWLHV RI VRPH PDWHULDOV LQ KLJK�UDWH WHQVLRQ� 3UREOHP\

3URFKQRVWL� �� �w��
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,�$� 7$5$5<&+.,1

(DVW�8NUDLQLDQ 1DWLRQDO 8QLYHUVLW\� /XJDQVN� 8NUDLQH

7KH SDSHU VXJJHVWV D PHWKRG WR HYDOXDWH WKH HIIHFWLYHQHVV RI SUHYHQWLYH PHDVXUHV� DLPHG DW LPSURYHPHQW RI WKH DFFXUDF\

RI WKH PXOWLIDFWRULDO SURFHVV� &ULWHULD DUH GHILQHG� ZKLFK DOORZ GHWHUPLQDWLRQ RI WKH QDWXUH RI WKH FKDQJH LQ WKH DFFXUDF\

DQG VWDELOLW\ RI WKH SURFHVV EHLQJ FRQWUROOHG� 7KH SRVVLELOLWLHV RI WKH PHWKRG DUH FRQVLGHUHG LQ WKH FDVH RI QDUURZ�JDS

DUF ZHOGLQJ RI D FLUFXPIHUHQWLDO ZHOG RQ D WKLFN�ZDOOHG F\OLQGULFDO VKHOO�

.H\ZRU G V � QDUURZ�JDS DUF ZHOGLQJ� SURFHVV FRQWURO� VWD�

WLVWLFDO UHJXODWLRQ� SURGXFW TXDOLW\� SUHYHQWLYH PHDVXUHV� DFFX�
UDF\ FULWHULD

0HWKRG RI VWDWLVWLFDO UHJXODWLRQ� GHVFULEHG LQ >�@� DO�

ORZV FRQWUROOLQJ WKH FRQGLWLRQ RI D XQL�GLPHQVLRQDO
WHFKQRORJLFDO SURFHVV E\ D SUH�HVWDEOLVKHG DFFXUDF\

FKDUDFWHULVWLF� 7KH DFWXDO ZHOGLQJ SURFHVVHV� DV D UXOH�

DUH PXOWLGLPHQVLRQDO� DQG WKHLU FXUUHQW FRQGLWLRQ LV

GHWHUPLQHG E\ D FRPELQDWLRQ RI D ODUJH QXPEHU RI
IDFWRUV �PRGH SDUDPHWHUV�� &RQWURO RI PXOWLIDFWRULDO
WHFKQRORJLFDO SURFHVVHV LV DVVRFLDWHG ZLWK WKH QHHG WR

FRQWURO WKHLU FRQGLWLRQ DQG SHULRGLFDOO\ WDNLQJ SUH�

YHQWLYH PHDVXUHV� DLPHG DW LQFUHDVLQJ WKH DFFXUDF\ RI

WKH SURFHVV EHLQJ FRQWUROOHG >�w�@�

$QDO\VLV RI WKH DFFXUDF\ RI PXOWLIDFWRULDO V\VWHPV
LV PDGH GLIILFXOW E\ WKH DEVHQFH RI SURFHGXUHV� DOORZ�

LQJ REMHFWLYH HVWLPDWLRQ RI WKHLU FRQGLWLRQ� 3HUIRU�

PDQFH RI VXFK DQDO\VLV LV UHODWHG WR WKH QHHG WR DVVHVV

WKH HIIHFWLYHQHVV RI WKH SUHYHQWLYH PHDVXUHV�

7KH GLIILFXOWLHV� DULVLQJ LQ WKLV FDVH� DUH UHODWHG WR

WKH IDFW WKDW SXUSRVHIXO FKDQJH RI WKH SURFHVV FRQGL�

WLRQ E\ RQH RU VHYHUDO DFFXUDF\ FKDUDFWHULVWLFV PD\

OHDG WR FKDQJH RI WKH YDOXH RI RWKHU FKDUDFWHULVWLFV�
EHFDXVH RI WKH SUHVHQFH RI DQ LPSOLFLW RU H[SOLFLW FRU�
UHODWLRQ� ,Q WKLV FDVH D VLWXDWLRQ PD\ DULVH� ZKHQ DQ

DWWHPSW WR FKDQJH WKH SURFHVV FRQGLWLRQ� LQ RUGHU WR

LPSURYH LWV DFFXUDF\ ZLOO OHDG WR D UHYHUVH UHVXOW�

,I EHIRUH WDNLQJ WKH SUHYHQWLYH PHDVXUHV� WKH FRQ�

GLWLRQ RI DQ Q�GLPHQVLRQDO SURFHVV ZDV GHVFULEHG E\

YHFWRU *



ZLWK FRRUGLQDWHV J
V�
∗
� J

V�
∗
� ���� J

VQ

∗
� DQG DIWHU

WKH PHDVXUHV ZHUH WDNHQ LW ZDV FKDUDFWHUL]HG E\ YHFWRU

*



ZLWK FRRUGLQDWHV J
V�
∗∗

� J
V�
∗∗

� ���� J
VQ

∗∗
� LW QHFHVVDU\ WR

GHWHUPLQH� ZKHWKHU WKH UHJLVWHUHG FKDQJH RI WKH SUR�
FHVV FRQGLWLRQ LQGHHG FRUUHVSRQGV WR WKH FDVH RI LP�
SURYHPHQW RI LWV DFFXUDF\�

/HW XV DVVXPH WKDW EHIRUH WKH VWDUW DQG DIWHU FRP�

SOHWLRQ RI SUHYHQWLYH PHDVXUHV� WKH DFFXUDF\ RI DQ

Q�GLPHQVLRQDO SURFHVV ZDV HQVXUHG� L�H� FRQGLWLRQV

J
V L

∗
� � DQG J

V L

∗∗
� � �L  �� �� ���� Q� ZHUH VDWLVILHG�

DQG WKH SXUSRVH RI WDNLQJ WKHVH PHDVXUHV ZDV LP�

SURYHPHQW RI DFFXUDF\� )RU WKH FDVH RI WKUHH YDULDEOHV�

WKH SURFHVV FRQGLWLRQ FDQ EH GHVFULEHG LQ WKH V\VWHP

RI FR�RUGLQDWHV J
V� JV� JV� �)LJXUH ��� 7KH ERXQGDU\

RI WKH OLPLW VWDWH LV WKH VXUIDFH RI D XQLW FXEH� $Q

DUELWUDU\ SRLQW *� ORFDWHG LQVLGH WKH FXEH� KDV FR�RU�

GLQDWHV J
V�� JV�� JV�� ,Q WKLV FDVH WKH VPDOOHU LV DQJOH

ω EHWZHHQ YHFWRU * DQG FXEH GLDJRQDO �YHFWRU 0��
WKH KLJKHU WKH DFFXUDF\ RI WKH SURFHVV� DV ZLWK LQFUHDVH

RI ω YHFWRU * DSSURDFKHV WKH ERXQGDU\ RI WKH OLPLW

VWDWH� ,Q DGGLWLRQ� WKH ODWWHU RFFXUV DOVR ZLWK WKH LQ�

FUHDVH RI WKH OHQJWK RI UDGLXV�YHFWRU ρ�

,Q NHHSLQJ ZLWK WKH GHVFULEHG DSSURDFK� HYDOX�

DWLRQ RI WKH HIIHFWLYHQHVV RI WKH SUHYHQWLYH PHDVXUHV

VKRXOG EH SHUIRUPHG DV IROORZV� ,I WKH LQLWLDO SRVLWLRQ

RI YHFWRU *
 LV FKDUDFWHUL]HG E\ D VHW RI YDOXHV ρ


DQG

ω


� DQG DIWHU WDNLQJ VXFK PHDVXUHV YDOXHV ρ



DQG ω



FRUUHVSRQG WR YHFWRU *



� WKH DFFXUDF\ RI WKH SURFHVV

LV LPSURYHG� SURYLGHG WKH IROORZLQJ FRQGLWLRQ LV VD�

WLVILHG�







∆ρ = ρ∗

w ρ∗∗ > ��

∆ω = ω∗
w ω∗∗ > ��

���

7KH SURFHVV DFFXUDF\ ZLOO QRW FKDQJH� LI







∆ρ = ��

∆ω = ��
���

DQG ZLOO GHFUHDVH DW
� ,�$� 7$5$5<&+.,1� ����

)LJXUH �� 6FKHPDWLF RI UHODWLYH ORFDWLRQ RI YHFWRUV * DQG 0 LQ
J

V� JV� JV� V\VWHP RI FRRUGLQDWHV
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





∆ρ < ��

∆ω < ��
���

1RZ� LI SDUDPHWHUV ∆ρ DQG ∆ω DUH RI GLIIHUHQW
VLJQV� L�H� RQH RI WKH IROORZLQJ FRQGLWLRQV KROGV�







∆ρ < ��

∆ω > ��







∆ρ > ��

∆ω < ��
���

LW LV LPSRVVLEOH WR PDNH DQ XQDPELJXRXV FRQFOXVLRQ
DERXW WKH QDWXUH RI WKH FKDQJH RI SURFHVV FRQGLWLRQ�

,PSOHPHQWDWLRQ RI WKH SURSRVHG DOJRULWKP RI
HYDOXDWLRQ RI WKH HIIHFWLYHQHVV RI SUHYHQWLYH PHDVXUHV
LV UHODWHG WR WKH QHHG WR GHWHUPLQH WKH IROORZLQJ SD�
UDPHWHUV�

• DQJOH ω
 EHWZHHQ YHFWRUV *
 DQG 0 LQ Q�GLPHQ�
VLRQDO VSDFH RI IDFWRUV J

VL >�@

ω∗ = DUFFRV







∑
L = �

Q

JVL

∗
� √Q ∑

L = �

Q

JVL

∗ �






�

• DQJOH ω

 EHWZHHQ YHFWRUV *

 DQG 0

ω∗∗ = DUFFRV

∑
L = �

Q

J
VL

∗∗

√Q∑
L = �

Q

J
VL

∗∗ �

�

• LQFUHPHQW RI DQJOH ∆ω

∆ω = DUFFRV

∑
L = �

Q

JVL

∗

√ Q∑
L = �

Q

JVL

∗�

w DUFFRV

∑
L = �

Q

J
VL

∗∗

√Q∑J
VL

∗∗ �

L = �

Q

� ���

• PRGXOXV RI YHFWRU *


ρ∗ = √∑
L = �

Q

JVL

∗ �
�

• PRGXOXV RI YHFWRU *



ρ∗∗ = √∑
L = �

Q

JVL

∗∗�
�

• LQFUHPHQW RI PRGXOXV ∆ρ

∆ρ = √∑
L = �

Q

J
VL

∗ �
w √∑

L = �

Q

JVL

∗∗�
�

���

(IIHFWLYHQHVV RI SUHYHQWLYH PHDVXUHV LV HYDOXDWHG�
GHSHQGLQJ RQ WKH VLJQ RI ∆ωDQG ∆ρ FULWHULD LQ NHHSLQJ
ZLWK WKH HVWDEOLVKHG LQHTXDOLWLHV ���w����

/HW XV FRQVLGHU WKH SRVVLELOLWLHV RI WKH SURSRVHG
PHWKRG LQ WKH FDVH RI ILOOLQJ RI D 9�VKDSHG JURRYH
ZLWK D PXOWLOD\HU ZHOG E\ WKH IROORZLQJ VFKHPDWLF�
RQH OD\HU SHU SDVV� ,Q RUGHU WR HQVXUH WKH HGJH SHQH�
WUDWLRQ WKH WRUFK� GLUHFWHG DORQJ WKH JDS FHQWHU� PDNHV
WUDQVYHUVH RVFLOODWRU\ PRWLRQV� 7KH FRQGLWLRQV IRU LP�
SOHPHQWDWLRQ RI WKH ZHOGLQJ SURFHVV PD\ FKDQJH ZLWK

WLPH� GXH WR UDQGRP DQG V\VWHPDWLF FDXVHV� 6R� DV WKH
JURRYH LV ILOOHG� LWV FXUUHQW ZLGWK ZLOO LQFUHDVH� ZKLFK
PD\ FDXVH ODFNV�RI�SHQHWUDWLRQ DW WKH ZDOOV� 'XULQJ
ZHOGLQJ WKH RVFLOODWLRQ DPSOLWXGH PD\ FKDQJH� ZKLFK
PD\ DOVR EH DFFRPSDQLHG E\ DSSHDUDQFH RI ODFNV�RI�
SHQHWUDWLRQ� $QDO\]LQJ WKH FRQGLWLRQ RI D WZR�GLPHQ�
VLRQDO SURFHVV� ZLWK PRQLWRULQJ E\ WKH FXUUHQW ZLGWK
RI WKH JDS �% �DFFXUDF\ FULWHULRQ JV�� DQG DPSOLWXGH
RI WRUFK RVFLOODWLRQV $W �DFFXUDF\ FULWHULRQ JV��� LW
VKRXOG EH QRWHG WKDW SRLQW $ �)LJXUH ��� FKDUDF�
WHUL]LQJ WKH OLPLW FRQGLWLRQ RI WKH SURFHVV� FRUUHVSRQGV
WR WKH FDVH RI SRVVLEOH IRUPDWLRQ RI ODFNV�RI�SHQHWUD�
WLRQ DW IXUWKHU LQFUHDVH RI WKH FXUUHQW ZLGWK RI WKH
JURRYH� ,Q WKLV FDVH� JV�  � LV WDNHQ� L�H� LW LV DVVXPHG
WKDW WKH DPSOLWXGH RI WRUFK RVFLOODWLRQV FRUUHVSRQGV
WR WKH QRPLQDO YDOXH� ZKLOH RVFLOODWLRQV RFFXU LQ SD�
UDOOHO WR WKH D[LV� FRLQFLGLQJ ZLWK WKH JURRYH FHQWHU�

3RLQW% �)LJXUH �� FRUUHVSRQGV WR D OLPLW FRQGLWLRQ
RI WKH SURFHVV� LQ ZKLFK IXUWKHU UHGXFWLRQ RI WKH DP�
SOLWXGH RI WRUFK RVFLOODWLRQV LV DFFRPSDQLHG E\ IRU�
PDWLRQ RI ODFNV�RI�SHQHWUDWLRQ� ,Q WKLV FDVH LW LV DV�
VXPHG WKDW WKHUH DUH QR GHYLDWLRQV RI WKH JHRPHWULFDO
GLPHQVLRQV RI HGJH SUHSDUDWLRQ �JV�  ���

7KXV� LQ WHUPV RI WKH SRVVLEOH IRUPDWLRQ RI ODFNV�
RI�SHQHWUDWLRQ� WKH FRQGLWLRQ RI WKH ZHOGLQJ SURFHVV
IRU SRLQWV $ DQG % �)LJXUH �� WXUQV RXW WR EH HTXLYD�
OHQW� GHVSLWH WKH GLIIHUHQFHV LQ WKH FRQGLWLRQV RI LWV
LPSOHPHQWDWLRQ�

,I ZH XVH WKH SURSRVHG SURFHGXUH� DQG GHILQH WKH
SURFHVV FRQGLWLRQ LQ SRLQW $ E\ D VHW RI YDOXHV JV�

∗  

 �� JV�
∗  �� DQG LQ SRLQW % E\ JV�

∗∗  �� JV�
∗∗  ��

UHVSHFWLYHO\� WKHQ ∆ω  � DQG ∆ρ  �� 7KLV PHDQV�
WKDW LQ WHUPV RI WKH SRVVLEOH IRUPDWLRQ RI ODFNV�RI�
SHQHWUDWLRQ� WKH DERYH FRQGLWLRQV RI WKH SURFHVV
VKRXOG EH UHFRJQL]HG WR EH HTXLYDOHQW�

7KH FRQVLGHUHG H[DPSOH GHPRQVWUDWHV� WKDW ZKHQ
WKH SURSRVHG SURFHGXUH LV XVHG� WKH FRQWUROOHG SD�
UDPHWHUV RI SURFHVV DFFXUDF\ VKRXOG EH VHOHFWHG� SUR�
FHHGLQJ IURP WKH FRQGLWLRQ RI D VLJQLILFDQW LQIOXHQFH
RQ SURGXFW TXDOLW\ FKDUDFWHULVWLFV� DQG WKH SDUDPHWHUV
SURSHU VKRXOG KDYH WKH VDPH RU FORVH VWDWXV� GHWHU�
PLQHG E\ WKH UHFRPPHQGDWLRQV� JLYHQ LQ 7DEOH ��

)LJXUH �� 6FKHPDWLF IRU GHWHUPLQDWLRQ RI WKH FRQGLWLRQ RI D WZR�
GLPHQVLRQDO ZHOGLQJ SURFHVV� XVLQJ FRPSOH[ DFFXUDF\ FULWHULD J

V�

DQG J
V�
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/HW XV DQDO\]H WKH SRVVLELOLW\ RI HYDOXDWLRQ RI WKH
HIIHFWLYHQHVV RI SUHYHQWLYH PHDVXUHV� ZKHQ FRQWURO�
OLQJ WKH FRQGLWLRQ RI D PXOWLIDFWRULDO SURFHVV RI QDU�
URZ�JDS DUF ZHOGLQJ RI D FLUFXPIHUHQWLDO ZHOG RI D
VKHOO ZLWK �� PPZDOO WKLFNQHVV� 7KH DQJOH RI RSHQLQJ
RI D RQH�VLGHG JURRYH LV ��� 8QVDWLVIDFWRU\ DFFXUDF\
RI WKH PXOWLIDFWRULDO ZHOGLQJ SURFHVV PD\ OHDG WR IRU�
PDWLRQ RI ODFNV�RI�SHQHWUDWLRQ RI WKH VLGH ZDOOV� 6XE�
VHTXHQW GHWHFWLRQ DQG UHSDLU RI VXFK GHIHFWV� O\LQJ LQ
WKLFN PHWDO DW D JUHDW GHSWK� UXQV LQWR VHULRXV WHFK�
QLFDO SUREOHPV�

3RVVLEOH IRUPDWLRQ RI ODFNV�RI�SHQHWUDWLRQ LV LQ�
IOXHQFHG E\ D QXPEHU RI IDFWRUV VXFK DV WKH FXUUHQW
ZLGWK RI WKH JDS �%� DPSOLWXGH RI WRUFK RVFLOODWLRQV
$W� DV ZHOO DV DUF YROWDJH8D� 'XULQJ WKH JURRYH ILOOLQJ
ZLWK WKH FLUFXPIHUHQWLDO ZHOG� WKH ZHOGLQJ VSHHG YZ
LV JUDGXDOO\ LQFUHDVHG �DV D UHVXOW RI YHUWLFDO GLVSODFH�
PHQW RI WKH WRUFK IURP WKH D[LV RI URWDWLRQ�� ZKLFK

LV DFFRPSDQLHG E\ D GHFUHDVH RI WKH KHDW LQSXW DQG
PD\ OHDG WR IRUPDWLRQ RI ODFNV�RI�SHQHWUDWLRQ� :HOG�
LQJ FXUUHQW ,Z LV DQRWKHU SDUDPHWHU� LQIOXHQFLQJ WKH
KHDW LQSXW� 7KHUHIRUH� LW VKRXOG EH WDNHQ LQWR DFFRXQW�
ZKHQ FRQWUROOLQJ WKH SURFHVV FRQGLWLRQ�

7KXV� DV WKH FRQWUROOHG ILYH�GLPHQVLRQDO SURFHVV
DSSURDFKHV WKH ERXQGDU\ RI WKH OLPLW VWDWH� FRUUHFWLYH
PHDVXUHV VKRXOG EH WDNHQ� ZKLFK DUH UHODWHG WR ORZ�
HULQJ RI ZHOGLQJ VSHHG �DQJXODU VSHHG RI WKH VKHOO
URWDWLRQ� DQG LQFUHDVH RI WKH DPSOLWXGH RI WRUFK RV�
FLOODWLRQV� 6XFK FRUUHFWLRQV RI SURFHVV FRQGLWLRQ ZLOO
UHVXOW LQ D WRWDO FKDQJH RI DFFXUDF\ FKDUDFWHULVWLFV�
EHFDXVH RI D SUHVHQFH RI FRUUHODWLRQ OLQNV EHWZHHQ
PRGH SDUDPHWHUV� 7KH WDNHQ FRUUHFWLYH PHDVXUHV�
DLPHG DW SUHYHQWLRQ RI ODFNV�RI�SHQHWUDWLRQ� VKRXOG
EH DFFRPSDQLHG E\ DQ DFWXDO� QRW DQWLFLSDWHG SURFHVV
DFFXUDF\�

,Q RUGHU WR HQVXUH WKH SRVVLELOLW\ RI HYDOXDWLRQ RI
WKH DFFXUDF\ RI D PXOWLIDFWRULDO ZHOGLQJ SURFHVV� LW LV
QHFHVVDU\ WR ILUVW VHW WKH QRPLQDO YDOXHV DQG DGPLV�
VLEOH UDQJH RI YDULDWLRQ RI WKH FRQWUROOHG FKDUDF�
WHULVWLFV �GHILQH GHVLJQ WROHUDQFH�� 1RPLQDO YDOXHV
DQG GHVLJQ WROHUDQFH UDQJH IRU VXFK FKDUDFWHULVWLFV
PD\ EH HVWDEOLVKHG� SURFHHGLQJ IURP WKH DYDLODEOH
SURGXFWLRQ H[SHULHQFH� E\ ZHOGLQJ D WHVW EDWFK RI
VDPSOHV DW WKH VWDJH RI WHFKQRORJ\ RSWLPL]DWLRQ� E\
WKH UHVXOWV RI DQDO\VLV RI SXEOLFDWLRQV� WDNLQJ LQWR
DFFRXQW WKH H[SHUWVs RSLQLRQ� HWF�

)RU WKH FRQVLGHUHG FDVH RI ZHOGLQJ WKH FLUFXPIH�
UHQWLDO ZHOG� WKH VSHFLILHG WROHUDQFH UDQJHV IRU WKH

7DEOH �� 7ROHUDQFH UDQJHV� HVWDEOLVKHG IRU WKH FRQWUROOHG SDUDPHWHUV RI WKH SURFHVV

&RQWUROOHG SDUDPHWHU

RI WKH ZHOGLQJ SURFHVV
1RPLQDO YDOXH RI WKH SDUDPHWHU

7ROHUDQFH UDQJH OLPLW� PP 'HVLJQDWLRQ RI WKH

DSSURSULDWH FRPSOH[

DFFXUDF\ FULWHULD8SSHU /RZHU

� � PP $VVXPHG WR EH HTXDO WR DYHUDJH YDOXH �%DY

IRU WKH FXUUHQW ZLGWK RI JDS �% LQ ZHOGLQJ

RI DQ LQGLYLGXDO OD\HU

� DY � � � DY w � J
V�

�W� PP ����� DY w ��� ����� DY w ��� � � ����� DY w ��� w � J
V�

8D� 9 �� �� �� J
V�

YZ� FP�V ���� ���� ���� J
V�

,Z� � ��� ��� ��� J
V�

7DEOH �� 6WDWXV RI WKH FRQWUROOHG SDUDPHWHUV RI ZHOGLQJ SURFHVV DFFXUDF\

6WDWXV RI WKH FRQWUROOHG

SDUDPHWHU RI SURFHVV DF�

FXUDF\

$QWLFLSDWHG FRQVHTXHQFHV RI ORZHULQJ WKH SURFHVV

DFFXUDF\ E\ WKH SDUDPHWHU

5HFRPPHQGDWLRQV RQ FRQWURO DQG GRFXPHQWDWLRQ RI WKH SURFHVV

FRQGLWLRQ

&ULWLFDO ,W ZLOO FHUWDLQO\ OHDG WR IRUPDWLRQ RI GLIILFXOW�WR�

GHWHFW GHIHFWV� UHTXLULQJ VXEVHTXHQW UHSDLU

&RQWURO� XVLQJ V\VWHPV RI VWDWLVWLFDO UHJXODWLRQ E\ D

FRPELQHG VFKHPDWLF >�@� 'RFXPHQWLQJ� XVLQJ FRQWURO

FDUGV >�@ DQG FRQGLWLRQ FRQWURO FDUGV >�@

,PSRUWDQW +LJK SUREDELOLW\ RI IRUPDWLRQ RI GHIHFWV� SDUW RI

ZKLFK ZLOO UHTXLUH IXUWKHU UHSDLU

&RQWURO� XVLQJ WKH ILUVW RU VHFRQG UHJXODWLRQ VHTXHQFH >�@�

'RFXPHQWLQJ� XVLQJ FRQWURO FDUGV RU FRQGLWLRQ FRQWURO

FDUGV

6LJQLILFDQW 0D\ OHDG WR IRUPDWLRQ RI GHIHFWV� GHWHFWLRQ DQG

FRUUHFWLRQ RI ZKLFK ZLOO QRW FUHDWH DQ\ VHULRXV

SUREOHPV

&RQWURO� XVLQJ J
VL
FULWHULD DQG GRFXPHQWLQJ WKH FXUUHQW

FRQGLWLRQ LQ WKRVH FDVHV� ZKHQ DQ XQVDWLVIDFWRU\ DFFXUDF\

RI WKH SURFHVV LV IRXQG

,QVLJQLILFDQW )RUPDWLRQ RI GHIHFWV� ZKLFK PD\ UHTXLUH

VXEVHTXHQW UHSDLU� LV QRW DQWLFLSDWHG

&RQWURO E\ FXUUHQW LQGLFHV RI PHDVXULQJ LQVWUXPHQWV� 1R

GRFXPHQWLQJ LV GRQH

7DEOH �� 9DOXHV RI FRPSOH[ DFFXUDF\ FULWHULD RI QDUURZ�JDS DUF
ZHOGLQJ

&RQWUROOHG SDUDPHWHU

RI ZHOGLQJ SURFHVV

9DOXHV RI DFFXUDF\ FULWHULD� ZKHQ WDNLQJ

SUHYHQWLYH PHDVXUHV

%HIRUH $IWHU

� � PP

�W� PP

J
V�

∗  ����

J
V�

∗  ����

J
V�

∗∗  ����

J
V�

∗∗  ����

8D� 9

YZ� FP�V

,Z� �

J
V�

∗  ����

J
V�

∗  ����

J
V�

∗  ����

J
V�

∗∗  ����

J
V�

∗∗  ����

J
V�

∗∗  ����

30 5/2003



FRQWUROOHG FKDUDFWHULVWLFV RI SURFHVV DFFXUDF\ DUH
JLYHQ LQ 7DEOH ��

7DEOH � JLYHV WKH YDOXHV RI FRPSOH[ FULWHULD RI
DFFXUDF\� GHVLJQHG LQ NHHSLQJ ZLWK WKH SURFHGXUH RI
>�@� EHIRUH DQG DIWHU WDNLQJ WKH SUHYHQWLYH PHDVXUHV�
UHODWHG WR FRUUHFWLRQ RI WKH DQJXODU VSHHG RI URWDWLRQ
RI WKH VKHOO DQG DPSOLWXGH RI RVFLOODWLRQV RI WKH ZHO�
GLQJ WRUFK� 9DOXHV RI ∆ω DQG ∆ρ ZHUH IRXQG GXULQJ
SURFHVVLQJ WKH GDWD LQ 7DEOH �� XVLQJ GHSHQGHQFLHV
��� DQG ����







∆ρ = ������

∆ω = �����

3RVLWLYH YDOXHV RI WKH FDOFXODWHG FULWHULD ∆ρ DQG

∆ω LQGLFDWH WKDW WDNLQJ SUHYHQWLYH PHDVXUHV LQFUHDVHV
WKH DFFXUDF\ RI WKH FRQWUROOHG ZHOGLQJ SURFHVV� 7KLV
PHDQV WKDW WKH DERYH PHDVXUHV DUH KLJKO\ HIIHFWLYH�

7KXV� LW LV UDWLRQDO WR XVH WKH SURSRVHG PHWKRG WR
HYDOXDWH WKH HIIHFWLYHQHVV RI WKH SUHYHQWLYH DFWLRQV LQ
WKRVH FDVHV� ZKHQ KLJKHU UHTXLUHPHQWV DUH PDGH RI
WKH DFFXUDF\ RI WKH FRQWUROOHG PXOWLIDFWRULDO ZHOGLQJ
SURFHVV DQG TXDOLW\ RI ZHOGHG MRLQWV�

�� 7DUDU\FKNLQ� ,�$� ������ 6WDWLVWLF UHJXODWLRQ RI ZHOGLQJ WHFK�
QRORJLFDO SURFHVVHV XVLQJ WKH PHWKRG RI FRQVWUXFWLRQ RI FKDUWV
RI FRQGLWLRQ FRQWURO� 7KH 3DWRQ :HOGLQJ -�� ��� ��w���

�� 7DUDU\FKNLQ� ,�$� ������ 6WDWLVWLFDO PHWKRGV RI TXDOLW\ DV�

VXUDQFH RI ZHOGHG SURGXFWV� /XJDQVN� 9� 'DO (818�
�� ,62 ����w����� 4XDOLW\ PDQDJHPHQW V\VWHPV� 5HTXLUH�

PHQWV� ,QWURG� ���������
�� ,62�72 �����w��� 5HFRPPHQGHG SUDFWLFHV IRU VHOHFWLRQ RI

VWDWLVWLFDO PHWKRGV DV DSSOLHG WR ,62 ���������� ,QWURG�
���������

�� .RUQ� *�� .RUQ� 7� ������ 5HIHUHQFH ERRN RQ PDWKHPDWLFV

IRU UHVHDUFKHUV DQG HQJLQHHUV� 0RVFRZ� 1DXND�
�� +DZOHU� /�� +RZHOO� -�� *ROG� %� HW DO� ������ 6WDWLVWLFDO

PHWKRGV RI TXDOLW\ FRQWURO RI SURGXFWV� 0RVFRZ� 6WDQGDUW�
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������	
����
��������
���������

���������������
���

9�1� 6+/(3$.29 DQG 6�0� 1$80(-.2

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

9DQ�/DDU WKHRU\ DQG 0HOYLQ�+XJKV PHWKRGV ZHUH WKH EDVLV WR GHYHORS WKH SURFHGXUH RI HYDOXDWLRQ RI G\QDPLF YLVFRVLW\

RI WKUHH�FRPSRQHQW VDOW�R[LGH V\VWHPV� 7KH SRVVLELOLW\ RI SUHOLPLQDU\ WKHRUHWLFDO LQYHVWLJDWLRQ RI WKH YLVFRVLW\ RI VODJ

V\VWHPV LV GHPRQVWUDWHG�

.H\ZRU G V � YLVFRVLW\� PXOWLFRPSRQHQW VODJ V\VWHPV� IOX[�

FRUHG ZLUHV� 9DQ�/DDU WKHRU\� 0HOYLQ�+XJKV PHWKRG� VODJ YLV�

FRVLW\� QRQ�DVVRFLDWHG OLTXLGV

,Q DUF ZHOGLQJ WKH YLVFRVLW\ RI VODJ PHOWV KDV D GRPL�
QDWLQJ LPSRUWDQFH LQ IRUPDWLRQ RI ZHOG DQG LWV TXD�
OLW\� 7KH FRQFHSWLRQ DERXW WKH UHODWLRQ EHWZHHQ FRQ�
GLWLRQV RI ZHOG SURGXFLQJ DQG PDLQ SK\VLFDO�FKHPLFDO
SURSHUWLHV RI VODJV LV UHIOHFWHG LQ VRPH ZRUNV >�w�@�
,W ZDV HVWDEOLVKHG WKDW LQ YHUWLFDO DQG RYHUKHDG SR�
VLWLRQV DQG LQ ZHOGLQJ FLUFXPIHUHQWLDO ZHOGV LW LV UD�
WLRQDO WR XVH WKH VKRUW VODJV ZLWK DQ LQFUHDVHG YLVFRVLW\
ZKHUH WKH VODJ LV VROLGLILHG TXLFNO\ DQG SUHYHQWV UH�
OLDEO\ WKH ZHOG SRRO IURP LWV VSUHDGLQJ� 2WKHUZLVH�
VODJ GXULQJ ZHOGLQJ LV IORZLQJ RXW� WKXV UHVXOWLQJ LQ
WKH IRUPDWLRQ RI SRRUO\ IRUPHG KXPPRFN\ ZHOGV ZLWK
PHWDO RYHUODSV� XQGHUFXWV DQG RWKHU GHIHFWV� $W WKH
VDPH WLPH� WKH VODJV� KDYLQJ UHODWLYHO\ ORZ YDOXHV RI
YLVFRVLW\ DW WHPSHUDWXUH RI VWHHO PHOWLQJ �VODJ KDV D
WLPH IRU VSUHDGLQJ RYHU WKH VXUIDFH�� DQG TXLFNO\�VR�
OLGLILHG VKRUW VODJV DW WHPSHUDWXUH GHFUHDVH WR ����w
���� �& DUH QHFHVVDU\ LQ IODW ZHOGLQJ IRU SURGXFLQJ
D VPRRWK VXUIDFH RI WKH ZHOG� 7KXV� NQRZLQJ WKH
WHPSHUDWXUH UHODWLRQVKLS RI WKH VODJ YLVFRVLW\ LW LV
SRVVLEOH WR SUHGLFW WKH ZHOGLQJ�WHFKQRORJLFDO SURSHU�
WLHV RI IOX[�FRUHG ZLUHV E\ WKH LQGLFHV RI FRYHULQJ

FDSDELOLW\ RI WKH VODJ DQG ZHOG IRUPDWLRQ LQ YHUWLFDO
SODQH�

([SHULPHQWDO GHWHUPLQDWLRQ RI YLVFRVLW\ LV UDWKHU
ODERXU�LQWHQVLYH� D SUDFWLFDO DVSHFW RI VODJ VHOHFWLRQ
GRHV QRW RIWHQ WDNH LQWR DFFRXQW WKH FKDQJH LQ VRPH
SURSHUWLHV� 2QH RI WKH DOWHUQDWLYH PHWKRGV LV WKH FRQ�
VWUXFWLRQ RI PDWKHPDWLFDO PRGHOV WR SUHGLFW WKH WHP�
SHUDWXUH UHODWLRQVKLSV RI YLVFRVLW\ RI WKH VODJ V\VWHPV�
0DQ\ NQRZQ PDWKHPDWLFDO PRGHOV DUH FRPSOLFDWHG
DQG EDVHG RQ D ODUJH QXPEHU RI H[SHULPHQWDO GDWD
>�w�@� ,Q WKH SUHVHQW DUWLFOH D PHWKRG RI FDOFXODWLRQ
RI YLVFRVLW\ RI WKUHH�FRPSRQHQW V\VWHPV RQ WKH EDVLV
RI 9DQ�/DDU WKHRU\ DQG 0HOYLQ�+XJKV PHWKRG LV RI�
IHUHG >�@�

9DQ�/DDU WKHRU\ FRQVLGHUV DOOR\V FRQVLVWLQJ RI
PROHFXOHV RI DOPRVW VLPLODU VL]HV� PL[HG FKDRWLFDOO\
DQG LQWHUDFWLQJ RQH ZLWK DQRWKHU LQ D FHUWDLQ ZD\�
7KLV PHWKRG OHDGV WR UDWKHU FRPSOH[ HTXDWLRQV� ZKLFK
VKRZ WKDW HQHUJ\ LQ LQWHUH[FKDQJH GHSHQGV RQ D FR�
RUGLQDWLRQ QXPEHU DQG HQHUJ\ RI LQWHUDFWLRQ4LM� W\SL�
FDO RI GLIIHUHQW SDLUV RI PROHFXOHV� 7KHRU\ LQ LWV LQ�
WHUSUHWHG IRUP WDNHV LQWR DFFRXQW RQO\ WKH LQWHUDFWLRQ
RI WKH QHDUHVW QHLJKERUV DQG PDNHV QR DOORZDQFHV IRU
DWWUDFWLRQ WR PROHFXOHV ORFDWLQJ EH\RQG WKH ILUVW FR�
RUGLQDWLRQ OD\HU� (TXDWLRQV GHVFULELQJ WKH FKDQJH LQ
YLVFRVLW\ DUH VXLWDEOH RQO\ IRU QRQ�DVVRFLDWHG OLTXLGV�
L�H� IRU VDOW�R[LGH VODJ V\VWHPV� KDYLQJ DQ LRQ QDWXUH�� 9�1� 6+/(3$.29 DQG 6�0� 1$80(-.2� ����
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$FFRUGLQJ WR WKH 9DQ�/DDU WKHRU\ DQG 0HOYLQ�+XJKV
PHWKRG >�@� WKH FRHIILFLHQW RI YLVFRVLW\ LQ ELQDU\ UHJX�

ODU PHOWV ZLWK DOORZDQFH IRU WKH LRQ QDWXUH RI WKH

V\VWHPV KDV D IRUP
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ILFLHQW RI GLIIXVLRQ� µ�� µ� DUH WKH FKHPLFDO SRWHQWLDOV

RI FRPSRQHQWV � DQG � LQ WKH PHOW� O LV WKH GLVWDQFH

EHWZHHQ PROHFXOHV� PHDVXUHG LQ WKH GLUHFWLRQ QRUPDO
WR WKH PRYHPHQW GLUHFWLRQ�

7KH 9DQ�/DDU WKHRU\ IRU WKH WZR�FRPSRQHQW V\V�
WHP ZLOO EH XVHG IRU WKUHH�FRPSRQHQW V\VWHPV� 7KHQ
WKH YLVFRVLW\ FDQ EH H[SUHVVHG LQ WKH IRUP
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'HILQLWH GHSHQGHQFHV RI YLVFRVLW\ FRHIILFLHQW RQ
FRPSRVLWLRQ FDQ EH REWDLQHG DFFRUGLQJ WR HTXDWLRQ

���� LI FKHPLFDO SRWHQWLDOV RI \LHOGLQJ XQLWV DUH NQRZQ�
([SUHVVLRQV RI FKHPLFDO SRWHQWLDOV IRU WKH WKUHH�FRP�
SRQHQW V\VWHP ZHUH REWDLQHG RQ WKH EDVLV RI GDWD IRU

WZR�FRPSRQHQW V\VWHPV LQ WKH DSSUR[LPDWLRQ RI D
FRPSOLFDWHG PRGHO RI WKH WKHRU\ RI UHJXODU VROXWLRQV�
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6XEVWLWXWLQJ YDOXHV RI GHULYDWLYHV ���w��� WR IRU�
PXOD ��� DQG WDNLQJ LQWR DFFRXQW ���� LW LV SRVVLEOH

WR GHVFULEH WKH YLVFRVLW\ RI PHOWV ZKRVH \LHOGLQJ XQLWV
DUH HLWKHU QRW FKDQJHG RU XQGHUJR QHJOLJLEOH FKDQJHV�

/HW XV FRQVLGHU WKH VDOW�R[LGH V\VWHP &D2w&D)�w

$O�2�� 9ROXPH DQG UDGLXV RI KROHV� RFFXUULQJ LQ PHOW�

LQJ VODJV �FRPSRVLWLRQV RI VODJV DUH LQGLFDWHG LQ 7D�
EOH ��� FDQ EH HYDOXDWHG XVLQJ HTXDWLRQ >��@�
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7KH VXUIDFH WHQVLRQ RI VODJV LV σ�  ����� σ�  �����

σ�  ���� 1�P DW WHPSHUDWXUH ���� . >�@� 7KXV� IURP

WKH H[SHULPHQWDO GDWD RI VXUIDFH WHQVLRQ DQG IRUPXOD
���� ZH VKDOO ILQG WKH UDGLXV RI KROHV UK QHFHVVDU\ IRU

D WRXJK \LHOGLQJ �7DEOH ���

,Q DOO FRPSRVLWLRQV RI VODJV WKH YDOXH RI UDGLXV RI
KROHV LV RFFXUUHG WR EH FORVH �UK  �����w����� QP�

WR WKH VL]HV RI R[\JHQ LRQ �U  ����� QP�� VLQJOH�DWRP

7DEOH �� &RPSRVLWLRQ RI VODJV DQG UDGLXV RI KROHV RFFXUULQJ LQ
PHOWLQJ VODJV

1R� RI

FRPSRVLWLRQ
(OHPHQW FRQWHQW� ZW�� UK� QP
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LRQV DUH WKH XQLWV RI WRXJK \LHOGLQJ� L�H� WKHVH VODJV
UHIHU WR QRQ�DVVRFLDWHG OLTXLGV DQG WKH 9DQ�/DDU WKHR�
U\ FDQ EH DSSOLHG WR WKHP�

$V WKH WKHRUHWLFDO XQLWV RI WKH WRXJK \LHOGLQJ DUH
XQFKDQJHG DW DOO WKH WHPSHUDWXUHV� WKH UHODWLRQVKLS
EHWZHHQ WKH FRHIILFLHQWV RI YLVFRVLW\ RI IOXRULGH DQG
R[LGHV FDQ EH REWDLQHG E\ H[WUDSRODWLRQ RI SRO\WKHUPV
RI YLVFRVLW\ RI SXUH FRPSRQHQWV SORWWHG LQ WKH V\VWHP
RI FRRUGLQDWHV OJ η  I���7��

7KH YDOXHV REWDLQHG E\ H[WUDSRODWLRQ

OJ η&D2

� = ����

7
w �����

����

OJ η$O
�
2

�

� = �����

7
w ����� ����

OJ η&D)
�

� = ����

7
w ����

����

UHSUHVHQW FRHIILFLHQWV RI YLVFRVLW\ RI K\SRWKHWLF R[LGHV
DQG IOXRULGHV FDSDEOH WR IRUP WKH OLTXLG VROXWLRQV
ZLWKLQ WKH ZKROH LQWHUYDO RI FRPSRVLWLRQV DW WHPSHUD�
WXUHV EHLQJ ORZHU WKDQ WKH WHPSHUDWXUH RI PHOWLQJ RI
UHDO R[LGHV� ,Q VSLWH RI WKLV� WKHLU XVH SURYLGHV WKH
QHFHVVDU\ YDOXHV RI FRHIILFLHQWV RI YLVFRVLW\ RI PHOWV
DW WHPSHUDWXUHV EHLQJ ORZHU WKDQ WKRVH RI PHOWLQJ RI
SXUH FRPSRQHQWV�

3DUDPHWHUV RI LQWHUDFWLRQ IRU ELQDU\ V\VWHPV ZHUH
GHWHUPLQHG IURP VWDWH GLDJUDPV E\ HTXDWLRQV�
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IUDFWLRQV RI FRPSRQHQWV �XSSHU LQGH[ x SKDVH QXP�
EHU� ORZHU LQGH[ x QXPEHU RI FRPSRQHQW��

7DEOH � JLYHV WKH H[SHULPHQWDO DQG FDOFXODWHG GDWD
RI YLVFRVLW\ RI VODJV RI &D2w&D)�w$O�2� V\VWHP� 'H�
YLDWLRQ RI FDOFXODWHG SRO\WKHUPV RI YLVFRVLW\ RI $1)��
DQG $1)��� VODJV IURP H[SHULPHQWDO GDWD LV DOVR FDXVHG
E\ WKH IDFW WKDW UHDO VODJV $1)�� DQG $1)��� FRQWDLQ
XS WR � � 6L2� LQ LWV FRPSRVLWLRQ ZKLFK LV QRW WDNHQ
LQWR DFFRXQW LQ FDOFXODWLRQV� 7KXV� LW LV SRVVLEOH WR GH�
VFULEH WKH YLVFRVLW\ RI R[LGH�IOXRULGH PHOWV ZLWK WKH KHOS

RI WKHRUHWLFDO IRUPXODH� ,W LV HYLGHQW� WKDW WKH YLVFRVLW\
RI PHOW GHSHQGV ERWK RQ WKH VL]H DQG VKDSH RI VHSDUDWH
PROHFXOHV DQG FRPSOH[HV IRUPHG E\ WKHP� DQG DOVR
RQ VWUHQJWK RI LQWHUPROHFXODU ERQGV� DQG� LQ FDVH RI
IRUPDWLRQ RI FRPSOH[HV� DOVR RQ WKH UDWLR RI VWUHQJWK
RI ERQGV EHWZHHQ WKH PROHFXOHV LQVLGH DQG RXWVLGH
WKH FRPSOH[� ,W FDQ EH DVVXPHG IRU WKH &D2w&D)�w
$O�2� V\VWHP LQYHVWLJDWHG IURP WKH GDWD RI YLVFRVLW\
WKDW WKHUH LV QR IRUPDWLRQ RI FRPSOH[HV LQ WKH VHOHFWHG
SRLQWV RI WKH V\VWHP�

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW WKH WKHRU\ RI
9DQ�/DDU DQG 0HOYLQ�+XJKV PHWKRG PDNH LW SRVVLEOH
WR HYDOXDWH WKH G\QDPLF YLVFRVLW\ RI WKUHH�FRPSRQHQW
VDOW�R[LGH V\VWHPV� &RPSDUDWLYH HYDOXDWLRQ RI FDOFX�
ODWHG DQG H[SHULPHQWDO GDWD SURYHV WKH VXLWDELOLW\ RI
XVH RI WKH GHYHORSHG SURFHGXUH IRU WKH SUHOLPLQDU\ WKHR�
UHWLFDO LQYHVWLJDWLRQ RI YLVFRVLW\ RI WKH VODJ V\VWHPV�

�� 3RSHO� 6�,� ������ 7KHRU\ RI PHWDOOXUJLFDO SURFHVVHV� 0RV�
FRZ� 9,1,7,�

�� 3RSHO� 6�,�� 3DYORY� 9�9� ������ 7KHUPRG\QDPLF FDOFXOD�
WLRQ RI VXUIDFH WHQVLRQ RI VROXWLRQV� ,Q� 6XUIDFH SKHQRPHQD
LQ PHOWV DQG VROLG SKDVHV IRUPHG IURP WKHP� 1DOFKLN�

�� .X]PHQNR� 9�*�� *DOLQLFK� 9�,�� 7RNDUHY� 9�6� HW DO�
������ ,QYHVWLJDWLRQ RI SURSHUWLHV RI VODJ PHOWV DV DSSOLHG
WR YDOLGDWLRQ RI ZHOGLQJ IOX[HV FRPSRVLWLRQ� 3DUW �� 6WUXF�
WXUH� $YWRPDWLFK� 6YDUND� ��� ��w���

�� 3RGJDHWVN\� 9�9�� .X]PHQNR� 9�*� ������ :HOGLQJ VODJV�
.\LY� 1DXNRYD 'XPND�

�� 6RNRORY� /�1�� %DMGRY� 9�9�� .XQLQ� /�/� ������ $ERXW SH�
FXOLDULWLHV RI VWUXFWXUH RI VXUIDFH OD\HU RI VODJ PHOWV� 7HR�
UL\D 0HWDOOXUJ� 3URWVHVVRY� �� ��w���

�� /\XELPRY� $�3�� *YR]GHYD� /�,� ������ 7KHRU\ RI IUHH YRO�
XPH� =KXUQDO )L]� .KLPLL� �� ���w����

�� *OHVVWRQ� 6�� /HLGOHU� &�� (LULQJ� *� ������ 7KHRU\ RI DEVR�
OXWH UHDFWLRQ UDWH� 0RVFRZ� ,QRVWU� /LWHUDWXUD�

�� 0F$OOLVWHU� 5�$� ������ $SSOLFDWLRQ RI (LULQJsV WKHRU\ IRU
HYDOXDWLRQ RI NLQHPDWLF YLVFRVLW\ RI ELQDU\ V\VWHPV� -� $QD�
O\WLF &KHPLVWU\� �� ����

�� 0HOYLQ�+XKJV� (�$� ������ 3K\VLFDO FKHPLVWU\� %RRN ��
0RVFRZ� ,QRVWU� /LWHUDWXUD�

��� (VLQ� 2�$�� *HOG� 3�9� ������ 3K\VLFDO FKHPLVWU\ RI S\�
URPHWDOOXUJLFDO SURFHVVHV� 3DUW �� ,QWHUDFWLRQ ZLWK SDUWLFL�
SDWLRQ RI PHOWV� 0RVFRZ� 0HWDOOXUJL\D�

��� =KPRMGLQ� *�,�� 0ROGDYVN\� 2�'� ������ 9LVFRVLW\ RI IOXRULQH�
FRQWDLQLQJ PHOWV� ,]Y� $1 6665� 6HULHV 0HWDOO\� �� ��w���

7DEOH �� ([SHULPHQWDO DQG FDOFXODWHG GDWD RI YLVFRVLW\ RI &D2w
&D)�w$O�2� V\VWHP VODJV

&RPSRVLWLRQ� PDVV IUDFWLRQ

RI HOHPHQWV� �

7HPSHUDWXUH�
Ì¯

9LVFRVLW\� 3D⋅V

&DOFXODWHG ([SHULPHQWDO

��&D)�w�&D2w��$O�2�

�$1)���

���� ������ ���� >��@

���� ������ ����� >��@

���� ������ ����� >��@

��&D)�w��&D2w��$O�2� ���� ����� ���� >�@

���� ����� ���� >�@

���� ������ ���� >�@

��&D)�w��&D2w��$O�2�

�$1)����

���� ����� ���� >��@

���� ������ ���� >��@

���� ������ ���� >��@

7HPSHUDWXUH UHODWLRQV RI G\QDPLF YLVFRVLW\ η RI ZHOGLQJ VODJV RI
&D2w&D)�w$O�2� V\VWHP IRU IOX[ RI FRPSRVLWLRQ $1)�� ���� $1)�
�� ��� DQG ��&D)�w�� &D2w��$O�2� ��� �VROLG FXUYHV x FDOFX�
ODWHG GDWD IURP IRUPXOD ���� SRLQW FXUYHV x H[SHULPHQW E\ >��@�
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�
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
&RPSDQ\ �8NUVWDONRQVWUXNWVL\D�� .\LY� 8NUDLQH

5HVXOWV RI DQDO\VLV RI SURSHUWLHV DQG ZHOGDELOLW\ RI VSDUVHO\�DOOR\HG KLJK�VWUHQJWK VWHHOV RI ��*�% DQG ��*�6<XFK �σ
\

≥
≥ ��� 03D� DUH JLYHQ� 3URVSHFWV RI WKHLU XVH LQ PDQXIDFWXUH RI XQLTXH DQG UHOLDEOH HQJLQHHULQJ VWUXFWXUHV RI GLIIHUHQW

SXUSRVH �EULGJHV� WRZHUV� SUHVVXUH YHVVHOV� WDQNV� DUH HVWLPDWHG�

.H\ZRU G V � KLJK�VWUHQJWK VWHHOV� ZHOGDELOLW\� VWUHQJWK
SURSHUWLHV� FROG UHVLVWDQFH� GHOD\HG IUDFWXUH

5DWLRQDO XVH RI DGYDQFHG PLFURDOOR\HG PDWHULDOV ZLWK
KLJK FKDUDFWHULVWLFV RI PHFKDQLFDO SURSHUWLHV PDNHV
LW SRVVLEOH WR UHGXFH HIIHFWLYHO\ WKH PHWDO DQG HQHUJ\
FRQVXPSWLRQ� WR LQFUHDVH WKH UHOLDELOLW\ DQG OLIH� WR

ZLGHQ WKH WHFKQLFDO FDSDELOLWLHV RI HQJLQHHULQJ VWUXF�

WXUHV DQG WR VROYH WKH QHZ WDVNV ZLWKRXW WHFKQLFDO

PRGLILFDWLRQ RI WKH SURGXFWLRQ� ,Q LQGXVWULDOL]HG

FRXQWULHV WKH QHZ JHQHUDWLRQ RI VWHHOV ZLWK ���w

��� 03D \LHOG VWUHQJWK LV XVHG QRZ IRU WKLV SXUSRVH
>�� �@ DQG WKH SUREOHP RI DSSOLFDWLRQ RI WKH VWURQJHU
PDWHULDOV LV XQGHU WKH FRQVLGHUDWLRQ >�@� 7KHVH VWHHOV

FRQWDLQ PDLQO\ XS WR ���� � RI FDUERQ DQG WKH OLPLWHG

DPRXQW RI PDQJDQHVH� PRO\EGHQXP� QLRELXP� WLWD�

QLXP DQG ERURQ� 7R DWWDLQ WKH UHTXLUHG FRPSOH[ RI

WKHLU SURSHUWLHV� ERWK WKH KHDW DQG DOVR WKHU�
PRPHFKDQLFDO WUHDWPHQW �FRQWUROODEOH UROOLQJ� DUH

XVHG� ,Q VRPH FDVHV QLFNHO� FKURPLXP� FRSSHU DQG

RWKHU HOHPHQWV �XS WR �w� � LQ WRWDO� DUH DGGHG WR

WKHVH VWHHOV�

8QGRXEWHG DGYDQWDJH RI WKHVH VWUXFWXUDO VWHHOV LV
WKHLU KLJK UHOLDELOLW\� FROG UHVLVWDQFH� JRRG ZHOGDEL�
OLW\� UHDFKHG DV D UHVXOW RI PRUH HFRQRPLF DOOR\LQJ DV
FRPSDUHG ZLWK NQRZQ PDWHULDOV� $W WKH VDPH WLPH�

GXH WR D ODWWHU FLUFXPVWDQFH� WKHVH VWHHOV UHSUHVHQW D
VSHFLILF JURXS RI PDWHULDOV� DV WKH UHVLVWDQFH RI ZHOGHG

MRLQWV WR D GHOD\HG DQG EULWWOH IUDFWXUHV >�@ FDQ EH
GHFUHDVHG LQ WKH SURFHVV RI WHFKQRORJLFDO WUHDWPHQWV
LQ IDEULFDWLRQ RI PHWDO VWUXFWXUHV�

8QIRUWXQDWHO\� LQ GRPHVWLF SUDFWLFH WKH ORZ�DOOR\
VWHHOV ZLWK XS WR ��� 03D \LHOG VWUHQJWK DUH XVHG

XQWLO QRZ LQ IDEULFDWLRQ RI XQLTXH DQG ODUJH HQJLQHHU�

LQJ VWUXFWXUHV >�@� 7DNLQJ LQWR DFFRXQW WKH IRUHLJQ
H[SHULHQFH� LW FDQ EH H[SHFWHG WKDW LQ WKH QHDUHVW

IXWXUH WKH\ ZLOO EH QRW FRPSHWLWLYH LQ VHSDUDWH FDVHV
QRW RQO\ LQ WKH IDU DQG QHDU IRUHLJQ FRXQWULHV� EXW

DOVR LQ RXU FRXQWU\� 7KLV LV PDLQO\ SURPRWHG E\ WKH

IDFW WKDW RQO\ VHSDUDWH DWWHPSWV DUH RXWOLQHG LQ
8NUDLQH IRU WKH FUHDWLRQ DQG PDVWHULQJ RI SURGXFWLRQ
RI QHZ� VWURQJHU DQG SURPLVLQJ VWUXFWXUDO VWHHOV�

7KH DLP RI WKH SUHVHQW ZRUN ZDV WR DQDO\]H FRP�

SUHKHQVLYHO\ WKH SURSHUWLHV DQG ZHOGDELOLW\ RI WZR

GRPHVWLF VSDUVHO\�DOOR\HG KLJK�VWUHQJWK JUDGHV RI
VWHHOV �1E�FRQWDLQLQJ ��*�% DQG PLFURDOOR\HG

��*�6<XFK ZLWK σ\ ≥ ��� 03D� DV UHJDUGV WR WKHLU
SURPLVLQJ DSSOLFDWLRQ LQ IDEULFDWLRQ RI XQLTXH DQG

UHOLDEOH HQJLQHHULQJ VWUXFWXUHV RI GLIIHUHQW SXUSRVH

�EULGJHV� WRZHUV� SUHVVXUH YHVVHOV� WDQNV��
&RPSRVLWLRQ DQG SURSHUWLHV RI VWHHOV� 5HTXLUH�

PHQWV WR WKH FRPSRVLWLRQ DQG SURSHUWLHV RI VWHHOV LQYHV�

WLJDWHG� DFFRUGLQJ WR WHFKQLFDO VSHFLILFDWLRQV� DUH JLYHQ
LQ 7DEOH �� 7KH 7DEOH LQFOXGHV DOVR GDWD DERXW ZLGHO\
NQRZQ VWHHOV RI JUDGHV ��.K61' DQG ��*�$) �ZLWK
≥ ��� DQG ≥ ��� 03D \LHOG VWUHQJWK� IRU FRPSDULVRQ�

,Q DFFRUGDQFH ZLWK 768 ���������w�� WKH 1E�FRQ�

WDLQLQJ VWHHOV RI ��*% DQG ��*�% JUDGHV �GHYHORSHG
E\ 0DULXSRO ,QVWLWXWH RI 6WUXFWXUDO 0DWHULDOV
�3URPHWHM�� RI VWUHQJWK FODVVHV & ���w& ��� DUH VXS�

SOLHG LQ VKHHWV RI �w�� PP WKLFNQHVV� +HUH� WKH SUR�

GXFLQJ RI IRXU OHYHOV RI VWUHQJWK SURSHUWLHV �σ\ ≥
≥ ���� ���� ��� DQG ��� 03D� σW ≥ ���� ���� ��� DQG

��� 03D� LV UHJXODWHG E\ YDU\LQJ KHDW WUHDWPHQW FRQ�

GLWLRQV DW DOPRVW VLPLODU FKDUDFWHULVWLFV RI GXFWLOLW\
DQG LPSDFW WRXJKQHVV� 6WHHOV FDQ EH VXSSOLHG ZLWK D

JXDUDQWHHG YDOXHV RI UHGXFWLRQ LQ DUHD LQ D[LV = DQG

GLVFRQWLQXLW\ �FODVV ��� ,Q WKH SUHVHQW LQYHVWLJDWLRQV
WKH VWHHO RI VWUHQJWK FODVV & ���� �� PP WKLFNQHVV
ZDV XVHG� σ\ ≥ ��� 03$ RI GLVFRQWLQXLW\ FODVV ��

6WHHO RI ��*�6<XFK JUDGH FDQ EH VXSSOLHG DFFRUG�

LQJ WR 768 ����������w�� LQ VKHHWV RI �w��PP WKLFN�

QHVV� ,Q WKLV FDVH WKH GLIIHUHQW OHYHO RI UROOHG PHWDO

SURSHUWLHV FDQ EH SURYLGHG GHSHQGLQJ RQ WKLFNQHVV

DQG PHWKRGV RI KHDW WUHDWPHQW� σ\  ���w��� 03D�

σW  ���w��� 03D� σ ≥ �� �� .&8 ≥ �� DQG .&9 ≥
≥ �� -�FP� DW WHPSHUDWXUH w�� w w�� �&� 6WHHO RI
��*�6<XFK RI �� PP WKLFNQHVV DQG σ\ ≥ ��� 03D

ZDV EDVLF IRU LQYHVWLJDWLRQV�

&DUERQ HTXLYDOHQW &HT� ZKRVH FDOFXODWHG IRUPXOD

ZDV VXJJHVWHG E\ WKH ,QWHUQDWLRQDO ,QVWLWXWH RI :HOG�

LQJ �,,:� VHUYHV DV DQ DSSUR[LPDWH LQGH[ RI ZHOG�

DELOLW\ RI VWHHOV� $PRQJ VWHHOV� JLYHQ LQ 7DEOH �� VWHHO

��*�$) KDV WKH KLJKHVW YDOXH RI &HT� %\ WKLV UHDVRQ�

WKH ZHOGLQJ RI WKH DERYH VWHHO LV FRQQHFWHG ZLWK FHU�
WDLQ GLIILFXOWLHV� ([SHULHQFH RI IDEULFDWLRQ RI VWUXF�
WXUHV IURP WKLV VWHHO FRQILUPV FRPSOHWHO\ WKH GDWD RI
>�� �@� 7KHUHIRUH� VWHHO RI ��.K61' �&HT  ����w

 ���� ��� UHFRPPHQGHG IRU XVH LQ IDEULFDWLRQ RI

ZLGHO\�VSUHDG KHDY\�ORDGHG VWUXFWXUHV� ZDV XVHG DV D

EDVLF VWHHO LQ RXU LQYHVWLJDWLRQV IRU FRPSDULVRQ�
$PRQJ WKH VWHHOV LQYHVWLJDWHG� VWHHO ��*�% RI
VWUHQJWK FODVVHV & ��� DQG & ��� KDG WKH ORZHVW YDOXHV

RI FDUERQ HTXLYDOHQW �&HT  ����w���� ��� ,QGH[ &HT

RI VWHHO ��*�6<XFK LV VRPHZKDW KLJKHU �����w

� /�,� 0,.+2'8-� 9�,� .,5,$1� 9�'� 32=1<$.29� 3�$� 675,=+$. DQG 9�9� 61,6$5(1.2� ����
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���� �� DQG FRLQFLGHV FRPSOHWHO\ E\ LWV OHYHO ZLWK
WKDW RI VWHHO ��.K61'�

&KHPLFDO FRPSRVLWLRQ DQG PHFKDQLFDO SURSHUWLHV
RI WKH EDVLF VWHHO DQG VWHHOV LQYHVWLJDWHG DUH JLYHQ LQ
7DEOHV � DQG �� 6LJQLILFDQW LQFUHDVH LQ VWDQGDUGL]HG
LQGLFHV RI GXFWLOLW\ δ�� ψ DQG LPSDFW WRXJKQHVV .&9
LQ WKH VWHHOV LQYHVWLJDWHG LV QRWLFHDEOH� 7KLV LV W\SLFDO
RI WKH PRGHUQ PLFURDOOR\HG VWHHOV GXH WR D KLJK JUDLQ
UHILQLQJ DQG UHGXFWLRQ LQ FRQWHQW RI KDUPIXO LPSXUL�
WLHV �VXOSKXU� SKRVSKRUXV��

%RWK WKHVH VWHHOV SRVVHVV D JRRG DGDSWDELOLW\ WR
IDEULFDWLRQ RI PHWDO VWUXFWXUHV �WKH\ DOORZ XVH RI DOO
WKH W\SHV RI PHFKDQLFDO WUHDWPHQW DQG WHFKQRORJLFDO
RSHUDWLRQV� DVVRFLDWHG ZLWK D SODVWLF GHIRUPDWLRQ�
VXFK DV EHQGLQJ� UROOLQJ� VWDPSLQJ DQG VR RQ��

(IIHFW RI ZHOGLQJ WKHUPDO F\FOHV RQ +$= PHWDO
SURSHUWLHV� ,Q WKH +$= RI VSDUVHO\�DOOR\HG VWHHOV D IRU�
PDWLRQ RI EDLQLWLF�PDUWHQVLWLF VWUXFWXUHV FRQWDLQLQJ D
KLJK DPRXQW RI D IHUULWLF FRPSRQHQW LV SRVVLEOH DW GH�
OD\HG UDWHV RI FRROLQJ �Z��� � �w� �&�V� >�� �� �@�
8QIDYRUDEOH UDWLRV RI WKHVH FRPSRQHQWV RI PLFURVWUXF�
WXUH FDQ OHDG WR WKH UHGXFWLRQ LQ VWUHQJWK DQG GXFWLOLW\
RI ERWK +$= DQG WKH ZHOGHG MRLQW PHWDO� DV D ZKROH�

7KHUHIRUH� LW VHHPHG UDWLRQDO WR FDUU\ RXW VSHFLDO
LQYHVWLJDWLRQV IRU WKH VHOHFWLRQ RI RSWLPXP FRQGLWLRQV
RI FRROLQJ +$= PHWDO RI WKH VWHHOV LQYHVWLJDWHG� )RU
WKLV� VSHFLPHQV�VLPXODWRUV RI �� × �� × ��� PP VL]H�
ZKLFK ZHUH VXEMHFWHG WR WUHDWPHQW LQ 065��� XQLW
>�@ DFFRUGLQJ WR GLIIHUHQW WKHUPDO F\FOHV RI ZHOGLQJ

�7&:�� ZHUH XVHG� 6WDQGDUG VSHFLPHQV IRU WHQVLOH
DQG LPSDFW EHQG WHVWV ZHUH PDQXIDFWXUHG IURP WKHVH
VLPXODWRUV�

'XULQJ LQYHVWLJDWLRQV WKH FRQGLWLRQV RI WUHDWPHQW
ZHUH VHOHFWHG IRU VLPXODWRUV VR WKDW WR VLPXODWH WKH
FRQGLWLRQV RI PHWDO IRUPDWLRQ LQ +$= RI ZHOGHG
MRLQWV� QDPHO\ KHDWLQJ WR ����w���� �& WHPSHUDWXUHV
DQG VXEVHTXHQW FRROLQJ DW GLIIHUHQW UDWHV Z���  ���w
�� �&�V �LQ ���w��� �& WHPSHUDWXUH UDQJH��

5HVXOWV RI FDUULHG RXW LQYHVWLJDWLRQV SURYLGHG IHD�
VLELOLW\ WR HVWDEOLVK WKH RSWLPXP FRQGLWLRQV IRU GLI�
IHUHQW PHWKRGV RI ZHOGLQJ DQG FRQGLWLRQV RI FRQGXF�
WDQFH RI ZRUNV� 0LQLPXP UDWHV RI FRROLQJ ZHUH GH�
WHUPLQHG IRU DOO WKH VWHHOV LQYHVWLJDWHG� DW ZKLFK WKHUH
ZHUH QR VLJQLILFDQW UHGXFWLRQ LQ OHYHO RI FROG UHVLV�
WDQFH� \LHOG VWUHQJWK DQG +$= PHWDO GXFWLOLW\� ,W ZDV
RXWOLQHG WKDW WKH GHJUHH RI 7&: HIIHFW RQ HDFK RI
VWHHOV LQYHVWLJDWHG LV GLIIHUHQW�

7KH \LHOG VWUHQJWK RI +$= PHWDO LQ 1E�FRQWDLQLQJ
��*�% DQG ORZ�DOOR\ ��.K61' VWHHOV DW GHOD\HG UDWHV
RI FRROLQJ FDQ UHGXFH WR �w�� � DV FRPSDUHG ZLWK
VLPLODU FKDUDFWHULVWLFV RI WKH SDUHQW PHWDO� ,Q VWHHO
��*�6<XFK LQ WKLV FDVH WKH UHGXFWLRQ LQ σ\ LV PXFK
KLJKHU �WR ��w�� ��� $W GHOD\HG UDWHV RI FRROLQJ WKH
WHQGHQF\ WR GHWHULRUDWLRQ RI GXFWLOLW\ �UHGXFWLRQ LQ
DUHD� RI +$=PHWDO ZDV REVHUYHG LQ VWHHOV ��*�6<XFK
DQG ��.K61'� ,Q WKLV FDVH WKH 7&: GRHV QRW DOPRVW
LQIOXHQFH WKH XOWLPDWH UHVLVWDQFH σW RI WKH DERYH�PHQ�
WLRQHG PDWHULDOV� ,Q JHQHUDO� WKH LQYHVWLJDWLRQV FRXOG

7DEOH �� &RPSRVLWLRQ DQG SURSHUWLHV RI VWHHOV RI LQFUHDVHG DQG KLJK VWUHQJWK

6WHHO JUDGH
(OHPHQWV� ZW��

& 6L 0Q &U 1L 0R &X $O 7L 1E

��*�% ����w���� ����w���� ���w��� w w ����w���� ����w���� ����w���� � ���� ����w����

��*�6<XFK ����w���� ���w��� ���w��� w w w ���w��� �����w����� w w

��.K61' ≤ ���� ���w��� ���w��� ���w��� ���w��� w ����w���� w w w

��*�$) ����w���� ���w��� ���w��� ≤ ��� ≤ ��� w ����w���� w w w

7DEOH � �FRQW��

6WHHO JUDGH
(OHPHQWV� ZW��

¯HT� �
σ\ σW

δ�� �
.&8

w��
.&9

w��

9 &H 1� 6 3 ª3¾ -�FP�

��*�% w w � ����� � ����� � ���� ����w���� ��� ��� �� w ��

��*�6<XFK w �����w����� w � ����� � ���� ����w���� ��� ��� �� �� ��

��.K61' w w w � ����� � ����� ����w���� ��� ���w��� �� �� w

��*�$) ����w���� w �����w����� � ����� � ����� ����w���� ��� ��� �� �� w

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI VWHHOV LQYHVWLJDWHG

6WHHO JUDGH
(OHPHQWV� ZW��

& 6L 0Q &U 1L 0R &X

��*�% ����� ���� ��� w w ���� ����

��*�6<XFK ����� ���� ��� w w w ����

��.K61' ����� ���� ��� ���� ��� w ����

7DEOH � �FRQW��

6WHHO JUDGH
(OHPHQWV� ZW��

$O 7L 1E 1� &H 6 3

��*�% ���� ����� ����� ����� w ����� �����

��*�6<XFK ���� w w 1�' ����� ����� �����

��.K61' w w w 6DPH w ����� �����
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HVWDEOLVK WKH RSWLPXP UDQJH RI FRROLQJ UDWHV� DW ZKLFK
WKH YDOXHV RI VWUHQJWK DQG GXFWLOLW\ RI +$= PHWDO
UHPDLQ VWDEOH LQ VWHHOV LQYHVWLJDWHG�

$V D UXOH� D VLJQLILFDQW GHWHULRUDWLRQ RI FROG UHVLV�
WDQFH RI +$= PHWDO RI WKH VSDUVHO\�DOOR\HG VWHHOV DV
FRPSDUHG ZLWK VLPLODU FKDUDFWHULVWLFV RI WKH SDUHQW
PHWDO LV RFFXUUHG XQGHU WKH HIIHFW RI 7&: >��@�

,W VKRXOG EH QRWHG WKDW VWHHOV RI JUDGHV ��*�6<XFK
DQG ��*�% DUH GLIIHUHG QHJOLJLEO\ DV WR WKH OHYHO RI
FROG UHVLVWDQFH RI +$= PHWDO �.&9w�� ≥ �� DQG
≥ �� -�FP���

6WHHO ��.K61' LV LQIHULRU E\ WKH FKDUDFWHULVWLFV
RI +$= PHWDO FROG UHVLVWDQFH WR ERWK VSDUVHO\�DOOR\HG
VWHHOV LQYHVWLJDWHG �.&9w�� ≥ �� -�FP��� ,W VKRXOG
EH RXWOLQHG WKDW WKLV VWHHO KDV ORZ YDOXHV RI LPSDFW
WRXJKQHVV DW QHJDWLYH WHPSHUDWXUHV DQG LQ LQLWLDO VWDWH
�7DEOH ���

0RUH FRPSOHWH LGHD DERXW WKH FROG UHVLVWDQFH RI
ZHOGHG MRLQWV IURP VSDUVHO\�DOOR\HG VWHHOV LQYHVWL�
JDWHG FDQ EH REWDLQHG IURP WKH UHVXOWV RI LQYHVWLJD�
WLRQV RI ODUJH�VL]HG VSHFLPHQV� PDGH LQ DFFRUGDQFH
ZLWK UHFRPPHQGHG WHFKQRORJLHV DQG FULWHULD RI IUDF�
WXUH PHFKDQLFV�

5HVLVWDQFH RI VWHHOV LQYHVWLJDWHG WR D GHOD\HG IUDF�
WXUH� 7KH GHOD\HG IUDFWXUH RI ZHOGHG MRLQWV LV XVXDOO\ D
KD]DUGRXV GHIHFW RI VWUXFWXUHV PDGH IURP VWHHOV RI LQ�
FUHDVHG RU KLJK VWUHQJWK� 7KHLU IRUPDWLRQ LV FDXVHG E\
WKH IROORZLQJ IDFWRUV� PDUWHQVLWLF DQG EDLQLWLF FRPSR�
QHQWV LQ PLFURVWUXFWXUH RI +$= PHWDO� GLIIXVLRQ K\GUR�
JHQ� UHVLGXDO ZHOGLQJ VWUHVVHV RI WKH , NLQG�

7KH PRVW FRPSOHWH LGHD DERXW WKH UROH RI WKH ILUVW
WZR IDFWRUV DQG WKLUG SDUWLDOO\ DW WKH D GHOD\HG IUDF�
WXUH RI VWUXFWXUDO VWHHO ZHOGHG MRLQWV FDQ EH REWDLQHG
XVLQJ WKH LPSODQW WHVW� WKH XVH RI ZKLFK ZDV UHFRP�
PHQGHG E\ ,,: >��@�

6SHFLPHQV�LPSODQWV RI � PP GLDPHWHU DQG ��� ×
× ��� PP SODWHV ZHUH SUHSDUHG IURP VWHHOV ��*�%�
��*�6<XFK DQG ��.K61'� 7KH 821,������ JUDGH
HOHFWURGHV RI � PP GLDPHWHU ZHUH XVHG DV EDVLF HOHF�
WURGHV� 7KH FRQWURO RI FRQGLWLRQV RI WKHLU VWRUDJH DQG
EDNLQJ DOORZHG XV WR UHSURGXFH VXFK OLPLWV RI FRQWHQW
RI GLIIXVLYH K\GURJHQ LQ WKH GHSRVLWHG PHWDO ZKLFK
DUH PRVW RIWHQ REVHUYHG LQ ZHOGLQJ VWUXFWXUHV LQ UHDO
FRQGLWLRQV� >+@GLII  �w�� PO���� J �DW DQDO\VLV RI
LWV FRQWHQW E\ D FKURPDWRJUDSKLF PHWKRG�� :HOGLQJ
FRQGLWLRQV RI VSHFLPHQV ZHUH DOVR YDULHG� ZLWK WKH
KHOS RIZKLFK WKH UDWH RI FRROLQJ+$=PHWDO RI LPSODQW
VDPSOHV ZDV DGMXVWHG ZLWKLQ WKH ZLGH HQRXJK UDQJHV
�Z���  �w�� �&�V�� &ULWLFDO WHQVLOH VWUHVV σFU RI D
GHILQLWH WHFKQRORJLFDO YDULDQW� DW ZKLFK WKH +$= PH�
WDO LV UHVLVWHG DJDLQVW FROG FUDFN IRUPDWLRQ� ZDV WDNHQ
DV DQ LQGH[ RI FUDFN UHVLVWDQFH� ,Q HDFK FDVH D PD[L�
PXP WHQVLOH VWUHVV σFU PD[ IURP H[WHUQDO ORDG 3 ZDV

DOVR VHUYHG DV D FULWHULRQ� DW ZKLFK WKH FUDFNV LQ LP�
SODQW VDPSOHV ZHUH QRW LQLWLDWHG GXULQJ �� K� 2SWL�
PXP FRQGLWLRQV RI ZHOGLQJ RI D GHILQLWH WHFKQRORJLFDO
YDULDQW ZHUH VHOHFWHG DFFRUGLQJ WR WKH FRQGLWLRQ DW
ZKLFK σFU PD[ ! �����w�����σ��� RI WKH SDUHQW PHWDO�

,QYHVWLJDWLRQV VKRZHG WKDW VWHHO RI ��*�% JUDGH
LV FKDUDFWHUL]HG E\ D KLJK HQRXJK UHVLVWDQFH WR D GH�
OD\HG IUDFWXUH� (YHQ DW XQIDYRXUDEOH FRQGLWLRQV RI
WHVWV �Z��� ≈ �� �&�V� >+@GLII ≈ �� PO���� J� WKH
LPSODQW VDPSOHV IURP WKLV VWHHO ZHUH QRW IUDFWXUHG
GXULQJ �� K DW σFU  ��� 03D� WKDW LV ≈ ����σ����

5HVLVWDQFH WR D GHOD\HG IUDFWXUH RI RWKHU WZR VWHHOV
GHSHQGV RQ WKH GLIIXVLYH K\GURJHQ FRQWHQW LQ WKH GH�
SRVLWHG PHWDO� ,I WKH FRQFHQWUDWLRQ RI >+@GLII ZDV OL�
PLWHG E\ �w� PO���� J� WKH LPSODQW VDPSOHV RI
��*�6<XFK DQG ��.K61' VWHHOV ZHUH QRW IUDFWXUHG
DW ORDGV σFU ! ��� RI \LHOG VWUHQJWK RI DSSURSULDWH
VWHHOV� :LWK LQFUHDVH LQ K\GURJHQ FRQFHQWUDWLRQ DERYH
WKLV OHYHO WKH YDOXHV σFU LQ ERWK VWHHOV DUH GHFUHDVHG�
7KLV UHIHUV JUHDWO\ WR VWHHO ��.K61' WKDW SURYHV LWV
KLJK VXVFHSWLELOLW\ WR D GHOD\HG IUDFWXUH DV FRPSDUHG
ZLWK VWHHO ��*�6<XFK�

5HVXOWV RI WHVWV RI LPSODQW VDPSOHV IURP WKHVH
VWHHOV DW PRVW LQWHQVLYH FRROLQJ RI +$= PHWDO �Z���  
 ��w�� �&�V� DUH JLYHQ LQ )LJXUH ��

7KH JHQHUDOL]HG UHVXOWV DERXW WKH HIIHFW RI UDWH RI
FRROLQJ +$= PHWDO RI ��*�6<XFK DQG ��.K61'
VWHHOV DW GLIIHUHQW FRQFHQWUDWLRQ RI GLIIXVLYH K\GURJHQ
LQ WKH GHSRVLWHG PHWDO RQ σFU RI LPSODQW VDPSOHV DUH
JLYHQ LQ )LJXUH �� 5HVXOWV RI LQYHVWLJDWLRQV LQGLFDWH
WKDW DV WR D GHOD\HG IUDFWXUH WKH VSDUVHO\�DOOR\HG KLJK�
VWUHQJWK VWHHOV RI ��*�% DQG ��*�6<XFK JUDGHV DW
FRPSDUDEOH FRQGLWLRQV RI IDEULFDWLRQ RI VWUXFWXUHV DUH
VXSHULRU WR D ZHOO�NQRZQ VWHHO RI LQFUHDVHG VWUHQJWK
RI ��.K61' JUDGH� +HUH� WKH FRQGLWLRQV RI WKHLU XVH
VKRXOG EH� SUREDEO\� VHOHFWHG LQ VXFK D ZD\ WKDW FRQ�
WHQW RI GLIIXVLYH K\GURJHQ GLG QRW H[FHHG �w
� PO���� J� DQG WKH UDWH RI FRROLQJ RI +$= PHWDO
ZDV � �� �&�V�

5HVLVWDQFH RI VWHHOV WR ODPHOODU IUDFWXUH� $QLVRW�
URS\ RI GXFWLOLW\ DQG WRXJKQHVV LV W\SLFDO RI VKHHW UROOHG
PHWDO RI VWUXFWXUDO VWHHOV� ,W LV H[SUHVVHG LQ D QRWLFHDEOH
GHWHULRUDWLRQ RI WKHVH SURSHUWLHV LQ WKH WUDQVLWLRQ IURP
ORQJLWXGLQDO GLUHFWLRQ WR WUDQVYHUVH DQG LQ DQ DEUXSW
WKHLU GHWHULRUDWLRQ LQ WKH GLUHFWLRQ RI WKLFNQHVV �GLUHF�
WLRQ =� WKDW LV XVXDOO\ DVVRFLDWHG ZLWK WKH SUHVHQFH RI
QRQ�PHWDOOLF LQFOXVLRQV LQ VWHHO� HORQJDWHG WKLQ VXOSKLGHV
LQ SDUWLFXODU� /RZ YDOXHV RI GXFWLOLW\ DQG WRXJKQHVV LQ
FRPELQDWLRQ ZLWK RFFXUULQJ IRUFHV LQ WKH GLUHFWLRQ = LQ
ZHOGHG FRQQHFWLRQV RI PHWDO VWUXFWXUHV� PDLQO\ ZLWK 7��
ILOOHW DQG RYHUODS MRLQWV� DUH WKH PDLQ FDXVH RI IRUPDWLRQ
RI ODPHOODU FUDFNV�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI VWHHOV LQYHVWLJDWHG

6WHHO JUDGH
σ\ σW δ� ψ .&9� -�FP�� DW °WHVW�

Ì¯

03D � ��� w�� w��

��*�% ��� ��� �� �� ! ��� ! ��� ! ���

��*�6<XFK ��� ��� �� �� ���w���

���

���w���

���

���w���

���

��.K61' ��� ��� �� �� ��w��

��

��w��

��

��w��

��

1R W H � 1XPHUDWRU JLYHV UDQJHV� ZKLOH GRPLQDWRU JLYHV PHDQ YDOXH�
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+RZHYHU� WKH QHZ JHQHUDWLRQ RI VWHHOV LQ WKH SURFHVV
RI SURGXFWLRQ DUH PRUH RIWHQ VXEMHFWHG WR GLIIHUHQW
W\SHV RI UHILQLQJ WUHDWPHQW DQG FRQWDLQ� DV D UXOH� D
ODUJH DPRXQW RI VXOSKXU� 7KHUHIRUH� WKHLU UROH LQ D OD�
PHOODU IUDFWXUH FDQ EH GHFUHDVHG� 3UREDEO\� ZKHQ DQD�
O\]LQJ ODPHOODU IUDFWXUHV RI WKHVH VWHHOV LW LV UDWLRQDO WR
PDNH DOORZDQFH IRU D SRVVLEOH UROH RI QLWULGH QHHGOH�
VKDSHG LQFOXVLRQV LQ WKLV SURFHVV� 6WUXFWXUDO VWHHOV RI
WKH QHZ JHQHUDWLRQ FRQWDLQ RIWHQ QLWURJHQ DQG QLWULGH�
IRUPLQJ HOHPHQWV �DOXPLQLXP� YDQDGLXP� QLRELXP� WL�
WDQLXP� HWF��� 6SHFLILFV RI WKHLU SURGXFWLRQ SURFHVV FDQ
DOVR FRQWULEXWH WR WKH IRUPDWLRQ RI QLWULGH LQFOXVLRQV�
7KH UHTXLUHG FRPSOH[ RI SURSHUWLHV LQ WKHP LV IRUPHG
LQ FRROLQJ RU KHDW WUHDWPHQW RI PHWDOV >��� ��@� 7KHUH�
IRUH� LW LV GHVLUDEOH WR SURYLGH REOLJDWRU\ WKH WHFKQLFDO
VSHFLILFDWLRQV RQ SURGXFWLRQ RI WKH PHQWLRQHG VWHHOV�
DQG DOVR FHUWLILFDWHV RI TXDOLW\ ZLWK LQIRUPDWLRQ DERXW
WKH UHGXFWLRQ LQ DUHD� WKDW ZDV LQFOXGHG LQWR 768 ���
������w�� DQG 768 ����������w���

'XULQJ FRQGXFWDQFH RI WKH SUHVHQW LQYHVWLJDWLRQV
VSHFLDO EXWW MRLQWV ZHUH PDGH IURP DOO WKUHH VWHHOV LQ
DFFRUGDQFH ZLWK *267 �����w�� DQG WKHQ F\OLQGULFDO
VSHFLPHQV ZHUH FXW IURP WKHP IRU WHQVLOH WHVWV� 5HVXOWV
RI LQYHVWLJDWLRQV VKRZHG WKDW VWHHO ��.K61' KDV XQ�
VDWLVIDFWRU\ UHVLVWDQFH WR WKH IRUPDWLRQ RI ODPHOODU
FUDFNV� DV LWV UHGXFWLRQ LQ DUHD LV YHU\ ORZ �ψ] ≈ �w
�� ��� 7KH VSDUVHO\�DOOR\HG VWHHOV ��*�% DQG
��*�6<XFK DUH FKDUDFWHUL]HG E\ WKH KLJK UHVLVWDQFH
WR IRUPDWLRQ RI ODPHOODU FUDFNV �ψ]  ��w�� ��� %\
WKLV FKDUDFWHULVWLF WKH\ DUH PXFK VXSHULRU WR VWHHO RI
��.K61' JUDGH�

7KXV� WKH UHVXOWV RI FDUULHG RXW LQYHVWLJDWLRQV VKRZHG
WKDW WKH VSDUVHO\�DOOR\HG VWHHOV RI ��*�% DQG
��*�6<XFK JUDGHV �σ\  ���w��� 03D� SURYLGH KLJK
YDOXHV RI FROG UHVLVWDQFH DW WHPSHUDWXUHV GRZQ WR w�� �&
RQ &KDUS\ 9�QRWFKHG VDPSOHV DQG E\ VRPH FKDUDF�
WHULVWLFV RI ZHOGDELOLW\ �HIIHFW RI 7&: RQ SURSHUWLHV
RI +$=PHWDO� UHVLVWDQFH WR GHOD\HG DQG ODPHOODU IUDF�
WXUH� DUH PXFK VXSHULRU WR VWUXFWXUDO VWHHO RI
��.K61' JUDGH �σ\  ��� 03D��

&21&/86,216

�� $V WR WKHLU VHUYLFH SURSHUWLHV WKH VSDUVHO\�DOOR\HG
VWHHOV RI ��*�% DQG ��*�6<XFK JUDGHV PHHW FRP�
SOHWHO\ WKH UHTXLUHPHQWV VSHFLILHG WR VWHHOV RI WKH OHYHO
RI VWUHQJWK σ\ ≥ ��� 03D DQG (XURSHDQ VWDQGDUGV�

,Q DGGLWLRQ� WKHLU KLJK FROG UHVLVWDQFH DW WHPSHUDWXUHV
w�� w w�� �& RQ &KDUS\ 9�QRWFKHG VDPSOHV �.&9  
 ���w��� -�FP�� VKRXOG EH QRWHG�

�� ,Q RSWLPXP UDQJH RI UDWHV RI FRROLQJ WKH +$=
PHWDO RI VWHHOV LQYHVWLJDWHG SURYLGHV WKH UHTXLUHG
VWUHQJWK SURSHUWLHV DQG FROG UHVLVWDQFH �.&9 ≥ ��
DQG ≥ �� -�FP� DW WHPSHUDWXUHV GRZQ WR w�� �& IRU
VWHHOV ��*�6<XFK DQG ��*�%� UHVSHFWLYHO\�� ,W LV DV�
VXPHG WKDW WKHVH LQYHVWLJDWLRQVZLOO EH DGGHG LQ IXWXUH
ZLWK WHVWV RI ZHOGHG MRLQWV RI D IXOO WKLFNQHVV XVLQJ
DSSURDFKHV DQG FULWHULD RI IUDFWXUH PHFKDQLFV�

�� 7R GHFUHDVH WKH SUREDELOLW\ RI D GHOD\HG IUDFWXUH
RI MRLQWV RI ��*�% DQG ��*�6<XFK VWHHOV LW LV QHFHV�
VDU\ WR OLPLW WKH FRQWHQW RI GLIIXVLYH K\GURJHQ LQ WKH
GHSRVLWHG PHWDO DQG UDWH RI +$= PHWDO FRROLQJ�

�� 7KH LQYHVWLJDWHG EDWFKHV RI VWHHOV ��*�% DQG
��*�6<XFK SURYLGH UDWKHU KLJK YDOXHV RI UHGXFWLRQ
LQ DUHD LQ WKH GLUHFWLRQ RI WKLFNQHVV �ψ]  ��w�� ���
WKDW FUHDWHV SUHPLVHV IRU WKHLU KLJK UHVLVWDQFH WR D
ODPHOODU IUDFWXUH�

�� )LVFKHU� -�:�� 'H[WHU� 5�-� ������ +LJK�SHUIRUPDQFH VWHHO
IRU $PHULFDsV EULGJHV� :HOGLQJ -�� �� ��w���

�� 7DQL� 6�� .DQHNR� 9�� ,VKLJXUR� 0� HW DO� ������ 5HFHQWO\
GHYHORSHG VWUXFWXUH VWHHO IRU XVH LQ FLYLO HQJLQHHULQJ DQG
FRQVWUXFWLRQ� 1.. 7HFKQLFDO 5HY�� ��� ��w���

�� +HUROG� (�+�� =LQNH� 0�� =ZLFNHUW� +� HW DO� ������ 1HXHV LQ GHU
6FKZHLβWHFKQLN ����� 6FKZHLβHQ XQG 6FKQHLGHQ� �� ���w����

�� /XQGLQ� &�'�� *LOO� 7�3�6�� 4LQR� &�<�3� HW DO� ������
:HOGDELOLW\ RI ORZ�FDUERQ PLFUR�DOOR\HG VWHHOV IRU PDULQH
VWUXFWXUHV� :56 %XOO�� ���� ����

�� ������ :HOGHG HQJLQHHULQJ VWUXFWXUHV� 9RO� �� 3ULQFLSOHV RI
VWUXFWXUH GHVLJQ� (G� E\ /�0� /REDQRY� .\LY� 1DXNRYD 'XPND�

�� =KL]Q\DNRY� 6�1�� .RQRSDWRY� 9�6�� /\DOLQ� .�9� ������
&DXVHV RI GHIHFW IRUPDWLRQ LQ ZHOGHG MRLQWV RI PHWDO VWUXF�
WXUHV RI 0DJQLWRJRUVN 0HWDOOXUJLFDO 3ODQW SURGXFWLRQ� ,Q�
6HULHV 0DQXIDFWXUH RI PHWDO DQG HUHFWLRQ�EXLOGLQJ VWUXF�
WXUHV� ,VVXH ���

�� 7LVKDHY� 6�,�� 2GHVVN\� 3�'� ������ 1HZ JHQHUDWLRQ RI ORZ�
DOOR\ VWHHOV IRU PHWDO VWUXFWXUHV� 0HWDOO\� �� ��w���

�� 'HPFKHQNR� <X�9�� $VQLV� $�(�� ,YDVKFKHQNR� *�$� HW DO�
������ ,QIOXHQFH RI WKHUPDO ZHOGLQJ F\FOH RQ VWUXFWXUH DQG
WRXJKQHVV RI +$= PHWDO RI KHDW�KDUGHQHG VWHHO ��*�6�
$YWRPDWLFK� 6YDUND� ��� ��w���

�� 6LGRUXN� 9�$�� 'XGNR� '�$�� *RUEHQNR� 1�9� HW DO� ������
6LPXODWLRQ RI WKHUPDO ZHOGLQJ F\FOH LQ KHDW�DIIHFWHG ]RQH GXULQJ
HOHFWURVODJ ZHOGLQJ ZLWK PRGXODWHG FXUUHQW� ,ELG�� �� ��w���

��� %UR]GD� -�� =HPDQ� 0� ������ :HOGDELOLW\ HYDOXDWLRQ RI D
PRGHUQ 70&5 VWHHO E\ XVLQJ VLPXODWLRQ WHFKQLTXHV� $FWD
0HWDOOXUJLFD 6LQLFD� �� ���w����

��� ������ 5HFRPPHQGDWLRQ IRU WKH XVH RI LPSODQW WHVW DV D
FRPSOHPHQWDU\ LQIRUPDWLRQ WHVW RQ WKH FROG FUDFNLQJ VXVFHS�
WLELOLW\ GXULQJ WKH ZHOGLQJ RI VWHHO� ,,: 'RF� ,;����w���

��� <DYRMVN\� 9�,�� 5XEHQFKLN� <X�,�� 2NHQNR� $�3� ������
1RQ�PHWDOOLF LQFOXVLRQV DQG SURSHUWLHV RI VWHHO� 0RVFRZ�
0HWDOOXUJL\D�

��� +ULYQ\DN� ,� ������ :HOGDELOLW\ RI VWHHOV� 0RVFRZ� 0DVKL�
QRVWURHQLH�

)LJXUH ��(IIHFW RIZHOGPHWDO VDWXUDWLRQZLWK K\GURJHQ DW LQWHQVLYH
UDWH RI FRROLQJ RQ VXVFHSWLELOLW\ WR D GHOD\HG IUDFWXUH RI LPSODQW
VDPSOHV IURP VWHHOV ��*�6<XFK ��� �� DQG ��.K61' ��� ��� ��
� x >+@GLII  ��� �� � x �� PO���� J

)LJXUH �� (IIHFW RI FRROLQJ UDWH RQ σFU RI LPSODQW VDPSOHV IURP
VWHHOV ��*�6<XFK ��� �� �� DQG ��.K61' ��� �� �� DW GLIIHUHQW
FRQWHQW RI GLIIXVLRQ K\GURJHQ� �� � x >+@GLII  �w�� �� � x �w���
�� � x ��w�� PO���� J
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$�7� 1$=$5&+8.� 9�9� 61,6$5 DQG (�/� '(0&+(1.2

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

7KH SDSHU GHDOV ZLWK WKH SRVVLELOLW\ RI SURGXFLQJ HTXLYDOHQW MRLQWV RQ KLJK�VWUHQJWK TXHQFKLQJ VWHHOV E\ DUF ZHOGLQJ

ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW� *RRG SURVSHFWV IRU DSSOLFDWLRQ RI DXVWHQLWLF�PDUWHQVLWLF FRQVXPDEOHV LQ ZHOGLQJ

RI KLJK�VWUHQJWK VWHHOV ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW ZLWK WKH OHYHO RI ZHOG PHWDO VWUHQJWK RI ����w���� 03D�

.H\ZRU G V � ZHOGLQJ� TXHQFKLQJ VWHHOV� KLJK�VWUHQJWK VWHHOV�

PXOWLOD\HU ZHOGV� KLJK�VWUHQJWK ZHOGV� ZHOGHG MRLQWV� GHOD\HG

IUDFWXUH� SURFHVV VWUHQJWK� FROG FUDFNV

,W LV NQRZQ >�w�@ WKDW WKH KLJK OHYHO RI PHFKDQLFDO

SURSHUWLHV RI KLJK�VWUHQJWK VWHHOV� DV ZHOO DV WKHLU

TXHQFKLQJ VXVFHSWLELOLW\ OHDG WR D QXPEHU RI VSHFLILF

GLIILFXOWLHV DULVLQJ LQ ZHOGLQJ� 7KHVH GLIILFXOWLHV DQG
PHWKRGV WR RYHUFRPH WKHP KDYH EHHQ VWXGLHG IRU PDQ\

\HDUV� +RZHYHU� WKH\ UHPDLQ WR EH XUJHQW SUREOHPV HYHQ

QRZ� 7KLV SULPDULO\ LV SUHYHQWLRQ RI LQLWLDWLRQ RI FROG

FUDFNV LQ WKH +$= DQG ZHOG PHWDO� DV ZHOO DV VROLGLIL�

FDWLRQ FUDFNV LQ ZHOG PHWDO DQG KRW FUDFNV LQ WKH +$=�

DQG WKH QHHG WR SURGXFH WKH PHWDO RI WKH ZHOG� +$=

DQG MRLQW DV DZKROHZLWKPHFKDQLFDO SURSHUWLHV� HTXLYD�

OHQW RU FORVH WR WKRVH RI EDVH PHWDO >�w�@�

3DUWLFXODU GLIILFXOWLHV DULVH LQ WKRVH FDVHV� ZKHQ

KHDW WUHDWPHQW RI ZHOGHG MRLQWV LQ KLJK�VWUHQJWK VWHHOV
LV LPSRVVLEOH �IRU LQVWDQFH� ZHOGHG MRLQWV LQ KXOOV�

YHVVHOV� ODUJH FRQVWUXFWLRQV�� DV ZHOO DV ZKHQ MXVW

DQQHDOLQJ LV WR EH XVHG LQVWHDG RI WKH UHTXLUHG TXHQFK�

LQJ ZLWK VXEVHTXHQW DQQHDOLQJ >�� �@�

2I DOO WKH DERYH GLIILFXOWLHV� DULVLQJ LQ ZHOGLQJ RI

KLJK�VWUHQJWK VWHHOV� WKH PRVW VHULRXV DQG VSHFLILF DUH
WKRVH� UHODWHG WR WKH SUREOHP RI SURYLVLRQ RI WKH UH�

TXLUHG WHFKQRORJLFDO VWUHQJWK RI ZHOGHG MRLQWV� LQ SDU�

WLFXODU WKHLU FROG FUDFNLQJ UHVLVWDQFH >�w�@� DQG SUR�

GXFLQJ MRLQWV� HTXLYDOHQW LQ VWUHQJWK WR EDVH PHWDO�
2YHU PDQ\ \HDUV FRQVLGHUDEOH VFRSH RI GDWD KDV

EHHQ DFFXPXODWHG RQ LQWHJUDWHG HYDOXDWLRQ RI WHFK�

QRORJLFDO VWUHQJWK RI MRLQWV LQ TXHQFKLQJ VWHHOV ZLWK

DSSOLFDWLRQ RI TXDOLWDWLYH �WHFKQRORJLFDO VDPSOH� DQG

TXDQWLWDWLYH �LQVWUXPHQWDO� WHVWLQJ PHWKRGV >�w�@�

$W VRPH WLPH VSHFLDO DWWHQWLRQ ZDV JLYHQ WR WKH

TXHQFKLQJ K\SRWKHVLV RI FROG FUDFN IRUPDWLRQ� 7KH

DGYHUVH LQIOXHQFH RI K\GURJHQ �K\GURJHQ K\SRWKHVLV�

RQ UHVLVWDQFH RI ZHOGHG MRLQWV WR FUDFNLQJ ZDV WDNHQ

LQWR DFFRXQW�

9DULRXV DVSHFWV RI WKH LQIOXHQFH RI TXHQFKLQJ SKH�

QRPHQD >�w��� ��@� DV ZHOO DV K\GURJHQ FRQWHQW >��w

��@ RQ FROG FUDFNLQJ UHVLVWDQFH RI ZHOGHG MRLQWV LQ
TXHQFKLQJ VWHHOV DUH FRQVLGHUHG�

3URFHHGLQJ IURP WKH FXUUHQW FRQFHSWV� WKH PDLQ

WHFKQRORJLFDO PHWKRGV WR SUHYHQW FROG FUDFNLQJ LQ

ZHOGHG MRLQWV RI KLJK�VWUHQJWK TXHQFKLQJ VWHHOV >�w�@

DUH DV IROORZV� UDWLRQDO VHOHFWLRQ RI VWHHOV IRU ZHOGHG

VWUXFWXUHV� UHJXODWLRQ RI WKH WKHUPDO F\FOH RI ZHOGLQJ

DQG LWV FRQWURO� GLIIHUHQW NLQGV RI SUHKHDWLQJ LQ ZHOG�

LQJ� UHJXODWLRQ RI WLPH VWUHVVHV LQ ZHOGLQJ� DSSOLFDWLRQ

RI DXVWHQLWLF ZHOGLQJ FRQVXPDEOHV� UHGXFWLRQ RI K\�

GURJHQ FRQWHQW LQ WKH EDVH PHWDO DQG ZHOG PHWDO�
3ULRU FODGGLQJ RI WKH HGJHV� SHHQLQJ RI ZHOGHG MRLQWV

HWF� DUH XVHG PXFK PRUH VHOGRP� 7KH FRQVLGHUHG PH�

WKRGV RI SUHYHQWLRQ RI FROG FUDFNV DUH PRVWO\ XVHG

VLPXOWDQHRXVO\�

$SSOLFDWLRQ RI WKH PDLQ WHFKQRORJLFDO PHWKRGV RI

SUHYHQWLRQ RI FROG FUDFNV LQ MRLQWV RI TXHQFKLQJ VWHHOV

LV SRVVLEOH LQ WZR DUHDV� ZHOGLQJ ZLWK FRQVXPDEOHV�

PDWFKLQJ WKH EDVH PHWDO� DQG ZLWK KLJK�DOOR\HG

DXVWHQLWLF FRQVXPDEOHV� 7KLV ZRUN LV GHYRWHG WR DQDO\�

VLV RI WKHVH GLUHFWLRQV DQG SRVVLELOLW\ WR SURGXFH

ZHOGHG MRLQWV HTXLYDOHQW LQ VWUHQJWK�

,W LV NQRZQ >�� �� ��@ WKDW SHUIRUPDQFH RI PXOWL�

OD\HU ZHOGV� ZKHUH WKH PHWDO LV VLPLODU WR EDVH PHWDO�
UXQV LQWR JUHDW GLIILFXOWLHV LQ SUHYHQWLRQ RI WUDQVYHUVH

FROG FUDFNV� ERWK LQ WKH +$= DQG EDVH PHWDO�

2Q WKHZKROH� WKH WHFKQRORJLFDO IHDWXUHV RIPDNLQJ

PXOWLOD\HU ZHOGV ZLWK WKH PHWDO� VLPLODU WR WKH EDVH

PHWDO� LQ MRLQLQJ KLJK�VWUHQJWK VWHHOV� GHSHQG RQ WKH

UHTXLUHG OHYHO RI PHFKDQLFDO SURSHUWLHV RI WKHVH MRLQWV

DQG WKHLU WHFKQRORJLFDO VWUHQJWK�

$Q LQWHJUDWHG DSSURDFK WR HYDOXDWLRQ RI FUDFNLQJ

VXVFHSWLELOLW\ RI VXFK MRLQWV ZDV XVHG� EDVHG RQ DQDO\�

VLV RI ZHOGHG MRLQWV ZLWK PXOWLOD\HU ZHOGV >��� ��@�

4XHQFKLQJ SKHQRPHQD DQG H[WUHPHO\ KLJK LPSRU�

WDQFH RI K\GURJHQ LQIOXHQFH RQ WKH WHFKQRORJLFDO

VWUHQJWK RI WKH MRLQWV ZDV WDNHQ LQWR DFFRXQW�

7KLV DSSURDFK LV EDVHG RQ WKH IROORZLQJ VWDWH�

PHQWV� 7HVWLQJ UHVXOWV VKRXOG SURYLGH DQ REMHFWLYH

LGHD RI WKH MRLQW UHVLVWDQFH WR ERWK ORQJLWXGLQDO DQG

WUDQVYHUVH FROG FUDFNV� 'XULQJ WHVWLQJ SHUIRUPDQFH LW

LV QHFHVVDU\ WR WDNH LQWR DFFRXQW WKH LQIOXHQFH RI WKH

FKDQJH RI VWUHVVHV LQ ZHOGLQJ� DULVLQJ IURP D FKDQJH

RI PHWDO YROXPH GXH WR WKHUPDO LPSDFW DQG SKDVH

WUDQVIRUPDWLRQV�

7KH SRVVLELOLW\ LV HVWDEOLVKHG RI XVLQJ WKH SURFH�
GXUH >��� ��@ RI FRPSRVLWH VDPSOHV QRW RQO\ IRU HYDOX�

DWLRQ RI ZHOG PHWDO� EXW DOVR RI WKH ZHOGHG MRLQW DV� $�7� 1$=$5&+8.� 9�9� 61,6$5 DQG (�/� '(0&+(1.2� ����
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D ZKROH� 7KLV SURFHGXUH DOORZV HYDOXDWLRQ RI WKH PX�
WXDO LQIOXHQFH RI ZHOG PHWDO RQ +$= PHWDO� DQG YLFH
YHUVD� 2EWDLQHG UHVXOWV DUH LQ JRRG DJUHHPHQW ZLWK
WKH UHVXOWV RI ODUJH�VL]HG WHFKQRORJLFDO VDPSOHV >��@�

)RU VLPLODU ZHOGHG MRLQWV LW LV LPSRUWDQW WR FRQWURO
WKH TXHQFKLQJ SKHQRPHQD LQ WKH ZHOGLQJ ]RQH E\
VHOHFWLRQ DQG SXUSRVH�RULHQWHG LPSOHPHQWDWLRQ RI DQ
RSWLPDO WKHUPDO F\FOH RI ZHOGLQJ LQ WKH +$=� ,VVXHV
RI VHOI�KHDWLQJ DQG VHOI�KHDW WUHDWPHQW RI WKH PHWDO
LQ WKH ZHOGLQJ ]RQH LQ SHUIRUPDQFH RI PXOWLOD\HU
ZHOGV� LQFOXGLQJ RSWLPL]DWLRQ RI JURYH ILOOLQJ LQ QDU�
URZ�JDS ZHOGLQJ >��@ DOVR EHFRPH LPSRUWDQW�

$Q HIIHFWLYH PHWKRG RI LPSURYHPHQW RI WKH WHFK�
QRORJLFDO VWUHQJWK DQG PHFKDQLFDO FKDUDFWHULVWLFV RI
ZHOGHG MRLQWV LV FRQWURO RI ZHOG PHWDO VROLGLILFDWLRQ
DQG WKHUPRGHIRUPDWLRQDO ZHOGLQJ F\FOH� GXH WR SHUL�
RGLFDO KHDW LQSXW� SRUWLRQ IRUPDWLRQ RI ZHOG PHWDO
DQG LWV VROLGLILFDWLRQ >��� ��@� 0DLQ UHJXODULWLHV RI
VROYLQJ WKHVH SUREOHPV DUH DV IROORZV� UHILQHPHQW RI
SULPDU\ FU\VWDOOLWHV LQ ZHOG PHWDO VROLGLILFDWLRQ�
FKDQJH RI RULHQWDWLRQ RI WKH IURQW RI ZHOG PHWDO FU\V�
WDOOLWHV PHHWLQJ DQG WKHLU GLVRULHQWDWLRQ� HOLPLQDWLRQ
RI �ZHDNQHVV� LQ WKH ZHOG PLGGOH� FKDQJH RI WKH
QDWXUH RI JURZWK RI ZHOG PHWDO FU\VWDOOLWHV� LQWHUPLW�
WHQW QDWXUH RI WKHLU JURZWK IURP OD\HU WR OD\HU� UH�
ILQHPHQW RI VHFRQGDU\ VWUXFWXUH ERWK LQ ZHOG PHWDO
DQG LQ WKH +$= RI ZHOGHG MRLQWV� DGGLWLRQDO FRQWURO
RI WKH WKHUPDO F\FOH RI ZHOGLQJ� :RUN >��@ VKRZV WKH
DELOLW\ WR FRQWURO WKH UDWH RI PHWDO FRROLQJ LQ WKH
ZHOGLQJ ]RQH LQ WKH ORZHU VXEFULWLFDO WHPSHUDWXUH
UDQJH GXH WR DQ RSWLPDO FRPELQDWLRQ RI WKH GXUDWLRQ
RI DUFLQJ DQG GXUDWLRQ RI WKH SDXVH EHWZHHQ WKH DG�
MDFHQW SHULRGV RI DUFLQJ� 7KHVH SDUDPHWHUV� DV ZHOO DV
WKH ZHOGLQJ FXUUHQW DQG ZHOG IRUPDWLRQ UDWH >��@
KDYH D GHFLVLYH LQIOXHQFH RQ WKH UHVLVWDQFH RI ZHOGHG
MRLQWV ERWK WR FROG DQG KRW FUDFNV LQ SRUWLRQHG IRU�
PDWLRQ RI WKH ZHOGV�

,Q YLHZ RI WKH DERYH FRQFHSWV� SURGXFLQJ MRLQWV
RI KLJK�VWUHQJWK VWHHOV RI ��.K1�0'$�
��.K�1�0'$� ��.K�1�0 W\SH �7DEOH �� E\ IXVLRQ
DUF ZHOGLQJ ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW�
PDNLQJ WKH ZHOGV WR KDYH PHWDO FORVH LQ LWV FRPSRVL�
WLRQ WR WKH EDVH PHWDO� LV OLPLWHG E\ WKH IROORZLQJ
FRQGLWLRQV� PHWDO WKLFNQHVV RI QRW PRUH WKDQ ��w
��� PP� WKHUPDO F\FOH RI ZHOGLQJ VKRXOG HQVXUH LQ
WKH +$= PHWDO GHFRPSRVLWLRQ RI RYHUFRROHG DXVWHQLWH
ZLWK IRUPDWLRQ RI VWUXFWXUHV� ZKLFK DUH FKDUDFWHUL]HG
E\ VXIILFLHQW FROG FUDFNLQJ UHVLVWDQFH� LI GHYHORSPHQW
RI VWUXFWXUHV� SURPRWLQJ IRUPDWLRQ RI FROG FUDFNV FDQ�
QRW EH SUHYHQWHG� LW LV QHFHVVDU\ WR HQYLVDJH VHOI�KHDW
WUHDWPHQW RI WKH ZHOGHG MRLQW GLUHFWO\ IURP WKH KHDW

RI ZHOGLQJ� IRU DGGLWLRQDO FRQWURO RI WKH WKHUPDO F\FOH
RI ZHOGLQJ LW LV UDWLRQDO WR SHUIRUP VHOI�SUHKHDWLQJ�
SRUWLRQ IRUPDWLRQ RI ZHOGV RU XVH WKHLU FRPELQHG DF�
WLRQ� GLIIXVLEOH K\GURJHQ FRQFHQWUDWLRQ LQ WKH PROWHQ
PHWDO VKRXOG QRW H[FHHG ���w��� FP� SHU ��� J RI
PHWDO�

0HWKRGV RI VHOI�SUHKHDWLQJ DQG VHOI�KHDW WUHDWPHQW
DUH EDVHG RQ RSWLPL]LQJ WKH LPSDFW RI KHDW� FRQVXPHG
LQ GHSRVLWLRQ RI WKH SUHYLRXV DQG VXEVHTXHQW OD\HUV
RI D PXOWLOD\HU ZHOG� ,Q WKH FDVH RI PHFKDQL]HG ZHO�
GLQJ ODUJH�VL]HG SURGXFWV� LW DSSHDUV WKDW LW LV SRVVLEOH
WR XVH RQO\ WZR VXFK SURFHVVHV� QDPHO\ ZHOGLQJ ZLWK
UHFLSURFDO PRWLRQ RI WKH DUF DQG WZR�DUF ZHOGLQJ LQWR
VHSDUDWH SRROV ZLWK D VWULFWO\ VSHFLILHG DUF VSDFLQJ�

,Q WKH FDVH RI ZHOGLQJ ERGLHV RI UHYROXWLRQ �SHU�
IRUPDQFH RI FLUFXPIHUHQWLDO ZHOGV� RI ��� WR ��� PP
GLDPHWHU� VHOI�SUHKHDWLQJ DQG VHOI�KHDW WUHDWPHQW GR
QRW FUHDWH DQ\ GLIILFXOWLHV� DV WKH SURFHVV SURSHU IHD�
WXUHV D SHULRGLF LPSDFW RI KHDW� HYROYHG LQ GHSRVLWLRQ
RI VXEVHTXHQW OD\HUV� :LWK GHFUHDVH RI WKH LWHPV GLD�
PHWHU� LW LV VRPHWLPHV QHFHVVDU\ WR WDNH PHDVXUHV WR
OLPLW WKH VHOI�KHDWLQJ WHPSHUDWXUH�

:HOGLQJ ZLWK UHFLSURFDO PRWLRQ RI WKH DUF \LHOGV
JRRG UHVXOWV� 8QIRUWXQDWHO\� KRZHYHU� WKH LVVXHV� UH�
ODWLQJ WR WKH WHFKQRORJ\ RI FRQGXFWLQJ WKH SURFHVV
DQG LWV DXWRPDWLRQ� DUH \HW XQVROYHG� (YHQWXDOO\� LQ
DUF ZHOGLQJ RI KLJK�VWUHQJWK VWHHOV ZLWK ZHOGV ZLWK
WKH PHWDO� PDWFKLQJ WKH EDVH PHWDO� ZLWKRXW SUHKHDW�
LQJ DQG KHDW WUHDWPHQW WKH VHW RI PHDVXUHV DQG PH�
WKRGV WR SUHYHQW FUDFNLQJ LV JUHDWO\ OLPLWHG�

5LJKW QRZ LQ DUF ZHOGLQJ RI ODUJH�VL]HG VWUXFWXUHV
RI KLJK�VWUHQJWK VWHHOV� UHVXOWLQJ LQ SHUIRUPDQFH RI
ZHOGV ZLWK WKH PHWDO� VLPLODU WR WKH EDVH PHWDO LQ LWV
FRPSRVLWLRQ� WKH IROORZLQJ WHFKQRORJLFDO VROXWLRQV
FDQ EH UHFRPPHQGHG�

• QDUURZ�JDS FRQVXPDEOH�HOHFWURGH DUF ZHOGLQJ
ZLWK RSWLPL]DWLRQ RI WKH WKHUPDO F\FOH RI ZHOGLQJ E\
D UDWLRQDO VHOHFWLRQ RI WKH JDS ZLGWK DQG XVH RI WUDQV�
YHUVH RVFLOODWLRQV RI WKH HOHFWURGH�

• FRQVXPDEOH�HOHFWURGH DUF ZHOGLQJ ZLWK SRUWLRQ
IRUPDWLRQ RI ZHOGV WR FRQWURO PHWDO VROLGLILFDWLRQ DQG
WKHUPDO F\FOH RI ZHOGLQJ >��� ��@�

• WZLQ�DUF ZHOGLQJ ZLWK WKH VSHFLILHG DUF VSDFLQJ
WR SURYLGH VHOI�KHDWLQJ DQG VHOI�KHDW WUHDWPHQW RI
ZHOGHG MRLQWV >��@�

• FRPELQDWLRQ RI SRUWLRQ IRUPDWLRQ RI ZHOGV ZLWK
VHOI�KHDWLQJ LQ RQH� DQG WZR�DUF ZHOGLQJ >��@�

• RSWLPL]DWLRQ RI WKH SURFHVV RI DUF ZHOGLQJ E\ D
UDWLRQDO ILOOLQJ RI WKH JURRYH �SURFHVV LV FKDUDFWHUL]HG
E\ D SHULRGLFDO GHSRVLWLRQ RI PXOWLSOH OD\HUV GLUHFWO\
LQ WKH JURRYH LQ GRZQ� RU XSKLOO ZHOGLQJ >��@� ZKLFK

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI VRPH DOOR\HG TXHQFKLQJ VWHHOV DW URRP WHPSHUDWXUH


6WHHO JUDGH σW� 03D σ\� 03D δ� � ψ� � .&8� -�FP�

��.K1�0'$ ���w���� ���w��� ��w�� ��w�� ���w���

��.K�1�0'$ ���w��� ���w��� ��w�� ��w�� ���w���

��.K�1�0 ����w���� ���w���� ��w�� ��w�� ���w���




0DWHULDO LQ DV�ZHOGHG DQG DV�TXHQFKHG FRQGLWLRQ�
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FDQ EH HIIHFWLYHO\ LPSOHPHQWHG LQ QDUURZ�JDS ZHOG�
LQJ��

• WZLQ�DUF ZHOGLQJ ZLWK DQ RSWLPDO GLVWDQFH EH�
WZHHQ WKH DUFV� XVLQJ KLJK�VWUHQJWK ZLUHV RI GLIIHUHQW
FRPSRVLWLRQV�

7KH DERYH VROXWLRQV VHSDUDWHO\ RU ZLWK WKHLU FRP�
ELQHG DFWLRQ� DV D UXOH� DOORZ HQVXULQJ WKH UHTXLUHG
WHFKQRORJLFDO VWUHQJWK RI MRLQWV LQ KLJK�VWUHQJWK VWHHO
LQ WKHLU ZHOGLQJ ZLWKRXW SUHKHDWLQJ DQG SURGXFLQJ
ZHOG PHWDO� FORVH LQ LWV FRPSRVLWLRQ WR WKH EDVH PHWDO�
+RZHYHU� PDNLQJ VXFK ZHOGV DQG MRLQWV� DV D ZKROH�
LQ ZHOGLQJ RI KLJK�VWUHQJWK VWHHOV ZLWKRXW D FRPSOHWH
SRVWZHOG KHDW WUHDWPHQW PD\ FUHDWH GLIILFXOWLHV LQ
WHUPV RI SURYLVLRQ RI HTXLYDOHQW VWUHQJWK� ,Q ZHOGLQJ
RI VWHHOV� IRU LQVWDQFH� ��.K1�0'$ DQG ��.K�1�0
WKH ZHOG PHWDO VWUHQJWK ZDV HTXDO WR ���w��� 03D
DW EDVH PHWDO VWUHQJWK RI XS WR ���w���� 03D�

,Q WHUPV RI LPSURYHPHQW RI WKH VWUHQJWK RI ZHOG
PHWDO� FORVH WR WKH EDVH PHWDO LQ LWV FRPSRVLWLRQ�
ZHOGLQJ ZLWK WZR�DUFV� XVLQJ KLJK�VWUHQJWK ZLUHV RI
YDULRXV FRPSRVLWLRQV� LV RI LQWHUHVW� 3DUWLFXODUO\ ID�
YRXUDEOH LV WKH SURFHVV� LQ ZKLFK WKH ILUVW DUF UXQV LQ
D VKLHOGLQJ JDV� DQG WKH VHFRQG XQGHU D OD\HU RI IOX[�
6XFK D GHFLVLRQ DOORZV XVLQJ ZLUHV IRU WKH VHFRQG DUF
RI D FRPSRVLWLRQ� VLPLODU WR WKDW RI WKH EDVH PHWDO�

7KLV RSHQV XS WKH SRVVLELOLWLHV IRU PDNLQJ PXOWLOD\HU
FRPSRVLWH ZHOGV� ZKHUH WKH PHWDO LQ HDFK OD\HU KDV
GLIIHUHQW SURSHUWLHV�

5HVXOWV RI VWXG\LQJ WKH LQIOXHQFH RI WKH SURSRUWLRQ
RI OD\HUV ZLWK GLIIHUHQW SURSHUWLHV RQ WKH PHFKDQLFDO
FKDUDFWHULVWLFV RI D WZR�OD\HU PHWDO� DUH JLYHQ LQ >��@�
6WUHQJWK FKDUDFWHULVWLFV RI WZR�OD\HU VDPSOHV� IRU LQ�
VWDQFH� ZLWK �� � RI WKH KDUG �KLJK�VWUHQJWK� DQG
�� � RI WKH VRIW �OHVV VWURQJ� FRPSRQHQW� DUH RQ WKH
OHYHO RI VWUHQJWK RI EDVH PHWDO ���.K�1�0 VWHHO�� ,Q
WKLV FDVH� GXFWLOLW\ DQG LPSDFW WRXJKQHVV DUH KLJKHU
WKDQ VLPLODU FKDUDFWHULVWLFV RI D VWURQJHU VWUXFWXUDO
FRPSRQHQW >��@� ,QWHJUDWHG DVVHVVPHQW VKRZV WKDW
VXFK D FRPSRVLWH PHWDO RI D ZHOG� FRQVLVWLQJ RI OD\HUV
ZLWK GLIIHUHQW SURSHUWLHV� KDV KLJKHU PHFKDQLFDO FKD�
UDFWHULVWLFV WKDQ LWV LQGLYLGXDO FRPSRQHQWV�

7KH VHFRQG DUHD RI SURGXFLQJ ZHOGHG MRLQWV RQ
KLJK�VWUHQJWK VWHHOV ZLWK D KLJK UHVLVWDQFH WR FUDFNLQJ�
LV DUF ZHOGLQJ RI KLJK�VWUHQJWK VWHHOV ZLWKRXW SUH�
KHDWLQJ DQG SRVWZHOG KHDW WUHDWPHQW ZLWK DSSOLFDWLRQ
RI ZHOGLQJ FRQVXPDEOHV� SURYLGLQJ DQ DXVWHQLWLF ZHOG
PHWDO� +RZHYHU� LQ YLHZ RI WKH ORZ OHYHO RI VWUHQJWK
RI WKH DXVWHQLWLF ZHOG PHWDO� WKH ZHOGV VKRXOG EH
PDGH WR KDYH D ODUJH UHLQIRUFHPHQW� LQ RUGHU WR SURYLGH
DQ HTXLYDOHQW VWUHQJWK RI ZHOGHG MRLQWV� 7KLV VLJQLIL�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOG PHWDO� SURGXFHG LQ ZHOGLQJ ��.K�1�0'$ VWHHO

:HOGLQJ FRQVXPDEOH :HOGLQJ SURFHVV σ���� 03D σW� 03D δ� � ψ� � .&8��� -�FP
� .&9w��� -�FP

�

$193��� 0DQXDO ���w��� ����w���� ��w�� ��w�� ���w��� ��w��

$193��� 6DPH ���w��� ����w���� ��w�� ��w�� ���w��� ��w��

$193���� � ���w���� ����w���� ��w�� ��w�� ��w�� ��w��

33$193��� 0HFKDQL]HG &2� ZHOGLQJ ���w��� ����w���� ��w�� ��w�� ��w�� ��w��

(.���9, 6$: ���w��� ����w���� ��w�� ��w�� ��w�� ��w��

33$193��� 6DPH ���w��� ���w���� ��w�� ��w�� ��w�� ��w��

)LJXUH �� &KDUDFWHULVWLF YLHZ RI ORQJLWXGLQDO �D� E� DQG WUDQVYHUVH �F� G� PDFURVHFWLRQV� FXW RXW RI ULJLG WHFKQRORJLFDO VDPSOHV RI
ZHOGHG MRLQWV LQ VWHHO ��.K�1�0'$� :HOGLQJ ZDV SHUIRUPHG ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW ZLWK $193��� HOHFWURGHV
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FDQWO\ LQFUHDVHV WKH VFRSH RI ZHOGLQJ RSHUDWLRQV DQG
FRQVXPSWLRQ RI H[SHQVLYHZHOGLQJ FRQVXPDEOHV�0RUH
RYHU� H[FHVV UHLQIRUFHPHQW RI WKH ZHOG LQGXFHV D VWUHVV
FRQFHQWUDWLRQ� ZKLFK LQ D QXPEHU RI FDVHV LPSDLUV WKH
ZHOGHG MRLQW SHUIRUPDQFH�

3:, SURSRVHG D QHZ SURFHVV IRU ZHOGLQJ KLJK�

VWUHQJWK TXHQFKLQJ VWHHOV >��@� ZKLFK FRQVLVWV LQ DS�

SOLFDWLRQ RI ZHOGLQJ FRQVXPDEOHV� SURYLGLQJ IRUPD�

WLRQ LQ WKH ZHOG PHWDO RI D VWUXFWXUH ZLWK DXVWHQLWH

GHFRPSRVLWLRQ DW WHPSHUDWXUH EHORZ ��� �& DQG RI

GHFRPSRVLWLRQ SURGXFWV� SURPRWLQJ SURGXFWLRQ RI

ZHOG PHWDO ZLWK KLJK VWUHQJWK FKDUDFWHULVWLFV DW D

JRRG OHYHO RI GXFWLOLW\ DQG WRXJKQHVV� 7KLV ZHOGLQJ

SURFHVV LV EDVHG RQ D SRVLWLYH LQIOXHQFH RI DXVWHQLWLF

ZHOG PHWDO RQ WKH NLQHWLFV RI SKDVH WUDQVIRUPDWLRQV

LQ WKH +$= RI KLJK�VWUHQJWK VWHHO DQG FKDQJH RI WKH

QDWXUH RI GLVWULEXWLRQ RI VWUHVVHV LQ D ZHOGHG MRLQW�

,WV DSSOLFDWLRQ DOORZV FRQGXFWLQJ ZHOGLQJ RI KLJK�

VWUHQJWK TXHQFKLQJ VWHHOV ZLWKRXW SUHKHDWLQJ DQG

SRVWZHOG KHDW WUHDWPHQW RI LWHPV �DV LQ WKH FDVH RI

PDNLQJ DQ DXVWHQLWLF ZHOG�� ZKLOH SURGXFLQJ ZHOGHG

MRLQWV� HTXLYDOHQW WR WKH EDVH PHWDO LQ VWUHQJWK� 2QH

RI WKH YDULDQWV RI SUDFWLFDO LPSOHPHQWDWLRQ RI WKH

SURSRVHG SURFHVV LV DSSOLFDWLRQ RI KLJK�VWUHQJWK ZHOG�

LQJ FRQVXPDEOHV� SURYLGLQJ ZHOG PHWDO ZLWK WKH FRP�

SRVLWLRQ DQG VWUXFWXUH RI ORZ�FDUERQ PDUWHQVLWH RU

DXVWHQWLF�PDUWHQVLWLF VWHHO�
3:, GHYHORSHG WHFKQRORJLHV DQG FRQVXPDEOHV IRU

PDQXDO DQG PHFKDQL]HG ZHOGLQJ >��w��@� 7HFKQRORJ\
RI PDQXDO HOHFWURQ EHDP ZHOGLQJ HQYLVDJHV XVH RI
DGYDQFHG� GHYHORSHG LQ 3:, HOHFWURGHV RI JUDGHV
$193���� $193��� DQG $193����� ZKLFK SURYLGH
ZHOG PHWDO ZLWK WKH \LHOG SRLQW RI ���� ��� DQG
���� 03D� UHVSHFWLYHO\� )OX[�FRUHG ZLUH 33$193�
�� ZDV GHYHORSHG IRU PHFKDQL]HG ZHOGLQJ LQ &2� RU
D PL[WXUH RI $U � &2�� ,Q 6$: LW LV UHFRPPHQGHG
WR XVH FHUDPLF IOX[� VROLGZLUH (.���9, DQG IOX[�FRUHG
ZLUH 33$193���� ,Q ZHOGLQJ RI KLJK�VWUHQJWK VWHHO�
IRU LQVWDQFH ��.K�1�0'$� WKHVH FRQVXPDEOHV HQVXUH
SURGXFLQJ DQ DXVWHQLWLF�PDUWHQVLWLF ZHOG PHWDO ZLWK
WKH KDUGQHVV RQ WKH OHYHO RI +9 ���� 03D� 0HFKDQL�
FDO SURSHUWLHV RI ZHOG PHWDO� SURGXFHG LQ ZHOGLQJ RI
WKH DERYH VWHHO� DUH VKRZQ LQ 7DEOH �� 0DQXIDFWXUH
RI QHZ ZHOGLQJ FRQVXPDEOHV KDV EHHQ PDVWHUHG E\
3:, 3LORW 3URGXFWLRQ �ZLUH DFFRUGLQJ WR 78 3:,
��w�� VSHFLILFDWLRQ� HOHFWURGHV DFFRUGLQJ WR 78 3:,
���w�� VSHFLILFDWLRQ��

,W VKRXOG EH QRWHG WKDW VWHHOV DQG ZHOGV ZLWK WKH
DERYH OHYHO RI PHFKDQLFDO SURSHUWLHV PD\ EH VXVFHS�
WLEOH WR GHOD\HG IUDFWXUH DQG FROG FUDFNLQJ� SDUWLFX�
ODUO\ DW LQFUHDVHG FRQFHQWUDWLRQ RI K\GURJHQ� 7KH
KLJKHU WKH OHYHO RI VWUHQJWK SURSHUWLHV RI WKH PHWDO�
WKH PRUH SURQRXQFHG LV WKH DGYHUVH LQIOXHQFH RI K\�
GURJHQ�

,Q WKLV FRQQHFWLRQ LQ GHYHORSPHQW RI WKH DERYH
ZHOGLQJ FRQVXPDEOHV� SDUWLFXODU DWWHQWLRQ ZDV JLYHQ
WR SURYLVLRQ RI PLQLPXP FRQFHQWUDWLRQ RI K\GURJHQ

)LJXUH �� 'HOD\HG FUDFNLQJ UHVLVWDQFH RI ZHOGHG MRLQWV LQ
��.K�1�0 VWHHO� PDGH ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW
ZLWK HOHFWURGHV /2�� ���� 821, ����� ��� DQG $193��� ���
�σFU x FULWLFDO VWUHVV DW GHOD\HG IUDFWXUH�

7DEOH �� *HQHUDOL]HG WHFKQRORJLFDO UHFRPPHQGDWLRQV RQ ZHOGLQJ VRPH KLJK�VWUHQJWK DOOR\HG VWHHOV ZLWKRXW SUHKHDWLQJ

6WHHO JUDGH 0HWDO JDXJH :HOGLQJ FRQVXPDEOHV :HOGLQJ SURFHVV� PDLQ WHFKQRORJLFDO UHFRPPHQGDWLRQV

��.K1�0'$ �� PP WKLFN VKHHW 6LPLODU WR EDVH PHWDO *DV�VKLHOGHG FRQVXPDEOH HOHFWURGH WZR�DUF ZHOGLQJ� DUF

VSDFLQJ RI ���w��� PP� KHDW LQSXW RI HDFK DUF RI ����w

���� N-�FP

��.K�1�0'$ 6DPH +LJK�DOOR\HG DXVWHQLWLF�

PDUWHQVLWLF

0DQXDO HOHFWULF�DUF ZHOGLQJ� PHFKDQL]HG ZHOGLQJ LQ &2� RU

PL[WXUHV� ZHOGLQJ XVLQJ FHUDPLF IOX[� PRGHV� VLPLODU WR WKRVH

XVHG LQ ZHOGLQJ ZLWK DXVWHQLWLF FRQVXPDEOHV

��.K�1�0 �� PP WKLFN VKHHW 6LPLODU WR EDVH PHWDO 7ZR�DUF ZHOGLQJ� VLQJOH�DUF ZHOGLQJ ZLWK UHFLSURFDO

GLVSODFHPHQWV RI WKH HOHFWURGH ZLWK WKH VHTXHQFH RI � OD\HUV

SHU SDVV >��@� DUF VSDFLQJ RU OHQJWK RI VHOI�SUHKHDWLQJ VHFWLRQ

RI ���w��� PP� KHDW LQSXW RI ����w���� N-�FP

��.K1�0 � 6W�� )RUJLQJ � VKHHW 6DPH 7ZR�DUF ZHOGLQJ� DUF VSDFLQJ RI ���w��� PP� KHDW LQSXW RI

DERXW �� N-�FP

)LJXUH ��$SSHDUDQFH RI VDPSOHV RI DZHOGHG MRLQW LQ ��.K�1�0'$
VWHHO� PDGHZLWK $193��� HOHFWURGHV� DIWHU WHVWLQJ E\ VWDWLF WHQVLRQ
DW WKH WHPSHUDWXUH RI �� �&
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LQ ZHOG PHWDO� $Q RSWLPXP FRPELQDWLRQ RI FRPSR�
QHQWV� LQFOXGHG LQWR WKH FRPSRVLWLRQ RI WKH FHUDPLF
IOX[� HOHFWURGH FRDWLQJV DQG FRUH RI WKH IOX[�FRUHG
ZLUH� WKHLU RSWLPXP SURSRUWLRQ LQ FRPELQDWLRQ ZLWK
D QXPEHU RI WHFKQRORJLFDO PHDVXUHV >��@ DOORZHG VRO�
YLQJ WKH DERYH SUREOHP� ,Q ZHOGLQJ DW '&53 QHZ
FRQVXPDEOHV SURYLGH D ORZ FRQFHQWUDWLRQ RI K\GURJHQ
LQ WKH ZHOG PHWDO� GLIIXVLEOH �GHWHUPLQHG E\ FKURPD�
WRJUDSK\� x RQ WKH OHYHO RI ���w��� FP����� J� UH�
VLGXDO �GHWHUPLQHG E\ WKH PHWKRG RI UHGXFWLRQ PHOW�
LQJ LQ D MHW RI JDV FDUULHU� x ���w��� FP����� J�
WRWDO x QRW PRUH WKDQ ��� FP����� J� 6XFK D FRQ�
FHQWUDWLRQ RI K\GURJHQ GRHV QRW KDYH DQ HVVHQWLDO
LQIOXHQFH RQ WKH ZHOGHG MRLQW UHVLVWDQFH WR FROG FUDFN�
LQJ�

(YDOXDWLRQ RI WKH UHVLVWDQFH RI ZHOGHG MRLQWV� PDGH
E\ QHZ WHFKQRORJLHV WR FUDFNLQJ ZDV FRQGXFWHG RQ
VKHHWV RI VWHHO ��.K�1�0'$ �VHH 7DEOH �� RI �� PP
WKLFNQHVV� XVLQJ WKH NQRZQ &HQWUDO 5	' ,QVWLWXWH
IRU 6KLSEXLOGLQJ 7HFKQRORJ\ �7V1,,76� WHFKQRORJLFDO
VDPSOHV DQG �URXQG ZHOGHG�LQ SDWFK� >�@� DV ZHOO DV
GHOD\HG FUDFNLQJ WHVWV E\ WKH ,PSODQW PHWKRG >��@�
&RQGXFWHG HYDOXDWLRQ VKRZHG WKDW QHZ FRQVXPDEOHV
DOORZ SURGXFLQJ LQ ZHOGLQJ RI KLJK�VWUHQJWK VWHHOV
ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW WKH VRXQG
ZHOGHG MRLQWV ZLWK VXIILFLHQW FROG FUDFNLQJ DQG GH�
OD\HG IUDFWXUH UHVLVWDQFH� FORVH WR WKH YDULDQW RI WKH
DXVWHQLWLF ZHOG� ,Q FRQILUPDWLRQ RI WKLV VWDWHPHQW�
)LJXUH � JLYHV D FKDUDFWHULVWLF DSSHDUDQFH RI ORQJLWX�
GLQDO DQG WUDQVYHUVH PDFURVHFWLRQV IURP 7V1,,76
WHFKQRORJLFDO VDPSOHV DQG D �URXQGZHOGHG�LQ SDWFK��
DQG )LJXUH � VKRZV WKH FXUYHV RI GHOD\HG IUDFWXUH �E\
WKH ,PSODQW PHWKRG� RI ZHOGHG MRLQWV� PDGH ZLWK
DXVWHQLWLF /2��� SHDUOLWLF 821,������ DQG DXVWHQL�
WLF�PDUWHQVLWLF $193��� HOHFWURGHV�

0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV RI KLJK�
VWUHQJWK ��.K�1�0'$ VWHHO� SURGXFHG ZLWKRXW SUH�
KHDWLQJ DQG VXEVHTXHQW KHDW WUHDWPHQW� XVLQJ $193�
�� HOHFWURGHV� DUH FKDUDFWHUL]HG E\ WKH IROORZLQJ LQ�
GLFHV� F\OLQGULFDO VDPSOHV DUH FXW RXW RI WKH MRLQW
DFURVV WKH ZHOG� DQG DW WHVWLQJ IRU VWDWLF WHQVLRQ DW
WKH WHPSHUDWXUH RI �� �& IDLO LQ WKH EDVH PHWDO RXWVLGH

WKH +$= �)LJXUH �� ZLWK WKH \LHOG SRLQW RI ���w
��� 03D� LPSDFW WRXJKQHVV LQ WHVWLQJ RI 0HVQDJHU
VDPSOHV ZLWK D VHPLFLUFXODU QRWFK DORQJ WKH IXVLRQ
OLQH LV HTXDO WR ���w��� -�FP�� WKDW RI VDPSOHV ZLWK
D QRWFK LQ WKH +$= PHWDO DW � PP GLVWDQFH IURP WKH
IXVLRQ OLQH LV ���w��� -�FP�� +DUGQHVV RI +$=PHWDO
GRHV QRW H[FHHG +9 ���� 03D �)LJXUH ��� DQG LWV
VWUXFWXUH LV FKDUDFWHUL]HG DV XSSHU EDLQLWH �)LJXUH ���

*HQHUDOL]HG WHFKQRORJLFDO UHFRPPHQGDWLRQV RQ
ZHOGLQJ VRPH DOOR\HG VWHHOV ZLWKRXW SUHKHDWLQJ DUH
JLYHQ LQ 7DEOH ��

:HOGLQJ RI KLJK�VWUHQJWK VWHHOV E\ FRPSRVLWH
ZHOGV� PDGH ZLWK DXVWHQLWLF DQG DXVWHQLWLF�PDUWHQVL�
WLF FRQVXPDEOHV� DSSHDUV WR EH D KLJKO\ SURPLVLQJ
DSSURDFK� $V LV VKRZQ LQ >��@� PHFKDQLFDO SURSHUWLHV
RI FRPSRVLWH WZR�OD\HU VDPSOHV FDQ ODUJHO\ EH FRQ�
WUROOHG E\ YDU\LQJ WKH SURSRUWLRQ RI KDUG DQG VRIW
OD\HUV� 9DU\LQJ WKH QXPEHU RI OD\HUV LQ D PXOWLOD\HU
ZHOG� PDGH ZLWK DXVWHQWLF DQG DXVWHQWLF�PDUWHQVLWLF
FRQVXPDEOHV� LW LV SRVVLEOH WR SURGXFH ZHOGV ZLWK WKH
PRVW RSWLPXP SURSRUWLRQ RI VWUHQJWK DQG GXFWLOLW\�
GHWHUPLQHG SURFHHGLQJ IURP WKHPHFKDQLFDO SURSHUWLHV
RI D VSHFLILF VWHHO EHLQJ ZHOGHG�

&21&/86,216

�� )XOILOOPHQW RI WKH DERYH UHFRPPHQGDWLRQV RQ ZHOG�
LQJ RI KLJK�VWUHQJWK TXHQFKLQJ VWHHOV ZLWKRXW SUH�
KHDWLQJ DQG KHDW WUHDWPHQW� ZKHQ PDNLQJ ZHOGV
PDWFKLQJ WKH EDVH PHWDO� HQVXUHV WKH UHTXLUHG UHVLV�
WDQFH RI WKH MRLQWV WR FROG FUDFNLQJ ZLWK ZHOG PHWDO
VWUHQJWK RI XS WR ��� 03D�

�� 'HYHORSHG DXVWHQLWLF�PDUWHQVLWLF FRQVXPDEOHV
DOORZ DFKLHYLQJ WKH OHYHO RI ZHOG PHWDO VWUHQJWK RI
XS WR ���� 03D LQ TXHQFKLQJ VWHHO ZHOGLQJ ZLWKRXW
SUHKHDWLQJ DQG KHDW WUHDWPHQW� ZKLOH SURYLGLQJ WKH
UHTXLUHG WHFKQRORJLFDO VWUHQJWK�

�� )RU IXUWKHU LPSURYHPHQW RI VWUHQJWK RI ZHOG
PHWDO LQ ZHOGHG MRLQWV RQ KLJK�VWUHQJWK VWHHOV� SUR�
GXFHG ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW� ZH PD\
UHFRPPHQG PDNLQJ FRPSRVLWH ZHOGV� FRQVLVWLQJ RI
LQGLYLGXDO OD\HUV RI GLIIHUHQW VWUHQJWK�

�� ������ 7HFKQRORJ\ RI HOHFWULF IXVLRQ ZHOGLQJ� (G� E\
%�(� 3DWRQ� 0RVFRZ�.\LY� 0DVKJL]�

�� ������ 7HFKQRORJ\ RI HOHFWULF IXVLRQ ZHOGLQJ RI PHWDOV DQG

DOOR\V� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWURHQLH�

)LJXUH �� +DUGQHVV GLVWULEXWLRQ LQ WKH IXVLRQ ]RQH RI DQ DXVWHQL�
WLF�PDUWHQVLWLF ZHOG RQ ��.K�1�0'$ VWHHO LQ ZHOGLQJ ZLWKRXW
SUHKHDWLQJ DQG KHDW WUHDWPHQW ZLWK $193��� HOHFWURGHV �&)/ x
FRQGLWLRQDO IXVLRQ OLQH� O x GLVWDQFH IURP &)/�

)LJXUH �� 0LFURVWUXFWXUH RI +$= PHWDO RI D ZHOGHG MRLQW RQ
��.K�1�0'$ VWHHO� PDGH ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW
ZLWK $193��� HOHFWURGH �×����
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�� 0DNDUD� $�0� ������ ,QYHVWLJDWLRQ RI WKH SUREOHPV RI WHFK�

QRORJ\ DQG PHWDOV VFLHQFH LQ ZHOGLQJ DOOR\HG VWUXFWXUDO

VWHHOV� .\LY� 3:,�
�� 0DNDURY� (�/� ������ &ROG FUDFNV LQ ZHOGLQJ� 0RVFRZ�

0DVKLQRVWURHQLH�
�� 6KRUVKRURY� 0�.K� ������ 0HWDOV VFLHQFH RI VWHHO DQG WLWD�

QLXP ZHOGLQJ� 0RVFRZ� 1DXND�
�� .DVDWNLQ� 6�%�� 0LNKRGXM� /�,�� *RUGRQQ\� 9�*� ������

3URFHGXUDO DSSURDFKHV WR LQWHJUDWHG LQYHVWLJDWLRQ RI GHOD\HG
DQG EULWWOH IUDFWXUH LQ KLJK�VWUHQJWK ORZ�DOOR\ VWHHOV� $YWR�
PDWLFK� 6YDUND� �� ��w���

�� .DVDWNLQ� %�6�� %UHGQHY� 9�,� ������ 3HFXOLDULWLHV RI FROG
FUDFNLQJ PHFKDQLVP LQ ZHOGHG MRLQWV RI KLJK�VWUHQJWK VWHHOV�
,ELG�� �� �w�� ���

�� .DVDWNLQ� %�6�� %UHGQHY� 9�,�� 7VDU\XN� $�.� HW DO� ������
(VWLPDWLRQ RI UHVLVWDQFH RI ��.K�0)$ VWHHO ZHOGHG MRLQWV
WR FROG FUDFNLQJ� ,ELG�� �� �w��

�� 7VDU\XN� $�.�� %UHGQHY� 9�,� ������ 3UREOHPV RI FROG
FUDFNLQJ SUHYHQWLRQ� ,ELG�� �� ��w���

��� 7VDU\XN� $�.�� %UHGQHY� 9�,� ������ 2Q WKH QDWXUH RI FROG
FUDFNLQJ LQ ZHOGLQJ RI TXHQFKLQJ VWHHOV� ,ELG�� ��� �w���

��� 0LNKRGXM� /�,�� 3R]Q\DNRY� 9�'�� <XVKFKHQNR� $�.�
������ 5HVLVWDQFH RI ��.K*1�0)'5$ VWHHO ZHOGHG MRLQWV
WR D GHOD\HG IUDFWXUH� 7KH 3DWRQ :HOGLQJ -�� ��� �w���

��� 0XVL\DFKHQNR� 9�)�� .DVDWNLQ� 6�%� ������ 'LVWULEXWLRQ RI
K\GURJHQ LQ DOOR\HG VWHHO ZHOGHG MRLQW DQG LWV LQIOXHQFH RQ
FROG FUDFNLQJ �5HYLHZ�� $YWRPDWLFK� 6YDUND� �� �w��

��� 3RNKRGQ\D� ,�.�� 6KYDFKNR� 9�,� ������ 3K\VLFDO QDWXUH RI
K\GURJHQ LQGXFHG FROG FUDFNV LQ ZHOGHG MRLQWV RI VWUXFWXUDO
VWHHOV� ,ELG�� �� �w���

��� 3RNKRGQ\D� ,�.�� 6WHSDQ\XN� 6�1�� 6KYDFKNR� 9�,� ������
5ROH RI WHPSHUDWXUH LQ K\GURJHQ�LQGXFHG FUDFNLQJ RI VWUXF�
WXUDO VWHHOV DQG ZHOGHG MRLQWV� 7KH 3DWRQ :HOGLQJ -�� �� �w
��

��� 0DNDUD� $�0�� *RUGRQQ\� 9�*�� 'LEHWV� $�7� HW DO� ������
&ROG FUDFNV LQ ORZ�DOOR\ KLJK�VWUHQJWK ZHOGV� $YWRPDWLFK�
6YDUND� ��� �w��

��� 1D]DUFKXN� $�7�� 6WHUHQERJHQ� <X�$�� .RV\DNRY� 9�3�
������ 3URFHGXUH RI HYDOXDWLRQ RI ZHOG PHWDO VXVFHSWLELOLW\
WR IRUPDWLRQ RI WUDQVYHUVH FUDFNV� ,ELG�� ��� �w���

��� 1D]DUFKXN� $�7�� 6YHUGHO� ,�3� ������ 5HVLVWDQFH RI TXHQFK�
LQJ VWHHO MRLQWV ZLWK PXOWLOD\HU ZHOGV WR FUDFN IRUPDWLRQ�
,ELG�� �� ��w���

��� 1D]DUFKXN� $�7�� 6WHUHQERJHQ� <X�$� ������ $ERXW RSWLPL�
VDWLRQ RI DUF ZHOGLQJ SURFHVV E\ HIILFLHQW JURRYH ILOOLQJ�
,ELG�� ��� ��w���

��� 1D]DUFKXN� $�7� ������ &RQWURO RI ZHOG PHWDO VROLGLILFDWLRQ
DQG WKHUPRGHIRUPDWLRQDO F\FOH LQ DXWRPDWLF DUF ZHOGLQJ�
,ELG�� ���� �w��

��� 1D]DUFKXN� $�7� ������ ,QIOXHQFH RI SRUWLRQ�GLVFUHWH ZHOG
IRUPDWLRQ RQ WKH WKHUPDO F\FOH RI IXVLRQ DUF ZHOGLQJ� ,ELG��
�� ��w���

��� 1D]DUFKXN� $�7�� 6YHUGHO� ,�3�� 1LNXOLQ� 9�$� ������ 7ZLQ�
DUF ZHOGLQJ ZLWKRXW SKHUHDWLQJ RI EDQGLQJ RI ��.K1�0
DQG ��.K1�0 VWHHOV WR GLVFV RI ODUJH�VL]HG WRRWKHG ZKHHOV
RI 6W�� VWHHO� ,ELG�� �� ��w���

��� 1D]DUFKXN� $�7� ������ ([DPLQDWLRQ RI WKH LQIOXHQFH RI WKH
SURSRUWLRQ RI OD\HUV ZLWK GLIIHUHQW SURSHUWLHV RQ PHFKDQLFDO
FKDUDFWHULVWLFV RI WZR�OD\HU VWHHO VDPSOHV� ,ELG�� �� ��w���
���

��� *RWDOVN\� <X�1�� 6QLVDU� 9�9�� .XSRUHY� $�/� HW DO�
0HWKRG RI DUF ZHOGLQJ RI TXHQFKLQJ VWHHOV� 8665 DXWKRUsV
FHUW� ������� ,QW� &O� % �� . ������ 3XEO� ���������

��� /LSRGDHY� 9�1�� *RWDOVN\� <X�1�� 6QLVDU� 9�9� HW DO� (OHF�
WURGH IRU ZHOGLQJ RI ORZ� DQG PHGLXP�DOOR\ KLJK�VWUHQJWK

TXHQFKLQJ VWHHOV ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW�
8665 DXWKRUsV FHUW� �������� ,QW� &O� % �� . ������ 3XEO�
���������

��� 'HPFKHQNR� (�/�� /\DNKRYD\D� ,�9�� 6QLVDU� 9�9� HW DO�
(OHFWURGH IRU ZHOGLQJ RI KLJK�VWUHQJWK VWHHOV� 8665
DXWKRUsV FHUW� �������� ,QW� &O� % �� . ������� 3XEO�
���������

��� *RWDOVN\� <X�1�� 6QLVDU� 9�9�� 'HPFKHQNR� (�/� HW DO�
������ :HOGLQJ RI KLJK�VWUHQJWK VWHHOV ZLWK WKH \LHOG SRLQW
DERYH ��� 03D ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW�
$YWRPDWLFK� 6YDUND� ��� ��w���

��� 6QLVDU� 9�9�� 'HPFKHQNR� (�/�� ,YDQFKHQNR� (�9� ������
&KDOOHQJLQJ WHFKQRORJLHV IRU KLJK�VWUHQJWK VWHHO ZHOGLQJ
ZLWKRXW SUHKHDWLQJ DQG KHDW WUHDWPHQW� 7KH 3DWRQ :HOGLQJ

-�� ��� ��w���
��� 'HPFKHQNR� (�/�� 6QLVDU� 9�9�� /LSRGDHY� 9�1� HW DO�

������ 0HDQV RI ORZHULQJ WKH K\GURJHQ FRQWHQW LQ ZHOG
PHWDO RI ��.K��1�0�*67 W\SH GXULQJ DUF ZHOGLQJ� $YWR�
PDWLFK� 6YDUND� ��� ��w���

��� 6QLVDU� 9�9�� 'HPFKHQNR� (�/�� *DMYRURQVN\� $�$� ������
,QIOXHQFH RI ZHOG VWUXFWXUH RQ +$= SURSHUWLHV LQ
��.K�1�0 VWHHO ZHOGHG MRLQWV� ,ELG�� �� ��w���
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*�*� %$629 DQG $�1� 7.$&+(1.2

+ROGLQJ &RPSDQ\ �/XJDQVNWHSORYR]�� /XJDQVN� 8NUDLQH

$ PRGXODU GHVLJQ RI VLGH ZDOOV RI GLHVHO DQG HOHFWULF WUDLQ FDUV LV SURSRVHG� DV ZHOO DV VSHFLDOL]HG IL[WXUHV IRU PDQXIDFWXUH

RI SDUWV DQG ZHOGHG FRPSRQHQWV� LPSURYLQJ WKH HIILFLHQF\ DQG ODERXU FRQGLWLRQV� 7HFKQRORJLFDO IHDWXUHV RI ZHOGLQJ WKH

PRGXOH DUH GHVFULEHG�

.H\ZRU G V � ZHOGLQJ� ZHOGHG FRPSRQHQWV� XQLW� VHPL�DXWR�

PDWLF IDFLOLW\� SDUWV� EDVH DQG DX[LOLDU\ PDWHULDOV� ZHOGLQJ

PRGHV� GHIRUPDWLRQV� VWUHVVHV

%ODQNLQJ�ZHOGLQJ SURGXFWLRQ� LQ SDUWLFXODU� LQ IDEUL�
FDWLRQ RI FDUV RI GLHVHO DQG HOHFWULF WUDLQV� FRQWLQX�
RXVO\ IDFHV WKH WDVN RI SURGXFLQJ KLJKHU TXDOLW\ SDUWV
DQG ZHOGHG FRPSRQHQWV ZLWK PLQLPXP ODERXU FRQ�
VXPSWLRQ� DV ZHOO DV LPSURYLQJ WKH SURGXFWLYLW\ DQG
ODERXU FRQGLWLRQV�

6HPL�EHDGHG VKHHWV RI &Uw0Q VWHHO RI
��.K��*��'8 JUDGH RI ��� × ����� × ��� PP VL]H�
VXSSOLHG E\ &RPSDQ\ �=DSRUR]KVWDO� DUH XVHG LQ IDE�

ULFDWLRQ RI WKH KHDG� WUDLOHU DQG PRWRU FDUV RI GLHVHO
DQG HOHFWULF WUDLQV (3/��7 DQG (3/��7 IRU PDQXIDF�
WXULQJ WKH ORZHU URZ RI SDQHOV RI VLGH ZDOO PRGXOHV
RI FDU ERGLHV �)LJXUH ��� 7KLV FRUURVLRQ�UHVLVWDQW VWHHO
LV DXVWHQLWLF VSDUVHO\�DOOR\HG� ,WV FRPSRVLWLRQ LV DV
IROORZV� ZW��� ����w���� &� ��� 6L� ����w���� 0Q�
����w���� &U� ���w��� &X� ≤ ��� 1L� ≤ ��� 6�
≤ ������ 3�

%\ QRZ WKH VWHHO KDV SDVVHG D VHULHV RI WHVWV� ZKLFK
DOORZHG UHFRPPHQGLQJ LWV DSSOLFDWLRQ IRU FDUV RI GLH�
VHO DQG HOHFWULF SDVVHQJHU WUDLQV� 8VH RI WKLV VWHHO
LPSURYHV WKHLU IDWLJXH OLIH� GHFUHDVHV WKH ZHLJKW GXH
WR VPDOOHU WKLFNQHVV RI SDUWV� ZKLFK ORZHUV WKH ORDG
RQ WKH D[OHV� ZKLOH LQFUHDVLQJ WKH RYHUDOO GLPHQVLRQV� *�*� %$629 DQG $�1� 7.$&+(1.2� ����
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RI FDUV DQG QXPEHU RI SDVVHQJHUV FDUULHG� UHVSHFWLYHO\�

7KH VWHHO LV FKDUDFWHUL]HG E\ TXLWH KLJK HQHUJ\ SUR�
SHUWLHV �σW ≈ ��� 03D� σ��� ≈ ��� 03D� DW VDWLVIDFWRU\
GXFWLOLW\ �δ ! �� ���

,Q RUGHU WR ZHOG WKH SDQHOV E\ SOXJ ODS MRLQWV WR
WKH HOHPHQWV RI WKH IUDPH RI VLGH ZDOO PRGXOHV� DV

ZHOO DV GLUHFWO\ WR WKH ELQGLQJ HOHPHQWV RI WKH PDLQ

IUDPH RI WKH FDU ERG\� LW ZDV QHFHVVDU\ WR GULOO ����
KROHV RI � PP GLDPHWHU LQ WKH VKHHWV IRU RQH FDU�

'ULOOLQJ RI VXFK D QXPEHU RI KROHV LQFUHDVHV WKH ODERXU

FRQVXPSWLRQ RI VKHHW IDEULFDWLRQ DQG OHDGV WR D ORQJHU

F\FOH RI IDEULFDWLRQ DQG DVVHPEO\ RI WKH LWHP DV D

ZKROH�

,Q RUGHU WR ORZHU WKH ODERXU FRQVXPSWLRQ DQG LQ�

FUHDVH WKH DFFXUDF\ RI IDEULFDWLRQ RI WKLV NLQG RI SDUWV�

WKH :RUNV GHYHORSHG WKH GHVLJQ DQG WHFKQRORJLFDO

GRFXPHQWDWLRQ� DV ZHOO DV PDQXIDFWXUHG DQG SXW LQWR
SURGXFWLRQ D VSHFLDOL]HG XQLW IRU SLHUFLQJ KROHV RI

� PP GLDPHWHU LQ WKH VKHHWV RI VHPL�EHDGHG DQG ZLQ�

GRZ SDQHOV� %DVLF FRPSRQHQWV RI WKH VSHFLDOL]HG XQLW
IRU KROH SLHUFLQJ DUH VKRZQ LQ )LJXUH ��

3DQHO VKHHW � DIWHU IRUPLQJ RI WKH EHDGHG HQGV LQ

VSHFLDO GLHV� LV SODFHG RQ UROOHU FRQYH\RU �� XVLQJ

HOHFWULF EULGJH FUDQH� 7KH OLTXLG LV IHG E\ K\GUDXOLF

SODQW � DORQJ KLJK�SUHVVXUH KRVHV � LQWR SUHVV�KHDG ��

+ROH SLHUFLQJ IRUFH LV FDOFXODWHG E\ WKH IROORZLQJ

IRUPXOD�

3
PD[

 /6τ
VK
N� ���

ZKHUH / LV WKH SHULPHWHU RI SDUW SLHUFLQJ FRQWRXU�

PP�6 LV WKHPDWHULDO WKLFNQHVV� PP� τ
VK
LV WKH XOWLPDWH

VKHDU VWUHQJWK RI WKH PDWHULDO� 3D� N LV WKH VDIHW\

IDFWRU �N  ���w�����

$VVXPLQJ WKDW /  ����� PP� 6  ��� PP� N  

 ���� DQG τ
VK
 ��� 3D� ZH REWDLQ SLHUFLQJ IRUFH

3
PD[

 �����
� 1� 3UHVVXUH� LQGXFHG LQ WKH F\OLQGHU E\

WKH K\GUDXOLF SODQW� LV IRXQG IURP WKH IROORZLQJ IRU�

PXOD�

Î =
3
PD[

(πG� ⁄ �)η
� ���

)LJXUH �� 6FKHPDWLF RI D VLGH ZDOO PRGXOH� � x SRVW� � x EHDP� � x XSSHU EHDP� � x XSSHU URZ RI SDQHOV� � x ZLQGRZ URZ RI
SDQHOV� � x ORZHU URZ RI SDQHOV

)LJXUH �� 6FKHPDWLF RI D VSHFLDOL]HG XQLW IRU KROH SLHUFLQJ� � x K\GUDXOLF SODQW� � x HOHFWULF FDELQHW� � x KLJK SUHVVXUH KRVH� � x
URWDU\ FDQWLOHYHU� � x SUHVV�KHDG� � x VSULQJ VXVSHQVLRQ� � x SDQHO VKHHW� � x UROOHU FRQYH\RU

)LJXUH �� 6FKHPDWLF RI ORFDWLRQ RI WKH SUHVV�KHDG LQ KROH SLHUFLQJ� � x UHVW� � x KDQGOH� � x SUHVV�KHDG� � x KLQJH�W\SH FRQVROH�
� x K\GUDXOLF GLVWULEXWLRQ V\VWHP
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ZKHUH' LV WKH F\OLQGHU GLDPHWHU� PP �DSSUR[LPDWHO\

HTXDO WR � PP�� η LV WKH HIILFLHQF\ RI WKH PRWRU� HTXDO

WR ����

:KHQ WKH K\GUDXOLF SODQW RSHUDWHV RQ WKH F\OLQGHU

RI WKH SUHVV�KHDG �)LJXUH ��� WKH GLH� IDVWHQHG RQ WKH

SUHVV�KHDG� SLHUFHV WKH ILUVW KROH LQ WKH SDQHO VKHHWV�

3LHUFLQJ RI VXEVHTXHQW KROHV ZLWK D VSDFLQJ RI �� PP

LV SHUIRUPHG LQ D VLPLODU ZD\ DIWHU PRXQWLQJ WKH SUHVV�

KHDG LQWR WKH HDUOLHU SLHUFHG KROH�

+LQJH W\SH FDQWLOHYHU � DOORZV WKH RSHUDWRU WR

SHUIRUP SLHUFLQJ RI DOO WKH KROHV RQ WKH VKHHW ERDUGV

ZLWKRXW DQ\ UHDGMXVWPHQW RU URWDWLRQ RI WKH VKHHW�

ODLG RQ WKH UROOHU FRQYH\RU� $IWHU WKDW WKH SDQHO VKHHWV

DQG IUDPH HOHPHQWV DUH IHG WR WKH ZRUN SODFH IRU

DVVHPEO\ DQG ZHOGLQJ RI VLGH ZDOO PRGXOHV IRU FDUV

RI GLHVHO DQG HOHFWULF WUDLQV LQWR DQ DVVHPEO\�ZHOGLQJ

IDFLOLW\� VSHFLDOO\ GHYHORSHG IRU WKLV SXUSRVH �)L�

JXUH ��� 7KH ODWWHU FRQVLVWV RI FDVW LURQ SODWHV � RI

���� × ���� × ��� PP VL]H� ZKLFK DORQJ WKHLU HQWLUH

OHQJWK KDYH GUHVVHG VORWV IRU OD\LQJ WKH EHDGHG SDQHOV�

EDVH UHVWV � IRU IDVWHQLQJ WKH VKHHWV DQG IUDPH HOH�

PHQWV� DV ZHOO DV VSHFLDO FODPSV �� �� �� 7KH IDFLOLW\�

LQ WKH DUHD RI ZHOGLQJ WKH SDQHO JLUWKV� LV ILWWHG ZLWK

VSHFLDO FRSSHU HOHPHQWV �� ZKLFK DOORZ HQVXULQJ WKH

KHDW VLQN LQ SHUIRUPDQFH RI ZHOGLQJ RSHUDWLRQV DQG

UHGXFLQJ ZHOGLQJ VWUHVVHV DQG VWUDLQV� UHVSHFWLYHO\�

$V GLIIHUHQW VWHHOV DUH XVHG LQ WKH VWUXFWXUH RI WKH

VLGH ZDOO PRGXOH �IUDPH HOHPHQWV DUH PDGH RI FDUERQ

ORZ�DOOR\HG VWHHOV ��*�6 �*267 �����w���� WKH

SDQHO VKHHWV DUH PDGH RI &Uw0Q �VWDLQOHVV� VWHHOV

��.K��*��'8 �',���8� �788 ���������w��� DQG

��.K��1��7�� LQ WKH WHFKQRORJLFDO SURFHVV RSWLPDO

ZHOGLQJ PRGHV ZHUH VHOHFWHG DQG DSSOLHG� ERWK IRU

VLPLODU VWHHOV �ZHOGLQJ RI IUDPH HOHPHQWV DQG SDQHO

VKHHWV VHSDUDWHO\�� DQG IRU GLVVLPLODU PDWHULDOV �ZHOG�

LQJ RI IUDPH HOHPHQWV WR SDQHO VKHHWV��

:HOGLQJ RI SDQHO HOHPHQWV� DV ZHOO DV LWV ZHOGLQJ

WR IUDPH HOHPHQWV LV SHUIRUPHG ZLWK D VHPL�DXWRPDWLF

ZHOGLQJ PDFKLQH $���� LQ DUJRQ DW '&53� XVLQJ

ZHOGLQJ ZLUH RI ���w��� PP GLDPHWHU RI 6Y�

��.K��1�*�7 JUDGH� 0RGHV RI DUF ZHOGLQJ RI

��.K��*��'8 DQG ��.K��1��7 VWHHO ���� PP

WKLFN� DUH JLYHQ LQ WKH 7DEOH�

,Q DVVHPEO\ DQG ZHOGLQJ RI VLGH ZDOO PRGXOHV RI

GLHVHO DQG HOHFWULF WUDLQ FDUV� LW LV QRW SRVVLEOH WR

FRPSOHWHO\ DYRLG GHYHORSPHQW RI UHVLGXDO ZHOGLQJ GH�

IRUPDWLRQV� ,Q D QXPEHU RI FDVHV WKH\ JR EH\RQG WKH

DGPLVVLEOH OLPLWV� HQYLVDJHG E\ GHVLJQ GRFXPHQWD�

WLRQ� DQG LQ VRPH SODFHV UHDFK PRUH WKDQ � PP SHU

� P RI WKH LWHP�

7KH IROORZLQJ WHFKQRORJLFDO PHDVXUHV ZHUH XVHG

WR ORZHU WKH OHYHO RI ZHOGLQJ GHIRUPDWLRQV LQ WKH LWHP�

LQFUHDVLQJ WKH ULJLGLW\ RI WKH VKHHWV RI ZLQGRZ URZ

RI WKH SDQHOV� UHSODFHPHQW RI VWHHO ��.K��*��'8 E\

VWHHO ��.K��1��7 LQ WKH H[WUHPH VKHHWV RI ZLQGRZ

SDQHOV RI WKH PRGXOH� ZKLFK DOORZHG D FRQVLGHUDEOH

ORZHULQJ RI LQWHUQDO VWUHVV DFFXPXODWLRQ LQ WKH SDUWV

DIWHU VWDPSLQJ� (OLPLQDWLRQ RI EXFNOLQJ� IRUPHG GXU�

LQJ ZHOGLQJ RSHUDWLRQV SHUIRUPDQFH� ZDV DFKLHYHG E\

DSSO\LQJ GXPP\ ZHOG EHDGV RQ WKH VXUIDFH RI WKH

SDQHOV ZLWK WKHLU VXEVHTXHQW FOHDQLQJ DQG DSSURSULDWH

VWUDLJKWHQLQJ RI WKH VKHHWV DQG WKH LWHP DV D ZKROH�

7KXV� WKH IROORZLQJ KDV EHHQ GHYHORSHG IRU WKH

ILUVW WLPH DQG LQWURGXFHG LQ WKH HQWHUSULVH�

• PRGXODU VWUXFWXUH RI VLGH ZDOOV� GHVLJQHG IRU

ERGLHV RI FDUV IRU YDULRXV SXUSRVHV ZLWK DSSOLFDWLRQ

RI VKHHW SDQHOV RI &Uw0Q VWHHOV DQG IUDPH HOHPHQWV

RI FDUERQ VWHHO�

• WHFKQRORJ\ DQG IL[WXUH IRU DVVHPEO\ RI VLGH ZDOO
PRGXOHV RI WKH DERYH VWHHOV DQG WKHLU ZHOGLQJ�

*DLQHG H[SHULHQFH RI DSSOLFDWLRQ RI WKH FRPELQHG

MRLQWV LQ IDEULFDWLRQ RI FDUV PD\ EH UHFRPPHQGHG IRU

ZLGH LQWURGXFWLRQ LQ FDU�PDNLQJ IDFWRULHV� ZKLFK ZLOO

DOORZ ORZHULQJ WKH ORDGV RQ VLGH ZDOOV� UHGXFLQJ E\

�w� WLPHV WKH ODERXU�FRQVXPSWLRQ LQ IDEULFDWLRQ RI

VKHHW SDUWV IURP WKHP� LPSURYLQJ WKHLU TXDOLW\� DQG

VKRUWHQLQJ WKH F\FOH RI DVVHPEO\ RI WKH VLGH ZDOO PR�

GXOHV�

)LJXUH �� 6FKHPDWLF RI D IDFLOLW\ IRU DVVHPEO\ DQG ZHOGLQJ RI VLGH ZDOO PRGXOHV �IRU GHVLJQDWLRQV VHH WKH WH[W�

0RGHV RI DUF ZHOGLQJ RI VKHHW VWHHO ��.K��*��'8 DQG ��.K��1��7

-RLQW W\SH :LUH GLDPHWHU� PP ,
Z
� � 8

D
� 9 Y

Z
� P�K :LUH H[WHQVLRQ� PP *DV IORZ UDWH� O�PLQ

6TXDUH EXWW ���w��� ��w�� ��w�� ��w�� �w� ��w��

2YHUODS ���w��� ��w�� ��w�� ��w�� �w� ��w��

7HH ���w��� ��w�� ��w�� ��w�� �w� ��w��
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9�<X� %(/286� 9�1� =$0.29� ,�.� 3(75,&+(1.2 DQG 9�)� 7232/6.<

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

([SHULHQFH RI SUDFWLFDO DSSOLFDWLRQ RI QDUURZ�JDS ZHOGLQJ RI WLWDQLXP DQG WLWDQLXP DOOR\ VWUXFWXUHV KDV EHHQ DQDO\]HG�

DQG DGYDQWDJHV RI WKLV QHZ WHFKQRORJ\ DUH GHPRQVWUDWHG� *RRG SURVSHFWV IRU DSSOLFDWLRQ RI PDJQHWLF SURFHVVHV RI ZHOGLQJ

DUF FRQWURO LV QRWHG�

.H\ZRUGV� DUJRQ�DUF ZHOGLQJ� QDUURZ�JDS ZHOGLQJ� WLWD�

QLXP DOOR\V� QDUURZ�JDS HGJH SUHSDUDWLRQ� PDJQHWLFDOO\ LP�

SHOOHG DUF� PHFKDQLFDO SURSHUWLHV

(IIHFWLYHQHVV RI DSSOLFDWLRQ RI �α � β��WLWDQLXP DOOR\V

LQ ZHOGHG VWUXFWXUHV GHSHQGV SULPDULO\ RQ KRZ FORVH

DUH WKH LQGLFHV RI PHFKDQLFDO DQG VHUYLFH SURSHUWLHV

RI ZHOGHG MRLQWV DQG EDVH PHWDO� 6LQFH PRVW RI ZHOGLQJ

RSHUDWLRQV LQ IDEULFDWLRQ RI WLWDQLXP VWUXFWXUHV DUH

SHUIRUPHG E\ WXQJVWHQ HOHFWURGH DUJRQ�DUF ZHOGLQJ�

MRLQLQJ HOHPHQWV PRUH WKDQ � PP WKLFN LV SHUIRUPHG

ZLWK HGJH SUHSDUDWLRQ >�@� ZKLFK UHTXLUHV DSSOLFDWLRQ

RI ILOOHU ZLUH� 7KH ODWWHU LV XVHG LQ DUJRQ�DUF ZHOGLQJ

WR UHVROYH WZR SUREOHPV >�@� WHFKQRORJLFDO �JURRYH

ILOOLQJ DQG SURGXFLQJ D IXOO�VL]HG ZHOG� DQG PHWDO�
OXUJLFDO �DGMXVWPHQW RI FKHPLFDO DQG SKDVH FRPSRVL�
WLRQ RI ZHOG PHWDO��

3URSHUWLHV RI ZHOGHG MRLQW PHWDO ODUJHO\ GHSHQG
RQ FRUUHFW VHOHFWLRQ RI ILOOHU ZLUH� ZKLFK LV SDUWLFXODUO\

LPSRUWDQW LQ ZHOGLQJ WKLFN PHWDO� ZKHQ WKH ZHOG

FRQVLVWV SUHGRPLQDQWO\ RI ILOOHU ZLUH PDWHULDO�

7KLV SDSHU FRQVLGHUV WKH LQIOXHQFH RI ILOOHU ZLUH

FRPSRVLWLRQ RQ WKH PHFKDQLFDO SURSHUWLHV RI ZHOGHG

MRLQWV LQ DOOR\ 97��� SURGXFHG E\ WXQJVWHQ HOHFWURGH

QDUURZ�JDS ZHOGLQJ LQ DUJRQ E\ D PDJQHWLFDOO\ LP�

SHOOHG DUF >�@�

$FFRUGLQJ WR WKH GDWD RI >�@� LW LV UHFRPPHQGHG

WR XVH ZLUH RI JUDGH 63�� >�@ IRU ZHOGLQJ SODWH DOOR\

97��� /DWHU UHVHDUFK� KRZHYHU� GHPRQVWUDWHG >�@ WKDW

RSWLPDO UHVXOWV LQ ZHOGLQJ RI WKLV DOOR\ DUH REWDLQHG

ZLWK DSSOLFDWLRQ RI ZLUH RI JUDGH 97��� �7DEOH ���

6WUHQJWK RI ZHOGHG MRLQWV PDGH ZLWK WKLV ZLUH �DIWHU
DQQHDOLQJ DW ��� �& IRU �� PLQ� DQG VWUHQJWK RI WKH

DOOR\ SURSHU DUH SUDFWLFDOO\ WKH VDPH DW D VDWLVIDFWRU\

LPSDFW WRXJKQHVV .&8 RI ZHOG PHWDO �σW  ����w

���� 03D� D
Q
 ��w�� -�FP

��� DQG IDWLJXH OLIH RI
ZHOGHG MRLQWV WR IUDFWXUH �DW PD[LPXP F\FOH VWUHVV

RI ��� 03D� LV HTXDO WR ��w��⋅��� F\FOHV�
,Q >�@ LW LV HPSKDVL]HG WKDW WKHVH UHVXOWV ZHUH

REWDLQHG LQ ZHOGLQJ RI SODWHV �� PP WKLFN� ZHLJKW

IUDFWLRQV EHLQJ �� � RI EDVH PHWDO DQG �� � RI ILOOHU
ZLUH PHWDO LQ WKH ZHOG PHWDO� 8QIRUWXQDWHO\� QHLWKHU

WKH JURRYH VKDSH� QRU WKH ZHOGLQJ SURFHVV DUH PHQ�

WLRQHG� 2Q WKH RWKHU KDQG� LW VKRXOG QRWHG WKDW VXFK

D SURSRUWLRQ RI WKH DPRXQW RI EDVH DQG ILOOHU PHWDO

LQ WKH ZHOG LV D SDUWLFXODU FDVH� DQG PD\ RQO\ EH

REWDLQHG ZLWK D TXLWH GHILQLWH JURRYH VKDSH� ZHOGLQJ

PHWKRG DQG PRGH� 7KHUHIRUH� UHFRPPHQGDWLRQV RI >�@

DUH QRW WKH FRPPRQ RQHV IRU DOOR\ 97�� DQG VKRXOG

EH GHWHUPLQHG PRUH SUHFLVHO\�
7KH WDVN ZDV WR FRPSDUH WKH SURSHUWLHV RI ZHOGHG

MRLQWV PDGH �DW RWKHU FRQGLWLRQV EHLQJ HTXDO�� XVLQJ

ILOOHU ZLUHV 97��� DQG 63��� DQG VHOHFW WKH ZLUH�

ZKLFK ZLOO SURYLGH KLJKHU LQGLFHV RI ZHOGHG MRLQW

SURSHUWLHV� 6DPSOHV RI DOOR\ 97�� � DQG �� PP WKLFN

ZHUH ZHOGHG LQ RUGHU WR HYDOXDWH WKH TXDOLW\ RI ZHOGV

ZLWK GLIIHUHQW ZHLJKW IUDFWLRQV RI ILOOHU DQG EDVH PH�

WDOV LQ WKHP�

6DPSOHV � PP WKLFN ZHUH VTXDUH EXWW ZHOGHG LQ
RQH SDVV E\ D WXQJVWHQ HOHFWURGH LQ DUJRQ ZLWK D

WKURXJK SHQHWUDWLRQ >�@� 6DPSOHV �� PP WKLFN ZHUH

PDGH E\ WXQJVWHQ HOHFWURGH QDUURZ�JDS PDJQHWLFDOO\�

LPSHOOHG DUF ZHOGLQJ LQ IRXU SDVVHV �7DEOH ���

7KH )LJXUH VKRZV WKH PDFURVWUXFWXUH DQG VFKH�

PDWLFV RI ZHOGHG MRLQWV� $PRXQW RI ILOOHU ZLUH LQ ZHOG

PHWDO� PDGH ZLWK WKURXJK SHQHWUDWLRQ� FDQ EH FDOFX�

ODWHG SURFHHGLQJ IURP WKH UDWLR RI WKH DUHD RI UHLQ�

IRUFHPHQW WR WKH WRWDO ZHOG DUHD� ZKLFK LV HTXDO WR

� 9�<X� %(/286� 9�1� =$0.29� ,�.� 3(75,&+(1.2 DQG 9�)� 7232/6.<� ����

7DEOH �� &RPSRVLWLRQ RI ILOOHU ZLUHV

:LUH

JUDGH

)UDFWLRQ RI HOHPHQWV� ZW�� 0RHT�

ZW��

$O 0R 9 1E =U

97��� ���w��� ���w��� ���w��� ���w��� ���w��� ���

63�� ���w��� ���w��� ���w��� ���w��� ���w��� ���

1R W H V � �� ,Q ERWK ZLUHV WKH EDVH LV WLWDQLXP� �� 97��� ZLUH FRQ�

WDLQV �w� � 6Q�

7DEOH �� 0RGHV RI VDPSOH ZHOGLQJ

0HWDO

WKLFNQHVV�

PP

:HOGLQJ

FXUUHQW� $

$UF YROWDJH�

9

:HOGLQJ

VSHHG� P�K

:LUH IHHG

UDWH� P�K

� ��� ���� ���� ����

�� ��� ���� ��� ����

1R W H V � �� )LOOHU ZLUH GLDPHWHU LV ��� PP� �� 0DJQHWLF LQGXFWLRQ

LQ WKH ZHOGLQJ ]RQH LQ ZHOGLQJ RI VDPSOHV �� PP WKLFN LV HTXDO WR

� P7�
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0LFURVWUXFWXUH RI ZHOGHG MRLQW RI DOOR\ 97�� ZLWK PHWDO WKLFNQHVV RI � �D� DQG �� �E� PP

7DEOH �� &RPSRVLWLRQ RI ZHOG PHWDO

0HWDO

WKLFN�

QHVV� PP

:LUH JUDGH

)UDFWLRQ RI DOOR\LQJ HOHPHQWV� ZW��

$O 0R 9 1E =U 6Q &U )H

� 97��� ���� ���� ���� ���� ���� ���� ���� ����

63�� ���� ���� ���� ���� ���� w ���� ����

�� 97��� ���� ���� ���� ���� ���� ���� ���� ����

63�� ���� ���� ���� ���� ���� w ���� ����

1R W H � 7LWDQLXP LV WKH EDVH�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV

0HWDO WKLFN�

QHVV� PP
:LUH JUDGH +HDW WUHDWPHQW σ

W� ª3¾ .&9� -�FP� /RFDWLRQ RI VDPSOH IUDFWXUH

LQ WHQVLRQ

� 97��� $QQHDOLQJ ����w����

����

��w��

��

,Q ZHOG PHWDO DQG +$=

$QQHDOLQJ DQG DJHLQJ ����w����

����

��w��

��

,Q ZHOG PHWDO

63�� $QQHDOLQJ ����w����

����

��w��

��

,Q ZHOG PHWDO DQG +$=

$QQHDOLQJ DQG DJHLQJ ����w����

����

��w��

��

6DPH

�� 97��� $QQHDOLQJ ���w���

���

��w��

��

,Q ZHOG PHWDO

$QQHDOLQJ DQG DJHLQJ ���w����

����

��w��

��

6DPH

63�� $QQHDOLQJ ���w����

����

��w��

��

�

$QQHDOLQJ DQG DJHLQJ ����w����

����

��w��

��

,Q ZHOG PHWDO DQG +$=

1R W H � 7KH QXPHUDWRU JLYHV WKH VFDWWHU RI YDOXHV� DQG WKH GHQDPLQDWRU x WKH DYHUDJH YDOXH�
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≈ �� �� ,Q QDUURZ�JDS ZHOGLQJ LQ WKH DERYH PRGHV�
WKH JDS ZDOOV �DORQJ WKHLU HQWLUH OHQJWK� DUH PHOWHG
WR WKH GHSWK RI ���� PP� DQG WKH UDWLR RI WKH ILOOHU
DQG EDVH PHWDO LQ WKH ZHOG LV SUDFWLFDOO\ LQGHSHQGHQW
RQ WKLFNQHVV RI WKH PHWDO EHLQJ ZHOGHG� ,Q RXU H[�
SHULPHQWV WKH DPRXQW RI ILOOHU PHWDO LQ WKH ZHOG
VKRXOG EH QRW OHVV WKDQ �� �� 5HVXOWV RI FKHPLFDO
DQDO\VLV RI ZHOG PHWDO FRQILUPHG WKHVH URXJK HVWL�
PDWHV �7DEOH ���

$IWHU ZHOGLQJ RQH SDUW RI WKH MRLQWV ZHUH DQQHDOHG
DW WKH WHPSHUDWXUH RI ��� �& IRU � K� WKHQ FRROHG LQ
DLU� DQG WKH RWKHU SDUW DIWHU ZHOGLQJ DQG DQQHDOLQJ
ZDV VXEMHFWHG WR VWUHQJWKHQLQJ E\ WZR�VWHS DJHLQJ
>�@� $IWHU WKDW WKHLU PHFKDQLFDO SURSHUWLHV ZHUH GH�
WHUPLQHG �7DEOH ���

$FFRUGLQJ WR WKH SURGXFHG UHVXOWV� VWUHQJWK FKD�
UDFWHULVWLFV RI ZHOGHG MRLQWV RQ � PP PHWDO GR QRW
GHSHQG RQ WKH JUDGH RI ILOOHU ZLUH� ,PSDFW WRXJKQHVV
RI WKH PHWDO RI ZHOGV� PDGH ZLWK ILOOHU ZLUHV 63��
DQG 97���� LV DOVR DSSUR[LPDWHO\ WKH VDPH� 7KLV LV
UHODWHG WR WKH IDFW WKDW LQ VTXDUH EXWW ZHOGLQJ ZLWK
WKURXJK SHQHWUDWLRQ WKH SURSRUWLRQ RI ILOOHU PHWDO LQ
WKH ZHOG PHWDO LV VPDOO� DQG WKH FRPSRVLWLRQ RI ZHOGV�
PDGH ZLWK GLIIHUHQW ILOOHUV ZLUHV� GLIIHUV RQO\ VOLJKWO\�
/HYHO RI SURSHUWLHV RI ZHOGHG MRLQWV LQ WKLV FDVH LV
GHWHUPLQHG E\ EDVH PHWDO FRPSRVLWLRQ DQG KHDW WUHDW�
PHQW PRGH� 7KXV� LI ZHOGLQJ RI DOOR\ 97�� LV SHU�
IRUPHG LQ RQH SDVV ZLWKRXW HGJH SUHSDUDWLRQ� WKDQ LQ
RUGHU WR SURGXFH D IXOO�VL]HG ZHOG ZLUHV 63�� DQG
97��� FDQ EH UHFRPPHQGHG DV WKH ILOOHU PHWDO� DQG
SURFHHGLQJ IURP WKH ILQGLQJV RI >�@x DOVR ZLUH 63���

$V ZDV QRWHG DERYH� LQ QDUURZ�JDS ZHOGHG MRLQWV
WKH ZHOG FRQVLVWV RI ILOOHU PHWDO E\ �� �� 7KHUHIRUH�
WKH SURSHUWLHV RI ZHOGHG MRLQWV DUH KHUH GHWHUPLQHG
E\ ZLUH FRPSRVLWLRQ� ,Q WKH FRQGLWLRQ DIWHU DQQHDOLQJ
DQG VWUHQJWKHQLQJ KHDW WUHDWPHQW WKH VWUHQJWK RI
ZHOGHG MRLQWV DQG LPSDFW WRXJKQHVV RI ZHOGV ZHUH
VLJQLILFDQWO\ KLJKHU LQ WKH FDVH� ZKHQ ZHOGLQJ ZDV

SHUIRUPHG ZLWK ILOOHU ZLUH 63��� 2EWDLQHG UHVXOWV
�7DEOH �� FRQILUP WKH FRQFOXVLRQV RI >�@ DV UHJDUGV
WKH HIIHFWLYHQHVV RI DSSO\LQJ ZLUH 63�� WR PDNH ZHOGV
ZLWK HGJH SUHSDUDWLRQ RQ DOOR\ 97���

(YDOXDWLRQ RI IDWLJXH OLIH DW UHSHDWHG�VWDWLF ORDG�
LQJ ZDV FRQGXFWHG RQO\ IRU ZHOGHG MRLQWV� SURGXFHG
RQ PHWDO �� PP WKLFN� 5RXQG VDPSOHV ZLWK WKH JDXJH
GLDPHWHU RI ��� PP ZHUH XVHG� 0D[LPXP F\FOH VWUHVV
ZDV ��� 03D� 7HVWLQJ VKRZHG WKDW WKH ZHOGHG MRLQWV�
PDGH ZLWK ILOOHU ZLUH 97��� �LUUHVSHFWLYH RI WKH KHDW
WUHDWPHQW PRGH�� VWRRG ���w���⋅��� F\FOHV WR IUDF�
WXUH� DQG WKRVH PDGH ZLWK ILOOHU ZLUH 63�� x ���w
���⋅��� F\FOHV� 7KHVH UHVXOWV DUH LQGLFDWLYH RI WKH IDFW
WKDW ZHOGV� PDGH ZLWK ILOOHU ZLUH 63��� DUH FKDUDF�
WHUL]HG E\ D KLJK OHYHO RI PHFKDQLFDO SURSHUWLHV DQG
EHWWHU SHUIRUPDQFH DW UHSHDWHG�VWDWLF ORDGV�

7KXV� QDUURZ�JDS WXQJVWHQ HOHFWURGH ZHOGLQJ RI
DOOR\ 97�� LQ DUJRQ E\ D PDJQHWLFDOO\�LPSHOOHG DUF
VKRXOG EH FRQGXFWHG ZLWK ILOOHU ZLUH RI JUDGH 63���
,WV DSSOLFDWLRQ SURYLGHV WKH VWUHQJWK RI ZHOGHG MRLQWV
RQ WKH OHYHO RI QRW OHVV WKDQ �� � RI WKH DOOR\ SURSHU�
ERWK DIWHU DQQHDOLQJ DQG DIWHU VWUHQJWKHQLQJ KHDW
WUHDWPHQW� DV ZHOO DV IDWLJXH OLIH WR IUDFWXUH RI PRUH
WKDQ �⋅��� F\FOHV�

�� *XUHYLFK� 6�0�� =DPNRY� 9�1�� %ODVKFKXN� 9�(� HW DO�
������ 0HWDOOXUJ\ DQG WHFKQRORJ\ RI ZHOGLQJ RI WLWDQLXP

DQG LWV DOOR\V� .\LY� 1DXNRYD 'XPND�
�� /XNLQ� 9�,�� /RVNXWRY� 9�0�� 5HGFKLWV� 9�9� ������ )LOOHU

PDWHULDOV IRU ZHOGLQJ VWUXFWXUDO WLWDQLXP DOOR\V� 6YDURFKQ�
3URL]YRGVWYR� �� ��w���

�� 3DWRQ� %�(�� =DPNRY� 9�1�� 3ULOXWVN\� 9�3� ������ 1DUURZ�
JURRYH ZHOGLQJ SURYHV LWV ZRUWK RQ WKLFN WLWDQLXP� :HOGLQJ

-�� �� ��w���
�� 7RSROVN\� 9�)�� .LVKNLQD� 6�,�� 6WURQLQD� /�$� HW DO� ������

6WUHQJWK RI 97�� DOOR\ ZHOGHG MRLQWV LQ UHSHDWHG�VWDWLF ORD�
GLQJ� $YWRPDWLFK� 6YDUND� �� ��w���

�� =DPNRY� 9�1�� 7RSROVN\� 9�)�� 7\DSNR� ,�.� ������ :LUH
IRU ZHOGLQJ RI �α � β��WLWDQLXP DOOR\V� ,ELG�� �� ��w���

�� =DPNRY� 9�1�� .XVKQLUHQNR� 1�$�� 7RSROVN\� 9�)� HW DO�
������ 0HWKRGV WR LPSURYH WKH VWUHQJWK RI WZR�SKDVH WLWD�
QLXP DOOR\ ZHOGHG MRLQWV� ,ELG�� �� ��w���
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,QVWLWXWH RI 3XOVH 5HVHDUFK DQG (QJLQHHULQJ� 1$68� 0\NRODLY� 8NUDLQH

7KH TXDOLW\ RI MRLQWV EHWZHHQ WXEHV DQG WXEH VKHHWV PDGH E\ WKH WKHUPDO�SUHVVXUH HOHFWUR�K\GURSXOVH SURFHVV KDV EHHQ

HVWLPDWHG IURP WKH UHVXOWV RI VWUHQJWK WHVWV DQG PHWDOORJUDSKLF H[DPLQDWLRQV� ,W LV VKRZQ WKDW LQ FRPSDFW KHDW H[FKDQJHUV

RI KLJK�DOOR\ VWHHOV D PHWDO ERQG LV IRUPHG RQ DQ DUHD RI PRUH WKDQ �� � RI WKH HQWLUH PDWLQJ VXUIDFHV�

.H\ZRU G V � WKHUPDO�SUHVVXUH HOHFWUR�K\GURSXOVH ZHOGLQJ�
WXEH� WXEH VKHHW� HOHFWUR�K\GURSXOVH SUHVVLQJ� VWUHQJWK WHVWV�
PHWDOORJUDSK\� PHWDO ERQG� TXDOLW\

7KH WUHQG LQ GHYHORSPHQW DQG XSJUDGLQJ RI KHDW�H[�

FKDQJLQJ HTXLSPHQW LV WR EXLOGLQJ KLJK�LQWHQVLW\ KHDW

H[FKDQJHUV� L�H� ZLWK GHQVHO\ SDFNHG WXEHV DQG WKLQ

LQWHU�WXEH ZHEV� 'HFUHDVH LQ PDVV DQG GLPHQVLRQV RI

KHDW H[FKDQJHUV LV DFKLHYHG WKURXJK GHFUHDVLQJ WKLFN�

QHVV RI D WXEH VKHHW DQG GLDPHWHU RI WXEHV� 2SHUDWLRQDO

UHOLDELOLW\ RI VXFK HTXLSPHQW FDQ EH SURYLGHG RZLQJ

WR DGYDQFHG KLJK�VWUHQJWK DQG FRUURVLRQ�UHVLVWDQW PD�

WHULDOV XWLOLVHG WR PDQXIDFWXUH WKHP�

+LJK�DOOR\ VWHHOV RI WKH PDUWHQVLWLF DQG DXVWHQLWLF
JUDGHV ILQG ZLGH DSSOLFDWLRQ LQ GRPHVWLF SRZHU HQJL�

QHHULQJ� DV WKH\ HQVXUH KLJK SHUIRUPDQFH RI SRZHU

JHQHUDWLRQ XQLWV >�@� +RZHYHU� SURSHUWLHV RI WKHVH

PDWHULDOV� DV KLJK DV WKH\ DUH� RQO\ SDUWLDOO\ VROYH WKH

SUREOHP RI WKHLU UHOLDELOLW\�

$V SURYHG E\ H[SHULHQFH� WKH MRLQWV EHWZHHQ WXEHV
DQG WXEH VKHHWV DUH WKH ILUVW WR IDLO LQ RSHUDWLRQ RI

KHDW H[FKDQJHUV XQGHU FRQGLWLRQV RI GHHS WKHUPDO F\�
FOLQJ >�@� 5HVLVWDQFH RI WKH MRLQWV WR IUDFWXUH XQGHU

WKHVH FRQGLWLRQV FDQ EH LQFUHDVHG E\ HQVXULQJ SUH�

GRPLQDQFH RI WKH PHWDO ERQG� L�H� ZHOGLQJ RYHU WKH
HQWLUH PDWLQJ VXUIDFH DUHD >�@�

7KHUPDO�SUHVVXUH HOHFWUR�K\GURSXOVH �73(+3�
ZHOGLQJ >�@ LV RQH RI WKH SURPLVLQJ PHWKRGV IRU MRLQ�

LQJ WXEHV WR WXEH VKHHWV� SURYLGLQJ D MRLQW ZLWK WKH

PHWDO ERQG RYHU DOPRVW WKH HQWLUH PDWLQJ VXUIDFH DUHD

EHWZHHQ WKH FRPSRQHQWV MRLQHG� 0DLQ SHFXOLDULW\ RI
WKLV PHWKRG OLHV LQ D FHUWDLQ FRPELQDWLRQ RI HOHFWUR�

K\GURSXOVH �(+3� SUHVVLQJ >�@ DQG KHDW WUHDWPHQW�
7KH XQLTXH IHDWXUH RI WKH QHZ PHWKRG IRU ZHOGLQJ

WXEHV WR WXEH VKHHWV LV WKDW LW HQDEOHV UHDOLVDWLRQ RI

WKH SURFHVV VLPLODU WR GLIIXVLRQ ERQGLQJ� DOWKRXJK

ZLWK QR DSSOLFDWLRQ RI H[WHUQDO SUHVVXUH DQG QR VKLHOG�

LQJ IURP WKH HQYLURQPHQW� 7KH ODWWHU� DFFRUGLQJ WR

WKH GDWD RI SK\VLFDO VWXGLHV >�@� LV SRVVLEOH EHFDXVH

RI WKH IRUPDWLRQ RI D SUHVV MRLQW� DV FRPSUHVVLYH

VWUHVVHV IRUPHG EHWZHHQ D WXEH DQG D WXEH VKHHW SUH�

YHQW SHQHWUDWLRQ RI DLU LQ EHWZHHQ WKHP GXULQJ KHDW�

LQJ� L�H� WKLV OHDGV WR WKH IRUPDWLRQ RI FRQGLWLRQV HOLPL�

QDWLQJ R[LGDWLRQ RI WKH PDWLQJ VXUIDFHV� VLPLODU WR

WKRVH RFFXUULQJ LQ DXWRYDFXXP ZHOGLQJ >�@� (IIL�

FLHQF\ RI WKH PHWKRG ZDV YHULILHG RQ D QXPEHU RI WKH

WXEH�WR�WXEH VKHHW MRLQWV LQ ORZ�FDUERQ� KLJK�WHP�

SHUDWXUH DQG KHDW�UHVLVWDQW VWHHOV >�� �@�

7KH SXUSRVH RI WKLV VWXG\ ZDV WR LQYHVWLJDWH WKH
IHDVLELOLW\ RI SURGXFLQJ D ZHOGHG MRLQW EHWZHHQ D WXEH
DQG D WXEH VKHHW RYHU D PDMRU SDUW RI WKH PDWLQJ

VXUIDFHV LQ FRPSDFW KHDW H[FKDQJHUV RI KLJK�DOOR\

VWHHOV� ([SHULPHQWV ZHUH FRQGXFWHG RQ �� WXEH PRFN�

XSV ZLWK IXOO�VFDOH WXEHV PHDVXULQJ ���×�� DQG

��×���� PP� WKLFNQHVV RI WKH WXEH VKHHWV EHLQJ ��

DQG �� PP� UHVSHFWLYHO\ �KROHV LQ WKH WXEH VKHHW ZHUH

RI D WULDQJXODU VKDSH DQG VSDFHG DW ���� ± ��� DQG

���� ± ��� PP�� 7KH WXEHV ZHUH PDGH IURP VWHHOV

��.K��1��7 DQG ��.K��1��0�%� DQG WXEH VKHHWV

ZHUH PDGH IURP VWHHOV ��.K��1��7 DQG

��.K��1��0��

73(+3 ZHOGLQJ RI WKHVH PRFNXSV ZDV SHUIRUPHG

XQGHU FRQGLWLRQV ZKLFK KDG EHHQ SUHOLPLQDULO\ RSWL�

PLVHG RQ FRUUHVSRQGLQJ RQH�WXEH VDPSOHV >�@� ,Q SDU�

WLFXODU� (+3 SUHVVLQJ ZDV FDUULHG RXW E\ WKH PHWKRG

HQVXULQJ WKH PD[LPXP SRVVLEOH UHVLGXDO SUHVVXUH LQ

WKH MRLQW >�@� +HDW WUHDWPHQW RI WKH PRFNXSV ZDV

FRQGXFWHG LQ D FKDPEHU�W\SH HOHFWULFDO UHVLVWDQFH IXU�

QDFH DW D WHPSHUDWXUH RI ��� �&�

4XDOLW\ RI WKH UHVXOWLQJ MRLQWV ZDV HYDOXDWHG IURP

WKH UHVXOWV RI VWUHQJWK WHVWV DQG GDWD RI PHWDOORJUDSKLF

H[DPLQDWLRQV RI WHPSODWHV� 7KH TXDOLW\ FULWHULD ZHUH

VSHFLILF VKHDU ORDG τVK WKH SURFHGXUH RI HVWLPDWLRQ RI

ZKLFK LV GHVFULEHG LQ >�@� DQG GHQVLW\ LQGLFDWRU <

FKDUDFWHULVLQJ ��� D UHODWLYH OHQJWK RI WKH LQWHUIDFH

LQ D FURVV VHFWLRQ QRW PRUH WKDQ � µP WKLFN� 7KH ODWWHU

ZDV PHDVXUHG DW ��� SRLQWV ORFDWHG DW DQ DSSUR[L�

PDWHO\ HTXDO GLVWDQFH IURP HDFK RWKHU RQ WKH FLUFXP�

IHUHQFH E\ XVLQJ WKH ;�UD\ PLFURDQDO\VHU -&;$����
DW D ×���� PDJQLILFDWLRQ DQG D PLFURQ UXOHU ZLWK WKH

OHDVW GLYLVLRQ RI ��� µP� $OO WKH �� MRLQWV LQ D SODQH

QRUPDO WR WKH ORQJLWXGLQDO D[LV RI D PRFNXS LQ LWV

FHQWUDO �WKURXJK WKLFNQHVV RI WKH WXEH VKHHW� SDUW

DIWHU DSSURSULDWH PDFKLQLQJ RI WKH PRFNXSV ZHUH VXE�

MHFWHG WR VXFK H[DPLQDWLRQV�

$FFRUGLQJ WR WKH UHVXOWV REWDLQHG� WKH GHQVLW\ LQ�

GLFDWRU IRU WKH MRLQWV ZLWK D WXEH ��×���� PP ZDV

<  ����� ± ���� �� ZKLOH WKH MRLQWV ZLWK D WXEH� /�<X� '(0,'(1.2� 1�$� 21$76.$<$ DQG (�6� <85&+(1.2� ����
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���×�� µP ZHUH FKDUDFWHULVHG E\ D GHQVHU LQWHUIDFH�
L�H� WKH OHQJWK RI WKH LQWHUIDFH OHVV WKDQ � µP ZLGH
ZDV ����� ± ����� �� +RZHYHU� LQVLJQLILFDQW UHJLRQV
ZLWK D JDS RI �w� µP ZHUH DOVR QRWHG� 7KH )LJXUH
VKRZV FKDUDFWHULVWLF PLFURVWUXFWXUHV RI ZHOGHG MRLQWV
IRU WKH FRPELQDWLRQV RI PDWHULDOV LQYHVWLJDWHG� ,W FDQ
EH VHHQ WKDW FRPPRQ JUDLQV ZLWK D FKDLQ RI GHIHFWV
RULHQWHG DORQJ WKH LQLWLDO FRQWDFW OLQH UHPDLQLQJ LQ
WKH EXON DUH IRUPHG LQ WKH ZHOGHG MRLQW ]RQH� $FFRUG�
LQJ WR >��@� WKHVH GHIHFWV FDQ EH HOLPLQDWHG WR D VXE�
VWDQWLDO GHJUHH RZLQJ WR DFWLYDWLRQ RI WKH GLIIXVLRQ
SURFHVVHV WKURXJK LQFUHDVLQJ WKH WHPSHUDWXUH RI KHDW
WUHDWPHQW WR DQ RSWLPDO YDOXH�

5HVXOWV RI PHFKDQLFDO WHVWV DUH JLYHQ LQ WKH 7DEOH�
$QDO\VLV RI WKHVH UHVXOWV VKRZHG WKDW WKH PHWDO ERQGV
ZHUH IRUPHG DW WKH WXEH�WR�WXEH VKHHW LQWHUIDFH LQ DOO
WKH MRLQWV LQ ERWK PRFNXSV� WKH DYHUDJH VKHDU VWUHQJWK
IRU WKH MRLQWV ZLWK D WXEH ���×�� PP EHLQJ τVK  
 ������ ± ����� 03D� DQG WKDW IRU WKH MRLQWV ZLWK D
WXEH ��×���� PP EHLQJ τVK  ����� ± ����� 03D� 6SH�
FLILF VKHDU VWUHQJWK τVK LV UDWKHU KLJK �τVK ≥ ��� 03D�
IRU WKH PDMRULW\ RI WKH MRLQWV LQ WKHLU FHQWUDO SDUW
�WHPSODWHV � DQG ��� 7KH HQG ]RQH �WHPSODWH �� LV
FKDUDFWHULVHG E\ PXFK ORZHU YDOXHV RI VKHDU VWUHVV
DQG D KLJKHU LQFRQVLVWHQF\ RI WKH GDWD� 7KLV SUREDEO\
LV DVVRFLDWHG ZLWK D QRQ�XQLIRUP H[SDQVLRQ RI WKH WXEH
DORQJ WKH OHQJWK RI WKH WXEH VKHHW� L�H� WKH WXEH H[�
SDQVLRQ LV ORZHU LQ WKH SHULSKHUDO UHJLRQV GXH WR HQHU�
J\ ORVVHV DW WKH WXEH HQGV� ZKLFK OHDGV WR GHFUHDVH LQ
UHVLGXDO SUHVVXUH DQG� KHQFH� WR GHFUHDVH LQ τVK�

%DVHG RQ DQDO\VLV RI DOO WKH UHVXOWV REWDLQHG� LW
FRXOG EH QRWHG WKDW 73(+3 ZHOGLQJ SURYLGHV WKH
WXEH�WR�WXEH VKHHW MRLQWV LQ PXOWL�WXEH PRFNXSV FKD�

UDFWHULVHG E\ SUHGRPLQDQFH RI WKH PHWDO ERQG RYHU
WKH DUHD RI QRW OHVV WKDQ KDOI WKH PDWLQJ VXUIDFH RQH�
7HPSHUDWXUH DQG SUHVVXUH� ZKLFK DUH QRW KLJK LQ WKLV
FDVH� FDXVH QR FKDQJHV LQ SURSHUWLHV RI WKH HOHPHQWV
MRLQHG� ZKLFK LV SDUWLFXODUO\ LPSRUWDQW IRU SUDFWLFDO
DSSOLFDWLRQ� 7KH SUHVHQFH RI WKH PHWDO ERQG EHWZHHQ
WKH WXEH DQG WKH WXEH VKHHW SURYLGHV D KLJK UHOD[DWLRQ
VWUHQJWK RI WKH MRLQWV GXULQJ WKH HQWLUH VHUYLFH SHULRG�
GHFUHDVH LQ KHDW UHVLVWDQFH RI WKH WXEH�WR�WXEH VKHHW
KROH WUDQVLWLRQ� ZKLFK LQ WXUQ OHDGV WR D GUDVWLF GH�
FUHDVH LQ WKH OHYHO RI WKHUPDO VWUHVVHV LQ SODQH RI WKH
MRLQW� 7KLV LV LQGLFDWLYH RI D YHU\ KLJK WHFKQRORJLFDO
SRWHQWLDO RI WKLV W\SH RI ZHOGLQJ RI WXEHV WR WXEH
VKHHWV DQG� DFFRUGLQJO\� RI LWV SURPLVLQJ FKDUDFWHU IRU
WKH IDEULFDWLRQ RI KLJK�LQWHQVLW\ FRPSDFW KHDW H[�
FKDQJHUV XVHG LQ VKLSEXLOGLQJ�

$QRWKHU LPSRUWDQW DGYDQWDJH RI WKLV QHZ ZHOGLQJ
PHWKRG LV WKDW LWV FRPPHUFLDO DSSOLFDWLRQ UHTXLUHV QR
H[WUD ZRUNVKRSV� DV WKLV SURFHVV FDQ EH DSSOLHG ZLWK
WKH DYDLODEOH SURGXFWLRQ OLQHV LQWHQGHG IRU WKH IDEUL�
FDWLRQ RI KHDW H[FKDQJHUV�

7KHUHIRUH� 73(+3 ZHOGLQJ PDNHV LW SRVVLEOH WR
SURGXFH WXEH�WR�WXEH VKHHW ZHOGHG MRLQWV DOPRVW RYHU
WKH HQWLUH PDWLQJ VXUIDFH DUHD LQ FRPSDFW KHDW H[�
FKDQJHUV RI KLJK�DOOR\ VWHHOV� 7KLV SURYLGHV D PDQ\

0LFURVWUXFWXUH RI WKH WXEH�WR�WXEH VKHHW MRLQLQJ ]RQH� Dx PRFNXS
ZLWK D WXEH ���×�� PP� E x PRFNXS ZLWK D WXEH ��×���� PP
�×����

5HVXOWV RI VKHDU WHVWV RI ZHOGHG MRLQWV LQ PXOWL�WXEH PRFNXSV

-RLQW

1R�

6KHDU VWUHVV τ
VK
� ª3¾

0RFNXS ZLWK WXEH ���×�� PP
0RFNXS ZLWK WXEH

��×���� PP

7HPS�

ODWH �

7HPS�

ODWH �

7HPS�

ODWH �

0HDQ

YDOXH

7HPS�

ODWH �

7HPS�

ODWH �

0HDQ

YDOXH

� �� �� ��� �� �� ��� ��

� ��� ��� ��� ��� ��� ��� ���

� �� ��� ��� ��� �� �� ��

� �� ��� ��� ��� �� ��� ��

� �� ��� ��� ��� �� �� ��

� �� ��� �� �� �� �� ��

� ��� ��� ��� ��� ��� ��� ���

� ��� ��� ��� ��� ��� ��� ���

� �� ��� ��� ��� �� ��� ���

�� ��� ��� ��� ��� �� ��� ���

�� �� ��� ��� ��� �� �� ��

�� ��� ��� ��� ��� �� ��� ��

�� �� �� ��� ��� �� �� ��

�� ��� ��� ��� ��� �� ��� ���

�� �� ��� ��� �� �� ��� ��

�� ��� ��� ��� ��� �� ��� ���

�� ��� ��� ��� ��� ��� ��� ���

�� �� ��� ��� ��� �� �� ��

�� �� ��� ��� ��� ��� ��� ���

1R W H � 7HPSODWHV �w� ZHUH � PP WKLFN� WKH\ ZHUH FXW IURP WKH

H[WHUQDO HQG RI WKH WXEH VKHHW DW D GLVWDQFH RI �� �� DQG �� PP� UH�

VSHFWLYHO\�
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WLPHV LQFUHDVH LQ UHOLDELOLW\ DQG OLYH RI WKH WXEH�WR�
WXEH VKHHW MRLQWV DQG HTXLSPHQW DV D ZKROH�

�� $SROFKLQD� 1�0� ������ 0HWDOV LQ PRGHUQ SRZHU JHQHUD�

WLRQ XQLWV� 0RVFRZ� (QHUJL\D�
�� 3URP\VORY� /�$� ������ )DLOXUHV DQG SHUIRUPDQFH RI VKLS

KHDW�H[FKDQJHUV� /HQLQJUDG� 6XGRVWURHQLH�
�� /HVNRY� *�0�� 6DPXVHY� 1�)�� .RWLNRY� <X�,� HW DO� ������

,QIOXHQFH RI WKH W\SH RI WKH WXEH�WR�WXEH VKHHW ZHOGHG MRLQWV
RQ WKHLU UHVLVWDQFH WR IUDFWXUH LQ WKHUPDO F\FOLQJ� $YWR�

PDWLFK� 6YDUND� �� ��w���
�� 0D]XURYVN\� %�<D�� 2SDUD� 9�6�� 'HPLGHQNR� /�<X� ������

&DXVHV RI IUDFWXUH DQG PHDQV IRU LPSURYHPHQW RI UHOLDELOLW\
RI QXFOHDU SRZHU SODQW VWHDP JHQHUDWRU FROOHFWRUV� 7\D]K�

0DVKLQRVWURHQLH� �� �w��

�� 0D]XURYVN\� %�<D� ������ (OHFWUR�K\GURSXOVH SUHVVLQJ RI

WXEHV WR WXEH VKHHWV LQ KHDW�H[FKDQJLQJ HTXLSPHQW� .\LY�
1DXNRYD 'XPND�

�� 'HPLGHQNR� /�<X�� 2SDUD� 9�6�� 2QDWVND\D� 1�$� ������
3HFXOLDULWLHV RI LQWHUDFWLRQ RI PDWLQJ VXUIDFHV LQ WKHUPDO�
SUHVVXUH HOHFWUR�K\GURSXOVH ZHOGLQJ� 7\D]K� 0DVKLQRVWURH�

QLH� �� ��w���
�� )LQNHOVKWHMQ� 0�/� ������ 'LIIXVLRQ ERQGLQJ LQ OLTXLG

PHGLD� 0RVFRZ� 0HWDOOXUJL\D�
�� 2SDUD� 9�6�� 'HPLGHQNR� /�<X� ������ 7KHUPDO�SUHVVXUH

ZHOGLQJ DV D UDGLFDO ZD\ RI LPSURYLQJ UHOLDELOLW\ RI KHDW�H[�
FKDQJLQJ HTXLSPHQW� 7\D]K� 0DVKLQRVWURHQLH� ��� ��w���

�� 'HPLGHQNR� /�<X�� <XUFKHQNR� (�6� ������ &DSDELOLWLHV RI
WKHUPDO�SUHVVXUH HOHFWUR�K\GURSXOVH ZHOGLQJ RI WXEHV WR WXEH
VKHHWV� ,ELG�� �� ��w���

��� .D]DNRY� 1�)� ������ 'LIIXVLRQ ERQGLQJ RI PDWHULDOV� 0RV�
FRZ� 0DVKLQRVWURHQLH�

������������������
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9�6� %87 DQG 6�<X� 0$.6,029

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

,QIOXHQFH RI LPPHUVLRQ GHSWK DQG WHVW WHPSHUDWXUH RQ LPSDFW WRXJKQHVV RI ZHOGHG MRLQWV RI ��*�6 VWHHO LV FRQVLGHUHG�

.H\ZRU G V � ZHW DUF ZHOGLQJ� PHWDO� LPSDFW WRXJKQHVV�

VWUHQJWK� EULWWOHQHVV� +$=� K\GURVWDWLF SUHVVXUH� IOX[�FRUHG ZLUH

:HW XQGHUZDWHU ZHOGLQJ LV SHUIRUPHG GLUHFWO\ LQ WKH
ZDWHU� ,Q WKLV FDVH� WKH HOHFWURGH� DUF DQG LWHP DUH
QRW SURWHFWHG IURP WKH LPSDFW RI WKH HQYLURQPHQW�
ZKLFK LQIOXHQFHV ERWK WKH QDWXUH RI UXQQLQJ RI WKH
PHWDOOXUJLFDO SURFHVVHV DQG IRUPDWLRQ RI WKH VWUXFWXUH
RI ZHOGHG MRLQW PHWDO�

2QH RI WKH PRVW LPSRUWDQW SUREOHPV RI ZHW DUF
ZHOGLQJ LV WKH KDUGHQLQJ HIIHFW RI WKH ZDWHU� OHDGLQJ
WR HPEULWWOHPHQW RI ZHOG PHWDO DQG +$= DQG� KHQFH�
WR D FRQVLGHUDEOH ORZHULQJ RI PHWDO GXFWLOLW\ LQ WKH
DERYH ]RQHV� &RROLQJ UDWH LQ XQGHUZDWHU ZHOGLQJ LV
RQ DYHUDJH � WLPHV KLJKHU WKDQ WKDW LQ DLU >�@� ,Q
DGGLWLRQ� K\GURVWDWLF SUHVVXUH DQG ZHOGLQJ KHDW LQSXW
DUH WKH VLJQLILFDQW IDFWRUV� KDYLQJ WKH VWURQJHVW LQIOX�
HQFH RQ WKH UDWH RI ZHOGHG MRLQW FRROLQJ >�@�

'DWD RI >�@ LV LQGLFDWLYH RI GLIILFXOWLHV HQFRXQ�
WHUHG� ZKHQ DWWHPSWLQJ WR DOOR\ WKH ZHOGV ZLWK WKH
SXUSRVH RI D VLJQLILFDQW LQFUHDVH RI WKH LQGLFHV RI WKHLU
VWUHQJWK SURSHUWLHV GXULQJ ZHOGLQJ GLUHFWO\ LQ WKH
ZDWHU� ZKLFK LV GXH WR D FRQVLGHUDEOH ORVV RI WKH DO�
OR\LQJ HOHPHQWV� LQFUHDVLQJ ZLWK WKH LQFUHDVH RI LP�
PHUVLRQ GHSWK�

$W 3:, LWZDV SRVVLEOH WR RSWLPL]H WKH FRPSRVLWLRQ
RI WKH VODJ� DQG JDV�IRUPLQJ FRPSRQHQWV RI WKH IOX[�
FRUHG ZLUH� ZKLFK DOORZHG HQVXULQJ VDWLVIDFWRU\ ZHOG�
LQJ�WHFKQRORJLFDO SURSHUWLHV LQ ZHOGLQJ DW WKH GHSWK
RI ��w��� P DQG UHDFKLQJ WKH OHYHO RI EDVH PHWDO RI

��*�6 W\SH VWHHO E\ WKH VWUHQJWK SURSHUWLHV RI ZHOG
PHWDO�

7KH LQIOXHQFH RI LPPHUVLRQ GHSWK LQ ZHW ZHOGLQJ
RQ LPSDFW WRXJKQHVV RI WKH PHWDO LQ GLIIHUHQW VHFWLRQV
RI ZHOGHG MRLQWV ZDV VWXGLHG WDNLQJ LQWR DFFRXQW WKH
LQIRUPDWLRQ DERXW DQ LQVXIILFLHQWO\ KLJK OHYHO RI LP�
SDFW WRXJKQHVV RI WKH PHWDO LQ ZHOGHG MRLQWV� PDGH
XQGHU WKH ZDWHU >�@�

,QYHVWLJDWLRQV ZHUH FRQGXFWHG LQ D K\SHUEDULF
FKDPEHU RI *.��� W\SH DW LQWHUQDO SUHVVXUH RI ����
��� DQG ��� 03D� ZKLFK FRUUHVSRQGHG WR ��� �� DQG
��� P GHSWK RI ZDWHU HQYLURQPHQW� :HOGV ZHUH PDGH
LQ 8�VKDSHG JURRYHV � PP GHHS RQ SODWHV RI ��*�6
VWHHO �� PP WKLFN ZLWK IOX[�FRUHG ZLUH RI ��� PP
GLDPHWHU� XVLQJ FKDUJH RI 7L2�w6L2�w)H�2�w)H2w
0Q2� V\VWHP LQ WKH IROORZLQJPRGHV� ,Z  ���w��� $�
8D  ��w�� 9� YZ  �� FP�V� :HOGLQJ KHDW LQSXW
ZDV ��w�� N-�FP�

7KH OLQHV IRU PDNLQJ WKH QRWFKHV ZHUH PDUNHG RQ
WHPSODWHV� FXW RXW RI WKH SODWHV ZLWK GHSRVLWV� DIWHU
JULQGLQJ DQG DSSURSULDWH HWFKLQJ RI ZHOG FRQWRXUV�
LQ VXFK D ZD\ WKDW WKH QRWFK WLS ZDV ORFDWHG LQ WKH
VWXGLHG ]RQH� L�H� LQ WKH ZHOG RU FRDUVH�JUDLQHG VHFWLRQ
RI WKH +$= �*267 ������� 7KHQ� WKH WHPSODWHV ZHUH
XVHG WR PDNH VDPSOHV IRU LPSDFW EHQG WHVWLQJ RI 0HV�
QDJHU W\SH �*267 ����� 9,,, W\SH�� 7R HYDOXDWH WKH
+$= PHWDO UHVLVWDQFH WR EULWWOH IUDFWXUH �w� VDPSOHV
ZHUH PDGH DW WKH VDPH WHPSHUDWXUH WDNLQJ LQWR DF�
FRXQW WKH FRPSOH[LW\ RI PDNLQJ WKH QRWFK E\ WKH
PHFKDQLFDO PHWKRG LQ WKH DERYH ]RQH� 3URFHHGLQJ
IURP WHVW UHVXOWV� WKH ORZHVW YDOXHV RI +$= PHWDO
LPSDFW WRXJKQHVV DW D VSHFLILF WHPSHUDWXUH ZHUH FKR�� 9�6� %87 DQG 6�<X� 0$.6,029� ����
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VHQ� 7KH PRVW EULWWOH PHWDO LQ WKH ZHOGHG MRLQW LV

ORFDWHG LQ WKH FRDUVH�JUDLQ VHFWLRQ� 1RZ� WKH QDWXUH
RI VDPSOH IUDFWXUH DW LPSDFW ORDGLQJ LV GHWHUPLQHG E\

WKH SURSHUWLHV RI WKH PHWDO� ZKLFK LV LQ WKH QRWFK WLS

>�@�

*UDSKLF LQWHUSUHWDWLRQ RI WKH REWDLQHG UHVXOWV� DV

ZHOO DV WKH ]RQHV RI GLVWULEXWLRQ RI PD[LPDO KDUGQHVV

LQ WKH VWXGLHG VHFWLRQV RI ZHOGHG MRLQWV� GHWHUPLQHG

LQ 9LFNHUV LQVWUXPHQW DW �� 1 ORDG �*267 ������ DUH

VKRZQ LQ )LJXUHV � DQG ��

,W LV REYLRXV WKDW WKH LPSDFW WRXJKQHVV RI ZHOG

PHWDO FKDQJHV RQO\ VOLJKWO\ GHSHQGLQJ RQ WKH GHSWK�

DW ZKLFK ZHOGLQJ LV SHUIRUPHG� DQG KDV TXLWH JRRG

YDOXHV DW URRP WHPSHUDWXUH WHVWLQJ RI VDPSOHV �VLPLODU

WRZHW XQGHUZDWHU DUFZHOGLQJ�� +RZHYHU� DW QHJDWLYH

WHPSHUDWXUH LWV LQGLFHV GR QRW PHHW WKH VWDQGDUG UH�

TXLUHPHQWV RI JXDUDQWHHG EULWWOH IUDFWXUH UHVLVWDQFH

�EHORZ �� -�FP��� )RU +$= PHWDO HPEULWWOHPHQW�
GHSHQGLQJ RQ LPPHUVLRQ GHSWK LV PRUH SURQRXQFHG�
SDUWLFXODUO\ DW WHVWLQJ VDPSOHV DW w�� �&� 7KH IDFW RI
HPEULWWOHPHQW RI WKH +$= PHWDO LV FRQILUPHG E\ WKH

UHVXOWV RI KDUGQHVV PHDVXUHPHQW� ZKLFK LQ WKLV ]RQH

PD\ UHDFK +9 ����

)LJXUH � VKRZV WKH QDWXUH RI YDULDWLRQ RI EULWWOH

IUDFWXUH UHVLVWDQFH GHSHQGLQJ RQ WKH WHPSHUDWXUH RI
WHVWLQJ ERWK WKH ZHOG PHWDO DQG +$= PHWDO� ,W LV VHHQ

IURP WKH )LJXUH WKDW WKH UHTXLUHG LPSDFW WRXJKQHVV
RI WKH PHWDO LQ WKH DERYH VHFWLRQV RI ZHOGHG MRLQWV�

PDGH E\ ZHW DUF ZHOGLQJ ZLWK IOX[�FRUHG ZLUH DW WKH

GHSWK RI ��w��� P� LV HQVXUHG DW RSHUDWLQJ WHPSHUD�
WXUHV RI VWUXFWXUH VHUYLFH DERYH w�� �&� 7KLV VDWLVILHV

WKH UHTXLUHPHQWV RI FRQVWUXFWLRQ RI XQGHUZDWHU SLSH�

OLQHV DQG DOORZV H[SDQVLRQ RI WKH DUHD RI DSSOLFDWLRQ
RI ZHW XQGHUZDWHU UHSDLU WHFKQRORJLHV�

�� *UHWVN\� <X�<D�� 0DNVLPRY� 6�<X� ������ 6WUXFWXUH DQG
SURSHUWLHV RI ORZ�DOOR\ VWHHO MRLQWV LQ ZHW XQGHUZDWHU ZHOG�

LQJ ZLWK FRYHUHG HOHFWURGHV� $YWRPDWLFK� 6YDUND� �� �w���

�� *UHWVN\� <X�<D�� 0DNVLPRY� 6�<X� ������ 0HWDOOXUJLFDO
SURSHUWLHV RI ZHW XQGHUZDWHU ZHOGLQJ ZLWK FRYHUHG HOHF�

WURGHV� ,ELG�� ��� ��w���

�� 6]HODJRZVNL� 3�� 6WXJII� +�� /RHEHO� 3� HW DO� ������ 3UR�
SHUWLHV RI ZHW ZHOGHG MRLQWV� ,Q� 3URF� RI ��VW $QQ� 27&�
+RXVWRQ� 0D\ �w�� �����

�� ,YDVKFKHQNR� *�$�� 1RYLNRYD� '�3� ������ 6WUXFWXUDO DQG
PHFKDQLFDO LQKRPRJHQHLW\ RI +$= DQG LPSDFW VWUHQJWK RI

VWUXFWXUDO VWHHOV ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND� ���
�w�� ���

)LJXUH �� ,QIOXHQFH RI WKH LPPHUVLRQ GHSWK + LQ ZHW XQGHUZDWHU

ZHOGLQJ RQ LQGLFHV RI LPSDFW WRXJKQHVV RI ZHOG PHWDO �D� DQG

FRDUVH�JUDLQ VHFWLRQ �E�
)LJXUH �� 1DWXUH RI YDULDWLRQ RI LPSDFW WRXJKQHVV GHSHQGLQJ RQ

WHVWLQJ WHPSHUDWXUH IRU ZHOG PHWDO �D� DQG +$= �E� LQ ZHOGLQJ

DW GLIIHUHQW GHSWKV� � x ���� � x ��� � x �� P
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7KH DUF PHWKRGV RI ZHOGLQJ DQG VXUIDFLQJ ZLWK FRQ�

VXPDEOH HOHFWURGHV LQ WKH PDFKLQH�EXLOGLQJ EUDQFKHV

RI LQGXVWU\ DUH OHDGLQJ DPRQJ DOO NQRZQ PHWKRGV

ERWK LQ YROXPH DQG FRVW RI SURGXFWV DQG DOVR LQ DYDL�
ODEOH PDQSRZHU DQG RSHUDWLQJ HTXLSPHQW� 7KH ZLGH
UDQJH RI PDWHULDOV EHLQJ ZHOGHG� KLJK UHTXLUHPHQWV

WR WKH TXDOLW\ RI ZHOGLQJ DQG VXUIDFLQJ MREV� FDXVH

GHPDQGV IRU DSSOLFDWLRQ RI GLIIHUHQW PHWKRGV RI DUF
ZHOGLQJ DQG VXUIDFLQJ�

7KH PXOWLSXUSRVH SRZHU VRXUFH� GHYHORSHG DW WKH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� LV VXLWDEOH LQ

UHDOL]DWLRQ RI DOO NQRZQPHWKRGV RI DXWRPDWLF� PHFKD�

QL]HG� PDQXDO HOHFWULF DUF FRQVXPDEOH HOHFWURGH ZHOG�

LQJ DQG VXUIDFLQJ RI SURGXFWV PDGH IURP GLIIHUHQW

PDWHULDOV� SURYLGLQJ WKH KLJK TXDOLW\� 7KH OLVW RI PH�

WKRGV RI HOHFWULF DUF ZHOGLQJ DQG VXUIDFLQJ� IRU ZKLFK

WKH PXOWLSXUSRVH SRZHU VRXUFH LV GHVLJQHG� W\SHV RI

PDWHULDOV ZHOGHG DQG DGYDQWDJHV DV FRPSDUHG ZLWK

NQRZQ SRZHU VRXUFHV DUH JLYHQ LQ WKH 7DEOH�

0DLQ WHFKQLFDO FKDUDFWHULVWLFV

RI WKH GHYHORSHG PXOWLSXUSRVH SRZHU VRXUFH

9ROWDJH RI WKUHH�SKDVH PDLQV� 9 ����������������������������� ���
w��

+��

5HFWLILHG RSHQ�FLUFXLW YROWDJH� 9 ��������������������������� �� ± �

3ULPDU\ RSHQ�FLUFXLW FXUUHQW� $ �������������������������������� � �

5DQJHV RI VPRRWK DGMXVWPHQW RI ZHOGLQJ
FXUUHQW� $ ��������������������������������������������������������� ��w���

5DQJHV RI VPRRWK DGMXVWPHQW RI RSHUDWLQJ
YROWDJH� 9 ���������������������������������������������������������� ��w��

$PSOLWXGH RI FXUUHQW SXOVHV� VPRRWKO\� $ ����������� XS WR ���

'XUDWLRQ RI FXUUHQW SXOVHV� VPRRWKO\� V ������������� ��w��⋅��w�

)UHTXHQF\ RI VPRRWK IROORZLQJ RI FXUUHQW
SXOVHV� +] �������������������������������������������������������� ��w���

5DQJHV RI VPRRWK DGMXVWPHQW RI GXUDWLRQ
RI PRGXODWHG FXUUHQW� V ������������������������������������ ����w����

5DQJHV RI VPRRWK DGMXVWPHQW RI PRGXODWLRQ
IUHTXHQF\� +] ������������������������������������������������� ���w����

0HWKRG RI DUF ZHOGLQJ 0DWHULDOV ZHOGHG $GYDQWDJHV DV FRPSDUHG ZLWK NQRZQ VRXUFHV

'& 0HFKDQL]HG DQG DXWRPDWLF &2� ZHOGLQJ 6WHHOV 5HGXFWLRQ LQ ORVVHV IRU VSDWWHULQJ RI HOHFWURGH PHWDO E\

��w�� �� GHFUHDVH LQ VSDWWHU RI SURGXFWV� LQFUHDVH LQ

SURGXFWLYLW\ DQG GHFUHDVH LQ FRVW RI ZRUNV GXH WR

GHFUHDVH LQ H[SHQVHV IRU FOHDQLQJ SURGXFWV IURP

VSDWWHUV DQG FRQVXPSWLRQ RI ZHOGLQJ ZLUH

0HFKDQL]HG DQG DXWRPDWLF &2� ZHOGLQJ

ZLWK PRGXODWHG FXUUHQW

6DPH &RQWURO RI VL]HV� VKDSH DQG DSSHDUDQFH RI ZHOGV�

LPSURYHPHQW RI PHFKDQLFDO SURSHUWLHV RI ZHOG PHWDO�

+$= DQG VHUYLFH FKDUDFWHULVWLFV RI ZHOGHG MRLQWV

0HFKDQL]HG DQG DXWRPDWLF ZHOGLQJ LQ JDV

PL[WXUHV $U � &2�� $U � &2� � 2�� $U �

2�� $U � 1� DW GLUHFW DQG PRGXODWHG FXUUHQW

� :LGHQLQJ WKH UDQJH RI ZHOGLQJ FXUUHQWV ZLWK D VWDEOH

SURFHVV ZLWKRXW VSDWWHULQJ RI PHWDO� GHFUHDVH LQ

UHTXLUHPHQWV WR DVVHPEO\ SUHFLVLRQ� ZHOGLQJ DORQJ

LQFUHDVHG JDSV DQG HGJH GLVSODFHPHQWV� LPSURYHPHQW RI

DSSHDUDQFH DQG VHUYLFH FKDUDFWHULVWLFV RI ZHOGHG MRLQWV

0HFKDQL]HG DXWRPDWLF IOX[�FRUHG ZLUH VXU�

IDFLQJ ZLWKRXW DUF ]RQH SURWHFWLRQ XVLQJ GL�

UHFW DQG PRGXODWHG FXUUHQW

� 3URYLGLQJ IHDVLELOLW\ RI VXUIDFLQJ ZRUQ�RXW SDUWV RI

ERWK ODUJH DQG VPDOO WKLFNQHVV� LQFUHDVH LQ KDUGQHVV

DQG ZHDU UHVLVWDQFH RI GHSRVLWHG PHWDO

3XOVHG�DUF FRQVXPDEOH HOHFWURGH ZHOGLQJ LQ

LQHUW JDVHV� PL[WXUHV RI LQHUW DQG DFWLYH

JDVHV

$OOR\V RQ EDVH RI

DOXPLQLXP� FRSSHU�

WLWDQLXP� RUGLQDU\ DQG

KLJK�TXDOLW\ VWHHOV

3URYLGLQJ KLJK�TXDOLW\ ZHOGHG MRLQWV RQ FULWLFDO

SURGXFWV PDGH IURP GLIIHUHQW PDWHULDOV LQ ZLGH UDQJH

RI WKLFNQHVVHV ZHOGHG� ZHOGLQJ LQ GLIIHUHQW VSDWLDO

SRVLWLRQV

3XOVHG�DUF FRQVXPDEOH HOHFWURGH ZHOGLQJ

DQG VXUIDFLQJ ZLWK IUHTXHQF\�� ZLGWK� DQG

SXOVH�DPSOLWXGH PRGXODWLRQ RI SDUDPHWHUV

RI ZHOGLQJ SURFHVV FRQGLWLRQ

$OOR\V RQ EDVH RI FRSSHU

�EURQ]H� EUDVV��

DOXPLQLXP� WLWDQLXP�

RUGLQDU\ DQG KLJK�TXDOLW\

VWHHOV

1R DQDORJXHV� 'HFUHDVH LQ UHTXLUHPHQWV IRU WKH TXDOLW\

RI SUHSDUDWLRQ RI HGJHV ZHOGHG� SURYLGLQJ ZHOGLQJ DW

LQFUHDVHG JDSV� GHFUHDVH LQ DPRXQW RI GHIHFWV LQ ZHOGV�

LQFUHDVH LQ YDOXHV RI WKHLU VHUYLFH SURSHUWLHV�

LPSURYHPHQW RI DSSHDUDQFH RI ZHOGHG MRLQWV

'& PDQXDO HOHFWULF DUF ZHOGLQJ ZLWK URG

FRDWHG HOHFWURGHV RI DOO GLDPHWHUV

6WHHOV :LGHQLQJ RI UDQJHV RI ZHOGLQJ FXUUHQWV ZLWK D VWDEOH

TXDOLW\ SURFHVV E\ ��w�� �� HOLPLQDWLRQ RI VWDUWLQJ

SRURVLW\ RI ZHOGV

0DQXDO HOHFWULF DUF ZHOGLQJ ZLWK PRGX�

ODWHG FXUUHQW

6DPH 0DNLQJ YHUWLFDO ZHOGLQJ HDVLHU� LPSURYHPHQW RI

PHFKDQLFDO SURSHUWLHV RI ZHOG PHWDO� +$= DQG VHUYLFH

FKDUDFWHULVWLFV RI MRLQWV
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2SHUDWLRQ FRQGLWLRQ �GXW\ F\FOH� DW ���PLQXWH

F\FOH DQG UDWHG ZHOGLQJ FXUUHQW ��� $� � �������������������� ��

2SHUDWLRQ FRQGLWLRQ �GXW\ F\FOH� DW ���PLQXWH

F\FOH DQG UDWHG ZHOGLQJ FXUUHQW ��� $� � ������������������� ���

'LPHQVLRQV� PP�

OHQJWK ��������������������������������������������������������������� ���

ZLGWK ���������������������������������������������������������������� ���

KHLJKW ������������������������������������������������������������� ����

0DVV� NJ ���������������������������������������������������������������� ���

7KH XVH RI RQH YHUVDWLOH PXOWLSXUSRVH SRZHU VRXUFH
LQ UHDOL]LQJ PDQ\ PHWKRGV RI DUF ZHOGLQJ DQG VXUIDF�
LQJ DOORZV DWWDLQLQJ� H[FHSW DGYDQWDJHV LQGLFDWHG LQ
WKH 7DEOH� DQ DEUXSW GHFUHDVH LQ H[SHQVHV IRU SXUFKDVH
RI D JDPPD RI SRZHU VRXUFHV� VDYLQJ LQ HOHFWULF HQHUJ\�
UHGXFWLRQ LQ ZRUNLQJ WLPH IRU ZLULQJ DQG UHVHWWLQJ�
HIIHFWLYH DQG HFRQRPLF XVH RI ZRUNLQJ DUHDV WKDW LV

HVSHFLDOO\ LPSRUWDQW LQ WKH FRQGLWLRQV RI VKLS EXLOGLQJ
DQG UHSDLU�

$V WR WKH FRPSOH[ RI ZHOGLQJ�WHFKQRORJLFDO FDSD�
ELOLWLHV� SDUDPHWHUV DQG DGYDQWDJHV �VHH WKH 7DEOH��
WKHUH DUH QR VLPLODU PXOWLSXUSRVH SRZHU VRXUFHV IRU
IXOILOOPHQW RI ZHOGLQJ� VXUIDFLQJ� UHSDLU DQG UHVWRUD�
WLRQ ZRUNV XVLQJ GLIIHUHQW PDWHULDOV LQ 8NUDLQH� &,6
DQG DEURDG�

)RU DGGLWLRQDO LQIRUPDWLRQ� SOHDVH� DGGUHVV�

'U� 3�3� 6KHMNR� 9�0� 3DYVKXN�

9�(� 3X]DQHQNR� $�0� =KHUQRVHNRY

7HO�� ���� ��� ��������� ��������

)D[� ���� ��� ��������

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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