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

5HVXOWV RI EDVLF WHVWV FRQGXFWHG WR YHULI\ DQG HVWDEOLVK VDIHW\ RI WKH �8QLYHUVDO� KDUGZDUH LQ SHUIRUPLQJ ZHOGLQJ

RSHUDWLRQV XQGHU WKH RSHQ VSDFH FRQGLWLRQV DQG WKH SRVVLELOLWLHV RI UHGXFLQJ WKH GHJUHH RI ULVN DUH FRQVLGHUHG�

.H\ ZRU G V � HOHFWURQ EHDP� UDGLRDFWLYH UDGLDWLRQ� OLJKW

DQG LQIUDUHG UDGLDWLRQ� KLJK YROWDJH� HOHFWURVWDWLF GLVFKDUJH�

PHWDO VSDWWHU� WHVWLQJ� ULVN PLWLJDWLRQ

)LUVW H[SHULPHQWDO ZRUN ZLWK WKH HOHFWURQ EHDP KDQG

WRRO ZDV SHUIRUPHG PRUH WKDQ �� \HDUV DJR >�� �@�

6LQFH H[SHULPHQW SHUIRUPDQFH HQYLVDJHG D GLUHFW LQ�

YROYHPHQW RI WKH RSHUDWRU� H[SHULPHQWDO SURJUDP LQ�

FOXGHG DQDO\VLV RI SRWHQWLDO KD]DUGV� DV ZHOO DV KXPDQ

FDSDELOLWLHV GXULQJZHOGLQJ SHUIRUPDQFH� )OLJKWZHOG�

LQJ H[SHULPHQWV ZLWK YHUVDWLOH KDQG WRRO �9+7� XQLW

������ ����� DQG JURXQG�EDVHG WHVWLQJ RI �8QLYHUVDO�
KDUGZDUH DV SDUW RI ,QWHUQDWLRQDO 6SDFH :HOGLQJ ([�

SHULPHQW �,6:(� DQG �)ODJPDQ� 3URJUDPV� SHU�

IRUPHG DW WKH HQG RI ����V� XVLQJ PRUH DGYDQFHG
WHVWLQJ DQG WUDLQLQJ IDFLOLWLHV� ZHUH WKH EDVLV WR FRQ�

GXFW FRPSUHKHQVLYH LQYHVWLJDWLRQV RI WKH VDIHW\ RI
PDQXDO HOHFWURQ EHDP WHFKQRORJLHV DQG RXWOLQH IXWXUH

GLUHFWLRQV IRU WKHLU LPSURYHPHQW�

&RQVWUXFWLRQ RI ,QWHUQDWLRQDO 6SDFH 6WDWLRQ �,66�

LV LQ SURJUHVV QRZ� DQG WKH VWDUW RI LWV VFLHQWLILF RSH�

UDWLRQ LV VFKHGXOHG IRU WKH PLGGOH RI WKH FXUUHQW GHF�

DGH� &UHDWLRQ RI ,66 PDGH WKH SDUWLFLSDQWV RI WKLV

XQLTXH SURMHFW VWDQGDUGLVH SUDFWLFDOO\ DOO WKH LVVXHV

RI LWV FRQVWUXFWLRQ DQG RSHUDWLRQ� ,6:( SHUIRUPDQFH

SUHFHGHG WKH �)ODJPDQ� 3URJUDP� VR WKDW DOO WKH PRVW

XUJHQW GHVLJQ DQG UHVHDUFK SUREOHPV RQ SUHSDUDWLRQ

RI WKH VSDFH ZHOGLQJ H[SHULPHQWV� XVLQJ WKH HOHFWURQ

EHDP WRRO RI WKH QHZ JHQHUDWLRQx �8QLYHUVDO�� ZHUH

RSWLPLVHG XQGHU WKLV SURJUDP E\ WKH VSHFLDOLVWV RI WKH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DQG 1$6$

*� 0DUVKDOO 6SDFH )OLJKW &HQWHU �06)&�� 'XULQJ

SUHSDUDWLRQ RI �)ODJPDQ� H[SHULPHQW WRJHWKHU ZLWK

VSHFLDOLVWV RI WKH 6�3� .RURO\RY 5RFNHW 6SDFH &RUSR�

UDWLRQ �56&� �(QHUJL\D�� &RPSDQ\ �=YH]GD� DQG

<X�$� *DJDULQ &RVPRQDXWsV 7UDLQLQJ &HQWHU� 5XVVLD�

FKHFN WHVWLQJ RI WKH JUHDWHVW �ERWWOH QHFN� DVSHFWV LQ

WHUPV RI H[SHULPHQW VDIHW\ ZDV IXUWKHU FRQGXFWHG DQG

WKH UHTXLUHG F\FOH RI RSHUDWRU WUDLQLQJ XQGHU WKH FRQ�

GLWLRQV� VLPXODWLQJ WKRVH RI VSDFH� ZDV UHWURILWWHG�
7KLV LQWURGXFWLRQ ZDV PDGH E\ XV LQ RUGHU WR H[�

SODLQ ZK\ PRVW RI WKH PDWHULDOV� SUHVHQWHG LQ WKLV

DUWLFOH� ZHUH REWDLQHG GXULQJ SHUIRUPDQFH RI VWXGLHV

LQ RQH RI 86$sV EHVW VSDFH FHQWHUV x 06)&�

3RVVLELOLW\ RI HOHFWURQ EHDP LQMXU\� :KHQ SUR�

FHVVLQJ RSHUDWLRQV DUH SHUIRUPHG ZLWK WKH HOHFWURQ

EHDP LQ VSDFH� RQH RI WKH PDLQ VRXUFHV RI KD]DUG LV
WKH GDPDJLQJ DELOLW\ RI WKH EHDP� 7KH ZRUNLQJ WRRO

XVHV D VKRUW�IRFXV JXQ� LQ ZKLFK WKH VSHFLILF SRZHU

RI WKH EHDP EHFRPHV VPDOOHU E\ D TXDGUDWLF GHSHQG�

HQFH ZLWK WKH LQFUHDVH RI WKH GLVWDQFH WR WKH H[SRVHG

REMHFW� ,Q DGGLWLRQ� DFFLGHQWDO VZLWFKLQJ RQ RI WKH

HOHFWURQ EHDP LV SUDFWLFDOO\ LPSRVVLEOH� DV WKLV UH�

TXLUHV GHOLEHUDWHO\ SHUIRUPLQJ VHYHUDO VXFFHVVLYH RSH�

UDWLRQV ZLWK WKH WRRO� DLPHG LQWR WKH ZRUNLQJ ]RQH�

7KLV LPSURYHV WKH VDIHW\ RI XVLQJ WKH HOHFWURQ EHDP
KDQG WRRO� DOWKRXJK D FHUWDLQ GHJUHH RI ULVN VWLOO UH�
PDLQV� ,Q YLHZ RI WKH DERYH�VDLG� WKH PDLQ REMHFW RI

VWXGLHV KDV DOZD\V EHHQ WKH LPSDFW RI WKH HOHFWURQ

EHDP RQ WKH PDWHULDOV RI WKH VSDFHVXLW DQG SURWHFWLYH
FORWKLQJ RI WKH FRVPRQDXW�ZHOGHU�

7KH 3:, KDV PDQ\ WLPHV FRQGXFWHG VXFK UHVHDUFK�

ZKLFK FRQILUPHG WKH GDPDJLQJ DELOLW\ RI WKH HOHFWURQ

EHDP� +RZHYHU� WKH 86 H[SHUWV UHSHDWHG WKLV UHVHDUFK
LQ SUHSDUDWLRQ IRU ,6:(� 7KH\ GHFLGHG WR FKHFN WKH

DVVXPSWLRQ WKDW HOHFWURQ EHDP KLWWLQJ DQ LQVXODWHG

VHFWLRQ RI WKH PDWHULDO RI DVWURQDXWVs FORWKLQJ ZLOO

OHDG WR DFFXPXODWLRQ RI WKH FKDUJH DQG� DV D UHVXOW�
LQWHUORFNLQJ RI WKH HOHFWURQ EHDP JXQ �(%*��

:KHQ H[SHULPHQWV ZHUH SHUIRUPHG �)LJXUH ��� WKH

HOHFWURQ EHDP ZDV DLPHG IURP WKH GLVWDQFH RI �� PP

DW D IUDJPHQW RI WKH VSDFHVXLW� ZKLFK LV DPXOWL�OD\HUHG

SDFNDJH RI PDWHULDOV� PRXQWHG LQ DPHWDO IUDPH�ZKLFK

LV LQVXODWHG IURP WKH YDFXXP FKDPEHU DQG FRQQHFWHG

WR WKH PHDVXULQJ LQVWUXPHQWV� 1R DSSHDUDQFH RI WKH

EHDP ZDV REVHUYHG� DOWKRXJK DOO RI WKH KDUGZDUH DQG
FDWKRGH ILODPHQW ZHUH VZLWFKHG RQ� DQG QR FKDUJH

ZDV UHJLVWHUHG RQ WKH VDPSOH RI WKH VSDFHVXLW PDWHULDO�

:KHQ WKH WRRO ZDV PRYHG WR WKH PHWDO IUDPH� WKH

EHDP DSSHDUHG� DQG ZKHQ LW ZDV PRYHG EDFN WR WKH
VSDFHVXLW PDWHULDO� WKH EHDP LPPHGLDWHO\ GLVDS�

SHDUHG� $QG DOWKRXJK WKH FKDUJH RI WKH VDPSOH PD�

WHULDO ZDV QRW UHJLVWHUHG� SDUWLDO PHOWLQJ RI WKH PD�

WHULDO LQ WKH IUDPH FRUQHU ZDV IRXQG GXULQJ H[DPLQD�

WLRQ� $ VLPLODU VLWXDWLRQ ZDV DOVR REVHUYHG RQ D QHZ

VDPSOH RI PDWHULDO DIWHU LWV PRUH UHOLDEOH LQVXODWLRQ�

:LWK LQFUHDVH RI WKH GLVWDQFH EHWZHHQ WKH WRRO DQG

VDPSOH XS WR ��� PP DQG LWV H[SRVXUH WR DQ RSHUDWLQJ
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JXQ� SDUWLDO PHOWLQJ RI WKH PDWHULDO XSSHU OD\HU ZDV

IRXQG� ZKLFK ZDV IROORZHG E\ GLVDSSHDUDQFH RI WKH

EHDP� %HDP UH�DSSHDUDQFH ZDV DFFRPSDQLHG E\ D

EXUQ�WKURXJK RI WKH QH[W OD\HU� DQG EHDP VZLWFKLQJ�

RII� L�H� PDWHULDO GHVWUXFWLRQ ZDV D F\FOLF SURFHVV�

HOHFWURQ EHDP DSSHDUHG ZLWK DQ LQWHUYDO RI DERXW �

WR � V IRU ≈ � V� +RZHYHU� QR FKDUJH DFFXPXODWLRQ

ZDV IRXQG LQ WKLV FDVH� HLWKHU� $ VLPLODU SDWWHUQ ZDV

DOVR REVHUYHG ZLWK DQ LQFUHDVH RI WKH GLVWDQFH EHWZHHQ

WKH WRRO DQG WKH VDPSOH XS WR ��� PP�

7KH RFFXUULQJ SURFHVVHV PD\ EH H[SODLQHG DV IRO�

ORZV� $W D VPDOO GLVWDQFH IURP (%* WR WKH VDPSOH

FKDUJH DFFXPXODWLRQ RQ LWV VXUIDFH �HYHQ WKRXJK LW

ZDV QRW UHJLVWHUHG� RFFXUV� ZKLFK OHDGV WR (%* LQ�

WHUORFNLQJ� +HDWLQJ RI WKH VDPSOH PDWHULDO IURP WKH

KRW FDWKRGH LV REVHUYHG DW WKH VDPH WLPH� ZKLFK LV

VXIILFLHQW IRU HYROXWLRQ RI KLJKO\ YRODWLOH HOHPHQWV

IURP LW� 7KH ODWWHU� SHQHWUDWLQJ LQWR WKH JXQ ]RQH�

FDXVH EUHDN�GRZQV WR WULJJHU RII WKH SURWHFWLRQ V\VWHP

�HOHFWURQ EHDP GRHV QRW DSSHDU�� $W ��� PP DQG

JUHDWHU GLVWDQFH WR WKH VDPSOH� D SXOVHG VZLWFKLQJ RQ

RI WKH EHDP LV REVHUYHG� ZKLFK UHVXOWV IURP WKH IDFW�

WKDW EHFDXVH RI WKH ODUJH GLVWDQFH WR WKH VDPSOH� WKH

FKDUJH DFFXPXODWHG RQ LW� KDV HQRXJK WLPH WR IORZ

GRZQ� DQG WKH KLJKO\ YRODWLOH VXEVWDQFHV DUH UHPRYHG

IURP WKH JXQ ]RQH E\ SXPSLQJ GRZQ PHDQV� 7KHUH LV

QR GRXEW WKDW WKH HOHFWURQ EHDP GHVWUR\V RSHUDWRU

FORWKLQJ� 7KLV ZDV FRQILUPHG E\ VXEVHTXHQW H[SHUL�

PHQWV� PDGH ZLWK GLIIHUHQW PDWHULDOV RI WKH RSHUDWRU

SURWHFWLYH FORWKLQJ DQG HOHPHQWV RI WKH FDUJR ED\

LQWHULRU �WHIORQ� QH[WLO� NHYODU� EHWDFORWK� IURP

��� PP GLVWDQFH� LQFOXGLQJ D IUDJPHQW RI VSDFHVXLW

JORYH IURP ��� PP GLVWDQFH� ,Q DOO WKH FDVHV� ZLWK

WKH JXQ VZLWFKLQJ RQ YDFXXP GHWHULRUDWLRQ LQ WKH

FKDPEHU IURP �⋅��w� WR �⋅��w�w�⋅��w� 3DZDV REVHUYHG�
GHSHQGLQJ RQ VDPSOH PDWHULDO�

7KXV� WKH UHVXOWV RI WKH SHUIRUPHG H[SHULPHQWV

FRQILUPHG WKDW SURWHFWLRQ IURP WKH SRVVLEOH DFFLGHQWDO

GDPDJH RI WKH RSHUDWRU FORWKLQJ� ZKHQ ZRUNLQJ ZLWK

WKH HOHFWURQ EHDP KDQG WRRO LV WKH PRVW LPSRUWDQW

IDFWRU RI LWV VDIHW\� 3HUIRUPDQFH RI DQ H[SHULPHQW RQ

ZHOGLQJ LQ VSDFH DOVR UHTXLUHV WKRURXJK RUJDQLVLQJ RI

WKH RSHUDWRU ZRUN SODFH� 7KLV ZDV JLYHQ VSHFLDO DW�

WHQWLRQ GXULQJ ,6:( SUHSDUDWLRQ �)LJXUH ���

$ORQJVLGH ZLWK WKH RSHUDWRU PRELOH ZRUN VWDWLRQ�

PRXQWLQJ RI VDPSOHV RQ D URWDWLQJ VDPSOH KROGHU DQG

RI ZRUNLQJ HOHFWURQ EHDP WRROV LQ VSHFLDO VHDWV� D

PHFKDQLFDO GHYLFH ZDV DOVR XVHG� ,W ZDV GHYHORSHG

DQG PDQXIDFWXUHG WR ILW LQWR WKH ZRUNLQJ SODWIRUP RI

WKH 6KXWWOH 2UELWHU� DQG OLPLWHG WKH SRVVLEOH PRWLRQ

RI WKH RSHUDWRUsV DUP ZLWK WKH ZRUNLQJ WRRO EH\RQG

WKH ]RQH RI ZHOGLQJ RSHUDWLRQV SHUIRUPDQFH �)L�

JXUH ���

7KH 3:, VSHFLDOLVWV FDUU\ RQ GHYHORSPHQW RI GH�

YLFHV WR LPSURYH WKH VDIHW\ RI XVLQJ WKH HOHFWURQ EHDP

KDQG WRROV >�w�@� $ PHWKRG WR PRQLWRU WKH WRRO SR�

VLWLRQ LQ VSDFH ZLWK FRQWDFWOHVV RULHQWDWLRQ VHQVRUV�

XVHG LQ FRPSXWHU V\VWHPV� KDV EHHQ WHVWHG� 7KLV

PHWKRG DOORZV DVVLJQLQJ DQ\ UHFWDQJXODU UHJLRQ

ZLWKLQ DQ DUHD RI ��×�� FP DQG WUDFLQJ WKH WRRO SR�

VLWLRQ� :KHQ LW OHIW WKLV ]RQH� LWV IXQFWLRQLQJ DXWR�

PDWLFDOO\ VWRSSHG� $ FRPSXWHU ZLWK VSHFLDO VRIWZDUH

LV WKH EDVH RI WKH V\VWHP� ZKLFK LV XVHG WR �FRUUHODWH�

WKH FXUUHQW SRVLWLRQ RI WKH WRRO ZLWK DQ DVVLJQHG FRQ�

ILJXUDWLRQ RI WKH ZRUNLQJ ]RQH� DV ZHOO DV WR GHWHUPLQH

WKH SUHVHQFH RI D VLWXDWLRQ RI �OHDYLQJ WKH ZRUNLQJ

)LJXUH �� (TXLSPHQW OD\ RXW GXULQJ SHUIRUPDQFH RI H[SHULPHQWV
RQ HOHFWURQ EHDP LPSDFW RQ VSDFHVXLW PDWHULDOV

)LJXUH �� :RUN SODFH RI FRVPRQDXW�ZHOGHU �VSHFLDO SURWHFWLYH
FORWKLQJ LV ZRUQ RYHU WKH VSDFHVXLW�

)LJXUH �� $ GHYLFH� OLPLWLQJ WKH SRVVLEOH PRYHPHQW RI WKH RSHUDWRU
DUP ZLWK WKH WRRO EH\RQG WKH ZRUNLQJ ]RQH
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]RQH�� 7KH GHVFULEHGPRFN�XS RI WKH V\VWHPZDV WHVWHG

LQ D YDFXXP FKDPEHU DV SDUW RI �8QLYHUVDO� XQLW ZLWK

SRVLWLYH UHVXOWV� 7KH DGYDQWDJHV RI WKH DERYH V\VWHP

DUH TXLFN UHVSRQVH� HDV\ PDVWHULQJ E\ WKH RSHUDWRU RI

WKH WHFKQLTXHV RI DVVLJQLQJ WKH ZRUNLQJ ]RQH DQG

PRQLWRULQJ IXOILOPHQW RI WKH PDLQ UHTXLUHPHQWV�

QDPHO\ WRRO VZLWFKLQJ RII� ZKHQ OHDYLQJ WKH ZRUNLQJ

]RQH�

,W VKRXOG EH QRWHG WKDW� LQ DGGLWLRQ WR WKH JHQHUDO

JRDOV RI ULVN PLWLJDWLRQ� ZKHQ XVLQJ WKH HOHFWURQ EHDP

KDQG WRRO� WKH SUREOHP RI LPSURYHPHQW RI WKH VDIHW\

OHYHO VKRXOG EH VROYHG IRU WKH VSHFLILF FRQGLWLRQV RI

ZRUN SHUIRUPDQFH�

7KHRUHWLFDOO\ LW LV SRVVLEOH WR FUHDWH GHYLFHV� ZKLFK

ZLOO FRPSOHWHO\ HOLPLQDWH WKH SRVVLELOLW\ RI HOHFWURQ

EHDP DFFLGHQWDOO\ KLWWLQJ WKH RSHUDWRU RU VXUURXQGLQJ

REMHFWV� +RZHYHU� DV QRWHG DERYH� ZRUNLQJ ZLWK WKH

KDQG WRRO XQGHU WKH RSHQ VSDFH FRQGLWLRQV UHTXLUHV

WKH RSHUDWRU WR KDYH FHUWDLQ VNLOOV� 7KHUHIRUH� GHYH�

ORSPHQW RI VDIHW\ V\VWHPV LV QRW D JRDO LQ LWVHOI� ,W

VKRXOG EH DQ LQWHJUDO FRPSRQHQW RI WKH SDFNDJH RI

GHVLJQ DQG ORJLVWLF PHDVXUHV� IDFLOLWDWLQJ SHUIRUPDQFH

RI FRPSOH[ SURFHVVLQJ RSHUDWLRQV IRU WKH RSHUDWRU�

0HDVXUHPHQW RI UDGLRDFWLYH UDGLDWLRQ LQ RSHUD�
WLRQ RI �8QLYHUVDO� KDUGZDUH� 'XULQJ GHYHORSPHQW
DQG WHVWLQJ RI �8QLYHUVDO� KDUGZDUH ;�UD\ UDGLDWLRQ

ILHOG DQG H[SRVXUH GRVH LQ LWV RSHUDWLRQ ZHUH GHWHU�

PLQHG� FRQVLGHULQJ WKH KLJKHU �XS WR8  � N9�8
R��F

 

 �� N9� DFFHOHUDWLQJ YROWDJH� FRPSDUHG WR 9+7�

7KHVH WHVWV ZHUH FRQGXFWHG LQ ���� WRJHWKHU ZLWK

UHSUHVHQWDWLYHV RI WKH ,QVWLWXWH RI 1XFOHDU 3K\VLFV RI

WKH 1$6 RI 8NUDLQH� XVLQJ ;�UD\ VSHFWURPHWHU� EDVHG

RQ 6/3������ VHQVRU� ORFDWHG LQ WKH YDFXXP FKDPEHU�

DQG 2UWHF DQDO\VHU RI ���� W\SH� 3UHVVXUH LQ WKH YDF�

XXP FKDPEHU ZDVPDLQWDLQHG DW WKH OHYHO RI �⋅��w� 3D�
DQG D VWDLQOHVV VWHHO SODWH �� PP WKLFN ZDV XVHG DV

WDUJHW �)LJXUH ���

(%* RI WKH KDQG WRRO RI �8QLYHUVDO� KDUGZDUH

ZDV UHSHDWHGO\ VZLWFKHG RQ IRU D VKRUW WLPH �� PLQ

RSHUDWLRQ� � PLQ SDXVH�� 7KH HOHFWURQ EHDP KDG WKH

IROORZLQJ SDUDPHWHUV� 8  � N9 DQG ,  �� P$� ,Q

RUGHU WR UHFRUG ��� SXOVHV �E\ WKH FRQGLWLRQV RI WDNLQJ

PHDVXUHPHQWV ZLWK WKLV LQVWUXPHQWDWLRQ� (%* ZDV

UHTXLUHG WR RSHUDWH IRU ����� V� $V D UHVXOW RI SUR�

FHVVLQJ WKH REWDLQHG GDWD� WKH WRWDO UDGLDWLRQ ILHOG

ZDV �⋅��w� *\�K�
%\ WKH GDWD RI >�@� IRU JDPPD DQG ;�UD\ UDGLDWLRQ

DW 4�IDFWRU HTXDO WR D XQLW\� WKH H[SRVXUH GRVH VKRXOG

QRW H[FHHG �⋅��w� -��NJ⋅K� IRU WKLV FLUFXLW DQG ZRUN�
LQJ PDWHULDOV� 7KH PHDVXUHPHQWV WDNHQ OHG WR WKH FRQ�

FOXVLRQ WKDW GXULQJ SHUIRUPDQFH RI SURFHVVLQJ RSHUD�

WLRQV ZLWK �8QLYHUVDO� KDUGZDUH� WKH RSHUDWRU FDQ

ZRUN IRU � WR �� K ZLWKRXW DQ\ VSHFLDO SURWHFWLRQ

PHDQV�

$V SDUW RI ,6:( WKH 86 H[SHUWV DOVR PHDVXUHG

WKH ILHOG RI UDGLDWLRQ IURPZHOG SRRO LQVLGH DQG RXWVLGH

WKH YDFXXP FKDPEHU GXULQJ SHUIRUPDQFH RI ZHOGLQJ

RSHUDWLRQV� XVLQJ �8QLYHUVDO� KDUGZDUH� 7KLV ZDV

GRQH� ILUVW RI DOO� WR FKHFN WKH GHJUHH RI SURWHFWLRQ RI

JURXQG VHUYLFH SHUVRQQHO E\ WKH YDFXXP FKDPEHU

ZDOOV DQG PDWHULDO RI LWV YLHZLQJ ZLQGRZV� VHFRQGO\

WR GHWHUPLQH WKH UDGLDWLRQ GRVH� WR ZKLFK DQ RSHUDWRU

LQ D VSDFHVXLW PD\ EH H[SRVHG GXULQJ SHUIRUPDQFH RI

ZHOGLQJ RSHUDWLRQV LQ VSDFH� :HOG SRRO UDGLDWLRQ ZDV

PHDVXUHG E\ WKHUPROXPLQHVFHQW VHQVRUV �7/6�� XVHG

IRU SHUVRQDOPRQLWRULQJ RI H[SHUWV� H[SRVHG WR LRQLVLQJ

UDGLDWLRQ� 6HQVRU ORFDWLRQ RQ WKH RXWHU VXUIDFH RI YD�

FXXP FKDPEHU GXULQJ SHUIRUPDQFH RI RQH RI UDGLDWLRQ

WHVWV LV VKRZQ LQ )LJXUH �� D� ,QVLGH WKH FKDPEHU WKH

VHQVRUV �)LJXUH �� E� ZHUH PRXQWHG DW WKH VDPH GLV�

WDQFH IURP WKH ZHOG SRRO ����PP�� DQG WR LPPRELOL]H

WKH ZHOG SRRO� QRW WKH WRRO� EXW WKH VDPSOH EHLQJ

SURFHVVHG� ZDV PRYHG�

3DUW RI WKH VHQVRUV ZDV FRYHUHG E\ VDPSOHV RI

PDWHULDOV RI WKH VSDFHVXLW� SUHVVXUH KHOPHW JODVV DQG

SURWHFWLYH ZHOGLQJ FORWKLQJ� ZKLFK DOORZHG HYDOX�

DWLRQ RI WKH DFWXDO LPSDFW RI ZHOG SRRO UDGLDWLRQ RQ

WKH RSHUDWRU LQ WKH VSDFHVXLW� DQG RQH VHQVRU ZDV

PRXQWHG XQGHU WKH JXDUG RQ WKH WRRO KDQGOH� :KHQ

ZHOGLQJ RSHUDWLRQV ZHUH SHUIRUPHG� WKH EHDP FXUUHQW

ZDV YDULHG LQ WKH UDQJH RI �� WR �� P$�

$OO WRJHWKHU �� VDPSOHV RI VWDLQOHVV VWHHO ���66�

DOXPLQLXP DOOR\ ����$O DQG WLWDQLXP DOOR\ 7Lw�$Ow

)LJXUH �� 6FKHPDWLF RI PHDVXUHPHQW RI UDGLRDFWLYH UDGLDWLRQ LQ
RSHUDWLRQ RI �8QLYHUVDO� KDUGZDUH� XVLQJ 6/3������ VHQVRU� � x
�8QLYHUVDO� KDQG WRRO� � x WDUJHW� � x VHQVRU

)LJXUH �� $UUDQJHPHQW RI 7/6 RQ WKH RXWHU VXUIDFH �D� DQG LQVLGH
�E� YDFXXPFKDPEHU GXULQJ SHUIRUPDQFH RI UDGLDWLRQ WHVWV DW06)&
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�9 ZHUH SURFHVVHG� 7RWDO WLPH RI WKH WRRO RSHUDWLRQ

ZDV �� PLQ �� V� :KHQ WKH VHFRQG UDGLDWLRQ WHVW ZDV

SHUIRUPHG� WKLV WLPH ZDV VKRUWHQHG WR �� PLQ� DV VXFK

WLPHZDV GHWHUPLQHG DV GXUDWLRQ RIZHOGLQJ RSHUDWLRQV

E\ WKH ODVW VFHQDULR RI H[SHULPHQW SHUIRUPDQFH LQ

VSDFH� ,Q WKLV FDVH WKH WDUJHW ZDV DOOR\ ����$O� DQG

WKH VHQVRUV ZHUH FRYHUHG RQO\ E\ VDPSOHV RI VSDFHVXLW

PDWHULDO�

$QDO\VLV RI VHQVRU UHDGLQJV DIWHU WHVWLQJ ZDV FRQ�

GXFWHG LQ WKH 86 $UP\ &HQWHU RI ,RQL]LQJ 5DGLDWLRQ

0RQLWRULQJ ZLWK WKH SDUWLFLSDWLRQ RI VSHFLDOLVWV IURP

WKH 86 1DWLRQDO ,QVWLWXWH RI 6WDQGDUGV DQG 7HFKQROR�

JLHV �1,67�� /RZ�HQHUJ\ ;�UD\ UDGLDWLRQ� JHQHUDWHG

E\ �8QLYHUVDO� KDUGZDUH� GLG QRW IDOO XQGHU WKH H[�

LVWLQJ DOJRULWKP RI FRQYHUVLRQ RI WKH UDGLDWLRQ GRVH

HTXLYDOHQW� 7KHUHIRUH� DGGLWLRQDO LQIRUPDWLRQ ZDV UH�

TXLUHG� FRQFHUQLQJ 7/6 IXQFWLRQLQJ LQ WKH SKRWRQ

HQHUJ\ UHJLRQ� 'DWD� JHQHUDWHG E\ 1,67� HQDEOHG

PD[LPXP DFFXUDWH GHWHUPLQDWLRQ RI WKH GRVHV� SLFNHG�

XS E\ WKH VHQVRUV�

6HQVRUV� PRXQWHG RQ WKH RXWHU VXUIDFH RI YDFXXP

FKDPEHU DQG LWV YLHZLQJ ZLQGRZV� UHPDLQHG �FOHDQ�

DQG WKRVH� PRXQWHG LQVLGH WKH FKDPEHU DQG FRP�

SOHWHO\ XQSURWHFWHG� ZHQW RII VFDOH� DV WKH LUUDGLDWLRQ

GRVHV ZHUH VR KLJK� WKDW WKH DQDO\]LQJ V\VWHPV FRXOG

QRW GHWHUPLQH WKHP� 'DWD� REWDLQHG� XVLQJ WKH VHQVRUV

ZLWK GLIIHUHQW GHJUHHV RI SURWHFWLRQ �DOO WKH GDWD DUH

UHGXFHG WR ���PLQXWH GXUDWLRQ RI ZHOGLQJ RSHUDWLRQV

SHUIRUPDQFH�� LV JLYHQ LQ 7DEOH ��

$V LV VHHQ IURP WKH 7DEOH� DSSOLFDWLRQ RI SURWHFWLYH

ZHOGHU RXWILW �HDVLO\ UHPRYDEOH WHIORQ FORWKLQJ� UH�

GXFHV WKH OHYHO RI RSHUDWRU H[SRVXUH ��� WLPHV� 7KXV�

LQFUHDVH RI WKH QXPEHU RI FORWKLQJ PDWHULDO OD\HUV

SURYLGHV WKH UHTXLUHG GHJUHH RI RSHUDWRU SURWHFWLRQ�

+RZHYHU� WKH UHSRUW >�@� VXEPLWWHG E\ 86 H[SHUWV�

GRHV QRW JLYH WKH H[SRVXUH GRVHV� DGPLVVLEOH E\ 86

QRUPV� QRU GRHV LW KDYH LQIRUPDWLRQ RQ PHDVXUHPHQW

UHVXOWV� ZKLFK ZRXOG LQGLFDWH H[FHHGLQJ VXFK QRUPV�

6DIHW\ &RPPLVVLRQ� LQYROYHG LQ ,6:( SUHSDUDWLRQ�

DQG FRQVLGHULQJ DOO WKH DVSHFWV RI VDIHW\� QHYHU UDLVHG

WKH LVVXH RI UDGLDWLRQ SURWHFWLRQ RI WKH RSHUDWRU� 7KH

DXWKRUV MXVW FRQILQHG WKHPVHOYHV WR VWDWLQJ WKH RE�

WDLQHG UHVXOWV DQG OHW WKH H[SHUWV LQ WKLV ILHOG GUDZ

WKHLU RZQ FRQFOXVLRQV� ,W VKRXOG EH QRWHG WKDW PHD�

VXUHPHQW RI WKH LQWHQVLW\ RI UDGLRDFWLYH UDGLDWLRQ IURP

ORZ�HQHUJ\ VRXUFHV LV QRW D VLPSOH WDVN� HLWKHU LQ RXU

FRXQWU\� RU LQ WKH 86$� ZKLFK LV LQGLFDWHG E\ WKH

UHVXOWV RI WKH FRQGXFWHG WHVWV� 7KHUHIRUH� LQ SUHSDUD�

WLRQ RI WKH ZHOGLQJ H[SHULPHQW RQ ERDUG RUELWDO VWD�

WLRQ �26� �0LU� E\ �)ODJPDQ� 3URJUDP� WKH DXWKRUV

XVHG WKH QRUPV� JLYHQ LQ >�@ DV JXLGHOLQHV�

0HDVXUHPHQW RI WKH LQWHQVLW\ RI OLJKW DQG LQIUD�
UHG UDGLDWLRQ RI WKH ZHOG SRRO� 7KHVH WHVWV ZHUH FRQ�
GXFWHG LQ 6HSWHPEHU� ���� DW 06)&� 7KHLU SXUSRVH

ZDV WR SURYLGH D UHSO\ WR WKH TXHVWLRQ RI WKH 6DIHW\

&RPPLVVLRQ RQ WKH DGYHUVH LPSDFW RQ RSHUDWRU VLJKW

RI WKH YLVLEOH DQG LQIUDUHG UDGLDWLRQ RI WKH PROWHQ

PHWDO SRRO GXULQJ SHUIRUPDQFH RI ZHOGLQJ RSHUDWLRQV

LQ VSDFH� 7HVWLQJ KDG WKH IROORZLQJ REMHFWLYHV� PHD�

VXUHPHQW RI WKH LQWHQVLW\ RI UDGLDWLRQ IURP WKH ZHOG

SRRO GXULQJ ZHOGLQJ RI DOO WKH FDQGLGDWH PDWHULDOV�

XVLQJ �8QLYHUVDO� KDUGZDUH LQ WKH UDQJH RI ZDYH

OHQJWKV RI λ  ���w���� QP ZLWK VXEVHTXHQW LQWHU�

SRODWLRQ RI WKH REWDLQHG UHVXOWV XS WR λ  ���� QP

�XVLQJ WKH WKHRU\ RI EODFN ERG\ UDGLDWLRQ�� GHWHUPL�

QDWLRQ RI VXIILFLHQF\ RI WKH SURWHFWLYH OLJKW ILOWHU RI

WKH DVWURQDXW�ZHOGHU SUHVVXUH KHOPHW� DV D UHOLDEOH

H\H SURWHFWLRQ� LGHQWLI\LQJ PDWHULDOV� ZKLFK UHTXLUHG

H\H SURWHFWLRQ�

0HDVXUHPHQWV ZHUH WDNHQ GXULQJ SDUWLDO PHOWLQJ

RI ����$O DOOR\ � PP WKLFN� ����$O DOOR\ � PP WKLFN�

���66 ��� PP WKLFN� 7Lw�$Ow�9 DOOR\ ��� PP WKLFN

E\ HOHFWURQ EHDP KDQG WRRO RI �8QLYHUVDO� KDUGZDUH�

6SHFWUDO UDGLRPHWHU 2SWURQLFV ���$ ZDV XVHG�

ZKLFK PHDVXUHV WKH LQWHQVLW\ RI UDGLDWLRQ DV WKH IXQF�

WLRQ RI ZDYH OHQJWK DQG PDWHULDO EHLQJ ZHOGHG� :HOG

SRRO WHPSHUDWXUH ZDV GHWHUPLQHG� XVLQJ D S\URPHWHU

ZLWK ODVHU VLJKW� 0HDVXUHPHQWV ZHUH FRQGXFWHG

WKURXJK YLHZLQJ ZLQGRZV RI WKH YDFXXP FKDPEHU�

DQG WR DOORZ IRU WKH HUURU� LQWURGXFHG E\ WKH ZLQGRZ

JODVVHV� WKHLU OLJKW WUDQVPLVVLRQ ZDV GHWHUPLQHG EH�

IRUH DQG DIWHU ZHOGLQJ HDFK PDWHULDO� 'LVWDQFH IURP

UDGLRPHWHU OHQV WR WKH ZHOG SRRO ZDV ���� FP�

0D[LPXP SHUPLVVLEOH GRVHV RI OLJKW UDGLDWLRQ WR

SUHYHQW H\H LQMXU\ EHFDXVH RI H[FHVV LPSDFW RI RSWLFDO

UDGLDWLRQ� ZHUH HVWDEOLVKHG LQ WKH FRQIHUHQFH RI 6WDWH

,QGXVWULDO +\JLHQLVWV RI 86 $UP\�

7KH PD[LPXP DGPLVVLEOH WLPH RI LPSDFW RQ WKH

RSHUDWRUsV H\HV ZDV GHWHUPLQHG� DOORZLQJ IRU WKH IRO�

ORZLQJ IDFWRUV� XOWUDYLROHW UDGLDWLRQ� FDXVLQJ SKRWRNH�

UDWLWLV� UDGLDWLRQ� FORVH WR XOWUDYLROHW UDGLDWLRQ �λ  

 ���w��� QP�� SURPRWLQJ GHYHORSPHQW RI WKH FDWD�

UDFW� UHVXOWLQJ IURP WKHUPDO EXUQ� SKRWRFKHPLFDO LQ�

MXU\ RI WKH UHWLQD ��EOXH OLJKW� LQMXU\�� FDXVLQJ SKR�

WRUHWLQLWH� WKHUPDO LQMXU\ RI WKH UHWLQD� LQIUDUHG UD�

GLDWLRQ �λ  ���w���� QP�� FDXVLQJ WKHUPDO LQMXU\

RI WKH FRPHD�

&DOFXODWHG YDOXHV RI WKH UDGLDWLRQ GRVH DQG FRUUH�

VSRQGLQJ PD[LPXP WLPH RI WKH LPSDFW RQ WKH H\H�

ZLWK WKH DVWURQDXW XVLQJ WKH VWDQGDUG VSDFHVXLW VXQ

ILOWHU DQG ZLWKRXW LW� DUH JLYHQ LQ 7DEOH �� $V LV VHHQ

IURP WKH 7DEOH� LQ WKH FDVH RI DSSOLFDWLRQ RI WKH VXQ

ILOWHU DQG DW XS WR �� FP DQG JUHDWHU GLVWDQFH IURP

WKH ZHOGLQJ ]RQH� WKH OHYHO RI ZHOG SRRO UDGLDWLRQ

LPSDFW RQ WKH H\HV IRU � K �DQWLFLSDWHG GXUDWLRQ RI

WKH VSDFH H[SHULPHQW� LV EHORZ WKH PD[LPXP SHUPLV�

VLEOH YDOXHV DQG� WKHUHIRUH� WKH UDGLDWLRQ GRHV QRW

KDUP WKH DVWURQDXWVs H\HV�

7DEOH �� 5HDGLQJV RI 7/6� PRXQWHG LQVLGH WKH YDFXXP FKDPEHU

3URWHFWLYH PHDQV �PDWHULDO�
([SRVXUH

GRVH × ��
w�

� *\

*XDUG RQ WRRO KDQGOH �VWDLQOHVV VWHHO

����� FP WKLFN�

�����

6SDFHVXLW ZLWK SURWHFWLYH ZHOGLQJ FORWKLQJ

�RQH OD\HU RI WHIORQ�

�����

6SDFHVXLW ZLWKRXW SURWHFWLYH ZHOGLQJ FORWKLQJ �����

3UHVVXUH KHOPHW JODVV� SURWHFWLYH DQG ZHOG�

LQJ YLVRU �OH[DQ ��� FP WKLFN�

�����
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:LWKRXW WKH VXQ ILOWHU LQ VSDFH WKH PD[LPXP WLPH

RI H[SRVXUH� ZKLFK FDXVHV SKRWRFKHPLFDO �EOXH OLJKW�

LQMXU\ LV ���� K� /HYHO RI UDGLDWLRQ� ZKLFK OHDGV WR

WKHUPDO LQMXU\ RI WKH FRPHD DQG SRVVLEOH GHYHORSPHQW

RI FDWDUDFW� DOVR UHDFKHV DOPRVW KDOI RI WKH DGPLVVLEOH

OLPLWV� /LJKW LQWHQVLW\ PD\ PDNH REVHUYDWLRQ RI WKH

ZHOGLQJ SURFHVV GLIILFXOW� 7KHUHIRUH� 86 H[SHUWV

+RQJO\ :X DQG $UQROG 2UVDN LQ WKH 1$6$ 5HSRUW

RQ $QDO\VLV RI $GYHUVH ,PSDFW RQ WKH (\HV RI:HOGLQJ

LQ 6SDFH �6HSWHPEHU ��� ����� UHFRPPHQG XVLQJ WKH

VXQ ILOWHU LQ ZHOGLQJ VWDLQOHVV VWHHO DQG WLWDQLXP�

+LJK YROWDJH� SRVVLELOLW\ RI LQLWLDWLRQ RI FRURQD
DQG HOHFWURVWDWLF GLVFKDUJHV� +LJK YROWDJH �XS WR

�� N9�� XVHG LQ (%* RSHUDWLRQ� SUHVHQWV D SRWHQWLDO

KD]DUG� 7KLV IDFWRU FDQQRW EH HOLPLQDWHG� DV WKH KLJK

DFFHOHUDWLQJ YROWDJH LV D PDQGDWRU\ FRQGLWLRQ RI RSH�

UDWLRQ RI WKH HOHFWURQ EHDP GHYLFH� 7KHUHIRUH� ZH FDQ

RQO\ VSHDN RI WKH VDIH GHVLJQ RI WKH ZRUNLQJ WRRO�

(OHFWURQ EHDP IRUPV EHWZHHQ WKH FDWKRGH DVVHP�

EO\ DQG WKH DQRGH� ZKLFK LV WKH (%* RXWHU FDVH�

,Q 9+7 DQG �8QLYHUVDO� V\VWHPV WKH KLJK�YROWDJH

WUDQVIRUPHU� LWV UHFWLILHU DQG ILODPHQW WUDQVIRUPHU RI

WKH FDWKRGH DVVHPEO\ DUH FRPELQHG LQ D PRQREORFN

ZLWK LQVXODWLRQ RI HSR[\ FRPSRXQG >�@ DQG DUH ORFDWHG

GLUHFWO\ RQ WKH ZRUNLQJ WRRO� /RZ �XS WR ��� 9�

YDULDEOH YROWDJH DW WKH LQSXW RI WKH DQRGH DQG ILODPHQW

WUDQVIRUPHUV DOORZV HOLPLQDWLQJ WKH KLJK�YROWDJH FDEOH�

ZKLFK VLJQLILFDQWO\ LPSURYHV WKH VDIHW\ DQG UHOLDELOLW\

RI WKH KDQG WRRO RSHUDWLRQ� +LJK�YROWDJH EORFN LV HQ�

FORVHG LQ DPHWDO FDVH� ZKLFK� WRJHWKHU ZLWK WKH DQRGH�

JXQ RXWHU FDVH DQG LWHP EHLQJ SURFHVVHG� LV DW WKH

VDPH HOHFWULF SRWHQWLDO� 7KXV� WKH KLJK QHJDWLYH HOHF�

WULF SRWHQWLDO LV ORFDOL]HG DQG GRHV QRW SUHVHQW D KD]DUG

IRU WKH RSHUDWRU� 5HOLDEOH FRQWURO RI WKH VWUHQJWK RI

KLJK�YROWDJH LQVXODWLRQ DW WKH VWDJH RI XQLW PDQXIDF�

WXULQJ� DV ZHOO DV WHVWLQJ DW H[WUHPH YDOXHV RI HOHFWULF

YROWDJH� DPELHQW WHPSHUDWXUH DQG SUHVVXUH SUDFWLFDOO\

HOLPLQDWHV WKH SRVVLELOLW\ RI HOHFWULF EUHDNGRZQV LQ

WKH KLJK�YROWDJH EORFN� $V DOO LWV RXWHU SDUWV DUH DW

WKH VDPH HOHFWULF SRWHQWLDO� HYHQ LQ FDVH RI DQ HPHU�

JHQF\� QR VKRFN WR WKH RSHUDWRU ZLOO RFFXU� MXVW PDO�

IXQFWLRQ RI WKH KDQG WRRO LV SUREDEOH�

6SHFLDO DWWHQWLRQ VKRXOG EH JLYHQ WR UHOLDEOH HOHF�

WULFDO FRQQHFWLRQ RI WKH FDVHV RI DOO WKH SDUWV RI WKH

KDUGZDUH V\VWHP� LWHP EHLQJ SURFHVVHG DQG FRQQHFW�

LQJ FDEOH VFUHHQV� 5HVLVWDQFH EHWZHHQ WKHVH HOHPHQWV

�SDUWLFXODUO\� DQRGHwLWHP� VKRXOG QRW H[FHHG

��� 2KP� 7KLV ZLOO SHUPLW HOLPLQDWLQJ DFFXPXODWLRQ

RI WKH HOHFWURVWDWLF FKDUJH RQ WKH LWHP EHLQJ SURFHVVHG�

$V UHJDUGV WKH SRVVLEOH LQLWLDWLRQ RI FRURQD GLV�

FKDUJHV� LWHP ����� RI WKH MRLQW 1$6$�56& 'RFX�

PHQW 663 ����� �HGLWLRQ $� 0DUFK� ����� VWDWHV WKH

IROORZLQJ� �(OHFWULF DQG HOHFWURQLF VXEV\VWHPV� V\V�

WHPV DQG HTXLSPHQW� ZKLFK JHQHUDWH RU XVH LQ VWHDG\�

VWDWH RU WUDQVLHQW SURFHVVHV DQ\ HOHFWULF YROWDJHV� HTXDO

WR RU JUHDWHU WKDQ ��� 9� LQFOXGLQJ WKH LQSXW DQG

RXWSXW LQWHUPHGLDWH LQQHU YROWDJHV� VKRXOG EH GH�

VLJQHG VR DV WR SUHYHQW WKH DSSHDUDQFH RI WKH EUHDNLQJ

RU GDPDJLQJ FRURQD LQ DQ\ HQYLURQPHQW DW WKH ,66��

,Q WKH FRQVLGHUHG KDUGZDUH V\VWHP WKLV LV RQO\

SRVVLEOH LQVLGH WKH (%* EHWZHHQ WKH FDWKRGH DQG

DQRGH DW D FRQVLGHUDEOH GHWHULRUDWLRQ RI YDFXXP �EH�

ORZ �⋅��w� 3D� LQ WKH ZRUNLQJ WRRO ]RQH� 7KLV FDXVHV
RSHUDWLRQ RI WKH KDUGZDUH SURWHFWLRQ V\VWHP DQG EHDP

VZLWFKLQJ RII� :RUNLQJ SUHVVXUH RI WKH HQYLURQPHQW

VKRXOG EH QRW OHVV WKDQ �⋅��w� 3D IRU QRUPDO RSHUDWLRQ
RI WKH KDQG WRRO� ,QLWLDWLRQ RI DQ HOHFWULF GLVFKDUJH

EHWZHHQ WKH KDUGZDUH FRPSRQHQWV� DV ZHOO DV EHWZHHQ

WKH KDUGZDUH DQG SDUWV RI WKH VSDFH YHKLFOH LV LPSRV�

VLEOH� DV DOO WKHVH HOHPHQWV DUH DW RQH HOHFWULF SRWHQWLDO�

QDPHO\ WKDW RI WKH FDVH�

1RQHWKHOHVV� GXULQJ ,6:(SUHSDUDWLRQ WHVWLQJ ZDV

FRQGXFWHG WR FKHFN WKH SRVVLELOLW\ RI LQLWLDWLRQ RI

FRURQD DQG DUF GLVFKDUJHV GXULQJ SHUIRUPDQFH RI ZHOG�

LQJ LQ RSHQ VSDFH� $FFRUGLQJ WR WKH GDWD� GHULYHG

GXULQJ ��WK PLVVLRQ RI 6KXWWOH 2UELWHU� WKH DQWLFL�

SDWHG SUHVVXUH LQ WKH VSDFHVXLW ]RQH LV LQ WKH UDQJH RI

�⋅��w� ZLWK LQGLYLGXDO SHDNV RI XS WR �⋅��w� 3D� &RQ�
GXFWHG FDOFXODWLRQV VKRZHG WKDW VSDFHVXLW OHDNDJH

PD\ UHDFK �⋅��w� 3D ZLWK LQGLYLGXDO SHDNV RI XS WR

�⋅��w� 3D� 7KHUHIRUH� LW ZDV GHFLGHG LQ WKH YDFXXP

FKDPEHU DW WKH SUHVVXUH RI �⋅��w� 3D WR REWDLQ SODVPD
DW WKH SUHVVXUH RI SODVPD JDV �DUJRQ� RI �⋅��w�� ��⋅��w�
DQG �⋅��w� 3D� XVLQJ D ORZ�SUHVVXUH SODVPD JHQHUDWRU
DQG QHHGOH OHDN YDOYH� DQG LQ WKH FDVH RI LQLWLDWLRQ RI

FRURQD RU DUF GLVFKDUJHV WR UHFRUG WKHP� XVLQJ YLGHR

UHFRUGLQJ GHYLFHV� 'HVSLWH WKH IDFW� WKDW GXULQJ WHVW�

LQJ DUJRQ SUHVVXUH ZDV PXFK KLJKHU DQG ZDV LQ WKH

UDQJH RI ��w��⋅��w� 3D �DV DW ORZHU SUHVVXUHV WKH SURF�
HVV RI SODVPD IRUPDWLRQ LV XQVWDEOH RU LV LQWHUUXSWHG

7DEOH �� ([SRVXUH GRVHV DQG PD[LPXP WLPH RI H\H LPSDFW

&RQVHTXHQFHV RI KDUPIXO LPSDFW λ� QP

0D[LPXP

SHUPLVVLEOH

GRVHV�

P:�FP
�

:LWK SURWHFWLRQ :LWKRXW SURWHFWLRQ

&DOFXODWHG

UDGLDWLRQ GRVHV�

P:�FP
�

0D[LPXP

SHUPLVVLEOH

WLPH RI LPSDFW�

K

&DOFXODWHG

UDGLDWLRQ GRVHV�

P:�FP
�

0D[LPXP

SHUPLVVLEOH

WLPH RI LPSDFW�

K

3KRWRNHUDWLWLV ���w��� � ���⋅��w� ! � ���⋅��w� ! �

'HYHORSPHQW RI FDWDUDFW DV D UHVXOW RI

WKHUPDO LPSDFW RI XOWUDYLROHW UDGLDWLRQ

���w��� � ���⋅��w� ! � ���⋅��w� ! �

3KRWRUHWLQLWH� FDXVHG E\ �EOXH OLJKW� ���w��� �� ���⋅��w� ��� ���⋅��w� ����

7KHUPDO LQMXU\ RI WKH UHWLQD ���w���� � ���⋅��w� ! � ����⋅��w� ! �

7KHUPDO LQMXU\ RI WKH FRPHD ZLWK SRV�

VLEOH GHYHORSPHQW RI WKH FDWDUDFW

���w���� �� ���� ! � ��� ! �
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FRPSOHWHO\�� QR FRURQD RU DUF GLVFKDUJHV ZHUH UH�

FRUGHG GXULQJ SHUIRUPDQFH RI ZHOGLQJ� 7KHUHIRUH� WKH

KDUGZDUH ZDV VWDWHG WR EH VDIH�

(YDOXDWLRQ RI WKH LPSDFW RI SRVVLEOH VSDWWHU RI
PROWHQ PHWDO DQG RWKHU SURGXFWV� DFFRPSDQ\LQJ
PDQXDO (%:� RQ WKH VSDFHVXLW PDWHULDO DQG LQWHULRU
HOHPHQWV� (OHFWURQ EHDP WHFKQRORJLFDO SURFHVVHV DUH

DFFRPSDQLHG E\ HYROXWLRQ RI WKH IROORZLQJ SURGXFWV

IURP WKH ZHOG SRRO� PROWHQ PHWDO VSDWWHU LQ WKH IRUP

RI SDUWLFOHV RI XS WR � PP VL]H� SDUWLFOHV RI WKH PHWDO

EHLQJ ZHOGHG RU LWV FRPSRQHQWV LQ WKH VROLG RU OLTXLG

IRUP� IO\LQJ RXW RI WKH ZHOG SRRO DQG REVHUYHG DV

VSDUNV RI �w��� µP VL]H� PHWDO YDSRXUV� ZKLFK DUH

JURXSV RI DWRPV RI OHVV WKDQ � µP VL]H� 'XULQJ ,6:(

SUHSDUDWLRQ� WKHRUHWLFDO DQDO\VLV DQG FDOFXODWLRQV�

SHUIRUPHG E\ 86 H[SHUWV� ZHUH FRPSOHPHQWHG E\ D

QXPEHU RI WHVWV DQG LQYHVWLJDWLRQV WR GHWHUPLQH WKH

PDLQ FKDUDFWHULVWLFV RI WKH DERYH SDUWLFOHV� FKDQJH RI

SDUWLFOH YHORFLW\ E\ DQDO\VLQJ WKH YLGHR UHFRUGLQJV�

PDGH E\ D KLJK�VSHHG FDPHUD� HYDOXDWLRQ RI WKHLU LP�

SDFW RQ VDPSOHV RI PDWHULDOV RI WKH VSDFHVXLW DQG RS�

HUDWRU SURWHFWLYH FORWKLQJ� GHWHUPLQDWLRQ RI WKH VL]HV

DQG QXPEHU RI WKH SDUWLFOHV� )RU WKLV SXUSRVH GXULQJ

ZHOGLQJ RI HDFK VDPSOH DOO WKH SDUWLFOHV� IO\LQJ RXW

RI WKH ZHOG SRRO� ZHUH FROOHFWHG� DQG WKHLU GLPHQVLRQV

ZHUH PHDVXUHG LQ D PLFURVFRSH� ZKLFK ZDV IROORZHG

E\ FRQVWUXFWLRQ RI VWDWLVWLFDO GLVWULEXWLRQ PRGHOV�

+DYLQJ DQDO\]HG WKH GDWD RI YLGHR UHFRUGLQJ RI

ZHOGLQJ ��� VDPSOHV� PDGH RI GLIIHUHQW PDWHULDOV�

ZKLFK ZHUH LQWHQGHG IRU XVH LQ WKH H[SHULPHQWV� LW

ZDV HVWDEOLVKHG WKDW VSDUN DQG VSDWWHU IRUPDWLRQ RF�

FXUV PRVWO\ LQ ZHOGLQJ DOOR\V ���� DQG ����� DQG WR

PXFK VPDOOHU H[WHQW LQ ZHOGLQJ RI DOOR\ 7Lw�$Ow�9�

DQG WKDW LW LV SUDFWLFDOO\ DEVHQW LQ ZHOGLQJ RI VWHHO

���66� ,Q WKLV FDVH WKH DYHUDJH YHORFLW\ RI WKH SDUWL�

FOHV� GHWHUPLQHG E\ WKH UHVXOWV RI KLJK�VSHHG YLGHR

ILOPLQJ� ZDV ���� P�V �PD[LPXP ���� P�V� IRU DOX�

PLQLXP DOOR\V� DQG ���� P�V �PD[LPXP ���� P�V�

IRU WKH WLWDQLXP DOOR\�

'HSHQGHQFH RI WHPSHUDWXUH RI SDUWLFOHV RI DOOR\

����$O RQ WLPH� VLQFH WKH PRPHQW RI WKHLU VHSDUDWLRQ

IURP WKH ZHOG SRRO� GHULYHG E\ WKHUPDO FDOFXODWLRQV�

LV JLYHQ LQ )LJXUH �� $V LV VHHQ IURP WKH ILJXUH� SDU�

WLFOHV RI �� µP DQG ODUJHU VL]H� PD\ KLW WKH RSHUDWRU

FORWKLQJ DW WKH WHPSHUDWXUH RI ��� �&�

7R DVVHVV WKH LPSDFW RI SDUWLFOHV RQ WKH PDWHULDOV

RI WKH VSDFHVXLW DQG SURWHFWLYH FORWKLQJ RI WKH RSHUD�

WRU� VDPSOHV RI WKHVH PDWHULDOV ZHUH SODFHG DW WKH

GLVWDQFH RI ��� PP IURP WKH ZHOG SRRO �7DEOH ���

'XULQJ WHVWLQJ DSSHDUDQFH RI LQGLYLGXDO EXUQV�

WKURXJK RI SRO\HWK\OHQH DQG NDSURQ VDPSOHV ZDV RE�

VHUYHG LQ ZHOGLQJ DOXPLQLXP DOOR\V ���� DQG �����

EXW QRW D VLQJOH EXUQ�WKURXJK ZDV IRXQG LQ ZHOGLQJ

RI WKH WLWDQLXP DOOR\�

7R GHWHUPLQH WKH TXDQWLW\ DQG VL]HV RI SDUWLFOHV

GXULQJ ZHOGLQJ RI HDFK VDPSOH� WKH SDUWLFOHV ZHUH

FROOHFWHG� IRU ZKLFK SXUSRVH WKH\ ZHUH VHSDUDWHG DQG

FROOHFWHG IURP (%* DQRGH� $ VSHFLDO WUDS ZDV

PRXQWHG RQ WKH DQRGH� ZKLFK DOORZHG FROOHFWLQJ PRVW

RI WKH SDUWLFOHV� IO\LQJ RXW RI WKH ZHOG SRRO� 7DEOH �

JLYHV WKH WRWDO TXDQWLW\ RI SDUWLFOHV� FROOHFWHG LQ ZHOG�

LQJ �� VDPSOHV RI EXWW MRLQWV HDFK ��� PP ORQJ�

)LJXUH �� 'HSHQGHQFH RI SDUWLFOH WHPSHUDWXUH 7 DQG GLVWDQFH O
IURPZHOG SRRO RQ WLPH LQZHOGLQJ RI DOOR\ ����$O �SDUWLFOH YHORFLW\
RI ���� P�V�� � x SDUWLFOH GLDPHWHU RI ���� � x ���� � x ���
� x � µP

7DEOH �� &KDUDFWHULVWLFV RI VDPSOHV RI PDWHULDOV RI WKH VSDFHVXLW
DQG SURWHFWLYH FORWKLQJ

6DPSOH PDWHULDO
7KLFNQHVV�

PP

7HPSHUDWXUH RI

PHOWLQJ �FKDUULQJ��
Ì

¯

3RO\HWK\OHQH ������ ���

1\ORQ � �NDSURQ� ������ ���

.DSWRQ ������ ���w���

7HIORQ ������ ���w���

7DEOH �� 4XDQWLW\ RI SDUWLFOHV� FROOHFWHG LQ ZHOGLQJ EXWW MRLQWV
RI VDPSOHV RI GLIIHUHQW PDWHULDOV

6DPSOH PDWHULDO
1XPEHU RI

VDPSOHV

1XPEHU RI

FROOHFWHG SDUWLFOHV

$OXPLQLXP DOOR\ ���� �� ���

$OXPLQLXP DOOR\ ���� � ���

7LWDQLXP DOOR\ 7Lw�$Ow�9 � ��

6WDLQOHVV VWHHO ���66 � �

)LJXUH ��'HSHQGHQFH RI WKH TXDQWLW\ RI SDUWLFOHV1 RI DOOR\ ����$O
RQ WKHLU VL]H G
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3DUWLFOH VL]HV LQ ZHOGLQJ RI DOXPLQLXP DOOR\ �����

GHWHUPLQHG LQ D PLFURVFRSH� DUH VKRZQ LQ )LJXUH ��

7KH SHUIRUPHG UHVHDUFK UHYHDOHG WKH IROORZLQJ�

• (%: RI VDPSOHV LV DFFRPSDQLHG E\ GLIIHUHQW

OHYHOV RI SDUWLFOH HYROXWLRQ IURP WKH ZHOG SRRO� 3DU�

WLFOHV HYROXWLRQ LV FRPSOHWHO\ DEVHQW LQ ZHOGLQJ VWDLQ�

OHVV VWHHO DQG UHDFKHV ��� SDUWLFOHV SHU VDPSOH LQ ZHOG�

LQJ RI DOXPLQLXP DOOR\ �����

• SDUWLFOH VL]HV LQ ZHOGLQJ DOXPLQLXP DOOR\V DUH

G ≤ ��� µP� DQG LQ ZHOGLQJ RI WKH WLWDQLXP DOOR\ x

G ≤ ��� µP�
• SDUWLFOH WHPSHUDWXUH DW ��� PP GLVWDQFH IURP

WKH ZHOG SRRO LV ≤ ��� �& LQ ZHOGLQJ RI DOXPLQLXP

DOOR\V DQG ≤ ���� �& IRU WKH WLWDQLXP DOOR\�

• UDWH RI SDUWLFOHV HYROXWLRQ LQ ZHOGLQJ RI WKH DOX�
PLQLXP DQG WLWDQLXP DOOR\V LV HTXDO WR Y ≤ �� DQG

�� P�V� UHVSHFWLYHO\�

,Q RUGHU WR GHWHUPLQH WKH TXDOLW\ DQG FRPSRVLWLRQ

RI SURGXFWV� HYDSRUDWLQJ IURP WKH ZHOG SRRO� ZLWQHVV�

VDPSOHV ZHUH XVHG� ZKLFK ZHUH ORFDWHG DW GLIIHUHQW

GLVWDQFHV IURP LW� 'DWD RQ PD[LPDO YDOXHV RI FRDWLQJ

WKLFNQHVV DQG FRQWHQW RI WKH PDLQ HOHPHQWV LQ WKHP

LV JLYHQ LQ 7DEOH ��

7KXV� QR FRDUVH GURSV RI PROWHQ PHWDO LQ WKH IRUP

RI SDUWLFOHV RI �w� PP VL]H ZHUH UHFRUGHG GXULQJ WHVW�

LQJ� :HOGLQJ RI WLWDQLXP DQG� SDUWLFXODUO\� DOX�

PLQLXP DOOR\V LV DFFRPSDQLHG E\ HYROXWLRQ RI D ODUJH

QXPEHU RI ILQH SDUWLFOHV� KDYLQJ UDWKHU KLJK YHORFLW\

RI PRWLRQ DQG WHPSHUDWXUH� +RZHYHU� WKHLU GLPHQ�

VLRQV DUH VR VPDOO� WKDW WKH\ FDQQRW GDPDJH WKH VWDQ�

GDUG RSHUDWRU FORWKLQJ �VSDFHVXLW�� WKH ODWWHU ZLOO MXVW

EH FRQWDPLQDWHG� 7KHUHIRUH� VSHFLDO FORWKLQJ� SURWHFW�

LQJ WKH VSDFHVXLW� VKRXOG EH XVHG LQ PDQXDO (%:�

'XULQJ SHUIRUPDQFH RI WKH VSDFH ZHOGLQJ H[SHULPHQW

ILUVW RQ ERDUG WKH 86 6KXWWOH 2UELWHU DQG WKHQ RI WKH

5XVVLDQ 26 �0LU�� LW ZDV LQWHQGHG WR DSSO\ WKH RSH�

UDWRU SURWHFWLYH FORWKLQJ� )RU 86 DVWURQDXWV LW VKRXOG

KDYH EHHQ DQ HDVLO\�UHPRYDEOH WHIORQ FORWKLQJ �FRDW

DQG SDQWV� DQG D UHSODFHDEOH YLVRU RI OH[DQ

�SOH[LJODVV� RYHU WKH OLJKW ILOWHU� DQG IRU 5XVVLDQ FRV�

PRQDXWV DQ DSURQ RI DULPLGH FORWK �78 �����������

���w��� DQG UHSODFHDEOH VKLHOGLQJ RI IOXRURSODVWLF

ILOP )�� �78�������������������w����� IRU WKH

SUHVVXUH KHOPHW� 0RFN�XS VDPSOHV RI WKLV FORWKLQJ

KDYH EHHQ WHVWHG LQ WKH ZDWHU WDQN LQ WKH 86 DQG LQ

WKH VSDFH VLPXODWLRQ WHVW FKDPEHU DW &RPSDQ\

�=YH]GD�� 5XVVLD� 7HVWLQJ UHVXOWV FRQILUPHG WKH VHU�

YLFHDELOLW\ DQG HIIHFWLYHQHVV RI WKH FORWKLQJ�

+RW ]RQHV�'XULQJ SHUIRUPDQFH RI SURFHVVLQJ RSH�
UDWLRQV� LQYROYLQJ KHDWLQJ DQG PHOWLQJ RI PHWDOV�

ZKLFK LQFOXGH ZHOGLQJ DQG DOOLHG SURFHVVHV� WKH KRW

]RQHV RI WKH LWHPV EHLQJZHOGHG� DVZHOO DV WKHZRUNLQJ

WRROV� KHDWHG GXULQJ IXQFWLRQLQJ� SUHVHQW D JUHDW KD]�

DUG IRU WKH RSHUDWRU�

'HWHUPLQDWLRQ RI GDQJHURXV ]RQHV LQ SHUIRUPDQFH

RI VXFK ZRUN� HYDOXDWLRQ RI WKHLU WHPSHUDWXUH FKD�

UDFWHULVWLFV DQG GHYHORSPHQW RI VDIHW\ UHFRPPHQGD�

WLRQV� ZHUH SHUIRUPHG GXULQJ WHVWLQJ LQ WKH VSDFH

VLPXODWLRQ WHVW FKDPEHUV� ERWK LQ WKH DXWRPDWLF PRGH�

DQG ZLWK WKH SDUWLFLSDWLRQ RI WKH RSHUDWRU� &HUWDLQ

WHPSHUDWXUH OLPLWDWLRQV VKRXOG EH LPSRVHG WR HQVXUH

VDIH SHUIRUPDQFH RI WKH RSHUDWRU� ZHDULQJ D VSDFHVXLW�

$V UHTXLUHG E\ WKH 86 VWDQGDUGV� ZKLFK ZHUH XVHG DV

JXLGHOLQHV� ZKHQ SUHSDULQJ IRU ,6:(� GXULQJ H[WUD�

YHKLFXODU DFWLYLW\ RI WKH RSHUDWRU� WKH WHPSHUDWXUH RI

WKH VXUIDFH� ZKLFK WKH VSDFHVXLW JORYH PD\ WRXFK� LV

OLPLWHG E\ WKH UDQJH RI w���w���� �& DQG WLPH RI

��� PLQ �6WDQGDUG 1$6$�67'�����YRO� ��UHY���

$FFRUGLQJ WR 3URWRFRO ������������� IRU WKH 5XVVLDQ

�2UODQ�0� VSDFHVXLW� D FHUWDLQ WLPH VKRXOG EH HQVXUHG

IRU FRQWDFW RI WKH JORYHG KDQG ZLWK VWUXFWXUDO HOH�

PHQWV� GHSHQGLQJ RQ WKH VWUXFWXUDO HOHPHQW WHPSHUD�

WXUH� GXULQJ RSHUDWRU ZRUNLQJ RQ ,66 RXWHU VXUIDFH�

7KH RXWHU OD\HU RI WKH VSDFHVXLW VNLQ WROHUDWHV

VKRUW�WLPH FRQWDFW ZLWK VXUIDFHV RI WKH WHPSHUDWXUH

RI ± ��� �& �7DEOH ���

0D[LPXP WHPSHUDWXUH GXULQJ SHUIRUPDQFH RI

ZHOGLQJ RSHUDWLRQV ULVHV XS WR RU HYHQ D OLWWOH KLJKHU

WKDQ WKH PHOWLQJ WHPSHUDWXUH RI WKH PHWDOV EHLQJ

ZHOGHG� 7KHUHIRUH� RUJDQL]LQJ WKH RSHUDWRUsV ZRUN

SODFH UHTXLUHV WDNLQJ D UDQJH RI GHVLJQ DQG SURFHGXUDO

PHDVXUHV� ZKLFK DOORZ SUHYHQWLRQ RI WKH RSHUDWRU DF�

FLGHQWDOO\ WRXFKLQJ WKH VDPSOH RU WKH LWHP EHLQJ

ZHOGHG ZLWK OLPLWHG PRELOLW\�

7DEOH �� 0D[LPXP YDOXHV RI FRDWLQJ WKLFNQHVV DQG FRQWHQW RI WKH PDLQ HOHPHQWV LQ WKH FRDWLQJV

6DPSOH PDWHULDO

&RDWLQJ

WKLFNQHVV�

µP

:HLJKW IUDFWLRQ RI HOHPHQWV� �

0J 6L 0Q $O & 2

$OXPLQLXP DOOR\ ���� w w ���� w w ��� ����

$OXPLQLXP DOOR\ ���� ���� ���� w w w ���� ����

7LWDQLXP DOOR\ 7Lw�$Ow�9 ���� w w w ���� ��� ����

6WDLQOHVV VWHHO ���66 ���� w w ���� w ���� ����

7DEOH �� 'HSHQGHQFH RI WKH WLPH RI FRQWDFW RI WKH RSHUDWRUsV
JORYHG KDQG RQ WHPSHUDWXUH RI VWUXFWXUDO HOHPHQWV

7HPSHUDWXUH RI VWUXFWXUDO HOHPHQW�
Ì

¯ 7LPH RI FRQWDFW� PLQ

��� ≥ �

��� ≥ �

�� ≥ �

�� ! ��

w�� ≥ �

w�� ≥ �

w��� ≥ �

w��� ≥ �
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6LQFH GXULQJ SHUIRUPDQFH RI ,6:( RQ ERDUG RI

ERWK WKH 6KXWWOH 2UELWHU DQG 26 �0LU� LW ZDV LQ�

WHQGHG WR PRXQW WKH VDPSOHV WR EH ZHOGHG RQ WKH

SDQHOV RI WKH URWDWLQJ VDPSOH KROGHU� PDGH RI DOX�

PLQLXP DOOR\V DQG KDYLQJ D KLJK KHDW FRQGXFWLYLW\

DQG KHDW FDSDFLW\� WKH WHPSHUDWXUH RI SDQHO VXUIDFHV�

ZKLFK WKH RSHUDWRU PD\ WRXFK� UHPDLQHG ORZ� 'XULQJ

RSHUDWRU WUDLQLQJ LQ WKH VSDFH VLPXODWLRQ WHVW FKDPEHU

LQ SUHSDUDWLRQ IRU WKH ZHOGLQJ H[SHULPHQW RQ ERDUG

�0LU�� � VHQVRUV ZLWK PD[LPXP PHDVXUHPHQW WHP�

SHUDWXUH RI ��� �& ZHUH PRXQWHG RQ WKH SDQHOV RI WKH

URWDWLQJ VDPSOH KROGHU DQG WRRO JXDUG� WKH VHQVRUV

PRQLWRULQJ WKH KHDWLQJ RI SDQHOV GXULQJ SHUIRUPDQFH

RI ZHOGLQJ RSHUDWLRQV� $V LV VHHQ IURP )LJXUH �� WKHLU

PD[LPXP WHPSHUDWXUH GLG QRW H[FHHG �� �& �FXUYH ���
DQG QHDU WKH KDQGOHV� ZKLFK WKH RSHUDWRU XVHG WR

URWDWH WKH KROGHU� LW ZDV �� �&�

)XQFWLRQLQJ RI WKH HOHFWURQ EHDP WRRO SURSHU LV

DOVR DFFRPSDQLHG E\ LWV KHDWLQJ GXH WR LQWHUQDO KHDW

HYROXWLRQ RI WKH WUDQVIRUPHUV� LQFRUSRUDWHG LQ LW DQG

UDGLDWLRQ RI WKH ZHOG SRRO� ZKLFK LV DW D VKRUW GLVWDQFH

IURP WKH WRRO� EHFDXVH D VKRUW�IRFXVHG JXQ LV XVHG�

7KH JXQ FDVH �DQRGH� LV KHDWHG WR D PD[LPXP WHP�

SHUDWXUH� GXH WR UDGLDWLRQ IURP WKH HPLWWLQJ VXUIDFH

RI WKH FDWKRGH DVVHPEO\ �HPLWWHU WHPSHUDWXUH LV DERYH

���� �&�� DV ZHOO DV VFDWWHULQJ RI WKH SHULSKHUDO SDUW

RI WKH HOHFWURQ IORZ DQG WKHLU EUDNLQJ RQ WKH JXQ FDVH�

7KHUHIRUH� WKH DQRGH WHPSHUDWXUH PD\ UHDFK ���w

��� �&� ,Q WKH WRRO IRU FRDWLQJ DSSOLFDWLRQ WKH WHP�

SHUDWXUH PD\ EH HTXDO WR ���w��� �&� GXH WR KHDW

WUDQVIHU IURP WKH FUXFLEOH� GHVSLWH WKH V\VWHP RI KHDW�

LQVXODWLQJ VKLHOGV� ,Q WKLV FRQQHFWLRQ� DOO WKH HOHFWURQ

EHDP KDQG WRROV ZHUH ILWWHG ZLWK VSHFLDO SURWHFWLYH

VKLHOGV� ZKLFK HOLPLQDWHG WKH SRVVLELOLW\ RI WKH RSH�

UDWRU DFFLGHQWDOO\ WRXFKLQJ WKH WRRO SDUWV� KHDWHG XS

WR VXFK KLJK WHPSHUDWXUHV �)LJXUH ��� $V VKRZQ E\

PHDVXUHPHQWV GXULQJ WHVWLQJ LQ WKH VSDFH VLPXODWLRQ

WHVW FKDPEHU� WKH WHPSHUDWXUH RQ VXFK VKLHOGV LV QRW

KLJKHU WKDQ ��w�� �&� DQG LQ WKH ]RQHV RI GLUHFW ORQJ�

WHUP FRQWDFW ZLWK WKH RSHUDWRU JORYH �KDQGOH� JXDUG

DQG WRRO ORZHU SDUW� x �� �& �)LJXUH �� FXUYH ���

7KXV� WKH FRQGXFWHG WHVWLQJ DQG WUDLQLQJ LQ WKH

VSDFH VLPXODWLRQ WHVW FKDPEHU FRQILUPHG WKDW D FRV�

PRQDXW�ZHOGHU� ZHDULQJ D VSDFHVXLW� FDQ VDIHO\ SHU�

IRUP WKH SURFHVVLQJ RSHUDWLRQV RI KHDWLQJ DQG PHOWLQJ

RI PHWDOV� XVLQJ HOHFWURQ EHDP KDQG WRROV� 7KLV VLPSO\

UHTXLUHV D WKRURXJK RUJDQLVLQJ RI WKH ZRUN SODFH�

WDNLQJ D QXPEHU RI GHVLJQ DQG SURFHGXUDO PHDVXUHV

DQG WKH DSSURSULDWH OHYHO RI RSHUDWRU WUDLQLQJ�

(OHFWURPDJQHWLF FRPSDWLELOLW\ DQG LQWHUIHUHQFH�

2QH RI WKH LPSRUWDQW NLQGV RI WHVWLQJ WKH KDUGZDUH�

LQWHQGHG IRU SDUWLFLSDWLRQ LQ WKH VSDFH ZHOGLQJ H[�

SHULPHQW� ZDV HYDOXDWLRQ RI WKH HOHFWURPDJQHWLF LQ�

WHUIHUHQFH� LQFOXGLQJ DVVHVVPHQW RI WKH LQIOXHQFH RI

KDUGZDUH RSHUDWLRQ RQ WKH VSDFH YHKLFOH V\VWHPV� LWV

SD\ORDG� DV ZHOO DV HYDOXDWLRQ RI WKH LQIOXHQFH RI WKH

VSDFH YHKLFOH V\VWHPV RQ WKH KDUGZDUH IXQFWLRQLQJ

GXULQJ H[SHULPHQW SHUIRUPDQFH�

/LPLW UHTXLUHPHQWV� PDGH RI WKH KDUGZDUH� GHSHQG

RQ WKH VSDFH YHKLFOH� HOHPHQWV RI LWV SD\ORDG DQG WKH

KDUGZDUH EHLQJ WHVWHG� /HW XV VSHFLILFDOO\ FRQVLGHU

�8QLYHUVDO� V\VWHP GXULQJ RSHUDWLRQ LQ WKH 6KXWWOH

2UELWHU�

+DUGZDUH DSSHDUDQFH GXULQJ WHVWLQJ IRU HOHFWUR�

PDJQHWLF FRPSDWLELOLW\ LV VKRZQ LQ )LJXUH ��� �8QL�

YHUVDO� ZRUNLQJ WRRO DQG ZDWHU�FRROHG FRSSHU WDUJHW

ZHUH ORFDWHG LQ D YDFXXP FKDPEHU� ZKLFK ZDV D JODVV

FRYHU RI ��� PP GLDPHWHU DQG ��� PP KHLJKW� 0DLQ

SRZHU DQG FRRODQW VXSSO\ WR WKH FKDPEHU DQG FKDPEHU

SXPSLQJ GRZQ ZHUH SHUIRUPHG WKURXJK WKH EDVH x

DOXPLQLXP SODWH �� PP WKLFN� 9DFXXP FKDPEHU ZDV

ORFDWHG LQ D VKLHOGHG URRP� DQG ZDV FRQQHFWHG WR WKH

H[WHUQDO SXPSLQJ GRZQ XQLW E\ D SLSLQJ RI LQQHU

GLDPHWHU RI ��� PP DQG WRWDO OHQJWK RI DERXW

���� PP� DV E\ WKH WHVWLQJ FRQGLWLRQV LW ZDV SURKLE�

LWHG WR SODFH WKH VXSSRUWLQJ HTXLSPHQW DQG LQVWUX�

PHQWV LQ WKH VKLHOGHG URRP� 9DFXXP XQLW FRQVLVWHG

RI WKH URXJKLQJ SXPS ZLWK WKH SXPSLQJ VSHHG RI

� O�V DQG WXUERPROHFXODU SXPS ZLWK WKH VSHHG RI

��� O�V DQG OLPLW YDFXXP RI �⋅��w� 3D� 9DFXXP OHYHO

ZDV PRQLWRUHG GLUHFWO\ DW WKH LQOHW RI WKH SXPSLQJ

GRZQ XQLW� DQG GXULQJ WHVWLQJ LW ZDV �⋅��w�w�⋅��w� 3D�
$OO WKH UHTXLUHPHQWV WR WHVWLQJ DQG WHVW SURFHGXUHV

ZHUH WDNHQ IURP 06)&�63(&����% �5HTXLUHPHQWV

WR HOHFWURPDJQHWLF FRPSDWLELOLW\ RI WKH SD\ORDG DQG

VXEV\VWHPV�� H[FHSW IRU WKH QDUURZ�EDQG UDGLDWLRQ

VHFWLRQ� ,WV YDOXHV ZHUH WDNHQ IURP WKH ODVW YDULDQW

RI ,6'�������� 'RFXPHQW �6WDQGDUG LQWHUIDFHV RI

)LJXUH �� &KDQJH RI WKH WHPSHUDWXUH RI GLIIHUHQW SDUWV RI WKH HOHF�
WURQ EHDP KDQG WRRO GXULQJ SHUIRUPDQFH RI WHVWLQJ LQ WKH VSDFH
VLPXODWLRQ WHVW FKDPEHU� �� �� � x WKH VHQVRUV� ORFDWHG RQ SDQHOV
RI WKH URWDWLQJ VDPSOH KROGHU ZLWK VDPSOHV IRU EUD]LQJ� ZHOGLQJ
DQG FXWWLQJ� UHVSHFWLYHO\� �� �� � x WKH VHQVRUV� ORFDWHG RQ WKH
JXDUG IURP WKH LQQHU DQG RXWHU VLGH DQG RQ WRRO KDQGOH� UHVSHFWLYHO\

)LJXUH �� 3URWHFWLYH VKLHOG RI KDQG WRRO (%*
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6KXWWOH 2UELWHU DQG SD\ORDG�� %HIRUH ,6:( SHUIRU�

PDQFH RQ ERDUG WKH 6KXWWOH 2UELWHU� LW ZDV QHFHVVDU\

WR PDNH VXUH WKDW ,6:( ZLOO QRW FDXVH DQ\ HOHFWUR�

PDJQHWLF LQWHUIHUHQFH ZLWK WKH IO\LQJ YHKLFOH� SD\�

ORDGV� SDUWLFLSDWLQJ LQ WKH PLVVLRQ� RU DVWURQDXW VSDFH�

VXLW� 7KH IROORZLQJ WHVWV ZHUH FRQGXFWHG IRU WKLV SXU�

SRVH�

7HVWLQJ IRU FRQGXFWLQJ UDGLDWLRQ� 7KHVH WHVWV ZHUH

UHTXLUHG WR FRQILUP WKDW WKH ULSSOH DQG WUDQVLHQW SUR�

FHVVHV E\ YROWDJH� ZKLFK ,6:( ZRXOG VXSHUSRVH RQ

WKH SRZHU EXV OLQH RI WKH 6KXWWOH ZLOO QRW H[FHHG WKH

DGPLVVLEOH YDOXHV RU FDXVH HOHFWURPDJQHWLF LQWHUIHU�

HQFH EHWZHHQ WKH YHKLFOH V\VWHPV DQG RWKHU SD\ORDGV�

FRQQHFWHG WR WKH VDPH SRZHU EXV OLQH� LQFOXGLQJ WKH

IROORZLQJ IDFWRUV� YROWDJH ULSSOH LQ WKH '& SRZHU EXV

OLQH E\ WKH SRVLWLYH DQG QHJDWLYH SROHV LQ WKH UDQJH

IURP ���� WR �� N+]� WKH VDPH IRU WKH SRVLWLYH DQG

QHJDWLYH SROHV LQ WKH UDQJH IURP �� WR �� 0+]� WUDQ�

VLHQW SURFHVVHV LQ WKH '& SRZHU EXV OLQH DW WKH KDUG�

ZDUH VZLWFKLQJ RQ DQG RII�

7HVWLQJ VKRZHG D FHUWDLQ RYHUVKRRWLQJ RI WKHPD[L�

PXP SHUPLVVLEOH YDOXHV RI WKH FRQGXFWLQJ UDGLDWLRQ

OHYHO� 7R HOLPLQDWH WKHVH GUDZEDFNV� DQ HOHFWULF LQ�

WHUIDFH GHYLFH ZLWK D ILOWHU KDV EHHQ GHYHORSHG DQG

VXFFHVVIXOO\ WHVWHG� ,Q DGGLWLRQ� LW ZDV QRWHG WKDW LW

LV QHFHVVDU\ WR FRQQHFW �8QLYHUVDO� KDUGZDUH WR D

VHSDUDWH SRZHU EXV OLQH RU VZLWFK RII RWKHU SD\ORDGV

GXULQJ ,6:(�

7HVWLQJ IRU 5) HPLVVLRQV� 7KHVH ZHUH FRQGXFWHG

WR FKHFN WKH LQIOXHQFH RI HOHFWULF DQG PDJQHWLF ILHOGV

RI ,6:( KDUGZDUH RQ WKH HOHFWURPDJQHWLF HQYLURQ�

PHQW RI WKH2ELWHU� PDQQHGPDQRHXYULQJ XQLW RU RWKHU

SD\ORDGV� LQFOXGLQJ WKH QDUURZ DQG EURDG EDQGV RI

HOHFWULF ILHOG UDGLR IUHTXHQF\ HPLVVLRQ DW IUHTXHQFLHV

RI ��⋅���w�⋅��� K+]� DV ZHOO DV UDGLR IUHTXHQF\ HPLV�
VLRQ RI WKH PDJQHWLF ILHOG DW WKH IUHTXHQFLHV RI ����w

�� N+]�

7HVWLQJ IRU FRQGXFWLQJ UDGLDWLRQ VXVFHSWLELOLW\�

7KHVH WHVWV ZHUH UHTXLUHG WR FKHFN WKH UHVLVWDQFH RU

UHYHDO WKH VXVFHSWLELOLW\ RI ,6:( KDUGZDUH WR YROWDJH

ULSSOH RU YROWDJH WUDQVLHQW SURFHVVHV� ZKLFK PD\ DULVH

LQ WKH2UELWHU SRZHU EXV OLQH� QDPHO\ WR YROWDJH ULSSOH

RI ��� 9 LQ WKH LQSXW SRZHU EXV OLQHV �SRVLWLYH DQG

QHJDWLYH� LQ WKH UDQJH RI IUHTXHQFLHV RI ����w�� N+]�

WR YROWDJH ULSSOH LQ WKH '& SRZHU EXV OLQH �SRVLWLYH

DQG QHJDWLYH� RI ��� 9 LQ WKH UDQJH RI IUHTXHQFLHV RI

����w��� 0+]� 7KH KDUGZDUH VKRXOG QRW EH VHQVLWLYH

DW WKH WHVW VLJQDO RI ≤ ��9 DPSOLWXGH RI �� µV GXUDWLRQ�
7KH WUDQVLHQW SURFHVV ZDV DSSOLHG ERWK WR WKH SRVLWLYH

DQG WR WKH QHJDWLYH EXV OLQHV� 5HSHWLWLRQ UDWH ZDV ��

SXOVHV RI � V GXUDWLRQ IRU � PLQ�

7HVWLQJ IRU VXVFHSWLELOLW\ WR UDGLR HPLVVLRQV ZDV

FRQGXFWHG WR UHYHDO WKH VXVFHSWLELOLW\ RI ,6:( KDUG�

ZDUH WR HOHFWULF ILHOGV� ZKLFK PD\ EH SDUW RI HOHFWUR�

PDJQHWLF HQYLURQPHQW RI WKH 2UELWHU LQ WKH UDGLR IUH�

TXHQF\ VXE�EDQGV RI �����w��� 0+] DW WKH HOHFWULF

ILHOG LQWHQVLW\ RI � 9�P� ���w��� K+] DW �� 9�P

DQG ��w�� K+] DW �� 9�P�

7HVWLQJ GHPRQVWUDWHG WKH IROORZLQJ GUDZEDFNV RI

�8QLYHUVDO� KDUGZDUH� LQVXIILFLHQW VFUHHQLQJ RI WKH

FDEOHV RI WKH WHFKQRORJLFDO EORFN� ZRUNLQJ WRROV DQG

PRWRU RI WKH ILOOHU ZLUH IHHG XQLW �)LJXUH ����

7KH FDEOHV ZHUH LPSURYHG E\ DGGLQJ FRPPRQ

VFUHHQV� UHOLDEO\ FRQQHFWHG IURP ERWK VLGHV WR WKH

KDUGZDUH FDVH� ZKLFK HVVHQWLDOO\ ORZHUHG WKH OHYHO RI

WKH HPLWWHG LQWHUIHUHQFH� $ ORW RI DWWHQWLRQ ZDV JLYHQ

WR WKH ZRUNLQJ WRROV ZLWK WKH ILOOHU ZLUH IHHG� DV

RSHUDWLRQ RI WKHLU PRWRUV JHQHUDWHG HOHFWURPDJQHWLF

QRLVH LQ WKH ZRUNLQJ IUHTXHQFLHV RI WKH UDGLR UHFHLYHU�

WUDQVPLWWHU RI WKH DVWURQDXW VSDFHVXLW� ,Q RUGHU WR

HOLPLQDWH WKLV GUDZEDFN� DGGLWLRQDO VFUHHQLQJ RI WKH

PRWRU SRZHU FDEOH DQG WKH PRWRU SURSHU ZDV PDGH�

SDVV ILOWHUV ZHUH PRXQWHG DQG DOO WKH VFUHHQV ZHUH

UHOLDEO\ FRQQHFWHG WR WKH WRRO FDVH�

7KHVH LPSURYHPHQWV� WRJHWKHU ZLWK WKH PHDVXUHV�

WDNHQ DIWHU WKH ILUVW W\SH RI WHVWLQJ� \LHOGHG SRVLWLYH

UHVXOWV� DQG �8QLYHUVDO� KDUGZDUH ZDV DFFHSWHG IRU

FRQGXFWLQJ WKH VSDFH H[SHULPHQW� ,W VKRXOG EH QRWHG�

WKDW WKH OLPLW YDOXHV RI WKH FRQGXFWHG WHVWV GHSHQG

RQ WKH W\SH RI WKH 2UELWHU� SD\ORDGV DQG SRLQW RI

KDUGZDUH FRQQHFWLRQ� 7KHUHIRUH� IRU WKH H[LVWLQJ ,66

)LJXUH ��� $SSHDUDQFH RI WKH KDUGZDUH GXULQJ SHUIRUPDQFH RI
WHVWLQJ IRU HOHFWURPDJQHWLF FRPSDWLELOLW\� D x YDFXXP FKDPEHU�
E x LQVWUXPHQWDWLRQ V\VWHP

)LJXUH ��� 'HSHQGHQFH RI WKH OHYHO RI UDGLDWLRQ % RI �8QLYHUVDO�
KDUGZDUH RQ WKH IUHTXHQF\ UDQJH I �GDVK OLQH LV WKH DGPLVVLEOH OHYHO
RI UDGLDWLRQ�

10 12/2002



WKH 1$6$�56& 'RFXPHQW 663 ������ LWHP� ���

�(OHFWURPDJQHWLF FRPSDWLELOLW\� �HGLWLRQ $� 0DUFK

����� VKRXOG EH XVHG DV JXLGHOLQHV�

&21&/86,21

'HVSLWH WKH DSSOLFDWLRQ RI D VKRUW�IRFXVHG JXQ LQ WKH

HOHFWURQ EHDP WRROV� WKH HOHFWURQ EHDP DW XS WR ��� P

GLVWDQFH KDV D GDPDJLQJ LPSDFW RQ DOO WKH PDWHULDOV

RI WKH VSDFHVXLW DQG SURWHFWLYH FORWKLQJ RI WKH FRVPR�

QDXW�ZHOGHU DW GLUHFW KLWWLQJ� 7KHUHIRUH� LQ RUGHU HQ�

VXUH VDIH SHUIRUPDQFH RI WKH SURFHVVLQJ RSHUDWLRQV� LW

LV QHFHVVDU\ WR WDNH D QXPEHU RI GHVLJQ DQG SURFHGXUDO

PHDVXUHV� HOLPLQDWLQJ WKH SRVVLELOLW\ RI WKH EHDP KLW�

WLQJ WKHVH PDWHULDOV� RU WKH RSHUDWRU WRXFKLQJ WKH

LWHPV EHLQJ ZHOGHG�

:KHQ XS WR �� N9 DFFHOHUDWLQJ YROWDJH LV XVHG LQ

WKH HOHFWURQ EHDPKDQG WRROV� WKH UDGLRDFWLYH UDGLDWLRQ

GRHV QRW H[FHHG WKH HVWDEOLVKHG QRUP� $ FHUWDLQ LQ�

FRQVLVWHQF\ RI WKH REWDLQHG H[SHULPHQWDO GDWD LV DW�

WULEXWDEOH WR XVH RI YDULRXV SURFHGXUHV DQG FRPSOH[LW\

RI PHDVXUHPHQW RI WKH LQWHQVLW\ RI UDGLDWLRQ IURP

ORZ�HQHUJ\ VRXUFHV�

,W LV DQWLFLSDWHG WKDW LQ WKH IXWXUH DSSOLFDWLRQ RI

PDQXDO ZHOGLQJ ZLOO EH UHTXLUHG LQ FDVH RI HPHUJHQ�

FLHV� EXW WKH EXON RI ZHOGLQJ RSHUDWLRQV� PRVW SUR�

EDEO\� ZLOO EH SHUIRUPHG E\ WKH RSHUDWRU� XVLQJ IOH[�

LEOH DGDSWLYH URERWLF V\VWHPV� 7KLV ZLOO SHUPLW LQ�

FUHDVLQJ (%* SRZHU DQG DFFHOHUDWLQJ YROWDJH� UH�

TXLUHG WR SURYLGH WKH TXDOLW\ RI ZHOGHG MRLQWV� KRZ�

HYHU� PRQLWRULQJ WKH LQWHQVLW\ RI UDGLRDFWLYH UDGLDWLRQ

ZLOO EH UHTXLUHG� ,I WKH RSHUDWRU LV UHPRYHG IURP WKH

]RQH RI SHUIRUPDQFH RI DQ\ H[WUHPH SURFHVV WR D UDWKHU

VKRUW GLVWDQFH� L�H� WR WKH ]RQH RI YLVLELOLW\ DQG DFFHV�

VLELOLW\ RI WKH LWHP EHLQJ SURFHVVHG� WKH GHJUHH RI WRWDO

ULVN PD\ EH PLQLPLVHG�

-XGJLQJ E\ WKH UHVXOWV RI WKH FRQGXFWHG WHVWV� WKH

OLJKW DQG LQIUDUHG UDGLDWLRQ RI WKH ZHOG SRRO LQPDQXDO

(%: VKRXOG QRW UDLVH DQ\ SDUWLFXODU FRQFHUQ� ,QZHOG�

LQJ RI DOXPLQLXP DOOR\V� ZKLFK LQ WKH IXWXUH ZLOO EH

WKH PDLQ PHWDOV� ZHOGHG LQ VSDFH� WKH RSHUDWRU GRHV

QRW KDYH WR XVH DQ\ DGGLWLRQDO SURWHFWLYH PHDQV� DQG

WKH IHZ SUREOHPV� DULVLQJ LQ ZHOGLQJ RI VWDLQOHVV VWHHO

DQG WLWDQLXP DOOR\V� DUH FRPSOHWHO\ VROYHG ZLWK DS�

SOLFDWLRQ RI D VWDQGDUG VXQ ILOWHU E\ WKH FRVPRQDXW�

ZHOGHU� ,Q DGGLWLRQ� WKHUH FXUUHQWO\ H[LVW GHYHORS�

PHQWV RI VXQ ILOWHUV RI D YDULDEOH GHQVLW\� EDVHG RQ

FRPSRVLWH OLTXLG�FU\VWDO PDWHULDOV ZLWK YHU\ TXLFN UH�

VSRQVH >�� ��@� ZKLFK PD\ EH XVHG E\ WKH RSHUDWRU

IRU H\H SURWHFWLRQ�

(%: SURFHVV LV PXFK �TXLHWHU�� FRPSDUHG WR

RWKHU ZHOGLQJ SURFHVVHV� LQ WHUPV RI VSDWWHULQJ >��@�

([SHULHQFH RI ,6:( SUHSDUDWLRQ GHPRQVWUDWHV WKDW

ZLWK DSSURSULDWH WHFKQRORJLFDO SUHSDUDWLRQ RIZHOGLQJ

RSHUDWLRQV� LW LV SRVVLEOH WR SUDFWLFDOO\ FRPSOHWHO\

HOLPLQDWH VSDWWHU� $V UHJDUGV WKH SURFHVVHV RI HYROX�

WLRQ IURP WKH ZHOG SRRO RI ILQH SDUWLFOHV� OHDGLQJ WR

FRQWDPLQDWLRQ RI WKH RSHUDWRU VSDFHVXLW� ZH FDQ RQO\

VSHDN RI LWV PLQLPLVLQJ� 7KHUHIRUH� LQ SHUIRUPDQFH RI

PDQXDO (%:� XVH RI SURWHFWLYH ZHOGLQJ FORWKLQJ� SXW

RYHU WKH VSDFHVXLW� LV D QHFHVVDU\ VDIHW\ PHDVXUH�

:HOGLQJ KDUGZDUH� GHVLJQHG IRU DSSOLFDWLRQ LQ

VSDFH YHKLFOHV� VKRXOG JHQHUDWH D PLQLPXP OHYHO RI

YDULRXV LQWHUIHUHQFH �HOHFWURPDJQHWLF� LQ SRZHU FLU�

FXLWV� HWF��� QRW LQIOXHQFLQJ WKH IXQFWLRQLQJ RI VHUYLFH

V\VWHPV� DQG VKRXOG LWVHOI EH SURWHFWHG IURP LQWHUIHU�

HQFH� &KHFNLQJ RI LWV FRPSDWLELOLW\ ZLWK WKHVH V\V�

WHPV� DV ZHOO DV RWKHU SRVVLEOH SD\ORDGV� LV SHUIRUPHG

GXULQJ LQWHJUDWHG WHVWLQJ�

5HVXOWV RI WKH FRQGXFWHG WHVWLQJ RI WKH QHZ JH�

QHUDWLRQ RI PDQXDO (%: KDUGZDUH x RQH RI WKH

VWDQGDUG DQG UHTXLUHG WRROV IRU UHSDLU�UHVWRUDWLRQ

ZRUN LQ VSDFH� DV ZHOO DV VSHFLDO WUDLQLQJ RI FRVPR�

QDXWV�ZHOGHUV RI 5XVVLDQ FUHZV LQ WKH VSDFH VLPXODWLRQ

WHVW FKDPEHU� FRQILUPHG WKH SRVVLELOLW\ RI UHDOLVDWLRQ

RI H[SHULPHQWDO DQG DSSOLHG ZHOGLQJ WDVNV RQ WKH

RXWHU VXUIDFH RI WKH VSDFH YHKLFOH�

�� 3DWRQ� %�(�� 'XGNR� '�$�� %HUQDGVN\� 9�1� HW DO� ������
2Q WKH SRVVLELOLW\ RI PDQXDO HOHFWURQ EHDP ZHOGLQJ LQ
VSDFH� ,Q� 6SDFH PDWHULDOV VFLHQFH DQG WHFKQRORJ\� 0RVFRZ�
1DXND�

�� 1LNLWVN\� 9�3�� /DSFKLQVN\� 9�)�� =DJUHEHOQ\� $�$� HW DO�
������ 7HVW RI PDQXDO HOHFWURQ EHDP WRRO LQ RSHQ VSDFH� ,Q�
3UREOHPV RI VSDFH WHFKQRORJ\ RI PHWDOV� .\LY� 1DXNRYD
'XPND�

�� /DQNLQ� <X�1�� *DYULVK� 6�6� ������ 'HYLFH IRU SURYLVLRQ RI
VDIH RSHUDWLRQ RI PDQXDO HOHFWURQ EHDP WRRO LQ VSDFH� 7KH
3DWRQ :HOGLQJ -�� �� ��w���

�� %XODWVHY� .�$�� %XODWVHY� $�5� ������ 6\VWHP RI PRQLWRU�
LQJ WKH SRVLWLRQ RI PDQXDO HOHFWURQ EHDP WRRO� ,ELG�� �� ��w
���

�� 7RFKLQ� 9�9�� <XVKFKHQNR� %�,�� 5XVLQRY� 3�3� HW DO�
������ 6DIHW\ V\VWHP RI HOHFWURQ EHDP WRRO� ,ELG�� �� ��w���

�� 263���w��� 0DLQ VDQLWDU\ UHJXODWLRQV RI RSHUDWLRQV ZLWK
UDGLRDFWLYH PDWHULDOV DQG RWKHU VRXUFHV RI LRQL]LQJ UDGLDWL�
RQV� 0LQLVWU\ RI +HDOWK RI WKH 8665� 0RVFRZ� (QHUJRL]�
GDW�

�� (GZDUGV� '�/�� 5XVVHOO� &�&�� &DUUXWK� 0�5� HW DO� ������
7HVW UHSRUW IRU WKH DVVHVVPHQW RI JURXQG�EDVHG SHUVRQQHO
DQG FUHZ H[SRVXUH WR ;�UD\ UDGLDWLRQ GXULQJ HOHFWURQ EHDP
ZHOGLQJ XVLQJ WKH LQWHUQDWLRQDO VSDFH ZHOGLQJ H[SHULPHQW�
06)&� 1RY� ���

�� /HEHGHY� 9�.�� =DUXED� ,�,�� 6KHO\DJLQ� 9�'� HW DO� 'HYLFH
IRU HOHFWURQ EHDP ZHOGLQJ� 8665 DXWKRUsV FHUW� �������
,QW� &O� % �� .� 3XEO� ���������

�� 6PRUJRQ� 6�/�� 3UHVQ\DNRY� 9�9�� =\U\DQRY� 9�<D� HW DO�
������ 'HYLFH IRU SRODUL]DWLRQ DQG PRGXODWLRQ RI OLJKW� 3UL�
ERU\ L 7HNKQLND (NVSHULPHQWD� �� ����

��� &UDZIRUG� *�3�� =XPHU� 6� ������ /LTXLG FU\VWDOV LQ FRPS�
OH[ JHRPHWULHV� /RQGRQ� 7D\ORU 	 )UDQFLV�

��� 0LNKDMORYVND\D� (�6�� 6KXO\P� 9�)�� =DJUHEHOQ\� $�$�
������ 5HVXOWV RI H[SHULPHQWV RQ PDQXDO (%: LQ D PDQQHG
VSDFH VLPXODWLRQ WHVW FKDPEHU� 7KH 3DWRQ :HOGLQJ -�� ��
��w���
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/�,� 0$5.$6+29$� /�'� '2%586+,1 DQG 9�9� $56(1<8.

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

3HFXOLDULWLHV RI SODVWLF GHIRUPDWLRQ DQG SURFHVV RI KDUGHQLQJ LQ WKH ]RQH RI WKH MRLQWV RQ FRPPHUFLDOO\ SXUH DOXPLQLXP

$'� DQG DQQHDOHG DOXPLQLXP DOOR\ ����$0� H[SORVLRQ ZHOGHG WR KLJK�VWUHQJWK DOXPLQLXP DOOR\ RI WKH ����$7 W\SH�

DUH FRQVLGHUHG� 7R LQFUHDVH WKH VDIHW\ IDFWRU IRU GXFWLOLW\ RI WKH GHIRUPHG OD\HUV DQG LPSURYH ZHOGDELOLW\ LQ FODGGLQJ

KLJK�VWUHQJWK DOXPLQLXP E\ WKH H[SORVLRQ ZHOGLQJ PHWKRG� LW LV UHFRPPHQGHG WR VRIWHQ WKH PDWLQJ VXUIDFHV E\ SUHOLPL�
QDULO\ FKHPLFDOO\ FOHDQLQJ WKHP IURP KDUGHQLQJ SKDVHV�

.H\ ZRU G V � H[SORVLRQ ZHOGLQJ� DOXPLQLXP DOOR\V� ZHO�

GDELOLW\� SODVWLF GHIRUPDWLRQ� KDUGHQLQJ SKDVHV� VKHDU EDQGV�
FKHPLFDO FOHDQLQJ

2QH RI WKH LPSHUDWLYH FRQGLWLRQV IRU SURGXFLQJ IXOO�
VWUHQJWK MRLQWV RQ PHWDOV DQG DOOR\V LQ FODGGLQJ E\ WKH

H[SORVLRQZHOGLQJ PHWKRG LV WKH SRVVLELOLW\ RI DFKLHYLQJ

WKH VXIILFLHQWO\ LQWHQVLYH SODVWLF GHIRUPDWLRQ RI WKHPDW�
LQJ VXUIDFHV LQ WKH FROOLVLRQ ]RQH >�w�@� $ GLVWLQFWLYH
IHDWXUH RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V RI WKH ����
W\SH LV WKHLU VXVFHSWLELOLW\ WR VROLG�SKDVH VWUDLQ KDUGHQ�
LQJ� ZKLFK LV VHYHUDO WLPHV DV KLJK DV WKH HIIHFW RI RWKHU
KDUGHQLQJ SURFHVVHV �VXEVWUXFWXUDO� ODWWLFH IULFWLRQ�
HWF�� >�w�@� 3KDVH SUHFLSLWDWHV LQ WKHVH DOOR\V DFW DV

DUUHVWHUV ZKLFK SUHYHQW PRYHPHQW RI WKH FU\VWDOOLQH

ODWWLFH GHIHFWV LQ VOLS V\VWHPV GXULQJ WKH GHIRUPDWLRQ
SURFHVV� WKXV FDXVLQJ UHGXFWLRQ RI WKH YROXPH RI PHWDO

FDSDEOH RI SDUWLFLSDWLQJ LQ SODVWLF GHIRUPDWLRQ >�@� 'XF�

WLOH SURSHUWLHV RI PHWDO LQ WKH ZHOGLQJ ]RQH DQG� KHQFH�
ZHOGDELOLW\ GHWHULRUDWH DFFRUGLQJO\�

,Q WKH FDVH RI H[SORVLRQ ZHOGLQJ WKH FRQFHSW RI
LPSURYHPHQW RI ZHOGDELOLW\ LPSOLHV WKH SRVVLELOLW\ RI
LQFUHDVLQJ DQG�RU HQVXULQJ WKH VSHFLILHG VWUHQJWK
SURSHUWLHV RI WKH MRLQWV XQGHU WKH PLQLPXP FROOLVLRQ

FRQGLWLRQV� ,W LV NQRZQ IURP WKH H[SHULHQFH RI DSSOL�

FDWLRQ RI H[SORVLRQ ZHOGLQJ WKDW KLJK�VWUHQJWK DOX�

PLQLXP DOOR\V RI WKH ���� W\SH DUH FODVVHG ZLWK KDUG�

WR�ZHOG RQHV� ([SORVLRQ ZHOGLQJ RI FRPPHUFLDO�SX�
ULW\ DOXPLQLXP WR VXFK DOOR\V LQYROYHV QR VSHFLDO GLI�

ILFXOWLHV� ZKLFK LV OLNHO\ WR UHVXOW IURP LQFUHDVHG GXF�
WLOH SURSHUWLHV RI DOXPLQLXP� FRPSHQVDWLQJ WR D FHU�
WDLQ GHJUHH IRU ORZ GXFWLOLW\ RI D KLJK�VWUHQJWK DOX�
PLQLXP DOOR\� 7KHUHIRUH� DOOR\V RI WKLV W\SH DUH XVX�

DOO\ FODG WKURXJK WKLQ GXFWLOH LQWHUOD\HUV RI FRPPHU�

FLDO�SXULW\ DOXPLQLXP�

7KH SXUSRVH RI WKLV VWXG\ ZDV WR LQYHVWLJDWH SK\VL�
FDO�FKHPLFDO SURFHVVHV RFFXUULQJ LQ WKH FRQWDFW ]RQH

GXULQJ H[SORVLRQ ZHOGLQJ DQG UHYHDO DFWXDO FDXVHV
OHDGLQJ WR GHWHULRUDWLRQ RI ZHOGDELOLW\ LQ FODGGLQJ
KLJK�VWUHQJWK DOXPLQLXP DOOR\V RI WKH ���� W\SH LQ
RUGHU WR VXEVHTXHQWO\ DGMXVW WKH WHFKQRORJLFDO SURFHVV

WR LPSURYH WKHLU ZHOGDELOLW\ DQG SURGXFH TXDOLW\
ZHOGHG MRLQWV�

0DWHULDOV DQG H[SHULPHQWDO SURFHGXUHV� 7KH H[�

SHULPHQWV FRQGXFWHG LQFOXGHG H[SORVLRQ ZHOGLQJ RI

IO\HU �FODGGLQJ� SODWHV RI FRPPHUFLDO�SXULW\ DOX�
PLQLXP RI WKH $'� W\SH DQG DQQHDOHG DOXPLQLXP

DOOR\ RI WKH ����$0 W\SH WR WDUJHW SODWHV RI KDUGHQHG

DOXPLQLXP DOOR\ RI WKH ����$7 W\SH� WKH PDLQ KDUG�

HQLQJ SKDVH LQ WKH ODWWHU EHLQJ &X$O� �FRSSHU FRQWHQW
≈ � ��� $YHUDJHG YDOXHV RI WHQVLOH VWUHQJWK RI WKH
DERYH PDWHULDOV ZHUH DV IROORZV� ��� ��� DQG

��� 03D� UHVSHFWLYHO\� 3ULRU WR ZHOGLQJ� IRU WHFKQR�
ORJLFDO UHDVRQV WKH DOXPLQLXP FODGGLQJV RQ SODWHV RI
ERWK DOOR\V ZDV UHPRYHG E\ PDFKLQLQJ DQG FKHPLFDO
HWFKLQJ �GHVLJQDWLRQV RI DOOR\V LQ WKH WH[W DUH JLYHQ

LQ WKHLU RULJLQDO IRUP��
([SORVLRQ ZHOGLQJ ZDV SHUIRUPHG E\ WKH DQJXODU

PHWKRG XVLQJ D KLJK�VSHHG WKLQ�VKHHW H[SORVLYH ZLWK

D GHQVLW\ RI ���� J�FP
�
DQG GHWRQDWLRQ YHORFLW\ RI

DERXW ���� P�V� 7KH SODQ VL]H RI WKH SODWHV ZHOGHG

DQG LQLWLDO VHWWLQJ DQJOH EHWZHHQ WKHP LQ DOO WKH H[�

SHULPHQWV ZHUH ���×�� PP DQG ���� UHVSHFWLYHO\�
&RQWUROOHG SDUDPHWHUV RI H[SORVLRQ ZHOGLQJ RI WKH

$'� � ����$7 MRLQW ZHUH DV IROORZV�
• WKLFNQHVV RI WKH IO\HU DQG WDUJHW SODWHV ��� PP�
• FROOLVLRQ YHORFLW\ GXULQJ ZHOGLQJ ��� P�V�

• ZHOGLQJ VSHHG x ���� P�V�

0LQLPXP SDUDPHWHUV RI H[SORVLRQ ZHOGLQJ DQG
VWUHQJWK RI WKH ����$0 � ����$7 MRLQWV ZLWK GLIIHU�

HQW PHWKRGV RI SUHOLPLQDU\ SUHSDUDWLRQ RI VXUIDFHV

IRU ZHOGLQJ ZHUH DV IROORZV�
• WKLFNQHVV RI WKH IO\HU DQG WDUJHW SODWHV ���� PP�
• FROOLVLRQ YHORFLW\ ��� P�V�

• ZHOGLQJ VSHHG ���� P�V�

• VWUHQJWK RI WKH MRLQW ZLWKRXW WUHDWPHQW ��w

�� 03D�
• VWUHQJWK RI WKH MRLQW DIWHU FKHPLFDO WUHDWPHQW

���w��� 03D�
• VWUHQJWK RI WKH MRLQW DIWHU HOHFWURFKHPLFDO WUHDW�

PHQW ��w�� 03D�

7KH PHWKRG RI VSHFLDO HWFKLQJ XVLQJ WKH DUF GLV�
FKDUJH LQ D YDFXXP LRQ�HWFKLQJ XQLW �-((��&� -DSDQ�

ZDV HPSOR\HG WR HVWLPDWH GHSWK 5 RI WKH LQWHQVLYH

SODVWLF GHIRUPDWLRQ ]RQH �UHJLRQ RI WKHPD[LPXP WKHU�

PRPHFKDQLFDO HIIHFW H[HUWHG E\ ZHOGLQJ� RQ WKH EDVLV

RI YDULDWLRQV LQ GHQVLW\ RI GLVORFDWLRQV UHYHDOHG E\

WKH HWFKLQJ SLWV� 7KH FRQWHQW RI WKH KDUGHQLQJ SKDVH� /�,� 0$5.$6+29$� /�'� '2%586+,1 DQG 9�9� $56(1<8.� ����



7KH DXWKRUV DUH JUDWHIXO WR 'U� 0�,� =RWRY IRU SDUWLFLSDWLRQ LQ
WKH H[SHULPHQWV DQG GLVFXVVLRQ RI WKH UHVXOWV�
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ZDV HVWLPDWHG XVLQJ WKH &DPHFD PLFURDQDO\VHU RQ WKH
EDVLV RI YDULDWLRQV LQ WKH FRQFHQWUDWLRQ RI FRSSHU LQ
WKH FRQWDFW ]RQH �5 ZLGH�

7KH FKDUDFWHU RI SODVWLF GHIRUPDWLRQ DQG WKH HIIHFW
RI KDUGHQLQJ SKDVH SUHFLSLWDWHV RQ GXFWLOLW\ RI PHWDO
LQ WKH ZHOGLQJ ]RQH ZHUH VWXGLHG E\ RSWLFDO PLFURV�
FRS\� DQDO\WLFDO VFDQQLQJ HOHFWURQ PLFURVFRS\ 3KLOLSV
6(0���� PLFURVFRSH DQG WUDQVPLVVLRQ PLFURGLIIUDF�
WLRQ HOHFWURQ PRFURVFRS\ -(2/ -(0����&; PLFUR�
VFRSH DW DQ DFFHOHUDWLQJ YROWDJH RI ��� N9�

([SHULPHQWV DQG GLVFXVVLRQ RI UHVXOWV� 6SHFLDO
VWXGLHV RI WKH FRQWDFW ]RQH RQ WKH $'� � ����$7
MRLQW ZHUH ILUVW FRQGXFWHG WR LQYHVWLJDWH LQ PRUH GHWDLO
WKH FDXVHV RI GHFUHDVH LQ GXFWLOLW\ DQG ILQG PHWKRGV
WR LQFUHDVH LW� 6WUXFWXUH RI DOXPLQLXP DOOR\ ����$7�
VL]HV DQG FKDUDFWHU RI GLVWULEXWLRQ RI WKH KDUGHQLQJ
SKDVHV DUH VKRZQ LQ )LJXUH �� D� 0HDQ VL]HV RI WKH
KDUGHQLQJ SKDVHV LQ PHWDO DUH ≈ � µP� :LWK GLUHFW
WUDQVPLVVLRQ H[DPLQDWLRQV WKLV VWUXFWXUH LQ D ZHOGHG
MRLQW �LQ WKH UHJLRQ DGMRLQLQJ EDVH PHWDO� ORRNV OLNH
WKDW VKRZQ LQ )LJXUH �� E�

,W FDQ EH VHHQ WKDW WKH SKDVH SUHFLSLWDWHV DUH GLIIHUHQW
LQ VL]H� ([DPLQDWLRQ RI GLVWULEXWLRQ RI HWFKLQJ SLWV RQ
WUDQVYHUVH VHFWLRQV VKRZHG WKDW WKH LQWHQVLYH SODVWLF
GHIRUPDWLRQ ]RQH FKDUDFWHULVHG E\ DQ LQFUHDVHG GHQVLW\
RI VWUXFWXUDO GHIHFWV� ILUVW RI DOO GLVORFDWLRQV� DQG WKHLU
RULHQWHG GLVWULEXWLRQ H[WHQGHG WR D GHSWK RI DERXW ���w
��� µP �)LJXUH �� D�� 7KLV ]RQH FDQ EH FOHDUO\ VHHQ
XVLQJ DQ RSWLFDO PLFURVFRSH DW ORZ PDJQLILFDWLRQV�

0RUH GHWDLOHG VWXGLHV RI WKH FRQWDFW ]RQH E\ WUDQV�
PLVVLRQ PLFURVFRS\ \LHOGHG WKH IROORZLQJ UHVXOWV� ,W
ZDV HVWDEOLVKHG WKDW UHGLVWULEXWLRQ RI SKDVHV XQGHU
WKH HIIHFW RI ZHOGLQJ VWUDLQV WRRN SODFH LQ WKH QHDU�
FRQWDFW ]RQH RQ WKH VLGH RI DOOR\ ����$7 ���� µP
GHHS�� )LUVWO\� LW LV �H[SDQGLQJ� RI WKH KDUGHQLQJ
SKDVHV �)LJXUH �� F� DQG� VHFRQGO\� WKHLU UHILQLQJ WR
VL]HV RI KXQGUHGWKV RI D PLFURQ �≈ ����w���� µP�
�)LJXUH �� F� G�� 7KH QRWHG UHGLVWULEXWLRQ RI SKDVHV
LV HVSHFLDOO\ DFWLYH LQ WKH ORFDO FRQWDFW ]RQH WHQV RI
PLFURQV GHHS �)LJXUH �� E� F�� 7KH SURFHVV RI UHGLV�
WULEXWLRQ RI SKDVHV LQ WKLV FDVH LV DFFRPSDQLHG E\ DQ
DFWLYH PDVV WUDQVIHU RI FRSSHU ZLWKLQ WKH UHJLRQV DG�
MDFHQW WR WKH SKDVHV� LQFOXGLQJ WKH FRQWDFW ]RQH RI
WKH $'� � ����$7 MRLQW�

7UDQVPLVVLRQ H[DPLQDWLRQVRI D ILQH VWUXFWXUHRI FURVV
VHFWLRQV RI WKH FRQWDFW ]RQH VKRZHG WKDW SODVWLF GHIRU�
PDWLRQ RFFXUUHG E\ GLIIHUHQW PHFKDQLVPV LQ WKH QHDU�
FRQWDFW ]RQHV RI FRPPHUFLDOO\ SXUH DQG KDUGHQHG DOX�
PLQLXP �)LJXUH �� E� G� I� J�� )RU H[DPSOH� SODVWLF
GHIRUPDWLRQ LQ FRPPHUFLDOO\ SXUH DOXPLQLXP RFFXUV E\
WKH VKHDU PHFKDQLVP� ZKLFK LV HYLGHQFHG E\ IRUPDWLRQ
RI D GHYHORSHG V\VWHP RI VKHDU EDQGV �)LJXUH �� E� I��
$V RSSRVHG WR WKLV� SODVWLF GHIRUPDWLRQ LQ WKH ZHOGLQJ
]RQH RI KDUGHQHG DOOR\ ����$7 RFFXUV E\ D GLVFUHWH VKHDU
ZLWK D GUDVWLF UHRULHQWDWLRQ RI VKHDU EDQGV LQ WKH ]RQH
RI FROOLVLRQ ZLWK D KDUGHQLQJ SKDVH �)LJXUH �� E� G� J��
,Q DGGLWLRQ� WKH PLFURGLIIUDFWLRQ PHWKRGV UHYHDOHG
VWUXFWXUDO HOHPHQWV LQGLFDWLYH RI WXUQV �URWDWLRQV� RI
GLIIHUHQW VL]HV RI PLFURUHJLRQV RI WKH KDUGHQHG PHWDO�
ZKLFK LV WKH H[WUHPH IRUP RI SODVWLF UHOLHI RI LQWHUQDO
VWUHVVHV LQ WKH GHIRUPHG PHWDO� 7KH FKDUDFWHU RI YDUL�
DWLRQV RI WKH W\SHV RI VWUXFWXUHV IRUPHG RQ WKH VLGH RI
HDFK RI WKH PHWDOV ZHOGHG WKURXJK GHSWK RI WKH ZHOGLQJ
]RQH LV VKRZQ LQ )LJXUH ��

7KHUHIRUH� ZKLOH SODVWLF GHIRUPDWLRQ LQ WKH FRQWDFW
]RQH RI FRPPHUFLDOO\ SXUH DOXPLQLXP LV FKDUDFWHULVHG
E\ D KLJK LQWHQVLW\� KDYLQJ DOPRVW QR REVWDFOHV WR
RFFXU DFWLYHO\� LQ WKH FRQWDFW ]RQH RQ WKH VLGH RI
KDUGHQHG DOXPLQLXP WKH VLWXDWLRQ LV GLIIHUHQW�

'LVFUHWHQHVV RI WKH VKHDU EDQGV� GUDVWLF FKDQJH LQ
WKHLU RULHQWDWLRQ �)LJXUH �� G� J� DQG VXEVWDQWLDO LQ�
FUHDVH LQ GHQVLW\ RI GLVORFDWLRQV LQ ORFDWLRQV ZKHUH
WKH VKHDU EDQGV FROOLGH ZLWK WKH KDUGHQLQJ SKDVH �)L�
JXUH �� K� DUH LQGLFDWLYH QRW RQO\ RI D UHWDUGHG IORZ�
EXW DOVR RI D FRQVLGHUDEOH ORFDO KDUGHQLQJ RI DOX�
PLQLXP DOOR\ ����$7 LQ WKH ZHOGLQJ ]RQH �DW D GHSWK
RI DERXW ���w��� µP IURP WKH FRQWDFW VXUIDFH�� ,W LV
OLNHO\ WKDW FRQVLGHUDEOH KDUGHQLQJ RI PHWDO LQ WKH
FRQWDFW ]RQH LV DVVRFLDWHG QRW RQO\ ZLWK SKDVH SUH�
FLSLWDWHV DQG GUDVWLF LQFUHDVH LQ WKH GLVORFDWLRQ GHQ�
VLW\� EXW DOVR ZLWK LQFUHDVH LQ WKH FRQFHQWUDWLRQ RI
FRSSHU OHDGLQJ WR LQFUHDVH LQ WKH VROLG�VROXWLRQ FRP�
SRQHQW RI PHWDO KDUGHQLQJ� ,Q DGGLWLRQ� GHWHULRUDWLRQ
LQ ZHOGDELOLW\ DQG VHSDUDWLRQ RI VXFK MRLQWV LQ H[SOR�
VLRQ ZHOGLQJ� ZKLFK LV RIWHQ VHHQ LQ SUDFWLFH� PD\ EH
FDXVHG DOVR E\ WKH �H[SDQGHG� SKDVHV SUHVHQW LQ WKH
FRQWDFW ]RQH �)LJXUH �� F�� ZKLFK DUH ORFDOLVHG DW D
GHSWK RI DERXW �w� µP IURP WKH FRQWDFW VXUIDFH�

*LYHQ WKDW SKDVH SUHFLSLWDWHV �SDUWLDOO\ UHGLVWUL�
EXWHG� EXW VWLOO VXEVWDQWLDO LQ VL]H� H[HUW VXFK DQ XQID�
YRXUDEOH HIIHFW RQ GXFWLOLW\ LQ WKH ZHOGLQJ ]RQH� LW ZDV
RI LQWHUHVW WR ORRN IRU PHWKRGV IRU FOHDQLQJ WKH FRQWDFW
VXUIDFHV IURP WKH SKDVHV� 0RUHRYHU� FOHDQLQJ VKRXOG EH
GRQH WR D FHUWDLQ GHSWK DVVRFLDWHG ZLWK WKH GHSWK RI
SODVWLF GHIRUPDWLRQ LQ H[SORVLRQ ZHOGLQJ �LQ WKLV FDVH
LW LV ���w��� µP�� 7ZR PHWKRGV RI SUHOLPLQDU\ WUHDW�
PHQW RI VXUIDFHV IRU FOHDQLQJ ZHUH WULHG RXW IRU WKLV
SXUSRVH� HOHFWURFKHPLFDO DQG FKHPLFDO HWFKLQJ� 7KH
FKRLFH RI WKHVH PHWKRGV ZDV EDVHG RQ WKH IDFW WKDW WKH\
DOORZHG SKDVH SUHFLSLWDWHV WR EH VHOHFWLYHO\ UHPRYHG
>��@� ,Q DGGLWLRQ� GLVVROXWLRQ RI UHGXQGDQW SKDVHV �DQG�
DFFRUGLQJO\� ZHDNHQLQJ RI ERXQGDULHV EHWZHHQ JUDLQV
DQG SKDVHV DV D UHVXOW RI VHOHFWLYH WUHDWPHQW� ZLOO SUR�

)LJXUH �� 6WUXFWXUH RI EDVH PHWDO �DOXPLQLXP DOOR\ ����$7�� D x
VXUIDFH ZLWK SKDVH SUHFLSLWDWHV &X$O� �VFDQQLQJ HOHFWURQ PLFURV�
FRS\� �×������ E x ILQH VWUXFWXUH DQG GLVWULEXWLRQ RI SKDVH SUH�
FLSLWDWHV �WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\� �×�������
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PRWH WXUQV �URWDWLRQV� RI PLFURYROXPHV RI WKH GH�
IRUPHG PHWDO GXULQJ WKH ZHOGLQJ SURFHVV� 7KH ODWWHU
VKRXOG IDYRXU LPSURYHPHQW LQ ZHOGDELOLW\� DV WKH
UHJXODU PHFKDQLVPV RI SODVWLF GHIRUPDWLRQ �GLVORFD�
WLRQ� VKHDU� FDQ EH VXSSOHPHQWHG LQ WKLV FDVH E\ DQ
DGGLWLRQDO PHFKDQLVP� L�H� URWDWLRQDO� :LGHQLQJ RI
WKH UDQJH RI PHFKDQLVPV E\ ZKLFK SODVWLF GHIRUPDWLRQ
PD\ WDNH SODFH LV HVSHFLDOO\ LPSRUWDQW IRU VXFK ULJLG
GHIRUPDWLRQ FRQGLWLRQV ZKLFK DUH IRUPHG GXULQJ WKH
H[SORVLRQ ZHOGLQJ SURFHVV�

7KH DERYH SUHPLVHV ZHUH XVHG DV WKH EDVLV IRU ILQGLQJ
WKH SRVVLELOLW\ RI PLQLPLVLQJ SDUDPHWHUV RI H[SORVLRQ
ZHOGLQJ RI DOOR\ ����$0 �DOPRVW � WLPHV DV VWURQJ DV

DOOR\ $'�� WR KDUGHQHG DOOR\ ����$7 WKURXJK D VSH�
FLDO SUHOLPLQDU\ SUHSDUDWLRQ RI WKH PDWLQJ VXUIDFHV�
&ODGGLQJ ZLWK D VWURQJHU DOOR\ DOORZV WKH UHTXLUHG
WKLFNQHVV RI WKH IO\HU SODWH DQG WKH SXOVH HIIHFW RQ
VWUXFWXUH LQ WKH FODGGLQJ ORFDWLRQ WR EH GHFUHDVHG DF�
FRUGLQJO\� ZKLFK LV H[WUHPHO\ LPSRUWDQW IRU VROYLQJ
D QXPEHU RI SUDFWLFDO SUREOHPV� )RU WHFKQRORJLFDO
UHDVRQV WKH SUHOLPLQDU\ WUHDWPHQW ZDV GRQH WR WKH
PDWLQJ VXUIDFH RI RQO\ WKH IO\HU SODWH RI DOOR\
����$0� (OHFWURFKHPLFDO WUHDWPHQW ZDV GRQH DW WKH
DQRGH DQG FDWKRGH SRODULVDWLRQ� DV ZHOO DV DW WKH FRU�
URVLRQ SRWHQWLDO RI WKH &X$O� SKDVH LQ WKH � � K\GUR�
FKORULF DFLG VROXWLRQ DW D WHPSHUDWXUH RI �� �&� 7KH WLPH
RI WUHDWPHQW ZDV � K� &KHPLFDO WUHDWPHQW ZDV SHUIRUPHG
LQ WKH �� � DONDOLQH VROXWLRQ DW D WHPSHUDWXUH RI �� ±
± � �& IRU �� PLQ� IROORZHG E\ WUHDWPHQW LQ WKH �� �
QLWULF DFLG VROXWLRQ� 7KHGHSWK RI HWFKLQJ �∆F� DQG FRQWHQW
RI WKH KDUGHQLQJ SKDVH &X$O� ZHUH HVWLPDWHG LQ SDUDOOHO
ZLWK H[SHULPHQWV RQ HVWLPDWLRQ RI WKH HIIHFW RI WKH SUH�
OLPLQDU\ WUHDWPHQW PHWKRG DQG NLQHPDWLF FROOLVLRQ SD�
UDPHWHUV RQ VWUHQJWK RI WKH UHVXOWLQJ ����$0 � ����$7
MRLQWV WR VHSDUDWLRQ RI WKH FODGGLQJ OD\HU� 7KH UHVXOWV
REWDLQHG ZHUH FRPSDUHG ZLWK WKH VLPLODU GDWD JHQHUDWHG
E\ XVLQJ QR SUHOLPLQDU\ WUHDWPHQW�

7R HQVXUH LGHQWLFDO FROOLVLRQ FRQGLWLRQV� WKLQQLQJ
RI WKH IO\HU SODWHV UHVXOWLQJ IURP WKH SUHOLPLQDU\ WUHDW�
PHQW ZDV FRPSHQVDWHG IRU E\ XVLQJ FRYHU SODWHV� 7KLV
ZDV GRQH WR LQYHVWLJDWH WKH HIIHFW RI WRWDO WKLFNQHVV
RI WKH IO\HU DQG FRYHU SODWHV RQ VWUHQJWK RI WKH UH�

)LJXUH �� &RQWDFW ]RQH RI WKH $'� � ����$7 MRLQW DQG YDULDWLRQ LQ PRUSKRORJ\ RI KDUGHQLQJ SKDVH SUHFLSLWDWHV LQ DOOR\ ����$7 LQ
WKH ZHOGLQJ ]RQH �DUURZV VKRZ GLUHFWLRQ RI WKH FRQWDFW ERXQGDU\ RI WKH MRLQW�� D x JHQHUDO YLHZ RI WKH ZHOGHG MRLQW ERXQGDU\ �×�����
E x ILQH VWUXFWXUH RI WKH $'� � ����$7 FRQWDFW ]RQH H[KLELWLQJ H[WHQGHG VKHDU EDQGV �$'�� DQG UHRULHQWDWLRQ RI WKH EDQGV LQ WKH
KDUGHQLQJ SKDVH ORFDWLRQV �����$7� �×�������� F x KDUGHQLQJ SKDVH SUHFLSLWDWHV LQ WKH FRQWDFW ]RQH RQ WKH VLGH RI DOOR\ ����$7
�×������ G� I x UHRULHQWDWLRQ RI WKH EDQGV LQ DOOR\ ����$7 LQ WKH ]RQH RI FROOLVLRQ ZLWK SKDVHV RI GLIIHUHQW VL]HV �UHJLRQ ZLWK ILQHO\
GLVSHUVHG SKDVHV LV PDUNHG E\ D FLUFOH� �×�������� H x GLIIUDFWLRQ RI WKH UHRULHQWDWLRQ EDQGV� J� K x ORFDO LQFUHDVH LQ GLVORFDWLRQ
GHQVLW\ LQ WKH ]RQH RI UHRULHQWDWLRQ RI WKH VKHDU EDQGV RQ WKH VLGH RI DOOR\ ����$7 �×�������

)LJXUH �� &KDUDFWHU RI YDULDWLRQV LQ VWUXFWXUHV DQG WKHLU YROXPH
IUDFWLRQ WKURXJK GHSWK RI WKH FRQWDFW ]RQH IURP WKH LQWHUIDFH RI
WKH $'� � ����$7 MRLQW PDGH E\ H[SORVLRQ ZHOGLQJ
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VXOWLQJ MRLQWV� 7KH XVH RI WKH FRYHU SODWHV SURYLGHG
WKH UHTXLUHG WLPH IRU IRUPDWLRQ RI WKH MRLQW WKURXJK
LQFUHDVLQJ WKH WLPH RI WKH HIIHFW RI SRVLWLYH SUHVVXUHV
LQ WKH FRQWDFW ]RQH GXULQJ WKH SURFHVV RI FROOLVLRQ RI
WKH SODWHV� ,W ZDV HVWDEOLVKHG WKDW SUHOLPLQDU\ FKHPL�
FDO WUHDWPHQW OHG WR LPSURYHPHQW RI ZHOGDELOLW\�
VWUHQJWK RI WKH MRLQW LQFUHDVHG VHYHUDO WLPHV DQG
DPRXQWHG WR WKDW RI WKH IO\HU SODWH RI DOOR\ ����$0
LQ WKH DQQHDOHG VWDWH� 7\SLFDO VWUXFWXUH RI WKH MRLQW
]RQH LV VKRZQ LQ )LJXUH �� 7KH DWWHPSWV WR SURGXFH
WKH IXOO�VWUHQJWK ZHOGHG MRLQW �ZLWK UHVSHFW WR DOOR\
����$0� ZLWKRXW SUHOLPLQDU\ FKHPLFDO WUHDWPHQW RI
WKH IO\HU SODWHV IDLOHG�

$QDO\VLV RI GLVWULEXWLRQ RI FRSSHU LQ WKH MRLQW ]RQH
�)LJXUH �� SURYHG �)LJXUH �� WKDW DV D UHVXOW RI FKHPL�
FDO WUHDWPHQW LWV FRQFHQWUDWLRQ GHFUHDVHG ERWK RQ WKH
VLGH RI DOOR\ ����$0 DQG RQ WKH VLGH RI DOOR\ ����$7
�LQ WKH ODWWHU x E\ DERXW � ��� 3UHFLVH GHWHUPLQDWLRQ
RI WKH FRQFHQWUDWLRQ RI FRSSHU LV KDPSHUHG E\ LWV
OHYHOOLQJ GXULQJ WKH SURFHVV RI PDVV WUDQVIHU WKURXJK
WKH FRQWDFW ERXQGDU\� RFFXUULQJ LQ FRPELQHG SODVWLF
GHIRUPDWLRQ RI WKH PDWLQJ VXUIDFHV� DV ZHOO DV E\ D
SDUWLDO UHPRYDO RI WKH WUHDWHG OD\HU DV D UHVXOW RI WKH
FXPXODWLRQ HIIHFW GXULQJ H[SORVLRQ ZHOGLQJ� (OHFWUR�
FKHPLFDO WUHDWPHQW IDLOV WR SURYLGH WKH UHTXLUHG GH�
JUHH RI GLVVROXWLRQ RI SKDVHV� ZKLFK GRHV QRW IDYRXU
ZHDNHQLQJ RI LQWHUFU\VWDOOLQH ERQGV DQG GRHV QRW LP�
SURYH ZHOGDELOLW\�

*HQHUDOLVDWLRQ RI WKH UHVXOWV REWDLQHG DOORZV WKH
IROORZLQJ SDUDPHWHUV RI H[SORVLRQ FODGGLQJ RI DOOR\
����$7 DQG SUHOLPLQDU\ WUHDWPHQW RI DOOR\ ����$0
WR EH UHFRPPHQGHG WR VROYH SUREOHPV DVVRFLDWHG ZLWK
PLQLPLVDWLRQ RI WKH FROOLVLRQ SDUDPHWHUV IRU PDNLQJ
WKH ����$0 � ����$7 MRLQWV� 6R� LQ WKH FDVH RI XVLQJ
D WKLQ�VKHHW H[SORVLYH ZLWK WKH DERYH�PHQWLRQHG SD�
UDPHWHUV� WKH IO\HU SODWH VKRXOG EH DSSUR[LPDWHO\
WZLFH DV WKLFN DV WKH H[SORVLYH� :LWK D VPDOOHU WKLFN�
QHVV LW LV QHFHVVDU\ WR DSSO\ WKH FRPSHQVDWLQJ FRYHU
SODWHV� 2WKHUZLVH WKHUH LV WKH ULVN RI VHSDUDWLRQ RI
WKH MRLQW GXH WR WKH LQVXIILFLHQW WLPH RI WKH HIIHFW RI
SRVLWLYH SUHVVXUHV LQ WKH FRQWDFW ]RQH GXULQJ FROOLVLRQ
RI WKH SODWHV� 7R LQFUHDVH VWUHQJWK RI WKH UHVXOWLQJ
MRLQW� LW LV DGYLVDEOH WR VRIWHQ WKH PDWLQJ VXUIDFHV E\
FOHDQLQJ WKHP IURP WKH KDUGHQLQJ SKDVHV� ZKLFK LQ
WKLV FDVH LV FKHPLFDO HWFKLQJ RI WKH VXUIDFH RI WKH IO\HU
SODWH RI DOOR\ ����$0 LQ WKH �� � DONDOLQH VROXWLRQ�
IROORZHG E\ WUHDWPHQW LQ WKH �� � QLWULF DFLG VROXWLRQ�

7KH DERYH GHYHORSPHQWV ZHUH VXFFHVVIXOO\ XWLOLVHG
LQ HODERUDWLQJ WHFKQRORJLHV IRU UHSDLU RI GLIIHUHQW GD�

PDJHV LQ EDVH PHWDO RI WKLQ�ZDOOHG VKHOO PHWDO VWUXF�
WXUHV RI IO\LQJ YHKLFOHV� LQFOXGLQJ WKRVH PDGH IURP
KHDW�KDUGHQLQJ DOXPLQLXP DOOR\V RI WKH ����$7 W\SH�
E\ WKH H[SORVLRQ FODGGLQJ PHWKRG�

&21&/86,216

�� 3ODVWLF GHIRUPDWLRQ XQGHU H[SORVLRQ ZHOGLQJ FRQ�
GLWLRQV LV ORFDOLVHG DW D FHUWDLQ GHSWK 5 IURP WKH
LQWHUIDFH EHWZHHQ WKH SODWHV ZHOGHG� 7KLV GHSWK GH�
SHQGV SULPDULO\ XSRQ WKH WKLFNQHVV RI WKH IO\HU SODWH
DQG SDUDPHWHUV RI LWV FROOLVLRQZLWK WKH VXEVWUDWH EHLQJ
FODG� DQG LV D FRQWUROODEOH SDUDPHWHU RI WKH SURFHVV�

�� 3ODVWLF GHIRUPDWLRQ LQ WKH H[SORVLRQ ZHOGLQJ
]RQH RFFXUV E\ GLIIHUHQW PHFKDQLVPV� GHSHQGLQJ XSRQ
WKH W\SH RI PHWDO ZHOGHG� ,Q PHWDOV ZKLFK DUH SXUH
ZLWK UHVSHFW WR WKHLU SKDVH FRQWHQW �DOXPLQLXP RI WKH
$'� W\SH� LW RFFXUV SULPDULO\ E\ WKH VKHDU PHFKD�
QLVPV GXH WR LQWHQVLYH VKHDU EDQGV� ,Q PHWDOV FRQWDLQ�
LQJ KDUGHQLQJ SKDVHV �DOXPLQLXP RI WKH ����$7 W\SH�
LW LV KDPSHUHG DQG WDNHV SODFH E\ LQYROYLQJ VKHDU DQG
UHRULHQWDWLRQ� RFFXUULQJ LQ WKH ]RQHV RI FROOLVLRQ RI
WKH VKHDU EDQGV ZLWK WKH KDUGHQLQJ SKDVHV�

�� ,W LV UHFRPPHQGHG WR VRIWHQ WKH PDWLQJ VXUIDFHV
E\ UHPRYLQJ EULWWOH RU ORZ�GXFWLOLW\ SKDVHV WR LQFUHDVH
WKH VDIHW\ IDFWRU IRU GXFWLOLW\ RI WKH GHIRUPHG OD\HUV
DQG LPSURYH ZHOGDELOLW\ LQ FODGGLQJ DOXPLQLXP DOOR\
����$7 E\ H[SORVLRQ ZHOGLQJ� ,Q WKLV FDVH VRIWHQLQJ
FDQ EH GRQH E\ FKHPLFDO HWFKLQJ RI WKH VXUIDFH RI WKH
IO\HU SODWH RI DOOR\ ����$0 LQ WKH ���DONDOLQH VROXWLRQ
IROORZHG E\ WUHDWPHQW LQ WKH �� � QLWULF DFLG VROXWLRQ�

�� 'HULEDV� $�$� ������ 3K\VLFV RI H[SORVLRQ VWUHQJWKHQLQJ
DQG ZHOGLQJ� 1RYRVLELUVN� 1DXND�

�� *HOPDQ� $�6�� &KXGNRYVN\� $�'�� 7VHPDNKRYLFK� %�'� HW DO�
������ ([SORVLRQ FODGGLQJ RI VWHHO� 0RVFRZ� 0DVKLQRVWURHQLH�

�� (SVKWHMQ� *�1� ������ 6WUXFWXUH RI PHWDOV GHIRUPHG E\ H[�
SORVLRQ� 0RVFRZ� 0HWDOOXUJL\D�

�� 2OVRQ� *�%�� 0HVNRO� -�)�� $]ULQ� 0� ������ 6KRFN ZDYHV
DQG SKHQRPHQD RI KLJK�UDWH GHIRUPDWLRQ RI PHWDOV� 0RV�
FRZ� 0HWDOOXUJL\D�

�� 0XUU� /�(� ������ 6KRFN ZDYHV DQG SKHQRPHQD RI KLJK�
UDWH GHIRUPDWLRQ� 0RVFRZ� 0HWDOOXUJL\D�

�� *RUGLHQNR� /�.� ������ 6XEVWUXFWXUDO VWUHQJWKHQLQJ RI
PHWDOV DQG DOOR\V� 0RVFRZ� 1DXND�

�� ,YDQRYD� 9�6� ������ 5ROH RI GLVORFDWLRQV LQ VWUHQJWKHQLQJ
RI PHWDOV� 0RVFRZ� 1DXND�

�� *ROGVKWHMQ� 0�,�� /LWYLQRY� 9�6�� %URQILQ� %�0� ������ 0H�
WDO SK\VLFV RI KLJK�VWUHQJWK DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�

�� 2URZDQ� (� ������ 'LVORFDWLRQ LQ PHWDOV� 1HZ <RUN� $,0(�
��� $NLPRY� *�9� ������ 7KHRU\ DQG PHWKRGV IRU H[DPLQDWLRQ

RI PHWDO FRUURVLRQ� 0RVFRZ�/HQLQJUDG� $1 6665�

)LJXUH �� 7\SLFDO PLFURVWUXFWXUH RI WKH ]RQH RI WKH ����$0 �
����$7 MRLQW PDGH ZLWK SUHOLPLQDU\ FKHPLFDO WUHDWPHQW RI WKH
VXUIDFH

)LJXUH ��'LVWULEXWLRQ RI WKH FRQFHQWUDWLRQ RI FRSSHU LQ WKH FRQWDFW
]RQH RI WKH ����$0 � ����$7 MRLQW PDGH ZLWK SUHOLPLQDU\ WUHDW�
PHQW RI WKH VXUIDFH
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

,W LV VKRZQ WKDW WKH PDLQ GUDZEDFN RI PXOWLVWDWLRQ V\VWHPV EDVHG RQ EDOODVW UKHRVWDWV� FRQVLVWLQJ LQ LQFUHDVHG HQHUJ\

FRQVXPSWLRQ� FDQ EH SUHYHQWHG LQ WKHLU UHSODFHPHQW E\ HOHFWURQLF FRQWUROOHUV RI ZHOGLQJ FXUUHQW PDGH RQ SRZHU WUDQVLVWRU

VZLWFKHV RI WKH WKLUG DQG IRXUWK JHQHUDWLRQV� 7KHVH VFKHPHV DUH EDVHG RQ ZHOGLQJ FXUUHQW FRYHUWHUV XVLQJ SXOVH�ZLGWK

PRGXODWRUV ZLWK ZLGH IXQFWLRQDO FDSDELOLWLHV RI ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV�

.H\ ZRU G V � DUF ZHOGLQJ� PXOWLVWDWLRQ ZHOGLQJ V\VWHPV�

HQHUJ\�VDYLQJ� FRQYHUWHU� LQYHUWHU� VQXEEHU� SRZHU WUDQVLVWRU

PRGXOH

:HOGLQJ XVHG LQ HUHFWLRQ DQG UHSDLU RI REMHFWV RI

SRZHU HQJLQHHULQJ� PHWDOOXUJ\� RLO�JDV FKHPLFDO FRP�

SOH[� SLSHOLQH WUDQVSRUW� DV ZHOO DV LQ VKLS�EXLOGLQJ�

KHDY\ DQG WUDQVSRUW PDFKLQH�EXLOGLQJ DQG VRPH RWKHU
EUDQFKHV RI LQGXVWU\ LV SHFXOLDU E\ WKH QHHG WR FRQ�

FHQWUDWH D ODUJH TXDQWLW\ RI ZHOGLQJ VWDWLRQV DW D

OLPLWHGPDQXIDFWXULQJ DUHD� ,Q WKHVH FDVHV LW LV UDWLRQDO
WR XVH V\VWHPV RI D FHQWUDOL]HG VXSSO\ RI ZHOGLQJ VWD�

WLRQV ZLWK HOHFWULF HQHUJ\� 7KHVH V\VWHPV ZHUH QDPHG

PXOWLVWDWLRQ ZHOGLQJ V\VWHPV �0:6� >�w�@�

7KH 0:6 IRXQG WKH ZLGH VSUHDGLQJ LQ PDQXDO

DUF ZHOGLQJ �00$��PHFKDQL]HGZHOGLQJ LQ VKLHOGLQJ

JDVHV �0,*�0$*� DQG QRQ�FRQVXPDEOH HOHFWURGH

ZHOGLQJ LQ LQHUW JDVHV �7,*�� 7KH\ LQFOXGH D SRZHUIXO

SRZHU VRXUFH ZLWK D ULJLG H[WHUQDO YROW�DPSHUH FKD�

UDFWHULVWLF �9$&�� LQGLYLGXDO ZHOGLQJ VWDWLRQV DQG

EUDQFKHG HOHFWULFDO QHWZRUNV FRQQHFWLQJ WKHP� (DFK
ZHOGLQJ VWDWLRQ LV FRQQHFWHG WR WKH SRZHU VRXUFH

WKURXJK D EDOODVW UKHRVWDW� PDGH RQ OLQHDU DQG QRQ�

OLQHDU UHVLVWRUV� ZLWK WKH KHOS RI ZKLFK WKH FRQWURO RI
ZHOGLQJ FRQGLWLRQV LV UHDOL]HG >�� �w�@� 6LPLODU 0:6

DUH FKDUDFWHUL]HG E\ VRPH DGYDQWDJHV� VXFK DV ORZHU

VHUYLFH H[SHQVHV DUH UHTXLUHG DV FRPSDUHG ZLWK DQ

HTXLYDOHQW QXPEHU RI VLQJOH�VWDWLRQ UHFWLILHUV� KDYH

KLJKHU FKDUDFWHULVWLFV RI VDIHW\� WKHUH LV QR QHHG LQ
ZLULQJ RI WHPSRUDU\ QHWZRUNV RI ��� RU ��� 9� FUH�

DWLQJ DQ LQFUHDVHG KD]DUG LQ SODFHV RI ZHOGLQJ� VHUYLFH

LQ WKH ZLGH UDQJH RI DPELHQW WHPSHUDWXUHV LV IHDVLEOH�

+RZHYHU� WKH 0:6 KDYH DOVR HVVHQWLDO GUDZEDFNV�

FOHDUO\ H[SUHVVHG GHSHQGHQFH RI ZHOGLQJ FXUUHQW RQ

IOXFWXDWLRQV RI PDLQV YROWDJH DQG FKDQJH LQ OHQJWK RI
WKH DUF JDS� PXWXDO HIIHFW RI ZHOGLQJ VWDWLRQV DW WKHLU

VLPXOWDQHRXV RSHUDWLRQ� DEVHQFH RI SRVVLELOLW\ WR

PDLQWDLQ WKH SUHVHW WHFKQRORJLFDO FRQGLWLRQV DW D KLJK

DFFXUDF\� DQG DOVR WR SURJUDP WKH ZHOGLQJ F\FOH DQG

WR UHDOL]H WKH ZHOGLQJ FRQGLWLRQV ZLWK D PRGXODWHG

FXUUHQW� IUHTXHQW UHSDLUV RI EDOODVW UKHRVWDWV >�@�

7KHPDLQ GUDZEDFN RI0:6ZLWK EDOODVW UKHRVWDWV

LV WKH ORZ HIILFLHQF\ IDFWRU� DQG� FRQVHTXHQWO\� KLJK

HQHUJ\ FRQVXPSWLRQ IRUZHOGLQJ MREV WKDW LV VWLSXODWHG

E\ ODUJH ORVVHV RI SRZHU LQ EDOODVW UKHRVWDWV ���w�� �
RI SRZHU FRQVXPHG E\ D ZHOGLQJ VWDWLRQ�� 7KH HIIL�

FLHQF\ IDFWRU RI ZHOGLQJ VWDWLRQ LQ 0:6 ZLWK EDOODVW

UKHRVWDWV LQ DFFRUGDQFH ZLWK >�@ LV GHWHUPLQHG DV

η:6  8D�8UDW�

ZKHUH8
D
LV WKH DUF YROWDJH�8

UDW
LV WKH UDWHG RSHUDWLQJ

YROWDJH RI SRZHU VRXUFH �UHFWLILHU��

7KH WRWDO HIILFLHQF\ IDFWRU RI 0:6 �ZLWKRXW DO�
ORZDQFH IRU ORVVHV LQ EXVEDUV� KDV D IRUP

η0:6  η36η:6�

ZKHUH η36 LV WKH HIILFLHQF\ IDFWRU RI SRZHU VRXUFH

�UHFWLILHU��

,W LV VHHQ IURP UHODWLRQV WKDW DW D VXIILFLHQWO\ KLJK
HIILFLHQF\ IDFWRU RI PXOWLVWDWLRQ UHFWLILHUV ���w�� ��

WKH HIILFLHQF\ IDFWRU RI 0:6 ZLWK EDOODVW UKHRVWDWV

LQ WKH UDQJH RI WKH PRVW ZLGHO\ XVHG DQG WHFKQRORJL�

FDOO\�JURXQGHG ZHOGLQJ FRQGLWLRQV LQ FDVH RI 00$

DQG 0,*�0$* ZHOGLQJ GRHV QRW H[FHHG ��� DQG LQ

7,* x �� ��

7KHUHIRUH� DOPRVW VLPXOWDQHRXVO\ ZLWK WKH EHJLQ�

QLQJ RI D ZLGH DSSOLFDWLRQ RI 0:6 ZLWK EDOODVW UKHR�

VWDWV WKH DWWHPSWV ZHUH PDGH WR GHVLJQ PRUH HFRQRPL�

FDO 0:6 XVLQJ HOHFWURQLF FRQWUROOHUV RI ZHOGLQJ FXU�

UHQW >�� �w��@� +RZHYHU� WKH SUDFWLFDO VROXWLRQ RI WKLV

SUREOHP ZDV KLQGHUHG E\ WKH ODFN RI UHOLDEO\�RSHUDWHG

SRZHU VHPLFRQGXFWRU GHYLFHV FDSDEOH WR FRPPXWDWH

D KLJK SRZHU DW D KLJK IUHTXHQF\ ��� N+] DQG PRUH��

'HYHORSPHQW DQG PDVWHULQJ RYHU WKH UHFHQW ��w��

\HDUV RI LQGXVWULDO PDQXIDFWXUH RI SRZHUIXO ILHOG�HI�

IHFW WUDQVLVWRUV �026)(7�� LQVXODWHG�JDWH ELSRODU
WUDQVLVWRUV �,*%7� DQG RWKHU VLPLODU SRZHU GHYLFHV�

PHDQV RI FRQWURO RI WKHVH GHYLFHV� VXFK DV LQWHJUDO

GULYHUV� FRQWUROOHUV RI SXOVH�ZLGWK PRGXODWLRQ
�3:0�� DQG DOVR TXLFN�UHVSRQVH SRZHU GLRGHV DQG
HOHPHQWV RI VQXEEHU FLUFXLWV JDYH DQ RSSRUWXQLW\ WR

FUHDWH UHOLDEOH SXOVHG KLJK�IUHTXHQF\ FRQYHUWHUV DQG

KLJKO\�HIIHFWLYH VWDWLRQDU\ DQG PRELOH 0:6 RI WKH
QHZ JHQHUDWLRQ RQ WKHLU EDVH�

$PRQJ WKH YDULHW\ RI VHPLFRQGXFWRU SXOVHG '&
FRQYHUWHUV� D VLQJOH�DFWLRQ VWHS�GRZQ FRQYHUWHU KDV� $�(� .2527<16.<� 1�0� 0$.+/,1 DQG 9�$� %2*'$1296.<� ����
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IRXQG WKH ZLGHVW VSUHDGLQJ� ,W LV FKDUDFWHUL]HG E\ D
VLPSOH VFKHPH RI WKH SRZHU SDUW� FDSDELOLW\ WR IXQF�
WLRQ UHOLDEO\ DW FKDQJHV LQ ZLGH UDQJHV RI VXSSO\ YRO�
WDJH DQG ORDG UHVLVWDQFH� KLJK HIILFLHQF\ IDFWRU�
DPRXQWLQJ XVXDOO\ WR ��w�� �� 7KH YDOXH RI SRZHU
IDFWRU RI FRQYHUWHU RI WKLV W\SH LV DSSURDFKLQJ XQLW\�
$V WKH SRZHU VHPLFRQGXFWRU GHYLFHV RI WKH FRQYHUWHU
DUH LQFOXGHG LQWR WKH FLUFXLW RI D ORZHU YROWDJH� WKH
FRQWUROOHUV RI ZHOGLQJ FXUUHQW PDGH E\ WKH VFKHPH RI
D VWHS�GRZQ FRQYHUWHU� DUH PRUH UHOLDEOH WKDQ WKH
LQYHUWHU SRZHU VRXUFHV� DQG WKHLU SURSHUWLHV DV H[HFX�
WLYH GHYLFHV LQ V\VWHPV RI WKH DXWRPDWLF FRQWURO DUH
QRW ZRUVH WKDQ WKRVH RI LQYHUWHUV >��� ��@�

&ODVV RI '& FRQYHUWHUV KDV EHHQ VWXGLHG FRPSUH�
KHQVLYHO\� $W WKH VDPH WLPH� WKH XVH RI D VWHS�GRZQ
FRQYHUWHU DV D FRQWUROOHU RI ZHOGLQJ FXUUHQW KDV VRPH
VSHFLILFV LQIOXHQFLQJ ERWK RQ WKH VHOHFWLRQ RI SDUDPH�
WHUV RI SRZHU SDUW HOHPHQWV DQG DOVR RQ WKH GHVLJQ RI
WKH FRQWUROOHU FRQWURO V\VWHP� 7KHVH VSHFLILF IHDWXUHV
LQFOXGH D FRPSDUDWLYHO\ KLJK OHYHO RI WKH FRPPXWDWLQJ
SRZHU ��w�� N:�� G\QDPLF QDWXUH RI ORDG FKDQJLQJ
LQ WKH SURFHVV RI ZHOGLQJ DW D KLJK UDWH IURP RSHQ�
FLUFXLW WR VKRUW�FLUFXLW ORDG UHVXOWLQJ IURP WKH FRQGL�
WLRQV RI SURYLGLQJ VWDELOLW\ DQG VWHDGLQHVV RI SURFHVV
RI DUF ZHOGLQJ� QHFHVVLW\ RI FRQYHUWHU RSHUDWLRQ LQ WKH
FRQGLWLRQV RI FRQWLQXRXV FXUUHQWV RI DQ LQGXFWDQFH
FKRNH� KLJK KHDW SRZHU GLVVLSDWLQJ E\ VHPLFRQGXFWRU
GHYLFHV RI D SRZHU SDUW� 7KH FRQWUROOHU FRQWURO V\VWHP
VKRXOG SURYLGH IRUPDWLRQ RI VWDWLF DQG G\QDPLF 9$&
LQ DOO WKH UDQJH RI FKDQJLQJ WKH ORDG SDUDPHWHUV�

)LJXUH � JLYHV VFKHPDWLF GLDJUDPV RI ZHOGLQJ FXU�
UHQW FRQWUROOHUV IRU 00$� 0,*�0$* DQG 7,*
ZHOGLQJ�

5HOLDELOLW\ DQG HIILFLHQF\ IDFWRU RI WKHVH FRQWURO�
OHUV GHSHQG JUHDWO\ RQ W\SH DQG SDUDPHWHUV RI DFWLYH
HOHPHQWV� RQ ZKLFK WKH SRZHU SDUW LV EDVHG� 026�
)(7� DQG ,*%7�PRGXOHV� KDYLQJ KLJK LQSXW UHVLVWDQFH
DQG� WKXV� FRQVXPLQJ D QHJOLJLEOH FRQWURO SRZHU LQ D
VWDWLF FRQGLWLRQ� FDQ EH XVHG DV D SRZHU WUDQVLVWRU
VZLWFK 97� 026)(7�PRGXOHV SRVVHVV WKH EHVW IUH�
TXHQF\ SURSHUWLHV DPRQJ WKH DGYDQFHG SRZHU VHPL�
FRQGXFWRU GHYLFHV� 7KH\ KDYH KLJK UDWHV RI VZLWFKLQJ
DQG� FRQVHTXHQWO\� ORZ G\QDPLF ORVVHV� $W WKH VDPH
WLPH� WKH FRQGXFWLYLW\ ORVVHV LQ 026)(7�PRGXOHV
ZLWK GUDLQwVRXUFH YROWDJH RI PRUH WKDQ ��� 9 DUH
PXFK KLJKHU WKDQ WKRVH RI ,*%7�PRGXOHV� 026)(7�
PRGXOHV DUH PXFK LQIHULRU WR ,*%7�PRGXOHV ERWK E\
FKDUDFWHULVWLFV RI VDIHW\ RSHUDWLRQ DQG DOVR E\ VZLWFK�
LQJ FDSDELOLWLHV �E\ YROWDJH� FXUUHQW DQG GLVVLSDWHG
SRZHU�� 7KHUHIRUH� DW ORDG SRZHU RI PRUH WKDQ � N:
DQG ��w�� N+] IUHTXHQF\ RI WUDQVIRUPDWLRQ� W\SLFDO
RI ZHOGLQJ FXUUHQW FRQWUROOHUV� WKH XVH RI ,*%7�PR�
GXOHV ZLWK WKH KLJKHVW DOORZDEOH FROOHFWRUwHPLWWHU
YROWDJH LQ D VZLWFKHG�RQ FRQGLWLRQ8&(6� EHLQJ DERXW
��� 9� LV PRVW UDWLRQDO� $V WKH SRZHU VHPLFRQGXFWRU
GHYLFHV� WKH\ KDYH D QXPEHU RI XQLTXH SURSHUWLHV >���
��@� 7\SLFDO YDOXHV RI SDUDPHWHUV RI ,*%7�PRGXOHV
RI WKH WKLUG JHQHUDWLRQZLWK8&(6  ���9 LQ LQGXVWULDO
VHULHV RI FRPSDQLHV �0LWVXELVKL (OHFWULF�� �,QWHUQD�

WLRQDO 5HFWLILHU�� �6HPLNURQ�� �6LHPHQV�� �+LWDFKL�
DQG RWKHUV� ZKLFK DUH OHDGHUV LQ WKH ILHOG RI PDQX�
IDFWXUH RI WKHVH PRGXOHV� DUH JLYHQ EHORZ�

7HFKQLFDO FKDUDFWHULVWLF RI ,*%7�PRGXOHV

+LJKHVW ORQJ�WLPH GLUHFW FXUUHQW RI FROOHFWRU�
,F� $ ����������������������������������������������������������� ���
&ROOHFWRUwHPLWWHU VDWXUDWLRQ YROWDJH
�DW ,F  ���w��� $�� 8&(6$7� 9 ���������������������� ���w���
7LPH RI VZLWFK�RQ GHOD\ �DW ,F  ���w��� $��
WG�RQ�� QV ������������������������������������������������������ ��w���
7LPH RI LQFUHPHQW RI FROOHFWRU FXUUHQW DW
VZLWFKLQJ RQ �DW ,F  ���w��� $�� WU� QV ����������� ��w���
7LPH RI VZLWFK�RII GHOD\ �DW ,F  ���w��� $��
WG�RII�� QV ����������������������������������������������������� ���w���
7LPH RI FROOHFWRU FXUUHQW GURS DW VZLWFKLQJ RII
�DW ,F  ���w��� $�� WI� QV ����������������������������� ��w���
/RVVHV RI SRZHU �DW ,F  ���w��� $�� P:⋅V�
LQ VZLWFKLQJ RQ� (RQ ����������������������������������� �w��
LQ VZLWFKLQJ RII� (RII ���������������������������������� �w��

5DQJH RI DOORZDEOH WHPSHUDWXUHV RI SwQ
WUDQVLWLRQ� 7M� �& ������������������������������������������� w�� w ����
5DQJH RI DOORZDEOH DPELHQW WHPSHUDWXUHV
�ZLWKRXW FXUUHQW SDVVLQJ WKURXJK WKH PRGXOH��
767*� �& ������������������������������������������������������ w�� w ����

,PSRUWDQW FKDUDFWHULVWLFV� JUHDWO\ LQIOXHQFLQJ WKH
UHOLDELOLW\ DQG HIILFLHQF\ IDFWRU RI WKH FRQWUROOHU� DUH
TXLFN�UHVSRQVH DQG G\QDPLF UHVLVWDQFH RI D UHYHUVH
GLRGH 9'�� 7LPH RI D UHYHUVH UHFRYHU\ W55 RI GLRGH
9'� GHILQHV WKH VZLWFKLQJ FXUUHQW RYHUORDGV RI D
SRZHU WUDQVLVWRU VZLWFK 97 RI ,*%7�PRGXOH� ,Q
TXLFN�UHVSRQVH GLRGH PRGXOHV RI VXFK FRPSDQLHV DV
,;<6� �,QWHUQDWLRQDO 5HFWLILHU�� �6HPLNURQ�� WKH GL�
UHFW FXUUHQW ,) LV XS WR ��� $� GLUHFW YROWDJH 8)  
 ���w��� 9� UHYHUVH YROWDJH 85(0 x XS WR ���� 9�
WLPH RI UHYHUVH UHFRYHU\ W55  ���w��� QV� 7KHVH

)LJXUH �� 6WUXFWXUDO�IXQFWLRQDO VFKHPHV RI ZHOGLQJ FXUUHQW FRQ�
WUROOHUV IRU00$ �D� DQG 7,* �E� ZHOGLQJ� )%

F
DQG)%

Y
x FXUUHQW

IHHGEDFN DQG YROWDJH IHHGEDFN� UHVSHFWLYHO\ �WKH UHVW GHVLJQDWLRQV
DUH JLYHQ LQ WKH WH[W�
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YDOXHV RI SDUDPHWHUV RI GLRGH PRGXOHV DOORZ WKHLU XVH
LQ D SRZHU SDUW RI WKH ZHOGLQJ FXUUHQW FRQWUROOHUV DV
D UHYHUVH GLRGH�

7KH DSSOLFDWLRQ RI FKRSSHUV� WKH LQWHJUDWHG SRZHU
GHYLFHV� LQ ZKLFK ,*%7�WUDQVLVWRU LV FRPELQHG ZLWK
D UHYHUVH GLRGH LQ D VLQJOH GLRGH�WUDQVLVWRU RU WUDQVLV�
WRU�GLRGH PRGXOH� VHHPV PRVW UDWLRQDO IRU WKH GHVLJQ
RI D SRZHU SDUW RI WKH ZHOGLQJ FXUUHQW FRQWUROOHUV� ,Q
WKH UDQJH RI FXUUHQW YDOXHV XS WR ��� $ WKH FKRSSHUV
DUH PDQXIDFWXUHG E\ FRPSDQLHV �,QWHUQDWLRQDO 5HF�
WLILHU�� �6HPLNURQ� DQG RWKHUV� 3DUDPHWHUV RI ,*%7�
WUDQVLVWRU DQG UHYHUVH GLRGH RI WKH FKRSSHUV KDYH DO�
PRVW WKH VDPH YDOXHV DV WKH VLQJOH ,*%7�PRGXOHV�
HTXLYDOHQW E\ FXUUHQW� DQG TXLFN�UHVSRQVH GLRGH PR�
GXOHV�

6QXEEHU �VHH )LJXUH ��� D GDPSLQJ FLUFXLW IRU GH�
FUHDVLQJ G\QDPLF ORVVHV E\ FRUUHFWLRQ RI SDWK RI D
ZRUNLQJ SRLQW LQ VZLWFKLQJ RII RI D SRZHU WUDQVLVWRU
VZLWFK� EHORQJV WR WKH REOLJDWRU\ HOHPHQWV RI WKH FRQ�
WUROOHU SRZHU SDUW� ,Q FDVH RI ,*%7 WKH VQXEEHU� KDY�
LQJ WKH VDPH FRQILJXUDWLRQ �)LJXUH ��� LV GHVLJQHG IRU
OLPLWLQJ MXPSV RI WUDQVLWLRQ YROWDJHV DW WKH WUDQVLVWRU
LQ LWV VZLWFKLQJ RII� FDXVHG E\ SDUDVLWLF LQGXFWDQFHV
RI� UHVSHFWLYHO\� VQXEEHU /V DQG EXVEDU /S RI SRZHU
FLUFXLW RI ,*%7�PRGXOH� DQG DOVR KLJK YDOXHV G,F�GW�
L�H� UDWHV RI FKDQJH LQ FROOHFWRU FXUUHQW ,F LQ ,*%7�
PRGXOH VZLWFKLQJ RII� )LJXUH � SUHVHQWV D GLDJUDP RI
YROWDJH IRU ,*%7�PRGXOH DW LWV VZLWFKLQJ RII XVLQJ
WKH VQXEEHU� 9ROWDJH MXPS ∆8� ZDV FDXVHG PDLQO\
E\ LQGXFWDQFH/V� 9DOXH ∆8� LV GHWHUPLQHG IURP HTXD�
WLRQ

∆8�  /VG,F�GW�

$V G,F�GW FDQ UHDFK YDOXHV ����w���� $�QV >��@�
WKH SDUDVLWLF LQGXFWDQFH RI VQXEEHU /V VKRXOG QRW H[�
FHHG ����w���� Q+ WR OLPLW YDOXHV ∆8� �QRW PRUH WKDQ
��� 9�� )XOILOOPHQW RI WKLV UHTXLUHPHQW LV DWWDLQHG
E\ XVH RI TXLFN�UHVSRQVH GLRGHV DQG ILOP �IRU H[DPSOH�
SRO\SURS\OHQH� FDSDFLWRUV ZLWK D ORZ LQQHU LQGXF�
WDQFH LQ WKH VQXEEHU DQG E\ WKH VQXEEHU ORFDWLRQ LQ
WKH GLUHFW YLFLQLW\ WR WKH ,*%7�PRGXOH� �-XPS� RI
YROWDJH ∆8� GHSHQGV RQ WKH FDSDFLW\ RI WKH VQXEEHU
FDSDFLWRU &V DQG SDUDVLWLF LQGXFWDQFH RI EXVEDU /S�
$PSOLWXGH RI ∆8� LV GHWHUPLQHG IURP H[SUHVVLRQ

∆8�  ,F�/S�&V�
���
�

ZKHQFH� DW D SUHVHW PD[LPXP DOORZDEOH YDOXH ∆8�

&V = /S,F
��∆8� PD[

� = /S,Z PD[
�

�∆8� PD[
�

�

ZKHUH ,Z PD[ LV WKH PD[LPXP YDOXH RI ZHOGLQJ FXUUHQW�
$W ,F  ,Z PD[ ≤ ��� $ LQ VQXEEHUV RI ZHOGLQJ

FXUUHQW FRQWUROOHUV WKH FDSDFLW\ RI FDSDFLWRU &V LV XVX�
DOO\ HTXDO WR ����w���� µ)� WKDW SURYLGHV ∆8� � ��� 9
DW UHDO GHVLJQ YDULDQWV RI SRZHU EXVEDUV� /RVVHV LQ
WKH VQXEEHU DUH GHWHUPLQHG E\ DQ DFWLYH SRZHU JH�
QHUDWHG LQ D UHVLVWRU 5V �VHH )LJXUH �� LQ WKH SURFHVV
RI GLVFKDUJH RI FDSDFLWRU &V LQ VZLWFKLQJ RQ RI ,*%7�
PRGXOH DQG FDQ EH FDOFXODWHG E\ IRUPXOD

3666% =
&V8V

�
I

�
� ���

ZKHUH 8V LV WKH VXSSO\ YROWDJH RI FRQWUROOHU� I LV WKH
IUHTXHQF\ RI YROWDJH WUDQVIRUPDWLRQ�

7KH ODUJHVW SDUW RI WRWDO ORVVHV LQ WKH ZHOGLQJ
FXUUHQW FRQWUROOHU LV WKH ORVVHV LQ D SRZHU WUDQVLVWRU
VZLWFK DQG UHYHUVH GLRGH� )RU SRZHU WUDQVLVWRU RI DQ\
W\SH WKH WRWDO ORVVHV LQ 3697 UHSUHVHQW D VXP RI ORVVHV
RI FRQGXFWLYLW\ 36697 �VWDWLF�� ORVVHV LQ VZLWFKLQJV
36:97 �G\QDPLF� DQG ORVVHV IRU FRQWURO 36'97� ,Q
FDVH RI ,*%7�PRGXOH WKH ORVVHV IRU FRQWURO FDQ EH
QHJOHFWHG� DV WKH\ DUH WRR VPDOO� 6WDWLF ORVVHV DUH GH�
WHUPLQHG E\ YROWDJH DW SRZHU RQ WUDQVLVWRU DQG HIIHF�
WLYH YDOXH RI WKH FROOHFWRU FXUUHQW� $FFRUGLQJ WR UDWLR�
NQRZQ IRU VWHS�GRZQ FRQYHUWHU >��@� WKH HIIHFWLYH
YDOXH RI FROOHFWRU FXUUHQW ,F LQ D SRZHU WUDQVLVWRU RI
WKH ZHOGLQJ FXUUHQW FRQWUROOHU LV

,F =









,Z

� +
∆,/

�

��





 γ







���

�

ZKHUH ∆,/  ∆,Z LV WKH UDQJH RI SXOVDWLRQV RI ZHOGLQJ
FXUUHQW SDVVLQJ WKURXJK FKRNH /� γ  8D�8V LV WKH
FRHIILFLHQW RI SXOVH ILOOLQJ �UHODWLYH GXUDWLRQ RI �RQ�
VWDWH RI ,*%7�PRGXOH��

$V LQ WKH FRQGLWLRQ RI FRQWLQXRXV FXUUHQWV RI FKRNH

/ ∆,/���� �� ,Z
� � WKH H[SUHVVLRQ IRU ORVVHV LQ ,*%7�

PRGXOH FDQ EH SUHVHQWHG LQ WKH IRUP

)LJXUH �� 6FKHPH RI D VQXEEHU FLUFXLW� � x WUDQVLVWRU PRGXOH�
� x VQXEEHU

)LJXUH �� 'LDJUDP RI FROOHFWRUwHPLWWHU YROWDJH 8&( LQ VZLWFKLQJ
RQ ,*%7�PRGXOH ZLWK XVH RI D VQXEEHU
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3697 = 36697+ 36:97=

= 8&(6$7 ,Z






8D

8V







���

+ I ((6:(RQ) + (6:(R II))�
���

ZKHUH 8&(6$7 LV WKH YROWDJH RI VDWXUDWLRQ RI ,*%7�
PRGXOH LQ �RQ� VWDWH� (6:�RQ� DQG (6:�RII� DUH WKH
HQHUJ\ ORVVHV� UHVSHFWLYHO\� IRU VZLWFKLQJ RQ DQG RII
RI ,*%7�PRGXOH� IDOOLQJ RQ RQH SXOVH�

,W VKRXOG EH QRWHG WKDW LQ ,*%7�PRGXOH� WKH VDWX�
UDWLRQ YROWDJH 8&(6$7 GHSHQGV RQ VRPH IDFWRUV� VXFK
DV FXUUHQW FROOHFWRU ,F� WHPSHUDWXUH RI SwQ WUDQVLWLRQ
7M� JDWH YROWDJH8J� DQG HQHUJ\ RI ORVVHV IRU VZLWFKLQJV
�(6:�RQ� � (6:�RII�� GHSHQGV RQ YROWDJH 8&(6 DW FRO�
OHFWRU ZKHQ ,*%7�PRGXOH LV RII� FROOHFWRU FXUUHQW ,F�
UHVLVWDQFH LQ JDWH FLUFXLW 5J >��� ��@� )LJXUH � VKRZV
WKH GHSHQGHQFH RI VWDWLF ORVVHV RI FRQGXFWLYLW\ 36697�
EDVHG RQ UHIHUHQFH DQG H[SHULPHQWDO GDWD� RQ ZHOGLQJ
FXUUHQW ,Z DW GLIIHUHQW YDOXHV� γ �γ  ��� LV W\SLFDO RI
WKH UDQJH RI 7,* FRQGLWLRQV� γ  ���� x IRU 00$
DQG 0,*�0$* ZHOGLQJ� DQG WHPSHUDWXUH RI SwQ
WUDQVLWLRQ 7M IRU ,*%7�PRGXOH RI &0���+$���+
��0LWVXELVKL (OHFWULF��� 'HSHQGHQFH RI G\QDPLF
ORVVHV 36:97 RI WKLV PRGXOH RQ ,Z DW GLIIHUHQW YDOXHV
I LV VKRZQ LQ )LJXUH ��

/RVVHV RI UHYHUVH GLRGH 369' LQFOXGH ORVVHV RI FRQ�
GXFWLYLW\ 3669' DQG ORVVHV DW UHYHUVH UHFRYHU\ 36:9'

36'9 = 3669' + 36:9' = 8I ,I + (9'(RII) I =

= 8I ,Z





� w
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8V







���

+ 8V455 I =

= 8I ,Z
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8V
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,550 W55
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I�

���

ZKHUH 8I LV WKH GURS RI GLUHFW YROWDJH RQ GLRGH� ,I LV
WKH HIIHFWLYH YDOXH RI GLUHFW FXUUHQW SDVVLQJ WKURXJK
WKH GLRGH� (9'�RII� LV WKH HQHUJ\ RI ORVVHV DW UHFRYHU\
IDOOLQJ RQ RQH SXOVH� 455 LV WKH FKDUJH RI GLRGH UH�
FRYHU\� ,550 LV WKH SHDN YDOXH RI UHYHUVH FXUUHQW DW
UHFRYHU\� W55 LV WKH WLPH RI UHYHUVH UHFRYHU\�

7KH GLUHFW GURS RI YROWDJH 8I GHSHQGV RQ GLUHFW
FXUUHQW ,I� PD[LPXP DOORZDEOH YDOXH RI UHYHUVH YRO�
WDJH8550 DQG WHPSHUDWXUH RI SwQ WUDQVLWLRQ 7M� SHDN
YDOXH RI UHYHUVH FXUUHQW ,550 GHSHQGV RQ ,I� 8550�
7M DQG UDWH RI GURS RI GLUHFW FXUUHQW GLI�GW DW UHFR�
YHU\� ZKLOH LQ FKRSSHUV LW GHSHQGV DOVR RQ UHVLVWDQFH
5J LQ JDWH FLUFXLW RI ,*%7�PRGXOH� 7LPH RI UHYHUVH
UHFRYHU\ W55 LV DOVR D IXQFWLRQ RI GLI�GW DQG 7M� &DO�
FXODWLRQV VKRZHG WKDW DW IUHTXHQF\ RI WUDQVIRUPDWLRQ
XS WR �� N+] DQG DSSOLFDWLRQ RI TXLFN�UHVSRQVH GLRGHV
ZLWK 8550 ≤ ��� 9� W55 ≤ ��� QV WKH ORVVHV DW UHYHUVH
UHFRYHU\ 36:9' DUH YHU\ VPDOO DV FRPSDUHG ZLWK
ORVVHV RI FRQGXFWLYLW\ 3669' �QRW PRUH WKDQ �w� ���
7KHUHIRUH� WKH H[SUHVVLRQ ��� FDQ EH SUHVHQWHG LQ WKH
IRUP

36'9 ≅ 3669'  8I ,Z>� w 8D�8V@
���
� ���

)LJXUH � JLYHV WKH GHSHQGHQFH RI ORVVHV RI FRQGXF�
WLYLW\ RQ ZHOGLQJ FXUUHQW DW GLIIHUHQW YDOXHV �� w γ�

DQG WHPSHUDWXUH RI SwQ WUDQVLWLRQ IRU PRGXOH
6.0'���( ��6HPLNURQ���

,W VKRXOG EH QRWHG WKDW WKH YDOXHV RI SDUDPHWHUV
FDOFXODWHG E\ H[SUHVVLRQV ���w��� KDYH DQ HVWLPDWLQJ
QDWXUH DQG FDQ EH XVHG IRU WKH DSSUR[LPDWH GHWHUPL�
QDWLRQ RI ORVVHV WR REWDLQ WKH LQLWLDO GDWD IRU GHVLJQLQJ
D V\VWHP RI FRROLQJ WKH PRGXOHV RI D SRZHU WUDQVLVWRU
VZLWFK DQG UHYHUVH GLRGH RU FKRSSHU DQG DSSUR[LPDWH
FDOFXODWLRQ RI WKHUPDO FRQGLWLRQV RI PRGXOHV >��@� ,Q
PRVW FDVHV WKH UHDO ORVVHV LQ ,*%7�PRGXOH DUH VRPH�
ZKDW ORZHU WKDQ FDOFXODWHG ORVVHV� 7KLV LV H[SODLQHG
E\ WKH IDFW WKDW LQ FDOFXODWLRQ RI G\QDPLF ORVVHV GRPL�
QDWLQJ DW I ! �� N+] �)LJXUH �� WKH UHJXODWHG YDOXHV
RI HQHUJ\ RI ORVVHV (6:�RQ� � (6:�RII� DUH XVXDOO\ XVHG�
ZKLFK UHIHU WR WKH PD[LPXP YDOXH RI FROOHFWRUwHPLW�
WHU YROWDJH 8&(6 RI RII ,*%7�PRGXOH� ,Q ZHOGLQJ
FXUUHQW FRQWUROOHUV 8&( PD[ � 8&(6 E\ �w�� WLPHV�
DQG� FRQVHTXHQWO\� WKH YDOXHV (6:�RQ� DQG (6:�RII�

DUH PXFK ORZHU WKDQ WKH UHJXODWHG YDOXHV� 7KH UHDO
ORVVHV LQ UHYHUVH GLRGH DUH DOVR VRPHZKDW ORZHU� DV LQ
WKH UHDO FRQGLWLRQV �� � 7M � ��� ��&�� DQG UHJXODWHG
YDOXHV 8I UHIHU� DV D UXOH� HLWKHU WR 7M  �� �& RU WR

)LJXUH �� 'HSHQGHQFH RI VWDWLF ORVVHV RI FRQGXFWLYLW\ 36697 LQ
,*%7�PRGXOH RQ ZHOGLQJ FXUUHQW DW 8J  �� 9 �GDVK OLQHV x 7M  
 ��� �&� VROLG OLQHV x 7M  �� �&�

)LJXUH �� 'HSHQGHQFH RI G\QDPLF ORVVHV 36:97 LQ ,*%7�PRGXOH
RQ ZHOGLQJ FXUUHQW ,

Z
DQG IUHTXHQF\ RI YROWDJH WUDQVIRUPDWLRQ I

DW 8J  �� 9� 8&(  ��� 9 DQG 7M  ��� �&� � x I  ��� � x I  
��� � x I  ��� � x I  � N+]
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7M  ��� �&� ,W LV VHHQ IURP H[SUHVVLRQV ���w��� WKDW
LQ WKH ZHOGLQJ FXUUHQW FRQWUROOHU WKH ORVVHV LQ D SRZHU
WUDQVLVWRU VZLWFK DQG UHYHUVH GLRGH GHSHQG RQ DUF
YROWDJH8D� ZKLFK LV FRQWLQXRXVO\ FKDQJHG LQ WKH SUR�
FHVV RI ZHOGLQJ� LQ SDUWLFXODU LQ 00$ DQG
0,*�0$* ZHOGLQJ� WKDW PDNHV WKH DQDO\WLFDO GH�
WHUPLQDWLRQ RI ORVVHV YHU\ GLIILFXOW�

/RVVHV LQ SRZHU PRGXOHV FDQ EH GHWHUPLQHG PRUH
SUHFLVHO\ E\ D GLUHFW PHDVXUHPHQW RI WHPSHUDWXUHV 7F
RI FDVLQJV �EDVH SODWHV� RI PRGXOHV� 9DOXHV 7F DUH DOVR
LPSRUWDQW IRU HVWLPDWLRQ RI FRQIRUPLW\ RI HQHUJ\ FRQ�
GLWLRQV RI RSHUDWLRQ RI SRZHU PRGXOHV WR WKH FULWHULRQ
RI UHOLDELOLW\ E\ D WKHUPDO FRQGLWLRQ� L�H� PD[LPXP
DGPLVVLEOH YDOXH RI WHPSHUDWXUH 7M PD[ �XVXDOO\
7M PD[  ��� �&� RI FKLSV �RI SwQ VWUXFWXUHV� RI PR�
GXOHV� 7HPSHUDWXUH RI SwQ VWUXFWXUHV 7M DQG WHPSHUD�
WXUH RI PRGXOH FDVLQJ 7F DUH OLQNHG ZLWK D NQRZQ
HTXDWLRQ

7M  7F � 3V 5WK�M�F��

ZKHUH 5WK�M�F� LV WKH UHJXODWHG YDOXH RI WKHUPDO UHVLV�
WDQFH RI SwQ WUDQVLWLRQwFDVLQJ�

3XOVDWLRQ RI ZHOGLQJ FXUUHQW� ZKLFK LV GHWHUPLQHG
E\ WKH FKRNH LQGXFWDQFH /� LQIOXHQFHV JUHDWO\ WKH
UDQJHV RI ZHOGLQJ FXUUHQW FRQWURO� VWDELOLW\ DQG HODV�
WLFLW\ RI DUF� VWDELOLW\ RI ZHOG IRUPDWLRQ� 7R SURYLGH
WKH FRQGLWLRQ RI FRQWLQXRXV FXUUHQW WKURXJK WKH FKRNH
RI D VWHS�GRZQ FRQYHUWHU LW LV QHFHVVDU\ WR IXOILO WKH
FRQGLWLRQ >��@

/E ≤ 5O PD[�� w γPLQ���I�

ZKHUH /E LV WKH ERXQGDU\ YDOXH RI FKRNH LQGXFWDQFH
DW ZKLFK WKH FRQGLWLRQ RI FXUUHQW FRQWLQXLW\ LV SUR�
YLGHG� 5O PD[ LV WKH KLJKHVW YDOXH RI UHVLVWDQFH RI FRQ�
YHUWHU ORDG� γPLQ LV WKH OHDVW YDOXH RI FRHIILFLHQW RI
SXOVH ILOOLQJ�

$V UHJDUGV WR ZHOGLQJ FXUUHQW FRQWUROOHU WKH FRQ�
GLWLRQ RI FXUUHQW FRQWLQXLW\ WKURXJK WKH FKRNH LQ D
PRUH FRQYHQLHQW IRUP FDQ EH H[SUHVVHG DV

/E ≥ 8D PD[�� w 8D PLQ�8V PD[���I ,Z PLQ� ���

ZKHUH 8D PD[ DQG 8D PLQ DUH WKH KLJKHVW DQG OHDVW DUF
YROWDJH� UHVSHFWLYHO\� ,Z PLQ LV WKH OHDVW YDOXH RI ZHOG�
LQJ FXUUHQW LQ WKH UDQJH RI LWV FRQWURO�

7KH FRQGLWLRQ RI FXUUHQW FRQWLQXLW\ VKRXOG EH DOVR
IXOILOOHG DW VKRUW FLUFXLWV RI DUF JDS� WDNLQJ SODFH�
QDWXUDOO\� ERWK DW WKH VWDJH RI DUF H[FLWLQJ DQG DOVR
LQ WKH SURFHVV RI ZHOGLQJ� HVSHFLDOO\ LQ 00$ DQG
0,*�0$* ZHOGLQJ� +HUH� 8D PLQ LV WHQGHG WR ]HUR�
DQG �� w8D PLQ�8V PD[� LQ H[SUHVVLRQ ���x WR XQLW\�
7DNLQJ WKLV LQWR DFFRXQW /E FDQ EH SUHVHQWHG LQ WKH
IRUP

/E ! 8D PD[��I,Z PLQ� ���

,Q UHDO FRQWUROOHUV RI ZHOGLQJ FXUUHQW WKH LQGXF�
WDQFH RI FKRNH / H[FHHGV WKH FDOFXODWHG YDOXH /E E\
QRW OHVV WKDQ �w� WLPHV� 7KLV LV H[SODLQHG E\ WKH
WHQGHQF\ WR RSWLPL]H WKH ZHOGLQJ FXUUHQW SXOVDWLRQ
∆,Z  ∆,/  �� w γ�8D�/I� WR OLPLW WKH PD[LPXP
YDOXHV RI FROOHFWRU FXUUHQW RI ,*%7�PRGXOH� GLUHFW
FXUUHQW RI UHYHUVH GLRGH DQG FXUUHQW RI D EXIIHU FD�
SDFLWRU� DQG DOVR WR GHFUHDVH ORVVHV LQ D FKRNH FRUH�

&XUUHQW ,/� SDVVLQJ WKURXJK WKH ZLQGLQJ RI FKRNH
RI WKH ZHOGLQJ FXUUHQW FRQWUROOHU� KDV FRQVWDQW DQG
YDULDEOH FRPSRQHQWV� DV DOVR LQ VPRRWKLQJ FKRNHV RI
LQYHUWHU SRZHU VRXUFHV� ,Q WKHVH FKRNHV WKH FULWHULRQ
RI VHOHFWLRQ RI D FRUH PDJQHWLF PDWHULDO LV WKH YDOXH
RI VDWXUDWLRQ LQGXFWLRQ %V� KHUH WKH PDVV DQG TXDOLW\
RI FKRNH GR QRW GHSHQG DOPRVW RQ VSHFLILF ORVVHV RI
WKH PDJQHWLF PDWHULDO >��w��@� WKHUHIRUH� WKH HOHFWUL�
FDO VWHHOV DUH XVHG� DV D UXOH� LQ WKH FRUHV RI VPRRWKLQJ
FKRNHV DQG FKRNHV RI WKH ZHOGLQJ FXUUHQW FRQWUROOHUV
DW IUHTXHQFLHV RI SXOVDWLRQ ,/ ≅ �� N+]� ,Q FRPSDULVRQ
ZLWK FRUHV IURP RWKHU PDJQHWLF PDWHULDOV �IRU H[DP�
SOH� SHUPDOOR\� IHUULWH� WKH FRUHV IURP HOHFWULFDO VWHHOV
DUH PRVW RSHUDWLRQDO DQG HFRQRPLF� ,Q DGGLWLRQ� WKH\
SURYLGH KLJK VWDELOLW\ RI FKRNH LQGXFWDQFH ZLWKLQ WKH
ZLGH UDQJH RI WHPSHUDWXUHV �IURP w�� WR ���� �&��

7KH WRWDO ORVVHV LQ FKRNH 36/ UHSUHVHQW D VXP RI
ORVVHV LQ LWV PDJQHWLF FRUH 3P DQG -RXOH ORVVHV LQ
ZLQGLQJ 3ZLQG� ,Q WXUQ� WKH ORVVHV 3P LQ WKH HOHFWULFDO
VWHHO FRUH DUH WKH UHVXOW IURP WKH VXP RI ORVVHV IRU
K\VWHUHVLV DQG ORVVHV IRU HGG\ FXUUHQWV 3H� $V WKH
FKDQJH LQ PDJQHWLF LQGXFWLRQ LQ WKH FKRNH FRUH RFFXUV
DORQJ WKH QDUURZ VHSDUDWH ORRSV RI K\VWHUHVLV� WKHQ
WKH ORVVHV IRU K\VWHUHVLV DUH VR VPDOO WKDW WKH\ PD\ EH
QHJOHFWHG >��� ��@� /RVVHV IRU HGG\ FXUUHQWV 3H FDQ
EH GHWHUPLQHG E\ WKH PHWKRG RI GHVLJQ RI FKRNHV�
JLYHQ LQ >��@� DFFRUGLQJ WR ZKLFK

3H  9FRUH�EVW8/�
�
���ρVW�Z6FRUH�

�
�

ZKHUH 9FRUH LV WKH YROXPH RI FRUH� EVW LV WKH WKLFNQHVV
RI HOHFWULFDO VWHHO�8/ LV WKH HIIHFWLYH YROWDJH DW FKRNH�
ρVW LV WKH VSHFLILF HOHFWULF UHVLVWDQFH RI HOHFWULFDO VWHHO�
Z LV WKH QXPEHU RI WXUQV RI FKRNH ZLQGLQJ� 6FRUH LV
WKH DFWLYH DUHD RI FRUH FURVV�VHFWLRQ�

,Q VWHS�GRZQ FRQYHUWRU RI W\SH8/  �8V w8D�γ  
 8D�� w γ� WKH H[SUHVVLRQ IRU GHWHUPLQDWLRQ RI 3H
FDQ EH DV IROORZV�

3H = 9FRUH >EVW8D (� w γ)@����ρVW	(Z6FRUH)
� =

= 9FRUH >EVW8D (� w 8D�8V)@
����ρVW (Z6FRUH)��

���

)LJXUH �� 'HSHQGHQFH RI SRZHU RI ORVVHV RI FRQGXFWLYLW\ 3669' LQ
UHYHUVH GLRGH RQ ZHOGLQJ FXUUHQW DW 85(0  ��� 9 �WKH UHVW GH�
VLJQDWLRQ DUH JLYHQ LQ )LJXUH ��
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&DOFXODWLRQV PDGH E\ WKH PHWKRG >��@ WDNLQJ LQWR
DFFRXQW ���� VKRZ WKDW ZKHQ WKH ZHOGLQJ FXUUHQW
FRQWUROOHUV W\SLFDO RI FKRNHV DUH XVHG� / ≤ ��� µ+�
9FRUH ≤ ���⋅��w� P�� 6FRUH ≤ ���⋅��w� P�� Z  ��w��
WXUQV� WKH ORVVHV IRU HGG\ FXUUHQW 3H GR QRW H[FHHG
��� : DW EVW  ���� PP DQG � : DW EVW  ��� PP�
7KLV JLYHV DQ RSSRUWXQLW\ WR XVH WKH VKHHWV IURP FROG�
UROOHG DQLVRWURSLF HOHFWULFDO VWHHO �IRU H[DPSOH� RI
����� ����� ����� ���� JUDGHV� KDYLQJ D ORZ FRVW� IRU
WKH FKRNH FRUHV�

-RXOH ORVVHV LQ ZLQGLQJ DUH GHWHUPLQHG XVLQJ H[�
SUHVVLRQ

3ZLQG = ,/
�
5ZLQG = ,Z

�
5ZLQG� ���

ZKHUH 5ZLQG LV WKH DFWLYH UHVLVWDQFH RI FKRNH ZLQGLQJ
ZKLFK LV FDOFXODWHG E\ IRUPXOD

5ZLQG  ρZLQGZO$/7�6ZLUH  ρZLQGZO$/7 MG�,Z�

ZKHUH ρZLQG LV WKH VSHFLILF HOHFWULF UHVLVWDQFH RI ZLQG�
LQJ ZLUH� ,$/7 LV WKH DYHUDJH OHQJWK RI ZLQGLQJ WXUQ�
6ZLUH LV WKH DUHD RI FURVV�VHFWLRQ RI ZLQGLQJ ZLUH� MG
LV WKH GHQVLW\ RI FXUUHQW LQ ZLQGLQJ ZLUH�

7KH FXUUHQW GHQVLW\ LV FDOFXODWHG E\ NQRZQ PHWK�
RGV >��� ��@� DQ DOORZDEOH RYHUKHDWLQJ EHLQJ KHUH WKH
FDOFXODWLRQ FULWHULRQ� ,Q WKH PRVW FDVHV MG  ���w
��� $�PP� �GHSHQGLQJ RQ XSSHU YDOXH RI WKH UDQJH
RI ZHOGLQJ FXUUHQW FRQWURO�� ZKLOH WKH -RXOH ORVVHV
3ZLQG  ��w��� :� 7DNLQJ LQWR DFFRXQW WKDW 3ZLQG !
! 3H� WKH ORVVHV LQ FKRNH FDQ EH FRQVLGHUHG 36/ ≅ 3ZLQG�

/RVVHV LQ WKH SRZHU SDUW RI WKH FRQWUROOHU LQFOXGH
DOVR ORVVHV LQ HOHPHQWV RI LQSXW FLUFXLW� L�H� LQ D EXIIHU
FDSDFLWRU & DQG WK\ULVWRU 96 �VHH )LJXUH ��� 7KH
EXIIHU FDSDFLWRU & FRPELQHV IXQFWLRQV RI D VPRRWKLQJ
ILOWHU DQG HQHUJ\ DFFXPXODWRU� 7KH QHFHVVLW\ LQ WKH
VPRRWKLQJ ILOWHU LV VWLSXODWHG PDLQO\ E\ DQ LQGXFWLYH
QDWXUH RI LPSHGDQFH RI WKH FRQWUROOHU VXSSO\ FLUFXLW�
WKDW LV DYDLODEOH LQ 0:6� DQG DOVR LQ WKH VHFRQGDU\
FLUFXLWV RI VLQJOH�VWDWLRQ ZHOGLQJ UHFWLILHUV� %XW WKH
UHTXLUHPHQWV WR WKH DOORZDEOH OHYHO RI SXOVDWLRQV DUH
QRW VWULFW� L�H� WKHLU OHYHO LV OLPLWHG RQO\ E\ WKH DP�
SOLWXGH RI D YDULDEOH FRPSRQHQW RI YROWDJH DOORZDEOH
IRU WKH VHOHFWHG FDSDFLWRU >��@� ,Q DGGLWLRQ� LQ PXO�
WLVWDWLRQ UHFWLILHUV �DV LQ PRVW LQGXVWULDO VLQJOH�VWDWLRQ
ZHOGLQJ UHFWLILHUV� D WKUHH�SKDVH EULGJH RU VL[�SKDVH
�ELQDU\ WKUHH�SKDVH ZLWK DQ HTXDOL]LQJ UHDFWRU� FLU�
FXODU� HWF�� UHFWLI\LQJ FLUFXLWV DUH XVHG� SURYLGLQJ SXO�
VDWLRQV� HYHQ ZLWKRXW D VPRRWKLQJ ILOWHU� ZLWK D PD[L�
PXP UDQJH RI QRW PRUH WKDQ �� � RI DQ DYHUDJH YDOXH
RI WKH UHFWLILHG YROWDJH� 1HYHUWKHOHVV� WKH VHOHFWLRQ RI
FDSDFLWRU IRU LWV XVH DV D EXIIHU FDSDFLWRU� KDV LWV
SHFXOLDU IHDWXUHV FRPLQJ IURP WKH VSHFLILFV RI LWV RSH�
UDWLRQ DV DQ HQHUJ\ DFFXPXODWRU� WKDW UHTXLUHV WKH XVH
RI HOHFWURO\WLF �DOXPLQLXP� DV D UXOH� FDSDFLWRUV RI D
KLJK FDSDFLW\� 3DUDPHWHUV RI HOHFWURO\WLF FDSDFLWRUV
GHSHQG PDLQO\ RQ IUHTXHQF\ DQG WHPSHUDWXUH� 7KH
DOORZDEOH ORDG RI WKH HOHFWURO\WLF FDSDFLWRUV LV GHWHU�
PLQHG E\ WKHLU KHDWLQJ DQG OLPLWHG E\ WKH WHPSHUDWXUH
RI WKH PRVW KHDWHG SRLQW RI WKH FDSDFLWRU 7K� GHWHU�
PLQHG E\ UHODWLRQ >��@

7K  7D � 36%& 5WK  7D � �,%&
�

5(65�5WK�

ZKHUH 7D LV WKH WHPSHUDWXUH RI DPELHQW PHGLXP� 36%&
LV WKH ORVVHV SRZHU GLVVLSDWLQJ LQ WKH FDSDFLWRU� 5WK

LV WKH JHQHUDOL]HG KDUPRQLF UHVLVWDQFH RI FDSDFLWRU�
,%& LV WKH HIIHFWLYH YDOXH RI FDSDFLWRU FXUUHQW� 5(65

LV WKH HTXLYDOHQW DFWLYH UHVLVWDQFH RI FDSDFLWRU LQ D
VHULHV FLUFXLW RI LWV UHSODFHPHQW�

$V LQ WKH VWHS�GRZQ FRQYHUWHU WKH UHODWLRQ L%&  
 L/ w ,&$ �KHUH L%&x LQVWDQWDQHRXV YDOXH RI FXUUHQW
RI D EXIIHU FDSDFLWRU� L/ x FKRNH FXUUHQW� ,&$ x
FXUUHQW DYHUDJH YDOXH FRQVXPHG E\ FRQYHUWHU� IRU WKH
LQWHUYDO RI VZLWFKHG�RQ VWDWH RI D SRZHU WUDQVLVWRU
VZLWFK�� WKHQ WKH FXUUHQW YDOXH RI EXIIHU FDSDFLWRU
ZLOO EH

,%& = >��7∫
�

γ7

L%& (W)�GW@��� =

 >��7 ∫
�

γ7

(L/
�

w ,&$)�GW@ = >γ(� w γ),Z@
���
�

���

DQG DQ DYHUDJH YDOXH RI YDULDEOH FRPSRQHQW RI FXUUHQW
RI D EXIIHU FDSDFLWRU LV HTXDO WR

,%& DY = ��7 ∫
�

γ7

L%& (W)GW = γ(� w γ),Z� ����

,Q DUF ZHOGLQJ� LQ PRVW FDVHV ���� ≤ γ ≤ ����� GXH
WR ZKLFK WKH FRPSRQHQW �γ������ w γ� LQ H[SUHVVLRQ
��� FDQ EH DVVXPHG HTXDO WR ����� ZLWK D VXIILFLHQW
DFFXUDF\ IRU SUDFWLFDO FDOFXODWLRQV� 7KLV DOORZV FDO�
FXODWHG YDOXH RI WKH ORVVHV SRZHU GLVVLSDWLQJ LQ D
EXIIHU FDSDFLWRU WR EH GHWHUPLQHG ZLWK DQ HUURU RI QRW
PRUH WKDQ �� � E\ DQ DSSUR[LPDWHG IRUPXOD

36%& ≈ ������,Z
�
5(65�

����

&KDQJH LQ YROWDJH �UDQJH RI SXOVDWLRQV� DW D EXIIHU
FDSDFLWRU ∆8%& UHODWLYH DQ DYHUDJH YDOXH RI YROWDJH
DW FDSDFLWRU 8V

�

FDQ EH GHWHUPLQHG IURP H[SUHVVLRQ

∆8'& = �∆4�&E =

= �>��&E ∫L%&
�

γ7

(W)GW@ = �γ(� w γ),Z�&E I�
����

ZKHUH ∆4 LV WKH DPRXQW RI HOHFWULFLW\ VWRUHG E\ D
EXIIHU FDSDFLWRU LQ FKDUJH DQG HTXDO WR DPRXQW RI
HOHFWULFLW\ DW LWV GLVFKDUJH� &E LV WKH FDSDFLW\ RI D
EXIIHU FDSDFLWRU�

7DNLQJ LQWR DFFRXQW ���� WKH FRHIILFLHQW RI YROWDJH
SXOVDWLRQV DW WKH FDSDFLWRU LV

NS = ∆8%&�8V
�

= �γ(� w γ),Z�&E I 8V
�

=

= �γ�(� w γ),Z�&E I 8D�
����

$QDO\VLV RI H[SUHVVLRQV ���� DQG ���� DQG UHIH�
UHQFH GDWD IRU SDUDPHWHUV RI HOHFWURO\WLF FDSDFLWRUV
VKRZHG WKDW DW ,Z ≤ ��� $ DQG γ ≤ ��� WKH FDSDFLW\
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RI D EXIIHU FDSDFLWRU RI QRW PRUH WKDQ ��⋅��� µ) LV
VXIILFLHQW WR SURYLGH WKH OHYHO RI YROWDJH SXOVDWLRQV�
QRW H[FHHGLQJ WKH DOORZDEOH OHYHO� +RZHYHU� LQ UHDO
ZHOGLQJ FXUUHQW FRQWUROOHUV LW LV E\ ���w��� WLPHV
KLJKHU WKDW LV FDXVHG E\ WKH QHFHVVLW\ LQ IXOILOOPHQW
RI UHTXLUHPHQWV IRU PD[LPXP DOORZDEOH YDOXHV RI
ORQJ�SDVVLQJ FXUUHQW WKURXJK WKH FDSDFLWRU DQG WHP�
SHUDWXUH RI WKH PRVW KHDWHG SRLQW RI WKH FDSDFLWRU�
7KH EHVW FRPELQDWLRQ RI SDUDPHWHUV LV W\SLFDO RI FD�
SDFLWRUV PDQXIDFWXUHG E\ FRPSDQLHV �(YR[ 5LID��
�3KLOLSV�� �%+& $HURYR[�� �(OHNRQG� IRU WKHLU DS�
SOLFDWLRQ DV EXIIHU FDSDFLWRUV�

)LJXUH � VKRZV FXUYHV RI GHSHQGHQFH RI WKH ORVVHV
SRZHU LQ FDSDFLWRU 3(+���37���20 RI ��⋅��� µ)
FDSDFLW\ RQZHOGLQJ FXUUHQW DQG DPELHQW WHPSHUDWXUH�
REWDLQHG IURP GDWD RI �(YR[ 5LID� >��@ ZLWK DFFRXQW
IRU �����

/LPLWLQJ RI FKDUJH FXUUHQW DPSOLWXGH RI D GLV�
FKDUJHG EXIIHU FDSDFLWRU LV UHDOL]HG E\ LWV �VRIW�
FKDUJH XVLQJ D FLUFXLW FRQWDLQLQJ GLRGH 9'� DQG FXU�
UHQW�OLPLWLQJ UHVLVWRU 5 �VHH )LJXUH �� ZKLFK� DIWHU
FKDUJH FRPSOHWLRQ� LV VKXQWHG E\ D WK\ULVWRU 96� ,Q
D VWHDG\ FRQGLWLRQ WKH WK\ULVWRU 96 SOD\V D UROH RI D
FXW�RII GLRGH ZKRVH SUHVHQFH DOPRVW HOLPLQDWHV WKH
PXWXDO HIIHFW RI LQSXW FLUFXLWV RI FRQWUROOHUV RQ HDFK
RWKHU GXULQJ WKHLU VLPXOWDQHRXV RSHUDWLRQ� 3RZHU ORVV
DW WK\ULVWRU 96 FDQ EH GHWHUPLQHG IURP H[SUHVVLRQ

3696 = 8)96 ,796 = 8)96 γ ,Z =

= 8)96 (8D�8V
�

),Z� ����

ZKHUH 8)96 LV WKH GURS RI GLUHFW YROWDJH DW WK\ULVWRU�
,796 LV WKH GLUHFW FXUUHQW SDVVLQJ WKURXJK WK\ULVWRU�

7RWDO ORVVHV LQ SRZHU 3727 LQ WKH ZHOGLQJ FXUUHQW
FRQWUROOHU UHSUHVHQWV D VXP RI ORVVHV LQ DOO LWV XQLWV�
7DNLQJ LQWR DFFRXQW ���� ���� ���� ���� ��� DQG ����

3727 = I (���&V8V

� + (6:(RQ) + (6:(RII)) +

+ ,Z>8&( γ ��� + 8I (� w γ)��� + γ8)96@ +

+ ,Z
�
>5ZLQG+ γ(� w γ )�5(65@ + 3&6�

����

ZKHUH 3&6 LV WKH SRZHU FRQVXPHG E\ WKH FRQWUROOHU
FRQWURO V\VWHP�

+HQFH� WKH H[SUHVVLRQ IRU GHWHUPLQDWLRQ RI WKH
ZHOGLQJ FXUUHQW FRQWUROOHU HIILFLHQF\ IDFWRU η FDQ EH
SUHVHQWHG LQ WKH IRUP

8D,Z = η I (���&V8V
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,W LV VHHQ IURP ���� WKDW RQH RI IDFWRUV LQIOXHQFLQJ
WKH FRQWUROOHU HIILFLHQF\ IDFWRU LV WKH IUHTXHQF\ RI
WUDQVIRUPDWLRQ� ,Q WKH UDQJH RI ��w�� N+] WKH ORVVHV
UHODWHG WR WKH IUHTXHQF\ RI WUDQVIRUPDWLRQ DUH ��w
�� � RI WRWDO ORVVHV LQ WKH FRQWUROOHU� 7DNLQJ WKLV LQWR
DFFRXQW� LQ WKHZHOGLQJ FXUUHQW FRQWUROOHUVPDGH XVLQJ
,*%7�PRGXOHV� I  ��w�� N+]� WKH UHDO DWWDLQDEOH
YDOXHV RI WKH HIILFLHQF\ IDFWRU DUH ��w�� �� DQG WKH
WRWDO HIILFLHQF\ IDFWRU RI 0:6 �ZLWKRXW DFFRXQW IRU
ORVVHV LQ EXVEDUV � LV ��w�� ��

:HOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI WKH ZHOGLQJ
FXUUHQW FRQWUROOHUV DUH GHWHUPLQHGPDLQO\ E\ VWUXFWXUH
DQG FKDUDFWHULVWLFV RI WKHLU FRQWURO V\VWHPV �&6��

7KH PDLQ SDUW RI &6 LV D FRQWURO SDWK� ZKLFK LQ�
FOXGHV �VHH )LJXUH �� D 3:0� FRQWUROOHU RI ZHOGLQJ
F\FOH� ZHOGLQJ FXUUHQW VHQVRU �&6� DQG YROWDJH VHQVRU
�96�� 7KH ODWWHU LV LQFOXGHG LQWR WKH FRQWURO SDWK
PDLQO\ LQ FDVH RI 00$ DQG 0,*�0$* ZHOGLQJ� $V
WR WKH FRQILJXUDWLRQ� IXQFWLRQDO SXUSRVH RI VHSDUDWH
XQLWV DQG VFKHPH WKH FRQWURO SDWK LV VLPLODU WR WKH
PDLQ SDUW RI &6 RI LQYHUWHU SRZHU VRXUFHV LQ ZKLFK
3:0 LV XVHG DV D PHWKRG RI D SXOVHG FRQWURO� 7KH
SUHIHUHQFH RI XVH RI WKLV PHWKRG LQ WKH ZHOGLQJ FXUUHQW
FRQWUROOHUV LV VWLSXODWHG E\ WKH IDFW WKDW LQ FRQYHUWHUV
ZLWK D 3:0 WKH IUHTXHQF\ RI VZLWFKLQJ D SRZHU
WUDQVLVWRU VZLWFK DQG� FRQVHTXHQWO\� WKH IUHTXHQF\ RI
ORDG FXUUHQW SXOVDWLRQV� LV FRQVWDQW LQ WKH SURFHVV RI
FRQWURO� KHUH WKH UDQJH RI SXOVDWLRQV GHWHUPLQHG E\
WKH FKRNH LQGXFWDQFH FDQ EH RI DQ\ VPDOO YDOXH >���
��� ��@� 7KLV JLYHV DQ RSSRUWXQLW\ QRW RQO\ WR RSWLPL]H
WKH FKRNH DQG EXIIHU FDSDFLWRU SDUDPHWHUV� EXW DOVR
WR SURYLGH SUHPLVHV ERWK IRU WKH HIIHFWLYH DUF H[FLWLQJ
DW WKH LQLWLDO VWDJH RI WKH ZHOGLQJ SURFHVV DQG DOVR WR
PDLQWDLQ D VWDEOH DUF GLVFKDUJH DW ORZ YDOXHV RI ZHOG�
LQJ FXUUHQW� WKDW LV YHU\ LPSRUWDQW LQ FDVH RI 7,*
SURFHVV�

7KH FRQWUROOHU RI ZHOGLQJ F\FOH IRUPV DOO WKH QH�
FHVVDU\ WLPH LQWHUYDOV DQG VLJQDOV RI SUHVHWWLQJ SD�
UDPHWHUV RI WKH FRQWUROOHU 9$&� FRUUHVSRQGLQJ WR HDFK
VWDJH RI WKH ZHOGLQJ SURFHVV� DQG DOVR WKH FRQWURO
VLJQDOV RI VKLHOGLQJ JDV IHHGLQJ LQ FDVHV RI 7,* DQG
0,*�0$* ZHOGLQJ�

,Q 00$ DQG 0,*�0$* ZHOGLQJ �VHH )LJXUH ��
D� VLJQDOV� SURSRUWLRQDO WR FXUUHQW DQG YROWDJH RI
ZHOGLQJ� HQWHU WKH LQIRUPDWLRQ LQSXWV RI WKH FRQWUROOHU
IURP &6 DQG 96� $V D UHVXOW RI SURFHVVLQJ DQG WUDQV�
IRUPDWLRQ RI WKHVH VLJQDOV DQG D VLJQDO RI ZHOGLQJ
FXUUHQW VHWWLQJ LQ WKH FRQWUROOHU� D VLJQDO RI ZHOGLQJ
FXUUHQW SUHVHWWLQJ LV JHQHUDWHG� FRUUHVSRQGLQJ WR D
FXUUHQW VWDJH RI PHOWLQJ RU HOHFWURGH PHWDO WUDQVIHU�
,Q D ILQDO IRUP D VLJQDO RI ZHOGLQJ FXUUHQW SUHVHWWLQJ

)LJXUH �� 'HSHQGHQFH RI SRZHU RI DFWLYH ORVVHV LQ EXIIHU FDSDFLWRU
36%& RQ ZHOGLQJ FXUUHQW DW I  �� N+] DQG 5(65  � P2KP �DW
7  �� �&�� � x 7D  w��� � x 7D  ��� � x 7D  �� �&
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LV VXSSOLHG IURP WKH FRQWUROOHU RXWSXW WR WKH FRQWURO
LQSXW RI D3:0ZKRVH LQIRUPDWLRQ LQSXW LV FRQQHFWHG
WR D &6�

9HUWLFDO ��SLQ�� 9$& LQ WKH FRQWUROOHUV IRU 7,*
ZHOGLQJ DUH SURYLGHG E\ XVLQJ D GHHS QHJDWLYH FXUUHQW
IHHGEDFN �VHH )LJXUH �� E�� ,Q WKLV FDVH D VLJQDO� SUR�
SRUWLRQDO WR WKH VLJQDO RI ZHOGLQJ FXUUHQW VHWWLQJ�
HQWHUV D FRQWURO LQSXW RI D 3:0 IURP D FRQWUROOHU
RXWSXW� DQG D )%F VLJQDO HQWHUV DQ LQIRUPDWLRQ LQSXW�

([FHSW XQLWV RI FRQWURO SDWK WKH &6 RI FRQWUROOHUV
LQFOXGHV DQ LQSXW EORFN DQG VXSSO\ EORFN� 7KH LQSXW
EORFN FRQWUROV WKH SURFHVV RI D �VRIW� FKDUJH RI D
EXIIHU FDSDFLWRU &� IRUPV SXOVHV IRU WK\ULVWRU 96 FRQ�
WURO DQG SURYLGHV SURWHFWLRQ RI WKH FRQWUROOHU IURP
GLVWXUEDQFH RI SRODULW\ RI LQSXW YROWDJH DQG LQDGPLV�
VLEOH LWV YDOXHV� ,Q DGGLWLRQ� WKH LQSXW EORFN LQFOXGHV
H[HFXWLYH HOHPHQWV RI WKH &6 XQLWV� SURYLGLQJ FRQ�
WUROOHU SURWHFWLRQ IURP FXUUHQW RYHUORDGV LQ ZHOGLQJ
FLUFXLW� RYHUKHDWLQJ RI SRZHU VHPLFRQGXFWRU GHYLFHV�
DQG LQ 00$ DQG 0,*�0$* ZHOGLQJ SURWHFWV DOVR
IURP VKRUW FLUFXLWV LQ ORDG� ZKRVH GXUDWLRQ H[FHHGV
WKH SUHVHW YDOXHV� ,Q RSHUDWLRQ RI H[HFXWLYH HOHPHQWV
RI SURWHFWLRQ� WKH SRZHU SDUW RI WKH FRQWUROOHU LV GH�
HQHUJL]HG ZLWK WKH KHOS RI DQ LQSXW FRPPXWDWLQJ GH�
YLFH .'� IRU H[DPSOH� FRQWDFWRU�

)XQFWLRQDO XQLWV RI &6� LQ SDUWLFXODU D ZHOGLQJ
F\FOH FRQWUROOHU DQG 3:0� FDQ EH PDQXIDFWXUHG RQ
DQDORJ RU GLJLWDO EDVH� LQFOXGLQJ DOVR WKH XVH RI PL�
FURSURFHVVRUV >��@� 7KH GHWDLOHG GHVFULSWLRQ RI &6 DQG
LWV XQLWV ZLOO EH QRW JLYHQ LQ WKLV DUWLFOH� $QDO\VLV DQG
VFKHPH RI &6 LQ KLJK�IUHTXHQF\ FRQYHUWHUV ZHUH SUH�
VHQWHG LQ VRPH ZRUNV� LQFOXGLQJ UHYLHZV >��� ��@� ,W
VKRXOG EH QRWHG WKDW WKH ZHOGLQJ FRQWUROOHUV ZLWK &6
VWUXFWXUHV JLYHQ LQ )LJXUH � SURYLGH WKH IROORZLQJ�
KLJK TXLFN�UHVSRQVH RI FRQWURO SDWK� IRUPDWLRQ RI RS�
WLPL]HG VWDWLF DQG G\QDPLF 9$& ZLWKLQ WKH UDQJH RI
ZHOGLQJ FXUUHQW FRQWURO� UHOLDEOH DUF H[FLWLQJ DQG LWV
VWHDG\ EXUQLQJ LQ DOO VSDWLDO SRVLWLRQV DQG LQ DOO WHFK�
QRORJLFDOO\�JURXQGHG UDQJH RI DUF OHQJWK� IDYRXUDEOH
WUDQVIHU RI HOHFWURGH PHWDO �LQ00$ DQG0,*�0$*
ZHOGLQJ�� UHDOL]DWLRQ RI D SUHVHW ZHOGLQJ F\FOH DQG
LWV HOHPHQWV �VPRRWK LQFUHPHQW DQG VPRRWK GURS RI
ZHOGLQJ FXUUHQW DW WKH LQLWLDO DQG ILQDO VWDJHV RI WKH
ZHOGLQJ SURFHVV LQ 7,*� �KRW� VWDUW LQ 00$ ZHOGLQJ
DQG VR RQ�� VWDELOLW\ RI SUHVHW ZHOGLQJ FRQGLWLRQ SD�
UDPHWHUV DW H[WHUQDO GLVWXUEDQFHV� IHDVLELOLW\ RI UHDOL�
]DWLRQ RI ZHOGLQJ FRQGLWLRQ ZLWK DPRGXODWHG FXUUHQW�

:HOGLQJ FXUUHQW FRQWUROOHUV 5'*����8��� �IRU
7,* ZHOGLQJ� DQG 5'(����8��� �IRU 00$ ZHOG�

LQJ�� GHYHORSHG DW WKH 3:,� SRVVHVV PRVW RI DERYH�
PHQWLRQHG ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV� WKDW LV
FRQILUPHG E\ WKH H[SHULHQFH RI WKHLU LQGXVWULDO VHUYLFH�
LQ SDUWLFXODU RQ REMHFWV RI QXFOHDU SRZHU HQJLQHHULQJ�
7KH DSSOLFDWLRQ RI FRQWUROOHU 5'*����8��� FRXOG LQ�
FUHDVH VLJQLILFDQWO\ WKH TXDOLW\ RI ZHOG IRUPDWLRQ�
HVSHFLDOO\ URRW ZHOGV� LQ ZHOGLQJ ZLWK DQG ZLWKRXW
WKH ILOOHU ZLUH �PDLQO\ ZLWK XVH RI PRGXODWHG�FXUUHQW
FRQGLWLRQV� RI SRVLWLRQ ZHOGV ZLWK 9� DQG 8�VKDSHG
HGJH SUHSDUDWLRQ RI SLSHOLQHV DQG ILWWLQJV RI PDLQ
HTXLSPHQW RI SRZHU XQLWV RI 136� DOPRVW HOLPLQDWH
WKH IRUPDWLRQ RI �VKULQNDJH FDYLWLHV� LQ ZHOGLQJ RI
SLSHOLQHV IURP DXVWHQLWLF VWHHOV� GHFUHDVH WKH KHDW LQ�
SXW LQWR WKH SDUHQW PHWDO� ,Q 00$ ZHOGLQJ ZLWK XVH
RI 5'(����8��� FRQWUROOHUV D VSUD\ WUDQVIHU RI HOHF�
WURGH PHWDO� TXDOLW\ ZHOG IRUPDWLRQ LQ ZHOGLQJ ZLWK
D VKRUW DQG OLPLWLQJ WRR VKRUW DUF XVLQJ HOHFWURGHV
ZLWK DQ\ W\SH RI FRDWLQJ DUH SURYLGHG� 7KH ZHOGLQJ
ZLWK DXVWHQLWLF HOHFWURGHV DQG HOHFWURGHV GHVLJQHG IRU
ZHOGLQJ GLVVLPLODU VWHHOV EHFRPHV HDVLHU� ,Q 00$
ZHOGLQJ ZLWK PRGXODWHG FXUUHQW WKH ZHOGLQJ HIIL�
FLHQF\ LQ SRVLWLRQV� GLIIHUHQW IURP IODW� LV LQFUHDVHG
E\ ��w���� WKH SULPDU\ JUDLQ RIZHOGPHWDO LV UHILQHG�
PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV DUH LPSURYHG�
ZHOGLQJ RI URRW ZHOG EHFRPHV HDVLHU� LQFOXGLQJ LQ
ZHOGLQJ ZLWK D ODUJH JDS� DQG� DV D UHVXOW� D TXDOLW\
IRUPDWLRQ RI D EDFN EHDG LV DWWDLQHG�

5HDOL]DWLRQ RI DGYDQWDJHV RI 0:6ZLWK HOHFWURQLF
FRQWUROOHUV RI ZHOGLQJ FXUUHQW FDQ EH UHDOL]HG LQ WZR
ZD\V� 2QH RI WKHP LQFOXGHV WKH RSWLPL]LQJ RI SRZHU
DQG RSHUDWLQJ YROWDJH RI WKH PXOWLVWDWLRQ UHFWLILHU�
DQG DOVR VHFWLRQ RI OLQH �UDGLDO� EXVEDUV GHSHQGLQJ
RQ WKH SUHVHW QXPEHU RI ZHOGLQJ VWDWLRQV� ZKLOH DQ�
RWKHU ZD\ LV WKH LPSURYHPHQW RI HIIHFWLYHQHVV RI XVH
RI PXOWLVWDWLRQ UHFWLILHUV EHLQJ LQ VHUYLFH�

7KH 7DEOH JLYHV FRPSDUDWLYH FKDUDFWHULVWLFV RI ORDG
FDSDFLW\ RI WKH PRVW ZLGHO\ XVHG PXOWLVWDWLRQ UHFWL�
ILHUV ZLWK XVH RI WKH EDOODVW UKHRVWDWV DQG HOHFWURQLF
FRQWUROOHUV RI ZHOGLQJ FXUUHQW� KHUH WKH ZHOGLQJ FXU�
UHQW LV WDNHQ HTXDO WR ��� $� GXW\ F\FOH LV �� � DQG
WKH FRHIILFLHQW RI VLPXOWDQHRXV RSHUDWLRQ RI VWDWLRQV
.V  �����

(TXLSSLQJ RI RSHUDWLQJ 0:6ZLWK HOHFWURQLF FRQ�
WUROOHUV RI ZHOGLQJ FXUUHQW PDNHV LW SRVVLEOH QRW RQO\
WR LQFUHDVH WKH QXPEHU RI RSHUDWLQJ ZHOGLQJ VWDWLRQV�
EXW DOVR WR GHFUHDVH VLJQLILFDQWO\ �E\ ���w��� WLPHV�
WKH VHFWLRQ RI ZLUHV FRQQHFWLQJ HDFK ZHOGLQJ VWDWLRQ
WR D OLQH EXVEDU� 7KH QRWLFHDEOH DGYDQWDJH LQ PDVV RI

&RPSDUDWLYH FKDUDFWHULVWLFV RI ORDG FDSDFLWLHV RI PXOWLVWDWLRQ UHFWLILHUV

3DUDPHWHU 9'0����� 9'0����� 90*�����

5DWHG ZHOGLQJ FXUUHQW RI UHFWLILHU� $ ���� ���� ����

5DWHG RSHUDWLQJ YROWDJH� 9 �� �� ��

3ULPDU\ SRZHU� N9⋅$ �� ��� ���

1XPEHU RI 00$�7,* ZHOGLQJ VWDWLRQV�

LQ YDULDQW RI EDOODVW UKHRVWDWV ����� ����� �����

LQ YDULDQW RI HOHFWURQ FRQWUROOHUV RI ZHOGLQJ FXUUHQW ����� ����� ������
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FRQQHFWLQJ ZLUHV FDQ EH REWDLQHGZKHQ D UDGLDO VFKHPH
RI 0:6 LV XVHG�

&21&/86,216

�� $V WR LQGLFHV RI HQHUJ\ FRQVXPSWLRQ DQG PDWHULDO�
FRQWHQW WKH 0:6 ZLWK HOHFWURQLF FRQWUROOHUV PHHW
WKH PRGHUQ UHTXLUHPHQWV IRU WKH ZHOGLQJ HTXLSPHQW
FRQFHUQLQJ HQHUJ\� DQG UHVRXUFHV�VDYLQJ�

�� 0XOWLVWDWLRQ ZHOGLQJ V\VWHPV ZLWK HOHFWURQLF
FRQWUROOHUV DUH FKDUDFWHUL]HG E\ WKH VDPH ZHOGLQJ�
WHFKQRORJLFDO FKDUDFWHULVWLFV DV WKH KLJK�TXDOLW\ VLQ�
JOH�VWDWLRQ SRZHU VRXUFHV RI LQYHUWHU W\SH�

�� 7KH ZLGH LQGXVWULDO DSSOLFDWLRQ RI 0:6 ZLWK
HOHFWURQLF FRQWUROOHUV RI ZHOGLQJ FXUUHQW ZLOO LPSURYH
JUHDWO\ WKH WHFKQLFDO�HFRQRPLFDO LQGLFHV RI ZHOGLQJ
PDQXIDFWXULQJ LQ GLIIHUHQW EUDQFKHV RI LQGXVWU\�

�� /HEHGHY� 9�.�� 0HGYHGHQNR� 1�3�� =DUXED� ,�,� ������
$QDO\VLV RI PXOWLVWDWLRQ SRZHU VXSSO\ V\VWHP IRU &2

�
ZHO�

GLQJ� $YWRPDWLFK� 6YDUND� ��� ��w���
�� /HEHGHY� 9�.�� =DUXED� ,�,�� $QGUHHY� 9�9� ������ &HQWUD�

OLVHG SRZHU VXSSO\ RI &2
�
ZHOGLQJ VHWV� ,ELG�� �� ��w���

�� %XQNLQ� 3�<D�� 'RQVNRM� $�9� ������ 0XOWLVWDWLRQ ZHOGLQJ
V\VWHPV� /HQLQJUDG� 6XGRVWURHQLH�

�� .RVKNDUHY� %�7�� 0LORYDQRY� .�$�� /RVHY� 9�*� HW DO�
������ &RVW HIILFLHQF\ RI PXOWLVWDWLRQ &2

�
ZHOGLQJ� 6YD�

URFKQ� 3URL]YRGVWYR� �� ��w���
�� ������ $UF ZHOGLQJ HTXLSPHQW� 5HIHU� %RRN� (G� E\ 9�9�

6PLUQRY� /HQLQJUDG� (QHUJRDWRPL]GDW�
�� /HEHGHY� 9�.�� =DUXED� ,�,�� 0HGYHGHQNR� 1�3� HW DO� 0XO�

WLVWDWLRQ SRZHU VXSSO\ V\VWHP IRU HOHFWULF DUF ZHOGLQJ�
8665 DXWKRUsV FHUW� ������� ,QW� &O� % �� . ����� 3XEO�
���������

�� $QGUHHY� 9�9�� =DUXED� ,�,�� =LVOLQ� *�6� ������ 6HOHFWLRQ
RI RSHQ�FLUFXLW YROWDJH RI PXOWLVWDWLRQ V\VWHPV� $YWRPDWLFK�
6YDUND� ��� ��w���

�� =DUXED� ,�,�� 6LGRUHQNR� 0�1�� %DUJDPHQ� 9�3� HW DO�
������ 1RQ�OLQHDU FRQWURO RI &2

�
ZHOGLQJ FRQGLWLRQV LQ

PXOWLVWDWLRQ SRZHU VXSSO\ V\VWHP� ,ELG�� �� ��w���

�� 2VHOHGNR� 9�*�� .DJDQVN\� %�$� :HOGLQJ FXUUHQW FRQWURO
GHYLFH� 8665 DXWKRUsV FHUW� ������� ,QW� &O� % �� . �����
3XEO� ���������

��� 'UDERYLFK� <X�,�� /HEHGHY� $�9�� .UDFKHQNR� 9�9� HW DO�
������ &RQWURO RI PHFKDQLVHG &2

�
ZHOGLQJ FRQGLWLRQV XVLQJ

PXOWLVWDWLRQ FXUUHQW VXSSOLHV� $YWRPDWLFK� 6YDUND� ��� ��w���
��� 3DWRQ� %�(�� /HEHGHY� $�9� ������ &RQWURO RI IXVLRQ DQG

HOHFWURGH PHWDO WUDQVIHU LQ &2
�
ZHOGLQJ� ,ELG�� ��� �w��

��� *ODGNRY� (�$�� )HWLVRY� *�3�� 6LQHOQLNRY� 1�*� ������ ,P�
SURYHPHQW RI DUF ZHOGLQJ SURFHVVHV RQ WKH EDVH RI KLJK�IUH�
TXHQF\ HQHUJ\ FRQYHUWHUV �5HYLHZ�� 6YDURFKQ� 3URL]YRG�
VWYR� �� ��w���

��� $UW\RPHQNR� 0�(�� .ULVKWDIRYLFK� ,�$�� 6LQLWVLQD� ,�=�
������ &XUUHQW PHWKRGV RI DQDO\VLV RI HQHUJ\ SURFHVVHV LQ
WUDQVLVWRULVHG YROWDJH FRQYHUWHUV� .\LY� ,QVWLWXWH RI (OHFWUR�
G\QDPLFV�

��� 9HUHVKFKDJR� (�1�� .YDVQLWVN\� 9�)�� 0LURVKQLFKHQNR� /�1�
HW DO� ������ &LUFXLW WHFKQLTXH RI LQYHUWHU SRZHU VXSSOLHV
IRU DUF ZHOGLQJ� 5HIHU� %RRN� 1LNRODHY� 80*78�

��� ������ 3RZHU VHPLFRQGXFWRUV� (G� E\ 9�9� 7RNDUHY� 9RUR�
QH]K� (OLVW�

��� ������ 0DQXDO RQ DSSOLFDWLRQ RI ELSRODU WUDQVLVWRUV ZLWK
LVRODWHG JDWH �,*%7� DQG �LQWHOOLJHQW� SRZHU PRGXOHV
�,30� RI WKLUG JHQHUDWLRQ� (G� E\ 9�$� 3DYORYVN\� .\LY�

��� 0RLQ� 9�9�� /DSWHY� 1�1� ������ 6WDELOLVHG WUDQVLVWRU FRQ�
YHUWHUV� 0RVFRZ� (QHUJL\D�

��� *RUVN\� $�1�� 5XVLQ� <X�6�� ,YDQRY� 1�5� HW DO� ������ &DO�
FXODWLRQ RI HOHFWURPDJQHWLF HOHPHQWV RI VHFRQGDU\ SRZHU VR�
XUFHV� 0RVFRZ� 5DGLR L 6Y\D]�

��� 3HQWHJRY� ,�9�� 0HVKFKHU\DN� 6�1�� 7XUW\� 0�9� HW DO�
������ &DOFXODWLRQ SURFHGXUH RI LQSXW DQG RXWSXW ILOWHU
FKRNH RI ZHOGLQJ LQYHUWHU SRZHU VRXUFHV XVLQJ VWDQGDUG
PDJQHWLF FRUH� $YWRPDWLFK� 6YDUND� �� ��w���

��� %DV� $�$�� 0LORY]RURY� 9�3�� 0XVROLQ� $�.� ������ 6HFRQ�
GDU\ SRZHU VRXUFHV ZLWK WUDQVIRUPHU�OHVV LQSXW� 0RVFRZ�
5DGLR L 6Y\D]�

��� $QXIULHY� <X�$�� *XVHY� 9�1�� 6PLUQRY� 9�)� ������ 6HU�
YLFH FKDUDFWHULVWLFV DQG UHOLDELOLW\ RI HOHFWULF FDSDFLWRUV�
0RVFRZ� (QHUJL\D�

��� �����w����� (OHFWURO\WLF FDSDFLWRUV� 3URGXFWLRQ FDWDORJ�
(YR[ 5LID�

��� ������ 3RZHU VXSSOLHV� (OHFWURQLF (QJ�� ���� ��w���
��� 5RPDVK� (�0� ������ 6HFRQGDU\ SRZHU VXSSOLHV RI UD�

GLRHOHFWURQLFV� 0RVFRZ� 5DGLR L 6Y\D]�
��� ������ :HOGLQJ HTXLSPHQW� 3URGXFWLRQ FDWDORJ� %HVWHU 6$�

%LHODQ�
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,Q FRQQHFWLRQ ZLWK WKH ��WK ELUWK DQQLYHUVDU\ RI D SURPLQHQW VFLHQWLVW LQ WKH
ILHOG RI ZHOGLQJ PHWDOOXUJ\ RI QRQ�IHUURXV PHWDOV� 3URI� 'DQLLO 0� 5DENLQ�
'U� RI 6FL� �(QJ��� +RQRXUHG 6FLHQWLVW RI WKH 8NU� 665� ZLQQHU RI (YJHQ\
3DWRQ 3UL]H DQG ��WK DQQLYHUVDU\ RI WKH 'HSDUWPHQW IRU 3K\VLFDO�0HWDOOXU�
JLFDO 3URFHVVHV RI :HOGLQJ /LJKW 0HWDOV DQG $OOR\V� ZKLFK ZDV OHG E\

'� 5DENLQ IURP ���� WLOO ����� WKH (GLWRULDO %RDUG SUHVHQWV WR WKH UHDGHUV D
VXEMHFW�RULHQWHG VHOHFWLRQ RI SDSHUV E\ WKH VWDII PHPEHUV RI WKH 'HSDUWPHQW�

ZKLFK LV QRZ KHDGHG E\ 3URI� $QDWRO\ <D� ,VKFKHQNR� 'U� RI 6FL� �(QJ���

&RUUHVS��0HPEHU RI WKH 1$6 RI 8NUDLQH� 7KHVH SDSHUV VHW IRUWK WKH VWDJHV
DQG VWDWH�RI�WKH�DUW RI LQYHVWLJDWLRQ DQG GHYHORSPHQW RI WKH FXUUHQW SUREOHPV

RI ZHOGLQJ DOXPLQLXP DOOR\V� 5HVXOWV RI H[SHULPHQWDO VWXGLHV RI SK\VLFDO DQG

PHWDOOXUJLFDO SKHQRPHQD� SURFHHGLQJ LQ DUF DQG HOHFWURQ EHDP ZHOGLQJ� SUR�

FHGXUDO IHDWXUHV RI QHZ SURFHVVHV RI IXVLRQ ZHOGLQJ� PHWDOV VFLHQFH LVVXHV�

FRQFHUQLQJ WKH ZHOGDELOLW\ RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V DUH FRQVLGHUHG�

DV ZHOO DV PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV RI DGYDQFHG DOXPLQLXP DOOR\V

XQGHU GLIIHUHQW FRQGLWLRQV RI VHUYLFH�

(GLWRULDO %RDUG

�����������	�
���
�����	����

	�
���
�����	�	��

	�
�����
���	�
�������
��
���
��

$�<D� ,6+&+(1.2

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

.H\ ZRU G V � DOXPLQLXP DOOR\V� ZHOGLQJ� GLUHFWLRQV RI LQ�

YHVWLJDWLRQV� GHYHORSHG WHFKQRORJLHV

$OXPLQLXP DQG FRPSOH[ DOOR\V DQG FRPSRVLWHV RQ LWV
EDVH DUH H[WHQVLYHO\ DSSOLHG LQ PRGHUQ PHFKDQLFDO
HQJLQHHULQJ� 7KH\ HQDEOH WKH SURJUHVV LQ PDQ\ VHFWRUV

RI LQGXVWU\� PDLQO\ YHKLFOH FRQVWUXFWLRQ� ZKHUH KLJK�

VWUHQJWK OLJKW PDWHULDOV DUH XVHG SDUWLFXODUO\ HIIHF�

WLYHO\�

,Q 8NUDLQH� DV LQ RWKHU LQGXVWULDOLVHG FRXQWULHV� LW

LV LQWHQGHG WR LQFUHDVH WKH YROXPHV RI RXWSXW RI DOX�

PLQLXP DQG LWV KLJK�VWUHQJWK DOOR\V LQ WKH IRUP RI

ZURXJKW VHPL�ILQLVKHG SURGXFWV� UHTXLUHG WR SURGXFH

UDLOZD\ SDVVHQJHU FDUV� DXWRPRELOHV DQG ORUULHV� EXVHV�

DLUFUDIW� SURGXFWV IRU DHURVSDFH� FKHPLFDO� PHGLFDO

DQG IRRG LQGXVWU\� DV ZHOO DV LQ FRQVWUXFWLRQ�

&RQVLGHUDEOH GLIILFXOWLHV� DULVLQJ LQ IXVLRQZHOGLQJ

RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V� VKRXOG EH QRWHG�

ZKLFK DUH UHODWHG WR WKH KLJK FKHPLFDO DFWLYLW\ RI WKH

FRPSRQHQWV LQ WKH DOOR\ FRPSRVLWLRQ� ,QWHUDFWLRQZLWK

R[\JHQ DQG VXVFHSWLELOLW\ WR K\GURJHQ DEVRUSWLRQ OHDG

WR FRDUVH R[LGH ILOPV DQG SRURVLW\ LQ ZHOGV� 7KH

VWURQJHVW DOOR\V DUH SURQH WR KRW FUDFNLQJ DQG VRIWHQ�

LQJ LQ IXVLRQ ZHOGLQJ� 7KHVH IHDWXUHV DUH FOHDUO\ PDQL�

IHVWHG� ZKHQ XVLQJ DGYDQFHG KLJK�SHUIRUPDQFH $Ow/L
DOOR\V� ZKLFK� GXH WR WKHLU ORZ GHQVLW\ DQG LQFUHDVHG

ULJLGLW\ PRGXOXV� DOORZ UHGXFLQJ WKH VWUXFWXUH ZHLJKW

E\ �� WR �� �� DQG LQFUHDVLQJ WKH WRQQDJH RI SDVVHQJHU
DQG WUDQVSRUW DLUFUDIW DQG RWKHU YHKLFOH� UHVSHFWLYHO\�

5HTXLUHPHQWV FXUUHQWO\ PDGH RI PDWHULDOV DQG

WHFKQRORJLHV RI WKHLU ZHOGLQJ DUH LQFUHDVLQJ FRQWLQX�

RXVO\� 7KHUHIRUH� WKH 3:, GLUHFWRUVKLS LV FRQVWDQWO\

HQFRXUDJLQJ UHVHDUFK DQG GHYHORSPHQW RI PRUH HIIHF�

WLYH WHFKQRORJLHV� HTXLSPHQW� ZHOGLQJ FRQVXPDEOHV

IRU IDEULFDWLRQ RI OLJKW DOOR\ VWUXFWXUHV� 6SHFLDOLVHG
'HSDUWPHQW IRU 3K\VLFDO�0HWDOOXUJLFDO 3URFHVVHV RI

:HOGLQJ /LJKW 0HWDOV DQG $OOR\V� HVWDEOLVKHG DW WKH

3:,� KDV PDGH D VLJQLILFDQW FRQWULEXWLRQ RYHU WKH ��

\HDUV RI LWV DFWLYLW\ WR VROYLQJ XUJHQW SUREOHPV RI

ZHOGLQJ VFLHQFH DQG WHFKQRORJ\� ,Q SDUWLFXODU� FKD�

UDFWHULVWLFV RI ZHOGDELOLW\ RI FHUWDLQ DOOR\V KDYH EHHQ

LPSURYHG� DGYDQFHG ZHOGLQJ FRQVXPDEOHV KDYH EHHQ

GHYHORSHG� LQFOXGLQJ HIILFLHQW ILOOHU ZLUHV� FRQWDLQLQJ
]LUFRQLXP DQG VFDQGLXP� UDWLRQDO GHVLJQV RI ZHOG�

PHQWV KDYH EHHQ FUHDWHG� DQG DUF DQG HOHFWURQ EHDP

ZHOGLQJ WHFKQRORJLHV DQG WKH UHTXLUHG HTXLSPHQW

KDYH EHHQ GHYHORSHG� $OO WKLV SURYLGHG WKH KLJK TXDO�
LW\ RI ZHOGHG MRLQWV� UHOLDELOLW\ RI WKHLU SHUIRUPDQFH�

DQG SURPRWHG D KLJKHU HIILFLHQF\ RI ZHOGLQJ DQG UH�

GXFHG PHWDO FRQWHQW RI WKH SURGXFWV�
7KH ILUVW 'HSDUWPHQW +HDG LQ WKH SHULRG IURP

���� WR ���� ZDV 'DQLLO 0� 5DENLQ� 'U� RI 6FL�

�(QJ��� 3URIHVVRU� +RQRXUHG 6FLHQWLVW RI WKH
8NU� 665� 7KH PDLQ GLUHFWLRQV RI LQYHVWLJDWLRQV� SHU�

IRUPHG E\ WKH 'HSDUWPHQW� LQFOXGHG VWXG\LQJ WKH
ZHOGDELOLW\ RI DOXPLQLXP DQG PDJQHVLXP DOOR\V� GH�

YHORSPHQW RI WKH WHFKQRORJ\ RI ZHOGLQJ YDULRXV�SXU�

SRVH VWUXFWXUHV� LQFOXGLQJ GHYHORSPHQW RI VSHFLDOLVHG

HTXLSPHQW DQG ZHOGLQJ FRQVXPDEOHV� 6FLHQWLILF�HQJL�� $�<D� ,6+&+(1.2� ����
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QHHULQJ GHYHORSPHQWV RI WKH 'HSDUWPHQW KDYH EHHQ

H[WHQVLYHO\ LQWURGXFHG LQ PDQ\ PHFKDQLFDO HQJLQHHU�

LQJ HQWHUSULVHV LQ IDEULFDWLRQ RI ERLOHUV� UDLOZD\ WDQN

FDUV DQG VWDWLRQDU\ WDQNV� HTXLSPHQW IRU FKHPLFDO

SURGXFWLRQ DQG IRRG LQGXVWU\� PHWUR FDUV� KLJK�VSHHG

UDLOZD\ FDUV� ORUULHV DQG GXPS WUXFNV� DLUFUDIW DQG

DHURVSDFH SURGXFWV� DV ZHOO DV LQ UHSDLU RI DJULFXOWXUDO

PDFKLQHU\ DQG PRWRU YHKLFOHV�

$W SUHVHQW KLJKO\�TXDOLILHG H[SHUWV LQ WKH ILHOG RI

PHWDOOXUJ\ DQG PHWDOV VFLHQFH� WHFKQRORJ\ RI ZHOGLQJ

OLJKW DOOR\V DQG PHWDO FRPSRVLWHV DUH XVLQJ XS�WR�GDWH

ZHOGLQJ DQG UHVHDUFK HTXLSPHQW WR FRQGXFW UHVHDUFK

IRU VROYLQJ VXFK SUREOHPV DV�

• ZHOGDELOLW\ RI DGYDQFHG VWUXFWXUDO PDWHULDOV�

EDVHG RQ DOXPLQLXP DQG PDJQHVLXP� ZKHQ XVLQJ YDUL�

RXV SURFHVVHV� $O�PDWUL[ FRPSRVLWHV DQG GLVVLPLODU

PDWHULDOV�

• QDWXUH RI KRW ZHOGLQJ FUDFNV DQG GHYHORSPHQW

RI PHWKRGV RI WKHLU SUHYHQWLRQ LQ ZHOGLQJ RI DGYDQFHG

KLJK�VWUHQJWK FRPSOH[ DOOR\V� LQFOXGLQJ DOXPLQLXP

DQG PDJQHVLXP DOOR\V� FRQWDLQLQJ OLWKLXP�

• LQWHUDFWLRQ RI ZHOG SRRO ZLWK JDVHV� GHYHORSPHQW
RI PHWKRGV RI GHJDVVLQJ RI PROWHQ PHWDO DQG HYDOX�

DWLRQ RI WKH LQIOXHQFH RI SRURVLW\ LQ ZHOGHG MRLQWV RQ

WKHLU SHUIRUPDQFH�

• VWUXFWXUDO WUDQVIRUPDWLRQV LQ WKH ZHOG DQG +$=�

WKHLU LQIOXHQFH RQ MRLQW SURSHUWLHV�

• LPSURYHPHQW RI WKH FKDUDFWHULVWLFV RI VWUHQJWK

DQG UHOLDELOLW\ RI ZHOGHG MRLQWV XQGHU GLIIHUHQW FRQ�

GLWLRQV RI VHUYLFH�

$PRQJ WKH PDLQ WHFKQRORJLFDO GHYHORSPHQWV� WKH

IROORZLQJ PRVW HIILFLHQW ZHOGLQJ SURFHVVHV DQG H[DP�

SOHV RI WKHLU DSSOLFDWLRQ LQ IDEULFDWLRQ RI VWUXFWXUHV

IRU YDULRXV SXUSRVHV VKRXOG EH QRWHG�

• QRQ�FRQVXPDEOH HOHFWURGH LPSXOVH�DUF ZHOGLQJ

RI $Ow/L DQG RWKHU KLJK�VWUHQJWK OLJKW DOOR\V RI GLI�

IHUHQW DOOR\LQJ V\VWHPV� DV DSSOLHG WR PDQXIDFWXUH RI

FULWLFDO LWHPV� 7KH WHFKQRORJ\ LPSURYHV ZHOG TXDOLW\

DQG LQFUHDVHV WKHLU VWUHQJWK E\ ��w�� ��

• FRQVXPDEOH HOHFWURGH LPSXOVH�DUF ZHOGLQJ RI

VKHHW VWUXFWXUHV ��w� PP� IRU PDQXIDFWXUH DQG UHSDLU

RI ERDWV� ODXQFKHV� VKLS VXSHUVWUXFWXUHV� HTXLSPHQW

IRU IRRG DQG FKHPLFDO LQGXVWU\� WDQN�FDUV� SLSHOLQHV�

HWF� 7HFKQRORJ\ SURYLGHV D KLJK HIILFLHQF\ RI WKH SURF�

HVV� ORZHU GLVWRUWLRQ RI VWUXFWXUHV DQG FRVW RI ZHOGLQJ�

• HOHFWURVODJ ZHOGLQJ RI FRPSRQHQWV RI DOXPLQLXP
EXVEDUV DQG EODQNV RI D ODUJH FURVV�VHFWLRQ ��� WR

��� PP WKLFN� XQGHU VWDWLRQDU\ FRQGLWLRQV DQG LQ

VLWH� (OHFWULF UHVLVWDQFH LQ WKH MRLQW ]RQH GRHV QRW

H[FHHG WKDW RI WKH EDVH PHWDO DQG LV FKDUDFWHULVHG E\

D KLJK VWDELOLW\�

• HOHFWURQ EHDP ZHOGLQJ DQG VXUIDFLQJ RI DOX�

PLQLXP DOOR\V WR PDQXIDFWXUH ODUJH�VL]HG VKHOOV DQG

WDQNV� VWULQJHU SDQHOV IRU FRQVWUXFWLRQ RI VKLSV� DLU�

FUDIW� URFNHWV DQG VSDFH SURGXFWV� VWUXFWXUHV RI KHDW

H[FKDQJH DSSDUDWXVHV� SLVWRQV ZLWK FRROLQJ FDYLWLHV

DQG VWUHQJWKHQHG ULQJ JURYHV� DQG KRXVHKROG DSSOL�

DQFHV� 7HFKQRORJ\ SURYLGHV D KLJK TXDOLW\ DQG VWDEL�

OLW\ RI PHFKDQLFDO SURSHUWLHV RI SHUPDQHQW MRLQWV ���

WR ��� PP WKLFN�

• MRLQLQJ E\ GLIIHUHQW SURFHVVHV WKH GLVVLPLODU PH�

WDOV �DOXPLQLXP DQG LWV DOOR\V WR VWHHOV� FRSSHU DQG

RWKHU PHWDOV�� $O�PDWUL[ FRPSRVLWH PDWHULDOV� UHLQ�

IRUFHG E\ ILEUHV �VWHHO� VLOLFRQ FDUELGH� FDUERQ DQG

ERURQ� DQG GLVSHUVH SDUWLFOHV �R[LGHV� FDUELGH� LQWHU�

PHWDOOLFV�� 7HFKQRORJLHV RI ZHOGLQJ DQG EUD]LQJ VXFK

PDWHULDOV DUH XVHG LQ VKLSEXLOGLQJ� DXWRPRWLYH� DHUR�

VSDFH LQGXVWU\ DQG HOHFWULF HQJLQHHULQJ�

:RUN LV EHLQJ SHUIRUPHG QRZ WR GHYHORS ZHOGLQJ

ZLUHV �ILOOHUV�� FRQWDLQLQJ KLJKO\ HIIHFWLYH PRGLILHUV

�WLWDQLXP� ]LUFRQLXP� VFDQGLXP�� ZKLFK SURYLGH KLJK

SURFHVVLQJ DQG VWUHQJWK SURSHUWLHV RI DOXPLQLXP DOOR\

MRLQWV� (IIHFWLYH VWLFN DOXPLQLXP HOHFWURGHV RI 8$1$

VHULHV KDYH EHHQ GHYHORSHG IRU UHSDLU ZHOGLQJ DQG

VXUIDFLQJ RI SDUWV DQG VWUXFWXUHV RI ZURXJKW DQG FDVW

DOXPLQLXP DOOR\V� &RPSRVLWLRQ RI IOX[ FRDWLQJV DQG

WHFKQRORJ\ RI PDQXIDFWXULQJ WKH GHYHORSHG HOHFWURGHV

JLYH WKHP WKH ZHOGLQJ�SURFHVVLQJ SURSHUWLHV RQ D SDU

ZLWK WKH EHVW IRUHLJQ DQDORJV�

7KH 'HSDUWPHQW UHJXODUO\ SURYLGHV FRQVXOWDWLRQV

DQG DUJXPHQWHG H[SHUWsV RSLQLRQV� SHUIRUPV H[SHUW

DQDO\VLV RI WKH SURMHFWV RI ZHOGHG VWUXFWXUHV LQ WHUPV

RI WKHLU DGDSWDELOLW\ WR IDEULFDWLRQ� FRQGXFWV WUDLQLQJ

DQG SUREDWLRQ RI VSHFLDOLVWV� GLUHFWO\ SDUWLFLSDWHV LQ

VHWWLQJ XS IDEULFDWLRQ RI OLJKW�DOOR\ SURGXFWV LQ LQ�

GXVWULDO HQWHUSULVHV�

7KH EHVW RULJLQDO GHYHORSPHQWV RI WKH VWDII RI WKH

'HSDUWPHQW IRU 3K\VLFDO�0HWDOOXUJLFDO 3URFHVVHV RI

:HOGLQJ /LJKW 0HWDOV DQG $OOR\V DUH EHLQJ FRQWLQX�

RXVO\ UHDOL]HG LQ WKH IRUP RI FRQWUDFWV DQG FRPSHWLWLYH

SURMHFWV� KDYH EHHQ UHZDUGHG ZLWK QXPHURXV DXWKRUsV

FHUWLILFDWHV IRU LQYHQWLRQ �PRUH WKDQ ����� DQG IRXU

6WDWH 3UL]HV�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

+LVWRU\ RI GHYHORSPHQW DQG XSJUDGLQJ RI PHWKRGV DQG WHFKQRORJLHV IRU DUF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V E\ WKH

'HSDUWPHQW IRU 3K\VLFDO�0HWDOOXUJLFDO 3URFHVVHV RI:HOGLQJ /LJKW0HWDOV DQG $OOR\V DW WKH(�2� 3DWRQ (OHFWULF:HOGLQJ

,QVWLWXWH LV GHVFULEHG� 7KH UROH RI WKH ,QVWLWXWH LQ PDVWHULQJ WKH WHFKQRORJLHV IRU ZHOGLQJ VSHFLILF SDUWV LV QRWHG�

.H\ ZRU G V � DOXPLQLXP DOOR\V� VHPL�VXEPHUJHG DUF ZHOG�

LQJ� LQHUW JDVHV� IOX[HV� FRYHUHG HOHFWURGHV� WXQJVWHQ HOHFWURGHV�
ZHOGLQJ HTXLSPHQW

5HVHDUFK DQG GHYHORSPHQW LQ WKH ILHOG RI ZHOGLQJ
DOXPLQLXP DQG LWV DOOR\V ZHUH LQLWLDWHG DW WKH 3:,

LQ ���� XQGHU WKH OHDGHUVKLS RI 3URI� 'DQLLO 0�

5DENLQ IURP WKH /DERUDWRU\ IRU ZHOGLQJ QRQ�IHUURXV
PHWDOV DQG DOOR\V� ZKLFK ZDV WUDQVIRUPHG LQWR D 'H�

SDUWPHQW IRU 3K\VLFDO�0HWDOOXUJLFDO 3URFHVVHV RI

:HOGLQJ /LJKW 0HWDOV DQG $OOR\V LQ ����� ,W ZDV WKH
GHPDQG RI WKH WLPH WR DUUDQJH ZLWKLQ YHU\ VKRUW WHUPV
WKH IORZ�OLQH SURGXFWLRQ RI ��w�� PP WKLFN WDQNV RI
DOOR\ $0WV IRU WUDQVSRUWDWLRQ DQG VWRUDJH RI OLTXLG

R[\JHQ XVHG LQ URFNHW FRPSOH[HV�

,Q ����w���� 3URI� 5DENLQ GHYHORSHG D QHZ
PHWKRG IRU DXWRPDWLF VHPL�VXEPHUJHG VLQJOH�DUF

ZHOGLQJ �RYHU WKH IOX[ OD\HU� DQG IOX[ RI WKH $1�$�

JUDGH >�@� 7KLV PHWKRG GLIIHUHG IURP WKH NQRZQ

PHWKRG RI 6$: RI VWHHO LQ WKH DSSOLFDWLRQ RI D WKLQ

IOX[ OD\HU DKHDG RI WKH DUF� 7KH LQYROYHG ZHOGLQJ
HTXLSPHQW� L�H� WUDFWRU 76��� DQG KHDG $%6� ZDV XS�

JUDGHG� ,Q ����w���� WKH SURFHVV ZDV PDVWHUHG E\

8UDOYDJRQ]DYRG )DFWRU\ �1L]KQ\ 7DJLO� 5XVVLD� >�@�
ZKHUH LW ZDV LQ DSSOLFDWLRQ IRU PRUH WKDQ �� \HDUV�

7KLV ZHOGLQJ PHWKRG SURYLGHG QRW RQO\ WKH UHTXLUHG
TXDOLW\ RI WKH ZHOG PHWDO DQG PHFKDQLFDO SURSHUWLHV

RI WKH MRLQWV� EXW DOVR D KLJK SURGXFWLYLW\ RI WKH SUR�

FHVV� %XWW MRLQWV ZHUH ZHOGHG RQ WZR VLGHV ZLWKRXW

JURRYH SUHSDUDWLRQ DW D VSHHG RI ��w�� P�K�

7KH DWWHPSWV PDGH DW WKDW WLPH E\ WKH )DFWRU\ WR
XVH LQHUW�JDV ZHOGLQJ IDLOHG WR JLYH SRVLWLYH UHVXOWV�

EHFDXVH D MRLQW LQ PHWDO ��w�� PP WKLFN KDG WR EH
PDGH LQ VHYHUDO SDVVHV LQWR WKH JURRYH� DQG D WKRURXJK

SUHSDUDWLRQ RI VXUIDFHV RI ZHOG HGJHV DQG ZLUH ZDV

UHTXLUHG �LQ FRQWUDVW WR VHPL�6$:�� ,Q DGGLWLRQ� D

KLJK�SXULW\ DUJRQ DQG� PRUHRYHU� KHOLXP ZHUH VFDUFH
DQG H[SHQVLYH� ,PSHUIHFWLRQ RI WKH HTXLSPHQW RI WKDW

WLPH DOVR PDWWHUHG�

,PSURYHPHQWV LQ WKH VHPL�6$: PHWKRG ZHUH GRQH
LQ ����w����� 3DUWLFLSDWLQJ LQ WKH HIIRUWV ZHUH 0�/�

=YRQNRY� %�$� 6WHEORYVN\� ,�9� 'RYELVKFKHQNR DQG
0�3� 3RULWVN\� 7KH WHFKQRORJ\ IRU VSOLW�HOHFWURGH ZHOG�
LQJ ZLWK D FRPPRQ FXUUHQW FRQGXFWRU FRQQHFWHG WR ERWK

ZLUHV �WZR�HOHFWURGH ZHOGLQJ� >�@ ZDV GHYHORSHG IRU

PHWDO ��w�� PP WKLFN� ZKLFK HQDEOHG WKH ILUVW LQWHUQDO

ZHOGV� L�H� ORQJLWXGLQDO DQG JLUWK RQHV� WR EH PDGH RQ

WKH IOX[ EDFNLQJ� DQG WKHQ WKH H[WHUQDO ZHOGV WR EH

PDGH ZLWKRXW D EDFNLQJ� 7KDW PDGH LW XQQHFHVVDU\

WR ORFDWH KHDY\ VWHHO EDFNLQJV LQVLGH D ERLOHU DQG
UHGXFHG UHTXLUHPHQWV IRU DVVHPEO\ RSHUDWLRQV�

,Q WKH VHFRQG KDOI RI WKH ����VwHDUO\ LQ WKH ����V
WKH PHWKRG RI DXWRPDWLF VHPL�6$: RYHU WKH OD\HU RI
IOX[ RI WKH $1�$� JUDGH ZDV WDNLQJ WKH NH\ SRVLWLRQ
LQ PDVV SURGXFWLRQ RI VWDWLRQDU\ DOXPLQLXP YHVVHOV
ZLWK D FDSDFLW\ RI � WR ��� P�

DW WKH �%ROVKHYLN�

�.\LY�� �.UDVQ\2NW\DEU� �)DVWRY�� 6XP\0DFKLQH�
%XLOGLQJ DQG D QXPEHU RI RWKHU IDFWRULHV >�� �@� DV
ZHOO DV WDQN�ZDJRQ ERLOHUV DW WKH 0DULXSRO 3URGXF�

WLRQ $PDOJDPDWLRQ �$]RYPDVK� >�@� %RLOHUV DQG YHV�
VHOV ZHUH LQWHQGHG IRU VWRUDJH DQG WUDQVSRUWDWLRQ RI

IRRG DQG FKHPLFDO SURGXFWV� VXFK DVZDWHU�PLON� QLWULF
DFLG� URFNHW IXHO� HWF� 7KLV PHWKRG ZDV HPSOR\HG WR

PDNH MRLQWV RQ DOXPLQLXP EXVEDUV� 7KH .\]QHWVN 0H�

WDOZRUN )DFWRU\ PDQXIDFWXUHG D XQLTXH YHQWLODWLRQ
SLSH IURP DOOR\ $0WV ZLWK D GLDPHWHU RI � PP DQG

��� P KLJK >�@� 7KH 3:, GHYHORSHG VSHFLDOLVHG HTXLS�
PHQW� L�H� WUDFWRUV 76���� 76��� DQG 76���� DV ZHOO

DV VXVSHQGHG GHYLFH $����� IRU DXWRPDWLF VHPL�6$:�

)OX[ RI WKH $1�$� JUDGH DQG HOHFWURGHV $1�$���
ZHUH GHYHORSHG IRU PHFKDQLVHG DQG PDQXDO DUF ZHOG�

LQJ RI ORZ�DOOR\ $Ow0J DOOR\V� 7KH IOX[ DQG HOHFWURGHV
SURYLGHG MRLQWV RQ DOOR\V $0J� DQG $0J� ZLWK

VWUHQJWK QRW OHVV WKDQ ��w�� � RI WKDW RI WKH EDVH

PHWDO >�@�

2Q WKLV EDVLV WKH 3:, KDV GHYHORSHG LQ WKH ODVW
\HDUV QHZ HOHFWURGHV RI WKH 8$1$ VHULHV >�@� LQWHQGHG

IRU ZHOGLQJ DQG VXUIDFLQJ RI SDUWV DQG VWUXFWXUHV IURP
D ZLGH UDQJH RI ZURXJKW DQG FDVW DOXPLQLXP DOOR\V�

&RPSRVLWLRQ RI D FRYHULQJ DQG WHFKQRORJ\ IRU WKH
PDQXIDFWXUH RI HOHFWURGHV SURYLGHG WKHLU ZHOGLQJ�

WHFKQRORJLFDO SURSHUWLHV DW D OHYHO RI WKH EHVW IRUHLJQ
DQDORJXHV�

,Q WKH ����Vw����V DOXPLQLXP DOOR\V ZHUH ILQGLQJ
DQ LQFUHDVLQJO\ ZLGH DSSOLFDWLRQ LQ URFNHW�VSDFH HQ�

JLQHHULQJ� VKLS� WDQN DQG FDU EXLOGLQJ� FKHPLFDO HQ�

JLQHHULQJ� FRQVWUXFWLRQ DQG RWKHU LQGXVWULHV�

7KH DWWHPSWV WR XVH VHPL�6$: IRU KLJK�DOOR\HG
DOXPLQLXP DOOR\V IDLOHG WR \LHOG SRVLWLYH UHVXOWV� DV

WKH UHTXLUHG TXDOLW\ RI WKH ZHOGV DQG QHFHVVDU\ SUR�
SHUWLHV RI WKH MRLQWV FRXOG QRW EH DFKLHYHG LQ WKLV FDVH�

:HOGLQJ PHWDO PRUH WKDQ ��w�� PP WKLFN OHG WR DQ
LQFUHDVHG ULVN RI IRUPDWLRQ RI VODJ LQFOXVLRQV LQ WKH

ZHOGV DQG PRUH VWULQJHQW UHTXLUHPHQWV IRU DGKHUHQFH

WR WKH VSHFLILHG VDQLWDU\�K\JLHQLF ODERXU FRQGLWLRQV�
7KHVH FLUFXPVWDQFHV LQWHQVLILHG WKH GHYHORSPHQW DQG
LPSURYHPHQW DFWLYLWLHV LQ WKH ILHOG RI HIILFLHQW PHWK�� ,�9� '29%,6+&+(1.2 DQG %�$� 67(%/296.<� ����
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RGV DQG WHFKQRORJLHV IRU LQHUW JDV DQG HOHFWURQ EHDP

ZHOGLQJ� 7KH HIIRUWV LQ WKHVH DUHDV ZHUH SHUIRUPHG LQ

SDUDOOHO� ZKLFK DOORZHG D IOH[LEOH VHOHFWLRQ RI GLIIHU�

HQW YDULDQWV RI WHFKQRORJLHV� GHSHQGLQJ XSRQ WKH UH�

TXLUHPHQWV WR SDUWV� WKHLU PDQXIDFWXUH DQG VHUYLFH

FRQGLWLRQV�

7,* ZHOGLQJ LQ DUJRQ DWPRVSKHUH DW WKH DOWHUQDW�

LQJ FXUUHQW RI WKH VLQXVRLGDO ZDYHIRUP WRRN WKH OHDG�

LQJ SRVLWLRQ DW WKH HQG RI WKH ����VwHDUO\ ����V DPRQJ

RWKHU PHWKRGV RI LQHUW�JDV ZHOGLQJ RI DOXPLQLXP DO�

OR\V� ,W SURYLGHG EHWWHU TXDOLW\ RI WKH ZHOG PHWDO DQG

KLJKHU PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV� FRP�

SDUHG ZLWK 0,* ZHOGLQJ� +RZHYHU� WKH SHQHWUDWLQJ

SRZHU RI WKH DUF ZDV OLPLWHG E\ DQ LQVXIILFLHQW OLIH

RI WKRULDWHG WXQJVWHQ HOHFWURGHV� $XWRPDWLF ZHOGLQJ

RI PHWDO �w�� PP WKLFN KDG WR EH SHUIRUPHG ZLWK

EHYHOOHG HGJHV LQ VHYHUDO SDVVHV�

&ROODERUDWLYH UHVHDUFK ZLWK WKH 0RVFRZ 3ODQW IRU

(OHFWULF 9DFXXP 'HYLFHV� FDUULHG RXW IURP WKH EHJLQ�

QLQJ RI WKH ����V E\ '�0� 5DENLQ DQG 2�1� ,YDQRYD�

UHVXOWHG LQ SURGXFWLRQ RI WKH UDGLDWLRQ�VDIH DFWLYDWHG

WXQJVWHQ HOHFWURGHV ZLWK DQ DGGLWLRQ RI XS WR ���w

��� � ODQWKDQXP R[LGH �(9/� DQG XS WR ��� � \WWULXP

R[LGH �(9,� >��@� 7KH HOHFWURGHV ZHUH PDGH LQ FRP�

SOLDQFH ZLWK *267 �����w��� /DWHU LQYHVWLJDWLRQV

FRQGXFWHG ZLWK SDUWLFLSDWLRQ RI %�$� 6WHEORYVN\ DQG

9�3� %XGQLN PDGH LW SRVVLEOH WR LGHQWLI\ SHUPLVVLEOH

YDOXHV RI WKH GLUHFW DQG DOWHUQDWLQJ FXUUHQWV GHSHQG�

LQJ XSRQ WKH JUDGH DQG GLDPHWHU RI DQ HOHFWURGH� 7KH

SRVLWLYH HIIHFW H[HUWHG E\ DQ DFWLYDWHG DGGLWLRQ LV

PRUH SURQRXQFHG LQ ZHOGLQJ DW WKH '&53 DQG DW WKH

$& ZLWK D ELDV WR VWUDLJKW SRODULW\ >��@�

7KH (9/ HOHFWURGHV DUH QRW LQIHULRU WR WKH WKRULDWHG

RQHV LQ FRQVXPSWLRQ DQG DFFHSWDEOH GHQVLW\ RI WKH FXU�

UHQW� DQG WKH\ DUH ZLGHO\ DSSOLHG IRU PDQXDO DQG DXWR�

PDWLF $& DQG '&ZHOGLQJ� (OHFWURGHV ZLWK WKH \WWULXP

R[LGH DGGLWLRQ HQDEOHG WKH SRZHU GHQVLW\ LQ WKH DUF WR

EH LQFUHDVHG E\ D IDFWRU RI ���w� ZLWKRXW D ULVN WR

RYHUKHDW WKH HOHFWURGHV� DQG SURYLGHG D VXEVWDQWLDO ULVH

LQ WKH HIILFLHQF\ RI PHOWLQJ RI PHWDO ZHOGHG� 7KH HOHF�

WURGHV ZLWK WKH \WWULXP R[LGH DGGLWLRQ� �� PP LQ GL�

DPHWHU� PDGH LW SRVVLEOH WR ZHOG DOXPLQLXP DOOR\V ��w

�� PP WKLFN LQ VLQJOH SDVV XVLQJ WKH RQH�SKDVH KLJK�

DPSHUDJH DUF �XS WR ���w���� $� DQG WKRVH ��w�� PP

WKLFNXVLQJ WKH WKUHH�SKDVH DUF� 7KH FRUUHVSRQGLQJZHOG�

LQJ HTXLSPHQW ZDV GHYHORSHG� 7KH ILHOG RI DSSOLFDWLRQ

RI 7,* ZHOGLQJ ZDV VXEVWDQWLDOO\ ZLGHQHG� %\ WKH PLG�

GOH RI WKH ����V WKH WHFKQRORJ\ IRU DXWRPDWLF KLJK�DP�

SHUDJH DUF ZHOGLQJ RI $0J� �$O����0J� FDUULHU URFNHW

FDVLQJ SDUWV KDG EHHQ PDVWHUHG LQ DVVRFLDWLRQ ZLWK WKH

VWDII RI WKH .XME\VKHY )DFWRU\ �3URJUHVV�� $VVHPEO\�

7HVWLQJ &RPSOH[ LQ %DMNRQXU� 'QHSURSHWURYVN <X]K\

0DFKLQH�%XLOGLQJ 3ODQW� HWF�

&RPPHUFLDO H[SHULHQFH LQ WKH IDEULFDWLRQ RI FULWL�

FDO�DSSOLFDWLRQ VWUXFWXUHV IURP DOOR\ $0J� VKRZHG

WKDW ZHOGV PLJKW KDYH LQDGPLVVLEOH R[LGH ILOP LQFOX�

VLRQV� GHVSLWH VWULFW DGKHUHQFH WR VSHFLILFDWLRQV IRU

PHWDO SUHSDUDWLRQ DQG 7,* ZHOGLQJ WHFKQRORJ\� 7KH

LGHD RI LQWHQVLILHG VWLUULQJ RI WKH ZHOG SRRO PHWDO WR

UHILQH R[LGH LQFOXVLRQV DQG� DW WKH VDPH WLPH� WR GHJDV

WKH ZHOG SRRO ZDV UHDOLVHG LQ 7,* SXOVHG�DUF ZHOGLQJ�

7KH ZRUN LQ WKLV DUHD ZDV LQLWLDWHG ODWH LQ WKH ����V

E\ '�0� 5DENLQ� 1�0� 9RURSDM DQG 9�$� 0LVKHQNRY

>��� ��@� ([SHULPHQWDO DV\PPHWULF�FXUUHQW VRXUFHV RI

WKH 2$56 W\SH ZHUH EXLOW�

)XUWKHU LQYHVWLJDWLRQV LQWR WKH SURFHVV RI WKH

SXOVHG IRUFH HIIHFW RI WKH DUF RQ WKH ZHOG SRRO RI

DOXPLQLXP DOOR\V� FRQGXFWHG E\ $�<D� ,VKFKHQNR�

$�*� &KD\XQ� 5�9� ,O\XVKHQNR DQG $�*� 3RNO\DWVN\

>��� ��@� PDGH LW SRVVLEOH WR LGHQWLI\ WKH HIIHFWLYH

ILHOGV RI LWV DSSOLFDWLRQ DQG EXLOG VSHFLDOLVHG ZHOGLQJ

HTXLSPHQW �VRXUFHV ,���� DQG ,������

7KH UHODWLYH OHQJWK RI R[LGH ILOP LQFOXVLRQV LQ WKH

ZHOGV RQ DOOR\ $0J� DQG WKH SUREDELOLW\ RI IRUPDWLRQ

RI VXFK H[WHQGHG LQFOXVLRQV LQ WKH ZHOGV RQ /L�FRQ�

WDLQLQJ DOXPLQLXP DOOR\V ���� DQG ���� ZHUH GH�

FUHDVHG � WLPHV DV D UHVXOW RI YDULDWLRQV LQ DPSOLWXGH

YDOXHV RI WKH VWUDLJKW� DQG UHYHUVH�SRODULW\ FXUUHQWV

�DV\PPHWULF FXUUHQW�� /DUJH DPSOLWXGH JUDGLHQWV GXU�

LQJ WKH SXOVH DQG SDXVH SHULRGV �PRGXODWHG FXUUHQW�

SURYLGH GHFUHDVH RI �w�� WLPHV LQ WKH WRWDO FRQWHQW RI

FDYLWLHV LQ ZHOGHG MRLQWV RQ DOOR\V ���� DQG ���� >��@�

7KH XVH RI KHDW�KDUGHQLQJ DQG FROG�ZRUNHG DOX�

PLQLXP DOOR\V UHTXLUHG DSSOLFDWLRQ RI ZHOGLQJ PHWK�

RGV ZLWK WKH FRQFHQWUDWHG KHDW VRXUFHV WR HQVXUH WKH

VXIILFLHQW SHQHWUDWLRQ GHSWK DW D FRPSDUDWLYHO\ ORZ

KHDW LQSXW� 6XFK DUF ZHOGLQJ PHWKRGV LQFOXGH PLFUR�

SODVPD ZHOGLQJ >��@� $& SODVPD�DUF ZHOGLQJ� '&

7,* ZHOGLQJ LQ KHOLXP DQG 0,* ZHOGLQJ�

6WXGLHV FRQGXFWHG E\ ,�9� 'RYELVKFKHQNR�

$�*� 3RNO\DWVN\� $�3� =DSDURYDQ\� HW DO� VKRZHG WKH

HIILFLHQF\ RI XVLQJ WKH DOWHUQDWLQJ DV\PPHWULF VTXDUH�

ZDYH FXUUHQW IRU SODVPD�DUF ZHOGLQJ RI DOXPLQLXP

DOOR\V >��@� 7KH WLPH RI WKH UHYHUVH�SRODULW\ FXUUHQW

IORZ VXIILFLHQW IRU FDWKRGLF FOHDQLQJ RI WKH PHWDO VXU�

IDFH LV ��w�� � RI WKH WRWDO F\FOH� ZKLFK OHDGV WR

GHFUHDVH LQ ORDG RQ WKH WXQJVWHQ HOHFWURGH� 'HHSHU

SHQHWUDWLRQ RI EDVH PHWDO LV DFKLHYHG GXULQJ WKH

VWUDLJKW SRODULW\ SHULRGV� 7KLV UHVXOWV LQ LQFUHDVH LQ

WKH ZHOGLQJ VSHHG� GHFUHDVH LQ KHDW LQSXW� ZHLJKW DQG

GLPHQVLRQV RI WKH SODVPDWURQ� 7KH SRVVLELOLW\ RI IRU�

PDWLRQ RI WKH ZHOG EDFN VXUIDFH XVLQJ QR EDFNLQJ

ZLWK WKURXJK SHQHWUDWLRQ E\ WKH DUF SURYLGHV HVFDSH

RI R[LGH ILOPV QRW GHVWUR\HG E\ WKH DUF WR WKH EDFN

VXUIDFH RI WKH ZHOG DQG UHPRYDO RI JDVHV IURP PROWHQ

PHWDO� 7KH H[SHULPHQWDO SRZHU VXSSO\ ,���� DQG SODV�

PDWURQ 3'���� ZHUH GHYHORSHG�

6FLHQWLILF DQG WHFKQRORJLFDO VWXGLHV DLPHG DW GH�

YHORSPHQW RI HTXLSPHQW� FRQWURO GHYLFHV DQG WHFKQR�

ORJ\ IRU 7,* ZHOGLQJ LQ KHOLXP DWPRVSKHUH DW WKH

'&63� L�H� KHOLXP�DUF ZHOGLQJ� GDWH WR WKH EHJLQQLQJ

RI WKH ����V �'�0� 5DENLQ� 2�1� ,YDQRYD� 9�3� %XG�

QLN� %�$� 6WHEORYVN\��

7KH KLJKHU FRQFHQWUDWLRQ RI KHDW ORDG LQ KHOLXP�

DUF ZHOGLQJ� FRPSDUHG ZLWK $& 7,* ZHOGLQJ LQ DUJRQ

DWPRVSKHUH� OHDGV WR LQFUHDVH LQ WKH SHQHWUDWLQJ SRZHU

RI WKH DUF� GHFUHDVH RI ���w� WLPHV LQ KHDW LQSXW DQG

D FRUUHVSRQGLQJ UHGXFWLRQ LQ WKH +$= RI KHDW�WUHDWHG

DOOR\V >��� ��@�

7KHVH IDFWRUV GHWHUPLQHG D ZLGH FRPPHUFLDO DS�

SOLFDWLRQ RI WKH SURFHVV LQ DHURVSDFH HQJLQHHULQJ IRU

WKH IDEULFDWLRQ RI VWUXFWXUHV IURP DOXPLQLXP DOOR\V

$0J� DQG ����� LQFOXGLQJ WKH �(QHUJL\D� FRPSOH[

FRPSRQHQWV DQG WKH �%XUDQ� RUELWDO SODQH FDELQ �)L�

JXUH ��� 7KLV WHFKQRORJ\ LV VWLOO LQ XVH�
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0,* ZHOGLQJ� LQ FRQWUDVW WR 7,* ZHOGLQJ� LV OHVV

VHQVLWLYH WR VL]HV RI WKH JDS DQG RYHU�WKLFNQHVV RI WKH

PHWDOV MRLQHG� $OVR� LW SURYLGHV D KLJKHUZHOGLQJ VSHHG

DQG DQ LQVLJQLILFDQW OHYHO RI UHVLGXDO VWUDLQV LQ WKH

MRLQWV� 1HYHUWKHOHVV� WKH LQFRQVLVWHQW TXDOLW\ RI WKH

ZHOGV SURGXFHG E\ VWDWLRQDU\�DUF ZHOGLQJ LQ DUJRQ

OLPLWHG WKH DSSOLFDWLRQ RI WKLV PHWKRG WR ILOOHW DQG

RYHUODS MRLQWV� ZKHUH LW LV FRQYHQLHQW >��@�

'HYHORSPHQW RI SXOVHG�DUF 0,* ZHOGLQJ >��@ E\

WKH 3:, ZDV D PDMRU DFKLHYHPHQW LQ WKH ILHOG RI

IXVLRQ ZHOGLQJ� 7HFKQRORJLFDO VWXGLHV RI WKH SURFHVV

RI SXOVHG�DUF ZHOGLQJ XVLQJ WKH SLRQHHULQJ SXOVHG FXU�

UHQW JHQHUDWRUV ,,3�� >��@ DQG WKHQ RWKHU SRZHU VXS�

SOLHV >��@� FRQGXFWHG E\ VXFK DVVRFLDWHV RI WKH 'H�

SDUWPHQW DV %�$� 6WHEORYVN\� 0�3� 3DVKXO\D� 9�*�

,JQDWLHY HW DO�� DOORZHG DGYDQWDJHV RI WKLV SURFHVV IRU

ZHOGLQJ DOXPLQLXP DOOR\V WR EH LGHQWLILHG� ,Q DGGLWLRQ

WR LQFUHDVH LQ DUF VWDELOLW\� WKH SURFHVV SURYLGHG DQ

DSSUHFLDEOH GHFUHDVH LQ PHWDO VSDWWHULQJ DQG HYDSR�

UDWLRQ RI YRODWLOH HOHPHQWV� DV ZHOO DV UHGXFWLRQ LQ

TXDQWLW\ DQG VL]HV RI R[LGH LQFOXVLRQV DQG SRUHV LQ

WKH ZHOGV�

2ZLQJ WR WKHVH DGYDQWDJHV� SXOVHG�DUF 0,* ZHOG�

LQJ IRXQG DQ LQFUHDVLQJ FRPPHUFLDO DSSOLFDWLRQ IURP

WKH PLGGOH RI WKH ����V� ,W ZDV HPSOR\HG IRU WKH

IDEULFDWLRQ RI FDVLQJ VWUXFWXUHV RI URFNHW FRPSOH[HV

DW WKH .XME\VKHY DQG 2UHQEXUJ IDFWRULHV� FDVLQJV RI

ODQGLQJ WDQNV DW WKH 9ROJRJUDG )DFWRU\� DVVHPEOLHV

RI UDLOZD\ FRDFK FDUV >��@ �)LJXUH �� DQG PHWUR FDUV

>��@� GXPS WUXFN SODWIRUPV >��@ �)LJXUH ��� UHIUL�

JHUDWHG WUXFNV� VKLS VXSHUVWUXFWXUHV� EXLOGLQJ VWUXF�

WXUHV DQG RWKHU LWHPV�

+LJK UHTXLUHPHQWV LPSRVHG RQ ZHOGHG MRLQWV LQ

WKH $0WV6 DQG FRPPHUFLDO DOXPLQLXP WDQNV ��w

�� PP WKLFN IRU VWRUDJH DQG WUDQVSRUWDWLRQ RI DJJUHV�

VLYH FKHPLFDOV OHG WR WKH GHYHORSPHQW RI D KLJK�HIIL�

FLHQF\ WHFKQRORJ\ IRU 0,* ZHOGLQJ XVLQJ WKH VWDWLRQ�

DU\ DUF DQG �w� PP GLDPHWHU PHWDO HOHFWURGH LQ D

PL[WXUH RI LQHUW JDVHV� L�H� DUJRQ DQG KHOLXP �'�0�

5DENLQ� ,�9� 'RYELVKFKHQNR 9�6� %XJDM DQG 9�6�

0DVKLQ�� 7KH XVH RI WKH KHOLXP�DUJRQ PL[WXUHV PDGH

LW SRVVLEOH QRW RQO\ WR GHFUHDVH �w� WLPHV WKH DPRXQW

RI FDYLWLHV LQ WKH GHSRVLWHG PHWDO� LPSURYH PHFKDQLFDO

SURSHUWLHV DQG FRUURVLRQ UHVLVWDQFH RI ZHOGHG MRLQWV�

EXW DOVR UDLVH WKH ZHOGLQJ VSHHG E\ ��w�� � >��� ��@�

7KLV WHFKQRORJ\ ZDV VXFFHVVIXOO\ DSSOLHG IRU WKH

IDEULFDWLRQ RI WDQNV IURP DOOR\ $0WV6 DW WKH

%DODVKLNKD 3URGXFWLRQ $PDOJDPDWLRQ �.ULRJHQ�

PDVK� >��@� PDVV SURGXFWLRQ RI DOXPLQLXP WDQN�

ZDJRQ ERLOHUV >��@ �)LJXUH �� DQG FDVLQJ HOHPHQWV RI

URFNHWV IURP DOOR\$0J� >��@ DW WKH 3URGXFWLRQ $PDO�

JDPDWLRQ �$]RYPDVK�� 0,* ZHOGLQJ XVLQJ WKH � PP

GLDPHWHU PHWDO HOHFWURGH LQ DUJRQ ZDV DSSOLHG DW WKH

.XUJDQ 0DFKLQH�%XLOGLQJ )DFWRU\ IRU WKH IDEULFDWLRQ

RI DUPRXUHG SHUVRQQHO FDUULHU ERGLHV IURP DOXPLQLXP

DUPRXU >��@ �)LJXUH ���

*DVPL[WXUHV XVHG LQ SXOVHG�DUF0,*ZHOGLQJZLWK

WKH ���w��� PP GLDPHWHU PHWDO HOHFWURGH PDGH LW SRV�

VLEOH WR DFKLHYH D KLJKHU OHYHO RI PHFKDQLFDO SURSHUWLHV

RI WKH MRLQWV RQ $Ow/L DOOR\V� FRPSDUHG ZLWK SXOVHG�

FXUUHQW 7,* ZHOGLQJ >��@�

%�$� 6WHEORYVN\� 9�,� =DYLU\XNKD DQG <X�$� 5\D�

EHWV GHYHORSHG WKH WHFKQRORJ\ RI SXOVHG� DQG VWDWLRQ�

)LJXUH �� 2UELWDO SODQH �%XUDQ�

)LJXUH �� $GYDQFH VHFWLRQ RI WKH KLJK�VSHHG HOHFWULF WUDLQ (5����

)LJXUH �� 'XPS WUXFN 0$=�����

)LJXUH �� 7DQN�ZDJRQ IRU WUDQVSRUWDWLRQ RI DJJUHVVLYH FKHPLFDOV

12/2002 29



DU\�DUF QDUURZ�JDS0,*ZHOGLQJ LQ KHOLXP RU LWV PL[�

WXUHV ZLWK DUJRQ IRU MRLQLQJ WKLFN�ZDOOHG VWUXFWXUHV

�δ
PHW  ��w��� PP� IURP SODWHV DQG VKDSHG SURILOHV

RI DOOR\V $0J� DQG ����� 7KLV PHWKRG DOORZV WKH

MRLQWV WR EH PDGH LQ IODW SRVLWLRQV DQG RQ D YHUWLFDO

SODQH� &RPSDUHG ZLWK ZHOGLQJ LQWR D ZLGH ;�VKDSHG

JURRYH� QDUURZ�JDS 0,* ZHOGLQJ DOORZV WKH QXPEHU

RI SDVVHV WR EH UHGXFHG VHYHUDO WLPHV� WKH +$= WR EH

GHFUHDVHG IURP � WR � WLPHV� WKH OHYHO RI UHVLGXDO

VWUDLQV WR EH ORZHUHG DQG ZHOGLQJ FRQVXPDEOHV DQG

SRZHU WR EH VDYHG >��@� 7KH SURFHVV IRXQG DSSOLFDWLRQ

IRU WKH H[SHULPHQWDO�FRPPHUFLDO PDQXIDFWXUH RI DV�

VHPEOLHV RI URFNHW FDVLQJV DW WKH �3URJUHVV� )DFWRU\

DQG DUPRXUHG SHUVRQQHO FDUULHU ERGLHV DW WKH .XUJDQ

0DFKLQH�%XLOGLQJ )DFWRU\ >��@�

&RVWV RI ZHOGLQJ RSHUDWLRQV FDQ EH UHGXFHG

WKURXJK UHSODFLQJ KHOLXPDV D VKLHOGLQJ JDV E\ ILQLVKHG

KHOLXP�QHRQ PL[WXUHV ��w�� � 1H� SURGXFHG LQ

8NUDLQH >��@� 7KH SULFH RI � P�
RI VXFK PL[WXUHV LV

�� � ORZHU RQ WKH DYHUDJH WKDQ WKDW RI SXUH KHOLXP�

7KH 3:, GHYHORSHG WKH 0,* ZHOGLQJ HTXLSPHQW�

VXFK DV VXVSHQGHG VHOI�SURSHOOHG GHYLFHV $������ $�

����� DXWRPDWLF GHYLFHV RI WKH $'���� VHULHV� ZHOGLQJ

WUDFWRUV $����� DQG 76���� XQLW 8'���� IRU ZHOGLQJ

WKH $0J� DOOR\ IRUPHG�ZHOGHG UROO VWUXFWXUHV IRU DU�

PRXUHG SHUVRQQHO FDUULHUV� VHPL�DXWRPDWLF GHYLFHV

36K����� 36K����� HWF�

$W SUHVHQW WKH 'HSDUWPHQW LV LQYROYHG LQ UHVHDUFK

DQG GHYHORSPHQW DLPHG DW WKH FRPELQHG XVH RI WZR

RU PRUH KHDW VRXUFHV� LQFOXGLQJ ODVHU EHDP� WR UDLVH

WKH SURFHVV SURGXFWLYLW\ DQG LPSURYH WKH TXDOLW\ RI

WKH MRLQWV�

�� 5DENLQ� '�0� ������ 1HZ SURFHVV IRU DXWRPDWLF ZHOGLQJ RI
DOXPLQLXP� $YWRPDWLFK� 6YDUND� �� ��w���

�� 5DENLQ� '�0� ������ $XWRPDWLF ZHOGLQJ RI DOXPLQLXP DQG
LWV DOOR\V� 9LVQ\N $1 8NU� 665� �� ��w���

�� 5DENLQ� '�0�� =YRQNRY� 0�/� ������ $XWRPDWLF GRXEOH HOHF�
WURGH ZHOGLQJ RI DOXPLQLXP� $YWRPDWLFK� 6YDUND� �� ��w���

�� 5DENLQ� '�0� ������ $XWRPDWLF ZHOGLQJ RI ERLOHUV IURP
DOXPLQLXP DQG LWV DOOR\V� ,Q� $GYDQFHG VFL��WHFKQ� DQG LQ�
GXVWULDO H[SHULHQFH� ,VVXH ��

�� 'RYELVKFKHQNR� ,�9�� 6YHQWVLQVN\� 9�*� ������ ([SHULHQFH
LQ DXWRPDWLF ZHOGLQJ RI DOXPLQLXP YHVVHOV ZLWK D FDSDFLW\
RI � P�� $YWRPDWLFK� 6YDUND� �� ��w���

�� $QWRQHWV� '�3�� 'RY]KHQNR� $�)� ������ &RQWLQXRXV SURGXF�
WLRQ OLQH IRU PDQXIDFWXUH RI DOXPLQLXP WDQNV� ,ELG�� �� ��w���

�� 3RULWVN\� 0�3�� 6WHEORYVN\� %�$�� 1DURGQLWVN\� %�,� ������
([SHULHQFH LQ ZHOGLQJ RI DOXPLQLXP YHQWLODWLRQ SLSH� ,ELG��
�� ��w���

�� 5DENLQ� '�0�� =YRQNRY� 0�/�� 9HUFKHQNR� 9�$� ������
([SHULHQFH RI SURGXFWLRQ RI ZHOGHG WDQNV IURP DOXPLQLXP�
PDJQHVLXP DOOR\V� ,ELG�� �� ��w���

�� 6NRULQD� 1�9�� 0DVKLQ� 9�6� ������ &RYHUHG HOHFWURGHV IRU
PDQXDO DUF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V�
6YDUVKFKLN� �� ���

��� 5DENLQ� '�0�� ,YDQRYD� 2�1�� ,SDWRYD� 6�,� HW DO� ������
,QIOXHQFH RI DGGLWLRQ RI R[LGHV RI VRPH UDUH DQG UDUH�HDUWK
PHWDOV RQ SURSHUWLHV RI WXQJVWHQ HOHFWURGHV� $YWRPDWLFK�
6YDUND� �� �w��

��� ,YDQRYD� 2�1�� 5DENLQ� '�0�� %XGQLN� 9�3� ������ $GPLV�
VLEOH YDOXHV RI FXUUHQW LQ 7,* ZHOGLQJ� ,ELG�� ��� ��w���

��� 5DENLQ� '�0�� 9RURSDM� 1�0�� 0LVKHQNRY� 9�$� ������ $U�
JRQ�DUF ZHOGLQJ RI DOXPLQLXP DOOR\V ZLWK D VTXDUH�ZDYH DO�
WHUQDWLQJ FXUUHQW� ,ELG�� �� ��w���

��� 5DENLQ� '�0�� 9RURSDM� 1�0�� 0LVKFKHQNR� 9�$� ������
(QHUJ\ FKDUDFWHULVWLFV RI ZHOGLQJ SURFHVV ZLWK DV\PPHWULF
GLIIHUHQW�SRODULW\ FXUUHQW� ,ELG�� �� �w���

��� ,VKFKHQNR� $�<D�� &KD\XQ� $�*�� ,O\XVKHQNR� 5�9� ������
:HOGDELOLW\ DQG DUF ZHOGLQJ WHFKQRORJ\ RI DOXPLQLXP�PDJ�
QHVLXP�OLWKLXP V\VWHP DOOR\� ,ELG�� ��� ��w���

��� ,VKFKHQNR� $�<D�� 3RNO\DWVN\� $�*�� <DYRUVND\D� 0�5�
������ 3UHYHQWLRQ RI R[LGH ILOP LQFOXVLRQV LQ 7,* ZHOGV RQ
DOXPLQLXP DOOR\V� ,ELG�� �� ��w���

��� 3RNO\DWVN\� $�*�� *ULQ\XN� $�$� ������ (IIHFW RI SDUDPHWHUV
RI DV\PPHWULF DQG PRGXODWHG FXUUHQWV RQ TXDOLW\ RI DOX�
PLQLXP DOOR\ ZHOGHG MRLQWV� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

��� 9RURSDM� 1�0�� *YR]GHWVN\� 9�6�� 6KFKHUEDN� 9�9� HW DO�
������ 0LFURSODVPD ZHOGLQJ RI OLJKW PHWDOV DQG DOOR\V ZLWK
FDWKRGH VSXWWHULQJ RI R[LGH ILOPV� $YWRPDWLFK� 6YDUND� �� �w���

��� %ULN� (�<X�� 'RYELVKFKHQNR� ,�9�� =DSDURYDQ\� $�3� HW DO� ������
$& SODVPD�DUF ZHOGLQJ RI DOXPLQLXP DOOR\V� ,ELG�� �� ��w���

��� 5DENLQ� '�0�� ,YDQRYD� 2�1�� 6WHEORYVN\� %�$� HW DO�
������ '&63 ZHOGLQJ RI DOXPLQLXP DOOR\V� ,ELG�� �� ��w���

��� ,YDQRYD� 2�1�� /R]RYVND\D� $�9�� 5DENLQ� '�0� HW DO�
������ 3URSHUWLHV RI DOXPLQLXP DOOR\ ZHOGHG MRLQWV PDGH DW
D '&63� ,ELG�� �� �w���

��� 5DENLQ� '�0�� 6DYLFK� ,�0�� 5R]KGHVWYHQVND\D� 7�6�
������ ([SHULHQFH ZLWK SURGXFWLRQ RI DOO�PHWDO DOXPLQLXP
SDVVHQJHU FDU� ,ELG�� �� ��w���

��� 3DWRQ� %�(�� 3RWDSLHYVN\� $�*�� 3RGROD� $�9� ������ &1&
0,* SXOVHG�DUF ZHOGLQJ� ,ELG�� �� �w��

��� /DSFKLQVN\� 9�)�� 3RWDSLHYVN\� $�*�� 6WHEORYVN\� %�$� HW
DO� ������ 3XOVHG�DUF ZHOGLQJ RI DOXPLQLXP DOOR\V LQ DUJRQ
DWPRVSKHUH� ,ELG�� �� ��w���

��� 6KHMNR� 3�3�� 6OHSFKHQNR� 1�1�� 3DVKXO\D� 0�3� HW DO�
������ ([SHULHQFH RI DSSOLFDWLRQ RI SXOVHG�DUF 0,* ZHOG�
LQJ HTXLSPHQW DQG WHFKQRORJ\ IRU PDQXIDFWXUH RI DOX�
PLQLXP DOOR\ SURGXFWV� ,Q� 3URF� RI �VW $OO�8QLRQ &RQI� RQ
$FWXDO 3UREOHPV RI :HOGLQJ RI 1RQ�)HUURXV 0HWDOV� .\LY�
1DXNRYD 'XPND�

��� 5DENLQ� '�0�� 3RULWVN\� 0�3�� 6WHEORYVN\� %�$� HW DO�
������ :HOGLQJ RI ERG\ RI WKH (5���� HOHFWULF WUDLQ FDU�
$YWRPDWLFK� 6YDUND� �� ��w���

��� ,JQDWLHY� 9�*�� /REDQRY� /�0�� 5DENLQ� '�0� HW DO� ������
6WUXFWXUDO�WHFKQRORJLFDO SHFXOLDULWLHV RI IDEULFDWLRQ RI ZHOGHG
PHWUR FDU ERG\ IURP DOXPLQLXP DOOR\V� ,ELG�� �� ��w���

��� 5DENLQ� '�0�� 3RULWVN\� 0�3�� 6WHEORYVN\� %�$� HW DO�
������ $OXPLQLXP SODWIRUP RI WKH %HO$=����� GXPS WUXFN�
,ELG�� �� ��w���

��� 5DENLQ� '�0�� 5\DERY� 9�5�� 'RYELVKFKHQNR� ,�9� ������
$SSOLFDWLRQ RI KHOLXP DQG LWV PL[WXUH ZLWK DUJRQ IRU ZHOG�
LQJ RI DOXPLQLXP DOOR\V� ,ELG�� �� �w��

��� 'RYELVKFKHQNR� ,�9�� ,VKFKHQNR� $�<D�� 0DVKLQ� 9�6�
������ $SSOLFDWLRQ RI KHOLXP IRU 0,* ZHOGLQJ RI DOX�
PLQLXP DOOR\V� ,ELG�� �� ��w���

��� 'RYELVKFKHQNR� ,�9�� 5DENLQ� '�0�� %XJDM� 9�6� HW DO�
������ :HOGLQJ RI DOXPLQLXP DOOR\ YHVVHOV� ,ELG�� �� ��w���

��� 7V\SO\XNKLQ� $�9�� 1RYLNRY� $�0�� %RURGHQNR� 9�0� HW DO�
������ 7,* ZHOGLQJ RI DOXPLQLXP ERLOHUV LQ KHOLXP�DUJRQ
PL[WXUH DWPRVSKHUH� ,ELG�� ��� ��w���

��� 0DVKLQ� 9�6�� 6OHSFKHQNR� 1�1�� %RURGHQNR� 9�0� HW DO�
������ &RPSDULVRQ EHWZHHQ WHFKQRORJLHV RI 0,* ZHOGLQJ
LQ KHOLXP�DUJRQ PL[WXUH DWPRVSKHUH DQG ZLWK D WKUHH�SKDVH
DUJRQ DUF IRU $0J� DOOR\� ,Q� 7UDQVDFW� RQ :HOGLQJ RI
1RQ�)HUURXV 0HWDOV� .\LY� 1DXNRYD 'XPND�

��� 3DWRQ� %�(�� *RUGRQQ\� 9�*� ������ :RUNV RI WKH (�2�
3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH LQ
WKH ILHOG RI PLOOLWDU\ WDQN FRQVWUXFWLRQ� 7KH 3DWRQ :HOGLQJ
-�� �� ��w���

��� ,VKFKHQNR� $�<D�� /R]RYVND\D� $�9�� 3RNO\DWVN\� $�*� HW
DO� ������ ,QFUHDVH LQ VWUHQJWK RI ZHOGV LQ DUF ZHOGLQJ RI
DOOR\ ���� XVLQJ WKH 6F�FRQWDLQLQJ ILOOHUV� ,ELG�� �� ��w���

��� =DYLU\XNKD� 9�,�� 5\DEHWV� <X�$�� 6WHEORYVN\� 9�$� HW DO�
������ 7HFKQRORJLFDO SHFXOLDULWLHV RI QDUURZ�JDS 0,* ZHOG�
LQJ RI ODUJH�WKLFNQHVV DOXPLQLXP DOOR\V� ,Q� 3DS� RI �QG $OO�
8QLRQ &RQI� RQ $FWXDO 3UREOHPV RI 1RQ�)HUURXV 0HWDOV
:HOGLQJ� 7DVKNHQW� 2FWREHU� ����� .\LY� 1DXNRYD 'XPND�

��� ,VKFKHQNR� $�<D�� %XGQLN� 9�3�� 3RNO\DWVN\� $�*� HW DO�
������ (IIHFW RI FRPSRVLWLRQ RI VKLHOGLQJ JDVHV RQ WHFKQR�
ORJLFDO FKDUDFWHULVWLFV RI WKH DUF GXULQJ QRQ�FRQVXPDEOH
HOHFWURGH ZHOGLQJ RI DOXPLQLXP DOOR\V� 7KH 3DWRQ :HOGLQJ
-�� �� ��w���

)LJXUH �� $UPRXUHG SHUVRQQHO FDUULHU
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1�0� 92523$-

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

5DGLDO DQG D[LDO GLVWULEXWLRQ RI JDV�G\QDPLF FKDUDFWHULVWLFV RI SODVPD IORZV LQ ZHOGLQJ DUFV KDV EHHQ VWXGLHG� $UF

FROXPQ VKDSH ZDV DSSUR[LPDWHG LQ WKH IRUP RI D WUXQFDWHG FRQH RI D KHLJKW� HTXDO WR DUF OHQJWK� DQG UDGLL RI XSSHU

DQG ORZHU EDVHV GHWHUPLQHG DV FRUUHVSRQGLQJ VL]HV RI D OXPLQRXV UHJLRQ RQ WKH DUF ILOPLQJ IUDPHV� &RPSDULVRQ RI

FDOFXODWHG GDWD ZLWK DYDLODEOH H[SHULPHQWDO GDWD VKRZHG D VDWLVIDFWRU\ FRUUHODWLRQ RI UHVXOWV REWDLQHG IRU WKH UDWH DQG

SUHVVXUH RI SODVPD IORZV LQ GHILQLWH ZHOGLQJ DUFV�

.H\ ZRU G V � ZHOGLQJ DUF� SODVPD IORZV� JDV�G\QDPLF SUHV�

VXUH� PDJQHWRVWDWLF SUHVVXUH� DUF FRQVWULFWLRQ� DV\PPHWULF FXU�

UHQW� SHQHWUDWLRQ VKDSH� DOXPLQLXP DOOR\V� ZHOGLQJ WHFKQRORJ\

,Q ZHOGLQJ DUFV EHWZHHQ WKH HOHFWURGH RI D UHODWLYHO\
VPDOO GLDPHWHU DQG SDUHQW PHWDO ZLWK D GHYHORSHG

VXUIDFH WKH LQWHQVLYH IORZV RI SODVPD DUH FUHDWHG E\

WKH D[LDO IRUFHV FDXVHG E\ D JUDGLHQW RI D PDJQHWLF

SUHVVXUH >�w�@� 7HFKQRORJLFDO FDSDELOLWLHV RI SURFHVVHV

RI DUF ZHOGLQJ GHSHQG JUHDWO\ RQ WKH UDWH DQG SUHVVXUH

RI WKHVH IORZV� 'XH WR D KLJK WHPSHUDWXUH RI ZHOGLQJ

DUFV WKH GLUHFW FKDQJH LQ UDWH DQG SUHVVXUH RI DUF

SODVPD IORZV LV GLIILFXOW WKDW H[SODLQV WKH UDWKHU OLPL�

WHG QXPEHU RI ZRUNV LQ WKLV GLUHFWLRQ >�� �@� 7KH

DSSUR[LPDWHG SURFHGXUH RI FDOFXODWLRQV RI SDUDPHWHUV

RI SODVPD IORZV LQ ZHOGLQJ DUFV LV GHVFULEHG LQ >�@�

7R GHYHORS QHZ PHWKRGV RI DUF DQG SODVPD ZHOGLQJ

LW LV QHFHVVDU\ WR NQRZ WKH GHSHQGHQFH RI UDGLDO DQG

D[LDO GLVWULEXWLRQV RI JDV�G\QDPLF FKDUDFWHULVWLFV RI

SODVPD IORZV RQ DUF SDUDPHWHUV� 7KH SUHVHQW DUWLFOH

LV GHYRWHG WR WKH VWXG\ RI WKHVH SUREOHPV�

$FFRUGLQJ WR >�� �@� WKH V\VWHP RI PDJQHWR�JDV
G\QDPLF HTXDWLRQV GHVFULELQJ WKH DUF SODVPD PRYH�
PHQW� WDNLQJ LQWR DFFRXQW WKH DVVXPSWLRQV WDNHQ LQ

>�@� KDV D IRUP

�

U

∂
∂U (UρY

U
) +

∂
∂] (ρY

]
) = ��

∂S
∂U = w M

]
%ϕ�

ρ



Y
U

∂Y
]

∂U + Y
]

∂Y
]

∂]





= w

∂S
∂] + M

U
%ϕ + �

U

∂
∂U




U η

∂Y
]

∂U




�

∂%ϕ

∂] = w µ M
U
�

�

U

∂
∂U (U%ϕ) = µ M

]
�

���

ZKHUH U LV WKH DUF FROXPQ UDGLXV� ρ LV WKH SODVPD

GHQVLW\� Y
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]
DUH WKH UDGLDO DQG D[LDO FRPSRQHQWV RI

SODVPD UDWH� UHVSHFWLYHO\� S LV WKH SUHVVXUH� M
U
� M

]
DUH

WKH UDGLDO DQG D[LDO FRPSRQHQWV RI HOHFWULF FXUUHQW

GHQVLW\� UHVSHFWLYHO\� %ϕ LV WKH D]LPXWK FRPSRQHQW RI

PDJQHWLF LQGXFWLRQ YHFWRU� η LV WKH FRHIILFLHQW RI G\�

QDPLF YLVFRVLW\ RI SODVPD� µ LV WKH PDJQHWLF SHUPH�

DELOLW\�

$V UHJDUGV WR D F\OLQGULFDO DUF WKH HTXDWLRQV ���
WUDQVIRUP WR HTXDWLRQV RI PDJQHWRVWDWLFV�

GS

GU
= w M

]
%ϕ�

�

U

∂
∂U (U%ϕ) = µ M

]
� ���

7R VROYH WKH JLYHQ HTXDWLRQV LW LV QHFHVVDU\ WR
NQRZ WKH GLVWULEXWLRQ RI FXUUHQW GHQVLW\ LQ DUF FR�
OXPQ� $FFRUGLQJ WR >�@� OHW XV DVVXPH

M
]

(U) = M� H[S (wD�U�)� ���

ZKHUH D
�
LV WKH FRHIILFLHQW RI DUF FRQVWULFWLRQ FKDUDF�

WHUL]LQJ WKH UDWH RI GLPLQLVKLQJ M
]
�U� LQ LQFUHDVH RI

FRRUGLQDWH U� 6XEVWLWXWLQJ ��� LQ ��� DW WKH FRQGLWLRQ

RI FRQVWDQF\ RI IXOO FXUUHQW� ZH VKDOO REWDLQ

,
Z

= �π ∫
�

∞

M
]

(U)UGU� ���

:H DVVXPH WKDW WKH PDJQHWLF SHUPHDELOLW\ RI DUF
SODVPD GRHV QRW GHSHQG RQ FRRUGLQDWHV� 7KHQ� IRU WKH

FDVH RI GLVWULEXWLRQ RI PDJQHWRVWDWLF SUHVVXUH LQ F\�

OLQGULFDO DUF FROXPQ ZH VKDOO ILQG

S (U) = S
DW

+ µ
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ZKHUH S
DW

LV WKH DWPRVSKHULF SUHVVXUH� (L(w[) =

= ∫
w∞

w[

H
W

W
GW ([ ! �) LV WKH LQWHJUDO H[SRQHQWLDO IXQFWLRQ

>�@�

,I WKH DUF LV QRW F\OLQGULFDO� WKHQ WKH D[LDO JUDGLHQW
RI SUHVVXUH LV RFFXUUHG� WKXV FDXVLQJ WKH DUF SODVPD

PRYLQJ� ,Q DGGLWLRQ� WKH LQWHUDFWLRQ RI UDGLDO FRPSR�

QHQW RI FXUUHQW GHQVLW\ ZLWK D WDQJHQWLDO PDJQHWLF

ILHOG FDQ LQIOXHQFH WKLV PRYHPHQW� L�H� WHUP M
U
%ϕ LQ

V\VWHP ���� 7R GHILQH WKH UDWH RI SODVPD IORZV� RF�

FXUULQJ LQ WKLV FDVH LQ WKH ILUVW DSSUR[LPDWLRQ ZH

QHJOHFW WKH LQHUWLD WHUPV LQ WKH WKLUG HTXDWLRQ RI V\V�

WHP ��� DQG FRQVLGHU WKDW WKH HOHFWURPDJQHWLF IRUFH

DQG JUDGLHQW RI SUHVVXUH DUH HTXDOL]HG E\ WKH YLVFRVLW\

IRUFHV� 7KHQ WKH V\VWHP RI HTXDWLRQV FRQVLGHUHG LV
WUDQVIRUPHG LQWR WKH IROORZLQJ V\VWHP�

∂S
∂U = wM

]
%ϕ� ��D�

� 1�0� 92523$-� ����
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'LVWULEXWLRQ RI D[LDO FRPSRQHQW RI FXUUHQW GHQVLW\
WDNLQJ LQWR DFFRXQW RI QRQ�XQLIRUPLW\ RI V\VWHP DORQJ
] ZLOO EH SUHVHQWHG LQ WKH IRUP
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]
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]
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(TXDWLRQ ���� VKRXOG EH DGGHG ZLWK D ERXQGDU\
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ZKHUH 5� LV WKH UDGLXV RI VKLHOGLQJ JDV QR]]OH� X� LV
WKH UDWH RI VKLHOGLQJ JDV�

/HW XV DVVXPH WKDW WKH YLVFRVLW\ RI DUF SODVPD GRHV
QRW GHSHQG RQ FRRUGLQDWHV� 7KHQ� DIWHU VRPH WUDQV�
IRUPDWLRQV� WKH VROXWLRQ RI ERXQGDU\�YDOXH SUREOHPV
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Φ�[�  �[ � ��(L �w[� � H[S�w[� w OQ [� ����

([SUHVVLRQ ���� GHVFULEHV WKH UDGLDO DQG D[LDO GLV�
WULEXWLRQ RI UDWH RI SODVPD IORZV DV D IXQFWLRQ RI
ZHOGLQJ FXUUHQW� FRHIILFLHQW RI DUF FRQVWULFWLRQ �LWV
GHSHQGHQFH RQ FRRUGLQDWH ]�� UDWH RI VKLHOGLQJ JDV
DQG UDGLXV RI D VKLHOGLQJ JDV QR]]OH� )XQFWLRQ �����
FDOFXODWHG XVLQJ >��@� LV JLYHQ LQ 7DEOH ��

/HW XV GHWHUPLQH WKH JDV�G\QDPLF FKDUDFWHULVWLFV
RI SODVPD IORZV LQ D GHILQLWH ZHOGLQJ DUF� ,Q FDVH RI
QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ LQ DUJRQ WKH DUF
FROXPQ VKDSH FDQ EH DSSUR[LPDWHG LQ WKH IRUP RI D
WUXQFDWHG FRQH ZLWK D KHLJKW HTXDO WR DUF OHQJWK OD

DQG UDGLL 5� DQG 5�� UHVSHFWLYHO\� RI XSSHU DQG ORZHU
EDVHV� GHWHUPLQHG DV VL]HV RI OXPLQRXV UHJLRQ DW DUF
�REWDLQHG ZLWK WKH KHOS RI ILOPLQJ�� 7R GHWHUPLQH WKH
GHSHQGHQFH RI FRHIILFLHQW RI FRQLFDO DUF RQ ]� ZH VKDOO
XVH WKH UHODWLRQVKLS IURP >��@ EHWZHHQ D

� DQG FRQGL�
WLRQDO UDGLXV RI DUF 5 �UDGLXV RI FLUFOH� RQ WKH VXUIDFH
RI ZKLFK �� � RI DUF FXUUHQW LV SDVVLQJ��

D
�
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ZKHUH N LV WKH GLPHQVLRQOHVV FRHIILFLHQW� XVHG LQ FDO�
FXODWLRQV HTXDO WR ���w����

7KXV� IRU DUF KDYLQJ WKH VKDSH RI D WUXQFDWHG FRQH

5
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ZH KDYH

D
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,W IROORZV IURP ���� WKDW WKH UDWH RI SODVPD IORZV
LV SURSRUWLRQDO WR WKH H[SUHVVLRQ

�

D
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ZKLFK ZLWK DOORZDQFH IRU ���� FDQ EH ZULWWHQ LQ WKH
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1HDU WKH DQRGH VXUIDFH �]  OD�

7DEOH �� &KDQJH LQ IXQFWLRQ Φ�[� GHSHQGLQJ RQ YDOXHV [

[ Φ �[� [ Φ �[� [ Φ �[�
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$V DQ H[DPSOH� OHW XV ILUVW FRQVLGHU WKH '& DUJRQ
DUF QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ ZLWK WKH IRO�
ORZLQJ SDUDPHWHUV >�@� ,Z  ��� $� OD  � PP� 5�  
 ��� PP� 5�  ��� PP� X�  ��� P�V� 5�  ��� PP�
ρ  ��� NJ�P�� η  ���⋅��w� 1⋅V�P�

)LJXUH � VKRZV D UDGLDO GLVWULEXWLRQ RI SODVPD UDWH�
FDOFXODWHG E\ H[SUHVVLRQ ����� PDJQHWRVWDWLF ��� DQG

JDV�G\QDPLF SJ  ρY]��� SUHVVXUHV RI SODVPD IORZ�

DQG DOVR IXOO SUHVVXUH HTXDO WR WKH VXP RI PDJQHWR�
VWDWLF DQG JDV�G\QDPLF SUHVVXUHV� &RPSDULVRQ RI RE�
WDLQHG FDOFXODWHG GDWD SF ZLWK DYDLODEOH H[SHULPHQWDO
GDWD SH[ VKRZV D VDWLVIDFWRU\ FRLQFLGHQFH RI WKHLU UH�
VXOWV LQ FHQWUDO UHJLRQV RI WKH DUF� 7KXV� RQ WKH DQRGH
D[LV DW ,Z  ��� $� SF  ��� 3D DQG SH[  ��� 3D�
6LPLODU FRLQFLGHQFH LV REVHUYHG LQ WKH ZLGH UDQJH RI
YDOXHV RI ZHOGLQJ FXUUHQWV �)LJXUH ��� ,Q SHULSKHU\
UHJLRQV RI WKH DUF WKHUH LV VRPH GLVFUHSDQF\ LQ FDOFX�
ODWHG DQG H[SHULPHQWDO GDWD� 7KH ODWWHU LV� SUREDEO\�
H[SODLQHG E\ WKH IDFW WKDW LQ WKH JLYHQ SURFHGXUH RI
FDOFXODWLRQ D UDGLDO VSUHDGLQJ RI SODVPD IORZ QHDU WKH
DQRGH VXUIDFH� ZKLFK FDQ OHDG WR D IDVWHU SUHVVXUH
GURS LQ WKH UDGLDO GLUHFWLRQ� LV QRW WDNHQ LQWR FRQVL�
GHUDWLRQ�

$QDO\VLV RI JLYHQ GDWD VKRZV WKDW WKH PDJQHWR�
VWDWLF SUHVVXUH SP LV PXFK ORZHU WKDQ WKH JDV�G\QDPLF
SUHVVXUH RI WKH SODVPD IORZ SJ� ,Q WKH FHQWHU RI DUF
DQRGH DW ,Z  ��� $� SP  �� 3D DQG SJ  ��� 3D�
L�H� DOPRVW � WLPHV ORZHU� $SSUR[LPDWHO\ WKH VDPH
UDWLR RI SUHVVXUH YDOXHV LV REVHUYHG DOVR DW RWKHU YDOXHV
RI FXUUHQWV �VHH )LJXUH ��� 6R� LQ FRQLFDO DUFV WKH PDLQ
UROH LQ WKH SURFHVV RI IRUFLQJ WKH ZHOG SRRO PROWHQ

PHWDO DQG LQ SHQHWUDWLRQ RI WKH SDUHQW PHWDO LV SOD\HG
E\ WKH SODVPD IORZV� $V LV VHHQ IURP ����� LW LV QH�
FHVVDU\ WR WU\ WR GHFUHDVH WKH DUF OHQJWK DQG WR UHGXFH
WKH UDWLR5��5�� L�H� WR XVH VPDOO�GLDPHWHU HOHFWURGHV�
WR LQFUHDVH WKH UDWHV RI SODVPD IORZV �LQFUHDVH LQ SHQH�
WUDWLRQ GHSWK�� 7R DYRLG WKH IRUPDWLRQ RI GHIHFWV RI
WKURXJK SHQHWUDWLRQV W\SH� FDXVHG E\ D PHFKDQLFDO
DFWLRQ RI DUF ZHOG SRRO� WKH ZHOGLQJ RI PHWDO RI VPDOO
WKLFNQHVV LV PRUH SUHIHUDEOH E\ WKH DUF EHLQJ QDUURZHG
WR WKH GLUHFWLRQ RI ZRUNSLHFH ��QHHGOH�OLNH� PLFUR�
SODVPD��

&RPLQJ IURP DUF FROXPQ VL]HV REWDLQHG E\ D KLJK�
VSHHG ILOPLQJ RI WKH SURFHVV RI DUJRQ DUF ZHOGLQJ RI
DOXPLQLXP DOOR\V ZLWK DV\PPHWULF DOWHUQDWLQJ FXUUHQW
>��@� WKH UDWHV DQG PD[LPXP SUHVVXUH SPD[ RI SODVPD
IORZV LQ WKH FHQWUDO SDUW RI DUF DW WKH PRPHQWV RI
FXUUHQW ULVLQJ DQG GURS IRU WKH FDWKRGLF DQG DQRGLF
SDUWV RI WKH SHULRG DW WKH FRHIILFLHQW RI FXUUHQW DV\P�
PHWU\ .DV  ��� �)LJXUH � DQG 7DEOH ��� ZHUH FDOFX�
ODWHG XVLQJ HTXDWLRQV ���� DQG ����� $W DPSOLWXGH
YDOXHV RI ZHOGLQJ FXUUHQW WKH UDWH RI SODVPD IORZV
UHDFKHV ��� P�V� )LJXUH � VKRZV DEUXSW FKDQJHV LQ
UDWH DQG SUHVVXUH RI SODVPD IORZV LQ WUDQVLWLRQ IURP
WKH SRVLWLYH WR QHJDWLYH SDUW RI WKH DV\PPHWULF FXUUHQW
SHULRG� &RQVHTXHQWO\� RQH RI WKH HIIHFWLYH ZD\V RI
FRQWURO RI GHSWK RI SHQHWUDWLRQ DQG ZHOG VKDSH LV WKH
DUF VXSSO\ ZLWK WKH DV\PPHWULF YDULDEOH�SRODULW\ FXU�
UHQW� 7KLV VFKHPH RI VXSSO\ OHDGV WR D SHULRGLF FKDQJH
RI D IRUFH DFWLRQ RI SODVPD IORZV RQ ZHOG SRRO PHWDO�
SURPRWHV PRUH LQWHQVLYH LWV VWLUULQJ DQG GHJDVVLQJ�
DQG DOVR UHILQLQJ RI PLFURVWUXFWXUH DQG GLVSHUVLRQ RI
R[LGH LQFOXVLRQV LQ WKH ZHOG PHWDO�

,W LV YHU\ LPSRUWDQW WKDW ZLWK LQFUHDVH LQ FRHIIL�
FLHQW RI DV\PPHWU\ RI D YDULDEOH�SRODULW\ FXUUHQW WKH

7DEOH �� ,QLWLDO SDUDPHWHUV RI ZHOGLQJ DUF RI DV\PPHWULF FXUUHQW
WDNHQ IRU FDOFXODWLRQ RI UDWH DQG SUHVVXUH RI SODVPD IORZV
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)LJXUH �� 5DGLDO GLVWULEXWLRQ RI UDWH RI SODVPD IORZV Y] �GDVKHG
FXUYH� DQG SUHVVXUH S �VROLG FXUYHV� DW DQRGH RI DUJRQ DUF� � x
IXOO SUHVVXUH� � x JDV�G\QDPLF SUHVVXUH� �x PDJQHWRVWDWLF SUHV�
VXUH �SRLQWV x WKH GDWD RI >�@�

)LJXUH �� 'HSHQGHQFH RI UDWH RI SODVPD IORZV �GDVKHG FXUYH� DQG
SUHVVXUH �VROLG FXUYHV� RI SODVPD IORZV DW WKH DQRGH D[LV RQZHOGLQJ
FXUUHQW DW OD  � PP ��w� x WKH VDPH DV LQ )LJXUH ��

)LJXUH �� 2VFLOORJUDPV RI DV\PPHWULF DOWHUQDWLQJ FXUUHQW ,Z DQG
YROWDJH DW DUJRQ DUF 8D� � x KDOI�SHULRG RI FXUUHQW DW VWUDLJKW
SRODULW\� � x WKH VDPH DW UHYHUVH SRODULW\
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UHGLVWULEXWLRQ RI DUF SRZHU LV RFFXUUHG DW VWUDLJKW DQG
UHYHUVH SRODULW\ ZLWK DQ LQFUHDVH LQ D VKDUH RI KHDW
GLVVLSDWLQJ LQWR WKH SDUHQW PHWDO DQG ZLWK D GHFUHDVH
LQ D VKDUH RI KHDW XVHG IRU WKH HOHFWURGH KHDWLQJ� $O�
ORZDEOH FXUUHQW ORDGV WR WKH WXQJVWHQ HOHFWURGHV DW
.DV  ���w��� DUH ���w� DQG �w� WLPHV KLJKHU WKDQ LQ
ZHOGLQJ� UHVSHFWLYHO\� DW D EDODQFHG DOWHUQDWLQJ FXU�
UHQW DQG '&53�

3URFHVVHV RI WZLQ�DUF ZHOGLQJ ZLWK D FRPELQHG
QRQ�FRQVXPDEOH DQG FRQVXPDEOH HOHFWURGHV >��@ DQG
SXOVHG ZHOGLQJ ZLWK WZR FRQVXPDEOH HOHFWURGHV >��@
DUH DQRWKHU HIIHFWLYH SURFHGXUH RI FRQWURO RI JDV�G\�
QDPLF FKDUDFWHULVWLFV RI SODVPD IORZV DQG VKDSH RI
SHQHWUDWLRQ RI WKH SDUHQW PHWDO� ,Q WKHVH FDVHV LW LV
SRVVLEOH WR XVH WKH HOHFWURGHV RI D UHODWLYHO\ VPDOO
GLDPHWHU GXH WR VHSDUDWH IHHGLQJ RI FXUUHQW SXOVHV IRU

HDFK HOHFWURGH� WKDW OHDGV WR D VLJQLILFDQW GHFUHDVH LQ
5��5� UDWLR RI XSSHU DQG ORZHU EDVHV RI FROXPQ RI
ZHOGLQJ DUFV DQG DSSURSULDWH LQFUHDVH LQ GHSWK RI WKH
SDUHQW PHWDO SHQHWUDWLRQ�

$FNQRZOHGJPHQWV� 7KH DXWKRU H[SUHVVHV VLQ�

FHUH WKDQNV WR 'U� ,�9� .ULYWVXQ IRU DVVLVWDQFH LQ

WKH VROXWLRQ RI WKH V\VWHP RI PDJQHWR�JDV G\QDPLF

HTXDWLRQV� YDOXDEOH DGYLFHV DQG FRPPHQWV RQ WKH PD�

WHULDOV RI WKH SUHVHQW DUWLFOH�

)LJXUH �� &KDQJH LQ JDV�G\QDPLF FKDUDFWHULVWLFV RI SODVPD IORZV
RI DUF RI DV\PPHWULF DOWHUQDWLQJ FXUUHQW ZLWK .DV  ���� D x UDWH
RI SODVPDSRLQWVY]� Ex JDV�G\QDPLF SUHVVXUH SJ� �� �x KDOI�SHULRG
RI FXUUHQW DW VWUDLJKW DQG UHYHUVH SRODULW\� UHVSHFWLYHO\

�� .KUHQRY� .�.� ������ (OHFWULF ZHOGLQJ DUF� 0RVFRZ�.\LY�
0DVKJL]�

�� 6KRHN� 3�$� ������ 6WXG\ RI HQHUJ\ EDODQFH RQ DQRGH RI
KLJK�FXUUHQW DUFV EXUQLQJ LQ DUJRQ DWPRVSKHUH� ,Q� &XUUHQW
SUREOHPV RI KHDW H[FKDQJH� 0RVFRZ�/HQLQJUDG� (QHUJL\D�

�� =DUXED� ,�,� ������ 3ODVPD IORZV LQ ZHOGLQJ DUFV� $YWR�

PDWLFK� 6YDUND� ��� �w��
�� .RYDOHY� ,�0�� $NXORY� $�,�� 0DUWLQVRQ� /�.� HW DO� ������

5DWH DQG WKHUPDO FKDUDFWHULVWLFV RI DUF IORZV� )L]LND L

.KLPL\D 2EUDE� 0DWHULDORY� �� ��w���
�� 9RURSDM� 1�0�� .ULYWVXQ� ,�9� ������ *DV�G\QDPLF FKDUDF�

WHULVWLFV RI SODVPD IORZV LQ ZHOGLQJ DUFV� 0DJQLWQD\D

*LGURGLQDPLND� �� ���w����
�� ������ 3K\VLFV DQG FKHPLVWU\ RI ORZ�WHPSHUDWXUH SODVPD�

(G� E\ 6�9� 'UHVYLQ� 0RVFRZ� $WRPL]GDW�
�� (QJHOVKW� 9�6�� *XURYLFK� 9�7V�� 'HV\DWNRY� *�$� HW DO�

������ /RZ�WHPSHUDWXUH SODVPD� 9RO� �� 7KHRU\ RI HOHFWULF
DUF FROXPQ� 1RYRVLELUVN� 1DXND�

�� *YR]GHWVN\� 9�6� ������ &RQVWULFWLRQ RI HOHFWULF DUF FR�
OXPQ� $YWRPDWLFK� 6YDUND� �� �w��

�� /HEHGHY� 1�1� ������ 6SHFLDO IXQFWLRQV DQG WKHLU DSSOLFD�

WLRQV� 0RVFRZ� *RVWHNKWHRUL]GDW�
��� ������ 7DEOHV RI LQWHJUDO H[SRQHQWLDO IXQFWLRQ� (G� E\

9�$� 'LWNLQ� 0RVFRZ� $1 6665�
��� *YR]GHWVN\� 9�6� ������ $ERXW IXQFWLRQ RI FXUUHQW GHQVLW\

GLVWULEXWLRQ LQ DQRGH VSRW RI DUF� $YWRPDWLFK� 6YDUND� ���
��w���

��� 5DENLQ� '�0�� 9RURSDM� 1�0�� 0LVKHQNRY� 9�$� ������
(QHUJ\ FKDUDFWHULVWLFV RI ZHOGLQJ SURFHVV ZLWK DV\PPHWULF
YDULDEOH SRODULW\ FXUUHQW� ,ELG�� �� �w���

��� 9RURSDM� 1�0�� /HVQ\NK� 9�9�� 0LVKHQNRY� 9�$� ������
&RPELQHG SURFHVV RI DUF ZHOGLQJ DQG VXUIDFLQJ ZLWK QRQ�
FRQVXPDEOH DQG FRQVXPDEOH HOHFWURGHV� ,ELG�� �� ��w���

��� 9RURSDM� 1�0�� 3URWVHQNR� 3�3� ������ )HDWXUHV RI ZHOGV
DQG +$= IRUPDWLRQ LQ JDV�VKLHOGHG SXOVHG WZLQ�DUF ZHOGLQJ
LQ KLJK�VWUHQJWK ORZ�DOOR\HG VWHHOV� 7KH 3DWRQ :HOGLQJ -��
�� ��w���
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$�<D� ,6+&+(1.2� ,�9� '29%,6+&+(1.2� 9�6� 0$6+,1 DQG 0�3� 3$6+8/<$

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

9ROW�DPSHUH FKDUDFWHULVWLFV RI WKH VWHDG\ DQG LPSXOVH DUF LQ PL[WXUHV RI GLIIHUHQW LQHUW JDVHV DQG IHDWXUHV RI ZHOG

IRUPDWLRQ DQG JHRPHWU\ DUH DQDO\]HG� $ IXQGDPHQWDO SRVVLELOLW\ DQG FRVW�HIIHFWLYHQHVV RI DSSOLFDWLRQ RI KHOLXP�QHRQ

PL[WXUHV IRU SURWHFWLRQ RI WKH ZHOGLQJ ]RQH LV GHPRQVWUDWHG�

.H\ ZRU G V � DUF ZHOGLQJ� DOXPLQLXP DOOR\V� FRQVXPDEOH

HOHFWURGH� LQHUW JDVHV� JDV PL[WXUHV� YROW�DPSHUH FKDUDFWHULVWLFV�

ZHOG SDUDPHWHUV� GHIHFWV

0,* ZHOGLQJ LV ZLGHO\ DSSOLHG IRU IDEULFDWLRQ DQG
UHSDLU RI ODUJH�VL]HG VWUXFWXUHV RI DOXPLQLXP DOOR\V�

8QOLNH 7,* ZHOGLQJ� WKLV SURFHVV SURYLGHV D KLJKHU

HIILFLHQF\ RI ZHOGLQJ� UHGXFWLRQ RI WKH +$= DQG ORZ�

HULQJ RI WKH OHYHO RI UHVLGXDO GHIRUPDWLRQV RI ZHOG�

PHQWV �SDUWLFXODUO\ RI VKHHW PDWHULDO� >�@� $UJRQ�

KHOLXP DQG WKHLU PL[WXUHV DUH XVHG DV VKLHOGLQJ JDVHV
LQ FRQVXPDEOH HOHFWURGH ZHOGLQJ RI DOXPLQLXP DOOR\V

>�w�@� $ GLVDGYDQWDJH RI DUJRQ�DUF ZHOGLQJ LV D SUR�
QRXQFHG FRQYH[LW\ RI WKH ZHOG� VSHFLILF VKDSH RI SHQH�

WUDWLRQ ZLWK D PDUNHG QDUURZLQJ LQ WKH ZHOG URRW�

FRQVLGHUDEOH ORVV RI VRPH DOOR\LQJ HOHPHQWV IURP WKH

HOHFWURGH PHWDO� DQG LQFUHDVHG SRURVLW\ RI ZHOGV� 7KLV

UHVXOWV LQ UHODWLYHO\ ORZ PHFKDQLFDO DQG FRUURVLRQ

SURSHUWLHV RI ZHOGV� $SSOLFDWLRQ RI KHOLXP DORQH LV

OLPLWHG E\ LWV KLJK FRVW� KLJK IORZ UDWH LQ ZHOGLQJ
SODWH PHWDO� XQVWDEOH DUF DQG LQFUHDVHG PHWDO VSDWWHU�

7KHUHIRUH� LW LV UHFRPPHQGHG WR DSSO\ +H � $U PL[�

WXUHV DV VKLHOGLQJ JDVHV� +HOLXP FRQWHQW LQ VXFK PL[�

WXUHV LV EHWZHHQ �� WR �� �� $PRXQW RI DUJRQ DQG

KHOLXP LQ WKH PL[WXUH GHSHQGV RQ WKH FRPSRVLWLRQ RI
WKH DOOR\ EHLQJ ZHOGHG� LWV WKLFNQHVV DQG UHTXLUH�

PHQWV� PDGH RI ZHOG PHWDO TXDOLW\ >�� �@� &RVW RI WKH

SURFHVV RI ZHOGLQJ LQ +H � $U PL[WXUHV UHPDLQV WR

EH KLJK� FRPSDUHG WR ZHOGLQJ LQ DUJRQ DORQH� $ PL[�

WXUH RI KHOLXP DQG QHRQ ��w�� � 1H� IRUPV LQ WKH

R[\JHQ� QLWURJHQ DQG DUJRQ SURFHVVLQJ OLQH DW D FHUWDLQ

VWDJH RI DLU VHSDUDWLRQ� 3RVVLELOLW\ RI HIIHFWLYHO\ XVLQJ

WKLV FRPSDUDWLYHO\ LQH[SHQVLYH �FRPSDUHG WR SXUH KH�

OLXP� PL[WXUH LQ 7,* ZHOGLQJ RI DOXPLQLXP DOOR\V LV
VKRZQ LQ >�@�

,Q WKLV FRQQHFWLRQ LW LV LPSRUWDQW WR GHWHUPLQH

WKH LQIOXHQFH RI QHRQ DQG LWV PL[WXUHV ZLWK DUJRQ DQG

KHOLXP RQ WKH TXDOLW\ RI ZHOGV LQ 0,* ZHOGLQJ RI
DOXPLQLXP DOOR\V E\ D VWHDG\ DQG LPSXOVH DUF� HVWDE�

OLVK WKH LQIOXHQFH RI GLIIHUHQW FRPSRVLWLRQV RI VKLHOG�

LQJ JDVHV RQ YROW�DPSHUH FKDUDFWHULVWLFV �9$&� RI WKH

DUF� VWDELOLW\ RI DUFLQJ� TXDOLW\ RI IRUPDWLRQ DQG JHR�

PHWULFDO SDUDPHWHUV RI ZHOGV�

,QYHVWLJDWLRQV ZHUH SHUIRUPHG� XVLQJ $O��0J DO�

OR\ �$0J�� *267 ����w��� �� PP WKLFN DQG ZHOG�

LQJ ZLUHV 6Y�$0J� �*267 ����w��� RI ��� DQG

��� PP GLDPHWHU� 6KLHOGLQJ JDVHV ZHUH WKH KLJKHVW
JUDGH DUJRQ �*267 �����w���� $ JUDGH KHOLXP �78

������w���� QHRQ �78�8�������������w���� UHDG\
+H � 1H PL[WXUH ��� � +H � �� � 1H� DQG WZR� DQG

WKUHH�FRPSRQHQW PL[WXUHV� SUHSDUHG IURP WKHP�

3K\VLFDO FKDUDFWHULVWLFV RI LQHUW JDVHV E\ WKH GDWD RI
>�@ DUH JLYHQ LQ 7DEOH �� DQG WKHLU FRPSRVLWLRQ LQ
7DEOH �� %\ LWV FKDUDFWHULVWLFV QHRQ WDNHV XS DQ LQ�

WHUPHGLDWH SRVLWLRQ EHWZHHQ KHOLXP DQG DUJRQ� 9DOXH

RI LWV LRQL]DWLRQ SRWHQWLDO LV FORVHU WR WKDW RI KHOLXP�

DQG WKH FRHIILFLHQW RI KHDW FRQGXFWLYLW\ �VSHFLILF KHDW

FRQGXFWLYLW\� LV FORVH WR WKDW RI DUJRQ� 6XFK SURSHUWLHV

RI QHRQ� FRPSDUHG WR DUJRQ� OHDG� ILUVW RI DOO� WR D

QRWLFHDEOH LQFUHDVH RI DUF YROWDJH �GXH WR D UHODWLYHO\

KLJK SRWHQWLDO RI LRQL]DWLRQ FRPSDUHG WR DUJRQ� DQG
JUHDWHU ZLGWK RI SHQHWUDWLRQ �LQ YLHZ RI D KLJKHU

FRHIILFLHQW RI KHDW FRQGXFWLYLW\ FRPSDUHG WR DUJRQ��

,Q ZHOGLQJ LQ QHRQ �VLPLODU WR ZHOGLQJ LQ KHOLXP��

DSSDUHQWO\� WKH YROWDJH GURS RQ WKH DQRGH DQG FDWKRGH

LV UHGLVWULEXWHG� DUF FROXPQ LV FRQVWULFWHG DQG HQHUJ\

GHQVLW\ LV LQFUHDVHG�
0L[WXUHV RI LQHUW JDVHV ZHUH SUHSDUHG E\ FRQWLQX�

RXV PL[LQJ DW D GRVHG IORZ UDWH RI HDFK FRPSRQHQW�

)ORZ UDWH ZDV GHWHUPLQHG E\ WKH UHDGLQJV RI URWDPH�
WHUV� FDOLEUDWHG IRU DUJRQ� ,Q RUGHU WR XVH WKHP IRU

QHRQ� KHOLXP DQGPL[WXUHV� WKH FDOLEUDWLRQ VFDOHV ZHUH

� $�<D� ,6+&+(1.2� ,�9� '29%,6+&+(1.2� 9�6� 0$6+,1 DQG 0�3� 3$6+8/<$� ����

7DEOH �� 3K\VLFDO FKDUDFWHULVWLFV RI LQHUW JDVHV

3DUDPHWHU +HOLXP 1HRQ $UJRQ

$WRPLF PDVV ����� ������ ������

'HQVLW\� NJ�P� ������ ������ ������

,RQL]DWLRQ SRWHQWLDO� H9 ����� ����� �����

&RHIILFLHQW RI KHDW

FRQGXFWLYLW\� :��P⋅.�
������ ������ ������

6SHFLILF KHDW FRQGXFWLYLW\�

-��NJ⋅Ì¯�
���� ���� ���
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UHFDOFXODWHG� 7KH DFWXDO IORZ UDWH RI JDVHV ZDV FDO�

FXODWHG E\ WKH IROORZLQJ IRUPXODV�

4  4$U.� . = √γ$U
γJDV �

γJDV = (γ$U 3$U + γ1H 31H + γ+H 3+H)�����

ZKHUH 4 LV WKH JDV IORZ UDWH� O�PLQ� . LV WKH FRUUHF�

WLRQ FRHIILFLHQW �IRU DOO URWDPHWHUV RI 56 DQG 50

W\SH�� γ LV WKH JDV GHQVLW\� NJ�P�
�3 LV WKH JDV FRQWHQW

LQ WKH PL[WXUH� �� &RUUHFWLRQ FRHIILFLHQWV . WR GHWHU�

PLQH WKH DFWXDO IORZ UDWH RI +H � 1H DQG +H � $U

PL[WXUHV DUH VKRZQ LQ )LJXUH ��

%DVH PHWDO VXUIDFH ZDV FOHDQHG E\ FKHPLFDO HWFK�

LQJ XVLQJ D UHJXODU SURFHGXUH >�@� 3ULRU WR ZHOGLQJ

WKH VXUIDFH RI WKH PHWDO LQ WKH ZHOGLQJ ]RQH ZDV

VFUDSHG ����� PP�� 9'8����� )URQLXV 736����

SRZHU VRXUFHV DQG )URQLXV 3XOO 0,* 30����=

WRUFKHV ZHUH XVHG IRU VLQJOH�SDVV FRQVXPDEOH HOHF�

WURGH ZHOGLQJ �VXUIDFLQJ� E\ D VWDEOH DUF �6$�0,*�

DQG LPSXOVH DUF �,$�0,*�� :HOG URRW ZDV IRUPHG RQ

D UHPRYDEOH EDFNLQJ RI VWDLQOHVV VWHHO ZLWK D JURRYH�

3DUDPHWHUV RI 6$�0,* PRGHV LQ DUJRQ� QHRQ� KHOLXP

DQG WKHLU PL[WXUHV ZHUH DV IROORZV� GZLUH  ��� PP�

,Z�DY  ���w��� $� 8D�DY  ��w�� 9� YI  ���w

��� P�K� YZ  ��w�� P�K� OD  �w� PP� 4  ��w

�� O�PLQ� 3DUDPHWHUV RI ,$�0,* ZHUH� GZLUH  

 ��� PP� ,Z�DY  ���w��� $� 8D�DY  ��w�� 9� YI  

 ���w��� P�K� YZ  �� P�K� OD  �w�� PP� ,S  

 ���w��� $� IS  ��w��� +]� WS  ���w��� PV� 4  

 �� O�PLQ�

*HRPHWULFDO SDUDPHWHUV RI ZHOGV �EDVH PHWDO

SHQHWUDWLRQ GHSWK K� ZHOG ZLGWK IURP WKH IDFH VLGH

%� LWV FRQYH[LW\ KHLJKW O� ZHUH GHWHUPLQHG� XVLQJ

00,�� PLFURVFRSH RQ WUDQVYHUVH PDFURVHFWLRQV ZLWK

WKH DFFXUDF\ RI XS WR ± ��� PP�

$QDO\VLV RI 9$& RI DQ LPSXOVH DUF� UXQQLQJ LQ

DUJRQ� QHRQ� KHOLXP DQG +H � 1H PL[WXUH ��� � 1H��

DW GLIIHUHQW HOHFWURGH ZLUH IHHG UDWHV �OD  �w�� PP�

VKRZHG� WKDW DW WKH VDPH ZHOGLQJ FXUUHQW WKH YROWDJH

RI WKH DUF� UXQQLQJ LQ QHRQ� LV E\ � WR � 9 KLJKHU WKDQ

LQ DUJRQ �)LJXUH ��� $W WKH VDPH UDWHV RI ZLUH IHHG�

YI� WKH DUF YROWDJH LV E\ ��� WR ��� 9 ORZHU LQ WKH

+H � 1H PL[WXUH WKDQ LQ SXUH KHOLXP �)LJXUH ��� 7KH

KLJKHU WKH DYHUDJH ZHOGLQJ FXUUHQW� WKH VPDOOHU LV WKH

GLIIHUHQFH LQ WKH 9$& RI WKH DUF� UXQQLQJ LQ KHOLXP

DQG LQ +H � 1H PL[WXUH� $GGLWLRQ RI QHRQ WR DUJRQ

ULJKW XS WR ��� � �DW YI  FRQVW� OHDGV WR VKRUWHQLQJ

RI WKH DUF� JUHDWHU VSDWWHU RI HOHFWURGH PHWDO DQG ORZ�

HULQJ RI DYHUDJH ZHOGLQJ FXUUHQW E\ ��w�� $ �)L�

JXUH �� D�� ,Q RUGHU WR UHVWRUH WKH VWDELOLW\ RI WKH

ZHOGLQJ SURFHVV� LW LV QHFHVVDU\ WR LQFUHDVH WKH DUF

YROWDJH E\ �w� 9� GHSHQGLQJ RQ WKH FRQWHQW RI QHRQ

LQ WKH PL[WXUH DQG YDOXH RI FXUUHQW �)LJXUH �� E��

7KH GHSWK RI PHWDO SHQHWUDWLRQ DQG ZHOG ZLGWK LQ�

FUHDVH E\ ���w��� DQG ���w��� PP� UHVSHFWLYHO\� 7KH

LQIOXHQFH RI QHRQ RQ WKH HOHFWULF SDUDPHWHUV RI WKH

DUF DQG JHRPHWULFDO VKDSH RI WKH ZHOGV LV WKH PRVW

SURQRXQFHG DW LWV FRQWHQW LQ WKH PL[WXUH DERYH �� ��

'HSHQGHQFH RI WKH JHRPHWULFDO SDUDPHWHUV RI 6$�

0,*ZHOGV RQ WKH VKLHOGLQJ JDV FRPSRVLWLRQ DQGZHOG�

LQJ VSHHG LV VKRZQ LQ )LJXUHV � DQG �� 6LPLODU WR

7DEOH �� &RPSRVLWLRQ RI LQHUW JDV PL[WXUHV

*DV
,PSXULW\ FRQWHQW �≤ YRO��⋅����

$U 1H +H 1
�

2
�

+
�

+
�
2 &2

�
� ¯«

�

$UJRQ %DVH w w �� � � �� �

1HRQ w %DVH �� � � � � �

+HOLXP � �� %DVH � � � � �

+HOLXP �EDVH� � �� � QHRQ �� %DVH 6DPH �� � � � �

)LJXUH �� &RUUHFWLRQ FRHIILFLHQWV . IRU GHWHUPLQDWLRQ RI WKH DFWXDO
IORZ UDWH RI +H � 1H DQG +H � $U PL[WXUHV XVLQJ URWDPHWHUV�
FDOLEUDWHG IRU DUJRQ

)LJXUH �� 9ROW�DPSHUH FKDUDFWHULVWLFV RI DQ DUF� UXQQLQJ LQ QHRQ
�VROLG FXUYH� DQG DUJRQ �GDVKHG FXUYH�� LQ ,$�0,*� GHSHQGLQJ RQ
WKH ZLUH IHHG UDWH� Q�Xx ���� V��x ���� @�Ox ��� P�K
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,$�0,* ZHOGLQJ� DUJRQ UHSODFHPHQW E\ QHRQ

�� � +H� OHDGV WR D JUHDWHU SHQHWUDWLRQ GHSWK� ZHOG

ZLGWK DQG UHGXFWLRQ RI ZHOG FRQYH[LW\� +HOLXP DG�

GLWLRQ WR QHRQ �DW FRQVWDQW YDOXHV RI ,Z DQG OD� SUR�

PRWHV VWLOO JUHDWHU GHSWK DQG ZLGWK RI WKH ZHOG� SDU�

WLFXODUO\ DW WKH LQFUHDVH RI KHOLXP FRQWHQW IURP �� WR

�� � �)LJXUH ��� ,Q WKLV FDVH� VWDELOLW\ RI WKH DUF DQG

ZHOG IRUPDWLRQ DQG ZLGWK RI WKH FDWKRGH FOHDQLQJ

]RQH FRUUHVSRQG WR WKH LQGLFHV� REWDLQHG LQ +H � $U

PL[WXUHV �DW WKH VDPH FRQWHQW RI KHOLXP��

7KXV� DW DQ\ SURSRUWLRQV RI QHRQ DQG KHOLXP�

LUUHVSHFWLYH RI ZHOGLQJ SURFHVVHV DQG PRGHV� WKH

ZLGWK DQG GHSWK RI EDVH PHWDO SHQHWUDWLRQ DUH JUHDWHU

WKDQ ZLWK WKH VDPH SURSRUWLRQV RI DUJRQ DQG KHOLXP�

*HRPHWULFDO SDUDPHWHUV RI ZHOGV� PDGH LQ KHOLXP DQG

+H � 1H PL[WXUHV �+H ≥ �� �� ,Z  ���w��� $� YZ  

 ��w�� P�K�� KDYH SUDFWLFDOO\ WKH VDPH YDOXHV �)L�

JXUH ��� ,Q WKH FDVH RI DSSOLFDWLRQ RI D PL[WXUH RI

JDVHV ZLWK PRUH WKDQ ��w�� � +H� QHRQ DGGLWLYHV GR

QRW KDYH DQ\ LQIOXHQFH RQ ZHOG GLPHQVLRQV�

)LJXUH �� ,QIOXHQFH RI QHRQ LQ $U � 1H PL[WXUH RQ ZHOGLQJ FXUUHQW
DW 8

D
≈ �� 9 �D� DQG RQ DUF YROWDJH �E� DW ,$�0,*� D x DW D

FRQVWDQW IHHG RI ZHOGLQJ ZLUH� E x DW GLUHFW ZHOGLQJ FXUUHQW

)LJXUH �� 9$& RI DQ DUF� UXQQLQJ LQ KHOLXP �VROLG FXUYH� DQG +H �
1H PL[WXUH� FRQWDLQLQJ �� � 1H �GDVKHG�� LQ ,$�0,* ZHOGLQJ�
GHSHQGLQJ RQ WKH ZLUH IHHG UDWH� X�� x ���� Q� @ x ���� V�
O x ��� P�K

)LJXUH �� ,QIOXHQFH RI WKH FRPSRVLWLRQ RI +H � $U �P� DQG +H � 1H ��� PL[WXUH RQ JHRPHWULFDO SDUDPHWHUV RI 6$�0,* ZHOGV �G
ZLUH

 
 ��� PP� O

D
≈ � ± � PP� Y

Z
 �� P�K� DW ,

Z
 ��� �D� DQG ��� �E� $
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,QYHVWLJDWLRQ RI WUDQVYHUVH PDFURVHFWLRQV VKRZHG

WKDW SRURVLW\ LQ WKH GHSRVLWHG PHWDO� REWDLQHG LQ QHRQ

DQG +H � 1H PL[WXUHV� LV ���w��� WLPHV VPDOOHU WKDQ

LQ DUJRQ DQG +H � $U PL[WXUHV� 7KLV LV UHODWHG WR

WKHUPRSK\VLFDO SURSHUWLHV RI QHRQ DQG VPDOOHU FRQWHQW

RI �KDUPIXO� LPSXULWLHV �K\GURJHQ� PRLVWXUH� K\GUR�

FDUERQV� HWF�� LQ LW� FRPSDUHG WR DUJRQ�

,Q YLHZ RI WKH LQFUHDVH RI WKH YROXPH �ZHLJKW�

RI ZHOG SRRO LQ ZHOGLQJ LQ QHRQ �VHH )LJXUH ��� LW

PD\ EH DVVXPHG WKDW QHRQ� VLPLODU WR KHOLXP >�� ��@�

ORZHUV WKH DYHUDJH WHPSHUDWXUH RI HOHFWURGH PHWDO

GURSV DQG LQFUHDVHV WKH DYHUDJH WHPSHUDWXUH RI ZHOG

SRRO� 7KLV FUHDWHV IDYRUDEOH FRQGLWLRQV IRU ORZHULQJ

K\GURJHQ VROXELOLW\ LQ HOHFWURGH GURSV DQG LQFUHDVLQJ

WKH UDWH RI LWV HYROXWLRQ IURP WKH ZHOG SRRO LQ WKH

IRUP RI JDV EXEEOHV >�@�

7HFKQLFR�HFRQRPLF FDOFXODWLRQV VKRZ WKDW DSSOL�

FDWLRQ RI QHRQ DORQH DV WKH VKLHOGLQJ JDV LW QRW UDWLRQDO

LQ YLHZ RI LWV GHILFLW DQG KLJK FRVW �QHRQ LV PRUH

H[SHQVLYH WKDQ KHOLXP�� $W WKH VDPH WLPH� WKH FRVW

RI � P
�
RI UHDG\ +H � 1H PL[WXUHV ��w�� � 1H� LV

SUDFWLFDOO\ LQGHSHQGHQW RQ WKH DPRXQW RI QHRQ DQG

LV RQ DYHUDJH �� � ORZHU WKDQ WKH FRVW RI KHOLXP

DORQH� 8VH RI WKUHH�FRPSRQHQW PL[WXUHV RI LQHUW JDVHV�

SUHSDUHG IURP WKH +H � 1H PL[WXUHV� VXSSOLHG LQ ERW�

WOHV� DQG DUJRQ ���w�� � +H � �w�� � 1H � �w

�� � $U�� DOORZV IXUWKHU UHGXFWLRQ RI WKH VKLHOGLQJ

JDV FRVW DQG RI WKH FRVW RI ZHOGLQJ RSHUDWLRQV� UHVSHF�

WLYHO\�

,W VKRXOG EH QRWHG WKDW UHSODFHPHQW RI +H � $U

PL[WXUHV E\ UHDG\ +H � 1H PL[WXUHV LQ ZHOGLQJ RI

DOXPLQLXP DOOR\V OHDGV WR D KLJKHU DUF YROWDJH� JUHDWHU

GHSWK RI SHQHWUDWLRQ DQG ZHOG ZLGWK� UHGXFWLRQ RI

ZHOG FRQYH[LW\ DQG SRURVLW\ RI WKH GHSRVLWHG PHWDO�

�� ,VKFKHQNR� $�<D�� /R]RYVND\D� $�9�� 3RNO\DWVN\� $�*� HW
DO� ������ ,QFUHDVH RI VWUHQJWK RI ZHOGV LQ DUF ZHOGLQJ RI
DOOR\ ���� XVLQJ WKH 6F�FRQWDLQLQJ ILOOHUV� 7KH 3DWRQ :HOG�
LQJ -�� �� ��w���

�� 5DENLQ� '�0�� ,JQDWLHY� 9�*�� 'RYELVKFKHQNR� ,�9� ������
$UF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V� 0RVFRZ� 0DVKL�
QRVWURHQLH�

�� 0DVKLQ� 9�6�� 3DYVKXN� 9�0�� 'RYELVKFKHQNR� ,�9� HW DO�
������ ,QIOXHQFH RI SXOVHG DUF ZHOGLQJ FRQGLWLRQV RI $'�
DOXPLQLXP RQ VKDSH DQG SRURVLW\ RI ZHOGV� $YWRPDWLFK�
6YDUND� �� ��w���

�� 0DVKLQ� 9�6�� 'RYELVKFKHQNR� ,�9�� 7V\SO\XNKLQ� $�9�
������ 1RPRJUDPV RI WKH PRGHV RI FRQVXPDEOH HOHFWURGH
KHOLXP�DUJRQ DUF ZHOGLQJ RI DOXPLQLXP DOOR\V� ,ELG�� ���
��w���

�� 'RYELVKFKHQNR� ,�9�� ,VKFKHQNR� $�<D�� 0DVKLQ� 9�6�
������ 3HFXOLDULWLHV RI FRQVXPDEOH HOHFWURGH KHOLXP�DUJRQ
DUF ZHOGLQJ RI DOXPLQLXP DOOR\V� ,ELG�� �� ��w���

�� 'RYELVKFKHQNR� ,�9�� ,VKFKHQNR� $�<D�� 0DVKLQ� 9�6�
������ 8VH RI KHOLXP LQ FRQVXPDEOH HOHFWURGH ZHOGLQJ RI
DOXPLQLXP DOOR\V� ,ELG�� �� ��w���

�� ,VKFKHQNR� $�<D�� %XGQLN� 9�3�� 3RNO\DWVN\� $�*� HW DO�
������ (IIHFW RI FRPSRVLWLRQ RI VKLHOGLQJ JDVHV RQ WHFKQR�
ORJLFDO FKDUDFWHULVWLFV RI DUF GXULQJ QRQ�FRQVXPDEOH HOHF�
WURGH ZHOGLQJ RI DOXPLQLXP DOOR\V� 7KH 3DWRQ :HOGLQJ -��
�� ��w���

�� )LQNHOVKWHMQ� '�1� ������ ,QHUW JDVHV� 0RVFRZ� 1DXND�
�� ,VKFKHQNR� $�<D�� 0DVKLQ� 9�6�� 'RYELVKFKHQNR� ,�9� HW DO�

������ 0HDQ WHPSHUDWXUH RI WKH PHWDO RI HOHFWURGH GURSV
GXULQJ LQHUW�JDV VKLHOGHG ZHOGLQJ RI DOXPLQLXP DOOR\V�
$YWRPDWLFK� 6YDUND� �� ��w���

��� ,VKFKHQNR� $�<D�� 0DVKLQ� 9�6�� 'RYELVKFKHQNR� ,�9� HW DO�
������ 0HDQ WHPSHUDWXUH RI ZHOG SRRO PHWDO LQ LQHUW�JDV
DUF ZHOGLQJ RI DOXPLQLXP DOOR\V� ,ELG�� ��� ��w���

)LJXUH �� ,QIOXHQFH RI ZHOGLQJ VSHHG DQG VKLHOGLQJ JDV FRPSRVLWLRQ ��x +H� Px +H �EDVH� � �� � 1H� ∆ x+H �EDVH� � �� � $U�
RQ WKH JHRPHWULFDO SDUDPHWHUV RI ZHOGV LQ 6$�0,* �8

D
 �� ± � 9� G

ZLUH
 ��� PP�� D x ,

Z
 ��� $� Y

I
 ��� P�K� E x ,

Z
 ��� $�

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

(IIHFW RI GLIIHUHQW WHFKQRORJLFDO IDFWRUV RQ IRUPDWLRQ RI H[WHQGHG ILODPHQWDU\ LQFOXVLRQV RI R[LGH ILOPV LQ 7,* ZHOGV

RQ /L�FRQWDLQLQJ DOXPLQLXP DOOR\V LV FRQVLGHUHG� ,W LV VXJJHVWHG WKDW WKHVH GHIHFWV DUH FDXVHG SULPDULO\ E\ D KLJKHU

PHOWLQJ WHPSHUDWXUH RI ILOOHU PHWDO� FRPSDUHG ZLWK EDVH PHWDO� 5HFRPPHQGDWLRQV DOORZLQJ SURGXFWLRQ RI TXDOLW\ ZHOGHG

MRLQWV RQ /L�FRQWDLQLQJ DOXPLQLXP DOOR\V DUH JLYHQ�

.H\ ZRU G V � DUJRQ�DUF ZHOGLQJ� OLWKLXP�FRQWDLQLQJ DOX�

PLQLXP DOOR\V� WXQJVWHQ HOHFWURGH� R[LGH ILOP� ILOOHU ZLUH� SUH�

KHDWLQJ� DV\PPHWULF FXUUHQW� VHFRQGDU\ SKDVHV

$GYDQFHG /L�FRQWDLQLQJ DOXPLQLXP DOOR\V DUH FKDUDF�
WHULVHG E\ ORZ VSHFLILF ZHLJKW DQG KLJK VWUHQJWK SUR�

SHUWLHV >�@� 7KH\ ILQG ZLGH DSSOLFDWLRQ LQ DLUFUDIW DQG

VSDFH HQJLQHHULQJ SDUWLFXODUO\ RZLQJ WR WKLV FRPEL�

QDWLRQ RI SURSHUWLHV >�w�@� 'HVLJQV RI LQGLYLGXDO HOH�

PHQWV� DVVHPEOLHV DQG FDVLQJV RI IO\LQJ YHKLFOHV SUR�

YLGH IRU WKH XVH RI GLIIHUHQW ZHOGLQJ PHWKRGV� DPRQJ

ZKLFK WKH PRVW ZLGHVSUHDG PHWKRG LV WXQJVWHQ�HOHF�

WURGH DUJRQ�DUF �7,*� ZHOGLQJ� +RZHYHU� D GUDZEDFN

RI WKLV PHWKRG LV WKH ULVN RI IRUPDWLRQ RI GHIHFWV LQ

WKH ZHOG PHWDO >�w�@� VXFK DV SRUHV DQG R[LGH ILOPV�

ZKLFK OHDG WR GHWHULRUDWLRQ RI PHFKDQLFDO SURSHUWLHV

RI ZHOGHG MRLQWV DQG ORVV RI WKHLU WLJKWQHVV�

,W LV D NQRZQ IDFW WKDW DOXPLQLXPR[LGH� L�H� $O�2��

LQ WKH IRUP RI D ILOP LV DOZD\V SUHVHQW RQ WKH VXUIDFH

RI DOXPLQLXP� LWV PHOWLQJ SRLQW EHLQJ ����w���� �&�

$OXPLQLXP K\GUR[LGH� $O�2�⋅Q+�2� KDYLQJ D YDUL�

DEOH FRPSRVLWLRQ DQG VWUXFWXUH� LV XVXDOO\ IRUPHG LQ

D KXPLG DWPRVSKHUH� 7KLFNQHVV RI WKH R[LGH ILOPYDULHV

RYHU ZLGH UDQJHV �IURP �w� WR ��w�� QP� DQG JURZV

ZLWK D KHDWLQJ WHPSHUDWXUH� ,W PD\ DPRXQW WR ��� QP

DQG PRUH RQ D KRW�UROOHG PHWDO� 7KH R[LGH ILOP KDV D

VXEVWDQWLDO DGVRUSWLRQ DELOLW\ ZLWK UHVSHFW WR JDVHV

DQG GLIIHUHQW W\SHV RI QRQ�PHWDOOLF LQFOXVLRQV� 7KH

SUHVHQFH RI DGGLWLRQV RI DONDOL DQG DONDOL�HDUWK PHWDOV

LQ DOXPLQLXP DOOR\V OHDGV WR VDWXUDWLRQ RI WKH ILOP

ZLWK R[LGHV RI WKHVH PHWDOV >�� �@�

$YDLODEOH QRZ DUH VRPH WHFKQRORJLFDO UHFRPPHQ�

GDWLRQV SURYLGLQJ WKH ZHOG PHWDO RI D EHWWHU TXDOLW\
LQ ZHOGLQJ DOXPLQLXP DOOR\V� 7KH\ DUH UHGXFHG WR

UHPRYDO RI R[LGH ILOPV IURP WKH VXUIDFH RI ZHOGLQJ

FRQVXPDEOHV DQG LPSURYHPHQW RI ZHOGLQJ SDUDPHWHUV

DQG WHFKQRORJLHV�

,Q DGGLWLRQ WR LQFUHDVHG UHTXLUHPHQWV IRU SUHOLPL�

QDU\ SUHSDUDWLRQ RI ZHOG HGJHV DQG LPSURYHG SURWHF�

WLRQ RI PHWDO IURP R[LGDWLRQ� LW LV LQGLFDWHG WR XVH

SXOVHG�DUF ZHOGLQJ LQ RUGHU WR GHJDV WKH ZHOG SRRO

DQG SURGXFH GHIHFW�IUHH ZHOGHG MRLQWV >�w��@�

+RZHYHU� PHHWLQJ WKH DERYH UHFRPPHQGDWLRQV

GRHV QRW \HW JXDUDQWHH WKH TXDOLW\ ZHOG IRUPDWLRQ LQ
ZHOGLQJ /L�FRQWDLQLQJ DOXPLQLXP DOOR\V� 6XSSRVHGO\�

DQ LQFUHDVHG VHQVLWLYLW\ RI WKH ZHOG PHWDO WR IRUPDWLRQ

RI R[LGH ILOPV UHVXOWV IURP WKH QDWXUH RI WKH DERYH

DOOR\V� /DSV� PLFURODPLQDWLRQV DQG VWULQJHU�W\SH FOXV�

WHUV RI SKDVH FRPSRQHQWV JHW WR WKH SHQHWUDWLRQ ]RQH

WRJHWKHU ZLWK WKH ILOP ORFDWHG RQ WKH EDVH PHWDO VXU�

IDFH ZKLFK LV QRW WUHDWHG E\ WKH DUF� +RZHYHU� QR
ILOPV DUH IRUPHG LQ WKH ZHOG PHWDO LQ PDNLQJ MRLQWV
RQ /L�FRQWDLQLQJ DOXPLQLXP DOOR\V E\ DUF ZHOGLQJ

XVLQJ QR ILOOHU ZLUH�

7KH PHFKDQLVP DQG FDXVHV RI IRUPDWLRQ RI H[�

WHQGHG LQFOXVLRQV RI R[LGH ILOPV� ORFDWHG DV D UXOH LQ

WKH FHQWUDO SDUW RI WKH ZHOGV� KDYH EHHQ OLWWOH VWXGLHG

VR IDU DQG UHTXLUH IXUWKHU LQYHVWLJDWLRQV�

0DWHULDOV DQG H[SHULPHQWDO SURFHGXUH� %XWW

MRLQWV RQ /L�FRQWDLQLQJ DOXPLQLXP DOOR\V ���� �$Ow

0Jw/L� DQG ���� �$Ow&Xw/L� �� � DQG � PP WKLFN�

ZHUH ZHOGHG WR VWXG\ WKH HIIHFW RI GLIIHUHQW WHFKQR�

ORJLFDO IDFWRUV RQ WKH SURFHVVHV RI IRUPDWLRQ RI H[�

WHQGHG LQFOXVLRQV RI R[LGH ILOPV LQ ZHOG PHWDO� :HOG�

LQJ ZLUHV RI SXUH DOXPLQLXP DQG RI WKH $Ow0J� $Ow

&X � 6F� $Ow6L �6Y�$.��� $Ow&Xw0J DQG $Ow&Xw6L

DOOR\LQJ V\VWHPV� KDYLQJ GLIIHUHQW GLDPHWHUV ����� ����

��� DQG ��� PP�� ZHUH XVHG DV ILOOHU PDWHULDOV� DQG

SODWHV RI DOOR\V ����� ����� ���� �$Ow&X� DQG $0J��

�$O����0J� ZHUH XVHG DV ILOOHU PDWHULDOV� 3ULRU WR
ZHOGLQJ WKH VXUIDFHV RI WKH VDPSOHV ZHUH HWFKHG E\ D

FRPPRQ WHFKQRORJ\� DQG WKH ZHOG HGJHV ZHUH PD�

FKLQHG WR D GHSWK RI QRW OHVV WKDQ ��� PP�

6WDWLRQDU\ DQG SXOVHG ZHOGLQJ FRQGLWLRQV ZHUH
SURYLGHG XVLQJ WKH ,698����� ,���� �8NUDLQH� DQG

0:���� �$XVWULD� DUF SRZHU VXSSOLHV�

7KH ZHOGV ZHUH IRUPHG RQ D EDFNLQJ ZLWK GLIIHUHQW

VL]HV RI JURRYHV� 6SHFLDO EDFNLQJV ZLWK KROHV WR IHHG

DUJRQ ZHUH XVHG WR HQVXUH H[WUD VKLHOGLQJ RI WKH URRW

SDUW RI WKH ZHOGV� ,Q DGGLWLRQ� DQ DOXPLQLXP IRLO ZDV

DSSOLHG WR VKLHOG WKH WRS DQG ERWWRP VXUIDFHV RI VRPH

RI WKH MRLQWV�

$Q DOWHUQDWLQJ VLQXVRLGDO FRPPHUFLDO�IUHTXHQF\
FXUUHQW ZDV VXSSOLHG XVLQJ WKH 7'0���� WUDQVIRUPHU

DQG 5%���� EDOODVW UHVLVWRU WR SUHKHDW ILOOHU ZLUH

�� PP ORQJ� 7KH 877�� FXUUHQW WUDQVIRUPHU ZDV XVHG

WR PHDVXUH WKH FXUUHQW IORZLQJ WKURXJK WKH ILOOHU ZLUH�

7KLV ZDV GRQH DOORZLQJ IRU WKH IROORZLQJ NQRZQ IRU�

PXOD�

FP∆7 = ,
�
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ZKHUH F LV WKH VSHFLILF KHDW RI WKH PDWHULDO RI D FRQ�
GXFWRU� P LV LWV PDVV� ∆7 LV WKH YDULDWLRQ LQ LWV WHP�
SHUDWXUH� , DQG 5 DUH WKH FXUUHQW DQG UHVLVWDQFH LQ
WKH FRQGXFWRU� UHVSHFWLYHO\� DQG W LV WKH WLPH GXULQJ
ZKLFK WKH FXUUHQW IORZV�

7HPSHUDWXUH RI SUHKHDWLQJ RI WKH ILOOHU ZLUH ZDV
GHWHUPLQHG IURP WKH IROORZLQJ H[SUHVVLRQ�

∆7 = ��
,
�ρO

π�G�YFM
� ���

ZKHUH , LV WKH FXUUHQW IORZLQJ WKURXJK WKH ILOOHU ZLUH�
ρ LV WKH VSHFLILF UHVLVWDQFH RI WKH ILOOHU ZLUH PDWHULDO�
O LV WKH OHQJWK RI WKH UHJLRQ RI WKH ILOOHU ZLUH WKURXJK
ZKLFK WKH FXUUHQW IORZV� Y LV WKH ILOOHU ZLUH IHHG VSHHG�
DQG M LV WKH VSHFLILF ZHLJKW RI WKH ILOOHU ZLUH PDWHULDO�

5HLQIRUFHPHQW DQG URRW SDUWV RI WKH ZHOGV ZHUH
UHPRYHG E\ PDFKLQLQJ DIWHU ZHOGLQJ� DQG WKH ORQJL�
WXGLQDO IUDFWXUHV ZHUH PDGH� 7KH TXDOLW\ RI WKH ZHOGV
PDGH XVLQJ GLIIHUHQW WHFKQRORJLFDO DSSURDFKHV ZDV
DVVHVVHG RQ WKH EDVLV RI LQYHVWLJDWLRQV RI WKH IUDFWXUHV�

([SHULPHQWDO UHVXOWV� 1R H[WHQGHG LQFOXVLRQV RI
R[LGH ILOPV ZHUH GHWHFWHG LQ WKH ZHOGV PDGH E\ FRQ�
YHQWLRQDO VWDWLRQDU\�DUF 7,* ZHOGLQJ ZLWKRXW D ILOOHU
ZLUH RQ /L�FRQWDLQLQJ DOXPLQLXP DOOR\V ���� DQG ����
ERWK LQ VLPLODU DQG GLVVLPLODU FRPELQDWLRQV� ([WHQGHG
GHIHFWV LQ WKH FHQWUDO SDUW RI WKH ZHOGV ZHUH IRUPHG
LQ WKH FDVH ZKHUH WKH ILOOHU ZLUH ZDV IHG WR WKH ZHOG
SRRO� LQGHSHQGHQWO\ RI WKH ZLUH DOOR\LQJ V\VWHP� GL�
DPHWHU DQG PHWKRG RI SUHOLPLQDU\ SUHSDUDWLRQ RI WKH
ZLUH VXUIDFH �)LJXUH ��� (YHQ PHFKDQLFDO FOHDQLQJ RI
WKH VXUIDFH RI WKH ZLUH LPPHGLDWHO\ EHIRUH ZHOGLQJ
IDLOHG WR HOLPLQDWH WKH ILODPHQWDU\ LQFOXVLRQV� DO�
WKRXJK WKLQQHU LQ WKLV FDVH�

7KH SDFNDJH RI DUUDQJHPHQWV DLPHG DW HQVXULQJ
UHOLDEOH VKLHOGLQJ RI PHWDO IURP R[LGDWLRQ LQ 7,*
ZHOGLQJ IDLOHG WR SURYLGH TXDOLW\ ZHOGHG MRLQWV HLWKHU�
)HHGLQJ RI DUJRQ WKURXJK WKH KROHV LQ D VSHFLDO EDFNLQJ
GLG QRW SUHYHQW IRUPDWLRQ RI WKH H[WHQGHG GHIHFWV�
6KLHOGLQJ RI D MRLQW IURP WKH DPELHQW DWPRVSKHUH E\
DSSO\LQJ DQ DOXPLQLXP IRLO VWULS WR WKH WRS VXUIDFH
RU ERWK WRS DQG EDFN VXUIDFHV RI WKH ZHOG OHG WR
IRUPDWLRQ RI ILQH GLVRULHQWHG GHIHFWV� LQ DGGLWLRQ WR
WKH H[WHQGHG ORQJLWXGLQDO ILOPV�

$OO WKH DWWHPSWV WR DIIHFW WKH FKDUDFWHU RI ORFDWLRQ
RI R[LGH LQFOXVLRQV LQ WKH ZHOG PHWDO E\ FKDQJLQJ WKH
VKDSH DQG VL]H RI D IRUPLQJ JURRYH� LQFOLQDWLRQ DQJOH
RI WKH WRUFK RU WKH HGJH SUHSDUDWLRQ VKDSH WXUQHG RXW
WR EH LQHIIHFWLYH� )RUPDWLRQ RI ILODPHQWDU\ H[WHQGHG
LQFOXVLRQV RI R[LGH ILOPV VWLOO RFFXUV LQ WKH FHQWUDO
SDUW RI WKH ZHOG�

7KH XVH RI WKH ,����� ,698���� DQG 0:���� DUF
SRZHU VXSSOLHV ZLWK GLIIHULQJ G\QDPLF FKDUDFWHULVWLFV
DQG ZDYH IRUPV RI WKH ZHOGLQJ FXUUHQW IDLOHG WR H[HUW
DQ\ VXEVWDQWLDO HIIHFW RQ IRUPDWLRQ RI WKH DERYH W\SH
RI R[LGH LQFOXVLRQV LQ WKH ZHOG PHWDO RQ /L�FRQWDLQLQJ
DOXPLQLXP DOOR\V� 9DULDWLRQV LQ IUHTXHQF\ RI DOWHU�
QDWLQJ WKH FXUUHQW SRODULW\ �I  ��w��� +]� RU XVLQJ
WKH ZHOGLQJ FXUUHQW ZLWK D ORZ�IUHTXHQF\ SXOVDWLRQ
LQ PRGXODWLRQ �IP  �w� +]� \LHOGHG QR DSSUHFLDEOH
UHVXOWV HLWKHU� ,QWHQVLYH RVFLOODWLRQV RI PROWHQ PHWDO
RI WKH ZHOG SRRO OHG WR SHULRGLF FKDQJHV LQ LWV VROLGL�
ILFDWLRQ UDWH� EXW WKH\ GLG QRW GLVWXUE FRQWLQXLW\ RI
WKH SURFHVV� 7KHUHIRUH� R[LGH LQFOXVLRQV LQ WKH ZHOG
PHWDO DUH VWLOO IRUPHG LQ WKLV FDVH DORQJ WKH HQWLUH
OHQJWK RI D ZHOGHG MRLQW� OLNH LQ WKH FDVH RI VWDWLRQ�
DU\�DUF ZHOGLQJ�

7KH SUREDELOLW\ RI IRUPDWLRQ RI ILODPHQWDU\ LQFOX�
VLRQV LQ WKH ZHOG PHWDO FDQ EH UHGXFHG E\ DFWLYDWLQJ
WKH SURFHVVHV RI GHVWUXFWLRQ RI WKH R[LGH ILOP GXULQJ
ZHOGLQJ� ZKLFK LV DFKLHYHG WKURXJK XVLQJ WKH DV\P�
PHWULF FXUUHQW ZLWK SUHYDOHQFH RI GXUDWLRQ RI WKH UH�
YHUVH�SRODULW\ SXOVHV� $V VKRZQ E\ WKH UHVXOWV RI LQ�
YHVWLJDWLRQV RI ORQJLWXGLQDO IUDFWXUHV RI WKH ZHOGV� LW
LV QHFHVVDU\ WR YDU\ WKH UDWLR RI GXUDWLRQV RI WKH
VWUDLJKW� WR UHYHUVH�SRODULW\ FXUUHQW SXOVHV WR SURYLGH
WKH TXDOLW\ ZHOG IRUPDWLRQ LQ ZHOGLQJ XVLQJ ILOOHU
ZLUHV RI GLIIHUHQW DOOR\LQJ V\VWHPV� ,Q WKH FDVH RI
ZHOGLQJ XVLQJ WKH $Ow&X V\VWHP ILOOHU ZLUH WKH GH�
IHFW�IUHH ZHOGV DUH IRUPHG E\ DSSO\LQJ WKH DV\PPHWULF
FXUUHQW ZLWK D WLPH DV\PPHWU\ IDFWRU RI .

DV

τ  ����w

����� ,Q WKH FDVH RI ILOOHU ZLUHV RI WKH $Ow0J DQG
$Ow&Xw0J DOOR\LQJ V\VWHPV WKH YDOXH RI .

DV

τ VKRXOG

EH GHFUHDVHG WR ����w���� WR DYRLG IRUPDWLRQ RI GH�
IHFWV� %XW LQ ZHOGLQJ XVLQJ ILOOHU ZLUHV RI WKH $Ow&Xw
6L DQG $Ow6L DOOR\LQJ V\VWHPV� R[LGH LQFOXVLRQV DUH
IRUPHG LQ WKH ZHOG PHWDO HYHQ DW .

DV

τ ≤ ����

)LJXUH � VKRZV IUDFWXUH VXUIDFHV RI WKH ZHOGV ZLWK
R[LGH ILOP LQFOXVLRQV LQ WKH 7,* ZHOGHG MRLQWV PDGH
RQ WKH ���� DOOR\ SODWHV � PP WKLFN E\ XVLQJ ILOOHU
ZLUHV RI GLIIHUHQW DOOR\LQJ V\VWHPV� ,QGHSHQGHQWO\ RI
WKH ILOOHU ZLUH W\SH� WKH R[LGH ILOP LQFOXVLRQV KDG D
GLIIHULQJ VKDSH DQG FRORXU� DV ZHOO DV D GHYHORSHG
VXUIDFH ZLWK SHDNV DQG YDOOH\V� $ FKDQJH LQ FRORXU RI
WKH ILOP IURP EULJKW WR EODFN LV PRVW SUREDEO\ FDXVHG
E\ GLIIHUHQFHV LQ LWV WKLFNQHVV� $ GHQGULWLF VWUXFWXUH
RI WKH FDVWPHWDO FDQ EH VHHQ XQGHU WKH WKLQ WUDQVSDUHQW
ILOP �)LJXUH �� D DQG E�� %ODFN ILOPV DUH GHQVH DQG
FRQWDLQ D ODUJH QXPEHU RI FUDFNV �)LJXUH �� F DQG G��

,QFOXVLRQV RI LQWHUPHWDOOLF SKDVHV FRQWDLQLQJ LURQ�
VLOLFRQ DQG VFDQGLXP� DV ZHOO DV D ODUJH DPRXQW RI
SRWDVVLXP DQG FDOFLXP� ZHUH IRXQG WR DFFXPXODWH RQ
WKH VXUIDFH RI R[LGH ILOPV� $V VKRZQ E\ WKH UHVXOWV RI
VFDQQLQJ ;�UD\ PLFURDQDO\VLV RI IUDFWXUH VXUIDFHV RI
WKH ZHOGV LQ WKH R[LGH ILOP ORFDWLRQV DQG FRPSOHWH
IUDFWXUH VXUIDFHV� WKH FRQWHQW RI DOOR\LQJ DQG LPSXULW\
HOHPHQWV GHSHQGV XSRQ FKHPLFDO FRPSRVLWLRQ RI WKH
ZHOG PHWDO� &RPSDULQJ VSHFWUD ZKLFK UHIOHFW WKH
TXDQWLWDWLYH FRQWHQW RI HOHPHQWV LQ UHJLRQV ZLWK DQG
ZLWKRXW WKH ILOP VKRZHG QR VXEVWDQWLDO GLIIHUHQFH�
7KHUHIRUH� WKH XVH RI ILOOHU ZLUHV RI GLIIHUHQW DOOR\LQJ

)LJXUH �� ([WHQGHG ILODPHQWDU\ LQFOXVLRQV RI R[LGH ILOPV LQ IUDF�
WXUHV RI WKH 7,* ZHOGV RQ SODWHV RI DOOR\ ����
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V\VWHPV GRHV QRW H[FOXGH IRUPDWLRQ RI R[LGH ILOPV LQ
WKH ZHOG PHWDO� DOWKRXJK LW OHDGV WR FKDQJHV LQ LWV
FRPSRVLWLRQ�

$V SURYHG E\ WKH LQYHVWLJDWLRQ UHVXOWV� IRUPDWLRQ

RI H[WHQGHG ILODPHQWDU\ LQFOXVLRQV RI R[LGH ILOPV LQ

WKH FHQWUDO SDUW RI WKH ZHOGV PDGH E\ WKH 7,* PHWKRG

XVLQJ D ILOOHU ZLUH LV D FKDUDFWHULVWLF IHDWXUH RI /L�FRQ�

WDLQLQJ DOXPLQLXP DOOR\V� $QG LI DW OHDVW RQH RI WKH

EXWW ZHOGHG DOXPLQLXP DOOR\ SODWHV FRQWDLQV OLWKLXP�

IRUPDWLRQ RI GHIHFWV LV XQDYRLGDEOH� $QDO\VLV RI IUDF�

WXUHV RI PDFUR� DQG PLFURVWUXFWXUHV RI WKH ZHOG PHWDO

GHILQLWHO\ HYLGHQFHV WKDW R[LGH ILOPV DUH ORFDWHG LQ

WKH FHQWUH RI WKH ZHOG DW D GLVWDQFH RI DERXW ��� IURP

LWV URRW�

1R H[WHQGHG GHIHFWV ZHUH GHWHFWHG LQ IUDFWXUHV RI

WKH ZHOGV PDGH E\ WKH 7,* PHWKRG DW DQ LQFUHDVHG

FXUUHQW RU LQ WKH KHOLXP DWPRVSKHUH� ,QFUHDVH LQ WKH

WHPSHUDWXUH RI KHDWLQJ RI D ILOOHU ZLUH IDYRXUV DFWL�

YDWLRQ RI WKH SURFHVVHV RI FDWKRGLF DQG WKHUPDO GH�

VWUXFWLRQ RI WKH R[LGH ILOP� ,W LV IRU WKLV UHDVRQ WKDW

WKH SUREDELOLW\ RI IRUPDWLRQ RI H[WHQGHG R[LGH ILOPV

LQ WKH ZHOG PHWDO LV UHGXFHG LQ WKH FDVH RI XVLQJ WKH

DV\PPHWULF FXUUHQW ZLWK SUHYDOHQFH RI WKH UHYHUVH�

SRODULW\ SXOVH GXUDWLRQ�
+RZHYHU� 7,* ZHOGLQJ RI KHDW�KDUGHQLQJ /L�FRQ�

WDLQLQJ DOOR\V DW LQFUHDVHG SDUDPHWHUV LV XQDFFHSWDEOH
EHFDXVH LW OHDGV WR RYHUKHDWLQJ RI WKH ZHOG DQG +$=
PHWDO�

,W FDQ EH DVVXPHG WKDW� VLQFH ILOOHU ZLUHV RI WKH
6Y����� DQG 6Y�$0J�� W\SHV KDYH D KLJKHU PHOWLQJ
SRLQW WKDQ EDVH PHWDO� XQGHU FRQGLWLRQV ZKLFK HQVXUH
LWV PHOWLQJ D FRPSOHWH FDWKRGLF GHVWUXFWLRQ RI WKH
R[LGH ILOP RQ WKH ILOOHU ZLUH VXUIDFH ZLOO QRW RFFXU
DQG LWV QRQ�GHVWUR\HG IUDJPHQWV ZLOO JR WR WKH PHOW�
7KH\ IORZ GRZQ WR WKH ERWWRP SDUW RI WKH ZHOG SRRO
XQGHU JUDYLW\� ZKHUHDV WKH VXUIDFH WHQVLRQ IRUFHV SUH�
YHQW WKHP IURP EHLQJ FRPSOHWHO\ LPPHUVHG� 7KDW LV

ZK\� R[LGH LQFOXVLRQV DUH IRXQG LQ WKH FHQWUDO SDUW
RI WKH ZHOG SRRO LQ WKH PDMRULW\ RI FDVHV�

5HVXOWV RI FRPSDUDWLYH VWXGLHV RI WHPSHUDWXUH
UDQJHV RI PHOWLQJ DQG VROLGLILFDWLRQ RI ZHOGLQJ FRQ�
VXPDEOHV XQGHU QRQ�HTXLOLEULXP FRQGLWLRQV� FORVH WR
ZHOGLQJ FRQGLWLRQV� PDGH LW SRVVLEOH WR HVWDEOLVK WKDW
EDVH PHWDO KDV WKH ODUJHVW PHOWLQJ WHPSHUDWXUH UDQJH
DQG WKH ORZHVW VROLGXV WHPSHUDWXUH� 6ROLGXV WHPSHUD�
WXUH RI DOOR\ ���� LV QRW KLJKHU WKDQ ��� �& DQG YDULHV
IURP ��� WR ��� �&� 6ROLGXV WHPSHUDWXUH RI ILOOHU ZHOG�
LQJ ZLUHV LV ��w�� �& DQG OLTXLGXV WHPSHUDWXUH LV
��w�� �& KLJKHU WKDQ WKRVH RI WKH EDVH PHWDO�

2FFXUUHQFH RI WKLV PHFKDQLVP RI IRUPDWLRQ RI GH�
IHFWV LV SURYHG E\ WKH IDFW WKDW WKH\ DUH QRW IRUPHG
LQ WKH FDVH RI PDNLQJ ZHOGHG MRLQWV ZLWKRXW D ILOOHU
ZLUH� ,I LQVWHDG RI D ILOOHU ZLUH FRQWLQXRXVO\ IHG WR
WKH ZHOG SRRO ZH SODFH D PHWDO VWULS RI DQ LGHQWLFDO
FRPSRVLWLRQ EHWZHHQ WKH HGJHV RU RQ WKH HGJHV� QR
GHIHFWV ZLOO EH IRUPHG LQ ORQJLWXGLQDO IUDFWXUHV RI WKH
ZHOGV� ,W LV OLNHO\ WKDW KHDWLQJ RI WKH ILOOHU UHVXOWV LQ
GLVDSSHDUDQFH RI WHPSHUDWXUH JUDGLHQW DW WKH LQWHUIDFH
EHWZHHQ WKH ILOOHU ZLUH DQG EDVH PHWDO PHOWV� $V D
UHVXOW� WKH UHPDLQLQJ SUHFLSLWDWHV LQ WKH ZHOG PHWDO
GLVSHUVH LQ WKH EXON� UDWKHU WKDQ FRQFHQWUDWH LQ D
FHUWDLQ ORFDWLRQ� $QG HYHQ LI ILQH SDUWLFOHV RI WKH ILOP
IURP WKH ZHOG HGJHV RI EDVH PHWDO RU IURP WKH DSSOLHG
VWULS RI D ILOOHU PHWDO GR QRW GHVWUR\ DQG JHW LQWR WKH
ZHOG SRRO� WKH\ FDQQRW LQLWLDWH WKH VXUURXQGLQJ DF�
FXPXODWLRQ RI SUHFLSLWDWHG GLVFRQQHFWHG SKDVHV� $V D
UHVXOW� QR H[WHQGHG R[LGH ILOP LQFOXVLRQV DUH IRUPHG�

7R GHYHORS D PHWKRG IRU SUHYHQWLRQ RI IRUPDWLRQ
RI R[LGH ILOPV LQ WKH ZHOG PHWDO RQ /L�FRQWDLQLQJ
DOXPLQLXP DOOR\V� RQH VKRXOG EHDU LQ PLQG WKDW WKH
R[LGH ILOP LV IRUPHG RQ WKH VXUIDFH RI WKH PDWHULDOV
ZHOGHG LQVWDQWDQHRXVO\ ZLWKLQ ≈ �⋅��w� V >��@� 7KH
R[LGH ILOP IHDWXUHV DQ DGVRUSWLRQ DELOLW\ ZLWK UHVSHFW
WR JDVHV DQG PRLVWXUH� )RUPXODWLRQ DQG VWUXFWXUH RI
WKH ILOP YDU\ ZLWK WKH KHDWLQJ WHPSHUDWXUH� DQG ORFDO

)LJXUH �� 0LFURVWUXFWXUHV RI R[LGH ILOPV LQ IUDFWXUHV RI WKH 7,* ZHOGV RQ ���� DOOR\ SODWHV PDGH E\ XVLQJ GLIIHUHQW W\SHV RI ILOOHU ZLUHV
�R[LGH ILOP UHJLRQV DUH LQGLFDWHG E\ DUURZV�� D x 6Y�$.�� E x 6Y�$0J��� F x ����6F� G x 6Y����� �×����
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FRROLQJ RI WKHPHOW WDNHV SODFH DW WKH LQWHUIDFH EHWZHHQ
WKH �FROG� ILOOHU ZLUH DQG WKH ZHOG SRRO�

7KHUHIRUH� SUHKHDWLQJ RI WKH ILOOHU ZLUH IDYRXUV
GHFUHDVH LQ Q+�2 DGVRUEHG E\ WKH R[LGH ILOP DQG
LQFUHDVH RU OHYHOOLQJ RI WHPSHUDWXUH LQ WKH ]RQH RI
FRQWDFW RI WKH ILOOHU ZLUH DQG PROWHQ PHWDO RI WKH ZHOG
SRRO� 7KH H[SHULPHQWV FRQGXFWHG SURYHG H[SHGLHQF\
RI WKLV RSHUDWLRQ�

,Q 7,* ZHOGLQJ RI /L�FRQWDLQLQJ DOXPLQLXP DOOR\V
���� DQG ���� WKH ILOOHU ZLUH ZDV SUHKHDWHG WR ��w
��� �& E\ WKH DOWHUQDWLQJ FXUUHQW IORZ� 5HVXOWV RI
LQYHVWLJDWLRQV RI IUDFWXUHV RI WKH ZHOGV PDGH ZLWK D
ILOOHU ZLUH SUHKHDWHG WR ��� �& VKRZHG WKDW QR H[�
WHQGHG GHIHFWV ZHUH IRUPHG LQ WKH ZHOG PHWDO� LQGH�
SHQGHQWO\ RI WKH ILOOHU ZLUH DOOR\LQJ V\VWHP�

$V HYLGHQFHG E\ PHWDOORJUDSK\ RI PDFUR� DQG PL�
FURVWUXFWXUHV RI ZHOGHG MRLQWV PDGH RQ DOOR\ ���� E\
XVLQJ D SUHKHDWHG ILOOHU ZLUH� WKH UHVXOWLQJ ZHOG PHWDO
LV FKDUDFWHULVHG E\ D KLJK TXDOLW\� L�H� LW KDV D ILQH�
FU\VWDOOLQH VWUXFWXUH ZLWKRXW R[LGH ILOPV RU RWKHU
W\SHV RI GHIHFWV �)LJXUH ���

,W ZDV HVWDEOLVKHG DV D UHVXOW RI WKH LQYHVWLJDWLRQV
FRQGXFWHG WKDW IRUPDWLRQ RI H[WHQGHG ILODPHQWDU\ LQ�
FOXVLRQV RI R[LGH ILOPV LQ ZHOGV PDGH E\ 7,* ZHOGLQJ
RI /L�FRQWDLQLQJ DOXPLQLXP DOOR\V XVLQJ ILOOHU ZLUHV
RI WKH 6Y����� DQG 6Y�$0J�� W\SHV ZDV FDXVHG E\
ORFDO FRROLQJ LQ WKH ]RQH RI FRQWDFW RI WKH ILOOHU ZLUH
DQG PROWHQ PHWDO RI WKH ZHOG SRRO�

7R DYRLG IRUPDWLRQ RI VXFK GHIHFWV� LW LV QHFHVVDU\
WR SURYLGH IDYRXUDEOH FRQGLWLRQV IRU DFWLYDWLRQ RI WKH
SURFHVVHV RI GHVWUXFWLRQ RI R[LGH ILOPV RQ WKH VXUIDFH
RI WKH ILOOHU ZLUH EHLQJ IHG DQG RQ WKH ZHOG HGJHV�

7KHUHIRUH� LW LV UHFRPPHQGHG WR SHUIRUP ZHOGLQJ RI
/L�FRQWDLQLQJ DOXPLQLXP DOOR\V E\ XVLQJ WKH DV\P�
PHWULF HOHFWULF FXUUHQW ZLWK SUHYDOHQFH RI GXUDWLRQ RI
WKH UHYHUVH�SRODULW\ SXOVHV DQG E\ SUHKHDWLQJ WKH ILOOHU
ZLUH SULRU WR IHHGLQJ LW WR WKH ZHOG SRRO�

)LJXUH �� 0LFURVWUXFWXUH RI ZHOG PHWDO �D� DQG IXVLRQ ]RQH �E� RI ZHOGHG MRLQW PDGH RQ WKH ���� DOOR\ SODWHV E\ WKH 7,* PHWKRG XVLQJ
D SUHKHDWHG ILOOHU ZLUH �×����

�� )ULGO\DQGHU� ,�1�� &KXLVWRY� .�9�� %HUH]LQD� $�/� HW DO�
������ $OLPLQLXP�OLWKLXP DOOR\V� 6WUXFWXUH DQG SURSHUWLHV�
.\LY� 1DXNRYD 'XPND�

�� %UDWXNKLQ� $�*�� 5HGFKLWV� 9�,�� /XNLQ� 9�,� ������ 3URV�
SHFWV RI DSSOLFDWLRQ RI DOXPLQLXP�OLWKLXP DOOR\V IRU DLUFUDIW
VWDPSHG�ZHOGHG VWUXFWXUHV� 6YDURFKQ� 3URL]YRGVYWR� �� ��w�
���

�� &KLHQ� 3� ������ :HOGLQJ WKH VSDFH VKXWWOHsV $O�/L H[WHUQDO
WDQN SUHVHQWV D FKDOOHQJH� :HOGLQJ -�� �� ��w���

�� 2YFKLQQLNRY� 9�9�� 'ULWV� $�0�� .U\ORYD� 7�9� ������
7HFKQRORJLFDO SHFXOLDULWLHV RI SURGXFWLRQ RI DLUFUDIW ZHOGHG
VWUXFWXUHV IURP ���� DOXPLQLXP�OLWKLXP DOOR\� 6YDURFKQ�

3URL]YRGVWYR� ��� ��w���
�� 5\D]DQWVHY� 9�,�� )HGRVHHY� 9�$�� 0DQWVHY� 9�1� ������

:HOGLQJ RI DOXPLQLXP DOOR\ FDU ERG\� ,ELG�� ��� ��w���
�� 3RNO\DWVN\� $�*� ������ 3HFXOLDULWLHV RI IRUPDWLRQ RI

PDFURLQFOXVLRQV RI R[LGH ILOP LQ ZHOG PHWDO RI DOXPLQLXP
DOOR\V �5HYLHZ�� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� 9DUDNLQD� 3�3�� 0LURQHQNR� 9�9�� 3RO\DQVN\� 9�0� ������
,QIOXHQFH RI PDWXULQJ RI ����� DOOR\ DW URRP WHPSHUDWXUH
RQ FKDQJHV LQ VXUIDFH OD\HU SKDVH FRPSRVLWLRQ� 7HNKQRORJL\D
/\RJN� 6SODYRY� �� ��w���

�� 6KLU\DHYD� 1�9�� 2YFKLQQLNRY� 9�9�� *DELGXOOLQ� 5�0�
������ )RUPDWLRQ RI SRUHV LQ ZHOGLQJ RI DOXPLQLXP�PDJQH�
VLXP�OLWKLXP V\VWHP DOOR\� $YWRPDWLFK� 6YDUND� �� ��w���

�� 5\D]DQWVHY� 9�,�� )HGRVHHY� 9�$�� *ULVKLQ� 9�9� HW DO�
������ ,QIOXHQFH RI PHWKRGV IRU SUHSDUDWLRQ RI PDWLQJ VXU�
IDFHV RQ IRUPDWLRQ RI SRUHV LQ DOXPLQLXP�PDJQHVLXP�OLWKLXP
DOOR\� ,ELG�� �� ��w���

��� &KD\XQ� $�*� ������ :HOGLQJ RI ����� DOXPLQLXP DOOR\
ZLWK PHWDOOLF IOH[LEOH ZHOG EDFNLQJ� ,ELG�� �� ��w���

��� ,O\XVKHQNR� 5�9� ������ ,QIOXHQFH RI SXOVHG DUJRQ�DUF
ZHOGLQJ SDUDPHWHUV RQ SRURVLW\ RI ���� DOOR\ MRLQWV� ,ELG��
�� ��w���

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

PLQLXP DQG LWV DOOR\V� .\LY� 1DXNRYD 'XPND�
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1�9� 6.25,1$ DQG 9�6� 0$6+,1

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

7KH SDSHU JLYHV WKH FKDUDFWHULVWLFV DQG VRPH IHDWXUHV RI WKH WHFKQRORJ\ RI PDQXIDFWXULQJ FRDWHG HOHFWURGHV IRU PDQXDO

DUF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V� GHYHORSHG DW WKH 3:,� 7KH QHHG LV VKRZQ IRU FRPSOHWLRQ RI FKHPLFDO UHDFWLRQV�

SURFHHGLQJ LQ SUHSDUDWLRQ RI WKH FRDWLQJ PDVV WR VWDELOL]H LW GXULQJ H[WUXVLRQ� 7KH RSWLPDO WHPSHUDWXUH RI HOHFWURGH

EDNLQJ LV HVWDEOLVKHG� ZKLFK SURYLGHV D ORZ VXVFHSWLELOLW\ RI FRDWLQJV WR DEVRUSWLRQ RI DWPRVSKHULF PRLVWXUH�

.H\ ZRU G V � FRDWHG DOXPLQLXP HOHFWURGHV� FRDWLQJ PDVV�

KHDW WUHDWPHQW PRGHV� DOXPLQLXP DOOR\V� ZHOGLQJ PRGHV� PH�
FKDQLFDO SURSHUWLHV

2YHU WKH ODVW \HDUV LW KDV EHHQ PRUH DQG PRUH RIWHQ
QHFHVVDU\ WR UHVWRUH DQG UHSDLU SDUWV� FRPSRQHQWV DQG

VWUXFWXUHV RI DJULFXOWXUDO PDFKLQHU\� FDUV� SLSHOLQHV

DQG WDQNV RI FDVW DQG ZURXJKW DOXPLQLXP DOOR\V IRU

YDULRXV SXUSRVHV� 7KH ZLGHO\ XVHG SURFHVV RI WXQJVWHQ

DQG FRQVXPDEOH HOHFWURGH DUJRQ�DUF ZHOGLQJ �VXUIDF�

LQJ� UHTXLUHV D WKRURXJK SUHSDUDWLRQ RI WKH HGJHV WR

EH ZHOGHG DQG WKH HOHFWURGH ZLUH� H[SHQVLYH WXQJVWHQ
HOHFWURGHV� LQHUW JDVHV� VRSKLVWLFDWHG ZHOGLQJ HTXLS�

PHQW DQG KLJKO\ TXDOLILHG ZHOGLQJ RSHUDWRUV�

7KH VLPSOHVW DQG OHDVW H[SHQVLYH SURFHVV RI ZHOG�

LQJ DQG UHSDLU RI DOXPLQLXP LWHPV LV FRDWHG�HOHFWURGH

ZHOGLQJ� ZKLFK FDQ EH UHDGLO\ DSSOLHG LQ WKH ILHOG

FRQGLWLRQV� DQG HYHQ LQ VPDOO UHSDLU VKRSV�

$QDO\VLV RI SXEOLVKHG GDWD VKRZHG WKDW WKH HOHF�
WURGHV IRU PDQXDO DUF ZHOGLQJ DQG VXUIDFLQJ RI DOX�

PLQLXP DQG LWV DOOR\V DUH HYHU ZLGHU DSSOLHG LQ WKH

OHDGLQJ LQGXVWULDOO\�GHYHORSHG FRXQWULHV� 3UDFWLFDOO\
DOO WKH NQRZQ IRUHLJQ FRPSDQLHV� PDQXIDFWXULQJ HOHF�

WURGHV �2HUOLNRQ� (6$%� &DVWROLQ� 7K\VVHQ� %R
..
KOHU�

.HVWUD� 873� HWF�� KDYH VHYHUDO JUDGHV RI DOXPLQLXP

HOHFWURGHV LQ WKHLU RXWSXW SURJUDPV� DQG WKHLU QXPEHU

LV ULVLQJ HYHU\ \HDU� 8NUDLQLDQ HQWHUSULVHV DOVR KDYH

SRVLWLYH H[SHULHQFH RI DSSOLFDWLRQ RI HOHFWURGHV� SUR�

GXFHG E\ WKHVH FRPSDQLHV� +RZHYHU� WKH KLJK FRVW RI
WKH HOHFWURGHV OLPLWV WKHLU DSSOLFDWLRQ LQ WKH UHTXLUHG

YROXPHV�

,Q &,6 FRXQWULHVPRVWO\ FRDWHG HOHFWURGHV RI JUDGHV
2=$��� 2=$1$�� �IRU ZHOGLQJ FRPPHUFLDO SXULW\
DOXPLQLXP� DQG 2=$��� 2=$1$�� �IRU ZHOGLQJ VL�

OXPLQV�� ZKLFK DUH PDQXIDFWXUHG E\ &RPSDQ\ �6SH�
WVHOHNWURG�� 0RVFRZ� DUH XVHG E\ LQGXVWU\� 7KH\�

KRZHYHU� GR QRW PHHW WKH PRGHUQ UHTXLUHPHQWV� EH�
FDXVH RI WKH ORZ VWUHQJWK DQG KLJK K\JURVFRSLFLW\ RI

WKH FRDWLQJ� KLJK PHWDO VSDWWHU LQ ZHOGLQJ� SRRU

VHSDUDELOLW\ RI WKH VODJ FUXVW� ORZ TXDOLW\ RI ZHOGV

DQG QHHG IRU D KLJK�WHPSHUDWXUH SUHKHDWLQJ RI WKH

PHWDO EHLQJ ZHOGHG�

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

1$6 RI 8NUDLQH GHYHORSHG FRDWHG HOHFWURGHV RI 8$1$

JUDGH >�@ IRU DUF ZHOGLQJ DQG VXUIDFLQJ RI SDUWV DQG

VWUXFWXUHV RI ZURXJKW DQG FDVW DOXPLQLXP DOOR\V� 7KH

FRDWLQJ EDVH LV PDGH XS RI IOXRULGHV DQG FKORULGHV RI

DONDOL DQG DONDOL�HDUWK PHWDOV� $V OLTXLG JODVV x WKH

WUDGLWLRQDO ELQGHU IRU FRDWLQJ RI HOHFWURGHV� GHVLJQHG

IRU ZHOGLQJ VWHHO� FRDJXODWHV XQGHU WKH LQIOXHQFH RI
WKH VROXEOH FKORULGHV DQG IOXRULGHV RI DONDOL DQG DO�

� 1�9� 6.25,1$ DQG 9�6� 0$6+,1� ����

)LJXUH �� &XUYHV RI H[WUXVLRQ RI WKH HOHFWURGH FRDWLQJ PDVV 3
H
RI

HOHFWURGHV RI 8$1$ VHULHV GXULQJ LWV VWLUULQJ W �GUDZLQJ GLH RI
�×�� PP VL]H DW PDVV FRQVXPSWLRQ 4  � FP

�

�V�� �x ��� � x
��� � x �� PLQ

)LJXUH �� .LQHWLFV RI DEVRUSWLRQ RI DWPRVSKHULF PRLVWXUH E\ WKH
FRDWLQJ RI HOHFWURGHV RI 8$1$ VHULHV� EDNHG DW GLIIHUHQW WHPSHUD�
WXUHV� � x ���� � x ���� � x ���� � x ���� � x ��� �&
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NDOL�HDUWK PHWDOV DQG ORVHV LWV ELQGLQJ SURSHUWLHV� D
ELQGHU� FRPSDWLEOH ZLWK VWURQJ HOHFWURO\WHV� LV XVHG
LQ WKH QHZ HOHFWURGHV�

;�UD\ VWUXFWXUDO DQDO\VLV LQ ;�UD\ GLIIUDFWRPHWHU
'521�� GHPRQVWUDWHG WKDW WKH SURFHVV RI FRDWLQJ
PDVV SUHSDUDWLRQ LV DFFRPSDQLHG E\ FKHPLFDO UHDF�
WLRQV� SURFHHGLQJ EHWZHHQ WKH FRDWLQJ FRPSRQHQWV�
'XULQJ LQWHUDFWLRQ� VOLJKWO\ VROXEOH VDOWV DUH IRUPHG
DQG VROLGLILFDWLRQ PRLVWXUH LV UHOHDVHG� 2SWLPDO FRQ�
GLWLRQV �PL[LQJ GXUDWLRQ� PHWKRG RI IHHGLQJ DQG GRVH
RI WKH ELQGHU� DUH VHOHFWHG� ZKLFK HQDEOH WKH UXQQLQJ
RI WKH UHDFWLRQ DQG LWV FRPSOHWLRQ E\ WKH HQG RI WKH
VWDJH RI FRDWLQJ PDVV SUHSDUDWLRQ� 7KLV HOLPLQDWHV WKH
ULVN RI OXPSLQJ DQG SURYLGHV WKH UHTXLUHG VWDEOH LQ
WLPH FRQVLVWHQFH RI WKH FRDWLQJPDVV �)LJXUH ��� 5HDG\
FRDWLQJ PDVV LV FKDUDFWHULVHG E\ D VPRRWK H[WUXVLRQ
PRGH LQ HOHFWURGH H[WUXVLRQ �)LJXUH �� FXUYH ��� DQG
D VXIILFLHQW VWUHQJWK RI WKH FRDWLQJ RQ WKH HOHFWURGH�

+\JURVFRSLFLW\ RI WKH HOHFWURGH FRDWLQJV ZDV GH�
WHUPLQHG E\ WKH LQFUHDVH RI WKHLU ZHLJKW ∆: DV D
UHVXOW RI PRLVWXUH DEVRUSWLRQ LQ WKH K\GURVWDW DW FRQ�
VWDQW PRLVWXUH ϕ� ZKLFK ZDV HTXDO WR �� � �VDWXUDWHG
VROXWLRQ RI SRWDVVLXP EURPLGH DW URRP WHPSHUDWXUH��

2SWLPDO FRQGLWLRQV KDYH EHHQ VHOHFWHG IRU HOHF�
WURGH KHDW WUHDWPHQW� (OHFWURGH EDNLQJ WHPSHUDWXUH
7E  ��� �&� ,Q WKLV FDVH� D PLQLPDO K\JURVFRSLFLW\
RI WKH FRDWLQJ LV DFKLHYHG� )XUWKHU LQFUHDVH RI EDNLQJ
WHPSHUDWXUH GRHV QRW DIIHFW WKH K\JURVRUEWLRQ DELOLW\

RI FRDWLQJV �)LJXUH ��� EXW OHDGV WR DQ DEUXSW LQFUHDVH
RI SRZHU FRQVXPSWLRQ IRU HOHFWURGH PDQXIDFWXUH�

,QFUHDVH RI EDNLQJ WHPSHUDWXUH XS WR ��� �& LP�
SURYHV WKH ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI HOHF�
WURGHV� LQ SDUWLFXODU SURPRWHV D VSUD\ WUDQVIHU RI HOHF�
WURGH PHWDO� 'XUDWLRQ RI VKRUW�FLUFXLWV� GHWHUPLQHG
E\ LQIRUPDWLRQ�PHDVXUHPHQW V\VWHP$13�� >�@ LV ORZ�
HUHG IURP ���� �7E  ��� �&� WR �� µV �7E  ��� �&��
7KH VDPH WUDQVIHU SDUDPHWHUV DUH IRXQG IRU VLPLODU�
SXUSRVH HOHFWURGHV RI ���� 6XSHU JUDGH RI &DVWROLQ
&RPSDQ\ ��� µV�� ZKLFK ZHUH WHVWHG LQ SDUDOOHO�

0DLQ FKDUDFWHULVWLFV RI DOXPLQLXP HOHFWURGHV RI
8$1$ VHULHV DQG ZHOGLQJ PRGHV DUH JLYHQ LQ 7DEOHV �
DQG �� 'HSRVLWLRQ UDWH LV ���w��� J��$⋅K�� (OHFWURGH
FRQVXPSWLRQ SHU � NJ RI GHSRVLWHG PHWDO LV QRW PRUH
WKDQ ���w��� NJ�

,W LV UHFRPPHQGHG WR SUHKHDW PHWDO HGJHV E\ JDV

IODPH RU LQ D IXUQDFH SULRU WR ZHOGLQJ� 3UHKHDWLQJ

WHPSHUDWXUH LV VHOHFWHG� GHSHQGLQJ RQ WKH DOOR\ JUDGH

DQG WKLFNQHVV RI SDUWV EHLQJ ZHOGHG �7DEOH ��� ,W

VKRXOG EH QRWHG� WKDW IRU DOXPLQLXP DOOR\V WKH ZHOG�

LQJ PRGHV DQG SUHKHDWLQJ WHPSHUDWXUH PD\ RQO\ EH

JLYHQ WHQWDWLYHO\� DV� FRQVLGHULQJ WKH KLJK KHDW FRQ�

GXFWLYLW\ RI WKHPHWDO� VHOHFWLRQ RIZHOGLQJ SDUDPHWHUV

LV JUHDWO\ DIIHFWHG E\ WKH FRQILJXUDWLRQ DQG GLPHQ�

VLRQV RI LWHPV� LQ DGGLWLRQ WR WKH PHWDO WKLFNQHVV DQG

LWV FRPSRVLWLRQ� ,I DW VHOHFWLRQ RI SUHKHDWLQJ WHPSHUD�

WXUH WKH WHPSHUDWXUH YDOXHV IRU WKH DOOR\ JUDGH �7D�

EOH �� DQG IRU WKH WKLFNQHVV RI WKH PHWDO EHLQJ ZHOGHG

�7DEOH �� GLIIHU IURP HDFK RWKHU� WKH YDOXH RI SUH�

KHDWLQJ WHPSHUDWXUH� UHFRPPHQGHG IRU WKH DOOR\

JUDGH� LV VHOHFWHG�
:HOGLQJ ZLWK DOXPLQLXP HOHFWURGHV LV SHUIRUPHG

DW '&53� :HOGLQJ UHFWLILHUV RI 9'8���� W\SH ZLWK
D IDOOLQJ YROW�DPSHUH FKDUDFWHULVWLF DQG VPRRWK DG�
MXVWPHQW RI DUF YROWDJH DUH XVHG DV SRZHU VRXUFHV� $W
WZR�VLGHG ZHOGLQJ RI PHWDO XS WR �� PP WKLFN HGJH
SUHSDUDWLRQ XVXDOO\ LV QRW SHUIRUPHG� 6ODJ LV UHPRYHG�
XVLQJ VWHHO EUXVKHV DQG KRW ZDWHU� 0HFKDQLFDO SURS�

7DEOH �� 0DLQ FKDUDFWHULVWLFV RI FRDWHG HOHFWURGHV IRU ZHOGLQJ DOXPLQLXP DQG LWV DOOR\V

(OHFWURGH

JUDGH
:LUH JUDGH :LUH GLDPHWHU� PP $OOR\V EHLQJ ZHOGHG

5HFRPPHQGHG SUHKHDWLQJ RI

DOOR\V� �&

8$1$�� 6Y�$� ����� ���� ���� ��� $'��� $'�� $'�� $' ���w���

8$1$�� 6Y�$.� ����� ���� ���� ��� $'��� $'��� $'��� $/�� $/�� $/�� HW DO ���w���

7DEOH �� 0RGHV RI ZHOGLQJ HOHFWURGHV RI 8$1$ VHULHV

3DUDPHWHU
(OHFWURGH GLDPHWHU� PP

���� ��� ��� ���

5HFRPPHQGHG YDOXHV RI FXUUHQW LQ WKH IROORZLQJ ZHOG SRVLWLRQ� $�

GRZQKDQG ��w��� ���w��� ���w��� ���w���

YHUWLFDO ��w��� ��w��� ���w��� ���w���

7KLFNQHVV RI PHWDO EHLQJ ZHOGHG� PP �w� �w�� �w�� ��w��

5HFRPPHQGHG SUHKHDWLQJ WHPSHUDWXUH� �& ���w��� ���w��� ���w��� ���w���



)RU ZHOGLQJ EXWW MRLQWV RI VKHHW VWUXFWXUHV�

7DEOH �� +5% KDUGQHVV RI WKH GHSRVLWHG PHWDO LQ ZHOGLQJ DOOR\
$/� ZLWK FRDWHG DOXPLQLXP HOHFWURGHV

(OHFWURGH JUDGH
+5% DW °� �¯

�� ���

8$1$�� ���� � 6L� ��w�� ��w��

���� 6XSHU ���� � 6L� ��w�� ��w��

2. ����� ���� � 6L� ��w�� ��w��

1R W H � :HLJKW IUDFWLRQ RI VLOLFRQ LQ WKH EDVH PHWDO LV ���� ��

+5% KDUGQHVV RI DOOR\ $/� DW WKH WHPSHUDWXUH RI �� �& LV ��w���
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HUWLHV RI WKH MRLQWV� SURGXFHG E\ FRDWHG�HOHFWURGH PD�
QXDO DUF ZHOGLQJ� ZHUH VWXGLHG RQ VKHHWV RI ZURXJKW
DOOR\V RI $'� DQG $'�� JUDGH � PP WKLFN DQG FDVW
DOOR\V RI JUDGH $/� DQG $/� � PP WKLFN� )RUHLJQ�
PDGH DOXPLQLXP HOHFWURGHV RI 2. ����� JUDGH RI
(6$% &RPSDQ\ DQG ���� 6XSHU JUDGH RI &DVWROLQ
&RPSDQ\ ZHUH DOVR XVHG IRU FRPSDUDWLYH HYDOXDWLRQ
RI HOHFWURGH TXDOLW\� ,Q DOO FDVHV HOHFWURGH ZLUH GL�
DPHWHU ZDV ≅ ��� PP� 2QH�VLGHG PDQXDO DUF ZHOGLQJ
ZDV SHUIRUPHG DW URRP WHPSHUDWXUH DQG ZLWK EDVH
PHWDO SUHKHDWLQJ WR ��� �&� 'HSRVLWHG PHWDO KDUGQHVV
ZDV GHWHUPLQHG LQ 5RFNZHOO LQVWUXPHQW� XVLQJ D
VSKHUH RI ���� LQFK GLDPHWHU DW ��� 1 ORDG�

,QYHVWLJDWLRQV VKRZHG WKDW EDVH PHWDO KDUGQHVV RI
DOOR\ $/� LV E\ � WR �� XQLWV ORZHU WKDQ WKDW RI WKH
GHSRVLWHG PHWDO �7DEOH ��� $ VRPHZKDW KLJKHU KDUG�
QHVV RI ZHOGV� SURGXFHG ZLWK HOHFWURGH RI 2. �����
DQG ���� 6XSHU JUDGHV� LV GXH WR D KLJKHU FRQWHQW RI
VLOLFRQ LQ WKHP�

,W LV DOVR IRXQG WKDW SUHKHDWLQJ RI WKH DOOR\V EHLQJ
ZHOGHG UHGXFHV WKH WRWDO FRQWHQW RI YRLGV LQ WKH ZHOGV
DQG VRPHZKDW LPSURYHV WKH PHFKDQLFDO SURSHUWLHV RI
WKH MRLQWV �7DEOH ��� 7KH ZHOGHG MRLQWV �ZLWK ZHOG
FRQYH[LW\ IURP RQH RU WZR VLGHV� IDLO LQ WKH ]RQH RI
IXVLRQ RI WKH ZHOG ZLWK WKH EDVH PHWDO RU LQ WKH EDVH

PHWDO �DOOR\ $'���� $IWHU UHPRYDO RI WKH FRQYH[LW\
�IURP ERWK VLGHV�� WKH VDPSOHV IDLO LQ WKH ZHOG�

8$1$ HOHFWURGHV SURYLGH D VXIILFLHQW VWDELOLW\ RI
DUFLQJ� JRRG ZHOG IRUPDWLRQ� DOVR LQ WKH YHUWLFDO SR�
VLWLRQ� HDV\ VHSDUDWLRQ RI WKH VODJ FUXVW DQG KLJK YDOXHV
RI PHFKDQLFDO SURSHUWLHV RI WKH ZHOG PHWDO� (OHFWURGH
FRDWLQJ LV FKDUDFWHUL]HG E\ D ORZ K\JURVFRSLFLW\ DQG
KLJK PHFKDQLFDO VWUHQJWK�

(OHFWURGHV DUH VXSSOLHG LQ D PRLVWXUH�SURRI SDFNLQJ�
3ULRU WR ZHOGLQJ WKH HOHFWURGHV DUH EDNHG DW WKH WHP�
SHUDWXUH RI ���w��� �& IRU ���w��� K� %DNHG HOHFWURGHV
VKRXOG EH VWRUHG LQ D PRLVWXUH�SURRI SDFNLQJ� 7KH WLPH
EHWZHHQ EDNLQJ DQG ZHOGLQJ VKRXOG QRW H[FHHG �� K�
([SHULPHQWDO SURGXFWLRQ RI VPDOO EDWFKHV RI QHZ HOHF�
WURGHV �RI XS WR ��� NJ� KDV EHHQ PDVWHUHG DW WKH (�2�
3DWRQ(OHFWULF:HOGLQJ ,QVWLWXWH RI WKH1$6RI8NUDLQH�
DQG WKH LQGXVWULDO WHFKQRORJ\ RI PDQXIDFWXULQJ HOHF�
WURGHV 8$1$�� DQG 8$1$�� KDV EHHQ LQWURGXFHG LQ
&RPSDQ\ �6SHWVHOHNWURG�� 5XVVLD�

�� 6NRULQD� 1�9�� 0DVKLQ� 9�6� ������ &RDWHG HOHFWURGHV IRU
PDQXDO DUF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V�
6YDUVKFKLN� �� ��� ���

�� 3RNKRGQ\D� ,�.�� =DUXED� ,�,�� $QGUHHY� 9�9� HW DO� ������
$SSOLFDWLRQ RI $13�� V\VWHP IRU PHDVXUHPHQW RI HOHFWULF
DQG WLPH SDUDPHWHUV RI ZHOGLQJ FLUFXLW� ,Q� 60($ ,QIRUP�
0DW�� ,VVXH ��

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI DOXPLQLXP DOOR\ MRLQWV� SURGXFHG E\ FRDWHG�HOHFWURGH PDQXDO DUF ZHOGLQJ�

$OOR\

JUDGH
(OHFWURGH JUDGH

3UHKHDWLQJ WHPSHUDWXUH�
Ì

¯

0HFKDQLFDO SURSHUWLHV

σ
W
� ª3¾ ¾

Q
� -�ÏP

� α� GHJ

$'� 8$1$�� �� ����w����

����

��w��

��

���w���

���

��� ����w����

����

��w��

��

���

���

$'�� 8$1$�� �� �����w�����

�����

��w��

��

���w���

���

��� �����w�����

�����

��w��

��

���w���

���

2. ����� �� �����w�����
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1R W H � 7KH QXPHUDWRU JLYHV PLQLPXP DQG PD[LPXP YDOXHV� WKH GHQRPLQDWRU JLYHV WKH DYHUDJH YDOXHV E\ WKH UHVXOWV RI WHVWLQJ � WR � VDPSOHV�
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1�0� 92523$- DQG 9�$� 0,6+(1.29

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

7KH SURFHVV RI FRPELQHG SODVPD DQG DUF ZHOGLQJ RI DOXPLQLXP DOOR\V ��w�� PP WKLFN ZDV GHYHORSHG� 7KH SURFHVV

SURYLGHV IRU IHHGLQJ SXOVHV RI FXUUHQW �UHYHUVH SRODULW\� WR WKH ILUVW DQG WKLUG WXQJVWHQ HOHFWURGHV DV ZHOGLQJ SURJUHVVHV�

DQG� LQ WKH LQWHUYDOV EHWZHHQ WKHP� SXOVHV RI FXUUHQW �VWUDLJKW SRODULW\� WR WKH FHQWUDO SODVPDWURQ� 'HVLJQ RI WKH GHYLFH

IRU UHDOLVDWLRQ RI WKH SURFHVV DQG LWV WHFKQRORJLFDO FDSDELOLWLHV DUH JLYHQ�

.H\ ZRU G V � DUF ZHOGLQJ� SODVPD ZHOGLQJ� DOXPLQLXP DO�

OR\V� FRPELQHG PHWKRG� PHWDO SHQHWUDWLRQ� ZHOG VKDSH� SURSHU�
WLHV RI ZHOGHG MRLQWV

7KH WHUP �+LGUD� ZKLFK ZDV ILUVW LQWURGXFHG LQWR

ZHOGLQJ WHUPLQRORJ\ LQ ���� >�w�@� PHDQV XWLOLVDWLRQ

RI VHYHUDO ZHOGLQJ KHDW VRXUFHV �SODVPD � DUF� ODVHU �

DUF�� IRUPLQJ HLWKHU FRPPRQ RU VHSDUDWH ZHOG SRROV�

7KH SODVPD�DUF SURFHVV �+LGUD� UHDOLVHG E\ WKH *HU�
PDQ &RPSDQ\ �0X

..
QFKHQJODGEDFK�� LQYROYLQJ WZR

RU WKUHH 7,* WRUFKHV DQG RQH SODVPDWURQ� XVHG IRU

KLJK�VSHHG ORQJLWXGLQDO ZHOGLQJ RI VWDLQOHVV VWHHO
SLSHV ���w��� PP WKLFN LV GHVFULEHG LQ >�@� ,QJHQLRXV

GHVLJQV RI D RQH�SLHFH XQLW RI WRUFKHV DQG SODVPDWURQ�
HOHFWURPDJQHWLF DQG JDV VWDELOLVDWLRQ RI WKH DUFV� DQG

PLFURSURFHVVRU V\VWHPV IRU FRQWURO RI WKH WHFKQRORJL�

FDO F\FOH PDGH LW SRVVLEOH WR DFKLHYH D ZHOGLQJ VSHHG

RI XS WR ��� P�K DW DQ H[FHOOHQW TXDOLW\ RI WKH SLSHV

DQG FRQWLQXLW\ RI RSHUDWLRQ RI WKH HTXLSPHQW�

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

ORSHG WKH �+LGUD� ZHOGLQJ SURFHVV �)LJXUH �� IRU
VLQJOH�SDVV ZHOGLQJ RI OLJKW PHWDOV DQG DOOR\V RI LQ�

FUHDVHG WKLFNQHVV ���w�� PP�� LQYROYLQJ WZR WXQJ�

VWHQ HOHFWURGHV � DQG � DQG SODVPDWURQ � ORFDWHG EH�

WZHHQ WKHP� 7KH SURFHVV SURYLGHV IRU IHHGLQJ RI SXOVHV

RI WKH UHYHUVH�SRODULW\ �53� FXUUHQW WR WKH WXQJVWHQ

HOHFWURGHV DQG� LQ WKH LQWHUYDOV EHWZHHQ WKHP� SXOVHV

RI WKH VWUDLJKW�SRODULW\ �63� FXUUHQW WR WKH SODVPD�

WURQ� 7KH UROH RI WKH DUF RI WKH ILUVW WXQJVWHQ HOHFWURGH

� LV UHGXFHG WR FDWKRGH FOHDQLQJ RI VXUIDFHV RI ZHOG

HGJHV DQG ILOOHU ZLUH IURP R[LGHV� PHOWLQJ GRZQ RI

WKH ILOOHU ZLUH DQG SUHOLPLQDU\ KHDWLQJ RI WKH EDVH

PHWDO� 3ODVPDWURQ � VXSSOLHG ZLWK UHODWLYHO\ KLJK�

SRZHU SXOVHV RI WKH 63 FXUUHQW SURYLGHV GHHS SHQH�

WUDWLRQ RI WKH PHWDO ZHOGHG� 7KH DUF RI HOHFWURGH �

VHUYHV IRU WKH LPSURYHG ZHOG IRUPDWLRQ� HOLPLQDWLRQ

RI HQG XQGHUFXWV DQG HQVXULQJ WKH VPRRWK ZHOG WR

EDVH PHWDO WUDQVLWLRQ�

6SHFLDOLVHG SRZHU VXSSO\ �)LJXUH �� ZDV GHYH�
ORSHG WR UHDOLVH WKH �+LGUD� ZHOGLQJ SURFHVV� 7KH
SRZHU VXSSO\ FRPSULVHV WZR ZHOGLQJ WUDQVIRUPHUV �

DQG �� WKH VHFRQGDU\ ZLQGLQJV RI ZKLFK DUH FRQQHFWHG

ZLWK WKHLU EHJLQQLQJV YLD GLRGHV �w� WR HOHFWURGHV �

DQG � DQG WR SODVPDWURQ �� DQG ZLWK WKHLU HQGV YLD

UHJXODWHG DFWLYH UHVLVWRUV �� DQG �� DQG KLJK�IUH�

TXHQF\ FKRNH �� WR ZRUNSLHFH ��� 7KH SRZHU VXSSO\

FLUFXLW LQFOXGHV VWDUWLQJ DUF H[FLWHU �� FRQQHFWHG WR

HDFK RI WKH HOHFWURGHV� DQG WZR XQLWV �� DQG �� VHUYLQJ

WR PDLQWDLQ WKH VWDEOH DUF EHWZHHQ WKH HOHFWURGHV DQG

WKH ZRUNSLHFH� 7KH VWDUWLQJ H[FLWHU LV VZLWFKHG RII

DIWHU LJQLWLQJ ERWK DUFV� DQG WKHLU IXUWKHU UHSHDWHG

LJQLWLRQ LV GRQH DW WKH EHJLQQLQJ RI HDFK SRVLWLYH KDOI�

� 1�0� 92523$- DQG 9�$� 0,6+(1.29� ����

)LJXUH �� 6FKHPDWLF RI WKH SODVPD�DUF ZHOGLQJ SURFHVV �+LGUD�
�VHH GHVLJQDWLRQV LQ WKH WH[W�

)LJXUH �� %ORFN GLDJUDP RI WKH SODVPD�DUF ZHOGLQJ GHYLFH �VHH
GHVLJQDWLRQV LQ WKH WH[W�
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SHULRG EHWZHHQ HOHFWURGHV � DQG � DQG ZRUNSLHFH ��

XVLQJ XQLWV �� DQG ��� &KRNH �� LV XVHG WR SURWHFW

ZHOGLQJ FLUFXLWV IURP KLJK�IUHTXHQF\ FXUUHQWV�

7KH GHVFULEHG SRZHU VXSSO\ DQG RQH�SLHFH XQLW RI

WRUFKHV DQG SODVPDWURQ SURYLGH WKH VWDEOH ZHOGLQJ

SURFHVV DW DQ DV\PPHWULF GLIIHUHQW�SRODULW\ FXUUHQW

ZLWK DOPRVW QR PDJQHWLVDWLRQ RI VHFRQGDU\ ZLQGLQJV

RI WKH ZHOGLQJ WUDQVIRUPHUV �)LJXUH ��� ,QFUHDVH LQ

WKH FXUUHQW DV\PPHWU\ IDFWRU OHDGV WR UHGLVWULEXWLRQ

RI SRZHU RI KHDW VRXUFHV LQ WKH DQRGH DQG FDWKRGH

SDUWV RI D SHULRG WR LQFUHDVH KHDW UHOHDVHG LQ WKH EDVH

PHWDO DQG GHFUHDVH KHDW FRQVXPHG IRU KHDWLQJ RI WXQJ�

VWHQ HOHFWURGH >�@�

7HFKQRORJ\ WHVWV RI WKH �+LGUD� ZHOGLQJ SURFHVV

ZHUH FRQGXFWHG E\ PDNLQJ VLQJOH�SDVV EXWW MRLQWV LQ

$O����0J DOOR\ �$0J��� )RU PHWDO �� PP WKLFN WKH

ILUVW �DV ZHOGLQJ SURJUHVVHV� WXQJVWHQ HOHFWURGH � PP

LQ GLDPHWHU ZDV VXSSOLHG ZLWK SRVLWLYH FXUUHQW SXOVHV

�,HI  ��� $� UHODWLYH WR WKH ZRUNSLHFH� 7KH VHFRQG

WXQJVWHQ HOHFWURGH ZDV VXSSOLHG ZLWK WKH VDPH FXUUHQW

SXOVHV� ,Q WKH LQWHUYDOV EHWZHHQ WKHP WKH 63 FXUUHQW

SXOVHV �,
HI
 ��� $� ZHUH IHG WR WKH SODVPDWURQ� 7KH

ZHOGLQJ VSHHG ZDV �� P�K� WKH ILOOHU ZLUH GLDPHWHU

ZDV � PP� DQG WKH WRWDO VKLHOGLQJ DQG SODVPD JDV

�DUJRQ� IORZ UDWH ZDV �� O�PLQ� 0DFURVHFWLRQV RI

WKH UHVXOWLQJ ZHOGHG MRLQWV DUH FKDUDFWHULVHG E\ D ID�

YRXUDEOH ZHOG VKDSH �)LJXUH ��� 7KH ZHOG ZLGWK LV

FRPPHQVXUDEOH ZLWK WKLFNQHVV RI WKH PHWDO ZHOGHG�

0HFKDQLFDO SURSHUWLHV RI WKH ZHOGHG MRLQW PHWDO DUH

DW D OHYHO RI WKRVH RI WKH EDVH PHWDO DIWHU DQQHDOLQJ�

$IWHU H[WUD WHVWV� WKH SODVPD�DUF ZHOGLQJ SURFHVV

�+LGUD� FDQ EH UHFRPPHQGHG IRU WKH PDQXIDFWXUH RI

URFNHW FDVLQJV� DOXPLQLXP WDQNV XVHG LQ WUDQVSRUW DQG

FKHPLFDO HQJLQHHULQJ� KRYHUVKLS K\GURIRLOV DQG RWKHU

SDUWV RI DOXPLQLXP DOOR\V� 2I SUDFWLFDO LQWHUHVW LV WR

VWXG\ WHFKQRORJLFDO FDSDELOLWLHV RI WKH GHYHORSHG SUR�

FHVV IRU ZHOGLQJ FDUERQ DQG DOOR\HG VWHHOV� DV ZHOO DV

RWKHU QRQ�IHUURXV PHWDOV DQG DOOR\V�

�� :LHVFKHPDQQ� $� ������ (QWZLFNOXQJ GHV +\EULG� XQG
+LGUD�6FKZHLβYHUIDKUHQV DP %HLVSLHO GHV 6FKLIIEDXV�
$DFKHQ�

�� 'LOWKH\� 9�� :LHVFKHPDQQ� $�� .HOOHU� +� ������ &2��/D�
VHU�06*�+\EULG� XQG +LGUD�6FKZHLβHQ� ,QQRYDWLYH
)X

..
JHSUR]HVVH IX

..
U GHQ 6FKLIIEDX� /DVHU 2SWR� �� ��w���

�� 'LOWKH\� 9�� .HOOHU� +� ������ (LQVDW] GHU +\EULG� XQG
+LGUD�6FKZHLβYHUIDKUHQ ]XU :LUWVFKDIWOLFKNHLWVVWHLJHUXQJ
LP 6FKLIIEDX� 9RUWUD

..
JH GHU *OHLFKQDPLJHQ *URβHQ

6FKZHLβWHFKQLVFKHQ 7DJXQJ� (VVHQ� 6HSW� ��w��� �����
'X

..
VVHOGRUI� '96�

�� &]X\DFN� $� ������ 6WDQG XQG (QWZLFNOXQJVWHQGHQ]HQ EHL
GHU +HUVWHOOXQJ /D

..
QJVQDKWKJHVFKZHLVWHU 4XDOLWD

..
W x (GHO�

VWDKOURKUH� ,ELG�
�� 5DENLQ� '�0�� 9RURSDM� 1�0�� 0LVKHQNRY� 9�$� ������

(QHUJ\ FKDUDFWHULVWLFV RI WKH ZHOGLQJ SURFHVV ZLWK DV\PPHW�
ULF GLIIHUHQW�SRODULW\ FXUUHQW� $YWRPDWLFK� 6YDUND� �� �w���

)LJXUH �� 0DFURVHFWLRQV RI WKH $0J� DOOR\ ZHOGV �� �D�� �� �E�
DQG �� �F� PP WKLFN

)LJXUH ��2VFLOORJUDPV RIZHOGLQJ FXUUHQW ,Z� FXUUHQW LQ WKH SULPDU\
ZLQGLQJ RI WKH WUDQVIRUPHU� ,�� DQG YROWDJH LQ WKH DUF JDS� 8D� DW
,63�,53  ���
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,�$� 7$5$5<&+.,1

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

3URFHGXUH RI D VLPXOWDQHRXV FRQVWUXFWLRQ RI FKDUWV RI FRQWURO RI FRQGLWLRQ DQG UHODWLYH DFFXUDF\ IRU GHILQLQJ FRUUHFWLYH

DFWLRQV GLUHFWHG WR WKH UHFRYHU\ RI D GLVWXUEHG DFFXUDF\ RI WKH WHFKQRORJLFDO SURFHVV LV RIIHUHG� 3URFHGXUH FDSDELOLWLHV

DUH VKRZQ RQ H[DPSOH RI PDNLQJ D FLUFXPIHUHQWLDO ZHOG XVLQJ WHFKQRORJ\ RI QDUURZ�JDS DUF ZHOGLQJ�

.H\ ZRU G V � QDUURZ�JDS ZHOGLQJ� VWDWLVWLFDO FRQWURO� TXD�

OLW\ RI SURGXFWV� SURFHVV DFFXUDF\� SURFHGXUH� FRUUHFWLYH DFWLRQV�
FRQWURO FKDUWV� FULWHULD RI DFFXUDF\

6WDWLVWLFDO FRQWURO RI ZHOGLQJ WHFKQRORJLFDO SURFHVVHV
LV RQH RI WKH HIIHFWLYH PHDQV RI TXDOLW\ DVVXUDQFH RI

SURGXFWV >�� �@� 6HOHFWLRQ RI D GHILQLWH PHWKRG RI

FRQWURO LV UHDOL]HG GHSHQGLQJ RQ FRQGLWLRQV RI SURGXF�

WLRQ DQG QDWXUH RI TXDOLW\ FKDUDFWHULVWLF EHLQJ FRQ�

WUROOHG� )RU FRQWURO FKDUDFWHULVWLFV KDYLQJ D TXDQWL�

WDWLYH QDWXUH LQ WKH FRQGLWLRQV RI ODUJH�VFDOH DQG PDVV

SURGXFWLRQ� WKH SURFHVVHV DUH FRQWUROOHG XVLQJ FRQWURO

FKDUWV RI DULWKPHWLF PHDQ YDOXHV� URRW�PHDQ�VTXDUH

GHYLDWLRQV DQG UDQJHV >�@�
$W VLQJOH�SLHFH DQG VPDOO�VFDOH SURGXFWLRQ WKH VWD�

WLVWLFDO FRQWURO RI SURFHVV VKRXOG EH PDGH XVLQJ FKDUWV

RI FRQGLWLRQ FRQWURO ZKLFK DOORZ WLPHO\ GHWHFWLRQ RI

DFFXUDF\ GLVWXUEDQFH RI WKH SURFHVV EHLQJ FRQWUROOHG

>�@� +RZHYHU� WKH GLUHFW XVH RI FRQGLWLRQ FRQWURO

FKDUWV GRHV QRW DQVZHU WKH TXHVWLRQ DERXW WKH SURSHU

VHOHFWLRQ RI D FRUUHFWLYH DFWLRQ IRU WKH UHFRYHU\ RI WKH

GLVWXUEHG DFFXUDF\�
7KH PHWKRG GHVFULEHG LQ WKH SUHVHQW SXEOLFDWLRQ

PDNHV LW SRVVLEOH WR GHILQH WKH QDWXUH RI QHFHVVDU\

FRUUHFWLYH DFWLRQV GLUHFWHG WR WKH UHFRYHU\ RI WKH GLV�

WXUEHG DFFXUDF\ RI WKH FRQWUROOLQJ SURFHVV� LI WKH VWD�

WLVWLFDO FRQWURO LV PDGH XVLQJ WKH FRQGLWLRQ FRQWURO

FKDUWV� 7KH GHVLJQDWLRQV XVHG E\ XV FRUUHVSRQG WR

WKRVH JLYHQ LQ WKH SUHVHQW >�@�

/HW XV FRQVLGHU WKH VSHFLILFV RI SURFHHGLQJ WKUHH

GLIIHUHQW WHFKQRORJLFDO SURFHVVHV JLYHQ LQ )LJXUH �
�VFKHPHV �w��� ,W VKRXOG EH QRWHG WKDW WKH XVH RI DQ

LQWHJUDWHG FULWHULRQ RI DFFXUDF\ J6  θ � η IRU FRQ�

VWUXFWLRQ RI FRQGLWLRQ FRQWURO FKDUWV LQ DFFRUGDQFH

ZLWK WKH SURFHGXUH JLYHQ LQ ZRUN >�@� SURYLGH WKH

VDPH V\VWHP RI EURNHQ OLQHV IRU PRPHQWV RI WLPH W��

W�� ��� W� LQ GHVFULSWLRQ RI FRQGLWLRQ RI WKH PHQWLRQHG

SURFHVVHV �)LJXUH �� D�� 7KH DFFXUDF\ RI DOO WKHVH
SURFHVVHV DW WKH PRPHQW RI WLPH W� LV RFFXUUHG WR EH

GLVWXUEHG E\ GLIIHUHQW PHDQV� KRZHYHU� WKH GLUHFW XVH
RI FULWHULRQ J6 FDQQRW UHYHDO WKH FDXVH RI GLVWXUEDQFHV�

7R IRUPXODWH WKH TXDQWLWDWLYH FULWHULRQ ZKLFK FDQ

FKDUDFWHUL]H WKH FRQGLWLRQ RI SURFHVV FRQWUROOHG QHDU

WKH ERXQGDU\ RI OLPLWLQJ FRQGLWLRQ $% �VHH )LJXUH ���

LW LV QHFHVVDU\ ILUVW RI DOO WR GHILQH WKH WHUPLQRORJ\

XVHG� 7KXV� WKH FKDUDFWHULVWLFV RI SURFHVV DFFXUDF\ θ
DQG η ZLOO EH IXUWKHU FRQVLGHUHG FRPPHQVXUDEOH� LI

WKHLU YDOXHV DUH GLIIHUHG E\ QRW PRUH WKDQ WZLFH� 7KHQ

WKH UHJLRQ (� RI FRPPHQVXUDEOH YDOXHV θ DQG η LQ

SODQH θ�η ZLOO EH ORFDWHG EHWZHHQ WZR UD\V GHVFULEHG

E\ HTXDWLRQV θ  ���η DQG θ  �η�
3RVLWLRQ RI DUELWUDU\ SRLQW =L FKDUDFWHUL]LQJ WKH

FXUUHQW FRQGLWLRQ RI WKH SURFHVV ZLWK UHVSHFW WR UHJLRQV

(�� (�� (�� FDQ EH GHILQHG XVLQJ FULWHULRQ RI D UHODWLYH

DFFXUDF\ RI SURFHVV J(�

J( =
θ
η =

√ � _ [
__
w:� _

6 Φ w�(3)
�

)RU UHJLRQ (� WKH FRQGLWLRQ J( ≥ � LV IXOILOOHG�

7UDQVLWLRQ RI SURFHVV LQWR WKLV UHJLRQ VKRXOG EH FRQ�

VLGHUHG DV D UHVXOW RI SUHIHUHQWLDO VFDWWHULQJ RI WKH

FRQWUROOLQJ FKDUDFWHULVWLF RI TXDOLW\�

)RU UHJLRQ (� WKH FRQGLWLRQ J( ≥ ��� LV IXOILOOHG�

7UDQVLWLRQ RI SURFHVV LQWR WKLV UHJLRQ VKRXOG EH FRQVL�

GHUHG DV D UHVXOW RI SUHIHUHQWLDO VKLIWLQJ RI D FHQWHU RI

VFDWWHULQJ RI WKH FRQWUROOLQJ FKDUDFWHULVWLF RI TXDOLW\�

,Q IXOILOOPHQW RI FRQGLWLRQ ��� � J( � � �UHJLRQ

(� RI YDOXHV θ DQG η� D FRPPHQVXUDEOH LQFUHDVH LQ

YDOXHV RI FRHIILFLHQWV RI VKLIWLQJ VHWWLQJ DQG VFDWWHULQJ

OHDGLQJ WR WKH GLVWXUEDQFH RI WKH SURFHVV DFFXUDF\
WDNHV SODFH�

'HILQHG DSSURDFKHV PDNH LW SRVVLEOH WR IRUPXODWH

WKH IROORZLQJ SURFHGXUH RI GHWHUPLQDWLRQ RI QDWXUH

� ,�$� 7$5$5<&+.,1� ����

)LJXUH �� 'LIIHUHQW VFKHPHV RI SURFHHGLQJ RI WHFKQRORJLFDO SUR�
FHVVHV SUHVHQWHG LQ V\VWHP RI FRRUGLQDWHV θ�η
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RI FRQWURO DFWLRQV DW VWDWLVWLFDO FRQWURO RI WHFKQRORJL�
FDO SURFHVVHV�

• FRQGLWLRQ RI SURFHVV LV HYDOXDWHG SHULRGLFDOO\ IRU
VHW PRPHQWV RI WLPH WL ZLWK D FRQVWUXFWLRQ RI FRQWURO
FKDUW RI FRQGLWLRQ LQ WKH IRUP RI D V\VWHP RI OHQJWKV�
MRLQLQJ SRLQWV J6�WL� VXFFHVVLYHO\ >�@�

• IRU WKH VDPH PRPHQWV RI WLPH WL D VLPXOWDQHRXV
FRQVWUXFWLRQ RI FKDUW RI FRQWURO RI D UHODWLYH DFFXUDF\
RI WKH SURFHVV LQ WKH IRUP RI OHQJWKV MRLQLQJ SRLQWV
J(�WL� VXFFHVVLYHO\ LV IXOILOOHG�

• LQ FDVH� LI WKH FRQGLWLRQ J6�WM� ! ���� LV IXOILOOHG
IURP WKHPRPHQW RI WLPH WM� WKHQ WR UHFRYHU WKH SURFHVV
DFFXUDF\ LW LV QHFHVVDU\ WR PDNH FRUUHFWLYH DFWLRQV
ZKRVH QDWXUH LV GHWHUPLQHG E\ DSSHDUDQFH RI WKH FKDUW
RI FRQWURO RI D UHODWLYH DFFXUDF\ �LI J(�WM� ≥ �� WKHQ
WKHVH DFWLRQV VKRXOG EH RULHQWHGPDLQO\ WR WKH GHFUHDVH
LQ VFDWWHULQJ RI YDOXHV RI FRQWUROOLQJ FKDUDFWHULVWLF RI
TXDOLW\� LI J(�WM� ≤ ���� WKHQ WKHVH DFWLRQV VKRXOG EH
RULHQWHG PDLQO\ WR WKH GHFUHDVH LQ VKLIWLQJ RI ; YDOXH
UHODWLYH WR D FHQWHU RI D GHVLJQ ILHOG RI WROHUDQFH� LI
��� � J(�WM� � �� WKHQ WKH WDNHQ PHDVXUHV VKRXOG EH
GLUHFWHG WR D VLPXOWDQHRXV GHFUHDVH ERWK LQ YDOXH ;
VFDWWHULQJ DQG DOVR IRU UHFRYHU\ RI LWV SRVLWLRQ UHODWLYH
WR WKH PLGGOH RI WROHUDQFH ILHOG��

&RPELQHG IRUP RI FRQWURO FKDUWV RI UHODWLYH DFFX�
UDF\ J(�WM� IRU SURFHVVHV SURFHHGLQJ E\ VFKHPHV �w��
LV JLYHQ LQ )LJXUH �� E� ,W LV VHHQ WKDW WKH QDWXUH RI
FRUUHFWLYH DFWLRQV GLUHFWHG WR WKH UHFRYHU\ RI GLVWXUEHG
DFFXUDF\ IRU HDFK RI SURFHVVHV FRQVLGHUHG� LV GLIIHUHQW
DQG VHW LQ DFFRUGDQFH ZLWK WKH GHVFULEHG SURFHGXUH�

7KH RIIHUHG PHWKRG RI D FRPELQHG FRQVWUXFWLRQ RI
FRQWURO FKDUWV RI FRQGLWLRQ DQG UHODWLYH DFFXUDF\ SUR�
PRWHV WKH LQFUHDVH LQ HIILFLHQF\ RI VWDWLVWLFDO FRQWURO

RI ZHOGLQJ WHFKQRORJLFDO SURFHVVHV LQ WKH FRQGLWLRQV
RI VLQJOH� DQG VPDOO�VFDOH SURGXFWLRQ� WKDW FDQ EH H[�
SODLQHG E\ D GHILQLWH H[DPSOH�

7R SURYLGH WKH TXDOLW\ IRUPDWLRQ RI D PXOWLOD\HU
FLUFXPIHUHQWLDO ZHOG LQ D QDUURZ�JDS ZHOGLQJ RI VKHOO
RI � P LQVLGH GLDPHWHU DQG �� PP ZDOO WKLFNQHVV LV
SRVVLEOH RQO\ LQ WKH FRQGLWLRQV RI D FRQWLQXRXV FRQWURO
RI FRQGLWLRQ RI WKH PXOWLGLPHQVLRQDO SURFHVV >�@�
+HUH� WKH PDLQWHQDQFH RI FRQGLWLRQ SDUDPHWHUV LQ D
SUHVHW UDQJH LV DQ LPSRUWDQW FRQGLWLRQ RI SURYLGLQJ
TXDOLW\ DQG SUHYHQWLRQ RI IRUPDWLRQ RI VKDSH GHIHFWV
�XQGHUFXWV DQG ODFN RI IXVLRQ��

&KDQJH LQ YDOXHV RI FRQGLWLRQ SDUDPHWHUV LQ WKH
ZHOGLQJ SURFHVV FDQ EH VWLSXODWHG ERWK E\ IDFWRUV RI
D UDQGRP QDWXUH DQG DOVR E\ V\VWHPDWLF FDXVHV� 6WXG\�
LQJ WKH SURFHVV RI D FRQWLQXRXV ILOOLQJ WKH JURRYH� LW
VKRXOG QRWHG WKDW WKH FKDQJH LQ YDOXHV RI ZHOGLQJ
VSHHG YZ FDQ EH FRQQHFWHG QRW RQO\ ZLWK YDULDWLRQV
LQ DQJXODU VSHHG RI D URWDWLRQ GULYH DQG QRQ�FRLQFL�
GHQFH RI URWDWLRQ D[LV ZLWK WKH D[LV RI D F\OLQGULFDO
VKHOO� EXW DOVR ZLWK D JUDGXDO YHUWLFDO VKLIWLQJ RI WKH
WRUFK� 7KLV VKLIWLQJ LQ JURRYH ILOOLQJ FDQ OHDG WR WKH
LQFUHDVH LQ YZ E\ �� � ZLWK UHVSHFW WR WKH UDWHG YDOXH�

,Q DFFRUGDQFH ZLWK UHTXLUHPHQWV RI WKH WHFKQRORJ\
WKH GHYLDWLRQ RI ZHOGLQJ VSHHG IURP D UDWHG YDOXH E\
DEVROXWH YDOXH VKRXOG QRW H[FHHG � �� %\ WKLV UHDVRQ�
WKH SDUDPHWHU ;  YZ VKRXOG EH FRQWUROOHG LQ WKH
SURFHVV RI ZHOGLQJ� PDNLQJ� ZKHQ QHFHVVDU\� WKH FRU�
UHFWLYH DFWLRQ�

&KDUWV RI FRQWURO RI FRQGLWLRQ DQG UHODWLYH DFFX�
UDF\ RI WKH SURFHVV DUH SUHVHQWHG LQ )LJXUH �� $V LV
IROORZV IURP WKH )LJXUH WKH SURFHVV DSSURDFKLQJ WR
WKH OLPLWLQJ FRQGLWLRQ ERXQGDU\ ZDV UHFRUGHG DW WKH
PRPHQWV RI WLPH W� DQG W��� 7KH FRQWURO DFWLRQV LQ
ERWK FDVHV ZHUH GXH WR WKH UHFRYHU\ RI WKH SURFHVV

)LJXUH �� &RQWURO FKDUWV RI FRQGLWLRQ �D� DQG UHODWLYH DFFXUDF\
�E� RI SURFHVVHV SURFHHGLQJ E\ GLIIHUHQW VFKHPHV

)LJXUH �� &RQWURO FKDUWV RI FRQGLWLRQ �D� DQG UHODWLYH DFFXUDF\
�E� RI PXOWLGLPHQVLRQDO SURFHVV RI QDUURZ�JDS ZHOGLQJ ZLWK D
FRQWURO E\ ZHOGLQJ VSHHG
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DFFXUDF\ E\ DQ DSSURSULDWH GHFUHDVH LQ DQJXODU VSHHG
RI GULYH RI WKH VKHOO URWDWLRQ� ,Q DGGLWLRQ� WKH FRQGL�
WLRQ RI LWV VDWLVIDFWRU\ SURFHHGLQJ ZLWK DQ DFFXUDF\
FRQWURO E\ WKH ZHOGLQJ VSHHGZDV QRW GLVWXUEHG GXULQJ
WKH ZKROH SHULRG RI WKH JURRYH ILOOLQJ�

7KH DERYH�JLYHQ H[DPSOH GHPRQVWUDWHV FOHDUO\
WKRVH DGGLWLRQDO SRVVLELOLWLHV ZKLFK DSSHDU LQ D FRP�
ELQHG XVH RI IRUPXODWHG VWDWLVWLFV J6 DQG J( LQ GRFX�
PHQWDWLRQ� HYDOXDWLRQ RI FRQGLWLRQ DQG SUHGLFWLRQ RI
WKH SURFHVV SURJUHVV� +RZHYHU� WKH HIIHFWLYH XVH RI
FULWHULD J6 DQG J( LV RFFXUUHG WR EH SRVVLEOH LQ WKRVH
FDVHV ZKHQ WKHUH DUH QR UHTXLUHPHQWV WR GRFXPHQWD�

WLRQ RI WKH SURFHVV SURJUHVV� DV WKHLU FXUUHQW YDOXHV
FDQQRW EH XVHG LQ WKH VROXWLRQ RI SUREOHPV RI LQ�SUR�
FHVV FRQWURO DQG FRQWURO RI ZHOGLQJ SURFHVVHV LQ D UHDO
WLPH�

�� 9ROFKHQNR� 9�1�� *XUYLFK� $�.�� 0DMRURY� $�1� HW DO�
������ :HOGLQJ TXDOLW\ FRQWURO� 0RVFRZ� 0DVKLQRVWURHQLH�

�� *RQFKDURY� (�1�� .R]ORY� 9�9�� .UXJORYD� (�'� ������
4XDOLW\ FRQWURO RI SURGXFWV� 0RVFRZ� 6WDQGDUW�

�� +RXOHU� /�� +RZHOO� -�� *ROG� %� HW DO� ������ 6WDWLVWLFDO

PHWKRGV RI TXDOLW\ FRQWURO RI SURGXFWV� 0RVFRZ� 6WDQGDUW�
�� 7DUDU\FKNLQ� ,�$� ������ 6WDWLVWLFDO UHJXODWLRQ RI ZHOGLQJ WH�

FKQRORJLFDO SURFHVVHV XVLQJ WKH PHWKRG RI FRQVWUXFWLRQ RI
FKDUWV RI FRQGLWLRQ FRQWURO� 7KH 3DWRQ :HOGLQJ -�� ��� ��w���

�
���	�
�����	���������

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

0HWKRGV IRU SURGXFWLRQ� SURSHUWLHV DQG PLFURVWUXFWXUH RI GLVSHUVLRQ�VWUHQJWKHQHG VROGHU 6Q���3E ZHUH VWXGLHG� 6KRUW�

WLPH VWUHQJWK RI VROGHUHG MRLQWV PDGH E\ XVLQJ WKH GLVSHUVLRQ�VWUHQJWKHQHG VROGHU� GHSHQGLQJ XSRQ WKH FRQWHQW RI WKH

VWUHQJWKHQLQJ SKDVH� ZDV HYDOXDWHG�

.H\ ZRU G V � VROGHULQJ� VROGHUHG MRLQWV� VKRUW�WLPH

VWUHQJWK� GLVSHUVLRQ�VWUHQJWKHQLQJ SKDVH� PLFURVWUXFWXUH� FRP�

SRVLWH VROGHU� FRSSHU

0RGHUQ HOHFWURQLF GHYLFHV VKRXOG UHOLDEO\ RSHUDWH XQ�
GHU KLJK WKHUPDO ORDGV� L�H� XS WR ���w��� �&� 7KLV
UHTXLUHV WKDW D FHUWDLQ VWUXFWXUH EH IRUPHG LQ WKH MRLQ�
LQJ ]RQH WR HQVXUH VWUHQJWK DW D ZRUNLQJ WHPSHUDWXUH�
)RU WKLV WKH VROGHU VKRXOG QRW KDYH DQ H[FHVVLYH PHOW�
LQJ SRLQW WR SURYLGH JRRG IRUPDWLRQ RI VROGHUHG MRLQWV�

+LJK�WHPSHUDWXUH VWUHQJWK RI VROGHUHG MRLQWV FDQ
EH LQFUHDVHG E\ GLIIHUHQW PHWKRGV� E\ WUHDWLQJ WKH
MRLQWV DW DQ LQFUHDVHG WHPSHUDWXUH WR SURYLGH WKH �GL�
OXWHG� VHDP >�@� E\ XVLQJ VROGHUV FRQWDLQLQJ FRPSR�
QHQWV�GHSUHVVDQWV ZKLFK DUH SDUWLDOO\ HYDSRUDWHG GXU�
LQJ VROGHULQJ >�@� DQG HQVXULQJ FRQGLWLRQV XQGHU
ZKLFK WKH GHSUHVVDQWV FRXOG FRPELQH WR IRUP VWDEOH
FKHPLFDO FRPSRXQGV >�@ WR LQFUHDVH VROGHULQJ WHP�
SHUDWXUH RI D MRLQW�

7KH UHTXLUHG KLJK�WHPSHUDWXUH VWUHQJWK RI VRO�
GHUHG MRLQWV FDQ EH DFKLHYHG DOVR E\ XVLQJ QHZ VRO�
GHULQJ FRQVXPDEOHV ZKLFK FRQVLVW� XQOLNH WKH DYDL�
ODEOH VROGHUV� RI D PHWDO PDWUL[ �WKH VROGHU SURSHU�
DQG VWUHQJWKHQLQJ SDUWLFOHV �ILQHO\ GLVSHUVHG SDUWLFOHV
RI PHWDOV� QRQ�PHWDOV RU FKHPLFDO FRPSRXQGV��

$GGLQJ �� �� �� �� DQG �� � QLFNHO ZLWK D SXULW\
RI ����� � LQ WKH IRUP RI SRZGHU WR VROGHUV RI WKH
6Qw3E V\VWHPZLWK D WLQ FRQWHQW RI ��� �� DQG ��ZW��
ZDV IRXQG >�@ WR FDXVH DQ LQFUHDVH RI ��� WLPHV
��� 03D� LQ VKHDU VWUHQJWK RI WKH MRLQWV PDGH E\
XVLQJ WKH 6Qw��3Ew��1L VROGHU� FRPSDUHG ZLWK WKH
MRLQWV PDGH E\ XVLQJ 1L�IUHH VROGHUV� $ PDUNHG LQ�

FUHDVH LQ VWUHQJWK RI WKH VROGHUHG MRLQWV DW QRUPDO
WHPSHUDWXUH ZDV VHHQ LQ DGGLQJ PRUH WKDQ � � 1L WR
WKH 6Qw3E VROGHU�

7KH VWUHQJWKHQHG VROGHUHG MRLQWV ZHUH PDGH E\
XVLQJ WKH HXWHFWLF VROGHU 6Qw��3E� ZKLFK ZDV
DFKLHYHG GXH WR DQ DSSOLFDWLRQ RI IOX[ FRQWDLQLQJ ��w
�� � FRSSHU SRZGHU LQ WKH IRUP RI ILQH SDUWLFOHV OHVV
WKDQ �� µP LQ VL]H >�@� 7KH IOX[ ZDV DSSOLHG SULRU WR
VROGHULQJ RQ WKH PDWLQJ VXUIDFHV RI ZRUNSLHFHV� $IWHU
PHOWLQJ WKH VROGHU PHOW VSUHDG DQG ZHWWHG SDUWLFOHV
RI WKH VWUHQJWKHQLQJ SKDVH WR IRUP D FRPSRVLWH VRO�
GHUHG MRLQW� )UDFWXUH RI WKH MRLQWV PDGH E\ XVLQJ VRO�
GHU ZLWK �� � FRSSHU SRZGHU RFFXUUHG XQGHU DQ DV�
VLJQHG ORDG �� 03D� DIWHU ���� KRXUV� ZKHUHDV WKH
MRLQWV PDGH E\ XVLQJ WKH 6Qw��3E VROGHU DQG VXE�
MHFWHG WR WKH VDPH ORDG IUDFWXUHG DIWHU ���� KRXUV�

7KHUHIRUH� DQ DGGLWLRQ RI FRPSRQHQWV �SDUWLFOHV�

KDYLQJ D JUDGLHQW RI FKHPLFDO SRWHQWLDO UHODWLYH WR

WKH PDWUL[ DOOR\ PDNHV LW SRVVLEOH WR VROYH D VHW RI

VSHFLDO SUREOHPV� LPSURYH HOHFWULFDO FRQGXFWLYLW\� LQ�

FUHDVH VWUHQJWK� DFKLHYH UHTXLUHG FRUURVLRQ RU UDGLD�

WLRQ UHVLVWDQFH� HWF�
6WUHQJWKHQLQJ LV SURYLGHG E\ DGGLWLRQ RI ILQHO\

GLVSHUVHG SDUWLFOHV RI D FHUWDLQ FKHPLFDO QDWXUH WR WKH
PDWUL[ DOOR\� %HVLGHV� RQH VKRXOG WDNH LQWR DFFRXQW
WKDW WKH DPRXQW RI WKH VWUHQJWKHQLQJ SKDVH SDUWLFOHV
VKRXOG EH UHODWLYHO\ VPDOO WR PDLQWDLQ WHFKQRORJLFDO
SURSHUWLHV RI WKH VROGHU� 7ZR VWUHQJWKHQLQJ PHFKD�
QLVPV ZHUH RIIHUHG WR LQFUHDVH KLJK�WHPSHUDWXUH
VWUHQJWK RI WKH HXWHFWLF 6Q���3E VROGHU� DJH�KDUGHQLQJ
DQG GLVSHUVLRQ�VWUHQJWKHQLQJ� ,Q WKH VHFRQG FDVH WKH

� 9�)� .+258129� 2�0� 6$%$'$6+� 6�9� 0$.6,029$ DQG %�9� 67()$1,9� ����
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SRWHQWLDOLWLHV RI XVLQJ LQGLYLGXDO HOHPHQWV DQG LQWHU�

PHWDOOLF FRPSRXQGV WR IRUP ILQHO\ GLVSHUVHG SKDVHV

LQ WKH PDWUL[ DOOR\ DUH VXEVWDQWLDOO\ ZLGHQHG� 6KDSH�

GHJUHH RI GLVSHUVLRQ DQG UHODWLYH ORFDWLRQ RI WKH
VWUHQJWKHQLQJ SKDVH GHSHQG XSRQ PDQ\ IDFWRUV DVVR�

FLDWHG ZLWK FKHPLFDO FRPSRVLWLRQ RI WKH PHOW DQG VR�

OLGLILFDWLRQ FRQGLWLRQV�

,Q DFFRUGDQFH ZLWK WKH FKRVHQ DUHD RI LQYHVWLJD�

WLRQV� LW LV QHFHVVDU\ WR LGHQWLI\ PHWKRGV IRU PHWDO�

OXUJLFDO GLVVROXWLRQ DQG GLVWULEXWLRQ RI VWUHQJWKHQLQJ
SDUWLFOHV RI LQWHUPHWDOOLF 1L�6Q� LQ WKH PHWDO PDWUL[

RI WKH HXWHFWLF VROGHU �6Qw��3E�� DV ZHOO DV GHWHUPLQH

WKH VKRUW�WLPH VWUHQJWK FKDUDFWHULVWLFV RI WKH FRSSHU

MRLQWV DW URRP DQG LQFUHDVHG ���� �&� WHPSHUDWXUHV

PDGH E\ XVLQJ WKH GHYHORSHG VROGHUV�

7ZR PHOWLQJ SURFHVVHV XVLQJ WKH KLJK�IUHTXHQF\
XQLW 9&K*������� ZLWK D SRZHU RI �� N9⋅$ DQG

ZRUNLQJ IUHTXHQF\ RI �� N+] �XQGHU D OD\HU RI WKH

39��� IOX[� ZHUH WULHG RXW WR LGHQWLI\ WKH RSWLPDO
PHWKRG IRU DGGLQJ VWUHQJWKHQLQJ SDUWLFOHV WR WKH PD�

WUL[ RI WKH HXWHFWLF VROGHUV�

• DGGLWLRQ RI VROLG VWUHQJWKHQLQJ SDUWLFOHV OHVV WKDQ

�� µP LQ VL]H WR WKH PDWUL[ PHOW ZLWKLQ D WHPSHUDWXUH

UDQJH RI ��� WR ��� �& GXULQJ PHOWLQJ RI WKH PHOW LQ

D JUDSKLWH FUXFLEOH� LQYROYLQJ HOHFWURPDJQHWLF VWLUULQJ

�WKH VROLG VWUHQJWKHQLQJ SDUWLFOHVwHXWHFWLF VROGHUPHOW
V\VWHP��

• DGGLWLRQ RI VWUHQJWKHQLQJ SDUWLFOHV E\ MRLQLQJ

WZR OLTXLG PHOWV DW D WHPSHUDWXUH DERYH WKH OLTXLGXV

WHPSHUDWXUH RI PDWHULDOV RI WKH VWUHQJWKHQLQJ SDUWL�

FOHV �WKH PROWHQ VWUHQJWKHQLQJ SDUWLFOHVwHXWHFWLF VRO�

GHU PHOW V\VWHP��

6DPSOHV RI VROGHUV ZHUH FXW E\ D PHFKDQLFDO
PHWKRG� 7KH VDPSOHV ZHUH FOHDQHG DQG SROLVKHG XVLQJ

DEUDVLYH SDVWHV� ZDVKHG LQ DFHWRQH DQG HWK\O DOFRKRO�

GULHG DQG HWFKHG WR UHYHDO D ILQH VWUXFWXUH�

0HWDOORJUDSKLF H[DPLQDWLRQV RI LQLWLDO DOOR\V RI
WKH 6Qw3E V\VWHP ZHUH FDUULHG RXW XVLQJ RSWLFDO VFDQ�

QLQJ HOHFWURQ PLFURVFRS\ �RSWLFDO PLFURVFRSH �1HR�

SKRW��� DQG VFDQQLQJ HOHFWURQ PLFURVFRSH ,60������

%XWW VROGHUHG VDPSOHV RI FRSSHU 0, ����� � &X�

ZLWK D GLDPHWHU RI ��� PP DQG �� PP ORQJ� PDGH E\

XVLQJ ZLUH 3(79�� DQG FRYHUHG ZLWK WKH GRXEOH OD\HU

RI D KHDW�UHVLVWDQW ODFTXHU� ZHUH XVHG� 6ROGHULQJ RI

WKH EXWW FRSSHU VDPSOHV ZDV FDUULHG RXW XVLQJ D VSHFLDO

GHYLFH �)LJXUH ��� &RSSHU ELOOHWV IRU VLPXOWDQHRXV
VROGHULQJ RI WKUHH VDPSOHV ZHUH ORFDWHG RQ D KHDWHG

SODWH RI DSSURSULDWH GLPHQVLRQV� PDGH IURP D PDWHULDO

ZLWK D KLJK KHDW FDSDFLW\ DQG GLIIXVLYLW\� L�H� DOX�

PLQLXP� ZKLFK FRXOG QRW EH ZHWWHG ZLWK WKH VROGHU

DW WKH VROGHULQJ WHPSHUDWXUH� 7KH WHPSHUDWXUH WR

ZKLFK WKH SODWH ZDV KHDWHG ZDV PDLQWDLQHG DW D FRQ�

VWDQW OHYHO� L�H� ���� ± �� �&� 7KH WLPH RI KHDWLQJ RI

WKH VDPSOHV WR WKH VROGHULQJ WHPSHUDWXUH� L�H� �� V�

ZDV IRXQG H[SHULPHQWDOO\� 7KH IOX[ �RUWKRSKRVSKRULF

DFLG� ZDV GHSRVLWHG RQ WKH VROGHU ELOOHWV E\ GLSSLQJ�

DQG WKHQ WKH VROGHU ZDV PDQXDOO\ LQWURGXFHG LQWR WKH

VROGHULQJ JDS ���w��� PP LQ VL]H� 7KH WLPH RI VROGHU�

LQJ IURP WKH PRPHQW RI ILOOLQJ WKH VROGHULQJ JDS ZLWK

WKH VROGHU ZDV QRW PRUH WKDQ � V� 7KHQ WKH VDPSOHV

LQ WKH VROGHULQJ ]RQHV ZHUH FRROHG ZLWK DQ DTXHRXV�

DOFRKRO VROXWLRQ�

$IWHU YLVXDO H[DPLQDWLRQ WKH VROGHUHG VDPSOHV

ZHUH VXEMHFWHG WR WHQVLOH WHVWV �)LJXUH �� XVLQJ WKH

WHVWLQJ PDFKLQH 508����� �PD[LPXP WHQVLOH ORDGx

��� 1�� 7KH UDWH DW ZKLFK WKH ORDG ZDV DSSOLHG ZLWK
DOO WKH WHVWLQJ PHWKRGV ZDV HTXDO WR � PP�PLQ� 7HQ�

VLOH VWUHQJWK RI WKH VROGHUHG MRLQWV ZDV GHWHUPLQHG

IURP WKH UHVXOWV RI WHVWLQJ VL[ VDPSOHV� 7KH WHVW WHP�

SHUDWXUH IRU WKH 6Qw3E VROGHUV ZDV ��� �&�

;�UD\ PLFURDQDO\VLV UHYHDOHG WKDW PLFURVWUXFWXUH
RI WKH PDWUL[ DOOR\ 6Qw3E ZDV WKH 6Q� DQG 3E�EDVH

VROLG VROXWLRQ�

7KH ILUVW PHWKRG RI PHOWLQJ DOOR\V� ZKHUH WKH VROLG
ILQHO\ GLVSHUVHG SDUWLFOHV ZHUH DGGHG WR WKH OLTXLG
PHOW� IDLOHG WR DFKLHYH WKH SXUSRVH� 7KH SDUWLFOHV ZHUH

)LJXUH �� 6FKHPDWLF RI WKH GHYLFH XVHG IRU VROGHULQJ VDPSOHV� � x
EXWW VDPSOHV PDGH IURP FRSSHU� �x DOXPLQLXP SODWH� �x KHDWHU

)LJXUH �� 6FKHPDWLF RI ORDGLQJ RI VROGHUHG MRLQWV� � x EXWW MRLQW
VDPSOHV� � x KHDWHU

)LJXUH �� 6KRUW�WLPH VWUHQJWK σ
W
RI VROGHUHG MRLQWV DW GLIIHUHQW WHVW

WHPSHUDWXUHV� � x ���� � x �� �&
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GLVWULEXWHG QRQ�XQLIRUPO\ DQG IRUPHG FRDUVH FRQ�
JORPHUDWHV� 7KH VHFRQG PHWKRG PDQDJHG WR SURYLGH
D XQLIRUP GLVWULEXWLRQ RI WKH VWUHQJWKHQLQJ SKDVH� L�H�
GLVSHUVHG SDUWLFOHV RI LQWHUPHWDOOLF 1L�6Q��

5HVXOWV RI FRPSDUDWLYH WHVWV WR VKRUW�WLPH VWUHQJWK
RI WKH FRSSHU MRLQWV PDGH E\ XVLQJ WKH 326��� �ZW���
6W x ����w����� 6E x ≤ ���� 3E x EDODQFH� DQG
H[SHULPHQWDO VROGHUV DUH VKRZQ LQ )LJXUH �� ,W FDQ EH
FRQFOXGHG RQ WKH EDVLV RI WKH UHVXOWV REWDLQHG WKDW
WKH GHYHORSHG FRPSRVLWH VROGHU PDGH LW SRVVLEOH QRW
RQO\ WR SURYLGH WKH UHTXLUHG VWUHQJWK RI WKH VROGHUHG
MRLQWV DW D WHPSHUDWXUH RI ��� �&� EXW DOVR WR LQFUHDVH
WKLV VWUHQJWK DW URRP WHPSHUDWXUH� 7KH PD[LPXP LQ�
FUHDVH LQ VWUHQJWK DW ��� �& ZDV QRWHG LQ WKH MRLQWV
PDGH ZLWK WKH VROGHUV FRQWDLQLQJ � � VWUHQJWKHQLQJ
SDUWLFOHV RI LQWHUPHWDOOLF 1L�6Q�� )XUWKHU LQFUHDVH LQ
WKH FRQWHQW RI WKH LQWHUPHWDOOLF VWUHQJWKHQLQJ SDUWL�
FOHV LV XQGHVLUDEOH� DV WKLV OHDGV WR D PDUNHG GHFUHDVH
LQ VWUHQJWK RI WKH VROGHUHG MRLQWV�

&21&/86,216

�� $ SURPLVLQJ PHWKRG IRU SURGXFLQJ FRPSRVLWH VRO�
GHUV ZLWK D VXIILFLHQWO\ XQLIRUP GLVWULEXWLRQ RI WKH
ILQHO\ GLVSHUVHG LQWHUPHWDOOLF SKDVH LQ WKH PDWUL[ ZDV
LGHQWLILHG�

�� 7KH XVH RI WKH FRPSRVLWH VROGHU 6Qw��3E FRQ�
WDLQLQJ � � VWUHQJWKHQLQJ LQWHUPHWDOOLF SDUWLFOHV ZDV
IRXQG WR SURYLGH WKH UHTXLUHG VWUHQJWK RI WKH VROGHUHG
MRLQWV DW ��� �&�

�� 6FKZHZDUG� *�(�� $GDP� 5� ������ 5HVHDUFK RQ UH�PHOW
WHPSHUDWXUH LQ DQ\ V\VWHP RI ILOOHU PHWDOV XWLOL]HG LQ LQGXVW�
U\� ,Q� 3URF� RI �VW ,QW� &RQI� RQ %UD]LQJ DQG 6ROGHULQJ�
/RQGRQ� %ULW� $VVRF� %UD]� DQG 6ROG�

�� %UHGV� +� ������ 'HYHORSPHQW RI WKH SDUWLDOO\ YRODWLOH EUD�
]LQJ ILOOHU PHWDOV� :HOGLQJ -�� �� ��w���

�� .DZDNDWVX� ,� ������ 'HYHORSPHQW RI EUD]LQJ ILOOHU PHWDOV
DQG WHFKQRORJ\� .LQ]RNX� �� ��w���

�� /DVKNR� 6�9�� /DVKNR� 1�)� ������ %UD]LQJ RI PHWDOV� 0RV�
FRZ� 0DVKLQRVWURHQLH�

�� 5D\QHV� %�� 3LNH� 3�� 3HVFDWULFH� 0� 5HLQIRUFHG VRIW VROGHU
MRLQWV� 3DW� ������� 86$� 3XEO� ���������
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$FWLYDWRUV

$�7,* ZHOGLQJ RI VWUXFWXUDO VWHHOV IRU SRZHU HQJLQHHULQJ DSSOLFD�
WLRQV �%DMLF '�5�� 6DYLWVN\ 0�0�� 0HOQLFKXN *�0� DQG /XSDQ
$�)��

�

3UHVV ZHOGLQJ RI SLSHV XVLQJ DFWLYDWLQJ PDWHULDOV �3LVPHQQ\ $�6�
DQG 3URNRILHY $�6��

�

3URFHGXUH DQG SDUDPHWHUV RI $�7,* ZHOGLQJ RI VWUXFWXUDO VWHHOV
�%DMLF '�5�� 0HOQLFKXN *�0�� /XSDQ $�)� DQG 6DYL�WVN\ 0�0��

��

$OOR\LQJ
)HDWXUHV RI SXOVHG�SODVPD DOOR\LQJ RI WKH VXUIDFH RI LURQ�EDVH DOOR\V
�7\XULQ <X�1�� =KDGNHYLFK0�/�� *XEHQNR %�*� DQG .ROLVQLFKHQNR
2�9��

�

$OOR\V

$OXPLQLXP DOOR\V

&RDWHG HOHFWURGHV RI 8$1$ JUDGH IRU ZHOGLQJ DQG VXUIDFLQJ DOX�

PLQLXP DQG LWV DOOR\V �6NRULQD 1�9� DQG 0DVKLQ 9�6��

��

&RPELQHG PHWKRG IRU SODVPD DQG DUF ZHOGLQJ XVLQJ GLIIHUHQW�SR�
ODULW\ FXUUHQW SXOVHV �+LGUD�SURFHVV� �9RURSDM 1�0� DQG0LVKHQNRY
9�$��

��

'HSRVLWLRQ RI R[LGH FRDWLQJV RQ VXUIDFHV RI SURGXFWV RI DOXPLQLXP�
EDVHG DOOR\V �7\XULQ <X�1�� =KDGNHYLFK 0�/�� *RORYHQNR 6�,� DQG
&KLJULQRYD 1�0��

�

'HYHORSPHQW RI PHWKRGV IRU DUF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V
�'RYELVKFKHQNR ,�9� DQG 6WHEORYVN\ %�$��

��

)HDWXUHV RI FRQVXPDEOH�HOHFWURGH DUF ZHOGLQJ RI DOXPLQLXP DOOR\V
LQ QHRQ DQG LWV PL[WXUHV ZLWK KHOLXP DQG DUJRQ �,VKFKHQNR $�<D��

'RYELVKFKHQNR ,�9�� 0DVKLQ 9�6� DQG 3DVKXO\D 0�3��

��

)ULFWLRQ VWLU ZHOGLQJ RI DOXPLQLXP DOOR\V �5HYLHZ� �7UHW\DN 1�*�� �

,PSURYHPHQW RI ZHOGDELOLW\ RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V LQ
H[SORVLRQ FODGGLQJ �0DUNDVKRYD /�,��'REUXVKLQ /�'� DQG $UVHQ\XN

9�9��

��

,QYHVWLJDWLRQ DQG GHYHORSPHQW RI WKH WHFKQRORJ\ RI OLJKW DOOR\ ZHOG�

LQJ DW WKH 3:, �,VKFKHQNR $�<D��

��

1RQ�FRQVXPDEOH HOHFWURGH DUJRQ�DUF ZHOGLQJ RI DOXPLQLXP DOOR\V
ZLWK DUF RVFLOODWLRQV �3RNO\DWVN\ $�*�� ,VKFKHQNR $�<D�� *ULQX\N

$�$�� &KDMND $�$� DQG )HGRUFKXN 9�(��

�

3UHYHQWLRQ RI IRUPDWLRQ RI R[LGH ILOPV LQ ZHOGV RQ /L�FRQWDLQLQJ
DOXPLQLXP DOOR\V �3RNO\DWVN\ $�*�� /R]RYVND\D $�9� DQG *ULQ\XN

$�$��

��

6LPXODWLRQ RI WKHUPDO DQG VROLGLILFDWLRQ SURFHVVHV LQ ODVHU ZHOGLQJ
RI DOXPLQLXP SODWHV �.DUNKLQ 9�$�� 3ORVKLNKLQ 9�9� DQG %HUJPDQ

.K�9��

�

&RSSHU DOOR\V

9DFXXP EUD]LQJ RI GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU DOOR\ *OLGFRS
$O��� �0DNVLPRYD 6�9�� .KRUXQRY 9�)�� 6KRQLQ 9�$�� =YROLQVN\
,�9�� 9RURQRY 9�9� DQG .RVWLQ 9�$��

��

)Hw& DOOR\V

3HFXOLDULWLHV RI FDUERQ R[LGDWLRQ LQ ZHOGLQJ ZLWK LOPHQLWH�FRYHUHG
HOHFWURGHV �.DOLQ 1�$� DQG (ILPHQNR 1�*��

�

0RO\EGHQXP DOOR\V

)RUPDWLRQ RI FU\VWDOORJUDSKLF WH[WXUH LQ WKH PHWDO RI ZHOGHG MRLQWV
RQ PRO\EGHQXP DOOR\V �=DGHU\ %�$�� .RWHQNR 6�6�� 0DULQFKHQNR

$�(�� 3ROLVKFKXN (�3� DQG <XVKFKHQNR .�$��

��

1LFNHO DOOR\V

0HWKRG IRU LQYHVWLJDWLRQ RI ORQJLWXGLQDO UHVLGXDO VWUHVVHV LQ EHDG
RQ QLFNHO DOOR\ SODWH ZHOGLQJ �&KHUY\DNRY 1�2� DQG <XVKFKHQNR

.�$��

�

6WUXFWXUH DQG SURSHUWLHV RI QLFNHO�EDVHG DOOR\ GHSRVLWHG E\ ODVHU�
SRZGHU PHWKRG �6NULSND 1�1��

�

1LRELXP DOOR\V

(UHFWLRQ DVVHPEO\�ZHOGLQJ RI WXEXODU VWUXFWXUHV RI QLRELXP DOOR\V
LQ WKH MLJ �%ODVKFKXN 9�(��

�

7LWDQLXP DOOR\V

1DUURZ�JDS DUF ZHOGLQJ RI WLWDQLXP DOOR\V �5HYLHZ� �%HORXV 9�<X�� �

%DUULHU LQVHUWV

)XVLRQ ZHOGLQJ RI WLWDQLXP WR VWHHO �5HYLHZ� �.LUHHY /�6� DQG
=DPNRY 9�1��

�

%LPHWDO MRLQWV
0HFKDQLVP RI ELPHWDO MRLQWV IRUPDWLRQ LQ IULFWLRQ ZHOGLQJ �.XFKXN�
<DWVHQNR 6�,� DQG =\DNKRU ,�9��

�

%UD]LQJ

([SUHVV�PHWKRG IRU GHYHORSPHQW DQG YHULILFDWLRQ RI SUHVVXUH EUD]LQJ
WHFKQRORJLHV �3LVPHQQ\ $�6�� 3ROXNKLQ 9�9�� 3URNRILHY $�6�� %RQ�

GDUHY 9�$� DQG 3LVPHQQ\ $�$��

�

9DFXXP EUD]LQJ RI GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU DOOR\ *OLGFRS
$O��� �0DNVLPRYD 6�9�� .KRUXQRY 9�)�� 6KRQLQ 9�$�� =YROLQVN\
,�9�� 9RURQRY 9�9� DQG .RVWLQ 9�$��

��

&DOFXODWLRQV

$OORZDQFH IRU HIIHFW RI F\FOH DV\PPHWU\ RQ IDWLJXH UHVLVWDQFH RI
ZHOGHG MRLQWV �.RYDOFKXN 9�6��

�

&DOFXODWLRQ RI SHQHWUDWLRQ GHSWK RI ZRUNSLHFHV LQ &2� ZHOGLQJ

�9DUXNKD (�1� DQG 0RUR]RY $�$��
�

(VWLPDWLRQ RI VWUHVVHG VWDWH RI WKH ZDOO RI FRLOHG YHUWLFDO F\OLQGULFDO
WDQNV LQ ZHOGLQJ�LQ RI LQVHUW SODWHV �0DNKQHQNR 9�,�� %DUYLQNR
$�<X�� %DUYLQNR <X�3� DQG 7VLDUNRYVN\ 3��

�

0HWKRG RI FDOFXODWLRQ RI YROWDJH GURS LQ HOHFWURGH VWLFNRXW OHQJWK
ZLWK DOORZDQFH IRU QRQ�OLQHDULW\ RI WKHUPRSK\VLFDO SDUDPHWHUV �3HQ�

WHJRY ,�9� DQG 3HWULHQNR 2�,��

�

&ODGGLQJ
,PSURYHPHQW RI ZHOGDELOLW\ RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V LQ
H[SORVLRQ FODGGLQJ �0DUNDVKRYD /�,�� 'REUXVKLQ /�'� DQG$UVHQ\XN

9�9��

��

/DVHU FODGGLQJ RI K\SRHXWHFWRLG FRPSOH[O\�DOOR\HG VWHHOV �.KDVNLQ
9�<X� DQG *DUDVKFKXN 9�3��

�

3ODVPD�SRZGHU FODGGLQJ RI LQWHUQDO FRPEXVWLRQ HQJLQH YDOYHV �3HUH�
SO\RWFKLNRY (�)��

�

&RDWLQJV

%LRFHUDPLF FRDWLQJV

,QYHVWLJDWLRQ RI ELRFHUDPLF FRDWLQJV SURGXFHG E\PLFURSODVPD VSUD\�

LQJ �%RULVRY <X�6�� 9RMQDURYLFK 6�*�� 8OLDQFKLFK 1�9�� -HQVHQ -�

DQG :RONH -��

�

&RPSRVLWH YDQDGLXP FDUELGH FRDWLQJV
7ULERORJLFDO FKDUDFWHULVWLFV RI FRPSRVLWH FDUELGH FRDWLQJV �%RULVRY
<X�6�� 6\FKHY9�6�� 6KDYORYVN\ (�1�� /DEXQHWV 9�)� DQG =RORWDUHYD
(�3��

�

(OHFWURGH FRDWLQJV

6OLPH RI ZDWHU�FRQGLWLRQLQJ XQLWV RI WKHUPDO SRZHU HQJLQHHULQJ DV
UDZPDWHULDO IRU HOHFWURGH FRDWLQJV �/D]HEQRY 3�3� DQG 3XOLQD 1�1��

�

)Hw&w&Uw$O V\VWHP FRDWLQJV

3KDVH FRPSRVLWLRQ RI )Hw&w&Uw$O V\VWHP FRDWLQJV SURGXFHG E\ WKH
PHWKRG RI HOHFWULF DUF PHWDOOL]LQJ �3RNKPXUVN\9�,�� 6WXGHQW0�0��

6LGRUDN ,�,�� 5\DEWVHY ,�$� DQG .XVNRY <X�0��

��

0DJQHWURQ FRDWLQJV
3URSHUWLHV RI PDJQHWURQ FRDWLQJV RQ WKH )Hw&Uw1L EDVH ZLWK DPRU�
SKRXV VWUXFWXUH �/XNLQD *�1�� %ROVKDNRY 0�9� DQG 3LGJDMFKXN

6�<D��

�

2[LGH FRDWLQJV

'HSRVLWLRQ RI R[LGH FRDWLQJV RQ VXUIDFHV RI SURGXFWV RI DOXPLQLXP�
EDVHG DOOR\V �7\XULQ <X�1�� =KDGNHYLFK 0�/�� *RORYHQNR 6�,� DQG
&KLJULQRYD 1�0��

�

6WHHOwEURQ]H FRPSRVLWH FRDWLQJV
3K\VLFDO�PHFKDQLFDO FKDUDFWHULVWLFV RI VWHHOwEURQ]H FRDWLQJV SUR�
GXFHG XVLQJ ODVHU VXUIDFLQJ �6KDWUDYD $�3��

�

7KHUPDO FRDWLQJV

7KHUPDO FRDWLQJV FRQWDLQLQJ GU\ OXEULFDQWV IRU RSHUDWLRQ XQGHU FRQ�

GLWLRQV RI GU\ IULFWLRQ DQG HOHYDWHG WHPSHUDWXUHV �7XQLN $�<X��
�

:HDU�UHVLVWDQFH FRDWLQJV

)OX[�FRUHG ZLUHV RI )H&U% � $O DQG )H&U � $O � & V\VWHPV IRU
HOHFWULF DUF PHWDOOL]LQJ �3RNKPXUVN\ 9�,�� 6WXGHQW 0�0��

'RYJXQ\N 9�0� DQG 6LGRUDN ,�,��

�

&RPSRVLWH PDWHULDOV
'HYHORSPHQW RI FRPSRVLWH PDWHULDOV IRU ]LUFRQLXP�EDVHG DFWLYH HOH�
PHQWV RI SODVPDWURQ HOHFWURGHV �6KDSRYDO $�1��

��
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'LVSHUVLRQ�VWUHQJWKHQHG KHDW�UHVLVWDQW VROGHU �.KRUXQRY 9�)��
6DEDGDVK 2�0�� 0DNVLPRYD 6�9� DQG 6WHIDQLY %�9��

��

(IIHFW RI DOOR\LQJ HOHPHQWV RQ VWUXFWXUH RI FRPSRVLWH DOOR\ EDVHG
RQ WXQJVWHQ FDUELGHV �%HO\ $�,�� =KXGUD $�3� DQG ']\NRYLFK 9�,��

��

)XVLRQ ZHOGLQJ RI GLVSHUVLRQ�VWUHQJWKHQHG DXOPLQLXP�EDVHG FRP�
SRVLWH PDWHULDOV� FRQWDLQLQJ VLOLFRQ FDUELGH SDUWLFOHV �5HYLHZ�
�&KHUHSLYVND\D (�9� DQG 5\DERY 9�5��

�

3HFXOLDULWLHV RI GHR[LGDWLRQ RI WKH ZHOG SRRO PHWDO LQ SODVPD VXU�
IDFLQJ ZLWK FRPSRVLWH PDWHULDOV �%HO\ $�,�� =KXGUD $�3� DQG ']\N�
RYLFK 9�,��

��

&RQWURO V\VWHPV

0DWKHPDWLFDO PRGHO RI WHFKQRORJLFDO DGDSWDWLRQ RI WKH URERW WR WKH
JDS LQ DUF ZHOGLQJ �.RULQHWV ,�)� DQG -L &KHQJ &KXQJ�

�

&UDFNV

3HFXOLDULWLHV RI FROG FUDFNLQJ LQ ZHOGLQJ RI KLJK�VWUHQJWK ORZ�DOOR\
VWHHOV �6KYDFKNR 9�,� DQG 6WHSDQ\XN 6�1��

�

5HVLVWDQFH RI WKH +$= PHWDO RI VWHH/ 0�� WR FROG FUDFNLQJ DIWHU
VXUIDFLQJ XVLQJ IHUULWLF JUDGH ZLUHV �&KHUQ\DN <D�3�� %XUVN\ *�9�
DQG .DOHQVN\ 9�.��

��

5ROH RI PDWKHPDWLFDO PRGHOOLQJ LQ VROYLQJ SUREOHPV RI ZHOGLQJ
GLVVLPLODU VWHHOV �5HYLHZ� �0DNKQHQNR 9�,� DQG 6DSU\NLQD *�<X��

�

&U\VWDOORJUDSKLF WH[WXUH
)RUPDWLRQ RI FU\VWDOORJUDSKLF WH[WXUH LQ WKH PHWDO RI ZHOGHG MRLQWV
RQ PRO\EGHQXP DOOR\V �=DGHU\ %�$�� .RWHQNR 6�6�� 0DULQFKHQNR
$�(�� 3ROLVKFKXN (�3� DQG <XVKFKHQNR .�$��

��

&\FOH DV\PPHWU\

$OORZDQFH IRU HIIHFW RI F\FOH DV\PPHWU\ RQ IDWLJXH UHVLVWDQFH RI
ZHOGHG MRLQWV �.RYDOFKXN 9�6��

�

'HIRUPDWLRQDO WUHDWPHQW

,QYHVWLJDWLRQ RI HIIHFW RI GHIRUPDWLRQDO WUHDWPHQW RQ UHVL�GXDO
VWUHVVHV LQ FLUFXPIHUHQWLDO ZHOGV �=XEFKHQNR $�6�� .RORVNRY0�0��
$PHOLDQFKLN $�9�� /HYLWDQ /�0� DQG 6KLURODSRYD 7�%��

�

'LVVLPLODU MRLQWV

(IIHFW RI SURFHVV SDUDPHWHUV DQG EUDNLQJ G\QDPLFV LQ IULFWLRQ ZHOG�
LQJ RQ VWUXFWXUH DQG SURSHUWLHV RI MRLQWV EHWZHHQ FRSSHU DQG DOX�
PLQLXP �.XFKXN�<DWVHQNR 6�,�� =\DNKRU ,�9� DQG *RUGDQ *�1��

�

)XVLRQ ZHOGLQJ RI WLWDQLXP WR VWHHO �5HYLHZ� �.LUHHY /�6� DQG
=DPNRY 9�1��

�

0DVV WUDQVIHU SURFHVVHV LQ SUHVVXUH MRLQLQJ RI GLVVLPLODU PHWDOV
�0DUNDVKRYD /�,�� $UVHQ\XN 9�9�� *ULJRUHQNR *�0� DQG %HUGQL�
NRYD (�1��

�

3HFXOLDULWLHV RI SKDVH IRUPDWLRQ LQ SUHVVXUH ZHOGLQJ RI GLVVLPLODU
PHWDOV XQGHU FRQGLWLRQV RI KLJK�UDWH GHIRUPLQJ �0DUNDVKRYD /�,��
$UVHQ\XN 9�9�� *ULJRUHQNR *�0� DQG %HUGQLNRYD (�1��

�

3HFXOLDULWLHV RI SODVWLF GHIRUPDWLRQ RI GLVVLPLODU PDWHULDOV LQ SUHVVXUH
MRLQLQJ �0DUNDVKRYD /�,�� $UVHQ\XN 9�9� DQG *ULJRUHQNR *�0��

�

6ROLG�VWDWH MRLQLQJ RI WLWDQLXP WR VWHHO �5HYLHZ� �.LUHHY /�6� DQG
=DPNRY 9�1��

�

9DFXXP SHUFXVVLRQ ZHOGLQJ RI DOXPLQLXP WR FRSSHU �.KDUFKHQNR
*�.�� )DOFKHQNR <X�9�� $UVHQ\XN 9�9� DQG 3RORYHWVN\ (�9��

�

(OHFWULF ILHOG IOXFWXDWLRQV

$ERXW HIIHFW RI HOHFWULF ILHOG IOXFWXDWLRQV LQ DUF FROXPQ RQ DUF
ZHOGLQJ SURFHVV VWDELOLW\ �7V\EXONLQ *�$��

�

(OHFWURGH PHWDO GURSOHW

(IIHFW RI DQ HOHFWURGH PHWDO GURSOHW RQ DUF YROWDJH LQ JDV�VKLHOGHG
ZHOGLQJ �3RQRPDU\RY 9�� GD &RVWD $�9� DQG 6FRWWL $��

�

(OHFWURK\GURSXOVH SUHVVLQJ�LQ
(OHFWURK\GURSXOVH SHUPDQHQW MRLQLQJ RI KROORZ SLHFHV XVLQJ H[SORG�
LQJ HOHPHQWV �%RUR]Q\DN $�,��

�

(OHFWURQ EHDP GLDJQRVWLFV

6\VWHP RI GLDJQRVWLFV RI HOHFWURQ EHDP LQ LQVWDOODWLRQV IRU HOHFWURQ
EHDP ZHOGLQJ �$NRSLDQWV .�6�� 1D]DUHQNR 2�.�� *XPRYVN\ 9�9�
DQG &KHUQ\DNLQ 9�3��

��

(OHFWURPDJQHWLF ILHOG

'LVWULEXWLRQ RI LQGXFWLRQ RI FRQWURO ORQJLWXGLQDO PDJQHWLF ILHOG LQ
ZHOGLQJ 7�MRLQWV �6LGRUHQNR 6�0�� 5D]P\VKO\DHY $�'� DQG
0DHYVN\ 9�5��

�

(IIHFW RI ZHOGLQJ VSHHG RQ ZHOGLQJ FXUUHQW PDJQHWLF ILHOG �6KFKHW�
LQLQD 9�,�� 6KFKHWLQLQ 6�9�� &KDSQL 1�,�� 6KFKHUELQD $�9�� 0HO�
QLNRY $�(� DQG *ROXENRY 6�3��

�

([SORGLQJ HOHPHQWV
(OHFWURK\GURSXOVH SHUPDQHQW MRLQLQJ RI KROORZ SLHFHV XVLQJ H[SORG�
LQJ HOHPHQWV �%RUR]Q\DN $�,��

�

([SORVLRQ WUHDWPHQW
,PSURYHPHQW RI ZHOGDELOLW\ RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V LQ
H[SORVLRQ FODGGLQJ �0DUNDVKRYD /�,�� 'REUXVKLQ /�'� DQG$UVHQ\XN
9�9��

��

/LPLWLQJ WKLFNQHVV RI ZHOGHG MRLQWV WR EH H[SORVLRQ WUHDWHG
�3HWXVKNRY 9�*�� 7LWRY 9�$� DQG %U\]JDOLQ $�*��

�

7HFKQRORJ\ IRU H[SORVLRQ KDUGHQLQJ RI VXSSRUW VXUIDFHV RI D[OH ER[HV
�'UDJREHWVN\ 9�9��

�

)DWLJXH UHVLVWDQFH
$OORZDQFH IRU HIIHFW RI F\FOH DV\PPHWU\ RQ IDWLJXH UHVLVWDQFH RI
ZHOGHG MRLQWV �.RYDOFKXN 9�6��

�

)LHOG FRQGLWLRQV
)LHOG ZHOGLQJ RI ODUJH�VL]H VSKHULFDO LVRWKHUPDO WDQNV IRU VWRUDJH RI
FU\RJHQLF SURGXFWV �<XVKFKHQNR .�$��0RQNR *�*�� 6WDUXVKFKHQNR
7�0�� %HORUXVHWV %�2� DQG 1DXPRY $�6��

�

0HFKDQL]HG HTXLSPHQW IRU ZHOGLQJ� KDUGIDFLQJ DQG FXWWLQJ LQ WKH
ILHOG FRQGLWLRQV �/HEHGHY 9�$� DQG 3LFKDN 9�*��

�

)ORDWLQJ ZHOGHG PHJDVWUXFWXUHV
)ORDWLQJ ZHOGHG PHJDVWUXFWXUHV �5HYLHZ� �%HUQDGVN\ 9�1�� 0DN�
VLPRY 6�<X� DQG 1HWUHEVN\ 0�$��

�

)OX[HV
&ODVVLILFDWLRQ RI DUF ZHOGLQJ IOX[HV E\ WKH PHWKRG RI WKHLU DSSOLFD�
WLRQ� PDQXIDFWXUH� FRPSRVLWLRQ DQG W\SH RI PHWDO EHLQJ ZHOGHG
�6LGRUXN 9�6� DQG *DOLQLFK 9�,��

�

&ODVVLILFDWLRQ RI IOX[HV IRU DUF ZHOGLQJ E\ PHWDOOXUJLFDO DQG WHFK�
QRORJLFDO SURSHUWLHV �6LGRUXN 9�6� DQG *DOLQLFK 9�,��

�

6HOHFWLRQ RI WKH FRPSRVLWLRQ RI ZHOGLQJ IOX[HV� DOORZLQJ IRU WKH
VWUXFWXUDO FKDUDFWHULVWLFV RI WKHLU PHOWV �.X]PHQNR 9�*�� 7RNDUHY
9�6�� *DOLQLFK 9�,�� 6RNROVN\ 9�(� DQG .D�]LPLURY 9�3��

��

)RDP PDWHULDOV
0DWKHPDWLFDO PRGHOOLQJ RI KHDW SURFHVVHV LQ ZHOGLQJ IRDP PDWHULDOV
�0DNKQHQNR 9�,�� 9HOLNRLYDQHQNR (�$�� 5R]\QND *�)�� 3LYWRUDN
1�,�� 6H\IIDUWK 3� DQG -DVQDX 8��

��

)UDFWXUH UHVLVWDQFH
3UREOHPV LQ DSSOLFDWLRQ RI QHZ VWHHOV RI LQFUHDVHG DQG KLJK VWUHQJWK
LQ ZHOGHG VWUXFWXUHV �.LULDQ 9�,� DQG 0LNKRGXM /�0��

�

6RPH SHFXOLDULWLHV RI GHOD\HG IUDFWXUH RI +$= PHWDO LQ VWHHO 0��
DIWHU FODGGLQJ XVLQJ DXVWHQLWLF ZLUH �&KHUQ\DN <D�3�� %XUVN\ *�9�
DQG .DOHQVN\ 9�.��

�

)XHO HOHPHQWV
([SHULHQFH RI XVLQJ JXQV ZLWK SODVPD FDWKRGHV IRU HOHFWURQ EHDP
ZHOGLQJ RI QXFOHDU SRZHU VWDWLRQ IXHO HOHPHQWV �9DVLONRY 9�,�� .LV�
OLWVN\ $�$�� 2QXFKLQ 1�9�� 3FKHONLQ 5�'�� 5R]KNRY 9�9�� 8VKDNRY
$�9�� 6WUXNRY $�9�� 5HPSH 1�*� DQG 2VLSRY ,�9��

�

2Q WKH FDXVHV IRU IRUPDWLRQ RI GHIHFWV LQ ZHOGV RI (��� DOOR\ PDGH
E\ HOHFWURQ EHDPZHOGLQJ DQGPHWKRGV RI FRQWUROOLQJ WKHP �9DVLONRY
9�,�� .LVOLWVN\ $�$�� 2QXFKLQ 1�9�� 5R]KNRY 9�9�� 6WUXNRY $�9��
&KL]KRY 9�%� DQG /DYUHQ\XN 3�,��

�

8QLW IRU UHVLVWDQFH ZHOGLQJ RI QXFOHDU UHDFWRU IXHO HOHPHQWV �6LGRURY
,�1�� *UDGRYLFK $�$�� .LVOLWVN\ $�$�� 5R]KNRY 9�9�� 6WUXNRY $�9��
&KDSDHY ,�*� DQG /DYUHQ\XN 3�,��

�

*DV WXUELQH EODGHV
7HFKQRORJ\ RI UHVWRUDWLRQ RI JDV WXUELQH EODGHV �=KDGNHYLFK 0�/��
%RQGDUHY $�$�� =HOHQLQ 9�,�� 7HSO\XN 9�0�� 6LGRUHQNR 6�,�� 0R�
NKRUW 9�$�� 1HVWHUHQNR <X�9� DQG =HOHQLQ 2�9��

�

+DUGIDFLQJ
2SWLPLVDWLRQ RI LQGXFWRU SDUDPHWHUV IRU XQLIRUP KHDWLQJ RI GLVFV
DFURVV WKH ZLGWK RI WKH KDUGIDFLQJ ]RQH� DOORZLQJ IRU VFUHHQLQJ
�6KDEO\ 2�0�� 3XOND &K�9� DQG 3LVPHQQ\ $�6��

��

3URSHUWLHV RI WKH PHWDO GHSRVLWHG E\ HOHFWURVODJ SURFHVV XVLQJ FKLSV
RI WRRO VWHHO �.K10DV ILOOHUPDWHULDO �.X]PHQNR2�*� DQG5\DEWVHY
,�$��

��

+HDW WUHDWPHQW
+LJK�IUHTXHQF\ SRZHU WUDQVIRUPHUV IRU LQGXFWLRQ XQLWV �3LVPHQQ\
$�6�� 6KLQORY 0�(� DQG <XNKLPHQNR 5�9��

�

,QFUHDVH LQ VWUHQJWK RI ZHOGV LQ DUF ZHOGLQJ RI DOOR\ ���� XVLQJ WKH
6F�FRQWDLQLQJ ILOOHUV �,VKFKHQNR $�<D�� /R]RYVND\D $�9�� 3RNO\D�
WVN\ $�*�� 6NODELQVND\D ,�(�� 0DVKLQ 9�6� DQG <DYRUVND\D 0�5��

�

+HWHURJHQHLW\
(IIHFW RI GHIRUPDWLRQ RQ HOHFWURFKHPLFDO KHWHURJHQHLW\ RI SLSHOLQH
ZHOGHG MRLQWV �5DGNHYLFK $�,��

�

+HWHURJHQHLW\ RI SLSH VWHHO MRLQWV PDGH E\ IODVK EXWW ZHOGLQJ
�.XFKXN�<DWVHQNR 6�,�� .KDUFKHQNR *�.�� *ULJRUHQNR *�0�� )DO�
FKHQNR <X�9�� 7DUDQRYD 7�*�� *ULWVNLY <D�3�� =DJDGDUFKXN 9�)�
DQG *ULJRUHQNR 6�*��

�
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+LJK WHFKQRORJLHV
)ORDWLQJ ZHOGHG PHJDVWUXFWXUHV �5HYLHZ� �%HUQDGVN\ 9�1�� 0DN�
VLPRY 6�<X� DQG 1HWUHEVN\ 0�$��

�

-DSDQ GHWHUPLQHV LWV SULRULWLHV LQ WKH ILHOG RI ZHOGLQJ IRU;;, FHQWXU\
�%HUQDGVN\ 9�1��

�

+RORJUDSKLF LQWHUIHURJUDPV
$XWRPDWLF FRPSXWHU DQDO\VLV RI KRORJUDSKLF LQWHUIHURJUDPV LQ QRQ�
GHVWUXFWLYH TXDOLW\ FRQWURO RI PDWHULDOV DQG HOHPHQWV RI VWUXFWXUHV
�/REDQRY /�0�� 3LYWRUDN 9�$�� 6DYLWVN\ 9�9� DQG 2OHMQLN (�0��

��

+\GURJHQ FRQFHQWUDWLRQ
(IIHFW RI PLFURVWUXFWXUDO WUDQVIRUPDWLRQV RQ UHGLVWULEXWLRQ RI K\�
GURJHQ LQ IXVLRQ ZHOGLQJ RI VWUXFWXUDO VWHHOV �0DNKQHQNR 9�,��
.RURO\RYD 7�9� DQG /DYULQHWV ,�*��

�

/DVHU WHFKQRORJLHV
'HYHORSPHQW RI ODVHU WHFKQRORJLHV IRU PDWHULDOV WUHDWPHQW DW WKH
,QVWLWXWH IRU 3UREOHPV RI /DVHU DQG ,QIRUPDWLRQ 7HFKQRORJLHV
�3DQFKHQNR 9�<D� DQG *ROXEHY 9�6��

�

/RFDO WKHUPDO HIIHFW
([SHULPHQWDO LQYHVWLJDWLRQV RI ILHOGV RI UHVLGXDO VWUHVVHV LQ ZHOGHG
DQG UROOHG ,�EHDPV �*RORGQRY $�,� DQG .KYRUWRYD 0�<X��

�

0HWDO WUDQVIHU
(IIHFW RI DQ HOHFWURGH PHWDO GURSOHW RQ DUF YROWDJH LQ JDV�VKLHOGHG
ZHOGLQJ �3RQRPDU\RY 9�� GD &RVWD $�9� DQG 6FRWWL $��

�

0LFURVWUXFWXUDO WUDQVIRUPDWLRQV
(IIHFW RI PLFURVWUXFWXUDO WUDQVIRUPDWLRQV RQ UHGLVWULEXWLRQ RI K\�
GURJHQ LQ IXVLRQ ZHOGLQJ RI VWUXFWXUDO VWHHOV �0DNKQHQNR 9�,��
.RURO\RYD 7�9� DQG /DYULQHWV ,�*��

�

0LOLWDU\ WDQN FRQVWUXFWLRQ
:RUNV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI
8NUDLQH LQ WKH ILHOG RI PLOLWDU\ WDQN FRQVWUXFWLRQ �3DWRQ %�(� DQG
*RUGRQQ\ 9�*��

�

0LUURU V\VWHPV
,PSURYHPHQW RI HIILFLHQF\ RI ODVHU WUHDWPHQW XVLQJ RII�D[LV EHDPV
IRFXVHG E\ PLUURU V\VWHPV �3DWRQ %�(�� %XODWVHY $�5�� *DYULVK
6�6�� =DJUHEHOQ\ $�$�� 3DYORYD 6�9� DQG 6KXO\P 9�)� �

��

0RGHOOLQJ
&DOFXODWLRQ RI SHQHWUDWLRQ GHSWK RI ZRUNSLHFHV LQ &2� ZHOGLQJ
�9DUXNKD (�1� DQG 0RUR]RY $�$��

�

&RPSXWHU SURJUDP �:HOGLQJ RI WXEHV WR WXEH VKHHWV RI KHDW H[�
FKDQJHUV� �0DNKQHQNR 9�,�� 9HOLNRLYDQHQNR (�$�� 0DNKQHQNR
2�9�� 5R]\QND *�)�� 3LYWRUDN 1�,�� 6H\IIDUWK 3� DQG
%DXW]PDQQ .��

�

(IIHFW RI JDS RQ VL]HV RI EXWW ZHOG LQ FRQVXPDEOH HOHFWURGH DUF
ZHOGLQJ LQ $U � �� � &2� PL[WXUH �.RULQHWV ,�)� DQG -L &KHQJ
&KXQJ�

�

(QHUJ\ GRVLQJ LQ XOWUDVRQLF ZHOGLQJ RI ULJLG SRO\PHUV �/XJRYRM
=�3� DQG 1HVWHUHQNR 1�3��

�

(IIHFW RI PLFURVWUXFWXUDO WUDQVIRUPDWLRQV RQ UHGLVWULEXWLRQ RI K\�
GURJHQ LQ IXVLRQ ZHOGLQJ RI VWUXFWXUDO VWHHOV �0DNKQHQNR 9�,��
.RURO\RYD 7�9� DQG /DYULQHWV ,�*��

�

,QWHUQDWLRQDO &RQIHUHQFH �0DWKHPDWLFDO 0RGHOOLQJ DQG ,QIRUPD�
WLRQ 7HFKQRORJLHV LQ :HOGLQJ DQG 5HODWHG 3URFHVVHV�

��

,PSURYHPHQW RI HIILFLHQF\ RI ODVHU WUHDWPHQW XVLQJ RII�D[LV EHDPV
IRFXVHG E\ PLUURU V\VWHPV �3DWRQ %�(�� %XODWVHY $�5�� *DYULVK
6�6�� =DJUHEHOQ\ $�$�� 3DYORYD 6�9� DQG 6KXO\P 9�)� �

��

0DWKHPDWLFDO PRGHO RI WHFKQRORJLFDO DGDSWDWLRQ RI WKH URERW WR WKH
JDS LQ DUF ZHOGLQJ �.RULQHWV ,�)� DQG -L &KHQJ &KXQJ�

�

0DWKHPDWLFDO PRGHOOLQJ RI KHDW SURFHVVHV LQ ZHOGLQJ IRDP PDWHULDOV
�0DNKQHQNR 9�,�� 9HOLNRLYDQHQNR (�$�� 5R]\QND *�)�� 3LYWRUDN
1�,�� 6H\IIDUWK 3� DQG -DVQDX 8��

��

1XPHULFDO PRGHOOLQJ RI WKH SURFHVV RI IRUPDWLRQ RI D PROWHQ PHWDO
GURS DW WKH WLS RI D FRQVXPDEOH HOHFWURGH �7DUDVRY 1�0�� *RUORY
$�.� DQG /DVKNR 6�1��

�

2Q FRQVWUXFWLRQ RI WKH PRGHO RI ZHOG SRRO LQ FRQVXPDEOH�HOHFWURGH
DUF ZHOGLQJ �*XODNRY 6�9� DQG 1RVRYVN\ %�,��

�

3HFXOLDULWLHV RI FROG FUDFNLQJ LQ ZHOGLQJ RI KLJK�VWUHQJWK ORZ�DOOR\
VWHHOV �6KYDFKNR 9�,� DQG 6WHSDQ\XN 6�1��

�

5ROH RI PDWKHPDWLFDO PRGHOOLQJ LQ VROYLQJ SUREOHPV RI ZHOGLQJ
GLVVLPLODU VWHHOV �5HYLHZ� �0DNKQHQNR 9�,� DQG 6DSU\NLQD *�<X��

�

7R WKH TXHVWLRQ RI *0$: VWDELOLW\ �7V\EXONLQ *�$�� �

6LPXODWLRQ RI WKHUPDO DQG VROLGLILFDWLRQ SURFHVVHV LQ ODVHU ZHOGLQJ
RI DOXPLQLXP SODWHV �.DUNKLQ 9�$�� 3ORVKLNKLQ 9�9� DQG %HUJPDQ
.K�9��

�

�WK ,QWHUQDWLRQDO 6HPLQDU �1XPHULFDO DQDO\VLV RI ZHOGDEL�OLW\� �

1HXUDO QHWZRUNV
$GDSWLYH DOJRULWKP RI TXDOLW\ FRQWURO RI UHVLVWDQFH VSRW ZHOGLQJ
XVLQJ QHXUDO QHWZRUNV �3RGROD 1�9�� 5XGHQNR 3�0� DQG *DYULVK
9�6��

�

6HOHFWLRQ RI LQSXW YDULDEOHV DQG VWUXFWXUH RI QHXUDO QHWZRUN WR
HYDOXDWH WKH TXDOLW\ RI UHVLVWDQFH VSRW ZHOGLQJ �3RGROD 1�9��
*DYULVK 9�6� DQG 5XGHQNR 3�0��

�

1HZV
([WUDRUGLQDU\ DQG 3OHQLSRWHQWLDU\ $PEDVVDGRU RI WKH 86$ WR
8NUDLQH LV ,QWURGXFHG WR WKH DFWLYLW\ RI 67& �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH�

�

,QWHUQDWLRQDO &RQIHUHQFH �0DWKHPDWLFDO 0RGHOOLQJ DQG ,QIRUPD�
WLRQ 7HFKQRORJLHV LQ :HOGLQJ DQG 5HODWHG 3URFHVVHV�

��

,QWHUQDWLRQDO ([KLELWLRQ �:HOGLQJ x 8NUDLQHs����� �

/HEHGHY 9�.� LV �� �

3URIHVVRU 'HWOHI YRQ +RIH LV �� �

�WK ,QWHUQDWLRQDO 6HPLQDU �1XPHULFDO DQDO\VLV RI ZHOGDELOLW\� �

8�6� &RQJUHVVPDQ YLVLWV WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH
RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

�

9LVLW E\ WKH ([WUDRUGLQDU\ DQG 3OHQLSRWHQWLDU\ $PEDVVDGRU RI WKH
5XVVLDQ )HGHUDWLRQ LQ 8NUDLQH WR WKH 67& �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� RI WKH 1$6 RI 8NUDLQH

�

9LVLW RI WKH 0LQLVWHU RI )RUHLJQ $IIDLUV RI WKH 5HSXEOLF RI ,QGLD WR
WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH

�

9LVLW WR WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH E\ 'U� :D\QH
7KRPDV� WKH ODXUHDWH RI WKH (YJHQ\ 3DWRQ 3UL]H RI WKH ,QWHUQDWLRQDO
,QVWLWXWH RI :HOGLQJ

��

:HOGLQJ LQ VXUJHU\ x D QHZ GLUHFWLRQ LQ ZHOGLQJ WHFKQRORJ\ �

1LFNHO
3HFXOLDULWLHV RI PLFURVWUXFWXUH RI H[SORVLRQ ZHOGHG MRLQWV LQ QLFNHO
�0DUNDVKRYD /�,�� $UVHQ\XN 9�9�� 3HWXVKNRY 9�*� DQG *ULJRUHQNR
*�0��

��

2SHQ KRQH\FRPE PHWDO VWUXFWXUHV
$ V\VWHP IRU PHFKDQL]HG PLFURSODVPD ZHOGLQJ RI KRQH\FRPE DOX�
PLQLXP PHWDO VWUXFWXUHV �3DWRQ 9�(�� 9RURSDM 1�0� DQG *YR]GH�
WVN\ 9�6��

�

2[LGH ILOPV
3UHYHQWLRQ RI IRUPDWLRQ RI R[LGH ILOPV LQ ZHOGV RQ /L�FRQWDLQLQJ
DOXPLQLXP DOOR\V �3RNO\DWVN\ $�*�� /R]RYVND\D $�9� DQG *ULQ\XN
$�$��

��

3HUIRUDWHG LQWHUOD\HU
9DFXXP GLIIXVLRQ ERQGLQJ RI FKURPLXP WR FRSSHU �.KDUFKHQNR
*�.�� )DOFKHQNR <X�9�� 1RYRPOLQHWV 2�$� DQG *RUEDQ 9�)��

�

3RUH IRUPDWLRQ
2Q WKH FDXVHV IRU IRUPDWLRQ RI GHIHFWV LQ ZHOGV RI (��� DOOR\ PDGH
E\ HOHFWURQ EHDPZHOGLQJ DQGPHWKRGV RI FRQWUROOLQJ WKHP �9DVLONRY
9�,�� .LVOLWVN\ $�$�� 2QXFKLQ 1�9�� 5R]KNRY 9�9�� 6WUXNRY $�9��
&KL]KRY 9�%� DQG /DYUHQ\XN 3�,��

�

4XDOLW\ FRQWURO
$GDSWLYH DOJRULWKP RI TXDOLW\ FRQWURO RI UHVLVWDQFH VSRW ZHOGLQJ
XVLQJ QHXUDO QHWZRUNV �3RGROD 1�9�� 5XGHQNR 3�0� DQG *DYULVK
9�6��

�

$XWRPDWLF FRPSXWHU DQDO\VLV RI KRORJUDSKLF LQWHUIHURJUDPV LQ QRQ�
GHVWUXFWLYH TXDOLW\ FRQWURO RI PDWHULDOV DQG HOHPHQWV RI VWUXFWXUHV
�/REDQRY /�0�� 3LYWRUDN 9�$�� 6DYLWVN\ 9�9� DQG 2OHMQLN (�0��

��

,PSURYHPHQW RI TXDOLW\ RI ZHOGLQJ HOHFWURGHV RQ WKH EDVLV RI VWDQG�
DUGV ,62 RI VHULHV ��������� �0DUFKHQNR $�(��

��

0HWKRG RI GHWHUPLQDWLRQ RI FRUUHFWLYH DFWLRQV LQ VWDWLVWLFDO FRQWURO
RI ZHOGLQJ SURFHVVHV �7DUDU\FKNLQ ,�$��

��

6HOHFWLRQ RI LQSXW YDULDEOHV DQG VWUXFWXUH RI QHXUDO QHWZRUN WR
HYDOXDWH WKH TXDOLW\ RI UHVLVWDQFH VSRW ZHOGLQJ �3RGROD 1�9��
*DYULVK 9�6� DQG 5XGHQNR 3�0��

�

6\VWHP RI LQ�SURFHVV TXDOLW\ FRQWURO RI ZHOGLQJ HTXLSPHQW GXULQJ
LWV PDQXIDFWXULQJ �3DWRQ %�(�� .RURW\QVN\ $�(�� 6NRS\XN 0�,��
<XPDWRYD 9�,�� .RSLOHQNR (�$�� 3DYOHQNR *�9�� 3DYOHQNR *�/�
DQG &KP\NKRY 1�9��

�

5DUH�HDUWK PHWDOV
0RGLI\LQJ� UHILQLQJ DQG DOOR\LQJ ZLWK \WWULXP LQ ZHOGLQJ RI VWHHOV
�(ILPHQNR 1�*��

�

6ROGHULQJ
'LVSHUVLRQ�VWUHQJWKHQHG KHDW�UHVLVWDQW VROGHU �.KRUXQRY 9�)��
6DEDGDVK 2�0�� 0DNVLPRYD 6�9� DQG 6WHIDQLY %�9��

��

6SDFH H[SHULPHQWV
5HVXOWV RI H[SHULPHQWV RQ PDQXDO (%: LQ D PDQQHG VSDFH VLPXOD�
WLRQ WHVW FKDPEHU �0LNKDMORYVND\D (�6�� 6KXO\P 9�)� DQG =DJUH�
EHOQ\ $�$��

�

:HOGLQJ WHFKQRORJLHV XQGHU H[WUHPH FRQGLWLRQV� 3DUW �� $QDO\VLV
RI PXOWLIDFWRUWLDO SRWHQWLDO ULVN �3DWRQ %�(�� %XODWVHY$�5��*DYULVK
6�6�� =DJUHEHOQ\ $�$�� 3DYORYD 6�9� DQG 6KXO\P 9�)��

��
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:HOGLQJ WHFKQRORJLHV XQGHU H[WUHPH FRQGLWLRQV� 3DUW �� 'HJUHH RI
ULVN DQG SRVVLELOLWLHV IRU ULVN PLWLJDWLRQ �3DWRQ %�(�� %XODWVHY $�5��
*DYULVK 6�6�� =DJUHEHOQ\ $�$�� 3DYORYD 6�9� DQG 6KXO\P 9�)��

��

6SUD\LQJ
,QYHVWLJDWLRQ RI ELRFHUDPLF FRDWLQJV SURGXFHG E\PLFURSODVPD VSUD\�
LQJ �%RULVRY <X�6�� 9RMQDURYLFK 6�*�� 8OLDQFKLFK 1�9�� -HQVHQ -�
DQG :RONH -��

�

0LFURSODVPD VSUD\LQJ XVLQJ ZLUH PDWHULDOV �%RULVRY <X�6� DQG .LV�
OLWVD $�1��

�

7KHUPDO FRDWLQJV FRQWDLQLQJ GU\ OXEULFDQWV IRU RSHUDWLRQ XQGHU FRQ�
GLWLRQV RI GU\ IULFWLRQ DQG HOHYDWHG WHPSHUDWXUHV �7XQLN $�<X��

�

6WHHOV

$UPRXUHG VWHHOV
:RUNV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI
8NUDLQH LQ WKH ILHOG RI PLOLWDU\ WDQN FRQVWUXFWLRQ �3DWRQ %�(� DQG
*RUGRQQ\ 9�*��

�

$XVWHQLWLF VWHHOV
:HOGHG MRLQWV RI DXVWHQLWLF VWHHO ��&Uw��1Lw�6L LQ DXJPHQWHG WXU�
ERSLVWRQ HQJLQHV �3LQFKXN 1�,�� 5\D]DQVWHY 1�.� DQG 5RYHQVN\
,�/��

�

&RPSOH[O\�DOOR\HG VWHHOV
/DVHU FODGGLQJ RI K\SRHXWHFWRLG FRPSOH[O\�DOOR\HG VWHHOV �.KDVNLQ
9�<X� DQG *DUDVKFKXN 9�3��

�

/RZ�DOOR\HG VWHHOV
0DJQHWLFDOO\�LPSHOOHG DUF EXWW ZHOGLQJ RI WKLFN�ZDOOHG SLSHV
�.XFKXN�<DWVHQNR 6�,�� .DFKLQVN\ 9�6� DQG ,JQDWHQNR 9�<X��

�

3LSH VWHHO
+HWHURJHQHLW\ RI SLSH VWHHO MRLQWV PDGH E\ IODVK EXWW ZHOGLQJ
�.XFKXN�<DWVHQNR 6�,�� .KDUFKHQNR *�.�� *ULJRUHQNR *�0�� )DO�
FKHQNR <X�9�� 7DUDQRYD 7�*�� *ULWVNLY <D�3�� =DJDGDUFKXN 9�)�
DQG *ULJRUHQNR 6�*��

�

5DLO VWHHOV
5HVLVWDQFH RI WKH +$= PHWDO RI VWHH/ 0�� WR FROG FUDFNLQJ DIWHU
VXUIDFLQJ XVLQJ IHUULWLF JUDGH ZLUHV �&KHUQ\DN <D�3�� %XUVN\ *�9�
DQG .DOHQVN\ 9�.��

��

6SDUVHO\�DOOR\HG VWUXFWXUDO VWHHOV
3UREOHPV LQ DSSOLFDWLRQ RI QHZ VWHHOV RI LQFUHDVHG DQG KLJK VWUHQJWK
LQ ZHOGHG VWUXFWXUHV �.LULDQ 9�,� DQG 0LNKRGXM /�0��

�

6WDEOH�DXVWHQLWLF VWHHOV
)LHOG ZHOGLQJ RI ODUJH�VL]H VSKHULFDO LVRWKHUPDO WDQNV IRU VWRUDJH RI
FU\RJHQLF SURGXFWV �<XVKFKHQNR .�$��0RQNR *�*�� 6WDUXVKFKHQNR
7�0�� %HORUXVHWV %�2� DQG 1DXPRY $�6��

�

6WUXFWXUDO VWHHOV
$�7,* ZHOGLQJ RI VWUXFWXUDO VWHHOV IRU SRZHU HQJLQHHULQJ DSSOLFD�
WLRQV �%DMLF '�5�� 6DYLWVN\ 0�0�� 0HOQLFKXN *�0� DQG /XSDQ
$�)��

�

3URFHGXUH DQG SDUDPHWHUV RI $�7,* ZHOGLQJ RI VWUXFWXUDO VWHHOV
�%DMLF '�5�� 0HOQLFKXN *�0�� /XSDQ $�)� DQG 6DYLWVN\ 0�0��

��

6WUHVVHV DQG GHIRUPDWLRQV
(IIHFW RI GHIRUPDWLRQ RQ HOHFWURFKHPLFDO KHWHURJHQHLW\ RI SLSHOLQH
ZHOGHG MRLQWV �5DGNHYLFK $�,��

�

(VWLPDWLRQ RI VWUHVVHG VWDWH RI WKH ZDOO RI FRLOHG YHUWLFDO F\OLQGULFDO
WDQNV LQ ZHOGLQJ�LQ RI LQVHUW SODWHV �0DNKQHQNR 9�,�� %DUYLQNR
$�<X�� %DUYLQNR <X�3� DQG 7VLDUNRYVN\ 3��

�

([SHULPHQWDO LQYHVWLJDWLRQV RI ILHOGV RI UHVLGXDO VWUHVVHV LQ ZHOGHG
DQG UROOHG ,�EHDPV �*RORGQRY $�,� DQG .KYRUWRYD 0�<X��

�

,QYHVWLJDWLRQ RI HIIHFW RI GHIRUPDWLRQDO WUHDWPHQW RQ UHVL�GXDO
VWUHVVHV LQ FLUFXPIHUHQWLDO ZHOGV �=XEFKHQNR $�6�� .RORVNRY0�0��
$PHOLDQFKLN $�9�� /HYLWDQ /�0� DQG 6KLURODSRYD 7�%��

�

/LPLWLQJ WKLFNQHVV RI ZHOGHG MRLQWV WR EH H[SORVLRQ WUHDWHG
�3HWXVKNRY 9�*�� 7LWRY 9�$� DQG %U\]JDOLQ $�*��

�

0DVV WUDQVIHU SURFHVVHV LQ SUHVVXUH MRLQLQJ RI GLVVLPLODU PHWDOV
�0DUNDVKRYD /�,�� $UVHQ\XN 9�9�� *ULJRUHQNR *�0� DQG %HUGQL�
NRYD (�1��

�

0HWKRG IRU LQYHVWLJDWLRQ RI ORQJLWXGLQDO UHVLGXDO VWUHVVHV LQ EHDG
RQ QLFNHO DOOR\ SODWH ZHOGLQJ �&KHUY\DNRY 1�2� DQG <XVKFKHQNR
.�$��

�

3HFXOLDULWLHV RI FROG FUDFNLQJ LQ ZHOGLQJ RI KLJK�VWUHQJWK ORZ�DOOR\
VWHHOV �6KYDFKNR 9�,� DQG 6WHSDQ\XN 6�1��

�

3HFXOLDULWLHV RI SKDVH IRUPDWLRQ LQ SUHVVXUH ZHOGLQJ RI GLVVLPLODU
PHWDOV XQGHU FRQGLWLRQV RI KLJK�UDWH GHIRUPLQJ �0DUNDVKRYD /�,��
$UVHQ\XN 9�9�� *ULJRUHQNR *�0� DQG %HUGQLNRYD (�1��

�

3HFXOLDULWLHV RI SODVWLF GHIRUPDWLRQ RI GLVVLPLODU PDWHULDOV LQ SUHVVXUH
MRLQLQJ �0DUNDVKRYD /�,�� $UVHQ\XN 9�9� DQG *ULJRUHQNR *�0��

�

5ROH RI PDWKHPDWLFDO PRGHOOLQJ LQ VROYLQJ SUREOHPV RI ZHOGLQJ
GLVVLPLODU VWHHOV �5HYLHZ� �0DNKQHQNR 9�,� DQG 6DSU\NLQD *�<X��

�

6XUIDFLQJ
&RQWURO RI SHQHWUDWLRQ GHSWK LQ VXUIDFLQJ RI FRSSHU WUDFNV �5R\DQRY
9�$� DQG 3VDUDV *�*��

�

(IIHFW RI DOOR\LQJ HOHPHQWV RQ VWUXFWXUH RI FRPSRVLWH DOOR\ EDVHG
RQ WXQJVWHQ FDUELGHV �%HO\ $�,�� =KXGUD $�3� DQG ']\NRYLFK 9�,��

��

)OX[�FRUHG ZLUHV RI )H&U% � $O DQG )H&U � $O � & V\VWHPV IRU
HOHFWULF DUF PHWDOOL]LQJ �3RNKPXUVN\ 9�,�� 6WXGHQW 0�0��
'RYJXQ\N 9�0� DQG 6LGRUDN ,�,��

�

3HFXOLDULWLHV RI GHR[LGDWLRQ RI WKH ZHOG SRRO PHWDO LQ SODVPD VXU�
IDFLQJ ZLWK FRPSRVLWH PDWHULDOV �%HO\ $�,�� =KXGUD $�3� DQG ']\�
NRYLFK 9�,��

��

3HFXOLDULWLHV RI PHOWLQJ DQG VROLGLILFDWLRQ RI ��.K*6 W\SH GHSRVLWHG
PHWDO DOOR\HG ZLWK SKRVSKRUXV �.XVNRY <X�0�� 5\DEWVHY ,�,��
'RURVKHQNR /�.� DQG 9DVLOLHY 9�*��

�

3K\VLFDO�PHFKDQLFDO FKDUDFWHULVWLFV RI VWHHOwEURQ]H FRDWLQJV SUR�
GXFHG XVLQJ ODVHU VXUIDFLQJ �6KDWUDYD $�3��

�

5HVLVWDQFH RI WKH +$= PHWDO RI VWHH/ 0�� WR FROG FUDFNLQJ DIWHU
VXUIDFLQJ XVLQJ IHUULWLF JUDGH ZLUHV �&KHUQ\DN <D�3�� %XUVN\ *�9�
DQG .DOHQVN\ 9�.��

��

6WUXFWXUH DQG SURSHUWLHV RI QLFNHO�EDVHG DOOR\ GHSRVLWHG E\ ODVHU�
SRZGHU PHWKRG �6NULSND 1�1��

�

6XUIDFLQJ ZLWK QLWURJHQ DOOR\V �.DOLDQRY 9�1�� ��

7HFKQRORJ\ RI UHVWRUDWLRQ RI JDV WXUELQH EODGHV �=KDGNHYLFK 0�/��
%RQGDUHY $�$�� =HOHQLQ 9�,�� 7HSO\XN 9�0�� 6LGRUHQNR 6�,�� 0R�
NKRUW 9�$�� 1HVWHUHQNR <X�9� DQG =HOHQLQ 2�9��

�

7KHUPDO SRZHU SODQW VOLPH
6OLPH RI ZDWHU�FRQGLWLRQLQJ XQLWV RI WKHUPDO SRZHU HQJLQHHULQJ DV
UDZPDWHULDO IRU HOHFWURGH FRDWLQJV �/D]HEQRY 3�3� DQG 3XOLQD 1�1��

�

9DFXXP GLIIXVLRQ ERQGLQJ
9DFXXP GLIIXVLRQ ERQGLQJ RI FKURPLXP WR FRSSHU �.KDUFKHQNR
*�.�� )DOFKHQNR <X�9�� 1RYRPOLQHWV 2�$� DQG *RUEDQ 9�)��

�

:HDU UHVLVWDQFH
/DVHU FODGGLQJ RI K\SRHXWHFWRLG FRPSOH[O\�DOOR\HG VWHHOV �.KDVNLQ
9�<X� DQG *DUDVKFKXN 9�3��

�

:HDU UHVLVWDQFH RI GHSRVLWHG PHWDO RI )Hw&w&Uw7Lw0R DOOR\LQJ
V\VWHP �5\DEWVHY ,�$�� .RQGUDWLHY ,�$�� 9DVLOLHY 9�*� DQG
'RURVKHQNR /�.��

�

:HOGHG KRSSHU FDUV
,QWHJUDWHG PHFKDQLVDWLRQ DQG DXWRPDWLRQ RI PDQXIDFWXUH RI ZHOGHG
KRSSHU FDUV �7V\JDQ %�*�� 3LURJRY /�,�� 'RQFKHQNR $�9� DQG
7UXEDFKHY <X�$��

�

:HOGLQJ
-DSDQ GHWHUPLQHV LWV SULRULWLHV LQ WKH ILHOG RI ZHOGLQJ IRU ;;, FHQWXU\
�%HUQDGVN\ 9�1��

�

:HOGLQJ DQG DOOLHG WHFKQRORJLHV DW WKH (VVHQ )DLU �

:HOGLQJ LQ VXUJHU\ x D QHZ GLUHFWLRQ LQ ZHOGLQJ WHFKQRORJ\ �

$�7,* ZHOGLQJ
$�7,* ZHOGLQJ RI VWUXFWXUDO VWHHOV IRU SRZHU HQJLQHHULQJ DSSOLFD�
WLRQV �%DMLF '�5�� 6DYLWVN\ 0�0�� 0HOQLFKXN *�0� DQG /XSDQ
$�)��

�

3URFHGXUH DQG SDUDPHWHUV RI $�7,* ZHOGLQJ RI VWUXFWXUDO VWHHOV
�%DMLF '�5�� 0HOQLFKXN *�0�� /XSDQ $�)� DQG 6DYLWVN\ 0�0��

��

(%:
(OHFWURQ EHDP ZHOGLQJ RI �� PP WKLFN VWHHOV XVLQJ ORQJLWXGLQDO
RVFLOODWLRQV RI EHDP �$NRSLDQWV .�6�� 1HVWHUHQNRY 9�0� DQG 1D]�
DUHQNR 2�.��

�

([SHULHQFH RI XVLQJ JXQV ZLWK SODVPD FDWKRGHV IRU HOHFWURQ EHDP
ZHOGLQJ RI QXFOHDU SRZHU VWDWLRQ IXHO HOHPHQWV �9DVLONRY 9�,�� .LV�
OLWVN\ $�$�� 2QXFKLQ 1�9�� 3FKHONLQ 5�'�� 5R]KNRY 9�9�� 8VKDNRY
$�9�� 6WUXNRY $�9�� 5HPSH 1�*� DQG 2VLSRY ,�9��

�

2Q WKH FDXVHV IRU IRUPDWLRQ RI GHIHFWV LQ ZHOGV RI (��� DOOR\ PDGH
E\ HOHFWURQ EHDP ZHOGLQJ DQG PHWKRGV RI FRQWUROOLQJ WKHP �9D�
VLONRY 9�,�� .LVOLWVN\ $�$�� 2QXFKLQ 1�9�� 5R]KNRY 9�9�� 6WUXNRY
$�9�� &KL]KRY 9�%� DQG /DYUHQ\XN 3�,��

�

6\VWHP RI GLDJQRVWLFV RI HOHFWURQ EHDP LQ LQVWDOODWLRQV IRU HOHFWURQ
EHDP ZHOGLQJ �$NRSLDQWV .�6�� 1D]DUHQNR 2�.�� *XPRYVN\ 9�9�
DQG &KHUQ\DNLQ 9�3��

��

5HVXOWV RI H[SHULPHQWV RQ PDQXDO (%: LQ D PDQQHG VSDFH VLPXOD�
WLRQ WHVW FKDPEHU �0LNKDMORYVND\D (�6�� 6KXO\P 9�)� DQG =DJUH�
EHOQ\ $�$��

�

:HOGLQJ WHFKQRORJLHV XQGHU H[WUHPH FRQGLWLRQV� 3DUW �� $QDO\VLV
RI PXOWLIDFWRUWLDO SRWHQWLDO ULVN �3DWRQ %�(�� %XODWVHY $�5��*DYULVK
6�6�� =DJUHEHOQ\ $�$�� 3DYORYD 6�9� DQG 6KXO\P 9�)��

��

:HOGLQJ WHFKQRORJLHV XQGHU H[WUHPH FRQGLWLRQV� 3DUW �� 'HJUHH RI
ULVN DQG SRVVLELOLWLHV IRU ULVN PLWLJDWLRQ �3DWRQ %�(�� %XODWVHY $�5��
*DYULVK 6�6�� =DJUHEHOQ\ $�$�� 3DYORYD 6�9� DQG 6KXO\P 9�)��

��

(UHFWLRQ DVVHPEO\�ZHOGLQJ
(UHFWLRQ DVVHPEO\�ZHOGLQJ RI WXEXODU VWUXFWXUHV RI QLRELXP DOOR\V
LQ WKH MLJ �%ODVKFKXN 9�(��

�
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([SORVLRQ ZHOGLQJ
3HFXOLDULWLHV RI PLFURVWUXFWXUH RI H[SORVLRQ ZHOGHG MRLQWV LQ QLFNHO
�0DUNDVKRYD /�,�� $UVHQ\XN 9�9�� 3HWXVKNRY 9�*� DQG *ULJRUHQNR
*�0��

��

6SHFLDO FRQGLWLRQV IRU IRUPDWLRQ RI MRLQWV LQ VKRFN ZDYH ZHOGLQJ RI
PHWDOV �'REUXVKLQ /�'�� )DGHHQNR <X�,� DQG 3HWXVKNRY 9�*��

�

)ULFWLRQ VWLU ZHOGLQJ
)ULFWLRQ VWLU ZHOGLQJ RI DOXPLQLXP DOOR\V �5HYLHZ� �7UHW\DN 1�*�� �

)ULFWLRQ ZHOGLQJ
(IIHFW RI SURFHVV SDUDPHWHUV DQG EUDNLQJ G\QDPLFV LQ IULFWLRQ ZHOG�
LQJ RQ VWUXFWXUH DQG SURSHUWLHV RI MRLQWV EHWZHHQ FRSSHU DQG DOX�
PLQLXP �.XFKXN�<DWVHQNR 6�,�� =\DNKRU ,�9� DQG *RUGDQ *�1��

�

0HFKDQLVP RI ELPHWDO MRLQWV IRUPDWLRQ LQ IULFWLRQ ZHOGLQJ �.XFKXN�
<DWVHQNR 6�,� DQG =\DNKRU ,�9��

�

)XVLRQ ZHOGLQJ
)XVLRQ ZHOGLQJ RI GLVSHUVLRQ�VWUHQJWKHQHG DXOPLQLXP�EDVHG FRP�
SRVLWH PDWHULDOV� FRQWDLQLQJ VLOLFRQ FDUELGH SDUWLFOHV �5HYLHZ�
�&KHUHSLYVND\D (�9� DQG 5\DERY 9�5��

�

)XVLRQ ZHOGLQJ RI WLWDQLXP WR VWHHO �5HYLHZ� �.LUHHY /�6� DQG
=DPNRY 9�1��

�

+\EULG ZHOGLQJ
&RPELQHG PHWKRG IRU SODVPD DQG DUF ZHOGLQJ XVLQJ GLIIHUHQW�SR�
ODULW\ FXUUHQW SXOVHV �+LGUD�SURFHVV� �9RURSDM 1�0� DQG0LVKHQNRY
9�$��

��

+\EULG &2��ODVHU DQG &2� FRQVXPDEOH�DUF ZHOGLQJ �6KHO\DJLQ
9�'�� .KDVNLQ 9�<X�� *DUDVKFKXN 9�3�� 6LRUD $�9�� %HUQDWVN\
$�9� DQG 6DNKDUQRY $�9��

��

+\EULG ODVHU�PLFURSODVPD ZHOGLQJ RI WKLQ VHFWLRQV RI PHWDOV �3DWRQ
%�(�� *YR]GHWVN\ 9�6�� .ULYWVXQ ,�9�� =DJUHEHOQ\ $�$�� 6KXO\P
9�)� DQG ']KHSSD 9�/��

�

7HQGHQFLHV LQ GHYHORSPHQW RI ODVHU�DUF ZHOGLQJ �5HYLHZ� �6KHO\D�
JLQ 9�'� DQG .KDVNLQ 9�<X��

�

/DVHU ZHOGLQJ
6LPXODWLRQ RI WKHUPDO DQG VROLGLILFDWLRQ SURFHVVHV LQ ODVHU ZHOGLQJ
RI DOXPLQLXP SODWHV �.DUNKLQ 9�$�� 3ORVKLNKLQ 9�9� DQG %HUJPDQ
.K�9��

�

0DJQHWLFDOO\�LPSHOOHG DUF EXWW ZHOGLQJ
0DJQHWLFDOO\�LPSHOOHG DUF EXWW ZHOGLQJ RI WKLFN�ZDOOHG SLSHV
�.XFKXN�<DWVHQNR 6�,�� .DFKLQVN\ 9�6� DQG ,JQDWHQNR 9�<X��

�

0LFURSODVPD ZHOGLQJ
$ V\VWHP IRU PHFKDQL]HG PLFURSODVPD ZHOGLQJ RI KRQH\FRPE DOX�
PLQLXP PHWDO VWUXFWXUHV �3DWRQ 9�(�� 9RURSDM 1�0� DQG *YR]GH�
WVN\ 9�6��

�

0,*�0$* ZHOGLQJ
$ERXW HIIHFW RI HOHFWULF ILHOG IOXFWXDWLRQV LQ DUF FROXPQ RQ DUF
ZHOGLQJ SURFHVV VWDELOLW\ �7V\EXONLQ *�$��

�

&DOFXODWLRQ RI SHQHWUDWLRQ GHSWK RI ZRUNSLHFHV LQ &2� ZHOGLQJ
�9DUXNKD (�1� DQG 0RUR]RY $�$��

�

(IIHFW RI DQ HOHFWURGH PHWDO GURSOHW RQ DUF YROWDJH LQ JDV�VKLHOGHG
ZHOGLQJ �3RQRPDU\RY 9�� GD &RVWD $�9� DQG 6FRWWL $��

�

(IIHFW RI JDS RQ VL]HV RI EXWW ZHOG LQ FRQVXPDEOH HOHFWURGH DUF
ZHOGLQJ LQ $U � �� � &2� PL[WXUH �.RULQHWV ,�)� DQG -L &KHQJ
&KXQJ�

�

(IIHFW RI ZHOGLQJ VSHHG RQ ZHOGLQJ FXUUHQW PDJQHWLF ILHOG �6KFKHW�
LQLQD 9�,�� 6KFKHWLQLQ 6�9�� &KDSQL 1�,�� 6KFKHUELQD $�9�� 0HO�
QLNRY $�(� DQG *ROXENRY 6�3��

�

)HDWXUHV RI FRQVXPDEOH�HOHFWURGH DUF ZHOGLQJ RI DOXPLQLXP DOOR\V
LQ QHRQ DQG LWV PL[WXUHV ZLWK KHOLXP DQG DUJRQ �,VKFKHQNR $�<D��
'RYELVKFKHQNR ,�9�� 0DVKLQ 9�6� DQG 3DVKXO\D 0�3��

��

0HWKRG RI FDOFXODWLRQ RI YROWDJH GURS LQ HOHFWURGH VWLFNRXW OHQJWK
ZLWK DOORZDQFH IRU QRQ�OLQHDULW\ RI WKHUPRSK\VLFDO SDUDPHWHUV �3HQ�
WHJRY ,�9� DQG 3HWULHQNR 2�,��

�

0HWKRG RI GHWHUPLQDWLRQ RI FRUUHFWLYH DFWLRQV LQ VWDWLVWLFDO FRQWURO
RI ZHOGLQJ SURFHVVHV �7DUDU\FKNLQ ,�$��

��

2Q FRQVWUXFWLRQ RI WKH PRGHO RI ZHOG SRRO LQ FRQVXPDEOH�HOHFWURGH
DUF ZHOGLQJ �*XODNRY 6�9� DQG 1RVRYVN\ %�,��

�

6HOHFWLRQ RI WKH FRPSRVLWLRQ RI ZHOGLQJ IOX[HV� DOORZLQJ IRU WKH
VWUXFWXUDO FKDUDFWHULVWLFV RI WKHLU PHOWV �.X]PHQNR 9�*�� 7RNDUHY
9�6�� *DOLQLFK 9�,�� 6RNROVN\ 9�(� DQG .D�]LPLURY 9�3��

��

7R WKH TXHVWLRQ RI *0$: VWDELOLW\ �7V\EXONLQ *�$�� �

0XOWLVWDWLRQ ZHOGLQJ
$ERXW GHVLJQ RI HOHFWURQLF FRQWUROOHUV RI ZHOGLQJ FXUUHQW IRU PXO�
WLVWDWLRQ ZHOGLQJ V\VWHPV �.RURW\QVN\ $�(�� 0DNKOLQ 1�0� DQG
%RJGDQRYVN\ 9�$��

��

1DUURZ�JDS ZHOGLQJ
1DUURZ�JDS DUF ZHOGLQJ RI WLWDQLXP DOOR\V �5HYLHZ� �%HORXV 9�<X�� �

5HSDLULQJ GHIHFWV LQ WKLFN PHWDO XVLQJ WKH WHFKQRORJ\ RI QDUURZ�JDS
DUF ZHOGLQJ �7DUDU\FKNLQ ,�$� DQG 7NDFKHQNR $�1��

�

3UHVVXUH ZHOGLQJ
3HFXOLDULWLHV RI SKDVH IRUPDWLRQ LQ SUHVVXUH ZHOGLQJ RI GLVVLPLODU
PHWDOV XQGHU FRQGLWLRQV RI KLJK�UDWH GHIRUPLQJ �0DUNDVKRYD /�,��
$UVHQ\XN 9�9�� *ULJRUHQNR *�0� DQG %HUGQLNRYD (�1��

�

5HVLVWDQFH ZHOGLQJ
$GDSWLYH DOJRULWKP RI TXDOLW\ FRQWURO RI UHVLVWDQFH VSRW ZHOGLQJ
XVLQJ QHXUDO QHWZRUNV �3RGROD 1�9�� 5XGHQNR 3�0� DQG *DYULVK
9�6��

�

6HOHFWLRQ RI LQSXW YDULDEOHV DQG VWUXFWXUH RI QHXUDO QHWZRUN WR
HYDOXDWH WKH TXDOLW\ RI UHVLVWDQFH VSRW ZHOGLQJ �3RGROD 1�9��
*DYULVK 9�6� DQG 5XGHQNR 3�0��

�

8QLW IRU UHVLVWDQFH ZHOGLQJ RI QXFOHDU UHDFWRU IXHO HOHPHQWV �6LGRURY
,�1�� *UDGRYLFK $�$�� .LVOLWVN\ $�$�� 5R]KNRY 9�9�� 6WUXNRY $�9��
&KDSDHY ,�*� DQG /DYUHQ\XN 3�,��

�

6$:
'HYHORSPHQW RI PHWKRGV IRU DUF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V
�'RYELVKFKHQNR ,�9� DQG 6WHEORYVN\ %�$��

��

'LVWULEXWLRQ RI LQGXFWLRQ RI FRQWURO ORQJLWXGLQDO PDJQHWLF ILHOG LQ
ZHOGLQJ 7�MRLQWV �6LGRUHQNR 6�0�� 5D]P\VKO\DHY $�'� DQG
0DHYVN\ 9�5��

�

:RUNV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI
8NUDLQH LQ WKH ILHOG RI PLOLWDU\ WDQN FRQVWUXFWLRQ �3DWRQ %�(� DQG
*RUGRQQ\ 9�*��

�

6KRFN ZDYH ZHOGLQJ
6SHFLDO FRQGLWLRQV IRU IRUPDWLRQ RI MRLQWV LQ VKRFN ZDYH ZHOGLQJ RI
PHWDOV �'REUXVKLQ /�'�� )DGHHQNR <X�,� DQG 3HWXVKNRY 9�*��

�

6ROLG�VWDWH MRLQLQJ
6ROLG�VWDWH MRLQLQJ RI WLWDQLXP WR VWHHO �5HYLHZ� �.LUHHY /�6� DQG
=DPNRY 9�1��

�

7,* ZHOGLQJ
1RQ�FRQVXPDEOH HOHFWURGH DUJRQ�DUF ZHOGLQJ RI DOXPLQLXP DOOR\V
ZLWK DUF RVFLOODWLRQV �3RNO\DWVN\ $�*�� ,VKFKHQNR $�<D�� *ULQX\N
$�$�� &KDMND $�$� DQG )HGRUFKXN 9�(��

�

3UHYHQWLRQ RI IRUPDWLRQ RI R[LGH ILOPV LQ ZHOGV RQ /L�FRQWDLQLQJ
DOXPLQLXP DOOR\V �3RNO\DWVN\ $�*�� /R]RYVND\D $�9� DQG *ULQ\XN
$�$��

��

8OWUDVRQLF ZHOGLQJ
(QHUJ\ GRVLQJ LQ XOWUDVRQLF ZHOGLQJ RI ULJLG SRO\PHUV �/XJRYRM
=�3� DQG 1HVWHUHQNR 1�3��

�

2SWLPL]DWLRQ RI FKDUDFWHULVWLFV RI HOHFWURDFRXVWLF WUDQVGXFHUV IRU
XOWUDVRQLF ZHOGLQJ RI WKHUPRSODVWLF FRPSRVLWH PDWHULDOV �1HVWHUHQNR
1�3��

�

8VLQJ XOWUDVRQLF ZHOGLQJ IRU MRLQLQJ YDUQLVK�LQVXODWHG ZLUH LQ HOHF�
WULF HQJLQHHULQJ DSSOLFDWLRQV �+HUROG +�� 0DUWLQHN ,� DQG *UH�
FKXN 9��

�

9DFXXP SHUFXVVLRQ ZHOGLQJ
9DFXXP SHUFXVVLRQ ZHOGLQJ RI DOXPLQLXP WR FRSSHU �.KDUFKHQNR
*�.�� )DOFKHQNR <X�9�� $UVHQ\XN 9�9� DQG 3RORYHWVN\ (�9��

�

8QGHUZDWHU ZHOGLQJ
)ORDWLQJ ZHOGHG PHJDVWUXFWXUHV �5HYLHZ� �%HUQDGVN\ 9�1�� 0DN�
VLPRY 6�<X� DQG 1HWUHEVN\ 0�$��

�

:HOGLQJ�LQ RI LQVHUW SODWHV
(VWLPDWLRQ RI VWUHVVHG VWDWH RI WKH ZDOO RI FRLOHG YHUWLFDO F\OLQGULFDO
WDQNV LQ ZHOGLQJ�LQ RI LQVHUW SODWHV �0DNKQHQNR 9�,�� %DUYLQNR
$�<X�� %DUYLQNR <X�3� DQG 7VLDUNRYVN\ 3��

�

:HOGLQJ DUF
$ERXW HIIHFW RI HOHFWULF ILHOG IOXFWXDWLRQV LQ DUF FROXPQ RQ DUF
ZHOGLQJ SURFHVV VWDELOLW\ �7V\EXONLQ *�$��

�

'LVWULEXWLRQ RI UDWH DQG SUHVVXUH RI SODVPD IORZV LQ ZHOGLQJ DUFV
�9RURSDM 1�0��

��

1RQ�FRQVXPDEOH HOHFWURGH DUJRQ�DUF ZHOGLQJ RI DOXPLQLXP DOOR\V
ZLWK DUF RVFLOODWLRQV �3RNO\DWVN\ $�*�� ,VKFKHQNR $�<D�� *ULQX\N
$�$�� &KDMND $�$� DQG )HGRUFKXN 9�(��

�

:HOGLQJ FRQVXPDEOHV
,PSURYHPHQW RI TXDOLW\ RI ZHOGLQJ HOHFWURGHV RQ WKH EDVLV RI VWDQG�
DUGV ,62 RI VHULHV ��������� �0DUFKHQNR $�(��

��

6WDWH RI WKH DUW LQ SURGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV DQG WKHLU
TXDOLW\ �,JQDWFKHQNR 3�9��

��

(OHFWURGHV
&RDWHG HOHFWURGHV RI 8$1$ JUDGH IRU ZHOGLQJ DQG VXUIDFLQJ DOX�
PLQLXP DQG LWV DOOR\V �6NRULQD 1�9� DQG 0DVKLQ 9�6��

��

3HFXOLDULWLHV RI FDUERQ R[LGDWLRQ LQ ZHOGLQJ ZLWK LOPHQLWH�FRYHUHG
HOHFWURGHV �.DOLQ 1�$� DQG (ILPHQNR 1�*��

�
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)LOOHUV
,QFUHDVH LQ VWUHQJWK RI ZHOGV LQ DUF ZHOGLQJ RI DOOR\ ���� XVLQJ WKH
6F�FRQWDLQLQJ ILOOHUV �,VKFKHQNR $�<D�� /R]RYVND\D $�9�� 3RNO\D�
WVN\ $�*�� 6NODELQVND\D ,�(�� 0DVKLQ 9�6� DQG <DYRUVND\D 0�5��

�

3URSHUWLHV RI WKH PHWDO GHSRVLWHG E\ HOHFWURVODJ SURFHVV XVLQJ FKLSV
RI WRRO VWHHO �.K10DV ILOOHU PDWHULDO �.X]PHQNR2�*� DQG5\DEWVHY
,�$��

��

:LUHV
)OX[�FRUHG ZLUHV RI )H&U% � $O DQG )H&U � $O � & V\VWHPV IRU
HOHFWULF DUF PHWDOOL]LQJ �3RNKPXUVN\ 9�,�� 6WXGHQW 0�0��
'RYJXQ\N 9�0� DQG 6LGRUDN ,�,��

�

3KDVH FRPSRVLWLRQ RI )Hw&w&Uw$O V\VWHP FRDWLQJV SURGXFHG E\ WKH
PHWKRG RI HOHFWULF DUF PHWDOOL]LQJ �3RNKPXUVN\9�,�� 6WXGHQW0�0��
6LGRUDN ,�,�� 5\DEWVHY ,�$� DQG .XVNRY <X�0��

��

:HDU UHVLVWDQFH RI GHSRVLWHG PHWDO RI )Hw&w&Uw7Lw0R DOOR\LQJ
V\VWHP �5\DEWVHY ,�$�� .RQGUDWLHY ,�$�� 9DVLOLHY 9�*� DQG
'RURVKHQNR /�.��

�

:HOGLQJ HTXLSPHQW
$ERXW GHVLJQ RI HOHFWURQLF FRQWUROOHUV RI ZHOGLQJ FXUUHQW IRU PXO�
WLVWDWLRQ ZHOGLQJ V\VWHPV �.RURW\QVN\ $�(�� 0DNKOLQ 1�0� DQG
%RJGDQRYVN\ 9�$��

��

+LJK�IUHTXHQF\ SRZHU WUDQVIRUPHUV IRU LQGXFWLRQ XQLWV �3LVPHQQ\
$�6�� 6KLQORY 0�(� DQG <XNKLPHQNR 5�9��

�

0DLQ WHQGHQFLHV RI GHYHORSPHQW RI ZHOGLQJ HTXLSPHQW PDQXIDFWXUH
LQ �6(/0$�,76� $VVRFLDWLRQ DQG LWV DSSOLFDWLRQ LQ 5XVVLD DQG &,6
FRXQWULHV �.DUDVHY 0�9�� .RSLOHQNR (�$�� 3DYOHQNR *�9�� 5DER�
WLQVN\ '�1�� 6RURND 9�/�� 6R�O\DQLN 9�9� DQG .DUDVHY (�9��

�

0HFKDQL]HG HTXLSPHQW IRU ZHOGLQJ� KDUGIDFLQJ DQG FXWWLQJ LQ WKH
ILHOG FRQGLWLRQV �/HEHGHY 9�$� DQG 3LFKDN 9�*��

�

0HWKRGV RI GHVLJQ RI ZHOGLQJ LQGXFWRUV �5HYLHZ� �<XNKLPHQNR
5�9��

�

1HZ PDFKLQH IRU HOHFWURVODJ ZHOGLQJ RI ODUJH SDUWV DW -6&
�1.0%)� �1HYLGRPVN\ 9�$�� .UDVLOQLNRY 6�*�� 3DQLQ $�'��
*XOLGD 9�3� DQG /\FKNR ,�,��

�

2Q ZHOGLQJ SURSHUWLHV RI WK\ULVWRU UHFWLILHUV �3RVWRODW\ 1�,�� *OXVK�
FKHQNR $�'�� 'XNK 6�9� DQG *ULWVHQNR /�6��

��

2SWLPL]DWLRQ RI FKDUDFWHULVWLFV RI HOHFWURDFRXVWLF WUDQVGXFHUV IRU
XOWUDVRQLF ZHOGLQJ RI WKHUPRSODVWLF FRPSRVLWH PDWHULDOV �1HVWHUHQNR
1�3��

�

2SWLPLVDWLRQ RI LQGXFWRU SDUDPHWHUV IRU XQLIRUP KHDWLQJ RI GLVFV
DFURVV WKH ZLGWK RI WKH KDUGIDFLQJ ]RQH� DOORZLQJ IRU VFUHHQLQJ
�6KDEO\ 2�0�� 3XOND &K�9� DQG 3LVPHQQ\ $�6��

��

5'.���� UHVRQDQFH ZHOGLQJ SRZHU VRXUFH ZLWK D FRPELQHG H[WHUQDO
FKDUDFWHULVWLF

��

6WDWH�RI�WKH�DUW� WHQGHQFLHV DQG SURVSHFWV RI GHYHORSPHQW RI KLJK�
IUHTXHQF\ ZHOGLQJ FRQYHUWHUV �5HYLHZ� �.RURW\QVN\ $�(��

�

8QLW IRU UHVLVWDQFH ZHOGLQJ RI QXFOHDU UHDFWRU IXHO HOHPHQWV �6LGRURY
,�1�� *UDGRYLFK $�$�� .LVOLWVN\ $�$�� 5R]KNRY 9�9�� 6WUXNRY $�9��
&KDSDHY ,�*� DQG /DYUHQ\XN 3�,��

�

8VLQJ XOWUDVRQLF ZHOGLQJ IRU MRLQLQJ YDUQLVK�LQVXODWHG ZLUH LQ HOHF�
WULF HQJLQHHULQJ DSSOLFDWLRQV �+HUROG +�� 0DUWLQHN ,� DQG *UH�
FKXN 9��

�

:HOGLQJ WKUHH�SKDVH WUDQVIRUPHUV ZLWK LPSURYHG WHFKQLFDO�HFRQRPL�
FDO FKDUDFWHULVWLFV �3HQWHJRY ,�9�� 5\PDU 6�9�� /DYUHQ\XN $�9�
DQG 3HWULHQNR 2�,��

�

3ODVPDWURQV
$ V\VWHP IRU PHFKDQL]HG PLFURSODVPD ZHOGLQJ RI KRQH\FRPE DOX�
PLQLXP PHWDO VWUXFWXUHV �3DWRQ 9�(�� 9RURSDM 1�0� DQG *YR]GHW�
VN\ 9�6��

�

'HYHORSPHQW RI FRPSRVLWH PDWHULDOV IRU ]LUFRQLXP�EDVHG DFWLYH HOH�
PHQWV RI SODVPDWURQ HOHFWURGHV �6KDSRYDO $�1��

��

+\EULG ODVHU�PLFURSODVPD ZHOGLQJ RI WKLQ VHFWLRQV RI PHWDOV �3DWRQ
%�(�� *YR]GHWVN\ 9�6�� .ULYWVXQ ,�9�� =DJUHEHOQ\ $�$�� 6KXO\P
9�)� DQG ']KHSSD 9�/��

�

:HOGLQJ URERW
0DWKHPDWLFDO PRGHO RI WHFKQRORJLFDO DGDSWDWLRQ RI WKH URERW WR WKH
JDS LQ DUF ZHOGLQJ �.RULQHWV ,�)� DQG -L &KHQJ &KXQJ�

�

$GYHUWLVLQJ �� �� ��� ��

,QGH[ RI DUWLFOHV IRU 73:-s���� ��

/LVW RI DXWKRUV ��
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