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SCIENTIFIC AND TECHNICAL

3DWRQ %�(� 0RGHUQ HOHFWURQ EHDP WHFKQRORJLHV RI WKH

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

%URGRYRM 9�$�� 0LNKHHY 3�3� DQG *XVKFKD 2�,� 6RPH

UHJXODULWLHV LQ IRUPDWLRQ RI UHVLGXDO VWUHVVHV LQ ]RQHV RI D

VWUHVV UDLVHU DQG IDWLJXH FUDFN DW F\FOLF ORDGLQJ ������������������������������������ �

*DUI (�)�� /LWYLQHQNR $�(� DQG 6PLUQRY $�.K� $VVHVVPHQW

RI IDWLJXH OLIH RI WXEXODU FRQQHFWLRQV VXEMHFWHG WR XOWUDVRQLF

SHHQLQJ WUHDWPHQW ������������������������������������������������������������������������������ ��

6KXUXSRY 9�9�� 3HVKNRY 9�9�� 6KXVKSDQRY 0�1� DQG
.LUHHY /�6� )RUPDWLRQ RI HPEULWWOHG OD\HUV RQ WLWDQLXP DW LWV

LQWHUDFWLRQ ZLWK VWHHO WHFKQRORJLFDO IL[WXUH XQGHU WKH FRQGLWLRQV

RI GLIIXVLRQ ERQGLQJ ���������������������������������������������������������������������������� ��

.X]PLQ 6�9�� /\VDN 9�,� DQG 6DORPDWLQ ,�$� 0HWKRG IRU

HVWLPDWLRQ RI DFFHOHUDWLRQ SDUDPHWHUV RI SODWHV LQ D PXOWLOD\HU

VWDFN GXULQJ H[SORVLRQ ZHOGLQJ ������������������������������������������������������������ ��
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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

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

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�
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%�(� 3$721

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

$%675$&7

7HFKQRORJLHV DQG HTXLSPHQW IRU (%:� HOHFWURQ EHDP YDSRXU SKDVH GHSRVLWLRQ DQG HOHFWURQ EHDP PHOWLQJ RI WLWDQLXP

IURP D GLVSHUVHG PHOW DUH GHVFULEHG� $GYDQWDJHV RI WKH WHFKQRORJLHV DQG H[DPSOHV RI WKHLU DSSOLFDWLRQ DUH FRQVLGHUHG�

.H\ ZRU G V � HOHFWURQ EHDP WHFKQRORJLHV� ZHOGLQJ� PHOWLQJ�

VSUD\LQJ� YDSRXU SKDVH GHSRVLWLRQ� FRQGHQVHG PDWHULDOV� UHILQ�

LQJ

(OHFWURQ EHDP WHFKQRORJLHV �(%7� LV D FROOHFWLYH

WHUP� FRYHULQJ D QXPEHU RI HIILFLHQW SURFHVVHV RI SUR�

GXFWLRQ� WUHDWPHQW DQG ZHOGLQJ RI PDWHULDOV WKDW KDYH
GHYHORSHG LQWR \HW DQRWKHU LQGHSHQGHQW VFLHQFH DQG
WHFKQRORJ\ ILHOG RYHU WKH ODVW �� \HDUV DQG DUH FORVHO\

UHODWHG WR WKH SURJUHVV RI YDFXXP HQJLQHHULQJ DQG

HOHFWURQ RSWLFV�

%URDG SURVSHFWV IRU DXWRPDWLF� DQG RYHU WKH ODVW

\HDUV DOVR FRPSXWHULVHG FRQWURO RI (%7� FRQGXFWLQJ

LQ YDFXXP WKH SURFHVVHV WKDW SURYLGH QRW RQO\ SUH�

VHUYDWLRQ RI WKH LQLWLDO SXULW\ RI WKH SURFHVVHG PDWH�

ULDO� EXW DOVR LWV UHILQLQJ� KLJK HQHUJ\ GHQVLW\ LQ WKH

HOHFWURQ EHDP� XQDFKLHYDEOH ZLWK WKH WUDGLWLRQDO KHDW

VRXUFHV x DOO WKLV SURPRWHV (%7 DSSOLFDWLRQ ERWK LQ

WKH LQGXVWULHV UHODWHG WR SURGXFWLRQ RI VPDOO�VL]HG

LWHPV �LQ LQVWUXPHQW�PDNLQJ� HOHFWURQLFV�� DQG WKRVH

PDQXIDFWXULQJ ODUJH�VL]HG LWHPV �LQ KHDY\ DQG SRZHU

HQJLQHHULQJ� IRXQGU\� VKLS� DQG URFNHW�EXLOGLQJ��

,Q (%7 WKH HQHUJ\ FDUULHU LV D SRZHUIXO HOHFWURQ
EHDP WKDW PDNHV DQ LPSDFW RQ WKH PDWHULDO EHLQJ
SURFHVVHG� 7KH EHDP LV JHQHUDWHG LQ DQ HOHFWURQ EHDP

JXQ ZKHUH HPLVVLRQ RI IUHH HOHFWURQV� WKHLU DFFHOHUD�

WLRQ LQ DQ HOHFWURVWDWLF ILHOG� IRFXVLQJ DQG GHIOHFWLRQ

RI WKH EHDP E\ HOHFWURPDJQHWLF ILHOG� WDNH SODFH� 7KH

EHDP LV WDNHQ LQWR WKH ZRUNLQJ FKDPEHU WKURXJK WKH
JXQ RULILFH� 7KH REMHFWV RI WKH HOHFWURQ EHDP SURFHVV�

QDPHO\ ELOOHWV RU PDWHULDOV� DUH SODFHG LQWR WKH FKDP�

EHU� RU DUH ORDGHG LQWR LW� 'XULQJ PHOWLQJ WKH PDWHULDO
WR EH UHPHOWHG LV IHG XQGHU WKH EHDP� DQG WKH PROWHQ

PDWHULDO IORZV LQWR WKH LQWHUPHGLDWH FUXFLEOH RU

PRXOG� ,Q YDSRXU GHSRVLWLRQ� GHYLFHV IRU IDVWHQLQJ�

GLVSODFHPHQW DQG SUHKHDWLQJ RI WKH LWHPV RQ WKH VXU�
IDFH RI ZKLFK WKH HYDSRUDWLRQ PDWHULDO LV GHSRVLWHG�
DUH PRXQWHG LQ WKH ZRUNLQJ FKDPEHU LQ DGGLWLRQ WR

WKH GHYLFHV IRU IHHGLQJ WKH HYDSRUDWLRQ PDWHULDO� ,Q

ZHOGLQJ WKH LWHP LV SODFHG LQWR WKH FKDPEHU RU IHG

LQWR LW FRQWLQXRXVO\ RU SLHFH E\ SLHFH� 7KH DSSOLHG

GHYLFHV DUH KLJKO\ VSHFLILF� GHSHQGLQJ RQ WKH FRQFUHWH

SXUSRVH DQG ODUJHO\ GHWHUPLQH WKH DSSHDUDQFH RI WKH

XQLW DV D ZKROH�

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

GHYHORSPHQW RI (%7� LQ SDUWLFXODU WKH WHFKQRORJ\ DQG
HTXLSPHQW IRU (%:� LQ ����� 7KH ILUVW ODERUDWRU\

XQLW IRU (%: ZDV GHYHORSHG DW WKDW WLPH�

9DFXXP� DFFHOHUDWHG HOHFWURQ EHDPV� PHWDO SK\�
VLFV DQG PHWDOV VFLHQFH DUH WKH NH\ ILHOGV RI NQRZOHGJH

WKDW GHWHUPLQHG WKH LQLWLDO VHOHFWLRQ DQG IXUWKHU IRU�

PDWLRQ RI WKH WHDP RI H[SHUWV ZKR DUH VWLOO ZRUNLQJ

LQ WKH WKUHH PDLQ DUHDV RI (%7� QDPHO\ ZHOGLQJ� PHOW�

LQJ DQG YDSRXU GHSRVLWLRQ� 3:, LV WKH ZRUOG OHDGHU

LQ HDFK RI WKHVH DUHDV� 7KLV LV FRQILUPHG E\ QXPHURXV

SDWHQWV� VHWWLQJ XS DQG VXFFHVVIXO UXQQLQJ RI MRLQW

YHQWXUHV DQG VFLHQFH DQG WHFKQRORJ\ FHQWHUV ZLWK SDU�

WLFLSDWLRQ RI IRUHLJQ SDUWQHUV� GHYHORSPHQW DQG VDOH

RI HTXLSPHQW� WHFKQRORJLHV DQG NQRZ�KRZ XQGHU IR�

UHLJQ FRQWUDFWV�

(%7 DOVR KDV DQ LPSRUWDQW UROH LQ 3:, DFWLYLW\
DV D ZKROH� 7KUHH PDMRU UHVHDUFK GHSDUWPHQWV �DERXW

��� VWDII VFLHQWLVWV� DUH ZRUNLQJ FRPSOHWHO\ LQ WKH
DERYH DUHDV� 7KH UHVXOWV RI VRPH UHFHQW UHVHDUFK DQG

GHYHORSPHQW DUH JLYHQ EHORZ IRU HDFK RI WKHVH DUHDV�
(OHFWURQ EHDP ZHOGLQJ� 2YHU WKH ODVW �� \HDUV

WKH PDLQ DUHDV RI RXU ZRUN KDYH EHHQ DV IROORZV�

• GHYHORSPHQW RI WKH WHFKQRORJ\ DQG WHFKQLTXH RI
VLQJOH�SDVV (%: RI ODUJH�VL]HG LWHPV ZLWK WKH ZDOO

WKLFNQHVV RI XS WR ��� PP �VWUXFWXUDO VWHHOV� DQG

��� PP �DOXPLQLXP DQG WLWDQLXP DOOR\V��
• IDEULFDWLRQ RI SURGXFWLRQ HTXLSPHQW IRU (%:�
6HOHFWLRQ RI WKH DERYH DUHDV RI WKH ,QVWLWXWHsV DF�

WLYLW\ ZDV ODUJHO\ GHWHUPLQHG E\ WKH GHVLUH WR HQWHU

WKH ZRUOGPDUNHW RI (%:WHFKQRORJLHV DQG HTXLSPHQW

LQ ZKLFK D WRXJK FRPSHWLWLRQ LV FUHDWHG E\ VXFK ZHOO�

NQRZQ FRPSDQLHV DV 6WHLJHUZDOG 6FKWUDKOWHFKQLN
�*HUPDQ\�� 6FLDN\ �86$�� &DPEULGJH 9DFXXP (Q�
JLQHHULQJ �*UHDW %ULWDLQ� DQG 7HFKPHWD �)UDQFH��

,Q WKH DUHD RI (%: RI ��� w ��� PP WKLFN PHWDO

ZH PDQDJHG WR EHFRPH WKH ZRUOG OHDGHU RZLQJ WR DQ

LQWHJUDWHG DSSURDFK� ERWK LQ WHUPV RI HTXLSPHQW DQG

WHFKQRORJ\� WR VROYLQJ WKLV SUREOHP� ,Q SDUWLFXODU�

GHYHORSPHQW RI SRZHUIXO KLJKO\ VWDEOH SRZHU XQLWV
ZLWK TXLFN�UHVSRQVH FRQWURO V\VWHPV DQG HOHFWURQLF

SURWHFWLRQ IURP EUHDNGRZQV LQ WKH ZHOGLQJ JXQ >�@
� %�(� 3$721� ����
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HQVXUHG IRUPDWLRQ RI VWDEOH SHQHWUDWLRQ RI UHSURGXF�

LEOH JHRPHWULFDO GLPHQVLRQV� ,QYHVWLJDWLRQ RI SK\VLFR�

PHWDOOXUJLFDO SURFHVVHV LQ WKH ZHOG SRRO UHVXOWHG LQ

GHYHORSPHQW RI WKH PHWKRGV WR LPSURYH LWV VWDELOLW\

DQG� WKXV� SUHYHQW GHIHFWV LQ WKH FDVW ]RQH �SRUHV�

ODFNV�RI�IXVLRQ� SHDNV LQ WKH URRW SDUW� DQG KRW FUDFNV

LQ WKH ZHOG PLGGOH SDUW� >�@� 7HFKQRORJ\ RI (%: RI

ORZ�DOOR\HG VWHHOV� LQFOXGLQJ FLUFXPIHUHQWLDO ZHOGV

XS WR ��� PP WKLFN� ZLWK WKHLU GHIHFW�IUHH FORVXUH�

KDV EHHQ VXFFHVVIXOO\ LPSOHPHQWHG LQ SURGXFWLRQ FRQ�

GLWLRQV� (%: KDV EHHQ PDQ\ WLPHV DSSOLHG LQ IDEUL�

FDWLRQ RI VWUXFWXUHV RI WLWDQLXP DQG DOXPLQLXP DOOR\V

XS WR ��� PP WKLFN �)LJXUH ���

,Q DGGLWLRQ� VXFFHVVIXO LQWURGXFWLRQ LQWR SURGXF�

WLRQ RI (%: RI VKHHW PHWDO VKRXOG EH DOVR QRWHG� LQ

SDUWLFXODU RI D FRQWLQXRXV ELPHWDO EODQN IRU PDQX�

IDFWXULQJ PDFKLQH EDQG VDZV� $ SURGXFWLRQ OLQH IRU

WKLV WHFKQRORJ\� VHW XS LQ WKH &KLQHVH�8NUDLQLDQ 3$�

721�*/(=, -RLQW 9HQWXUH� KDV DOUHDG\ EHHQ LQ RS�

HUDWLRQ IRU WZR \HDUV LQ 6KDQJKDL >�@�

2YHU WKH ODVW \HDUV� ZH KDYH FRPSOHPHQWHG WKH

SDUDPHWHU UDQJH RI SRZHU XQLWV IRU (%:� SURGXFHG

LQ FR�RSHUDWLRQ ZLWK 6(/0, �6XP\� �7DEOH ��� 6XFK

D SURGXFWLRQ RI VHOI�VXIILFLHQW SRZHU XQLWV WKDW DFWX�

DOO\ DUH WKH VRXO RI HOHFWURQ EHDP XQLWV� GRHV QRW \HW

H[LVW DQ\ZKHUH HOVH LQ WKH ZRUOG� 7KLV LV H[DFWO\ ZKDW

JDYH XV FHUWDLQ DGYDQWDJHV LQ WKH ZRUOG PDUNHW�

7KH SURGXFHG SRZHU XQLWV DUH ILWWHG ZLWK WKH V\V�

WHPV RI FRPSXWHU FRQWURO� GLDJQRVWLFV RI WKH FRQGLWLRQ

DQG PDNLQJ SURWRFROV RI ZHOGLQJ UHVXOWV �GLDJQRVWLFV

UHVXOWV FDQ EH DOVR WUDQVPLWWHG E\ ID[ RU H�PDLO IURP

WKH XVHU WR WKH PDQXIDFWXUHU IRU WDNLQJ D SURPSW GH�

FLVLRQ LQ FDVH RI D PDOIXQFWLRQ LQ WKH SRZHU XQLW V\V�

WHPV�� ZKLFK IXUWKHU HQKDQFHG WKH FRPSHWLWLYHQHVV

RI RXU GHYHORSPHQWV LQ WKH H[WHUQDO PDUNHW�

7KH FDSDELOLWLHV RI FRPSXWHU GLDJQRVWLFV FDQ EH

EHVW LOOXVWUDWHG LQ WKH FDVH RI GHWHUPLQDWLRQ RI WKH

IRFDO SRVLWLRQ DQG HQHUJ\ GHQVLW\ RI WKH EHDP� 7KHVH

DUH H[DFWO\ WKH WZR SDUDPHWHUV RI WKH EHDP WKDW FKD�

UDFWHULVH WKH ZHOG JHRPHWU\�

,Q RUGHU WR SHUIRUP WKH EHDP GLDJQRVWLFV RSHUD�

WLRQ� WKH RSHUDWRU RI WKH (%: XQLW JLYHV D FRPPDQG

IRU DXWRPDWLF GLVSODFHPHQW RI WKH ZHOGLQJ JXQ LQWR

WKH EHDP GLDJQRVWLFV SRVLWLRQ� 7KH JXQ LV SRVLWLRQHG

RSSRVLWH D PDVVLYH WDUJHW� RQ ZKLFK DQ HOHFWURQ EHDP

RI PD[LPDO SRZHU FDQ EH DLPHG� $ WXQJVWHQ SODWH�

JURXQGHG WKURXJK D PHDVXULQJ UHVLVWRU� LV SODFHG

DERYH WKH WDUJHW� LQ WKH LPPHGLDWH YLFLQLW\ RI WKH

HOHFWURQ EHDP� ,I WKH HOHFWURQ EHDP LV PRPHQWDULO\

GHIOHFWHG WR WKLV SODWH� D FXUUHQW SXOVH LV JHQHUDWHG

LQ LWV FLUFXLW� WKH GXUDWLRQ RI WKH OHDGLQJ IURQW RI WKLV

SXOVH EHLQJ LQYHUVHO\ SURSRUWLRQDO WR WKH GHQVLW\ RI

HOHFWURQV LQ WKH EHDP� WKH VKDUSHU WKH EHDP� WKH IDVWHU

WKH FXUUHQW ULVH LQ WKH SODWH FLUFXLW� +DYLQJ WDNHQ�

IRU LQVWDQFH� �� EHDP PHDVXUHPHQWV DW �� GLIIHUHQW

YDOXHV RI IRFXVLQJ FXUUHQW� ZH GHULYH D SDWWHUQ RI WKH

FXUUHQW GHQVLW\ GLVWULEXWLRQ DORQJ WKH EHDP OHQJWK

DQG FDQ GHWHUPLQH WKH SRVLWLRQ RI WKH PLQLPDO EHDP

GLDPHWHU ZLWK DQ DFFXUDF\ RI ± � PP�

7KH HQWLUH SURFHVV RI EHDP GLDJQRVWLFV WDNHV DERXW

� PLQ� LWV UHVXOW EHLQJ D GLVSOD\ VKRZLQJ ORQJLWXGLQDO

EHDP VHFWLRQV� WRS x LQLWLDO �ZLWK D QHZ FDWKRGH�

DQG ERWWRP x DW D JLYHQ PRPHQW RI WLPH� ,Q WKH

FDVH� LI FDWKRGH ZHDU UHVXOWHG LQ D FKDQJH RI WKH IRFDO

GLVWDQFH RU UHGXFWLRQ RI WKH VSHFLILF HQHUJ\ GHQVLW\

LQ WKH HOHFWURQ EHDP� WKH GLDJQRVWLF V\VWHP ZLOO UH�

)LJXUH �� (%�ZHOGHG WKLFN�ZDOOHG VWUXFWXUHV RI ORZ�DOOR\HG VWHHOV
�D� DQG DOXPLQXP DOOR\ �E�

7DEOH �� 3DUDPHWHU VHULHV RI SRZHU XQLWV IRU (%:� SURGXFHG E\ 3:, DQG 6(/0,

3DUDPHWHU (/$�� (/$��� (/$���9 (/$������ (/$��� (/$������ (/$����9

%HDP SRZHU� N: � �� �� �� �� � ���

$FFHOHUDWLQJ YROWDJH� N9 �� �� �� �� �� ��� ���

6HW SRZHU� N9⋅$ � �� �� �� �� � ���

0D[LPDO ZHOG GHSWK� PP� LQ ZHOGLQJ RI

VWHHOV �� �� ��
0HOWLQJ DQG

HYDSRUDWLRQ

��� �� ���

WLWDQLXP DOOR\V �� �� ��� ��� �� ���

DOXPLQLXP DOOR\V �� ��� ��� ��� �� ���

1R W H V � �� 6WDELOLW\ RI DFFHOHUDWLQJ YROWDJH DQG EHDP FXUUHQW ZDV ± ��� �� �� $QJOH RI EHDP GHIOHFWLRQ ZDV ± ��� �� $OO SRZHU XQLWV DUH

FRPSXWHU FRQWUROOHG�
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TXLUH WKH RSHUDWRU WR UHSODFH WKH ZRUQ FDWKRGH E\ D

QHZ RQH �)LJXUH ���

)LJXUH � LV D JHQHUDO YLHZ RI D W\SLFDO HOHFWURQ

EHDP XQLW RI D QHZ JHQHUDWLRQ IRU ZHOGLQJ ODUJH�VL]HG

LWHPV� 8QLWV RI WKLV W\SH KDYH D PRGXODU GHVLJQ� FRQ�

VLVWLQJ RI D FKDPEHU� YDFXXP V\VWHP DQG SRZHU XQLW�

7KH\ FDQ EH ERWK DOO�SXUSRVH DQG KLJKO\ VSHFLDOLVHG�

7KHLU IHDWXUHV DUH DV IROORZV�

• DSSOLFDWLRQ RI YDFXXP HTXLSPHQW SURGXFHG E\

OHDGLQJ :HVW (XURSHDQ FRPSDQLHV� LQ SDUWLFXODU ORZ�

QRLVH� UHOLDEOH LQ RSHUDWLRQ PHFKDQLFDO SXPSV ZLWK D

ORZ RLO HMHFWLRQ�

• XVH RI OLQHDU JXLGHV LQ WKH PRGXOHV RI GLVSODFH�

PHQW RI WKH ZHOGLQJ JXQ DQG WKH LWHP� WKXV DOORZLQJ

WKH DFFXUDF\ RI GLVSODFHPHQW DQG SRVLWLRQLQJ WR EH

UDLVHG XS WR WKH OHYHO RI ± ��� PP�

'HVSLWH WKH DSSOLFDWLRQ RI UHODWLYHO\ H[SHQVLYH

FRPSRQHQWV� WKH SULFH RI RXU HTXLSPHQW LV E\ �� �

�IRU VPDOO�VL]HG XQLWV� DQG �� w ��� � �IRU ODUJH�VL]HG

XQLWV � ORZHU FRPSDUHG WR WKH IRUHLJQ DQDORJV�

7HFKQRORJ\ RI HOHFWURQ EHDP SK\VLFDO YDSRXU
GHSRVLWLRQ �(%39'� RI PDWHULDOV� ,QYHVWLJDWLRQV RI
SK\VLFR�FKHPLFDO SURFHVVHV RI HOHFWURQ EHDP HYDSRUD�

WLRQ DQG VXEVHTXHQW FRQGHQVDWLRQ RI GLIIHUHQW VXE�

VWDQFHV XQGHU YDFXXP EHJDQ DW 3:, VLPXOWDQHRXVO\

ZLWK WKH ZRUN RQ (%:� 7KH SRWHQWLDO RI WKHVH SURF�

HVVHV LQ WHUPV RI PDWHULDOV VFLHQFH KDG DOUHDG\ EHHQ

GHPRQVWUDWHG E\ WKLV WLPH IRU WKH FDVH RI WKLQ ILOPV�

7KH SURFHVVHV RI HYDSRUDWLRQ DQG VXEVHTXHQW FRQ�

GHQVDWLRQ RI YDULRXV VXEVWDQFHV� IRUP D XQLTXH WHFK�

QRORJLFDO FRPSOH[� DOORZLQJ QHZ PDWHULDOV WR EH GH�

YHORSHG� 7KH SRLQW LV WKDW EHLQJ LQ WKH YDSRXU SKDVH�

WKH VXEVWDQFHV �GR QRW NQRZ� WKH ODZV RI VROXELOLW\�

7KHUHIRUH� HYDSRUDWLQJ VHYHUDO VXEVWDQFHV VLPXOWDQH�

RXVO\� PL[LQJ WKHLU YDSRXU IORZV� DQG WKHQ FRQGHQVLQJ

WKHP RQ WKH VXEVWUDWH� LW LV SRVVLEOH WR SURGXFH VXFK

FRPELQDWLRQV DQG UDWLRV RI FRPSRQHQWV� FUHDWH VXFK

VWUXFWXUHV WKDW DUH YHU\ GLIILFXOW RU LPSRVVLEOH WR

DFKLHYH E\ RWKHU PHWKRGV�

7KH PDLQ SXUSRVH RI UHVHDUFK DQG GHYHORSPHQW

SHUIRUPHG LQ WKH 3:,� ZDV GHYHORSLQJ WKH VFLHQWLILF

SULQFLSOHV DQG WHFKQRORJLHV DQG PDNLQJ HOHFWURQ EHDP

HTXLSPHQW WR SURGXFH PDVVLYH �WKLFN ILOP� LQRUJDQLF

PDWHULDOV ZLWK VSHFLDO VWUXFWXUH DQG SURSHUWLHV�

$OUHDG\ E\ WKHPLGGOH RI ����V WKH WHFKQLFDOPHDQV

IRU KLJK�VSHHG HYDSRUDWLRQ RI VXEVWDQFHV XQGHU YD�

FXXPZHUH GHYHORSHG RQ WKH EDVLV RI SRZHUIXO HOHFWURQ

EHDP JXQV FUHDWHG E\ 3:,� DQG V\VWHPDWLF LQYHVWL�

JDWLRQ RI WKH VWUXFWXUH DQG SURSHUWLHV RI PDVVLYH FRQ�

GHQVDWHV � w � PP WKLFN ZDV EHJXQ� ([WHQVLYH H[�

SHULPHQWDO GDWD DFFXPXODWHG E\ QRZ� FRQILUP WKH

DELOLW\ WR SURGXFH IURP WKH YDSRXU SKDVH QHZ LQRU�

JDQLF PDWHULDOV ZLWK WKH VSHFLILHG FRPSRVLWLRQ DQG

VWUXFWXUH� DOVR DPRUSKRXV DQG ILQH�FU\VWDOOLQH PDWH�

ULDOV ZLWK D QRQ�HTXLOLEULXP VWUXFWXUH� LQFOXGLQJ

GLDPRQGOLNH FDUERQ�EDVH SKDVHV� GLVSHUVLRQ�VWUHQJWK�

HQHG� PLFURODPLQDWH DQG PLFURSRURXV PDWHULDOV EDVHG

RQ PHWDOV� DOOR\V DQG FHUDPLFV� ,W LV DOVR SRVVLEOH WR

V\QWKHVLVH RQ WKH FRQGHQVDWLRQ VXUIDFH LQWHUPHWDOOLFV�

FDUELGHV� VLOLFLGHV DQG RWKHU UHIUDFWRU\ FRPSRXQGV� DV

ZHOO DV PXOWLSKDVH V\VWHPV RQ WKHLU EDVH >� w �@�

$W SUHVHQW WKH WHFKQRORJLHV RI HYDSRUDWLRQ DQG

VXEVHTXHQW FRQGHQVDWLRQ RI VXEVWDQFHV XQGHU YDFXXP

FDQ EH UHJDUGHG DV D VPDOO� EXW LQGHSHQGHQW ILHOG RI

YDSRXU SKDVH PHWDOOXUJ\� )LJXUH � VKRZV WKH JURZWK

RI ZRUOG SURGXFWLRQ RI PHWDOOLF PDWHULDOV E\ WKH UHJX�

ODU ODUJH�VFDOH PHWDOOXUJ\ �DERXW �⋅��� W�\HDU�� SRZ�
GHU PHWDOOXUJ\ �DERXW �⋅��� W�\HDU�� DV ZHOO DV YDF�
XXP HYDSRUDWLRQ DQG FRQGHQVDWLRQ �DERXW

�⋅��� W�\HDU�� 'HVSLWH D UHODWLYHO\ VPDOO DPRXQW RI

PHWDOOLF PDWHULDOV FRQGHQVHG IURP WKH YDSRXU SKDVH�

WKHLU LPSRUWDQFH LQ WKH PRGHUQ LQGXVWULDOLVHG VRFLHW\

LV FRPSDUDEOH ZLWK WKDW RI WKH WUDGLWLRQDO PDWHULDOV�

,W FDQ EH DQWLFLSDWHG WKDW WKHLU ZRUOG SURGXFWLRQ ZLOO

JURZ XS WR �⋅��� W�\HDU LQ WKH QH[W �� \HDUV�

7KH SURGXFWLYLW\ RI PRGHUQ HOHFWURQ EHDP HYDSR�

UDWRUV� FRQVLVWLQJ RI � w � VRXUFHV �FUXFLEOHV� LV �� w

�� NJ RI YDSRXU SHU KRXU� 7KH DFKLHYHG PD[LPDO UDWHV

RI FRQGHQVDWLRQ RI WKH PHWDOV DQG DOOR\V� DUH HTXDO

WR �� w ��� µP�PLQ�
,W LV W\SLFDO WKDW WKH HYDSRUDWLRQ DQG FRQGHQVDWLRQ

SURFHVVHV DOORZ WKH PDWHULDO GHSRVLWLRQ RQ WKH VXE�

VWUDWH WR EH FRPELQHG ZLWK VRPH RWKHU WHFKQRORJLFDO

UHTXLUHPHQWV� )RU LQVWDQFH� WKH FRQGHQVHG PDWHULDO

FDQ EH JLYHQ WKH VRXJKW VKDSH E\ GHSRVLWLRQ RI WKH

YDSRXU IORZ RQ D VXUIDFH RI D VSHFLILHG FRQILJXUDWLRQ�

&RQWUROOLQJ WKH FRQGHQVDWH ERQGLQJ ZLWK WKH VXE�

VWUDWH DOORZV DFKLHYLQJ D JRRG SK\VLFDO FRQWDFW �DG�

)LJXUH �� &RPSXWHU GLVSOD\ VKRZLQJ ORQJLWXGLQDO VHFWLRQV RI ZHOG�
LQJ HOHFWURQ EHDPV IRUPHG E\ D QHZ FDWKRGH �WRS� DQG FDWKRGH
DIWHU �� K RI RSHUDWLRQ �ERWWRP�� ZLWK WKH UHTXLUHPHQW WR �5HSODFH
FDWKRGH�

)LJXUH �� *HQHUDO YLHZ RI D W\SLFDO SURGXFWLRQ XQLW RI D QHZ
JHQHUDWLRQ ZLWK D YDFXXP FKDPEHU RI ��� × ��� × ��� P VL]H IRU
(%: RI ODUJH�VL]HG LWHPV
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KHVLRQ� RQ WKH LQWHUIDFH� RU� FRQWUDULO\� FUHDWLQJ WKH

FRQGLWLRQV IRU WKH SURGXFHG PDWHULDO VHSDUDWLRQ IURP

WKH VXEVWUDWH�

7KH FRQGHQVHG PDWHULDOV FDQ EH SURGXFHG LQ WKH

IROORZLQJ IRUP� UHODWLYHO\ WKLQ ��� w ��� µP� FRDW�
LQJV RQ ILQLVKHG LWHPV� WKLFN �� w � PP� VWUXFWXUDO

FRDWLQJV� IXOILOOLQJ WKH IXQFWLRQ RI D ORDG�FDUU\LQJ

HOHPHQW RI VWUXFWXUHV� VHPL�ILQLVKHG SURGXFWV �IRLO�

VWULS� VKHHW� LQ WKH IRUP RI EODQNV DQG LWHPV RI D

FRPSOH[ VKDSH� IRU LQVWDQFH� ERGLHV RI UHYROXWLRQ�

PDVVLYH ��� w �� NJ� ELOOHWV IRU VXEVHTXHQW WKHUPRSODV�

WLF SURFHVVLQJ DQG IRUPLQJ WKHP DV UHTXLUHG� ,W VKRXOG

EH IXUWKHU QRWHG WKDW WKH SURFHVVHV RI HYDSRUDWLRQ DQG

FRQGHQVDWLRQ FRQGXFWHG XQGHU YDFXXP ��⋅��w� w
�⋅��w� 3D� DUH SHUIHFW LQ WHUPV RI HFRORJ\� DV WKH\

SUDFWLFDOO\ JHQHUDWH QR KDUPIXO HYROXWLRQV LQWR WKH

HQYLURQPHQW�

)LJXUH � LV D VFKHPDWLF UHSUHVHQWDWLRQ RI WKH VWUXF�

WXUHV RI LQRUJDQLF PDWHULDOV DQG FRDWLQJV� SURGXFHG

E\ (%39'� 7KHVH PDWHULDOV DUH XVHG LQ SUDFWLFH SUL�

PDULO\ LQ WKH IRUP RI YDULRXV FRDWLQJV� LQFOXGLQJ KLJK�

WHPSHUDWXUH DQG FRUURVLRQ�UHVLVWDQW� WKHUPDO EDUULHU�

VXSHU KDUG� ZHDU�UHVLVWDQW� ELRFRPSDWLEOH FRDWLQJV

WKRVH ZLWK VSHFLDO HOHFWULFDO� PDJQHWLF DQG FKHPLFDO

SURSHUWLHV� DQG IRU PDWHULDOV MRLQLQJ� 7KH OHDGLQJ

FRDWLQJV QRZ DUH SURWHFWLYH FRDWLQJV IRU JDV WXUELQH

EODGHV RI YDULRXV SXUSRVHV� QDPHO\ KLJK�WHPSHUDWXUH

DQG FRUURVLRQ�UHVLVWDQW DQG� HVSHFLDOO\� WKHUPDO EDU�

ULHU FRDWLQJV ZLWK DQ RXWHU FHUDPLF OD\HU RI ]LUFRQLD�

6LPXOWDQHRXVO\ ZLWK LQYHVWLJDWLRQ RI SK\VLFR�

FKHPLFDO SURFHVVHV RI HYDSRUDWLRQ DQG FRQGHQVDWLRQ�

GHYHORSPHQW RI VSHFLILF WHFKQRORJLHV RI 39' RI LQRU�

JDQLF PDWHULDOV DQG FRDWLQJV� 3:, VFLHQWLVWV FRQWLQXH

GHYHORSPHQW DQG IXUWKHU LPSURYHPHQW RI ODERUDWRU\�

SLORW�SURGXFWLRQ DQG SURGXFWLRQ HOHFWURQ EHDP HTXLS�

PHQW IRU WKH DERYH SXUSRVHV�

2YHU WKH SHULRG RI ���� w ���� WKH (�2� 3DWRQ

,QVWLWXWH 3LORW 3ODQW PDGH PRUH WKDQ �� SURGXFWLRQ

HOHFWURQ EHDP XQLWV GHVLJQHG IRU GHSRVLWLRQ RI SUR�

WHFWLYH FRDWLQJV RQ WKH EODGHV RI JDV WXUELQHV IRU YDUL�

RXV SXUSRVHV DQG PRXQWHG LQ WKH HQWHUSULVHV RI DLU�

FUDIW�PDNLQJ DQG VKLS�EXLOGLQJ LQGXVWU\� DV ZHOO DV

JDV LQGXVWU\�

1HZ SULRULW\ DUHDV RI 3:, UHVHDUFK DQG GHYHORS�

PHQW FXUUHQWO\ DUH�

• IXQFWLRQDOO\�JUDGHG WKHUPDO�EDUULHU FRDWLQJV IRU
JDV WXUELQH EODGHV� SURGXFHG E\ HYDSRUDWLRQ RI WKH

FRPSRVLWH LQJRW IURP RQH VRXUFH�

• IXQFWLRQDOO\�JUDGHG KLJK�WHPSHUDWXUH� FRUURVLRQ
DQG HURVLRQ�UHVLVWDQW FRDWLQJV� DV ZHOO DV KDUG FRDW�

LQJV� GHSRVLWHG IURP RQH VRXUFH� RQ WKH SDUWV RI SRZHU

JHQHUDWLRQ� FKHPLFDO HTXLSPHQW DQG WRROV�

)LJXUH � LV WKH PLFURVWUXFWXUH RI WKH JUDGLHQW WKHU�

PDO EDUULHU FRDWLQJ RQ 5HQH�� W\SH DOOR\ ZLWK WKH

FKDUDFWHULVWLF FROXPQDU VWUXFWXUH LQ WKH RXWHU FHUDPLF

OD\HU� 7KH FRDWLQJ ZDV SURGXFHG E\ HYDSRUDWLRQ RI D

FRPSRVLWH PHWDO�FHUDPLF LQJRW IURP RQH VRXUFH� 7KH

WKLFNQHVV RI WKH RXWHU FHUDPLF OD\HU LV ��� w ��� µP�
2YHU WKH UHFHQW SHULRG VRPH DGYDQFHG PDWHULDOV�

XVHG IRU VFLHQWLILF SXUSRVHV LQ WKH IRUP RI LWHPV�

VKHHWV� IRLO RU FRDWLQJV� IRU LQVWDQFH� WDUJHWV RI LQWHU�

PHWDOOLFV DQG VLOLFLGHV IRU PDJQHWURQ VSXWWHULQJ� IRLO

RI VKDSH�PHPRU\ DOOR\V �1L7L� HWF��� FRDWLQJV RI DOOR\V

ZLWK D TXDVL�FU\VWDOOLQH VWUXFWXUH� KDYH EHHQ SURGXFHG

DW 3:,�

3:, FRQWLQXHV PDNLQJ ODERUDWRU\ DQG SURGXFWLRQ

HOHFWURQ EHDP HTXLSPHQW DQG FRQGXFWLQJ VSHFLDOLVW

WUDLQLQJ�

,Q WKH ILHOG RI (%39'� 3:, FR�RSHUDWHV ZLWK

VXFFHVV ZLWK FRPSDQLHV DQG VFLHQWLILF FHQWHUV IURP

86$� (XURSH DQG $VLD�

$GYDQFHG (%7 RI PHOWLQJ WLWDQLXP DQG SURGXF�
LQJ FRPSRVLWH PDWHULDOV E\ PHOW GLVSHUVLRQ� 'HYHO�

)LJXUH �� 9ROXPH RI ZRUOG SURGXFWLRQ RI PHWDOOLF PDWHULDOV� � x
WUDGLWLRQDO PHWDOOXUJ\� � x SRZGHU PHWDOOXUJ\� � x 39'� � x
���� \HDU IRUHFDVW

)LJXUH �� 6WUXFWXUHV RI PDWHULDOV DQG FRDWLQJV SURGXFHG E\ (%39'
PHWKRGV� D x VLQJOH�SKDVH� E x WZR�SKDVH� F x PLFURODPLQDWH�
G x PLFURSRURXV� H x JUDGLHQW
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RSPHQW RI WKH WHFKQRORJ\ DQG SURGXFWLRQ HTXLSPHQW

WR LPSOHPHQW WKH HOHFWURPHWDOOXUJLFDO SURFHVV RI PDN�

LQJ VRXQG KLJK�TXDOLW\ LQJRWV RI WLWDQLXP DQG LWV DO�

OR\V IURP WLWDQLXP VSRQJH DQG ZDVWHV� E\ WKH PHWKRG

RI HOHFWURQ EHDP PHOWLQJ ZLWK DQ LQWHUPHGLDWH FUXFL�

EOH �(%0,&� ZLWKRXW DQ\ SUHOLPLQDU\ SUHVVLQJ RI

WKH FRQVXPDEOH HOHFWURGHV� KDV HYROYHG LQWR DQ LQGH�

SHQGHQW DUHD RI 3:, DFWLYLW\ >�� �@� 7KH DERYH WHFK�

QRORJ\ DOORZV SURGXFWLRQ RI LQJRWV RI ERWK URXQG

���� w ��� PP LQ GLDPHWHU� DQG UHFWDQJXODU ���� ×
× ��� PP� FURVV�VHFWLRQ RI XS WR ���� PP OHQJWK DQG

VXEVHTXHQW HOHFWURQ EHDPPHOWLQJ RI WKHLU VLGH VXUIDFH

WR HOLPLQDWH PHFKDQLFDO WUHDWPHQW �VWULSSLQJ� WXUQ�

LQJ� DEUDVLYH WUHDWPHQW� EHIRUH IXUWKHU SURFHVVLQJ� ,W

UHVXOWV LQ VDYLQJ XS WR �� � RI WKH PHWDO DQG ORZHULQJ

ODERXU H[SHQVHV E\ XS WR �� ��

$ELOLW\ WR SURGXFH VODE LQJRWV RI D UHFWDQJXODU

FURVV�VHFWLRQ �)LJXUH �� DOORZV ORZHULQJ WKH FRVW RI

SODWHV SURGXFWLRQ� DV LW HOLPLQDWHV IURP WKH WHFKQR�

ORJLFDO VHTXHQFH� WKH RSHUDWLRQ RI IRUJLQJ F\OLQGULFDO

LQJRWV LQWR VODEV DQG WKHLU VXEVHTXHQW PDFKLQLQJ� WKXV

LQFUHDVLQJ WKH \LHOG�

8VH RI DQ LQWHUPHGLDWH FUXFLEOH HQDEOHV UHILQLQJ

WKH PHWDO IURP DOSKD�SDUWLFOHV� 7KH WHFKQRORJ\ SUR�

YLGHV WKH VWDELOLW\ DQG XQLIRUPLW\ RI WKH FRPSRVLWLRQ�

KLJK TXDOLW\ RI LQJRWV IURP 7L�EDVHG DOOR\V� DV ZHOO

DV WKH FRQWHQW RI HDVLO\ HYDSRUDWLQJ DOXPLQLXP LQ WKH

LQJRW ZLWKLQ WKH UHTXLUHPHQWV RI WKH VWDQGDUGV �7D�

EOH ���

,W LV NQRZQ WKDW D JUHDW KD]DUG LV FRQVWLWXWHG E\

HQWUDSPHQW LQ WKH LQJRW RI UHIUDFWRU\ LQFOXVLRQV RI

WLWDQLXP VSRQJH� VDWXUDWHG PDLQO\ ZLWK QLWURJHQ� WKDW

ODWHU RQ FDQ OHDG WR XQH[SHFWHG IDLOXUH RI WKH VWUXFWXUH�

(%0,& LV H[DFWO\ WKH UDGLFDO PHWKRG IRU UHPRYDO RI

VXFK LQFOXVLRQV GXULQJ WKH LQJRWV PHOWLQJ� 'XULQJ WKH

WLPH RI WKH OLTXLG PHWDO VWD\LQJ LQ WKH LQWHUPHGLDWH

FUXFLEOH� WKH KHDY\ �ZLWK PRUH WKDQ � J�FP
�
GHQVLW\�

SDUWLFOHV JR WR WKH ERWWRP DQG DFFXPXODWH LQ WKH VNXOO�

ZKLOH OLJKWHU HOHPHQWV �ZLWK WKH GHQVLW\ EHORZ

� J�FP
�
�� IORDW WR WKH PHOW VXUIDFH ZKHUH WKH\ DUH

GHVWUR\HG XQGHU WKH LPSDFW RI WKH HOHFWURQ EHDP�

,W VKRXOG EH HPSKDVL]HG RQFH PRUH WKDW XQOLNH WKH

H[LVWLQJ FRQFHSWV RI HOHFWURQ EHDP PHOWLQJ EHLQJ DS�

SOLFDEOH MXVW IRU SURFHVVLQJ WLWDQLXP ZDVWHV� RU� DW

WKH PRVW� SURGXFLQJ FRPPHUFLDO WLWDQLXP LQJRWV� RXU

WHFKQRORJ\ DOORZV PDNLQJ LQJRWV RI FRPSOH[ WLWDQLXP

DOOR\V E\ UHPHOWLQJ WLWDQLXP VSRQJH DQG PDVWHU DOOR\

>�� �@�

%\ WKH XVH RI OHVV H[SHQVLYH LQLWLDO PDWHULDO �WLWD�

QLXP VSRQJH RI 7*���� JUDGH� DQG LQFUHDVLQJ WKH

HIILFLHQW PHWDO \LHOG� (%0,& DOORZV ORZHULQJ WKH FRVW

RI WLWDQLXP VHPL�ILQLVKHG SURGXFWV DQG� WKHUHIRUH� H[�

SDQGLQJ WKH DUHDV RI WLWDQLXP DSSOLFDWLRQ LQ GLIIHUHQW

LQGXVWULHV� 3:, KDV D SURGXFWLRQ VKRS IRU HOHFWURQ

EHDPPHOWLQJ �)LJXUH ��� WKH FDSDFLW\ RI ZKLFK DOORZV

SURGXFWLRQ RI FRPPHUFLDO EDWFKHV RI WLWDQLXP LQJRWV

)LJXUH �� 0LFWURVWUXFWXUH RI D JUDGLHQW WKHUPDO EDUULHU FRDWLQJ RQ
5HQH�� W\SH DOOR\

)LJXUH �� 6ODE LQJRWV RI 97���� DOOR\ RI ��� × ��� × ���� PP VL]H
SURGXFHG E\ (%0,& SURFHVV

7DEOH �� &RQWHQW RI DOOR\LQJ DQG LPSXULW\ HOHPHQWV LQ WLWDQLXP LQJRWV SURGXFHG E\ (%0,& SURFHVV

$OOR\ JUDGH
6DPSOH

ORFDWLRQ

&RQWHQW RI HOHPHQWV� ZW��

$O 9 & )H 6L 2 1 +

97� 7RS ���� ���� ���� ���� ���� ���� ���� �����

0LGGOH ���� ���� ���� ���� ���� ���� ���� �����

%RWWRP ���� ���� ���� ���� ���� ���� ���� �����

*267 �����w�� ���� w ���� ���� w ���� ���� ���� ���� ���� ���� �����

97���� 7RS ���� w ���� ���� ���� ���� ���� �����

0LGGOH ���� w ���� ���� ���� ���� ���� �����

%RWWRP ���� w ���� ���� ���� ���� ���� �����

*267 �����w�� ���� w ���� ���� ���� ���� ���� �����
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RI YDULRXV W\SH VL]HV ZLWK WKH DQQXDO RXWSXW RI XS WR

���� W�

&RPSRVLWH PDWHULDOV DUH ILQGLQJ HYHU ZLGHU DSSOL�

FDWLRQ LQ GLIIHUHQW LQGXVWULHV ODWHO\� 2QH RI WKH QHZ

SURFHVVHV RI GHYHORSPHQW RI FRPSRVLWH PDWHULDOV RI

PHWDOwFHUDPLFV W\SH� DV ZHOO DV PHWDOwPHWDO W\SH� LV

(%7 IRU SURGXFLQJ VWUXFWXUDO PDWHULDOV IURP D GLV�

SHUVHG PHOW�

7KH HVVHQFH RI WKH SURFHVV FRQVLVWV LQ PHOWLQJ ZLWK

WKH HOHFWURQ EHDP D FRQVXPDEOH ELOOHW WKDW URWDWHV DW

D KLJK VSHHG �DERXW ���� USP�� IRUPLQJ D GLUHFWHG

IORZ RI D GLVSHUVHG PHOW DW WKH H[SHQVH RI WKH FHQ�

WULIXJDO IRUFHV� LWV OD\HU�E\�OD\HU GHSRVLWLRQ RQ WKH

IRUPLQJ VXUIDFH RU RQ D UHLQIRUFLQJ ILOOHU ZLWK IRUPD�

WLRQ RI D FRPSRVLWH ELOOHW RU FRDWLQJ RI VSHFLILHG JHR�

PHWULFDO GLPHQVLRQV DQG VKDSH�

7KH WHFKQRORJ\ KDV WKH IROORZLQJ IHDWXUHV�

• XVH RI YDFXXP WR SURYLGH WKH SXULW\ RI ERWK WKH

PDWHULDOV SURSHU� DQG WKH VXUIDFHV EHLQJ MRLQHG� SUH�

YHQWLRQ RI PLFURSRURVLW\ LQ WKH PDWHULDOV UHODWHG WR

FROODSVH RI JDV EXEEOHV�

• PHOWLQJ RI WKH FRQVXPDEOH ELOOHW ZLWK WKH HOHF�

WURQ EHDP WKDW DOORZV YDULDWLRQ RI WKH GURS GLPHQVLRQV

DQG GHQVLW\ RI WKH GLVSHUVHG PHOW IORZ LQ D ZLGH UDQJH�

• GRVHG KHDWLQJ RI WKH VXEVWUDWH WKXV JXDUDQWHHLQJ
D VWURQJ ERQGLQJ RI WKH GLVSHUVHG PHOW ZLWK WKH VXE�

VWUDWH DQG KLJK GHQVLW\ RI WKH SUHFLSLWDWH�

• DPSOH SRVVLELOLWLHV IRU VWDELOL]LQJ WKH SDUDPHWHUV
DQG DXWRPDWLF FRQWURO RI WKH WHFKQRORJLFDO SURFHVV�

3:, GHYHORSHG DQG PDGH VSHFLDOL]HG WHFKQRORJL�

FDO HTXLSPHQW EDVHG RQ 8(���� HOHFWURQ EHDP XQLW�

WKDW DOORZV PDNLQJ� ZLWK XS WR ��� NJ�K HIILFLHQF\�

FRPSRVLWH EODQNV DQG VHPL�ILQLVKHG SURGXFWV RI XS WR

��� NJ ZHLJKW RI D FRQILJXUDWLRQ FORVH WR WKDW RI WKH

ILQLVKHG LWHP �)LJXUH ��� UHVWRULQJ ZRUQ SDUWV� SUR�

GXFLQJ FRDWLQJV ZLWK VSHFLILHG SK\VLFR�FKHPLFDO SUR�

SHUWLHV� DQG ZHOGLQJ GLIILFXOW�WR�ZHOG PDWHULDOV ZLWK�

RXW PHOWLQJ WKH HGJHV� 7KLV SURFHVV HQDEOHV MRLQLQJ

PDWHULDOV WKDW FDQQRW EH MRLQHG E\ WKH WUDGLWLRQDO

WHFKQRORJLHV� 6R� IRU LQVWDQFH� DOXPLQD FHUDPLF WLOHV

DUH MRLQHG E\ DOXPLQLXP PHOW� -RLQW VWUHQJWK KLJKHU

WKDQ WKDW RI WKH FHUDPLF FRPSRQHQW LV DFKLHYHG� %L�

PHWDO VWHHOwWLWDQLXP WXEXODU ELOOHWV KDYH EHHQ PDGH�

ZLWK ��� 03D VWUHQJWK RI WKH PHWDO MRLQW�

7KH PHWKRG LV HVSHFLDOO\ HIIHFWLYH IRU SURGXFWLRQ

RI ELOOHWV DQG VHPL�ILQLVKHG SURGXFWV RI FRPSOH[ DOOR\V

EDVHG RQ DOXPLQLXP� QLFNHO� WLWDQLXP� DV ZHOO DV UH�

IUDFWRU\ PHWDOV�

,Q FRQFOXVLRQ LQ VKRXOG EH QRWHG WKDW (%7 RI PD�

WHULDOV PHOWLQJ DQG SURFHVVLQJ ULJKWIXOO\ EHORQJ WR

WKH KLJKHVW OHYHO RI WHFKQRORJLHV RIIHULQJ JUHDW SURV�

SHFWV DQG KDYLQJ KLJKO\ HIIHFWLYH DSSOLFDWLRQ�

)LJXUH �� *HQHUDO YLHZ RI WKH VKRS IRU HOHFWURQ EHDP PHOWLQJ RI
WLWDQLXP LQJRWV

)LJXUH �� %LOOHW IRU WKH GLH RI D FRPSOH[�VKDSHG H[WUXGHU

5()(5(1&(6

�� 3DWRQ� %�(�� 1D]DUHQNR� 2�.� ������ (OHFWURQ EHDP ZHO�

GLQJ� DFKLHYHPHQWV DQG SUREOHPV �5HYLHZ�� +DUGZRRG�
$FDGHPLF 3XEO�

�� 1HVWHUHQNRY� 9�0�� 1D]DUHQNR� 2�.�� $NRS\DQWV� .�6�
������ &ORVLQJ RI FLUFXPIHUHQWLDO ZHOGV RI WKLFN VWHHOV� ,Q�
3URF� RI �WK ,QW� &RQI� RQ :HOGLQJ DQG 0HOWLQJ E\ (OHFW�

URQ DQG /DVHU %HDP� 7RXORQ� -XQH �� w ���
�� 1D]DUHQNR� 2�.�� 2UVD� <X�9�� 6WROLNR� <X�<D� ������

3URVSHFWV IRU HOHFWURQ EHDP ZHOGLQJ LQ IDEULFDWLRQ RI ELPH�
WDO EDQG VDZV DQG VDZ EODGHV LQ 8NUDLQH� $YWRPDWLFKHVND\D
6YDUND� �� �� w ���

�� 3DWRQ� %�(�� 0RYFKDQ� %�$� ������ &RPSRVLWH PDWHULDOV
GHSRVLWHG IURP WKH YDSRXU SKDVH LQ YDFXXP� 6RYLHW 7HFKQR�
ORJLHV 5HYLHZV� :HOGLQJ DQG 6XUIDFLQJ 5HYLHZV� �� �� w
���

�� 3DWRQ� %�(�� 0RYFKDQ� %�$�� 2VRNLQ� 9�$� HW DO� ������
(OHFWURQ EHDP WHFKQRORJ\ RI SURGXFLQJ DQG PHFKDQLFDO SUR�
SHUWLHV RI WKLFN $O DQG $Ow=U%� FRQGHQVDWHV� 3UREOHP\

6SHWV� (OHNWURPHWDOOXUJLL� ���� �� w ���
�� 0RYFKDQ� %�$� ������ ,QRUJDQLF PDWHULDOV GHSRVLWHG IURP

WKH YDSRXU SKDVH XQGHU YDFXXP� ,Q� 0RGHUQ 0DWHULDO 6FL�

HQFH� ;;, FHQWXU\� .\LY� 1DXNRYD 'XPND�
�� 3DWRQ� %�(�� 7ULJXE� 1�3�� $NKRQLQ� 6�9� HW DO� ������

6RPH WHQGHQFLHV LQ GHYHORSPHQW RI PHWDOOXUJLFDO SURFHVVLQJ
RI WLWDQLXP� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �� w
���

�� 3DWRQ� %�(�� 7ULJXE� 1�3�� $NKRQLQ� 6�9� ������ (OHFWURQ
EHDP PHOWLQJ RI WLWDQLXP� ,Q� 3URF� RI �WK ,QW� &RQI� RQ

7LWDQLXP� 6��3HWHUVEXUJ� -XQH � w ��� ����� 3URPHWHM
,QVW�
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(�)� *$5)
�
� $�(� /,79,1(1.2

�
DQG $�.K� 60,5129

�

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

�
,�0� *XENLQ 6WDWH $FDGHP\ RI 2LO DQG *DV� 0RVFRZ� 5XVVLD

$%675$&7

)HDVLELOLW\ RI H[WHQVLRQ RI OLIH RI RSHUDWLQJ ZHOGHG VWUXFWXUHV� PDGH IURP WXEHV� E\ XVLQJ WKH SHHQLQJ WUHDWPHQW RI WKH

]RQH RI ZHOGLQJ LV FRQVLGHUHG� ,W LV VKRZQ WKDW WKH XVH RI D OLQHDU K\SRWKHVLV RI DFFXPXODWLRQ RI WKH IDWLJXH GDPDJH LV

ULJKWIXO IRU WKH HVWLPDWLRQ RI WKH IXOO OLIH� 0RUHRYHU� WKH SHHQLQJ WUHDWPHQW RI ZHOGHG MRLQWV LQFUHDVHV WKH PDWHULDO

IDWLJXH VWUHQJWK�

.H\ ZRU G V � XOWUDVRQLF SHHQLQJ WUHDWPHQW� ZHOGHG MRLQW�

WXEXODU FRQQHFWLRQV� IDWLJXH UHVLVWDQFH� IDWLJXH OLIH� OLIH� UHVL�
GXDO OLIH� IDWLJXH WHVWLQJ

,Q FDVH RI RSWLPDO GHVLJQ RI ODWWLFHG WXEXODU VWUXF�

WXUHV� D ORW RI DWWHQWLRQ VKRXOG EH JLYHQ WR FRQQHFWLRQ

VWUHQJWK >�� �@� DQG� SULPDULO\� LQ VWUXFWXUHV H[SRVHG

WR F\FOLF ORDGLQJ LQ DGGLWLRQ WR VWDWLF ORDGV LQ VHUYLFH�

)HDWXUHV RI VWUHVV�VWUDLQ VWDWH LQ WKH WXEXODU FRQQHF�

WLRQ ]RQH FRQVLVW LQ WKDW D KLJKHU VWUHVV FRQFHQWUDWLRQ

LV IRXQG DW WKH ZHOGHG MRLQW ERXQGDU\� UHODWHG QRW

RQO\ WR WKH SUHVHQFH RI WKH ZHOG� EXW DOVR WR WKH PRGH

RI IRUFH WUDQVIHU LQ WKH FRQQHFWHG F\OLQGULFDO VKHOOV�

6WUHVV GLVWULEXWLRQ LQ WKH ZHOG ]RQH LV PDUNHGO\ QRQ�
XQLIRUP ERWK DURXQG WKH ZHOGHG MRLQW SHULPHWHU� DQG

DFURVV WKH ZDOO WKLFNQHVV RI WKH FRQQHFWLRQ HOHPHQWV�

6WUHVV JUDGLHQWV� DV ZHOO DV WKH DUHDV ZLWK PD[LPDO
OHYHOV RI VWUHVV FRQFHQWUDWLRQ >�@ GHSHQG RQ FRQQHFWLRQ
W\SH DQG ORDGLQJ PRGH�

)DWLJXH UHVLVWDQFH RI WXEXODU WUXVV VWUXFWXUHV LV

GHWHUPLQHG E\ IDWLJXH UHVLVWDQFH RI ZHOGHG FRQQHF�
WLRQV� 7KHUHIRUH� LQFUHDVH RI IDWLJXH UHVLVWDQFH RI WX�

EXODU FRQQHFWLRQV� LV DQ HIIHFWLYH PHWKRG RI ORZHULQJ
WKH PHWDO FRQWHQW RI VWUXFWXUHV DQG H[WHQVLRQ RI WKHLU

OLIH� 8OWUDVRQLF SHHQLQJ WUHDWPHQW RI WKH ZHOGHG MRLQW
]RQH �837:-=�� SUREDEO\� LV RQH RI WKH PRVW SUR�

PLVLQJ PHWKRGV IRU LPSURYHPHQW RI IDWLJXH UHVLVWDQFH

RI WXEXODU FRQQHFWLRQV >� w �@�

3URFHGXUHV IRU IDWLJXH DQDO\VLV RI WXEXODU FRQQHF�
WLRQV ZLWK ZHOGHG MRLQWV LQ WKH LQLWLDO FRQGLWLRQ DQG

HVSHFLDOO\� DIWHU 837:-= >��@� KDYH EHHQ GHYHORSHG

RYHU WKH ODVW \HDUV� 2Q WKH RWKHU KDQG� D FRQVLGHUDEOH

QXPEHU RI WXEXODU VWUXFWXUHV ZHUH GHVLJQHG DW WKH

WLPH ZKHQ WKH LVVXHV RI FRQQHFWLRQ VWUHQJWK �DQG SUL�

PDULO\� XQGHU F\FOLF ORDGLQJ�� ZHUH LQVXIILFLHQWO\

VWXGLHG� DQG WKH SURFHGXUHV IRU WKHLU IDWLJXH DQDO\VLV

ZHUH DEVHQW� 7KH GHVLJQ OLIH RI WKHVH VWUXFWXUHV LV

DOPRVW RYHU� DQG� WKHUHIRUH� WKH LVVXH RI H[WHQVLRQ RI

WKHLU VHUYLFH OLIH LV H[WUHPHO\ XUJHQW� ,Q WKLV FRQQHF�

WLRQ� XVH RI 837:-= WR LPSURYH WKH IDWLJXH OLIH RI

ZHOGHG FRQQHFWLRQV RI WXEXODU VWUXFWXUHV LQ VHUYLFH�

LV D TXLWH SURPLVLQJ PHWKRG�

7KLV SDSHU GHDOV ZLWK DQ DSSURDFK WR HYDOXDWLRQ

RI UHVLGXDO OLIH RI WXEXODU VWUXFWXUHV DIWHU 837:-=

SHUIRUPHG GXULQJ WKH VWUXFWXUH VHUYLFH� L�H� WKRVH KDY�

LQJ D FHUWDLQ OHYHO RI IDWLJXH GDPDJH DFFXPXODWLRQ LQ

WKH LQLWLDO FRQGLWLRQ DIWHU ZHOGLQJ E\ WKH PRPHQW RI

WUHDWPHQW SHUIRUPDQFH�

7KH SURSRVHG SURFHGXUH IRU UHVLGXDO OLIH HYDOX�

DWLRQ� LV EDVHG RQ WKH UHVXOWV RI IDWLJXH WHVWLQJ RI

IXOO�VFDOH WXEXODU FRQQHFWLRQV �)LJXUH �� RI VWHHO ��
�& x ���� w ����� 0Q x ���� w ����� 6L x ���� w
����� 6 x XS WR ���� ZW��� ZLWK WKH \LHOG SRLQW RI

��� w ��� 03D� DQG XOWLPDWH VWUHQJWK RI ��� w

���03D� -RLQWV ZHUH ZHOGHG PDQXDOO\ ZLWK FRPSOHWH

SHQHWUDWLRQ ZLWK 821,������ �& x ����� 0Q x

���� 6L x ����� 6 x ����� 3 x ���� ZW��� HOHFWURGHV

RI � PP �URRW ZHOG� DQG � PP GLDPHWHU� 7KH ZHOG

OHJ ZDV a� PP�
)DWLJXH WHVWLQJ ZDV FRQGXFWHG LQ WZR VWDJHV� ,Q

WKH ILUVW VWDJH� LW ZDV SHUIRUPHG LQ WKH LQLWLDO FRQGLWLRQ

DIWHU ZHOGLQJ WR DFKLHYH DFFXPXODWLRQ RI IDWLJXH GD�

PDJH WR WKH OHYHO HTXDO WR ���� w ���� RI WKDW OHDGLQJ

WR IDWLJXH FUDFN LQLWLDWLRQ DQG ZDV VWRSSHG DIWHU WKDW�

7KLV ZDV IROORZHG E\ 837:-=� ,Q WKH VHFRQG VWDJH�

WHVWLQJ RI FRQQHFWLRQV DIWHU 837:-= ZDV FRQWLQXHG

XS WR LQLWLDWLRQ RI WKH IDWLJXH PDFURFUDFN DW �⋅���
ORDGLQJ F\FOHV� 7HVWLQJ ZDV SHUIRUPHG DW D V\PPHW�
ULFDO F\FOH RI FRQQHFWLRQV ORDGLQJ E\ LQ�SODQH EHQGLQJ

PRPHQW� 5DQJHV RI HIIHFWLYH VWUHVVHV LQ WKH ORFDWLRQV

RI WKH DQWLFLSDWHG IDWLJXH FUDFN LQLWLDWLRQ �DORQJ WKH

ZHOGHG MRLQW ERXQGDU\ IURP WKH VLGH RI WKH JLUWK RU

EUDFH� ZHUH FDOFXODWHG� DQG WKH QXPEHU RI ORDGLQJ
F\FOHV LQ HDFK RI WKH WHVWLQJ VWDJHVZDV UHFRUGHG� 6WUHVV

OHYHOV LQ WKH ILUVW DQG VHFRQG WHVWLQJ VWDJHV FDQ EH
GLIIHUHQW�

3URFHHGLQJ IURP 6w1 FXUYHV GHULYHG LQ >�@ IRU

WXEXODU FRQQHFWLRQV LQ WKH LQLWLDO FRQGLWLRQ DQG ZLWK� (�)� *$5)� $�(� /,79,1(1.2 DQG $�.K� 60,5129� ����




7HFKQRORJ\ DQG HTXLSPHQW IRU SHUIRUPDQFH RI 837:-= ZHUH
GHYHORSHG E\ *133 �.YDQW� �6HYHURGYLQVN� 5XVVLD� DQG (�2�
3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�
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DSSOLFDWLRQ RI 837:-=� SHUIRUPHG EHIRUH WKH VWDUW

RI WHVWLQJ� WKH OLPLW QXPEHU RI ORDGLQJ F\FOHV DQG

DFFXPXODWLRQ RI IDWLJXH GDPDJH ZHUH GHWHUPLQHG� IRU

HDFK FRQQHFWLRQ LQ HDFK RI WKH WHVWLQJ VWDJHV DQG RQ

WKH ZKROH XS WR WKH PDFURFUDFN LQLWLDWLRQ� IRU WKH

UHVSHFWLYH ORDGLQJ PRGH DQG IDWLJXH FUDFN LQLWLDWLRQ

VLWH� GHSHQGLQJ RQ WKH HIIHFWLYH VWUHVV UDQJH�

5HVXOWV RI WXEXODU FRQQHFWLRQV WHVWLQJ DUH JLYHQ

LQ 7DEOH �� 7KH UDWLR RI JHRPHWULFDO GLPHQVLRQV RI

HOHPHQWV LQ FRQQHFWLRQV 1R�� w �� ZDV WDNHQ WR EH

VXFK WKDW WKH IDWLJXH FUDFN LQLWLDWHG LQ WKH JLUWK� DQG

LQ FRQQHFWLRQV 1R��� w �� IUDFWXUH RFFXUUHG LQ WKH

WUXVV HOHPHQW� 7KHVH GDWD GHPRQVWUDWH WKDW XVLQJ WKH

DFFHSWHG WHVWLQJ SURFHGXUH� DFKLHYHPHQW RI WKH OLPLW

VWDWH �IDWLJXH PDFURFUDFN LQLWLDWLRQ� FRUUHVSRQGV WR

WKH WRWDO DFFXPXODWLRQ RI IDWLJXH GDPDJH ≈���� LUUH�
VSHFWLYH RI WKH VLWH RI IDWLJXH FUDFN LQLWLDWLRQ �LQ WKH

JLUWK RU WKH EUDFH�� ,Q DGGLWLRQ� LI LQ WKH VHFRQG VWDJH

RI WHVWLQJ DIWHU 837:-=� WKH HIIHFWLYH VWUHVV UDQJHV

ZHUH ORZHU WKDQ WKH IDWLJXH OLPLW IRU WKH WUHDWHG FRQ�

QHFWLRQV� QR IDWLJXH FUDFN LQLWLDWLRQ ZDV UHFRUGHG�

7KLV FRQFOXVLRQ LV H[WUHPHO\ LPSRUWDQW� DV LQ WKH DF�

WXDO VWUXFWXUHV� IDWLJXH GDPDJH DFFXPXODWLRQ LV

PRVWO\ IRXQG DW ORZ OHYHOV RI F\FOLF VWUHVVHV FORVH WR

WKH IDWLJXH OLPLW� $IWHU 837:-= WKH IDWLJXH OLPLW LV

VLJQLILFDQWO\ LQFUHDVHG DQG� WKHUHIRUH� ORZ VWUHVV OH�

YHOV GR QRW SDUWLFLSDWH LQ IDWLJXH GDPDJH DFFXPXOD�

WLRQ� 7KLV� DSSDUHQWO\� ZLOO EH WKH PDLQ IDFWRU LQ

LPSURYHPHQW RI IDWLJXH OLIH RI WXEXODU FRQQHFWLRQV

DIWHU 837:-= SHUIRUPHG GXULQJ WKH VWUXFWXUH VHUY�

LFH�

$QDO\VLV RI VFDWWHU RI IDWLJXH GDPDJH DFFXPXOD�

WLRQ� FRUUHVSRQGLQJ WR DFKLHYHPHQW RI OLPLW FRQGLWLRQ

RI ZHOGHG FRQQHFWLRQV� GHULYHG LQ IDWLJXH WHVWLQJ� UH�

YHDOHG WKH QRUPDO GLVWULEXWLRQ ODZ �)LJXUH �� ZLWK

SDUDPHWHUV RI PDWKHPDWLFDO H[SHFWDWLRQ D  ����� DQG

)LJXUH �� )DWLJXH WHVWLQJ RI WXEXODU 7�VKDSHG FRQQHFWLRQV� D x VDPSOH VFKHPDWLF� E x WHVWLQJ IDFLOLW\� � x G\QDPRPHWULF VXSSRUWV�
� x ZHOGHG WXEXODU 7�VKDSHG FRQQHFWLRQ� /�� /� x OHQJWK RI JLUWK SLSH DQG EUDFH SLSH� UHVSHFWLYHO\� 7� W x WKLFNQHVV RI JLUWK SLSH
DQG EUDFH SLSH� UHVSHFWLYHO\� '� G x GLDPHWHU RI JLUWK SLSH DQG EUDFH SLSH� UHVSHFWLYHO\

7DEOH �� 5HVXOWV RI WHVWLQJ WXEXODU FRQQHFWLRQV ORDGHG E\ LQ�SODQH EHQGLQJ PRPHQW

1R�
*LUWK VHFWLRQ�

' × 7� PP

%UDFH VHFWLRQ�

G × W� PP

/RDGLQJ ZLWKRXW WUHDWPHQW /RDGLQJ DIWHU WUHDWPHQW 6XP RI

DFFXPXOD�

WHG IDWL�

JXH

GDPDJH�

�

�σα �

03D

1L �

F\FOH

QL �

F\FOH

QL�1L �

�

�σα �

03D

1M �

F\FOH

QM �

F\FOH

QM�1M �

�

� ������ × ��� ������ × ���� ���� �⋅��� ����⋅��� ���� ����� ����⋅��� ���⋅��� ���� �����

� ������ × ��� ������ × ���� ���� �⋅��� ����⋅��� ���� ����� ����⋅��� ���⋅��� ���� �����

� ������ × ���� ����� × ��� ���� �⋅��� ���⋅��� ���� ����� �����⋅��� ���⋅��� ����� �����

� ������ × ���� ����� × ��� ���� �⋅��� ���⋅��� ���� ����� ����⋅��� ���⋅��� ���� �����

� ������ × ���� ����� × ��� ���� �⋅��� ���⋅��� ���� ����� ����⋅��� ���⋅��� ���� �����

� ����� × ��� ����� × ��� ���� �⋅��� ����⋅��� ���� ����� ����⋅��� ����⋅��� ���� ����

� ����� × ��� ����� × ��� ���� �⋅��� ����⋅��� ���� ����� ����⋅��� ����⋅��� ���� ����

� ����� × ��� ����� × ��� ���� �⋅��� ���⋅��� ���� ����� ����⋅��� ����⋅��� ���� �����

� ����� × ��� ����� × ��� ���� �⋅��� ���⋅��� ���� ���� ����⋅��� ���⋅��� 'LG QRW EUHDN

�� ����� × ��� ����� × ��� ���� �⋅��� ���⋅��� ���� ����� �����⋅��� ����⋅��� ���� �����

�� ����� × ���� ����� × ���� ����� �⋅��� �⋅��� ���� ����� �⋅��� �����⋅��� ���� �����

�� ������ × ���� ����� × ���� ����� �⋅��� ���⋅��� ���� ����� ����⋅��� ����⋅��� ���� �����

�� ������ × ���� ������ × ���� ����� ���⋅��� �⋅��� ���� ����� �⋅��� ���⋅��� ���� �����

�� ������ × ���� ������ × ���� ����� ���⋅��� ���⋅��� ���� ����� ���⋅��� ����⋅��� ���� �����

�� ����� × ��� ����� × ���� ����� ���⋅��� �⋅��� ���� ����� ����⋅��� ���⋅��� ���� ����

�� ����� × ��� ����� × ��� ����� ����⋅��� ���⋅��� ���� ����� ����⋅��� ���⋅��� ���� �����
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VDPSOH VWDQGDUG GHYLDWLRQ V  ������ WKXV DOORZLQJ

WKH K\SRWKHVLV RI OLQHDU DFFXPXODWLRQ RI IDWLJXH GDP�

DJH WR EH XVHG LQ GHYHORSPHQW RI WKH GHVLJQ SURFHGXUH�

([SHULPHQWDOO\�EDVHG VWDWHPHQW RI WKH YDOLGLW\ RI

XVLQJ WKH K\SRWKHVLV RI OLQHDU DFFXPXODWLRQ RI IDWLJXH

GDPDJH� IRU HYDOXDWLRQ RI WKH OLPLW FRQGLWLRQ RI WX�

EXODU FRQQHFWLRQV LQ IDWLJXH DQDO\VLV� H[WHQGHG WR WKH

F\FOLF ORDGLQJ VWDJH� ERWK LQ DV�ZHOGHG FRQGLWLRQ DQG

DIWHU 837:-=� FDQ EH UHSUHVHQWHG LQ WKH IROORZLQJ

IRUP�

D ≤ DS� DS = ∑ QL

1L

+ ∑ QM

1M

= ����

ZKHUH D� DS DUH IDWLJXH GDPDJH DFFXPXODWLRQ DQG OLPLW

DFFXPXODWLRQ RI IDWLJXH GDPDJH� UHVSHFWLYHO\� QL LV

WKH QXPEHU RI ORDGLQJ F\FOHV ZLWK WKH HIIHFWLYH VWUHVV

UDQJH RI �σαL GXULQJ WKH SHULRG RI WKH FRQQHFWLRQ

VHUYLFH LQ DV�ZHOGHG FRQGLWLRQ�1L LV WKH OLPLW QXPEHU

RI ORDGLQJ F\FOHV XQGHU WKH LPSDFW RI F\FOLF VWUHVV

UDQJHV �σαL IRU FRQQHFWLRQV LQ DV�ZHOGHG FRQGLWLRQ�

QM LV WKH QXPEHU RI ORDGLQJ F\FOHV ZLWK HIIHFWLYH VWUHVV

UDQJH �σαM RYHU WKH SODQQHG SHULRG RI FRQQHFWLRQ VHU�

YLFH DIWHU 837:-=�1M LV WKH OLPLW QXPEHU RI ORDGLQJ

F\FOHV XQGHU WKH LPSDFW RI HIIHFWLYH VWUHVV UDQJHV �σαM
IRU FRPSRQHQWV DIWHU 837:-= SHUIRUPHG EHIRUH WKH

VWDUW RI ORDGLQJ�

&RQVLGHULQJ WKDW LQ WKH DFWXDO WXEXODU ZHOGHG

VWUXFWXUHV� WKH HOHPHQWV FDQ EH ORDGHG E\ ORQJLWXGLQDO

IRUFH 3� LQ�SODQH EHQGLQJ PRPHQW 0E DQG RXW�RI�

SODQH EHQGLQJ PRPHQW 0F DQG WKDW GHSHQGLQJ RQ D

FRPELQDWLRQ RI JHRPHWULFDO GLPHQVLRQV RI HOHPHQWV�

WKH FUDFN FDQ LQLWLDWH LQ WKH ZHOGHG MRLQW ]RQH HLWKHU

IURP WKH VLGH RI WKH JLUWK� RU IURP WKH VLGH RI WKH

EUDFH� ZKLOH WKH 6w1 FXUYHV IRU HDFK ORDGLQJ PRGH

DQG W\SH �VLWH� RI F\FOLF IUDFWXUH DUH GLIIHUHQW� LW LV

UDWLRQDO WR LQWURGXFH WKH QRWLRQ RI HIIHFWLYH VWUHVVHV

HTXLYDOHQW LQ WKHLU GDPDJLQJ DFWLRQ� 7KH ODWWHU DUH

GHWHUPLQHG SURFHHGLQJ IURP WKH FRQGLWLRQ RI UHGXFLQJ

6w1 FXUYHV WR WKH EDVLF FXUYH� ZKLFK ZDV WDNHQ WR

EH WKH FXUYH IRU DV�ZHOGHG WXEXODU FRQQHFWLRQV ZKHQ

ORDGHG E\ D ORQJLWXGLQDO IRUFH DQG FUDFN LQLWLDWLRQ LQ

WKH JLUWK�

7DEOH � JLYHV WKH HDUOLHU GHULYHG HTXDWLRQV RI 6w1

FXUYHV IRU WXEXODU FRQQHFWLRQV LQ DV�ZHOGHG FRQGLWLRQ

DQG DIWHU 837:-=� SHUIRUPHG EHIRUH WKH VWDUW RI

F\FOLF ORDGLQJ� 9DOXHV RI FRHIILFLHQWV %� E IRU GHWHU�

PLQDWLRQ RI HIIHFWLYH VWUHVVHV �σαH HTXLYDOHQW LQ WKHLU

GDPDJLQJ DFWLRQ� DUH DOVR JLYHQ LQ NHHSLQJ ZLWK H[�

SUHVVLRQ

�σαH = % (�σα)E�

5DQJHV RI �σα LQ WKH ZHOGHG MRLQW ]RQH IURP WKH

VLGH RI WKH JLUWK RU WKH EUDFH� GHSHQGLQJ RQ WKH FRQ�

QHFWLRQ GHVLJQ� JHRPHWULFDO SDUDPHWHUV RI WKH HOH�

PHQWV DQG NLQG RI ORDGLQJ� DUH IRXQG IURP H[SUHVVLRQV

JLYHQ LQ >��@�

,Q IDWLJXH DQDO\VLV RI ZHOGHG FRQQHFWLRQV RI WXEX�

ODU VWUXFWXUHV� WKH FRPPRQ PHWKRG LV XVLQJ VWUHVV

UDQJHV DV ORDGLQJ SDUDPHWHU� 6XFK DQ DSSURDFK GRHV

QRW DOORZ IRU WKH LQIOXHQFH RI WKH ORDGLQJ F\FOH FKD�

UDFWHULVWLF� 3URFHHGLQJ� KRZHYHU� IURP WKH KLJK OHYHOV

RI VWUHVV FRQFHQWUDWLRQ LQ WXEXODU FRQQHFWLRQV� WKH

LQIOXHQFH RI WKH ORDGLQJ F\FOH FKDUDFWHULVWLF LV VPDOOHU

WKDQ ZLWK RWKHU W\SHV RI ZHOGHG MRLQWV DQG LW LV XVXDOO\

LJQRUHG�

)LJXUH �� 'LVWULEXWLRQ RI IDWLJXH GDPDJH DFFXPXODWLRQ LQ WXEXODU
FRQQHFWLRQV ZKHQ 837:-= LV SHUIRUPHG DIWHU IDWLJXH GDPDJH DF�
FXPXODWLRQ LQ LQLWLDO FRQGLWLRQ� 8G x TXDQWLOH RI QRUPDO GLVWUL�
EXWLRQ� 3 x IDLOXUH SUREDELOLW\� V x URRW PHDQ VTXDUH GHYLDWLRQ

7DEOH �� (TXDWLRQV RI 6w1 FXUYHV RI ZHOGHG WXEXODU FRQQHFWLRQV LQ WKH LQLWLDO FRQGLWLRQ DQG DIWHU 837:-=

/RDG�

LQJ

PRGH

,QLWLDO FRQGLWLRQ $IWHU 837:-=

)UDFWXUH VLWH

6w1 FXUYH HTXDWLRQV %L EL 6w1 FXUYH HTXDWLRQV %L EL

1 OJ 1 � ����� OJ�σα  ������ ��� ��� OJ 1 � ����� OJ�σα  ������ �����⋅��w� ����� *LUWK

0E OJ 1 � ����� OJ�σα  ������ ����� ���� OJ 1 � ����� OJ�σα  ������ �����⋅��w� �����

0F OJ 1 � ����� OJ�σα  ������ ����⋅��w� ����� OJ 1 � ������ OJ�σα  ������ �����⋅��w� �����

1 OJ 1 � ����� OJ�σα  ������ ���� ��� OJ 1 � ����� OJ�σα  ������ �����⋅��w� ����� %UDFH

0E OJ 1 � ����� OJ�σα  ������ ���⋅��w� ���� OJ 1 � ����� OJ�σα  ������ �����⋅��w� �����

0F OJ 1 � ����� OJ�σα  ������ ����⋅��w� ���� OJ 1 � ����� OJ�σα  ������ �����⋅��w� �����

14 2/2001



,Q IDWLJXH DQDO\VLV RI ZHOGHG FRQQHFWLRQV RI WXEX�

ODU HOHPHQWV H[SRVHG WR FRPSOH[ F\FOLF ORDGLQJ� ZKHQ

D ORQJLWXGLQDO IRUFH DQG EHQGLQJ PRPHQWV DUH VLPXO�

WDQHRXVO\ DSSOLHG WR WKH HOHPHQW� WKH UDQJH RI HIIHF�

WLYH VWUHVVHV HTXLYDOHQW LQ WKHLU GDPDJLQJ DFWLRQ

VKRXOG EH GHWHUPLQHG LQ D GLIIHUHQWLDWHG PDQQHU IRU

HDFK VWDJH RI WKH FRQQHFWLRQ VHUYLFH �DV�ZHOGHG DQG

DIWHU 837:-=�� DOORZLQJ IRU WKH ]RQHV RI PD[LPDO

OHYHOV RI ZRUNLQJ VWUHVVHV DURXQG WKH WXEXODU FRQQHF�

WLRQ SHULPHWHU� LQGXFHG E\ D SDUWLFXODU DSSOLHG IRUFH

DQG XVLQJ WKH YDOXHV RI FRHIILFLHQWV JLYHQ LQ 7DEOH ��

DFFRUGLQJ WR WKH IROORZLQJ H[SUHVVLRQV�

IRU WKH VWDJH RI VWUXFWXUH VHUYLFH LQ DV�ZHOGHG

FRQGLWLRQ DQG FULWHULD RI IDWLJXH FUDFN LQLWLDWLRQ�

D� LQ WKH JLUWK HOHPHQW

�σαH = �σα
'(1) + ����� (�σα

'(0E))
����

�

�σαH = �σα
'(1) + ����⋅��w�(�σα

'(0F))
����

�

E� LQ WKH WUXVV HOHPHQW

�σαH = ����(�σα
G(1))��� + ����⋅��w�(�σα

G(0E))
����

�

�σαH = ����(�σα
G(1))��� + ����⋅��w�(�σα

G(0F))
����

�

IRU WKH VWDJH RI VWUXFWXUH VHUYLFH DIWHU 837:-=

DQG FULWHULD RI IDWLJXH FUDFN LQLWLDWLRQ�

D� LQ WKH JLUWK HOHPHQW

�σαH = �����⋅��w�(�σα
'(1))����� +

+ �����⋅��w�(�σα
'(0E))

�����

�

�σαH = �����⋅��w�(�σα
'(1))����� +

+ �����⋅��w�(�σα
'(0F))

�����

�

E� LQ WKH WUXVV HOHPHQW

�σαH = �����⋅��w�(�σα
G(1))����� +

+ �����⋅��w�(�σα
G(0E))

�����

�

�σαH = �����⋅��w�(�σα
G(1))����� +

+ �����⋅��w�(�σα
G(0F))

�����

�

,Q GHWHUPLQDWLRQ RI IDWLJXH GDPDJH DFFXPXODWLRQ

RU HYDOXDWLRQ RI D VWUXFWXUH OLIH� ODUJHU RI WKH VWUHVV

UDQJH YDOXHV DUH XVHG WKDW KDYH EHHQ GHULYHG E\ RQH

RI WKH DERYH H[SUHVVLRQV IRU WKH DSSURSULDWH VWDJH RI

WKH FRQQHFWLRQ VHUYLFH �DV�ZHOGHG RU DIWHU WUHDWPHQW�

DQG W\SH RI F\FOLF IUDFWXUH �LQ WKH JLUWK RU WKH WUXVV

HOHPHQW��

$QDO\VLV RI HIIHFWLYHQHVV RI 873:-=� SHUIRUPHG

GXULQJ WKH VWUXFWXUH VHUYLFH� LOOXVWUDWHG E\ WKH FDVH

RI D FRQQHFWLRQ RI DQ RII�VKRUH SODWIRUP� GHPRQVWUDWHG

WKDW ZLWK WKH UHVLGXDO OLIH RI � \HDUV LQ DV�ZHOGHG

FRQGLWLRQ� WUHDWPHQW DOORZV H[WHQGLQJ WKH VDIH OLIH XS

WR �� \HDUV�

&21&/86,216

�� $SSOLFDWLRQ RI 837:-= LV DQ HIIHFWLYH PHWKRG IRU

H[WHQVLRQ RI WKH OLIH RI FRQQHFWLRQV RI ZHOGHG WXEXODU

WUXVV VWUXFWXUHV H[SRVHG WR F\FOLF ORDGLQJ LQ VHUYLFH�

LUUHVSHFWLYH RI WKH OHYHO RI IDWLJXH GDPDJH DFFXPXOD�

WLRQ LQ WKH VWUXFWXUH DW WKH VWDJH RI LWV VHUYLFH LQ DV�

ZHOGHG FRQGLWLRQ�

�� ([WHQVLRQ RI VWUXFWXUH OLIH E\ WKHLU 837:-=

GXULQJ VHUYLFH LV� SULPDULO\� UHODWHG WR LPSURYHPHQW

RI WKH IDWLJXH OLPLW�

�� $FFXPXODWLRQ RI IDWLJXH GDPDJH LQ WXEXODU FRQ�

QHFWLRQV DIWHU 837:-= SHUIRUPHG DIWHU D FHUWDLQ SH�

ULRG RI VWUXFWXUH VHUYLFH LQ WKH LQLWLDO FRQGLWLRQ� LV

GHWHUPLQHG E\ WKHLU DGGLQJ XS DW WKH VWDJH RI VHUYLFH

LQ WKH LQLWLDO FRQGLWLRQ DQG DIWHU WUHDWPHQW� 8VH RI

WKH K\SRWKHVLV RI OLQHDU DFFXPXODWLRQ RI IDWLJXH GD�

PDJH LQ IDWLJXH DQDO\VLV LV YDOLG�

5()(5(1&(6

�� 0DUVKDOO� 3�:� ������ &RQQHFWLRQV IRU ZHOGHG WXEXODU
VWUXFWXUHV� ,Q� 3URF� RI �QG ,QW� &RQI� RQ :HOGLQJ RI 7XEX�

ODU 6WUXFWXUHV� %RVWRQ� -XO\ �� w ��� %RVWRQ� 3HUJDPRQ
3UHVV�

�� *DUI� (�)�� '\VNLQ� (�0�� .D]DFKHN� 9�0� ������ 2II�
VKRUH SODWIRUPV� ,Q� :HOGHG VWUXFWXUHV IRU FRQVWUXFWLRQ�
.\LY� 3:,�

�� *DUI� (�)�� /LWYLQHQNR� $�(� ������ ,QIOXHQFH RI WKH DQJOH
RI WKH EUDFH PHHWLQJ WKH JLUWK RQ WKH VWUHQJWK RI WXEXODU
ZHOGHG FRQQHFWLRQV ORDGHG E\ EHQGLQJ PRPHQWV� $YWR�

PDWLFKHVND\D 6YDUND� �� � w ��
�� 3DWRQ� %�(�� /REDQRY� /�0�� 6WDWQLNRY� (�6K� HW DO� $

PHWKRG RI XOWUDVRQLF SHHQLQJ WUHDWPHQW DQG RSHUDWLRQDO

WHFKQRORJLFDO V\VWHP IRU LWV LPSOHPHQWDWLRQ� 3DW� �����
8NUDLQH� ,QW� &O� �� ' ������ 3XEO� ���������

�� 0LNKHHY� 3�3� ������ ,PSURYHPHQW RI IDWLJXH UHVLVWDQFH RI
ZHOGHG MRLQWV LQ VWUXFWXUHV E\ XOWUDVRQLF SHHQLQJ WUHDWPHQW�
,Q� 7UDQVDFW� RI 3:, RQ 3UREOHPV RI :HOGLQJ DQG 6SHFLDO

(OHFWURPHWDOOXUJ\� .\LY� 1DXNRYD 'XPND�
�� 0LNKHHY� 3�3�� 1HGRVHND� $�<D�� 3DUNKRPHQNR� ,�9� HW DO�

������ (IIHFWLYHQHVV RI DSSOLFDWLRQ RI XOWUDVRQLF SHHQLQJ
WUHDWPHQW WR LPSURYH WKH IDWLJXH UHVLVWDQFH RI ZHOGHG MRLQWV�
$YWRPDWLFKHVND\D 6YDUND� �� � w ��

�� 6WDWQLNRY� (�6K�� 6KHYWVRY� (�0�� .XOLNRY� 9�)� ������
8OWUDVRQLF SHHQLQJ WRRO IRU VWUHQJWKHQLQJ WKH ZHOGV DQG UH�
GXFLQJ UHVLGXDO VWUHVVHV� ,Q� 1HZ SK\VLFDO PHWKRGV RI WHFK�

QRORJLFDO SURFHVVHV LQWHQVLILFDWLRQ� 0RVFRZ� 0HWDOOXUJLD�
�� 0LNKHHY� 3�3�� *DUI� (�)�� .X]PHQNR� $�=� HW DO� ������

,PSURYHPHQW RI IDWLJXH UHVLVWDQFH RI WXEXODU ZHOGHG FRQQHF�
WLRQV E\ XOWUDVRQLF SHHQLQJ WUHDWPHQW� $YWRPDWLFKHVND\D

6YDUND� ������ � w ��
�� 0LNKHHY� 3�3�� *DUI� (�)�� .X]PHQNR� $�=� HW DO� ������

,PSURYHPHQW RI IDWLJXH UHVLVWDQFH RI WXEXODU ZHOGHG FRQQHF�
WLRQV E\ XOWUDVRQLF SHHQLQJ� ,QW� -� 2II�VKRUH DQG 3RODU

(QJ�� �� ��� w ����
��� *DUI� (�)� ������ )DWLJXH DQDO\VLV RI WXEXODU ZHOGHG FRQ�

QHFWLRQV DIWHU XOWUDVRQLF SHHQLQJ WUHDWPHQW� $YWR�

PDWLFKHVND\D 6YDUND� �� �� w ���
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9�9� 6+858329
�
� 9�9� 3(6+.29

�
� 0�1� 6+86+3$129

�
DQG /�6� .,5((9

�

�
9RURQH]K $LUFUDIW 6WRFN 6RFLHW\� 9RURQH]K� 5XVVLD

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

$%675$&7

,Q GLIIXVLRQ ERQGLQJ� WKH HPEULWWOHG GLIIXVLRQ OD\HUV DUH IRUPHG DW WKH WLWDQLXP DOOR\ VXUIDFH DV D UHVXOW RI D FRQWDFW

LQWHUDFWLRQ RI 97� DOOR\ SURGXFWV ZLWK D VWHHO WHFKQRORJLFDO IL[WXUH� ,Q FRQWDFW ZLWK VWHHO ��.K��1��7 WKH SURFHVV RI

IRUPDWLRQ RI HPEULWWOHG OD\HUV LV FRQWUROOHG E\ D KHWHURGLIIXVLRQ RI VWHHO FRPSRQHQWV LQ WKH GLIIXVLRQ ]RQH� FRQWDLQLQJ

LQWHUPHWDOOLFV� ZKLOH LQ FRQWDFW ZLWK VWHHO �� x E\ FDUERQ GLIIXVLRQ LQ WKH FDUELGH�FRQWDLQLQJ OD\HU� LQWHUORFNLQJ LURQ

GLIIXVLRQ LQWR WLWDQLXP�

.H\ ZRU G V � GLIIXVLRQ ERQGLQJ� WHFKQRORJLFDO IL[WXUH� HP�

EULWWOHG OD\HU� FRQWDFW LQWHUDFWLRQ� LQWHUPHWDOOLFV

)DEULFDWLRQ RI WLWDQLXP ODUJH�VL]HG WKLQ�ZDOOHG VWUXF�

WXUHV IRU WKH DLUFUDIW DQG DHURVSDFH HQJLQHHULQJ XVLQJ

D GLIIXVLRQ ERQGLQJ LV D SURPLVLQJ WUHQG LQ WKHZHOGLQJ

LQGXVWU\ >�@� :KHQ WKH WHFKQRORJ\ RI VXFK SURFHVVHV

LV GHYHORSHG� D VSHFLDO DWWHQWLRQ LV SDLG WR WKH DVVX�

UDQFH RI VWUHQJWK RI D ZHOGHG MRLQW RI D ORDG�FDUU\LQJ

VNLQ ZLWK D ILOOHU >�@� +RZHYHU� WKH TXDOLW\ RI WKH

ZHOGHG VWUXFWXUH� D IDWLJXH OLIH DQG FRUURVLRQ UHVLV�

WDQFH LQ SDUWLFXODU� DUH GHWHUPLQHG QRW RQO\ E\ WKH

VWUHQJWK RI WKH GLIIXVLRQ ERQGLQJ� EXW DOVR E\ WKH

FRQGLWLRQ RI VXUIDFHV DQG QHDU�VXUIDFH OD\HUV RI WKH

ORDG�FDUU\LQJ VNLQV ZKLFK LQIOXHQFH WKHLU VHUYLFH FKD�
UDFWHULVWLFV�

8QGHU WKH FRQGLWLRQV RI WKH GLIIXVLRQ ERQGLQJ� WKH

GLIIXVLRQ SURFHVVHV WRJHWKHU ZLWK DQ DGKHVLRQ >�@ FDQ
EH GHYHORSHG EHWZHHQ WKH VXUIDFHV RI ORDG�FDUU\LQJ
VNLQV DQG D IL[WXUH �WHFKQRORJLFDO VKHHWV SURYLGLQJ

WKH WUDQVIHU RI WKH ZHOGLQJ SUHVVXUH WR WKH ZRUNSLHFH��

OHDGLQJ WR WKH IRUPDWLRQ RI QHZ SKDVHV� FKHPLFDO FRP�

SRXQGV� VROLG VROXWLRQV� HWF�

7KH SUHOLPLQDU\ LQYHVWLJDWLRQV VKRZHG WKDW WKH
VXUIDFH SDUW RI GLIIXVLRQ OD\HUV� IRUPHG RQ WLWDQLXP

XQGHU WKH FRQGLWLRQV RI LWV FRQWDFW LQWHUDFWLRQ ZLWK

VWHHO� LV FKDUDFWHUL]HG E\ D ORZ UHVLVWDQFH WR LQLWLDWLRQ

RI FUDFNV DQG FDQ EH HDVLO\ VXEMHFWHG WR D EULWWOH IUDF�

WXUH DW WKH DSSOLHG VWUHVV�

7R UHFRYHU WKH GXFWLOH SURSHUWLHV RI WKH WLWDQLXP

VXUIDFH DIWHU VXFK LQWHUDFWLRQ� DQ LQIRUPDWLRQ DERXW

WKH WKLFNQHVV RI IRUPHG HPEULWWOHG OD\HUV LV UHTXLUHG�

7KHUHIRUH� WKH SUHVHQW ZRUN ZDV DLPHG DW WKH VWXG\
RI NLQHWLFV RI IRUPDWLRQ RI GLIIXVLRQ OD\HUV RQ WLWDQLXP

DW LWV LQWHUDFWLRQ ZLWK VWHHOV RI GLIIHUHQW FKHPLFDO

FRPSRVLWLRQ XQGHU WKH GLIIXVLRQ ERQGLQJ FRQGLWLRQV�

([SHULPHQWV ZHUH SHUIRUPHG RQ VDPSOHV RI WLWD�

QLXP DOOR\ 97� �$O x ��� w ���� 9 x ��� w

��� ZW���� XVHG IRU WKH ORDG�FDUU\LQJ VNLQV� DQG DOVR
VWHHOV �� �&x ���� w ����� 0Qx ���� w ����� 6L x

���� w ����� 6 x XS WR ���� ZW��� DQG ��.K��1��7

�& x ≤ ����� &U x ���� w ����� 1L x ��� w �����

6L x ≤ ���� 0Q x ��� w ���� 6 x XS WR ����� 3 x

XS WR ����� ZW���� IURP ZKLFK WKH WHFKQRORJLFDO

VKHHWV ZHUH PDGH� ,Q WLWDQLXP LQWHUDFWLRQ ZLWK WKHVH

VWHHOV� ERWK WKH SURFHVVHV� DFFRPSDQLHG E\ WKH IRUPD�

WLRQ RI FKHPLFDO FRPSRXQGV �FDUELGHV� LQWHUPHWDO�

OLFV�� DQG DOVR WKH PXWXDO GLIIXVLRQ RI LURQ DQG WLWD�

QLXP� DFFRPSDQLHG E\ WKH GLIIXVLRQ RI FKURPLXP DQG

QLFNHO LQWR WLWDQLXP� FDQ EH GHYHORSHG >�@�

(DFK RI VWHHO FRPSRQHQWV �LURQ� FDUERQ� FKUR�

PLXP� QLFNHO� FDQQRW FDXVH WKH HVVHQWLDO FKDQJHV LQ

SURSHUWLHV RI WLWDQLXP� EXW WKHLU FRPSOH[ DFWLRQ RQ

WKH ODWWHU FDQ EH DFFRPSDQLHG E\ GHFUHDVH LQ LWV UH�

VLVWDQFH WR FUDFNLQJ DQG HPEULWWOHPHQW� 7KHUHIRUH�

HYHQ VXFK PHWKRG RI H[DPLQDWLRQ DV ;�UD\ PLFURDQD�

O\VLV ZKLFK JLYHV LQIRUPDWLRQ DERXW HOHPHQW FRPSR�
VLWLRQ RI WKH PHWDO� FDQQRW UHYHDO WKH SUHVHQFH DQG

VL]H RI WKH PRVW KD]DUGRXV HPEULWWOHG SDUW RI WKH GLI�

IXVLRQ ]RQH IRUPHG DW WKH WLWDQLXP VXUIDFH DV D UHVXOW

RI LWV LQWHUDFWLRQ ZLWK VWHHO�

$V D IUDFWXUH UHIOHFWV WKH VWUXFWXUH DQG SURSHUWLHV

RI WKH PDWHULDO LQ D ORFDO YROXPH� ZKHUH WKH IDLOXUH

RFFXUV� WKHQ D NLQG RI IUDFWXUH FDQ EH XVHG DV WKH

LQWHJUDO FKDUDFWHULVWLF RI FRQGLWLRQ RI WKH WLWDQLXP

VXUIDFH OD\HU� DV ZDV GRQH GXULQJ DQDO\]LQJ DOSKD �JDV

VDWXUDWHG� OD\HUV >�@�

7R FODULI\ WKH HIIHFW RI WKH GLIIXVLRQ VDWXUDWLRQ RQ
WKH VWUXFWXUH RI VXUIDFH OD\HUV RQ WLWDQLXP� WKH 97�

DOOR\ VDPSOHV RI �� PP GLDPHWHU DQG � PP WKLFNQHVV

ZHUH XVHG� ZKLFK LQ FRQWDFW ZLWK VDPSOHV RI VWHHO ��

RU ��.K��1��7 ZHUH VXEMHFWHG WR DQQHDOLQJ� &RQWDFW

VXUIDFHV RI VDPSOHV ZHUH SROLVKHG DQG GHJUHDVHG EH�

IRUH DQQHDOLQJ� $QQHDOLQJ RI WKH VDPSOHV ZDV SHU�
IRUPHG ZLWKLQ WKH ��� w ��� �& WHPSHUDWXUH UDQJH DW

� 9�9� 6+858329� 9�9� 3(6+.29� 0�1� 6+86+3$129 DQG /�6� .,5((9� ����
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YDFXXP �⋅��w� 3D DQG � 03D VSHFLILF FRPSUHVVLRQ
SUHVVXUH� $IWHU DQQHDOLQJ WKH VDPSOHV ZHUH VHSDUDWHG
XVLQJ WKH GHYLFH IRU D VKHDU WHVW� DQG WKHQ WKH\ ZHUH
GHIRUPHG XQWLO IDLOXUH LQ WKH GHYLFH IRU D WKUHH�SRLQW
EHQGLQJ WR IRUP WKH IUDFWXUH VXUIDFH�

7\SLFDO NLQG RI IUDFWXUH RI WKH 97� DOOR\ VDPSOH
LQ LQLWLDO VWDWH LV JLYHQ LQ )LJXUH �� D� 7KH IUDFWXUH
VXUIDFH VKRZV D WRXJK QDWXUH RI IUDFWXUH DFURVV WKH
HQWLUH VHFWLRQ RI WKH VDPSOH� 7KH IUDFWXUH VXUIDFH KDV
WHDU ULGJHV ZKRVH ORFDWLRQ DQG GLUHFWLRQ VKRZ WKDW
WKH FUDFN ZDV LQLWLDWHG RQ FRQWDFW VXUIDFH H[DPLQHG
DQG SURSDJDWHG LQVLGH WKH VDPSOH�

7ZR ]RQHV DUH UHYHDOHG LQ WKH VWUXFWXUH RI IUDFWXUHV
RI WLWDQLXP VDPSOHV DIWHU WKHLU FRQWDFW LQWHUDFWLRQ
ZLWK VWHHO ��.K��1��7� )LUVW RI WKHP LV EULWWOH� FRU�
UHVSRQGLQJ WR WKH FUDFN SURSDJDWLRQ LQ WKH HPEULWWOHG
SDUW RI WKH GLIIXVLRQ OD\HU �)LJXUH �� E�� 7KH VHFRQG
RI WKHP LV WRXJK� KDYLQJ D W\SLFDO GLPSOLQJ VWUXFWXUH
DQG FRUUHVSRQGLQJ WR WKH FUDFN SURSDJDWLRQ LQ WLWD�
QLXP LQ WKDW SDUW RI WKH GLIIXVLRQ OD\HU LQ ZKLFK WKH
FRQFHQWUDWLRQ RI LQWHUVWLWLDO LPSXULW\ DWRPV �LURQ�
QLFNHO� FKURPLXP DQG RWKHUV� ZDV LQVXIILFLHQW IRU LWV
HPEULWWOHPHQW�

7KH HPEULWWOHG OD\HU LQ IUDFWXUH� IRUPHG DFFRUGLQJ
WR D VSDOOLQJ PHFKDQLVP ORRNV DV DQ LQWHJUDO SDUW RI
D PDWHULDO�VXEVWUDWH� $W LWV WKLFNQHVV δ � � µP WKH
VSDOOLQJ VXUIDFH ORRNV DV D FRQWLQXRXV EDQG� DQG DW
ODUJH VL]HV RI WKH HPEULWWOHG ]RQH LW FRQVLVWV RI D VHW
RI IDFHWV RI D WUDQVFU\VWDOOLQH IUDFWXUH �)LJXUH �� E��

:LWK LQFUHDVH LQ WHPSHUDWXUH 7 DQG WLPH RI DQ�
QHDOLQJ� W� WKH WKLFNQHVV RI WKH HPEULWWOHG OD\HU δ  
 I�W� LV LQFUHDVHG PRQRWRQLFDOO\ WR D GHILQLWH VL]H�

7KH GDWD� REWDLQHG E\ D GLUHFW PHDVXULQJ RI WKH HP�
EULWWOHG OD\HU IURP WKH IUDFWRJUDPV RI IUDFWXUHV� DUH
JLYHQ LQ )LJXUH �� D� ,Q ORJDULWKPLF FRRUGLQDWHV WKH
JUDSKV RI UHODWLRQ OQ δ  I�OQ W� DUH FORVH WR VWUDLJKW
OLQHV� 7KLV PDNHV LW SRVVLEOH WR FRQVLGHU WKDW WKH SUR�
FHVV RI JURZWK RI HPEULWWOHG OD\HUV RQ DOOR\ 97� GXU�
LQJ DQQHDOLQJ LQ FRQWDFW ZLWK VWHHO ��.K��1��7 LV

JRYHUQHG E\ D SDUDEROLF ODZ δP  .�W� FKDUDFWHUL]HG

E\ H[SRQHQW P DQG FRQVWDQW .�� 7KH ODWWHU FDQ EH
FRQVLGHUHG DQ H[SRQHQWLDO IXQFWLRQ RI WHPSHUDWXUH LQ
DFFRUGDQFH ZLWK D FRQFHSW DERXW D GLIIXVLRQ QDWXUH
RI WKH SURFHVV

.� a H[S �w(�57��

ZKHUH ( LV WKH HQHUJ\ RI DFWLYDWLRQ RI WKH SURFHVV RI
DQ HPEULWWOHG OD\HU JURZWK� 5 LV WKH JDV FRQVWDQW� 7
LV WKH WHPSHUDWXUH� .�

7KH HVWLPDWLRQ RI HIIHFWLYH HQHUJ\ RI DFWLYDWLRQ RI
WKH SURFHVV RI IRUPDWLRQ RI WKH HPEULWWOHG OD\HUV XVLQJ
D VORSH RI UHODWLRQ OQ .�  I���7� �)LJXUH �� D� JLYHV
YDOXH RI RUGHU ��� N-�PROH� FORVH WR WKH HQHUJ\ RI
DFWLYDWLRQ RI SURFHVV RI GLIIXVLRQ RI LURQ� QLFNHO DQG
FKURPLXP LQ WLWDQLXP� ZKLFK� DFFRUGLQJ WR >�@�
DPRXQWV WR ���� ��� DQG ��� N-�PROH� UHVSHFWLYHO\�
$W DWRPLF FRQWHQW RI 7L)H XS WR � � LW LV HTXDO WR
��� N-�PROH� DQG DW LWV LQFUHDVH XS WR �� � LW UHDFKHV
����� N-� PROH >�@� 7KLV PDNHV LW SRVVLEOH WR DVVXPH
WKDW� GXULQJ WKH FRQWDFW LQWHUDFWLRQ RI WLWDQLXP ZLWK
VWHHO ��.K��1��7� WKH IRUPDWLRQ RI HPEULWWOHG OD\HUV
RQ WKH VXUIDFH RI 97� DOOR\ LV FDXVHG E\ D GLIIXVLRQ

)LJXUH �� 7RSRJUDSK\ RI IUDFWXUH VXUIDFH E\ EHQGLQJ RI VDPSOHV
RI DOOR\ 97� LQ LQLWLDO VWDWH �D� DQG DIWHU FRQWDFW LQWHUDFWLRQ ZLWK
VWHHO ��.K��1��7 �E� �×����� �UHGXFHG E\ ����

)LJXUH ��.LQHWLFV RI JURZWK RI OD\HUV RQ DOOR\97� LQ WKH FRQGLWLRQV
RI FRQWDFW LQWHUDFWLRQ ZLWK VWHHOV �� �D� DQG ��.K��1��7 �E� DW
WHPSHUDWXUH ��� ���� ��� ���� ��� ��� DQG ��� �& ���
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RI LURQ� FKURPLXP DQG QLFNHO LQWR WLWDQLXP� DQG D
JURZWK RI HPEULWWOHG OD\HUV LV FRQWUROOHG E\ WKH SUR�
FHVVHV SURFHHGLQJ LQ WKH GLIIXVLRQ ]RQH ZKLFK FRQWDLQV
FRPSRXQGV RI WKH 7L)H W\SH�

7R PDNH WKH TXDQWLWDWLYH HVWLPDWLRQ RI HIIHFW RI
WHPSHUDWXUH DQG DQQHDOLQJ GXUDWLRQ RQ WKH WKLFNQHVV
RI IRUPLQJ HPEULWWOHG OD\HUV WKH HPSLULF UHODWLRQVKLS
FDQ EH XVHG

δ� = >���⋅��� H[S (w������ ⁄ 57)@W� µÊ��

7KHUH DUH WKLQ HPEULWWOHG OD\HUV DW WKH VXUIDFH RI
WLWDQLXP VDPSOHV DIWHU WKHLU FRQWDFW LQWHUDFWLRQ ZLWK
VWHHO ��� ZKLFK� GXH WR WKHLU ORZHU GXFWLOLW\ DV FRP�
SDUHG ZLWK WKH SDUHQW PHWDO DUH FUDFNHG GXULQJ GH�
IRUPDWLRQ DQG IDLOXUH RI WKH VDPSOHV �)LJXUH ��� +RZ�
HYHU� HYHQ DW ×����� PDJQLILFDWLRQ LW LV GLIILFXOW WR
PHDVXUH WKH WKLFNQHVV RI WKLV OD\HU LQ WKH IUDFWXUH GXH
WR LWV VPDOO YDOXH� 7KHUHIRUH� UHODWLRQ ZDV XVHG IRU
WKH TXDQWLWDWLYH HVWLPDWLRQ >�@

δ  ODY�����

ZKHUH O
DY
LV WKH DYHUDJH YDOXH RI GLVWDQFH EHWZHHQ

FUDFNV IRUPHG LQ WKH ]RQH RI GHIRUPDWLRQ ZKLFK LV
GHWHUPLQHG IURP IUDFWRJUDPV XVLQJ � w �� PHDVXUH�
PHQWV DQG E\ DYHUDJLQJ WKH UHVXOWV REWDLQHG�

([SHULPHQWDO GDWD RQ NLQHWLFV RI JURZWK RI HP�
EULWWOHG OD\HUV� REWDLQHG LQ GHWHUPLQDWLRQ RI WKHLU
WKLFNQHVV E\ FUDFNLQJ GXULQJ GHIRUPDWLRQ DUH JLYHQ
LQ )LJXUH �� E� $W WHPSHUDWXUHV ��� �& DQG ORZHU WKH
UHODWLRQV δ  I�W� KDYH DQ DWWHQXDWLRQ QDWXUH� 7KH
VDPH NLQG RI NLQHWLF FXUYHV DW KLJKHU WHPSHUDWXUHV
���� w ��� �&� LV SUHVHUYHG IRU WKH HPEULWWOHG OD\HUV
RI δ ≤ ��� µP� $W IXUWKHU LQFUHDVH LQ WKLFNQHVV RI WKH
HPEULWWOHG OD\HUV WKH FXUYHV DUH GHYLDWHG WR WKH VLGH
RI ULVLQJ �VHH FXUYHV � DQG � LQ )LJXUH �� E�� WKDW
PDNHV LW SRVVLEOH WR VWDWH WKH FKDQJH RI SURFHVV ZKLFK
FRQWUROV WKH JURZWK RI WKH HPEULWWOHG OD\HUV RQ WKH
DOOR\ 97��

:KHQ SORWWLQJ D JUDSK RI UHODWLRQ δ  I�W� LQ
ORJDULWKPLF FRRUGLQDWHV� RQ WKH EDVLV RI H[SHULPHQWDO
GDWD� DOO WKH SRLQWV DW δ ≤ ��� µP DUH ZHOO LPSRVHG
RQ WKH VWUDLJKW OLQHV� ,Q DGGLWLRQ� WKH FRQWDQJHQW RI
WKH DQJOH RI LQFOLQDWLRQ RI WKH ODWWHU LV FORVH WR �� L�H�

SURFHVV RI IRUPDWLRQ RI WKH HPEULWWOHG OD\HUV RQ DOOR\
97� DW D FRQWDFW LQWHUDFWLRQ ZLWK VWHHO �� FDQ EH
GHVFULEHG E\ D SDUDEROLF UHODWLRQ δP  .�W� ZKHUH P  
 �� DQG .� LV WKH FRQVWDQW RI JURZWK RI WKH HPEULWWOHG
OD\HUV� *UDSK RI UHODWLRQ OQ .�  I���7� UHSUHVHQWV
D VWUDLJKW OLQH �)LJXUH �� E�� ZKRVH VORSH VKRZV WKDW
HIIHFWLYH HQHUJ\ RI DFWLYDWLRQ RI WKH SURFHVV RI JURZWK
RI WKH HPEULWWOHG OD\HUV RQ DOOR\ 97� DW LWV FRQWDFW
LQWHUDFWLRQ ZLWK VWHHO �� LV ��� N-�PROH�

5HVXOWV RI ;�UD\ DQDO\VLV VKRZHG WKDW GXULQJ WL�
WDQLXP LQWHUDFWLRQ ZLWK VWHHO �� D WLWDQLXP FDUELGH
LV IRUPHG LQ WKH ]RQH RI FRQWDFW >�@� $FFRUGLQJ WR
GDWD� JLYHQ LQ >�@� WKH HQHUJ\ RI DFWLYDWLRQ RI FDUERQ
GLIIXVLRQ LQ WLWDQLXP LV ���� ZKLOH LQ WLWDQLXP FDUELGH
LW LV ��� N-�PROH WKDW LV FORVH WR RXU YDOXH� 7KHUHIRUH�
LW LV SRVVLEOH WR DVVXPH WKDW WKH JURZWK RI WKH HP�
EULWWOHG OD\HU XQGHU WKH H[SHULPHQWDO FRQGLWLRQV ZDV
FRQWUROOHG E\ WKH GLIIXVLRQ RI FDUERQ LQ D FDUELGH�FRQ�
WDLQLQJ OD\HU ZKRVH SUHVHQFH LV LQWHUORFNLQJ RU� DW
OHDVW� PDNHV WKH GLIIXVLRQ RI LURQ LQWR WLWDQLXP GLIIL�
FXOW� (YLGHQWO\� WKLV FDQ H[SODLQ VR ODUJH GLIIHUHQFH
�E\ WKUHH RUGHUV� LQ FRQVWDQWV RI JURZWK RI HPEULWWOHG
OD\HUV RQ WLWDQLXP DW LWV FRQWDFW LQWHUDFWLRQZLWK VWHHOV
�� DQG ��.K��1��7�

7KH REVHUYHG GHYLDWLRQ LQ UXQ RI NLQHWLF FXUYHV
δ  I�W� �VHH )LJXUH �� E� IURP UHODWLRQ δ�  .�W DW
LQFUHDVH LQ WLPH RI LQWHUDFWLRQ W RI WLWDQLXP ZLWK VWHHO
�� �W ! �� PLQ DW ��� �& DQG W ! �� PLQ DW ��� �&�
VKRXOG EH DVVRFLDWHG ZLWK WKH GHYHORSPHQW RI GLIIX�
VLRQ SURFHVVHV LQ D VXUIDFH OD\HU RI WLWDQLXP� $W D
OLPLWHG FRQWHQW RI FDUERQ LQ WKH FRQWDFW ]RQH� GHWHU�
PLQHG E\ FKHPLFDO FRPSRVLWLRQ RI VWHHO ��� WKH LQ�
FUHDVH LQ WHPSHUDWXUH DQG WLPH RI DQQHDOLQJ OHDGV WR
WKH GHFUHDVH LQ FDUERQ FRQFHQWUDWLRQ LQ WKH GLIIXVLRQ
OD\HU GXH WR LWV GLVVROXWLRQ LQ WKH PHWDOOLF EDVH RI
WLWDQLXP DQG GHFUHDVH LQ LQWHUORFNLQJ �ZLWK UHVSHFW
WR LURQ� SURSHUWLHV RI WKH HPEULWWOHG OD\HUV� 7KLV LV
DFFRPSDQLHG E\ WKH GHYHORSPHQW RI WKH SURFHVV RI
GLIIXVLRQ RI LURQ LQWR WLWDQLXP DQG PRUH LQWHQVLYH
JURZWK RI WKH HPEULWWOHG OD\HUV� 7KXV� WKH JURZWK RI
WKH HPEULWWOHG OD\HUV LQ WKHVH FRQGLWLRQV ZLOO EH FRQ�
WUROOHG KHUH E\ WKH GLIIXVLRQ RI LURQ LQ WLWDQLXP� EXW
QRW D FDUERQ LQ WKH FDUELGH�FRQWDLQLQJ OD\HU�

7R PDNH WKH TXDQWLWDWLYH HVWLPDWLRQ RI HIIHFW RI
WHPSHUDWXUH DQG GXUDWLRQ RI DQQHDOLQJ RQ WKH WKLFN�
QHVV RI IRUPHG HPEULWWOHG OD\HUV �DW δ � ��� µP� RQ

)LJXUH �� 5HODWLRQVKLSV EHWZHHQ WKH FRHIILFLHQWV .� DQG .� RI WKH
SURFHVV RI JURZWK RI HPEULWWOHG OD\HUV RQ WLWDQLXP DW LWV FRQWDFW
LQWHUDFWLRQ ZLWK VWHHOV ��.K��1��7 �D� DQG �� �E� DQG DQQHDOLQJ
WHPSHUDWXUH

)LJXUH �� 0LFURVWUXFWXUH RI IUDFWXUHV RI DOOR\ 97� DIWHU FRQWDFW
LQWHUDFWLRQ ZLWK VWHHO �� �×������ �UHGXFHG E\ ����
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DOOR\ 97� DW LWV FRQWDFW LQWHUDFWLRQ ZLWK VWHHO �� WKH
IROORZLQJ UHODWLRQVKLS FDQ EH XVHG�

δ� = >���⋅���� H[S (w������ ⁄ 57)@W�

&21&/86,216

�� ,W ZDV HVWDEOLVKHG E\ WKH PHWKRG RI D VFDQQLQJ
PLFURVFRS\ WKDW WKH HPEULWWOHG GLIIXVLRQ OD\HUV DUH
IRUPHG RQ WKH WLWDQLXP VXUIDFH GXULQJ WKH SURFHVV RI
D FRQWDFW LQWHUDFWLRQ RI DOOR\ 97� ZLWK VWHHOV� 7KLFN�
QHVV DQG VWUXFWXUH RI WKHVH OD\HUV GHSHQG RQ WKH FKHPL�
FDO FRPSRVLWLRQ RI VWHHO DQG WHPSHUDWXUH�WLPH FRQGL�
WLRQV RI WUHDWPHQW�

�� ,Q FRQWDFW RI DOOR\ 97� ZLWK VWHHO ��.K��1��7
WKH SURFHVV RI IRUPDWLRQ RI WKH HPEULWWOHG OD\HUV RQ
WKH WLWDQLXP DOOR\ LV FRQWUROOHG E\ D KHWHURGLIIXVLRQ
RI FRPSRQHQWV RI WKLV VWHHO DQG WLWDQLXP LQ WKH GLI�
IXVLRQ ]RQH FRQWDLQLQJ LQWHUPHWDOOLFV� ZKLOH LQ FRQWDFW
ZLWK VWHHO �� LW LV FRQWUROOHG E\ D GLIIXVLRQ RI FDUERQ
LQ D FDUELGH�FRQWDLQLQJ OD\HU� LQWHUORFNLQJ WKH LURQ
GLIIXVLRQ LQWR WLWDQLXP�

�� $W D OLPLWHG FDUERQ FRQWHQW LQ WKH ]RQH RI FRQ�
WDFW� GHWHUPLQHG E\ WKH FKHPLFDO FRPSRVLWLRQ RI VWHHO
��� WKH LQFUHDVH LQ WHPSHUDWXUH �7 ≥ ��� �&� DQG WLPH
RI FRQWDFW LQWHUDFWLRQ �W ! �� PLQ� OHDGV WR WKH ZHDN�
HQLQJ RI LQWHUORFNLQJ SURSHUWLHV RI HPEULWWOHG OD\HUV
DV WR WKH LURQ� 7KH JURZWK RI WKH HPEULWWOHG OD\HUV
XQGHU WKHVH FRQGLWLRQV ZLOO EH FRQWUROOHG E\ WKH GLI�
IXVLRQ DQG VROXELOLW\ RI LURQ LQ WLWDQLXP�

5()(5(1&(6

�� %RQGDU� $�9�� 3HVKNRY� 9�9�� .LUHHY� /�6� HW DO� ������
'LIIXVLRQ ERQGLQJ RI WLWDQLXP DQG LWV DOOR\V� 9RURQH]K�
968�

�� )HGRURY� 6�1�� %RQGDU� $�9�� 3HVKNRY� 9�9� HW DO� ������
&RQWDFW RI WLWDQLXP FRPSRQHQWV ZLWK VWHHO IL[WXUH LQ GLIIX�
VLRQ ERQGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� &KDUXNKLQD� .�(�� *RORYDQHQNR� 6�$�� 0DVWHURY� 9�$� HW

DO� ������ %LPHWDO MRLQWV� 0RVFRZ� 0HWDOOXUJLD�
�� 7VYLNNHU� 8� ������ 7LWDQLXP DQG LWV DOOR\V� 0RVFRZ� 0H�

WDOOXUJLD�
�� 3HVKNRY� 9�9�� 'HO� *�'�� 2UORYD� /�0� HW DO� ������ 'H�

WHUPLQDWLRQ RI GHSWK RI R[LGL]HG OD\HU HPEULWWOHG SDUW DW WKH
WLWDQLXP VXUIDFH� =DYRG� /DERUDWRULD� �� �� w ���

�� 9XOI� %�.� ������ +HDW WUHDWPHQW RI WLWDQLXP DOOR\V� 0RV�
FRZ� 0HWDOOXUJLD�
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6�9� .8=0,1� 9�,� /<6$. DQG ,�$� 6$/20$7,1

9ROJRJUDG 6WDWH 7HFKQLFDO 8QLYHUVLW\� 9ROJRJUDG� 5XVVLD

$%675$&7

7KH QHZ FDOFXODWLRQ�H[SHULPHQWDO PHWKRG KDV EHHQ GHYHORSHG IRU HVWLPDWLRQ RI FROOLVLRQ YHORFLW\ DW WKH LQLWLDO VWDJH RI

DFFHOHUDWLRQ IRU WKH VHFRQG DQG QH[W LQWHUIDFHV LQ PXOWLOD\HU PHWDO FRPSRVLWH PDWHULDOV GXULQJ H[SORVLRQ ZHOGLQJ� ,W LV

VKRZQ WKDW WR FDOFXODWH FROOLVLRQ YHORFLWLHV DW WKH VHFRQG DQG QH[W LQWHUIDFHV LW LV QHFHVVDU\ WR PDNH DOORZDQFH IRU DQ

LQFUHDVH LQ PRPHQWXP RI WKH V\VWHP FDXVHG E\ H[WHUQDO IRUFHV DIIHFWLQJ LW ZLWKLQ D VKRUW SHULRG RI WLPH EHWZHHQ FROOLVLRQ

DW WKH SUHYLRXV LQWHUIDFH DQG �JRLQJ RXW� RI WKH VWDFN ZHOGHG WR D JHQWO\ VORSLQJ DFFHOHUDWLRQ UHJLRQ�

.H\ ZRU G V � H[SORVLRQ ZHOGLQJ� DFFHOHUDWLRQ RI SODWHV�

KLJK�YHORFLW\ FROOLVLRQV� FRPSRVLWH PDWHULDOV� LQYHVWLJDWLRQV

7KH VR�FDOOHG VLPXOWDQHRXV PHWKRG LV LQGLFDWHG IRU D

QXPEHU RI UHDVRQV IRU H[SORVLRQ ZHOGLQJ RI PXOWLOD\HU

FRPSRVLWH PDWHULDOV� :LWK WKLV PHWKRG SDUW RI WKH

HQHUJ\ UHOHDVHG LQ H[SORVLRQ RI RQH FDSWLYH H[SORVLRQ

FKDUJH LV VSHQW IRU SODVWLF GHIRUPDWLRQ RI PHWDO DW DOO

LQWHUIDFHV LQ WKH VWDFN EHLQJ ZHOGHG >�@� ZKLFK OHDGV

WR IRUPDWLRQ RI D SK\VLFDO FRQWDFW DQG DFWLYDWLRQ RI

WKH PDWLQJ ERXQGDULHV LQ D PHWDO MRLQW� 7KLV UHTXLUHV

SUHFLVH SRUWLRQLQJ RI HQHUJ\ LQSXW WR HDFK LQWHUIDFH

LQ D FRPSRVLWH PDWHULDO ZHOGHG� ZKLFK LV QHHGHG WR

SURYLGH LGHQWLFDO VWUHQJWK RI WKH MRLQWV EHWZHHQ WKH

OD\HUV� RQ WKH RQH KDQG� DQG PLQLPL]H VWUXFWXUDO DQG
FKHPLFDO KHWHURJHQHLW\� RQ WKH RWKHU KDQG� 7KLV SRU�

WLRQLQJ SURYLGHG E\ YDU\LQJ WKH OD\HU�E\�OD\HU FROOL�

VLRQ YHORFLWLHV9
F
L
SUHVHQWV D SUREOHP� ZKLFK LV VROYHG�

DV D UXOH� LQ D YHU\ URXJK DSSUR[LPDWLRQ XVLQJ FDOFX�

ODWLRQ PRGHOV �QHJOHFWLQJ WKH VKRFN�ZDYH SURFHVVHV
RFFXUULQJ LQ D V\VWHP RI FROOLGLQJ HOHPHQWV� >� w �@�

$FFRUGLQJ WR WKHVH PRGHOV� GXULQJ H[SORVLRQ ZHOGLQJ

DIWHU WKH L�WK HYHQW RI FROOLVLRQ WKH VWDFN FRQVLVWLQJ

RI L � � SODWHV ZLOO LPPHGLDWHO\ DFTXLUH VRPH ILQDO

IOLJKW YHORFLW\� ZKLFK LV FDOFXODWHG RQ WKH EDVLV RI WKH
ODZ RI FRQVHUYDWLRQ RI PRPHQWXP IRU DQ LVRODWHG V\V�
WHP >�@� 7KHUHIRUH� WKH FROOLVLRQ YHORFLW\ DW WKH VHFRQG

LQWHUIDFH RI D FRPSRVLWH PDWHULDO DQG WKRVH WKDW IROORZ

GRHV QRW GHSHQG XSRQ WKH VHWWLQJ JDS EHWZHHQ WKHP�
$W WKH VDPH WLPH� LW ZDV LQFRQWURYHUWLEO\ SURYHG

RQ WKH EDVLV RI UHVXOWV RI H[SHULPHQWV FRQGXFWHG XVLQJ

WKH UKHRVWDW PHWKRG >�@ LQ RUGHU WR LQYHVWLJDWH G\�

QDPLFV RI WKH SURFHVV RI DFFHOHUDWLRQ RI WKH H[SORVLRQ

ZHOGHG VWDFN FRQVLVWLQJ RI WZR PRGHO SODWHV >�@ WKDW

WKH VWDFN DFTXLUHG VRPH DFFHOHUDWLRQ YHORFLW\� GHSHQG�

LQJ XSRQ WKH LQLWLDO FRQGLWLRQV� QRW LPPHGLDWHO\ EXW

ZLWKLQ D FHUWDLQ SHULRG RI WLPH� ,Q WKLV FRQQHFWLRQ�

WKH DXWKRUV RI >�@ VXJJHVWHG DQG VXEVWDQWLDWHG WKH

NLQHPDWLF PRGHO RI WKH SURFHVV RI H[SORVLRQ ZHOGLQJ
RI PXOWLOD\HU FRPSRVLWH PDWHULDOV� $FFRUGLQJ WR WKLV

PRGHO� DFFHOHUDWLRQ RI WKH VWDFN RIPHWDO SODWHV ZHOGHG

LQ IOLJKW RFFXUV LQ WZR VWDJHV� LQWHQVLYH DFFHOHUDWLRQ

ZLWKLQ D UDWKHU VKRUW SHULRG RI WLPH XS WR D FHUWDLQ

YDOXH RI YHORFLW\� ZKLFK LV FDOFXODWHG� H�J� IURP WKH

ODZ RI FRQVHUYDWLRQ RI PRPHQWXP �LQLWLDO VWDJH�� DQG
JUDGXDO DFFHOHUDWLRQ RI WKH VWDFN GXH WR UHVLGXDO SUHV�

VXUH RI WKH H[SORVLYH GHWRQDWLRQ SURGXFWV XS WR D

YHORFLW\ ZKLFK LV GHWHUPLQHG E\ WKH H[SORVLYH FKDUJH

SDUDPHWHUV� DFFHOHUDWLRQ SKDVH DQG VHWWLQJ JDS DW WKH

FRPSRVLWH PDWHULDO LQWHUIDFH XQGHU LQYHVWLJDWLRQ� 1H�

JOHFWLQJ WKH LQLWLDO VWDJH RI DFFHOHUDWLRQ LQ LQYHVWLJD�

WLRQ RI WKH SURFHVV OHDGV WR VXEVWDQWLDO HUURUV LQ HVWL�

PDWLRQ RI WKH FROOLVLRQ SDUDPHWHUV DW LQWHUIDFHV EH�

WZHHQ OD\HUV LQ D FRPSRVLWH PDWHULDO EHLQJ ZHOGHG

DQG� KHQFH� LQYROYHV D SUREOHP LQ UHDOL]DWLRQ RI RS�

WLPDO SURSHUWLHV RI PXOWLOD\HU FRPSRVLWH PDWHULDOV�

7KH SXUSRVH RI WKLV ZRUN FRQVLVWHG LQ GHYHORSPHQW

RI WKH FDOFXODWLRQ�H[SHULPHQWDO PHWKRG ZKLFK ZRXOG

DOORZ HVWLPDWLRQ RI FROOLVLRQ YHORFLW\ DW WKH LQLWLDO

VWDJH RI DFFHOHUDWLRQ DW WKH VHFRQG DQG QH[W LQWHUIDFHV

LQ PXOWLOD\HU FRPSRVLWH PDWHULDOV GXULQJ H[SORVLRQ

ZHOGLQJ E\ DYRLGLQJ WKH XVH RI VSHFLDO PHDVXUHPHQW

LQVWUXPHQWV�

7KH PHWKRG GHYHORSHG LV EDVHG RQ WKH IROORZLQJ

SUHUHTXLVLWHV� 1XPHURXV H[SHULPHQWDO GDWD VKRZ WKDW

VL]HV RI WKH ZDYHV JHQHUDWHG ZLWKLQ WKH MRLQLQJ ]RQH

GXULQJ H[SORVLRQ ZHOGLQJ JUHDWO\ GHSHQG XSRQ WKH
KLJK�YHORFLW\ FROOLVLRQ SDUDPHWHUV >��� �� w ��@ DQG�
RWKHU FRQGLWLRQV EHLQJ HTXDO� DUH XQDPELJXRXVO\ GH�

WHUPLQHG E\ G\QDPLF DQJOH α RU FROOLVLRQ YHORFLW\ 9
F
�

2Q WKH RWKHU KDQG� SDUDPHWHUV RI FROOLVLRQ RI WZR

PHWDO SODWHV FDQ EH FDOFXODWHG ZLWK DQ DFFXUDF\ VXI�

ILFLHQW IRU SUDFWLFDO DSSOLFDWLRQ HLWKHU E\ XVLQJ HTXD�
WLRQV RI SK\VLFV RI H[SORVLRQ >��@ GHULYHG IRU WKH FDVH

RI XQLGLPHQVLRQDO DFFHOHUDWLRQ RI IODW HOHPHQWV E\ WKH

FRQGHQVHG H[SORVLYH GHWRQDWLRQ SURGXFWV� RU E\ XVLQJ

GHSHQGHQFLHV JLYHQ LQ >�� �@ IRU WKH FDVH RI WZR�GL�
PHQVLRQDO DFFHOHUDWLRQ� 7KHQ WKH YHORFLW\ RI FROOLVLRQ

RI WKH HOHPHQWV ZHOGHG DW WKH LQYHVWLJDWHG LQWHUIDFH

EHWZHHQ OD\HUV RI D FRPSRVLWH PDWHULDOV �VWDUWLQJ IURP
WKH VHFRQG LQWHUIDFH� FDQ EH HVWLPDWHG E\ FRPSDULQJ� 6�9� .8=0,1� 9�,� /<6$. DQG ,�$� 6$/20$7,1� ����
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SDUDPHWHUV RI WKH ZDYHV IRUPHG DW WKLV LQWHUIDFH �H�J�

ZDYH OHQJWKV λ� ZLWK WKH FRUUHVSRQGLQJ SDUDPHWHUV

RI WKH ]RQH RI MRLQLQJ RI WKH WZR�OD\HU ELOOHWV ZHOGHG

E\ HQVXULQJ VWDEOH PDVV FKDUDFWHULVWLFV RI WKH SODWHV�

KHLJKW RI WKH FKDUJH� GHWRQDWLRQ DQG FRQWDFW SRLQW

YHORFLW\� NHSW FRQVWDQW IURP VHULHV WR VHULHV�

&RQVLGHU WKH VXJJHVWHG PHWKRG IRU GHWHUPLQDWLRQ

RI WKH FROOLVLRQ YHORFLW\ RI WKH SODWHV DW WKH VHFRQG

LQWHUOD\HU EHWZHHQ OD\HUV RI D WKUHH�OD\HU FRPSRVLWH

PDWHULDO LQ H[SORVLRQ ZHOGLQJ� WKH DOJRULWKP RI SHU�

IRUPLQJ RI ZKLFK LV VKRZQ LQ )LJXUH � �LQ WKH FDVH

RI ZHOGLQJ FRPSRVLWH PDWHULDOV ZLWK PRUH OD\HUV WKH

VHTXHQFH RI GHWHUPLQDWLRQ RI 9
F

L

ZLOO EH WKH VDPH��

$W WKH ILUVW VWDJH� WKH GHSHQGHQFH RI OHQJWKV λ RI

WKH ZDYHV JHQHUDWHG LQ H[SORVLRQZHOGLQJ RI WZR�OD\HU

ELOOHWV XSRQ WKH FROOLVLRQ YHORFLW\ 9
F
YDULHG LQ WKH

VHULHV RI WKH H[SHULPHQWV XQGHU FRQVLGHUDWLRQ RYHU D

UDQJH RI ��� w ��� P�V E\ GLVFUHWHO\ YDU\LQJ WKH

VHWWLQJ JDS K IURP ��� WR ��� PP �7DEOH� ZDV H[SHUL�

PHQWDOO\ GHWHUPLQHG IRU WKH SUHOLPLQDULO\ VHOHFWHG

PDWHULDOV DQG WKHLU WKLFNQHVV� 7KHQ WKH GHSHQGHQFH

RI WKH ZDYH OHQJWK XSRQ WKH FROOLVLRQ YHORFLW\� λ  

 I�9
F
� �)LJXUH �� F�� ZDV SORWWHG IRU VSHFLILF H[SHUL�

PHQWDO FRQGLWLRQV E\ FRPSDULQJ FDOFXODWLRQ GDWD RI

WKH FROOLVLRQ YHORFLWLHV9
F
� ZKLFK DUH DOVR WKH IXQFWLRQ

RI WKH VHWWLQJ JDS >�@� 9
F
 I�K� �)LJXUH �� D� ZLWK

)LJXUH� �� $OJRULWKP RI WKH PHWKRG IRU FDOFXODWLRQ�H[SHULPHQWDO SORWWLQJ RI WKH FXUYH RI DFFHOHUDWLRQ9
F
�

 I�K�� IRU WKH VHFRQG LQWHUOD\HU
LQ H[SORVLRQ ZHOGLQJ RI D WKUHH�OD\HU FRPSRVLWH PDWHULDO �D w H x VHH GHVFULSWLRQV LQ WKH WH[W�

,QLWLDO H[SHULPHQWDO SDUDPHWHUV

,QWHUIDFH

LQYHVWLJDWHG

4�W\ RI LQWHUIDFHV LQ

FRPSRVLWH PDWHULDO
/D\HU WKLFNQHVV� PP *DSV DW LQWHUIDFH� PP &ROOLVLRQ YHORFLW\� P�V

�VW � ��� � ��� ��� w ��� ��� w ���

�QG � ��� � ��� � ��� ��� w ���

�K�  � PP�

9F�  ����

1R W H V � �� /D\HU PDWHULDO x DOXPLQLXP $'2� �� 'HWRQDWLRQ YHORFLW\ '  ���� P�V� �� ([SORVLYH FKDUJH KHLJKW �DPPRQLWH 1R��=K9� LV

�� PP�
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H[SHULPHQWDO UHVXOWV UHODWLQJ WKH ZDYH OHQJWK ZLWK

WKH VHWWLQJ JDS� λ  I�K� �)LJXUH �� E��
7KH QH[W VWDJH LQFOXGHG H[SORVLRQ ZHOGLQJ RI D

WKUHH�OD\HU VWDFN RI SODWHV RI WKH VDPH PDWHULDO DW D

FHUWDLQ FRQVWDQW VHWWLQJ JDS LQ WKH FRPSRVLWH PDWHULDO�

K�� DW WKH ILUVW LQWHUIDFH �LQ RXU H[SHULPHQWV LW ZDV

� PP� DQG DW D GLVFUHWHO\ YDULHG JDS K� DW WKH VHFRQG
LQWHUIDFH� HTXDO WR ��� w ��� PP �VHH WKH 7DEOH�� ,Q

WKLV FDVH WKH REOLJDWRU\ H[SHULPHQWDO FRQGLWLRQ ZDV

WKDW WKH WRWDO WKLFNQHVV RI WKH ILUVW DQG VHFRQG SODWHV

LQ WKH WKUHH�OD\HU VWDFN KDG WR EH HTXDO WR WKLFNQHVV

RI WKH IO\HU SODWH XVHG DW WKH ILUVW VWDJH RI WKH VHULHV

RI WKH VDLG H[SHULPHQWV�

7KH JUDSKLFDO GHSHQGHQFH λ�  I�K�� �)LJXUH �� G�
ZDV SORWWHG IURP ZDYH OHQJWKV λ� REWDLQHG IRU GLIIHU�

HQW YDOXHV RI K� DW WKH VHFRQG LQWHUIDFH� ZKLOH WKH

FRPELQHG VROXWLRQ RI WKH ODWWHU XVLQJ FXUYH λ  I�9
F
�

�)LJXUH �� F� ZDV HPSOR\HG IRU SORWWLQJ WKH FXUYH

VKRZLQJ WKH UHODWLRQVKLS EHWZHHQ WKH FROOLVLRQ YHORF�

LW\ DW WKH VHFRQG LQWHUIDFH DQG LQLWLDO JDSV DW LW� 9
F
�

 

 I�K�� �)LJXUH �� H��
7KHQ WKH FRPSUHKHQVLYH SLFWXUH RI OD\HU�E\�OD\HU

YDULDWLRQV LQ WKH FROOLVLRQ YHORFLWLHV RI HOHPHQWV

ZHOGHG LQ WKH WKUHH�OD\HU VWDFN DV D IXQFWLRQ RI WKH

WRWDO JDS KΣ �)LJXUH ��� ZKLFK LV D SDUWLFXODU NLQHPDWLF

PRGHO RI H[SORVLRQ ZHOGLQJ >�@ RI WKH FRPSRVLWH PD�

WHULDO LQYHVWLJDWHG IRU D JLYHQ VHWWLQJ JDS DW LWV ILUVW

LQWHUIDFH �LQ RXU FDVH K�  � PP�� ZDV REWDLQHG E\

FRPELQLQJ WKH DFFHOHUDWLRQ FXUYHV 9
F
�

 I�K�� DQG

9
F
�

 I�K���

$QDO\VLV RI WKH )LJXUH VKRZV D VXEVWDQWLDO GLIIH�

UHQFH EHWZHHQ WKH FDOFXODWHG DQG H[SHULPHQWDO DFFH�

OHUDWLRQ FXUYHV IRU WKH VHFRQG LQWHUIDFH �)LJXUH ��

FXUYHV � DQG ��� $W D VPDOO JDS K�� ZKLFK LV QRW LQ

H[FHVV RI ��� w ��� PP� WKH FDOFXODWHG YDOXHV RI

9
F
�

FDO
�FXUYH �� DUH VXEVWDQWLDOO\ RYHUUDWHG� DV FRPSDUHG

ZLWK WKH H[SHULPHQWDO YDOXHV RI 9
F
�

H[S
�FXUYH ��� %H�

VLGHV� WKH ORZHU WKH YDOXHV RI K�� WKH ODUJHU WKH GLI�
IHUHQFHV� 7KLV IDFW IROORZLQJ WKH QDWXUDO ODZV ZDV

QRWHG HDUOLHU >�@� 7KHUHIRUH� LW VKRXOG EH WDNHQ LQWR

DFFRXQW LQ VSHFLI\LQJ FRQGLWLRQV IRU H[SORVLRQZHOGLQJ

RI PXOWLOD\HU FRPSRVLWH PDWHULDOV� L�H� OLPLWLQJ WKH

PLQLPXP SHUPLVVLEOH JDSV DW WKH VHFRQG DQG QH[W

LQWHUIDFHV RI WKH FRPSRVLWH PDWHULDO� WKXV DYRLGLQJ

WKH VXEVWDQWLDOO\ XQGHUUDWHG UHDOLVWLF FROOLVLRQ YHORFL�

WLHV� DV FRPSDUHG ZLWK WKH FDOFXODWHG RQHV�

,I WKH JDSV DW WKH VHFRQG LQWHUIDFH DUH ODUJHU WKDQ

��� w ��� PP� WKH SLFWXUH REVHUYHG LV GLIIHUHQW� 3DUW

RI WKH H[SHULPHQWDO DFFHOHUDWLRQ FXUYH LV ORFDWHG DERYH

WKH FDOFXODWHG RQH� EHLQJ PRUH WKDQ ��� P�V KLJKHU

DW K�  � PP� GHVSLWH WKH IDFW WKDW WKH ODWWHU LV SORWWHG
ZLWK DOORZDQFH IRU WKH HIIHFW RI UHVLGXDO SUHVVXUH RI

WKH H[SORVLYH GHWRQDWLRQ SURGXFWV DIWHU FROOLVLRQ RI

WKH ILUVW WZR SODWHV DQG IRU WKH SDUW RI WKH FKDUJH

HQHUJ\ ZKLFK ZDV DFWXDOO\ FRQVXPHG XQWLO WKLV PR�

PHQW RI WLPH >�� ��@� 7KH GHWDLOHG DQDO\VLV RI WKH

FDOFXODWLRQ PHWKRGV IRU GHWHUPLQDWLRQ RI FROOLVLRQ YH�

ORFLWLHV DW WKH VHFRQG DQG QH[W LQWHUIDFHV RI WKH H[�

SORVLRQ ZHOGHG FRPSRVLWH PDWHULDO >�� ��@ PDGH LW

SRVVLEOH WR UHYHDO LQ WKHP RQH LPSRUWDQW GUDZEDFN�

,W LV DVVRFLDWHG ZLWK D SUHUHTXLVLWH RI D VXGGHQ FKDQJH

LQ WKH YHORFLW\ RI IOLJKW RI WKH VWDFN RI SODWHV ZHOGHG

DIWHU HDFK FROOLVLRQ HYHQW XQWLO DFKLHYLQJ WKH YDOXHV

FDOFXODWHG IURP WKH ODZ RI FRQVHUYDWLRQ RI PRPHQWXP

IRU DQ LVRODWHG RU FORVHG V\VWHP� 7KLV ODZ LV YDOLG RQO\

IRU WKH FDVH ZKHUH WKH V\VWHP RI WKH SODWHV FROOLGLQJ

GXULQJ H[SORVLRQ ZHOGLQJ LV QRW DIIHFWHG E\ DQ\ H[�

WHUQDO IRUFH RU ZKHUH WKH HIIHFW RI VXFK D IRUFH LV

FRPSHQVDWHG IRU >��@ DQG LV D SDUWLFXODU FDVH RI WKH

ODZ RI FRQVHUYDWLRQ RI PRPHQWXP� :KHUHDV LQ WKH

UHDO FDVH WKH V\VWHP RI FROOLGLQJ ERGLHV LV FRQVWDQWO\

�WRSSHG XS� E\ D VRUW RI D SXOVH RI WKH IRUFH ZKLFK

LV H[WHUQDO UHODWLYH WR LW� DQG ZKLFK LV GHWHUPLQHG E\

WKH SUHVVXUH RI WKH GHWRQDWLRQ SURGXFWV DFWLQJ RQ WKH

VXUIDFH RI WKH IO\HU SODWH DQG LWV GXUDWLRQ� $OORZLQJ

IRU WKLV FLUFXPVWDQFH� WKH FDOFXODWHG YHORFLW\ RI WKH

VWDFN FRQVLVWLQJ RI WZR SODWHV ZHOGHG LQ IOLJKW FDQ EH

UHSUHVHQWHG DV IROORZV�

9� =

ρ�δ�9F
�

+ ∫
τ
�

τ
�

S(τ)Gτ

ρ�δ� + ρ�δ�
�

���

ZKHUH ρ� LV WKH GHQVLW\ RI WKH IO\HU SODWH� δ� LV WKH
WKLFNQHVV RI WKH IO\HU SODWH� ρ�δ� DQG ρ�δ� DUH WKH XQLW
PDVVHV RI WKH IO\HU DQG LQWHUPHGLDWH SODWHV� UHVSHF�

WLYHO\� LQ WKH WKUHH�OD\HU VWDFN DQG ∫
τ
�

τ
�

S(τ)Gτ LV WKH

VSHFLILF �UHODWHG WR D XQLW VXUIDFH DUHD RI WKH IO\HU

SODWH� SXOVH RI WKH H[WHUQDO IRUFH SHU WLPH LQWHUYDO

τ� w τ� FKDUDFWHUL]LQJ DQ LQFUHPHQW LQ PRPHQWXP RI

WKH V\VWHP�

(YDOXDWH QRZ DQ LQFUHPHQW LQ PRPHQWXP� ZKLFK

LV QHJOHFWHG E\ WKH H[LVWLQJ FDOFXODWLRQ PHWKRGV� RI

WKH V\VWHP RI WZR SODWHV ZHOGHG LQ IOLJKW GXULQJ WKH

τ� WLPH SDVVHG IURP WKH PRPHQW RI FROOLVLRQ RI WKH

ILUVW WZR SODWHV XQWLO WKH PRPHQW RI DFFHOHUDWLRQ τ��
RI WKH VWDFN WR D YHORFLW\ FDOFXODWHG IURP WKH ODZ RI

FRQVHUYDWLRQ RI PRPHQWXP �)LJXUH ��� )RU DQ\ VHF�

WLRQ RI WKH ZHOGHG VWDFN FRQVLGHUHG WKH τ� WLPH WKDW

)LJXUH �� .LQHWLFV RI DFFHOHUDWLRQ RI HOHPHQWV RI WKH WKUHH�OD\HU
VWDFN RI DOXPLQLXP SODWHV� � x FXUYH RI DFFHOHUDWLRQ RI WKH IO\HU
SODWH �δ�  ��� PP� >��@� � x FXUYH RI DFFHOHUDWLRQ RI WKH VWDFN
RI WKH WZR SODWHV ZHOGHG �δ� � δ�  ��� � ��� PP� >��@� �x LQLWLDO
UHJLRQ RI DFFHOHUDWLRQ RI WKH VWDFN RI WKH WZR SODWHV ZHOGHG �δ� �
� δ�  ��� � ��� PP� �H[SHULPHQWDO GDWD�
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SDVVHG IURP WKH PRPHQW RI H[LW RI WKH GHWRQDWLRQ

ZDYH IURP WKH H[SORVLYH FKDUJH DQG LWV HQWUDQFH LQWR

WKLV VHFWLRQ WR WKH PRPHQW RI EHJLQQLQJ RI PRYHPHQW

RI WKH UHDU VXUIDFH RI WKH VHFRQG �LQWHUPHGLDWH� SODWH

FRQVLVWV RI WKH WLPH RI DFFHOHUDWLRQ RI WKH IO\HU SODWH

WR LWV FROOLVLRQ ZLWK WKH VHFRQG SODWH� τ�′� DQG WKH WLPH
RI EHJLQQLQJ RI PRYHPHQW RI WKH UHDU VXUIDFH RI WKH

VHFRQG SODWH� τ�′′ � DQG FDQ EH UDWKHU SUHFLVHO\ GHWHU�

PLQHG IURP WKH HTXDWLRQV RI SK\VLFV RI H[SORVLRQ >��@

τ� = τ�
′ + τ�

′′ =
K�

η�'
� + η� + √� + �η�

� + +

K�



+
δ�
F��

� ���

η� = ��

��

ρH[+
ρ�δ� � ���

ZKHUH K� LV WKH VHWWLQJ JDS DW WKH ILUVW LQWHUIDFH RI

WKH FRPSRVLWH PDWHULDO ZHOGHG� ' LV WKH GHWRQDWLRQ

YHORFLW\� + LV WKH H[SORVLYH FKDUJH KHLJKW� ρH[ LV WKH

H[SORVLYH GHQVLW\ DQG F�
�
LV WKH YHORFLW\ RI VRXQG LQ

WKH VHFRQG SODWH�

7KH τ� WLPH FDQ EH FDOFXODWHG E\ LQWHJUDWLRQ RI

SDUW RI WKH H[SHULPHQWDO FXUYH RI DFFHOHUDWLRQ RI WKH

WZR�OD\HU VWDFN� 9
F
�

H[S
 I�K�� �)LJXUH �� FXUYH �� E\

K LQ D UHJLRQ IURP � WR K�′ �)LJXUH ���

wτ� = τ� + ∫9
F
�

H[S

�

K
�

′

(K)GK�
���

)RU VSHFLILF H[SHULPHQWDO FRQGLWLRQV �VHH WKH 7D�

EOH� WKH FDOFXODWHG YDOXHV RI τ� DQG τ� ZHUH ��� �

� ���  ��� DQG ���� � ����  ���� µV� UHVSHFWLYHO\�
1RZ FDOFXODWH WKH XQNQRZQ SUHVVXUH SXOVH DFWLQJ

RQ WKH VXUIDFH RI WKH IO\HU SODWH GXULQJ D WLPH RI

���� w ���� µV� )RU WKLV ZH ZLOO XVH WKH FDOFXODWHG

GHSHQGHQFLHV IURP >��@ DQG SORW WKH FXUYH S  I�W�
FKDUDFWHUL]LQJ WKH IDOO RI SUHVVXUH ZLWK WLPH �)L�

JXUH ��� ,Q WKLV FDVH WKH FRXQW RI WLPH EHJLQV IURP

WKH PRPHQW RI H[LW RI WKH GHWRQDWLRQ ZDYH DQG LWV

PRYHPHQW WR WKH VXUIDFH RI WKH IO\HU SODWH� L�H� τ  

 +�' �)LJXUH �� FXUYH ��

S = ��

��
SL




+

'τ




�

�
���

SL = �

�
ρ� '

�
�

���

ZKHUH SL LV WKH GHWRQDWLRQ ZDYH SUHVVXUH DQG ρ� LV WKH

LQLWLDO GHQVLW\ RI WKH H[SORVLYH�

%\ QXPHULFDO LQWHJUDWLRQ RI WKH GDVKHG UHJLRQ

�)LJXUH �� GHOLQHDWHG E\ FXUYH S  I�τ�� WKH D[LV RI
DEVFLVVDV DQG WLPHV RI ���� DQG ���� µV IRXQG HDUOLHU�
GHWHUPLQH WKH YDOXH RI WKH VSHFLILF SXOVH RI WKH H[WHU�

QDO IRUFH

∫S
τ
�

τ
�

(τ)Gτ�

DFWLQJ RQ WKH V\VWHP RI WKH FROOLGLQJ SODWHV GXULQJ DQ

LQGLFDWHG WLPH SHULRG� ,Q RXU FDVH WKH VSHFLILF SXOVH

LV HTXDO WR DERXW ���� NJ��P⋅V�� ZKLFK \LHOGV DQ

LQFUHPHQW RI DERXW ��� P�V LQ WKH FDOFXODWHG FROOL�

VLRQ YHORFLW\� 7KH ODWWHU LV LQ VDWLVIDFWRU\ DJUHHPHQW

ZLWK WKH H[SHULPHQWDO GDWD �VHH )LJXUH ���

&21&/86,216

�� 7KH GHYHORSHG FDOFXODWLRQ�H[SHULPHQWDO PHWKRG

EDVHG RQ FRPSDULQJ VL]HV RI ZDYHV JHQHUDWHG DW D

JLYHQ LQWHUIDFH ZLWK WKH FRUUHVSRQGLQJ SDUDPHWHUV RI

WKH ]RQH RI MRLQLQJ RI WKH WZR�OD\HU ELOOHWV DOORZV

HVWLPDWLRQ RI WKH FROOLVLRQ YHORFLW\ DW WKH LQLWLDO VWDJH

RI DFFHOHUDWLRQ IRU WKH VHFRQG DQG QH[W LQWHUIDFHV RI

WKH PXOWLOD\HU PHWDO FRPSRVLWH PDWHULDOV GXULQJ H[�

SORVLRQ ZHOGLQJ�

�� ,W LV VKRZQ WKDW WR FDOFXODWH FROOLVLRQ YHORFLWLHV

DW WKH VHFRQG DQG QH[W LQWHUIDFHV RI D FRPSRVLWH PD�

WHULDO� LW LV QHFHVVDU\ WR DOORZ IRU DQ LQFUHPHQW LQ

PRPHQWXP RI WKH V\VWHP FDXVHG E\ IRUFHV DFWLQJ RQ

LW GXULQJ D VKRUW SHULRG RI WLPH EHWZHHQ FROOLVLRQ DW

)LJXUH �� 'HFUHDVH LQ SUHVVXUH DFWLQJ RQ WKH VXUIDFH RI WKH IO\HU
SODWH ZLWK WLPH DFFRUGLQJ WR >��@

)LJXUH �� .LQHWLFV RI DFFHOHUDWLRQ RI WKH WZR�OD\HU VWDFN RI DOX�
PLQLXP SODWHV DW WKH VHFRQG LQWHUIDFH� �x H[SHULPHQWDO DFFHOHUD�
WLRQ FXUYH� �� � x LQLWLDO YHORFLW\ RI WKH WZR�OD\HU VWDFN� 9��
FDOFXODWHG IURP WKH ODZ RI FRQVHUYDWLRQ RI PRPHQWXP ZLWK DQG
ZLWKRXW DOORZDQFH IRU LWV LQFUHPHQW IRU D WLPH SHULRG RI τ� w τ��
UHVSHFWLYHO\� �� � x DFFHOHUDWLRQ FXUYHV ZLWK DQG ZLWKRXW DQ LQ�
FUHPHQW LQ PRPHQWXP RI WKH V\VWHP RI WKH LQWHUDFWLQJ SODWHV DF�
FRUGLQJ WR >��@� UHVSHFWLYHO\
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WKH SUHYLRXV LQWHUIDFH DQG H[LW RI WKH VWDFN ZHOGHG WR

D TXLHW UHJLRQV RI DFFHOHUDWLRQ�

5()(5(1&(6

�� /\VDN� 9�,�� .X]PLQ� 6�9� ������ %DVLF PHWKRGV DQG SD�
UDPHWHUV RI H[SORVLRQ ZHOGLQJ RI ODPLQDWHG FRPSRVLWH PDWH�
ULDOV �/&0�� ,Q� ,QW��,QVW� 7UDQVDFW� RI 9ROJRJUDG 6WDWH
7HFKQLFDO 8QLYHUVLW\ RQ ([SORVLRQ :HOGLQJ DQG 3URSHUWLHV
RI :HOGHG -RLQWV� 9ROJRJUDG� 9678�

�� %HO\DHY� 9�,�� .RYDOHYVN\� 9�1�� 6PLUQRY� *�9� HW DO�
������ +LJK�UDWH GHIRUPDWLRQ RI PHWDOV� 0LQVN� 1DXND L
7HNKQLND�

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

�� 6RQQRY� $�3�� 7U\NRY� <X�3� ������ 2Q FDOFXODWLRQ RI SD�
UDPHWHUV RI H[SORVLRQ ZHOGLQJ RI PXOWLOD\HU MRLQWV� )L]LND L
.KLPL\D 2EUDE� 0DWHULDORY� �� ��� w ����

�� ������ 6KRFN ZDYHV DQG SKHQRPHQD RI KLJK�UDWH GHIRUPD�
WLRQ RI PHWDOV� (G� E\ 0�$� 0H\HUV� /�(� 0XUU� 0RVFRZ�
0HWDOOXUJLD�

�� 6KPRUJXQ� 9�*�� 6RQQRY� $�3�� 7U\NRY� <X�3� HW DO�
������ (YDOXDWLRQ RI FROOLVLRQ SDUDPHWHUV LQ H[SORVLRQ ZHOG�
LQJ RI PXOWLOD\HU FRPSRVLWH PDWHULDOV� ,Q� ,QW��,QVW� 7UDQV�
DFW� RI 9ROJRJUDG 6WDWH 7HFKQLFDO 8QLYHUVLW\ RQ ([SORVLRQ
:HOGLQJ DQG 3URSHUWLHV RI :HOGHG -RLQWV� 9ROJRJUDG�
9678�

�� $OHNVDQGURY� (�9�� 6RNROLQVN\� 9�%� ������ $SSOLHG WKHRU\
DQG FDOFXODWLRQV RI VKRFN V\VWHPV� 0RVFRZ� 1DXND�

�� .X]PLQ� *�1�� 0DOL� 9�,�� 3DM� 9�9� ������ 2Q DFFHOHUD�
WLRQ RI IODW SODWHV ZLWK OD\HUV RI FRQGHQVHG H[SORVLYHV� )L�
]LND *RUHQL\D L 9]U\YD� �� ��� w ����

�� .X]PLQ� 6�9�� /\VDN� 9�,�� 6WDULNRY� '�9� ������ .LQHWLFV
RI FROOLVLRQ RI PHWDO SODWHV LQ D PXOWLOD\HU VWDFN GXULQJ H[�
SORVLRQ ZHOGLQJ� 3ULNODGQD\D 0HNKDQLND L 7HNKQ� )L]LND�
�� ��� w ����

��� ������ 3K\VLFV RI H[SORVLRQ� (G� E\ .�3� 6WDQ\XNRYLFK�
0RVFRZ� 1DXND�

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

��� *RUGRSRORY� <X�$�� 'UHPLQ� $�1�� 0LNKDMORY� $�1� ������
([SHULPHQWDO HYDOXDWLRQ RI GHSHQGHQFH RI WKH ZDYH OHQJWK
XSRQ WKH FROOLVLRQ DQJOH GXULQJ H[SORVLRQ ZHOGLQJ RI PHWDO�
)L]LND *RUHQL\D L 9]U\YD� �� ��� w ����

��� *RUGRSRORY� <X�$�� 'UHPLQ� $�1�� 0LNKDMORY� $�1� ������
2Q WKH SUREOHP RI ZDYH JHQHUDWLRQ LQ KLJK�YHORFLW\ FROOL�
VLRQ RI PHWDO ERGLHV� ,ELG�� �� ��� w ����

��� /\VDN� 9�,�� .X]PLQ� 6�9� ������ %DVLF SULQFLSOHV RI WUDQVL�
WLRQ WR ZDYH�IUHH FRQGLWLRQV RI IRUPDWLRQ RI MRLQWV LQ H[SOR�
VLRQ ZHOGLQJ� ,Q� ,QW��,QVW� 7UDQVDFW� RI 9ROJRJUDG 6WDWH
7HFKQLFDO 8QLYHUVLW\ RQ ([SORVLRQ :HOGLQJ DQG 3URSHUWLHV
RI :HOGHG -RLQWV� 9ROJRJUDG� 9678�

��� .X]PLQ� 6�9�� /\VDN� 9�,�� 6DORPDWLQ� ,�$� HW DO� ������
0HWKRG IRU FDOFXODWLRQ RI FROOLVLRQ YHORFLWLHV LQ H[SORVLRQ
ZHOGLQJ RI PXOWLOD\HU FRPSRVLWH PDWHULDOV� ,Q� 3URF� RI
&RQI� RI 9ROJRJUDG 6WDWH 7HFKQLFDO 8QLYHUVLW\ RQ /DPL�
QDWHG &RPSRVLWH 0DWHULDOV� 9ROJRJUDG� 9678�

��� ������ 3K\VLFDO HQF\FORSHGLD� (G� E\ $�0� 3URNKRURY�
0RVFRZ� 6RY� (QWV�

24 2/2001



���������	
�����������
	��	���������

��	��	��

<X�1� /$1.,1

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

$%675$&7

,VVXHV FRQFHUQLQJ JHQHUDWLRQ RI DFRXVWLF HPLVVLRQ LQ ZHOGLQJ� LWV UHODWLRQVKLS ZLWK WKH ZHOGLQJ SURFHVV SDUDPHWHUV DQG

TXDOLW\ DUH FRQVLGHUHG� 3RVVLELOLWLHV RI XVLQJ DFRXVWLF HPLVVLRQ IRU PRQLWRULQJ DQG DXWRPDWLF DGMXVWPHQW RI WKH ZHOGLQJ

SURFHVV DUH VKRZQ�

.H\ ZRU G V � DFRXVWLF HPLVVLRQ RI WKH DUF� PRQLWRULQJ� GL�

DJQRVWLFV� FRQWURO

'HSHQGHQFH RI VLJQDOV RI DFRXVWLF HPLVVLRQ RI WKH DUF

�$($� XSRQ YROWDJH� FXUUHQW� DUF OHQJWK DQG DQRGH
PDWHULDO ZDV GHPRQVWUDWHG DV IDU EDFN DV ���� >�@�

,QLWLDOO\� WKH QRLVH RI WKH DUF ZDV LQYHVWLJDWHG LQ WHUPV
RI LWV KDUPIXO HIIHFW RQ WKH ZHOGHUsV RUJDQLVP� 7KH

WRWDO OHYHO RI VRXQG SUHVVXUH DQG VSHFWUDO FRPSRVLWLRQ

RI DFRXVWLF HPLVVLRQ RI WKH DUF ZHUH GHWHUPLQHG LQ

ZHOGLQJ DQG FXWWLQJ >� w �@� 6LQFH WKH HQG RI WKH

����V WKH ZRUN KDV EHHQ FRQGXFWHG RQ LQYHVWLJDWLRQ
RI DFRXVWLF HPLVVLRQ RI WKH DUF IRU PRQLWRULQJ DQG

GLDJQRVWLFV RI WKH ZHOGLQJ SURFHVVHV >�� w ��@� ,Q WKH
ODVW GHFDGH WKH SDSHUV KDYH EHHQ SXEOLVKHG RQ LQYHV�
WLJDWLRQ RI WKH $($ VLJQDOV IRU DXWRPDWLF DGMXVWPHQW

RI WKH ZHOGLQJ SURFHVV >�� w ��@� ,QYHVWLJDWHG ZHUH

&2� ZHOGLQJ >��� ��� ��� ��@� 0,* >��� ��� ��� ���

��@� 7,* >��� ��� ��� ��@� SHUFXVVLRQ FDSDFLWRU�GLV�

FKDUJH DUF ZHOGLQJ >��@ DQG R[\JHQ DQG DFHW\OHQH

FXWWLQJ >��@�

3K\VLFDO DVSHFWV RI JHQHUDWLRQ RI $($ LQ ZHOG�
LQJ� 7KH VRXUFHV RI VRXQG LQ DUF ZHOGLQJ DUH WKH DUF

FROXPQ� ZHOG SRRO� ZHOGLQJ GHYLFH PHFKDQLVPV DQG

VKLHOGLQJ JDV� 7KH DUF QRLVH FRQVWLWXWHV WKH PDMRU SDUW

RI $($�

7HPSHUDWXUH DQG� WKHUHIRUH� GHQVLW\ RI JDV LQ WKH
DUF FROXPQ GLIIHU E\ D IHZ RUGHUV RI PDJQLWXGH IURP

WKRVH RFFXUULQJ LQ DPELHQW DLU� 7KHUHIRUH� IURP WKH

VWDQGSRLQW RI DFRXVWLFV� WKH DUF LV DQ REMHFW ZLWK ULJLG

ZDOOV� WKH SXOVDWLRQV RI ZKLFK OHDG WR JHQHUDWLRQ RI

VRXQG ZDYHV�

7KH FDXVH RI YDULDWLRQV LQ VL]HV RI WKH DUF FROXPQ

LV RVFLOODWLRQ RI WKH FXUUHQW RU� WR EH PRUH SUHFLVH�

SRZHU RI WKH DUF� ,Q WXUQ� WKH DUF FXUUHQW RVFLOODWHV

EHFDXVH RI LWV SURJUDPPHG YDULDWLRQV� SXOVDWLRQV RI
YROWDJH RI WKH SRZHU VRXUFH� DQG YDULDWLRQV LQ WKH DUF

OHQJWK LQ IRUPDWLRQ RI GURSOHWV� DUF H[WLQFWLRQ DQG
LJQLWLRQ GXULQJ ZHOGLQJ ZLWK VKRUW FLUFXLWLQJ RI WKH

DUF JDS�

5HODWLRQVKLS EHWZHHQ WKH DUF FROXPQ VL]H DQG FXU�

UHQW LV VKRZQ H[SHULPHQWDOO\ LQ >��@� ,QYHVWLJDWLRQV

ZHUH FRQGXFWHG ZLWK WKH DUF EXUQLQJ LQ DUJRQ E\

YDU\LQJ WKH FXUUHQW LQ DFFRUGDQFH ZLWK D SURJUDP

IROORZLQJ WKH FHUWDLQ ODZV� *HRPHWULFDO VL]HV RI WKH
DUF ZHUH GHWHUPLQHG E\ KLJK�VSHHG ILOPLQJ� 7KH DUF

FXUUHQW ZDV UHJLVWHUHG LQ DQ RVFLOORJUDP ZKLFK ZDV

PDGH LQ V\QFKURQLVP ZLWK WKH ODWWHU� )LJXUH � VKRZV

YDULDWLRQV LQ D UHODWLYH FURVV VHFWLRQ DUHD RI WKH DUF�

6�6PD[� ZLWK WLPH DW PRGXODWLRQ IUHTXHQF\ IS� DP�

SOLWXGH YDOXH RI WKH FXUUHQW ,S  ��� $ DQG EDVH

FXUUHQW RI �� $� 7KH\ H[DFWO\ UHSHDW WKH VKDSH RI WKH

FXUUHQW IRU DOO W\SHV RI LWV PRGXODWLRQ�

,Q WXUQ� YDULDWLRQV LQ WKH DUF VXUIDFH ZLWK FXUUHQW

�SRZHU� FDXVH $($� )LJXUH � >��@ VKRZV UHFRUGV RI
W\SLFDO VRXQG ZDYHV JHQHUDWHG E\ WKH DUF DW GLIIHUHQW

VKDSHV RI SXOVDWLRQV RI WKH FXUUHQW� ,W LV VHHQ WKDW WKH

VRXQG SUHVVXUH LV SURSRUWLRQDO WR WKH UDWH RI YDULDWLRQV

LQ WKH DUF FXUUHQW RU� WR EH PRUH SUHFLVH� WR WKH UDGLDO

UDWH RI RVFLOODWLRQV RI WKH ODWHUDO VXUIDFH RI WKH DUF

FROXPQ�

,Q VKRUW�DUF &2� ZHOGLQJ WKH PDLQ VRXQG ZDYHV

HPHUJH DW WKH PRPHQW RI H[FLWDWLRQ RI WKH DUF >��@

DIWHU VKRUW FLUFXLWLQJ RI WKH DUF JDS �)LJXUH ��� %UHDN

RI EULGJH RI PROWHQ PHWDO DW WKH HQG RI VKRUW FLUFXLWLQJ

LV RI DQ H[SORVLYH FKDUDFWHU DQG DFFRPSDQLHG E\ D

VKRFN ZDYH SURSDJDWLQJ DW D YHORFLW\ ZKLFK LV VRPH�

ZKDW KLJKHU WKDQ WKH YHORFLW\ RI VRXQG� ,Q WKLV FDVH

WKH VKDSH RI WKH JHQHUDWHG VRXQG VLJQDO JUHDWO\ GH�

SHQGV XSRQ WKH WUDQVPLVVLRQ EDQG RI D PLFURSKRQH

>��@�

� <X�1� /$1.,1� ����

)LJXUH �� 'HSHQGHQFH RI WKH UHODWLYH FURVV VHFWLRQ DUHD RI WKH DUF
LQ 7,* ZHOGLQJ XSRQ WKH WLPH DW GLIIHUHQW VKDSHV RI SXOVHV RI WKH
FXUUHQW� Ux UHFWDQJXODU�Qx VHUUDWHG� ∆ x WULDQJXODU� Vx
VLQXVRLGDO
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,Q 7,* ZHOGLQJ DW DQ DOWHUQDWLQJ FXUUHQW RI ERWK
UHFWDQJXODU DQG VLQXVRLGDO VKDSH WKH VKRFN ZDYHV DUH
LGHQWLFDO WR WKRVH VKRZQ LQ )LJXUH �� 7KH\ DUH H[FLWHG
DW WKH FXUUHQW SDVVLQJ WKURXJK D ]HUR YDOXH� L�H� DW

H[WLQFWLRQ DQG UHSHDWHG H[FLWDWLRQ RI WKH DUF LQ WKH
FDVH RI D FKDQJH LQ SRODULW\ DQG DW WKH PRPHQW RI WKH
PRVW GUDPDWLF YDULDWLRQ LQ WKH FXUUHQW� DV VKRZQ LQ
)LJXUH � >��@�

7KHRUHWLFDO DVSHFWV RI JHQHUDWLRQ RI VRXQGZDYHV
LQ ZHOGLQJ� ,W LV DVVXPHG WKDW LQ WKH ILUVW DSSUR[LPD�
WLRQ WKH YROXPH RI WKH DUF FROXPQ LV SURSRUWLRQDO WR
WKH DUF SRZHU� :D  .��,D8D��

%HFDXVH RI WKHUPDO LQHUWLD� WKH DUF LV DQ DSHUL�
RGLFDO OLQN RI WKH ILUVW RUGHU DW D WLPH FRQVWDQW RI
7D  ��w� w ��w� V >�� w ��@�

-XGJLQJ IURP WKH SKRWRV JLYHQ LQ >��@� D W\SLFDO
VL]H RI WKH DUF LV � w � PP� ,Q LQYHVWLJDWLRQV RI $($
WKH PLFURSKRQH LV XVXDOO\ SODFHG DW D GLVWDQFH RI �� w
�� FP IURP WKH DUF� ZKLFK FRUUHVSRQGV WR D GLVWDQFH
WR WKH ZHOGHUsV HDUV LQ WKH FDVH RI PDQXDO DQG VHPL�
DXWRPDWLF ZHOGLQJ >�� �@� $W WKLV GLVWDQFH WKH DUF
VRXQGV DOPRVW DV D VPDOO VSKHULFDO VRXUFH >��@� )RU
VXFK D VRXUFH WKH ZDYH HTXDWLRQ LQ WKH VSKHULFDO FR�
RUGLQDWH V\VWHP KDV WKH IROORZLQJ IRUP >��@�

∂�(UΦ)

∂U�
= �

F

∂�(UΦ)

∂W�
� ���

ZKHUH ² LV WKH SRWHQWLDO RI YHORFLW\ RI DLU SDUWLFOHV
DQG F LV WKH VRXQG YHORFLW\�

)RU D VSRW�W\SH VRXQG VRXUFH LW LV VROYHG DV IROORZV�

Φ = �

U
I(FW w U)� ���

RU

S = ρ
Φ
W

w
ρF
U
I
′
�

���

)LJXUH �� 7\SLFDO VRXQG ZDYHV DW GLIIHUHQW VKDSHV RI PRGXODWLRQ
RI WKH FXUUHQW �IS  ��� +]� ,S  ��� $�� D x UHFWDQJXODU� E x
VHUUDWHG� F x WULDQJXODU� G x VLQXVRLGDO

)LJXUH �� 7\SLFDO RVFLOORJUDPV RI DUF YROWDJH �XSSHU FXUYH� DQG
DUF VRXQG LQWHQVLW\ �ORZHU FXUYH� LQ VKRUW FLUFXLWLQJ GXULQJ &2�

ZHOGLQJ� D� $ x VKRUW FLUFXLWLQJ� E� % x EUHDN RI WKH EULGJH

)LJXUH �� 5HJLVWUDWLRQ RI VLJQDOV RI VRXQG ZDYHV LQ $& 7,* ZHOG�
LQJ� Dx UHFWDQJXODU VKDSH RI DUF YROWDJH� Ex VLQXVRLGDO FXUUHQW
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ZKHUH I′ LV WKH GHULYDWLYH RI IXQFWLRQ I IURP DUJXPHQW

�FW w U�� S LV WKH SUHVVXUH DQG ρ LV WKH GHQVLW\ RI DLU�
9HORFLW\ RI WKH DLU SDUWLFOHV LV DV IROORZV�

Y = w
∂Φ
∂U = �

U
I
′ + �

U
�
I = S

ρF + �

ρU ∫ρGW� ���

,Q WKH ULJKW SDUW RI HTXDWLRQ ��� LWV ILUVW WHUP
GHVFULEHV WKH IDU ILHOG DQG WKH VHFRQG WHUP GHVFULEHV
WKH QHDU ILHOG� )RU WKH IDU ILHOG� ZKLFK LV RI LQWHUHVW
WR XV� WKH VRXQG SUHVVXUH LV SURSRUWLRQDO WR WKH YHORFLW\
RI WKH SDUWLFOHV�

7KH VKDSH RI WKH VRXQG ZDYH GHVFULEHG E\ IXQFWLRQ
S�W� LV GHWHUPLQHG IURP WKH ERXQGDU\ FRQGLWLRQ DW
WKH VXUIDFH RI D VSKHUH ZLWK UDGLXV D DW U  D�

�

U

∂ρ
∂U w

S

U
�

=
ρ

�πD�
∂θ
∂W �

ZKHUH θ  �πD�Y(W) DQG Y�W� DUH WKH YROXPH DQG UDGLDO
YHORFLWLHV� UHVSHFWLYHO\� DW WKH VXUIDFH RI WKH VSKHUH�

$W QRQ�VLQXVRLGDO RVFLOODWLRQV RI WKH VSKHUH VXUIDFH
WKH DQDO\WLFDO VROXWLRQ RI HTXDWLRQ ��� LV WRR FXPEHU�
VRPH DQG KDUG WR LQWHUSUHW� 7KHUHIRUH� WKH DQDO\WLFDO
LQYHVWLJDWLRQ LV QRUPDOO\ OLPLWHG WR KDUPRQLF RVFLOOD�
WLRQV RI WKH IROORZLQJ W\SH�

θ = θ�H
wLωW

�

)RU WKH IDU ILHOG

S = wLω




ρ
�πU





θ�H
LN(U w FW)

�

ZKHUH N  ω�F  �π�λ� λ LV WKH ZDYH OHQJWK DQG
U !! λ�

7KH KDUPRQLF )RXULHU DQDO\VLV DOORZV H[WHQVLRQ RI
WKLV VROXWLRQ DOVR WR WKH QRQ�KDUPRQLF RVFLOODWLRQV�

7KHUHIRUH� WKH VRXQG SUHVVXUH RI D VPDOO SXOVDWLQJ
VSKHUH LV GHWHUPLQHG RQO\ E\ LWV YROXPH YHORFLW\�
6KDSH RI WKH VPDOO VRXQG VRXUFH H[HUWV QR HIIHFW RQ
WKH YDOXH RI WKH JHQHUDWHG VRXQG SUHVVXUH DW ODUJH
GLVWDQFHV� 7KLV FRQFHUQV WKH ZHOGLQJ DUF IRU GLVWDQFHV
ZKLFK DUH RI SUDFWLFDO LQWHUHVW �PRUH WKDQ ��� P�� $V
WKH YROXPH RI WKH DUF LV SURSRUWLRQDO WR WKH FXUUHQW
�SRZHU� RI WKH DUF� WKH VRXQG SUHVVXUH LV SURSRUWLRQDO
WR WKH UDWH RI LWV YDULDWLRQ�

([SHULPHQWDO FKDUDFWHULVWLFV RI $($ DQG WKHLU
UHODWLRQVKLS ZLWK ZHOGLQJ SDUDPHWHUV� $($ LV XVX�
DOO\ HVWLPDWHG E\ WKH OHYHO RI LQWHQVLW\ RI WKH VRXQG�
/� G%�

/ = �� OJ
S
H

S
H�

�

ZKHUH SH LV WKH HIIHFWLYH VRXQG SUHVVXUH DQG SH� LV WKH
VWDQGDUG OHYHO RI WKH HIIHFWLYH VRXQG SUHVVXUH
��⋅��w� 3D�P���

6KDSH RI WKH DFRXVWLF ZDYHV LV QRUPDOO\ HYDOXDWHG
IURP RVFLOORJUDPV RI YROWDJH 8�W� RI D PHDVXUHPHQW
PLFURSKRQH�

$UF SRZHU� 7KH HIIHFW RI WKH LQSXW SRZHU RI WKH
DUF RU� WR EH PRUH SUHFLVH� 8D DW ,D  FRQVW� RQ WKH

OHYHO RI LQWHQVLW\ RI WKH VRXQG LV LOOXVWUDWHG LQ )LJXUH �
>��@� ZKHUH WKH GDVKHG ]RQH LV D ERXQGDU\ RI D GLVFUHWH
PHWDO WUDQVIHU DQG '� * DQG 6 DUH WKH FRQGLWLRQV
FKDUDFWHUL]HG E\ VKRUW FLUFXLWLQJ RI WKH DUF� GURS DQG
VSUD\ WUDQVIHU RI WKH HOHFWURGH PHWDO� UHVSHFWLYHO\�
7KH GHSHQGHQFLHV JLYHQ KDYH WKH IRUP RI D WXUQHG 6
OHWWHU� ZKLFK LV HVSHFLDOO\ SURQRXQFHG LQ 0,* ZHOG�
LQJ�

,Q '& 7,* ZHOGLQJ $($ GRHV QRW FKDQJH ZLWKLQ
D UDQJH RI YDULDWLRQV LQ WKH FXUUHQW IURP ��� WR ��� $
DW DQ DUF YROWDJH RI �� 9� $($ KDUGO\ H[LVWV LQ WKH
FDVH RI XVLQJ PRUH SHUIHFW �ZLWKRXW YROWDJH SXOVD�
WLRQV� ZHOGLQJ SRZHU VXSSOLHV RSHUDWLQJ DW WKH GLUHFW
FXUUHQW�

7KH OHYHO RI LQWHQVLW\ RI WKH VRXQG LQ 7,* ZHOGLQJ
DW D PRGXODWHG FXUUHQW JURZV ZLWK IUHTXHQF\ DQG
DPSOLWXGH RI SXOVHV RI WKH FXUUHQW REH\LQJ WKH IRO�
ORZLQJ ODZ >��@�

S
H
a,Î

P
IS
Q
�

7KH YDOXHV RI P DQG Q GHSHQG XSRQ WKH VKDSH RI
WKH FXUUHQW SXOVHV� Q  P ≈ ��� �IRU UHFWDQJXODU DQG
VHUUDWHG RVFLOODWLRQV� DQG Q  P ≈ ��� �IRU WULDQJXODU
DQG VLQXVRLGDO RVFLOODWLRQV��

2WKHU FRQGLWLRQV EHLQJ HTXDO� WKH OHYHO RI WKH VLJ�
QDO IDOOV ZLWK WUDQVLWLRQ IURP UHFWDQJXODU WR VHUUDWHG�
WULDQJXODU DQG� ILQDOO\� VLQXVRLGDO RVFLOODWLRQV� 7KLV
VKRXOG EH H[SHFWHG� DV LW LV SURSRUWLRQDO WR WKH UDWH
RI YDULDWLRQV LQ WKH ZHOGLQJ FXUUHQW�

,Q FRYHUHG�HOHFWURGH ZHOGLQJ WKH YDOXH RI / GH�
SHQGV XSRQ WKH DUF OHQJWK� NLQG RI WKH ZHOGLQJ FXUUHQW
DQG LWV OHYHO� L�H� LW LQFUHDVHV ZLWK DQ LQFUHDVH LQ WKH
ODWWHU DW D FRQVWDQW DUF OHQJWK� 7KH FRUUHVSRQGLQJ
GHSHQGHQFHV DUH VKRZQ LQ )LJXUH � >�@�

(OHFWURGH H[WHQVLRQ� $Q LQFUHDVH LQ WKH HOHFWURGH
H[WHQVLRQ >��@ LQ &2� ZHOGLQJ PDNHV PHOWLQJ RI WKH
HOHFWURGH HDVLHU RZLQJ WR LWV H[WUD KHDWLQJ E\ WKH
FXUUHQW IORZ� +RZHYHU� LI WKH HOHFWURGH H[WHQVLRQ LV
WRR ODUJH� WKH OHYHO RI LQWHQVLW\ RI WKH VRXQG LQFUHDVHV
DQG EHFRPHV XQVWDEOH� DQG WKH ZHOG VXUIDFH EHFRPHV
XQHYHQ� ,I WKH YDOXH RI WKH HOHFWURGH H[WHQVLRQ LV NHSW
DW DQ RSWLPDO OHYHO �QRUPDOO\ ZLWKLQ D UDQJH RI �� w
�� PP�� WKH DUF QRLVH EHFRPHV VWDEOH DQG ORZ

:HOGLQJ VSHHG� 'HSHQGHQFH RI / XSRQ WKH ZHOG�
LQJ VSHHG LV LQVLJQLILFDQW� DQG� DV LW IROORZV IURP

)LJXUH �� (IIHFW RI SRZHU RI WKH DUF RQ WKH OHYHO RI LQWHQVLW\ RI
WKH VRXQG LQ 0,* ZHOGLQJ �O� DQG &2� ZHOGLQJ �P� DW ,D  
 ��� ���� ��� ��� DQG ��� $ ���� YZ  �� FP�PLQ
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)LJXUH �� LW EHFRPHV QRWLFHDEOH VWDUWLQJ IURP FXUUHQWV
RI DERYH ��� $ >��@� $W D ZHOGLQJ VSHHG RI �� FP�PLQ
WKH YDOXH RI / GHFUHDVHV YHU\ UDSLGO\ ZLWK DQ LQFUHDVH
LQ 8D� 7KLV FKDQJH LQ WKH FXUYHV LV FDXVHG E\ WKH IDFW
WKDW DW ORZ ZHOGLQJ VSHHGV WKH UDQJH RI WKH DUF YROW�
DJHV FRUUHVSRQGLQJ WR D JLYHQ FXUUHQW LV QDUURZHU�
DQG� DV VKRZQ E\ WKH KLJK�VSHHG ILOPLQJ� FRQGLWLRQV
RI WKH GURS WUDQVIHU EHFRPH PRUH VWDEOH RZLQJ WR D
PRUH FRQFDYH ZHOG SRRO�

6KLHOGLQJ JDV IORZ UDWH� 7KH HIIHFW RI VKLHOGLQJ
JDV IORZ UDWH 4 ZLWKLQ D UDQJH RI � w �� O�PLQ RQ /
LV VKRZQ LQ )LJXUH � >��@� $W WKH DEVHQFH RI D VKLHOGLQJ
JDV WKH OHYHO RI LQWHQVLW\ RI WKH VRXQG EHFRPHV FRQ�
VWDQW HYHQ LQ WKH FDVH RI DQ LQFUHDVLQJ ZHOGLQJ FXUUHQW�
,Q WKH FDVH RI XVLQJ D JDV ZLWK LWV IORZ UDWH LQFUHDVHG
WR �� O�PLQ WKLV FKDUDFWHULVWLF LQFUHDVHV XQWLO LW EH�
FRPHV FRQVWDQW� +RZHYHU� LQ &2�ZHOGLQJ DW D FXUUHQW
RI ��� $ DQG YROWDJH RI �� 9 WKH YDOXH RI / VOLJKWO\
GHFUHDVHV�

;�UD\ DQDO\VLV RI PRWLRQ SDWWHUQV RI WKH &2�ZHOG�
LQJ SURFHVV VKRZV WKDW ZHOGLQJ FRQGLWLRQV DUH JRRG
DW D VKLHOGLQJ JDV IORZ UDWH RI PRUH WKDQ �� w
�� O�PLQ� L�H� DW /  I�4� JRLQJ RXW WR D FRQVWDQW
OHYHO� 7KHUHIRUH� ZKHWKHU WKH VKLHOGLQJ JDV IORZ UDWH
VHWWLQJ LV FRUUHFW RU QRW FDQ EH MXGJHG IURP $($�

6SHFWUDO DQDO\VLV� 7KH VRXQG UDGLDWLRQ VSHFWUXP�
ZKLFK LV D GLVWULEXWLRQ RI LQWHQVLW\ RI WKH VRXQG E\
IUHTXHQF\� LV LPSRUWDQW IRU WZR UHDVRQV� )LUVWO\� WKH
KXPDQ HDU SHUFHLYHV WKH VRXQG GLIIHUHQWO\ DW GLIIHUHQW

IUHTXHQFLHV� 7KH VXEMHFWLYH SHUFHSWLRQ RI WKH VRXQG
YROXPH GRHV QRW FRLQFLGH ZLWK WKH VRXQG SUHVVXUH�
7KH YROXPH RI WKH VRXQG IDOOV ZLWK DQ LQFUHDVH LQ
IUHTXHQF\ XQGHU WKH VDPH VRXQG SUHVVXUH DQG WKHQ
JURZV DJDLQ DW IUHTXHQFLHV RI DERYH � N+]� 7KDW LV
ZK\ DW RQH DQG WKH VDPH LQWHJUDO LQWHQVLW\ RI WKH
VRXQG WKH YROXPH DQG KHQFH WKH KDUPIXO HIIHFW RQ WKH
KXPDQ RUJDQLVP GHSHQG XSRQ WKH VSHFWUDO FRPSRVL�
WLRQ RI UDGLDWLRQ� 7KLV LV WDNHQ LQWR DFFRXQW E\ *267
��������w�� �1RLVH� *HQHUDO VDIHW\ UHTXLUHPHQWV�
DQG� IRU H[DPSOH� E\ WKH -DSDQHVH 6WDQGDUG -&*,+
>�@�

6HFRQGO\� DV LW KDV EHHQ DOUHDG\ QRWHG� DQ H[SH�
ULHQFHG ZHOGHU FDQ HYDOXDWH WKH ZHOGLQJ SURFHVV E\ D
FKDUDFWHU RI WKH VRXQG� ZKLFK LV GHWHUPLQHG WR D FRQ�
VLGHUDEOH GHJUHH E\ WKH VSHFWUDO FRPSRVLWLRQ� 7KXV�
LW LV VXJJHVWHG WKDW WKH $($ VSHFWURJUDPV FDQ EH XVHG
IRU DXWRPDWLF DGMXVWPHQW DQG PRQLWRULQJ RI ZHOGLQJ
FRQGLWLRQV�

)LJXUH � VKRZV W\SLFDO $($ VSHFWUD IRU GLIIHUHQW
ZHOGLQJ DQG FXWWLQJ SURFHVVHV� ,W VKRXOG EH QRWHG WKDW
WKH\ YDU\ QRW RQO\ ZLWK D W\SH RI ZHOGLQJ DQG LWV
SDUDPHWHUV� EXW DOVR ZLWK WLPH �)LJXUH �� K�� 7LPH
YDULDWLRQV RI D VSHFWUXP FDQ EH DYRLGHG E\ FDOFXODWLRQ
RI WKH HIIHFWLYH YDOXHV RQ WKH EDVLV RI LWV UHDOL]DWLRQ
>��@�

7R LGHQWLI\ D VSHFWUXP� LW FDQ EH UHSUHVHQWHG HLWKHU
E\ D PXOWLFRPSRQHQW YHFWRU >��@ RU E\ D VHW RI VWDWLF
SDUDPHWHUV� VXFK DV PD[LPXP DQG PLQLPXP YDOXHV
RI SHDNV� DULWKPHWLF PHDQ RU URRW�PHDQ�VTXDUH YDOXH�
SHDN IDFWRU� IRUP IDFWRU� PHGLDQ� FRUUHODWLRQ IDFWRU�
HWF� >��@�

2WKHU SDUDPHWHUV RI $($� ,Q DGGLWLRQ WR WKH LQ�
WHQVLW\ OHYHO DQG VSHFWUXP� PDQ\ RWKHU SDUDPHWHUV
GHYHORSHG IRU DQDO\VLV RI UDQGRP SURFHVVHV >��@ DUH
XVHG WR FKDUDFWHUL]H $($�

PHDQ YDOXH RI DPSOLWXGHV

)LJXUH �� (IIHFW RI WKH FXUUHQW RQ WKH OHYHO RI LQWHQVLW\ RI WKH VRXQG
LQ ZHOGLQJ XVLQJ FRYHUHG HOHFWURGHV -,6 ' ���� � PP LQ GLDPHWHU
DW WKH $& DQG DUF OHQJWK OD HTXDO WR � �∆� DQG � PP �V�� DQG DW
WKH '&63 �O� DQG '&53 �P� DW OD  � PP

)LJXUH �� (IIHFW RI WKH LQSXW DUF SRZHU RQ WKH OHYHO RI LQWHQVLW\
RI WKH VRXQG LQ &2� ZHOGLQJ DW D VSHHG RI �� �P�� �� �∆� DQG
�� FP�PLQ �U� DQG DUF FXUUHQW RI ��� ���� ��� ���� ��� ��� DQG
��� $ ���

)LJXUH �� (IIHFW RI WKH JDV IORZ UDWH RQ WKH OHYHO RI LQWHQVLW\ RI
WKH VRXQG LQ 0,* ZHOGLQJ �O�Q� DQG &2� ZHOGLQJ �P�U��O�
P x ,D  ��� $� 8D  �� 9� Q� U x ,D  ��� $� 8D  �� 9� LQ
DOO FDVHV YZ  �� FP�PLQ
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]HUR LQWHUVHFWLRQ IUHTXHQF\

)LJXUH �� )UHTXHQF\ VSHFWUXP RI VRXQG VLJQDO RI WKH ZHOGLQJ DUF LQ GLIIHUHQW ZHOGLQJ PHWKRGV� &2� �D�� 0,* �E�� 7,* �F�� 0$* �G�
DW ,D RI ≈ ��� ��� DQG ��� $ ��� �� x EDFNJURXQG OHYHO�� SHUFXVVLRQ DUF ZHOGLQJ �H�� PRGXODWHG�FXUUHQW 7,* ZHOGLQJ �I� �� x
UHFWDQJXODU� � x VHUUDWHG� � x WULDQJXODU� � x VLQXVRLGDO�� R[\JHQ FXWWLQJ �J� XQGHU D SUHVVXUH RI ���� ���� ���� ��� DQG ���� 03D
���� YDULDWLRQ LQ WKH IUHTXHQF\ VSHFWUXP RI WKH DUF LQ 6$: ZLWK WLPH �K�
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DXWR�FRUUHODWLRQ IXQFWLRQ >��@� HWF�
+HUH X>Q@ DUH WKH GLVFUHWH VDPSOLQJV RI WKH FRQ�

WLQXRXV VLJQDO X�W� DW W  Q7�� ZKHUH 7� LV WKH SROOLQJ
SHULRG� Q  �� �� �� ���� 1 w �� 1 LV WKH UHDOL]DWLRQ
OHQJWK�

8VLQJ WKH $($ VLJQDOV IRU PRQLWRULQJ DQG DXWR�
PDWLF DGMXVWPHQW RI WKHZHOGLQJ SURFHVV�(YDOXDWLRQ
RI WKH FKDUDFWHU RI HOHFWURGH PHWDO WUDQVIHU� 7KH OHYHO
RI WKH VRXQG SUHVVXUH RI WKH DUF LQ 0,* DQG &2�

ZHOGLQJ� DV VKRZQ LQ )LJXUH �� JUHDWO\ GHSHQGV XSRQ
WKH DUF SRZHU� 7KLV RIIHUV WKH SRVVLELOLW\ RI PRUH RU
OHVV UHOLDEO\ HYDOXDWLQJ WKH FKDUDFWHU RI HOHFWURGH PH�
WDO WUDQVIHU IRU FRQGLWLRQV RI WKH LPPHUVHG�DUF� GURS
RU VSUD\ WUDQVIHU� 7KLV GHSHQGHQFH LV PRVW SURQRXQFHG
DW ORZ ZHOGLQJ VSHHGV� 7KH XVH RI RWKHU SDUDPHWHUV
RI $($ KROGV PRUH SURPLVH IRU WKLV SXUSRVH� 7KH
LQYHVWLJDWLRQ UHVXOWV JLYHQ LQ >��@ VKRZ WKDW WKH UH�
OLDEOH LGHQWLILFDWLRQ RI WKH FKDUDFWHU RI PHWDO WUDQVIHU

LV SURYLGHG E\ ]HUR LQWHUVHFWLRQ IUHTXHQF\ =� VTXDUH
URRW RI DPSOLWXGHV XU� DQG IRUP IDFWRU .�

7KH DYHUDJHG IUHTXHQF\ DQG SRZHU VSHFWUXP DUH
ZRUWK\ RI WKH KLJKHVW DWWHQWLRQ DPRQJ WKH IUHTXHQF\�
GHSHQGHQW SDUDPHWHUV� ,Q ZHOGLQJ ZLWK VKRUW FLUFXLW�
LQJ RI WKH DUF JDS WKH PDLQ QRLVH RI WKH DUF RFFXUV DW
ORZ IUHTXHQF\� ZKLOH LQ WKH FDVH RI WKH VSUD\ WUDQVIHU
WKH SHDNV RI SRZHU RI WKH VRXQG DUH REVHUYHG DW IUH�
TXHQFLHV RI �� �� DQG �� N+]�

,W VKRXOG EH QRWHG WKDW IRU SUDFWLFDO DSSOLFDWLRQ
RI $($ LQ WKH DXWRPDWLF DGMXVWPHQW V\VWHPV� GLJLWDO
SURFHVVLQJ RI LWV VLJQDOV VKRXOG EH PDGH PXFK IDVWHU
>��� ��@�

'HWHUPLQDWLRQ RI WKH DUF OHQJWK DQG GLVWDQFH IURP
WKH WRUFK WR D ZRUNSLHFH� 'HVFULEHG LQ >��@ LV D UHOD�
WLRQVKLS RI WKH $($ SDUDPHWHUV ZLWK YROWDJH DQG FXU�
UHQW RI WKH DUF LQ JDV�VKLHOGHG SXOVH�DUF ZHOGLQJ� ,W
LV VKRZQ WKDW PRGXODWLRQ RI SRZHU OHDGV WR PRGXOD�
WLRQ RI WKH YROXPH RI SODVPD DQG� DFFRUGLQJO\� WR
YDULDWLRQV LQ WKH VRXQG SUHVVXUH LQ SURSRUWLRQ WR WKH
FXUUHQW DQG YROWDJH GHULYDWLYHV� 7KH OHYHO RI YROWDJH
JUHDWO\ GHSHQGV XSRQ WKH DUF OHQJWK� ZKLFK PDGH LW
SRVVLEOH WR VXJJHVW D UHJXODWRU ZKLFK PDLQWDLQV DQ
RSWLPDO DUF OHQJWK RQ WKH EDVLV RI DFRXVWLF LQIRUPD�
WLRQ�

7KH VRXQG YHORFLW\ LQ WKH DWPRVSKHUH LV PRUH RU
OHVV FRQVWDQW� 7KHUHIRUH� PLFURSKRQHV IL[ VRXQG ZLWK
D VPDOO WLPH ODJ ���� w ��� PV� DIWHU LW LV JHQHUDWHG
�VHH )LJXUH ��� ,WV GXUDWLRQ GHSHQGV RQO\ XSRQ GLV�
WDQFH O EHWZHHQ WKH PLFURSKRQH DQG WKH VRXQG VRXUFH�
L�H� ZHOGLQJ DUF �)LJXUH ���� 7KH PRPHQW RI JHQHUD�
WLRQ RI D SXOVH RI WKH VRXQG SUHVVXUH FDQ EH HDVLO\
IL[HG E\ WKH VLJQDO RI WKH FXUUHQW LQ JDV�VKLHOGHG SXOVH�
DUF ZHOGLQJ �VHH )LJXUH �� RU E\ WKH DUF YROWDJH LQ
&2� ZHOGLQJ ZLWK VKRUW FLUFXLWLQJ �VHH )LJXUH ��� ,I
WKH PLFURSKRQH LV ULJLGO\ FRQQHFWHG WR WKH ZHOGLQJ
WRUFK� WKH WLPH ODJ EHWZHHQ WKHPRPHQWV RI JHQHUDWLRQ
RI WKH PLFURSKRQH VLJQDO DW D VXGGHQ FKDQJH LQ WKH
DUF FXUUHQW �YROWDJH� LV SURSRUWLRQDO WR WKH GLVWDQFH
IURP WKH WRUFK WR WKH DUF� )UHTXHQF\ RI LWV PHDVXUH�
PHQWV FRLQFLGHV ZLWK IUHTXHQF\ RI YDULDWLRQV LQ WKH
DUF FXUUHQW �YROWDJH� DPRXQWLQJ WR PRUH WKDQ �� +]�
L�H� WKH UHVSRQVH RI WKH VHQVRU LV YHU\ IDVW >��@�

&RQWURO RI VWDELOLW\ DQG RSWLPDOLW\ RI ZHOGLQJ

FRQGLWLRQV E\ WKH $($ VLJQDOV� ,QYHVWLJDWHG LQ >��@
LV WKH 0,* ZHOGLQJ SURFHVV XVLQJ GLIIHUHQW IOX[�FRUHG
ZLUHV� 7KH VLJQDO VSHFWUD DQG LQWHJUDO YDOXHV ZHUH
GLJLWDOO\ UHFRUGHG� $QDO\VLV RI DYHUDJH FXUUHQW YDOXHV
DOORZV LGHQWLILFDWLRQ RI WKH GURS WUDQVIHU DQG LP�
PHUVHG�DUF FRQGLWLRQV� DOWKRXJK WKH VSUD\ WUDQVIHU
FRQGLWLRQV FDQ KDUGO\ EH LGHQWLILHG� ,W ZDV QRWHG WKDW
WKH LQWHJUDO YDOXHV RI WKH $($ VLJQDO FRXOG EH XVHG
WR FRQWURO TXDOLW\ RI WKH ZHOGLQJ SURFHVV� +RZHYHU�
WR UHDOL]H LW GLUHFWO\ GXULQJ WKH ZHOGLQJ SURFHVV� LW LV
QHFHVVDU\ WR GHYHORS IDVWHU DQG PRUH UHOLDEOH PHWKRGV
IRU SURFHVVLQJ WKH VLJQDOV�

)DVW )RXULHU WUDQVIRUP ZDV XVHG �QRW YHU\ VXF�
FHVVIXOO\� WR DQDO\VH WKH $($ VLJQDOV LQ &2� ZHOGLQJ
>��@� ,W ZDV UHYHDOHG WKDW WKH $($ HQHUJ\ FDOFXODWHG
E\ LQWHJUDWLQJ WKH VRXQG VSHFWUXP E\ DOO IUHTXHQFLHV

)LJXUH ��� 'HSHQGHQFH RI WKH WLPH ODJ RI WKH VRXQG XSRQ WKH
GLVWDQFH WR D PLFURSKRQH LQ WKH &2� DWPRVSKHUH ��� DQG LQ DLU ���
DW �� �&� DQG WKH KRW DUF QRLVH ��� LQ &2� ZHOGLQJ �O x ,Z  
 ��� $� 8D  �� 9� P x ,Z  ��� $� 8D  �� 9�
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FRUUHODWHV ZLWK SRZHU RI WKH ODVHU� LWV IRFDO GLVWDQFH
DQG ZHOGLQJ VSHHG�

7KH XVH RI $($ WR FRQWURO WKH SURFHVV LQ 6$: LV
DVVRFLDWHG ZLWK FRQVLGHUDEOH GLIILFXOWLHV� )LUVWO\� YLV�
XDO LQIRUPDWLRQ LV QRW HQRXJK WR LGHQWLI\ WKH SURFHVV
TXDOLW\� DV WKH REVHUYDWLRQV UHTXLUH� H�J� DQ H[SHQVLYH
DQG RIWHQ WRR VRSKLVWLFDWHG ;�UD\ DQG LQIUD�UHG HTXLS�
PHQW� 6HFRQGO\� VRXQG HPLVVLRQ LV VFUHHQHG E\ D
VKLHOGLQJ IOX[� 7KLUGO\� WKHUH DUH LQWHUIHUHQFHV FDXVHG
E\ D UDQGRP EUHDN RI JDVHV WKURXJK WKH PROWHQ IOX[�
)RU WKHVH UHDVRQV FRQWURO RI WKH PHWDO WUDQVIHU SURFHVV
LQ 6$: XVLQJ $($ LQYROYHV VXFK D UHILQHG PHWKRG
DV QHXURQ QHWZRUNV >��� ��@� )RU WHDFKLQJ� WKH V\VWHP
ZDV VKRZQ WKH $($ VSHFWURJUDPV WDNHQ LQ ZHOGLQJ
XQGHU RSWLPDO FRQGLWLRQV� DV ZHOO DV VSHFWURJUDPV RI
ZHOGLQJV SHUIRUPHG DW YROWDJH� FXUUHQW DQG VSHHG YDU�
LHG RYHU ZLGH UDQJHV� 2SWLPDOLW\ RI FRQGLWLRQV ZDV
GHWHUPLQHG E\ SRVWZHOG LQYHVWLJDWLRQV RI VDPSOHV�
7KH WHDFKLQJ V\VWHP DOORZHG WKH XVH RI $($ WR LGHQ�
WLI\ GHYLDWLRQV RI WKH DUF YROWDJH >��@� FXUUHQW DQG
ZHOGLQJ VSHHG IURP RSWLPDO YDOXHV >��@ LQ UHDO WLPH�
L�H� GXULQJ WKH ZHOGLQJ SURFHVV�

6RPH DWWHPSWV ZHUH PDGH HDUOLHU WR XVH VWDWLVWLFDO
PHWKRGV DQG PHWKRGV RI DQDO\VLV EDVHG RQ WKH $($
LQWHUSUHWDWLRQ UXOHV >��@� +RZHYHU� QRQ�IOH[LELOLW\ RI
WKHVH PHWKRGV XQGHU FRQGLWLRQV RI FRQVLGHUDEOH LQWHU�
IHUHQFHV� DORQJ ZLWK D OLPLWHG UDWH RI SURFHVVLQJ WKH
VLJQDOV� GLG QRW OHDG WR VXFFHVV�

&21&/86,216

�� $($ LQ ZHOGLQJ LV FDXVHG E\ RVFLOODWLRQV RI WKH
VXUIDFH RI WKH DUF FROXPQ� ZKLFK LQ WXUQ DUH FDXVHG
E\ RVFLOODWLRQV RI WKH DUF SRZHU�

�� ,QWHQVLW\ RI WKH DUF QRLVH LV SURSRUWLRQDO WR WKH
UDWH RI RVFLOODWLRQV RI WKH DUF SRZHU�

�� $OO YDULDWLRQV LQ SDUDPHWHUV RI WKH ZHOGLQJ SUR�
FHVV LQIOXHQFH $($ WR DQ H[WHQW WR ZKLFK WKH\ LQIOX�
HQFH WKH UDWH RI RVFLOODWLRQV RI WKH DUF SRZHU�

�� 7KH PLQLPXP OHYHO RI LQWHQVLW\ RI WKH VRXQG LV
IRXQG LQ 7,* ZHOGLQJ XVLQJ D SRZHU VRXUFH ZLWK D
ZHOO VPRRWKHG FXUUHQW� DQG WKH PD[LPXP OHYHO LV
IRXQG LQ 7,* ZHOGLQJ ZLWK D PRGXODWHG UHFWDQJXODU
FXUUHQW�

�� 3URFHVVLQJ WKH $($ VLJQDOV PDNHV LW SRVVLEOH
WR REWDLQ LQ VRPH FDVHV WKH LQIRUPDWLRQ RQ WKH FKD�
UDFWHU RI PDVV WUDQVIHU RI WKH HOHFWURGH PHWDO� VWDELOLW\
DQG RSWLPDOLW\ RI ZHOGLQJ FRQGLWLRQV� ([DPSOHV RI
WKH VXFFHVVIXO DSSOLFDWLRQ RI $($ LQ V\VWHPV IRU DXWR�
PDWLF DGMXVWPHQW RI WKH ZHOGLQJ SURFHVV ZLWK IHHG�
EDFN DUH XQNQRZQ�

�� 6LQFH $($ LV HQWLUHO\ GHWHUPLQHG E\ WKH UDWH
RI RVFLOODWLRQV RI WKH DUF SRZHU� LW LV PRUH FRQYHQLHQW
WR XVH WKH DUF FXUUHQW DQG YROWDJH VLJQDOV IRU SXUSRVHV
RI DXWRPDWLF PRQLWRULQJ DQG FRQWURO RI WKH ZHOGLQJ
SURFHVV� 7KH PHWKRGV RI VWDWLVWLFDO DQDO\VLV DQG DUWL�
ILFLDO LQWHOOLJHQFH DUH HTXDOO\ DSSOLFDEOH IRU SURFHVVLQJ
WKH HOHFWULF DQG DFRXVWLF VLJQDOV�

�� ,W LV OLNHO\ WKDW WKH $($ VSHFWUD� FRQWUDU\ WR
WKH HOHFWULFDO SDUDPHWHUV RI WKH DUF� FRQWDLQ VRPH H[WUD
LQIRUPDWLRQ RQ WKH SURFHVVHV RFFXUULQJ GXULQJ ZHOG�

LQJ� EXW VR IDU WKH LQYHVWLJDWLRQV FRQGXFWHG IDLO WR
SURYH WKLV�

�� 7KH HOHFWURGH H[WHQVLRQ DFRXVWLF VHQVRU LV D JRRG
DOWHUQDWLYH� DOWKRXJK OHVV DFFXUDWH� WR RSWLFDO VHQVRUV�

5()(5(1&(6

�� 6FKOXJH� +�� )LQNHOEXUJ� :� ������ 2Q WKH KLVVLQJ RI KR�
PRJHQHRXV FDUERQ DUF� =HLWVFKULIW IX

..
U 3K\VLN� ���� ��� w

����
�� 6FKOHEHFN� (�� /RSS� 7K� ������ 'HU 6FKDOO DOV ,QIRUPD�

WLRQVWUD
..
JHU IX

..
U GLH 6FKZHLβWHFKQLN� 6FKZHLβWHFKQLN� ��

��� w ����
�� 3IHXIIHU� $� ������ %UHQQVFKQHLGHQ LQ +X

..
WWHQZHUNHQ�

6FKZHLβHQ XQG 6FKQHLGHQ� ��� ��� w ����
�� +HLGHPDQQ� :� ������ (LQJH )UDJHQ GHU *HKR

..
UVFKD

..
GLJXQJ

GXUFK /D
..
UP� ,ELG�� ��� ��� w ����

�� 3UHVV� +� ������ 0HVVXQJHQ GHV 6FKDOOSHJHOV XQG 0DVV�
QDKPHQ ]XP *HKR

..
UVFKXW] EHLP 3ODVPDVFKQHLGHQ� ,ELG�� ��

�� w ���
�� (LFKEDXHU� +�� 6FKPLGW� 5� ������ /

D
..
UP� XQG 5DXFKEHODVWXQJ GHV 6FKZHLβHUV� ,ELG�� ��� ��� w
����

�� 6FKOHEHFN� (� ������ $NXVWLVFKH 9HUIDKUHQVGLDJQRVH DQ
3UHβVWXPSI� XQG 6FKPHOW]VFKZHLβYHUIDKUHQ� 6FKZHLβWHFK�
QLN� �� ��� w ����

�� (UGPDQQ�-HVQLW]HU� )�� )HXVWHO� (�� 5HKIHOG� '� ������
$NXVWLVFKH 8QWHUVXFKXQJHQ DP 6FKZHLβOLFKWERJHQ�
6FKZHLβHQ XQG 6FKQHLGHQ� �� �� w ����

�� )XWDPDWD� 0� HW DO� ������ ,QYHVWLJDWLRQ RQ ZHOGLQJ DUF
VRXQG� 5HSRUW �� 3HUPLVVLEOH WLPH RI DUF VRXQG H[SRVXUH
IURP YLHZSRLQW RI FRQVHUYDWLRQ RI KHDULQJ DFXLW\� ,,: 'RF�
9,,,�����w���

��� $UDWD� <�� ,QRXH� .�� )XWDPDWD� 0� HW DO� ������ ,QYHVWLJD�
WLRQ RQ ZHOGLQJ DUF VRXQG� 5HSRUW �� (IIHFW RI ZHOGLQJ
PHWKRG DQG ZHOGLQJ FRQGLWLRQ RQ ZHOGLQJ DUF VRXQG� ,,:
'RF� 9,,,�����w���

��� $UDWD� <�� ,QRXH� .�� )XWDPDWD� 0� HW DO� ������ ,QYHVWLJD�
WLRQ RQ ZHOGLQJ DUF VRXQG� 5HSRUW �� (YDOXDWLRQ RI KHDULQJ
DFXLW\ DQG VRPH FKDUDFWHULVWLFV RI DUF VRXQG� ,,: 'RF�
9,,,�����w���

��� $UDWD� <�� ,QRXH� .�� )XWDPDWD� 0� HW DO� ������ ,QYHVWLJD�
WLRQ RQ ZHOGLQJ DUF VRXQG� 5HSRUW �� (IIHFW RI FXUUHQW
ZDYHIRUPV RQ 7,* ZHOGLQJ DUF VRXQG �,�� ,,: 'RF� 9,,,�
����w���

��� $UDWD� <�� ,QRXH� .�� )XWDPDWD� 0� HW DO� ������ ,QYHVWLJD�
WLRQ RQ ZHOGLQJ DUF VRXQG� 5HSRUW �� 9LEUDWLRQ DQDO\VLV RI
EDVH PHWDO GXULQJ ZHOGLQJ� ,,: 'RF� 9,,,�����w���

��� $UDWD� <�� ,QRXH� .�� )XWDPDWD� 0� HW DO� ������ ,QYHVWLJD�
WLRQ RQ ZHOGLQJ DUF VRXQG� 5HSRUW �� (IIHFW RI FXUUHQW
ZDYHIRUPV RQ 7,* ZHOGLQJ DUF VRXQG �,,�� ,,: 'RF� 9,,,�
����w���

��� +DKQ� 2�� 5RVWHN� :�� %XGGOH� /� ������ &RPSXWHU�DLGHG
DQDO\VLV RI VRXQG HPLVVLRQ LQ WKH ZHOGLQJ DQG FXWWLQJ WHFK�
QRORJ\� ,,: 'RF� �������w���

��� +DKQ� 2�� 5RVWHN� :� ������ &RPSXWHU VXSSRUWHG DQDO\VLV
DQG HYDOXDWLRQ RI HPLWWHG DFRXVWLF ZDYHV ZKHQ VWXG ZHOG�
LQJ ZLWK WLS LJQLWLRQ� ,,: 'RF� �������w���

��� =KDQJ� -�+�� :DQJ� 4�� &XL� +� HW DO� ������ 6WXG\ RQ DUF
VRXQG LQ 7,* DQG SODVPD ZHOGLQJ SURFHVVHV DQG WKH SRVVL�
ELOLW\ RI LWV DSSOLFDWLRQ LQ SUDFWLFH� ,,: 'RF� �������w���

��� 6DLQL� '�� )OR\G� 6� ������ $Q LQYHVWLJDWLRQ RI JDV PHWDO
DUF ZHOGLQJ VRXQG VLJQDWXUH IRU RQ�OLQH TXDOLW\ FRQWURO�
:HOGLQJ -�� �� ��� w ����

��� -RKQVRQ� -�$�� &DUOVRQ� 1�0�� 6PDUWW� +�%� HW DO� ������
3URFHVV FRQWURO RI *0$:� 6HQVLQJ RI PHWDO WUDQVIHU PRGH�
,ELG�� �� w ���

��� 6FKOHEHFN� (� ������ $FRXVWLF SURFHVV GLDJQRVLV LQ IODVK DQG
IXVLRQ ZHOGLQJ SURFHVVHV� 6FKZHLβWHFKQLN� �� ��� w ����

��� 0DQ]� $� ������ :HOGLQJ DUF VRXQGV� :HOGLQJ -�� �� �� w
���

��� .DVNLQHQ� 3�� 0XHOOHU� *� ������ $FRXVWLF DUF OHQJWK FRQ�
WURO� $GYDQFHV LQ ZHOGLQJ VFLHQFH DQG WHFKQRORJ\� ,Q� 3URF�
RI ,QW� &RQI� RQ 7UHQGV LQ :HOGLQJ 5HVHDUFK� *DWOLEXUJ�

��� &KDZOD� .�6�� 1RUULFK� -� ������ 5HDO WLPH TXDOLW\ PRQL�
WRULQJ XVLQJ DQDO\VLV RI WKH DUF VRXQG� ,Q� 3URF� RI �WK ,QW�
&RQI� RQ &RPSXWHU 7HFKQRORJ\ LQ :HOGLQJ� &DPEULGJH�
-XQH� $ELQJWRQ� 7:,�

��� 5RVWHN� :� ������ ,QYHVWLJDWLRQV RQ WKH FRQQHFWLRQ EH�
WZHHQ ZHOGLQJ SURFHVV DQG DLUERUQH QRLVH HPLVVLRQ LQ JDV
VKLHOGHG PHWDO DUF ZHOGLQJ� 6FKZHLβHQ XQG 6FKQHLGHQ� ��
�� w ��� ��� w ����
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��� %XGGH� /� ������ $QDO\VLV DQG HYDOXDWLRQ RI VRXQG HPLVVLRQ
LQ WKH ZHOGLQJ DQG FXWWLQJ WHFKQRORJ\� $60(� ��� ��� w ����

��� ,QRXH� .�� 7DNDKDVKL� <�� =KDQJ� -� ������ 0HDVXUHPHQW RI
DUF VRXQG ZLWK EXUQWKURXJK LQ 0$* ZHOGLQJ� :HOGLQJ
,QW�� ��� ��� w ����

��� )XWDPDWD� 0� ������ :HOGLQJ SURFHVV PRQLWRULQJ E\ DUF
VRXQG� ,Q� 3URF� RI 7HFKQ� &RPPLVVLRQ RQ :HOGLQJ 3URFHVV
RI -:6�

��� /HEHGHY� $�9� ������ &RPSXWHU�DLGHG FRQWURO RI PHOWLQJ
DQG PHWDO WUDQVIHU LQ DUF ZHOGLQJ� 'U� 6FL� �(QJ�� 7KHVLV�
.\LY� 3:,�

��� %DUERUDN� '�� 5LFKDUGVRQ� 5� ������ 'HYHORSPHQW RI SRRO
G\QDPLFV VRIWZDUH IRU ZHOG SRRO RVFLOODWLRQ VHQVLQJ� ,Q�
3URF� RI �WK ,QW� &RQI� RQ &RPSXWHU 7HFKQRORJ\ LQ :HOG�
LQJ� 3DULV� -XQH�

��� 3HQWHJRY� ,�9� ������ 0DWKHPDWLFDO PRGHO RI WKH G\QDPLF
HOHFWULF DUF FROXPQ� $YWRPDWLFKHVND\D 6YDUND� �� � w ���

��� 3HQWHJRY� ,�9�� 6LGRUHWV� 9�1� ������ (QHUJ\ SDUDPHWHUV RI
WKH PDWKHPDWLFDO PRGHO RI WKH G\QDPLF ZHOGLQJ DUF� ,ELG��
��� �� w ���

��� 3HQWHJRY� ,�9�� 6LGRUHWV� 9�1� ������ (YDOXDWLRQ RI LQWHQVLW\
RI VRXQG RI WKH HOHFWULF ZHOGLQJ DUF� ,ELG�� ������ �� w ���

��� 6NXFKLN� (� ������ )XQGDPHQWDOV RI DFRXVWLFV� 0RVFRZ�
0LU�

��� 7D\ORU� .�� 6WURXG� 5�5�� +DUULV� 7�-� HW DO� ������ 7KH
DQDO\VLV RI DLUERUQH DFRXVWLFV RI 6$: XVLQJ QHXUDO QHW�
ZRUNV� ,Q� 3URF� RI �WK ,QW� &RQI� RQ &RPSXWHU 7HFKQRORJ\
LQ :HOGLQJ� 3DULV� -XQH�

��� %OXPVFKHLQ� (� ������ $FRXVWLF WXQLQJ YHUVXV SUHGHWHUPLQD�
WLRQ RI SDUDPHWHUV IRU VKRUW DUF ZHOGLQJ� ,ELG�

��� &KDZOD� .� ������ 2EMHFWLYH RQ OLQH DVVHVVPHQW RI WKH SHU�
IRUPDQFH RI IOX[ FRUHG ZLUHV E\ UHDO WLPH FRPSXWHU EDVHG
PRQLWRULQJ� 3K� 'U� 7KHVLV� &UDQILHOG ,QVW� RI 7HFKQRORJ\�
8�.�

��� 0DR� <�/� HW DO� ������ 5HDO WLPH IDVW )RXULHU WUDQVIRUP
DQDO\VLV RI DFRXVWLF HPLVVLRQ GXULQJ &2� ODVHU ZHOGLQJ RI
PDWHULDOV� -� /DVHU $SSOLFDWLRQV� �� ��

��� 0F&DUGOH� -�5�� 6ZDOORZ� 6�6�� 6WURXG� 5�5� HW DO� ������
7KH XVH RI DUF VRXQG DQG RQ OLQH XOWUDVRQLF VLJQDO SURFHVVLQJ
DV D PRQLWRULQJ PHGLXP IRU ZHOGLQJ� ,Q� 3URF� RI �WK ,QW�
&RQI� RQ &RPSXWHU 7HFKQRORJ\ LQ :HOGLQJ� /DQDNHQ� %HO�
JLXP� -XQH�

��� %OXPVFKHLQ� (�� :HPHU� &K�� %OXPVFKHLQ� -� HW DO� ������
$ FRQFHSW IRU FRJQLWLYH FRQWURO RI ZHOGLQJ SURFHVVHV� ,ELG�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

*LYHQ DUH WKH UHVXOWV RI UHVHDUFK DQG GHYHORSPHQW RI ZLUH IRU ZHOGLQJ FROG�UHVLVWDQW QLFNHO VWHHOV ZLWK � DQG � � 1L�

SURYLGLQJ IXOO�VWUHQJWK ZHOGHG MRLQWV ZLWK KLJK WRXJKQHVV DQG GXFWLOLW\ YDOXHV DW D WHPSHUDWXUH RI XS WR �� .� ,W LV

VKRZQ WKDW WR HQVXUH ORZ�WHPSHUDWXUH WRXJKQHVV RI WKH ZHOG PDGH XVLQJ WKH 6Y�2+��9, ZLUH� LW LV QHFHVVDU\ WR FUHDWH

FRQGLWLRQV IRU WHPSHULQJ RI WKH ZHOG PHWDO DIWHU HDFK SDVV� ZKLFK LV DFKLHYHG E\ PDNLQJ VWULQJHU ZHOGV E\ WKH VKRUW�

RU LPPHUVHG�DUF PXOWLSDVV ZHOGLQJ PHWKRG�

.H\ ZRU G V � PXOWLSDVV ZHOGLQJ� WHPSHULQJ� UHKHDWLQJ�

FROG�UHVLVWDQW VWHHOV� ZHOGLQJ FRQVXPDEOHV� GXFWLOH SURSHUWLHV�

IXOO VWUHQJWK� GHSRVLWLRQ FRHIILFLHQW� KHDW LQSXW� UHVLGXDO
DXVWHQLWH� ORZ�WHPSHUDWXUH WRXJKQHVV

([SDQVLRQ RI WKH DUHD RI DSSOLFDWLRQ RI OLTXHILHG JDVHV

UHTXLUHV IXUWKHU LPSURYHPHQW RI HTXLSPHQW IRU WKHLU

VWRUDJH� )LUVW RI DOO� WKLV LV DVVRFLDWHG ZLWK WKH QHFHV�

VLW\ WR HQVXUH LWV RSHUDWLRQDO VWUHQJWK DQG UHOLDELOLW\

RYHU WKH HQWLUH UDQJH RI VHUYLFH WHPSHUDWXUHV� 7KH

ZLGH DFFHSWDQFH LQ WKH QDWLRQDO SUDFWLFH KDV EHHQ

JDLQHG E\ VWHHOV FRQWDLQLQJ � DQG � � 1L� 7KH PDMRULW\

RI WHFKQRORJLFDO SURFHVVHV RI ZHOGLQJ VXFK VWHHOV SUR�

YLGHV IRU WKH XVH RI KLJK�QLFNHO ILOOHU PDWHULDOV �PRUH

WKDQ �� � 1L� >� w �@� 0HWDO RI VXFK ZHOGV LV FKD�

UDFWHUL]HG E\ KLJK YDOXHV RI ORZ�WHPSHUDWXUH WRXJK�

QHVV DQG GXFWLOLW\� +RZHYHU� LQ WKLV FDVH IXOO�VWUHQJWK

ZHOGHG MRLQWV DUH QRW DFKLHYHG� 7KH \LHOG VWUHQJWK

YDOXH DW ��� . XVHG WR GHVLJQ VWUXFWXUDO FRPSRQHQWV

PDNHV XWLOL]DWLRQ RI VXFK VWHHOV IRU WKH IDEULFDWLRQ RI

FU\RJHQLF LVRWKHUPDO WDQNV LQHIILFLHQW� 6RPH VWUHQJWK�

HQLQJ RI WKH DXVWHQLWLF ZHOG PHWDO FDQ EH DFKLHYHG

WKURXJK DOOR\LQJ LW ZLWK VXFK HOHPHQWV DV QLWURJHQ�

PRO\EGHQXP DQG WXQJVWHQ� +RZHYHU� WKH SRVVLELOLW\

RI VWUHQJWKHQLQJ LV OLPLWHG E\ RSHUDWLRQDO SURSHUWLHV

RI WKH GHSRVLWHG PHWDO �SUREDELOLW\ RI KRW FUDFNLQJ�

IRUPDWLRQ RI SRURVLW\ DQG RWKHU GHIHFWV��
,PSURYHPHQW RI IDEULFDWLRQ RI FU\RJHQLF WDQNV SUR�

YLGHV IRU SURGXFWLRQ RI IXOO�VWUHQJWK ZHOGHG MRLQWV LQ

VWHHOV FRQWDLQLQJ � DQG � � 1L�

:HOGHG MRLQWV ZLWK VWUHQJWK HTXDO WR WKDW RI WKH

EDVH PHWDO FDQ EH DFKLHYHG E\ SURYLGLQJ ZHOG PHWDO
ZLWK SKDVH FRPSRVLWLRQ VLPLODU WR WKDW RI WKH EDVH

PHWDO� +RZHYHU� WKLV LQYROYHV D SUREOHP RI HQVXULQJ

ORZ�WHPSHUDWXUH WRXJKQHVV DQG GXFWLOLW\ RI WKH ZHOGV�
,Q >�@ WKLV SUREOHP LV VROYHG E\ XVLQJ ZHOGLQJ

FRQVXPDEOHV RI WKH IHUULWLF JUDGH� ZKRVH DOOR\LQJ V\V�

WHP FRUUHVSRQGV WR WKDW RI WKH EDVH PHWDO�

7KH SXUSRVH RI WKLV ZRUN ZDV WR GHYHORS WKH FRP�

PHUFLDO WHFKQRORJ\ SURYLGLQJ WKH IXOO�VWUHQJWKZHOGHG

MRLQWV LQ FROG�UHVLVWDQW VWHHOV FRQWDLQLQJ � DQG � �

1L� E\ ZHOGLQJ XVLQJ D IHUULWLF ILOOHU PHWDO DQG SUH�

VHUYLQJ WKH KLJK WRXJKQHVV DQG GXFWLOLW\ YDOXHV RYHU

WKH HQWLUH UDQJH RI VHUYLFH WHPSHUDWXUHV �XS WR �� .��

7KH LQYHVWLJDWLRQV FRQGXFWHG DQG GDWD JLYHQ LQ

>�@ LQGLFDWH WKDW RQH RI WKH FULWHULD RI DVVHVVPHQW RI

UHVLVWDQFH RI WKH ZHOGV WR KRW FUDFNLQJ DQG SRURVLW\

LV WKH FRQWHQW RI LPSXULW\ HOHPHQWV� VXFK DV R[\JHQ�

QLWURJHQ� VLOLFRQ� VXOSKXU DQG SKRVSKRUXV� ,Q DGGL�

WLRQ� WKH SUHVHQFH RI VLOLFRQ DQG R[\JHQ LQ WKH ZHOG

PHWDO RI WKLV W\SH DIIHFWV LWV WRXJKQHVV DQG GXFWLOLW\

YDOXHV LQ D UDQJH RI FU\RJHQLF WHPSHUDWXUHV� $W DQ

R[\JHQ FRQWHQW DERYH D FHUWDLQ FULWLFDO OLPLW �DERXW

��� SSP� WKHUH RFFXUV D GUDPDWLF LQFUHDVH LQ VHQVL�

WLYLW\ RI WKH ZHOG PHWDO WR YDULDWLRQV LQ WKH VLOLFRQ

FRQWHQW� ,Q WKLV FDVH LWV LQVLJQLILFDQW LQFUHDVH OHDGV

WR DQ LQFUHDVH LQ WKH EULWWOH�WRXJK WUDQVLWLRQ WHPSHUD�

WXUH DQG ORVV LQ WRXJKQHVV RI WKH ZHOG PHWDO GXULQJ

RSHUDWLRQ XQGHU FRQGLWLRQV RI FU\RJHQLF WHPSHUDWXUHV�

7KHUHIRUH� PDLQWDLQLQJ D KLJK SXULW\ RI WKHZHOGPHWDO
ZLWK UHJDUG WR WKH FRQWHQW RI LPSXULW\ HOHPHQWV LV

RQH RI WKH FRQGLWLRQV IRU DFKLHYLQJ WKH KLJK RSHUD�

WLRQDO VWUHQJWK DQG VHUYLFH UHOLDELOLW\ RI ZHOGHG MRLQWV

PDGH LQ QLFNHO VWHHOV XVLQJ WKH IHUULWLF ILOOHU PHWDO

DQG GHVLJQHG IRU RSHUDWLRQ DW FU\RJHQLF WHPSHUDWXUHV�

7KH PRVW HIILFLHQW PHWKRG IRU LQFUHDVLQJ GXFWLOH

SURSHUWLHV RI ZHOGHG MRLQWV LV 3:+7 SHUIRUPHG XQGHU

FRQGLWLRQV DFFHSWHG IRU VWHHO� 7KLV PDNHV LW SRVVLEOH

WR SURGXFH VWUXFWXUH RI WHPSHUHG PDUWHQVLWH ZLWK � w

� � UHVLGXDO DXVWHQLWH� 7KH KLJK FRQFHQWUDWLRQ RI WKH

LPSXULW\ HOHPHQWV LQ UHVLGXDO DXVWHQLWH SURYLGHV VWD�

ELOLW\ RI LWV SDUDPHWHUV DW ORZ WHPSHUDWXUHV� ,Q WXUQ�
WKLV SUHYHQWV LQLWLDWLRQ DQG SURSDJDWLRQ RI IUDFWXUH

LQ WKH ZHOG PHWDO� +RZHYHU� WKLV PHWKRG LV XQVXLWDEOH

IRU FRQVWUXFWLRQ RI ODUJH LVRWKHUPDO WDQNV� 7KHUHIRUH�
LQFUHDVLQJ GXFWLOLW\ DQG WRXJKQHVV RI WKH ZHOGV DW

FU\RJHQLF WHPSHUDWXUHV E\ XVLQJ DSSURDFKHV ZKLFK

SURYLGH VWDELOL]DWLRQ RI UHVLGXDO DXVWHQLWH LV VWLOO D

FKDOOHQJH�

3URGXFWLRQ RI D KLJK�SXULW\ �ZLWK UHJDUG WR WKH
FRQWHQW RI LPSXULWLHV DQG JDVHV� LQLWLDO ELOOHW IRU WKH

PDQXIDFWXUH RI ZHOGLQJ ZLUH GRHV QRW JXDUDQWHH SX�

ULW\ RI WKH ZHOG PHWDO DQG� WKXV� WKH UHTXLUHG OHYHO

RI LWV PHFKDQLFDO SURSHUWLHV� &KHPLFDO DQDO\VLV RI WKH

PHWDO FRQGXFWHG DW GLIIHUHQW VWDJHV RI WKH SURFHVV RI
� .�$� <86+&+(1.2� 7�0� 67$586+&+(1.2 DQG 9�$� 3(6729� ����
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FRPPHUFLDO PDQXIDFWXUH RI ZLUH VKRZHG D VXEVWDQWLDO
LQFUHDVH LQ WKH FRQWHQW RI LPSXULWLHV �HVSHFLDOO\ VLOLFRQ
DQG R[\JHQ� GXULQJ GUDZLQJ �)LJXUH ��� 0HWDOORJUD�
SK\ RI WUDQVYHUVH VHFWLRQV RI WKH ZLUH UHYHDOV WKDW
GUDZLQJ DW WKH KLJK WHPSHUDWXUH DQG GHIRUPDWLRQ YD�
OXHV LV DFFRPSDQLHG E\ GLIIXVLRQ RI WKH HOHPHQWV�
ZKLFK DUH SDUW RI WKH FRPSRVLWLRQ RI VFDOH� LQWR WKH
EXON RI WKH PHWDO�

7KH FRQWURO H[SHULPHQW FRQGXFWHG DW 3:, SUR�
YLGHG IRU UHSURGXFLELOLW\ RI DOO VWDJHV RI WKH FRPPHU�
FLDO WHFKQRORJ\ IRU SURGXFWLRQ RI WKH IHUULWLF ZHOGLQJ
ZLUH� DV ZHOO DV H[WUD RSHUDWLRQV IRU FOHDQLQJ RI WKH
VXUIDFH DIWHU HDFK VWDJH RI GUDZLQJ� VXFK DV QHHGOH
PLOOLQJ DIWHU UROOLQJ� HWFKLQJ RI WKH ZLUH DIWHU HDFK
GUDZLQJ VWDJH DQG PHFKDQLFDO FOHDQLQJ RI WKH VXUIDFH
DIWHU WKH ILQDO VWDJH�

7KH ZLUH SURGXFHG DV D UHVXOW RI WKH FRQWURO H[�
SHULPHQW PHW UHTXLUHPHQWV LPSRVHG RQ PDWHULDOV RI
WKLV JUDGH �7DEOH �� KHDW 1R�������

3URSHUWLHV RI PHWDO RI WKH ZHOGV PDGH E\ DUJRQ�DUF
ZHOGLQJ XVLQJ WKH GHYHORSHG ZLUH DV WKH ILOOHU FRUUH�
VSRQG WR SURSHUWLHV RI WKH EDVH PHWDO �7DEOH ���

7KH FRPPHUFLDO WHFKQRORJ\ IRU WKH PDQXIDFWXUH
RI WKH IHUULWLF ZHOGLQJ ZLUH LQFOXGHG DOVR WKH H[WUD
RSHUDWLRQV RI SUHOLPLQDU\ FOHDQLQJ RI WKH ELOOHW DIWHU
UROOLQJ DQG ILQDO PDFKLQLQJ RI WKH ZLUH VXUIDFH� $V D
UHVXOW� WKH FRPPHUFLDOO\ PDQXIDFWXUHG ZLUH RI WKH
6Y�21��9, JUDGH �KHDW 1R��9����� KDG FKHPLFDO
FRPSRVLWLRQ DV JLYHQ LQ 7DEOH �� 7KH OHYHO RI LPSX�
ULWLHV LQ WKLV FDVH LV PXFK LQ H[FHVV RI WKDW LQ WKH ZLUH
LQWHQGHG IRU WKH FRQWURO H[SHULPHQW�

$QDO\VLV RI WKH GDWD RI SUHOLPLQDU\ LQYHVWLJDWLRQV
LQWR WKH DSSOLFDWLRQ RI WKH FRPPHUFLDOO\PDQXIDFWXUHG

ZLUH RI WKH 6Y�21��9, JUDGH VKRZHG WKDW IXOO
VWUHQJWK DQG VXIILFLHQWO\ KLJK WRXJKQHVV DQG GXFWLOLW\
YDOXHV RI WKH IHUULWLF ZHOG PHWDO FRXOG EH DFKLHYHG
E\ LPSURYLQJ WKH ZHOGLQJ PHWKRG DQG HOLPLQDWLQJ
WKH HIIHFW RI UHVLGXDO PDJQHWL]DWLRQ RI VWHHO ZHOGHG�

,QYHVWLJDWLRQ RI PDJQHWLF HIIHFWV LQ ZHOGLQJ RI

VWHHO ZLWK ��1L DQG D KLJK OHYHO RI UHVLGXDO LQGXFWLRQ�

SHUIRUPHG E\ XVLQJ WKH DXVWHQLWLF ILOOHU PDWHULDOV�

PDGH LW SRVVLEOH WR HVWDEOLVK D GUDPDWLF LQFUHDVH LQ

WKH JDV �R[\JHQ� QLWURJHQ� FRQWHQW RI WKH ZHOGV >�@�

7KLV ZDV FDXVHG E\ GLVWXUEDQFH RI JDV VKLHOGLQJ LQ

DUJRQ�DUF QRQFRQVXPDEOH�HOHFWURGH ZHOGLQJ DV D UH�

VXOW RI IRUP FKDQJHV DQG GLVSODFHPHQW RI WKH DUF XQGHU

WKH HIIHFW RI WKH H[WHUQDO PDJQHWLF ILHOG RI WKH HOH�

PHQWV EHLQJ ZHOGHG�

,QYHVWLJDWLRQ LQWR ZHOGDELOLW\ RI WKH PDJQHWL]HG

VDPSOHV RI VWHHO 21� HQDEOHG GHWHFWLRQ RI WKH HIIHFW

RI GLIIHUHQW IDFWRUV �VWUXFWXUDO�WHFKQRORJLFDO� RQ WKH

TXDOLW\ RI WKH ZHOGV RI WKH IHUULWLF W\SH� DV ZHOO DV

ZRUNLQJ RXW RI UHFRPPHQGDWLRQV IRU HQVXULQJ PD[L�

PXP GHJDVVLQJ RI WKH ZHOG PHWDO DW WKH VWDJH RI D

PROWHQ ZHOG SRRO� PLQLPXP VHQVLWLYLW\ RI WKH DUF WR

YDULDWLRQV LQ WKH H[WHUQDO PDJQHWLF ILHOG �VKRUW RU

LPPHUVHG DUF� DQG PXOWLOD\HU JDV VKLHOGLQJ RI WKH

ZHOGLQJ ]RQH�

%DVHG RQ WKH UHVXOWV RI ZHOGLQJ RI WKH PDJQHWL]HG

HOHPHQWV RI VWHHO 21�� WKH SURFHVV ZDV FDUULHG RXW

XVLQJ D QRQFRQVXPDEOH HOHFWURGH LQ DUJRQ ZLWK WKH

6Y�21��9, ZLUH XVHG DV WKH ILOOHU DW D KHDW LQSXW RI

�� w �� N-�FP �DUF YROWDJH x �� 9�� $ GHYLFH LQ�

WHQGHG IRU EORZLQJ WKH URRW DQG KLJK�WHPSHUDWXUH

UHJLRQ RI WKH ZHOG ZLWK DUJRQ ZDV XVHG WR HOLPLQDWH

LQJUHVV RI DLU� DQG DQ H[WUD FRQFHQWULF QR]]OH ZDV

XWLOL]HG WR FRPSUHVV WKH LQWHUQDO JDV IORZ ZKLFK GL�

UHFWO\ VKLHOGV WKH DUF� $QDO\VLV RI WKH TXDOLW\ RI WKH

UHVXOWLQJ ZHOGHG MRLQWV VKRZHG WKDW WKLV VKLHOGLQJ

SURYLGHG FRQGLWLRQV IRU GHJDVVLQJ RI WKH ZHOG SRRO�

7KH XVH RI WKH VKRUW�DUF PHWKRGZLWK D KLJK FXUUHQW

GHQVLW\ HOLPLQDWHV WKH HIIHFW RI UHVLGXDO PDJQHWL]DWLRQ

RI WKH HGJHV RQ WKH ZHOG VKDSH�
,W ZDV HVWDEOLVKHG WKDW LQ WKH FDVH RI XVLQJ ERWK

FRPPHUFLDO DQG FRQWURO EDWFKHV RI WKH ZLUH WKH ZHOG
PHWDO KDG VWUHQJWK HTXDO WR WKDW RI WKH EDVH PHWDO
DQG KLJK YDOXHV RI WRXJKQHVV DQG GXFWLOLW\ RYHU WKH
HQWLUH UDQJH RI WHVW WHPSHUDWXUHV �7DEOH ���

0DVV RI WKH ILOOHU PHWDO GHSRVLWHG LQ RQH SDVV LV
YHU\ LPSRUWDQW IRU WKH OHYHO RI WRXJKQHVV DQG GXFWL�
OLW\� ,WV LQFUHDVH OHDGV WR D YDULDWLRQ LQ WKH YROXPH RI
WKH ZHOG SRRO� WHPSHUDWXUH JUDGLHQW LQ LW� GHFUHDVH LQ
RYHUKHDWLQJ DQG� WKHUHIRUH� GHWHULRUDWLRQ LQ GHJDVVLQJ

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI WKH PDWHULDOV XVHG

0DWHULDO
+HDW

1R�

&RQWHQW RI HOHPHQWV� ZW��

& 6L 0Q 1L 0R 6 3 2 1 +

6WHHO �1� w ����� ���� ���� ���� w ����� ����� ������ ������ �������

:LUH ���� ����� ���� ���� ����� ���� ����� ����� ������ ������ �������

6Y�21��9, �%���� ����� ���� ���� ����� ���� ����� ����� ������ ������ �������

)LJXUH �� 9DULDWLRQ LQ WKH DPRXQW $ RI WKH LPSXULW\ HOHPHQWV DW
GLIIHUHQW VWDJHV 1 RI WKH SURFHVV RI PDQXIDFWXUH RI ZHOGLQJ ZLUH�
� x LQLWLDO ELOOHW� , x UROOLQJ WR D GLDPHWHU RI ��� PP� ,, x
GUDZLQJ WR D GLDPHWHU RI ��� PP� ,,,x GUDZLQJ WR D GLDPHWHU RI
��� PP� �x >3@⋅��w�� �x >6@⋅��w�� �x >2@⋅��w�� �x >6L@� � x
>1@⋅��w�
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FRQGLWLRQV� ,I IRU WKH FRQWURO EDWFK WKLV IDFWRU GRHV
QRW KDYH D IXQGDPHQWDO HIIHFW RQ WKH TXDOLW\ RI WKH
ZHOG PHWDO� IRU WKH FRPPHUFLDO EDWFK RI WKH ZLUH DQ
LQFUHDVH LQ WKH DPRXQW RI JDVHV LQ WKH ZHOG PHWDO
�)LJXUH ��� ZKLFK DW D GHSRVLWLRQ FRHIILFLHQW RI
�� J��$⋅K� OHDGV WR SRURVLW\� LV LQWROHUDEOH�

$ GHFUHDVH LQ WKH GHSRVLWLRQ FRHIILFLHQW OHDGV WR
WKH QHFHVVLW\ WR LQFUHDVH WKH TXDQWLW\ RI SDVVHV� ZKLFK
LQYROYHV FKDQJHV LQ KHDW WUHDWPHQW RI WKH SUHYLRXV
SDVVHV XQGHU WKH HIIHFW RI WKH UHSHDWHG F\FOH RI KHDW�
LQJwFRROLQJ IRU WKH QH[W SDVVHV�

7R LQYHVWLJDWH WKH HIIHFW RI WKH WHFKQRORJLFDO DV�
SHFWV DQG SURFHGXUH RI ZHOGLQJ RQ ORZ�WHPSHUDWXUH
WRXJKQHVV DQG GXFWLOLW\ RI WKH ZHOG PHWDO ZLWK D IHU�
ULWLF VWUXFWXUH� ZHOGLQJ ZDV SHUIRUPHG RQ SODWHV RI
VWHHO WKH 21� JUDGH ��� × ��� × �� DQG ��� × ��� ×
× �� PP LQ VL]H DW D 9�JURRYH SUHSDUDWLRQ �LQFOXGHG
DQJOH x ���� DQG KHDW LQSXW RI �� N-�FP XVLQJ WKH
FRPPHUFLDOO\ PDQXIDFWXUHG ILOOHU ZLUH RI WKH 6Y�
21��9, JUDGH� 7KH OHYHO RI UHVLGXDO PDJQHWLF LQGXF�
WLRQ RI WKH VDPSOHV ZDV ��⋅��w� 7� 7KH VSHFLDOO\ GH�
YHORSHG H[WHQVLRQ GHYLFHV ZHUH XVHG WR VKLHOG WKH
ZHOG PHWDO DQG ZHOGLQJ ]RQH�

,W ZDV HVWDEOLVKHG >�@ WKDW WRXJKQHVV RI WKH IHUULWLF
ZHOG PHWDO GHSHQGHG ILUVW RI DOO XSRQ WKH DPRXQW RI
WKH UHVLGXDO VWDEOH DXVWHQLWH IRUPHG LQ PXOWLSOH WKHU�
PDO F\FOHV RI ZHOGLQJ� ,I WKH WKHUPDO F\FOH RI ZHOGLQJ
SUHYLRXV SDVVHV FUHDWHV FRQGLWLRQV IRU WHPSHULQJ LQ
WKH SUHYLRXV ZHOGV� L�H� KHDWLQJ WHPSHUDWXUH LV VRPH�
ZKDW ORZHU WKDQ WHPSHUDWXUH $

F
�
�IRU WKH 21�� ZHOG

$
F
�
 ���.�� UHVLGXDO DXVWHQLWH LV IRUPHG LQ DQ DPRXQW

RI � �� ZKLFK FRUUHVSRQGV WR LWV FRQWHQW RI VWHHO 21�
DQG SURYLGHV WKH SUHVHW OHYHO RI WRXJKQHVV XS WR D
WHPSHUDWXUH RI OLTXLG QLWURJHQ�

7R ILQG FRUUHODWLRQ EHWZHHQ WKH ORZ�WHPSHUDWXUH
WRXJKQHVV RI WKH ZHOG PHWDO PDGH XVLQJ WKH IHUULWLF
ZLUH RQ VWHHO 21� DQG WKH TXDQWLW\ RI SDVVHV �RU WKH
GHSRVLWLRQ FRHIILFLHQW�� &KDUS\ QRWFKHG VSHFLPHQV IRU
LPSDFW WRXJKQHVV WHVWV ZHUH FXW RXW IURP WKH ZHOGHG
MRLQWV DW GLIIHUHQW GLVWDQFHV IURP WKH ZHOG URRW� L�H�
VSHFLPHQV ZHUH PDGH IURP PHWDO RI GLIIHUHQW SDVVHV
RI WKH VDPH ZHOG� 6FKHPDWLF RI FXWWLQJ RXW RI WKH
VSHFLPHQV LV VKRZQ LQ )LJXUH �� ,QYHVWLJDWLRQV ZHUH
FRQGXFWHG RQ WKH ZHOGV PDGH DW GHSRVLWLRQ FRHIIL�
FLHQWV RI �� DQG � J��$⋅K�� 7KH TXDQWLW\ RI SDVVHV
LQ WKH ILUVW FDVH IRU PHWDO WKLFNQHVV RI �� PP ZDV �
DQG �� PP x �� ZKLOH LQ WKH VHFRQG FDVH IRU �� PP
LW ZDV �� DQG IRU �� PP x ���

$QDO\VLV RI UHVXOWV RI PHFKDQLFDO WHVWV �)LJXUH ��
VKRZHG WKDW WKH SURFHVV RI ZHOGLQJ ZLWK D KLJKHU
GHSRVLWLRQ FRHIILFLHQW �VPDOOHU QXPEHU RI SDVVHV� IDLOV
WR HQVXUH WKH UHTXLUHG OHYHO RI WRXJKQHVV LQ WKH FDVH
RI XVLQJ WKH FRPPHUFLDO ZLUH 6Y�21��9,� $Q LQFUHDVH
LQ WKH QXPEHU RI F\FOHV RI UHKHDWLQJwFRROLQJ LQ WKH
FDVH RI XVLQJ WKH ZHOGLQJ SURFHGXUH ZLWK D ORZ GHSR�
VLWLRQ FRHIILFLHQW �� J��$⋅K�� DOORZV VWDELOL]DWLRQ RI
UHVLGXDO DXVWHQLWH LQ WKH ZHOG PHWDO DQG SURYLGHV WKH
OHYHO RI ORZ�WHPSHUDWXUH GXFWLOH SURSHUWLHV LQ H[FHVV
RI WKH SHUPLVVLEOH YDOXHV IRU WKH EDVH PHWDO �)L�
JXUH ��� )RU D ILQDO SDVV� LQ RUGHU WR FUHDWH WKH UHTXLUHG
FRQGLWLRQV IRU VWDELOL]DWLRQ RI UHVLGXDO DXVWHQLWH�
ZKLFK JXDUDQWHHV WKH KLJK YDOXH RI LPSDFW WRXJKQHVV�
LW LV QHFHVVDU\ WR XVH DQ DGGLWLRQDO DUF UHPHOWLQJ ZLWK�
RXW D ILOOHU ZLUH DW D ORZ KHDW LQSXW �QRW PRUH WKDQ
� N-�FP��

)LJXUH �� (IIHFW RI GHSRVLWLRQ FRHIILFLHQW α RQ YDULDWLRQV LQ WKH JDV
FRQWHQW RI WKH ZHOG PHWDO� �� � x >1@⋅��w�� � x >1@

F
⋅��w�� � x

>2@� � x >2@
F

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV LQ 21� VWHHO JUDGH �� PP WKLFN PDGH LQ DFFRUGDQFH ZLWK WKH GHYHORSHG WHFKQRORJ\

)LOOHU W\SH 7
WHVW

� .

:HOG PHWDO :HOGHG MRLQW

σ
���
� 03D σ

W
� 03D δ� � σ

W
� 03D

.&9
Z�P

�

0-�P�

.&9
+$=

�

0-�P�

6Y�21��9, ��� ��� ��� ���� ��� ���� ����

�KHDW 1R������ �� ���� ���� ���� ���� ���� ����

6Y�21��9, ��� ��� ��� ���� ��� ���� ����

�KHDW 1R��9����� �� ���� ���� ���� ���� ���� ����

1R W H � 0LQLPXP YDOXHV RI WKH UHVXOWV RI QRW OHVV WKDQ WKUHH WHVWV DW HDFK WHPSHUDWXUH DUH JLYHQ�

)LJXUH �� 6FKHPDWLF RI FXWWLQJ RXW RI VSHFLPHQV IURP H[SHULPHQWDO
MRLQWV LQ VWHHO 21� �� �D� DQG �� PP �E� WKLFN� � x EDVHOLQH
SODQH� � x QRWFK OLQH� Ox GLVWDQFH RI WKH ORFDWLRQ RI FXWWLQJ RXW
RI VSHFLPHQV IURP WKH EDVHOLQH SODQH
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7KH SULQFLSOH RI UHKHDWLQJwFRROLQJ LV PRVW FRP�
SOHWHO\ XWLOL]HG LQ PXOWLSDVV ZHOGLQJ ZLWK VWULQJHU
ZHOGV XVLQJ D VKRUW RU LPPHUVHG DUF DQG E\ IHHGLQJ
WKH ZLUH WR WKH OHDGLQJ SRUWLRQ RI WKH ZHOG SRRO�

)UDFWRJUDSK\ RI IUDFWXUHV SURYHG WUDQVLWLRQ IURP
WRXJK WR TXDVL�EULWWOH IUDFWXUH RI WKH IHUULWLF ZHOG

PHWDO LQ ZHOGLQJ ZLWK D GHSRVLWLRQ FRHIILFLHQW RI
�� J��$⋅K� �)LJXUH ���

&21&/86,216

�� 7KH LQYHVWLJDWLRQV FRQGXFWHG PDGH LW SRVVLEOH WR
SURGXFH IXOO�VWUHQJWK ZHOGHG MRLQWV ZLWK D KLJK OHYHO
RI WRXJKQHVV DQG GXFWLOLW\ DW WHPSHUDWXUHV RI XS WR
�� . LQ ZHOGLQJ VWHHOV ZLWK � WR � � 1L�

�� :HOGLQJ ZLUH RI WKH IHUULWLF 6Y�21��9, JUDGH
ZDV GHYHORSHG�

�� 7R HQVXUH ORZ�WHPSHUDWXUH WRXJKQHVV RI WKH
ZHOG PHWDO SURGXFHG E\ XVLQJ WKH 6Y�21��9, ZLUH�
LW LV QHFHVVDU\ WR FUHDWH FRQGLWLRQV IRU WHPSHULQJ RI
WKH PHWDO DIWHU HDFK ZHOGLQJ SDVV� ,W LV UHFRPPHQGHG
WR XVH D VKRUW DUF ZLWK D OLPLWHG GHSRVLWLRQ HIILFLHQF\
�α ≤ � J��$⋅K�� DQG DQ LQFUHDVHG VKLHOGLQJ IURP DLU�
7KH ZHOG PHWDO VKRXOG FRQWDLQ DERXW � w � � UHVLGXDO
VWDELOL]HG DXVWHQLWH�

5()(5(1&(6

�� 7KDUE\� 5�+�� +HDWK� '�-�� )ODQQHU\� -�:� HW DO� ������
:HOGLQJ � � 1L VWHHO� $ UHYLHZ RI WKH FXUUHQW SUDFWLFHV�
$XVWUDOLDQ :HOGLQJ -�� �� �� w ���

�� 2WVXND� +�� $ELNR� 1�� )XNXKDUD� -� HW DO� ������ $XWRPD�
WLF 7,* XVHG IRU � � QLFNHO VWHHO VWRUDJH WDQNV� :HOGLQJ
DQG 0HWDO )DEULFDWLRQ� �� ��� w ���� ��� w ����

�� 0LQHKLVD� 6�� 1DJDL� $�� 6KLUDQH� <� HW DO� ������ :HOGLQJ
RI � � QLFNHO VWHHO� +LWDFKL =RVHQ 7HFKQLFDO 5HYLHZ� ��
��� w ����

�� $JXVD� .�� .RVKR� 0�� 1LVKL\DPD� 1� HW DO� ������ 3URGXF�
WLRQ RI � � 1L VWHHO 82( SLSH ZLWK IHUULWLF ILOOHU� 7UDQVDFW�
RI ,URQ DQG 6WHHO ,QVW� RI -DSDQ� �� ��� w ����

�� <XVKFKHQNR� .�$�� 3HVWRY� 9�$�� 6WDUXVKFKHQNR� 7�0� HW
DO� ������ 0DJQHWLF SKHQRPHQD LQ ZHOGLQJ VWHHO 21��
$YWRPDWLFKHVND\D 6YDUND� ��� �� w ���

�� 7DPXUD� +� ������ 5HVLGXDO DXVWHQLWH DQG LPSDFW WRXJKQHVV
RQ WKH KHDW�DIIHFWHG ]RQHV DW UHSHDWHG ZHOGLQJ F\FOHV LQ
VWHHO ZLWK � � 1L� <RVHWVX *DNNDLVKL� ��� ��� w ����

)LJXUH �� (IIHFW RI GHSRVLWLRQ FRHIILFLHQW α RQ PRUSKRORJ\ RI IUDF�
WXUH RI IHUULWLF ZHOGV DW �� .� D x α  �� E x α  �� J��$⋅K�
�×�����

)LJXUH �� 9DULDWLRQV LQ GXFWLOH SURSHUWLHV RI ZHOGHG MRLQW LQ 21�
VWHHO JUDGH �� PP WKLFN GHSHQGLQJ XSRQ WKH GHSRVLWLRQ FRHIILFLHQW
DW �� .� Dx LPSDFW WRXJKQHVV� Ex HORQJDWLRQ� ,x α  �� ,, x
α  �� J��$⋅K�� � x .&9

%0
� � x .&9� � x .&9

U
� � x δ

%0
�

� x δ� � x δ
U

)LJXUH �� 9DULDWLRQ LQ LPSDFW WRXJKQHVV .&9 DFURVV WKH VHFWLRQ
RI D ZHOGHG MRLQW DW 7

WHVW
 �� . GHSHQGLQJ XSRQ WKH GHSRVLWLRQ

FRHIILFLHQW α  � ��� DQG �� J��$⋅K� ��� DW PHWDO WKLFNQHVV ��
�D� DQG �� PP �E�� � x .&9

%0

36 2/2001



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

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

9�$� /(%('(9� $�(� .2527<16.<� 9�0� 02=2. DQG 9�*� 3,&+$.

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

$%675$&7

([SHULHQFH JDLQHG LQ UHVWRUDWLRQ RI D QXPEHU RI FRPSOLFDWHG FLYLO HQJLQHHULQJ REMHFWV RI 8NUDLQH E\ WKH PHWKRGV RI WKH
PHFKDQL]HG DUF VXUIDFLQJ XVLQJ D SXOVHG IHHGLQJ PHFKDQLVPV EDVHG RQ TXDVL�ZDYHG WUDQVGXFHUV ZLWK FRQWUROOHUV RI

HOHFWURGH ZLUH SXOVHG IHHGLQJ SDUDPHWHUV� LV DQDO\]HG� /RQJ�WLPH RSHUDWLRQ RI WKLV W\SH RI PHFKDQLVPV SURYHG WKHLU KLJK

SHUIRUPDQFH DQG UHOLDELOLW\� ,W KDV EHHQ UHYHDOHG WKDW WKH XVH RI PRELOH V\VWHPV� VXFK DV D VHPL�DXWRPDWLF PDFKLQH ZLWK

D SXOVHG IHHGLQJ x D VPDOO�VL]HG DUF SRZHU VXSSO\ VRXUFH� LV SURPLVLQJ� 6SHFLDO GHVLJQV RI UHVRQDQFH $& DUF SRZHU

VRXUFHV FDQ EH XVHG DV D ODWWHU IRU WKHVH V\VWHPV�

.H\ ZRU G V � VXUIDFLQJ� VHPL�DXWRPDWLF PDFKLQH� SRZHU

VRXUFH� IHHGLQJ PHFKDQLVP� SXOVH� IHHGLQJ� HOHFWURGH ZLUH�

PDQXIDFWXUH� REMHFW� GHSRVLWHG OD\HU� TXDOLW\� HIILFLHQF\

7KH DUF PHFKDQL]HG VXUIDFLQJ� RQH RI EDVLF WHFKQROR�

JLHV UHDOL]HG ZLWK WKH KHOS RI WKH VHPL�DXWRPDWLF PD�

FKLQHV� LV ZLGHO\ XVHG IRU UHVWRUDWLRQ DQG VWUHQJWKHQ�

LQJ RI DVVHPEOLHV DQG SDUWV RI GLIIHUHQW PDQXIDFWXULQJ

PHFKDQLVPV� WUDQVSRUW PHDQV� URDG PDFKLQHU\ DQG

SURGXFWLRQ DQG SURFHVVLQJ HTXLSPHQW� 7KH VXUIDFLQJ

LV HVSHFLDOO\ HIIHFWLYH ZLWK XVH RI VHOI�VKLHOGLQJ IOX[�

FRUHG HOHFWURGH ZLUHV ZKLFK LPSDUW SXUSRVHIXOO\ WKH

GHILQLWH SURSHUWLHV� 7KH ZLGH VSUHDGLQJ RI WKH PHFKD�
QL]HG VXUIDFLQJ LV GXH WR VRPH EDVLF FLUFXPVWDQFHV�

• VLJQLILFDQW LQFUHDVH LQ VHUYLFH OLIH RI DVVHPEOLHV

DQG SDUWV DW UHODWLYHO\ VPDOO PDWHULDO DQG HQHUJ\ FRQ�

VXPSWLRQ�

• XVH RI HTXLSPHQW DQG PDWHULDOV XQGHU GLIIHUHQW

ZRUNLQJ� FOLPDWLF DQG HQYLURQPHQWDO FRQGLWLRQV IRU

D ZLGH UDQJH RI REMHFWV RI UHVWRUDWLRQ DQG VWUHQJWK�

HQLQJ� PDQXIDFWXUHG RI GLIIHUHQW PHWDOV DQG KDYLQJ

YDULRXV VKDSHV RI WKH VXUIDFH WUHDWHG�

• PRELOLW\ RI HTXLSPHQW DQG ORZ UHTXLUHPHQWV WR

WKH VNLOO RI RSHUDWRUV�

,Q VSLWH RI WKH DERYH�PHQWLRQHG DGYDQWDJHV� WKLV

SURFHVV QHHGV LPSURYHPHQWV ERWK FRQFHUQLQJ HTXLS�

PHQW IRU LWV UHDOL]DWLRQ DQG DOVR IURP WKH SRLQW RI

YLHZ RI VRPH �UDWKHU LPSRUWDQW� WHFKQRORJLFDO DV�

SHFWV� 7KHVH ZRUNV DUH FRQVWDQWO\ FDUULHG RXW E\ WKH

VSHFLDOLVWV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWL�

WXWH� 7KH UHVXOWV RI WKLV ZRUN DUH LPSOHPHQWHG� DV D

UXOH� DW GLIIHUHQW HQWHUSULVHV RI WKH QDWLRQDO HFRQRP\�

7KH SUHVHQW ZRUN LV DLPHG DW WKH VWXG\ RI UHVXOWV
RI XVLQJ D SXOVHG IHHGLQJ RI WKH HOHFWURGH ZLUH� LQ

SDUWLFXODU VHOI�VKLHOGLQJ IOX[�FRUHG ZLUH� LQ UHVWRUD�

WLRQ DQG VWUHQJWKHQLQJ VXUIDFLQJ�

7KH IHHGLQJ RI WKH HOHFWURGH ZLUH LQ DUF PHFKDQL]HG

SURFHVV� UHDOL]HG ZLWK SXOVHV RI IUHTXHQF\ RI WKH RUGHU

RI WHQV RI KHUW]� LV GHVFULEHG LQ >�@� 7KLV SURFHVV� LQ

VKLHOGHG�JDV ZHOGLQJ LQ SDUWLFXODU� LV FRQWLQXHG WR EH

VWXGLHG DW WKH SUHVHQW WLPH�

0HFKDQLVPV RI D SXOVHG IHHGLQJ� XVHG LQ WKH PHQ�

WLRQHG SURFHVV� DUH EDVHG RQ UHGXFHU�IUHH WUDQVGXFHUV

RI PRYHPHQW RI WKH HOHFWURGH ZLUH XVLQJ VLQJOH�VLGHG

FODPSV� )RU VROLG VWHHO DQG DOXPLQLXP HOHFWURGH ZLUHV

WKH XVH RI WKHVH WHFKQLFDO VROXWLRQV ZDV IHDVLEOH LQ D

QXPEHU RI FDVHV� LQ SDUWLFXODU IRU UHVHDUFK ZRUNV�

+RZHYHU� WKH\ DUH QRW VXIILFLHQWO\ UHOLDEOH DQG KDYH
D VPDOO VHUYLFH OLIH IRU LQGXVWULDO LPSOHPHQWDWLRQ RU

IRU UHDOL]DWLRQ RI D ODUJH YROXPH RI VLQJOH MREV� ,Q
DGGLWLRQ� WKHVH V\VWHPV RI D SXOVHG IHHGLQJ RI WKH

HOHFWURGHZLUH DUH DOPRVW XQVXLWDEOH IRU WKH IOX[ �FRUHG

ZLUHV GXH WR JUHDW FKDQJHV LQ D SUHVHW SLWFK RI IHHGLQJ

DW GHIRUPDWLRQ RI WKHLU VKHDWKHV ZKLFK FDQ OHDG HYHQ

WR WKH GDPDJH RI WKH ODWWHU�

1RZ� WKH QHZ GHVLJQV RI SXOVHG IHHGLQJ PHFKD�

QLVPV KDYH DSSHDUHG RQ WKH EDVLV RI TXDVL�ZDYH

WUDQVGXFHUV �4:7�� 7KHLU SURSHOOHUV DUH WKH FRQYHQ�

WLRQDO SDLUV RI IHHGLQJ DQG SUHVVXUH UROOHUV WKDW FDQ

UHDOL]H WKH SXOVHG PRYHPHQW RI HDVLO\�GHIRUPHG HOHF�

WURGH ZLUHV WR ZKLFK WKH VHOI�VKLHOGLQJ IOX[�FRUHG VXU�

IDFLQJ HOHFWURGH ZLUHV EHORQJ� 7KLV PDNHV LW SRVVLEOH
WR GHYHORS DQG XVH D QXPEHU RI SXOVHG IHHGLQJ PHFKD�

QLVPV ZLWK 4:7 LQ WKH DUF PHFKDQL]HG HTXLSPHQW

IRU VXUIDFLQJ MREV� 7KH PDLQ FKDUDFWHULVWLFV RI WKH
GHVLJQHG PHFKDQLVPV DUH WKH GHVLJQ VROXWLRQ RI UHOD�
WLRQV EHWZHHQ IUHTXHQFLHV RI D SXOVHG IHHGLQJ DQG

WKHLU SLWFK� 7KLV SUREOHP ZDV VROYHG E\ D VHOHFWLRQ

RI D JHDU UDWLR RI WKH UHGXFHU ZLWK 4:7 DQG GLDPHWHU

RI D IHHGLQJ UROOHU LQ DFFRUGDQFH ZLWK UHFRPPHQGD�

WLRQV JLYHQ LQ >�@� 7KLV ZRUN ZDV DQ LQWHJUDO SDUW RI

LQYHVWLJDWLRQV RI HIIHFW RI D SLWFK RI WKH SXOVHG IHHGLQJ

RI WKH IOX[�FRUHG ZLUH RQ JHRPHWULF VL]HV RI WKH GH�

SRVLWHG EHDGV� PHFKDQLFDO FKDUDFWHULVWLFV RI WKH GH�

SRVLWHG PHWDO DQG LWV FRPSRVLWLRQ� 7KH SXOVHG IHHGLQJ

PHFKDQLVPV RI WKH GHVLJQHG VHULHV ZHUH PRXQWHG LQ D

EDVLF PRGHO RI WKH VHPL�DXWRPDWLF PDFKLQH 36K���9

>�@� KDYLQJ WKH QHFHVVDU\ IHHG EDFN V\VWHPV� LQVWDOOHG
LQWR DQ DGMXVWDEOH HOHFWULF GULYH� LQFOXGLQJ WKRVH E\

WKH DUF SURFHVV SDUDPHWHUV� ZKLFK FDQ SURYLGH WKH

VWDELOL]LQJ HIIHFW RQ WKH VXUIDFLQJ� SHUIRUPHG� DV D

UXOH� ZLWK DQ LQFUHDVHG HOHFWURGH ZLUH VWLFNRXW� ,W

VKRXOG EH QRWHG WKDW D GULYHQ HOHFWULF PRWRU '38���� 9�$� /(%('(9� $�(� .2527<16.<� 9�0� 02=2. DQG 9�*� 3,&+$.� ����
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�� RI WKH VHPL�DXWRPDWLF PDFKLQH 36K���9 ZDV XVHG

IRU VRPH PHFKDQLVPV RI D SXOVHG IHHGLQJ� ZKLOH IRU

RWKHUV PHFKDQLVPV WKH HOHFWULF PRWRUV ZHUH GLIIHUHQW�

6XFK FKRLFH ZDV H[SODLQHG E\ WKH QHFHVVLW\ LQ XVH RI

WKH PHFKDQLVPV RI D SXOVHG IHHGLQJ ZLWK D ODUJH JHDU

UDWLRV� ,Q WKH JLYHQ FDVH D UDWHG IUHTXHQF\ RI URWDWLRQ

RI WKH '38����� HOHFWULF PRWRU VKDIW FDQ EH QRW VXI�

ILFLHQW WR REWDLQ WKH UHTXLUHG LQWHJUDO VSHHG RI IHHGLQJ

WKH VXUIDFLQJ HOHFWURGH ZLUH� ,Q WKH LOOXVWUDWHG GHVLJQ

RI WKH SXOVHG IHHGLQJ PHFKDQLVP D GHYLFH >�@ ZDV XVHG

ZKLFK XQORDGV LWV RXWSXW HOHPHQWV� 7KXV� WKH EDVLF

PRGHO RI WKH VHPL�DXWRPDWLF PDFKLQH 36K���9 ZDV

SURYLGHG ZLWK RQH PRUH PRGLILFDWLRQ� VSHFLDOO\ GH�

VLJQHG IRU D UHDOL]DWLRQ RI VXUIDFLQJ ZLWK VHOI�VKLHOGLQJ

IOX[�FRUHG HOHFWURGH ZLUHV DW WKHLU FRQWUROODEOH SXOVHG

IHHGLQJ� 7KLV PRGLILFDWLRQ RI WKH VHPL�DXWRPDWLF PD�

FKLQH KDV D GHVLJQ LQGH[ 36K���5� ,W FDQ EH XVHG

ZLWK DQ\ DUF SRZHU VRXUFH RI VXLWDEOH FKDUDFWHULVWLFV

RI WKH RXWSXW SDUDPHWHUV �FXUUHQW DQG YROWDJH�� ,W

VKRXOG EH QRWHG WKDW WKH SURFHVV RI VXUIDFLQJ ZLWK WKH

SXOVHG IHHGLQJ RI WKH VHOI�VKLHOGLQJ IOX[�FRUHG VXUIDF�

LQJ HOHFWURGH ZLUHV LV FKDUDFWHUL]HG E\ D FRQVLGHUDEOH

GHFUHDVH LQ OHYHO RI WKH VXUIDFLQJ FXUUHQW DV FRPSDUHG

ZLWK WKDW XVHG LQ VWDWLRQDU\ PRGHV� WKXV ZLGHQLQJ LWV

FDSDELOLWLHV� LQ SDUWLFXODU� LQ VWUHQJWKHQLQJ RU UHVWR�

UDWLRQ RI WKLQ�VKHHW PHWDO VWUXFWXUHV� IRU H[DPSOH� WKH

FXOWLYDWRU WRRWK� HWF� )RU H[DPSOH� LI WKH ORZHU OLPLW

RI VXUIDFLQJ FXUUHQW LV ��� w ��� $ IRU IOX[�FRUHG

ZLUHV RI ��� w ��� PP GLDPHWHU XQGHU WKH VWDWLRQDU\

FRQGLWLRQV� WKHQ� ZKHQ WKH SXOVHG IHHGLQJ LV XVHG LW

LV ��� w ��� $� ,Q DGGLWLRQ� WKH OHYHO RI VXUIDFLQJ

YROWDJHV FDQ DOVR EH VRPHZKDW GHFUHDVHG HYHQ LQ FDVH

RI XVLQJ WKH LQFUHDVHG VWLFNRXW RI WKH HOHFWURGH ZLUH�

+HUH� WKH DUF SRZHU VRXUFHV RI WKH VLPSOHVW GHVLJQV

DUH XVHG LQ WKH SURFHVV RI VXUIDFLQJ� L�H� WKRVH� ZKLFK

KDYH QR VWDELOL]DWLRQ RI WKH RXWSXW YROWDJH� 7KHVH DUH

FRQYHQWLRQDO UHFWLILHUV ZLWK WKH KHOS RI ZKLFK WKH

KLJK FKDUDFWHULVWLFV RI WKH SURFHVV VWDELOLW\ ZLWKRXW

IUHH RVFLOODWLRQV W\SLFDO RI WKH SURFHVVHV ZLWK DQ LQ�

FUHDVHG VWLFNRXW RI HOHFWURGH FDQ EH REWDLQHG LQ D

SXOVHG IHHGLQJ RI WKH HOHFWURGH ZLUH >�@�
7KH H[SHULHQFH RI LQGXVWULDO DSSOLFDWLRQ RI WKH

VHPL�DXWRPDWLF PDFKLQHV ZLWK D SXOVHG IHHGLQJ RI WKH
HOHFWURGH ZLUH LV KLJK HQRXJK QRZ E\ WKH DPRXQW RI
ERWK GHSRVLWHG PHWDO DQG WKH REMHFWV RI DSSOLFDWLRQ
>�@� 7KH PRVW REMHFWV RI WKH VXJDU DQG PLQLQJ LQGXV�
WULHV ZHUH VXEMHFWHG WR WKH UHVWRUDWLRQ XVLQJ WKH PHWK�
RGV RI DUF VXUIDFLQJ ZLWK D SXOVHG IHHGLQJ RI WKH HOHF�
WURGH ZLUH� $OO WKH ZRUNV RQ UHVWRUDWLRQ PDGH DW WKHVH
HQWHUSULVHV� HYHQ LQ HPHUJHQF\ VLWXDWLRQV� ZHUH HFR�
QRPLFDOO\ HIILFLHQW� 7ZR W\SHV RI TXDVL�ZDYH PHFKD�
QLVPV RI D SXOVHG IHHGLQJ� /0��� DQG /0���� KDYLQJ
D JHDU UDWLR �� DQG ��� UHVSHFWLYHO\� DQG DOVR D V\VWHP
RI IHHGLQJ UROOHUV� ZKLFK SURYLGHV GHILQLWH SLWFKHV RI
IHHGLQJ� ZHUH GHYHORSHG IRU D UHVWRUDWLRQ VXUIDFLQJ�
0RUHRYHU� ERWK PHFKDQLVPV ZHUH HTXLSSHG ZLWK FRQ�
WUROOHUV RI D SXOVH VKDSH� ZLWK WKH KHOS RI ZKLFK WKH
SDUDPHWHUV RI PRYHPHQW RI WKH HOHFWURGH ZLUH LQ D
SXOVH FDQ EH FKDQJHG XS WR LWV SDUWLDO UHYHUVLQJ� WKXV
SURYLGLQJ VLJQLILFDQW DFFHOHUDWLRQV� 0HFKDQLVPV RI
WKH SXOVHG IHHGLQJ RI WKH HOHFWURGH ZLUH RQ WKH EDVH
RI 4:7 RI /0��� DQG /0��� W\SHV DUH JLYHQ LQ
)LJXUH ��

7KH SUHVHQW ZRUN GHVFULEHV VHYHUDO W\SLFDO H[DP�
SOHV RI IXOILOPHQW RI VXUIDFLQJ ZRUNV XVLQJ D SXOVHG
IHHGLQJ RI WKH HOHFWURGH ZLUH�

6XUIDFLQJ DQG ZHOGLQJ ZLWK VROLG HOHFWURGH ZLUHV

�3DUDILHYVN\ 6XJDU )DFWRU\��7KH FDVLQJ RI D GLIIXVHU

VHPL�F\OLQGHU ZDV VXEMHFWHG WR WKH UHVWRUDWLRQ VXUIDF�

LQJ� ,Q WKLV FDVH LW ZDV LPSRVVLEOH WR UHSODFH WKH FDVLQJ

E\ QHZ VKHHWV EHFDXVH RI WKH SHFXOLDULWLHV RI WKH GHVLJQ

RI WKH GLIIXVHU LWVHOI� 7KH WKLFNQHVV RI WKH FDVLQJ PHWDO

ZDV � PP� WKH UHMHFWHG WKLFNQHVV x � PP DQG DO�

ORZDEOH WKLFNQHVV DIWHU UHSDLUx �PP� $ERXW �� PP�

DUHD ZDV VXEMHFWHG WR UHVWRUDWLRQ� )LUVW WZR VHPL�DXWR�

PDWLF PDFKLQHV $����8P ZLWK ��� PP GLDPHWHU HOHF�

WURGH ZLUH 6Y���*�6 �& x ����� 6L x ���� 0Q x

���� &U ≤ ��� ZW��� ZHUH XVHG LQ WKH WHFKQRORJLFDO

SURFHVV� 7KHQ� WKH VHPL�DXWRPDWLF PDFKLQHV ZLWK

SXOVHG IHHGLQJ PHFKDQLVPV /0��� DQG /0��� RI IHHG�

LQJ SLWFKHV RI ���� DQG ���� PP LQ D SXOVH� UHVSHF�

WLYHO\� RI ��� PP GLDPHWHU HOHFWURGH ZLUH 6Y���*�6

ZHUH XVHG� EHFDXVH VRPH ZRUNV FRXOG QRW EH IXOILOOHG

ZLWK VHPL�DXWRPDWLF PDFKLQHV $����8P� ,Q ERWK

FDVHV WKH VDPH DUF SRZHU VXSSO\ VRXUFH 9'8���� DW

VRPH VFKHPDWLF PRGLILFDWLRQV RI VHPL�DXWRPDWLF PD�

FKLQHV $����8P ZDV XVHG� 5HJLRQV RI VLQJOH� DQG

PXOWL�OD\HU VXUIDFLQJ ZHUH PDGH� 7KXV� LW ZDV SRVVLEOH

WR FRPSDUH WKH UHVXOWV RI VXUIDFLQJ XVLQJ GLIIHUHQW

IHHGLQJ PHFKDQLVPV �VWDWLRQDU\ DQG WZR SXOVHG

PHFKDQLVPV ZLWK GLIIHUHQW SDUDPHWHUV� XQGHU WKH UHDO

LQGXVWULDO FRQGLWLRQV �7DEOH��
,Q VXUIDFLQJ ZLWK VHPL�DXWRPDWLF PDFKLQHV $�

���8P� �� F\OLQGHUV ZLWK &2� ZHUH FRQVXPHG IRU
��� NJ RI HOHFWURGH ZLUH 6Y���*�6� 7KH VDPH DPRXQW
RI &2� ZDV XVHG LQ VXUIDFLQJ ZLWK VHPL�DXWRPDWLF
PDFKLQHV ZLWK PHFKDQLVPV /0���� /0���� EXW� KHUH�
IRU ��� NJ HOHFWURGH ZLUH 6Y���*�6 RI ��� PP GLDPH�
WHU� 7KLV LV H[SODLQHG E\ D ORZHU FRQVXPSWLRQ RI &2�

)LJXUH ��0HFKDQLVP RI /0 W\SH ZLWK 4:7 IRU D SXOVHG HOHFWURGH
ZLUH IHHGLQJ� � x HOHFWULF PRWRU� � x PHFKDQLVP ZLWK 4:7�
� x GHYLFH RI IHHGLQJ DQG SUHVVLQJ RI HOHFWURGH ZLUH� FRQVLVWLQJ
RI HOHPHQWV RI 4:7 RXWSXW VKDIW XQORDGLQJ
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LQ WKH SURFHVVHV ZLWK D SXOVHG IHHGLQJ LQ SRVLWLRQV
GLIIHUHQW IURP WKH IODW SRVLWLRQ� DQG DOVR E\ DQ H[WUD
FRQVXPSWLRQ RI &2� IRU SURFHVV VWDELOL]LQJ �WKHUH DUH
�VKRRWHG� DQG ZHOGHG VWLFNRXWV RI WKH HOHFWURGH
ZLUHV� ZLWK WKH VHPL�DXWRPDWLF PDFKLQH $����8P�
QRQ�HIILFLHQW RSHUDWLRQV RQ VXUIDFLQJ RI SRRUO\ IRUPHG
DUHDV DQG VR RQ�

6XUIDFLQJ ZLWK VHOI�VKLHOGLQJ ZHOGLQJ IOX[�FRUHG
ZLUHV �1RUWK 2UH�'UHVVLQJ 3ODQW� .ULYRM 5RJ�� 7KH
UHVWRUDWLRQ RI D FDVLQJ RI D FRQH�W\SH �� W FUXVKHU ZDV
PDGH� 7R IXOILO VXUIDFLQJ� ��� NJ RI ��� PP GLDPHWHU
33�$1� �& x ���� w ����� 6L x ��� w ���� 0Q x
��� w ���� 6 x XS WR ����� 3 x XS WR ���� ZW���
)H x EDODQFH� DQG ��� PP GLDPHWHU 33�$1� �& x
���� w ���� 6L x ���� w ����� 0Q x ��� w ���� 6 x
XS WR ����� 3 x XS WR ���� ZW��� )H x EDODQFH�
HOHFWURGH ZLUHV ZHUH FRQVXPHG� $OO WKH YROXPH RI
VXUIDFLQJ MREV ZDV SHUIRUPHG XVLQJ WKH VHPL�DXWRPD�
WLF PDFKLQH ZLWK /0��� PHFKDQLVP DQG DUF SRZHU
VRXUFH 96���� DW ��� w ��� $� ,Q WKLV FDVH WKH SRVLWLRQ
RI WKH VXUIDFH GHSRVLWHG �IODW ZLWK ��� LQFOLQDWLRQ DQG
YHUWLFDO� GLG QRW SUHVHQW DQ\ GLIILFXOWLHV IRU DQ RS�
HUDWRU� WUDQVLWLRQ IURP RQH W\SH RI WKH VXUIDFH WR DQ�
RWKHU ZDV PDGH ZLWKRXW DQ DGGLWLRQDO DGMXVWPHQW RI
WKH VXUIDFLQJ FRQGLWLRQV� 7KH ZHDU RI WKH VXUIDFHV
GHSRVLWHG ZDV ZLWKLQ �� w �� PP� 7LPH� VSHQW IRU
WKLV HOHPHQW RI VXUIDFLQJ� ZDV WKUHH GD\V DW WKUHH�VKLIW
ZRUN�

7KH VHFRQG RSHUDWLRQ DW WKH VDPH FDVLQJ ZDV WKH
UHVWRUDWLRQ RI D VHDW IRU D EXVKLQJ�LQVHUW RI ��� PP
GLDPHWHU DQG ���� PP OHQJWK� :HDU ZDV� RQ DYHUDJH�
� PP IRU D GLDPHWHU� 7KH VDPH HTXLSPHQW ZDV XVHG�
7KH WRWDO WLPH RI VXUIDFLQJ ZDV � GD\V� DQG RQH�GD\
DGGLWLRQDO WLPH IRU WKH PHFKDQLFDO WUHDWPHQW RI WKH
VHDW�

&DOFXODWLRQ RI WKH WRWDO H[SHQVHV IRU WKH UHVWRUD�
WLRQ RI WKH FDVLQJ VKRZHG WKDW WKH\ DUH ��� WLPHV ORZHU
WKDQ WKRVH VSHQW IRU SXUFKDVH RI WKH QHZ FDVLQJ� 7KH
VHUYLFH OLIH RI WKH UHVWRUHG FDVLQJ ZDV QRW UHGXFHG�

6XUIDFLQJZLWK VHOI�VKLHOGLQJ VXUIDFLQJ HOHFWURGH
ZLUHV �6RXWK 2UH�'UHVVLQJ 3ODQW� .ULYRM 5RJ��
7HHWK RI VKDIWV�JHDUV RI WKH GULYH RI FUXVKLQJ PLOOV
ZLWK WKH IROORZLQJ SDUDPHWHUV ZHUH VXEMHFWHG WR VXU�
IDFLQJ� QXPEHU RI WHHWK x ��� SLWFK x ��� OHQJWK
DQG LQFOLQDWLRQ RI D WRRWK UHODWLYH WR WKH D[LV RI VKDIW�
JHDU DUH ��� PP DQG ���� UHVSHFWLYHO\� PDWHULDO x
VWHHO ��.K �&x ���� &Ux ���ZW��� )Hx EDODQFH��
8QOLNH WKH SUHYLRXV H[DPSOHV� LQ WKLV FDVH LW ZDV
QHFHVVDU\ GXULQJ UHVWRUDWLRQ RI WHHWK WR SURYLGH WKH
DSSURSULDWH PHFKDQLFDO SURSHUWLHV RI WKH GHSRVLWHG
OD\HU ERWK E\ XVLQJ VXUIDFLQJ HOHFWURGH ZLUHV DQG DOVR
DV D UHVXOW RI WKH UHVWRUDWLRQ WHFKQRORJ\ XVHG� 7KH
VHOI�VKLHOGLQJ VXUIDFLQJ ZLUH RI ��� PP GLDPHWHU ZDV
XVHG ZKLFK FRXOG SURYLGH WKH IROORZLQJ SDUDPHWHUV
RI WKH GHSRVLWHG OD\HU RI PHWDO�

• XOWLPDWH VWUHQJWK x ��� w ��� 03D�
• LPSDFW VWUHQJWK RI �� -�FP

�
DW WHPSHUDWXUH

��� �& �QRW OHVV� ZLWK D 0HVQDJHU QRWFK�
• HORQJDWLRQ x �� � �QRW OHVV��
,Q DGGLWLRQ� WKH VXUIDFH GHSRVLWHG VKRXOG KDYH

PLQLPXP WROHUDQFHV IRU SRVW PHFKDQLFDO WUHDWPHQW�
8VLQJ WKH VHPL�DXWRPDWLF PDFKLQH RI D EDVLF PRGHO

36K���9 ZLWK DUF SRZHU VRXUFH %6����P LW ZDV LP�
SRVVLEOH WR SURYLGH WKH UHTXLUHG GHQVLW\ RI PHWDO�
VKDSH RI WKH GHSRVLWHG EHDG DQG LWV PHFKDQLFDO SUR�
SHUWLHV� 0RUHRYHU� WKH FXUUHQW RI WKH DUF SURFHVV ZDV
��� w ��� $ HYHQ DW LWV VWHDG\ SURFHHGLQJ� DQG WKH
VKDUH RI WKH SDUHQW PHWDO LQ WKH GHSRVLWHG EHDG ZDV
VXIILFLHQWO\ KLJK� ,W LV HYLGHQW LQ WKLV FDVH WKDW WKH
HQHUJ\ LQSXW GXULQJ VXUIDFLQJ LV H[FHVVLYH�

$SSOLFDWLRQ RI VHPL�DXWRPDWLF PDFKLQHV ZLWK GLIIHUHQW W\SHV RI PHFKDQLVPV RI D SXOVHG HOHFWURGH ZLUH IHHGLQJ LQ UHVWRUDWLRQ RI D GLI�
IXVHU FDVLQJ

7\SH

RI PHFKDQLVP
.LQG RI IHHGLQJ :RUNV SHUIRUPHG

&RQGLWLRQV RI

ZHOGLQJ DQG

VXUIDFLQJ

SHUIRUPDQFH

6XUIDFLQJ

FRQGLWLRQV
5HVXOWV RI H[SHULPHQWV

$����8P 6WDWLRQDU\ 6XUIDFLQJ RI

WKLFNQHVVHV RI PRUH

WKDQ � PP� ZHOGLQJ

RI VWUXFWXUH HOHPHQWV

,Q IODW DQG

YHUWLFDO SRVLWLRQV

��� w ��� $

�� w �� 9

$ERXW �� P� ZHUH GHSRVLWHG� 7KHUH

DUH ODFN RI SHQHWUDWLRQ DQG VSDWWHUV

RI ODUJH GURSV RI HOHFWURGH PHWDO�

WKXV UHTXLULQJ WKHLU UHPRYDO ZLWK DQ

DEUDVLYH WRRO

/0��� 3XOVHG ZLWK

���� PP SLWFK

6XUIDFLQJ RI

WKLFNQHVVHV RI OHVV

WKDQ � PP� ZHOGLQJ

RI VWUXFWXUH HOHPHQWV

,Q IODW� YHUWLFDO

DQG VHPL�

RYHUKHDG

SRVLWLRQV

��� w ��� $

�� w �� 9

$ERXW �� P� ZHUH GHSRVLWHG� 7KHUH

DUH VHSDUDWH SODFHV ZLWK D ODFN RI

SHQHWUDWLRQ� 1R VSDWWHULQJ RI

HOHFWURGH PHWDO� 7KH R[LGH GXVW

GHSRVLW LV HDVLO\ UHPRYHG E\ D VRIW

VWHHO EUXVK

/0��� 3XOVHG ZLWK

���� PP SLWFK�

5HYHUVH LQ SXOVH

XS WR �� � IURP

WKH SLWFK OHQJWK

6XUIDFLQJ RI

WKLFNQHVVHV RI OHVV

WKDQ � PP� LQFOXGLQJ

DOVR WKH PXOWLOD\HU

VXUIDFLQJ ZLWKRXW

FOHDQLQJ

6DPH ��� w ��� $

�� w �� 9

$ERXW �� P� ZHUH GHSRVLWHG� 1R

FODLPV WR WKH TXDOLW\ RI GHSRVLWHG

PHWDO� 7KH HDV\ DUF H[LWLQJ ZDV

QRWHG DGGLWLRQDOO\ �IURP RQH RU�

VRPHWLPHV� WZR VKRUW FLUFXLWLQJV�

1R W H � 9'8���� ZDV XVHG DV D SRZHU VRXUFH�
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,W ZDV SRVVLEOH WR SURYLGH WKH UHTXLUHG TXDOLW\ RI
WKH UHVWRUHG WHHWK E\ XVLQJ D PRGLILHG YHUVLRQ RI WKH
VHPL�DXWRPDWLF PDFKLQH 36K���5 ZLWK D IHHGLQJ
PHFKDQLVP RI /0��� W\SH� KDYLQJ ��� PP IHHGLQJ
SLWFK DQG D UHYHUVLQJ PRYHPHQW RI WKH ZLUH LQ D SXOVH
XS WR �� � RI WKH SLWFK OHQJWK� 7KH ZRUQ�RXW VLGH RI
WKH WRRWK ZDV VXUIDFHG ZLWK ORQJLWXGLQDO EHDGV IURP
D URRW WR D SRLQW RI WKH WRRWK ZLWK DX[LOLDU\ WUDQVYHUVH
RVFLOODWLRQV RI WKH HOHFWURGH ZLUH� WKXV SURYLGLQJ RYHU�
ODSSLQJ RI EHDG HGJHV XVLQJ FXUUHQW RI ��� w ��� $�
7KH TXDOLW\ RI WKH GHSRVLWHG OD\HU FRUUHVSRQGHG WR
WKH WKDW RI WKH LQLWLDO PHWDO E\ WKH PHFKDQLFDO SUR�
SHUWLHV DQG DSSHDUDQFH�

:H KDG DQ RSSRUWXQLW\ WR FDUU\ RXW WKH DGGLWLRQDO
H[DPLQDWLRQ RI GHSRVLWHG WHHWK� ZKHQ WKH PLOO DIWHU
LWV WZLFH VHUYLFH OLIH ZDV GLVPDQWOHG EHFDXVH RI WKH
UHFRQVWUXFWLRQ RI WKH VKRS� ,W DSSHDUHG� WKDW WKH ZHDU
RI WKH GHSRVLWHG VXUIDFHV RI WKH WHHWK ZDV ��� WLPHV
OHVV WKDQ WKDW RI WKH JHDU WHHWK VXSSOLHG IURP WKH
FXVWRPHU� 7KH DQDO\VLV RI WKH HFRQRPLFDO HIILFLHQF\
RI WKH RIIHUHG DQG UHDOL]HG WHFKQRORJ\ RI UHVWRUDWLRQ
RI WKH VKDIW�JHDU WHHWK VKRZHG WKDW LW FDQ EH SURILWDEOH
HYHQ LQ FDVH RI SURYLGLQJ HTXDO VHUYLFH SURSHUWLHV RI
WKH UHVWRUHG DQG VXSSOLHG VKDIWV�JHDUV E\ WKH FXV�
WRPHU�

6HSDUDWH H[DPSOHV VKRZHG WKDW WKH WDVNV RI UHVWR�
UDWLRQ RI DVVHPEOLHV DQG SDUWV RI PDFKLQHU\ RI YDULRXV
FRPSOH[LW\ FDQ EH VROYHG E\ XVLQJ WKH VHPL�DXWRPDWLF
PDFKLQHV ZLWK D SXOVHG IHHGLQJ RI WKH HOHFWURGH ZLUH
UDWKHU HIIHFWLYHO\ DQG TXDOLWDWLYHO\ DOVR LQ WKRVH FDVHV
ZKHQ WKHLU IXOILOPHQW LV LPSRVVLEOH RU GLIILFXOW� 7KH
RIIHUHG KLJK UHOLDELOLW\ RI V\VWHPV RI D SXOVHG IHHGLQJ
RI WKH HOHFWURGH ZLUH LV FRQILUPHG RQ WKH EDVLV RI
4:7� 7KH GHVLJQ RI WKH VHPL�DXWRPDWLF PDFKLQHV RI
36K��� W\SH DOORZV LWV HDV\ DGDSWDWLRQ IRU RSHUDWLRQ
ZLWK DQ\ DUF SRZHU VRXUFHV� H[LVWLQJ DW WKH HQWHUSULVH�

,W VKRXOG EH VSHFLDOO\ QRWHG WKDW IRU WKH SURFHVVHV
RI VXUIDFLQJ ZLWK D SXOVHG IHHGLQJ RI WKH HOHFWURGH
ZLUH LW LV VXIILFLHQW WR XVH WKH $& DUF SRZHU VRXUFHV
RI DOO WKH W\SHV ZKLFK DUH XVXDOO\ XVHG IRU UHDOL]LQJ

PDQXDO DUF SURFHVVHV� L�H� FRQYHQWLRQDO ZHOGLQJ WUDQV�
IRUPHUV ZLWK IDOOLQJ H[WHUQDO FKDUDFWHULVWLFV DQG FRQ�
WUROOHUV RI FXUUHQW RI DOPRVW DQ\ W\SHV� ,Q WKLV FDVH�
DV WKH H[SHULHQFH VKRZHG� WKH EDVLF UHTXLUHPHQWV WR
WKH WUDQVIRUPHU FRQVLVW LQ SURYLGLQJ D VXIILFLHQW FD�
SDFLW\ DQG UHTXLUHG VKRUW�FLUFXLW FXUUHQW� 7KLV WHFK�
QLFDO VROXWLRQ FDQ EH UDWKHU XVHIXO LI WKH VXUIDFLQJ LV
SHUIRUPHG DW WKH HQWHUSULVHV DQG REMHFWV ZKHUH RQO\
DUF SRZHU VRXUFHV IRU WKH PDQXDO DUF ZHOGLQJ DUH LQ
VHUYLFH� ,Q DGGLWLRQ� LW LV HYLGHQW WKDW WKH ZHOGLQJ
WUDQVIRUPHUV DUH PXFK VLPSOHU� FKHDSHU DQG UHOLDEOH�
WKDQ WKH UHFWLILHUV� IRU WKH DUF PHFKDQL]HG SURFHVVHV�
:H XVHG WKH FRPSOH[HV� D VHPL�DXWRPDWLF PDFKLQH
ZLWK D SXOVHG HOHFWURGH ZLUH IHHGLQJx ZHOGLQJ WUDQV�
IRUPHU� LQ SDUWLFXODU IRU VXUIDFLQJ RI VFUROOV RI D VXF�
WLRQ�WXEH GUHGJHU GLUHFWO\ RQ WKH REMHFW LI WKH WUDQV�
IRUPHU IRU WKH PDQXDO DUF ZHOGLQJ ZDV LQFOXGHG LQWR
D UHSDLU FRPSOH[ RI WKH REMHFW� ,Q WKLV FDVH WKH V\VWHPV
RI FRQWURO DQG DGMXVWPHQW RI WKH VHPL�DXWRPDWLF PD�
FKLQH 36K���5 ZHUH HTXLSSHG DGGLWLRQDOO\ ZLWK D
SRZHU VRXUFH FRQQHFWHG WR WKH ZHOGLQJ WUDQVIRUPHU
RXWSXW�

7KHUH LV D ODUJH VFRSH RI ZRUNV RQ WKH UHVWRUDWLRQ
DQG VWUHQJWKHQLQJ ZKLFK DUH UHDOL]HG XVLQJ WKH PHFKD�
QL]HG DUF HTXLSPHQW LQFOXGLQJ WKDW ZLWK D SXOVHG HOHF�
WURGH ZLUH IHHGLQJ� ZKHUH D PRELOH VHW RI DQ DXWRPDWLF
PDFKLQHwDUF SRZHU VRXUFH LV UHTXLUHG�

7KH PRVW SURPLVLQJ GLUHFWLRQ IRU WKH PHFKDQL]HG

SURFHVVHV RI $& ZHOGLQJ DQG VXUIDFLQJ LV D XVH RI

UHVRQDQFH RI YROWDJHV LQ WKH VHFRQGDU\ FLUFXLW RI WKH

SRZHU VRXUFH� FKDUDFWHUL]HG E\ KLJK HQHUJ\�VDYLQJ

SURSHUWLHV DQG VPDOO PDVV�GLPHQVLRQDO FKDUDFWHULVWLFV

>�@� +RZHYHU� GXH WR D ORZ VKRUW�FLUFXLW FXUUHQW �DV

FRPSDUHG ZLWK WUDGLWLRQDO SRZHU VRXUFHV� WKH GLUHFW

XVH RI WKH UHVRQDQFH VRXUFHV HQFRXQWHUV VRPH GLIILFXO�

WLHV� 7KH PHDVXUHV VKRXOG EH WDNHQ IRU LQFUHDVH LQ WKH

VKRUW�FLUFXLW FXUUHQW DW WKH PRPHQW RI HOHFWURGH PHWDO

GURS WUDQVLWLRQ WR D PROWHQ SRRO�

'LDJUDP RI RQH RI SRVVLEOH YHUVLRQV RI WKH $& DUF

SRZHU VRXUFH LV SUHVHQWHG LQ )LJXUH �� D� 7KH SRZHU

VRXUFH FRQVLVWV RI D FRUH�W\SH ZHOGLQJ WUDQVIRUPHU

7: ZLWK D VXSSO\LQJ ZLQGLQJ Z�� ORFDWHG DW WKH ILUVW

FRUH� 7KH ZLQGLQJ Z�� ZKRVH OHDNDJH LQGXFWDQFH WR�

JHWKHU ZLWK D FDSDFLWLYH UHDFWRU &U IRUPV D UHVRQDQFH

FLUFXLW� LV ORFDWHG DW WKH VHFRQG FRUH� 7KH GHYLFH LV

IHDWXUHG E\ D ZLQGLQJ Z� ZKLFK IRUPV D FORVH LQGXF�

WLYH FRXSOLQJ ZLWK ZLQGLQJ Z��

)LJXUH �� E SUHVHQWV H[WHUQDO FKDUDFWHULVWLFV RI WKH

DUF SRZHU VRXUFH ZLWK D YROW�DPSHUH FKDUDFWHULVWLFV

RI WKH ZHOGLQJ DUF� $W WKH PRPHQW RI WUDQVLWLRQ RI

WKH GURS DQG DEUXSW UHGXFWLRQ LQ DUF YROWDJH WKH YROW�

DJH DW WKH UHDFWRU LV LQFUHDVHG� 7KLV VLJQDO� WDNHQ IURP

&U� HQWHUV WKH RXWSXW RI WKH UHFWLILHU 5FW DQG XVHG LQ

WKH FRQWURO XQLW &8 IRU WKH IRUPDWLRQ RI D FRPPDQG

RI VZLWFKLQJ RQ RI D FRQWDFWOHVV NH\ (. PDGH RQ D

WULDF� 7KXV� WKH VKRUW�FLUFXLW FXUUHQW DGGLWLRQ LV SUR�

YLGHG�
7KHVH SRZHU VRXUFHV LQ D VHW ZLWK VHPL�DXWRPDWLF

PDFKLQHV� KDYLQJ V\VWHPV RI D SXOVHG HOHFWURGH ZLUH
IHHGLQJ� ZHUH WHVWHG GXULQJ IXOILOPHQW RI VRPH VXU�

)LJXUH �� 6FKHPDWLF GLDJUDP RI $& DUF SRZHU VRXUFH �D� DQG
YROW�DPSHUH FKDUDFWHULVWLFV RI SRZHU VRXUFH DQG ZHOGLQJ DUF �E�
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IDFLQJ MREV XQGHU WKH UHDO LQGXVWULDO FRQGLWLRQV� 7HVW
UHVXOWV PDNH LW SRVVLEOH WR FRQFOXGH WKDW WKH FRPSOH[�
D VHPL�DXWRPDWLF PDFKLQH ZLWK D SXOVHG HOHFWURGHZLUH
IHHGLQJ x D UHVRQDQFH $& DUF SRZHU VRXUFH� ZKLFK
SURYLGHV D UHTXLUHG OHYHO RI WKH VKRUW�FLUFXLW FXUUHQWV�
FDQ EH D EDVLV IRU WKH FUHDWLRQ RI PRELOH PHFKDQL]HG
HTXLSPHQW IRU UHVWRUDWLRQ DQG VWUHQJWKHQLQJ RI DVVHP�
EOLHV DQG SDUWV� LQFOXGLQJ WKRVH XVHG XQGHU WKH FRQ�
GLWLRQV GLIIHUHG IURP WKH VKRS FRQGLWLRQV� ,W VKRXOG
EH QRWHG WKDW LQ XVH RI 4:7 LQVWHDG RI D WUDGLWLRQDO
IHHGLQJ PHFKDQLVP LW LV SRVVLEOH WR GHFUHDVH WZLFH WKH
VHW SRZHU RI WKH SRZHU VRXUFH �RI DQ\ W\SH IRU WKH
VDPH GLDPHWHU RI WKH ZLUH��

&21&/86,216

�� 2QH RI WKH PRVW HIIHFWLYH PHWKRGV RI ZLGHQLQJ WKH
IHDVLELOLW\ RI DUF PHWKRGV RI UHVWRUDWLRQ DQG VWUHQJWK�
HQLQJ RI GLIIHUHQW�SXUSRVH PDFKLQH SDUWV LV WKH XVH RI
FRQWUROODEOH SXOVHG IHHGLQJ PHFKDQLVPV EDVHG RQ
4:7� KDYLQJ KLJK UHOLDELOLW\� VLPSOH LQ GHVLJQ DQG
QRW UHTXLULQJ VSHFLDO FRQGLWLRQV LQ VHUYLFH DQG PDLQ�
WHQDQFH� LQ WKH DUF PHFKDQL]HG HTXLSPHQW�

�� &UHDWLRQ RI PRELOH FRPSOH[HV� D VHPL�DXWRPDWLF
PDFKLQH x D VPDOO�VL]HG SRZHU VRXUFH ZLWK WKH XVH
RI VSHFLDO GHVLJQV RI UHVRQDQFH $& DUF SRZHU VRXUFHV�
LV DQ DGGLWLRQDO UHVHUYH�

5()(5(1&(6

�� 9RURSDM� 1�0� ������ 3DUDPHWHUV RI FRQGLWLRQV DQG WHFKQRORJL�
FDO FDSDELOLWLHV RI DUF ZHOGLQJ ZLWK D SXOVHG IHHGLQJ RI HOHFWURGH
DQG ILOOHU ZLUH� $YWRPDWLFKHVND\D 6YDUND� ��� � w ��

�� /HEHGHY� 9�$� ������ &RQWURO RI VSHHG DQG SLWFK LQ D
SXOVHG IHHGLQJ RI HOHFWURGH ZLUH LQ PHFKDQLVPV EDVHG RQ D
TXDVL�ZDYH WUDQVGXFHU� ,ELG�� �� �� w ���

�� /HEHGHY� 9�$�� 0RVKNLQ� 9�)�� 3LFKDN� 9�*� ������ 6HPLDX�
WRPDWLF PDFKLQHV RI D VLQJOH PRGXODU GHVLJQ IRU ZHOGLQJ� VXU�
IDFLQJ DQG FXWWLQJ� 6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���

�� 0R]RN� 9�0�� /HEHGHY� 9�$�� 3LFKDN� 9�*� HW DO� )HHGLQJ
PHFKDQLVP� 6665 DXWKRUsV FHUWLILFDWH �������� ,QW� &O� %
�� . ����� 3XEO� ���������

�� /HEHGHY� $�9�� 6XSUXQ� 6�$� ������ (IIHFWLYHQHVV RI VWDELOL�
]LQJ RI D PHDQ YDOXH RI FXUUHQW LQ VHPL�DXWRPDWLF ZHOGLQJ�
$YWRPDWLFKHVND\D 6YDUND� ��� �� w ���

�� 0R]RN� 9�0� ������ ,PSURYHPHQW RI WHFKQRORJ\ RI ZHOGLQJ
DQG VXUIDFLQJ ZLWK FRQVXPDEOH HOHFWURGH XVLQJ D PHFKDQLFDO
PRGXODWRU RI ZHOGLQJ FXUUHQW� ,ELG�� �� �� w ���

�� /HELHGLHZ� :�.�� .RURW\QVNL� $�(�� =XN� *�:� ������
6RPH SURSHUWLHV RI DUF ZHOGLQJ SURFHVVHV VXSSOLHG E\ SRZHU
VRXUFHV ZLWK /& UHVRQDQW FLUFXLWV� %LXOHWLQ ,QVW\WXWX
6SDZDOQLFWZD Z *OLZLFDFK� �� �� w ���
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9�<X� .+$6.,1� 6�<X� 3$9/296.<� 9�3� *$5$6+&+8.� 9�'� 6+(/<$*,1 DQG (�,� *21&+$5(1.2

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

$%675$&7

,W LV VKRZQ WKDW ZHOGLQJ RI ORZ�FDUERQ VWHHOV XVLQJ UDGLDWLRQ RI &2
�
�ODVHU LQ D SXOVHG�SHULRGLF PRGH �330� SURGXFHV

PRUH QDUURZ DQG GHHSHU ZHOGV WKDW LQ D FRQWLQXRXV PRGH DW D SRZHU RI UDGLDWLRQ HTXDO WR DQ DYHUDJH SRZHU RI 330�

$W RSWLPXP IUHTXHQF\ RI SXOVHV WKH VWUXFWXUH RI WKH ZHOG URRW SDUW EHFRPHV PRUH UHJXODU� WKH +$= ZLGWK LV GHFUHDVHG�

RYHUKHDWLQJ �FRDUVH�JUDLQHG� UHJLRQ LV HLWKHU DEVHQW RU EHFRPHV QRW FOHDUO\ GHILQHG�

.H\ ZRU G V � ODVHU ZHOGLQJ� &2�a�ODVHU� FRQWLQXRXV UDGLD�

WLRQ� SXOVHG�SHULRGLF UDGLDWLRQ� ORZ�FDUERQ VWHHOV� JHRPHWU\ RI
ZHOGV� VWUHQJWK� VWUXFWXUH

/RZ�FDUERQ VKHHW VWHHOV DUH XVHG LQ LQGXVWU\ IRU GLI�
IHUHQW VWUXFWXUHV �PDQXIDFWXUH RI ERGLHV RI PRWRU

WUDQVSRUW� LQVWUXPHQWV� HWF�� >�@� 7KHUHIRUH� WKH SURE�

OHPV RI WKH SURGXFLQJ KLJK�TXDOLW\ SHUPDQHQW MRLQWV
IURP WKHVH VWHHOV DUH DFWXDO� ,Q PDQ\ FDVH LW LV QHFHV�
VDU\ WR SURGXFH FRQWLQXRXV ZHOGV ZKRVH PHWDO LV HTXDO

LQ VWUHQJWK WR WKH SDUHQW PHWDO� ,Q DGGLWLRQ� WKH ZHOG

VKRXOG KDYH D JRRG DSSHDUDQFH� PLQLPXP UHVLGXDO

VWUHVVHV DQG VWUDLQV LQ WKH VWUXFWXUH ZHOGHG� DQG DOVR

PLQLPXP ZLGWK RI ZHOG DQG +$= >�@�

2QH RI WKH PRVW HIILFLHQW DQG SUHFLVLRQ PHWKRGV

RI IXVLRQ ZHOGLQJ� SURYLGLQJ WKH KLJK TXDOLW\� LV D

ODVHU ZHOGLQJ >�@� ,W FDQ EH SHUIRUPHG ERWK E\ D FRQ�

WLQXRXV DQG SXOVHG�SHULRGLF UDGLDWLRQ >�@� %RWKPRGHV

RI UDGLDWLRQ FDQ EH JHQHUDWHG E\ VROLG�ERG\ DQG JDV

&2��ODVHUV� $W SUHVHQW WKH SRZHUIXO &2��ODVHUV� JHQ�

HUDWLQJ D FRQWLQXRXV UDGLDWLRQ� DUH ZLGHO\ VSUHDG LQ

LQGXVWU\ GXH WR D KLJKHU HIILFLHQF\ IDFWRU DQG ORZ FRVW

RI FRQVXPDEOHV >�@�

7KH SUHVHQW ZRUN ZDV DLPHG DW D FRPSDUDWLYH LQ�

YHVWLJDWLRQ RI JHRPHWU\� VWUHQJWK DQG VWUXFWXUH RI

ZHOGV PDGH E\ WKH FRQWLQXRXV DQG SXOVHG�SHULRGLF

UDGLDWLRQ RI &2��ODVHU RQ ORZ�FDUERQ VWHHOV ���UP�

��UP DQG ��UP �ULPPHG��� ([SHULPHQWV ZHUH SHU�

IRUPHG LQ WHFKQRORJLFDO ODVHU RI WKH /7���� W\SH RI D
KLJK�IUHTXHQF\ SXPSLQJ >�@� 5DGLDWLRQ UHODWLYH WR
IL[HG VDPSOHV ZHOGHG ZDV GLVSODFHG ZLWK WKH KHOS RI
D WZR�FRRUGLQDWH SURJUDPPDEOH PDQLSXODWRU� 7KH

]RQH RI DFWLRQ RI WKH ODVHU UDGLDWLRQ ZDV SURWHFWHG LQ

DOO WKH FDVHV E\ &2��

)RU WKH SUHOLPLQDU\ VHOHFWLRQ RI FRQGLWLRQV RI
ZHOGLQJ ORZ�FDUERQ VWHHOV XVLQJ D SXOVHG�SHULRGLF UD�

GLDWLRQ� D QXPEHU RI ZHOGV ZDV PDGH RQ VKHHW KRW�

UROOHG VDPSOHV RI δ  �� �� � DQG �� PP� +HUH� WKH

ZHOGLQJ VSHHG Y
Z
ZDV ��� �� DQG �� P�K� UDGLDWLRQ

ZDV IRFXVHG E\ D VLQJOH�OHQV REMHFWLYH DW D IRFXVLQJ

GLVWDQFH )  ��� PP� GHHSHQLQJ RI IRFXV ∆) XQGHU

WKH VXUIDFH RI WKH VDPSOH ZHOGHG ZDV � w � PP� $OO

WKH H[SHULPHQWV RQ VWXG\ RI HIIHFW RI D SXOVH GXW\

IDFWRU RI WKH 330 RQ WKH FKDUDFWHULVWLFV RI ZHOG PHWDO

ZHUH SHUIRUPHG DW WKH FRQGLWLRQ 3SXOVH  3FRQW� L�H� WKH

SRZHU RI D ODVHU UDGLDWLRQ LQ WKH SXOVH ZDV WKH VDPH

DV WKDW LQ WKH FRQWLQXRXV PRGH �&0�� ,Q VHSDUDWH

FDVHV WKH H[SHULPHQW ZDV UHSHDWHG LQ &0 RI JHQHUD�

WLRQ RI UDGLDWLRQ �*  �� I  � +]� DW SRZHU 3FRQW  

 3DY�SXOVH� ZKHUH 3DY�SXOVH LV WKH DYHUDJH SRZHU RI UDGLD�

WLRQ LQ 330� 5DQJHV RI SRZHU FKDQJH ZHUH ��� w

��� N:� 5HVXOWV ZHUH REWDLQHG IURP PDFURVHFWLRQV�

HWFKHG LQ LURQ FKORULGH�

$QDO\VLV RI UHVXOWV RI SUHOLPLQDU\ H[SHULPHQWV
�)LJXUH �� VKRZHG WKDW DW 300 PRGXODWLRQ RI &2��

ODVHU UDGLDWLRQ LW LV SRVVLEOH WR SURGXFH PRUH QDUURZ
DQG GHHS ZHOGV WKDQ DW VLPLODU &0 JHQHUDWLRQ RI

UDGLDWLRQ� 7KH HIIHFW RI LQFUHDVH LQ GHSWK RI SHQHWUD�

WLRQ LV �� w �� �� 7KH ZHOG VKDSH IDFWRU LV GHFUHDVHG

� 9�<X� .+$6.,1� 6�<X� 3$9/296.<� 9�3� *$5$6+&+8.� 9�'� 6+(/<$*,1 DQG (�,� *21&+$5(1.2� ����

)LJXUH �� 0DFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI SHQHWUDWLRQ LQ
VWHHO ��UP �δ  �� PP� YZ

 �� P�K� DW D FRQWLQXRXV UDGLDWLRQ
�1R�� x 3

FRQW
 ���� N:� 1R�� x 3

FRQW
 ��� N:� DQG DW D

SXOVHG�SHULRGLF UDGLDWLRQ ZLWK I  ��� +] �1R�� x 3
DY�SXOVH

 
 ���� N:� *  �� 1R�� x 3

DY�SXOVH
x ���� N:� *  ���� 1R�� x

3
DY�SXOVH

 ���� N:� *  �� 1R�� x 3DY�SXOVH
 ��� N:� *  ����
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LQ WKLV FDVH E\ �� w �� �� :LWK LQFUHDVH LQ DYHUDJH

SRZHU RI WKH SXOVHG�SHULRGLF UDGLDWLRQ WKH RSWLPXP

SXOVH GXW\ IDFWRU LV LQFUHDVHG �DW 3DY�SXOVH  ��� N:

*RSW  ���� DW 3DY�SXOVH  ��� w ��� N: *RSW  ��� DQG

RSWLPXP IUHTXHQF\ LV GHFUHDVHG �DW 3DY�SXOVH  ��� w

��� N: IRSW  ��� +]� DW 3DY�SXOVH  ��� w ��� N: IRSW  

 ��� +]�� WKDW ZDV FRQILUPHG E\ WKH UHVXOWV RI >�@�

,W ZDV DOVR HVWDEOLVKHG WKDW ZLWK LQFUHDVH LQ WKH

ZHOGLQJ VSHHG WKH +$=� GHSWK DQG ZLGWK RI SHQHWUD�

WLRQV DUH GHFUHDVHG DW D SURSRUWLRQDO SUHVHUYLQJ RI

FRQILJXUDWLRQ� 7KH XSSHU EHDG �UHLQIRUFHPHQW� IRU�

PDWLRQ LV LPSURYHG� 7KXV� DW ORZ VSHHGV RI SHQHWUDWLRQ

��� P�K� XVLQJ FRQWLQXRXV DQG SXOVHG�SHULRGLF �I  

 ��� +]� UDGLDWLRQ WKH JDV SRFNHWV RI D GHSWK RI �� w

�� � RI WKH SHQHWUDWLRQ GHSWK PD\ RFFXU LQ WKH XSSHU

SDUW RI WKH ZHOG� DQG LQ FDVH RI D SXOVHG�SHULRGLF

UDGLDWLRQ WKH PHWDO LV VSDWWHULQJ� $W �� P�K VSHHG

WKHVH GUDZEDFNV DUH HOLPLQDWHG� DQG DW KLJKHU VSHHGV

�IRU H[DPSOH� �� P�K� D VWDEOH IRUPDWLRQ RI WKH TXDO�

LW\ EHDG UHLQIRUFHPHQW LV REVHUYHG�

)LJXUH � VKRZV WKH GHSHQGHQFH RI WKH SHQHWUDELOLW\

K3  K�3� GHSWK RI SHQHWUDWLRQ K� ZLGWK RI ZHOG E

DQG +$= D RQ WKH SXOVH GXW\ IDFWRU * IRU ZHOGV PDGH

RQ VWHHO ��UP �δ  �� PP� DW WKH IUHTXHQF\ RI SXOVHV
I  ��� +]� ([SHULPHQWDO UHVXOWV DUH DSSUR[LPDWHG

ZLWK DQ HUURU ± � �� )LJXUH � LQGLFDWHV WKDW UHODWLRQ

K3  I�*� KDV D PD[LPXP� DQG YDOXHV K3 IRU * ! �

�*  � FRUUHVSRQGV WR WKH FRQWLQXRXV PRGH RI UDGLD�

WLRQ� DUH DOZD\V KLJKHU WKDQ WKRVH IRU WKH FRQWLQXRXV

PRGH RI UDGLDWLRQ�

,W LV VHHQ IURP WKH GLDJUDP JLYHQ LQ )LJXUH �� D

WKDW LQ FDVH RI D ORZ�VSHHG ODVHU ZHOGLQJ WKH PD[LPXP

SHQHWUDELOLW\ LV *  � w �� +RZHYHU� LW FDQ EH FRQ�

VLGHUHG WKDW *  � ZLOO EH RSWLPXP DW PLQLPL]LQJ E

DQG D DW VLPXOWDQHRXV LQFUHDVH RI K� ,Q FDVH RI D KLJK�

VSHHG ODVHU ZHOGLQJ �)LJXUH �� E� WKH RSWLPXP LV

VKLIWHG WR WKH VLGH RI ZHOGLQJ ZLWK D FRQWLQXRXV UD�

GLDWLRQ DQG DPRXQWV WR * ≈ ����

,W IROORZV IURP WKH DQDO\VLV RI JLYHQ H[SHULPHQWDO

UHVXOWV WKDW WKH SRVLWLRQ RI RSWLPXP IRU WKH SXOVH GXW\

IDFWRU GHSHQGV RQ WKH SRZHU RI UDGLDWLRQ DQG ZHOGLQJ

VSHHG� :LWK LQFUHDVH LQ SRZHU WKH RSWLPXP SXOVH

GXW\ IDFWRU LV LQFUHDVHG� ZKLOH ZLWK LQFUHDVH LQ ZHOG�

LQJ VSHHG LW LV GHFUHDVHG�

,Q FDVH RI SHQHWUDWLRQ ZLWK D FRQWLQXRXV UDGLDWLRQ

WKH ZHOG URRW KDV D JRRG IRUPDWLRQ WKDW LV GHVFULEHG

LQ >�@� ,Q SHQHWUDWLRQ ZLWK D SXOVHG�SHULRGLF UDGLDWLRQ

DW IUHTXHQF\ I  ��� +] WKLV VKDSH RI SHQHWUDWLRQ

EHFRPHV PRUH UHJXODU DQG WKH KHLJKW RI �SHDNV� LV

GHFUHDVHG E\ � w � WLPHV�

)URP WKH UHVXOWV RI GHVFULEHG H[SHULPHQWV WKH IRO�

ORZLQJ FRQGLWLRQ SDUDPHWHUV ZHUH VHOHFWHG IRU ZHOG�

LQJ LQ 330 RI VKHHW VDPSOHV IURP ORZ�FDUERQ VWHHO

�δ  � DQG � PP�� *  �� I  ��� +]� YZ  �� P�K�

9DOXH3DY�SXOVHZDV VHOHFWHG VHSDUDWHO\ IRU HDFK RI WKLFN�

QHVVHV ZHOGHG WR SURGXFH WKH TXDOLW\ IRUPDWLRQ RI WKH

ZHOG URRW�

7KUHH VHULHV RI H[SHULPHQWV RQ ZHOGLQJ LQ 330

DQG &0 ZHUH FDUULHG RXW�

• EXWW ZHOGLQJ DQG SHQHWUDWLRQ RI VKHHWV RI � PP
WKLFN VWHHO ��UP�

• WKH VDPH� XVLQJ � PP WKLFN VWHHO ��UP�

• RYHUODS ZHOGLQJ RI � PP WKLFN VWHHO ��UP�

:HOGLQJ ZDV SHUIRUPHG LQ &2�� ,Q DOO WKH FDVHV

D WKURXJK SHQHWUDWLRQZLWK D JRRGZHOG URRW IRUPDWLRQ

ZDV REWDLQHG� &RQGLWLRQV RI H[SHULPHQWV DQG WKHLU

UHVXOWV DUH JLYHQ LQ 7DEOH� 7KLV WDEOH LQGLFDWHV DOVR

WKH UHVXOWV RI WHQVLOH WHVWV SHUIRUPHG RQ VWDQGDUG VSHFL�

PHQV �*267 ����w��� W\SHV ;,,, DQG ;;,9� XVLQJ

D XQLYHUVDO 7V'�� PDFKLQH� 'XULQJ IUDFWXUH WKH IRUFH

ZDV PHDVXUHG DQG WKHQ WKH XOWLPDWH WHQVLOH VWUHQJWK

σW ZDV GHWHUPLQHG IURP WKH UDWLR RI DUHD RI QRQ�GH�

)LJXUH �� 5HODWLRQVKLS EHWZHHQ SDUDPHWHUV K3� K� E DQG D �PP� DQG D SXOVH GXW\ IDFWRU IRU VWHHO ��UP �δ  �� PP� DW YZ
 �� �D� DQG

�� P�K �E�
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IRUPHG VSHFLPHQ DW WKH IUDFWXUH VSRW WR WKH PHDVXUHG

IRUFH�

7KH WHVWV VKRZHG WKDW WKH PHWDO RI ZHOGV PDGH E\

WKH ODVHU ZHOGLQJ LV HTXDO LQ VWUHQJWK WR WKH SDUHQW

PHWDO DQG VRPHWLPHV LW LV HYHQ VXSHULRU WR LW� 'LIIHU�

HQFH LQ PHFKDQLFDO FKDUDFWHULVWLFV RI ZHOGV PDGH LQ

330 DQG &0 ZDV REVHUYHG� ,W LV PRVW FOHDUO\ PDQL�

IHVWHG IRU � PP WKLFN VKHHWV� 7KH VWUHQJWK RI EXWW

MRLQWV PDGH E\ WKH SXOVHG�SHULRGLF UDGLDWLRQ LV E\ � w

�� � KLJKHU WKDQ WKDW RI WKH VLPLODU MRLQWV PDGH E\

WKH FRQWLQXRXV UDGLDWLRQ�

7R H[DPLQH WKH PLFURVWUXFWXUH RI ZHOGV DQG SHQH�

WUDWLRQV� WHPSOHWV RI �� × �� × δ PP VL]H ZHUH FXW

IURP WKH DSSURSULDWH VDPSOHV� WKHQ WKH\ZHUH FODPSHG

LQ PDQGUHOV DQG PDFUR� DQG PLFURVHFWLRQV ZHUH PDQX�

IDFWXUHG� 7KH PLFURVHFWLRQV ZHUH VXEMHFWHG WR FROG

HWFKLQJ LQ � � DOFRKRO VROXWLRQ RI QLWULF DFLG GXULQJ

� w � V� ([DPLQDWLRQ DQG SKRWRJUDSKLQJ RI PLFUR�

VWUXFWXUHV ZHUH PDGH LQ RSWLFDO PLFURVFRSH 1HRSKRW�

�� �)LJXUH ���

0LFURKDUGQHVV ZDV PHDVXUHG RQ HWFKHG PLFURVHF�

WLRQV DORQJ WKH OLQH SDVVHG DW WKH GHSWK RI δ�� IURP
ZHOG WRS LQ SODQH� EHLQJ WUDQVYHUVH WR WKH ZHOG D[LV

GLUHFWLRQ �)LJXUH ��� 3LWFK RI PHDVXUHPHQWV ZDV

��� PP DW ��� 1 ORDG� 0LFURKDUGQHVV PHWHU RI WKH

0���� 09.�( W\SH RI /(&2 &RPSDQ\ ZDV XVHG�

,W ZDV HVWDEOLVKHG WKDW LQ DOO WKH FDVHV WKH SDUHQW

PHWDO KDV D IHUULWLF�SHDUOLWLF VWUXFWXUH ZLWK D GRPL�

QDWLQJ DPRXQW RI IHUULWH� 7KH VWUXFWXUH SUHVHUYHV WKH

WUDFHV RI UROOLQJ� )HUULWLF JUDLQ LQGH[ ZDV � DQG �

�*267 ����w���� KDUGQHVV RI SDUHQW PHWDO x +9

���� w ���� 03D�

6DPSOHV ZHOGHG LQ &0 �)LJXUH �� KDYH D IHUULWLF�

SHDUOLWLF VWUXFWXUH RI WKH ZHOG PHWDO ZLWK D SUHFLSL�

WDWLRQ RI D K\SRHXWHFWLF IHUULWH DORQJ WKH ERXQGDULHV

RI FU\VWDOOLWHV� +DUGQHVV RI ZHOG PHWDO LV QRW KLJK

DQG DPRXQWV� RQ DYHUDJH� WR +9 ���� w ���� 03D

�)LJXUH ��� 7KH VWUXFWXUH RI +$= PHWDO DW WKH RYHU�

KHDWLQJ UHJLRQ LV IHUULWLF�SHDUOLWLF ZLWK WKLQ IHUULWH

IULQJHV DW WKH ERXQGDULHV RI IRUPHU DXVWHQLWLF JUDLQV

�LQGH[ ��� 6RPHWLPHV JUDLQV RI � DQG � LQGLFHV DUH

REVHUYHG� ,Q VRPH UHJLRQV LQ WKH ZHOG KHLJKW WKH RYHU�

KHDWLQJ �FRDUVH�JUDLQHG� ]RQH LV DEVHQW� 0HWDO KDUG�

QHVV DW WKH RYHUKHDWLQJ UHJLRQ LV +9 ���� w

���� 03D�

7KH ILQH�JUDLQHG UHJLRQ LV DYDLODEOH LQ DOO WKH VDP�

SOHV� WKH IHUULWLF JUDLQ LQGH[ FRUUHVSRQGV WR �� 7KH

VWUXFWXUH RI WKH ILQH�JUDLQHG UHJLRQ LV IHUULWLF�SHDUOLWLF

ZLWK KDUGQHVV +9 ���� w ���� 03D�

&RQGLWLRQV RI H[SHULPHQWV RQ ZHOGLQJ ORZ�FDUERQ VWHHOV LQ 330
�*  �� I  ��� +]� DQG &0 �YZ  �� P�K�

δ�
PP

7\SH RI MRLQW
7\SH RI &2��

ODVHU UDGLDWLRQ

5DGLDWLRQ

SRZHU 3FRQW RU

3
DY�SXOVH � N:

$YHUDJHG

UHVXOW RI

WHQVLOH WHVW

σ
W � 03D

� %XWW 3XOVHG�

SHULRGLF

���� ���

� 3HQHWUDWLRQ 6DPH ���� ���

� %XWW &RQWLQXRXV ���� ���

� 3HQHWUDWLRQ 6DPH ���� ���

� 6DPH 3XOVHG�

SHULRGLF

���� ���

� %XWW 6DPH ���� w ���� ���

� 3HQHWUDWLRQ &RQWLQXRXV ���� ���

� %XWW 6DPH ���� w

� 2YHUODS � ���� ���

� 6DPH 3XOVHG�

SHULRGLF

���� ���

)LJXUH �� 0LFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI ZHOG PDGH RQ
VWHHO ��UP DW D FRQWLQXRXV �D� DQG SXOVHG�SHULRGLF UDGLDWLRQ �E�
�×���

)LJXUH �� 'LVWULEXWLRQ RI KDUGQHVV +9 LQ GLUHFWLRQ < QRUPDO WR
ZHOG SODQH� DW δ�� GHSWK LQ EXWW ZHOGLQJ RI VWHHO ��UP �δ  
 � PP�� , x FRQWLQXRXV UDGLDWLRQ �*  �� Y

Z
 �� P�K� 3  

 ���� N:�� ,, x SXOVHG�SHULRGLF UDGLDWLRQ �I  ��� +]� *  ��
Y
Z
 �� P�K� 3  ��� N:�� � x SDUHQW PHWDO� � w � x ]RQHV RI

SDUWLDO UHFU\VWDOOL]DWLRQ RI ILQH DQG FRDUVH JUDLQ� UHVSHFWLYHO\� �x
ZHOG
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([DPLQDWLRQ RI VDPSOHV DIWHU ZHOGLQJ LQ 330

�)LJXUH �� VKRZHG WKDW WKH VWUXFWXUH RI WKH ZHOGPHWDO

LV ILQH�GLVSHUVHG IHUULWLF SHDUOLWLF ZLWK D SUHFLSLWDWLRQ

RI D K\SRHXWHFWLF IHUULWH DORQJ WKH ERXQGDULHV RI FU\V�

WDOOLWHV� WKXV SURYLGLQJ KLJKHU KDUGQHVV +9 ���� w

���� 03D DV FRPSDUHG ZLWK WKDW LQ &0� 6RPHWLPHV�

VPDOO EDLQLWLF UHJLRQV DUH REVHUYHG ZLWK KDUGQHVV +9

���� w ���� 03D WKDW LV QRW REVHUYHG LQ ZHOGLQJ LQ

&0�

+$= PHWDO VWUXFWXUH LQ ZHOGLQJ ZLWK D SXOVHG�SH�

ULRGLF UDGLDWLRQ LV GLIIHUHG IURP WKDW LQ FDVH RI ZHOGLQJ

ZLWK D FRQWLQXRXV UDGLDWLRQ E\ DOPRVW FRPSOHWH DE�

VHQFH RI FOHDUO\ H[SUHVVHG UHJLRQ RI RYHUKHDWLQJ

�FRDUVH�JUDLQHG ]RQH�� ,Q +$= UHJLRQ� DGMDFHQW WR

WKH ZHOG� WKH JUDLQ LQGH[ LV � w �� WKH VWUXFWXUH LV

ILQH�GLVSHUVHG IHUULWLF�SHDUOLWLF ZLWK D SUHFLSLWDWLRQ RI

D K\SRHXWHFWLF IHUULWH DORQJ WKH ERXQGDULHV RI WKH

IRUPHU DXVWHQLWLF JUDLQV� +DUGQHVV RI WKLV UHJLRQ LV

+9 ���� w ���� 03D� ,Q ZHOGLQJ ZLWK D FRQWLQXRXV

UDGLDWLRQ WKH VWUXFWXUH RI +$= PHWDO� QRW DGMDFHQW

WR WKH ZHOG� LV VLPLODU WR WKH WKDW RI WKH ILQH�JUDLQHG

UHJLRQ�

&21&/86,216

�� 330 PRGXODWLRQ RI &2��ODVHU UDGLDWLRQ PDNHV LW

SRVVLEOH WR SURGXFH PRUH QDUURZ DQG GHHS ZHOGV WKDQ

&0� ZKHQ 3SXOVH  3FRQW� 3HQHWUDWLRQ GHSWK LV LQ�

FUHDVHG E\ �� w �� � DQG WKH ZHOG VKDSH IDFWRU LV

GHFUHDVHG E\ �� w �� ��

�� 3RVLWLRQ RI RSWLPXP IRU D SXOVH GXW\ IDFWRU DQG

IUHTXHQF\ RI SXOVHV GHSHQGV RQ WKH UDGLDWLRQ SRZHU

DQG ZHOGLQJ VSHHG� :LWK D JURZWK RI WKH DYHUDJH

UDGLDWLRQ SRZHU LQ D SXOVH WKH RSWLPXP SXOVH GXW\

IDFWRU LV LQFUHDVHG DQG WKH RSWLPXP IUHTXHQF\ LV GH�

FUHDVHG� ,QFUHDVH LQ ZHOGLQJ VSHHG OHDGV WR WKH GH�

FUHDVH LQ WKH RSWLPXP SXOVH GXW\ IDFWRU�

�� ,Q ZHOGLQJ ORZ�FDUERQ VWHHOV LQ 330 WKH +$=

ZLGWK LV GHFUHDVHG� 5HJLRQ RI RYHUKHDWLQJ �FRDUVH�

JUDLQHG� LV HLWKHU DEVHQW RU EHFRPHV QRW FOHDUO\ GH�

ILQHG� :LWK GHFUHDVH LQ WKLFNQHVV RI VKHHW PHWDO

ZHOGHG WKH FOHDUO\ GHILQHG UHJLRQV RI RYHUKHDWLQJ DUH

VRPHWLPHV REVHUYHG� ,Q DOO WKH FDVHV WKH VLJQLILFDQW

LQFUHDVH LQ KDUGQHVV ZDV QRW REVHUYHG LQ WKH FRDUVH�

JUDLQHG UHJLRQV XQOLNH WKH WUDGLWLRQDO PHWKRGV RI

ZHOGLQJ�

�� ,Q ZHOGLQJ LQ 330 WKH UHJLRQV RI D EDLQLWLF

VWUXFWXUH ZHUH REVHUYHG LQ ZHOG PHWDO� 7KLV VWURQJ

GXFWLOH VWUXFWXUH IDYRXUV LQFUHDVH LQ KDUGQHVV DQG

VWUHQJWK RI ZHOG DQG +$= PHWDO WKDW LV DQ DGYDQWDJH

DV FRPSDUHG ZLWK ZHOGLQJ LQ &0�

�� *UDLQ LQGH[ �FKDUDFWHULVWLF RI VWUXFWXUH GLVSHU�

VLW\� LQ ZHOGLQJ ZLWK ERWK W\SHV RI UDGLDWLRQ RI &2��

ODVHU LV DOPRVW VLPLODU� ,W LV VLPLODU WR WKH JUDLQ LQGH[

LQ ODVHU ZHOGLQJ DW ≈ �� P�K VSHHG >�@� WKDW LQGLFDWHV
WKH HQHUJ\ LQSXW W\SLFDO RI WKH PHGLXP�VSHHG ODVHU

ZHOGLQJ�

�� 5HVXOWV RI WHQVLOH WHVWV VKRZHG WKDW PHWDO RI

ZHOGV PDGH E\ WKH ODVHU ZHOGLQJ LQ &0 LV HTXDO LQ

VWUHQJWK WR WKH SDUHQWPHWDO �VWHHO ��UP� ��UP� ��UP��

6WUHQJWK RI SHQHWUDWLRQV DQG EXWW MRLQWV ZHOGHG LQ

330 LV E\ � w �� � KLJKHU WKDQ WKDW RI VLPLODU MRLQWV

PDGH DW WKH VDPH SRZHU DQG VSHHG LQ &0�

5()(5(1&(6

�� =KXUDYO\RY� 9�1�� 1LNRODHYD� 2�,� ������ 0DFKLQH�EXLO�

GLQJ VWHHOV� +DQGERRN� 0RVFRZ� 0DVKLQRVWUR\HQL\H�
�� ������ 7HFKQRORJ\ RI HOHFWULF ZHOGLQJ RI PHWDOV DOOR\V E\

IXVLRQ� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�
�� *ULJRULDQWV� $�*�� 6KLJDQRY� ,�1� ������ /DVHU WHFKQRORJ\

DQG WHFKQLTXH� ,Q� /DVHU ZHOGLQJ RI PHWDOV� 0RVFRZ� 9\V�
VKD\D 6KNROD�

�� %DVRY� 1�*�� %DVKHQNR� 9�9�� *RUQ\� 6�*� HW DO� ������
3K\VLFDO�WHFKQRORJLFDO SHFXOLDULWLHV RI ODVHU ZHOGLQJ LQ FRQ�
WLQXRXV DQG SXOVHG�SHULRGLF PRGHV� 6YDURFKQR\H 3URL]YRG�

VWYR� �� � w ��
�� $ELOVLLWRY� *�$�� *ROXEHY� 9�6�� *RQWDU� 9�*� HW DO� ������

7HFKQRORJLFDO ODVHUV� +DQGERRN� 0RVFRZ� 0DVKLQRVWUR\H�
QL\H�

�� *DUDVKFKXN� 9�3�� 6KHO\DJLQ� 9�'�� 1D]DUHQNR� 2�.� HW DO�
������ 7HFKQRORJLFDO &2

�
�ODVHU /7�� RI �� N: FDSDFLW\�

$YWRPDWLFKHVND\D 6YDUND� �� �� w ���
�� 5\EDNRY� $�$�� <DNXERYVN\� 9�9�� .LULDQ� 9�,� HW DO�

������ ,QYHVWLJDWLRQ RI SHUIRUPDQFH RI ZHOGHG MRLQWV RI SLSH
VWHHO ��*�%7 PDGH E\ WZR�SDVV ODVHU ZHOGLQJ� ,ELG�� ��
�� w ���
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