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6 XSHUYLVRUV 5HFRPPHQGDWLRQ

$OL $PLQLQHMDG $OL LQ WKH IROORZLQJ LV FRPLQJ IURP
DIWHU EULOOLDQW XQLYHUVLW\ VWXGLHV LQ PDWHULDOV V
ZDV IRFXVLQJ RQ WKHUPR PHFKDQLFDO EHKDYLRU RI DXVW
MRXUQDO SXEOLFDWLRQV KLP EHLQJ WKH ILUVW DXWKRU H
WKH 8QLYHUVLW\ RI OLVNROF LQ ,Q OLVNROF KH DJUH!
LV VHYHUH SODVWLF GHIRUPDWLRQ RI PHWDOV IRFXVLQJ
/IDWHUDO ([WUXVLRQ 3URFHVYV

$OL EHFDPH UDSLGO\ IDPLOLDU ZLWK KLV QHZ UHWDHDUFK DI
TXHVWLRQV DERXW WKH PHFKDQLFV Rl SURFHVVLQJ DV ZHC
)$/(3 ,QGHHG ZKHQ KH VWDUWHG WKHUH ZDV QRW PDQ\

DERXW )$/(3 EHFDXVH )$/(3 KDG EHHQ UH GLVFRYHUHG QRYV
/IDV]OR 6 7RWK LQ OHW] )JUDQFH $OL ZDV YHU\ PXFK LQWHL
LQ WKH WKHRUHWLFDO LVVXHYV

%HIRUH JRLQJ LQWR GHHS WKHRUHWLFDO VWXGLHV LQ WK
ZDQWHG WR XQGHUVWDQG WKH PHEKDQLFV RI WKH )$/(3 SUJ
LQ ZKLFK KH SODFHG IORZ OLQH PDUNHUV ZLWKLQ VSOLW
GHIRUPHG IORZ OLQHV GXULQJ WKH SDVVDJH RI WKH PHWDC
LQ WKH /(0 ODERUDWRU\ LQ OHW] GXULQJ D WKUHH PRQWK
IORZ OLQHV KH ZDV DEOH WR GHGXFH WKH PDMRU FKDUDF
WKDW WKH GHIRUPDWLRQ LV QRW KRPRJHQHRXV IRU FHUW|
WKHUH DUH GHYLDWLRQV IURP WKH KRPRJHQHRXV VLPSOH

PRGHOLQJ KH GHYHORSHG D QHZ IORZ OLQH PRGHO ZKLF
GHIRUPDWLRQ ILHOG $SDUW IURP WKH JHRPHWULFDO YDOL
YLVERSODVWLF VHOI FRQVLVWHQW SRO\FU\WVWDO PRGHOLQ.
D4 SXEOLFDWLRQ LQ WKH ODWHULDOV &KDUDFWHUL]DWLRQ
7KH QH[W VWHS ZDV WKH PRGHOLQJ Rl WKH PLFURVWUXFW X
IURP )$/(3 Rl DOXPLQXP DQG FRSSHU $OL ZDV UHZRUNLQJ
IUDJPHQWDWLRQ PRGHO SUHVHQWHG LQ E\ 6 7RWK HW C
RI JUDLQ IUDJPHQWDWLRQ KH ILUVW H[DPLQHG LQ GHWI
GHIRUPDWLRQ WKHQ UHZRUNHG WKH ODWWLFH FXUYDWXU'
IUDFWDO DSSURDFK ERWK IRU IUDJPHQWDWLRQ DQG DOVR
FRPSRVHG DQ LQLWLDOO\ ODUJH JUDLQ 7KLV ZRUN UHTXLU
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 OQWURGXFWLRQ

$ FHQWUDO REMHFWLYH Rl PDWHULDOV VEFLHQFH DQG HQJ
LQWHUUHODWLRQVKLS EHWZHHQ SURFHVVLQJ URXWHV WKFE
DQG SHUIRUPDQFH RI PDWHULDOV ODWHULDOV UHVHDUFKF
WKDW \LHOG GHVLUDEOH SURSHUWLHV $PRQJ WKH YDULRX
NH\ UROH DV LW DOORZV ERWK WKH WDLORULQJ PLFURVW!
VKDSHV 7KH JURZLQJ GHPDQG IRU PDWHULDOV ZLWK HQKD
GLYHUVH LQGXVWULDO DSSOLFDWLRQV QHFHVVLWDWHV W
PHWKRGY B6HYHUH SODVWLF GHIRUPDWLRQ 63' WHFKQLT
PDQXIDFWXULQJ KLJK VWUHQJWK PDWHULDOV DQG IDFLOLV
ODUJH SODVWLF VWUDLQV 63' SURFHVVHV LQGXFH VL.
SRO\FU\VWDOOLQH PDWHULDOV PRVW QRWDEO\ JUDLQ UHIL
$W VXIILFLHQWO\ KLJK VWUDLQ OHYHOV WKH SURJUHVVLY
UHGXFWLRQ LQ JUDLQ VL]H DQG LPSURYHPHQW RI WKH PD
GXFWLOLW\ EDODQFH 7KLV SURFHVV LV FRPPRQO\ UHIHUU
RI JUDLQ RULHQWDWLRQ UHIHUUHG WR DV *WH[WXUH HYRC
WKH SURSHUWLHV Rl FU\WWDOOLQH PDWHULDOV 7H[WXUH |
FU\WWWDO VWUXFWXUH Rl WKH PDWHULDO DQG WKH LPSRVHG
SODVWLFLW\ WKHRULHV 6LQFH WH[WXUH VWURQJO\ LQIOXF
SURSHUWLHVY XQGHUVWDQGLQJ DQG SUHGLFWLQJ WH[WXU*F
GHVLJQ LQ 63' SURFHVVHG PDWHULDOV

7KH SUHVHQW VWXG\ DGGUHVVHV WKHVH LVVXHV WKURXJ!
LQYHVWLIJDWLRQV 7KLV VWXG\ LV VWUXFWXUHG LQ WZR

GHIRUPDWLRQ EHKDYLRU LQ WKH IULFWLRQ DVVLVWHG ODW
LV H[DPLQHG LQ GHWDLO %DVHG RQ GLUHFW H[SHULPHQ\
DQDO\WLFDO IORZ OLQH PRGHO LV GHYHORSHG WR GHVFULI
PRGHO WKH FU\WWDOORJUDSKLF WH[WXUH HYROXWLRQ C
VLPXODWHG DQG TXDQWLWDWLYHO\ FRPSDUHG ZLWK H[SHU

7KH VHFRQG SDUW RI WKH WKHVLV IRFXVHV RQ WKH PHFKI
SODVWLF GHIRUPDWLRQ DQG WKHLU UHODWLRQVKLS ZLWK
)$/(3 SURFHVVLQJ $ UREXVW PRGHOLQJ IUDPHZRUN WKDW
ZLWK FU\WVWDO SODVWLFIKWS WKFRUH G WV RI¢GWD HQIDWCHLY |IRU
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TXDOLWDWLYH DQG TXDQWLWDWLYH DQDO\VLV RI JUDLQ IU
IUDPHZRUN

JRU HDFK SDUW RI WKH WKHVLV D OLWHUDWXUH UHYLHZ

WKHRUHWLFDO VWXGLHV 7KH H[SHULPHQWDO SURFHGXUHYV
LQ GHWDLO 7KH WKHRUHWLFDO IRXQGDWLRQV DQG SULQFL
LOQWURGXFHG WRJHWKHU ZLWK WKHLU SRWHQWLDO RXWS X
WKH SURSRVHG PRGHOV DUH SUHVHQWHG DQG H[DPLQHG L
DQG WKHRUHWLEDO DQDO\WHV WKH WKHVLV DLPV WR SURY
WH[WXUH HYROXWLRQ DQG JUDLQ UHILQHPHQW PHFKDQL\
GHIRUPDWLRQ SURFHVVHV

3DUW '"HIRUPDWLRQ )LHOG DQG 7TH[WXUH $QDO\VL

ILWHUDWXUH 5HYLHZ

SRO\FU\VWDO 30DVWLFLW\

SODVWLFLW\ WKHRU\ LV D EUDQFK RI FRQWLQXXP PHFKDQLF
EHWZHHQ VWUHVV DQG VWUDLQ ILHOGV LQ VROLGV SDL
GHIRUPDWLRQ ,Q SRO\FU\VWDOOLQH PHWDOV PDFURVFR!
LOQOWHUDFWLRQV RI D ODUJH QXPEHU RI FU\VWDOOLWHV Zl1
VFLHQFH SHUVSHFWLYH SODVWLF GHIRUPDWLRQ LV JRYHL
SULPDULO\ GLVORFDWLRQ VOLS 7KH SULPDU\ REMHFWLYH |
D UHODWLRQVKLS EHWZHHQ WKH PDFURVFRSLF VWUHV\
SRO\FU\VWDOOLQH YROXPH DQG WKH ORFDO JUDLQ VFDOH
LQGLYLGXDPO@U\VWDO

'XULQJ SODVWLF GHIRUPDWLRQ D PDWHULDO HOHPHQW FC
YHORFLW)\ JUDGRRIQWDWQWRWIDLQ UDWH DQG URWDWLRQ

GHWHUPLQHG E\ WKH WHVW JHRPHWU\ DQG H[SHULPHQWDO
EH GHFRPSRVHG LQWR WZR WYHEDH/RUWH/N HADKNHY VWRKRHH WW U B LSD L

WKH DQWLV\EFRRWUHV SRQ®BY WR WKH ULJLG ERG\ URWDWLR

. L_¥e®

"KHUH



$OL $PLQLQHMDG ‘'HIRUPDWLR @ QIGHEUD LTH BW XIUHH PHRIDX W Q RIQAUVFIVRICR QURWHMAMW H G /DW H U D

. s
Yo 6L r KyE v

B < ko F v0

&RQVLGHULQJ WKH SODVWLF GHIRUPDWLRQ LQ D FU\WWDC
FRQVLGHU D YHORFLW\ JUDGLHQW WHQVRU IRU WKH FU\VWI
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ZKHUFHLY 6FKPLG RULHQWDWLRQ WHQVRU REWDPEQHIGHIVMRE

GLUHEWIIREY WKH VOLS UDWH ,Q WKHIFDWKHRFRIOWLERW
WKH LQGLYLGXDIOQWHGBIGSY WRWEHP ¥FRQVLGHUHG

G
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JRU D VLQJOH FU\VWDO WKH VWUDLQ UDWH WHQVRU DVVRF
WR WKH PLFURVFRSLF VWUDLQ UDWH WHQVRU DV SODVWL

QRW PHD@ QWXMDWH LGHQWLFDO VLQFH HDFK WHQVRU FRQWI

URWDWLRQ WHQVRU 7TKHUHIRUH WKH GLIIHUHQFH EHWZH
D URWDWLRQ WHQVRU ZKLFBSLY FDOOHG WKH ODWWLFH UR
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7KH ODWWLFH URWDWLRQ UDWH WHQVRU GHWHUPLQHV WK
GHIRUPDWLRQ 7KHUHIRUH LW LV D FULWLFDO SDUDPHWHU
GHIRUPHG PDWHULDOV )RU D SUHVFULEHG PDFURVFRSLF °
VROYHG RQO\ LI WKH FRQWULEXWLRQI®ILWDEKWBUB L\Q\N @& H)
(T WKH VOLS UDWH RI HDFK VOLS V\VWHP FDQ EH FDOF
HTXDWLRQV FRUUHVSRQGLQJ WR WKH ILYH LQGHSHQGHQW
WKUHH VKHDU FRPSRQHQWYV DR WRDORY ) RMUKPHDVOH AR P 8 RHOTHK@W
ILYH LQGHSHQGHQW VOLS V\VWHPV DUH QHHGHG +RZHYHL
)&& FU\WWDO WZHOYH VOLS V\VWHPV DUH DYDLODEOH Ol
UDWH RI GLIIHUHQW VOLS V\VWHPV

7R RYHUFRPH WKLV DPELJXLW\ 7D\ORU SURSRVHG VHOHEFYV
PLQLPL]H WKH VXP RI VOLS UDWHV > @ +RZHYHU WKH SURI
FRPELQDWLRQV FDQ \LHOG WKH VDPH VXP RI VOLSV 7KXV
VROXWLRQ FDQQRW EH REWDLQHG )XUWKHUPRUH WKH UF
OHDQZKLOH WKH 6FKPLG FULWHULRQ VXJJHVWYV WKDW WKH
FULWLFDO VKHDU VWUHVY YDOXH %HORZ WKH FULWLFDO Y
WKLV YDOXH LV QRW SHUPLWWHGWKHWH H 6 RKRP UG G-JWWRIQ LE
DQG vOLS UDWH 2QFH WKH UHVROYHG VKHDU VWUHVYV UHDF
UDWHY ORUHRYHU GLITHUHQW VWUHVYV VWDWHYV FDQ UHVX!

([SHULPHQWDO REVHUYDWLRQV LQGLFDWH WKDW WKH VWU
DSSOLHG VWUMXLLY UBWERPH@RQ LV UHIHUUH& RRVD G RUDVDH
WKDW SODVWLF GHIRUPDWLRQ LV JRYHUQHG E\ VOLS WKH
GLVORFDWLRQ VOLS > @ 7KH ORFDO VWUHVV VWUDLQ UH(

YLVFRSODVWLF SRZHU ODZ | X QW WRQWKHO D ML RO YRAKGH V\KKHHDD
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+HUMLY WKH YLVFRVLW\ FRHIILFLHQW ZKLFK LVYBQGESHQG

‘Ife;DUH WKH UHIHUHQFH VKHDU UDWH DQG WKH UHMUHQFH

UHVSHFWLYHO\ 7KH UHVRGOYDHG BEHK HREEW IVIWQUHHGY \E\  WKH SUI
PDFURVFRSLF W WRHVWRKHQURY V\VWHP

%\ UHSODFLQJ (TV DQG LQ (T ZH JHW
Q P iq’seYZA "%ZTS?S
) mmr S me  om. SUYAGYLEVA Y
We Q81 @ VE 15TA 5
= A
(T SURYLGHVY D GLUHFW UHODWLRQ EHWZHHQ WKH LPSF

FU\WWKHHODPELJXLW\ SUREOHPV DUH VROYHG LQ WKH YLVFRS
RI XQNQRZQV VWUHVV FRPSRQHQWYV LARBAXBO WR KV KA XD
LV VWURQJO\ QRQ OLQHDU DQG QHHGYV LWHUDWLRQ WHFKQ

7KH SUHVHQWHG FU\WVWDO SODVWLFLW\ HTXDWLRQV DUH Y
PDWHULDOV DUH SRO\FU\WWDOOLQH FRQVLVWLQJ RI QXF
(IWHQGLQJ FU\WVWDO SODVWLFLW\ WKHRU\ I[URP WKH VLQJ(
DGGLWLRQDO DVVXPSWLRQV WR DFFRXQW IRU LQWHUDFW
PRGHOV DGGUHVV WKLV SUREOHP E\ VSHFLI\LQJ WKH GLVWL
FU\WWWDOV ZLWKLQ D UHSUHVHQWDWLYH YROXPH HOHPHQ
XQLIRUP VWUHVV RU LQWHUPHGLDWH LQWHUDEWLRQ FRC
SODVWLFLW\ PRGHOV KDYH EHHQ SURSRVHG LQFOXGLQJ W
FRQVWUDLQWY > @ DQG VHOI FRQVLVWHQW PRGHOV >
DUH ZLGHO\ XVHG IRU WH[WXUH SUHGLFWLRQ DQG GHIRUPD
7D\ORU PRGHO DVVXPHV WKDW DOO JUDLQV LQ D SRO\FU\
VDPSOH $V D UHVXOW WKH ORFDO YHORFLW\ JUDGLHQW R
JUDGLHQW
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Ok oy
&RQVLGHULQJ WKDW WKH GHIRUPDWLRQ RI WKH JUDLQV LV
VDWLVILHG +RZHYHU WKH FU\WVWDOV ZLWKLQ WKH VDPSOH
VWUHVV VWDWHV PXVW YDU\ WR VDWLVI\ WKH VDPH GHIRU
VWUHVV VWDWH LV FRQVWDQW DQG WKH HTXLOLEULXP H
ERXQGDULHV WKH VWUHVV VWDWH RI HDFK VLGH LV GLIIHL
YLRODWHG 7KH YROXPH DURXQG WKH JUDLQ ERXQGDU\ L
FRQGLWLRQ 7KH 7D\ORU PRGHO DVVXPHV WKDW WKLV YRO)

7KH PRVW FRPSUHKHQVLYH SRO\FU\VWDO SODVWLFLW\ PR
DSSURDFKHV ZKLFK FDQ WDNH LQWR DFFRXQW WKH VKDSH
ZLWK WKH VXUURXQGLQJ SRO\FU\VWDOOLQH DJJUHJDWH ,C
DV DQ LQFOXVLRQ HPEHGGHG LQ D KRPRIJHQHRXYV HTXLYDOF
Rl WKLY PRGHO LV WKDW WKH VKDSH HYROXWLRQ RI HDFK J
ORUHRYHU WKH ORFDO VWUHVV DQG VWUDLQ VWDWH RI F
DYHUDJH PHDQLQJ WKDW WKH LQWHUJUDQXODU KHWHURJ
PDQQHU 6HOI FRQVLVWHQF\ PHDQV WKDW PDFURVFRSLF PI
EHKDYLRU RI WKH FRQVWLWXHQW FU\VWDOV OROLQDUL H
YLVFRSODVWLF 936& IRUPXODWLRQ IRU SUHGLFWLQJ PDFL
SRO\FU\VWDOV GXULQJ ODUJH GHIRUPDWLRQV /DWHU WKL
DQG 7RPH > @ 7KH LPSOHPHQWDWLRQ RI WKLV PRGHO OH
FRPSXWDWLRQDO WRRO FRPPRQO\ UHIHUUHG WR DV WKH /
RQH RI WKH PRVW ZLGHO\ XVHG FRGHV IRU VLPXODWLQJ V
EHKDYLRU LQ SRO\FU\VWDOOLQH PDWHULDOV 7KH IRUPXOI
DSSURDFK FDQ EH H[SUHVVHG E\ WKH LQWHUDFWLRQ ODZ >

CF5LOF #3& L UKK E#0o@F &

+HWBHD QGGHQRWH WKH PDFURVFRSLF GHYLDWRULF VWUHVYV
ZKLYB@GDUH WKH FRUUHVSRQGLQJ PLFURVFRSLF JUDLQ OF
WHQVRUV 7KH IRXUMKVRKIGIRD AWWRY¥RBLF VHFDQW KPHR G X O X\

WHQMREUDFFRXQWY IRU WKH VKDSH RI WKH JUDL@DW KH VF
LQWURGXFHG WR FDOLEUDWH WKH LQWHUDFWLRQ ODZ > @
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6HYHUH 30DVWLF 'HIRUPDWLRQ

2YHU WKH SDVW GHFDGHY VHYHUH SODVWLF GHIRUPDWLRQ
DWWHQWLRQ GXH WR WKHLU FDSDELOLW\ WR SURGXFH EXOI
H[WUHPHO\ ODUJH VWUDLQV :KLOH FRQYHQWLRQDO PHWDO
DQG GUDZLQJ H[KLELW WHFKQLFDO OLPLWDWLRQV IRU ODL
EHHQ VKRZQ WR EH HIIHFWLYH DOWHUQDWLYHV IRU WKLV
GHPRQVWUDWHG WKDW 8)* PLFURVWUXFWXUHV JHQHUDWH
LPSURYHPHQWY LQ WKH SK\VLFDO PHFKDQLFDO DQG IXQF
ORUHRYHU WKH KLJK K\GURVWDWLF SUHVVXUH H[LVWLQJ LC
WKH LQLWLDWLRQ DQG JURZWK RI PLFUR FUDFNV DQG YRL
KDW®RHIRUP PDWHULDOV $OWKRXJK PHWDOV KDYH EHHQ W
EURDG UDQJH RI RWKHU PDWHULDOV LQFOXGLQJ FHUDPLF!
DQG VHPLFRQGXFWRUV > @ KDYH DOVR EHHQ VXFFHVVIXO

9DULRXV 63' WHFKQLTXHV KDYH EHHQ GHYHORSHG DPRQJ
HTXDO FKDQQHO DQJXODU SUHVVLQJ (&$3 DQG DFFXPXOL
ZLGHO\ XVHG ,Q %ULGJPDQ LQWURGXFHG WKH ILUVW Y
KLJK K\GURVWDWLF SUHVVXUH DQG ODUJH)VYKBDWKR MU DL Q
VFKHPDWLF LOOXVWUDWLRQ RI WKH +37 SURFHVV ,Q WK
FRPSUHVVHG EHWZHHQ WZR DQY&O:KLXGHE RQ HD © YIS0 UME® D8
WKH RWKHU URWDWHY LPSRVLQJ VKHDU VWUDLQ RQ WKH V
RI WXUQV WKH LPSRVHG VKHDU VWUDLQ LQFUHDVHV ZKL
IURP EUHDNLQJ +37 LV WKHUHIRUH KLJKO\ HIIHFWLYH LQ
H[FHHGLQJ > @ DQG LQ UHILQLQJ WKH PLFURVWUXF
VWHDG\ VWDWH JUDLQ VL]H +RZHYHU WKH WHFKQLFDO

LQKRPRJHQHLW\ OLPLW WKH LQGXVWULDO DSSOLFDWLRQV

WHK +37 SURFHVVY NQRZQ DV KLJK SUHVVXUH WXEH WZLVWLQ
ZKLFK LQVWHDG RI D GLVN VKDSHG VDPSOH D WKLQ ZDOO]|
VKHDU VWUDLQV &RPSDUHG ZLWK FRQYHQWLRQDO +37 Gl
SUDFWLFDO VDPSOH JHRPHWU\ DV WXEHV ZKLFK FDQ EH

DSSOLFDWLRQV 7KH LQLWLDO +337 FRQILIJXUDWLRQ ZDV OC
K\GURVWDWLF SUHVVXUH E\ DSSO\LQJ WKH D[LDO IRUFH G
VKRZQLUEG > @
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b Compression
) 148

Tube Twisting Mandrel

S N

)L 6FKHPDWLF L OOKO\IW WEDMAVR/XWH WRUVERQIKFFUHVVAUBQWBGXEH WZL
+377 > @

,QYHQWHG E\ 6HJDO LQ > @ (&$3 KDV EHFRPH RQH
WHFKQLTXHV IRU SURGXFLQJ 8)* PLFURVWUXFWXUHV WKU
PDWHULDOV 7KH VLJQLILFDQW SRWHQWLDO RI (&$3 IRU ID
UHFRJQL]JHG LQ WKH HDUO\ V WKDQNV WR WKH FRQWULE
> @ (&$3 LV D UHODWLYHO\ VLPSOH DQG YHUVDWLOH Sl
D ZLGH UDQJH Rl PDWHULDOV > @ )Y DV FIKH DI NVF VGG K Q D
ZRUNSLHFH LV LQWURGXFHG DW WKH WRS RI D GLH DQG S
FURVV VHFWLRQV WR H[WUXGH IURP WKH H[LW FKDQQHO 'X!
GHIRUPDWLRQ ZKLOH UHWDLQLQJ LWV RULJLQDO GLPHQVLR
PXOWLSOH WLPHV 7KH (&$3 VDPSOH LV W\SLFDOO\ LQ WKH
GHVLJQ DQG SUHVV FDSDFLW\ UHODWLYHO\ ODUJH EXON V.
(&$3 SURFHVVLQJ WKH VWUHVV VWUDLQ GLVWULEXWLRQ |
OHDGLQJ WR YDULDWLRQV LQ PLFURVWUXFWXUH DQG WHI[W
WKLV SUREOHP LV WR DSSO\ EDFN SUHVVXUH DW WKH H[LW
VWUDLQ KRPRJHQHLW\ DQG UHWDLQV WKH VDPSOH VKDSH
DGGLWLRQ WKH OHQJWK RI ZRUN SLHFH LV OLPLWHG LQ (&9
RI WKH SUHVV DUP DQG WKH SRVVLELOLW\ Rl EHQGLQJ RI C
GLVFRQWLQXRXV SURFHVV DQG UHGXFHV LWV SURGXFWLRQ
(&$3 YDULDQW NQRZQ DV (&%$3 &RQIRUP ZDV GHYHORSHG W
RI 8)* PDWHULDOV IRU ODUJH VFDOH SURGXFWLRQ > @ $
&RQIRUP SURFHVV)LY B UHRMKNHUG OL@PLWDWLRQ RI WKH (&$
XVXDOO\ UHTXLUHV VHYHUDO SDVVHV FRPPRQO\ EHWZHHQ
PDWHULDO WR DFKLHYH D KRPRJHQHRXV 8)* PLFURVWUXF
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UHGXFLQJ WKH QXPEHU RI UHTXLUHG SDVVHV LV WKHUHIRL
(&$3 WHFKQLTXHDWRHHUKBOWRKDQQHO DQJXODU SUHVVLQJ
LQ ZKLFK WKH H[LW FKDQQHO KDV D VPDOOHU FURVV VHFYV
ODUJHU HTXLYDOHQW WWUDL@® SOHDRIZKYOH QXPHURXV HII
PDGH WR PRGLI\ WKH (&$3 WHFKQLTXH DQG H[SDQG LWV O
PXOWL DQJXODU SUHVVLQJ (&0%$3 > @ URWDU\ GLH (&$3 >
(&$3 7 (&$3 > @ 1HYHUWKHOHVV WKH GLYHUVLW\ RI 6
WKH PHWKRGV GLVFXVVHG KHUH 7KH UDSLGO\ JURZLQJ G
FRQWLQXRXV GHYHORSPHQW RI QRYHO 63" WHFKQLTXHV \
JHRPHWULHY DQG WKH DFKLHYDEOH SURGXFWLRQ VFDOH ¢
RI 63' WHFKQLTXHV FDQ EH IRXQG LQ 5HI > @

@ !

plunger

)LJ B6FKHPDWLF L QOKVDODAKIR@QRIO DQJIXOD E $&UHV ERQIRUFSS @ @
3KRWR RI D VDPSOH DIWHU QRQ HTXDO FKDQQHO DQJXODU Sl

ORGHOLQJ RI '"HIRUPDWLRQ %HKDYLRU LQ (&%$3 9DULDQ\

6LPSOH 6KHDU ORGHO
6HJDO SURSRVHG DQ DQDO\WLFDO PRGHO WR GHVFULEH
GHIRUPDWLRQ PRGH LV LGHDOL]HG DV VLPSOH VKHDU RFFXI
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ZKHBBGAWHSUHVHQW WKH WKLFNQHVVHV RI WKHILWQERLQJ D
LQGLFDWHYV WKH SRVLWLRQE RI$SW G H/ KFH\DWX BIO@IQ HGIHD® @ VL
GHIRUPDWLRQ WKH YHORFLW\ JUDGLHQW-WHQWQREHLQUWW M |
DV QR\KHEIV\NEKFDW\LWLYH

r FU6 r

xX"Lm r rq
rr r

KHQ WKH YHORFLW\ JUDGLHQW LV H[SUHVVHG LQ WKH GLH

O Fs r

xL—tms Fs 0

rr r
7KLV YHORFLW\ JUDGLHQW FRUUHVSRQGY WR WHQVLRQ LQ
LQ WKH QRUPDO GLUHFWLRQ \ D[LV DQG D SXUH ULJLG EF
EH UHDGLO\ LQFRUSRUDWHG DV DQ LPSRVHG YHORFLW\ JL
8vVLQJ WKH VLPSOH VKHDU PRGHO WKH LGHDO WH[WXUH FF
ZLWK D f GLH FDQ EH GHULYHGEEQ PSS D VIHY XK @HIUKOBEGILOML R
WKH LGHDO VKHDU RULHQWDWLRQV ZEKIOR ANDLY\H RIRRADDNV LR
WKH ] D[LV ZKLFK DOLJQV WKHWK RHMHY SHRV) NV R RAUKHD Q RUP L
(&8$3 GLH DV VFKHPDWLIFDEM\EICHO KVWQWWHGKHQLGHDO VKH

(&%$3 £GLH WH[WXUH FRPSRQHQWYV IRU )&& PDWHULDOV >
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7TDEOHGHDO VKHDU DQG LGHDO (&%$3 f GLH RULHQWDWLRQV IRU )&& P

,GHDO VKHDU RULHQWDWLR ,GHDO (&%$3 RULHQWDWLRQ"

I1RWD' (XOHU PHIOHV IRWD' (XOHU DEQJOHYV
Ts 0 Te Ts 0 Te
$ $
$ $(
$ $
$E $E
% %
% E %E
& &

D¥LYHQ BQ WKBIQG f VHBWLRQN RRQOAK

BHYHUDO VWXGLHV KDYH HPSOR\HG WKH VLPSOH VKHDU P
SUHGLFW WH[WXUH HYROXWLRQ LQ (&$3 DQG LWV YDULDQW
FRXSOHG ZLWK WKH 7D\ORU DQG 936& SRO\FU\VWDO SODVW|
Rl )&& DQG %&& ERG\ FHQWHUHG FXELF PDWGUHDOX®Y¥3VXEN
7KH\ GHPRQVWUDWHG WKDW WKH VLJQ RI VLPSOH VKHDU

SRVLWLYH VKHDU VWUDLQ OHDGY WR LQDSSURSULDWH LQW
> @ XVHG WKH 936& DSSURDFK ZLWK WKH VLPSOH VKHDU PF
GXULQJ (&$3 IRU IRXU GLIIHUHQW S%RFKMV DIV R RXWRS\R V$
HPSLULFDO JUDLQ VXEGLYLVLRQ PRGHO EDVHG RQ JUDLQ F
VKDSH DQG JUDLQ UHILQHPHQW RQ WH[WXUH HYROXWLRQ §
(&$3 > @ VKRZHG WKDW WKH VWUDLQ PRGH DQG GHIRUPDW
GLH DQJOH IULFWLRQ FRQGLWLRQV DQG WKH DSSOLFDWL
FRQGLWLRQV RI ORZ IULFWLRQ DQG LQ WKH DEVHQFH RI EC
H[SDQGHG DQG SODVWLF GHIRUPDWLRQ LV GLVWULEXWHG

LQ D QDUURZ VKHDU SODQH DV DVVXPHG LQ WKH LGHDOL]
+RZHYHU ZKHQ D VKDUS GLH FRUQHU LV HPSOR\HG DQG

GLVWULEXWLRQ EHFRPHV PRUH XQLIRUP DQG PRVW FOR\
RFFXUULQJ DW WKH LQWHUVHFWLRQ SODQH Rl WKH WZR FK
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I1XPHURXV H[SHULPHQWYV > @ DQG VLPXODWLRQV > @
GLVWULEXWLRQ ZLWKLQ WKH ELOOHW GXULQJ (&%$3 SURFH\
PRGHO LV XQDEOH WR FDSWXUH WKH GHIRUPDWLRQ KHWHU
DVVXPHV WKDW GHIRUPDWLRQ WDNHV SODFH LQ D QDUUR
FKDQQHOV ZKLFK LV LQFRQVLVWHQW ZLWK H[SHULPHQWDO
RYHU D UHODWLYHO\ ZLGH UHJLRQ DW WKH LQWHUVHFWLRQ
PRGHO GHVFULEHV WKH GHIRUPDWLRQ LQ (&%$3 DV D GLVFR
HOHPHQW GHIRUPV E\ SDVVLQJ WKH LQWHUVHFWLRQ SODQF
LV LGHDOL]J]HG DV D SODQH RI LQILQLWHVLPDO WKLFNQHVYV
LV SK\WVLFDOO\ XQUHDOLVWLF

$QDO\WLFDO )ORZ ORGHOV

6HIJDO > @ SURSRVHG WKH ILUVW DQDO\VWLFDO PRGHO XVLC
GLB D ULJLG SODVWLF PDWHULDO DQG XQLIRUP IULFWL
GHIRUPDWLRQ JRQH 3'= H[SDQGV LQWR D IDQ VKDSHG UHJL
FKDQQHO LQWHUVHFWLRQ SODQH ,Q D ODWHU VWXG\ > @

GLHV ZLWK URX®D'GH® G UUHBRWWHG WKDW LQFUHDVLQJ WK
SURJUHVVLYH EURDGHQLQJ RI WKH 3'= %XLOGLQJ RQ 6HJD
SURSRVHG D QHZ DQDO\WLFDO PRGHO IRU PDWHULDO IORZ

3'= 7ZR GLVWLQFW SODVWLF GHIRUPDWLRQ JROHERQILIXL
GLH L D FHQWUDO IPQ BHIRQ®DWLRQWRRDUW GHIRUPDW
RI D FHQWUDO IDQ LQ WKH XSSHU UHJLRQ DQG D ORZHU U}
JLJE :LWKLQ WKLV IUDPHZRUN WKH 3'= FDQ EH V.LPSO\ Gt
W ZDV IRXQG WEKDWWRHW GHIRUPDWLRQ PRGH LV QRW OLP
FRPELQDWLRQ RI ELD[LDO VWUDLQLQJ URWDWLRQ DQG VI
3'= WKH GHIRUPDWLRQ DFURVV WKH ELOOHW LV XQLIRUP
GHIRUPDWLRQ LV LQKRPRJHQHRXV DV WKH OREFDO GHIRUPD
SRLQW ,Q WKH XSSHU UHJLRQ WKH IORZ OLQH GHIRUPDWL
LQ WKH FHQWUDO IDQ PRGHO ZKHUHDV LQ WKH ORZHU UH
ERG\ URWDWLRQ EHFRPHV GRPLQDQW
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FHOQWUDO IDQ LQ WKH XSSHU UHJLRQ DQG UBRWIDRNLQUQRYKDSHHUVRAQ I
> @

$QRWKHU IDQ VKDSHG IORZ OLQH PRGHO ZDV GHYHORSHG |
> @ ,W ZDV IRXQG WKDW WKH VKDSH RI WKH IORZ OLQHV Z
FLUFXODU :KLOH %H\HUOHLQ DQG 7RPpfV > @ DSSURDFK
JUDGLHQW DW WKH 3'= ERXQGDULHV WKLV PRGHO GHVFULE
VXFK GLVFRQWLQXLWLHV $ VFKHPDWLF LOOXVWUDWLRQ RI
WKH IDQ VKDSHG SODVWLF , R QHKHVOVRRWQQLUQFDVHLXKHUH \
JHUR WKH IORZ OLQH VKDSH EHFRPHV SDUDEROLF DQG WK
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)L 6FKHPDWBFRI@EGIDQ VKDSHG SODVWLF JRQH SURSRVHG LQ 5HI >
HOOLSWLFDO

$ ZLGHO\ DFFHSWHG IORZ OLQH PRGHO IRU GH\ERBULEZQY SO
SURSRVHG E\ 7RWK DQG FR ZRUNHUV LQ > @ ,Q 7TRWK]
FRQWLQXRXVO\ DW WKH LQWHUVHFWLRQ JRQH RI WZR FKDC
GHILQLQJ GLIIHUHQW GHIRUPDWLRQ SDWKV DQG VWUDLQ
HQDEOLQJ KHWHURJHQHRXV GHIRUPDWLRQ LQ (&$3 SURFH
IXQFWLRQ LV GHVFULEHG E\ D SRZHU ODZ UHODWLRQVKLS
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OL:@FTE:@ FUL :@ BT (24)

+HUBLY WKH GLDPHWHWRWWHKRL®IHY WRB LQFRPLQJ DQG RX
IORZ OLQH 7KH RQO\ SDUD P KWAKUFRIQWHKHR @ R GHCH LWKDSH R
Q WKH IORZ OLQH L\Q FLUWX®DIDRZKDQBHRWRQVLVWYV RI
MRLQHG DW WKH V\PPHWU\ SODQH Rl WKH GLH FRUUHVSRQ
GHIRUPPWLRRRZV D VFKHPDWLF LOOXVWUDWLRQ RI IORZ O
7KH IORZ OLQH IXQFWLRQ LV YDOLG RQO\ LQ WKH LQWHUVHI
OLQHV GHILQBIGGEFORUHRYHU WKH IORZ OLQH IXQFWLRQ U]
FXUYLQJ WUDMHFWRU\ ,QVSLUHG E\ WKH RULJLQDO IORZ
SURSRVHG D QHZ IXQFWLRQ WR G(\SBUGEH PD@HULDO IORZ

n=4
n=6 |d

n=9

w>
X

)LJ 'HVFULSWLRQ RI |0RZQILH &/® HE \Y DORZHORLIQWNH H[SRQHQW LQ WKH 10
LQ 5HI > @

$ PRGLILHG YHUVLRQ RI WKH IORZ OLQH IXQFWLRQ ZDV SUR
1(&$3 LQ ZKLFK WKH GLIIHUHQFH LQ FURVV VHF\B QRQHD[Q VG L |
F FKDQQHOV PXVW EH H[SOLFLWO\ FRQVLGHUHG N WKLV
DQ5 ZHUH LQWURGXFHG WR WKH RULJLQDO IXQFWLRQ WR S
VKDSH Rl WKH IORZ OLQHV > @

T Gy T, &

BLIsFpEIIsF=p LIsFp

L ? L

ZKHUH WKH QHZO\ LQWURGXFHG SDUDPHWHUV DOORZ WKH

RI WKH IORZ OLQHV HQDEOLQJ D PRUH UHDOLVWLF GHVF
FRQGLWLRQV $ IXUWKHU PRGLILFDWLRQ RI WKH IORZ OLQH
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ILHOG LQ 7 (&%$3 > @ ZKHUH WKH H[LW FKDQQHO LV RSHQ
UHVXOWLQJ LQ D 7 VKDSH GLH FRQILIJXUDWLRQ 7KH PRGLIL
BLISFMLEJHEIISFE,)lpJ)aLIsFﬂl_‘l-rpal
ZKHUH WKH DGGLWERQWUO OV WHKHVWHUPLQDWLRQ SRVLWLF
WKH LQWHUVHFWLRQ JRQH RIWKKH IPRZQMHH ILEHWKHY H[DF
RI WKH LQWHUVHFWLRQ JRQH RI WZRF FKDQGHONKHK HER X HOLLLC
WHUPLQDWHY DIWHU DQG EHIRUH WKH HQG SDUW RI WKH
SDUDPHWHU HQDEOHV PRUH DFFXUDWH GHWHUPLQDWLRQ K
H[SHULPHQW REVHUYDWLRQV HYHQ LI WKH HQG SRLQW LV

WKHVH GHYHORSPHQWY WZR JHQHUDOL]HG H[WHQVLRQV R
GHVFULEH SODVWLF GHIRUPDWLRQ LQ (&%$3 ZLWK DUELWUDL

JULFWLRQ $VVLVWHG /DWHUDO ([WUXVLRQ 3URFHVV )$

1IDNDPXUD HW DO > @ GHYHORSHG WKH ILUVW YHUVLRQ
LQ +RZHYHU VLQFH WKHQ WKLV WHFKQLTXH UHFHLYH
IRUJRWWHQ ,Q 9X HW DO > @ LQGHSHQGHQWO\ UHLQW

WHUPHG LW WKH IULFWLRQ DVVLVWHG ODWHUDO H[WUXVLR
ZDV PRWLYDWHG E\ WKH WHFKQLFDO OLPLWDWLRQV REVHU?
D SURFHVVLQJ SHUVSHFWLYH 1(&$3 FDQ EH FRQVLGHUHG W
FRPSDUHG WR 1(&$3 )$/(3 EHQHILWYV IURP D XQLTXH DGYD
GULYLQJ SXQFK ODLG KRUL]JRQWDOO\ DW WKH ERWWRP RI
DV WKH PDWHULDO IORZ DQG DLV IS\UW VY HADKMV HI VWUFK\HLPFDQW & B
RI WKH )$/(3 WHFKQLTXH :KLOH WKH QRUPDO SXQFK SURYL
D QRQ VOLGLQJ FRQGLWLRQ DW WKH LQWHUIDFH EHWZHHQ
SXQFK LWVHO!I IDFLOLWDWHY WKH PDWHULDO GHIRUPDWLRC
63' SURFHVVHV VXFK DV (&%$3 DQG 1(&$3 LQ ZKLFK WKH IUL!
IORZ WKH IULFWLRQ IRUFH LQ )$/(3 LV DSSOLHG LQ WKH V
WKHUHIRUH SOD\V D EHQHILFLDO UROH LQ WKH GHIRUPDW.L
UHIHUUHG WR DV IULFWLRQ DVVLVWHG $ UHFHQW VWXG\ R
WHFKQLTXH UHTXLUHV DERXW ILYH WLPHV ORZHU H[WUXVL
UDWLR RZLQJ WR DQ DGGLWLRQDO VKHDU VWUHVV FRPSRC
XQLTXH GHVLJQ RI )$/(3 DOORZV LPSRVLQJ H[WUHPHO\ OD!
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LQLWLDO EXON RU SRZGHU PDWHULDOV WR SURGXFH 8)* VI
URRP WHPSHUDWXUH PDNLQJ LW D KLJKO\ SURPLVLQJ 63"V
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)L 6FKHPDWLF RI WKH IULFWLRQ DVVLVWHG ODWHUDO H[WUX

9X HW DO > @ FRQGXFWHG )$/(3 H[SHULPHQWY RQ D FRP|
LQJRLQJ DQG H[LW FKDQQHO VL]HV RI DQG PP UHVSHF
UDWLR RI SMNVKRIZVHUQS$/(3 WKH LQLWLDO PLFURVWUXFW
ZLWK DQ DYHUDJH JUDLQ VL]H UHGXFHG IURP P WR QHI
VWHDG\ VWDWH RI QP DFKLHYHG WKURXJK D VLQJOH

HTXLD[HG JUDLQV ZLWK D KRPRJHQHRXV GLVWULEXWLRQ D
WKLV HIWUXVLRQ UDWLR

Initial sample

N

Fin, SEM microstructure
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)L D(%6' PLFURVWUXFWXUH EI6WK R LFUIRVMWWOX VYREGBHDFURVY WKH W
SURGXFH® (M®' PLFURVWUXFWXUHY RI WKH ERWWRP BUBGR®HH®G QIGQWR
UHVSHFWLYHO\ > @
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$QDQDO\VLV RI WKH WH[WXUH RI WKH )$/(3 VDPSOH FDQ L
GHIRUPDWLRQ PRGH LV VLBBDHDVWHBIF BY VKRZQ WG [WXUH
ZLWK WKH VKHDU SGZQWK6BHRIHFWWHGWKH )$/(3 GLUHFWL
ZLWK WKH WKHRUHWLFDO RULHQWDWLRQ RI WKH LEHDO VKl
$PRQJ WKH LGHDO VKHDU FRPSRQHQWY WKH & FRPSRQHQW
WKH VHFRQG PRVW UHOH YDWRW PRF-ER 6 K DAV ZIDIWVH @ WD W L R Q

VKHDU FRPSRQHQW 7KH XQLTXH IHDWXUHV Rl WKH URWDW

LWV LQIOXHQFHV RQ PLFURVWUXFWXUDO HYROXWLRQ ZLOO
WKHVLV

X2 y
I Min = 0,03, Max = 10.12
X3! X1 TT—
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Max =2.73
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)LJ D3ROH ILIXAUM) VEEEWLRQV RI WKH $0O VDPSOH DIWHU )$/(3 S

3buL\bU HW DO > @ LQYHVWLJDWHG WKH SRWHQWLDO RI V
IURP LQLWLDO SRZGHU PDWHULDO 7KH\ UHSRUWHG WKDW
IDEULFDWHG E\ )$/(3 DW DQ H[WUXVLRQ UDWLR RI LQ
WHPSHUDW®RUWKRZY WKH UHVXOWLQJ PLFURVWUXFWXUH RI
8)* PLFURVWUXFWXUH ZLWK D QXPEHU ZHLJKWHG DYHUDJF
JXUWKHUPRUH WKH KLJK IUDFWLRQ RI KLJK DQJOH JUDLQ E
VKHDU VWUDLQ LPSRVHG GXULQJ )$/(3 SURPRWHG FRQWLQ>
DW URRP WHRSHRUDWXUH

2 & Spm §
[ 3°t05° 1.86% [l 5°to15° 8.54% [l > 15° 89.6%

)LJ D,3) PDS RI SRZGHU )$/(3 VDPSOH SUR MKH W R G URHY S\RKGGT'QS QD!
ERXQGDU\ PDS > @
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$QRWKHU SRWHQWLDO DSSOLFDWLRQ RI WKH )$/(3 WHFKQL
PHWDOV DQG FRPSRVLWHV $GDPV HW DO > @ HPSOR\HG
FRPSRVHG RI ILYH DOWHUQDWLQJ OD\HUV RI GLVYLPLODU D

D VKRZV WKH FRQILIJXUDWLRQ Rl WKH VSHFLPHQ ZLWKLQ \
(OHFWURQ EDFN VFDWWHULQJ GLIIUDFWLRQ (%6' DQDO\\
SURQRXQFHG LQ EEWKS X®QRRVYP PLFURVWUXFWXUH ZLWK D
JUDLQ VL]BPRIDV REWDLQHG LQ $$ OD\HU 7KH $$% OD\H
ELPRGDO JUDLQ VL]H GLVWULEXWLRP ZIRNX DQHN. KU DA K DIW I
LV D KDUGHU PDWHULDO ZLWK D KLJKHU FRQWHQW RI DOOR
$$ ZRXOG EH H[SHFWHG DW WKH VDPH VWUDLQ OHYHO 7
VXJIJHVWVY WKDW WKH SODVWLF GHIRUPDWLRQ ZDV GLIIHL
PHDVXUHPHQW SRVLWLRQ )XUWKHUPRUH WKH LQLWLDO W
)$/(3 ZKHUHDV WKHLU ILQDO WKLFNQHVVHV DIWHU SURFH
PDWHULDO ZKLFK FRQILUPV WKDW WKH VWUDLQ GLVWULEX
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a) | TR -) Rasaeeer
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)LJ D7KH FRQILIXUDWLRQ RI WKH PXOWLOD\HUQG BFWHMHRIQHE WW K IV Q RADK
(%6' LPDJH DIWHU )$/(3 SURFHVVLQJ VKRZLQJ GLHWWHQ® JUDLQ VL

'XH WR WKH QRYHOW\ RI WKH )$/(3 WHFKQLTXH DQG WKH OLH
DVSHFWV RI WKLV SURFHVVLQJ WHFKQLTXH UHPDLQ SRRUC
PRGH DQG PDWHULDO IORZ FKDUDFWHULVWLFV $FFRUGLQJ
LV WR HYDOXDWH GHIRUPDWLRQ EHKDYLRU GXULQJ )$/(3 S
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IORZ OLQH PRGHO LV SURSRVHG EDVHG RQ H[SHULPHQWDO
PRGH DQG WR HVWLPDWH WKH HTXLYDOHQW VWUDLQ LPSR
PRGHO DQG SRO\FU\VWDO SODVWLFLW\ DSSURDFKHV WHI[V
VLPXODWHG 7KH SURSRVHG PRGHO LV LQGLUHFWO\ YDOL
EHWZHHQ WKH PHDVXUHG DQG VLPXODWHG WH[WXUHV ,Q
SURFHGXUHVY DQG UHVXOWYVY WKH SULQFLSOHV RI WKH Q
VLPXODWLRQ RXWFRPHY DUH SUHVHQWHG DQG GLVFXVVHG

([SHULPHQWDO 3URFHGXUHY DQG 5HVXOWYV

YORZ /LQH ([SHULPHQWYV

)$/(3 H{SSHULPHQWY ZHUH FDUULHG RXW RQ FRPPHUFLDOO\ ¢
XVLQJ WKH )$/(3 IDFLOLW\ DW WKH /(0 ODERUDWRU\ OHW
H[SHULPHQWY ZHUH SHUIRUPHG ZLWK D FRQVWD®W LQJRLC
7KH H[LW FKDQQHO VL]H KRZHYHU YDULHG EHWZHHQ DQ
SFUDQJLQJ IURP WR ,Q DOO H[SHULPHQWV WKH QRUP|
31 03D WRQV ZKLOH WKH GULYLQJ SXQFK zZDV RSH
UDWH RI PP V

7R GLUHFWO\ LQYHVWLJDWH WKH PDWHULDO IORZ NLQHPDW
WZR LGHQWLFDO SDUWV DORQJ WKH PLGGOH RI WKHLU ORQ
OLQHV ZHUH WKHQ HQJUDYHG ORQJLWXGLQDOO\ RQO\ RQ
PDUNLQJ RU &1& PDFKLQLQJ GH/XHQWZQJISRQ WAK H HUBH E QR/HH
)$/(3 GLH VXFK WKDW WKH PDUNHG VXUIDFH ZDV SRVLWLRQ
WZR SDUWV WKHUHE\ WKH HIIHFW RI IULFWLRQ EHWZHHQ
DYRLGHG $Q H[DPSOH RI WKH )$/(3 GLUHIFRQUIKIK PDWNRG SV
RI DOO VDPSOHV DIWHU )$/(3 SURFHVVLQJ IBB WKHH GKREQH
LQLJ E
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)LJ D3KRWR RI WKH )$/(3 GLH FRQWDLQLQJ WKHESDKH PUDREGHVEHIRB!
RI WKH VDPSOHV DIWHU )$/(3 SURFHVVLQJ DWGGUHFRWHR® H [W QRWULFRIXL
GLUHFWLRQ 7' WUDQVYHUVH GLUHFWLRQ

$Q XQH[SHFWHG FXUYDWXUH RI WKH IORZ OLQHV ZDV REVH
WKH LQJRLQJ FKDQQHO UHJLRQ DQG DW ORFDWLRQV IDU IU
$Q H[DPSOH RI WKLV SKH)QR P HQWRRD XV IV KNRZRQMVWHS DUDWH SDU
HDFK H[SHULPHQW WKH LGHQWLFDO GLPHQVLRQV RI WKEF
GHIRUPDWLRQ Rl WKH IORZ OLQHV 7KHUHIRUH VXFK IORZ
GLPHQVLRQDO PLVPDWFKHV EHWZHHQ WKH WZR VDPSOH SI
PDQXDOO\ 'XH WR WKH YHU\ ODUJH VKHDU VWUDLQ DQG WK
VOLJKW YDULDWLRQ EHWZHHQ WKH GLPHQVLRQV RI WKH W2z
XQLIRUPLW\ ORUHRYHU WKH WRWDO VL]H Rl WKH DVVHPEO
LQJRLQJ FKDQQHO YLRODWHY WKH IXO0 FRQVWUDLQW FRQ
WKH KLJK LPSRVHG SUHVVXUH OHDGLQJ WR GHYLDWLRQV L
IRUFHV RQ GLIIHUHQW VXUIDFHV 7KLV LQGLFDWHYV WKH FU>
OLQH DQDO\VLV IRU D ODUJH GHIRUPDWLRQ WHFKQLTXH Ol
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)LJ 8QH[SHFWHG IORZ OLQH FXUYLQJ IDU IURP WKH GHIRU

7R PLQLPL]H VXFK XQGHVLUDEOH GHYLDWLRQV LQ WKH IOF
ZDV FDUUUHG RKWZV WKH GHIRUPDWLRQ EHKDYLRU RI WKF
VDPSOHVY SURFHVVHG ZLWK H[WUXVLRQ UDWLRV RI DQG
ORZHU H[WUXNMLPQ WKWILRORZ OLQHV H[KLELW D XQLIRUP D
WKH GHIRUPDWLRQ JRQH FRQILQHG WR WKH LQWHUVHFWLR
OLQH GHIRUPDWLRQ EHKDYLRU KDV EHHQ UHSRUWHG IRU (
ZHOO DV 1(&%$3 SHUIRUPHG DW D UHODWLYHO\ ORZ H[WUXVL

,Q FRQWUDVW ZKHQ WKH HIWUXVLRQ UDWLR LQFUHDVHV WF
GHIRUPDWLRQ EHKDYLRU BV, QOMOKMWVEDWHGWIK@GI GHIRUPDYV
UHVWULFWHG WR WKH LQWHUVHFWLRQ JRQH RI WKH WZR F
GHIRUPDWLRQ EHKDYLRU KDV QRW EHHQ UHSRUWHG LQ SU!
SURFHVVHV *LYHQ WKDW )$/(3 LV GHVLJQHG WR LPSRVH

SURFHVVLQJ VWHS LW LV FUXFLDO WR LQYHVWLJDWH WKH
ODUJH vVWUDLQ FDVHV &RQVHTXHQWO\ WKH )$/(3 VDPSOH
ZDV VHOHFWHG IRU GHWDLOHG DQDO\VLYVY LQ WKH SUHVHQW



$OL $PLQLQHMDG ‘'HIRUPDWLR @ QIGHEUD LTH BW XIUHH PHRIDX W Q RIQAUVFIVRICR QURWHMAMW H G /DW H U D

)LJ 7KH GHIRUPDWLRQ EHKDY DRHJVRU XWKHR QOREZWAIRQ RV IRVKERZLQJ XQL
HIWUXVLRQ UDWLR RI VKRZLQJ FRPSOH[ GHIRUPDWLRQ

OLFURVWUXFWXUH DQG 7H[WXUH RI $0 )$/(3 6DPSOH
7KH PLFURVWUXFWXUH DQG FU\WWDOORJUDSKLF WH[WXU'F
SURFHVVLQJ DW WKH H[WUXVLRQ UDWLR RI ZHUH FKDU
-(2/ -60 ) ILHOG HPLVVLRQ JXQ VFDQQLQJ HOHFWURQ PLF
VXUIDFH Rl WKH SURGXFHG VKHHW )' 1' SODQH ZHUH H[DP]
/ILQH DQG WKH RWKHU QHDU WKH ERWWRPKWMX (B F G DM QH
ZHUH DQDO\]HG XVLQJ WKH $7(; VRIWZDUH > @ 7KH LQLW
PDWHULDO ZHUH LQYHVWLJDWHG XVLQJ RSWLFDO PLFUR
'LIIUDFWRPHWHU UHVSHFWLYHO\ )XUWKHUPRUH WKH WH]J
PHDVXUHG E\ ;5' RQ WKH )' 7' VXUIDFH WR REWDLQ JRRG VW
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)L 7KH PDUNHG SDUW RI WKH $0O VDPSOWUXWHW )P SR RAHV VL

7KH LQLWLDO PLFURVWUXFWXUH RI WKH $0 VDIPISOH EHI
D 7KH PLFURVWUXFWXUH FRQVLVWHG RI FRDUVH JUDLQV
P 'XULQJ )$/(3 SURFHVVLQJ JUDLQ UHILQHPHQW REFFXUL
DQG /LQH UHJLRQV $W WKH HQG RI /LQH D KRPRJHQHRXV
DYHUDJH DUHD ZHLJKWHG JUDLQ VL]HLRI DERR®EHYHQP WDF
DYHUDJH JUDLQ VL]H DW WKH HQG RI /LQH LV VLJQLILFDQ\
DQG WKH PLFURVWUXFWXUH FRQWDLQV D IUDFWLRQ RI U
UHFU\WWDOOL]HG BV VKRZQ LQ

7KHVH UHVXOWY FOHDUO\ LQGLFDWH WKH GHYHORSPHQW |
WKLFNQHVYV RI WKH SURGXFHG VKHHW ZLWK D ILQHU PLFI
+RZHYHU LQ D SUHYLRXV VWXG\ RQ )$/(3 SURFHVVLQJ RI ¥
JUDLQ VL]H DQG PRUSKRORJ\ ZDV UHSRUWHG > @ 7KH GLI
DWWULEXWHG WR GLITHUHQFHYV LQ WKH LPSRVHG VKHDU VW
ZDV PP FRUUHVSRQGLQJ WR D KLJKHU H[WUXVLRQ UDWLF
ODUJHU H[LW FKDQQHO VL]H PP UHVXOWHG LQ D ORZFE
GHPRQVWUBSWUDMWLRW. & KMKH )$/(3 SURFHVYV QRW RQO\ DIIHF
WHUPV RI JUDLQ VL]H DQG WH[WXUH EXW DOVR SOD\V D
PLFURVWUXFWXUDO KRPRJHQHLW\ DFURVV WKH VKHHW WKL
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yLJ D2SWLFDO PLFURVFRS\ LPDJH RI WKH LQLWLDO $XV RIVWRHOH PL
VDPSOH DIWHU WKHE QHBUS/ULRHAMMPIWG/LQH 7KH JUDLQV DUH FRORUHG
JUDLQ VL]H VFDOH

)LJ VKRZV WKH QH[W QHLJKERU JUDLQ GLVRULHQWDWLRQ
WRJIJHWKHU ZLWK WKH UDQGRP GLVWULEXWLRQ ODFNHQ]LH
ERXQGDULHV +$*% ODUJHU WKDQ f ZDV GHWHUPLQHG
GLVWULEXWLRQV 7KLV IUDFWLRQ VLJQLILFDQWO\ YDULHV E
WKH +$*% IUDFWLRQ UHDFKHV QHDUO\ ZKHUHDV IRU /L
FRQVLGHUDEO\ KLJKHU IUDFWLRQ RI +$*%V LQ /LQH LQGL
DFFXPXODWHG LQ WKLV UHJLRQ FRPSDUHG WR /LQH &ROQ\
QHDU /LQH ZKLFK LV FRQVLVWHQW ZLWK WKH REVHUYHG
UHJLRQ
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)LJ I1H[W QHLJKERU JUDLQ GLVRWUHQW DWW IQEQ HG L ¥ WQS IVE X LIR@D/F NR U
OLQH VKRZV WKH UDQGRP ODFNHQ]JLH GLVWULEXWLRQ

7KH FU\WWDOORJUDSKLF WH[WXUH RI WKH L QZK\HLDHD [$ © R W D\
FXEH W\SH WH[WXUH LV REVHUYHG $IWHU WKH )$1(3 SURFH
E DQG /UQHF VKRZ D VLPSOH VKHDU W\SH RI WH[WXUH
GLIIHUHQFHVY EHWZHHQ WKHP $V VHHQ LQ WKH SROH ILJIXL
UHJLRQ LV WKH & ~ ° | FRPSRQHQW ZKHUHDV WKH GRP
11> ! FRPSRQHQW ,Q WKLV QRWDWLRQ WKH ILUVW OL¢
QRUPDO ZKLOH WKH VHFRQG LQGLFHV FRUUHVSRQG WR W
LGHQWLILHG EDVHG RQ WKH H[SHFWHG RULHQWDWLRQ RI V
PRGHO RI DQJXODU H[WUXVLRQ LQ ZKLFK WKH GHIRUPDWL
DORQJ WKH LQWHUVHFWLRQ SODQH RI WKH WZR FKDQQHC
WKHRUHWLFDO SODQH EW RUE?PH QWi & LDVK U DRHPOW WR )’ +]
DV VKRZIQI LQERWK H[SHULPHQWDO WH[WXUHV DUH URWDW

DSSUR[LPP\RHOLQH fDIREQH
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(11)

Initial:

max =2.18
min =013

ND

)L D7KH PHDVXUHG FU\WWDOORJUDSKLF WH[WXUH RD® K\HH [\ XWHB @D M
)$/(3 SURFHVVELQDHR WBQIGQ HKHSRVLWLRQ RI WKH LGHDO VKHDU FRPSRQ|
VKRZQ 63 LQGLFDWHY WKH DSSDUHQW VKHDUSSORGHQUFD 631 LV

7KH GLITHUHQFH EHWZHHQ WZR GLIITHUHQW WH[WXUHV FDQ
WH[WXUH FRUUHODWLRQ LQGH[ ZKLFK LV DYDLODEOH LQ W

iyB:C;BC;@C
& L

§i,B°:C, @&, B C;@C

ZKHBHC;DQBSC;UHSUHVHQW WKH RULHQWDWLRQ GLVWULEXV
WH[WXUHV EHL QX BCRIREFOVUHNG WIXBIGRULHQWDWLRQ YHFWRU G
7KH YDOXYMDRUHVY EHWZHHQ DREUHYSWRGLQJ WR W)ZR LGH(
WKH SUHVHQWHR[WX¥BVVHG DV D SHUFHQWDJH VXFK WKDW

7KH GLUHFW FRUUHODWLRQ LQGH[] EHWZHHQ WKH PHDVXUF
LQGLFDWLQJ D UHPDUNDEOH GLITHUHQFH EHWZHHQ WKH WZ
REVHUYDWLRQV WKLV UHVXOW FOHDUO\ GHPRQVWUDWHYV V
UDWLR ZDV QRQ XQLIRUP DFURVV WKH VKHHW WKLFNQHVV
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PLFURVWUXFWXUH 7KH PDLQ UHDVRQ IRU WKLV QRQ XQL
GHIRUPDWLRQ SDWKV ZKLFK ZLOO EH GLVFXVVHG LQ WKH (

TKHRUHWLFDO )RXQGDWLRQV

JORZ /LQH .LQHPDWLFV
$ FORVHU LQVSHFWLRQ RI WKH WUDMHFWRU\ OLQHV UH)
VLIJQLILFDQWO\ DERYH WKH LQWHUVHFWLRQ JRQH Rl WKH W
E\ WKH WRS ZKLWHJJEURRWQBPQQWKDQUS YDULDWLRQV DUH R
WKH IORZ OLQHV LQGLFDWLQJ QRQ XQLIRUP NLQHPDWLF E
RQ WKHVH REVHUYDWLRQV WKUHH GLVWLQFW GHIRUPDWLR
PDWHULDO HOHPHQW XQGHUJRHV D VLPSOH VKHDU GHIRUP
ZKHUH D SURQRXQFHG FKDQJH LQ IORZ OLQH GLUHFWLRQ R
KDV D ILQLWH YDULDEOH WKLFNQHVV :LWKLQ WKLV UHJLRC
DSSURDFK KDV SUHYLRXVO\ EHHQ SURSRVHG IRU (&$3 LQ
)$/(3 SURFHVV DV ZHOO ,Q IDFW WKH DQDO\VLV SUHVHQW!
VLPSOH VKHDU LV DWWDLQDEOH LQ (&$3 HYHQ ZKHQ WKH IC
JRQH LV UHODWLYHO\ ODUJH ,W LV WKHUHIRUH DVVXPHG W

)LJ 7KH WKUHH GHIRUPDWLRQ VWDJHYVY DORQJHWWHXWYIRZQO L&HVRQKIH L
6KHDU 7KH BEGLIONMH WHEKUHVHQWY WKH ILWWHG IORZ OLQKHREWDLQHG
ZKLWHHGDWMXHY VKRZV WKH ILUVW VKHDU JRQH

JROORZLQJ WKH ILUVW VKHDU GHIRUPDWLRQ WKH PDWHULLE
LQ ZKLFK WKH WUDMHFWRU\ OLQH EHFRPHV QHDUO\ VWUDL
RFFXUV QHDU WKH H[LW FKDQQHO DOLJQLQJ WKH OLQH ¢
FRQWULEXWLRQ DQG VKDUSQHVV RI WKHVH WKUHH GHIRUF
PRYLQJ IURP WKH RXWHU FRUQHU /LQH WR WKH LQQHU FF
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7KH VHFRQG VWDJH UHIHUUHG WR KHUH DV OLQHDU FRQYH
LQ SUHYLRXV VWXGLHV RQ HTXDO RU QRQ HTXDO FKDQQHO
WKLV GHIRUPDWLRQ VWDJH FDQ FRQVLGHUDEO\ FRQWULEX
WH[WXUH HYROXWLRQ ZLWKLQ WKH VDPSOH ,Q WKH IROOR.
WR GHVFULEH WKH GHIRUPDWLRQ XVLQJ WKH YHORFLW\ JUL
OLQH )RU WKH WZR VLPSOH VKHDU VWDJHV WKH YHORFLW
GLUHFWO\ GHWHUPLQHG IURP WKH RULHQWDWLRQ RI WKH V

&RQVLGHULQJ WKDW WKH WKUHH VWDJH GHIRUPDWLRQ ZDV
ILW WKH H[SHULPHQWDO IORZ OLQHV ZLWK WKH IORZ OLQH
WKH SUHVHQW VWXG\ WKH VDPSOH ZDV H[WUXGHG LQ WKH
UHZULWWHQ DV

M:T F I3 G U
BLIsF—LpEIIsF—,?p Lls

M:JF L2
p
7KH ILWWLQJ ZDV UHODWLYHO\ VXFFHVVIXO IRYULAQH DV \
EXW ZDV QRW UHDVRQDEOH IRU WKH RWKHUV ,W ZDV REW
PPQ P N DQG 7KH FRUUHVSRQGLQJ WH[WXUH
SUHVHQWHG LQ 6HFWLRQ

7KH 7TKUHH 6WDJH YORZ /LQH ORGHO
)LJ SUHVHQWY D VFKHPDWLF LOOXVWUDWLRQ RI WKH IOR:
VWDJHV DQG WKHLU DVVRFLDWHG JHRPHWULFDO SDUDPHYV
YHORFLW\ JUDGLHQW WHQVRU H[SUHVVHG LQ WKH ODERUD\
_OEJU ,?KOU °UF?KO
xL U8 OEUD FOEJU,?KOU r
r r r

ZKHUHM YDQG L Y FRUUHVSRQG WR WKH ILUVW DQG VHFRQG VL1
7KH PDJQLWXGHV RI WKH VKHDU VWUDLQV ERWK RI ZKLFK |
DQG DUH JLYHQ E\

GL?PCriF 5;E?PGEU D
G L?PG;E?PEzR F5F U E

7KH SRO\FU\VWDO SODVWLFLW\ FRGH UHTXLUHV WKH YHOR|
SUHVFULEHG ILQLWH VWUDLQ WKURXJK VPDOO LQFUHPHQW
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ZHUH DSSOLHG IRU HDFK RI WKH WZR VLPSOH VIiGHDWU VWDJ
Usrr 7KH FRUUHVSRQGLQJ WLPH L@F UHPISQM ZDY VO DX QDU
06 L S&ZDV HPSOR\HG LQ DOO VLPXO DMBLRRHAN Q RRWDHI I\ R IV VWV W/
HYROXWLRQ VLQFH WKH ODWWHU LV LQGHSHQGHQW RI WKI
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o]
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)LJ 6FKHPDWLF YLHZ RI WKH SURSRVHG WKUHPDWNLRIH IORZ OLQ
)LJ GLVSOD\V D VFKHPDWLF UHSUHVHQWDWLRQ RI WKH /&(
FRQYHUJHQW H[WUXVLRQ WDNHV SODFH ,Q WKLV PRGHO W
GLUHFWHG WRZREHA GRRPMQJ YHORRLWKH \G IGHH @RI \& BYSXEL V
LWV SURORQJDWLRQ SURMHFWHGE ‘RRWKR TAKKH WV DW.LVH Y/ VD G H (
SDUDPHWHUV Rl WKH GLH JHRPHWU\ DQG WKHUHIRUH WDNH
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)LJ 6FKHPDWLF RI WKH /&( JRQH RI WKH IORZ OLQHRQ@HKRIWKKH N EOL
GHIRUPDWLRQ ILHOG

7TKH HTXDWLRQ GHVFULELQJ D IORZ OLQH LV DV IROORZV
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D
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JURP WKLY HTXDWLRQ D UHODWLYHO\ VLPSOH IORZ IXQFWL
IORZ IROORZLQJ DQ DSSURDFK FRPPRQO\ XVHG LQ IOXLG P



$OL $PLQLQHMDG ‘'HIRUPDWLR @ QIGHEUD LTH BW XIUHH PHRIDX W Q RIQAUVFIVRICR QURWHMAMW H G /DW H U D

U
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$SSO\LQJ WKH LQFRPSUHVVLELOLW\

FRQGLWLRQ IURP W
DGPLVVLEOH YHORFLW)\ ILHOG FRUUHVSRQGLQJ WR WKH IOFR
SDUWLDO GHULYDWLYHYV
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7KH YDGXW RIHWHUPLQHG IURP WKH ERXQGDU\ FRRGELWLRQ
LV NQRZGF R 7KLV OBDGR, WRKH YHORFLW\ ILHOG FRPSRQH
JLYHQ E\
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FRPSRQHQWV $PRQJ WKHP RQO\ WKUHH FRPSRQHQWY DUH
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JRU WKH QRUPDO FRPSRQHQWYV LRA .\ KAK Y HIO R ¥ LFRAR\ QMUD/GM_HH@MW
YROXPH FRQVWDQF\ FKDUDFWHULVWLF RI LQFRPSUHVVLEOF

7KH UHVXOWLQJ YHORFLW\ JUDGLHQW WHQVRU FRUUHVSRQ
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7KH SDUBFEHWHW H[SUHVVHG XVLQJ WKH KKOFBRERY QW WVRR) \
JHRPHWULF@OE%UHGEIH\AL\RQWXWLQJ WKLV H[SUHVVLRQ LQWR
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JRU LPSOHPHQWDWLRQ RI WKH GHYHORSHG YHORFLW\ JUDG
WKH GHIRUPDWLRQ DORQJ WKH IORZ OLQH ZDV GLVFUHWL
LQFUHPHQW ZDV GHWHUPLQHG E\ @F L&LQJI KHKW RARRD/DD W LW

ZDV REWDLQHG E\RLRRABIRI@OMQW RWWHKH YHORFLW)\ ILHOG D(
OHDGV WR

@ @PCU

8VLQJ WKH H[SUHVVLRQV IRU WKH YHORFLW\ FRPSRQHQWYV
DQGRRUGLQDWHY RI WKH PDWHULDO SRLQW ZHaRAR2ZQWHQ FD
WKH XSGDWHG SRVLWLRQ DORQJ WKH IORZ OLQH ZDV NQRZ
JUDGLHQW WHQVRU ZHUH HYDOXDWHG XVLQJ (TV D F
SRO\FU\VWDO SODVWLFLW\ FRGH
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7KH SURSRVHG PRGHO FDQ EH GLUHFWO\ DSSOLHG WR WK
LOOXVWUDWHIBFKQVUDMHFWRU\ OLQH LV DVVXPHG WR EH OF
LWLQ 7KH SRVLWLRQV RI WKH WZR VKHDU SODQHV DQG Wt
LQGLFDWHG ZKHUBQEDUH PRGHO SDUDPHWHA I LZ K GOE\ WK H
JHRPHWU\ RI /&( ]RQH 7KH LPSRVHG YHORFLW\ JUDGLHQW L
HOHPHQW DV LW SURJUHVVHV WKURXJK WKH WKUHH GHIRU
JHRPHWULFDO LQSXW SDUDPHWHUV RI WKH PRGHO ZHUH P
REVHUYHG IORZ OLQHV IRU /LQH DQG /LQH 7KHVWKS$DUDP
LQLWLDO \ FRRUGL QX WHQREQOW RH W & RRZIGWIKQHHH &R QR QIS DUD P H \
UHTXLULQJ DGMDWQUWBPHRQIW K FBWMUHVSRQG WR WKH DQJOHV R
VKHDU SODQHV ZLWK UHVSHFW WR WKH [ D[LVVDEKHHVHOHFW

7TDEOHDWD FRUUHVSRQGLQJ WR IORZ OLQHV 'DWD LQ LWDOLFV DUH SDI

/LQH /LQH

(IWUXVLRQ WPHWG Y

/&( ]JRQH DQJOH f f
/IHQIJWK RI WKH /&( GHIFPBPPDWLRQ |F

BWDUWLQJ \ FRRUGLQDWH RQ WKH

$QJOH EHWZHHQ WKH ILUVW.VKHDU f f
$QJOH EHWZHHQ WKH VHFRQG.VKHL f f
)LUVW VKHDU YDOXH

BHFRQG VKHDU YDOXH

(TXLYDOHQW YRQ OLVHV VWUDLQYV

7RWDO (TXLYDOHQW YRQ OLVHV VW

3RO\FU\VWDO 7TH[WXUH 6LPXODWLRQV
7H[WXUH VLPXODWLRQV ZHUH FDUULHG RXW XVLQJ WKH YL
YHUVLRQ > @ LQ D WXQHG YHUVLRIQQ MK H KIL3BK: D RWFFDXADD
ZDV LQFRUSRUDWHG LQWR WKH LQWHUDFWLRQ HTXDWLRQ
SDUDPHWHU ZHUH H[DPLQHG L GFUXG ZEL KK FHRO UMWSR@G V¥
FODVVLFDO 7D\ORU DVVXPSWLRQ RI XQLIRUP GHIRUPDWLRC
OLPLWLGIUEDVIHV KHUHDIWHU UHIHUUHG WR DV WKH 7D\ORU
$ss | VOLS VIVWHPV ZHUH HPSOR\HG ZLWKeDLWOLBRYLVFR
DVVHVV WKH HIIHFW RI WKH LQLWLDO WH[WXUH WZR GLIIF

UDQGRPO\ GLVWULEXWHG RULHQWDWLRQV DQG
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H[SHULPHQWDOO\ PHDVXUHG LQLWLDO WH[WXUH XVLQJ W
JUDGLHQW GHULYHG IURP WKH QHZ IORZ OLQH PRGHO ZDV
FRPSXWH WKH ODWWLFH URWDWLRQV DQG FRQVHTXHQWO
7DEOZHUH HPSOR\HG WR FDOFXODWH WKH LPSRVHG YHOR
OHDQZKLOH WH[WXUH VLPXODWLRQV ZHUH DOVR SHUIRUPH
ZHOO DV WKH IORZ OLQH PRGHO SURSRVHG LQ 5HI > @ (T
OLQH PRGHO

)LJ SUHVHQWYVY WKH VLPXODWHG WH[WXUHV REWDLQHG X\
DQJXODU H[WUXVLRQ 7KH VLPXODWLRQV ZHUH SHUIRUPHG
ERWK DQ LQLWLDOO\ UDQGRP WH[WXUH DQG DQ LQLWLDO
PHDVXUHPHQWY 7KH LPSRVHG VWUDLQ PRGH ZDV VLPSOH V
ZKLFK LV LQFOLQHG DW f ZLWK UHVSHFW WR )" 7KH DSSC
WR WKH VLPSOH VKHDU GHIRUPDWLRQ DVVXPHG IRU 1(&$%$3 |
VKHDU PRGHO WKH UHVXOWLQJ WH[WXUH UHPDLQV FRQVW
VLPXODWHG WH[WXUH VKRXOG EH FRPSDUHGHDR \ERWR A
GLIIHUHQFHVY EHWZHHQ WKH VLPXODWHG DQG H[SHULPHQV
H[KLELW VLJQLILFDQWO\ GLIIHUHQW RULHQWDWLRQV IURP
WH[WXUHY DUH FRQVLGHUDEO\ ZHDNHU LQ LQWHQVLW\ :KH
VLPXODWLRQ WKH UHVXOWLQJ WH[WXUH FRQWDLQV DQ DG
A7 SROH ILJXUH DV LQGLFDWHG)IEN WK H KEUWVR NHEMNH W LQHDB
SUHVHQW LQ WKH LQLWLDO WH[WXUH ,QGHHG D JUDLQ
SUHGRPLQDQWO\ YLD WKH ULJLG ERG\ URWDWLRQ GXULQJ
UHVXOWLQJ LQ WKH REVHUYHG FLUFOH LQ WKH SROH IL
H[SHULPHQWDO WH[WXUHV FRQILUPV WKDW WKH DJUHHPHQ
8VLQJ WKH LQLWLDO UDQGRP WH[WXUH WKH GLUHFW FRUU
/ILQH DQG /LQH UHVSHFWLYHO\ 1R LPSURYHPHQW ZDV R
WH[WXUH ZDV HPSOR\HG IRU ZKLFK WKH FRUUHODWLRQ LQ
/ILQH ORUHRYHU WKH VLPSOH VKHDU PRGHO DVVXPHV D XQ
DORQJ WKH HQWLUH VKHDU SODQH $V D UHVXOW WKLV D:¢
KHWHURJHQHLW\ LQ GHIRUPDWLRQ DQG WH[WXUH DFURVYV
SHUIRUPHG XVLQJ GLIITHUHQW LQWHUDFWLRQ SDUDPHWHU
OHDG WR DQ\ LPSURYHPHQW LQ WKH WH[WXUH VLPXODWLR
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IDLOHG WR SURSHUO\ UHSURGXFH WKH H[SHULPHQWDO WH]I\
UDWLR
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)LJ  3ROH ILIXUHV RI WKH VLPXODWHG WH[VDX.\QHW XV O QUD\Y IGER R/ WPHB[WHX !

LQLWLDO PHDVXUHG WH[WXUH 7KH FRUUHODWLRQ L QUG[MHW E HWKZH SR O

ILJXUHV LQ IRU ERWK /LQH DQG /LQH  WKHVE B R NRIQWAKXLHQ HQUMHHSUM-HFHADL
)$/(3 FKDQQHOV

)LJ SUHVHQWY WKH WH[WXUH VLPXODWLRQ UHVXOWV IRU
FRQVLGHULQJ WKUHH GLIIHUHQW FDVHV  LZLWWKH D7® \IOQRLUN §
UDQGRP WH[WXUH LL WKH 7D\ORU PRGHO ZLWK WKH LQLYV
WKH VHOI FRQVLVWHQW D$BIURD B ZIQLKWLDO UDQGRP WHI[V
SDUDPHWHUV Rl WKH |0 R 2 EOCLHUHWBIWH \BW HY HOQWWE& H @HV W D
H[SHULPHQWDO WH[WXUH ZDV DFKLHYHG LXWK QUKW K 7' LDR
WH[WXUH ,Q WKLV FDVH DOPRVW DOO PDMRU WH[WXUH F
WH[WXWUHE ZHUH IDLWKIXOO\ UHSURGXFHG LQ WKH VLPXOD
EHWZHHQ VLPXODWHG DQG PHDVXUHG WH[WXUH UHDFKHG |
LQWHUDFWLRQ ISIRPDPMARHUE ZKLFK UHSUHVHQWYV D VLJQL
IURP WKH 7D\ORU XQLIRUP VWUDLQ DVVXPSWLRQ UHVXOW}
,Q IDFW VHYHUDO SUHYLRXV VWXGLHV KDYH UHSRUWHG \
EHFRPH PRUH IDYRUDEOH DW YHU\ ODUJH VWUDLQV > @
ZKLFK DFWV WR HOLPLQDWH KHWHURJHQHLWLHV LQ GHIRU
GLVWULEXWLRQ 'XULQJ VKHDU W\SH VHYHUH SODVWLF GH
VLIQLILFDQW WUDQVIRUPDWLRQ 7KH LQLWLDOO\ FRDUVH J
KLIJKO\ HORQJDWHG DQG IODWWHQHG ZKLOH LQWHQVH IUD
ZLWK PXFK VPDOOHU VL]HV DQG VLJQLILEDQWO\ UHGXF
PLFURVWUXFWXUDO HYROXW LRXNLKLBRHD UD/ON UDLIMQ FOHY HQ V
VWDWH LV DFKLHYHG WKH JUDLQV FDQ EHFRPH QHDUO\ H
PHFKDQLVP LV FRQWLQXRXV G\QDPLF UHFU\VWDOOL]DWLF
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ERXQGDULHYVY DUH SURJUHVVLYHO\ IRUPHG WKURXJK WKH
JHRPHWULFDOO\ QHFHVVDU\ GLVORFDWLRQV *1'V

)L F GLVSOD\V WKH VLPXODWHG WH[WXUH IRU /LQH REWI
GLVFUHWL]HG LQLWLDO WH[WXUH UDWKHU WKDQ D UDQGHTF
FRUUHODWLRQ LQGH[ ZDV ZKLFK LV UHODWLYHO\ KLJK
REWDLQHG ZLWK WKH LQLWLDO UDQGRP WH[WXUH 7KLV UH
WH[WXUH DIWHU )$/(3 SURFHVVLQJ ZDV PHDVXUHG IRU /LQH
(%6 SURYLGHV KLJKO\ ORFDOL]HG PHDVXUHPHQWY WKH LC
RULJLQDWHG IURP RQO\ D OLPLWHG QXPEHU RI LQLWLDO JU
LV TXLWH ODUJH DERXW —P $ VLPSOH JHRPHWULFDO H
JUDLQV QP FDSWXUHG ZLWKLQ WKH (%6' VFDQ DUHD F
FRDUVH JUDLQV ©6XFK D OLPLWHG QXPEHU RI JUDLQV F
PDFURVFRSLF LQLWLDO WH[WXUH RI WKH PDWHULDO 7KLV
WH[WXUH SURGXFHG EHWWHU UHVXOWYV WKDQ WKH DFWXDO
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Y)LJ 3ROH ILIJXUHV RI VLPXODWHG WH[WXUHV RO 7DQOR K P RGH O KZH QK Z q
UDQGRP WEH[@QLDWLIDO UDQGRP WH[WXUH ZLWK VHOI FRQVLVWHQW PRGH
7D\ORU PRGHO ZLWK LQLW ([B50{ PHDNXWBG WH[WXUH RI /LQH

)L VKRzZV WKH WH[WXUH VLPXODWLRQ UHVXOWY IRU /LQF

ZDV DFKLHYHG XVLQJ WKH VHOI FRQVLVWHQW PRGHO .
DQG LQLWLDO RULHQWDWLRQV GLVEUHWL${D® OUVNRIPY VRKHVRH |
OLQH GHIRUPDWULRQ EQI&DFDWHM QVKDW WKH WKUHH VWDJH
SURQRXQFHG IRU /LQH ,Q SDUWLFXODU WKH ILUVW VKHDL
ZKLFK WKH IORZ OLQH EHFDPH FXUYHG DQG JUDGXDOO\ FK
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EHWZHHQ VLPXODWHG DQG H[SHULPHQWDO WH[WXUHV ZDV
VWDJH ZzDV UHODWLYHO\ VFDBOHVHH WKH SDUDPHWHUV LQ

VPSC (1/a = 7)-initial measured
Y
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min =-0.03

)LJ 3ROH ILIXUHV RI VLPXODWBIZ6 & R RGHOH XVRQJI/WXH LQLWLDO PHDV)
LQWHUDFWLRQ SDUOPPRWRBGHO ZLWK LQLWILDO PW PRGUHHG Z\W W KVIXQLHV L |
WH[W&BHPXODWHG WH[WXUH XVLQJ WKH SUHYLRXW IS RZKIH S3BB & DOSSA) R

DW DQ LQWHUDFWLRQ SDUDPHWHUHR[]S HQ B HGM BVQ D/OH P\W B YV K URH G LW

KHQ WKH 7D\ORU PRGHO ZLWK WKH PHDVXUHG LQLWLDO
DJUHHPHQW EHWZHHQ WKH VLPXODWHG DQG HUSHRLPHQWL
7KH FRUUHODWLRQ LQGH[ ZDV IXUWKHU UHGXFHG WR ZK
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ZLWK WKH 7D\IOJRB PRKGHH\OH UHVXOWYVY FDQ EH H[SODLQHG E\ V
RI /LQH ZDV PHDVXUHG XVLQJ ; UD\ &RQVHTXHQWO\ WKH
VLPXODWLRQV LV PRUH VWDWLVWLFDOO\ UHSUHVHQWDWLY
/ILQH ZKHUH WKH WH[WXUH ZDV REWDLQHG E\ (%6' 7KHUH
WH[WXUH UDWKHU WKDQ D UDQGRP WH[WXUH ZDV ZHOO M;

W UHPDLQV WR EH FODULILHG ZK\ WKH 936& PRGHO SURYLC
7D\ORU PRGHO SHUIRUPHG EHWWHU IRU /LQH JLUVW  WE
VXEVWDQWLDOO\ ORZHU WKDQ WKDW IRU /LQH ZLWK HTXL
VHHWEOH$GGLWLRQDOO\ JUDLQ IUDJPHQWDWLRQ ZDV OHV
DYHUDJH JUDLQ VL]H UHPDLQHG DURXQG —P FRPSDUHG
DSSOLFDWLRQ RI WKH 7D\ORU PRGHO ZDV QRW MXVWLILHG
I UDJPHQWDWLRQ 7KHUHIRUH WKH 936& PRGHO ZLWK DQ
GHPRQVWUDWHG D EHWWHU SHUIRUPDQFH IRU /LQH WKDQ
LQFUHDVLQWDWKH UHVXOWY LQ JUHDWHU GHIRUPDWLRQ KH
OHDGLQJ WR VLIJQLILFDQW GHYLDWLRQ IURP WKH XQLIRUP

$V PHQWLRQHG HDUOLHU D FRPSDULVRQ Rl WKH SUHGLFWL
RI WKH SUHYLRXV IORZ OLQH PRGHO FDQ EH PDGH IRU /LQH
SURYLGHVY D UHODWLYHO\ JRRG ILW WR WKHJIH[SHKHPHQW
1(&$3 IORZ OLQH PRGHO DV SUHVHQWHG LQ (T ZDV WK
JUDGLHQW WHQVRU ZDV WKHQ FRQVWUXFWHG DORQJ WKH |
LQ 5HI > @ DQG WKH FRUUHVSRQGLQJ WH[WXUH HYROXWL
8VLQJ WKLV IORZ OLQH DSSURDFK WKH WRWDO HTXLYDOHQ
WR WKH YDOXH SUHGLFWHG E\ WKH SUHVHQW WKUHH VWDJ
FRUUHODWLRQ LQGH[ ZzDV DJDLQ REWDLQHG ZLWK WKH LQL
XVLQJ DQ LQWHUDFWLRQ SDUDPHWHU RI . )LULKBOGLQJ C
'KHQ FRPSDUHG WR WKH EHVW YDOXH REWDLQHG IURP WK
UHVXOWY LQGLFDWH WKDW WKH QHZ IORZ OLQH PRGHO LV
GHVFULELQJ WKH GHIRUPDWLRQ ILHOG IRU /LQH DV ZHOO

,W LV LPSRUWDQW WR KLIJKOLJKW WKH FRQVHTXHQFHV RI \
WKH WRWDO SODVWLF VWUDLQ WKDW FDQ EH DFKLHYHG LQ
LGHDO VLPSOH VKHDU PRGHO WKH YRQ OLVHV HTXLYDOHQ\
SURGXFHG VKHHW +RZHYHU VLPXODWLRQV \LHOGHG VLJQ



$OL $PLQLQHMDG ‘'HIRUPDWLR @ QIGHEUD LTH BW XIUHH PHRIDX W Q RIQAUVFIVRICR QURWHMAMW H G /DW H U D

ILQH DQG /LQH UHVSHFWLYHO\ ZKLFK DUH OHVV WKDQ KL
ZDV EDVHG RQ WKH DFWXDO JHRPHWU\ RI WKH IORZ OLQH
WH[WXUHV WKURXJK SRO\FU\VWDO VLPXODWLRQV DQG ZDV
WKHUHE\ SURYLGLQJ VWURQJ VXSSRUW IRU WKHVH ILQGLQ
PDWHULDO GHYHORSV D KLJKO\ KHWHURJHQHRXV IORZ ILHO
RQO\ WR D SURQRXQFHG VWUDLQ JUDGLHQW DFURVV WKH VI
LQ WKH WRWDO SODVWLF GHIRUPDWLRQ 7KH ORZHU VWUD
FRPSDUHG WR WKRVH SUHGLFWHG E\ WKH VLPSOH VKHDU PF
VLIQLILFDQW GHYLDWLRQV IURP WKH FRPPRQO\ DFFHSWHG
SURFHVVHYV

, W VKRXOG EH QRWHG KRZHYHU WKDW WKLV EHKDYLRU ZD'
LW ZzDV QRW UHSRUWHG LQ SUHYLRXV H[SHULPHQWYV ZKLFl
DW D KLIJKHU H[WUXVLRQ UDWLR RI > @ ,Q WKDW HDUC
FU\WVWDOORJUDSKLF WH[WXUH ZHUH IRXQG WR EH KRPRJHQF
WKH QH[W QHLJKERU GLVRULHQWDWLRQ GLVWULEXWLRQ PD
VLPSOH VKHDU H[SHULPHQW FRQGXFWHG E\ KLJK SUHVVXUH
WKDW D XQLIRUP VLPSOH VKHDU VWDWH FDQ EH DFKLHYHG
D JUDGLHQW VWUXFWXUH IRUPVY DW WKH ORZHU H[WUXVLRC

&RQFOXVLRQV
YORZ OLQH H[SHULPHQWY ZHUH FRQGXFWHG RQ $0 DOO
GLIIHUHQW H[WUXVLRQ UDWLRV 7KH VDPSOH SURFHVVHG C
IXUWKHU DQDO\VLV 7KH PLFURVWUXFWXUH DQG FU\VWD
FKDUDFWHUL]JHG XVLQJ (%6' DQG ;5 DW WZR GLIIHUHQW O
SURGXFHG VKHHW 6LJQLILFDQW GLIIHUHQFHV ZHUH REVHU
WKHVH UHJLRQV LQGLFDWLQJ D KHWHURJHQHRXV GHIRUP
REVHUYDWLRQV D QHZ IORZ OLQH PRGHO ZDV GHYHORSHC
WH[WXUH HYROXWLRQ GXULQJ )$/(3 SURFHVVLQJ 7KH SURSI
RI WKH REVHUYHG IORZ OLQHV LGHQWLI\LQJ WKUHH GLVWL
IROORZHG E\ D OLQHDU FRQYHUJLQJ H[WUXVLRQ /&( VWDJ
FKDQQHO 7KH YHORFLW\ JUDGLHQW IRU WKH /&( VWDJH :
VLPXODWLRQV ZHUH SHUIRUPHG XVLQJ WKH 936& PRGHO W
FRPSDULVRQ RI H{SHULPHQWDO DQG VLPXODWHG WH[WXUH\
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DFFXPXODWHG VWUDLQV ZHUH IRXQG WR EH OHVV WKDQ KL
VKHDU PRGHO RI DQJXODU H[WUXVLRQ ,Q DGGLWLRQ LW :
WH[WXUHV PRUH DFFXUDWHO\ WKDQ WKH 936& DSSURDFK Z
VLIQLILFDQW JUDLQ IUDJPHQWDWLRQ RFFXUUHG 7KH PD
VXPPDUL]HG DV IROORZYV

'XULQJ )$/(3 SURFHVVLQJ RI $0O DW DQ H[WUXVLRQ |
UHILQHPHQW LV REVHUYHG LQ WKH XSSHU UHJLRQ RI W
VXEVWDQWLDOO\ OHVV UHILQHPHQW $GGLWLRQDOO\ V
WKHVH UHJLRQV

7KH PDWHULDO IORZ DORQJ D WUDMHFWRU\ OLQH LV FK
SURFHVV FRQVLVWLQJ RI WZR VLPSOH VKHDU VWDJH
HIWUXVLRQ /&( VWDJH )RU WKLV LQWHUPHGLDWH VW
GHULYHG XVLQJ D WZR GLPHQVLRQDO IOXLG PHFKDQLF

7KH FU\VWDOORJUDSKLF WH[WXUH HYROXWLRQ FDQ EH
SODVWLFLW\ PRGHOLQJ FRPELQHG ZLWK WKH SURSRVE
ORZHU VWUDLQ OHYHOV WKH 936& PRGHO ZLWK DQ LQV
ZKLOH DW VXIILFLHQWO\ ODUJH VWUDLQV WKH XQLIRUF

WKH 7D\ORU PRGHO . \LHOGV EHWWHU DJUHHPHC
8VLQJ WKLV DSSURDFK H[SHULPHQWDO WH[WXUHV ZHU
DQG IRU WKH XSSHU DQG ORZHU UHJLRQV RI WKH V

$ SURQRXQFHG KHWHURJHQHLW\ LQ ERWK VWUDLQ DQG
VKHHW ZLWK VWUDLQ YDOXHV PRUH WKDQ WZR WLPHV
VLPSOH VKHDU PRGHO RI DQJXODU H[WUXVLRQ 7KLV G
LQ )$/(3 FDQ GHYLDWH VLJQLILFDQWO\ IURP DQ LGHD
FRQVLGHUDEO\ PRUH FRPSOH[ WKDQ LQ RWKHU DQJXOI
UHVXOWLQJ VWUDLQ JUDGLHQW LV VWURQJO\ DIIHFWHG
SFUDWLR DQG DSSURDFKHV WKH VLPSOH VKBPU VWDW|
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3DUW 7KHRU\ RI *UDLQ )UDJPHQWDWLRQ DQG *UL

ILWHUDWXUH 5HYLHZ
*UDLQ 5HILQHPHQW LQ 63"

W LV ZLGHO\ DFFHSWHG WKDW WKH SULPDU\ REMHFWLYH

PLFURVWUXFWXUH GRZQ WR WKH XOWUDILQH JUDLQHG 8)*
VWUHQJWK WKURXJK WKH ZHOO NHOBECRYBIO QB HW KV OB Q@ WL
WKH PHFKDQLVPV RI JUDLQ UHILQHPHQW LQ SODVWLF GHIF
GHIRUPDWLRQ RFFXUV WKURXJK G\QDPLF UHFU\WVWDOOL]DW
63' SURFHVVLQJ LW FDQ DOVR RFFXU GXULQJ FRQYHQWLRC
DQG IRUJLQJ 1HYHUWKHOHVV WR REWDLQ 8)* PLFURVWUXF
PDNHV 63' PHWKRGYV WKH PRVW VXLWDEOH FDQGLGDWHV |
JHQHUDOO\ FODVVLILHG LQWR WZR FDWHJRULHV FRQWLQ:
GLVFRQWLQXRXV G\QDPLF UBFURKWPDWLFDWH KRIQHVHHQWDW L
PHFKDQLVPV LYLYKREZG®;LQV WKH GRPLQDQW UHFU\WWDOOL
PDWHULDOV ZLWK KLJK VWDFNLQJ IDXOW HQHUJ\ VXFK D\
GLVORFDWLRQ DQQLKLODWLRQ DQG UHDUUDQJHPHQW FD(
UHDUUDQJHG GLVORFDWLRQV IRUP GLVORFDWLRQ ZDOOV

ZLWKLQ WKH RULJLQDO JUDLQV 7KH GLVRULHQWDWLRQ EHYV
GHIRUPDWLRQ OHDGLQJ WR WKH WUDQVIRUPDWLRQ RI /§
+$*%V &RQVHTXHQWO\ QHZ JUDLQV DUH IRUPHG WKURXJ
RULJLQDO JUDLQV ''5; KRZHYHU LV FRPPRQ LQ ORZ VWDF
DXVWHQLWLF VWDLQOHVV VWHHOV 7KLV PHFKDQLVP LQYH
HTXLD[HG GLVORFDWLRQ IUHH JUDLQV 7KHUHIRUH JUDLQ
"5: SURFHVV > @ ,Q WKLV VWXG\ WKH IRFXV LV SODFHG
ZKLFK FDQ EH UHJDUGHG DV JUDLQ IUDJPHQWDWLRQ 7KHU
JUDLQV DVVRFLDWHG ZLWK "'5; DUH EH\RQG WKH VFRSH RI

&'5; LV SULPDULO\ GULYHQ E\ WKH GHYHORSPHQW RI LQWE
UHVXOW RI GLVORFDWLRQ UHDUUDQJHPHQWR RLVO WHIWUR K
VWDWLVWLFDOO\ VWRUHG GLVORFDWLRQV 66'V DQG JHR
KLOH WKH PXWXDO WUDSSLQJ RI 66'V FDQ OHDG WR WKH IR
ORQJ UDQJH ODWWLFH FXUYDWXUH FDQFHOV RXW SUHY
PLVRULHQWDWLRQ ,Q FRQWUDVW *1'V DFFXPXODWH LQ DC
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QHFHVVDU\ ERXQGDULHV *1%V DFURVV ZKLFK ODUJH PLV
*1'V SOD\ WKH GRPLQDQW UROH LQ JUDLQ UHILQHPHQW GXL
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6XUHVK HW DO > @ LQYHVWLJIDWHG \&KR QHWHFHWP RF UNRK/HV (8
DQG WH[WO&XH RIOOR\ &'5; ZDV LGHQWLILHG DV WKH PDL
UHILQHPHQW 7KH IUDFWLRQ RI +$*%V SURJUHVVLYHO\ LQF
HYLGHQFH IRU WKH RFEXUUKQERR&'&5;/$*%V JUDGK® OO\ W
LWR +$*%V OHDGLQJ WR DQ LQFUHDVH LQ WKH IUDFWLRQ |
DQ RYHUDOO WH[WXUH ZHDNHQLQJ DQG GHYLDWLRQV RI W|
SRVLWLRQV ZHUH UHSRUWHG ZKLFK ZDV DWWULEXWHG W
IUDJPHQWHG JUDLQV GXULQJ &'5; GLIIHUV IURP WKDW RI W
GHYHORSPHQW OHDGLQJ WR D GHFUHDVH LQ WH[WXUH VK
FORXG DURXQG WKH RULJLQDO RULHQWDWLRQ LQ (XOHU V¢
RI /$*%V LQFUHDVHV GXULQJ WKH HDUO\ VWDJHV RI GHIR
LQWUDJUDQXODU PLVRULHQWDWLRQV DVVRFLDWHG ZLWK G
WKH KLJKHVW IUDFWLRQ RI /$*%V ZDV UHSRUWHG IRU WKH
ZDV QRW GLVFXVVHG LQ WKDW ZRUN LW FDQ OLNHO\ EH D
WKH PDWHULDO 7KH DXWKRUV VWDWHG WKDW WKH VWDUW
DQQHDOLQJ WUHDWPHQW EHIRUH (&%$3 SURFHVVLQJ ZDV UF
GLVWULEXWLRQ RI WKH LQLWLDO VDPSOH H[KLELWHG SUR
LQGLFDWLQJ WKH SUHVHQFH RI D ZHOO GHYHORSHG VXEJL
DVVXPH WKDW WKH UROOLQJ SURFHVV LQWURGXFHG D KLJI
VXEJUDLQ ERXQGDULHV WKURXJK UHFRYHU\ UHVXOWLQJ LG
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'XULQJ VXEVHTXHQW (&%$3 SURFHVVLQJ PDQ\ RI WKHVH /%
+$*%V WKURXJK FRQWLQXRXV G\QDPLF UHFU\VWDOOL]DWLR
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)L *UDLQ ERXQGDU\ FKDUDFWHU GLVWULEXWLRXPESFOHWEH@QLWLD

W LV ZHOO NQRZQ WKDW JUDLQ UHILQHPHQW GXULQJ 63" S
VWUDLQV LQ ZKLFK IXUWKHU UHILQHPHQW LV QRW DSSOLF
VWDWH UHJLPH DW DPELHQW WHPSHUDWXUH ZDV UHSRUWH
W LV EHOLHYHG WKDW D G\QDPLF HTXLOLEULXP EHWZHHQ
HVWDEOLVKHG DW WKLV VWDJH SUHYHQWLQJ D IXUWKHU
PHFKDQLVPV KDYH EHHQ SURSRVHG IRU JUDLQ FRDUVHQLQ.
XQGHU GHEDWH 2Q WKH RQH KDQG D PHFKDQLFDOO\ RU
VXJIJHVWHG DV WKH SULPDU\ JUDLQ JURZWK PHFKDQLVP LQ
RWKHU KDQG VRPH VWXGLHV UHSRUWHG WKDW JUDLQ FRE
SOD\V D NH\ UROH LQ JUDLQ FRDUVHQLQJ GXULQJ WKH SOD
> @ $W ORZHU WHPSHUDWXUHV VKHDU FRXSOHG JUDL
ERXQGDU\ PRWLRQ PHFKDQLVP LV SODXVLEOH ZLWK ERXC
DWRPLF SODQHV GLVFRQQHFWLRQV SHUSHQGLFXODU WR \
FRDOHVFHQFH LV IXQGDPHQWDOO\ D GLIIHUHQW PHFKDQLYV
JUDLQV WRZDUG WKH VDPH RULHQWDWLRQ DQG H[FOXGLQJ
H[FKDQJHV 2QFH D JUDLQ JURZV DERYH WKH OLPLWLQJ VL]t
LW FDQ EH VXEGLYLGHG YLD &'5; UHVXOWLQJ LQ D VWDELO

,QVLWX WUDQVPLVVLRQ M{OHR®VHRW®YY BPWHRRWFRDEOH WKH
FRDUVHQLQJ PHFKDQLVPV LQ XOWUDILQH)DIQGVRRBODWR DQOQDLC
HISHULPHQWDO H[DPSOH RI JUDLQ JURZWK YLD JUDLQ ERXQ
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RI XOWUDILQH JUDLQHG $0 DW URRP WHPSHUDWXUH 'XULC
DEVRUEHG E\ LWV QHLJKERULQJ JUDLQV JUDLQ DQG JU
GHIRUPDWLRQ

150nm 150nm Overlaid

)LJ D %ULJKW ILHOG LPDJH SULRU WR LQGHQWDWORR + GDVUSIOD\LQJ W

ILHOG LPDJHV RI JUDLQ JUDLQ DQG JUDILQULEKW LLHH Q@ Q AHPQWID \U L\

LQGHQWDWBRQUN ILHOG LPDJHV Rl JUDLQ DQG JUDIKQ2Y BUWBUY RQGHQ

GDUN ILHOGDP® JIHVOXVWUDWLQJ WKDW JUDLQ SUHVHQW EHIRUH LQ¢
DGMDFHQW JUDLQV > @

$ FDVH Rl JUDLQ FRDUVHQLQJ WKURXJK JUDLQ URWDWLR
DOXPLQXP ILOP GXULQJ LQ VLWX 7(0WHQ¥XUQB JWGHNI\RU® D WV
JUDLQV $ DQG % PHUJH DQG IRUP D ODUJHU JUDLQ 7KH LG
GDUN ILHOG LPDJHV FRQILUPV WKDW WKH\ KDYH QHDUO\ W
PHUJLQJ GXULQJ LQ VLWX REVHUYDWLRQ SURYLGHV FOHDU
E\ JUDLQ FRDOHVFHQFH

ORVW VWXGLHV KDYH H[DPLQHG G\QDPLF JUDLQ FRDUVHQL
VWDJH RI GHIRUPDWLRQ ZKLOH WKH SRVVLELOLW\ RI JU
GHIRUPDWLRQ UHPDLQV SRRUO\ XQGHUVWRRG 7KHUHIRUH
LV WR GHYHORS D JHQHUDO WKHRU\ WKDW H[SODLQV WKH
FRDUVHQDRURDYGHU UDQJH RI JUDLQ VL]HYV
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)L *UDLQ JURZWK E\ URWDWLRQ LQGXFHIBW RIEOHWFHQFH RM DGMDFHC
H V DIQWGNHWFK RI WKH JUDLQ WWIRSSH @YROXWLRQ IURP

$ GHHSHU XQGHUVWDQGLQJ RI JUDLQ UHILQHPHQW LQ 63
LQWHUUHODWLRQ EHWZHHQ WKH WH[WXUH DQG &'5; 1D
PLFEURVWUXFWXUH DQG WH[WXUH HYROXWLRQ RI FRPPHUFI
XVLQJ ' (%6' WHFEKQUKREY WKH JUDLQ VL]H GLVWULEXWLR
RULHQWDWQRQM PDWHQW VWUDLQ RI *UDLQ IUDJPHQWDWL
IRU JUDLQV LQ WKH YLFLQLW\ Rl LGHDO SRVLWLRQV 7KXV
IXUWKHU DQG KDG VPDOOHU JUDLQ VL]HV WKDQ JUDLQV ZL
H[SODLQHG E\ WKH GLIIHUHQFH LQ ODWWLFH URWDWLRQ EH
RI LGHDO RULHQWDWLRQV SUHYHQWHG PLVRULHQWDWLRQ C
IUDJPHQWDWLRQ SURFHVV ZDV GHOD\HG
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)L *UDLQ VL]H GLVWULEXWLRQ DW D VWUDLQ RI RXVHQW DWAMRWMN LOU
YLFLQLW\ RI LGHDO ILEHUVY KDYH D ODUJHU DYHUDJH JUD

.KDOIDOODK HW DO > @ UHSRUWHG JUDLQ FRDUVHQLQJ
SURFHVVHG $0O DQG DWWULEXWHG WKLV HIIHFW WR VKF
WKLV PHFKDQLVP DORQH FDQQRW H[SODLQ WKH REVHUYHG
VKHDU FRPSRQHQWYV DW)WXK LMQGH FDUWPHDWWR QW WRPHH ODUJH
ZLWK D GLVWLQFW PRUSKRORJ\ DW WKH LGHDO VKHDU SRV
FRDOHVFHQFH UDWKHU WKDQ PLJUDWLRQ GULYHQ JURZWK
DQG %UDVV FRPSRQHQWY ZKLFK DUH GHEDWDEOH VLQFH W
VKHDU WKH IRUPDWLRQ RI ODUJHU JUDLQ VL]HV ZLWK WKH
WKH UHVXOWYV RI WKH SRAHLRXYV  WKHWHXGDUEUIH@ JUDLQV ZL\
RULHQWDWLRQ FDQQRW EH DWWULEXWHG WR D GHOD\ L
PLFURVWUXFWXUH KDG DOUHDG\ EHHQ DFKLHYHG LQ WKH
LQGLFDWHV WKH RFFXUUHQFH RI G\QDPLF JUDLQ FRDUVHC(
HYROXWLRQ DQG FDQ EH GHVFULEHG DV WH[WXUH GULYHQ .
Rl WKLV PHFKDQLVP ZLOO EH GLVFXVVHG LQ WKH IROORZLC
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B/B G A/A Goss Brass

)LJ D,QYHUVH SROH ILEXUBL@RWPIHQWDWLRQ WJUIPDG RUEHPWD WQRQ
Rl VHOHFWHG UHJLRQ IURPP GLVRA[DFTSOURFH/RVHRQ DW KWH VKDSHV DQG
GLIIHUHQW JUDLQ #R @D s ¥W\'SHWW LIQG %UDVV RULHQWHG JUDLC

ORGHOLQJ RI *UDLQ )UDJPHQWDWLRQ

6R IDU WKH PDMRULW\ RI VWXGLHV RQ &'5; DQG JUDLQ IUD
REVHUY DWQWRPL WAHKG DWWHPSWYV KDYH EHHQ PDGH WR HVWI
FDQ FDSWXUH WKH HVVHQWLDO IHDWXUHV RI &'5; *RXUG
SK\WLFDOO\ EDVHG &'5; PRGHO LQ ZKLFK JUDLQ IUDJPHQW
LQFUHDVH RI VXEJUDLQ PLVRULHQWDWERLY BEGBRKMHGUNVWEE
ERXQGDULHV DUH UHFODVVLILHG DV +$*%V DQG WKH FRUL
QHZ JUDLQV +RZHYHU WKLV DSSURDFK GRHV QRW DFFRXQ\
ZKHQ LGHQWLI\LQJ JUDLQV 7KH FU\WVWDOORJUDSKLF WH[W
JHRPHWULFDO GHWDLOV RI JUDLQ WRSRORJ\ DQG WKH ORFC
RI WKLV PRGHO IRU LGHQWLI\LQJ JUDLQ FRDOHVFHQFH

JU\GU\FK HW DO > @ SURSRVHG D WKUHH VFDOH FU\VWD
(&$3 RI )&& DOOR\V ,Q WKLV DSSURDFK WKH SRO\FU\VWDC
JubLQv UHIHUUHG WR DV PHWDJUDLQYVY 7KHQ PHWDJUDLC
LQLWLDO RULHQWDWLRQVY DUH VOLJKWO\ GLVWRUWHG ZLW
7D\ORU DQG WKUHH YDULDQWY RI WKH 936& PRGHOV VHFDC(
SRO\FU\VWDOOLQH DJJUHJDWH VXEMHFWHG WR PXOWLSOH
FDUULHG RXW LQ WZR VWHSV ILUVW WKH PHWDJUDLQ SRC
WKH VXEJUDLQ PHWDJUDLQ WUDQVLWLRQ ZLWKLQ HDFK P
VXEJUDLQV ZHUH FRPSXWHG ZLWK UHVSHFW WR WKH PHDQ
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, W VKRXOG EH QRWHG KRZHYHU WKDW WKH PRGHO GRHV Q
SUHGHILQHG QXPEHUV RI JUDLQYV DQG VXEJUDLQV UHPDLQ
DFWXDOO\ IRFXVHV RQ WKH FDOFXODWLRQ RI WKH PLVRULI
PHWDJUDLQ UDWKHU WKDQ RQ WKH DFWXDO UHILQHPHQW |
I[URP WKH UHVXOWYV RI WKLV VWXG\ LV WEDDM QU/DJ2PW® VDDIWL
QXPEHU RI VLPXOWDQHRXVO\ DFWLYH VOLS VI\VWHPV ,Q VX
VXEJUDLQV UDSLGO\ LQFUHDVHV EHFDXVH GLIIHUHQW VHYV
VXEJUDLQV

,Q D ODWHU VWXG\ > @ WKH DXWKRUV HPSOR\HG D IX0O |
&3)(0 WR VLPXODWH JUDLQ UHILQHPHQW GXULQJ D VLQJOF}
GHIRUPDWLRQ JHQHUDWHG E\ WKH GLH JHRPHWU\ DQG ERXC
HQDEOHG WKH GHYHORSPHQW RI ORFDO PLVRULHQWDWLRQ
WKH SRWHQWLDO RFEFXUUHQFH RI JUDLQ FRDOHVFHQFH ZD\
&3)(0 VLPXODWLRQV DUH FRPSXWDWLRQDOOW RHYN QOLLYIH ¢
GHIRUPDWLRQ OHYHOV

7KH FHOOXODU DXWRPDWRQ &$ PHWKRG KDV DOVR EHH
UHFU\WWDOOL]DWLRQ > @ +RZHYHU PRVW &$ EDVHG )
WKDQ &'5; > @ $]DUEDUPDV HW DO > &3 IDPHRZRWG DV R\
VLPXODWH &'5: +RZHYHU WKH NH\ FKDUDFWHULVWLF R
WUDQVIRUPDWLRQ RI /$*%V LQWR +$*%V ZDV QRW LQFOXC
JHQHUDWHG WKURXJK QXFOHDWLRQ FRUUHVSRQGLQJ WR D
&'5; DQG RQO\ JUDLQ ERXQGDU\ PLJUDWLRQ DQG KHWH
ERXQGDULHV ZHUH UHVWULFWHG )XUWKHUPRUH WKH
SKHQRPHQRORJLFDOO\ DQG WKH LQIOXHQFH RI WKH LQLWL
DFFRXQW 6LPLODUO\ LQ DQRWKHU VWXG\ > @ RQ WKH W
PRGHO RI JUDLQ UHILQHPHQW GXULQJ 63' WKH JUDLQ UHIL
DQG SURSDJDWLRQ RI QHZ JUDLQV UHVIHWRGHD G®LG5Q RA
LQFRUSRUDWH WKH ODWWLFH URWDWLRQ DQG VXEJUDLQ U
SURJUHVVLYH FRQYHUVLRQ RI ORZ DQJOH WR KLJK DQJOH
WKH PRGHO FRXOG QRW FDSWXUH WKH XQGHUO\LQJ SK\\V
LOQWUDJUDQXODU PLVRULHQWDWLRQ GHYHORSPHQW DQG R
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$ ZHOO UHFRJQL]HG JUDLQ IUDJPHQWDWLRQ PRGHO ZDV SU|
PRGHO JUDLQ IUDJPHQWDWLRQ LV DWWULEXWHG WR WKH
GXULQJ SODVWLF GHIRUPDWLRQ 7KH FRUH LGHD RI WKLYV
ERXQGDULHVELWKHWDQGHGI HIIHFW RI QHLJKERULQJ JUDL
URWDWLRQ RI WKH FHQWHU UHJLRQ RI WKH JUDLQ ZKLFK
ZKLOH WKH ODWWLFH URWDWLRQ RI WKH RXWHU UHJLRQV L
JUDLQ ERXQGDULHV $V D UHVXOW PLVRULHQWDWLRQ EHW,
LQFUHDVHY DQG QHZ JUDLQ ERXQGDULHYV FDQ EH IRUPHG |
,QWKH QXPHULFDO VRIWZDUH RI WKLY PRGHO WKH JUDLQ V
EHWZHHQ WKH JUDLQ ERXQGDU\ ]JRQH DQG WKH PLGGOH ]RC
FXEH FRQVWLWXWHG RI VPDOOHU FXEHV Rl WKH VDPH
VFKHPDWLEDOO\ LQ
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)LI $ FXEH VKDSHG JUDLQ LV VXEGLYLGHG LIQ\RRLH@WHDMDRQ\D[ZY WK G
HDFK VXEJUDLQ $GGLWLRQDOO\ QH[W OHYHO \WRXEGLNRVQRQ VWEWZBL
> @

,Q WKLV FRQILIXUDWLRQ WKHUH LV RQO\ RQH HOHPHQW
PLVRULHQWDWLRQ 7KHUH DUH VL[ HOHPHQWY RQ WKH IDFF
RQ WKH HGJHV ZLWK WZR JUDLQ ERXQGDULHYV DQG HLJKW
ERXQGDULHV 7KH PDLQ SDUDPHWHU RI WKLV PRGHO LV W
ZKLFK FRQWUROV WKH GHJUHH Rl ODWWLFH URWDWLRQ UF
UDQJHV IURP WR 7KH PD[LPXP YDOXH OHDGV WR WK
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JUDLQ ERXQGDULHYV SURPRWLQJ WKH GHYHORSPHQW RI O
SDUDPHWHU ZDV SURSRVHG WR EH

7KH UHVXOWDQW ODWWLFH URWDWLRQ UDWH RI D VXEJUDL
UDWH RI WKH SDUHQW JUDLQ LL WKH QXPEHU RI JUDLC
FRHIILFLHQW DQG LY WKH DQJOH EHWZHHQ WKH ODWWL
ERXQGDU\ QRUPDO 7KH PRGHO LV DGDSWHG IRU WKUHH KL
WKH SDUHQW FXEH FDQ EH WXEGNVYR G HBGXID@DWRR O ¥PHD 0,Q W K
QXPEHU RI VXEJUDLQV VPDOOHVW FXEHV LQ DQQFH WKBO
RULHQWDWLRQ GLIIHUHQFH EHWZHHQ D VXEJUDLQ DQG LWV
YDOXHQ WKLY PRGHO WKH VXEJUDLQ LV WUHDWHG DV D Q}
L\DSSOLHG WR WKDW 1RWH WKDW ZKHQ WKH FULWLFDO PLV
EH LQGHSHQGHQW RI WKH SDUHQW JUDLQ DQG FU\VWDO SC
URWDWLRQ UDWH DQG VWUDLQ KDUGHQLQJ VKRXOG EH F
LQFUHPHQW

$Q LQGLUHFW LQWHUSUHWDWLRQ Rl WKLV PRGHO LV WKD\
RULHQWDWLRQV QR IUDJPHQWDWLRQ FDQ RFFXU 7KH
IUDJPHQWDWLRQ LQ WKLV PRGHO LV DVVXPHG WR EH REWDL
WKH PLGGOH DQG RXWHU SDUWV Rl WKH JUDLQ 2EYLRXVO\
PLVRULHQWDWLRQ LQVLGH WKH JUDLQ 7KXV JUDLQ IUD.
RULHQWDWLRQV

&RPSDUHG WR RWKHU &'5; PRGHOLQJ DSSURDFKHV WKLV Pl
JLUYWMRPHWULFDO FRQILIXUDWLRQ HQDEOHV WKH LGHQ\
QHLJKERUKRRG UHODWLRQVKLSY 6HFRQG WKH IUDFWDO
PRGHWK\VLEDOO\ PHDQLQJIXO DV &'5; GXULQJ SODVWLF GF
OHYHO E\ OHYHO IURP WKH LQLWLDO FRDUVH JUDLQ VWDJ
XQLTXH IHDWXUH RI WKLV PRGHO LV WKH LQWUDJUDQXODU
E\ QRQ XQLIRUP ODWWLFH URWDWLRQ UDWH $V GLVFXVVHC
RI RULHQWDWLRQ JUDGLHIQGEV &KW KU B DUWDLGU\H P HROMD RRA *:
SURJUHVVLYH WUDQVIRUPDWLRQ RI ORZ DQJOH WR KLJK DQ
WH[WXUH HYROXWLRQ > @ 7KLV PRGHO VXFFHVVIXO0O
LQWHUQDO PLVRULHQWDWLRQ GHYHORSPHQW LQ &'5; DQG
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PHFKDQLFDO DVSHFWV RI ODUJH SODVWLF GHIRUPDWLRQ
GLVWULEXWLRQV WH[WXUH HYROXWLRQ DQG VWUDLQ KDU

7TKH WKHRUHWLFDO IRXQGDWLRQ RI JUDLQ IUDJPHQWDWLRC
JHRPHWULFDO FRQILIXUDWLRQ RI WKLY PRGHO LV SK\VLFD
OLQN EHWZHHQ FU\WVWDO SODVWLFLW\ DQG PLEVRGHOXFW X
KDV EHHQ LPSURYHG E\ LOQOFRUSRUDWLQJ ' DQG ' IORRG
GHWHFWLRQ DFFRXQWLQJ IRU QHLJKERUKRRG UHODWLR
LPSURYHPHQW HQDEOHV D TXDQWLWDWLYH HYDOXDWLRQ
FRDOHVFHQFH GXULQJ ODUJH SODVWLF GHIRUPDWLRQ 7KH
GHWDLOV RI WKH PRGLILHG JUDLQ UHILQHPHQW PRGHO DUF

*UDLQ &RDOHVFHQFH

7R GDWH PRVW VWXGLHV KDYH FRQVLGHUHG JUDLQ UHILQ
IUDJPHQWDWLRQ RFFXUV SURJUHVVLYHO\ GXULQJ VWUDLQ
JUDLQ VL]H *UDLQ UHILQHPHQW KRZHYHU FDQ UHVXOW
PHFKDQLVPV JUDLQ IUDJPHQWDWLRQ DQG JUDLQ FRDOHYV
WH[WXUH HYROXWLRQ $V PHQWLRQHG HDUOLHU WKH SRVV
FRQVLGHUHG RQO\ DW WKH VWHDG\ VWDWH VWDJH ZKHUHTE
KDYH DGGWRFFNXGBUHQFH GXULQJ RQJRLQJ SODVWLF GHIRL
VDWXUDWLRQ UHJLPH > @

7KH HIIHFW RI WH[WXUH HYROXWLRQ RQ JUDLQ FRDOHVFHQ
5HI > )@ VKRZV WKH PLFURVWUXFWXUHV EHIRUH DQG DI\
SDVVHV WKBR&YX ®LH WKH DYHUDJH JUDLQ VL]H LQFUHDVF
WR —P LQ DUHD IUDFWLRQ 3RO\FU\VWDO VLPXODWLRC
LQLWLDO VDPSOH LQFOXGLQJ JUDLQ VL]HV JUDLQ RULHQ\
VLPXODWLRQV UHSURGXFHG WKH RFFXUUHQFH RI JUDLQ F
HIWHQW RI FRDOHVFHQFH ZDV VPDOOHU WKDQ WKDW RE
VLPXODWLRQV ZHUH SHUIRUPHG LQ ' ZKHUHDV FRDOHVFH
LQFUHDVH LQ DOO WHKUMWXGLPHQULRQRMRDQHWRHQFH ZDV D
HYROXWLRQ LQ ZKLFK DGMDFHQW JUDLQV URWDWHG WRZD
GLVRULHQWDWLRQ EHWZHHQ WKHVH JUDLQV FRQWLQXRX
WUDQVLRWRP HIZ%Y WKHUHE\ IRUPLQJ D VLQJOH ODUJHU JUD
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)LJ ,QYHUVH SROH IDDXUHFRADBSNGRORZ FDR)ER Q DMVHHSG (t&RQIRUPHG O
FDUERQ VWHHO *UDLQ ERXQGDULH¥DAIW & HSLVFRUH.GI W B WD R \O D@QKN H
GLVSOD\V WKH SODQH QRUPDO 7' LQ WKH FB\WQONILG W HH G H\QIF$S Y\D/WLH,

ERXQGDULHV WIRFH WIKHHA/KMHHW (&$3 SURFHVVLQJ PDFKLQH LV DO\

=KDQJ DQG 7RWK > @ LQYHVWLIJDWHG WKH WH[WXUH LQG
WKUHH GLPHQVLRQDO SRO\FU\VWDO VLPXODWLRQV 7KUHH
ILUVW JHQHUDWHG ZLWK D FHOOXODU DXWRPDWRQ DSSUR
VLPSOH VKHDU XS WR D VKHDU VWUDLQ Rl XVLQJ WKH 7D\
WH[WXUHV ZHUH H[DPLQHG UDQGRP FXEH W\SH DQG V¥
UHPDUNDEOH FRDOHVFIPGBHR[RORAWHH OUDFWREQWKH LQLWLD (
IRU WKH UDQGRP WH[WXUH DQG IRU WKH FXEH W\SH WH]
FRDOHVFHQFH SOD\V D VLJQLILFDQW UROH LQ PLFURVWUXF
VWXG\LQJ JUDLQJIJUHIOONNWQWWHY WKH PRUSKRORJLFDO IH
JUDLQV DW D VKHDU VWUDLQ RI 7KH FRORU FRGH LV EDV
QXPEHU Rl FRDOHVFHG JUDLQV LQFUHDVHV WKH UHVXOWL
FRPSOH[ ,Q (%6' PHDVXUHPHQW RQO\ ' VHFWLRQV RI VXF
IHYHUWKHOHVYV WKHVH SDUWLFXODU PRUSKRORJLHV RI F
(%6' PDSV DV VKRZQ LQ WKH QH[W VHFWLRQ
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, W VKRXOG EH QRWHG WKDW WKH FHOOXODU DXWRPDWRQ F
HPSOR\HG LQ 5HI > @ GLG QRW DFFRXQW IRU JUDLQ I1UDJ
WKH VLPXODWLRQV FRXOG UHPDLQ FRQVWDQW RU LQFUHD
EHORZ WKH LQLWLDO JUDLQ VL]H ZDV QRW SRVVLEOH 1HY!
ZDV WR DGGUHVV WKH VLIJQLILFDQFH RI JUDLQ FRDOHVFHC
VXFFHVVIXOO\ DFKLHYHG

CG Num. 2 CG Num.3 CG Num. 4

CG Num. § CG Num. 6 CG Num. 7

CG Num. 8

J)LI 7\SLFDO PRUSKRORJLHV IRU JUDLQ FRDO ®POMHQRRH LOME XOF Y IGHIDUD V @/
FKDQJH LV QRW GLVSOD\HG WKH JUDLQV DUHJHHBW M\RH®Y WH G XIOH W LI
1XP LQGLFDWHYV WKH QXPEHU RI FRDOHVFLQJ LQLWLDO J

7KH XVH RI WKH WHUP 3JUDLQ FRDUVHQLQJ  LQ WKH PHQWL
RI' "'5; FRDUVHQLQJ W\SLFDOO\ UHIHUV WR JUDLQ JURZWK
FRQWUDVW ERXQGDU\ PLJUDWLRQ LV QRW WKH JRYHUQ
FRDOHVFHQFH PHFKDQLVP LV JRYHUQHG E\ WKH FRQYHUJHC
RULHQWDWLRQV ZKHUH GLVRULHQWDWLRQ EHWZHHQ DGM
RULHQWDWLRQ JUDGXDOO\ GHFUHDVHV 2QFH WKH GLVRULI
FULWLFDO GHWHFWLRQ WKUHVKROG LQ WKH H[SHULPHQWD (
DQG D ObDUJHU JubLQ LV GHWHFWHG 7KHUHIRUH LQ WKH
DGRSWHG WR DGGUHVYV WKLV PHFKDQLVP
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([SHULPHQWDO 3URFHGXUHY DQG 5HVXOWYV

)$/(3 Rl &RSSHU 6DPSOH
$ FRPPHUFLDOO\ SXUH FRSSHU VDPSOH ZDV SURFHVVHG
WHPSHUDWXUH XVLQJ WKH )$/(3 PDEKLQH DW WKH /(0 ODEF
VTXDUH ELOOHW ZLWK D FURVRHVHBWUR® ®E H[LW PFRDQQH(
WKH )$/(3 GLH ZHUH PP DQG PP UHVSHFWLYHO\ FRUU|

OLFURVWUXFWXUDO DQG FU\WWDOORJUDSKLF WH[WXUH
-(2/ -60 ) ILHOG HPLVVLRQ JXQ VFDQQLQJ HOHFWURQ Pl
ZHUH FRQGXFWHG RQ W K'H SICCD/DHHU D DIQBXIWIDHDHE D)O\]HG XV L Q
$7(; VRIWZDUOKH>V@®HS VL]H ZDV VHW WR QP WR HQVXUH D
VWUXFWXUHV DQG D PLQLPXFE 6WYR b IOH R G/ND DVALHRE@WD LI [GIHD R |
WKUHVKROG IRU JUDLQ ERXQGDU\ GHWHFWLRQ

OLFURVWUXFWXUH DQG 7H[WXUH RI &X )$/(3 6DPSOH
)L D SUHVHQWY WKH (%6' RIXDE/Q3VLDH PO RIQWHKH FK WKH F
EDVHG RQ WKH JUDLQ VL]H 7KH DUHDPZHIREWHBLDRY HUDD W |
PLFURVWUXFWXUH ZDV VXFFHVVIXOO\ SURGXFHG +RZHYHU
QRQ XQLIRUP DQG ELPRGDO FKDUDFWHUL]JHG E\ VHYHUDO |
PDWUL[ RI ZHOO UHILQHG XOWUDILQH JUDLQV 7KH SUHVHC
PLFURVWUXFWXUMW KB W\WRNGY YIWIKWME VWDJH DW WKH DSSO

7KH DUHD IUDFWLRQ JUDUIUQEVL]JGIGGEDWUHNVEWWDRQWKH PDMF
UHILQHG WR VL]HV EHORZ P DV HYLGHQFHG E\ VHYHUD(
OHDQZKLOH GLVWLQFW SHDNV FRUUHVSRQGLQJ WR ODUJH
+RZHYHU WKHLU DUHD IUDFWLRQV DUH VLJQLILFDQWO\ OR
SRSXODWLRQ 7KLV FRQILUPV WKH ELPRGDO QDWXUH RI WK
Rl ODUJHU JUDLQV FRH[LVW ZLWK D GRPLQDQW IUDFWLRQ F
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1] 0.5 1 15 2 5 3 5 4 4.5
Grain size (pm)

JLJ D7KH PLFURVWWXNURBABHRDWKHJ WKH )$/(3 SURFHVV ZLWK DQ HI[V
FRORULQJ LV EDVHG RQ@QKWKHRUWMHMS RQEHMJI DUHD IUDFWLRQ JUDLQ VL]
JP

)LJ D SUHVHQWYV WKH 2') VHFWLRQV Rl WKH PHDVIXUHG WH]|
£DQG&E 7KH ORFDWLRQV Rl WKH LGHDO VKHDU WH[WXUH FF
VHFWEZR®WY.GHDO RULHQWDWLRQV ZHUH FDOFXODWHG EDV#
SRVLWLRQ RI WKH VKHDU SODQH KRZHYHU ZDV GHWHUPLC
WKH PHDVXUHG WH[WXUH ,Q WKLV FDVH WKH PD[LPXP YRC(
ZDV FRQVLGHUHG ZKLFK ZDV REWDLQHGEDKZDQ WIRK WKHD [
D[LV $IWHU WKH )$/(3 SURFHVV D W\SLFDO VKHDU WH[WX
VKRZLQJ WKH KLJKHVW LQWHQVLW\ IROORZHG E\ WKH % DQ
URWDWHG DORQJ WKH BRWBWHBNERQBH. QLBHKWH DSSHDUDQFH
ILEHIWW E VKRZV WKH QH[W QHLJKERU GLVRULHQWDWLRQ Gl
7KH UDQGRP ODFNHQJLH GLVWULEXWLRQ LV DOVR SUHVHQW
GLVWULEXWLRQ RI WKH &X )$/(3 VDPSOH GHYLDWHV IURP
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GHYHORSPHQWRARIJ VKHDU WH[WXUH 7ZR GLVRULHQWDWLRQ
DUH REVHUYHOQEHIEHRAYKIH KLIJIK GLVRULHQWDWLRQ DQJOHYV
ORFDWHG DW GLITHUHQW LGHDO SRVLWLRQV DV WKH LGHDC
LQ (XOHU VSDFH 7KH KLJK ITUHTXHQF\ RI ORZHU GLVRULI
QHLIJKERULQJ JUDLQV ZLWK WKH VDPH LGHDO RULHQWDWLR
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)LJ DT £DQ@&2') VHFWLRQV Rl WKH PHDVXUHG WH[WXUH RI WKH &X \
7KH VIPEROV FRUUHVSRQG WR WKH LG HDE7RH LAFHRUNBIW BR QG LRQ J) &I WK H
GLVRULHQWDWLRQ GL/WHKHEXWQGRP BDFNVHHLH GLVWULEXWLRQ LV VK

7R H[DPLQH WKH UHODWLRQVKLS EHWZHHQ JUDLQ VL]H DQG
KDV EHHQ SDUWLWLRQHG LQWR WZR JURXSV EDVHG RQ WK
*UDLQV DERYH P DUH LQ WK HDO DAXKIHWHJIUWDR IQYVIPBRER Z

LQ WKH VPDOO)IUDA QKNHIER®EN UHJLRQV LQ WKH SDUWLWL
ILOWHUHG 7KH ODUJHU JUDLQV H[KLELW DQ LUUHJXODU P
VWLENLQJ VRPH XQSDLUHG IUDJPHQWYV %\ FRPSDULQJ WKH
WKH ' VLPXODWLRQ WHKWX\CDWPW LBDWXUHYV DUH REVHUYHG V
JUDLQV PD\ UHVXOW IURP WKH FRDOHVFHQFH RI VRPH DO
FRDOHVFHG JUDLQV LQ WKH VLPXODWLRQ ZHUH SUHVHQWH
FRUUHVSRQGLQJ WR WKH VKHDU GHIRUPDWLRQ ZDV QRW
QHFHVVDU\ VKDSH FKDQJH RI WKH JUDLQ FOXVWHUV DIWH!
EHWZHHQ WKH VLPXODWHG FRDOHVFHG JUDLQV DQG WKH
KLIJKHU DV )VKREQ7K® VPDOO JUDLQV H[KLELW D QHDUO\

PRUSKRORJ\ 7KH KRPRJHQHLW\ DQG ODFN Rl HORQJDWHG

JUDLQV DUH DOUHDG\ ZLWKLQ RU YHU\ FORVH WR WKH VW
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)LJ 7KH PLFURVWUXFWXUH R IDWKHJ &XU)B/N B VOWY IR IGCPWN DUHDV DUH
ILOWHUHG 7KH JUDLQV DUH FRORUHK7 RHARPRUIPXIODIWHRE \WR B QH\DRKGVLUH
DIWHU LPSRVLQJ WKH FRUUHVSRQGLQJ VKDSH FKDQJH RI V

)LJ VKRZV WKH 2'PWHFWRAGEMRU ODUJHU DQG VPDOO JUDI
FRPSDULQJ WKH WH[WXUH RI ODUJHU DQG VPDOO JUDLQV
/DUJHU JUDLQV DUH DOPRVW DOZD\V LQ WKH YLFLQLW\ RI V
DUH VSUHDG RXW LQ D ZLGHU UDQJH RI RULHQWDWLRQ VS
LGHDO RULHQWDWLRQ SRVLWLRQV 7KLV WUHQG DOLJQV Zl
DW LGHDO RULHQWDWLRQV ZHUH OHVV IUDJPHQWHG WKDQ
PD[LPXP WH[WXUH LQWHQVLW\ IRU ODUJHU JUDLQV LV DUR
VPDOO JUDLQV 7KLV LV DOVR EHFDXVH WKH ODUJHU J
EXW WKH VPDOO JUDLQVY RULHQWDWLRQV YDU\ LQ WKH

FKDUDFWHULVWLF Rl JUDLQV WKDW KDYH EHHQ KHDYLO\ UH
GXULQJ GHIRUPDWLRQ OHDQZKLOH VHYHUDO LGHDO VKHDL
DSSHDU LQ WKH VPDOO JUDLQV WH[WXUH DUH DOPRVW FR
7KH WH[WXUH UHVXOWV VKRZ WKDW ODUJHU JUDLQV SUHIHL
RWKHU LGHDO SRVLWLRQV 7KLV VXJJHVWV WKDW JUDLQ UF
RULHQWDWLRQ GHSHQGHQW *UDLQV ZLWK GLIITHUHQW LQL\
EHKDYLRU XQGHU VKHDU GHIRUPDWLRQ
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)L3 T EDQE2') VHFWLRQV RI WKH &X )$/(3 VDPSOH DIWBUDWKHUWLFUR)
JUDLRVYPDOO JUDLQV 7KH VIPEROV FRUUHVSRQG WHRWKHHNVGHDO R

$ TXDQWLWDWLYH FRPSDULVRQ RI WKH WZR JUDLQ VL]H

RULHQWDWLRQ FKDUDFWHULVWLFV 7KH YROXPH IUDFWLRQ
ZHOO DV WKH FRPELQHG YROXPH IUDFWLRQ RI DOH LGHDC
GLVRULHQWDWLRQ WKUHVKROG DURXQG WKH)LGHDS/ SRVLW
VKRZQ RI WKH ODUJH JUDLQV DUH LQ WKH YLFLQLW\ R
WKLV YDOXH GHFUHDVHV WR LQGLFDWLQJ WKDW D OD
QRQ LGHDO SRVLWLRQV LQ WKH RULHQWDWLRQ VSDFH +RZ
IRU VPDOO JUDLQV LV VWLOO KLJK EHFDXVH DOO JUDLQV
GHIRUPDWLRQ PRGH L H WKH VLPSOH VKHDU GHIRUPDW
WHQGHQF\ Rl ODUJHU JUDLQV WR RFFXS\ WKH LGHDO VKHD!
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)LJ SUHVHQWV WKH JUDLQ RULHQWDWLRQ VSUHDG *26 I
.$0 PDSV IRU ODUJHU DQG VPDOO JUDLQV 7KH *26 LV GHIL
EHWZHHQ WKH RULHQWDWLRQ RI HDFK SL[HO D QWKWK HERH D
FDSWXULQJ ORQJ UDQJH LQWUDJUDQXODU PLVRULHQWDWL
ORFDOL]HG RULHQWDWLRQ JUDGLHQW FRPSXWHG DV WKH
SL[HO DQG LWV LPPHGLDWH QHLJKERUV > @

7KH DYHUDJH *26 YDOXH REZKRDRKIHYV UHODIDWLY HO\ KLJK 7KH
LOOXVWUDWHY UHPDUNDEOH RULHQWDWLRQ GHYLDWLRQV
, QWHUHVWLQJO\ WKH .$0 PDS RI ODUJHU JUDLQWBMKHRDV D G
PLVRULHQWDWE RZX LWKRIQOFRQVLGHUDEO\ ORZHU WKDQ WKH
YDOXHVY DUH W\SLFDOO\ ORZHU GXH WR WKHLU ORFDOL]JHG ¢
*26 DQG .$0 LV FRQVLGHUDEOH 7KH .$0 GLVWULEXWLRQ VK
LQGLYLGXDO VXEJUDLQV LV ORZ ZKLOH WKH KLJKHVW ORF
VXEJUDLQ ERXQGDULHYV 7KLV FRQWUDVW LQGLFDWHYV WKDYV
WKDW KDYH DOUHDG)\ I[UDJPHQWHG GXULQJ HDUOLHU VWDJt
ERWK WKH *26 DQG .$0 PDSV H[KLELW TXLWH ORZ DQG XQLIR

F DQG G 7TKH DEVHQFH RI SURQRXQFHG LQWUDJUDQXODL
WKDW WKHVH JUDLQV DUH IXOO\ UHFU\VWDOOL]J]HG WKURXJI

7KH FRPELQDWLRQ RI KLJK *26 DQG ORZ .$0 YDOXHV LQ WKI
LGHD WKDW WKHVH JUDLQV KDYH IRUPHG WKURXJK JUDLQ
JHQHUDWHG E\ IUDJPHQWDWLRQ H[SHULHQFH D UHGXFWLRC
UHODWLYHO\ ORZ LQWUDJUDQXODU PLVRULHQWDWLRQ $V ¢
URWDWH WRZDUG WKH VDPH LGHDO VKHDU RULHQWDWLRQ
WKH GLVRULHQWDWLRQ EHWZHHQHDGMLIF BOIW HAVEBR Q L\G K Ul
XVHG LQ WKH (%6' DQDO\VLV WKH\ DUH QR ORQJHU LGHQV
VLQJOH ODUJH JUDLQ 7KLV PHFKDQLVP H[SODLQV WKH LUU
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)L 7KH DYHUDJH LQWHUQDO PLVRULHQ@@WDWLUR QG 2868UFMEENCHIU DKW VP D C
JUDLQV .$0FP\DPDOO JUDLQB VP®EO®OSIUDLQV .$0 PDS

TKHRUHWLFDO )RXQGDWLRQV

7TH[WXUH (YROXWLRQ LQ 6KHDU '"HIRUPDWLRQ

$V GLVFXVVHG HDUOLHU JUDLQ UHILQHPHQW LV VWURQJO
HYROXWLRQ ZKLFK LQIOXHQFH ERWK WKH JUDLQ IUDJPHQ\
8QGHUVWDQGLQJ KRZ RULHQWDWLRQV URWDWH GXULQJ SC
H[SODLQLQJ JU DINHY WU HOHHPRIQXW LRQ FDQ EH H[DPLQHG E\ L
RI JUDLQ RULHQWDWLRQV LQ (XOHU VSDFH 7KLV VWXG\ ZD
)&& FU\WWDOV LQ WKH WRUVLRQ WHVW IRU SRVLWLYH VK
DQDO\VLV ZDV H[WHQGHG WR WKH FDVH RI VLPSOH VKHD
FRUUHVSRQGVY WR WKH GHIRUPDWLRQ PRGH LQ DQJXODU F
1(&$3 DQG )$/(3 7KH YHORFLW\ JUDGLHQW IRU WKH VLPS(
UHIHUHQFH V\VWHP ZPWWVFUPRRBVEG O RMWKHU FRP STKGIHQW YV HT

£VHFWLRQ RI (XOHU VSDFH ZDV VHOHFWHG DQG LQLWLD
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ZLWEJULG SRVLWLRQV LQ WKLV VHFWLRQ 7KH URWDWLRQ |
WKH ODWWLFH URWDWLRIGaUQANBIQGHW\W RQ B &RV HSR XQYWQ J
VRIWZDUH > @

)L D GLVSOD\V WKH URWEWHRY URIQO GKIH) LWQKMW/LDO RULHQW
EODFN SRLQWY DQG WKH DUURZV UHSUHVHQW WKH FRUU
YHORFLW\ YHFWRUV LQ RULHQWDWLRQ VSDFH 7TKH SRVLW
LOQGLFDWHG RQ WKH PDS 1R DUURZV DSSHDU DW WKHVH LC
UDWH EHFRPHVY QHDU |JHUR DW WKHVH SRLQWYV PHDQLQJ WI

$V PHQWLRQHG LQ 6HFWLRQ 36DWVEK®\GRDM WQ AHD WRR/@ WDRQ
WKH GLITHUHQFH EHWZHHQ WKW KUHL WLIRGN B RVG\R Q RRV DWKLHR @ DUV
HOHPHQW DQG WKt S/&BIVWR\W DABLRQUDWIH/LQJ IURP GLVORF

3BL & 6
&RQVHTXHQWO\ WKH URWDWLRQ ILHOG PDS FDQ EH GHFRP.
WKH SODVWLF YSLE ILOOGVROUDWHY WKH ULJLG ERG\ URWD
WKH DUURZV UHSUHVHQWLQJ WKH ULJLG ERG\ URWDWLRQ
IRU DOO LQLWLDO RULHQWDWLRQV EHFDXVH WKH ULJLG EF
HTXDOO\ FDXVLQJ DOO JUDLQV WR URWDWH DW WKH VDPH
QHJIJDWLYH VUMM Y KRZD EQ7KH SODVWLF VSLQ YHFWRUV VWU
RULHQWDWLRQ DQG H[KLELW VLJQLILFDQW GLIIHUHQFHV L
VSDFH ,W LV HYLGHQW WKDW DW WKH LGHDO SRVLWLRQV
KDYH RSSRVLWH VLJQV DQG WKH VDPH PDJQLWXGH PHDQL
]JHUR ODWWLFH URWDWLRQ 7KH PD[LPXP ODWWLFH URWDW
DQG KDYH WKH VDPH VLJQ $QRWKHU QRWDEOH IHDWXUH L\
EDQIG £ ,Q WKHVH UHJLRQV WKH ODWWLFH URWDWLRQ LV
VLQFH QR FRPSHQVDWLQJ SODVWLF VSLQ LV JHQHUDWHG E
VSDFH FRUUHVSRQG WR WKH URWDWHG FXEH WH[WXUH D
PDWHULDOV VXEMHFWHG WR VKHDU GHIRUPDWLRQ $V ZLOO
FXEH WH[WXUH VKRZV D VWURQJ WHQGHQF\ WR UHVLVW U
PDNLQJ LW RQH RI WKH PRVW VWDEOH QRQ LGHDO ILEHU
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UHVLVWDQFH KDV LPSRUWDQW FRQVHTXHQFHV IRU WKH H°’
GXULQJ VKHDU GHIRUPDWLRQ

—_~

~
s
»
-]
w
8
»
s
w
]
o
3
<
3
@
3
-
3

z

} ;

,é
'\‘\\‘\\\\""g

1o 120 130 140 150 160 170 180
I L Il I "

¥ T T g ¥ r g F

s . e ———— D i e R |
1) A————— g e e e ——— e i R e |
——— e ———— ey o i i -
//./.—L...._'k . P S |

P I G S S

W — T e ——— P~ Y e S

———— e S O P R P e, S N

e R U et ' SR ol """”""’"“‘""AZ T T g

Phi +—————— [ ] —_— - P ———————— P - —————
LT e el N U S TNC e =
el SIS e~ g AT A S

IS e P U~ 2 AT A S
PO ISR o S .\.__._./0////,- —— \\\.‘._..—-('.—- e S SENILNCCE
._..——."/'//./-.—.._‘..‘._,,,._u’—//./.—'.f-_.-;...‘\\\-__._..—-.».r—_.___\\\_‘._._..

et e e e o S S Sy S

e e e e e e o g ¥ e e ———— S —
90.
Phil

(b) o 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
=ttt ol s e e bt
= — — i i —
Nfbe—e—a—a—>—o—eo—o—o—o—s— — —-————> —
T G — — ———ee e
204 —e —e —> —> — — — — — — —— — — — —
R I

b e > b b b b b b b b b b b b b b b b b b b b —b —b —b —

e, — —— — — ——> — — ——————— —
A ———r—r—r — —> — —> —> —+ —> —> —> — —— - — —> —
Phi o222+ 222>+ — > —

Gt et s e el s s e s b b b b s et b e e e e s e e s e s e e e e e e e e e e |
o e P P P P P P P e s e e s e e e e e e e i |

e ——>—> —— N —|

oo o b o b b b b b —p s i b s e s s e b b e e e el e e |
N+ttt —+—+——————+—+—+—+—>—+—+—h———b— — — —b —b —+ —+ —+ — —

r——a—a————a——— —— —— —————— — — —> —

e —> —— — >

e —b — —b — —b —> —b — —8 —

Wt e = —n —— — —-——a—a-—a—a—a——a—a—
Phil
(C) o 10 20 30 40 0 60 70 80 %0 100 1o 120 130 140 150 160 170 180
0 | I | + + n n n n n n n + n
t t t t } t t f t t } t t }
.. e e - U [ -——— - -
10 —_— —-—— c . . ——-—— R PSS S - -
. e T O e v e e A - - -
" - . P AN -
Wte—as | e -~ T -~ - - —— — e
i . R ~ '\ r -
N S St SRR - e — \ e
30 o N —_- S S NN . .
-— - - . -— ~ ” - e —
TR S ANV T . 3 .
—_— e — " " . ) ——— T e e~ A e ]
40w —y —— —— ae— " L PSR S .
A1 C A2

90 -

)L 7KH URWDWLRQ ILHOG PDSV IRU WKH QHJDWVHHAWILRG GRH KMDW \GF
DWKH ODWWLF K6 URWIOM UR QLG HRG U6U R W B W IR DMHO/GI F0D W HF VSLQ
VKHDU VWUBLQ UDWH LV

7KH URWDWLRQ ILHOG PDS FOHDUO\ LQGLFDWHY WKDW RUL
XQLIRUP ZLWK GLVWLQFW UHJLRQV ZKHUH WKH URWDWLRQ
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IHDWXUHV DQ LVRYDOXH PDS RI WKH GLYHUJHQFH RI WK
XQGHUVWDQGLQJ RI WKH QDWXUH RI RULHQWDWLRQ HYROX
GLYHUJHQFH YDOXHV IRU SRVLWLYH VLPSOH VKHDU XVLQJ L
RI WKH ODWWLFH URWDWLRQ UDWHV 7KLV HTXDWLRQ ZDV
DGGLWLRQGD&PNAZKUAFK DFFRXQWYV IRU WKH GLVWRUWLRQ RI (
ZH IROORZHG WKH VDPH IRUPXODWLRQ DV 5HI > @ EXW
GHIRUPDWLRQ LQ WKH VKHDU UHIHUHQFH VA\VWHP 7KH GLY
ZKLFK FDQ EH FDOFXODWHG DV IROORZYV

o1 016_0
@Eﬁ_—4—§E— —§E 16..
01 01

7KH EVHFWLRQ RI (XOHU VSDFH ZDV VHOHFWHG DQG WKH
E\ £EDORQJ WRBGLUHFWLRQV ZDV FDOFXODWHG 7KH GLYHU
SRVLWLRQ RI LGHDO RUILKQWDWIHRQWR QNVVZS WKV 8 8 WHGL Y H
FRUUHVSRQG WR FRQYHUJHQW RULHQWDWLRQ IORZ ZKHUH
GLYHUJHQW IORZ 7KH ZKLWH FRQWRXU OLQHV VKRZ WKH O
GLVSOD\V GLVWLQFW UHJLRQV ZKHUH WKHUH DUH SHULRGL
IHDWXUH RI WH[WXUH HYROXWLRQ LQ VKHDU GHIRUPDWLRQ
ERXQGDU\ OLQHV EHWZHHQ FRQYHUJHQW DQG GLYHUJHQW
VHQVLWLYH UHJLPH QRQH RI WKH LGHDO VKHDU RULHQW
LQGLYLGXDO JUDLQV FDQ UHPDLQ QHDU WKH LDERDPOVKRV LW
GLYHUJHQFH PDS LW FDQ EH FRQFOXGHG WKDW WKH GLVR
WKH FRQYHUJHQFH ILHOG SURJUHVVLYHO\ GHFUHDWHV 1HLI
EH TXLWH ORZ DOORZLQJ JUDLQ FRDOHVFHQFH ,Q FRQWUI
PRYHV LQ WKH GLYHUJHQFH ILHOG FDQ SURJUHVVLYHO\ LQ
JUDLQ IUDJPHQWDWLRQ 7KXV WKH GLYHUJHQFH IHDWXUH
RULHQWDWLRQ SDWKV IDYRU FRDOHVFHQFH ZKLOH RWKF
GHIRUPDWLRQ
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Divergence

)L 7KH LVRYDOXH PDS RI WKH GLYHUJHQEWHFIWARRE BR\WOOMLR QSID HID (
QHIJDWLYH VLPSOH VKHDU GHIRUPDWLRQ GLKH QHIPAMHLY B OK & X H- RUQUGH
FRQYHUJHQFH DQG GLYHUJHQFH UHVSHFWLYHO\

7KH VWDELOLW\ RI GLITHUHQW RULHQWDWLRQV LQ (XOHU \
VWDELOLW\ SDUDPHWHU > @

.Y
5 LZF+—Q_8

ZKHWEY WKH HTXLYDOHQW YR®6QVVWKH \DEDRQ XWDHV MD O XK
URWDWLRQ UDWH 6 4IQ&HRD WBOWKBWIWKH JLYHQ RULHQWD
GHIRUPDWLRQ 7KHUHIRUH WKH LGHDO VKHDU RULHQWDWL
YDOXHV GLVSOD\V WKH RULHQWDWLRQ VWDELOLWVYPDS IRU

EVHFWLRQ RI (XOHU V STIUH GF U & FBMCIIDRKHHGMWR @ DLUHVSRQG W
VKHDU RULHQWDWLRQV ZLWK D PD[LPXP IRU WKH & FRPSF
UHVLVWDQFH WR URWDWLRQ GXULQJ VKHDU ,Q WKH YLFLC
UHPDLQ VWDEOH RYHU VXEVWDQWLDO VWUDLQV +RZHYHU
VWUDLQLQJ JUDLQV FDQ HYHQWXDOO\ HVFDSH WKH LGHDC
SODVWLF VSLQ LV QRW KLJK HQRXJK WR FRPSHQVDWH IRU \
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5
Stability

)LJ 7KH RULHQWDWLRQTVWPEHPWWR® RS [QOWKH/SDFH IRU WKH QHJL
GHIRUPDWLRQ

,Q DGGLWLRQ WR WKH FRQYHUJHQW DQG GLYHUJHQW IHDWX
SDUDPHWHU DOVR SOD\V D FUXFLDO UROH LQ JRYHUQLQJ \
FRDOHVFHQFH :KLOH UHJLRQV ZLWK QHJDWLYH GLYHUJHQI
E\ JUDGXDOO\ UHGXFLQJ WKH GLVRULHQWDWLRQ EHWZHHQ
UHODWLYHO\ HIWHQGHG DFURVV RULHQWDWLRQ VSDFH +R
WKH ODUJHU JUDLQV IRUPHG E\ FRDOHVFHQFH DUH QHDU W
DFURVV DOO UHJLRQV RI KLJK FRQYHUJHQFH 7KLV WUHQ
FRPELQHG HIIHFWV Rl WKH FRQYHUJHQFH ILHOG DQG RULH
FRUUHVSRQGLQJ WR D JURXS Rl QHLJKERULQJ JUDLQV PR
RULHQWDWLRQ VSDFH WKH IURQW SDUW RI WKH FORXG Ul
UHPDLQ WKHUH EHFDXVH Rl WKH KLJK VWDELOLW\ RI WKH L
SDUW Rl WKH RULHQWDWLRQ FORXG FRQWLQXHV WR PRYH \
WKH IURQW SDUW UHVXOWLQJ LQ JUDLQ FRDOHVFHQFH DQ
RULHQWDWLRQ 7KLV SURFHVV H[SODLQV ZK\ H[SHULPHQ)\
VSHFELILFDOO\ QHDU WKH LGHDO VKHDU RULHQWDWLRQV H
(XOHU VSDFH DV ZHOO

W LV H[SHFWHG WKDW JUDLQ FRDOHVFHQFH WDNHV SODFt}
DOUHDG\ RFFXUUHG LQ WKH PLFURVWUXFWXUH W LV DO\
EHWZHHQ JUDLQV WKDW VKDUH D FRPPRQ JUDLQ ERXQGDU\
VSDFH ORUHRYHU WKH QHLJKERULQJ JUDLQV WKDW KDYH (
FDQGLGDWHYV IRU JUDLQ FRDOHVFHQFH 7KHUHIRUH WKH Q
RULHQWDWLRQ VSDFH PHDQLQJ WKDW WKH GLVRULHQWDW
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FRDOHVFHQFH LV SRVVLEOH RQO\ QHDU WKH LGHDO VKHD
FRQYHUJHQW DQG WKH ODWWLFH URWDWLRQ UDWH EHFRPI

7TKHUHIRUH JUDLQ FRDOHVFHQFH FDQ RFFXU RQO\ ZKHQ DC

x 3ULRU JUDLQ IUDJPHQWDWLRQ

X 1HLJKERULQJ LQ SK\VLFDO VSDFH

X 1HLJKERULQJ LQ RULHQWDWLRQ VSDFH

X $SSURDFKLQJ WKH LGHDO SRVLWLRQV LQ RULHQWDWLR

&RQWLQXRXV G\QDPLF UHFU\VWDOOL]DWLRQ &'5; LQKHUH:¢
WKH IUDJPHQWHG JUDLQV DUH SK\VLFDOO\ DGMDFHQW DQG
SDUHQW JUDLQ RULHQWDWLRQ PHDQLQJ WKH\ DUH DOVR Q
LV WKHUHIRUH DFWLYDWHG RQO\ ZKHQ WKH IRXUWK FRQGL
FRQYHUJHQW WH[WXUH ILHOG DQG UHDFK QHDU WKH LGH
FRDOHVFHQFH LV DQ LQWULQVLF VWDJH RI WKH &'5; PHFKD
RI WH[WXUH HYROXWLRQ GXULQJ SODVWLF GHIRUPDWLRQ

BULQFLSOHV RI WKH /HYHO *UDLQ 5HILQHPHQW ORGH{
7KH JUDLQ UHILQHPHQW PRGHO LQWURGXFHG LQ 5HI > @
LQ WKH SUHVHQW VWXG\ WR VLPXODWH WKH PHFKIDIQLVPV F

SUHVIWDARVGLPHQVLRQDO VFKHPDWLF RI ODWWLFH FXUY]I
SURMHFWHG DORQJ WKH ODWWXG B LWRWRJWLHRI) OTHEW REH BIO
D VWUDLJKW OLQH ,Q WKH FHQWUDO UHJLRQ RI WKH JUDLC
ERXQGDU\ FRQVWUDLQWY WKH ODWWLFH URWRWQRWKH HT
JUDLQ ERXQGDU\ |JRQH KRZHYHU WKH ODWWLFH SODQH EH
JUDLQ ERXQGDU\ VKLIWV IURP SRLQW % WR SRLQW & 7KH
GHQRWIMG 4 GLVEXVVHGB LISUWKHRXMOSDUDPHWHU RI WKH PR
GHJUHH RI ODWWLFH FXUYDWXUH ZLWK LWV YDOXH UDQJLC
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Initial

Rotated-curved __~

Lattice rotation
-

)LJ '"VFKHPDWLF LOOXVWUDWLRQ RI ODWWLFKHFSUR M WKW HR@QH®G IUU HUFIL
SDUDOOHO WR WKH ODWWLFH URWDWLRQ YHFWRU >

%\ FRQVLGHULQJ HTXDO VL]H EHWZHHQ WKH JUDLQ ERXQGD
FRQILIJIXUDWLRQ RI D JUDLQ EHFRPHV LGHQWLUFDQEQWRKDV5 X
PRGHO WKH JUDLQ ERXQGDU\ ]JRQH LV WUHDWHG DV D VXE
HDFK VXEJUDLQ FDQ EH RU ,Q WKLV FDVH WKH 3UHV
VXEJUDLQ LV GHILQHG E\

b
J3%= g Va4 G LkMuta
U@5s
7KH URWDWLRQ GLVWRUWLRQ LQGXFHG E\ DOO JUDLQ ER.
UHSUHVHQWHG E\ WKH URWDWLRQ DURXQG DMAID HPHQMD W L
$FFRUGLQJO\ WKH SRUWLRQ RI WKH ODWWLFH URWDWLRQ
H[SUHVVHG DV

Bl FOEQIAIT ¢ U apdis

4
+HUHLY WKH DQJOH EHWZHHQ WKH UHVX0WDI\{®IY® VOKER X (
ODWWLFH URWDWLRQ UDX{H XYWIFQUIRIODIVWKH S B URHDAYD WU B IQQ
EHFDXVH WKH GLUHFWLRQV RI ERWK YHFWRUV FKDQJH FRQ\
URWDWLRQ UDW_>4'ﬁA»R_|VV\Y/\KK-|HQX\ENSBUQPSRVHG RQ WKH ODWWL
JUDLQ 7KH RYHUDOO ODWWLFH URWDWLRQ UDWH RI WKH V
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FaL _SE B

JURP (T WKH RULHQWDWLRQ RI WKH VXEJUDLQV FDQ E
HDFK VWUDLQ LQFUHPHQW DQG DW HDFK IUDJPHQWDWLRQ
VXEJUDLQ DQG WKH FHQWHU HOHPHQW H[EHMIGH DXEUUWILG® I
WUHDWHG DV D QHZ SDUHQW JUDLQ LDAQGEL W KDIWQHE[ WR O HW K [
FXUUHQW VWXG\ D OHYHO JUDLQ UHILQHPHQW VFKHPH L
PD[LPXP QXPEHU RI SRVVLEOH VXEGLYLVLRQV RULJLQDWLQ

- $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH OH
VKRZQLUQ 7KH VPDOOHVW HOHPHQW WKH ZKLWH FXEH F
UHSUHVHQWY WKH PLQLPXP DWWDLQDEOH JUDLQ VL]H LQ W
FRRUGLQDWHY [ \ DQG ] DRQG DG WURI DXUHUQBIGIQE WKL
JHRPHOWWHIDEERULQJ FRQGLWLRQV DQG PLVRULHQWDWLRC
DQDO\V]LQJ JUDLQ IUDJPHQWDWLRQ DQG FRDOHVFHQFH FDC

Y
Z
X

)LJ 6FKHPDWLF RI WKH OHYHO JUDLQ IUDJPHQWDWLRKP RB IWRWBKQ DI
JUDLQ VL]HRY HEMWWHU YLVXDOL]DWLRQ WKH VXE FXEHV VL]HV UHO

,Q WKLV PRGHO WKH IUDFWDO DSSURDFK LPSOLHV WKDW .
IURP WKH ILUVW OHYHO XS WR WKH IRXUWK $W HDFK OHYH
D SDUHQW HOHRBQWPW IOBYPBQWHG PHDQLQJ WKDW LWV
WR WKH FHQWHU HOHPHQW DW WKH VDPH OHYEQVKHPDRLQW

FRUUHVSRQGLQJ HOHBPHKAWNWWKAHHYBPH RULHQWDWLRQ
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DSSOLHG KHUH HDFK YR[HO LV XQLTXHO\ LGHQWLILHG E\ I
SRVVLEOH IUDJPHQWDWLRQ OHYHOV ZLWK HDFK ," UDQJL(

VFKHPH LV XVHG WR DVVLIJQ WKHVH LGHQWLILHUV WR WK
UHSUHVHQWDWLRQ RI WKLV PHWKRG LV VKRZQ LQ

25 16 7

21 12 3

20 11 2

19 1 10

22 13 4
]42,
X
Y
ZLX

)L 7KH LPSOHPHQWHG LQGH[LQJ RUGHU IRU HOHPHQWYV DW

$W HDFK OHYHO WKUHH GLJLW QXPEHUV FRUUHVSRQGLQJ
FHQWHU RI HDFK HOHPHQW %\ FRQVLGHULQJ WKH JHUR FR
WKH SRVVLEOH FRRUGLQDWH YDOXHV LQ HDFK GLUHFWLR
FRRUGLQDWHYV RI WKH FHQWHU SRLQW RI LQGLYLGXDO YRJ[F

T Ltya J<E {46KE U TE BgE Vs D
U Ltya dkE {4d4E U ZHE WeE Vs E
V Ltya 3E {86ME U &VE WgE Vs F

ZKHUH F WR F FRUUHVSRQG WR WKH ILUVW WKURXJK IR
FRQYHQWLRQ WKH FRRUGLQDWHY FOUMKH ZKLWH YRQIEO] VKI

7KH SUHVHQWHG WHFKQLTXH DOORZV IRU DVVLJQLQJ D XQL
YR[HOV ,W LV WKHQ SRVVLEOH WR HYDOXDWH QHLJKERUL
HVVHQWLDOONR Q DORFXQ@DWHDLQ VL]H HYROXWLRQ GXULQJ St
WKLV D ' IORRGLQJ JUDLQ GHWHFWLAER WEHRRIUWKIPQ ZD\
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IUDJPHQWDWLRQ SURJUDP $ QHLJKERU FRQQHFWLYLW\ VF
LGHQWLI\LQJ JUDLQ ERXQGDULHV 7KH FULWLFDO PLVRULH
GHWHFWHG ZDVKWHWOWRULWKP VWDUWV ZLWK DQ LQLWL
PLVRULHQWDW DRWQR FHOL DMKEQ DB DFHQW YR[HOV ,I WKH Pl
FDQGLGDWH YR[HO UHODWLYH WR DQ\ DGMDFHQW YR[HO D
FULWLFDO YDOXH WKH FDQGLGDRWHUZRND MWK B FRE WG W
FRQVLGHUHG D QHZ JUDLQ DQG WKH VDPH VFDQQLQJ SUR
DSSURDFK LW EHFRPHV SRVVLEOH WR GHWHUPLQH ERWK \
VLIH LQ ' DW HDFK VWUDLQ LQFUHPHQW GXULQJ GHIRUPDW
GLDPHWHU RI D GHWHFWHG JUDLQ LV FDOFXODWHG DV

I.X &8
@L _ay

e

ZKHgHYVY WKH YROXPHHRMHUPDLIQHG IURP WKH QXPEHU RI YRJ[}F
JUDLQ 7KH YROXPH ZHLJKWHICQDYHVYDVKHIWHDRY W UJH HQ E\

AS 0@ 48

AS o8

IHYHUWKHOHVY WKH PDMRULW\ RI JUDLQ VL]H PHDVXUH
WHFKQLTXHYV VXFK DV (%6' DUH HYDOXDWHG LQ '"LUWIDWKHU
WKUHH GLPHQVLRQDO JUDLQ UHFRQVWUXFWLRQ 7KHUHIRULI
DOVR LPSOHRWWYWAHDGNH JUDLQ VL]JHV RQ SODQDU VHFWLRQ
GHWHFWLRQ LV SHUIRUPHG RQ DOO VHFWLRQV DORQJ WK
DW ' SLIRO ERXQGDU\ LGHQWLILFDWLRQ D QHLJKERU FR
HGJHVY ZDV DSSOLHG DQG WKH VDPH VFDQQLQJ ORJLF X\
HPSOR\HG WR GHWHFW JUDLQ ERXQGDULHY LQ ' 7KH HTXL
LVGHILQHG DV

@L

. Vo auH
@L

e

ZKH#HV WKH DUHDKRI DUBDQZHLJKWHG DYHUDJH JUDLQ VL]H
WKH ] GLUHFWLRQ LV
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A&i@@at#

A5 tu
7KH RYHUDOO DUHD ZHLJKWHG DYHUDJH JUDLQ VL]H LV WKI
JUDLQ VLIHV FDOFXODWHG RQ DOO VHFWLRQV

@L

W LV QRWHZRUWK\ WKDW WKH ' JUDLQ VL]JH HVWLPDWLRQ
WKH FRUUHVSRQGLQJ 'JUDLQ VL]H FDOFXODWLRQ )RU D VI
LWDSSUR[LPDWHO\ PHDQLQJ WKDW WKH DERYH IRUPXOD)
VWXGLHV UHVXOW LQ D VPDOOHU ' JUDLQ VL]H FRPSDUHG
' JUDLQ VL]H PHDVXUHPHQWY LJQRUH SRVVLEOH FRQQHFW
WKLUG GLPHQVLRQ ,W LV UHDVRQDEOH WR DVVXPH WKDW
DQ (%6' PDS DUH QRW DFWXDOO\ FORVHG LQ WKUHH GLPHQV
RQ HLWKHU VLGH Rl WKH DSSDUHQW ERXQGDU\ ZRXOG EHOJ
$OWKRXJK VHYHUDO ' (%6' FKDUDFWHUL]DWLRQ WHFKQLTX
SUDFWLFDO IHDVLELOLW\ UHPDLQV OLPLWHG GXH WR HJ
FKDOOHQJHV DQG GDWD UHFRQVWUXFWLRQ FRQVWUDLQWV
HYDOXDWH KRZ WKH JUDLQ VL]H HVWLPDWLRQV YDU\ ZKHC
VHEWLRQ WKLV LVVXH LV H[DPLQHG E\ DQDO\]LQJ JUDLQ U|

7KH JHRPHWULFDO FRQILIJXUDWLRQ RI WKH SURSRVHG PR
IUDJPHQWHG DQG FRDOHVFHG ERXQGDULHY DW WKH YR[HO
WKH RULHQWDWLRQ GLITHUHQFH EHWZHHQ QHLJKERULQJ YF
LW ZLWK WKH FRUUHVSRQGLQJ YDOXH DW WKH SUHYLRXV LC
WUDQVLWLRQ VWDWHYV FDQ RFFXU EHWZHHQ WZR DGMDFHQ

$ UDJPHQWDWLRQ WKH RULHQWDWLRQ GLIIHUHQFH EHW?Z
PLVRULHQWDWLRQ DW WKH SHIGMWKLR RV LVQLFRHP N Q & XBHQIBWH Wi

% &RDOHVFHQFH WKH RULHQWDWLRQ GLIIHUHQFH ZDV DER
LQFUHPHQW DQG IHOO EHORZ WKH FULWLFDO YDOXH DW WK

& 1R FKDQJH LQ VWDWH WKH RCEHQRD WKRQFGLWHBBQ FHL
DQJOH

' 1R FKDQJH LQ VWDWH WKH RHGDHERW BWNAIRID FEULL WALURHDQDF IR L
DQJOH
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7KHVH IRXU HYROXWLRQ VWDWHY FDQ EH TXDQWLILHG GLUF
SURYLGLQJ GHWDLOHG LQVLJKW LQWR WKH LQWHUDEWLRQ
GXULQJ GHIRUHPDRWRQLRQ ILHOG DQDO\VLV LQGLFDWHV WK
RFFXU LQ WKH G L YHHUHRDDAHY FHOFG HXHQWYV DUH SURPRWH
URWDWLRQ ILHOG FRQYHUJHVY WRZDUG WKH LGHDO VKHDU F

SRO\FU\VWDO 30ODVWLFLW\ 6LPXODWLRQV

1HYHU 3DVVLQJ ,GHDO 6KHDU 3RVLWLRQV

7KH GLYHUJHQFH ILHOG PDS IRULY L PS®YHDIOHIZU WK R/ UPRDQWL
GLYHUJHQW UHJLRQV DUH PRVW SURQRXQFHG LQ WKH YLFLC
RULHQWDWLRQ HYRROWWLIRRD QHNYWWKRQJIO\ JRYHUQHG E\ W
LV WKHUHIR WHRRIDIOXW WHHWWH WHQGHQF\ Rl GLIIHUHQW RU
LGHDO VKHDU SRVLWLRQV 7R WKLV HQG FU\WWDO SODVW
UHILQHPHQW ZHUH SHUIRUPHG 7KH 7D\ORU PRGHADVZLWK I
HPSOR\HG XQGHU WKH VLPSOH VKHDU GHIRUPDWLRQ XS WR
DSSURDFK DOORZV H[DPLQDWLRQ RI LQWULQVLF RULHQ\
LQGHSHQGHQW RI IUDJPHQWDWLRQ DQG £FIRD@ WWFMQRH VP H
ZKLFK FRQWDLQ DOO LGHDO VKHDU FRPSRQHQWYV ZHUH VH
ZHUH XQLIRUPO\ GLVWULE X W@\ HLLDY BVEW V HH HF R IROW ZWW K
ZHUH FRQVLGHUHG WKH LGHDO VKHDU SRVLWLRQV ZKHUH
WKH RULHQWDWLRQJV® DELE EW\OIOX KWIKDWH WKH LQLWLDO
QHYHU SDVV WKURXJK WKH LGHDO VKH®U SRAKHNVILROFW G X Q L
VXFK JUDLQV LV UHPDUNDEG\ KAVKFWERRXWD QG LAWK &\ |

£EVHFWLRQ 7KH ORZHU IUDFWLRQERIHWWHRE LVDERON WE Y
HIWHQGHG UHJLRQV FRUUHVSRQGLQJ WR LGHDO VKHDU RUL

,Q UHDOLW\ KRZHYHU D VPDOOHU IUDFWLRQ RI JUDLQV LV
7KLV LV EHFDXVH &'5; LQWURGXFHV LQWHUQDO PLVRULHQW
JUDLQV SURPRWLQJ GHYLDWLRQV LQ (XOHU VSDFH DQG

FRQYHUJHQW URWDWLRQ ILHOGV DQG PLJUDWH WRZDUG W
URWDWHG FXEH ILEHU UHSUHVHQWY DQ H[WUHPH FDVH DPR
LGHDO VKHDU FRPSRQHQWVY DV LW LV ORFDWHG IDU IURF
FRUUHVSRQGLQJ ILQDO RULHQW DWLRK & RH \WHIQHEVBIGI @L Q V
1IRWDEO\ WKH LQWHQVLW\ Rl WKH URWDWHG FXEH ILEHU U]
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GHIRUPBWLRQ$OWKRXJK WKH URWDWHG FXEH ILEHU LV QRYV
FHUWDLQ GHJUHH RI UHODWLYH VWDELOLW\ XQGHU VLPSO|
WKDW QR LQGLYLGXDO RULHQWDWLRQ DORQJ WKH URWDWH
GXH WR WKH GRPLQDQW FRQWULEXWLRQ RI WKH ULJLG ERC
FRQVLGHUHG D IRUP RI UHODWLYH VWDELOLW\ DSSHDUV \
RFFXU DORQJ WKLV ILEHU UDWKHU WKDQ GLYHUJLQJ WRZ
URWDWHG FXEH ILEHU WKH HIIHFW RI WKH LPSRVHG GLYHU
D UHVXOW QR VLJQLILFDQW GHYLDWLRQ LQ WKH ODWWLFH
LQ D UHODWLYHO\ QDUURZ JRQH LQ (XOHU VSDFH 7KLV PH
UHPDLQ VHPL VWDEOH GXULQJ VKHDU GHIRUPDWLRQ WKRX.
UHJLRQ GXH WR WKH KLJK ULJLG ERG\ URWDWLRQ UDWH RI
WKH URWDWHG FXEH ILEHU LQ VKHDU GHIRUPDWLRQ LV WKL
VHQVLWLYLW\ RI PDWHULEDS®DW QH) WKH BODFWWLF VSLQ LV ]
URWDWLRQ LV HTXDO WR WKH ULJLG ERG\ URWDWLRQ (T

GRHV QRW DIIHFW ULJLG ERG\ URWDW L R£S OMKQFH R U R WDWBHNE
ILEHU UHPDLQV LQGHSHQGHQW RI VWUDLQ UDWH VHQVLWL
RULHQWDWLRQV HVSHFLDOO\ LGHDO VKHDU FRPSRQHQWYV
VWDELOLW\ Rl WKH LGHDO VKHDU FRPSRQHQWY GHFUHDVH\

i
wz]
i

@2 =45

. QUgST

)LJ 7KH LQLWLDO RULHQWDWLRQ EODFN SRL@WKHIWBRVQW IQRQH G )
GHIRUPDWSRQ ®SWWR £DQBT £2') VHFWERMG WKH FRUUHVSRQGLQJ Il
RULHQWDMWD@BBFMRI UHVSHFWLYHO\
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*UDLQ 5HILQHPHQW

7KH OHYHO JUDLQ UHILQHPHQW PRGHO KDV EHHQ HPSOR\
VWUXFWXUH GXULQJ VLP YBHHGY KHD U @GW I RUIPDMDLAR QUZK QW D\
DQDO\WLYV DQG WKHLU FRUUHVSR QGELQK KO HRW IDHYIW B W LIR
DVVLIJQHG DQ LGHQWLFDO LQLWLDO YROXPH IUDFWLRQ PH
ZHUH WKH VDPH IRU DOO FDVHV )RU SRO\FU\WVWDO SODVWL
ZLWK WKH RQO\ QRQ ]JHUR YHORELWRUBBERG UHY®R DR PR QWM
QHJDWLYH VLPSOH VKHDU LQ WKH VKHDU UHSHd&ROEH V\VW
VOLS VA\VWHPV ZHUH XVHG ZLWK WHKH VOLKSHYODRMRVLFRH BRLU
FRHIILFLZADQMVHW WR LQ DOO IROORZLQJ VLPXODWLRQV

7TDEOHKH (XOHU DQJOHV DQG JUDLQ VL]HV RI WKUHH I0CPIWIR® JUDLQV |

*UDLQ 9ROXPI *UDLQ *UDLQ
(XOHU DEQJOHYV
IUDFWI ' JP ©JP
15 o) 16
*UDLQ
*UDLQ
*UDLQ

)LJ SUHVHQWYVYV WKH 'DQG 'JUDLQ VL]H HYROXWLRQ RI *UlI
HTXLYDOHQW VWUDLQ RI VKHDU VWUDLQ RI 7KH

VLIQLILFDQWO\ GHFIPHBARHIB X8 RER WKURXJK VXFFHVVLY
IUDJPHQWDWLRQ HYHQWV ,QWHUHVWLQJO\ XSRQ IXUWKH
UHPDUNDEO\ LQFUHDVHV WR P DW DQ HTXLYDOHQW VV
JUDLQ FRDOHVFHQFH EHFRPHV GRPLQDQW EH\RQG D VWUDL
FRDOHVFHQFH SOD\V D VLJQLILFDQW UROH LQ WKH JUDLQ
VWUDULPRMWHQG FDQ EH REVHUYHG LQ WKH HYROXWLRQ R
ZHLJKWHG DYHUDJHPILWDD DK\ BMHREDDWH U ZKLFK WKH JUDLQ \
WR  BDW +RZHYHU WKH 'JUDLQ VL]JH UHVXOWW H[KLEL
VWUDLQ RI IROORZHG E\SB JUTXEAXDI® XPWYHDVR XS WRE \
JUDLQ VL]JH HYROXWLRQ GLDJUDP $V QRWHG HDUOLHU WKH
VL]JHV EHFDXVH JUDLQ FRQQHFWLRQV LQ WKH WKLUG GLF
VLIQLILFDQW JUDLQ IUDJPHQWDWLRQ LV GHWHFWHG DW D
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GHWHFWLRQ LWKRXW VXIILFLHQW IUDJPHQWDWLRQ DW WK
VLOQFH SULRU IUDJPHQWDWLRQ LV D IXQGDPHQWDO UHTXLU
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7R HYDOXDWH WKH VWDWLVWLFDO JUDLQ VL]H GLVWULEXW
JUDLQ VL]HV ZHUH FDOFXODWHG IRU)DOOG L WHE VR K HD Q RF
IUDFWLRQ DQG WKH DUHD IUDFWLRQ J#DLQ VIKH GXPVEBIUE
IUDFWLRQ JUDLQ VL]H GLVWULEXWLRQ VKRZV D VKDUS SHD
ODUJH SRSXODWLRQ RI JUDLQV UHDFKHG WKH ILQDO IUDJP
GLVWULEXWLRQ RI ODRJHWU UKPIQ V. QDEQ O PMYXNH GV K HHZP |
JUDLQV YDVWO\ RXWQXPEHU WKH ODUJHU RQHV WKH QXPE
GRPLQDWHG E\ WEKRISHOHWILRIL Q,Q FRQWUDVW )WKH DUHD Il
SURYLGHV D PRUH FRPSUHKHQVLYH UHSUHVHQWDWLRQ RI V
WKH ODUJH DUHD RFEXSLHG E\ WKH ODUJHU JUDLQV :KHQ
VL]H GLVWULEXWLRQ EHFRPHV EURDGHU DQG PRUH XQLIRU
ILQH JUDLQV DQG IHZHU ODUJH JUDLQV
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$QRWKHU LPSRUWDQW RXWSXW RI WKH SUHVHQW PRGHO LV
LQIOXHQFH RI WH[WXUH HYROXWLRQ RQ WKH IUDJPHQWDWL
GHIRUPDWLRQ VWDJ$V ZHUHDH[BRHQHGNKH IUDJPHQWDWLR(
WR GHFUISBVH PQGE ZKHUH VLJQLILFDQW JUDLQ FRDOHVI
T E£DQGEVHFWLRQV RI (XOHU VIS\DAWKBYH SREWBQ® HBE O
FRPSRQHV®WY WZR GLVWLQFW RULHQWDWLRQ FORXGV DUH

FRPSROQHORWX®® ZLWK D KLIJKHU LQWHQVLW\ EHIRUH WKH
LQFUHDVHV WR WKH WZR RULHQWDWLRQ FORXGV PHUJ
LQWHQVLW\ DW WKH LGHDO & RULHQWDWLRQ )RU QHJDWLY
GLUHFWLRQ R| LQPWKIDNERYH WKH IURQW FBRKXIGORREHMU®
WKH & SRVLWLRQ DQG UHDFKHV WKLV LGHDO SRVLWLRQ 2
VPDOO DQG WKH RULHQWDWLRQ FORXG LV HIIHFWLYHO\ V
WKURXJK WKH QPHUIUHRYGGQ R ADWHI@G DIWHU WKH $ SRVLWLRQ
FRQYHUJHQFH ILHOG EHIRUH WKH & FRPSRQHQW )LQDOO\

LGHDO & SRVLWLRQ JHQHUDWLQJ D VLQJOH RULHQWDWLR
GLVRULHQWDWLRQ EHWZHHQ DGMDFHQW JUDLQV GHFUHD'
FRDOHVFHQFH OHDGLQJ WR DQ LQFUHDVH LQ WKH DYHUDJI
WH[WXUH DQDO\VLVY FOHDUO\ FRQILUPV WKH WKHRU\ RI JUD
E\ WKH FRQYHUJHQW URWDWLRQ ILHOG

)L T EDQ&2') VHFWLRQV RI WKH VLPXODWHG WIHJBSGUHY RI *UDLQ $

7KH QH[W QHLJKERU GLVRULHQWDWIQRDXGY D O/KQBX WWR Q LRI
SUHVHQMWHG7IRQFDOFXODWH WKH QH[W QHLJKERU GLVRULHQ
DORQJ WKH ] GLUHFWLRQ ZHUH HYDOXDWHG 7KH UHSUH\
FDOFXODWHG E\ DYHUDJLQJ WKH RULHQWDWLRQ RI DOO
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RULHQWDWLRQ GLIIHUHQFHV EHWZHHQ QHLJKERUEQJ JUDL
VLIH R SURQRXQFHG GHYLDWLRQ IURP WKH UDQGRP ODFN
FDQ EH REVHUYHG ZLWK VKDUS SHDNV DW ORZEGQ\GRULHQWI
$W WKLV GHIRUPDWLRQ VWDJH D VWURQJLWGEHHWHNORSBGR
&RQVHTXHQWO\ WKH GLVRULHQWDWLRQ EHWZHHQ WKH J
GHFUHDVHG DQG VWURQJ SHDNV DSSHDU DW ORZHU GLVRU
WKDW JUDLQ FRDOHVFHQFH FRQWULEXWHV WR D VIVWHPDW
ORZHU DQJOHYV

)LJ 7KH QH[W QHLJKERU GLVRULHQWHWLR@BWDWQHBEXIW RRQDRIO* U DU
DORQJ WKH ] GLUHEWKR E OBDLFN \A.J8H VKRZV WKH UDQGRP ODFNHQ]

,Q WKH SURSRVHG PRGHO HDFK YR[HO LV DVVLJQHG D X
FRRUGLQDWHY HQDEOLQJ WKH UHFRQVWUXFWLRQ DQG YL\
DQ\ ' VHFWLRQ RI WKH IX0O0 ' FRQILIXUDWLRQ )RU FRPSI
HYROXWLRQ UHVXGIWWLRQFRDVWBOWFWHG BW WZREGHIRUPL

7KH FRUUHVSRQGLQJ YLUWXDO PLFURVWUXFWXUHV SO
LOLJ $IWHU GHMRRAPDWLBQVWLQFW UHJLRQV ZKHUH JUDLQ
FDQ EH REVHUYHG $QDO\|LQJ WKH LGHDO VKHDU RULHQWD\
IURP WKH $ FRPSRQHQW WR WKH & FRPSRQHQW ZLWKLQ V
FRQVLVWHQW ZLWK WKH WH[WXUH VLPXODWLRQ UHVXOWV
RULHQWDWLRQ FORXGYV LQWR D VLQB3IH FOXVWHU DW WKH |
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)LJ 7KH VLPXODWHG PLFURVWUXFWXUH RI *UDLDQ 8 SURQEBSFWHG RQ D
FRORULQJ LV EDVHG RQ WKH JUDLQ VIQW POSHIR RUDBEHRQGLQJ LG
FRORULQJ LV EDVHG RQ WKH LGHDO VKHDU FRPSRQ

7KH JUDLQ VL]H HYROXWLRQ RI *UDBkQ % GXUKRIZGHIG UP DW
7KH ' JUDLQ VL]H HYROXWLRQ ${KLEL\W® ®MRY KBUB\ GHFD $IDY
LQ JUDLGWVL]H DRMH ' JUDLQ VL]H PSURB MDXOQFRHBKREEX FWLR
VL]H DW ORZ VWUDLQV +RZHYHU WKH H[WHQW RI FRDOHV
VLIQLILFDQW WKDQ LQ WKH ' FDVH UHVXOWLQJ LQ D VKD!
UHSUHVHQWSARW L RBQVXUWMDKHU VIMUDLQEGWKSVKR ' DQG ' DQ
VKRZ D FRQWLQXRXV GHFUHDVH LQ JUDLQ VL]H $W KLJKH!I
RFFXUV DQG DFWV DV D FRPSHQVDWLRQ PHFKDQLVP IRU JI
UDWH RI JUDLQ VL]H GHFOLQH 8QOLNH HUDDQVE | H RDHYUHHLE
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REVHUYHG IRU *UDLQ % DW KLJK VWUDLQV 7KLV LQGLFD\
LQIOXHQFH RQ *UDLQ % DQG JUDLQ IUDJPHQWDWLRQ UHPEL
WKH GHIRUPDWLRQ &RQVHTXHQWO\ ERWK 'DQG ' JUDLQ V
EHFRPH YHU\ VLPLODU DW WKH ILQDO GHIRUPDWLRQ VWDJ
IRUPV LQ 1UWDOQ %SDWLDO GLUHFWLRQV GXH WR H[WHQVLY
SDUDPHWHUV ZHUH LGHQWLFDO | RN LUIHIUGNQ % DQ® 19Q WHH |
DULVH SULPDIUGOMHURRWKHLWLDO RULHQWDWLRQV )RU D
IROORZ GLVWLQFW WUDMHFWRULHV LQ (XOHU VSDFH ZKH
ILHOGV WRJHWKHU ZLWK WKH ODWWLFH URWDWLRQ UDWH

DQG WKHUHIRUH WKH ILQDO JUDLQ VL]H

*UDLQ % LV LQLWLDOO\ ORFDWHG LQ WKH GLYHUJHQFH IL
GHIRUPDWLRQ VWDJHV *UDLQ % SDVVHV WKURXJK WKL
IUDJPHQWDWLRQ 7KH VKDUS GURS LQ ' JUDLQ VL]H DW Ol
KDYH EHHQHI® B WKW LUVW OHYHO RI UHILQHPHQW )ROORZ
HQWHU D FRQYHUJHQW UHJLRQ ORFDWHG EHIRUH WKH L
GLVRULHQWDWLRQ |DCGDW E®ID REZX MV KAHR FIULDNIQF FADOHVFHQT
HQDEOHV WKH VXEJUDLQV RI *UDLQ % WR OHDYH WKH LGHD
ZHOO H[WHQGHG GLYHUJHQW UHJLRQ DIWHU WKLV LGHDO F
DQG SURPRWLQJ JUDLQ IUDJPHQWDWLRQ

)LJ 7KH 'DQG 'JUDLQ VL]H HYROXWLRQV RI| HDDLQH¥%RWVIPAYOLDRDLR Q W |
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7KH QRUPDOL]HG QXPEHU RI IUDJPHQWHG DQG FRDOHVFHG
*UDLQ % LV SUHVHQWBOROQRXQFHG SH®N PSGBMBUWRLQ ER
IUDJPHQWDWLRQ DQG FRDOHVFHQFH FXUYHV FRUUHVSRQ
VXEVHTXHQWQWEHUHDYWDLQ VL]KHLREVRAKYRGIKRXW PRVW R
GHIRUPDWLRQ WKH QXPEHU Rl IUDJPHQWHG ERXQGDULH\
FRDOHVFHG ERXQGDULHYV LQGLFDWLQJ WKDW IUDJPHQWDW
*UDLQ % $Q H[FHSVERQ RFHFXHW WRHMXPEHU RI FRDOHVFHG
H[FHHGV WKH IUDJPHQWHG RQHV 7KLV ORFDO LQFUHDVH
LQFUHDVH LQ JUDLQ VL]H REVHUYHG LQ WKH ' DQDO\VLV F
QXPEHU RI IUDJPHQWHG ERXQGDULHV DJDLQ EHFRPHV

IUDJPHQWDWLRQ UHPDLQV WKH SULPDU\ PHFKDQLVP FRQW L

)LJ 7KH HYROXWLRQ RD IWRBPEXREHKR ROBVFHG ERXQGDULHYVY EHWZHH(
YR[HOV RI *UDLQ % GXULQJ VLPSPH VKHDU GHIRUPDWLRQ X

7KH QXPEHU IUDFWLRQ DQG DUHD IUDFWLRGJUDL@WH]H G
VKRZQLUQ 7KH QXPEHU IUDFWLRQ GLVWULEXWLRQ VKRZV I
EHORZIP 7KH LQWHQVLW\ RI WKLV SHDN LV)HYHID KAKKHU W
IUHTXHQF\ Rl ODUJHB JIL\D DQW RDERFK ORZHU IRU *UDLQ % F
Y)XUWKHUPRUH WKH PD[LPXP ' JUDLQ VL]H GHWHFWHG LQ *L
*UDLQ $ FRQWDLQV JUDLQV H[FHHGLQJ P LQGLFDWLQJ
$OWKRXJK WKH DUHD IUDFWLRQ JUDLE R MHLW ¥ ZLBXW LRE
JUDLQ VL]HV WKH SHDN LQWHQVLW\ IRU ODUJHU JUDLQ VL
UHVXOWY FOHDUO\ LQGLFDWH WKDW JUDLQ IUDJPHQWDWLF
WKLV GHIRUPDWLRQ OHYHO 7KH GLIIHUHQFH EHWZHHQ W
GLIIHUHQW LQLWLDO RULHQWDWLRQV OHDGLQJ WR GLIII
FRDOHVFHQFH GXULQJ GHIRUPDWLRQ



$OL $PLQLQHMDG ‘'HIRUPDWLR @ QIGHEUD LTH BW XIUHH PHRIDX W Q RIQAUVFIVRICR QURWHMAMW H G /DW H U D

)LJ D7KH QXPEHU |IUDWWHRIQUBRGUDFWLRQ JUDLQ V§iH GLVWULEXWL
REWDLQHG IURP DOO ' VHFWLRQV DO®QJ WKH ] GLUHFWLRQ

7KH £DQ@&VHFWLRQV Rl WKH VLPXODWSG WHIWHK WKREQ tQ
)LJ B6HYHUDO GLVWLQFW RULHQWDWLRQ FOXVWHUV DUH |
DURXQG WKH LGHDO $ & $ DQG $E RULHQWDWLRQV $GGL\
URWDWHG FXEH RULHQWDWLRQV GXULQJ GHIRUPDWLRQ OH
WR *UDAKL BK H[KLELWHG D VWURQJ DQG VKDUSO\ ORFDOL]}
OHYHO WKH WH[WXUH Rl *UDLQ % LV GLVWULEXWHG RYHL
PD[LPXP WH[WXUH LQWHQVLW\ RI *UDLQ % LV DOVR FRQVL
WH[WXUH VLPXODWLRQ UHVXOWVY GHPRQVWUDWH WKDW JU
IUDJPHQWHG JUDLQV URWDWHG WR GLIIHUHQW RULHQWDW
SUHYHQWLQJ WKH IRUPDWLRQ Rl ODUJH FRDOHVFHG JUDL
IUDJPHQWHG PLFURVWUXFWXUH
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)L T EDQ&E?2') VHFWLRQV RI WKH VLPXODBWHG WH[WXUHV RI *U

)L GLVSOD\V WKH QH[W QHLJKERU GLVRMJLHQWDODKMLRDQPGEIL V'
SURFHGXUH XVHG IRU *UDLQVHED/N DG CHWGE KHDMPML @HOG W K
RULHQWDWLRQ RI HDFK JUDLQ ZDV FDOFXODWHG DQG WKH
GHWHUPLQHGLQ)/NVQPHD &RPSDUHG ZLWK *UDLQ $ WKH GLVRU
% LV FORVHU WR WKH UDQGRP ODFNHQ]JLH GLVWULEXWLRQ
WRzZDUG KLJKHU GLVRULHQWDWLRQ DQJOHV $OWKRXJK WK
ORZ PLVRULHQWDWLRQ DQJOHVY WKH SHDN LQWHQVLW\ LV
HQKDQFHG IUHTXHQF\ RI KLJKHU GLVRULHQWDWLRQ DQJOH
LGHDO VKHDU FRPSRQHQWY DQG URWDWHG FXEH RULHQWD\
LQ (XOHU VSDFH $V D UHVXOW QHLJKERULQJ JUDLQV WKI
H[KLELW ODUJH GLVRULHQWDWLRQ YDOXHV 7KH SHDNV
QHLJKERULQJ JUDLQV WKDW UHPDLQ ZLWKLQ WKH VDPH F
UHODWLYHO\ VPDOO RULHQWDWLRQ GLIITHUHQFHYVY 2YHUDO!
FRDOHVFHQFH ZDV OLPLWHG LQ *UDLQ % FRQVLVWHQW ZLW
VWUDLQ OHYHO
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)LJ 7KH QH[W QHLJKERU GLVRULHQW®WLR@®BWWDWQ HBEXIW RPQDRIO* U DLH
DORQJ WKH ] GLUHEWKR E OBDLFN \A.J8H VKRZV WKH UDQGRP ODFNHQ]

7KH 'DQG 'JUDLQ VL]H HYROXWLRQV RS *UDLQ@EHEXKRDQ C
LQLJ 7KH ' JUDLQ VL]H HYROXWLRQ GLVSOD\V GLIIHUHQV
FRDOHVFHQFH RFFXUV 7KLV WUHQG FDQ DOVR EH REVHUY!
LOQWHQVLW\ $W ILUVW JODQFH WKH RFFXUUHQFH RI JUDLQ
DSSHDU XQH[SHFWHG VLQFH WKLV RULHQWDWLRQ LV NQR
SRVLWLRQV ZKHUH FRDOHVFHQFH LV W\SLFDOO\ DFWLYD!
PHFKDQLVP RI LQWHUQDO PLVRULHQWDWLRQ GHYHORSPHQ
FRQVLGHUHG 1RWDEO\ WKH PHWKRG RI VXEJUDLQ ODWWL
(TV DQG QRW RQO\ FKDQJHV WKH DEVROXWH YDOXH R
UHODWLYH WR WKH SDUHQW JUDLQ EXW DOVR FKDQJHV WKF
D UHVXOW WKH ODWWLFH URWDWLRQ Y HMS/RUHRIWNXUHD VG
RULHQWDWLRQ VSDFH 7KLV GHYLDWLRQ LQWURGXFHV D OR
URWDWLRQ ILHOG 7KH SUHVHQFH RI WKLV ORFDO GLYHUJH(
ILEHU HYHQ WKRXJK WKH SDUHQW RULHQWDWLRQ UHPD
IUDJPHQWDWLRQ D IUDFWLRQ RI WKH UHVXOWLQJ VXEJUDL
WR WKH LGHDO VKHDU RULHQWDWLRQV OHDGLQJ WR JUDL
UHVXOWV LQGLFDWH WKDW PRVW JUDLQV UHPDLQ FRQFHQ
FRQVLVWHQW ZLWK LWV VHPL VWDEOH QDWXUH 7KHUHIRL
DFFRXQW IRU WKH SURQRXQFHG JUDLQ FRDOHVFHQFH RFF
HYLGHQFHG E\ WKH UHPDUNDEOH LQFUHDVH LQ WKH ' JUDL
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%DVHG RQ WKH JUDLQ UHILQHPHQW WKHRU\ WKH FRQWU
RULHQWDWLRQ HYROXWLRQ LV SRVVLEOH 7KLV ORFDO FRQ
HOHPHQWY RULJLOQDWLQJ IURP GLIITHUHQW SDUHQW JUDL
PDFURVFRSLF ODWWLFH URWDWLRQ UDWH GLFWDWHG E\ WK
GLVWLQFW ODWWLFH URWDWLRQ UDWHV GXH WR WKH ERX
QHLJKERULQJ HOHPHQWY PD\ URWDWH WRZDUG WKH VDPH
FRQYHUJHQFH ILHOG 2QFH WKLV RFFXUV FRDOHVFHQFH L
HOHPHQWY LQVWHDG WKH PHUJLQJ RI WKHVH HOHPHQWYV F
SDUHQW IDPLOLHV XOWLPDWHO\ IRUPLQJ RQH ODUJHU JU
HYROXWLRQ IRU WKH URWDWHG FXEH ILEHU LV UHODWLY|
GLYHUJHQFH ILHOG LQ WKLV DUHD ZKLFK IXUWKHU LQFUHD

,Q ' WKLV PHFKDQLVP FDQ UHVXOW LQ D VLIJQLILFDQW LQF
JUDLQ FRDOHVFHQFH DSSHDUV PXFK OHVV SURQRXQFHG

HYDOXDWLRQ ZDV SHUIRUPHG RQ WKH VXFFHVVLYH | SODQH
FXEH ILEHU WKH ODWWLFH URWDWLRQ UDWH LV HTXDO WR
LV JHUR ,Q QHJDWLYH VLPSOH VKHDU WKH ULJLGTERG\ UR\
FRUUHVSRQGLQJ WR D SXUH URWDWLRQ DURXQG WKH ] D[L
SUHVHQW PRGHO PLVRULHQWDWLRQ EHWZHHQ QHLJKERUL
WKHUHIRUH GHYHORSYV SUHGRPLQDQWO\ WKURXJK URWDWI
IRUPDWLRQ Rl HORQJDWHG JUDLQV SDUDOOHO WR WKLV GL
] VHFWLRQV PRUH JUDLQHER)Q®DWILHVFDQGED REVEBOYHG C
FRDOHVFHQFH DW WKH URWDWHG FXEH ILEHU UHTXLUHV D
WKHDQJOH RI IUDJPHQWHG JUDLQV WR GULYH WKHP EDFN \
FRXOG IDYRU JUDLQ FRDOHVFHQFH SDUDOOHO WR WKH ] GL
RQO\ SDUWLDOO\ UHSUHVHQWHG LQ ' VHFWLRQLQJ $V D UF
VWURQJHU LQ ' WKDQ LQ ' IRU *UDLQ & $Q H[DPSOH LOOX)\
IROORZLQJ VHFWLRQ XVLQJ WKH VLPXODWHG PLFURVWUXFV
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[
&E Pu v3 Y}v

)LJ 7KH 'DQG 'JUDLQ VL]H HYROXWLRQV RI| HDDLGHE RULPPEW DRV KG @/

)L SUHVHQWYVY WKH VLPXODWHG WH[WXU$ RIDQBLQ & DW
FRUUHVSRQGLQJ WR VWDWHV EHIRUH DQG DI®HU WKH |
WKH LQLWLDO FXEH RULHQWDDNLRQ P\FHHDR V URRVRIVY R ¢

URWDWHG FXEH ILEHU UHWXUQLQJ WR WKH FXEH SRVLWLR

JUDLQV GHYLDWHYV IURP WKH URWDWHG FXEH ILEHU GXH W

&'5; 7KLV DOORZV WKHP WR UHDFK UHJLRQV FORVH WR VHY

% DQG %E :LWK IXUWKBHU VW WRPGLQUDLRWRRWDWH WRZ

RULHQWDWLRQ $W WKH VDPH WLPH WKH LQWHQVLW\ RI L

IHYHUWKHOHVV WKH URWDWHG FXEH WH[WXUH UHPDLQV V

VWDJHV ORUHRYHU WKH PD[LPXP WH[WXUH LQWHQVLW\ LQ

WKH RULHQWDWLRQ FORXG QHDU WKH URWDWHG FXEH ILEF

LQGLFDWH WKDW WKH LQFUHDVH LQVIGDL®HQ $HURIGRALIQD

FRDOHVFHQFH DURXQG WKH URWDWHG FXEH ILEHU UDWKH!

VKHDU RULHQWDWLRQV 7KLV EHKDYLRU LV FRQVLVWHQW Z

ILEHU DQG WKH ORFDO FRQYHUJHQFH PHFKDQLVPV HQDEOH
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)L T £DQ&2') VHFWLRQV RI WKH VLPXODWS$HG WHIESBIHYV RI *UDLQ &

7KH VLPXODWHG PLFURVWUXFWX%HV FOGG DL QD& HRIUW Y R QW
LOL) 7R LQYHVWLJDWH WKH DQLVRWURSLF QDWXUH RI1 JUI
URWDWHG FXEH ILEHU WKH PHGRIRVERWKF WXKIHHY ZE&GH] SO
GHIRUPDWLRQ L®FUHDSRY IURPHYHUDO UHJLRQV ZKHUH JL
RFFXUUHG FDQ EH GHWHFWHG RQ WKH ] VHFWLRQ SURMF
SURMHFWHG RQ WKH [ )\ HF® DR BUHLRWREQ\L® QXPEHU RI
HORQJDWHG DORQJ WKH ] GLUHFWLRQ ZLWK D SDUWLFXOD!L
UHJLRQ RI WKH PLFURVWUXFWXUH $V PHQWLRQHG IRU RUL
ODWWLFH URWDWLRQ LV GRPLQDWHG E\ ULJLG ERG\ URWD\
D[LV 7KLV URWDWLRQ OHDGV WR HQKDQFHG JUDLQ ERXQGI
LGRWKHU VSDWLDO GLUHFWLRQV ZKLFK H[SODLQV WKH IRU
W VKRXOG EH HPSKDVL]HG WKDW JUDLQ VKDSH HYROXWLR
UHILQHPHQW PRGHO DQG DOO H®KRXH R RXWUE WIRWP BWE R J
WKH WHUP 3HORQJDWHG JUDLQV " GRHV QRW LPSO\ DQ\ GHIF
WKH DSSHDUDQFH Rl VXFK HORQJDWHG JUDLQV LV SXUHO\
IUDJPHQWDWLRQ DQG FRDOHVFHQFH LQ WKH YLELQLW\ RI W

&RPSDUHG ZLWK WKH | VHFWLRQ PLFURVWUXFWXUH SURMH
SURPRWHYV WKH IRUPDWLRQ RI UHODWLYHO)IHORQJDWHG JU
FRDOHVFHQFH RQ WKH [ VHFWLRQ SUHIHUDEO\ WDNHV SOD
GLUHFEWLRQDQG | GLVSOD\ WKH IUDFWLRQ RI JUDLQV ZLWK
FXEH ILEHU GHIEQHGRXVHQWDWLRQ WKUHVKROG DURXQG W
VKRZQLUQF DQG G 7KHVH PDSV FOHDUO\ GHPRQVWUDWH
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SUHGRPLQDQWO\ DW WKH URWDWHG FXEH ILEHU UDWKHU
REVHUYDWLRQ FRQILUPV WKDW WKH URWDWHG FXEH WH[W
VKHDU GHIRUPDWLRQ ZLWK UHVSHFW WR JUDLQ IUDJPHQW
FRDOHVFHQFH WR RFFXU DW WKH URWDWHG FXEH ILEHU W
WKH £RUEUHJLRQ &RQVLGHULQJ WKDW RULHQWDWLRQ HYH
UHODWLYHO\ QDUURZ UHJLRQ DURXQG WKH URWDWHG FXE
DSSUR[LPDWHG DV D URWDWLRQ DURXQG WKH [ D[LV Rl WK
LQ WKH SUHVHQW JHRPHWULFDO FRQILJXUDWLRQ 7KLV UR
DORQJ WKH ] DQG \ GLUHFWLRQV FRQVLVWHQW ZLWK WKH |
VLPXODWHG PLEUREWUXFWXUH
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ST ST

)LJ 7KH VLPXODWHG PLFURVWUXFWXUH RI *UDLR & SURMEBWHG RQ D |
7KH VLPXODWHG PLFURVWUXFWRK&H RQDDEHBR QV W DRRW R WIHFWIL\R @ O R |

RQ WKH JUBIID®QBWKH FRUUHVSRQGLQJFRUQG Q WDSHRMLPESY RKH EOXH
FRUUHVSRQGV WR JUDLQV ZLWK WKH URWDWHG FXEH R
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2YHUDOO WKH JUDLQ UHILQHPHQW VLPXODWLRQV GHPR
FRDOHVFHQFH DORQJ WKH URWDWHG FXEH ILEHU IROORZ T
RFFXUV SUHIHUHQWLDOO\ QHDU WKH URWDWHG FXEH ILEHL
EHKDYLRU LV GULYHQ E\ WKH ORFDO FRQYHUJHQW ILHOGYV
PLVRULHQWDWLRQV 7KH ORFDO FRQYHUJHQW GLYHUJHQW
UHILQHPHQW DORQJ WKH URWDWHG FXEH ILEHU +RZHYHL
FRPSRQHQWY WKHVH ORFDO ILHOGV KDYH OHVV LPSDFW [
GRPLQDQW LQ WKHVH UHJLRQV

7KH WKUHH LQLWLDO RULHQWDWLRQV DQDO\]HG XVLQJ WKF
GLVWLQFW JUDLQ UHILQHPHQW EHKDYLRUV SURQRXQFHG .
IUDJPHQWDWLRQ *UDLQ % DQG WKH URWDWHG FXEH ILEH!
FDVHV SURYLGH YDOXDEOH LQVLJKWY D FRPSUHKHQVLYH
UHTXLUHG WR VA\VWHPDWLFDOO\ LQYHVWLJDWH WKH GHSHQ
DQG WH[WXUH HYROXWLR®VHRWLRIQ RH QB OWOWSWAB ZDQG
LQLWLDO RULHQWDWLRQV ZHUHL ®QHIRYROW & EVAR B DE X6W Pl &C
VKHDU GHIRUPDWLRQ ZLWK QHJDWLYH VKHDKHDHQVW WD\ L
XVLQJ WKH VDPH PRGHO SDUDPHWHUV DV LQ WKH SUHYLRX
' DQG YROXPH ZHLJKWHG ' DYHUDJH JUDLQ VL]HV IRU HI
XVHG WR FRQVWUXFW LVRYDOXH PDSV UBLHUUMGWKR X®H® H
EH QRWH® HRVEK®W DUWKHVSHFLILF WR VIDPB Q HH VX IHDO & B VR WP
IHYHUWKHOHVVY WKH VDPH DSSURDFK FDQ EH DSSOLH
OHYHOV WR JHQHUDWH FRUUHVSRQGLQJ JUDLQ UHILQHPHQ

)LJ D SUHVHQWY WKH ' JUDLQ7TUHAVBFWHR® BDSQIRUFDRM (
LQ WKH ILQDO JUDLQ VL]H DUH REVHUYHG DFURVV GLIIHUF
IUDJPHQWDWLRQ DQG FRDOHVFHQFH DUH VWURQJO\ LQIOX
ODUJHVW ILQDO ' JUDLQ VL]HV DUH REWDLQHG IRU LQLWL
FRPSRQHQWY ,Q FRQWUDVW RULHQWDWLRQV QHDU WKH &
7KH VPDOOHVW ' JUDLQ VL]JHV FRUUHVSRQG WR WKH LQLW
VKHDU FRPSRQHQWY DQG WKH URWDWHG FXEH ILEHU

$ UHODWLYHO\LVRPVODYHW URQG)LIUBLQ+REZHWHU WKH ODUJ
JUDLQ VL]HV DUH REWDLQHG IRU LQLWLDO RULHQWDWLRQV
UDWKHU WKDQ WKH $ FRPSRQHQW 7KH LQLWLDO RULHQWTE
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JubLQ FRDOHVFHQFH FRUUHVSRQGV WR WKLV UHJLRQ ORU
D UHODWLYHO\ ODUJH "JUDLQ VL]H UHIOHFWLQJ WKH RFF:
WKH URWDWHG FXEH ILEHU

)L T E£VHFWLRQ RI WKH JUDLQ UHILQHPHQWSRDS | RIW SUKHV B & WHGL E ¢
DWKH ILQD@® WKBIQGQDO ' JUDLQ VL]HV

6XFK JUDLQ UHILQHPHQW PDSV SURYLGH D SRZHUIXO WRI
UHILQHPHQW XQGHU VKHDU GHIRUPDWLRQ %\ LOOXVWUDMW
FRQWUROOLQJ JUDLQ IUDJPHQWDWLRQ DQG FRDOHVFHQFH
PLFURVWUXFWXUHV WKURXJK WKH DSSURSULDWH VHOHFW
FRQGLWLRQV 'HSHQGLQJ RQ WKH LPSRVHG VKHDU VWUDL
XQLIRUPO\ UHILQHG PLFURVWUXFWXUHV RU GHOLEHUDWHC
H[DPSOH IRU VKHDUSGHIRUPMWLRWXDB WRKHDU WH[WXUH FF
IUDFWLRQV RI WKH $ DQG & FRPSRQHQWYV LV H[SHFWHG W
PLFEURVWUXFWXUH VLQFH WKHVH WZR RULHQWDWLRQV HI[!
EHKDYLRUV
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&RQFOXVLRQV
$ FRPPHUFLDOO\ SXUH FRSSHU VDPSOH ZDV VXEMHFWHG W
)$/(3 WHFKQLTXH ZLWK DQ H[WUXVLRQ UDWLR RI 7KH F
)$/(3 SURFHVV ZHUH LQYHVWLJDWHG XVLQJ WKH (%6' WHF
H[WHQVLYH JUDLQ UHILQHPHQW WKURXJK FRQWLQXRXV G\Q
WKH LQWHUUHODWLRQ EHWZHHQ WH[WXUH HYROXWLRQ DQ
URWDWLRQ ILHOG DQG LWV FRQYHUJHQW GLYHUJHQW FKDU
YLFLQLW\ Rl WKH LGHDO VKHDU RULHQWDWLRQV ZHUH DQD
IXUWKHU GHYHORSHG E\ LQFRUSRUDWLQJ QHZ DOJRULWKP\
DQG ' DYHUDJH JUDLQ VL]HV DW HDFK VWUDLQ LQFUHPHQ)\
EHKDYLRU DFURVYV GLIIHUHQW RULHQWDWLRQV ZDV H[DPLC
RULHQWDWLRQ DQG WH[WXUH HYROXWLRQ LQ GHWHUPLQLC
H[SHULPHQWDO REVHUYDWLRQV DQG VLPXODWLRQ UHVXO\
GUDZQ

$IWHU )$/(3 SURFHVVLQJ ZLWK DQ H[WUXVLRQ UDWLR
FRQVLVWLQJ RI UHODWLYHO\ ODUJHU JUDLQV HPEHGGFH
ZDV REWDLQHG 7KH ODUJHU JUDLQV ZHUH SUHGRPLQ
RULHQWDWLRQV ZKHUHDV WKH VPDOOHU JUDLQV ZHU
RULHQWDWLRQ VSDEH

7KH ODUJHU JUDLQV IRUPHG WKURXJK JUDLQ FRDOHVF
LQGLFDWIL@ D FMUKIDVH LQ JUDLQ VL]H E\ SODVWLF GHIR
VWHDG\ VWDWH UHJLPH EXW DOVR RFFXUV DFWLYHO\ G
7KH GLYHUJHQFH DQG FRQYHUJHQFH QDWXUH RI WKH Ul
IUDJPHQWDWLRQ DQG FRDOHVFHQFH GXULQJ &'5; 'L
IUDJPHQWDWLRQ ZKLOH FRQYHUJHQW ILHOGV IDFLOLW
YLFLQLW\ RI LGHDO VKHDU RULHQWDWLRQV

7KH JUDLQ UHILQHPHQW VLPXODWLRQV UHYHDOHG WK
VLIQLILFDQWO\ GLIIHUHQW IUDJPHQWDWLRQ DQG FRDO
LV D NH\ IDFWRU LQ GHWHUPLQLQJ WKH ILQDO JUDLQ V
7KH URWDWHG FXEH ILEHU UHSUHVHQWY D VSHFLDO

FRDOHVFHQFH RFFXUV IDU IURP WKH LGHDO VKHDU RUL
LV SULPDULO\ GULYHQ E\ WKH ORFDO FRQYHUJHQFH Il
JUDGLHQWY $V WKH LQIOXHQFH RI JOREDO FRQYHUJHC
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FXEH ILEHU LV PLQLPDO WKH RULHQWDWLRQ HYROXWL
(XOHU VSDFH HQKDQFLQJ WKH UROH RI ORFDO FRQYH
IUDJPHQWDWLRQ DQG FRDOHVFHQFH

&ODLPV
*UDGLHQW PLFURVWUXFWXUH IRUPDWLRQ LQ )$/(3

,W KDV EHHQ H[SHULPHQWDOO\ GHPRQVWUDWHG WKDW
SURGXFH D JUDGLHQW PLFURVWUXFWXUH DFURVV WKH
SUHYLRXVO\ SXEOLVKHG H[WUXVLRQ UDWLR (%6" UI
QP QHDU WKH WRS VXUIDFH DQG P QHDU WKH
FU\WWWDOORJUDSKLF WH[WXUHV LQ WKH WZR UHJLRQV

'HIRUPDWLRQ ILHOG DQG WH[WXUH DQDO\VLV LQ )$/(3 X
PRGHO

7KH GHIRUPDWLRQ EHKDYLRXU RI WKH H[SHULPHQWDO
DAH[WUXVLRQ UDWLR RI H[KLELWV VRPH VKDUS YDUL
EH LGHQWLILHG LQFOXGLQJ WZR VLPSOH VKHDUV DQG
EHWZHHQ 7KLV FRPSOH[LW\ LQ IORZ OLQH GHIRUPDWLR
RI RWKHU FKDQQHO DQJXODU H[WUXVLRQ SURFHVVHYV

IOXLG PHFKDQLFV NLQHPDWLFVY D QHZ WKUHH VWDJH |
FRPSXWH ORFDO YHORFLW\ JUDGLHQW WHQVRUV :KHQ
IUDPHZRUN WKH PRGHO VXFFHVVIXOO\ UHSURGXFHV H]
DFFXUDFLHV RI XSSHU UHJLRQ DQG ERWWRF
SURSRVHG PRGHO FDQ DFFXUDWHO\ GHVFULEH WKH GHI
WH[WXUH HYROXWLRQ LQ )$/(3

$W ODUJHU VWUDLQV QHDU HTXLYDOHQW YRQ OLVHV V
PRGHO SHUIRUPV EHWWHU WKDQ WKH VHOI FRQVLVWHC
XQLIRUP GHIRUPDWLRQ PRGH WKURXJKRXW WKH SRO\F
WKH VDPH PDQQHU :KHQ WKH DSSOLHG VWUDLQ LV FF
UHFU\WVWDOOL]DWLRQ RFFXUV WKURXJK WKH IRUPDWL
UHDUUDQJHPHQW RI JHRPHWULFDOO\ QHFHVVDU\ GL’
KHWHURJHQHLWLHY LQ GHIRUPDWLRQ DUH UHPRYHG PI
WKH PLFURVWUXFWXUH QHDU WKH WRS SDUW RI WKH H
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HTXLD[HG PRUSKRORJ\ LV REWDLQHG WKH 7D\ORU PF
WH[WXUH PRUH DFFXUDWHO\ +RZHYHU QHDU WKH ERW
LV ORZHU DSSUR[LPDWHO\ HTXLYDOHQW YRQ OLVHV VV
SURQRXQFHG DQG GHIRUPDWLRQ KHWHURJHQHLW\ SHL
DVVXPSWLRQ EHFRPHV OHVV YDOLG DQG WKH VHOI |
GHVFULSWLRQ Rl WKH WH[WXUH HYROXWLRQ

7KH FODVVLF VLPSOH VKHDU PRGHO RI DQJXODU H[W!I
GHIRUPDWLRQ ILHOG LQ WKH )$/(3 SURFHVV DW DQ H[W
PRGHO DVVXPHV XQLIRUP GHIRUPDWLRQ DFURVV WKH
LPSUDFWLFDO IRU PRGHOLQJ JUDGLHQW PLFURVWUXE
DSSURDFKHV UHDVRQDEO\ ZHOO DW KLJKHU H[WUXVLRG

ORZHU H[WUXVLRQ UDWLRYV 7TKH HTXLYDOHQW YRC
VKHDU PRGHO IRU WKLV GLH JHRPHWU\ LV ZKLFK L
WKH QHZ IORZ OLQH PRGHO DQG IRU WKH WRS

7KH KLIJKHU VWUDLQ LQ WKH WRS UHJLRQ REWDLQHG Il
PLFURVWUXFWXUH HYDOXDWLRQ DV WKH ILQDO JUDLQ
ORUHRYHU WKH VLPXODWHG WH[WXUHV JHQHUDWHG E
DJUHHPHQW ZLWK WKH PHDVXUHG WH[WXUHV IRU ERWK
WKH VLPSOH VKHDU DSSUR[LPDWLRQ LV RQO\ DSSOLFD
EHFRPHY LQYDOLG DW ORZHU UDWLRV ZKHUH GHIRU
PLFURVMAHYHNORS

7KH FULWLFDO UROH RI WH[WXUH HYROXWLRQ LQ JU
FRDOHVFHQFH

*UDLQ UHILQHPHQW GXULQJ SODVWLEF GHIRUPDWLRQ L\
JUDLQ VL]H UHVXOWV IURP WZR FRPSHWLQJ PHFKDQL)\
FRDOHVFHQFH ERWK DUH VWURQJO\ GHSHQGHQW RQ \
FRSSHU VDPSOH DIWHU WKH )$/(3 SURFHVV H[KLELWHG
RI ODUJHU DQG VPDOOHU JUDLQV /DUJHU JUDLQV Zt
FRDOHVFHQFMBEOGO/ KREDU RULHQWDWLRQV 7KH GULY!
LV WKH FRQYHUJHQFH ILHOG Rl WH[WXUH HYROXWLRC
QHLJKERULQJ JUDLQV JUDGXDOO\ GHFUHDVHV ,Q WK
RULHQWDWLRQ GLIIHUHQFH FDQ EH VPDOOHU WKDQ

7KHUHIRUH WKH JUDLQ ERXQGDU\ GLVDSSHDUV DQG V
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GLYHUJHQFH ILHOG Rl WH[WXUH HYROXWLRQ LQFUHDVH
VXEJUDLQV SURPRWLQJ WKHLU WUDQVIRUPDWLRQ LQ\
JUDLQ IUDJPHQWDWLRQ

,Q WKH FRQWH[W RI FRQWLQXRXV G\QDPLF UHFU\V\
GHIRUPDWLRQ JUDLQ FRDOHVFHQFH LV H[SHFWHG WR |
VDWLVILHG

3ULRU JUDLQ IUDJPHQWDWLRQ

1HLJKERULQJ LQ SK\VLFDO VSDFH

1HLJKERULQJ LQ RULHQWDWLRQ VSDFH
$SSURDFKLQJ WKH LGHDO SRVLWLRQV LQ RULHQWDW

X X X X

W LV H[SHFWHG WKDW JUDLQ FRDOHVFHQFH WDNHV SO
KDV DOUHDG\ RFFXUUHG LQ WKH PLFURVWUXFWXUH 2E°
JUDLQV WKDW KDYH FRPPRQ JUDLQ ERXQGDULHYV PHDQ
WKH QHLJKERULQJ JUDLQV WKDW KDYH ODUJH RULHQWL
IRU JUDLQ FRDOHVFHQFH 7KHUHIRUH WKH QHLJKERUL
RULHQWDWLRQ VSDFH PHDQLQJ WKDW WKH GLVRULHQ\
JXUWKHUPRUH FRDOHVFHQFH LV RQO\ SHUPLWWHG Ql
URWDWLRQ ILHOG LV FRQYHUJHQW DQG WKH ODWWLFI
UHFU\WVWDOOL]DWLRQ &'5; LQKHUHQWO\ VDWLVILHV
I UDJPHQWHG JUDLQV DUH SK\VLFDOO\ DGMDFHQW DQG
RULJLQDO JUDLQ RULHQWDWLRQ PHDQLQJ WKH\ DUH I
&RDOHVFHQFH LV WKHUHIRUH DFWLYDWHG RQO\ ZKHQ W
WKH JUDLQYVY HQWHU D FRQYHUJHQW URWDWLRQ ILHOG
GHPRQVWUDWHY WKDW JUDLQ FRDOHVFHQFH LV DQ LC
GULYHQ E\ WH[WXUH HYROXWLRQ

7KH URWDWHG FXEH ILEHU LV DQ H[FHSWLRQ LQ JUD
LQGLYLGXDO RULHQWDWLRQ DORQJ WKLV ILEHU LV VWI
HI[KLELWV D IRUP RI UHODWLYH VWDELOLW\ GXULQJ VL
ORFDWHG IDU IURP WKH LGHDO VKHDU SRVLWLRQV LQ
RFFXU DORQJ WKH URWDWHG FXEH ILEHU 7KH GULYLQ.
URWDWHG FXEH ILEHU LV WKH ORFDO FRQYHUJHQFH ILI
JUDGLHQWY 7KH ZHDN H[WHUQDO FRQYHUJHQFH GLYH
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ILEHU NHHS WKH RULHQWDWLRQ HYROXWLRQV ZLWKLQ
UROH RI ORFDO FRQYHUJHQFH GLYHUJHQFH ILHOGV LC
DORQJ WKH URWDWHG FXEH ILEHU EHFRPHYV SURQRXQFI

)XOO\ TXDQWLWDWLYH ' DQG ' JUDLQ IUDJPHQWDWLRQ
E\ DQ RSWLPL]JHG OHYHO JUDLQ UHILQHPHQW PRGHO
$Q H[LVWLQJ OHYHO JUDLQ VXEGLYLVLRQ PRGHO ZDV
JUDLQ GHWHFWLRQ DOJRULWKPV )RU WKH ILUVW WLPH
DQG WKH GHWHUPLQDWLRQ RI JUDLQ VL]H LQ ERWK ' D
WKH WRSRORJLFDO FRQQHFWLRQV EHWZHHQ JUDLQV LC
PRGHO WKH IROORZLQJ DQDO\VHV FDQ EH GRQH

x 1XPEHU RI JUDLQV LQ '

X $YHUDJH JUDLQ VL]H LQ 'DQG

x *UDLQ VL]H GLVWULEXWLRQ

1XPEHU RI IUDJPHQWHG DQG FRDOHVFHG ERXQGDULH
'"HIRUPDWLRQ WH[WXUH

'LVRULHQWDWLRQ GLVWULEXWLRQ

OLFURVWUXFWXUH VLPXODWLRQ

X

xX X X

7KH VLPXODWLRQ UHVXOWVY UHYHDO WKDW WKH ' JUDL
SURMHFWLRQ EHFDXVH QHLJKERULQJ JUDLQV PD\ UHPD
IDFWRU W\SLFDOO\ QHJOHFWHG LQ (%6' EDVHG ' FKDUI
TXDQWLWDWLYH DQDO\VLV RI JUDLQ IUDJPHQWDWLRQ
VLPXODWLRQ UHVXOWV VKRZ WKDW JUDLQ FRDOHVFEHQF
WKH URWDWLRQ ILHOG LV FRQYHUJHQW DQG WKH OD
H[FHSWLRQ Rl WKH URWDWHG FXEH ILEHU ORUHRYHU V
LQ WKH OHYHO RI JUDLQ IUDJPHQWDWLRQ DQG JUDLQ F
FRQGLWLRQV GLIIHUHQW LQLWLDO RULHQWDWLRQV FD
VLIHV LQGLFDWLQJ WKDW WKH QDWXUH RI WH[WXUH
UHILQHPHQW
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&ODLPV 3UDFWLFDO $SSOLFDWLRQYV

7KH ILQGLQJV RI WKH ILUVW SDUW RI WKLV VWXG\ SURYLGH
DQG PDWHULDO IORZ GXULQJ WKH )$/(3 SURFHVV ZKLFK LV
SURGXFWLRQ RI ODUJH VFDOH XOWUDILQH JUDLQHG DOORY\
HYROXWLRQ DQG PLFURVWUXFWXUH GHYHORSPHQW GXUL:
LQYHVWLIJDWHG XVLQJ D FRPELQDWLRQ RI H[SHULPHQWDO
VLPXODWLRQV %HFDXVH )$/(3 LV D UHODWLYHO\ QHZ 63" \
DGGUHVVHG LWV GHIRUPDWLRQ PHFKDQLFV DQG PLFURV)
WKHUHIRUH SURYLGHV D GHWDLOHG DQDO\VLV RI VHYHUDC
WKH LQIOXHQFH RI H[WUXVLRQ UDWLR RQ VWUDLQ GLVW
FU\WVWDOORJUDSKLF WH[WXUH HYROXWLRQ 7KH UHVXOWYV F
RI )$/(3 SDUWLFXODUO\ IRU GHVLIJQLQJ HLWKHU XQLIRUP F
DSSURSULDWH SURFHVVLQJ SDUDPHWHUYV

7KH VHFRQG SDUW RI WKLV VWXG\ IRFXVHV RQ WKH IXQC
UHILQHPHQW GXULQJ VHYHUH SODVWLF GHIRUPDWLRQ %D\
VDPSOHV SURFHVVHG E\ )$/(3 D IRXU OHYHO IUDFWDO JUD
DQDO\]JH PLFURVWUXFWXUH HYROXWLRQ GXULQJ ODUJH VKH
HQDEOHV WKH VLPXOWDQHRXV GHWHFWLRQ RI ERWK JUDLQ
VWUDLQ LQFUHPHQW )XUWKHUPRUH WKH VWXG\ VI\VWHPD!
FU\WVWDOORJUDSKLF WH[WXUH LQ FRQWUROOLQJ JUDLQ VL
UHILQHPHQW PDS GHYHORSHG LQ WKLV ZRUN SURYLGH D ¢
GHVLJQ HLWKHU ELPRGDO RU XQLIRUPO\ UHILQHG PLFURVW
LQLWLDO WH[WXUH 7KLV DSSURDFK FDQ VLJQLILFDQWO\
PLFURVWUXFWXUH GHVLJQ E\ PLQLPL]LQJ WKH QHHG IRU U}l
HISHULPHQWDO WULDOYV
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SXEOLFDWLRQV DQG BUHVHQWDWLRQV

$SPLQLQHMDIRWK [/ 6 6HSVL O 6]XFV O .XPDUDQ 6
'"HIRUPDWLRQ ILHOG DQG WH[WXUH DQDO\VLV LQ I
DOXPLOXWHULDOV &KDUDFWHUL]DWLRQ

$PLQLQHMDI&WK / DQG OHUWLQJHU 9 ORGHOLQJ
(&$3 YDULDQW 'WNWIRQIDTXGEHXN ] YSFOP D Q D FK

2$7. ORGHOLQJ RI GHIRUPDWLRQ ILHOG LQ WKH IUL
SURF$IRIVQLQHMDEHSY¥L O 6]XFV 0O 7RWK / 6 DQG OF
3UHVHQWDWLRQ

,&2720 $ QHZ IORZ OLQH DSSURDFK IRU PRGHOLQJ WKF
LQ )$/(BPLQLQHMDIRWK / 6 OHUWLQJHU 9 06PUDO 0 [
3UHVHQWDWLRQ

,6&%$0( 2Q WKH UROH RI FU\WWDOORJUDSKLF WH[WXU
VHYHUH SODVW&§PLEHIRUWMBMERQO 7RWK / 6 DQG OHUW
3UHVHQWDWLRQ
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$, 8VDJH 6WDWHPHQW

, WKH XQGHUVLJQHG $0OL $PLQLQHMDG GHFODUH WKDW WK
P\RZQ ZRUN ,I , XVHG DUWLILFLDO LQWHOOLJHQFH WR ZUL'
ZKDW NLQG RI WRRO , XVHG DQG IRU ZKDW SXUSRVH

OLVNROF
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SHIHUHQFHYV

> @ 8 .RFNV 7KH UHODWLRQ EHWZHHQ SRO\FU\VWIDRDQ GHIRU
OHWDOOXUJLFDO 7TUDQVDFWLRQV
> @ ' .XKOPDQQ :LOVGRUI 7KH WKHRU\ RI BHIMDORFDIKILFQ EDVHED

$
> @ - &KDNUDEDUW\ 7KHRU\ RI SODVWLFLW\ (OVHYLHU

> @5 $VDUR 9 /XEDUGD OHFKDQLFV RI VROLGY DQG PDWHULDC
> @ *, 7D\ORU 30DVWLF VWUDLQ LQ PHWDOV - ,QVW OHWDOV
>@ 5 $UPVWURQJ 6 :DOOH\ +LJK VWUR\Y UDWH LB5QRE HRGDLG \0
SHYLHZV

> @ < &DR % .DUOVVRQ - $KOVWU|P 7HPSHUDRWBOHH BRGYVRU I
GXDO SKDVH VWHHO ODWHULDOV 6FLHQFH DQG (QJLQHHULQJ $
> @ -: +XWFKLQVRQ %RXQGV DQG VHOI FRQVLY W HF@W HYLVDIOPL
3URFHHGLQJV RI WKH 5R\DO 6RFLHW\ Rl /RQGRQ $ ODWKHPDWLF

> @ * &DQRYD & )UHVVHQJHDV $ OROLQDUL 8 .RFNV (IIHFW F
DQG ODWWLFH URWDWLRQ $FWD OHWDOOXUJLFD

> @ * 6DFKV =XU DEOHLWXQJ HLQHU IOLHVVEHGLQJXQJ = 9HU
> @5 +LOO0 &RQWLQXXP PLFUR PHFKDQLE®DRI R D D\KW RISHFIX\DVQ L
3K\VLFV Rl 6ROLGV

> @ 3 9DQ +RXWWH 6LPXODWLRQ RI WKH WRORUQNKHRW WVEEDBEW
PHFKDQLFDO WZLQQLQJ $FWD OHWDOOXUJLFD

> @ 5% /HEHQVRKQ & 1 7RPp $ VHOI FRQVLVVOHQW D@ RY RO
GHIRUPDWLRQ DQG WH[WXUH GHYHORSPHQW \WI $R®\F BHAWMIDDYX D
HW PDWHULDOLD

> @ $ OROLQDUL * &DQRYD 6 $K]JL $ VHOI FR®WVRQWIRDNFD$BW
YLVFRSODVWLFLW\ $FWD OHWDOOXUJLFD

> @ $ OROLQDUL / 7yWK 7XQLQJ D VHOI FRQVLVUWWROQWWYERYFR
ORGHOLQJ $FWD OHWDOOXUJLFD HW ODWHULDOLD

> @ 5= 9DOLHY < (VWULQ = +RULWD 7* /DQJGRQ 0 - =HF
XOWUDILQH JUDLQHG PDWHULDOV E\ VHYHUH SODVWLF GHIRUPD\
> @ . (GDODWL $ %DFKPDLHU 9% %HORVKHQNR %UYB\JHO]LP
yt&HN 6 'LYLQVNL 1 $ (QLNHHY 1DQRPDWHULDO K LEWWHRILYIHUDHD S
GHYHORSPHQWY DQG UHFHQW DGYDQFHV ODWHULDOV 5HVHDUFK
> @ 7* /IDQJGRQ 7ZHQW)\ ILYH \HDUV RI XOWFRHSWQIR QDO LSUHGS R
WKURXJK JUDLQ UHILQHPHQW $FWD ODWHULDOLD

> @ 5= 9DOLHY 6XSHULRU VWUHQJWK LQ X&BW SIRBDHVILDLQ
ODWHULDOV 7UDQVDFWLRQV

> @ . (GDODWL B5HYLHZ RQ UHFHQW DGYDQFHRBEW\E\LRLIKYH
SUHVVXUH WRUVLRQ +37 $GYDQFHG (QJLQHHULQJ ODWHULDOV
> @ 1 %RXFKDUDW 5 +HEHUW + 5|VQHU 5IRaD G RW UR OIOQ®H
PLFURVWUXFWXUH LQ QDQRVWUXFWXUHG $0 < )H DOOR\V -RXU

> @ $ =KDURY S5HDFWLYLW\ RI PRQRPHUV D @GVRWDK\HU XRUGEBQ LK
SUHVVXUH DQG VKHDU GHIRUPDWLRQ 3RO\PHU VFLHQFH 6HULH\
> @ < ,NRPD 7 <DPDVDNL 7 ODVXGD < 7DQJH <6PLIWMRK <=2KLV
+RULWD 6\QFKURWURQ ; UD\ GLITUDFWLRQ REVHUYQOWRRGLRI St
SURFHVVHG E\ KLJK SUHVVXUH WRUVLRQ 3KLORVRSKLFDO 0DJD]
> @ 3: %ULGJPDQ (IITHFWV RI KLJK VKHDULQJWWWHKVWH FRPR\VLLEE
UHYLHZ

> @ . (GDODWL OHWDOOXUJLFDO DOFKHPALB\ KXAOW S0 WY XIWHH \&
SURFHVVY ODWHULDOV 7UDQVDFWLRQYV

> @/ 7yWK 0 $U]JDJIKL - )XQGHQEHUJHU % %HDKMWVHUSQD YRIXPD
GHIRUPDWLRQ RI PHWDOV E\ KLJK SUHVVXUH WXEH WZLVWLQJ 6
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> @ 0 $U]JDIKL - )XQGHQEHUJHU [/ 7RWK 5 $UUXIIDW [
OLFURVWUXFWXUH WH[WXUH DQG PHFKDQLFXQJ&URBHUMXIUHHY WR
WZLVWLQJ $FWD PDWHULDOLD

> @ & ;X = +RULWD 7 * /DQJGRQ 7KH HYROXWLRORRHXRIRBGJH
XVLQJ KLIJK SUHVVXUH WRUVLRQ $FWD PDWHULDOLD

> @9 6HJDO OHWKRGV RI VWUHVV VWUDLQ D @QINOAMNVWXWE B HNWDH
RI 6FLHQFHV RI % XHORUXVVLD OLQVN 5XVVLD

> @9 6HJDO ODWHULDOV SUHSDUDWLRQ IRWWROICFRDALRJ SURFH

> @ 5 9DOLHY $ .RUJQLNRY 5 OXO\XNRY 6 WIDLFQWGU R DDAQHU IST
SURGXFHG E\ VHYHUH SODVWLF GHIRUPDWLRQ ODWHULDOV 6FLH
> @ 7& /RZH 5 = 9DOLHY ,QYHVWLJDWLRQV D@®R® DGESWLLEDINL F
BFLHQFH %XVLQHVV OHGLD

> @ 5= 9DOLHY 7 * /DQJGRQ 3ULQFLSOHV RI HTXN@E®DRQHO
JUDLQ UHILQHPHQW 3URJUHVV LQ PDWHULDOV VFLHQFH

> @9 6HJDO 60LS OLQH VROXWLRQV GHIRUPDWLR®PRGHUDQG
H[WUXVLRQ ODWHULDOV 6FLHQFH DQG (QJLQHHULQJ $

> @ : 6NURWINL 1 6FKHHUEDXP & 2HUWH O2EO* ToX bl RANXFEH. M/UH [ W/
IRUPDWLRQ LQ KLJK SXULW\ DOXPLQXP G X U LSQ\WDMIHK B3 & HRKRORHIGHD

> @ : 6NURW]INL 'HIRUPDWLRQ KHWHURJHQHLWLRMNWID@ WD KW ORKK

> @5 < /IDSRYRN 7KH UROH RI EDFN SUHVVXUH LQ BIWKDQDRKWD Q

VFLHQFH

> @ 3:- OFNHQJLH 5 /DSRYRN < (VWULQ 7KH LQIOXHQFH RI E
ORGHOLQJ DQG H[SHULPHQW $FWD ODWHULDOLD

> @ *- 5DDE 5 = 9DOLHY 7 & /RZH <7 =KX &RQWEQXRXV SU

(&$3+&RQIRUP ODWHULDOV 6FLHQFH DQG (QJLQHHULQJ $

> @/ 6 7yWK 5 /DSRYRN $ +DVDQL & *X 1RQ HTXDO FKDQQH

6FULSWD ODWHULDOLD

> @ & *X /6 7TRWK 7H[WXUH GHYHORSPHQW @HIG DIQYIDIL@D UHS UGN

$O0 B6FULSWD ODWHULDOLD

> @+ 6 .LP )LQLWH HOHPHQW DQDO\VLV RRG HIRUPD® WK R Q QBHX [

DQJXODU SUHVVLQJ ODWHULDOV 6FLHQFH DQG (QJLQHHULQJ $

> @ < 1LVKLGD + $ULPD - & .LP 7 $QGR 5RWDWRI ®IH $OEXD O
PDVV 6L+ PDVV 0J DOOR\ 6FULSWD PDWHULDOLD
> @ & < &KRX 6 / /HH - & /LQ & 0 +VX (REBFRQ@ WKHUR

PLFURVWUXFWXUHY DQG VXSHUSODVWLRLVSWRD ODANHULDWLDSO H >

> @ 96 5DR % .DVK\DS 1 3UDEKX 3 +RGJVRQ 7 \BERSAG HTX
HXWHFWLF DQG LWV WHQVLOH SURSHUWLHY ODWHULDOV 6FLHQF
> @$ +DVDQL 0 B6HSVL 6 )H\][L / 7RWK 'HIRUR®$BLROQLQHOG I
IORZ IXQFWLRQ ODWHULDOV &KDUDFWHUL]DWLRQ

> @ . (GDODWL $ 4 $KPHG 6 $NUDPL . $PH\DPD $% KHSIDX MRY
$VWDQLQ $ %DFKPDLHU 9 %HORVKHQNR 6HYHUBNQFWL\RWQIDO G
XOWUDILQH JUDLQHG DQG KHWHURVWUXFWXUHGRIPHWGIRAVD OQ G D
&RPSRXQGYV

> @ 3% %HUERQ 0 )XUXNDZD = +RULWD 0 1HPRWR 7 * /DQJ
PLFURVWUXFWXUDO GHYHORSPHQW LQ HTXDO FKDQQE® DQJX
7UDQVDFWLRQV $

> @ 9 6HJDO ODWHULDOV SURFHVVLQJ E\ VLPSOH VKHDU ODW

> @9 6HJDO (TXDO FKDQQHO DQJXODU MPMUIUH RRU A D RP PQ FUBD
6FLHQFH DQG (QJLQHHULQJ $
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> @ < ,ZDKDVKL = +RULWD 0 1HPRWR - :DQJ 7 * JXDD@IGRQ

SUHVVLQJ IRU WKH SURFHVVLQJ RI XOWUD ILQH JUDLQHG PDWHU
> @/6 7yWK 5% ODVVLRQ / *HUPDLQ 6 & %DLN 6T»X@DV $C
FKDQQHO DQJXODU H[WUXVLRQ RI FRSSHU XVLQJ D QHZ IORZ ILH
> @ '1 /HH $Q XSSHU ERXQG VROXWLRQ RI FKDQQHO DQJXOD

> @ $ +DVDQL /6 7yWK % %HDXVLU 3ULQFLSOHV RI QRQHTXD

> @ , - %YH\HUOHLQ /6 7yWK 7H[WXUH HYROXWLRQ L@ HTXD
ODWHULDOV 6FLHQFH
> @ 6 /L , - %H\HUOHLQ 0 $ %RXUNH 7H[WXO®B URRUMOUIXVRR (G

IFF DQG EFF PDWHULDOV FRPSDULVRQ ZLWK VLPSOH VKHDU 0D

> @, %YH\HUOHLQ 5 /HEHQVRKQ & 7RPp ORGHOLQJ WH[WXUH |
FKDQQHO DQJXODU H[WUXVLRQ SURFHVVY ODWHULDOV 6FLHQFH LC
> @ & =KX ) 'X 4 -LDR ; :DQJ $ &KHQ ) /LX ' SRQH®IEFURV)
ZLWK ODUJH JUDLQV SURFHVVHG E\ HTXDO H¥DID@PHO DQJXODU ¢

> @0 (EUDKLPL & *RGH B6HYHUHO\ GHIRUPHG FRSEHWV\VEL® TXD
1DWXUDO 6FLHQFH ODWHULDOV ,QWHUQDWLRQDO

> @1 %HUQGW 1 $ 5HLVHU 0 ) ; :DIJQHU LYROKX\LRD RD\S\O D&/
RI DQ $$ DOXPLQXP DOOR\+$Q H[SHULPHQW DEON R VAIDQUH 0 QD
7HFKQRORJ\

> @ & ;X 0 )XUXNDZD = +RULWD 7 * /DQJGRQ 7KH HYROXWLR
GXULQJ HTXDO FKDQQHO DQJXODU SUHVVLQJ HURRON O FRH QM L
(QJLQHHULQJ $

> @ 6 <RRQ 3 4XDQJ 6 +RQJ + .LP 'LH GHVLJQ IRQJKRPFIMN QH
FKDQQHO DQJXODU SUHVVLQJ -RXUQDO RI ODWHULDOV 3URFHVYV
> @5 6ULQLYDVDQ &RPSXWHU VLPXODWLRQ RI WKW HBFXLBSKIDQ C
ODWHULDOLD

> @ ( &HUUL 3 'H ODUFR 3 /HR )(0 DQG PHWDO®RUQLKPOD DQR!
SURFHVVHG E\ PXOWLSDVV (&$3 ,QIOXHQFH RIVADWWLLQ DORSURSE
SODVWLF VWUDLQ MRXUQDO RI PDWHULDOV SURFHVVLQJ WHFKQ
> @ & 6X / /X 0 /DL ' ILQLWH HOHPHQW @JQ D&EBI/ LSW REH VW U
ODWHULDOV VFLHQFH DQG WHFKQRORJ\

> @$ 3HULJ , 6 *DODQ 7KH H[SHULPHQWDO YE&HVRWFIDEMQRQRF
IORZ GXULQJ (&$( (&$3 /HWWHUV RQ PDWHULDOV

> @ $ +DVDQL 5 /DSRYRN /6 7yWK $ OROLQDU LFKDIQRUHRD W L
DQJXODU H[WUXVLRQ GXH WR EDFN SUHVVXUH B6FULSWD ODWHUL
> @, - %H\HUOHLQ & 1 7RPp $QDO\WLFDFEKPRGHOLDY JKIOMWHL
(&$( ODWHULDOV 6FLHQFH DQG (QJLQHHULQJ $

> @ $ +DVDQL /6 7yWK $ IDQ W\SH IORZ OHQWUXRGRQ LEF WLTS
ODWHULDOLD

> @5 $UUXIIDW ODVVLRQ /6 7RWK - 3 ODWKLEXYHRGBBPHQWF
RI FRSSHU LQ D (&$( GLH 6FULSWD ODWHULDOLD

> @ $ +DVDQL / 7RWK 6 ODUGRNK 5RXKDQL $ 1HZ )ORZ /LQt
7UDMHFWRU\ DQG 7H[WXUHV LQ 1RQHTXDO(&KDQRE®Y 6PUNQPW B
(QJLQHHULQJ

> @$ +DVDQL /6 7RWK 'HIRUPDWLRQ ILHOG DRJDRHWD\O VQX M
DV\PPHWULF IORZ IXQFWLRQ $GYDQFHG (QJLQHHULQJ ODWHULDC
> @0 ; :DJQHU 1 1RVWLW] 6 )ULQW 3 DQLGWXD O, E®DPDYQ
SUHVVLQJ ZLWK DUELWUDU\ WRRO DQJOHV ,QWHUQDWLRQDO -R:
> @ 7 1DNDPXUD 6 7DQDND 0O +LUDLZD ND@EFDL|XPEWERDRPVNDL
H[WUXVLRQ RI WKLQ VWULSV RI DOXPLQLXP & RBSRYQWGIVPDWHULL
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> @ 7 1DNDPXUD O +LUDLZD + ,PDL]JXPL < 7RPL]DZWLRBYHORSES
SURFHVV IRU SURGXFLQJ WKLQ PHWDO VWULEVV - AR QWY WRIQ QUDRAEL
GHVLJQ DQG PDQXIDFWXULQJ

> @ 94 9X / 6 7TRWK < %H\JHO]JLPHU < =KDR OLFURWWWXFW XL
DOXPLQXP SURGXFHG E\ IULFWLRQ DVVLVWHG ODWHUDO H[WUXYV
> @/ 6 7yWK 0O 6HSVL 0 6]&FV 6 1 .XPDUDQ 7 & /RZH 7KH P
ODWHUDO H[WUXVLRQ SURFHVV -RXUQDO RI ODWHULDOV 6FLHQF
> @ $ 3DUL\DU 94 9X 6 9 .DLODV / 6 7RWK 5RRROMHPEHHQBW:
JUDLQHG EXON PHWDOOLF VKHHWYVY IURP $0 SRZQEHUWQHHUL@DIO

> @ &/ $GDPV 0 6HSVL 61 .XPDUDQ /6 7RWKWL®D\NHHUMHEG 5
DOXPLQXP VKHHWY SURGXFHG E\ WKH IULFW LLID@ D \&\KIDMVNDHF @/ IOUDLVY |

> @ % %HDXVLU - )XQGHQEHUJHU $QDO\VLRQRKQDV VIRIW ZODHIFV
ZZZ DWH[ VRIWZDUH HX 8QLYHUVLWp GH /RUUDLQH OHW]

> @/ 7TRWK & *X % %HDXVLU - - )XQGHQEHUY W VO RFOINPLIRD'
IDYRU WKH 7D\ORU XQLIRUP GHIRUPDWLRQ BR@D 0@ VWDOW.DID LDQ

> @ & *X 0 +RIIPDQ /6 7RWK <' =KDQJ *UDLQ VL]H GHSHQ
UROOHG SXUH FRSSHU ODWHULDOV &KDUDFWHUL]DWLRQ

> @ & &KHQ < %H\JHOJLPHU /6 7RWK - - )XQGHMBEHLRQV 0L
IRUPHG GXULQJ VHYHUH SODVWLF GHIRUPDWLRQ RI DOXPLQXP 0
> @5 = 9DOLHY 5. ,VODPJDOLHY , 9 $OH[PQGRRWHX¥XON SDQ
GHIRUPDWLRQ 3URJUHVV LQ PDWHULDOV VFLHQFH

> @ ( +DOO 7KH GHIRUPDWLRQ DQG DJHLQVVRI3SBREEHGLBHD R
3K\VLFDO 6RFLHW\ 6HFWLRQ %

> @ )- +XPSKUH\V 0 +DWKHUO\ 5HFU\WWDOOL]DWURQ DQG UHC
> @ 2 5H]YDQLDQ 0 =LNU\ $ 5DMHQGUDQ 6WDIUW LD/Q\d FOQQ \
ERXQGDU\ GLVORFDWLRQ GHQVLWLHV PLFURNMUXFIWVXRIDW KHH SR
BRFLHW\ $ ODWKHPDWLFDO 3K\VLFDO DQG (QJLQHHULQJ 6FLHQF
> @6 1DJKG\ 3 9HUOH\VHQ 5 3HWURY / .HVWHQV 5HVROYLQ
FRQWHQW LQ VHYHUHO\ GHIRUPHG DOXPLQXIRULDWY DEKDALVFVRQ L

> @ $ O6KDEDQL 05 7RURJKLQHMDG 0 $PLQDHL 3 &DYDC
QDQRDUFKLWHFWRQLFV RI )H&U&X0Q1L PXOWL SKDVH KLJK HQWL

> @ 0 6XUHVK $ 6KDUPD $ ORUH 5 .DOVDUWS$RIHVXIMO FKDM\Q@
DQJXODU SUHVVLQJ (&%3 RQ WKH HYROXWLRQ SRIRSHMMXWHY IPQF
$&X/L DOOR\ $% -RXUQDO RI $OOR\V DQG &RPSRXQGV

> @ 5 3LSSDQ 6 6FKHULDX $ 7D\ORU 0 +DIRN $ +RKHQZD
I[IUDJPHQWDWLRQ GXULQJ VHYHUH SODVWLF BYHRPWHFKWLRQ $QQ X

> @2 5HQN $ +RKHQZDUWHU 6 :XUVWHU 5 3LPSBWOROLDWRWKH
GRPLQDQW UHVWRUDWLRQ PHFKDQLVP LQ WKI®HGNHARGSS W DIFMW
PDWHULDOLD

> @ 2 5HQN 5 3LSSDQ 6DWXUDWLRQ RI JUDLQWLR QQRIPWIQWI G
SKDVH PDWHULDOV UHFRQVLGHUDWLRQV FXQWMHRQW. R\DW XV D Q

> @ < ,YDQLVHQNR : BNURW]NL 5 &KXOLVW 7 F£LS)SIFE@Q
,QIRUPDWLRQ RQ GHIRUPDWLRQ PHFKDQLVPVRR VDQRFLH \D/DDDO
-RXUQDO RI PDWHULDOV VFLHQFH

> @<% :DQJ -& +R ;= /LDR + 4 /L 63 5LQJHU <7 =KX OH
VHYHUH SODVWLF GHIRUPDWLRQ RI D QDQRFU\VWDOOLQH 1L )H C
> @ <% :DQJ % 4 /L O/ 6XL 6 : ODR 'HIRUPDWLRQ LQGXFH
QDQRFU\WWDOOLQH 1L $SSOLHG 3K\VLFV /HWWHUYV
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> @ 4 =KX * &DR - :DQJ & 'HQJ - /L = =KDQJ 6 :; ODR ,Q
GLVFRQQHFWLRQ PHGLDWHG JUDLQ ERXQGDU\ PLJUDWLRQ 1DWX
> @0 -LQ $ OLQRU ( 6WDFK - ORUULV -U GXBHEW WREMHUYRW

GXULQJ WKH QDQRLQGHQWDWLRQ RI XOWUDILQMHOLDDLQHG $0O DW

> @0 /HJURV '6 *LDQROD .- +HPNHU ,Q VLWX 7 (0 REYHQYDW
VWUHVVHG QDQRFU\VWDOOLQH DOXPLQXP ILOPV $FWD ODWHULD
> @ 6 1DJKG\ + 3LUJDJL 3 9HUOH\VHQ 5 3HWURYUDS.KLMWNHQ
DQLVRWURS\ RI VHYHUHO\ GHIRUPHG FRP PGLPH@WOLARQBRUHOBI®
EDFNVFDWWHU GLIIUDFWLRQ $SSOLHG &U\WWDOORJUDSK\

> @ $ .KDOIDOODK + $]]JHGGLQH 7 %DXGLQ ) %ULVVHW <
PLFURVWUXFWXUDO HYROXWLRQ LQ DQ $O DOOR\DGYRFHV
&KDUDFWHUL]DWLRQ

> @ 6 *RXUGHW ) ORQWKHLOOHW $ PRGHO RI FORDQWHLLDOROX\D (

> @ . )U\GU\FK . .RZDOF]\N *DMHZVND $ WRBHRRXQADIOPM AR WM

UHILQHPHQW LQ IFF PHWDOV VXEMHFW HBOW R N IHYQIFHH BO® \( @.LIFQ

$

> @ . )UGU\FK . .RZDOF]\N *DMHZVND *UDLQ UHIHENMPEQW LC

SURFHVV VLPXODWLRQV XVLQJ WKH FU\VWD®L QO MDEL BL WX Q D@L

ODWHULDOV 6FLHQFH DQG (QJLQHHULQJ

> @ : /LX - =KX < +H + -LD % /L * )DQJ GWRWRE Rl B\QD P

UHFU\WWDOOL]DWLRQ OHWDOV

> @ 0 $]DUEDUPDV ORGHOLQJ WKH '"\QDPLF 5HMPUDWW®RQ O DKHDWI

&XUUHQW 6WDWXV &KDOOHQJHV DQG )XWXUH 3URVSHFWV L
LMPVH

> @ 1 <D]GLSRXU & + 'DYLHV 3' +RGJVRQ OLMRURWWYO R E YWDXLF

XVLQJ LUUHJXODU FHOOXODU DXWRPDWD &RPSXWDWLRQDO ODW

> @ 0 $]DUEDUPDV 6 6 OLUMDYDGL $ *KDVHPL $ 0 +DPRXGI

G\QDPLF UHFU\VWDOOL]DWLRQ EDVHG RQ FHOOXODU DXWRPDWRC

> @ '6 B6Y\HWOLFKQ\\ . OXVIND - ODMWD 7KUHHRGHMH@WLRQ
RI WKH JUDLQ UHILQHPHQW GXULQJ VHYHUWWSG DV WIRP SHWR WA
ODWHULDOV 6FLHQFH

> @ /6 7yWK < (VWULQ 5 /DSRYRN & *X BVMHREGRQ RDWWDL
FXUYDWXUH $FWD ODWHULDOLD

> @ ' 5DDEH = =KDR 6 - 3DUN ) 5RWHUMQ BIOHDRAW LFEID RO HAY
FU\WWDOV $FWD ODWHULDOLD

> @0 %DUQHWW ) ORQWKHLOOHW 7KH JHQHUDMKIPRG XRILQH ZK R
WRUVLRQ $FWD PDWHULDOLD

> @& *X /6 7TRWK 6 5XV] 0 %RYD 7H[WXUH LGFGERHUPHDBLQ
ORZ FDUERQ VWHHO 6FULSWD ODWHULDOLD

> @ & =KDQJ /6 7RWK 3RO\FU\WWDO VLPXODWLRQYRUMH[W X
SODVWLF GHIRUPDWLRQ ODWHULDOV

> @ + + %HUQDUGL + 5 = 6DQGLP .' =LOQ\N % O9HWOIRQGHQ
D QLRELXP VLQJOH FU\WWDO GHIRUPHG E\ HTXDO FKDQQHO DQJX

> @6 6 5XL / 6 1LX + - 6KL 6 :HL &L& RULHIQW DW LIRF WD R
FRQWLQXXP PHFKDQLFV GHVFULSWLRQ -RXUQDO RI WKH OHFKDQ
> @/ 7TRWK 3 *LORUPLQL - -RQDV (OEHLEWW\I RIDWRUWH R 8 LWW/H {

OHWDOOXUJLFD

> @ 8 $\DFKLW 7KH SDUDYLHZ JXLGH D SDUDOOHO YLVXDOL]D!
> @/ 7yWK . 1HDOH - -RQDV 6WUHVV URY S\RCH HCIHP® RHUWL LY
RI VKHDU WH[WXUHV $FWD OHWDOOXUJLFD
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> @ 6 /L 2ULHQWDWLRQ VWDELOLW\ LQ HDRECFRADGIQHG B RHX
ERG\ FHQWHUHG FXELF PDWHULDOV $FWD PDWHULDOLD

> @ + 3LUJD]L 2Q WKH DOLJQPHQW RI ' (% 6H FSKDQN.IF X¥FHR OOIDHAFRUH.C
&KDUDFWHUL]DWLRQ

> @ * 5RKUHU - /L 6 /HH $ 5ROOHWW 0 *URHEHUHW 8FKLF
GLVWULEXWLRQV DQG UHODWLYH JUDLQ ERXQGDU\ HRBWVJILHV
6FLHQFH DQG 7THFKQRORJ\



