,QWHUQDWLRQDO -RXUQDO RI (QJLGC
9RO ,VVXH

1XPHULFDO 6 RPXDPDWIPRIQVLRQDO HVRWDG\ YDRIZDWLR Q
'LPLQLVKLQJ 6FKHPH

$PLQ *+$5(+%$*%LURO [B3RGDPLG 6$$'$71(-$'*+$53+$6651/28

'RNX] (\0O+O 8QLYHUVLW\ 'HSDUWPHQW RI &LYLORQULQ@NUNHQJ )I
,VODPLF $]DG '$iSDYHWURHOW R| &L¥+$6 (99U DEBRHWLQ J(DVW $]JHUEDLMDC
HPDLXXDUHKEDJKL DPLQ#JPDLO FRP

S5SHFHLYH&XGBWH
$FFHSWHX JXIYWH

$SEVWUDFW

,Q UHFHQW \HDUV PDQ\ UHVHDUFKHUYV KDYH VXJJHVWHQGQ Y DBWLREOMH R X POHL
IOXLG IORZ LQWULFDFLHY 7KH REMHFWLYH RI WKLV SDSHWUHDWP?PR QW V
LQFRIMHS/VLEOH IOXICA RBQAYLIRDP WM QVWHDG\ IORZ ZLWK WKH VKDOORZ ZI
HTXDWLRQV ZHUH VROYHG E\ )LQLWH 9ROXPH OHWKRG LY®PHH[GQDQ F LHA ¥R\
WRWDO YDULDWLKRHP B LZADL\Q HPISIORANH/G LQ WKH XQVWUXFWXUHG WULDQJXO
QXPHULFDO UHVXOWYVY RI GHYHORSHG PRGHO WKH )ORZFD/AR ADXMHYHKDDY )
GHYHORSHG WR LQYHVWHIDWHXWWN RFFAXKBDFYXRUNMWWVHG PRGHO E\ )ORZ
EHWZHHQ QXPHULFDO UHVXOWY Rl GHYHORSHG PRGHO DQG VMWXODW
JXUWKHUPRUH WKHINZIIREHWWHG PREHBWDEOH UNXXUWWK RIOWIO RH V VW R XVWPZD

H\ZRUBIMQLWH 9ROXPH 'CIPWRRGRGR® 6KDOORZ :DWHU (TXDWLRQV
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 QWURGXFWLRQ

,Q UHFHQW \HDUV ZLWK WKH GHYHORSPHQW RI FRPSXWHU

XVH QRYHO GXPHUTXHINYOLY HRRPSXWDWLRQDO )OXLG '\QDPLF
WKH VLIJQLILFDQW DGYDQFHV 7UHDWPHQWFBQR IDKX LSU HEERF W
E\ WZR VHWV Rl K\SHUEROLF V\VWHPV RI| HWRNH\R QVX W LR
16( V\WVWHP DQG 6KDOORZ :DWHU (TXDWLRQV 6:( V\WWHP
16(fV VIVWHP PRVW UHVHDUFKHUV SUHSHW X\UR OH P S\OKRH\ 6\ K
V\VWHP LV D VLPSOLILHG IRUP RI 16(1V @ VWHRKOG B/QRQWH V H
'LPHQVLRQDO ' 6:(fV VIVWHP WR GHWHUPLQH WKH ZDWHU
ULYHUV +RZHYHU WKH ' PRGHOV ZHUH QRW DEOH WR VDW
UHVHDUFKHUV SUHIHUUHG WR GHYHORBDQ®YHBVPRG R KM UM
HPSOR\HG GLIIHUHQW QXPHULFDO WHFKQLTXHV WR VROY
'LIITHUHQFH OHWKRG )'0 )LQLWH (OHPHQW OHWKRG )(0 DC
DUH DPRQJ WKH PRVW FRPPRQ PHWKR®REWDHG UE ONBIEO HL k
IORZ WUHDWPHQW HVSHFLDOO\ LQ LUUHJXODU DQG FXUY
PHVK LV DOPRVW QHFHVVDU\ 6LQFH DSSO\LQJ DQ XQVWUX
PRVW PHWKRGV ZHUH VXJJBG®HGLR QOO ®U WKIH UHVXOW RI
RUGHU QXPEHU RI PHVK QRGHYV DQG WLPH VWOSWKRXIIKHYV
DSSO\LQJ PHVK WR WKH FRPSOH[ JHR PP SWQH PEH QKD WD S O
LV QRW DV XQFRPOOLRPRWHGE YBIW WKRH LV DEOH WR NHHS W
DPRXQW RI PDVV DQG PRPHQWXP E\ VROYLQJ WKH LQWHJIUL
DGGLWLRQ )90 GRHV QRW UHTXLUH D FRQWLQXRXV IRUP
UHJDUGV WR WRIQHRIDBRY HPHIQWW WKLY VWXG\ )90 ZDV VHC
PHWKRG $ EULHI UHYLHZ Rl VWXGLHV LQ WKLV DUHD LV JL)
%UDGIRUG HW DO > @ LQWURGXFHG D PROW®G UV KDRWZ RRH
DUELWUDU\ WRSRJUDSK\ ADWKR90GHW HURLWY IPRGRQ WKH JF
5RHYV DSSUR[LPDWH 5LHPDQQ VROYHU ZDV XVHG )XUWKH!
IRU FRQVHUYDWLRQ PPUVHPBPQY® US UG LWWRU VWHSY ZHUH F
VXJIJHVWHG PRGHO ZWYFWBVWRHIXELPQWD ®\QG H[SHULPHQWI
WKDW WKH UHVXOW RI WKH H[DPLQDWLRQ ZDV LQ JRRG D.
VWXGLHV 3DQ HW DO > @ VROYHG WKH ' 6:(f1V VIVWHP E\
HIDFW 5LHPDRFIMVEBERXYHDDWWM QXPHULFDO IOX[ IURP WKH LQV
LPSURYHG IRUP RI GU\ 5LHPDQQ VROYHU ZDV HPSOR\HG WR
UHSRUWHG WKDW WKH FRPSDULVRQ DPRQJ WKH UHVXOW
HIDPSOHWHW MWMQ&GMWX ERUH RQ WKH 4LDQWDQJ 5LYHU ZDV DFFl
PRGHO WKDW FRXO® VRHWY 6: WKH \VWHR LQ H[SHWMFLLRD WR QG
WKH *RGXQRY IOX[ DQG VROYLQJ WKH 5LHPDQQ SUREOHF
+WWHQ /D[ DQG YDQ /HHU WKH\ XVHG +// VFKHPH $GGLW
ODWHUDOL]LQJ WKH PRPHQWXP IOX[ )LQDOO\ WKH\ HPSOI
IULFWLRQDO VRXUFH WHUP .HVVHUZDQH VIR QDWRQ H@D FSRHRG
VFKHPH WR VROQ9WHIGBWWE& 6:(fV VIVWHP ,Q WKLV ZRUN

VFKHPH RI 5LHPDQQ VROYHU WRHAMHEX ODKHH LW 8 8 LFES X GG VL
IRU WEKIHWH HOHPHQW DSSUR[LPDW LQQN HFER WIRL F DIO@ W ® DZDH/ i
IRUFHV 7RXPD HW DO > @ LQW WRV®XBHGHG@RNHDOUD ® QW0 |
WKH 6:(TV VIVWHP RQ IODW DQG YDULDEOH ERWWREGWWRSRJ
DFFXUDF\ LQ VSDFH DQIGHWHEH)KQUDOEHHWIDHFKDQQRXQFHG



*+$5(+%$*HW DO

PRGHO VKRZHG JRRG DJUHHPHQW ZLWK 6:( SEREOHPYD WD Q!
ZHEOODQFHGW\B3R(VFKHPH WR VROYH PROWLGLFPW QYH RHTDX
VXFK DV WKH 6:(fVEMQ/MH® RSIVWKLY PHWKRG RQKHUYB®RY]
ZHEOODQFHGW)\B3&YFKHPHY ZHUH DEOH WR VROYHWXKH HTX
YHUY QMG PHVK ZKHQ WKH FKDQQHO ZDV VWURQJO\ PHDQGH
$YHUDJH )OXNMFKHPH RQ WKH 6:(TV VIVWHP WR VROYH SURI
RQ WKH XQVWUXFWXUHG PHVKH VFH Q WWLLINGZ FRODNE NMVEKU WKH/G
/IHH&RQWDFW +//& 5LHPDQQ VROYHU (YHQWXDOO\ WKH\ F
DQG .EQMVBH VFKHPHYV

,Q WKH SUHVHQW VWXG\ WR ILOO WKH JDS RI H[SHULPHQ
PRGHO )ORZ ' VRIWZDUH ZDV HPSOR\HG WR VLPXODWH '
UHVHDUFKHUV DCARIQW >PDQ\@ HPSOR\HIGSW K L ? MRAD DDGIGL Q X
LQYHVWLIJDWLRQV ,Q WKLV SDSHU 7RWDO 9DULDWLRQ 'LPl
6:(fV VIVWHP $FFRUGLQJ WR WKH OLWHUDWXUH WKH EDVL
KLJK OHYHO RI IDOVH GRIUSWIR R | GCOXXHRNWEDHEWY ¥ O@REIWG H U
VFKHPHV VXFK DV FHQWUDO GLIIHUHQFLQJ DQG 48,&. FDQ
ZKHQ WKH 3HFOHW QXPEHU LRUGIHIK VAKKHP WX KUKLIKHG WR
TXDQWLWLHVOH)BH WRQWEJ\ DQG UDWH RI GLVVLSDWLRQ
XQUHDOLVWLF QHJDWLYH YDOXHV DQG LQVWDELOLW\ 79
XQGHVLUDEOH RVFLOODWRBGH EHWKIXHFRHV RJQKZIKHFEKHPHYV
WRZDUGVRRVEY FRXWWHUDFWHG E\ DGGLQJ DQ DUWLILFLDC
ZHLJKWLQJ WRZDUGV XSVWUHDP FRQWULEXWLRQ® > @

,Q WKLV UHVHDUFK D FRXSOHG PRGHO ZLWK WKUHH FRP
VXUIDFH SURILOHV LQ RIYKE FIKWDQ/Q HFAP IRIGI QWY HQODPHG PH)\
ZDV HPSOR\HG WR GHYHORS XQVWUXFWXUHG WULDQJXODU
FKDQQHO 7KH VHFRQG FRPSRQHQW FDOOHG K\GURG\QDPL
K\GUDXOLF GDWD LQVMAKH7BEHIWKLWUG DQG ILQDO FRPSRC
FRPSRQHQW ZULWHV WKH UHVXOWV DQG GUDZ WKH ILJXU
HPSOR\LQJ RI 79' VFKHPH WR GLVFUHWL]H WKH JRYHUQLC
DGGLWLRQ WKH @XPIDBVWRHGY WRBKH JRYHUQLQJ HTXDWLRQ!
WKDQ )ORZ ' VRIWZDUH

*RYHUQLQJ (TXDWLRQV

7KH JHQHUDO IRUP RI WKH " 6:(TV VI\VWHP IRU WKH SUHGLF
DV EHORZ
89 , o8 3R

3 | dx. E':-r:_s

iy
ai 4,1 h2
F,= h+2g
0.0z
- R -
Ga0g
F, = h
1o
_h+2 i
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0
5= Eh(53,1_5f,1j
gh(sy, — Sf,zj
KLFKLV WKH FRQVHUYHG YHFWRU WKH WLPR)EIDHIUH YWDKWAL Y |
YHFWR[UX/[ RDULDEOHY GHUSRDWORY RLQVBIEKGF RMBRYQVHFW
GLUHFWLRQV UBVSHMKH. YIRAUVFWQWHH UB DY LWKL B FW K B H3UHDSMWLE
Rl zDWH& DUH WKH EHG VORSHYGLW UDIGWUWUIBRY LRQV UHVSH
DQG DQG DUBLVFKDUJH SHU XQLW [ZDQW®W KWU® GYHKHHWORR QV
UHVSHFWLYHO\ :KLFK
g, =uq.h
{q2=u2.h D E
KLFK DQ® DUH WKH FRPSRQHQWYV RI WKH GHSWKDQRYHUDJF
WUDQVEEWHFWLRQV UHVSHFWI6Y BOMH LPWMWRKHVPRGBHY LQ W
DQG WUDMWVHHFMNVLRQYVY UHVSHFWLYHO\ DQG LV SUHVHQWHG

'KLFR LWKH 0DQQLQJ V URXJKQHVV FRHIILFLHQW

'LVFUHWEZHFWQR DKWY )90

$ WULDQJRBQW HWHD® )90 ZDV GHYHORSHG WR GLVFUHWL]H
GLVFUHWL]DWLRQ PHWKRG DSSOLHG LQ DQ XQVWUXFWXU!
WKHRP WKH (T FDQ EH UHZULWWHQ DV IROORZV

d
Il d—f+faﬂ F.ndl = [[_ Saw
'KHUBLV WKH XQLW RXWZDUG YHFWRU ORGPD@: O BHWKKHER
DUF HOHPHQWY DQG DUHDLWOW RMO\RIF YBHYSOFMIXYHDKLFK |

) >) )@ %\ DVVXPLQJ WKH FRQVW D @WQDW KHDHQ\W HHGRY DX
UHVXOW RI GLVFUHWL]DWLRQ FDQ EH \LHOGHG WR WKH EDYV

29 | —
A+ I EL L™ = AS

:KHU$ILV WKH DUHD RI HDFK WWNVDW KHOQXPEKDSRIGERGGOR/I H
LV WKH QRYU[PDR RDFK VLGHLRIVEKI® @®\HPIWKKFR P 3/KOGHQW R
FHOOV 7KH LOOXVWUDWLRQ RI )9 WULDQJXODU GRPDLQ LV
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)L OOXVWUDWLRQ RI )9 WULDQJXODU GRPDLQ
%\ DVVXPLQJ WKH FRXQW HUFQRFDELINF WQBRQH RILWKHDQ E
® DQG E\ HPSOR\LQJ WKH URWDWLRQDO LQYDULDQFH WR
LQWHAXAHROHDFK VLGH Rl WKH FHOO LV JLYHQ DV

F,(Q) =F, cos® +F, sin ® = T(0) *F[T(0)Q] = T(0) *F(0)

h

g= hun]

hv,

hu,

F(Q) = | %+ h?

hu, v,
1 0 0 7
T(@)=|(0 cos® sin®
0 —sin@ cos@)
1 0 0
T(@)™*=|0 cos® —sin®
0 sin® cos@ |

{un = ucos® + vsin®

v,, = veosd — usin® b E

g=T(0)¢ LV WKH WUDQV4RRFHGE MRKH WUDQVIRUPHG(FRUP RI Q
DQMEE)™ DUH WKH PDWULFHV RI WUDQVIRUPQ WWRQSB 6® LLYGN
VRPH PDQLSXODWLRQ DQG VXEVWLWXWLRQ WKH (TXDWLRQ

AZ TN T(0)'F(QL™ = AS

W LV LPSRUWDQW WR PHQWLRQ WKDW LQ WKH (TXDWLRQ
GHWPLQH WKH@Y DOXH RI

79' 6FKHPH

7KH LOOXVWUDWLRQ RI ' VWDQGDUG FRQWURO YROXPH LV

OXyp OXpz

le « »l
( ' R Ox,, "
| |
| 1

w

w P € £

T
)
]
]
]
]
]
]
]
)
)
)

—
|
|
|
|
|
|
|
|
|
|
|

)L ,O0OXVWUDWLRQ RI ' VWDQGDUG FRQWURO YROXPH > @
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7KH HDVW IDFH YDOXH RI XSZLQG GLIIHUHQFLQJ 8' VFKHPFE
Y, =V,

7KH HDVW IDFHV YDOXH RI OLQHDU XSZLQG GLIIHUHQFLQJ

Bx "'i‘"P "i"'[.i_-:'

V.=Vt ‘|‘§(Vp_ij

JRU WKH 4XDGUDWLF 8SV\&RBBAF\WUWHHJ SIRDDPDIVRIF VR U 8, & .
HDVW IDFH YDOXH FDQ EH \LHOGHG DV IROORZV

=] 3 1 1

7KLV FDQ EH WKRXJRWGRIUDN[\W HMHAREGR | WK H_ RUWK @DO 8
FRUUHFWLRQ ED@HIGDRBGD S ZAIYRH WKH JUDBXBQYWSRILHG
E\ WKH GAUVWBQYREZMHG IQRGMWKH HDVW IDFH > @ ,Q WKH 7
UHDUUDQJH DOO WKH 8' /8" DQG 48,&. VFKHPHV DV IROORZ

"
Ve=Vpt (Ve — Vp)

,W LV REYLRXVO\ XQGHUVWRRG WKDW WKH 8' @ BRWHRURDQ F
IHYHUWKHOHVY E\ ORRNLQJ DW WKH RWKHU VFKHPHV LW |

V.=V, 4+t (if’ i‘*)(vg—vpj

"KLFK LV HT)FID(_)V’fWﬁ_HP JRU 48,&. DSSUR[LPDWLRQ H[SUHV

FDQ EH HI[SUHVVHG DV

V=W, 4o [[3+“’f’ oy SICARA

'KLF¥ LV HT):@ﬁPvT/‘ﬁW,fvE_HPj%

%DEHRQ WKH (TXDWLRH)WDOXHYRADIX EFHWHRQYLPDWHG E\ W|
XSZLWIGH JUDGLHQW WRH GRDGLZH@W 7KHUHIRUH LQ (TX
H[SUH V#HGP VKHUH

_ v
TE-TE

7KH JHQHUDO IRUP RI¥WIKWH JIJHIWW DD/F HHYXDRYXH

(Vi”_ W}]

,Q XQVWUXFWXUHG"HUIX® W LRWQHPY WKIZULWWHQ DV IROORZV
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Vi=Vy T “%’"}E‘v‘g —Vy)

'KHWHY,,v, DUH WKH YDOXHV LQ IDFH RI WKH FHOO XSVWU
QRGH SRLQW UHVSHFWLYHO\ %HFDXVH WKH YDOXH RI XSV
VFKHPM DPWKDX FW X UHGWXHL G DUFDWIRRW EH FDOFXODWHG LQ
DY VWUXFWXUHG JULG V\VWHP 7KXV DQ XSVWUHDP pGXP
SUREOHP 7KH FRQVWUXFWLRQ SURFHGXUH RI D GXPP\ QRC
DQ&EDEHOOR HW DO > @ 7KH LOOXVWUDWLRQ RI GXPP\ ¢
FRQVLGHULQJ WKH DYHUDJH YDOXHVFRIQQ@LOLW RIQDIDVY D O X |

V=Y
— _IJ

"i"'}:‘_"i"'p

)L OVWUDWLRQ RI GXPP\ QRGH

'DUZLVK DQG ORXNDOOHG > @ UHFRPPHQGHG WKHUROORZ
DV

'KLFKsLV WKH YHFWRU Rl GHVWDQBW /KO EGRZFBG QRJGHIV
SRLOMSRMROW RU FRQWUDULZLVH ,W LV LPSRUWDQW WR QR

RUGHU WR JLYH D JHQHUDO @RDMIBA QR/QV HIDB QIBIQ RBWW HU \
UHVSHFWLYHO\

2V g
= [& u?‘w_}}_l]
Yo Vy

7KH LOOXVWUDWLRQ RI WKH QRGH SRLQW LQ WKH XQVWUXI

RI IORZ LV JLYHQ LQ WKH )LJIXU® W KHOR Q MWSHWF VDO B & RINUW.
IRXQGHLWXALVK DQG ORXNDOOHG

_—

/?)(A)

u(P)

)LJ ,OOXVWURWGR@BRLQW LQ XQVWUXFWXUHG JULG V\VWHP
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BROXWLRQ RI *RYHUQLQJ (TXDWLRQV

7KH ILQDO IRUP RI WKH JRYHUQLQJ HTXDWLRQV LV SUHVHQ
VROYHG LQ H[RVLFOVREURBGIGLWRRGHYHORS WKH FRGHV 0$7/5
7KH ILQDO IRUP Rl FRQWLQXLW\ HTXDWLRQ LV

(h)*1 = (h)* — %Zﬂ:l(Lmji [(ucos® + vsin®) ,hy + Y(r) ((ucosd + vsind) ,hy, —
(ucos® + vsin®) h,)/2 + AtS]

7KH ODVW FRQIWKH PRRRQWXP HTXDWLRQ VR BWH LIORE BV L
(u [ o
((hay® — L [2 Lg1m(h2 cosg + SO0 yeo0y | gt o (12 o 56) , +

W) (bt eraB)n— (k- Peosl)y, }j + Z_‘:_i L™ (hatesin®),, + o [ LSRN Py ¢ __-,__:f_}u::,j] "

2 2
ni ":r'}'f Ll

7KH ILQDO IRUP RI WKH PRPHQWXP HTXDWRE® DRQW KHDW U D (
(v)r+1:

(Gev) == [égz.m ( (h2sin@), + ) + XM m ((huzsin@j gt
:‘;',-{r::llzl:h- 2 -eZp o

i )] + 3" ::j_ L™(hii-cos@),; + I vosBp (- ve-2) U}]] +

P may P
= =

$ (1 -e2)p- (n%- Dy )

-
i

nilsy ]-lf Ll

$V QRWHG EHHRUMR IHJDRPU@H WKH UHOLDELOLW\ DQG DFFX
PRGHO )ORZ ' VRIWZDUH ZDV HPSOR\HG 7KH DIRUHPHQWLR
WR VROYH &)' SUREOHPV ,Q WKLV SDSHU WZR K\SRWKHW
)ORZ 'Y¥(JV DQG 6:0 )ORZ ' VRIWZDUH HPSOR\V WKH )'0 R
VFKHPH WR VROYH WKH JRYHUQLQJ HTXDWLRQV $OWKRXJK
DQG LPSOLFLW VROXWLRQV EXW PRVW RI WKH WHPH IRU
ZKHQ UHTXLUH WR GHWHUPLQH VHGLPHQW WUDQVSRUW SK
EH HPSOR\HG LQ LPSOLFLW FRQGLWLRQ ,Q WKLV SDSHU IR
DQG WKH 16(fV LQ WKH DERYH PHQWLRQHGOGQWGRIVWPADMUWH LR
FRQGLWLRQV UHVSHFWLYHO\ OHVKLQJ SURFHGXUH LV RQ
UHVXOWV LQ WKH &)' SUREOHPV ,Q WKLV VWHS WKH IOR?Z
+RZHYHU LW VKRXOG EH QRWHG WOKIPWWLDQN LBRZ ' OVLRINYV Z\D
SUREOHP RI FRPSXWHU ZDVWH RI WKH WLPH DQG ZURQJ U
YHU\ WLQ\ FHOO VL]H 7KH )ORZ ' VRIWZDUH GLYLGHV WKH
FHOOV ,Q WKLV VWXG\ RQRBWKZINQ BH P WRRISHREPB/ R SUR G X
%HFDXVH WKH XQVWUXFWXUHG WULDQJXODU JULG FHOOV K
JHRPHWULHVY VR WKHVH NLQG RI FHOOV ZHUH HPSOR\HG IR

I1XPHULFDO ,QYHVWLJDWLRQ

TRWDMOK\SRWKHWLFDO FDVHV ZHUH GHYHORSHG WR LQYH
VXJIJHVWHG PRGHO 7KH GHWDLOV RI K\SRWKHWLFDO FDVHV



*+$5(+%$*HW DO

+\SRWKHWLFDO &DVH

,Q WKLV K\SRWKHWLFDO FDVH D FKWR @O DVW K P HG O HIQH W
WKH FKDQQHO VHOHFWHG DV [ DQG W UD QBRHME W LIFOQR\Z
UHVSHFWLYHOQLIRKUHP @RIG XQVWHDG)\ IORZ GHYHORSHG E\
LOOXVWUDWHG LQ WKH )LIXQHWKH [1 RIRQGHW R P IGW B IRRWQ R RE
DVVXPHG DPV\WDQGP VUHVSHFWLYHO\ )XUWKHUBRRQBL@IKW DI
URXJKQHVV FRHIILFLHQW VHOHFWHG DV DQG IR L
FKDQQHO UHVSHFW LKHH OQOR ZKIHR G HOWW LPIOWD QG ERXQGDU\
PDQG WKH YHORFLW\ FRPSRQHQWYV IRU LQLWLD®®QG E
WUDQVBEWHFWLRQV DN WXPEGCVDWVSHFWLYHO\

)L ,QCHBWURJIJUDSK RFXOSRIWKH W

7KH QXPHULFDO RXWFRPHV RI VXJIJHVWHG PRGHO E\ 0$7/
JORZ ' VRIWZDUH ZLWK WKH 6:0 H[SOLFLW DQG 16(Q LPSOL
JLIXUHVWKH ZDWHU VXUIDFH SURILOHV BVH SD®IEH QW.HGWI
IORE GLUHFWLRQ DQG LQ WKH PLGGOH SRLQW RI WKH FKD
ZDWHU VXUIDFH SURILOGIMUHEWALRI) \RUDWKXHHFWDQQHO DQG
WKH FKDQQHO [ P DW WIKQGW ZFD WH. FSHU WWWHHBWVH G, W QL W K H
ZRUWKZKLOH WR PHQWLRQ WKDW LQ )LIXUHV RI ERWK RI
VIPERO Rl QXPHULFDO VROXWLRQV RI )ORZ ' E\ 16( 79'&'
RI WKH GHYHORSHT/$PR GH@GE\)ORZ '([S ° LV WKH QXPHULF
Y)ORZ ' E\ 6:0

)L :DWHU VXUIDFH SURILOH LQ WKHLIORZVBUUWDIFWDRE BWRIWEBHVHE WKH IORZ G
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JLJ :DWHMXYUIDFH SURILOH LQ WKH W UD QDMW ¥ GO FRHHL RIW\R RLED B/W D (DM G LUH FW L
$FFRUGLQJ WR WKHVRKHIXMXHYHVWHG PRGHO E\ WKH DXWHE
SHUIRUPDQFH WKDQ WKH VLPXOZDDVWIHR Q QU B R WXWR/I DAY &)HO R @ F
WUDQVIBEWHFWLRQV :LWK UHJDUGV WR WKH UHVXOWV WK
WKH )ORZ 'V LPSOLFLW PRGHO LQVWHDG RI )ORZ 'V H[S(
DGYDQWDJHV RI WKH DX\ WHIWHRR BRIOT XBDUMWYKL]H Rl1 PHVKE
REWDLQ UHOLDEOH UHVXOWYV LREORRGWRY '{VKH[SQPHIQV L
GLIIHUHQFH EHWZHHQ QXPHULFDO UHVXOWV RI VXJJHVWHG
JORZ ' VRIWZFDWFXODMWHG DV

'LPHQVLRQOHVV 'LIIHUHQBH' RWRAERZPY[S )ORZ ',PS

)L 'LPHQVLRQOHVV GLIITHUHQFH RI ZDWHU DAY U WHE BV FBRJRRH IOV H RQOW K M GARIZH UGHL
RI' ZDWHU WKIWIDH H & WKHDMWRKZVIBEUHFWLRQ

)L 'LPHQVLRQOHVV GLIITHUHQFH RI ZDWHU VIXW | D¥F K )&l R'ILLFOHQ VQ RQKOHH WMJU D Q V
GLIITHUHQFH RI ZDWHU VXUIDFH SUWKEYH LQ WKH WUDQVHFW GL

7KH GLPHQVLRQOHVYV GLIIHUHQFH R [ZBBWH H PWXIUR Q FBHIWS WK H
VWHSV DQG DUH SUHVHQWI® OI0Q WWKKHH JGLIRHBVLRQOH"
ZDWHU VXUIDFH SURN GHY HRWLRQGHMRHHEW [ P IRU W.
WLPH VWHSYV DQG DUH JLY/H® HL QL WKKIHHQ) LG XRIHYV LR Q O
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ILJXUHV LW FDQ EH FOHDUO\ XQGHUVWRRG WKDW WKH GHY
EHWWHU SHUIRUPDQFH WKDBEO)ORZRZIV([IS[S OAFEWX PR WKH
6:0 H[SOLFLW FDQQRW LQWHUSRODWH WKH YDOXHV RI L
PRUH WLQ\ PHVK FHOOV PXVW EH VHOHFWHG +RZHYHU E\
EHJDQ WR H[WHQG HUQROOAHENUFIRMW.GLDO DQG HUURU Pt
IDYRUDEOH PHVK VL]H VHOHFWHG IRU H[SOLFLW VROXWLRQ
DFKLHYH UHDVRQDEOH UHVXOWYV ZLWK WKH URXJK VL]H RI
VROYH WWKHWEFDO FDVH LQ WZR GLPHQVLRQV ,I WKH SX!I
RI ZDWHU VXUIDFH S RDLQOH G HRWW KRIGORHAF\WWRRQYV )ORZ
GHYHORS ' PRGHOV +RZHYHU EHFDXVH LQ WRKLWREZRWKM S
VLGHZDOOV WRR WKHUHIRUH GHYHORSHG PRGHOV E\ JORZ
WKLUG GLUHFWLRQ WKH QXPEHU RI PHVKHV LQFUHDVHG VYV

+\SRWKHWLFDO &DVH

,Q WKH VHFRQG K\SRWKHWLFDO FDVH WKW G HDYJWR QDG Z|
UHVSHFWLYHO\ 7KH O0DQQLQJ V URXJKQHVV FRHIILFLHQW I
EHG OD\HU DQG VLGHZDOOV UHVSHFWLYHOD QKW VD&$HFR
GLUHFWLRQV VHOHFWHG DVO\ 7KH)GOOXVWUHNYWHR®Y LRIHLQ (
JLYHQ LQ WKH )LIXUH 7KH YDOXHV RI DXG® RFUWQ \FHRP/B
GLUHFWLRQV VIOBBOWBPHGUMYSHFWLYHO\ )RU WKH LQLWLDC
RI WKH IORZ DVVRPIGYBIWRFLW\ FRASRQBQWWDGYHBRE LR Q \
ZHUH VHOHFWH® @GP VUHVSHFWLYHO\ 7KH LOOXVWUDWLR
JLYHQ LQ WKH )LIXUH ,Q DGGLWLRQ OLNH WKH SUHYL
FRPSDULVRQ EHWZHHQ )ORZ ',PS 79'& DQG )ORZ '([S DUF

7KH LOOXVWUDWLRQV RI ZDWHU VXUIDFH SURILOHV DW
GLUHFWLRQ DQG LQ PLGGOH SRLQW RI WKH FKDRQW®HFDQ
LOOXVWUDWLRQ RI ZIQWWKH VWU D@HYBEWRPLGIEWVOH SRLQW DW
VWHSV DQG DUH JLYHQ L@DPW®&H WHKMUGMPHQVLRQOHVV
DUH SUHVHQWHG LQ WKH )LIXUHV

)L ,QOHW K\GURJUDSKDRIHK\SRWKIHWLPWEU VXUIDFH SURILOH WK WKH IORZ G
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)L :DWHU VXUIDFH SURILOH WX WHHE |@DRVZHELVXIEMIFRIQSDWRILBOW LROYWDKAMH W UDQV

)L DWHWMXYXUIDFHLUWRKH W U D OMA/AWY BLLIU HIEFRH@ERWL RQOHVY GLIITHUHQFH RI ZDWH!
LQ WKH IORDWEKUWHHWLRQ

)LJ 'LPHQVLRQOHVV GLIIHUHQGH RQ ADK\HH LODREWKEHH SWRARQVLRQOHVY GLIIHUH
Rl ZDWHU VXUIDFH SURILOBW® WHFH WUDQVHFW GLUHFWLRQ

)L 'LPHQVLRQOHVV GLIIHUHQFH RI ZDWHU VX\WWRPAHBURILOH LQ WKH
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%DVHG RQ WKH )WKHNXIJIHVWHG PRGHO E\ WKH DXWKRUV
SURILOHVY FRUUHFWO\ 7KH UH[V X0OVEVWRY DIDVEHH B/ VRIQH | DDR)?
UHVXOWV RI )ORZ ',PS DUH FRPSDWLEOH ZLWK HDRK RWKH
LQ WKH LQOHW K\GURJUDSK RI WKH J)ORZ ' PRGHOV LQ WKH
UHTXLUHG WR PDNH D ILQH VL]H RI PHVK %\ XVLQJ WKH
FRPSXWHU FDQQRW LQLWLDWH WR WKH \PIRPXD® WARQD & UREV
EHWWHU UHVXOWVY WKDW VKRZ JRRG DPSHARB®WDVE\, WO RV
LPSRUWDQW WR PHQWLRQ WKDW ERWK RI WKH K\SRWKHWL
*+] &38 DQG *% 5%$0 ORUHRYHU )ORZPSURW/GAROR VLRZOVDh
PRGHOV

&RQFOXVLRQV

7KH PDLQ SXUSRVHL\RIWERKS®SVUHYERBHO WWKSUBBWHW VXUI
SURILOQHDYOOXYLDO FKDQQHOV DWBWHPYHRDY HRSOR\HD/
JRYHURIDQDWLRQ 7KH JRYHRHWGL Y F UBTMIKWERQ VWKH H[SOLF|
FRQGLWLRQV 7KH FODVV RI 79' VFKHPHV ZDV VSIWFLD OO\
VROXWLRQV ZKLFK ZDV SURYHG WR >EH® )XV VIXION HQR &)R W
UHVHDUFKHUV ZWRKM NMPEIMBRDR®DGLPLQEV KLLGP VG RHPRIOY H U\
WKLV SDSHU WKLV VFKHPH DSSOLHG GLUHFWO\ WR WKH JR
FRPSDWLELOLW\ ZLWK WKH SK\VLFV RI WKH SUREOHPV DQ
GHYHORSH ® KEEYD RRWDKHVV X JJHVIWHW KR @H]®! Rl DSSOLHG F
VXJJHVWHED @ REEMODLQ DFFHSWDEOH UHVXOWV ZLWK OHVV
VRIWZDUH ORUHRYHU \BKMHORSKHRBURRGKIOFE\ZDYV VROYHG L
HQUW PRUH FRKHUHQFH ZLWK )ORZ 'fV LPSOLFLW PRGHO LC
LV ZRUWK SRLQWLQJ RXW WKDW WKH GHYHORSHG PRGHO
H[SOLFLW PRGHO $V D VXJJHVWLRQ IRU WKH IX®WRXUWD ZRU
PRGHO RI WKH 79' VFKHPH LQ LPSOLFLW FRQGLWLRQV )
LQYHVWLIJDWH WKH VXJJHVWHG PRGHO E\ H[SHULPHQWDO G

SHIHUHQFHYV

>@ : 9LHLUD '$ DQG :D@LP&HB®WRQDO QXMRHWUQRIO PR
XQLIRUP VHGLPHQW WUDQVSRUW XQGHU X@XWE&DG\ RIOF
+\GUDXOLF (QJLQHHULQ#% $68&(

> @HR ,: -XQ , DQG &XFPHGORW.RQRE ILQLWH HOHPHQW P
VHGLPHQW WUDQRS GV ID/QDMWHW XRUXP

> GKDUHKEDJKL $ DQG .D\D % 6LPXODWLRQ RI EHG FKD
PHWKRG E\ NLQHPDWLF ZDYH PRGHO ,QWHUQDWLRQDO
6FLHQFHYV

> @\D % DQG JKDUBKEDRGHOOLQJ RI VHGLPHQW WUDQV:
PHWKRG XQGHU XQVWHDG\ FRQGLWLRQV -RXUQDO RI WKF
RI *D]L 8QLYHUVLW\

> @DUHKEDJKL $ ([SHULPHQWDO DQGUR®RVERURD SKHYQPREY
/$0% (57 $FDGHPLF 3XEOLVKHU
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> @\D % DQG *KDUHKEDJKL $ ,PSOLFLW VROXWLRQV R
YDULRXV QXPHULFDO PHWKRGV $XVWUDOLDQ -RXUQDO R/

> @UDGIRUG 6Q)GHUYG %D)Y R QIXPIHW AR G H O ZIRW HWK DOFOREL Q J
DUELWUDU\ WRSRJUDSK\ -RXUQDO RI K\GUDXOLF HQJLQH?
> @Q &+ 'DL 64 DQG &KHQ 6 0 1XPHULFDO VLPXO
HTXDWLRQV E\ XWLOH MEEXERY XDVWUXFWXUHG PHVK

+\GURG\QDPLFV
> @KHQ 6 & DQG 3HGUPHWQVLRD® O QXPHWIFHO NROBORZ I
HTXDWLRQV IRU FRQIOXHQFH VLPXODWLRQ $GYDQFHV LQ
> @VVHUZDOIQG /LDQJ 4$ $ GLVFRQWLQXRXV *DOHUNL
GLPHQVLRQDO VKDOORZ ZDWHU HTXDWLRQV &RP&SXW OH

> @RXPD 5 DQG .KDQED®@DBFHGH®Q VWDJIJHUHG FHQWUDC
WZRLPHR®DO VKDOORZ ZDWHU HTXDWLRQ V\VWHPV $SSO
+

> @®@DQHVWUHOOL $ DQG 7RUR () S5HVWRUDWALW® RI W
FHQWHUHG VF KHRRHAH U,Y DIIREDS HY R HUGWRZIRQ V L FORIZ 0Z B KIHQ
HTXDWLRQV $GYDQFHV LQ+:DWHU 5HVRXUFHV

> @®WD 5 3DYDQ 6 .KHOODGL 6 DQG 7RUR VFKHPEHLJK
DSSOLHG WR VKDOORZ ZDIWH D SISTXIDRDWVRICRQ M LB G WDQFHV L

+

> @DVTXH] - $ DQG :DOVK % : &) VLPXODWLRQ RI ORFLC
WLGDO IORZ UG ,$+5 &RQUUBHVRU:DVBKUWRIQOQEBYH (QYLU

> @FKDU\D $ ([SHULPHQWDO VWXG\ DQG QXPHULFDO VL
WUDQVSRUW DURXQG D VHULHV RI VSXU GLNHV 3K' WKHV

> @ VKDU + DQG +RVHLQL 6 + 1XPHHUEPHQMPX MIWLRQ RI
D 5SHFWDQJX®@DHVIMHED EHLU ,QWHUQDWLRQDO -RXUQDO F
7HFKQRORJ\ %

> @DWDK8RHUD < $ /DQGU\ % - $EDG -' DQG *DUFtD
QXPHUIXRKDORVWEKH IORZ VWUXFWXUH DURXQG WZR SDUWL
EHG -RXUQDO RI +\GUDXOLF (QJLQHHULQJ

> @HUVWHHJ + . DQG ODODODVHNHUD : $Q LQWURGXFWL
WKH ILQLWH YROXPH PHWK® & F LIHZW<R UM MBPBRQLFDO W

> @LWDNHU '/ *URVVPDQ % D®RIPHRPMI(BRQBDO IXRHU FRF
RQ D WULDQJXODU PHVXROKRH KEKZHOKE BGEWHWK $HURV.
OHHWLQJ 5HQR 19

> @®DEHOOR -. ORQGDMRKQHU 5 $ &RPBDGHWRQYFRHRKHYKH
ILQLWH YROXPH VROYHU IRU XQVWUXFWXUHG JULGV $,!
&RORUDGR 6SULQJV &2

> @UZLVK 06 DQG ORXNDOOHG ) 79' VFKH®WYV -IRYHB
ODVV 7UDQVIHU



