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Abstract

High specific strength metals and alloys with face centered cubic (FCC) and hexagonal
close packed (HCP) lattice symmetry are gaining significant interest in the transport
and aerospace sectors because of their excellent strength-to-weight ratios and improved
durability at high temperatures. However, the widespread application of such materials is
sometimes impeded by their low ductility and poor fracture toughness. These constraints
stem from the distinct crystallographic characteristics, which for HCP crystals limit the
availability of easy slip systems and leads to activity of twinning. Moreover, for some alloys
with FCC symmetry, despite their high lattice symmetry, the initiation of twinning results
in low ductility and fracture toughness. A better understanding of the void growth failure
mechanism in these highly anisotropic metallic materials will facilitate the reduction of the
aforementioned limitations. Therefore, this thesis focuses on exploring and elucidating the
connection between crystal anisotropy and the processes of void growth and coalescence
that lead to ductile damage in polycrystalline metals, utilizing numerical analyses and
micromechanical models.

Numerical full-field calculations are employed to investigate porous FCC and HCP
crystal structures, using both 2D plane strain unit cells with cylindrical voids and 3D unit
cells with spherical voids. This method allows for an in-depth analysis of how boundary
conditions, crystal orientations, and initial void volume fractions impact void evolution
and stress or strain heterogeneity in these materials. To achieve this goal, a rate-dependent
crystal plasticity constitutive theory is considered. The theory incorporates slip and twinning
mechanisms, accounting for their mutual interactions in terms of hardening laws and the
lattice reorientation effects due to twinning.

To predict the macroscopic behavior of porous polycrystals, a micromechanical mean-
field model is formulated. At the single porous crystal level, an additive Mori-Tanaka
scheme is employed to capture the elasto-viscoplastic response. In the second step, an
additive self-consistent scheme is implemented to estimate the overall behavior of the
porous polycrystal. The numerical implementation of this model at both stages is detailed,
offering a comprehensive framework for its application. Predictions from the mean-field
model are validated and analyzed against full-field numerical computations. Moreover, a
novel GTN-type yield criterion for porous crystals is formulated using a micromechanical
approach, with model tuning parameters calibrated via full-field unit cell calculations.
Comparisons are drawn between the newly proposed model and existing models in the
literature. The findings from this research hold significant potential for predicting the

performance of porous polycrystalline materials across various loading scenarios.



Streszczenie

Metale i stopy o wysokiej wytrzymatosci wiasciwej o sieci krystalicznej regularnej
$ciennie centrowanej (Al, ang. FCC - face centered cubic) i heksagonalnej zwartej
(A3, ang. HCP — hexagonal close packed) zyskujq duze zainteresowanie w sektorach
transportu i lotnictwa ze wzgledu na doskonaty stosunek masy do wytrzymatosci i
zwiekszong trwatos¢ w wysokich temperaturach. Z drugiej strony szerokie zastosowanie
takich materiatow jest utrudnione przez ich niska ciagliwos¢ i staba odpornos¢ na pekanie.
Ograniczenia te wynikajq ze szczeg6lnych cech struktury krystalograficznej, ktéra ogranicza
dostepnosc¢ tatwych systemow poslizgu i wywohuje aktywnosc¢ blizniakowania. Co wiecej, w
przypadku niektérych stopow o symetrii FCC, pomimo ich wysokiej symetrii sieci, inicjacja
bliZzniakowania skutkuje niska ciagliwos$cia i odpornoscia na pekanie. Lepsze zrozumienie
mechanizmu uszkodzenia na skutek wzrostu pustek w tych wysoce anizotropowych
materiatach metalicznych ulatwi redukcje wyzej wymienionych ograniczen. Dlatego tez,
niniejsza praca skupia sie na badaniu i wyjasnianiu zwigzku miedzy anizotropia krysztatow a
procesami wzrostu i tgczenia pustek, ktore prowadza do ciggliwego uszkodzenia w metalach
polikrystalicznych, wykorzystujac analizy numeryczne i modele mikromechaniczne.

Obliczenianumeryczne metodq elementéw skonczonych (MES) sg stosowane do badania
porowatych struktur krystalicznych FCC i HCP, wykorzystujac zaréwno dwuwymiarowe
komorki jednostkowe z cylindrycznymi pustkami w plaskim stanie odksztatcenia, jak i
trojwymiarowe komorki jednostkowe z kulistymi pustkami. Ta metoda umozliwia dogtebng
analize tego, w jaki sposob warunki brzegowe, orientacje krysztatow i poczatkowe udziaty
objetosciowe pustek wptywaja na ich ewolucje, jak rowniez niejednorodno$¢ naprezenia w
tych materiatach. Aby osiagnac ten cel, zastosowana jest teoria plastycznosci krysztatow
wrazliwa na predkos¢ odksztatcenia. Teoria ta obejmuje mechanizmy poslizgu i bliZni-
akowania, uwzgledniajac ich wzajemne oddziatywania pod wzgledem praw umocnienia i
skutkow reorientacji sieci spowodowanej blizniakowaniem.

Aby przewidzie¢ makroskopowe zachowanie porowatych polikrysztatow, sfor-
mutowano model mikromechaniczny. Na poziomie pojedynczego porowatego krysztatu, do
uchwycenia odpowiedzi sprezysto-lepkoplastycznej stosuje sie addytywny schemat Mori-
Tanaki. W drugim kroku, implementuje sie addytywny schemat wewnetrznie zgodny, aby
oszacowac ogolne zachowanie porowatego polikrysztatu. Szczeg6towo opisano numeryczng
implementacje tego modelu na obu etapach, co pozwala na jego dalsze zastosowanie.
Przewidywania modelu mikromechanicznego sq weryfikowane i analizowane w stosunku
do obliczenn numerycznych MES. Dodatkowo, zostalo sformulowane nowe kryterium

uplastycznienia typu Gurson-Tvergaard-Needleman (GTN) dla krysztalow porowatych



przy uzyciu podejscia mikromechanicznego, z parametrami modelu skalibrowanymi za
pomoca symulacji MES dla reprezentatywnych komorek jednostkowych. Przeprowad-
zono porOéwnania miedzy nowo zaproponowanym modelem a istniejagcymi modelami w
literaturze. Wyniki tych badan maja znaczny potencjatl do przewidywania odpowiedzi

porowatych materiatéw polikrystalicznych w réznych scenariuszach obcigzenia.
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UHSUHVHQW WKH FRUUHVSRQGLQJ DFFXPXODWHG W.
GHIRUPHG SRURXV FXELF XQLW FHOO

6FKHPDWLF UHSUHVHQWDWLRQ RI WKH WZR VWHS KR
SRURXV SRO\FU\VWDO D UHSUHVHQWDWLYHSRURXYV
SRO\FU\VWDO FRPSRVHG RIKRPRJHQL]J]HG SRURXV VLQ
F KRPRJHQL]J]HG SRURXV SRO\FU\VWDO +33&

6FKHPDWLF UHSUHVHQWDWLRQ RI WKH ILUVW VWHS
XVLQIJDGGLWLYHORUL 7TDQND VFKHPH D UHSUHVHOQ\
536& E KRPRJHQL]HG SRURXV VLQJOH FU\VWDO +3

6FKHPDWLF UHSUHVHQWDWLRQ RI WKH VHFRQG VWHS
XVLQIJDGGLWLYHVHOI FRQVLVWHQWVFKHPH D +36&
HTXLYDOHQW PHGLXP +(0 E KRPRJHQL]JHG SRURXYV

[y



&RPSDULVRQRID RYHUDOOVWUHVVUHVSRQVH E YRLGY
IRU )&& SRURXV VLQJOH FU\VWDO XVLQJ &3)(0 DQG DGGLV
VFKHPHZLWK/RGHSDUDPHWHUHTXDO WULD[LDOLW\HT
YRLG YROXPHIUDFWLRQ RI 7TKHWKLFNOLQHUHSUHVHQ\
ZLWKXKn WKHGDVKHGOLQHUHSUHVHQWBVHNBDQW®OLQHDUL
WKH &3)(0 UHVXOWYV
&RPSDULVRQRID RYHUDOOVWUHVVUHVSRQVH E YRLGY
IRU )&& SRURXV VLQJOH FU\VWDO XVLQJ &3)(0 DQG DGGLV
VFKHPH ZLWK /RGH SDUDPHWHU HTXDO WR wuLD[LDOL
LQLWLDO YRLG YROXPH IUDFWLRQ RI 7KH WKLFN OLQl
OLQHDUL]DWbhbRYEHVWHOVKHG OLQH UHSUHVHQWY VHFDQW
DQGUHSUHVHQWYV WKH &3)(0 UHVXOWYV
D J)LQLWH HOHPHQW PHVK RI "SRURXV SRO\FU\VWDO ZLW
VDPH RYHUDOO DQG ORFDOfLO EMLIPDCBW REXPH IUDFWLRQ
FURVV VHFWLRQDO YLHZ RI WKHI{fgRURXAXSRDW U\VWDO XQ
x=05 JUD\VSKHULFDOEDOO UHSUHVHQWYV WKHFRQWDFW
RI WKH YRLGV
6SDFH GLVWULEXWLRQ RIHTXLYDOHQW VWUHVYV LQ 03D |
L= 1 XQGHU KLJKMEWBL DWBOVYWUDLQ OHYHO R ZLWK D
LQLWLDO YRLG YRA%PHQ WHDAFWLJIRI@LQ FURVV VHFWLRQDC
DWxB05 Ex=15 =25 Gx=35
2YHUDOO QRUPDOL]J]HG YRLG HYROXWLRQ SORWYV ZLWK LP
DQG IRU/RGH SD4 DP HWHWU D
2YHUDOO QRUPDOL]J]HG YRLGHYROXWLRQ SORWV ZLWK LP S
/IRGH SDUDIPH WIH BLE= 0
2YHUDOO ILUVW PRPHQW HTXLYDOHQW VWUHVYVY SORWYV ZI
DQG IRU /RGH sSIDUDPBWHU D
&RPSDULVRQ RIRYHUDOO ILUVW PRPHQW HTXLYDOHQW V\
PRGHO ZLWK WKH RYHUDOO VHFRQG PRPHQW HTXLYDOHQ
XQGHU LPSRVHG WULD[LDOLW\RL= 1 HRGORGH SDUDPHWH
/IRFDO QRUPDOL]HG YRLGHYROXWLRQ IRUWKHPHDQ ILHO
LQYHUVH SROH ILIJXUH BF 3XM&GEH B NWFWIRDMERSILMWYWUDLQ
Ei1=5% VKRZLQJYRLGJURZWK DFURVYV GLITHUHQW JUDLQ R
/IRFDO QRUPDOL]JHG YRLGHYROXWLRQIRUWKH &3)(0RQ WE
,3) XQGHU WUEIBDD QEsOR-DVRAU R V FR; S5 V WKIRDALQQ J
YRLGIJURZWK DFURVYV GLITHUHQW JUDLQ RULHQWDWLRQV

[YL



IRFDOILUVW PRPHQW HTXLYDOHQW VWUHVV SORW IRL
RQ WKHLQYHUVH SROH ILIXUH3 BRXXRDBDHUWRNBREBULADOI
VWERDERs VKRZLQJ YRLG IJURZWK DFURVV GLITHUHQW
/IRFDO ILUVW PRPHQW HTXLYDOHQW VWUHVYV SORW IR
SROHILIJXUH ,3) XDEHDWARDFURYIEBRSE% VWUDLQ

VKRZLQJ YRLG JURZWK DFURVV GLITHUHQW JUDLQ RUL
/IRFDOVHFRQG PRPHQWHTXLYDOHQW VWUHVV IRU WKI
ILIXUH ,3) XQGHWW DI IDAFLVRY FIR S+ 50V WUDL Q

VKRZLQJ YRLG JURZWK DFURVV GLITHUHQW JUDLQ RUL

<LHOG VXUIDFHV IRU +&3 SRURXVINQQJOXFWNVYWDOV Z
ORDGLQJ FR¥ HWOLGNE4 IRUD RULHQWDWLRQ E RULH
7KHILQLWH HOHPHQW XQLW FHOO FDOFXODWLRQV I
RSHQ FLUFOHV ZKLOH WKH PRGHO SUHGLFWLRQV DU
GDVKHG OLQHV
<LHOG VXUIDFHV IRU +&3 SRURXV X QG HWHORD & WPDV Z
FDVHV Z+t WKDQ@=0:4 IRU RULHQWDWLRQ 7KH ILQLW
XQLW FHOO FDOFXODWLRQV DUH UHSUHVHQWHG E\ F(
SUHGLFWLRQVDUHUHSUHVHQWHG E\WKLFNOLQH 7KI
FU\WWDO UHVSRQVH FRLQFLGH ZLWK WKRVH RI WKH Q|
RILQILQLWH YDOXH IRUK\GURVWDWLF VWUHVV VWDW
<LHOG VWUHVV IRU )&& SRURXV VLQJOH FU\WWDO EDV
ZLWK XQGHU GLIIHUHQW ORDGLQJFDVHV IRU WZR FU
> @ PDLQ ORDGLQJGLUHFWLRQ E > @ PDLQ ORDG
<LHOG VWUHVV IRU )&& SRURXV VLQJOH FU\VWDOV ED
ZLWK GLITHUHQW YROXPH IUDE@®HB@RDGLQJ FDVH ZL
,= 3 IRUFU\WWDO RULHQWDWLRQ > @ DORQJPDLQO
<LHOG VWUHVV IRU )&& SRURXV YXQ@HHGWIMWBQW LV
ORDGLQJ FDVHV IRU WZR FU\WWDO RULHQWDWLRQYV
DV PDLQ ORDGLQJ GLUHFWLRQ E RULHQWDWLRQ $ Z
GLUHFWIPRG HO
<LHOG VWUHVV IRU )&& SRURXV VLQJOH FU\VWDOV ZLV
f XQGHU ORDGLQ@3J RORM EUWMWDO RULHQWDW.L
ZLWK > @ DORQJPDLQ ORPRGII GLUHFWLRQ
6LIJQLILFDQFHRIGLIIHUHQW WHUPV LQ WKH SURSRVH
RI D= 3 E,=0:727

[YLL



&RPSDULVRQ RI WKUHH \LHOG VXUIDFH PRGHOV IRU )&& SF
ZLWK D 'LIIHUHQW YROXPH IUDFQU@RQWRDGLQJ FDVH
ZLWK ; IRU FU\WWDO RULHQWDWLRQ > @ DORQJPDLQ O
E GLIIHUHQW ORDGLQJFDVHV IRUYROXPH I IUDFWLRQ RI
<LHOG VWUHVV IRU WKH SURSRVHG PRGHO IRU DV\PPHW
ZLWK YROXPHIUDFWLRQ XQGHU GBUHVHQW R@DWLQJ VF]
FHOO PRGHO+DIQVIKMW® XQLW FHOO PRGHO UHVXOWYV

[YLLL



Ux
(on
Ux

bv|o=%-0t;v

I1RWDWLRQ XVHG IRUWHQVRU RSHUDWLRQV
60LS WZLQ VI\VWHPV FRQVLGHUHG IRU )&& FU\VWDOV
60LS WZLQ VI\VWHPV FRQVLGHUHG IRU +&3 FU\VWDO\\

(ODVWLF ER:C¥WD QWRWLUQLFKH HW DO LQLWLD
VROYHG VKLHDDY®KBVEHQLQJPRGHO,SIPPDPHWHUYV
H[SRQHQW LQ WKH SRZHU ODZ QuDQG UHIHUHQFH VKF

&U\WWWDO RULHQWDWLRQV FRQVLGHUHG ZLWK UHVSH

6HW RI DFWLYH VOLS VA\VWHPV IRU WKH VSHFLILHG L
2ULHQWDWLRQ 2 QR YRLG DFFRUGLQJ WR WKH ULJL
PRGHOGHQRWHY WKH PDJQLWXGH RI WKH VOLS RQ WK
LWV VvVvLIQ DW WKH VDPH OHYHO RI WKH WUXH VWUDLQ 1

OHDQ 0 DQG VWDQGDUG GHYLDWLRQ 6" RIPLVRULHC
IRUWZR RULHQWDWLRQV XQGHU GLITHUHQW ORDGLQJ

&U\WVWDO RULHQWDWLRQV FRQVLGHUHG ZLWK UHVSHI
(ODVWLFFRQVWDQWVDQGVRPHRWKHUSDUDPHWHUV

+DUGHQLQJ SDUDPHWHUV IRU 0J DOOR\ $= % )U\GU\F

(ODVWLF ERE@M\WH QWYLWLDO FULWLFDOWUHVROYHG Vi
KDUGHQLQJ PR G HQONb,UDPHWHIQW KDUGHQLQJRQ QRQ
DQG FRSODQ®& VIfERIONQW LQ WK HDSRZUMIGDE QFH
VKHDUJJDWH



(ODVWLF ERE@MWH QWYLWLDO FULWLFDOWUHVROYHG VKHD
KDUGHQLQJ PR G HQONS:b,U DPHHWHIQW KDUGHQLQJRQ QRQ FRS(
DQG FRSODQ®& VIfEREONQW LQ WK HDSRZHMIGDE QFH
VKHDUJJDWH

&U\WWDO RULHQWDWLRQVzIDJRQ DYLS\K POUN O RREOAY
GLUHFWLRQ
&DOLEUDWHG YDOXHV RI WXQLQJ SDUDPHWHUYV

[l
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mluo7tlc¢om

e:e OC -CoOm

7KLV WKHVLV IRFXVHVRQPRGHOLQJGXFWLOHIDLOXUH L
LQ SRO\FU\WVWDOOLQH PDWHULDOV ZLWK VWURQJ DQLVRWL
=Q 0J DQG 7L DOOR\V ZLWK D KH[DJRQDO FORVH SDFNHG +.
DOOR\V RI)&& FU\WWDO VWUXFWXUH GHIRUPLQJE\VOLSDQ
PHFKDQLFDO SURSHUWLHV VXFK PHWDOV DQG DOOR\V R
GXFWLOLW\ IUDFWXUH WRXJKQHVYV DQGIRUPDELOLW\ UH\
DSSOLFDWLSRSQNO BRG :DJQMHWRXVW HW BDQHZ HW DO
oUYy] 7KH PHFKDQLFDO UHVSRQVH Rl WKHVH PDWHULDO
WKHLU PLFURVWUXFWXUH 'HYHORSLQJD UHOLDEOH SK\VL
XQGHU ORDGLQJLV FUXFLDO WR PLWLJDWH WKH ULVN DVVR
XWLOL]LQJ WKHVH PDWHULDOV

OHWDOV DQG DOOR\V FKDUDFWHUL]JHG E\ VWURQJ DQLV
DGYDQWDJHRXV SRRSE BW\L HB MHIZVND

FTORZ GHQVLW\
fHIFHSWLRQDO VSHFLILF VWUHQJIJWK DQG VWLIIQHVV HY

TUREXVW FRUURVLRQ UHVLVWDQFH UDQJLQJIURP JRRG \

$ PRUH SURIRXQG XQGHUVWDQGLQJRIWKHFRUUHODWLRQ
DFWLYH SODVWLF GHIRUPDWLRQ PHFKDQLVPV DQG WKH YF
VLQJOH FU\VWDOV RU SRO\FU\VWDOOLQH PHWDO DQG DOO
RILQQRYDWLYH PXOWLIXQFWLRQDO PDWHULDOV OLNH DG
WLWDQLXP DOOR\V LQ FRPPHUFLDO DSSOLFDWLRQV 7KH L
FORVH SDFNHG +&3 DOOR\VLVQRWDEOH 7KHVHDOOR\V D
RIDSSOLFDWLRQV VSDQQLQJ YDULRXV ILHOGV VXFK DV



$+7KH DHURVSDFH DQG DXWRPRWLYH VHFWRUV DUH H[SORU

FRQVXPSWLRQ VXFKDVLQFRUSRUDWLQJ7LDQG 7L $ODOOF
RI DLUFUDIW HQJLQHV DQG XVLQJ 0J DOOR\V LQ SRZHUWU
FRPSRQHQWYV

$1%LRPHGLFDO DSSOLFDWLRQV LQYROYH WKH XWLOL]DWLRC
LPSODQWY ZLWK WKH SRWHQWLDO FRQVLGHUDWLRQ RI =Q L
LPSURYHG ELRFRPSDWLELOLW\

1,0 WKH QXFOHDU HQHUJ\ LQGXVWU\ =U DOOR\V DUH HPSO
FODGGLQJV

1$GGLWLRQDOO\ LQWKHHOHFWURQLFVILHOG OLJKWZHLJK
HOHFWURQLF GHYLFHYV

7TKHRSWLPDO XWLOL]DWLRQ RIWKHPDWHULDOV XQGHU FRQVLG

F5HVWULFWHG GXFWLOLW\DQG IRUPDELOLW\DW URRP WHPS
DOOR\V

f(OHYDWHG SURFHVVLQJ FRVWYV GXHWR WKHQHFHVVLW\RI L
SURFHVVHV QRWDEO\LQ WKHFDVHRI7LDQG =UDOOR\V

f(OHYDWHG VHQVLWLYLW\RI SURSHUWLHVY WR WKH PDWHULD
DQLVRWURS\LQGXFHG E\ FU\VWDOORJUDSKLF WH[WXUH

W LV HYLGHQW WKDW HPSOR\LQJ DGYDQFHG PXOWL VFDOH LC
FRDOHVFHQFH LQ HODVWR YLVFRSODVWLF FU\WWDOV ZLWK P X
IRU XQGHUVWDQGLQJ WKH FRPSOH[ UHODWLRQVKLS EHWZHHQ
SURSHUWLHY HVSHFLDOO\LQ D ODUJH VWUDLQ UHJLPH B6SHF
FRPSUHKHQVLYH H[SORUDWLRQ RI WKH FRQQHFWLRQ EHWZHHC
FRDOHVFHQFH RQ RQH KDQG DQG WKH ORFDO SODVWLF DQLVRV
KDQG DFFRXQWLQJIRU WKH DSSOLHG ORDGLQJ FRQGLWLRQV
LOQWR WKH LQWULFDWH PXWXDO LQWHUDEWLRQV EHWZHHQ YRL
WKH VXUURXQGLQJ PDWHULDO 'HWHUPLQLQJVXFKLQWHUUHO]
RIHQJLQHHULQJVFLHQFHV DW WKHLQWHUVHFWLRQ RI PDWHUL

2YHU WKH SDVW VHYHQ GHFDGHVY H[WHQVLYH UHVHDUFK KD\
PLFUR PHFKDQLVPV LQ GXFWLOH SRURXV VROLGYV 7TKRVH UH



H[SHULPHQWY GHYHORSPHQW RI PLFURPHFKDQLFDO WKH
RQJRLQJLQWHUHVWLQ WKLV ILHOGLVHYLGHQW WKURXJK L
DQG SKLORVRSKLHV DGRSWHG E\VFLHQWLVWV DQG HQJLQF
RI GXFWLOH IUDFWXUH LQ PDWHULDOV 7KH LQLWLDO SDU\
H[SORUDWLRQ RI H[SHULPHQWDO REVHUYDWLRQV UHJDUG
PDFUR DQG PLFUR VFDOHV 6XEVHTXHQWO\ DWWHQWLRQ
SKHQRPHQRORJLFDO PRGHOV RI GXFWLOH IDLOXUH DW W
GHOYHV LQWR D GHWDLOHG DQDO\VLV RI QXPHULFDO DSSUF
VSDQQLQJERWK PDFURDQG PLFUR SHUVSHFWLYHV )ROOR
UHFHQW GHYHORSPHQWY LQ SURSRVLQJ QHZ PRGHOV IRU S
HPSKDVLVY RQ WKHLU LPSOHPHQWDWLRQ ZLWKLQ ILQLWH H<(

e:':e Sr;ubl;m|-tu;v;-ul_om7t1¢t; =u-1|tu;:

"l;m-ubovo="0ob7bmb¢-¢om7 Juo%|_ -m7 lo-t;vl;ml;bmrot<luc<y
-m7 1;|-tl-lubS 1olroAMoH; O LWHUDWXUH FRQWDLQV IDLUO\FRPS
RQ WKH GXFWLOH IUDFWXDHM RI SRIWRXNM PDRDW H UL IPDDR/P
DPDFURVFRSLF SHUVSHFWLYH YRLGV WA\SLFDOO\ RULJLQL
LQLWLDWLQJ FUDFN SURSDJDWLRQ SHUSHQGLFXODU WR W
WKHFUDFNDSSURDFKHV WKHVXUIDFH UHGXFHG FRQVWUD
LQDFXS DQG FRQH 16D RN XUHOSED/W SMBWFQVKH PLFURVFRSLF
GXFWLOH IDLOXUH LV FKDUDFWHUL]J]HG E\ WKH LQLWLDWLR
YRLGY 7KH GXFWLOH IUDFWXUH PLFURPHFKDQLVPV DOR
IUDFWXUH IHDWXUHV XQGHU WHQVLOH GHIRUPDWXLRQ DUl
([IDPSOHRIWKHH[SHULPHQWDO HYLGHQFH RIYRLG QXFOHD
SDUWLFOHYV DORQJZLWKDIUDFWXUHVXUIDFHVKRZLQJGL
,WLVREVHUYHG WKDW WKHFRPSOH[SURFHVV RIPLFUR YRI
W\SLFDOO\EHJLQVDWRU EH\RQG WKH XOWLPDWH WHQVLOI
VWUHVYVY WULD[LDOLW\

9RLGV W\A\SLFDOO\ RULJLQDWH WKURXJK HLWKHU GHFRKH
SDUWLFOHV7LYFIOXERRYVY *XUODQG DQG 3 OHDWQHTDU FtD
HW DO &KHQ HW DODW WKH LQWHUVHFW&L&RQORD W& HDWQ GS/ B

DQG DW WKH JUDMIDQUBRXQYGDNVW IBIBWPH REVHUYDWLRQV FR
WKHVH SKHQRPHQD DUH GLVFXVVHG EHORZ

, QPDWHULDOVFRQWDLQLQJVHFRQG SKDVHSDUWLFOHV

HLWKHU WKH VHSDUDWLRQ RI WKH SDUWLFOH PDWUL[ LQW



PDQLIHVWDWLRQ RI HLWKHU RI WKH WZR VSHFLILHG PHFKDQLYV
WKH PHFKDQLFDO FKDUDFWHULVWLFV RI ERWK WKH PDWUL[ DQ
PDWUL[ SDUWLFOH LQWHUIDFH 7\SLFDOO\ SDUWLFOH VHSDUL
UHODWLYHO\VRIWDQG GXFWLOHPDWULFHYVY 1HYHUWKHOHVV LC
HISRQHQW DQG SDUWLFOH VWLIIQHVYVY HQKDQFHV WKH RFFXUL
LOQOWHUDFWLRQV EHWZHHQ VOLS DQG D VHFRQG SKDVH SDUWLF:
PDWUL[ UHVXOWY LQ UHJLRQV ZLWK KLIJKO\ ORFDOL]HG VWUHYV
LOQWHUIDFH GHPRKHNVNQRQRUUIOD/GIRDQ HW*IX@W OD QG

&R[ DQG /RZ HPSKDVL]H WKH VLJQLILFDQFH RI QRQ PHWDOO
GHWHUPLQLQJWKHIUDFWXUH UHVLVWDQFHRI $,6, DQG PDU]|
SODVWLFIUDFWXUHRFEXUV WKURXJKWKHLQLWLDWLRQRIYRL
FDUER QLWULGH LQFOXVLRQV 7KH VXEVHTXHQW JURZWK RI Wk
ILQDO IUDFWXUH ,Q FRQWUDVW $,6, VWHHOV H[SHULHQFH
DQG JURZWK RI YRLGV IRUPHG E\ WKH IUDFWXUH Rl WKH LQWHU
LQFOXVLRQV DQG WKH PDWUL[ 7KHJURZWK RI WKHVH LQFOXVL
FRDOHVFHQFH DV YRLG VKHHWY FRPSRVHG RI VPDOO YRLGV Q>
FRQQHFWWKHVHQHLJKERULQJVXOILGH QXFOHDWHG YRLGV &I
LV FUXFLDO IRUHQKDQFLQJ IUDFWXUH UHVLVWDQFH

TKHLQYROYHPHQW RI GLVORFDWLRQV LQ WKH LIRUPHDWLRQ RI1
HW DO +H REVHUYHG WKH WUDQVIRUPDWLRQ RI GLVORFDW!|
LURQ DQG EHU\OOLXP FU\VWDOV XQGHU KLJK VWUDLQV 7KH
FKDUDFWHUL]J]HG E\DPSOH VXUIDFHHQHUJ\ LQLWLDWHG YRLGYV
VWUHVV FRQFHQWUDWRUYV OLNH SUHFLSLWDWHY RUVHFRQG SK
EDQG GHFRKHVLRQ DQG SRWHQWLDO YRLG QXFOHDWLRQ RFFXLU
ZLWK WKH GHFRKHUHG VOLS EDQGY VHUYLQJ DV YRLG QXFOHL I
XOWLPDWHO\ OHDGLQJ&KR @ DRSO LEGMRWPXWHLQI DGYDQFHG
UHVHDUFK WHFKQLTXHV VXFK DV KLJK DQJOH DQQXODU GDUN |
PLFURVFRS\ +%$$') 67(0 WKHU®WXGX EM[SORUHYVY WKH IUDFW XL
PHFKDQLVP RI FRSSHU ZLWK FRSSHU R[LGH SDUWLFOHV 7KH L
LQLWLDOO\ QXFOHDWH DW WKH QDQRVFDOH ZLWKLQ WKH GLIIX
XQUHODWHG WR WKH SUHVHQFH RI VHFRQG SKDVH SDUWLFOHYV
JURZ IURP WKH QDQR WR PLFURVFDOH XOWLPDWHO\ OHDGLQJ
YRLG JURZWK IURP WKH QDQRVFDOH WR WKH PLFURVFDOH VHHF
ORFDWLRQRIYRLG QXFOHL 6SHFLILFDOO\ GLVORFDWLRQ VWU
WKH HDUO\ SKDVHV RI YRLG JURZWK ERWK IRU SDUWLFOH IUH
SDUWLFOHYV



&! «:eD 6FKHPDWLF UHSUHVHQWDWLRQ RI GXFWLOH IUDFWXUH
IUDFWXUH IHDWXUHV REVHUYHG GXULQIDWKH IDILW K IBHH 8 B RFWIVR/C
IURP 6SULQJHU 1DWXUH E )UDFWXUH VXUIDFH RIDQ ,) VWHHO W
LQ D GLPSOH RI WKH ILEURXVYHR® MD UFHIS BIMZWM B SHRIPLVVLRQ IU
(OVHYLHU

7KH ZRURKR\IPSVRQ DQG :LOGIHIDPWHY LQWR WKH GLVWLQF
PHFKDQLVPVEHWZHHQVLQJOH SKDVHDQG WZR SKDVH 7LD
IDLOXUH LQLWLDWHY DW LQWHUSKDVH LQWHUIDFHV ZKLO
VHFRQG SKDVH SDUWLFOHV YRLG QXFOHDWLRQ RFFEXUV V
9DQ 6WRQH HWIRBXVHV RQ WKH IDLOXUH PHFKDQLVPV RI 7
WHPSHUDWXUHY OHWDOORJUDSKLFVHFWLRQV RIVSHFLPH
UHYHDO HORQJDWHG GLPSOHV QXFOHDWLQJ DV FLIJDU VKL
RUJUDLQ ERXQGDULHV UHVXOWLQJIURP WKHLQWHUVHEFV
WZLQV ZLWK WKRVH ERXQGDULHYV



7KHUH LV DOVR D ORW RI H[SHULPHQWDO REVHUYDWLRQ FRQF
DQG LQ JHQHUDO GDPDJH HYROXWLRQ 3RKEH PSHU RRBQWN \FR
LQYROYHG JHQHUDWLQJ YDU\LQJOHYHOV RILQLWLDO GDPLE
ZKLFK ZDVWKHQ WHVWHG ZLWK WKH PDWUL[ KHDW WUHDWHG XQ
XQDPELJXRXVO\GHPRQVWUDWH WKDW SUH H[LVWLQJ GDPDJH L
WKH PDWHULDOV DQG HQKDQFHV WKH VWUDLQ WR QHFNLQJ 71
WHQVLOH IUDFWXUH LV QRW WKH HIWHQW RI GDPDJH EXW UDWK
LPSDFW RQ WKH RYHUDOO ZRUN KDUGHQLQJ EHKDYLRU

5HJDUGLQJ IDLOXUH LQ '3 VWHHOV WKH IUDFWXUH RI PDUW
GHWDLOHGDQDO\VLVRIPLFURGDPDJHGHYHORSPHQWLQ'3 V!
E\SOKDUEL HW DEWUHQJWK WHVWV ZHUH SHUIRUPHG ZLWKLQ V
PLFURVFRSH 6(0 FKDPEHU FDSWXULQJ WKH PLFURVWUXFW XU
DUHD DW UHJXODU LQWHUYDOV &UDFNLQJ Rl WKH SDUWLFOH!
RYHUDOO VWUDLQ DURXQG 8SRQ IXUWKHU VWUDLQ LQFUHD
FUDFNHG 7KHLQFUHDVHRIGHIRUPDWLRQ FDXVHG WKH FUDFN
D VWUHVV FRQFHQWUDWRU DQG LW EHFRPHV WKH FDXVH IRU FI
VXEVWDQWLDO LQWHQVLW\ Rl WKLY SKHQRPHQRQ XQGHUVFRU
RI '3 VWHHO 6LPLODU FRQFOXVLRQVDIQWRGWHIZQE\ WKH DX
,QYHVWLIJDWLRQLQWRWKHPLFURGDPDJHGHYHORSPHQWLQ '3
WHQVLRQ UHYHDOHG WKDW DW ORZ VWUDLQ WKH JOREXODU D
LQLWLDWRUV +RZHYHU ZLWK KLJKHU GHIRUPDWLRQV YRLGV
IHUULWH°PDUWHQVLWH LQWHUIDFHYV ZLWKLQ WKH IHUULWH PD

,QDUHFHGQWWMDNNWHWMWHQVLYHO\H[SORUHG WKHLPSDFW R
YRLG QXFOHDWLRQLQ'3 DQG&3 VWHHOVWKURXJKYDULRXV
VKHDU KROH WHQVLRQ Y EHQGLQJ DQG ELD[LDO WHQVLRQ 0
FDSWXUHWKHPDWHULDO PLFURVWUXFWXUHLQWKHUHJLRQRI
LQWHQVLW\ ZDV TXDQWLILHG DV WKH DY Huid RH PXWERW RO QX FO
LQ WKH SURFHVV |RQH %LD[LDO WHQVLRQ WHVWV H[KLELWHC
DSSUR[LPDWHO\mm® DWRDG®XUH ,Q FRQWUDVW KROH WHQVLF
ORZHU QXFOHDWLRQ LQWHQVLW)\ UDQJLQJIURP DERXW WR
6KHDULQJWHVWYV VKRZHG WKH ORZHVW QXFOHDWLRQLQWHQVL
YRIN®Y DW IDLOX@HW DOFRQGXFWHG H[SHULPHQWDO LQYHVWL
PHFKDQLFDO GDPDJH LQGXFHG GXULQJWKH VKHDULQJ SURFHV
WZR GLVWLQFW W\SHV RI PLFURYRLGY EDVHG RQ WKH QXFOHL
ZLWK VPDOO R LIHWH IRUPHG DW SKDVH LQWHUIDFHV ZKLOH D II
RULJLQDWHG IURP LQF OX VAIKRDIWY ROPHMIGRQ@RI D 9 VKDSH PLFURF



&! «:'ORGHVRIYRLGFRDOHVFHQFH REVHUYHGLQVWHHOV D ,C
DQGF QHFNODFH FRDOHVAHHMBK WWIZOVWRVHHBUIRIRPVLRQ ITURP (O

WKHPLFURYRLGY GLVWULEXWHG RQ WKH VKHDUHG VXUIDF
OHDG WR HGJH IDLOXUH LQ VXEVHTXHQW IRUPLQJ SURFHVYV

,Q $8% 7 XQGHU VKHDU ORDGDQJFRDQ W WX\GHBIG EW DO
SUH H[LVWLQJYRLGVURWDWHDQGHORQJDWH ZLWKPHFKD
IDLO HDUO\LQ D EULWWOH PDQQHU OHDGLQJ WR YRLG QXF
KLQGHUHG E\ IUDJPHQWHG SDUWLFOHV OHDGLQJ WR PLFL
REVHUYDWLRQ RI VWUDLQ ORFDOL]DWLRQ EDQGV DQG YRL(

([SHULPHQWDO REVHUYDWLRQ FRQFHUQLQJ WKH ODVW
FRDOHVFHQFH DQG RU VWUDLQ ORFDOL]DWLRQ DUH DOVR
XQGHUJR JURZWK ZLWKLQ D SODVWLFDOO\ GHIRUPHG VRO
E\ SODVWLF VWUDLQ DQG K\GURVWDWLF VWUHVVHV ZLWK
VSDWLDO GLVWULEXWH®R G R P DRWR . YHRIDEIDWDL RXY QXPHULF
DQG FRQVWLWXWLYH PRGHOV SURSRVHG E\ VFLHQWLVWV L
DIWHU DQ H[SHULPHQWDO OLWHUDWXUH UHYLHZ 6WDEOH
XQLIRUP SODVWLF VWUDLQ GLVWULEXWIIDR@® &K RADOH\|PQG R
EHWZHHQ DGMDEPQWLQRLIREWHULDO GXFWLOLW\ $OWKRXJ
DFUXFLDO SDUDPHWHU LQ WKH VWXG\RIPLFURYRLG JURZW
IUDFWLRQ DOVR VLIJQLILFDQWO\LQIOXHQFH WKH SURFHVV
ODWHULDO VRIWHQLQJFDQRFFXUWKURXJK YDULRXV PHFKE
WKHUPDO LQWHUDFWLRQV DQG GDPDJH HYROXWLRQ 7KL\
PDWHULDOWUY ORDG FDUU\LQJ FDSDFLW\ FD XWH QJHWWBDLQ
DQG OROLQDUL

7KH LQLWLDWLRQ RI VWUDLQ ORFDOL]DWLRQ LV LQIOXHC



SURSHUWLHV DQG PIDMHWUHLPOERQUBMLBELQ ORFDOL]DWLRQ FDC
RFFXU WKURXJK YRDGFERWQRADOHPHFKDQLVP LQ WKH IDLOXUH RI
7KLV SKHQRPHQRQ H[KLELWYV YDULRXV PRGHV LQIOXHQFHG E\ |
FRQGLWLRQV DQG SODVWLF IORZ FKDUDFWHURNV@HEFEX FDWHJI
HW DO 7KH ILUVW PRGH LQYROYHY FRDOHVFHQFH E\ LQWHUQ
OLJDPHQWD)LIQLWLDOO\ BLMWFXWWHBOEAKH VHFRQG PRGH LV
FRDOHVFHQFH E\LQWHUQDO VKHDULQ E R IDVOKH DG WG UWR\GV B G,
DERRMR[ DQG /RZ ZKHUH ORFDOL]JHG VKHDU FDQ OHDG WR YRLC
IDLOXUH 7KHWKLUG PRGH LV Q HF NAKIHFUHPROLGHNT IH@N ¥ S)D O R Q J
OHQJWK REVHUYHG LQ VWHHOV ZLWK HORQJDWHG LQFOXVLRQ
DV D FUXFLDO PHFKDQLVP LQ WKH GHYHORSPBRWDR) GXFWLOH
'ILRED

,Q DUHFHQW LQYPVWILIDRW HRQWERH YRLG FRDOHVFHQFH DQG
IDLOXUH LQ ,1 ZHUH H[SORUHG XVLQJ KLJK HQHUJ\ VIQFKUR"
GLIIUDFWLRQ 7KH VWXG\ FKDUDFWHUL]JHG WKH LQLWLDO SRU
ORDGLQJ WKURXJK PLFUR WRPRJUDSK\ 7ZR GLVWLQFW PHFKDC
LQWHUYRLG VKHDULQJ DVVRFLDWHG ZLWK JUDLQV H[KLELWLQ
QHFNLQJ OLQNHG WR JUDLQV ZLWK KLJK VWUHVV WULD[LDOLW
KLJK VWUHVV WULD[LDOLW\LQ PDQ\JUDLQV WKH UHVHDUFK UH
VWUHVV KHWHURJHQHLW\ ZLWKLQ WKH ODWWLFH Rl WKH JUDL(
SUHGLFWLQJ WKH RQVHW RI LQWHUYRLG QHFNLQJ EDVHG IDLO)

7TKHRQJRLQJGLVFXVVLRQ EDVHGRQH[SHULPHQWDO ILQGLQ.
YRLGQXFOHDWLRQ VLWHVDQG FRDOHVFHQFHPHFKDQLVPV DFU
,Q YLHZ RI WKH SUHVHQWHG UHYLHZ LW LV HYLGHQW WKDW Y
DQG FUDFNLQJ RI GLITHUHQW NLQGV SUHFLSLWDWHYV LQWHUPI
VHSDUDWLRQ RI WKH SDUWLFOH PDWUL[LQWHUIDFHVY DV ZHOO
RWKHU GLVORFDWLRQ VWUXFWXUHYVY ZLWK WKH VWUHVV FRQGL
WKH SDUWLFOH DQG PDWUL[ EHLQJ QRWHG DV SOD\LQJ D UROH
JUDLQ DQG WZLQ ERXQGDULHV SDUWLFXODUO\ QRWLFHDEOH |
DUHJURZLQJ ZLWKLQ WKH SODVWLFDOO\ GHIRUPHG PDWUL[ LC
SUHYDLOLQJ VWUHVV VWDWH (YHQWXDOO\ VWDEOH YRLG JUR.
OLPLWLQJ PDWHULDO GXFWLOLW\ 7KUHH SULPDU\ PHFKDQLVF
LGHQWLILHG LQWHUQDO QHFNLQJ YRLG VKHHWLQJ DQG QHFN

lot; o= I-|;ub-t Ibluov|utl|tu; om "ob7 bmb¢-¢om7 Juo%|_ bm -
viutl1|tdgwHd IRUWKFRPLQJ OLWHUDWXUH VWXG\ SODFHV JUHDW
LQYHVWLIJDWLRQVY SHUWDLQLQJ WR PHWDOV ZLWK )&& DQG + &3



ERWK PDFURDQG VLQJOH FU\VWDO OHYHOV

, Q WKHLUWVWNXGR] HW DQYHVWLIJDWHG WKH UROH RI GLVC
LQ YRLG JURZWK ZLWKLQ )&& FU\VWDOV IRFXVLQJ RQ 6R(
VWDLQOHVVVWHHO 7KURXJKH[SHULPHQWVDQGVLPXODWL
EHWZHHQ YRLGV DQG GLVORFDWLRQ FKDQQHOV HVSHFLDC
GLVWLQFW ORFDOL]DWLRQ SDWWHUQV $V WKH DSSOLHG V
KRPRIJHQHRXV DW WKH YRLG VFDOH WKURXJK WKHDFWLYDW
HPSKDVL]HV WKH LPSRUWDQFH RI WKHVH G\QDPLFV IRU GXF

7KHLQWHUDFWLRQRIODWWLFHGLVORFEDWLRQV ZLWK JUI
DXVWHQLWLF VWDLQOHV&XMWHHDY ZRM HPSRIUGHIQEH R WK
UHVROYHG VKHDU VWUHVV LQ GHWHUPLQLQJ WKH DELOLW\
ERXQGDULHVDQGWKHUROHRIVWUDLQHQHUJ\GHQVLW\PL
ZDV HPSKDVL]HG :KHQWKH JUDLQ ERXQGDU\FDQQRW IDFLC
VXFKDVRXW Rl SODQHGLVSODFHPHQWDQG FUDFN QXFOHD
KRZHYHU LQ WKH H[SHULPHQWY FRQGXFWHG LW ZDV QRW
RI WKHVH HYHQWYV 7KHVH REVHUYDWLRQV VXJJHVW LPSOL
SURSHUWLHV LQ LUUDGLDWHG PHWDOV

' Q WKH H[SHULPHQ®WDNLVYW XB\ERLG QXFOHDWLRQ EHKDY I
FU\WWDO LURQ GXULQJ WHQVLOH WHVWYV ZDV LQYHVWLJDW
VLIHDQG VOLS VIVWHPV ,W ZDV GHWHUPLQHG WKDW YRLG C
WKH SUHVHQFH RI PXOWLSOH VOLSV :KLOH WKH VPDOOHU
ODUJHU RQH GHPRQVWUDWHG PXOWLSOH VOLS VIVWHPV U
IURP QP DORQJVOLSEDQGV $FFXPXODWLRQRIGLVORI
LQ WKH ODUJHU VSHFLPHQ FRUURERUDWHG WKH SUHVHQF!
ZHUH GLVWLQFWO\ REVHUYHG

' QWKHUHWBHDUEFREAUITXLV\D BWWDLOHG TXDQWLWDWLYF
RI GDPDJH DQG VXEVWUXFWXUDO HYROXWLRQ LQ ELFU\VWI
WKHVKRFNHG ELFU\WWDOV XVLQJRSWLFDOPLFURVFRS\ ZL
ERWK DW JUDLQ ERXQGDULHYV DQG ZLWKLQ LQGLYLGXDO F
QRWDEO\ LQIOXHQFHG E\ FUN\VWDOORJUDSKLF RULHQWDWL
LQ WKH > @ JUDLQ :KLOH PRVW RI HDFK JUDLQ UHWDL
QRWDEOH PLVRULHQWDWLRQV ZHUH IRXQG QHDU JUDLQ ER
WR PLVRULHQWDWLRQV DGMDFHQW WR YRLG PDWUL[ LQW!H
VXEVWUXFWXUDO FKDQJHV LQ YRLG IRUPDWLRQ GXULQJ G\

7KH IUDFWXUH EHKDYLRU RI D UROOHG $$ 7 DOXPLC
ORDGLQJ ZDV L Q)RMNWUNPLIDMWHING BAP SKDVL]LQJ WKH LQIOXHQ|



VWDWHDQG SODVWLF DQLVRWURS\ 7KH\IRXQG WKDW VWUDLQ
YDULHG VLIJQLILFDQWO\ZLWK GLUHFWLRQ DQG GXFWLOLW\ UH
IUDFWXUHVY 1RWFKHG WHQVLOH VSHFLPHQV H[KLELWHG UHGXF
VWUHVV WULD[LDOLW\ ZKLOHLQ SODQH XSVHWWLQJWHVWYV FR
OLNHO\ GXH WR ORZHU VWUHVY WULD[LDOLW\ 7KURXJK WKLFI
ZLWK IUDFWXUHY DQROIHOMES WWHDORDGLQJ D[LV

([SHULPHQWDO REVHUYDWLRQVRQGXFWLOHIDLOXUHPHFKDC
DUDQJH RI SKHQRPHQD DFURVYV GLIITHUHQW PDWHULDOV $QQl
LQIOXHQFHG E\GLVORFDWLRQ FKDQQHOLQJ ZKLOHDXVWHQLW
E\WKHLQWHUDFWLRQ RI ODWWLFH GLVORFDWLRQV ZLWK JUDL
WKHVWUHVV VWDWHDQGDQLVRWURS\SOD\D VLIJQLILFDQW URC
DVLQ SODQHFXSDQG FRQHIDLOXUH WUDQVLWLRQLQJWR VKHEC
FU\WWDOV GHSHQGV RQ WKHDFWLYLW\RIPXOWLSOH VOLS V\VW
JURZWK LY GULYHQ E\GLVORFDWLRQV

OLFURVFRSLFGDPDJHPHFKDQLVPVLQKRW UROOHGPDJQHVL:
XQGHU ERWK XQLD[LDO DQG FRQWQRRDHT QU B LM DIRDGLQJ
ZDV GHWHUPLQHG WKDW PDJQHVLXP DOOR\V ZLWK YRLG IRUPL
H[KLELWHQKDQFHG WROHUDQFHWRGXFWLOHGDPDJHDEFXPXO
IRU XQLD[LDO ORDGLQJ VFHQDULRYV :KHQ VXEMHFWHG WR PRC
GLVSOD\HG LQFUHDVHG GXFWLOLW\ PDUNHG E\ WKH DFWLYDW
7KLV OHG WR D VKLIWIURPWZLQQLQJ FRQWUROOHG IUDEWXUH V
7KH VWUDLQ WR IDLOXUH GHFUHDVHV ZLWK LQFUHDVLQJ VWU}F
YRLG JURZWK DFWLYLW\ 1IHYHUWKHOHVV WKH SUHVHQFH RI VI
XQGHU KLJK WULD[LDOLWLHV LPSOLHG SUHPDWXUBI FRDOHVFH{(
LOOXVWUDWHY DWZLQ VL]HG YRLG ORFDWHG QHDU WKH WLS R
DUURZ PDUNV L@ WEKGILEDWHY WKH YDU\LQJ VL]HV RIWZLQ UHOD
XQLD[LDO ORDGLQJ 7KH LQIOXHQFH RI YRLG YROXPH IUDFWLR
SUH GULOOHG KROHV LQ SXUH PDIBQMNVN KX R DIV, W YZDWW LI D W H C
GHWHUPLQHG WKDW WKH HITHFWV Rl WKH YRLG IUDFWLRQ ZHUH
GHIRUPDWLRQ DVVRFLDWHG ZLWK WKH ORFDO PLFURVWUXFW »
WZLQ DQG JUDLQ ERXQGDULHV ZHUH LGHQWLILHG WR EH VLJQ
VWUDLQ OHYHOV 6XFK ERXQGDULHV DUH EHOLHYHG WR KDYH C
LQLWLDWLRQ XOWLPDWHO\UHVXOWLQJLQ WKH SUHPDWXUH O

,QWKH UHVHDUFKHFRQNGXFWHGENL YKRIGURFHVVHV RIQXFOHD
JURZWK DQG OLQNDJH RI PLFURYRLGV LQ FRPPHUFLDOO\ SXUE
XVLQJ [ UD\ FRPSXWHG PLFURWRPRJUDSK\ ,W ZDV REVHUYHG



&! «:'6(0 PLFURJUDSK RI WKH ORQJLWXGLQDO VHFWLRQ RI D XCQ
0J DOOR\ $= % KDOWHG DW WKH RQVHW RI PDFURVFRSLF FUDF
D DWZLQ VL]HG YRLG SRVLWLRQHG QHDU WKH WLS RI WKH VOI
WZLQ UHODWHG PLFURFUDFNV RI YDU\LQJ VL]HV ORRMDWRGIQHDU
DQG YHQJHUZDWK SHUPLVVLRQ IURP 6SULQJHU 1DWXUH

SUHGRPLQDQWO\ QXFOHDWHG HDUO\ LQ WKH GHIRUPDWLR
ERXQGDULHYV $V GHIRUPDWLRQ SURJUHVVHG YRLG JURZV
HISDQVLRQ DORQJ WKHVH ERXQGDULHYVY UHVXOWLQJ LQ L
YRLGY OLQNHG YLD WKH YRLG VKHHWLQJ PHFKDQLVP OHD
WKURXJKRXW WKH PDWHULDO 7KH GLVWLQFWLYH IDFHWF
DWWULEXWHG WR WKHIDLOXUH RIWZLQ ERXQGDULHYV

7KH VW XD \EX HW DOBHPRQVWUDWHG WKDW SODVWLEDQLVF
GXFWLOLW\LQOJDOOR\V DVHYLGHQFHG E\FRPSDULQJVDP
VHYHUH SODVWLF GHIRUPDWLRQ ,W SURYLGHVLQVLJKWV L
GXFWLOLW\ 7KH VWXG\SURSRVHV DVLPSOHPLFURPHFKDQ
UHODWLRQVKLS EHWZHHQ SODVWLF DQLVRWURS\DQG GXF!
RQ GXFWLOLW\ $(' LQGH[ ZKLFK FDQ EH WXQHG WKURXJK
FRPSDUDEOH VWUHQJWK OHYHOV

 QWKHH[SHULPHRWY®RPWWX\GWBYFKURWURQUDGLDWLRQ |
UHYHDOHG GLIIXVHGDPDJHLQOJDOOR\$= LQGLFDWLYHR
DQG FRDOHVFHQFH ZHUH ZLGHVSUHDG RULJLQDWLQJDV IO
IDFWRUVVXFKDVVSDWLDOORFDWLRQ RYHUDOOWULDI[LDO
GDPDJH WR IUDFWXUH ZDV PDUNHG E\ PDFURVFRSLF FUDFN
LQ WKH SODWHPVY UROOLQJ GLUHFWLRQ HYROYLQJLQWR D

,QDGGLWLRQ WR PLFURVWUXFWXUDO IHDWXUHV WKH VK



EDQGY DOVR LQIOXHQFH WKH PHFKDQLFDO UHVSRQVH RI ERWK
UHVHDDEKGD HW THJSORUHG WKH PHFKDQLFDO UHVSRQVH RI 7L
ZLWK DUWLILFLDO YRLGV XQGHU YDU\LQJ VWUDLQ UDWHV DQG \
YRLG VKDSH QRWDEO\LQIOXHQFHV IDLOXUH GLVSODFHPHQW LC
TXDVL VWDWLF FRQGLWLRQV $GGLWLRQDOO\ DQLQFUHDVHG
IUDFWLRQ GHFUHDVHV WKLV GLVSODFHPHQW $FURVV ERWK TX
SUHVHQFHRIYRLGY FRQVLVWHQWO\UHGXFHG WKH GLVSODFHP
RULHQWDWLRQ VKRZHG PLQLPDO LPSDFW RQ WKH PHFKDQLFDO

7KHLQIOXHQFHRIYRLGEDQG RULHQWDWLRQDQG FU\VWDOO
DQG OLQNDJHLQ PDJQHVLXP DQG FRISHSPHW R KIWHWYRADYV H[SORU |
FRSSHU DV WKH YRLG EDQG R UL HQWB W HROD BVQ YOI HVMRQ W I H DAVHHY!
D[LV WKH PHFKDQLVP VKLIWV I[URP LQWHUQDO QHFNLQJ WR VK
VLIJQLILFDQW LPSDFW RI YRLG EDQG RULHQWDWLRQ RQ WKH JU]
&RQYHUVHO\ LQ PDJQHVLXP YRLG EDQG RULHQWDWLRQ GRHV (
DQG OLQNDJH SURFHVVHV 7KH LQWHUUXSWLRQ LQ KROH JURZ
DQG JUDLQ ERXQGDULHV ZLWK WKH ORFDO PLFURVWUXFWXUH
HITHFWV

,Q VXPPDU\ WKH H[SHULPHQWDO REVHUYDWLRQV RI GXFWL
HQFRPSDVVLQJ SXUH 0J 0J DOOR\V 7L DQG =U DOOR\V XQF
PHFKDQLVPV ,Q SXUH 0J VWUHVV FRQFHQWUDWLRQV DW WZLC
IRUPDWLRQ RI SHQQ\ VKDSHG YRLGV ZKLFK JUDGXDOO\ JURZ I
YRLG VKHHWLQJ ,Q 0J DOOR\V GDPDJH LQLWLDWLRQ RFFXUV
GHIRUPDWLRQ WZLQV )DFWRUV VXFK DV VSDWLDO ORFDWLRQ D
1IRWDEO\ $= % 0J DOOR\V GHPRQVWUDWH HQKDQFHG GXFWLOI
GXH WR DFWLYLW\ RI PXOWLSOH GHIRUPDWLRQ V\VWHPV WUD
PLFURYRLG FRDOHVFHQFH XQGHU GLIIHULQJVWUHVV FRQGLWL]I
DQG VKDSH RI YRLGYV VLJQLILFDQWO\ LQIOXHQFH IDLOXUH HV!
ZLWK FU\WVWDO RULHQWDWLRQ IXUWKHU LPSDFWLQJYRLG JURZ\
RI YRLG EDQG RULHQWDWLRQ GLFWDWHY WKH IDLOXUH 7KHVF
UHODWLRQVKLS EHWZHHQ PLFURVWUXFWXUH VWUHVV FRQGL\
+&3 PDWHULDOV SDUWLFXODUO\GXULQJGXFWLOH IDLOXUH

e:':* -1luovlorbllo7;tv=ourouotv7tlc¢t;Il-|;ub-tv

,Q WKLY SDUW FODVVLFDO PHFKDQLFDO PRGHOV RI GXFWLO
DUHVHWLQ WKHPDFURVFRSLF SKHQRPHQRORJLFDO SODVWLFL



ZRUNRQ YRLG JURZWKLQ QRQOLQHDU VROL GN&ZDVFRRFENK F'

W ZDV REVHUYHG LQ WKH H[SHULPHQWY WKDW ORQJ |
IRUPLQ WKHQHFNRIDWHQVLRQEDUZKHQ VXEMHFWHG WR \
REVHUYDWLRQV D IUDFWXUH FULWHULRQ ZDV IRUPXODWH
DQG FRDOHVFHQFH RI SUHH[LVWLQJ KROHV LQ SODVWLF PI
E\H[WUDSRODWLQJ WK HI®[Q VSW QRDYROKGMHR @ DRMHULD OV X
YDU\LQJDQG FRQVWDQW VWUHVV UDWLRYV ,QDGGLWLRQ W
UHODWLRQVKLS EHWZHHQ WKH YRLG JURZWK UDWH DQG UH
OLVHVY SODVWLFPDWHULDO LV SUHVHQWHG 7KHFULWHULR
RITUDFWXUH VWUDLQ RQ WUDQVYHUVH WHQVLOH VWUHVYV
WR WKH VKDSH DQG VSDFLQJ RI WKH KROHV 1H[W DQ DSSU
RIPSKHULFOLOVKRQD® ULJLG LQILQLWH SHUIHFWO\SODVWL
UHPRWH VWUDLQ | LHOG DONGILYBRHBA ZDV IRXQG WKDW WK
YRLG HQODUJHPHQW ZDV HQKDQFHG RYHU WKH UHPRWH VW
LQFUHDVHV ZLWK WKH UDWLR RI PHDQ QRUPDO VWUHVV W
LQGLFDWHG D SURQRXQFHG GHFUHDVH LQ IUDFWXUH GXFW
WKH VHPLQD®WRRIQN ROLPLW DQDO\VLY ZDV DSSOLHG WR GH
PDFURVFRSLF\LHOG SRWHQWLDO IRUWKH YRLGHG PDWHUL
DQG WKH YROXPH IUDFWLRQ RI YRLGV $FFRUGLQJ WR WK
IORZEHFRPHY SUHVVXUH VHQVLWLYHDQG D KRPRJHQL]HG \
UHVSHFWLYH PDWUL[LV JRYHUQHG E\ WKH LQFRPSUHVVLEC

2QH RI WKH ILUVW ILQLWH HOHPHQW PRGHOV RI D SRUI
FHOO UHSUHVHQWLQJ D GRXEO\ SHULRGLF VTXDUH DUUD\
HODVWLF SODVWLFPHGLXP XQGHU SODQH HWMWAUUHAIOFRQGLYV
$ YDULDWLRQDO SULQFLSOH ZzDV HPSOR\HG DV WKH EDVLYV
DEQDO\WLYVY 7KHUHVHDUFK\LHOGHG LQVLIJKWYVY LQWR FKDQJ
VWUDLQLQFUHDVHYVY WKHWHQVLOHEHKDYLRURIPDWHULD
RI WKH SODVWLF JRQH VXUURXQGLQJD YRLG %\FRPSDULQ
PRGHO LW ZDV/F¥RMXQG EYG WKDW WKH WXQd @IEEDUDPHW
QHHG WR EH LQWURGXFHG WR UHILQH WKH SUHGLFWLRQV
FORVHU DJUHHPHQW ZLWK WKHFRPSUHKHQVLYH QXPHULFL
7YHUJDDUG DQG 1HH@IYHNWQRJIDWHG QHFNLQJ DQG IDLOXUF
VSHFLPHQ 7KH\ XWLOL]J]HG HODVWLF SODVWLF FRQVWLWX
LQLWLDWLRQ DQG JURZWK RI PLFUR YRLGV $Q HTXLYDOF
LOQWURGXFHG E\ WKHP WR VXEVWLWXWH WKH UHDO YROXP
PRGHO DGGUHVVLQIJWKHFRQVHTXHQFHV RIDEUXSW YRLG



WKHZLGHO\ XVHG *71 PRGHO FDPHWR H[LVWHQFH 7KH\LHOG FU
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ZKHGHV WKHHTXLYDOHQW § XKEMMKBUORY VWUHVYY RI WKH PDWUL
f LVWKHYRLG YRQXIPHWHKBIRWGRQV W D Wd, F PGEQ YAWIXHM D JD Q G

SDUDPHWHUV ZKMXH RULIJILQDO *XUVRQ PRGHO LV UHFRYHUHG

6LQFH WKH LQWURGXFWLRQ RI WKH *71 PRGHO PDQ\ VXEVHT
LW XQGHU YDULRXV ORDGLQJ FRQGLWLRQV DQG H[WHQGHG WK
YRLG VKDSHV DQLVRWURRSODQG®RW K H bl GIDFRWPRWW LIDWHG WKH
SDUDPHWHU GHSHQGHQFH RI YRLG JURZWK DQG FRDOHVFHQFH
VSKHULFDO YRLGV ZLWKLQDQLVRWURSLFDOO\KDUGHQLQJHOD
RXWFRPHV ZHUH UHODWHG WR WKH UDWH VHQVLWLYH YHUVLR
IURP D JHQHUDOL]HG D[LV\PPHWULF GHIRUPDWLRQ VWDWH WR
GHPRQVWUDWHG UHVXOWLQJLQ DFFHOHUDWHG YRLG JURZWK
PDWHWRDAYDQX HW DOH[WHQGHG WKHFODVVLFDO *XUVRQDQDO
YROXPHY FRQWDLQLQJ FRQIRFDO HOOLSVRLGDO FDYLWLHV $
\LHOG FULWHULRQ ZDV SUHVHQWHG ZKLFK ZDV IXUWKHU DSSU|
GHSHQGHQW RQ WKH 2VKDSH SDUDPHWHU?® RI WKH FDYLW\

JLQLWH GHIRUPDWLRQFRQVWLWXWLYHUHODWLRQVIRUSODV
GXFWLOH IUDFWXUH GDPDIRXYMHBURURKUBWHOEWLRQV ZKLF
FKDUDFWHUL]JH WKH GXFWLOH IUDFWXUH RI PHWDOV ZHUH GHG
EDVHG RQ WKH H[LVWHQFH RI WKH TXDVL SRWHQWLDO RI GLVV
SODVWLF VWUDLQ UDWH DQG LQWHUQDO YDULDEOH UDWHV $0Q
IUDFWXUH GDPDJH DQG VWUHVV WULD[LDOLW\ ZDV GHPRQVWUD
KDV WKH IROORZLQJIRUP GLIIHUHQW IURP WKH *XUVRQ PRGHO
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ZKHUHY WKH GHQVLW\ RI WKH-RDWBEWBDO LPHQGWKH KDUGHQLQJ F
PDWHULDO

$ WKUHH GLPHQVLRQDO PRGHO IRU GXFWLOK RPDFARRYUH LQ PF
HQFRPSDVVLQIJWKHLQIOXHQFHVRIYROXPHWULFJURZWK |
ZLWKLQ WULD[LDO VWUHVV ILHOGYV 7KH FRQGLWLRQ PDUNLQJ
LOQWHUYRLG PDWUL[ DW WKHRQVHW RI YRLG FRDOHVFHQFH ZDV
SUHGLFWLRQV RI GXFWLOH IUDFWXUH VWUDLQVY GHULYHG IURPF



ZLWK H[SHULPHQWDO REVHUYDWLRQV 7KLV DSSURDFK Wi
VXEVWDQWLDO DWWHQWLRQLQ UHFHQW WLPHYV

/IHEORQG HWOPURSRVHG DSSUR[LPDWHPDFURVFRSLF SRW
VROLGY FRQWDLQLQJ FDYLWLHV RI F\AOLQGULFDO RU VSKH
RYHUDOO SRWHQWLDO RID SRURXYDYGWRHRSDOD@Y WAW F RIOX\PR
LOQWURGXFHG WKHHQKDQFHG *XUVRQ DSSURDFK IRU VSKHL
WKH HI[LVWLQJ *RORJDQX /HEORQG 'HYDX[ PRGHO DGGUH’
7TKRPDVRQ PRGHO IRU WKH LQLWLDWLRQ RI YRLG FRDOHVF
ERWK PDWHULDO IORZ FKDUDFWHULVWLFY DQG YRLG GLPI
IUDPHZRUN ZDV VXEVHTXHQWO\HYDOXDWHG XVLQJ YRLG F

(I WHQVLRQ RI WKH *XUVRQ DSSURDFK WR WKH DQLVRWUR
WKH PHWDO PDWUAHRDNUGR Q@HEBE\ % HYWRDYV GHPRQVWUDWHC
DQLVRWURS\ RI WKHPHWDO PDWUL[LPSDFWV YRLG HYROX)
ZKLFK VHUYHV DV DQ LQYDULDQW RI WKH , 9WK RUGHU SODV
FULWHULRQ 7KHFULWHULRQ KDV WKHIROORZLQJIRUP

I
3 %H: O 3 m o
= 723 +2fCOShh7y (1+f)—0,
ZKHWHYV WKH VWUHVVVCGWMKHORRWWK RUGHU PDWHULDO GH
DQLVRWURSG\ WHWQKRWPHDQ WWWWKXWH DQIGVRWURSLF IDFWRU

PDWUH[ UISHh=2 WKH FULWHULRQ UHGXFHV WR *XUVRQ \LHOC

$V ZLOO EH GLVFXVVHG EHORZ WKHVH VHPLQDO ZRUNV
VWXGLHV WKDW HIWHQG WKH UHVXOWV E\LQFRUSRUDWLQJ
SRUH JHRPHWU\ DQG VSHFLILF ORDGLQJ FRQGLWLRQV D'
GHIRUPDWLR®@SBREHWWWHWOODYDUPD DQG %RIWANODWHG
SODVWLFFRQVWLWXWLYHUHODWLRQVIRUDQLVRWURSLF S
DUELWUDULO\ZLWKUHVSHFWWRWKHVXUURXQGLQJRUWKR
WKHRU\ 6 DRIUQQUON DB[WHQGHG WKHVH FULWHULD IRU VSK
FULWHUWDRE@RE\DQG /HEOR®@EJDUGLQJ JHQHUDO HOOLSVRLC
SODVWLFDOO\LVRWURSLF PDWULFHV WR DUELWUDU\ HOOL

1IDKVKRQ DQG +XWFKQ®WRGXFHG D PRGLILFDWLRQ WR \
LQFRUSRUDWLQJWKH WKLUG VWUHVV LQYDULDQW WR DFFR
VWUDLQLQJLQ VKHDU GRPLQDBWHHG IV U W YODVEL KRSHEVFMR DY K K L
D PDFURVFRSLF DQLVRWURSLF \LHOG FULWHULRQ WDLORU
DQ LQFRPSUHVVLEOH DQG DQLVRWURSLF PDWUL[ WKDW HJ
7KLV \LHOG FULWHULRQ LV GHULYHG IURP PLFURPHFKDQ



KRPRJHQL]DWLRQ DQGLWDFFRPPRGDWHVVWUHQJWK GLIIHUH
UHGXFHV WR WKH \LHOG BAHWHULR @ S G RSHRWNHGQEL |

WKH PDWUL[ PDWHULDO GRHV QRW H[KLELW WHQVLRQ FRPSUH\
REWDLQHG XVLQJ WKH DQLVRW U RSSAIF A D Q/GDRUL 9DHIMERQ SUR SR
FRPSDUHG ZLWK WKRVH IURP WKH IXO0O ILHOG GLODWDWLRQD(
))7 DQDO\VHV IRU SRURXV SRO\FU\WWDOV XQGHUJRLQJ WZLQ
%RWK PHWKRGY GHPRQVWUDWH D SURQRXQFHG VHQVLWLYLW\
GHYLDWRU ZKLFK LV OLQNHG WR WKH DQLVRWURS\ DQG WHQV
SODVWLF EHKDYLRU RI WK HHEDI\W V RKMVDLAGES & B PMFKG E\

$JRUDV DQG 3RQWH &DQWDRIBXBPHG D ILQLWH VWUDLQ FRQVW
PDFURVFRSLF EHKDYLRU Rl SRURXV YLVFRSODVWLF VROLGV |
VKDSH DQG GLVWULEXWLRQ GXH WR GHIRUPDWLRQ 8WLOL]L
FRPSDULVRQuU SYRFAHBXDR RIBRQWH &DWWKB XPMRE®HO HPSOR\V
FRQVLVWHQW KRPRJHQL]DWLRQ HVWLPDWHY WR GHVFULEH ERV
RI WKH SRURXV PDWHULDO DQG WKH GHYHORSPHQW RI LWV LQK

7KH HITHFWV Rl VWUHVV WULD[LDOLW\ /RGH SDUDPHWHU DQ
WKH EHKDYLRU RI YRLG FROODSVHDQG YRL® ARDIOCHVFHQFH ZH |
WKURXJKPLFURPHFKDQLFDOPRGHOLQJ IRFXVLQJRQWKHHQHU
LQ HODVWLF HQHUJ\UHODWLYH WR WKH SODVWLF ZRUN 7KH Q:
RI VWUDLQ WR RQVHW Rl YRLG FROODSVH DQG YRLG FRDOHVFH
IXQFWLRQV RI VWUHVV WULD[LDOLW\ ZLWK D WUDQVLWLRQ JRQ
WKLV UHJLRQ FKDUDFWHUL]HG E\ORZ WULD[LDOLW\ WKHUH HJ[L
DQG FRDOHVFHQFH

ORULQ HW DGURSRVHG D *XUVRQ W\SH PRGHO IRU GXFWLOF
LQFRUSRUDWLQJERWKLVRWURSLFDQGNLQHPDWLFKDUGHQLQ
OLPLW DQDO\VLV:RIDKROORZVSKHUH PDGH IURP D ULJLG KDL
Rl WKH KHWHURJHQHRXYV GLVWULEXWLRQ RI PLFURVFRSLF KDU
FRPSUHKHQVLYHO\DGGUHVVHG LQ WKH PRGHO

6ULYDVWDYD HQWURGXFHG WKHDSSURDFKIRUFKDUDFWHUL]L
SRURXV FXELFVLQJOHFU\WWDOV ZKLFKLVEDVH®RRDDNWKH RUWK |
DQG &D]DFX 7KLV SKHQRPHQRORJLFDO PRGHO DFFRXQWYV IRU
RULHQWDWLRQ DQG WKH DSSOLHG VWUHVV VWDWH RQ WKH HYR
LQ SRURXV FXELF VLQJOH FU\WWDOV :KHQ FRPSDUHG WR UHVX
GHIRUPDWLRQ XQ W IFHIDWOVDQY DD YBVIHWE B ISRKBIQRPHQRORJLFD
PRGHO QRW RQO\UHSURGXFHV VLPLODU WUHQGV EXW DOVR H[K
LQ FHUWDLQ FDVHYV



$ PLFURPHFKDQLFDO PRGHOLQJDSSURDFKIRUDULJLG S¢
ZLWK VSKHULFDO YRLGV LQFRUSRUDWLQJ WKH FRXSOLQ
*XUVRQUV VLQJOH FDYLW\ VWUHVV VWU DHLIQ] VR MXMEL RRQ K D1
$OWHUQDWLYHPLFURVWUXFEWXUHV ULJLG SODVWLFL
*XUVRQ PDWHULDO DUH KRPRJHQL]JHG XVLQJWKH JHQHUDC
7DQDND 07 PRGHOV 1XPHULFDO SUHGLFWLRQV RIHIIHFWL
DIJDLQVW IXOO ILHOG ILQLWH HOHPHQW )( DQG DQDO\WLF

7RUNL SURSRVHGDXQLILHGPRGHOIRUWKHGHVFULSWLR
XQGHU FRPELQHG WHQVLRQ DQG VKHDU 7KLV PRGHO ZDV
DSSOLHG WR D F\OLQGULFDO HOHPHQWDU\ FHO ® BWKDRWHQ F
HW DO GHYHORSHG DQDO\WLFDO H[SUHVVLRQV IRU PHFKD
VWUHVV HIIHFWLYH HTXLYDOHQW SODVWLF VWUDLQ UDWF
FKDUDFWHUL]LQJ SRURXV PBWR UDR O ® W WIRWX IMMRVK HU WK H
\LHOG VXUIDFHV 7KLV DSSURDFKLV VXLWDEOHIRUWKHUPTF
KDUGHQLQJDQGLV QRWFRQILQHG WRPDWHULDOV WKDW EF
FULWHULRQ IRU SRURXV SOD\HWDRYROUGY HIMKIBMDILY K GHE
FULWHULRQ LV FRQWLQJHQW XSRQ WKH VWUHVV WULD[LDO
KDUGHQLQJ FKDUDFWHULVWLFV Rl WKH PDWHULDO ,W GL\
WKH LQWHUSOD\ EHWZHHQ VWUDLQ KDUGHQLQJDQG VRIWF
FRDOHVFHQFH EDQG

TKHGLVWLQFWLYHPHFKDQLFDO EHKDYLRUV RIWKH *71DC
E\BRXVVHOLHUKH 5RXVVHOLHU PRGHO GHPRQVWUDWHYV WKI
ORFDOL]DWLRQ LQ D SODQH DW DOO VWUHVYV WULD[LDOL\
SRLQWZLVH ORFDOL]DWLRQ IRUWKH XOWLPDWH PHFKDQLF
WKURXJKILQLWH HOHPHQW GLVFUHWL]DWLRQ 'XHWR LWV
LQFRUSRUDWHG E\ WKHDXWKRULQWR WKHPXOWLVFDOH IU
SODVWLFLW\ DOORZLQJIRUWKHPRGHOLQJRIYDULRXV PHF
IUDFWXUH DW WKH VOLS V\VWHP VFDOH

$Q LVRWURSLF PXOWL VXUIDFH PRGHO ZKLFK LQFRUSRL
IRUPXODWRHUBIE\HW DO7KLY PRGHO ZDV HPSOR\HG WR H[SOR
RI WKH WKLUG VWUHVV LQYDULDQW RQ GXFWLOH IDLOXUH
FRQWDLQLQJYRLGVLVLQIOXHQFHG E\DOO VWUHVV LQYDU
7KHLQIOXHQFHRI WKH WKLUG VWUHVV LQYDULDQW LV SDU\
DQG LV DWWULEXWDEOH WR WKH RFFXUUHQFH RI LQKRPRJ}

,Q WKLY VHFWLRQ YDULRXV SKHQRPHQRORJLFDO PDFU
IDLOXUH LQ SRURXV PDWHULDOV DUH UHYLHZHG ,QLWLDO



SURYLGH@EBLQWRFSLFH DQG 7UDFBRGHOV ZHUH WKHQ IRUPXOT
XVLQJ WKHUPRG\QDPLF SULQFLSOHV NLQHPDWLF OLPLW DQDO
WKHRU\ 7KH FODVVLFDO *XUVRQ PRGHO GHULYHG IURP NLQHPI
PDWHULDO ZDVH[WHQGHGLQ PXOWLSOH ZD\V LQFOXGLQJ WKFE
IURP XQLW FHOO )( FRPSXWDWLRQV WR HQKDQFH PRGHO SUHGL
VWUHVV LQYDULDQW KDUGHQLQJ WHQVLRQ FRPSUHVVLRQ DV\
RI YRLGV ZLWK WKHLU GLVWULEXWLRQ 6LPLODUO\ PRGHOV I
HIWHQGHG $GGLWLRQDOO\ D *71 W\SH FULWHULRQ ZDV GHYt
IROORZLQJ WKH RUWKRWURSLF +LOO FULWHULRQ DQG WKH VLI
PRGHO DV WKRVH DSSOLHG WR WKH *XUVRQ PRGHO ORVW RI W
ZLWK UHVSHEW WR )( FRPSXWDWLRQV

;' -luovlorbl Cmb]|;;t;I;m]lo7;tv=ourouotv7tl¢t;I-|;ub

,Q WKLV VHFWLRQ FRPSXWDWLRQDO ILQLWH HOHPHQW )( PF
LQ SRURXYVY PDWHULDOV ZLOO EH GLVFXVVHG 5HFDOOLQJ WK|
WKURXJK QXPHULFDO XQLW FHOO DQDO\WHV LQ WHUPV RI\LHO((
DQGHYROXWLRQRIPDFURVFRSLFUHVSRQVHRISRURXV PDWHU
WRZDUGV WKH )(DSSURDFKHV DSSOLHG WR IXUWKHU LQYHVWL.

7KHFRPSXWDWLRQDO FH O DRRIG/HI®R JOMVAFKBIBWORNIRE VW UDWH G
VXFFHVVIXO DSSOLFDWLRQLQ SUHGLFWLQJWKHQRQOLQHDU IL
KDUGHQLQJPDWHULDOV ORUHRYHU LWVDGDSWDELOLW\H[WH:¢
DWZR VWHS FDOLEUDWLRQ SURFHGXUH WKDW HQFRPSDVVHV W
SDUDPHWHUV :KHQ DSSURSULDWHO\ FDOLEUDWHG WKH FHOO
FDSWXULQJ WKH ORDG GLVSODFHPHQW DQG FUDFN JURZWK
FRQGLWLRQV IRU KLJK KBHDG N Q K© JDRIBEW)DWHMNRRIUHG WK H

LQIOXHQFHRIWKH/RGH SDUDPHWHU RQ WKH IDLOXUHRI GXFWLC
FRQFHQWUDWLRQ LQ D QDUURZ EDQG ZLWK YRLGV 7KH\ XVHG I
'XQLW FHODO HARQWDLQLQJDVLQJOHYRLGDQG IRXQG WKDW Wt
LPSDFWV YRLG VKDSHHYROXWLRQ DQG WKHJURZWK UDWH LQF
$W PRGHUDWH WULD[LDOLW\ WKH/RGH SDUDPHWHU VWURQJO\
EDQG +RZHYHU LQ VKHDU GRPLQDQW VWUHVV VWDWHY WKH O
PDWHULDO IDLOXUH VXJJHVWLQJD QHHG IRUD PLFURPHFKDQL
VXFKFRQGLWLRQV 8VLQJ XECRMW PHIO R REQR PIN KD Q WAH/G WHQ VL
DQG VKHDU YRLG FRDOHVFHQFH LQ GXFWLOH PDWHULDOV IURP
ZHUH FRQGXFWHG IRU JHQHUDO WULD[LDO VWUHVV VWDWHV X



D E F

&! ¢«:'6FKHPDWLF UHSUHVHQWDWLRQ RI YDULRXYVY FHOO PRGHC
GXFWLOHIDLOXUH D 8QLWFHOO ZLWKDVSKHULFDO YRLG E Y
F ORQJ F\OLQGULFDO FHOO ZLWK D F\OLQGULFDO YRLG ZKHUH
VWUDLQ PRGHO IRUDQDO\VLYV

DQG VIPPHWULF ERXQGDU\FRQGLWLRQV FRQVLGHULQJ WK
DV GLFWDWHG E\ VWUHVV WULD[LDOLW\ DQG /RGH SDUDP}
D VLIQLILFDQW LPSDFW RQ ORZHULQJ WKH HIIHFWLYH VWL
FRDOHVFHQFH EDVHG RQ WKH WRWDO HODVWLF DQG SODV

7KH LPSDFW RI VWDJH ,,, DQG ,9 KDUGHQLQJ RQ YRLG HJ
HYDOXDWHAGUWERH HW X®LQJ )( XQLW FHOO FDOFXODWLRQV D
W\SHKDUGHQLQJODZ ,WZDVIRXQG WKDW VWDJH,9KDUGHC
ZKLOHLQFUHDVLQJGXFWLOLW\ 6XEVHTXHQWO\ WKH .RFN\
*RORJDQX /HEORQG 'HYDX[ */' SRURXV SODVWLFLW\PRGH
ZHUH FRPSDUHG WR )( UHVXOWV

7HNRSOX HW BPSOR\HG D )( ' PRGEHOLPFRUSRUDWLQJ D ¢
EDQG ZLWK D GRXEO\ SHULRGLF DUUD\ RI VSKHULFDO YRLG
RI VWUDLQ ORFDOL]DWLRQ PDFURVFRSLF ORFDOL]DWLRQ
UHVXOWLQJIURP YRLG FRDOHVFHQFH ,W ZDV REVHUYHG W
DW ORZ WULD[LDOLWLHVY ZKLOH D FOHDU GLVWLQFWLRQ L
PDQQHB DQG :RQJDSSOLHG WKH ' YRLG VKHHW PRGHO WR |
LQ WKH RQVHW RI PDFURVFRSLF VWUDLQ ORFDOL]DWLRQ L
PDFURVFRSLF VWUDLQ ORFDOL]DWLRQ SUHFHGHV YRLG FR!

JRUD WKUHH GLPHQVLRQDO QRIQVMSRHILLYRIGL FRRRLEGX F OGN |
D SDUDPHWULF VWXG\ WR LQYHVWLJDWH YRLG JURZWK DQ
QRQ XQLIRUPDQGUDSLG YRLG JURZWK FORVH WR WKH SOD)
PHFKDQLVPREVHUYHGEHWZHHQYRLGVLQYROYHVLQWHUQ



RIFRQVLGHULQJLQWHUYRLG LQWHUDFWLRQV 58MVARXIOX QLW FHC
HWDO H[DPLQHG WKHLPSDFWRIVWUDLQUDWHVHQVLWLYLW\R
DQG YRLG FRDOHVFHQFH LQ SRURXV GXFWLOH PDWHULDOV ,V
WULD[LDOLW\DQG WKHVWUDLQUDWHVHQVLWLYLW\KDGDVLJQ
DQG VWUDLQ

e ucv]-trt-ve¢lb|< lo7;tv=ourouotv luc«v|-tv

5HFHQWO\ WKHUH KDV EHHQ D JURZLQJLQWHUHVW LQ FKDUD
FU\WWDO OHYHO ZLWKLQ WKH FRQWH[W RI FU\WVWDO SODVWLELV
LQYHVWLIJDWLRQV LQYROYLQJ 'DQG ' XQLW FHOOV FRQWDLQ
HPEHGGHG ZLWKLQ WKH VLQJOH FU\WWDO PDWUL[KDYHEHHQ SH
DQG UDWH GHSHQGHQW FU\VWDO SODVWLFLW\ WKHRU\ ZLWKL
PRGHOV ZHUH HPS®IR DHGHEN D@BRWLUQLFKH W\R DOYHVWLJDWH
WKH JURZWK DQG FRDOHVFHQFH RI PLFURYRLGV LQ VLQJOH FU\
ERXQGDU\FRQGLWLRQV/LR BW DRDOMIUOIDHIGLRXOPHULFDO DQDO\
D 'XQLW FHOO FRQWDLQLQJD VSKHULFDO YRLG WR LQYHVWLJI
FRDOHVFHQFHLQ )&& VLQJOH FU\WWDOV HPSOR\LQJ 'UDWH GH
7KH UHVXOWV VKRZ WKDW WKH JURZWK SDWWHUQV DQG VKDSH
WKH FU\WWDOORJUDSKLF RULHQWDWLRQ HVSHFLDOO\ XQGHU
$GGLWLRQDHOWDO SUHVHQWHG UHVXOWY FRQFHUQLQJ PLFURV
WKH SUHVHQFH RI YRLGY 7KHLU IRFXV OLHV RQ WH[WXUH HYR
KHWHURJHQHLW\RIGHIRUPDWLRQ DVVHVVHG WKURXJK WKH PL
DYHUDJH RULHQWDWLRQ ,W ZDV FRQFOXGHG WKDW WKH DUHD\
ODWWLFH URWDWLR® H\N VDURRIPRHULMG UHVXOWYV IURP WKH S
DQLVRWURSLF VOWS O LW IVOZH K\ H[SHULPHQWDO DQG ILQLW¢
ILQGLQJV FRQFHUQLQJ GHIRUPDWLRQ DURXQG D F\OLQGULFDO
LQYHVWLIJDWLRQ LQYROYHG LQ SODQH XQLD[LD®W1IBRPSUHVVLR
GLUHFWLRQ ZLWK WKH F\OLQGULEID@ YR 68 ®XEV ®DW HBHLEQ DEHRY
E\*DQ HW DO WKH DSSOLFDWLRQ RI WKH DQLVRWURSLF ULJLG
WKLV FRQILIXUDWLRQ HQVXUH YV 0S@TIES MW U IV DD FROPEIHVA R@H
WKH LQIOXHQFH RI FRPSUHVVLYH RUWHQVLOH ORDGLQJ LQFRL
VIVWHPV 7KH VWXG\ GHPRQVWUDWHG WKDW WKH PHDVXUHPH
ZLWK WKH QXPHULFDO UHVXOWYV SDUWLFXODUO\LQ LOOXVWUL
YRLG

7KH HIITHFW RI VWUHVV WULD[LDOLWLHY FU\WWDOORJUDSKLF



IUDFWLRQV RQ YRLG JURZWK DQG FRDOHVFHQFHDLRQ&& VLQ
LP WKURXJK WKH LQFRUSRUDWLRQ RIUDWH GHSHQGHC
ILQLWHHOHPHQW IUDPHZRUN ,WZDV GHPRQVWUDWHG WKD
WKH FU\WWDOORJUDSKLFRULHQWDWLRQDW ORZVWUHVV W
EHFRPHV PRUH SURQRXQFHG DW KLJKHU YDOXHV 7KH YRL
SURODWH DQG REODWH VKDSHV LQIOXHQFHG E\ VWUHVV W
ZDV REVHUYHG IRU VSHFLILF FU\WWDOORJUDSKLF RULHQW!I
UDSLG IRUVPDOOHU LQLWLDO YRLG YROXPH IUDFWLRQV LC
PDQQHWUD HW MH® SOR\HG 'ILQLWHHOHPHQW FDOFXODWLR
DQG FRDOHVFHQFH LQ %&& VLQJOH FU\WWDOV )XUWKHUPTE
FULWHULRQ ZDV XWLOL]JHGWRLQYHVWLIJDWHWKHRQVHW R
FRQVWLWXWLYHPRGHO WKDW FROKDG Bl H W\DHOQ IV &/ © DIWHH
WKHHIIHFWV RI VWUDLQ UDWH VHQVLWLYLW\ KDUGHQLQJ I
RQ QHFNLQJ XQGHU WHQVLOH ORDGLQJ RI DOXPLQXP VLQJ
WKDW HDFK RI WKHVH SDUDPHWHUV LQIOXHQFHV WKH ORFD
H[SRQHQW YRLG VSDFLQJ LQLWLDO YRLG IUDFWLRQ DQG
RQ WKH G\QDPLFV RI YRLG JURZWK DQG FROODSVH LQ )&&
EVGULYDVWDYD DQG 1HVGEQHPRDKH XQLW FHOO )( PHWKRGRC
IDVKERIQYDVWDYD DQG 1 DIQB®OMMBOWNKH LPSDFW RI FU\WWDO
WULD[LDOLW\ DQG WKH WKLUG LQYDULDQW RIVWUHVV RQ Y
UDWH GHSHQGHQW FU\WWDO SODVWLFLW\IUDPHZRUN 7KH
DQG DV\PPHWULF RULHQWDWLRQV WKH /RGH SDUDPHWHU |
DQG FUHHS VWUDLQ HYROXWLRQ

&RQFHUQLQJ +&3 FU\VWDOV RQO\D IHZ VWXGLHV KDYH E
PDWHULDOV XQGHUJRLQJGHIRUPDWLRQ WKURXJK VOLS DQ
E\BUDVDG HW DQ WKH FDVH RI F\OLQ GUHIORTDA) ¥ RIIRKXVHMNQ B CE \
IRUVSKHULFDO YRLGYVY $Q XQH[SHFWHG HIIHFW RI WZLQ U]
YRLGIJURZWK UHVXOWLQJLQ D VXEVWDQWLDO GHFUHDVH
$GGLWLRQDOO\ ODWWLFH UHRULHQWDWLRQ GXHWRWZLQ
WKHFHOO OHDGLQJWRWKHIRUPDWLRQRIWZLQ PDWUL[DCGC
RIWKHVHERXQGDULHVZLWKWKHYRLGEHFDPHKRWVSRWYV
IRUPDWLRQ DQG WKHGHYHORSPHQW RI FRPSOH[ TXDVL SR(

%H\RQG VLQJOH EXHWWDODFOGN KL QD P X U W K HH SYOIRQW H G
YRLG JURZWK DW JUDLQ ERXQGDULHV XVLQJ D EL FU\WWDC
EL FU\WWDOVLVDIIHFWHGE\WULD[LDOLW\ /RGHSDUDPHW!
'XH WR WKH KHWHURJHQHLW\ RI VOLS DFWLYLW\ DW KLJKH L



LQ VRIWRULHQWDWLRQVY ZKLOH WKH\FROODSVH LQ KDUG RULF
WKH YRLG KHWHURJHQHLW\ RI ODWWLFH URWDWLRQ LV REVH
$GCGLWLR@ERMOGW DPRQGXFWHG &3)(0 VLPXODWLRQV RQ5HSUHVI
(OHPHQWYV 59( RI %&& VLQJOH EL DQG WUL FU\VWDOV LQFRU:
JUDLQ ERXQGDULHVY DQG WUL MXQFWLRQV 7KHVWXG\LQGLFD
YRLGYVY ORFDWHG DW JUDLQ ERUGHUV LV)IUFRSDIFOVHE EOLQWHU JL
LQWHIJUDWHG GDPDJH HYROXWLRQ ZLWK D VLQJOH FU\VWDO S
SRO\FU\VWDOOLQHPDWHULDOV 7KHRXWFRPHVIURP WKLV FRX
HISHULPHQWDO UHVSRQVHV RI ERWK VPRRWK DQG QRWFKHG W
RIDFFXUDF\

,Q VSLWH Rl SUHGRPLQDQW )( VLPXODWLRQV WKH IDVW )RX
GLVORFDWLRQ G\QDPLFV RU PROHFXODU G\QDPLFV FDOFXODW
LQLWLDWLRQ DQG JURZWK LQ FU\WVWDOOLQH PBOW HQLDOV /HW
HW DO H[DPLQHG WKH LQIOXHQFH Rl WKH ORDGLQJ GLUHFWLR
QDQR FU\WWDOOLQHPHWDOVWKURXJKPROHFXODUG\QDPLFVV
WKDW GLVWLQFWLYH GLVORFDWLRQ ORRSV RULJLQDWLQJ DW
D FUXFLDO UROH LQ WKH RXWZDUG JURZWK RI WKH YRLGV DQG
WKHVH ORRSV ZHUH IRXQG WR EH FRQWLQJHQW RQ WKH ORDGL
D VLPLODU PDQQHU WKH LPSDFW RI VL]H HIIHFW RQ YRLG JUR:
GHPRQVWUWRWEGHEW DAVLQJ WKUHH GLPHQVLRQDO GLVORFDW
GLVORFDWLRQ GHQVLW\ EDVHG HYROXWLRQ IRUPXODWLRQ ZD'
PRGHOBEDQWKUDM DQGWRNJDPLQH WKH PHFKDQLVPV JRYHUQ
VWUDLQ ORFDOL]DWLRQ DQG YRLG LQWHUDFWLRQV LQ FU\VWD
LQWHUDFWLRQV LQFOXGLQJ MXQFWLRQ IRUPDWLRQ DQG DQQI
VLIJQLILFDQW YDULDWLRQV LQ PLFURVWUXFWXUDO HYROXWLRC
FU\WWWDO RULHQWDWLRQ

JHEHQVRKQ HWLQWURGXFHG DQ ))7 EDVHG IXO0 ILHOG IRUPXO
YRLG JURZWK LQ SRURXV SRO\FU\WWDOOLQHPDWHULDOV 7KLV
RI SRO\VFU\WWDO SODVWLFLW\DQG GLODWDWLRQDO SODVWLFLV
FRPSDUHG ZLWK XQLW FHOO ILQLWH HOHPHQW FDOFXODWLRQYV

]

i ucv]|-trt-velb|<r_;mol;moto]bl-tlo7;tv=ourouofv luc«v

5HIDUGLQJWKHDQDO\WLFDO GHVFULSWLRQ RI SRURXV FU\VYV
$ PLFURPHFKDQLFDO WZR OHYHO KRPRJHQL]DWLRQ DSSURDFK
SRO\FU\VWDOOLQH PDWHULDOV ZLWK KDUG LOQMOQDFK\VWDOOL



HW DO $W WKH VLQJOH FU\VWDO OHYHO PLFUR PHVR W
WKH\ SURSRVHG D QRYHO KDUGHQLQJ ODZ WKDW FRQVLGH!I
$GGLWLRQDOO\ WKHIRUPDWLRQRIFDYLWLHV DW WKH 3DU\
RQ WKH FRPSDULVRQ RI HODVWLF HQHUJ\ RI WKH SDUWLFC
PHVR PDFUR WUDQVLWLRQ WR SRO\FU\VWDO OHYHO VHOI F

+DQ HW DOSURSRVHG D SKHQRPHQRORJLFDO H[WHQVLRQ
WR LQFRUSRUDWH SRURVLW\ LQ )&& VLQJOH FU\VWDOV 7K
PLFURPHFKDQLFDO YDULDWLRQDO KRPRIPHRW )DL RQ ® BW®
&DVWDXHGDW LV QRWHZRUWK\WKDW WKHRULJLQDO RXWFR
FULWHULRQ LQ WHUPV RI WKH YRLG YROXPH IUDFWLRQ DQC
FULWHULRQ ZDV DGDSWHG WR D *XUVRQ W\SH PRGHO WKU T
W Ko$h(x) IXQFWLRQ )XUWKHUPRUH WKUHH WXQLQJ SDUDPF
WKH 7YHUJDDUG 1HHGOHPDQ FRQFHSW DQG WKHVH SDUDF
FDOFXODWURQWDOSURSRVHG DQ HODVWR YLVFRSODVWLF
FU\WWWDOV DW ILQLWH VWUDLQV H[WHQGDQJHWKBIOLHOG I’
IRU SRURXV VLQJOH FU\WWDOV DW LQILQLWHVLPDO VWUDL
HYROXWLRQ DQG VWUDLQ KDUGHQLQJ RI WKH VLQJOH FU\V
)XUWKHUPRUH WKH SURSRVHG *71 W\SH IUDPHZRUN KDV El
FRQVWLWXWLYH PRGHO DQG LPSOHPHQWHG LQ WKH ILQLW
DUH SURYLGHG IRU XQLD[LDO WHQVLRQ WHVWYV FRQGXFWH:

ORGHOV UHO\LQJ RQ WKH 6FKPIQGHFW DWHIUH®GQ@ FIV. WHKWBIL F
DUH UHFRJQL]HG WR HQFRXQWHU FKDOOHQJHV LQ WKH GL
QHFHVVLWDWLQJ VSHFLDO SURFHGXUHV LQ WKH ILQLWH H¢
GLIILEXOW\ FDQ EH FLUFXPYHQWHG E\ HPSOR\LQJ WKH UHJ
$UPLQMRQDQG %IDFURIJ .RZDOF]\NDQG *DPERQORZLQJ
WKLV REVBIDYDIMLRQ3IDX[HW DORUPXODWHGD *71 W\SH PRG
RQ WKH UHJXODUL]JHG ODZ 1RWDEO\ WKH UHVXOWLQJ \LHC
SDUDPHWHUV FRPSDUHG WR WKH WKUHH-+SDUBWHMOHUYV SUF
7KLV FRQGLWLRQ ZDV GHULYHG E\LQLWLDOO\DVVXPLQJQ
NLQHPDWLF OLPLW DQDO\VLVY DSSOLHG WR D KROORZ VSKH
RXWOLRHGIENUID DQG % HOWXER/HTXHQWO\ WKH UHVXOW ZDV |
WRQ! ,WLVLPSRUWDQW WRKLJKOLJKW WKDW RQH RI WK
SURFHVV LV UHIHUUHG WR DV WKH DQLVRWURS\ FRHIILFLHC

7KHUH LV DOVR D IDPLO\ RI DQDO\WLFDO PRGHOV ZKLEK
YDULDWLRQDO KRPRJHILO D W DR 3R UARHIEHEWY MYHGH GIU L D W L
ERXQGV RQ HIIHFWLYH SRWHQWLDOV EDVHG RQ WKH JHQH



QRQ OLQHDU FRPSRVLWHYV ZLWK FU\VWDOOLQH FRQVWLWXHQ\
IRFXVHG RQDWZR SKDVH SRURXV FU\VWDOOLQHPDWHULDO ZK
FU\VWDO SKDVH DQG LVRWURSLFDOO\ DQG UDQGRPO\ GLVWUL
VLPLODU PHWKRGRORJ\ FRQVWLWXWLYHPRGHOVIRUQRQOLQF
GLODWDWLRQDO YLVFRSODVWIHEEHKXKRKLR d WAHBEHOHHOG RXBQORSHG
HW DO XVLQJ WKH YDULDWLRQDO OLQHDU FRPSDULVRQ DSSU|!
ZHUH VXEVHTXHQWO\ FRPSDUHG WR UHVXOWYV IURP IXOO ILHOG
))7 PHWKRG WR LQYHVWLIJDWH WKH LQIOXHQFH RI YDULRXV PL
RYHUDOO SRURVLW\DQG PDWUL[ SKDVH WH[WXUH

OELDNRS HWEDSURSRVHG D UDWH GHSHQGHQW FRQVWLWXWLY
FU\WWWDOV ZLWK HOOLSWLFDO YRLGY XQGHU SODQH VWUDLQ FR
PRGHO LV BRQMGIR® VWD YHDUEDWLRQDO QRQOLQHDU KRPRJHQL]
DQ®QDV DQG $UDWRGLILHG YDULDWLRQDO PHWKRG 7KH PRG
XVLQJ IX0OO0 ILHOG )( VLPXODWLRQV Rl SHULRGLF XQLW FHOOV
SDUDPHWHUV VXFK DV FU\WWDO DQLVRWURS\ YRLG VKDSHV D
DQG ORDGLQJ FRQGDWILRIQVS 6LVWWIDBPWEBQGHG WKH PRGHO WR W
GLPHQVLRQV VSHFLILEDOO\ DGGUHVVLQJ SRURXV VLQJOH FU
DUELWUDU\ FU\WVWDO DQLVRWURS\

$ JHQHUDOL]HG LWHUDWHG YDULDWLRQDO KRPRJHQL]DWLRC
BRQJDQG 3RQWH &B\EWN HHECRQ WKH FRPELQDWLRQ RI WKH QRQC
KRPRJHQL]DWLRQ PHWKRG DQG WKH LWHUDWHGXRFIRIHQL]DWL
DQG 3RQWH &DVWDIKHGIPHWKRG ZDV XWLOL]HG WR HVWLPDWH
SRWHQWLDORIKLJKDQLVRWURSLF ORZODWWLFHV\PPHWU\ +&
7KHPDFURVFRSLFUHVSRQVHRISRURXV +&3 FU\WWDOV WR D[LV\
DQG LW ZDV VKRZQ WKDW SRURVLW\ YRLG VKDSH DQG FU\VWDO
VL]JH VKDSH DQG RULHQWDWLRQ RI WKH PDFURVFRSLF JDXJH
VLQJOH HTXL SRWHQWLDO VXUIDFH LQ VWUHVV VSDFH WR UHSL
VLQJOH FU\WWDO 6LPLODUO\ DILQLWH VWUDLQ FRQVWLWXWL"
SRURXV YLVFRSODVWLF VLQJOGRRU\V YG OR IO GBYWORBBG E\
XWLOL]JLQJWKH IXOO\RSWLPL]J]HG VHFRQ G RQG H & D)2 %/2D DG D \
LQ FROQMXQFWLRQ ZLWK DQ DSSURSULDWH JHQHUDOL]DWL
SURFHGXURIUD\ DQG 3RQWH &D VKU HGEIDO\ RSWLPL]JHG VHFRQG
)262 YDULDWLRQDO DS $BRD PKZDARXQWHIG 8EDE W R xGKEWL Y H
ILQLWH VWUDLQ FRQVWLWXWLYH PRGHOV IRUWKH PDFURVFRSI
KXJH SRUHV UDQGRPO\ VFDWWHUHG DFURVV D ILQH JUDLQHG S|

‘DV HW DO GHYHORSHG D FRQVWLWXWLYH PRGHO IRU SRUI



SUHVVXUL]HG SRUHV WDNLQJLQWR DFFRXQW WKH HYRO X\
WH[WXUHZLWKGHIRUPDWLRQ 7KLVZDVDFFRPSOLVKHG XV|I
KRPRJHQL]DWLRQ DSSUBRDBKDYBERBRYWM B EDVIR D MDFXR X V
SRUHV 7KH SRURXV SRO\FU\VWDO LV WKRXJKW RI DV D WK
ZDV XVHG WR VWXG\ WKH PDFURVFRSLF UHVSRQVH RI SRUF
H[LVWHQFH Rl SUHVVXUHG SRUHV FDQ FDXVH VROLG SRO\F
KDUGHQLQJLQIOXHQFH RQ WKHRYHUDOO UHVSRQVH

$ UHGXFHG PLFURPRUSKLF FU\VWDO SODVWLFLW\PRGHO
EVLQJHWDOEDVHGRQDVLQJOH VFDODU YDULDEOH NQRZQ
PRGHOZDVVXEVHTXHQWO\XWLOL]HGWRLQYHVWLJDWHVW
JURZWK DQG FRDOHVFHQFH LQ )&& VLQJOH FU\VWDOV 7KH
LQ YRLGHG FXELF FU\VWDOV XQGHU K\GURVWDWLF ORDGL
VWXGRBWVHO HW DRUHH GLVWLQFW PHWKRGRORJLHV ZHUH
*XUVRQ W\SHHVWLPDWH WUHDWLQJ FU\VWDOV DV KROORZ
DSSURDFK RI LQILQLWH UDQN DQG D FRPSOH[ XQLW FHOO
SHVXOWVUHYHDOHGFRQVLVWHQWDJUHHPHQWDPRQJWKH
FRQGLWLRQV +RZHYHU GLVFUHSDQFLHV DURVH XQGHU FR

6FKHUHU HW ®®ULYHG FORVHG IRUP DQDO\WLFDO VROX\
FRQGLWLRQV RI SRVLWLYH ]JHUR DQG QHJDWLYH VWUDLC
VXEMHFWHG WRVLPSOHVKHDU 7KHVHVROXWLRQV ZHUH VX
HOHPHQW LPSOHPHQWDWLRQ $GGLWLRQDOO\ WKH\ SURS
QRQ OLQHDU VDWXUDWLQJVRIWHQLQJEHKDYLRU ZKLFK Z
EHWZHHQ YRLGV DQG VOLS EDQGYV

$ FU\WWDO SODVWLFLW\ EDVHG FRQVWLWXWLYH PRGHO |
EVGLGGLT DFFRXQWLQJ IRU GDPDJH UHVXOWLQJ IURP YRL
$ GHWDLOHG SDUDPHWULF DVVHVVPHQW KDV EHHQ FRQGX
SDUDPHWHUVRQPDWHULDO UHVSRQVH 6XEVHTXHQWO\ Wi
LQDILQLWHHOHPHQWIUDPHZRUN $FRDOHVFHQFHFULWHU
DUUD\V Rl YRLGV ZDWXSHRSFREWDHEHE\RQ OLPLW DQDO\VLV KF
DQG FU\WWDO SODVWLFLW\ *RRG DJUHHPHQW ZLWK QXPHU
KDV EHHQ GHPRQVWUDWHG 7KH FULWHULRQ FRQVLGHUV F
LQWHUDFWLRQV

$ GXFWLOH GDPDJH PR G HOQZMNW\SD® ERVHIGLEQWHJIJUDWHYV F
SRURXV SODVWLFLW\DQG WKH &RXORPE 5RXVVHOLHU /XR
LQWR D PHDQ ILHOG SRO\FU\WWDOOLQH IUDPHZRUN 7KH S
VSHFLPHQV PDGH RIDQ DQLVRWURSLF DOXPLQXP DOOR\ XQ



,QDGGLWLRQ WR WKHOLWHUDWXUHPHQWLRQHG DERYH LW\
UHYLHZ SDSHUV KDYH EHHQ SXEOLVKHG ZKLFK HQFRPSDVV SU
GXFWLOH3IIDQHDOUHW BWRYLGHG DQ RYHUYLHZ RI PHWDO IDLOX
EULWWOH DQG GXFWLOH IUDFWXUH XQGHU PRQRWRQLF ORDGYV
GLVFXVVHG ZKLFK LQFOXGHG WKH LQWHJUDWLRQ RI PLFURVW
RYHUDOO IUDFWIXWH SHXRSHWWIRRW D WKRURXJK OLWHUDWXUH YV
PLFUR PHFKDQLVPV RI GXFWLOH SRURXV VROLGV HPSKDVL]LQ
HQJLOQHHULQJ PHWDOOXUJLFDO YDULDEOHYV 7KHUHVHDUFK KL
JDSVLQ GXFWLOH IUDFWXUH UHVHDUFK ZHUH GLVFXVVHG

e:’"1b;m¢Cl]Jo-t-m7vlor;o=|_;|_;vbv

7KH VFLHQWLILF DLPMR MRAESYUMKHQIGVD.OYG HOXFLGDWH WHKUF
DOQDO\WVHV DQG PLFURPHFKDQLFDO PRGHOLQJ WKH UHODWLRQ\
WKHSURFHVVHVRIYRLGJURZWKDQGFRDOHVFHQFHWKDW UHV X
PHWDOV DQG DOOR\V FKDUDFWHUL]HG E\)&& DQG +&3 VIPPHWU\
E\VOLSDQG WZGQQEXQUVHG LQ WKH S BB MHEILL@IOOVHEMLIRRLIK SOL
DQLVRWURS\ VXFK DV PDJQHVLXP JLUFRQLXP RU]JLQF DOOR\V
WR H[KLELW UHGXFHG GXFWLOLW\DQG IUDFWXUH WRXJKQHVYV
RIHDVLO\ GHIRUPDEOH VOLS VIVWHPV DQG WKH RFFXUUHQFH RI
OLQNHG WR YRLG JURZWK XQGHU FRQGLWLRQV RI ORFDOO\ FRC
D FUILWWDOOLWH DQG WKH PDUNHGO\ KHWHURJHQHRXV VWUHV
HOHPHQW LV QRW \HW IXO0O\ XQGHUVWRRG DQG LQFRUSRUDWH
OLFURPHFKDQLFV GHVFULELQJWKHFRQQHFWLRQRIWKHPDFU
PDWHULDOV ZLWK WKH ORFDO SURSHUWLHV DQG PLFURVWUXFW
PLFUR PDFUR WUDQVLWLRQ VFKHPHV LV FRQVLGHUHG D ZHOO
SUREOHP DQG ILOO WKLV JDS ,Q DQDORJ\ WR WKH VHPLQDO U}l
1HHGOHPDQ WKHVR FDOOHG *71PRGHO RIGXFWLOHGDPDJH V
WR \LHOG PDFURVFRSLF HODVWR YLVFR SODVWLF PRGHOV IRU
VSHFLILHG ODWWLFH V\PPHWU\ 7KHVH PRGHOV FDQ WKHQ EH
ODUJH VFDOH ILQLWH HOHPHQW )( FDOFXODWLRQV

7KH HIITHFWLYHQHVV Rl WKH SURSRVHG PLFURPHFKDQLFDO
SUHGLFWLRQV GHSHQGV RQWZR FULWLFDO IDFWRUV L WKHDF
LQIOXHQFLQJFU\WVWDO EHKDYLRUDW WKH ORFDO REVHUYDWLR!
DQ DSSURSULDWH PLFUR PDFUR WUDQVLWLRQ VFKHPH ,Q WKH
VIPPHWU\ WKHORFDOFRQVWLWXWLYHUXOHPXVWFRQVLGHUW



VOLS PRGHV DQG WZLQQLQJ DOWHULQJ KDUGHQLQJ ODZV
UHVROYHG VKHDKRRWHIYHY @ HVU\FK HW DXXUWKHUPRUH WZLQ
LQ FRQWUDVW WR VOLS SRVVHVVHV D SRODU FKDUDFWHU I
ZLWKLQ D SDUW RI WKH REVHUYHG JUDLQ 7KLV WUDQVIRUF
PXOWL FU\WWDO FRPSULVLQJSDUHQWDQGWZLQ RULHQWLE
KHWHURJHQHRXV SODVWLF IORZ ZLWKLQ WKH YROXPH HOHI
ORFDO LQWHUQDO VWUHVVHV DQG JUDLQ WHPLEQIHRPHI\® W O ([ ¢

.RQGRUL HW PRQILUP WKDW DOO WKHVH SKHQRPHQD H"
ERXQGDULHV VLIJQLILFDQWO\ LPSDFW YRLG JURZWK DQG F
LQWHJUDWHG LQWR WKH ORFDO FU\VWDO SODVWLFLW\ PR
IUDPHZRUN

&RQFHUQLQJWKH PLFUR PDFUR WUDQVLWLRQ WKH SULF
QRQ OLQHDULW\DQGDQLVRWURS\RIORFDOEHKDYLRU (VW
VXFKDVWKHORUL 7DQDNDPHWKRG WKHVHOI FRQVLVWHOQ)
PRGHO DQG WKH GLITHUHQWLD®G PR LLQ MW R HQUADIRN EK H F
RULJLQDOO\ IRUPXODWHG DVVXPLQJ D OLQHDU FRQVWLW
FDVHV LQYROYLQJ SK\VLEFDO QRQOLQHDULW\ VRPH IRUP RI
.DQRXWp HW ODOBH IRUPXODWLRQ RI VXFK D VFKHPH LV QRW !
GHDOLQJ ZLWK DQ HODVWR YLVFRSO DN WHRIFHRHIEW X0R) DV G H
WKH SUHVHQW ZRUN WKH VR FDOOHG VHTXHQWLDO OLQH
UHJDBZDOF]\N *DMHZVND D ®GUIHNGUAN DQG LWV DSSOLFDE
WR SRURXV SRO\FU\WWDOOLQH PDWHULDOV ZLOO EH YHULI

,Q WKLV VWXG\ ZKLOH WKH SULPDU\IRFXV LV RQ SRURXYV
ODWWLFH V\PPHWU\ WKHDQDO\VLVHQFRPSDVVHV FRPSUH
DSSOLFDWLRQ RIPLFURPHFKDQLFDO WKHRULHV WR )&& SR
7TKHLQYHVWLIJDWLRQ LQLWLDWHY ZLWK DQ LQ GHSWK H[DPF
VFHQDULRV LQ XQLW FHOOV RI SRURXV VLQJOH FU\VWDO
HOHPHQW PHWKRG &3)(0 IRUERWK )&& DQG +&3 FU\VWDO
UHVHDUFK PRYHV WR IRUPXODWLRQ RIPLFURPHFKDQLFDO |
DQG SRO\FU\VWDOV FKDUDFWHUL]JHG E\ )&& DQG +&3 V\PPH)

$IWHU GHWDLOHG GLVFXVVLRQ RI WKH VWDWH RI WKH DU\
DOOR\V SUHVHQWHG LQ SUHYLRXV VXEVHFWLRQV WKH QH|
RQ QXPHULFDODQG DQDO\WLFDO PLFURPHFKDQLFDO PRGH
SRO\FU\WVWDOOLQH PHWDOV DQG DOOR\V 7KH WKHVLV LV R

,Q &KDSWHW\VWDO SODVWLFLW\PRGHO WKDW DFFRXQWV
SUHVHQWHG 7KLV PRGHO LV LPSOHPHQWHG ZLWKLQ DILQL



FHOO FDOFXODWLRQV LQ ERWK 'DQG 'FDVHV IRU +&3 DQG )&3&
&KDSWWKHILQLWH HOHPHQW LPSOHPHQWDWLRQ DQG WKH YDUL
WR WKH XQLW FHOO PRGHOV DUH GLVFXVVHG LQ GHWDLO

,Q &KDSWWKH FU\VWDO SODVWLFLW\ ILQLWH HOHPHQW PHWK
LQYHVWLIJDWH F\OLQGULFDO YRLG JURZWK RU FROODSVH LQ )&
PLFURVWUXFWXUHHYROXWLRQ XVLQJD 'SODQHVWUDLQPRGH
FRQWUROOHGDQGVWUHVY FRQWUROOHGERXQGDU\FRQGLWLR
RI SRURXV FU\WWDOV XQGHU GLIIHUHQWAKH WW P DORDUL B Q VO\W L
LV FRQGXFWHG IRU +&3 FU\WWDOV $ 'SODQH VWUDLQ PRGHO
SULVPDWLFDQGF D[LVORDGLQJLV VWXGLHG DFURVYV GLIIHUHC
UHVXOWYV FRPSD U HE DARDWEKHVZBBXERHTXHQWO\ D 'XQLW FHOO
VSKHULFDO YRLG XQGHU XQLD[LDO ORDGLQJLV FRQVLGHUHG
YDULHG ZKLOH WKH FU\VWDO RULHQWDWLRQ UHPDLQV IL[HG 7K
ZLWK WKH&RUNDRIDMRX HW DO

,Q &KDSWHMKHRUHWLFDO IRUPXODWLRQ RIDQRYHO PLFURPH
IRU SRURXV SRO\FU\WVWDOV LV SUHVHQWHG $W WKH OHYHO R
ORUL 7DQDND VFKHPH LV HPSOR\HG WR GHWHUPLQH WKH RYHUL
FU\WWWDO ZKLOH WKH DGGLWLYH VHOI FRQVLVWHQW VFKHPH L\
WKH SRURXV SRO\FU\VWDOV 7KH QXPHULFDO LPSOHPHQWDWLF
SRO\FU\VWDOV LV GLVFXDGIHGEWQREDBMHPHDQ ILHOG PRGHO ¢
YDOLGDWHG DIJDLQVW XQLW FHOO )( FRPSXWDWLRQV IRU ERWK

)LQDOO\ LQ &XDRSWHUL W\SH \LHOG FULWHULRQ IRU SRURXYV
SURSRVHG EDVHG RQ WKH PLFURPHFKDQLFDY® H S\SXQRMFIK GLVF
SDUDPHWHUV RI WKH PRGHO DUH FDOLEUDWHG XVLQJ XQLW FH«
RI WKH PRGHO DUH WKHQ FRP S DH{LHBG HZW VB K0 DVQRE )S[UHRE \OD OV R

IRU )&& VLQJOH FU\WWDOV $GGLWLRQDOOBDR[U +&3 FU\V\

HW DO \LHOG FULWHULRQ WKDW DFFRXQW IRU WZLQQLQJ LV S
FDOLEUDWHGDQLVRWURSLFSDUDPHWHU EDVHGRQRSWLPL]DW
DOJRULWKP LV FRPSDUHG ZLWK WKH UHVXOWY REWDLQHG XV
K\GURVWDWLF ORDGLQJ 7KHWKHVLVY FRQFOXGHV ZLWK D EULH]I
ZRUN

7KH UHVXOWYV | IKCPY &KIDBWHDUG\ EHHQ SXBQUXKB G \LIQLWKHSD U W
.RZDOF]\N *DMHZWNDNKHFRQWHQW RIWKLVDUWLFOHDOLJQV ZL
LQ WKLV FKDSWHU LWV FHUWDLQ VHFWLRQV UHSURGXFH SDUV
WKH UHPDLQLQJ VHFWLRQV RI WKH WKHVLY WKH FRQWHQW WK
H[SDQGHG XSRQ WR GLIIHUHQW H[WHQW



$ !
u<v|-trt-v¢lb|<lo7;t

,Q WKLV FKDSWHU WKH FU\WWDO SODVWLFLW\ IRUPXOD
LV SUHVHQWHG 7KLV IRUPXODWLRQ LV XWLOL]HG LQ WK
IRU )&& DQG +&3 FU\WVWDO V\VWHPV ZKLFK ZLOO EH GLVFX)
,QLWLDOO\ WKH VOLS DQG WZLQ V\VWHPV FRQVLGHUHG IR
ZRUN DUH SUHVHQWHG IROORZHG E\ D GHVFULSWLRQ RI N
7KH SURSRVHG PRGHO LQFRUSRUDWHY WKH SRODUL]JHG FK
QHZ WZLQ UHODWHG RULHQWDWLRQV YLD UHRULHQWDWLTF
FRXSOLQJRQ WKH KDUGHQLQJ SKHQRPHQRQ DQG WKH ODW

‘e 0O|-¢om

7KURXJKRXW WKH ZRUN WKH2WHQVRU3 QRWDWLRQ LV XV
DUHDOVR SUHVHQWHG LQ LQGLFLDO QRWDWLRQ XWLOL]LG
EDVLVY DQG WKH VXPPDWLRQ FRQYHQWLRQ RYHU WKH UHSE
FRQYHQWLRQV DSSO\

f6FDODUYV DUH UHSUHVHQWHG LQ LWDOLIEY RULURPDQ W
log(Lo)

ft9HFWRUVDQGVHFRQG RUGHUWHQVRUVDUHGHQRWHGE
ERWKLQ VPDOODQG FDhghW,DO OHWWHUV IRU HJ

t7KH GRXEOH VWUXFN OHWWHUYVY DUH XVHGWRMHSUHVH

7KHVHFRQG RUGHUDQG IRXUWK R U G HUQIGH H§ & H AW WYHHO/
7KHLU FRPSRQHQWV LQ DQ\ RUWKRQ R Q8P OUFDASH/FIMLH H [B\U
WKH VXEVSDFHRIV\PPHWULF VHFRQG RUGHU WHQVRUV WK
WKH V\PPHWIHSHBVHQMHBEKDARP §RQHQWY 7KH QRWDWLRG



$ ‘' l1RWDWLRQ XVHG IRUWHQVRU RSHUDWLRQV

THQVRU 1RWDWLRQ ,QGLFLDO 1RWDWLR|Q
m n;T F;P L mini; Tij Fij 5 Pija Lijia
F nP nP F Fij nj; Piji Ni; Pija Fia
F:n P;F P niFij 5 NiPik 5 Fij Pijia
m n;T F,P L min;; Tij Fia; Pijk Lpgrs
F nP nP F Fij Ni; Pijia Np; Pijia Fpg
TF:P L;T:F Tij Fix s Pijw Liamn 5 Tij Fji
r v;divv;rotv Vij i Viis ik Vkj ZKHWHV D SHUPXWDWLRQ WHQVRU
r T:divT Tk 5 Tij;j

HPSOR\HG IRU YDULRXV RSHUDWLRQV LQYROYLQJ WHQVRUYV RI
7DE  7KH VHFRQG RUBIHWKWHRPERO M Q\WME UH\FH QWHG E\
WUDQVSRVHG LQGLFDWLQJ B WHKQVRLU VZK W KRPRIPBR RGW Y W H
ZLWK FRPPRQHQWNQRRVHEHE® WUDQVSRVHG UHSUHVHQWLQJ I
FRPSR@®HQWY¥YHUVHV RI VHFRQG DQG IRXUWK RD®BU WHQVRU
P! UHVSHFWLYHO\

“:* 00u;"b-¢omyv
%HORZ DUH WKH GHILQHG DEEUHYLDWLRQV XVHG WKURXJKR X
$)&& _DFH& W HXHG &
$))7 _PVRXYULHDQNVIRUPV
$£)(0 )JLQLWHRHBWIWORG
$&3)(0 _&\VWIDO/VLELWHRHBWIORG
$+&3_HM[DJR@RMEFBIHG
$936& 19V FRBWILFR® VLVWHQW
$379&_BRED ELDILYRIODEPRIQY LVWH QW

1&566_ W& WIHADROOK H BWSHH V V



$0)3 _OHDQMHBWK

$59( _53SUHVHQRWOD\WWMN(PIFQ W
$533_HSUHVH@ERWBRWRDB&\WD O
$+33& RPRJHQRBIREROBAVWDO
$536& HSUHVHQ@RWRWQBAIB\EW D O
$+36& RPRJHQR|WREX3) BQN\BW D O
$+(0 +RPRJHQRXIVY([D OHGCQW P
$(936& QDVWRFEBVWOQRQVLVWHQW
$10)0 OHDQHOBMDHO

$,3) _QYHURMHI)X UH

$£6)( _GVDFNDRRAQYH U I\

1*71 _*XUVRMUIDBHGAHPDQ

“7ouev|-tt-°1; vall|uc

,Q WKLV VHFWLRQ WKH LQGHSHQGHQW FRPSRQHQWYV RI
DV WKH VOLS DQG WZLQ V\VWHPYVY FRQVLGHUHG WKURXJKR.
FU\WWVWDOV DUH GLVFXVVHG )RU)&& FU\VWDOV ZLWK FXELF
Le KDV WKUHH LQGHSHQGHQW FRPSRQEHQWV 4D VRWURS
L1102 = Li11ss = L22ss D Q12 = Liziz = Los2s +RZHYHU IRU 0J DQG 7L +
FU\WVWDOV ZLWK WUDQVYHUVH LVRWURSLE=Véf FRRW UNDDK L F
ZLWK WKHPDLQ D[LV RI V\PPHWU\ WKHUHDUHILYHLQGHSH
D[HMai11 Li1oo Ligzs Lazss DQGiz WLV LPSRUWDQW WR QRWH WKE
VI\PPHWU\ WKHUHDUHDGGLWLRQDRELFRQ;JHMRFEARRSRQHQW
Los2s= Lizis DQ@fz2= Lunn  Lui

7KH V\PPHWU\ RI WKH FU\VWDO LQIOXHQFHVY WKH VOLS D
PDWHULDO EHLQJ HIDPLQHG 7KH VOLS SODQHV DQG GLUHF
IUDPH XWLOL]JLQJ OLOOHU LQGLFHV ,Q WKLV UHSUHVHQW
QRUPDO YHEWRNV UM B O



$ :'60LS WZLQ VIVWHPV FRQVLGHUHG IRU )&& FU\WVWDO
60LS SODQH
1 1 1 1 1 1 1 1 1
60OLS GLUHFWLRQ
>1 @ 1@ 1@ @ > @ p @ CleEe>>@ > @ >le@ >
7ZLQ SODQH
111 111 111 | 111 111 111 | 111 111 111
7ZLQ GLUHFWLRQ
311@ 124 @ 18 @ 2H@ 14@ 1@ 2@ 1¢4@ 1¥B@ M@ > O2@

‘:’60LS WZLQ VI\IVWHPV FRQVLGHUHG IRU +&3 FU\VWDO

OLS WZLQ GLUHFWLI

$

60LS WZLQ SODQH 6

>2 @

%DVDO VOLS 2 @

>2 @

1 >2 @

ULV PR W DE|[S 1 2110 @

1 2120@

1122 3123@

1212 P2B@

B\UDPk@RBIOVOILS ELlZ 21}3@

1122 2123 @

1212 3213@

2112 2113@

1012 32011@

1012 32011 @

7THQVLOH WZLQQIi']an 77 1_101@

1102 2101 @

0112 P111@

0112 111 @

WRWDO RI

VOLS DQG

1,Q)&& FU\VWDOV SODVWLF GHIRUPDWLRRQIGIMIEHGRPLQDQWO
IDPLO\ RI VOLS V\YMWiPIH DMFEL WKRII WZLQ VA\VWHPV $V D UHV
WZLQ VI\VWHPV DUH FRQVLGHUHG L
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