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([SORULQJ WKH )UDFWXUH OHFKDQLFV RI 5RFN 6
7HVWLQJ $Q ,QWHJUDWHG ([SHULPHQWDO DQG &

$PLU 3H]PDKDE 6DUORKDPPDG )DWHYIRKDPRIDG 2PLGLPDQHVK

OLQLQJ (QJLQHHULQJ 'HSDUWPHQW )DFXOW\ RI OLQLQJ OHMUD\CLOWUIDFGO,DRG 3HWUROHXP (QJL
OLQLQJ (QJLQHHULQJ 'HSDUWPHQW +DPHGDQ 8QLYHUVLW\ Rl 7THFKQRORJ\ +DPHGDQ ,UDQ

$UWLFOH ,QIR $SEVWUDFW

EHEH L YGHES W H P E H U 7KLV VWXG\ SUFRNIVEK \HDPILQDWLRQ RI WKH IDLOXUH FK
SHEHLYHG Lo sHyLvic VR@W VDPSOHV VXEMHFWHG WR SXQFK VKHDU WHVWLQJ
"HFHPEHU SURFHVVHV DQG WKH PDWHULDOYV PHFKDQLFDO UHVSR
$FFH S WHIEEU X D U\ DSSOQRDRILERFN VDOW WKH QHHG IRU PRUH GHWDLOHG
3XEOLVKH G HREUXDQH 7KH VWXG\ HPSOR\V DQ LQWHJUDWHG DSSURDFK FRPELC

QXPHULFDO VLPXODWLRQV XVLQJ 3)& ' VRIWZDUH 7KH L
UHVSRQVH RIVURAMNHYVDEB®W E\ FULWLFDO IDFWRUV VXFK DV
PDWHULDOYV LQKHUHQW PHFKDQLFDO SURSHUWLHV [/DE
2, MPH IUDFWXUHY SULPDULO\ LQLWLDWH IURP VWUXFWXUDOO\ Z
.H\ZRUGYV FROQWDFW DKHDRD EQ LEDXWHMKRIDWHRVORUHY LQ WKH VDP!
ILQGLQJV RI WKLV VWXG\ FDQ VHUYH DV D IRXQGDWLR!
HYDOXDWLRQ FULWHULD IRU URFN VDOW XQGHUVFRULQJ
SRFN VDOW WR LPSURYH VDPBODWFPQQ SHOIRWHG HQJLQHHULQJ DSSOL

1XPHULFDO PRGHOOLQJ
3)& !
([SHULPHQWDO WHVW

3XQFK FXWWLQJ WHVW

,QWURGXFWLRQ

,QYHVWLJIJDWLQJ WKH IDLOXUHORDGIIDFWHDUWHWEBQ RIQUKRENH WKH II
VDOW WKURXJK SXQFK VKHDU WHWWNQYVD®W FUGF L D& WKEXHIFW L QY H\
ZLWKLQ PDWHULDOV VFLHQFHNHPSBUDMWRWILHQJFHFWY LQGLFDWH
GLVFLSOLQHV HPSKDVL]LQJ D GWWPSOWTBWDRYQDMQE QVRI FDXVH UR
IDLOXUH SURFHVVHV DQG WKH FPHRAKHD GLXFFIWOL OM WD QEXHWHY @1 7KHVH L
WKLV LFODONV HXJH WR LWV H[WHQ VL YRX X WIQIEH D W\RBQ GBI SO G HJUPDQF
PXOWLSOH VHFWRUV VXFK DWDPWQEQOD FRDGLAVLRQV DQG IDFLO
LQIUDVWUXFWXUH DQG FKHPLFBQ & QFADLRXP\H QW J DRE NQUDIOMY EHKD®
ZDUUDQWY WKRURXJK H[SOR UDWLRID LPOMBKRQKHDU WHVWLQJ
LV UHFRJQL]HG DV D VWDQGDUG WHFKQLDWHHJIRDWIR® VVRIQJFRPSXWD)
PDWHULDOD @@ UBROWHKH UHVSRQNI\HUHPBEWD®I DSSURDFKHV SURYLG
WKH HYDOXDWLRQ RI URFN VDOWRWEHKBY LR X PHUGIFD O PRIGRHXO/L QJ FDC
ORDGLQJ VFHQDULRYV LQ D FRQVEDRMOHE ¥ XVIGHRDBHYMUYH FRQGLWL
@ H[SHULPHQWY VHUYH WR YHULI\ WKH\
SHFHQW VWXGLHV KDYH UHYHYIRUHGQWWD\EEWKI® BDEBXRBFK VKRZHG
UHVSRQVH RI URFN VDOW LV LQXOKHQFBG ¥ELPXODRWLIR@MY DFFXUDWF
IDFWRUV LQFOXGLQJ WKH UDWBLRIXOHR DEHIQDY LIRRE LRIQWRFN VDOW
WHPSHUDWXUH DQG PRLVW X U HF IOHYXHPO/\W DYRFH W [ ZR VEKHH[SHULPHQWD
UHVHDUFK KDV GHPRQVWUDWH GVKMHK/BIWI LI LIQIWU B D@H 1KLYV VIQHUJ\

E &RUUHVSRQGERQUIDXW KR WX WDLFDLUD ] L
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XQGHUVWDQGLQJ RI IDLOXUH PHFEDPREOP®JIDQG DLGV LQ

WKH GHYHORSPHQW RI UHILQHG SYHGL EWLYG Lﬁ&ﬁhﬁywﬁgm,pLQHVR|

URFN VDOW EMKDYLRU >
$GGLWLRQDOO\ DGYDQFHG DQW%\WJD%(;Q %GHVFKF QDQDFULF'_"(;JVHVF\I:
DV Yb\ WRPRJUDSK\ DQG HOHF

FROQOWULEXWH WR D GHHSHU XQG | \%2 ‘:b%)laﬁ[goK)I?SGG

PLFURVWUXFWXUH DQG IDLOXU

WHFKQRORJLHY DOORZ IRU W I|-|R GLVWLQFW
PLFURVFRSIUD O/ WHKBRWNKY GXUL '?
RITHULQJ D PRUH FRPSUHKHQVLYH
SKHQRPHQ® >)RU H[DPSOH PL

%P?F@%WMDFWLRQ Vo
G XVLQJ VH
REVHUYDWLRQVY KDYH UHYHDOH
RIWHQ RULJLQDWHYV DW ]JRQHV

w yLJ
Lf% %H%%WE%@
ZHDNQHV@® > HEDXVH !

8OWLPDWHO\ WKHVH UHVHDUF_qg R QG\biaUg
HVWDEOLVKPHQW RI LPSURYHG @ b v oS
H

UPDWLRQV DQG

HYDOXDWLRQ VWDQGDUGV IRU
JUHDWHU VDIHW\ DQG HIILFLHY Pwﬁﬁfvww
SURMHFWY LQYROYLQJ WKLV PD YLUH GHW
VLIQLILFOLOUFHHROGKRQJIRLQJ UH UHVSROV!
DFTXLVLWLRQ Rl QHZ H[SHULPHQ g“é 9&5@8 YH  WR
GDWD DUH HVVHQWLDO WR DFE[ LEDVWLE PR
XQGHUVWDQGLQJ RI URFN VDO
@ )XWXUH VWXGLHV PLJKW IR g
FRPELQHG LQIOXSI@H HS RU DAPXQ
IDLOXUH FKDUDFWHULVWLFV DQ@& &
QXPHULFDO PRGHOV FDSDEOH R

g ﬁyIRUPV UHDGL

WLF ORDGV 7

g cggi B Dt o

w HQJLQH

Eﬂﬂﬁb%%h SRWH (

K H SUHGLF\
‘Hb HG E\ W
/DO SUH’
WUDEWLC

SHFHQW VWXGLHV KDYH UHYHDQO
UHVSRQVH RI URFN WDHOUWMD @ M ODH AR

DQG PRLVWXUH OHYHOV XQGHU
SUHVHQW UHVHDUFK WKH IDLO
ZDV LQYHVWLIDWHG XQGHU SXQ A
FUDFN SURSDJDW LDROH DA WY HP KO
XVLQJ 3DUWLFOH )ORZ &RGH 3)&

JLIXUH ([WUDFWLRQ PHWKRGV LQ WKH XQGHUJURXQG PLQWW RVEQUPVDU |
URFN SLOODUYV
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7KH VDPSOHV XVHG IRU WKLV )XUWKHUPRUH DQ DGGLWLRQDO SODYV
IURP WKH XQGHUJURXQG VDOW IWKH PRGHO WR HQVXUH WKDW WKH W
VDPSOHV ZHUH FROOHFWHG XVIXOO\ VDWLVILHG
GULOOLQJ PDFKLQH ZLWK D VWDQGDUG GLDPHWHU R
PP IURP WKH LQWWHW URFN )LJ — :

([SHULPHQWDO WHVWYV

$IWHU WKH VDPSOHV ZHUH FI
XVLQJ WKH FRUH GULOOLQJ PDF
QRWH WKDW DOO VDPSOHV KDYH
PP DQG PP ZLWK D GLDPHWH

7KHVH OHQJWK YDOXHV ZHUH
WKH ,650HWXVWHG PKWWKHRG/DPSOH
WKHQ VXEMHFWHG WR D SXQFK V :

YRU WKLV WHVW WKH VDPSO X
YHUWLFDOO\ RQ WZR LGHQWLFDOLS)OLD'WHVWI?IQM R UW RDWSOLQJ IUR
IODQN WKH PRGHO IURP WKH OHIW DQG UVYDOPIMWEQREBMYV

C E
J)LIXUH &RUHV XVHG LQ WKH SXQFK FXWWLQJ WHVW D PP E

D E

J)LIXUH D $UUDQJHPHQW RI WKH VDPSOH RQ WKH WZR ORZHWD B®®HVHV E 3
$UUDQJHPHQW RI WKH VDPSOH LQ WKH XQLD[LDO WHVWLQJ P/

7KLV SURFHGXUH LV FOHDUO2QBHPRQNWWDPWOBKB LW IXOO\ LQVWDO
JLIXUH $IWHU SUHSDUDWLRQ DV&SD UPDR/GNO VW B H BIVSWL R U W R AKX QLD |
SRVLWLRQHG ZLWKLQ WKH XQLDEHIQ QVWYXW LR DB EXKL QURIFH\DY ZLWK P
FRQVLVWHQW PDQQHU FDV KHWREZTKHQRDEUPI VSHHG LV FDUHIXOO\ Vi
VWHSV DUH SHUIRUPHG WR JXD UD@RGAV WHK WKWORIH FARQRQ IDXRXYV IRUFH
UHOLDELOLW\ RI WKH WHVW HEGEHWL QO DXWH WRK IDFKT XVUHQ GLUHFW
GHSHQGDEOH GDWD IURP WKH SXDFEROMKHD W RSSHIWUPCH®W GEHVRLY ZLW
%\ HPSOR\LQJ WKLY DSSURDFKVVODDWRBHORPGXQDWIRQGLWLRQV DFFR
HYDOXDWLRQ RI WKH PHFKDQL¥ROIHEHKDGE LFRHW RR GW KH
VDPSOGNUXQYDULRXYVY FRQGLWLRQV FDQ EH DFKLHYHG
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7KLV JUDGXDO ORDGLQJ LV SUHFGVEOY LHIX QIXMMHE WY B R D UR HHGN VQ
HQVXUH WKDW WKH VWUHVV EZWEGMHQOQGGISWWRYLEXWHBOXDEOH L
WKURXJKRXW WKH VDPSOH DV PWFKD®HBDIOQFKDUDF@HULVWLFV RI
VKHDU FRQGLWURQV VHH )LJ WKHLU EHKDYLRU XQGHU YDULRXV O

7KLV FRQWUROOHG ORDGLQJ PHWK®G LV DEVROXWHO\
FULWLFDO IRU SUHYHQWLQJ GDWD FRQWDPLQDWLRQ DQG
DYRLGLQJ XQLQWHQGHG GDPDJHI = S————
VWUXFWXUH 7KH GHYLFH V SUHFL
PHDVXUHPHQW RI WKH VDPSOH Vv |ESSSS
UHVLVWDQFH VZRVDIS S\OUH &GLORBGW |
DFFXUDF\ 7R HQVXUH WHVW YDO|
LQFOXGLQJ ORDGLQJ VSHHG GHIR
VDPSOH UHVLVWDQFH DUH UHFRU
UHWOPH 7KLV OHYHO RI H[SHULF
DOORZV UHVHDUFKHUNP MR WK
PDWHULDO V PHFKDQLFDO EHKDYL
VLPXODWHG FRQGLWLRQV DQG RE
VXEVHTXHQW DQDO\VLV

7R JDLQ D EHWWHU XQGHUVWDQG
FRPSUHVVLYH UHVLVWDQFH RI WK
VXEMHFWHG WR %UD]LOLIDXQUBQG X
7KHVH WHVWV DOORZ XV WR H[DF
EHKDYLRU RI WKH VDPSOHV XQG
FRQGLWLRQV 7KH %UD]LOLDQ
GHVLJQHG WR PHDVXUH WKH W
PDWHULDOV XQGHU LQGLUHFW F| "8
XQLD[LDO WHVMWFEYRWIGERUPDWLRQ st
FRPSUHVVLYH UHVLVWDQFH RI WKH )VDARMHOHEXQFKH XWWLQJ WHVW

Tz KH

D E F G
JLIXUH &RPSUHVVLYH VWUHQJWK WHVW DQG %UD]LOLDQ V

J)DLOXUH SDWWHUQ D VSHFLILF SDWWHUQ LQ WKH IDLOXU

JLJXUH FOHDUO\ LOOXVWUDWﬁ@g é«D% WRHBFBWWHU XC
2

ODERUDWRU\ FRUHV DQG SURYL L
UHJDUGLQJ WKH EHKDYLRU RI W @ @r‘rg @i% DDFUV\‘

FRQGLWLRQV $V FDQ EH REV B F
LQLWLDWH IURP WKH HGJHV RI b ) D IE'%\MHLY/ZLE(%IC_)ILEE
SRVIMGE R@® WKH PRGHO 7KHVH K \% a |]'g| WR LWV 1LODO 1DL
DQG VWHDGLO\ SURSDJDWHHGR

ORZHU HGJH RI WKH SODWH 7K ARy WwPpl g QFK VKHE
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D E F
JLIXUH J)DLOXUH SDWWHUQ RI PRGHOV D PP E PP F

7KH FDXVH Rl FUDFN IRUPDWLRDQOKX®BOKH WREBBG OIRY DQDO\LQJ DQ
GXH WR WKH FROQFHOQWUDWLRQ HRPIDWKHDLD OR UFHHKDWLWHKH XSREGYW YDULI
RI FROQWDFW EHWZHHQ WKH XSSHE GWDMEKWDGIWKR WIKRFHSQRSURYHPH(
7KLV IRUFH FRQFHQWUDWLRQ JH{JHBRWHRQKE UIR WVHWWHHWVHY HQJLQHHUI
WKH FRQWDFW DUHD ZKLFK FDQ OMKIHGCWHUVRKOAWRGPPIMWLRQL®IO )-0 G
FDFNV ,Q IDFW ZKHQ D IRUFH LWRIIS SDVHEPWER\ DRY SHORUWLLAFOHY FRQQH
DUHD RI WKH PDWHULDO WKH BRXQ@GDEXWHBQ UDWVYW U MVRH VDFHWH C
GRHV QRW RFFXU XQLIRUPO\ HIOWRPGW WQYI WIKDWHRDNEHH) HLWKHU ERC
UHJLRQV EHLQJ VXEMHFWHG WR QWKW HU DFPUHZRWANU HVKHK LV LV ORFDW
DGGLWLRQDO SUHVVXUH FDQ LQEWW 2 WHRSQY P D)X\UMMKIHANAR WHKD W KH I F
JOGXDBOB®SDIDWH ZLWK FRQWLQRIREG HORDG LIQQLWLDOO\ VHW WR JHUR O
JXUWKHUPRUH WKH SUHVHQFHVKHLIGRMAEWDFRHFYIQWNYHADWLRQVKLS
WKH VWUXFWXUH RI URFN VDOWUBODRY IDYHV Y RDWVL R QDEH 3R IHHWYVW KH ER
DQG FDQ DFFHOHUDWH WKH SXQ%RWKHIOW ISR FIHYE LAKAHWPHQWDO Pt
FUDFNV VHUYH DV VWUHVYV FR Q PHIGADWDHV MWRQS SRR KDBR\DVOI fIUKAHUWH EAKH ER
LQFUHDVLQJ WKH OLNHOLKRRG RIOIDROFWHH[® LW KWVYHCDLWHDW HODVWL
VWUHQJWK VXUSDVVHV D/KQWHGHILQH

1XPHULFDO PRGHOV PRGHO DOORZV XV WR VLPXODWH W
3)& PRGHO SDUWLFOHV XQGHU YDULRXV FRQGLW

3)& NQRZQ DV 3DUWLFOH )ORZ\E‘%V &V f‘/ LQJ VR'RW*GVHKJQF
DQG VSHFLDOL]HG VRIWZDUH G g\t VK%DU o
JHRWHFKQLFDO VLPXODWLRQV

HQJLQHHUV DQG UHVHDUFKHUYV WHLREPQFXODWHG
YDULRXV PDWHULDOV FRPPRQH%EN@E%%QWH@M(‘?XQ
PLQLQJ HQD. @G NBLQJPHFKDQLFV SURMHFWYV ,Q
WKHVH ILHOGV D SUHFLVH XQRSHUXWDQGLQJ RI KRZ
PDWHULDOV UHDFW XQGHU GLITHUHOW VWUHVVHV DQG
FRQGLWLRQV LV RI SDUDPRXQW LPSRUWDQFH DQG 3)&
VHUYHV DV DQ HIILFLHQW WRROR'QLWKLYV UHJDUG
2QH QRWDEOH IHDWXUH RI WKLV VRIWZDUH LV LWV DELOLW\
WR DQDO\]H WKH EHKDYLRU RI GLVERYWEHRHQWS'D @il LeyaM H

ZKLFK LV SDUWLFXODUO\ UHOHY\RRW Rgmbé@h\gﬁgtgﬁqgumv UHYV

DQG JUDQXODU VXEVWDQFHV 3)& HP gsg\ﬁ@@ﬁ\,\pEVFUHWH
HOHPHQW PHWKRG '(0 IRU VLPXODWLQJ

EHKDYLRMPHULFDO WHFKQLTXH WKDW IDFLOLWDWHYV WKH
VLPXODWLRQ RI LQWHUDFWLRQV EHWZHHQ LQGLYLGXDO
SDUWLFOHV RU HOHPHQWY 7KLV PHWKRG DOORZV XV WR
REWDLQ D GHWDLOHG DQ®IUHDOLVWLF UHSUHVHQWDWLRQ
PDWHULDO UHVSRQVHV LQ VFHQDULRV LQYROYLQJ
IUDFWXULQJ DUWIHGGOIJRDBBWARQV

YXUWKHUPRUH 3)& LV KLJKO\ YHUVDWLOH LQ LWV
DSSOLFDWLRQV DV LW FDQ SHUIRUP VLPXODWLRQV LQ ERWK
WZBLPHQVLRQDO QEHQVWRQBB
HQYLURQPHQWY 7KLV FDSDELOLW\ DOORZV HQJLQHHUV DQG
UHVHDUFKHUV WR VHOHFW WKH PRVW DSSURSULDWH OHYHO RI
GHWDLO ERVHGSRBLWKHPRGHOLQJ QHHGV DQG
FRPSXWDWLRQDO UHVRXUFHV 2YHUDOO 3)& LV D



5H]DHMW DO -RXUQDO RI OLQLQJ (QYLURQPHQW 3XEOLV

J)LIXUH MPOIW PRGHO > @ LQFOXGLQJ SDUWLFOH JHQHUDWLRQ
VWUHVV LQLWLDOL]DWLRQ IORDWHU

3)& ' PRGHO SUHSDUDWLRQ DQ& WDHDOOBWRIWORQX*LYHQ WKH VPDOO
IRUDOW URFN LQIOXHQFH RI JUDYLW\ DQG LWV D)\

3)& ' DVVHPEO\ WHVW PRGHOVIMPH RRW VR RPRWHBVFRSLF EHKDYLR

IROORZLQJ WKH VWDQGDUG SURFHROUEREREWEHRE BVGIPEOL ZDV J
XVLQJ FKPW®FWHULVWLFV 7DEOH

C E F
C F |
J K l

JLIXUH 6FKHPDWLF RI WKH 1XPHULFDO ORGHOLQJ

JLIXUH LOOXVWUDWHYV WKH )LIJXUH VKRZV D VFKHPDWLF RI Wl
3)& ' VRIWZDUH 7KH GLPHQVLRPRGHOOLQJ DQG WHKHHMH GIDPUHDPVHVR WV
WKH VRIWZDUH VSDFH DUH GLYLKDYH EHHQ FKRVHQ IRU 7HVWLQJ RI W

'LDPHWHU ZLGWK RI PP Do ODFUR PHFKDQLFDO SURSHUWLH\
PP PP DQG PP F)LJ p DV %UD]JLOLDQ WHQVLOH VWUHQJW
'LDPHWHU ZLGWK RI pPp po DGMXVWLQJ WKH PLFUR SDUDPHW
PP DQG PP )LJ G 7DEOH %\ FKDQJLQJ WKH PLFUR
D WU\ DQG HUURU PDQQHU PDFU

'LDPHWHU ZLGWK RI PP D
PP DQG PP )LJ  J ? SURSHUW LAHD\O Z E O D EHHG
7DEOH SURSHR PHBWR HV
S3DUWLFOH PLFUR SURSHUWLHV J)ODMRIPQWUR SURSHUWLHV

GLDPHWHU PP *DS UDWLR
KHLJK\ (ODVWLFLW\ F
1RUPDO WR VKHDU V' JULFWLRC
'HQVLW' 7THQVLOH VW
SDUWLFOH GLDFI PP 7HQVLOH VWUHQJWK V)
SDUWLFOH GLDPHW &RKHVLR
(ODVWLFLW\ F &RKHVLRQ VWDQGD
5DWLR RI VWDQGDUG VWLIIC (OHP

)DLOXUH SDWWHUQ PRGHOV WKH IUDFWXUH SDWWHUQ F¢

D - 00\ WHQV
JLIXUH GHSLFWV WKH IUDFW\% }5? B
SR v SR R
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D[LY DQG HYHQWXDOO\ OLOQNLQLQ@LWKDRVIRRNV LTI WKHEHFINGOXVWUDWLR
IRWDEO\ WKH TXDQWLW\ RI VKHDIHPVDRFIN¥RPFHHGYLWHKDWUHVV FRQ
RI WHQVLOH FUDFNYV UHG OLQHYV KLIJKOLJKW UHJLRQV XQGEFE
([DPLQLQJ )LIXUH ZKLFK GHOLH VRV W KH YRORUGWFVOLIFWH O\ LOO XV W
RI FRQWDFW IRUFHV SULRU WRKRCR BGG | IBIRSH@MWF WAYERQ OW FRQWDFW
EHFRPHY HYLGHQW WKDW WHQMMIOKHWYWHHY¥UDEW IGIHKIDORSPHQW 7
FRQFHOQWUDWHG DW WKH LQWH GIWAHM BMW WAHMHCD BMKHH ISDMOLWKWY LQW
DQG WKH PRGHO 7KLV ORFDOLJRG WHIMDHNIH SWUWRBBYDMWILL\RQ ZLWKL(
LGHQWLILHGL DWVUW KB XS H RI WHQVRXOGD AMLRRON/

D E =

C : |

J K L
)LIXUH 1XPHULFDO ORGHOV

D E =

C : |

J K |

JLIXUH J)DLOXUH SDWWHUQ QXPHULFDO PRGHO
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C F |
J K l
YLIXUH &RQWDFW IRUFH FKDLQ QXPHULFDO PRGHO

ERWK QXPHULFDO VLPXODWLRQV DG
SRVH GLDJUDP ILQGLQJV $V WKH VDPSOH KHLJKW LQ
YLIXUH SUHVHQWYV WKH F YD RIWRS DEIMULROV HY  ZKLFK LV H]|

SDWWHUQV REVHUYHG LQ WKH SX@EZN KRV VG RIRIGWWYVVXRK VDV GLVORF

FUDFNV IRUP DW DQJOHV RI GHUQWHY DUP®DXO GHIORGEY DORQJ WKH

UHODWLYH WR WKH ORDGLQJ GXRHEMLIRID GJ WDWARSMRN QBKH H[SHUL

EHFRPHV PRUH HYLGHQW DV WRHVMWKYBWQRQV RI WKH

VDPSOH GHFUHRIHOAV ZERQYWKH VD®9OHKUH WKH UHODWLRQVKLS E

WKLFNQHVV LQFUHDVHV FUDFMYJWRUDBGWW&H DWHDU VWUHQJIWF

DSSUR[LPDWHO\ GHJUHHV DQGLO O BWIWHKWH W RIVWWKWIRIVXOWYV JLYH

DSSHDU (VVHQWLDOO\ WKLQQHKHYVDRS®HYREU IDQJ L\WKG WIRSSOH KHLJ

DQG ERWWRP VXUIDFHV FORVHUW WOGIHOK LG HFDIL YMAW WY WKH VDPSC

LQWHUDFWLRQV EHWZHHWQLWEHQEROIHDFHY DQG UHVXO

FUDFNV DOLJQHG DW DOQG GHIUMHEM & IFKOWUKDWW WKH HITHFW R

WKLFNHU VDPSOHV UHGXFH WKRY) WKW VKHDQWWUDBWMYRQRI URFN VI

DOORZLQJ FUDFNV WR GHYHORSXRHOLEDGHNQ GDHISH LRIPHOWDO UHV X

RULHQWDWLRQV ZLWKLQ WKH PDWDHSIOMO KHLJKW OHDGY WR D UHGX

VWLIIQHVY DWWULEXWHG WR WKH L
7KH HIITHFW RI VDPSOH KHLZKWNRDR®OWFISWHKH VKHDU SDWK 7Kt&

OHQJWK RQ VKHDU VWUHQJWK DRGWHRPHY VWKRQHVYKRRG DJUHHPHQW

J)LIXUH  VKRZV KRZ WKH KHLIKWHY L Wk@QWMPH BHRVXUHPHQWY
DITHFWV WKH VKHDU VWUHQJWK RI URFN VDOW SUHVHQWLQJ
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C E F
G H |
J K L

YLIXUH 5RVH GLDJUDPV RI QXPHULFDO PRGHOV

JLIXUH 7KH HIITHFW Rl VDPSOH KHLIJKWHRQ VKHDHIIHFW RI VDPSOH OHQJW
VWUHQJIJWK VWUHQJWK
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FUDFNLQJ DFWLYLW\ $V ORDGLQJ LQ
LOQLWLDWLRQ HYHQWY EHJLQ DFFXPXOC
'XULQJ HODVWLF GHIRUPDWLRQ
GHPRQVWUDWH FRQVLVWHQW OLQHD
DFFRPSDQLHG E\ D VWHDG\ LQFUHDVH
RFFXUUHQFHYV 7UDQVLWLRQLQJ EH\R(
VWUWHWYDLQ UHVSRQVH EHFRPHV QR
SURJUHVVLYH@O\J DEBHOWKWIHW SURSDJD
XQWLO UHDFKLQJ PD[LPXP ORDG FDS
SRLQW FUDFN FRDOHVFHQFH GRPLQDYV
IRWHZRUWK\ IOXFWXDWLRQV RFFXI
VWUHVVY FRQGLWLRQV DWWULEXWDI
EHWZHHQ SULPDU\ IUDFWXUH QHWZRU

YLIXUH (IIHFW Rl VSHFLPHOQ KH@%“/[{_1 PQL%) REBHDFWXLéH 'SURHSTXX(;'SVE}_RGL\';’
VWLIIQHVV QXPHULFDO DQG H[SHYFEpH SWP Q

HIKLELW DEWUXEWHWMBHDWLRQ XSRQ

JLIXUHVF SUHVHQW WWHDLOQVNUHVEPRD®JI OLPLWV ZLWK SURQR
UHODWLRQVKLS SORWWHG DJDL PYBUIO\OMy 1IGHF QU B HW x UG LFDWL
FRXQW IRU PRGHOV ZLWK GLDPH KFDOgp IDp@XUH WKURXJKRXW
DQG PP 7KHVH LOOXVWUDWUMR WXYHEYHo WKUHH
GLVWLQFW EHKDYLRUDO SKDVHV R HUmBBQWBﬁVd#H‘ﬁ@WBWQMaVXJJHV
UHJLPH WKHlOWWLRQGUHJLRgRWWWQ EHWZHHQ WKH PDJQ
XOWLPDWH UXSWXUH SRLQW HGXFWLRQ DQG PLFURIUDFWXUH GHQ

3ULRU WR UHDFKLQJ WKH HOMMWIRYWWUFRAK R &8 HPG WK HWKDW VX

VLPXODWLRQ WKH VSHFLPHQV HQQ_CELL‘“O'(/LB)QVPQUQ%UB iy GLVFUHWH
FRUUHVSRQGL@XWWHUDRWRDWLRQ HY

F
)LIXUH ¥WUBVY® FXUYH DORQJ WKH WRWDO FUDFN QXPEHU IRU PRGHO KHL
PP
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. X JUDFWXUHYVY SULPDULO\ LQLWLDWH IUFR
LVEXVVLRQ ZHDN JRQHV ZLWK VWUHVV FRQFHQW!
5RFN VDOW DV D FUHHSLQJ URFNDWKDPW [BHLIQUIQW KIH PRIKE TFD XVH RI WH:(
LPSDFW RQ WKH VWDELOLW\ Rl XQBHUWWWURXGGWHKEpMOHPABPOHYV

6EWXG\LQJ WKH VKHDU EHKDYLRUy RkHUREHD WV PWWHFIWK ZzDV GHFUHDVH
SURYLGH DQ LGHDO XQGHUVWDQGL@WHRIREHOAKIFORRGHV

DQG UHYHDO LWV VKHDU VWUHQJW YHVWLIDWH W

HITHFW RQ WFKOHD HUR FW X U H EHKDYLﬁL%%%f%%\@L%%% 206 DVHG E\

VDPSOHV RI GLIIHUHQW GLPHQVLRQ H'§BRYSbuHG pos

VXEMHFWHG WR SXQFK VKHDU WHYWMHULPHQWDO UHVXOWYV ZHUH LQ D J
7KH VKHDU VWUHQJWK RI URFN VZXOWKLYXBHIKEPW (R YWV

LWV IUDFWXUH SDWWHUQ ,Q JHQHUDO WKUHH W\SHV RI
IUDFWXUH ZHUH REVHUYHG 7KH&RQV- WS RAQWBHEWYX\WVH LV

WKH IUDFWXUH DORQJ WKH FOHDYRPHDRARRUEBY kO YWKIRVPOWOFLDO U
VDPSOH ,Q WKLV FDVH WKEWUDFWX{H B WHWE WK RIHBKHIND RU R
VDPSOH DQG LWV KDUGQHVV Do Ry®WPIDROQ VIYWRDWKHERXOG KDYH

GLVSODFHPHQW FRUUHVSRQGLQQ(y\(BXV}qI%hthFde\M/)WHZ\R\MMHVV LV
PLQLPXPKDW LV E\ DSSO\LQJ D VPDOO

GLVSODFHPHQW WR WKH VXUIDBHVHBHOEKHN IODNLQJ WKH
VWUHVV LV TXLFNO\ GLVWULEXW RYY. WKH 1ODNLQJ

. K $ 5 (ITHFWV R
VXUIDFH D(m‘GEMMI—D"ORQJ WKHVG/I—@PQLM?@%MH%%% FR%IL}%LQJ SUHVVXUH R
ORZ VKHDU VWUHQJWK LQ WKLV wRRIGRLWMLRER DOMR Vel viP Vkddd Boxv kD Q 6
WKH VDPH LVVXH 7KH VHFRQGRIMWLRHQRDQID (QYX URR PO W
IOH[XUDO IDLOXUH LQ WKH FHQWIhU R p\MKHYBOW VDPIQRyHQYLHZ RI W
WKLV FRQGLWLRQ WKH UHVLVWREHFRO RHVWK I WRANREBOWUDNWXUH WR}
VOLJKWOKEKQJKO UWWH SU® YWLRXWRIDIWSHFLPHQV WK 1DWLRQDO &RQJUHVV F
FROQGLWLRQ WKH WHQVLOH VWWPHYYWL B! & HKPRUY GHILY HRY LY K R 7THFKQR
VDPSOH UHDFKHV D FULWLFDO >QaH ¥+bb0Qd FDXUOQDJ WHQVIOH /L < 6KL
IDLOXUH LQ WKH FHQWUDO SDU'(\}[?/SQJ ‘WKV*:I/_Q/R%I&D\;(H\\A%@W(WQf')UDI'::lQIDUDFWHU
JURZWK LV XQVWDEOH ,Q RWKH Q& @ QF\E
FUDFN LVZEUWHIRXMGDSSO\LQJ PRW%%U%% Gyﬁ% MG FiFo L "ort

FUDFN JURZV LQ D VSOLWWLQJ PBQOHU DQG FDXVHV WKH (oo oo

. QR0 D \,0
VDPSOH WR IDLO  7KH WKLUG W\SH RRapd QX L et Somwnow (Ur
IDLOXUH DW WKH SRLOW) RNVKORREHSD awOWHRBWERS $QDO\WLY RI *HRPHFK
FRQGLWLRQ WKH VWUHQJIJWK RI WWHUWD®PSOH LV KLIJIKHU WKDQ

LQ WKH SUHYLRXV FDVHV DQG WKIFYBAN JURZWIK LM WWREXRDY ro cDPI
7KDW LV ZLWK WKH IRUPDWLRQ| RUIRNMKHBYWFURFN¥H bMWEKDOLEDO ~ % HKD
JURZWK VWRSV :KHQ WKH VWU QG HO MW BI@S LA FRU HD GEHIWR HHE/SEH V

VKHDU FUDFN JURZV DJDUKHDIFPRRWMYLQJIO\ WKH
VWLIIQHVY RI WKH VDOW VDPS@EBQ RQGD WKKDQMKHDMW + <DQJ -
GLVSODFHPHQW FWR KHHWDFEXUGHFWROH YO EHKDYLRU RI URFN VDOW XQGH

DUH KLJKHU WNMW*@H\@Q@I‘F% KFEYH XQORDGLQJ UDWHV GXULQJ FRPSUF
IUDEWXUHYV &$(6-RXUQDO RI 3BHWUROHXP 6FLHQFH DQG (Q

> @DQJ : * =KDR < 6 ;X 6 * 'XVVHDXO
&RQFOXVLRQ (I'THFW Rl VWUDLQ UDWH RQ WKH PHFKDQL

7KLV UHVHDUFK XWLOL]HV D FRPRERGH®R PWLIRRREG RRXRPIPO RI 5RFN OHFKD
LQFRUSRUDWLQJ ERWK ODERUDPWROGHM[SHULPHQWYV DQG
QXPHULFDO PRGHOLQJ ZLWK 3p&@VNRYWHD BH DOMUL & )XHQNDMRUQ .
H[SORUH WKH VKHDU UHVSRQVH! RROFARN UPIHVHIWO ASX WHBHIHUDWXUH RQ \

SXQFK WHVWLQJ 7KH UHVXOWV SH B MR TS rthorny | nePe K

X 7KH IDLOXUH EHKDYLRU RI URFN ¥DQW, V. LQIOXHRRHG +x 4 ILX &
E\ NH\ SDUDPHWHUV LQFOXGLQJDWHKH OQRRIGAFDILYD WH IDLOXUH LQ VWUXFW:
DQG WKH PDWHULDO V LQWULQWXQFR W FKPAIFFDADGY DQG-RXWQBPHRHQYLUR
SURSHUWLHYV ODWHULDOV 6FLHQFH 7HFKQRORJ\
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> @ =KHQJ = :DQJ * +X 1LX & >0@mDAODEDRO< 7KH LQYHVWLIJDWLRQ FU
<DQJ & OLFURVWUXFWXUDO HY ROKUNRXRE® D@ R U BRI ABAPOUDULYQILQHHULQJ
EHKDYLRUV RI URFN VDOW LQ HQHUJ\ VURRMMIDGLBVWYROHFXODU G\QDPLFV

DS K1 SOWLRQDO RXUQDO R SEFRLRSEEPOLFLREE L ( 8 1xupa o 2o

2]WXUN 6 S5HVHDUFK RI WKH FUD
> @ 6KDG 6 5D]DJKL 1 =LYDU DOIM@GWWRCQDOOGV\DHJI-E)@I-DCQCG)IX\HHIPJSRVLWH 6W U X
OHFKDQLFDO EHKDYLRU RI VDOW URFNV $ B RPHFKDQLFDO PRGHO
SHWUROHXP > @ <D\ODFL 0 6LPXODWH RI HGJH DC
> @ /LDQJ . LH / +H % =KDR 3 FEKDRN SURE®KP:DQG HVWLPDWLRQ RI VWUHVV

(HHFWV RI JUDLQ VL]H GLVWULEK@ILWBVHGBPHEGW @EFUKRG 1DQR 5HVHDUFK
PHFKDQLFDO EHKDYLRU REIDWRIFSN PIDONY. VB QH PLFUR

PHWKRGWHUQDWLRQDO -RXUQDO RI SBF&DQBBIEEQ%JFVQP\Q&FL (8 2]GHPLU 0 ( $\

OLQLQJ 6FLHQFHV 2]WXUN 6 ,PSOHPHQWDWLRQ RI ILQLWH HC
> @ &KDQJ - 4L < <DQJ 5 +DR DUWLILFKOOVEBXUDO QHWZRUN PHWKRGV WF
KHDOLQJ SURSHUW\ RI URFN VDOW GHBRIREOHR RIQEBHXUQIBEWKRGDIIM JOWBHG OD\HU F
VWRUDJH SHYKOMHZ LQ (QJLQHHULQJ DQG &RPSRVLWH 6WUWXFWXUHV

> @ /L ' /LX : /L ; 7DQJ +)DX * >LMEHQRXLV $ =DJDQH 0 ORXOJDGD §$ <

3K\WLFDO VLPXODWLRQ DQG IHMDFLELOLW UHY DO X pWERPLDRW ( 8
FRQVWUXFWLRQ Rl VDOW FDYHUQ HQHUYIQVWRUDOHPHWK DEBFOHG RLMMH EHKDYLR
EULQH XQGHU JPXUEDOQRIHWQHUJ\ 6WRIPDIDWLQJ IURP WKH RUWKRSHGLF FHPHQW
SURVWEBWUN¥WXUDO (QJLQHHULQJ DQG OHFKI

> @ )RXUPHDX 0 /LX : /L = 1HOLDV®*' )DQ - 7LDQ

+ ILX 5HVHDUFK s\DWDLWXN >RI@F KBNGDFO 0 <D\ODFO ( 8 g]GHPLU 0 |
FKDUDFWHULVWLFV RI VDOW URFNV DQGHMOREOLW\ RI9IFRPESWHRGHBQ GLEXFNOLQJ D
VWRUDJH LQ (\DIJOWK RQMHU\Q&FLHQFH EHDP ZLWK HGJH FUDFN )LQLWH HOHPHQW

> @ /LX < ‘DL ) $ UHYLHZ R1 HISAUCPHQREBHEYECT &RPSRVLWH 6WUXFEWX

WKHRUHWLFDO UHVHDUFK RQ WKH GHIRUPDWLRQ DQG IDLOXUH EHKDYLRU RI
URFNV VXEMHFWH G R\XR @ DFID RF DRENG DEFK@Q FVHEOTDZBRHNY  6XJIJHVWHG PHWKRGV
DQG *HRW HFKG@HHDWLQJ IRU GHWHUPLQLQJ WHQVLOH VWUHQJWK RI UF

> @ =XEDLU 0 80ODK 6 (PDG 0 PHWKRG g;%%)gé{UPLQLQJ LQGLUHFW WHQVL

DQG ([SHULPHQWDO ,QYHVWLJDWLRQ %quﬁqég\é%QGDUG"]DWLRQ R
5RFNVDOW 3LOODIRFN (&I—DP\/N—DQ\NIX‘GVHWW U

%LHOTDZURHNV 6XJIHVWHG PHWKRGV
. B J WKH XQLD[LDO FRPSUHV
> @ :RQJ / 1 < = =KDR . 1XP"‘:§|§\* %?gLBd%\)gL\pl@WFwsmmmeomQ 6FL
RI WULD[UD® LAXHHISQW H U D FAR XRIQ 0RD \

5RFN OHFKDQLFV DQG *HRWHFKQLFDO (QJLQHHULQJ

>
> @ $]DERX 0 5RXDEBRDUWUQ %WODQFR @RW\lR@G\é‘X@ENDOO 3% ER@G;HE@VLFOH
(IIHEFW RI LOVROXEOH PDWHULDOV RQ WXH'9RERMRIR ENeIHEDV P RR &
URFN VRXUMDO RI 5RFN OHFKDQLFV D:QG@*FBHR\WNRQQLF'DD 6LPXODWLQJ SHUIRL
(QILQHHULQJ ZLWK DMMRQQWH G ERQIGHH PDWHULDO 3DSHU Sl

Vv F FKD QPR YHRPHBRRQLFV
> @ 5HIIDV 6 $ (OPHJXHQQL o =DJ 63
$ <D\ODFL 0 <HNIOOBDEFI5 &Li%b'p" %%&%égQLD 86$%

([SHULPHQWDO UHVHDUFK RI SRO\PHU> | @D R R QXQ GHIH ERGERIGLFOH PRGHO DV C
PHFKDQLFDO*I—ER—H(I—I]’—YN_IRQJLFV DQG (QJLQHMRRQJIRU URFN PHFKDQLFV UHVHDUFK DQG
+ WUHQGV DQG | XYWRWHKVEL UGLEWLRQV

> @DOWDFK $ %HQKDPHQD $ &KDRXFKBRW)\RGBUDQH 9 INDRWL QW H G [EWRWIGHHIH

(6 <D\ODFL 0 2]WDXOMFI ( 8 PDWHULDO IRU KDUG URFN 3DSHU SUHVHQWH
1XPHULFDO DQDO\VLV RI FUDFN QXFOHDXAKDX LBV FREW B FWDRHFMDQARERVLXP &KLFDJ
XQGHU IUHWWLQWBVEHREWRBDGLQIILQHHULQJ DQG

OHFKDQLFV =
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