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3UHVVXUH ZHOGLQJ KDV IRXQG ZLGH DSSOLFDWLRQ LQ GLIIHUHQW LQGXVWULHV DQG LV DQ LQWHJUDO SDUW RI WKH
WHFKQRORJLFDO SURFHVV LQ KLJKO\ PHFKDQLVHG IDEULFDWLRQ� SURYLGLQJ D KLJK DQG VWDEOH TXDOLW\ RI ZHOGHG
MRLQWV�

$FKLHYHPHQWV RI PRGHUQ HOHFWURQLF LQGXVWU\ DQG LQIRUPDWLRQ VFLHQFH RSHQ XS EURDG FDSDELOLWLHV IRU
GHYHORSLQJ QHZ SRZHU VRXUFHV DQG V\VWHPV RI FRQWURO RI WKH SURFHVVHV RI SUHVVXUH ZHOGLQJ� ZKLFK DOORZ
D KLJKO\ DFFXUDWH DGMXVWPHQW RI SDUWV KHDWLQJ DQG FRQWURO RI WKH SURFHVV RI GHIRUPDWLRQ RI WKH SDUWV

EHLQJ ZHOGHG� &RQVLGHUDEOH SURJUHVV LV DOVR REVHUYHG LQ WKH ILHOG RI GHYHORSPHQW RI WKH V\VWHPV RI
GLDJQRVWLFV DQG FRQWURO RI WKH TXDOLW\ RI MRLQWV E\ WKH UHVXOWV RI PHDVXUHPHQW RI WKH PDLQ SDUDPHWHUV�

LQIOXHQFLQJ WKH MRLQW TXDOLW\�

0XFK PRUH LQWHUHVW KDV EHHQ VKRZQ RYHU WKH ODVW \HDUV WR DSSO\LQJ YDULRXV SURFHVVHV RI SUHVVXUH ZHOGLQJ

WR MRLQ GLIILFXOW�WR�ZHOG� ELPHWDO DQG GLVVLPLODU PDWHULDOV� ,Q WKLV FDVH WKLV ZHOGLQJ SURFHVV RSHQV XS
XQLTXH SRVVLELOLWLHV IRU SURGXFLQJ KLJK�TXDOLW\ MRLQWV� DV WKH ZHOGV GR QRW KDYH WKH FDVW PHWDO VWUXFWXUH�

DQG WKHUH LV OHVV SUREDELOLW\ RI IRUPDWLRQ LQ WKH MRLQW ]RQH RI YDULRXV LQWHUPHWDOOLF SKDVHV� ZKLFK

DGYHUVHO\ DIIHFW WKH LQGLFHV RI PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV�

7KH SURSRVHG LVVXH RI WKH MRXUQDO SUHVHQWV D UDQJH RI DUWLFOHV GHYRWHG WR LQYHVWLJDWLRQ RI WKH SURFHVVHV
RI SUHVVXUH ZHOGLQJ RI YDULRXV KLJK�VWUHQJWK DQG GLVVLPLODU PDWHULDOV�

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

)HDWXUHV KDYH EHHQ VWXGLHG RI FRQWDFW LQWHUDFWLRQ RI FRSSHU DQG VWHHO ��.K��1��7 ZLWK $'� DOXPLQLXP DOOR\ LQ IULFWLRQ

ZHOGLQJ� 5HJXODULWLHV RI IULFWLRQ VXUIDFH GLVSODFHPHQW LQ WLPH DQG GHSHQGHQFH RI WKH GLVSODFHPHQW PDJQLWXGH RQ SURFHVV

SDUDPHWHUV KDYH EHHQ HVWDEOLVKHG� ,QIOXHQFH ZDV VWXGLHG RI WKH LQLWLDO DQG ILQDO VWDJHV RI WKH ZHOGLQJ SURFHVV RQ WKH

SURFHVVHV RI PDVV WUDQVIHU LQ WKH EXWW DQG NLQHWLFV RI HDUO\ VWDJHV RI IRUPDWLRQ RI WKH LQWHUPHWDOOLF LQWHUOD\HU LQ ZHOGLQJ

RI FRSSHU WR DOXPLQLXP� $ QHZ SURFHVV RI IULFWLRQ ZHOGLQJ ZLWK FRQWUROOHG GHFHOHUDWLRQ RI URWDWLRQ KDV EHHQ GHYHORSHG�

.H\ ZRU G V � IULFWLRQ ZHOGLQJ� ELPHWDO MRLQWV� KHDWLQJ�
IRUJLQJ� URWDWLRQ GHFHOHUDWLRQ� GLVSODFHPHQW RI IULFWLRQ VXUIDFH�
PDVV WUDQVIHU� LQWHUPHWDOOLF LQWHUOD\HU� G\QDPLFV RI URWDWLRQ GH�

FHOHUDWLRQ

7KH PDLQ IHDWXUH RI IULFWLRQ ZHOGLQJ RI GLVVLPLODU

PHWDOV DQG DOOR\V LV DV\PPHWU\ RI WKH WHPSHUDWXUH

DQG GHIRUPDWLRQ ILHOGV� ,Q WKLV FDVH GLVSODFHPHQW RI

WKH IULFWLRQ VXUIDFH WRZDUGV WKH ELOOHW ZLWK D ORZHU

VKHDU UHVLVWDQFH DW WKH ZHOGLQJ WHPSHUDWXUH LV RE�

VHUYHG >�� �@� 7KLV SKHQRPHQRQ KDV EHHQ VWXGLHG

PRVWO\ LQ IULFWLRQ ZHOGLQJ RI GLIIHUHQW FODVVHV RI VWHHOV

>�w�@� 'LVSODFHPHQW RI IULFWLRQ VXUIDFH PHDQV WKDW
ZHOGLQJ KDV DOUHDG\ RFFXUUHG RYHU WKH LQLWLDO FRQWDFW

VXUIDFH� DQG WKH MRLQW LQ WKLV FDVH PD\ EH LPSHUIHFW�

&RQWLQXDWLRQ RI WKH KHDWLQJ VWDJH SURPRWHV UHGXFLQJ

WKH QXPEHU RI GHIHFWV GXH WR KLJK�WHPSHUDWXUH GHIRU�

PDWLRQ LQ WKH LQLWLDO FRQWDFW ]RQH� +RZHYHU� LQ ZHOG�

LQJ UHDFWLYH PHWDOV LQ D GLVVLPLODU FRPELQDWLRQ� LQ�

FUHDVH RI WKH KHDWLQJ WLPH PD\ OHDG WR DQ LUUHYHUVLEOH

FKDQJH RI WKH SKDVH FRPSRVLWLRQ DQG VWUXFWXUH RI WKH

PHWDO LQ WKH MRLQW ]RQH� UHODWHG WR IRUPDWLRQ RI D

EULWWOH LQWHUPHWDOOLF LQWHUOD\HU�
7KH DLP RI WKH ZRUN ZDV WR VWXG\ WKH IHDWXUHV RI

FRQWDFW LQWHUDFWLRQ DQG WKH DVVRFLDWHG GLVSODFHPHQW RI

IULFWLRQ VXUIDFH LQ IULFWLRQ ZHOGLQJ RI GLVVLPLODU PHWDOV
DQG WR GHWHUPLQH WKH GHSHQGHQFH RI WKH VWUXFWXUDO DQG

SKDVH FKDQJHV RQ WKH WKHUPR�GHIRUPDWLRQDO F\FOH RI

ZHOGLQJ DW GLIIHUHQW VWDJHV RI WKH SURFHVV�

,QYHVWLJDWLRQV ZHUH FRQGXFWHG IRU VXFK PDWHULDO
FRPELQDWLRQV DV FRSSHUwDOXPLQLXP �FRPPHUFLDO $'�

DOOR\�� VWHHO ��.K��1��7w$'� �ELOOHWV RI �� PP GL�

DPHWHU�� (QG IDFHV RI WKH ELOOHWV ZHUH SURFHVVHG ZLWK�

RXW XVLQJ OXEULFDWLRQ GLUHFWO\ SULRU WR ZHOGLQJ XS WR

WKH �w�
WK

FODVV RI URXJKQHVV �*267 ����w���� DQG

QR GHJUHDVLQJ ZLWK RUJDQLF VROYHQWV ZDV SHUIRUPHG�

'LVSODFHPHQW RI IULFWLRQ VXUIDFH ZDV VWXGLHG LQ

NHHSLQJ ZLWK D SURFHGXUH� HQYLVDJLQJ LQVWDQW VHSDUD�
WLRQ RI WKH ELOOHWV GXULQJ KHDWLQJ ZLWKRXW LQWHUUXSWLRQ

RI URWDWLRQ� ,Q WKLV FDVH� IUDFWXUH RI WKH IRUPHG MRLQW

UDQ RYHU WKH VXUIDFH� FKDUDFWHULVHG E\ PLQLPDO VKHDU

UHVLVWDQFH �IULFWLRQ VXUIDFH��'HWHUPLQDWLRQ RI IULFWLRQ

VXUIDFH GLVSODFHPHQW ZDV FRQGXFWHG E\ PHDVXULQJ WKH

WKLFNQHVV RI WKH PHWDO OD\HU� WUDQVIHUUHG IURP RQH

ELOOHW RQWR WKH VXUIDFH RI WKH RWKHU� ZLWK VXFFHVVLYH

PHFKDQLFDO UHPRYDO RI WKLV OD\HU ZLWK D VWHS RI

���� PP� ([SHULPHQWV ZHUH FRQGXFWHG ZLWK WKH IRO�

ORZLQJ IL[HG YDOXHV RI SURFHVV SDUDPHWHUV� FLUFXPIHU�
HQWLDO VSHHG Y  ����� ���� ���� ��� P�V� KHDWLQJ

SUHVVXUH 3K  �� DQG �� 03D� KHDWLQJ WLPH WK  ����

���� ���� ��� DQG ��� V�� 6�,� .8&+8.�<$76(1.2 DQG ,�9� =<$.+25� ����
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,W LV IRXQG WKDW VKLIWLQJ RI IULFWLRQ VXUIDFH WR RQH

RI WKH ELOOHWV LV REVHUYHG LQ ZHOGLQJ RI WKH VWXGLHG

PDWHULDO FRPELQDWLRQV� +RZHYHU� WKH G\QDPLFV RI

FKDQJH RI GLVSODFHPHQWPDJQLWXGH LQ WLPH GLIIHUV IURP

WKDW IRXQG LQ ZHOGLQJ GLVVLPLODU VWHHOV >�w�@� $GKH�

VLRQ RI WKH PHWDO VXUIDFHV WR HDFK RWKHU DQG VKLIWLQJ

RI WKH IULFWLRQ VXUIDFH WR WKH DOXPLQLXP ELOOHW RFFXUV

DW WKH LQLWLDO VWDJHV RI WKH IULFWLRQ SURFHVV� ZKLFK LV

YLVXDOO\ REVHUYHG DV DOXPLQLXP VSUHDGLQJ RYHU D FHU�

WDLQ SDUW RI WKH VHFWLRQ RI D FRSSHU RU VWHHO ELOOHW�

'LVSODFHPHQW UHDFKHV D PD[LPDO YDOXH δPD[ DIWHU D

FHUWDLQ WLPH� ZKLFK LV IROORZHG E\ UHYHUVH GLVSODFH�

PHQW WRZDUGV WKH LQLWLDO FRQWDFW DQG UHDFKLQJ WKH

VWHDG\ YDOXH RI δVW� ZKLFK GHSHQGV RQ WKH YDOXH RI

SURFHVV SDUDPHWHUV�
)RU D FRPELQDWLRQ RI PDWHULDOV FRSSHUw$'� LQLWLDO

GLVSODFHPHQW LV REVHUYHG SUDFWLFDOO\ LQVWDQWO\ DIWHU
WKH VXUIDFHV RI WKH URWDWLQJ ELOOHWV FRPH LQWR FRQWDFW
�)LJXUH �� DwF�� $W ORZ YDOXHV RI FLUFXPIHUHQWLDO
VSHHG DQG SUHVVXUH �Y  ���� P�V� 3K  �� 03D��
WKH PDJQLWXGH RI GLVSODFHPHQW DW WKH LQLWLDO VWDJHV RI
IULFWLRQ LV FRQVLGHUDEOH �)LJXUH ��� $FKLHYHPHQW RI D
VWHDG\�VWDWH YDOXH δVW LV REVHUYHG DIWHU D WLPH LQWHUYDO
RI PRUH WKDQ ��� V� 9DOXH δVW GHFUHDVHV ZLWK LQFUHDVH
RI SUHVVXUH� $W Y  ��� P�V WKH GLVSODFHPHQW LV VLJ�
QLILFDQWO\ VPDOOHU� DQG UHDFKHV WKH VWHDG\�VWDWH YDOXH
PXFK IDVWHU� FRPSDUHG WR Y  ���� P�V� )XUWKHU LQ�
FUHDVH RI URWDWLRQ VSHHG XS WR Y  ��� P�V GRHV QRW
FKDQJH WKH QDWXUH RI WKH WKHUPRGHIRUPDWLRQDO SURF�
HVVHV LQ WKH FRQWDFW ]RQH� )RU LQVWDQFH� LW WDNHV OHVV�
WKDQ ��� V WR DFKLHYH WKH VWHDG\�VWDWH YDOXH RI GLV�
SODFHPHQW δVW� $W LQWHUUXSWLRQ RI WKH KHDWLQJ SURFHVV
DIWHU WKH DERYH WLPH WKH FRSSHU ELOOHW VXUIDFH LV FRY�
HUHG E\ DQ H[WUHPHO\ WKLQ OD\HU RI DOXPLQLXP� ZKLFK
LV LQGLFDWLYH RI WKH FRPSOHWLRQ RI WKH SURFHVV RI DG�
KHVLRQ RI WKH VXUIDFHV EHLQJ ZHOGHG SUDFWLFDOO\ RYHU
WKH HQWLUH VHFWLRQ�

6WXG\LQJ WKH G\QDPLFV RI YDULDWLRQ RI WKH SDUDPH�
WHU RI IULFWLRQ VXUIDFH GLVSODFHPHQW RYHU WKH ELOOHW
VHFWLRQ GXULQJ KHDWLQJ IRU ��.K��1��7w$'� MRLQWV�
LW ZDV IRXQG WKDW GLVSODFHPHQW RI WKH IULFWLRQ VXUIDFH
WR WKH DOXPLQLXP ELOOHW SURFHHGV QRQ�XQLIRUPO\ LQ
GLIIHUHQW SDUWV RI WKH VHFWLRQ EHLQJ ZHOGHG� )RUPDWLRQ
RI DQ DOXPLQLXP OD\HU� WUDQVIHUUHG WR VWHHO� SURFHHGV
PRUH LQWHQVLYHO\ LQ D FLUFXODU ]RQH� ORFDWHG DW D FHUWDLQ
GLVWDQFH IURP WKH VHFWLRQ FHQWUH� 7KLV GLVWDQFH GH�
FUHDVHV ZLWK WKH LQFUHDVH RI WKH URWDWLRQ VSHHG DQG LV
HTXDO WR ���w��� RI WKH ELOOHW UDGLXV LQ WKH VWXGLHG
UDQJH RI SDUDPHWHU YDULDWLRQ� 'LVSODFHPHQW RI IULFWLRQ

)LJXUH �� 6XUIDFHV RI FRSSHU �DwF� DQG VWHHO �GwI� ELOOHWV DIWHU DQ LQVWDQWDQHRXV LQWHUUXSWLRQ RI WKH SURFHVV RI WKHLU IULFWLRQ ZHOGLQJ
WR DOXPLQLXP $'� DIWHU KHDWLQJ WLPH ��� �D�� ��� �E�� ��� �F� H�� ��� �G� DQG ��� V �I� DW 3K  �� 03D� Y  ���� �DwF� DQG ��� P�V
�GwI�

)LJXUH �� 'HSHQGHQFH RI WKH PDJQLWXGH RI GLVSODFHPHQW RI IULFWLRQ
VXUIDFH δG RQ KHDWLQJ WLPH WK LQ ZHOGLQJ RI FRSSHU WR DOXPLQLXP�
� x Y  ����� 3K  ��� � x Y  ����� 3K  ��� � x Y  ���� 3K  
 ��� � x Y  ���� 3K  ��� � x Y  ���� 3K  ��� � x Y  
 ��� P�V� 3K  �� 03D

7/2002 3



VXUIDFH UHDFKHV WKH PD[LPXP PDJQLWXGH LQ WKH DERYH
FLUFXODU ]RQH �7DEOH ��� 5HYHUVH GLVSODFHPHQW RI WKH
IULFWLRQ VXUIDFH LQLWLDOO\ SURFHHGV LQ WKH SHULSKHUDO
UHJLRQV RI WKH VHFWLRQ DQG WKHQ SURSDJDWHV WR WKH FHQ�
WUDO SDUW �VHH )LJXUH �� GwI�� 6XFK D QDWXUH RI WKH
IULFWLRQ VXUIDFH PRYHPHQW LV� DSSDUHQWO\� UHODWHG WR
GLIIHUHQW LQWHQVLW\ RI KHDW HYROXWLRQ RYHU WKH FRQWDFW
VHFWLRQ� ZKLFK LV JLYHQ E\ WKH GHSHQGHQFH RI WKH IULF�
WLRQ FRHIILFLHQW RQ WLPH� URWDWLRQ VSHHG DQG SUHVVXUH
>�@�

7KH REWDLQHG GDWD RQ WKH FKDQJH RI GLVSODFHPHQW
RI IULFWLRQ VXUIDFH LQ WLPH DUH DWWULEXWDEOH WR RFFXU�
UHQFH RI WZR FRPSHWLQJ SURFHVVHV DW WKH LQLWLDO KHDWLQJ
VWDJH� QDPHO\ VWUDLQ KDUGHQLQJ DQG WKHUPDOO\ DFWL�
YDWHGPHWDO VRIWHQLQJ LQ WKH FRQWDFW ]RQH� 7KH H[WUHPH
QDWXUH RI WKH FKDQJH RI IULFWLRQ PRPHQW LQ WKLV SHULRG
LV LQGLFDWLYH RI WKH IDFW WKDW WKH IULFWLRQ SURFHVV LV
DFFRPSDQLHG E\ LQ�GHSWK SXOOLQJ RXW� UHODWHG WR HPHU�
JHQFH DQG IUDFWXUH RI WKH VLWHV RI DGKHVLRQ RI WKH
PHWDOV EHLQJ ZHOGHG�

7ZR FLUFXPVWDQFHV DUH HVVHQWLDO WR HPHUJHQFH RI
LQ�GHSWK SXOOLQJ�RXW� QDPHO\ IRUPDWLRQ RI D VWURQJ
ERQG EHWZHHQ WKH WZR VXUIDFHV DQG SUHVHQFH RI D QHJD�
WLYH JUDGLHQW RI PHFKDQLFDO SURSHUWLHV >�� �@ WKURXJK
WKH GHSWK IURP WKH FRQWDFW VXUIDFH� 0HHWLQJ WKH DERYH
FRQGLWLRQV LV SURYLGHG E\ DSSHDUDQFH RI DGKHVLRQ
ERQGLQJ IRUFHV DQG ZRUN KDUGHQLQJ RI WKH VXUIDFH
OD\HUV RI DOXPLQLXP� L�H� IRUPDWLRQ LQ WKH FRQWDFW ]RQH
RI ERQGV ZLWK D VWUHQJWK KLJKHU WKDQ WKDW RI WKH PRUH
GXFWLOH PHWDO �DOXPLQLXP�� $V D UHVXOW� DW WKH LQLWLDO
VWDJHV RI IULFWLRQ� WKH SURFHVV RI VWUDLQ KDUGHQLQJ SUH�
YDLOV� DQG WKH VXUIDFH ZLWK WKH PLQLPDO VKHDU UHVLV�
WDQFH �IULFWLRQ VXUIDFH� VKLIWV WRZDUGV DOXPLQLXP�

:LWK WKH LQFUHDVH RI KHDWLQJ WLPH� WKH SURFHVV RI
WKHUPDOO\ DFWLYDWHG VRIWHQLQJ SUHGRPLQDWHV� WKH JUD�
GLHQW RI PHFKDQLFDO SURSHUWLHV EHFRPHV SRVLWLYH DQG
WKH IULFWLRQ VXUIDFH VKLIWV WRZDUGV WKH VXUIDFH RI LQLWLDO
FRQWDFW� $V VKRZQ E\ WKH GHULYHG GDWD� KRZHYHU� FRP�
SOHWH FRLQFLGHQFH RI WKHVH VXUIDFHV LV QRW REVHUYHG DW
WUDQVLWLRQ WR WKH VWHDG\�VWDWH IULFWLRQ SURFHVV� $Q HV�
VHQWLDO IDFWRU LQ WKLV FDVH LV WKH VWUHQJWKHQLQJ LPSDFW
RI WKH KDUGHU FRSSHU �RU VWHHO� VXUIDFH RQ WKH WUDQV�
IHUUHG OD\HU RI DOXPLQLXP� UHVXOWLQJ IURP PDQLIHVWD�
WLRQ RI DGKHVLRQ ERQGLQJ IRUFHV� ,Q WKH LQLWLDO FRQWDFW

]RQH WKH SODVWLFLVHG OD\HU RI DOXPLQLXP LV NLQG RI
VWUHQJWKHQHG� DQG DW WDQJHQWLDO GLVSODFHPHQW WKH UXS�
WXUH UXQV LQ�GHSWK WKH OD\HU�

7KXV� WKH ]RQH RI PD[LPDO VKHDU GHIRUPDWLRQV LV
ORFDWHG DW D FHUWDLQ GLVWDQFH IURP WKH LQLWLDO FRQWDFW
VXUIDFH�ZKLFKGLVWDQFH LV GHWHUPLQHGE\ WKH UHODWLRQVKLS
RI SURFHVV SDUDPHWHUV� QDPHO\ WKH URWDWLRQ VSHHG DQG
KHDWLQJ SUHVVXUH� 5HYHUVH GLVSODFHPHQW RI WKH IULFWLRQ
VXUIDFH UHVXOWV LQ GHYHORSPHQW RI D WKLQ OD\HU RI SODVWL�
FLVHG PHWDO �DOXPLQLXP�� ZKLFK DFWV DV D �OXEULFDWLQJ
PDWHULDO�� DQG IULFWLRQ FKDQJHV IURP GU\ WR ERXQGDU\
IULFWLRQ� $FKLHYHPHQW RI WKH DERYH VWDJH FRLQFLGHV ZLWK
ORZHULQJ RI WKH PRPHQW RI IULFWLRQ LQ WKH EXWW� ,QWHU�
DFWLRQ RI WKH VXUIDFHV EHLQJ ZHOGHG GXULQJ IULFWLRQ LV
IRFXVHG LQ D FHUWDLQ YROXPH RI PDWHULDO ZLWK HODVWR�SODV�
WLF SURSHUWLHV� 7KLVPDWHULDO YROXPH FDQ EH FRQGLWLRQDOO\
UHJDUGHG DV WKH �WKLUG ERG\� >�@�

7R VWXG\ WKH LQIOXHQFH RI GLVSODFHPHQW RI WKH IULF�
WLRQ VXUIDFH RQ WKH FRQGLWLRQV RI GHYHORSPHQW RI SK\VL�
FDO FRQWDFW DQG DFWLYDWLRQ RI WKH VXUIDFHV EHLQJ
ZHOGHG� SURFHVVHV RI PDVV WUDQVIHU LQ WKH EXWW ZHUH
LQYHVWLJDWHG� XVLQJ WKHPHWKRG RI UDGLRDFWLYH LVRWRSHV�
3ULRU WR ZHOGLQJ WKH SODQH RI RQH RI WKH WZR ELOOHWV
EHLQJ MRLQHG ZDV HOHFWURO\WLFDOO\ SODWHG ZLWK D OD\HU
RI UDGLRDFWLYH LVRWRSH ��1L XS WR � µP WKLFN� $IWHU
ZHOGLQJ WKH MRLQW PLFURVHFWLRQ ZDV UHFRUGHG RQ ;�UD\
ILOP DQG LW ZDV SODFHG LQWR D OLJKW�WLJKW FKDPEHU�
([SRVXUH WLPH ZDV XS WR ��� K� 'HSHQGHQFH RI EODFN�
HQLQJ GHQVLW\ RQ LVRWRSH GLVWULEXWLRQ LQ D VSHFLPHQ
ZDV GHWHUPLQHG E\ DQ DXWRUDGLRJUDP LQ 0)�� PL�
FURPHWHU� 2EWDLQHG UHVXOWV �)LJXUH �� DUH LQGLFDWLYH
RI WKH IDFW WKDW LQ ZHOGLQJ WKH LVRWRSH OD\HU LV QRW
RXVWHG FRPSOHWHO\ LQWR WKH IODVK� EXW UHPDLQV LQ WKH
EXWW� LUUHVSHFWLYH RI ZKLFK RI WKH ELOOHWV LW KDV EHHQ
GHSRVLWHG RQ SULRU WR ZHOGLQJ� 7KXV� QR FRPSOHWH
UHJHQHUDWLRQ RI WKH LQLWLDO FRQWDFW VXUIDFH RFFXUV GXU�
LQJ ZHOGLQJ� DQG UHGLVWULEXWLRQ RI WKH LVRWRSH OD\HU
RYHU WKH ELOOHW VHFWLRQ DQG GHSWK LV REVHUYHG�

0D[LPXP GHSWK RI LVRWRSH SHQHWUDWLRQ LV IRXQG
DW WKH GLVWDQFH RI ���w��� RI WKH ELOOHW UDGLXV DQG LV
EHWZHHQ ��� DQG ��� µP� ,Q WKH FHQWUH RI WKH VHFWLRQ
WKH ZLGWK RI WKLV ]RQH LV IURP �� WR �� µP DQG RQ WKH
SHULSKHU\ ��w�� µP� 7KH DERYH YDOXHV DUH FRPPHQ�
VXUDWH ZLWK WKH PDJQLWXGH RI GLVSODFHPHQW RI IULFWLRQ
VXUIDFH DW WKH KHDWLQJ VWDJH� FRUUHVSRQGLQJ WR WKH WLPH
RI ZHOGLQJ RI WKH SURGXFHG MRLQWV� ZKLFK PD\ EH LQ�
GLFDWLYH RI DQ LQWHUUHODWLRQ RI WKH LVRWRSH OD\HU UHGLV�
WULEXWLRQ DQG IULFWLRQ VXUIDFH GLVSODFHPHQWV�

2EWDLQHG UHVXOWV DFFRXQW IRU QXPHURXV H[SHULPHQ�
WDO GDWD RQ WKH LQIOXHQFH RI WKH FRQGLWLRQ RI WKH VXU�
IDFHV EHLQJ ZHOGHG RQ WKH TXDOLW\ RI GLVVLPLODU PHWDO
ZHOGLQJ� ,W LV NQRZQ >�@ WKDW GLVUXSWLRQ RI WKH R[LGH
DQG OXEULFDWLRQ ILOPV LV WKH QHFHVVDU\ SUHUHTXLVLWH IRU
IRUPDWLRQ RI YDOLG PHWDOOLF ERQGV RI WKH WZR VXUIDFHV�
'LVSODFHPHQW RI WKH IULFWLRQ VXUIDFH IURP WKH LQLWLDO
FRQWDFW VXUIDFH DQG IRUPDWLRQ RI D SODVWLFLVHG OD\HU
RI DOXPLQLXP OHDGV WR WKH OD\HUV RI R[LGHV RU RUJDQLF
VXEVWDQFHV QRW EHLQJ FRPSOHWHO\ UHPRYHG IURP WKH
EXWW� EXW EHLQJ UHGLVWULEXWHG LQ WKH MRLQW ]RQH� VLPLODU
WR ��1L LVRWRSH� ,Q EHQG WHVWLQJ RI MRLQWV� SURGXFHG LQ
ZHOGLQJ ELOOHWV DIWHU WXUQLQJ RI HQG IDFHV XVLQJ D OX�

7DEOH �� &KDQJH LQ WLPH RI WKH PDJQLWXGH RI IULFWLRQ VXUIDFH GLV�
SODFHPHQW δG PD[LPDO RYHU WKH ELOOHW VHFWLRQ IRU VWHHO
��.K��1��7wDOOR\ $'� MRLQW

5RWDWLRQ

VSHHG Y�

P�V

+HDWLQJ

SUHV�

VXUH 3K�

03D

+HDWLQJ WLPH WK� V

��� ��� ��� ��� ���

���� �� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ����

��� �� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ����

��� �� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� � ����

��� �� ���� ���� ���� ���� � ����

�� ���� ���� ���� � ���� � ����
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EULFDQW �)LJXUH �� D� E� RU ZLWK R[LGL]HG HQG IDFHV
�)LJXUH �� F� G�� IUDFWXUH SURFHHGV� DV D UXOH� LQ DOX�
PLQLXP DW ����w��� PP GLVWDQFH IURP WKH VXUIDFH RI
WKH LQLWLDO FRQWDFW� &KDUDFWHULVWLF LV WKH IDFW WKDW YDUL�
DWLRQ RI WKH ZHOGLQJ PRGH SDUDPHWHUV LQ D EURDG UDQJH
GRHV QRW SURYLGH VRXQG MRLQWV RI FRSSHU WR DOXPLQLXP
WKURXJK D OD\HU RI OXEULFDQW RU D VXIILFLHQWO\ WKLFN
R[LGH OD\HU� ,Q ZHOGLQJ RI ELOOHWV ZLWK PDFKLQHG DQG
GHJUHDVHG HQG IDFHV D VRXQG MRLQW FDQ RQO\ EH SURGXFHG
LQ WKH FDVH� LI ZHOGLQJ LV SHUIRUPHG QRW ODWHU WKDQ
DIWHU D FHUWDLQ WLPH� 7KHUHIRUH� WKHUH H[LVWV D ERXQGDU\
WKLFNQHVV RI WKH R[LGH ILOP� DW ZKLFK LWV PHFKDQLFDO
GLVUXSWLRQ LV SRVVLEOH� SURYLGLQJ DFWLYDWLRQ RI WKH VXU�
IDFHV EHLQJ ZHOGHG�

'LIIHUHQFHV LQ WKH SURFHVVHV RI FRQWDFW LQWHUDFWLRQ
LQ IULFWLRQ ZHOGLQJ RI VLPLODU DQG GLVVLPLODU PDWHULDOV
VKRXOG EH QRWHG� )RU LQVWDQFH� E\ WKH GDWD RI >��@ D
OD\HU RI WKH LVRWRSH LQ IULFWLRQ ZHOGLQJ RI D VLPLODU
FRPELQDWLRQRIPDWHULDOV �ORZ�FDUERQ VWHHO� DW WKH LQLWLDO
SHULRG RI KHDWLQJ LV DOVR UHGLVWULEXWHG RYHU WKH ELOOHWV
VHFWLRQ� EXW LQ IXUWKHU KHDWLQJ LW LV FRPSOHWHO\ UHPRYHG
IURPWKHEXWW�7KLV�SUREDEO\�DFFRXQWV IRU WKHQHJOLJLEOH
GHSHQGHQFH RI WKH TXDOLW\ RI MRLQWV LQ VLPLODU PDWHULDOV
RQ WKH FRQGLWLRQ RI WKH VXUIDFHV EHLQJ ZHOGHG�

&RQGXFWHG H[SHULPHQWV OHDG WR WKH FRQFOXVLRQ WKDW
LQ IULFWLRQ ZHOGLQJ RI DOXPLQLXP WR FRSSHU DQG VWHHO
��.K��1��7 DW WKH ILQDO VWDJH RI WKH ZHOGLQJ SURFHVV
�DW IRUJLQJ� WKH MRLQW LV IRUPHG WKURXJK D OD\HU RI
SODVWLFLVHG PHWDO DORQJ WZR GLIIHUHQW VXUIDFHV� QDPHO\
VXUIDFH RI LQLWLDO FRQWDFW RI WKH PHWDOV EHLQJ ZHOGHG
DQG IULFWLRQ VXUIDFH� ,QIOXHQFH RI SURFHVV SDUDPHWHUV
RQ WKHUPRGHIRUPDWLRQDO SURFHVVHV LQ WKH EXWW VKRXOG
EH UHJDUGHG LQ WHUPV RI RSWLPLVDWLRQ RI WKH FRQGLWLRQV
RI SK\VLFDO FRQWDFW GHYHORSPHQW DQG DFWLYDWLRQ RI WKH
VXUIDFHV EHLQJ ZHOGHG LQ WKH LQLWLDO FRQWDFW SODQH�

:LWK DQ\ SUHVVXUH ZHOGLQJ SURFHVVHV WKH SK\VLFDO
FRQWDFW IRUPV GXH WR SODVWLF GHIRUPDWLRQ RI WKH QHDU�
FRQWDFW YROXPHV RI WKH PDWHULDOV EHLQJ MRLQHG >��@�
7KHUHIRUH� SUHIHUDEOH FRQGLWLRQV DUH WKRVH� DW ZKLFK
WKH GLVSODFHPHQW RI IULFWLRQ VXUIDFH LV PLQLPDO�

,QFUHDVH RI FLUFXPIHUHQWLDO YHORFLW\ DQG KHDWLQJ
SUHVVXUH SURPRWHV ORZHULQJ RI WKH PD[LPXP DQG
VWHDG\�VWDWH YDOXHV RI GLVSODFHPHQW DQG DFFHOHUDWHV
WKH SURFHVV RI UHYHUVH GLVSODFHPHQW RI WKH IULFWLRQ
VXUIDFH� 7KLV� DSSDUHQWO\� SURPRWHV DFWLYDWLRQ RI WKH
VXUIDFHV EHLQJ ZHOGHG RYHU WKH HQWLUH VHFWLRQ RI WKH
ELOOHWV� +RZHYHU� VXFK D SRVLWLYH LQIOXHQFH RI LQFUHDV�
LQJ WKH YDOXHV RI WKH DERYH SURFHVV SDUDPHWHUV RQ WKH
GHIRUPDWLRQ SURFHVVHV� SURFHHGLQJ LQ WKH EXWW� LV OLP�

LWHG E\ WKH DELOLW\ RI FKHPLFDO LQWHUDFWLRQ RI WKHPHWDOV
EHLQJ ZHOGHG�

,W LV NQRZQ >�� ��w��@� WKDW LQFUHDVH RI WKH URWDWLRQ

VSHHG LQWHQVLILHV WKH SURFHVV RI IRUPDWLRQ RI D EULWWOH

LQWHUPHWDOOLF LQWHUOD\HU LQ WKH EXWW� 7KHUHIRUH� D SRVL�

WLYH LQIOXHQFH RI LQFUHDVLQJ WKH URWDWLRQ VSHHG DQG

KHDWLQJ SUHVVXUH LV� DSSDUHQWO\� REVHUYHG XS WR FHUWDLQ

YDOXHV DQG RQ FRQGLWLRQ RI PLQLPLVLQJ WKH KHDWLQJ

VWDJH OHQJWK� $V WKH PD[LPDO LQWHQVLW\ RI VKHDU GH�

IRUPDWLRQ LV IRXQG RQ WKH IULFWLRQ VXUIDFH� DQG IRUPD�

WLRQ RI WKH LQWHUPHWDOOLF LQWHUOD\HU SURFHHGV RYHU WKH

VXUIDFH RI FRQWDFW RI WKH PHWDOV EHLQJ ZHOGHG� ZLG�

HQLQJ WKH ]RQH RI WDQJHQWLDO GHIRUPDWLRQ DQG LQYROY�

LQJ LQWR WKLV ]RQH WKH DOXPLQLXP OD\HU� WUDQVIHUUHG WR

WKH VXUIDFH RI WKH FRSSHU RU VWHHO ELOOHW� VKRXOG EH D

SULRULW\ DW WKH ILQDO VWDJH RI WKH ZHOGLQJ SURFHVV� $

FULWHULRQ IRU FRUUHFW VHOHFWLRQ RI WKH PDJQLWXGH DQG

QDWXUH RI FKDQJH RI WKH LQGLYLGXDO SURFHVV SDUDPHWHUV

GXULQJ ZHOGLQJ PD\ EH WKH VWUXFWXUH DQG SKDVH FRP�

SRVLWLRQ RI WKH MRLQW ]RQH� ZKLFK DUH UHVSRQVLEOH IRU

WKH PHFKDQLFDO DQG VHUYLFH SURSHUWLHV RI WKH ELPHWDO

WUDQVLWLRQ SLHFHV�

)LJXUH �� 6WXG\LQJ PDVV WUDQVIHU LQ IULFWLRQ ZHOGLQJ RI FRSSHU WR
DOXPLQLXP� XVLQJ

��
1L LVRWRSH� D x VFKHPDWLF RI FRQGXFWLQJ WKH

WHVWV� E x PDFURVHFWLRQ� F x DXWRUDGLRJUDP RI WKH MRLQW� G x
FRQFHQWUDWLRQ SURILOH RI GLVWULEXWLRQ RI

��
1L LVRWRSH� ,x UDGLDWLRQ

LQWHQVLW\� [ x GHSWK RI LVRWRSH SHQHWUDWLRQ

)LJXUH �� 6XUIDFHV RI IUDFWXUHV IURP WKH VLGH RI WKH FRSSHU ELOOHW RI MRLQWV RI FRSSHU ZLWK DOXPLQLXP� SURGXFHG DW WXUQLQJ� XVLQJ
OXEULFDWLRQ ��� �D� DQG ��� K �E� EHIRUH ZHOGLQJ DQG WXUQLQJ ZLWKRXW OXEULFDWLRQ ��� �F� DQG �� K �G� EHIRUH ZHOGLQJ
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,QIOXHQFH RI WKH LQLWLDO DQG ILQDO �GHFHOHUDWLRQ DQG
IRUJLQJ� VWDJHV RI WKH ZHOGLQJ SURFHVV RQ WKH GHIRU�
PDWLRQ SURFHVVHV LQ WKH EXWW� DQG IRUPDWLRQ RI WKH
VWUXFWXUH DQG SKDVH FRPSRVLWLRQ RI D FRSSHUwDOX�
PLQLXP MRLQW ZHUH LQYHVWLJDWHG� ,Q RUGHU WR VWXG\ WKH
PHFKDQLVP RI IRUPDWLRQ RI D FRSSHUwDOXPLQLXP MRLQW
DW WKH HDUO\ VWDJHV RI FRQWDFW LQWHUDFWLRQ� PHFKDQLFDO
WHVWLQJ E\ LPSDFW EHQGLQJ ZDV FRQGXFWHG RQ MRLQWV�
SURGXFHG LQ WKH FRQYHQWLRQDO ZHOGLQJ SURFHVV� FKDU�
DFWHUL]HG E\ IDVW GHFHOHUDWLRQ RI URWDWLRQ �VHH 7DEOH ��
PRGHV �� ��� 9DOXH RI KHDWLQJ WLPH LQ PRGH � ZDV
DSSUR[LPDWHO\ HTXDO WR DFKLHYHPHQW RI WKH PD[LPXP
YDOXH RI GLVSODFHPHQW RI IULFWLRQ VXUIDFH� )UDFWXUH RI
VSHFLPHQV LQ PHFKDQLFDO WHVWLQJ SURFHHGHG RYHU WKH
VXUIDFH RI LQLWLDO FRQWDFW RI FRSSHU ZLWK DOXPLQLXP�
,QYHVWLJDWLRQV RI IUDFWXUHV ZHUH FRQGXFWHG� XVLQJ HOHF�
WURQ PLFURVFRS\ DQDO\VLV LQ 6(0���� V\VWHP RI
3KLOLSV &RPSDQ\� 7KH IUDFWXUH VXUIDFH IURP WKH VLGH
RI WKH FRSSHU ELOOHW �)LJXUH �� UHYHDOV VOLS OLQHV DQG
LQGLYLGXDO GLVSHUVHG SDUWLFOHV RI PHWDO RI VWRLFKLRPHW�
ULF FRPSRVLWLRQ� FRUUHVSRQGLQJ WR VROLG VROXWLRQ RI
FRSSHU LQ DOXPLQLXP DQG LQWHUPHWDOOLF FRPSRXQGV
�PRVWO\ RI &X$O

� W\SH� 7DEOH ��� 7HPSHUDWXUH PHDV�
XUHPHQWV LQ ZHOGLQJ FRSSHU WR DOXPLQLXP >��@ VKRZ
WKDW DW WKH LQLWLDO VWDJHV RI WKH IULFWLRQ SURFHVV WKH
UDWH RI PHWDO KHDWLQJ LQ WKH FRQWDFW ]RQH LV DERXW
��� �&�V� ,W PD\ EH DVVXPHG WKDW LQ LQGLYLGXDO SRLQWV

RI FRQWDFW �LQ WKH SODFHV RI IRUPDWLRQ DQG EUHDNLQJ
XS RI IULFWLRQ ERQGV� WKH WLPH WR DFKLHYH WKH WHPSHUD�
WXUH RI LQWHUPHWDOOLF SKDVH IRUPDWLRQ PD\ EH HTXDO WR
WHQV IUDFWLRQV RI D VHFRQG�

,W LV FKDUDFWHULVWLF WKDW SDUWLFOHV RI WKH DERYH FRP�
SRVLWLRQ DUH IRXQG LQ GLIIHUHQW SDUWV RI WKH VHFWLRQ
�IURP FHQWUDO WR SHULSKHUDO SDUW�� GLIIHULQJ JUHDWO\ E\
WKH UHODWLYH GLVSODFHPHQW UDWH DQG FRQWDFW WHPSHUD�
WXUH� ,Q RWKHU ZRUGV� IRUPDWLRQ RI LQWHUPHWDOOLF SKDVHV
PD\ EH LPSOHPHQWHG LQ LQGLYLGXDO UHJLRQV RI WKH VHF�
WLRQ DOUHDG\ DW WKH LQLWLDO VWDJHV RI FRQWDFW LQWHUDFWLRQ
LQ D YHU\ VKRUW WLPH LQWHUYDO�

2EWDLQHG UHVXOWV LQGLFDWH WKDW LQ IULFWLRQ ZHOGLQJ
WKH GHIRUPDWLRQ LPSDFW RQ WKH PHWDOV EHLQJ ZHOGHG
JUHDWO\ LQFUHDVHV WKH UDWH RI GLIIXVLRQ SURFHVVHV UXQQLQJ
LQ WKH FRQWDFW ]RQH� 7KHUHIRUH� RQH RI WKH PDLQ IDFWRUV�
LQIOXHQFLQJ WKH IRUPDWLRQ DQG JURZWK RI WKH LQWHUPHW�
DOOLF LQWHUOD\HU LV WKH OHQJWK RI WKH KHDWLQJ VWDJH� DQG
WKH FRQGLWLRQV IRU PLQLPLVLQJ WKH WKLFNQHVV RI WKLV LQ�
WHUOD\HU ZLOO EH GHWHUPLQHG E\ WKH PDJQLWXGH DQG UDWH
RI D[LDO DQG VKHDU GHIRUPDWLRQ DW WKH IRUJLQJ VWDJH�

&RQVLGHULQJ WKH UHVXOWV RI VWXG\LQJ WKH PRYHPHQW
RI IULFWLRQ VXUIDFH� LW PD\ EH DVVXPHG WKDW IDVW GHFHO�
HUDWLRQ RI URWDWLRQ LQ ZHOGLQJ LQPRGH � DOORZHG IL[LQJ
WKH HDUO\ VWDJHV RI GLVSODFHPHQW RI IULFWLRQ VXUIDFH
LQWR WKH DOXPLQLXP ELOOHW� $SSDUHQWO\� DGKHVLRQ RI
WKH VXUIDFHV EHLQJ ZHOGHG ZDV OLPLWHG WR LQGLYLGXDO
UHJLRQV RI WKH ELOOHWV VHFWLRQ� DQG WKH SURFHVVHV RI
VWUHVV UHOD[DWLRQ DQG KHWHURGLIIXVLRQ GLG QRW EHFRPH
ZHOO HQRXJK GHYHORSHG� ZKLFK UHVXOWHG LQ ORZ PH�
FKDQLFDO SURSHUWLHV RI WKH MRLQW�

&RQWLQXLQJ WKH KHDWLQJ VWDJH XS WR ��� V DW D VHW
URWDWLRQ VSHHG SUDFWLFDOO\ FRUUHVSRQGV WR FRPSOHWLRQ
RI WKH SURFHVV RI UHYHUVH GLVSODFHPHQW RI IULFWLRQ VXU�
IDFH DQG IRUPDWLRQ LQ WKH FRQWDFW ]RQH RI D WKLQ OD\HU
RI SODVWLFLVHG DOXPLQLXP ��WKLUG ERG\��� ,QYHVWLJD�
WLRQ RI WKH PLFURVWUXFWXUH RI WKH MRLQW SURGXFHG DW
IDVW GHFHOHUDWLRQ RI URWDWLRQ �VHH 7DEOH �� PRGH ���
UHYHDOV WKH SUHVHQFH RI DQ LQWHUPHWDOOLF LQWHUOD\HU�
ZKLFK LV IRUPHG LQ FRQWDFW RI D SODVWLFLVHG DOXPLQLXP
OD\HU ZLWK WKH FRSSHU ELOOHW VXUIDFH �)LJXUH �� D�� $

)LJXUH �� 6XUIDFH RI IUDFWXUH IURP WKH VLGH RI WKH FRSSHU ELOOHW RI D FRSSHUwDOXPLQLXP MRLQW� SURGXFHG LQ PRGH �� DwFx VHFWLRQ FHQWUH
�×��� ×���� ×���� UHVSHFWLYHO\�� G x SHULSKHUDO SDUW RI WKH VHFWLRQ �×������ H� I x GLVWULEXWLRQ PDSV RI WKH SHULSKHUDO SDUW RI WKH
VHFWLRQ RQ DOXPLQLXP DQG FRSSHU� UHVSHFWLYHO\ �×�����

7DEOH �� 5HVXOWV RI LPSDFW EHQG WHVWLQJ RI MRLQWV RI FRSSHU ZLWK
DOXPLQLXP �3K  � 03D� 3I  ��� 03D� Y  ��� P�V�
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VPDOO PDJQLWXGH DQG ORZ UDWH RI XSVHWWLQJ LQ IRUJLQJ�
DSSOLHG WR QRQ�URWDWLQJ ELOOHWV SUHGRPLQDQWO\ GXH WR
WKH UDGLDO FRPSRQHQW RI GHIRUPDWLRQ� LV LQGLFDWLYH RI
DQ DEVHQFH RI D VXIILFLHQW WHPSHUDWXUH JUDGLHQW LQ WKH
MRLQW ]RQH�

7KXV� IRUPDWLRQ RI LQWHUPHWDOOLF LQWHUOD\HU LQ KHDW�
LQJ SURFHHGV EHIRUH WKH WHPSHUDWXUH JUDGLHQW� UHTXLUHG
IRU IRUJLQJ� KDV EHHQ UHDFKHG� 7KH PHWKRG� XVXDOO\
FKRVHQ WR SURYLGH WKH UHTXLUHG H[WHQW RI MRLQW SODVWLF
GHIRUPDWLRQ RI WKH PHWDOV EHLQJ ZHOGHG ZLWK WKH FRQ�
YHQWLRQDO SURFHVV� LV HQKDQFHPHQW RI WKH UROH RI WKH
WKHUPDO FKDQQHO RI DFWLYDWLRQ RI WKH VXUIDFHV EHLQJ
ZHOGHG� )RU WKLV SXUSRVH WKH KHDWLQJ WLPH >��@ LV
LQFUHDVHG� WKLV SURPRWLQJ DFKLHYHPHQW RI WKH UHTXLUHG
WHPSHUDWXUH JUDGLHQW� ZKLOH LQHYLWDEO\ OHDGLQJ� KRZ�
HYHU� WR D JURZWK RI WKH LQWHUPHWDOOLF LQWHUOD\HU� 3DU�
WLDO RXVWLQJ RI WKLV LQWHUOD\HU LV DFKLHYHG E\ D VLJQLIL�

FDQW LQFUHDVH RI WKH IRUJLQJ SUHVVXUH LQ FRPELQDWLRQ
ZLWK IRUFHG IRUPDWLRQ RI WKH EXWW MRLQW >��� ��@� ,W LV
SUREOHPDWLF WR SURYLGH D KLJK VWDELOLW\ RI WKH LQGLFHV
RI ZHOGHG MRLQW GXFWLOLW\ ZLWK VXFK DQ DSSURDFK�

$QDO\VLV RI WKH LQYHVWLJDWLRQ UHVXOWV GHPRQVWUDWHV�
WKDW IRUPDWLRQ RI D FRQWLQXRXV LQWHUPHWDOOLF LQWHUOD\HU
LQ ZHOGLQJ RI ELPHWDO MRLQWV FDQ EH SUHYHQWHG RQ FRQ�
GLWLRQ RI PLQLPL]LQJ WKH GXUDWLRQ RI WKH KHDWLQJ VWDJH
DQG ILQGLQJ D PHWKRG WR LQWHQVLI\ VKHDU GHIRUPDWLRQ
RYHU WKH VXUIDFH RI WKH LQLWLDO FRQWDFW DW WKH IRUJLQJ
VWDJH� 7R LQWHQVLI\ WKH GHIRUPDWLRQ LPSDFW DW WKH ILQDO
VWDJH RI WKH SURFHVV D PHWKRG RI IULFWLRQ ZHOGLQJ ZLWK
D FRQWUROODEOH GHFHOHUDWLRQ RI URWDWLRQ KDV EHHQ GH�
YHORSHG� $SSOLFDWLRQ RI WKH IRUJLQJ IRUFH DW WKH VWDJH
RI URWDWLRQ GHFHOHUDWLRQ SURYLGHV D VLPXOWDQHRXV DF�
WLRQ RI WKH D[LDO DQG WDQJHQWLDO FRPSRQHQWV RI GHIRU�
PDWLRQ RQ WKH DOXPLQLXP OD\HU� WUDQVIHUUHG WR WKH

7DEOH �� 3KDVH FRPSRVLWLRQ ��� RI PHWDO SDUWLFOHV LQ GLIIHUHQW SRLQWV RI WKH VXUIDFH RI IULFWLRQ RI FRSSHU DQG DOXPLQLXP

3RLQW 1R� � � � � � � � � �

$O ��� ���� ���� ���� ���� ���� ���� ���� ���

&X ���� ���� ���� ��� ���� ����� ���� ���� ����

)LJXUH �� 0LFURVWUXFWXUH RI WKH ]RQH RI FRSSHUw$'� MRLQW� D x PRGH � �×����� E x PRGH �� VHFWLRQ FHQWUH �×����� F x PRGH ��
SHULSKHUDO VHFWLRQ �×������ G� H x PRGH � �×��� DQG ×���� UHVSHFWLYHO\�
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FRSSHU ELOOHW� DQG SURPRWHV LQWHQVLILFDWLRQ RI VKHDU
GHIRUPDWLRQ RYHU WKH LQLWLDO FRQWDFW VXUIDFH� 7KH MRLQW
IRUPV XQGHU WKH FRQGLWLRQV� FKDUDFWHUL]HG E\ SUHYD�
OHQFH RI WKH GHIRUPDWLRQ FKDQQHO RI DFWLYDWLRQ RI WKH
VXUIDFHV EHLQJ ZHOGHG�

,W LV NQRZQ WKDW WKH EDVLF FKDUDFWHULVWLF RI WKH
PHWDO FRQGLWLRQ DW KLJK�WHPSHUDWXUH GHIRUPDWLRQ LV
QRW WKH GHIRUPDWLRQ� EXW LWV UDWH >��� ��@� ,QWHQVLIL�
FDWLRQ RI WKH GLIIXVLRQ SURFHVVHV DW KLJK�WHPSHUDWXUH
SODVWLF GHIRUPDWLRQ LV WKH FRQVHTXHQFH RI LQFUHDVHG
GLVWRUWLRQ RI WKH FU\VWDOOLQH ODWWLFH DQG GHYHORSPHQW
RI D ODUJH QXPEHU RI YDULRXV GHIHFWV RI WKH FU\VWDOOLQH
ODWWLFH� $QDO\VLV RI RVFLOORJUDPV RI WKH IULFWLRQ SURFHVV
ZLWK FRQWUROOHG GHFHOHUDWLRQ VKRZV WKDW DQ DEUXSW
LQFUHDVH RI XSVHWWLQJ VSHHG �� WR � WLPHV FRPSDUHG WR
WKH KHDWLQJ VWDJH� LV IRXQG LQ WKH FRQWDFW ]RQH DW WKH

GHFHOHUDWLRQ VWDJH� DV D UHVXOW RI ZLGHQLQJ RI WKH ]RQH
RI WDQJHQWLDO GHIRUPDWLRQV� 8SVHWWLQJ� SURGXFHG E\
WKH MRLQW DFWLRQ RI WKH FRPSUHVVLYH DQG WDQJHQWLDO
VWUHVVHV� SURPRWHV LQWHQVLILFDWLRQ RI VKHDU GHIRUPDWLRQ
DQG DFWLYDWLRQ RI WKH GLIIXVLRQ SURFHVVHV RYHU WKH VXU�
IDFH RI LQLWLDO FRQWDFW�

0LFURSUREH DQDO\VLV �&DPHFD 6;��� PLFURDQD�
O\VHU�� RSWLFDO ��1HRSKRW����� DQG VFDQQLQJ HOHFWURQ
PLFURVFRS\ DQDO\VLV �6(0���� XQLW� ZHUH FRQGXFWHG
WR VWXG\ WKH VWUXFWXUH DQG SKDVH FRPSRVLWLRQ RI WKH
MRLQWV� SURGXFHG DW SURJUDPPHG GHFHOHUDWLRQ RI URWD�
WLRQ �VHH 7DEOH �� PRGHV � DQG ��� 2SWLFDO PLFURVFRS\
ZDV SHUIRUPHG RQ DQJOH XQHWFKHG VHFWLRQV �DQJOH RI
������� HOHFWURQLF PLFURVFRS\ RQ VHFWLRQV� PDGH XVLQJ
LRQ SROLVKLQJ DQG HWFKLQJ LQ -(2/ ,RQ 6SXWWHU -)&�
���� XQLW�

)LJXUH �� %LPHWDO MRLQWV� SURGXFHG E\ IULFWLRQ ZHOGLQJ ZLWK
FRQWUROOHG GHFHOHUDWLRQ� D� E x FRSSHUwDOXPLQLXP WUDQVL�
WLRQ SLHFHV RI �� DQG �� PP GLDPHWHU� UHVSHFWLYHO\� F x
VSHFLPHQV DIWHU UXSWXUH DQG LPSDFW EHQG WHVWLQJ� G x
��.K��1��7w$'� WUDQVLWLRQ SLHFHV DQG VSHFLPHQ DIWHU PH�
FKDQLFDO WHVWLQJ� H� I x PLFURVWUXFWXUH IURP WKH VLGH RI
DOXPLQLXP �×���� DQG VWHHO ��.K��1��7 �×����� UHVSHF�
WLYHO\� J x HOHPHQW GLVWULEXWLRQ ��� LQ WKH MRLQW ]RQH
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'LIIXVLRQ RI FRSSHU LQWR DOXPLQLXP WR WKH GHSWK
RI � µP LV QRWHG LQ WKH FRQWDFW ]RQH RI WKH MRLQW PDGH
LQ PRGH � �VHH 7DEOH ��� )RUPDWLRQ RI D VROLG VROXWLRQ
RI FRSSHU LQ DOXPLQLXP RI D YDULDEOH FRPSRVLWLRQ LV
FKDUDFWHULVWLF IRU WKH WUDQVLWLRQ ]RQH VWUXFWXUH� 1R
LQWHUPHWDOOLF OD\HU LV IRXQG LQ WKH EXWW� WKH MRLQWV
KDYLQJ KLJK LQGLFHV RI VWUHQJWK DQG GXFWLOLW\ �VHH
)LJXUH �� E� F�� ,Q PHFKDQLFDO UXSWXUH DQG LPSDFW
EHQG WHVWLQJ QR IUDFWXUH LV REVHUYHG LQ WKH MRLQW ]RQH
�)LJXUH ���

,Q WKH ]RQH RI WKH MRLQW �VHH 7DEOH �� PRGH ��� IRU
ZKLFK WKH KHDWLQJ WLPH ZDV DSSUR[LPDWHO\ HTXDO WR
DFKLHYHPHQW RI WKH VWHDG\�VWDWH YDOXH RI GLVSODFHPHQW
RI WKH IULFWLRQ VXUIDFH� D GLIIXVLRQ ]RQH XS WR � µP
ZLGH RI WKH VWRLFKLRPHWULF FRPSRVLWLRQ� FRUUHVSRQGLQJ
WR VROLG VROXWLRQ RI FRSSHU LQ DOXPLQLXP �VHH 7DEOH ��
DQG DQ LQWHUOD\HU RI WKH FRPSRVLWLRQ RI ��w�� � &X
DQG ��w�� � $O ���w��� µP ZLGH DUH IRXQG IURP WKH
DOXPLQLXP VLGH �VHH )LJXUH �� G� H�� )LQH�JUDLQHG
VWUXFWXUH RI FRSSHU DQG DOXPLQLXP LQ WKH MRLQW ]RQH
LV LQGLFDWLYH RI WKH HIIHFW RI G\QDPLF IRUJLQJ� SURPRW�
LQJ UHILQHPHQW RI WKH VWUXFWXUH DQG LQFUHDVH RI PHWDO
VWUHQJWK�

7KHUPDO F\FOH RI ZHOGLQJ E\ WKH QHZ WHFKQRORJ\
LV FKDUDFWHULVHG E\ D KLJK LQWHQVLW\ DQG SUHFLVH GRVLQJ
RI HQHUJ\ LQSXW LQWR WKH EXWW� WKLV SURPRWLQJ DFKLHYH�
PHQW RI D KLJK WHPSHUDWXUH JUDGLHQW LQ WKH MRLQW ]RQH�
7KLV SURYLGHV D KLJK UDWH RI FRROLQJ RI WKH MRLQW ]RQH�
DOORZLQJ WKH IRUJLQJ WLPH WR EH UHGXFHG ��� WR � WLPHV�
FRPSDUHG WR WKH FRQYHQWLRQDO SURFHVV�

,Q MRLQWV RI ��.K��1��7w$'�� SURGXFHG LQ ZHOG�
LQJ ZLWK D FRQWUROOHG GHFHOHUDWLRQ RI URWDWLRQ� WKH
LQWHUPHWDOOLF LQWHUOD\HU LV QRW IRXQG �)LJXUH �� HwJ��
7KH WUDQVLWLRQ ]RQH VWUXFWXUH IURP WKH DOXPLQLXP VLGH
UHYHDOV D ]RQH RI LURQ GLIIXVLRQ LQ DOXPLQLXP � WR �
µP ZLGH� $ VWUXFWXUH RI ILQH�JUDLQHG DOXPLQLXP LV
IXUWKHU REVHUYHG� WKH VL]H RI DOXPLQLXP JUDLQ LQ WKH
QHDU�FRQWDFW ]RQH EHFRPLQJ VPDOOHU ZLWK WKH LQFUHDVH
RI SUHVVXUH DQG UHGXFWLRQ RI WKH GHFHOHUDWLRQ G\QDP�
LFV� $ OD\HU RI VWHHO ��.K��1��7 DERXW ��� µP ZLGH�
ZKLFK LV DGMDFHQW WR WKH MRLQW OLQH� LV SODVWLFDOO\ GH�
IRUPHG� %HQGLQJ RI δ�IHUULWH EDQGV LV REVHUYHG LQ WKH
QHDU�FRQWDFW UHJLRQ� ZKLFK LV LQGLFDWLYH RI LQWHQVLYH
VKHDU GHIRUPDWLRQ LQ WKH FRQWDFW ]RQH GXULQJ ZHOGLQJ�

2SWLPLVDWLRQ RI WKH SDUDPHWHUV RI WKH QHZ SURFHVV
RI IULFWLRQ ZHOGLQJ LV UHGXFHG WR GHWHUPLQDWLRQ RI D
UDWLRQDO GXUDWLRQ RI WKH KHDWLQJ VWDJH DW D FRQVWDQW
URWDWLRQ VSHHG DQG DVVLJQLQJ WKH RSWLPDO G\QDPLFV RI
GHFHOHUDWLRQ RI URWDWLRQ LQ WKH IRUJLQJ VWDJH� $ FULWH�
ULRQ RI RSWLPLVDWLRQ RI WKH G\QDPLFV RI GHFHOHUDWLRQ
RI URWDWLRQ LQ ZHOGLQJ E\ WKH GHYHORSHG WHFKQRORJ\
LV SURYLVLRQ RI D FHUWDLQ UDWH RI D[LDO GHIRUPDWLRQ ZLWK
SUHVHUYDWLRQ RI D KLJK OHYHO RI SRZHU RI KHDW HYROXWLRQ
LQ WKH FRQWDFW ]RQH�

&21&/86,21

$W WKH LQLWLDO PRPHQW RI IULFWLRQ LQ ZHOGLQJ RI FRSSHU
DQG VWHHO ��.K��1��7 WR DOXPLQLXP� GLVSODFHPHQW
RI IULFWLRQ VXUIDFH WRZDUGV WKH DOXPLQLXP ELOOHW LV
REVHUYHG� LWV PDJQLWXGH GHSHQGLQJ RQ WKH URWDWLRQ
VSHHG DQG SUHVVXUH LQ KHDWLQJ� $W WKLV VWDJH RI FRQWDFW

LQWHUDFWLRQ WKH SUHYDLOLQJ SURFHVVHV DUH WKRVH RI VWUDLQ
DJHLQJ� DFFRPSDQLHG E\ IRUPDWLRQ RI D ]RQH RI YROXPH
LQWHUDFWLRQ LQ WKH IRUP RI VROLG VROXWLRQV DQG GLVSHUVHG
SKDVH SUHFLSLWDWHV RI WKH PHWDOV EHLQJ ZHOGHG�

:LWK WKH LQFUHDVH RI KHDWLQJ WLPH� WKH SURFHVV RI
WKHUPDOO\ DFWLYDWHG VRIWHQLQJ SUHYDLOV� DQG UHYHUVH
GLVSODFHPHQW RI WKH IULFWLRQ VXUIDFH LV REVHUYHG� 7KH
PDJQLWXGH RI GLVSODFHPHQW UHDFKHV WKH VWHDG\�VWDWH
YDOXH δVW�

,QWHUDFWLRQ RI WKH VXUIDFHV EHLQJ ZHOGHG DW IULFWLRQ
LV FRQFHQWUDWHG LQ D FHUWDLQ YROXPH RIPDWHULDO �KDYLQJ
HODVWR�SODVWLF SURSHUWLHV�� ZKLFK PD\ EH FRQGLWLRQDOO\
UHJDUGHG DV WKH �WKLUG ERG\��'LVSODFHPHQW RI IULFWLRQ
VXUIDFH DQG IRUPDWLRQ RI WKH �WKLUG ERG\� SUHGHWHU�
PLQH WKH LPSRVVLELOLW\ RI FRPSOHWH RXVWLQJ IURP WKH
]RQH RI LQLWLDO FRQWDFW RI VXUIDFH OD\HUV RI PDWHULDOV
DQG� WKHUHIRUH� WKH QHHG IRU D WKRURXJK SUHSDUDWLRQ
RI WKH VXUIDFHV EHLQJ ZHOGHG�

0DLQ IDFWRUV� LQIOXHQFLQJ WKH IRUPDWLRQ RI DQ LQ�
WHUPHWDOOLF LQWHUOD\HU� DUH WKH GXUDWLRQ RI WKH KHDWLQJ
VWDJH� PDJQLWXGH DQG UDWH RI D[LDO DQG VKHDU GHIRU�
PDWLRQ DW WKH IRUJLQJ VWDJH� ,Q IRUJLQJ� SURYLGHG E\
VLPXOWDQHRXV DFWLRQ RI WKH FRPSUHVVLYH DQG WDQJHQWLDO
VWUHVVHV� DQ DEUXSW LQFUHDVH RI XSVHWWLQJ VSHHG LV RE�
VHUYHG DQG LQWHQVLILFDWLRQ RI VKHDU GHIRUPDWLRQ RYHU
WKH VXUIDFH RI LQLWLDO FRQWDFW LV SURYLGHG�

$ QHZ SURFHVV RI IULFWLRQ ZHOGLQJ ZLWK D FRQWURO�
ODEOH GHFHOHUDWLRQ RI URWDWLRQ KDV EHHQ GHYHORSHG�
ZKLFK DOORZV LQ ZHOGLQJ RI ELPHWDO MRLQWV OLPLWLQJ
WKH LQWHUPHWDOOLF SKDVH IRUPDWLRQ WR LWV LQLWLDO VWDJHV
DQG SURGXFLQJ MRLQWV ZLWK VWDEOH KLJK LQGLFHV RI
VWUHQJWK DQG GXFWLOLW\�

�� /HEHGHY� 9�.�� &KHUQHQNR� ,�$� ������ )ULFWLRQ ZHOGLQJ�
:HOGLQJ DQG 6XUIDFLQJ 5HY�� 9RO� �� +DUZRRG $�3�

�� /HEHGHY� 9�.�� 0LUJRURG� <X�$�� 7VXUXO� ,�$� ������ 3HFX�
OLDULWLHV RI IULFWLRQ ZHOGLQJ RI %U���� EURQ]H ZLWK ��.K
VWHHO WKURXJK LQWHUPHGLDWH FRSSHU LQWHUOD\HU� $YWRPDWLFK�
6YDUND� �� ��w���

�� &KHUQHQNR� ,�$�� 0LUJRURG� <X�$�� 6LPRQRY� 9�,� HW DO�
������ )ULFWLRQ ZHOGLQJ RI ELPHWDOOLF VKDIWV RI D[LDO�SLVWRQ
K\GUDXOLF PDFKLQHV� ,ELG�� �� ��w���

�� )XNDNXVD� .�� 6DWRK� 7� ������ 7UDYHOOLQJ SKHQRPHQD RI
URWDWLRQDO SODQH GXULQJ IULFWLRQ ZHOGLQJ� -� -:6� ��� �w���

�� 0LWHOHD� ,�� %RJGDQ� 5� ������ 0DVV WUDQVIHU SURFHVVHV LQ FDVH
RI GLVVLPLODU PDWHULDOV IULFWLRQ ZHOGLQJ� 6XGXUD� �� �w��

�� /HEHGHY� 9�.�� &KHUQHQNR� ,�$� ������ 'LVWULEXWLRQ RI
SRZHU LQ IULFWLRQ ZHOGLQJ MRLQW� $YWRPDWLFK� 6YDUND� ���
��w���

�� .UDJHOVN\� ,�9�� 'RE\FKLQ� 0�1�� .RPEDORY� 9�6� ������
3ULQFLSOHV RI FDOFXODWLRQ RI IULFWLRQ DQG ZHDU� 0RVFRZ�
0DVKLQRVWURHQLH�

�� .UDJHOVN\� ,�9� ������ )ULFWLRQ DQG ZHDU� 0RVFRZ� 0DVKJL]�
�� *HOPDQ� $�6� ������ 3ULQFLSOHV RI SUHVVXUH ZHOGLQJ� 0RV�

FRZ� 0DVKLQRVWURHQLH�
��� /HEHGHY� 9�.�� .KDUFKHQNR� *�.�� 3URGDQ� 6�.� HW DO�

������ ,QYHVWLJDWLRQ RI LQHUWLD IULFWLRQ ZHOGLQJ SURFHVV XV�
LQJ UDGLRDFWLYH LVRWRSHV� $YWRPDWLFK� 6YDUND� �� ��w���

��� .DUDNR]RY� (�6� ������ 3UHVVXUH ZHOGLQJ RI PHWDOV� 0RV�
FRZ� 0DVKLQRVWURHQLH�

��� -HVVRS� 7�-�� 1LFKRODV� (�'�� 'LQVGDOH� :�2� ������ )ULF�
WLRQ ZHOGLQJ GLVVLPLODU PHWDOV� ,Q� 3URF� RI �WK ,QW� &RQI�

RQ $GYDQFHV LQ :HOGLQJ 3URFHVVHV� +DUURJDWH� 0D\ �w���
��� =\DNKRU� ,�9�� .XFKXN�<DWVHQNR� 6�,� ������ 3HFXOLDULWLHV

RI IRUPDWLRQ RI IULFWLRQ ZHOGHG MRLQWV EHWZHHQ FRSSHU DQG
DOXPLQXP� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

��� 6KWHUQLQ� /�$�� 3URNRILHY� 6�1� ������ )ULFWLRQ ZHOGLQJ RI
DOXPLQLXP WR VWHHO DQG FRSSHU� 6YDURFKQ� 3URL]YRGVWYR� ���
��w���

��� 1LFKRODV� (�'� ������ )ULFWLRQ ZHOGLQJ RI FRSSHU WR DOX�
PLQLXP� 0HWDO &RQVWU�� �� ���w����

��� /DULNRY� /�1�� 5\DERY� 9�5�� )DOFKHQNR� 9�0� ������ 'LI�
IXVLRQ SURFHVVHV LQ WKH VROLG SKDVH LQ ZHOGLQJ� 0RVFRZ�
0DVKLQRVWURHQLH�
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1�*� 75(7<$.

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

&RQVLGHUHG DUH PDLQ SULQFLSOHV RI UHDOLVDWLRQ RI D QHZ PHWKRG IRU IULFWLRQ VWLU ZHOGLQJ �)6:�� DOORZLQJ SURGXFWLRQ RI

YDULRXV MRLQWV LQ VKHHW ELOOHWV� 'HVLJQV RI WKH WRROV IRU UHDOLVDWLRQ RI )6:� SHFXOLDULWLHV RI IRUPDWLRQ RI WKH MRLQWV LQ

GLIIHUHQW DOXPLQLXP DOOR\V� WKHLU SURSHUWLHV DQG VWUXFWXUH� DSSOLFDWLRQ ILHOGV� HTXLSPHQW IRU )6: RI YDULRXV VWUXFWXUHV�

TXDOLW\ FRQWURO PHWKRGV DQG PHWKRGV IRU HOLPLQDWLRQ RI VSHFLILF GHIHFWV DUH GHVFULEHG�

.H\ ZRU G V � DOXPLQLXP DOOR\V� IULFWLRQ VWLU ZHOGLQJ� WRROV�

DSSOLFDWLRQV� SURSHUWLHV� VWUXFWXUH� VRIWHQLQJ

,Q 'HFHPEHU ����� 7:,� *UHDW %ULWDLQ� SDWHQWHG D

QHZ IULFWLRQ ZHOGLQJ WHFKQLTXH� ZKLFK DOORZHG EXWW

DQG RYHUODS MRLQWV WR EH SURGXFHG LQ VKHHW EODQNV

>�w�@� 7KLV WHFKQLTXH ZDV FRQGLWLRQDOO\ FDOOHG IULF�
WLRQ VWLU ZHOGLQJ �)6:�� VR DV WR GLVWLQJXLVK LW IURP

WKH PXOWLWXGH RI RWKHU H[LVWLQJ IULFWLRQ ZHOGLQJ SURF�

HVVHV >�w�@� 2WKHU QDPHV ZHUH DOVR VXJJHVWHG� LQ SDU�

WLFXODU LQ >�@� LW ZDV UHFRPPHQGHG WR FDOO LW D SURFHVV

ZLWK D KLJKHU UHDFWLYLW\ �DFWLYDWLRQ� RQ WKH LQWHUIDFH�

:LWK WKLV WHFKQLTXH WKH SURFHVV RI ZHOGLQJ �)L�

JXUH �� SURFHHGV DV IROORZV� $ VSHFLDO URWDWLQJ WRRO�

FRQVLVWLQJ RI D WKLFNHU SDUW �VKRXOGHU� DQG SURWUXGLQJ

SDUW �SLQ�� LQ WKH EXWW DUHD LV EURXJKW LQWR FRQWDFW

ZLWK WKH VXUIDFH RI EODQNV WR EH ZHOGHG� ZKLFK DUH

IDVWHQHG RQ D PDVVLYH VXEVWUDWH� VR WKDW WKH SLQ ZRXOG
HQWHU WKH EODQNV DQG WKH VKRXOGHU ZRXOG WRXFK WKHLU

VXUIDFH� )ULFWLRQ RI WKH SLQ DQG WKH VKRXOGHU DJDLQVW

D EODQN UHVXOWV LQ HYROXWLRQ RI KHDW� ZKLFK EULQJV WKH

PHWDO VXUURXQGLQJ WKH WRRO LQWR D SODFWLFLVHG FRQGL�

WLRQ� 7KHQ WKH WRRO LV LPSDUWHG WUDQVODWLRQDO PRYH�

PHQW DW WKH VSHHG RI ZHOGLQJ� DQG WKH PDWHULDO RI WKH

EODQNV� PRYLQJ IURP WKH KHDWLQJ WR WKH FRROLQJ ]RQH
E\�SDVVHV WKH SLQ WR IRUP D MRLQW�

,Q WHUPV RI WKH QDWXUH RI SURFHHGLQJ RI WKH MRLQLQJ

SURFHVV� WKLV WHFKQLTXH KDV PDQ\ IHDWXUHV LQ FRPPRQ

ZLWK SUHVVLQJ� 6LQFH DOXPLQLXP DOOR\V DUH IDYRXUDEOH

PDWHULDOV LQ WKLV UHVSHFW� )6: KDV EHHQ FKLHIO\ UHDO�

L]HG IRU DOXPLQLXP DQG LWV DOOR\V� ,Q WKH RSLQLRQ RI

WKH GHYHORSHUV� )6: WHFKQLTXH KDV WKH IROORZLQJ

PDLQ DGYDQWDJHV >�w��@�

• QR IXPHV� QRLVH RU XOWUDYLROHW UDGLDWLRQ DUH JHQ�

HUDWHG GXULQJ ZHOGLQJ�

• DELOLW\ WR SURGXFH ZHOGV ZLWKRXW SRURVLW\ LQ DQ\

DOXPLQLXP DOOR\� LQFOXGLQJ DOOR\V� VHQVLWLYH WR SRURV�

LW\ �0J�� /L�FRQWDLQLQJ DOOR\V� HWF���
• DEVHQFH RI ILOOHU PHWDO RU VKLHOGLQJ JDV�

• QR QHHG WR JLYH DQ\ VSHFLDO SURILOH WR WKH HGJHV

RU UHPRYH WKH R[LGH ILOP EHIRUH ZHOGLQJ�

• DELOLW\ WR SURGXFH MRLQWV LQ DOO SRVLWLRQV LQ VSDFH�

• ZHOGLQJ SURFHVV LV LGHDOO\ VXLWHG WR DXWRPDWLRQ�

• QR KLJK TXDOLILFDWLRQV RI WKH RSHUDWRU DUH UH�

TXLUHG�

• UHODWLYH VLPSOLFLW\ RI WKH HTXLSPHQW DOORZV DFKLHY�

LQJ KLJK HIIHFWLYHQHVV RI SRZHU XWLOL]DWLRQ� DV SHUIRUP�

DQFH RI VLQJOH�SDVV ZHOGLQJ RI ���� PP DOXPLQLXP DOOR\

RI ���� VHULHV UHTXLUHV MXVW � N: DOO LQ DOO�

• ZHOGLQJ FDQ EH SHUIRUPHG LQ VWURQJ PDJQHWLF

ILHOGV� IRU LQVWDQFH� LQ MRLQLQJ EXVEDUV�
$ ORZ OHYHO RI GHIRUPDWLRQV DQG KLJK UHSURGXFL�

ELOLW\ RI WKH TXDOLW\ RI ZHOGV� SURGXFHG E\ )6:�
SURPRWH DQ LPSURYHPHQW RI WKH H[LVWLQJ ZHOGHG VWUXF�

WXUHV RI DOXPLQLXP DOOR\V� 7KXV WKH IROORZLQJ WHFK�

QRORJLFDO FDSDELOLWLHV DUH SURYLGHG�

• ZHOGV PD\ EH SURGXFHG LQ DOOR\V� ZKLFK FDQQRW

EH PDGH E\ IXVLRQ ZHOGLQJ EHFDXVH RI KRW FUDFNLQJ
VXVFHSWLELOLW\�

• KLJKHU OHYHO RI VWUHQJWK FDQ EH DFKLHYHG IRU KHDW�
KDUGHQDEOH DOOR\V�

• ZHOG IRUPDWLRQ LQ WKH VROLG SKDVH DOORZV SUH�

VHUYLQJ WKH SURSHUWLHV LQ PHWDVWDEOH DOOR\V� VXFK DV

FRPSRVLWHV RU DOOR\V� SURGXFHG E\ UDSLG VROLGLILFDWLRQ�

• ODUJH SDQHOV PD\ EHPDGH� FRQVLVWLQJ RI QXPHURXV
VPDOO�VL]HG VHFWLRQV� ZKLFK LW LV SUDFWLFDOO\ LPSRVVLEOH

RU QRW FRVW�HIIHFWLYH WR H[WUXGH RU FDVW�

• OLJKW�ZHLJKW H[WUXGHG SDQHOV PD\ EH FRQQHFWHG
ZLWKRXW GLVWRUWLRQV WR SURGXFH VXSHUODUJH VWUXFWXUHV
RI VKLSV� IODW�FDUV RU KHDY\ WUXFNV�

• VLPSOHU VHPL�ILQLVKHG SURGXFWV� SURGXFHG E\ FDVW�

LQJ RU H[WUXVLRQ� PD\ EH MRLQHG WR FUHDWH KROORZ
EODQNV�

• ZHOGPHQWV ZLWK EXWW DQG RYHUODS ZHOGV PD\ EH

SURGXFHG IURP EODQNV� PDGH E\ YDULRXV WHFKQRORJLHV

�FDVWLQJ� H[WUXVLRQ� HWF���
• EXWW DVVHPEO\ GRHV QRW UHTXLUH D YHU\ DFFXUDWH

ILW�XS RI WKH HGJHV� DV IRU VKHHWV RI ��� PP WKLFNQHVV� 1�*� 75(7<$.� ����

)LJXUH �� 6FKHPDWLF RI )6:
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WKH JDS PD\ XS WR ��� PP DQG IRU SODWHV ���� PP
WKLFN XS WR ���� PP�

7KH IROORZLQJ PD\ EH UHJDUGHG DV WKH GLVDGYDQ�
WDJHV RI )6: WHFKQLTXH >�@�

• QHHG IRU VWURQJ VXEVWUDWHV� WR ZKLFK WKH EODQNV
WR EH ZHOGHG VKRXOG EH UHOLDEO\ IDVWHQHG�

• IRUPDWLRQ DW WKH HQG RI WKH ZHOG RI D KROH� HTXDO
WR WKH SLQ VL]H� ZKLFK LV WR EH ILOOHG XVLQJ RWKHU PHWK�
RGV� VXFK DV ZHOGLQJ�LQ RI VSHFLDO SOXJV E\ WKH IULFWLRQ
SURFHVV�

• DSSOLFDWLRQ RI UXQ�RQ DQG UXQ�RII WDEV WR SURGXFH
H[WHQGHG ZHOGV IRU WKH HQWLUH OHQJWK RI WKH EODQNV�

• OLPLWDWLRQV IRU DSSOLFDWLRQ RI WKH ZHOGLQJ SURFHVV
LQ WKH SRUWDEOH YDULDQW� EHFDXVH RI WKH QHHG WR IDVWHQ
WKH EODQNV WR WKH VXEVWUDWH�

• ORZHU OHYHO RI ZHOGLQJ VSHHG� FRPSDUHG WRPHFKD�
QL]HG DUF ZHOGLQJ IRU VRPH DOOR\ JUDGHV�

0DLQ SDUDPHWHUV RI )6: WHFKQLTXH DUH >��@ ZHOG�
LQJ VSHHG �WRRO GLVSODFHPHQW VSHHG�� WRRO URWDWLRQ
IUHTXHQF\� FODPSLQJ IRUFH DQG WRRO GLVSODFHPHQW
IRUFH� DQJOH RI WRRO LQFOLQDWLRQ DQG LWV GLPHQVLRQV� ,Q
DGGLWLRQ� IULFWLRQ FRQGLWLRQV DUH WDNHQ LQWR DFFRXQW�
GHSHQGLQJ RQ WKH DSSOLHG WRRO PDWHULDO DQG PDWHULDO
EHLQJ ZHOGHG� DV ZHOO DV \LHOG VWUHVV RI WKH EODQN
PDWHULDO DW GHIRUPDWLRQ WHPSHUDWXUH�

6LQFH PDMRU )6: UHVHDUFK LV RI D FRPPHUFLDO QD�
WXUH DQG LV IXQGHG WKURXJK WKH VR�FDOOHG *URXS 6SRQ�
VRUHG 3URMHFWV� WHFKQRORJLFDO LQIRUPDWLRQ LQ SXEOLFD�
WLRQV LV OLPLWHG DQG FKLHIO\ UHODWHV WR VSHHGV RI ZHOGLQJ
DQG WRRO URWDWLRQ >��� ��@� :RUNV >��� ��@ JLYH WKH
YDOXHV RI ZHOGLQJ VSHHG DQG IUHTXHQF\ RI WKH ZRUNLQJ
WRRO URWDWLRQ �)LJXUH ��� ZKLFK DOORZ SURGXFLQJ VRXQG
MRLQWV IRU DOOR\V RI VHULHV ���� DQG ����� $V LV VHHQ
IURP )LJXUH �� DOOR\V RI ���� VHULHV PD\ EH ZHOGHG
LQ D EURDGHU UDQJH RI ZHOGLQJ PRGHV� WKDQ DOOR\V RI
���� VHULHV�

7\SHV RI MRLQWV� SURGXFHG E\ )6:� DUH FKDUDF�
WHUL]HG E\ D JUHDW GLYHUVLW\� QDPHO\ WKHVH DUH WKH EXWW�
ILOOHW WHH DQG RYHUODS MRLQWV� WUDGLWLRQDO IRU DUF ZHOG�
LQJ �)LJXUH ��� DV ZHOO DV DOO NLQGV RI ORFN DQG VORW
�)LJXUH �� ZHOGV >��� ��@�

6SHFLDO DWWHQWLRQ LQ )6: GHYHORSPHQW ZDV JLYHQ
WR GHVLJQ RI WKH URWDWLQJ WRRO� UHVSRQVLEOH IRU MRLQW
IRUPDWLRQ� ZKLFK LV FRQILUPHG E\ D JUHDW QXPEHU RI
SDWHQWV DQG SXEOLFDWLRQV� ,Q >��@ D WRRO ZDV SURSRVHG�
LQ ZKLFK VHYHUDO SODQHV ZHUH PDGH DORQJ WKH SLQ
OHQJWK VR� WKDW LW PD\ KDYH D FURVV�VHFWLRQ LQ WKH IRUP
RI D SRO\JRQ DQG WKH SODQH PD\ EH FRLOHG LQWR D VSLUDO
VWULS RQ WKH SLQ VXUIDFH� 2WKHU YDULDQWV HQYLVDJH PDN�
LQJ RQ WKH SLQ UDGLDO SURWUXVLRQV RI DQ DHURG\QDPLF
VKDSH� WUDQVYHUVH DQG ORQJLWXGLQDO QRWFKHV� SURWUX�
VLRQV RI YDULRXV OHQJWK DQG VKDSH RQ WKH SLQ HQG IDFH�

HWF� 6RPH RI WKHVH WRRO YDULDQWV DUH JLYHQ LQ )LJXUH ��
$XWKRUV RI >��@ GHYHORSHG D FRPSRVLWH WRRO� LQ ZKLFK
WKH SLQ LV LQVHUWHG LQWR WKH VKRXOGHU ERG\ DQG PD\ EH
HDVLO\ UHSODFHG E\ DQRWKHU �)LJXUH ��� 7R LQWHQVLI\
WKH IORZ RI SODVWLFLVHG PHWDO WKH VKRXOGHU LV PDGH LQ
WKH IRUP RI D FRQFDYH VXUIDFH� DQG WKH SLQ KDV D
WKUHDGHG VXUIDFH RU� ZKLFK LV SUHIHUDEOH� WZR RU VHYHUDO
SURWUXGLQJ ULEV� 7KH WRRO� ZKLFK VLPXOWDQHRXVO\ DFWV
DOVR DV WKH VXEVWUDWH IRU WKH EODQNV EHLQJ MRLQHG >���
��@� LV FDOOHG EREELQ WRRO �)LJXUH ���

$ GHVLJQ ZLWK SLQ OHQJWK DQG VKRXOGHU GLDPHWHU�

FRQWUROODEOH GXULQJ ZHOGLQJ� H[SDQGV WKH WHFKQRORJL�

FDO FDSDELOLWLHV RI WKH ZRUNLQJ WRRO �)LJXUH �� >��@�

7KLV DOORZV ZHOGLQJ EODQNV RI D YDULDEOH FURVV�VHFWLRQ

DW WKH ZHOG HQG DQG DYRLG IRUPDWLRQ RI D KROH DW WKH

ZHOG HQG� ZKHQ FLUFXPIHUHQWLDO ZHOGV DUH PDGH� 7KLV

ZDV WKH EDVLV WR LPSOHPHQW D SURJUDPPDEOH ZHOGLQJ

F\FOH� ZKHQ D VPRRWK WUDQVLWLRQ WR DFKLHYHPHQW RI

IXOO SHQHWUDWLRQ DQG FRPSOHWLQJ WKH SURFHVV ZLWKRXW

IRUPDWLRQ RI D KROH DUH SURYLGHG E\ FKDQJLQJ WKH SLQ

OHQJWK IURP ]HUR XS WR D YDOXH� HTXDO WR WKH WKLFNQHVV

RI WKH EODQNV EHLQJ ZHOGHG�
)RU D UHOLDEOH SUHVVLQJ RI WKH VKRXOGHU WR WKH VXU�

IDFH RI WKH EODQNV EHLQJ ZHOGHG DQG� WKHUHE\ SURYLG�
LQJ D FRQVWDQW WKHUPDO PRGH LQ WKH ZHOGLQJ ]RQH� D
ZRUNLQJ WRRO GHVLJQ �)LJXUH �� ZLWK D PRELOH VKRXO�
GHU� ZKLFK FRQWLQXRXVO\ LV LQ D VSULQJ�ORDGHG VWDWH
ZLWK D VSHFLILHG IRUFH >��@� ZDV GHYHORSHG�

$ GHVLJQ RI WKH WRRO ZLWK FRROLQJ RI LWV H[WHUQDO
VLGH >��@ E\ FLUFXODWLQJ D FRRODQW �ZDWHU� RU EORZLQJ
LW ZLWK DLU ZDV SURSRVHG WR UHGXFH PHWDO VWLFNLQJ WR
WKH SLQ DQG UHPRYH H[FHVV KHDW LQ ZHOGLQJ VRPH KLJK�

)LJXUH �� 5DWLR RI ZHOGLQJ VSHHG DQG WRRO URWDWLRQ IUHTXHQF\�
SURGXFLQJ VRXQG MRLQWV LQ � PP DOXPLQLXP DOOR\V RI ���� DQG ����
VHULHV

)LJXUH �� 7\SHV RI WKH MRLQWV� PDGH E\ )6:� D x EXWW� E x EXWW�RYHUODS� F x RYHUODS� G x PXOWLOD\HU RYHUODS� H x WZR�SDVV WHH�
I x WHH VORW� J� K x ILOOHW
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VWUHQJWK DOXPLQLXP DOOR\V �)LJXUH ��� D�� 7KHUH DOVR
H[LVW GHVLJQ YDULDQWV� ZKHQ WKH FRRODQW LV IHG DORQJ
FKDQQHOV� ORFDWHG LQVLGH WKH WRRO �)LJXUH ��� E��

)6: RI EODQNV RI DOOR\ �����7� XS WR �� PP WKLFN
LQ RQH SDVV DQG XS WR �� PP WKLFN IURP ERWK VLGHV
EHFDPH SRVVLEOH GXH WR GHYHORSPHQW RI WRROV RI
:KRUO70 DQG 0; 7ULIOXWH70 IDPLO\ >��� ��@�

3URILOH RI WKH GHYHORSHG :KRUO70 ZRUNLQJ WRRO
�)LJXUH ��� LV VLPLODU WR D ORQJ FRQLFDO VHD VKHOO LQ
LWV RXWOLQH� 'HVSLWH VRPH GLIIHUHQFHV� WKH PDLQ GHVLJQ
LV GHYHORSHG VR� WKDW WKH SLWFK DQG DQJOH RI LQFOLQDWLRQ
RI WKH SURILOH DUH FKDQJHG VLPXOWDQHRXVO\� DQG WKXV
WKH SURFHVV RI )6: RI GLIIHUHQW DOXPLQLXP DOOR\V DQG
WKLFNQHVVHV LV RSWLPL]HG �)LJXUH ���� 7KH WRRO ZLWK
0; 7ULIOXWH WUDGH PDUN �)LJXUH ��� DOORZV ZHOGLQJ
EODQNV RI � WR �� PP WKLFNQHVV LQ RQH SDVV >��@� ,W
KDV D SLQ LQ WKH IRUP RI D ILJXUH� OLPLWHG E\ WZR
SDUDOOHO SODQHV ZLWK WKUHH JURRYHV DQG D VSHFLDO WKUHDG
EHWZHHQ WKHP� 6XFK D VKDSH RI WKH SLQ KDV D JUHDWHU
VXUIDFH� FRPSDUHG WR WKH F\OLQGULFDO SLQ� DQG SURYLGHV
ZHOGLQJ DW D VPDOOHU �E\ DERXW �� �� DPRXQW RI WKH
GLVSODFHG PHWDO� 6HYHUDO FRQFHQWULF JURRYHV DUH PDGH
LQ WKH VKRXOGHU WR LPSURYH PHWDO WUDQVIHU�

7:, KDV UHFHQWO\ GHYHORSHG D YDULDQW RI )6: SURF�
HVV� WKH VR�FDOOHG 6NHZ�6WLU WHFKQLTXH >��@� ZKLFK XVHV
D VSHFLDO $�6NHZ70 WRRO ZLWK D SLQ �)LJXUH ���� ZKLFK
LV IDVWHQHG LQ D GULYHQ D[OH DW D VPDOO DQJOH VR� WKDW WKH
LQWHUVHFWLRQ RI WKH D[HV RI WKH D[OH DQG WKH WRRO� ZKLFK
ZDV FDOOHG WKH IRFDO SRLQW� PD\ EH ORFDWHG DERYH� XQGHU
RU GLUHFWO\ LQ WKH EODQN EHLQJ ZHOGHG� GHSHQGLQJ RQ
PDWHULDO SURSHUWLHV DQG PRGH SDUDPHWHUV� $�6NHZ70

SLQ DOORZV LQFUHDVLQJ WKH UDWLR RI WKH G\QDPLF WR VWDWLF
YROXPH� L�H� LQFUHDVHV WKH YROXPH RI WKHPHWDO SODVWLFLVHG
GXULQJ WKLV WLPH DURXQG WKH WRRO�

7KHUH LV QR GRXEW WKDW LQIRUPDWLRQ RQ QHZ PRGL�
ILFDWLRQV RI WKH WRRO PD\ DSSHDU LQ WKH QHDU IXWXUH�

3URSHUWLHV RI DOXPLQLXP DOOR\ MRLQWV� SURGXFHG
ZLWK )6:� DUH DW D VXIILFLHQWO\ KLJK OHYHO� 6WXGLHV
>��� ��� ��� ��@ JLYH WKH UHVXOWV RI PHFKDQLFDO WHVWLQJ
RI ZHOGHG MRLQWV LQ H[WUXGHG EODQNV RI DOOR\V RI �����
���� DQG ���� VHULHV� )RU GLIIHUHQW WKLFNQHVV DQG
ZHOGLQJ FRQGLWLRQV WKH VWUHQJWK RI DV�ZHOGHG DOOR\
$$�����7� LV HTXDO WR �� � RI EDVH PHWDO VWUHQJWK�
$UWLILFLDO DJHLQJ DIWHU ZHOGLQJ UHVWRUHV WKH VWUHQJWK
XS WR �� � RI WKH LQLWLDO YDOXH� ,Q WKLV FDVH GXFWLOLW\
LQGLFHV DUH RQ WKH OHYHO RI WKRVH RI WKH EDVH PHWDO�
$XWKRUV RI >��@ QRWH WKDW IRU DOOR\ $$���� LQ 7�
FRQGLWLRQ EHIRUH ZHOGLQJ� UHODWLYH HORQJDWLRQ RI WKH
MRLQWV DIWHU ZHOGLQJ DQG DIWHU DUWLILFLDO DJHLQJ LV DO�
PRVW � WLPHV ORZHU WKDQ WKDW RI WKH EDVH PHWDO� 3UR�
FHHGLQJ IURP WKHVH FRQVLGHUDWLRQV� LW LV UHFRPPHQGHG
WR XVH 7� PRGH RI EDVH PHWDO KHDW WUHDWPHQW�

)RU DOOR\ $$���� WKH VWUHQJWK SURSHUWLHV RI WKH
MRLQWV RI PHWDO �w� PP WKLFN DIWHU ZHOGLQJ DQG DIWHU
DUWLILFLDO DJHLQJ DUH ≈ �� DQG �� � RI EDVH PHWDO
VWUHQJWK� UHVSHFWLYHO\� $FFRUGLQJ WR >��@� WKH FRHIIL�
FLHQW RI VWUHQJWK RI ZHOGHG MRLQWV IRU DOOR\ ����$�7�
LV ��� WKDW IRU DOOR\ �����7���� LV �� ��

6WUHQJWK SURSHUWLHV RI WKH MRLQWV RI DOOR\V RI ����
VHULHV >��@ LQ WKH UDQJH RI WKLFNQHVVHV RI �w�� PP
DQG ZHOGLQJ VSHHGV RI ����w���� PP�V DUH EHWZHHQ
��� DQG ��� 03D� ZKLFK LV PXFK KLJKHU WKDQ IRU ����
DOOR\V�

$XWKRUV RI >��@ VWXGLHG WKH PHFKDQLFDO SURSHUWLHV
RI WKH MRLQWV RI DOOR\ �����7���� SURGXFHG E\ )6:�
,W LV IRXQG WKDW WKH VWUHQJWK SURSHUWLHV RI WKH MRLQWV
DUH LQIHULRU WR WKRVH RI WKH EDVH PHWDO� EXW DUH KLJKHU
WKDQ VLPLODU SURSHUWLHV� SURGXFHG ZLWK RWKHU SURF�
HVVHV� 6XEVHTXHQW DUWLILFLDO DJHLQJ GRHV QRW SHUPLW
UHFRYHULQJ WKH VWUHQJWK� DQG GXFWLOLW\ SURSHUWLHV GH�
FUHDVH LQ WKLV FDVH� -RLQWV IDLO LQ WKH +$= LQ WKH DUHD
RI D SURQRXQFHG FRDUVHQLQJ RI WKH VWUXFWXUH� :RUN
>��@ DOVR JLYHV WKH SURSHUWLHV RI D MRLQW LQ WKH ]RQH
RI WKH QXJJHW� 6SHFLPHQV ZHUH FXW RXW LQ WKH GLUHFWLRQ

)LJXUH ��9DULDQWV RI )6: MRLQWV RI YDULRXV VHPL�ILQLVKHG SURGXFWV�
D x WZR�VLGHG EXWW ORFN� E x ILOOHW ORFN� F x VORW MRLQW

)LJXUH �� 9DULDQWV RI WRRO GHVLJQ IRU )6:
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DORQJ WKH ZHOG� ,W LV IRXQG WKDW WKH GXFWLOH SURSHUWLHV
DIWHU ZHOGLQJ DUH RQ WKH OHYHO RI WKRVH RI WKH EDVH
PHWDO� DQG VWUHQJWK LQGLFHV DUH ORZHU WKDQ WKRVH RI
WKH EDVH PHWDO� EXW KLJKHU WKDQ IRU WKH MRLQWV� 6WUHQJWK
GHFUHDVH LQ WKH QXJJHW ]RQH >��@ LV DVVRFLDWHG ZLWK
UHILQHPHQW RI WKLQ VWUHQJWKHQLQJ SDUWLFOHV DQG UHGXF�
WLRQ RI WKH QXPEHU RI GLVORFDWLRQV�

$QDO\VLV RI WKH GDWD RI IDWLJXH WHVWLQJ RI DOXPLQLXP
DOOR\ MRLQWV� SURGXFHG E\ )6:� GHPRQVWUDWHG WKDW
WKHLU SHUIRUPDQFH LQ PDQ\ FDVHV LV KLJKHU WKDQ WKDW
RI WKH MRLQWV� SURGXFHG E\ IXVLRQ ZHOGLQJ� DQG WKH
VFDWWHU RI YDOXHV LV VPDOOHU >�� ��� ��� ��@� 5HVXOWV RI
WHVWLQJ VLQJOH�SDVV ZHOGHG MRLQWV RI � PP VKHHWV RI
DOOR\V ������ DQG �����7� �)LJXUH ��� ZHUH KLJKHU
DQG KDG VPDOOHU VFDWWHU RI YDOXHV WKDQ IRU WZR�SDVV
MRLQWV� SURGXFHG E\ 7,* RU 0,* ZHOGLQJ SURFHVVHV�
ZKLFK DUH VSHFLILHG E\ %6 ���� QRUPV� FODVV �� DQG
(XURSHDQ UHFRPPHQGDWLRQV %� IRU MRLQWV� SURGXFHG
E\ IXVLRQ ZHOGLQJ >��@� )DWLJXH SURSHUWLHV RI )6:
MRLQWV LQ DOOR\V �����7� DQG �����7� DW F\FOH DV\P�
PHWU\ IDFWRU 5� HTXDO WR w� >��@� DUH FORVH WR WKRVH
RI WKH EDVH PHWDO� DQG DUH PXFK KLJKHU WKDQ IRU RWKHU
ZHOGLQJ SURFHVVHV� LQ SDUWLFXODU� 0,* DQG SODVPD
ZHOGLQJ ZLWK WKURXJK�WKLFNQHVV SHQHWUDWLRQ�

,W LV NQRZQ WKDW PLFURVWUXFWXUDO IHDWXUHV RI WKH
MRLQWV DUH GHSHQGHQW RQ WKH WKHUPDO F\FOH RI ZHOGLQJ�
)RU WKLV SXUSRVH� WHPSHUDWXUH ILHOGV DW )6: ZHUH
PHDVXUHG� XVLQJ WKHUPRFRXSOHV >��@� $V LV VHHQ IURP
)LJXUH ��� )6: LV FKDUDFWHUL]HG E\ TXLWH KLJK WHP�
SHUDWXUH JUDGLHQWV� DQG KHDWLQJ WHPSHUDWXUH PD[L�
PXP RI DERXW ��� �& H[LVWV IRU D YHU\ VKRUW WLPH�
7HPSHUDWXUH LQWHUYDO RI ���w��� �&� ZKLFK GHWHU�
PLQHV WKH +$= GLPHQVLRQV� LV QRW PRUH WKDQ VHYHUDO
VHFRQGV HLWKHU� 7KLV FRQILUPV WKH IDFW WKDW WKH OHYHO
RI MRLQW SURSHUWLHV LV KLJKHU DW )6: GXH WR D VPDOOHU
GHJUHH RI VRIWHQLQJ�

&ORVH YDOXHV RI PD[LPDO WHPSHUDWXUHV RQ WKH OHYHO
RI ��� �& DUH DOVR UHFRUGHG E\ RWKHU UHVHDUFKHUV >���
��@ LQ ZHOGLQJ RI DOOR\ �����7��� DQG DOOR\ �1�� RI
$Ow6Lw0J V\VWHP�

6WXGLHV >��� ��@ JLYH WKH UHVXOWV RI PDWKHPDWLFDO
PRGHOOLQJ RI WKHUPDO SURFHVVHV LQ )6:� XVLQJ WUDGL�
WLRQDO DSSURDFKHV WR GHVFULEH WKH WHPSHUDWXUH ILHOGV
RI PRYLQJ KHDW VRXUFHV� DV ZHOO DV WKH ILQLWH GLIIHUHQFHV
PHWKRG� 'HULYHG HTXDWLRQV DOORZHG FDOFXODWLQJ ZLWK
D FHUWDLQ DFFXUDF\ WKH PD[LPDO WHPSHUDWXUH XQGHU WKH
WRRO DQG WKHUPDO F\FOHV LQ WKH +$= PHWDO� ZKLFK
FRUUHODWH ZHOO ZLWK WKH H[SHULPHQW�

&RPSDULVRQ RI KDUGQHVV GLVWULEXWLRQ LQ WKH MRLQWV
RI DOOR\ �1��� SURGXFHG E\ 0,* DQG )6: SURFHVVHV�
GHPRQVWUDWHG� WKDW WKH GHJUHH RI VRIWHQLQJ LQ WKH +$=
PHWDO GHFUHDVHV PDUNHGO\ LQ )6: MRLQWV >��@�

+DUGQHVV YDULDWLRQ LQ EXWW MRLQWV RI DOOR\V �������
����$�7�� �����7���� �)LJXUH ��� LV FKDUDFWHUL]HG
E\ DQ LQFUHDVH RI WKH LQGH[ LQ WKH QXJJHW ]RQH DQG
SUHVHQFH RI DQQHDOHG VHFWLRQV LQ WKH +$= PHWDO IRU
KHDW�KDUGHQDEOH DOOR\V� 6RIWHQLQJ ]RQH LV HTXDO WR
≈ �� PP WR WKH VLGH IURP WKH ZHOG FHQWHU�

0DFURVWUXFWXUH RI )6:ZHOGV KDV FHUWDLQ IHDWXUHV�
ZKLFK DUH QRW W\SLFDO IRU ZHOGV� SURGXFHG E\ IXVLRQ
ZHOGLQJ SURFHVVHV� LQ SDUWLFXODU 7,* RU 0,*� 7KH
PDLQ GLIIHUHQFH LV IRUPDWLRQ RI D QXJJHW LQ WKH MRLQW
FHQWHU >��@� ZKLFK� LUUHVSHFWLYH RI WKH DOOR\� FRQWDLQV
WKH VR�FDOOHG DQQXDO ULQJV �)LJXUH ���� L�H� FRQFHQWULF
RYDO ULQJV� GLIIHULQJ LQ WKHLU PDFURVWUXFWXUH�

$V LV VHHQ IURP )LJXUH ��� WKH VKDSH RI ZHOG QXJJHW
LV VRPHZKDW GLIIHUHQW� GHSHQGLQJ RQ WKH DOOR\� $GMD�
FHQW WR WKH QXJJHW LV D FRPSOH[ SURILOH� ZKLFK IRUPV
WKH ZHOG XSSHU SDUW� DQG ZKLFK LV VRPHZKDW ZLGHU
WKDQ WKH WRRO VKRXOGHU GLDPHWHU� 1XJJHW GLDPHWHU LV
VOLJKWO\ JUHDWHU WKDQ WKDW RI WKH WRRO SLQ� DQG LW LV�
DV D UXOH� ORFDWHG LQ WKH MRLQW ORZHU SDUW� 6LJQLILFDQW

)LJXUH �� 'HVLJQ RI D FRPSRVLWH ZRUNLQJ WRRO

)LJXUH �� 6FKHPDWLF RI WKH WRRO LQ WKH IRUP RI D EREELQ �EREELQ
WRRO�

)LJXUH �� 6FKHPDWLFV RI WKH GHVLJQ RI WKH ZRUNLQJ WRRO ZLWK D
FRQWUROODEOH OHQJWK RI WKH SLQ� PLQLPDO �D� DQG PD[LPDO �E� GL�
DPHWHU RI WKH VKRXOGHU

)LJXUH �� :RUNLQJ WRRO ZLWK VSULQJ�ORDGHG VKRXOGHU
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FKDQJHV RI WKH PDFURVWUXFWXUH DUH REVHUYHG GLUHFWO\
DW WKH QXJJHW� ZKLFK DUH GXH WR D FRQVLGHUDEOH SODVWLF
GHIRUPDWLRQ RI WKH PHWDO DQG JUDLQ URWDWLRQ WKURXJK
XS WR ���� WKLV HYHQWXDOO\ EHLQJPDQLIHVWHG LQ ORZHULQJ
RI KDUGQHVV DQG PHFKDQLFDO SURSHUWLHV >��@�

3URFHHGLQJ IURP PLFURVWUXFWXUDO VWXGLHV RI D ODUJH
QXPEHU RI MRLQWV LQ YDULRXV DOXPLQLXP DOOR\V� WKH
DXWKRU RI >��@ VLQJOHV RXW IRXU ]RQHV LQ WKH MRLQW�
ZKLFK DUH VFKHPDWLFDOO\ UHSUHVHQWHG LQ )LJXUH ��� 'L�
UHFWO\ DGMDFHQW WR ]RQH $ �EDVH PHWDO� LV ]RQH %�
ZKHUH WKH PHWDO RI WKH EODQNV UHPDLQV XQGHIRUPHG�
DQG FKDQJHV LWV VWUXFWXUH RQO\ XQGHU WKH LPSDFW RI
KHDWLQJ� %\ DQDORJ\ WR RWKHU DUF SURFHVVHV WKLV ]RQH
ZDV FDOOHG WKH KHDW�DIIHFWHG ]RQH� =RQH &� ZKHUH WKH
PHWDO LV H[SRVHG WR FRQVLGHUDEOH SODVWLF GHIRUPDWLRQV
DQG KHDWLQJ� ZDV FDOOHG WKH ]RQH RI WKHUPRPHFKDQLFDO
LPSDFW� $QG� ILQDOO\� ]RQH' LV WKH MRLQW QXJJHW� ZKHUH
G\QDPLF UHFU\VWDOOLVDWLRQ RFFXUV�

,QYHVWLJDWLRQV� SHUIRUPHG LQ >��� ��@ RQ DOOR\V RI
VHULHV ����� ����� ����� GHPRQVWUDWHG WKDW WKH +$=
PHWDO GLIIHUV IURP WKH EDVH PHWDO E\ D KLJKHU HWFKD�
ELOLW\� KDUGQHVV GURS GXH WR RYHU�DJHLQJ� RU UHGXFHG
GHQVLW\ RI GLVORFDWLRQV� RU GXH WR ERWK WKHVH PHFKD�
QLVPV� %HQGLQJ RI HORQJDWHG EDVH PHWDO JUDLQV DQG
WKHLU SDUWLDO UHFU\VWDOOLVDWLRQ WDNH SODFH LQ WKH ]RQH
RI WKHUPRPHFKDQLFDO LPSDFW� $JHLQJ DQG DQQHDOLQJ
SURFHVVHV SURFHHG LQ WKLV ]RQH XQGHU WKH LPSDFW RI WKH
WKHUPDO F\FOH� ZKLFK UHVXOWV LQ D PLQLPDO KDUGQHVV
OHYHO� ,W VKRXOG EH QRWHG� WKDW VRPH DUHDV RI ]RQH &
PD\ EH KHDWHG XS WR FRPSDUDWLYHO\ KLJK WHPSHUDWXUHV�
DW ZKLFK WKH VWUHQJWKHQLQJ SKDVHV PD\ EH GLVVROYHG�

1XJJHW PLFURVWUXFWXUH FRQVLVWV RI HTXLD[HG JUDLQV�
WKH GLPHQVLRQ RI ZKLFK GHSHQGV RQ WKH WHFKQRORJ\
DQG DOOR\ JUDGH� XVXDOO\ EHLQJ QRW JUHDWHU WKDQ �� µP�
+DUGQHVV RI WKLV ]RQH LV QRWLFHDEO\ ORZHU WKDQ WKDW
RI WKH EDVH PHWDO LQ WKH KHDW�KDUGHQHG RU ZRUN�KDUG�
HQHG FRQGLWLRQ� DOWKRXJK IRU DOOR\ ���� LQ WKH DQ�
QHDOHG FRQGLWLRQ� QXJJHW KDUGQHVV LV VRPHZKDW KLJKHU
WKDQ WKDW RI WKH EDVH PHWDO >��� ��@�

$XWKRUV RI >��@ VWXGLHG WKH PLFURVWUXFWXUH DQG
PLFURKDUGQHVV RI WKH QXJJHW LQ WKH SODFHV RI WKH SUHV�
HQFH RI WKH VR�FDOOHG DQQXDO ULQJV DQG WKH DGMDFHQW
UHJLRQV IRU DOOR\V $$���� DQG $$����� ZLWKRXW� KRZ�
HYHU� EHLQJ DEOH WR ILQG DQ\ GLIIHUHQFHV�

6WXGLHV >��� ��� ��@ JLYH WKH UHVXOWV RI HOHFWURQ

PLFURVFRS\ LQYHVWLJDWLRQV LQ DOOR\V �����7� DQG �����

7�� FKDUDFWHUL]LQJ WKH PHFKDQLVPV RI SKDVH SUHFLSL�

WDWLRQV DQG WKHLU GLPHQVLRQV� JUDLQ FU\VWDOORJUDSK\

DQG GLVORFDWLRQ VWUXFWXUH RI WKH QXJJHW� $XWKRUV QRWH

WKH QHHG IRU IXUWKHU LQYHVWLJDWLRQV WR DFFRXQW IRU WKH

SKHQRPHQRQ RI WKH QXJJHW VWUXFWXUH IRUPDWLRQ LQ WKH

ZHOGHG MRLQW FHQWHU�
)6: HTXLSPHQW FRQVLVWV RI WKH GULYHV IRU WRRO

URWDWLRQ DQG LWV YHUWLFDO GLVSODFHPHQW� GULYH RI GLV�
SODFHPHQW LQ WKH GLUHFWLRQ RI ZHOGLQJ� DV ZHOO DV D
GHYLFH IRU IDVWHQLQJ WKH DVVHPEOHG SDUWV WR EH ZHOGHG�
)6: PDFKLQHV� DV D UXOH� DUH RI D VSHFLDOL]HG QDWXUH
DQG DUH GHYHORSHG WR VXLW FHUWDLQ GLPHQVLRQV DQG VKDSH
RI WKH VWUXFWXUH� 7KH 7DEOH JLYHV WKH SDUDPHWHUV RI
)6: PDFKLQHV >��@� GHYHORSHG DW 7:,�

$ SRUWDEOH XQLW IRU )6: RI EODQNV RI VHD YHVVHO
FRPSRQHQWV RI DOOR\ $$���� XS WR � PP WKLFN ZDV
GHYHORSHG ZLWK 7:, SDUWLFLSDWLRQ DQG LV EHLQJ VXF�
FHVVIXOO\ XVHG DW WKH 'HSDUWPHQW RI (QJLQHHULQJ 0H�
FKDQLFV RI WKH 8QLYHUVLW\ LQ $GHODLGD� $XVWUDOLD >��@�
7KH PDFKLQH PD\ EH WUDQVSRUWHG DQG PRXQWHG E\ WZR
RSHUDWRUV� ZLWKRXW XVLQJ D FUDQH� DQG DOORZV ZHOGLQJ
EXWWZHOGVZLWK D FXUYDWXUH RI WKH EODQNV EHLQJ MRLQHG�
7KH KLJK TXDOLW\ RI ZHOGHG MRLQWV DQG DEVHQFH RI ZHOG
UHLQIRUFHPHQW DOORZHG XVLQJ WKH WHFKQRORJ\ RI H[SOR�

)LJXUH ��� 6FKHPDWLFV RI ZRUNLQJ WRRO FRROLQJ ZLWK DQ H[WHUQDO �D� DQG LQWHUQDO �E� IHHG RI WKH FRRODQW

)LJXUH ��� 9DULDQWV RI WKH GHVLJQ RI WKH ZRUNLQJ WRRO ZLWK :KRUO
WUDGH PDUN

)LJXUH ��� 0DFURVWUXFWXUH RI D WZR�VLGHG MRLQW RI SODWHV RI DOOR\
�����7� �� PP WKLFN
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VLYH IRUPLQJ WR SURGXFH ILQLVKHG VHFWLRQV RI WKH ERWWRP
RI KLJK�VSHHG YHVVHOV�

(6$% &RPSDQ\� 6ZHGHQ� LV WKH PDLQ GHYHORSHU
DQG PDQXIDFWXUHU RI LQGXVWULDO PDFKLQHV� KDYLQJ 6X�
SHU 6WLU WUDGH PDUN� 7KH ILUVW PDFKLQH ZDV VXSSOLHG
WR 0DULQH $OXPLQLXP &RPSDQ\� 1RUZD\ >��� ��@ IRU
HQODUJHPHQW RI H[WUXGHG SDQHOV RI VKLSV DQG UDLOZD\
FDUULDJHV �)LJXUH ���� ,W DOORZV ZHOGLQJ EODQNV IURP
��� WR ���� PP WKLFN DW WKHLU PD[LPDO GLPHQVLRQV RI
��×� P� ([SHULHQFH RI VXFK D PDFKLQH RSHUDWLRQ GHP�
RQVWUDWHG WKDW ZRUNLQJ WRRO OLIH LV RQ DYHUDJH HTXDO
WR �w� NP DQG E\ $SULO� ���� DERXW ��� NP RI ZHOGV
ZLWKRXW GHIHFWV KDG EHHQ PDGH�

:RUN >��@ UHSRUWV D VDOH E\ (6$% RI WZRPDFKLQHV
WR D 6ZHGLVK GLYLVLRQ RI 6$3$ &RPSDQ\� ZKLFK LV D
PDMRU (XURSHDQ PDQXIDFWXUHU RI DOXPLQLXP VKDSHG
VHFWLRQV� 7KH ILUVW PDFKLQH KDV WZR ZHOGLQJ KHDGV
DQG LV XVHG IRU PDQXIDFWXUH RI SDUWV RI WKH UROOLQJ
VWRFN RI UDLOZD\ DQG DXWRPRWLYH WUDQVSRUW� 7KH VHFRQG
PDFKLQH LV GHVLJQHG IRU IDEULFDWLRQ RI VHFWLRQV RI D
ODUJH FURVV�VHFWLRQ XS WR ���� P ORQJ DQG LQFRUSRUDWHV
WKUHH ZHOGLQJ KHDGV� ZKLFK DOORZ VLPXOWDQHRXV ZHOG�
LQJ RI WZR VLGHV RI WKH VHFWLRQ RU FRQGXFWLQJ ZHOGLQJ
RI D EXWW IURP WZR VLGHV�

(6$% LV DOVR VXFFHVVIXOO\ IXOILOOLQJ D SURJUDP RQ
GHYHORSPHQW DQG GHOLYHU\ RI PDFKLQHV WR %RHLQJ &RP�
SDQ\� +XQWLQJWRQ %HDFK� 86$ >��@� ,Q WKH ILUVW VWDJH
PDFKLQHV IRU ZHOGLQJ ORQJLWXGLQDO EXWWV RI IXHO WDQNV
RI �'HOWD� ,, DQG ,,, PLVVLOHV ZHUH VXSSOLHG� ZKLFK
DOORZ PDNLQJ ZHOGV XS WR ���� P ORQJ ZLWK IXHO WDQN
GLDPHWHU IURP � WR � P �)LJXUH ��� D�� 7ZR PRUH
VLPLODU PDFKLQHV ZHUH SXUFKDVHG E\ %RHLQJ IRU WKH
IDFWRU\ LQ WKH FLW\ RI 'HFDWXU� KRZHYHU WKH ZHOGLQJ

SURFHVV ZLOO EH FRQGXFWHG LQ WKH YHUWLFDO SRVLWLRQ WR
VDYH IORRU VSDFH �)LJXUH ��� E� >��@� %RHLQJ VSHQW
��� POQ IRU SXUFKDVH RI WKLV HTXLSPHQW DQG FRQGXFW�
LQJ WKHLU RZQ UHVHDUFK� %RHLQJ DOVR SXUFKDVHG IURP
(6$%PDFKLQHV IRU PDNLQJ FLUFXPIHUHQWLDO ZHOGV DQG
ILWWHG D SURGXFWLRQ OLQH WR PDQXIDFWXUH IXHO WDQNV IRU
�'HOWD� IDPLO\ PLVVLOHV� XVLQJ )6:� $OO WKH WDQNV RI
��� P GLDPHWHU FRQVLVW RI WKUHH SDQHOV RI DOOR\ �����7�
ZLWK D ZDIIOH EDFNJURXQG ����� PP WKLFN DQG DUH
ZHOGHG E\ WKUHH ORQJLWXGLQDO ZHOGV �)LJXUH ����

7KH ILUVW SURWRW\SH RI D KLJK�FDSDFLW\ LQGXVWULDO
PDFKLQH LQ *UHDW %ULWDLQ ZDV GHYHORSHG DQG PDQX�
IDFWXUHG E\ &UDZIRUG 6ZLIW E\ DQ RUGHU IURP %ULWLVK
$HURVSDFH >��@� 7KH PDFKLQH� EHDULQJ 3RZHU 6WLU
WUDGH PDUN �)LJXUH ���� LQ WKH QH[W WZR \HDUV ZLOO
EH XVHG LQ )XOWRQ IDFWRU\ WR IXOILOO D SURJUDP� UHODWHG
WR DSSO\LQJ )6: IRU MRLQLQJ ZLQJ HOHPHQWV IRU D QHZ
JHQHUDWLRQ RI $LUEXV $�;; DLUFUDIW ZLWK SDVVHQJHU
FDSDFLW\ RI XS WR ��� SHUVRQV�

7KH PDLQ DUHDV RI )6: DSSOLFDWLRQ DUH VKLS�EXLOG�
LQJ �GHFN VXSHUVWUXFWXUHV� SDUWLWLRQV� KXOO HOHPHQWV��
DHURVSDFH LQGXVWU\ �HOHPHQWV RI WKH IXVHODJH� ZLQJV�
IXHO DQG FU\RJHQLF OLTXLG WDQNV� PLVVLOH ERGLHV�� UDLO�
ZD\ WUDQVSRUW �FDU ERGLHV DQG EDVH IUDPHV RI PHWUR
FDUV�� DXWRPRWLYH LQGXVWU\ �HQJLQH IDVWHQLQJ FRPSR�
QHQWV� ZKHHO GLVFV� FDU IUDPHV�� HOHFWULFDO HQJLQHHULQJ
�HOHFWULF PRWRU FDVHV� FXUUHQW FRQGXLWV� SDUDEROLF DQ�
WHQQDH� EXVEDUV�� FRQVWUXFWLRQ LQGXVWU\ �DOXPLQLXP
EULGJHV� DOXPLQLXP SLSHOLQHV� KHDW H[FKDQJHUV DQG
FRQGLWLRQHUV�� IRRG LQGXVWU\ �EHHU FDQV� SDFNLQJ�� HWF�

)LJXUH ��� 3URWRW\SH RI D WRRO ZLWK 0; 7ULIOXWH WUDGH PDUN

)LJXUH ��� 3ULQFLSOH RI SHUIRUPDQFH RI D 6NHZ�6WLU YDULDQW RI )6:
SURFHVV �D� E� DQG SLQ RI $�6NHZ

70
WRRO �F�

)LJXUH ��� 7KHUPDO F\FOH LQ )6: RI � PP DOOR\ $$���� DW D VSHHG
RI ��� P�PLQ DW GLIIHUHQW GLVWDQFHV IURP ZHOG FHQWUH

)LJXUH ��� )DWLJXH SURSHUWLHV RI )6: EXWW MRLQWV LQ DOOR\V ������
DQG �����7�
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>��� ��� ��� ��� ��@� 7KLV OLVW PD\ EH FRQWLQXHG LQIL�
QLWHO\� )6: DSSOLFDWLRQ LV SDUWLFXODUO\ HIIHFWLYH LQ
PDQXIDFWXUH RI PDVV�SURGXFHG SDUWV >��@� )LJXUH ���
D VKRZV D FDU GLVF� FRQVLVWLQJ RI D FDVW KXE DQG ULP�
PDGH E\ H[WUXVLRQ RU UROOLQJ� DQG )LJXUH ��� E VKRZV
D FDVH RI DQ HOHFWULF PRWRU� PDGH RI H[WUXGHG EODQNV�

$Q H[DPSOH RI VXFFHVVIXO DSSOLFDWLRQ RI )6: DOVR
ZDV ZHOGLQJ RI UDLOZD\ FDUULDJHV RI H[WUXGHG DOX�
PLQLXP SDQHOV >��@ E\ +LWDFKL &RPSDQ\� ZKLFK KDV
DOUHDG\ PDGH PRUH WKDQ ��� SLHFHV �)LJXUH ����

,Q WKH RSLQLRQ RI PRVW RI WKH UHVHDUFKHUV� WKH PDLQ
VSHFLILF GHIHFW RI WKH MRLQWV� PDGH E\ )6:� LV ODFN�RI�
IXVLRQ LQ WKH ZHOG URRW� ZKLFK LV FDOOHG �NLVVLQJ ERQGV��
7KH PDLQ FDXVHV IRU WKLV GHIHFW GHYHORSPHQW DUH HLWKHU
D ORFDO WKLFNHQLQJ RI WKH PHWDO EHLQJ ZHOGHG� RU GLVWXU�
EDQFH RI PHWDO WUDQVIHU LQWR WKH URRW SDUW RI WKH MRLQW�
7KLV GHIHFW� DV D UXOH� KDV D YHU\ VPDOO VL]H WKURXJK WKH
WKLFNQHVV� VR WKDW LW LV H[WUHPHO\ GLIILFXOW WR GHWHFW LW
XVLQJ ;�UD\ LQVSHFWLRQ� $ OHVV H[SHQVLYH DQG PRUH UHOL�
DEOH PHWKRG LV WKH XOWUDVRQLF PHWKRG >��� ��@� ,Q VRPH
LQGXVWULDO PDFKLQHV RI (6$% WKH 867 HTXLSPHQW LV
PRXQWHG LQWR WKH PDFKLQH� DQG FRQWURO LV FRQGXFWHG
VLPXOWDQHRXVO\ ZLWK WKH ZHOGLQJ SURFHVV >��@�

7KH VLPSOHVW FRQWURO PHWKRG LV YLVXDO LQVSHFWLRQ�
SHUIRUPHG E\ WKH ZHOGLQJ RSHUDWRU >��@� ,I SRVVLEOH�

)LJXUH ��� 6FKHPDWLF RI WKH ]RQHV RI D EXWW MRLQW� PDGH E\ )6:�
$ x EDVH PHWDO� % x +$=� & x ]RQH RI WKHUPRPHFKDQLFDO
LPSDFW� ' x ]RQH RI G\QDPLF UHFU\VWDOOL]DWLRQ

)LJXUH ���+DUGQHVV GLVWULEXWLRQ LQ WKH FURVV�VHFWLRQ RI )6: MRLQWV
LQ DOOR\V ������ ���� ����$�7� ��� DQG �����7���� ��� ��� PP
WKLFN

)LJXUH ��� 0DFURVWUXFWXUH RI )6: MRLQWV RI ��� PP WKLFN VKHHWV�
D x �����7����� E x �����7�� F x �����+��� �×�����

)LJXUH ��� (6$% 6XSHU 6WLU
70

PDFKLQH IRU ZHOGLQJ H[WUXGHG SDQ�
HOV� VXSSOLHG WR 0DULQH $OXPLQLXP� 1RUZD\

)LJXUH ��� (6$%6XSHU 6WLU
70

PDFKLQH LQ %RHLQJ IRU ZHOGLQJ VKHOOV
RI �'HOWD� PLVVLOHV LQ WKH GRZQKDQG �D� DQG YHUWLFDO �E� SRVLWLRQ
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ZLWQHVV VDPSOHV DUH FXW RXW RI WKH LQLWLDO DQG ILQDO
SDUW RI WKH EODQNV EHLQJ ZHOGHG� IRU LQVWDQFH� H[�
WUXGHG SDQHOV� 7KHVH VDPSOHV DUH WKHQ XVHG WR PDNH
WKH VHFWLRQV DQG VWXG\ WKH MRLQW PDFURVWUXFWXUH� ,Q
VRPH FDVHV� WKH VXVSLFLRXV VHFWLRQV RI WKH URRW SDUW RI
WKH MRLQWV DUH FRQWUROOHG� XVLQJ G\H SHQHWUDQW LQVSHF�
WLRQ�

7KH OHYHO RI GHIHFWLYHQHVV RI ZHOGV� SURGXFHG E\
FRQVXPDEOH�HOHFWURGH DUF ZHOGLQJ� LV E\ DOPRVW DQ
RUGHU RI PDJQLWXGH KLJKHU WKDQ IRU )6: >��� ��@�
7KLV DOORZV VDYLQJ VHYHUDO KXQGUHG WKRXVDQG GROODUV
DQQXDOO\ LQ UHSDLU RI GHIHFWLYH DUHDV� 0RUH RYHU� VXFK
D KLJK TXDOLW\ RI )6:ZHOGV DOORZV HOLPLQDWLQJ ��� �
FRQWURO RI ZHOGV� DQG DSSO\LQJ VHOHFWLYH VWDWLVWLFDO
FRQWURO >��@ WR VDYH PRUH PRQH\�

7:, VSHFLDOLVWV SURSRVHG DSSO\LQJ WKH VR�FDOOHG
LGHQWLILFDWLRQ VLJQ RQ WKH URRW VLGH RI WKH MRLQW >��@ E\
HQJUDYLQJ LQ WKH VXEVWUDWH DPLUURU UHIOHFWLRQ RI UHTXLUHG
LQIRUPDWLRQ RQ WKHPDQXIDFWXUHU� WLPH� GDWH RI ZHOGLQJ�
HWF� 'XULQJ ZHOGLQJ WKH ZHOG PHWDO ILOOV WKH UHFHVVHV LQ
WKH VXEVWUDWH WR IRUP DQ DSSURSULDWH ZRUG RU VLJQ� 7KH
H[WHQW RI ILOOLQJ RI WKH HQJUDYLQJ LQ WKH VXEVWUDWH PD\
DOVR EH XVHG DV D VSHFLILF PHDVXUH RI WKH MRLQW TXDOLW\�
SDUWLFXODUO\ RI LWV URRW SDUW� ZKHUH WKH GHIHFWV IRUP WKH
PRVW RIWHQ� ,PSURYHPHQW RI PHWDO VWLUULQJ LQ WKH MRLQW
URRW SDUW PD\ EH DFKLHYHG E\ PDNLQJ WKH HGJH EHYHO
IURP WKH UHYHUVH VLGH RI WKH SODWH �)LJXUH ��� D�� ZKLFK
LPSURYHV ILOOLQJ RI WKLV UHJLRQ GXULQJ LWV IORZ LQ WKH
SODVWLFLVHG FRQGLWLRQ >��@�

(OLPLQDWLRQ RI GHIHFWV LQ WKH ZHOG URRW LV SURPRWHG
E\ DSSOLFDWLRQ RI JURRYHG EDFNLQJ �)LJXUH ��� E��

)LJXUH ��� )UDJPHQW RI D IXHO WDQN RI �'HOWD� PLVVLOH ZLWK )6:
ORQJLWXGLQDO ZHOG

)LJXUH ��� �� N: 3RZHU 6WLU���� PDFKLQH RI &UDZIRUG 6ZLIW�
*UHDW %ULWDLQ

)LJXUH ��� 5DLOZD\ FDU� PDGH E\ +LWDFKL� XVLQJ )6:

)LJXUH ��� &DU GLVF �D� DQG HOHFWULF PRWRU FDVH �E�� SURGXFHG E\
)6:

)6: PDFKLQHV GHYHORSHG E\ 7:,

0DFKLQH

W\SH

7KLFNQHVV

ZHOGHG�

PP

:HOGLQJ

VSHHG�

P�PLQ

'LPHQVLRQV

RI ZHOGHG

EODQNV� P

5HPDUNV

): �� ���w�� ��� w 0D[LPDO

IUHTXHQF\ RI WRRO

URWDWLRQ�

����� USP

): �� �w�� ��� ���×���
): �� �w�� ��� ���×���
): �� �w��

���

�IURP ERWK

VLGHV�

��� w 0DFKLQH SRZHU

�� N:

): �� 6PDOO�VL]HG PRELOH PDFKLQH WR GHPRQVWUDWH )6:

SURFHVV
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LQWR ZKLFK WKH PHWDO LV SUHVVHG RXW� IRUPLQJ D VPDOO
EHDG >��@� ,W LV WKHQ UHPRYHG E\ PDFKLQLQJ� SURYLGLQJ
D KLJK TXDOLW\ RI WKH MRLQW URRW SDUW�

2QH RI WKH VPDOO GUDZEDFNV RI )6: MRLQWV LV D
VOLJKW WKLQQLQJ RI WKH PHWDO LQ WKH MRLQW ]RQH GXH WR
FRQWDFW RI WKH WRRO VKRXOGHU DQG EODQN VXUIDFH� 7KLV
YDOXH LV XVXDOO\ HTXDO WR ���w��� PP� ,Q VRPH FDVHV�
KRZHYHU� WKLV PD\ KDYH DQ LQIOXHQFH RQ MRLQW VWUHQJWK�
7R HOLPLQDWH WKLV GUDZEDFN� WKH UHFRPPHQGDWLRQ LV
WR LQWURGXFH D WKLFNHQLQJ LQ WKH EXWW ]RQH �)LJXUH ���
F�� RI WKH ZLGWK HTXDO WR WKH VKRXOGHU GLDPHWHU� 7KLV
PHWKRG LV SDUWLFXODUO\ HIIHFWLYH� LQ WKH RSLQLRQ RI LWV
DXWKRUV� ZKHQ WKHUH LV D JDS LQ WKH EXWW >��@�

7KXV� PDWHULDOV RI IRUHLJQ SXEOLFDWLRQV DUH LQGLFD�
WLYH RI LQWHQVLYH GHYHORSPHQW RI )6: SURFHVV IRU
GLIIHUHQW DOXPLQLXP DOOR\V DQG ZLGHQLQJ RI WKH ILHOGV
RI LWV DSSOLFDWLRQ LQ LQGXVWULDO SURGXFWLRQ LQ IDEULFD�
WLRQ RI D ZLGH UDQJH RI ZHOGHG VWUXFWXUHV� 6XFK DG�
YDQWDJHV RI )6: SURFHVV� FRPSDUHG WR RWKHU ZHOGLQJ
SURFHVVHV� DV SRVVLELOLW\ RI MRLQLQJ GLIILFXOW�WR�ZHOG
DOOR\V� PLQLPL]LQJ ZHOGLQJ VWUHVVHV DQG VWUDLQV� DE�
VHQFH RI KDUPIXO HYROXWLRQV RU UDGLDWLRQ� KLJK OHYHO
RI WKH MRLQW SURSHUWLHV DQG SURFHVV HIILFLHQF\ ZLOO HQ�
VXUH LWV ZLGH DFFHSWDQFH LQ IDEULFDWLRQ RI FULWLFDO VWUXF�
WXUHV IRU DLUFUDIW FRQVWUXFWLRQ� VKLS�EXLOGLQJ� YHKLFOH
FRQVWUXFWLRQ DQG DHURVSDFH HQJLQHHULQJ�

�� 7KRPDV� :�0�� 1LFKRODV� (�'�� 1HHGKDP� -�&� ,PSURYH�
PHQWV UHODWLQJ WR IULFWLRQ ZHOGLQJ� (XU� 3DW� 6SHF�
�������%�� 3XEO� �����

�� 0LGOLQJ� 2�7�� 0RUOH\� (�-�� 6DQGYLN� $� )ULFWLRQ VWLU
ZHOGLQJ� (XU� 3DW� ����������� 3XEO� �����

�� 6KLQRGD� 7�� (QGR� 6� ������ 5HFHQW GHYHORSPHQW RI IULF�
WLRQ ZHOGLQJ RI DOXPLQLXP DOOR\V DQG GLVVLPLODU PDWHULDOV�
-� /LJKW 0HWDO :HOG� &RQVWU�� �� ��w���

�� ,UYLQJ� %� ������ 6SDUNV EHJLQ WR IO\ LQ QRQFRQYHQWLRQDO
IULFWLRQ ZHOGLQJ DQG VXUIDFLQJ� :HOGLQJ -�� �� ��w���

�� ������ *DV DGGLWLRQV ERRVW IULFWLRQ SHUIRUPDQFHV� 7:,
&RQQHFW� �� ��

�� 'DZHV� &�-� ������ $Q LQWURGXFWLRQ WR IULFWLRQ VWLU ZHOGLQJ
DQG LWV GHYHORSPHQW� :HOGLQJ	0HWDO )DEULF�� �� ��w���

�� 'DZHV� &�-�� 7KRPDV� :�0� ������ )ULFWLRQ VWLU SURFHVV
ZHOGV DOXPLQLXP DOOR\V� :HOGLQJ -�� �� ��w���

�� 'DZHV� &�-�� 7KRPDV� :�0� ������ 7UHFLH ]YDUDQLH KOLQLN�
RY\FK ]OLDWLQ SUHPLHVDQLP URWXMXFLP QDVWURLRP� =YDUDQLH
6YDURYDQL� �� ���w����

�� 7KRPDV� :�0� HW DO� )ULFWLRQ VWLU EXWW ZHOGLQJ� 3DW�
���������� *% ������� $� 3XEO� ���������

��� 0LGOLQJ� 2�7� ������ 0DWHULDO IORZ EHKDYLRXU DQG PLFURV�
WUXFWXUDO LQWHJULW\ RI IULFWLRQ VWLU EXWW ZHOGPHQWV� ,Q� 3URF� RI
�WK ,QW� &RQI� RQ $OXPLQLXP $OOR\V �,&$$��� $WODQWD� �����

��� 0LGOLQJ� 2�7�� +YDO� 0�� -RKDQVHQ� +�*� HW DO� ������
3URFHVV RSWLPLVDWLRQ RI IULFWLRQ VWLU ZHOGLQJ LQ IDEULFDWLRQ
RI DOXPLQLXP VKLS SDQHOV� ,Q� 3URF� RI �UG ,QW� )RUXP RQ
$OXPLQLXP 6KLSV� +DXJHVXQG� 0D\ ��w��� �����

��� 2NDPXUD� +�� $RWD� .�� (UXPL� 0� ������ )ULFWLRQ VWLU
ZHOGLQJ RI DOXPLQLXP DOOR\ DQG DSSOLFDWLRQ WR VWUXFWXUH� -�
-,/0� �� ���w����

��� 2NDPXUD� +� ������ &KDUDFWHU RI IULFWLRQ VWLU ZHOGLQJ DQG
DSSOLFDWLRQ LQ -DSDQ� -� -:6� �� ��w���

��� 'DZHV� &�-�� $QGUHZV� 5�(� ������ )ULFWLRQ VWLU ZHOGLQJ RI
DOXPLQLXP DOOR\ �w�� PP WKLFN� ,Q� 3URF� RI &RQI�� 9DV�
WHUDV� 6ZHGHQ� 1RY� ��w��� �����

��� 'DZHV� &�-�� 7KRPDV� :�0� ������ )ULFWLRQ VWLU MRLQLQJ RI
DOXPLQLXP DOOR\V� %XOOHWLQ 7:,� �� ���w����

��� 0RUULV� 7�:�� 1LFKRODV� (�'�� 1HHGKDP� -�&� HW DO� )ULFWLRQ
VWLU ZHOGLQJ� 3DW� �������$ 8.� ,QW� &O� % �� . ������
3XEO� �����

��� 0LGOLQJ� 2�7�� 2RVWHUNDPS� /�'�� %HUVDDV� -� ������ )ULF�
WLRQ VWLU ZHOGLQJ DOXPLQLXP x SURFHVV DQG DSSOLFDWLRQV� ,Q�
3URF� RI �WK ,QW� &RQI� RQ -RLQWV LQ $OXPLQLXP� &DPEULGJH�
$SULO ��� �����

��� 'DZHV� &�-�� 1LFKRODV� (�'�� 0XUFK� 0�*� HW DO� )ULFWLRQ ZHOG�
LQJ� 3DW� ������� *%� ,QW� &O� % �� . ������ 3XEO� �����

��� :\NHV� '�+� $GMXVWDEOH SLQ IRU IULFWLRQ VWLU ZHOGLQJ WRRO�
3DW� ������� 86$� ,QW� &O� % �� . ������ 3XEO� �����

��� &ROOLJDQ� .�-� )ULFWLRQ VWLU ZHOGLQJ WRRO IRU ZHOGLQJ YDUL�
DEOH WKLFNQHVV ZRUN SLHFHV� 3DW� ������� 86$� ,QW� &O� %
�� . ������ 3XEO� �����

��� &ROOLJDQ� .�-� )ULFWLRQ VWLU ZHOGLQJ ZLWK VLPXOWDQHRXV FRRO�
LQJ� 3DW� ������� (3 ������� 86$� ,QW� &O� % �� .
������ 3XEO� �����

��� 7KRPDV� :�0� ������ )ULFWLRQ VWLU ZHOGLQJ DQG UHODWHG
IULFWLRQ SURFHVV FKDUDFWHULVWLFV� ,Q� 3URF� RI �WK ,QW� &RQI�
RQ -RLQWV LQ $OXPLQLXP� &DPEULGJH� $SULO ��� �����

��� 7KRPDV� :�0�� 7KUHDGJLOO� 3�� 1LFKRODV� (�'� HW DO� ������
7RRO WHFKQRORJ\� 7KH KHDUW RI )6:� 7:, &RQQHFW�
-XO\�$XJXVW� ��

��� 7KRPDV� :�0�� 'ROE\� 5�� -RKQVRQ� .� ������ 9DULDWLRQ
RQ D WKHPH 6NHZ�6WLU70 WHFKQRORJ\� :HOGLQJ	0HWDO )DE�
ULF�� �� ��w���

��� .DUOVVRQ� -�� .DUOVVRQ� %�� /DUVVRQ� +� HW DO� ������ 0LFUR�
VWUXFWXUH DQG SURSHUWLHV RI IULFWLRQ VWLU ZHOGHG DOXPLQLXP
DOOR\V� ,Q� 3URF� RI �WK ,QW� &RQI� RQ -RLQWV LQ $OXPLQLXP�
&DPEULGJH� $SULO ��� �����

��� %DFNOXQG� -�� 1RUOLQ� $�� $QGHUVRQ� $� ������ )ULFWLRQ VWLU
ZHOGLQJ x ZHOG SURSHUWLHV DQG PDQXIDFWXULQJ WHFKQLTXH� ,ELG�

��� -RKQVHQ� 0�5� ������ )ULFWLRQ VWLU ZHOGLQJ WDNHV RII DW
%RHLQJ� :HOGLQJ -�� �� ��w���

��� 0DKRQH\� 0�:�� 5KRGHV� &�*�� )OLQWRII� -�*� HW DO� ������
3URSHUWLHV RI IULFWLRQ�VWLU�ZHOGHG ���� DOXPLQLXP� 0HWDO�
OXUJ� DQG 0DWHULDOV 7UDQV�� �� �����

��� +\QGV� 3� ������ )ULFWLRQ VWLU EHQHILWV LQFOXGH FRVW VDYLQJV�
6SHHG DW 6HD� ��� ��w���

��� /DUVVRQ� +�� 6YHQVVRQ� /��(�� .DUOVVRQ� /� ������ &RQVWUXFFLRQ
QDYDO DYDQ]DGD FRQ DOXPLQR� 5HY� 6ROGDGXUD� ��� ���w����

��� .XPDJDL� 0�� 7DQDND� 6� ������ $SSOLFDWLRQ RI IULFWLRQ VWLU
ZHOGLQJ WR ZHOGHG FRQVWUXFWLRQ RI DOXPLQLXP DOOR\V� -�
/LJKW 0HWDO :HOG� &RQVWU�� �� ��w���

��� )ULJDDUG� 2�� *URQG� 2�� 0LJOLQ� 2�7� ������ 0RGHOOLQJ RI
KHDW IORZ SKHQRPHQD LQ IULFWLRQ VWLU ZHOGLQJ RI DOXPLQLXP
DOOR\V� ,Q� 3URF� RI �WK ,QW� &RQI� RQ -RLQWV LQ $OXPLQLXP�
&DPEULGJH� $SULO ��� �����

��� 5XVVHO� 0�-�� 6KHUFOLII� +�5� ������ $QDO\WLFDO PRGHOOLQJ
RI IULFWLRQ VWLU ZHOGLQJ� ,ELG�

��� 7KUHDGJLOO� 3� ������ )ULFWLRQ VWLU ZHOGV LQ DOXPLQLXP DO�
OR\V x SUHOLPLQDU\ PLFURVWUXFWXUDO DVVHVVPHQW� 7:, %XOOH�
WLQ� 0DUFK�$SULO� ��w���

��� 5KRGHV� &�*�� 0DKRQH\� 0�:�� %LQJHO� :�+� HW DO� ������
(IIHFWV RI IULFWLRQ VWLU ZHOGLQJ RQ PLFURVWUXFWXUH RI ����
DOXPLQLXP� 6FULSWD 0DWHULDOLD� ��� ��w���

��� .DOOHH� 6�� 1LFKRODV� '� ������ &DXVLQJ D VWLU LQ WKH IXWXUH�
:HOGLQJ DQG -RLQLQJ� �� ��w���

��� +HQGHUVRQ� ,� ������ ([SORLWLQJ IULFWLRQ VWLU ZHOGLQJ LQ H[�
SORVLYHO\ IRUPHG DOXPLQLXP ERDW KXOO FRQVWUXFWLRQ� ,Q�
3URF� RI �WK ,1$/&2w�� ,QW� &RQI�� &DPEULGJH� �����

��� :HPDQ� .� ������ (TXLSPHQW IRU DOXPLQLXP ZHOGLQJ�
6YHWVDUHQ� �� ��w���

��� ������ )ULFWLRQ�6WLU�:HOGLQJ QXQ DXFK LQ GHU 0DVVHQSURGXN�
WLRQ YRQ $OXPLQLXPSURILOHQ� 6ZHLβHQ 3UX

..
IWHFKQLN� �� ����

��� 3HNNDUL� %� ������ 7UHQGV LQ MRLQLQJ DQG FXWWLQJ ZLWKLQ D
VXVWDLQDEOH ZRUOG� %XOOHWLQ 7:,� 0DUFK�$SULO�

��� ������ +HDY\�GXW\ PDFKLQH IRU IULFWLRQ ZHOGLQJ� 0HWDOV
,QG� 1HZV� ��� ���

��� )XNXGD� 7� ������ )ULFWLRQ VWLU ZHOGLQJ �)6:� SURFHVV� -�
-:6� �� �w���

��� -RKDQ� $�(�� -DPHV� 0�(�� 7HUJH� 0�2� HW DO� 7ZR�SLHFH
ZKHHO� 3DW� : �������� 12� ,QW� &O� % �� . ����� 3XEO�
���������

��� 3RVHQ� &K� )ULFWLRQ VWLU ZHOGLQJ WRWDO SHQHWUDWLRQ WHFKQLTXH�
3DW� ������� 86$� ,QW� &O� % �� . ������ 3XEO� �����

��� &ROOLJDQ� .� :HOG URRW FORVXUH PHWKRG IRU VWLU ZHOGV� 3DW�
(3 ������� 86$� ,QW� &O� % �� . ������ 3XEO� ���������

)LJXUH ��� 3UHSDUDWLRQ RI HGJHV WR EH ZHOGHG ZLWK D URRW SDUW EHYHO
�D�� PDNLQJ D JURRYH LQ WKH VXEVWUDWH �E� DQG D ORFDO WKLFNHQLQJ
LQ WKH ZHOGLQJ ]RQH �F�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

&RQVLGHUHG DUH FDSDELOLWLHV RI QHZ WHFKQRORJLHV LQYROYLQJ DFWLYDWLQJ PDWHULDOV IRU LQGXFWLRQ EXWW ZHOGLQJ RI VPDOO� DQG

PHGLXP�GLDPHWHU SLSHV� SURGXFLQJ RI 7�MRLQWV LQ WKLQ�ZDOOHG SLSHV DQG MRLQLQJ RI SLSHV WR IODQJHV �EUD]H ZHOGLQJ�� 'DWD

RQ VHUYLFH SURSHUWLHV RI ZHOGHG MRLQWV DQG UHVXOWV RI ODERUDWRU\ DQG LQGXVWULDO WHVWV RI VSHFLPHQV DQG SLSHV SURGXFHG E\

WKH DERYH WHFKQRORJLHV XVLQJ LQGXFWLRQ KHDWLQJ DUH UHYLHZHG�

.H\ ZRU G V � LQGXFWLRQ EXWW ZHOGLQJ� EUD]H ZHOGLQJ� DFWL�
YDWLQJ PDWHULDOV� SLSHV� ZHOGV� 7�MRLQWV� PHFKDQLFDO SURSHUWLHV�

LQGXFWLRQ KHDWLQJ

,PSURYHPHQW LQ TXDOLW\ RI EXWW ZHOGV LQ SDUWV PDGH
E\ WKH IXVLRQ DQG IODVK ZHOGLQJ PHWKRGV LV KDPSHUHG
LQ D QXPEHU RI FDVHV E\ WKH IDFWRUV ZKLFK DUH DVVRFLDWHG

ZLWK WKH HIIHFW RI KLJK WHPSHUDWXUHV RQ WKH LQLWLDO

VWUXFWXUH RI WKH PDWHULDO RI ELOOHWV� 7KLV PD\ OHDG WR

GHWHULRUDWLRQ LQ VWDWLF DQG G\QDPLF YDOXHV RI PHFKDQL�
FDO VWUHQJWK RI WKH ZHOG DQG DGMRLQLQJ ]RQH� ,Q DGGL�

WLRQ� VRPH ZHOGLQJ PHWKRGV PD\ FDXVH IRUPDWLRQ RI

IODVK� WKH UHPRYDO RI ZKLFK LV D YHU\ ODERXU�FRQVXPLQJ
DQG GLIILFXOW RSHUDWLRQ� &DSLOODU\ EUD]LQJ FDQ EH UHF�

RPPHQGHG LQ VRPH FDVHV IRU PDNLQJ MRLQWV WR DYRLG

WKH DERYH GUDZEDFNV� +RZHYHU� LWV DSSOLFDWLRQ KDV D

QXPEHU RI OLPLWDWLRQV� VXFK DV WKH QHFHVVLW\ WR SUH�

FLVHO\ SUHSDUH HGJHV RI D FRPSOH[ SURILOH �ZKLFK LV

QRW DOZD\V H[SHGLHQW RU SRVVLEOH� DQG GHFUHDVHG

VWUHQJWK RI EUD]LQJ ILOOHU PHWDOV FRPSDUHG ZLWK

VWUHQJWK RI WKH EDVH PHWDO�

5HVXOWV RI WKH LQYHVWLJDWLRQV FRQGXFWHG DW WKH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� DLPHG DW LP�

SURYHPHQW RI TXDOLW\ RI WKH MRLQWV LQ SLSHV DQG WXEXODU

SLHFHV SURGXFHG ZLWK QR PHOWLQJ RI WKH EDVH PHWDO

OHG WR WKH GHYHORSPHQW RI D SURPLVLQJ PHWKRG IRU
SURYLGLQJ WKH KLJK�TXDOLW\ ZHOGHG MRLQWV ZLWK

VWUHQJWK HTXDO WR WKDW RI WKH EDVH PHWDO >�w�@� 7KLV

PHWKRG ZDV FDOOHG EUD]H ZHOGLQJ� ,Q LWV SK\VLFDO QD�

WXUH LW LV FORVH WR GLIIXVLRQ ERQGLQJ LQYROYLQJ PLFUR

HYDFXDWLRQ RI WKH MRLQLQJ ]RQH� ZKLFK LV HQVXUHG E\

SURSHUWLHV RI WKH XVHG DFWLYDWLQJ PDWHULDO >�@�

7KH EUD]H ZHOGLQJ PHWKRG FRQVLVWV RI WKH IROORZ�

LQJ VHTXHQFH RI PDLQ WHFKQRORJLFDO RSHUDWLRQV� GHSR�

VLWLRQ RI WKH DFWLYDWLQJ PDWHULDO RQ WKHPDWLQJ VXUIDFHV

RI WKH HGJHV� KHDWLQJ RI WKH ZHOG ]RQH WR D PHOWLQJ

WHPSHUDWXUH RI WKH DFWLYDWLQJ PDWHULDO DQG DSSO\LQJ

RI WKH FRQWUROOHG DPRXQW RI SODVWLF GHIRUPDWLRQ WR

WKH ZHOG HGJHV� 0L[WXUHV RI D EUD]LQJ ILOOHU PHWDO

ZLWK IOX[ DUH XVXDOO\ XVHG DV WKH DFWLYDWLQJ PDWHULDO�

1RUPDOO\� WKH DFWLYDWRU LV DSSOLHG WR WKH ZHOG HGJHV
DV LQ FRQYHQWLRQDO EUD]LQJ �LQ WKH IRUP RI LQVHUWHG

SLHFHV RU SDVWH� E\ VSUD\LQJ� HWF�� >�@� $W WKH ILUVW

VWDJH RI WKH SURFHVV WKH PROWHQ DFWLYDWRU ZHWV DQG

FOHDQV WKH PDWLQJ VXUIDFHV RI WKH HGJHV IURP R[LGHV

DQG SURWHFWV WKHP IURP SHQHWUDWLRQ RI R[\JHQ IURP

WKH DPELHQW DWPRVSKHUH� 7KH IXUWKHU RSHUDWLRQV DUH

LQWHUUHODWHG DQG GHWHUPLQH WR D VXEVWDQWLDO GHJUHH WKH

UHVXOW RI WKH EUD]H ZHOGLQJ SURFHVV� $FKLHYHPHQW RI

WKH UHTXLUHG H[WHQW RI SODVWLF GHIRUPDWLRQ RI WKH ZHOG

HGJHV LV RI D GHFLVLYH LPSRUWDQFH LQ WKLV FDVH� ,W LV

GHWHUPLQHG E\ WKH WHPSHUDWXUH ILHOG SDUDPHWHUV RI
WKH HGJHV XQGHU D FHUWDLQ XSVHWWLQJ SUHVVXUH�

$V HVWDEOLVKHG IRU WKH EXWW MRLQWV LQ SLSHV� WHQVLOH

VWUHQJWK DQG EHQGLQJ DQJOH LQFUHDVH ZLWK LQFUHDVH LQ

WKH H[WHQW RI SODVWLF GHIRUPDWLRQ LQ WKH ZHOG SODQH�

ε  ��� +�δ �+ LV WKH KHLJKW RI WKH ZHOG FRQYH[LW\

DQG δ LV WKH SLSH ZDOO WKLFNQHVV�� DQG UHDFK WKHLU

WKUHVKROG YDOXHV DW ε ≈ �� � �)LJXUH �� >�w�� �@� 7KH

VDPH UHODWLRQVKLS LV FKDUDFWHULVWLF DOVR RI WKH LPSDFW

WRXJKQHVV YDOXHV RI WKH ZHOGV >�@� 7KLV LV DVVRFLDWHG

ZLWK WKH IDFW WKDW SURSHUWLHV RI ZHOGHG MRLQWV DUH

JUHDWO\ DIIHFWHG E\ SHFXOLDULWLHV RI VROLGLILFDWLRQ RI

WKH ZHOG PHWDO XQGHU SUHVVXUH DQG D VPDOO ZHOG WKLFN�

QHVV ��w� µP�� OHDGLQJ WR LWV FRQWDFW VWUHQJWKHQLQJ

>�� �@� $FFRUGLQJ WR WKH PHWDOORJUDSK\ GDWD� ≈ ��w

�� � RI WKH MRLQLQJ ]RQH FDQQRW EH YLVXDOLVHG� DQG
MRLQLQJ WKH ELOOHWV RFFXUV LQ WKH EDVH PHWDO� ,Q DGGL�

WLRQ� LQGHSHQGHQWO\ RI FKHPLFDO FRPSRVLWLRQ RI WKH

DFWLYDWRU� WKH ZHOG LV HQULFKHG ZLWK WKH EDVH PHWDO

HOHPHQWV� ZKLFK DOVR IDYRXUV VWUHQJWKHQLQJ RI WKH

MRLQW� )LJXUH � VKRZV GHSHQGHQFH RI FKHPLFDO FRPSR�

VLWLRQ RI WKH ZHOG XSRQ LWV WKLFNQHVV IRU ELOOHWV RI

VWHHO �� DQG WKH DFWLYDWRU EDVHG RQ WKH EUD]LQJ ILOOHU

PHWDO RI WKH 3$1�� W\SH �78 ���������w���� 7KH

3$1�� ILOOHU PHWDO KDV WKH IROORZLQJ FKHPLFDO FRP�

SRVLWLRQ� �� &X x EDVH� 0Q x ����w����� 1L x

���w����� 6L x ���w���� 3 x ≤����� 6 x ≤�����

� $�6� 3,60(11< DQG $�6� 352.2),(9� ����

)LJXUH �� 'HSHQGHQFH RI VWUHQJWK σ
W
DQG EHQGLQJ DQJOH α RI WKH

MRLQWV XSRQ WKH H[WHQW RI SODVWLF GHIRUPDWLRQ ε LQ WKH ZHOG SODQH
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$O x ≤���� 3E x ≤����� 7KH WHPSHUDWXUH ILHOG GH�
SHQGV XSRQ WKH HQHUJ\ DQG JHRPHWU\ SDUDPHWHUV RI
WKH VRXUFH RI KHDWLQJ WKH ZHOG HGJHV�

$V VKRZQ E\ WKH LQYHVWLJDWLRQV� WKHUH DUH VXFK
UHODWLRQVKLSV RI SDUDPHWHUV RI WKH WHPSHUDWXUH ILHOG
LQ WKH EXON RI WKH SLSH HGJHV ZKLFK GR QRW OHDG WR
IRUPDWLRQ RI DQ LQWHUQDO FRQYH[LW\ RI WKH ZHOG >��
HWF�@� )LJXUH � VKRZV VSHFLPHQV LOOXVWUDWLQJ WKH FKDU�
DFWHU RI IRUPDWLRQ RI PHWDO LQ WKH ZHOG ]RQH GXULQJ
EUD]H ZHOGLQJ�

7KH LQYHVWLJDWLRQ UHVXOWV VKRZ WKDW GLVWULEXWLRQ
RI WHPSHUDWXUH DORQJ WKH SLSH D[LV� SURYLGLQJ WKH UH�
TXLUHG FKDUDFWHU RI GHIRUPDWLRQ RI WKH HGJHV� FDQ EH
VXIILFLHQWO\ DFFXUDWHO\ GHVFULEHG E\ WKH IROORZLQJ H[�
SUHVVLRQ >�@�

7(UH[� ]) = 7� H[S (w�'[�)� ���

ZKHUH UH[ LV WKH UDGLXV RI WKH H[WHUQDO SLSH ZDOO� 7�

LV WKH WHPSHUDWXUH DW WKH HGJHV� [  �]�UH[�� ] LV WKH
D[LDO FRRUGLQDWH� '  ��� �UH[�]��

�� DQG ]� LV WKH
FRRUGLQDWH RI WKH ]RQH RI ]HUR GHIRUPDWLRQ RI WKH
HGJHV� 7KLV WHPSHUDWXUH GLVWULEXWLRQ ODZ KROGV LQ WKH
FDVH RI KHDWLQJ WKH HGJHV RI F\OLQGULFDO SLHFHV XVLQJ
D FLUFXODU LQGXFWRU ZKLFK HQFORVHV WKH EXWW MRLQW� 7KH
YHFWRU SRWHQWLDO RI VXFK DQ LQGXFWRU DW U ≤ 5 FDQ EH
FDOFXODWHG IURP WKH IROORZLQJ IRUPXOD >��@�
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ZKHUH 5 LV WKH UDGLXV RI WKH LQWHUQDO VXUIDFH RI WKH
FLUFXODU LQGXFWRU� �D LV WKH D[LDO OLQH RI WKH LQGXFWRU�
, LV WKH LQGXFWRU FXUUHQW� U DQG ] DUH WKH D[LDO FRRU�
GLQDWHV RI WKH REVHUYDWLRQ SRLQW� DQG µ� LV WKHPDJQHWLF
SHUPHDELOLW\�

7KH WHPSHUDWXUH GLVWULEXWLRQ ODZ EHLQJ NQRZQ� LW
LV SRVVLEOH WR GHWHUPLQH WKH SURSRUWLRQDO GLVWULEXWLRQ

RI VSHFLILF SRZHU DORQJ WKH VXUIDFH RI D ELOOHW� ZKLFK
DOORZV WKH VRXUFH GDWD REWDLQHG WR EH UHODWHG WR WKH
SUREOHP RI GHYHORSPHQW RI DQ LQGXFWLRQ V\VWHP DQG
FDOFXODWLRQ RI WKH KHDWLQJ FRQGLWLRQV >�@� ,Q DGGLWLRQ
WR WKH GHVLUDEOH GLVWULEXWLRQ RI WHPSHUDWXUH DORQJ WKH
SLSH D[LV� LW LV QHFHVVDU\ WR HQVXUH DOVR WKH WHPSHUDWXUH
ILHOG ZKLFK ZRXOG EH VXIILFLHQWO\ XQLIRUP RYHU WKH
VXUIDFH DUHD RI WKH HGJHV MRLQHG WR JXDUDQWHH VLPXO�
WDQHLW\ RI PHOWLQJ RI WKH ILOOHU PHWDO RYHU WKH HQWLUH
VXUIDFH DUHD RI WKH ZHOG� 0D[LPXP QRQ�XQLIRUPLW\
RI KHDWLQJ RI WKH SLSH HGJHV VKRXOG QRW EH EH\RQG WKH
SHUPLVVLEOH OLPLWV RI WKH RSHUDWLQJ WHPSHUDWXUH RI WKH
DFWLYDWRU� ,W LV DERXW �� �& IRU WKH PDMRULW\ RI WKH
ILOOHU PHWDOV XVHG� 7KLV UHTXLUHPHQW LV PHW E\ SURSHUO\
VHOHFWLQJ IUHTXHQF\ RI WKH LQGXFWRU FXUUHQW DQG GXUD�
WLRQ RI KHDWLQJ� 7R GHWHUPLQH KHDWLQJ FRQGLWLRQV DQG
VL]HV RI WKH LQGXFWRU� LW LV QHFHVVDU\ WR KDUPRQLVH
JHRPHWULFDO VL]HV RI WKH ]RQH RI MRLQLQJ WKH SLSHV DQG
UHTXLUHG SDUDPHWHUV RI WKH WHPSHUDWXUH ILHOG ZLWKLQ
WKH MRLQW ]RQH� .HHSLQJ WR WKHVH SDUDPHWHUV LV UHTXLUHG
WR SHUIRUP WKH WHFKQRORJLFDO SURFHVV� ZKLOH WKH SUH�
UHTXLVLWHV KHUH DUH WKH DERYH WKUHVKROG YDOXHV RI WKH
H[WHQW RI SODVWLF GHIRUPDWLRQ LQ WKH ZHOG SODQH� *HR�
PHWULFDO SDUDPHWHUV RI WKH ]RQH RI MRLQLQJ WKH SLSHV
LQFOXGH WKH YDOXH RI XSVHWWLQJ RI SLSH HGJHV KW� FRRU�
GLQDWH RI WKH ]RQH RI ]HUR GHIRUPDWLRQ RI HGJHV ]� DQG
GHJUHH RI SODVWLF GHIRUPDWLRQ RI HGJHV LQ WKH ZHOG
SODQH ε  +�δ �)LJXUH ���

7KH GHJUHH RI SODVWLF GHIRUPDWLRQ LQ WKHZHOG SODQH
LQ LQGXFWLRQ ZHOGLQJ VKRXOG EH ε  ���w���� DQG LQ
EUD]H ZHOGLQJ LW VKRXOG EH QRW ORZHU WKDQ ��� >�@� ,Q
SUDFWLFH� WR HQVXUH WKH FRQVLVWHQW TXDOLW\ RI WKH MRLQWV
WKH SURFHVV LV SHUIRUPHG DW ε  ���� 4XDOLW\ MRLQLQJ
RI VPDOO� DQG PHGLXP�GLDPHWHU SLSHV �)LJXUH �� LV
FKDUDFWHULVHG E\ WKH SUHVHQFH RI D VPRRWK RXWVLGH EHDG
RI WKH IRUFHG RXW PHWDO �FRQYH[LW\�� ZKRVH JHRPHW�
ULFDO FKDUDFWHULVWLFV �HYDOXDWHG E\ SURFHVVLQJ WKH H[�
SHULPHQWDO UHVXOWV� KDYH WKH IROORZLQJ PHDQ YDOXHV�
K\  ���δ DQG δ\  ���δ� &RQYH[LW\ RI WKH ZHOG ZLWK
D VXIILFLHQW GHJUHH RI DFFXUDF\ FDQ EH DSSUR[LPDWHG
E\ DQ DVVXPSWLRQ RI DQ DQQXODU EDUUHO >�@ ZLWK D
FHQWUDO KROH WKH GLDPHWHU RI ZKLFK LV HTXDO WR WKH
H[WHUQDO GLDPHWHU RI SLSH ELOOHWV� GH[  �UH[� +HUH WKH
YROXPH RI WKH ZHOG FRQYH[LW\ �DW RQH HGJH� LV GHWHU�
PLQHG E\ WKH IROORZLQJ H[SUHVVLRQ�

9 = �����K\«(GH[ + +)� ���

8VLQJ WKH FRQGLWLRQ RI HTXDOLW\ RI YROXPHV RI WKH
ZHOG FRQYH[LW\ DQG GHIRUPHG UHJLRQ RI WKH SLSH KW

ORQJ �XSVHWWLQJ DOORZDQFH� VHH )LJXUH ��� ZH ILQG WKDW

)LJXUH �� 'HSHQGHQFH RI FKHPLFDO FRPSRVLWLRQ RI WKH ZHOG XSRQ
LWV WKLFNQHVV

)LJXUH �� 6SHFLPHQV FXW IURP VWHHO SLSHV ��� PP LQ GLDPHWHU ZLWK
D ZDOO WKLFNQHVV RI �� PP
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7KH FDOFXODWLRQV VKRZ WKDW KW�K\ ≈ ��� DW G\  
 ����δ� *LYHQ WKDW K\  ���δ� ZH ILQG WKH XSVHWWLQJ
DOORZDQFH HTXDO WR KW ≈ ���δ� 7KH WRWDO YDOXH RI WKH
XSVHWWLQJ DOORZDQFH LV �KW ≈ δ� ZKLFK LV SURYHG E\
WKH UHVXOWV REWDLQHG LQ LQGXFWLRQ SUHVVXUH EUD]LQJ DQG
LQGXFWLRQ ZHOGLQJ >�� HWF�@�

7KHUHIRUH� WKH GLVWDQFH DORQJ WKH ELOOHW D[LV IURP
WKH HQG WR WKH ]HUR GHIRUPDWLRQ ]RQH� ZKLFK FRUUH�
VSRQGV WR D SLSH ZDOO WHPSHUDWXUH RI DERXW ���w��� �&
XQGHU DQ XSVHWWLQJ SUHVVXUH RI ��w�� 03D� LV

]�  K\ � KW  �δ. ���

7KH GDWD JLYHQ VHUYH DV WKH EDVLV IRU GHYHORSPHQW
RI DQ LQGXFWRU IRU KHDWLQJ WKH SLSH HQGV >�@ DQG VWDWH�
PHQW RI WKH ZRUN IRU VHOHFWLRQ RU GHVLJQ RI D ZHOGLQJ
PDFKLQH�

%UD]H ZHOGLQJ LV SHUIRUPHG XVLQJ PDFKLQHV ZKLFK
SURYLGH FODPSLQJ DQG DOLJQLQJ RI SLSHV ZLWK WKH DF�
WLYDWRU GHSRVLWHG RQ WKHLU HQGV� DV ZHOO DV UHJXODWHG
RSSRVLQJ GHIRUPDWLRQ �XSVHWWLQJ� RI WKH KHDWHG HQGV
RI WKH SLSHV�

$ ZLGH UDQJH RI PDFKLQHV KDV EHHQ GHYHORSHG XS
WR QRZ� DQG PDFKLQHV RI WKH W\SHV RI 3����� 3�����
3���� �WKH ODWWHU LV EDVHG RQ WKH .���� IODVK EXWW
ZHOGLQJ PDFKLQH� DQG 3���� DUH DYDLODEOH� ,Q DGGL�
WLRQ� WKHUH LV D VPDOO VHULHV RI WKH 3���� PDFKLQHV IRU
PDNLQJ EXWW MRLQWV RI WKH SLSH WR SLSH W\SH� $YDLODEOH
DOVR LV WKH 3���� PDFKLQH IRU ZHOGLQJ MRLQWV RI WKH
SLSH WR HQG ILWWLQJ W\SH �IODQJHV� QLSSOHV� WKUHDGHG
WRRO MRLQWV� HWF��� SULPDULO\ IRU VKLS�EXLOGLQJ DSSOL�
FDWLRQV� 7KH DERYH PDFKLQHV DOORZ MRLQLQJ RI SLSHV
ZLWK GLDPHWHUV UDQJLQJ IURP �� WR ��� PP�

)RU WKH ILUVW WLPH LQ WKH ZRUOG SUDFWLFH WKH KDOI�
VWDQGV RI WKH GULOO SLSHV ��×� PP LQ GLDPHWHU �ORZ�
DOOR\HG VWHHO� XVHG IRU GULOOLQJ H[SORUDWRU\ ZHOOV ZHUH
MRLQHG E\ EUD]H ZHOGLQJ RI WKH FDVLQJ SLSH HQGV �ZLWK
D GLDPHWHU RI ��×�� PP� >�@� ,QGXVWULDO WHVWV RI WKH
KDOI�VWDQGV RI WKH GULOO SLSHV MRLQHG E\ EUD]H ZHOGLQJ
ZHUH FRQGXFWHG RQ D VHOHFWLYH VWULQJ .36������XVLQJ
FRQH�WKUHDGHG MRLQWV� ([SHULPHQWDO SLSHV ZLWK D WRWDO
OHQJWK RI ��� P ZHUH ORFDWHG LQ WKH ORZHU SDUW RI WKH
VWULQJ� 6HYHQ H[SORUDWRU\ ZHOOV ZLWK DQ DYHUDJH GHSWK
RI ��� P ZHUH GULOOHG LQ WKH URFN FKDUDFWHULVHG E\
LQFUHDVHG DEUDVLYHQHVV� 'ULOOLQJ ZDV SHUIRUPHG XVLQJ
D GLDPRQG�KDUG DOOR\ WRRO �� PP LQ GLDPHWHU XQGHU
WKH IROORZLQJ FRQGLWLRQV� URWDWLRQ IUHTXHQF\ RI WKH
GULOO VKDIW ���w��� USP� D[LDO ORDG ���� 1� WRUTXH
���w��� 1⋅P� DQG FRQVXPSWLRQ RI WKH IOXVKLQJ IOXLG
��w�� O�PLQ� 7KH ZHOOV ZHUH GULOOHG IRU �� PRQWKV�
1R UXSWXUHV RU IUDFWXUHV LQ WKH ZHOGV ZHUH REVHUYHG
GXULQJ RSHUDWLRQ RI WKH VWULQJ DQG KRLVWLQJ RSHUDWLRQV�
7KH MRLQWV LQ WKH SLSHV SURGXFHG E\ EUD]H ZHOGLQJ
VDYHG ��� VOHHYHV GXULQJ WKH WHVW SHULRG� :HDU UHVLV�
WDQFH RI WKH EUD]H ZHOGHG MRLQWV ZDV ���w��� WLPHV
KLJKHU WKDQ WKDW RI WKH VOHHYH MRLQWV >�@�

7KH WHFKQRORJ\ IRU EUD]H ZHOGLQJ RI WKH RLO SUR�
GXFWLRQ SLSHV ZDV DSSOLHG DW WKH 1HIWHNDPVN &HQWUDO

%DVH GHDOLQJ ZLWK UHSDLU DQG UHQW RI RLO SURGXFWLRQ
DQG GULOOLQJ HTXLSPHQW IRU WKH &RPSDQ\ �%DVKQHIW��
DQG LQ /HQLQRJRUVN IRU WKH 2LO DQG *DV 3URGXFWLRQ
$JHQF\ RI WKH &RPSDQ\ �7DWQHIW� >�@� ,Q ERWK FDVHV
WKH ZHOGLQJ V\VWHPV DUH ORFDWHG LQ ZRUNVKRSV DQG DUH
SDUWV RI WKH SURGXFWLRQ OLQHV IRU ZHOGLQJ DQG LQVXOD�
WLRQ RI WZR� DQG WKUHH�SLSH VHFWLRQV�:RUNLQJ SUHVVXUH
LQ SLSHOLQHV LV XS WR ��� DWP� 'XUDWLRQ RI WKH SURFHVV
SURSHU LV ��w�� V� GHSHQGLQJ XSRQ WKH GLDPHWHU DQG
WKLFNQHVV RI WKH SLSH ZDOO� DV ZHOO DV UHTXLUHPHQWV
IRU DFKLHYLQJ WKH GHVLUDEOH FKDUDFWHU RI WKH WHPSHUD�
WXUH ILHOG GLVWULEXWLRQ LQ HGJHV� 7KH UHVXOWV RI WHVWLQJ
VSHFLPHQV FXW IURP WKH WHVW MRLQWV LQ SLSHV ZLWK D
GLDPHWHU RI ��×� PP� PDGH IURP VWHHO �� ZLWK D VWDQG�
DUG WHQVLOH VWUHQJWK RI ��� 03D �*267 ����w���
DQG ZHOGHG DW WKH 1HIWHNDPVN &HQWUDO %DVH RI WKH
&RPSDQ\ �%DVKQHIW�� H[KLELWHG D PHDQ WHQVLOH
VWUHQJWK RI ��� 03D DQG PHDQ EHQGLQJ DQJOH RI �����
7KH IXOO�VFDOH K\GUDXOLF WHVWV RI SDUWV RI WKH SLSHV
FRQWDLQLQJ FLUFXPIHUHQWLDO ZHOGV ZHUH DGGLWLRQDOO\
FRQGXFWHG LQ DSSOLFDWLRQ RI WKH WHFKQRORJ\ DQG HTXLS�
PHQW WR JHQHUDWH WKH PRVW FRPSUHKHQVLYH LQIRUPDWLRQ
DERXW VWUXFWXUDO VWUHQJWK RI WKH ZHOGHG MRLQWV� 7R GR
LW� KHPLVSKHULFDO FDSV� RQH RI ZKLFK KDG D XQLRQ IRU
FRQQHFWLQJ WKH SXPS VWDWLRQ WR WKH K\GUDXOLF V\VWHP�
ZHUH ZHOGHG WR WKH SLSH HQGV� 7KH WHVWV ZHUH FRQ�
GXFWHG DW D SUHVVXUH RI �� 03D� ZKLFK FRUUHVSRQGHG
WR ��� RI WKH \LHOG VWUHVV RI PHWDO LQ FRPSOLDQFH ZLWK
*267 ����w��� 7KH WHVW UHVXOWV VKRZHG QR IUDFWXUHV
LQ WKH ZHOGV�

3LSHOLQHV ZLWK JODVV�HQDPHO FRDWLQJV RQ WKH ZDOOV
DUH XVHG RU FDQ EH XVHG IRU WUDQVSRUWDWLRQ RI RLO DQG
RLO SURGXFWV� FKHPLFDO HTXLSPHQW� WUDQVSRUWDWLRQ RI
DJJUHVVLYH DQG UDGLRDFWLYH IOXLGV� LQ V\VWHPV IRU VXS�
SO\ RI GULQNLQJ DQG KRW ZDWHU WR WKH SRSXODWLRQ� LQ
PLON DQG IRRG SURFHVVLQJ LQGXVWU\� HQYLURQPHQWDOO\
VDIH VHZDJH V\VWHPV� KHDW SLSHOLQHV HWF�� ZKHUH WKHLU
XWLOLVDWLRQ SURYLGHV WKH UHTXLUHG SK\VLFDO�FKHPLFDO
SURSHUWLHV RI SLSHOLQHV DQG H[WHQVLRQ RI VHUYLFH OLIH �
DQG PRUH WLPHV� :LGHQLQJ RI WKH DSSOLFDWLRQ RI WKH
HQDPHOHG SLSHOLQHV LV OLPLWHG E\ WKH IDFW WKDW QR UH�
OLDEOH PHWKRG RI MRLQLQJ WKH SLSHV� HVSHFLDOO\ XQGHU
ILHOG DQG HUHFWLRQ FRQGLWLRQV� KDV EHHQ DYDLODEOH XQWLO
UHFHQWO\�

2QH RI WKH WHFKQLFDO SUHUHTXLVLWHV IRU VROYLQJ WKH
LQWHJUDWHG SUREOHP RI PDQXIDFWXUH RI SLSHOLQHV ZLWK
DQ LQWHUQDO JODVV�HQDPHO FRDWLQJ ZDV WKH PHWKRG RI

)LJXUH �� 6FKHPDWLF RI WKH UHJLRQ RI XSVHWWLQJ LQ EXWW KLJK�IUH�
TXHQF\ DQG EUD]H ZHOGLQJ RI SLSHV
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IRUPDWLRQ RI MRLQWV LQ SLSHV ZLWK D JODVV�EDVHG FRDW�
LQJV� ZKLFK SURYLGHG KLJK�TXDOLW\ MRLQLQJ RI WKH VWHHO
VXEVWUDWH WR D FRDWLQJ� 7KH EUD]H ZHOGLQJ PHWKRG�
ZKLFK FRPELQHV SRVLWLYH SURSHUWLHV RI SUHVVXUH MRLQLQJ
DQG EUD]LQJ� DOORZV VLPXOWDQHRXV VWURQJ MRLQLQJ RI
SLSHV DQG LQWHUQDO FRDWLQJV >��@� 7KH HTXLSPHQW GH�
YHORSHG RQ LWV EDVH PDNHV LW SRVVLEOH WR VROYH WKH
SUREOHPV RI ZHOGLQJ SLSH VHFWLRQV DQG SLSHOLQHV XQGHU
ZRUNVKRS� HUHFWLRQ DQG ILHOG FRQGLWLRQV� )RU H[DPSOH�
LQ SURGXFWLRQ RI WZR� DQG WKUHH�SLSH VHFWLRQV IURP
WKH SUHOLPLQDULO\ HQDPHOHG SLSHV E\ WKH EUD]H ZHOGLQJ
PHWKRG WKH SURGXFWLRQ IORRU DUHD DQG GLPHQVLRQV RI
HTXLSPHQW �QHFHVVDU\ IRU SHUIRUPLQJ WKH HQDPHOLQJ
RSHUDWLRQ� FDQ EH GHFUHDVHG ���w� WLPHV� FRPSDUHG
ZLWK WUDGLWLRQDO WHFKQRORJLHV RI SURGXFWLRQ RI SLSH
VHFWLRQV� ZKHUH WKH SLSHV DUH ILUVW ZHOGHG LQWR D VHFWLRQ
DQG WKHQ WKH VHFWLRQ LV HQDPHOHG�

7XEXODU PHWDO VWUXFWXUHV FRPSULVLQJ IODQJH MRLQWV
DUH ZLGHO\ DSSOLHG LQ PDNLQJ GLIIHUHQW�SXUSRVH SLSH�
OLQHV� JDV DQG RWKHU W\SHV RI GHYLFHV �JDV� ZDWHU� KHDW
FRXQWHUV� HWF��� LQ UHSDLU RI ROG DQG DVVHPEO\ RI QHZ
SLSH VXSSO\ OLQHV LQ KRXVLQJ IDFLOLWLHV� DQG LQVWDOODWLRQ
RI JDV VXSSO\ IRU GRPHVWLF XVHV� +RZHYHU� WKH SUREOHP
RI WKHLU PDQXIDFWXUH LV VWLOO WRSLFDO� $V D UXOH� GHVLJQV
RI SLSHOLQHV SURYLGH IRU WKH XVH RI WKH VR�FDOOHG LQWHU�
PHGLDWH �PLGGOH� ILWWLQJV LQ WKH IRUP RI 7�MRLQWV DQG
IRXU�ZD\ XQLRQV ZLWK ZHOGHG IODQJHV� ZKLFK DUH
PDQXIDFWXUHG XVLQJ FDVWLQJ DQG IRUPLQJ IROORZHG E\
PDFKLQLQJ� ,Q WKLV FDVH WKH PDWHULDO XWLOLVDWLRQ IDFWRU
LV YHU\ KLJK� ZKLOH ODERXU FRQVXPSWLRQ LQ WKH PDQX�
IDFWXUH RI ILWWLQJV VWLOO KDV D UHVHUYH IRU UHGXFWLRQ�
0DQXIDFWXUH RI IODQJH MRLQWV LQ SLSHOLQHV E\ WKH EUD]H
ZHOGLQJPHWKRG DOORZV WKH WRWDO ZHLJKW RI WKH SLSHOLQH
V\VWHPV DQG ODERXU FRQVXPSWLRQ WR EH UHGXFHG >��@�
7KH SURFHVV LV SHUIRUPHG E\ SUHOLPLQDULO\ SUHSDULQJ
WKH HQG RI WKH SLSH WR EH MRLQHG WR WKH IODQJH� WKH
SUHSDUDWLRQ RSHUDWLRQ FRQVLVWLQJ RI VHUUDWHG WXUQLQJ
RI WKH RXWVLGH GLDPHWHU RI WKH SLSH� 7KHQ WKH IODQJH

MRLQW LV DVVHPEOHG LQ FODPSV RI WKH ZHOGLQJ PDFKLQH�
DQG WKH EUD]LQJ ILOOHU PHWDO DQG IOX[ DUH GHSRVLWHG
RQWR WKH ]RQH RI MRLQLQJ� 7KH IODQJH WR SLSH MRLQLQJ
]RQH LV KHDWHG E\ DQ LQGXFWRU >��@� DQG WKH XSVHWWLQJ
IRUFH LV DSSOLHG WR WKH LQWHUQDO VXUIDFH RI WKH SLSH
MRLQHG ZLWK WKH IODQJH FRQQHFWHG WR LW WR GHIRUP WKH
ZHOG ]RQH XVLQJ D FRQLFDO SXQFK� )RUPDWLRQ RI WKH
ZHOG ]RQH RI WKH IODQJH MRLQW GHSHQGV XSRQ WKH UH�
TXLUHG GHIRUPDWLRQ H[WHQW >��@� $Q H[DPSOH RI MRLQLQJ
E\ EUD]H ZHOGLQJ RI WKH SLSH ZLWK D GLDPHWHU RI
��×� PP WR WKH IODQJH ZLWK DQ RXWVLGH GLDPHWHU RI
��� PP LV VKRZQ LQ )LJXUH ��

7XEXODU PHWDO VWUXFWXUHV FRPSULVLQJ 7�MRLQW HOH�
PHQWV DUH H[WHQVLYHO\ DSSOLHG LQ PDQXIDFWXUH RI EL�
F\FOHV DQG PRWRF\FOHV� JDV DQG RWKHU GHYLFHV DQG SLSH�
OLQHV� $W WKH VDPH WLPH� WKH SUREOHP RI HQVXULQJ
VWUHQJWK DQG UHOLDELOLW\ RI WKHVH WXEXODU VWUXFWXUHV�
LQFOXGLQJ VWUHQJWK RI D 7�MRLQW DQG LWV FDSDELOLW\ RI
SUHVHUYLQJ VKDSH DQG VHUYLFH SURSHUWLHV ERWK XQGHU
WKH HIIHFW RI YDULRXV H[WHUQDO ORDGV �VWDWLF DQG G\�
QDPLF� DQG ORDGV FDXVHG E\ WKH HIIHFW RI WUDQVSRUWHG
SURGXFWV� VXFK DV LQWHUQDO SUHVVXUH� K\GUDXOLF VKRFNV�
HWF�� KDV DQ LQFUHDVLQJ WRSLFDOLW\� 2QH RI WKH PDLQ
ZD\V RI VROYLQJ WKLV SUREOHP LV D UDWLRQDO VHOHFWLRQ
RI GHVLJQ RI WKH 7�MRLQW� EDVHG RQ WKH VWUHQJWK DQG
UHOLDELOLW\ FULWHULD >��@� 7KLV LV RIWHQ DFFRPSDQLHG E\
WKH UHTXLUHPHQW IRU HQVXULQJ D PLQLPXP FRVW RI IDE�
ULFDWLRQ RI D VWUXFWXUH DW LWV DVVLJQHG VWUHQJWK� $ VH�
ULRXV FKDOOHQJH LV PLQLPLVDWLRQ RI UHVLGXDO ZHOGLQJ
VWUHVVHV LQ D ORFDWLRQ RI WKH MRLQW ERWK LQ WKH PDLQ
DQG EUDQFK SLSHV� 7KUHH W\SHV RI WKH 7�MRLQWV PDGH
E\ WKH EUD]H ZHOGLQJ WHFKQRORJ\ �)LJXUH �� ZHUH GH�
YHORSHG LQ RUGHU WR LPSURYH GHVLJQV DQG PHWKRGV IRU
PDQXIDFWXUH DQG ZHOGLQJ RI 7�MRLQWV�

7KH 7�MRLQW VKRZQ LQ )LJXUH �� D� FDQ EH PDGH

ZLWK RU ZLWKRXW D KROH �EOLQG MRLQW� LQ WKH PDLQ SLSH�

'HVLJQV VKRZQ LQ )LJXUH �� E DQG F� UHTXLUH WKDW WKH

KROH EH QHFHVVDULO\ PDGH LQ WKH PDLQ SLSH� $W WKH

VDPH WLPH� LQ WKH GHVLJQ VKRZQ LQ )LJXUH �� E� WKH

GLDPHWHU RI WKH KROH LQ WKH PDLQ SLSH LV VPDOOHU WKDQ

WKDW LQ WKH EUDQFK SLSH� ZKLOH LQ WKH GHVLJQ VKRZQ LQ

)LJXUH �� F� WKH GLDPHWHU RI WKH KROH LQ WKH PDLQ SLSH

FDQ EH HTXDO WR RU ODUJHU WKDQ WKDW LQ WKH EUDQFK SLSH�

,Q DOO WKH WKUHH W\SHV RI GHVLJQV RI WKH 7�MRLQWV WKH

EUDQFK SLSH LV PDFKLQHG E\ JLYLQJ D VDGGOH�W\SH VKDSH

WR WKH HGJH RQ WKH FRQWRXU RI LWV DOLJQLQJ ZLWK WKH

PDLQ SLSH� ,Q WKH MRLQW VKRZQ LQ )LJXUH �� E� WKH HGJHV

RI WKH EUDQFK SLSH DUH DGGLWLRQDOO\ PDFKLQHG WR PDNH

D FRQLFDO VKDSH RI WKH VXUIDFH ZLWK DQ DQJOH RI ��w����

7KH EUD]H ZHOGLQJ SURFHVV ZDV XVHG WR PDNH DOO

WKH WKUHH W\SHV RI WKH GHVLJQV� 7KH XSVHWWLQJ IRUFH

ZDV DSSOLHG WR WKH EUDQFK SLSH� XSVHWWLQJ RI HGJHV RI

WKH EUDQFK SLSH EHLQJ ZLWKLQ WKH OLPLWV RI D GRXEOH

WKLFNQHVV RI WKH SLSH ZDOO� ,Q WKH ILUVW W\SH RI WKH

MRLQW �)LJXUH �� D� WKH EUDQFK SLSH ZDV GHIRUPHG LQ

XSVHWWLQJ RXWVLGH WKH PDLQ SLSH� HQFORVLQJ LW� 7KLV

UHVXOWHG LQ D EOLQG 7�MRLQW�
,Q WKH VHFRQG W\SH RI WKH 7�MRLQW �)LJXUH �� E� WKH

MRLQLQJ ZDV GRQH RQ WKH FRQLFDO VXUIDFH IRUPHG LQ
GHIRUPDWLRQ RI WKH EUDQFK SLSH� ZKLFK OHG WR LQFUHDVH

)LJXUH �� 6DPSOH RI WKH MRLQW LQ WKH ��×� PP SLSH ZLWK D IODQJH
�RXWVLGH GLDPHWHU ��� PP�
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LQ WKH ZHOG DUHD DQG KDG D VXEVWDQWLDO HIIHFW RQ LQ�
FUHDVH LQ VWUHQJWK RI WKH MRLQW� ,Q WKLV GHVLJQ RI WKH
7�MRLQW WKH ERUH VHFWLRQ RI WKHPDLQ SLSH ZDV GHFUHDVHG
LQ IRUPDWLRQ RI WKH FRQLFDO VXUIDFH� 7KHUHIRUH� WKH XVH
RI VXFK D MRLQW LQ WKH SLSHOLQH ZLWK D GLDPHWHU RI WKH
EUDQFK SLSH FORVH WR WKDW RI WKH PDLQ SLSH LV LQH[SH�
GLHQW� ,W FDQ EH HIIHFWLYHO\ XVHG DV D VWUXFWXUDO PHPEHU
RI ORDG�EHDULQJ PHWDO VWUXFWXUHV� H�J� VXFK DV VWDLU�
FDVHV� EDQLVWHUV� IUDPHV� HWF�

7R DYRLG WKH DERYH GUDZEDFN RI MRLQWV ZLWK D
GHVLJQ RI WKH WKLUG W\SH �)LJXUH �� F�� WKH XVH ZDV
PDGH RI D VSHFLDO GHYLFH LQWURGXFHG LQWR WKH PDLQ SLSH
WR IODQJH WKH HQG RI WKH EUDQFK SLSH LQVLGH WKH PDLQ
RQH GLUHFWO\ GXULQJ WKH EUD]H ZHOGLQJ SURFHVV DQG
SURGXFH WKH JXDUDQWHHG ERUH VHFWLRQ RI WKH PDLQ SLSH�
,Q WKLV FDVH �OLNH LQ WKH GHVLJQ VKRZQ LQ )LJXUH �� E�
WKH VXUIDFH DUHD RI WKH ZHOG LQFUHDVHV ZLWK IRUPDWLRQ
RI D IODQJH ORFDWHG LQVLGH WKH PDLQ SLSH IURP WKH HQG
RI WKH EUDQFK SLSH� 7R DYRLG DGKHVLRQ RI WKH GHYLFH
ZKLFK IRUPV WKH IODQJH� WKH ZRUNLQJ VXUIDFH LQ WKH
MRLQLQJ ]RQH RI WKH PDLQ SLSH LV FRYHUHG ZLWK D FKUR�
PLXP GLR[LGH� &RYHULQJ WKH ZRUNLQJ VXUIDFH RI WKH
GHYLFH LV UHTXLUHG IRU WKH WKLUG W\SH RI WKH MRLQW LQ
WKRVH FDVHV ZKHUH LW LV QHFHVVDU\ WR XVH WKH ERUH VHFWLRQ
RI WKH PDLQ SLSH� ,Q RWKHU FDVHV WKH LQVHUWHG HOHPHQW
LQWURGXFHG LQWR WKH MRLQLQJ ]RQH PD\ QRW EH UHPRYHG
WR LQFUHDVH VWUXFWXUDO VWUHQJWK RI WKH MRLQWV�

,Q DOO WKH WKUHH W\SHV RI WKH MRLQWV WKH LQGXFWLRQ
KHDWLQJ ZDV XVHG WR PDNH WKH MRLQWV� DQG WKH XSVHWWLQJ
SUHVVXUH ZDV VHOHFWHG RQ WKH EDVLV RI EHLQJ QRW OHVV
WKDQ �� 03D� 7KH ZHOGLQJ SURFHVV RFFXUV OLNH LQ WKH
FDVH RI EXWW ZHOGLQJ� WKH GLIIHUHQFHV EHLQJ FDXVHG E\
D VSDWLDO FKDUDFWHU RI WKH HGJH PHWDO IORZ LQ GHIRU�
PDWLRQ RI WKH ZHOG ]RQH� 7KH LQGXFWRU LV GHYHORSHG
RQ WKH EDVLV RI UHVXOWV RI VWXG\ >��@�

7KH GHYHORSHG WHFKQRORJ\ ZKLFK LQYROYHV EUD]H
ZHOGLQJ PDNHV LW SRVVLEOH WR SURGXFH DOO WKH WKUHH
W\SHV RI WKH 7�MRLQWV E\ DYRLGLQJ WKH ODERXU�FRQVXP�
LQJ SUHSDUDWRU\ RSHUDWLRQV RI IODQJLQJ WKH EUDQFK
SLSHV� DVVRFLDWHG ZLWK IRUPLQJ� DQG WKH UHTXLUHPHQW
IRU PDNLQJ FDSLOODU\ JDSV EHWZHHQ WKH ZHOG HGJHV�
7KH DERYH W\SHV RI WKH 7�MRLQWV PDGH E\ WKLV WHFKQRO�
RJ\ DUH FKDUDFWHULVHG E\ LPSURYHG SHUIRUPDQFH� 7KH
QHZ GHVLJQ RI WKH 7�MRLQW �)LJXUH �� LQYROYHV WKH
LQFUHDVHG�VWUHQJWK MRLQWV LQ WKLQ�ZDOOHG SLSHV RI HTXDO
GLPHQVLRQV �GLDPHWHU DQG ZDOO WKLFNQHVV��

&21&/86,21

7KH EUD]H ZHOGLQJPHWKRG DOORZV WKH TXDOLW\ EXWW MRLQWV
WR EH SURGXFHG RQ ORZ�FDUERQ VWHHO FDVLQJ DQG GULOO SLSHV
LQWHQGHG IRU RLO SURGXFWLRQ� 7KH PHWKRG FRPELQHV DG�
YDQWDJHV RI WKH EUD]LQJ WHFKQRORJ\ DQG SUHVV ZHOGLQJ�
,WV EHQHILWV LQFOXGH HQVXULQJ IXOO�VWUHQJWK MRLQWV RI KLJK
GXFWLOLW\ DQG WRXJKQHVV� DYRLGLQJ WKH QHHG IRU VSHFLDO
HGJH SUHSDUDWLRQ� SURYLGLQJ D IDYRXUDEOH VKDSH RI WKH
ZHOG �ZLWK D VPDOO FRQYH[LW\�� SUHYHQWLRQ RI IRUPDWLRQ
RI IODVK LQ LQWHUQDO FDYLWLHV� SRVVLELOLW\ RI XVLQJ WKLQ�
ZDOOHG SLSHV RI HTXDO GLPHQVLRQV �GLDPHWHU DQG ZDOO
WKLFNQHVV� LQ VWUXFWXUHV ZLWK 7�MRLQWV� DQG KLJK FRUUR�
VLRQ UHVLVWDQFH LQ VHDZDWHU� 7KHPHWKRGRI EUD]HZHOGLQJ
FDQ EH XVHG WR MRLQ SDUWV RSHUDWLQJ DW D WHPSHUDWXUH RI
���w��� �& DQG KLJKHU�

7KH MRLQWV LQ SLSHV PDGH E\ LQGXFWLRQ EUD]H ZHOG�
LQJ VXFFHVVIXOO\ SDVVHG WKH WHVWV FRQGXFWHG XQGHU H[�
WUHPH FRQGLWLRQV� LQ SDUWLFXODU LQ GULOOLQJ ZHOOV DW WKH
RLO H[SORUDWRU\ HQWHUSULVH RI 8NUDLQH� 7KH EUD]H ZHOG�
LQJ WHFKQRORJ\ DQG HTXLSPHQW IRXQG DSSOLFDWLRQ DW
WKH RLO FRPSOH[ HQWHUSULVHV RI WKH 5XVVLDQ )HGHUDWLRQ�

�� /HEHGHY� 9�.�� 7DEHOHY� 9�'�� 3LVPHQQ\� $�6� ������ %XWW SUHV�
VXUH EUD]LQJ RI VWHHO SLSHOLQHV� $YWRPDWLFK� 6YDUND� �� ��w���

�� /HEHGHY� 9�.�� 7DEHOHY� 9�'�� 3LVPHQQ\� $�6� HW DO� ������
%UD]LQJ RI WXEHV IRU H[SORUDWLRQ GULOOLQJ� ,ELG�� �� ��w���

�� 3LVPHQQ\� $�6�� 6KLQORY� 0�(�� %X]KHQHWVN\� $�,� ������
$SSOLFDWLRQ RI LQGXFWLRQ EUD]H ZHOGLQJ IRU MRLQLQJ SLSHV IRU
SHWUROHXP SURGXFWV� ,ELG�� ��� ��w���

�� 3LVPHQQ\� $�6� ������ ,QGXFWLRQ KHDWLQJ LQ ZHOGLQJ DQG UH�
ODWHG WHFKQRORJLHV� ,ELG�� ��� ��w���

�� /HEHGHY� 9�.�� 3LVPHQQ\� $�6�� 0DUW\QRYD� 7�,� ������
([SHULHQFH RI DSSOLFDWLRQ RI D FRPSRVLWH EUD]LQJ ILOOHU PHWDO
IRU SUHVVXUH EUD]H ZHOGLQJ� ,ELG�� ����� ��w���

�� 7DEHOHY� 9�'�� .DUHWD� 1�/�� 3DQDVHQNR� $�,� HW DO� ������
6WUXFWXUH DQG SKDVH FRPSRVLWLRQ RI ZHOGV PDGH E\ FDSLOODU\
DQG SUHVVXUH EUD]LQJ� ,ELG�� ��� ��w���

�� /HEHGHY� 9�.�� 7DEHOHY� 9�'�� 3LVPHQQ\� $�6� ������ ,P�
SDFW WRXJKQHVV RI EXWW MRLQWV EUD]HG ZLWK SODVWLF GHIRUPD�
WLRQ RI EDVH PHWDO� ,ELG�� �� ��w���

�� /HEHGHY� 9�.�� 3LVPHQQ\� $�6�� .DVDWNLQ� 2�*� HW DO�
������ 3K\VLFDO VLPXODWLRQ RI XSVHWWLQJ LQ EXWW ZHOGLQJ RU
EUD]H ZHOGLQJ RI SLSHV� ,ELG�� �� ��w���

�� 3LVPHQQ\� $�6� ������ 6\QWKHVLV RI LQGXFWLRQ V\VWHPV IRU
EXWW ZHOGLQJ DQG EUD]LQJ RI SLSHV� ,ELG�� �� ��w���

��� 3LVPHQQ\� $�6�� 3URNRILHY� $�6�� 6KLQORY� 0�(� ������
6\QWKHVLV RI LQGXFWLRQ V\VWHPV IRU EUD]LQJ RI IODQJH MRLQWV LQ
SLSHV ZLWK D SUHVHW GLVWULEXWLRQ RI SRZHU LQ WKH ZHOG ]RQH�
,ELG�� �� ��w���

��� 3LVPHQQ\� $�6�� 6KLQORY� 0�(�� 6DIURQRYD� (�$� ������
6RPH SHFXOLDULWLHV RI LQGXFWLRQ EXWW EUD]H ZHOGLQJ RI SLSHV
HQDPHOHG RQ WKH LQVLGH� ,ELG�� ��� ��w���

��� 3URNRILHY� $�6�� 3LVPHQQ\� $�6� ������ 7HFKQRORJ\ RI EUD]H
ZHOGLQJ RI IODQJHV WR WXEHV� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

��� 3URNRILHY� $�6�� 3LVPHQQ\� $�6�� %RQGDUHY� 9�$� ������
,QGXFWLRQ EUD]H�ZHOGLQJ RI QR�DFFHVVRU\ 7�MRLQWV LQ SLSHV�
,ELG�� �� ��w���

)LJXUH �� 'HVLJQV RI WKH 7�MRLQWV PDGH E\ WKH EUD]H ZHOGLQJ WHFKQRORJ\� D x E\ IRUPLQJ DQ H[WHUQDO IODQJH� E x ZLWK D FRQLFDO VKDSH
RI WKH H[WHUQDO IODQJH� F x E\ IRUPLQJ DQ LQWHUQDO IODQJH
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6�,� .8&+8.�<$76(1.2� 9�6� .$&+,16.< DQG 9�<X� ,*1$7(1.2

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

7KH QHZ PHWKRG RI D PDJQHWLFDOO\�LPSHOOHG DUF EXWW �0,$%� ZHOGLQJ RI SLSHV ZLWK D ZDOO WKLFNQHVV H[FHHGLQJ WKH VL]HV

RI DFWLYH VSRWV RI DUF FROXPQ� KDV EHHQ GHYHORSHG� 5HVXOWV RI 0,$% ZHOGLQJ RI ORZ�DOOR\HG VWHHO SLSHV ZLWK XS WR �� PP

ZDOO WKLFNQHVV DUH SUHVHQWHG� :HOGLQJ HTXLSPHQW IRU ZHOGLQJ WKLFN�ZDOOHG SLSHV ZDV VXEMHFWHG WR PRGLILFDWLRQ�

.H\ ZRU G V � PDJQHWLFDOO\�LPSHOOHG DUF EXWW ZHOGLQJ� KHDW�

LQJ RI SLSH HGJHV� MRLQW IRUPDWLRQ� WKLFN�ZDOOHG SLSHV

,Q ZRUOG SUDFWLFH GLIIHUHQW PHWKRGV RI ZHOGLQJ DUH XVHG

IRU ZHOGLQJ SLSHOLQHV� VXFK DV PDQXDO DUF FRYHUHG�HOHF�
WURGH ZHOGLQJ� VKLHOGHG�JDV ZHOGLQJ� VXEPHUJHG�DUF

ZHOGLQJ� IODVK EXWW ZHOGLQJ� 2QH RI WKH KLJK�HIILFLHQW

SURFHVVHV� ZKLFK KDV IRXQG D ZLGH DSSOLFDWLRQ LQ FRQ�

VWUXFWLRQ RI VPDOO�GLDPHWHU �XS WR ��� PP� SLSHOLQHV

ZLWK XS WR � PP ZDOO WKLFNQHVV� LV WKH PDJQHWLFDOO\�

LPSHOOHG DUF EXWW �0,$%� ZHOGLQJ >�w�@�

7KH SULQFLSOH RI 0,$% SURFHVV FRQVLVWV LQ WKDW WKH

DUF LV PRYHG LQ D JDS EHWZHHQ HGJHV RI SDUWV EHLQJ

ZHOGHG XQGHU WKH DFWLRQ RI H[WHUQDO FRQWURO PDJQHWLF

ILHOG FUHDWHG E\ PDJQHWLF V\VWHPV� ,Q WKH DERYH�PHQ�
WLRQHGPHWKRGRIZHOGLQJ WKHZHOGLQJ FXUUHQW LV FKDQJHG

E\ D VSHFLDO SURJUDP� $W FHUWDLQ FRQGLWLRQV WKH OLQHDU
UDWH RI DUF PRYHPHQW UHDFKHV ��� P�V� 2ZLQJ WR D

UHODWLYHO\ KLJK UDWH RI ZHOGLQJ DUF PRYHPHQW� LWV KHDW

HQHUJ\ LV UHGLVWULEXWHG DORQJ WKH HQWLUH VXUIDFH RI WKH

SDUW HGJHV� 7KLV UHVXOWV LQ D UHODWLYHO\ XQLIRUP KHDWLQJ

RI WKH SLSH HGJHV ZHOGHG� 7KH ZHOGHG MRLQW LV IRUPHG

LQ FRPSUHVVLRQ DQG FRPELQHG SODVWLF GHIRUPDWLRQ RI

HGJHV RI SLSHV ZHOGHG� 7KH 0,$% ZHOGLQJ LV SHUIRUPHG

LQ DLU ZLWKRXW XVH RI VKLHOGHG JDVHV�

:HOGLQJ FXUUHQW DQG DUF YROWDJH� ZKLFK GHSHQG
RQ DQ DUF JDS OHQJWK� DUH WKH PRVW LPSRUWDQW WHFKQR�

ORJLFDO SDUDPHWHUV RI WKH 0,$% ZHOGLQJ� 7KH JDS
EHWZHHQ HGJHV RI SLSHV ZHOGHG LV XVXDOO\ IURP ��� XS
WR ���PP DQG EHORQJV WR WKH VHWWLQJ SDUDPHWHUV ZKLFK
GHILQH DUF YROWDJH� HQHUJ\ FRQVXPSWLRQ� PRELOLW\ RI
WKH PRYLQJ DUF�

7HFKQRORJ\ DQG HTXLSPHQW� GHYHORSHG DW WKH
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� IRU 0,$%
ZHOGLQJ WKLFN�ZDOOHG SLSHV IRXQG D ZLGH VSUHDGLQJ

LQ ZHOGLQJ ORZ�FDUERQ DQG ORZ�DOOR\HG VWHHO SDUWV LQ

YDULRXV EUDQFKHV RI LQGXVWU\ DQG FRQVWUXFWLRQ� 7HFK�

QLFDO FKDUDFWHULVWLFV RI D UDQJH RI PDFKLQHV IRU 0,$%

ZHOGLQJ RI SLSHV DUH JLYHQ LQ 7DEOH ��

0DFKLQHV 0'���� DQG 0'���� �)LJXUH �� D� FDQ
EH XVHG LQ PRELOH SLSH ZHOGLQJ FRPSOH[HV IRU ZHOGLQJ
VPDOO�GLDPHWHU SLSHOLQHV� &ODPSLQJ� XQFODPSLQJ DQG

XSVHWWLQJ RI SLSHV DUH UHDOL]HG DFFRUGLQJ WR D SUHVHW

F\FOH XVLQJ FODPSLQJ DQG XSVHWWLQJ PHFKDQLVPV >�@�

0DFKLQH .���� �)LJXUH �� E� LV GHVLJQHG IRU 0,$%
ZHOGLQJ RI GLIIHUHQW�SXUSRVH SLSHOLQHV LQ WKH ILHOG FRQ�

GLWLRQV� ,W KDV D VXVSHQGHG WRQJ�W\SH KHDG� EHLQJ IHD�
WXUHG E\ D VHSDUDWH FODPSLQJ RI SLSHV EHLQJ ZHOGHG >�@�

7KH KLJK HIILFLHQF\ RI 0,$% ZHOGLQJ RI WKLFN�
ZDOOHG SLSHV SURPRWHG WKH ZLGHQLQJ RI ILHOGV RI LWV

DSSOLFDWLRQ� 2QH RI WKH QHZ WUHQGV LQ 0,$% ZHOGLQJ

DSSOLFDWLRQ EHFDPH WKH FRQGXFWDQFH RI UHVHDUFK DQG

H[SHULPHQWDO ZRUNV LQ ZHOGLQJ RI WKLFN�ZDOOHG SLSHV�

)RU WKLV SXUSRVH WKH ZHOGLQJ HTXLSPHQW ZDV VXEMHFWHG
WR PRGLILFDWLRQ�

.QRZQ SURFHVV IRU ZHOGLQJ WKLFN�ZDOOHG SLSHV RF�
FXUUHG WR EH XQDFFHSWDEOH� EHFDXVH RQH RI WKH FRQGL�

WLRQV RI XQLIRUP DQG VWDEOH KHDWLQJ RI HGJHV ZHOGHG
LV WKH FRPSDUDELOLW\ RI SLSH ZDOO WKLFNQHVV DQG VL]HV
RI DUF FROXPQ DFWLYH VSRWV� )LJXUH �� D VKRZV WKH

WUDFHV RI DUF FROXPQ DFWLYH VSRWV RQ LQWHUQDO HGJHV RI
SLSHV DIWHU WKHLU KHDWLQJ LQ 0,$% ZHOGLQJ� 7KHVH

WUDFHV DUH VPDOOHU WKDQ WKH FURVV�VHFWLRQ RI SLSH HGJHV�

7KH ZHOGLQJ SURFHVV ZDV LQVWDEOH� ZLWK VKRUW�FLUFXLWV�
'XH WR WKH HIIHFW RI ZHOGLQJ DUF PDJQHWLF ILHOG DQG
H[LVWLQJ RI D KLJK JUDGLHQW RI H[WHUQDO PDJQHWLF ILHOG

LQGXFWLRQ LQ WKH LQLWLDO PRPHQW RI KHDWLQJ WKH DUF LV

IRUFHG RXW IURP WKH JDS DQG PRYHG DORQJ WKH LQWHUQDO
HGJHV RI SLSHV� ,Q WKLV FDVH WKH DUF FROXPQ LV EHQW

WRZDUGV WKH SLSH JHRPHWULF D[LV� 'XULQJ IODVKLQJ RI
LQQHU HGJHV RI SLSHV WKH DUF JDS LQ WKH SODFH RI DUF

EXUQLQJ LV LQFUHDVHG� WKH JUDGLHQW RI GLVWULEXWLRQ RI
PDJQHWLF ILHOG LQGXFWLRQ LQ WKH DUF JDS LV GHFUHDVHG

DQG WKH ZHOGLQJ DUF LV VKLIWHG WR WKH H[WHUQDO HGJHV

RI SLSHV� 7KH ODUJH WKLFNQHVV RI SLSH ZDOO �δ  � PP�
SUHYHQWV D VWDEOH DUF PRYHPHQW WR WKH DUHD RI KLJK

YDOXHV RI WKH FRQWURO PDJQHWLF ILHOG LQGXFWLRQ� 1RQ�

XQLIRUP PRYHPHQW RI WKH ZHOGLQJ DUF LQ WKH DUHD RI

ORZ YDOXHV RI WKH FRQWURO PDJQHWLF ILHOG LQGXFWLRQ
OHDGV WR D QRQ�XQLIRUP KHDWLQJ RI SLSH HGJHV� WR PHWDO
PHOWLQJ DQG LWV IORZLQJ RXW�

7KH SUHVHQW ZRUN JLYHV WKH UHVXOWV RI UHVHDUFK
ZRUNV� FDUULHG RXW DW WKH 3:,� RQ WKH SURFHVV RI

0,$% ZHOGLQJ RI SLSHV ZLWK XS WR �� PP ZDOO WKLFN�
QHVV� 7KH DLPRI LQYHVWLJDWLRQVZDV WR ILQG WKHPHWKRGV� 6�,� .8&+8.�<$76(1.2� 9�6� .$&+,16.< DQG 9�<X� ,*1$7(1.2� ����

7DEOH �� 7HFKQLFDO FKDUDFWHULVWLFV RI PDFKLQHV IRU 0,$% ZHOGLQJ

3DUDPHWHU 0'���� 0'���� .����

'LDPHWHU RI SLSHV� PP ��w�� ��w��� ��w���

3LSH ZDOO WKLFNQHVV� PP ���w��� ���w���� ���w����

(IILFLHQF\� ZHOG�K ��� �� ��

7LPH RI ZHOGLQJ� V ���w�� ��w�� ��w���

&RQVXPHG SRZHU� N9⋅$ �� �� ���

0DVV� NJ ��� ��� ����
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RI FRQWURO ZKLFK ZLOO PDNH LW SRVVLEOH WR PRYH WKH

DUF FRQWLQXRXVO\ DORQJ WKH HQWLUH DUHD RI SLSH HGJH

FURVV�VHFWLRQ� ,W ZDV GHWHUPLQHG WKDW DIWHU DUF H[FLWLQJ

LW LV QHFHVVDU\ WR VKLIW WKH ZHOGLQJ DUF WR WKH H[WHUQDO

HGJHV RI SLSH WR WKH UHJLRQ RI PD[LPXP YDOXHV RI

PDJQHWLF LQGXFWLRQ DQG WR PDNH LW WR PRYH WKHUH� $QG

WKLV VKRXOG EH UHDOL]HG E\ FUHDWLRQ RI DQ RSWLPXP

GLVWULEXWLRQ RI PDJQHWLF ILHOG LQGXFWLRQ LQ WKH DUF

JDS� +HUH� D UHODWLYH XQLIRUP GLVWULEXWLRQ RI ZHOGLQJ

DUF KHDW HQHUJ\ LQ SLSH HGJHV LV RFFXUUHG� $W D FRQ�

FHQWUDWHG KHDW HQHUJ\ HYROXWLRQ WKH PRUH XQLIRUP

KHDWLQJ RI SLSH HGJHV ZHOGHG LV RFFXUUHG WKDQ LQ DUF

PRYHPHQW DORQJ WKH LQWHUQDO HGJHV RI WKH SLSHV�

)LJXUH �� E VKRZV WKH WUDFHV RI DUF DFWLYH VSRWV

IRUPHG RQ H[WHUQDO HGJHV RI WKH WKLFN�ZDOOHG SLSHV

DIWHU WKHLU KHDWLQJ XVLQJ 0,$% ZHOGLQJ� 8QGHU WKH

HIIHFW RI H[WHUQDO PDJQHWLF ILHOG WKH FDWKRGH IORZ RI

SODVPD� VKLIWHG ZLWK UHVSHFW WR RSSRVLWH DQRGH IORZ�

LV PRYHG� 7KH FDWKRGH IORZ RI SODVPD IRUPV DQRGH

VSRW DIWHU UHDFKLQJ WKH DQRGH DQG WKHQ LW LV VKLIWHG�

$QRGH DQG FDWKRGH VSRWV DUH WU\LQJ WR EH DUUDQJHG

RSSRVLWH HDFK RWKHU�

7KH WUDFH� OHIW E\ WKH DUF RQ WKH HGJHV RI SLSHV

DIWHU VKLIWLQJ WR WKHP� DFTXLUHV GLIIHUHQW VKDSHV WKDW

LV GXH WR FKDQJH LQ YDOXHV DQG GLUHFWLRQ RI LQGXFWLRQ

WKDW FDQ EH GXH WR WKH FKDQJH LQ YDOXHV DQG GLUHFWLRQ

RI LQGXFWLRQ RI WKH FRQWURO PDJQHWLF ILHOG� HOHFWULFDO

DQG KHDW SURFHVVHV LQ SODFHV RI DUF EXUQLQJ� DV ZHOO

DV URXJKQHVV RI WUHDWPHQW RI WKH SLSH HGJH VXUIDFH�

7KH H[FLWHG ZHOGLQJ DUF� FRQWUROOHG E\ D PDJQHWLF

ILHOG� LV VKLIWHG WR H[WHUQDO HGJHV RI WKLFN�ZDOOHG SLSHV

WRZDUGV WKH UHJLRQ RI PD[LPXP YDOXHV RI WKH PDJQHWLF

ILHOG LQGXFWLRQ� +HUH� LW EHJLQV WR PRYH� SURYLGLQJ KHDW�

LQJ RI WKLFN�ZDOO SLSH VXUIDFHV EHLQJ ZHOGHG� 7KH ZHOG�

LQJ DUF FROXPQ LV EHQW� KHUH� WRZDUGV WKH VLGH RSSRVLWH

WR WKH SLSH JHRPHWULF D[LV� 2ZLQJ WR WKH ZHOGLQJ DUF

PRYHPHQW DORQJ WKH H[WHUQDO HGJHV RI WKLFN�ZDOOHGSLSHV

WKHLU UHODWLYHO\ XQLIRUP KHDWLQJ LV RFFXUUHG�

7KH DV�ZHOGHG VDPSOHV �)LJXUH �� ZHUH FXW DORQJ

WKH D[LDO OLQH DQG WKHLU VXUIDFH ZDV VXEMHFWHG WR PH�

WDOORJUDSKLF H[DPLQDWLRQ� $V WKH UHVXOWV VKRZHG GXU�

LQJ 0,$% ZHOGLQJ WKH PLFURVWUXFWXUH RI UHFU\VWDOOL]�

LQJ UHJLRQ LQ +$= LQ WKH YLFLQLW\ RI H[WHUQDO HGJHV

RI SLSHV UHSUHVHQWV D IHUULWLF�SHDUOLWLF PL[WXUH ZLWK D

GRPLQDWLQJ SHDUOLWH �)LJXUH �� D�� 2YHUKHDWLQJ UHJLRQ

LV ORFDWHG LQ +$= LQ WKH YLFLQLW\ RI LQWHUQDO HGJHV�

,WV PHWDO LV FKDUDFWHUL]HG E\ D FRDUVH�GLVSHUVHG VWUXF�

WXUH� LQ ZKLFK SHDUOLWH LV GRPLQDWLQJ� 5HJLRQV RI

EDLQLWH DQG IHUULWH DUH DOVR REVHUYHG �PDLQO\ LQ WKH

IRUP RI D QHWZRUN� SDUWLDOO\ LQ WKH IRUP RI QHHGOHV RI

:LGPDQQVWD
..
WWHQ VWUXFWXUH� �)LJXUH �� E��

0LFURVWUXFWXUH RI PHWDO RI D PROWHQ OD\HU RQ H[�

WHUQDO DQG LQWHUQDO HGJHV RI SLSHV LV GLIIHUHG QRWLFH�

DEO\� 2Q WKH LQWHUQDO HGJHV LW UHSUHVHQWV D IHUULWLF�

SHDUOLWLF PL[WXUH ZLWK D GRPLQDWLQJ SHDUOLWH� )HUULWH

LV ORFDWHG LQ WKH IRUP RI K\SRHXWHFWRLG SUHFLSLWDWLRQV

DORQJ WKH ERXQGDULHV RI FU\VWDOOLWHV DQG IHUULWH RUL�

HQWHG E\ :LGPDQQVWD
..
WWHQ� &RQWHQW RI IHUULWH LQ PL�

FURVWUXFWXUH RI H[WHUQDO HGJHV LV KLJKHU WKDQ WKDW RI

SHDUOLWH� ZKRVH PDVV IUDFWLRQ LV UDWKHU VPDOO�

'XULQJ DUF PRYHPHQW DORQJ H[WHUQDO HGJHV RI

WKLFN�ZDOOHG SLSHV WKH RYHUKHDWLQJ UHJLRQ LV ORFDWHG

LQ +$= LQ WKH YLFLQLW\ RI H[WHUQDO HGJHV RI WKH SLSHV

�)LJXUH �� D�� 0LFURVWUXFWXUH RI LWV PHWDO UHSUHVHQWV

D IHUULWLF QHWZRUN DORQJ WKH ERXQGDULHV RI IRUPHU

JUDLQV RI DXVWHQLWH� WKH SUHVHQFH RI IHUULWH� RULHQWHG

E\:LGPDQQVWD
..
WWHQ� SHDUOLWH DQG D QHJOLJLEOH FRQWHQW

RI EDLQLWH LV REVHUYHG� +$= LQ WKH YLFLQLW\ RI LQWHUQDO

HGJHV �)LJXUH �� E� LV EHJLQQLQJ E\ D UHJLRQ RI UH�

FU\VWDOOL]LQJ ZKLFK LV FKDUDFWHUL]HG E\ D ILQH�GLVSHUVHG

IHUULWLF�SHDUOLWLF VWUXFWXUH ZLWK FRDUVH JUDLQV� 0LFUR�

VWUXFWXUH RI D PROWHQ OD\HU PHWDO RQ WKH LQWHUQDO HGJHV

)LJXUH �� :HOGLQJ PDFKLQHV RI 0'���� �D� DQG .���� �E� W\SHV

)LJXUH �� 7UDFHV UHPDLQHG E\ ZHOGLQJ DUF LQ PRYHPHQW DORQJ LQ�
WHUQDO �D� DQG H[WHUQDO �E� HGJHV RI WKLFN�ZDOOHG SLSHV �δ  � PP�
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UHSUHVHQWV D IHUULWLF�SHDUOLWLF PL[WXUH LQ ZKLFK IHUULWH LV

ORFDWHG LQ WKH IRUP RI SUHFLSLWDWLRQV RI D K\SRHXWHFWRLG

W\SH DQG QHHGOHV RI WKH :LGPDQQVWD
..
WWHQ VWUXFWXUH�

2Q WKH H[WHUQDO SLSH HGJHV WKH VWUXFWXUH RI D PRO�

WHQ OD\HU PHWDO LV GLIIHUHG IURP WKDW DERYH�GHVFULEHG�

,W UHSUHVHQWV D IHUULWLF�SHDUOLWLF PL[WXUH ZLWK D GRPL�

QDWLQJ IHUULWH� 7KH ODUJHU PDVV IUDFWLRQ RI IHUULWH LV

SUHFLSLWDWHG DORQJ WKH ERXQGDULHV RI FU\VWDOOLWHV LQ D

K\SRHXWHFWRLG UHJLRQ�

$V D UHVXOW RI FRPSDULVRQ RI NQRZQ DQG QHZ PHWK�

RGV RI 0,$% ZHOGLQJ WKH HIIHFW RI D ORQJ DFWLRQ RI

ZHOGLQJ DUF RQ VHSDUDWH KHDWLQJ VXUIDFH UHJLRQV RI

WKLFN�ZDOOHG SLSHV ZDV SURYHG�

$W D NQRZQ0,$% ZHOGLQJ SURFHVV D UHJLRQ RI RYHU�

KHDWLQJ LV IRUPHG LQ WKH YLFLQLW\ RI LQWHUQDO HGJHV DIWHU

KHDWLQJ� RFFXS\LQJ XS WR �� � RI VXUIDFH DUHD RI WKH

SLSH HGJH VHFWLRQ KHDWHG� 7KH VWUXFWXUH RI LWV PHWDO KDV

D IHUULWH RULHQWHG E\ :LGPDQQVWD
..
WWHQ DQG SRVVHVVHV D

GHFUHDVHG GHIRUPDELOLW\� $IWHU XSVHWWLQJ WKH RYHUKHDW�

LQJ UHJLRQ UHPDLQV LQ D FHQWUDO SDUW RI WKH ZHOGHG MRLQW�

WKXV GHWHULRUDWLQJ LWV TXDOLW\� 7KH XVH RI WKH NQRZQ

0,$% ZHOGLQJ SURFHVV FDQQRW SURYLGH TXDOLW\ ZHOGHG

MRLQWV� LI WKH VL]H RI DUF DFWLYH VSRWV LV VPDOOHU WKDQ WKH

DUHD RI WKH SLSH VHFWLRQ ZHOGHG�

:LWK WKH QHZ SURFHVV RI 0,$% ZHOGLQJ WKH PL�

FURVWUXFWXUH VLPLODU WR WKH DERYH�PHQWLRQHG LV IRUPHG

RQ WKH H[WHUQDO HGJHV RI SLSHV� 7KH RYHUKHDWLQJ UHJLRQ

RFFXSLHV XS WR �� � DUHD RI SLSH HGJH VHFWLRQ EHLQJ

KHDWHG LQ WKH YLFLQLW\ RI H[WHUQDO HGJHV� $IWHU XSVHW�

WLQJ WKH RYHUKHDWLQJ UHJLRQ LV UHPRYHG IURP WKH MRLQW

]RQH WKDW IDYRUV WKH ZHOG IRUPDWLRQ�

7KH SULQFLSOH RI WKH QHZ 0,$% ZHOGLQJ SURFHVV

LV VKRZQ VFKHPDWLFDOO\ LQ )LJXUH �� 7KH HGJHV DUH

)LJXUH �� 0LFURVWUXFWXUH RI +$= PHWDO� REWDLQHG LQ DUF PRYHPHQW DORQJ WKH LQWHUQDO HGJHV RI SLSH� D x UHJLRQ RI UHFU\VWDOOL]DWLRQ LQ
WKH YLFLQLW\ RI H[WHUQDO HGJHV� E x UHJLRQ RI RYHUKHDWLQJ ZLWK D FRDUVH�GLVSHUVHG VWUXFWXUH� ORFDWHG RQ LQWHUQDO HGJHV RI SLSHV �×����

)LJXUH �� 0LFURVWUXFWXUH RI +$= PHWDO� REWDLQHG LQ DUF PRYHPHQW DORQJ WKH H[WHUQDO HGJHV RI SLSHV� D x UHJLRQ RI RYHUKHDWLQJ LQ WKH
YLFLQLW\ RI H[WHUQDO HGJHV� E x UHJLRQ RI UHFU\VWDOOL]DWLRQ ZLWK FRDUVH JUDLQV� ORFDWHG RQ LQWHUQDO HGJHV RI SLSHV �×����

)LJXUH �� $FWLRQ RI IRUFHV GHWHUPLQLQJ QDWXUH RI ZHOGLQJ DUF PRYH�
PHQW LQ0,$%ZHOGLQJ� ,

→
x DUF FXUUHQW FRPSRQHQW�%

→
x PDJQHWLF

ILHOG LQGXFWDQFH� 3
→
%

U

� 3
→
%

D

x UDGLDO DQG D[LDO FRPSRQHQWV RI VXUIDFH
PDJQHWLF LQGXFWDQFH� UHVSHFWLYHO\�)

→
%

U

�)
→
%

D

x IRUFHV DIIHFWLQJ UDGLDO
DQG D[LDO DUF PRYHPHQW DORQJ WKH SLSH HGJHV� UHVSHFWLYHO\

)LJXUH ��0DFURVHFWLRQ RI ZHOGHG MRLQW RI SLSH �δ �� PP�� �w� x
UHJLRQV ZKLFK ZHUH XVHG IRU PHWDOORJUDSKLF H[DPLQDWLRQ
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KHDWHG LQ ZHOGLQJ DUF PRYHPHQW DORQJ WKH H[WHUQDO

HGJHV WRZDUGV WKH LQFUHDVHG YDOXHV RI D UDGLDO FRP�

SRQHQW %
→

U
RI FRQWURO PDJQHWLF ILHOG LQGXFWLRQ� WKXV

SURYLGLQJ VWDEOH PRYHPHQW RI WKH ZHOGLQJ DUF�

:KHQ WKH KHDWLQJ� FRUUHVSRQGLQJ WR WKDW UHTXLUHG

IRU SODVWLF GHIRUPDWLRQ RI SLSHV� LV UHDFKHG WKH IRUFHV

)
→
%

D

� )
→
%

U

DQG YDOXHV RI ZHOGLQJ FXUUHQW DUH FKDQJHG�

WKXV OHDGLQJ WR WKH ZHOGLQJ DUF VFDQQLQJ DORQJ WKH

SLSH HGJH VXUIDFH� 7KHQ XSVHWWLQJ LV SHUIRUPHG� 7KH

LQYHVWLJDWLRQV UHVXOWHG LQ WKH VROXWLRQ RI WKH PDLQ

SUREOHP� WKH GHYHORSPHQW RI D PHWKRG ZLWK KHOS RI

ZKLFK LW LV SRVVLEOH WR PRYH WKH DUF RYHU WKH HQWLUH

DUHD RI FURVV VHFWLRQ RI WKH SLSHV�

$V ZDV DERYH�VWDWHG� WKH IRUPDWLRQ RI ZHOGHG

MRLQWV RI WKLFN�ZDOOHG SLSHV LQ 0,$% ZHOGLQJ� WKH

VDPH DV LQ RWKHU PHWKRGV RI SUHVV ZHOGLQJ� LV RFFXUUHG

DW D FRPELQHG GHIRUPDWLRQ RI DEXWWHG VXUIDFHV RI SDUWV

KHDWHG XS WR WKH SODVWLF VWDWH� 7KH XQLIRUP KHDWLQJ

RI SLSH HGJHV LV PDLQ� EXW QRW VXIILFLHQW FRQGLWLRQ IRU

WKH IRUPDWLRQ RI TXDOLW\ ZHOGHG MRLQW� ,Q 0,$% ZHOG�

LQJ WKH VKLHOGLQJ JDVHV DUH QRW� DV D UXOH� XVHG� 7KLV

OHDGV WR WKH R[LGDWLRQ RI SLSH HGJHV ZLWK DLU R[\JHQ

)LJXUH �� :HOGHG MRLQW RI ��×�� SLSH �WLPH RI ZHOGLQJ LV ��� V�
)LJXUH �� 6HFWLRQ RI ZHOGHG MRLQW RI ���×� PP SLSH �WLPH RI
ZHOGLQJ LV �� V�

)LJXUH �� 0LFURVWUXFWXUH RI ZHOGHG MRLQW
RI SLSH �δ  �� PP�� D x UHJLRQ �� E x
]RQH RI RYHUKHDWLQJ LQ UHJLRQ �� F x UH�
JLRQ �� G x UHJLRQ �� H x SDUHQW PHWDO
�×���� �IRU GHVLJQDWLRQV VHH )LJXUH ��
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DQG WR WKH IRUPDWLRQ RI R[LGHV GXULQJ WKH ZHOGLQJ

SURFHVV� 7KH UHPRYDO RI R[LGHV LV DQ REOLJDWRU\ FRQ�

GLWLRQ ZKLFK VKRXOG EH IXOILOOHG LQ XVH RI DOO WKH W\SHV

RI SUHVV ZHOGLQJ�

,W ZDV HVWDEOLVKHG H[SHULPHQWDOO\� WKDW DW FRQWURO�

ODEOH DUF FROXPQPRYHPHQW DORQJ WKH SLSH HGJHV EHLQJ

ZHOGHG �δ  �� PP� LW LV PDQDJHG WR SURYLGH WKH

UHTXLUHG IUHTXHQF\ RI DUF PRYHPHQW IRU NHHSLQJ PHOW

LQ DPROWHQ VWDWH� 2[LGHV WRJHWKHU ZLWK DPROWHQPHWDO

DUH IRUFHG RXW IURP WKH MRLQW ]RQH GXULQJ WKH SODVWLF

GHIRUPDWLRQ RI WKH SLSH HGJHV� 7KH XVH RI WKH QHZ

SURFHVV PDNHV LW SRVVLEOH WR SURGXFH WKH ZHOGHG MRLQWV

ZLWK D PLQLPXP LQQHU IODVK �)LJXUH ���

0HWDOORJUDSKLF H[DPLQDWLRQ RI WKH VWHHO ��

��×��PPSLSH ZHOGHG MRLQW ZDV SHUIRUPHG DIWHU HWFK�

LQJ LQ � � VROXWLRQ RI +12� LQ DOFRKRO� 7KH PLFUR�

VWUXFWXUH ZDV H[DPLQHG LQ RSWLFDO PLFURVFRSH �1HR�

SKRW���� DW ×��� DQG ×����
+DUGQHVV RI +$= PHWDO ZDV PHDVXUHG LQ /(&2

KDUGRPHWHU DW ��� ��� DQG ���� J ORDGLQJ� 0HWDO�

ORJUDSKLF PHDVXUHPHQWV ZHUH PDGH LQ GLIIHUHQW DUHDV

RI WKH ZHOGHG MRLQW �VHH �w� LQ )LJXUH ��� 0LFURVWUXF�

WXUH RI WKH ZHOGHG MRLQW LQ UHJLRQ � UHSUHVHQWV D IHU�

ULWLF�SHDUOLWLF PL[WXUH ZLWK D GRPLQDWLQJ IHUULWH FRP�

SRQHQW� D VPDOO SDUW RI WKH IHUULWH LV RULHQWHG E\ :LG�

PDQQVWD
..
WWHQ �)LJXUH �� D�� :LGWK RI WKH ZHOGHG MRLQW

OLQH DW WKH JLYHQ UHJLRQ LV ����� PP� KDUGQHVV LV

+9��� ���w���� +$= FRQVLVWV RI VHYHUDO FOHDUO\ H[�

SUHVVHG UHJLRQV RI RYHUKHDWLQJ ������ PP ZLGWK�� DV

ZHOO DV FRPSOHWH DQG SDUWLDO UHFU\VWDOOL]DWLRQ ������

DQG ����� PP� UHVSHFWLYHO\��

0HWDO VWUXFWXUH RI RYHUKHDWLQJ UHJLRQ UHSUHVHQWV

D IHUULWLF�SHDUOLWLF PL[WXUH ZLWK D GRPLQDWLQJ SHDUOLWLF

FRPSRQHQW� 3HDUOLWH LV SUHFLSLWDWHG LQ WKH IRUP RI

JUDLQV IULQJHG LQ HGJHV E\ IHUULWLF SUHFLSLWDWLRQV� 0RVW

SDUW RI WKH IHUULWH LV RULHQWHG E\ :LGPDQQVWD
..
WWHQ�

0HWDO RI RYHUKHDWLQJ ]RQH �)LJXUH �� E� KDV KDUGQHVV

+9��� ���w���� JUDLQ VL]H FRUUHVSRQGV WR �� PRUH VHO�

GRP WR � PDUN �*267 ����w����

0HWDO RI FRPSOHWH UHFU\VWDOOL]DWLRQ UHJLRQ KDV D

IHUULWLF�SHDUOLWLF ILQH�GLVSHUVHG �PDUN ��� VWUXFWXUH

DQG KDUGQHVV +9
��� ���� 0HWDO RI SDUWLDO UHFU\VWDO�

OL]DWLRQ UHJLRQ LV FKDUDFWHUL]HG E\ D IHUULWLF�SHDUOLWLF

VWUXFWXUH ZLWK D JUDLQ VL]H FRUUHVSRQGLQJ WR PDUN ��

$W WKH UHJLRQ � �)LJXUH �� F� WKH PLFURVWUXFWXUH

RI PHWDO RI WKH ZHOGHG MRLQW OLQH LV IHUULWLF� LWV ZLGWK

LV ���� PP� PHWDO KDUGQHVV LV +9
�� ���w���� 7KH

+$= FRQVLVWV RI UHJLRQV RI FRPSOHWH DQG SDUWLDO UH�

FU\VWDOOL]DWLRQ� WKHUH LV QR UHJLRQ RI RYHUKHDWLQJ� 7KH

ZLGWK RI FRPSOHWH UHFU\VWDOOL]DWLRQ UHJLRQ LV ������

ZKLOH WKDW RI SDUWLDO UHFU\VWDOOL]DWLRQ LV ����� PP�

0LFURVWUXFWXUH RI PHWDO RI FRPSOHWH UHFU\VWDOOL]DWLRQ

UHJLRQ UHSUHVHQWV D ILQH�GLVSHUVHG IHUULWLF�SHDUOLWLF

PL[WXUH ZLWK D JUDLQ VL]H FRUUHVSRQGLQJ WR �w��

PDUNV�PHWDO KDUGQHVV LV+9
��� ���w���� $W WKH UHJLRQ

RI D SDUWLDO UHFU\VWDOOL]DWLRQ WKH SUHVHQFH RI IHUULWH �

SHDUOLWH ZLWK D JUDLQ VL]H FRUUHVSRQGLQJ WR �w� PDUNV

LV REVHUYHG� PHWDO KDUGQHVV LV +9
��� ���w����

0LFURVWUXFWXUH LQ UHJLRQ � LV WUDQVLWLRQDO� :LGWK RI

ZHOGHG MRLQW OLQH LV ������ PP �)LJXUH �� G�� 0LFUR�

VWUXFWXUH RI UHJLRQ � LV IHUULWLF� PHWDO KDUGQHVV LV

+9
��� ���w���� +$= FRQVLVWV RI UHJLRQV RI RYHUKHDWLQJ�

DQG DOVR FRPSOHWH DQG SDUWLDO UHFU\VWDOOL]DWLRQ� 0LFUR�

VWUXFWXUH RI WKLV UHJLRQ RI ����� PP ZLGWK LV FKDUDF�

WHUL]HGE\ WKH ILQHU VL]H RI WKHPHWDO JUDLQ� DSSUR[LPDWHO\

�PDUN� ,W LV IHUULWLF�SHDUOLWLF� WKHPRVW SDUW RI WKH IHUULWH

LV RULHQWHG E\:LGPDQQVWD
..
WWHQ�PHWDO KDUGQHVV LV+9

���

���w����0LFURVWUXFWXUH RI SDUHQWPHWDO LV IHUULWLF�SHDU�

OLWLF� JUDLQ VL]H FRUUHVSRQGV WR �w� PDUN� KDUGQHVV LV

+9���� ��� �)LJXUH �� H��

$V D UHVXOW RI LQYHVWLJDWLRQV PDGH XVLQJ WKH DG�

YDQFHG ZHOGLQJ HTXLSPHQW WKH QHZ PHWKRG RI 0,$%

ZHOGLQJ KDV EHHQ GHYHORSHG IRU SLSHV ZLWK �� PP

ZDOO WKLFNQHVV �)LJXUHV � DQG ��� 0HFKDQLFDO SURS�

HUWLHV RI ZHOGHG MRLQWV RI SLSHV DUH SUHVHQWHG LQ 7D�

EOH �� 6WDELOLW\ RI SURGXFLQJ TXDOLW\ MRLQWV LV UHDFKHG

E\ FRQWURO RI PDLQ WHFKQRORJLFDO FRQGLWLRQ SDUDPHWHUV

GLUHFWO\ LQ WKH SURFHVV RI ZHOGLQJ�

�� *DQRYVNL� )�-� ������ 7KH PDJQHWDUF ZHOGLQJ SURFHVV�
:HOG� 0HW� )DEULF�� -XQH� ���w����

�� (GVRQ� '�$� ������ 0DJQHWLFDOO\ LPSHOOHG DUF EXWW ZHOGLQJ
RI WKLFN ZDOO WXEHV� 'RF� ,,: ,,,����w���

�� 7DNDJL� .�� $UDVKLGD� )� ������ 0DJQHWLFDOO\�LPSHOOHG DUF
EXWW ZHOGLQJ RI JDV SLSHOLQH� 0HWDO &RQVWU�� ��� ���w����

�� .DFKLQVN\� 9�6�� ,JQDWHQNR� 9�<X� ������ 0DJQHWLFDOO\�LP�
SHOOHG DUF EXWW ZHOGLQJ RI WXEXODU SDUWV �HTXLSPHQW DQG
WHFKQRORJ\�� $YWRPDWLFK� 6YDUND� �� ��w���

�� .XFKXN�<DWVHQNR� 6�,�� .ULYHQNR� 9�*�� ,JQDWHQNR� 9�<X� HW
DO� 0DFKLQH IRU PDJQHWLFDOO\�LPSHOOHG DUF EXWW ZHOGLQJ� 3RVL�
WLYH GHFLVLRQ RQ DSSO� �������� 8NUDLQH� )LOHG ���������

�� .XFKXN�<DWVHQNR� 6�,�� .ULYHQNR� 9�*�� ,JQDWHQNR� 9�<X�
HW DO� 0DFKLQH IRU PDJQHWLFDOO\�LPSHOOHG DUF EXWW ZHOGLQJ�
3RVLWLYH GHFLVLRQ RQ DSSO� �������� 8NUDLQH� )LOHG
���������

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV RI WKLFN�ZDOOHG SLSHV

6WHHO

JUDGH
3LSH VL]H� PP

σ
W
� 03D .&9� -�FP

�

σ
���
� 03D

3DUHQW PHWDO :HOGHG MRLQW 3DUHQW PHWDO :HOGHG MRLQW

6W��� ��×�� ���w���

���

���w���

���

��w���

��

��w��

��

���

���×� ���w���

���

���w���

���

��w���

��

��w��

��

���

6W��� ���×� ���w���

���

���w���

���

��w���

��

��w��

��

���

��×�� ���w���

���

���w���

���

��w��

��

��w��

��

���

1R W H � ,Q QXPHUDWRU WKH PLQLPXP DQG PD[LPXP YDOXHV RI UHVXOWV REWDLQHG DW VWDWLF WHQVLOH DQG LPSDFW EHQG WHVWV DUH VKRZQ� LQ GHQRPLQD�

WRU WKH PHDQ YDOXHV DUH VKRZQ�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

&RQVLGHUHG DUH WKH PHWKRGV IRU VROLG�VWDWH MRLQLQJ RI WLWDQLXP WR VWHHO ZLWK D GLIIHUHQW GHJUHH RI WKH IRUFH HIIHFW� GLIIXVLRQ

ERQGLQJ� FROG ZHOGLQJ� LQHUWLD IULFWLRQ ZHOGLQJ� ZHGJH�SUHVV DQG YDFXXP SUHVV ZHOGLQJ� H[SORVLRQ ZHOGLQJ� YDFXXP

SHUFXVVLRQ ZHOGLQJ DQG PDJQHWLF�SXOVH ZHOGLQJ� 7KH ZD\V RI SURGXFLQJ TXDOLW\ MRLQWV DUH GHVFULEHG�

.H\ ZRUGV� GLVVLPLODU MRLQWV� GLIIXVLRQ ERQGLQJ� FROG ZHOG�

LQJ� LQHUWLD IULFWLRQ ZHOGLQJ� ZHGJH�SUHVV ZHOGLQJ� UROO ZHOG�
LQJ� WLWDQLXPwVWHHO ELPHWDO� H[SORVLRQ ZHOGLQJ� YDFXXP SHUFXV�
VLRQ ZHOGLQJ

3ODVWLF GHIRUPDWLRQ RI DOO PHWDOV LQ WKH MRLQLQJ ]RQH�
DQG EHWZHHQ WLWDQLXP DQG VWHHO LQ SDUWLFXODU� LV WKH

LPSHUDWLYH FRQGLWLRQ IRU IRUPDWLRQ RI D MRLQW XVLQJ

DQ\ PHWKRG RI VROLG�VWDWH MRLQLQJ� 7KH UDWH RI GHIRU�

PDWLRQ GHWHUPLQHV WKH LQWHQVLW\ RI SURFHVVHV ZKLFK

FRQWURO IRUPDWLRQ RI WKH MRLQW� 7KHUHIRUH� DOO WKH DYDLO�

DEOH VROLG�VWDWH MRLQLQJ PHWKRGV FDQ EH FRQGLWLRQDOO\

VXEGLYLGHG LQWR WKUHH JURXSV E\ WKH LQWHQVLW\ RI WKHLU

IRUFH HIIHFW >�@�

7KH ILUVW JURXS LQFOXGHV MRLQLQJ PHWKRGV ZLWK D

ORZ�LQWHQVLW\ IRUFH HIIHFW �H�J� GLIIXVLRQ ERQGLQJ LQ
ZKLFK WKH UDWH RI GHIRUPDWLRQ RI ELOOHWV EHLQJ MRLQHG

LV ��
w�

w��
w�

V
w��� $V D UXOH� WKHVH MRLQLQJ SURFHVVHV

RFFXU XQGHU WKH FUHHS FRQGLWLRQV� ZKHUH WKH GHIRUPD�

WLRQ UDWH GHSHQGV XSRQ WKH SURFHVV SDUDPHWHUV DQG

GHIRUPDWLRQ UHVLVWDQFH RI WKH ELOOHWV�

7KH VHFRQG JURXS LQFOXGHV MRLQLQJ PHWKRGV ZLWK
D PHGLXP�LQWHQVLW\ IRUFH HIIHFW� 6XFK MRLQLQJ SURF�

HVVHV KDYH D IRUFHG FKDUDFWHU RI SODVWLF GHIRUPDWLRQ

DQG RFFXU GXULQJ D VKRUW SHULRG RI WLPH �RIWHQ WKH\

LQYROYH SUHKHDWLQJ RI PDWHULDOV EHLQJ MRLQHG�� +HUH

WKH GHIRUPDWLRQ UDWH LV ��
w�

w��
w�

V
w�

� 7KHVH PHWKRGV

DUH PRVW SURPLVLQJ DPRQJ DOO RWKHU VROLG�VWDWH MRLQLQJ

PHWKRGV� DV YDULDWLRQV RI WKH WHPSHUDWXUH�IRUFH GH�

IRUPDWLRQ FRQGLWLRQV RIIHU WKH SRVVLELOLW\ RI SURGXFLQJ
TXDOLW\ MRLQWV LQ PDQ\ FRPELQDWLRQV RI PDWHULDOV�

7KH WKLUG JURXS LQFOXGHV PHWKRGV ZLWK D KLJK�LQ�

WHQVLW\ IRUFH HIIHFW �H[SORVLRQ ZHOGLQJ� YDFXXP SHU�

FXVVLRQ ZHOGLQJ� PDJQHWLF�SXOVH ZHOGLQJ�� 7KHVH

SURFHVVHV DUH FKDUDFWHULVHG E\ D KLJK GHIRUPDWLRQ UDWH

�XS WR �� Vw��� VKRUW GXUDWLRQ �IRUFH SXOVH GXUDWLRQ�
DQG LQYROYH� DV D UXOH� QR SUHKHDWLQJ RI PDWHULDOV

MRLQHG� 7KH MRLQWV XVXDOO\ KDYH ORZ LPSDFW WRXJKQHVV

DQG GXFWLOLW\� DV WKH VKRUW GXUDWLRQ RI WKH IRUFH HIIHFW

UHVWULFWV WKH SRVVLELOLW\ RI GHYHORSPHQW RI WKH UHTXLUHG

SURFHVVHV ZLWKLQ WKH MRLQLQJ ]RQH� +RZHYHU� WKH VKRUW

GXUDWLRQ RI WKH IRUFH HIIHFW EHFRPHV D SRVLWLYH IDFWRU
LQ MRLQLQJ GLVVLPLODU PHWDOV ZKLFK LQWHUDFW WR IRUP

EULWWOH SKDVHV� ,Q WKLV FDVH LW LV QHFHVVDU\ WR OLPLW RU
HYHQ SUHYHQW GHYHORSPHQW RI WKH GLIIXVLRQ SURFHVVHV�

-RLQLQJ ZLWK D ORZ�LQWHQVLW\ IRUFH HIIHFW� 'LIIX�

VLRQ ERQGLQJ RI PHWDOV RFFXUV DW D WHPSHUDWXUH RI 7 ≈
≈ ���7

PHOW
�7

PHOW
LV WKH PHWDO PHOWLQJ WHPSHUDWXUH�

>�@� 7KLV UDWLR LV RSWLPDO QRW RQO\ IRU WKH FDVH RI
MRLQLQJ FRPPHUFLDOO\ SXUH VLPLODU PHWDOV RU DOOR\V�

EXW DOVR IRU GLVVLPLODU PHWDOV DQG DOOR\V�
,QLWLDO LQYHVWLJDWLRQV RQ GLIIXVLRQ ERQGLQJ RI WLWD�

QLXP WR VWHHO DUH GHVFULEHG LQ >�@� .LQHWLF FKDUDF�

WHULVWLFV RI YDULDWLRQ LQ UHVLVWDQFH RI OD\HUV WR VHSDUD�

WLRQ DQG HORQJDWLRQ RI FRPPHUFLDO WLWDQLXP 97���

DQG DUPFR�LURQ F\OLQGULFDO VDPSOHV ZLWK D GLDPHWHU

RI � PP LQ WHQVLOH WHVWV DUH GHVFULEHG LQ >�@� 7KH

DXWKRUV RI WKLV VWXG\ FRQGXFWHG ERQGLQJ XVLQJ SURFHVV

SDUDPHWHUV JLYHQ LQ 7DEOH ��

,QFUHDVH LQ WKH ERQGLQJ WLPH �PRUH WKDQ �� PLQ�

DW ���� . �PRGH �� LV DFFRPSDQLHG E\ D GUDPDWLF

GHFUHDVH LQ VWUHQJWK DQG GXFWLOLW\ RI WKH ERQG� ,Q
WHQVLOH WHVWV DOO WKH VSHFLPHQV IUDFWXUHG LQ WKH WUDQ�

VLWLRQ ]RQH� 0RUHRYHU� DIWHU ERQGLQJ DW ���� DQG

���� . WKH IUDFWXUH ZDV ORFDOLVHG RQ WKH FRQWDFW VXU�

IDFH EHWZHHQ LQWHUPHWDOOLF DQG α�VROLG VROXWLRQ DQG

SDUWLDOO\ LQ WKH α�SKDVH� ,Q WKH SUHVHQFH RI WKH RYHU�

VDWXUDWHG VROLG VROXWLRQ RU WKH α � 7L)H HXWHFWRLG

EDQG WKH IUDFWXUH RFFXUUHG SDUWLFXODUO\ LQ WKLV OD\HU�
7KH ERQGV H[KLELWHG WKH KLJKHVW VWUHQJWK ZLWK WKH

LQWHUPHWDOOLF OD\HU �w� µP ZLGH�

,Q ERQGLQJ WLWDQLXP DOOR\ 27� WR VWHHOV
��.K��1��7 DQG ��.K��1�7 WKH HIIHFW RI WKH SURFHVV
SDUDPHWHUV RQ PHFKDQLFDO SURSHUWLHV RI WKH ERQGV LV

VLPLODU LQ PDQ\ UHVSHFWV WR WKDW IRXQG IRU SXUH PHWDOV

�FRPPHUFLDO�SXULW\ WLWDQLXP DQG DUPFR�LURQ�� 7KH
SRVVLELOLW\ ZDV HVWDEOLVKHG RI SURGXFLQJ GLIIXVLRQ

ERQGV EHWZHHQ DOOR\ 27� DQG VWHHO ��.K��1��7� DQG
27� DQG ��.K��1�7� KDYLQJ WKH WHQVLOH VWUHQJWK RI

��� DQG ���w��� 03D� UHVSHFWLYHO\� XQGHU WKH IRO�
ORZLQJ FRQGLWLRQV� 7  ���� .� 3  ��w�� 03D DQG

τ  �� PLQ >�@� 7ULDOV RQ ERQGLQJ WKH 97��� DOOR\

� /�6� .,5((9 DQG 9�1� =$0.29� ����

7DEOH �� 3DUDPHWHUV RI ERQGLQJ WLWDQLXP 97��� DQG DUPFR�LURQ
F\OLQGULFDO VDPSOHV

0RGH

1R�

7HPSHUD�

WXUH� .

3UHVVXUH�

03D

0RGH

1R�

7HPSHUD�

WXUH� .

3UHVVXUH�

03D

� ���� �� � ���� ���

� ���� �� � ���� ���

� ���� �� � ���� ���
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�7Lw$Ow6Q V\VWHP� LQ D FRPELQDWLRQ ZLWK
��.K��1��7 VKRZHG WKH SRVVLELOLW\ RI SURGXFLQJ
ERQGV ZLWK WHQVLOH VWUHQJWK RI ���w��� 03D DW 7  
 ���� .� 3  �� 03D DQG τ  �� PLQ�

'LIIXVLRQ ERQGLQJ RI WLWDQLXP WR VWHHO ZDV FRQ�
VLGHUHG DOVR LQ VWXGLHV >�w�� HWF�@� ,W ZDV VKRZQ WKDW
GLUHFW ERQGLQJ RI FRPPHUFLDOO\ SXUH WLWDQLXP WR VWHHO
��.K��1��7 SURYLGHG ERQGV ZLWK WHQVLOH VWUHQJWK
ZKLFK LV QRW PRUH WKDQ �� � RI WKDW RI VWDLQOHVV VWHHO
����w��� 03D�� 0HWDOORJUDSK\ DQG HOHFWURQ GLIIUDF�
WLRQ DQDO\VLV UHYHDOHG LQWHUPHWDOOLFV LQ WKH FRQWDFW
]RQH RI WKHVH ERQGV� ,Q ERQGLQJ WKURXJK D OLTXLG SKDVH
>�@ �7  ���� .� WKH ERQGV KDG WHQVLOH VWUHQJWK RI
��� 03D� ZKLFK FRUUHVSRQGV WR VWUHQJWK RI WKH VR�
OLGLILHG HXWHFWLF DQG KDUGO\ GHSHQGV XSRQ WKH WLWDQLXP
DOOR\ DQG VWHHO JUDGHV� 6XFK ERQGV DUH FKDUDFWHULVHG
E\ D KLJK VFDWWHU RI VWUHQJWK SURSHUWLHV DQG ORZ GXF�
WLOLW\� 7KH DXWKRUV RI VWXG\ >�@ WKLQN WKDW GLIIXVLRQ
ERQGLQJ LQ YDFXXP FDQQRW SURYLGH ERQGV ZLWK
VWUHQJWK DQG GXFWLOLW\ RI WKH EDVHPHWDO LQ WKH SUHVHQFH
RI DQ LQWHUPHWDOOLF OD\HU RQ WKH FRQWDFW OLQH� DV LQ WKLV
FDVH WKH DGKHVLRQ EHWZHHQ WKH OD\HU DQG WKH EDVH PHWDO
LV QRW VWURQJ HQRXJK� DQG WKH LQWHUPHWDOOLF LV KDUG
DQG EULWWOH� ,W LV OLNHO\ WKDW GLIIXVLRQ ERQGLQJ RI WL�
WDQLXP WR VWHHO WKURXJK LQWHUPHGLDWH OD\HUV RI RWKHU
PHWDOV LV PRUH SURPLVLQJ�

3URI� *�.� .KDUFKHQNR DQG KLV FROOHDJXHV IURP
WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH LQYHVWL�
JDWHG YDFXXP GLIIXVLRQ ERQGLQJ RI WLWDQLXP WR VWHHO
WKURXJK DQ LQWHUOD\HU RI YDQDGLXP� ZKLFK IRUPV D
FRQWLQXRXV VHULHV RI VROLG VROXWLRQV ZLWK WLWDQLXP DQG
LURQ >�@� ,QWHUOD\HUV ZHUH PDGH IURP D IRLO QRW PRUH
WKDQ ��� PP WKLFN� 7KH\ ZHUH SODFHG EHWZHHQ F\OLQ�
GULFDO VDPSOHV ZLWK D GLDPHWHU RI �� PP DQG �� PP
KLJK� %RQGLQJ ZDV SHUIRUPHG XQGHU WKH IROORZLQJ
FRQGLWLRQV� 7  ����w���� .� 3  �w� 03D DQG τ  
 �w�� PLQ� 5HVXOWV RI PHFKDQLFDO VWDWLF WHQVLOH WHVWV
RI WKH ERQGHG VDPSOHV DUH JLYHQ LQ 7DEOH ��

,Q DOO WKH WHVWV WKH ERQGV IUDFWXUHG E\ WKH EULWWOH
PHFKDQLVP DORQJ WKH LQWHUIDFH EHWZHHQ LURQ �VWHHO�
DQG YDQDGLXP� ZKLFK FRQWDLQHG YDQDGLXP FDUELGHV�
7KH ODWWHU FDQ EH IRUPHG HYHQ DW D WHPSHUDWXUH RI
��� .� ,QYHVWLJDWLRQ RI WKH FRQWDFW ]RQH RI WKH
)H�9�7L ERQG DIWHU GLIIXVLRQ ERQGLQJ DQG DQQHDOLQJ
VKRZHG WKH SRVVLELOLW\ RI IRUPDWLRQ RI WLWDQLXP FDU�
ELGH ZLWK D PLFURKDUGQHVV RI ����⋅��� 03D DOVR RQ
WKH VLGH RI WLWDQLXP >�� �@� 7KH YDQDGLXP LQWHUOD\HU
LV WUDQVSDUHQW IRU FKURPLXP ZKLFK LQWHUDFWV ZLWK WL�
WDQLXP WR IRUP FRPSRXQG 7L&U� >�@�

7KHUHIRUH� WKH YDQDGLXP LQWHUOD\HU DORQH GRHV QRW
VROYH WKH SUREOHP RI GLIIXVLRQ ERQGLQJ RI WLWDQLXP WR

VWHHO� 7KLV SUREOHP FDQ EH VROYHG E\ XVLQJ DQ H[WUD
OD\HU RI FRSSHU EHWZHHQ YDQDGLXP DQG VWHHO >�@� &R�
HIILFLHQW RI GLIIXVLRQ RI FDUERQ LQWR FRSSHU LV ORZ� DQG
QR LQWHUPHWDOOLF FRPSRXQGV DUH IRUPHG LQ WKH YDQD�
GLXPwFRSSHU V\VWHP� 6ROXELOLW\ RI FRSSHU LQ YDQD�
GLXP DW URRP WHPSHUDWXUH LV DERXW � �� ZKLOH DW
���� . LW LV DERXW � � >��@� 6WUHQJWK RI FRSSHU �σW  
 ���w��� 03D� DQG FRPPHUFLDO�SXULW\ YDQDGLXP
�σW  ���w��� 03D� LV PXFK ORZHU WKDQ VWUHQJWK RI
VWHHO ��.K��1��7 �σW  ���w��� 03D� RU D WLWDQLXP
DOOR\� H�J� 97��� �σW  ���w��� 03D�� +RZHYHU� WKH
VWUHQJWKHQLQJ HIIHFW WDNLQJ SODFH LQ ERQGLQJ WKURXJK
VRIW LQWHUOD\HUV >��w��@ FDQ LQFUHDVH VWUHQJWK RI WKH
ERQGV WR D OHYHO PXFK KLJKHU WKDQ VWUHQJWK RI WKH
LQWHUOD\HUV�

6WXGLHV >�� �� ��@ LQGLFDWH WR D SURPLVLQJ IXWXUH
RI XVLQJ YDQDGLXPwFRSSHU LQWHUOD\HUV LQ GLIIXVLRQ
ERQGLQJ RI WLWDQLXP WR VWHHO� 7KH XVH RI WKH YDQDGLXP
DQG FRSSHU OD\HUV RI DQ RSWLPDO WKLFNQHVV� HQVXULQJ
WKH FRQWDFW VWUHQJWKHQLQJ HIIHFW� SURYLGHV ERQGV ZLWK
D VXIILFLHQW VWUHQJWK DQG VDWLVIDFWRU\ WRXJKQHVV DQG
GXFWLOLW\ �7DEOH ��� ,Q WKLV FDVH LPSDFW WRXJKQHVV RI
WKH ERQGV LV FORVH WR WKH ORZHU OLPLW RI LPSDFW WRXJK�
QHVV RI RQH�SKDVH WLWDQLXP DOOR\V� 7KH EHQGLQJ DQJOH
RI IODW VSHFLPHQV � PP WKLFN� FXW IURP ERQGHG URGV�
DPRXQWV WR ��w���� %RQGLQJ ZDV SHUIRUPHG XQGHU WKH
IROORZLQJ FRQGLWLRQV� 7  ���� .� 3  �w� 03D DQG
τ  �w�� PLQ� 7KH SUHVHQFH RI WKH FRSSHU OD\HU OLPLWV
WKH ERQGLQJ WHPSHUDWXUH� ZKLOH WKH VSHFLILF SUHVVXUH
DQG WLPH RI ERQGLQJ DUH VHOHFWHG VR WKDW WKH\ SURYLGH
D PLQLPXP GHIRUPDWLRQ RI WKH WLWDQLXP SDUW RI WKH
ERQG�

7R LQFUHDVH WHFKQRORJLFDO HIIHFWLYHQHVV RI WKH
ERQGV� LW ZDV VXJJHVWHG WKDW GLIIXVLRQ ERQGLQJ RI
WLWDQLXP WR VWHHO VKRXOG EH SHUIRUPHG QRW WKURXJK
WZR VHSDUDWH OD\HUV RI YDQDGLXP DQG FRSSHU� EXW
WKRXJK RQH FRPSDFW PXOWLOD\HU LQVHUW >�w�@� 6XFK
LQVHUWV ZHUH PDGH E\ UROOLQJ XVLQJ D YDFXXP UROOLQJ
PLOO� 7R DYRLG DGKHVLRQ RI FRSSHU WR WKH PLOO UROOV
DQGPLQLPLVH WKLFNQHVV RI WKH OD\HU� FRSSHU ZDV SODFHG
LQVLGH WKH LQVHUW �LW ZDV FRYHUHG ZLWK RWKHU PHWDOV RQ
WKH WZR VLGHV� YDQDGLXP RQ WKH VLGH RI WLWDQLXP DQG
QLFNHO x RQ WKH VLGH RI VWHHO�� 7KH LQVHUW ZDV D SDFN
FRQVLVWLQJ RI DOWHUQDWLQJ 9w&Xw1L OD\HUV� 7KH SDFN
ZDV UROOHG DW D WHPSHUDWXUH RI ����. DQG GHIRUPDWLRQ
RI ��w�� �� 7KLFNQHVV RI OD\HUV RI WKH ILQLVKHG LQVHUW
ZDV DV IROORZV� YDQDGLXPx ���w���� FRSSHUx ����w

7DEOH �� 7HQVLOH VWUHQJWK RI GLIIXVLRQ ERQGV EHWZHHQ WLWDQLXP
DQG LURQ �VWHHO� PDGH WKURXJK YDQDGLXP LQWHUOD\HU

0HWDOV MRLQHG σW� 03D
&DUERQ FRQWHQW RI

LURQ �VWHHO�� ZW��

)H�9�7L ��� ����

��.K��7�9�7L ��� ����

��.K��1��7�9�7L ��� ����

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI GLIIXVLRQ ERQGV EHWZHHQ WLWD�
QLXP DOOR\ 97��� DQG VWHHO ��.K��1��7 �ZLWK 9w&X LQWHUOD\HU�

5HODWLYH WKLFNQHVV

RI OD\HUV
 σ����

ª3¾

σW�

ª3¾
δ� � ψ� � )UDFWXUH
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&X 9

���� ���� ��� ��� ��� ���� 6WHHO

���� ���� ��� ��� ��� ��� &RSSHU

���� ���� ��� ��� ��� ��� 6DPH
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���� DQG QLFNHO x ����w���� PP� 'LIIXVLRQ ERQGLQJ
RI WLWDQLXP DOOR\ 97��� WR VWHHO ��.K��1��7 WKURXJK
VXFK DQ LQVHUW SURYLGHV WKH VXIILFLHQWO\ KLJK TXDOLW\
RI WKH ERQGV �σW  ���w��� 03D� δ  ���w��� � DQG
ψ  ���w���� ��� ,Q WKLV FDVH WKH ERQGV WHVWHG WR
VWDWLF WHQVLRQ IUDFWXUHG LQ QLFNHO RU FRSSHU�

,Q WKH FDVHV ZKHUH FRSSHU FDQQRW EH XVHG DV DQ
LQWHUOD\HU� DV UHTXLUHG E\ FRQGLWLRQV RI RSHUDWLRQ RI
SDUWV FRQVLVWLQJ RI GLVVLPLODU PHWDOV� LW LV VXJJHVWHG
WKDW LW VKRXOG EH UHSODFHG E\ D SDOODGLXP RU FKURPLXP
OD\HU >�� ��@� 7KH XVH RI YDQDGLXPwSDOODGLXP LQWHU�
OD\HUV VKRZV PRUH SURPLVH� DV SDOODGLXP IRUPV VROLG
VROXWLRQV ZLWK YDQDGLXP� LURQ� QLFNHO DQG FKURPLXP�
GRHV QRW IRUP FDUELGHV� DQG KDV D KLJK GXFWLOLW\� 7KH
ERQGLQJ WHPSHUDWXUH LV ����w���� .� 6WUHQJWK RI WKH
ERQGV LV GHWHUPLQHG SULPDULO\ E\ WKH GHJUHH RI
VWUHQJWKHQLQJ RI SDOODGLXP �WKH VRIWHVW OD\HU LQ WKH
ERQG� DQG LV DW D OHYHO RI VWUHQJWK RI VWHHO
��.K��1��7 �σW  ���w��� 03D�� UHWDLQLQJ VDWLVIDF�
WRU\ GXFWLOLW\ ���w�� ���

7KH WHFKQRORJ\ RI GLIIXVLRQ ERQGLQJ RI WLWDQLXP
WR VWHHO WKURXJK LQWHUOD\HUV KDV WKH ZLGHVW DFFHSWDQFH
LQ PDQXIDFWXUH RI ELPHWDO MRLQWV �WUDQVLWLRQ SLHFHV�
LQ GLIIHUHQW�DSSOLFDWLRQ SLSHOLQHV�

-RLQLQJ ZLWK D PHGLXP�LQWHQVLW\ IRUFH HIIHFW�
7KHPHWKRGV IRU MRLQLQJZLWK DPHGLXP�LQWHQVLW\ IRUFH
HIIHFW LQFOXGH FROG ZHOGLQJ� IULFWLRQ ZHOGLQJ� ORZ�
WHPSHUDWXUH GLIIXVLRQ ERQGLQJ� UROO ZHOGLQJ� HWF�

7KH SURFHVV RI FROG ZHOGLQJ RI PHWDOV �LQFOXGLQJ
WLWDQLXP WR VWHHO� LV FRQVLGHUHG LQ GHWDLO LQ VWXGLHV
>�� ��w��� HWF�@� 7KHUHIRUH� KHUH ZH ZLOO QRWH RQO\
WKH PDLQ WHFKQRORJLFDO FKDUDFWHULVWLFV RI WKLV SURFHVV�

:HOGHG MRLQWV LQ WLWDQLXP 97��� DQG VWHHO
��.K��1��7 URGV � PP LQ GLDPHWHU� PDGH ZLWK WKUHH
XSVHWWLQJ RSHUDWLRQV �XS WR �� � WLWDQLXP LV FRQVXPHG
SHU XSVHWWLQJ�� KDG WKH IROORZLQJ SURSHUWLHV� σW  
 ���w��� 03D� δ  �w�� � DQG EHQG DQJOH α  
 ���� 7KH 7L)H SKDVH ZDV UHYHDOHG LQ D MRLQW DIWHU
ZHOGLQJ� ,WV DSSHDUDQFH ZDV FDXVHG E\ D ORFDO LQFUHDVH
LQ WHPSHUDWXUH RI WKLQ OD\HUV RI PHWDO ZLWKLQ WKH ]RQH
RI WKH MRLQW GXULQJ WKH SODVWLF GHIRUPDWLRQ SURFHVV�
7KH FROG ZHOGHG MRLQWV EHWZHHQ WLWDQLXP DQG VWHHO
FDQQRW ZRUN DW LQFUHDVHG WHPSHUDWXUHV HYHQ IRU D YHU\
VKRUW WLPH� 7KXV� DW D WHPSHUDWXUH RI ���� .PHFKDQL�
FDO SURSHUWLHV RI WKH MRLQWV GUDPDWLFDOO\ GHFUHDVH DV
HDUO\ DV DIWHU ��w�� V� DQG WKH MRLQWV EHFRPH XQVHUY�
LFHDEOH�

7KH 3:, FRQGXFWHG LQYHVWLJDWLRQV RI WKH SURFHVV
RI LQHUWLD IULFWLRQ ZHOGLQJ RI WLWDQLXP WR VWHHO >��@�

7KH PDLQ GLIIHUHQFH RI LQHUWLD IULFWLRQ ZHOGLQJ IURP
WKH FRQYHQWLRQDO SURFHVV LV LQ KHDWLQJ WKH ZHOGLQJ
ORFDWLRQ DW D GHFUHDVLQJ VSLQGOH URWDWLRQ VSHHG� ZKLFK
GHWHUPLQHV RSHUDWLRQDO SHFXOLDULWLHV RI WKH SURFHVV� ,Q
IRUPDWLRQ RI D MRLQW WKH WHPSHUDWXUH LQ LW LV QRW LQ
H[FHVV RI WKH PHOWLQJ SRLQW RI WKH EDVH PHWDO� 7KH
MRLQW LV IRUPHG LQ D VROLG SKDVH� GLIIXVLRQ SURFHVVHV
GHYHORS ZLWKLQ WKH ZHOG ]RQH� DQG PHFKDQLFDO VWLUULQJ
RI FRQWDFWLQJ PHWDO YROXPHV WDNHV SODFH >��@� 6DPSOHV
ZLWK D GLDPHWHU RI �� PP PDGH IURP WLWDQLXP 97���
DQG DOOR\V 97� �V\VWHP 7Lw$Ow9� DQG 97�� �V\VWHP
7Lw0Rw$Ow9� ZHUH ZHOGHG WR VWHHOV ��.K��1��7
DQG �� >��@� :HOGLQJ ZDV SHUIRUPHG LQ DLU RU DUJRQ�
+RZHYHU� PHFKDQLFDO SURSHUWLHV RI WKH MRLQWV ZHUH
LGHQWLFDO LQ ERWK FDVHV� DV WKH WHVWV ZHUH FRQGXFWHG
RQO\ RQ WKH FHQWUDO SDUW RI D MRLQW ZKLFK ZDV QRW
R[LGLVHG GXULQJ ZHOGLQJ� 8SVHWWLQJ ZDV SURYLGHG
PRVWO\ GXH WR SODVWLF GHIRUPDWLRQ RI WLWDQLXP� 7DEOH �
JLYHV RSWLPDO FRQGLWLRQV RI LQHUWLD IULFWLRQ ZHOGLQJ
RI WLWDQLXP WR VWHHO� DQG 7DEOH � JLYHV VWUHQJWK SURS�
HUWLHV RI WKH UHVXOWLQJ ZHOGHG MRLQWV�

,W IROORZV IURP 7DEOH � WKDW WKH KLJKHVW TXDOLW\
RI D MRLQW LV DFKLHYHG LQ XVLQJ WKLQ LQWHUOD\HUV GHSRV�
LWHG RQ VWHHO E\ WKH JDOYDQLF PHWKRG� $ VLPLODU SLFWXUH
LV REVHUYHG LQ ZHOGLQJ WLWDQLXP 97��� WR 6W��� >�@�
,W LV OLNHO\ WKDW XSRQ UHDFKLQJ WKH WHPSHUDWXUH LQ WKH
MRLQW ZKLFK H[FHHGV WKH WHPSHUDWXUH RI IRUPDWLRQ RI
HXWHFWLF WLWDQLXPwFRSSHU �����.� RU WLWDQLXPwQLFNHO
����� .�� D OLTXLG SKDVH OD\HU LV IRUPHG LQ FRQWDFW�
WKH SURFHVV RI IRUPDWLRQ DQG GLVUXSWLRQ RI QHZ ERQGV
VWRSV� DQG WHPSHUDWXUH RI WKH MRLQW LV HVWDEOLVKHG DW
D OHYHO RI WKH WHPSHUDWXUH RI WKH HXWHFWLF� 7KH OLTXLG
OD\HU LV SUHVVHG RXW GXULQJ XSVHWWLQJ� DQG WKH WLPH RI
FRROLQJ RI WKH ZHOGHG MRLQW LV QRW HQRXJK IRU LQWHU�
PHWDOOLFV WR IRUP >��@� ,W VKRXOG EH QRWHG WKDW IRU�
PDWLRQ RI WKH HXWHFWLF WDNHV SODFH DOVR LQ ZHOGLQJ
WLWDQLXP WR LURQ �VWHHO ��.K��1��7� ZLWKRXW DQ LQ�
WHUOD\HU� +RZHYHU� PHFKDQLFDO SURSHUWLHV RI ZHOGHG
MRLQWV LQ WKLV FDVH DUH PXFK ORZHU �VHH 7DEOH ��� +HUH
WKH ZHOGHG MRLQWV FRQWDLQ UHPDLQV RI PHWDO RI WKH
HXWHFWLF FRPSRVLWLRQ� DQG LW LV WKHVH UHPDLQV WKDW FDXVH
EULWWOH IUDFWXUH RI WKH MRLQWV DW σW  ���w��� 03D� ,Q
ZHOGLQJ WKURXJK QLRELXP LQWHUOD\HUV WKH ]RQHV ZKHUH
VWHHO LV PL[HG ZLWK QLRELXP FRQWDLQ PLFURFUDFNV
IRUPHG DW WKH FRROLQJ VWDJH EHFDXVH RI VXEVWDQWLDO
GLIIHUHQFHV LQ OLQHDU H[SDQVLRQ FRHIILFLHQWV RI QLRELXP
DQG VWHHO� 6WUHQJWK RI VXFK MRLQWV LV ���w��� 03D�

7DEOH �� 2SWLPDO IULFWLRQ ZHOGLQJ FRQGLWLRQV IRU WLWDQLXP WR
VWHHO
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DQG IUDFWXUH LQ WHVWLQJ WKH VSHFLPHQV RFFXUV LQ WKH
ZHOG ]RQH�

'RXEOH LQWHUOD\HUV DUH PRVW SURPLVLQJ IRU IULFWLRQ
ZHOGLQJ RI WLWDQLXP WR VWHHO� QLRELXP RQ WKH VLGH RI
WLWDQLXP DQG LURQ RQ WKH VLGH RI VWHHO ��.K��1��7�
KDYLQJ PHDQ YDOXHV RI OLQHDU H[SDQVLRQ FRHIILFLHQW
FRPSDUDEOH ZLWK WKH EDVH PHWDO >��@�

:HGJH�SUHVV ZHOGLQJ VKRXOG DOVR EH FODVVHG ZLWK
ZHOGLQJ ZLWK D PHGLXP�LQWHQVLW\ IRUFH HIIHFW >��@�
7KLV PHWKRG RIZHOGLQJ VWHHO ��.K��1��7 WR WLWDQLXP
LV SHUIRUPHG WKURXJK DQ DOXPLQLXP RU FRSSHU LQWHU�
OD\HU ���w��� PP WKLFN� 7KH HQG RI WKH VWHHO ELOOHW LV
PDFKLQHG WR D FRQH ���w����� DQG D VHDW RI WKH VLPLODU
VKDSH LV PDGH LQ WKH WLWDQLXP ELOOHW� :HOGLQJ LV SHU�
IRUPHG LQ DUJRQ E\ KHDWLQJ WKH ELOOHWV WR ���w��� .
WKURXJK DQ DOXPLQLXP LQWHUOD\HU RU WR ����w���� .
WKURXJK D FRSSHU LQWHUOD\HU� %LPHWDO WUDQVLWLRQ SLHFHV
PDGH E\ WKLV WHFKQRORJ\ KDYH VWUHQJWK LQ WKHLU ZHOGHG
SDUW KLJKHU WKDQ VWUHQJWK LQ WKH VWHHO SDUW� ZKLFK LV
DWWULEXWDEOH WR D GHYHORSHG FRQWDFW DUHD�

6WXGLHV >��w��@ VXEVWDQWLDWH WKH SRVVLELOLW\ RI GL�
UHFWO\ MRLQLQJ �ZLWKRXW LQWHUOD\HUV� WLWDQLXP WR VWHHO E\
WKH GLIIXVLRQ ERQGLQJ SURFHVV LQ WKH UDQJH RI UHODWLYHO\
ORZ WHPSHUDWXUHV DQG KLJK MRLQLQJ SUHVVXUHV� $ YDFXXP
MRLQLQJ VHWXS ZLWK UDGLDWLRQ KHDWLQJ DQG SQHXPRK\�
GUDXOLF PRGH RI SUHVVXUH WUDQVIHU ZDV GHVLJQHG DQG
PDQXIDFWXUHG IRU SUDFWLFDO UHDOLVDWLRQ RI WKLV SURFHVV�
+HUH WKH PD[LPXP SUHVVXUH DSSOLHG RQ WKH SDUWV MRLQHG
LV ��� N1� PD[LPXP KHDWLQJ WHPSHUDWXUH LV ���� . DQG
ZRUNLQJ YDFXXP LV ���⋅��w� 3D�

6WXGLHV >��� ��@ VKRZ WKDW FKRLFH RI UDWLRQDO MRLQ�
LQJ SDUDPHWHUV VKRXOG EH EDVHG RQ FHUWDLQ SHFXOLDULWLHV
RI WKH NLQHWLFV RI SURFHVVHV RFFXUULQJ LQ WKH ]RQH RI
FRQWDFW RI WLWDQLXP WR VWHHO� 7KH G\QDPLF UHFRYHU\ RU
UHFU\VWDOOLVDWLRQ SURFHVVHV KDYH WKH KLJKHVW UDWH DW WKH
LQLWLDO PRPHQW� $IWHU IRUPDWLRQ RI D SK\VLFDO FRQWDFW�
WKH\ DUH VXSHULPSRVHG E\ WKH SURFHVVHV RI DWRPLF KH�
WHURGLIIXVLRQ� DQG UHDFWLYH GLIIXVLRQ EHJLQV RQO\ DIWHU
D FHUWDLQ ODWHQW SHULRG� 'XUDWLRQ RI WKH ODWHQW SHULRG�
OLNH WKH UDWH RI DWRPLF KHWHURGLIIXVLRQ DQG G\QDPLF
UHFRYHU\ SURFHVVHV� GHSHQGV XSRQ WKH WHPSHUDWXUH�
7KH ODWHQW SHULRG LV FKDUDFWHULVHG E\ WKH KLJKHVW YDOXH
RI WKH WHPSHUDWXUH FRHIILFLHQW� DQG WKH UHFRYHU\ DQG
UHFU\VWDOOLVDWLRQ SURFHVVHV DUH FKDUDFWHULVHG E\ WKH
ORZHVW WHPSHUDWXUH FRHIILFLHQW� 7KHUHIRUH� GHFUHDVH LQ
WKH ERQGLQJ WHPSHUDWXUH WR ��� . SURYLGHG WKH SRV�
VLELOLW\ WR DYRLG WKH UHDFWLYH GLIIXVLRQ� PDNH WKH
DWRPLF KHWHURGLIIXVLRQ MXVW WR VWDUW DQG KHDO WKH PRVW
GDQJHURXV GHIHFWV GXULQJ WKH RSWLPDO ERQGLQJ WLPH�
,W ZDV VKRZQ WKDW WKH NLQHWLFV RI WKH SURFHVV FRQVLG�
HUHG LV DIIHFWHG DOVR E\ WKH GHIRUPDWLRQ UDWH GXULQJ
ERQGLQJ� )RU H[DPSOH� LQFUHDVH LQ WKH GHIRUPDWLRQ
UDWH SURYLGHG E\ XVLQJ WKH �IUHH GHIRUPDWLRQ� PHWKRG
>��@ OHDGV WR D VXEVWDQWLDO DFFHOHUDWLRQ RI WKH G\QDPLF
UHFRYHU\ SURFHVVHV� DWRPLF KHWHURGLIIXVLRQ DQG� WR D
OHVVHU GHJUHH� UHDFWLYH GLIIXVLRQ�

7KH LQYHVWLJDWLRQV FRQGXFWHG UHVXOWHG LQ WKH GH�
YHORSPHQW RI RSWLPDO FRQGLWLRQV IRU GLUHFW MRLQLQJ RI
WLWDQLXP WR VWHHOV ��.K�� DQG ��.K��1��7� 7KH
MRLQWV KDYH VWUHQJWK HTXDO WR WKDW RI D OHVV VWURQJ

PHWDO� L�H� WLWDQLXP� 7KH WHFKQRORJ\ GHYHORSHG ZDV
HPSOR\HG WR PDNH WUDQVLWLRQ SLHFHV XVHG IRU WKH PDQX�
IDFWXUH RI WKHUPDO�HOHFWULF KHDWHUV �ILUH�EDU HOHPHQWV�
ZLWK D WLWDQLXP VKHDWK� LQWHQGHG IRU KHDWLQJ VHD
ZDWHU� 7KH\ SDVVHG WKH HQWLUH SDFNDJH RI WKH UHTXLUHG
WHVWV DQG H[KLELWHG KLJK RSHUDWLRQDO UHOLDELOLW\�

5ROO ZHOGLQJ RI WLWDQLXP WR VWHHO FDQ EH SHUIRUPHG
XVLQJ ERWK YDFXXP DQG FRQYHQWLRQDO PLOOV� /RZ FD�
SDFLW\ RI YDFXXP UROOLQJ PLOOV GRHV QRW DOZD\V DOORZ
ZHOGLQJ �FODGGLQJ� ODUJH ELOOHWV� ,Q ZHOGLQJ XVLQJ
FRQYHQWLRQDO UROOLQJ PLOOV� WKH SODWHV WR EH ZHOGHG
DUH SODFHG LQVLGH D VHDOHG SDFN ZKLFK LV SXUJHG ZLWK
LQHUW JDV RU HYDFXDWHG GXULQJ KHDWLQJ WR SURWHFWPHWDOV
IURP R[LGDWLRQ DQG VDWXUDWLRQ ZLWK QLWURJHQ DQG K\�
GURJHQ� 3\URSKRULF PDWHULDOV DUH SODFHG VRPHWLPHV
LQWR WKH SDFN WR FRPELQH R[\JHQ DQG QLWURJHQ� $F�
FRUGLQJ WR WKH GDWD RI >�@� VKHDU UHVLVWDQFH RI WKH
MRLQWV EHWZHHQ VWHHO � PP WKLFN DQG WLWDQLXP � PP
WKLFN �PDGH E\ UROOLQJ DW D WHPSHUDWXUH RI ���� . LQ
YDFXXP RI ��w�w��w� 3D� JURZV IURP �� WR ��� 03D
ZLWK DQ LQFUHDVH LQ GHIRUPDWLRQ IURP � WR �� � SHU
SDVV� 6WULSV UROOHG LQ ORZ YDFXXP �≈ ��� 03D� KDG
ORZ VWUHQJWK DQG IUDFWXUHG LQ FXWWLQJ WHVW VSHFLPHQV�

&RPSDULVRQ RI UHVXOWV RI YDFXXP UROO ZHOGLQJ RI
WLWDQLXP 97��� WR DUPFR�LURQ DQG VWHHOV RI WKH �� ��
��� ��*�6 DQG ��.K��1��7 JUDGHV VKRZHG D QHJDWLYH
HIIHFW RI FDUERQ RQ VWUHQJWK RI WKH MRLQWV� )RU H[DPSOH�
LQFUHDVH LQ D FDUERQ FRQWHQW IURP ����� WR ���� ��
RWKHU FRQGLWLRQV EHLQJ HTXDO� GHFUHDVHG WHQVLOH
VWUHQJWK IURP ��� WR ���03D� ,W LV OLNHO\ WKDW FDUERQ�
ZKLOH GLIIXVLQJ WR WKH VXUIDFH RI WKH MRLQW� IRUPV WL�
WDQLXP FDUELGH �WKHUH PD\ EH QR 7L)H DQG 7L)H� LQ
WKLV FDVH� DQG FDXVHV SDVVLYDWLRQ RI WKH WLWDQLXP VXU�
IDFH� 1R IRUPDWLRQ RI PHWDOOLF ERQGV EHWZHHQ WKH PDW�
LQJ VXUIDFHV WDNHV SODFH� 8VLQJ DQ LQWHUOD\HU RI SXUH
YDQDGLXP �FDUERQ FRQWHQW LV QR PRUH WKDQ ���� ��
IRU ZHOGLQJ OHDGV WR LQFUHDVH LQ VWUHQJWK RI WKH MRLQWV�
DQG IUDFWXUH LQ UXSWXUH WHVWV RFFXUV LQ WKH WLWDQLXP
OD\HU� ,Q WKH FDVH RI XVLQJ YDQDGLXP RI DQ LQVXIILFLHQW
SXULW\ �FRQWDLQLQJ XS WR ��� � & DQG ��� � =U� DV
DQ LQWHUOD\HU� YDQDGLXP FDUELGHV PD\ EH IRUPHG LQ
WKH ZHOGHG MRLQW ]RQH� DQG IUDFWXUH RI WKH MRLQWV ZLOO
RFFXU SDUWLFXODUO\ DW WKH FDUELGHV� 3UREDELOLW\ RI WKHLU
IRUPDWLRQ LQFUHDVHV ZLWK LQFUHDVH LQ WKH FDUERQ FRQ�
WHQW RI VWHHO� :LGWK RI WKH OD\HU RI YDQDGLXP FDUELGHV
LQ WKH ZHOGHG MRLQW ]RQH LQFUHDVHV ���w� WLPHV ZLWK
LQFUHDVH LQ WKH UHGXFWLRQ GHJUHH IURP �� WR �� �� +LJK
PHFKDQLFDO SURSHUWLHV �σW  ��� 03D� DQ  
 � N-�P�� RI WKH MRLQWV EHWZHHQ WLWDQLXP DOOR\97�V
DQG VWHHO ��.K��1��7 DUH SURYLGHG E\ UROO ZHOGLQJ
WKURXJK D 1Ew&X LQWHUOD\HU DW D WHPSHUDWXUH RI
���� .� WKH WRWDO UHGXFWLRQ UDWLR LQ WKUHH SDVVHV EHLQJ
��w�� ��

,W VKRXOG EH QRWHG WKDW DQQHDOLQJ IRU � K DW ���� .
DSSOLHG WR WLWDQLXPwVWHHO ELPHWDO SURGXFHG E\ UROO
ZHOGLQJ ZLWKRXW LQWHUOD\HUV OHDGV WR GHFUHDVH LQ WHQ�
VLOH VWUHQJWK WR ���w��� 03D� DQG PLFURKDUGQHVV RI
WKH WLWDQLXPwWUDQVLWLRQ ]RQHwVWHHO UHJLRQV LV ����w
����w���� 03D� ,Q WKLV FDVH WKH ZHOGHG MRLQW ]RQH
FRQWDLQV 7L)H DQG 7L&� 6LPLODU WUHDWPHQW RI ELPHWDO
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ZLWK D 1Ew&X LQWHUOD\HU GRHV QRW GHFUHDVH DQG HYHQ
LQFUHDVHV WR VRPH H[WHQW WKH YDOXH RI KDUGQHVV RI WKH
UHJLRQ LQ WKH ZHOGHG MRLQW ]RQH RQ WKH WLWDQLXP VLGH�

7KH SRVVLELOLW\ RI SURGXFLQJ ELPHWDO VWULSV ���w
��� PP WKLFN E\ FROG UROOLQJ LV UHSRUWHG LQ >�@� 7R
HQVXUH TXDOLW\ ZHOGLQJ� LW LV UHTXLUHG WKDW DIWHU GH�
JUHDVLQJ DQG EUXVK FOHDQLQJ WKH UHGXFWLRQ LQ WKH ILUVW
SDVV EH ��w�� �� 7KH JDV FRQWHQW RI WLWDQLXP VKRXOG
EH GHFUHDVHG� R[\JHQ WR ���� �� K\GURJHQ WR ����� �
DQG QLWURJHQ WR ����� �� %RWK OD\HUV LQ WKLV FDVH
VKRXOG EH XQLIRUPO\ UHGXFHG �LURQ VKRXOG EH DQQHDOHG
DW ���w��� .��

-RLQLQJ ZLWK D KLJK�LQWHQVLW\ IRUFH HIIHFW� 7KH
PRVW W\SLFDO SURFHVV RI MRLQLQJ ZLWK D KLJK�LQWHQVLW\
IRUFH HIIHFW LV H[SORVLRQ ZHOGLQJ >��w��� HWF�@� 7KLV
SURFHVV DOORZV SURGXFWLRQ RI ELPHWDO ELOOHWV DQG SDUWV
RI DOPRVW XQOLPLWHG GLPHQVLRQV IURP GLYHUVH PHWDOV
DQG DOOR\V� LQFOXGLQJ WLWDQLXP DQG VWHHO� 0DQ\ LQYHV�
WLJDWRUV FRQVLGHUHG WKH SXOVH FKDUDFWHU RI LQWHUDFWLRQ
RI UHDFWLYH WLWDQLXP ZLWK VWHHO WR EH WKH DGYDQWDJH RI
WKLV ZHOGLQJ SURFHVV� ,W ZDV FRQFOXGHG RQ WKH EDVLV
RI WKLV FRQVLGHUDWLRQ� SDUWLFXODUO\ LQ SLRQHHULQJ VWXG�
LHV� WKDW QR EULWWOH LQWHUOD\HUV FRXOG EH IRUPHG LQ WKH
H[SORVLRQ ZHOGHG MRLQWV� DV WKH FKDUDFWHU RI LQWHUDF�
WLRQ RI WLWDQLXP ZLWK VWHHO LQ WKLV FDVH ZDV WKRXJKW
WR EH VLPLODU WR WKDW WDNLQJ SODFH LQ FROG ZHOGLQJ� $V
LW ZDV IRXQG ODWHU RQ� FKHPLFDO LQWHUDFWLRQ DQG HYHQ
PHOWLQJ DW WKH FROOLVLRQ ZLWK VWHHO LV D UXOH� UDWKHU
WKDQ H[FHSWLRQ� 5HVXOWV RI H[SHULPHQWDO VWXGLHV
VKRZHG WKDW H[SORVLRQ ZHOGLQJ RI WLWDQLXP WR VWHHO LV
FKDUDFWHULVHG E\ DYDLODELOLW\ RI D QDUURZ UDQJH RI SUR�
FHVV SDUDPHWHUV DW ZKLFK LW LV SRVVLEOH WR SURYLGH
VWURQJ ZHOGHG MRLQWV� 7KUHH W\SHV RI WKH MRLQWV SUR�
GXFHG DW GLIIHUHQW YDOXHV RI WKH EDVLF SURFHVV SDUDPH�
WHUV ZHUH UHYHDOHG >��@�

-RLQWV RI WKH ILUVW W\SH DUH FKDUDFWHULVHG E\ IRU�
PDWLRQ RI D VWUDLJKW�OLQHG RU �VLQXVRLGDO LQWHUIDFH��
FRQWDLQLQJ QR UHJLRQV ZLWK D FU\VWDOOLVDWLRQ VWUXFWXUH�
7KH MRLQWV RI WKLV W\SH DUH W\SLFDO IRU �VRIW� ZHOGLQJ
FRQGLWLRQV� -RLQWV RI WKH VHFRQG W\SH DUH PRVW FRP�
PRQ� WKH\ IHDWXUH SURQRXQFHG ZDYH IRUPDWLRQ DQG
SUHVHQFH RI HGG\ ZDYHV� 7KHVH ]RQHV XVXDOO\ FRPSULVH
UHJLRQV RI WKH FU\VWDOOLVHG PHOW ZLWK D GHQGULWLF VWUXF�
WXUH� FRQWDLQLQJ VKULQNDJH FUDFNV� GLVFRQWLQXLWLHV DQG
FDYLWLHV� 6WLUULQJ RI PHWDOV ZHOGHG WDNHV SODFH LQ WKH
HGG\ ]RQHV�

8QGHU WKH IRUFHG FRQGLWLRQV �WKLUG W\SH� WKH FDVW
]RQHV DUH ZLGHQHG WR IRUP D FRQWLQXRXV OD\HU DORQJ
WKH FRQWDFW OLQH� 7KHUHIRUH� LW LV QHFHVVDU\ WR HQVXUH
VXIILFLHQW FROOLVLRQ YHORFLWLHV DQG SUHVVXUH WR UHPRYH
WKH VXUIDFH OD\HU DQG DFWLYDWH WKH VWHHO DQG WLWDQLXP
VXUIDFHV� RQ WKH RQH KDQG� DQG PDNH ZHOGLQJ FRQGL�
WLRQV VXIILFLHQWO\ �VRIW� WR SURYLGH WKH MRLQWV RI WKH
ILUVW W\SH �ZLWKRXW FRQVLGHUDEOH PHOWV�� RQ WKH RWKHU
KDQG�

6WHHOwWLWDQLXP ELPHWDO FDQ EH SURGXFHG E\ H[SOR�
VLRQ ZHOGLQJ� DYRLGLQJ WUDQVLWLRQ GLIIXVLRQ ]RQHV DQG
GHIHFWV� WKH VWDWLF WHQVLOH VWUHQJWK RI WKH MRLQWV EHLQJ
���w��� 03D� $W DQ RSWLPDO GHWRQDWLRQ UDWH RI DQ
H[SORVLYH HTXDO WR ���� P�V DQG D ZHOGLQJ JDS RI

�w� PP� VWUHQJWK RI WKH UHVXOWLQJ MRLQWV LQ SODWHV RI
WLWDQLXP 97��� � PP WKLFN DQG 6W�� �� PP WKLFN
ZDV DERXW ��� 03D >��@� ,Q WKLV FDVH WKH MRLQLQJ OLQH
KDG D VLQXVRLGDO VKDSH DQG FRQWDLQHG QR FDVW UHJLRQV�
,W LV QRWHG LQ WKLV VWXG\ WKDW LQ WKH FDVH RI ZHOGLQJ
E\ WKH DQJXODU PHWKRG WKH LQWHUIDFH KDV D GLVWRUWHG
ZDY\ VKDSH DQG FDVW UHJLRQV ZKLFK FRQWDLQ FDYLWLHV
DQG FRQWDPLQDQWV� ,Q DGGLWLRQ� WKH ZHOGHG MRLQW ]RQH
RQ WKH WLWDQLXP VLGH KDV ORFDO FDVW UHJLRQV RI LQFUHDVHG
KDUGQHVV� ZKLFK VHHP WR FDXVH GHFUHDVH LQ VWUHQJWK RI
WKH MRLQWV WR ��� 03D�

7KH FRQFOXVLRQ PDGH LQ VWXG\ >��@ LV WKDW LW LV
QHFHVVDU\ WR PLQLPLVH WKH YHORFLW\ RI WKH FRQWDFW
SRLQW� 7KH MRLQWV EHWZHHQ WLWDQLXP DQG VWHHO SURGXFHG
E\ WKH DQJXODU PHWKRG DOVR FRPSULVHG FDVW UHJLRQV RI
LQFOXVLRQV ZLWK KDUGQHVV RI+9 ����w���� 03D� 0L�
FURDQDO\VLV VKRZHG WKDW FRPSRVLWLRQ RI WKH FDVW UH�
JLRQV FRUUHVSRQGHG WR FRPSRVLWLRQ RI D 7L)H� FRP�
SRXQG� 7KH MRLQWV ZLWK FDVW LQFOXVLRQV DW WKH ZDYH
SHDNV KDYH UXSWXUH VWUHQJWK RI ���w��� 03D� $W WKH
VDPH WLPH� VDPSOHV ZLWK D ZDY\ VKDSH RI WKH MRLQLQJ
]RQH� EXW KDYLQJ QR FDVW LQFOXVLRQV� H[KLELWHG UXSWXUH
VWUHQJWK RI ��w��� 03D DW WKH DEVROXWH DEVHQFH RI
YLVLEOH LQWHUPHWDOOLF FRPSRXQGV� 7KHUHIRUH� WKLV VWXG\
GLG QRW UHYHDOHG D GLUHFW UHODWLRQVKLS EHWZHHQ WKH
DPRXQW RI LQWHUPHWDOOLF FRPSRXQGV DQG VWUHQJWK RI
WKH ZHOGHG MRLQWV�

7KH HIIHFW RI WKH YHORFLW\ DQG HQHUJ\ RI FROOLVLRQ
RI SODWHV RQ VWUHQJWK RI ZHOGHG MRLQWV ZDV FRQVLGHUHG
LQ VWXG\ >��@� ,QFUHDVH LQ WKH FROOLVLRQ YHORFLW\ DERYH
DQ RSWLPDO YDOXH OHDGV WR IRUPDWLRQ RI D EULWWOH �ZKLWH
SKDVH� �HXWHFWLF 7L)H�� DQG LQFUHDVH LQ ZDYH SDUDPH�
WHUV� )XUWKHU LQFUHDVH LQ WKH FROOLVLRQ YHORFLW\ FDXVHV
LQFUHDVH LQ VXUIDFH DUHD RI WKH �ZKLWH SKDVH� UHJLRQV
DQG IRUPDWLRQ RI FDYLWLHV DQG FUDFNV LQ WKHVH UHJLRQV�
$ IDFWRU ZKLFK DIIHFWV IRUPDWLRQ RI WKH �ZKLWH SKDVH�
LV QRW WKH YHORFLW\� EXW WKH HQHUJ\ DFFXPXODWHG LQ LW
SULRU WR FROOLVLRQ >��@� 7KLFNQHVV RI WKH EULWWOH OD\HU
PD\ YDU\ ���w� WLPHV DW WKH VDPH FROOLVLRQ YHORFLW\
DQG DW WKLFNQHVV RI WKH WLWDQLXP SODWH � DQG � PP
�L�H� GLIIHUHQW HQHUJ\�� &RPSRVLWLRQ DQG VWUXFWXUH RI
WKH �ZKLWH SKDVH� GR QRW GHSHQG XSRQ WKH FROOLVLRQ
SDUDPHWHUV� 0LFURKDUGQHVV ZLWKLQ WKH UDQJH RI HDFK
LQFOXVLRQ UHPDLQV FRQVWDQW DQG UDQJHV IURP ��� WR
���� 03D� 7KH H[SHULPHQWDO VWXGLHV VKRZHG WKDW DW
D GHWRQDWLRQ IURQW SURSDJDWLRQ YHORFLW\ RI ���� P�V
WKH EULWWOH LQWHUOD\HU LV IRUPHG LQ WKH MRLQWV DW D FRO�
OLVLRQ YHORFLW\ KLJKHU WKDQ ��� P�V >��@� $W D FROOL�
VLRQ YHORFLW\ RI ���� P�V WKH UHODWLYH DUHD RI LQWHU�
PHWDOOLF LQFOXVLRQV LV �� �� WKLV H[HUWLQJ D VXEVWDQWLDO
HIIHFW RQ VWUHQJWK FKDUDFWHULVWLFV RI WKH MRLQWV EHWZHHQ
WLWDQLXP 97��� DQG 6W�� �σW  ��� 03D�� 6WXG\ >��@
GHVFULEHV SURGXFWLRQ RI D VLPLODU MRLQW ZLWK D KLJK
VWUHQJWK �σW  ��� 03D� DW D FROOLVLRQ YHORFLW\ RI
DERXW ��� P�V�

$ PRUH VSHFLILF FRQFOXVLRQ RI WROHUDEOH YDOXHV RI
WKH FROOLVLRQ HQHUJ\ ZKLFK H[HUWV QR HIIHFW RQ VWUHQJWK
RI WKH MRLQWV LV PDGH LQ VWXGLHV >��w��@� EDVHG RQ
LQYHVWLJDWLRQV RI MRLQLQJ VWHHO WR WLWDQLXP DQG ]LUFR�
QLXP WR VWHHO ��.K��1��7 �IRUPLQJ VLPLODU LQWHUPH�
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WDOOLF FRPSRXQGV�� $ FULWLFDO YDOXH RI WKH VSHFLILF
NLQHWLF HQHUJ\ RI FROOLVLRQ IRU WKH VWHHOwWLWDQLXP SDLU
LV ���� N-�P�� ZKLFK FRUUHVSRQGV WR D FROOLVLRQ YH�
ORFLW\ RI ��� P�V >��@�

7KHUHIRUH� WKH FROOLVLRQ YHORFLW\ HTXDO WR ���w
��� P�V� GHSHQGLQJ XSRQ WKLFNQHVV RI D IO\HU SODWH
�VR WKDW WKH VSHFLILF NLQHWLF HQHUJ\ RI FROOLVLRQ LV QRW
LQ H[FHVV RI LWV FULWLFDO YDOXH�� FDQ EH FRQVLGHUHG RS�
WLPDO IRU H[SORVLRQ ZHOGLQJ RI WLWDQLXP WR VWHHO >��@�

3URSHUWLHV RI WKH WLWDQLXPwVWHHO ELPHWDO SURGXFHG
E\ H[SORVLRQ ZHOGLQJ DUH VXEVWDQWLDOO\ DIIHFWHG E\
VXEVHTXHQW SRVWZHOG KHDW WUHDWPHQW >��@� $W KHDWLQJ
WHPSHUDWXUHV RI ���w��� .� UXSWXUH VWUHQJWK RI WKH
MRLQWV EHWZHHQ WLWDQLXP 97��� WR VWHHOV � DQG
��.K��1��7 KDUGO\ FKDQJHV� FRPSDUHG ZLWK LWV
VWUHQJWK LQ WKH DV�H[SORVLRQ ZHOGHG FRQGLWLRQ� $W
KHDWLQJ WHPSHUDWXUHV RI ���w���� . WKH VWUHQJWK RI
WKH ELPHWDO MRLQW GUDPDWLFDOO\ GHFUHDVHV WR ��w
�� 03D� ,QYHVWLJDWLRQV RI ZHOGHG MRLQWV VKRZHG DQ
LQFUHDVHG KDUGQHVV �+9 ���� 03D� RI WLWDQLXP DW D
GHSWK RI ���w��� PP DQG VWHHO DW D GHSWK RI ��� PP�
ZKLFK LV LQGLFDWLYH RI VWUDLQ KDUGHQLQJ RI PHWDOV WDN�
LQJ SODFH LQ WKH ZHOGHG MRLQW ]RQH� 7HPSHULQJ DW D
WHPSHUDWXUH RI ��� . IRU � K GHFUHDVHV KDUGQHVV WR
+9 ����w���� 03D� +RZHYHU� WKH FKDUDFWHU RI PL�
FURVWUXFWXUH RI WKH MRLQLQJ ]RQH KDUGO\ FKDQJHV LQ WKLV
FDVH� +HDWLQJ WR D WHPSHUDWXUH RI ���� .ZLWK KROGLQJ
IRU � K OHDGV WR IRUPDWLRQ RI D OLJKW LQWHUOD\HU RI
LQFUHDVHG KDUGQHVV �+9 ����w���� 03D� LQ WKH WL�
WDQLXPwVWHHO MRLQLQJ ]RQH� 7KLFNQHVV RI WKH LQWHUOD\HU
LQFUHDVHV ZLWK LQFUHDVH LQ WKH DQQHDOLQJ WHPSHUDWXUH�

,QYHVWLJDWLRQV FRQGXFWHG E\ GLIIHUHQW DXWKRUV VXJ�
JHVW WKDW ZKLOH WKH H[SORVLRQ ZHOGHG MRLQWV EHWZHHQ
WLWDQLXP DQG VWHHO �ZLWKRXW LQWHUOD\HUV�� ZKHQ VWDWLF
WHQVLRQ WHVWHG� IUDFWXUH LQ WKH EDVH PHWDO DW D GLVWDQFH
IURP WKH MRLQW ]RQH� WKH\ QHYHUWKHOHVV FDQ KDYH D
UHOLDEOH RSHUDWLRQ� EXW RQO\ DW WHPSHUDWXUHV QRW KLJKHU
WKDQ ��� .� ,W LV SRVVLEOH WR XVH RQH RU WZR LQWHUOD\HUV
LQ H[SORVLRQ ZHOGLQJ� GHSHQGLQJ XSRQ WKH DSSOLFDWLRQ
RI WKH ZHOGPHQWV� 6LQJOH LQWHUOD\HUV DUH PDGH IURP
VLOYHU� QLFNHO� FRSSHU� YDQDGLXP� QLRELXP� LURQ RU
DOOR\V RI LURQ ZLWK UHIUDFWRU\ PHWDOV� 7R GHFUHDVH WKH
SUREDELOLW\ RI IRUPDWLRQ RI EULWWOH FRPSRXQGV DW WKH
LQWHUIDFH� LW LV UHFRPPHQGHG WR XVH WKH LURQ OD\HU ZLWK
D FDUERQ FRQWHQW RI QRW PRUH WKDQ ���� � >�@� 7ZR
LQWHUOD\HUV� QLRELXP DQG FRSSHU� DUH PRVW RIWHQ XVHG
LQ H[SORVLRQ ZHOGLQJ� 1LRELXP� FRSSHU RU FRSSHU DO�
OR\V DUH HPSOR\HG LQ WKH IRUP RI D ILQLVKHG FRPSRVLWH
LQWHUOD\HU SURGXFHG E\ UROOLQJ� 3ULQFLSOHV RI YDUL�
DWLRQV LQ PHFKDQLFDO SURSHUWLHV RI WKH WLWDQLXP DOOR\
27��QLRELXPwFRSSHU DOOR\�VWHHO ��.K��1��7
FRPSRVLWH PDWHULDO� GHSHQGLQJ XSRQ WKLFNQHVV RI WKH
FRSSHU DOOR\ LQWHUOD\HU� DUH LQYHVWLJDWHG LQ >��@� $V
VKRZQ E\ WKH WHVW UHVXOWV� GHFUHDVH LQ WKLFNQHVV RI
WKLV OD\HU LV DFFRPSDQLHG E\ LQFUHDVH LQ VWUHQJWK RI
WKH MRLQW� ZKLFK UHDFKHV LWVPD[LPXPYDOXH DW D FRSSHU
OD\HU WKLFNQHVV EHORZ ��� PP� +HDWLQJ RI WKH SUR�
GXFHG ZHOGHG MRLQW WR ���� . GRHV QRW FKDQJH WKH
FKDUDFWHU RI LWV IUDFWXUH� EXW GHFUHDVHV VWUHQJWK� DV LW

OHDGV WR FRPSOHWH HOLPLQDWLRQ RI KDUGHQLQJ RI PHWDOV
UHVXOWLQJ IURP H[SORVLRQ ORDGLQJ GXULQJ ZHOGLQJ�

7KH 3:, GHYHORSHG WKH PHWKRG IRU ZHOGLQJ ZLWK
D KLJK�LQWHQVLW\ IRUFH HIIHFW >��@� 7KH PDLQ SRLQW RI
WKLV PHWKRG LV WKDW D VLQJOH IRUFH SXOVH SURGXFHG E\
D VWULNHU PRYLQJ DW D YHORFLW\ RI � WR �� P�V LV WUDQV�
IHUUHG WR WKH PDWLQJ VXUIDFHV ORFDOO\ SUHKHDWHG WR D
WHPSHUDWXUH DERYH ���7PHOW� 7KLV UHVXOWV LQ FROOLVLRQ
RI WKH KHDWHG VXUIDFHV LQ YDFXXP� WKHLU ORFDO GHIRU�
PDWLRQ DQG IRUPDWLRQ RI D ZHOGHG MRLQW LQ KXQGUHGWKV
RU HYHQ WKRXVDQGWKV RI D VHFRQG� %HVLGHV� WKLV OHDGV
WR FUHDWLRQ RI IDYRXUDEOH FRQGLWLRQV IRU MRLQLQJ GLV�
VLPLODU PHWDOV DQG UHGXFHV WKH SUREDELOLW\ RI IRUPD�
WLRQ RI LQWHUPHWDOOLFV� ,Q OLWHUDWXUH WKLV PHWKRG LV
GHVFULEHG DV YDFXXPSHUFXVVLRQZHOGLQJ >��w��� HWF�@�

0DLQ WHFKQRORJLFDO SDUDPHWHUV RI YDFXXP SHUFXV�
VLRQ ZHOGLQJ LQFOXGH WHPSHUDWXUH DQG LPSDFW HQHUJ\
ZKLFK SURYLGHV WKH UHTXLUHG KLJK�UDWH GHIRUPDWLRQ RI
PHWDO YROXPHV LQ WKH QHDU FRQWDFW UHJLRQV� +HDWLQJ
RI ELOOHWV WR D ZHOGLQJ WHPSHUDWXUH 7Z LV SHUIRUPHG
DW D UDWH RI DERXW �� .�V WR HQVXUH ORFDO KHDWLQJ RI
WKH FRQWDFW ]RQH� 7KH WLPH RI H[RWKHUPLF KROGLQJ LV
FKRVHQ RQ WKH EDVLV RI XQLIRUP KHDWLQJ RI PHWDOV
WKURXJK WKLFNQHVV RI WKH FRQWDFW ]RQH DQG FOHDQLQJ RI
WKH PHWDOV IURP R[LGHV DQG FRQWDPLQDQWV� 7KH FRROLQJ
WLPH GHSHQGV XSRQ WKH ZHOGLQJ SDUDPHWHUV� VL]H RI
SDUWV DQG DFFHSWHG WHFKQRORJ\� ,QYHVWLJDWLRQ LQWR GLI�
IHUHQW W\SHV RI WKH LPSDFW PHFKDQLVP �SRZGHU�FKDUJH
GURS KDPPHUV� OLQHDU PRWRUV� HWF�� VKRZHG WKDW WKH
IUHH IDOOLQJ ZHLJKW RU ZHLJKW IDOOLQJ DW D IRUFHG DF�
FHOHUDWLRQ LV WKH PRVW SUDFWLFDEOH W\SH RI WKH VWULNHU�
9DFXXP SHUFXVVLRQ ZHOGLQJ LV DSSOLHG WR DGYDQWDJH
IRU WKH PDQXIDFWXUH RI WXEXODU WUDQVLWLRQ SLHFHV IURP
GLVVLPLODU PDWHULDOV� +LJK SHUIRUPDQFH RI D WXEXODU
WLWDQLXPwVWHHO WUDQVLWLRQ SLHFH FDQ EH SURYLGHG E\
MRLQLQJ WZR WXEHV KHDWHG E\ PHDQV RI FLUFXPIHUHQWLDO
IRUJLQJ DQG FUHDWLQJ ORFDO YDFXXP LQ WKH MRLQW XVLQJ
D VSHFLDO VOHHYH >��@� ,Q WKLV FDVH WKH VOHHYH LV IRUJHG
WRJHWKHU ZLWK WKH WLWDQLXP DQG VWHHO HGJHV WR EH
ZHOGHG� ,W ZDV IRXQG XVLQJ D PLFURSUREH WKDW WKH
GLIIXVLRQ WUDQVLWLRQ ]RQH XS WR � µP WKLFN FRQWDLQV
LQWHUPHWDOOLF FRPSRXQGV 7L)H� 7L)H�� 7L�1L� 7L1L DQG
7L&U�� 7LWDQLXP SHQHWUDWHV EXW VOLJKWO\ LQWR VWHHO
WKURXJK WKH GLIIXVLRQ ]RQH� ZKLOH LURQ� FKURPLXP DQG
QLFNHO GLIIXVH LQWR WLWDQLXP WR D FRQVLGHUDEOH GHSWK�

)RUJH ZHOGLQJ FDQ EH UHJDUGHG DV DQ DQDORJXH RI
WKH DERYH PHWKRG� WKH RQO\ GLIIHUHQFH EHLQJ WKDW LQ
WKH FDVH RI SHUFXVVLRQ ZHOGLQJ WKH PHWDO LV SUHKHDWHG
WR 7Z RQO\ LQ WKH FRQWDFW ]RQH� )RUJH ZHOGLQJ KDV
WZR HVVHQWLDO GUDZEDFNV� FRQVLGHUDEOH ZLGWK RI WKH
LQWHUPHWDOOLF OD\HU OHDGV WR IRUPDWLRQ RI GHIHFWV LQ
WKH MRLQW� DQG PDFKLQLQJ LV UHTXLUHG WR UHPRYH WKH
VWHHO VOHHYH DIWHU IRUJLQJ WR SURGXFH D ILQLVKHG WXEXODU
WUDQVLWLRQ SLHFH�

�� .DUDNR]RY� (�6�� 2UORYD� /�0�� 3HVKNRY� 9�9� HW DO� ������
'LIIXVLRQ ZHOGLQJ RI WLWDQLXP� 0RVFRZ� 0HWDOOXUJL\D�

�� .D]DNRY� 1�)� ������ 'LIIXVLRQ ZHOGLQJ RI PDWHULDOV� 0RV�
FRZ� 0DVKLQRVWURHQLH�

�� *DUXNKLQD� .�(�� .D]DNRY� 1�)� ������ 9DFXXP GLIIXVLRQ
ZHOGLQJ RI GLVVLPLODU PHWDOV� /HQLQJUDG� /'173�
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�� &KDUXNKLQD� .�(�� *RORYDQHQNR� 6�$�� 0DVWHURY� 9�$� HW
DO� ������ %LPHWDOOLF MRLQWV� 0RVFRZ� 0HWDOOXUJL\D�

�� *XUHYLFK� 6�0�� .KDUFKHQNR� *�.� ������ 'LIIXVLRQ ZHOG�
LQJ RI WLWDQLXP DOOR\V ZLWK VWDLQOHVV VWHHOV� $YLDWV� 3URP\�
VKOHQQRVW� ��� ��w���

�� .KDUFKHQNR� *�.� ������ 3UREOHPV RI GLIIXVLRQ ZHOGLQJ RI
GLVVLPLODU PHWDOV� $YWRPDWLFK� 6YDUND� �� ��w���

�� ������ 0HWDOOXUJ\ DQG WHFKQRORJ\ RI ZHOGLQJ RI WLWDQLXP
DQG LWV DOOR\V� (G� E\ 9�1� =DPNRY� .\LY� 1DXNRYD
'XPND�

�� .KDUFKHQNR� *�.� ������ (XWHFWLF MRLQW RI WLWDQLXP WR
VWHHO� $YWRPDWLFK� 6YDUND� ��� ���

�� .KDUFKHQNR� *�.�� *RUGRQQD\D� $�$� ������ 'LIIXVLRQ
ZHOGLQJ RI WLWDQLXP WR VWHHO ZLWK YDQDGLXP LQWHUOD\HU�
,ELG�� �� ��w���

��� 6DYLWVN\� (�0�� %DURQ� 9�%�� 'XMVHPDOLHY� 8�.� HW DO�
������ 9DQDGLXPwFRSSHU FRQVWLWXWLRQDO GLDJUDP� 9HVWQLN
$1 .D]DNK� 665� �� ��w���

��� %DNVKL� 2�$�� 6KURQ� 5�=� ������ 2Q SUREOHP RI VWUHQJWK
HYDOXDWLRQ RI ZHOGHG MRLQWV ZLWK VRIW LQWHUOD\HU� 6YDURFKQ�
3URL]YRGVWYR� �� ��w���

��� %DNVKL� 2�$�� 6KDWRY� $�$� ������ 2Q VWUHVV VWDWH DQG GH�
IRUPDWLRQ RI VROLG PDWHULDO LQ ZHOGHG MRLQWV ZLWK KDUG DQG
VRIW LQWHUOD\HUV� ,ELG�� �� �w���

��� %DNVKL� 2�$�� 6KURQ� 5�=� ������ 2Q HVWLPDWLRQ RI VWUHQJWK
RI ZHOGHG MRLQWV ZLWK VRIW LQWHUOD\HU� ,ELG�� �� �w��

��� .KDUFKHQNR� *�.�� ,JQDWHQNR� $�,� ������ 6WUHQJWK RI
MRLQWV ZLWK WKLQ VRIW LQWHUOD\HU� $YWRPDWLFK� 6YDUND� ��
��w���

��� .RFKHUJLQ� $�.�� 6KHVWDNRY� $�,�� .KDUFKHQNR� *�.�
������ 3UHVVXUH ZHOGLQJ RI VHDOHG VXUIDFHV RI YDOYHV� /H�
QLQJUDG� /'173�

��� 6DNKDWVN\� *�3� ������ 7HFKQRORJ\ RI ZHOGLQJ RI PHWDOV LQ
VROLG VWDWH� .\LY� 1DXNRYD 'XPND�

��� $DMELQGHU� 6�%� ������ &ROG ZHOGLQJ RI PHWDOV� 5LJD�
$1 /DWY� 665�

��� .KDUFKHQNR� *�.�� *XUVN\� 3�,�� *RUGRQQD\D� $�$� ������
&ROG ZHOGLQJ RI WLWDQLXP WR VWHHO� $YWRPDWLFK� 6YDUND� ��
��w���

��� .KDUFKHQNR� *�.�� 3URGDQ� 6�.� ������ ,QHUWLD IULFWLRQ
ZHOGLQJ RI WLWDQLXP WR VWHHO� ,ELG�� �� ���

��� 6HOH]Q\RY� $�*�� .KULVWRIRURY� $�,�� 0R]KDURY� 0�9� HW DO�
������ ([DPLQDWLRQ RI WUDQVLWLRQ OD\HU VWUXFWXUH LQ IULFWLRQ
ZHOGLQJ XVLQJ UDGLRDFWLYH LVRWRSH� ,ELG�� �� ��w���

��� .ROHVQLFKHQNR� 9�$�� 6KQXUHY� *�'�� $O\RNKLQ� 9�3�
������ :HGJH�SUHVV ZHOGLQJ RI GLVVLPLODU PHWDOV ZLWK GUDV�
WLFDOO\ GLIIHUHQW DQG VLPLODU KDUGQHVV� ,Q� /HFWXUHV RQ ZHOG�
LQJ RI GLVVLPLODU DQG GLIIHUHQW PHWDOV� 0RVFRZ� 0'173�

��� .LUHHY� /�6� ������ 9DFXXP SUHVVXUH ZHOGLQJ RI FRPPHU�
FLDO WLWDQLXP WR �.K�� DQG ��.K��1��7 VWHHOV� $YWRPDWLFK�
6YDUND� �� ��w���

��� /DULNRY� /�1�� %HO\DNRYD� 0�1�� %LELNLQ� $�$� HW DO�
������ &DXVHV RI GHFUHDVH RI WLWDQLXPwVWHHO ZHOGHG MRLQWV
VWUHQJWK� ,ELG�� �� ��w���

��� =DPNRY� 9�1�� /DULNRY� /�1�� %HO\DNRYD� 0�1� HW DO�
������ 'LIIXVLRQ SURFHVVHV LQ YDFXXP SUHVVXUH ZHOGLQJ RI
WLWDQLXP WR VWDLQOHVV VWHHO� ,ELG�� �� ��w���

��� /DULNRY� /�1�� %HO\DNRYD� 0�1�� .LUHHY� /�6� HW DO� ������
3HFXOLDULWLHV RI VWUHVV�VWUDLQ VWDWH RI GLIIXVLRQ ZHOGHG MRLQWV
LQ GLVVLPLODU PHWDOV� ,ELG�� ��� ��w���

��� 6HG\NK� 9�6�� .D]DN� 1�1� ������ ([SORVLRQ ZHOGLQJ DQG
SURSHUWLHV RI ZHOGHG MRLQWV� 0RVFRZ� 0DVKLQRVWURHQLH�

��� .DUSHQHU� 6� ������ ([SORVLRQ ZHOGLQJ RI PHWDOV� 0LQVN�
%HODUXV�

��� .XGLQRY� 9�0�� .RURWHHY� $�<D� ������ ([SORVLRQ ZHOGLQJ
LQ PHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJL\D�

��� /\VDN� 9�,�� 6HG\NK� 9�6�� 7U\NRY� <X�3� ������ ,QIOXHQFH
RI PDVV RI H[SORVLRQ ZHOGHG FRPSRQHQWV RQ VWUXFWXUH DQG
SURSHUWLHV RI SURGXFHG MRLQWV� 6YDURFKQ� 3URL]YRGVWYR� ��
��w���

��� /\VDN� 9�,�� 6HG\NK� 9�6�� 7U\NRY� <X�3� ������ 3ULQFLSOH
RI ZHOG IRUPDWLRQ LQ H[SORVLRQ ZHOGLQJ RI VDQGZLFK�W\SH
FRPSRVLWHV� ,ELG�� �� �w��

��� 7U\NRY� <X�3�� 6KPRUJXQ� 9�*�� (SLVKLQ� (�<X� ������
6WUXFWXUH DQG SURSHUWLHV RI H[SORVLRQ ZHOGHG WLWDQLXPwVWHHO
ELPHWDO DIWHU KRW UROOLQJ� ,]Y� 9X]RY� &K\RUQ� 0HWDOOXU�
JL\D� �� ���

��� /\VDN� 9�,�� 6HG\NK� 9�6�� 7U\NRY� <X�3� ������ 'HWHUPL�
QDWLRQ RI FULWLFDO OLPLWV IRU H[SORVLRQ ZHOGLQJ SURFHVVHV�
6YDURFKQ� 3URL]YRGVWYR� �� �w��

��� .RQRQ� <X�$�� 3HUYXNKLQ� /�%�� &KXGQRYVN\� $�'� ������
([SORVLRQ ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

��� %HORXVRY� 9�3�� 6HG\NK� 9�6�� 7U\NRY� <X�3� ������ 0H�
FKDQLFDO SURSHUWLHV RI WLWDQLXPwVWHHO H[SORVLRQ ZHOGHG
MRLQWV ZLWK LQWHUOD\HUV� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

��� .KDUFKHQNR� *�.�� ,JQDWHQNR� $�,� 3UHVVXUH ZHOGLQJ SURF�
HVV� 8665 DXWKRUsV FHUW� ������� ,QW� &O� % �� . ������
3XEO� �����

��� *XUHYLFK� 6�0�� .KDUFKHQNR� *�.�� ,JQDWHQNR� $�,� ������
9DFXXP SHUFXVVLRQ ZHOGLQJ x QHZ SURFHVV RI MRLQLQJ PDWH�
ULDOV LQ VROLG VWDWH� ,Q� 3URF� RI �WK $OO�8QLRQ 6HPLQDU RQ
:HOGLQJ RI 5HIUDFWRU\ 0HWDOV DQG $OOR\V� .\LY� 3:,�

��� *XUHYLFK� 6�0�� .KDUFKHQNR� *�.�� ,JQDWHQNR� $�,� HW DO�
������ ,QWHQVLILFDWLRQ RI SUHVVXUH ZHOGLQJ SURFHVV� ,Q�
$EVWU� RI �WK 6FL��7HFKQ� &RQI� RQ 'LIIXVLRQ %RQGLQJ RI
0HWDOOLF DQG 1RQ�0HWDOOLF 0DWHULDOV� 0RVFRZ� 31,/'�69�

��� *XUHYLFK� 6�0�� .KDUFKHQNR� *�.�� ,JQDWHQNR� $�,� ������
1HZ PHWKRG RI SUHVVXUH ZHOGLQJ RI GLVVLPLODU PDWHULDOV� ,Q�
3URF� RI �WK $OO�8QLRQ 6HPLQDU RQ :HOGLQJ RI 'LVVLPLODU�
&RPSRVLWH DQG 0XOWLOD\HU 0DWHULDOV� .\LY� 3:,�

��� 9ROWD� *�� 3HURQD� *� /D VRXGXUH SDU PDUWHODJH� 3DW�
������� )UDQFH� 3XEO� ���������
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
,�0� )UDQWVHYLFK ,QVWLWXWH IRU 0DWHULDOV 6FLHQFH 3UREOHPV� 1$68� .\LY� 8NUDLQH

7KH WHFKQRORJ\ IRU YDFXXP GLIIXVLRQ ERQGLQJ �9'%� RI FKURPLXP WR FRSSHU KDV EHHQ GHYHORSHG WR PDQXIDFWXUH ELPHWDO

FDWKRGHV XVHG IRU PDNLQJ ZHDU�UHVLVWDQW IULFWLRQ OD\HUV DQG GHFRUDWLYH FRDWLQJV� ,W KDV EHHQ HVWDEOLVKHG WKDW 9'% UHVXOWV

LQ GHSRVLWLRQ RI FRSSHU RQ FKURPLXP LQ WKH FRQWDFW ]RQH� 7KH PHFKDQLVP RI GHIRUPDWLRQ RI WKH SHUIRUDWHG FRSSHU

LQWHUOD\HU KDV EHHQ VWXGLHG� 7KH XVH RI VXFK DQ LQWHUOD\HU LV VKRZQ WR KROG SURPLVH IRU 9'% RI FKURPLXP WR FRSSHU�

.H\ ZRU G V � YDFXXP GLIIXVLRQ ERQGLQJ� FKURPLXP� FRSSHU�

SHUIRUDWHG LQWHUOD\HU� GHIRUPDWLRQ

'HYHORSPHQW RI WKH WHFKQRORJ\ IRU MRLQLQJ FKURPLXP
WR FRSSHU LV DVVRFLDWHG ZLWK WKH LQGXVWULDO GHPDQG IRU

ELPHWDO FDWKRGHV XS WR �� PP LQ GLDPHWHU LQWHQGHG
IRU YDFXXP FKURPLXP VSXWWHULQJ� ,W VKRXOG EH QRWHG
WKDW QR GDWD RQ YDFXXP GLIIXVLRQ ERQGLQJ �9'%� RI

FKURPLXP WR FRSSHU DUH DYDLODEOH LQ OLWHUDWXUH� 7KHVH

PHWDOV JUHDWO\ GLIIHU LQ WKHLU SK\VLFDO�FKHPLFDO DQG

PHFKDQLFDO SURSHUWLHV� DUH FKDUDFWHULVHG E\ DQ LQVLJ�

QLILFDQW PXWXDO VROXELOLW\ DQG� DFFRUGLQJ WR FRQVWLWX�

WLRQDO GLDJUDP� IRUP QR LQWHUPHGLDWH FRPSRXQGV >�@�

&RQWLQXRXV LQWHUOD\HUV �&,� LQ WKH IRUP RI FRDW�

LQJV� IRLOV� VFUHHQ RU SRZGHU PDWHULDOV DUH XVHG LQ

9'% RI GLVVLPLODU PDWHULDOV WR DFWLYDWH PDWLQJ VXU�

IDFHV DQG HQKDQFH GLIIXVLRQ SURFHVVHV >�@� ,Q WKH DQ�

RWKHU PRGLILFDWLRQ RI 9'% WKH XVH LV PDGH RI SHUIR�

UDWHG LQWHUOD\HUV �3,� RI FRSSHU RU SXUH DOXPLQLXP

>�w�@ WR LQWHQVLI\ WKH SURFHVV RI IRUPDWLRQ RI ERQGV
DQG LPSURYH VWUHQJWK FKDUDFWHULVWLFV RI PHWDO�FHUDPLF

MRLQWV�

7KLV VWXG\ FRQVLGHUHV WKUHH YDULDQWV RI IRUPDWLRQ

RI ERQGV LQ 9'% RI FKURPLXP WR VWHHO� ZLWKRXW LQ�

WHUOD\HU �&Uw&X�� XVLQJ D FRQWLQXRXV FRSSHU LQWHU�

OD\HU �&Uw&,w&X� DQG XVLQJ D SHUIRUDWHG FRSSHU LQ�

WHUOD\HU �&Uw3,w&X��

2SWLPLVDWLRQ RI WKH 9'% FRQGLWLRQV DQG LQYHVWL�

JDWLRQ LQWR SHFXOLDULWLHV RI GHIRUPDWLRQ RI LQWHUOD\HUV

ZHUH FRQGXFWHG RQ �×��×�� PP VDPSOHV RI ORZ FKUR�

PLXP DOOR\ 9.K��. DQG FRSSHU 0�� 7KH PDWLQJ VXU�

IDFHV ZHUH GHJUHDVHG DQG VFUDSHG SULRU WR ERQGLQJ�
7KH LQWHUOD\HUV ZHUH PDGH IURP DQQHDOHG FRSSHU 0�

��� PP WKLFN� 3UHSDUDWLRQ RI 3, FRQVLVWHG LQ GHSRVL�

WLRQ RI D UHFWDQJXODU FRRUGLQDWH JULG RQ WKH IRLO DQG

GULOOLQJ RI KROHV� 3HUIRUDWLRQ FRHIILFLHQW .S HTXDO WR

��� ZDV VHOHFWHG DFFRUGLQJ WR UHFRPPHQGDWLRQV JLYHQ

LQ VWXGLHV >�w�@� .S   Σ6K�6E �Σ6K LV WKH WRWDO DUHD

RI WKH KROHV DQG 6E LV WKH DUHD RI WKH ERQGLQJ VXUIDFH��

'HIRUPDELOLW\ RI FKURPLXP� FRSSHU� &, DQG 3,�
DV ZHOO DV NLQHWLFV RI ILOOLQJ WKH KROHV ZLWK WKLFNQHVV

RI 3, YDULHG E\ XSVHWWLQJ ZHUH LQYHVWLJDWHG RQ PL�

FURVHFWLRQV XVLQJ RSWLFDO PLFURVFRSH �1HRSKRW�����

$V HVWDEOLVKHG E\ WKH LQYHVWLJDWLRQV� WKH GHJUHH RI
GHIRUPDWLRQ RI &, ZDV �� � ORZHU WKDQ WKDW RI 3, LQ

ERQGLQJ XQGHU RSWLPDO FRQGLWLRQV�
,W LV VKRZQ LQ >�w�@ WKDW GHIRUPDWLRQ RI WKLQ LQ�

WHUOD\HUV ZLWK WKH SUHVVXUHwVKHDU GHIRUPDWLRQ GLD�

JUDP LV UHDOLVHG RQ 3,� UDWKHU WKDQ RQ &,� &RPSDUHG

ZLWK &,� WKH UDWH RI SODVWLF GHIRUPDWLRQ RI 3, LV ��w��

WLPHV KLJKHU� DQG YDOXHV RI VKHDU GHIRUPDWLRQV LQ WKH

QHDU�FRQWDFW YROXPHV DUH WHQV RI WLPHV KLJKHU� 7KLV

VXJJHVWV WKDW WKH UHJLRQV RI KLJK FRQFHQWUDWLRQV RI

GHIHFWV �YDFDQFLHV� GLVORFDWLRQV� DUH IRUPHG� WKH PDVV

WUDQVIHU KDV DQ DEQRUPDOO\ KLJK UDWH DQG FKHPLFDO

UHDFWLRQ UDWHV LQFUHDVH LQ VWUXFWXUH RI WKH QHDU�FRQWDFW

YROXPHV RI WKH PDWHULDOV GXULQJ 9'% WKURXJK 3,�

7KH DERYH IDFWRUV OHDG WR DFWLYDWLRQ RI SK\VLFDO�FKHPL�
FDO SURFHVVHV RI LQWHUDFWLRQ EHWZHHQ WKH PDWHULDOV

ERQGHG >�@�

,QYHVWLJDWLRQV RI GHIRUPDELOLW\ RI WKH FRSSHU 3,
DQG NLQHWLFV RI ILOOLQJ WKH KROHV VKRZHG WKDW LQ RXU

FDVH WKH PHFKDQLVP RI GHIRUPDWLRQ RI 3, GLIIHUHG IURP

WKDW GHVFULEHG LQ >�w�@� ZKHUH 3, ZDV SODFHG EHWZHHQ

WZR KDUG PDWHULDOV� DQG WKLFNQHVV RI D VRIW 3, GH�

FUHDVHG WR VXFK DQ H[WHQW WKDW WKH PDWHULDO RI WKH

LQWHUOD\HU IXOO\ ILOOHG WKH KROHV PDGH LQ LW� ,Q RXU FDVH

WKH KROHV LQ 3, ZHUH ILOOHG QRW RQO\ ZLWK WKH PDWHULDO

RI WKH LQWHUOD\HU SURSHU� EXW DOVR ZLWK WKH PDWHULDO

RI WKH FRSSHU ELOOHW �)LJXUH ���

$V HVWDEOLVKHG� LQ ERQGLQJ WKH VDPSOHV RI WKH DERYH

VL]HV DW .S  ��� WKH PDMRU SDUW RI WKH YROXPH RI D

KROH LV ILOOHG ZLWK WKH LQWHUOD\HU PDWHULDO� L�H� WKH
LQWHQVLYH VKHDU GHIRUPDWLRQ LV IL[HG LQ WKH QHDU�FRQ�

WDFW YROXPHV RI WKH PHWDOV MRLQHG� ZKLFK FDXVHV IRU�

PDWLRQ RI D TXDOLW\ ERQG EHWZHHQ FKURPLXP DQG FRS�

SHU �)LJXUH ���

'LVVROXWLRQ RI DLU JDVHV LQ PHWDO LV NQRZQ WR FDXVH

UDUHIDFWLRQ LQ WKH VHDOHG JDS VHSDUDWLQJ WKH PDWLQJ

VXUIDFHV SULRU WR ERQGLQJ >�� �@� 6WXG\ >�@ HVWDEOLVKHG

WKH IDFW RI VXEOLPDWLRQ RI QLFNHO DQG LWV VXEVHTXHQW

GHSRVLWLRQ� ,W FDQ EH VXJJHVWHG WKDW LQ WKH FDVH RI
9'% RI FKURPLXP WR FRSSHU XVLQJ WKH FRSSHU 3, WKH

SURFHVV RI VXEOLPDWLRQ RI FRSSHU RU FKURPLXP IRO�

ORZHG E\ LWV GHSRVLWLRQ VKRXOG RFFXU LQ WKH VHDOHG
JDSV �ORFDWLRQV RI KROHV LQ WKH LQWHUOD\HU�� 7KLV FRDW�

� *�.� .+$5&+(1.2� <X�9� )$/&+(1.2� 2�$� 12920/,1(76 DQG 9�)� *25%$1� ����
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LQJ SURYLGHV LQWHQVLILFDWLRQ RI IRUPDWLRQ RI WKH YROX�

PHWULF LQWHUDFWLRQ ]RQH LQ 9'% RI PHWDOV >�@�

,W VKRXOG EH QRWHG WKDW D PDUNHG HYDSRUDWLRQ RI

FRSSHU LQ YDFXXP RI ���� 3D EHJLQV DW D WHPSHUDWXUH

RI ��� �&� ZKLOH HYDSRUDWLRQ RI FKURPLXP EHJLQV DW

D WHPSHUDWXUH RI PRUH WKDQ ���� �& >�� ��@� 7KH

LQWHUOD\HU JDS LQ WKH SDUWV WR EH VROLG�VWDWH MRLQHG�

ZKLFK DUH SUHVVHG LQ DLU SULRU WR KHDWLQJ� FDQ EH FRQ�

VLGHUHG WR EH D VXP RI VHDOHG PLFURYROXPHV ILOOHG ZLWK

DLU� 6HOI�FOHDQLQJ RI WKH VXUIDFH IURPR[LGHV� IRUPDWLRQ

RI YDFXXP DQG VXEOLPDWLRQ RI PHWDO WDNH SODFH LQ

WKHVH PLFURYROXPHV GXULQJ KHDWLQJ >�@�

7KH IROORZLQJ H[SHULPHQWV ZHUH FRQGXFWHG WR

VWXG\ WKH SURFHVVHV RFFXUULQJ LQ FORVHG VHDOHG PLFUR�

YROXPHV RI WKH FKURPLXPwFRSSHU YDFXXP GLIIXVLRQ

ERQGV� %RQGHG ZHUH WKH SODWHV RI FKURPLXP DQG FRS�

SHU ZLWK D FRSSHU ULQJ ORFDWHG EHWZHHQ WKHP� 7KH

ULQJ SURYLGHG D JDS EHWZHHQ WKH FKURPLXP DQG FRSSHU

SODWHV� $IWHU ERQGLQJ �7  ��� �&� 3  � 03D� W  

 �� PLQ� WKH VDPSOHV ZHUH FXW DQG WKH FKURPLXP

VXUIDFH ZDV H[DPLQHG� 9LVXDO H[DPLQDWLRQ DQG VFDQ�

QLQJ HOHFWURQ PLFURVFRS\ RI WKH FKURPLXP VXUIDFH XV�

LQJ WKH -60���� PLFURVFRSH UHYHDOHG WKH GHSRVLWHG

FRSSHU OD\HU RQ FKURPLXP�

%DVHG RQ DQDO\VLV RI WKH UHVXOWV REWDLQHG DQG FRQ�

VLGHULQJ WKH GDWD RI VWXGLHV >�w��@� LW FDQ EH VXJJHVWHG

WKDW WKH SURFHVV RI 9'% RI FKURPLXP WR FRSSHU RFFXUV

LQ WKUHH VWDJHV� DXWR�HYDFXDWLRQ RI WKH VHDOHG JDSV LQ

WKH ERQG� GHSRVLWLRQ RI FRSSHU RQ FKURPLXP DQG ERQG�

LQJ RI FRSSHU WR FKURPLXP WKURXJK WKH GHSRVLWHG FRS�

SHU OD\HU�

7KH FRSSHU SDUW RI WKH ERQG ZDV VKHDU WHVWHG DQG

WKHUPDO FRQGXFWLYLW\ RI WKH ELPHWDO ERQG ZDV HYDOX�

DWHG�
 ,W ZDV HVWDEOLVKHG DV D UHVXOW RI WKLV ZRUN WKDW

LQ WKH FDVH RI ERQGLQJ XVLQJ 3, WKH VKHDU IRUFH ZDV D

ELW KLJKHU �XS WR �� �� WKDQ LQ ERQGLQJ XVLQJ QR

LQWHUOD\HUV� ZKHUHDV WKHUPDO FRQGXFWLYLW\ RI WKH ERQG

ZDV �� � RI WKDW RI FRSSHU�

$IWHU RSWLPLVDWLRQ RI ERQGLQJ FRQGLWLRQV RQ PRGHO

VDPSOHV� WKHVH FRQGLWLRQV� DV ZHOO DV WKH SHUIRUDWLRQ

FRHIILFLHQW ZHUH DGMXVWHG ZLWK UHVSHFW WR DFWXDO VL]HV

RI ELPHWDO XQLWV �XS WR �� PP LQ GLDPHWHU DQG XS WR

�� PP KLJK�� 7KH XVH RI WKH FRSSHU 3, DQG VSHFLDO

IL[WXUH DOORZHG SODVWLF GHIRUPDWLRQ WR EH ORFDOLVHG LQ

WKH ERQG ]RQH DQG WKH TXDOLW\ ERQG WR EH SURGXFHG

DW D GHJUHH RI GHIRUPDWLRQ RI WKH FRSSHU SDUW RI WKH

FDWKRGH HTXDO WR QR PRUH WKDQ � ��

&21&/86,216

�� 'HSRVLWLRQ RI FRSSHU RQ FKURPLXP ZDV IRXQG WR

WDNH SODFH LQ WKH FRQWDFW ]RQH GXULQJ 9'%�

�� 7KH XVH RI WKH FRSSHU 3, LQ 9'% RI FRSSHU WR

FKURPLXP OHDGV WR LQWHQVLILFDWLRQ RI VKHDU GHIRUPD�

WLRQV WDNLQJ SODFH LQ WKH QHDU�FRQWDFW YROXPHV RI PHW�

DOV ERQGHG�

�� %DUDEDVK� 2�0�� .RYDO� <X�1� ������ 6WUXFWXUH DQG SURS�
HUWLHV RI PHWDOV DQG DOOR\V� .\LY� 1DXNRYD 'XPND�

�� /\XVKLQVN\� $�9� ������ &ULWHULD RI VHOHFWLRQ RI LQWHUOD\HUV
LQ YDFXXP GLIIXVLRQ ERQGLQJ RI GLVVLPLODU PDWHULDOV�
6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� /\DPLQ� <D�9�� .DUDNR]RY� (�6�� 0XVLQ� 5�$� 0HWKRG RI
SUHVVXUH MRLQLQJ ZLWK SUHKHDWLQJ� 8665 DXWKRUsV FHUW�
�������� ,QW� &O� % �� . ������ 3XEO� ���������

�� 0XVLQ� 5�$�� /\DPLQ� <D�9� ������ $SSOLFDWLRQ RI SHUIR�
UDWHG LQWHUOD\HUV LQ GLIIXVLRQ ERQGLQJ� 6YDURFKQ� 3URL]YRG�
VWYR� �� �w��

�� /\DPLQ� <D�9� ������ 'HYHORSPHQW RI PHWKRGV IRU LQWHQVL�
ILFDWLRQ RI GLIIXVLRQ ERQGLQJ SURFHVV DQG LQFUHDVH LQ
VWUHQJWK RI PHWDOwFHUDPLF ERQGV� 6\QRSVLV RI 7KHVLV IRU
&DQG� RI 7HFKQ� 6FL� 3HUP�

�� /\DPLQ� <D�9�� 0XVLQ� 5�$� ������ 'HIRUPDELOLW\ RI SHUIR�
UDWHG LQWHUOD\HUV LQ GLIIXVLRQ ERQGLQJ� 6YDURFKQ� 3URL]YRG�
VWYR� �� ��w���

�� 7NDFKHQNR� (�9�� 0HGRYDU� %�,�� %RMNR� *�$� HW DO� ������
6XEOLPDWLRQ RI QLFNHO LQ FORVHG VSDFH LQ KHDWLQJ� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� .XFKXN�<DWVHQNR� 6�,�� .KDUFKHQNR� *�.�� )DOFKHQNR�
<X�9� HW DO� ������ 6HOI�FOHDQLQJ RI VROLG�SKDVH PDWLQJ VXU�
IDFHV IURP R[LGHV LQ KHDWLQJ� $YWRPDWLFK� 6YDUND� �� ��w���

�� 6DOOL� $�� %UHQG]� (� ������ &KURPLXP� 0RVFRZ� 0HWDO�
OXUJL]GDW�

��� .DEDQRY� 1�6�� 6OHSDN� (�6K� ������ 7HFKQRORJ\ IRU UHVLV�
WDQFH EXWW ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

)LJXUH �� 6FKHPDWLF RI ILOOLQJ WKH KROHV LQ 3,� �x FRSSHU 3,� � x
FRSSHU� � x FKURPLXP� � x ORFDWLRQ RI KROHV LQ 3,

)LJXUH ��0LFURVWUXFWXUH RI WKH FKURPLXPwFRSSHU ERQG PDGH XVLQJ
WKH SHUIRUDWHG FRSSHU LQWHUOD\HU �×���� �UHGXFHG E\ ����




7KH ZRUN ZDV SHUIRUPHG E\ 'U� %�0� 5DVVDPDNKLQ �1DWLRQDO 7HFKQLFDO 8QLYHUVLW\ �.3,���
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

&RQVLGHUHG DUH WKH SULQFLSOHV RI EDVLF SK\VLFDO�FKHPLFDO SURFHVVHV �SODVWLF GHIRUPDWLRQ� PDVV WUDQVIHU� SKDVH IRUPDWLRQ�

DFFRPSDQ\LQJ IRUPDWLRQ RI MRLQWV LQ GLVVLPLODU PDWHULDOV �FRSSHU� WLWDQLXP� DOXPLQLXP DQG WKHLU DOOR\V� DV ZHOO DV

GLIIHUHQW JUDGHV RI VWHHOV� FKDUDFWHULVHG E\ D OLPLWHG PXWXDO VROXELOLW\ XQGHU SUHVVXUH MRLQLQJ FRQGLWLRQV IRU D ZLGH

UDQJH RI H[WHUQDO ORDGLQJ UDWHV ��⋅��w�w�⋅���� V
w�

�

.H\ ZRU G V � VWUDLQ UDWH� SODVWLF GHIRUPDWLRQ� VWUHVVHV� VHJ�

UHJDWLRQV� GLIIXVLRQ� GLVORFDWLRQV� PDVV WUDQVIHU PHFKDQLVPV�

PDVV IORZV� SKDVH IRUPDWLRQ

7KH ILHOG RI DSSOLFDWLRQ RI MRLQWV LQ GLVVLPLODU PHWDOOLF
PDWHULDOV� PRVW RI ZKLFK DUH PDGH E\ GLIIHUHQW PHWK�

RGV RI SUHVVXUH MRLQLQJ� LV OLPLWHG EHFDXVH RI WKHLU

GHFUHDVHG PHFKDQLFDO DQG D QXPEHU RI RWKHU VHUYLFH

SURSHUWLHV� 7KH ODWWHU LV XVXDOO\ UHODWHG WR VXVFHSWL�

ELOLW\ RI WKLV W\SH RI WKH MRLQWV WR EULWWOH SKDVHV IRUPHG
GXULQJ WKH MRLQLQJ SURFHVV DORQJ WKH FRQWDFW VXUIDFH
>�� �@� %ULWWOH SKDVHV PD\ EH RI PDQ\ W\SHV� VXFK DV
HXWHFWRLG DQG HXWHFWLF PL[WXUHV� PHWDVWDEOH VROLG VR�

OXWLRQV� LQWHUPHWDOOLFV RI D GLIIHUHQW GHJUHH RI GLVSHU�
VLRQ� HWF� >�@� )RUPDWLRQ RI VXFK SKDVHV LV LQGXFHG E\

WKH HIIHFW RI FHUWDLQ WKHUPDO�GHIRUPDWLRQ FRQGLWLRQV

RI MRLQLQJ� ZKLOH WKH NLQHWLFV DQG PHFKDQLVP RI WKLV

SURFHVV DUH WKRXJKW WR EH WKH UHVXOW RI PDVV WUDQVIHU

FDXVHG GLUHFWO\ E\ WKH WHPSHUDWXUH LPSDFW >�� �@�

+RZHYHU� ODWHO\ WKH PDVV WUDQVIHU HIIHFWV KDYH EHHQ
UHODWHG DOVR WR WKH HIIHFW RI MRLQLQJ GLVWRUWLRQV DQG

VWUHVV ILHOG JUDGLHQWV IRUPHG DW WKH IURQW RI WKH HIIHF�

WLYH H[WHUQDO MRLQLQJ VWUHVVHV >�@� 8QIRUWXQDWHO\� WKH
GDWD RQ WKH UHODWLRQVKLS RI WKH SKDVH IRUPDWLRQ DQG
PDVV WUDQVIHU SURFHVVHV XQGHU WKH SUHVVXUH MRLQLQJ FRQ�

GLWLRQV� DQG HVSHFLDOO\ RQ WKH HIIHFW RI D FKDUDFWHU RI
SODVWLF GHIRUPDWLRQ DV WKH PDLQ MRLQLQJ SURFHVV SD�

UDPHWHU RQ SULQFLSOHV RI PDVV WUDQVIHU ZLWKLQ WKH MRLQ�

LQJ ]RQH� DUH YHU\ VFDQW\�
,Q WKLV FRQQHFWLRQ� LW VHHPV WRSLFDO WR FRQGXFW

PRUH GHWDLOHG H[SHULPHQWDO VWXGLHV DQG DQDO\VH FRU�

UHODWLRQ RI IDFWRUV ZKLFK FDQ EH DUUDQJHG LQWR D FDXVH�

HIIHFW FKDLQ� SODVWLF GHIRUPDWLRQwPDVV WUDQVIHUwSKDVH

IRUPDWLRQwVHUYLFH FKDUDFWHULVWLFV RI WKH MRLQWV� 7KLV
VWXG\ JLYHV VRPH RI WKH UHVXOWV RI WKH LQYHVWLJDWLRQV

SHUIRUPHG LQ WKH DERYH DUHDV�

([SHULPHQWDO SURFHGXUH DQG PDWHULDOV� 7KH VWXG\
ZDV SHUIRUPHG RQ WKH MRLQWV LQ GLVVLPLODU PHWDOV DQG

WKHLU DOOR\V FKDUDFWHULVHG E\ D OLPLWHGPXWXDO VROXELOLW\�
VXFK DV WLWDQLXP97���� FRSSHU 0�� DQG 0��� FRPPHU�

FLDO�SXULW\ DOXPLQLXP $'��� VWUHQJWKHQHG $Ow&X DOOR\

���� DQG GLIIHUHQW JUDGHV RI LURQ DQG VWHHO�
3HFXOLDULWLHV RI PDVV WUDQVIHU DQG SKDVH IRUPDWLRQ

LQ WKH FRQWDFW ]RQH RI D MRLQW LQ GLVVLPLODU PHWDOV ZHUH
LQYHVWLJDWHG XVLQJ D VHW RI FRPSOHPHQWDU\ PHWKRGV�
VXFK DV RSWLFDO PLFURVFRS\ WR JLYH D JHQHUDO LGHD RI
WKH VWUXFWXUH� PHWKRGV RI UDGLRDFWLYH WUDFHUV ZKLFK

LQFOXGH OD\HU�E\�OD\HU DXWRUDGLRJUDSK\ DQG PHDVXUH�
PHQW RI LQWHJUDWHG DFWLYLW\� DQDO\WLFDO VFDQQLQJ HOHF�

WURQ PLFURVFRS\ WR LQYHVWLJDWH WKH JHQHUDO FKDUDFWHU
RI GLVWULEXWLRQ RI VSHFLILF FKHPLFDO HOHPHQWV �SKRWRJ�

UDSK\ LQ FKDUDFWHULVWLF UDGLDWLRQ�� DQG HOHPHQW DQDO\�

VLV LQ ORFDO UHJLRQV RI WKH FRQWDFW ]RQH 3KLOLSV PLFUR�

VFRSH 6(0������ ,Q DGGLWLRQ� WKH XVH ZDV PDGH RI

GLUHFW LQYHVWLJDWLRQV RI D ILQH VWUXFWXUH FRPELQHG ZLWK
PLFURGLIIUDFWLRQ DQDO\VLV RI FRPSRVLWLRQ RI SKDVH IRU�

PDWLRQV E\ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �-(2/

PLFURVFRSH -(0����&;� DW DQ DFFHOHUDWLQJ YROWDJH

RI ��� N9� %HVLGHV� D VSHFLDO LRQ WKLQQLQJ PHWKRG ZDV

GHYHORSHG� ZKLFK DOORZHG SUHSDUDWLRQ RI YHU\ ODUJH
ILHOGV IRU LQYHVWLJDWLRQV WR EH SHUIRUPHG GLUHFWO\
ZLWKLQ WKH FRQWDFW ]RQH RI GLVVLPLODU PHWDOV�

$OVR� SHFXOLDULWLHV RI PDVV WUDQVIHU DQG SKDVH IRUPD�
WLRQ ZHUH LQYHVWLJDWHG LQ SURGXFWLRQ RI GLVVLPLODU MRLQWV
XQGHU WKHUPDO�GHIRUPDWLRQ FRQGLWLRQV LGHQWLFDO WR WKRVH

XVHG WR UHYHDO SULQFLSOHV RI SODVWLF GHIRUPDWLRQ�

,QYHVWLJDWLRQ UHVXOWV� 7KH LQYHVWLJDWLRQ UHVXOWV
REWDLQHG E\ WKH UDGLRDFWLYH WUDFHU PHWKRGV FRPELQHG

ZLWK PHWKRGV RI DQDO\WLFDO VFDQQLQJ DQGPLFURGLIIUDF�

WLRQ HOHFWURQPLFURVFRS\ VKRZHG WKH IROORZLQJ� 8QGHU
FRQGLWLRQV RI ORZ UDWHV RI MRLQLQJ GHIRUPDWLRQ FKDU�

DFWHULVWLF RI GLIIXVLRQ ERQGLQJ �'%�� WKH UDGLRDFWLYH

WUDFHU PHWKRGV UHYHDOHG D VXEVWDQWLDO LQFUHDVH LQ WKH

UDWH RI PDVV WUDQVIHU WDNLQJ SODFH LQ WKH FRQWDFW ]RQH�

ZKLFK ZDV SURYHG E\ YDULDWLRQV LQ WKH FRHIILFLHQW RI

GLIIXVLRQ RI PHWDO DWRPV� 7KH HIIHFWLYH GLIIXVLRQ FR�

HIILFLHQW LQ WKLV ]RQH LV FRPSDUDEOH ZLWK WKH JUDLQ�

ERXQGDU\ DQG VXUIDFH GLIIXVLRQ FRHIILFLHQWV� +RZHYHU�
GLIIXVLELOLW\ GUDPDWLFDOO\ GHFUHDVHG WKURXJK GHSWK δ
RI WKH GHIRUPHG PHWDO ]RQH� DQG DW D GLVWDQFH RI DERXW

�w�� µP IURP WKH PDWLQJ VXUIDFHV RI WKH PDWHULDOV

MRLQHG LW GHFUHDVHG ���w��� WLPHV� ZKLFK LV GHVFULEHG
LQ GHWDLO LQ >�@� 7KDW VWXG\ SURYHV WKDW SUHOLPLQDU\
PDFKLQLQJ RI WKH PDWLQJ VXUIDFHV IDYRXUV LQFUHDVH LQ

WKH LQWHQVLW\� DV ZHOO DV LQ�GHSWK ZLGHQLQJ RI WKH
DFWLYH PDVV WUDQVIHU UHJLRQ� ZKLFK LV LQLWLDOO\ FDXVHG

E\ DQ LQFUHDVHG GHQVLW\ RI FU\VWDOOLQH ODWWLFH GHIHFWV
LQ PHFKDQLFDOO\ SROLVKHG VXUIDFHV DQG VXEVHTXHQW DF�
WLYH UHGLVWULEXWLRQ RI WKHVH GHIHFWV XQGHU WKHUPDO�GH�

IRUPDWLRQ FRQGLWLRQV RI '%�

0RUH GHWDLOHG SDUDOOHO LQYHVWLJDWLRQV RI D ILQH

VWUXFWXUH RI WKH FRQWDFW ]RQH UHYHDOHG UHODWLRQVKLS

EHWZHHQ WKH PDVV WUDQVIHU SURFHVVHV DQG PRELOLW\ RI

� /�,� 0$5.$6+29$� 9�9� $56(1<8.� *�0� *5,*25(1.2 DQG (�1� %(5'1,.29$� ����
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WKH FU\VWDOOLQH ODWWLFH GHIHFWV� ZKLFK LV WKH FDVH RI

VWUXFWXUHV RI WKH GLIIXVLRQ ERQGV EHWZHHQ FRSSHU DQG

WLWDQLXP� DV ZHOO DV WKH MRLQWV EHWZHHQ VWHHOV � DQG

��.K��1��7 PDGH E\ UROO ZHOGLQJ �5:� WKURXJK D

QLFNHO LQWHUOD\HU �)LJXUHV � DQG ��� )LJXUH � VKRZV

WKH SURFHVV RI IRUPDWLRQ RI VHJUHJDWLRQV DQG ILQHO\

GLVSHUVHG LQWHUPHWDOOLF SKDVHV DW LQGLYLGXDO GLVORFD�

WLRQV LQ WKH VOLGLQJ V\VWHPV RI FRSSHU� DV ZHOO DV VXE�

DQG LQWHUJUDQXODU ERXQGDULHV LQ WLWDQLXP LQ WKH FRSSHU

WR WLWDQLXP ERQGV� 7KH SURFHVV RI SKDVH IRUPDWLRQ LQ

WKH 6W�� WR ��.K��1��7 MRLQWV ORRNV WKH VDPH �)L�

JXUH ��� 7KH JLYHQ VWUXFWXUH RI FURVV VHFWLRQV RI WKH

FRQWDFW ]RQH LQ PHWDOV MRLQHG LOOXVWUDWHV VHTXHQFH RI

VWDJHV RI IRUPDWLRQ RI H[WHQGHG LQWHUPHWDOOLF SKDVHV�

7KHVH VWDJHV LQFOXGH IRUPDWLRQ RI VHJUHJDWLRQ FOXVWHUV

RI D GLIIHUHQW GHQVLW\ DW LQGLYLGXDO GLVORFDWLRQV� DS�

SHDUDQFH RI GLVFUHWH LVODQGV RI WKH QHZ SKDVHV DQG�

ILQDOO\� VXEVHTXHQW FRDOHVFHQFH RI WKH SKDVH LVODQGV

DFFRPSDQLHG E\ JURZWK RI WKH H[WHQGHG LQWHUPHWDOOLFV

GLUHFWHG� DV D UXOH� DORQJ WKH VXE� DQG LQWHUJUDQXODU

ERXQGDULHV�

5HYHDOHG DOVR ZHUH VRPH SHFXOLDULWLHV RI PDVV

WUDQVIHU FKDUDFWHULVWLF RI WKH KLJK�UDWH GHIRUPDWLRQ

PHWKRGV XQGHU FRQGLWLRQV RI YDFXXP SHUFXVVLRQ

�93:�� PDJQHWLF�SXOVH �03:� DQG H[SORVLRQ ZHOG�

LQJ �(:��

7KXV� LW ZDV HVWDEOLVKHG WKDW� ZKHQ FRPLQJ WR WKH

KLJK�UDWH GHIRUPDWLRQ PHWKRGV� SURFHHGLQJ IURP

VWUXFWXUDO� FRQFHQWUDWLRQ DQG SKDVH FKDQJHV� LQ DGGL�

WLRQ WR DQ REYLRXV UROH RI GLVORFDWLRQV EHLQJ WKH PDLQ

FKDQQHO RI PDVV WUDQVIHU� WKLV SURFHVV H[KLELWV DOVR D

ELW GLIIHUHQW FKDUDFWHU� )RU H[DPSOH� HOHFWURQ PLFURV�

FRS\ FRQGXFWHG XQGHU GLIIHUHQW FRQGLWLRQV �VHFRQGDU\

HOHFWURQV� FKDUDFWHULVWLF UDGLDWLRQ� RQ VHFWLRQV UHYHDOV

GLVSODFHPHQW RI PHWDO OD\HUV LQ WKH LPPHGLDWH YLFLQLW\

WR WKH PDWLQJ VXUIDFHV LQ D GLUHFWLRQ RI DFWLRQ RI H[�

WHUQDO ZHOGLQJ VWUHVVHV LQ WKH PDJQHWLF�SXOVH ZHOGHG

MRLQWV EHWZHHQ FRSSHU DQG DOXPLQLXP �)LJXUH �� D��

7KHVH OD\HUV KDYH WKH IRUP RI LVRODWHG� FOHDUO\ GHILQHG

PLFURYROXPHV� 6RPH RI WKHP DUH DGHTXDWH LQ WKH UH�

IOHFWLRQ LQWHQVLW\ WR WKH EDVH PHWDO� ZKLOH RWKHUV EH�

KDYH DV UHJLRQV RI D WUDQVLHQW FRQWUDVW� ZKLFK LV DW�

WULEXWDEOH WR FKDQJHV LQ FRQFHQWUDWLRQ UHODWLRQVKLSV

RI HOHPHQWV LQ WKH GLVSODFLQJ OD\HUV �)LJXUH ���

,Q DGGLWLRQ� WUDQVIHU RI LQGLYLGXDO XOWUD GLVSHUVHG

�VHYHUDO WHQV RI QDQRPHWUHV� SDUWLFOHV RI PHWDOV

MRLQHG� DV ZHOO DV VSHFLHV RI D FOXVWHU W\SH WR D VXE�

VWDQWLDO GLVWDQFH IURP WKH LQWHUIDFH �WR D GHSWK RI

��� µP DQG PRUH� LV REVHUYHG LQ WKH MRLQLQJ ]RQH LQ

WUDQVPLVVLRQ PLFURVFRS\� 7KHVH GLVSHUVHG SDUWLFOHV

FDQ EH ZDWFKHG LQ VSHFLDO PRGHV RI HOHFWURQ PLFURV�

FRS\� VXFK DV WKH GDUN ILHOG PRGH� DQG DW VXIILFLHQWO\

KLJK PDJQLILFDWLRQV �DERXW ×�������� �)LJXUH �� E��
7KH PRUH SURQRXQFHG SURFHVVHV RI GLVSODFHPHQW

RI PDVV IORZV RI WKH PDWHULDOV MRLQHG WDNH SODFH LQ

(:� H�J� LQ ZHOGHG MRLQWV EHWZHHQ WLWDQLXP DQG VWDLQ�

OHVV VWHHO �)LJXUH ���

$QRWKHU GLVWLQFWLYH IHDWXUH RI PDVV WUDQVIHU ZLWK

WKH KLJK GHIRUPDWLRQ UDWH PHWKRGV �93:� (:� LV

WKH HIIHFW RI GHWDFKPHQW IURP WKH LQWHUIDFH DQG VXE�

VHTXHQW GLUHFWHG PRYHPHQW RI SDUWLFOHV RI D KDUGHU

�IO\HU� PHWDO WKURXJK WKH EXON RI D PDWHULDO MRLQHG�

)RU H[DPSOH� PRYHPHQW RI ]LUFRQLXP LQWR FRSSHU LQ

93: �)LJXUH �� DQG LURQ LQWR DOXPLQLXP LQ (:

�)LJXUH �� D� E� ZDV RIWHQ REVHUYHG LQ VFDQQLQJ HOHF�

WURQ PLFURVFRS\� ,Q WKLV FDVH WKH PRYLQJ SDUWLFOHV KDYH

)LJXUH �� 0DVV WUDQVIHU DQG SKDVH IRUPDWLRQ DW ORZ GHIRUPDWLRQ
UDWHV LQ '%� D x WLWDQLXPwFRSSHU ERQG ZLWK GLVORFDWLRQ PDVV
WUDQVIHU LQ FRSSHU �×�������� E x VDPH LQ WLWDQLXP �×�������
�DUURZV LQGLFDWH VHJUHJDWLRQ DQG XOWUD GLVSHUVHG SKDVHV LQ GLVORFD�
WLRQ VOLGLQJ V\VWHPV RI FRSSHU DORQJ VXE� DQG LQWHUJUDQXODU ERXQGD�
ULHV�

)LJXUH �� 6WUXFWXUH RI PHWDO �D� DQG VFKHPDWLF �E� RI 6W�� � ��.K��1��7 MRLQWV PDGH E\ UROO ZHOGLQJ WKURXJK D QLFNHO LQWHUOD\HU
�DUURZV LQGLFDWH IRUPLQJ LQWHUPHWDOOLF GLVFUHWH SKDVHV DQG LQWHUOD\HUV� �×�������
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GLIIHUHQW VL]HV �XS WR VHYHUDO PLFURPHWUHV�� DQG WKH\ PD\

PRYH WR GLIIHUHQW GLVWDQFHV IURP WKH LQWHUIDFH� 'LUHFWLRQ

RI WKHLU PRYHPHQW KDV QR FU\VWDOORJUDSKLF UHIHUHQFLQJ�

ZKLFK LV FKDUDFWHULVWLF RI '%� EXW LW FRLQFLGHV ZLWK WKH

GLUHFWLRQ RI DFWLRQ RI H[WHUQDO HIIHFWLYH VWUHVVHV� 0RYH�

PHQW RI VXFK SDUWLFOHV DORQJ WUDFNLQJ FKDQQHOV LV VKRZQ

LQ PRUH GHWDLO LQ )LJXUH �� D� E�
7KH GHSWK RI WKH �GULIW� RI WKH GHWDFKHG SDUWLFOHV�

H�J� ]LUFRQLXP LQWR FRSSHU LQ 93: �)LJXUH ��� LV
≈ ��� µP� 8QGHU WKH (: FRQGLWLRQV� DV LV WKH FDVH RI
PXOWLOD\HU LURQ � DOXPLQLXP � FRSSHU MRLQWV >�� �@�
WKLV GLVWDQFH DPRXQWV WR DERXW VHYHUDO PLFURPHWUHV
�)LJXUH �� D� E�� %HVLGHV� FKDQQHOV YLD ZKLFK WKH
SDUWLFOHV PRYH DUH HLWKHU FROODSVHG FDYLWLHV RU FDYLWLHV
SDUWLDOO\ ILOOHG ZLWK D PRYLQJ IORZ RI SDUWLFOHV RI
GLIIHUHQW VL]HV� ,Q DOO FDVHV PHWDO LQ WKH UHJLRQ RI WKH
FKDQQHOV XQGHUJRHV VXEVWDQWLDO HODVWR�SODVWLF GHIRU�
PDWLRQV� ZKLFK LV HYLGHQFHG E\ WKH WUDFHV RI GHIRU�
PDWLRQ� IUDJPHQWDWLRQ DQG UHOD[DWLRQ� 7KXV� D FKDU�
DFWHULVWLF GLIIXVLRQ WUDFH ZDV GHWHFWHG LQ D FKDQQHO
YLD ZKLFK WKH SDUWLFOHV RI FKHPLFDO HOHPHQWV PRYH�

L�H� LW VHHPV WKDW WKH FKDQQHO ZDOOV DUH �DOOR\HG� ZLWK
HOHPHQWV RI D PRYLQJ SDUWLFOH� ,W VKRXOG EH QRWHG�
KRZHYHU� WKDW WKH DERYH SKHQRPHQD ZHUH REVHUYHG
LQ VFDQQLQJ HOHFWURQ PLFURVFRS\ RI VHFWLRQV�

'LUHFW WUDQVPLVVLRQ H[DPLQDWLRQV RI WKLQ IRLOV RI
WKH (: MRLQWV DOVR FOHDUO\ UHYHDO WUDQVIHU RI SDUWLFOHV�
7KH SURFHGXUH IRU WKH GLUHFW H[DPLQDWLRQ RI D ILQH
VWUXFWXUH PDGH LW SRVVLEOH WR GHWHFW WKDW GLVSODFHPHQW
RI SDUWLFOHV LQ WKH FDVH RI WKH KLJK�VSHHG MRLQLQJ PHWK�
RGV ZDV DVVRFLDWHG ZLWK FROOHFWLYH IRUPV RI PRYHPHQW
RI WKH FU\VWDOOLQH ODWWLFH GHIHFWV� VXFK DV VKHDU EDQGV
�)LJXUH �� F�� )RU H[DPSOH� WKH GLVSODFHPHQW RI LURQ
SDUWLFOHV DERXW � µP LQ VL]H WR D GHSWK RI DERXW ���w
��� µP IURP WKH LQWHUIDFH ZDV REVHUYHG LQ WKH VWHHO
WR DOXPLQLXP MRLQWV� DQG WKH VKHDU EDQGV �OLNH WKRVH
REVHUYHG XQGHU VLPLODU FRQGLWLRQV RI PRYHPHQW RI
SDUWLFOHV� KDG QR FU\VWDOORJUDSKLF RULHQWDWLRQ LQ WKLV
FDVH >��w��@�

$V VHHQ IURP WKH H[SHULPHQWDO UHVXOWV� YDULRXV
PDVV WUDQVIHU SURFHVVHV RFFXUULQJ E\ GLIIHUHQW PHFKD�
QLVPV WDNH SODFH LQ WKH FRQWDFW ]RQH EHWZHHQ WKH GLV�
VLPLODUPHWDOV XQGHU WKH WKHUPDO�GHIRUPDWLRQ SUHVVXUH
MRLQLQJ FRQGLWLRQV� 7KH UDQJH RI WKH DERYHPHFKDQLVPV
ZLGHQV VXEVWDQWLDOO\ ZLWK LQFUHDVH LQ WKH UDWH RI H[�
WHUQDO ORDGLQJ�

&RQVLGHU WKH FXUUHQWO\ DYDLODEOH OLWHUDWXUH GDWD RQ
WKH SULQFLSOHV RI WKH VDLG SURFHVVHV UHYHDOHG LQ PHWDOV
XQGHU GLIIHUHQW WKHUPDO�GHIRUPDWLRQ FRQGLWLRQV RI
WKHLU WUHDWPHQW�

7KXV� EDVHG RQ FRPSDULVRQ RI WKH HQHUJ\ RI IRU�

PDWLRQ DQG DFWLYDWLRQ RI PRYHPHQW RI VSRW�W\SH GH�

IHFWV� VWXG\ >��@ VKRZV WKDW GLIIXVLRQ FDXVHG E\ KLJK

WHPSHUDWXUHV LQ PHWDOV ZLWK EFF DQG IFF ODWWLFHV LQ D

QRQ�GHIRUPHG RU VOLJKWO\ GHIRUPHG VWDWH ZRXOG RFFXU

PRVWO\ E\ LQYROYLQJ WKH VSRW�W\SH GHIHFWV DW YDFDQW

QRGHV� $V QRWHG E\ 0HVVQHU� 5H\QROGV DQG $YHUEDFK

HW DO� >��� ��@� YDULDWLRQ LQ WHPSHUDWXUH LQ WKLV FDVH

FDXVHV D FRPSDUDWLYHO\ ODUJH YDULDWLRQ LQ WKH GLIIXVLRQ

FRHIILFLHQW� ([SHULPHQWDOO\ GHWHUPLQHG ZDV WKH GH�

SHQGHQFH RI WKH GLIIXVLRQ FRHIILFLHQW XSRQ WKH OLQHDU

DQG �' GHIHFWV �GLVORFDWLRQV DQG JUDLQ ERXQGDULHV�

UHVSHFWLYHO\� >��w��@� ,W LV HPSKDVLVHG WKDW IRUPDWLRQ

RI WKLV W\SH RI GHIHFWV FUHDWHV SDUWLFXODUO\ IDYRXUDEOH

FRQGLWLRQV IRU GLIIXVLRQ� ,W LV QRWHG LQ >��@� KRZHYHU�

WKDW DFFHOHUDWLRQ RI GLIIXVLRQ DORQJ WKH JUDLQ ERXQGD�

ULHV WDNHV SODFH LQ WKH FDVHV ZKHUH WKH UDWLR RI WKH

GLIIXVLRQ FRHIILFLHQW DORQJ WKH ERXQGDULHV WR WKDW LQ

WKH EXON RI WKH JUDLQ LV 'ERXQG�'EXON ≥ �⋅���� DQG
ZKHUH WKH JUDLQV DUH UHODWLYHO\ VPDOO LQ VL]H �5 ≤
≤ �⋅��w� FP�� ,Q DGGLWLRQ� :DVVDQ DQG 'RUQ >��@�

)LJXUH �� 0DVV WUDQVIHU LQ WKH FRQWDFW ]RQH RI GLVVLPLODU FRSSHU WR
DOXPLQLXP MRLQWV PDGH E\03:� Dx PHFKDQLFDO WUDQVIHU RI OD\HUV
DORQJ LQWHUIDFH �×����� E x WUDQVIHU RI GLVSHUVHG FRSSHU SDUWLFOHV
LQWR DOXPLQLXP DW D GLVWDQFH RI DERXW ��� µP IURP LQWHUIDFH
�×��������

)LJXUH �� &RQFHQWUDWLRQ FKDQJHV LQ WKH ZHOGLQJ ]RQH LQ UHJLRQV RI D YDULDEOH FRQWUDVW �D� DQG LQ UHJLRQV RI SKDVH SUHFLSLWDWHV �33� �E�
�/ x GLVWDQFH IURP WKH LQWHUIDFH�
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0HVVQHU� 5H\QROGV� $YHUEDFK DQG &RKHQ >��� ��@� DQG

+RIIPDQ DQG 7XUQEXOO >��� ��@ SDLG DWWHQWLRQ WR D VXE�

VWDQWLDO GLIIHUHQFH �DOPRVW �� WLPHV� LQ YDOXHV RI WKH

GLIIXVLRQ FRHIILFLHQWV DORQJ VWDWLF DQG PRYLQJ JUDLQ

ERXQGDULHV� ,W VKRXOG EH ERUQH LQ PLQG� KRZHYHU� WKDW

WKH QRWHG SULQFLSOHV RI GLIIXVLRQ UHODWH PDLQO\ WR WKH

WKHUPRG\QDPLFDOO\ HTXLOLEULXP VWDWH RI PHWDO� :LWK

WKH FRPPHUFLDOO\ DYDLODEOH PHWKRGV RI PDWHULDOV WUHDW�

PHQW� VWUHVVHV LQGXFHG E\ HODVWLF DQG SODVWLF GHIRUPD�

WLRQV �LQ SKDVH WUDQVIRUPDWLRQV� FROG DQG KLJK�WHPSHUD�

WXUH GHIRUPDWLRQV� HWF�� OHDG WR IRUPDWLRQ RI HVVHQWLDO

UHGXQGDQW �QRQ�HTXLOLEULXP� FRQFHQWUDWLRQ RI GHIHFWV�

ZKLFK PXVW IDYRXU D PRUH FRQVLGHUDEOH LQFUHDVH LQ GLI�

IXVLYLW\ RI DWRPV LQ FU\VWDOV >��� ��@�

,W LV WKH LVVXH RI WKH HIIHFW RI QRQ�HTXLOLEULXP

GLVWRUWLRQV RI WKH FU\VWDOOLQH ODWWLFHV RI GHIRUPHG PD�

WHULDOV WKDW KDV EHHQ DWWUDFWLQJ DWWHQWLRQ RI D ZLGH

UDQJH RI UHVHDUFKHUV� +RZHYHU� UHVXOWV RI WKH VWXGLHV

SHUIRUPHG LQ WKLV DUHD WXUQHG RXW WR EH UDWKHU DP�

ELJXRXV >��w��@� 7KXV� WKH FDOFXODWLRQV PDGH E\

5XRII DQG %DOOXIIL >��w��@� :DVVDQ DQG 'RUQ >��@

DQG .LPXUD DQG 0DGGLQ >��@ VKRZHG WKDW DFFHOHUD�

WLRQ RI GLIIXVLRQ KDG D GLIIHUHQW HIIHFW DQG RFFXUUHG

GXH WR GLVORFDWLRQV� WKH PRYLQJ RQHV LQ SDUWLFXODU� ,Q

DGGLWLRQ� XSRQ FRPSOHWLQJ WKH FRPSUHKHQVLYH DQDO\�

VLV� .LPXUD DQG 0DGGLQ GHWHFWHG D QRW OHVV WKDQ ���

WLPHV LQFUHDVH LQ WKH GLIIXVLRQ UDWH �WKH GLIIXVLRQ DF�

FHOHUDWLRQ HIIHFW ZDV SURSRUWLRQDO WR WKH GHIRUPDWLRQ

UDWH� L�H� WKH LQVWDQWDQHRXV FRQFHQWUDWLRQ RI GHIHFWV��

$ VWLOO KLJKHU �PRUH WKDQ ���� WLPHV� LQFUHDVH LQ WKH

GLIIXVLRQ HIIHFW LQ GHIRUPDWLRQ RI QLFNHO DQG FRSSHU

LV UHSRUWHG LQ VWXGLHV E\ 2VLSRY DQG .RQRELHYVN\

>��@� 7KHVH DXWKRUV LQYHVWLJDWHG WKH UROH RI QRQ�HTXL�

OLEULXP GLVWRUWLRQV DQG VHQVLWLYLW\ RI GLIIXVLRQ WR

VWUHVVHV FDXVHG E\ SUHOLPLQDU\ GHIRUPDWLRQV� 6LPLODU

SKHQRPHQD ZHUH QRWHG E\ %RNVKWHLQ >��@� 5DL DQG

$VKE\ >��@� DQG 'HNKW\DU DQG 0LNKDOHQNRY >��@�

$V VKRZQ E\ DQDO\VLV RI WKH UROH RI KLJK�WHPSHUD�

WXUH GHIRUPDWLRQ LQ YDULDWLRQV RI WKH VHOI�GLIIXVLRQ

FRHIILFLHQW RI QLFNHO >��� ��� ��@� WKH GLIIXVLRQ JURZV

ZLWK LQFUHDVH LQ WKH GHIRUPDWLRQ GHJUHH� DQG UDSLGO\

DV\PSWRWLFDOO\ DSSURDFKHV WKH VDWXUDWLRQ YDOXH� 5XRII

DQG%DOOXIIL >��� ��@PDGH D FRQFOXVLRQ WKDW YDULDWLRQV

LQ WKH GLIIXVLRQ FDQ EH URXJKO\ FRQVLGHUHG WR EH SUR�

SRUWLRQDO WR LQFUHDVH LQ WKH GHIRUPDWLRQ� L�H� WKH GLI�

IXVLRQ HQKDQFHV ZLWK LQFUHDVH LQ WKH GHIRUPDWLRQ UDWH�

%HVLGHV� WKLV HIIHFW FDQ DOVR EH REVHUYHG DW D ORZHU

WHVW WHPSHUDWXUH� +RZHYHU� DFFRUGLQJ WR WKH GDWD E\

'DUE\ >��@� LQ WKH FDVH RI GHIRUPDWLRQ RI VLOYHU DW

��� �& WKH GLIIXVLRQ REVHUYHGZDV QRW WKDW VXEVWDQWLDO�

'HFUHDVH LQ WKH GLIIXVLRQ FRHIILFLHQW WDNHV SODFH�

IRU H[DPSOH� XQGHU WKH KLJK SUHVVXUH FRQGLWLRQV >��@�

,W LV DOVR VKRZQ WKDW GLIIHUHQW PHWDOV KDYH GLIIHUHQW

VXVFHSWLELOLW\ WR YDULDWLRQV LQ WKH GLIIXVLRQ FRHIILFLHQW

XQGHU SUHVVXUH� GHSHQGLQJ XSRQ WKH FRPSUHVVLELOLW\

FRHIILFLHQW RI PDWHULDOV�

7KHUHIRUH� LW IROORZV IURP WKH DERYH�VDLG WKDW WKH

SULQFLSOHV RI YDULDWLRQV LQ WKH GLIIXVLRQ FRHIILFLHQW

ZLWK GLIIHUHQW GHIRUPDWLRQ PHWKRGV GR QRW DOZD\V

FRLQFLGH �WKH HIIHFW PD\ EH REVHUYHG RU QRW REVHUYHG

)LJXUH �� ([DPSOH RI GLVSODFHPHQW RI PDVV IORZV LQ (:� D x HOHFWURQ PLFURVFRS\ SLFWXUH �×���� RI WLWDQLXP IORZ LQ FKDUDFWHULVWLF
UDGLDWLRQ �JUH\ FRORXU� LQWR WKH LQWHUQDO YROXPHV RI VWDLQOHVV VWHHO �GDUN EDFNJURXQG�� E x VFKHPDWLF RI WKH SURFHVV

)LJXUH �� 3HFXOLDULWLHV RI PDVV WUDQVIHU XQGHU WKH KLJK GHIRUPDWLRQ UDWH FRQGLWLRQV RI 93: LQ WKH FRSSHU � ]LUFRQLXP MRLQW� D� E x
VFKHPDWLF DQG VWUXFWXUH RI PRYHPHQW RI WKH ]LUFRQLXP SDUWLFOHV LQWR FRSSHU� UHVSHFWLYHO\� Fx GLVWULEXWLRQ RI ]LUFRQLXP DORQJ WKH SDWK
RI PRYHPHQW RI WKH SDUWLFOHV �×����
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DW D WRWDO GHIRUPDWLRQ OHYHO RI DERXW �� ��� ,Q DGGL�

WLRQ� WKH GLIIXVLRQ DFFHOHUDWLRQ HIIHFW GRHV QRW DOZD\V

WDNH SODFH XQGHU WKH KLJK�WHPSHUDWXUH GHIRUPDWLRQ

FRQGLWLRQV� %XW WKH PDMRULW\ RI UHVHDUFKHUV QRWH D

VXEVWDQWLDO DFFHOHUDWLRQ RI WKH SURFHVVHV DW KLJK UDWHV

RI ε
.
DQG ORZ GHIRUPDWLRQ WHPSHUDWXUHV� ,W ZDV HVWDE�

OLVKHG WKDW DW WKH ORZ GHIRUPDWLRQ UDWHV WKH UDWH RI

GLIIXVLRQ YDULHV ZLWK VWUDLQ ε �DW D FRQVWDQW WHVW WHP�
SHUDWXUH�� ZKHUHDV ZLWK LQFUHDVH LQ WKH ε YDOXHV WKH

GHIRUPDWLRQ UDWH JURZV PRUH UDSLGO\� FRPSDUHG ZLWK

WKH FDVH ZKHUH WKH OLQHDU ODZ KROGV�

0HFKDQLVPV RI WKH PDVV WUDQVIHU SURFHVV DUH FRQ�
VLGHUHG LQ YLHZ RI WKH IDFW RI D GUDPDWLF FKDQJH LQ
PDVV WUDQVIHU XQGHU GLIIHUHQW FRQGLWLRQV RI GHIRUPD�
WLRQ RI PHWDOV� 7KXV� DQDO\VLQJ SULQFLSOHV RI WKH SURF�
HVVHV XQGHU FRQVLGHUDWLRQ� UHVHDUFKHUV DGYDQFH RSLQ�
LRQV WKDW GLIIXVLYLW\ RI PHWDO DWRPV� GHSHQGLQJ XSRQ
VSHFLILF FRQGLWLRQV� PD\ RFFXU E\ GLIIHUHQW PHFKD�
QLVPV� ,Q DGGLWLRQ WR WKH DERYH�PHQWLRQHG PHFKD�
QLVPV RI WKH GLIIXVLRQ SURFHVVHV ZKLFK WDNH SODFH GXH
WR VSRW�W\SH DQG OLQHDU ODWWLFH GHIHFWV� WKHUH DUH DOVR
DQ H[SHULPHQWDOO\ HVWDEOLVKHG HIIHFW RI D VXEVWDQWLDO
DFFHOHUDWLRQ RI PDVV WUDQVIHU VKRZLQJ XS SULPDULO\
XQGHU FRQGLWLRQV RI KLJK ORDGLQJ UDWHV� LQFOXGLQJ LQ
93: >��w��@� +RZHYHU� WKH RSLQLRQV GLIIHU FRQFHUQ�
LQJ FDXVHV RI LWV IRUPDWLRQ�

7KXV� 9ODGLPLURY HW DO� >��@ UHODWH WKHVH SURFHVVHV
WR GLVSODFHPHQW RI D VHW RI YDFDQFLHV� ZKHUHDV /DULNRY�
)DOFKHQNR� 0D]DQNR HW DO� >��w��@ UHODWH WKHP WR WKH
HIIHFW RI WKH LQWHUQRGDO PHFKDQLVP� DQG GLVFLSOHV RI
WKH 3URI� /DYUHQWLHYsV VFKRRO >��@ x WR WKH VSHFLILF
IHDWXUHV RI WKH K\GURG\QDPLF IORZ� $FFRUGLQJ WR WKH
FRQFHSWV GHYHORSHG E\ 3DQLQ DQG KLV VFKRRO� RFFXU�
UHQFH RI WKH KLJK�UDWH PDVV WUDQVIHU FDQ EH FDXVHG E\
VSHFLDO DWRP�YDFDQF\ VWDWHV IRUPHG LQ DQ LQWHQVLYH
ILHOG RI H[WHUQDO HIIHFWV WDNLQJ SODFH LQ D GHIRUPHG
PDWHULDO >��@�

&RPLQJ EDFN WR WKH H[SHULPHQWDO UHVXOWV JLYHQ LQ
WKLV VWXG\ RQ UHODWLRQVKLS RI WKH SURFHVVHV RI SODVWLF
GHIRUPDWLRQ DQG PDVV WUDQVIHU LQ WKH MRLQWV EHWZHHQ
GLVVLPLODU PHWDOV� QRWH WKDW DW PLQLPXP VWUDLQ UDWHV
�ε
.

≅ �⋅��w� Vw�� LQ WKH FDVH RI '%� MXGJLQJ IURP WKH

FKDUDFWHU RI WKH IRUPHG VWUXFWXUHV� LW LV SULPDULO\ WKH
GLVORFDWLRQ PHFKDQLVPV RI SODVWLF GHIRUPDWLRQ WKDW WDNH
SODFH LQ WKH FRQWDFW ]RQH� WKHVH PHFKDQLVPV EHLQJ DV�
VRFLDWHG ZLWK GLVSODFHPHQW RI LQGLYLGXDO GLVORFDWLRQV
DORQJ FHUWDLQ FU\VWDOORJUDSKLF VOLGLQJ V\VWHPV� $FFRUG�
LQJO\� WKH PDVV WUDQVIHU SURFHVVHV �ZKLFK LV SURYHG E\
FRPSDULVRQ RI WKH FKDUDFWHU RI WKH IRUPHG SKDVHV DQG
SHFXOLDULWLHV RI D ILQH VWUXFWXUH� WDNH SODFH� DV D UXOH�
E\ LQYROYLQJ WKH VSRW�W\SH DQG OLQHDU ODWWLFH GHIHFWV�
DQG DORQJ WKH VXE� DQG LQWHUJUDQXODU ERXQGDULHV�

,QFUHDVH LQ WKH GHIRUPDWLRQ UDWH �LQ 03:� 93:
DQG (:� LV DFFRPSDQLHG E\ UHDOLVDWLRQ RI SODVWLF GH�
IRUPDWLRQ WR D VXEVWDQWLDO GHJUHH GXH WR FROOHFWLYH
GLVSODFHPHQWV RI WKH ODWWLFH GHIHFWV� L�H� LQWHQVLYH
VKHDU EDQGV� ZKLFK DUH QR ORQJHU DVVRFLDWHG ZLWK FU\V�
WDOORJUDSKLF V\VWHPV� EXW GLUHFWHG DORQJ WKH HIIHFWLYH
�H[WHUQDO� MRLQLQJ VWUHVVHV� 7KH URWDWLRQDO PHFKD�
QLVPV RI SODVWLF GHIRUPDWLRQ �WXUQV RI PDWHULDO PL�
FURYROXPHV RI GLIIHUHQW VL]HV� DUH DOVR LQYROYHG KHUH�
7KH PDVV WUDQVIHU SURFHVVHV XQGHU VXFK FRQGLWLRQV RI
WKH KLJK�HQHUJ\ H[WHUQDO HIIHFWV DOVR WDNH SODFH E\
LQYROYLQJ GLIIHUHQW PHFKDQLVPV� VXFK DV GLVSODFHPHQW
RI PDVV IORZV RI RQH PHWDO LQWR WKH RWKHU �ZKLFK
RFFXUV PRVWO\ QHDU WKH FRQWDFW ]RQH�� GLVSODFHPHQW
RI VHJUHJDWLRQ FOXVWHUV DQG SDUWLFOHV RI GLIIHUHQW VL]HV�
DV ZHOO DV WKHLU FRPSOH[HV� %HVLGHV� UHDOLVDWLRQ RI
GLIIHUHQW IRUPV RI DFFHOHUDWHG PDVV WUDQVIHU LV OLNHO\
WR EH IDYRXUHG E\ VSHFLDO VWUXFWXUDO �DPRUSKRXV�FU\V�
WDOOLQH� VWDWHV IRUPHG LQ WKH ]RQH RI ORFDOLVDWLRQ RI
GHIRUPDWLRQ DW WKH KLJK�UDWH PHWKRGV RI H[WHUQDO ORDG�
LQJ >��� ��@� ,W VKRXOG EH QRWHG WKDW GLVSODFHPHQW RI
PLFURYROXPHV RI RQH PHWDO LQWR WKH RWKHU �IORZV RI
PDVVHV DQG SDUWLFOHV� LV WKH SURFHVV RI D PHFKDQLFDO

)LJXUH �� 3HFXOLDULWLHV RI PDVV WUDQVIHU XQGHU WKH KLJK GHIRUPDWLRQ
UDWH FRQGLWLRQV RI (: LQ WKH LURQ � DOXPLQLXP MRLQW� D� E x
VWUXFWXUH DQG VFKHPDWLF RI PRYHPHQW RI DQ LURQ SDUWLFOH YLD WUDFNLQJ
FKDQQHOV LQ WKH EXON RI DOXPLQLXP� UHVSHFWLYHO\ �×����� Fx WUDQV�
IHU RI LURQ SDUWLFOHV LQWR DOXPLQLXP �VFDQQLQJ HOHFWURQ PLFURVFRS\�
�×�������

)LJXUH �� 'LDJUDP RI FKDQJHV RI PDVV WUDQVIHU PHFKDQLVPV �GLVOR�
FDWLRQ DQG PHFKDQLFDO RQHV� DQG WKHLU YROXPH IUDFWLRQ LQ WKH PDVV
WUDQVIHU SURFHVV� DV ZHOO DV IRUPV RI UHDOLVDWLRQ RI PHFKDQLFDO PDVV
WUDQVIHU LQ WKH FRQWDFW ]RQH RI GLVVLPLODU PHWDOV ZLWK LQFUHDVH LQ
WKH GHIRUPDWLRQ UDWH� � x GLVORFDWLRQ PDVV WUDQVIHU PHFKDQLVP�
� x FROOHFWLYH IRUP RI PRYHPHQW RI ODWWLFH GHIHFWV� � x WXUQV RI
YROXPHV� � x XOWUD GLVSHUVHG PDVV WUDQVIHU� � x GLVSODFHPHQW RI
PDVVHV� � x FRDUVH SDUWLFOHV �): x IULFWLRQ ZHOGLQJ�
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PDVV WUDQVIHU� L�H� WKLV SURFHVV WDNHV SODFH XQGHU WKH
HIIHFW DQG LQ D GLUHFWLRQ RI H[WHUQDO VWUHVVHV� 7KLV LV
SURYHG DOVR E\ FRPSDUDWLYHO\ VWUDLJKW�OLQHG SDWKV RI
WKH DERYH GLVSODFHPHQWV ZKLFK SDVV WKRXJK WKH EORFNV
�XS WR VHYHUDO WHQV� RI JUDLQV LQGHSHQGHQWO\ RI WKH
FU\VWDOORJUDSKLF RULHQWDWLRQ RI WKH ODWWHU�

)LJXUH � VKRZV D FKDQJH LQ WKH PDVV WUDQVIHU
PHFKDQLVPV IURP WKH GLVORFDWLRQ WR PHFKDQLFDO RQHV�
LQFOXGLQJ WKHPDVV WUDQVIHU GXH WR URWDWLRQDO DQG VKHDU
PHFKDQLVPV RI SODVWLF GHIRUPDWLRQ� PHFKDQLFDO GLV�
SODFHPHQW RI SDUWLFOHV RI GLIIHUHQW VL]HV DQG WKHLU FRP�
SOH[HV� DV ZHOO DV PDVV IORZV RI RQH PHWDO LQWR WKH
RWKHU LQ D GLUHFWLRQ RI H[WHUQDO VWUHVVHV ZLWK LQFUHDVH
LQ WKH GHIRUPDWLRQ UDWH�

$V IDU DV WKH SKDVH IRUPDWLRQ SURFHVVHV DUH FRQ�
FHUQHG� KHUH WKH IROORZLQJ VKRXOG EH QRWHG� :KLOH
ZLWK WKH ORZ�UDWH ORDGLQJ PHWKRGV WKH IRUPDWLRQ DQG
JURZWK RI GHQVH FRQWLQXRXV LQWHUPHWDOOLF SKDVHV LQ
WKH MRLQWV EHWZHHQ GLVVLPLODU PHWDOV WDNH SODFH LQ D
GLUHFWLRQDO DQG FRPSDFW PDQQHU DORQJ WKH FRQWDFW
SODQH RI WKH PHWDOV MRLQHG� ZKHUH WKH SURFHVVHV RI
SODVWLF GHIRUPDWLRQ DQG� KHQFH� PDVV WUDQVIHU DUH SUL�
PDULO\ ORFDOLVHG� FRQGLWLRQV RI WKH KLJK UDWHV RI H[�
WHUQDO ORDGLQJ DUH IDYRXUDEOH IRU SUHYHQWLRQ RI IRU�
PDWLRQ RI GLUHFWLRQDO FRQWLQXRXV EULWWOH LQWHUOD\HUV�
7KH ODWWHU LV DVVRFLDWHG ZLWK GLVSHUVLRQ DQG VFDWWHU RI
WKH IRUPHG LQWHUPHWDOOLF SKDVHV RYHU D YHU\ ZLGH MRLQ�
LQJ ]RQH� 7KHUHIRUH� WKH '% PHWKRG XQGHU WKH KLJK
ORDGLQJ UDWH FRQGLWLRQV VHHPV PRUH SUHIHUDEOH LQ WHUPV
RI HQVXULQJ TXDOLW\ ERQGV EHWZHHQ GLVVLPLODU PHWDOV�
HVSHFLDOO\ LQ WKRVH FRPELQDWLRQV RI PHWDOV ZKLFK DUH
FKDUDFWHULVHG E\ D OLPLWHG PXWXDO VROXELOLW\�

&21&/86,216

��0DVV WUDQVIHUPD\WDNHSODFHE\GLIIHUHQWPHFKDQLVPV�
GHSHQGLQJ XSRQ WKH ORDGLQJ UDWH GXULQJ MRLQLQJ�

�� $W PLQLPXP GHIRUPDWLRQ UDWHV WKH GLVSODFHPHQW
RI PDVVHV WDNHV SODFH PRVWO\ YLD WKH GLVORFDWLRQ FKDQ�
QHOV RI PDVV WUDQVIHU�

�� ,QFUHDVH LQ WKH GHIRUPDWLRQ UDWH LV DFFRPSDQLHG E\
ZLGHQLQJRIDUDQJHRIGLIIHUHQWPDVV WUDQVIHUPHFKDQLVPV�
ZKLFK LV DWWULEXWDEOH WR LQYROYHPHQW RI WKHLU GLIIHUHQW
IRUPV DVVRFLDWHG ZLWK PHFKDQLFDO GLVSODFHPHQW RI PDVVHV
LQ D GLUHFWLRQ RI HIIHFWLYH H[WHUQDO VWUHVVHV� LQFOXGLQJ GLV�
SODFHPHQW RI PDVVHV RI RQH PHWDO LQWR WKH RWKHU� GHWDFK�
PHQW IURP WKH LQWHUIDFH DQG PRYHPHQW RI GLIIHUHQW VL]HV
RI SDUWLFOHV DQG WKHLU FRPSOH[HV� DV ZHOO DV URWDWLRQDO
PDVV WUDQVIHU PHFKDQLVPV�

�� .D]DNRY� 1�)� ������ 'LIIXVLRQ ERQGLQJ RI PDWHULDOV� 0RV�
FRZ� 0DVKLQRVWURHQLH�

�� *HOPDQ� $�6� ������ 3ULQFLSOHV RI SUHVVXUH ZHOGLQJ� 0RV�
FRZ� 0DVKLQRVWURHQLH�

�� 6KURQ� 5�=�� =HOH]LQ� 9�1� ������ +HDW WUHDWPHQW DQG
SURSHUWLHV RI ZHOGHG MRLQWV� /HQLQJUDG� 0DVKLQRVWURHQLH�

�� %DNVKL� 2�$� ������ 7KHRU\ DQG SUDFWLFH RI ZHOGLQJ PDQX�
IDFWXULQJ� 6YHUGORYVN� 83,�

�� <RVKL\DVX� ,�� 7DNDKLNR� 6�� 0DVDKLUR� 6� HW DO� ������
&KDUDFWHULVWLFV RI EHKDYLRXU RI GLIIXVLRQ LQ WKH WUDQVLWLRQ
]RQH RI D FRSSHU�DOXPLQLXP MRLQW LQ IULFWLRQ ZHOGLQJ� 7UDQV�
DFW� RI -DS� 6RF� 0HFK� (QJ� $� ���� ��������

�� .D]X\XNL� +�� 7DNHVKL� ,�� 7DNHQREX� $� HW DO� ������ 3D�
UDPHWHUV RI H[SORVLRQ ZHOGLQJ DQG VWUHQJWK RI MRLQW LQ FODG�
GLQJ VWDLQOHVV VWHHO ZLWK GLIIHUHQW DOXPLQLXP DOOR\V XVLQJ DQ
LQWHUPHGLDWH VWDLQOHVV VWHHO SODWH -� -:6� �� ��w���

�� 0DUNDVKRYD� /�,�� 0DOHYVN\� <X�%� ������ 3HFXOLDULWLHV RI
GLIIXVLRQ LQ MRLQLQJ ZLWKRXW IXVLRQ� $YWRPDWLFK� 6YDUND� ���
�w��� ���

�� 0DUNDVKRYD� /�,�� .LUHHY� /�6�� =DPNRY� 9�1� HW DO� ������
3HFXOLDULWLHV RI IRUPDWLRQ RI DQ LQWHUIDFLDO ]RQH LQ SUHVVXUH

ZHOGLQJ RI GLVVLPLODU PHWDOV� ,Q� :HOGHG VWUXFWXUHV� +DU�
ZRRG $�3�

�� 0DUNDVKRYD� /�,�� 6WDWVHQNR� 9�9�� ,JQDWHQNR� $�,� HW DO�
������ 3HFXOLDULWLHV RI PDVV WUDQVIHU XQGHU GLIIHUHQW FRQGL�
WLRQV RI SUHVVXUH ZHOGLQJ� ,Q� 3URF� RI &RQI� RQ $GYDQFHG
7HFKQRORJLHV LQ 0DFKLQH�%XLOGLQJ DQG ,QVWUXPHQW 0DNLQJ�
6DUDWRY� 0D\ ����� 6DUDWRY� 638�

��� 0DUNDVKRYD� /�,�� 6HUJHHYD� <X�$�� 6WDWVHQNR� 9�9� HW DO�
������ 6WXG\ RI PLFURPHFKDQLVP RI VWUXFWXUH IRUPDWLRQ XQ�
GHU FRQGLWLRQV RI PDJQHWLF�SXOVH ZHOGLQJ� ,Q� :HOGLQJ RI
GLVVLPLODU� FRPSRVLWH DQG PXOWLOD\HU PDWHULDOV� .\LY� 3:,�

��� 3HWXVKNRY� 9�*�� 0DUNDVKRYD� /�,�� =RWRY� 0�,� HW DO�
������ 0LFURPHFKDQLVPV DQG FRQGLWLRQV RI ORFDOLVDWLRQ RI
GHIRUPDWLRQ LQ KLJK�HQHUJ\ ORDGLQJ� ,Q� 3URF� RI ��WK ,QW�
&RQI� RQ +LJK�(QHUJ\ (IIHFWV RQ 0HWDOV� /\XEOHQD� 6HSW�
��w��� �����

��� 3HWXVKNRY� 9�*�� 0DUNDVKRYD� /�,�� =RWRY� 0�,� HW DO�
������ 3HFXOLDULWLHV RI SODVWLF GHIRUPDWLRQ RI DOXPLQLXP LQ
H[SORVLRQ ZHOGLQJ� ,Q� &ROO� RI SDS� RI ,QW� &RQI� RQ 6SHFLDO
0HWKRGV RI :HOGLQJ� =DJUHE� 0DUFK ��� �����

��� 6KXPRQ� 3� ������ 'LIIXVLRQ LQ VROLGV� 0RVFRZ� 0HWDOOXUJL\D�
��� 0HVVQHU� $�� %HQVRQ� 5�� 'RUQ� ,� ������ 6HOI�GLIIXVLRQ LQ

QLFNHO VLQJOH FU\VWDOV� 7UDQVDFW� RI $60� ��� ���w����
��� 5H\QROGV� ,�(�� $YHUEDFK� %�/�� &RKHQ� 0�/� ������ 6HOI�

GLIIXVLRQ DQG LQWHU�GLIIXVLRQ LQ JROG�QLFNHO DOOR\V� $FWD
0HW�� �� ���

��� )UDQN� )�&�� 7XUQEXOO� '� ������ 6HOI�GLIIXVLRQ DORQJ HGJH
GLVORFDWLRQV LQ QLFNHO� 3K\V� 5HY�� �� ���w����

��� ������ 3URFHVVHV RI LQWHU�GLIIXVLRQ LQ DOOR\V� (G� E\
.�3� *XURY� 0RVFRZ� 1DXND�

��� 6KLQ\DHY� $�<D� ������ 'LIIXVLRQ SURFHVVHV LQ PHWDOV� 0RV�
FRZ� 1DXND�

��� %RNVKWHMQ� 6�=�� *LQ]EXUJ� 6�6�� .LVKNLQ� 6�7� HW DO� ������
'LIIXVLRQ DORQJ JUDLQ ERXQGDULHV� 3RYHUNKQRVW� �� ���w����

��� :DVVDQ� $�5�� 'RUQ� ,�(� ������ $QDO\VLV RI HQKDQFHG GLI�
IXVLYLW\ LQ QLFNHO� -� $SSO� 3K\V�� �� ���w����

��� +RIIPDQ� 5�(�� 7XUQEXOO� '�,� ������ 7KH HIIHFW RI UHODWLYH
FU\VWDO DQG ERXQGDU\ RULHQWDWLRQV RQ JUDLQ ERXQGDU\ GLIIX�
VLRQ UDWHV� $FWD 0HW�� �� ���w����

��� +RIIPDQ� 5�(�� 3LNXV� )�:�� :DUG� 5�$� ������ 6HOI�GLIIX�
VLRQ LQ VROLG QLFNHO� 7UDQVDFW� RI $,0(� ���� ���w����

��� 5RPDVKNLQ� <X�3� ������ 6WXG\ RI GLIIXVLRQ LQ PHWDOV DW
SODVWLF GHIRUPDWLRQ� 6\Q� RI 7KHVLV IRU &DQG� 7HFKQ� 6FL�
'HJUHH� 0RVFRZ�

��� 2VLSRY� .�$� ������ 7KHRUHWLFDO SUREOHPV RI KLJK�WHPSHUD�
WXUH VWUHQJWK RI PHWDOV DQG DOOR\V� 0RVFRZ� $1 6665�

��� 5XRII� $�/�� %DOOXIIL� 5� ������ 2Q VWUDLQ�HQKDQFHG GLIIXVLRQ
LQ PHWDOV DQG SRLQW GHIHFW� -� $SSO� 3K\V�� ��� ����w�����

��� %DOOXIIL� 5�:� ������ *UDLQ ERXQGDU\ GLIIXVLRQ PHFKDQLVP
LQ PHWDOV� 0HWDOOXUJ� 7UDQV�� ��� ����w�����

��� %DOOXIIL� 5�:�� &DKQ� -�:� ������ 0HFKDQLVP IRU GLIIXVLRQ
LQGXFHG JUDLQ ERXQGDU\ PLJUDWLRQ� $FWD 0HW�� ��� ���w����

��� .LPXUD� +�� 0DGGLQ� 5� ������ *ROGHQ VLQJOH FU\VWDO YD�
FDQFLHV FRQFHQWUDWLRQV� GHIRUPHG DW KLJK WHPSHUDWXUHV�
,ELG�� �� ����w�����

��� &RRGKHZ� 3�-�� 'DUE\� 7�3�� %DOOXIIL� 5�:� ������ 2Q WKH
GLVORFDWLRQ VWUXFWXUH� 6FULSWD 0HW�� �� ���w����

��� 5DL� 5�� $VKE\� 0�)� ������ 2Q JUDLQ ERXQGDU\ VOLGLQJ DQG
GLIIXVLRQ DW FUHHS� 0HW� 7UDQV�� �� ����w�����

��� 'HNKW\DU� ,�<D�� 0LNKDOHQNRY� 9�6� ������ ,QIOXHQFH RI
FU\VWDOOLQH VWUXFWXUH GHIHFWV RQ GLIIXVLRQ SDUDPHWHUV LQ
QLFNHO DOOR\V� ,Q� ,QYHVWLJDWLRQV RQ KLJK�WHPSHUDWXUH DOOR\V�
0RVFRZ� $1 6665�

��� *HJX]LQ� <D�(� ������ 3K\VLFV RI VLQWHULQJ� 0RVFRZ�
1DXND�

��� *ROGVWHLQ� ,�-�� +DQQHPDQ� 5�(�� 2JLOYLH� 5�(� ������ 'LI�
IXVLRQ LQ WKH )Hw1L V\VWHP DW � DQG � NEDU SUHVVXUH� 7UDQV�
DFW� RI 0HW� 6RF� $,0(� �� ���w����

��� 9ODGLPLURY� 9�,�� .XVRY� $�$� ������ ,QWHUDFWLRQ RI PRELOH
DYDODQFKH GLVORFDWLRQV ZLWK HQVHPEOH RI GLSROHV� )L]LND

0HWDOORY L 0HWDOORYHG�� ,VVXH �� ���w����
��� /DULNRY� /�1�� )DOFKHQNR� 9�0�� 0D]DQNR� 9�)�� HW DO�

������ 3HFXOLDULWLHV RI PDVV WUDQVIHU LQ ZHOGLQJ RI DUPFR�
LURQ LQ VROLG VWDWH� $YWRPDWLFK� 6YDUND� �� ��w���

��� $UVHQ\XN� 9�9�� *HUWVULNHQ� '�6�� 0D]DQNR� 9�9� HW DO�
������ 0LJUDWLRQ RI DWRPV LQ LURQ�DUJRQ PHWDVWDEOH VROLG
VROXWLRQ� 'RSRYLGL 1$18� �� ���w����

��� *HUWVULNHQ� '�6�� 0D]DQNR� 9�9�� 7\VKNHYLFK� 9�0� HW DO�
������ 0DVV WUDQVIHU LQ PHWDOV DW ORZ WHPSHUDWXUHV XQGHU
H[WHUQDO HIIHFWV� .\LY� *�9� .XUG\XPRY ,0)�

��� (JRUXVKLQ� 9�(�� 3DQLQ� 9�(�� 6DYXVKNLQ� (�9� HW DO�
������ +LJKO\ H[FLWHG VWDWHV LQ FU\VWDOV� ,]Y� 9X]RY� )L]L�
ND� �� �w���

��� 2OHPVNRM� $�,�� 3DQLQ� 9�(�� 3HWUXQLQ� 9�$� ������ 2Q FRO�
OHFWLYH PRGH RI KLJKO\ H[FLWHG VWDWH RI VROLG� ,ELG�� ��� ��w���

��� =DVLPFKXN� (�(�� 0DUNDVKRYD� /�,� ������ 0LFUREDQGV LQ
UROOLQJ�GHIRUPHG QLFNHO VLQJOH FU\VWDOV� 0DW� 6FL� DQG (QJ�
$� ���� ��w���

��� 0DUNDVKRYD� /�,�� 6HUJHHYD� <X�$�� &KXGDNRY� 9�$� HW DO�
������ 3HFXOLDULWLHV RI VWUXFWXUH IRUPDWLRQ DQG PHFKDQLVPV
RI SODVWLF GHIRUPDWLRQ LQ PDJQHWLF�SXOVH ZHOGLQJ� $YWR�
PDWLFK� 6YDUND� �� ��w���
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$�(� .2527<16.<

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

0DLQ VWDJHV RI HYROXWLRQ RI KLJK�IUHTXHQF\ ZHOGLQJ FRQYHUWHUV EDVHG RQ SRZHU WUDQVLVWRU VZLWFKHV DUH FRQVLGHUHG� ,W LV

VKRZQ WKDW PDLQ VXFFHVV LQ WKH GHYHORSPHQW RI ZHOGLQJ HTXLSPHQW RI WKLV W\SH LV PDLQO\ GXH WR DFKLHYHPHQWV LQ WKH

ILHOG RI SRZHU HOHFWURQLFV� 1HZ W\SHV RI SRZHU PRGXOHV EDVHG RQ GLVWULEXWLRQ RI VWUXFWXUHV DQG F\FORFRQYHUWHU FLUFXLWV
DUH GHVFULEHG� 7KH ZD\V IRU IXUWKHU LPSURYHPHQW DQG GHYHORSPHQW RI ZHOGLQJ SRZHU VRXUFHV DUH RXWOLQHG�

.H\ ZRU G V � DUF ZHOGLQJ� LQYHUWHU� KLJK�IUHTXHQF\ ZHOG�

LQJ FRQYHUWHU� SRZHU NH\� FKRSSHU�PRGXOH

9ROXPH RI GHSRVLWHG PHWDO� SURGXFHG E\ DUF ZHOGLQJ�
LQ WKH ZKROH ZRUOG H[FHHGV �� �� 7KLV PHWKRG RI

SHUPDQHQW MRLQLQJ LV WKH PDLQ WHFKQRORJLFDO SURFHVV�

WKHUHIRUH� WKH GHVLJQHUV DQG PDQXIDFWXUHUV RI ZHOGLQJ
HTXLSPHQW �:(� SD\ D VSHFLDO DWWHQWLRQ WR LW� 3RZHU

VRXUFHV �36� RI ZHOGLQJ DUF DUH RQH RI WKH PDLQ HOH�

PHQWV RI WKH WHFKQRORJLFDO FKDLQ� JUHDWO\ LQIOXHQFLQJ

WKH TXDOLW\ RI ZHOGHG MRLQWV� DV ZHOO DV WHFKQLFR�HFR�
QRPLFDO FKDUDFWHULVWLFV RI WKH DUF ZHOGLQJ SURFHVV DV

D ZKROH�

3URFHVV RI 36 HYROXWLRQ IRU DUF ZHOGLQJ KDV SDVVHG
WKH IROORZLQJ VWDJHV�

• UHGXFWLRQ LQ PDWHULDO FRQVXPSWLRQ GXH� PDLQO\�

WR GHFUHDVH LQ PDVV DQG GLPHQVLRQV RI WUDQVIRUPHUV�

• LPSURYHPHQW RI HQHUJ\ FKDUDFWHULVWLFV RI SRZHU
VRXUFHV �HIILFLHQF\ DQG SRZHU IDFWRUV� GXH WR LQFUHDV�

LQJ UHTXLUHPHQWV IRU HQHUJ\ VDYLQJ�
• ZLGHQLQJ RI IXQFWLRQDO FDSDELOLWLHV RI SRZHU

VRXUFHV UHTXLUHG IRU IXUWKHU VROXWLRQ RI SUREOHPV RI

PHFKDQL]DWLRQ DQG DXWRPDWLRQ RI ZHOGLQJ PDQXIDF�

WXULQJ�

• LQFUHDVH LQ UHTXLUHPHQWV IRU HOHFWURPDJQHWLF
FRPSDWLELOLW\� FDXVHG E\ WKH IDFW WKDW D ODUJH DPRXQW

RI HOHFWURQLF GHYLFHV� KLJKO\ VHQVLWLYH WR HOHFWURPDJ�

QHWLF GLVWXUEDQFHV� DSSHDUHG ERWK LQ LQGXVWU\ DQG OLIH�

7KHVH VWDJHV� GHVFULEHG LQ GHWDLOV LQ >�@� ZHUH FRQ�

QHFWHG ZLWK DFKLHYHPHQWV LQ WKH ILHOG RI D VHPLFRQ�

GXFWRU HOHFWURQLFV� 7UDQVLWLRQ IURP ZHOGLQJ WUDQV�
IRUPHUV WR UHFWLILHUV ZDV VWLSXODWHG E\ WKH DSSHDUDQFH
RI UHOLDEOH SRZHU GLRGHV DW WKH PDUNHW� 'HYHORSPHQW

RI WK\ULVWRUV �FRQWUROOHG UHFWLILHUV� PDGH LW SRVVLEOH

WR GHVLJQ 36 ZLWK IHHGEDFN FRQWURO H[WHUQDO FKDUDF�
WHULVWLFV� 7KLV JUHDWO\ ZLGHQHG WKH IXQFWLRQDO FDSD�
ELOLWLHV RI 36� DV WKH FUHDWLRQ RI XQLYHUVDO :( IRU
GLIIHUHQW PHWKRGV RI DUF ZHOGLQJ KDV EHFRPH UHDO�

7KH IXUWKHU LPSURYHPHQW RI WK\ULVWRUV� FRQQHFWHG
ZLWK ZLGHQLQJ RI WKHLU IUHTXHQF\ UDQJH� GHFUHDVH LQ

G\QDPLF ORVVHV� DV ZHOO DV LPSURYHPHQW RI UHOLDELOLW\
FKDUDFWHULVWLFV� PDGH LW SRVVLEOH WR GHVLJQ WKH KLJK�

IUHTXHQF\ LQYHUWHUV ZLWK ORZ PDVV�GLPHQVLRQDO FKDU�

DFWHULVWLFV� 'HWDLOHG DQDO\VLV RI ZRUNV SHUIRUPHG LQ

WKLV GLUHFWLRQ LV GHVFULEHG LQ >�@� $QG WKRXJK WKH
LQWHUHVW WR WKH GHYHORSPHQWV LQ WKLV ILHOG LV QRWLFHDEO\
GHFUHDVHG GXULQJ UHFHQW \HDUV� KRZHYHU� WKH UHVXOWV
DFKLHYHG LQ WKH GHVLJQ RI RSWLRQDOO\ VZLWFKLQJ�RII

WK\ULVWRUV >�@ HQDEOH XV WR DVVXPH WKDW WKLV SKHQRPH�
QRQ LV WHPSRUDU\� 7KLV LV SURYHG DOVR E\ DFKLHYHPHQWV

LQ WKH ILHOG RI FUHDWLRQ RI UHYHUVH�FRQQHFWHG G\QLVWRUV
>�@ ZKLFK FRXOG VHUYH D SHUIHFW NH\ HOHPHQW IRU SRZ�

HUIXO ZHOGLQJ VRXUFHV GHVLJQHG IRU FXUUHQWV DERYH

���� $� 7KH UHYHUVH�FRQQHFWHG G\QLVWRU LV D VHPLFRQ�
GXFWRU GHYLFH RI WK\ULVWRU W\SH� EXW XQOLNH WKH ODWWHU�
LW KDV FRQGXFWLYLW\ LQ D UHYHUVH GLUHFWLRQ� $V LW KDV
QR FRQWURO HOHFWURGH� LWV WULJJHULQJ LV SHUIRUPHG E\

SDVVLQJ D VKRUW SXOVH RI D UHYHUVH SRODULW\ FXUUHQW� WKH

VR�FDOOHG FXUUHQW SXPSLQJ SXOVH� 7KHVH SHFXOLDULWLHV

FUHDWH� VXUHO\� GHILQLWH GLIILFXOWLHV LQ FRQVWUXFWLRQ RI

FRQWURO GLDJUDPV RI UHYHUVH�FRQQHFWHG G\QLVWRU� KRZ�

HYHU� WKH\ FDQ EH HDVLO\ RYHUFRPH� %DVHG RQ WKHP WKH

SRZHUIXO KLJK�IUHTXHQF\ �+)� JHQHUDWRUV RI FRQWLQX�

RXV RVFLOODWLRQV KDYH DOUHDG\ EHHQ FUHDWHG IRU WKH VR�

OXWLRQ RI SUREOHPV RI D +) WUHDWPHQW DQG KDUGHQLQJ
RI PHWDOV� $V WR WKH ILHOG RI ZHOGLQJ� WKHQ� LW FDQ EH

VWDWHG� WKDW� XQIRUWXQDWHO\� WKH GHVLJQHUV RI :( KDYH

QRW \HW SDLG D VHULRXV DWWHQWLRQ WR WKLV W\SH RI D SRZ�

HUIXO HOHFWURQ NH\�

,W VKRXOG EH QRWHG WKDW WKH PDLQ DGYDQWDJHV RI
WKH UHFHQW GHFDGH LQ WKH ILHOG RI PDQXIDFWXUH RI :(

DUH PDLQO\ FRQQHFWHG ZLWK ZHOGLQJ KLJK�IUHTXHQF\

FRQYHUWHUV �+)&� PDGH RQ WUDQVLVWRU FRPPXWDWRUV�

7KH SUHVHQW ZRUN LV GHYRWHG WR WKH DQDO\VLV RI VWDWXV
RI PDLQ WHQGHQFLHV DQG SURVSHFWV RI GHYHORSPHQW RI

WKLV FODVV�

(YROXWLRQ RI WUDQVLVWRU +)&� 7KH ILUVW DWWHPSWV
WR XVH WUDQVLVWRUV LQ :( IRU PLFURZHOGLQJ UHIHUUHG WR
WKH ����V� .�.� .KUHQRY DQG $�1� 0LO\DNK >�@ VXJ�
JHVWHG D GLDJUDP RI 3& ZLWK D SRZHUIXO FRQWURO WUDQ�

VLVWRU LQ WKH VHFRQGDU\ FLUFXLW� 7KH UHTXLUHG H[WHUQDO

FKDUDFWHULVWLF LV FUHDWHG GXH WR DUF YROWDJH IHHGEDFN

FRQWURO� +RZHYHU� LQ WKHVH GLDJUDPV WKH HQHUJ\ JHQ�

HUDWHG DW WUDQVLVWRU LV RFFXUUHG WR EH YHU\ KLJK GXH

WR FRPSDUDWLYHO\ KLJK RSHQ�FLUFXLW YROWDJH 8
R��F� 7KH

XVH RI WKHVH GLDJUDPV IRU SRZHU VRXUFHV� GHVLJQHG IRU

FXUUHQW RI PRUH WKDQ ��� $� E\ D SDUDOOHO FRQQHFWLRQ
� $�(� .2527<16.<� ����
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RI VHYHUDO WUDQVLVWRUV ZDV QRW VXFFHVVIXO EHFDXVH RI D
ORZ UHOLDELOLW\ RI WUDQVLVWRUV�

7KH LQFUHDVH LQ UHOLDELOLW\ RI +)& �WUDQVLVWRU 36�
UHTXLUHG WKH FUHDWLRQ RI +) SRZHU HOHPHQWV FDSDEOH
WR RSHUDWH LQ NH\ FRQGLWLRQV� $W WKH VWDJH RI FUHDWLRQ
RI WKH VHFRQG JHQHUDWLRQ RI WUDQVLVWRU SRZHU VRXUFHV
�)LJXUH ��� D VHFRQGDU\ FRQYHUWHU� RSHUDWLQJ LQ D NH\
FRQGLWLRQ� DSSHDUHG LQ WKH VWUXFWXUH RI WKH SRZHU XQLW�
6R� DQ DQDORJ FRQWUROOHU LV WUDQVIHUUHG LQWR D GLVFUHWH
FRQWUROOHU DQG� WKXV� HOLPLQDWHV ORVVHV ZKLFK ZHUH
REVHUYHG DW HPLWWHU�FROOHFWRU WUDQVLWLRQ RI D FRQWURO
WUDQVLVWRU� +RZHYHU� WKHVH VROXWLRQV GLG QRW SURYLGH
DOVR WKH GHFUHDVH LQ FRQVXPSWLRQ RI DFWLYH PDWHULDOV
DQG LQ GLPHQVLRQV� DV WKH FODVVLFDO ZHOGLQJ WUDQV�
IRUPHU VWLOO UHPDLQHG�

7KH WKLUG JHQHUDWLRQ RI WUDQVLVWRU +)&� ZKLFK LV
GXH WR WKH DSSHDUDQFH LQ WKH PDUNHW RI UHOLDEOH KLJK�
YROWDJH WUDQVLVWRUV ZLWK KLJK G\QDPLF SDUDPHWHUV DQG
VPDOO ORVVHV� EHJDQ WR EH GHYHORSHG LQWHQVLYHO\ LQ WKH
����V� $W WKH VDPH WLPH D QXPEHU RI VFKHPDWLF WHFK�
QLFDO VROXWLRQV ZLWK D WUDQVIRUPHU�IUHH LQSXW DSSHDUHG
>�@ �)LJXUH �� ,,,� WKDW PDGH LW SRVVLEOH WR GHFUHDVH
VLJQLILFDQWO\ WKH PDVV�GLPHQVLRQDO FKDUDFWHULVWLFV RI
WKH 36� 7KHVH GHYLFHV ZHUH GHVLJQHG RQ +) WUDQV�
IRUPHUV ZKLFK DUH FRQQHFWHG DW WKH RXWSXW RI D SRZHU
+)&� 0DVV DQG GLPHQVLRQV RI WKHVH ZHOGLQJ WUDQV�
IRUPHUV DV FRPSDUHG ZLWK WUDGLWLRQDO WUDQVIRUPHUV DUH
��w�� WLPHV UHGXFHG� 7KH XVH RI FXUUHQW DQG YROWDJH
IHHGEDFNV SURPRWHG WKH GHVLJQ RI XQLYHUVDO ZHOGLQJ
FRQYHUWHUV IRU DQ\ PHWKRGV RI DUF ZHOGLQJ DQG URG
HOHFWURGH ZHOGLQJ� QDPHO\ 7,*� 0,*�0$*� 00$
>�� �@� 2YHU WKH UHFHQW \HDUV WKH WHQGHQF\ LQ 36 XS�
JUDGLQJ LV REVHUYHG LQ DOO WKH OHDGLQJ FRPSDQLHV�
PDQXIDFWXUHUV RI :( >�w��@� 7R VROYH WKH SUREOHPV
RI ZHOGLQJ DOXPLQLXP DOOR\V WKH $& LQYHUWHUV KDYH
EHHQ GHVLJQHG >�� ��@� EHLQJ DGMXVWDEOH ERWK LQ FXUUHQW
DQG DOVR LQ GXUDWLRQ RI ZHOGLQJ FXUUHQW LQ SRVLWLYH
DQG QHJDWLYH SDUW RI WKH SHULRG� 6RPH DXWKRUV DUH
VROYLQJ WKLV SUREOHP E\ FRQQHFWLRQ RI DQ DX[LOLDU\
PRGXODWRU LQWR WKH WUDQVLVWRU FRQYHUWHU GLDJUDP �)L�
JXUH �� ,,� >��� ��@� ZKLFK LPSURYHV QRW RQO\ WKH

ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI WKH SRZHU VRXUFH�
EXW DOVR UHGXFHV WKH HQHUJ\ FRQVXPSWLRQ�

7HFKQLFDO VROXWLRQV DUH NQRZQ >��@ ZKLFK KDYH QR
VPRRWKLQJ ILOWHU FDSDFLWRU� 7KHVH GHYLFHV �)LJXUH ��
,,� UHDOL]H WKH PHWKRG RI SRZHU V\QFKURQRXV UHFWLI\�
LQJ DQG DUH FDSDEOH WR RSHUDWH DW VXIILFLHQWO\ ORZ �WR
w�� �&� WHPSHUDWXUHV� 7KHLU H[SHULPHQWDO VHUYLFH LQ
00$ ZHOGLQJ SURYLGHG JRRG UHVXOWV�

7KH QH[W VWDJH LQ WKH :( GHYHORSPHQW �IRXUWK
JHQHUDWLRQ RI 36� EHJDQ DW WKH HQG RI WKH ����V DQG
ZDV GXH WR WKH DSSHDUDQFH RI FKRSSHU�PRGXOHV >��@�
UHSUHVHQWLQJ D PDWFKHG GLRGH�WUDQVLVWRU VWUXFWXUH
�QDPHO\ PDLQ GLRGH DQG WUDQVLVWRU KDYH VLPLODU RSHU�
DWLQJ FXUUHQWV DQG YROWDJHV�� 7KH FKRSSHU�PRGXOHV
DUH XVHG PDLQO\ IRU WKH FUHDWLRQ RI SRZHUIXO ZHOGLQJ
36 �,Z ≥ ��� $�� DQG WKH\ DUH LQVWDOOHG� DV D UXOH�
LQ WKH VHFRQGDU\ FLUFXLW �)LJXUH ��� 0DVV�GLPHQVLRQDO
FKDUDFWHULVWLFV LQ WKHVH VRXUFHV DUH PXFK KLJKHU WKDQ
WKRVH LQ ZHOGLQJ FRQYHUWHUV RI WKH WKLUG JHQHUDWLRQ�
KRZHYHU� VXFK LV WKH SULFH ZH KDYH WR SD\ IRU KLJK
UHOLDELOLW\ DQG G\QDPLF SURSHUWLHV� 0XOWLIXQFWLRQDO
ZHOGLQJ�WHFKQRORJLFDO V\VWHP RI %(67(5 &RPSDQ\
FDQ VHUYH DQ H[DPSOH RI LQWHUHVWLQJ WHFKQLFDO VROXWLRQ
>��@ RI WKH XVH RI FKRSSHU PRGXOHV� ,WV PDLQ HOHPHQW
LV DQ LQYHUWHU VRXUFH �,QY� �0DJLF� ZLWK �w��� $
UDQJHV RI ZHOGLQJ FXUUHQW DGMXVWPHQW� 7KH VRXUFH LV
XQLYHUVDO GXH WR WKH SUHVHQFH RI DGMXVWDEOH FXUUHQW
DQG YROWDJH IHHGEDFNV LQ LW� WKDW PDNHV LW SRVVLEOH WR
UHDOL]H +)& IRU GLIIHUHQW PHWKRGV RI ZHOGLQJ� 7KH
DERYH�PHQWLRQHG DSSURDFK LV FKDOOHQJLQJ LQ WKH FUHD�
WLRQ RI PXOWLVWDWLRQ ZHOGLQJ V\VWHPV ZLWK KLJK HQHUJ\
FKDUDFWHULVWLFV� 7KH GHVFULEHG VWDJHV RI HYROXWLRQ RI
WUDQVLVWRU +)& FRLQFLGH PDLQO\ ZLWK WKRVH LQGLFDWHG
LQ >��@� 'LIIHUHQFH FRQVLVWV RQO\ LQ D FRPSUHKHQVLYH
DQDO\VLV RI WKH WKLUG VWDJH DW ZKLFK WKH LPSRUWDQW
UHVXOWV ZHUH DFKLHYHG LQ WKH FUHDWLRQ RI QHZ W\SHV RI
ZHOGLQJ 36�

7R GHILQH WKH IXUWKHU ZD\V RI GHYHORSPHQW DQG
LPSURYHPHQW RI :( LW LV QHFHVVDU\ WR GZHOO RQ WKH
DQDO\VLV RI UHFHQW DFKLHYHPHQWV LQ WKH ILHOG RI HOHF�
WULFDO PDWHULDOV� EORFNV DQG XQLWV RI SRZHU HOHFWURQLFV

)LJXUH �� (YROXWLRQ RI WUDQVLVWRU +)&� �x /) WUDQVIRUPHU� �x +) WUDQVIRUPHU� �� �x SULPDU\ DQG VHFRQGDU\ UHFWLILHUV� UHVSHFWLYHO\
�$7x DQDORJ WUDQVLVWRU� 16)x QRLVH�VXSSUHVVLRQ ILOWHU� 6)x VPRRWKLQJ ILOWHU� +)&x KLJK�IUHTXHQF\ FRQYHUWHU� 6&x VHFRQGDU\
FRQYHUWHU� 0RG x DX[LOLDU\ PRGXODWRU� &K x FKRNH� 3:0 x SXOVH�ZLGWK PRGXODWRU� ,w,,, x VHH LQ WKH WH[W�
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DQG PLFURSURFHVVRU HQJLQHHULQJ� DV ZHOO DV +)& DQG
WKHLU FRQWURO DVVRFLDWHG ZLWK XVH RI DOJRULWKPV EDVHG
RQ IX]]\ ORJLF DQG QHXUDO QHWZRUNV�

,W LV RZLQJ WR SURJUHVV LQ SRZHU HOHFWURQLFV� VWLSX�
ODWHG E\ DSSHDUDQFH RI GLIIHUHQW TXLFN�UHVSRQVH� UHOL�
DEOH DQG SRZHUIXO FRPPXWDWLQJ HOHPHQWV� WKDW WKH
LQYHVWLJDWLRQV DQG GHYHORSPHQWV RI KLJK�IUHTXHQF\
ZHOGLQJ 36 ZHUH FDUULHG RXW LQWHQVLYHO\ GXULQJ WKH
UHFHQW \HDUV� $ VXIILFLHQWO\ SUHFLVH� LQ RXU RSLQLRQ�
JUDGDWLRQ RI JHQHUDWLRQV RI SRZHU NH\V LV JLYHQ LQ
>��@ ZKHUH LW LV VWDWHG WKDW WKH ZLGH DSSOLFDWLRQ RI
,*%7 DQG 0RV)(7 WUDQVLVWRUV LQ :( EHJDQ LQ WKH
����V� 7\SLFDO WLPH RI FXUUHQW �RQ���RII� IRU ,*%7
NH\V LV ���w��� DQG ���w��� µV� 5HVLGXDO YROWDJH DW D
FRPSOHWHO\ VZLWFKHG�RQ WUDQVLVWRU� GHVLJQHG IRU
���� 9� GRHV QRW H[FHHG ��� 9 >��@� 7KLV LV PXFK
ORZHU WKDQ WKH YROWDJH GURS LQ DQ RSHQ NH\ RI0RV)(7
W\SH� 7KHUHIRUH� WKH IXUWKHU GHYHORSPHQW RI SRZHU
HOHFWURQLFV ZDV JRLQJ RQ E\ LPSURYHPHQW RI WHFKQRO�
RJ\ RI PDQXIDFWXUH RI ,*%7 WUDQVLVWRUV� 7KH IRXUWK
JHQHUDWLRQ RI ,*%7 PRGXOHV RI +LWDFKL &RPSDQ\
>��@� PDGH RQ WKH EDVLV RI D SODQDU WHFKQRORJ\ ZLWK
D VHOI�PDWFKLQJ� PDNHV LW SRVVLEOH WR GHFUHDVH ERWK
VWDWLF DQG G\QDPLF ORVVHV� WR SURYLGH PRUH HIIHFWLYH

KHDW UHPRYDO DQG� WKXV� WR LPSURYH WKH VHUYLFH OLIH
DQG WKHUPDO VWDELOLW\ RI WKH SURGXFW�

,Q ,*%7 PRGXOHV� GHVLJQHG IRU ���� 9 VDWXUDWLRQ
YROWDJH� LW ZDV SRVVLEOH WR GHFUHDVH WKH ODWWHU IURP
��� WR ��� 9� DQG DOVR WR UHGXFH WKH FRPPXWDWLRQ
ORVVHV E\ �� � XVLQJ WKH QHZ WHFKQRORJ\� 6LPXOWDQH�
RXVO\� WKH SHUIRUPDQFH RI D UHFXSHUDWLYH GLRGH ZDV
LPSURYHG DQG WKH ORVVHV IRU VZLWFKLQJ ZHUH GHFUHDVHG�
7KLV SURPRWHG WKH FUHDWLRQ RI SRZHUIXO NH\ HOHPHQWV
IRU FXUUHQWV XS WR ���� $ DW YROWDJH XS WR ��� N9
�7DEOHV �w���

&UHDWLRQ RI FKRSSHU�PRGXOHV LV D UDWKHU SURPLVLQJ
GLUHFWLRQ IRU FRQYHUWLQJ HQJLQHHULQJ� DV WKH\ UHSUHVHQW
DQ LQWHJUDO GHVLJQ LQ ZKLFK SRZHU WUDQVLVWRU 7 DQG
GLRGH '�� DV ZHOO DV UHFXSHUDWLYH GLRGH '� DUH DU�
UDQJHG �)LJXUH ��� $V ZLOO EH VKRZQ EHORZ� LW ZRXOG
EH SRVVLEOH WR GHVLJQ :( RQ WKHLU EDVH IRU FXUUHQWV
XS WR ���� $� 7KHUH DUH WUDQVLVWRU�GLRGH PRGXOHV
�*$5�W\SH� DQG GLRGH�WUDQVLVWRU �*$/�W\SH� GH�
SHQGLQJ RQ WKH FRQILJXUDWLRQ RI SRZHU HOHPHQWV� 2Z�
LQJ WR WKLV DUUDQJHPHQW WKH\ VLPSOLI\ VLJQLILFDQWO\
WKH SURFHVVHV RI ZLULQJ RI SRZHU FLUFXLWV DQG DOVR
LQFUHDVH WKH UHOLDELOLW\ RI WKHLU IXQFWLRQLQJ�

7DEOH �� ,*%7 PRGXOHV RI WKH IRXUWK JHQHUDWLRQ RI VHULHV *5
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'XULQJ UHFHQW \HDUV WKHUH LV D WHQGHQF\ LQ D SRZHU
HOHFWURQLFV WR FRPELQH SRZHU HOHPHQWV� FLUFXLWV RI
FRQWURO� SURWHFWLRQ DQG GLDJQRVWLFV LQ D VLQJOH PRGXOH�
$V WKH ORJLF IXQFWLRQV DUH WUDQVIHUUHG LQWR WKH PRGXOH
VWUXFWXUH� WKHVH GHYLFHV ZHUH QDPHG DV LQWHOOHFWXDO
SRZHU PRGXOHV �,30�� 7KHLU DSSOLFDWLRQ DOORZV UH�
GXFWLRQ LQ PDVV DQG GLPHQVLRQV LQ :( DW VLJQLILFDQW
ZLGHQLQJ RI LWV IXQFWLRQDO FDSDELOLWLHV DQG DOVR LQ�
FUHDVH LQ UHOLDELOLW\ DQG GHFUHDVH LQ PDQXIDFWXUH OD�
ERXU FRQWHQW�

7KH ,30 DUH WKH VRSKLVWLFDWHG K\EULG SRZHU GH�
YLFHV FRPELQLQJ D KLJK UDWH RI VZLWFKLQJ DQG ORZ
ORVVHV RI WUDQVLVWRUV ,*%7 ZLWK EXLOW�LQ FLUFXLWV RI
FRQWURO� SURWHFWLRQ DQG GLDJQRVWLFV� 7KH KLJK HIIL�
FLHQF\ RI SURWHFWLRQ IURP RYHUORDGV LQ FXUUHQW DQG
VKRUW�FLUFXLW FRQGLWLRQ LV DWWDLQHG E\ XVH RI VSHFLDO
FKLSV ZLWK D VHSDUDWH HPLWWHU WUDQVLWLRQ� EHLQJ �VHQ�
VLWLYH� WR FXUUHQW� 7KH HOHPHQWDU\ GLDJUDPV RI SRZHU
XQLWV ,30 RI 0LWVXELVKL &RPSDQ\ DQG WKHLU WHFKQLFDO
FKDUDFWHULVWLFV DUH JLYHQ LQ )LJXUH �� 7KH DSSOLFDWLRQ
RI ,30 LV GHVFULEHG PRUH LQ GHWDLO LQ >��@�

3RZHU XQLWV +)&� ,Q WHFKQLFDO OLWHUDWXUH D ODUJH
DPRXQW RI DUWLFOHV� PDQXVFULSWV DQG ERRNV LV GHYRWHG
WR WKH SUREOHP RI +)& FUHDWLRQ� :KHQ :( LV GH�
VLJQHG� WKH GLIIHUHQW GLDJUDPV RI +)& DUH XVHG >���
��@� DQG WKH\ DUH PDLQO\ PDQXIDFWXUHG XVLQJ SRZHU
WUDQVLVWRUV ,*%7 RU 0RV)(7� $PRQJ WKH NQRZQ GLD�
JUDP VROXWLRQV� WKH VLQJOH� >��@ DQG GRXEOH�DFWLRQ

>��@� KDOI�EULGJH >��@ DQG EULGJH FRQYHUWHUV >��@ DUH
XVHG� $WWHPSWV WR LPSURYH WKH HQHUJ\ FKDUDFWHULVWLFV
DQG DOVR WR LQFUHDVH WKH IUHTXHQF\ RI FRQYHUWHUV KDYH
OHG WR WKH FUHDWLRQ RI UHVRQDQFH +)& >��@� ,Q DXWKRUsV
RSLQLRQ RI >��@ WKLV ZD\ RI WKH +)& GHYHORSPHQW LV
PRVW SURPLVLQJ DV� H[FHSW KLJKHU HIILFLHQF\ IDFWRUV
DQG IUHTXHQF\ RI FRQYHUVLRQ� LW SURYLGHV WKH PXFK
EHWWHU HOHFWURPDJQHWLF FRPSDWLELOLW\ FKDUDFWHULVWLFV�

1RW GZHOOLQJ RQ DOO WKH NQRZQ GLDJUDP�WHFKQLFDO
VROXWLRQV LQ D ZLGH ILHOG RI FRQYHUWLQJ HQJLQHHULQJ�
OHW XV FRQVLGHU VRPH RI WKHP PRUH LQ GHWDLO ZKLFK DUH
PRVW VXLWDEOH IRU GHVLJQLQJ SUHVHQW�GD\ W\SHV RI :(�
ZKRVH VLPSOLILHG GLDJUDPV DUH JLYHQ LQ 7DEOH ��

6WHS�GRZQ 3:0�FRQYHUWHU� 7UDQVIRUPHU LV QRW
XVHG LQ WKLV W\SH RI WKH FRQYHUWHU� WKHUHIRUH� WKHUH LV
QR GHFRXSOLQJ EHWZHHQ LQSXW DQG RXWSXW� +HUH� WKH
FRQVWDQW LQSXW YROWDJH LV FRQYHUWHG LQWR D ORZHU YROW�
DJH ZLWK WKH KHOS RI D WUDQVLVWRU NH\ FRQWUROOHG E\ D
3:0�PRGXODWRU� +DYLQJ DSSURSULDWH IHHGEDFNV WKLV
GHYLFH LV WKH HIIHFWLYH FXUUHQW VWDELOL]HU DQG FDQ EH�
WKHUHIRUH� XVHG HIIHFWLYHO\ LQ GHVLJQLQJ :( IRU 00$
DQG 7,*� 7KHVH FRQYHUWHUV DUH PRVW SURPLVLQJ DV VHSD�
UDWH VWDWLRQV RI PXOWLVWDWLRQ ZHOGLQJ V\VWHPV >��@
ZKHQ WKH XVH RI EDOODVW UKHRVWDWV LV HOLPLQDWHG FRP�
SOHWHO\� WKXV LPSURYLQJ JUHDWO\ WKH SDUDPHWHUV RI HQ�

)LJXUH �� 'LDJUDPV RI FKRSSHU�PRGXOHV RI *$5� �D� DQG *$/�
W\SHV �E�

)LJXUH �� 0XOWLIXQFWLRQDO ZHOGLQJ�WHFKQRORJLFDO V\VWHP �0DJLF
���� RI %(67(5 &RPSDQ\

)LJXUH �� 3RZHU XQLWV RI GLIIHUHQW W\SHV RI LQWHOOHFWXDO SRZHU PRGXOHV DQG WKHLU WHFKQLFDO FKDUDFWHULVWLFV

7/2002 47



HUJ\ VDYLQJ� ,I WR XVH WKH FKRSSHU�PRGXOH RI*$5�W\SH
IRU WKHLU FRQVWUXFWLRQ� ZKHQ WUDQVLVWRU 7� DQG GLRGHV
'�� '� DUH FRPELQHG� WKHQ LW LV SRVVLEOH WR UHDFK WKH
KLJK UHOLDELOLW\ RI ZHOGLQJ GHYLFHV�

6WHS�XS 3:0�FRQYHUWHU� 7KLV GHYLFH LV RSHUDWLQJ
VLPLODU WR WKH DERYH�PHQWLRQHG FRQYHUWHU� ,W GLIIHUV
RQO\ LQ WKH IDFW WKDW WKH RXWSXW YROWDJH LQ LW LV KLJKHU
WKDQ WKH LQSXW YROWDJH� ,Q WKH VWHS�XS 3:0�FRQYHUWHU
WKH DUF YROWDJH LV HTXDO WR WKH VXP RI LQSXW YROWDJH
DQG YROWDJH GHWHUPLQHG E\ FRPPXWDWLRQ RI WUDQVLVWRU
7� JRYHUQHG E\ 3:0�PRGXODWRU� 7KH DERYH�VDLG
SURSHUWLHV RI WKLV FRQYHUWHU PDNH LW SRVVLEOH WR UHF�
RPPHQG LW IRU WKH GHVLJQLQJ RI D VHOI�FRQWDLQHG :(�
IRU H[DPSOH� VXSSOLHG IURP WKH VWRUDJH EDWWHULHV >��@�

6LQJOH�F\FOH EULGJH FRQYHUWHU� 'LDJUDPV RI VLQ�
JOH�F\FOH FRQYHUWHUV RQ 0RV)(7 DQG ,*%7 PRGXOHV
IRXQG D ZLGH VSUHDGLQJ LQ GHVLJQLQJ PDFKLQHV IRU URG
HOHFWURGH DUF ZHOGLQJ� 0,*�0$* ZHOGLQJ� DQG DOVR
7,* ZHOGLQJ RSHUDWLQJ DW FXUUHQWV XS WR ��� $� ,Q
PRUH SRZHUIXO ZHOGLQJ PDFKLQHV WKH GLDJUDPV RI
EULGJH� VRPHWLPHV KDOI�EULGJH� FRQYHUWHUV DUH XVHG�

7KH GLDJUDP RI RQH RI VLQJOH�F\FOH EULGJH FRQYHUWHU
YDULDQWV� EDVHG RQ FKRSSHU�PRGXOHV� LV JLYHQ LQ )L�
JXUH �� 7KH SRZHU XQLW LV FRQWUROOHG E\ D GULYHU ,5
����� 7KLV GHYLFH LV IHDWXUHG E\ D IHDVLELOLW\ RI D
UHFXSHUDWLYH UHOHDVH RI HQHUJ\ LQWR WKH 36 ZLWK WKH
KHOS RI GLRGHV '� DQG '�� +LJK UHOLDELOLW\ RI RSHUD�
WLRQ RI WKLV W\SH RI ZHOGLQJ FRQYHUWHUV LV GHILQHG E\
WKH SUHVHQFH RI SURWHFWLYH GLRGHV'� DQG'�� DQG DOVR
E\ D SURSHU VHOHFWLRQ RI GHVLJQ RI D ZHOGLQJ WUDQV�
IRUPHU >��@ DQG RXWSXW FKRNH�

&RQYHUWHUV EDVHG RQ DQ DUWLILFLDO ORQJ OLQH �$//��
7KH DERYH�GHVFULEHG GLDJUDPV KDYH VHULRXV GUDZEDFNV
GXH WR D ZLGH UDQJH RI IUHTXHQFLHV RI FXUUHQWV DQG
YROWDJHV EHLQJ FRQYHUWHG� 1DWXUDOO\� WKLV OHDGV WR WKH
IDFW WKDW D KLJK OHYHO RI HOHFWURPDJQHWLF GLVWXUEDQFHV
LV JHQHUDWHG DV D UHVXOW RI VHUYLFH RI LQYHUWHU 36�
H[FHHGLQJ RIWHQ WKH DGPLVVLEOH YDOXH� 7KHUHIRUH� WKH
SUREOHPV RI HOHFWURPDJQHWLF FRPSDWLELOLW\ >��� ��@
EHFRPH UDWKHU DFWXDO� 7KH UDGLFDO ZD\ RI HOLPLQDWLRQ
RI WKLV GUDZEDFN RI ZHOGLQJ FRQYHUWHUV LV WKH WUDQVL�
WLRQ WR UHVRQDQFH GLDJUDPV� FKDUDFWHUL]HG E\ KLJK VH�
OHFWLYH SURSHUWLHV >��@�

7DEOH �� 6FKHPDWLF�WHFKQLFDO FRQVWUXFWLRQ RI FRQYHUWHU SRZHU XQLW

7\SH RI FRQYHUWHU 0DLQ GLDJUDPV 5HFRPPHQGDWLRQV IRU VHOHFWLRQ RI SRZHU NH\V

6WHS�GRZQ 3:0�FRQYHUWHU &KRSSHU�PRGXOHV RI *$5�W\SH IRU 00$ ZHOGLQJ

DQG *$/�W\SH IRU 7,* ZHOGLQJ

6WHS�XS 3:0�FRQYHUWHU &KRSSHU�PRGXOHV RI *$/�W\SH DUH SUHIHUDEOH

6LQJOH�F\FOH EULGJH FRQYHUWHU &KRSSHU�PRGXOHV RI *$5� DQG *$/�W\SH DUH

SUHIHUDEOH

$//�EDVHG FRQYHUWHU $Q\ W\SHV RI ,*%7 DQG 0RV)(7 WUDQVLVWRUV� DV ZHOO

DV FKRSSHU�PRGXOHV RI *$/�W\SH FDQ EH XVHG

&\FORFRQYHUWHU ,30� HTXLSSHG ZLWK EXLOW�LQ FLUFXLWV RI FRQWURO DQG

SURWHFWLRQ� IRU H[DPSOH� 30��566+���� DUH PRVW

SUHIHUDEOH

48 7/2002



,Q WKLV FRQQHFWLRQ ZH PDGH DQ DWWHPSW RI VHOHFWLRQ
RI VXFK GLDJUDP RI WKH FRQYHUWHU LQ ZKLFK WKH SXOVHV
JHQHUDWHG ZHUH FORVH LQ WKHLU VKDSH WR KDUPRQLF RV�
FLOODWLRQV WKDW FRXOG VROYH PRUH HDVLO\ WKH SUREOHPV
RI HOHFWURPDJQHWLF FRPSDWLELOLW\ DQG DOVR VLPSOLILHG
WKH SURFHVVHV RI FRPPXWDWLRQ RI WKH WUDQVLVWRU NH\V�
$V LV NQRZQ >��� ��@� WKH $//�EDVHG FRQYHUWHUV DUH
PRVW VXLWDEOH� 'LDJUDPV RI WKHVH FRQYHUWHUV DUH PDGH
XVXDOO\ RQ OHQJWKV RI KRPRJHQHRXV OLQHV RU RQ WKH
EDVH RI OLQHV ZLWK FRQFHQWUDWHG SDUDPHWHUV� ZKRVH RQH
RI YDULDQWV LV VKRZQ LQ )LJXUH �� )RUPLQJ OLQNV RI
$// FRQVLVW RI Q VHFWLRQV RI /M&M ZKLFK DUH FRPPX�
WDWHG E\ DSSURSULDWH NH\V.M� $W WKH PRPHQWV RI FRP�
PXWDWLRQ WKH F\FOLF FXUUHQWV ,M DUH IRUPHG LQ HDFK RI
FHOOV� ZKRVH VXSHUSRVLWLRQ GHILQHV WKH RXWSXW FXUUHQW
,� RI FRQYHUWHU� DQG� FRQVHTXHQWO\� WKH YDOXH RI WKH
UHFWLILHG ZHOGLQJ FXUUHQW� ,W LV HYLGHQW� WKDW PRPHQWV
RI VZLWFKLQJ�RQ RI FRPPXWDWRUV .�� ���� .Q DIIHFW
JUHDWO\ WKH OHYHO RI SXOVH IRUPHG LQ WKLV GLDJUDP RI
WKH FRQYHUWHU� $// DUH GLVWLQJXLVKHG E\ D VLPXOWDQH�
RXV FRPPXWDWLRQ� L�H� �V\QFKURQRXV OLQHV� DQG E\ D
VXFFHVVLYH FRPPXWDWLRQ LQZKLFK WKH RSHUDWLRQ RI NH\V
LV UHDOL]HG DFFRUGLQJ WR D GHILQLWH SURJUDPEHLQJ SUHVHW
E\ D FRPPXWDWLRQ FRQWURO XQLW �&&8��

$QDO\VLV RI WUDQVLWLRQ SURFHVVHV LQ OLQHV ZLWK D
SURJUDPPHG FRPPXWDWLRQ LV TXLWH FRPSOLFDWHG DQG
FDQ EH PDGH XVLQJ QXPHULFDO PHWKRGV� 7KHUHIRUH� ZH
VKDOO GHDO RQO\ ZLWK D V\QFKURQRXV FRQGLWLRQ RI WKH
$// RSHUDWLRQ� ZKRVH PDLQ FDOFXODWHG UHODWLRQVKLSV
ZHUH REWDLQHG E\ (�6� :HLEHO >��@� 7KH SULQFLSOH RI
RSHUDWLRQ RI WKLV FODVV RI IRUPHUV RI +) RVFLOODWLRQV
LV EDVHG RQ VHOHFWLYH SURSHUWLHV RI $// PDGH RQ FRQ�
FHQWUDWHG HOHPHQWV �/ x LQGXFWDQFH DQG & x FD�
SDFLWDQFH�� ,I LQ OLQH� SUHVHQWHG LQ )LJXUH �� DQG VKRUW�
FLUFXLWHG DW RQH HQG DQG FRQQHFWHG WR ORDG �ZHOGLQJ
WUDQVIRUPHU :7� DW DQRWKHU HQG� WR FKDUJH SUHOLPL�
QDU\ FDSDFLWRUV &�� &� XS WR YROWDJH RI 36� DQG WKHQ
WR FORVH NH\ .� WKHQ WKH RVFLOODWLQJ WUDQVLWLRQ SURFHVV
ZLOO RFFXU� )UHTXHQF\ RI WKHVH RVFLOODWLRQV LV GHILQHG
E\ SDUDPHWHUV RI UHDFWLYH HOHPHQWV /�� /�� &�� &��
&RQVHTXHQWO\� WKH SXOVH GXUDWLRQ LQ WKH SULPDU\ZLQG�
LQJ RI:7 ZLOO EH GHWHUPLQHG E\ DQ �HOHFWULF OHQJWK�
RI $//� ,I WKH SDUDPHWHUV RI OLQH DUH VHOHFWHG VR WKDW
/�  /�  /� DQG &�  &�  &� WKHQ WKH RVFLOODWLRQV
DW IUHTXHQF\ GHWHUPLQHG E\ H[SUHVVLRQ
I = ���π√ /& ZLOO EH JHQHUDWHG LQ WKH GHYLFH� 7KH

GHYLFH LV FDSDEOH WR JHQHUDWH VLQJOH SXOVHV� FORVH LQ
VKDSH WR KDUPRQLF SXOVHV� ZKRVH GXUDWLRQ LV τS  ��I�
9DOXHV RI SXOVH GXW\ IDFWRU J RI OLQH RSHUDWLRQ FDQQRW

EH OHVV WKDQ �� DV WKH\ DUH GHWHUPLQHG E\ D GRXEOH
WLPH RI $// �HOHFWULFDO OLQH� SDVVLQJ�

/HW XV HVWLPDWH WKH SDUDPHWHUV RI OLQH ZLWK DOORZ�
DQFH IRU SUHVHW ZHOGLQJ FXUUHQW ,Z DQG IUHTXHQF\ RI
+) WUDQVIRUPDWLRQV I� ,Q RSHUDWLRQ IURP LQGXVWULDO
PDLQV RI ��� 9 WKH RXWSXW YROWDJH RI 36 LV 8PD[  
 ��� 9� &RQVHTXHQWO\� WKH FXUUHQW RI SULPDU\ ZLQG�
LQJ RI :7 VKRXOG FRUUHVSRQG WR YDOXH ,�  ,Z�NWU
�NWU LV WKH FRHIILFLHQW RI :7 WUDQVIRUPDWLRQ� GHWHU�
PLQHG E\ UDWLR8PD[�8R��F�� L�H� LW LV SRVVLEOH WR ZULWH
,�  ,Z8R��F�8PD[� $V WKH SXOVHV RI GXUDWLRQ τS DQG
SXOVH GXW\ IDFWRU J DUH IRUPHG LQ WKH OLQH� WKHQ WKHLU
HQHUJ\ FDQ EH GHWHUPLQHG E\ WKH H[SUHVVLRQ

:S = 8P,�τSJ = ,Z8R�−FτSJ� ���

7KH OHYHO RI WKLV HQHUJ\ VKRXOG EH SURYLGHG E\
FDSDFLWRUV&�� &� IRU ZKLFK LW LV GHWHUPLQHG E\ NQRZQ

H[SUHVVLRQ :&  &8PD[
� ��� ,W FDQ EH ZULWWHQ IRU D

SHUIHFW OLQH ZLWKRXW ORVVHV DV

&8PD[
�

�

= ,Z8R�−FτSJ� ���

+HQFH� ZH VKDOO ILQG FDSDFLWDQFH RI WKH FDSDFLWRU

& =
�,ZJτS
8PD[NWU

� ���

,QGXFWDQFH RI $// IRUPHUV VKDOO EH GHWHUPLQHG
E\ VXEVWLWXWLQJ FDSDFLWDQFH & IURP ��� WR H[SUHVVLRQ
/  ���π�I�&�

/ =
8PD[NWU

�π�I�,ZJτS
� ���

)LJXUH �� 'LDJUDP RI $//�EDVHG FRQYHUWHU ZLWK FRQFHQWUDWHG SDUDPHWHUV �5�� ���� 5Q
x FKDUJLQJ UHVLVWDQFH�

)LJXUH �� 'LDJUDP RI SRZHU FLUFXLW RI ZHOGLQJ VLQJOH�F\FOH EULGJH
FRQYHUWHU PDGH RQ FKRSSHU�PRGXOHV
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,W FDQ EH VHHQ WKDW H[SUHVVLRQV ��� DQG ��� DUH
PDLQ IRU WKH GHVLJQ RI ZHOGLQJ FRQYHUWHU PDGH RQ
$// EDVH DV WKH\ GHVFULEH FRPSOHWHO\ LWV VWUXFWXUH�

$V DQ H[DPSOH� OHW XV FDOFXODWH WKH HOHPHQWV RI
$// PRGXOH GHVLJQHG IRU WKH PDQXIDFWXUH RI ZHOGLQJ
PDFKLQH ZLWK WKH IROORZLQJ FKDUDFWHULVWLFV� RSHUDWLQJ
IUHTXHQF\ LV �� N+]� ,Z  ��� $�8PD[  ��� 9�8R��F  
 �� 9� &RQVHTXHQWO\� WKH WUDQVIRUPDWLRQ FRHIILFLHQW
LV ���� τS  �� µV� DQG FXUUHQW LQ :7 SULPDU\ ZLQGLQJ
ZLOO EH ���� $� ,I WR DVVXPH WKDW J  �� WKHQ WKH YDOXHV
RI SDUDPHWHUV RI UHDFWLYH HOHPHQWV RI OLQH FDOFXODWHG
IURP ��� DQG ��� ZLOO EH� UHVSHFWLYHO\� &  ��� µ)
DQG /  �� µ+�

([SHULPHQWDO FKHFN�RXW RI PRFN�XS RI ZHOGLQJ
VRXUFH PDGH DFFRUGLQJ WR GLDJUDP VKRZQ LQ )LJXUH �
ZDV SHUIRUPHG XVLQJ D EDOODVW UKHRVWDW DV D ORDG� 9DOXHV
RI UHDFWLYH HOHPHQWV FRUUHVSRQGHG WR DERYH�FDOFXODWHG
YDOXHV� &RPPXWDWLRQ ZDV SHUIRUPHG E\ D WUDQVLVWRU NH\
RI <�����' W\SH �0RWRUROD &RPSDQ\�� 7R SURWHFW NH\
IURP D UHYHUVH YROWDJH WKH GLRGHV .'��� ZHUH XVHG�
&XUUHQW ,� LQ WKH SULPDU\ ZLQGLQJ RI :7 �)LJXUH �� D�
DQG FXUUHQW RI NH\ ,N �)LJXUH �� E� ZHUH PHDVXUHG XVLQJ
WKH +DOOsV ZLGH�EDQG JHQHUDWRU� 7KH RVFLOORJUDP VKRZV
WKH SUHVHQFH RI D QHJOLJLEOH DV\PPHWU\ RI SRVLWLYH DQG
QHJDWLYH KDOI�ZDYHV RI FXUUHQW ,� �VHH )LJXUH �� D��
7KHUHIRUH� LW LV QHFHVVDU\ WR WDNH PHDVXUHV WR HOLPLQDWH
�PDJQHWL]LQJ� RI :7 PDJQHWLF FRUH� ,W LV VHHQ LQ )L�
JXUH �� E� WKDW WKH DPSOLWXGH RI D UHYHUVH EXUVW LV ��w
�� � RI WKH EDVLF FXUUHQW� ,W PHDQV WKDW LW LV SRVVLEOH
WR XVH GLRGHV ZLWK OLPLWLQJ YDOXHV� L�H� E\ �w� WLPHV
ORZHU WKDQ WKRVH LQ NH\ FXUUHQW�

7KH DSSURDFK GHVFULEHG XVLQJ $// ZDV WKH EDVLV
LQ WKH GHVLJQLQJ RI D SRZHU XQLW RI WKH ZHOGLQJ FRQ�
YHUWHU �.RUDO������ GHYHORSHG DW WKH (�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH �VHH LQVHUW LQ WKH -RXUQDO��

,Q VRPH FDVHV LW LV SRVVLEOH WR XVH WKH VLPSOHU GLD�
JUDPV RI UHVRQDQFH +)&� 2QH RI WKHP LV VKRZQ LQ
)LJXUH �� ,W LV EDVHG RQ VR�FDOOHG UHVRQDQFH NH\ ZLWK
D QDWXUDO FRQGLWLRQ RI FRPPXWDWLRQ >��@� 'HYLFH UHS�
UHVHQWV D VRPHZKDW FKDQJHG PRGHO RI D VLQJOH�F\FOH

VWUDLJKW�UXQQLQJ FRQYHUWHU� LQ ZKLFK WKH WUDGLWLRQDO
WUDQVLVWRU FRPPXWDWRU LV UHSODFHG E\ D �UHVRQDQFH�
NH\� 7KH ODWWHU FRQVLVWV RI WUDQVLVWRU 7�� GLRGH '�
DQG UHDFWLYH HOHPHQWV RI UHVRQDQFH FRQWRXU /U DQG &U�
,W VKRXOG EH QRWHG WKDW WKH OHDNDJH LQGXFWDQFH RI:7
FDQ EH XVHG DV /U�

7KH ZHOGLQJ XQLW LV RSHUDWHG DV IROORZV� :KHQ 7�
LV FORVHG DQG WKH PDJQHWLF ILHOG HQHUJ\ LV VWRUHG LQ
FKRNH /�� WKH ZHOGLQJ FXUUHQW LV SDVVLQJ LQ FLUFXLW
'�w/�� ,Q RSHQLQJ RI 7� NH\ �WKLV PRPHQW LV GHILQHG
E\ GULYHU 8&����� WKH FXUUHQW EHJLQV WR LQFUHPHQW
LQ LQGXFWDQFH /U WKDW OHDGV WR WKH FXUUHQW LQFUHDVH LQ
WKH VHFRQGDU\ ZLQGLQJ RI :7� ,Q WKLV FDVH WKH YDOXH
RI FXUUHQW SDVVLQJ WKURXJK GLRGH'� LV GHFUHDVHG� DQG
WKURXJK '� LV LQFUHDVHG� ZKLOH WKH YROWDJH LQ WKH
VHFRQGDU\ ZLQGLQJ LV LQFUHDVHG� ,QFUHDVH� DQG WKHQ
GHFUHDVH RI WKH:7 RXWSXW YROWDJH RFFXUV E\ D VLQXVRL�
GDO ODZ� DV /U DQG &U IRUP D UHVRQDQW FLUFXLW� $W WKH
PRPHQW� ZKHQ 7� LV FORVHG� GLRGH '� SUHYHQWV WKH
UHYHUVH FXUUHQW SDVVLQJ WKURXJK WKH NH\�:KHQ FXUUHQW
LQ /U EHFRPHV HTXDO WR ]HUR� WKH ZHOGLQJ FXUUHQW LV
SDVVLQJ LQ FLUFXLW &Uw'�w/�� 7KLV SKDVH RI WKH GHYLFH
RSHUDWLRQ LV ILQLVKHG E\ D IXOO GLVFKDUJH RI &U DQG WKH
FLUFXLW '�w/� VWDUWV LWV RSHUDWLRQ DJDLQ�

7KLV RSHUDWLRQ ILQDOL]HV WKH ILUVW UHVRQDQFH F\FOH
DQG WKH QH[W F\FOH LV VWDUWHG IURP WKH PRPHQW RI NH\
7� WULJJHULQJ� &RQVHTXHQWO\� WKH ZHOGLQJ FXUUHQW FDQ
EH DGMXVWHG E\ WKH GXUDWLRQ RI SDXVHV EHWZHHQ WKH
UHVRQDQFH F\FOHV�

,W LV VHHQ� WKDW WKH GHYLFH LV VXIILFLHQWO\ VLPSOH LQ
GHVLJQ� VDIH LQ RSHUDWLRQ DQG KDV DOVR D QDUURZ VSHF�
WUXP RI JHQHUDWLQJ LQWHUIHUHQFHV� &RPSHWLWLYH FRP�
PHUFLDO PRGHOV RI :( FDQ EH GHVLJQHG RQ LWV EDVLV�

)LJXUH �� &RQYHUWHU ZLWK D V\QFKURQRXV FRPPXWDWLRQ RI $// HOH�
PHQWV �5

L
x UHVLVWDQFH RI 36�

)LJXUH �� 2VFLOORJUDPV RI FXUUHQWV ,� �D� DQG ,N �E�

)LJXUH �� 6LPSOLILHG GLDJUDP RI UHVRQDQFH ZHOGLQJ +)& �'%x UHFWLILHU� &I x ILOWHULQJ FDSDFLWRU�:&)x ZHOGLQJ FXUUHQW IHHGEDFN
VLJQDO� &6 x FXUUHQW VHQVRU�
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&RQYHUWHUV EDVHG RQ ,30� $V ZDV DERYH�PHQ�
WLRQHG� WKH ,30SURYLGHZLGH SRVVLELOLWLHV WR GHVLJQHUV
RI :( LQ WKH FUHDWLRQ RI KLJKO\�UHOLDEOH PRGHOV RI
SRZHU VRXUFHV IRU GLIIHUHQW PHWKRGV RI ZHOGLQJ� ,W
UHIHUV HVSHFLDOO\ WR WKH PRGXOHV RI W\SHV & DQG 5 �VHH
)LJXUH ���

$V DQ H[DPSOH� )LJXUH �� VKRZV D GLDJUDP RI +)&
ZLWK D FRPELQHG H[WHUQDO FKDUDFWHULVWLF� ZKLFK ZDV
PDGH RQ WKH EDVH RIPRGXOH 30��56+���� 7KH GHYLFH
UHSUHVHQWV D WZR�FKDQQHO ZHOGLQJ 36� FRQVLVWLQJ RI
WZR SRZHU XQLWV� EULGJH DQG KDOI�EULGJH FRQYHUWHUV�
7KH EULGJH FRQYHUWHU FRQWDLQV WUDQVLVWRU NH\V 7�w7��
ZKRVH GLDJRQDO LV FRQQHFWHG WR WKH SULPDU\ ZLQGLQJ
Z��� RI :7� 7KH KDOI�EULGJH FRQYHUWHU LV PDGH RQ
WUDQVLVWRUV7� DQG 7�� FDSDFLWRUV&� DQG&� DQG ZLQG�
LQJ Z���� 7KXV� WZR FRQWUROODEOH HQHUJ\ IORZV DUH
IRUPHG DQG FUHDWH� DIWHU WKHLU VXPPLQJ� D FRPPRQ
ZHOGLQJ FXUUHQW LQ WKH VHFRQGDU\ ZLQGLQJ Z�� ,I WKH
PDJQHWLF IORZ LQ Z��� SURYLGHV WKH EDVLF ZHOGLQJ FXU�
UHQW� WKHQ WKH ZLQGLQJ Z� LV XVHG IRU FRQGLWLRQV ��KRW
VWDUW�� DQG ZHOGLQJ FXUUHQW PRGXODWLRQ�

7KH ZHOGLQJ 36 LV FRQWUROOHG E\ D FRQWUROOHU�
ZKLFK LQFOXGHV GULYHUV 7/���� 7KHLU RSHUDWLRQ FRQ�
GLWLRQV DUH GHILQHG E\ VLJQDOV RI FXUUHQW DQG YROWDJH
IHHGEDFNV� &RQVHTXHQWO\� LW LV SRVVLEOH WR IRUP VWHHS�
IDOOLQJ� VORSLQJ DQG DOVR ULJLG H[WHUQDO FKDUDFWHULVWLFV�

7KH GUDZEDFN RI ,30 LV QRW VXIILFLHQWO\ KLJK IUH�
TXHQF\ RI FRQYHUVLRQ� IURP GDWD RI >��@ LW LV QRW PRUH
WKDQ �� N+]� ,I WKHUH LV D WDVN WR FUHDWH WKH ZHOGLQJ
36 ZLWK LQFUHDVHG G\QDPLF SDUDPHWHUV� WKHQ LW LV SRV�
VLEOH WR XVH LGHDV ZKLFK ZHUH DSSOLHG LQ WKH GHVLJQ RI
ZHOGLQJ F\FORFRQYHUWHUV �&&� >��@� 2QH RI WKHVH GLD�
JUDPV RI +) ZHOGLQJ FRQYHUWHU LV JLYHQ LQ )LJXUH ���
D� 7KH SKDVH FRQWURO LQ LW LV UHDOL]HG E\ NH\V RI PRGXOH
30��56+��� LQ DFFRUGDQFH ZLWK WLPH GLDJUDPV
VKRZQ LQ )LJXUH ��� E� ,Q SULQFLSOH� WKH GHYLFH UHS�
UHVHQWV WKUHH VHSDUDWH KDOI�EULGJH FRQYHUWHUV FRQ�

QHFWHG WR FRPPRQ FDSDFLWRUV &� DQG &�� ,I WR VHOHFW
WKH FRPPXWDWLRQ IUHTXHQF\ RI HDFK KDOI�EULGJH WR EH
HTXDO WR �� N+]� WKHQ WKH ZHOGLQJ FXUUHQW LQ WKH
VHFRQGDU\ ZLQGLQJ ZLOO FKDQJH DW �� N+] IUHTXHQF\�

7KH GHVFULEHG GLDJUDPV GR QRW GHVFULEH DOO WKH
SRVVLEOH YDULDQWV RI WKH GHYLFH ZKLFK FDQ EH PDGH RQ
,30 EDVH� ,Q WKLV GLUHFWLRQ PDQ\ VFLHQWLILF DQG SUDF�
WLFDO WDVNV DUH WR EH VROYHG�

0RGXODU RUJDQL]DWLRQ RI +)&� $W SUHVHQW PDQ\
ZRUOG OHDGLQJ RUJDQL]DWLRQV DQG FRPSDQLHV SD\ D ODUJH
DWWHQWLRQ WR WKH UHVHDUFK DQG GHYHORSPHQW ZRUNV FRQ�
QHFWHG ZLWK WKH FUHDWLRQ RI WKH PXOWLIXQFWLRQLQJ :(
>��w��@� 7KXV� IRU H[DPSOH� (:0 +LJK�3UHFLVLRQ
6FKZHLVVWHFKQLN *PE+ FUHDWHG PRGHOV RI :( RI D
PRGXODU GHVLJQ� LQWHQGHG IRU 0,*�0$* ZHOGLQJ�
WKH URG HOHFWURGH ZHOGLQJ LV DOVR SRVVLEOH� $ SRZHU
PRGXOH �30� IRU WKLV HTXLSPHQW LV PDQXIDFWXUHG LQ
WKUHH PRGLILFDWLRQV RI FRQGLWLRQV IRU ���� ��� DQG
��� $ FXUUHQWV� ,Q ZHOGLQJ ZLWK QRQ�FRQVXPDEOH HOHF�
WURGH WKH PRGXOH RI DUF H[FLWLQJ XVLQJ D KLJK�YROWDJH
SXOVH LV SURYLGHG� 7KH HTXLSPHQW LQFOXGHV DOVR D XQLW
ZKLFK UHDOL]HV WKH ZHOGLQJ FXUUHQW PRGXODWLRQ DW
� N+] SXOVH IUHTXHQF\�

7KH /LQFROQ (OHFWULF &RPSDQ\ LV VROYLQJ WKH SURE�
OHP RI FUHDWLRQ RI PXOWLIXQFWLRQLQJ ZHOGLQJ 36 LQ
DQRWKHU ZD\� 7KHLU DSSURDFK LV EDVHG RQ XVH RI D
VWDQGDUG LQYHUWHU ZLWK �� N+] IUHTXHQF\ FRQYHUVLRQ�
ZKRVH RSHUDWLRQ FRQGLWLRQV DUH SUHVHW E\ D PXOWLIXQF�
WLRQDO FRQWUROOHU� 8VLQJ D ILYH�SRVLWLRQ VZLWFK LW LV
SRVVLEOH WR SUHVHW FRQGLWLRQV RI PDQXDO URG HOHFWURGH
DUF ZHOGLQJ� QRQ�FRQVXPDEOH HOHFWURGH DUJRQ ZHOG�
LQJ� PHFKDQL]HG DUF ZHOGLQJ LQ LQHUW DQG DFWLYH JDVHV�
DV ZHOO DV IOX[�FRUHG ZLUH ZHOGLQJ�

7DNLQJ LQWR DFFRXQW WKH PRGHUQ WUHQGV LQ WKH GH�
YHORSPHQW RI :(� FRQQHFWHG ZLWK D ZLGH XVH RI HOHF�
WURQLF FRPSRQHQWV RI WKH IRXUWK JHQHUDWLRQ� ZH RIIHU
D VXIILFLHQWO\ VLPSOH DQG UHOLDEOH PHWKRG RI FUHDWLRQ

)LJXUH ��� :HOGLQJ FRQYHUWHU RI D FRPELQHG W\SH RQ 30��56+��� EDVH �+& x +DOOsV FRQYHUWHU�
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RI WKH PXOWLIXQFWLRQDO :(� SURYLGLQJ LWV VWUXFWXUDO�
PRGXODU UHFRQILJXUDWLRQ GHSHQGLQJ RQ WKH VHOHFWHG
PHWKRG RI ZHOGLQJ >��@� 7KH DERYH DSSURDFK LV SH�
FXOLDU E\ LWV IHDVLELOLW\ WR EH XVHG LQ :( IRU SODVPD
WHFKQRORJLHV ZKHUH WKH LQFUHDVHG RSHQ�FLUFXLW YROWDJH
LV UHTXLUHG�

7KLV FODVV RI :( LV EDVHG RQ VHOI�FRQWDLQHG 30�
ZKLFK LV VKRZQ LQ )LJXUH ��� ,W LV GHVLJQHG RQ WKH
EDVH RI +) WUDQVLVWRU FRQYHUWHU
� ZKRVH RXWSXW FKDU�
DFWHULVWLF LV IRUPHG ZLWK WKH KHOS RI D FRQWURO XQLW
�&8�� 7KXV� WKH H[WHUQDO FKDUDFWHULVWLF RI WKH GHYLFH
DV D ZKROH LV GHILQHG E\ WLPH SDUDPHWHUV RI &8 DQG
RXWSXW FKRNH �&K�� &RQWURO FRQGLWLRQV RI WKH GHYLFH
�&RQWU� FDQ EH SUHVHW ERWK E\ D SRWHQWLRPHWHU DQG
DOVR D EXLOW�LQ PLFURFRQWUROOHU�

0HWKRGV RI PRGXOHV FRQQHFWLRQ E\ LQSXW DQG RXW�
SXW FDQ EH GLVWLQJXLVKHG GHSHQGLQJ RQ WKH WHFKQR�
ORJLFDO WDVN EHLQJ VROYHG� ,I WKHLU LQSXW SDUDPHWHUV
DUH ��� 9 DQG �� +]� WKHQ PRGXOHV FDQ EH FRQQHFWHG
LQ SDUDOOHO WR D VLQJOH�SKDVH PDLQV ��×��� 9�� ,I WKH
QXPEHU RI PRGXOHV LV WKUHH�IROG� WKHQ WKH IRXU�ZLUH
FRQQHFWLRQ WR WKH PDLQV ��×��� 9� LV SUHIHUDEOH� WKH
WKUHH�ZLUH FRQQHFWLRQ WR WKH PDLQV ��×��� 9� LV DOVR

DGPLVVLEOH� ,Q FDVH RI DEVHQFH RI WKH WKUHH�SKDVH PDLQV
LW LV HDV\ WR WUDQVIHU WR WKH VLQJOH�SKDVH VXSSO\ RI
LQSXW FLUFXLWV WKDW LV� XQGRXEWHGO\� DGYDQWDJH RI WKHVH
SRZHU VRXUFHV� 7KH DERYH�PHQWLRQHG GHYLFH LV FRQ�
YHQLHQW WR XVH LQ FRPELQDWLRQ ZLWK PLQL HOHFWULFDO
VWDWLRQV�

0RGXOHV DUH FRQQHFWHG LQ SDUDOOHO E\ RXWSXW DO�
PRVW LQ DOO PHWKRGV RI WKH DUF ZHOGLQJ� LQ VHULHV x
LQ DLU�SODVPD FXWWLQJ DQG SHULRGLFDOO\ ZLWK WLPH x
LQ UHDOL]LQJ WKH $& ZHOGLQJ FRQGLWLRQ�

/HW XV FRQVLGHU PRUH LQ GHWDLO WKH SHFXOLDULWLHV RI
GHVLJQ DQG RSHUDWLRQ RI WZR�PRGXOH GHYLFH� RQ WKH
EDVH RI ZKLFK LW LV SRVVLEOH WR GHVLJQ VFKHPDWLF GLD�
JUDPV� GLIIHUHQW LQ FRQILJXUDWLRQ� RI SRZHU VRXUFHV RI
WKH UHTXLUHG WHFKQRORJLFDO SXUSRVH� 7DEOH � VKRZV
VHSDUDWH VFKHPDWLF GLDJUDPV DQG DOVR YDULDQWV RI WKHLU
WHFKQRORJLFDO DSSOLFDWLRQ� 7KH SUDFWLFDO UHDOL]DWLRQ RI
DOO WKH WHFKQRORJLFDO FRQGLWLRQV PHQWLRQHG LQ WKH 7D�
EOH LV SHUIRUPHG E\ WZR�PRGXOH PXOWLIXQFWLRQDO 36
ZKRVH GLDJUDP LV JLYHQ LQ )LJXUH ��� 7KLV GHYLFH LQ�
FOXGHV WZR LGHQWLFDO SRZHU PRGXOHV 30� DQG 30�
ZLWK FRQWURO XQLWV &8� DQG &8�� 7KH ODWWHU DUH FD�
SDEOH WR RSHUDWH ERWK LQ D VHOI�FRQWDLQHG FRQGLWLRQ
DQG DOVR E\ FRPPDQGV RI WKH FRPPRQ FRQWURO XQLW
�&8�&�� IRUPLQJ FRQWURO VLJQDOV IRU WKH FRQGLWLRQV
FRPPXWDWLRQ EORFN �&&%�� $W LWV FRPPDQGV� ZKLFK
GHILQH WKH FRQGLWLRQ RI SRZHU FRPPXWDWLQJ HOHPHQWV
.�� .� DQG .�� WKH WHFKQRORJLFDO FRQGLWLRQ LV SUHVHW
IURP WKH FRQWURO SDQHO� :KHQ DOO WKH FRPPXWDWRUV
DUH RSHQ� WKLV GHYLFH LV FDSDEOH WR RSHUDWH LQ WKH FRQ�
GLWLRQ RI WZR�VWDWLRQ ZHOGLQJ ZLWK D IXOO GHFRXSOLQJ
RI ZHOGLQJ FLUFXLWV� ,Q FORVLQJ RI FRPPXWDWRU .� WKH

)LJXUH ��� :HOGLQJ F\FORFRQYHUWHU RI D KDOI�EULGJH W\SH RQ 30��56+��� �D� DQG GLDJUDP RI LWV RSHUDWLRQ �E� �Z
D
� Z

E
� Z

F
DQG Z� x

ZLQGLQJV RI SULPDU\ DQG VHFRQGDU\ FLUFXLW� UHVSHFWLYHO\�




,Q WKH SUHVHQW ZRUN WKH DXWKRUV XVHG +) WUDQVLVWRU FRQYHUWHUV RI &RPSDQ\ �(3 6\VWHPV� �,WDO\�� DQG DOVR PRGXOHV PDGH RQ WKH $//
EDVH� GHYHORSHG DW WKH 3:,�

)LJXUH ��� 6FKHPDWLF GLDJUDP RI SRZHU PRGXOH
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GHYLFH LV WUDQVIHUUHG LQWR WKH DLU�SODVPD FXWWLQJ FRQ�
GLWLRQ DW ZKLFK WKH FXUUHQW RI XS WR ��� $ LV SURYLGHG�

*UHDW GLIILFXOWLHV DUH HQFRXQWHUHG LQ WKH FRQGLWLRQ
RI SDUDOOHO FRQQHFWLRQ RI PRGXOHV WKDW LV GXH WR WKH
IDFW WKDW ZLWKLQ WKH ZLGH UDQJHV RI DGMXVWPHQW LW LV
QHFHVVDU\ WR NHHS WKH HTXDOLW\ RI WKHLU RXWSXW YROWDJHV
ZLWK DQ HUURU RI QRW ZRUVH WKDQ ≤ � �� 7KLV LV DWWDLQHG
E\ D FRPSDULVRQ GLDJUDP ZKLFK LV LQFOXGHG LQWR
&8�&� 7KH URRW�PHDQ�VTXDUH YDOXH YDOXHV RI YROWDJH�
DFWLQJ RQ &K� DQG &K� DUH XVHG DV IHHGEDFN VLJQDOV�

7KH GHVFULEHG GHYLFH FDQ EH XVHG DW D QHJOLJLEOH
PRGLILFDWLRQ IRU $& ZHOGLQJ� 9DULDQW RI VWUXFWXUH RI
ZHOGLQJ SRZHU VRXUFH ZLWK LQGLFDWHG IXQFWLRQDO SXU�
SRVH LV VKRZQ LQ )LJXUH ��� $GGLWLRQDOO\� D GHYLFH RI
WK\ULVWRUV FRQWURO �7&'� DQG WZR SRZHU FRPPXWDWRUV
7.� DQG 7.�� ZKHQ HDFK RI WKHP LV RSHUDWLQJ� UH�
VSHFWLYHO\� LQ IRUPDWLRQ RI SXOVHV RI SRVLWLYH DQG QHJD�
WLYH KDOI�ZDYHV RI ZHOGLQJ FXUUHQW� DUH LQFOXGHG�

$OJRULWKP RI GHYLFH RSHUDWLRQ FDQ EH H[SODLQHG
XVLQJ WLPH GLDJUDPV SUHVHQWHG LQ )LJXUH ��� $W WKH
PRPHQW W� WKH PRGXOH 30� LV H[FLWHG DW &8� FRP�
PDQG DQG WK\ULVWRU FRPPXWDWRU 7.� LV RSHQ VLPXO�

WDQHRXVO\� $W WKH RXWSXW WKH SXOVH RI ZHOGLQJ FXUUHQW
DW D SRVLWLYH SRODULW\ LV EHJLQQLQJ WR IRUP� $W WKH
PRPHQW W� WKH 30� LV ILUVW VZLWFKHG RII DQG WKHQ
7.� LV FORVHG� ,Q WLPH LQWHUYDO W�wW� WKHUH LV QR ZHOG�
LQJ FXUUHQW DW WKH 36 RXWSXW� 7KH YDOXH RI WKLV LQWHUYDO
LV VHOHFWHG IURP WKH FRQGLWLRQ RI WLPH QHFHVVDU\ IRU
GDPSLQJ WKH WUDQVLWLRQ SURFHVVHV DVVRFLDWHG ZLWK FRP�
PXWDWLRQ RI SRZHU HOHPHQWV RI WKH ZHOGLQJ 36� $W
WKH PRPHQW W� WKH SKDVH RI FXUUHQW SXOVH IRUPDWLRQ
LV VWDUWHG DW QHJDWLYH SRODULW\� 30� LV VWDUWHG LQ VXF�
FHVVLRQ DQG FRPPXWDWRU 7.� LV RSHQ� 1HJDWLYH SXOVH
RI ZHOGLQJ FXUUHQW LV LQWHUUXSWHG DW WKH PRPHQW W��
)XUWKHU� WKH SURFHVVHV DUH UHSHDWHG LQ SHULRGLFLW\
ZKLFK LV VHW E\ WKH RSHUDWRU� 7LPH LQWHUYDOV W�wW� DQG
W�wW� DUH SUHVHW IURP WKH FRQWURO SDQHO DQG FDQ EH VHW
ZLWKLQ WKH �w��� PV UDQJH� $PSOLWXGHV RI FXUUHQW
SXOVHV ERWK DW SRVLWLYH DQG QHJDWLYH SRODULW\ DUH VHW
LQGHSHQGHQWO\ ZLWKLQ �w��� $ UDQJHV� 7KXV� WKH GH�
VFULEHG GHYLFH LV VXIILFLHQWO\ FRQYHQLHQW IRU ZHOGLQJ
DOXPLQLXP DOOR\V DQG RWKHU QRQ�IHUURXV PHWDOV�

7DNLQJ LQWR DFFRXQW WKH SUHVHQW�GD\ UHTXLUHPHQWV
IRU HOHFWURPDJQHWLF FRPSDWLELOLW\� WKH 36 LV HTXLSSHG

)LJXUH ��� 'LDJUDP RI WZR�PRGXOH PXOWLIXQFWLRQDO ZHOGLQJ SRZHU VRXUFH ZLWK D UHFRQILJXUDWHG GHVLJQ

7DEOH �� 0HWKRGV RI PRGXOHV FRQQHFWLRQ

6FKHPDWLF GLDJUDP
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ZLWK D SURWHFWLRQ GHYLFH �3'� RI PDLQV� ZKLFK UHS�
UHVHQWV D FRPELQHG ILOWHU RI ORZHU DQG KLJKHU IUHTXHQ�
FLHV� 7KH ILUVW ILOWHU VXSSUHVVHV WKH ORZ�IUHTXHQF\ LQ�
WHUIHUHQFHV� WKH VHFRQG ILOWHU x WKH LQWHUIHUHQFHV FUH�
DWHG E\ +)& RI SRZHU PRGXOHV�

,Q FUHDWLRQ RI D PRGXODU GHVLJQ RI WKH ZHOGLQJ
PDFKLQH D VHOHFWLRQ RI WKH PDLQ XQLW� L�H� 30� LV RQH
RI WKH DFWXDO SUREOHPV� ,I� IRU H[DPSOH� WR VHOHFW WKH
VWDQGDUG PRGXOHV RI &RPSDQ\ �(3 6\VWHPV� RI
:���(� :���( DQG :���( W\SH� WKHQ� WKH PHQ�
WLRQHG FRQGLWLRQV E\ ZHOGLQJ FXUUHQW FDQ EH DWWDLQHG�
DV LV VHHQ IURP 7DEOH �� IRU WZR� DQG WKUHH�PRGXOH
VWUXFWXUHV RI ZHOGLQJ HTXLSPHQW�

+RZHYHU� DV WKH H[SHULHQFH JDLQHG VKRZHG WKH
FUHDWLRQ RI D VSHFLDOL]HG SRZHU PRGXOH� ZKRVH IXQF�
WLRQLQJ SXUSRVH FRXOG PHHW WDVN UHTXLUHPHQWV PRVW
FRPSOHWHO\� LV PRUH SUHIHUDEOH� ,Q WKLV FRQQHFWLRQ LW
VHHPV WR XV WKDW +)&� PDGH RQ WKH EDVH $// HOHPHQWV
ZLWK D V\QFKURQRXV FRPPXWDWLRQ� DUH PRVW FKDOOHQJ�
LQJ �VHH )LJXUH ���

&RQWURO RI DUF ZHOGLQJ SURFHVV XVLQJ +)&� 3URE�
OHPV RI FRQWURO RI ZHOGLQJ +)& DUH GHVFULEHG FRPSUH�
KHQVLYHO\ LQ >��@�7KHUHIRUH�ZHGZHOO RQO\RQ WKH UHVXOWV
REWDLQHG GXULQJ UHFHQW \HDUV� DQG QRW LQFOXGHG LQWR LW�

)LUVW RI DOO� WKLV UHIHUV WR WKH FRQWURO E\ WKH PHWKRG
677 >��@� EDVHG RQ XVH RI VXUIDFH WHQVLRQ IRUFHV IRU
D FRQWUROODEOH GURS WUDQVIHU LQ 0,*�0$* ZHOGLQJ�
7KLV DOJRULWKP ZDV VXJJHVWHG DQG GHYHORSHG E\ VSH�
FLDOLVWV RI WKH /LQFROQ (OHFWULF &RPSDQ\ DQG KDV DQ
DGDSWLYH QDWXUH ZKLFK PDNHV LW SRVVLEOH WR LPSURYH
WKH HQHUJ\ FKDUDFWHULVWLFV RI ZHOGLQJ DQG DOVR WR UH�

GXFH GUDVWLFDOO\� WKDW LV YHU\ LPSRUWDQW� WKH DPRXQW
RI VSDWWHULQJ PHWDO�

7KH JUHDW DFKLHYHPHQWV ZHUH DWWDLQHG LQ XVH RI
DOJRULWKPV EDVHG RQ WKH WKHRU\ RI IX]]\ VHWV >��@� WKH
VR�FDOOHG IX]]\ DOJRULWKPV� &RQFHSWLRQ� EDVHG RQ
IX]]\ DOJRULWKPV� VWDWHV WKDW WKH FRQWURO DOJRULWKP�
GHYHORSHG LQ D SURSHU ZD\� LV VLPLODU WR D KLJKO\�
VNLOOHG ZHOGHU >��@� ,W PHDQV WKDW LW LQFUHDVHV TXDOLW\
RI LWV IXQFWLRQLQJ� DQG FRQVHTXHQWO\� RI SURGXFHG
ZHOGHG MRLQWV IURP RQH SURFHVV RI ZHOGLQJ WR DQRWKHU�
DV LW FRQWDLQV D SURFHVV RI D VHOI�WHDFKLQJ� ,Q RWKHU
ZRUGV� SRZHU VRXUFHV ZLWK D VXFK FRQWURO V\VWHP KDYH
TXDOLW\ IHHGEDFN LQ PDNLQJ ZHOGHG MRLQWV�

6RPH DXWKRUV >��� ��@ DUH VHDUFKLQJ IRU RSWLPXP
DOJRULWKPV EDVHG RQ QHXUDO QHWZRUN DSSURDFKHV� &D�
SDELOLWLHV WR WHDFK RI QHXUDO QHWZRUNV DUH VLPLODU WR
FDSDELOLWLHV RI D KLJK�VNLOOHG ZHOGHU� WKDW DOORZV WKHLU
XVH IRU DQ RSHUDWLYH FRQWURO RI WKH ZHOGLQJ SURFHVV�
7KH PHQWLRQHG QHWZRUNV >��@ DUH VXLWDEOH IRU FRQWURO
RI D SHQHWUDWLRQ GHSWK LQ ZHOGLQJ WKLQ�VKHHWPDWHULDOV�
VHDUFKLQJ IRU D JDS DQG WUDMHFWRU\ RI ZHOGLQJ DQG
FRQWURO RI D WRUFK PRYHPHQW RYHU LW� DV ZHOO DV IRU
FRQVWUXFWLRQ RI D PDWKHPDWLFDO PRGHO RI D SRRO WR
FDOFXODWH WKH RSWLPXP ZHOGLQJ FRQGLWLRQV� &RPELQHG
DSSURDFKHV DUH SRVVLEOH ZKHQ QHXURDOJRULWKPV� EDVHG
RQ D IX]]\ ORJLF� DUH XVHG VLPXOWDQHRXVO\�

)LJXUH ��� 9DULDQW RI GHVLJQ RI ZHOGLQJ SRZHU VRXUFH LQ $& FRQGLWLRQV

)LJXUH ��� 7HPSRUDU\ GLDJUDPV RI GHYLFH RSHUDWLRQ� D� Ex SXOVHV�
UHVSHFWLYHO\� F x RXWSXW FXUUHQW RI SRZHU VRXUFH

7DEOH �� 9DULDQWV RI PRGXODU VWUXFWXUHV

'XUDWLRQ RI
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(YHQ QRZ� WKH DERYH�PHQWLRQHG DOJRULWKPV� EDVHG
RQ PHWKRGV RI DUWLILFLDO LQWHOOHFW �$,�� OHDG WR TXLWH
QHZ UHVXOWV DV UHJDUGV WR SURYLGLQJ WKH KLJK TXDOLW\
RI ZHOGHG MRLQWV� 7DNLQJ LQWR DFFRXQW D FRQWLQXRXV
XSGDWLQJ RI PLFURFRQWUROOHU V\VWHPV DQG JURZWK RI
WKHLU HIILFLHQF\ LW LV SRVVLEOH WR VWDWH ZLWK D FRQILGHQFH
WKDW WKH $, PHWKRGV ZLOO EH VXFFHVVIXOO\ LPSOHPHQWHG
LQ :( IRU LQFUHDVLQJ LWV TXDOLW\ DQG UHOLDELOLW\�

$SSHDUDQFH DQG WHFKQLFDO FKDUDFWHULVWLFV RIPRGHOV
RI ZHOGLQJ +)&� GHYHORSHG DW WKH 3:, DQG EDVHG RQ
WKH DERYH�PHQWLRQHG SULQFLSOHV� DUH JLYHQ LQ LQVHUWV
RI WKH -RXUQDO�

3URVSHFWV RI GHYHORSPHQW RI HTXLSPHQW� EDVHG
RQ WUDQVLVWRU +)&� IRU DUF ZHOGLQJ� %DVHG RQ DERYH
LQIRUPDWLRQ DERXW WKH ZRUNV LQ WKH ILHOG RI ZHOGLQJ
+)&� PDGH DW WKH 3:, RYHU WKH UHFHQW \HDUV� DQG
DOVR DQDO\VLV RI PRGHUQ WHQGHQFLHV LQ WKH GHYHORSPHQW
RI +)&�EDVHG :(� LW LV SRVVLEOH WR VSHDN DERXW D
ZLGH DSSOLFDWLRQ RI KLJKO\ UHOLDEOH SRZHU FRPPXWD�
WRUV RI WKH WKLUG DQG IRXUWK JHQHUDWLRQV� HTXLSSHG
ZLWKPHDQV RI D EXLOW�LQ LQWHOOHFW� 1HZ VFKHPDWLF WHFK�
QLFDO VROXWLRQV RI SRZHU XQLWV KDYH DSSHDUHG ZKLFK
DUH FKDUDFWHUL]HG E\ KLJK HIILFLHQF\ DQG SRZHU IDFWRUV�
7KHLU FRQWURO V\VWHPV DUH PDGH RQ WKH EDVH RI PLFUR�
FRQWUROOHUV� ZKLFK UHDOL]H WKH DGDSWLYH DOJRULWKPV� IRU
H[DPSOH 677� DQG DOVR WKH ZRUNV DUH FDUULHG RXW RQ
XVH RI WKH $,�EDVHG DOJRULWKPV� 7KH PDLQ GLUHFWLRQV
RI IXWXUH LQYHVWLJDWLRQV FDQ EH DV IROORZV�

7KH OHDGLQJ FRPSDQLHV� PDQXIDFWXUHUV RI :(�
FRQWLQXH� SUREDEO\� WKHLU ZRUNV FRQQHFWHG ZLWK D
VHDUFK DQG XSGDWLQJ RI QHZ VROXWLRQV RI GLDJUDPV RI
ZHOGLQJ FXUUHQW SRZHU XQLWV RI +)& IRU GLIIHUHQW
PHWKRGV RI DUF ZHOGLQJ� 7KH LQYHVWLJDWLRQV ZLOO EH
GLUHFWHG WR WKH LQFUHDVH LQ HIILFLHQF\ DQG SRZHU IDF�
WRUV� ZLGHQLQJ RI WHPSHUDWXUH UDQJH �w�� w ��� �&�
RI RSHUDWLRQ� LQFUHDVH LQ UHOLDELOLW\ �IDXOWOHVV RSHUD�
WLRQ VKRXOG QRW EH OHVV WKDQ ���� K�� UHGXFWLRQ LQ
OHYHO RI HOHFWURPDJQHWLF LQWHUIHUHQFHV LQ DFFRUGDQFH
ZLWK (XURSHDQ DQG ZRUOG VWDQGDUGV�

&RQVHTXHQWO\� WKHUH DUH JURXQGV WR DVVXPH WKDW
WKH IXUWKHU GHYHORSPHQW ZLOO UHIHU WR UHVRQDQFH PHWK�
RGV RI ZHOGLQJ FXUUHQW FRQYHUVLRQ� ZKLFK DOORZ WKH
RSHUDWLRQ IUHTXHQF\ RI SRZHU PRGXOHV WR EH LQFUHDVHG
VLJQLILFDQWO\ >��@� 7KLV ZLOO OHDG WR WKH IXUWKHU GH�
FUHDVH LQ PDVV DQG GLPHQVLRQDO FKDUDFWHULVWLFV� ,I WR
XVH VXFK LQGH[ DV D UDWLR RI ZHOGLQJ PDFKLQH PDVV WR
PD[LPXP FXUUHQW� WKHQ LW ZLOO EH HTXDO� HYLGHQWO\�
WR ����w����� NJ�$� L�H� LQYHUWHU IRU XS WR ��� $
FXUUHQW ZLOO KDYH PDVV RI ���w��� NJ� )RU SRZHU
VRXUFHV RSHUDWLQJ DW YHU\ ORZ �GRZQ WR w�� �&� WHP�
SHUDWXUHV WKH PHWKRGV RI D V\QFKURQRXV SRZHU UHFWL�
I\LQJ RI ZHOGLQJ FXUUHQW >��@ FDQ EH UHFRPPHQGHG�
ZKLFK H[FOXGH WKH DSSOLFDWLRQ RI KLJK�FDSDFLW\ FD�

SDFLWRUV ZLWK DQ R[LGH GLHOHFWULF� QRW FDSDEOH WR RS�
HUDWH DW WKH DERYH�PHQWLRQHG WHPSHUDWXUHV�

8VLQJ WKH DFKLHYHPHQWV RI WKH UHFHQW \HDUV LQ WKH
ILHOG RI FUHDWLRQ RI PROHFXODU DFFXPXODWRUV >��@� WKH
PHWKRGV RI D WUDQVIRUPHU�IUHH FRQYHUVLRQ RI ZHOGLQJ
FXUUHQW FDQ ILQG D ZLGH VSUHDGLQJ >��@� +\SRWKHWLF
GLDJUDP RI WKLV ZHOGLQJ SRZHU VRXUFH LV JLYHQ LQ )L�
JXUH ��� 7KH SRZHU VRXUFH FRQVLVWV RI WKUHH PDLQ XQLWV�
D IRUPHU RI D FRQVWDQW YROWDJH �)&9�� D SXOVHG FRQ�
YHUWHU RI YROWDJH �3&9� DQG ZHOGLQJ FXUUHQW FRQ�
YHUWHU �:&&��)&9 LQFOXGHV D UHFWLILHU'%� FKDUJLQJ
XQLW �&K8�� ZKRVH OHYHO RI RSHUDWLRQ LV SUHVHW E\ D
SRWHQWLRPHWHU 5� DQG D ILOWHULQJ FDSDFLWRU &I� $
SXOVHG YROWDJH FRQYHUWHU FRQVLVWV RI D PROHFXODU DF�
FXPXODWRU &0$ DQG D EORFN RI NH\V .�w.�� ZKRVH
DOJRULWKP RI FRPPXWDWLRQ LV SUHVHW E\ &8� 7KH FRQ�
GLWLRQ RI IXQFWLRQLQJ WKH ODWWHU LV GHWHUPLQHG E\ D
ZHOGLQJ FXUUHQW IHHGEDFN �:&)� VLJQDO� ,Q 3&9 D
NQRZQ FRQGLWLRQ RI �IO\LQJ� FDSDFLWRU LV UHDOL]HG�
ZLWK WKH KHOS RI ZKLFK D TXDVL�JDOYDQLF GHFRXSOLQJ
EHWZHHQ LQSXW FLUFXLW DQG ZHOGLQJ FLUFXLW LV SURYLGHG�
7KH RSHUDWLRQ RI :&& EORFN LV VLPLODU WR WKH RSHUD�
WLRQ RI D FRQYHUWHU� GHFUHDVLQJ YROWDJH �VHH 7DEOH ���
WKHUHIRUH� ZH GR QRW SUHVHQW LWV GHVFULSWLRQ�

0HWKRGV RI GHVLJQLQJ ZHOGLQJ +)& ZLOO FKDQJH
VLJQLILFDQWO\� )RU H[DPSOH� XQLWV RI ZHOGLQJ WUDQV�
IRUPHUV ZLOO EH PDGH RQ SULQWHG�FLUFXLW ERDUGV DORQJ�
VLGHZLWK HOHFWURQ EORFNV� WKDWZLOO HOLPLQDWH WKH HIIHFW
RI SDUDVLWLF SDUDPHWHUV RI WKH XQLW RSHUDWLRQ� +HUH�
WKH SULPDU\ ZLQGLQJ WXUQV FDQ EH PDGH E\ HWFKLQJ
RQ WKH ERDUG LWVHOI� ZKLOH WKH WXUQV RI WKH VHFRQGDU\�
WKH PRUH SRZHUIXO ZLQGLQJ� ZLOO EH PDGH E\ XVLQJ
WHFKQRORJ\ RI VSUD\LQJ RQ LVRODWLQJ JDVNHW� 0DJQHWLF
FRUHV RI VXFK WUDQVIRUPHUV FDQ DOVR EH PDGH E\ VSUD\�
LQJ RI DPRUSKRXV LURQ SRZGHU�

7KH IXUWKHU LQWHOOHFWXDOL]LQJ RI :( ZLOO EH UHDO�
L]HG RQ WKH EDVLV RI D ZLGH DSSOLFDWLRQ RI VLQJOH FU\VWDO
FRPSXWHUV ZLWK D FDOFXODWLQJ VHUYLFH OLIH DQG HIIL�
FLHQF\ HTXDO WR SHUVRQDO FRPSXWHUV� ,Q VRPH FDVHV
VSHFLDO SURFHVVRUV FDQ EH XVHG� ,Q WKH ILHOG RI VRIWZDUH
DQ DSSHDUDQFH RI LQWHJUDWHG PHGLD DQG H[SHUW V\VWHPV
IRU GLIIHUHQW PHWKRGV RI ZHOGLQJ� RULHQWHG RQ XVH RI
$, DOJRULWKPV� LV H[SHFWHG�

&RPSHWLWLYLW\ LQ WKH ILHOG RI :( PDUNHW ZLOO UH�
TXLUH WKH VROXWLRQ RI SUREOHPV RI LWV UHOLDELOLW\� 7KHVH
SUREOHPV FDQ EH VROYHG QRW RQO\ E\ GHVLJQ VROXWLRQV
DQG VHOHFWLRQ RI PRGHUDWH FRQGLWLRQV RI IXQFWLRQLQJ
RI SRZHU XQLWV� EXW DOVR SURYLGLQJ PRVW FULWLFDO HOH�
PHQWV� DQG DOVR FUHDWLRQ RI PHDQV RI GLDJQRVWLF VXS�
SRUW >��@� ,Q WKLV FRQQHFWLRQ� WKH PRGXODU ZHOGLQJ
PDFKLQHV ZLOO ILQG WKH IXUWKHU GHYHORSPHQW�

*UHDW FKDQJHV ZLOO EH H[SHFWHG LQ D VHUYLFH RI:(�
1HZ GHYLFHV RI UHPRWH FRQWURO DQG FRQWURO RI ZHOGLQJ

)LJXUH ��� 7UDQVIRUPHU�IUHH ZHOGLQJ +)& �IRU GHVLJQDWLRQV VHH WKH WH[W DQG )LJXUH ��
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FXUUHQW VRXUFHV RQ WKH EDVLV RI D UDGLR VLJQDO ZLOO EH
FUHDWHG >��� ��@� 3UREDEO\� WKH GHYLFHV RI D YRFDO
LQSXW RI FRPPDQGV RI ZHOGLQJ FRQGLWLRQV FRQWURO ZLOO
EH LPSOHPHQWHG�

7R LQFUHDVH WKH OHYHO RI HOHFWULF VDIHW\ RI :( WKH
GHWHFWRUV RI FXUUHQW OHDNDJH KDYH EHHQ DOUHDG\ GHYHO�
RSHG >��@ DQG LPSOHPHQWHG ZLWK WKH KHOS RI ZKLFK
WKH SRZHU FLUFXLWV DUH GLVFRQQHFWHG LQ FULWLFDO FRQGL�
WLRQV� 5ROH RI WKHVH FXUUHQW VHQVRUV �&6� LV HVSHFLDOO\
LPSRUWDQW LQ XVH RI WKH WUDQVIRUPHU�IUHH GLDJUDPV�

7KXV� �� � RI WKH XS�WR�GDWH ZHOGLQJ PDFKLQH
ZLWK +)& UHSUHVHQWV DQ LQWHOOHFWXDO HOHFWURQ GHYLFH�
&RPSRQHQWV RI WKH HOHFWULFDO HQJLQHHULQJ DPRXQW WR
�w�� �� 7KHUHIRUH� LW LV QRW VXUSULVLQJ WKDW WKH OHDGLQJ
FRPSDQLHV LQ WKH ILHOG RI D SRZHU HOHFWURQLFV� VXFK DV
3DQDVRQLF� +LWDFKL� .DZDVDNL� HWF�� PDNH QRZ D VH�
ULRXV DQG PRUH JURZLQJ FRPSHWLWLRQ DW WKH ZRUOG PDU�
NHW RI :(� ,I QRZ WKH\ RFFXS\ VXFFHVVIXOO\ WKH PRVW
SDUW RI PDUNHWV E\ SRZHU VRXUFHV IRU GLIIHUHQWPHWKRGV
RI DUF ZHOGLQJ� GHVLJQHG IRU FXUUHQWV RI XS WR ��� $�
RSHUDWLQJ XQGHU QRUPDO FRQGLWLRQV� WKHQ LW LV QHFHV�
VDU\ WR VXSSRVH WKDW WKH\ DUH FDUU\LQJ RXW GHYHORS�
PHQWV RI :( IRU FXUUHQWV RI ���� $ DQG KLJKHU� DV
ZHOO DV IRU RSHUDWLRQ DW ORZ �GRZQ WR w�� �&� WHP�
SHUDWXUHV DQG VHUYLFH XQGHU WURSLF FRQGLWLRQV� 7HQ�
GHQF\ LQ WKH GHYHORSPHQW RI HOHFWURQLFV DQG DFKLHYH�
PHQWV LQ WKH ILHOG RI GHYHORSPHQW RI QHZ PDWHULDOV�
IRU H[DPSOH� DPRUSKRXV LURQ� SURYH WKDW WKHVH SURE�
OHPV ZLOO EH VROYHG LQ WKH QHDUHVW IXWXUH�

�� /HEHGHY� 9�.� ������ 7HQGHQFLHV RI GHYHORSPHQW RI DUF
ZHOGLQJ SRZHU VRXUFHV� $YWRPDWLFK� 6YDUND� �� �w��

�� 3HQWHJRY� ,�9�� 0HVKFKHU\DN� 6�1�� .XFKHUHQNR� 9�$� HW DO�
������ ,QYHUWHU DUF ZHOGLQJ SRZHU VRXUFHV� ,ELG�� �� ��w���

�� &DUUROO� (�� .ODND� 6�� /LQGHU� 6� ������ ,*%7 WK\ULVWRUV�
1HZ DSSURDFK WR VXSHU�SRZHU HOHFWURQLFV� (OHNWURWHNKQLND�
�� ��w���

�� *UHNKRY� ,�9� ������ 0DLQ SULQFLSOHV RI FRQVWUXFWLRQ RI
SRZHUIXO SXOVH DQG KLJK�IUHTXHQF\ RVFLOODWRUV EDVHG RQ UH�
YHUVH�FRQQHFWHG G\QLVWRUV� ,ELG�� ��� ��w���

�� 3DWRQ� %�(�� /HEHGHY� 9�.� ������ (OHFWULF HTXLSPHQW IRU
DUF DQG VODJ ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� 3LOLQVN\� 9�9� ������ 6HFRQGDU\ SRZHU VRXUFHV ZLWK WUDQV�
IRUPHU�IUHH LQSXW IRU HOHFWURQLFV� .\LY� .3,�

�� ,RIIH� <X�(�� 0R]KDMVN\� 9�$� ������ *HQHUDO�SXUSRVH XQL�
YHUVDO ZHOGLQJ LQYHUWHU SRZHU VRXUFH ,QYHUWHF 9������
6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� 3DWRQ� %�(�� /HEHGHY� $�9� ������ &RQWURO RI IXVLRQ DQG
HOHFWURGH PHWDO WUDQVIHU LQ &2� ZHOGLQJ� $YWRPDWLFK�
6YDUND� ��� �w��

�� ������ 6(/&2� *HQHUDO &DWDORJ�
��� ������ 67(/� *HQHUDO &DWDORJ�
��� ������ &(%25$� ,QYHUWHU 7,* '&�
��� ������ &/226� ,QQRYDWLRQ DXV 7UDGLWLRQ�
��� ������ .(033,� 6FKZHLβPDVFKLQHQ 0,*�%XQQHU� :,*�
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