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$EVWUDIFWSLQJ PRGH $WRPLF )RUFH OLFURVFRS\ $)0 SU
DGGLWLRQ WR KHLJKW DQG DPSOLWXGH LPDJHNO KDWKRXJ|
EHHQ LQYHVWLJDWHG XVLQJ PDWKHPDWLFDQJPRIG MXHL Q.
EHKDYLRXU RI WDSSLQJ PRIGH B)OFDWWOPKSRWVHWQJIJH WR WKI
LQYROYLQJ LVVXHV VXFK DV WKH FRUUHFW WIQM/HBB BH W D\
FDQWIVBN@EBLF EHKDYLRXU LQ WDSSLQJ PRGH $)000 VWXG
ILQLWH HOHPHQW P HyW& RED PAKH GAD/GWDEHPHQW UHVSRQVH!
YLD VLPXODWLRQ XDPISO K VIHIS D QW LVR SNPRS00 HR U QGALH IHIJA-
IRUFHV VXFK DV HODVWLF IRUFH DGKHVGRQ !RDON |RIUFH
ZKLFK FRUUHVSRQG WR WKH FDQWLOHYHU WL B FWLRRE X\8 R C
JHQHUDWHG WHVW VDPSOHV 6LPXODWBGWLI\HYGWYVGLKNED
UHVSRQVH FDQ EH GLY DGHIG LYQ\E B DRDWURNBIVRRIOH-RQ JRQH DQG
YLEUDWLRQ JRQH 3KDVH WUDMHFWRU\ SK DD/MHS @ KWIX\G HWIDIC
IUHTXHQF\ FKDQJHV DUH WKHQ DQDO\VHIEV BIRRPY BWK NV KGD QYT
REWDLQHG )LQDOO\ H[SHULPHQWY DUH FDUULRG IRXW RQ I
WKH VLPXODWLRQV

.H\ ZRUGWM SSLQJ PRGH $)0 G\QDPLF UHVSRQVH SKDVH VKL



,QWURGXFWLRQ

7DSSLQJ PRGH DWRPLF $RU KD WV LHFHHUFRRFHR S\RSXODU LQ WKH

KLWHG DQG 3DUN .DVYD VZHHOWO DOV IRU LQYHVWLJIJDWL
'XYLIQHDX HW DO DQG VHPLFRQGRBWRU P RAXKXINDRW
HW DO 8QOLNH RWKHU $)0 WHFKQLAKGWDEW RIQMDK §

VDPSOH ZKLFK ODUJHO\ UHGXFHV DQ\PPRWHUQW OO O/LXNH DH
DGGLWLRQ WR SURYLGLQJ WRSRJUDSKLFDO SRDVHW PWDDI$ S|
ZKLFK FDQ SURYLGH KLJK UHVROXWLRQ LQIRURBDVBK®DY H ER
LPDJH LV FDOFXODWHG IURP WKH SKDWH GW D B HQB @ DEH W
DSSOLHG WR WKH FDQWLOHYHU DQG WK B WLFGHYHY GD/GIOX
/ID[PLQDUD\DQD

,Q D UHDO $)0 VIVWHP ZKHQ ZH FDUUH RXR\ R\OOCSCS\L Q B \WWR G F
VHRLQW ZKLFK LV WKH QRPLQDO VWDEOB BP&GILWNWE HRRW
WKH SKDVH LPDJH :KHQ WKH F B<Q SR \DIHA IHRIQ PR SNV WIHNRIBR R\Q
GXULQJ WKH PHFKDQLFDO VFDQQLQJ SURFHVV WKKW LEUD\
GLIIHUHQFH EHWZHHQ WKH WZR SRVLWLRQV XSREHD W DPISID
IHHGEDFN PHFKDQLVP ZRXOG VHQG D VDXYBI® WR HVKBIQILLH]
PRYH XSZDUGV RU GRZQZDVGXQ VDIOR QUKW KW BEOH- DPSOLW
GHWHUPISGHGWHWKH FERLEW RKIDVHWVLIQLILFDQW LPSDFW >
SKDVH LPDJHV WKDW DUH SURGXFHG \WRH SWDIV® LPDJHWF
UHSURGXFH GHWDLOHG VWUXFSRUGWR Z BAK HL VHDE® DOH IKRHQQ
IUHH YLEUDWLRQ DPS-GIRUR®HZDKHIQ[WE&H WHH YDOXH WKDYV
YLEUDWLRQ DPSOLWXGH WKHQ WKH SKDVH IDRDJHYKFHRXBW
SRLQW QRW RQO\ GHIHFGO®WH XVIHE@ WHKMLRQS EXW DOVR XSRQ
RI WKH WLS LQWR WKH VDPSOH 7KH LQGHSU/RBWUR/Q HOHRH
WHVW VDPSOH

,Q WDSSLQJ PRGH $)0 WKH ILUVW RUGHU UH\WRQD QD MRMT
LPSDFW XSRQ WKH SKDVH VKLIW W LWLUIMNQHQDIQ®\H DYLFES
PRGH LYKHQ WKH FDQWLOHYHU LV YLEUDWHGI DWKHVGW LYWQ
I[UHTXHQF\ LV EHORZ WKH ILUVW RUGHU UHVR (OIDOMUUWMKER B

2ZWKHUZLVH WKH SKDVH VKEKM BKODY H W IKODWIHKDWEBYQ U



WKH UHVRQDQW IUHTXHQF\ 7KXV WKH FDRWLWWYHUVIW KU
UHVRQDQW IUHTXHQF\ ODJRQRY HW DO

SHVHDUFKHUV KDYH WULHG WR LQY HVSOMKDMHVWHKZ KW W, \\D F /@
WKDW WKHVH LQWHUDFWLRQ IRUFHV D WH SR SHORHN YMIBSBWU B I/(
UDGLXV RI WKH WLS DQG DOVR WKH <RXQUWWRIPWR &M ONXDOP S\OH
RWKHU ZRUGVY DOO RI WKHVH IDFWRUV PD\ VIDINMW W R\PKD \F
FRPSULVH WKH SKDVH LPDJH $OWKRXJK PXQ@QWLS R E LBIW VKIDI
WR LQWHUSUHW $)0 SKDVH LPDJHV *DREFtD HWDDUFtD *DUMXE
HW DO D FOHDU GHILQLWLRQ UHPDLQV HOXVLYH

+RZHYHU LW LV JHQHUDOO\ DFFHSWHIGD @ XDW LIQQBKID V K& MK
SRLQW PDVV PRGHO 7DPD\R DQG *D®FtD *DUFDBPDHR DQG
*DUFtD *DUFtD HW DO *DUFtD HW DO KNHQ®ORQJIJHMQ B C
KDV EHHQ SURSRVHG WR LQYHVWLJDWH WWM EKRDNGR X
WKDW WKH SKDVH VKLIW LV LQGHSHQGHQWVRH V8K B V4R X/® L
RQO\ FKDQJHV ZKHQ HQHUJ\ GLVVLSDWLR@ @ FKRXWWH UWXAK/ [T
YLVFRVLW\ 6RQJ DQG %KXVKDQ 6RQJ DQG %KXVKDQ

,Q WKLV SDSHU D ' ILQLWH HOHPHQW WKW KRG DLR/L 5 UERHSFOWM
RI WDSSLQJ PRGH $)0 3KDVH WUDMHFWRAR \SWDEE H RPISVD L
DQG IUHTXHQF\ FKDQJHV DUH WKHQ DHPMHIMWHIGH MERRQ WH\H &
REWDLQHG ,Q WKH HQG RI WKLV VWXG\ ZHI|NFRWKHGE H\QG
GLIIHUHQW LQWHUDFWLRQ IRUFHV DQG SURYLHEWMSERYW Q)
DPSOLWXGH IRU UHDO $)0 H[SHULPHQW

7KHRU\
7KH G\QDPLF EHKDYLRXU RI D FDQWLPUHIYHHIGVXVWOIP \FFIDER DK
GLITHUHQWLDO HTXDWLRQ DV JLYHQ EHORZ
| @E %®-@L (g6 (w
‘KHUH 0 & . UHSUHVHQWY WKH V\VWHPWRDLY VU &DHFENE W 1 YCHL
WKH HIWHUQDO IRUFH DFWLQUVR® KWAKW LFSD Q@ VR SOHH H. Q@ WZAKULLDF
SK\VLFDO PRGHOV 6RQJ DQG %WKXVKDQ OHOFRHU HW



GLITHUHQ@WSWHSLQWHUDFWLRQ IRUFHV VXFK RY LD WVW GF
YDQ GHU :DDOV IRUFH , Q WK kdbvaAS HIDO MXKOD WEI BV XWLLFQ UR UT
IROORZYV

(orombis A F@F @:4 1 @0 @

KHUH LY WKH HIIHFWLYH VWLIIQHVVLWS WKHUDBDWE ORI WIK
VHSDUDWLRQ DQG G LV WKH G\QDPLF@A®IS\O WKHP HQ ®&/H R IV
RI WKHWLWKH VDPSOH 7KHOI-EIH1I-V\MHLH\Q-IVWMA-LN\Q}$VID’QG VDPS
XVLQJ WKH IROORZLQJ (TXDWLRQ

'OL >:s Flen' . E:s F go' 75
'KHUHDQGDUH WKH <RXQJTV PRGXOXV RI WKH WLSwQG VD

DQwDOUH WKH UHVSHFWLYH 3RLVVRQYV UDWLULR®IIRUWKAH W NS
FDOFXODWHG DV IROORZV

(6woevlhadvesl & s @O0 @
"KHUH.V WKH VXUIDFH HQHUJ\ 7KH VXUID RN HAKXKHHQI \WLKWH DB ¥

WLS UHWUDFWYV IURP WKH VDPSOH VXULREMW L BDRRS DDUSB3J) RVIRF
VXUIDFH ZKLFK OHDGV WR DGKHVLRQ HQHQBGKDVWHUHVLYV

(cu=0akik R ¥4F @QF @4 s @0 @

"KHUHLY WKH YLV@RWL\M/KHD\Q—@RFLW\ LQ WKH QRUPDO GLULI
IRUFH LV GLYLGHG LQW® PAOAR/ IODHDIWLRHQWV WIKIH@Q WKH LQWHUPR
WKH YDQ GHU :DDOV IRUFH LV GHILQHG DV

(s L F*4ox:F @F @P°; (6)

KHUH4 @QUHSUHVHQW WKH +DPDNHU FRQVWDQW UDGLXV R
VDPSOH VHSDUDWLRQ R@F/&@HF WIPYOHOGD H W IREBKED@QWDBIUP LV



VXEVWLWXWHS&/ELWFDVH WKH YDQ GHU :DDOV IRUFH LV WK

(¢xpL F*4ox=2 Y

7KH GHILQLWLRQ RI LQWHUPROHFXODU GLVWDQFH LV GHVFU

= L ¥*otveU

:KHUHV WKH VXUIDFH HQHUJ\ RI WKH VDPSOH

J)LQLWH HOHPHQW DQDO\VLV RI WDSSLQJ PRGH $)0

7KH G\QDPLF EHKDYLRXU RI D FDQWLOHYROW\QW HPXDW L(RF
XVLQJ WKHKWXDIWMWOJRULWKP ,Q WKLV SDSHU WKH) G\QDPL
WDSSLQJ PRGH $)0 LV VWXGLHG XVLQJ WKHVFR RN IHIDMH R
PRGHOOLQJ VRIWZDUH ,Q ILQLWH HOPRERWHRR BY @OQDRQ H I
PRGHO FRXSOBGQAHDK LOQRMHUDFWLRQ IRUFHV  7KH JHRPH\
VIVWHP LV VKRZQ LQ )LJXUH $ IL[HG FRRVWVDEBILRWWKH DY
SLH]R DFWXDWRU VR WKDW WKH SLH]R FDBGRIVF RRMN VXISPDI
WKH UHDO $)0 VIVWHP LV QRW PRGHOGW® PIF EKKWD ¥WMWRXE\ F
FDQWLOHYHU XQGHU WKH FRQILIXUDWLRQ GHS LEFFIWRD BEQH
EHKDYLRXU %DKUDPL DQG 1D\IHK W KPR X @ WR WVKHHD $V) v
IHHGEDFN V\VWHP

$ FRPSXWRBUDWHG UHFWDQJXODU VLOLFRQ FQADMWNXOHGEHU 2
LQ WKH VLPXODWLRQ ZLWK GLPHQVLRQV RI P OHQJWK
DVLOLFRQ WLS UDGLXV RI QP 7KH FDQWRNMIHRHW IGH P2HOQR & F
PRGHO $& 76 FDQWLOHYHUV ZKLFK DUH WVSLFDH © D WWHHG D
SURSHUWLHYV RI WKH VLOLFRQ FDQWLOMYHKUWKRWYNHGE WXH
FDQWLOHYHUY DQG DUH GHILQHG DV <RXQJUIVWIRR$SRO XV RI
VLPXODWHG SLH]R DFWXDWRU ZLWK GLPEBQ@LR@VWHKLFNB HD
LMWWWDFKHG WR WKH FDQWLOHYHU $ W) @QS/RLIGD3 WR QWKH
DFWXDWRU LQ RUGHU WR YLEUDWH WKH FDQWLOHYHU



30 um 60 um

240 um

Bottom surface: I _
Fixed constraint& P €%° cantilever
applied voltage v

JLIXUHHRPHWULF PRGHO RI WKH FDQWLOHYHU

ORGDO DWQBOWH UVWO\ FDUULHG RXW IRU WKH FDRBMIMOH Y H
VXFK DV WKH IOH[XUDO PRGH WRUVLRQDO RRBRGB IXMKHUHID
REVHUYHG 7KH ILUVW UHVRQDQW IUHTXHQF\ RI WKH FDQW
PRGH ZKLFK LV ZLGHO\ XVHG LQ WDSSLQJ PRGH $)0

,Q WKH SURSRVHG VLPXODWILRQPKR®KMMHGD FSKEHHWIEW B P D6 W
VLPXODWHG E\ DSSO\LQJ LQWHUDFW\ZIRS LKR MPH/DAY R WV X K REY)
LQ )LIXUH 7KH LQWHUDFWLRQ IRUFHRQ QFEWKHG LYDLIV WK WAL M/
DQG WKH YDQ GHU :DDOV IRUFH EHWZH H QWNWHKIH VW FER CODQAGL RW
WKH HTXDWLRQV GHYVF WN¥BBSIOH FHRIOW.IRFW SRWHWLERQ LV G
VDPSOH VHSDUDWLRQ DV LOOXVWUDWHG HERWHUH KR WRJRBEG
LQFOXGH DGKHVLRQ HQHUJ\ K\VWHUHR IWZRVEEBURYDWERY W
UHDFKHV WKH KRUL]JRQWDO OLQH DQG 8RMW\HLRQ U RULFRHQ D,U i\
HIITHFW +RZHYHU ZKHQ WKH WLS UHBFRHV WKKREZ ¥ DQOWHN .G
DGKHVLRQ HQHUJ\ FKDQJHV 7KH GLIIHUMQHGHEHW Z & HLH WK
DQG WKH UHWUDFWLQJ VXUIDFH HQHUJG LL\QV IUSDWRRQ,, ZKRD
UHSUHVHQWDWLYH Rl WKH UHDO ZRUOG VLWXRWLRQ GXULQC
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JLIXUHOOXVWUDWDROORI MR@WDFW DUHD ZLWK ) Bk YQP UDQE R Q LDMPLSOOL
WAVDPSOH VHSDUQWLRQVEH DSSURDFKLQJ FRYWDFWLQHJERQW D, F W KJHH LLH

L QDUHDO $)0 H[SHULPBPSO HVKHMSWUBWLRQ LV QRW PHDVXUH
WKH ERWWRP Rl WKH SLH]R LV IL[HG +HQFHMWKHY D/RISID B UR S
VHSDUDWLRQ LGWRUBWG WR WKMK ¥ HWKH G\QDPLF EHKDYLRX
WKH WDSSLQJ SUBRNYW LRQDRZVXDHG\RDDPLF GLVSODFHPHQ\
WKH FDQWLOHYHU WDSSLQJ D WHVWYWHLPSWB UVOVWKR P/ LEKE
DQG WKHQ LQWHUDFWV ZLWK D WHVWVHMBBS®KDW R HLGX
YLEUDWLRQ Rl WKH FDQWLOHY H WIFRHM EYH. E3LDOWGERIG) JRXWHRR
JRQH DQG D FRQWDFW YLEUDWLRQ ]JRQH WKDW RWKHU |
PHQWLRQHG DERPSOWKMHWHSDFWLRQ LV VLPXODR®G E\ D
IRUFHV EHWZHHQ WKH WLS DQG VDPSOH V7RKEWDIQDHGE FE G RV
FRQVLGHULQJ WKH HODVWLF IRUFH DXWHQRQWRMW [IRIGIT K B KX
+] IUHH YLEUDWLRQ DPS GQWYEXRESH RIVHSP UDQILE QD G5

<RXQJIV PRGXOXV RI WK HDIRHYWRQDIVSOBWRIR FBIDWKB WHVW
4 IDFWRU RI 7KH 4 IDFWRU LQGLFDWHV VOKHWHK IS HOL® X1
IRU WKH 4 IDFWRU LQ DLU OLHVY EHWZHHQ UDNMRIRP ,@Q/RLT:

1IRWLFH WKDW WKH 4 IDFWRU KDV D VNIGUDRWRA®W RP SA



FDQWLOHYHU )LIXUH E VKRZV WKH BYGRPNVH FDKQDNW @ N YRIEN
FKDQJLQJ RQO\ WKH 4 IDFW RLGBMRR WK ¥ DDUKHY RR X V PRIPGOH R |
ZDV VKRZQ SUHYLRXVO\ LQ )LIJXUH D ,W VIPORXNO® HYH W
GLVSODFHPHQW UHVSRQVH REWDLQHG LQ BUKHXWH DB 0BA.\¢ LY
WKH IOXLG LQWHUDFWLRQ XSRQ WKH FDQW LVOKIH HD QW@ VOWHY
LV PRGHOOHG DQG UHSUHXHQMWIDG VERWKW WHDBDWRMELWKH G
VKRZQ LQ (TXDWLRQ

3Lsth

‘KHUH WKH GDRASALQROH RWMWKH IDFWRUV XVHG WR GHWHUPLC
5D\OHLJK GDPSLQJ /LX DQG *RUPDQ LWHKWREG WAR GO
RWKHU ZRUGV WKH 4 IDFWRU KDV LWV RZW KR @GDPISEXQW LR (
PRGHO 7KH GHILQLWLRQ RI 5D\OHLJK GDPSLQJ LV VKRZQ L«

% LR/ EU-

'KHUH & 0 . UHSUHVHQWYV WKH PDWULIFENVR/ W KN SGHIFRMSELYG
WHR PV WKH GDPSLQJ FRHIILFLHQW LR WKH GDFSLEDWWRHIIL
VWLIIQHVV PDWUL[ ,WHMZ R BDIFRU\Q WRRMITWKIHH QWY DUH L
5D\OHLJK GDPSLQJ 7KH GDPSLQJ FRHIWBFWH&W \D D GHWMKHOD
UHVRQDQW IUHTXEQRLEAMREZ WKH FDQWLOHYHU DVDWKRZQ L

7KH VHOHFWLRQ RI WKH UHVRQDQW ISR QWD RIHW KEHWN
,Q WKLV VWXG\ WKH FDQWLOHYHU LR GH EWKWW & HD \W DLYWAV FI
WKH ILUVW RUGHU DQG VHFRQG RUGHU IWDHMR QD Q VPR GHTDRU
DQGWHVSHFWLYHO\

[0}
Q

[0}
O

R L §SU

JURFRLJIXUH LW FDQ EH VHHQ WKDW D ELJJHU 4 IDFWRU OH
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JLIXUH 7KH VLPXROUFWGEIGY SODFHPHQW UHVSRQVHSRRQD FR@W LOBYHQJ G
ZKHQ RQO\ FRQVLGHUL QU MHK I LHFEQDWWLIRF | R B BARV XEDIP$®3H VHSDUDWLR
G QP 7HVW VDPSOH PDWHULDO WRNQUIWDPBGMOX¥DRIBRIKH/ RQYTV UD)\
VDPSOH D 4 E 4

$QDO\WVLV RIVEDQWRICFHEHKDYLR XU
7TKH FDOWGOMHDAHUF EHKDYLRXU VXFK DV SKDVH WHDMHFWI
VWDEOH DPSOLWXGH DQG YLEUDWLRQ SHULRG XXDQJ HNWK H-
SUHYLRXVO\ REWDLQHG G\QDPLF GLVSODFHPHRWWBRHVSRQ
XQGHUVWDQG WKH SKDVH LPDJHV DQG PRV IPRGRH HQDEOF
LPDJLQJ

3KDVH WUDMHFWRU\
3KDVH WUDMHFWRU\ ZKLFK LV GHILHH @ D5V GALK I8 ODHFHP\W DR

YHORFLW\ LV DQ LQYDOXDEOH WRRO IRKHXYKIDV@ WWIXOGAH €\
WKH WKUHH GLOQMKHGWVRMMHAHPHQW UHVSRQVH WKDW LV \



SORWWHG LQ )LIXUHV D WR F UHVSHFRULYHNS R QIGIXQUH 8 K
WUDMHFWRULHV IRU WKH VHFRQG G LV SIDOAH PH @ WWUKHD SIRIY
LQLW-MD®P SIS VHSDUDWLRQ 7KH WZR GLIIHUHQWXGBHVSODF
ZHUH REWDLQHG XQGHU WKH IRODRIQAJIVESSDDPMMRQV RIQ |
D DQG QP )LARDNWEF IRUFH ZLWK <RXQIBIR/LFRB & PK W RW
RI DQG DGKHVLRQ IRUFHV ZLWK DQ DS SUJRD FHKV VX EW F
VXUIDFH HQHUJ\ RURP BLPXUH LW FDQ EH VHHQ WKDW

VHSDUDWLRQ KDV VLJQLILFDQW LPSDFW RQ ®XHREHKDNWR
YLEUDWLRQ HVSHFLDOO\L@RERQH, LV MHIWERKMHFIWRWH G

D IHZ SKDVH WUDMHFWRULHV LQ@Q=®IQHH lJ HAKR WHL IWHH SRR/ V@
DUH ODEHOOHG XVLQJ EODFN DUUR MWK H QS KIDNKH KV U DMWH F /R
UDSLGO\ LQ$ SROQH.FPO H[SODQDWLRQ RI WKH FRPSOH[ G\C(
ZLWKLQ =RQH ,, QHHGV IXUWKHU VWXG\ LQ WKHIP QWKW H Q
=RQH , =RQH ,, DQG =RQH ,,, DUH SUHVIMQW HWEL § QV PLPIXQ
LQWHUDFWLRQ DV UHSUHVHQWHG LQ )LJXUG W RDEHQ S X GH
KDUPRQLF 2Q WKH RWKHU KDQG KLJKHU KWUR R QRN HRF X
DSSOLHG XSRQ WKH WLS ZKLFK DUH LQGLIFDQGIG lE\ WKH FC
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JLIXUH 3KDVH WUDMHFWRULGWHW DRXULG LYyFQHWH BDMREHIULQHG E\ Wk

JLIXUH IRU LQLWLDO WLS VDBGOR&HSBUDWLRQV RI QP




YLIXUH 3RZHU VSHFWUXPV REWWSQBBHPHRPVWKLH GIIMAWL UB 6RQH , D C
=RQH ,,, F I LQ )LIXUH

3KDVH VKLIW

3KDVH VKLIW LV LQWHUSUHWHG DV ¥EHQ8 ¥ RVOXKW DI KDWIHI QDO
DFWXDO GLVSODFHPHQW US#YRBRQLHU RW WDKH IRDUPWILD H IY BIWJW
GLVSODFHPHQW UHVSRQVH VLIQDO 3RZHU V 3HHNUDR H Q
REWDLQEBGWKHUMMTXHQF\ FRUUHVSRQGLQJ WR WKH PD[LPX



LV HVWDEOLBKWGH 6HEIRVHG DQJOH WKDW FRUUHVSRQGV WR
7KH VDPH PHWKRG LV VXEVHTXHQWO\ DV8KDQHWKW RGIKIHO D R
UHVSRQVH VLJQDO 7KH GLIIHUHQFH EHIWHHHND UHIHE BEDN H/
DQG WKDW RI WKH YROWDJH VLJQDO LVVWKINQ @KILNQMHHEWIKR
FDOFXODWLQJ WKH SKDVH VKLIW KDV EHHQ HPSOR\HG LQ D

JLIXUH 7KH WUHQG RI SKDVH NRRIFK R Z OHE HRVQLAR\QH IGRIMNFWM LIFEVWISSSOLH G v
.H\ 6TXDUH HODVWLF IRUFH &RORXNH YOHEKHWR@RQZHEURR O\

JLIXUH VKRZV WKH EHKDYLRXU RI SKDVRUID/KKHWVRAXK HOUURRB
DSSOLHG WR WKH WRE WXUKBFHOIDQY WIKFH IRUFB<RXX Q@GEHM QHC
PRGXOXV RI D3RLDYREQTV UDWLR RI E\ XVLQJ (TXDWLRC
DSSURDFKLQJ DQG UHWUDFWPL-QRD VN UMD WES KB EOHHI MWHW DGKH
IRUFH 1RWLFH WKDW DQ RIIVHW LV DANGHW®E KH WIRDW K HV K KI
FDQW IDOMNMHHJ YLEUDWLRQKHLVXBSGHWRWLRQ LV DOZD\V XVHC
LPDJHV SURGXFHG E\ DQ DFWXDO WDSSUG®GFS PRGXFH)® KNWUWM
DSSOLHG WKURXJKRXWD WX®HSDI SN MRWARGLABSL | HG WR WKH
I[UHH YLEUDWBR&:«+DPSOLWXGH

@s L

t



7TKH QRUPDUDRBSO AW VH SDWVWDYWWHR® WR DQDO\WH WKH VLPXOI
SDSHU $V LW FDQ EH VHHQ LQLRUNDOMH O MKMEMIEBPLSNONA WAKKL
VHSDUDWLRQ GHFUHDVHV L H WKH RXLBYHV, FAKRNMH B QDR ML
IRUFH LV FRQVLGHUHG 2Q WKH RWKHU \KDWQ G-KMHMICSHK DV H
VHSDUDWLRQ GHFUHDVHYVY VKRZQ LQ FXUYH G, ZWHIQV ZFRW\WD
QRWLQJ WKDW WKH PBWHSEXDKN LRHHFARWNKYHDDERGIWKDW \WKH DC
DWWUDFWLYH IRUFH )URP )LIJXUH HIMWKLIAWY DOWRERM KA H (
DWWUDFWENKOWKH LISKDVH VKLTWY WHH DEBX®VLYH UHJLPH
SRWHQWLDO LQGLFDWRU WR DQDO\VH WKIDRBWDYH NMNKLAWYV Z
FRXSOHG LQWR WKH VLPXODWLRQ

JLIXUH 3KDVH VKLIWV XQGHU HOBDYMQW RHMWHOD QR DIGWMKKIVARQ HQHU
VXUIDFH H&sHdABIV P- FKHhvwubMy UHVSHFWLYHO\P- P,,P P- P
DQG P- ,9 &RORXU YHUVLRQ ZHE RQO\

JLIXUH VKRZV WKH SKDVH VKLIWV XQGHU G L IGHZRNKNWKHHY t
HODVWLF IRUFH ZKLFK DUH DSSOLH& WKHWKB DRDWMW-L CRHYAH
KHUH G4RXIQJTYV PRGXOXWIRRLVYBR MDIYGUDWLR RI E\ XVLQ.



FXUYHV , ,, ,,, ,9 WKH DSSYmRB¥HK ?X &KLFHH HQKIH FRUUHV S
UHWUDFW VXUlividbtWH QHRMIBHVP  P- PDQG P-lPHVSHFWLYHO
JURP )LIJXUH LW FDQ EH VHHQ WKD®HWHWHDNVGKHWKRIQSKD)
VLIQLILFDQWO\ )RU FXUYHV , DQG ,, ERWW KMV BRISD MW K H
VHSDUDWLRQV EXW WKH SKDVH VKLIWV RIOEX HDVGW K H HIDPLS
:KHQ WKH OHYHO RI K\WVWHUHVLV IXUWRINUDREVHDVRY IDRF
UHSXOVLYH UHJLPH WR WK HVIDW &0 B FAAISYDH D W IHRERVEI\D RAKHV
EH VHHQ WKDW LQ FXUYH ,,, WK% BRBUH VKSIDWUDWLR @ RUP
R 7KLV EHKDYLRXU LV PRUH REYLRXV ZKHQHWKH GO HMWH QQR
FXUYH ,9 ZKLFK VKRZV WKDW SKDVH VKIMK KW W HDU HWVWH
WUDQVLWLRQ IURP WKH UHSXOVLYH UMKHPW LISQ RS WKBIF B
VDPSOH LV GXH WR WKH WZR RSSRVLWH FBBMWQLEXW D@V
DWWUDFWLYH IRUFHV DV FDQ EH VHHQ LQ )LJXUH

JLIXUH3KDVH VKLIWV XQGHU HODVWLF M RRIF H* 3L VDK GRIRLMWR © R\G XLDW L
FRXSOHG BGWKVLRQ K\WWHUHVLV ,, DX KBWHLLR D B OMVBRUHEWHX\E KDFG Y
HQHUJ\ LV PNERWubMy P- WKH +DPDNHU FRQVWRR®RXW WHUVLRQ ZHE R(



,Q RUGHU WR YHULI\ ZKHWKHU PRGHOOLQV R\ KHE D@L L
GHFUHDVH WKH OHYHO RI SKDVH VKLRWD GNKHS Y D RHGHRIV X0
VKRZQ LQ )LIJXUH FX@YHIJXUM DGRSWHG IURP FXUYH ,,, Lt
FXUYH , YDQ GHU :DDOV IRUFH LV IXUWKR B DRBGEH ERXXWI
ZKHUH WKH +DPDNHU -FRQG® WKWV X\LNBHF HP -HWHRIF\) LI X UH

LW FDQ EH VHHQ WKDW WKH DGGLQJ RIHVKW KD © KBWWB \DKLO \
WUDQVLWLRQ IURP WKH UHSXOVLYH UWJWRHG\B\ER R/S®H D W W
VHSDUDWLRQV :KLOH FXUYH , DSSURQRKRPD QASKEG BWINV U D F
VHSDUDWLRQ RI FXUYH ,, DSSUR DFERWYP NGBS @MIEW U |
VHSDUDWLRQ RI ZKLFK RQFH DJDLQ GHPR®XOGMLDWM HNYQS |
DWWUDFWLYH IRUFHV VKRZQ LQ )LJXUH ,W FPWQHDN H\R IVWF
DQRUPDO-MBIBSWHSVHSDUDWLRQ RI ZKLFK FRXOG SRVVLE
DWWUDFWLYH IRUFH VRPHKRZ EHFRPLQJ ZHDNIODW EWW WADKEH

JLIXUHBKDVH VKLIWY XQGHU HODVWNVNFRRUWHN IIRQUE HR U, G HIQD BOMRAWV INREU F H
IRUFH ORZ YLVFRVLW\ IRUFFHFH RQOQORZ9 Y HOBRNMLMWA IIRWFH9 KLJK YLVFR
YLVFRVLW\ IRUFH RQO\ &RORXU YHUVLRQ ZHE RQO\



JLIXUHVKRZV WKH VLPXODWHG EHKDYLRXU Rl WEKHDBIQW.L
YLVFRVLW\ IRUFHV DUH DSSOLHGLWR W KHIPDYWLG HRH B HVIL\
ZLWKRXQJIV PRGXOXVDRRLVYIMRPRVGUDWLR EY K&V IORIZ (T X
YLVFRVLW\ IRUFH LV BYIOMRO/MDWN QR IEDBHDGVREN XVLQJ (TXDW
KLJK YLVFRVLW\ IRUFH LMYEDPRXOWWRIG EBDHG BRU EXUYF
HODVWLF IRUFH LV DSSOLHG WR O\RZHYENG RN OWY HRUWH D QR
IRUFH DUH ERWK DSSOLHG WR WKH WIESH ©RRODWKQ W PXKH
YLVFRVLW\ IRUFHW RDX\KHDVHJRXQOBN DW HYHWVSPLISOM RI
VHSDUDWLRQ &XUYHV ,,, DQG 9 VKRZ WKMH $SRDFH LK LOBO:
JURP FXUYHV ,,, DQG 9 ZKHQ ZH KDYH R QOB HY VWHRV MWK\D VR
SKDVH VKLIWV ERWK GHFUHDVH ZKHQ W& HV WR 3V DS SALRDTK
ZKHDKLJK YLVFRVLW\ IRUFH DQG WKH VDAMLREDUW DR HRER
DSSOLHG WR WKH WL® BDRPEH YXHHO VK P MO BXYUW H,H.Q &K DWR F
ZKLFK LQGLFDWHY WKDW KHUH WKH YLVFRWVILW\ IRWEH ERQC
ERWBKHSXOVLYH IRUFH DQG DQ DWWUDFWQFBAXGMGEHD\ZKRQF
,9 WKH RYHUDOO IRUFH EHFRPHV UHSXOVERYH WKXV WKH S

JURP )LIXUHV LWQOQEKDPQ EH REVHUYHG WKDW D SKOMH LPDJF
VDPSOH VHSDUDWLRQ SURYLGHV PRUH LQIRUPHDMIDNRQL RIQWW
YLVFRVLW\ DQG DGKHVLRQ RI PDWHWIPEMHEWRDB RV B WILWR QQ/F
I[URP WR WKH SKDVH VKLIWV XQGHU GLITHUHQW LQWH

7KH UHVXOWY VKRZQ DERYH KDYH EHHROGER G@XRKGI KWLQJ
PRGXOXV RI D3IBDLVWRD IV UDWLR RI ,Q RUGHU WR LQY
FKDQJH XQGHU GLIIHUHQW HODVWLF IRGFBYV FNDRIDO@W MR
<RXQJTV PRGXOXV YDOXH WR *3D 7KH UHVXOWY DUH SUH\



JLIXUH3KDVH VKLIWV Rl , RQM<ROQVWLFRE®XGXVZRWK*3D DQG 3RLVVRQ!

RQO\ HODVWDERRUFH PRGKOXV RI *3D DQG 3RLVVROQVH EDWHR RIQ
DQG ,, UHVSHEWLYHO\ ZLWK MRM/HE KHDWPHD SBIGHEN VLR OHKNDWM B U\DIQWG  P- P
WKéhwubMy P- PERORXU YHUVLRQ ZHE RQO\

,Q FXUYHV , DQG ZHRUHLRRON FRQVLGHULQJ WKH WOBVWLF |
VXUIDFH-DQLWKHLWK WZR GLIIHUHQW <RXQJfV PRGXOL RI *:
3RLVVRQYV UDWLRYV RI W FDQ EMVIYRIHFXUYRP IVBPIRMWX
HDFK RWKHU 7KXV WKLV LQGLFDWHYV WIRIKW QVKHRS KRX M|
PRGXOXV LQ WKH FDVH Rl SXUHO\ H®® VW VKRR UFEKHHEENKWD LY
WKH SKDVH VKLIWV ZKHQ DGKHVLRQ K\VWHWZHKWIWH LWKHAR X
DSSURDFKLQJ VX¥UdUxE¥k HP-HPQG WKkW¥w P- BXUYH ,9 LV XQGl
WKH UHSXOVLYH UHJLPH DW DOO WUS$ QDWERH WHKSIDKHODAL\R
GRPLQDQW )URP FXUYHV ,,, DQG ,9 LW LW RIEMFW YW KHWKD
VKLIWV LQ WKH FDVH RI FRPELQHG IRURD/S BB QU LIHBG UHD OV |
H[SHULPHQWYV



7UDQVLWLRQ WLPH

+HUH WKH WUDQVLWLRQ WLPH LV FDQRXMHYHG KRNQUWEF
SVHXGR VWDEOH DPSOLWXGH ZKLFK Z! @RHESVEKGRXVWDE
DPSOLWXGH LV GHILQHG LQ WHKHRM BDRBWVV LR/UDW KW KFHR 6N |
GLIIHUHQFH Rl WKH DPSOLWXGH EHWZHHYLRXAX Y UEQDMWY REX
LV VPDOOHU WKDQ QP 7KH SVHXGR VWD KLY DPSOHMHXBM
EHORZ JHUR DV VKRZQ LQ )LJXUH 7KH WUDQWRWLR@HWL,PF
DV VKRZQ LQ )LJXUH OLPLWV WKH $)0 WADIQO@MOLR @ SRiIH €
WUDQWLWERGHU GLITHUHQW FRQGEWLRSO/MH VR RKH DB FGALL RHYU
GLIIHUHDP SWHS VM SHDUD VBURYLGH JXLGDQFH RQ WKH VHO
VFDQQLQJ VSHHG WR XVH LQ WDSSLQJ PRGH $)0 LPDJLQJ

JLIXUHUDQVLWLRGXMAHPGIDVWLF IRUFH ,, ,,, ,9 BIO@W WLHFY RO IR IDDGK €
K\WWWHUHVLV )RU ,, pssuid&G ,B- WKHuwubMy P-,P P-P,,, P- P
,9 UHVSHFWLYHO\ &RORXU YHUVLRQ ZHE RQO\

J)LIXUH VKRZV WKH WUDQVLWLRQ WLRH FDO KXYBWHBHRI
UHVSRQVHV XVHG WR REWDLQ WKH SKDVBHY VKWXDO SBAIUHMWH



VLQXVRLGDO NIRGWRHR FALRIK +] LV DSSOLHG WR WKH Y|
YLEUDWH WKH FDQWLOHYHU WKH SHWHRFERRGWKH QUILYLR J
WUDQVLWLRQ WLPH LV H[SUHVVHG DR/QDWQYXX¥P § H U LRRIGF RA OMRK/L
YROWDJH 7KH WUDQVLWLRQ WLPH, Z¥LWHK H W LPEDUDNHICR X S\R
G\QDPLF GLVSODFHPHQW UHVSRQVH VKRZQ LQ )LJXUH

JURP )LIJXUH LW FDQ EH VHHQ WXB®\ WK& RWE D Q/H\GL RV
VDPSOH VHSDUDWLRQ DURXQG RU +RZBYHWKHILWK
FRQWULEXWLRQ IURP WKH HODVWLFLW\ RULIDGHKHWDLBY R
QRUPDOIMBBSWHSVHSDUDWLRQ R W K HZ B K DK/ H. V& ILFW W HD
DWWUDFWLYH IRUFHV DUH GRPLQDQW 2Q WKEWRIWWHU K|
QRUPDOIMBBSWHSVHSDUDWLRQ RI 7KXV LQ RUGHU WR
FRQWULEXWLRQV IURP ERWK HODVWLFLW\ B Q®EK B OKHWQARIQQ
VSHHG E\ FKRRVADMILVBEBSWHSVHSDUDWLRQ DURXQG EHF
DUH DERXW WR FKDQJH IURP UHSXOVKRHEQ HQL PLH XWRH D WZKU
FRQWDLQ WKH FRQWULEXWLRQV IURP UHSXOVLYH IRUFH DQ

9LEUDWLRQ SHULRG LQ HDFK F\FOH

3KDVH VKLIWV DUH GXH WRUWRK/IR Q/NVQMD I\W K X FHIDE W P:H G/MK R X W
LQWHUDFWLRQV WKH SKDVH VKLIW FRUUBVBRQGL @DWR W
IRXQG WKDW WKH SKDVH VKLIW ZIRXO G P-B/MMBRSAHHSWAHDSIDAUHDWV L
ZKLOH WKH UHVRQDQW IUHTXHQF\ RI WKH FDRAWNOHRKU
UHODWLYHUD PDWHH WMIBUDWLRQV WKH SKDVHZKKOHNV WK C
UHVRQDQW IUHTXHQF\ ZRXOG VKLIW WR ORZHU IVHRXNQFLF
WKH YLEUDWLRQ SHULRGV Rl HDFK YLEUDWERPHRWOWHVG K
VLIQDO 7KH VLPXODWHG G\QDPLF GDVRGIDBFX@EAW WKN FRQ
<RXQJTIV PRGXOXV RI *3D DQG 3RLVVRQYV UDWdRbRI C

P- P DQG UHWUDFW VXUBBFH HFHHIYHFUDWLRQ SHULRG L
WKURXJK D JHUR FURVVLQJ PHWKRG 7KHWIKUDWQRQW MR
IUHTXHQF\ FKDQJH LQ WKDW F\FOH )URPWKH XSHJ LR GL\@ HFT
GXULQJ WKH WUDQVLWLRQ VWDJH RI =RQHK ,l.Q 7KRIQ¥L E DI\E
=RQH ,,, 7KH UHODWLRQVKLS EHWZHHQ WKWVLE\DRPWK\ER
IXUWKHU VWXG\ LQ WKH IXWXUH



JLIXUHOLEUDWLRQ SHULRGV 4 U $ A SYLE QPWINDS SO B OLMSOGIHD WLRQ
QP <RXQJIV PRGXOXV  *3D 3REMNRQFVPUDMWIRWP- P (ODVWLF IRUFH
KNEHHQ FRXSOHG ZLWK DGKHVLRQUKWYOMUHVLY WR SURGXFH WKLV

'LVFXVVLRQV

'H ILQG WKDW WKH VLPXODWLRQ UHVXOWYV WEWRIQQKBZKWE
FDUU\ RXW UHDO $)0 H[SHULPHQWYV ZKLFK DUH VXPPDUL]JHC

x 3KDVH WUDMHFWRULHV VKRZV WKDW WKH GWDPLF E
FRPSOLFDWHG ZKLFK P DV EHSWHHO DQWHIBEU Y RVWWML R WRLLEF H
VDPSOH VHSDUDWLRQ )XUWKHU LQYHVWLIJUWHRQRPD\ |
WDSSLQJ PRGH $)0

X 6LPXODWLRQ UHVXOWV VKRZ WKDW SKDVHQHKWIWV F
K\WVWHUHVLY FDQ EH REYLRXVO\ VHSNDB®B® KHSTHID W|
7TKHUHIRUH LQ WKH DVSHFW RI $)0 H[SHUVPRQWV\ZKIH Q
W PDWHULDOV DUH NQRZQ VPDOO VHWBRLAD @MPLSPIL
$)0 LPDJHV WR REWDLQ EHWWHU SKDVH FRQWUDVW EH\

Xx $OVR SKDVH VKLIWYV FDXVHG E\ GLIIHUHNQ@W HGQ \WXRRGH Y
VPDOO QRU-RND®IS|GIKBE WHSDUDWLRQ ZKLFK LQGLFDWH W]
VKRXOG EH FKRVHQ IRU $)0 LPDJLQJ

X 6LPXODWLRQ UHVXOWY DOVR VKRZ WHKDW Q\GHW VP DR
ODUJH QRUPMX™IPISEBEE WHSDUDWLRQ 7KLV FRXOG EH UH
RSWLPL]JH WKH VFDQQLQJ VSHHG GXULQBIH] SHRIJUW FRO-DQUW |
VHWSRLQW DPSOLWXGHV IREWONPQJIL@QW RS BDWHRX>XQ QY/H2
VXUIDFH SURSHUWLHG DUH RI LOQOWHUHVW



,QVWDQWDQHRXV IUHTXHQF\ VKRZV WKDW WERSLGBJOATRKRQGY
GXULQJ WKH WUDQVLWLRQ JRQH )XUWKHU VWXGKH | RUKLUY Q
RI WKH SKDVH VKLIW

([SHULPHQWBR®SR@KHRVLPXODWLRQV

$WRPLF IRUFH RWSURVFRS\ V

,Q RUGHU WR YDOLGDWH WKH VLPXODWHGVU®Y Y0 WR/O HS®
JRUFH -3URBB ' DWRPLF IRUFH PLFURVFRSH $V\OXP 5HVHDI
ZLWK VRIWZDUH ZULWWHQ LQ ,*25 SUR LY YHRXHWESHBEVZ 88 &
—P [\ VFDQQLGLH|RQUBQJH ! —P DQG ZDV FRXSOHG W
LQYHUWHG RSWLFDO ,2 PLFYRADPRSHDFHIGH X09BBGWR Y5
YLEUDWLRQ LVRODWLRQ WDEOH +:/ 6FLHQWK IZBVL QRWDW P
LQVLGH DQ DFRXVWLF LVRODWLRQ HQFORVRUBDWISOHPEH U
QRLVH B6LOLFRQ QLWULGH FDQWL O HWHH VXV BG\ PADXWK PR
PDQXIDFWXUHU YDOXHV IRU OHQJWK ZLGWK WKLUFQ®HVV I
QP UHVSHEWLYHO\ 5HVRQDQW IUHTXHQF\ DQG WSULQJ
DSSUR[LPDWHO\ N+] DQG 1 P UHVSHFWLYHO\

SUHSDUDWLRQ RI VDPSOHYV

JRU WKH H[SHULPHQWDO ZRUN WZR UHODWDL®BOSRARML QXD
FKORULGH 39& ZHUH XVHG 7KH SRO\PHU Z2W8 VQSK OLAGLI
IRUP 7R GHYHORS WKH SRO\PHU WKH SRO\XUHOMKVQHHWRIQ
GLVK DQG VZLUOHG XQWLO WKH SRO\XUHWKDQH VRBXWLRQ
SRO\XUHWKDQH ZDV WKHQ FXUHG LQ WKH RYHQ DW U&

FRPPHUFLDOO\ LQ WKH IRUP RI FOLQJ ZRWSS$)DPRWXIHH S® DH) @
39& ZHUH SODFHG VHFXUHO\ RQ D JODVV PLFURVFRSH VOLC

&DQWLOHYHU FDOLEUDWLRQ DQG $)0 PHDVXUHPHQWYV

([SHULPHQWY ZHUH SHUIRUPHG XVLQJ WDHSBUQBHRRNG\H ZH U
FDUULHG RXW WKH FDQWLOHYHU ZDV DADDCFVER DMWH @ J MK M
RSWLFDO OHYHOQYRBARKLIAMLYYWARIWZDUH GULYHQ IRU WKH
GHVFULEHG LQ OH\HU DQG $PHU & DKWL O B YIHRJS PID @V/IXEC



YROW DV UHFRUGHG E\ WKH SKRWR GSIOIHFWPRILD WZ B\ VAT [ ¢

QP
YRU $)0 PHDVXUHPHQWVYV WKH FDQWLOHYHU HDVHQULYH
DSSUR[ N+] DQG UDPSHG GRZQ XQWLO WKH VHWSRLQW D
UHFRUGHG E\ FKDQJLQJ WKH VHWSRLQWWHXBMLRJ HHH BRO DV
7KH SKDVH VKLIWV ZHUSRUBWRDBSGLWMRFPHVHW U\LQJ IURP
'DWD ZDV UHFRUGHG XVLQJ WKH $)0 VRDEZDUIR VG KDQYHO
EHHQ PDGH WR FDSWXUH WKH FDQWLOHYHW GRYBQ.D FMHP N
OLPLWDWLRQV Rl RVFLOORVFRSHV ZH KBQW RFEMD\ ,F\D S W XA
LQYHVWLIDWLQJ IXUWKHU LQ IXWXUH ZRUN

([SHULPHQWDO UHVXOWYV

JRU SRO\XUHWKDQH 38 DQG SRO\YLQ\O FKORUL®HWRS&
UHSXOVLYH UHJLPH 7KH SKDVH VKLIWV J3OK X\DHOSD\U D@/RU
GHFUHDVHV ZKLFK KDV D VLPLODU WV H®BKHWRSWKDMWHR WW
FDUULHG RXW RYHU D WRWDO RI FRQVHBXWLH\HX O WYH MWL
FDVHV ZKLFK LQGLFDWHV WKDW WKH\ FRXKH BH PXVCHIEWV WF
UHVXOWYV



JLIXUH[SHULPHQWDO UHVXOWV IRU VLP XOHH DRG OLDMOXGH WLRQP 4WH V V
39&38 &RORXU YHUVLRQ ZHE RQO\

&RQFOXVERQV-DQG GLVFXVVLRQV )XWXUH :RUN
$ WKUHH GLPHQVLRQDO ILQLWH HOHPHQW H HWU R Ry& OK-DAH I
G\QDPLF EHKNDISBXQJ PRGH $)0 TVEH) BPPOFNGOVUSBGIDFHPHQW
XQGHU GLIVIDPISQW WHSD UDW L R Q-W RS0 HR UQGMH IHHIFHDLVR QV LIS
WKH HODVWLF IRUFH DGKHVLRQ IRUFHFNKDFRVE WK QRWWKXG
WKURXJK ILQLWH HOHPHQW DQDO\VLV QLPXFO BWHMSODHAMKI
UHVSRQVH FDQ EH GLYLGHG LQWR WKUHH ]RQHIW LZQ FK
VWXGLHV 7KH G\QDPLF GWKPOWDEHPHQREWBVQRQVAHUH XVH
FDQWIVBN@EBLF EHKDYLRXU VXFK DV_SKDVH R/ IDPSO WXV
DQG IUHTXHQF\ FKDQJHV 7KH PDMRU ILQGLQJV RI WKLV SD
x 7KH SKDVH WUDMHFWRU\ VKRZV WKDW BUQ FRIPFS @ HRDW I
HVSHFLDOO\ LQ WKH WUDQVLWLRQ JRQH
X 3KDVH VKLIWYVRZKH @ HRORY. DWWUDFWLYH IRUFHV DUH |
KDQG SKDVH VKLIWKRHRQURQIMERYHSXOVLYH IRUFHV DUH F
X :KHQ GLIIHUHQW LQWHUDFWLRQ IRUFHV DDWWBREBEWOHB®
IRUFHV VXFK DV DGKHVLRQ IRUFH DQG YWR GHEU HIDVH



WKH SKDVH VKLIWYV

X 6LPXODWLRQ UHVXOWYV DOVR SURYLGH SRWHQWLDO JXI

Xx 7KH SURSRVHG PHWKRG SURYLGHV D FUHGLEOH WRRO \
LPDJHV

([SHULPHQWY RQ D UHDO $)0 LQVWUXPHQWI ZHWIHQ D\O \RR W
VLPXODWLRQV +RZHYHU WKHUH LV D ORW ZKLFK FDQ EH G

X +RZ WR XVH G\QDPLF EHKDYLRXU WR TXDQWQ® WIKHO
IXUWKHU VWXG\

X ,Q DGGLWLRQ ZLWKLQ WKLV SDSHU ZH K&D WH{ \RWQ O/\DIPG I
UHIOHFWHG E\ WKH LOQWHUDFWLRQ IRUFHV RQ WKH G\Q

x 7KH LPSDFW RI WKH VKDSH VL]H DQG @WWOKMYBO BQRBS
XSRQ WKH FDQWLOHYHUYV G\QDPLF EHKDYLRXU ZLOO E

X $OVR IXUWKHU LQYHVWLJDWLRQ LQWR LR®\HUIZDRPWLRIQ
FRQVLGHUHG LQ WKH IXWXUH DV RQO\ L@WMBEDPFWHR Q
KHUH

X 7TKH UHVXOWV WKDW KDYH BEHXQ GSHUHNAWHIMWCH® JK MAKHH
PHFKDQLVP RI WKH FDQWZENSBNSOHXQEWHUDEWLRQN DQ
RSWLPLVDWLRQ RI VIVWHP SDUDPHWHUWBRIVQFUHDVH

X 7KLV PHWKRG DOVR RSHQV XS DQ DSSURDIPKVE\ WKHFK
G\QDPLF EHKDYLRXU RI $)0 FDQWLOHYHUV RSHUDWLQ
H[DPSOH WKH VHFRQG IOH[XUDO PRGH

$FNQRZOHGJHPHQW
7KLV UHVHDUFK OHDGLQJ WR WK®¥MB HWH\OX QM ZHDWU EQ U LE



,QVWLWXWH UHFHLYLQJ ILQDQFLDO VXSSRUW VRRR ZIRYYXHIUE
OLNH WR WKDQN %LRPHU 7THFKQRORJ\ /WG %7/ IRU SURYLC

SHIHUHQFHYV



%$+5$0, $  1$<)(+ $ + 1IRQWLRHWD SSR@PPRGH DWRPLF IRUFH P
ELVWDE QR BRKOYHFDWLRQV LQ 1RQOLQHPKOSFWHREH DQG 1XPHULFD

%8<8..26( 6 2.85 6  $<*81 * DMRERQ @PIECROLWKRJIUDSK\ RQ +I W
DWRPLF IRUFH PLFURMFRBSO B)BK\VLFV ' $SSOLHG 3K\VLFV
'$2 < 7(( % & . *,5, * 8 - %(&(55,/ + $ 672/7(1%(5* 5 0 [(( 7

+  ;8( * 0%$116)(/' 6 & % %%$2 XWLRQ BRDWDQHDIRIRODWQHF
VHPLFRQGXFWRU WKLQ [HFQRVWDYELHOGW@BRE BQ\Q JOH

'89,*1($8 - .871<$16=.< ( 3+%$1* , <+-&+81*%* '26 5%$026 / *b'7 7
<862)) 6 ) 0O +(03(1,86 0 $ O0%$11(562,* 9%$1& 5DIW FU\WVWDO\
SRO\ LVRESORFRD\ IHUURFHQ\OGLPHWK\OVWOWIL@H EHX® YWKRHL G XXWQ I
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