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Abstract

This thesis presents a comprehensive numerical investigation of wall interference effects in transonic wind
tunnel testing of swept-wing configurations, by the example of the Cryogenic Ludwieg Tube Goéttingen
(KRG) at the German Aerospace Center (DLR). By employing Reynolds-Averaged Navier—Stokes (RANS)
simulations using the DLR TAU code and the Spalart—Allmaras turbulence model, the study quantifies how
test section walls affect the spanwise flow homogeneity around a swept wing at high Reynolds numbers. A
detailed analysis was conducted to isolate the influence of key flow parameters, like angle of attack, sweep
angle, chord length, and Mach number, on wall-induced distortions.

The simulations reveal that vertical tunnel walls introduce significant spanwise pressure gradients,
especially at higher sweep angles and larger chord lengths, i.e., aspect ratios. These effects are mitigated
through a mesh deformation approach based on Radial Basis Functions, which enables the adaptive
reshaping of tunnel walls to align with streamlines from an idealized, unbounded flowfield. The implemen-
tation of these deformed geometries resulted in substantial improvements in spanwise flow uniformity,
reducing the root mean square errors in the pressure coefficient distribution by nearly 50% in critical test
section regions. Not only is it possible to reduce spanwise gradients in the flowfield, but also to reduce the
difference to infinitely swept conditions almost over the entire width of the test section.

Beyond identifying optimal strategies to reduce the influence of the walls on the flowfield, the thesis
validates its numerical findings against existing experimental and numerical data. The proposed methodol-
ogy offers a valuable toolset for pre-test planning and supports the development of more representative
aerodynamic experiments, especially in the context of laminar-to-turbulent transition studies. These contri-
butions provide a scientifically robust foundation for minimizing wall interference in transonic testing and
support the advancement of research on laminar-to-turbulent transition.
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[LVW RI1)LJXI

6FKHPDWLF RIERXQGDU\OD\HU HYROXWLRQ RYHU D IODW SODWH DQG |
IRUODPLQDUDQG WXUEXOHQW ERXQGDU\OD\HUV 7KH VKHDU VWUHV
WKH YHORFLW\ SURILOHV DW WKH ZDOO VKRZQLQ UHG 6HUSLHUL
6NLQ IULFWLRQ FRHIILFLHQW RI ODPLQDU EOXH DQG WXUEXOHQW
5H\QROGV QXPEHU

6FKHPDWLF RI GLIIHUHQW ERXQGDU\ OD\HU LQVWDELOLWLHYV ZKLFK FL
9LGDOHYV D $WWDFKPHQW OLQH LQVWDELOLW\RU FRQWDPLQI
7ROOPLHQ 6FKOLFKWLQJZDYHV LQVWDELOLW\ G &URVVIORZ LQVW
7UDQVLWLRQ SURFHVV RID ERXQGDU\OD\HU LQLWLDWHG E\7 6 ZDY'}
&URVV IORZLQVWDELOLWLHYV 6HUSLHUL D 7\SLFDO FURVVIORZ \
RLO YLVXDOL]DWAHRSMRDLDJ LQ WKH 78 '"HOIW /77 IDFLOLW\ )ORZ IUR
GDUNHU DUHDV VKRZ WKH WXUEXOHQW UHJLRQ RI WKH ERXQGDU\ OD\H
RQ WKH ZLQJ VXUIDFH LV DOVR FDSWXUHG

'UDJ SRODUV RIZLQJV ZLWK GLIIHUHQW VZHHS DQJOHV DQG IL[HG DVSH
SURILOHV LQ SODQHV QRUPDO WR WKH OHDGLQJHGJH DQG $5 $GO
E $W ODFK

,QILQLWH QRQ WDSHUHG ZLQJV LQ WR & WILHXD D OR [6AVIU@ EDKVHA ZZ R Bl Z
IUHHVWUHDP YHORFLW\ LV HTXDO WR WKH YHORFLW\ SHUSHQGLFXO
DEVHQFH RIVZHHS E 6ZR4S\W ZQ QORZOMKQVENOKHMDEKGIRELO LQ RUDQJH
7KH IUHHVWUHDP YHORFLW\ LV GHFRPSRVHG LQWR D FRPSRQHQW SHL
OHDGLQJ HGJH

'LQJ ZDYH GUDJ FRHIILFLHQW YHUVXWZBBKVQXREHG DROUUGDGDVK GRW!
OLQHV DQG XQVZHSW ZLQJ GDVKHG OLQH 7KW GG BILQHGIHQFH 0D |
(TXDWLRQ 9RV DQG )DURNKL 7KH WKHRUHWLFDO DQG H[SHULP
DQG DFTXLUHG E\ 7TRUHQEHHN DQG -RKQVRQ UHVSHFWLYHO
'LUHFWLRQRIIOXLG SDUWLFOH PRWLRQ GXHWR LVREDU SDWWHUQ R
LVREDUV DUH GUDZQ SDUDOOHO WR WKH OHDGLQJDQG WUDLOLQJHG
,VREDU SDWWHUQRMBWWIZ@JV RI GLIIHUHQW DVSHFW UDWLRV DW JHUR
OLQHV LQGLFDWH SDUDOOHOV WR WKH OHDGLQJDQG WUDLOLQJHGJH
PLQLPXP SUHVVXUH FRHIILFLHQW DQG VROLG FXUYHG OLQHV LQGLFD\
6HFWLRQDO YLHZV RI WKH DGDSWLYH WHVW VHFWLRQ RI WKH .5* D /R
WHVW VHFWLRQ ZLWK DGDSWLYH ZDOOV DQG DQ DLUIRLO .RFKHW DO
RI WKH DGDSWLYH ZDOO WHVW VHFWLRQ RI WKH .5* DGMXVWDEOH E\ \
BNHWFK Rl WKH HITHFWV ZLWKLQ WKH WHVW VHFWLRQ WKDW DUH D¢
SURFHGXUHV 7KHGHFUHDVH LQ HIIHFWAYWSF GRWWWRHFW K RIONDHOQRLQH D |
RIWKHERXQGDU\OD\HU DW WKH WXQQHO ZDOOV LV LQGLFDWHG LQ EO>
LQ RUDQJH ZKHUH WKH FKDQJH LQ HIIHFWLYH FURVV VHFWLRQ GXH
DQG WKH ZDNH LV LQGLFDWHG

&URVV VHFWLRQDO YLHZ RI WKH .5* LQ WKH ; = SODQH ZLWK DQ XQ\
XSSHU DQG ORZHU ZDOOV 7KH ZDOOV DUH GHIRUPHG WR PDWFK W
XQERXQGHG FDVH DW WKH VDPH = ORFDWLRQ 6L[H[HPSODU\VWUHDF
6LGH ZDOO LQWHUIHUHQFH RQ D VWUDLJKW ZLQJ IROORZLQJ %LUNH
OD\HU LV LQGLFDWHG LQ EOXH

6LGH ZDOO LQWHUIHUHQFH RQ D VZHSW ZLQJ IROORZLQJ %LUNHPH\H
6FKHPDWLF LOOXVWUDWLRQRIVHFRQGDU\IORZ VWUXFWXUHV LQ WKH
IROORZLQJ +LUW 7KH ILOOHW LV LQGLFDWHG LQ RUDQJH

/9 ) SURILOH FRQWRXU QRUPDOL]J]HG E\WKH FKRUG OHQJWK
6FKHPDWLF LOOXVWUDWLRQ RI WKH &U\RJHQLF /XGZLHJ 7XEH *|WWLC

YLL



/ILVW RI )LIXUHYV YLL

7HVW VHFWLRQ RI WKH &U\RJHQLF4XGIZHHILFXER Z [OMWHEWQRQ ZL Wt
XQVZHSW ZLQJLQVWDOOHG EHWZHHQ WKH YHUWLFDO ZDOOV ,Q WK
WKH FRQWURO YDOYH DUH YLVLEOH

763 PHDVXUHPHQWYVY RI H{SHULPHQW 1R ZLWK IORZ IURP WKH OHIW .R
WUDQVLWLRQV IURP ODPLQDU WR WXUEXOHQW DW URXJKO\ RI WKH
FRORU )RUVRPHVSDQZLVH ORFDWLRQV WXUEXOHQW ZHGJHV IRUP
GRZQVWUHDP GDUN ZHGJHV LQ WKHPLGGOH RIWKH ZLQJ 7KH SUHV
PLGGOH RI WKHVSDQ ZKHUHD WXUEXOHQW ZHGJH LV IRUPHG
2YHUVHW JULGV V\VWHP '/5 ,QUHGDQG EODFN ILUVW DQG VHFF
JUHHQ DQG EOXH WKHRYHUODSSLQJUHJLRQ ZKHUH DW OHDVW RQH F}
DFRQYHUJHG VROXWLRQ

2YHUODSSLQJEDFNJURXQG JULG EOXHZLWKEDFNOLQHYV DQGFKLOG.
WKHLQWHUSRODWLRQ UHJLRQ UHG 7KHLQWHUSRODWLRQ UHJLRQ
.5* PRGHO ZLWK VWRUDJH WXEH FRQWUDFWLRQ WHVW VHFWLRQ DQC
7KHUHOHYDQW VHFWLRQ IRUWKH GRPDLQ LV VKRZQLQDOLJKWHU FRO
HQWU\ XSVWUHDP WR WKH WHVW VHFWLRQ H[LW GRZQVWUHDP
&RPSXWDWLRQDO GRPDLQV XVHG LQ WKLV WKHVLV 7KH FKLOG JULG I
RIWKH GRPDLQ DUHLQGLFDWHG ZLWK EOXHDUURZV 7KH GLVWDQF
WKH ZLQJ DW WKH LQERDUG ZDOO DQG WKH HQWU\ WR WKH WHVW V}
'LWK H{WHQGHG KRUL]JRQWDO ZDOOV WR HOLPLQDWH WKHLU LQIOXHQ
VHFWLRQ JHRPHWU\

&RPSXWDWLRQDO GRPDLQ EDVHG RQ .|[KOHU XVHG IRUWKH LQILQL
7KH SRVLWLRQ RI WKH ZLQJLV LQGLFDWHG LQ UHG

8QVWUXFWXUHG EDFNJURXQG PHVK EODFN RQ EOXH DQG VWUXFW.
ZLWK WKH DLUIRLO LQ WKH ; = SODQHIRUWZR GLPHQVLRQDO VLPXO
PHVKHV LV GRQH ZLWK WKH &KLPHUD PHWKRG

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKHWZR GLPHQVLRQDC
WKH JULG SDUDPHWHUV VKRZQ LQ 7TDEOH DQG WKH SDUDPHWHUYV RI
7DEOH 7KH VLPXODWLRQV EDVHG RQ WKH JULG E\ .|KOHU DUH F
DWWDFN WR PDWFK WKH DQJOH RI DWWDFN SHUFHLYHG E\ WKH DLUIR
=RRP ,Q RI)LJXUH

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV SORWWHG DORQJ WKH Q|
GLPHQVLRQDO WHPSRUDO FRQYHUJHQFH VWXG\ ZLWK WKH SDUDPHW
/LIW FRHIILFLHQW GUDJFRHIILFLHQW DQG GHQVLW\UHVLGXDO IRU W
DULWKPLFDOO\IRUWKHWZR GLPHQVLRQDO FRQYHUJHQFH KLVWRU\ Z
1R $ GHQVLW\ UHVLGXDIO DRIZOIW QW QX UWKHU LQFUHDVH WKH DFF.
SUHVVXUH FRHIILFLHQW GLVWULEXWLRQ

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUGLIIHUHQW QXPHULFDO
ODWLRQV DOLJQ ZLWK H[SHULPHQW 1R 7KH WZR GLPHQVLRQDO PHYV
VWXG\ VKRZQ LQ )LIJXUH EOXH LV FRPSDUHG ZLWK D FRUUHVSF
PHVK UHG D WZR GLPHQVLRQDO PHVK ZLWKRXW WKH &KLPHUD DSSUT
WLRQ XVLQJDQ DOWHUQDWLYH WXUEXOHQFH PRGHO JUHHQ
3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKH WZR GLPHQVLRC
ZLWK WKH SDUDPHWHUV RI H[SHULPHQW 1R VKRZQ LQ 7DEOH 71
WKH PHVK E\ .|KOHU DUH FRUUHFWHG IRUWKH DQJOH RI DWWDF
DQJOH RIDWWDFN RIWKHDLUIRLOLQ WKHWHVW VHFWLRQ RI WKH WX
8QVWUXFWXUHG EDFNJURXQG PHVK EOXH ZLWK EODFN OLQHV DQC
GRWWHG OLQHV VKRZQ ZLWK WKH DLUIRLO LQ WKH; = SODQH L H |
WKUHH GLPHQVLRQDO VLPXODWLRQV ZLWK LQYLVFLG ZDOOV 7KH FRI
ZLWK WKH &KLPHUD PHWKRG

BWUXFWXUHG FKLOG JULG ZL W=0D QDDAZHH-5 Pl @MIBN IRBIQ & ID

FKRUG OHG1¥0KRI 7KH PHVK LV H{WUXGHG DORQJ D YHFWRU LQ WKH ;
3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKH VSDWLDO JULG FR
ZDOOV 7KH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV DUH H[WUDFW
VLPXODWLRQV DUH SBlUIRBPHEIR PP Ma=0:65 DQRB=7 10°



JLVW RI)LIXUHV LI

OHVKIRUWKHWKUHH GLPHQVLRQDO JULG FRQYHUJHQFH VWXG\LQ \
OD\HUV PHVKLQ UHG WR FDSWXUH WKH ERXQGDU\ OD\HU

S3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKHJULG FRQYHUJHQ
7KH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQ LV H[WUDFWHG DW RIV
RXWERDUG ZDOO 7KH VLPXODW:®Q ¥ 25U HcS H30 IRRIR 60t FBU

DORR=7 1

B3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV RYHU WKH QRUPDOL]HG FKR
WZR GLPHQVLRQDOJULG ZLWK WKH SDUDPHWHUV RI H[SHULPHQW 1R
PDGHEHWZHHQ WKHVLPXODWLRQ ZLWK KRUL]JRQWDO ZDOOV RQ 'RPDL(
ZDOOV RQ 'RPDLQ WR GHPRQVWUDWH WKDW WKH GHIRUPDWLRQ RI WK
LQWHQGHG

YJORZ FKDUW RI GHIRUPDWLRQ SURFHGXUH 7KHUHG ORRSLQGLFDWH
PLVVLQJIURP WKLV WKHVLY GXHWR D UHGXFWLRQLQ FRPSOH[LW\
6KDSHRI WZR VWUHDPOLQHYV HIWUDFWHG IURP WKH LQILQLWHO\VZ
EOXH FRPSDUHG WR WKH DFWXDO VKDSH RI WKH GHIRUPHG LQERDUG 7
LQUHGDQG RUDQJH 7KH ORFDWLRQRIWKHZLQJLVLQGLFDWHG E\ W
WKH ORFDWLRQ RI WKH OHDGLQJDQG WUDLOLQJ HGJHV $ VNHWFK
VWUHDPOLQHV LV VKRZQLQ WKHERWWRP OHIW

([HPSODU\ VKDSH RI WKH LQERDUG DQG RXWERDUG GHIRUPHG VLGH ZD
EODFNOLQHV LQGLFDWH WKH ORFDWLRQV RIWKHOHDGLQJDQG WUD

,QYLVFLG VWUHDPOLQHV IRU GLITHUHQW VSDQZLVH ORFDWLRQV RC
VKRZQLQ WKH; < SODQH 7KHFRORUPDSLQGLFDWHV WKHIULFWLRC
IORZUHYHUVDO KLJKOLJKWHG LQ UHG 7KHGDUNOLQHV LQGLFDWH 1
VLPXODWLRQV DUH SBHUIREBPHEIVMWPP Ma=065 D@RE=7 10°

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUGLITHUHQW VSDQZLVH
VZHSW ZLQJ FRQGLWLRQ 7KHVLPXOBWLRQY DUHISOHWPIRUPHG IRU
Ma=0:65 DQRe=7 10°

%RXQGDU\ OD\HUHGJH YHORFLW\RQ WKHVXFWLRQ VLGHRIWKH ZLQ
WLRQ IRUGLITHUHQW VSDQZLVH ORFDWLRQV FRPSDUHG WR WKH LQI
VLPXODWLRQV DUH SBHUIRIBPHEIRWMWPP Ma=065 D@RBE=7 108

%RXQGDU\ OD\HUHGJH YHORFLW\RQ WKHVXFWLRQ VLGHRIWKH ZLQ
WLRQ IRUGLITHUHQW VSDQZLVH ORFDWLRQV FRPSDUHG WR WKH LQI
VLPXODWLRQV DUH SHUIRIBPHEGIRWPP Ma=065 D@RB=7 10°
%RXQGDU\OD\HU HGJH YHORFLW\LQ ERG\ IL[HGVSDQZLVH GLUHFWLR
WKH VXFWLRQ VLGHRIWKH ZLQJ 7ZR GLIIHUHQW ORFDWLRQV ZLWKLQ
WKHLQILQLWHO\VZHSW ZLQJ FRQGLWLRQV ZEWHHIBXPPWLRQV DUH S
Ma=0:65 DQRe=7 10°

JULFWLRQ FRHIILFLHQW IRU WKH VXFWLRQ VLGHRIWZR ZLQJV UHJLRQ
WKDQ RUHTXDOWR DUHPDUNHG EOXH IULFWLRQ FRHIILFLHQWY OL
EODFNOLQHV LQGLFDWH OLQHV RIFRQVWDQW SUHWVWXUH 7KH VLPX
c=150 PP Ma=0:65 DQRe=7 10° D )Rd5 E )RARS

%RXQGDU\ OD\HU HGJH YHORFLW\LQ ERG\ ILIHGVSDQZLVH GLUHFWLR(
WKHSUHVVXUHVLGHRIWKHZLQJ 7ZR GLIITHUHQW ORFDWLRQV ZLWKLQ
WKHLQILQLWHO\VZHSW ZLQJ FRQGLWLRQV ZEWHHIBXPPWLRQV DUH S
Ma=0:65 DQ@Re=7 10°

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRU GLITHUHQW FKRUG OH
HI(WUDFWHG DW WKH PLGGOH RI WKHWXQQHO DQG FRPSDUHG WR WKL
VLPXODWLRQV DUH SBUIRIBP HV&a £RW65 D @Re=7 108

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRUWZR GLITHUHQW ODFK (
RIWKHWXQQHO ZLGWK FRPSDUHG WR WKH LQILQLWHO\VZHSW ZLQJ
SHUIRUPHf0IRHY15 <¢=150PP D®&=7 100

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRUWKH VXFWLRQ VLGH F
SHUIRUPH®0IRHY15 ¢c=150 PP D@®E=7 1C°



JLVW RI)LIXUHV [

/IDUJH UHJLRQ RIUHYHUVHG IORZDW WKH MXQFWLRQ RQ WKH RXWERD
VWUHDPOLQHV DURXQG WKHUHYHUVHG IORZUHJLRQ DUH VKRZQ 7KH
=2 =15 ¢=150PP Ma=0:78 D@Re=7 1¢f

6PDOO UHJLRQ RIUHYHUVHG IORZDW WKH MXQFWLRQ DW WKH RXWEF
VWUHDPOLQHV DURXQG WKHUHYHUVHG IORZDUH VKRZ® 7KH VLPXOD\
=15 ¢c=100 PP Ma=0:65 DQ@B=7 10°

UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRU GLITHUHQW VSDQZLVH
UHVXOWV IRUWZR GRPDLQVDUH FRPSDUHG 'RPDLQ IHDWXULQJ XQG
ODUJH GLVWDQFH DQG 'RPDLQ ZKLFK KDV WZR GLPHQVLRQDOO\GHI
VLPXODWLRQV DUH SBHUIRBPHEIRWPP Ma=0:65 DQRe=7 1¢°

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUGLITHUHQW GHIRUPDW
WXQQHO DUH FORVH WR WKH LQERDUG DQG RXWERDUG ZDOOV 7KH
=0 =25 ¢c=150 PPMa=0:65 DQRe=7 1°

6SDQZLVH RIIVHW RI WKH ERXQGDU\ OD\HU HGJH VWUHDPOLQH IR
GLPHQVLRQDOO\GHIRUPHG YHUWLFDO WXQQHO ZDOOV FRPSDUHG ZLV
'RPDLQ ZLWK H[WHQGHG KRUL]JRQWDO ZzDOOV LV XVHG07KH VLPXODW.L
c=150 PP Ma=065 D@RB=7 10°

&RPSDULVRQRIITULFWLRQDQG SUHVVXUH FRHIILFLHQWY 7KHFRORUP
DQG WKHEODFNOLQHYVY VKRZOLQHV RI FRQVWDQW SUHVVXUH FRHIII
ZLQJ 7KH VLPXODWLRQV DJH SH2IRUPIHGRARWMa =065 DQG

Re=7 1C° D )RUXQGHIRUPHG VLGH ZzDOOYV E J)RUGHIRUPHG VLGH ZI
3UHVVXUH FRHIILFLHQW IRU WKH VXFWLRQ VLGHRIWKH ZLQJ 7KH FF
VLPXODWLRQV FR QG PEFWHGCUBEKXKAHQFKIHP RGHO ZKLOH WKH EODFEN OL
UHVXOWY REWDLQHG ZLWK WKH6SDODUW $OOPDUDV WXUEXOHQFH PR
IRU=0 =15 ¢c=150 PP Ma=0:65 DQRe=7 10°
5HILRQRIITORZVHSDUDWLRQ VKRZQLQ EOXHIRUVLPXODWLRQV SHUIR
WXUEXOHQFH PRGHODQGLQ UHG IRU VKPX OWDW IEKQWHQRFHIRRCHG ZAKMK
WXQQHO ZDOOV DUH LQGLFDWHG LQ OLJKW JUD3X0O7KHIYLPXODWLRQV I
c=150 PP Ma =065 DQRe=7 16 D )RUWKHLQERDUG WXQQHO ZDOO [
RXWERDUG WXQQHO ZDOO

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRUGHIRUPHG VLGH WXQQHO
RI WKHWXQQHO ZLGWK FRPSDUHG WR WKH LQILQLWHO\VZHSW ZLQJ FI
7KH VLPXODWLRQV DUHI1ISHUW ERSOPHGMIERAD:65 D @R6=7 10°

JULFWLRQ FRHIILFLHQW RQ WKH ZLQJYfV VXFWLRQ VLGH DW WKH RXW |
DQJOHV RIDWWDFN 7KHFRORUPDS VKRZAOWKHKHUHWHE Q@ HFILW HNQ
UHIJLRQV ZLWK SRVLWLYH IULFWLRQ FRHIILFLHQW DQG EOXH LQGLF
IULFWLRQ FRHIILFLHQW 7KHEODFNOLQHLQGLFDWARY WKH OLQH RI]JHL
VLPXODWLRQV DUH=SIHU IRUPOHRP IRDU=0:65 D@R6=7 108

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRUGHIRUPHG VLGHWXQQH
ZLVH SODQHV RI WKHWXQQHO FRPSDUHG WR WKHLQILQLWHO\VZHSW
DUH SHUIRURBRBG EFRB c¢c=150 PP Ma=0:65 D@RB=7 10°

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRUGHIRUPHG YHUWLFDO
VSDQZLVH SODQHV RIWKHWXQQHO ZLGWK FRPSDUHG WR WKH LQILQI
VLPXODWLRQV DUH SBUIRBPHEIWMPP Ma=065DQRe=7 10°

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRUGHIRUPHG YHUWLFDO
VSDQZLVH SODQHV RI WKH WXQQHO ZLGWK FRPSDUHG WR WKH LQILQI
VLPXODWLRQV DUH S8l UIRUP¢EEIRRIP Ma=0:65 DQRe=7 10°
%RXQGDU\OD\HU HGJH YHORFLW\RIWKHVXFWLRQ VLGHLQERG\ IL[HG
ORFDWLRQV ZLWKLQ WKHWXQQHO ZLGWK LY FRPSDUHG 7KH YHORFLYV
WXQQHO ZzDOOV DUH VKRZQ 7KH VLPXOODWEBQWYHIBFBAHUIRUPHG IR
Ma=0:65 D@Re=7 10°

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ IRUGHIRUPHG YHUWLFDO
VSDQZLVH SODQHV RIWKHWXQQHO ZLGWK FRPSDUHG WR WKH LQILQI
VLPXODWLRQV DUH SBHUIRIBPHEGIRWPP Ma=0:78 DOQRe=7 108



JLVW RI)LIXUHV [L

3UHVVXUH FRHIILFLHQW IRU WKH VXFWLRQ VLGH RI WKH ZLQJ 7KH \

=0 =15 c=150 PPMa=0:78 DQRB=7 106 D )RU XQGHIRUPHG VLGH ZDOO

E JRUGHIRUPHG VLGH ZDOOV

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ H{[WUDFWHG DW GLIITHUHQ)\

GHVLJQ ZDOOV DUH VKDSHG WR PDWFK WKH FDVH ZLWK D ODFK QXPE

DUH SHUIRURHG ERE ¢c=150 PP Ma=0:65 DQRe=7 10

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ H[WUDFWHG DW GLIIHUHGQ

GHIRUPHG ZDOOV DUH VKDSHG WR PDWFK WKH UHVXOWYV SUHVHQWH

ZDOOV DUH GHIRUPHG WR PDWFK WKH FDVH ZLWK D ODFK QXPEHU R

SHUIRUPH®0IRE15 c=150 PP Ma=0:78 DQRe=7 10f

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ H{[WUDFWHG DW GLIITHUHQW

7KH WZR GLPHQVLRQDO GHIRUPDWLRQ RI WKH KRUL]JRQWDO ZDOOV IR

RIWKHWXQQHO 7KH VLPXODWERQ \=D3U HcS H30 IRRINAH-0 168 U

DQRR=7 1P

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ H[WUDFWHG DW GLIITHUHQV

WZR GLPHQVLRQDO GHIRUPDWLRQ RI WKH KRUL]JRQWDO ZDOOV IRU "I

WKH WXQQHO 7KHVLPXODWLRQV BIFH SHUIRRPME&EIRIB DQG

Re=7 10°

&RPSXWDWLRQDO GRPDLQ XVHG IRUWKH VLPXODWLRQV ZLWK WKH UR

FDQ EH GHIRUPHG WZR GLPHQVLRQDOO\ DQG WKH YHUWLFDO ZDOOV

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ H{[WUDFWHG DW GLIITHUHQW

7KH GHIRUPDWLRQ RI WKH URWDWHG ZLQJ IROORZV WKH GRPDLQ VKRZ

WLRQ RI WKH KRUL]JRQWDO ZDOOV IRUWKH VHFRQG GRPDLQ IROORZ\

VLPXODWLRQV DUH SHUIRUFH@BRPRUOD DQG5H H

3UHVVXUH FRHIILFLHQW GLVWULEXWLRQ H{WUDFWHG DW GLIITHUHQW

7KH GHIRUPDWLRQ RI WKH URWDWHG ZLQJ IROORZV WKH GRPDLQ VK

PDWLRQ RIDOO ZDOOV LV SHUIRUPHG IRUWKH VHFRQG GRPDLQ 7KH
FI00PP 0D DQG 5H H



ILVW RI 7DE(

3K\ WVLFDO SURSHUWLHV RI H[SHULPHQWYV XVHG IRUD FRPSDULVRQ ZL!'
7KH H[SHULPHQW QXPEHU FRUUHVSRQGVY WR WKHLGHQWLILHU L
I1XPEHU RIFHOOV IRUWKHFRPSXWDWLRQDO JULGV RIWKHDLUIRLO |
WZR GLPHQVLRQDO VLPXODWLRQV
IXPEHURIFHOOVIRUWKHFRPSXWDWLRQDOJULGV R RIWKHEDFNJURXQ
VWXG\RIWKUHH GLPHQVLRQDO VLPXODWLRQV ZLWKLQYLVFLG WXQQC
I1XPEHURIFHOOV LQ VSDQZLVH GLUHFWLRQ IRUWKHFRPSXWDWLRQL
JULG FRQYHUJHQFH VWXG\RI WKUHH GLPHQVLRQDO VLPXODWLRQV Z
IXPEHURIFHOOVIRUWKHFRPSXWDWLRQDOJULGV R RIWKHEDFNJURXQ
VWXG\RIWKUHH GLPHQVLRQDO VLPXODWLRQV ZLWK YLVFRXV WXQQ
PHVKDQG WKH OD\HUV PHVKDUH OLVWHG VHSDUDWHO\
I1XPEHURIFHOOV LQVSDQZLVH GLUHFWLRQ IRUWKHFRPSXWDWLRQL
JULG FRQYHUJHQFH VWXG\RI WKUHH GLPHQVLRQDO VLPXODWLRQV Z

SDUDPHWHUV WKDW DUH VWXGLHG LQ WKHIROORZLQJFKDSWHUYV ELC

5RRW PHDQ VTXDUH HUURU RI WKH SUHVVXUH FRHIILFLHQW GLVWULEX
FRPSDUHG WR WKH LQILQLWHO\ VZHSW ZLQJ FDVH =&KH VLPXODWLF
=15 ¢c=150PP Ma=065 D@e=7 10°

5RRWPHDQ VTXDUHHUURU RIWKHSUHVVXUH FRHIILFLHQW GLVWULE X\
FRPSDULQJ WKH GLITHUHQFH EHWZHHQ WKH UHVXOWY RI ERWK GRP]
IRUPHG #RU =25 ¢=150PP Ma=0:65 DQRBe=7 10°

5RRW PHDQ VTXDUH HUURU RI WKH SUHVVXUH FRHIILFLHQW GLVWUL
FRPSDUHG WR WKH SHUFHQW SODQH IRUWZR GLIITHUHQW DQJOHV RI I
GHIRUPHG VLGH ZDOOV 7KH VLPXOBWLRGV5DBA IB&4ARIUPHG IRU
DQRe=7 10F

5RRW PHDQ VTXDUH HUURU RI WKH SUHVVXUH FRHIILFLHQW GLVWULE X
FRPSDUHG WR WKH LQILQLWHO\ VZHSW ZLQJ FDVH =&®H VLPXODWLF
=15 ¢=150 PPMa=0:65 DQRB=7 10® ZLWK GHIRUPHG VLGH ZDOOV

5RRW PHDQ VTXDUH HUURU RI WKH SUHVVXUH FRHIILFLHQW GLVWULE X
FRPSDUHG WR WKH LQILQLWHO\ VZHSW ZLQJ FDVH =&®H VLPXODWLF
=15 Ma=0:65 DQRe=7 10°

[LL



' QWURGXF\

ORWLYDWLRQ

, Q GLUHFW HPLVVLRQVIURPDYLDWLRQ DFFRXQWHG IRUDOPRVW Rl Wk
HPLVVLRQNVY QXPEHU FRPELQHG ZLWK WKH FRQVWDQW JURZWK RI DLU WUL
ROQHRIWKHNH\FRQWULEXWRUVWRPLWLIJDWLQJWKHLPSDFWRIFOLPDWH Fl
WKH VR FDOOHG "ORQJ WHUP JOREDO DVSLUDWLRQDO JRDO IRULQWHUQDYV

"ZDV DGRSWKGY DJUHHPHQW GHPRQVWUDWHYVY WKHLQWHUQDWLRQDO DH
GUDVWLFDOO\UHGXFHHPLVVLRQVDQG DFKLHYH FDUERQ QHXWUDOLW\ E\
JRDO UHTXLUHV UDGLFDO LPSURYHPHQWY DW WKHDLUFUDIW OHYHO LQ DU
VI\VWHPV VWUXFWXUHY PDWHULDOV DQG DHURG\QDPLFV 5HJDUGLQJ W
ERWKOLIWLQIJDQG QRQ OLIWLQJVXUIDFHV KDV VLIJQLILFDQW SRWHQWLD
VZHSW ZLQJ WR ODPLQDU ZRXOG\LHOG IXHO VDYLQJV RI

7KH SDUDVLWLF GUDJ VSHFLILFDOO\ WKH VNLQ IULFWLRQ GUDJ LV UH
VXEVRQLF DLUFUDIWLQ FUXLVH VNLQIULFWLRQ GUDJFRQVWLWXWHYV KI
$GYLVRU\*URXS IRU $HURVSDFH 5HVHDUFKDQG '"HYHORSPHQW $*$5°'
FDQEHGUDVWLFDOO\UHGXFHG E\LQFUHDVLQJODPLQDUIORZRQ WKH DL
IORZ ODPLQDUIORZEHQHILWV IURP D OHVV VWHHS YHORFLW\JUDGLHQW LC
VWUHVYV :KLWH

7RLQFUHDVH WKH DPRXQW RI ODPLQDU IORZ WKH ODPLQDU WR WXUE X
GHOD\HG 1DWXUDO /DPLQDU)ORZ 1/) LVD SURPLVLQJPHWKRG WR GHOD\
RIPRGLI\LQJ WKH DLUIRLO VKDSHWR LQFUHDVH WKH H[WHQW RI ODPLQDU IC
DHURVSDFH FRPSDQLHV VLJQLILFDQW UHVHDUFK LV EHLQJFRQGXFWHG LQ
SURMHFW *LEVRQ B6RXFKHOHDX DQG 5RJHUV 7KHLGHD RIHPSOR\LQJ
ERXQGDU\OD\HU DJDLQVW WKH JURZWK RI YDULRXV LQVWDELOLWLHV 2
SDUWLFXODU UHOHYDQFH +RZHYHU WKHPHFKDQLVPV GULYLQJWUDQVLWL
DQG .RWVRQLV 7REHWWHU XQGHUVWDQG WKH FRPSOH[IORZ SKHQRI
IORZ DQG HYHQWXDOO\DQ LQFUHDVH LQ VNLQ IULFWLRQ GUDJ H[WHQVL
FRPSDQLHV DQG UHVHDUFK LQVWLWXWLRQV LQFOXGLQJWKH *HUPDQ $HLI
LQFOXGHV ERWK H[SHULPHQWDO DQG QXPHULFDO ZRUN ZKLFK IUHTXHQW(¢

(ISHULPHQWV DUH RIWHQ FRQGXFWHG XQGHU FU\RJHQLF FRQGLWLRQV W
UDWLRQV 2QHIDFLOLW\ZKHUH FU\RJHQLF FRQGLWLRQV FDQ EH DFKLHY
7XQQHO .5* DW '/5 *|WWLQJHQ ,WDOORZV WHVWLQJXQGHU WUDQVRQLF FF

DQG DV ZHOO DV 5H\QROGV QXPEHUV RI XS WR PLSDOPR®KONHG R
DFKLHYLQJWKH VDPH ODFKDQG 5H\QROGY QXPEHUV DV LQ IXOO VFDOH DSSC
RQO\OLPLWHG H[SHULHQFH ZLWK VZHSW ZLQJV KDV EHHQ JDLQHG LQ WKLYV

$FFHVVHG 1RYHPEHU (XURSHDQ &RFPAMMALRIPPLVVLRQV KWRWPSD/Y LBWLRQWH HF HXURSD
DFWLRQ WUDQVSRUW UHGXFLQJ HPLVVLRQV DYLDWLRQ

$FFHVVHG 1RYHPEHU ,&$RQJ WHUP JOREDO DVSLUDWLRQDO JRDO /7%* IRU LQ
KWWSV 72ZZ LFDR LQW HQYLURQPHQWDO SURWHFWLRQ 3DJHV /7%$* DVS|

$FFHVVHG 1RYHPEHU '"HOIW) DQ @ MWQHUWKH OHD WWHSWLVEBQRHPDWWHUY QO GHOIW PI

VHUHQGLSLW\



%RXQGDU\/D\HU )ORZYV

WHVWLQJ SRVHV FKDOOHQJHYVY DV WKHFRQGLWLRQV LQVLGH WKH WHVW
WUHQG LQFUHDVHYVY ZKHQ VZHSW ZLQJV DUH WHVWHG LQVWHDG RI VWUDLJK
LVIJUHDWO\NLQIOXHQFHG E\WKH ZLQG WXQQHO ZDOOV 9DWVD DQG :HGDC
UHFHQW QXPHULFDO ZRUN WR VLPXODWH WKH IORZ RYHU D VZHSW ZLQJLQ W
7TKHVH QXPHULFDO HIITRUWYV DUH FUXFLDO IRUWKH VXFFHVV RI H[SHULPH:
FRQGLWLRQV XQGHU ZKLFK DFFXUDWH UHVXOWY FDQ EH REWDLQHG $0OW
WKHUHVXOWY REWDLQHG IURPD ZLQG WXQQHO H[SHULPHQW WR DFFRXQ\
FRPSDUHG WR IUHH IOLJKW WKLV LVRQO\SRVVLEOHWRVRPHH[WHQW EHFD
OHDGV WR HITHFWV WKDW FDQQRW EHDGGUHVVHG E\VXFKFRUUHFWLRQV
IRUP DW WKH ZDOO IRUKLIJIKWUDQVRQLF ODFK QXPEHUV ZKLFKLQIOXHQF
%LUNHPH\HU GHPRQVWUDWHG

7KLV VWXG\DLPVWRTXDQWLI\WKHLQIOXHQFHRIWKHZLQG WXQQHO ZDO(
IURP XQERXQGHG LQILQLWHO\VZHSW ZLQJFRQGLWLRQV :LWK WKLV NQRZ
SDUDPHWHU UDQJHV XQGHU ZKLFK H[SHULPHQWYVY LQ WKH WXQQHO \LHOG YI
WKH IORZ SKHQRPHQD RQ D IXOO VFDOH ZLQJ LQ IUHH IOLJKW 7KHVH SLC
TXDQWLWLHVY VXFK DV ODFK RU5H\QROGY QXPEHU PRGHO UHODWHG TXD
DQJOH RUFKRUGOHQIJWK DQG TXDQWLWLHVY UHODWHG WR WKH WHVW VHF
FORVHWKHNQRZOHGJHJDS RQ WKHLQIOXHQFH RIWKH .5*TVWHVW VHFWLR
WKHIORZILHOG E\SHUIRUPLQJWKUHH GLPHQVLRQDO5%$16 VLPXODWLRQV RC
7KLV OD\V WKH IRXQGDWLRQ IRUIXUWKHU QXPHULFDODQG H[SHULPHQWL
ZLQJ ZKLFK ZLOODLGLQ WKH GHVLIJQRIZLQJV ZLWKLQFUHDVHG ODPLQDU
DQG SURPRWLQJD PRUHHQYLURQPHQWDOO\IULHQGO\DQG HFRQRPLFDOG

7KH UHPDLQGHU RI WKLV FKDSWHU OD\V WKH IRXQGDWLRQ IRU WKH ZR L
WKH IORZLQ D ERXQGDU\ OD\HU DQG WKH ODPLQDU WR WXUEXOHQW WU
LQWURGXFHV WKH WKHRU\ Rl ZLQJ VZHHS DQG LWV LPSRUWDQFH IRU PRC
EHWZHHQ WKHIORZRYHULQILQLWHDQG ILQLWH VZHSW ZLQJV LV H[SODLQH
H[SHULPHQWVY DQG WKH LQIOXHQFH RI WKH ZDOOV RQ WKH IORZILHOG DV C
)LQDOO\ 6HFWLRQ VXPPDUL]JHV WKH ILQGLQJV RI WKH OLWHUDWXUH VW
WKH UHVHDUFK TXHVWLRQV DQG REMHFWLYH RI WKLV WKHVLYV

%RXQGDU\/D\HU )ORZV

7KH IORZILHOG DURXQG D ERG\ FDQ EH GLYLGHG LQWR WZR UHJLRQV 6PL
UHJLRQ ORFDWHG DZD\ I[URP WKH ERG\DQG FDQ EH FRQVLGHUHG HVVHQWLD
QHDU WKH ERG\{V VXUIDFH LV ZKHUH YHORFLW\JUDGLHQWY EHFRPH PRU
WKHIORZ LV YLVFRXV 7KLV WKLQ OD\HURIYLVFRXVIORZ NQRZQ DV WKH |
/IXGZLIJ3UDQGWO LQ PDUNLQJD VLJQLILFDQWDGYDQFHPHQW LQ WKH
VHFWLRQ SURYLGHV D GHWDLOHG H[DPLQDWLRQ RI WKHIORZEHKDYLRU ZL

%DVLFV RI %RXQGDU\/D\HUV

7KH WKLFNQHVY RI WKH ERXQGDU\ OD\HU FDQ EH PHDVXUHG LQ YDULRX
HYVSHFLDOO\UHOHYDQW WR WKLV ZRUN 7KH FOD¥VLVDMNRZDHN W R & WK H WKLLGH
DVWKH ZDOO QRUPDO FRRUGLQDWH ZKHUH WKH YHORFLW\PDJQLWXGH U
V(9)=0:99 vy 7KHVHFRQGLPSRUWDQW PHDVXUH IRUGHWHUPLQLQJWKH EF

GLVSODFHPHQW WKLFNQHVY WLV GHILQHG DV
Z
= @ enveay)
0 1 (X)v1 (X)
ZKHUY¥WYW LV WKH ORFDO YHORFLWy DURR B WKYHH LAY ME@IHHHHVWUHDP YHORFL

WKLFNQHVV LV D UHSUHVHQWDWLRQ RI WKH GLVWDQFH E\ ZKLFK WKH LQY
VORZHU PRYLQJIOXLG LQ WKHERXQGDU\OD\HU $QGHUVRQ -U

JURP WKH VKDSH RI DQ HIHPSODU\ ERXQGDU\ OD\HU RI D IODW SODWH 1
WKH ERXQGDU\ OD\HU WKLFNQHVY YDULHV ZLW K WX R UXAVD D QPRHD NRWPHW F

)dy;



%RXQGDU\/D\HU )ORZYV

GHWHUPLQLQJVNLQIULFWLRQ GUKLEY WKH VEXIDUHWUWYWQ WKH ZDOO

YHORFLWN\JUDGLHQWDV IROORZV
o Owe
w = Tyly:o'
ZKHUHYV WKH G\QDPLF YLVFRVLW\ DQG WKH JUDGLHQW RI WKH YHORFLW
ZDOO QRUPDO FRRUGLQDWHLVHYDOXDWHG DW WKH ZDOO

1RUPDOL]LQJ WKH VKHDU VWUHVY ZLWK WKH G\QDPLF SUHVVXUH \LHOC
LOWURGXFHG DV

— W
Cf - 2 1
Vi

NI

DQG WKH WRWDO VNLQ IULFWLRQ GUDJLY GHWHUPLQHG EA\LQWHJUDW |
VXUIDFH Z,

D = w(x)dx:
0

J)LIXUH GLVSOD\W D VFKHPDWLF ERXQGDU\OD\HUHYROXWLRQ RYHU D I
ERXQGDU\OD\HU 7KHVKDSHDQG WKLFNQHVV RI WKHERXQGDU\OD\HU DUH |
WKHERXQGDU\ OD\HUHGJH 7KH WDQJHQWV LQGLFDWH WKH VKHDU VWUHV\
LQUHG ,WFDQDOUHDG\EHIRXQG WKDW WKH VKHDU VWUHVV IRU D WXUEXC
DODPLQDURQH )ROORZLQJ (TXDWLRQ DQG (TXDWLRQ WKLV GLUHFW

JLIXUH 6FKHPDWLF RIERXQGDU\ OD\HU HYROXWLRQ RYHUD IODW SODWH DQG Z
DQG WXUEXOHQW ERXQGDU\OD\HUV 7KH VKHDU VWUHVV LV LQGLFDWHG E\ WKH WDC
LQUHG 6HUSLHUL

/IDPLQDUDQG 7XUEXOHQW )ORZ
JROORZLQJ (FNHUW WKHERXQGDU\OD\HURQDQDLUIRLO RULJLQDWH\
ODPLQEDU VWDWH ,Q WKLV VWDWH WKHWUDQVIHURIPRPHQWXP LV GULYHC(
IOXLG OD\HUV RQ D PROHFXODUVFDOH $VWKHERXQGDU\OD\HU PRYHYV G
DPSOLI\ 7KH XQVWDEOH JURZWK RI WKHVH GLVWXUEDQFHV FDQ OHDG WR W
VWDWH ,QDWXUEXOHQW VWDWH WKHPRPHQWXP WUDQVIHU KDSSHQV DW

7KH ERXQGDU\OD\HU WKLFNQHVV DORQJD IODW SODWH FDQ EH HVWLP]|
ZLWK (TXDWLRQ DQG (TXDWLRQ IRUDODPLQDUDQG WXUEXOHQW
ODPLQDU ERXQGDU\ OD\HU WKLFNQHVV HTXDWLRQ LV GHULYHG IURP WKH
GLPHQVLRQDO VWHDG\ LQFRPSUHVVLEOHIORZ )RU WKH WXUEXOHQW E
HPSLULFDO HYLGHQFH 7KHVH HTXDWLRQV VKRZ WKDW D WXUEXOHQW ER
ERXQGDU\ OD\HU ReUGKHHWR PEFUHDVHG PRPHQWXP PL[LQJ

(x) 5 x (x) 0:37 x
Rey IsRTeX

7KH VNLQ IULFWLRQ FRHIILFLHQW IRU D IODW SODWH FDQ EH HVWLPDV
(TXDWLRQ IRUWKH WXUEXOHQW FDVH 6FKOLFKWLQJDQG *HUVWHQ



%RXQGDU\/D\HU )ORZYV

1:328 0:074
Ci = p— Cs @:
Rey Rey

'KHQ SORWWLQJ WKH HTXDWLRQV IRU WKH IULFWLRQ FRHIILFLHQW RY'
VKRZQ LQ )LIXUH LWEHFRPHY HYLGHQW WKDW D ODUJH DPRXQW RI O
GUDVWLFDOO\ GHFUHDVH WKH VNLQ IULFWLRQ FRR{H10F L QWKH WG DEX G HDQ MW
VNLQ IULFWLRQ FRHIILFLHQW FDQ EH WLPHV WKH ODPLQDU RQH

I
— /DPLQ|DU
— 7XUEXOHQW

C

107

Rec

JLIXUH 6NLQ IULFWLRQ FRHIILFLHQW RI ODPLQDU EOXH DQG WXUEXOHQW UHG

&RQVHTXHQWO\ FRQVLGHUDEOH HIIRUW LV GHYRWHG WR DYRLGLQJ W
WUDQVLWLRQ IURP ODPLQDU WR WXUEXOHQW IORZ 7KLV FDQ EHDFFRPSOL
RI'ZKLFK LQ WKLV ZRUN WKHIRFXV LV RQ1/) WHFKQRORJ\ 2QH H[DPSOH R
XVHG LQ WKLV ZRUN ZKLFKZLOO EHLQWURGXFHG LQ 6HFWLRQ

/IDPLQDU 7XUEXOHQW 7UDQVLWLRQ

$ERYH D FHUWDLQ 5H\QROGYV QXPEWIUW UF DU Q RIGRGMMIW RE HWMKH ODPLQD |
IORZ EHFRPHV XQVWDEOH 3HUWXUEDWLRQV LQ WKHIORZHQWUDLQLQ W
WKH FULWLFDO 5H\QROGV QXPEHU :KHQ WKHVH LQVWDELOLWLHYV UHDFK L
DPSOLWXGH ODPLQDUIORZEUHDNVY GRZQ WR WXUEXOHQFH 9DQ ,QJHQ

WUDQVLWLRQVIURP ODPLQDU WRWXUEXOHQW FDQ EHPDQ\IROG GHSHQGLQ
UHVHDUFK SULPDULO\IRFXVHV RQ IRXU LQVWDELOLW\PHFEKDQLVPV WKDW O
ZLQJV DV GHVFULEHG LQ 6DULF OX\ODHUW DQG 'XMDUULF $OWKRXJK
QRWLQYHVWLIJDWHG LQ WKLY WKHVLY LWLV HVVHQWLDO WR XQGHUVWDQG
76 ZDYHVDQG WKH FURVVIORZLQVWDELOLW\ ZKLFK PDQLIHVWYV DV FR Ul
WKH ZRUN SHUIRUPHG LQ WKLV WKHVLV DV LW OD\V WKH IRXQGDWLRQ IRU H
EULHILQWURGXFWLRQ WR ERWK PHFKDQLVPV LVJLYHQLQ WKHIROORZLQJ
ZLWK WKH DWWDFKPHQW OLQHDQG WKH *|UWOHU LQVWDELOLW\ LV VFKHF



%RXQGDU\/D\HU )ORZYV

J)LIXUH 6FKHPDWLF RIGLITHUHQW ERXQGDU\ OD\HU LQVWDELOLWLHYV ZKLFK FDQ ¢
D $SWWDFKPHQW OLQHLQVWDELOLW\RUFRQWDPLQDWLRQ E *JUWOHULQVWDE
&URVVIORZLQVWDELOLW\

7TROOPLHQ 6FKOLFKWLQJ ,QVWDELOLW\

7KH HDUO\ ZRUN RI 3UDQGWO DQG 7D\ORU LV HVVHQWLDO IRU .
LQVWDELOLWLHY ,QUHFHQW\HDUV QXPHURXV DXWKRUV KDYH SUHVHQV
ODFK QXPEHUV WKH 7ROOPLHQ 6FKOLFKWLQJLQVWDELOLW\PDQLIHVWYV D\
WZR GLPHQVLRQDO QDWXUHDQG ORQJZDYHOHQJIJWKV RI URXJKO\ VL[ WLPH?
VKRZQ LQ )LIXUH $V WKH ZDYHV PRYH GRZQVWUHDP WKH\DUHDPSOLILF
IRUQRQOLQHDU HITHFWV WR WDNH RYHU

YLIXUH VKRZV WKH WUDQVLWLRQ SURFHVV RI D ERXQGDU\ OD\HU LQ
VWDEOH ODPLQDU IORZ GHYHORSV LQWR YLVFRXV LQVWDELOLWLHV IRUPL
GRZQVWUHDP )ROORZLQJ WKUHH GLPHQVLRQDO IOXFWXDWLRQV LQ YH(¢
SURFHVV LV D EUHDNGRZQ RI WKH WKUHH GLPHQVLRQDO VWUXFWXUHV )LQI
UHVXOWLQJLQDIXOO\WXUEXOHQW IORZ 6FKOLFKWLQJDQG *HUVWHQ

JLIXUH 7TUDQVLWLRQ SURFHVV RI D ERXQGDU\OD\HU LQLWLDWHG E\7 6 ZDYHYV



%RXQGDU\/D\HU )ORZYV

2QH SRVVLELOLW\ WR GHOD\ WKLV WUDQVLWLRQ PHFKDQLVP LV WR XV}
XQGHU D IDYRUDEOH SUHVVXUH JUDGLHQW DQG GHVWDELOL]H XQGHU DQ
DQG .ORNHU JROORZLQJ H[SHULPHQWYV E\/LHSPDQQ DQG 1RVHQFKXF
H[DPSOH WR FRQWURO DQG UHGXFH WKH XQVWDEOH DPSOLWXGHV RI7 62

&URVVIORZ ,QVWDELOLW\

7KH ODPLQDU WR WXUEXOHQW WUDQVLWLRQ RYHU D VZHSW ZLQJ FDQ EH
FURVV IORZLQVWDELOLW)\ &), PRGHV )RUKLJKVZHHS DQJOHV WKLV LV
-RVOLQ $10OXLG SDUWLFOH WUDYHOLQJDORQJD VWUHDPOLQH QHDU W
HTXLOLEULXP RUWKRJRQDO WR WKH VWUHDPOLQH DQG SDUDOOHO WR W
E\WKH SUHVVXUH IRUFHV FDXVLQJ FHQWULSHWDO DFFHOHUDWLRQ DQG
GRHV QRW KROG ZLWKLQ WKH ERXQGDU\ OD\HU ZKLFK FDXVHV WKH IOXL
FRPSRQHQW UHVXOWLQJLQDSKHQRPHQRQ NQRZQ DV FURVV IORZ 'XH WF
WKHLQYLVFLG QDWXUH RI WKH IORZ RXWVLGH WKH ERXQGDU\ OD\HU WK
GLUHFWLRQ RUWKRJRQDO WR WKH LQYLVFLG VWUHDPOLQHV LV JHUR DW
DVVKRZQLQ)LJXUH D 7KH YHORFLW\SURILOHV IHDWXUH D SRLQW RI |
LQVWDELOLW\PRGHV %LSSHV JROORZLQJ5D\OHLJKIV WKHRUHP WKF
LV D QHFHVVDU\ FULWHULRQ IRUWKH LQVWDELOLW\ 6 3RSH

JROORZLQJ6HUSLHUL VXUIDFH IORZ YLVXDOL]DWLRQ H[SHULPHQW"
LQ 78 '"HOIW KDYH GHPRQVWUDWHG DWUDQVLWLRQ VFHQDULR FKDUDFWH U
WKH IORZ GLUHFWLRQ )LJXUH E VKRZWWHKS$VE YR8 DYE 8 HRQRRPEG LQ
WKH /77 IDFLOLW\ 7KH VWUHDNV Rl WKH YRUWLFHVY DQG WKH WUDQVLWLR
FKDQJHLQ VSDQZLVH GLUHFWLRQ DQG WKHUHIRUH RIWKH ZDOO VNLQ IL
PHDQ IORZDQG WKXV WKHVWDELOLW\RIWKHERXQGDU\OD\HU 7KH\ HC
IURP WKH ORZHU UHJLRQV RI WKH ERXQGDU\ OD\HU WR WKH KLJK PRPHQWXP
DPRGLILHG ERXQGDU\ OD\HU IHDWXULQJD PRPHQWXP PRGXODWLRQ RI WK
WKH GHYHORSPHQW RI VWURQJ YHORFLW\VKHDUV LQ WKH VSDQZLVH DQG
XQVWDEOH WR VHFRQGDU\LQVWDELOLW\PHFKDQLVPV BHUSLHUL

D

JLIXUH &URVVIORZLQVWDELOLWLHY 6HUSLHUL D 7\SLFDO FURVVIORZ YHO
RQD VZHSW ZLQJLQ WKH 78 '"HOIW /77 IDFLOLW\ )J)ORZIURP WKHOHIW 7KH GDUNHU
ERXQGDU\OD\HU 7KH &),VI VWUHDN OLNHIRRWSULQW RQ WKH ZLQJ VXUIDFH LV DC



'LQJB6ZHHS

'LQJ 6ZHHS
*HUPDQ DHURG\QDPLFLVW $GROI %XVHPDQQ ILUVW LQWURGXFHG WKH FRQ|
FRQJUHVYVY LQ 5RPH ,WDO\ OHLHU $V HQIJLQHV EHFDPH PRUH SRZHU

WUDQVRQLFIOLJKW UHJLPHV EHFDPHLQFUHDVLQJO\UHOHYDQW WR HQJLC
XVLQJVZHSW ZLQJV WKHDLUFUDIW FRXOG IO\DW KLJKHU ODFK QXPEHUV EH
LQGUDJ (YHUVLQFHWKHLQWURGXFWLRQRIZLQJVZHHS RQ WKH OHVVH!
&RPHW ZLQJ VZHHS KDV EHHQ ZLGHO\ DGRSWHG LQ WKH DHURVSDFH LQ
DSSOLFDWLRQV

$OWKRXIJK WKHUH DUHVHYHUDO GUDZEDFNV WR DSSO\LQJVZHHS RQ D .
ZLQJVLVHVVHQWLDO IRUUHGXFLQJ GUDJ 6RPHGUDZEDFNV LQFOXGH W
I[URP D KLJKHU ZLQJVSDQ WKHLQFUHDVHG ZLQJ ZHLJKW UHTXLUHG WR Ut
GXULQJEHQGLQJ WKHUHGXFHG HIITHFWLYHQHVV RIFRQWURO VXUIDFHV DQ
KLOH QR IXUWKHU HPSKDVLVY ZLOO EH ODLG RQ WKHVH DVSHFWYVY PRUH L

$V % XVHPDQQ VKRZHG WKH UHDVRQ WR XVH VZHSW ZLQJV UHJDUGOHVV |
GLYHUJHQFHODFK QXPEHU OHLHU ZKLFK ZLOO EHH[SODLQHG LQ 6HFYV

7TKH7KHRU\RI :LQJ6ZHHS
,QDQ H[SHULPHQW FRQGXFWHG LQ WKH KLJK VSHHG ZLQG WXQQHO DW 1$6$ /
ZLWK GLIIHUHQW VZHHS DQJOHV DW WZR WUDQVRQLF ODFK QXPEHUV $00
UDWLR RIWZR WR LVRODWH WKH HITHFW RI VZHHS I[IURP WKH LPSDFW RI DV
VKRZQ LQ )LJIXUH ZKHUH WKH GUDJDQG OLIW FRHIILFLHQWY UHSUHVHQW
SUHVVXUHDQG D UHIHUHQFH DUHD )RU WKH ORZHU ODFK QXPEHU RI L
GRHV QRW VLJQLILFDQWO\FKDQJH ZLWK D FKDQJHLQ VZHHS DQJOH )RU WK
LQ)LIJXUH E LWFDQEHFRQFOXGHG WKDW DQ LQFUHDVH LQ VZHHS DQ.
FRQVWDQW OLIW FRHIILFLHQW 1RWIE DY FOEWIHIDY HIGF IV @ WWVUG BIXF WH. & R ALVT
ODFK QXPEHUV LV WKH UHDVRQ IRUHPSOR\LQJVZHSW ZLQJVRQ DQ DLUFUTL

D E
JLIXUH 'UDJ SRODUV RI ZLQJV ZLWK GLIITHUHQW VZHHS DQJOHV DQG IL[HG DVSH
SODQHVY QRUPDO WR WKH OHDGLQJHGJH DQG $5 $GOHU D $WODFK E

JLJXUH VKRZV WKHWRS YLHZRIWZR QRQ WDSHUHG ZLQJV ZLWK LQILQL"
VWUDLJKW IORZ ZKLOHWKH ZLQJLQ)LIJXUH EH[SHREHQWHV WKIRLQMWRR X
WKHUH DUH PXOWLSOH GHILQLWLRQVRVPD ZHRYXWKWKRVWZ FRBPRJIEHLQJ P
DW WKH TXDUWHU FKRUG OLQH 7KHDLUIRLO VHFWLRQ SHUSHQGLFXODU W|
WKH ILIJXUH LV GRILIQHD® DERW® N H AWILRQDEKHELO VHFWLRQ GHILQHG LQ Wk
WKH IUHHVWUHDP YHORFLW\ LV VKRZQLQ RUDQJH %RWK ZL@JV)RSHULHQF
WKH VWUDLJKW ZLQJ WKH IUHHVWUHDP YHORFLW\LV DOVR WKH YHORFL\
VZHSW ZLQJ WKH SHUSHQGLFXODU YHORFLW\LV UHGXFHG GXH WR WKH GHI
DFRPSRQHQW SHUSH@®RIG X0 BHIOWRWKH OHDGLQJ HGJH

2EHUW XVHV WZR RSWLRQV WR H[SODLQ WKH GHOD\ RI GUDJ GLYH
WKRULJDQDORLO VKDSH DQG VHWRIQIGDEWHRBU OWVKKIDSH )LUVW DV WKH YHOF
WHKRHJLIJDQDORLO LV U G WRH\G K H R U P D Q5 R MBIRM)HQRUHDVH LQ ZDYH GUDJ



'LQJB6ZHHS

$QGHUVRQ -U GHVFULEHV DV DIRUP RI SUHVVXUH GUDJ FDXVHG E\ W
GHOD\HG WR KLJKHU ODFK QXPEHUV 7KH GLVVLSDWLYH QDWXUH RIVKRF
HOWURS\ULVHV UHVXOWLQJLQD SRUWLRQ RIWKHWRWDO SUHRYXWUH EHLQ.
WKWHWNVUHWEKHRBLO UHVXOWY LQ ORZHU YHORFLWA\LQFUHDVHV RQ WKH VXUIDF
WKWHNVUHWEKHRBLO FRPSRUHGDER WK ZKLFK LV D JHRPHWULF HIITHFW

-— 1
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YLIXUH ,QILQLWH QRQ WDSHUHG ZLQJV LQRURSDQHR L ® L QVEWXIH KMK L QB AVWK H L
LVHTXDO WR WKH YHORFLW\ SHUSHQGLFXODU WR WKH OHDGLQJ HGRULIXB MR WK F
DLUIRLO L QVEAOUXHMDEKGRLO LQ RUDQJH 7KH IUHHVWUHDP YHORFLW\ LV GHFRPSRVHG
DQG SDUDOOHO WR WKH OHDGLQJ HGJH

JROORZLQJ 9RV DQG )DURNKL DOWKRXJK WKH XQVZHSW DQG VZH
I[UHHVWUHDP YHORFLW\ WKHDEVROXWH YDOXHRIWKH SUHVVXUH FRHIIL
WKH XQVZHSW ZLQJ ZLOO EH KLJKHU GXH WR D KLJKHU YHORFLW\ LQFUH
ZLQJYV VXUIDFH ,Q UHWXUQ WKLV DOORZVIRUKLJKHUIUHHVWUHDP ODF
WR WKHVWUDLIJKW ZLQJWR UHDFK WKH VDPHODFK QXPEHURQ WKH ZLQJT\
GLYHUJHQFH ODFK QXPEHU LQFUHDVHV ZKLFK ZLOOEHDQDO\|HGLQ PRUH

P P
1
;1 Vi

Cp:

(IN'HFW RI1:LQJ6ZHHS RQ 'UDJ 'LYHUJHQFH ODFK 1XPEHU
9RV DQG )DURNKL GHILQH WKH GUDJ GLYHUJHQFH ODFK QXPEHU DV \
GHULYDWLYHRIWKHGUDJ FRHIILFLHQW ZLWK UHVSHFW WR WKH ODFK QXP

Co
Ma

YRU ODFK QXPEHUV ORZHU WKDQ WKH GUDJ GLYHUJHQFH ODFK QXPEHU W
LQFUHDVH LQ ODFK QXPEHU D SKHQRPHQRQ NQRZQ DV GUDJ FUHHS $W 0D
GLYHUJHQFH ODFK QXPEHU WKH GUDJ LQFUHDVHY UDSLGO\ DV WKH ODFl
EHKDYLRU LV FDXVHG E\ WKH RFFXUUHQFH RI VKRFNV LQ WKH YLFLQLW\ RI W
LQ PRUH GHWDLO LQ 6HFWLRQ

JLIXUH VKRZV KRZWKH ZLQJTV ZGyY,H BKNDQ FRHZILW KHQWK QXPEHU %RW
IRUWKLYH[DPSOHDUHWDSHUHGDQG HIKLELWD VZHHYDRQRQGH-DMN WKH TXDU
7KH GUDJ GLYHUJHQFH ODFK QXPEHU LV GHILQHG DV VKRZQ LQ (TXDWLRQ
Ma@a WFDQEHREVHUYHG WKDWDQLQFUHDVHLQ ODFKQXPEHU UHVXOWYV L
FRHIILFLHQW $VLJIJQLILFDQW LQFUHDVHLQ WKHGUDJGLYHUJHQFHODFK Q>
XQVZHSW ZLQJ LV REVHUYHG 7KLV KROGVIRUDQDQDO\WLFDO DSSURDFK IF
H[SHULPHQWDO GDWD DFTXLUHG E\-RKQVRQ

=0:1:




'LQJB6ZHHS

YLIXUH 'LQJ ZDYH GUDJFRHIILFLHQW Y HUADHSMD FAROQX BEHUG BOD DK GRWWHG OLQH
ZLQJ GDVKHG OLQH 7KH GUDJ G L ¥MkjUNHGH H QHEXK LAOXFIEHW LR Q 9RV DQG )DURNK
WKHRUHWLFDO DQG H[SHULPHQWDO YDOXHY DUH GHULYHG DQG DFTXLUHG E\ 7TRUHQ

JORZ RYHU ,QILQLWH 6ZHSW :LQJV
7KLV VHFWLRQ FRQVLGHUV LQYLVFLGIORZRYHUDQ LQILQLWHVZHSW ZLQJ
RXWVLGH WKH ERXQGDU\ OD\HU ZKHUH YHORFLW\JUDGLHQWY DUH VPDOO

7KHVKDSH RI WKHVWUHDPOLQHVY DURXQG D VZHSW ZLQJ GLIIHUV IURP W
IORZ DFURVVDQLQILQLWH VWUDLIJKW ZLQJ GRHVY QRW IHDWXUH D YHORFLYV
DFURVV D VZHSW ZLQJ IHDWXUHV D FKRUGZLVHDQG VSDQZLVH FRPSRQHQW
RQDVZHSW ZLQJ LQIOXHQFH WKH PRWLRQ RIDIOXLG SDUWLFOH WUDYH
SUHVVXUHJUDGLHQW QHDU WKH OHDGLQJHGJH FDXVHV WKH SDUWLFOHTV (
IORZ GLUHFWLRQ WKHSRVLWLYH SUHVVXUHJUDGLHQW WRZDUG WKH WI
FXUYHEDFN WR WKHULJKW LQ WKHIORZ GLUHFWLRQ 7KHUHVXOWDQW VYV
VXUIDFHVY DV WKH SUHVVXUH GLVWULEXWLRQ IRUERWK VXUIDFHV FDQ EH

JLIXUH 'LUHFWLRQ RIIOXLG SDUWLFOH PRWLRQ GXHWRLVREDU SDWWHUQ RQ
GUDZQ SDUDOOHO WR WKH OHDGLQJDQG WUDLOLQJHGJH 9RVDQG )DURNKL



'LQJB6ZHHS

I WKH SUHVVXUH GLVWULEXWLRQLVNQRZQ ZKLFKFDQ IRUH[DPSOH
DQXPHULFDO VLPXODWLRQ DFDOFXODWLRQ RIWKHIORZ GLUHFWLRQ DQ
LQYLVFLG VWUHDPOLQHV LV SRVVLEOH )RU WKLV SXUSRVH D FRQVWDQWY
7KH SUHVVXUH FRHIILFLHQW FDQ EH FDOFXODWHG IROORZLQJ (TXDWLRQ

RI VR¥QWBKRZQ LQ (TXDWLRQ DQG WKH LGHDO JDV ODZLQ (TXDWLRQ
H[SUHVVLRQ IRUWKH SUHVVXUH FRHIILFLH QW W KWRZHQVISH FILX DFRVM_HRIW U D MWLt
[
a=' RT p= RT
P M p 1
= PP Py =
®~ Ima? p, (o )Ma%
7TKHLVHQWURSLFIORZHTXDWLRQV\LHOG H[SUHVVLRQ IRUWKH SUHVYV
(TXDWLRQ WR\LHOG (TXDWLRQ
P oo Made, ) T
P1
2 1 o
%:W((l"'T Mafe) T 1)
6ROYLQJ (TXDWLRQ IRUWKH ORFDO ODFK QXPEHU UHVXOWYV LQ
s
2 Ma? 1
Majocal = 1 ((Cp 21 +1) 1)

‘LWK WKH NQRZCG MB QDMW.RY SRVVLEOH WR GHWHUPLQH WKH ORFDO YHC
JLYHQ SRLQW DORQJ WKH FKRUG 7KHDQJOH EHWZHHQ WKH ORFDO IORZ FF
WKH IORZ FRPSRQHQW LQ WKH VSDQZLVH GLUHFWLRQ LV

v
local = arctan(—2—):

Vperp;local

$V WKH YHORFLW\ SDUDOOHO WR WKH OHDGLQJ HGJH LV FRQVWDQW WK
FDOFXODWHG DW DQ\SRLQW RYHU WKH ZLQJ .QRZLQJWKH YHORFLWLHV V

FDQ EH GHWHUPLQHG E\ LQWHJUDW L &3 WRHDAMBRIODRIVQH HTXDWLRQV
z

Xy

Z_dx"
Xo Vx (XO)

z(X)= zg +

ZKHXHD QZ DUH LQLWLDO FRR U@ WKHVARR DR DWH XVHG WR LQWHJUDWH D

,WPXVWEHQRWHG WKDW DOWKRXJK WKHVWDWHG OLWHUDWXUH SUHYV
VZHSW ZLQJV WKLV FDVHLVLGHDOL]J]HGDQG GRHV QRW HI[LVW RQD UHDO
ZLQJVLVRILPSRUWDQFH ZKLFKZLOOEHLQWURGXFHGLQWKHIROORZLQJYV
DUHRQO\URXJKO\DSSOLFDEOH WR WKHVSDQZLVH VHFWLRQV IXUWKHU D?Z

JORZRYHU )LQLWHG6ZHSW :LQJV
7KHLQYLVFLG IORZDVVXPSWLRQ LV DOVR FRQVLGHUHG IRUWKH IORZ RYHL
LQILQLWH VZHSW ZLQJ OLHV LQ WKH VSDQZLVH FRPSRQHQW RI WKH IORZ ZK
WXQQHO ZDOOV RUMXQFWLRQ WR WKH IXVHODJH FRQVWUDLQ WKH IORZ

Y)LIXUH VKRZV WKH LVREDUV IRUWZR QRQ WDSHUHG VZHSW ZLQJV ZL)\
7KH GDVKHG OLQHV LQGLFDWH OLQHY SDUDOOHO WR WKH OHDGLQJDQG W
WKHLQILQLWH VZHSW ZLQJ $V FDQEH IRXQG IURP ERWK ZLQJV DQG LQ FRQV
FXUYDWXUH RI WKH LVREDUV UHSUHVHQWHG E\ WKH VROLG OLQHV :KLO
OHDGLQJHGJHLQ WKHPLGGOH SDUW RI WKHVSDQ WKH\FXUYHIRUZDUG
URRW



'LQG 7XQQHO ([SHULPHQWV DQG :DOO ,QIOXHQFH

,Q FRQWUDVW WR WKH LQILQLWHO\VZHSW ZLQJ WKH VWUHDPOLQHV RY
VSDQZLVH ORFDWLRQ :KHQ DQDO\]LQJWKH EHKDYLRU RI VWUHDPOLQHV LQ
WKHP DW GLIIHUHQW VSDQZLVH ORFDWLRQV WR FDSWXUH WKH IORZILHOG
FRQGLWLRQ VKRZQ LQ )LIJXUH PDNHV WKH IORZ DW WKH URRW DQG WL
ZDOOV LQWURGXFH YLVFRXV HITHFWV FRPSDUHG WR IUHH IOLJKW FRQGLWL
H[SODLQHG LQ WKH IROORZLQJVHFWLRQ

JLIXUH ,VREDU SDWWHNUZ® RV ZU WARRI| GLITHUHQW DVSHFW UDWLRYV DW JHUR (
LQGLFDWH SDUDOOHOV WR WKH OHDGLQJDQG WUDLOLQJHGJH WKHFXUYHG GDVKl
DQG VROLG FXUYHG OLQHV LQGLFDWH LVREDUV 9RVDQG )DURNKL

LQG 7XQQHO ([SHULPHQWV DQG :DOO ,QIOXHQFH
'LQG WXQQHO H[SHULPHQWYV DUH DQ LQWHJUDO SDUW RI WKH GHYHORSP
DQG PRUH IOH[LEOH SRVVLELOLWLHY FRPSDUHG WR IOLJKW H[SHULPHQW
FRPSDUHG WR QXPHULFDO VLPXODWLRQV WKH\DUHPRUH H[SHQVLYH DQG ¢
ZLWKRXW LQIOXHQFLQJ WKH IORZ ZKLFK LV ZK\ WKH\DUH RIWHQ VXSSOH

,QWKHIROORZLQJVHFWLRQV WKHLQIOXHQFHRIWKHZLQG WXQQHO

THVW 6HFWLRQ 6HWXS
'LQG WXQQHOV H[LVW LQ YDULRXV FRQILIJXUDWLRQV DQG GLIIHULQ WKHL
XUDWLRQV IORZ UHJLPHV DQG IORZ SURSHUWLHYV %DUORZ 5DH DQG 3
GLIIHUHQFHYV UHJDUGLQJ WKH WHVW VHFWLRQV LV JLYHQ 7KH VHWXS RI
WKHVLV LVLQWURGXFHG LQ 6HFWLRQ

,Q KLIJK SHUIRUPDQFH IDFLOLWLHY FORVHG WHVW VHFWLRQV DUH FRPP
$V WKH QDPH VXJJHVWY D FORVHG WHVW VHFWLRQ IHDWXUHY FOHDUO\ G
IORZ 7KHVH ZDOOV LQIOXHQFH WKHIORZFRPSDUHG WRIUHHIOLJKW PDN
ZLOO EHGLVFXVVHG LQ WKLY VHFWLRQ WKHVHERXQGDU\ FRUUHFWLRQV FD
DFHUWDLQ HIWHQW 2SWLRQDOO\ WKH ZDOOV RIDFORVHG WHVW VHFWLR
WKHERXQGDU\FRQGLWLRQV DW WKH ZDOO 7KLV PHWKRG\LHOGY QR HIILFI
FDQ EHDGMXVWHG DFFRUGLQJ WR WKH FRQGLWLRQV XQGHU ZKLFK WKH |
UHVXOWV LQ PLQLPDO RUQR FRUUHFWLRQ EHLQJQHHGHG +RZHYHU WKI
DVDQ H[SHULPHQWDO VHWXS ZLWK VKRFNVY SUHVHQW RU ZLWK KLJK SUH
DGMXVWLQJ WKH ZDOOV QHFHVVLWDWLQJ QR FRUUHFWLRQ %DUORZ 5C
DSSO\ WKH SRVVLELOLW\RIDGDSWLYH ZDOOV LQ D WHVW VHFWLRQ LV VK
ORQIJLWXGLQDO VHFWLRQDQG FURVV VHFWLRQDO YLHZ RI WKH .5*1TV DGD



'LQG 7XQQHO ([SHULPHQWV DQG :DOO ,QIOXHQFH

E

J)LIXUH 6HFWLRQDO YLHZY RI WKHDGDSWLYH WHVW VHFWLRQ RI WKH .5* D /RQ
ZLWK DGDSWLYH ZDOOVDQGDQDLUIRLO .RFKHWDO E &URVV VHFWLRQDO V
.5* DGMXVWDEOH E\VWHSSHU PRWRUV 5RVHPDQQ

%WRXQGDU\ &RUUHFWLRQV

$V PHQWLRQHG LQ WKH SUHYLRXV VHFWLRQ WKHIORZFRQGLWLRQVLQD ZL
FRQGLWLRQV 7KLV LV ZK\ERXQGDU\ FRUUHFWLRQV DUH DSSOLHG WR W}
DFFRXQW IRU WKH HITHFWV ZLWKLQ WKH WXQQHO $IWHU FRUUHFWLQJ W
5H\QROGV DQG ODFK QXPEHUV WKH UHVXOWV REWDLQHG GXULQJWKH PHDV
IRUFHV DQG PRPHQWYV RQ WKH IXOO VFDOH DLUFUDIW LQ IUHH IOLJKW )RC
PRVW FRPPRQ FRUUHFWLRQ PHWKRGV DUH EDVHG RQ WKH VR FDOOHG PHW
PHWKRG DQG SDQHO PHWKRGV 7KHVH ERXQGDU\ FRUUHFWLRQV DUH GHUL"
PRGHO FRPSDUHG WR WKH WHVW VHFWLRQ DQG DQ LQILQLWHO\ORQJ WHV\
IORZHTXDWLRQV DUHDSSOLFDEOH 7KLV HQDEOHV D VXSHUSRVLWLRQ RI
$ EULHI LQWURGXFWLRQ WR WKH UHOHYDQW ERXQGDU\ FRUUHFWLRQV IRU
WKHVH FRUUHFWLRQV \LHOG YDOXDEOH UHVXOWYV RQO\ ZKHQ WKH IORZ L
VLPLODU UHTXLULQJVPDOO GLIIHUHQFHVY EHWZHHQ WKH WZR FDVHV $V %
FDQ LPSDFW WKH IORZLQ WKHWXQQHO WR VXFKDQ H[WHQW WKDW HYHQ D
GDWD QR ORQJHU DFFXUDWHO\ UHSUHVHQWY WKH IORZ LQ IUHH IOLJKW

LQIOXHQFH RI WKH ZDOOV RQ UHGXFLQJWKHLU LPSDFW RQ WKH IORZ

A As

JLIXUH 6NHWFK RI WKH HITHFWV ZLWKLQ WKH WHVW VHFWLRQ WKDW DUH DGGUH
GHFUHDVHLQ HITHFWLYH FURAVWIHEWHRROD \UKHBNIH@PQJ RI WKH ERXQGDU\ OD\HU
LVLQGLFDWHG LQ EOXH 7KH EORFNDJHHIIHFWVY DUHVKRZQ LQ RUDQJH ZKHUH WKH
SUHVHQFH RI WKHPRGHO DQG WKH ZDNHLV LQGLFDWHG

% XR\DQF\
7KLV HIITHFW UHIHUV WR WKH YDULDWLRQ LQ VWDWLF SUHVVXUH DORQJ WKt
$V WKH ERXQGDU\OD\HU GHYHORSV RQ WKH ZDOOV Rl WKH WHVW VHFWLRQ



'LQG 7XQQHO ([SHULPHQWV DQG :DOO ,QIOXHQFH

DVVKRZQLQ)LJIJXUH '"XHWR FROQWLQXLW\ WKHYHORFLW\LQ WKHWHVW V
GHFUHDVHV 7KLV SUHVVXUH JUDGLHQW LV PDQLIHVWHG E\LQFUHDVHG ¢
I[URP WKH VWDWLF SUHV VX HRQGRDKHWK KQMHDIWEFEURVY VHFWARQDO DUHD
DVIROORZV z,

d

p(X)dX.

Dg = A(X :
0 = AG)Tg
$ FRPPRQ VROXWLRQ WR HOLPLQDWH RUUHGXFH WKH LPSDFW RI EXR\DQ

VHFWLRQ VR WKDW WKH HITHFWLYH DUHD LQ WKH WHVW VHFWLRQ UHPDLC
OD\HU %ULWFKHUDQG/DQGPDQ

%ORFNDJH

7KLV HITHFW LV D ERXQGDU\LQIOXHQFH GXH WR WKH GLVSODFHPHQW RI
ZDNHV RUVOLSVWUHDPV DQG LV VNHWFKHG RUDQJH LQ )LIXUH W F
DQG VOLSVWUHDP EORFNDJHV 7KH VROLG EORFNDJH UHVXOWYV IURP WKH
VHFWLRQ DQG IRUDQDLUIRLO GHSHQGV RQ ERWK WKH PRGHO VLIHDQG WK
LQFUHDVHY EHFDXVH FRPSDUHG WR IUHH IOLJKW WKH WXQQHO ZDOOV O
DQG /DQGPDQ 7KHZDNH EORFNDJH KDV WKH VDPH HIITHFW DV VROLG E
FRPSOLFDWHG WR HVWLPDWH DV LWGHSHQGY RQ WKH YROXPH RFFXSLHC
GHSHQGY RQ WKH VKDSH RI WKH PRGHO LWVHOI $V WKH YHORFLW\LQ W
I[UHHVWUHDP WKHIORZDURXQG WKHZDNHLVDFFHOHUDWHG LQ DFFRUG
RSSRVLWHDSSOLHVY WR VOLSVWUHDP EORFNDJH EHFDXVH WKHIORZ LQ WK
DFFHOHUDWHG 7KLV FDXVHV D GHFUHDVHLQ YHORFLW\DURXQG WKH VOLS\
FKDQJHLQ YHORFLWA\DURXQG WKHPRGHO ZKLFK IROORZLQJ %DUORZ 5
06 P GLDPHWHPR Z21Q0GMH WHVWVHFWLRQ@3LV,MQFDG BMVHP® BAKHPDWLFDOO\UHSUFE
FDOFXODWHG DVIORZVLQJXODULWLHY WKURXJK WKH VXSHUSRVLWLRQ RIL
LQDIUHHVWUHDP DQG PLUURUHG DW WKH ZDOOV WR DFFRXQW IRU ERXQGI

‘DOO ,QIOXHQFH
$OWKRXJK WKH DIRUHPHQWLRQHG FRUUHFWLRQV WU\ WR HOLPLQDWH WKH
IOLJKW WKHUH DUH GHYLDWLRQV EHWZHHQ WKH WZR WKDW FDQQRW EH
VHFWLRQ LQWURGXFHV WKHLQIOXHQFH RIWXQQHO ZDOOV RQ WKH IORZIL}
DIRUHPHQWLRQHG FRUUHFWLRQV ,WLVGLVWLQJXLVKHG EHWZHHQ WKH KR
DV ZHOO DV WKH FRUQHU HITHFWV WKDW UHVXOW IURPDQ LQWHUIHUHQFH D\
RI ZDOO LQIOXHQFHV DQG LQWHUIHUHQFH HIITHEFWV FDQ EH IRXQG LQ *RHWH

+RUL]JRQWDO :DOOV

2QH LQIOXHQFH RI WKH IORZILHOG LV UHODWHG WR WKH KRUL]JRQWDO ZDC
DQG *DQJHU VKRZ WKHHIIHFWV DUH PDLQO\LQYLVFLGDQG FDQ EH UHG
DVWUHDPOLQHRIWKH XQERXQGHG FRQGLWLRQ )RUD WRWDO HOLPLQDWL
KDYHWR EH GHIRUPHG DORQJ D VWUHDPOLQH RI WKHIUHH IOLJKW FRQGLWL
WKLENQHVV Rl WKH ZDOOVY ERXQGDU\ OD\HU +RZHYHU DV %LUNHPH\HL
RQO\ IROORZLQJ WKH LQYLVFLG VWUHDPOLQHV \LHOGY FORVH DOLJQPH(
WKH PLGGOH VHFWLRQ RI WKH WXQQHO 7KLV SURFHGXUH LV KLJKO\ UHC
QXPHURXV DSSOLFDWLRQV HVSHFLDOO\ZKHQ QXPHULFDO VLWXDWLRQV DL
WR GHWHUPLQH WKH VKDSH Rl WKH VWUHDPOLQHY $QRWKHU SRVVLELC
GHVFULEHG E\ *DQ]HU ZKHUH D FDOFXODWLRQ RI SUHVVXUHV LV XVH
$ VLPLODU DSSURDFK LY ODWHU GHVFULEHG LQ 6HFWLRQ IRUWKH .5*
VKRZ WKDW WUDQVRQLF EORFNDJHFDQEHDYRLGHG ZKHQ FRPSDUHG WR VW
'XHWR PHFKDQLFDO FRPSOH[LW\ WKHDGDSWDWLRQ LV XVXDOO\QRW SR\
DWZR GLPHQVLRQDO DGDSWDWLRQ ZRUNV ZHOO EHFDXVH WKH SUHVV XL
LQ WKH VSDQZLVH GLUHFWLRQ *RHWKHUW 7KH UHODWLYHO\ HDV\ S
WZR GLPHQVLRQDO DGDSWLYH KRULJRQWDO WXQQHO ZDOOV LV ZHOO HVWI
WKH GHIRUPDWLRQ LV VKRZQ LQ )LJXUH (VSHFLDOO\IRUH[SHULPHQWYV |
SURFHGXUHV \LHOG H[FHOOHQW UHVXOWY DW DQ DFFHSWDEOH LQFUHDYV
RQO\EH FKDQJHG LQ WKH ORQJLWXGLQDO GLUHFWLRQ L H LQ WKHIUHHV
GLUHFWLRQ L H SHUSHQGLFXODUWR WKHIUHHVWUHDP GLUHFWLRQ



'LQG 7XQQHO ([SHULPHQWV DQG :DOO ,QIOXHQFH

J)LIXUH &URVYV VHFWLRQDO YLHZ RI WKH .5* LQ WKH ; = SODQH ZLWK DQ XQVZHS)
ZDOOV 7KH ZDOOV DUH GHIRUPHG WR PDWFK WKH VWUHDPOLQH VKDSH RI WKH XC(
H[HPSODU\ VWUHDPOLQHY DUH VKRZQ

JRU WKUHH GLPHQVLRQDO PRGHOV RU VZHSW ZLQJV WKH KRUL]JRQWD
WKUHH GLPHQVLRQV WR HOLPLQDWH WKHLU HITHFW &RPSDUHG WR WKH
H[KLELWV DVSDQZLVHJUDGLHQW ZKLFKLQFUHDVHV WKHFRPSOH[LW\RI Wt
$GDSWLQJWKH KRUL]JRQWDO ZzDOOV WKUHH GLPHQVLRQDOO\VUHTXLUHV H[W
LQFUHDVLQJWKHDFFXUDF\RI WKHPHDVXUHPHQWY DV %LUNHPH\HU V
EXLOGLQJDQG RSHUDWLQJ WKHWXQQHO LWLV SRVVLEOH WR VLPSOLI\YV
FRQWRXU WKDW PDWFKHV WKH VWUHDPOLQHDW RQO\RQH VSDQZLVH ORI
GLVSODFHPHQW WKLFNQHVV RI WKH ZDOOYV ERXQGDU\OD\HU 7KLV QHJ(
KDYHWREHDGDSWHG VHSDUDWHO\IRUHYHU\< ORFDWLRQ %LUNHPH\HU
FORVHVW ZLWK WKH LQILQLWHO\VZHSW ZLQJ FRQGLWLRQV DUH DFKLHYH
PLGGOH RIWKHWHVW VHFWLRQ

6LGH :DOOV

$V VKRZQ LQ 6HFWLRQ WKHIORZILHOG GLIIHUV EHWZHHQ WKH LQILQLW
FRQGLWLRQV %RXQGLQJDVZHSWZLQJH[SHULPHQW E\ VWUDLJKW YHUW
VWUHDPOLQHV EA\VSDQZLVHIORZ QRQ XQLIRUPLW\DQG E\LQWHUIHUHQFH

$V VKRZQ E\ %LUNHPH\HU VLGH ZDOO LQWHUIHUHQFHV LQ H[SHUL
FDXVHG E\ YLVFRXV HIIHFWV 7KH VLGH ZDOO ERXQGDU\ OD\HU LV DOWHU
ZLQJ 7KLV FDXVHV D FKDQJH LQ FURVV VHFWLRQDO DUHD H J SURQRX(
WKH UHJLRQ RID VKREFN DQGDVSUHDGLQJRIVKRENDQG H[SDQVLRQ ZD\
6WURQJ VKRFNV FDQ OHDG WR D GHWDFKPHQW RI WKH ERXQGDU\ OD\HU D
UHGXFHV WKH UHJLRQ RI WZR GLPHQVLRQDO IORZLQ WKH WXQQHO 7KL\
DQ H[SHULPHQW *DQ]JHU 6WDQHZVN\ DQG =LHPDQQ GHPRQVWUDWHC
VLIQLILFDQW SDUDPHWHU LQIOXHQFLQJWKH HIITHFW RILQWHUIHUHQFH :KL
IRUD &$67 SURILOH ZLWK $5 WKH\ GHFD\HG DV\PSWRWLFDOO\LQ WKH P
+RZHYHU H[SHULPHQWV ZLWK D 1$&$ SURILOH VKRZHG VLJQLILFDQWO\
DGHSHQGHQFH RQ WKH DLUIRLO VKDSH DV ZHOO )RW®VLPAXDQWLRQ ZL"
5H\QROGV QXREBULKI %LUNHPH\HU VKRZHG WKDW WKH SUHVVXUH GLVW
VWUDLJKW ZDOOV GLIIHUV IURP WKH XQERXQGHG VLPXODWLRQV VOLJKWO
SRVLWLRQ LV ¥K+0W3HGSEWUHDP FRPSDUHG WR WKH XQERXQGHG FDVH :K



'LQG 7XQQHO ([SHULPHQWV DQG :DOO ,QIOXHQFH

GHVLIQ RIWKHWXQQHO ZDOO ZKHUH WKH VWUHDPOLQH RIWKH ZDOO ERXC
SUHVVXUH GLVWULEXWLRQ RI WKHERXQGHG FDVHDOLJQV FORVHO\ ZLWK\

+RDQJDQG % XL SHUIRUPHG H[SHULPHQWDO DQG QXPHULFDO DQDO\V
LOQWHUIHUHQFH HIITHFWV ZLWK DQG ZLWKRXW WXQQHO ZzDOOV )URP WKH
OLIWFRHIILFLHQWY LQ WKHPLGGOH VHFWLRQ RI WKH ZLQJ H[KLELW D GL|
DWPRGHUDWHDQJOHYVY RI DWWDFN WKLV GLIITHUHQFH LQFUHDVHY WR PR
LQFUHDVHG DQG WKH ZLQJ DSSURDFKHV WKH WXQQHO ZDOO 7KLV ZRUN VX
YDU\VLIQLILFDQWO\ ZLWK YDULDWLRQV LQ JHRPHWULF DQG IORZ YDULD
FKDQJHLQ WKHH[SHULPHQWDO VHWXS FDQ GLPLQLVK WKH HIIHFW RI WKH !

&RPSUHVVLRQ :DYHV

LVSODFHPHQW 7KLFNQHVV 6KREN

([ISDQVLRQ :DYHV

YJLIXUH 6LGH ZDOO LQWHUIHUHQFH RQ D VWUDLJKW ZLQJ IROORZLQJ %LUNHPH\H
LQ EOXH

,QDGGLWLRQ WR WKH WZR GLPHQVLRQDO YLVFRXV LQWHUIHUHQFH H[SO
GLPHQVLRQDO EHKDYLRU RI WKH VWUHDPOLQHY RFFXUV IRUVZHSW ZLQJV I
DQG +D0OO 9DWVD DQG :HGDQ SHUIRUPH@®Q X¥ZHSW DSR¥LPXODWL
ZLQJLQVLGH D ZLQG WXQQHO IRFXVLQJRQ WKH GLIIHUHQFH EHWZHHQ Y
GHPRQVWUDWHG WKDW ERWK LQYLVFLG DQG YLVFRXV VLGHZDOO VLPXOEL
RI'WKH SUHVVXUH FRHIILFLHQW ZLWK WKH H[SHULPHQW LQ WKH PLGGOH F
DOLJQPHQW ZLWK H[SHULPHQWDO GDWD EHFRPHV OHVV DFFXUDWH 7KLV L)
WRZDUGV WKH WXQQHO ZDOOV DQG WKH PRUH FRPSOH[IORZ SKHQRPHQD W
PRYHPHQW RI WKH VWUHDPOLQHV LV VXSSUHVVHG E\ WKH ZDOOV 7KLV FDX
DUHD RI WKH PRUH XSVWUHDP HQG RI WKH ZLQJDQG DQ H[SDQVLRQ DW WKH ¢
HQG RI WKH ZLQJ 7KHVH FRPSUHVVLRQ DQG H[SDQVLRQ ZDYHV LQIOXHQF
JROORZLQJ %LUNHPH\HU WKH LVREDU SDWWHUQ RYHU WKH VXFWLR(
WXQQHO ZDOOV GLIIHUV VLIJQLILFDQWO\IURP WKH LQILQLWHO\VZHSW ZL
PRUH XSVWUHDP HQG RI WKH ZLQJDQG WKH PRUH GRZQVWUHDP HQG RI WK1
DQG H[SDQVLRQ ZDYHV VKRZQ LQ )LJXUH

$JDLQ FRQWRXUHG VLGHZDOOV LQFUHDVH WKH VSDQZLVH IORZ XQLIR
HVSHFLDOO\WRZDUGV WKH DIW VHFWLRQ RI WKH DLUIRLO DV 6HUSLHUL
vi 252 DWPRGHUDWH 5H\QRG G V2QEFP EXIRQWRXULQJ WKH ZDOOV FDQ EH DF
VWHSSHU PRWRUV DV H[SODLQHGLQ PRUHGHWDLOLQ 6HFWLRQ RU E\ X
GHYLFHVY GHVLJQHG WR GLUHFW WKHIORZLQ D ZLQG WXQQHOTV WHVW VHF\
RI SO\ZRRG 5RPDQR HW DO

7TKHGHVLIQRIFRQWRXUHG VLGH ZDOOVIRUD VZHSW ZLQJLQ WUDQVRQLF
IXPHULFDO VLPXODWLRQVIRUDQLQILQLWHO\VZHSW ZLQJ ZHUH SHUIRUF
ZLQJ %DVHG RQ WKH FRQWRXU RI WKHVWUHDPOLQHY D WKUHH GLPHQVLI
GRQRWDFFRXQWIRU WKHGLVSODFHPHQW WKLFNQHVV RI WKH ZDOOYV E|
GLVWULEXWLRQ VKRZVY FORVH DOLJQPHQW ZLWK WKH LQILQLWHO\ VZHS\
XSVWUHDXPCEV:035 :KHQ WDNLQJ WKH ZDOO ERXQGDU\OD\HU LQWR DFFR X
ZKLFK LV GRQHLQ DQ LWHUDWLYH SURFHGXUH QR GLIIHUHQFH LV QRWH
FROQGLWLRQV 2QO\ YHU\ FORVH WR WKH ZDOO WKHLVREDUV VOLJKWO\ FX
KRULIJRQWDO ZzDOOV WKLV SURFHGXUH LY YHU\FRPSOH[WR UHDOL]JH LQ W



'LQG 7XQQHO ([SHULPHQWV DQG :DOO ,QIOXHQFH

PDOXIDFWXULQJ WKH ZDOO IRUHYHU\WHVW SRLQW LV YHU\FRVWO\ 2QH GH
LGHDO VLGH ZDOO FRQWRXU IRUD FRQILIXUDWLRQ 7KLV FRQILIXUDWLRQ
IORZILHOG LV QRW SUHFLVHO\ WKH VDPH %LUNHPH\HU VKRZHG WKD
RXWVLGH WKH GHVLJQ SRLQW FDQ EH VOLJKW FRPSDUHG WR WKDW RI D Q
FRQGLWLRQV GR QRW YDU\VLJQLILFDQWO\ )RUODUJHU GHYLDWLRQV RU JH
WR EH SHUIRUPHG

SRPDQR HW DO GHVLIQHG DQG WHVWHG FROQWRXUHG VLGH ZDOOV I
UHFHSWLYLW\PHFKDQLVPVLQ WKHD5(&(37 SURMHFW 6LPLODU WR WKH DSSU
WKH VLGH zDOOV ZzDV GHWHUPLQHG E\H[WUDFWLQJ WKH VWUHDPOLQHYV IUR
LVREDUVRQ WKHSUHVVXUHVLGHRIWKHZLQJZHUH SDUDOOHO WR WKH OHD(
VXFKEHKDYLRU HVSHFLDOO\ZKHQDSSURDFKLQJWKHWXQQHO ZDOOV 1HY|
GHYHORSHG PRGHO LV VXLWDEOH IRUPHDVXULQJWKHOLQHDU UHFHSWLYL
OD\HUDVVRFLDWHG ZLWK WKH H[FLWDWLRQ RI FURVYV IORZLQVWDELOLW\

'"HVSLWH WKH VXFFHVVIXO DSSOLFDWLRQ RI OLQHUV DQG GHIRUPDWLRQ
KRZWKHDSSOLFDWLRQ RI VXFKPHDVXUHV ZLOO DIITHFW WKH UHVXOWV LQ I
DQG LQIORZFRQGLWLRQV 7KH .5*fVWHVW VHFWLRQ IRUH[DPSOH IHDWX
WKDQ WKH 7UDQVRQLF :LQG 7XQQHO *[WWLQJHQ 7:* XVHG LQ %LUNHPH\H

~([SDQVLRQ :DYHYV

6WUHDPOLQHYV 6KREN

&RPSUHVVLRQ :DYHV

J)LIXUH 6LGH ZDOO LQWHUIHUHQFH RQ D VZHSW ZLQJ IROORZLQJ %LUNHPH\HU

&RUQHU )ORZV

$ FRPELQDWLRQ RIERWK IORZV RQ WKH KRUL]JRQWDO DQG VLGH ZDOOV \LH
PDLQO\RIDFRUQHU ERXQGDU\ OD\HUDQG VHFRQGDU\ HIIHFWV 7KH VXSHU
KRUL]JRQWDO DQG VLGH ZDOOV IRUPV WKH ERXQGDU\ OD\HU LQ WKH FRUQH!1
ERXQGDU\ OD\HU OHDGV WR D GHFHOHUDWLRQ RI WKHIORZ LQ WKH FRUQH
WKH GRZQVWUHDP IORZILHOG 6KDQJDQG +DQNH\

$GGLWLRQDOO\ YRUWLFDO VWUXFWXUHV FDQ IRUP LQ WKH FRUQHUV ZK
VHFRQGDU\IORZ VWUXFWXUHV DUH VKRZQ VFKHPDWLFDOO\ LQ )LJXUH )
SRLQW WRZDUGV WKH FRUQHU DQG WKHQ DZD\IURP WKH FRUQHU DORQJ WKH
WKHVH FRUQHU IORZV PD\LQWHUDFW ZLWK VKRFNV RU VLPSO\LQIOXHQF
DOWHUQDWHG ERXQGDU\ OD\HU +LUW 6KDQJDQG +DQNH\ 7R DYRLC
LQ WKH IORZILHOG +LUW SHUIRUPHG H[SHULPHQWV LQ D VXSHUVRQLF
&HQWHU 7KHUHIRUH HLJKW FRUQHU ILOOHW FRQILIJXUDWLRQV DV LOOX
ZHUH PDGH IURP D PROGDEOH PDWHULDO DQG GLIIHUHG LQ WKUHH SDUDT
WDSHU OHQJWK IURP WKH VTXDUH FRUQHU WR WKH ILOOHW UDGLXV L H
XSVWUHDP WR WKH ORFDWLRQ RI FRQVWDQW UDGLXV ,W ZDV IRXQG WKDW ¢
WKH ERXQGDU\OD\HU WKLFNQHVY DW WKH FRUQHU DQG WKH WXQQHO FHQ"
DW WKH FRUQHU DQG DQ LQFUHDVH LQ WKLFNQHVYV DW WKH FHQWHUOLQF
FRPELQDWLRQ RIUHGXFLQJERXQGDU\OD\HU WKLFNQHVV LQ WKH FRUQH
FHQWHUOLQH 7KHVKRUWHU ILOOHW OHQJWKY UHVXOWHG LQ WKLQQHU FR
VLIJQLILFDQW HIIHFW RQ WKH IORZ

'"HVSLWH WKH SURPLVLQJDSSOLFDWLRQRIILOOHWY WR UHGXFH FRUQ'
GHWHUPLQH WKHH[DFW JHRPHWULF FRQGLWLRQV UHTXLUHG WRLPSDFW V



'LVFEXVVLRQDQG 2XWOLQH

JLIXUH 6FKHPDWLF LOOXVWUDWLRQ RIVHFRQGDU\IORZ VWUXFWXUHV LQ WKH
+LUW 7TKHILOOHW LV LQGLFDWHG LQ RUDQJH

'LVFXVVLRQ DQG 2XWOLQH

7TKHOLWHUDWXUH RIWKH SUHYLRXV VHFWLRQV IUDPHV WKH NQRZOHGJH JD¢
QHXWUDO DLUWUDQVSRUWDWLRQ E\ HIWHQVLYH UHVHDUFK LV EHLQJ
XVH RIODPLQDU IORZ 7KLV UHTXLUHV D GHOD\RI ODPLQDU WR WXUEXOH(
RI ERXQGDU\ OD\HU VWDELOLW\ $V WRGD\fV WUDQVSRUW DLUFUDIW W\
VZHSW ZLQJV DUH HVVHQWLDO IRU GHOD\LQJ WKH LQFUHDVH LQ ZDYH GU
XQGHUVWDQG WKH WUDQVLWLRQ PHFKDQLVPV RQVZHSW ZLQJV QXPHULFD(
DW'/5 &U\RJHQLF IDFLOLWLHY VXFK DV WKH .5* DUH XVHG WR DFKLHYH
IOLJKW 1HYHUWKHOHVV WKHFRQGLWLRQVLQ WKHWHVW VHFWLRQ RID Z
IUHH IOLJKW 7KHLQIOXHQFH RIWKHWXQQHO ZDOOV RQ WKHIORZILHOG Z
FRUUHFW LV RISDUWLFXODULQWHUHVW LQ WKLY WKHVLV %LUNHPH\HU
KRUL]IRQWDO DQG YHUWLFDO ZDOOV RQ WKH IORZILHOGDQG PHWKRGV WR
UHOHYDQFH WR WKLV WKHVLV

,Q JHQHUDO LW FDQEH QRWHG WKDW RQO\YHU\OLPLWHG NQRZOHGJH L\
WKH .5* 7KHRQO\H[SHULPHQW FRQGXFWHG ZLWK D VZHSW ZLQJLQ WKLV V
IRUWKHGHYHORSPHQW RI WHPSHUDWXUH VHQVLWLYH SDLQW 763 Z
QRW WR TXDQWLI\WKHLQIOXHQFH RIWKH WXQQHO ZDOOV RQ WKH IORZILF
URXJKQHVV RQ FURVVIORZ LQVWDELOLW\

IHYHUWKHOHVV LW UHPDLQV XQNQRZQ XQGHU ZKDW FRQGLWLRQV H[SHU
EH SHUIRUPHG WR DFKLHYH UHVXOWVY WKDW UHSUHVHQW WKH IUHH 10LJK
GHWHUPLQH WKH LQIOXHQFH RI WKHWXQQHO ZDOOV RQ WKH VSDQZLVH IC
LGHQWLI\PHDVXUHV WKDW FDQ EH WDNHQ WR\LHOG UHVXOWYV FORVHU WR



5HVHDUFK 4XHVWLRQVDQG 2ZEMHFWLYH

SHVHDUFK 4XHVWLRQVDQG 2ZEMHFWLYH

7TKHOLWHUDWXUH UHYLHZLQ WKHSUHYLRXV VHFWLRQV IUDPHV WKH UHVHLC
DQGWKHUHVHDUFK REMHFWLYH FDQ EH GHULYHG

"KDW LV WKH HITHFW RI WKH VLGH WRS DQG ERWWRP ZLQG WXQQHO ZD(
JHQHLW\

DFRPSDUHG WR DQLQILQLWH VSDQ VZHSW ZLQJ"
EZLWKDQG ZLWKRXW D VKRFN SUHVHQW LQ WKH WHVW VHFWLRQ"

+RZ GRHVD FKDQJHLQ PRGHO DQGIUHHVWUHDP UHODWHG SDUDPHW
ILUVW UHVHDUFK TXHVWLRQ™"

D$QJOHRIDWWDFN
E6ZHHS DQJOH
F&KRUG OHQJWK
GODFK QXPEHU

:KDW RWKHU PHDVXUHY FDQ EH XVHG WR GHFUHDVH WKH LQIOXHQFH RI
IORZ"

7KH SUHYLRXV UHVHDUFK TXHVWLRQV IUDPH WKH PDLQ UHVHDUFK REMH
7TRDVVHVVDQG TXDQWLI\WKHLQIOXHQFHRIWKHYHUWLFDO ZDOOV RI WKH &
QHO *IWWLQJHQRQ WKHVSDQZLVHIORZ KRPRJHQHLW\IRUD VZHSW ZLQJ E\ ¢
5$16 VLPXODWLRQV ZLWK WKH '/5 7$8 FRGH

7R GR VR WKH ZRUN LV VWUXFWXUHG DV IROORZV )LUVW WKHH[SHUL
SURYLGLQJIJDQ XQGHUVWDQGLQJRI ZK\WKH QXPHULFDO ZRUN LV VWUXFWX
WKHQXPHULFDO VLPXODWLRQ XVLQJWKH'/57$8FRGHLYVY SURYLGHG 7KHQ
GRPDLQV LVH[SODLQHG :KDWIROORZV LV ZRUNRQWKHYDOLGDWLRQ DQC
HISHULPHQWDO GDWD SUHYLRXVO\UXQ VLPXODWLRQV DQGJULG FRQYHU
EDVHG RQ PHVK GHIRUPDWLRQ ZKLFKLV H[SODLQHGLQ WKHPHWKRGRORJ
7TKHUHVXOWY ZLOO EH SUHVHQWHG LQ D VWUXFWXUHG PDQQHU VWDUW]
DFKLHYDEOH LQ WKH .5*fV WHVW VHFWLRQ ZLWKRXW DQ\ QHFHVVDU\DGDS
IRUVLPXODWLRQV ZLWK GHIRUPHG ZDOOV DUH SUHVHQWHG 6SHFLILFDC
GHIRUPHG YLVFRXV zZDOOV DUH SUHVHQWHG $EULHIVHFWLRQ RQ DOWHUQ
LVSUHVHQWHG EHIRUH WKH FRQFOXVLRQV DUH GUDZQ DQG UHFRPPHQGD



OHWKRGROF

7KLYV FKDSWHU GHVFULEHVY WKH PHWKRGRORJ\ XVHG IRUWKHIROORZLQJ ZI
WKH .5* LVGHVFULEHG 7KLVLQFOXGHV D GHVFULSWLRQ RIWKHDLUIRLO XVI
.5* DQGWZRH[SHULPHQWDO WHVW FDVHVY 7KHGDWDIRUWKHVHWHVW FDVF
DQ XQVZHSW ZLQJ LQ WKH .5* SHUIRUPHG E\ .RFKHW DO JXUWKHUPRU
H[SODLQHG ZLWK D IRFXV RQ WKH '/5 VROYHU 7$8 WKH K\EULG PHVKLQJ WHF
LQ WKHFKRLFHRIWXUEXOHQFH PRGHOV 7KHIROORZLQJVHFWLRQ RXWC
FKRVHQ PHWKRG 7KH YDOLGDWLRQLY SHUIRUPHG E\ FRPSDULQJ QXPHU
IRUDQ XQVZHSW ZLQJ LQ WKH .5* 7KH YDOLGDWLRQLV DVVHVVHG EDVHG R
ZLWK VLPXODWLRQV SHUIRUPHG E\ .|[KOHU DQGDJULG FRQYHUJHQFH V
FDVHV )LQDOO\ PHVK GHIRUPDWLRQLVLQWURGXFHG XWLOL]JLQJWKH 7
VXUIDFHVDQG YROXPHV RIDJULG 7KLV GHIRUPDWLRQ LV XVHG WR GHIR
WKH .5*1V WHVW VHFWLRQ )ROORZLQJWKHOLWHUDWXUHLQWURGXFHG LQ
LPSDFWRIWKHZDOOV RQ WKHIORZILHOG LQ WKHWHVW VHFWLRQLIDSSOLI

([SHULPHQWDO 6HWXS LQ WKH .5*

7KLV VHFWLRQ SURYLGHV LQVLJKW LQWR WKH .5* VHWXS DQG WZR H[SHULPH
WKH 1/) DLUIRLO XVHG LQ WKLV ZRUN GHVFULEHV WKH .5*fV DUFKLWHFW
WKH H[SHULPHQWDO VHWXS RI H[SHULPHQWV RQ DQ XQVZHSW ZLQJ FRQG)
DUHHVVHQWLDO IRUVHWWLQJ XS WKH QXPHULFDO VLPXODWLRQV SHUIRL
LQWHUSUHWLQJ WKH UHVXOWY REWDLQHG

7KH/9 )$SLUIRLO

7TKH /9 )LV DQ 1/) DLUIRLO ZKRVH FRQWRXU LV VKRZQ LQ )LJXUH 7KLY
ERWK H[SHULPHQWDOO\DQG QXPHULFDOO\LQ WKH .5* ([HPSODU\ SUHVVXI
QXPHULFDO VLPXODWLRQV DUHGLVSOD\HG LQ )LJXUH +HQFH WKHDLUI

IHDVLELOLW\RI FRQGXFWLQJH[SHULPHQWYV ZLWK WKH /9 ) DLUIRLO LQ VZH

JLIXUH /9 ) SURILOH FRQWRXU QRUPDOL]HG E\ WKH FKRUG OHQJWK



([SHULPHQWDO 6HWXS LQ WKH .5*

7KHJRDORIDQ1/) DLUIRLOLVWRJHQHUDWH D ORZDPRXQW RIGUDJE\H[W]|
JRRG KLJK OLIW FKDUDFWHULVWLEV 7KXV WKHVKDSHLV XVXDOO\FKDUDF\
7KLV IDFLOLWDWHYV DIDYRUDEOH SUHVVXUH JUDGLHQW RQ WKH VXUIDEH
ODPLQDUIORZ GXHWR D GHOD\RI WKH RQVHW RI 7TROOPLHQ 6FKOLFKWLQJL
LQGXVWU\SXWV HIIRUW LQWR XQGHUVWDQGLQJDQG LPSURYLQJWKH WHFK
LQ WKH VEXWVWLOO QHHGY WR DSSO\WKH WHFKQRORJ\WR LWV DLUFU

7KH .5* :LQG 7XQQHO

7KH .5* LV D EORZ GRZQ ZLQG WXQQHO EDVHG RQ WKH /XGZLHJ 7XEH FRQ
UHVHDUFK LQ WUDQVRQLF IORZ /RZWHP@E KD WXVWW P R} BWEZROQVIRUHVYV XU
103DDUH DFKLHYHG WR UHDOL]H SH\GRAGVEQXABHRIYVRFXBWMEROAQJIWK RI
5RVHPDQQ 8QGHUWKHVHFU\RJHQLFFRQGLWLRQVY LWLV SRVVLEOH WHF
LQWUDQVRQLFIORZ ZLWK ODFK QXPEHUV UDQJLQJIURP WR $FKLF
VLQFH WKHODFKDQG 5H\QROGVY QXPEHUY FDQ EH FRQWUROOHG LQGHSH(
SUHVVXUHDQG WKH WHPSHUDWXUH

JLIXUH 6FKHPDWLF LOOXVWUDWLRQ RIWKH &U\RJHQLF /XGZLHJ 7XEH *|WWLQJH

JLIXUH VKRZVY D VFKHPDWLF LOOXVWUDWLRQ RI WKH .5* $ ORQJ VWHF
VLIQLILFDQW UXQWLPHV ZKLFHK330RPUOWRIQH .5RVHRRQAQPKO\ 'RZQVWUHDP |
VWRUDJHWXEH DJDWHYDOYHLVY ORFDWHG WRHQDEOHPRGLILFDWLRQV LQ
WXEH EHIRUHD UXQ DQG WRIDFLOLWDWHLQGHSHQGHQW WHPSHUDWXUH
XSVWUHDP RIWKHJDWH YDOYH WKHWRWDO WHPSHUDWXUHDQG SUHVVXUH
WRWDO SUHVVXUHDQG WHPSHUDWXUH LQ WKH WHVW VHFWLRQ WRR
7KH WHVW VHFWLRQ LV VKRZQ LQ )LJXUH ZKHUH WKH DHURG\QDPLF REMF
WKHPHDQ YHORFLWA\DQG UHGXFH WKH WXUEXOHQFHLQWHQVLW\OHYHO L
DFRQWUDFWLRQ UDWLR RI FRQQHFWYVY WKH VWRUDJH WXEH DQG WKH W
5RVHPDQQ 7TKHLQFUHDVHG IORZ TXDOLW\N\LV DUHVXOW RIWKHDFFHOL}
WXUEXOHQW ERXQGDU\ OD\HU KHLIKW WKDW GHYHORSV LQ WKH ORQJ VW
WXUEXOHQFHLQWHQVLW\ OHY HOLZ/LGHI UGINVG DWW WR D TXDQWLW\
qiz
X X
Tuo=

X

x| X

7\SLFDOO\ WXUEXOHQFH LOWHQVLW\LY H[SUHVVHG LQ WHUPV RI YHORF
IDFLOLWLHY OLNH WKH .5* PHDVXULQJ WKLV TXDQWLW\LY FKDOOHQJLQ.
H[SUHVVHG LQ WHUPV RI WKH WRWDO SUHVVXUH RU WRW D3D WIBPAPS'HU D W X U H
D WRWDO WHPIgHZ2BWIXQGE RODFK QXPEHU RI 0D WKH WXUEXOHQFH LG



([SHULPHQWDO 6HWXS LQ WKH .5*

UHVSHFW WR WKH WRWDOD®EY RMRPSDHJIHG WR WKH 7UDQVRQLF &U\RJIJHQLF
/IDQJOH\ WKLVLVRYHUWKUHHWLPHY ORZHU

7TRFRPSHQVDWH IRU WKH HITHFWV RI WKH ERXQGDU\ OD\HU FUHDWHG E\ WK
QR]J]JOH IHDWXUHV D ERXQGDU\ OD\HU EOHHG VA\VWHP 7KLV VI\VWHP GHSHQ
SUHYHQWYVY WKH ERXQGDU\ OD\HU IURP HOQWHULQJ WKH WHVW VHFWLRQ

WKH VWDWLF SUHVVXUH LV PHDVXUHG RQ WKH YHUWLFDO ZDOOV DQG DY
VHFWLRQTV FURMM OBBBEPWDRG LWV QBRJIJWKKHLXYSSHU DQG ORZHU ZDOOV DUH I
WZR GLPHQVLRQV WR FRQWURO WKH SUHVVXUH FRQWRXU DQG DFKLHYH F
PRGHO DV H[SODLQHG LQ 6HFWLRQ 7TKH ZDOOTV FRQWRXU LV DGMXVWH
WR WKH ZDOO HYHQ LQ WKHDEVHQFH RI WKH ZDOO LV ]JHUR 7KXV WKH
RQWKHIORZILHOG FDQ EHPLQLPL]JHG 'XHWR WKHVKRUW UXQWLPH RI WK
GHWHUPLQH WKH FRUUHFW ZDOO FRQWRXU ZRXOG UHTXLUH QXPHURXV LWH
7R GHWHUPLQH WKH FRUUHFW ZDOO FRQWRXU D VLQJOH VWHS PHWKRG
DGDSWDWLRQV XWLOL]JLQJWKH &DXFK\LQWHJUDO IRUPXOD DV SUHVHQWH
IRUPXOD DOORZV WKH FDOFXODWLRQ RI YHORFLW\ FRPSRQHQWYV DW DQ\ SR
YHORFLW\ FRPSRQHQWYVY RQ WKDW FXUYH )LQDOO\ LW FDQ EH VKRZQ WKD
GHWHUPLQHG E\ VLQJIJXODULWLHVY RXWVLGH WKHFORVHG FXUYH ZKLFK UHS
QRW SRVVLEOH IRUWKH VLGH ZDOOV $V VKRZQLQ 6HFWLRQ HISDQVLR(
IRUKLIJKODFK QXPEHUV 7KLV VLIJQLILFDQWO\NLQIOXHQFHV WKH UHVXOW
IHYHUWKHOHVV WKHERXQGDU\ FRUUHFWLRQV LQWURGXFHG LQ 6HFWLKF
KRUL]RQWDO zDOOV FDQ EH GHIRUPHG WR HOLPLQDWH WKH EORFNDJH DQC
7KH H[SDQVLRQ GRZQVWUHDP RI WKH WHVW VHFWLRQ PLQLPL]JHVY WKH OR
YDOYHV WKHGXPSWDQNLV ORFDWHG ZKLFKLVPDLQWDLQHG DW DWPRVSK
GLITHUHQFH EHWZHHQ WKH XSVWUHDP DQG GRZQVWUHDP VHFWLRQV RI WK

JLIXUH 7HVW VHFWLRQ RI WKH &U\RJH®LFUKBG ZQH O RX EH. tMAWLLGRIGI QLW K D Q XC
LQVWDOOHG EHWZHHQ WKH YHUWLFDO ZDOOV ,Q WKH EDFNJURXQG WKH ZDNH UD?

%HIRUHWKH UXQ WKHVWRUDJHWXEHDQG FRPSRQHQWYV XSVWUHDP R
WKHGHVLUHG SUHVVXUH /LTXLG QLWURJHQ LV XVHG WR FRRO GRZQ WKLYV
IORZLVWULJIJHUHG E\RSHQLQJWKH IDVW DFWLQJYDOYH ZKLFK FDXVHV HJ
VWRUDJH WXEH 7KLVDFFHOHUDWHY WKHIOXLGLQ WKHRSSRVLWH GLUH

$FFHVVHG 0D\ '15 &U\RJHQLF /XGZLHJ7XEH :LQG 7XQQ KW WBNVNW LZZIHQO.B*GH HQ UHVH
DQG WUDQVIHU UHVHDUFK LQIUDVWUXFWXUH ODUJH VFDOH UHVHDUFK IDFLOLWLHV FU\RJF



([SHULPHQWDO 6HWXS LQ WKH .5*

LVOLPLWHG WR ZKHQ WKH H[SDQVLRQ ZDYHV UHWXUQ WR WKH WHVW VHF
WXEH LWKLQ WKLVOH¥ MWPB VZ L\QIGIRERQOGLWLRQV LQ WKH WHVW VHFWLRQ Ut
PHDVXUHPHQWY WR EH WDNHQ 7R HQVXUHFRQVWDQW FRQGLMIMRQV WKH

7THVW &DVHV RI ,QWHUHVW
7TKHUHVXOWY RIWKHQRQ VZHSW H[SHULPHQWY SHUIRUPHG LQ WKH .5* ZL
DUH FUXFLDO IRUWKLVY WKHVLVY DV WKH\ YDOLGDWH WKH DSSURDFK RI X\
H[SHULPHQWYV DUH UHVWULFWHG WKH UHSRUW FDQQRW EH FLWHG LQ IX
DQG VHOHFWHG GDWD FDQ EH VKRZQ 7KH H[SHULPHQW LV SHUIRUPHG ZLW
WKH /9 ) SURILOH LQ WKH .5* 7KLV VHFWLRQJLYHV EDFNJURXQG LQIRUPL
WZR GLPHQVLRQDO GDWD ZKLFK LV ODWHU FRPSDUHG WR WKH QXPHULFD
9DULRXV LQIORZ FRQGLWLRQVY DUH WHVWHG RIZKLFK WZR DUH SUHVHQ
QXPHULFDO UHVXOWY 7KHFDVHV DUH FKRVHQ VR WKDW RQHODFK QXPEHU 1
RWKHULQ WUDQVRQLF FRQGLWLRQV %RWKFDVHV DUH XVHG WR YDOLGDW

7DEOH 3K\WLFDO SURSHUWLHV RIH[SHULPHQWYV XVHG IRUD FRPSDULVRQ ZLW
H[SHULPHQW QXPEHU FRUUHVSRQGV WR WKHLGHQWLILHULQ WKHUHIHUHQFH

(ISHULPHQW LQ 0D 5H 10° Ts LQ .

QXPEHU

"LWK D VKRFN RQ WKH S0:B8 VI/VXE N X F W xRQ ®L G H
1R | | | |
"LWKRXW D VKRFN
1R | | | |

$OWKRXIK WKH H[SHULPHQWY DUH FRQGXFWHG RQDQ 1/) DLUIRLO ZKLF
ODPLQDUIORZRYHU LWV VXUIDFH WKH SUHVVXUH PHDVXUHPHQWYV IURP W]
QXPHULFDO VLPXODWLRQV $V .|KOHU VKRZHG WKH SUHVVXUH FRHIIL
VLPXODWLRQV IRUDIORZ ZLWK D WUDQVLWLRQ SRLQW LQ WKH DIW SDUW
UHVXOWYVY ,QVWHDG WKHSUHVVXUH FRHIILFLHQW GLVWULEXWLRQV IURI
DOLJQPHQW ZLWK WKH PHDVXUHG SUHVVXUH 7KHUHDVRQIRUWKH GLVDJL
WKH DFWXDO IORZ RYHU WKH ZLQJ FDQ EH IRXQG LQ )LIJXUH 7TKH ILJIXLU
HW DO ZKHUH WKHIORZ RULJLQDWHY IURP WKH OHIW 7KH PRGHO ZDV
SDLOQW WR GHWHFW WKH ODPLQDUDQG WXUEXOHQW UHJLRQV RI WKH IOR
ZLQJ LV ODPLQDU XQWLO D FKRUG OHQJWK RI URXJKO\ ZKLFK LV QRWL
WZR WXUEXOHQW ZHGJHV LQ WKHPLGGOH RIWKHVSDQ ZKLFK VWDUW DW "
DSSHDUDV GDUNHU ZHGJHV LQ WKH 763 LPDJHV 7KHUHG ER[LQGLFDWHV )
7KRVH SUHVVXUH WDSV DUHLQFOXGHG RQ WKH VXUIDFH RI WKHDLUIRLO WHF
VWDJJHUHG L H QRWDOLJOQHGLQ WKHFKRUGZLVH GLUHFWLRQ WR DYRLC
DQLQIOXHQFH RIWKHGRZQVWUHDP WDSV E\ WKH XSVWUHDP WDSV FDQ Q
SUHVVXUH WDSVDUHORFDWHGHQWLUHO\LQD WXUEXOHQW UHJLRQ 7KXV
ZLWK WKH VLPXODWLRQ RIDIXOO\WXUEXOHQW IORZ WKDQ ZLWK D ODPLC
ZKRVH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQLY VKRZQLQ )LJXUH



I1XPHULFDO 6LPXODWLRQV ZLWK WKH '/5 7%$8 &RGH

)LIXUH 763 PHDVXUHPHQWYV RI H[SHULPHQW 1R ZLWKIORZIURP WKH OHIW .R
IURP ODPLQDU WR WXUEXOHQW DW URXJKO\ RIWKH FKRUG OHQJWK WUDQVLWLRC
WXUEXOHQW ZHGJHV IRUP DW WKH OHDGLQJ HGJH DQG WUDYHO GRZQVWUHDP G
SUHVVXUH WDSV DUH ORFDWHG LQ WKHPLGGOH RIWKHVSDQ ZKHUH D WXUEXOHQV

I1XPHULFDO 6LPXODWLRQV ZLWK WKH '/57%$8 &RGI
1XPHULFDO VLPXODWLRQV XVLQJ WKH '/5 7$8 FRGH DUH HPSOR\HG DV WKH |
JDUGLQJIXQGDPHQWDO UHVHDUFK RQ ODPLQDU WR WXUEXOHQW WUDQVLYV
WR EH XVHG RQ D UHJXODU EDVLV ([SHULPHQWV LQ ZLQG WXQQHOV FDQ RI1I
ZLWK ZLQG WXQQHOV RSHUDWLQJ DW IOLJKW 5H\QROGV DQG ODFK QXPEHUYV
WKHUH DUH OLPLWDWLRQV WR WKH GDWD WKDW FDQ HIILFLHQWO\ EH DFT
PDQ\DXWKRUV VXFK DV 5RVYV DFROODERUDWLRQ EHWZHHQ FRPSXV
H[SHULPHQWDO ZRUN RIWHQ \LHOGV WKH PRVW YDOXDEOH RXWFRPHV LQ [
WKH XVHRI &)'LQ WKHDHURVSDFHLQGXVWU\LV FUXFLDO IRUXQGHUVWDQG
WR D ZLQG WXQQHO RU IXO0O VFDOH H[SHULPHQW &)'LV KD]DUG IUHH FKHL

7KLV HITHFW LV HYHQ PRUH SURQRXQFHG ZKHQ FU\RJHQLF WXQQHO"
LVDYDLODEOH IRUWHVWLQJVZHSW FRQILIXUDWLRQV LQ WKHWXQQHO
DSSURSULDWH PHWKRG IRULQYHVWLJDWLQJWKH XQNQRZQ HIIHFWV RI WK

7KH SK\VLFDO SURSHUWLHV RIDIOXLGDUHJRYHUQHG E\WKUHH IXQGD
PDVV WKHSUHVHUYDWLRQ RIPRPHQWXP DQG WKH FRQVHUYDWLRQ RI HQH!
VHW RI SDUWLDO GLITHUHQWLDO HTXDWLRQV WKDW GHVFULEH WKH PRWLR(
DSSUR[LPDWHG E\GLVFUHWL]HG DOJHEUDLF HTXDWLRQV WKDW FDQ WKHQ

7KLY WKHVLV XWLOL]JHV WKH '/57%$8 &)' FRGH VSHFLILFDOO\WKH YHUVLRQ
RI $HURG\QDPLFV DQG )ORZ THFKQRORJLHV '/5 7KH IROORZLQJ VHF
ZRUNLQJ SULQFLSOHRIQXPHULFDO VLPXODWLRQV XVLQJWKH'/57$8 FRGH
VFKHPHLVLQWURGXFHG ZKLFKLVHVVHQWLDO IRUXQGHUVWDQGLQJ WK
WKLV YDULRXV QXPHULFDOJULGV DUHH[SODLQHG DQG WKH &KLPHUD DS
WKLY ZRUN WR PLQLPLJ]HUHPHVKLQJHIIRUW $ EULHILQWURGXFWLRQ WR W
SURYLGHG DORQJZLWKDQRYHUYLHZ RIWKHFRQFHSW RIFRQYHUJHQFH L

'LVFUHWL]DWLRQ
7TKH7$8 VROYHU XVHV D )LQLWH 9ROXPH )9 GLVFUHWL]DWLRQ VFKHPH Z
LOQWR QRQ RYHUODSSLQJ FRQWURO YROXPHY FDOOHG FHOOV ZKRVH GLIIH!
7KHVSDWLDO GLVFUHWL]DWLRQ HVVHQWLDOO\EUHDNV WKH FRQWLQXRXYV !
YDULDEOHV DUHDSSUR[LPDWHG 7KHIORZYDULDEOHVY DUH VWRUHG DW W
DVFHOO YHUWH[VSDWLDO GLVFUHWL]DWLRQ '/5 &RPSDUHG WR FHO
LOQFXUV WKHFRVWRILQFUHDVHG FRPSXWDWLRQDO FRPSOH[LW\EXW SURYL
HVSHFLDOO\ QHDU ERXQGDULHV RULQ WXUEXOHQW UHJLRQV )RU HDFK
LVDSSOLHG WR FRQYHUW WKH YROXPH LQWHJUDOV LQWR VXUIDFH LQWH



I1XPHULFDO 6LPXODWLRQV ZLWK WKH '/5 7%$8 &RGH

RYHUWKHFRQWURO VXUIDFH )HU]JLJHUDQG 3HULF 6LQFH WKHVH LQW |
IRUFRPSOH[IORZVDQG JHRPHWULHYV QXPHULFDO DSSUR[LPDWLRQ PHWK
GHWHUPLQHVY KRZ WKH YDOXHV IURP QHLIJKERULQJ FHOOV DUH XVHG WR |
XVHV XSZLQG DQG FHQWUDO VFKHPHV IRUVSDWLDO GLVFUHWL]DWLRQ '/5
DFRQWURO VXUIDFHLVDSSUR[LPDWHG E\ XVLQJLQIRUPDWLRQIURP WKH
VROXWLRQDQGUHGXFHRVFLOODWLRQVY &HQWUDO VFKHPHV FDOFXODWH W
FHOOV OHDGLQJ WR KLJKHU DFFXUDF\ EXW SRWHQWLDOO\ OHVV VWDEL(
VLPXODWLRQV LQ WKLV WKHVLY DUH SHUIRUPHG ZLWK D FHQWUDO VFKHPH

I1XPHULFDO *ULG
7KH QXPHULFDOJULG LV D GLVFUHWH UHSUHVHQWDWLRQ RI WKHJHRPHWU
7$8 FRGH XVHV D ILQLWH YROXPH VFKHPH DV LQWURGXFHG LQ 6HFWLRQ
SUREOHP LV FRYHUHG E\DJULG FRQVLVWLQJRIQRQ RYHUODSSLQJFHOC
ZKLFK IRUWKH SXUSRVHV RI WKLV ZRUN FDQ EHVWUXFWXUHG XQVWUXF\

6WUXFWXUHGJULGV DUH FKDUDFWHUL]HG E\DOOLQWHUQDO FHOOV KDY
DQG WA\SHRIFRQQHFWLRQVY 7KHVHFHOO VKDSHV DUH XVXDOO\TXDGULOTL
LQ WKUHH GLPHQVLRQV 7KHDGYDQWDJH RI VWUXFWXUHG JULGYV OLHV 1
ORZHU FRPSXWLQJ WLPH SHUHOHPHQW FRPSDUHG WR XQVWUXFWXUHG J
HUURUV VXFK DV QXPHULFDO GLIIXVLRQ DUHUHGXFHG E\DOLJQLQJ WKI
IORZ )HU]JLJHUDQG 3HULF 7KLV LV ZKA\VWUXFWXUHG JULGVY DUH RIWH
GDWD LV QHFHVVDU\ DQG WKHIORZ KDV D GLVWLQFW PHDQ IORZ GLUHFW
WKHZLQG WXQQHO ZDOOV DQG ZLQJ VXUIDFHYVY ZKHUHDFKLHYLQJD KLJK F
WR FDSWXUH WKH VWURQJ YHORFLWA\JUDGLHQWY LQ WKH ERXQGDU\ OD\}F
LQFUHDVH WKH VSDFLQJ RI WKHJULG FHOOV DV WKH GLVWDQFH WR WKH ZDC
HITLFLHQF\ 2Q WKH FRQWUDU\ FUHDWLQJ VWUXFWXUHG FHOOV DURXQG FR
WKHFRPSXWDWLRQDO FRVW LQFUHDVHYV

,Q FRQWUDVW XQVWUXFWXUHG JULG HOHPHQWY FDQ KDYH QHLJKERULQ.
WKHUH LV QRJHQHUDO UXOH JRYHUQLQJWKHLU FRQQHFWLYLW\ZLWK QHLJ
LQ WZR GLPHQVLRQV DQG WHWUDKHGUDO LQ WKUHH GLPHQVLRQV )HUJLJHL
QDWXUH RI WKH HOHPHQWY WKH QXPHULFDO HUURUV DUH XVXDOO\ PXFK Ol
FHOO IDFHV DUH QRW RUWKRJRQDO WR WKH PHDQ IORZ GLUHFWLRQ 'HVSL
FRPPRQO\DSSOLHGLQ QXPHULFDO VLPXODWLRQV GXHWR WKHLU PXFK KLJK
JULG JHQHUDWLRQ HDVLHU IRU FRPSOH[ JHRPHWULHV DV XVHG LQ WKLV
VHEWLRQ :HQGW HW DO

2YHUVHW *ULGV

+\EULG JULGV FRPELQH VWUXFWXUHG DQG XQVWUXFWXUHG HOHPHQWV
&KLPHUD DSSURDFK DQG LWV SULPDU\DGYDQWDJH LV WKH KLJK IOH[LELOL)\
DFFXUDF\LQ UHILQHG UHJLRQV ZKLOH PDLQWDLQLQJHIILFLHQF\DQG VLPSO
ORVW VLPXODWLRQV LQ WKLV WKHVLVY DUHEDVHG RQ K\EULG RYHUVHW JULG
WKH WXQQHO ZDOOV DQG ZLQJ VXUIDFHV WR DFFXUDWHO\ UHVROYH WKH ER
UHJLRQV RXWVLGH WKH ERXQGDU\ OD\HU RU IXUWKHU DZD\IURP WKH ZDOOV
WKH PHWKRG KDV VHYHUDO VKRUWFRPLQJV LQFOXGLQJLQFUHDVHG FRVW ¢
UHVXOWLQJIURPDPLVPDWFKLQ FHOO VL]JHV EHWZHHQ WKH PHVKHV %RWK
LQ RUGHU WR JHW D FRQYHUJHG VROXWLRQ DV VKRZQ LQ )LIJXUH ‘:LWKR
SRLQWYV PD\ QRW KDYH EHHQ DOORFDWHG WR D GRQRU FHOO VR WKDW W
GDWD DW WKHVH VR FDOOHG RUSKDQHG SRLQWYV ZLOO UHPDLQ DW IDUILF
EHKDYLRUDW WKHEORFNERXQGDULHV $QH[DPSOHRIDFRUUHFW LQWHUSF
LQWHUSRODWLRQ RFFXUVLQ WKHRYHUODSSHG UHJLRQ RI ERWK PHVKHV L
VXUURXQGLQJWKHDLUIRLO 7KH VKDSHRIWKHLQWHUSRODWLRQ UHJLRQ
7KLV HQDEOHV DVLPSOH XVHIRU GLIIHUHQW FRPELQDWLRQV RIZLQJJHRPH!
LQWHUSRODWLRQ UHJLRQ WKHIORZHTXDWLRQV DUHVROYHG IRUWKH EDEN
IRUWKH FKLOG PHVK LQVLGH WKHLQWHUSRODWLRQ UHJLRQ +HQFH WKF
]JRQH GRHV QRW LQIOXHQFH WKH UHVXOWYV 7KH VDPHDSSOLHV WR WKH FKI



I1XPHULFDO 6LPXODWLRQV ZLWK WKH '/5 7%$8 &RGH

J)LIXUH 2YHUVHW JULGV VA\VWHP '/5 ,QUHG DQG EODFN ILUVWDQG VHFRQG .
WKHRYHUODSSLQJUHJLRQ ZKHUH DW OHDVW RQHFHOO KDVWR RYHUODSLQ RUGH

JLIXUH 2YHUODSSLQJ EDFNJURXQG JULG EOXH ZLWK EDFN OLQHV DQG FKLC
LOQWHUSRODWLRQ UHJLRQ UHG 7KHLQWHUSRODWLRQUHJLRQIROORZV D XVHU G

:DOO )XQFWLRQV
7KH GLPHQVLRQOHVY Z2D/OIMFAUJMWUDQPHDVXUH LQ &)' IRUGHWHUPLQLQJ W
RI'WKHIORZ $PDMRU SDUW RI WKH WXUBX® RQ EHBWHREX AW HRZ® B D SVSKHDM

RQO\ EH DFFXUDW HP\ FIRIREXWHKIGILUVW FHOO )JHUJLJHU DQG 3HULF 7K
GLVWDQFH LV GHILQHG DV a_  q
goyv Y LY GVt

ZKHYHV WKH DEVROXWH GLVWDWEH |URPWLKRHYBHDRFQWVKHDU WRHHVYV D (
NLQHPDWLF YLVFRVLW\ JURP (TXDWLRQ LWFDQEHIRXQG WKDW IRUD JLY
GLVWDQFH FRUUHVSRQGLQJWR WKH EHIRUH PHQW IRQHAKLYLPHWYR/QRW B8 DD
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GLVWDQFH VKRXOG EH DLPHG IRUDV WKH ILUVW FHOO KHLJKW WR DFFXUD\
$OWKRXJIJK WKH ILUVW FHOO KHLJKW IRU WKH1F RAPKSEK WLCPVX IOFDQWL IRFOW/UGH\GS @ R W H
7KLV GLIILFEXOW\RIWHQDULVHVLQKLJK5H\QROGY QXPEHUIORZV ZKHUH UH
D YHU\ILQH PHVK QHDU WKH ZDOO 7R HQDEOH FRQYHUJHQFH ZDOO IXQJI
VHWWLQJ WKH "XVH ZDOO IXQFWLRQ SDUDPHWHU LQ 7$8 :DOO IXQFWLRQV S
HQDEOLQJIORZVROXWLRQV WKDW DUHLQGHSHQGHQW RI WKH ORFDWLRQ |
SUHVFULEHV WKH ZDOO VKHDU VWUHVV DQG HQIRUFHV QR SHQHWUDWLRQ
PHVKHV ZLWYK KMDBKHY ,Q 7$8 WKH ZDOO IXQFWLRQ LPSOHPHQWDWLRQ L\
WKH YLVFRXV IOX[HV DW WKH ZDOO ERXQGDU\ 7KHLQYLVFLG IOX[HV DFUR
ZKRVH QRGHVY DUH ORFDWHG RQ WKH ERXQGDU\ UHTXLUH D VXLWDEOH VSHF
ZDOO IXQFWLRQ ERXQGDU\ FRQGLWLRQ LW kKSH RIMGIG W K I CRQWWRUM KN X BIG O FSWD |
DQG WKH ZDOO QRUPDO FRPSRQHQW LV QHJOHFWHG 7KH 5%$16 HTXDWLR
ILUVW JULG QRGH DQG PDWFKHG ZLWK DQ DGDSWLYH ZDOO IXQFWLRQ VR

VrRans (Y ) = Vwr (Y)

TXUEXOHQFHORGHOV
$V VKRZQ LQ 6HFWLRQ PRVW IORZVLQ HQJLQHHULQJDSSOLFDWLRQV DL
TXDQWLWDWLYH IORZ SURSHUWLHY VXFK DV WKHDYHUDJHIRUFHVRQDE
WXUEXOHQW VWUXFWXUHV HQWLUHO\ ,Q WKLV FDVH SHUIRUPLQJH[SHQVL"
HGG\VLPXODWLRQV /(6 FDQ EHDYRLGHG ,QVWHDG FKHDSHU 5H\QROG
DSSURDFKHVY VROYH WKH 1DYLHU 6WRNHV HTXDWLRQV IRUWKH VWHDG\ PH

7KH GHULYDWLRQ RIWKH5%$16 HTXDWLRQV LY EDVHG RQ WKH 1DYLHU 6
FRPSUHVVLEOH IOXLG ZLWK FRQVWDQW VSHFLILF KHDWV DQG QR H[WHUQI
PDVV PRPHQWXP DQG HQHUJ\DUH

o o=

@

—{vi)+ @g?((vivj): @p, @; .

@x @x’

@

@ @ - @ .
@l E)* gy (E +PvI= g (ivi a);

ZKHWUHY WKH YHGNFKFHLS\RVMX/KI.[—R\QLPMV‘DPQ—GYLVFRXVVWUHVVWHQVRU JRU
IOXLG LWLVJILYHQ E\
@v, @ 2 @v

T @x e@x 3 '"ax
ZKHUMV WKH FRQVWD QW G\Q D;PL¥ WIKHF RANRLQAH FENIHEVEKIHOWRW DO VSHFLILF HQY
G LVWKHKHDW 10X]

7R FORVH WKH VA\VWHP RIHTXDWLRQV WKHHTXDWLRQRIVWDWHIRUDQ
p= RT;

ZKHEHYV WKH VSHFLILF JDV FRQVWDQW
,Q WXUEXOHQW IORZV WKHLQVWDQWDQHRXV IORZ YDULDEOHV H[KLELW
SRVHG XVLQJ 5H\QROGYV GHFRPSRVLWLRQ
)=+ Axt);
ZKHUHY WKH WLPH DYHUDJHCG RRMSIOXHFQWDWIGQJ FRPSRQHQW 7KH WLPH I
DV z.

= QLE (t) dt;
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JRUFRPSUHVVLEOH IORZY LWLV PRUHDSSURSULDWH WR XVH )DYUH DY}

~_ . 00— -

ZKHUOMV WKH )DYUH DYHUDJHOVKHDRRUIMYVBREQ@GLQJ IOXFWXDWLRQ

$SSO\LQJ 5H\QROGV DQG )DYUH DYHUDJLQJ WR WKH FRPSUHVVLEOH 11
FRPSUHVVLEOH 5H\QROGY $YHUDJHG 1DYLHU+6WRNHV 5%$16 HTXDWLRQV
DULVH GXHWR WKHDYHUDJLQJ SURFHVV DQG DFFRXQW IRU WKH HITHFWYV RI
HTXDWLRQV FRQWDLQ WKH5H\QROGY VWUHVV WHQVRU 567

v 00

ZKLFK LQWURGXFHV D FORVXUH SUREOHP 7R PRGHO WKLV WHUP WKH %RX\
FRPPRQO\HPSOR\HG
@ @ 2
WO 7_’_7] Zk i
ot @x s @x 30!
ZKHUH.V WKH WXUE X O H QWL V M/KER WIXVU\E PQIEOW NLQHWLF HQHUJ\

7TKHUHVXOWLQJFRPSUHVVLEOH5%$16 HTXDWLRQV IRUP D FORVHG VI\VWHP
WXUEXOHQFH PRGHOV 6WDQGDUG PRGHOV LQFO XG HkW KRHRESHD® DYK\W ¥ IO O P
PRGHOV DUH HVVHQWLDO IRU SUHGLFWLQJ WXUEXOHQW WUDQVSRUW SK
FRPSUHVVLEOH IORZV

6SDODUW $OOPDUDV ORGHO
7TKH6SDODUW $OOPDUDV 6% WXUEXOHQFHPRGHOLVDQHGG\YLVFRVLW\PF
,WVROYHV RQH WUDQVSRUW HTXDWLRQ IRUD VL Q/BOH VFDODU YDULD

o -
o = ol S~ (et B+ SR ) )+ o o)

ZLWKEHLQJ WKH PHDQ YH O R RILWK H FSR.S/RVDHIWM W R B/ KWHK A GPRRGH.V MH Z:DYCROU W L
PDJQLWXGHC: . FROVWDOMWY, BEGQJ HPSLULFDO IXQFWLRQV 2QFH VRC
YLVFRVLW\ LW FDQ EH XVHG WR FRPSKMW HZWHKHHLE ®\QXrRW KRVYLHWSLULFDO IX
7KH HGG\ YLVFRVLW\ FDQ WKHQ EH XVHG LQ WKH 5$16 HTXDWLRQV WR GH
567 7KHPRGHOLVUREXVWDQG FRPSXWDWLRQDOO\HIILFLHQW EHFDXVH L
EHVROYHG +RZHYHU LWLV IRUH[DPSOH OHVV VXLWDEOHIRUVLPXODWIL

1

k ' ORGHO
7KKM ! 667 PRGHO E\OHQWHU LV D WZR HTXDWLRQHGG\YLVFRVLW\PRGHO Wi
IRUWKH WXUEXOHGW R GOMR\H. ¥ FHHOAHUUF GLVNBLSDWLRQ UDWH

@k, @WK _ 2 @ Q@Kk.

T S TR T
@, @y _ ,, @ ! 2 @k@!
@t+ @x th 1 <+ @}((( + t)@}()+2(1 F1) I @x@x’

ZKHBHLV WKH SURGXFWLRQ RI WXUE %0:H QFfR § NV QVHDV@KRMHV X WB X OHQW YLVFRVL
F, DEOHQGLQJIXQFWLRQ ZKLFK R ZIL \N OHSH VPER-OMDOH H & IWFKH.V D GLITHUHQW W
PRGHO ZKLFK ZLOO QRW EH XVHG LQ WKH SUHVHQW ZRUN 7KH WXUEXOHQV
WKH567LQ WKH5$16 HTXDWLRQV 7KH 667 PRGHO LV FRPSXWDWLRQDOO\F
EXW LW \LHOGV JRRG UHVXOWV IRUERXQGDU\ OD\HU IORZV HYHQ LQ UHJLF

&RQYHUJHQFH
7KHHUURULQDQXPHULFDO VLPXODWLRQ UHIHUV WR WKH GLITHUHQFH EHYV
SUREOHP ZKLFKLV XVXDOO\XQNQRZQ DQG WKH QXPHULFDO VROXWLRQ RE
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3HULF ,QRWKHU ZRUGYV LW GHVFULEHVY KRZFORVH WKH QXPHULFDO V
TKHUHVREBXD@XPHULFDO VLPXODWLRQ PHDVXUHVY KRZZHOO WKH QXPHULFI
HTXDWLRQV RI WKH SUREOHP WLV GHILQHG DV WKH LPEDODQFH WKDW
VXEVWLWXWHG LOWR WKH RULJLQDO HTXDWLRQV $VPDOO UHVLGXDO LQ
VDWLVIN\LQIJWKHJIJRYHUQLQJHTXDWLRQV EXWLWGRHY QRW QHFHVVDULO

$ QXPHULFDO VLPXODWLRQ QHHGVY WR VDWLVI\VSDWLDO DQG WHPSRULTI
VSDWLDO FRQYHUJHQFHLY YHULILHG E\SHUIRUPLQJFDOFXODWLRQV RQ VXF
WKHQ FRQYHUJH WR D JULG LQGHSHQGHQW VROXWLRQ 7KLV SURFHVYV L\
DQG LV SHUIRUPHG LQ WKLV WKHVLV E\FRPSDULQJDW OHDVW WKUHH UHIL
H[SHFWHG WR\LHOG WKH VDPH VROXWLRQV ZKLOH WKHFRDUVHVW PHVK PLC
WKHWHPSRUDO FRQYHUJHQFH LY VWXGLHG WR GHWHUPLQH WKH QHFHVVDI
WHPSRUDOO\ FRQYHUJHG WKH VROXWLRQ VKRXOG QRW GLIIHU IURP D V|
WHPSRUDO FRQYHUJHQFH LV VWXGLHG EA\FRPSDULQJ WKHUHVXOWY RIDYV

OHWKRG 9DOLGDWLRQDQG 9HULILFDWLRQ

7KLY VHFWLRQ H[SODLQV WKH YDOLGDWLRQDQG YHULILFDWLRQ VWHSV SHU
D FRPSDULVRQ LV PDGH ZLWK H[SHULPHQWDO GDWD JDWKHUHG LQ WKH
7KH YHULILFDWLRQLYV SHUIRUPHG E\FRPSDULQJ WKH VLPXODWLRQV ZLWI
FRQGXFWHG E\.|[KOHU DQG WKURXJKJULG FRQYHUJHQFH VWXGLHV $\
IRUWKHH[SHULPHQWY YHULILFDWLRQ LV SHUIRUPHG XQGHU WKH VDPH
ZLWK WKH H[SHULPHQWDO GDWD 7KH PHWKRGDQG FRPSXWDWLRQDO GRP
I[IURP WKHRQHV XVHG E\ .|KOHU 7TKHFLWHG ZRUN GLG QRW XVH WKH &
VWUXFWXUHG DQG XQVWUXFWXUHG SDUWV RI WKHJULG ,QVWHDG D UH P
JHRPHWU\ 'XHWRDZLGHUDQJHRIJHRPHWULHY DQG FRPSXWDWLRQDO G
&KLPHUD DSSURDFK ZDV FKRVHQ WR FRPELQH D YDULHW\RIEDFNJURXQG DC
SURYLGHLQVLIKWY LQWR WKH FKRVHQ FRPSXWDWLRQDO GRPDLQV PHVKJ
WKHJULG FRQYHUJHQFH VWXGLHYV

&RPSXWDWLRQDO 'RPDLQ

$V ZDV DOUHDG\PHQWLRQHG LQ 6HFWLRQ 2WIOR Q4P I GHF VQ B R/ W/ KH
HQWUDQFH RI WKGBWHKWKHFRH RRUL]RQWDO ZDOOV FDQ EH DGDSWHG WZ
IROORZLQJ WZR FRPSXWDWLRQDO GRPDLQV DUH FKRVHQ %RWK GRPDLQ
VHFWLRQDQG GRQRWLQFOXGH RWKHU SDUWV RI WKHWXQQHO VXFK DV \
GRQHEHFDXVH VXIILFLHQW FRQYHUJHQFH ZDV DFKLHYHG E\ VLPXODWLQ.
FRPSXWDWLRQDO WLPHDQG FRVW EV\UHGXFLQJ WKH GRPDLQ VL]H $OWKF
DQLQDFFXUDWH UHSUHVHQWDWLRQ RIWKHHQWLUH WXQQHO WKH DXWKF
FROQWUDFWLRQ WKHIORZTXDOLW\DQG GLUHFWLRQDUHDOLJQHG ZLWK WKI
VPDOO 7KH SDUW RI WKH WXQQHO WKDW LV XVHG IRUWKHFRPSXWDWLRQV L
RULJLQ RI WKHFRRUGLQDWH VI\VWHP LY ORFDWHG LQ WKHPLGGOH < DQG
PRVW IRUZDUG SRLQW RI WRH:Z3 ) JOPORPFDWHG DW

JLIXUH .5* PRGHO ZLWK VWRUDJH WXEH FRQWUDFWLRQ WHVW VHFWLRQ DQG G
VHFWLRQ IRUWKH GRPDLQ LV VKRZQLQD OLJKWHU FRORU VSDQQLQJIURP WKH WHYV
GRZQVWUHDP

$WILUVW D GRPDLQ LV FKRVHQ WKDW UHSUHVHQWY WKH WHVW VHFWL
GRHV QRW UHSUHVHQW WKH WHVW VHFWLRQYV = GLUHFWLRQ FRUUHFWO\
VLIQLILFDQW GLVWDQFH IURP WKH ZLQJ RIURXJKO\ WLPHV WKH FKRUG O
IRXQG LQ )LIXUH DDQG ZLOO EH UHIHUUHG WR DV "'RPDLQ "LQ WKHIROOR
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RI WKH KRUL]JRQWDO ZDOOV IURP WKH ZLQJ LVRODWHY WKH HITHFW RI WK
IORZILHOG EHFDXVH WKH LQIOXHQFH RI WKH KRULJRQWDO ZDOOV LV HVVHQV
RI'WKH YHUWLFDO L H VLGHZDOOV RQ WKH IORZILHOG FDQ EH VWXGLHG
JHRPHWU\ RI WKH .5*fV WHVW VHFWLRQ LWLV UHSUHVHQWDWLYH RID WHV
EHDGDSWHG LQ WKUHH GLPHQVLRQV DV WKLV ZKHQ GRQH SHUIHFWO\ H¢
WKH IORZILHOG

7KH VHFRQG GRPDLQ UHSUHVHQWY WKH DFWXDO WHVW VHFWLRQYV JHRPF
LGHQWLFDO WR WKH RQHV LQ 'RPDLQ EXW WKH = FRPSRQHQW GLIIHUV
ZDOOV DW D GLVWDQFH WKH\DUH SODFHG DW WKH DFWXDO ORFDWLRQ LQ W
GRPDLQ IXUWKHU UHIHUUHG WR DV 'RPDLQ ~ UHSUHVHQWYV WKH FXUUHC
WKH HITHFWV RI YHUWLFDO DQG KRUL]JRQWDO ZDOOV RQ WKH IORZILHOG
,Q ERWK GRPDLQV WKH VXUIDFHV Rl WKH ZLQJ DUH VLPXODWHG DV YLVF
VLPXODWHG DV HLWKHU LQYLVFLG RU YLVFRXV GHSHQGLQJRQ WKH VHF
7KH W\SH RI ZDOOV XVHG ZLOO EHLQGLFDWHG LQ HDFK VHFWLRQ )LQDOO
LQIORZ DQG DQ H[LW SUHVVXUH RXWIORZ DV LQ DQG RXWOHW FRQGLWL
LQIORZ GHILQHV WKH WXUEXOHQW LQWHQVLW\ WRWDO SUHVVXUH DQG
GHILQHV D PHDVXUHG VWDWLF SUHVVXUH DQG WKH FRUUHVSRQGLQJPHDV)
PHDVXUHPHQ® GRRQWAR L H WKHSRLQW RIPHDVXUHPHQW LV ORFDWHG
DWRQH TXDUWHU RI WKH WHVW VHFWLRQ OHQJWK DQG LQ WKH PLGGOH E
DQG ORZHU WXQQHO ZDOOV 7KLV SRLQW LV DSSURSULDWH DV LQ UHDO
VKRUWO\DIWHU WKH HQWU\ LQWR WKH WHVW VHFWLRQ %\VSHFLI\LQJ WKF
LV LPSOLFLWO\GHILQHG EHFDXVH LW FDQ EH FDOFXODWHG XVLQJ WKH LVF

D

JLIXUH &RPSXWDWLRQDO GRPDLQV XVHG LQ WKLY WKHVLVY 7KHFKLOGJULG LV L
DUHLQGLFDWHG ZLWK EOXH DUURZV 7KH GLVWDQFHEHWZHHQ WKH OHDGLQJHGJHTF
WKHWHVW VHFWLRQ LV LQGLFDWHG LQ RUDQJH D :LWKH[WHQGHG KRUL]JRQWDO ZLC
WKHDFWXDO WHVW VHFWLRQ JHRPHWU\

JRUFRPSDULVRQ UHVXOWYVY EDVHG RQ FRPSXWDWLRQV RQ 'RPDLQ DQG
VZHSW ZLQJ FRPSXWDWLRQV ZKLFKDUHEDVHG RQD GRPDLQ LQWURGXF|
GRPDLQV GLIITHUV VLIQLILFDQWO\ DV WKH GRPDLQ XVHG IRUWKHLQILQL
VKRZQ LQ )LJIXUH DQG XVHV D IDUILHOG FRQGLWLRQ 7KHPHVKLV EDVL}
'RPDLQV DQG HIWHQGHG WR WKH IDUILHOG E\ XQVWUXFWXUHG FHOOV 7k
URXJKO\ WLPHV WKH FKRUG OHQJWK RI WKH ZLQJ
7KHPDLQ GLITIHUHQFH EHWZHHQ WKH GRPDLQV OLHV LQ WKHQDWXUH RI W
WHVW VHFWLRQ KRUL]JRQWDOO\IRUWKHUHVHUYRLU SUHVVXUH LQIORZ XV
GRPDLQ ZLWK D IDUILHOG FRQGLWLRQ DWDQ\DQJOH 7KXV WKHFLUFXO
FRQGLWLRQ IRUDQ LQILQLWHO\VZHSW ZLQJ FORVHU 7KH FXUYDWXUH R
ZLOO EHODUJHU DQG WKXV WKHSHUFHLYHG DQJOH RIDWWDFN ZLOO EH (
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WKLV WKHVLY HYHQ DW WKH VDPH JHRPHWULF DQJOHRIDWWDFN 7R FRP!
GLITHUHQFH PXVW QHYHUWKHOHVV EH WDNHQ LOQWR DFFRXQW ZKLFK LV DF
RIDWWDFN IRU VLPXODWLRQV RQ GLITHUHQW GRPDLQV ZLWK WKH VDPH J
DVVHVV WKHDQJOH RIDWWDFN LR WKRAPAHDERYHPHQHN SRLIOW; DQG = YHO
FRPSDUHG WR GHWHUPLQH WKH ORFDO DQJOH RIWKHIORZ 7KHLQILQLW

GRPDLQ RI .|KOHU DUHFRQVHTXHQWO\UHSHDWHG ZLWK WKH UHGXFHC
7KHUHVXOWY DUH IRUH[DPSOH VKRZQLQ)LJXUH DQG )LIXUH
JLIXUH &RPSXWDWLRQDO GRPDLQ EDVHG RQ .|KOHU XVHG IRUWKHLQILQLWEF

RI'WKHZLQJLVLQGLFDWHGLQ UHG

,l QRW VWDWHG RWKHUZLVH DFHQWUDO VFKHPH LV HPSOR\HG DV D GL
IOX[HV RIWKH5$16 HTXDWLRQV WKHRQH HTXDWLRQ6SDODUW $OOPDUDV W
PHWKRG LY XVHGWRDFFHOHUDWH WKHFRQYHUJHQFH $00O VLPXODWLRQVTE
WXUEXOHQW IORZ

7ZR 'LPHQVLRQDO OHVK *HQHUDWLRQ
6LPXODWLRQV ZLWK D WZR GLPHQVLRQDO PHVK DUH SHUIRUPHG ILUVW
H[SHULPHQWY .RFKHW DO DQG VLPXODWLRQV SHUIRUPHG RQ D JULG E\
UHIHUUHG WR DV WZR GLPHQVLRQDO EHFDXVHDQ XQVZHSW ZLQJLV VLPXC
GLUHFWLRQ 7KLVFHOOLQ WKHVSDQZLVHGLUHFWLRQLVQHFHVVDU\IRU

$JULG FRQYHUJHQFH VWXG\ LY SHUIRUPHG IRU WKLV WZR GLPHQVLRQDO
VROXWLRQIURP WKH FRPSXWDWLRQDO PHVK 7KHUHIRUH VLPXODWLRQV ZL
GLITHUHQW FRPSXWDWLRQDO PHVKHYV ZKLFK GLITHULQ WKH QXPEHUDQG'
GRPDLQ ZLWKH[WHQGHG KRUL]JRQWDO ZDOOV DV VKRZQLQ )LJIJXUH D L
WZR GLPHQVLRQDO ZDOO DGDSWDWLRQ ZKLFKFDQ EH SHUIRUPHG LQ WKH
DQG ORZHU ZDOOV RQ WKH IORZILHOG WKLY GRPDLQLV VXLWDEOHLQ WKL

7TKHGRPDLQFRQVLVWV RIWZRJULGY ZKLFKDUHFRPELQHG E\WKH &KLPHL
7KH EDFNJURXQG JULG ZKLFK PHVKHV WKH WXQQHO ZLWK 400000H[WHQG F
XQVWUXFWXUHG FHOOV DQG LV FUHDWHG XVLQJ W K/H A H\KK IO MRIGV ZIKUL H
PHVKHY WKH DLUIRLO FRQVLVWY RI VWUXFWXUHG FHOOV DQG LV FUHDYV
%URGHUVHQ JRUWKHJULG FRQYHUJHQFH VWXG\ WKHFKLOG JULG L
VROXWLRQV DV WKLV ZLOO KDYHD ODUJHU HITHFW RQ WKH UHVXOW WKDQ
RI FHOOV IRU HDFK FRPSXWDWLRQDO JULG LV VKRZQ LQ 7DEOH ZKHUE
I[URP D FKDQJHLQ ZDOO QRUPDO DQG ZDOO WDQIJHQWLDO GLUHFWLRQ
XVLQJ WKH SDUDPHWHUYV RI H[SHULPHQW 1R ZKLFK DUH VKRZQ LQ 7DE
VXIILFLHQWO\KLJK 7KHVKRFN WKDW IRUPVDERYH WKH VXUIDFHRIWKHDLU

$FFHVVHG 0D\ &DGHQEBHOLW\3RLQWZLVH IRWW)SVYVHVKIZQBEDGHQFH FRP KRPH WRRO
DQDO\WLYV FRPSXWDWLRQDO IOXLG G\QDPLFV ILGHOLW\ KWPO
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LQWKHIORZILHOG DOORZLQJIRUDGHTXDWH WHVWLQJRIFRQYHUJHQF
VXEVHTXHQW VLPXODWLRQV EHFDXVH WKHODFK QXPEHU IRUDOO VXEVHT?>
WKDW IRU H[SHULPHQW 1R

JLIXUH BQVWUXFWXUHG EDFNJURXQG PHVK EODFNRQEOXH DQG VWUXFWXUHG
WKH; = SODQHIRUWZR GLPHQVLRQDO VLPXODWLRQV 7KHFRPELQDWLRQ RI ERWK

7KH FKRVHQ JULG 5HIHUHQFH IHDWXUHYV SRLQWV LQ WKH ZDOO WDQJF}
ORZHU VXUIDFHV ZLWK D GHQVHU VSDFLQJDW WKH OHDGLQJDQG WUDLOL
ORFDWLRQ 7KHERXQGDU\OD\HU IHDWXUHYV SRLQWYVY LQ WKH ZDOO QRUI
WKHERXQGDU\RIWKHFKLOG PHVK 7KH VWUXFWXUHG PHVK HIWHQGV DUF
WKH FKRUG OHQJWK

7DEOH 1XPEHU RI FHOOV IRUWKH FRPSXWDWLRQDO JULGVY RI WKHDLUIRLO IRU W
VLPXODWLRQV

&RPSXWDWLRQERDWNMH | SHIHUHQFH QH
1XPEHU RI FHO|QLY1072 196 992 209152

7ZR "'LPHQVLRQDO 6LPXODWLRQV
7KH VLPXODWLRQV DUH SHUIRUPHG RQ WKH FRPSXWDWLRQDO JULG UHIH
WLRQ ' QDGGLWLRQ WR WKHERXQGDU\ FRQGLWLRQV H[SODLQHG LQ 6HF
XVLQJ (XOHU ZDOOV L H ZDOOV ZLWKRXW YLVFRXV HIITHFWV DV WKH KRU
DV VLGH ZDOOV 7KH VROYHU VHWWLQJV DUHJLYHQLQ $SSHQGL[ $

,QDILUVW VWHS WKHJULG FRQYHUJHQFH VWXG\IRU WKH WZR GLPHQ
FRQYHUJHQFH VWXGLHVY WKH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV RY
FRPSXWDWLRQDOJULGV DUH FRPSDUHG 7KH UHDVRQ ZK\ WKH SUHVVXUH
TXDQWLW\ VXFKDV OLIWRUGUDJFRHIILFLHQW DUH FRPSDUHG OLHV LQ \
RXWORFDO HIIHFWV )RU H[DPSOH WKHOLIW FRHIILFLHQW FDQ EHRYHUDOC(
HGIHDQG UHGXFHG WRZDUGV WKH WUDLOLQJHGJH
$V )LIXUH VKRZV WKH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQ RI WKH
J)LQH DOLJQ FORVHO\IRUDOPRVW WKHHQWLUH ZLQJ 7KHPRVW VLJQLILF
DW WKH ORFDWLRQ RI WKH VKR F :6% Q AWXKHOXS FHKBH VK WRHRAK LIRHVVXUH FRHI
GLVWULEXWLRQV RI WKH ILQHU DQG UHIHUHQFH PHVKHY DOLJQ QHDUO\
UHVXOWY LQ D VOLJKW VKLIW XSVWUHDP RI WKHVKRFNORFDWLRQ +HQFH
VLPXODWLRQV DV WKH VSDFLQJRIWKHJULG FHOOV LV VXIILFLHQWO\ILQF



OHWKRG 9DOLGDWLRQDQG 9HULILFDWLRQ

JLIXUH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKHWZR GLPHQVLRQD
SDUDPHWHUV VKRZQ LQ 7DEOH DQG WKH SDUDPHWHUV RI H{TSHULPHQW 1R VKRZ
RQ WKHJULG E\.|KOHU DUHFRUUHFWHG IRUWKHDQJOHRIDWWDFN WR PDWFK W
WKH WHVW VHFWLRQ RI WKH WXQQHO

YLIXUH =RRP ,Q RI)LJXUH

2YHUDOO FORVHDOLJQPHQW ZLWK WKHH[SHULPHQWDO GDWD LV REVHUY
WKHUHJLRQ RI WKH VKRFN RQ WKHZLQJTV VXFWLRQ VXUIDFH &RPSDUHG W
GLIITHURQ WKH V XFoW k e G E55IHQB RQ WKH SUH VOBXUXHC W I0GFH MKWH GLITHUHQFH
PLIKW VWHP IURP WKHH[SHULPHQW RUKDYH QXPHULFDO UHDVRQV VXFK
ZLOO EHGLVFXVVHG ODWHU 'XULQJWKHH[SHULPHQW HYHQ VOLJKW GH’
RUWKHDQJOHRIDWWDFNFDQDOUHDG\FDXVHD VLIJQLILFDQW DOWHUDW .
WKH GLVFUHWH PHDVXUHPHQW RI SUHVVXUHV LQWURGXFHV LQDFFXUDFLH\
ORFDWLRQ RIWKHVKRFN 7KH SUHVVXUH FRHIILFLHQW FXUYH LQ WKH IURQ\
VKRZQ LQ )LJIJXUH KDW VWDQGV RXW LV WKH ZLJJO\WUHQG RI WKH SUH
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DLUIRLO $V WKLV FRXOG EHUHODWHG WR QXPHULFDO LVVXHV WKH FORVH
GDWD VXJIJHVWYV D SK\VLFDO UHDVRQ EHKLQG WKH EHKDYLRU

I1RWDEO\ WKHGLIITHUHQFHEHWZHHQ WKHUHIHUHQFH PHVKDQG WKH VL
LVLQWHUHVWLQJ WR REVHUYH 7KH VKRFN ORFDWLRQ RI WKH UHIHUHQF
x/c=0:0008 $OVR QRWLFHDEOH LV WKH GLIITHUHQFHLQ SUHVVXUH FRHIILFLHQ
WKHUHIHUHQFH PHVKDQG WKH PHVKIURP .|[KOHU LQ WEHOUILBRQW RI W
ZKLFK LV GLVSOD\HG LQ )LJXUH +HUH WKHVLPXODWLRQV SHUIRUPHC
FRPSDUHG WR WKRVH LQ SUHYLRXV VWXGLHV 7KHGLIIHUHQFH WR WKH UHYV

LVWKRXJKWWR EHWZRIROG )LUVW WKHFRPSXWDWLRQDO JULGV R
GLIIHU SDUWLFXODUO\N\LQ WHUPV RI WKH &KLPHUD VHWXS $OWKRXJK D J
ERWKJULGY VOLJKWGHYLDWLRQV PD\VWLOO RFFXU 7KLV HIIHFW LV EH!
FRPSXWDWLRQDO GRPDLQ DV H[SODLQHG LQ 6HFWLRQ DFFRXQWYV I
FRHIILFLHQW GLVWULEXWLRQ 7R DFFRXQW IRU WKLV HIITHFW WKH VLPXC

DUH FRUUHFWHG IRUE\DQ DQJOH RIDWWDFN VSHFLILFDOO\ WKH D
LVUHGXFHS BEX1198 7KH GLIIHUHQFH EHWZHHQ WKH SUHVVXUH FRHIILFLH(
VWHPV IURP WKH LQDFFXUDFLHV LQ WKLY FRUUHFWLRQ SURFHGXUH DV LWFE
HUURU FRPSOHWHO\

KDW VWDQGYV RXW LQ )LIXUH DQG )LIXUH DUH WKH ZLJJOHV LQ WK
SURQRXQFHG RQ WKH S UGDY ¥¥x/@ H G/07 URMFWM HONWV X F W L RQ2¥ X ILIDEH DD G

RQ WKH VXFWLRGNMXUdD B:43DSW ZLOO EH REVHUYHG LQ WKHIROORZLQJWZR D
VLPXODWLRQV DW YDULRXV DQJOHV RIDWWDFN VZHHS DQJOHVY FKRUG Ot}
DUHFRQVLVWHQWO\ SUHVHQW LQ DOO VLPXODWLRQV 7KH ZLJJOHV RQ WKI
HI[SHULPHQWDO GDWD 6LQFH WKHVH ZLJJOHV RFFXULQDOO FDVHV DQG WK
LWLVYOLNHO\WKDW WKH\DUH FDXVHG E\DQ LPSHUIHFW VSHFLILFDWLRQ
WKH ORFDWLRQ RIVLQJOH SRLQWV FDQ FDXVH WKH VXUIDFH RI WKH DLUIRL
SUHVVXUH RVFLOODWLRQV

JLIXUH 3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV SORWWHG DORQJ WKH QRL
WHPSRUDO FRQYHUJHQFH VWXG\ ZLWK WKH SDUDPHWHUV RI H[SHULPHQW 1R

,QDGGLWLRQ WR WKHJULG FRQYHUJHQFH VWXG\ WKHFRQYHUJHQFH k
LVH[DPLQHG WR GHWHUPLQH WKH PLQLPXP UHVLGXDO UHTXLUHG IRUD F
WKH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUVLPXODWLRQV SHUIRUI
JULG FRQYHUJHQFH VWXG\ 7KH FKRVHQ UHVXOWV DUH IRUGHQVLW\UHVLCG
RYHUDOO 7KHRQO\QRWLFHDEOH GLITHUHQFH EHWZHHQ WKH FXUYHV LV |
VXUIDFH RIWKHDLUIRLO VSHPIBSkKDO®\7Z L)W KX QHV KH WIORZIWHWKH UHJLRQV
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IURQW DQG DW WKH ORFDWLRQ RI WKH VKRFN FORMVIHUO 7KBVR®XWHRQ IR
FRQYHUJHG )URP WKHVHVLPXODWLRQV LW LV IRXQG WK RON WK & FAHQW L W\ U
UHVLGXDO ZLOO QR ORQJHU LQFUHDVH WKH DFFXUDF\RI WKH SUHVVXUH F
SORW IRUWKH GHQVLW\ UHVCG>X0mE WKH GUDVNGGRRMY HFMHKQMD XPEHU RI LWHU
LV VKRZQLQ )LJIJXUH ZLWK D ORJDULWKPLF VFDOH

JLIXUH /LIWFRHIILFLHQW GUDJFRHIILFLHQW DQG GHQVLW\UHVLGXDO IRU WKH
WKHWZR GLPHQVLRQDO FRQYHUJHQFH KLVWRU\ ZLWK WKH SDUDPHWHUV RI H[SH
3 10°5ZLOO QRW IXUWKHU LQFUHDVH WKH DFFXUDF\RI WKH SUHVVXUH FRHIILFLHQV

$GGLWLRQDOO\ VHYHUDO VLPXODWLRQVDUH SHUIRUPHG WR YHULI\ WK
&KLPHUD WHFKQLTXH DQG ZLWK D GLITHUHQW WXUEXOHQFH PRGHO

J)LUVW D WKUHH GLPHQVLRQDO VLPXODWLRQ ZLWKDQ XQVZHSW ZLQJLV S
< GLUHFWLRQ ZLWK HTXDOO\VSDFHG FHOOV UHVXOWLQJLQ D WRWDO RI
JULG RI WKHWXQQHO LV PHVKHG ZLWK KDOI WKH JULG VSDFLQJ LQ WKH < GL!
LQWKHWXQQHO DV RSSRVHG WR WKH VIPPHWU\ SODQHV XVHG IRU WZR C
WKH ZLQJLV VWLOO XQVZHSW LQ WKHVH VLPXODWLRQV $V LV FOHDUO\YL
GLVWULEXWLRQV IURP WKHWZR DQG WKUHH GLPHQVLRQDO VLPXODWLR
DOPRVW SHUIHFWO\ 7KLV YHULILHVY WKDW WKH FKRVHQ DSSURDFK FDQ EH

$ YHULILFDWLRQ RI WKH &KLPHUD PHWKRG LV SHUIRUPHG EA\FRPSDULQJ
ZLWK WKRVHIURP D VLPXODWLRQ ZKHUH WKH FKLOG JULG LV PHVKHG ZLW
JLGHOLW\3RLQWZLVH 7KHFRQQHFWLRQV EHWZHHQ WKH VWUXFWXUHG DQC
WKHPHVKJHQHUDWLRQ PDNLQJWKH &KLPHUD DSSURDFK VXSHUIOXRXV 7
FHOOV ZDV XVHG DV IRUWKHEDFNJURXQG JULG GXULQJ WKH &KLPHUD DSS
FROQHFWHG WR WKH RXWHU FHOOV D VOLJKWO\KLJKHU WRWDO QXPEHU F
DSSUR®EIEY V596992 $V VKRZQ LQ )LIXUH WKHGLITHUHQFH EHWZHHQ XV
&KLPHUD DSSURDFK LV PLQLPDO ZKLFK YHULILHV WKHDSSURDFK WR XVF
JHRPHWU\ YDULDWLRQV TXLFNO\

7TRVKRZWKHLQIOXHQFH RI WKHWXUEXOHQFHPRGHO RQ WKHUHVXOWYV D
WKH! WXUEXOHQFHPRGHO )URP)LJXUH LWLVHYLGHQW WKDW WKH FKRL
RQWKHSUHVVXUH FRHIILFLHQW GLVWULEXWLRQ HVSHFLDOO\DW WKH VKF
ORFDWLRQ RI WKH VKRFN LV FRYH@WIX SMKWBIMDP E\VKRZHG WKDW WKH VLP
SHUIRUPHG ELWKVWKEHXOHQFH PRGHO DOLJQ VOLJKWO\ FORVHU ZLWK WK
WKH GLIITIHUHQFH EHWZHHQ WKH WZR WXUEXOHQFH PRGHOV LV VPDOO )RL
WXUEXOHQFH PRGHOV ZLOO EH XVHG DQG FRPSDUHG +RZHYHU DV WKH 6SD!
OHVV H[SHQVLYH LWLV XVHG GRPLQDQW®\ E RPIRGHDLARFPHDIRIMRHEGZLWK W
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JLIXUH BUHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRU GLITHUHQW QXPHULFDO \
ZLWK H[SHULPHQW 1R 7KHWZR GLPHQVLRQDO PHVKIURP WKH JULG FRQYHUJHQF
FRPSDUHG ZLWK D FRUUHVSRQGLQJWKUHH GLPHQVLRQDO PHVK UHG DWZR GLPHC
RUDQJH DQGDVLPXODWLRQ XVLQJDQ DOWHUQDWLYH WXUEXOHQFHPRGHO JUH

7KH YDOLGDWLRQ DQG YHULILFDWLRQ DUH SHUIRUPHG IRU WKH SDUDTF
YDOLGDWLRQ SXUSRVHV )LJXUH VKRZVY FORVH DOLJQPHQW RI WKH HJ
UHVXOWYV $V PHOWLRQHG IRU WKH VLPXODWLRQV SHUIRUPHG ZLWK WK
GLIIHUHQFHVFDQ VWHPIURPH[SHULPHQWDO RUQXPHULFDOLQDFFXUDFLHYV
VWXG\LY QRW SHUIRUPHG VHSDUDWHO\IRU WKLV FDVH ,QVWHDG WKH JU
FDVH 1R LVXVHG $VFDVH 1R RQO\IHDWXUHV VXEVRQLFIORZ FDVH 1R
FULWLFDO FDVH DQG WKHFRQYHUJHQFH VWXG\ZDV SHUIRUPHG WKHUH
VWXG\KROGV IRUORZHU ODFK QXPEHUV DQG WKXV FDVH 1R WRR $V ZD
RQH YHULILFDWLRQ VWHS IRUWKH QXPHULFDOO\REWDLQHG UHVXOWYV L\
DVLPXODWLRQ EDVHG RQ WKH PHVK E\ .|KOHU $V PHQWLRQHG HDUC
VLPXODWLRQV ZDV FRUUHFWHGI32DWKLV FDVH E\

JLIXUH 3UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKHWZR GLPHQVLRQDO V
WHUV RIH[SHULPHQW 1R VKRZQ LQ 7DEOH 7KHVLPXODWLRQV EDVHG RQ WKH P
WKHDQJOHRIDWWDFN WR PDWFK WKH SHUFHLYHG DQJOH RIDWWDFN RI WKH DLUIR
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7TKUHH 'LPHQVLRQDO OHVK *HQHUDWLRQ IRU ,QYLVFLG :DC
7KHVDPHWZR GLPHQVLRQDO VWUXFWXUHG JULG DURXQG WKHDLUIRLO DV
VHTXHQW WKUHH GLPHQVLRQDO VLPXODWLRQV )RUDOO VXEVHTXHQW VLP>
VLPXODWLRQV LQFRUSRUDWH D VZHHS DQJOH $JULG FRQYHUJHQFH VW
VSDFLQJLQ WKH< GLUHFWLRQDQG WKHZLGWK RIWKHFHOOV RI WKH EDF
KRULIRQWDO ZzDOOV DV LQWURGXFHGLQ 6HFWLRQ LV XVHG ,Q WKLV ZI
HOLPLQDWHG DOORZLQJIRUDQLVRODWHG HYDOXDWLRQ RI WKH YHUWLF
WKH SODFHPHQW RI WKH KRULIRQWDO ZzDOOV DW D FRQVLGHUDEOH GLVWD((
WKH .5*TV WHVW VHFWLRQ GRHV QRW DOORZ IRU D WKUHH GLPHQVLRQDO D(
WRWDO HOLPLQDWLRQ RI WKH ZDOOYV LQIOXHQFH RQ WKHIORZILHOG

JLIXUH BQVWUXFWXUHG EDFNJURXQG PHVK EOXHZLWKEODFNOLQHY DQG VWU X
ZLWK WKHDLUIRLOLQ WKH; = SODQH LH LQDORQJLWXGLQDO VHFWLRQ YLHZ IRU
7KHFRPELQDWLRQ RIERWK PHVKHV LV GRQHZLWK WKH &KLPHUD PHWKRG

7KH GRPDLQ FRQVLVWV RI D EDFNJURXQGJULG FUHDWBQ & WKH PKIZG & $
JULG 5HIHUHQFH FUHDWHG ZLWK OHJD&DGV DV LQWURGXFHGLQ 6HFWLRQ
FRPELQH WKH WZR JULGYV DV VKRZQLQ )LJXUH 7TKHEDFNJURXQG JULG\
WKHHQWLUH GRPDLQ $V WKHZLQG WXQQHO ZDOOV DUH FRQVLGHUHG LQ’
FDSWXUHG DQG WKHUHIRUH D GHQVHU VSDFLQJDW WKH WXQQHO ZDOOV L'
FHOOVIRUHDFKEDFNJURXQGJULGDQG ZLQJJULG LV VKRZQLQ 7DEOH D

7TDEOH I1XPEHU RI FHOOV IRUWKH FRPSXWDWLRQDO JULGYV RI WKH EDFNJURXQ
WKUHH GLPHQVLRQDO VLPXODWLRQV ZLWKLQYLVFLG WXQQHO ZDOOV

&RPSXWDWLRQDO F&IR®UVH | 5HIHUHQFH. QH
1XPEHU RI FHOOV | 6028123 10301204 | 36846161
&RUUHVSRQGLQJ PDID FFHOO VIZFHP P 5PP

O0D[ FHOO VL]H QRUPDOL]JHG WR
WKH WXQQHO ZLGWK

7TDEOH 1XPEHURIFHOOV LQVSDQZLVHGLUHFWLRQ IRUWKHFRPSXWDWLRQDO JUI
VWXG\RIWKUHH GLPHQVLRQDO VLPXODWLRQV ZLWKLQYLVFLG WXQQHO ZDOOV

&RPSXWDWLRQDO *ULG &RDUVH | 5HIHUHQIFH. QH
1XPEHU RIFHOOV LQ VSDQZL\V6® GLUHF|MBORQ 100

&RUUHVSRQGLQJPD[ FHOO VBPRPP 5PP 4PP
OD[ FHOO VL]H QRUPDOL]HG|WR WKH WXQQHO ZLIGWK

$FFHVVHG 0D\ %(7$$16%$ 3UH SBURFKWYWRSY ZZZ EHWD FDH FRP DQVD KWP
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7KHPHVK JHQHUDWLRQ LV YDOLG IRUDOO FKRUG OHQJWKY DQJOHV RI
ZRUN :KLOH D YDULDWLRQ RI WKHVH JHRPHWULF FRQGLWLRQV LV DSSOLHG
DQG WKH FKLOG JULG LVDGDSWHG WR IXOILOO WKH UHTXLUHPHQWY )RUD Y
FKLOG JULG LV VFDOHG E\D IDFWRU LQ WKH; DQG = GLUHFWLRQV )RU D
URWDWHG DURXQG WKH OHDGLQJHGJH RIWKHDLUIRLO E\WKH GHVLUHG I
LQWURGXFHG E\WKH H{[WUXVLRQ WR D WKUHH GLPHQVLRQDO JULG 7R GF
DORQJD YHFWRU SRLQWLQJ DORQJ WKH GLUHFWLRQ WKDW LV WR EHFRP
FKRUG OHQJWK DQG SURILOH VKDSH ZLOO UHPDLQ GHILQHG LQ WKH WXQQ
OHDGLQJ HGJH 7KHDLUIRLO GHILQLQJ WKH FKRUG OHQJWK IRUDOO VZH
YJLIXUH 7KLV VWUHDPZLVH DOLJQHG VHFWLRQ LV FKRVHQ EHFDXVH WKH C
ZLOO EHGRQH LQ VWUHDPZLVH DOLJQHG SODQHV 1HYHUWKHOHVV LW LV
SRLQW RIYLHZ DOHDGLQJHGJH QRUPDO VHFWLRQ LV W\SLFDOO\GHILQHG
LV DSSOLFDEOH WR ERWK XQVZHSW DQG VZHSW FDVHV $ WKUHH GLPHQV
YLIXUH

JLIXUH 6WUXFWXUHG FKLOG JULG ZOW I MQ DI O FRBID WINMDGF N RKRUG OHQJWK R
c=150 PP 7KH PHVK LV H[WUXGHG DORQJD YHFWRULQ WKH; <SODQH

7TKUHH 'LPHQVLRQDO 6LPXODWLRQV IRU ,QYLVFLG :DOOV
7KH YHULILFDWLRQ RI WKH UHVXOWYV RQ WKH WKUHH GLPHQVLRQDO JULC
BHFWLRQ (XOHU L H LQYLVFLG KRULJRQWDO DQG YHUWLFDO WXQZ(
JLYHQLQ $SSHQGL[$ 7KHFRQGLWLRQV XQGHU ZKLFK WKH JULG FRQYHUJ
WR WKRVH RI H[SHULPHQW 1R EXW H[KLELW D VZHHS DQJOH WR LQWUR
7KH FKRVHQ ODFK QXPEHU UHVXOWV LQ D VXEVRQLF IORZILHOG ZKLFK LV
IRUWKHVH FDVHV LQ 6HFWLRQ DUHIRUDVXEVRQLFIORZILHOG ,Q WKH
UHIHUUHG WR DV WKH LQERDUG ZDOO ZKLFK LV WKH ULJKW ZDOO LQ IOR:
WKH OHIW ZDOO LQ IORZ GLUHFWLRQ 7KH QRPHQFODWXUH 'LQERDUG” DC
DLUFUDIW ZKHUH WKH RXWERDUG VHFWLRQ RI WKH ZLQJLV SRVLWLRQHG
7KXV LQ WKLV WKHVLVY WKH OHDGLQJHGJH RIWKH ZLQJDW WKH RXWERDU
WKH LQERDUG WXQQHO ZDOO

,QLWLDOO\ DVSDWLDOJULG FRQYHUJHQFH VWXG\ LV SHUIRUPHG IRU "
ZDOOV 6LPLODUO\WR WKH WZR GLPHQVLRQDO FDVHV WKH VSDWLDO DQC
FRPSDULQJ SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV LQVWHDG RIDQLQV
LQB6HFWLRQ $V )LIXUH VKRZV WKH SUHVVXUH FRHIILFLHQW GLV\
H[DPLQLQJWKHFXUYHVY FORVHO\ 7KXV DOO WKUHH UHVXOWY DUH JULG I
JULGVY DUH FKRVHQ RYHU WKH FRDUVHU JULGV IRUWKHVXEVHTXHQW VLPXO
EHWZHHQDFFHSWDEOH QXPHULFDO FRVWDQGDFFHSWDEOHLQDFFXUDFLHYV
$V VKRZQ LQ )LIXUH WKH GLITHUHQFH LQ FHOO VLIHV EHWZHHQ WKH E
QRWLFHDEOH 7KHHIIHFWV RI WKLY GLITHUHQFH RQ WKH VROXWLRQ DUH H[
GLITHUHQFH LQ FHOO VL]HV LV FKRVHQ IRUWKH VXEVHTXHQW VLPXODWL
UHVXOWV LQDJULG LQGHSHQGHQW VROXWLRQ DV VKRZQLQ )LJXUH
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&RPSDUHG WR WKH LQILQLWHO\VZHSW ZLQJ FRQGLWLRQ WKH SUHVVXUH
DOWKRXJK LW IHDWXUHV VRPH GLITHUHQFHYVY HVSHFLDOO\LQ IURQW RI W
VXFWLRQ VLGH RI WKH ZLQJ 7KH GLIITHUHQFHYV ZLOO EH FORVHO\H[DPLQHC

JLIXUH UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKH VSDWLDO JULG FRC
SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV DUH H[WUDFWHG DW RI WEH WXQQHO z
=25 ¢=150 PPMa=0:65 DQRe=7 10°

JRUWKHVDPH FRQGLWLRQV DWHPSRUDO FRQYHUJHQFH VWXG\LV SHUIF
JHQFH VWXG\RIWKHWZR GLPHQVLRQDO FDVHLQ 6HFWLRQ WKHFRQYHU
ORZHU3WHKD® 7R DFFHOHUDWH WKH BRIGIWHNXUHHOWZ. WWHKHZ H Y IKHGDCFHI® FWRRAU

WR GXULQJWKHVLPXODWLRQ 7KLVIDFWRULV UHODWHG WR WKH PDWUL
VLPXODWLRQV ODWUL[GLVVLSDWLRQLVDQXPHULFDO WHFKQLTXH WKDW L(
HQKDQFLQJFRQYHUJHQFHDQG VWDELOLW\ 7KH SUHVVXUH VZLWFK LV D FF
ORFDOO\DGMXVWY GLVVLSDWLRQ WR UHGXFH LW ZKHUH XQQHFHVVDU\DQG
RFFXU ,QLWLDOO\ WKHGLVVLSDWLRQLVLQFUHDVHG WR VWDELOL]JH WK
WKHVZLWFK LY UHGXFHG WR SUHYHQW VPRRWKLQJ RXW SK\VLFDO JUDGL
GXULQJWKHVLPXODWLRQV WHPSRUDULO\LQFUHDVHVY WKH UHVLGXDO E}

/TKUHH 'LPHQVLRQDO OHVK *HQHUDWLRQ IRU9LVFRXV :DO!
JRUWKH YLVFRXV FDVH ERWK FRPSXWDWLRQDO GRPDLQV LQWURGXFHG
IRUWKH GRPDLQ ZLWK HIWHQGHG KRUL]RQWDO ZDOOV LV H[SODLQHG /LNF
EDFNJURXQGJULG LY FUHDWHG XVLQJ % (7% &$(6\VWHPVT$16%$ )RUWKHY
HYROYLQJDORQJWKHWXQQHO ZDOOV QHHGV WR EH FDSWXUHG HVSHFL
7TKHUHIRUH WKHJULG FHOOV DUH VSDFHG GHQVHO\DW WKH ZDOOV DQG H[S
WKH\UHDFK WKHLU PD[LPXP VL]H $VR FDOOHG OD\HU PHVK FDSWXUHV WK
PHVK FRQVLVWV RI SULVP FHOOV ZKLFKDUHLQGLFDWHGLQ )LIJXUH 7KF
FRQVHTXHQWO\ WKHFRUUHVSRQGLQJWKLFNQHVV RI WKH OD\HU PHVK D
I[URP H[SHULPHQWYVY FRQGXFWHG LQ WKH WXQQHO .RFKHWDO 7KH SDU
EDFNJURXQGJULG DUH VKRZQ LQ 7TDEOH 7KHFHOO VL]HV RI WKH YROXP
FKRVHQ FRUUHVSRQGLQJWR WKH FDVH ZLWK (XOHU ZDOOV LQ 6HFWLRQ
DFKLHWHDDV WKH ZDOO RI URXJKO\VRQH 7KH ODVW FHOO KHLJKW RI WKH OD
FHOO KHLJKW WKHJURZWKIDFWRU DQG WKH QXPEHU RI OD\HUV VXFK W
FHOOV 7KXV WKHQXPEHURIOD\HUV GHFUHDVHV IRUWKHILQHU PHVK DV
PDWFK WKH VL]H RIWKHFHOOV LQ WKH YROXPH
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7TDEOH I1XPEHU RI FHOOV IRUWKH FRPSXWDWLRQDO JULGV RI WKHEDFNJURXQ
WKUHH GLPHQVLRQDO VLPXODWLRQV ZLWK YLVFRXV WXQQHO ZDOOV 7KH GDWD IRU

VHSDUDWHO\

&RPSXWDWLRQDO *ULG | SHIHUHQ[FH. QH
9ROXPH OHVK

1XPEHU RIFHOOV 21841405 | 51463619

&RUUHVSRQGLQJPD[ FHOO VIBHPP 5PP

OD[ FHOO VL]H QRUPDOL]JHG WR WKH WXQQHO ZLGWK
/D\HUV OHVK

JLUVW FHOO KHLJKW 0:001PP 0:001PP
*URZWK IDFWRU
1XPEHU RI OD\HUV 50 48

7KH FRUUHVSRQGLQJ ZLQJ PHVK IRU WKH YLVFRXV VWXG\ LV FUHDWHG DFI
BHFWLRQ DQG YLVXDOL]HG LQ )LIXUH 7KHJULG VSDFLQJLQ WKH <
DOORZLQJIRUWKHDSSURSULDWH FDSWXUH RI WKH ERXQGDU\ OD\HU HVSHI
7KHUHIRUH WKH FKLOG JULG IHDWXUHV GHQVHU VSDFHG FHOOV FORVH WR
LQ WKH PLGGOH RI WKHWHVW VHFWLRQ 7KH SDUDPHWHUV IRUWKHJULG F

7DEOH 1XPEHURIFHOOVLQVSDQZLVHGLUHFWLRQ IRUWKHFRPSXWDWLRQDO JUI
VWXG\RI WKUHH GLPHQVLRQDO VLPXODWLRQV ZLWK YLVFRXV WXQQHO ZDOOV

&RPSXWDWLRQDO *ULG &RDUVH | 5HIHUHQFH QH
IXPEHU RI FHOOV 49248 000 59097600 68947200
I1XPEHURIFHOOV LQ VSDQZLVH GLUHFWLRQ
&RUUHVSRQGLQJPD[ FHOO VP 7T4PP 7T4PP
OD[ FHOO VL]H QRUPDOL]JHG WR WKH WXQQHO ZLGWK

JLIXUH OHVKIRUWKHWKUHH GLPHQVLRQDO JULG FRQYHUJHQFH VWXG\LQ WKH
UHG WR FDSWXUH WKH  ERXQGDU\ OD\HU



OHVK'HIRUPDWLRQ

7KH VHFRQG GRPDLQ VKRZQ LQ )LJIJXUH ELVDOVR XVHG IRU YLVFRXV VI
DUH XVHG DV IRUWKHILUVW GRPDLQLQWURGXFHG DERYH 7KLV LQFOXGF
7TDEOH DQG WKH OD\HUV PHVK 5HIHUHQFH LQWURGXFHG LQ 7DEOH
FRPELQHG HITHFWV RI KRUL]RQWDO DQG YHUWLFDO ZDOOV ZKLFK PRUH FQC

7TKUHH "'LPHQVLRQDO 6LPXODWLRQV IRU9LVFRXV :DOOV
7KH YHULILFDWLRQ RIWKH FDVHV ZLWK YLVFRXV ZDOOV LQVWHDG RI (XOHU 2
LQ 6HFWLRQ MXVW XVLQJ YLVFRXV WXQQHO ZDOOV LQVWHDG RILQY|
VHEWLRQ IHDWXUH D VZHHS DQJOH 7KH VROYHU VHWWLQJV DUHJLYHQ LQ
WKH JULG FRQYHUJHQFH VWXG\ LY SHUIRUPHG DUH VLPLODU WR WKRVH R
DQJOH LV XVHG WR LQFUHDVH WKH VSDQZLVH LQKRPRJHQHLW\ RI WKH IOR?2

7KHUHVXOWYV IRUWKHVSDWLDOJULG FRQYHUJHQFH VWXG\DUH VKRZQ |
GLVWULEXWLRQVDUHH[WUDFWHG DW RI WKHWXQQHO ZLGWK WRZDUG
PRUH GRZQVWUHDP SDUW RI WKH ZLQJ ,QVWHDG RIH[WUDFWLQJ WKH SUH
VHFWLRQ H[WUDFWLQJLWWRZDUGV RQHRIWKHZDOOV HQVXUHYVY FRQVL'
ORFDWLRQVLQ WKHWXQQHO $V YLVFRXV ZDOOV DUH HPSOR\HG WKH JU
DUH VLIQLILFDQWO\KLJKHUWKDQLQ WKHPLGGOHRIWKHWHVW VHFWLR
GLVWULEXWLRQVRIGLIITHUHQW PHVKHVY DW WKH ZDOOV ZLOO HQVXUH WKDW
2YHUDOO WKH SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV DOLJQ FORVHO\
FRQVLVWLQJ RIWKHUHIHUHQFH EDFNJURXQG JULGDQG WKH FRDUVH FKLO
RWKHU FXUYHV SDUWLFXODUO\RQ WKHVXFWLRQ VXUIDEHXxQdHDX4 WKH IURQ
7TKLVLQGLFDWHY WKDW WKHJULG LQGHSHQGHQW VROXWLRQV DUH REWD|
ZLWK WKHUHIHUHQFH FKLOG JULG 7KH FRPSDULVRQ WR LQILQLWHO\VZFE
VWDJH LQ &KDSWHU

JLIXUH UHVVXUH FRHIILFLHQW GLVWULEXWLRQV IRUWKHJULG FRQYHUJHQFH
FRHIILFLHQW GLVWULEXWLRQLV H{/ WUDFWHG DW RI WKHWXQQHO ZLGWK L H
SHUIRUPH®0IRE25 ¢=150 PPMa=0:78 DQRe=7 1¢°

,Q DGGLWLRQ WR WKH VSDWLDO FRQYHUJHQFH VWXG\ WKH WHPSRUD (
ORZHUSWKDQZLOO QR ORQJHU LQFUHDVH WKH DFFXUDF\ RI WKH VLPXODW
WZR GLPHQVLRQDO FDVHDQG WKUHH GLPHQVLRQDO FDVH ZLWK LQYLVFLC

OHVK 'HIRUPDWLRQ

&KDQJLQIJ WKHYROXPHJULG DFFRUGLQJWR VXUIDFHGHIOHFWLRQV FDQ E
EHD UH PHVKLQJ RIWKHHQWLUH GRPDLQ ZKLFKFDQ EH YHU\WLPH FRQVX
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FRPELQDWLRQV WHVWHG LQ WKLV WKHVLY UH PHVKLQJZRXOG EHLPSUR
XVHG WR GHIRUP WKH YROXPHJULG 7KLV PHWKRG KDV GRZQVLGHYV SULPL
EHKDQGOHG WR DFKLHYH D KLJK TXDOLW\JULG '/5 7TKHZRUNLQJ SULC

7KHDOJRULWKP ZDV LQWURGXFHG E\GH %RHU YDQ GHU 6FKRRW DQG %L
WXUHG JULGVDQGLVEDVHGRQLQWHUSRODWLQJWKHGLVSODFHPHQWYV F
UDGLDO EDVLV IXQFWLRQV 5%)V 5DGLDO EDVLVIXQFWLRQ LQWHUSRODWI
LOWHUQDO QRGHVY EDVHG RQ WKH GLVSODFHPHQW RI VWUXFWXUDO QRGHYV
s(X) GHVFULEHV WKH GLVSODFHPHQW LQ WKHHQWLUH GRPDLQ DQG LV DSES

DQG D SROPXBPLDO
)Qb
s(X) = i (KX Xy K)+ p(X);
j=1

ZKHYXH=[Xp ;Y ;2] DUH WKH ERXQ@P UV QRGHYXPEHU RI ERXQWDBRPRGRFLDO

DQGLV D UDGLDO EDVLV IXQFWLRQ ,QWHUSRODWLRQ F®Q ®IKMHLROA G R WLHLUP
)RUD PRUH GHWDLOHG H[SODQDWLRQ UHIHUWR GH %RHU YDQ GHU 6FKR
HPSOR\H(X)RRU WKH GHIRUPDWLRQ LQ WKLV WKHVLY ZKLFK LV FRQVLGHUF

7KH GHIRUPDWLRQ DSSURDFK IROORZV D VFKHPH VLPLODU WR RQH WKTE
DQG 5RPDQR HW DO $W ILUVW TXDVL WZR GLPHQVLRQDO VLPXODMW
TXDVL WZR GLPHQVLRQDO EHFDXVH DOWKRXJK WKH\ IHDWXUH D VZHHS
LQ WKH VSDQZLVH GLUHFWLRQ 7KHFRQGLWLRQV DUHDV LI WKH ZLQJ ZH
VZHSW ZLQJ FRQGLWLRQV FHUWDLQ VWUHDPOLQHYV DUHH[WUDFWHG 7KH
WKH GLVSODFHPHQW RI WKH QRGHY RQ WKH LQWHUIDFHV L H WKH XSSHU
DQLQSXW IRUWKH 7$8 GHIRUP 2000 & RDLWYRR/OS H K VKK XIVF/ IRU WKH XSSHU DQC
5000 SRLQWYV SHU VXUIDFH IRUWKH VLGH ZDOOV WR VSHFLI\ WKH GLVSODF#
OD\HUJV PHVK DUH GLVSODFHG DV D ZKROHWR HQVXUH KLJK TXDOLW\ FHOO
DGLVWDQFHRIURXJKO\ RIWKHWXQQHO ZLGWK WR HQVXUH WKDW WKH C
RQ WKH GHIRUPDWLRQ RI WKH RSSRVLWH ZD0OO

7KH FKRLFH RI VWUHDPOLQHV IRU WKH KRULJRQWDO ZDOOV LV HDVLHU
.5*V KRULJRQWDO ZDOOV DUH RQO\DGDSWLYHLQ WZR GLPHQVLRQV RQH (
ORZHU ZDOOV UHVSHFWLYHO\ DQG DSSOLHG WR DOO VSDQZLVH ORFDW|
LQILQLWHO\VZHSW ZLQJ LV H{WUDFWHG ZKLFK DW WKH; ORFDWLRQ RI Wi
= ORFDWLRQ DV WKH XSSHU RUORZHU ZDOO RI WKH WHVW VHFWLRQ 7KH
FRQVLGHULQJLQYLVFLG WXQQHO ZDOOV WKHQ IROORZV WKLV VWUHDPOLQ
SUHVVXUH FRHIILFLHQW GLVWULEXWLRQV RIDVLPXODWLRQ SHUIRUPHG R
IDUDZD\IURP WKH XQVZHSW ZLQJ WR WKH VLPXODWLRQV SHUIRUPHG RQ 'RP
ZDOOV 7KHPLQRUGLIIHUHQFHV LQ VKRFN ORFDWLRQ FDQ EH DWWULEXW H ¢
$OWKRXJIJK WKH LQSXW RI WKH GHIRUPDWLRQ WRRO XWLOL]HV SRLQWYV IR
WKH UHVXOWLQJ DFWXDO GHIRUPDWLRQ LV EHOLHYHG WR EH FORVH WR V
UHVXOWV LQ DQ LPSHUIHFW GHIRUPDWLRQ WKDW FDQQRW SUHFLVHO\UHS

"KHQLQFOXGLQJYLVFRXV LQVWHDG RILQYLVFLG ZDOOV WKH GLVSODI
OD\HU PXVW EH WDNHQ LOWR DFFRXQW )RU WKH VLPXODWLRQV SHUIRUPHG
RI WKH XSSHU DQG ORZHU ZzDOOVYT ERXQGDU\ OD\HU LV HIWUDFWHG IURF
VHSDUDWHO\ 7KH GLVSODFHPHQW WKLFNQHVV RI WKH ERXQGDU\OD\HU LV
DQG WKHQ DSSOLHG WR FDVHV ZLWK 'RPDLQ 7TKHRUHWLFDOO\ WKH GLV
QHZ VLPXODWLRQ DQG LWV FRUUHFW YDOXH PXVWEHGHWHUPLQHG WKUI
WKLV LV QRW SHUIRUPHG LQ WKH SUHVHQWHG ZRUN )LJXUH VKRZV D IOF
ZLWKWKHUHG SDUW LQGLFDWLQJ WKHPLVVLQJ LWHUDWLYH SURFHGXUH



OHVK'HIRUPDWLRQ

JLIXUH BUHVVXUH FRHIILFLHQW GLVWULEXWLRQV RYHU WKH QRUPDOL]HG F
GLPHQVLRQDO JULG ZLWK WKH SDUDPHWHUV RI H[SHULPHQW 1R 7TDEOH $ FRP S
ZLWK KRULJRQWDO ZDOOV RQ 'RPDLQ DQG WKH GHIRUPHG KRUL]JRQWDO ZDOOV RQ 'R
RI'WKH KRUL]JRQWDO ZDOOV LV ZRUNLQJDV LQWHQGHG

,QILQLWHO\VZHSW

ZLQJVLPXPDWLRQYV (IWUDFWLRQ RI WKH GLVSODFHPHQW
] WKLFNQHVV RI WKH ZLQG WXQQHO
(IWUDFWLRQ RI ZDOOVYT ERXQGDU\ OD\HU
"6WUHDP/OLQHV
\(3 / \ Lq:p;tunnel 6 Cp;inf
6KDSH RI '5$16 VLPXODWLRQ RI

GHIRUPHG WXQQH|O ZWEBIWHVW VHFWLRQ

JLIXUH JORZ FKDUW RI GHIRUPDWLRQ SURFHGXUH 7KH UHG ORRSLQGLFDWHV W
WKLV WKHVLVY GXHWR D UHGXFWLRQLQ FRPSOH[LW\

7TKHGHIRUPDWLRQ RIWKHVLGH ZDOOVIROORZVWKHVDPH SURFHGXUH EX'
WKHUHLVY QR SRVVLELOLW\LQ WKH .5* WR DGDSW WKH VLGH ZDOOV WKHUHI
DSSURDFKWR PLWLIJDWH WKHLPSDFW RI WKHVLGH ZDOOV RQ WKHVSDQZLV
WHVWLQJZLWK GHIRUPHG ZDOOV ZRXOG EHWR '"SULQW WKH VKDSH RIWKH Z
ZDOOV LQ WKH .5* 7KXV WKHVKDSHRIWKH ZDOOV FDQ EHDUELWUDU\ D!
ZbOOV WKUHH GLPHQVLRQDO :KHQ HIWUDFWLQJ WKH VWUHDPOLQHV IU
IRUGLITHUHQW = ORFDWLRQV DERYHDQG EHORZ WKH ZLQJ LWLV HYLGHQ\
ODUJHU WKH FORVHU WKH ZLQJLVY DSSURDFKHG (VSHFLDOO\LQ FORVHY
7KLY GLVFRQWLQXLW\DULVHV EHFDXVH WZR SDUWLFOHYV WUDYHOLQJ MX
QRWPHHWDW WKHWUDLOLQJHGJIJHDJDLQ DVWKHVSDQZLVHPRYHPHQW
SUHVVXUH VLGHV RI WKH ZLQJ GLIIHUV +HQFH VSHFLI\LQJD WKUHH GLP
VWUHDPOLQHVY FORVH WR WKHDLUIRLO LQWR DFFRXQW OHDGV WR KLJK JUD
7$8 GHIRUPDWLRQ WRRO LV LPSRVVLEOH DV 788 XVHV FRQWLQXRXV IXQF
$VDUHVXOW DVLPSOLILFDWLRQLY QHFHVVDU\WR REWDLQ D YDOLG GHIRU
SRVLWLYHYROXPHVY +HQFH DVLPSOLILHG GHIRUPDWLRQ LV VSHFLILHG
DFFRXQW ZKLFKLV H[SODLQHG EHORZ
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