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$FFHSWHSULO ZHWXLWHG IRU VLPXODWLQJ WKH GH;Y(OIRSPIRSWRRH&\GUD
3XEOLVKHG ®aicoH ~ WR LQYHVWLJDWH FUDFN LQLWLDWLRQ SURSDJDWLRQ DG
YDOLGDWLRQ XVLQJ D %RXQGPIV H G HPFRKUWR BIFWFHIR® Ut ROV
DUBDO\]HG IRU FUDFN RULHQW D@/JLARH FRUDS N'\QDIMIUD FW LR Q

- Ve R FUDGCINVNSODFHPHQW B KD PXROWDIWOH EDDQBENY DW

T ZRUGY 'LVSODFHPHQW LQ WKH YHUWLFDO GLUHFWLRQ 8 DQG VV
LQ WKH 6 GLUHFWLRQ DUH H[DPLQHG WR XQGHUVWDQG |
(IWHQGHG ILQLWH HOHPHQ\® POBWYRKLJKOLJKW WKDW FUDFN "DW [KLEKWUPRQBOH\
+\GUDXOLF IUDFWXULQYWUDLJKWIRUZDUG SURSDJIJDWLRQR IWKILD KW HWVTKRVH DGGR WL
SUDEN RULHOWDWLRQ y(y\éuj@yywwR FRQWLQXH JURZLQJ 7KH FRPSDULVRQ EHWZH
UHOLDELOLW\ RI WKH QXPHULFDO DSSURDFK GHPRQV
»RXQGDU\ HOHPHQW P'l*M’bi*—‘?NXUH EHKDYLRU LQ URFN PDWH U@V K WK/H L QMARX OWDV
S5RFN IUDFWXUH PHFKDEHIMVMROXWLRQ VWUHVV LQWHQVLW\ IDFWRUV 7RRWGHIUDFW XU
VLPXODWLRQV DGYDQFH FRPSXWDWLRQDO IUDFWXUH PHF
K\GUDXOLF IUDFWXULQJ WHFKQLTXHV IRU LPSURYHG HIII
IRUPDWLRQV 7KLV VWXG\ LV OLPLWHG WR ' JHRPHWULHYV
PLVVLQJ ' KHWHURJHQHRXV VXEVXUIDFH FRPSOH[LWLHYV
PRGHOV DQLVRWURS\ DQG IOXLG SUHVMXUWRWWKUPDO
SUHGL

,QWURGXFWLRQ

+\GUDXOLF IUDFWXULQJ +) EHYDQDOLGBULPDAKHQ - % &ODUN SXEOL
WHFKQLTXH IRU VWLPXODWLQJ RQL ZKMD A RUW DRXLGRIMW LEDWXVLQJ WKH
YHU\ ORZ SHUPHDELOLW\ HQDEDILWK @M BlQHRIOMUDGFWILR @ REG *DV &RPSD
RLO DQG JDV IURP XQFRQYHQWLRUYROYUNVIHUWHREWVQIKHVFRXV IOXLC
ILUVW DWWHPSW WR IUDFWXUH BUHDMWCH GIW HW >EWDHFW WER WKH IRUPDW
ZKHQ (GZDUXV$XBROWUG S5REHUMIVFRVHBQMRHFWHG IOXLGV EHIRUH
G\QDPLWH DQG QLWURJO\FHULQEHQ@QL®@VZHKD | D4 PRIMWKKHDENHM/Q XROFF X U U
NQRZQ DV WKH KLJKO\ GDQIRURXWMQWRXMWHIRIJQ 2NODKRPD DQG
WHFKQRORJ\ (YHQ D VPDOO PLNWINH-+B8XUIRQWIEH GCUWVWDIHJI DQ!
IUDFWXULQJ RSHUDWLRQ FDQ UKVXOMNXQDFVIRNDHWMK UDMIXDURUWUWZR LPS
GHDWK 7KH ZLGHVSUHDG XVH RIRK\GWKIHX G HFY HORBDMQMIFOIOX QARQY Y R

E &RUUHVSRQGE MWK KRIPG DAVIHKL 0DUML
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JLIXUHD KRUL]JRQWDO ZHOO LV RORRUDHR VWD CF ZHHDWL QIURGXFWLRQ [UR
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+RZHYHU LW ZDV QRW XQWLO&RKSERUDWILRQ $*WKIXMHQVODQG *DV
FRPPHUFLDO EUHDNWKURXJKV RQ MRKRRQMRQVHIDOW XAIHOOEHWZHHQ 2U|
GULOOLQJ ZHUH DFKLHYHG E\ WERQRFRFKLBDQSARPIB@®\6LQRSHF 'DW
(Ol $TXLW®IQQH WKH FRPPHUFLDO VXKREZWY WKDW FRDO VHDP J
UDWH RI KRULJRQWDO ZHOO GULQQEQXGRQQWKH 8 QHWSHGR 8 \W RBIV ZHOO
ZDV DSSURJ[LPD@H\O\ RQO\ BIURGXFWLRQ ZHOOVWIDOH 5 RYBIOHG
WKH FUXGH RLO LQ WKH 8QLWHRRQWBWHYRPDY¥SBUBGXFM®R -XQH )
IURP GSROPHDELOLW)\ IRUPDWLRQWKH QJ KIRAMRRYWPD K\GUDXOLF IUDF
ZHOOV 7KH PDLQ IDFWRU KLQGHUL®J KRWLFROWDO WHO® LQ 4XHHC
GULOOLQJ SURJUDPV PD\ EH WKSURBRU W L REQF LFGRBFRMEEY MER. W K W K H
‘LWK LPSURYHPHQWYV IRJ\GRIUOGLYDTQWHEGER RRAWEH LQGXVWU\
XQFRQYHQWLRQDO UHVHUYRLUV SURGHOWQRQ DMHVFGHIDBHIDR\SHHGE DQG
IURP DQG E\ WKH HQG RI YDRYBDWH®RIQHZ $EDTXV FDSDELOLW
FUXGH RLO DQG JDV SURGXFWLR®QGUD XD H D8R WG GL 8 WO WHFW X UHV L
IURP XQFRQYHQWLRQDO UHVHUYRIGLWD ZD¥VEQRG FRXKSOHG SUHVVXUH
KRUL]RQWD@ ZH® GMKH \HDUV D GFYROKHFAVHLFYHHQ \M @ H P H QBADW HIBQ G Q:Y(LOFK H G
LQ K\GUDXOLF IUDFWXULQJ WHFXKHRHEWY KWKH\ FPHRREHOHG IUDFWXL
FULWLFDO IRU WDSSLQJ LQWR XRBRXVWRWHBBDROUBBWHRQRLWDWQG UL
DQG DFFXUDWH PRGHOLQJ RI FBWRSDJDWMR@WIZRBEVEQ®HVXOWYV FR
SURSDJDWLRQ KDV>E®BFRPH HVVHW®WGRQHVV IRU K\GUDXOLF IUDFWXUL

1XPHURXV UHVHDUFKHUV KDY HDW[DP MMHF® KR®U D/X\CLLIFFXODWLRQ DQG (
IUDFWXULQJ ERWK LQ ILHOG FRIMGLWGRK@WBD G® ®OULQJ GHYHORS
FRQWUROOHG H[SHULPHQWYV FRKHYRYMN XEQHWHRWY®RGHO WR VLP
SURYLGHG YDOXDEOH LQVLJKWW QWWERDWWHRBNKDNWRB HDQ &\GUDXOLF
JHRPHWU\ Rl IUDFWXUHV LQ RLODMXQD®Y 9D KWYLOHYLQL) ZLWKRXW L
VSHFLDOL]HG SDBMKWUWY QDQGPDJAVLWHVUKD 7KH VWXG\ DQDO\]HG KRZ |
FDPHUDV WKH JHRPHWU\ RI [WRFWXXVWVY HD ORQUDINW RBEFE LIQIJFHPHQW L
ZHOOERUH ZDOOV FDQ EH REVHVUWHG QWK GIRFIOPHH@WHGIUDFWXUH JH
%HORZ WKH VWXGLHV FRQGYKREBG BAKDWH YOHRZBI® DSSURDFKLQJ D
UHVHDUFKHUV LQ WKH ILHOG RIGK\IGHDN QWA DOD VWX HVYHWUBFLOLWD\
KLJKOLJKWHG &RPSDQLHV FRQSMHRWDROIWRBQSOPRQWQLEXWLQJ WR
KGUDXOLF IUDFWXULQJ LQ $XV\WQUMZIRY®@OAFOXBH ®MQWRY FRQGXFV
2ULJLQ (QHUJ\ $UURZ (QHURXPHHNWNOGMLPXODWLRQV RQ IUDFW
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GXULQJ K\GUDXOLF IUDFW XU L QJKLRY VJKRBOMD DD ¥ HOHOAH U HR LU G LQJV LQ
7KH VWXG\ UHYHDOHG WKDW W HRIV LLOFRK BUD FYWKUWHIWY S U Q@ B/BI1LD WHIH Q F H
GLVFRQWLQXRXVONRREWKWIGQ B UWMDBXRBHWULF IUDFWXUH SURSDJDWLRC
DSHUWXUH DQG GLVSOPDFKPHO@WWHHBORIUWRAWK RI LQWHULRU IUDF
LQWULQVLF SHUPHDELOLW)\ |IDF LGHWLD Y HSURPBWGE V UDFWNUDQJSURSD.
ZKLOH D VWURQJ JHRORJLFDO BIDHFWLOMKP LEDHRY HCHUWIFBPG ZHOOV
SURSDJDWLRQ E\ UHGLUHFWLQJVMIDFHWWWVH Y DLRUN.DRQW@D @ FULWLFD
7KHVH ILQGLQJV HPSKDVL]H WKH/ERFS Q B [WIRH O D R/ILL&R @BKYLFBUVH LQWHU I
EHWZHHQ IOXLG G\QDPLFV JHFOPMWFH DRHBYMW VWDRGG LQ RSMIICPL]LQJ F
JHRDORDO FRQGLWLRQV LQ>KAGUDXDEWXUDEWEHNQIQV
5HQ HW DO GHYHORSHG D IX@O\dBEARRBW@HBO,) (0 LQ WKH VWXG\
()0 PRGHO WR VLPXODWH JHRPMHFEBDPHEWDMWQIRQ RI ILQLWH HOHPH
PXOWLSKDVH IORZ LQWHUDFWLR@QWXUQOUQAWXBHE WHWKRGUVWR DQD
UHVHUYRLUV 7KH PRGHO XVH\8UREOLHPS ®LFALWXWMHRQDOO\ JUDGHG
VWHSSLQJ VWUDWHJ\ DQG LQFRUBRNDVDM\D (D ]G RYKHQWRQWDFW S
PRGHO WR DFFRX@QMKOLFU | KD WH RQDOO\ JUD GHIE FOUD AN X)V0QZL)
GHIRUPDWLRQ GXULQJ SURGXFWERWK 9D Q L &BIWIORIP HQ /L QWK RG ) (0
O0DQGHOYV SUREOHP DQG IUDFWOUDHO PHWERQNFYV $11 7KH UHVHDL
VFHQDULRV FRQILUPHG LWV DHAFROXPWH KWKWWXEBSDFW RI YDULR
UHYHDOHG WKH VLJQLILFDQW L QSDUXB BFW HRU \J HRPG FKCDIQHLBYDO SURSH!
RQ SURGXFWLRQ VKRZLQJ WKEMKQMIQHFMWL QXPMWOBVWUV 7KH VWX
GHSHWGHIQHFWY OHDGV WR LQDRAQUDWH DSUHSLFWRRGWKHU FDQ SUR
> @ VROXWLRQV WR FRPSOH[ FUDFN DQG
0 <D\ODFL LQ WKH VWXG\ WKWXOG&IJKWHQJ WKH SRWHQWLDO RI
LQYHVWLIJDWLRQ FUDFN SUREOWROWIKQRKYNXEXYPHWPLRID WR WKRVH
DQDO\VLV FRQGXFWHG D FRP SDRUFDGWHLOHEDW X G\ CEIHVLZ HLIQQW KH VW X G\
WKH ILQLWH HOHPHQW PHWKRGW){OM®G BIOMODBWHD®lI HGJH DQG
VROXWLRQV IRU D OD\HUHG FRPSBRRE®HMPZDWE& BIY W QRDHULGRIO R1 VW UH
SHUSHQGLFXODU FUWHANFR®WL¥RWPGREAIK ILQLWH HOHPHQW PHWKRG
WZR HODVWLF OD\HUV ZLWK GLIHOIDHQW. FHSDDWHFSSRESDHHPWRIHY OD\H U
VXEMHFWHG WR H[WHUQDO ORDIQ QDWHD QD ®LRUGGXQFARBBRNW XVLQJ
ZKLOH WKH ORZHU OD\HU ZDV VEBWKREGH G(®W 7TKRIWEDNQENWG FRPSRVL\
1XPHULFDO DQDO\VLV ZDV SHUIRUPMBRXQDYH UL 6ZIBWK GLIITHUHQW HO
VRIWZDUH 7KH VWKE®DORBDXMHGU RAMLQJ RQ D KRPRJEQERNV HD® VW |
QRUPDO WWUHWWUHVYV LQWHQWMNEMHFWRUWR SUHVVXUH IURP D |

6,)V. DQG FUDFN RSHQLQJ GLVSWBESPKENYWHK b'ﬁ/’k%e WKDW WKH )

UHVXOWV VKRZHG JRRG DJUHHPW MY H YL WY 6,) ZHUH

DQDO\WLFDO VREPGRIRIDKLSRX PIHWHRRQW ZLWK DQDO\WLFDO VRO
VWXGLHG WKH EHKDYLRU ROkWHBBWLEEHy KW xBIlgFWV RI YDULF

LQ SHUPHDEOH IRUPDWLRQV XYPIMHYHEP SPYRPH! VE RQ WKH 6,)
GLVSODFHPHQW GLVFRQWLQXLWI{ fly APV DO FO R IEH R HITLFLH

Q&
WKH HIIHFW RI SHUPHDELOLW\ R\ H RO PR BERY EROCHFWO)
GHYHORSPHQW LQ IRUPBOWWRQVY ZFBARKDW:DH 4y

L

0 XVHG )(0 DQG PX
SHUPHDELOLWLHV 7KH UHVXOow9YDPYREZ$EY bMWY R QG B oPEHWKRG IRL
IUDFWXUH SURSDJDWLRQ FDQ EH' Eb’@WEB@Q\W/%@G%éFd\{mE\%LJ LHQGJ'SQFFl

iy v

IRUPDWLRQV ZLWK SHUPHDELOLRRWRIHROWRDY BUERg
7KH HIIHFW RI IUDFWXUH VSDFLg‘ﬁ”& \L'?%FUDFN ORFI
SDWK ZDV DOVR H[DPLQHG V\W Z VY UDWLR / K
VKDGRZ HIIHFW RI K\GUDXOLF 1Y RipLQJ YLEUDW
WLPH UHTXLUHG IRU IOXLG OHDNUY HERBNEHD DO

UHPDLQV VLJQLILFDQW RYHU D OR\Q QYAVWLIDWLQ
FRPSDUHG WR WKH @@&MWLHmp@W%)W

U
GHYHORSHGI MXL'GYRRXSOHGSRR H
WR VWXG\ K\GUDXOLF |UDFWXU%W%Q%{'\&KV*E@ZYSWL"%éhGUDXOLF UL



=HHWMNDO -RXUQDO RI OLQLQJI9RQYLURRPHQW

ZHOOV SDUWLFXODUO\ LQ XQFWG®FKQWILDRHW O VXIFKHDYRUUYGLWH HOH
7KH VWXG\ SURYLGHG D FRPSURRKBVLYH URYHHZPRGHOLQJ DQG G
QXPHULFDO PRGHOV XVHG IRU BLRKRRQOWLQXLMMGDBSORPFKHY 7KHVH
IUDFWXULQJ FRPSDULQJ YDULRDRFXWHIEGKRRY EDVAMBXE® LQWHUDFWL
WKHLU DGYDQWDJHY D@ & Hz ¥ WX@XIDIQMWMV HDP QG VWUHVV VKDGRZ LQIOX
JLQLWH (OHPHQW $QDO\VLV RI SBIWPHKOW GQL QR GWHHIDLEDVQ R DQEGWR | F L
XQGHU %HOGERQJ /RDGLQJ &RQCRWIHRINDWLRQ RQ IUDFWXUH HYROX
)X\DG HW DO SXEOLVKHG LQ OLPLWB®HWEGIMWALRYDOO\ ZKLOH PD
UDWFKHWLQJ LQ D FDQWLOHYHEHEODPYRQGEDWEHR GX®LQJ H[SHULF
ORDGV XVLQJ ILQLWH HOHPHQW EDHIIFK\®R VN 1 D/L B NSO RUXRVHWKFDO PHW|
HIFWV RI SULPDU\ DQG VHFRQGDU\UMWDHYW K\Q @KLH[BWRGHBGLPV WF
IUHTXHQF\ RQ UDWFKHWLQJ RQ\EHWG ZH LWK HAVHQ JDISNGEWR QDO\]LQJ F
SODVWLF GHIRUPDWLRQ FROODSVRSRUDWWRQXIDVBWRERVL@RG VWUH"
D GLPHQVLRQOHVV UDWFKHWLQ L@@ LCOLIUBDWPHW WDMW KAWKOHIJRRYILIXUDW
ZRUVH FRQGLWLRQV DW ORZHJ FRERBYMEFIQMALYBQGXPHULFDO VWX
H[DPLQHV PRWHOLQ O>IFRBHDMMHKLGHSHQGHQW FUDFN JUBHAWHKDEBHRKDYLF
ODUML HW DO VWXGLHG WKIRF{EORVRQH RBOCFO®XQUQDQG YDOLGLE
WHFKQLTXH WR LPSURYH SHRXQIERWHE DS DQRD FK
SURGXFWLYSWURMDB®REZ UHVHUYREKN REMMNFWLYH RI WKLV VWXG\ L
VLPXODWHG FUDFN LQLWLDWLRQUDRWXSHR SIYROXMRIR XVLQJ URFNV G
H[SORVLRQV ZLWK VKRFN ZDYHVUDFMWKQI®INKVIURDHVK® ;)(0 DQG Y
FUHDWDL®UDO FUDFNV DURXQG WIXFHFXUDP\ERUIHN K KWK % (0  7KUHH
FUDFNV ILOOHG ZLWK SUHVVRRQ]HGXWDWLRQQWWNKHWQDO\]HG D
SURSDJDWHG LQ WKH UHVHUYRISWFURFFNR ULKK WDHNMKAR AV LR QWY OYDI[
FRQFOXGHG WKDW WKLV H[SORWKNHIIHFOWWRXBUQFN DQJOH RQ IU
PHFKDQLVP FDQ VLJQLILFDQWIDQG HQKISDRAMWIWKM DQG D FRPSC
SURGXFWLYLWMURHDEBRE UHVHWPKROWLSOH) LQWHUDFWLQJ FUDFNV )
KRULIRQWDO@3EH®BIYRXLY HW DODGYDQEEBG DSSURDFK IRU PRGHOLQJ F
WKH SDSHU WLWOHG )LQLWH HQMRKHRQAM VIXZHQO\VEZWLRH WK RIITHUV
EHKDYLRU RI HOOLSWLFDO FUDBMNWFHWIDRPD W.IQQ JE RXRRG BPMKH SUREOHP
RUWKRSHGLF FHPHQW LQWHUID FHIY D@ YWIRMIDD KAVS USHURN WEWWIBY LW\ D]
H[DPLQHG FUDFN EHKDYLRU LQGRVYKRSHREHEWFHPOIGW QWHUDFWLRQ
XVHG LQ WRWDO7KHS BRRYRIKEBVFRRMWULEXWHY WR LPSURYLQJ QXPHU
JLQLWH (OHPHQW OHWKRG )(0 W FDXOCGKXPODIWHFWXUHQY 7KH XOWLP
LQWHQVLW\ IDFWRUV 6,) QHDUHQKOH FH D RND IGBIURAQ GHLP XODWLRQV
VWDWLF DQG G\QDPLF ORDGLQPSBRYBLMKHIRQVFXUKHF\ Rl FUDFN EHK
DQDO\VLV ZDV FRQGXFWHG IRU FEADIFGINQRWLLIIL Q D RISQVL B WOWKUWHD FN DQJ
LQWHUIDFH EHWZHHQ FHPHQWS HWQRH DER QW @K Q LWRIF NV

DFWLMWLHYV VXFK DV UHJXODU ZDONLQJ FOLPELQJ VWDLUYV

DQG GHVFHQGLQJ VWDLUV 7KH VWXHIDUFRWED Y¥GBBWWKBVWHFKDQLFV |
FUDFNV HPDQDWLQIQWRM IWKH ®Q

VXEVWDQWLDO ORDGLQJ FDQ OH gg‘f&&gvlsﬁpdﬂ%ﬁﬁﬁé%\\//\\hvyn

XOWLPDWHO\ SURNV\@@IED\}'\G_[FQ@_RI-R IRU XQGHUVW
VWXGLHG WKH LPSDFW RI LS?“bRDGLQJ DQG -

RQ VDQG SURGXWWHRQWI L(DHR\ZHU * WKH SULPDU\ SURSHUW\

DV VDQGVWRQHGL&I\/I-L@\JLBQ/DZRP

3)& ' VRIWZDUH WKH\ VLPXODW

9 UHWXUQ WR W
EDVHG RQ WKH IUDFWXLH-IHZ(BIIGD(Q)J ggs\%(ﬁggWYLDROQL[
UDGLXV 7KHLU ILQGLQJV VKR

54 LR QGHU

RUPDWLRQ
IUDFWXULQJ VLJQLILFDQWO\ DI %ﬁ
UDWHV KLJKOLJKWLQJ WKH LPS ‘3 5‘JOLHG vw
WKLV LQWHUDFWLRQ WR RSWLPL]H6WII|J¥|I§I/L<I/Y%LWJH%I@ RXHBERRG
HQVXUH ZHGO @QWHJULW\

BUHYLRXV VWXGLHV KDYH H[WHH&VLYWOYHWYDPRYHEVLW\ IDFWRU 6
K\GUDXOLF IUDFWXULQJ XVLQJIUROW LIRXWKIXPYOEFMNOIFDO DSSOLFDW
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IUDFWXUH PHFKDQLFV /()0 SULQ p
WKH FDOFXODWLRQ RI FUDFN J T T T
FRQGLWLRQV VXFK DV IDWLJXH OR /LRQ
DQG RWKHUV )RU VDIHW\ DVVHYV D
IDFWRUV DUH UHTXLUHG WKH 6,) 5 y . OLHG
ORDGVRB FRPSRQHQW DQG WKH P
WRXJKQHVVY ,Q DQDO\WLFDO PH B
LQWHQVLW\ IDFWRUV IRU ORGHYV B
FDOFXODWHG XVLQJ WKH IROORZL SHG
WKDW WKH VWUHVV ILHOG DW WK b VHG LQ
WHUPY ROG > @

QP ¢, T,

o
8|3/PSJ Wr !4 w =!
JLIXUHBODWH ZLWK DQJOHWLERUDFN DQG |
OLPSU W, FRRUGLQDAVHYV

,Q DOO WKHVH VFHQDULRV WKHWHOREK WKS ¥HUNRHUVVHY WKBHO FRPPR
RULJLQ ZIDNWNKVWKHODDPLIQHG DORQUHWHKE WD EICCHW KH
FUDFN SODQH DQG LQGLFDWLQJ WKH GLUHFWLRQ RI FUDFN
SURSDJDWXBR

7DEOHSWUHVV LQWHQVLW)\ IDFWRERHWU@HWYHUDO FRPPRQ
7\SH RI FUDFN 6,).
&HQWHU FUDBNL@BQIMWXMLQLWMS®DWH
(GJH FOMRNDNKQ DIMHEQLWH SODWH®D

&HQWUD‘(DKSD%QQ\FU[IDFNQUDGLXV D
LQILQLWH ERG\ "\'s

&HQWHU FUDBPNQ GOQIWHKRII ZLGWKN%%D,;

VIPPHWULFDO HGJH AMDRNV WJP%%@?{QJW%:?D@%

SODWH RI WRWDO ZLGWK

&UDFNIR UP DOARLGRHY FUDFNVY LQ EULWWOH PDWHULDOV VXE

3UH[LVWLQJ FUDFNV LQ URFNHEWM thbe 535@ GHFUNYXDUGLI—ITG(VGI?I
WHOVLOH DQG FRPSUHVVLYH O ] \I}: FHHP SSJDWLRQ
RWKHU DQG IRUP IUDFWXUH SO H >PIb L
KDYH VWXGLHG WKH LQLWLDW E,pé

R

Mode | Mode Il Mode llI

Opening Shearing Tearing
JLIXUHRGHV RI FUDFN SURSDJDWLRQ , 2SHQLQJ PRGH @, 6KHDU PRGF
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,Q SUDFWLFH WKH FUDFNLQNKHRRUHQWK®NHUIDFWRUYV UHSUHVHQW
VWUXFWXUHV XVXDOO\ ARFGHNUVEUX@GHUH PDHEULDO WR WKH FUDFN S
ORDGLQJ VKHDQULPIRGH PRLGHL[HGVK D OHQJWK RNLOXUHRPZLY/V WLS
FRQGLWLRQV ,ERQ® QRGHNUHVSUHVHQWHG WKH IROORZLQJ HTXDWLI
LQWHQVLW\ IDFWRUV DUH QRQ]JHWRUKBVY QR WHQELWH () BFWRUV LQ WKH

. T T . B T T
v —rrM ALe — 3 vLQ— FRV FRV
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WﬁUVL—TQ —JR»LT?R%U—?@T FRV_ ,'}/LQ VLQ

+HUH Y UHSUHVHQWY SOD@BFWWWWDMRXIKQHVY UHVSHFWLYHC
FRQGLWLRQV YDQGYLQGLFDWHYVY BOSQRSDJDWLRR I& DV IROORZV
VWUHVV FRQGLWLRQV § :
W%ID";:% Y G- . s TS

© .t o

" KHUWHQ @ UHSUHVHQWY WKH VLJQ
7KLV IXQFWLRQ LV FRPPRQO\ XVHG LQ

T WKH GLUHFWLRQ RI IUDFWXUH SURSD.
> | i D TXDQWLW\ PDWWHUYV

] | o OL[HBGRGH&RDFNY

- ,Q WKH FRQWH[W RI K\GUDXOLF IUDF
r VXEVXUIDFH IRUPDWLRQV DUH UDUH
RSHQLQJ ORGH , RU VKHDULQJ ORGH
DORQH LQVWHDG WKH\ RREHQ H[SHU
. ORDGLQJ pQRGEXH WR YDU\LQJ FUL

RULHQWDWKWVOM HV@HY DQG IOXLG S
J)LIXUH7KH FRRUGLQDWH V\VWHP D&MD R Y ] HOVLW\ )DEFWRU 6.)
FUDFN WLESLIPH@VIRQDO SHEBRUPDWHRHPHWHU LQ IUDFWXUH PHFKDQLFYV

,Q K\GUDXOLF IUDFWXUH PRGH ﬁ_‘]vw ll:—l% VI\_/ QVLWA QH
g

Crack

QXPHULFDO PHWKRG HPSOR\HGV
PRGHOLQJ /()0 DQG WKH FRKHVIX

FRPPRQO®I'G XVKH /()0 PHWKRG Q
PD[LPXP WHQVLOH VWUHVV PL

DUH XVHG WR GHWHUPLQH FUDEN % H'@ j@%ﬁg DDVQ\(,;V
N KLV
ng HVH IDFWRU\

VHOHFWLRQ RI WKHVH FULWHUL
41 YDOLGDWHG DJD

0
RQ HSHQGHQF\ RQ

BT AL SS90 T,
§

G
\VV% K LVWDQF
LSVDWGWKH DQJIJXODU SRVLWLRQ )R
PDWHULD QV V8 KAWQMHDE SURDL® DWHG DV

GHQVLW\ PD[LPXP SULQFLSDO
VWUDLQ HQHUJ\ UHOHDVH FUL
PD[LPXP WHQVLOH VWUHVV FUL
XVHG DQG LW FDOREH-RYUHVVH

FR-K/% F—IEV.” TWLQ

> @
. KHUH . DQG_ DUH WKH VWHHVN | 7 - . 7
! v v LM L L
LOQWHQVLW\ IDEFWRUV IRU ORGH , ORGHU,, TUDEWXUH DQG
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: KHUY LV WKH VWUHVVHV FRBROWIHWSSO\LQJ YDULRXV VWUHVYV
WR PHDVXUH WKHLU IUDFWXUH WRXJK

Vi W k . LV WKH PRGH , 6,) FHWKRFM-YYH WKHRUHWLEFDO PRGHOV
WHQVLOH VWUHVV SHUSHQGLFX G GLFE W KH DFVWDEWHSWBRHKQHVY  6WU

LV WKH PRGH ,, 6,) UHIOHFWL@YVKAN¥H S W VIHIHAHPE Qo WKH PDJ

| | DWE UEDQ ZLWKVWDOG DW WKH EUDI
WR WKH FUDFN,$ODQHSQDODU; /"t " WKH FUDFN SURSDJDWHV UDSL

IXQFWLRQV VSHFLIDRUWR HODFRNPRGHVV NVEWWHKW LM D PHDVXUH RI |
OHQIWKQFOLQHG DWRD®W KHQ B®MH LWRRQWRQHVY ZKLFK LV UHODWHG WR
D[LV XQGHHMODWW WHRUWADO2 DQRUDFWXUH WRXJKQHVV

VKHDU WKH ®,)V DUH

A—

W ®VLQE VWDS VL E ! ﬁ
w ®VL EFEV UD S : KHUH . LV D JHRPHWULF SDUDPHWH
E HGJH FUDFNV DQG JHQHUDOO\ KDV XQ

ZKHVH HTXDWLRQ\DQ},@RYDWKD@RVLWLRQV 7KH . SDUDPHWHU KDV EF
GH UDQJH RI VDPSOHV DQG FUDFN

ZLWK FUDFN RUZHWW{RWLQQWLQ@ LDO ILQLWH HOHPHQW PHWKRGYV
E ® ORGH ,.DOBDNLQJ DW LQWHRROGREEBWHIRU QHZ SRVLWLRQV

DQJOHWW ,Q K\GUDXOLF IUDFWXU IOXLG
SUHVVXUH LQVLGH WKH FUDFN D&G Q DGGLWLRQDO WHUP

S/SI WR HQKDQFLQJ FURFWKRYHQLQJ

VWXG\ ;)(0 LV HPSORVHBQ®BR FRPSXWH, D
IRU WKUHH FRQILJXUDWLRQYV V,LQW:B%%W{ W DQJOHV
rmsw urm xrm VLQJOH FUDFNV DVVH VL

FUDFN RSHQLQJ GMVB@Q®TFHPHRW BWUHVV LQWHQVLW\ DQG HQHUJI\ FF
PXOWLSOH LQWHUTIFQE&XIQJ FUDROMBWHG DV FDQ EH VHHQ E\ FRPSDU

;)(0TV HQULFKPHQW IXQFWWROV BPBGHQ WKH FUDFN

VLQJIJXODULW\ DQG GLVFRQWLQXLW\ ORZLQJ SUHFLVH 6,)

HIWUDFWLRQPHANKKR®XW 7 KIH LQwr\i/ur\)/ WLRG ¥

LOQWHJUDO PHWKRG LV W\SLFDOO\ XSDHQ(_[DQ (f) WR

FRPSXWH 6@)V 7KLV UHODWLRQVKLS KROGV LQ

a Xl 5 oWT FRQGLWLRQV DQG LV VOLJKWO\ GLIIH
, 3 Mp— : Gmp-G!
v, P, FRQGLWLRQV
3 e (FaY
+HWA LV DQ DX[LOLDU\ GLVSODFHPHQW ILHOG
LV WKH VWUDLQ HOHWID BHQMWLRRIQBEHWDOV ZLWX WKLV

IXQFWLRQ 7KLV LQWHIUDO VHEON@MHLY QRW VLIQLILFDQW +RZH
FRQWULEXWLRQV YDOLGDWHG dﬁﬂbﬂ/\w B/oéoﬁw BERX PEPRH VWUHVYV |

IRFXVHG VROXWLRQV FRQGLWLRQV DUH TXLWH GLIIHUHQW
WRXJKQHVV Rl URFN LV LQIOXHQFHG |

SRFNUDFWRMYHBKQHVYV VXFK DV FKHPLFDO FRPSRVLWLRQ LC
HURQ HQWDO FR GLWLRQV VXI

JUDFWXUH WRXJKQHVV LV D NH Wﬁ@'s'ii[b Mﬁu WXUH WRXJIK
Rl URFNV LQGLFDWLQJ WKHLU Y AP R $ Y 1 foas GCpUH OL

FUDFN SURSDJDWLRQ ([SHULPHQWDO IUDFWXUH WHVW
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7TDEOHUDFWXUH WRXJKQHVV>R@GLIIHUHOQW URFNV

5RFN JUDFWXUH WRXJKGRW¥M JUDFWXUH WRXJKQHVYV
/REDWLRQ FRPPHQWEXP /IREDWLRQ FRPPHQW¥P
$QGHVLWH ] /[LPHVWRQH
%D /[LPHVWRQ
%D ODUEOH )l
'ROHULWH ODUEOH (
*DEEUR .DOGC 6DQG
SROH @®RHUYD ODQ BRHDIFKNIR ZW K : KHUHLV WKH GHQVLWYRY WKKHH PDWH

7KH ILUVW V\WWHPDWLF VWXEQ R RYW\LMDARIEGR WV UHY W WH GRSV
SKHQRPHQD ZDV FRQGXFWHG ERUFHLYIHRMWRUZKRDYLWDMWL. RVEBO IRUF
VXJIJHVWHG WKDW FUDFN JURZOMK HUHBEREBVRROQVKHKHYWUHVYV WHQV
EDODQFH EHWZHHQ VWUDLQ HQHQWHHWEBEDOXWRDODFHW@HWKXLQ WKH PDW
+H DVVXPHG WKDW LI WKH VWUD IGR PIRIHIEIR XUFHOHD VENG VB KN L78HU | D F H
FUDFN DGYDQFHP H@W WHN\FAHE G HEOWRIDVUA GLYLGHG L*SV\D?Q‘}SZXEVHWV

FUHDWH D QHZ VXUIDFH XQVWDEQH FUREN, JURZWK REFXMMGpm G Lo

> @
- SUHVFULEHG GLVSODFHRHQWV DUH
7KH VWUDLQ HQ HU I l\)o&?léh WUDFWLRQV*DUMKH FHMANHG F
HQHUJ\ UHOHDVHG SHU XQLW DUWHRY IRFEHHS PN VIHRWWRK DOSOLQHV LQ
WKH ZRUN UHTXLUHG WR FUHDWHQD Q¥ BYNKNF WX WRFEH@WHH RI WUD
GHSHQGV RQ ERWK WKH DSSOLHE@TXRDEGEQIXQGH FYDWNRQGVYH GHVFULEH
&RQVLGHULQJ WKH HODVWLF ZRUGQWRUIHB DG VIWR HOWRMH BV H[WHUQD
FUDFN WLS ,UZLQ HR/QMXHGLEKWERHWHOOWJ FUDFN 7KH IROORZLQJ |
* DQG WKH VWUHVV LQWHQVLWWKDGWWRWML diifSBUHNYVYHG DV
'ROORZ@ I FE(CLT E 3

D
: KHUW LV &DKKHFK\ VWUHY.,VY WHQVRU

7KH SURSRUWLRQDOLW\ FRQV Y
RGN ey
PR gREGhET v L Ex

Z R, el

=T

Py

HTXDWLRQ LV D IXQFWLRQ RI
FRQVWDQWYVY 7KLV UHODWLRQV

EHWZHHQ WKH VWUHVV ILHOG fUODO D

LEUL X ®@HVKH IUDF

RQGLWLRQV GHILQH WK

HQHUJ\ EDODQFH FULWHULRQ ||33K

QRZ EH H@MABUBQ WHUPV R WKII::|R3|J<

VDOXHVIRU FUDEN JURZWK EHWZHHQ WKH VROLG DQG LWV VXUUI
. - SSOLHG ORDGV DQG FUDFN VXUIDFH

SUREHYS;JS,:(gXDWLRQV 6 Fo LRQTXDWLRQV UHSUHVHQW WKH ERXQGLE

FUDFNHG>GR&PDLQ
7KH PDWKHPDWLFDO HTXDWLR U D EULHI

V  RII

RYHUYLHZ RI WKH JRYHUQLQJ‘?QHW(DWL%QV IRU

HODVWRVWDWLFV DQG SUHVHQW UVMXHLU FRUUHVSRQGLQJ ZHDN

IRUP 6SHFLILFDOO\ LW IRFXVHYV WKHy §GDVH ZKHUH DQ

LQWHUQDO ERXQGDU\ H[LVWV DFURVV “ZKLFK WKH

GLVSODFHPHQW HQFHGGADNFR[BWUQXKMYH LV WUDFWLRQ: BRXQGDU\
7KH PRPHQWXP HTXDWLRQ LQGWih W BMWAER N QR BEND BIRDVQ G DU\

IUDFWXUH PHFKDQLFV W\SLFDO Qg DKHERD W VU MMRYWERGEG RRIDBHYYHFWRU

EHKDYLRU RI FUDFN SURSDJDWLRQQRKH § T XPRH RQ AP REWZDUG QRUP

ZULWWH@ DV HIWHUQDO WUDBWLRQ YHFWRU

-y H K .
W



=HHWIWD O -RXUQDO RI OLQLQJI9RQYLURRPHQW

+HUH GHQRWHV WKH V\PPHWULF SDW WORHQYYWE PHGW KR G

RSHUDWRU 7KH ERXQGDU\ FRQGLWKR Q@QWHQK B8 JROOWRHAV(OHPHQW O0OH\
X “X R * LY DQ DGYDQFHG FRPSXWDWLRQDO W
Q *x PRGHO DQG VLPXODWH FUDFN SURSD
GLVFRQWLQXLWLHY LQ PDWHULDOV

WUDGLWLRQDO )LQLWH (OHPHQW OH
HQULFKLQJ WKH VRIOXIMARIQV VS@EF®E
IXQFWLRQV WKDW FDQ UHSUHVHQW GL
FUDFNV ZLWKLQ HOHPHQRHWERLWKRXW
DV FUDFENV JURZ ;)(0 LV SDUWLFXODL
PRGHOLQJ SUREOHPV LQYROYLQJ IUD!
LQFOXGLQJ FUDFN LQLWD@®&LRQ S
FRPSOH[ FUDFN EHKDYLRU LQ PDWHU|
PHFKDQLFDO ORDGLQJ ,W LV ZLGHI
HQJLQHHULQJ ILHOGV WR DQDO\]H V
FUDFNV RU RWKHU GLVFRQWLQXLWLH

ru

JLIXUHARG\ ZLWK LQWHUQDO ERXQ GBYR oW NRHAW H Gy MERH
ORDG\@ ,Q WKH SUHVHQFH RI D FUDFN WKH

7KH FRQVWLWXWLYH UHODWLRi@)w\\ﬁVchL@E G WE o \%HR'\‘& VawKH © GLVS:
ODz ZKLFK UHODWHYV VWUHVV?RQQHlR"YM CRkhE ZRbRHPRUP  RI- WK
HODVWL@L W\ HTXDWLRQ LQ ;)(0 LV H[S®@HVVHG DV

1 & H .:?'V')G :3'EXG*3W*G3’“ XNV G
+HUH LV WKH &DXFK\ VWUHVV WHQVRU 0 LV WKH
VWUDLQ WHRQMRUVKBIQGRRNHIV FRE&EVWBOW WKH GRPDLQ RI WKH ERG
VWLIIQHVV WHQVRU ZKLFK UHSONGHIOWWE B VERN POMMHURDIKH GRP D
HODVWLF SURSHUWLHWHQRIHH VW \WMERIQ U D F W XALW WWXUH D/RWE HY WWIH Q V R U
CRXB&W SURGXFW RI WHQVRUV ERG\ IRMLFHWKH ERXQGWGMH QRMWEWLRQ
WKH MXPS LQ WUDFWLRYLBPMRNY WKF
IXPHULFDO 6ROXWLRQV WHVW IXQFWLRQ RRB W BLYKQYIOH FWDRK
/KHFUDBNRSDIJDWLRQ PHFKDQLY PW,@R(FGLVWR{Q LBQQUHD\HH/‘QW WKH FU
K\GUDXOLF IUDFWXULQJ SURFH\S(\gLrI% Qﬁ #‘Jé %P?%
VLPXODWHG XVLQJ WKH H[WHQG L HFLQ e S %\ﬁ%’ﬁ"d* FUDFN
;)(0 7KH VROXWLRQ UHVXOWV FZEEQ/IEHNKHUFFLMW@NW&H FRQVLGHU D
DQDO\WLFD®QDDIWLKFRIO VROXW BV\MHY; ZLWKLO D ILOLWH HO
UHVHDUFK DWKIEFEWHPLQGLUHFW L@é L DSSUR[LPE
HOHPHQW PHWKRG LV XVHG DV \yHgt?uEEB\\//v?W

Rl WKH VLPXODWHG UHVXOWYV UHVVHG
DV @

XL p10x) 1 wn 1l Pk

,Q WKLV IRUAXODWBSREBVHQWVXQ¥KMH RE} DQ & KH QRGDO HQULFKHG
VWDQGDUG ILQLWH HOHPHQWUHWISIR$H YHEKWRWLBRYVRFLDWHG ZLWHK
FRUUHVSRQGLQZKWXHEBERWHYV FUIWNS IXQFWLRQ ,Q  WKH HTXE
ORGDO GLVSODFHPHQW YHFWRU DBQVRFLPW WG IFUW W Ry WKH VHW RI T

FRQWLQXRXV SDUW RI WKH ILQLMHVKR DY IHRM@LRPXYWLRQ 7KH
WHUP LV WKH QRGDO HQULFKHG GH\;\UHI—(S.RIZIUI/—|HGRP

YHFWRU OLQNHEY IWEGWHRIQWLQXRXV
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Q@ z°* g 0 IXQFWLRQ ZKLFK FRQVLVWY RI WKH X

; ; < WLS HOHPHQWW ZAHR@K RI LWV YHUWL
6LPLODXUOXSS LV WKH VXSSRUW RI \
QRGDO VKDSHG IXQFWLRQ ZKLFK FRQ
+HUH., UHSUHVHQWYV WKH QRGHVDDIORNWYDY¥K DLISHW HUULR R IR ® © HRR HQWWV

IXQFWLRQ VXSSRUW LV LQWHUV FFHWMWGE FEH W KK HF lIGOHA N QLQW HRWQL RU WK H |
* DQG GHQRWHV WKH QRGHVWRRRV@ MK D SIXWUWEBHWHGEH@HG QRGH

F

IXQFWLRQ VXSSRUW LV LQMHUVHAHHIEQH LKLY E 5 MK GIFFKUBEND v
Z VXSB LV WKH VXSSRUW RI wrRH OREED /KB HUH HQULFKHG EV WK

A

/ » Z

Crack et \\Jaatkf'?’
Pr<e\  pynain

| ; X

D E
JLIXUHD 7KH VHW RI QRGHV HOHFW3R® DRUFIR@ U IGRIQEHMNN® DW FUDFN WL

JRU FUDFN SUREOHP WZR VHWYV7RH HKQHMEKBKHIQ@EW LV D EDVLVY WKDW
IXQFWLRQ DUH XVHG WKH RUIDE®V\PSWRVELF ILHOGV
« 7TKH IXQRWLR@KH PRGLILHG +HDYLVLGH

IXQFWLRQ ZKLFK WDNBIERR@® WKH YDOXH
FUDFNiDRBORZ WKH FUDFN

L UL TL & UvLd u-T FrRw’ TViow/Ldk  FRV VLOQ
¢

: KHUW LV D SROBUQGMRWH V\VWAHRKEAVWKHVWEDBWWRRQ ODZ $EDTXV F
+HDYLVLGH IXQFWLRQ IRU IX0O0\
LWV RULJLQ WME DI/ PQDARW W Pw||5<\'/4\PSWRWL|: | X\@ ESV IURQ LIRRQV F LZD AN

FUDFN DW LWV WUIUBNRWKRE KH OHYHO VHW PHWKRG G\QDPLFDO
JWLR WDNHV LQWR DFFRXQW MR 154 ¥ R QWL PRPEL QLQW LS UDFN
DFURVV WKH KHEIPNHQEHG )LQLWH AFRAREYW DQG SKDQWRP QRGHV ;
OHWKRG ;)(0 LQ $EDTXV HQDEOBVFFXIUIDAM HQWPRWGIHOW VWUHVV ILHOGYV
PRGHOLQJ ZLWKRXW UHTXLULQJSWRK PHMWKLRE DIOLOA EDWEWDLQLQJ Q
FUDFN JHRPHWU\ ,W HQKDQFHWKHRHEWWXUIRKOLPXGINWLROQURYH IUDFV
WKURXJKNES DHFQULFKPHQW ZKLAK LIEQWQRG XFBINLQJ ;)(0 D SRZHUIXO
DGGLWLRQDO GHJUHHWRI ADSW®BRAXODWLQJ FRPSOH[ FUDFN EHKDYLF
VWUHVV VLQJXODULWLHV DQG WKS GKDWMRPDWRGH PHWKRG

310 ZKLFK DOORZV SURJUHVVLYH FUDFN RSHQLQJ E\

GXSOLFDWLQJ DQG VHSDUDWLQJ QRGHV EDVHG RQ WKH
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%RXQEADUBPHORWKRG FRPSDWLEOH ZLWK H[LVWLQJ VROLG F

7KH ERXQGDU\ HOHPHQW PHWKRETYHVERRG ) wKH
PRVW HIIHFWLYH QXPHULFDO WH T | Q
SUREOHPV LQ IUDFWXUH PHFKDOQL V'Q'%Bt(ggﬂﬁs%%ﬁ@%%'xﬁluRFHGXUHV
SUREOHPV DQ LOWHJUDO HTXDWIR @ XPHIUQHZO 7R RVKHQLOJ RI IUDFW
VSHELILF GRPDLQ FDOQL@WRWUBQVXRUPHAGDFFXUDF\ DQG UHOLDELC
ERXQGDU\ LQWHJUDO HTXDWLRO/\RYKEWMMKHGE RSSEBOFIRI 7KLV VHFWL
WKDW GRPDLQ 7R QXPHULFDOOSUREMGK WHVH ERRBDCGHGELQI LQLWLDC
LQWHJUDO HTXDWLRQ WKH GRPDHQW ERKIOGD DOMDXOMWLEH DQG  YHUL
GLYLGHG LQWR VHJPHQWYV UHIHQIUWGD QLR DOWL REGRXEEHR BAH WWKH P H V
HOHPHQWYVOLVKEDVHG RQ %HWW IMHQUYHWILYULRADGDPLQHYV WKH LQIOXHQ
WKHRUHP $VVXPLQOJ WKRWGLQUBSGHYHQWVY APDMH RQ HQVXUHV WKH F
RI LOWHUHVW DQG UHSUHVHQWR HD LUFHDI®! ULHPS PH RHRDGR Y IR Q
ZLWK D NQRZQ VROXWLRQ %HWWLIV WKHRUHP LQ WKH
DEVHQFH RI ERG\ IRUFHV FDQ EQLMS®MPOAE WRENEEHOLQJ

IROORZ@ 7KH ILUVW VWHS RI PRGHOLQJ LQYR
37 X G637 X DQG HVWDEOLVKLQJ DQ LQLWLDO DQI
QXPHULFDO PRGHOLQJ WR FRPSXWH D

+HUBH UHSUHVHQWY WKH ERXQATRFR WP&’%#S‘L&QVXULQJ WKH DF
7. DOG DUH WKH FRPSRQHQWYV R'?'WM’A('WLFDDFQAHL% %8W$NR'KEVH DQ
GLVSODFHPHQW YHFWRUV UH EWWYRBO PHE R kY HPSOR\HG
VXSHUVFULSWV LQGLFDWH WKH 'f)LﬂzEde\L(E)JSHHW%\V g K VHUYHV DV

%\ DSSO\LQJ %HWWL V UHFLSU R/W rRF HiQ QXPHULFI
ERXQGDU\ FRQGLWLRQV ZKHOQ 5{ E VIR b Q\VVES'S%%Q éRUPXODWHG
DW DQ LQWHU LR BRAUQWDWHV G

EDWH ERXQGDU\ FRQGL
DQG WUDFWLRQV DW WKH VXUI @mg?qbqkkiﬁ gRDEBIL%

> @ SUHVVXUH 7R YDOLGDWH WKH GHYFH
X;c 37.c K, [G63; B W SUREOHP LV IRUPXODWRGVWDWOWG RC
° ° (OHPHQW 3RURHODVWLF 'LVSODFHPH(
+HUH DQB_ UHSUHVHQW WKH mthB&HBQWDoQ WKLV PRGHO DQ H[WU

wKLO FUPEIDRORWK LV FRQVLGHUHG |
VROXWLRQHQRWHYV WKH GLVSORBHRAIAW PHEVRE vXEMHFWHG WR D

DW WKH LQWHODRD SRA)FWD UH SUHVVXUH $GGLWLRQDOO\ WKH U

WKH UHIHUHQFH GLVSODFHPHQV\?lD\QSGOR/FJbPFH\AQL‘%gQ'YWﬁNRFMP'BNVVXU'DF

WKH ERXQQJDUN ORISOWRDFEKMUH | LV GHULYH DQDO\WLFDOO\ E\
| LV D ERXQGDU\ SRLYWDGVXROUIRAIYRQWLRQ

LQWR
7z, = Y|

-X[c 37L¢ X &6 3 [8lc [WI *

$VVXPLQJ WKH ERXQGDU\ LV vPREWYH L@ | J—YR'UQWHUV‘”O DQG
WKH XQNQRZQ ERXQGDU\ cDWD WKHxXxYEHY Us PR KQ“);S KEHVHODVWLF
ERXQGDU\ LQWR HOHPHQWYV DQGHWESHRRAPDWYE?D VV\k"HL' 'ROORZLQJ b
HTXDWLRQ ZLWK D VIVWHP Rl DOJHEXUD¥F HTXDWLRQYV

7KH %(0 LV D SRZHUIXO DOWHUQDWLYH WR WKH )(0
RITHULQJ WKH NH\ DGYDQWDJH ‘REHUHEXHIQIVRARKY UDWLR 7KH LQS
SUREOHP V GLPHQVLRQDOLW\ E\SRYBPHAMHNUYHIXIHWDNGHQD IURP DQ D
VPDOOHU V\WWHP RI HTXDWLR@HWIKORKGE oFHAF K W H\DHR@QWHEHL Q WKH
DQDO\VLV %(0 LV SDUWLFXODIMREGHBHIPNVLEOHRQRDODQDO\]HG XVLQJ
SUREOHPV ZLWK GLUHADWQRQ W RXPHUWFDO PHWKRG $W WKH PRPHQV
VLPSOLILHVY PHVK JHQHUDWLRQ BOYGLXELPIWDASRR@MH AREWLFDOO\
IRU FRPSOPHHWHKLQ@H PDNLQJ LWROERWHRQ DQG WKH PRGHO V UHV!
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WR WKDW RI DQ HODVWLF V\VWKR ZILWKK VIVERQOPRBQGDFMRHFOXVLRQ V
XQGUDLQHG FR@IILFLHQWYV VHQVLWLYLW\ LV SUHVHQWHG LQ PRU
WKH HIIHFW Rl WKHVH SDUDPHWHU YD

7DEOHQSXW SDUDPHWHUV IREARGNDPRW DQ DSSURSULDWH VLPXOI
YHULILFDWLRQ RI D SUHVVXUL]HG ¥HDENLFOREIORG XY IDQRI WKH ;)(0 WKH J

HODVWLYF RBHGLD PRGHO LV DVVXPHG WR EH ILQLWH D¢

QSXW 3DUDPHWHUV DSSOLHG D®RQVW MK HWVKH XSSHU DQG
(_*3D ERXQGDULHV RI WKH PRGHO LQ RSSF
Y $GGLWLRQDOO\FREGLERR@MIDNORQJI W
303D D[LV DUH IL[HG PHDQLQJ WKHUH LV
* 03D GLVSODFHPHQW DW WKH YHUWLFDO
/I P PRGHO 7KHVH ERXQGDU\ FRQGLWLF
' JUR  WR UHDOLVWLF VLPXODWLRQ RI FUDEN

SURSDJDWLRQ ZKLOH SUHYHQWLQJ U
/7KH HODVWLF PRGXOXV VKHHESHREROXYWUDRQEGNYW DORQ D S/EIOH H G
3RLVVRQTV UDWLR VLJQLILFD QW\WHQLQI®X HRW 8 HWO H DRIREIDS WIKAK LH Y H
UHVSRQVH $ VHQVLWLYLW\ DQDBF¥IX\UBWR GUDFHNNULIQ I S&BDOWI I XV LQ
YDULDWLRQV LQ WKHVH SDUDPHW HU VVIIfgAHW ERRSG N DB ¢ WXE HWLRQV
DQG VWUHVV GLVWULEXWLRQ DPEXQERNEHK Hr AMMERNEW vie R ZHKUYDK H
DVSHFWVEH UROWKHU H[DPLQHG WRUBPURVOQUEI WKKHLQLWLDO FUDFN
UREXVWQHVV RI WKH QXPHULFDO PRGHO $GGLWLRQDOO\ LQ

C E
YLIXUHD %RXQGDU\ FRQGLWERQMWHG |IRE PHWKHWKRAUP DURXQG WKH LQLWLD

7KH GHJHQHUDWLRQ RI HOHP HW K PIQ\WGK WPKKH \WRBK FHWHH I XO O\ GHVL
RI QRGHV QHDU WKH FUDFN WLS QDHHDUG W WIR B URDREWH W QSV UZKEBWH TXDG L
PHVK JHRPHWU\ DVJEHBIZKWHGFR®ODSVH LQWR WULDQJXODU VKDSH
PRGHO FRQVLVWV Rl WKH &36 YLOOKOBQMWVWMIHHFWLYHO\ 7KLV UHI
TXDGULODWHUDO HOHPHQW VKDBYH PRGEDQWDI KLIHKRPHANLWIQFPVY DQG G}
RUGHU DQG D Q\RRAOMIVODRIG HOHPWE WYYV LPSURYLQJ B@RBQEERO DFI
JLIXUH,Q WKLV PRGHOLQJ WKARQY MUSHHYFHRI DQG PLQLPL]LQJ HUUR
HOHPHQWY DQG QRGHV DUH XVHEB VDR \DIPFXWDO@H\® M FYD SW X U H
WKH PHFKDQLFDO EHKDYLRU Rl WKH VWUXFWXUH XQGHU WKH
JLYHQ FRQGLWLRQV ,W LV ZLGHO\ DSSOLHG LQ PHFKDQLFDO
SUREOHPV SOQ UMLFKKWO\D DQ\GLVWUDLQ DQDO\VLYV
RI HODVWLF PDWHULDOV (DFK QRGH KDV WZR GHJUHHV RI
IUHHGRP GLVSODFHPHQW LQ WKH [ DQG \
GLUHFWLRQV DOORZLQJ IRU DFFXUDWH PRGHOLQJ RI
VWUXFWXUDO GHIRUPDWLRQV 7R HQVXUH SUHFLVH UHVXOWYV
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CPS4R: 4-Node Bilinear Plane Stress Quadrilateral IXQFWLRQV IRU FUDFN WUSNQEW FULW
7R FRQILUP FRQYHUJHQFH DQDO\VH\
FROQGXFWHG ZLWK SURJUHVVLYHO\ IL
UHVXOWYV VXFK DV VWUHVV LQWHC
FRPSDUHG FRQYHUJHQFH LV DFKLHYI
PHVK UHILQHPHQW SURGXFHV QHJOLJ
WKH UHV&ROWYV

;)(0 ORGHOLQIHDNQGLFDWLRQ IRU
SBUHVV XEUDPHRBB REOHP

-1t 7KH VHFRQG VWHS Rl PRGHOLQJ IRF
YHULILFDWLRQ ZKLFK LQYROYHV
-1 o 1 FRPSDULQJ VLPXODWLRQ RXWFRPHV
X-axis WKHRUHWLFDO RU H[SHULPHQWDO E
JLIXUH36 5 HOHPHQW QRGH ELDUWRHRBVV HQVXUHV WKH PRGHOYV DE
TXDGULODWHUDO IRU SODQH VWHHRU B RDIU\YFW RV ISPHERBBQD VXFK
L%LWLDWLRQ SURSDJDWLRQ D
S
M&

FUDFN
+HUH LV D YLVXDO UHSUHVHQWHELRRSRIHE K $#H6E50RDGL0OJ DQG ER.
QRGH ELOLQHDU SODQH VWUHVYRT%BE QWWWUUQ\H%%WLFDO T
7KH UHG QXPEHUV LQGLFDWH WKHFEREHQIXEHFVULQBFVRXUH SURSDJD
FRXQWHUFORFNZLVH RUGHU HQHUJ\ UHOBDWHDQDWHH\WQG PDWFKHG

DIDLQVW UHIHUHQFH GDWD 7KLV UL.
OHVEHQVLWLBHOD@WRIGDQUWLRQWHS FRQILUPV WKH PRGHOTV ILGHOL

,Q JLQLWH (OHPHQW $QDO\VXRGHWO\LRHIVEKI\VLFV RI IUDFWXUH
VHQVLWLYLW\ UHIHUV WR KRZ GHSMHYTBHOMH W KIHVY L RHODWERQL W\ IRU
UHVXOWV VXFK DV VWUHVV VWDODQ\WHY GLK GDFHRARQWILQULHQLIWH S
RQ WKH VL]H DQG W\SH RI HOHPHOQWULDDHGEF UDFWKKQGHAK WHQVLOH C
2QH FULWLFDO DVSHFW LQ WKLV Q®HVIDW E DIG/FWRPWHHG® XFWRR WRH IROO
DQ DRSULDWH HOHPHQW W\SH >K@UH VSHFLILHG DV

&36 5 7KH &36 5 HOHPHQW LV D TXDGU§LODWHgDO
HOHPHQW ZLWK IRXU QRGHV ZKHUMW/ &* \/—(»%D% JIRU
FRQWLQXXP 3 IRU 30DQH 6 IRU 6WUHWYYV LOBLFDWLQJ

SODQH VWUHVV FRQGLWLRQV BHHHQ FEW H W WFIDKD QBX P EIlMU R HULYHG 11U
QRGHV DQGV SRWVWBGEFHG ,QWRIDBWRRQV RXWO:Q@®G LQ WKLV VHF
7KLV HOHPHQW LV FRPPRQO\ XVHG LQ WZR

GLPHQVLRQDO SUREOHPV XQGHU 2:§@DQH- YWUHVV

FRQGLWLRQV 7KH UHDVRQ IRU FKRRVLQI°&36'® LT Wwkpw

LW SURYLGHV D JRRG EDODQFH EHMZOH QVRFFXWIDW L FDGIUDFW XUH HC
FRPSXWDWLRQDO HIILFLHQF\ 7kH i) HTXFWGR@AWHJIUDWLRQ

WHFLKTXH KHOSV SUHYHQW VKHDU ORFNLQJ LQ SUREOHPV

LQYROYLQJ ODUJH GHIRUPDWLRQVY DQG UHGXFHV

FRPSXWDWLRQ WLPH +RZHYHU FDUM PXVW EH WDNHQ WR

DYRLG LVVXHV OLNH KRXUJODVMIQWKHKLFE ROWPXODWLRQ RI IL
UHTXLUH DGGLWLRQDO VFUXWLQRQURKB JDWLRQGCWMMLIH QHGCWLFDO ORDG
WR PRGHO GLWRREWRWY XIWIENY FODYRRXWRZWK LV LGHRIXIUHHG DV
UHTXLULQJ WKH PHVK WR FRQILZRLWR WKty § L VFREW MWD WNY  WKH
JHRPHWU\ 7R HQVXUH FRQYHWHQFAFHWRU;)(® QXPHULFDO RXWSXW
VHYHUDO NH\ IDFWRUV PXVW EHSRQVYHGNURG RIKWRBHIWODEOKHNM RLIR ¢
VLIH PXVW EH VXIILFLHQWO\ UHE/GH 86 :$@UW URCQUHYPQAHD b FWLYH
GLVFRQWLQXRXV UHM R Q@ OLWKHWHDETN OMtSNQ ZKHUHDV D YDOXH RI
FDSWXUH VKDUS ILHOG YDULDWRRQYHWHKFEHDPYDEWWHN®RAQY FRKHV

VLQJIXODULWLHYV ;)(0 HPSOR\V HRUkE KBS HRWW | USFLRQMG VHFWLRQ
WR GHVFULEH WKH EHKDYLRU RI GLVFRQWLQXLWLHY DQG

VHOHFWLQJ DSSURSULDWH IXQFWLRQV VXFK DV VLQJXODU
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STATUSXFEM
(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
~ +0.000e+00

ODB: Job-1.0db Abaqus/Standard 2022 Fri Dec 27 21:53:12 Iran Standard Time 2024

X Step: Step-1
Increment 14: Step Time = 3.4691E-02
Primary Var: STATUSXFEM

JLIXUHBWDWXV IRU FUDFN LQLWLDWLRQ DQG JURZWK XVLQJ ;)

JRU DQ DFFXUDWH VLPXODWLRQ TKHG UHD/XICGDW ILRRP WK J)(0 VLPXOD
WKH ;)(0 WKH PRGHO V JHRPHWORWWHE QVRGHOUHG/WUDWH WKH GLV
ILQLWH DQG WHQVLOH VWUHVWHKN BHIBENHGURQWRSHERYWLWHOLGDWLR
GLUHFWLRQVDDIORDW WKKH <XSSHW PRKBUORZEB WHVXOWY DUH FRPSDUHG
ERXQGDULHVY 7KH FUDFN RSHQIMRIOBWYRQDBBBHG\W DHGGLWLRQDOO\
I[UDFWXWRUEHKD DIQDO\JHG XVLQJSKHTRAVD WRIRWKHW YSH'LY JHQHUDWHG WR
DQG ZKLFK SURYLGH D PDWKHPDWVYHB® WIKOH HRRQYWNVWHQF\ EHWZHHQ
IRU HYDOXDWLQJ FUDFN LQLWLDWGRWKB QI DOREWKD ® QGROXWLRQV H
WHQVLOH ORDGLQJ 7KHVH HTXDMWJA® QW GIOMA LD EW X RU)DOKBRIOXP HULFD C
LQ SUHGLFWLQJ WKH IUDFWXUH UHVSROVH RI WKH PDWHULDO
D Q G H Q VX Lu-Hp]L MEKHD LW\ RI Wk Crack Opening Displacement
VLPXODWLRQ o

7KH &2' LV FDOFXODWHG ZLWK  gum

@ ZLWK D VWHS VL]H RI 44 . e
DOORZV IRU D VIVWHPDWLF HYD 2 gos !
YDULDWLRQV DORQJ WKH FUDF £ g
ORDGLQJ FRQGLWLRQV 7R DQD g

EHKRYL WKH &2' YDULDWLRQV D go
WKH ;)(0 7KLV PHWKRG HIIHFWL g0

IRUPDWLRQ DQG JURZWK ZLWKR e ¢ 02 o 2 U
FUDFN SDWKV SURYLGLQJ TC =
UHSUHVHQWDWLRQ RI [UDFW X g8 Amsyied —0—XFEM SIS

FRPSXWHG &2' YDOXHVQ®W HDry Sy WpspulLQl WKH :)( DO\WLEDC

0 D
H[DPSOH ZLWKLQ WKH GHILQHG L&WHYXEEGWAM kP Y H W W#@Qm WKH SU
LQ WHWKHOH SURYLGLQJ D FOHDU QXPHULFPEEN SUREOHP

UHSUHVHQWDWLRQ RI GLM@AODFHPHQW YDULDWLRQYV

IXPHUKBED@QDO\VLY %HWZHHQ ;)(0
7TDEOHRRPSXWHG &2' YDOXHV DWp K’/o%@ W X O W V
ZLWKLQ WKH GHILQHG LQWHUYDO
T [P . P 7R DVVHVV WKH DFFXUDF\ RI ;)(0 LG

FUDFN SURSDJDWLRQ LW LV HVVHQYV

UHVXOWY DJDLQVW D EHQFKPDUN VR

%(0 %(0 LV ZLGHO\ XVHG IRU IUDFWXI

SUREOHPV GXH WR LWV DELOLW\ W]

DFFXUDWH QWWAWVVIDEQ/WRHYV 6,)V z

PLQLPDO PHVKLQJ UHTXLUHPHQWYV g

DQDO\VLV EHWZHHQ ;)(0 DQG % (0 FDC
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QXPHULFDO GLVFUHSDQFLHY DQIERBBSRWIDAH RQVOIRWREHMWR FRQILQH(
HUURU ¥RERUFHYV ZDV FRQVWUXFWHG [IHDWXULQJ D Fl
7KH QXPHULFDO HUURU EHWZHAHRWUWDDOQRB CA@GULFDO ZHOOERUH Ul
UHVXOWY FDQ EH DQDO\]HG XVLIQQMWMEMW LRHD PR\QLIHYH HUURU LQ
VWUHVV LQWHQWLW&a IDFWRUV 6,)VKH LQYHVWLJDWLRQ H[SORUHG P
FRQILIXUDWLRQV WR DVVHVV WKHLU F

6LQJOH FUDFN $ VLQJOH FUDFN RULFE
DQJOHVY UHODWLYH WR ERWK D[HV 8

t*HUH), DQG, o, DUH WKH VWUHVV LQWHRYLM FUDFN DQRQHFBRDEMQWDW
IDFWRUV FRPSXWHG XVLQJ ;)(0 DRGPDW(RQ DQG JURZWK VWDWH ;)(0
UHVSHFWLYHO)\Y BOGRZIHQGLFDWHYV D KIJKHU  FupEn ¢ FRPSOH[ DUL

DJUHHPHQW EHWZHH@ WKH PHWKRGYoyROYLQJ WKUHH RU PRUH LQWHUDH
;)(0 UHTXLUHV DGHTXDWH PHVK UHIEQHP

HOW QHDU
WKH FUDFN WLS WR FDSWXUH WKH 3! J\XB%MH(\DQ\X/MVHL\NLVWIRBWKH PRGFH
&RDUVHU PHVKHV FDQ LQWURGXF\)/—\EJHI\I:-?) %@%&WULHHQVWZG SDW VS
HVWLPDWLRQ OHDGLQJ WR GHYLDWIHMPEWY 8 Pd
UHIHUHQFH YDOXHV 7KH FKRLFHKLRI VABQDEKRHQWPLQHY WKH EHKE
IXQFWLRQV LQ :)(WVDIDEEWVWEUWRN R ULMHQMIHG DG UHODWLYH WR
DSSUR[LPDWH WKH H[DFW VRO XWLRD K PSR MWD U HD[H FW LREXVLQJ RQ
RI WKH HQULFKPHQW ]RQH PD\DQKDWK W K RURFYSRGGLQJ FUDFN RSH
HUURUV HVSHFLDOO\ LQ FRPSOMH] WHBIF&N SCRUKYRQMIDOH DQG 8 YHU\
%(0 SURYLGHV KLJKO\ DFFXUDW I KRPROMWYH R X\ IHFEXHM B\ PRGHO ZLW
GHSHQGV RQ WKH ERXQ G DN G L \KROHW LD WORHG DY® NHQDO\]H KRZ YL
IXQFWLRQ DSSUR[LPDWLRQV 6PBROIQ\QHWHBONVDDI HFWRUWKHQQLWLDWLH
%(0 FDQ SURSDJDWH ZKHQ XVHG DNFDW HAHWHKQFKHI RIBVXOWY FRPSDU
YDOLGDWLRQ :)(0 LOQKHUHQWOW WDHSSRUAMHY PRRP-SMHIR YDOLGDWH W
FUDFN SDWKV ZKHUHDV WUDGLWXREDOFH® DRGPXQDB\WRICADO WHFKQL
RIWHQ UHO\ RQ VLPSOHU JHRPHWR LFD/SWXUH GHIRUPDWHRQ SDWWHU
PD\ FDXUHJKW YDULDWLRQV LQ FHDHNONORGSBIKEW LRQJOHY' FORVHU
SUHGLPWIGRRRP SDULQJ ;)(0 DQGSUWHMGRPLQDQWO\ LQGXFH KRULJRQWI
UHVXOWV SURYLGHV D UREXVW PKDPHZKUNKIHRY PROQEBWIQRIUHVVLY
FUDFN SURSDJDWLRQ VLPXODW LYRHQMNL%D O FROYRQHGBGW RI GLVSODFHP
HUURUV DGMXVWLQJ PHVK GHQMWWUWA FDOEN UMQUQHQJIJWKH FUDFN L
HQULFKPHQW VWUDWHJILHV WK DEFBROBP WR; WKHDRULIRQWDO D[L
EH LPSURYHG 7KH YDXUGDWWRQWMEQREEMVIRIQAI[IDO BQLPWKHON LQGXF
(0 VROXWLRQV UHPDLQ UHOLPEDFN IRSHRUDRBWLGDAWKH 8 GLUHF
IUDFWXUH PHFKDQLFV DSSOLFDVBILRGODFHPHQW FKDUDFWHULVWLF F
7KH FUDFN RSHQH@UW G &2S O DNHP
5HVXOWV DQG 'LVFXVVLRQ VIPPHWULF DERXW WKH KRUL]JRQWDO

1XPHULFDO PRGHOLQJ VHUYHVVW\PSVH#LYQF'?B\Q\E/'F% WYRWHG DORQJ

IUDFWXUH PHFKDQLFV RIIHULQJ MY A 1 & ,y\,a J E,':SWWOS\ FSH
IRU DQDO\]LQJ FUDFN EHKDYLR g Iﬁ? £ QN SDWK Q
,Q WKLV V)(E@DWKRASOR\HG WR Y \é)
4
%H 87

FUDFN IRUPDWLRQ DSHUWXUH R §%@§%§§WT#QDQJOH LQ
RCYBBIL W K H

LQ K\GUDXOLF IUDFWXULQJ SUR

(61) |‘:)(0 '%(OlIJ
© % (0 X
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E
YJLIXUH&UDFN SURSDJDMWQ® @ BDMKRSHQLQJ G LPBIDAN BERPHQMW DW D

7KH DQDO\WLYV IXUWKHU LQGLPLDWHMBVUKINMWMBHOREPPWQRQDQDO\VLYV
LV SULPDULO\ JRYHUQHG E\ YHBWIDRKD® &LGIOUBFMAHR@W GHPRQVWU
8 ZKLOH 8 GLVSODFHPHQWVRUHEGDVYQOOHHPIHQRWOHQ HDFK GLUHF)\
7KLY EHKDYLRU DOLJQV ZLWK QIQERHQHEIRQWEBDIRND RBKQHQJ
PHFKDQLFV H[SHFWDWLRQ@XHRU PRGH , ORDGLQJ

17 N
Crack opening displacement curve in Ul Crack opening displacement curvein U2
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—®—Path in X Axis direction —8— Path in X Axis direction

Displacement (mm)

D E
JLIXUH'LVSODFHPHQW DQDO\VLY FXUYH LQ ERWK GLUHFWLRQV

:KHQ D FUDFN L¥WLUUGHCDD W@ HYGH DWS HWDKZR B SDWK LQ ERWK WKH [ DQG
KRUL]JRQWDO D[LV VKHDU FRPSRQBQWNQODUHJDBRN URGXIFWGRQ DQG JU
DORQJVLGH WHQVLOH VWUHVVBVUHAWLNR FROKLEFXKUDMGLEQWHY WKH R
UHVXOWY ARGRLIUHBFWXUH EHKDMW.LRO O XK WWH WUHHE KIHQ VWKIHHVY LQWHQV
ERWK KRUL]RQWmM®» 8HUWEFDO IBFWRUV H[KLELW PRGHUDWH PRGH ,,
GLVSODFHPHQWY FRQWULEXWH VWRRWHD K BIK W YCHUUIXO® UFGB¥NDWLRQ TUF

OHDGLQJ WR D VIPPHWU\ LQ WKH FUDF

D E
YLIXUH&UDFN SURSDJDWPRRQQSHRWKKDIPBW P FUDFN DQJOH
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7KH DQDO\VLV VKRZV WKDW ZELOMFWKRQKRWUKDRQWERB DQDO\VLV SD
GLVSODFHPHQW UHPDLQV GRP D@D GWU HRW HRIQHGINDRD BY KIR Z V
FRPSRQHQW LV QR ORQJHU QWXMHLJAEDFHN RSIBQMXH GLVSODFHPHQV
LQWHUDFWLRQ EHWZHHQ WKH WSARI AW HRQ ZRQVKEMK HQD/Q BUMR\V LYV SD W
LQIOXHQFH WKH FUDPNJXURSD J W UR OMSIRQN
DQEVKRZ WKH FUDFN RSHQLQJ GLVSODFHPHQW LQ 8

Crack opening displacement curve in U2 Crack opening displacement curve in U2
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D E

Crack opening displacement curvein Ul
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F G
JLIXUH&UDFN RSHQLQJ GLVSODFHPHQW FXUYHV LQ 8 8 DORQJ][ DQ

7RDQDOWMKILW EHKDYLRU QXPHBSURDRPHMWHCGREFRXSOLQJ EHWZHHQ K
VXFK DV WKH ;)(0 FDQ EH HPSOR\HG LWROV LEXCIEDHFHP HDWS E
WKH VWUHVV DQG GLVSODFH P HQV OXH/OGA ¥ B R X\VQ IGHWALFDIFQITRFBH Q L Q J P
WLS 7KLV DSSURDFK DOORZV 7IRW RBHGHWIIDIGANSODFHPHQW LV P
XQGHUVWDQGLQJ RRGWKKRPGIEMEWZHHQ 8 DQG 8 UHIOHFWLQJ W
FRQGLWLRQV DQG WKHLUWHKIIHEWYO RKQ FK IRAN KIWRZ VWUHVVHV RQ W
([SHULPHQWDO VWXGLHV FDQ DR RRGSER YEBKDYDRXDEDXVHY D PRUH
LQVLIJKWY LQWR WKH FUDFN SURWIDIDWLRGE® OX® @HDWPWKE FUDFN WLS
PRGH ORDGLQJ %\ FRPELQLRUDFRXBHRISPBWIWA®QD GGE&UHQFUHDVH
VLPXODWLRQV ZLWK H[SHULRHQWWMDOKRBOGW®D FUDFN EUDQFKLQJ F
FRPSUHKHQVLYH XQGHUVWDQGL®HWOILEHBFB QDHKBPYVRGHPRQVWUDW H
XQGHU PRGHG ORDGLQJ WDKG EFRDMKULEXWLRQV RI WKH 8 DQG 8
IDFLOLWDWLQJ WKH GHYHORSPHRRMSRRJHPRWHDDHFRWDWE\ FRPSDUDE
SUHGLFWLYH PRGHOV IRU PDWHRUDR® QDOKIRQ SDUWLFXOQ UMDKH/ HQ VL'

YRU @™ FUDFN RULHQWWWLRQDSSWLHG ORDG DQG ADWHKHILDO SURS
RULHQWDWLRQ WKH FUDFN H[SHUQ® EFHVKRYVIQKH FRQWXPUYHV LQ EF
RI ERWK PRGH , DQG ,, ORDGL®J8UHVXOWLQJ LQ D



=HHWIWD O -RXUQDO RI OLQLQJI9RQYLURRPHQW

C E
J)LIXUH&UDFN RSHQLQJ GULUSQD&H BH QWL DAMFWLRQV

D E
JLIXUH7KH FUDFN RSHQLQJ GLVSODFHPHQW FXUYHV LQ WKH 8 DQG

JRUXBPFUDFN RULHQWDWLRQ :ENQPW&H FUDRMGNVNQJ LQ WKH YHUWL
RULHQWHG WK UHVSHFW WR WKHDRORMKRARQKNVDBVLEXDO VKHDU HIIHFWV
WKH YHUWLFDO 8 GLVSODFHWR WKHEMERPHVYU WRKHHQWDWLRQ 7KH
SUHGRPLQDQW PRGH RITKHUDFWKHRSFHQOEQNISURSDIDWLRQ LV VWURQJ
IROORZLQJ DLDREHOWOXVWUDWH WRMWK-BDPND[LPXP WHQVLOHWWUHVYV L
RSHQLQJ GLVSODGHPRVORV D WHFWIHDG LRI WR D PRUH SURQRXQFHG D)
8 )JLIXUH FUDFN RSHQLQJ SURILOH FRPSDUHG

,Q WKLV WKIHFWUDEN LV QHDUOD QG LIRWBQANMWXO O\ LQIOXHQFLQJ WKH
WKH YHUWLFDO GLUHFWLRQ VR SWKRFMVWQ VLOQH /¥ WRIHYQ HWQ GWKBWD IDY
VLIQLILFDQW RSHQLQJ LQ WKH 8UBBODBBWXRBEAD RPRIGOA WKKIRZV WKH FL
KRUL]RQWDO GLVSODFHPHQW B8RSIBQDOV DLYSEPREGEPHQW FXUYHV LQ
UROH 7KH VWUHVV LQWHQVLW\ (OFAWRWLRQYDUIJHO\ JRYHUQHG

C E
JLIXUH&UDFN RSHQLQJ GLVSODFHPHQW DRWRQJ 8 DQG 8 GLUHFWL
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D E
JLIXUH&UDFN RSHQLQJ GLVSODFHPHQW FXUYHV LQ WKH 8 DQG 8

$V WKH FUDFN DQJOMRT FVUKHD VHHYKIDRPHY XQGHUVWDQGLQJ RI FUD
PD[LPXP GLVSODFHPHQW RFFXUWHEOKWDRHWP\GLUHFWLRQ
DQG WKH KLJKHVW FUDFN RSHQLQJ GLVSODFHPHQW LV
REVHUY KB DWHVH FKDQJHV LQGLEDMAW WKEURIN i$QWIBVE RQF N
LQIOXHQFH RI FUDFN RULHQW D WIRRP R\WY L\RQ REWH B WAHW U EXWE R Q
DQG ORFDOL]JHG GHIRUPDWLRQ BXPHULFDO DQDO\VLV DOVR

UHYHDOV WKDW ZLWK LQFUHDVLQJ_FU H
JURZWK SDWK DOWHUV DQG VWYY Vﬁuﬁ\mﬁgﬁf%%ﬁgjﬁ
FUDFN WLISHYQWR@WIOWLDOO\ O %L w RSDIDWLROQ |
LOQVWDELOLW\ DQG DFFHOHUDWH tay é@lg &4%@&@ L EwWHG IR
QU 3%$GGLWLRQD00\ FUDFN IRL
FDQ IF
E%%HB }Ly% %%pgéﬁﬁvpgﬁ“% HU EH\
RUPDWLRQ DQ
/()0 $V WKH DQJOH LQFUHDVH Wé |
RSHOLQJ PRGH GHFVKBBHVRIG HOHOYA YIS Bsvp R 2w i JBBID F N

ULWSHMRPSWLQJ JUHDWHU FUDFN B R 59r_9 M Ul;(L)vE/)\réVL\\/(vi(
ZLWK WKH PD[LPXP FLUFXPIHUH VXU IDEH\
SUHGLFWLQJ JURZWK WRZDUG PDI{, R OHVLVWLOJ F
1XPHULFDO PHWKRGV OLNH ;)(0 3 m/ oty

NHOLKRRG RI UDSLG
WKLV WUHQG VKRYQQ@JILQRGKDWM
ZLWK ULVLQJ DQJOHV LPSDFWL FF‘NBHHWW*E?&LL%GDWE SURSDJD!
VIWDLQ HQHUJ\ YUHGWDWH LN LOVUPENWMWORRPSDUDWLYHO\ ORZ DQG \
PDWHULDOV J/LQNLQJ WKHVH RRGHO JZ/RXPE VEKRRWHKUOLG XDO GHERQC

PHFKDQLFV WKHRU\ YDOLGDWH VRO XBPFGHD ¢ URR &VHO V MWDV XV R1 F|
GLVSODFHP HYMKRERULRU

7KH FUDFN DQJOH UCRULI@D
XQGHU YHUWLFDO W Q\QLFODH.
FULWLFDOO\ DIIHFWV FUDFN JUR
DV H[SODLQHG E\ /LQHDU (ODVW

D E
JLIXUHB6WDWXV RI FUDFN JURZWK DQB GLVSODFHPHQW FXUYH
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,Q WKLV VFHQDULR WKH VWUHYV¥$WQWHAKQH IF’WD AINFWBRSBJDWLRQ EHF
IRU ORGH LV GRPLQDQW DV WH@WVOHEUWUBNVWHKVD VLIQLILFDQW GH®

SULPDULO\ DFW WR RSHQ WKH FUKEN BRKDPREWULEXWRKOXRRFHG E\

ORGH ,, 6,) LV PLQRU GXH WRQ\R/RPiD H}éWUHVV DFWLQJ SHUSHQGLF

SDUDOOHO DOLJQPHQW RI WKH ;ﬁ&ﬁg G%@Q%gféﬁ@“"ﬁu%\’\éw

VWUHVV GLUHFWLRQ 7KH F FKHG DQG H[FHHGHG
[ UHPDLQV PRGHUDWH

CHI . HD G WDEOKHSURSDJD
VORZHU FUDFN JURZWK 7HKH PDV@W%IW %{3{) QH?/ RZWK D DQG GL

LV QRW IXOO\ XWLOL]HG *DV W@WW@WW\KQE@Q—U@/H UDWH
VWDWXV EHORZ WKH FULWLFDO YDOXH HQVXULQJ D VWDEOH
FUDFN SURSDJDWLRQ SURFHVYV

D E
JLIXUHB6WDWXV RI FUDFN JURZWK DRG GLVSODFHPHQW FXUYH

,Q WKLV FDVH .EFWIG ORGH ,,, FUDFN RULHQWDWLRQ KDV D VLJQLILF
6,)V FROQWULEXWH VLJQLILFDQWDURER/ KV EH KDUWOLRN JURE WHB FW X UH P H
FUHDWLQJIJPRGAL[HWBUHVY VWDWHVWIEOHIHFEBWENHIURZWK LV REVHUYHC
6,) LV PXFK KLJHKshiU W\DKXD/QLQ:M\WUHVV LQWHQVLWLHV DQG JUDGXDC

S HII

JUHDWHU VWUHVV LQWHQVLWLHY X K g‘g/ L{Eﬁé&
WLS SODVWLF |RQH DOVR H[SP JD Q H‘
LOQWHQVLILHG VWUHVV FRQFH DWR ZWK
XQVWDEOH JURZWK 7KLV UHV J;}Ef % DFFHOHUDV
GLVVLSDWLRQ DQG D ODUJHU H[W BVFM[BJJ'*QEHKDY
ZKAEK LV FKDUDFWHULVWLF RI EUPW é’lﬁ’%ﬁFWﬁ@ﬂUWK

KLIK VWUHVV7KRQWHOWWWLHAVUHYHDOV WKDW

7DEOHRPSDUDWLYH $QDO\VLV RI VWDEOH DQG XQVWDEOH FUL
3DUDPHWHU ® GWDEOH *URZWK ® 8QVWDEOH *URZWK
BWUHVV LQWHQVeRGHHRWKRGRPLQDQW +LJK, PL[ARBGH.

JUDFWXUH*HQHUBHDFKHG VORZO\ VWDEPHHBEHRZ WXLFNO\ XQVWDEOH JURZWK

7TRXJKQHVV 3DUWLDO )XOO XWLOL]DWL
&UDFT /LQHDU SU 'HYLDWHG D
30DVW 6PDOO DQ(C /DUJH ULVN

OXOWRSDHNFRPSOH[ DUUDQJHRMQMAIVY GLVWULEXWLRQ QHDU WKH F
LOYROYLQJ WKUHH RU PRUH LOWHWHFWILRD FUDFG VFBDFN RSHQLQJ F
6 DQDO\VLV PXOWLSOH FUDFNV DUH SL

XPHUL
,Q WKLV VFHQDULR WKUHH Fuvggé\ﬁw %\SS@WP\Q UHG 7

FUDFN IRUPDWLRQ DQG JURZ
H I§3LY-IW RG $EGRO(
GLVSODFHPHQW LQ WKH 8 GLU DQ H L6QWHUSUHW}
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)(0 DOVR SOD\V D VLIJQLILFDQW SRROFDUQ WHK HX Q WKHHWL FBEQ WKH SUHG
PRGHOLQJ RI IUDFWXUH PHFKDRHE®VVEUREOBFEN LQLWLDOO\ JURZV
HITHFWLYHO\ SUHGLFWLQJ WKH ISROM R WIOR® D QUK H WRZW KRRIWD O D[LV

ERWK VLQJOH DQG PXOWLSOH FDBS5NRIFNHWINWEHRXN GIQMPHVEXWLRQ L
7KH FUDEFN RSHQLQJ GLVSODGHBHPWLRDQGHFUWBVHY ZKLOH DGKHYV
SURSDJDWLRQ JHQHUD®OWR QF&JHDANH SURBPDIDWLRQ DQG FUDFN RSHC¢
DSSUR[LPDWH\BR@G FUDFN JURZWRWPH\GLUHFWO\ LQIOXHQFHG E\ WKH

FHDVH GHSHQGLQJ RQ WKH DOWRXRHKQMWYHKW AN HMQ BKBXVWUDWH WK
DSSOLHG ORDGLQJ SDWK DQG DA PSHWHIEAHIEFQBENFULRANVK DQG VWD)
DQJOH ,Q VXFK FDVHV FUDFN\FUDFN | RRIPRIEW WR Q ROW

D E
JLIXUH$V\PPHWULF FUDFN JURZWK DRWD¥W DRUHPRUIWWKE® BWOWLSOH

'KHQ WKH 6,) UHDFKHV D FUHWL.HAQG"IMHUHY KRQG\ WKH VHFRQGDU
FUDFNV H[WHQG DORQJ D SDWK SHWSINPL\QH G R LW KHWKNHU HQYWLDO FU
ILHOG 7KH SUHVHQFH RI PXOW LLS)BEH AMWLHIID BYW LQIEPWIDRNAVHG |UDFW)
PRGLILHV WKH 6,) GLVWULEXWILXERS VDL PDFOV VU HWKHGLVWQLEXWLRQ
GLUHFWLRQ DQG UDWH RI FUDF NI UIRIZANWK HA ROMIEKIN Q GKKIY LROQWLD O FU|
EHWZHHQ XWIDFMY FDQ UHVLVW SRR SWHIRA RK E\YHUWLFDO D[LV WK
UHGXFLQJ FUDFN RSHQLQJ GLVSODFMPHQWZ UEHXWLWKBIL QLWLDO FUL
KLJKHU DSSOLHG VWUHVV WR GUL®B LQRZWR GH BPVMR-UH DIOOW LPSUR
IUDFWXUH WRXJKQHVV ZKLFK GREWP QWP WMRQ UHRK/ILYWHDOFEH BIROD QFH
FUDFN SURSDJDWLRQ GHWHUP LKMHI/K BAKIH LIDQ HUKMH QHHMGHBR VHOHFW D
IRU FUDFNVHWRLDIGHD QB DFW XU HX @R RUPQBIY & UIFIRFMMXULRD DUHREZ W K
PHDQV JUHDWHU HQHUJ\FUDRMTX$UHE [WDPWRWH DQJOH RSWLPL]H
VFHQDULRV ORFDO VWUHVV FRGRHGWUDWLRQ V E)\Q IHXKMFHL &K HV W U H'
FULWLFDO VWUHVV LRO/WEVLYI SIMFRNDELOLW\ DQG IUDFWXUH FRQ
SDWKV DQG YHORFLWLHYV SRWHQWLDOO\ ORZHULQJ EUHDNGRZ(

JLIXUHOOXVWUDWHY FUDFN JURQWXHL @ XSBROWNVSQPRRWKHU FUDFN
FUDFN FRQILSIX'UDMHLRQ bW & GHIOHFWLRQ DQG DO IH QW2 WXDFW XU F
VKRZ WKH PRVW HIIHFWLYH SURSDUAWL RQH®BW VWPHQ QP LWIKMI VWUHVV
LQLWLDO FUDEN DOLJQV ZLWK WHIH KNR WL WY WO PR[UAM XZKUAHP SURSD
WZR VHFRQGDU\ FUDFNV H[WHQGKH \PPWWQWFDROOEWDWWDNGRZQ SUHV\
StIMURP LW 7KLV VHWXS HQVXUBW YMDEO R Q@ WRANKDIQERWURS\ DQG
XQLIRUP FUDFN RSHQLQJ KEZ&KOLDMWHUDIFWWRE RI PXOWLSOH IUI
LPSRUWDQFH RI DOLJQLQJ WKH BQB&DWQ RRYU DW K IR XK WWHUHVY VKD G
D[LV 7KH V\PPHWULFDO VHFRQ®BIG\L ¥ WDEEXVWBHER VRWUH VYV DOWHUV WK
EDODQFHG VWUHVV GLVWULEXWERQVDIGHFRQ AIJ® GIQ W& H UDIFRSHGH R U
H[SDQVLRQVLQXIWHM YV FRQILIXUDWIREOWLY JL GHDONXUH VSDFLQJ QHW
IRU SUHGLFWDEOH DQG HIILFLHQWLGUDENQYSREMWI DIMQ® PHFKDQLFDC
7KLV LV LQ FRQWEDDW GWE&HFW JBRKV K QG WO BDQI\ GHPDQGY DUH DOVR
OHVV IDYRUDEOH VFHQDULR ZKSHQUDHLWEKHD LKW UIR® H WLIF UHV R X UF H
DOLJQV ZLWK WKH YHUWLFDO D[NWURBW XWHFR YGMELPDUBENVKLY VFHQ
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VLIJQLILFDQFH RI FUDFN LQW HUDKFNWLLR@V [DXRGES |WKFHEXUH WRXJKQH'
UHVSRQVH WR YDU\LQJ DQJOHV LKAV LRQWHRG OBV RIDEL,DWLRQ DQG DU

H |
J)LIXUH7KH VWDWH Rl PXOWLSOH FUDFN B8 HQION DGDSMLRSDWRWW RE P QD

6HQVLWLYLW\ $QDO\VLV , WKH HODVV(/LFVRHGMOW(R/GXOXV

7R DVVHVV WKH VHQVLWLYL \Q | KU WKDQHWLKHF
YDULDWLRQV LQ PDWHULDO SUR H H%\IVWI—%%\HGLQXP
ZDV FRQGXFWHG E\ V\VWHPDW é L eLx
HODVWLF PRGXOXV VKHDU PRG \ﬁ)’yuﬁ%%H e
IURP WKH JL Y HDEOBIR X HVKIHOV H Q Y
DQDO\WVLYVY RI WKH PRGHO WKH \SVD'DWIVV\WRJ W\DVDHJI-EH|RUH WKH
VIVWHPDWLEDOO\ YDULHG UHODWDWH MR WXFHJEB Y IQWXDGED OXMN S WL
SURYLGBEOAKHDFK SDUDPHWHU LV&WRYWHECHRIAHE 3RLVVRQPDWHWDWLR
ZLWK D UHGXFHG YDOXH DQG R®EHKHAUWWKD® BKHY HLWHE YDOXHV W
YDOXH FRPSDUHG WR HQHH \VQVOHBWOH YWHOWHVDY  WKH VWLIIHU PD
UHY HD O HREZ WKH WREIQ G V GHIRUPDWLRQ PRUH HIIHEWLYHO\ ,Q
WKH VROXWLRQ UHDFKHY WKH WDUJH
7DEOHQSXW SDUDPHWHUV IRU VHOWILWEHY LWKBIQBODHAN GRHY QRW VWDUW

3DUDPHWKDWXHWBDUDPHW DD XHV UHPDLBNDRQWGXUHD 7KH WDUJHW
( *3D ( *3D LOQFUHPHQW LV DQG WKH VWHS WL

* 03D * 03D LV DVVXPHG VHFRQG
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D E
J)LIXUH&UDFN RSHQLQJ VWDRWH DORG B HP QB DRHGL QF DIIEVEH G

7KH VWUHVV GLVWULEXWLRQ DBRRPQG]MGK BV WIKHL OW DSWUW VS LLQQFH ¢
VLIQLILFDQWO\ LQIOXHQFHG E\DWKGHUHORNMQLFFPRENRSHQLQJ 3RLV\
VKHDU PRGXOXV DQG 3RLVVR@PDOULHULBR M BEXWHVLMY GHFUHDVH
SDUDPHWHUV GHWHUPLQH WKH WRQIF&BWU D QYGREHDRUP BWRRN DSHUW X
EHKDYLRU RI WKH PDWHULDO $QOHRYZGM M R DE/MWA W HPIR &/X\OXHN YV UHGLV W
RU VKHDOXPRGKVXOWYV LQ UHBGHKEXEW LVRU H\QY JFUDEFOH R7KHHY H
FRQFHQWUDWLRQ D PRUH GLIIXNKG VWWHWKY JIKE DKW QVKBQQHFHV VL)
LQFUHDVHG FUDFN DSHUWXUH GEKG®GIHFWRL QUK IR DRADHAUHLDIOD G WR SHUW L HV
KLJKHU FRPSOLDQFH ,Q FRQWUDDWWXUBKPRGHDQRHW ®E VWUHVV DQ
WKHVH SDUDPHWHUV FDXVH VWUHVV WR EHFRPH PRUH

7TDEOHIIHFW*RD QG YDULDWLRQOQV RQ VWUHVV DURXQG WKH FUDF

3DUDPHWHU FQW&J*EYV FRQFH QWU PR B sURaemMiUHVY ILHOG HITHFW

UDFN WLS

. : U VWUHVV LQWH 6WUHVV VSUHDGV RYHU D ZLGHU
7 ( ORZHU VWLHgEéH GLIIXVH V\é /%\(JIU\M\U DL

9( KLIKHU VWLPb@Hﬁ/%/HU VWUHVYV LQW#SabWﬁWUHVV FROQFHQWUDWHY DW WKH

H ORFD. UDF
' * ORZHU VKHDUSHGXFHG VKHDU URVI VWP QRMRUH VLJQLILFDQW ORGH
UHVLV PRUH FRP VKHDU
9* KLJKHU VKHBULJKHU VKHDU UHVLVWRQAFHQFUHDVHG VWUHVV FRQFHQWUDWL
UHVLVWDQFH ORFDOLJHG VWUHVV W WKH WLS
, %F?SL']JKW LQFUHDYHs bR 3Y 'OV 3V FHHE ODWHUDO FRQWUDFWLRQ

~ 60OLJKW GHFUHDVH LQ H V UHGLVWULEXWLRQ UHGXFF

9 1 FROFHC VI A WS {/g@ﬁéﬁ&'

&RQFOXVLRAQ FRQILJIXUDWLRQV WKLV UHVHDUFK D

PHEKDQLVPY LPSURYH DQG
XQGHUVWDQGLQJ RI FUDEN JU@ UIBgiE IRUPDWLRQYV

IUDFWXUH PHFKDQLFV SULQFL Q GUDXOL

IUDFWXULQJ RSHUDWLRQV ,Q WKkV&VWKG\RUWKRWDPWHRGHSOD\V D FU:
JLQLWH (OHPHQW OHWKRG ;)(0 ZDVCHMGRUREQIRURSDIDWLRQ FKDUDF
VLPXODWH FUDFN JURZWK DSHUWXLR@R%WEH%EN‘DQVG@@D/\#W SURSDJDW]|
SURSDJDWLRQ PHFKDQLVP GXUL%KLOH\ kg | BQIJOHYV LQWURGXFH F
IUDFWXULQJ SURFHVVHV 7KH ILQGLOIYHSTRYIYERYFuLwWLFDO
LQVLIJKWM LEBMRFWEKRI FUDFN RULHQ@WOQIDHRRU RFQF™VFH QD D@ D W
SURSDJDWLRQ ZLWK D IRFXV RQ RSWHYP® H® DWKDHQ JOHMLFDO GLVS
WKDW PD[LPL]H SHUPHDELOLW\ DQGGCRPEQVURWHV | BHIFRNXRIFHQLQI ZLWK L1
SHUIRUPDQFH %\ LQYHVWLJDWLQJIM'MFTWMWRRY WKHPRYOH ULVHV

1XPHULFDO VLPXODWLRQ RI ’E\g L'ﬁ[,': DJ a XVHGKHL%F,}E;GUUD

PHFKDQLVPV GXH WR K\GUDXOL L;/,\E) 1, é\éb%é%LQJ D EHV

RI DW PRVW LPSRUWDQFH LQ J TBXHQFH 1UDFWX
{
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« 7KH VWDELOLW\ RI FUDFN JURZWKORQWUIRFHBDLWE 7 HW DO
RULHQWDWLRQ ZKHUH FUDFNM DRW XUWPLDIIO H §Q D GIIENER BOLJH WX HRKQ R OR
SURSDJDWH PRUH HDVLO\ ZHKWURDWXPNERWBHHYNG IURP
DSSURDFKLQJ RU{rH[&FHFGLWH

V. OLDQ *RYHUQPHQW
DGGLWLRQDO VWUHVV WR VXVV?L?%IQWJ%LWIUDFNLQJ WHFKQLTXHV L¢
« +Q PXOWLSOH FUDFNxPMD®GIXWHVXRYQMPBIWWY DQG JRYHUQDQFH DUUDQ

m
str FUDFN LQWHUDFWLRQ HII#'TSWV—LVA' walgj_l%D%WC,}\ 6HDUOHV . + :

LQIOXHQFHG  JURZWK  EHKLQYJERU v '"HYHORSPHOW DOQG

K OH
UHGLVWULEXWLRQ — DQG  IUBty80n OHWARYY xoLF  1UDFWXULQY
FDSDELOAW&HY &RPPXQLW\ &RQIHUHQF
. &UDFN RSHQLQJ GLVSODFHPHO®& LQEUHDVHG ZLWK
FUDFN DQJOH XS WR' DEFS\BRG P.DW H Q o L _ .
ZKLFK SURSDJDWLRQ ZDV VRPHW@{PH*%HHQJ%'H_E%&/GB()@ KX + =KDQJ "
WR VWUHVV DO IH[QF WQWJZILVDK X LFXODWLRQ RI'LQWHUD
[@VWQW BXHHEW XUH DOG QDWXUDO IUDFWXUH EDVH
x 7KBtrmFUDFN DQJOH SURYHG WR QLN KD HRRGW OQDHONKREDWXUDO *DV 6F
HITHFWLYH IRU HQKDQFLQJ $HSP HOEL@HME @D G

SURPRWLQJ VWDEOH FUDFN SURSPJIDVLRQ LQRKNGHRXQLF IXPHULE
IUDFWXULQJ DSSOLFDWLRQV  p " |UDFWXUH SURSDJDWLRQ GXULQJ K\C
x $ GHFUHDVH LQ HODVWLF PRGXROSHURW VRKAY UL > NEROIKHWQDW VRQWBP-RXUQ
LQFUHDVHY FUDFN DSHUWXUBRBNXHWHRKRD QLFE XFPI& OLQL QJ 6FLHQFHYV
VWLIIQHVV ZKLOH DQ LQFUHDVH £Q MikH \H _SDng)PH_WHLéy{XQLV -
GHFUHDVHV =~ FUDFN DSHUWXP—HXS%E‘HGPJ)(&DO[PV& % IRU PXOWLSKDVH IOR
GHIRUPDWLRQ JHRPHFEKDQLFV LQ IUDF W XSWHRGE MALIXW JDV
« 3RLVVRQYTV UDWLR KDV D PLQRURPSIMWMU BEWHKQBRZHU
YDOXHV VOLJKWO\ LQFUHDVLQJ F DE%\&BBHUV\@XUH D bE 0

< Q '
KLIKHU YDOXHV VOLJKWO\ UHGQXREQA/WH D\}V‘Ef%bFPU‘bLFQK%S REOHP WKURX.

PDUJLQDO VWLITHQLQJ HITHFW g\wyxFWXUDO (QJLQHHULQJ DG OHEKDQI
7KLV VWXG\ FRQILUPV WKDW :)(0 LV D UHOLDEOH
QXPHULFDO PHWKRG IRU PRGHOL Qg K3BEHRIOHEL ERREWXUHw po

EHKDYLRU GHPRQVWUDWLQJ KRAGUDXEN FDIQHE WX U Y W RBMEMYPHOD ROH IRU
GLVWULEXWLRQ DQG IUDFWXUHKLBHEXDOQGF®YS D R PHNH UV

JRYHUQ IUDFWXUH HYROXWLRQ +@Z§@—§2U . OLPLWDWIRQV ., . )X
VXFK DV PHVHKQEHSHRQYHUJIHQFH oY oLROYHVWLIDWLRQ 1RU VLPXO\
FRPSOH[ FUDFN JHRPHWULHV DQE&uUWXILAHIFRPWXRE Rb-RXOWDOOH KRU
IOXLG IORZ LQWHUDFWLRQV DIk EWwXWOD DRFEIPIFRPQG (QILQHHUL
UHVXOWV )XWXUH UHVHDUFK VKRXO W H UHka IOXLG

s < 5\ SOHPHOQ\
VWUXEWXUH' LOWHUDFWLRQV D&pgﬁgﬁ&@égwﬂwawﬁmQHVSZ
SURSHUWLHV WR LPSUR)YH BQ@Q f:l\'ty D FXUREOHP RITD IXQFWLRG
K\GUDXOLF IUDFWXULQJ VLPXODMARADL Q 6@/ HAODEQG &RPSRVLWH 6WUXFW

+

S5HIHUHQFHV §

> @ <D\ODFL 6LPXODWH RI HGJH DQ
> @ /HFDPSLRQ % 'HVURFKHV - LHQHUQDOXHUBPNGSWREOHP DQG HVWLPD\
%URZQ - ( (YLGHQFH RI WoKAHWIRRSWHWRRFHIRQLWH HOHPHQW PHWK

QHBHOOERUH IUDFWXUH JHRPHWU\5HNRPD WKKHRU\ ODE DQG

ILHOG H[SHERFLHWWVRI 3HWUROHXP (QJLQHHUV. .
"RXUODDUF Kz P @LNE5Ys o <piobFo ( 8 g]GHP

g]W+-UN 6HVOL + 9LEUDWLRQ |
>@ :DQ &RXSOHG VLPXODMIIRE\\RH VKRG YBOXOHBP ZLWK HGJH FUDFN
IUDFWXULQJ SURGXFWLRQ DQG D QUHPXDMN WL R U S HW B HWIURE SPRHAVGIRR/G W
XQFRQYHQWLRQDO UHVHUYRLUV >'RRWKERX GHY VHUWDWLRQ@

>@ -RVKL 6 &RVW EHQHLWYV RHHRIN]JRQWDO)DWHKL 0ODUML 0
ZHOBRFLHW\ RI 3HWUROHXP (QJLQHHUV -RXYW@N®LIDWLQJ K\GUDXOLF IUDEW
RGXF HQKDQFHPHQW RI  XQ
> @ 86 (QHUJ\ ,QIRUPDWLRQ $GP G %Q
OWHUQDWLRODO (QHUJ\ 2XWORRN K\ LUF?%FLE)\%% WHYHUYWLEQDO 3HWUROL
*HRPHFKDQLFV &RQIHUHQFH
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> @ )X\DG 6N 7 0 HW DO > )@Q WO HHOWPHEWDQ 2 'HYORR 3 5 %
DQDO\VLV RI UDWFKHWLQERQGEIDR X GHU EHQGYQOXDWLRQ RI WKH LPSDF
ORDGLQJ FREGUWAWRYDO (QJLQHEBMSBQGBQW SHUPHDELOLW\ RQ UHVHUYR
OHFKDQLFV # LWHUDWLYH FRXSOHG UHVHUYRLU JHRPF
* *

> @ )DWHKL ODUML 0 /DN O ﬁ ngDQFLF kBQC "HRGKUILFUQRU *HR
H[SORVLYH IUDFWXULQJ WHFKQLTX % SYHAMYRU kLIKO\ ORZ

SHUPHDEOH UHVHUYRLUV XVLQJ DQD@\WLFDO/LGLVSODMHP HQW $ UHYLEF
GLVFRQWLQXLW\ DQG ILQLWH GLIIHWHQFGHGERXNSQAM MHOMPR®W PHWKRG R
-RXUQDO RI 3HWUROHXP *HRWHFKQPE¥URFUDFN JURZWRKHREPXWDMOL®R QU QG

> @ %HQRXLV $ HW DO LG OW B LGP Beb 8P QLFY

RI WKH EHKDYLRU RI HOOLSWLFDO ¥ U® F NoH & PVD\DFKMLRQ J7 | URPDWIKHH 5 9HQW
RUWKRSHGLF FHPHQW LQWHUIDFH $LQUNWRWPRORKLE[WHRGWBHMHMHUDOL]HG
BWUXFWXUDO (QJLQHHULQJ#D QG OHPKIMKIRGN IRU PDWHOR®BO PIREH QG

> @ <D]GDQL 0 )DWHKL opuMmL o° WPV LERQ L&YY HULDOV 6FLHQFH DQC

0 6LPXODWLQJ WKH K\GUDXOLF IUDFWXULQJ
PHFKDQLVP DURXQG WKH K\GURFDUE®BQ:XHOOERDEY ZLWK *XR <
HPSKDVL]LQJ LWV HIIHFW V- RQUWE B WHYQLG B URIG WAL RQWHQGHG ILQLWH HOH

RI 0LQLQJ DQG (QYLURQPHQW DQDO\VLV RS 8 WQXHFG BH FKDHUIENVONVQ G 0D W
> @ *HUDOL ) +\GUDXOLF IUDFWXULQJ

(QJLQHHULQJ DQG 7HFKQRORUJ\ +L VW RAJ\ 'DIAMD XE\W BLWWHBHY Q G ORGHO!
“DQXDU\ IDLOXUH  ZLWK  $EDTXV 5HWULHY H
- @ obLwL & . ‘HWHUPLG A ,Z.ZZXf:.W.H.rI_:ilégLD FRID PWRUBLQJ PR
LQWHQVLW\ IDFWRUV ,Q )UtDFWXUH %G

&DPEULGJH 8QLYHUVLW)\ 3UHVV %HO\WVFKNR 7 ORsV 1 8VXL 6

> @ SLWFKLH 5 2 /LX ° 800’#%%%@’0 RRXUODO 1RU IXPHUL
IUDFWXUH RPOFKDQHB YV

(QJLQHHULQJ+
> @ 6LQJK * =LPPHUPDQ 5 : .
ORGLILFDWLR Q@ FRIOLQWRWK PRGHO A’RXQGDU\HOHPHQW'RUPX

FUDFN JURZWK XQGHU FRPSUHVVL ﬁSDF L{fégpﬁ(},‘%‘?%@ REOHPV >'RF

VOLS DORQJ W KHVHUWIDINWIDRE@NO -R X S MG DX WKHVHV SHWULL
OHFKDQLFV DQG OLQLQ#Y 6FLHQFHYV

OODKLSRXU 6LPXODW

> @ ODQRXFKHKULDQ $ )DWHK
IXPHULFDO DQDO\VLV RI FRQILQH ’:{{@?L%@FLNfRLFQWE\UGDUODthl\:/,
SURSDJDWLRQ PHFKDQLYVPFUDRFMNHG [ED§

URFN XQGHU HRR\SD WUV KRQLFD 6LQ

‘XHEDR + DVVDXOW 6\WWqPHV ORGHOLQJ IUD
> @ OF*LQW\ % /IRDGLQJ PR(:ZILTVK$ED56\6

SHWULHYHG I¥R® ORKDPPDGL 6 (IWHQGHG ILQL
KWWSV ZZZ IUDFWXUHPHFKDQLFV RHWRRGH)YRU KWIPFKONXUH DQDO\VLV RI VW
> @ $QGHUVRQ 7 [/ yUDEWXBRLENERDboLFY

)XQGDPHQWDOV DQG DSSOLFDWLROV@ WKRIQRPLGBDVORU - 1ROWH . *
JUDQFLV SHVHUYRLU VWLPXODWLRQ UG HG :LOF
> @ )DWHKL ODUML O 5RFN PUDFWKEHVRHREKD-QLBWDGRZYV ' /|  %UXPC
ZLWK GLVSODFHPHQW GLVFRQWLQX-I—.M/GEP\PH)\M/I{RGG 9HQGLWWR - -

- @ )HQI ; )DWHKL oDUML %(%% %gﬁ HEKDQLFY YLHZ 3URFHH
5RFN PHFKDQLFV DQG HQJLQH

> @ $OoL $ 5SDMDNXPDU & H W% v SRRNH E JUszf/(r?
HOHPHQW PHWKRG $SSOLFDWLRQV§ %%me& 0 -RXUQD
9RO )UDFWXUH

> @ ORsV 1 'ROERZ - %HO\WVFKNR 7

ILQLWH HOHPHQW PHWKRG IRU FUDFN JURZWK ZLWKRXW
UHPHVKIQWHUQDWLRQDO -RXUQDO IRU 1XPHULFDO

OHWKRGV LQ (QJLQHHULQJ
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