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3DWRQ %�(�� 6DHQNR 9�<D�� 3RPDULQ <X�0�� 0HGRYDU /�%��
*ULJRUHQNR *�0� DQG )HGRURYVN\ %�%� $UF�VODJ
UHPHOWLQJ x VWDWH�RI�WKH�DUW DQG SURVSHFWV RI GHYHORSPHQW ����������������� �

.DSXVWLQ ,�9�� $NXORY 9�3�� *DOXVKND $�$� DQG
6WRYEXQ 1�$� $ERXW GHWHUPLQDWLRQ RI FKHPLFDO FRPSRVLWLRQ
RI PHWDO RI HOHFWURVODJ UHPHOWLQJ ���������������������������������������������������������� �

=DNKDUFKHQNR 9�,�� 6NULSQLN 6�9�� &KHUQHJD '�)��
6NULSQLN 9�3�� 6HPHQRY $�1� DQG 'XGHWVND\D /�5�
(OHFWURVODJ FUXFLEOH ELILODU IXUQDFH (73%���� ZLWK D
FRQVXPDEOH HOHFWURGH DQG D EORFN RI QRQ�FRQVXPDEOH

HOHFWURGHV ������������������������������������������������������������������������������������������ ��
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3DWRQ %�(�� =KXN *�9� DQG 7ULJXE 1�3� (IIHFW RI LQLWLDO
FRROLQJ UDWHV LQ VROLGLILFDWLRQ RQ VWUXFWXUH RI KHDW�UHVLVWDQW

QLFNHO DOOR\V ���������������������������������������������������������������������������������������� ��

'HPFKLVKLQ $�9�� .XUDSRY <X�$�� 3ROLVKFKXN (�3� DQG
7HUQRYRM (�*� )DLOXUH RI D SURWHFWLYH FRDWLQJ RQ QLRELXP DW
KLJK�WHPSHUDWXUH R[LGDWLRQ ����������������������������������������������������������������� ��

=KXN *�9�� .DOLQ\XN $�1� DQG 7ULJXE 1�3� 0RGHOOLQJ RI
FRQGLWLRQV RI UHPRYDO RI VKULQNDJH SLSH IURP F\OLQGULFDO (%&+

LQJRWV ������������������������������������������������������������������������������������������������� ��
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0HOQLN *�$�� =DEDULOR 2�6�� =KDGNHYLFK 0�/��
=KGDQRYVN\ $�$�� 3ULNKRGNR 0�6� DQG 3RERO $�$� &HUWDLQ
SRVVLELOLWLHV IRU VWHHO WUHDWPHQW LQ WKH DUF DQG SODVPD

ODGOH�IXUQDFHV ������������������������������������������������������������������������������������� ��

6KDSRYDORY 9�$� 0RGHO RI LQGXFWLRQ KHDWLQJ IRU
SODVPD�LQGXFWLRQ JURZLQJ RI VLQJOH�FU\VWDOV ����������������������������������������� ��
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$QLNLQ <X�)�� 0DNV\XWD ,�,�� 'RENLQD <X�*� DQG
9HUELOR 0�$� 5HF\FOLQJ KLJK�WHPSHUDWXUH DOOR\ ZDVWH E\
YDFXXP UHPHOWLQJ PHWKRGV ����������������������������������������������������������������� ��
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*DVLN 0�,�� 6HPHQRY ,�$�� <XVKNHYLFK 2�3��
2YFKDUXN $�1� DQG 3URMGDN <X�6� 6LPXODWLRQ RI ZHDU

UHVLVWDQFH FKDUDFWHULVWLFV RI KLJK�PDQJDQHVH VWHHO WXUQRXW

IURJV LQ VHUYLFH ����������������������������������������������������������������������������������� ��

0RMVRY /�3�� %XU\OHY %�3� DQG /DSWHY '�0� (QWKDOS\ RI
OLTXLG VODJV RI WKH &D2w$O�2�w6L2� V\VWHP DW GLIIHUHQW

WHPSHUDWXUHV �������������������������������������������������������������������������������������� ��

)HGRURY 9�1�� 6KFKHNLQ�.URWRY 9�$� DQG .DVXPRY $�0�
3\URPHWU\ PHDVXUHPHQWV LQ (%&+ PHOWLQJ ������������������������������������������ ��
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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

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

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

4XDUWHUO\

� 7KH 1$6 RI 8NUDLQH� WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�� ����

(QJOLVK WUDQVODWLRQ RI WKH TXDUWHUO\ �3UREOHP\ 6SHWVLDOQRM (OHFWURPHWDOOXUJLL� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH -DQXDU\ ����
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3HFXOLDULWLHV DQG WHFKQRORJLFDO FDSDELOLWLHV RI WKH DUF�VODJ UHPHOWLQJ �$65�PHWKRG� GHYHORSHG DW WKH (�2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH� ZHUH FRQVLGHUHG� 7KH UHVXOWV RI H[SHULPHQWDO DQG LQGXVWULDO PHOWLQJ RI VWHHOV DQG DOOR\V DUH JLYHQ�
$V FRPSDUHG ZLWK (65 WKH $65 PHWKRG PDNHV LW SRVVLEOH WR ��� WLPHV UHGXFH WKH HQHUJ\ FRQVXPSWLRQ� DQG DOVR WR

GHFUHDVH DOPRVW E\ � WLPHV WKH FRQVXPSWLRQ RI D V\QWKHWLF IOX[ SHU � W RI PHWDO GXULQJ PHOWLQJ RI LQJRWV� $V WR WKH

TXDOLW\� WKH $65 PHWDO LV QRW LQIHULRU WR WKH (65 PHWDO� 7KH PDLQ DGYDQWDJH RI $65 LV D IHDVLELOLW\ WR DOOR\ PHWDOV

ZLWK QLWURJHQ IURP WKH JDV SKDVH� LQFOXGLQJ WKDW XQGHU SUHVVXUH� DW D FRPSOHWH HOLPLQDWLRQ RI H[SHQVLYH QLWURJHQ�FRQWDLQLQJ

FRPSRXQGV� IRU H[DPSOH� VLOLFRQ QLWULGH� IURP WKH WHFKQRORJLFDO SURFHVV RI SURGXFWLRQ RI KLJK�QLWURJHQ VWHHOV DQG DOOR\V�
,W LV VKRZQ WKDW WKH $65 LV DOVR HIIHFWLYH LQ WKH SURGXFWLRQ RI WLWDQLXP DQG LWV DOOR\V DQG SURGXFHV LQJRWV ZLWK D JRRG

VXUIDFH DQG KLJK TXDOLW\� 7KH SURVSHFWV RI $65 IXUWKHU GHYHORSPHQW DUH RXWOLQHG�

.H\ ZRU G V � KLJK�QLWURJHQ VWHHOV DQG DOOR\V� HOHFWULF DUF�
VODJ SRRO� PHWDO FRQVXPDEOH HOHFWURGH� FRSSHU ZDWHU�FRROHG

PRXOG� DUF�VODJ UHPHOWLQJ� UHPHOWLQJ XQGHU SUHVVXUH

$W WKH EHJLQQLQJ RI WKH VHYHQWLHV D QHZ PHWKRG RI

UHPHOWLQJ RI D PHWDO FRQVXPDEOH HOHFWURGH LQ D FRSSHU

ZDWHU�FRROHG PRXOG XVLQJ DQ HOHFWULF DUF� EXUQLQJ EH�

WZHHQ WKH HGJH RI WKH FRQVXPDEOH HOHFWURGH DQG VXU�

IDFH RI WKH PROWHQ VODJ SRRO� ZDV GHYHORSHG DW WKH
(�2� 3DWRQ (OHFWULF:HOGLQJ ,QVWLWXWH RI WKH 1DWLRQDO

$FDGHP\ RI 6FLHQFHV RI 8NUDLQH >�@� 7KLV PHWKRG ZDV
QDPHG DUF�VODJ UHPHOWLQJ �$65�� $ ORW RI WKH FUHGLW

PXVW JR WR WKH 3URI� %RULV ,� 0HGRYDU LQ WKH FUHDWLRQ

RI WKH $65 DQG VXEVWDQWLDWLRQ RI SULQFLSDO SULRULW\

WUHQGV RI LWV GHYHORSPHQW DQG LQGXVWULDO LPSOHPHQ�

WDWLRQ�

7R UHDOL]H WKH $65 SURFHVV� LW ZDV QHFHVVDU\ WR
SURYLGH WKH DUF LVRODWLRQ IURP LWV FRQWDFW ZLWK DLU DQG

WR FUHDWH D FRQWUROODEOH JDV DWPRVSKHUH LQ WKH ]RQH RI

LWV EXUQLQJ� 7ZR WHFKQRORJLFDO GLDJUDPV ZHUH WHVWHG�

QDPHO\�

• $65 ZLWK WKH XVH RI D IOX[ VHDO� UHSUHVHQWLQJ

WKH VLPSOHVW GHYLFH� ZKLFK LV PRXQWHG GLUHFWO\ RQ WKH

XSSHU HGJH RI WKH PRXOG �)LJXUH ���

• $65 LQ D FKDPEHU IXUQDFH �)LJXUH ���

,Q WKH ODWWHU FDVH WKH DYDLODEOH IXUQDFHV IRU WKH

YDFXXP�DUF UHPHOWLQJ �9$5�� LQ ZKLFK D YDFXXP V\V�

WHP ZDV GLVFRQQHFWHG DQG DOVR VSHFLDOO\�GHVLJQHG

FKDPEHU IXUQDFHV IRU WKH $65� ZKLFK FRXOG UHDOL]H

WKH $65 SURFHVV LQ D FRQWUROODEOH DWPRVSKHUH� LQFOXG�

LQJ WKDW XQGHU WKH SUHVVXUH� ZHUH XVHG�

7KH DUF�VODJ SURFHVV FRPELQHV WKH FDSDELOLW\ RI

WUHDWPHQW RI WKH PROWHQ PHWDO ZLWK DQ HOHFWULF DUF�

ZKLFK LV EXUQLQJ LQ WKH FRQWUROODEOH JDV DWPRVSKHUH�

DQG D PROWHQ V\QWKHWLF VODJ WKURXJK ZKLFK WKH FXUUHQW

LV SDVVHG GXULQJ WKH FRQVXPDEOH HOHFWURGH UHPHOWLQJ�

,Q DGGLWLRQ� D OD\HU RI WKH V\QWKHWLF VODJ� FRYHULQJ D

� %�(� 3$721� 9�<D� 6$(1.2� <X�0� 320$5,1� /�%� 0('29$5� *�0� *5,*25(1.2 DQG %�%� )('25296.<� ����

)LJXUH �� 'LDJUDP RI $65 RI WKH VROLG FRQVXPDEOH HOHFWURGH� �x
LQJRW� � x PHWDO SRRO� � x VODJ SRRO� � x HOHFWULF DUF� � x
FRQVXPDEOH HOHFWURGH� � x ZDWHU�FRROHG PRXOG� � x IOX[ VHDO�
� x SRZHU VRXUFH

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� .\LY� 8NUDLQH�
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PHWDO SRRO� SURPRWHV WKH KHDW VSUHDGLQJ LQ LWV VHFWLRQ

GXULQJ WKH $65 SURFHVV� WKXV UHGXFLQJ WKH PHWDO SRRO

GHSWK� WKDW PDNHV LW PRUH VKDOORZ DV FRPSDUHG ZLWK

WKDW LQ 9$5 DQG (65� 0RUHRYHU� WKH $65 LQJRWV

XQOLNH WKH 9$5 LQJRWV KDYH D VPRRWK ODWHUDO VXUIDFH�

GXH WR IRUPDWLRQ RI WKH VODJ VNXOO� DQG GR QRW UHTXLUH

WKH REOLJDWRU\ PHFKDQLFDO WUHDWPHQW EHIRUH WKH QH[W

SURFHVVLQJ�

7KH SUHVHQFH RI WKH SRZHUIXO HOHFWULF DUF LQ WKH ]RQH

RI PHOWLQJ WKH FRQVXPDEOH HOHFWURGH GXULQJ $65 LQ

QLWURJHQ FUHDWHV WKH IDYRXUDEOH FRQGLWLRQV IRU WKH PHWDO

DOOR\LQJ ZLWK QLWURJHQ GLUHFWO\ IURP WKH JDV SKDVH� LQ�

FOXGLQJ WKRVH XS WR VXSHU�HTXLOLEULXP LWV FRQFHQWUDWLRQV

GXULQJ $65 LQ QLWURJHQ DW D KLJK SUHVVXUH �$653�� 7KLV

LV D PDLQ DGYDQWDJH RI WKH DUF�VODJ UHPHOWLQJ� L�H� WKH

IXOO HOLPLQDWLRQ RI H[SHQVLYH QLWULGHG KLJK�DOOR\HG DG�

GLWLRQV �IHUURDOOR\V� VLOLFRQ QLWULGHV� HWF��� ZKLFK DUH

XVXDOO\ XVHG LQ RWKHU PHWKRGV >�w�@ LQ SURGXFWLRQ RI

KLJK�QLWURJHQ VWHHOV DQG DOOR\V� 7KH $65 YDULDQWV LQ D

OLQHG FUXFLEOH >�@ ZHUH WHVWHG� FRQILUPLQJ WKH IHDVLELOLW\

RI PHWDO QLWULGLQJ GXULQJ $65 LQ D FUXFLEOH PHOWLQJ�

7KH DSSOLFDWLRQ RI WKH DUF�VODJ KHDWLQJ RI PHWDO PHOWV

ZLWK JUDSKLWH HOHFWURGHV SURYHG WR EH HIIHFWLYH >�@� DV

LW LV FKDUDFWHUL]HG E\ D VLPSOLFLW\� UHOLDELOLW\ DQG GRHV

QRW UHTXLUH FRPSOLFDWHG H[SHQVLYH HTXLSPHQW IRU LWV

UHDOL]DWLRQ� 7KH XQGRXEWHG DGYDQWDJH RI WKLV SURFHVV LV

DOVR WKH IDFW WKDW LW DOORZV WKH PHWDO PHOW WR EH WUHDWHG

ZLWK UHDFWLYH JDVHV� IRU H[DPSOH� PHWDO QLWULGLQJ IURP

WKH JDV SKDVH�

7KH FDUULHG RXW LQYHVWLJDWLRQV� LQFOXGLQJ WKRVH XQGHU

VKRS FRQGLWLRQV >�@ VKRZHG WKDW $65 PHWKRG� DV FRP�

SDUHG ZLWK (65� FDQ GHFUHDVH WKH HQHUJ\ FRQVXPSWLRQ

E\ ��� WLPHV DQG FRQVXPSWLRQ RI D V\QWKHWLF IOX[ SHU

� W RI PHWDO E\ DOPRVW � WLPHV� $V WR WKH PHWDO TXDOLW\

WKH $65 PHWDO LV QRW LQIHULRU WR WKH (65 PHWDO�

,W VKRXOG EH QRWHG WKDW DV IDU EDFN DV ���� WKH

3DWRQ ,QVWLWXWH KDV VXJJHVWHG D PHWKRG RI (65 RI

VWHHOV DQG DOOR\V XQGHU WKH H[FHVVLYH SUHVVXUH RI QL�

WURJHQ RU LWV PL[WXUH ZLWK QHXWUDO JDVHV RYHU WKH VODJ

SRRO WR DOOR\ PHWDO ZLWK QLWURJHQ >�@� 7KH DERYH�PHQ�

WLRQHG LQYHQWLRQ ZDV SDWHQWHG LQ *UHDW %ULWDLQ� %HO�

JLXP� ,WDO\� &DQDGD� )UDQFH DQG ,QGLD� ,W LV DOVR

NQRZQ WKDW DOO WKH DWWHPSWV RI DOOR\LQJ WKH PROWHQ

PHWDO ZLWK QLWURJHQ IURP WKH JDV SKDVH GXULQJ (65

LQ D QLWURJHQ�FRQWDLQLQJ KLJK�SUHVVXUH DWPRVSKHUH

ZHUH QRW VXFFHVVIXO EHFDXVH RI D ORZ VROXELOLW\ RI

QLWURJHQ LQ WKH VODJ SRRO >�@� 2QO\ DIWHU D GRVHG IHHG�

LQJ RI KDUG SDUWLFOHV �JUDQXOHV� JUDLQV� VKRW� RI QL�

WULGHG IHUURDOOR\ RU VLOLFRQ QLWULGH WR WKH VODJ VXUIDFH

GXULQJ WKH (65 LQ D VSHFLDO SUHVVXUL]HG FKDPEHU IXU�

QDFH LW ZDV SRVVLEOH WR SURYLGH WKH LQJRWPHWDO DOOR\LQJ

ZLWK QLWURJHQ XS WR WKH VXSHU�HTXLOLEULXP VWDWH >�@�

+RZHYHU� D VHULRXV GUDZEDFN UHPDLQHG ZKLFK LV W\SL�

FDO RI DQ\ GLDJUDP RI UHPHOWLQJ ZLWK DQ DGGLWLRQDO

DOOR\LQJ ZLWK KDUG SDUWLFOHV� QDPHO\ FKHPLFDO LQKR�

PRJHQHLW\ RI WKH LQJRW�
$W WKH EHJLQQLQJ RI WKH ����V D QHZ LPSXOVH ZDV

JLYHQ WR WKH $65 IRU LWV GHYHORSPHQW DQG LQGXVWULDO
LPSOHPHQWDWLRQ� ILUVW RI DOO� GXH WR WKH DULVLQJ LQWHUHVW

LQ WKH ZKROH ZRUOG WR WKH KLJK�QLWURJHQ VWHHOV DQG
DOOR\V� DQG DOVR WR WKH PHWKRGV RI WKHLU SURGXFWLRQ
>�w��@� 7KHRUHWLFDO IXQGDPHQWDOV RI SURFHVVHV RI QL�
WULGLQJ VWHHOV DQG DOOR\V GLUHFWO\ IURP WKH JDV SKDVH
GXULQJ SUHVVXUL]HG $65 ZHUH FUHDWHG DQG WKH WHFK�
QRORJ\ RI SURGXFWLRQ RI LQJRWV DOOR\HG ZLWK QLWURJHQ
XVLQJ WKH $65 PHWKRG >��@ ZDV GHYHORSHG RQ WKH
EDVLV RI UHVHDUFK ZRUNV� VXSHUYLVHG E\ 3URI� %� 0H�
GRYDU� ZKLFK ZHUH FDUULHG RXW DW WKH 3DWRQ ,QVWLWXWH
DQG DW WKH IDFWRULHV�

7KH $65 SURFHVV LQ D QLWURJHQ�FRQWDLQLQJ DWPRV�
SKHUH FRPELQHV WKUHH WHFKQRORJLFDO SURFHVVHV� DUF
PHOWLQJ RI HOHFWURGH� PHWDO DOOR\LQJ ZLWK QLWURJHQ
GLUHFWO\ IURP WKH JDV SKDVH DQG PHWDO VODJ WUHDWPHQW
ZLWK D IRUPDWLRQ RI LQJRW LQ D VODJ VNXOO� 'HSHQGLQJ
RQ WKH SDUDPHWHUV RI WKH $65 SURFHVV WKH DUF FDQ EXUQ
EHWZHHQ WKH HOHFWURGH HGJH DQG PROWHQ VODJ VXUIDFH
�VHH )LJXUH ��� EHWZHHQ WKH HOHFWURGH DQG PROWHQ
PHWDO VXUIDFH� SDUWLDOO\ EDUHG IURP D VODJ GXH WR DUF
FROXPQ SUHVVXUH �VHH )LJXUH ��� ,Q WKLV FDVH WKH VODJ
FRYHUV RQO\ D SHULSKHU\ ]RQH RI WKH PHWDO SRRO� WKXV
IRUPLQJ D FLUFXODU VODJ SRRO�

%RWK VROLG DQG KROORZ HOHFWURGHV FDQ EH XVHG IRU
UHPHOWLQJ� +RZHYHU� WKH DSSOLFDWLRQ RI KROORZ HOHF�
WURGHV FDQ LQIOXHQFH WKH PHWDO PRUH HIIHFWLYHO\ ZLWK
JDVHV E\ IHHGLQJ WKH JDV WKURXJK WKH FDYLW\ GLUHFWO\ WR
WKH DUF�EXUQLQJ ]RQH� 5HPHOWLQJ ZLWK D PHWDO SRRO �FLU�
FXODU VODJ SRRO�� SDUWLDOO\ FRYHUHG ZLWK D VODJ� FDQ EH
UHDOL]HG ERWK LQ XVLQJ KROORZ DQG VROLG HOHFWURGHV�

,Q $65 ZLWK D FRPSOHWH VODJ SRRO �VHH )LJXUH ��
WKH KHDW LV JHQHUDWHG DW WKH HQG RI HOHFWURGH� LQ DUF
FROXPQ� DW WKH VXUIDFH RI WKH VODJ SRRO� LQ DQ HOHFWURGH
VSRW DQG DOVR LQ D VODJ SRRO DW WKH H[SHQVH RI FXUUHQW

)LJXUH �� 'LDJUDP RI $65 RI KROORZ FRQVXPDEOH HOHFWURGH� � x
LQJRW� � x PHWDO SRRO� � x VODJ SRRO� � x KROORZ FRQVXPDEOH
HOHFWURGH� � x ZDWHU�FRROHG PRXOG FKDPEHU� � x SRZHU VRXUFH�
� x HOHFWULF DUF
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SDVVLQJ WKURXJK WKH VODJ� :KHQ WKH FLUFXODU VODJ SRRO
LV XVHG WKH KHDW LV JHQHUDWHG DW WKH HQG RI HOHFWURGH�
LQ DUF FROXPQ DQG LQ HOHFWURGH VSRW� ZKLFK LV ORFDWHG
GLUHFWO\ DW WKH PROWHQ SRRO VXUIDFH� 7KH SUHVHQFH RI
WKH PROWHQ VODJ SRRO� FRPSOHWH RU FLUFXODU� DV LQ (65�
SURPRWHV KHDWLQJ RI WKH SHULSKHU\ SDUW �DW WKH PRXOG
ZDOOV� RI WKH PHWDO SRRO� 'XH WR WKLV DQG WKH SUHVHQFH
RI D VODJ OD\HU EHWZHHQ WKH ZDOO RI PRXOG DQG LQJRW D
JRRG IRUPDWLRQ RI LQJRWV RI GLIIHUHQW VHFWLRQ �URXQG�
VTXDUH� UHFWDQJXODU� LV SURYLGHG� 7KLV LV RQH RI WKH LP�
SRUWDQW DGYDQWDJHV RI WKH $65 DV FRPSDUHG ZLWK 9$5�

7KH GHSWK RI WKH PHWDO SRRO LQ PHOWLQJ LQJRWV
XVLQJ $65 LV VPDOOHU WKDQ WKDW LQ (65 DQG WKH SRRO
VKDSH LV VKDOORZHU� 7KLV LV H[SODLQHG E\ WKH IDFW WKDW
LQ $65 WKH SRRO VXUIDFH LV KHDWHG PRUH XQLIRUPO\
EHFDXVH WKH PRVW SDUW RI WKH KHDW LV JHQHUDWHG LQ WKH
DUF FROXPQ� +HDW LV VSUHDG DOVR LQ WKH SRRO GXH WR WKH
WUDQVIHU RI GURSV WR WKH SRRO ZLWK VHYHUDO VWUHDPV RYHU
WKH HQWLUH VHFWLRQ RI WKH HOHFWURGH�

7KH XVH RI D KROORZ HOHFWURGH IDYRXUV JUHDWO\ WKH
PRUH XQLIRUP GLVWULEXWLRQ RI KHDW LQ WKH SRRO VHFWLRQ
�VHH )LJXUH ��� ,Q WKLV FDVH WKH GURSV DUH IRUPHG QHDU
WKH HOHFWURGH ODWHUDO VXUIDFH DQG HQWHU WKH SRRO DW WKH
GLVWDQFH RI QRW OHVV WKDQ WKH KDOI RI LWV UDGLXV� 7KH
VWUHDP RI WKH KHDWHG JDV WKURXJK WKH FDYLW\� LI WKH
HOHFWURGH LV EORZQ�WKURXJK ZLWK D JDV� LV VSUHDGLQJ
RYHU WKH SRRO VXUIDFH DQG DOVR SURPRWLQJ WKH PRUH
XQLIRUP KHDWLQJ RI WKH HQWLUH VXUIDFH� 0RUHRYHU� WKH
JDV VWUHDP� SDVVLQJ WKURXJK WKH D[LDO FKDQQHO FRQ�
WULEXWHV WR WKH VWDELOL]DWLRQ RI WKH GLVFKDUJH LQWR WKH
DUF VSDFH LQ WKH HOHFWURGH D[LV� ,Q WKLV FDVH WKH HOHF�
WURGH VSRW �FDWKRGH RU DQRGH� LV ORFDWHG DW WKH LQQHU
VXUIDFH RI WKH KROORZ HOHFWURGH�

,Q WKH $65 WKH HOHFWULF DUF LV EXUQLQJ LQ WKH DW�
PRVSKHUH RI UHDFWLYH �RU SURWHFWLYH� JDV DQG VODJ YD�
SRXUV� 7KH SUHVHQFH RI VODJ YDSRXUV� ZKLFK KDV FKHPL�
FDO HOHPHQWV RI D ORZ SRWHQWLDO RI LRQL]DWLRQ� FRQWULE�
XWHV WR VWDELOL]LQJ RI DUF EXUQLQJ DW DWPRVSKHULF DQG
KLJK SUHVVXUH� ,Q $65� XQOLNH WKH 9$5� WKHUH LV QR
PHWDO FURZQ RQ WKH LQJRW� 7KLV LV GXH WR WKH IDFW WKDW
LQ $65 WKH PHWDO VSDWWHUV �ILQH GURSV� HQWHU HLWKHU
WKH VODJ SRRO RU WKH VODJ FROODU� ZKLFK LV IRUPHG DURXQG
WKH VODJ SRRO SHULPHWHU� $ WKLQ OD\HU RI PHWDO YDSRXUV
FDQ EH FRQGHQVHG DW WKH PRXOG ZDOO DERYH WKH VODJ
SRRO� EXW GXULQJ LQJRW PHOWLQJ WKH PROWHQ KHDWHG VODJ
PHOWV WKH FRQGHQVDWH DQG WKH FURZQ LV QRW IRUPHG�
7KH JDV IHHGLQJ WR WKH DUF EXUQLQJ ]RQH WKURXJK WKH
FDYLW\ LQ WKH FRQVXPDEOH HOHFWURGH RU XVLQJ DQRWKHU
ZD\ SURPRWHV WKH UHPRYDO RI KDUPIXO JDVHRXV LPSX�
ULWLHV IURP WKH DUF VSDFH� 7KHVH FDQ EH JDVHV �K\GUR�
JHQ� IOXRULQH� HWF�� RU YDSRXUV RI QRQ�IHUURXV ORZ�
ERLOLQJ PHWDOV �WLQ� OHDG DQG VR RQ��

7KH $65 FDQ EH UHDOL]HG XQGHU WKH KLJK�SUHVVXUH
FRQGLWLRQV� EHFDXVH WKH HOHFWULF DUF EXUQLQJ LV TXLWH
VWDEOH HYHQ DW SUHVVXUH PHDVXUHG E\ WHQV RI DWPRV�
SKHUHV� 7KH PDLQ WKLQJ LV WR VHOHFW WKH HOHFWULFDO DQG
WHFKQRORJLFDO FRQGLWLRQ SDUDPHWHUV SURSHUO\� +HDW�
UHTXLUHG IRU SURFHHGLQJ WKH $65 SURFHVV LV JHQHUDWHG
PDLQO\ LQ HOHFWULF DUF� ZKHUHLQ FXUUHQW SDVVHV WKURXJK
WKH LRQL]HG GLVFKDUJH JDS FRQVLVWLQJ RI YDSRXUV RU
R[LGHV RI PHWDO� YDSRXUV RI VODJ DQG LRQL]HG JDVHV� ,Q
$65 WKH VXUIDFH RI WKH PROWHQ VODJ �RU PHWDO� SRRO
LV RQH RI HOHFWURGHV� 7KH VODJ SRRO UHSUHVHQWV D PHOW

RI DQ HOHFWURO\WH ZLWK D ODUJH DPRXQW RI FRPSOH[ DQG
VLPSOH LRQV� ,WV WHPSHUDWXUH FDQ UHDFK ���� �&� 2QH
RI VODJ FRPSRQHQWV DW VXFK WHPSHUDWXUHV FDQ HYDSR�
UDWH� RWKHU FRPSRQHQWV DUH GHFRPSRVHG �GLVVRFLDWH�
LQWR VHSDUDWH LRQV DQG� KDYLQJ WKLV IRUP WKH\ FDQ
SDUWLFLSDWH LQ WKH SURFHVV RI FXUUHQW WUDQVIHU� +RZ�
HYHU� DV WKH WHPSHUDWXUH RI WKH DUF GLVFKDUJH LV PXFK
KLJKHU WKDQ WKDW RI WKH VODJ SRRO� WKH SURFHVVHV RI
HYDSRUDWLRQ� GLVVRFLDWLRQ DQG LRQL]DWLRQ DUH PRUH
FOHDUO\ H[SUHVVHG�

7KH $65 FDQ EH SHUIRUPHG ERWK DW GLUHFW DQG
DOWHUQDWLQJ FXUUHQW� $QG� KHUH� WKH PDLQ DGYDQWDJHV
DQG GUDZEDFNV W\SLFDO RI 9$5 DQG (65 DW '& DQG
$& DUH SUHVHUYHG� ,Q HDFK FRQFUHWH FDVH RI UHPHOWLQJ
RI HLWKHU DOOR\ DQG VWHHO LW LV QHFHVVDU\ WR VHOHFW D W\SH
RI FXUUHQW FRPLQJ IURP GHILQLWH FRQGLWLRQV RI PHOWLQJ�

0ROWHQ VODJ �(65 VODJV DUH XVHG PDLQO\� JUHDWO\
LQIOXHQFH WKH EXUQLQJ RI DUF GLVFKDUJH LQ WKH $65
SURFHVV� 7KH VODJV XVHG LQFOXGH WKH IROORZLQJ FRPSR�
QHQWV� &D)�� &D2� $O�2�� 0J2� 6L2�� 7L2�� HWF� ,Q
D PROWHQ VWDWH DW WKH $65 SURFHVV WHPSHUDWXUH GLI�
IHUHQW FRPSOH[ DQG VLPSOH LRQV� ERWK SRVLWLYH DQG
QHJDWLYH� FDQ EH IRUPHG IURP WKH PHQWLRQHG FRPSR�
QHQWV DQG FDQ WUDQVIHU WR WKH DUF FROXPQ DQG SDUWLFL�
SDWH LQ WKH FXUUHQW SDVVLQJ�

,W VKRXOG EH QRWHG WKDW GLIIHUHQW FRPSRQHQWV� LQ�
FOXGHG WR WKH FRPSRVLWLRQ RI (65 VODJV� LQIOXHQFH
GLIIHUHQWO\ WKH DUF EXUQLQJ FRQGLWLRQV� $ONDOL DQG DO�
NDOL�HDUWK PHWDOV� SRVVHVVLQJ D ORZ SRWHQWLDO RI LRQL�
]DWLRQ� KDYH D SRVLWLYH HIIHFW RQ WKH DUF EXUQLQJ FRQ�
GLWLRQV� 7KH\ DUH LRQL]HG HDVLO\� IRUPLQJ FDWLRQV DQG
IUHH HOHFWURQV� ZKLFK ZLOO SDUWLFLSDWH IXUWKHU LQ WKH
FKDUJH WUDQVIHU� )RU PL[WXUHV� ZKRVH FRPSRVLWLRQ LQ�
FOXGHV GLIIHUHQW JDVHV DQG YDSRXUV� WKDW LV W\SLFDO RI
WKH $65� WKH WRWDO SRWHQWLDO RI LRQL]LQJ LV GHWHUPLQHG
E\ D FRPSRQHQW ZLWK D OHDVW SRWHQWLDO RI LRQL]DWLRQ
DQG GHSHQGV RQ LWV FRQFHQWUDWLRQ� 7KXV� WKH SRWHQWLDO
RI LRQL]DWLRQ RI SRWDVVLXP� VRGLXP DQG FDOFLXP LV
HTXDO WR ����� ����� ���� 9� UHVSHFWLYHO\� DQG WKDW RI
QLWURJHQ DQG DUJRQ LV ���� DQG ���� 9� 7KXV� WKH
FKHPLFDO FRPSRVLWLRQ RI WKH IOX[HV XVHG JUHDWO\ LQ�
IOXHQFHV WKH HOHFWULFDO FKDUDFWHULVWLFV RI WKH SURFHVV�
VXFK DV VWDELOLW\ RI WKH DUF EXUQLQJ� YDOXH RI LJQLWLRQ
SHDNV� SUHVHQFH RI SDXVHV LQ D FXUUHQW FXUYH� RSHQ�
FLUFXLW YROWDJH RI WKH SRZHU VRXUFH� HWF�

7KH SUHVHQFH RI HDVLO\ LRQL]HG HOHPHQWV LQ WKH VODJ�
DV ZDV DERYH�PHQWLRQHG� UHGXFHV DEUXSWO\ WKH YROWDJH
JUDGLHQW LQ WKH DUF FROXPQ� 7KH HIIHFW RI HOHPHQWV RI
D ORZ SRWHQWLDO RI LRQL]LQJ EHFRPHV KLJKHU RQ WKH
HIIHFWLYH SRWHQWLDO LRQL]LQJ WKH JDV PL[WXUH ZKLFK
WHQGV WR WKH SRWHQWLDO RI PRVW HDVLO\�LRQL]LQJ HOHPHQW
LQ WKH DUF DWPRVSKHUH� $QDO\VLV RI HVWLPDWHG DQG H[�
SHULPHQWDO GDWD PDGH LW SRVVLEOH WR FRQFOXGH WKDW WKH
SRZHU VRXUFH RSHQ�FLUFXLW YROWDJH RI ���w��� 9 LV
VXIILFLHQW IRU WKH $65 SURFHVV LQ QLWURJHQ DWPRVSKHUH
DW ���w��� 03D SUHVVXUH >��@�

,PSRUWDQW SDUDPHWHU� ZKLFK GHILQHV WKH SURFHVV
RI FRQVXPDEOH HOHFWURGH PHOWLQJ LQ WKH $65� LV D
VXSSOLHG SRZHU� ZKLFK LV VHOHFWHG GHSHQGLQJ RQ WKH
HOHFWURGH VHFWLRQ� $V LV VHHQ IURP WKH )LJXUH �� ZKLFK
SUHVHQWV WKH UHVXOWV RI GLIIHUHQW ODERUDWRU\ DQG LQGXV�
WULDO PHOWLQJV� PDGH E\ WKH $65PHWKRG� WKH UHTXLUHG
HQHUJ\ GHQVLW\ WR SURYLGH VWDEOH FRQGLWLRQV LV UHGXFHG
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DQG OHVV GHSHQGHQW RQ WKH GLDPHWHU ZLWK DQ LQFUHDVH
RI WKH HOHFWURGH GLDPHWHU �PRUH WKDQ ��� PP�� 3OXVHV
GHQRWH PHOWLQJV XQGHU QRQ�VWHDG\ FRQGLWLRQV� WKH\
DUH ORFDWHG LQ UHJLRQ $� 7KH YDOXHV RI HQHUJ\ GHQVLW\
XQGHU VWHDG\ FRQGLWLRQV DUH ORFDWHG LQ UHJLRQ %�

7KH LQWHUDFWLRQ RI PROWHQ PHWDO ZLWK QLWURJHQ GXU�
LQJ WKH $65 SURFHVV FDQ EH FRQVLGHUHG DV D WZR�VWDJH
SURFHVV� LQFOXGLQJ WKH QLWURJHQ DEVRUSWLRQ ZLWK D ILOP
RI WKH PROWHQ PHWDO DW WKH HOHFWURGH HGJH DQG VXUIDFH
RI WKH PHWDO SRRO� EHLQJ FRYHUHG FRPSOHWHO\ ZLWK PRO�
WHQ VODJ OD\HU RU RSHQHG SDUWLDOO\ GLUHFWO\ XQGHU WKH
DFWLRQ RI WKH HOHFWULF DUF SUHVVXUH �)LJXUH ��� 7KH UDWH
RI QLWURJHQ DEVRUSWLRQ DW WKH ILUVW VWDJH ZLOO EH GH�
WHUPLQHG E\ D YDOXH RI LWV SDUWLDO SUHVVXUH LQ D JDV
SKDVH� VSHHG RI HOHFWURGH PHOWLQJ� LWV VXUIDFH DUHD�
DQG DOVR E\ WKH DUF HIIHFW RQ WKH HQHUJ\ VWDWH RI WKH
JDV SDUWLFOHV�

,Q $65 WKH QLWURJHQ FDQ EH IHG HDVLO\ WKURXJK WKH
D[LDO FDYLW\ WR WKH HOHFWURGH� RU LQ SLSLQJV� IL[HG DW
LWV H[WHUQDO VXUIDFH� GLUHFWO\ WR WKH ]RQH RI WKH HOHFWULF
DUF EXUQLQJ� 7KHUHIRUH� GXULQJ WKH $65 WKHUH LV LQ�
WHUDFWLRQ RI SDUWLFOHV RI QLWURJHQ SRVVHVVLQJ DQ LQ�
FUHDVHG VDIHW\ IDFWRU RI LQWUDPROHFXODU HQHUJ\� ZLWK
D ILOP RI PROWHQ PHWDO WKDW SURPRWHV WKH SURFHVV RI
WKHLU DEVRUSWLRQ�

7KH LQYHVWLJDWLRQV� LQFOXGLQJ WKRVH SHUIRUPHG LQ WKH
LQGXVWULDO FRQGLWLRQV� VKRZ WKDW QLWULGLQJ LQ WKH $65
LV UDWKHU LQWHQVLYH LQ WKDW FDVH ZKHQ D SDUWLDO EDULQJ RI
WKH PHWDO SRRO PLUURU IURP WKH VODJ LV DWWDLQHG� ,Q WKLV
FDVH WKH SURFHVV RI QLWULGLQJ IURP WKH JDV SKDVH RFFXUV
PRUH FRPSOHWHO\ ERWK DW WKH VWDJH RI ILOP DQG GURS DQG
DW WKH VWDJH RI WKH PHWDO SRRO >��@�

7KH $65 WHFKQRORJ\ KDV EHHQ GHYHORSHG ZKLFK
PDNHV LW SRVVLEOH WR DOOR\ WKHPROWHQPHWDOZLWKQLWURJHQ
IURP WKH JDV SKDVH DW DWPRVSKHULF DQG H[FHVVLYH SUHV�
VXUHV DW D FRPSOHWH HOLPLQDWLRQ RI QLWURJHQ�FRQWDLQLQJ
PDWHULDOV� )LJXUH � SUHVHQWV WKH ODUJH�WRQQDJH
.K��$*�� �&U x ����� 0Q x ����� 9 x ����� 1 x
���� ZW��� QLWURJHQ�FRQWDLQLQJ VWHHO LQJRWV RI ��� ×
× ��� PP VHFWLRQ DQG XS WR � W PDVV� SURGXFHG LQ WKH
(6K3��9* LQGXVWULDO IXUQDFH DQG LQJRWV RI ��� PP
GLDPHWHU DQG � W PDVV� PHOWHG LQ WKH (65 IXUQDFH RI
WKH �&RQVDUF� &RPSDQ\�

1LWURJHQ DQG VXSHUKLJK�QLWURJHQ VWHHOV H[SHULHQFH
QRZ WKH VHFRQG \RXWK� $QG WKH WKLQJ LV QRW LQ DS�
SHDUDQFH RI QHZ ILHOGV RI DSSOLFDWLRQ DQG ZLGHQLQJ
RQ WKH EDVLV RI VFDOHV RI SURGXFWLRQ RI WKHVH VWHHOV�
EXW LQ UHYHDOLQJ QHZ UHPDUNDEOH SURSHUWLHV ZKLFK DUH
DWWDLQHG GXH WR D UDGLFDO FKDQJH LQ HTXLSPHQW DQG
WHFKQRORJ\ RI WKH PHWDOOXUJLFDO SURGXFWLRQ >��w��@�

7KH VFDOHV RI SURGXFWLRQ RI QLWULGHG VWHHOV DUH LQ�
FUHDVHG� WKH GLPHQVLRQV �PDVV� YROXPH� RI LQJRWV DUH
HQODUJHG� +HUH� DQ LPSRUWDQW GUDZEDFN RI LQJRWV IURP
VWHHO DOOR\HG ZLWK QLWURJHQ� L�H� PLUFRVHJUHJDWLRQ RI
WKLV DOOR\LQJ HOHPHQW� ZDV HQFRXQWHUHG� WKXV UHVHP�
EOLQJ LQ LWV SDWWHUQ D FKHPLFDO LQKRPRJHQHLW\ RI LQJRWV
LQ FDUERQ� W\SLFDO RI ODUJH�WRQQDJH VWHHO LQJRWV� ZHOO
NQRZQ WR WKH PHWDOOXUJLVWV� 7KH LQKRPRJHQHLW\ RI
VWHHO LQJRW E\ WKH FRQWHQW RI QLWURJHQ LV� QDWXUDOO\�
LQKHULWHG WKH ZURXJKW PHWDO� ZKHWKHU LW EH WKH UROOHG
PHWDO �VKHHWV� URGV� SLSHV�� IRUJLQJV RU VWDPSLQJV� $V
LW KDV WXUQHG RXW� WKH H[FHOOHQW FKDUDFWHULVWLFV RI
VWUHQJWK DQG WRXJKQHVV� WKHLU RSWLPXP UDWLR� VWLSX�

ODWHG� ILUVW RI DOO� E\ WKH JLYHQ FRPSRVLWLRQ RI VWHHO
RU DOOR\� FDQQRW EH JXDUDQWHHG QRW RQO\ LQ VHFWLRQ RI
WKH LQJRW RU IRUJLQJ� EXW DOVR LQ OHQJWK RI WKH UROOHG
PHWDO RU SLSH�

,Q $65 WZR SURFHVVHV DUH FRPELQHG� UHILQLQJ RI
PHWDO IURP QRQ�PHWDOOLF LQFOXVLRQ� VXFK DV VXOSKXU
DQG RWKHU LPSXULWLHV� DQG VWHHO DOOR\LQJ ZLWK QLWURJHQ
IURP WKH IXUQDFH DWPRVSKHUH� 7KLV PDNHV LW SRVVLEOH
WR SURGXFH WKH H[WUD�SXUH QLWURJHQ�FRQWDLQLQJ VWHHOV
DQG WR HOLPLQDWH WKH XVH RI H[SHQVLYH QLWURJHQ�FRQ�
WDLQLQJ IHUURDOOR\V IURP WKH PHWDOOXUJLFDO SURGXFWLRQ�
,Q DGGLWLRQ� WKH $65 PHWDO ZLOO EH PRUH SXUH DV WR
WKH FRQWHQW RI KDUPIXO LPSXULWLHV� ZKLFK HQWHU LQHYL�
WDEO\ WKH PHOW GXULQJ DOOR\LQJ ZLWK QLWURJHQ�FRQWDLQ�
LQJ IHUURDOOR\V� 8QGRXEWHGO\� WKDW WKH $65ZLOO PLQL�
PL]H QRWLFHDEO\ WKH QLWURJHQ LQKRPRJHQHLW\ RI WKH
LQJRWV� DQG DOVR WKH ZURXJKW PHWDO WKDW LV HVSHFLDOO\
LPSRUWDQW LQ SURGXFWLRQ RI FU\RJHQLF VWHHOV IRU WKH
WKHUPRQXFOHDU SRZHU HQJLQHHULQJ >��@�

,W LV DOVR VKRZQ >��@ WKDW WKH $65 LQ QLWURJHQ�
FRQWDLQLQJ DWPRVSKHUH� LQFOXGLQJ WKDW XQGHU WKH SUHV�
VXUH� ZKLFK LV XVHG LQ SURGXFWLRQ RI KLJK�QLWURJHQ
VWDLQOHVV GXSOH[�VWHHOV� DOORZV LQWURGXFWLRQ RI D SUHVHW
DPRXQW RI QLWURJHQ IURP WKH JDV SKDVH WR WKH PROWHQ
PHWDO DQG� WKXV� SURYLGHV D KLJK FKHPLFDO KRPRJHQH�
LW\ DQG VWUXFWXUDO VWDELOLW\ RI WKH $65 LQJRW PHWDO�

$QRWKHU SURPLVLQJ DSSOLFDWLRQ RI WKH $65 LV WKH
SURGXFLQJ QLWURJHQ�PLFURDOOR\HG VWHHOV� 7KH EDVLF
ILHOGV RI WKHLU SUDFWLFDO XVH� VKHHW� SLSHV DQG VHFWLRQV�

)LJXUH ��'LDJUDP RI QLWURJHQ DEVRUSWLRQ LQ $65� �x LQJRW� � x
PHWDO SRRO� � x VODJ SRRO� � x HOHFWULFDO DUF� � x FRQVXPDEOH
HOHFWURGH� � x WKLQ PHWDO ILOP� � x GURSV� � x PRXOG

)LJXUH �� 5HJLRQV RI QRQ�VWHDG\ �$� DQG VWHDG\ �%� UHPHOWLQJ
FRQGLWLRQV XVLQJ HOHFWURGHV RI GLIIHUHQW GLDPHWHUV
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/RZ� DQG PHGLXP�DOOR\HG VKHHW VWHHOV� DOOR\HG ZLWK
QLWURJHQ ������w����� ��� WKH VR�FDOOHG VWHHOV ZLWK
D FDUERQLWULGH VWUHQJWKHQLQJ� IRXQG D ZLGH DSSOLFD�
WLRQ >��@� $W WKH VDPH WLPH� WKHVH VWHHOV RI RSHQ PHWK�
RGV RI PHOWLQJ DUH FKDUDFWHUL]HG E\ GHIHFWV RI PHWDO�
OXUJLFDO RULJLQ �OLTXDWLRQ EDQGLQJ� OLQH QRQ�PHWDOOLF
LQFOXVLRQV� VOLS PLFURFUDFNV� ZKLFK FDXVH WKH DQLVRW�
URS\ RI PHFKDQLFDO SURSHUWLHV� UHGXFH WKH GXFWLOLW\�
LQ UROOHG PHWDO DFURVV WKLFNQHVV LQ SDUWLFXODU� DQG� DV
D FRQVHTXHQFH� SURYRNH WKH WHQGHQF\ RI VWHHO WR WKH
IRUPDWLRQ RI ODPLQDU FUDFNV LQ ILOOHW DQG 7�MRLQWV GXU�
LQJ ZHOGLQJ� 7KH PLFURDOOR\LQJ ZLWK QLWURJHQ LQ WKH
$65 SURYLGHV D XQLIRUP GLVWULEXWLRQ RI ILQH�GLVSHUVHG
FDUERQLWULGH SKDVH LQ WKH VKHHW WKLFNQHVV�

7KH KLJK FKHPLFDO KRPRJHQHLW\ DQG ORZ FRQWHQW
RI KDUPIXO HOHPHQWV� W\SLFDO RI WKH $65 VWHHOV� VWLSX�
ODWH WKH LVRWURS\ RI PHFKDQLFDO SURSHUWLHV RI WKH UROOHG
PHWDO DQG UHVLVWDQFH DJDLQVW FROG ODPLQDU FUDFNLQJ
GXULQJ ZHOGLQJ�

$ORQJVLGH ZLWK D ULVLQJ LQWHUHVW WR WKH KLJK�QLWUR�
JHQ VWHHOV� WLWDQLXP� WKH IRUPHU DHURVSDFH VWUXFWXUDO
PHWDO� EHFRPHV EHIRUH RXU H\HV D PHWDO RI WKH FLYLO
DSSOLFDWLRQ� 7KH IDFW WKDW WLWDQLXP DFTXLUHV D TXLWH
FLYLO XVH PDNHV LW SRVVLEOH WR FRQVLGHU DQHZ DOO WKH
VWUXFWXUH RI WKH WLWDQLXP LQGXVWU\�

6WULFW UHTXLUHPHQWV VSHFLILHG WR WKH WLWDQLXP E\ WKH
FUHDWRUV RI WKH DHURVSDFH HQJLQHHULQJ�PLOLWDU\ VKLS�EXLOG�
LQJ� DUPDPHQW� DPPXQLWLRQ DQG RWKHU PLOLWDU\ SURGXFWV�
DUH DOVR MXVWLILHG FRPSOHWHO\ QRZ� +RZHYHU� WKH\ FDQ
VRPHZKDW EH VRIWHQHG� LI WLWDQLXP ILQGV LWV PDLQ DSSOL�
FDWLRQ IRU WKH PDQXIDFWXUH RI REMHFWV RI KRPH DSSOLDQFHV�
GLIIHUHQW NLQGV RI FLYLO FRQVWUXFWLRQV� ELF\FOHV� PRWRU FDUV
DQG RWKHU SHDFHIXO SURGXFWV� &RPLQJ IURP WKHVH FRQVLG�

HUDWLRQV� DOO HIIRUWV VKRXOG EH DSSOLHG IRU PDNLQJ WL�
WDQLXP DQG LWV DOOR\V FKHDSHU� WR PDNH WKHP TXLWH
FRPSHWLWLYH UHODWLYH WR VWDLQOHVV QLFNHO�FRQWDLQLQJ
VWHHOV DQG DOOR\V� ,Q WKH VROXWLRQ RI WKLV SUREOHP WKH
$65 SURFHVV ZLOO KDYH D FKDOOHQJLQJ IXWXUH >��w��@�
:LWK XQGRXEWHG DGYDQWDJHV� VXFK DV DQ H[FHOOHQW VXU�
IDFH RI LQJRWV� IHDVLELOLW\ RI SURGXFLQJ ODUJH�WRQQDJH
LQJRWV RI UHFWDQJXODU VHFWLRQ �)LJXUH �� IRU GLUHFW UROO�
LQJ RI VKHHW� IHDVLELOLW\ RI UHDOL]LQJ WKH VLQJOH�VWDJH
UHPHOWLQJ RI VSRQJ\ SUHVVHG HOHFWURGH ZLWK D SURGXF�
LQJ RI LQJRW RU VODE� EHLQJ UHDG\ IRU SURFHVVLQJ� LW FDQ
UHGXFH FRQVLGHUDEO\ WKH PHWDO ORVVHV LQ SURGXFWLRQ RI
UROOHG PHWDO� WKXV OHDGLQJ WR WKH UHGXFWLRQ RI FRVW RI
WKH WLWDQLXP SURGXFWV�

1HZ RSSRUWXQLWLHV IRU SURGXFLQJ GHIHFW�IUHH WLWD�
QLXP LQJRWV XVLQJ WKH PHWKRG RI $65 DUH RSHQHG XS
DV D UHVXOW RI FUHDWLRQ RI WKH QHZ WHFKQRORJLFDO SURFHVV
GHYHORSHG RQ WKH EDVLV RI XVH LQ WKH $65 RI D FXU�
UHQW�FDUU\LQJ PRXOG LQ FRPELQDWLRQ ZLWK UHDFWLYH
VODJV� FRQWDLQLQJ D PHWDOOLF FDOFLXP� WKXV DOORZLQJ
PRUH FRPSOHWH GLVVROXWLRQ RI KDUG KLJK�QLWURJHQ LQ�
FOXVLRQV GXULQJ UHPHOWLQJ� LI WKH\ RFFXUUHG RFFDVLRQ�
DOO\ LQ WKH FRQVXPDEOH HOHFWURGHV� +RZHYHU� WKLV DF�
WLYH WHFKQRORJLFDO SURFHVV RI WKH $65� DV VKRZQ LQ
>��@ FDQ EH UHDOL]HG RQO\ LQ D FKDPEHU IXUQDFH ZLWK
D FRQWUROODEOH DWPRVSKHUH�

2YHU WKH UHFHQW \HDUV VRPH QHZ SURPLVLQJ ILHOGV

RI WKH $65 DSSOLFDWLRQ ZHUH GHILQHG� 7KXV� UHVHDUFK

ZRUNV ZHUH FDUULHG RXW E\ WKH VXJJHVWLRQ RI 3URI�

%� 0HGRYDU DQG GXH WR WKH SUREOHPV RI XWLOL]DWLRQ RI

PLOLWDU\ HQJLQHHULQJ REMHFWV�

7KH\ ZHUH DLPHG DW WKH

DVVHVVPHQW RI HIILFLHQF\ RI DSSOLFDWLRQ RI WKH $65

)LJXUH �� $SSHDUDQFH RI $65 LQJRWV RI VWHHO .K��$*��� ��� × ��� PP VHFWLRQ� � W PDVV �D� DQG ��� PP GLDPHWHU� ���� PP KHLJKW�
� W PDVV �E�

7KH UHVHDUFK ZRUNV ZHUH FDUULHG RXW LQ ����w���� XQGHU WKH VXSHUYLVLRQ RI 3URI� %� 0HGRYDU LQ DFFRUGDQFH ZLWK 67&8 SURMHFWV 1R����
DQG ���� IXOILOOHG E\ 5	' (67 &HQWHU RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�
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PHWKRG LQ UHPHOWLQJ RI DUWLOOHU\ EDUUHOV RI WDQN JXQV

PDGH IURP VWHHO ��.K1�0)$ �& x ����� &U x ����

1L x ���� 0R x ���� 9 x ��� ZW��� ZLWK D VLPXO�

WDQHRXV DOOR\LQJ RI LQJRW PHWDO ZLWK QLWURJHQ GLUHFWO\

IURP WKH JDV SKDVH >��@� +HUH� LW ZDV DVVXPHG WKDW

WKH PRVW HIIHFWLYH WHFKQRORJLFDO VFKHPH FDQ EH UHDO�

L]HG LQ WKH SURFHVV RI WKH $65 RI WKH DUWLOOHU\ EDUUHOV�

DFFRUGLQJ WR ZKLFK WKH QLWURJHQ LV VXSSOLHG GLUHFWO\

WR WKH ]RQH RI DUF EXUQLQJ WKURXJK WKH EDUUHO FKDQQHO

�VHH )LJXUH ���

7KH $65 ZDV SHUIRUPHG LQ IXUQDFH 5��� XVLQJ D
VWDWLRQDU\ ��� PP GLDPHWHU PRXOG ZLWK D IOX[ VHDO�
$IWHU UHPRYDO RI WKH VODJ VNXOO DOO WKH LQJRWV KDG D
JRRG VXUIDFH� 7KH DSSHDUDQFH RI WKH VWDWLRQDU\
��� PP GLDPHWHU PRXOG DQG RQH RI WKH $65 LQJRWV
DUH JLYHQ LQ )LJXUH ��

$V VHHQ IURP WKH 7DEOH� WKH FRQWHQW RI QLWURJHQ
LQ LQJRWV RI VWHHO ��.K1�0)$ DIWHU WKH $65 ZDV
�����w����� �� L�H� LW ZDV �w� WLPHV LQFUHDVHG DV
FRPSDUHG ZLWK LWV LQLWLDO FRQWHQW ������w����� ���
0RUHRYHU� WKH LQFUHDVH LQ FRQVXPSWLRQ RI QLWURJHQ�
VXSSOLHG WR WKH FRQVXPDEOH HOHFWURGH FKDQQHO� WR
�� O�PLQ �PHOWLQJ 1R��� DOORZHG WKH QLWURJHQ FRQ�
WHQW LQ WKH $65 LQJRWV WR EH LQFUHDVHG E\ �� � DV
FRPSDUHG ZLWK PHOWLQJ 1R��� 7KH IXUWKHU LQFUHDVH LQ
QLWURJHQ FRQVXPSWLRQ WR �� O�PLQ �PHOWLQJ 1R���
GLG QRW FDXVH DQ\ LQFUHDVH LQ QLWURJHQ FRQWHQW LQ WKH
$65 LQJRW PHWDO� ,W VKRXOG EH QRWHG WKDW WKH HTXL�
OLEULXP FRQWHQW RI QLWURJHQ FDOFXODWHG DFFRUGLQJ WR
>��@ IRU D GHILQLWH FKHPLFDO FRPSRVLWLRQ RI VWHHO
��.K1�0)$ XVHG IRU SURGXFWLRQ RI D SLORW EDWFK RI
WKH $65 LQJRWV LV ����� ��

8VLQJ WKH WHFKQRORJLFDO FRQGLWLRQV� PHQWLRQHG LQ
WKH 7DEOH� ZH UHDFK� LQ SULQFLSOH� DERXW �� � RI QL�
WURJHQ LQ LQJRW IURP LWV HTXLOLEULXP FRQFHQWUDWLRQ DW

)LJXUH �� $SSHDUDQFH RI $65 VODJ LQJRW RI WLWDQLXP 97���� ��� ×
× ���� PP VHFWLRQ� ���� PP KHLJKW� � W PDVV �D� DQG ��� PP
WKLFN SODWH� UROOHG IURP LW �E�

7HFKQRORJLFDO SDUDPHWHUV RI $65 ZLWK WKH IOX[ VHDO RI VWHHO ��.K1�ª)� LQ ��� PP GLDPHWHU PRXOG

1R�

RI PHO�

WLQJ

(OHFWURGH GLDPHWHU� PP (OHFWULFDO FRQGLWLRQ 6ODJ SRRO

KHLJKW�

PP

*DV

FRQVXPSWLRQ�

O�PLQ

1LWURJHQ FRQWHQW� �

2' ,' ,� N$ 8� 9 LQ HOHFWURGH LQ LQJRW

� ��� ��� ��� �� �� �� ����� �����

� ��� ��� ��� �� �� �� ����� �����

� ��� ��� ��� ��� �� �� ����� �����

)LJXUH �� $SSHDUDQFH RI $65 LQJRW RI VWHHO ��.K1�0)$� ��� PP
GLDPHWHU DQG ���� PP KHLJKW
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WKH QLWURJHQ DWPRVSKHULF SUHVVXUH� 7KLV LV H[SODLQHG
E\ WKH IDFW WKDW SURFHVV RI QLWULGLQJ GXULQJ WKH $65
LV SURFHHGLQJ LQ D NLQHWLF FRQGLWLRQ� 7KHUHIRUH� WR
SURGXFH KLJKHU QLWURJHQ FRQFHQWUDWLRQV LQ LQJRW LW LV
QHFHVVDU\ WR SHUIRUP WKH $65 SURFHVV XQGHU WKH H[�
FHVVLYH SUHVVXUH RI QLWURJHQ� 7KLV LV SRVVLEOH WR UHDOL]H
RQO\ LQ WKH FKDPEHU IXUQDFHV�

)LJXUH � VKRZV D IUDJPHQW RI D ORQJLWXGLQDO
PDFURVHFWLRQ RI WKH WRS SDUW RI WKH $65 LQJRW PHOWHG
LQ DFFRUGDQFH ZLWK WHFKQRORJLFDO FRQGLWLRQV RI PHOW�
LQJ 1R�� DQG WKH DSSHDUDQFH RI WKH FRQVXPDEOH HOHF�
WURGH HQG DIWHU WKH PHOWLQJ FRPSOHWLRQ� ,W LV VHHQ IURP
WKH )LJXUH WKDW WKH PDFURVWUXFWXUH RI LQJRW LV FRP�
SDFW� DQG WKH HOHFWURGH PHOWLQJ LV FKDUDFWHUL]HG E\ D
FOHDUO\ H[SUHVVHG XQLIRUP GURS IRUPDWLRQ RI PHWDO
RYHU WKH HQWLUH HOHFWURGH VHFWLRQ�

7KH $65 SURFHVV FDQ EH DOVR XVHG HIILFLHQWO\ IRU
WKH XWLOL]DWLRQ RI WKH DUWLOOHU\ EDUUHOV DQG ZLWKRXW WKH
DGGLWLRQDO DOOR\LQJ RI PHWDO ZLWK QLWURJHQ� 7KH H[�
LVWLQJ (65 IXUQDFHV FDQ EH XVHG IRU WKLV SXUSRVH� $V
FRPSDUHG ZLWK (65� DV ZDV DERYH�PHQWLRQHG� WKH
FRQVXPSWLRQ RI HQHUJ\ DQG IOX[ LV JUHDWO\ GHFUHDVHG
LQ WKH $65� 7KXV� WKH $65 FDQ ILQG WKH ZLGHVW DQG
HIILFLHQW DSSOLFDWLRQ LQ LQGXVWU\ IRU WKH XWLOL]DWLRQ RI
WKH DUWLOOHU\ EDUUHOV�

,Q WKH IRUWKFRPLQJ \HDUV D JUHDW GHDO FDQ EH DQG
VKRXOG EH GRQH WR PDNH WKH DUF�VODJ UHPHOWLQJ FKDO�
OHQJLQJ LQ WKH PHWDOOXUJLFDO LQGXVWU\�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� /DNRPVN\� 9�,� HW DO� 0HWKRG
RI FRQVXPDEOH HOHFWURGH UHPHOWLQJ� 8665 DXWKRUsV FHUWLIL�
FDWH ������� )LOHG ��������� %XOO� RI ,QY�� ����� ���

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� HW DO� ������ 7KH
SODFH RI WKH HOHFWURVODJ WHFKQRORJ\ LQ SURGXFWLRQ RI VXSHUKLJK�
QLWURJHQ VWHHOV� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w���

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� HW DO� ������
6WHHO DOOR\LQJ ZLWK QLWURJHQ LQ HOHFWURVODJ SURFHVVHV� +LJK�
QLWURJHQ VWHHOV� ,Q� 3URF� RI �VW $OO�8QLRQ &RQI�� .\LY� $SU�
��w��� .\LY� ,QVWLWXWH RI 0HWDO 3K\VLFV�

�� %RMNR� *�$�� ,JQDWRY� $�3�� &KHUQHWV� $�9� HW DO� ������
(YDOXDWLRQ RI IHDVLELOW\ RI PHWDO QLWULGLQJ LQ WKH SURFHVV RI D
FUXFLEOH PHOWLQJ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� 3DWRQ� %�(�� *ULJRUHQNR� *�0�� 0HGRYDU� %�,� HW DO�
������ $ERXW QHZ SRWHQWLDOLWLHV RI WKH DUF�VODJ UHPHOWLQJ�
,ELG�� �� �w��

�� 0HGRYDU� %�,�� /DWDVK� <X�9�� 6WXSDN� /�0� HW DO� 0HWKRG RI
HOHFWURVODJ UHPHOWLQJ LQ KLJK�SUHVVXUH QLWURJHQ DWPRVSKHUH�
8665 DXWKRUsV FHUWLILFDWH ������� )LOHG ��������� 3DWHQWHG LQ
*UHDW %ULWDLQ �3DW� ��������� %HOJLXP �3DW� �������� ,WDO\
�3DW� �������� &DQDGD �3DW� �������� )UDQFH �3DW� ���������
,QGLD �3DW� �������� %XOO� RI ,QY�� ����� ���

�� .XELVK� .K�� +ROWVJUXEHU� 9� ������ 5HVXOWV� REWDLQHG LQ
SUHVVXUL]HG (65 PHWKRG GHYHORSHG E\ WKH �%RKOHU� &RP�
SDQ\� ,Q� 3URF� RI �UG ,QW� 6\PS� RQ (65 7HFKQRORJ\�
3LWWVEXUJK� 86$� $SU� �w��� .\LY� 1DXNRYD 'XPND�

�� )RFW� -� ������ 5ROH RI QLWURJHQ DOOR\LQJ RQ PHFKDQLFDO EH�
KDYLRXU� ,Q� 3URF� RI �UG ,QW� &RQI� RQ +LJK 1LWURJHQ
6WHHOV� .\LY� 6HSW� ��w���

�� 6WHLQ� *�� /XHJ� -� ������ +LJK QLWURJHQ VWHHOV x DSSOLFD�
WLRQV� SUHVHQW DQG IXWXUH� ,ELG�

��� )HLFKWLQJHU� +�.� ������ &RQFHSWV RI QLWURJHQ VROXELOLW\�
,ELG�

��� 3RPDULQ� <X�0�� *ULJRUHQNR� *�0�� 6DHQNR� 9�<D� HW DO�
������ $ PRGHUQ FRQFHSWLRQ RI QLWURJHQ DOOR\LQJ RI PHWDOV
IURP JDV DWPRVSKHUH XQGHU SUHVVXUH GXULQJ DUF�VODJ UHPHOW�
LQJ� ,ELG�

��� 0HGRYDU� %�,�� 6DHQNR� 9�<D�� *ULJRUHQNR� *�0� HW DO�
������ $UF�VODJ UHPHOWLQJ RI VWHHOV DQG DOOR\V� &DPEULGJH
,QW� 6FL� 3XEO�

��� *ULJRUHQNR� *�0� ������ $ERXW DUF YROWDJH LQ QLWURJHQ DUF�
VODJ UHPHOWLQJ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

��� 3DWRQ� %�(�� 0HGRYDU� %�,�� *ULJRUHQNR� *�0� HW DO�
������ 1LWULGLQJ SURFHVVHV LQ DUF�VODJ UHPHOWLQJ� ,ELG�� ��
��w���

��� )HLFKWLQJHU� +�.� 6WHLQ� *� ������ 0HOWLQJ RI KLJK QLWUR�
JHQ VWHHOV� ,Q� 3URF� RI �WK ,QW� &RQI� RQ +LJK 1LWURJHQ
6WHHOV� (VSRR� )LQODQG� 0D\ ��w��� 6WRFNKROP� 6ZHGHQ�
0D\ ��w��� +HOVLQNL 8QLY� RI 7HFKQ� DQG 6ZHGLVK ,QVW� IRU
0HWDOV 5HVHDUFK�

��� 0HGRYDU� %�,�� 0HGRYDU� /�%�� 6DHQNR� 9�<D� HW DO� ������
,QIOXHQFH RI WKH IOX[ FRPSRVLWLRQ DQG VWDWH RI WKH JDV DW�
PRVSKHUH RYHU WKH NLQHWLFV RI QLWURJHQ DEVRUSWLRQ E\ VWHHO
DQG DOOR\V DW WKH DUF�VODJ UHPHOWLQJ� ,ELG�

��� *DYULO\XN� 9�*�� %HUQV� +� ������ +LJK QLWURJHQ VWHHOV�
6WUXFWXUH� SURSHUWLHV� PDQXIDFWXUH� DSSOLFDWLRQV� 6SULQJHU�

��� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� ������ $GYDQ�
FHG SURFHVVHV RI SURGXFWLRQ RI KLJK�QLWURJHQ VWHHOV DQG DOOR�
\V DQG SURVSHFWV RI DSSOLFDWLRQ RI SUHVVXUL]HG DUF�VODJ UHPHO�
WLQJ IRU WKHLU SURGXFLQJ� 3UREOHP\ 6SHWV�
(OHNWURPHWDOOXUJLL� �� �w���

��� 6DHQNR� 9�<D�� 3RPDULQ� <X�0�� 8V� 9�,� ������ +LJK�QLW�
URJHQ VWDLQOHVV GXSOH[ VWHHOV� ,ELG�� �� ��w���

��� 0HGRYDU� /�%�� 6DHQNR� 9�<D�� 1DJDHYVN\� ,�'� HW DO�
������ (OHFWURVODJ WHFKQRORJ\ LQ PDFKLQH�EXLOGLQJ� (G� E\
%�(� 3DWRQ� .\LY� 7HNKQLND�

��� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� HW DO� ������
$UF�VODJ UHPHOWLQJ RI WLWDQLXP DQG LWV DOOR\V� ,Q� 3URF� RI
�WK :RUOG 7LWDQLXPs�� &RQI� RQ 7LWDQLXP� 6FL� DQG
7HFKQ�� 6DQ 'LHJR� &DOLI�� -XQH ��w-XO\ ��

��� 0HGRYDU� %�,�� 6KHSHOHY� 9�9�� 6DHQNR� 9�<D� HW DO� ������
$UF�VODJ UHPHOWLQJ RI WLWDQLXP DQG LWV DOOR\V� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

��� 0HGRYDU� /�%�� 6DHQNR� 9�<D�� 3RPDULQ� <X�0� HW DO�
������ 3URVSHFWV RI DSSOLFDWLRQ RI PHWDOOLF FDOFLXP DQG
5(0 LQ (65� ,ELG�� �� ��w���

��� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� HW DO� ������
8WLOL]DWLRQ RI DUWLOOHU\ EDUUHOV XVLQJ $65 ZLWK D VLPXOWDQH�
RXV PHWDO DOOR\LQJ ZLWK QLWURJHQ� ,ELG�� �� ��w���

)LJXUH �� )UDJPHQW RI PDFURVWUXFWXUH RI WRS SDUW RI ORQJLWXGLQDO
VHFWLRQ RI $65 ��� PP GLDPHWHU LQJRW RI ��.K1�0)$ VWHHO ZLWK
����� � QLWURJHQ FRQWHQW �D� DQG H[WHUQDO HQG RI KROORZ HOHFWURGH
DIWHU $65 �E�
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6WDWHPHQW RI *267 ����w��� FRQFHUQLQJ WKH GHWHUPLQDWLRQ RI FKHPLFDO FRPSRVLWLRQ RI PHWDO RI WKH HOHFWURVODJ UHPHOWLQJ�

LV FRQVLGHUHG� ,W LV VKRZQ WKDW WKH FRPSRVLWLRQ RI PHWDO� VDPSOHG IURP WKH ERWWRP SDUW RI WKH (65 LQJRW FDQ GLIIHU�

DFFRUGLQJ WR WKH UHFRPPHQGDWLRQV RI WKLV *267� IURP WKH PHWDO RI WKH UHVW SDUW RI WKH LQJRW LQ FDUERQ� VXOSKXU� VLOLFRQ

DQG RWKHU HDVLO\�R[LGL]LQJ HOHPHQWV� 7KH VDPSOLQJ LV VXJJHVWHG WR EH PDGH IURP WKH WRS SDUW RI WKH LQJRW�

.H\ ZRU G V � HOHFWURVODJ UHPHOWLQJ� LQJRW� IOX[� VROXELOLW\�

VODJ SRRO� FRQVXPDEOH HOHFWURGH� FKHPLFDO FRPSRVLWLRQ

,Q DFFRUGDQFH ZLWK *267 ����w��� LWHP ���� WKH

GHWHUPLQDWLRQ RI WKH FKHPLFDO FRPSRVLWLRQ RI WKH (65
PHWDO LV SHUIRUPHG XVLQJ D VDPSOH WDNHQ IURP D ERWWRP

SDUW RI WKH LQJRW� WKH DSSURSULDWH SDUW RI D ELOOHW RU

D UHDG\ UROOHG VWRFN� )URP GDWD RI >�� �@� WKH FKHPLFDO

FRPSRVLWLRQ RI PHWDO RI WKH (65 LQJRWV LV GHWHUPLQHG

XVXDOO\ EHIRUH DQG DIWHU WKH HOHFWURVODJ UHPHOWLQJ

ZLWKRXW LQGLFDWLQJ WKH VDPSOLQJ SODFH LQ WKH LQJRW�

7KH H[SHULHQFH RI SURGXFWLRQ RI ODUJH�WRQQDJH

(65 LQJRWV XVLQJ PXOWLHOHFWURGH GLDJUDPV DW D OLTXLG

VWDUW ZDV QRW GHVFULEHG LQ WKLV *267� 7KH FKHPLFDO

FRPSRVLWLRQ RI WKH PHWDO VDPSOH IURP WKH ERWWRP SDUW

RI WKH (65 LQJRW FDQ GLIIHU ERWK IURP WKH LQLWLDO PHWDO

DQG DOVR IURP WKH PHWDO RI WKH UHVW SDUW RI WKH LQJRW�

7KHUH H[LVW WKH IROORZLQJ UHDVRQV RI VXFK GLVFUHSDQF\
LQ PDLQ HOHPHQWV RI WKH VWHHO EHLQJ UHPHOWHG�

,Q FDUERQ� )OX[ IRU WKH OLTXLG VWDUW LV PHOWHG XVX�

DOO\ LQ D IOX[ PHOWLQJ IXUQDFH ZLWK D JUDSKLWH OLQLQJ

DQG WKH FDUERQ LV GLVVROYHG SDUWLDOO\ LQ LW� 7KH FDUERQ

VROXELOLW\ LQ IOX[ $1)�� �6L2� x XS WR ���� &D2 x

XS WR �� $O�2� x ��w�� ZW��� &D)� x EDODQFH� LV

���� � >�@� $W WKH LQLWLDO SHULRG RI WKH HOHFWURVODJ

UHPHOWLQJ WKH FDUERQ IURP WKH IOX[ LV WUDQVIHUUHG SDU�

WLDOO\ LQWR WKH PHWDO RI WKH LQJRW ERWWRP SDUW� LQ

SDUWLFXODU LQ UHPHOWLQJ ORZ�FDUERQ VWHHOV� WKXV UHDFK�

LQJ� LQ VHSDUDWH FDVHV� FRQFHQWUDWLRQV H[FHHGLQJ WKH

XSSHU OLPLW IRU WKH JLYHQ VWHHO JUDGH� &RPPRQO\� WKLV

LQFUHDVHG FRQFHQWUDWLRQ RI FDUERQ LV QRW VSUHDG KLJKHU

RI WKH LQJRW ERWWRP FURS HQGV DQG WKH FDUERQ FRQWHQW

LQ WKH UHVW LWV SDUW FRUUHVSRQGV WR WKH FRQWHQW LQ WKH

LQLWLDO PHWDO� 7DEOH � VKRZV WKH DYHUDJHG VWDWLVWLF

GDWD DERXW WKH FDUERQ FRQFHQWUDWLRQ LQ VODE (65 LQ�

JRWV RI ��w�� W PDVV� SURGXFHG E\ 2-6&

�0. $]RYVWDO�

&RQVHTXHQWO\� DV WR WKH FDUERQ FRQFHQWUDWLRQ� RQO\
PHWDO VDPSOLQJ IURP WKH LQJRW WRS SDUW PD\ EH UHS�

UHVHQWDWLYH�

,Q VXOSKXU� 7KH VXOSKXU FRQFHQWUDWLRQ LQ KHLJKW
RI WKH (65 LQJRW LV LQFUHDVHG IURP PLQLPXP YDOXHV

LQ WKH ERWWRP LWV SDUW DQG WR PD[LPXP YDOXHV LQ WKH

WRS SDUW EHFDXVH RI UHGXFLQJ WKH UHILQLQJ DELOLW\ RI
WKH VODJ SRRO GXH WR DFFXPXODWLRQ RI LURQ DQG VLOLFRQ
R[LGHV LQ LW DQG GHFUHDVH LQ LWV EDVLFLW\� ,Q WKLV FDVH�

WKH VDPSOLQJ IURP WKH WRS SDUW RI WKH (65 LQJRW LV
UHSUHVHQWDWLYH IRU (65 PHWDO LQ VXOSKXU �7DEOH ���

:KHQ WKH VODJ SRRO LV GHR[LGL]HG ZLWK DOXPLQLXP
GXULQJ UHPHOWLQJ WKH GLIIHUHQFH EHWZHHQ WKH VXOSKXU
FRQFHQWUDWLRQ LQ WKH ERWWRP DQG WRS SDUWV RI WKH LQJRW

LV DOPRVW GLVDSSHDUHG�

,Q SKRVSKRURXV� 7KH SKRVSKRURXV FRQWHQW LQ PHW�

DO RI WKH (65 LV XVXDOO\ FORVH WR WKH LQLWLDO FRQWHQW�

GLIIHULQJ QHJOLJLEO\ ZLWKLQ WKH UDQJHV RI �����w
����� � LQ WKH LQJRW KHLJKW�

� ,�9� .$3867,1� 9�3� $.8/29� $�$� *$/86+.$ DQG 1�$� 6729%81� ����

7DEOH �� &KDQJH RI FDUERQ FRQFHQWUDWLRQ LQ LQJRW KHLJKW DW (65 XVLQJ DQ R[\IOXRULGH IOX[

1XPEHU

RI GHWHUPLQDWLRQV
6WHHO JUDGH

&DUERQ FRQFHQWUDWLRQ� � ([FHHGLQJ LQ FDUERQ

FRQWHQW LQ ERWWRP SDUW

RI LQJRW DV FRPSDUHG

ZLWK LQLWLDO FRQWHQW� �,QLWLDO PHWDO %RWWRP SDUW RI LQJRW 7RS SDUW RI LQJRW

��� ��*�66K ���� ���� ���� ����

��� ��<X&K6K ���� ���� ���� ����

�� ��*�$)6K ���� ���� ���� ����

2-6& �0. $]RYVWDO�� 0DULXSRO� 8NUDLQH�
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,Q PDQJDQHVH� VLOLFRQ� DOXPLQLXP DQG WLWDQLXP�
'XULQJ WKH HOHFWURVODJ UHPHOWLQJ WKH R[LGL]LQJ SRWHQ�
WLDO RI WKH VODJ SRRO LV LQFUHDVHG GXH WR LWV FRQWDFW
ZLWK WKH DLU DWPRVSKHUH DQG JURZWK RI VFDOH DW WKH
VXUIDFH RI FRQVXPDEOH HOHFWURGHV� 7KLV UHVXOWV LQ
FKDQJH RI FRQWHQW RI WKRVH HOHPHQWV LQ WKH KHLJKW RI
LQJRWV ZKLFK SRVVHVV WKH KLJKHVW DIILQLW\ WR R[\JHQ�

WLWDQLXP� DOXPLQLXP� VLOLFRQ� 0RUHRYHU� WKHLU PD[L�
PXP ORVVHV DUH REVHUYHG LQ WKH WRS SDUW RI WKH LQJRW�
0DQJDQHVH LV PRVW FORVH WR WKH LQLWLDO FRQFHQWUDWLRQ�
KRZHYHU� LW LV DOVR R[LGL]HG E\ ����w���� � LQ WKH
LQJRW WRS SDUW�

+RZHYHU� WKHUH DUH WHFKQRORJLFDO PHDVXUHV �GH�
R[LGDWLRQ RI VODJ SRRO GXULQJ WKH (65� (65 LQ LQHUW
JDV� HWF��� ZKLFK PDNH LW SRVVLEOH WR SUHVHUYH WKH
FRQWHQW RI HOHPHQWV DW WKH OHYHO RI WKH LQLWLDO PHWDO�

7DNLQJ LQWR DFFRXQW WKH DERYH�PHQWLRQHG� ZH FRQ�
VLGHU WKDW WKH VDPSOLQJ IURP WKH WRS �KHDG� SDUW RI
WKH LQJRW RU FRUUHVSRQGLQJ SDUW RI WKH ELOOHW RU UHDG\
UROOHG VWRFN LV PRUH UHSUHVHQWDWLYH IRU GHWHUPLQDWLRQ
RI WKH FKHPLFDO FRPSRVLWLRQ RI WKH HOHFWURVODJ UHPHOW�
LQJ PHWDO�

�� ������ (OHFWURVODJ PHWDO� (G� E\ %�(� 3DWRQ� %�,� 0H�
GRYDU� .\LY� 1DXNRYD 'XPND�

�� /DWDVK� <X�9�� 0HGRYDU� %�,� ������ (OHFWURVODJ UHPHOWLQJ�
0RVFRZ� 0HWDOOXUJLD�

�� 3RQRPDUHQNR� $�*�� .R]ORY� <X�(� ������ $ERXW VROXELOLW\
RI FDUERQ LQ VODJV� ,]Y� $1 6665� 0HWDOO\� �� ��w���

7DEOH �� &KDQJH RI VXOSKXU FRQFHQWUDWLRQ LQ LQJRW KHLJKW GX�
ULQJ (65 ZLWKRXW GHR[LGDWLRQ RI WKH VODJ SRRO LQ WKH UHPHOWLQJ
SURFHVV

1XPEHU RI

GHWHUPLQD�

WLRQV

6WHHO

JUDGH

6XOSKXU FRQFHQWUDWLRQ� �

,QLWLDO

PHWDO

%RWWRP SDUW

RI LQJRW

7RS SDUW

RI LQJRW

����� ����� �����

��� ��*�6 ����� ����� �����

����� ����� �����

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

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

�����������
����������	����

����������	���������������	��������������	�����
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7KH GHVLJQ GLDJUDP RI WKH HOHFWURVODJ FUXFLEOH IXUQDFH IRU XWLOL]DWLRQ RI PHWDO UHMHFWLRQV� LQ SDUWLFXODU ODUJH GLHV� KDV

EHHQ VXJJHVWHG� 7KH WHFKQRORJLFDO YDULDQWV RI UHPHOWLQJ FRPSRVLWH FRQVXPDEOH HOHFWURGHV IURP PHWDO UHMHFWLRQV RI ODUJH

VHFWLRQV XVLQJ WKH ZDWHU�FRROHG QRQ�FRQVXPDEOH HOHFWURGHV ZHUH GHYHORSHG� 7KH LQVWDOODWLRQ FDQ SURGXFH OLTXLG PHWDO

RI XS WR ��� W PDVV RI WKH UHTXLUHG FRPSRVLWLRQ XQGHU WKH FRQGLWLRQV RI PDFKLQH�EXLOGLQJ HQWHUSULVH ZLWK XVH RI WKHLU

RZQ PHWDO UHMHFWLRQV�

.H\ ZRU G V � HOHFWURVODJ UHPHOWLQJ� QRQ�FRQVXPDEOH HOHF�
WURGH� ELILODU FXUUHQW VXSSO\� PHWDO UHMHFWLRQV� FRQWURO SDUDPH�
WHUV RI SURFHVV

,Q WKH SUHVHQW HFRQRPLFDO FRQGLWLRQV WKH XVH RI FDUERQ
DQG DOOR\HG VWHHO UHMHFWLRQV RI RZQ SURGXFWLRQ DF�
TXLUHV HVSHFLDO VLJQLILFDQFH IRU PDQ\ PDFKLQH�EXLOG�
LQJ HQWHUSULVHV� 7KH HOHFWURVODJ FUXFLEOH IXUQDFH FDQ
EH XVHG QRW RQO\ IRU WKH XWLOL]DWLRQ RI WKH PHWDO UH�
MHFWLRQV� EXW DOVR IRU SURGXFLQJ DQHZ WKH ELOOHWV RI
YDULRXV PDVV DQG FRQILJXUDWLRQV� 7KLV VDYHV WKH WLPH
DQG PRQH\ DQG LPSURYHV WKH SURGXFWLRQ IOH[LELOLW\�

7KH H[LVWLQJ HOHFWURVODJ FUXFLEOH IXUQDFHV FDQ UHPHOW
VPDOO OXPS\ ZDVWHV >�@ RU FRPSRVLWH FRQVXPDEOH HOHF�
WURGHV RI D UHODWLYHO\ VPDOO VHFWLRQ >�w�@�

7KXV� DW VRPH PDFKLQH�EXLOGLQJ HQWHUSULVHV WKH
FRPSDUDWLYHO\ VPDOO �XS WR ���w��� W� UHMHFWHG GLHV
DUH UHIRUJHG LQWR HOHPHQWV RI WKH FRQVXPDEOH HOHF�
WURGHV ZKLFK DUH MRLQHG E\ WKH HOHFWURVODJ RU DUF ZHOG�
LQJ IRU WKHLU QH[W UHPHOWLQJ� 7KH UHIRUJLQJ LV DQ H[�
SHQVLYH RSHUDWLRQ�

7KH ODUJH UHMHFWHG GLHV RI ���w��� W PDVV VRPHWLPHV
FDQQRW EH VXEMHFWHG WR WKLV RSHUDWLRQ DQG WKH\ DUH

� 9�,� =$.+$5&+(1.2� 6�9� 6.5,31,.� '�)� &+(51(*$� 9�3� 6.5,31,.� $�1� 6(0(2129 DQG
/�5� '8'(76.$<$� ����

32 �%HO$YWR0D]�� 0LQVN� %HODUXV�
13) �7LWDQ�� .\LY� 8NUDLQH�
1DWLRQDO 7HFKQLFDO 8QLYHUVLW\ RI 8NUDLQH �.3,�� .\LY� 8NUDLQH�
3K\VLFDO�7HFKQLFDO ,QVWLWXWH RI 1$6 RI %HODUXV� 0LQVN� %HODUXV�
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XVHG DV D PHWDO VFUDS� 7R HOLPLQDWH WKH H[SHQVLYH

SURFHVVLQJ DQG LUUHYRFDEOH ORVVHV RI ODUJH�VL]HG UH�

MHFWHG GLHV WKH WHFKQRORJ\ RI SURGXFLQJ QHZ FDVW GLHV

ZDV VXJJHVWHG�

$W WKH PDFKLQH�EXLOGLQJ SODQWV WKHUH LV RIWHQ IHD�

VLELOLW\ WR SURGXFH WKH HOHPHQWV RI FRPSRVLWH HOHF�

WURGHV RI ���w��� PP WKLFNQHVV IURP WKH UHMHFWHG

GLHV XVLQJ WKH R[\JHQ FXWWLQJ� 7KHVH HOHPHQWV FDQ EH
MRLQHG E\ WKH HOHFWURVODJ ZHOGLQJ� 7KH PDQXIDFWXUHG

HOHFWURGHV FDQ GLIIHU� GHSHQGLQJ RQ WKH FRQILJXUDWLRQ

RI WKH GLHV EHLQJ FXW� ERWK LQ JHRPHWULF VKDSH DQG LQ

VHFWLRQ LQ DUHDV RI GLIIHUHQW OHQJWK E\ ��w�� �� ,W LV

LPSRVVLEOH WR UHPHOW WKHP GLUHFWO\ LQWR D ZDWHU�FRROHG

PRXOG GXH WR DQ LQHYLWDEOH IRUPDWLRQ RI ULSSOHV DW

WKH LQJRW VXUIDFH�

+RZHYHU� WKHVH FRPSRVLWH HOHFWURGHV FDQ EH UH�

PHOWHG� DQG LI QHFHVVDU\� DOOR\HG DGGLWLRQDOO\ LQ WKH

HOHFWURVODJ ELILODU FUXFLEOH IXUQDFH IXUQLVKHG ZLWK

QRQ�FRQVXPDEOH HOHFWURGHV� 7KH IXUQDFH (73%����

�)LJXUH �� ZDV GHVLJQHG E\ PRGLILFDWLRQ RI WKH VHULDO
IXUQDFH (6K3����� 7KLV IXUQDFH FRQVLVWV RI D ORDG�FDU�

U\LQJ FROXPQ DQG WZRPRYLQJ FDUULDJHV DORQJ LW� XSSHU

DQG ORZHU FDUULDJHV� $ FRQVXPDEOH HOHFWURGH RI LU�

UHJXODU JHRPHWULF VKDSH LV IL[HG WR WKH XSSHU FDUULDJH�

ZKLOH D EORFN RI QRQ�FRQVXPDEOH HOHFWURGHV x WR WKH

ORZHU FDUULDJH �)LJXUH ��� $ OLQHG FUXFLEOH�ODGOH IRU
WKH OLTXLG PHWDO LV PRXQWHG RQ DZKHHOHG�RXW FDUULDJH�

PRYLQJ DORQJ WKH UDLO WUDFN�

7KH HOHFWURVODJ ELILODU FUXFLEOH IXUQDFH LV RSHUDWLQJ

PDLQO\ RQ D OLTXLG VWDUW� $ SRUWLRQ RI ��w�� NJ RI

PROWHQ IOX[ LV PHOWHG LQ D VHSDUDWH FUXFLEOH�ODGOH DQG�

WKHQ� SRXUHG LQWR D FUXFLEOH�ODGOH IRU WKH OLTXLG PHWDO�

7KH (65 SURFHVV FRQWURO LV SURYLGHG ERWK LQ PDQ�

XDO DQG DXWRPDWLF FRQGLWLRQV �IRU H[DPSOH� E\ FXU�

UHQW�� +HUH� WKH PRYHPHQW RI XSSHU DQG ORZHU FDU�

ULDJHV LV SHUIRUPHG LQ RSSRVLWH GLUHFWLRQ DXWRQR�

PRXVO\� 7KH GLDJUDP RI FRQQHFWLRQ RI UHFRUGLQJ LQ�

VWUXPHQWV SURYLGHV D VLPXOWDQHRXV FRQWURO RI VHYHUDO

HOHFWULFDO FLUFXLWV �)LJXUH ���

)RU DXWRPDWLF FRQWURO RI WKH UHPHOWLQJ SURFHVV D

VWDQGDUG FRQWUROOHU RI $56K07 W\SH� LQFOXGLQJ

WK\ULVWRU FRQWURO GHYLFHV RI WKH %78����� W\SH� LV

XVHG� 7KH GLDJUDP RI GHYLFH FRQWURO �)LJXUH �� LV

GHVLJQHG RQ WKH SULQFLSOH RI WZR�FLUFXLW V\VWHP RI
JRYHUQHG DGMXVWPHQW RI SDUDPHWHUV XVLQJ 3,�FRQWURO�

OHUV RI FXUUHQW DQG VSHHG RI PRWRU� PRYLQJ WKH FDU�
ULDJH�

7HFKQLFDO GDWD RI IXUQDFH

7\SH RI IXUQDFH ������������������������������������������������� %LILODU
0DVV RI SRUWLRQ RI OLTXLG PHWDO� W ����������������������� ����

0D[LPXP VHFWLRQ RI HOHFWURGH UHPHOWHG� PP ��������� ����

0D[LPXP OHQJWK RI FRQVXPDEOH
HOHFWURGHV� PP �������������������������������������������������� ����

1XPEHU RI QRQ�FRQVXPDEOH HOHFWURGHV� SFV ������������ �w�

5DQJH RI PRYHPHQW VSHHGV RI XSSHU DQG ORZHU
FDUULDJHV� P�PLQ ���������������������������������������������� �����w���

7UDYHO RI ZKHHOHG�RXW FDUULDJH� PP ���������������������� ����

7HPSHUDWXUH RI ZDWHU� �&�
DW LQOHW �������������������������������������������������� �w��

DW RXWOHW ������������������������������������������������� ��

:DWHU SUHVVXUH DW LQOHW� 03D ������������������������������ ���w���

(IILFLHQF\ RI IXUQDFH� W�K ���������������������������������� ���w���
3RZHU VRXUFH ���������������������������������������������������� 6LQJOH�

SKDVH WUDQVIRUPHU (2'7V1 �������

0D[LPXP FXUUHQW� N$ ���������������������������������������� ��
2SHQ�FLUFXLW YROWDJH� 9 �������������������������������������� ����w�����

5DWHG SRZHU� N9⋅$ �������������������������������������������� ����
1XPEHU RI VWDJHV RI YROWDJH DGMXVWPHQW ���������������� ��

'LPHQVLRQV RI IXUQDFH� PP�

OHQJWK ���������������������������������������������������� ����

ZLGWK ���������������������������������������������������� ����
KHLJKW ���������������������������������������������������� ����

0DVV RI IXUQDFH� W ��������������������������������������������� ��

'XULQJ RSHUDWLRQ WKH SUHVHW FXUUHQW RI UHPHOWLQJ

LV FRPSDUHG ZLWK WKH PHDVXUHG FXUUHQW� ,Q FDVH RI D

GLVEDODQFH WKH FRQWUROOHU HQHUJL]HV WKH FRQWURO DFWLRQ
VXSSOLHG WR WKH WK\ULVWRU GHYLFH LQ ZKLFK WKH YROWDJH

LV IRUPHG WR VXSSO\ WKH '& UHYHUVH PRWRU RI 3%67

W\SH� PRYLQJ WKH XSSHU FDUULDJH ZLWK D FRQVXPDEOH

HOHFWURGH� $ WDFKRJHQHUDWRU� UHDOL]LQJ WKH IHHGEDFN

LQ WKH VSHHG RI PRWRU URWDWLRQ ZLWK D WK\ULVWRU GHYLFH�

LV PRXQWHG RQ WKH PRWRU VKDIW�

7KH FRQWURO RI WKH ORZHU FDUULDJH ZLWK WKH QRQ�

FRQVXPDEOH HOHFWURGHV LV VLPLODU� 7KLV FDUULDJH LV DOVR

PRYHG ZLWK WKH KHOS RI WKH PRWRU 3%67 W\SH RSSRVLWH

WKH FRQVXPDEOH HOHFWURGH DV WKH PHWDO DFFXPXODWHV LQ

WKH FUXFLEOH�

)LJXUH �� (OHFWURVODJ FUXFLEOH ELILODU IXUQDFH (73%���� ZLWK D
FRQVXPDEOH HOHFWURGH DQG D EORFN RI QRQ�FRQVXPDEOH HOHFWURGHV�
� x XSSHU FDUULDJH� � x FROXPQ� � x ORZHU FDUULDJH� � x FRQ�
VXPDEOH HOHFWURGH� � x EORFN RI QRQ�FRQVXPDEOH HOHFWURGHV� � x
FUXFLEOH�ODGOH ZLWK D KDQG GULYH

)LJXUH �� 6FKHPH RI PHOWLQJ VSDFH ZLWK D FRQVXPDEOH HOHFWURGH
DQG D EORFN RI QRQ�FRQVXPDEOH HOHFWURGHV DUUDQJHG LQ LW� � x
FRQVXPDEOH HOHFWURGH� � x QRQ�FRQVXPDEOH HOHFWURGHV� � x OLQHG
FUXFLEOH�ODGOH
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2WKHU YDULDQWV ZLWK FRQVXPDEOH DQG QRQ�FRQVXP�

DEOH HOHFWURGHV DUH SRVVLEOH� )RU H[DPSOH� WZR FRQVXP�

DEOH HOHFWURGHV DUH IDVWHQHG RQ WKH XSSHU FDUULDJH XVLQJ

WKH ELILODU GLDJUDP FRQQHFWLRQ� ZKLOH RQH QRQ�FRQVXP�

DEOH HOHFWURGH LV IL[HGRQ WKH ORZHU FDUULDJH�7KHGLDJUDP

RI WKH DXWRPDWLF FRQWURO LV VLPLODU �)LJXUH ���

7KLV IXUQDFH FDQ DFFXPXODWH D SRUWLRQ RI ��� W RI

SXUH HOHFWURVODJ PHWDO LQ D FUXFLEOH�ODGOH DQG SHUIRUP

LWV SRXULQJ LQWR VHYHUDO IRUPV ORFDWHG LQ D IXUQDFH

ED\� ZLWKRXW XVH RI DQ LQWHUPHGLDWH SRXULQJ ODGOH�

7KH DEVHQFH RI D KHDUWK HOHFWURGH LQFUHDVHV WKH UHOL�

DELOLW\ RI WKH IXUQDFH� DV WKH IHDVLELOLW\ RI OHDNDJH RI

WKH PROWHQ PHWDO WKURXJK WKH FUXFLEOH ERWWRP SDUW LV

HOLPLQDWHG� 6LPXOWDQHRXVO\� WKH VHUYLFH OLIH RI WKH

ERWWRP SDUW OLQLQJ DQG� FRQVHTXHQWO\� RI WKH FUXFLEOH�

DV D ZKROH� LV LQFUHDVHG�

8VLQJ WKH DERYH�GHVFULEHG FUXFLEOH IXUQDFH LW LV

SRVVLEOH WR SURGXFH WKH OLTXLG PHWDO RI DOPRVW DQ\

FKHPLFDO FRPSRVLWLRQ� 7KH IXUQDFH (73%���� PDNHV

LW SRVVLEOH WR FUHDWH D FORVHG F\FOH RI PHWDO XVH DW RQH

PDFKLQH�EXLOGLQJ HQWHUSULVH� ,Q DGGLWLRQ� WKH HQWHU�

SULVH VDYHV IXQGV IRU SXUFKDVH RI PHWDO� WUDQVSRUW H[�

SHQVHV� DV LQ WKLV FDVH RQO\ WKH GHOLYHU\ RI IHUURDOOR\V

FRQWDLQLQJ VHSDUDWH ODFNLQJ HOHPHQWV IRU SURGXFLQJ

DOOR\HG VWHHOV DQG DOOR\V LV QHFHVVDU\�

�� 6NULSQLN� 6�9�� &KHUQHJD� '�)�� 6XVKNHYLFK� 1�1� ������
'HVLJQ SHFXOLDULWLHV RI HOHFWURVODJ FUXFLEOH ELILODU IXUQDFH
(73%����� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 0DULQVN\� *�6� HW DO� ������
6WDWH�RI�WKH�DUW DQG SURVSHFWV RI GHYHORSPHQW RI HOHFWURVODJ
FUXFLEOH PHOWLQJ DQG SRXULQJ RI PHWDO� ,Q� (OHFWURVODJ WHFK�
QRORJ\� .\LY� 1DXNRYD 'XPND�

�� 0HGRYDU� %�,�� 6KHYWVRY� 9�/�� 0DUW\Q� 9�,� HW DO� ������
(OHFWURVODJ FUXFLEOH PHOWLQJ DQG SRXULQJ RI PHWDO� .\LY�
1DXNRYD 'XPND�

�� &KHUQHWV� $�9� ������ (OHFWURVODJ FUXFLEOH PHOWLQJ DV D
PHWKRG RI SURGXFWLRQ RI OLTXLG PHWDO IRU WKH QHZ JHQHUDWLRQ
RI HOHFWURVODJ WHFKQRORJLHV ZLWKRXW FRQVXPDEOH HOHFWURGHV�
3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w��

)LJXUH ��'LDJUDP RI FRQQHFWLRQ RI FRQVXPDEOH DQG QRQ�FRQVXPDEOH
HOHFWURGHV� � x FRQVXPDEOH HOHFWURGHV� � x QRQ�FRQVXPDEOH HOHF�
WURGH� � x VODJ SRRO� � x PHWDO SRRO� � x OLQHG FUXFLEOH�ODGOH�
� x FRQWUROOHU $56K07� � x PRWRU RI PRYHPHQW RI WKH XSSHU
FDUULDJHZLWK FRQVXPDEOH HOHFWURGHV� �x WDFKRJHQHUDWRU RI WKH XSSHU
FDUULDJH� � x PRWRU RI PRYHPHQW RI WKH ORZHU FDUULDJH ZLWK QRQ�
FRQVXPDEOH HOHFWURGH� �� x WDFKRJHQHUDWRU RI WKH ORZHU FDUULDJH

)LJXUH �� 'LDJUDP RI FRQQHFWLRQ RI FRQVXPDEOH DQG QRQ�FRQVXP�
DEOH HOHFWURGHV� � x FRQVXPDEOH HOHFWURGH� � x QRQ�FRQVXPDEOH
HOHFWURGHV� � x VODJ SRRO� � x PHWDO SRRO� � x OLQHG FUXFLEOH�
ODGOH� � x FRQWUROOHU $56K07� � x PRWRU RI PRYHPHQW RI XSSHU
FDUULDJH ZLWK D FRQVXPDEOH HOHFWURGH� � x WDFKRJHQHUDWRU RI WKH
XSSHU FDUULDJH� � x PRWRU RI PRYHPHQW RI ORZHU FDUULDJH ZLWK
QRQ�FRQVXPDEOH HOHFWURGHV� �� x WDFKRJHQHUDWRU RI WKH ORZHU FDU�
ULDJH
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6XJJHVWHG LV WKH PHWKRG RI HOHFWURQ EHDP KRW VSUD\LQJ IRU SURGXFLQJ VWUXFWXUDO PDWHULDOV RXW RI D GLVSHUVHG PHOW� 7KH

PHWKRG FRPELQHV DGYDQWDJHV RI JUDQXODWLQJ DQG FDVWLQJ WHFKQRORJLHV� 7KH PDWKHPDWLFDO PRGHO RI WKHUPDO SURFHVVHV RI

VROLGLILFDWLRQ RI D GLVSHUVHG PHOW KDV EHHQ GHYHORSHG� 7KH LQLWLDO UDWH RI FRROLQJ RI D KHDW�UHVLVWDQW QLFNHO DOOR\ LQ

VROLGLILFDWLRQ KDV EHHQ GHWHUPLQHG� DQG HIIHFW RI D KLJK FRROLQJ UDWH RQ VWUXFWXUH RI WKH DOOR\ KDV EHHQ VWXGLHG�

.H\ ZRU G V � KHDW�UHVLVWDQW QLFNHO DOOR\� HOHFWURQ EHDP�
GLVSHUVHG PHOW� FRROLQJ UDWH� VWUXFWXUH� PDWKHPDWLFDO PRGHO

0XOWLFRPSRQHQW KHDW�UHVLVWDQW 1L�EDVH VXSHUDOOR\V
DUH ZLGHO\ DSSOLHG IRU PDQXIDFWXUH RI WXUELQH XQLWV

DQG MHW HQJLQHV� 2QH RI WKH NH\ SUREOHPV RI WKHLU

WHFKQRORJ\ LV SURGXFLQJ D KRPRJHQHRXV� ILQH�JUDLQHG

VWUXFWXUH RI PHWDO DW WKH VWDJH RI LQJRW RU FDVWLQJ�

7KLV VWUXFWXUH FDQ EH DFKLHYHG E\ PXOWLVWDJH WKHU�
PRPHFKDQLFDO WUHDWPHQW �LQ WKLV FDVH ORVVHV RI PHWDO

DPRXQW WR �� �� RU XVLQJ WHFKQRORJLHV ZKLFK SURYLGH

D KLJK UDWH RI FRROLQJ RI WKH PHOW DW WKH VWDJH RI

VROLGLILFDWLRQ�

7KH PHFKDQLVP RI GHSHQGHQFH RI VWUXFWXUH RI D

PDWHULDO XSRQ WKH FRROLQJ UDWH FDQ EH WUDFHG IURP WKH

FKDLQ FRROLQJ UDWHwRYHUFRROLQJwUDWH RI QXFOHDWLRQw

TXDQWLW\ RI VROLGLILFDWLRQ FHQWUHVwVWUXFWXUH >�@� $Q

LQFUHDVH LQ WKH UDWH RI FRROLQJ RI WKH PHOW DW WKH VWDJH

RI VROLGLILFDWLRQ LV DFFRPSDQLHG E\ DQ LQFUHDVH LQ WKH

QXPEHU RI QXFOHL RI FU\VWDOOLQH JUDLQV� 7KLV OHDGV WR

UHILQLQJ RI VWUXFWXUH RI DQ LQJRW DQG D PRUH XQLIRUP

GLVWULEXWLRQ RI DOOR\LQJ HOHPHQWV DQG SKDVHV� ,Q KHDW�
UHVLVWDQW QLFNHO DOOR\V� LQ SDUWLFXODU� WKLV VKRZV XS DV

D GHFUHDVH LQ VL]HV RI GHQGULWHV� GHFUHDVH LQ OLTXDWLRQ�

UHILQLQJ DQG LPSURYHPHQW RI FRQILJXUDWLRQ RI WKH

VWUHQJWKHQLQJ γ′�SKDVH DQG RWKHU SKDVH FRPSRQHQWV

RI D PLFURVWUXFWXUH�

([SHULPHQW� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ

,QVWLWXWH GHYHORSHG D QHZ HOHFWURQ EHDP KRW VSUD\LQJ
�(%+6� PHWKRG IRU SURGXFLQJ VWUXFWXUDO PDWHULDOV
IURP GLVSHUVHG PHOWV >�@� 7KH PHWKRG FRPSULVHV HOHF�
WURQ EHDP PHOWLQJ RI D FRQVXPDEOH ELOOHW� IRUPDWLRQ

RI D GLUHFWHG IORZ RI GLVSHUVHG GURSOHWV RI WKH PHOW

XQGHU WKH HIIHFW RI FHQWULIXJDO IRUFHV DQG GHSRVLWLRQ

RI WKLV IORZ RQ D VKDSLQJ VXUIDFH �VXEVWUDWH� WR SUR�

GXFH DQ LQJRW� ELOOHW RI D SDUW RU FRDWLQJ� 2ZLQJ WR
D KLJK YHORFLW\ RI WKH GURSOHWV LQ WKH IORZ �DERXW

�� P�V�� XSRQ FROOLGLQJ ZLWK WKH VXEVWUDWH WKH\

VSUHDG RYHU WKH VXUIDFH WR D WKLFNQHVV RI ���w��� µP�
WKXV SURYLGLQJ D KLJK FRROLQJ UDWH GXULQJ VROLGLILFD�

WLRQ� 7KH SURFHVV LV FDUULHG RXW LQ D VKLHOGLQJ HQYL�

URQPHQW RI YDFXXP� 7KHUHIRUH� WKH VSUHDG GURSOHWV

VROLGLI\ WR IRUP D GHQVH OD\HU RI D PDWHULDO ZLWK QR

R[LGL]HG LQWHUIDFHV� 7KHUHIRUH� WKH PHWKRG FRPELQHV

DGYDQWDJHV RI FDVWLQJ DQG JUDQXODWLQJ WHFKQRORJLHV�

7KH (%+6 SURFHVV ZDV HPSOR\HG WR SURGXFH D KHDW�
UHVLVWDQW QLFNHO DOOR\ ZKRVH FRPSRVLWLRQ LV JLYHQ LQ WKH

7DEOH� $Q LQLWLDO ELOOHW ZDV SURGXFHG E\ WKH HOHFWURQ
EHDP FROG�KHDUWK �(%&+� UHPHOWLQJ PHWKRG >�@� 'XU�
LQJ WKH (%+6 SURFHVV WKH DOOR\ ZDV GHSRVLWHG RQ D VWHHO

VXEVWUDWH SUHKHDWHG E\ WKH HOHFWURQ EHDP� 7HPSHUDWXUH

RI WKH VXEVWUDWH GXULQJ WKH H[SHULPHQW ZDV IL[HG XVLQJ

WKUHH WXQJVWHQ�UKHQLXP WKHUPRFRXSOHV� 0DVV RI WKH GH�

SRVLWHG PDWHULDO ZDV GHWHUPLQHG E\ ZHLJKLQJ WKH VDP�

SOHV EHIRUH DQG DIWHU WKH H[SHULPHQW� $IWHU (%+6 WKH

KHDW�UHVLVWDQW DOOR\ZDV VXEMHFWHG WR VWDQGDUGKHDW WUHDW�
PHQW �TXHQFKLQJ � DJHLQJ��

0DWKHPDWLFDOPRGHO�7KHPDWKHPDWLFDOPRGHO GH�

VFULELQJ WKH (%+6 SURFHVV ZDV GHYHORSHG IRU QXPHUL�

FDO FDOFXODWLRQ RI WKHUPDO�SK\VLFDO SDUDPHWHUV RI VR�

OLGLILFDWLRQ RI WKH PHOW� 7KH PHOW ZDV GHSRVLWHG RQ D
VXEVWUDWH E\ D FRQWLQXRXV MHW RU IORZ RI GURSOHWV�

FRQILJXUDWLRQ DQG FRQVXPSWLRQ RI WKH PDWHULDO EHLQJ

NHSW FRQVWDQW� 7KH GHSRVLWLRQ ZDV SHUIRUPHG OD\HU

� %�(� 3$721� *�9� =+8. DQG 1�3� 75,*8%� ����

&KHPLFDO FRPSRVLWLRQ RI KHDW�UHVLVWDQW QLFNHO DOOR\ DIWHU GLI�
IHUHQW W\SHV RI UHPHOWLQJ

7\SH RI

SURFHVV

&RQWHQW RI HOHPHQWV� ZW��

&U 1L $O 7L 0R &R )H

(%&+ ���� %DVH ��� ��� ��� ���� ���

(%+6 ���� %DVH ��� ��� ��� ���� ���
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� .\LY� 8NUDLQH�
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E\ OD\HU� ,Q DGGLWLRQ� LW ZDV DFFRPSDQLHG E\ KHDWLQJ
RI WKH GHSRVLWLRQ ]RQH ZLWK D VXUIDFH�DFWLRQ HQHUJ\
VRXUFH� VXFK DV HOHFWURQ EHDP� &RQGLWLRQV RI KHDW
H[FKDQJH ZLWK DQ HQYLURQPHQW� GHWHUPLQHG E\ YDF�
XXP� DUH OLPLWHG E\ UDGLDWLRQ LQ DFFRUGDQFH ZLWK WKH
.LUFKKRIIsV ODZ�

7KH EDVLF WKHUPDO�SK\VLFDO SURFHVVHV DUH GHVFULEHG
E\ WKH HTXDWLRQ RI KHDW WUDQVIHU LQWR WKH UHJLRQV RI
VROLG DQG OLTXLG SKDVHV� ,Q WKH VROLG SKDVH WKH WHP�
SHUDWXUH ILHOG REH\V WKH )RXULHU HTXDWLRQ RI WKHUPDO
FRQGXFWLYLW\

Fρ G7

GW
= GLY(λ⋅7JUDG� � I�

ZKHUH 7 LV WKH WHPSHUDWXUH� F LV WKH VSHFLILF KHDW� ρ
LV WKH PDWHULDO GHQVLW\� I LV WKH SRZHU RI WKH YROXPHWULF
KHDW VRXUFHV DQG λ LV WKH WKHUPDO FRQGXFWLYLW\� ,Q D
UHJLRQ RI WKH OLTXLG SKDVH WKH K\GURG\QDPLF DVSHFWV
DUH LJQRUHG� 7KLV LV DVVRFLDWHG ZLWK VSHFLILF FRQGLWLRQV
RI WKH PHWKRG� WKLQ OD\HUV RI D VROLGLI\LQJ PDWHULDO
GHWHUPLQH GLUHFWLRQ RI WKH WHPSHUDWXUH JUDGLHQW QRU�
PDO WR WKH VXEVWUDWH DQG ODPLQDU �5H ≈ �� IORZV RI
WKH OLTXLG PHWDO GLUHFWHG SDUDOOHO WR WKH VXEVWUDWH
VXUIDFH� 7KH HIIHFW RI UHOHDVH RI ODWHQW VROLGLILFDWLRQ
KHDW LV DOORZHG IRU LQ WKH IRUP RI DGGLWLRQ RI FHUWDLQ
IXQFWLRQ ϕ�7� WR KHDW FDSDFLW\� WKLV IXQFWLRQ EHLQJ
FRQWLQXRXV ZLWKLQ WKH VROLGXVwOLTXLGXV UDQJH >76�

7/@� ∫
7/

76

ϕ(7) = / �/ LV WKH ODWHQW KHDW RI SKDVH WUDQVL�

WLRQ� DQG ϕ�7�  � ZLWKLQ D UDQJH RI �7 � 76� ∪
�7 ! 7/��

5DGLDQW KHDW H[FKDQJH ZLWK WKH HQYLURQPHQW RFFXUV
RQ WKH VXUIDFH RI WKH GHSRVLWHG OD\HU� 7KLV VXUIDFH LV
KHDWHG E\ DQ HQHUJ\ VRXUFH ZLWK VSHFLILF SRZHU :�W��

%RXQGDU\ FRQGLWLRQ KDV WKH IROORZLQJ IRUP�

λ(7) ∂7
∂[

= :(W) w εψ (7�
w 7HQ

� )�

ZKHUH ψ LV WKH 6WHIDQw%ROW]PDQQ FRQVWDQW� ε LV WKH
VXUIDFH HPLVVLYLW\ IDFWRU DQG 7HQ LV WKH HQYLURQPHQW
WHPSHUDWXUH� $OORZDQFH IRU UHOHDVH RI ODWHQW VROLGLIL�
FDWLRQ KHDW PDNHV LW SRVVLEOH WR VROYH WKH SUREOHP E\
WKH VKRFN�FDSWXULQJ PHWKRG ZLWKRXW H[SOLFLW VHSDUD�
WLRQ RI WKH SKDVH WUDQVLWLRQ ERXQGDU\�

&DOFXODWLRQ UHVXOWV DQG LQYHVWLJDWLRQ RI VDPSOHV�
&DOFXODWLRQV ZHUH PDGH ZLWKLQ WKH IUDPHV RI WKH
PRGHO IRU WKH VWHHO VXEVWUDWH DQG GHSRVLWHG KHDW UH�
VLVWDQW DOOR\ �76  ���� .�� 7KH FDOFXODWLRQV UHVXOWHG
LQ WKH HYROYLQJ WHPSHUDWXUH ILHOGV LQ WKH V\VWHP PD�
WHULDOwVXEVWUDWH� $QDO\VLV RI WKH WHPSHUDWXUH ILHOGV
PDGH LW SRVVLEOH WR GHULYH GHSHQGHQFH RI WKH UDWH RI
FRROLQJ RI WKH PHOW� YFRRO� XSRQ WKH WHPSHUDWXUH RI
SUHKHDWLQJ RI WKH VXEVWUDWH� 7S �)LJXUH ��� 7KH RUGHU
RI PDJQLWXGH RI WKH FRROLQJ UDWHV� FKDUDFWHULVWLF RI
WKH PHWKRG XQGHU FRQVLGHUDWLRQ� LV ��� .�V� ZKLFK
LV PXFK KLJKHU WKDQ WKDW RI WUDGLWLRQDO W\SHV RI UH�
PHOWLQJ� L�H� EHORZ � .�V�

6WUXFWXUH RI WKH SURGXFHG VDPSOHV ZDV VWXGLHG
XVLQJ WKH RSWLFDO PLFURVFRSH �1HRSKRW�� +LJK FRROLQJ
UDWHV OHDG WR UHILQLQJ RI WKH GHQGULWLF VWUXFWXUH �)L�
JXUH �� RI WKH DOOR\ DIWHU (%+6� DV FRPSDUHG ZLWK
WKH LQLWLDO ELOOHW� 7KH HPSLULFDO GHSHQGHQFH >�@ DO�
ORZHG HVWLPDWLRQ RI WKH FRROLQJ UDWHV GXULQJ VROLGLIL�
FDWLRQ IRU WKH LQLWLDO PHWDO ���� .�V� DQG UHVXOWLQJ
VDPSOHV ���w��⋅��� .�V� RQ WKH EDVH RI WKH GLVWDQFH
EHWZHHQ WKH VHFRQGDU\ GHQGULWH EUDQFKHV� ZKLFK FR�
LQFLGH ZLWK WKH FDOFXODWHG GDWD�

,QYHVWLJDWLRQ RI GLVWULEXWLRQ RI HOHPHQWV LQ GHQ�
GULWH EUDQFKHV DQG GHQGULWH VSDFLQJV FRQGXFWHG XVLQJ
WKH �&DPHED[� PLFURDQDO\VHU VKRZHG WKDW OLTXDWLRQ
RI EDVLF DOOR\LQJ HOHPHQWV ZDV QRW LQ H[FHVV RI � ��

0LFURVWUXFWXUH RI WKH KHDW�WUHDWHG VDPSOHV �)L�
JXUH �� ZDV VWXGLHG XVLQJ WKH WUDQVPLVVLRQ HOHFWURQ
PLFURVFRSH� 7KH DQDO\WLF HOHFWURQ PLFURVFRSH DQG WKH
�6XSHUSURE� DQDO\VHU ZHUH XVHG WR LGHQWLI\ SKDVHV�
3DUWLFOHV RI WKH γ′�SKDVH ZHUH ��w�� µP LQ VL]H� DQG
WKH γ′�SKDVH KDG D IDYRXUDEOH FRQILJXUDWLRQ� &DUELGHV
ZHUH QRW LQ H[FHVV RI � µP LQ VL]H� DQG WKH\ ZHUH

)LJXUH �� 'HSHQGHQFH RI WKH UDWH RI FRROLQJ RI WKH PHOW LQ VROLGL�
ILFDWLRQ XSRQ WKH WHPSHUDWXUH RI SUHKHDWLQJ RI WKH VXEVWUDWH

)LJXUH �� 6WUXFWXUH RI KHDW�UHVLVWDQW QLFNHO DOOR\ DIWHU (%&+ �D� �×���� DQG (%+6 �E� �×����
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GLVVLSDWHG LQ WKH EXON RI JUDLQ� UDWKHU WKDQ FRQFHQ�
WUDWHG DORQJ LWV ERXQGDULHV�

&21&/86,216

�� $Q LQFUHDVH LQ WKH FRROLQJ UDWH DW D VWDJH RI VROLGL�
ILFDWLRQ RI KHDW�UHVLVWDQW QLFNHO DOOR\V OHDGV WR UHILQLQJ
RI WKH GHQGULWLF VWUXFWXUH� XQLIRUP GLVWULEXWLRQ RI DO�
OR\LQJ HOHPHQWV� GHFUHDVH LQ VL]H DQG LPSURYHPHQW RI
FRQILJXUDWLRQ RI WKH SKDVH FRPSRQHQWV�

�� 7KH (%+6 PHWKRG SURYLGHV FRROLQJ UDWHV RI
��� .�V� 7KH GLVWDQFH EHWZHHQ WKH VHFRQGDU\ GHQ�
GULWH EUDQFKHV LQ WKH (%+6 KHDW�UHVLVWDQW DOOR\V LV

GHFUHDVHG �� WLPHV� WKH GHJUHH RI OLTXDWLRQ RI DOOR\LQJ
HOHPHQWV LV UHGXFHG DQG UHILQLQJ RI WKH VWUHQJWKHQLQJ
γ′�SKDVH RFFXUV�

�� ������ 3K\VLFDO PHWDOV VFLHQFH� (G� E\ 5�8� .DQ DQG
3� +DD]HQ� 0RVFRZ� 0HWDOOXUJLD�

�� 7LNKRQRYVN\� $�/�� 3DS� 3�$�� .R]OLWLQ� '�$� HW DO� ������
0HWKRG RI HOHFWURQ EHDP FDVWLQJ IURP D GLVSHUVHG PHOW�
3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� 3DWRQ� %�(�� 7ULJXE� 1�3�� .R]OLWLQ� '�$� HW DO� ������
(OHFWURQ EHDP PHOWLQJ� .\LY� 1DXNRYD 'XPND�

�� %URG\� +�'� ������ *UDLQV� GHQGULWHV DQG OLTXDWLRQ LQ FDVW
DOOR\V� ,Q� 9DFXXP PHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJLD�

)LJXUH �� 0LFURVWUXFWXUH RI KHDW�UHVLVWDQW QLFNHO DOOR\ DIWHU KHDW WUHDWPHQW� D x γ′�SKDVH �×������� E x FDUELGHV �×�����

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

	�������������	���������	����

	������������������	�����	����

�������
����������������������� 

7KH SDSHU SURSRVHV D PRUH VWULQJHQW SURFHGXUH RI WHVWLQJ KLJK�WHPSHUDWXUH UHVLVWDQW SURWHFWLYH FRDWLQJV RQ UHIUDFWRU\

PHWDOV DQG DOOR\V LQ D G\QDPLF JDVHRXV PHGLXP ZLWK DGGLWLRQ RI DQ R[LGLVHU� 6WXGLHG ZDV WKH PRGH RI EUHDNLQJ XS RI

D IRXU�OD\HU SURWHFWLYH FRDWLQJ� DSSOLHG RQ IODW WHQVLOH WHVWLQJ VSHFLPHQV RI QLRELXP E\ WKH PHWKRG RI YDFXXP HOHFWURQ

EHDP GHSRVLWLRQ IURP WKH YDSRXU SKDVH�

.H\ ZRU G V � SURWHFWLYH FRDWLQJV� UHIUDFWRU\ PHWDOV� KLJK�
WHPSHUDWXUH UHVLVWDQFH� KLJK�WHPSHUDWXUH R[LGDWLRQ� PRO\EGH�
QXP GLVLOLFLGH� PXOWLOD\HU FRDWLQJ� SURFHGXUH� G\QDPLF JDVHRXV
PHGLXP� R[LGLVHU� WHPSHUDWXUH ILHOG� WHQVLOH WHVWLQJ VSHFLPHQV�
IUDFWXUH PRGH

5HIUDFWRU\ PHWDOV DQG DOOR\V RQ WKHLU EDVH DUH ILQGLQJ
HYHU ZLGHU DSSOLFDWLRQ LQ PRGHUQ HQJLQHHULQJ GXH WR
WKHLU H[FHOOHQW KLJK�WHPSHUDWXUH VWUHQJWK� 1LRELXP LV
RI VSHFLDO LQWHUHVW DPRQJ WKHP� EHLQJ FKDUDFWHULVHG
E\ D KLJK GXFWLOLW\ DQG VDWLVIDFWRU\ ZHOGDELOLW\� ,W
OHQGV LWVHOI UHDGLO\ WR PHFKDQLFDO WUHDWPHQW E\ IRUJ�
LQJ� VWDPSLQJ� EURDFKLQJ� GUDZLQJ� HWF� $OOR\V ZLWK
KLJK YDOXHV RI PHFKDQLFDO VWUHQJWK ZHUH SURGXFHG RQ

QLRELXP EDVH >�@� 7KH PDLQ GLVDGYDQWDJH� OLPLWLQJ D
EURDG LQWURGXFWLRQ RI QLRELXP DOOR\V LQWR KLJK�WHP�
SHUDWXUH HQJLQHHULQJ� LV WKHLU ORZ KLJK�WHPSHUDWXUH
VWUHQJWK� 2QH RI WKH ZD\V WR VROYH WKLV SUREOHP LV
GHYHORSPHQW RI SURWHFWLYH FRDWLQJV WKDW ORZHU WKH
DFWLYLW\ RI R[LGDWLRQ SURFHVVHV� RFFXUULQJ ERWK LQVLGH
WKH PHWDO PDWUL[� DQG RQ WKH PHWDOwJDVHRXV PHGLXP
LQWHUIDFH�

,QFUHDVH RI KLJK�WHPSHUDWXUH VWUHQJWK RI QLRELXP
DOOR\V LV SRVVLEOH E\ DSSO\LQJ RQH� DQG PXOWLFRPSR�
QHQW GLIIXVLRQ FRDWLQJV >�w�@� 7KH SURWHFWLYH HIIHFW
RI VXFK FRDWLQJV� KRZHYHU� GHFUHDVHV DW WHPSHUDWXUHV
DERYH ���� �& WKURXJK GHYHORSPHQW RI GLIIXVLRQ SUR�

� $�9� '(0&+,6+,1� <X�$� .85$329� (�3� 32/,6+&+8. DQG (�*� 7(51292-� ����
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FHVVHV RQ WKH FRDWLQJwVXEVWUDWH LQWHUIDFH� 6LOLFLGH

FRDWLQJV DUH XVHG� IRU LQVWDQFH� IRU SURWHFWLRQ RI QLR�

ELXP DOOR\V IURP R[LGDWLRQ >�@� +RZHYHU� QLRELXP
GLVLOLFLGH DW WHPSHUDWXUHV DERYH ���� �& KDV D ORZ
KLJK�WHPSHUDWXUH UHVLVWDQFH DV D UHVXOW RI IRUPDWLRQ
RI D ORRVH R[LGH ILOP� FRQVLVWLQJ RI 1E�2� DQG 6L2�

WKDW VOLJKWO\ VORZV GRZQ R[\JHQ GLIIXVLRQ LQWR WKH

PDWUL[� DQG HDVLO\ VHSDUDWHV IURP WKH PHWDO VXEVWUDWH

GXULQJ R[LGDWLRQ�
2YHU WKH UHFHQW \HDUV WKH UHVHDUFKHUVs DWWHQWLRQ

KDV EHHQ DWWUDFWHG E\ FRDWLQJV� EDVHG RQ UHIUDFWRU\
FRPSRXQGV� PRUH VWDEOH LQ KLJK�WHPSHUDWXUH JDV

IORZV� IRU LQVWDQFH� PRO\EGHQXP GLVLOLFLGH� WKDW IHD�
WXUHV DQ H[FHOOHQW KLJK�WHPSHUDWXUH UHVLVWDQFH DQG

YDOXH RI WKHUPDO FRHIILFLHQW RI OLQHDU H[SDQVLRQ

�7&/(�� FORVH WR WKDW RI QLRELXP >�w�@�
3URPLVLQJ DSSURDFKHV WR UHIUDFWRU\ PHWDO SURWHF�

WLRQ IURP R[LGDWLRQ DUH FUHDWLRQ E\ YDULRXV PHWKRGV�

RI FRPSRVLWLRQV� FRQVLVWLQJ RI VHYHUDO OD\HUV� HDFK RI

ZKLFK KDV D FHUWDLQ IXQFWLRQ >��@� $ PXOWLOD\HU FRDW�

LQJ KDV D ORQJHU VHUYLFH OLIH DQG OLPLWHG VXVFHSWLELOLW\

WR RYHUKHDWLQJ� WKXV DOORZLQJ WKH WHPSHUDWXUH PRGH

RI WKH LWHP VHUYLFH WR EH LQFUHDVHG�

7KLV VWXG\ FRQVLVWHG LQ LQYHVWLJDWLRQ RI WKH IHD�
WXUHV RI EUHDNLQJ XS RI D IRXU�OD\HU SURWHFWLYH FRDWLQJ

RQ QLRELXP DOOR\ �907V �: x ���� 0R x ����

=U x ���� ZW��� 1E x EDVH� XQGHU WKH FRQGLWLRQV

RI KLJK�WHPSHUDWXUH R[LGDWLRQ� 7KHPXOWLOD\HU FRDWLQJ

ZDV DSSOLHG RQ VSHFLPHQV E\ WKH PHWKRG RI YDFXXP

HOHFWURQ EHDP YDSRXU SKDVH GHSRVLWLRQ >��@�

3XUH PRO\EGHQXP RI � µP WKLFNQHVV ZDV DSSOLHG

DV WKH ILUVW GLIIXVLRQ EDUULHU� WKDW� RQ WKH RQH KDQG�

VKRXOG SUHYHQW GLUHFW LQWHUDFWLRQ RI WKH VFDOH�UHVLVWDQW

FRDWLQJ OD\HU RI 0R6L� ZLWK WKH EDVH� DQG� RQ WKH

RWKHU KDQG� SURPRWH UHOD[DWLRQ RI VWUHVVHV LQ WKH FRDW�

LQJ DQG LPSURYHPHQW RI DGKHVLRQ�

7KH VHFRQG VFDOH�UHVLVWDQW OD\HU RI 0R6L� a�� µP
WKLFN ZDV SURGXFHG E\ VLPXOWDQHRXV GHSRVLWLRQ RI

PRO\EGHQXP DQG VLOLFRQ IURP WZR VRXUFHV XQGHU YDF�

XXP� 2[LGDWLRQ UHVLVWDQFH RI WKH VFDOH�UHVLVWDQW OD\HU

FDQ EH IXUWKHU LPSURYHG E\ DSSO\LQJ RQ LWV VXUIDFH D

FRPSRVLWLRQ� ZKHUH WKH FRPSRQHQWV KDYH D KLJK PHOW�

LQJ WHPSHUDWXUH� ORZ GHJUHH RI GLVVRFLDWLRQ� KLJK GHQ�

VLW\ DQG FRQWLQXLW\� ,Q DGGLWLRQ� WKH\ VKRXOG QRW IRUP

DQ\ ORZ�PHOWLQJ DQG YRODWLOH FRPSRXQGV ZLWK WKH

HOHPHQWV� SUHVHQW HLWKHU LQ WKH R[LGLVLQJ PHGLXP RU

LQ WKH GLIIXVLRQ FRDWLQJ� DQG WKH RSSRVLWHO\�GLUHFWHG

GLIIXVLRQ RI DWRPV �LRQV� RI WKH PHWDO DQG QRQ�PHWDO

LQ WKHP VKRXOG EH PLQLPDO�

7KHUHIRUH� D OD\HU RI PXOOLWH �$O�2� � 6L2���

a�� µP WKLFN� ZDV DSSOLHG DV WKH WKLUG EDUULHU OD\HU�

$QG� ILQDOO\� DSSOLHG DV WKH IRXUWK KHDW�UHIOHFWLQJ

OD\HU ZDV D =U%� OD\HU a�� µP WKLFN ZLWK D KLJK

R[LGDWLRQ UHVLVWDQFH DW HOHYDWHG WHPSHUDWXUHV DQG

HPLVVLRQ FRHIILFLHQW RI ����w����� 7KLV IRXU�OD\HU FRP�

SRVLWLRQ� SUREDEO\� VKRXOG KDYH KDG D JRRG UHVLVWDQFH

WR WKHUPDO ORDGV� DV WKH 7&/( RI LWV FRPSRQHQWV LV

WKH FORVHVW WR WKDW RI WKH QLRELXP DOOR\V�

7KH NQRZQ SURFHGXUH RI WHVWLQJ KLJK�WHPSHUDWXUH

FRDWLQJV IRU KLJK�WHPSHUDWXUH UHVLVWDQFH >��@� DFFRUG�

LQJ WR ZKLFK WKH FRDWLQJV DUH DSSOLHG RQ F\OLQGULFDO

VSHFLPHQV ZLWK D VHPL�VSKHULFDO FURZQ DQG SODFHG

LQWR WKH UHVLVWDQFH IXUQDFH ZLWK D VWDWLF DLU DWPRVSKHUH

DW D VSHFLILHG WHPSHUDWXUH� GRHV QRW DOZD\V UHSURGXFH

WKH DFWXDO SDWWHUQ RI WKH LWHP RSHUDWLRQ� ,Q UHDOLW\

WKH LWHP RIWHQ RSHUDWHV XQGHU WKH FRQGLWLRQV RI D JDV

RU DLU IORZ� D FHUWDLQ WHPSHUDWXUH JUDGLHQW LV LQ SODFH

RQ WKH VXUIDFH RI YDULRXV SDUWV RI WKH LWHP� DV ZHOO DV

VWUHVV UDLVHUV �HGJHV� DQJOHV� PDWLQJ UHJLRQV� HWF�� UH�

VXOWLQJ IURP WKH LWHP GHVLJQ IHDWXUHV� $OO WKLV LV WKH

FDXVH IRU SUHPDWXUH IDLOXUH RI WKH LWHP� EHFDXVH RI

IDVWHU EUHDNLQJ XS RI WKH SURWHFWLYH FRDWLQJ LQ WKH
FULWLFDO ]RQHV� 7KHUHIRUH� DIWHU KLJK�WHPSHUDWXUH UH�

VLVWDQFH WHVWLQJ RI WKH IRXU�OD\HU FRDWLQJ E\ WKH WUD�

GLWLRQDO PHWKRG LQ D UHVLVWDQFH IXUQDFH� ZLWKRXW DQ\
QRWLFHDEOH FKDQJHV LQ WKH FRDWLQJ DW WHPSHUDWXUH 7  

 ���� . DQG VRDNLQJ IRU τ  ��� K� LW ZDV GHFLGHG

WR WHVW WKH FRDWLQJ KLJK�WHPSHUDWXUH UHVLVWDQFH XQGHU

WKH FRQGLWLRQV� FORVH WR WKH DFWXDO FRQGLWLRQV� L�H�

SXUSRVHIXOO\ PDNH WKH WHVWV PRUH VHYHUH E\ LQWURGXF�

LQJ IDFWRUV� GHWULPHQWDO IRU WKH FRDWLQJ IDWLJXH OLIH�

QDPHO\ UHSODFH WKH VWDWLF DLU DWPRVSKHUH RI WKH UHVLV�

WDQFH IXUQDFH E\ D G\QDPLF JDVHRXV PHGLXP� LQFUHDVH

WKH DPRXQW RI WKH R[LGLVHU LQ WKH WHVW DWPRVSKHUH�

DGG WKH HOHPHQW RI D QRQ�LVRWKHUPDO WHPSHUDWXUH ILHOG�

DGG VWUXFWXUDO HOHPHQWV� WKDW DUH VWUHVV UDLVHUV DQG

FRQFHQWUDWRUV RI SRVVLEOH FRDWLQJ GHIHFWV�

7KLV ZDV WKH EDVLV IRU DSSO\LQJ D PRUH VWULQJHQW

SURFHGXUH IRU KLJK�WHPSHUDWXUH UHVLVWDQFH WHVWLQJ�

QDPHO\ R[LGDWLRQ LQ WKH DFHW\OHQH�JDV WRUFK IODPH

ZLWK DGGLWLRQ RI R[\JHQ �a�� ��� )ODW WHQVLOH WHVWLQJ

VSHFLPHQV ZHUH XVHG� ZKRVH JULS HQGV ZHUH QRW SUR�

WHFWHG E\ WKH FRDWLQJ �)LJXUH ��� 7RUFK IODPH ZDV

DLPHG DW WKH WHVW SDUW RI WKH WHQVLOH WHVWLQJ VSHFLPHQ

�)LJXUH ��� 7KH WHVW ]RQH FURVV�VHFWLRQ EHLQJ VPDOOHU�
WKDQ WKDW RI WKH UHVW RI WKH VSHFLPHQ� MXVW WKH VSHFLPHQ

WHVW SDUW ZDV KHDWHG XS WR D KLJK WHPSHUDWXUH� EHLQJ

SUDFWLFDOO\ LQ DQ LVRWKHUPDO WHPSHUDWXUH ILHOG� 7KH

UHVW RI WKH VSHFLPHQ ULJKW XS WR WKH HQGV RI WKH JULS

ZDV H[SRVHG WR D QRQ�LVRWKHUPDO WHPSHUDWXUH ILHOG�

7HPSHUDWXUH PRGH ZDV FRQWUROOHG E\ DQ RSWLFDO S\�

URPHWHU� (GJHV� DQJOHV DQG PDWHG UHJLRQV RI WKH IODW

VSHFLPHQ ZHUH VWUHVV UDLVHUV DQG UHJLRQV RI SRVVLEOH

FRDWLQJ GHIHFWV�

)RXU VSHFLPHQV ZHUH WHVWHG VLPXOWDQHRXVO\� ZKLFK
ZHUH IDVWHQHG LQ D VSHFLDO URWDWLQJ JULS DW ��� DQJOH

WR HDFK RWKHU� $IWHU �� K RQH VSHFLPHQ ZDV WDNHQ RII�

DQG WKH RWKHUV ZHUH WHVWHG IXUWKHU ZLWK WKHLU VXE�

VHTXHQW UHPRYDO DIWHU ��� ��� DQG ��� K� 7HVWLQJ
)LJXUH �� )ODW WHQVLOH WHVWLQJ VSHFLPHQV RI �907V DOOR\ ZLWK D
IRXU�OD\HU SURWHFWLYH FRDWLQJ
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SURJUDP LQFOXGHG WKUHH PRGHV ZLWK WHPSHUDWXUHV RI
����� ���� DQG ���� .� &KDQJH RI VSHFLPHQ ZHLJKW

∆P ZDV GHWHUPLQHG E\ ZHLJKLQJ LW EHIRUH DQG DIWHU
WHVWLQJ DQG YLVXDO LQVSHFWLRQ ZDV SHUIRUPHG� 7HVWLQJ
UHVXOWV DUH JLYHQ LQ WKH 7DEOH�

9LVXDO H[DPLQDWLRQ RI WKH VSHFLPHQV �1R��� �� ���
UHPRYHG DIWHU �� K RI VRDNLQJ DW DOO WKH WHPSHUDWXUHV
VKRZHG� WKDW WKH IRXU�OD\HU FRDWLQJ VWDUWV EUHDNLQJ
XS EHFDXVH RI VSDOODWLRQ RI WKH XSSHU OD\HUV RI
$O�2��6L2�� DQG =U%� LQ WKH +$= EHWZHHQ WKH VSHFL�
PHQ WHVW SDUW� ZKHUH WKH WHPSHUDWXUH LV PD[LPDO� DQG
WKH ]RQH RI WHPSHU FRORXUV DW WKH HQG RI WKH VSHFLPHQ�
ZKHUH WKH WHPSHUDWXUH LV PLQLPDO� 2Q WKH VSHFLPHQ
WHVW SDUW� KRZHYHU� WKH FRDWLQJ GLG QRW EUHDN XS LQ
DQ\ RI WKH WHPSHUDWXUH PRGHV�

([WHQVLRQ RI VSHFLPHQ VRDNLQJ WLPH XS WR �� K GLG
QRW OHDG WR DQ\ HVVHQWLDO FKDQJH RI WKH PRUSKRORJ\
RI WKH VSHFLPHQ R[LGLVHG VXUIDFH� 8SSHU OD\HUV RI
$O�2��6L2�� DQG =U%� GLG FRPH RII WKH WHVW SDUW LQ
VSHFLPHQ 1R�� DW ���� .� ,Q VSHFLPHQV 1R�� DQG ���
R[LGLVHG DW ���� DQG ����.� MXVW WKH DUHD RI VSDOODWLRQ
RI WKH WZR XSSHU OD\HUV LQ WKH +$= LQFUHDVHG VOLJKWO\�
ZKLOH DOO WKH OD\HUV ZHUH SUHVHUYHG RQ WKH WHVW SDUW�

)XUWKHU LQFUHDVH RI WKH VSHFLPHQ VRDNLQJ WLPH XS
WR ��� K KDV D JUHDWHU HIIHFW RQ WKH PRUSKRORJ\ RI
WKH VSHFLPHQ R[LGLVHG VXUIDFH� ,Q VSHFLPHQ 1R��� R[�
LGLVHG DW ���� .� XSSHU OD\HUV RI $O�2��6L2�� DQG
=U%� GHODPLQDWHG SUDFWLFDOO\ RYHU WKH HQWLUH VXUIDFH�
DOWKRXJK WKH XSSHU OD\HUV ZHUH SUHVHUYHG RQ RQH VLGH
RI WKH WHVW SDUW� LQ WKH PD[LPDO WHPSHUDWXUH ]RQH� ,Q
VSHFLPHQ 1R�� ULJKW DIWHU WHVWLQJ DW ���� .� WKH XSSHU
OD\HUV DUH DEVHQW RQ WKH WHVW SDUW DQG D ZKLWLVK SRZ�
GHU�OLNH GHSRVLW LV YLVLEOH� 7KH VSHFLPHQ IDLOHG LQ WKH
PLGGOH RI WKH WHVW SDUW� ZKHQ EHLQJ UHPRYHG IURP WKH
ULJ� $ VSHFLPHQ� R[LGLVHG DW ���� . �1R����� ZDV

UHPRYHG IURP WHVWLQJ DIWHU τ  �� K IRU WKH UHDVRQ RI
EUHDNLQJ XS RI WKH VSHFLPHQ WHVW SDUW� 7KH FRDWLQJ
XSSHU OD\HUV ZHUH DEVHQW LQ WKH VSHFLPHQ WHVW SDUW�

$QG� ILQDOO\� QRW DOO WKH VSHFLPHQV ZLWKVWRRG IXU�
WKHU H[WHQVLRQ RI WKH WHVWLQJ WLPH� 6SHFLPHQ 1R��
DIWHU R[LGDWLRQ IRU ��� K DW ���� . VWRRG DOO WHVWLQJ
ZLWKRXW IDLOXUH� +RZHYHU� WKH VSHFLPHQ WHVW SDUW EH�
FDPH FKDQJHG� QDPHO\ WKH HGJHV URXQGHG RII DQG WKH
FURVV�VHFWLRQDO DUHD ZDV UHGXFHG� 6SHFLPHQ 1R��� R[�
LGLVHG DW ���� .� ZDV UHPRYHG IURP WHVWLQJ IRU WKH
UHDVRQ RI WKH WHVW SDUW IDLOLQJ DW WKH QHFN HQG DIWHU

τ  ��� K� 7KH IRXU�OD\HU FRDWLQJ ZDV SUHVHUYHG LQ
WKH UHPDLQLQJ SDUW RI WKH VSHFLPHQ� 6SHFLPHQ 1R����
R[LGLVHG DW ���� .� ZLWKVWRRG ��� K EHIRUH IDLOXUH RI

WKH WHVW SDUW� 8SSHU OD\HUV RI $O�2��6L2�� DQG =U%�
FRDWLQJ ZHUH DEVHQW RQ WKH VSHFLPHQ WHVW SDUW� ZKLOH
D ZKLWLVK SRZGHU�OLNH GHSRVLW ZDV REVHUYHG LQ WKH
]RQH RI IDLOXUH DQG R[LGDWLRQ RI WKH DGMDFHQW SDUWV RI
WKH VSHFLPHQ�

$FFRUGLQJ WR WKH SURFHGXUH XVHG E\ XV� KLJK�WHP�
SHUDWXUH UHVLVWDQFH WHVWLQJ RI WKH FRDWLQJRQ WKH VSHFLPHQ
WHVW SDUW LQ DQ LVRWKHUPDO WHPSHUDWXUH ILHOG ZDV FRP�
SOHPHQWHG E\ WHVWLQJ WKH FRDWLQJ LQ D QRQ�LVRWKHUPDO
ILHOG� WKLV LQWURGXFLQJ FHUWDLQ VSHFLDO IHDWXUHV LQWR WKH
SHUIRUPDQFH RI WKH PHWDO x IRXU�OD\HU FRDWLQJ V\VWHP
XQGHU WKH FRQGLWLRQV RI D KLJK WHPSHUDWXUH JUDGLHQW� ,Q
WKLV FDVH WKH LQIRUPDWLRQ RQ FRDWLQJ EHKDYLRXU LQ WKH
JUDGLHQW WHPSHUDWXUH ILHOG LV RI SULPDU\ LQWHUHVW�

3URFHHGLQJ IURP WKH JHQHUDO DSSHDUDQFH RI WKH
R[LGLVHG VSHFLPHQ VXUIDFH� WKH JUDGLHQW WHPSHUDWXUH
ILHOG FDQ EH GLYLGHG LQWR WKH IROORZLQJ � ]RQHV �)L�
JXUH ��� , x VSHFLPHQ VXUIDFH ]RQH a�� PP ORQJ�
ZKHUH VSHFLPHQ HQGV� QRW SURWHFWHG E\ WKH FRDWLQJ�
DUH ORFDWHG� 7KLV ]RQH LV FKDUDFWHULVHG E\ WHPSHUDWXUH
JUDGLHQW RI ��w��� �&� ,, x LQLWLDO R[LGDWLRQ ]RQH
��w�� PP ORQJ� ZKHUH WHPSHU FRORXUV �LQWHUIHUHQFH
FRORXUV� DUH REVHUYHG� ,W LV FKDUDFWHULVHG E\ WHPSHUD�

6SHFLPHQ

1R�

���� ¨ 6SHFLPHQ

1R�

���� ¨ 6SHFLPHQ

1R�

���� ¨

τ� K ∆P� J τ� K ∆P� J τ� K ∆P� J

� �� ���� � �� ���� � �� ����

� �� ���� � �� ���� �� �� ����

� ��� ���� � ��� ���� �� �� ����

� ��� ���� � ��� ���� �� ��� ����

1 R W H � 6SHFLPHQ 1R�� IDLOHG ZKHQ EHLQJ UHPRYHG� VSHFLPHQV 1R��� �� DQG �� ZHUH UHPRYHG IURP WHVWLQJ EHFDXVH RI IUDFWXUH LQ WKH WHVW

SDUW�

)LJXUH �� +LJK�WHPSHUDWXUH UHVLVWDQFH WHVWLQJ LQ WKH IODPH RI WKH
DFHW\OHQH�JDV WRUFK ZLWK DGGLWLRQ RI R[\JHQ �a�� ��� D x R[LGD�
WLRQ RI RQH VSHFLPHQ� Ex URWDWLQJ JULS ZLWK VLPXOWDQHRXV DWWDFK�
PHQW RI � VSHFLPHQV DW WKH DQJOH RI ��� WR HDFK RWKHU
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WXUH JUDGLHQW RI ���w��� �&� ,,,x KHDW�DIIHFWHG ]RQH
��w�� PP ORQJ� ZKHUH LQWHQVLYH EUHDNLQJ XS �VSDO�
ODWLRQ� RI WKH FRDWLQJ LV REVHUYHG� 7KLV ]RQH LV FKDU�
DFWHUL]HG E\ WKH KLJKHVW WHPSHUDWXUH JUDGLHQW RI ���w
��� ������ �&� ,9 x ZRUNLQJ WHPSHUDWXUH ]RQH
�� PP ORQJ� WKDW LV FRQWLQXRXVO\ H[SRVHG WR WKH LP�
SDFW RI WKH R[LGLVLQJ IODPH RI WKH JDV WRUFK� ,Q WKLV
]RQH WKH WHPSHUDWXUH JUDGLHQW LV SUDFWLFDOO\ DEVHQW�
DV WKH VSHFLPHQ WKLQQHU SDUW LV UDWKHU XQLIRUPO\ KHDWHG
E\ WKH JDV WRUFK IODPH�

=RQH , LV FKDUDFWHULVHG E\ WKH DEVHQFH RI YLVLEOH
WUDFHV RI R[LGDWLRQ RI XQSURWHFWHG QLRELXP� DV WKH
WHPSHUDWXUH RI LWV KHDWLQJ LV TXLWH ORZ� ,I WKH R[LGD�
WLRQ SURFHVV LV JRLQJ RQ KHUH� WKLV RFFXUV DW WKH H[SHQVH
RI IRUPDWLRQ RI VWDEOH 1E2 DQG 1E2� R[LGHV�

,Q ]RQH ,, WKH FRDWLQJ UHPDLQHG SUDFWLFDOO\ RQ DOO
WKH VSHFLPHQV� H[FHSW IRU VHYHUDO RI WKHP� ,QWHUIHUHQFH
HIIHFWV FDQ EH FUHDWHG E\ R[LGH ILOPV LQ WKLV WHPSHUD�
WXUH UDQJH� IRU LQVWDQFH� 1E2� 1E2� ILOPV� VLQFH QLR�
ELXP GLIIXVHV LQWR WKH FRDWLQJ�

=RQH ,,, LV WKH PRVW FULWLFDO� $SSDUHQWO\� VXFK D
KLJK WHPSHUDWXUH JUDGLHQW� WR ZKLFK WKH PHWDOwFRDW�
LQJ V\VWHP LV H[SRVHG� LQGXFHV KHUH DQ H[WUHPHO\ FRP�
SOH[ VWUHVV SDWWHUQ� EHFDXVH RI WKH GLIIHUHQFH LQ WKH
7&/( RI WKH VXEVWUDWHV DQG WKH FRDWLQJ� DV ZHOO DV
WKH PXOWLOD\HU FRDWLQJ FRPSRQHQWV� ,W LV WKLV FRPSOH[
VWUHVVHG VWDWH RI WKH PHWDOwFRDWLQJ V\VWHP LQ WKH ]RQH
RI D FRQVLGHUDEOH WHPSHUDWXUH JUDGLHQW� WKDW LV WKH
SULPDU\ UHDVRQ IRU IDLOXUH�

=RQH ,9 LV H[SRVHG WR WKH LPSDFW RI PD[LPDO WHP�
SHUDWXUHV LQ WKH R[LGLVLQJ IODPH RI WKH JDV WRUFK� +RZ�
HYHU� D FRPSOH[ VWUHVVHG VWDWH RI WKH PHWDOwFRDWLQJ
V\VWHP GXH WR WKH WHPSHUDWXUH JUDGLHQW� LV DEVHQW
KHUH� 7KHUHIRUH� WKH FRDWLQJ LV SUHVHUYHG DIWHU VRDNLQJ
IRU �� DQG �� K� $W ORQJHU VRDNLQJ� WKH VSHFLPHQ WHVW
SDUW EUHDNLQJ XS LV LQLWLDWHG E\ WKH SURFHVVHV RI IDLOXUH
RI WKH FRDWLQJ LQ WKH DGMDFHQW ]RQH ,,,�

7KHUHIRUH� WKH EUHDNLQJ XS SDWWHUQ RI WKH IRXU�
OD\HU �0R � 0R6L� � $O�2��6L2�� � =U%�� FRDWLQJ
RQ QLRELXP DOOR\ �907V LQ DQ R[LGLVLQJ PHGLXP RI
WKH JDV WRUFK FDQ EH SUHVHQWHG DV IROORZV�

7KH FRPSOH[ VWUHVVHG VWDWH RI WKH PHWDOwFRDWLQJ
V\VWHP DQG WKH IRXU�OD\HU FRDWLQJ SURSHU LQ WKH ]RQH
RI D FRQVLGHUDEOH WHPSHUDWXUH JUDGLHQW �]RQH ,,,�
FDXVHV GHODPLQDWLRQ RI WZR XSSHU FRDWLQJ OD\HUV

�$O�2��6L2�� � =U%��� 7KLV UHVXOWV LQ H[SRVXUH RI
PRO\EGHQXPGLVLOLFLGH OD\HU VXUIDFH� $W KLJK WHPSHUD�
WXUHV GLVLOLFLGHV IHDWXUH DQ H[FHOOHQW R[LGDWLRQ UHVLV�
WDQFH WKDW LV GXH WR IRUPDWLRQ RI D SURWHFWLYH JODVV�OLNH
OD\HU� FRQVLVWLQJ FKLHIO\ RI 6L2�� )RUPDWLRQ RI WKH
JODVV�OLNH OD\HU LV IROORZHG E\ SUHGRPLQDQW R[LGDWLRQ
RI VLOLFRQ� 7KH UHDFWLRQ UDWH LV GHWHUPLQHG E\ VROLG�
SKDVH GLIIXVLRQ WKURXJK VFDOH� 6LQFH R[\JHQ LV D UH�
DJHQW WKDW GLIIXVHV LQ WKH R[LGH DW WKH KLJKHVW UDWH�
6L2� OD\HU JURZV RQ WKH LQQHU LQWHUSKDVH� *ODVV�OLNH
R[LGH VFDOH� IRUPHG DW KLJK WHPSHUDWXUHV� KDV WKH EHVW
SURWHFWLYH SURSHUWLHV� 7KHUHIRUH� LW LV SUREDEO\ EHQH�
ILFLDO WR R[LGLVH 0R6L� FRDWLQJV DW ����w���� .� EH�
IRUH XVLQJ FRDWHG PHWDO DW ORZHU WHPSHUDWXUHV�

$W ���w��� . WHPSHUDWXUHV� KRZHYHU� 0R6L� R[L�
GDWLRQ OHDGV WR WKH PRVW XQH[SHFWHG UHVXOW� FRQVLVWLQJ
LQ WKDW DOO WKH PDWHULDO FRPSOHWHO\ GLVVROYHV TXLFNO\�
WXUQLQJ LQWR ORRVH SRZGHU ZLWK D KLJK VSHFLILF YROXPH�
7KLV SKHQRPHQRQ LV FDOOHG VLOLFLGH �SHVW�� ,W LV D FHU�
WDLQ IRUP RI LQWHUFU\VWDOOLQH R[LGDWLRQ RI 0R6L�� DW
ZKLFK HDFK 0R6L� JUDLQ LV XOWLPDWHO\ HQFLUFOHG E\ WKH
R[LGDWLRQ UHDFWLRQ SURGXFWV� ,W LV EHOLHYHG WKDW �SHVW�
DWWDFN LV GXH WR SUHGRPLQDQWO\ LQWHUJUDQXODU GLIIXVLRQ
RI WKH UHDFWLQJ JDV LQ FRPELQDWLRQ ZLWK DJHLQJ WKDW
LV GHSHQGHQW RQ WHPSHUDWXUH�

7KLV LV H[DFWO\ WKH SURFHVV WKDW LV REVHUYHG LQ WKH
WKLUG WHPSHUDWXUH ]RQH� ZKHUH WKH ZKLWLVK SRZGHU�
OLNH GHSRVLW LV IRXQG� /RRVHQLQJ WKH UHPDLQLQJ FRDWLQJ
OD\HU� LW DOORZV R[\JHQ WR SHQHWUDWH WR WKH QLRELXP
DOOR\� WKDW LV R[LGLVHG LQ LWV WXUQ� DQG PRYLQJ WRZDUGV
WKH KLJK�WHPSHUDWXUH ]RQH� GLVUXSWV WKH IRXU�OD\HU
FRDWLQJ IURP WKH LQVLGH� OHDGLQJ WR LWV GHODPLQDWLRQ
DQG EUHDNLQJ XS� $IWHU WKDW WKH QLRELXP DOOR\ �EXUQV�
LQ WKH VSHFLPHQ WHVW ]RQH DQG EUHDNV XS�

7KH LQLWLDO SURFHVV RI EUHDNLQJ XS LV DOVR FDXVHG

E\ FRDWLQJ GHIHFWV� SUHVHQW RQ WKH VKDUS HGJHV RI WKH

VSHFLPHQV� LQ WKH PDWLQJ UHJLRQV� DV ZHOO DV WKH ORFDO

FRDWLQJ VSDOODWLRQ DUHDV�

$QDO\VLV RI WKH UHVXOWV RI VWXG\LQJ WKH KLJK�WHP�

SHUDWXUH UHVLVWDQFH RI WKH IRXU�OD\HU SURWHFWLYH FRDWLQJ

RQ QLRELXP DOOR\ �907V� SURGXFHG E\ YDFXXP HOHF�

WURQ EHDP YDSRXU SKDVH GHSRVLWLRQ VKRZV WKDW WKH

SURSRVHG FRPSRVLWLRQ SURYLGHV JRRG SURWHFWLRQ RI QLR�

ELXP IURP KLJK�WHPSHUDWXUH R[LGDWLRQ LQ DQ LVRWKHU�

PDO WHPSHUDWXUH ILHOG� 7KLV LV GHPRQVWUDWHG E\ WKH

UHVXOWV RI KLJK�WHPSHUDWXUH UHVLVWDQFH WHVWLQJ E\ WKH

WUDGLWLRQDO PHWKRG LQ D UHVLVWDQFH IXUQDFH �7  

 ���� .� τ  ��� K�� DV ZHOO DV SDUWLDO SUHVHUYDWLRQ

RI WKH IRXU�OD\HU FRDWLQJ RQ WKH VSHFLPHQ WHVW SDUW

�1R��� �� ��� LQ WHVWLQJ XQGHU PRUH VWULQJHQW FRQGL�

WLRQV� ,Q WKH SUHVHQFH RI D QRQ�LVRWKHUPDO WHPSHUDWXUH

ILHOG� WKH XQSURWHFWHG DQG SDUWLFXODUO\ QRW VXEMHFWHG

WR KLJK�WHPSHUDWXUH R[LGDWLRQ OD\HU RI 0R6L� GHFRP�

SRVHV DW ORZ WHPSHUDWXUHV� GLVUXSWV DQG GHVWUR\V WKH

SURWHFWLYH FRDWLQJ�

7KXV� LQ RUGHU WR HYDOXDWH WKH KLJK�WHPSHUDWXUH

UHVLVWDQFH RI HVSHFLDOO\ FRPSOH[ PXOWLOD\HU FRDWLQJV�

KDYLQJ D ORQJ HQRXJK VHUYLFH OLIH� LW LV UDWLRQDO WR

DSSO\ D VWULQJHQW WHVWLQJ SURFHGXUH E\ LQWURGXFLQJ

DGGLWLRQDO IDFWRUV� DFWLQJ RQ WKH PHWDOwFRDWLQJ V\V�

)LJXUH �� *UDGLHQW WHPSHUDWXUH ILHOG DORQJ OHQJWK / RI WKH VSHFL�
PHQ� ,� ,,� ,,,� ,9 x ]RQHV
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WHP� 7KLV� RQ WKH RQH KDQG� DOORZV EULQJLQJ WKH WHVWLQJ

DV FORVH DV SRVVLEOH WR WKH DFWXDO FRQGLWLRQV RI WKH

LWHP VHUYLFH� DQG� RQ WKH RWKHU KDQG� VWXG\LQJ WKH

QDWXUH� FDXVH DQG� SRVVLEO\� DOVR WKH PHFKDQLVP RI

WKH FRDWLQJ IDLOXUH�

�� %DURQ� 9�9� ������ +LJK�WHPSHUDWXUH QLRELXP DOOR\V� 3K\�

VLFDO FKHPLVWU\ RI UDUH PHWDO DOOR\V� 0RVFRZ� 1DXND�
�� 0DNVLPRYLFK� *�*�� 3DYOLQD� 9�6�� 6WDNKQ\DN� %�1� HW DO�

������ +LJK�WHPSHUDWXUH VWUHQJWK RI PXOWLFRPSRQHQW FRD�
WLQJV RQ QLRELXP DOOR\V� )L]��NKLP� 0HNKDQLND 0DWHULDORY�
�� ��w���

�� 6KDWLQVN\� 9�)�� 5\EDNRY� 6�9�� *RMNKPDQ� 0�6� HW DO�
������ 'LIIXVLRQ FRDWLQJV IRU LPSURYHPHQW RI KLJK�WHPSHUD�
WXUH VWUHQJWK RI QLRELXP DOOR\V� =DVKFKLWQ� 3RNU\WL\D QD

0HWDOODNK� ��� ��w���
�� 0DNVLPRYLFK� *�*�� 3DYOLQD� 9�6�� =ER]KQDMD� 2�0� HW DO�

������ 3URGXFWLRQ RI PXOWLFRPSRQHQW GLIIXVLRQ FRDWLQJV RQ
QLRELXP DOOR\ �907V LQ OLTXLG�PHWDO VROXWLRQ PHGLXP�
,ELG�� ��w���

�� 7VLUOLQ� 0�6�� .DVDWNLQ� $�9�� %\DORE]KHVN\� $�9� ������
2[LGDWLRQ RI VLOLFLGH FRDWLQJV RQ QLRELXP DQG LWV DOOR\V 91�
� DQG 91��� =DVKFKLWD 0HWDOORY� �� ���w����

�� 7VLUOLQ� 0�6�� .DVDWNLQ� $�9�� %\DORE]KHVN\� $�9� ������
6LOLFLGH W\SH KLJK�WHPSHUDWXUH FRDWLQJ IRU QLRELXP DOOR\V�
3RURVKN� 0HWDOOXUJLD� ��� ��w���

�� /D]DUHY� (�0�� 0RQDNKRYD� /�$�� 5RPDYRQLFK� ,�9� HW DO�
������ 0RO\EGHQXP�ERURQ�VLOLFRQ FRDWLQJ RQ D QLRELXP DO�
OR\ 91��� )L]� L .KLP� 2EUDE� 0DWHULDORY� �� ��w���

�� &DGG� -�'� ������ &ROXPELXP� +LJK�WHPSHUDWXUH R[LGD�

WLRQ�UHVLVWDQW FRDWLQJV� 1�<�
�� /RUHQ]� 5�+�� 0LFKDHO� $�%� ������ 2[LGDWLRQ�UHVLVWDQW

VLOLFLGH FRDWLQJV IRU FROXPELXP DQG WDQWDOXP DOOR\V E\ YD�
SRU SKDVH UHDFWLRQ� -� (OHFWURFKHP� 6RF�� �� ���w����

��� ']\DG\NHYLFK� <X�9� ������ ,PSURYHPHQW RI KLJK�WHPSHUD�
WXUH UHVLVWDQFH RI UHIUDFWRU\ PHWDOV� 1HRUJDQLFK� 0DWHULDO\�
��� ����w�����

��� 0RYFKDQ� %�$�� 'HPFKLVKLQ� $�9�� &KXUVDQRY� 1�$� HW DO�
������ 6WUXFWXUH DQG SURSHUWLHV RI UHIUDFWRU\ MRLQWV SUR�
GXFHG E\ HOHFWURQ EHDP HYDSRUDWLRQ� ,Q� 3UREOHPV RI VSHFLDO
HOHFWURPHWDOOXUJ\� .\LY� 1DXNRYD 'XPND�

��� .RIVWDG� 3� ������ +LJK�WHPSHUDWXUH R[LGDWLRQ RI PHWDOV�
0RVFRZ� 0LU�
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0HWKRGV RI PDWKHPDWLFDO PRGHOOLQJ ZHUH XVHG WR VWXG\ WKH SURFHVV RI UHPRYDO RI D VKULQNDJH SLSH �SRURVLW\� IURP

F\OLQGULFDO LQJRWV RI WLWDQLXP DOOR\ 7Lw�$Ow�9� 7KH WKUHH�VWDJH SURFHVV RI HOHFWURQ EHDP FROG�KHDUWK �(%&+� UHPHOWLQJ

LV FRQVLGHUHG� 7HFKQRORJLFDO SDUDPHWHUV DUH UHFRPPHQGHG� SURYLGLQJ LQJRWV IUHH IURP GHIHFWV LQ WKH KHDG SDUW�

.H\ ZRU G V � HOHFWURQ EHDP UHPHOWLQJ� PDWKHPDWLFDO PR�

GHOOLQJ� WKHUPDO SURFHVVHV� VKULQNDJH SLSH

2QH RI WKH WRSLFDO SUREOHPV RI SURGXFWLRQ RI LQJRWV
E\ WKH VSHFLDO HOHFWURPHWDOOXUJ\ PHWKRGV LV IRUPD�
WLRQ RI VKULQNDJH SLSHV �SRURVLW\� DW WKH ILQDO VWDJH
RI LQJRW PHOWLQJ >�@� 7KLV SUREOHP LV FKDUDFWHULVWLF�
LQ SDUWLFXODU� RI SURGXFWLRQ RI F\OLQGULFDO LQJRWV RI
WLWDQLXP DOOR\V E\ WKH (%&+ UHPHOWLQJ PHWKRG�
7KH FDXVH RI IRUPDWLRQ RI D VKULQNDJH SLSH LQ D
VROLGLI\LQJ LQJRW LV WKH SUHVHQFH RI D GHYHORSHG PRO�
WHQ PHWDO SRRO DW WKH PDLQ VWDJH RI LQJRW PHOWLQJ�
)RUPDWLRQ RI WKH VKULQNDJH SLSH FDQ EH DYRLGHG E\
GHFUHDVLQJ GHSWK RI WKH PROWHQ SRRO WKURXJK UHGXF�
LQJ WKH UDWH RI UHPHOWLQJ� 1HYHUWKHOHVV� WKLV LV QRW
DOZD\V SRVVLEOH� EDVHG RQ WKH HVWDEOLVKHG IORZ GLD�
JUDP RI (%&+ UHPHOWLQJ RI PXOWLFRPSRQHQW WLWD�
QLXP DOOR\V >�@� $QRWKHU ZD\ RI DYRLGLQJ IRUPDWLRQ
RI WKH DERYH GHIHFWV LQ WKH KHDG SDUW RI WKH LQJRWV
FRQVLVWV LQ SURYLGLQJ VXFK FRQGLWLRQV RI KHDWLQJ RI
WKH LQJRW VXUIDFH LQ D PRXOG DW WKH ILQDO VWDJH RI
PHOWLQJ� XQGHU ZKLFK WKH GHSWK RI WKH PROWHQ SRRO
ZRXOG EH JUDGXDOO\ GHFUHDVHG WR D ]HUR YDOXH ZLWK�

RXW IRUPDWLRQ RI D KDUG FUXVW DW WKH LQJRW WLS� 'HYHO�
RSPHQWRIVXFKFRQGLWLRQVLVDGLIILFXOWSUREOHPZKLFK
LV KDQGOHG XVLQJ PDWKHPDWLFDO PRGHOOLQJ PHWKRGV�

7KH DXWKRUV VWXGLHG FRQGLWLRQV RI UHPRYDO RI D
VKULQNDJH SLSH LQ WKH 7L��$O��9 LQJRWV� EDVHG RQ WKH
HDUOLHU GHYHORSHG VRIWZDUH IRU FDOFXODWLRQ RI WKHUPDO
ILHOGV LQ F\OLQGULFDO (%&+ LQJRWV >�@�

6WDWHPHQW RI WKH SUREOHP� 7KH IROORZLQJ SURE�
OHPV ZHUH VROYHG GXULQJ SHUIRUPDQFH RI WKH ZRUN�

• LGHQWLILFDWLRQ RI RSWLPDO WHFKQRORJLFDO SDUDPH�
WHUV DW WKH VWDJH RI PHOWLQJ RI DQ LQJRW XQGHU TXDVL�

� *�9� =+8.� $�1� .$/,1<8. DQG 1�3� 75,*8%� ����

)LJXUH �� 6FKHPDWLF RI YDULDWLRQV LQ SRZHU RI HOHFWURQ EHDP KHDWLQJ
RI WKH LQJRW VXUIDFH

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� .\LY� 8NUDLQH�
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VWDWLRQDU\ FRQGLWLRQV ZLWKLQ WKH IUDPHV RI WKH PDWKH�

PDWLFDO PRGHO RI HOHFWURQ EHDP PHOWLQJ RI F\OLQGULFDO

LQJRWV�

• GHWHUPLQDWLRQ RI D SHUPLVVLEOH UDQJH RI YDULDWLRQV
LQ WHFKQRORJLFDO SDUDPHWHUV DW WKH VWDJH RI UHPRYDO

RI D VKULQNDJH SLSH�

• FDOFXODWLRQ RI RSWLPDO WHFKQRORJLFDO SDUDPHWHUV

RI UHPRYDO RI D VKULQNDJH SLSH LQ LQJRWV RI GLIIHUHQW

GLDPHWHUV� 7KLV ZDV GRQH E\ FRQVLGHULQJ WHFKQRORJLFDO
SDUDPHWHUV RI PHOWLQJ RI LQJRWV ZLWK D GLDPHWHU RI

���� ���� ��� DQG ��� PP�

&KRLFH RI RSWLPDO WHFKQRORJLFDO SDUDPHWHUV RI

PHOWLQJ ZDV EDVHG RQ WKH IROORZLQJ FRQVLGHUDWLRQV�

$ PLQLPXP YDOXH RI WKH GHSWK RI WKH PROWHQ SRRO

FRUUHVSRQGV WR D PLQLPXP VL]H RI VROLGLILFDWLRQ VWUXF�

WXUHV RI DQ LQJRW DQG SURYLGHV D XQLIRUP GLVWULEXWLRQ

RI VWUXFWXUDO FRPSRQHQWV DQG DOOR\LQJ HOHPHQWV� ,Q

WKLV FDVH WKH PROWHQ SRRO VKRXOG FRYHU WKH HQWLUH VXU�

IDFH RI WKH LQJRW� WKXV SUHYHQWLQJ IRUPDWLRQ RI GHIHFWV
RI WKH W\SH RI ODFN RI IXVLRQ DQG SRURVLW\ RQ WKH VXUIDFH

DQG LQ WKH EXON RI WKH LQJRW� 2QH VKRXOG HVSHFLDOO\

QRWH WKH LPSRUWDQFH RI IRUPDWLRQ RI D OLTXLG ULQJ DW

WKH LQJRW DQG PRXOG LQWHUIDFH� ZKLFK LV DQ LPSHUDWLYH

UHTXLUHPHQW IRU SURGXFLQJ D VPRRWK DQG GHIHFW�IUHH

VXUIDFH RI WKH LQJRW� /LPLWDWLRQV RQ WKH VXUIDFH WHP�

SHUDWXUH ZHUH DOVR WDNHQ LQWR DFFRXQW�

,GHQWLILFDWLRQ RI WKH RSWLPDO WHFKQRORJLFDO SD�

UDPHWHUV RI PHOWLQJ ZDV IROORZHG E\ HVWLPDWLRQ RI

YDOXHV RI SRZHU RI HOHFWURQ EHDP KHDWLQJ RI WKH KHDG

SDUW RI WKH LQJRW DW D VWDJH RI UHPRYDO RI D VKULQNDJH

SLSH� 7KH IROORZLQJ IDFW ZDV DVVXPHG WR EH D FULWHULRQ

RI DEVHQFH RI D VKULQNDJH SLSH �SRURVLW\� LQ D ILQLVKHG

LQJRW� SULRU WR FRPSOHWH VROLGLILFDWLRQ WKH ODVW UHJLRQ

RI WKH PROWHQ SRRO DORQJ WKH D[LV RI WKH LQJRW VKRXOG

EH ORFDWHG RQ LWV VXUIDFH�

3DUDPHWHUV RI D OLQHDU YDULDWLRQ LQ SRZHU RI HOHF�

WURQ EHDP JXQV ZHUH XVHG DV WKH EDVLV IRU PDWKHPDWL�

FDO FDOFXODWLRQV� 7KDW LV� SRZHU ZDV DVVXPHG WR EH

FRQVWDQW LQ WLPH DW WKH PDLQ VWDJHV RI PHOWLQJ� DQG

LQ PDWKHPDWLFDO PRGHOOLQJ RI WUDQVLWLRQ WR WKH QH[W

VWDJH LW FKDQJHG LQ DQ LQILQLWHO\ VKRUW WLPH� 7KH HQWLUH

PHOWLQJ SURFHVV ZDV EURNHQ LQ WLPH LQWR WKUHH VWDJHV

�)LJXUH ���
�� ,QLWLDO VWDJH �PHOWLQJ RI DQ LQJRW�� DW ZKLFK

PHWDO LV SHULRGLFDOO\ SRXUHG LQ SRUWLRQV LQWR WKHPRXOG

DW D FRQVWDQW IUHTXHQF\� 3DUW RI WKH SRZHU RI KHDWLQJ

RI WKH LQJRW VXUIDFH� 4�� LV XQLIRUPO\ GLVWULEXWHG LQ

WKH FHQWUDO UHJLRQ RI WKH LQJRW� ZKLOH WKH RWKHU SDUW

4� LV GLVWULEXWHG RQ WKH SHULSKHU\ IROORZLQJ D ODZ

ZKLFK DOORZV VPRRWKQHVV DQG FRQWLQXLW\ RI KHDWLQJ

RI D SRUWLRQ RI PHWDO LQ WUDQVLWLRQ IURP WKH FHQWUDO

UHJLRQ RI WKH LQJRW WR LWV SHULSKHU\�

�� ,QWHUPHGLDWH VWDJH� DW ZKLFK KHDWLQJ RI WKH PHW�

DO VXUIDFH LQ WKH PRXOG RFFXUV ZLWKRXW SRXULQJ RI QHZ

SRUWLRQV� 7KH WLPH RI WKH LQWHUPHGLDWH VWDJH� τ� LV D

NH\ SDUDPHWHU RI FDOFXODWLRQV DQG FKDUDFWHUL]HV WKH
PRPHQW RI WKH WHFKQRORJLFDO SURFHVV ZKHUH WKH OLT�

XLG�VROLG SKDVH DW WKH LQJRW D[LV LV IXOO\ WUDQVIRUPHG

LQWR WKH VROLG SKDVH�

�� )LQDO VWDJH RI PHOWLQJ� DW ZKLFK WKH JXQV DUH

VZLWFKHG RII DQG PHWDO FRROV GRZQ LQ WKH VROLG SKDVH�

3RZHU RI WKH HOHFWURQ EHDP JXQV LQ WUDQVLWLRQ IURP

WKH LQLWLDO WR LQWHUPHGLDWH DQG WKHQ IURP LQWHUPHGLDWH

WR ILQDO VWDJH FKDQJHV LQ D H[WUHPHO\ VKRUW WLPH LQ D

VWHSZLVH PDQQHU DQG WKHQ UHPDLQV FRQVWDQW XS WR WKH

HQG RI D VWDJH�

&KRLFH RI SRZHU RI D JXQ ZDV EDVHG RQ WKH IRO�

ORZLQJ WHFKQRORJLFDO UHTXLUHPHQWV� 7HPSHUDWXUH RI
PHWDO DW DQ\ SRLQW RI WKH LQJRW VXUIDFH GXULQJ WKH

ILUVW VWDJH VKRXOG FRUUHVSRQG WR WHPSHUDWXUH RI PHWDO

LQ WKH OLTXLG SKDVH� 7R VDYH HOHFWULF SRZHU DQG DYRLG

ORVVHV RI DOOR\LQJ HOHPHQWV� RYHUKHDWLQJ RI PHWDO E\
PRUH WKDQ ��� . LV QRW SHUPLWWHG� ,Q WKLV FRQQHFWLRQ�

WKH SRZHU UDQJH VHOHFWHG IRU SUHOLPLQDU\ HVWLPDWLRQ

RI WHPSHUDWXUH ZDV OLPLWHG WR DQ XSSHU YDOXH� ZKLFK

ZDV �� N: IRU WKH LQJRW ZLWK D GLDPHWHU RI ��� PP�

��� N: IRU WKH LQJRW ZLWK D GLDPHWHU RI ��� PP�
��� N: IRU WKH LQJRW ZLWK D GLDPHWHU RI ��� PP DQG

��� N: IRU WKH LQJRW ZLWK D GLDPHWHU RI ��� PP�

,QJRW GL�

DPHWHU�

PP

3RZHU DW WKH LQJRW

PHOWLQJ VWDJH� N:

3RZHU DIWHU SRXULQJ RI

WKH ODVW SRUWLRQ� N:

7LPH RI

WKH

LQWHUPH�

GLDWH

VWDJH� V
4� 4� 4� 4�

��� � �� � � ���

��� �� �� �� �� ���

��� �� �� �� �� ���

��� ��� �� ��� �� ����

)LJXUH �� 7HPSHUDWXUH ILHOGV� .� LQ KHLJKW K DQG UDGLXV U RI WKH LQJRW ZLWK D GLDPHWHU RI ��� PP DW WKH VWDJH RI PHOWLQJ �D� DQG DIWHU
UHPRYDO RI D VKULQNDJH SLSH �E�
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7KH WHPSHUDWXUH JUDGLHQW RI PHWDO GXULQJ WKH LQWHU�
PHGLDWH VWDJH VKRXOG QRW EH GLUHFWHG IURP WKH VXUIDFH
GHHS LQWR WKH LQJRW� VR WKDW QR VKULQNDJH SLSH LV IRUPHG
GXULQJ WKH FRROLQJ SURFHVV DW WKH ILQDO VWDJH� 7KHUHIRUH�
FKRVHQ ZDV WKH ORZHU OLPLW RI WKH UDQJH RI VHDUFK IRU
WKH RSWLPDO SRZHU RI WKH JXQV� 9DOXHV RI WKLV SRZHU
ZHUH ILQDOO\ GHWHUPLQHG E\ VXFFHVVLYH LWHUDWLRQV�

&DOFXODWLRQ UHVXOWV� 1XPHULFDO FDOFXODWLRQV UH�
VXOWHG LQ GHWHUPLQDWLRQ RI WHPSHUDWXUH ILHOGV LQVLGH
LQJRWV RI GLIIHUHQW GLDPHWHUV DW WKH VWDJH RI PHOWLQJ
ZLWK DQ LQWHUYDO RI ���w��� V DQG DW WKH VWDJH RI
UHPRYDO RI D VKULQNDJH SLSH ZLWK DQ LQWHUYDO RI ��w
�� V� 7KH ILHOGV ZHUH SURFHVVHG XVLQJ0LFURVRIW ([FHO

DQG UHSUHVHQWHG LQ D JUDSKLFDO IRUP� 7\SLFDO GLDJUDPV
RI WHPSHUDWXUH ILHOGV �IRU DQ LQJRW ZLWK D GLDPHWHU
RI ��� PP� DW WKH VWDJH RI PHOWLQJ DQG DIWHU UHPRYDO
RI D VKULQNDJH SLSH DUH VKRZQ LQ )LJXUHV �� D� E� ,W
FDQ EH VHHQ IURP WKH )LJXUHV WKDW DW WKH VWDJH RI
PHOWLQJ RI DQ LQJRW LWV KHDG SDUW FRQWDLQV D GHYHORSHG
PROWHQ SRRO� WKH WKHUPDO FHQWUH �SRLQW DW WKH D[LV RI
WKH LQJRW KDYLQJ WKH KLJKHVW WHPSHUDWXUH� EHLQJ OR�

FDWHG QRW RQ WKH VXUIDFH� ,Q UHPRYDO RI D VKULQNDJH
SLSH WKH GHSWK RI WKH SRRO� ZKLOH JUDGXDOO\ GHFUHDVLQJ�
UHDFKHV D ]HUR YDOXH� ,Q WKLV FDVH� WKH WKHUPDO FHQWUH
PRYHV IURP WKH GHSWK WR WKH VXUIDFH RI WKH LQJRW� DQG
QR FORVHG OLTXLG FDYLWLHV DUH IRUPHG DW LWV KHDG SDUW�
7KH RSWLPDO WHFKQRORJLFDO SDUDPHWHUV RI PHOWLQJ �7D�
EOH� ZHUH UHFRPPHQGHG DV D UHVXOW RI DQDO\VLV RI WKH
GLDJUDPV SORWWHG�

7KH HPSOR\HG PDWKHPDWLFDO PRGHOOLQJ PHWKRGV
DQG FDOFXODWHG WHFKQRORJLFDO SDUDPHWHUV RI PHOWLQJ
DQG UHPRYDO RI D VKULQNDJH SLSH FDQ EH XVHG QRW RQO\
IRU HOHFWURQ EHDP UHPHOWLQJ� EXW DOVR IRU RWKHU YDFXXP
WHFKQRORJLHV�

�� &KDOPHUV� %� ������ 7KHRU\ RI VROLGLILFDWLRQ� 0RVFRZ�
0HWDOOXUJLD�

�� 3DWRQ� %�(�� 7ULJXE� 1�3�� $NKRQLQ� 6�9� HW DO� ������ 'H�
YHORSPHQW RI WKH WHFKQRORJ\ RI HOHFWURQ EHDP PHOWLQJ RI WL�
WDQLXP� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� =KXN� *�9�� $NKRQLQD� /�9�� 7ULJXE� 1�3� ������ 0DWKH�
PDWLFDO PRGHOOLQJ RI SURFHVVHV RI VROLGLILFDWLRQ RI WLWDQLXP
DOOR\ 7Lw�$Ow�9 LQ (%&+� ,ELG�� �� ��w���

1/2002 21



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

���������������	�����������������

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

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


7HFKQRORJLFDO SRVVLELOLWLHV IRU PHOWLQJ RI VWHHOV LQ WKH DUF VWHHO�PHOWLQJ IXUQDFHV �$60)� E\ WKH FRQYHQWLRQDO PHWKRG
DQG E\ WKH GXSOH[�SURFHVV �PHOWLQJ LQ WKH $60)wODGOH WUHDWPHQW RI VWHHO� DUH FRQVLGHUHG� %DVLF SRZHU LQGLFHV RI WKH

VWHHO PHOWLQJ DUH DQDO\]HG� ,W LV VKRZQ WKDW WKH ODGOH WUHDWPHQW RI VWHHO LQ WKH DUF ODGOH�IXUQDFHV DQG HVSHFLDOO\ LQ SODVPD

ODGOH�IXUQDFHV SHUPLWV LPSURYLQJ WKH VWHHO TXDOLW\� LQFUHDVLQJ HIILFLHQF\ RI WKH $60)� GHFUHDVLQJ WKH SRZHU FRQVXPSWLRQ

DQG H[SDQGLQJ WHFKQRORJLFDO DQG PHWDOOXUJLFDO SRWHQWLDOLWLHV RI WKH SURFHVV� 6WHHOV DIWHU SODVPD ODGOH WUHDWPHQW LQ DUJRQ�

QLWURJHQ RU WKHLU PL[WXUH DUH RQ SDU LQ TXDOLW\ ZLWK VWHHOV SURGXFHG E\ WKH PHWKRGV RI VSHFLDO HOHFWURPHWDOOXUJ\� DQG
PHHW WKH UHTXLUHPHQWV RI WKH LQWHUQDWLRQDO VWDQGDUGV�

.H\ ZRU G V � ODGOH WUHDWPHQW RI VWHHO� DUF DQG SODVPD OD�
GOH�IXUQDFHV� SRZHU�VDYLQJ WHFKQRORJLFDO V\VWHPV� SODVPD�DUF
KHDWLQJ FRPSOH[� SDUDPHWHUV RI WKH SRZHU UHJLPH� VWHHO� VODJ�
JDV� VWHHO KHDWLQJ UDWH

$ FRQFHSW RI KLJK WHFKQRORJ\ ZDV ORQJ DJR IRUPHG LQ
VWHHO SURGXFWLRQ RI LQGXVWULDOO\ GHYHORSHG FRXQWULHV�

7KLV ZDV FRQGLWLRQHG E\ WKH IDYRUDEOH PDUNHW VLWX�

DWLRQ DQG UHTXLUHPHQWV WR GUDVWLFDOO\ FKDQJH WHFKQRO�

RJ\ RI VWHHO PHOWLQJ DQG D GHVLJQ RI WKH DUF VWHHO�PHOW�

LQJ IXUQDFHV �$60)�� WKXV SURYLGLQJ WKH HIILFLHQF\

LQFUHDVH DQG SRZHU FRQVXPSWLRQ RSWLPL]DWLRQ� 7KH

HVVHQFH RI WKH SURFHVV LPSOLHV SURGXFWLRQ RI VWHHO E\

D GXSOH[�SURFHVV� PHOWLQJ LQ WKH $60)wODGOH WUHDW�

PHQW �/7� RI VWHHO� 7KH SURFHVV VXJJHVWV WKH XVH RI

$60) DV D KLJK�SURGXFWLYH PHOWLQJ XQLW PD[LPDOO\
SURYLGLQJ LWV RSHUDWLRQDO FRQGLWLRQV IRU DFFHOHUDWLRQ

RI WKH PHOWLQJ RI PHWDO VFUDS� FDVW LURQ DQG VODJ�

5HPRYDO RI SKRVSKRUXV IURP WKH PHOW LV WKH RQO\
HOHPHQW RI WKH PHWDOOXUJLFDO WHFKQRORJ\ SHUIRUPHG

DORQJ ZLWK WKH PHOWLQJ RI FKDUJH� $OO RWKHU RSHUDWLRQV

DUH SHUIRUPHG E\ WKH VWHHO /7� QDPHO\�

• VWHHO UHILQLQJ IRU FKHPLFDO FRPSRVLWLRQ DQG WHP�

SHUDWXUH�

• UHPRYDO RI KDUPIXO LPSXULWLHV� JDVHV DQG QRQ�

PHWDOOLF LQFOXVLRQV�

• PLFURDOOR\LQJ DQG PRGLI\LQJ RI PHWDO� FRQWURO

RI QRQ�PHWDOOLF LQFOXVLRQV PRUSKRORJ\�

• LPSURYHPHQW RI WKH WHFKQLFDO DQG HFRQRPLFDO

LQGLFHV RI WKH PHWDO SURGXFWLRQ ERWK LQ WKH VWHHO PHOW�

LQJ SURFHVV DQG GXULQJ WKH ZKROH SURGXFWLRQ FKDLQ�

7KH XQLWV RI DUF ODGOH�IXUQDFH �$/)� RU SODVPD ODGOH�

IXUQDFH �3/)� W\SH DUH WKH PRVW DGYDQFHG PDFKLQHV IRU

VWHHO /7� 7KH\ SURYLGH KHDWLQJ RI WKH OLTXLG VWHHO� LWV

PL[LQJ DQG DGGLWLRQ RI OXPS\ DQG LQMHFWLRQ RI SRZGHU

PDWHULDOV� /HW XV DQDO\]H WKH PDLQ SRZHU LQGLFHV RI

WKH VWHHO PHOWLQJ E\ WKH GXSOH[�SURFHVV DQG LQ WKH

$60)� 8QGHU FRQYHQWLRQDO $60) WHFKQRORJ\ ZKHQ
DOO RSHUDWLRQV DUH SHUIRUPHG LQ WKH IXUQDFH� WKH GX�

UDWLRQ RI WKH VWHHO UHILQLQJ �w� WLPHV H[FHHGV WKH WLPH

RI LWV PHOWLQJ� 8QGHU UHILQLQJ OHVV WKDQ ��w�� � RI

WKH VHW SRZHU LV XVHG� 7KH KLJKHU WKH UHTXLUHPHQWV WR

VWHHO TXDOLW\� WKH ZRUVH WKH FKDUJH� WKH KLJKHU WKH VHW

SRZHU� WKH ORZHU WKH DFWLYH SRZHU RI WKH WUDQVIRUPHU

XVHG� >�@� 8QGHU PHOWLQJ RI HOHFWULF VWHHO DW WKH 6WRFN�

+ROGLQJ &RPSDQ\ �%XPPDVK� �,]KHYVN� 5XVVLD� WKH
VSHFLILF FRQVXPSWLRQ RI WKH HOHFWULF SRZHU IRU �� W

$60) LV ���w��� N:⋅K�W� 6SHFLILF HQHUJ\ FRQVXPS�
WLRQ IRU PHOWLQJ LQ WKLV IXUQDFH LV ��� N:⋅K�W >�@�

7KXV� VWHHO UHIHQLQJ LQ $60) UHTXLUHV ���w

��� N:⋅K�W� 8QGHU VWHHO /7 LQ DUF DQG SODVPD OD�
GOH�IXUQDVHV D VSHFLILF FRQVXPSWLRQ RI HOHFWULF SRZHU

LV RQO\ ��w�� N:⋅K�W >�� �@� ZKLFK LV ���w���� WLPHV

OHVV WKDQ XQGHU UHILQLQJ VWHHO LQ $60) DQG ���w���
WLPHV OHVV WKDQ XQGHU GXSOH[�SURFHVV �$60) � $/)��

3RZHU FRQVXPSWLRQ LQ $/) RU 3/) LQFOXGHV DOVR HQ�

HUJ\ QHFHVVDU\ WR KHDW WKH ODGOHV RU WR PDLQWDLQ D

SUHVHW WHPSHUDWXUH OHYHO DIWHU WDSSLQJ WKH SUHYLRXV

SRUWLRQ RI PHWDO DQG XS WR SRXULQJ WKH QH[W SRUWLRQ�

7KH XVH RI $/) WRJHWKHU ZLWK $60) RI QRUPDO SRZHU

LQFUHDVHV IXUQDFH HIILFLHQF\ E\ ��w�� �� 7KH XVH RI

$60) ZLWK LQFUHDVHG SRZHU SHUPLWV LQFUHDVLQJ WKH

GXSOH[�SURFHVV HIILFLHQF\ E\ ��w�� � >�@�
7KH GXSOH[�SURFHVV LV PXFK EHWWHU WKDQ WKH PXO�

WLVWDJH VWHHO PHOWLQJ LQ $60) LQ WHUPV RI VWHHO TXDOLW\

� *�$� 0(/1,.� 2�6� =$%$5,/2� 0�/� =+$'.(9,&+� $�$� =+'$1296.<� 0�6� 35,.+2'.2 DQG $�$� 32%2/� ����

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� .\LY� 8NUDLQH�
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LQFUHDVH DQG VDYLQJ RI DOOR\LQJ HOHPHQWV� 7KH XVH RI

$/) LQ VWHHO�PDNLQJ SODQWV DOORZV LQFUHDVLQJ UDQJH

RI WKH JUDGHV RI SURGXFHG VWHHO� LQFOXGLQJ FRQYHQ�

WLRQDO HOHFWULF VWHHO JUDGHV� 7KH XVH RI $/) DOORZV

SURGXFLQJ FDUERQ� ORZ�DOOR\� KLJK�DOOR\HG VWHHOV LQ�

FOXGLQJ EHDULQJ� UDLO� ERLOHU� VSULQJ� WRRO� VWDLQOHVV

VWHHOV� VWHHOV RI GHHS GUDZLQJ DQG RWKHUV� 0HWDOOXUJ\

RI VWHHO SURGXFWLRQ LPSURYHV DV D UHVXOW RI XVLQJ VWHHO

/7 LQ $/) RU 3/)� ,W LV UHFRJQL]HG WKDW LQWURGXFWLRQ

RI � � RI DOOR\LQJ HOHPHQWV GHFUHDVHV WKH VWHHO WHP�

SHUDWXUH LQ $/) E\ DERXW �� �&� $GGLWLRQ RI DOOR\LQJ

HOHPHQWV LQ FRQVLGHUDEOH DPRXQWV UHTXLUHV WR SURORQJ

WKH KHDWLQJ� +HDWLQJ LQ ��� W $/) ODVWV �w� K LI �� �

RI DOOR\ DGGLWLRQV DUH SXW WR WKH PHWDO >�@� 7KHUH LV

D FDVH ZKHQ WKH ZKROH SURFHVV RI UHILQLQJ DQG DOOR\LQJ

RI WKH DOOR\HG VWHHO ZLWK WKH FRQWHQW RI DOOR\ DGGLWLRQV

RI XS WR � � ZDV SHUIRUPHG LQ $/) >�@� 7KH DVVLPL�

ODWLRQ GHJUHH RI WKH DOOR\ DGGLWLRQV LQ $/) >�@ DQG

HVSHFLDOO\ LQ 3/) >�@ LQFUHDVHV DV DJDLQVW $60) �7D�

EOH ���

,W LV DJUHHG WKDW WKH VWHHO /7 LQ $/) SHUPLWV LQ�

FUHDVLQJ D XWLOL]DWLRQ GHJUHH RI DOOR\ DGGLWLRQV E\ � �

RI WKH PHWDO FKDUJH >�@� )RU 3/) WKLV LQGH[ PXVW EH

HYHQ KLJKHU� 6WHHO /7 LQ $/) DOORZV LQFUHDVLQJ WKH

KRPRJHQHLW\ RI PHOW E\ WHPSHUDWXUH DQG FKHPLFDO

FRPSRVLWLRQ� WKXV ORZHULQJ FRPSRVLWLRQ YDULDWLRQV RI

WKH SURGXFHG VWHHOV >�@ �7DEOH ���

$FFXUDF\ LQ GHWHUPLQLQJ WHPSHUDWXUH DW WKH HQG

RI VWHHO /7 LQ $/) LV �w� �& >�� �@� 7KH UHVXOWV RI

VWHHO /7 LQ WKH �� W $/) KDYH VKRZQ WKDW WKH FRQWHQW

RI VXOIXU DQG JDVHV LQ OLTXLG VWHHO PD\ EH GHFUHDVHG

ZLWKLQ WKH IROORZLQJ UDQJH� 6 x �����w����� ZW���

2� x ��w�� SSP� +� x ���w��� SSP� 1� x ��w

�� SSP >��@� 2Q HYLGHQFH GHULYHG IURP RWKHU GDWD

>�@ D GHJUHH RI GHVXOSKXUDWLRQ RI WKH PHOW ZLWK LQLWLDO

R[\JHQ FRQWHQW RI ���� � DIWHU ��w�� PLQ RI VWHHO /7

LV �� DQG �� �� UHVSHFWLYHO\� DIWHU �� PLQ RI VWHHO /7

ZLWK VLOLFRFDOFLXP EORZLQJ x PRUH WKDQ �� �� WRWDO

R[\JHQ FRQWHQW x ��w�� SSP� GHSKRVSKRUL]DWLRQ x

OHVV WKDQ �� SSP� LQFUHDVH RI WKH QLWURJHQ FRQWHQW x

OHVV WKDQ � SSP� $ FRHIILFLHQW RI VXOIXU GLVWULEXWLRQ

EHWZHHQ VODJ DQG PHWDO DFKLHYHV ��� LQ $/) >�@ DQG

��� LQ 3/) >�@� :RUN LQ FRPELQDWLRQ ZLWK $/) KDV

SHUPLWWHG D PRUH WKDQ �� � LQFUHDVH RI WKH $60)

OLQLQJ GXH WR WKH IDFW WKDW RQO\ PHOWLQJ DQG GHFDU�

EXUDWLRQ GRZQ WR ��� � & KDYH EHHQ SHUIRUPHG LQ

WKH $60) >�@�

7KHUHIRUH� VWHHO /7 LQ $/) RU 3/) DOORZV LQFUHDV�

LQJ VWHHO TXDOLW\ DQG $60) HIILFLHQF\ DV ZHOO DV GH�

FUHDVLQJ FRQVXPSWLRQ RI PDLQ DX[LOLDU\ PDWHULDOV DQG

SRZHU >��@� ,PSURYHPHQW RI WKHVH LQGLFHV PDNHV LW

SRVVLEOH WR IXOO\ FRPSHQVDWH WKH FRVW RI VWHHO /7�

7KHVH UHVXOWV DUH D JRRG IRXQGDWLRQ IRU GHYHORS�

PHQW RI QHZ SURFHVVHV RI VWHHO�PDNLQJ ZLWK UHJDUG WR

EDVLF SURYLVLRQV RI WKH KLJK WHFKQRORJLHV XQGHU PDUNHW

FRQGLWLRQV�

,W LV HYLGHQW IURP WKH DERYH GDWD WKDW 3/) KDYH

D QXPEHU RI DGYDQWDJHV DV FRPSDUHG WR $/)� 3ODVPD

KHDWLQJ LQ FRQWUDVW WR DUF KHDWLQJ SURYLGHV LPSURYHG

WKHUPRG\QDPLF DQG NLQHWLF FRQGLWLRQV IRU PHWDOOXU�

JLFDO UHDFWLRQV RI GHR[LGL]DWLRQ DQG UHILQLQJ RI PHWDO

IURP JDV DQG QRQ�PHWDOOLF LQFOXVLRQV� ,W LV GLVWLQ�

JXLVKHG IRU LWV HIILFLHQF\� RSWLPDO FRQYHUVLRQ RI WKH

HOHFWULF SRZHU LQWR KHDWLQJ SRZHU� LQFUHDVHG VWDELOLW\�

FRQWUROODELOLW\ DQG SXULW\ RI WKH SODVPD GLVFKDUJH� ,W

HQVXUHV DLU�WLJKWQHVV RI WKH ZRUNLQJ VSDFH� JRRG FRQ�

WUROODELOLW\ RI WKH DWPRVSKHUH DQG D ZLGH UDQJH RI

WHFKQRORJLFDO JDV SUHVVXUHV�

7KHVH DGYDQWDJHV DOORZ H[SDQGLQJ SRZHU� WHFK�

QRORJLFDO DQG PHWDOOXUJLFDO SRWHQWLDOLWLHV RI WKH XQLW

IRU FRPSOH[ ODGOH WUHDWPHQW RI VWHHO �8&/76�� GH�

FUHDVLQJ RI VSHFLILF FRQVXPSWLRQ RI HOHFWULF HQHUJ\�

KHDWLQJ GXUDWLRQ DQG ZHDU RI WKH ODGOH OLQLQJ� LQFUHDVH

DQ DVVLPLODWLRQ GHJUHH RI WKH DOOR\LQJ HOHPHQWV� DFWLYH

XWLOL]DWLRQ RI WKH JDV DQG VODJ SKDVHV� SUHYHQWLRQ RI

PHWDO FRQWDPLQDWLRQ ZLWK FDUERQ� QLWURJHQ DQG K\�

GURJHQ� LPSURYHPHQW RI VWHHO TXDOLW\� HFRORJ\ RI WKH

PHWDOOXUJLFDO SURFHVV DQG VDQLWDU\�K\JLHQLF FRQGL�

7DEOH �� $VVLPLODWLRQ GHJUHH RI DOOR\ DGGLWLRQV

8QLW
$OOR\ DGGLWLRQV� ZW��

5HIHUHQFH

& 6L 0Q &U $O 1L 0R 9

$60) w ��� ���� ���� ��� ��� w w >�@

$/) w ��� ���� ���� ��� ��� w w >�@

$/) ���� ��� ���� ��� w ��� ��� w >�@

$/) ���� w ���� w w w w ���� >�@

3/) ��� ��� ��� ��� w ��� w w >�@

7DEOH �� &KDQJH RI VWHHO FRPSRVLWLRQ XQGHU DOOR\LQJ E\ GLIIHUHQW PHWKRGV

0HWKRG RI DOOR\LQJ
9DULDWLRQV� �

& 6L 0Q $O 9

$OOR\ DGGLWLRQ XQGHU WDSSLQJ IURP $60) ���� ���� ���� ���� ����

3UHOLPLQDU\ DOOR\LQJ XQGHU WDSSLQJ DQG ILQDO DOOR\LQJ

XQGHU VWHHO WUHDWPHQW LQ ODGOH

���� ���� ���� ����� �����

$OOR\LQJ XQGHU VWHHO /7 ���� ���� ���� ���� w
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WLRQV RI ODERU� 7KH XVH RI 3/) ZLWK DOO WKHLU PHULWV

DOORZV HVVHQWLDOO\ LPSURYLQJ IXUQDFH DQG RII�IXUQDFH

PHWDOOXUJLFDO WHFKQRORJ\ DQG SURGXFLQJ VWHHO� ZKLFK

LV VXFFHVVIXOO\ FHUWLILHG DFFRUGLQJ WR WKH LQWHUQDWLRQDO

VWDQGDUGV�

7KH OLVWHG DGYDQWDJHV RI WKH XVH RI SODVPD KHDWLQJ

LQ PHWDOOXUJ\ DUH FRQILUPHG E\ WKHRUHWLFDO DQG SUDF�

WLFDO GHYHORSPHQWV RI WKH (�2� 3DWRQ (OHFWULF :HOG�

LQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH DV ZHOO DV E\

UHVXOWV RI SUDFWLFDO LQWURGXFWLRQ RI WHFKQRORJ\ DQG

HTXLSPHQW IRU SODVPD�DUF PHOWLQJ� UHPHOWLQJ DQG UH�

ILQLQJ RI PHWDOV DQG DOOR\V LQ WKH ZDWHU�FRROHG FRSSHU

FUXFLEOH� VODJ�OLQLQJ DQG FHUDPLF FUXFLEOHV XVLQJ SODV�

PDWURQV RI GLUHFW DQG DOWHUQDWLQJ FXUUHQW RI WRWDO

SRZHU WR ��� 0:�

%DVLF RSHUDWLRQ SDUDPHWHUV RI GLUHFW DQG DOWHUQDW�

LQJ FXUUHQW 3/) �SRZHU FRQGLWLRQV� DUF FXUUHQW DQG

YROWDJH� XVHIXO HIILFLHQF\� VWHHO KHDWLQJ UDWH DQG RWK�

HUV� DUH SUHVHQWHG LQ >��w��@� 6\VWHPDWL]DWLRQ RI WKHVH

GDWD KDV DOORZHG REWDLQLQJ D XQLYHUVDO SDUDPHWHU IRU

GHWHUPLQDWLRQ RI WKH SRZHU FRQGLWLRQV IRU RSHUDWLRQ

RI WKH ODGOH�IXUQDFH RI FHUWDLQ FDSDFLW\� ZKLFK LV VSH�

FLILF DFWLYH SRZHU:V SURYLGHG E\ RQH RU VHYHUDO '&

RU $& SODVPDWURQV IRU VWHHO KHDWLQJ ZLWK SUHVHW UDWH�

9DOXHV RI WKLV SDUDPHWHU DUH ZLWKLQ WKH UDQJH RI ���w

��� N:⋅K��W⋅�&� DQG GHSHQG RQ WKH GHVLJQ RI WKH

XQLW� HIILFLHQF\ RI SODVPDWURQV� ODGOH WHPSHUDWXUH DW

WKH PRPHQW RI PHWDO SRXULQJ� WKH TXDOLW\ RI WKH DGGHG

DOOR\LQJ HOHPHQWV DQG RWKHUV� 7KRXJK WKH IRXQG YDO�

XHV RI :V SDUDPHWHU YDU\ ZLWKLQ D ZLGH UDQJH� WKH

XVH RI WKH SDUDPHWHU DOORZV D VXIILFLHQW DFFXUDF\ LQ

GHWHUPLQDWLRQ RI WKH DFWLYH SRZHU RI WKH 3/) SODV�

PDWURQV DW WKH LQLWLDO VWDJH RI GHVLJQ�

7KH 3DWRQ ,QVWLWXWH KDV FRQWULEXWHG PRVW RI DOO

LQWR FUHDWLRQ RI WKH $& SODVPDWURQV� 3ODVPD�KHDWLQJ

FRPSOH[HV �3+&� RI �w� 0: SRZHU GHYHORSHG DW

WKH ,QVWLWXWH ZHUH LQVWDOOHG LQWR ��� W SODVPD IXUQDFH

ZLWK FHUDPLF OLQLQJ ��.UXSS�� )5*� ����� DQG ��� W

3/) ��1LSSRQ 6WHHO�� -DSDQ� ������ ZKLFK ZHUH IRU

WKH ILUVW WLPH LQ WKH ZRUOG SXW LQWR RSHUDWLRQ� 7KH

3+& LQFRUSRUDWHV � SODVPDWURQV RI GLUHFW DFWLRQ ZLWK

SODVPD HOHFWURGHV� FRQQHFWHG E\ D WKUHH�SKDVH FLUFXLW�

WKHLU SRZHU VRXUFHV� HTXLSPHQW IRU FRQWURO DQG UHJX�

ODWLRQ RI HOHFWULF DQG JDV UHJLPHV� 3+& SODVPDWURQV

DU HTXLSSHG ZLWK SODVPD HOHFWURGHV� WKXV HQVXULQJ

WKHLU ORZ ZHDU GHJUHH DQG VWDEOH DUFLQJ ZLWKLQ WKH

ZLGH UDQJH RI WHFKQRORJLFDO UHJLPHV� LQ SDUWLFXODU XQ�

GHU H[FHVVLYH JDV SUHVVXUH LQ WKH PHOWLQJ FDYLW\ DQG

XQGHU WKH UDUHIDFWLRQ� -RLQW LQGXVWULDO WULDOV RI WKLV

SODVPD KHDWLQJ FRPSOH[ LQ WKH ��� W 3/) RI WKH �1LS�

SRQ 6WHHO� FRQILUPHG D SRVVLELOLW\ WR FRPSHQVDWH WKHU�

PDO ORVVHV DQG WR KHDW WKH PHOW ZLWK � �&�PLQ UDWH

DV VSHFLILHG E\ WKH &RUSRUDWLRQ� ,W DOVR SURYHG WKH

FRUUHFWQHVV RI WKH SRZHU FDOFXODWLRQV� HQJLQHHULQJ GH�

VLJQ DQG UHOLDELOLW\ RI WKH HTXLSPHQW�

3HFXOLDULWLHV RI 3/) DQG SODVPD WHFKQRORJ\ PD\

EH IXOO\ FRQVLGHUHG RQ WKH H[DPSOH RI WKH VWHHO /7

SURFHVV LQ WKH �� W XQLW IRU FRPSOH[ ODGOH WUHDWPHQW

RI VWHHO RI WKH �%XPPDVK� GHVLJQHG DQG SXW LQWR

RSHUDWLRQ E\ WKH 3DWRQ ,QVWLWXWH LQ ����w�����

8QGHU FUHDWLRQ RI $& 3+& WR HTXLS WKH 8&/76�

�� DQG EULQJLQJ LW WR FRPPHUFLDO OHYHO ZH HPSOR\HG

WKH UHVXOWV RI RZQ WKHRUHWLFDO DQG H[SHULPHQWDO VWXG�

LHV DV ZHOO DV LQGXVWULDO WULDOV DW WKH �1LSSRQ 6WHHO��

:H DOVR XVHG WKH H[SHULHQFH JDLQHG XQGHU FUHDWLRQ RI

PHWDOOXUJLF $& SODVPDWURQV ZLWK SODVPD HOHFWURGHV

DQG SODVPD�DUF IXUQDFHV ZLWK ZDWHU�FRROHG FRSSHU

FUXFLEOHV� VODJ�OLQLQJ DQG FHUDPLF FUXFLEOHV DQG XQGHU

PDNLQJ RI KLJK�TXDOLW\ VWHHOV DQG DOOR\V LQ WKH DERYH

HTXLSPHQW >��@�

6FKHPDWLF GLDJUDP RI WKH 3/) �)LJXUH� SURYLGHV

WHFKQLFDO RSWLRQV IRU GHWHUPLQDWLRQ RI WHPSHUDWXUH DQG

FKHPLFDO FRPSRVLWLRQ RI WKH PHOW� WHPSHUDWXUH DGMXVW�

PHQW� WUHDWPHQW RI VWHHOV ZLWK VODJ DQG WKHLU DGGLWLRQDO

DOOR\LQJ LQ WKH LQHUW DWPRVSKHUH DQG WKDW RI DUJRQ�QL�

WURJHQ PL[WXUHV RU QLWURJHQ� 7KH ODGOH LV LQVWDOOHG LQ

WKH FKDPEHU DVVHPEOHG RQ WKH WHHPLQJ ODGOH FDU DQG

FRYHUHG ZLWK D FDS� 7KUHH SODVPDWURQV DUH HYHQO\ LQ�

VWDOOHG RQ WKH FDS LQ D FLUFOH ZLWK VORSH DW DQ DQJOH

��w��� >��@� $LU�WLJKWQHVV RI WKH ZRUNLQJ VSDFH LV FUH�

DWHG E\ FRPSUHVVLRQ RI WKH FKDPEHU WR WKH IL[HG FDS E\

PHDQV RI K\GUDXOLF F\OLQGHUV� 7KH 3+& VHW LQFOXGHV

DOVR V\VWHPV RI JDV� ZDWHU DQG SRZHU VXSSO\� K\GUDXOLF

XQLW DQG JDV VXSSO\ XQLW� (OHFWULF SRZHU LV VXSSOLHG WR

SODVPDWURQV IURP D WUDQVIRUPHU WKURXJK UHJXODWRUV RI

WKH DUF FXUUHQW �FRQWUROOHG RU QRQ�FRQWUROOHG WKURWWOHV��

$OO 3+& V\VWHPV DUH FRQWUROOHG IURP WKH PDLQ FRQWURO

SDQHO� 7KHKHDWLQJ FRPSOH[ LQFOXGHVPHFKDQLVPV�ZKLFK

DOORZ PRYLQJ SODVPDWURQV DORQJ D[LV IRU UHJXODWLQJ WKH

OHQJWKV RI DUFV DQG YDU\LQJ WKHLU VORSH LQ WKH FRXUVH RI

WKH RSHUDWLRQ� 7KH 3+& SURYLGHV VWDUWLQJ RI SODVPD�

WURQV LQ WKH DUFLQJ PRGH ERWK LQ WKH PLGGOH SRLQW LQ

SODVPD DQG LQ WKH VXUIDFH RI WKH PHWDO RU VODJ PHOW� ,W

HQVXUHV KLJK UHOLDELOLW\ RI WKH VWDUW DQG VWDEOH DUFLQJ LQ

VSDFH LQ WKH DEVHQFH RI PHWDO RU VODJ PHOW IRU DQ\ WKLFN�

QHVV RI WKH VODJ OD\HU RQ WKH PHWDO VXUIDFH RU ZLWK VR�

OLGLILHG VODJ OD\HU� $UJRQ EORZLQJ RI WKH PHOW LV SHU�

3ODVPD ODGOH�IXUQDFH� � x WHHPLQJ ODGOH FDU� � x K\GUDXOLF F\O�
LQGHU� �x FKDPEHU� �x ZDWHU�FRROHG FDS� �x SODVPDWURQ� � x
WHPSHUDWXUH SUREH� � x JDV�EORZQ PHOW
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IRUPHG WKURXJK WZR SRURXV SOXJV SODFHG LQ WKH ERWWRP

RI WKH ODGOH�

3RZHU DQG WHFKQRORJLFDO SRWHQWLDOLWLHV RI WKH SUR�

FHVV DV ZHOO DV UHOLDELOLW\ RI WKH SURGXFHG HTXLSPHQW

ZHUH LQYHVWLJDWHG LQ WKH FRXUVH RI PHOWLQJ LQ 3/)�

:DOOV DQG ERWWRP RI WKH ODGOH ZHUH OLQHG ZLWK FKD�

PRWWH UHIUDFWRULHV DQG D VODJ ]RQH x ZLWK SHULFODVH�

FDUERQ UHIUDFWRULHV� 7KH FKDPEHU FDS ZDV JXQ�FRQ�

FUHWHG ZLWK DOXPLQD�]LUFRQLXPPDVV RI WKLFNQHVV YDU\�

LQJ IURP �� WR �� PP� 3URWHFWLRQ FHUDPLF VFUHHQ ZDV

QRW LQVWDOOHG RYHU WKH ODGOH LQ WKLV VHULHV RI PHOWV�

'HSHQGLQJ RQ WKH WHFKQRORJLFDO UHTXLUHPHQWV� GXUD�

WLRQ RI VWHHO WUHDWPHQW YDULHG IURP �� WR �� PLQ�

9ROW�DPSHUH FKDUDFWHULVWLFV �9$&� RI 3/) DUH DV�

FHQGLQJ� WKHLU FXUYDWXUH LV ����w����⋅��w� 9�$ XQGHU

RSHUDWLRQ LQ DUJRQ DQG ����w����⋅��w� 9�$ XQGHU

RSHUDWLRQ LQ QLWURJHQ� 9$& RI WKUHH�SKDVH JURXS RI

3/) SODVPDWURQV ZKHQ DUJRQ LV XVHG DV SODVPD JDV

DQG DUFLQJ LV LQ WKH SUHVHW UHJLPH� DUH ZHOO GHVFULEHG

E\ DQ HPSLULFDO GHSHQGHQFH
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ZKHUH E LV WKH FRHIILFLHQW HTXDO WR ����w����� ,D LV

WKH DUF FXUUHQW� $� P LV WKH SRZHU LQGH[ HTXDO WR

�����w������ /D LV WKH DUF OHQJWK� FP� OH LV WKH SHQH�

WUDWLRQ RI WKH HOHFWURGH LQWR WKH QR]]OH� PP� (F LV WKH

YROWDJH JUDGLHQW RI WKH DUF FROXPQ SDUW LQ WKH QR]]OH

FKDQQHO� 9�PP�

:KHQ RWKHU JDVHV RU WKHLU PL[WXUHV ZLWK DUJRQ DUH

XVHG DV SODVPD JDVHV DQG XQGHU DUFLQJ LQ WKH DWPRV�

SKHUH RI JDV PL[WXUHV WKH DUF YROWDJH8D LV FDOFXODWHG

DFFRUGLQJ WR WKH IRUPXOD

8
D
PL[

= 8
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$U
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ZKHUH * LV WKH YROXPH IUDFWLRQ RI JDV LQ PL[WXUH ZLWK

DUJRQ DQG Q LV WKH SRZHU LQGH[� ,WV YDOXHV YDU\ ZLWKLQ

����w���� ZKHQ XVLQJ DLU RU QLWURJHQ� ����w���� ZKHQ

XVLQJ KHOLXP DQG ����w���� ZKHQ XVLQJ K\GURJHQ�

5DWH RI VWHHO KHDWLQJ GHSHQGV RQ WKH VXSSOLHG

SRZHU� FRQVXPSWLRQ DQG FRPSRVLWLRQ RI SODVPD JDV�

WHPSHUDWXUH FRQGLWLRQ RI WKH ODGOH OLQLQJ DQG VODJ

UHJLPH� 8QGHU 3+& SRZHU RI ���w��� 0: UDWH RI

VWHHO KHDWLQJ ZDV ���w��� �&�PLQ� DQG LQFUHDVHG XS

WR ���w��� �&�PLQ DW ���w��� 0: SRZHU� $QDO\VLV

RI WKH REWDLQHG UHVXOWV VKRZV WKDW XQGHU VLPLODU VXS�

SOLHG SRZHU WKH VWHHO KHDWLQJ UDWH LQ 3/) LV PXFK

KLJKHU WKDQ LQ $/)� 6SHFLILF FRQVXPSWLRQ RI HOHFWULF

SRZHU IRU KHDWLQJ RI VWHHO� LWV UHILQLQJ DQG DGMXVWPHQW

RI FKHPLFDO FRPSRVLWLRQ YDULHV ZLWKLQ ��w�� N:⋅K�W
ZKLOH VSHFLILF DFWLYH SRZHU GRHV QRW H[FHHG

��� N:⋅K��W⋅�&� HYHQ LI WKH LQLWLDO WHPSHUDWXUH RI

ODGOH OLQLQJ LV ���w��� �&�

3ODVPD WUHDWPHQW RI VWHHO LQ WKH 8&/76 SURYLGHV

EHWWHU UHPRYDO RI JDVHV� QRQ�PHWDOOLF LQFOXVLRQV DQG

KDUPIXO DGPL[WXUHV DV DJDLQVW HOHFWULF DUF KHDWLQJ�

4XDOLW\ RI VWHHOV DIWHU SODVPD ODGOH WUHDWPHQW LQ DUJRQ

DQG QLWURJHQ RU WKHLUPL[WXUH LV RQ SDUZLWK WKH TXDOLW\

RI VWHHOV SURGXFHG E\ WKH PHWKRGV RI VSHFLDO HOHF�

WURPHWDOOXUJ\ DQG FRUUHVSRQGV WR WKH LQWHUQDWLRQDO

VWDQGDUGV�

3ODVPD KHDWLQJ FRPSOH[HV PD\ EH LQVWDOOHG RQ

RWKHU VWHHO /7 XQLWV DQG SRQ\ ODGOHV RI FRQWLQXRXV

FDVWLQJ PDFKLQHV� WKXV DOORZLQJ UHILQLQJ DQG ILQH DG�

MXVWPHQW RI WKH SRXUHG PHWDO WHPSHUDWXUH� 8VH RI

SODVPD HOHFWURGHV LQ 3+& SODVPDWURQV PDNHV LW SRV�

VLEOH WR FRPELQH YDFXXP WUHDWPHQW DQG KHDWLQJ RI

VWHHO LQ RQH XQLW�

%DVLF WHFKQRORJLFDO DQG RSHUDWLRQDO LQGLFHV
RI 3/) �8&/76����

&DSDFLW\ RI WKH ODGOH�IXUQDFH� W ��������������������������� ��w��
*DV FRQVXPSWLRQ XQGHU PHWDO EORZLQJ ZLWK
DUJRQ� QLWURJHQ RU WKHLU PL[WXUHV� P

�

�K �������������� ��w��
3RZHU RI 3+&� N: ������������������������������������������� ����w����
2SHUDWLRQDO SDUDPHWHUV RI 3+& SODVPDWURQ�

DUF FXUUHQW� N$ ���������������������������������������� ���w���
DUF YROWDJH� 9 ����������������������������������������� ���w���
FRQVXPSWLRQ RI SODVPD JDV �DUJRQ� QLWURJHQ
RU WKHLU PL[WXUHV�� QP

�

�K ������������������������ ��w��
DUF OHQJWK� PP ���������������������������������������� ���w���

+HDWLQJ PHWDO HIILFLHQF\� � �������������������������������� ��w��
(OHFWURGH PDWHULDO ��������������������������������������������� JUDSKLWH

RU WXQJVWHQ
6WHHO KHDWLQJ UDWH� �&�PLQ ��������������������������������� ���w���
6SHFLILF FRQVXPSWLRQ RI HOHFWULF
SRZHU� N:⋅K�W ������������������������������������������������� ��w��
6SHFLILF DFWLYH SRZHU� N:⋅K��W⋅�&� ��������������������� ���w���
7KLFNQHVV RI WKH DSSOLHG VODJ OD\HU� PP ���������������� XS WR ���
5HILQLQJ IURP QRQ�PHWDOOLF LQFOXVLRQV ������������������� GHFUHDVH

RI LQGH[
IURP �UG
WR �QG

0LQLPDO VXOIXU FRQWHQW LQ PHWDO� � ���������������������� �����
$SSUR[LPDWH DUHD RFFXSLHG E\ WKH
HTXLSPHQW� P

�

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

1HZ GHYHORSPHQWV RI SODVPD KHDW VRXUFHV E\ WKH

3DWRQ ,QVWLWXWH DUH RI VSHFLDO LPSRUWDQFH IRU H[SRVLQJ

SRWHQWLDOLWLHV RI VWHHO /7 XQLWV DQG WHFKQRORJLHV� ,Q�

FUHDVH RI WKH 3/) FDSDFLW\ �PRUH WKDQ ��� W� DQG

SXWWLQJ LW LQWR FRPPHUFLDO RSHUDWLRQ ZHUH KLQGHUHG

XQWLO UHFHQWO\ GXH WR WKH ODFN RI UHOLDEOH DQG KLJK�

SRZHU SODVPDWURQV ZLWK ORQJ RSHUDWLRQDO OLIH� 'HYHO�

RSHG SODVPD�DUF KHDWHUV �'3$+� ZLWK FKHHS JUDSKLWH

RU VHOI�VLQWHULQJ KROORZ HOHFWURGHV >��� ��@ FUHDWHG E\

WKH 3DWRQ ,QVWLWXWH DQG WHVWHG DW WKH =HVWDIRQ )HUUR�

DOOR\ 3ODQW �*HRUJLD� LQ SLORW SURGXFWLRQ DQG SUR�

GXFWLRQ FRQGLWLRQV DUH GLVWLQJXLVKHG IRU XQOLPLWHG RS�

HUDWLRQDO OLIH� GR QRW LQFRUSRUDWH FRPSOLFDWHG ZDWHU�

FRROHG SDUWV DQG SHUPLW GHYHORSLQJ SUDFWLFDOO\ XQOLP�

LWHG SRZHU� '&� RU $&�VXSSOLHG '3$+ �LQ VRPH FDVHV

D FRPELQHG SRZHU VXSSO\ LV SRVVLEOH� SUHVHUYH DOO

3+& DGYDQWDJHV DQG GR QRW UHTXLUH WKH XVH RI ERWWRP

HOHFWURGH� 3RZHU RI RQH '3$+ LV HQRXJK WR RSHUDWH

3/) ZLWK FDSDFLW\ XS WR ��� W� VWHHO KHDWLQJ UDWH XS

WR � �&�PLQ DQG WKLFNQHVV RI D VODJ OD\HU RQ WKH PHOW

VXUIDFH IURP �� WR ��� PP� 3HFXOLDULW\ RI '3$+ OLHV

LQ WKH IDFW WKDW MXVW DV 3+& LW SHUPLWV FRQFHQWUDWLQJ

WKH IRFXV RI WKH VWHHO KHDWLQJ SRZHU LQ WKH FHQWHU RI

WKH ODGOH �SURYLGLQJ KLJK UHVLVWDQFH RI WKH VODJ ]RQH

OLQLQJ� DQG DFKLHYLQJ XQLIRUP KHDWLQJ RI WKH PHOWHG

VWHHO SRRO ZLWK D[LDO ORFDWLRQ RI FLUFOHV RI HTXLSRWHQ�

WLDO FXUYHV RI WKHPHWDO WHPSHUDWXUH� ,W LV ZRUWK QRWLQJ

WKDW '3$+ DOORZV DGGLQJ DOOR\LQJ HOHPHQWV� ILQH DQG

SRZGHU FKDUJH DQG DGMXVWLQJ WKH FRPSRVLWLRQ RI VODJ
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RU LWV UHSODFHPHQW ZLWKRXW VZLWFKLQJ RII WKH KHDWHU�

,W DOVR SHUPLWV D ZLGH�UDQJH UHJXODWLRQ RI SRZHU DQG

VWHHO KHDWLQJ UDWH� &RQVLGHULQJ WKH DERYH LW LV UHFRP�

PHQGHG WR XVH '3$+ DV KHDW VRXUFHV LQ 3/) ZLWK

FDSDFLW\ RI ��� W DQG KLJKHU�

&21&/86,216

�� 7KH XVH RI $/) RU 3/) WRJHWKHU ZLWK $60) DOORZV

GHFUHDVLQJ HOHFWULF SRZHU FRQVXPSWLRQ ���w��� WLPHV�

LQFUHDVLQJ $60) HIILFLHQF\ E\ ��w�� � DQG OLQLQJ

UHVLVWDQFH E\ PRUH WKDQ �� � DV ZHOO DV H[SDQGLQJ

WKH UDQJH RI VWHHO JUDGHV�

�� 6WHHO /7 LQ $/) DQG 3/) SURPRWHV LQFUHDVHG

DVVLPLODWLRQ RI DOOR\LQJ HOHPHQWV �E\ ��w�� �� DQG

PHOW KRPRJHQHLW\ LQ WHPSHUDWXUH DQG FKHPLFDO FRP�

SRVLWLRQ ZLWK OLWWOH YDULDWLRQV RI WKH ODWWHU�

�� 6WHHO /7 SURYLGHV UHFRUG�ORZ JDV FRQWHQW� LQ�

FUHDVHG SXULW\ DV WR QRQ�PHWDOOLF LQFOXVLRQV DQG GHHS

GHVXOSKXUDWLRQ� 'LVWULEXWLRQ FRHIILFLHQW RI VXOIXU EH�

WZHHQ VODJ DQG PHWDO DFKLHYHV ��� LQ $/) DQG ���

LQ 3/)�

�� $FFXUDF\ RI WKH WHPSHUDWXUH DGMXVWPHQW LQ WKH

HQG RI WKH VWHHO /7 SURFHVV LV ��w� �&� $GGLWLRQ RI

� � RI DOOR\LQJ HOHPHQWV GHFUHDVHV VWHHO WHPSHUDWXUH

LQ $/) E\ DERXW �� �& �QRW PRUH WKDQ � � RI DOOR\LQJ

HOHPHQWV DUH DGGHG WR WKH ODGOH��

�� &UHDWLRQ RI 3/) LV RQH RI WKH OLQNV LQ HQHUJ\�

VDYLQJ KLJK�WHFKQRORJ\ V\VWHPV RI WKH PRGHUQ VWHHO�

PDNLQJ LQGXVWU\�

�� 6DYLQJ RI HOHFWULF SRZHU XQGHU VWHHO PHOWLQJ

DFFRUGLQJ WR WKH $60)w3/) VFKHPH LV ��w

��� N:⋅K�W DV DJDLQVW VWHHO PHOWLQJ RQO\ LQ $60)�

�� (FRQRPLF HIILFLHQF\ RI XVLQJ WKH VWHHO /7SURFHVV

LV ���w�� SHU � W RI UHDG\ SURGXFW�

�� $ VSKHUHV RI 3/) DSSOLFDWLRQ DUH UHVRXUFH� DQG

HQHUJ\�VDYLQJ FOHDQ WHFKQRORJLFDO SURFHVVHV IRU SUR�

GXFWLRQ RI KLJK�TXDOLW\ VWHHOV DQG DOOR\V�

�� 3ODVPD VWHHO /7 ZDV SXW LQWR FRPPHUFLDO RS�

HUDWLRQ LQ ��� W 3/) DW WKH �1LSSRQ 6WHHO� �-DSDQ�

LQ ���� DQG LQ �� W 3/) DW WKH �%XPPDVK� �5XVVLD�

LQ �����

��� 1RZ D QHZ JHQHUDWLRQ RI '& DQG $& 3+& RI

ODUJH FDSDFLW\ GHVLJQHG IRU XVLQJ LQ SODVPD WHFKQR�

ORJLFDO SURFHVVHV RI IHUURDOOR\ SURGXFWLRQ LV XQGHU GH�

YHORSPHQW DQG VXFFHVVIXO LQGXVWULDO WULDOV�

�� $OWJDX]HQ� $�3� ������ 8VH RI HOHFWULF KHDWLQJ DQG LQFUHDVH
RI LWV HIILFLHQF\� 0RVFRZ� (QHUJRDWRPL]GDW�

�� 6DPRNKYDORY� *�9�� &KHUQ\VK� *�,� ������ (OHFWULF IXU�
QDFHV LQ IHUURXV PHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJLD�

�� $PEODUG� 0�� /HJUDQG� +� ������ 5HY� 0HW� �)5�� �� ���w
����

�� .Q\XSSHO� *� ������ 'HR[LGL]DWLRQ DQG YDFXXP WUHDWPHQW
RI VWHHO� 0RVFRZ� 0HWDOOXUJLD�

�� 1RVRYD� 7�9� ������ 6WHHO UHILQLQJ LQ XQLWV RI WKH ODGOH�IXU�
QDFH W\SH� 6HULHV �� 6WHHO�PDNLQJ SURGXFWLRQ� 5HYLHZV� ,V�
VXH ��

�� <X]RY� 2�9�� &KDSO\JLQ� 9�$�� 6KOHHY� $�*� HW DO� ������
(FRQRPLFDO HIILFLHQF\ RI WKH DOOR\HG VWHHO SURGXFWLRQ LQ
/�'� 3ODQWV XVLQJ WKH ODGOH�IXUQDFH XQLW� ,Q� 0DQDJHPHQW
HFRQRP\ LQ PHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJLD�

�� 1HXVFKHXW]� '�� 6FKXEHUW� .��+�� %HEEHU� +�-� ������ 0HW�
DOOXUJLFDO UHVXOWV IURP D �� W $& SODVPD ODGOH�IXUQDFH� 6WHHO
5HVHDUFK� �� ���w����

�� (LVHQNROE� -�� /LQGHU� (�� 0HQ]HO� -� HW DO� ������ :LUW�
VFKDIWOLFKHU (LQVDW] YRQ /HJLHUXQJHQ XQG =XVFKODJVWRIIHQ
EHL $QZHQGXQJ SIDQQHQPHWDOOXUJLVFKHU 9HUIDKUHQ� ,Q� )LU�
PHQVFKULIW GHV 9(6 (6:� )UHLWDO� 6HSW�

�� .KDXPDQ� 9�� .RNK� )�� 5HNQDJHO� 9� ������ 8VH RI ODGOH
PHWDOOXUJ\ WR SURGXFH VWHHO IRU +3 ZHOGHG SLSHOLQHV� &KHUQ�
0HWDOO\� ��� ��w���

��� 1LNXOLQ� $�$� ������ 'HVLJQ DQG WHFKQRORJLFDO SHFXOLDULWLHV
RI SRZHUIXO HOHFWURVODJ IXUQDFHV DEURDG� 6HULHV �� 6WHHO�PDN�
LQJ SURGXFWLRQ� 5HYLHZV� ,VVXH ��

��� =KGDQRYVN\� $�$�� =DEDULOR� 2�6�� 0HOQLN� *�$� HW DO�
������ $QDO\VLV RI EDVLF SDUDPHWHUV RI WKH SRZHU UHJLPH LQ
LQGXVWULDO 3/)� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� ����
��w���

��� %HEEHU� +�-�� (VSHQGLOOHU� 9� ������ 3ODVPD WRUFK FOHDQV
XS WKH ODGOH IXUWDQFH� 6WHHO 7LPHV� ��� ���w����

��� 0HOQLN� *�$�� =DEDULOR� 2�6�� =KGDQRYVN\� $�$� HW DO�
������ 3URVSHFWV LQ WKH XVH RI SODVPD KHDWLQJ VRXUFHV LQ
XQLWV RI WKH ODGOH WUHDWPHQW RI VWHHO� 3UREOHP\ 6SHWV� (OHN�
WURPHWDOOXUJLL� �� ��w��� �� ��w���

��� =KDGNHYLFK� 0�/�� 0HOQLN� *�$�� =DEDULOR� 2�6� HW DO�
������ &UHDWLRQ DQG FRPPHUFLDO ODXQFKLQJ RI 3/)� ,ELG�� ��
��w���

��� 0HOQLN� *�$�� =DEDULOR� 2�6�� /H]KDYD� .�,� HW DO� ������
3ODVPD KHDWLQJ LQ IHUURDOOR\ SURGXFWLRQ� ,ELG�� �� ��w���

��� /H]KDYD� .�,�� $VODQLNDVKYLOL� 9�9�� $NKREDG]H� 9�7� HW DO�
������ 6WXG\ RI PDLQ WHFKQLFDO DQG HFRQRPLF LQGLFHV LQ SUR�
GXFWLRQ RI PDQJDQHVH DOOR\V XVLQJ SODVPD KHDWLQJ� ,ELG�� ��
��w���
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7KH TXDOLW\ RI PHWDOOLF VLQJOH�FU\VWDOV LV ODUJHO\ GHSHQGHQW RQ WKH WHPSHUDWXUH ILHOG� IRUPHG LQ SODVPD�LQGXFWLRQ KHDWLQJ

WKDW DFFRPSDQLHV WKH SURFHVVHV RI VLQJOH�FU\VWDO JURZWK� &RQVLGHUHG LQ WKLV FRQQHFWLRQ LV WKH SUREOHP RI PDWKHPDWLFDO

PRGHOOLQJ RI D VLQJOH�FU\VWDO LQGXFWLRQ KHDWLQJ� WR DFKLHYH RSWLPDO FRQWURO RI LWV WHPSHUDWXUH ILHOG IRUPDWLRQ� 7KH

SUREOHP RI LQGXFWLRQ KHDWLQJ RI D VLQJOH�FU\VWDO LV GHILQHG DV D QRQ�OLQHDU ERXQGDU\ SUREOHP RI PDWKHPDWLFDO SK\VLFV�

1XPHULFDO�DQDO\WLFDO VROXWLRQ RI WKLV SUREOHP KDV EHHQ GHULYHG DQG DSSURSULDWH FRPSXWHU PRGHOOLQJ KDV EHHQ SHUIRUPHG�

.H\ ZRU G V � PDWKHPDWLFDO PRGHO� LQGXFWLRQ KHDWLQJ� PH�

WDOOLF VLQJOH�FU\VWDOV� WHPSHUDWXUH ILHOG

3UREOHP GHILQLWLRQ� 6WUXFWXUDO SHUIHFWLRQ RI VLQJOH�
FU\VWDOV LV ODUJHO\ UHVSRQVLEOH IRU WKHLU SURSHUWLHV� 0H�

WDOOLF VLQJOH�FU\VWDOV� XQOLNH WKH VHPLFRQGXFWRU RQHV�

KDYH D FRQVLGHUDEOH DPRXQW RI VWUXFWXUDO GHIHFWV

�SRLQW� OLQHDU DQG YROXPH�� 7KH QXPEHU RI GHIHFWV�
LQ WKH RSLQLRQ RI WKH DXWKRUV RI >�@� GHSHQGV RQ WHP�

SHUDWXUH VWUHVVHV� DULVLQJ ZKHQ VLQJOH�FU\VWDOV DUH

JURZQ� ,Q WKLV FRQQHFWLRQ� LQYHVWLJDWLRQ RI WKH WKHU�

PDO FRQGLWLRQV RI VLQJOH�FU\VWDOV JURZLQJ LV LPSRUWDQW

IRU VWXG\LQJ WKH ODZV RI WKH GLVORFDWLRQ VWUXFWXUH IRU�
PDWLRQ�

:LWK SODVPD�LQGXFWLRQ PHWKRG RI JURZLQJ >�@�

WKH WKHUPDO ILHOG LQ WKH JURZLQJ VLQJOH�FU\VWDO IRUPV

XQGHU WKH LQIOXHQFH RI WZR KHDWLQJ VRXUFHV� QDPHO\

WKH LQGXFWLRQ DQG SODVPD�DUF� ,QGXFWLRQ KHDWLQJ LV

PDQLIHVWHG DV UHVLVWDQFH KHDWLQJ RI WKH VLQJOH�FU\VWDO

ERG\ E\ KLJK�IUHTXHQF\ FXUUHQWV� IORZLQJ LQ D WKLQ
VXUIDFH OD\HU� DQG DFWXDOO\ SURYLGHV WKH VWDELOLW\ RI

WKH VLQJOH�FU\VWDO WKHUPDO ILHOG LQ WLPH� 3ODVPD�DUF

KHDWLQJ SURYLGHV PHOWLQJ RI WKH FRQVXPDEOH PDWHULDO
DQG VLQJOH�FU\VWDO IRUPDWLRQ RU JURZWK� $ ]RQH�

WKURXJK ZKLFK WKH KHDW FRPHV IURP WKH SODVPD�DUF

KHDWLQJ VRXUFH WR WKH FU\VWDO� LV WKH PHWDO SRRO VXUIDFH�
,Q WKH FDVH RI IRUPDWLRQ RI D SURILOHG VLQJOH�FU\VWDO�
WKH SODVPD KHDWLQJ VRXUFH PRYHV RYHU WKH VXUIDFH EH�

LQJ EXLOG�XS� FDXVLQJ D SHULRGLFDO FKDQJH RI WHPSHUD�

WXUH LQ HDFK SRLQW RI WKH FU\VWDO� )RU D IL[HG SRLQW LQ

�RU RQ� WKH VLQJOH�FU\VWDO ERG\ WKH SURFHVV LV RI DQ
RVFLOODWRU\ QDWXUH ZLWK D GHFUHDVLQJ DPSOLWXGH� 3HUL�

RGLFDO WHPSHUDWXUH IOXFWXDWLRQV� LQ YLHZ RI WKH DULVLQJ

VWUHVVHV� VKRXOG LQIOXHQFH WKH IRUPLQJ VWUXFWXUH RI WKH

VLQJOH�FU\VWDO� 7KH LQIOXHQFH RI WHPSHUDWXUH YDULDWLRQ

RQ WKH VWUXFWXUH FDQ EH GLIIHUHQW DQG GHSHQGV� FKLHIO\�

RQ WKH WRWDO WHPSHUDWXUH RI VLQJOH�FU\VWDO KHDWLQJ E\

KLJK�IUHTXHQF\ FXUUHQWV�
7KH QDWXUH RI WHPSHUDWXUH GLVWULEXWLRQ LQ WKH FU\V�

WDO DW LQGXFWLRQ KHDWLQJ GHSHQGV QRW RQO\ RQ WKH LQ�

GXFWRU SDUDPHWHUV� EXW DOVR RQ WKH VLQJOH�FU\VWDO GL�
PHQVLRQV� 7HPSHUDWXUH ILHOGV LQ LQGXFWLRQ KHDWLQJ FDQ

EH VWXGLHG E\ YDULRXV PHWKRGV� GLUHFW PHDVXUHPHQWV�
WKLV EHLQJ H[WUHPHO\ FRPSOLFDWHG DQG H[SHQVLYH� RU

XVLQJ PDWKHPDWLFDO PRGHOOLQJ RI WKHUPDO SURFHVVHV�

,Q WKLV SDSHU D PDWKHPDWLFDO PRGHOOLQJ PHWKRG ZDV

VHOHFWHG IRU HYDOXDWLRQ RI WHPSHUDWXUH ILHOGV LQ WKH

FU\VWDO DW LQGXFWLRQ KHDWLQJ� 7KLV PHWKRG DOORZV

VWXG\LQJ WKH QDWXUH RI WHPSHUDWXUH GLVWULEXWLRQ� LWV

GHSHQGHQFH RQ LQGXFWRU FRQILJXUDWLRQ DQG KHDWLQJ
SRZHU� 'HWHUPLQDWLRQ RI WKH DFWXDO WHPSHUDWXUH

YDOXH� KRZHYHU� LV VWLOO SUREOHPDWLF� LQ FRQQHFWLRQ

ZLWK WKH DVVXPHG LQDFFXUDF\ RI GHVFULSWLRQ RI WKH KHDW

H[FKDQJH FRQGLWLRQV RQ WKH VLQJOH�FU\VWDO ERXQGDU\�

ZKHQ WDNLQJ FHUWDLQ DVVXPSWLRQV IRU FDOFXODWLRQ� WKDW

DOORZ GHILQLQJ D OLQHDUL]HG PDWKHPDWLFDO SUREOHP�

'HYHORSPHQW RI D PDWKHPDWLFDO PRGHO RI VLQJOH�
FU\VWDO LQGXFWLRQ KHDWLQJ� /HW XV DVVXPH� WKDW WKH

SRZHU RI WKH HOHFWURPDJQHWLF IORZ LV SURSRUWLRQDO WR

WKH VTXDUH RI WKH PDJQHWLF ILHOG LQWHQVLW\� $W WKH

FKDQJH RI FXUUHQW LQ WKH LQGXFWRU� WKH PDJQHWLF ILHOG

LQWHQVLW\ FKDQJHV VLPXOWDQHRXVO\ RYHU WKH HQWLUH VLQ�

JOH�FU\VWDO VXUIDFH� 7KH LQGXFHG FXUUHQW GHQVLW\

FKDQJHV LQ DOO WKH SRLQWV RI WKH KHDWHG LQJRW VXUIDFH�

DFFRUGLQJO\� L�H� WKH GHQVLW\ RI WKH KHDW VRXUFHV

FKDQJHV VLPXOWDQHRXVO\� 7KHQ� WKH IXQFWLRQ RI WKH

KHDW VRXUFH GHQVLW\ FDQ EH SUHVHQWHG DV >�@

Z ([� \� ]� W) = T�(W)Z� ([� \� ])� ���

ZKHUH T��W� LV WKH VSHFLILF VXUIDFH SRZHU� Z��[� \� ]�
LV WKH KHDW VRXUFH GHQVLW\�

/HW XV ILQG WKH GHSHQGHQFH RI WKH KHDW VRXUFH GHQ�

VLW\ RQ WKH PDJQHWLF ILHOG LQWHQVLW\� /HW XV FRQVLGHU

D SODQH HOHFWURPDJQHWLF ZDYH� SRODULVHG LQ SODQH ]�\�

WKLV EHLQJ MXVWLILHG� DV WKH JHRPHWULFDO GLPHQVLRQV RI

WKH KHDWHG VLQJOH�FU\VWDO DUH VXFK� WKDW LWV OHQJWK G

LV JUHDWHU� WKDQ ZLGWK E E\ DOPRVW DQ RUGHU RI PDJ�
QLWXGH� ZKLOH WKH LQGXFWRU YROWDJH FKDQJHV VLQXVRL�

GDOO\ >�@�

7DNLQJ LQWR DFFRXQW WKH DERYH DVVXPSWLRQV DQG

RQ FRQGLWLRQ RI D FRQVWDQW PDJQHWLF µ DQG GLHOHFWULF

ε SHUPHDELOLW\� ZLWK D OLWWOH PDQLSXODWLRQ� DOORZLQJ

IRU HTXDWLRQV RI WKH PDJQHWLF ILHOG LQWHQVLW\ DQG FXU�� 9�$� 6+$329$/29� ����

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� .\LY� 8NUDLQH�
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UHQW GHQVLW\� WKH VSHFLILF SRZHU RQ WKH FRQGXFWLQJ
PHGLXP VXUIDFH FDQ EH JLYHQ E\ WKH IROORZLQJ H[SUHV�
VLRQ�

S� = -PH
� ρ∆�� = ��

w�

�π
√ ��

w�
INρ′+PH

�
�

���

ZKHUH -PH LV WKH FXUUHQW GHQVLW\� +PH LV WKH PDJQHWLF

ILHOG LQWHQVLW\� ρ  ρ′⋅��w� LV WKH VSHFLILF RKPLF UHVLV�
WDQFH� ρ′ LV LWV VFDOHG YDOXH� IN LV WKH OLQHDU IUHTXHQF\�
∆ LV WKH GHSWK RI FXUUHQW SHQHWUDWLRQ� WKDW LV GHILQHG
DV >�@

∆ = �

�π
√ ρ
IN⋅��

w�µ
= �

��π
√ ρ′

��IN
�

6SHFLILF HOHFWULFDO UHVLVWDQFH YDULHV ZLWK WHPSHUD�
WXUH E\ WKH IROORZLQJ ODZ >�@�

ρ7 = ρ�� >� + α (7 w �� �&)@ = ρ�� >� + α (7 + ��� .)@� ���

ZKHUH α = ∆ρ�(ρ∆7) LV WKH UHVLVWDQFH WHPSHUDWXUH FR�
HIILFLHQW� )RU WXQJVWHQ� IRU LQVWDQFH� DW 7  �� �&

ρ��  ����⋅��w� 2KP⋅P DQG α��  ����⋅��w� .w��
'HSHQGLQJ RQ WKH VHOHFWHG OLQHDU IUHTXHQF\ RI WKH

JHQHUDWRU� KHDWLQJ RI WKH VLQJOH�FU\VWDO FDQ EH ERWK
VXUIDFH KHDWLQJ� ZLWK GLIIHUHQW GHSWK RI FXUUHQW SHQH�
WUDWLRQ� DQG WKURXJK�WKLFNQHVV KHDWLQJ� ,Q WKH UHDO
SURFHVV WKH IUHTXHQF\ LV VHOHFWHG IURP WKH FRQGLWLRQ
RI D PRGHUDWH IRUFH LPSDFW RI WKH HOHFWURPDJQHWLF
ILHOG RQ WKH PROWHQ ]RQH �SRRO��

7KXV� ZH FDQ ZULWH� WKDW

Z� = S� H[S >(E�� w [)�∆@� ���

$V UHJDUGV GHWHUPLQDWLRQ RI WKH GHSHQGHQFH RI WKH
VSHFLILF HOHFWULFDO UHVLVWDQFH RQ WKH VLQJOH�FU\VWDO KHDW�
LQJ WHPSHUDWXUH� FRQVLGHULQJ WKH H[SOLFLW �H[SRQHQ�

WLDO� GHSHQGHQFH RI ρ RQ 7 ���� WKH H[SRQHQWLDO GH�
SHQGHQFH FDQ EH HLWKHU DSSUR[LPDWHG E\ D IUDFWLRQDO

UDWLRQDO IXQFWLRQ� RU ρ FDQ EH FRQVLGHUHG WR EH FRQVWDQW
LQ D FHUWDLQ WHPSHUDWXUH UDQJH� DQG WKHQ LWV YDOXH FDQ
EH UHFDOFXODWHG E\ HTXDWLRQ ����

,Q YLHZ RI WKH DERYH� ZH FRPH WR WKH QH[W ERXQGDU\
SUREOHP� GHVFULELQJ WKH SURFHVV RI LQGXFWLRQ KHDWLQJ
RI VLQJOH�FU\VWDOV RI D UHFWDQJXODU FURVV�VHFWLRQ�

&DOFXODWLRQ RI WKH VLQJOH�FU\VWDO WHPSHUDWXUH
ILHOG DW LQGXFWLRQ KHDWLQJ� /HW XV ILQG WKH VROXWLRQ
RI WKH ERXQGDU\ SUREOHP� GHVFULELQJ WKH WHPSHUDWXUH
ILHOG RI D VLQJOH�FU\VWDO RI D UHFWDQJXODU FURVV�VHFWLRQ
RI KHLJKW K XQGHU WKH LPSDFW RI D KHDW VRXUFH RI GHQVLW\
Z >�@�

ρFY
�

∂7
∂W

= λ�∇
�
7 + ∂λ

∂[
∂7
∂[

+ ∂λ
∂\

∂7
∂\

+ ∂λ
∂]

∂7
∂]

+

+ Z = λ�∇
�
7 + Z + 1(7)

���

LQ UHJLRQ

' = 



[ ∈ >wE��� E��@� \ ∈ >wG��� G��@� ] ∈ >�� K@� W ! �




 �

ZKHUH λ  λ�7� LV WKH KHDW FRQGXFWLYLW\ IDFWRU� FY  
 FY�7� LV WKH VSHFLILF KHDW DW D FRQVWDQW YROXPH� ∇

LV WKH /DSODFH RSHUDWRU� 1�7� LV WKH QRQ�OLQHDU SDUW
RI WKH HTXDWLRQ�

%RXQGDU\ FRQGLWLRQV DUH�

∂7
∂[ 

[ = �
= �� wλ� = ∂7

∂[ 
[ = E��

= ∆S[(7) _ [ = E��� ���

∂7
∂\ 

\ = �
= �� wλ� = ∂7

∂\ 
\ = G��

= ∆S\(7) _ \ = G��� ���

wλ∂7
∂] 

] = �
= ∆S]�(7) _ ] = �� ���

wλ∂7
∂] 

] = K
= ∆S]K(7) _ ] = K�

���

,QLWLDO FRQGLWLRQV DUH 7�[� \� ]� ��  7�[� \� ]��
6SHFLILF SRZHU RI KHDW ORVVHV LV JLYHQ E\ WKH IRO�

ORZLQJ HTXDWLRQ�

∆SN(7) = εσ (7� w 7FN
� ) + αN (7 w 7FN

) =

= αN7 w'JN
+ εσ7��

����

ZKHUH α� = α[� α� = α\� α� = α]�
DQG α� = α]K

DUH WKH

FRHIILFLHQWV RI KHDW H[FKDQJH ZLWK WKH HQYLURQPHQW�

ε LV WKH HPLVVLYLW\� σ LV 6WHIDQw%ROW]PDQQ FRQVWDQW�

&RHIILFLHQW LV JLYHQ E\

'JN
= 7F (αN + εσ7FN

� )� ����

,W LV DVVXPHG� WKDW LQ WKH ODWWHU H[SUHVVLRQ WKH

FRHIILFLHQWV RI WKH VLQJOH�FU\VWDO KHDW H[FKDQJH ZLWK

WKH HQYLURQPHQW DUH FRQVWDQW� EXW WKHLU QXPHULFDO

YDOXHV VKRXOG EH GHWHUPLQHG GXULQJ PRGHOOLQJ� 7KLV

DFWXDOO\ PHDQV� WKDW ZKHQ PRGHOOLQJ WKH GLUHFW KHDW

WUDQVIHU SUREOHP� DQ LQYHUVH SUREOHP DOVR KDV WR EH

VROYHG� QDPHO\ GHWHUPLQDWLRQ RI WKH FRHIILFLHQWV RI

KHDW H[FKDQJH EHWZHHQ WKH VLQJOH�FU\VWDO DQG WKH HQ�

YLURQPHQW�

'HSHQGHQFH RI WKH FRHIILFLHQWV RI KHDW FRQGXFWLY�

LW\ DQG KHDW FDSDFLW\ RI WKH PDWHULDO RQ WHPSHUDWXUH

FDQ EH ZULWWHQ DV IROORZV�

λ(7) = λ� + λ�7 + λ�7
� + λ�7

�
� ����

FY(7) = FY� + FY�7 + FY�7
�
� ����

7KH PDJQLWXGHV RI WKHVH FRHIILFLHQWV DUH GHWHUPLQHG

IURP H[SHULPHQWDO GDWD� 7KH IROORZLQJ GHSHQGHQFLHV

ZHUH GHULYHG IRU WXQJVWHQ�

λ(7) = ����� w ������7 + �����⋅��w�7� +

+ �����⋅��w�7�
�

����

FY(7) = ��� + ������7 + �����⋅��w�7�
� ����

7DNLQJ WKHVH GHSHQGHQFLHV LQWR DFFRXQW� WKH QRQ�OLQ�
HDU SDUW RI WKH ERXQGDU\ SUREOHP ���w��� EHFRPHV
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1(7) = ∂λ
∂[

∂7
∂[

+ ∂λ
∂\

∂7
∂\

+ ∂λ
∂]

∂7
∂]

+

+ ρ7(FY� + FY�7) ∂7
∂W

�

����

6ROXWLRQ RI WKH GHILQHG ERXQGDU\ SUREOHP ZLOO EH
VRXJKW� XVLQJ WKH LWHUDWLRQ PHWKRG� /HW XV ILUVW ILQG
WKH VROXWLRQ RI WKH OLQHDUL]HG SUREOHP

ρFY�
∂7(�)

∂W
= λ�





∂�7(�)

∂[�
+ ∂�7(�)

∂\�
+ ∂�7(�)

∂]�




+ Z� ����

%RXQGDU\ FRQGLWLRQV DUH�

∂7(�)

∂[ 
[ = �

= ��
∂7(�)

∂[
+

α[

λ�

7
(�)

[ = E ��
=

= '[ = 'J�λ��
����

∂7(�)

∂\ 
\ = �

= ��
∂7(�)

∂\
+

α[

λ�

7
(�)

\ = G��
=

= '\ = 'J�λ��
����

∂7(�)

∂]
w

α]�

λ�

7
(�)

] = �
= ']�

�λ��

∂7(�)

∂]
+

α]K

λ�

7
(�)

] = K
= ']K

�λ��

����

,QLWLDO FRQGLWLRQV DUH 7�[� \� ]� ��  7��[� \� ]��
/HW XV DSSO\ WR WKH ERXQGDU\ SUREOHP LQWHJUDO

WUDQVIRUPDWLRQV E\ VSDFH YDULDEOHV [� \� ] >�@� (LJHQ

IXQFWLRQV =Q(]Q])� <P(YP\)� ;N(µN[) RI WKH SUREOHP�
FRUUHVSRQGLQJ WR HLJHQ YDOXHV ]Q� YP� µN� ZHUH RE�
WDLQHG LQ WKH IROORZLQJ IRUP�

=Q(]Q]) = �

__ =Q(]) __




β]�

]Q
VLQ (]Q]) + FRV (]Q])




� ����

<P(YP\) = �

__ <P(\) __
FRV (YP\)�

;N(µN[) = �

__ ;N([) __
FRV (µN[)�

����

/HW XV ILQG HLJHQ YDOXHV ]Q� YP� µN RI WKH SUREOHP
DV D VROXWLRQ RI WKH IROORZLQJ HTXDWLRQV ZLWK UHODWLRQ
WR YDULDEOHV V DQG U�

V VLQ V w G��β\ FRV V = ��

U VLQ U w E��β[ FRV U = ��
����

ZKHUH β = 


β[� β\� β]�� β]K




� β[L = α[L�λ��

(β]� + β]K)Y FRV (YK) +

+ (β]�β]K w Y
�) VLQ (YK) = �� ]Q = YQ�

����

6ROYLQJ LQ WKH WLPH GRPDLQ WKH &DXFK\ SUREOHP�
GHULYHG WKURXJK WKHVH WUDQVIRUPDWLRQV� ZH ILQG WKH
VLQJOH�FU\VWDO WHPSHUDWXUH ILHOG LQ WKH OLQHDU DSSUR[L�
PDWLRQ�

7
(�) = ∑

QPN

=Q(])<P(\);N([) ×

× 


7,QPN H

wδQPN + 4

__
QPN

, (� w H
wδQPN)




+

+ 
<P(\);N([)5QPN

] + =Q(])>;N([)5QPN

\ + <P(\)5QPN

[
@

×

× (� w H
wδQPN)�

����

ZKHUH

5QPN

] =
5]QV\PV[N

γQPN
�

� 5QPN

\ =
5\PV]QV[N

γQPN
�

�

5QPN

[ =
5[NV]QV\P

γQPN
�

�
����

γQPN

� = µN

� + YP
� + ]Q

�� δQPN = γQPN
�

ρFY
λ

� ����

4

__
QPN

, = ∫
K

�

=Q(])T,(])G] ∫
G��

�

<P(\)H(\ w G��)�∆
G\ ×

× ∫
E��

�

;N([)H([ w E��)�∆G[ =
]TQ\TP[TN

γQPN

�
�

����

9DOXHV5]Q�5\P DQG 5[N DUH GHWHUPLQHG DV D UHVXOW

RI DSSOLFDWLRQ RI LQWHJUDO WUDQVIRUPDWLRQV WR WKH
ERXQGDU\ SUREOHP� &RHIILFLHQWV RI V]Q IRUP DUH LQWH�

JUDOV RI V]Q  ∫
K

�

=Q(])G] IRUP�

7KH QRQ�OLQHDU SDUW RI HTXDWLRQ ���� DOORZLQJ IRU
ERXQGDU\ FRQGLWLRQV ���w���� DV D UHVXOW RI LQWHJUDO
WUDQVIRUPDWLRQV� EHFRPHV

1�(7)QPN = ∫
K

�

∫
G��

�

∫
E��

�

=Q(])<P(\);N([) ×

× 1>7
(�)([� \� ]� W)@ + 15>7

(�)([� \� ]� W)@ _ %�

����

ZKHUH % LV WKH ERXQGDU\ RI GRPDLQ '�
,Q RUGHU WR GHWHUPLQH WKH H[SOLFLW IRUP RI WKLV

IXQFWLRQ� LW LV QHFHVVDU\ WR VXEVWLWXWH LQWR WKH QRQ�
OLQHDU SDUW RI HTXDWLRQ ��� WKH VROXWLRQ� GHULYHG LQ D
OLQHDU DSSUR[LPDWLRQ� LQWHJUDWH LW ZLWK UHVSHFW WR WKH
UHVSHFWLYH VSDFH YDULDEOHV� DV ZHOO DV SHUIRUP WKH UH�
TXLUHG GLUHFW DQG LQYHUVH /DSODFH WUDQVIRUPDWLRQV

(/Ww�)�
/HW XV ZULWH WKH JHQHUDO VROXWLRQ RI WKH ERXQGDU\

SUREOHP ���w���� GHVFULELQJ WKH WHPSHUDWXUH ILHOG GLV�
WULEXWLRQ LQ WKH VLQJOH�FU\VWDO� LQ WKH IROORZLQJ IRUP�

7
(P)([� \� ]� W) = 7

(�)([� \� ]� W) + �

ρFY�
×

× ∑
QON

=Q(])<O(\);N([)/W

w� 



�

S + δQON
/W>1�(7

(Pw�))@

�

����

7KH UHVXOWV RI PRGHOOLQJ WKH GHULYHG SUREOHP VR�
OXWLRQ DUH JLYHQ EHORZ LQ WKH JUDSKLFDO IRUP� /HW XV
FRQVLGHU WKH H[WUHPH FDVH� ZKHQ WKH VLQJOH�FU\VWDO KDV
WKH JUHDWHVW KHLJKW� 7KH VFKHPDWLFV RI WKUHH GLIIHUHQW
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KHDWLQJ YDULDQWV DUH JLYHQ LQ )LJXUH �� DQG WKH WHP�
SHUDWXUH ILHOGV RI WKH VLQJOH�FU\VWDO x LQ )LJXUH ��

7KH IRUP RI WHPSHUDWXUH ILHOGV LQGLFDWHV� WKDW WKH

KLJKHVW WKHUPDO VWUHVVHV DUH DSSOLHG WR WKH VLQJOH�FU\V�

WDO LQ KHDWLQJ E\ D VFKHPDWLF� VKRZQ LQ )LJXUH �� D�

DQG WKHPLQLPDO RQHVx LQ KHDWLQJ ZLWK WKUHH VHFWLRQV

�)LJXUH �� F�� 2Q WKH RWKHU KDQG� WKH FU\VWDO VXUIDFH

WHPSHUDWXUH LQ [�\ SODQH LV QRQ�XQLIRUP� L�H� WKLV

SODQH LV QRW SDUW RI WKH LVRWKHUPDO VXUIDFH� $SSO\LQJ

YDULRXV KHDWLQJ FRQGLWLRQV WR WKH PDWKHPDWLFDO PRGHO

DOORZV VHOHFWLRQ RI VXFK DQ LQGXFWRU FRQILJXUDWLRQ

WKDW HQDEOHV WKH KHDWLQJ SURFHVV WR EH FRQGXFWHG ZLWK

PLQLPDO WHPSHUDWXUH JUDGLHQWV�

&21&/86,216

�� 7KH GHJUHH RI WKH VLQJOH�FU\VWDO VWUXFWXUDO SHUIHF�
WLRQ LV JUHDWO\ LQIOXHQFHG E\ WKHUPDO VWUHVVHV� QRW RQO\
GXULQJ WKH VLQJOH�FU\VWDO JURZWK� EXW DOVR GXULQJ LWV
FRROLQJ�

�� 0DWKHPDWLFDO GHILQLWLRQ RI WKH SUREOHP RI VLQ�
JOH�FU\VWDO LQGXFWLRQ KHDWLQJ KDV EHHQ SUHVHQWHG DV D
QRQ�OLQHDU ERXQGDU\ SUREOHP RI KHDW WUDQVIHU� WKDW

)LJXUH �� 6FKHPDWLF RI VLQJOH�FU\VWDOV KHDWLQJ� Dx UHODWLYH SRVLWLRQ RI WKH D[HV RI FR�RUGLQDWHV DQG WKH VLQJOH�FU\VWDO� E� F� Gx KHDWLQJ
E\ D VLQJOH�� WZR� DQG WKUHH�VHFWLRQ LQGXFWRU� UHVSHFWLYHO\� � x VLQJOH�FU\VWDO� �� �� � x LQGXFWRU VHFWLRQV

Ï

)LJXUH �� 7HPSHUDWXUH ILHOG RI WKH VLQJOH�FU\VWDO LQ VHFWLRQ ]�\�
G  ���� P� VSHFLILF KHDW IORZ RQ WKH VLQJOH�FU\VWDO VXUIDFH LQ WKH
]RQH RI KHDWLQJ E\ D VLQJOH�� WZR� DQG WKUHH�VHFWLRQ LQGXFWRU� D x
T�  ����� E x T�  ����� T�  ��� F x T�  ����� T�  ��� T

�

 
 �� N:�P

�

D E
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DOORZV IRU WKH QRQ�OLQHDU SURSHUWLHV RI WKHUPRSK\VLFDO
SDUDPHWHUV RI WKH PDWHULDO DQG WKH FRQGLWLRQV RI KHDW
H[FKDQJH RQ WKH FU\VWDO VXUIDFH�

�� 1XPHULFDO�DQDO\WLFDO VROXWLRQ RI WKH ERXQGDU\
SUREOHP KDV EHHQ GHULYHG� DOORZLQJ DQDO\VLV RI WKH
VLQJOH�FU\VWDO WHPSHUDWXUH ILHOG� IRUPHG XQGHU WKH LQ�
IOXHQFH RI LQGXFWLRQ KHDWLQJ DQG LGHQWLILFDWLRQ RI WKH
FRQGLWLRQV RI KHDW H[FKDQJH ZLWK WKH HQYLURQPHQW�

�� .HUYDOLVKYLOL� 3�'�� 6KFKHONLQ� <X�)� ������ 7KHUPDO FRQ�
GLWLRQV DV D IDFWRU� UHVSRQVLEOH IRU SURGXFLQJ SHUIHFW VLQJOH�
FU\VWDOV� )L]LND L .KLPL\D 2EUDE� 0DWHULDORY� �� ��w���

�� /DWDVK� <X�9�� 6KDSRYDORY� 9�$�� .RYDOHQNR� $�$� HW DO�
������ 3URGXFLQJ ODUJH SURILOHG VLQJOH�FU\VWDOV RI UHIUDFWRU\
PHWDOV� 9\VRNRFKLVW\H 9HVKFKHVWYD� �� ��w���

�� 1HPNRY� 9�6�� 3ROHYRGRY� %�6� ������ 0DWKHPDWLFDO PR�

GHOOLQJ RI KLJK�IUHTXHQF\ KHDWLQJ GHYLFHV LQ D FRPSXWHU�
/HQLQJUDG� 0DVKLQRVWUR\HQL\H�

�� 6OXNKRWVN\� $�(�� 1HPNRY� 9�6�� 3DYORY� 1�$� HW DO� ������
,QGXFWLRQ KHDWLQJ XQLWV� /HQLQJUDG� (QHUJRL]GDW�

�� .XNKOLQJ� .K� ������ 5HIHUHQFH ERRN RQ SK\VLFV� 0RVFRZ�
0LU�

�� 3DYORY� 1�$� ������ (QJLQHHULQJ KHDW FDOFXODWLRQV RI LQ�

GXFWLRQ KHDWLQJ� 0RVFRZ� (QHUJLD�
�� .RVKO\DNRY� 1�6�� *OLQHU� (�%�� 6PLUQRY� 0�0� ������

(TXDWLRQV LQ SDUWLDO GHULYDWLYHV RI PDWKHPDWLFDO SK\VLFV�
0RVFRZ� 9\VVKD\D 6KNROD�
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&RPELQHG UHPHOWLQJ RI KLJK�WHPSHUDWXUH DOOR\ ZDVWHV� XVHG LQ SURGXFWLRQ RI JDV WXUELQH HQJLQH EODGHV� KDV EHHQ

GHYHORSHG� 7KHUPRSK\VLFDO FRQGLWLRQV RI PHOW VROLGLILFDWLRQ DIWHU UHPHOWLQJ DUH HVWDEOLVKHG� WKDW HQVXUH IRUPDWLRQ RI DQ

HTXLD[LDO ILQH�JUDLQHG VWUXFWXUH LQ WKH FKDUJH PDWHULDO� WKXV SURPRWLQJ WKH LQFUHDVH RI KLJK�WHPSHUDWXUH GXFWLOLW\ RI WKH

DOOR\V ZLWK SUHVHUYDWLRQ RI D KLJK OHYHO RI VWUHQJWK�

.H\ ZRU G V � KLJK�WHPSHUDWXUH QLFNHO DOOR\V� YDFXXP�LQ�
GXFWLRQ UHPHOWLQJ� HOHFWURQ EHDP UHPHOWLQJ� PDFUR� DQG PLFUR�
VWUXFWXUH

5HF\FOLQJ RI PHWDOOXUJLFDO SURGXFWLRQ ZDVWHV RI VXFK
GHILFLW PDWHULDOV� DV KLJK�WHPSHUDWXUH UHVLVWDQW QLFNHO
DOOR\V� LV EHFRPLQJ D VWUDWHJLF JRDO XQGHU WKH FRQGL�

WLRQV RI 8NUDLQH� ERWK IRU PDWHULDOV VFLHQFH DQG IRU

VSHFLDO PHWDOOXUJ\� 7KHUHIRUH� 3K\VLFR�7HFKQLFDO ,Q�

VWLWXWH RI 0HWDOV DQG $OOR\V RI WKH 1$6 RI 8NUDLQH

GHYHORSHG WKH WHFKQRORJ\ RI UHF\FOLQJ FRQGLWLRQHG
ZDVWHV �JDWHV� RI KLJK�WHPSHUDWXUH &K6���9, DQG

&K6��8�9, DOOR\V RI 1Lw&Rw0Rw: V\VWHP� DSSOLHG
LQ SURGXFWLRQ RI *7( FDVW EODGHV�

$ IHDWXUH RI WKH SURSRVHG SURFHVVLQJ PRGHV IRU

UHF\FOLQJ KLJK�WHPSHUDWXUH DOOR\ ZDVWHV� LV WKH IDFW

WKDW DFKLHYHPHQW RI WKH RSWLPDO UHVXOW LV RQO\ SRVVLEOH

DW D PXOWLSOH UHILQLQJ SURFHVV� 7KH ILUVW VWDJH FRQVLVWV

LQ PHOWLQJ IRU FRPSDFWLQJ DQG LQLWLDO UHILQLQJ RI WKH

PHOW ZLWK SURGXFWLRQ RI D F\OLQGULFDO LQJRW RI �� PP

GLDPHWHU� DQG LQ WKH VHFRQG VWDJH WKH UHILQLQJ UHPHOW�
LQJ DQG SURGXFWLRQ RI FDVW LWHPV DUH SHUIRUPHG DIWHU

FRUUHFWLRQ RI WKH ELOOHW FRPSRVLWLRQ� 7KH UDWLRQDOLW\

RI VXFK D WZR�VWDJH SURFHVV LV DWWULEXWDEOH WR WKH LP�

SRVVLELOLW\ RI XVLQJ WKH ZDVWHV WKDW DFFXPXODWH LQ WKH

HQWHUSULVHV�PDQXIDFWXUHUV RI JDV�WXUELQH HQJLQHV� DV

FKDUJH PDWHULDOV ZLWKRXW WKHLU SUHOLPLQDU\ UHILQLQJ

WUHDWPHQW DQG FRPSRVLWLRQ FRUUHFWLRQ�

7KLV SDSHU SUHVHQWV WKUHH VHTXHQFHV RI WKH WHFK�

QRORJLFDO SURFHVV� HDFK RI ZKLFK XVHV HLWKHU MXVW YDF�

XXP�LQGXFWLRQ UHPHOWLQJ �9,5� >�@� RU FRPELQDWLRQV

RI WKH LQGXFWLRQ DQG HOHFWURQ EHDP UHPHOWLQJ �(%5��

9,5 → 9,5� 9,5 → �9,5 � (%5�� 9,5 →  �9,5 �

� (%5� → �9,5 � (%5� >�w�@�

7KH WKHUPDO LPSDFW RQ WKH PHOW GXULQJ FRPELQHG

PHOWLQJ FDQ EH UHJDUGHG DV WKHUPDO�WLPH WUHDWPHQW DW

YDFXXP�LQGXFWLRQ PHOWLQJ >�@� ,Q WKH ILUVW FDVH� KRZ�

HYHU� LW WDNHV SODFH LQ WKH ORFDO YROXPH RI WKH FUXFLEOH

DW D PRGHUDWH LQWHJUDO WHPSHUDWXUH RI WKH PHOW WKDW

GRHV QRW H[FHHG ���� �&� ,W UHVXOWV LQ D GHFUHDVH RI

WKH OLQLQJ LQWHUDFWLRQ ZLWK WKH PHOW DQG FRQVLGHUDEOH

UHGXFWLRQ RI LWV FRQWDPLQDWLRQ ZLWK QRQ�PHWDOOLF LQ�

FOXVLRQV� WKLV EHLQJ FRQILUPHG E\ PHWDOORJUDSKLF LQ�

YHVWLJDWLRQV�

7RWDO GXUDWLRQ RI YDFXXP�DUF UHPHOWLQJ LV HTXDO

WR �� PLQ� DQG WKH VSHFLILF SRZHU FRQVXPSWLRQ LV

��� N:⋅K�NJ� GXUDWLRQ RI RQH�F\FOH FRPELQHG UH�
PHOWLQJ �9,5 → �9,5 � (%5� LV ��PLQ� DQG VSHFLILF
SRZHU FRQVXPSWLRQ LV ��� N:⋅K�NJ� WKDW RI FRPELQHG

WZR�F\FOH UHPHOWLQJ 9,5 → �9,5 � (%5� →
→ �9,5 � (%5� LV �� PLQ� DQG VSHFLILF SRZHU FRQ�

VXPSWLRQ LV ��� N:⋅K�NJ�

$V WKH SRZHU FRQVXPSWLRQ DQG SURFHVV GXUDWLRQ DUH

DOPRVW FRPSDUDEOH� WKH LQIOXHQFH RI HDFK RI WKH WHFK�

QRORJLFDO UHPHOWLQJ SURFHVVHV RQ WKH FKDQJH RI FRPSR�

VLWLRQ� GHJUHH RI UHILQLQJ WR UHPRYH JDVHV DQG QRQ�PH�

WDOOLF LQFOXVLRQV� VWUXFWXUDO IHDWXUHV DQG PHFKDQLFDO

SURSHUWLHV RI WKH DOOR\V� ZDV VWXGLHG LQ WKLV ZRUN�

,Q HYDOXDWLRQ RI WKH FRPSRVLWLRQ RI WKH DOOR\V EH�
IRUH DQG DIWHU UHPHOWLQJ� DWWHQWLRQ VKRXOG EH JLYHQ
WR WKH IDFW� WKDW LQ WKH PDMRULW\ RI FDVHV WKHLU FRP�

SRVLWLRQPHHWV WKH VSHFLILFDWLRQ UHTXLUHPHQWV� WKH FRQ�

WHQW RI QRQ�IHUURXV PHWDO LPSXULWLHV DQG JDVHV DOVR

EHLQJ ZLWKLQ WKH UDQJHV� HQYLVDJHG E\ WKH VSHFLILFD�
WLRQ� &KHFN DQDO\VLV LQGLFDWHG WKH IROORZLQJ FRQWHQW

RI LPSXULW\ HOHPHQWV LQ WKH DOOR\V� �� % a ������

0J a ����� 6Q � ������� 6E � ������ %L � ������

,Q � ������ &E � �������� 2� � ������� +� � �������

7KXV� WKH ELOOHWV SURGXFHG E\ ZDVWH UHPHOWLQJ� DV D
UXOH� FDQ EH XVHG IRU IXUWKHU SURFHVVLQJ ZLWKRXW DQ\

HVVHQWLDO FRUUHFWLRQ RI WKH FRPSRVLWLRQ�

0LFURVWUXFWXUH RI ��PPGLDPHWHU LQJRWV ZDV VWXG�

LHG RQ ORQJLWXGLQDO DQG WUDQVYHUVH VHFWLRQV >�@� ,Q WKH

� <X�)� $1,.,1� ,�,� 0$.6<87$� <X�*� '2%.,1$ DQG 0�$� 9(5%,/2� ����

3K\VLFR�7HFKQLFDO ,QVWLWXWH RI 0HWDOV DQG $OOR\V� .\LY� 8NUDLQH�
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FDVW PHWDO RI DOO WKH UHPHOWLQJ VHULHV WZR VWUXFWXUDO
]RQHV DUH REVHUYHG LQ WKH GLUHFWLRQ� QRUPDO WR WKH
HYDSRUDWLRQ SODQH� QDPHO\ D VXEVXUIDFH ]RQH RI ORQJ�
D[LV FROXPQDU FU\VWDOV� WKDW LV UHSODFHG E\ D ]RQH RI
JUDLQV PRUH XQLIRUP LQ VL]H� ZKHQ PRYLQJ FORVHU WR
WKH LQJRW FHQWHU� 'RXEOH FRPELQHG UHPHOWLQJ UHVXOWV
LQ D PD[LPDO UHILQHPHQW RI WKH GHQGULWHV� ,Q DOO WKH
UHPHOWLQJ PRGHV WKH LQJRW GHQVLW\ LV VDWLVIDFWRU\� DQG
QR FDVWLQJ GHIHFWV LQ WKH IRUP RI VFDWWHUHG VKULQNDJH
FDYLWLHV RU OLTXDWLRQ VWULDWLRQ DUH IRXQG� 7KLV LV LQ�
GLFDWLYH RI WKH FRPSRVLWLRQ XQLIRUPLW\ DORQJ WKH HQ�
WLUH OHQJWK RI WKH LQJRW WKDW LV FRQILUPHG E\ WKH GDWD
RI VSHFWUDO DQDO\VLV RI WKH VSHFLPHQV IURP WKH XSSHU�
PHGLXP DQG ERWWRP SDUWV RI WKH ELOOHW�

6WXG\LQJ WKH FRQWHQW RI QRQ�PHWDOOLF LQFOXVLRQV LQ
UHF\FOHG KLJK�WHPSHUDWXUH DOOR\V UHYHDOV DQ DEUXSW

UHGXFWLRQ RI WKHLU DPRXQW DIWHU 9,5 → �9,5 �
� (%5�� DV ZHOO DV D UHGXFWLRQ RI WKHLU VL]H DQG D
PRUH IDYRXUDEOH GLVWULEXWLRQ WKURXJK WKH FDVW VSHFL�
PHQ YROXPH� &DOFXODWLRQ RI WKH TXDQWLW\ RI QRQ�PH�
WDOOLF LQFOXVLRQV RI YDULRXV W\SHV �QLWULGHV� FDUERQL�
WULGHV� DQG DQDO\VLV RI WKHLU GLVWULEXWLRQ ZHUH FRQ�
GXFWHG DW ��� PDJQLILFDWLRQ RQ WUDQVYHUVH PLFURVHF�
WLRQV LQ �� ILHOGV IRU WZR VSHFLPHQV IURP HDFK PHOW
�ZLWKRXW HWFKLQJ�� 7KH DPRXQW RI SKDVHV ZDV FDOFX�
ODWHG IRU WKUHH ]RQHV� VXEVXUIDFH ]RQH� ]RQH DW ���

UDGLL GLVWDQFH� D[LDO �FHQWUDO� ]RQH� 7KH GDWD GHULYHG
IRU HDFK ]RQH� ZHUH DYHUDJHG� ,W LV SURYHQ WKDW D KLJKHU
FRQFHQWUDWLRQ RI QRQ�PHWDOOLF LQFOXVLRQV LQ WKH VXE�
VXUIDFH ]RQH LV FKDUDFWHULVWLF RI DOO WKH PHOWV� 7KLV LV
LQGLFDWLYH RI ZDVKLQJ RXW RI WKLV W\SH RI LQFOXVLRQV�
SRVVLEO\� IURP WKH PRXOG PDWHULDO DW G\QDPLF LPSDFW
RQ WKH PRXOG FHUDPLF VKHOO GXULQJ WKH PHOW SRXULQJ�
,W VKRXOG EH QRWHG� WKDW WKH QXPEHU RI QRQ�PHWDOOLF
LQFOXVLRQV DQG WKHLU VL]H DUH UHGXFHG DOUHDG\ DIWHU

UHPHOWLQJ E\ WKH VHTXHQFH RI 9,5 → �9,5 � (%5��
&RQVLGHULQJ� WKDW ��� � LV WKH WRWDO DPRXQW RI QRQ�
PHWDOOLF LQFOXVLRQV� ILQH LQFOXVLRQV PDNH XS a �� ��
PHGLXP�VL]HG a �� � DQG ODUJH RQHV a �� � IRU VSHFL�
PHQV DIWHU DOO NLQGV RI UHPHOWLQJ �7DEOH ���

,QJRW PLFURVWUXFWXUH ZDV VWXGLHG RQ ORQJLWXGLQDO
DQG WUDQVYHUVH VHFWLRQV WKDW ZHUH VHOHFWHG IURP WKH
XSSHU� PLGGOH DQG ERWWRP SDUWV RI WKH ELOOHWV� ,Q
VSHFLPHQV RI DOO WKH NLQGV RI UHPHOWLQJ WKH LQWHUGHQ�
GULWLF DUHDV DUH IULQJHG ZLWK SUHFLSLWDWHV RI URXQG
FDUELGH SKDVHV RI 0��&� W\SH� DQG LVRODWHG SUHFLSL�
WDWHV RI ILQH FDUELGHV RI WKH VDPH W\SH DQG GLVSHUVH
SUHFLSLWDWHV RI WKH W\SH RI 7L�&1� FDUERQLWULGHV DUH
REVHUYHG LQ WKH GHQGULWH D[HV� )LQHO\�GLVSHUVHG LVR�
ODWHG SUHFLSLWDWHV RI KLJK�WHPSHUDWXUH FDUELGH SKDVHV
DUH UHSUHVHQWHG WKURXJK WKH JUDLQ EXON RI 0& W\SH
FDUELGHV �7H� &U� 0R� :��

7DEOH �� &KDUDFWHULVWLFV RI VWUXFWXUDO FRPSRQHQWV RI DOOR\V &K6��8�9, DQG &K6���9,

.LQG RI UHPHOWLQJ

$YHUDJH DPRXQW RI QRQ�

PHWDOOLF LQFOXVLRQV SHU

� PP
�
� SFV

$YHUDJH VL]H

RI QRQ�

PHWDOOLF

LQFOXVLRQV�

µP

$YHUDJH VL]H

RI FDUELGH

LQFOXVLRQV�

µP

$YHUDJH VL]H RI

HXWHFWLF

SUHFLSLWDWHV

¾�E� µP

$YHUDJH VL]H RI

γ′�SKDVH� µP

$YHUDJH

TXDQWLW\ RI

γ′�SKDVH SHU
� PP

�&DVWLQJ

HGJH

&DVWLQJ

PLGGOH

&K6��8�9,

9,5→9,5 �� �� �� ��w�� ����� ����w���� ���

9,5→�9,5 � (%5� �� �� �� �w�� ����� ����w���� ���

9,5→�9,5 � (%5�→
→�9,5 � (%5�

� � � �w� ����� ����w���� ���

&K6���9,

9,5→9,5 �� �� �w� ��w�� ��������� ���w��� ���

9,5→�9,5 � (%5� �� �� �w� �w�� ��������� ���w��� ���

9,5→�9,5 � (%5�→
→�9,5 � (%5�

� � �w� �w� ��������� ���w��� ���

0LFURVWUXFWXUH RI &K6��8�9, DOOR\ DIWHU YDULRXV NLQGV RI UHPHOWLQJ� D x 9,5 → 9,5� E x 9,5 → �9,5 � (%5� → �9,5 � (%5�
�×����
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$QDO\VLV RI DOOR\PLFURVWUXFWXUH DIWHU GRXEOH UHPHOW�
LQJ DQG HVSHFLDOO\ DIWHU PXOWL�F\FOH WUHDWPHQW UHYHDOV
WKH WHQGHQF\ IRU LPSURYHPHQW RI PRUSKRORJLFDO FKDU�
DFWHULVWLFV RI WKH PDLQ VWUXFWXUDO HOHPHQWV� GHSHQGLQJ
RQ WKH QXPEHU RI KLJK�WHPSHUDWXUH WUHDWPHQW F\FOHV�
7KH VL]H RI FDUELGH LQFOXVLRQV LV UHGXFHGZLWK WKH LQFUHDVH
RI WKH QXPEHU RI WUHDWPHQW F\FOHV� 7KH VWXGLHG VSHFL�
PHQV� ERWK LQ WKH FDVW FRQGLWLRQ DQG DIWHU KHDW�WUHDW�
PHQW� GHPRQVWUDWH D FRQVLGHUDEOH WKLQQLQJ RI WKH JUDLQ
ERXQGDULHV� DEVHQFH RI PDVVLYH FDUELGH JURXSLQJV RU
HXWHFWLF FOXVWHUV LQ WKH IRUP RI URXQGPXOWL�WLHU �SHWDOV�
�VHH WKH )LJXUH�� ,QWHUJUDQXODU FDUELGH IUDPH LV IRUPHG
RI GLVSHUVH FDUELGH SUHFLSLWDWHV�

8QLIRUPLW\ RI PHGLXP�VL]HG JUDLQV� VSKHURLGL]D�
WLRQ DQG UHGXFWLRQ RI WKH FDUELGH SUHFLSLWDWH GLPHQ�
VLRQV� ERWK LQ WKH PLGGOH RI WKH JUDLQ DQG DORQJ LWV
ERXQGDULHV� UHGXFWLRQ RI WKH QXPEHU RI QLWULGH DQG
FDUERQLWULGH QRQ�PHWDOOLF LQFOXVLRQV� DOPRVW FRPSOHWH
DEVHQFH RI DFXWH�DQJOHG SKDVHV RI 0��&� DQG 0&
W\SH x DOO WKHVH DUH IDYRXUDEOH VWUXFWXUDO FKDQJHV
�7DEOH ��� 7KH\ DUH DWWULEXWDEOH� SRVVLEO\� WR IXUWKHU
KRPRJHQL]LQJ RI WKH PHOW DQG D KLJKHU GHJUHH RI LWV
UHILQLQJ XQGHU WKH LPSDFW RI WKH HOHFWURQ EHDP DQG
LQIOXHQFH WKH LQFUHDVH RI ORQJ�WLPH VWUHQJWK DQG GXF�
WLOLW\ RI WKH DOOR\V� 0HFKDQLFDO WHVWLQJ ZDV FRQGXFWHG
DFFRUGLQJ WR WKH H[LVWLQJ VWDQGDUGV IRU WKHVH DOOR\V�
'XFWLOH SURSHUWLHV ZHUH GHWHUPLQHG DW WKH WHPSHUD�
WXUH RI ��� �&� VWUHQJWK SURSHUWLHV x DW WKH ORDG RI
��� 03D DQG WHPSHUDWXUH RI ��� �& �7DEOH ���

$IWHU DOO WKH UHPHOWLQJ F\FOHV WKH DOOR\V GLG QRW

PDQLIHVW DQ\ PRUSKRORJLFDO FKDQJHV RI γ′�SKDVH� )URP
UHPHOWLQJ WR UHPHOWLQJ LW KDV D FXSROD�OLNH VKDSH DQG

LV XQLIRUPO\ GLVWULEXWHG RYHU WKH VHFWLRQ DUHD� 'LVWUL�
EXWLRQ GHQVLW\ UHPDLQV XQFKDQJHG� WKH SKDVH YROXPH
IUDFWLRQ EHLQJ HTXDO WR ��w���� WKLV EHLQJ WKH RSWLPDO
YDOXH IRU WKLV DOOR\LQJ FRPSOH[�

)DYRXUDEOH VWUXFWXUDO WUDQVIRUPDWLRQV� IRXQG LQ
WKH DOOR\V DIWHU PXOWLSOH UHPHOWLQJ F\FOHV� DUH� SRVVL�
EO\� DWWULEXWDEOH WR ORZHU YDOXHV RI OLTXDWLRQ FRHIIL�
FLHQWV RI WKH DOOR\LQJ HOHPHQWV� L�H� GHJUHH RI FKHPLFDO
LQKRPRJHQHLW\ RI WKH PHOW GXULQJ KLJK�WHPSHUDWXUH
KRPRJHQL]LQJ XQGHU WKH LQIOXHQFH RI HOHFWURPDJQHWLF
VWLUULQJ DQG WUHDWPHQW E\ WKH HOHFWURQ EHDP�

7KXV� WKH SURSRVHG LPSURYHG WHFKQRORJ\ RI UHF\�
FOLQJ WKH FRQGLWLRQHG ZDVWHV RI KLJK�WHPSHUDWXUH
QLFNHO DOOR\V DOORZHG� LQ WKH FDVH RI DSSOLFDWLRQ RI
PXOWL�F\FOH YDFXXP UHPHOWLQJ� SURGXFWLRQ RI FDVW UH�
F\FOHG ELOOHWV ZLWK WKH JUDGH FRPSRVLWLRQ� VWUXFWXUH
DQG OHYHO RI PHFKDQLFDO SURSHUWLHV� FRPSO\LQJ ZLWK
78 VSHFLILFDWLRQ UHTXLUHPHQWV�

�� 6LPV� &K�� .KDJHO� 9� ������ +LJK�WHPSHUDWXUH DOOR\V�
0RVFRZ� 0HWDOOXUJLD�

�� /DGRNKLQ� 6�9�� .RUQ\XVKLQ� <X�9� ������ (OHFWURQ EHDP

VNXOO PHOWLQJ RI PHWDOV DQG DOOR\V� .\LY� 1DXNRYD 'XPND�
�� 0RYFKDQ� %�$�� 7LNKRQRYVN\� $�/�� .XUDSRY� <X�$� ������

(OHFWURQ EHDP PHOWLQJ DQG UHILQLQJ RI PHWDOV DQG DOOR\V�
.\LY� 1DXNRYD 'XPND�

�� 5\NLQ� 1�1�� =XHY� ,�9�� 8JORY� $�$� ������ )XQGDPHQWDOV

RI HOHFWURQ EHDP WUHDWPHQW RI PDWHULDOV� 0RVFRZ� 0DVKL�
QRVWUR\HQL\H�

�� .RFKHJXUD� 1�0� ������ 7HPSHUDWXUH�WLPH KRPRJHQLVLQJ
WUHDWPHQW DV D PHWKRG WR LPSURYH WKH SURSHUWLHV RI KLJK�
WHPSHUDWXUH QLFNHO DOOR\V� 0HWDOOR]QDYVWR WD 2EUREND

0HWDOLY� �� ��w���
�� %RNVKWHLQ� 6�=� ������ 6WUXFWXUH DQG SURSHUWLHV RI PHWDO

DOOR\V� 0RVFRZ� 0HWDOOXUJLD�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI DOOR\V &K6��8�9, DQG &K6���9, DIWHU UHPHOWLQJ RI ��� � RI WKH ZDVWHV

.LQG RI UHPHOWLQJ
6KRUW�WLPH VWUHQJWK /RQJ�WLPH VWUHQJWK

σW� ª3¾ δ� � ψ� � τ� K δ� � ψ� �

&K6��8�9,

9,5→9,5 ��� ��� ��� ��� ��� ����

9,5→�9,5 � (%5� ��� ��� ��� ��� ��� ����

9,5→�9,5 � (%5�→
→�9,5 � (%5�

��� ��� ��� ��� ��� ����

°8 ����������w�� ≥ ��� ≥ ��� ≥ 5.0 ± ��� ≥ ��� ≥ ����

&K6���9,

9,5→9,5 ��� ��� ���� ��� ��� ����

9,5→�9,5 � (%5� ��� ��� ���� ��� ��� ����

9,5→�9,5 � (%5�→
→�9,5 � (%5�

��� ��� ���� ��� ���� ����

°8 ����������w�� ≥ ��� ≥ ��� ≥ ��� ≥ ��� ≥ ��� ≥ ����

1 R W H � +HDW WUHDWPHQW PRGH LV KRPRJHQL]LQJ DQQHDOLQJ� KHDWLQJ XS WR ���� �& �&K6��8�9,� DQG ���� �& �&K6���9,�� VRDNLQJ IRU � K�

FRROLQJ LQ DLU� DJHLQJ� KHDWLQJ XS WR ���� �&� VRDNLQJ IRU � K� FRROLQJ LQ DLU� KHDWLQJ XS WR ��� �&� VRDNLQJ IRU �� K� FRROLQJ LQ DLU�
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6HUYLFH FRQGLWLRQV RI FDVW IURJV RI KLJK�PDQJDQHVH VWHHO DUH FRQVLGHUHG� 7KH UDWH RI IURJ IDLOXUH LQ VHUYLFH IRU WKH UHDVRQV

RI UHDFKLQJ OLPLW OHYHO RI FRQWDFW IDWLJXH GHIHFWV DQG KLJKHU ZHDU LV GHWHUPLQHG� 7KH SDSHU DQDO\VHV WKH MRLQW LQIOXHQFH

RI FDUERQ DQG SKRVSKRUXV RQ GHYHORSPHQW RI VHUYLFH GHIHFWV LQ IURJV� PDGH RI KLJK�PDQJDQHVH VWHHO� (TXDWLRQV RI

PXOWLSOH UHJUHVVLRQ DUH GHULYHG� WKDW GHVFULEH WKH LQWHUUHODWLRQ EHWZHHQ WKH FRQWHQW RI FDUERQ DQG SKRVSKRUXV LQ ���*��/

VWHHO DQG WKH IDLOXUH UDWH RI IURJV LQ VHUYLFH� 0HWKRGV IRU LPSURYHPHQW RI WKH TXDOLW\ RI ���*��/ VWHHO IRU UDLOZD\ IURJV

DUH GHWHUPLQHG�

.H\ ZRU G V � KLJK�PDQJDQHVH VWHHO� UDLOZD\ WXUQRXW IURJV�
PDWKHPDWLFDO VLPXODWLRQ� FRQWDFW IDWLJXH GHIHFWV� LQFUHDVHG

ZHDU� RSWLPDO DQG UDWLRQDO FKHPLFDO FRPSRVLWLRQV RI VWHHO

8QLTXH SURSHUWLHV RI KLJK�PDQJDQHVH VWHHO ���*��/�

LQ SDUWLFXODU� JRRG UHVLVWDQFH WR DEUDVLYH ZHDU RI WKH

ZRUNLQJ VXUIDFH LQ WKH GHIRUPHG FRQGLWLRQ ZLWK UDWKHU

KLJK GXFWLOH DQG VWUHQJWK SURSHUWLHV� OHG WR LWV DSSOLFD�
WLRQ IRU IDEULFDWLRQ RI SDUWV� FRPSRQHQWV RI PDFKLQHV

DQG PHFKDQLVPV �IRU LQVWDQFH� H[FDYDWLQJ PDFKLQH

WHHWK� ZHDU SODWHV RI FUXVKHUV DQG PLOOV� WXUQRXW FRUHV

DQG IURJV�� H[SRVHG WR KLJK G\QDPLF DQG VWDWLF ORDGV

XQGHU WKH FRQGLWLRQV RI DEUDVLYH ZHDU� ,Q RSHUDWLRQ �

WR ���03D SUHVVXUH LV DSSOLHG WR ZHDU SODWHV RI YDULRXV

FUXVKHUV DQG PLOOV >�@� '\QDPLF SUHVVXUH RI ���w

����� N1 LV DSSOLHG WR UDLOZD\ WXUQRXW IURJV DQG FRUHV
ZKHQ WKH WUDLQ PRYHV DW WKH YHORFLW\ RI �� NP�K DQG

D[OH ORDG RI ����� N1� WKH DYHUDJH YDOXH RI WDQJHQWLDO

VWUHVVHV UHDFKLQJ ����w���� P1�P
� >�@�

'HSHQGLQJ RQ WKH VHUYLFH FRQGLWLRQV RI SDUWV DQG

SURGXFWV RI ���*��/ VWHHO� WKH UHTXLUHPHQWV� PDGH

RI LWV FRPSRVLWLRQ� DUH GLIIHUHQW� $ ODUJH QXPEHU RI

ZRUNV DUH GHYRWHG WR VWXG\ RI WKH LQIOXHQFH RI

���*��/ VWHHO FRPSRVLWLRQ RQ LWV SK\VLFR�PHFKDQLFDO
SURSHUWLHV� +RZHYHU� WKH LVVXHV RI WKH MRLQW LQIOXHQFH

RI FDUERQ DQG SKRVSKRUXV RQ IRUPDWLRQ RI YDULRXV

GHIHFWV LQ VHUYLFH� OHDGLQJ WR VKRUWHU VHUYLFH OLIH RI
SURGXFWV RI WKLV VWHHO� DUH LQVXIILFLHQWO\ GHVFULEHG LQ

SXEOLFDWLRQV�

,Q WKLV ZRUN WKH FDVH RI UDLOZD\ IURJV LV XVHG WR

DQDO\VH WKH MRLQW LQIOXHQFH RI FDUERQ DQG SKRVSKRUXV

RQ VHUYLFH SURSHUWLHV RI KHDW�WUHDWHG FDVWLQJV RI KLJK�

PDQJDQHVH VWHHO� 6HOHFWLRQ RI IURJV DV DQ REMHFW RI

LQYHVWLJDWLRQV LV GXH WR D QXPEHU RI UHDVRQV� )LUVW RI

DOO� WKH IURJV DUH H[SRVHG WR KLJKHU G\QDPLF DQG VWDWLF

ORDGV LQ VHUYLFH� WKDQ RWKHU SURGXFWV� PDGH RI VWHHO
���*��/� 6HFRQGO\� KLJKHU UHTXLUHPHQWV DUH PDGH RI

WKH SHUIRUPDQFH RI IURJV� WKDW DUH RQH RI WKH PDLQ

FRPSRQHQWV RI UDLOZD\ WXUQRXWV� DV DFFLGHQW�IUHH RS�

HUDWLRQ RI UDLOZD\ WUDQVSRUW DQG HFRQRPLF FKDUDF�

WHULVWLFV RI WKH UDLOZD\ RSHUDWLRQ DUH ODUJHO\ GHSHQG�

HQW RQ WKHLU UHOLDELOLW\ DQG IDWLJXH OLIH�

2XU VWDWLVWLFDO DQDO\VLV RI WKH GDWD RQ UHPRYDO RI
��� IURJV IURP VHUYLFH� ZKHQ WKH IURJ VHUYLFH OLIH LQ
WKH PDLQ WUDFN ZDV QRW OHVV� WKDQ �w��� \HDUV DQG QRW

OHVV� WKDQ ���w��� POQ WRQV RI FDUJR KDG EHHQ WUDQV�
SRUWHG RYHU WKHP� VKRZHG� WKDW �� WR �� � RI WKHP

KDG FRQWDFW IDWLJXH GHIHFWV LQ WKH UROO ]RQH� OHDGLQJ
WR LQFUHDVHG WDQJHQWLDO VWUHVVHV DQG GLVWXUELQJ WKH

QRUPDO RSHUDWLRQ RI WXUQRXWV� DQG �� WR �� � KDG

JUHDWHU ZHDU �PRUH WKDQ � PP�� WKDW UHVXOWV LQ LQ�

FUHDVH RI G\QDPLF SUHVVXUH RI WKH ZKHHOV RQ WKH IURJ�

,I WKH UROO VXUIDFH ZHDU LV KLJKHU� WKDQ � PP� WKH OHYHO

RI G\QDPLF SUHVVXUH LQFUHDVHV E\ ���w��� N1� WKXV

OHDGLQJ WR LQWHQVLYH ZHDU RI WKH IURJV XS WR WKHLU
UHPRYDO IURP VHUYLFH >�� �@� ,Q YLHZ RI WKH DERYH�

VWDWLVWLFDO DQDO\VLV ZDV SHUIRUPHG RI WKH GDWD RQ IURJV

UHPRYDO IURP WKH WUDFN IRU WKH UHDVRQ RI KDYLQJ

UHDFKHG OLPLW SDUDPHWHUV RI FRQWDFW IDWLJXH GHIHFWV

DQG JUHDWHU ZHDU�

)URJV RI VWHHO ���*��/� UHPRYHG IURP VHUYLFH�

KDG WKH IROORZLQJ FRPSRVLWLRQ� �� & x ���w�����
0Q x ����w����� 6L x ����w����� 3 x ����w������

� 0�,� *$6,.� ,�$� 6(0(129� 2�3� <86+.(9,&+� $�1� 29&+$58. DQG <X�6� 352-'$.� ����

1DWLRQDO 0HWDOOXUJLFDO $FDGHP\ RI 8NUDLQH� 'QHSURSHWURYVN� 8NUDLQH�
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FRUUHVSRQGLQJ WR WKH UHTXLUHPHQWV RI *267 ����w��

VWDQGDUG� ,Q WKH IURJ PHWDO WKH FRQWHQW RI PDQJDQHVH

DQG VLOLFRQ YDULHV RQO\ VOLJKWO\ DQG ZLWK D FHUWDLQ

GHJUHH RI DVVXPSWLRQ� LW ZDV WDNHQ WR EH FRQVWDQW� VR

WKDW RQO\ WKH LQIOXHQFH RI FDUERQ DQG SKRVSKRUXV RQ

GHYHORSPHQW RI FRQWDFW IDWLJXH GHIHFWV ZDV DQDO\VHG�

7KH YDOXHV RI PDWKHPDWLFDO H[SHFWDWLRQV RI WKH

FRQWHQW RI FDUERQ DQG SKRVSKRUXV LQ WKH PHWDO DQG

WKH IURJ IDLOXUH UDWH EHFDXVH RI FRQWDFW GHIHFW IRUPD�

WLRQ� FRUUHVSRQGLQJ WR WKLV FRPSRVLWLRQ� DUH JLYHQ LQ

7DEOH ��

0DWKHPDWLFDO SURFHVVLQJ RI WKH GDWD� JLYHQ LQ WKLV

7DEOH� \LHOGHG WKH HTXDWLRQ RI PXOWLSOH UHJUHVVLRQ�

GHVFULELQJ WKH LQWHU�UHODWLRQ EHWZHHQ WKH FRQWHQW RI

FDUERQ DQG SKRVSKRUXV LQ WKH VWHHO ZLWK WKH UDWH RI

IURJ IDLOXUH EHFDXVH RI GHYHORSPHQW RI FRQWDFW IDWLJXH

GHIHFWV�

&RPELQHG LQIOXHQFH RI FDUERQ DQG SKRVSKRUXV RQ

GHYHORSPHQW RI FRQWDFW IDWLJXH GHIHFWV� SF� LV JLYHQ

E\ WKH IROORZLQJ HTXDWLRQ�

SF  ������ w ���� >�&@ � ������ >�3@� ���

7KH HVWLPDWHG PHDQ URRW VTXDUH GHYLDWLRQ IRU WKH DE�

VROXWH WHUP LV ������ IRU WKH IDFWRU DW >�&@ x �����

DQG IRU WKH IDFWRU DW >�3@ x �������

$V IROORZV IURP HTXDWLRQ ���� ZLWK WKH LQFUHDVH

RI SKRVSKRURXV FRQWHQW LQ WKH PHWDO DW D FRQVWDQW

FRQWHQW RI FDUERQ� WKH UDWH RI IURJ IDLOXUH EHFDXVH RI

GHYHORSPHQW RI FRQWDFW IDWLJXH GHIHFWV EHFRPHV

KLJKHU� 2Q WKH RWKHU KDQG� DW WKH LQFUHDVH RI FDUERQ

FRQWHQW LQ WKH IURJ PHWDO DQG DSSUR[LPDWHO\ FRQVWDQW

FRQWHQW RI SKRVSKRURXV� WKH UDWH RI IURJ IDLOXUH EH�

FDXVH RI WKLV GHIHFW� EHFRPHV ORZHU� 'LIIHUHQW QDWXUH

RI WKH LQIOXHQFH RI FDUERQ DQG SKRVSKRURXV RQ GHYHO�

RSPHQW RI FRQWDFW IDWLJXH GHIHFWV� LV DWWULEXWDEOH WR

IRUPDWLRQ RI GHIRUPDWLRQ PDUWHQVLWH �ε� RU α�PDUWHQ�

VLWH� LQ VHUYLFH >�@� KDYLQJ DQ LQFRKHUHQW ERXQGDU\

ZLWK DXVWHQLWH WKDW LV WKH PDLQ PHWDOORJUSDKLF VWUXF�

WXUH RI KHDW�WUHDWHG FDVWLQJV RI UDLOZD\ IURJV� )RUPD�

WLRQ RI ε� DQG α�PDUWHQVLWH LQ WKH KLJK�PDQJDQHVH

KLJK�FDUERQ DXVWHQLWH� KDYLQJ D KLJK ���w�� P-�P
�
�

VWDFNLQJ IDXOW HQHUJ\ �6)(� DQG� WKHUHIRUH� ORZ VXV�

FHSWLELOLW\ WR SKDVH WUDQVIRUPDWLRQV >�@ XQGHU G\�

QDPLF ORDGLQJ� LV DWWULEXWHG E\ DXWKRUV RI >�� �@ WR D

ORFDO ORZHULQJ RI FDUERQ FRQFHQWUDWLRQ� WKDW PD\ OHDG

WR 6)( GHFUHDVLQJ WR YDOXHV EHORZ �� P-�P
�
� $F�

FRUGLQJ WR RXU GDWD >�@ ZLWK WKH LQFUHDVH RI SKRVSKR�

URXV FRQWHQW LQ WKH VWHHO� FDUERQ VROXELOLW\ LQ KLJK�

PDQJDQHVH DXVWHQLWH EHFRPHV ORZHU� $W >3@  ���� �

LQWHUDFWLRQ SDUDPHWHU ε&3  ����� DQG DW >3@  ��� �

ε&3  ����� &RHIILFLHQW RI FDUERQ GLIIXVLRQ �'��� GH�

FUHDVHV IURP ���⋅���� DW >3@  ���� � WR ���⋅��w�� P�
�V

DW >3@  ��� �� DQG QRQ�GLDJRQDO FRHIILFLHQW �'���

EHFRPHV w����⋅��w� P�
�V�

7KXV� SKRVSKRUXV UHGXFHV FDUERQ VROXELOLW\ LQ LURQ�

ZKLOH FDUERQ� LQ LWV WXUQ� ORZHUV WKH DOUHDG\ ORZ FRHI�

ILFLHQW RI SKRVSKRUXV GLIIXVLRQ LQWR VWHHO >�@� $V D UHVXOW�

SKRVSKRUXV FRQWHQW LQ DXVWHQLWH PLFURYROXPHV FDQ ULVH

XS WR KLJK YDOXHV� HYHQ H[FHHGLQJ LWV VROXELOLW\ OLPLWV

LQ γ�LURQ� 3KRVSKRUXV DWRPV GULYH FDUERQ DWRPV DZD\

DQG IRUPPLFURYROXPHV� GHSOHWHG RU HQULFKHG LQ FDUERQ�

UHVSHFWLYHO\� ,W LV NQRZQ� WKDW SKRVSKRUXV GHWHUPLQHV

WKH GHJUHH RI GHQGULWH OLTXDWLRQ GHYHORSPHQW DQG WKH

VL]H RI WKH DXVWHQLWH JUDLQ LQ LQWHUGHQGULWLF DUHDV� WKH

PHWDO RI ZKLFK LV WKH ODVW WR VROLGLI\� 7KHUHIRUH� ZLWK

WKH LQFUHDVH RI SKRVSKRUXV FRQWHQW LQ ���*��/ VWHHO�

WKHUH LV D KLJKHU SUREDELOLW\ RI QRQ�XQLIRUP GLVWULEXWLRQ

RI FDUERQ DQG SKRVSKRUXV� WKXV OHDGLQJ WR IRUPDWLRQ RI

FKHPLFDO PLFURLQKRPRJHQHLW\� 7KH DERYH IDFWRUV KDYH

DQ HVVHQWLDO LQIOXHQFH RQ WKH NLQHWLF RI SKDVH WUDQVIRU�

PDWLRQV� SURFHHGLQJ LQ ���*��/ VWHHO� 2Q WKH RWKHU

KDQG� LQFUHDVH RI FDUERQ FRQWHQW LQ WKH VWHHO� SURPRWHV

VWDELOLVDWLRQ RI DXVWHQLWH >�@� WKXV XOWLPDWHO\ UHVXOWLQJ

LQ VORZLQJ GRZQ RI PDUWHQVLWH IRUPDWLRQ SURFHVVHV�

9DOXHV RI PDWKHPDWLFDO H[SHFWDWLRQV RI FDUERQ DQG

SKRVSKRUXV FRQWHQW LQ WKH PHWDO� DQG WKH UDWH RI IURJ

IDLOXUH EHFDXVH RI LQDGPLVVLEOH ZHDU� FRUUHVSRQGLQJ

WR WKLV FRPSRVLWLRQ� DUH JLYHQ LQ 7DEOH ��

0DWKHPDWLFDO SURFHVVLQJ RI GDWD IURP WKLV 7DEOH

\LHOGHG WKH HTXDWLRQ RIPXOWLSOH UHJUHVVLRQ� GHVFULELQJ

WKH FRPELQHG LQIOXHQFH RI FDUERQ DQG SKRVSKRUXV RQ

WKH UDWH RI IURJ IDLOXUH EHFDXVH RI KLJKHU ZHDU SZ�

WKDW KDV WKH IROORZLQJ IRUP�

SZ  ������ w ����� >�&@ w ������ >�3@� ���

7KH HVWLPDWHG PHDQ URRW VTXDUH GHYLDWLRQ IRU DE�

VROXWH WHUP LV ������� IRU WKH IDFWRU DW >�&@ x �����

DQG IRU WKH IDFWRU DW >�3@ x �������

$QDO\VLV RI HTXDWLRQ ��� VKRZV� WKDW ZLWK WKH LQ�

FUHDVH RI WKH FRQWHQW RI FDUERQ DQG SKRVSKRUXV ZLWKLQ

WKH UDQJH RI WKH JUDGH FRPSRVLWLRQ� WKH UDWH RI IURJ

IDLOXUH EHFDXVH RI JUHDWHU ZHDU RI WKH UROO VXUIDFH�

EHFRPHV VPDOOHU� &DUERQ DQG SKRVSKRUXV KDYH D VLPL�

ODU HIIHFW RQ IURJ ZHDU UHVLVWDQFH� ,QFUHDVH RI ZHDU

UHVLVWDQFH ZLWK WKH LQFUHDVH RI FDUERQ FRQWHQW LQ KLJK�

7DEOH �� &DUERQ DQG SKRVSKRUXV LQIOXHQFH RQ WKH UDWH RI IURJ
IDLOXUH EHFDXVH RI FRQWDFW IDWLJXH GHIHFWV

&DUERQ

FRQWHQW�

ZW��

5DWH RI IURJ UHPRYDO IURP VHUYLFH ��� DW SKRVSKRUXV

FRQWHQW LQ WKH PHWDO� ZW��

���� ���� ����� �����

����� ���� ���� ���� ����

����� ���� ���� ���� ����

����� ���� ���� ���� ����

����� ���� ���� ���� ����

7DEOH �� &DUERQ DQG SKRVSKRUXV LQIOXHQFH RQ WKH UDWH RI IURJ
IDLOXUH EHFDXVH RI KLJKHU ZHDU

&DUERQ

FRQWHQW�

ZW��

5DWH RI IURJ UHPRYDO IURP VHUYLFH ��� DW SKRVSKRUXV

FRQWHQW LQ WKH PHWDO� ZW��

���� ���� ����� �����

����� ����� ����� ���� ����

����� ����� ���� ���� ����

����� ���� ���� ���� ����

����� ���� ���� ���� ����

36 1/2002



PDQJDQHVH VWHHO LV DFFRXQWHG IRU E\ WKH IDFW� WKDW

FDUERQ IRUPV LQWHUVWLWLDO VROLG VROXWLRQV DW SKRVSKRUXV

FRQFHQWUDWLRQV RI QRW PRUH� WKDQ ���� � LQ KHDW�

WUHDWHG VWHHO ���*��/� ,QFUHDVH RI WKH FRQWHQW RI LQ�

WHUVWLWLDO HOHPHQW LQ WKH VROLG VROXWLRQ DERYH LWV �IUHH

GLVVROXWLRQ FRQFHQWUDWLRQ� UHVXOWV LQ IXUWKHU GLVWRU�

WLRQ RI WKH FU\VWDOOLQH ODWWLFH� 7KH WHUP �IUHH GLVVR�

OXWLRQ FRQFHQWUDWLRQ� LV XQGHUVWRRG WR EH WKH DPRXQW

RI LQWHUVWLWLDO HOHPHQWV� WKDW LV IRXQG LQ WKH VROLG

VROXWLRQV XQGHU TXDVL�HTXLOLEULXP FRQGLWLRQV�

DFKLHYHG E\ VORZ VROLGLILFDWLRQ RU GXULQJ ORQJ�WHUP

LVRWKHUPDO VRDNLQJ DERYH $� WHPSHUDWXUH DQG VXE�

VHTXHQW VORZ FRROLQJ DW D UDWH RI QRW PRUH WKDQ ��w

�� GHJ�K >��@� )RU LQVWDQFH� ZKHQ FDUERQ FRQFHQ�

WUDWLRQ LQ VWHHO ���*��/ LV LQFUHDVHG IURP ��� WR

��� �� WKH WHWUDJRQDOLW\ �F�D UDWLR� RI IFF�ODWWLFH LQ�

FUHDVHV IURP ���� XS WR ����� 7KLV LQGXFHV ORFDO

VWUHVVHV� ULVLQJ XS WR ���03D� DQG UHVXOWV LQ LQFUHDVHG

QXPEHU RI GLVORFDWLRQV� DSSHDUDQFH RI DQQHDOLQJ DQG

GHIRUPDWLRQ WZLQV� DQG LQ VRPH FDVHV OHDGV WR GHYHO�

RSPHQW RI VWDFNLQJ IDXOWV >�� ��@� )RUPDWLRQ RI ODUJH

QXPEHUV RI GLVORFDWLRQV� WKHLU FOXVWHUV DQG VWDFNLQJ

IDXOWV� UHVXOWV LQ GLVORFDWLRQ IL[DWLRQ DQG LQFUHDVHG

UHVLVWDQFH WR WKHLU VOLGLQJ DW DSSOLFDWLRQ RI H[WHUQDO

IRUFHV >��@� WKLV OHDGLQJ WR VWUHQJWKHQLQJ RI WKH IURJ

PHWDO DQG XOWLPDWHO\ VORZLQJ GRZQ WKH ZHDU SURFHVV

�KHLJKW UHGXFWLRQ�� 3KRVSKRUXV DWRPLF UDGLXV �U
3
 

 ����� QP� EHLQJ ODUJHU� WKDQ WKDW RI FDUERQ �U
&
 

 ����� QP�� FU\VWDOOLQH ODWWLFH GLVWRUWLRQ� FDXVHG E\

SKRVSKRUXV GLVVROXWLRQ� LV JUHDWHU� WKDQ DW FDUERQ GLV�

VROXWLRQ� 7KLV� DW RWKHU FRQGLWLRQV EHLQJ HTXDO� LV

H[DFWO\ZKDW DFFRXQWV IRU D VWURQJHU LQIOXHQFH RI SKRV�

SKRUXV RQ LPSURYHPHQW RI KLJK�PDQJDQHVH VWHHO ZHDU

UHVLVWDQFH�

5HJUHVVLRQ PRGHOV ��� DQG ��� DOORZ IRUHFDVWLQJ

WKH VHUYLFH SURSHUWLHV� GHWHUPLQLQJ WKH RSWLPDO DQG

UDWLRQDO FRQWHQW RI FDUERQ DQG SKRVSKRUXV LQ ���*��/

VWHHO� GHVLJQHG IRU SURGXFWLRQ RI FDVWLQJV RI UDLOZD\

WXUQRXW IURJV DQG FRUHV�

(TXDWLRQV ��� DQG ��� ZHUH XVHG WR SORW WKH GLD�

JUDP �VHH WKH )LJXUH�� WKDW DOORZV VHOHFWLRQ RI WKH

UDWLR RI FDUERQ DQG SKRVSKRUXV FRQWHQW LQ WKH ILQLVKHG

PHWDO� SURYLGLQJ D UDWLRQDO FRPELQDWLRQ RI VHUYLFH

SURSHUWLHV�

6LPXOWDQHRXV VROXWLRQ RI HTXDWLRQV ��� DQG ���

ZLWK UHVSHFW WR XQNQRZQ >�&@ DQG >�3@ \LHOGV D

V\VWHP RI HTXDWLRQV� WKDW GHVFULEH WKH GHSHQGHQFH RI

���*��/ VWHHO FRPSRVLWLRQ RQ WKH VSHFLILHG VHUYLFH

SURSHUWLHV RI WKH IURJV DQG WKH FRUHV�

>�&@  ����� w ������SF  ������SZ� ���

>�3@  ���� � ������SF w �������SZ� ���

7KH GHULYHG HTXDWLRQV DOORZ IRUHFDVWLQJ WKH RSWL�

PDO FRQWHQW RI FDUERQ DQG SKRVSKRUXV� DW ZKLFK WKH

ZHDU DQG GHYHORSPHQW RI FRQWDFW IDWLJXH GHIHFWV ZLOO

EH PLQLPDO� 6HOHFWLQJ IURP7DEOHV � DQG � WKHPLQLPDO

FKDUDFWHULVWLFV RI ZHDU SZ PLQ  ���� DQG RI FRQWDFW

IDWLJXH GHIHFW GHYHORSPHQW SF PLQ  ���� DQG VXEVWL�

WXWLQJ WKHP LQWR HTXDWLRQV ��� DQG ���� ZH GHWHUPLQH

WKH RSWLPDO FRQWHQW RI FDUERQ DQG SKRVSKRUXV�

>�&@RSW = ����� >�3@RSW = ������ ���

7DNLQJ LQWR DFFRXQW WKH FDOFXODWLRQ FRUUHFWLRQV�

ZH JHW WKH RSWLPDO FRPELQDWLRQ RI WKH VWHHO FKHPLFDO

FRPSRQHQWV >�&@RSW  ���� DQG >�3@RSW  �������

WKDW GHWHUPLQHV $RSW SRLQW LQ WKH VSDFH RI SDUDPHWHUV

SZ DQG SF �)LJXUH ��� 3RLQW $RSW KDV D VWDWLVWLFDOO\

GLIIXVH UHJLRQ Ω� HYDOXDWHG WKURXJK FRQILGHQFH SURE�
DELOLW\ β� ZKLFK GHWHUPLQHV WKH UDWLRQDO OLPLWV RI VHUY�
LFH SDUDPHWHUV�

/HW XV ZULWH WKH LQWHUYDO HVWLPDWH RI PLQLPDO YDO�

XHV RI VHUYLFH SURSHUWLHV SZ PLQ DQG SF PLQ ZLWK FRQ�

ILGHQFH SUREDELOLW\ β �DVVLJQHG E\ WKH H[SHULPHQWHU

DQG XVXDOO\ HTXDO WR ���w������ FRQVLGHULQJ WKDW WKH

QHJDWLYH VHFRQG DGGHQGV LQ WKH H[SUHVVLRQ IRU WKH

FRQVLGHUHG SUREOHP DUH PHDQLQJOHVV�

SZ β = SZ PLQ + Wβσ�√ Q � ���

SF β = SF PLQ + Wβσ�√ Q � ���

ZKHUH Wβ LV WKH DFFXUDF\ RI LQWHUYDO HVWLPDWH RI SZ PLQ

DQG SF PLQ DW FRQILGHQFH SUREDELOLW\ β �IRXQG IURP

6WXGHQW GLVWULEXWLRQ WDEOH�� Q LV WKH QXPEHU RI HOH�

'LDJUDP RI IURJ IDLOXUH UDWH EHFDXVH RI FRQWDFW IDWLJXH GHIHFWV DQG
KLJKHU ZHDU DW GLIIHUHQW FRQWHQW RI FDUERQ DQG SKRVSKRUXV LQ
���*��/ VWHHO� O x H[SHULPHQWDO GDWD� P x GHVLJQ GDWD� ∆ x
SHDNV LQ UDWLRQDO YDOXH UHJLRQ
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PHQWV RI WKH WRWDO SRSXODWLRQ� σ LV WKH PHDQ URRW

VTXDUH GHYLDWLRQ�

([SUHVVLRQ ��� DQG ��� DOORZ ILQGLQJ UDWLRQDO LQ�

WHUYDOV RI YDULDWLRQ RI VHUYLFH SURSHUW\ YDOXHV >SZ PLQ�

SZ@ DQG >SF PLQ� SF@� WKDW LQ WKH V\VWHP RI SZ DQG SF

FR�RUGLQDWHV IRUP D UHFWDQJXODU UHJLRQ RI WKH RSWLPDO

VHUYLFH SURSHUWLHV Ω �VHH WKH )LJXUH� ZLWK SHDN FR�

RUGLQDWHV� $RSW�SF PLQ� SZ PLQ�� %�SF� SZ PLQ��

&�SF PLQ� SZ β� DQG '�SF β� SZ β�� $VVLJQLQJ WKH WKXV
IRXQG YDULRXV FRPELQDWLRQV RI UDWLRQDO YDOXHV RI WKH

IURJ VHUYLFH SURSHUWLHV� WKDW DUH WKH FR�RUGLQDWHV RI

SRLQWV� EHORQJLQJ WR WKH UHJLRQ RI RSWLPDO YDOXHV� Ω�
LW LV SRVVLEOH WR ILQG IURP HTXDWLRQV ��� DQG ��� WKH

UDWLRQDO YDOXHV RI FDUERQ DQG SKRVSKRUXV FRQWHQW LQ

WKH ILQLVKHG PHWDO� )RU LQVWDQFH� DW SZ  ���� DQG

SF PLQ  ���� >�&@  ������ >�3@  ������� DW SZ PLQ  

 ���� DQG SF  ���� >�&@  ������ >�3@  ������

7KH UHTXLUHG FRQWHQW RI FDUERQ LQ WKH ILQLVKHG PHWDO

DW SKRVSKRUXV FRQFHQWUDWLRQ VSHFLILHG GXULQJ WKH VWHHO

SURGXFWLRQ� FDQ EH IRXQG IURP WKH IROORZLQJ HTXDWLRQ�

>�&@ = ����� w ������SF w ������SZ w >�3@� ���

GHULYHG IURP WKH V\VWHP RI HTXDWLRQV ��� DQG ����

&DUERQ DQG SKRVSKRUXV FRQFHQWUDWLRQ LQ WKH ILQ�

LVKHG OLTXLG KLJK�PDQJDQHVH VWHHO ���*��/ FDQ EH

FRQWUROOHG� E\ PHOWLQJ LW E\ WKH WHFKQRORJLHV� GHYHO�

RSHG DQG SURSRVHG E\ WKH &KDLU RI (OHFWURPHWDOOXUJ\

RI 1DWLRQDO 0HWDOOXUJLFDO $FDGHP\ RI 8NUDLQH >�@�

HQYLVDJLQJ RXW�RI�IXUQDFH GHSKRVSKRUL]DWLRQ RU GHFDU�

ERQL]DWLRQ RI WKH VWHHO SRRO� XVLQJ JDVHRXV R[\JHQ�

�� $QGUHHY� 6�(�� 3HWURY� 9�$�� =YHUHYLFK� 9�9� ������
&UXVKLQJ� JULQGLQJ DQG VFUHHQLQJ RI PLQHUDO SURGXFWV�
0RVFRZ� 1HGUD�

�� 6LPRQ� 9�,� ������ 2SHUDWLRQ RI WXUQRXWV� 0RVFRZ� 7UDQV�
SRUW�

�� *O\X]EHUJ� %�(� ������ )HDWXUHV RI WXUQRXW ZHDU� 9HVWQLN
91,,=K7� �� ��w���

�� 3HWURY� <X�1� ������ 'HIHFWV DQG GLIIXVLRQOHVV WUDQVIRUPD�
WLRQV LQ VWHHO� .\LY� 1DXNRYD 'XPND�

�� *DVLN� 0�,�� 3HWURY� <X�1�� <DNXEWVRY� ,�$� HW DO� ������
3KRVSKRUXV LQIOXHQFH RQ DXVWHQLWH VWDELOLW\ LQ KLJK�PDQJD�
QHVH VWHHOV� 'RNODG\ $1 8NU� 665� 6HU� $� �� ��w���

�� *DVLN� 0�,�� 3HWURY� <X�1�� 6HPHQRY� ,�$� HW DO� ������
3KRVSKRUXV LQIOXHQFH RQ ORFDO VWUXFWXUDO LQVWDELOLW\ DQG PH�
FKDQLFDO SURSHUWLHV RI VWHHO ���*��/� 3UREOHP\ 6SHWV� (OHN�
WURPHWDOOXUJLL� �� ��w���

�� *DVLN� 0�,�� 3HWURY� <X�1�� 6HPHQRY� ,�$� HW DO� ������
0HWDOOXUJ\ RI KLJK�PDQJDQHVH VWHHO� .\LY� 7HNKQLND�

�� .D]DUQRYVN\� '�6� ������ ,QIOXHQFH RI DUVHQLF� SKRVSKRUXV
DQG FDUERQ RQ VWHHO SURSHUWLHV� 0RVFRZ� 0HWDOOXUJLD�

�� /HH� <��.�� &KRL� &��6� ������ 'ULYLQJ IRUFH IRU γ→ε
PDUWHQVLWLF WUDQVIRUPDWLRQ DQG VWDFNLQJ IDXOW HQHUJ\ RI γ LQ
)Hw0Q ELQDU\ V\VWHP� 0HWDOOXUJLFDO DQG 0DWHULDOV 7UDQV�
IRUPDWLRQ� �� ���w����

��� .DUDPDQ� ,�� 6HKLWRJOX� +�� *DOO� .� HW DO� ������ 'HIRUPD�
WLRQ RI VLQJOH�FU\VWDO KDGILHOG VWHHO E\ WZLQQLQJ DQG VOLS�
$FWH 0DWHU�� 9RO� ��� ����w�����
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5HODWLYH HQWKDOS\ RI OLTXLG VODJV RI WKH &D2w$O
�
�
�
w6L2

�
V\VWHP RI GLIIHUHQW FRPSRVLWLRQV DQG DW GLIIHUHQW WHPSHUDWXUHV

ZDV FDOFXODWHG RQ WKH EDVLV RI WKH 9�$� .R]KHXURYsV WKHRU\ RI UHJXODU LRQLF PHOWV DQG VWDQGDUG UHIHUHQFH GDWD� ,VHQWKDOSLHV

RI WKLV V\VWHP ZHUH REWDLQHG�

.H\ ZRU G V � UHODWLYH HQWKDOS\ RI VODJV� VWDWLVWLFDO�WKHUPR�
G\QDPLF WKHRU\� WKHUPRG\QDPLF YDOXHV� EDVLFLW\� LVHQWKDOS\

6ODJV IRUPHG LQ HOHFWULF DUF ZHOGLQJ DQG VXUIDFLQJ

VKRXOG PHHW GLIIHUHQW UHTXLUHPHQWV� 2QH RI WKHP LV

WR PLQLPL]H SRZHU FRQVXPSWLRQ� ZKLFK LV GHWHUPLQHG

E\ D UHODWLYH HQWKDOS\ RI OLTXLG VODJV� 7KH ODWWHU ZDV

FDOFXODWHG LQ WKLV VWXG\ IRU WKH WHUQDU\ V\VWHP &D2w

$O�2�w6L2��

([SUHVV UHODWLYH HQWKDOS\ RI WKH L�WK FRPSRQHQW

DW WHPSHUDWXUH 7 LQ VROLG VWDWH 6 LQ WHUPV RI

∆+
L6

7 = +
L6

7
w +

L6

��� .
� 7KHQ WKH UHODWLYH HQWKDOS\ RI

D PHFKDQLFDO PL[WXUH RI N VROLG FRPSRQHQWV ZLOO KDYH

WKH IROORZLQJ IRUP�

∆+
6

7 = ∑
L = �

N

[L ∆+
L6

7
� ���

ZKHUH [L LV WKH LRQLF RU PROH IUDFWLRQ RI WKH FRPSRQHQW

LQ D PL[WXUH �GHSHQGLQJ XSRQ WKH VWDWLVWLFDO�WKHUPR�

G\QDPLF WKHRU\ XVHG��

,Q KHDWLQJ D PHFKDQLFDO PL[WXUH� WKH ILUVW SRUWLRQV

RI D OLTXLG VODJ DSSHDU DW WHPSHUDWXUH 7V� DQG WKH ODVW

SRUWLRQV RI VROLG SKDVHV GLVDSSHDU DW D WHPSHUDWXUH

EHORZ WKH PHOWLQJ SRLQWV RI LQGLYLGXDO FRPSRQHQWV�

7KHUHIRUH� WR SURGXFH D OLTXLG VODJ DW WHPSHUDWXUH 7�

ORZHU WKDQ WKH PHOWLQJ SRLQW RI WKH KLJKHVW�YRODWLOLW\

FRPSRQHQW� LW LV QHFHVVDU\ WR SUHOLPLQDULO\ WUDQVIRUP

FRPSRQHQWV IURP WKH VROLG VWDWH LQWR WKH OLTXLG RQH�

9DULDWLRQ LQ HQWKDOS\ LQ WKLV WUDQVLWLRQ FDQ EH FRQ�

VLGHUHG HTXDO WR WKH WDEXODWHG HQWKDOS\ RI PHOWLQJ�

DV WKH ODWWHU YDULHV EXW VOLJKWO\ ZLWK WKH WHPSHUDWXUH�

� /�3� 02-629� %�3� %85</(9 DQG '�0� /$37(9� ����

2-6& 1,,0RQWD]K� .UDVQRGDU� 5XVVLD�
6LEHULDQ 6WDWH ,QGXVWULDO 8QLYHUVLW\� 1RYRNX]QHWVN� 5XVVLD�
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,Q WKLV FRQQHFWLRQ� WKH UHODWLYH HQWKDOS\ RI D OLTXLG
VODJ� LQ DQ DVVXPSWLRQ WKDW VODJ LV DQ LGHDO VROXWLRQ�

LV DV IROORZV�

∆+
VO

7 = ∑
L = �

N

[L (∆+
L6

7 + ∆+
L

PHOW)� ���

+HUH ∆+
L

PHOW

LV WKH WDEXODWHG HQWKDOS\ RI PHOWLQJ RI

WKH L�WK FRPSRQHQW�

7R REWDLQ WKH WUXH UHODWLYH HQWKDOS\ RI D OLTXLG
VODJ� WKH HQWKDOS\ RI IRUPDWLRQ RI VODJ RI SXUH FRP�

SRQHQWV� QRUPDOO\ FDOOHG WKH HQWKDOS\ RI PL[LQJ�

∆+PL[� VKRXOG EH DGGHG WR WKH ULJKW SDUW RI H[SUHVVLRQ

���� 7KHQ

∆+
VO

7 = ∑
L = �

N

[L ∆+L6

7 + ∆+
L

PHOW  + ∆+
PL[

�

���

7KH HQWKDOS\ RI PL[LQJ FDQ EH GHWHUPLQHG SURYLG�

LQJ WKDW WKH VWDWLVWLFDO�WKHUPRG\QDPLF WKHRU\ LV DYDLO�

DEOH� ZKLFK VDWLVIDFWRULO\ GHVFULEHV WKHUPRG\QDPLF

SURSHUWLHV RI D OLTXLG VODJ� 7KLV FRQGLWLRQ LV PHW E\

WKH 9�$� .R]KHXURYsV WKHRU\ RI LRQLF VROXWLRQV ZLWK

D FRPPRQ LRQ >�@�

$FFRUGLQJ WR WKH .R]KHXURYsV WKHRU\� HQWKDOS\ RI
PL[LQJ RI VODJ �-�J�FDWLRQ�� FRQVLVWLQJ RI N FRPSR�

QHQWV� ZLOO EH ZULWWHQ DV IROORZV�

∆+
PL[

= ∑
L = �

N w �

∑
M = L + �

N

[L [M 4LM + (�[6L w �)� ∑
L = �

N w �

[L TL� ���

ZKHUH 4LM LV WKH HQHUJ\ RI PXWXDO H[FKDQJH LQ WKH LwM
V\VWHP� [L DQG [M DUH WKH LRQLF IUDFWLRQV RI FDWLRQV

LQWURGXFHG E\ FRPSRQHQWV L DQG M� [6L LV WKH LRQLF

IUDFWLRQ RI VLOLFRQ FDWLRQV� TL LV WKH SDUDPHWHU WKDW

DOORZV IRU SRO\PHUL]DWLRQ RI VLOLFRQ�R[\JHQ WHWUDKH�

GURQV LQ WKH Lw6L2� V\VWHP�

,Q WKLV H[SUHVVLRQ VXPPDQG

(�[6L w �)� ∑
L = �

N w �

[L TL

LV DOORZHG IRU RQO\ LQ WKH FDVH RI DFLG VODJV� L�H� DW

DQ LRQLF IUDFWLRQ RI VLOLFRQ HTXDO WR [6L ! ���� ,I

[6L ≤ ��� �EDVLF VODJV�� LW GHFUHDVHV� 6XEVWLWXWLQJ WKH

YDOXH RI WKH HQWKDOS\ RI PL[LQJ IURP H[SUHVVLRQ ���

LQWR HTXDWLRQ ��� \LHOGV

∆+
VO

7 = ∑
L = �

N

[L ∆+L6

7 + ∆+
L

PHOW  +

+ ∑
L = �

N w �

∑
M = L + �

N

[L [M4LM + (�[6L w �)� ∑
L = �

N w �

[L TL �

���

7R REWDLQ D VSHFLILF UHODWLYH HQWKDOS\ RI VODJ

�-�J�� GLYLGH H[SUHVVLRQ ��� E\ PDVV RI � J�FDWLRQ

RI VODJ� HTXDO WR ∑
L = �

N w �

[L0L�νL �νL LV WKH QXPEHU RI

J�FDWLRQV LQWURGXFHG LQWR VODJ E\ RQH PROH RI R[LGH�

0L LV WKH PROHFXODU PDVV RI R[LGH��

∆K
VO

7 =
∑
L = �

N

[L ∆+L6

7 + ∆+
L

PHOW 

∑
L = �

N

[L0L�νL

+

+
∑
L = �

N w �

∑
M = L + �

N

[L [M4LM + (�[6L w �)� ∑
L = �

N

[L TL

∑
L = �

N

[L 0L � νL

�

���

,Q WKH PDMRULW\ RI FDVHV WKH VODJV FDQ EH UHJDUGHG

ZLWK D VXIILFLHQW GHJUHH RI DFFXUDF\ DV FRQVLVWLQJ RI

&D2� $O�2� DQG 6L2�� RWKHU FRPSRQHQWV EHLQJ LJ�

QRUHG� 7R GHVFULEH WKHUPRG\QDPLF SURSHUWLHV RI WKLV

WKUHH�FRPSRQHQW V\VWHP� EDVHG RQ WKH WKHRU\ RI >�@�

LW LV QHFHVVDU\ WR NQRZ HQHUJ\ SDUDPHWHUV RI ELQDU\

V\VWHPV JLYHQ LQ 7DEOH ��

5HODWLYH HQWKDOSLHV RI WKH L�WK FRPSRQHQW DW WHP�

SHUDWXUH 7(∆+
L6

7 )� ZKLFK DUH LQFOXGHG LQWR IRUPXOD

���� DUH FDOFXODWHG E\ D WUDGLWLRQDO PHWKRG IURP WKH
IROORZLQJ HTXDWLRQ�

7DEOH �� 9DOXHV RI HQHUJ\ SDUDPHWHUV LQ WKH .R]KHXURYsV WKH�
RU\

6\VWHP
3DUDPHWHUV

4� -�PROH T� -�PROH

¯¾¬w$O�2� w������ �

¯¾¬w6L2� w������ ������

$O�2�w6L2� w����� �

7DEOH �� +HDW FDSDFLWLHV DQG HQWKDOSLHV RI SKDVH WUDQVLWLRQV RI
¯¾¬� $O�2� DQG 6L2�

0DWHULDO
°
PHOW

�

¨

∆+PHOW

�

-�PROH

+HDW FDSDFLW\�

-��PROH⋅¨�

¯¾¬ ���� ����� ¯Î  ����� � �����⋅��w� ° w

w ����⋅��� °w�

$O�2� ���� ������ ¯Î  ������ � �����⋅��w� ° w

w �����⋅��� °w�

α�TXDUW] ��� ���� &Î  ���� � ����⋅��w� ° w

w ����⋅��� °w�

β�TXDUW] ���� ���� ¯Î  ���� � ���⋅��w� °
β�FU\VWDO ���� ����� &Î  ���� � ���⋅��w� °
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7DEOH �� (QWKDOSLHV �-�J� RI WKH &D2w$O�2�w6L2� V\VWHP DW GLIIHUHQW WHPSHUDWXUHV� EDVLFLWLHV DQG FRQWHQWV RI DOXPLQLXP
R[LGH �,,,�

$O�2��

�

%DVLFLW\ ��¯¾¬��6L2��

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

°  ���� .

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

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

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

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

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

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

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

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

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

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

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

°  ���� .

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

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

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

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

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

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

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

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

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

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

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

7  ���� .

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

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

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

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

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

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

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

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

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

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

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

7  ���� .

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

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

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

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

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

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

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

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

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

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

�� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
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7
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SL
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DQG &

SL

β
w&

3L

λ
DUH WKH PRODU KHDW FDSDFLWLHV

RI PRGLILFDWLRQV α DQG βwλ� 7α DQG 7βw7λ DUH WKH

WHPSHUDWXUHV RI WKH PRGLILFDWLRQ WUDQVLWLRQV� ∆+αwβ

DQG ∆+βwγ
DUH WKH HQWKDOSLHV RI PRGLILFDWLRQ WUDQVL�

WLRQV α→β DQG β→γ� UHVSHFWLYHO\�
7KHUPRFKHPLFDO GDWD >�� �@ UHTXLUHG IRU FDOFXOD�

WLRQ RI UHODWLYH HQWKDOSLHV RI SXUH &D2� $O�2� DQG

6L2� DUH JLYHQ LQ 7DEOH ��

7DEOH � ZDV XVHG WR GHULYH WHPSHUDWXUH GHSHQG�

HQFLHV RI D UHODWLYH HQWKDOS\ RI SXUH VROLG R[LGHV XSRQ

WKH WHPSHUDWXUH �-�PROH��

∆+
&D2

7 = w����� + ����� 7 +

+ �����⋅��w� 7� + ����⋅��� 7 w�

�

���

∆+
$O

�
2

�

7 = w����� + ������ 7 +

+ ����⋅��w� 7� + �����⋅��� 7 w�

�

���

∆+
6L2

�

7 = w����� + ���� 7 + ���⋅��w� 7�

�DERYH ���� ¨��

����

6XEVWLWXWLQJ GHSHQGHQFLHV ��� WR ���� WRJHWKHU

ZLWK YDOXHV RI HQWKDOSLHV RI PHOWLQJ RI FRPSRQHQWV

IURP 7DEOH �� DQG HQHUJ\ SDUDPHWHUV IURP 7DEOH ��

\LHOGV FDOFXODWLRQ IRUPXODH IRU VSHFLILF UHODWLYH HQ�

WKDOSLHV RI VODJV RI WKH &D2w$O�2�w6L2� V\VWHP�

∆K
VO

7 =
[� (����� + ����� 7 + �����⋅��w� 7� + ����⋅��� 7 w�)

��[� + ��[� + ��[�
+

+
[� (����� + ����� 7 + ����⋅��w� 7� + �����⋅��� 7 w�)
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+

+
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��[� + ��[� + ��[�
w

w
(������[� + ������[�[� w �����[�[�) + (�[� w �)������[�

��[� + ��[� + ��[�
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����

+HUH QXPHULFDO LQGLFHV RI LRQLF DQG PROH IUDFWLRQV

FRUUHVSRQG WR WKH IROORZLQJ QXPEHULQJ RI WKH FRP�

SRQHQWV� &D2 x �� $O�2� x � DQG 6L2� x ��

,Q VWXG\ >�@ VLPLODU FDOFXODWLRQV� EXW IRU WKH IRXU�

FRPSRQHQW V\VWHP&D2w0J2w$O�2�w6L2�� DUH FRP�

SDUHG ZLWK H[SHULPHQWDO GDWD� DQG WKH\ DUH LQ VDWLV�

IDFWRU\ DJUHHPHQW IRU D ZLGH UDQJH RI WHPSHUDWXUHV

RI VROLG DQG OLTXLG VWDWHV RI VODJV� 7KHUHIRUH� HTXDWLRQ

��� ZDV XVHG DV D EDVH IRU WKH FDOFXODWLRQ RI UHODWLYH

HQWKDOSLHV RI VODJV RI WKH &D2w$O�2�w6L2� V\VWHP

DW IRXU WHPSHUDWXUHV� DQG WKH FDOFXODWLRQ UHVXOWV IRU

HDFK RI WKH WHPSHUDWXUHV� FRQVWDQW FRQFHQWUDWLRQV RI

$O�2� DQG GLIIHUHQW EDVLFLWLHV RI VODJV DUH JLYHQ LQ

'HSHQGHQFH RI VSHFLILF UHODWLYH HQWKDOS\ RI VODJ XSRQ WKH FRPSRVLWLRQ RI WKH &D2w$O�2�w6L2� V\VWHP DW WHPSHUDWXUHV� D x ���� .

�� x ����� � x ����� � x ���� -�J�� E x ���� . �� x ����� � x ����� � x ���� -�J�� F x ���� . �� x ����� � x �����

� x ���� -�J�� G x ���� . �� x ����� � x ����� � x ���� -�J�
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7DEOH �� %DVLFLW\ ��&D2��6L2�� DQG ZHLJKW SHU�

FHQW RI $O�2� ZHUH VHOHFWHG DV WKH PDLQ SDUDPHWHUV

ZKLFK GHWHUPLQH FRPSRVLWLRQ RI D VODJ� ,RQLF IUDFWLRQV

RI FDOFLXP� DOXPLQLXP DQG VLOLFRQ ZHUH IRXQG IURP

WKH FRPSRVLWLRQ LQ SHUFHQW� IROORZHG E\ FDOFXODWLRQ

RI ∆K
VO

7
IURP IRUPXOD �����

$QDO\VLV RI WKH 7DEOH VKRZV WKDW D VSHFLILF UHODWLYH

HQWKDOS\ RI WKH WKUHH�FRPSRQHQW VODJV DW D FRQVWDQW

FRQWHQW RI $O�2� ZLWK D GHFUHDVH LQ EDVLFLW\ SDVVHV

WKURXJK D PLQLPXP DW D EDVLFLW\ RI ���w���� $W DQ

$O�2� FRQWHQW RI PRUH WKDQ �� �� WKH PLQLPXP VKLIWV

WRZDUGV KLJKHU EDVLFLW\� DQG DW �� � RI $O�2� LW

FRUUHVSRQGV WR D EDVLFLW\ RI ����

$Q LQFUHDVH LQ WKH $O�2� FRQWHQW RI VODJV RI FRQ�

VWDQW EDVLFLW\� DW WKH YDOXHV RI EDVLFLW\ KLJKHU WKDQ

�� LV DFFRPSDQLHG E\ D GHFUHDVH LQ ∆K
VO

7
RYHU WKH LQ�

YHVWLJDWHG UDQJH RI FRPSRVLWLRQV� ZKHUHDV DW EDVLFLWLHV

EHORZ � WKH ∆K
VO

7
 I��$O�2�� GHSHQGHQFH KDV D PLQL�

PXP� )RU VODJV ZLWK D EDVLFLW\ RI ��� ����� DQG

ORZHU� WKLV PLQLPXP LV LQ D UDQJH RI ��w�� � $O�2��

([LVWHQFH RI WZR PLQLPD JLYHV ULVH WR D TXHVWLRQ

FRQFHUQLQJ VODJV ZLWK WKH ORZHVW YDOXH RI D VSHFLILF

UHODWLYH HQWKDOS\� ,W IROORZV IURP 7DEOH � WKDW VODJV

ZLWK D EDVLFLW\ RI ���w��� DW ��w�� � $O�2� KDYH WKH

ORZHVW YDOXH RI ∆K
VO

7
� ,Q WKH )LJXUH WKH GDWD RI WKH

7DEOH DUH JLYHQ LQ WKH IRUP RI LVHQWKDOSLHV RI WKH

&D2w$O�2�w6L2� V\VWHP�

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW WKH GHYHORSHG

PHWKRG IRU FDOFXODWLRQ RI D VSHFLILF UHODWLYH HQWKDOS\

RI VODJ� LQ WKH FDVH RI XVLQJ PRGHUQ VWDWLVWLFDO�WKHU�

PRG\QDPLF WKHRULHV RI VODJV� SURYLGHV JRRG DJUHHPHQW

ZLWK H[SHULPHQWV� DQG DOORZV FDOFXODWLRQ RI WKH GLD�

JUDP RI LVHQWKDOSLHV� $W WKH VDPH WLPH� FDORULPHWU\

PHDVXUHPHQWV RI D UHODWLYH HQWKDOS\ RI OLTXLG VODJV

RI WKH &D2w$O�2�w6L2� V\VWHP DW GLIIHUHQW WHPSHUD�

WXUHV DUH UHTXLUHG�

&21&/86,216

�� (TXDWLRQ IRU FDOFXODWLRQ RI D UHODWLYH HQWKDOS\ RI

OLTXLG VODJV RI WKH &D2w$O�2�w6L2� V\VWHP ZDV GH�

ULYHG XVLQJ UHIHUHQFH GDWD RQ HQWKDOSLHV RI SKDVH WUDQ�

VLWLRQV DQG KHDW FDSDFLWLHV RI LQGLYLGXDO R[LGHV� DQG

WKH 9�$� .R]KHXURYsV VWDWLVWLFDO�WKHUPRG\QDPLF WKH�

RU\ RI UHJXODU LRQLF PHOWV�

�� &DOFXODWLRQV RI HQWKDOS\ RI OLTXLG VODJV ZHUH

PDGH IRU D ZLGH UDQJH RI FRPSRVLWLRQV DQG DW GLIIHUHQW

WHPSHUDWXUHV� /LQHV RI HTXDO HQWKDOSLHV RI VODJV ZHUH

SORWWHG� ,W LV VKRZQ WKDW HQWKDOSLHV PD\ KDYH PLQL�

PXP YDOXHV DW GLIIHUHQW FRPSRVLWLRQV� ,W ZDV HVWDE�

OLVKHG WKDW VODJV ZLWK D EDVLFLW\ RI ���w��� DW ��w�� �

$O�2� KDYH WKH ORZHVW YDOXHV RI D UHODWLYH HQWKDOS\�

�� .R]KHXURY� 9�$� ������ 7KHUPRG\QDPLFV RI PHWDOOXUJLFDO
VODJV� 6YHUGORYVN� 0HWDOOXUJL]GDW�

�� ������ 7KHUPRG\QDPLF SURSHUWLHV RI LQRUJDQLF PDWHULDOV�
+DQGERRN� 0RVFRZ� $WRPL]GDW�

�� %HO\DQNLQ� '�6�� 7RURSRY� 1�$�� /DSLQ� 9�9� ������ 3K\VL�
FDO�FKHPLFDO V\VWHPV RI VLOLFDWH WHFKQRORJ\� 0RVFRZ� 3URP�

VWRML]GDW� �

�� /DSWHY� '�0�� 0RMVRY� /�3�� %XU\OHY� %�3� ������ 7HP�
SHUDWXUH GHSHQGHQFH RI HQWKDOS\ RI WKH &D2w0J2w$O�2�w
6L2� V\VWHP� 'HS� LQ 9,1,7, 1R����� RQ ��������� .UDVQR�

GDU� 2$2 1,,0RQWD]K�
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7KH SRVVLELOLW\ RI XVLQJ D S\URPHWHU WR GHWHUPLQH D PROWHQ PHWDO WHPSHUDWXUH WKURXJK D ZLQGRZ ZLWK D YDULDEOH RSWLFDO

GHQVLW\ LV VKRZQ� 7KH WHPSHUDWXUH PHDVXUHG LV DGMXVWHG GXULQJ WKH PHOWLQJ SURFHVV E\ D OLTXLGXV WHPSHUDWXUH RI WKH

PHWDO PHOWHG�

.H\ ZRU G V � HOHFWURQ EHDP PHOWLQJ� S\URPHWHU� WHPSHUD�

WXUH� WLWDQLXP� ZLQGRZ� PHDVXUHPHQW

0HDVXUHPHQW RI D WHPSHUDWXUH RI PROWHQ PHWDO LQ

HOHFWURQ EHDP FROG�KHDUWK �(%&+� PHOWLQJ LV DQ LP�

SRUWDQW WHFKQRORJLFDO RSHUDWLRQ� DOORZLQJ UHJXODWLRQ

RI ERWK PHOWLQJ SURFHVV DQG SURSHUWLHV RI D ILQLVKHG

SURGXFW� 8QIRUWXQDWHO\� WUDGLWLRQDO PHDVXUHPHQW

PHWKRGV� VXFK DV S\URPHWU\� DUH UDWKHU GLIILFXOW WR

XVH EHFDXVH RI FRQWLQXRXVO\ YDU\LQJ RSWLFDO WUDQVPLV�

VLRQ RI JODVV DQG OLJKW DWWHQXDWRUV LQ ZLQGRZV� ,Q WKLV

FDVH� LQ D IRUPXOD RI FRQYHUVLRQ RI EULJKWQHVV WHP�

SHUDWXUH 7E� PHDVXUHG E\ D S\URPHWHU� LQWR DFWXDO

WHPSHUDWXUH 7 >�@

�

7
= �

7E

+ $ ���

FRQVWDQW $ EHFRPHV D YDULDEOH� WKXV PDNLQJ LW LPSRV�
VLEOH WR FRQYHUW 7E LQWR 7�

,QGHHG� DV VKRZQ E\ FDOFXODWLRQV� WKH $ YDOXH FDQ

EH JLYHQ LQ WKH IROORZLQJ IRUP�

$ = λ
&�

OQ
α4
FRV ϕ

� ���

ZKHUH λ  ��� QP LV WKH HIIHFWLYH ZDYH OHQJWK RI WKH

S\URPHWHU� &�  ������⋅��w� P⋅GHJ LV WKH FRQVWDQW�

α LV WKH RSWLFDO WUDQVPLVVLRQ RI JODVV DQG OLJKW DWWHQX�

DWRU LQ WKH ZLQGRZ� 4 LV WKH HPLVVLYLW\ IDFWRU RI

PROWHQ PHWDO DW WKH HIIHFWLYH ZDYH OHQJWK DQG ϕ LV

WKH DQJOH EHWZHHQ WKH OLQH RI VLJKW DQG SHUSHQGLFXODU

WR WKH VXUIDFH RI D PROWHQ PHWDO� 7KLV VKRZV WKDW LQ

PHOWLQJ WKH $ YDOXH VKRXOG YDU\ EHFDXVH RI D GHFUHDVH

LQ α� 7KLV GUDZEDFN FDQ EH HOLPLQDWHG XVLQJ SHULRGLFDO

DGMXVWPHQW RI WKH $ YDOXH� ZKLFK FDQ EH UHDGLO\

DFKLHYHG E\ PHDVXULQJ 7E RI DQ\ SURFHVV WKDW KDV D

NQRZQ DFWXDO WHPSHUDWXUH7� IROORZHG E\ VXEVWLWXWLRQ

RI WKH YDOXHV REWDLQHG LQWR FRQYHUVLRQ IRUPXOD ����

,Q (%&+� VROLGLILFDWLRQ RI PHWDO LQ LWV GLVFKDUJH

IURP WKH FROG KHDUWK LQWR WKH PRXOG FDQ EH VHOHFWHG

DV VXFK D SURFHVV� 7KH GLVFKDUJH LV DFFRPSDQLHG E\

SHULRGLFDO ��w� PLQ� PHOWLQJ DQG VROLGLILFDWLRQ RI

PHWDO LQ WKH GLVFKDUJH VSRXW� ZKLFK DOORZV DGMXVWPHQW

RI WKH$ YDOXH WR EHPDGH DW D IUHTXHQF\ FRUUHVSRQGLQJ

WR LWV YHU\ VPDOO YDULDWLRQV� ,Q DGGLWLRQ� VHOHFWLRQ RI

WKH SURFHVV LV DGYDQWDJHRXV DOVR LQ WKH IDFW WKDW VWLU�

ULQJ LQ WKH FROG KHDUWK SURYLGHV PHWDO ZLWK D KLJK

KRPRJHQHLW\ RI FKHPLFDO FRPSRVLWLRQ� DQG 7 GRHV QRW

UHTXLUH DQ\ DGMXVWPHQW WR ILW WKH FRQVWLWXWLRQDO GLD�

JUDP�

5HODWLYH HUURU RI PHDVXUHPHQW RI WKH DFWXDO WHP�

SHUDWXUH LQ (%&+� GHWHUPLQHG IURP FRQYHUVLRQ IRU�

PXOD ���� LV � �� ZKLFK LV � WLPHV DV KLJK DV WKDW

LQ PHDVXUHPHQW ZLWKRXW JODVVHV DQG OLJKW DWWHQX�

DWRUV >�@�

7KH PHWKRG GHVFULEHGZDV HPSOR\HG IRU PHDVXULQJ

WHPSHUDWXUH RI WKH VXUIDFH RI PROWHQ PHWDO LQ PHOWLQJ

RI LQJRWV RI DOOR\ 97� DQG FRPPHUFLDO WLWDQLXP97���

ZLWK D GLDPHWHU RI ���� DQG ���� P� UHVSHFWLYHO\�

6FKHPDWLF RI ORFDWLRQ RI PHDVXUHPHQW SRLQWV DQG

PHDQ YDOXHV RI WKH WHPSHUDWXUH DW WKHP DUH VKRZQ LQ

)LJXUH � DQG LQ WKH 7DEOH�

� 9�1� )('2529� 9�$� 6+&+(.,1�.52729 DQG $�0� .$68029� ����

&RQGLWLRQV RI PHDVXUHPHQW RI DFWXDO

WHPSHUDWXUH RI PROWHQ PHWDO

,QJRW

1R�

7HPSHUDWXUH DW PHDVXUHPHQW SRLQWV� �&

� � � � � �

0HOWLQJ RI DOOR\ 97� LQ D PRXOG

���� P LQ GLDPHWHU

��� ���� ���� ���� w ���� w

��� ���� ���� ���� w ���� w

��� ���� ���� ���� w ���� w

��� ���� ���� ���� w ���� w

0HOWLQJ RI DOOR\ 97��� LQ D PRXOG

���� P LQ GLDPHWHU

�� ���� ���� ���� ���� ���� ����

$2=7 �),.2�� .\LY� 8NUDLQH�
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,QFUHDVH LQ 7 ZLWK DQ LQFUHDVH LQ GLDPHWHU RI WKH
PRXOG LV DVVRFLDWHG ZLWK YDULDWLRQV RI FKHPLFDO FRP�
SRVLWLRQ RI PHWDO EHLQJ UHPHOWHG DQG HOHFWULF FXUUHQW
SDUDPHWHUV RI HOHFWURQ JXQV�

(IIHFW RQ WKH PHOW E\ WKH EHDP FDXVHV DQ LQFUHDVH

RI ���w��� �& LQ WKH 7 YDOXHV� 7KHUHIRUH� WHPSHUDWXUH

RI PROWHQ PHWDO ZDV PHDVXUHG DW WKH DEVHQFH RI HPLV�

VLRQ RI HOHFWURQV�
9DULDWLRQV LQ WHPSHUDWXUH 7 DW WKH PHDVXUHPHQW

SRLQWV RFFXU PDLQO\ VLPXOWDQHRXVO\ ZLWK YDULDWLRQV
LQ WHPSHUDWXUH RI FRROLQJ ZDWHU 7Z �)LJXUH ���

$QDO\VLV RI WKH REWDLQHG YDOXHV RI 7 VKRZV WKDW
LQ D ZRUNLQJ UDQJH RI WHPSHUDWXUHV WKH HUURUV DUH
GLVWULEXWHG LQ DFFRUGDQFH ZLWK WKH QRUPDO ODZ� DQG
D PHDQ�URRW�VTXDUH HUURU LV ���� GHJ� ZKLOH WKH PRGX�
OXV RI SUHFLVLRQ LV ����� GHJw����

�� 1RYLNRY� ,�,�� *RUGRY� $�1� ������ 0HWKRGV DQG PHDQV RI
RSWLFDO S\URPHWU\� 0RVFRZ� 1DXND�

�� ������ 2SWLFDO S\URPHWHU 233,5����� 'HVFULSWLRQ DQG RS�
HUDWLQJ UXOHV� .KPHOQLWVN�

)LJXUH �� 6FKHPDWLF RI ORFDWLRQ RI SRLQWV RI PHDVXUHPHQW RI WHP�
SHUDWXUH LQ WKH PHOWLQJ FKDPEHU� � x ]RQH RI PHOWLQJ RI D FRQ�
VXPDEOH ELOOHW� � x FROG KHDUWK� � x GLVFKDUJH VSRXW� �w� x
PRXOG

)LJXUH ��9DULDWLRQV LQ WHPSHUDWXUH RI PROWHQPHWDO ��� DQG FRROLQJ
ZDWHU ��� GHSHQGLQJ XSRQ OHQJWK /L

RI D GUDZQ RXW LQJRW LQ PRXOG
���� P LQ GLDPHWHU �D� DQG LQ FROG KHDUWK �E�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� D 5	'
FHQWUH HVWDEOLVKHG LQ ����� LV D PXOWL�SURILOH 5	'

FRPSOH[ ZKLFK FDUULHV RXW WKH IXQGDPHQWDO DQG DS�

SOLHG UHVHDUFK� GHYHORSV WHFKQRORJLHV� PDWHULDOV�

HTXLSPHQW DQG FRQWURO V\VWHPV� UDWLRQDO ZHOGHG VWUXF�

WXUHV DQG LWHPV� PHWKRGV DQG PHDQV IRU WHFKQLFDO GL�

DJQRVWLFV DQG QRQ�GHVWUXFWLYH WHVWLQJ LQ WKH IROORZLQJ

DUHDV�

• DGYDQFHG WHFKQRORJLHV IRU PDWHULDOV ZHOGLQJ DQG

MRLQLQJ�

• VWUHQJWK� UHOLDELOLW\ DQG IDWLJXH OLIH RI ZHOGHG

VWUXFWXUHV�

• WHFKQRORJLHV IRU VXUIDFLQJ� FRDWLQJ DQG VXUIDFH

WUHDWPHQW�

• SURFHVVHV RI VSHFLDO HOHFWURPHWDOOXUJ\�

• DGYDQFHG VWUXFWXUDO DQG IXQFWLRQDO PDWHULDOV�

7KH 3:, LV D WHDP RI KLJKO\�TXDOLILHG UHVHDUFKHUV
DPRQJ ZKLFK WKHUH DUH �� 'RFWRUV RI 6FLHQFH �(QJ���

DQG ��� &DQG� RI 6FL� �(QJ��� 'HSDUWPHQWV DQG ODER�

UDWRULHV RI WKH ,QVWLWXWH DUH ILWWHG ZLWK WKH DGYDQFHG

UHVHDUFK DQG PHDVXUHPHQW�DQDO\WLFDO HTXLSPHQW�

7KH 3:, IXOILOOV RUGHUV RI ORFDO DQG IRUHLJQ SDUWQHUV

LQ WKH IROORZLQJ DUHDV�

• 5	'�

• VFLHQWLILF DQG WHFKQLFDO FRQVXOWDWLRQV�

• VFLHQWLILF�WHFKQLFDO DQG HQYLURQPHQWDO H[DPLQDWLRQ

RI SURMHFWV� VWUXFWXUHV DQG WHFKQRORJLHV�

• WUDLQLQJ DQG FHUWLILFDWLRQ RI WKH UHVHDUFK DQG HQJL�

QHHULQJ�WHFKQLFDO SHUVRQQHO DQG ZRUNHUV�

• GHVLJQ RI VSHFLDO HTXLSPHQW DQG IL[WXUHV�

• HQJLQHHULQJ DQG WHFKQLFDO DVVLVWDQFH LQ WUDQVIHU WR

WKH LQWHUHVWHG RUJDQLVDWLRQV RI WKH DGYDQFHG WHFK�

QRORJLHV� HTXLSPHQW� FRQWURO DQG PRQLWRULQJ V\V�

WHPV�

• VWDQGDUG DQG VSHFLDO WHVWV RI ZHOGHG MRLQWV�

• FHUWLILFDWLRQ RI VWUXFWXUHV� WHFKQRORJLHV� PDWHULDOV

DQG HTXLSPHQW LQ FRPSOLDQFH ZLWK QDWLRQDO DQG LQ�

WHUQDWLRQDO VWDQGDUGV�

• SURYLGLQJ VFLHQWLILF�WHFKQLFDO DQG UHIHUHQFH LQIRU�

PDWLRQ�

• H[SRUWLPSRUW RSHUDWLRQV�

6FLHQWLVWV RI WKH ,QVWLWXWH DFKLHYHG FRQVLGHUDEOH VXF�

FHVV LQ WKH WKHRUHWLFDO DQG H[SHULPHQWDO VWXGLHV RI WKH

DUF GLVFKDUJH SK\VLFV� ORZ�WHPSHUDWXUH SODVPD� KLJK�

SRZHU VKDUSO\�IRFXVHG HOHFWURQ EHDPV� HQHUJ\ FRQYHU�

VLRQ IRU GLIIHUHQW SURFHVVHV RI ZHOGLQJ� PHOWLQJ DQG

VROLGLILFDWLRQ RI PHWDOV� K\GURG\QDPLFV RI ZHOGLQJ

DQG HOHFWURPHWDOOXUJLFDO SURFHVVHV� SURFHVVHV RI HYDSR�

UDWLRQ DQG FRQGHQVDWLRQ LQ YDFXXP� VWUHQJWK RIZHOGHG

VWUXFWXUHV XQGHU GLIIHUHQW FRQGLWLRQV RI VHUYLFH� DV ZHOO

DV LQ GHYHORSPHQW RI VSHFLDO HTXLSPHQW DQG V\VWHPV

RI DXWRPDWLF FRQWURO� 7KH UHVXOWV RI WKHVH VWXGLHV ZHUH

LPSOHPHQWHG E\ WKH ,QVWLWXWH LQ VSHFLILF WHFKQRORJLHV�

DGYDQFHG PDWHULDOV DQG VWUXFWXUH DQG XQLTXH HTXLS�

PHQW�

7KH ,QVWLWXWH LQFRUSRUDWHV WKH GHVLJQ�WHFKQRORJLFDO
EXUHDX� HQJLQHHULQJ FHQWUHV RQ DGYDQFHG WHFKQRORJLHV�
WHFKQRORJLFDO EXUHDX DQG SLORW SURGXFWLRQ RQ H[SOR�

VLRQ ZHOGLQJ DQG WUHDWPHQW� DV ZHOO DV WKUHH SLORW

SODQWV IRU ZHOGLQJ HTXLSPHQW� ZHOGLQJ FRQVXPDEOHV

DQG DGYDQFHG WHFKQRORJLHV� ZKLFK DUH FDSDEOH RI GH�

YHORSLQJ� PDQXIDFWXULQJ DQG VXSSO\LQJ H[SHULPHQWDO

VDPSOHV DQG EDWFKHV RI VSHFLDO HTXLSPHQW� ZHOGLQJ

FRQVXPDEOHV DQG ILOOHU PDWHULDOV� ZHOGHG VWUXFWXUHV

DQG LWHPV�

7KH 3:, SXEOLVKHV WKH IROORZLQJ MRXUQDOV LQ (QJOLVK
DQG 5XVVLDQ ODQJXDJHV�

• �7KH 3DWRQ :HOGLQJ -RXUQDO�

�PRQWKO\�� (QJOLVK

• �$GYDQFHV LQ (OHFWURPHWDOOXUJ\�

�TXDUWHUO\�� (QJOLVK

• �$YWRPDWLFKHVND\D 6YDUND�

��$XWRPDWLF :HOGLQJ��
�PRQWKO\�� 5XVVLDQ

• �7HNKQLFKHVND\D 'LDJQRVWLND L 15.�

��7HFKQLFDO 'LDJQRVWLFV
DQG 1RQ�'HVWUXFWLYH 7HVWLQJ��

�TXDUWHUO\�� 5XVVLDQ
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• �3UREOHP\ 6SHWVLDOQRM (OHNWURPHWDOOXUJLL�
��3UREOHPV LQ 6SHFLDO (OHFWURPHWDOOXUJ\��
�TXDUWHUO\�� 5XVVLDQ�

7KH 3:, KDV H[WHQVLYH LQWHUQDWLRQDO H[SHULHQFH LQ
DFFRPSOLVKLQJ 5	' SURMHFWV IRU VSDFH H[SORUDWLRQ�
GHYHORSPHQW RI QHZ SRZHU V\VWHPV� FRQVWUXFWLRQ RI
PDLQ JDV DQG RLO SLSHOLQHV� ZRUN LQ WKH XQGHUZDWHU
VKHOI� URFNHW DQG DLUFUDIW FRQVWUXFWLRQ� SURGXFWLRQ DQG
SURFHVVLQJ RI PLQHUDO UHVRXUFHV� GHYHORSPHQW RI
XQLTXH ZHOGHG VWUXFWXUHV DQG FRQVWUXFWLRQV�

7KH 3:, RIIHUV FRRSHUDWLRQ RQ WKH IROORZLQJ ILHOGV�

• PXOWL�IXQFWLRQDO WKLQ� DQG WKLFN�ILOP FRPSRVLWH
FRDWLQJV�

• DPRUSKRXV DQG VXSHUKDUG PDWHULDOV IRU VWUHQJWKHQ�
LQJ DQG SURWHFWLRQ RI VXUIDFHV RI SDUWV�

• DGYDQFHG KLJK�HQHUJ\ SURFHVVHV RI VXUIDFH WUHDW�
PHQW�

• DGYDQFHG SURFHVVHV RI UHF\FOLQJ RI HFRORJLFDOO\ KD]�
DUGRXV ZDVWHV�

• XVH RI DGYDQFHG $O�� 7L�� 1L�EDVH DOOR\V LQ ZHOGHG
DLUFUDIW VWUXFWXUHV�

• WHFKQRORJLHV RI ZHOGLQJ� FXWWLQJ DQG UHSDLU XQGHU
ZDWHU DW ODUJH GHSWKV�

• ZHDU�UHVLVWDQW HOHFWULF DUF DQG HOHFWURVODJ VXUIDF�
LQJ RI SDUWV RI PDFKLQHV DQG PHFKDQLVPV ZLWK WKH
DLP RI H[WHQGLQJ WKHLU VHUYLFH OLIH�

• KLJKO\�HIIHFWLYH WHFKQRORJLHV DQG ZHOGLQJ FRQVX�
PDEOHV IRU ZHOGLQJ WLWDQLXP DQG LWV DOOR\V� ZKLFK
DOORZ PDNLQJ MRLQWV RQ ��� WR ��� P WKLFN PHWDO�

• WHFKQRORJ\ IRU SURGXFLQJ ILQH�JUDLQHG 1L� DQG 7L�
EDVH DOOR\V� DV ZHOO DV SXUH DOOR\V DQG R[\JHQ�IUHH
FRSSHU E\ WKH PHWKRG RI HOHFWURQ EHDP PHOWLQJ LQ
WKH LQWHUPHGLDWH FUXFLEOH�

• KLJKO\�HIIHFWLYH SURFHVVHV DQG DGYDQFHG ZHOGLQJ
FRQVXPDEOHV IRU DUF ZHOGLQJ RI FRPPHUFLDO JUDGHV
RI FRSSHU DQG LWV DOOR\V RI ��� WR �� PP WKLFNQHVV�

• DXWRPDWLF VXEPHUJHG�DUF ZHOGLQJ�

• SODVPD�DUF ZHOGLQJ�

• ZHOGLQJ LQ WKH DWPRVSKHUH RI GLIIHUHQW VKLHOGLQJ
JDVHV �DUJRQ� KHOLXP� QLWURJHQ�� LQFOXGLQJ E\ XVLQJ
DFWLYDWLQJ IOX[HV �$�7O* SURFHVV��

• ZHOGLQJ DQG UHSDLU RI ODUJH�VL]HG FRSSHU SDUWV
ZLWK KLJKO\�HIILFLHQW HOHFWURGHV RI $17V�� W\SH�

• SXOVHG�DUF QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ RI
$Ow�/L DQG RWKHU KLJK�VWUHQJWK OLJKW DOOR\V RI GLI�
IHUHQW DOOR\LQJ V\VWHPV IRU IDEULFDWLRQ RI FULWLFDO
SURGXFWV� 7KH WHFKQRORJ\ SURYLGHV DQ LPSURYHPHQW
RI �� WR �� � LQ WKH TXDOLW\ RI ZHOGV DQG WKHLU
VWUHQJWK�

• SXOVHG�DUF FRQVXPDEOH�HOHFWURGH ZHOGLQJ RI VKHHW
VWUXFXUHV �� w � PP� IRU IDEULFDWLRQ DQG UHSDLU RI
ERDWV� ODXQFKHV� VKLS VXSHUVWUXFWXUHV� HTXLSPHQW IRU
WKH IRRG DQG FKHPLFDO LQGXVWU\� FDU�WDQNV� SLSH�
OLQHV� HWF� 7KH WHFKQRORJ\ LV FKDUDFWHUL]HG E\ GH�
FUHDVHG GLVWRUWLRQV DQG UHGXFHG FRVWV RI ZHOGLQJ�

• HOHFWURVODJ ZHOGLQJ RI FRPSRQHQWV RI DOXPLQLXP
EXVEDUV DQG ELOOHWV RI D ODUJH FURVV�VHFWLRQ ��� WR
��� PP WKLFNQHVV� XQGHU VWDWLRQDU\ DQG ILHOG FRQ�
GLWLRQV� 7KH HOHFWULFDO UHVLVWDQFH LQ WKH MRLQLQJ
]RQH LV QRW KLJKHU WKDQ WKDW RI WKH EDVH PHWDO DQG
LV FKDUDFWHULVHG E\ D KLJK VWDELOLW\�

• HOHFWURVODJ ZHOGLQJ RI FULWLFDO WKLFN�ZDOOHG VWUXF�
WXUHV� VXFK DV IUDPHV RI UROOLQJ PLOOV� SUHVVLQJ
HTXLSPHQW� HWF��

• HOHFWURQ EHDP DQG ODVHU ZHOGLQJ DQG VXUIDFLQJ RI
DOXPLQLXP DOOR\V IRU IDEULFDWLRQ RI ODUJH�VL]HG
VKHOOV DQG WDQNV� VWULQJHU SDQHOV� VWUXFWXUHV RI
KHDW�H[FKDQJHUV� KRXVHKROG HTXLSPHQW DQG DSSOL�
DQFHV� SLVWRQV ZLWK FRROLQJ FDYLWLHV DQG VWUHQJWK�
HQHG JURRYHV IRU ULQJV� 7KH WHFKQRORJ\ SURYLGHV D
KLJK TXDOLW\ DQG VWDELOLW\ RI PHFKDQLFDO SURSHUWLHV
RI SHUPDQHQW MRLQWV RI ��� WR ��� PP WKLFNQHVV�

• MRLQLQJ RI GLVVLPLODU PHWDOV DQG FRPSRVLWH $O�EDVH
PDWHULDOV ZLWK ILEURXV �VWHHO� VLOLFRQ FDUELGH� FDUE�
RQ� ERURQ� DQG GLVSHUVH �R[LGHV� FDUELGHV� LQWHUPH�
IDOOLFV� UHLQIRUFHPHQW� 7KH WHFKQRORJLHV DQG PDWH�
ULDOV DUH XVHG LQ VKLS�EXLOGLQJ� PRWRU LQGXVWU\�
DHURVSDFH HQJLQHHULQJ� HOHFWULFDO HQJLQHHULQJ� LQ
ZHOGLQJ DOXPLQLXP DQG LWV DOOR\V ZLWK VWHHOV� FRS�
SHU DQG RWKHU PHWDOV�

• 5	' LQ WKH DUHD RI KLJK�UDWH HOHFWURQ EHDP HYDSR�
UDWLRQ RI PDWHULDOV LQ YDFXXP� LQFOXGLQJ E\ XVLQJ
D �KRW VRXUFH��

• VWXG\ RI WKH LQWHQVLYH YDSRXU IORZ FRQGHQVDWLRQ
DQG IDEULFDWLRQ RI QRQ�RUJDQLF PDWHULDOV ZLWK SUH�
VFULEHG VWUXFWXUH� VXFK DV GLVSHUVLRQ VWUHQJWKHQHG�
PLFUROD\HU� PLFURSRURXV PDWHULDOV�

• LQYHVWLJDWLRQ RI SURSHUWLHV RI QHZ PDWHULDOV DQG
VHDUFKLQJ IRU WKH ZD\V RI WKHLU SUDFWLFDO DSSOLFD�
WLRQ� ILUVW RI DOO LQ WKH IRUP RI GLIIHUHQW FRDWLQJV�
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• GHYHORSPHQW RI PLFUROD\HU DQG JUDGLHQW FRDWLQJV
IRU YDULRXV�SXUSRVH JDV WXUELQH EODGHV�

• GHYHORSPHQW DQG PDQXIDFWXULQJ �LI QHFHVVDU\�
MRLQWO\ ZLWK RWKHU PDQXIDFWXUHUV� RI HOHFWURQ EHDP
JXQV� DV ZHOO DV ODERUDWRU\� SLORW DQG FRPPHUFLDO
(% 39' HTXLSPHQW�

• SURIHVVLRQDO WUDLQLQJ RI UHVHDUFKHUV� HQJLQHHUV DQG
WHFKQLFLDQV IRU RSHUDWLRQ LQ WKH ILHOG RI (% 39'�

• WHFKQRORJLHV RI HOHFWURQ EHDP ZHOGLQJ RI ORZ� DQG
KLJK�DOOR\HG VWHHOV XS WR ��� PP WKLFN� LQFOXGLQJ
WKH WHFKQRORJ\ RI IDGLQJ�RXW RI FLUFXPIHUHQWLDO
ZHOGV� WLWDQLXP� DOXPLQLXP DQG WKHLU DOOR\V RI XS
WR ��� PP WKLFN�

• SURGXFWV IRU HOHFWURQLF� DHURVSDFH DQG PHGLFDO HQ�
JLQHHULQJ� PDGH IURP WLWDQLXP� DOXPLQLXP� PRO\E�
GHQXP� ]LUFRQLXP DQG WKHLU DOOR\V IURP ���� WR
���� PP WKLFN�

• KHDW�H[FKDQJHUV IURP VWDLQOHVV VWHHO� WLWDQLXP� FRS�
SHU� DOXPLQLXP IURP ��� WR ��� PP WKLFN� XVLQJ
WXEHV IURP � WR �� PP LQ GLDPHWHU�

• KLJK�YROWDJH SRZHU VRXUFHV DQG ZHOGLQJ JXQV ZLWK
SRZHU RI �� ��� �� DQG ��� N: DQG DFFHOHUDWLQJ
YROWDJH RI �� DQG ��� N9�

• V\VWHPV RI UHDO�WLPH VHDP�WUDFNLQJ DQG EXWW IROORZ�
LQJ DW XS WR ��� N: EHDP SRZHU�

• FRPSOHWHO\ ILWWHG (%: XQLWV�

• PHWKRGV IRU LQYHVWLJDWLRQ DQG HYDOXDWLRQ RI WKH ID�
WLJXH VWUHQJWK RI ZHOGHG MRLQWV LQ GLIIHUHQW VWUXF�

WXUDO PDWHULDOV� 3UREDELOLVWLF�VWDWLVWLFDO PHWKRG RI
IDWLJXH DQDO\VLV RI ZHOGHG VWUXFWXUHV� DOORZLQJ IRU
WKH UROH RI UHVLGXDO ZHOGLQJ VWUHVVHV� 0HWKRG RI ID�
WLJXH DQDO\VLV RI ZHOGHG MRLQWV XQGHU SRO\IUH�
TXHQF\ ORDGLQJ�

• WHFKQRORJ\ DQG HTXLSPHQW IRU WKH XOWUDVRQLF LPSDFW
SHHQLQJ RI ZHOGHG MRLQWV� SURYLGLQJ LQFUHDVLQJ RI
IDWLJXH VWUHQJWK RI ZHOGHG MRLQWV XS WR D OHYHO RI
WKH EDVH PDWHULDO VWUHQJWK�

• FRPSXWHUL]HG PHWKRGV RI VWUHQJWK DQDO\VLV RI
ZHOGHG MRLQWV ZLWK JHRPHWULFDO FRQFHQWUDWRUV XQGHU
YDULRXV NLQGV RI ORDGLQJ� GHWHUPLQDWLRQ RI ZHOGLQJ
VWUHVVHV DQG VWUDLQV� DVVHVVPHQW RI WKH UHVLGXDO OLIH
RI ZHOGHG MRLQWV DQG VWUXFWXUHV�

• KRORJUDSKLF PHWKRGV DQG PHDQV IRU TXDOLW\ FRQWURO
DQG GHWHUPLQDWLRQ RI WKH VWUHVV�VWUDLQ VWDWHV RI
ZHOGHG MRLQWV DQG VWUXFWXUHV�

• PHWKRGV DQG PHDQV IRU WHFKQLFDO GLDJQRVWLFV RI
ZHOGHG VWUXFWXUHV EDVHG RQ DSSOLFDWLRQ RI DFRXVWLF
HPLVVLRQ�

• HQHUJ\�VDYLQJ WHFKQRORJLHV DQG HTXLSPHQW IRU
ZHOGLQJ DQG UHSDLU RI HTXLSPHQW LQ KHDW DQG
SRZHU HQJLQHHULQJ�

• WHFKQRORJLHV IRU ZHOGLQJ GLVVLPLODU PDWHULDOV DQG
SUHFLVLRQ FXWWLQJ RI PHWDO VWUXFWXUHV XVLQJ WKH HQ�
HUJ\ RI H[SORVLRQ�

• WHFKQRORJLHV RI ZHOGHG MRLQWV WUHDWPHQW E\ H[SOR�
VLRQ IRU HOLPLQDWLRQ RI UHVLGXDO ZHOGLQJ VWUHVVHV�

)RU IXUWKHU LQIRUPDWLRQ SOHDVH FRQWDFW�

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH

��� %R]KHQNR 6W�� .\LY� ������ 8NUDLQH

3KRQH� ������� ��� �� ��� ��� �� ��

)D[� ������� ��� �� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD

KWWS���ZZZ�SDWRQ�NLHY�XD
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VFLHQWLILF MRXUQDO SXEOLVKLQJ IXQGDPHQWDO DQG DSSOLHG

SDSHUV DQG VKRUW QRWHV LQ WKH DUHD RI

• HOHFWURVODJ ZHOGLQJ DQG FODGGLQJ

• HOHFWURVODJ UHPHOWLQJ� FDVWLQJ� KRW WRSSLQJ� KHDWLQJ

• SODVPD�DUF PHOWLQJ DQG UHPHOWLQJ

• YDFXXP�DUF UHPHOWLQJ

• LQGXFWLRQ PHOWLQJ

• HOHFWURPHWDOOXUJ\ RI VWHHO DQG IHUURDOOR\V

• HOHFWURQ EHDP UHPHOWLQJ

• HOHFWURQ EHDP HYDSRUDWLRQ DQG FRQGHQVDWLRQ

RI PHWDOOLF PDWHULDOV LQ YDFXXP

• ODGOH VWHHO WUHDWPHQW

• PHWDO GLVSHUVLRQ DQG SURGXFLQJ FRQGHQVDWHV

• GHVLJQLQJ RI HOHFWURPHWDOOXUJLFDO HTXLSPHQW

• WHFKQRORJLHV RI SURGXFLQJ LQJRWV� KLJK�TXDOLW\ FDVWLQJV

IURP GLIIHUHQW PDWHULDOV
• WHFKQRORJLHV RI SURGXFLQJ WLWDQLXP DOOR\ LQJRWV
• GHSRVLWLRQ RI FRDWLQJV� LQFOXGLQJ WKRVH

RI FRPSRVLWH PDWHULDOV

• HQHUJ\� DQG UHVRXUFHV�VDYLQJ WHFKQRORJLHV

• SK\VLFDO DQG FKHPLFDO IXQGDPHQWDOV RI VWHHO SURGXFWLRQ

• WKHRULHV RI PHWDOOXUJLFDO SURFHVVHV
• LQYHVWLJDWLRQV LQ JDV�VODJ�PHWDO V\VWHP
• V\VWHPV RI DXWRPDWLRQ RI UHPHOWLQJ SURFHVVHV

• PDWKHPDWLFDO PRGHOOLQJ RI SURFHVVHV

7KH MRXUQDO DFFHSWV DOVR DGYHUWLVHPHQWV DQG DQ�

QRXQFHPHQWV RI FRQIHUHQFHV DQG SXEOLFDWLRQV RQ UH�

ODWHG WRSLFV�

�$'9$1&(6 ,1 (/(&7520(7$//85*<� LV

SXEOLVKHG TXDUWHUO\� 6XEVFULSWLRQ UHTXHVWV VKRXOG EH

VHQW WR WKH (GLWRULDO 2IILFH�

0DQXVFULSWV VKRXOG EH VXEPLWWHG LQ GXSOLFDWH LQ (QJ�

OLVK� DQG VXSSOHPHQWHG ZLWK D WH[W ILOH DQG ILJXUHV RQ
D GLVNHWWH� $Q HOHFWURQLF FRS\ PD\ EH VXEPLWWHG E\

H�PDLO�

7KH UXOHV IRU VXEPLVVLRQ RI HOHFWURQLF FRSLHV DUH DV

IROORZV�

• DQ HOHFWURQLF FRS\ VKRXOG EH VXEPLWWHG RQ D GLVNHWWH

RU E\ H�PDLO VLPXOWDQHRXVO\ ZLWK VHQGLQJ D KDUG

FRS\ RI WKH PDQXVFULSW�

• DFFHSWDEOH WH[W IRUPDWV� 0XOWL(GLW �W[W�� 06 :RUG

�� �UWI� GRF��
• DFFHSWDEOH JUDSKLF IRUPDWV IRU ILJXUHV� (36� 7,))�

&'5� )LJXUHV FUHDWHG XVLQJ VRIWZDUH IRU PDWKHPDWL�

FDO DQG VWDWLVWLFDO FDOFXODWLRQV VKRXOG EH FRQYHUWHG

WR RQH RI WKHVH IRUPDWV�

0DQXVFULSWV VKRXOG EH VHQW WR

$OH[DQGHU 7� =HOQLFKHQNR

([HFXWLYH 'LUHFWRU RI 3URMHFW
�$GYDQFHV LQ (OHFWURPHWDOOXUJ\��

��� %R]KHQNR 6WU��

������ .\LY� 8NUDLQH
3:,� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

7HO�� ������� ��� �� ��� )D[� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD
(�PDLO� WRPLN#PDF�UHOF�FRP

0DQXVFULSWV VKRXOG EH VXSSOHPHQWHG ZLWK
• RIILFLDO OHWWHU VLJQHG E\ D FKLHI PDQDJHU RI WKH LQVWL�

WXWLRQ ZKHUH WKH ZRUN ZDV SHUIRUPHG� 7KLV UXOH GRHV

QRW DSSO\ WR SDSHUV VXEPLWWHG E\ LQWHUQDWLRQDO

JURXSV RI DXWKRUV�

• SXEOLFDWLRQ SHUPLVVLRQ� FRQFOXVLRQ RI D FRPPLVVLRQ

DXWKRUL]HG WR SHUPLW RSHQ SXEOLFDWLRQ RI WKH SDSHU

�RQO\ IRU DXWKRUV IURP 8NUDLQH��
7LWOH 3DJH�

• WLWOH RI WKH SDSHU DQG QDPH�V� RI WKH DXWKRU�V��
• QDPH RI DIILOLDWHG LQVWLWXWLRQ� IXOO DGGUHVV� WHOHSKRQH

DQG ID[ QXPEHUV� H�PDLO DGGUHVVHV �LI DYDLODEOH� IRU

HDFK DXWKRU�

$EVWUDFW� XS WR ��� ZRUGV� PXVW EH SUHVHQWHG LQ

(QJOLVK� %HIRUH WKH DEVWUDFW WH[W RQH VKRXOG LQGLFDWH

LQ WKH VDPH ODQJXDJH� WKH SDSHU WLWOH� VXUQDPHV DQG

LQLWLDOV RI DOO DXWKRUV�

.H\ ZRUGV� WKHLU DPRXQW PXVW QRW H[FHHG HLJKW

ZRUG XQLWV� ,Q WKH VSHFLILF FDVHV LW LV DFFHSWLEOH WR XVH

WZR� RU WKUHH�ZRUG WHUPV� 7KHVH ZRUGV PXVW EH SODFHG

XQGHU WKH DEVWUDFW DQG ZULWWHQ LQ WKH VDPH ODQJXDJH�

7H[W VKRXOG EH SULQWHG GRXEOH�VSDFHG RQ ZKLWH SDSHU

�$� IRUPDW� ZLWK D ���SRLQW IRQW� 7LWOHV RI WKH SDSHU
DQG VHFWLRQV VKRXOG EH W\SHG ZLWK EROG FDSLWDOV�

7DEOHV VKRXOG EH VXEPLWWHG RQ VHSDUDWH SDJHV LQ WKH

IRUPDW RI DSSURSULDWH WH[W SURFHVVRUV� RU LQ WKH WH[W
IRUPDW �ZLWK FROXPQV VHSDUDWHG E\ SHULRGV� FRPPDV�
VHPLFRORQV� RU WDEXODWLRQ FKDUDFWHUV�� 8VH RI SVHXGR�

JUDSKLF FKDUDFWHUV LV QRW DOORZHG�

/LVW RI UHIHUHQFHV VKRXOG EH GRXEOH�VSDFHG� ZLWK

UHIHUHQFHV QXPEHUHG LQ RUGHU RI WKHLU DSSHDUDQFH LQ

WKH WH[W�

&DSWLRQV IRU ILJXUHV DQG WDEOHV VKRXOG EH SULQWHG

LQ WKH PDQXVFULSW GRXEOH�VSDFHG DIWHU WKH OLVW RI UHI�

HUHQFHV�

3LFWXUHV ZLOO EH VFDQQHG IRU GLJLWDO UHSURGXFWLRQ�

2QO\ KLJK�TXDOLW\ SLFWXUHV FDQ EH DFFHSWHG� ,QVFULS�
WLRQV DQG V\PEROV VKRXOG EH SULQWHG LQVLGH� 1HJDWLYHV�
VOLGHV DQG WUDQVSDUHQFLHV DUH DFFHSWHG�

)LJXUHV� HDFK ILJXUH VKRXOG EH SULQWHG RQ D VHSDUDWH

SDJH RI WKH PDQXVFULSW DQG KDYH D VL]H QRW H[FHHGLQJ

��� × ��� PP� )RU WH[W LQ ILJXUHV� XVH ���SRLQW IRQWV�
$OO ILJXUHV DUH WR EH QXPEHUHG LQ RUGHU RI WKHLU DS�

SHDUDQFH LQ WKH WH[W� ZLWK VHFWLRQV GHQRWHG DV �D��

�E�� HWF� 3ODFLQJ ILJXUH QXPEHUV DQG FDSWLRQV LQVLGH
ILJXUHV LV QRW DOORZHG� 2Q WKH EDFN VLGH� ZULWH ZLWK
D SHQFLO WKH SDSHU WLWOH� DXWKRU�V� QDPH�V� DQG ILJXUH

QXPEHU� DQG PDUN WKH WRS VLGH ZLWK DQ DUURZ�

3KRWRJUDSKV VKRXOG EH VXEPLWHG DV RULJLQDO SULQWV�

&RORU SULQWLQJ LV SRVVLEOH LI LWV FRVW LV FRYHUHG E\ WKH
DXWKRUV RU WKHLU VSRQVRUV� )RU LQIRUPDWLRQ DERXW WKH

UXOHV DQG FRVWV� FRQWDFW WKH ([HFXWLYH 'LUHFWRU�

1R DXWKRUsV IHH LV SURYLGHG IRU�

3XEOLFDWLRQ LQ �$GYDQFHV LQ(OHFWURPHWDOOXUJ\� LV IUHH
RI FKDUJH�
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