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Abstract

In this thesis, a simulation framework for powder bed fusion using molecular dynamics is
developed. The goal is to study the melting and solidification of an aluminum powder and to
create a framework that allows for further studies on arbitrary alloys and metals. Molecular
dynamics leads to an understanding of the melting and ablation process, resulting in an
understanding of different heat transfer mechanisms. The influence of a change in scanning
speed and laser power on the melting dynamics is accessible with the simulation framework.
Furthermore, the cooling of the sample leads to an explicit understanding of nucleation and
grain growth. Structural properties such as grain size and gas inclusions can be studied as
a function of laser parameters, powder composition and cooling rate. For the recrystallized
sample, mechanical properties are determined to investigate the influence of lattice structure
and gas inclusions. With these properties modeled at the atomistic scale, this work attempts
to link the methods from laser ablation simulations with the powder bed fusion process. The
results from molecular dynamics simulations are intended to complement results from larger
finite element simulations by providing numerous properties at the atomistic scale.
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&KDSWHU

LOWURGXFWLRQ

$GGLWLYHPDQXIDFWXULQJ $0 LVRQWKHULVH DQG QRW MX\
LQ FRVW HIILFLHQF\DQG GHFUHD®& HTU® SURG R D\ O P @ X PIHF W X L
DUH OLPLWHG ZKHQ LW FRPHV WR FRPSOH[ JHRPHWULHV DQG L
SRQHQ@ VeDQ\ DHURVSDFH FRPSRQHQWY WDNH DGYDQWDJH RI
LOQWHUQDO VWUXFWXUHYV FDQ EH XVHG WR UHGXFH ZHLJKW RU
([DPSOHV LQFOXGH URFNHW QR]]OHV D@ G$O0 LLTVXD G \RR\R B B GLXP B )
ILHOGV FXVWRP SULQWHG ELF\FOH IUDPHV WKDW DOORZ PLOC
QHVV ZLWK DHURG\Q@D PLKHELGW ¥DQJH RI DFFHVVLEOH ILHOG\
PHURXV DGYDQWDJHV RI WKH GLITHUHQW $0 SURFHVVHYV

:KLOH $0 RU '"SULQWLQJLQ JHQHUDO LV PRVWO\DVVRFLDW
GXH WR VLPLODU DGYDQWDJHV WKH SULQWLQJ RI PHWDOV DQ(
YDQWLQFRPPHUFLDODSSOLFDWLRQV ,QWKLVFRQWH[W ODVF
EHG IXVLRQ 3%) DQG VHOHFWLYH ODVHU VLQWHULQJ 6/6 DUH
GHQVLW\ RI PDWHULDOV LQFOXGLQJ SRO\PHUV PHWDO DOOR\
SURYLGH IXOO\GHQVH PHWDO SDUWV ZLWK HI[FHOOHQW PHFKD
YLGHY SUHFLVH FRQWURO RYHU WKH FRPSRVLWL@® Q'RHWRHWPKH
RQH VWHS SURGXFWLRQ SURFHVYV 3%) LV VXLWDEOH IRU SURW
FHVVHG PDWHULDO RUWKH VL]HRIWKHFRPSRQH@V QR WRROL

%HVLGHV WKHDGYDQWDJHVY WKHUHDUH VWLOO VRPH FKDOO
VSLWH WKH KLIJK FRVW RI HTXLSPHQW DQG LQI @D WWNWKUWHXAMMDOQUHKD
OHQJH FRQVLVWV RITXDOLW\FR@NURODQG UHSURGXFLELOLW

7TR RSWLPL]H WKH H[SHULPHQWDO GHVLJQ RI WKH SURFHVYV D
XODWLRQV RI WKH SURFHVV FDQ SURYLGH LQVLJKW LQWR VSHF
WLRQV KDYHVHYHUDODGYDQWDJHV RYHU H[SHULPHQWDO WHYV
KDQG WHVWLQJD VHW RI SDUDPHWHUV LQ D VLPXODWLRQ UHG?>
RI'WKHSURFHVVLQJHQHUDO ZKLOHRQ WKHRWKHUKDQG WKH
LQDVLPXODWLRQ LV VKRUWHU DQG OHVV ODERU LQWHQVLYH
VHWX@ >,Q DGGLWLRQ WR WKH HIILFLHQF\ DGYDQWDJHV VLPX(
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WDJHV LQ XQGHUVWDQGLQJ WKH SURFHVV :KLOH DQ H[SHULP
FRPSRQHQW D VLPXODWLRQ DOORZV D FORVHU ORRN DW WKH S
WKH RULJLQ RI WKH FRPSRQHQWY YV SURSHUWLHYV BWUXFWXUD
DFFHVVLEOHLQ D VLPXODWLRQ

,Q RUGHU WR DFFHVV WKH PLFURVWUXFWXUDO EHKDYLRU RI
DUH SHUIRUPHG XVLQJ PROHFXODU G\QDPLFV 0' 7KH VLPXOD
,7$3 OROHFXODU '"\QDPLFV SURJUDP ,0' ZKLFK DOORZV HIILFLF
VLPXODWLRQVRQDQ D@RPKMWLP XODWELRQ RI3%) LV EDVHG RQ
ZRUN RI'RPLQLF@OSW@PLVWLF VLPXODWLRQ DOORZV WKH REVF
WLHVY RQ DQ DWRPLVWLF EDVLV ,W DOVR UHTXLUHV IHZHU DVV
HOHPHQW PRGHOLQJ )(0 7KHOLPLWDWLRQV RIWKHVDPSOH V
LQ WKHO' VLPXODWLRQ WR PRGHO WKH SURFHVV DQG REWDLQ D
DQG H[SHULPHQWDO DSSOLFDWLRQV



&KDSWHU

%DFNJURXQG

7KLY FKDSWHU GHDOV ZLWK WKH EDFNJURXQG RI WKH XQGH!
LPSOHPHQWDWLRQ RI WKH VLPXODWLRQDQG WKH SK\VLFDO ED

:KLOH WKHUH DUH VHYHUDO $0 SURFHVVHYV EHVLGHV 3%) DQ
UHOHYDQW $0 SURFHVVHV LV JIKH QY $IQFLHIFFVIRQRSURFHVY LV H
VHFWLRQIROORZHG E\D GLVFXVVLRQ RI WKH SURFHVYV SURSHUW
WKH SRZGHU VHFWQEB WKH UHVXOWLQJ VDPSOH VHFWLRQ

, QVHFWLR®&EHIUDPHZRUNRIO'VLPXODWLRQVDQG WKH SK\VLF
JXUWKHU WKHLPSOHPHQWDWLRQ RIWKHO'VLPXODWLRQ DV ZH
PHQWLRQHG 6LQFH WKH ODVHU SRZGHU LQWHUDFWLRQ SOD\
LPSOHPHQWDWLRQ RIWKHLQWHUDFWLRQ LV GHVFULEHG LQ VH

, QRUGHUWR LQWHUSUHW WKHVLPXODWLRQVDQGLQ SDUWL
REVHUYHG LQO'VLPXODWLRQV VLPXODWLRQDQGDQDO\VLV W

SGGLWLYHODQXIDFWXULQJ

7KHUH DUH YDULRXV DGYDQWDJHV WR $0 SURFHW KN WH/ 5URHL
VHYHUDO $0 SURFHVVHV ZLWK GLITHUHQW DSSOLFDWLRQV 7KH
SK\ LQ ZKLFK D OLTXLG SRO\PHUUHVLQLYVY VHOHFWLYHO\FXUH
SURGXFHV GHWDLOHG SDUWV ZLWK VPRRWK VXUIDFHV EXW LV
PDQXIDFWX& H®&HU\ VLPLODU WR WKLV SURFHVV LV PDWHULDO M
ULDO DUH GHSRVLWHG RQWR WKH XQGHUO\LQJ VDPSOH DQG FX
WKHDGYDQWDJH RI EXLOGLQJ @XQOXMHBEDWSRY DWLFDQUWRGHOLQ
ZLGHO\ XVHG PDQXIDFWXULQJWHFKQLTXHIRUKRPHXVH $KHD
QR]]JOHWKDW GLVWULEXWHV WKHILODPHQWRYHU WKH SUHYLR?
LQJ¥® 7KHELQGHU MHWWLQJ SURFHVV LV VLPLODUWRWKH 3%)
7TKHGLIITHUHQFH LV WKDW WKHSRZGHU LV ERQGHG WRJHWKHU E
RI SRZGH® >
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J)LIXUH $ JHQHUDO 3%) SURFHVV L@ ,CRN\PMODWM/ QG EQKDY b
SRZGHULQGXFHG E\WKH ODVHU E@®@DP LV VKRZQLQ E >

SRZGHU %HG )XVLRQ 3%) ODQXIDFWXULQJ 3URF

7KLV ZRUN GHDOV ZLWK WKH 3%) SURFHVV ZH ZLOO KDYH D F
ZHOO DV WKHH[SHULPHQWDO UHDOL]DWLRQ DQG WKH FXUUHQW

7KHOD\HU E\ OD\HUIDEULFDWLRQ SURFB VVRU 3% FIKVOLKRZQ R
SRZGHU LV GHSRVLWHG IURP WKH SRZGHU GHOLYHU\ VA\VWHP RC
HIDPSOH D UROOHU 7KHUHIRUH WKH VDPSOH LV WKH SUHYLR
HDFK PHOWLQJSURFHVV $IWHUWKHQHZSRZGHU KDV EHHQ GLV
LVPHOWHG RQWR WKH DOUHDG\ SULQWHG FRPSRQHQW 7KH P}
ZKLOH D VFDQQHU PRYHV WKH ODVHU VSRW DFFRUGLQJ WR WK
7\SLFDOO\ WKHPHOWLQJ SURFHVV WDNHVY SODFHLQ D FKDPEH
DUJRQ RUDQRWKHU QRYHO JDV WR SUHYHQW WKH PHWDO SRZG

$ VFKHPDWLFRIWKHSRZGHU PHOWLQJ BURKH\WR D\ \RI RVZKHLRH
SURFHVVLVWRPHOWWKHHQWLUH SRZGHU OD\HUDW WKH WRS
OD\HU XQGHUQHDWK 7KH HQHUJ\ LQGXFHG E\ WKH ODVHU LV (
WKHUPDO FRQGXFWLRQ SDUWLFOHFRQYHFWLRQ DQG ODVHU 'L
PHFKDQLVP FDXVHG E\WKH ODVHUDQG WKH SRZGHU SURSHUWL
WKH ODVHU UHIOHBWLRQ GLIIHUV >

7KH VDPH SURFHVV LV XVHG IRU 6/6 ,Q WKLV SURFHVV WKH S
WXUH MXVW EHORZ WKH PHOWLQJ SRLQW ZKLFK FDXVHV VLQW|
PDQXIDFWXULQJ SURFHVV LQ FRQWUDVW WR 3%) JHQHUDOO\ L
VHTXHQFH Rl WKH LQHYLWDEOH SRURVLW\DQG WKH @HHBHRU
VLPXODWLRQ RI 6/6 LV DOVR QRW DSSOLFDEOH WR WKH QDQRYV
UDWLR WKH VLQWHULQJ SURFHVV WDNHV SODFH DW URRP WHP
QDQRVFDOH DUH SW@WSVUBGDLQLERELXP JLUFRQLXP DOOR\ SRZC
G\QDPLFV FDQ EH FRPSDUHG WR WKH DOXPLQXP QDQRVSKHUHYV
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IDVHU SBURSHUWLHYV

7R XQGHUVWDQG WKH PHOWLQJ SURFHVV LQ GHWDLO WKH L
PHWDO SRZGHU SOD\V D FUXFLDO UROH 7KH LQWHUDFWLRQ D
GLVFXVVHG LQ VHFWWRQV VHFWLRQ PDFURVFRSLF DQG H[SHUL
DQG WKHLU LQIOXHQFH RQ WKH PHOWI@J SURFHVV DUH PHQWLF

7KH FDUERQ GLR[LGH QBWHKH &% <$* ODVHU DUH FRPPRQO\ X
SURFHVV GXHWR WKHLU KLJK SRZHU RXWSXW 7KHODVHUHQHU
ZKLOH WKH SHQHWUDWLRQ FDQ EH GRQH E\ SXOVHG@L QW HAUKH W
H[SHULPHQW ODVHU EHDPV RI WK B5 YL IHUGIRZHD\® R @D E7GWH WDKOH/(H U
SRZHU LV LQ WIB: XIBQWR RIKH RUGHU RI N: GHSHQGLQJ RQ WKH
WKH RUGHWY RIQFPWKH EHD® VEZKHFDOLQJ RI ODVHU SDUDPHWH
VHFWLRQ

OHOWLQJ G\QDPLFV GHSHQG PRVWO\RQ WKH ODVHU SRZHU D
JHQHUDO RYHUYLHZ RI WKH UHODWLRQVKLS EHWZHHQ ODVHU S
ILJ +LJKODVHUSRZHUVDQGORZODVHUVSHHGVUHVXOWLQ UI
WKHJDV H[SDQGV UDSLGO\ OLTXLG SRUWLRQV RIWKHPHWDOZLC
OHDGV WR NH\KROHIRUPDWLRQ ZKLFKFDXVHV XQZDQWHG SRU
DQG IDVW VFDQ VSHHGY OHDG WR D ODFN RI IXVLRQ UHJLPH VI
RIHQHUJ\DEVRUEHG E\ @ KHW RPHOGDVHU SRZHU FRPELQHG ZLV
WKH 5D\OHLJK LQVWDELOLW\ SOD\VD FULWLFDO UROH LQ WKH
GHSWK ,IWKHOHQIJWKRIWKHNH\KROHLVPXFKODUJHUWKDQ L
FDXVH WKH NH\KROH WR FORVH UHVXOWLQJLQIUDJPHQWDWLR
D NH\KROHLVY FORVHG WKH ODVHU LQWHUDFWYV VWURQJO\ ZLW
ODVHU UHIOHFWLRQ 7KLV FDXVHV WKH NH\KROH WR RVFKROODW

7TKH UHSURGXFWLRQ RI NH\KROLQJ DQG LQ SDUWLFXODU WK
VLPXODWLRQV SUHVHQWY PDQ\GLIILFXOWLHV 7KHUHOXFWDQ
LQ NH\KROH IRUPDWLRQ O0'GRHV QRW JHQHULFDOO\ SURYLGH
UHIOHFWLRQV RI WKH ODVHU DW WKH VXUIDFH RI WKH VDPSOH
OLTXLG PHWDOLVHVVHQWLDO IRUWKHVWDELOLW\RIWKH SRU
RUGHWRZKLFK LY ODUJHU WKDQ WKH VLIHPRGHOHGLQ 0" VLPXC

,QDGGLWLRQ WR WKH JHQHUDO PHOWLQJ EHKDYLRU WKHDE
WKHVHOHFWLRQRIVXLWDEOHODVHU SDUDPHWHUV ,Q RUGHU \
SURSHUWLHY WKHJRDOLVQRWRQO\WRPHOWWKHFXUUHQW S|
OD\HU XQGHUQHDWK 7KHGHSHQGHQF\EHWZHHQ ODVHUIOXHQI
FODULILHG :KLOHGLIIHUHQW H[SHULPHQWDO VHWXSV PRVWO\
IOXHQFH DQG DEO D@ @ §@G HSWK >
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J)LIXUH $ JHQHUDO LOOXVWUDWLRQ RI WKH LQIOXHQFH RI\
EHKDYLRU DQG WKH VDPSOH FKDUDFWH U YLYXWH VELWKRRY @ QQO
BDFNVFDWWHU 'LIIUDFWLRQ LPDJH RI DQ 3%) VDPSOH XVLQJ $C
gDWXUH R13%) PDQXIDFWXUH®@ SDUWV LV VKRZQ >
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ILQH FRDUVH
3DUWLFOH 6L]H

JLIXUH  *HQHUDO LOOXVWUDWLRQ RI VL]H GLVWULEXWLRQ R

GLVWULEXWLRQV ZbWEQ¥%KHPHDQ

SRZGHU SURSHUWLHYV

$QRWKHULPSRUWDQW SURSHUW\LQWKH3%) SURFHVV LV WKH
LWV FRQILIXUDWLRQ SULRUWR WKHVWDUW RIWKHPHOWLQJ SL
FRQVLVWV RI D GLVWULEXWLRQ RI'JUDLQ VLIHV 7KH SURGXFWL
GLVWULEXWLRQIRUWKHVL]HARIWQKHUSRUCGHR DBBOLIYPYWHD KLIJIKHU
RIWKHSRZGHU ZKLFKHPSLULFDOO\UHVXOWY LQ D UHGXFWLRC(
WKH SRZGHU FRQVLVWYV R@WDX RVULDHYGIUDWWLEXWLRQV $Q H[L
GLVWULEXWLRQ FRPSRVHG RIWZR *DXVVLDQ GLVWULEXWLRQV

6DPSOH SURSHUWLHYV

7KH SRZGHU DQG ODVHU SURSHUWLHYV FDXVH GHIHFWV LQ W
GUHVVHG WR SURGXFH D KLIJK VWUHQJWK SDUW 7KH PDLQ GHII
IRUPDWLRQ DQLVRWURS\LQ WKHODWWLFHVWUXFWXUHDQG V>
IXVLRQ GHIHFW LV VKRZODKIHUHILQFRPSOHWHO\ PHOWHG SRZGHL
JUDLQVLQ WKHUHVXOWLQJ VDPSOH $FRPSOHWHPHOWLQJRI\
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J)LIXUH D &URVV VHFWLRQ RI D N®\KR OG- XULWKHDSER WK S HV
IXVLRQ GHIHFWV DV ZHOO DV@® SRUH IRUPDWLRQ >

RI'WKHVDPSOH LVE@KRYENLR) $XVLRQ IXVLRQ DQG WKHIRUPDWL
KLJK ODVHU SRZHU GHJUDGH WKH PHFKDQLFDO SURSHUWLHYV Fk
IRUPHG DV D UHVXOW RI D NH\KROH GXULQD PHEW ISRUIHVIRKRDE
GXULQJ WKH UHFU\VWDOOL]DWLRQ RI WKH VDPSOH WKH IRUPL
'LITHUHQW ODWWLFH RULHQWDWLRQV RI WKH HSLWD[LDOO\ JUF
VWUXFWXUHDV VKEZQWXKHWJUDLQ VWUXFWXUHY SURGXFHG E\
JURZWK DUH GHILQHG E\ WKH H[SDQVLRQ RI WKH PHOW WRS VK
ODWWLFH VWUXFWEKUHY VHHILJ
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OROHFXODU "\QDPLFV

7TRVHOHFWDQDSSURSULDWH VLPXODWLRQ VHWXS WR PRGHO
VLPXODWLRQ DV ZHOO DV WKH FRPSXWDWLRQDO UHVRXUFHV
SRQHQW ZLWK D VLIHLQ WKHUDQJH RIPLOOLPHWHUV WR FHQW
VLPXODWLRQ WRRO IRU WKLV DSSOLFDWLRQ LV WKH)LQLWH (O
WKHVHVLPXODWLRQVFDQEHYDOLG® WRG @ HWXMWHKHH]B BV RRBH(
RIFRPSXWDWLRQDO UHVRXUFHV FRPSDUHG WR WKH VL]H RI WK
WLRQV )(0OVLPXODWLRQV SURYLGH OLWWOH LQIRUPDWLRQ DE
SURSHUWLHYVY VXFK DV ODWWLFH VWUXFWXUH DQG FUDFN RU GU
DVVXPSWLRQVPDGHH[WHUQDOO\WR WKHVLPXODWLRQ ,QRUG
SURFHVV LWVHOIDQG WR REVHUYH PLFURVFRSLF HQHUJ\ DQG \
DUH XVHG LQ WKLV ZRUN

,Q0' VLPXODWLRQV WKH WUDMHFWRU\ RI HDFK DWRP LV FDO
WRQTV HTXDWLRQV 7KH FKDQJH LY WRKKNQ@WXHEREDWR P

G _ lg
=19 ZLWk= =

7KH IRYER) GHVFULEHY WKH LQWHUDFWLRQ IRUFH WKDW DOO R\
DWRP:KLOH WKHIRMVFBEQ GHSHQG RQ DOO LQLWLDO DWRP SRVL
RIFRXSOHG GLIIHUHQWLDO HTXDWLRQV ZKRVH GLPHQVLRQ LV .
VIVWHP :KLOH WKHUH LV QR FORVHG IRUP VROXWLRQ IRU FRX
PRUH SDUWLFOHYV RQH PXVW DSSUR[LPDWMX\W K H LIFHYGCR Q FKTHKWD
ZH VLPSO\ FRPSXWH WKH D§VIRP GE 8 RVHW HR@QWHDP DOVWHS WK
VWDWH RI WKH VY¥WHP IDMWFWOFHODWHG IURP WKH VWD WHQR | WK
H[DPSOHRIDQO'VWHS IRUWZR DWW UDFW L QUIKSDUHOLUFID W\Z R \D Wi
DW WKH FRRIUBDGDAM WK WKH Y¥ ORRBLIW HWK H B/Q B8 HV K H\ H[HUW \
IRUFK [ GHSHQGLQJRQ WKHLU DQLPLVWLFLQWHUDFWLRQ $ Q>
QHZ FRRUG!.QRWHVYWK WKH QHZW BQEBALLW WMHW Hy: 7KLV VWHS LV
UHSHDWHG E\ QRZMEBSWORMV@KH VAVWHP 7KH UHVXOWV DQG WKH F
WKH O0' VLPXODWLRQ GR QRW RQO\ GHSH QG R® MW KKR\KRY B ® RAHLPL
LQWHJUDWRU DV ZHOO DV WK B;E RO% ¢ DDWE RXFR DV KIHRIGRH EG W K

¥ \% ¥ ¥
\. y _to
e P R

J)LIXUH ((DPSOHIRUDQO'"VWHS RIWZR DWWUDFWL
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, QWHJUDWRUYV

7KH VWHS RI QXPHULFDO LQWHJUDWLRQ LQ DQ 0' VLPXODWL|
D SDUWLFOH UHVSRQVLEOH IRU WKH WKHUPRG\QDPLF HQVHPE
PRGHOHG

7KWLFURFDQRQLFDOGIQWMHWPLEREHY D VIVWHP ZLWKRXW LQWHUD
KHDW EDWK &RQVHTXHQWO\ WKH LQWHJUDWRU PXVW FRQVHL
WUDMHEWRULHY ,QWHJUDWRUV WKDW SHUIRUP FDQRQLFDO W
VLPXODWLRQ ZH XVH WKH O @D ZIKRIKDIHRIRIWP K PD>VHFRQG R UC
LQWHJUDWLRQ 7KH+FRRUBL® DA H YHIGRIEFUWOHSHQG RQ WKH LQ
FRRUG @D WKH YWtDR¥ IZ\WO O DV WK F(RIWFHLY HQ E\

t%

[+ t0)= [0+ to YO+ 52

)t Ta(t)
O T+ N o+ to):

Y(t+ to)= Y()+

7KH ZHLJKWLQJ IDFWMRUEH GHWHUPLQHG E\ 7D\ORU H[SDQVLRQ
GHULYDWLRQ EHWZHHQ WKH OHDSIURJDOJRULWKP DQG WKH HJ
O( t4.) 7KHVLPSOH FRPSXWDWLRQDO VWHS PDNHV WKH OHDSIU|
WKDQ WKLUG RU IRXUWK RUGHU LQWHJUDWRUV &RPELQHG ZL\
XODWLRQV WKH OHDSIURJ DOJRULWKP LV WKH SUHIHUUHG DO.
WKH WKUHH GLPHQVLRQDO KLJKO\QRQ HTXLOLEULXP SUREOHF

7R DUWLILFLDOO\ KHDW RU FRRO WKH VIVWHP RQH PXVW FR
GXULQJ WKH QXPHULFDO LQWH&DDW QR B DVONHOSDHKEBERDWIFHK[ IPK D Q J
WDNHV SODFH EHWZHHQ WKH VIVWHP DQG DQ H{WHUQDO KHDW
+RRYHU 1+ WKHU@® RMAMDIW WKHUPRVWDW DGGV DQ K [WR B/ KBH J L
+DPLOWRQLDQ RI WKH VIVWHP 7KH +DPLOWRQLDQ WKHQ ZULWF

X g

2m; s2

i(flg= r U(f[g);

H(f [0:f Q;ps;S) =

2
+ U(f [g) + ;_5+ gk O(€ ZLWK
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ZKHYHVY WKH QXPEHURILQGHSHQGHQW PRPHQWXP GHJUHHYV R
YLUWXDO SDUWLFOHLQWHUDFWLQJZLWK WK Hy\WWH PRNWGEISQLE
s WKHPDVYPG WKHWHARSHKBWRWAHUHVXOWY LQ WKHHTXDWLRQV

4. S.
® m;s2’
= o)
g: % DQG !
%:% " miz gked

TKHLOQOWHIJUDWLRQFDQQRZEHGRQH XVLQJWRHAR\W HM® IS HULR MDKOH R
GHVFULEHV D PLFURFDQRQLFDO VA\VWHP ZLWK DQ HIWHQGHG C
VLPLODU SURSHUWLHV FRPSDUHG WR WKHPLFURFDQRQLFDO H(

L OQWHUDFWLRQ SRWHQWLDOV

7KH FDOFXODM KB DRWEII RQ WKH DWRPV LQFOXGHYV DOO DWF
GXFHG LQWR WKH VLPXODWLRQ 7KH FKRUF HgRL WKWX¥Q B8 URUL
UHVXOW RIWKHVLPXODWLRQ DV ZHOO DV IRUWKH FRPSXWDWLF
WLRQ SRWHQWLDO GHSHQGY PRVWO\RQ WKH W\SH RI LQWHUDF
JRU LRQLF FRPSRXQGV ORQJ UDQJH LQWHUDFWLRQV RI WKH R
UHOHYDQW )RUPHWDOV RUPHWDO FRPSRXQGYV VKRUW UDQJH
VHQFH RI HOHFWURVWDWLF LQWHUDFWLRQV EHWZHHQ WKH DW
LQWHUDFWLRQ LV PRBHOGHGHG/$WR AW BERGHQV ($0H WKH PHWDO W
DFWLRQLVJRYHUQHG E\WKH SDLULQWHUDFWLRQ ZLWK WKH QH
ZLWK WKH HOHFWURQ JDV HVSHFLDOO\WKHFKDUJHGHQVLW\ L¢
WLRQ RI WKH SDLU LQW#H WIVFIWILRYF B/R W € RWMBHEWZIHVHDDWZER D W R
WKH HOHFWURQ GHQ¥LOWH 05U DWW WMVERRV IDRIG W K H HEREH) @G/LI J HQ
IXQFWLRQ RIWKH ORFDO HOHFW URAKE DGWIDVQ\W. D JH RHY KB (50 S|
LV WKPDQEpE) IDOO WR JHUR IDVW HQRXJK WR QHJOHFW WKH LC
GLVWDQEHZKLOH WKH FXWRIHVEGMWAHHQ WKH RQHDQG WKH WZI
,Q WKH IXUWKHU VLPXODWLRQV WKH ($0 SRW ®QDWLHD ®VHGRR & R
LOQWHUDWRPLF DOXPLQXP LQWHUDFWLRQ

TR DYRLG FKHFENLQJ DOO DWRPV LQ WKH VLPXODWLRQ IRU SEF
XODWLRQ ER§HQ@MNNK WKH HGJH ZLGWK Ri l WKKIRRDOQMRIIIDDGL XYV
$O00 SRVVLEOHLQWHUDFWLQJDWRPV PXVW QRZEHLQVLGH WKF
VLPXODWLRQV $YLVXDOL|IDWLRQRIWKHLQWHUDFWLQEDWRP\
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D (PEHGGLQJ)XQFWLEQ(OHFWURQ 'HQVLWW 3DLU ,QWHUDFWLRQ

J)LIXUH $Q H[HPSODU\ SURJUHVVLRQ RI WKH HPEHGGLQJ HQ
GHQVLW\ E DQG WKH SDLULQWHUDFWLRQ HQHUJ\ F

(INT'LFLHQF\ 2SWLPL]DWLRQV DQG 3DUDOOHOL]DV

'XHWR WKH VL]HRIWKHVLPXODWLRQV LWLVQHFHVVDU\WR L
SOH &38V 7KHUHIRUH WKHVLPXODWLRQER[LVGLYLGHGLQWR
DUUD\RIO"FHOOV WMHHKIHIO3, FRPPXQLFDWLRQLV XVHGIRU WKH
WKHERXQGDU®F HIAXV&38 LV WUHDWHG DV D VHSDUDWH 03, WKU

JRUD PROHFXODU G\QDPLFV VLPXODWLRQ ZLWK VA\VWHP ZLGH
SXWDWLRQDO WLPH VFDI@H)UR B DWKW\RIDRE/RIPRI 7KH XVH Rl WKH
UDGLXV UHGXFHV WKH FRPSXWDWLRQ WLPH E\ QHJOHFWLQJ WK
QHLJKERULQJO'"FHOOV 7KH VLPXODWLRQ WLPH RIOWKKH) V\VWH ]I
ZKHUH WKH H[SHFWHBUHHLQ MEKRHUWD PH 0' FHOO DQG WKH VXUURX
HISHFWHG QKHDIKEBRHUDWHG WR WekKWLIFXAMHRIR WD GILPXODWLRQ ZL
GLVWULEXWHG DWRPV WKKHEHEBDNFWHE QHRUOERUWK WKH FXWRI

7TKHLPEDODQFHLQDWRPGHQVLW\ZLWKLQWKHVDPSOHOHDG
GLITHUHQW &38V 7KLV GLITHUHQFHLQ WKHFRSXODWLRQ WLPH
WRZDLWLQJWLPHVIRU &38VZLWKORZHU ZRUNORDGYVY UHVXOW
VLPXODWLRQ 7REDODQFHWKHORDGRQWKH&38VZLWKLQ WKH
FRYHUHG E\D &38 DUH VKLIWHG GHSHQGLQJRQ WKH GLVWULEXYV
XVH RI ORDG EDODQFLQJ EHFRPHV PRUH UHOHYDQW IRU VLPXOI
WR WKH VLPXODWLR@RIGXBRZEEWHKH KLIKHU LPEDODQFH LQ SD
FDVH ORDG EDODQFLQJ LYV SHUIRUPHG EHIRUH WKH VWDUW RI I
LPPHGLDWHO\DIWHU WKHODVHU SHQHWUDWLRQ

7KH FRPSXWDWLRQDO HIIRUW LV IXUWKHU UHGXFHG E\ FKDQ
GLITHUHQW SDUWV RI WKH VLPXODWLRQ GHSHQGLQJ RQ WKH G
WKHKHDWLQJ RIWKHVDPSOHWR URRP WHPSHUDWXUHDQG WKF
ODVHU LQWHUDFWLRIQIWLRBHWVWRSMXS'WWRLQJ ODVHU SHQHWUD
VWHS LQ WKBIUD@INM RY UHTXLUHG WR UHSUHVHQW WKH IDVW G\
HTXLOLEULXP G\QDPLFV $IWHU WKHODVHUKDV OHIW WKH VDP ¢
LQ WKHVDPSOH WKHWLPHVWHS FDQEHLQFUHDVHG VWHS E\V

, QRUGHUWRDYRLGWKHGLVSODFHPHQW RIDWRPVIDURXWVL
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J)LIXUH 7TKHVSOLWWLQJRIWKHVLPXODWLRQER[LQWRO" FHC
LVVKRZQLQ D ,00XVWUDWLRQ E VKRZV WKHLQWHUBFWLRQ
DQG WKH UHVXOWLQJ UHOHYDQWO0' FHOOV IRU WKH IRUFH FDOF

DU\ FRQGLWLRQV 3%& FRPELQHG ZLWK D |LOWHIUH. RV HG DRVURW®
VLPXODWLRQ 7KLVOLPLWV WKHDYDLODEOH SRVLWLRQV RIDW
YLRXV ZRUN KDV VKRZQ D KXJH ORVV LQ HIILFLHQF\IRU®WRPV
$WRPVRXWVLGH WKHVLPXODWLRQ ER[OHDGWRDQLPEDODQFL!
DWRPV RXWVLGH WKH VLPXODWLRQ ER[DUH QRW HYHQO\ GLVWI

,PSOHPHQWDWLRQ RI/DVHU  QWHUDFWL

7KH HQHUJ\ DEVRUSWLRQ SURFHVVSRIQM @/\DHVL R U LDQRMHIND/Q@ @/
GRPLQDWHG E\IUHHFDUULHUDEVRUSWLRQ )&$ (OHFWURQV L
HUJ\DUHH[FLWHG ZKLOHDVDFRQVHTXHQFHWKH)HUPL 'LUDF ¢
HQHUJLHY UHVXOWLQJLQ D ULVL@J H&H FE\W 0RQDWH.REHW DRAHX R IF
JDV ZKLFKLV V\QRQ\PRXV ZLWK WKH WLPHVFDOHRIWKHHQHU.
GHULYHG IURP WKH 'UXGHPRGHO 7KLVPRGHODVVXPHVDQHQH
JDVDQG WKH DWRPLF ODWWLFH LQGXFHG E\ FROOL\@ RV ®HW
WKH WLPH VFDOH RI HOHFWURQ SKRQRQ FROOLVLRQSI¥DQAEH C
URRP WHPSHUDWXUH LW GHFUHDVHYV H[SRQHQW L@ C8ARFB/M K HIX
WR RXU 0' WLPH VWHS RNWWKIRUBBD[PWLRQ RI WKH HOHFWURQ
LQVWDQWDQHRXV &RQVHTXHQWO\ LWLV QRZ QHFHVVDU\ WR |
DWZR WHPSHUDWXUH PRGHO 770 LQ WKH FDVH RI VLPXODWLR
WKH ODVHU DSSHOODWLRQ@ | YKIP DFER/QRE&SMNRQVRY WKH ODVHU
GLUHFWO\WR WKH DWRP E\UHVFDOLQJLWY NLQHWLF HQHUJ\
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IDPEHUW %HHU /DZ

IDVHUDEVRUSWLRQLQ)&$LVGRPLQDWHGE\VLQJOH S SKRWRQ
DQLVP FDQ EH DVVXPHG WR EH FRQVWDQW ZLWKLQ WKH PHWDO
FUHDVH RI WKH ODVHULQWHQVLW\LQ WKH] GLUHFWLRQ ODVH
UHVXOWV LQDQH[SRQHQWLDOO\GHFUHDVLQJ ORFDO ODVHU L(

1(2)= lge *;

ZKHUWYHLV WKH VXUIDFH ODVHUM. @WH @EMRUBWERQ FRHIILFLHQV
RQ WKH ODVHU IUHTXHQF\ DQG WKH LQWHUDFWLQJ PDWHULDO
IDPEHUW %HH® ODZ >

JRUD *DXVVLDQ ODVHU SXOVH LQ WKH [ @&  UKHFWHRRV W
DODVHULQWHQVLW)\ RI

(x_ x0)%+y yg)?
x x)*y yo)®

L(x;y;2)= 1o R)e *e 2

ZLWKLQ D PDVVLYH VDP SQHV MWK LRDJHRXAL @D VHU LQWHQV LW\ D
ODVHU VSR\® HAKLAOKEHY WKH GHFUHDVH LQ ODVHU LQWHQVLW\ L
IXO0 ZLGWK KDOI PD[LPXP ):+0 JLYHQ E\

P
):+0 =2 20X 2,3548:

7TKHHQHBED\SGOLHG WR D YR OXPHHU WRRLPW ICRQ G

& p « xHy vo)?
va© 5 aPuw Rje fre T ZLwK
Pug 2

LV WKHQHJIJDWLYH GHULWKXKWIHVSRIFW WR WKH GLUHFWLRQ RI OD

'"HQVLW\ ' HSHQGHQW (QHUJ\ $EVRUSWLRQ

7R PRGHO WKH ODVHU DEVRUSWLRQ DV D IXQFWLRQ RI WKH Y
0O'FHOO ZH PXVW VRPHKRZ GHILQH D Q {DREIMRVISQUICRDARRIPILGHH |
RQ WKH DWRFPZIWXHQ D IOXLG RU FU\VWDO dkKH DEVFRBUSWLRQ
ZKLFK FRUUHVSRQGV WR DQ DEV/RYGWW2R/ @ FRHHYNGWNWQWRA SUH
VLPXODWLRQV RIODVHU DE@DWLRQ LQ DOXPLQXP >

7KH ODVHU DEVRUSWLRQ LV FDOFXODWHG 0' FHOO E\ 0" FHOGQC

DEVRUSWLRQ FRHIILFLHQW
!
X
iiyiz = wieH /VEHooO
i
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J)LIXUH 6FKHPDWLF LOOXVWUDWLRQ RI WKH GHFUHDVH RI O
RQO\0'FHOOV LQFOXGLQJ DOXPLQXP DWRPV LQWR DFFRXQW IR
LQGLFDWH D KLJK ODVHU LQWHQVLW\DV PRUH EOXH LOOXVWUL
VSKHUHLV LOOXVWUDWHG VKDGHG 7KHODVHU LQWHQVLW\ LV

RIDFHOO ZLWKiFRPOELQ@BSHYG L G DRRWK ZLWK WKHLU DQLPLVW
FRHIILF @ MWQNVLGH WKH FHO /R b §MH FHRIDX PEAIIRUPDWLRQ LV Wk
WKH VDPH FROXPQ RI FHOOV LQ] GLUHFWLRQ VDPH[DQG\FRR!

,Q WKH VROLG )&& VWUXFWXUH DQ DOXPLQXPWRMERBR*RVRXSLH
WKDW WKHDEVRUSWLRQ FRHIILFLHQW FDQ EH FDOFXODWHG

pwiP V DWRP

IRUD VLQJOH DWRP ,Q WKH FDVH RI DOXPLQXP WKHp¥LQJOH
0:20752 7KH ORFDO ODVHU LQWHQVLW\,LIQ DEFHOQIZYWR ERRUGLQ

p

iz> z Ixilyiiz deell;z

I RO~ o€ ;

ZLWK WK H.QHRIIWK FHOO LQ] GLUHFWLRQ

$Q HIDPSOH RI WKH ODVHU LQWHQVLW\ IRU HDFK 0' FHOO ZL\
ILJ ,Q WKLV FDVH RI XQLIRUP ODVHU LQWHQVLW\GLVWULEXW|
VSKHUH UHFHLYH WKH VDPH ODVHU SHQHWUDWLRQ DV WKH 0'F
7KLV GLIITHUVIURP SUHYLRXV ZRUN WKDW DVVXPHGDQ H[SRQHQ
WKHWRS RI WKHVDPSOH UHJDUGOHVYV R WaKH VKDSH RI WKH VD



$1$/<=,1*722/6

$QDO\]LQJ 7RROV

6WUXFWXUH $QDO\VLYV

, QRUGHUWRDQDO\|[HWKHODWWLFHVWUXFWXUHDV ZHOODV
WKHVDPSOH ZH XVH FRPPRQ QHLJKERU DQDO\VLV &1% WR GLII
7TKH ILUVW VWHS RI &1%$ LV WR LGHQWLI\ WKH DWRPLF QHLJKER
IRUWKHVHDWRPVLVGHSHQGHQW RI WKH FU\VWDOOLQH VWU XT
VWUXFWXUH WKLV UDGLXVLY ORFDWHG PLGZD\EHWZHHQ ILUV
$IWHUZDUGV SDLUV RI DWRPV DUH FODVVLILHG DFFRUGLQJ WR
GHUO\LQJ JHRPHWU\ RI WKH FRPPRQ QHLJKERUV 7KLV DQDO\VI
WKH DWRPLF VWUXFWXUDO EHKDYLRU RI GHIHFWV LQ D UHFU\V!
LQVLIKW RI WKH HTXLOOLEUDWLRQ WLPHRIRXU ODWWLFH E\W
LOWHUDFWLRQDQG WKHGLVVROYLQJRIWKHODWWLFHVWUXFW
QDO FORVH SDFNHG +&3 VWUXFWXUHEHFRPHV UHOHYDQW LQ
DV +&3 GHIHFW VWUXFWXUH DULVHDW UHFU\VWDOOL]DWLRQ DC

6WUHVV SBURSHUWLHYV

TR TXDQWLI\WKH PHFKDQLFDO SURSHUWLHV RI WKH UHFU\VW
DSSOLHG WR WKH VDPSOH 7KH ILUVW PHWKRG LV WR DSSO\ D |
LVGRQH E\PRYLQJD IHZ OD\HUV RI DWRPV DW D FRQVWDQW VSt
VLGHRIWKHVDPSOHDUHIL[HG '"HSHQGLQJRQ WKHPRYLQJGLU
HWKHU VKHDU VWURMWIHQ@VHDQG FRPSUHV VBN KHRXIPIJFU P RGX O

E=—

TXDQWLILHVY WKHUHODWLRQVKLS DWW AMKIH GAHI R BIP\D WL @ D & VWA
TXDQWLILHG E\ WKH @ LIKQ BW WKIHQH [WH Y/GHVWOWVVURP WKH (
IRUFH RQ WKH FRQWLQXRXV PRYLQJ QB\\HUODNG! WK P \B KLHD @ H/OADUY
LQ OHQJWK RI WKH VSHFLPHQ

7KH VHFRQG PHWKRG RI REWDLQLQJ PHFKDQLFDO SURSHUWL
ZDYHV WR WKH VDPSOH ,Q WKLV FDVH D IUDFWXUHRIZTRUWARPV
HIWHUQDO PRPHQWXP DSSOLHG WR WKH VDPSOH FUHDWHYV D V
VDPSOH 7KH YHORFLW\DQG VFDWWHULQJRIWKH VKRFN ZDYH |
EHWZHHQ VDPSOHV DQG LQ GLIIHUHQW GLUHFWLRQV

7TKHVWUHVV VLPXODWLRQVDUH SHUIRUPHG RQIXOO\UHFU\VYV
RQVHFWLRQV RI WKHVLPXODWHG VDPSOH
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JLIXUH ,OOXVWUDWLRQ RI WKHDSSOLFDWLRQ RI VKHDU VWL

DVDPSOH 7KHEODFNJURXQG LV IL[HG ZKLOH WKH UHG IUDFW
ZLWK WKHYHORFLW\

(QHUJ\ $QDO\VLV

,Q DGGLWLRQ WR WKH PHFKDQLFDO DQG VWUXFWXUDO SURS
SURYLGH LQVLIJIKW LOQWR WKH DWRPLVWLF EHKDYLRU GXULQJV
ODVHU SDUDPHWHUV WKH HYDSRUDWHG HQHUJ\ DV ZHOO DV W
DUHH[WUDFWHGIURP WKHVLPXODWLRQE ,F|kBEISHORUIG QR W RI) DL
YLDWKHHQHUJ\UHVHDOLQJRIWKHDWRPVLVWUDFNHG EXW D
VLPXODWLRQ ER[DW WKH WRSLV FDOFXODWHG DQG DGGHG

6LQFH WKH VLPXODWLRQ ER[LVY SHULRGLF LQ WKH[ GLUHFWL
SHQHWUDWLRQ DOXPLQXPDWRPVWKDWFURVV WKHERXQGDUL
DUH UHPRYHG IURP WKH VLPXODWLRQ DORQJ ZLWK WKHLU NLQI
EgcUH VXPPHG WR REWDLQ DQ HITHFWLYH HQHUJ\

EnviF EopvuBcLvy

,Q DGGLWLRQ WR WKH HQHUJ\ DSSOLHG WR WKH VDPSOH DQC
ER[ WKH WHPSHUDWXUH RI WKH HQWLUH VDPSOH DQG WKH NLC
VLPXODWLRQ FDQ EH FDOFXODWHG ZLWKLQ WKH 0' VLPXODWLF
ZLWKLQ WKH VDPSOHFDQ EHFDOFXODWHG



&KDSWHU

6LPXODWLRQ 6HWXS DQG 3DUD

, Q WKLV FKDSWHU WKHYDOLGDWLRQRIWKHDSSOLHGVHK@HUJ'
VLIH OLPLWDWLRQV LQ UHODWLRQ WR LVNQRAVHMWLIR  HHGI H BWHN G \R-
VSKHUH VLPXODWLRQV 6RPH VSHFLILF FKDUDFWHULVWLFV OL
WKH JDV GHQVLW\DQIBPMWKHIRSHFLILF JUDYLW\ ZLWKLQ WHKH VLP
H[ISODLQHG $OVR WKHFUHDWLRQ RI WKHDSRZ &KbYl ¥DP$ & H DWH
DV WKHKHDWLQJ WR URRP WHPSHUDWXUK H\P R EGS3HODLULQIHRG W KR\
WHVWV RQ WKH FU\VWDOOL]J]HG VDPSOHV LV GLVFXVVHG LQ VHF!

6LQJOHG6SKHUHGLPXODWLRQV

IDVHU ORGXOH (QHUJ\9DOLGDWLRQ

6LQJOH VSKHUH VLPXODWLRQVY DUH XVHG WR YDOLGDWH WKF
ODVHU PRGXOH 7KHLQWHUDFWLRQ EHWZHHQ WKH ODVHU DQC
VFULEHG LQ VHEWKRY LPSOHPHQWDWLRQ WKHHQHUJ\DSSOLH
WKH ODVHU SHQHWUDWHYV WKH VDPSOH 7KH ODVHU HQHUJ\ DS
FDQ EHFRPSDUHG WR WKHDQDO\WLFDO UHVXOW 7KH VLPXODV
GLZ00c DQG ODVH253®BREHUIV ODVHU250:A00DQG ODVHUWOKBO/R FIRW \
VKRZ WKH GHQVLW\ GHSHQGHQW DEVRUSWLRQ DQLN[RAKROVHRD C
7KH VLPXODWLRQ DGGV XS WKH WRWDO HQHUJ\ IRU RQH WLPH
WKH DFWXDO ObVHU SRZHU DGGHG WR WKH VDPSOH 7KH DWRF
RI DOXPLQXP DWRPV LQ WKH|[ GLUHFSW.RWBHWBKRDGEDY VIHV WK
WKH XSSHU OD\HUV RI WKHDOXPLQXP VSKHUHHYDSRUDWH GXH
WKH ODVHU SDVVHV WKH VDPSOH VRPH YDSRUL]JHG DOXPLQXP \
OD\HUV RI WKH VSKHUH PHOW

JRU WKH DQDO\WLFDO UHVXOW W KIH OLSSOH HEOMAHGURYHT WK
WKHVSKHUH 7KHLYRVHSWOBREEQGQEE\ LQWHIJUDWLRQ RYHU WKH Y
ODVHU SRZHU FDQ EH GHWHUPLQHG 7RWOVYRGIOWLIROQW IRH S R AH @
WKH VLPRPOPDWIHRQYKRZQ LQRUIWZR GLITHUHQW ODVHU HQHUJLHYV



&+$37(5 6,08/$7,216(783$1'3$5%$0(75,=%7,21

LOQWHJUDO DUH FDOFXODWHG QXPHULFDOO\@VLQJ WKH 3\WKRQ

JRU WKH ODVHP SB8IZHHAWOREIV WKH UHVXOWYV IURP WKH LQWHJI
LQ WKH VLPXODWLRQ VKRZ JRRG BJUKBNPWRW VABADIJSRZHU V
KDV EHHQ KHDWHG EXW WKHUH LV QR HYDSRUDWLRQ RU GHIRU
EHWZHHQ WKH ZLGWK RI WKHDEVRUSWLRQ SURILOHDQG WKH PI
SHUO'FHOO 7KHILQLWHVLIHRIDQO'FHOO OHDGV WR D GHYLD\V
DVVXPHG LQ WKHLQWHJUDO

7KH VLPXODWLRQ DW P OIRD3OHWUEBIHMORDGY WR D ODUJHU GHY
WKHSRZHU FDOFXODWHGLQWKHLQWHJUDO 7KHUHDVRQIRUW
RIWKHVSKHUHDQG WKHLQWHUDFWLRQ ZLWK WKH YDSRUL]JHG L
DWRPVLQVIKRZVWKHDPRXQWRIYDSRULIHGDOXPLQXPHYHQO\ ¢
ZLWKLQ WKHVDPSOH :KHQ WKH ODVHU UHDFKHV WKH SDUW R\
YDSRUL]J]HG DOXPLQXP KDV DOUHDG\ HQWHUHG WKLV SDUW RI \
VKRXOGHU LQ WKHDEVRUSWLRQ SURILOHLQ ILJ

,Q IJHQHUDO WKH SRZHU LQ WKH VLPXODWLRQ LV LQ JRRG D
LOQWHJUDO 7KH GHYLDWLRQLV QRW UHOHYDQW IRU WKH G\QDF
SHQHWUDWLRQ GHSWKV WKHILQLWHVL]JHHIIHFWRIWKHO'FHO
DEVRUSWLRQLQWKH] GLUHFWLRQ

JLQLWH 6L]H (IIHFWV

7R IJHW D ILUVW LPSUHVVLRQ RI WKH PHOWLQJ SURFHVV DQG
XODWLRQ PHOWLQJ SURFHVVHV DUH SHUIRUPMKBRZY WYX HQI W
SHQHWUDWLRQ RI D VLQJO®HCcV S/KHHUIH ZLWHK VYD]JGILEKWHFW DOUHDG
WKH 6/6 VLPXODWLRQ FDXVHV D GHIRUPDWLRQ RI WKH VSKHUH
ILJ E 7KHLPDJHVDQGG PRGHO WKH ODVHU LQWHUDFWLRQ Z
WKH GHIRUPDWLRQ RI WKH VSKHUH FDXVHG E\ WKH ODVHU RFF>
KDV SDVVHG WKH VDPSOH

JRUODVHUDEODWLRQLQ WKLVVDPSOHVL]H WKHIRUPDWLRC
EH REVHUYHG GXH WR VXUIDFH WHQVLRQ ,Q DGGLWLRQ WR WK
WKHERWWRP VSKHUHV RI WKLV VLIHEHKDYH VLPLODUPRWR OC
IXUWKHU WHVWYV SRZGHU SDUWIBE60 BNVOEREKR XWRHW KBIW IR @ IL XWHR\
DOUHDG\DIIHFW WKH VLPXODWLRQRIVXFKVPDOOVSKHUHV DW
KRZHYHU WKHRYHUDOO EHKDYLRU LV PRVWO\VLPLODU WR WK|

S5SHPRYLQJ $WRPV

6LQFH 3% & LV XVHG LQ WKH[ DQG\ GLUHFWLRQV RI WKH VD
WKH VLPXODWLRQ ER[LQ WKH] GLUHFWLRQ DUH UHPRYHG IURP
VSUD\V PHWDO OLTXLG DOO RYHU WKHH[SHULPHQW WKLV PDW|
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