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$EVWUDFW

*OREDO DFWLYLWLHV RI W\SKRRQV DQG KXUULFDRQQGEHYDIYWH BDDGXDO

HFRV\VWHPV WKURXJK WKH UHFHVVLRQ RI VXEPHUVJIHGOLONHM S&M MG

HFKRVRXQGHU ZH FDSWXUHG WKH VKRUW WHUP PDWR/ MYKiH OOREAQYR R

IOXFWXDWLRQ RI WKH ZDWHU OHYHO LQGXFPFHKREQWRHMKFISURDWIK K|

%LZD -DSDQ 7KLV SDSHU LQYHVWLJDWHYV WKRISXNVHMDIDVE BRRFX WL/

UHVROXWLRQ FLUFXODWLRQ PRGHO LQ /DNH ®BRLHH® VZ DV SHERRSND H/(

G\QDPLFDO PRGHOV RI WKH IOXLG IRUFH DQG LPXRDMRICR @ FYKLIFEH

UHSURGXFHG WKH ZDWHU OHYHO IOXFWXDWHEBQED WEHKMWKSKBRE &

VLPXODWHG UHVXOWY GHPRQVWUDWH WKDW WKHUIRR®& EIRHJFH G |

PDFURSK\WHV GXULQJ WKH W\SKRRQ DSSURDFK DFRPX WHKD W KWHKR X W1

YHIHWDWLRQ $V D UHVXOW WKLV XSURRWH Q@IDBWWULBDRWWR WWR>

PDFURSK\WHV LQ D ODUJH DUHD RI WKH VRXODNK S§DRGQ FWHIRRKK 0PQ GKU

VWRFN RI ILVK VXFK DV EOXHJLOO LQ WKH ODNH LZRD N5 HQRDBR QK

DWWULEXWHG WR WKH PDVVLYH RXWIORZ RI VXKBDHUHH & FPDQPUWRRK

ZRUGV
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'HFODUDWLRQ

$YDLODELOLW\ RI GDWD DQG PDWHULDOYV
3OHDVH FRQWDFW DXWKRU IRU GDWD UHTXHVWYV

)XQGLQJ
7KLV ZRUN ZDV VXSSRUWHG E\ WKH &ROODERUDWLYH 5HVHDUFK )X
DQG HFRV\WWHP PDQDJHPHQW RI /DNH %LZD" XQGHU WKH -DSDQHVI

&RPSHWLQJ LQWHUHVWYV
7KH DXWKRUV GHFODUH WKDW WKH\ KDYH QR FRPSHWLQJ LQWHUH)

$XWKRUV FRQWULEXWLRQV

61 PDLQO\ FRQWULEXWHG WR ZULWLQJ SDSHU PRGHOLQJ VLPXOD\
REVHUYDWLRQ RI WKH SODQW KHLJKW RI PDFURSK\WHV E\ DQ HFKR
DQG bDQDO\VLV RI WLPH VHULHV RI WKH ZDWHU OH YIHKD O +G BRUDWULE
ZLQG DQG DLU SUHVVXUH .0 FROQWULEXWHG WRVWHKH LW HUWL WK YGDOV
VLWHV 17 PDLQO\ FRQWULEXWHG WR VWXG\ GHVLJQ RI WKLV SDSH
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,QWURGXFWLRQ

*OREDO DFWLYLWLHYV RI WURSLFDO VWRUPV OW\SKIRREW DV OKDXQC

HFRV\VWHPV DUH JUDGXDOO\ FKDQJLQJ ORUHRYWWU XNFWRXSLHD @R 1V

SODQWYV LQ WURSLFDO DQG WHPSHUDWH UHVHROQNIJLRQVY BWHDDL WK

JRQHV RI WURSLFDO VWRUPVY DQG WKH\ H[SHULHDQWHRKQM\N KQ\ U QM

UXQRII +DYHQV HW DO LWK I XWX U EDYVAHIQBRRISWKE LW WR KIQ

WKH QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWHRMNFOKRIHM Z LR EHFR

LOWHQVH OHDGLQJ WR PRUH YLROHQW ZLQGVY DQG UDLQIDOO

$TXDWLF SODQWYVY SDUWLFXODUO\ VXEPHUJHG PHERUYREBRPHI\Q WS

SRVLWLYHO\ LQWHUDFWLQJ ZLWK WKH ZDAMIEB HWXIHL WD BURES KFWRNVY

HXWURSKLF ODNHV FDQ DIIHFW QXWULHQW F\FORQLUWBGLP QR -

SK\WRSODQNWRQ EORRPLQJ :HLVQHU HW DO 7 KN YHY B WIDHWL\

HFRV\WVWHP IXQFWLRQV SURYLGLQJ VKHOWHUYDWHU ITXR®WNG DOIX®G \

WKH R[\JHQ EDODQFH 6RRG HW DO $FFRUGL@UMP MG EBW LR Q'

SXULILFDWLRQ HIIHFWV RI VXEPHUJHG PDFURSK\WHV RDQEX\W UHLW (D

'"KRWH DQG 'L[LW

7KH HFRV\VWHP LQ D VKDOORZ ODNH FDQ FKDQIRIGWU ¥ WW UPDROROL\Q

ZLWK WKH UHFHVVLRQ RI DTXDWLF SODQXWWVEHG BEWWWR SLFD Q@ KSR

D UHJLPH VKLIW IURP FOHDU WR WXUELG+ADWWHUDEL\QORYQ Q JO\RREPLH,
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ZLQGV FDQ DOVR FUHDWH VXLWDEOH KDELWDW\AWRU @ TUHLDIWR B \R UU

DITHFWHG E\ W\SKRRQV :DQJ HW DO

7R XQGHUVWDWBUWKRKVRRHY WDNLQJ SODFH ZLWKLQ D ODNH HFF

SURFHVVHV WKDW LQGXFH WKH ODUJH VFDOH UWRENVRDLR @& HRH @ BXDV

WR UHLQIRUFH WKLV NQRZOHGJH 'DPDJH WR BV XXOWALSH 5 DHDW WI\H R (

KDELWDW FRQGLWLRQV DQG WURSLFDO VWREBB LKD/OHWQW RWP V:FQ X V

WR PDQJURYHV LQFOXGLQJ WKH ORVV RI IROLDMWU HKMWDNDIIH RQ \

+RZHYHU OLWWOH LV NQRZQ DERXW WKH SURFHVV E\ ERIOFN WKEP W

7KLV ODFN RI NQRZOHGJH H[LVWV EHFDXVH RR EQROR 1 QRKIDW K&D®LD/

RI VXEPHUJHG PDFURSK\WHYVY DUH DYDLODEOH IURP ERWK EHIRUH D

$V D FRQVBVYXPXQFHWLRQ FRXSOHG ZLWK IORZ DQG G\QDPLFDO PR

WR DQDO\]H WKH GLVVLSDWLRQ RI VXEPHUJH® BPLAHU R B KGHGY WIRQ G-

ORVV RI YHIHWDWLRQ 7KH XVH RI D KLJK UPYRORWER QRIO R/Z APRA

PDVVLYH ORVV RI VXEPHUJHG PDFURSK\WHV 7R GDWH Y DWMNHXV

FLUFXODWMNRMRPHR HW DO ZDWHU WHPSHUDWXUH DQG WKH WK

R[\JHQ .LWD]DZD HW DO SULPDU\ SURGXKWHR QD V6 DNMKRH HAM CDA

LQWHUDQQXDO WLPH VFDOHV QHYHUWKHOH M\ VW K HFLHIQEN UIRRWR O

GHWDLOHG IORZ ILHOG ZLWK D IRFXV RQ VXEPHUJHEVPBHRRE 8KWHWG

WKHRUHWLFDO IUDPHZRUN DQG EXON PRGHOV IRU WHH |1OXIK® URL®
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1HSI +D\DVKL DQG .RQQR JRUWXQDWHO\ ZB YW REHHIHEMG G

ZKLFK DUH QHFHVVDU\ IRU FDSWXULQJ WKH PIFROQIXIFOREY RIF KR

VXUYH\LQJ RQ D UHJXODU VFKHGXOH

7KLV SDSHU LQYHVWLIJDWHY WKH VKRUW WHUP XOWVRIY W IOHR DB R

RI D FDWDVWURSKLF VXSHU W\SKRRQ LQ /DNHX®BLDWHDSOQXUZKLF

LGHQWLILHG WKH NH\ SKWKEDWYV LDYFRAWERRW\PIRY HQOL QOXLG VLPXODW|

DQ HYDOXDWLRQ RI WKH IOXLG IRUFH DQG HURVLRQ FRRGHKOW HR RO

ODNH 7R LQYHVWLJDWH WKH SURFHVVHV BKDIR VD& W BRWX Q ORPALVF |

QDPHO\ HURVLRQ RI WKH EHG DQG WKH IOXLG IRUWHHH KW URR W X

VXEPHUJHG PDFURSK\WHV ,Q WKH ILUVW PRGHO WKHNWXRQJIRZXBD (

RU WRUUHQW )LJXUH D ,Q WKH VHFRQG PRGHOr HWIKIHQ RX IWAIRSZ H

WRUUHQW )LJXUH E

6WXG\ DUHD

IDNH %LZD )LJXUH LV WKH ODUJHVW GDNB URY L3 MQ ZOWHKUDUY

DSSUR[LPDWHO\ PLOOLRQ SHRSOH LQ WKH .DQVDRJRHUIHRQR ®@VJ

LQFOXGLQJ VRPH PHIJDFLWLHY 7KH ODNHLV KILAKDKOM DRQXW KDH A H3RQL

-DSDQHVH DUFKLSHODJR +RQVKX /DNH %LZD AFRIHIMLVPWU QRGCWIWIKEB
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PD[LPXP GHSWK RI P DQG D VKDOORZ VRXWK EBKLRK DHIL HPHHDQ

VWXG\ ILHOG KDV D VXUiD¥FBI DUHD7KIH ODNPM ZDWHU LV JHQHUDOO\

ULYHUV LQ WKH ZDWH¥ KNWGGLVFRNPUIJHG WKURXJK D VLQJOH RXWC

WKH 6 HW.MWKHK Y MR XWK XQGBAHWKAMRRIHUNMROWH WKH UXQRII DQG

UHFHQW \HDUV H[WHQVLYH EHGV Rl VXEPHUJHG PDFUR®K\WHWEKR

GHFDGHVY VXEPHUJHG PDFURSK\WHV FRYHUHG RYHU RI WKH DUH

OHWKRGVY DQG GDWD

ORGHO

‘H HYDOXDWHG WKH NH\ IDFWRUV RI WKH DERYMWIKHRBRY VAK\D BWI |

JLIXUH ZH FRXSOHG D FLUFXODWLRQ PRGHO ZRXWKIWRR RA\YREBPEPH

PDFURSK\WHYVY GHVFULEHG LQ 6HFWLRQ ‘H VLP2OOMDMWWUH G HW KI® Q@ Q G.

7\SKRRQ XVLQJ DQ XQVWUXFWXUHG JULG RFHERBA RGKH \DKHD D W R

IOXLG IRUFH DFWLQJ RQ IOH[LEOH SODQWYV ZH U HDE DEBOUFDOOMVFHWGH K D\

PRGHO

IDNH FLUFXODWLRQ PRGHO

,Q WKH VLPXODWLRQ SDUW RI WKH IORZFKDUWHG LIXWUG! )L QE W EX \OF
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&RPPXQLW\ 2FHDQ ORGHO )9&20 &KHQ HW DO HV WKLY FRQMMH Y

RI WKH PDVV DQG KHDW QHFHVVDU\ WR UHSURGXFHKDMQKIH NB\VBKHMHVEI

OHYHO RI WKH ODNH 7KH )9&20 XVHV DQ XQ VWG FOWXDUGILE) JVWWHR) UDDL

IOH[LELOLW\ LQ DGMXVWLQP WKRH LW &/ KHHVROKWARQRU FRDVWDO JH!

%LzZD )LIJXOH PL[HG FRRUGLQDWH V\VWHP FRQVLVWLQJ R)Q MLIKH FF

VXUIDFH D\WUWJIPQGOD\HU EHORZ WKH VXUIDFH ZDV HP YOGRWHHBWL Y K

UHDOLVWLF WHPSHUDWXUH VWUDWLILFDWLRQ

&RQVLGHULQJ WKH REVHUYHG ODUJH IOXFWXDW LR QGL QQWXKI®WAO\D

6HFWLRQ WKH VLPXODWLRQ ZDV FRQGXFWSHIGCRIRRQY D V¥ RHMNKIHR OO

6HSWHPEHU 7KH RFHDY MHPXQWMMUR@W RIWK VHFRQGY EHJDQ |

DQG ODVWHG IRU ZHHNV ZLWK D VWDUW GDWH RI $XIXVW

,QSXW GDWD WR WKH FLUFXODWLRQ PRGHO

JRXU LQSXW GDWDVHWYV QDPHO\ EDWK\PHWU\ ZDWNUVWGDP\8 EV B

ZHUH XVHG LQ WKH VLPXODWLRQ DV VKRZQ E\HWKH GV P RDLWK

KRULIRQWDO UHVROXWLRQ )LJXUH F DQG G GLVWDUEKXKWRGWEW

/1% (5, RI 6KLJD B3UHIHFWXUH DV WKH LQSXW KHWWHDGDR BV KR WLR M OC

JULGV LQ WKH )9&20 )LJXUH 7KH LQ VLWX WHMESG U BWIX &K >GDW DLI

F REWDLQHG E\ /%(5, ZHUH XVHG DV WKH L@ MWKH ¢ LAPDNM B W IWRHP .
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KRPRIJHQHRXVO\ LQSXW WR RXU PRGHO KRUL]JRQWDOO\

7KH KRXUO\ PHDQ ULYHU GLVFKDUJHV IURP WKIHH 6 BW DHILH RE \XHU

WKH 6HWD 5LYHU :HLU RSHUDWHG E\ WKH OLDQQ8WBXBLVPQG/,7Q IRJID

.LQNL 5HILRQDO 'HYHORSPHQW % XUHDX %LZDNHRV2XMHE LTKM GH VO

ZHUH VLPLODUO\ GHWHUPLQHG IURP WKH SUHHLSLWDDAGIR @ VID DFX P X

GHULYHG GLVFKDUJHV ZHUH YDOLGDWHG XVLQJ WKH UXQRII GDWD

WKH 7DNDWRNL 5LYHU DW 1RGHUD EDVKL

5HDQDO\WVLV PHWHRURORJLFDO *ULG 3RLQW OPOXGD GCHOWRDS/H PG R

WKH -DSDQ OHWHRURORJLFDO $JHQF\ ZHUH GRRQY WR VMG [IURRIP VWKKH

+XPDQRVSKHUH KWWS GDWDEDVH ULVK N\RWR X DV WISHDRJHBEKQVIIP®

DLU SUHVVXUH DW WKH ODQG VXUIDFH DLU WHFPSBWUDWKXHALBGWW\P

YHORFLW\ DW P SURGXFHG E\ LQWHU HIWUDSRODWLRQ XVLQJ D *

(URVHNQ/LPDWLRQ

$ FRQFHSWXDO PRGHO )LJXUH D H[KLELWMQR® KH WKOFGORB Y LX

EHG VKHDU VWUHVYVY VHGLPHQW UHVXVSHQVLRQ [DQNHW KZHD VOEKR RO F

LQ VLPLODU VLPXODWLRQV H J 1IDNDGD HW DG, DW HOKK RRRBXWPI

JULG ZDV REWDLQHG IURP WKH IROORZLQJ HTXDWLRQV

4 LigigF s
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ig L raf{ifas
ZKHUIY LV WKH EHG VKDYV WWHHMVL WQEBD 013/ i3 DRIUVMQU R WEH:IK HR U G
EHG VHGLPHQW FDQ EH WUDQVSRUWHG IURP WK NJ PLDE WEH GW R WL
ODNH ZDWHMC ®&®® 7 LV WKH ERWWRP IULFWLRQ YHORFLW\ @KLFK
DFFHOHUDWICRQ FRQVWIDH WRXJKQHYV FRHIWKHHRWU HIQNG WHHKIHH GV R
GHS&KK + +HKHV WKH ZDW HU \& MSWHK Z MVQUGsk {(H &rHiG68%6 L v WKH \LHC
YDOXH ZKLFK LV GHWHUPLQHG E\ WKHRPREY W X{UR W VW HRP R L VWK ¥ U
9 )LJIXUH 9D OHHM RIURGXFHG E\ LQWHU H[WUDSRODWKR@QLWR W
IXQFWLRQ EDVHG RQ VHGLPHQW REVHUYDWLRQV E\ WKHH/DRMNWKLZ
EDVLQ KDV D RD[LPR®®G KLYIKBNHYV WKDQ WKH DUHDV DURXQG WKH .
DQG WKH HQWUDQFH RI WRKHHQMWDLQYWDQHRXYV HURVLRQ RU UHV.
WKH':1GNJ P RI HDFK JULG LQ WKH PRGHO GRPDLQ RI WKH VRXWK
WKH IROORZLQJ HPSLULFDO HTXDWLRQ VHH 8P DM HHW UDAR N D 1L

WKH SK\VLFDO SDUDPHWHUYV XVHG LQ WKH HTXDWLRQ

'L /4 887

ZKHOH i LV WKH UHVXVSHQVYRDQ(FRQ \DWDMWE LMWUBP U\ WLPH LQ W
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234

HURVLRQ LQGXFHG E\ EHG IORZ LV FDOFXODWHG DV IROORZV

‘LI’ R@P
b

)OXLG IRUFH DFWLQJ RQ VXEPHUJHG PDFURSK\WHV

7R HYDOXDWH WKH IOXLG IRUFH ZH HPSOR\HG WKH QH QAR $WK
EODGHV LQ IORZ )LJXUH E H J IXKDU DQG 1HSI L1VIOQ WKL\
DVVXPSWLRQV ZLWKRXW WKH IORZ LOQGXFHG WRHFRR IHXKDOXMOLWER Wi
RI WKH VXEPHUJHG PDFURSK\WHV +D\DVKL DQG .RQQORSK\WHV WKHF
DYDOOLVOHHWH PRGHOHG DV LVRODWHG EXRUOFRWQV WKW KGNS UEO/HH G
> P WKLPNQHW DQG GHQVNW\P 7KH KRUL]RQ'WRDVY KQ RIRW/?
RYHU GHSWK DQG KDG D VWHDG\ IORZ WKH GRPDQDQWHBGEG URKB YYD
DV WKRVH LQGXFHG E\ VXUIDFH ZDYHV ZHUH DRV HRDVULEPDUBHGRU
ZKLFK LV GHULYHG IURP WKH YHORFLW\ QRUPDOVWR Q\GKDHJ € OITDX(®HS V I
7KH GUDJ IRUPHODFAAMH-QHRIWK HTXLYDQHIOW WR WKH SODQW KHLJK

(LL :s t;6%>R75... %

+HU@ NJ PLV WKH GHQVLW\ B ODNH ZRMW HW DR ERHIILFLHQW
.RQQR 7KH EODGH OHQJWK LV JLYHQ E\ WX GHEEWLHRWY HG P D VDM
.RQQR HYDOXDWHG WKH DIRKG EE QREILY XKD EDDHGHriQeé@WLYH
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{rf ZKHMUH GHQRWHYV DQ XSULJKW SRVWXUH EDVHG RQ OPERHMOWR
EDVHG RQ WKH PRPHQW EDODQFH DV VKRZQ LQ )LIJXUH E WKH GU

(1/2L (».<ﬁ

+HUH WKH YHUWLFDO EXR\DQF\ IRUFH LV

(> L& F & CP

DQG P VLV WKH JUDYLWDWLRQDO DFFHOH UDQVIWRK® FEFROD\GM DIQQNG

WKH IORZ DQG EXR\DQH} LY, ... *a

JURP HTXDWLRQV DQG

(yecea L :s t58,>D75... %

6ROYLQJ HTXDWLRQ ZH FDQ REWDLQ WKH IROORZLQJ VROXWLR

e<ea L :EES8(,CE &; &

Lea L8t:¥:SE:(0°Fs;d
+HUBL & %>R7° 7TKHUHIRUH WKH IOXLG IRUFH FDQ EH GHUZLYHGGXVL

WKH REVHUYHG PDEURSK\WH KHLJKW

(L (,°8t:¥:sE:(8FfFs;d
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272

,Q WKLV IDVKLRQ ZH FDO(F XmwWw WHDE KWKRIGIFDX IMEL PRHUFWHS DQG HYD

VXEPHUJHG PDFURSK\WHV IURP WKH EHG

'DWD

30DQW KHLJKW GDWD

‘H XVHG WKH SODQW KHLJKW GDWD RI VXEPHUJHG PDFURSK\WHYV

UHJXODU VFKHGXOH LQ WKH SUHW\SKRRQ SHULRG RQROMEX $XJ

DQG BHSWHPEHU 7KH REVHUYDWLRQW%WRRBRQXBDVOLRBOKRIYR ¥RE K

%LR6RQLFV ,QF ZKLFK ZDV XVHG WDBGPHBVNKQMW MDKOH*SO DQ W3 K H L8 |

-DSDQ 5DGLR &R /WG 7RN\R -DSDQ IRU SRVLWDRQL@IW DO MGJ

ERWWRP RI D YHVVHO KXOO DQG SRVLWLRQHG P X@GHISE 2B WHH R

FRYHULQJ WKH YHJHWDWLRQ GLVWULEXWLRQ L@ XU M8 XWKD BNYIE

DW LQWHUYDOV RI P DW D YHVVHO VSHHG RI NP KRXU NQI

7KH UDZ GDWD GHULYHG E\ WKH HFKRVRXQGHU ZGRH \8BRGHWWIA T

ODNH ERWWRP DQG WKH VXEPHUJHG PDFURSK\WHUD EWNKNRBIRZMWRDB ¢

PRGLILHG WKH FRQILIJXUDWLRQ DV DSSURSUDVWHHW KMR GHWH FWH RX

GDWD IRUPDWWHG E\ FRPPD 2AMMHESDUQWHQGSRIDDIWHYG &699LQWHU H[WU

JULGV RI WKH )9&20 )LJXUH XVLQJ D *DXVVLDQ IXIQF& VEIDRMD VIHDWD

XVHG WR FDOFXODWH WKH GLIITHUHQFH LQ WKRROPHHW. KRGV IBKRE \H
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291

WKH IOXLG IRUFH DFWLQJ RQ WKH FP FEDDR/$HO VRIQVHIKIDQULW R M SO D Q\

:DWHU OHYHO DQG FKORURSK\OO D GDWD

J)LIXUH F VKRZV WKH REVHUYDWLRQ VWDWLRQV RSHUDWHG E\ W

IDNH %LZD %UDQFK 2IILFH RI WKH 1DWLRQDOW& VADW\HUINGIHMNRRIO( QDI

WR YHULI\ WKH VLPXODWHG ZDWHU OHYHO WRKRH QM X UM WHMDHV U M SWk

REVHUYDWLRQDO GDWD RQ WKH ZDWHU OHHWHID ®GRZ QDRIHGHVW O WRR G

RI WKH :DWHU ,QIRUPDWLRQ 6\VWHP UXQ E\ IMRWHK 0D, DKQVWSVLY

FRUUHVSRQGLQJ WR WKH VSDQ RI WKH VLPXODWHWHG G DNWKDWKR QP

ZDWHU OHYHO GDWD ::H XVHG PHWHRURORJLFDO G® W DG DWXIP K DQ/G.

TXDOLW\ GDWD REVHUYHG DW WKH 2JRWR RIITVWRBR REPIUWDAKHHE Z L

'XH WR WKH SRWHQWLDO IRU WKH ELRIRXOLGU R IPIDQ @W W/IHYH IGQ & WW

DUHJXODU VHPLPRRBRWKKOVRLERHUHEVWOHG KRXUO\ GDWD RI WKH ZDWF

XVLQJ +2%2 8 / ZDWHU OHYHO ORJJHUV 2QVHW &RPSXWHU &RUS

SHVXOWYV

ODVVLYH ORVV RI VXEPHUJHG PDFURSK\WHYV

JLIXUH GLvsSOD\V WKH REVHUYHG KHLJKW Rl WKH VXEPHVWKHG PI
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292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

ROQERDUG HFKRVRXQGHU ZKLFK LQGLFDWHYV WKDW WKKRUWMKZD V RX W

EDVLQ 7KH VXEPHUJHG PDFURBXNWHCEHGWRI WKMMUHD RI WKH VRX

PHDQ KHLJKW ZDV P

7KH DSSURDFK RI 7\SKRRQ PLIKW KDYH LOQGXFHG WKH ODQWIH Y

VKRUW WHUP EORRPV RI SK\WRSODQNWRQ RYHU D ODWHBRMUHLD/ RS N

7\SKRRQ -HEL DSSURDFKHG /DNH %LZD DW WREXW KHOWHW DD Ok

VXUIDFH OD\HU )LJXUH E $IWHU WKH W\SKRRQ DSSURDEKUWKH

VLIQLILFDQWO\ GHFUHDVHG WKURXJKRXW WKHK DKROKHEDKWQU DG X

FRPSDUHG WR WKH DUHD PHDQ KHLJKW EHIRQH ZIESMRRDV Q HDUID YL

VRXWKHUQ DUBPIRS WKWHKHD GLPIHUHQFH LQ PDFURSK\WH KHLJKW )l

LQ WKH VXEPHUJHG PDFURSK\WH KHLJKW P DQGNP BDKIGEK WL

FRQVWLWXWHG RI WKH VRXWK EDVLQ 7KH DUHD LQ ZKULFK XRM |

RI WKH DUHD RI WKH LQKHUHQW KDELWDW RVIWRHI| VXE®@WUGH BUI

KHLIKW RFFXUUHG LQ WKUHH DUHDV WKHHRUWHK PBRYVUIWEHD UHBN W

WKH HVWXDULQH DUHD DURXQG WKH ROG .XRDWXYKPSHIUIHG BROYWFH R SA

6HSWHPEHU WKH FRQFHQWUDWLRQ Rl FKORURSIKRIOWKBD ERQFKID W

GXULQJ WKH SUHW\SKRRQ SHULRG EHWZHHQ HDQRQ 6BEWWRPHHU)

LPSO\ WKH EHQWKLF DOJDO UHVXVSHQVLRQ

15



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

ORGHO YDOLGDWLRQ

'LQG GDWD XVHG LQ WKH VLPXODWLRQ

J)LIXUH D VKRZV WKH WLPH VHULHV RI WKH DUHD DYHUDJHG ZLQ

RI /DNH $VRRWKHDVW ZLQG ZDV GRIFSVOHREM D WERRR FR@GLWLRQ FI

VRXWK ZLQG WR D VRXWKZHVW ZLQG ZKH® WXRIWYEKRARQ G S/SUHRHOEAK

LV LOOXVWUDWHG LQ )LIXUH E DW -67 RQ ZKGHS WIEBKRHRW UH

DSSURDFKLQJ /DNH %LZD ZzDV FKDUDFWHUL]HG E\ D VWURQJ VRXW

RYHU WKH ODNH 7KH ZLQG VSHHG LQFUHDVHG Q PWW BZPIUWE KIHQ GREX|\

J)LIXUH F DVMERIWWHU SORW EHWZHHQ WKH *39 060 SUHGLFWHG Z|

REVHUYHG DW WKH 2JRWR RIIVKRUH REVHURGWILRQ YWIPWHREHUL D

VRPH GDWD DUH PLVVLQJ DW DQG -67 RQ 6HSWHPEHU 7

SUHGLFWHG ZLQG VSHHGV LQ WKLV VFDWW H WRS ORRDANNVWXOAI HW WR/HW KL

WKH SUHGLFWHG VSHHG OHDGLQJ WR WKH GROLMIMVERRQOQKI D Z

séa{9zixz IJURP WKH SUB@LFINLMK DLRGIJK FRUUHODWLRQ FRHIILFLHQW

IRUPXOD ZH PRGLILHG WKH ZLQG VSHHG LQ WKH VLPXODWLRQ DV |

:DWHU OHYHO IOXFWXDWLRQ

J)LIXUH D VKRZV WKH WLPH VHULHV RI WKH RBMWHWYXEHKRRQGDBISRJ

SHULRG RQ 6HSWHPEHU %RWK WLPH VHULHV DML WIKGHGY REW K HW
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330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

SUHGRPLQDQW GHFUHDVHV DSSUR[LPDWHO\ SRRRQ WKHGXYDWQ UN&

KDQG WKH ZDWHU OHYHOV RI ERWK WLPH VHUWBW POV WKHU QIR

DSSUR[LPDWHO\ FP ZKHQ WKH ZDWHU OHYHO DW WKH VRXWKHUQ

$FRPSDULVRQ EHWZHHQ WKH REVHUYHG DQG VLPXODOPWHCGCZDWWX

LQ D KLIJK FRUUHODWLRQ FRHIILFLHQW 5 506X DRPG B, PR Z FDC

FP FRPSDUHG WR WKH PDJQLWXGH RI WKH ZDW@DWMHGY B DWHWD @HIY

VLPXODWLRQ UHVXOWY DUH UHDVRQDEO\ UHBVREXFDRLEOM R1KXXD QO

UHSURGXFLQJ WKH ZDWHU OHYHO IOXFWXDWLRQV LQGXFHG E\ W\S|

6LPXODWHG UHVXOWYV

*DOH LQGXFHG WRUUHQW

JLIXUH VKRZV WKUHH VQDSVKRWY RI WKH XDEX@QDOWB QG U WUWHIWD

ILHOG YHFWRUV LQ WKH VRXWK EDVLQ & XIH@HUDXMHORQ ERIB R DHIES W/

7KH QRUWKZDUG WRUUHQW LQGXFHG E\ WKH VRX® K VR K VGKHDLOW Z

-67 EXW ZDV ODUJHU WKDQ WKH IORZ VHBHAD VQU WE& K FAHRGX BAKIHBDS)

P GXH WR WKH PDVVLYH ZDWHU WUDQVSRUMRQVNMREHDWIDG XM RAHK

WKH VRXWKHUQ DUHD ZDV VLJQLILFDQW OWN IOHR RAUK MUK B Q QWK DDN W IQUW

RI WKH WA\SKRRQ GLPLQLVKHG )LJXUH WKHPZOWHILWR OHYHO UHFR
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349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

7KH WHPSRUDO YDULDWLRQ RI WKH VXDILDG i IFXNAUDHVKWVX UQ E IOAMDW U

QRUWK EDVLQ DQG WKHLU VSHHG H[FHHGHG P WKRVW KHX QB QM ¥

QRUWKHUQ DUHD ZDV JUHDWHU WKDQ WKB® VLRXWKADWRXWEKWHQ T

GRPLQDQW

JLIXUH VKRZV PDSV RI WKH PD[LPXP VSHHGVWR@EGFXHBWQRWY

KRUL]RQWDO SDWWHUQ RI WKH PD[LPXP FXUHWHQWR WWHKHADUGBWF YKL

GRPLQDQW GXULQJ WKH W\SKRRQ SHULRG 7KH PD[LPXYWK IM&HRIGWK

VRXWKHUQ DUHD DQG ZDV SDUWLFXODUOWGRPRROQ W KN W ORIFNDRO R]

7KH SDWWHUQ RI WKH PD[LPXP VSHHG RI WKHFEKRW W®RW® EKV UGHRPN Q/L

GLUHFWLRQ RSSRVLWH WR WKDW RI WKH VXW R P H BAHRHAS SADWWHIMR

WKH PRVW QRUWKHUQ DUHD QHDU WKH %LZDNR RKDVKL %ULGJH

JLIXUH VKRZVY WKH WLPH VHULHV RI WKH DU}MHW RN AMRXMK EZIDWL

QRUWR RI*+ 1 D SURPLQHQW QHJDWLYH SHDN RIKW KIHU B DWDHH @ B JYHH

VSHHG DW WKH VXUIDFH VKRZV WZR SUHYDOHQW SHDNWMYRD\ WK@GE

DSSDUHQW IOXFWXDWLRQV VXJIJHVW WKH WR IPQGZDWHWUORY S A& WA

R P1ZDWHU DUHD RI WKH ERWWKHDWKHRRXWKMPDQG QRUWK E
ERWWRP VSHHG ZHUH YLVLEOH DW DQGSHULR&G7 GXULQJ
-67 WKH PD[LPXP SHDN PV RI WKH ERMWWRPJIPLRZXGMHV ZIDNVDIF &S

RQH WKLUG WKDW RI WKH PD[LPXP SHDN RI WKH WXUIDFH IORZ V&I
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368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

VLPLODU WR WKDW RI WKH GHSWK DQG DUHHDWRHULDE FDE QE R ZVX3 H
WKH VXUIDFH YHORFLW\ ILHOG UHSUHVHQWHGDWWH WKRIZWSH® BR UPY

DIWHU LQGLFDWHY WKDW VPDOO IOXFWXDWLRQV RFFEXUUHG DI

(URVLRQ

JLIXUH VKRZV WKH PDSV XVHG WR HYDOXDWH W KHDWK KMKH \BM
7KH PDS RI WKH FULWLFDO VKHDU VWUHVV )LBXKHJIK BV VG DO
QRUWKHDVWHUQ DUHD DURXQG WKH FRDVW RI WKHJ . VKB VXML 3RKT
%ULGJH 7KHVH DUHDV KDYH D UHODWLY BRD ORZ VZ R MW MAL FER @W H Q BYJ
VWUHVV GXULQJ WKH SHULRG RI BHSWHPEHU REWIDL QWG HEW\H TIX D
LQ WKH QRUWKHUQ DUHD SDUWLFXODUOULGJWK FKHW HDLWH D V H50J Y
EHG VWUHVV WKDQ WKH DUHDV H[KLELWLQJ WK HRO/RIRIL QMDHNV Y\DSHHC
VRXWKHUQ DUHD ZHUH VXEVWDQWLDOBNFHSHO R UUW R BL QLI KHRP Y DD
WKH VRXWKHUQ RXWOHW IORZLQJ LQWR WKH 6HWD 5LYHU

%DVHG RQ WKH UHVXOWYV RI WKW)EUXLWH. F DO DI)QEG  EEH R SIKAEIE W KA
WLPH DYHUDJHG QRQGLPHQV)RIMM EHG ¥ XKHDQJWMUHSHULRG RI
RI HTXDWLR® YDOXKHZDV QHBUOS QBURGDM &LPLODU SDWWHUQ WR

E LQGLFDWKQUQDWXMHUQRWWKHUQ DUHD SDUWLFXODUO\HW WKH
DVVRFLDWHG ZLWK VXEVWDQWLDO HURVLRQ LV H[SHFWHG WR EH V
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387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

$V D UHVXOW RI WKH QRQGLPHQVLRQDO EBBDWKRID W KRHV WHWWD G L
LQWHJUDW'"j G HILRWICR@\ HTXDWLRQ GXULQJ WKH SHULRG RI
LQGLFDWHY WKDW WKH YDOXH RI WKH HURNURWQLRD)V QHBR ONQG NUKRH |
VWUDLW DUHD 7KLV VXJJHVWYV WKDW PRVW BURVDRDBRDZDVFBGURLW
GLVWULEXWURQ ISDWWHWFQ RMKLY GLVWULEXWLRQ LV WMWUEBVY WIRIW

E &RQVHTXHQWO\ WKH PDJQLWXGH RI WKH ERWW RR QERP NG HWHR

EHG VKHDU VWUHVV UHODWHG WR HURVLRQ

)OXLG IRUFH

‘H HYWLPDWHG WKH GLVW U(, BOYW QRQVRH W& R ZI YXIOR FRWF HEDVHG
FUHDWHG PDSV R(, VDG PDLPPIXPYHUDJHG PDJ@LVEXGHQRI WIKH SENLE
BHSWHPEHU )LJXUH 7KH VSDWLDED ZDW WHUQ RY WRHWKDRH FDIY W
ERWK SDWWHUQV SUHVHQWHG ODUJHU VINGIXIVFIRD WKBIOQRWHAMK BHX
DUHD RI WKH .XVDWVX 5LYHU 7KHVH SDW MW HHFWY HPD YK RIQH KHW XKWV
PDFURSK\WHV )LJXUH F VXJJHVWLQJ WKDWWKRIX OGX K® YR UESHU K
VXEPHUJHG PDFURSK\WHV ZLWK WKH JUHDWHVW KHLJKWV DQG ZDV

JLIXUH VKRZV WKH WLPH VHULHV RI WKH DU HF DD/GI® DUKB
QRQGLPHQVLRQDOA MG WKHDVYRXWKHEDVLQ 7KH ZDWPBRYRCSYBGRD
GXULQJ WKH W\SKRRQ DSSURDFK SHULRG DQG VKR ZHK KV KDH HDSWLD
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406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

L@( ZDV FORVHU WR WKDW LQ WKH VXUIDFHHPRZQW & DD W RHWDK I/\M L
DSSURDFK )LJXUH 7KH &Y HHF B REJDVOHGDW KDDWHRSHBNY GXULQJ WK
WKHVH SHDNV FRUUHVSRQGHG WR WKRVH RILWEKHVERWWWRKHIB R ZQ\LS
ZDV GRPLQDWHG E\ WKH PDJQLWXGH Rl WKH ERWWRR® LWORA G/GHH

GLPLQLVKHG DIWHU WKH WKLUG SHDN DQG GHFUHDVHG WR QHDUO\

'LVFXVVLRQ

7KLV SDSHU KLJKOLJKWYV WKDW WKH [0 XRI® ORIUIFMIG XUPHAGK WIR WWKHQ
DSSURDFK RI D W\SKRRQ DW /DNH %LZD XSURRWHQ@IJWHKR WXEPRDY
RXWIORZ RI WKRVH PDFURSK\WHV IURP D ODUKHVBMHUBIBDVKIOW KHGWHRRW
D SUHYLRXVO\ SURSRVHG WKHRUHWLFDO IUDPHZRUN H#DVUDVKAKDQC
.RQQR DUH DSSOLFDEOH HYHQ WR WKH KLJK IORZ VSHHG UDQ.
DFWLQJ RQ VXEPHUJHG PDFURSK\WHV 2XU DSSURDRK: AFDURFRR® UL
DTXDWLF SRSXODWLRQV LQ YDULRXV ODNHV &KMLIXF HW FDUR SK\WH SO
GXULQJ VWRUP VWULNHYV ZRUOGZLGH G6KRUWXDWIDROQ FRQVIOGEHDUY
KLIK LOQOWHQVLW\ W\SKRRQ VWULNHYVY SURMHFWHG XQGHH FDQ H-DAMWH
WKH I[UHTXHQF\ DW ZKLFK VXEPHUJHG PDFURSKYXYWXWALGRHVIS HUQH
H[SHFWHG WR OHDG WR DQ XQGHUVWDQGLQJ RI OWNBEVWHR\AY WHRP ¥
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425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

SURMHFWHG FOLPDWH FKDQJH ZLWK UHVSHFW WRSGKRNUBW MWW WPOHY

7KH PDVVLYH ORVV RI VXEPHUJHG PDFURSK\WHWKHAR K OHESIIBBWOH D

PDFURFKILQXYNH %LZD WKH SRSXODWLRQ RI ZKLFK GVGB8HBHEBDN(

WHQGHQF\ UHDFKHG D PLQLPXP OHYHO LQ DV ¥KRXI) 3H)HWHKHWI

ZHEVLWH KWWSV ZZZ SUHI VKLJD OJ MS LSSDQDNE  NDWWUL HROWHLE

VKRUW WHUP W\SKRRQ LQGXFHG GUDVWLF GHFUHDVH LQ WKH VXE

FDQ SURYLGH D KDELWDW IRU LQYHUWHEUDWAHHI DQG DEWOMHW IHWGL

DQG OF,QHUQ\ U NSRAUDMH E WIKQO W KHKM XEPHUJHG SODQW FRYHLU

SULPDULO\ H[SODLQ WKH VSDWLDO YDULDRVERRURI WKHI WOXMHJILOO I

WKH DEXQGDQFH RI VXEPHUJHG PDFURSK\WHV FDQ LPSIFWKIRDOKRE

HXWURSKLF ODNHV

7KH UHSURGXFLELOLW\ RI RXU VLPXODWLEQQWHN QG WX GUHE®I\Y GN\H

ZKLFK LV D OLPLWDWLRQ RI RXU DSSURDFK :H HY D@HYHOH ERW & B U

WKH REVHUYHG ZDWHU OHYHO 506( P HW KOLHYHDOXMS IDIOMDX/GHL W

P RI ERWK WKH REVHUYHG DQG WKH VLPXODWHGNNOXF W RDW L\RH

WKH IOXFWXDWLBRQW KRR UDWHG IRWH WKDW WKH DFFXUDF\ RI WK

FDQ ODUJHO\ FRQWULEXWH WR WKH UHSURGWX RLE WHKHN RRYHRXWDMIR

WKH ZLQG REVHUYDWLRQV %RWK WKH ZLQ®QWSHNHGI B\ WKH H\Q B

EDVLQ DQG WKH LQWHQVLW\ RI WKH JDOH LQG@ ¥R¥K® & BHERQ YH 7K
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444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

YDOLGDWLRQ RI WKH *39 060 SUHGLFWHG ZLQ@GIHEVXMHGDRY REYEUY

IRUFH PRGHO XVHG LQ WKH VLPXODWLRQRARIMWIGPEOW £~ ¥ DX\ 1B BADKH

IRU WKH VLPXODWHG FXUUHQW VSHHG GULYH H &30mmWV K\HW KKAWO D F

WKH YDOLGLW\ RI WKH VLPXODWHG UHVXOWN YHDV MX RIP RMIM I W\DHR

Rl RXU PRGHO LV WKDW WKH DFFXUDF\ RQRERH ML X¥XrXDWH QW X UHWDHR

REVHUYHG LQ WKH DUHDV ZLWK BEKERPSHIUH\GR BDAFLIURIS K\ WHH \ELHFGNO DRAUK

WKH DFFXUDF\ RI WKH VLPXODWHG VSHHG

7TKH ZLQG LQGXFHG ZDYH PD\ DOVR FRQWULEXWHR WRHZDQYE WEGE X

VKHDU VWUHVYVY DFWLQJ RQ HURVLRQ UHVXAOWKIHQU HSU AN HQRVIKWW HF

* P DQG @HULNGBF GXULQJ WKH W\SKRRQ DSSURDFK SHULRG

(o))

EDVHG RQ WKH VLPSOH 60% PHWKRG %UHWVFKQHLGHU P V XWO®.
VXSSRVLQJ WKH W\SLFDO IHWEKHV NR &R QR LB KK LVGRX W K HE D U Hit
OHQJ]WKCE® :te; P ZH REWDLQHG&VEDOH IFQUEGEMWAHDWWIR@I WKDW W
LQGXFHG E\ WKH W\SKRRQ JDOH ZDV WKH GHHSZDIWWHHU LXD M 5 RIKHHC
GHFUHDVHG DQG LWV KDOI H[FXUVLRQAYHD D W KHOKR VW RVK 1D RUER
$V D UHVXOW ZH GHULYHG WK HaU\SIAZD,06ZD Y H R G QD FAKKIH EQ W\
RQ WKH VLPLODU FDOFXODWLRQ 'XIRLA BB/WDWOP DO OH U7 MK [ & U KW
LQGXFHG FXUUHQW DV VKRZQ LQ )LJXUH V X HHMW L B O HV K/IK\W WA K
ZLQG LQGXFHG ZDYH DQG ZDYH LQGXFHG FXUUHQW FDQ VHFRQGDU
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463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

7KLV VWXG\ LOOXVWUDWHY WKDW D KLIJK KHYVROXWXIRQDBEOHK WRR \

FXUUHQW YHORBWW\KIRRGXFWE® IENH 2XU PRGHO LV FRPSRVHG RI JUL

P DV VKRZQ LQ )LJXUH ZKLFK FRUUHVSRE &Y HFRRWR K QG|

REVHUYDWLRQ V\VWHP XVHG WR PHDVXUH WKH YHJHWD®LR®LKHL.

UHVROXWLRQ FDQHHRQROQODEEXHNHDWRXODWLRQ RI WKH IOXLG IRUFH

XVLQOUHDOLVWLFDOO\ VLPXODWHG ZDWHU OHYHO RQGGE OMRRARDQVWNKH

VSDWLDO UHVROXWLRQ WKDQ WKDW RI RWWKH KG HO VH§ 8 H G LAFDQUIFUHHEQ @

DQ DWPRVSKHULF GLVWXUEDQFH DQG ZDV WKHUMRN H WIQG/ X IH VRLODC

SUHYLRXVO\ SURSRVHG PRGHOV ZHUH ODUJHU WRGBGOV XP\E MWRDXM E

WKH ODNH FLUFXODWLRQ DVVRFLDWHG ZLWIO WIBRNH NMHDIVRAN B | WAKKH-

WHPSHUDWXUH HJ $NLWRPR HW DO DIRRHE BPWGCHID ZLWK B Ulk

NP JULG WR VLPXODWH WKH JDOH LQGXFHG U XOHYHHOWZ DEVX WQW K H L1

DQDO\WHV QRW VKRZQ

7KH PDVVLYH RXWIORZ RI VXEPHUJHG PDFURSKFDBYD\LRIGXE HE VE K

HFRV\VWHP DQG HQYLURQPHQW ZKLFK VKRXOG EWMFHQLMHMWRVIDWSEE

HW DO $ VRXWKZHVW ZLQG ODUJHU WKDQ PV EOHZ GXULQ.

LQGYERUWKZDUG WRUUHQW DQG YROXPHWULF W QD RMKXRIHW | DRI

‘H FRQILUPHG WKDW WKH FRQFHQWUDWLBQVRH PW CSKWRARSXK DB DR

GRXEOHG UHODWLYH WR WKH FRQFHQWUDWLRQ GXUDlMQIUXWHKH S UKW
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482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

VXJIHVWYV WKDW VKRUW WHUP EORRPV+R% WRBHML FVDRIRI KW URPH K R UD|

DUHD RI WKH VRXWK EDVLQ RQFH WKH WXUELGLW\ KD¥KE8RRY LDIHXC

PRUH LOWHQVH DQG YLROHQW XQGHU WKH IRGXUH SURMEKWHKG HF

LQFUHDVH WKH SRVVLELOLW\ RI HYHQWYV WKDWMD VYN QWK BO/RN \LH Y COL

LQFUHDVHV LQ +$%V 6LPLODU SUREOHPV FDQ EWHXE¥RHUBIKBGDPRRURWA

YHIHWDWLRQ :H VXJIJHVW WKH DQDO\VLV RI W\SKRRQ WWEDM\HG/ RR |

UHIJLRQDO FOLPDWH FKDQJH VFHQDULRYV WRKHD@Q@DIEVHL @/ IOD NHEHSB QY

WULJIJHUHG E\ WKH PDVVLYH ORVV RI VXEPHUJHG PDFURSK\WHV

&RQFOXVLRQV

7KLV VWXG\ H[DPLQHG WKH PDVVLYH ORVV RI VXEPHUIHGBS PDF

LQYHVWLIDWHG WKH SK\VLFDO SURFHVVHV QUHN XRQK LE-OWR (IRUNW R €

7KH VLPXODWHG UHVXOWY GHPRQVWUDWHG WKW HADBNHIHO M R& WR U Fi

PDFURSK\WHV GXULQJ WKH W\SKRRQ DSSURRBKY WWKLVHOKDQ® LUR® FUH

IRUWKH UHPRYDO RI PDFURSK\WHV $VHDVMVXID\WRWK HRY N/ X6 B RHF B I/H/

RYHU WKH ODUJH DUHD RI WKH VRXWK EDVLQ RI /DNH %LZD

7KH SURSRVHG KLJK UHVROXWLRQ IORZ PRGRO W VOHOU EH FDWMH.Q'Y

LQGXFHG E\ WASKRRQ VWULNHYV DOWKRXJK WKH DHRS&XEBDKFRE MDOKHV)
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501

502

503

504

505

506

507
508
509
510
511
512
513
514
515
516
517
518
519

7KH PDVVLYH RXWIORZ RI VXEPHUJHG PDFUR S\K\RMHYON FEDRHGE BAK\HY

DQG HQYLURQPHQW BSRVUDEGH UMBXEQNLRR® LQ WKH ILVK VWRFN DQ

2XU VLPXODWLRQ VXFFHVVIXOO\ UHSURGXFHG W KH @Q-HEWQRVUIPG G I QX

JDOH 7KH PRGHO DFFXUDF\ RI RXU IORZ VLPRBBMEVRQEXWHL (RIUKW XKKH

DQDO\WLY DQG GLG QRW DIIHFW RXU FRQFOXVLRQ :H KRSH WKDW \

Rl VXEPHUJHG PDFURSK\WHV ZLOO EH LQYHVWLIJDWHG EDVHG RQ F

SENORZOHGJHPHQWYV

7KLV ZRUN ZDV VXSSRUWHG E\ WKH &ROODERUBOWWLXGIL BN VRH@ B RK Y X
DQG HFRV\VWHP PDQDJHPHQW RI /DNH %LZD " X QW B OLWMKWML-R® D:@HV K
& -LDR /DNH %LZD (QYLURQPHQWDO 5HVHDUFKEPQWRNEWWWWH J BIKGE& Jq
IDNH %LZD ,Q WKLV UHVHDUFK ZRUN ZH XVHG WKRMWXBHWEKR® S XW
5HVHDUFK ,QVWLWXWH IRU 6XVWDLQDEOH +XPDRRYSWHBMW DINRANWRYV &
060
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SHIHUHQFHYV

$NLWRPR . . 7DQDND 0 DQG 0 .XPDJDL $QQXDD FBOW RI
PHFKDQLVPV /LPQRORJ\ + ‘2, v

%UHWVFKQHLGHU & / ‘DYH IRUHFDVWLQJ UHODWLRQV IRU ZD"
&KHQ & + /LX DQG 5 & %HDUGVOH\ $Q MR \GLPKEW XR @B QJ Us

HTXDWLRQV RFHDQ PRGHO DSSOLFDWLRQ WR FRROWDO RFHDQ DI

&KLX < 7 $ %DLQ 6 / 'HQJ < & +R : + &KH®RITFQGPDWHT7FKQQ®J

PXWXDOLVWLF FRDVWDO VSHFLHV 5HFRYHU\ |URRVWRKK RBRR6 GLLR |
H GRL MRXUQDO SRQH

&URVV 7 . DQG O & OF,QHUQ\ 6 SDWLDOOD §EWPGD QG B AL \D L

%DVV+3DQILVK /DNHV 1RUWK $PHULFDQ -RXUQDO RI "2LVKHUL
0

'KRWH 6 DQG 6 'L[LW ‘DWHU TXDOLW\ LPSURYHPWRW ORKQU R/

$VVHVV + ‘2, Vv

'XIRLV ) 3 *DUUHDX 3 /H +LU DQG 3 )RUJHVWRP VKHDVHYIQG FX (G

LQ WKH *XOIl RI /JLRQV &RQWLQHQWDO 6KHOI 5HVHDUFK +

(OOLVRQ - & ,PSDFWV Rl 6HGLPHQW %XULDO RQ ODQJURYHV 0

+DJD + &RQILUPDWLRQ RI VXUIDFH DUHD RI WK H{i WHR X ROKQEOE

/ILPQRORJ\ + >LQ -DSDQHVH@

+DJD + 7 2KWVXND O ODWVXGD DQG 0 $VKL\D 6SOWLDO

FRPSRVLWLRQ LQ VXEPHUJHG PDFURSK\WHV LQ WKH VRXWHKHUQ I

“RXUQDO RI /LPQRORJ\ + >LQ -DSDQHVH@

+DJD + DQG . ,VKLNDZD 6SDWLDO GLVWULEXWL® @DRIHV%EPRH

EDVLQ LQ WKH VXPPHU RI LQ FRPSDULVRQ ZLWK VQORVRILQ

/ILPQRORJ\ + GRL RUJ ULNXVXL

+DYHQV . + 3DHUO ( 3KOLSV 0 =KX - %HDYHU DQG&®LEDWH

9DULDELOLW\ 3URYLGH D /HQV WR +RZ 6KDOORZ /DNHV OR\ 5HVS

GRL z

+D\DVKL . DQG 0 .RQQR )OXLG IRUFHV D QG @K\ ®WIEX 8 VIF LoV
ULYHU IORZ 3URFHHGLQJV RI K\GUDXOLF HQJUQHHULRURKH +
3&& 6XPPDU\ IRU SROLF\PDNHUV LQ 6 6RORPRQ V 4L@ 0 O

$YHU\W 0 7LJQRU DQG + / OLOOHU >HGV @ &ODRLW H&RKD/QU HE >
RI tRUNLQJ *URXS , WR WKH )RXUWK $VVHVVPHQW 5HDMRU \&KDIQWH
&DPEULGJH 8QLYHUVLW\ 3UHVV
-L* . ( +DYHQV - 5 %HDYHU 7 DQG / (DVW S5HFRYHU\ RI S
VKDOORZ ODNH )UHVKZDWHU %LRORJ\ + GRL RUJ IZE
-HSSHVHQ ( 0 6iQGHUJDDUG DQG = [/LX /IDNH 5HVWRUDWLR
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SBHUVSHFWLYH $Q ,QWURGXFWLRQ :DWHU GRL z

.DZDQDEH + 0 1LVKLQR DQG 0O ODHKDWD /B NDHQ @ LSADR S @IV H6\S I
.LWD]DZD ' 0 .XPDJDL DQG 1 +DVHJDZD (11 HFWW\S R]L,R VDAMUHUD

LQ /DNH %LZD -RXUQDO RI WKH .RUHDQ 6RFLHW\ IRU ODULQH (QY
_.RXH - + B6KLPDGHUD 7 ODWVXR DQG $ .RQGR D QG PORD WLLHR,

5HSURGXFHG E\ D 7KUHH 'LPHQVLRQDO +\GURG\QDPLF ORGHO LC
GRL z

IXKDU 0 DQG + 0 1HSI JORZ LQGXFHG UHFRQILJXHDWWMWR@® QR |

ILPQRORJ\ DQG 2FHDQRJUDSK\ + GRL OR

OHL : DQG 6 3 ;LH ,OQWHQVLILFDWLRQ R| OIIFGIDP O/LL@QF MV V8 K

V 1DWXUH *HRVFLHQFH + ‘2, 1%(2

OLOOHU - : 3 0 .RFRYVN\ ':LHJPDQQ DQG - * OLQHU HUJIMHG/K &

$TXDWLF 9HJHWDWLRQ LQ ODXPHH %D\ :HVWHUQV/HHUL HWL BID @ R UK
+ GRL RUJ QDIP

1IDNDGD 6 1 +LURVH 7 BHQM\X . )XNXGRPH 7 7WOWL3DQGLEWE

(ISHULPHQWYVY IRU 6PDUW &RDVWDO )LVKLQJ 3URJUHVV L(
M SRFHDQ

1IDNDGD 6 0 +D\DVKL 6 .RVKLPXUD < 7DQLJXFKL ™D/X® §PLRE®P\D
VHPL HQFORVHG ED\ 7VXQDPL 2FHDQ ' VLPXODWLRQ R MH® @D\
7URXJK - $GY 6LPXODW B6FL (QJ +

1IDNDGD 6 0 +D\DVKL 6 DQG .RVKLPXUD 7UDQVSRUWDWLRQ
E\ D *LDQW 7VXQDPL %DVHG RQ &RXSOHG 7KUHH 'LFHRNNRQDO
6LPXODWLRQV -RXUQDO RI :DWHU DQG (QYLURQPHQW 7HFKQRORJ

1DNDGD 6 DQG < ,VRGD BHDVRQDO YDULDW\WRRD Rb DN K8IPLV&XR
+ >LQ -DSDQHVH@
1IDNDQR 6 1 ,WR DQG + ,QRXH &ULWLFDO <KIQGG WD QG BKKED
&RDVW (QJ -6&( + >LQ -DSDQHVH@
2WVXER . DQG . OXUDRND 3K\WLFDO 3URSHUWLRIFK ®HGLBHQW

- +\GUDXOLF &RDVWDO DQG (QYLURQPHQWDO (QJLQHHULQJ |
6DWR < ( .RPDWVX + 1DJDUH + 8HKDUD 7 <XDVD &R QMIXERFWL
DQG 9DOLGDWLRQ RI /DNH %LZD %DVLQ 6LPXXRPERRM QREHD ZD G
JORZ DQG /DNH (FRV\WWHP -RXUQDO RI -DSDQ 6RFLH@WRLRQ

MVZH
6FKULYHU 3 - %jJHVWUDQG ( -HSSHVHQ DQG 0 6iQGHUJDDUG
JRRSODQNWRQ SK\WRSODQNWRQ LQWHUDFWLRQRZ GDAUNHRSHOLEGHC
JUHVKZDWHU %LRORJ\ +

6KRUW ) 7 6 .RVWHQ 3 $ ORUJDQ 6 ODORQH DQG * ( ORRUH
DQG HPHUJHQW ZHWODQG SODQWYV $TXDWLF %RWDQ\ * GRL
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BRRG $ 3 / 8QL\DO 5 3UDVDQQD DQG $ 6 $KOXZDOLUDWLF

ODFURSK\WH $]JROOD $0%,2 + GRL Vv ]
8PLWD 7 7 .DVXGD 7 )XWDZDWDUL DQG < $ZDBRIW OXE&WXG\ RG YL
&RDVWDO DQG (QYLURQPHQWDO (QJLQHHULQJ | + >LQ -D
<DQUDQ ' - &KHQURQJ / :HL + B6KHQJKXD DQG : =KHQELQ
&HUDWRSK\OOXP GHPHUVXP / RQ UHVWRUDWLRQ RI D HXWDRSKL
(QJILQHHULQJ + GRL M HFROHQJ

‘HLVQHU 6 ( % - $ 6WUDQG DQG + 6DQGVWHQ OHBKDQL
YHIJHWDWLRQ LQ VKDOORZ HXWURSKLF ODNHV 2HFRORJLD +
'DQJ 4 ' <X = /L DQG / :DQJ 7KH (ITHFW RI 7\SWRRQ \8 R\Y WAHKU

$TXDWLF 30DQWV RQ +DLQDQ ,VODQG B6RXWK &KLQD %LRWL

[
:DQJ ; . :DQJ DQG & 7RQJ $ UHYLHZ RQ LPSDIFRW \RV DA\ SZKHRARC
HFRV\VWHPV $FWD (FRORJLFD 6LQLFD + GRL M FKQDH
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J)LIXUH FDSWLRQV

JLIXUBDS Rl WKH D SUHVVXUH GLVWULEXWLRQ ZKHQ FKRRRRER X ID\S
UHG OLQH DQG GRWV E ZLQG YHFWRUV DQG WSIHWH G U WDR/GIRW U WE
BHSWHPEHU DQG F WRSRJUDSK\ DQG EDWK\PHWU\ D DRXXQ GUDQ G

VTXDUHV LQGLFDWH WKH JDXJH VWDWLRQV RI$HUWDMNHE EU W KOH) G LTF

-DSDQ 0/,7 DQG WKH /DNH %LZD %UDQFK 211 URH RH QWKBIOLPWX B QDY

1,(6 UHVSHFWLYHO\ :KLWH VTXDUHV GHQRWHDWKK RERMWR YR WIKRR
228&$26 LQ WKH VRXWK EDVLQ RI /DNH %LZDV GQ WIK\WKARNXW K LEFDRD ¢

VROLG OLQHV LQGLFDWH WKH WUDQVHFW OLQHV IRU WKH HFKRVRX

VXEPHUJHG PDFURSK\WHYV

JLIXUBRQFHSWXDO GLDJUDPV RI WKH WZR SURFHVMHFXEFHBGSR\QW KHC
VSHHG FXUUHQW D (URVLRQ &DVH HYDOXDWHG GAPMIQW QAR QG LWP
WKH EHG WR WKH ODNH ZDWHU E )OXLG IRUFH &DBRG @WHIBU HR/HF
7KH YDULDEOHY GHSLFWHG LQ WKH GLDJUDP DUH H[SODLQHG IXUW

JLIXUWHORZFKDUW RI WKH HURVLRQ DQG IOXLG IRUFH WXBOXBR®WA R C
FHQWHU JUD\ VKDGHG VTXDUH XVLQJ WKH RE\GHBNWGE RELDRADIRVH WD/C
GDWDVHWY XSSHU ZKLWH VTXDUH

)LIXUBDSV RI WKH XQVWUXFWXUHG WULDQJXODULRQURG YDINM WoH 2 D 9
E WKH VRXWK EDVLQ 7KH WRWDO QXPEHUV Rl WKH WWHD®HRW® DY}
7KH FRORUV LQGLFDWH WKDW WKH KRUL]R\XWDOLGHVRIOXIWMLIR @ IRH ¥
+ P DQG LQFUHDVHV XS WR + P LQ WKIPURRWKLEDD XD \IRE MK
3HQLQVXOD H WKH <DEDVH UHJLRQ DQG VPDOO WKUHH LVODQGYV

J)LIXUHODS RI WKH PRLVWXUH FRQWHQW LQ WKH ODNHHEWGHRI
REVHUYDWLRQDO VLWH PRLVWXUH FRQWHQWY REVHUYHG LQ 6HSW|

JLIXUHVWULEXWLRQ RI WKH PDFURSK\WH KHLJKW KVMWQ WK HDV RDXQN
RQ 6HSWHPEHU E F 7THPSRUDO FKDQJH LQ WRH WBHURISKIWWM
6HSWHPEHU E IURP WKH KHLJKW RQ $XJXVW D

JLIXUHHPSRUDO YDULDWLRQ RI WKH FKORURSE$Q 60 R FLR/QH G KLY U/DKA
EDVLQ GXULQJ WKH SHULRG RI 6HSWHPEHU

J)LIXUHD 9HFWRUV RI WKH DUHD DYHUDJHG ZLQG VSHOW IGHGDYWHXV H

30



651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

WKH VRXWK EDVLQ GXULQJ WKH SHULRG RI 6 H8E W H REKHHU 7\ S K RIRQ
DSSURDFK DURXQG /DNH %LZD E ODS RI WKH ZH@ XWIHFWWR KM DIPCO
UHDQDO\VLVY GDWDVHW DW -67 RQ 6 HIS VRIER HRUY H G- DE&F® \M W\NM U
VSHHGV GXULQJ WKH SHULRG RI 6HSWHPEHU

J)LIXUHD 7HPSRUDO YDULDWLRQ UHIOHFWHG LKQH VREDGMKRINGY ARONRIL
DQG VLPXODWHG FRORUHG OLQHV ZDWHU OHYHGV DDV JIMK MWD W
FRUUHVSRQGLQJ WR 6 DQG 1 UHVSHFWLYHO\ DQJVWKHQRIEY HUXMH
VLPXODWHG ZDWHU OHYHOV GXULQJ WKH SHULRBIRVKH GRWV-6D &L
HOHYHQ JDXJH VWDWLRQV 1 1 6 6 DV VKRZQ LQ )LJXUH

JLIXUHBQDSVKRWY RI PDSV RI WKH VLPXODWHG FKIDHOHU DHFWRU FRB®
SHULRG LQ ZKLFK 7\SKRRQ DSSURDFKHG /DNH %LZD -67
RQ WKH ERWWRP ULJKW GLVSOD\ WKH REWVHRKY WG PH Q® RFH@®R FDWH F
GDWD ZHUH SURYLGHG E\ %LZDNR'$6 KWWSV NRD\X HUL FR MS %l

J)LIXUHKH VDPH DV )LJXUH EXW IRU WKH SHULRG ZKHQ 7\SKRRQ

J)LIXUHODSV RI WKH PD[LPXP YHORFLW\ ILHOIGCQN KHH¥ YWRD¥HDQ& IWSH
ULJKW WXBXBDWHG E\ WKH )9&20 GXULQJ WKH SHULRG RI

JLIXUBLPXODWHG WLPH VHULHV RI WKH ZDWMH WHWAKEO! O\RZO VR G DB
WKH VXUIDFH IORZ GDVKHG OLQH DQG WKH EKRHWINWRFD IRR ¥ KIS HVHRK
GXULQJ WKH SHULRG IURP -67 RQ O6HSWHPEHU WR -67 RQ

J)LIXUHODS RI D WKH FULWLFDO VKHDU VWUHVV F EW WH MW WR_H HD YDH/
QRQGLPHQVLRQDO EHG VKHDU VWUHVYVY DQG G WKHKRMNWBPH LRGVHJL
-67 RQ O6HSWHPEHU

JLIXUHODS RI WKH PD[LPXP OHIW DQG WLPH DYHURQHW K R L\NIXE\WP I
PDFURSK\WHV GXULQJ WKH SHULRG RI -67 RQ O6HSWHPEHU

JLIXUH6LPXODWHG WLPH VHULHV RI WKH QR QO RBBHI@MWLRE RW EH ® MK

VXEPHUJHG PDFURSK\WHV SXUSOH OLQH DYHUDJHEB R YHRPWKH RDQJ
6HSWHPEHU WR -67 RQ O6HSWHPEHU
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Figure 1

1ETW SJ XLI E TVIWWYVI HMWXVMATXYEBERUIHROBPOINL&EMRE ERH X1
VIH PMRI ERH HSXW F [MRHSPISSWWS VWERRH SR IXHW+45 171 VIEF
SR 7ITXIQFIV ERH G XSTSHXE¥TEIVERRHERH MR OEOI &M[E



FPEGO ERH KVE] WUYEVIW MRHMGIEEIXXHIFK BYLKIIWREXWSAKVEJI OE
SVERWTSVX ERH 8SYVMWQ SJ .ET&EWR[EL1&VE RERH3XGI GBE XKLl 2EXME
JRZMVSRQIRXEP 7XYHMIW OE &&3MX)7W UWIBMIMS XM 8RX]I XILIT 3KSXS
GSQTVILIRWMZI EYXSQEXMG SFWIVZRE XMIS® SNXEXVES/RM R 35% 307E M
&EXL]QIXVMG QETW JSV XLI ERBEP]8M W PMERS & LW S\WPSWHK IP M R W MWAR Bi
XLI lGLSWSYRHMRK SFWIVZEXMSREWM X 1QMREKVE XXILE MYER IVKIH
LI HIWMKREXMSRW IQTPS]IH ERH REXTVMEIRSRXXIS\WRWSQEKXT HS R
SJ ER] STMRMSR [LEXWSIZIV SRXYLEVIEG IRGIGRWIEK XLLI7TPIKEP W
XIVVMXSV] GMX] SV EVIE SYR&IWRMR IE YOLL SMM M K MK EXWM GHRESY M MY
QET LEW FIIR TVSZMHIH F] XLI EYXLSVW

(a) Case 1: Outflow induced by erosion (b) Case 2: Outflow induced by fluid force
Water level =T Total depth
n

Water depth — = H=h+n
- h

T G =4 _‘g Current velocity F\B Buoyancy force
= urrent velocity - Uy Ve
= = g
5

““F: Fluid force

Non-dimensional :

bed shear stress: Rr=rnfre-1
;Bottom shear stress: 7,
2k Critical shear,stress:r,

Figure 2

'SRGITXYEP HMEKVEQW SJ XLI X[BIJSWSELWWNIKNXEXWMSREBMELS[ M|
WTIIH GYVVIRX E )VSWMSR 'EWSRHNMBPRWXNISRE|PXEIH WLIEV W
8Y\ JVSQ XLI FIH XS XLI PEOI [EXIWI F VIPYNWHRDSINHGF] XLI VIWREB]
ERH HVEK JSVGIW 8LI ZEVMEFRNBW HIVY MIGKPH NRIEKUJIYNMEIKY MR XI
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Figure 3

*PS[GLEVX SJ XLI IVSWMSR ERHFEYWH SBVAIl \&HRYEPXMNKSR VIWY P’

KVE] WLEHIH WUYEVI YWMRK XLIXSKWHY ZNVHEHHEN BWISOWT FEIRH QI X
HEXEWIXW YTTIV [LMX]I WUYEVI




Figure 4

1ETW SJ XLI YRWXVYGXYVIH XVBERRYPEVXIMMHSWP MREXMMR:SJ OE
WSYXL FEWMR 8LI XSXEP RYQHFIFNW ERKIRSHMWERWKIYPEV &EIRH

8LI GSPSVW MRHMGEXI| XLEX X33 K&V MKMYMRIXE POVEWSYRYBXNES KLIT WN
XVMERKPI MW +« Q ERH MRGVIKWIWSYX{SFEWM®R MRSV I\EQTPI
&E] H XLI /JEVEWYQE 4IRMRWYMBER IERHI WREPW I X\LIKII MW P E R\



LI HIWMKREXMSRW IQTPS]IH ERIH RIEXTVMERSRXXMISWWSQKXT HS R
SJ ER] STMRMSR [LEXWSIZIV SR XLEVIEG IRSGIGRWMIEK XILI7TPIKEP W
XIVVMXSV] GMX] SV EVIE SYR&IWRMR IE YOLL SM M MK MK ESC\W GHRE Y M MY
QET LEW FIIR TVSZMHIH F] XLI EYXLSVW

Figure B V |



1ET SJ XLI QSMWXYVI GSRXIRXXLI MR XXL FEWMMRH'SPSVIH HSXW
SFWIVZEXMSREP WMXI QSMWXYVXGEBERXIRXW,BEKE IIKZEHRP MR 71 2S.
HIWMKREXMSRW IQTPS]IH ERH XLEHXTVMEIRSRXXISNMRWS Q KT IHE RSX
ER] STMRMSR [LEXWSIZIV SR XLIVIEGXRSI V6RWMREKR GLI7TRIKEP W XE X
XIVVMXSV] GMX] SV EVIE S¥YR&IWRMR E YL SMM MK MK EXW GHREY M MY
QET LEW FIIR TVSZMHIH F] XLI EYXLSVW

Figure 8 V|

(MWXVMFYXMSR SJ XLI QEGVSTYXXIAEMMRX SQ OBRIXAIMMWSSR %Y
7TITXIQFIV F G 8IQTSVEP GLERIKLIMKLLXX HOEVCGAMETE]XNY FXVEGXI
7ITXIQFIV F JVSQ XLI LIMKLX SR8L%WMKNMWKREXMBEFRW IQTPS]IH E
XLl QEXIVMEP SR XLMW QET HSRSX EMRITET MRMISRVIMEWXMSIZIV S|
7TUYEVI GSRGIVRMRK XLI PIKEPXWXKEMXSW B JGCBR]] GYYRWKINE] SYREI W
XLI HIPMQMXEXMSR SJ MXW JWISRROMTVWESWFABR RMEXYMHWH &L XLI



Figure 7 V |

BIQTSVEP ZEVMEXMSR SJ XLI GERSSFSWILVPHEKESRG IFBXBBEXN SGE!
HYVMRK XLI TIVMSH SJ 7TITXIQFIV



Figure 8 V |

E :IGXSVW SJ XLI EVIE EZIVEKIRVMRKXIWTLISH WRYMZiH 71 VIEREP
WSYXL FEWMR HYVMRK XLI TIVMSBIBIWLEHNMRIK MIRHMGEXIW XLI
ETTVSEGL EVSYRH OEOI &M[E F SVYEVT ERRIHXWIT|MRMH BISXSVW MR X
171 VIEREP]WMW HEXEWIX EX G 87SFEXXIVN XIRFXW WLS[MRK X
IWXMQEXIH [MRH WTIIHW HYVMRIKQ KIM RIS MSBLIIHIWMKRXKEXMSRW
TVIWIRXEXMSR SJ XLI QEXIVMERPSRLXUMW IQYEVIMISE BRI XERRITMRN
TEVX SJ 6IWIEVGL 7TUYEVI GSRGISRMEMRK X&Y RXK/E PXWAMXABKYIN] GM
EYXLSVMXMIW SV GSRGIVRMRKSRXMINW @M XEXNRFIFE \EM | WX &L MAY
XLI EYXLSVW



Figure 9 V|

E 8IQTSVEP ZEVMEXMSR VISIGXZH'MRIR REMRWIXIWWS XEXQIRS FW | H
WMQYPEXIH GSPSVIH PMRIW [EWBOMZVAW ERXUVEXE]IEEE FPYI
GSVVIWTSRHMRK XS 7 ERH 2 WWTINGKYNZIIP] FEW @HXXRY TPSXW
ERH WMQYPEXIH [EXIV PIZIPW HYVMRK XISIRTIVMBXI@BIV 8LI GSP
MRHMGEXI XLI IPIZIR KEYKI WXEWMBRWNR2MR *MKYVI



Fiure YO/ |

7RETWLSXW SJ QETW SJ XLl WMBYPERH WK XINE 8124 PP SGaSWX] !IPH
TIVMSH MR [LMGL 8]TLSSR ETTVSEGLIH DECGREMFETXIQFIV
TERIPW SR XLI FSXXSQ VMKLX HHM WIPRSE]MXM ISV WEIR/YZI HZ [GXS VW |E
&M[E XLIWI HEXE [IVI TVSZMHIH FD &H|[E O\BN%FS NIXEW[EHEWC7Y
HIWMKREXMSRW IQTPS]IH ERH XLBXTVMEIR SRXKISNRWS @ KT IHG R S X
ER] STMRMSR [LEXWSIZIV SR XLI|VIEWXRSI\6RW FEK/ GL I7TRIKEP W XE X
XIVVMXSV] GMX] SV EVIE SYRSIWRMR E YOLL SM M M IR MK ESCWM SHRE &/ M MV
QET LEW FIIR TVSZMHIH F] XLl EYXLSVW



Figure YV |

LI WEQI EW *MKYVI FYX JSV XERTIVMITEVKIR BEQIS&MI[E

LI HIWMKREXMSRW IQTPS]IH ERIH RIEXTVMEIRSRXXMSWWSQKXT HS R
SJ ER] STMRMSR [LEXWSIZIV SR XLEVIEG IRSGIGRWIEK XILI7TPIKEP W
XIVVMXSV] GMX] SV EVIE S¥YR&IWRMR K YL SMM MK MK EXW SHRESY M MY
QET LEW FIIR TVSZMHIH F] XLI EYXLSVW



Figure Y2/ |

1ETW SJ XLI QE\MQYQ ZIPSGMX] [HIPIMW GBIRBESAEW WM E RXH IWATTY VI E GI
GYVVIRXW WMQYPEXIH F] XLI *:'31 HYVMRK7RLSR IVMISHIQFIV
HIWMKREXMSRW IQTPS]IH ERH XLBXTV MEIRSRXKIISNRWS Q XT IH@ RS X
ER] STMRMSR [LEXWSIZIV SR XLIVIEGXRSIV6RWMREKR/ GLI7TRIKEP W XE X
XIVVMXSV] GMX] SV EVIE SYR&IWRMR IE YOLL SMM M K MK EXXW GHRESY M MY
QET LEW FIIR TVSZMHIH F] XLI EYXLSVW



Figure Y3/ |

TMQYPEXIH XMQI WIVMIW SJ XGIOIPMRIPIXLA HVBRPIMBZRPEKIH ¥§&|
WYVJIEGI 8S[ HEWLIH PMRI ERH XRI PIMRASEABIYEWMISZIV XLI E'
FEWMR HYVMRK XLI TIVMSH JVSQV XS.78 SR8 SIRTXTQFAIQFIV



Fiure YA/ |

1ETW SJ E XLI GVMXMGEP WIIHEMW RKINHWWMW WA IEKVIWONQWW G X
RSRHMQIRWMSREP FIH WLIEV WRXIKWE XEHR HV SHVMER XINMQ QMK L | PH

.78 SR T7ITXIQFIV 2SXI BW HQWMXRHE XR®RS XLI TVIWIRXE)>
SR XLMW QET HS RSX MQTP] XLIMSRV[WBAKMVSSRZSY ER]XSITMEVX SJ



GSRGIVRMRK XLI PIKEP WXEXYW SMERP G EWRK\EV XSIV WIMXVRKY XIL IS
HIPMQMXEXMSR SJ MXW JVSREMIYWWS V¥ IFFSEYRBEMMIW F§ DMW EY XL

Figure Y5/ |

1ETW SJ XLI QE\MQYQ PIJX ERH SMNHEASVEGKWHE GXMKRK SR XLI
HYVMRK XLI TIVMSH SJ ABSXR SZITKIMDMKWREXMSRW IQTP S
TVIWIRXEXMSR SJ XLI QEXIVMERPSRLXUMWIQYZEVIMIIE BRI XERRITMRN
TEVX SJ 6IWIEVGL 7UYEVI GSRGIFSFRMEMRK X&Y RXK/E PXWXNEKYW] GM
EYXLSVMXMIW SV GSRGIVRMRKSKRXMINW @M XEXNRFIFE \EM | WX \& L MAY
XLl EYXLSVW



Figure Y6/ |

TMQYPEXIH XMQI WIVMIW SJ XLI RS RMWQOVWVRW WSR EPAMRIH BARRH 8 Y M
WYFQIVKIH QEGVSTL]XIW TYVTPLPHWRIE B4IXEKMWSSXIV BEWMR HY
SR 7TITXIQFIV XS .78 SR 7TITXIQFIV
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LMW MW E PMWX SJ WYTTPIQIRXEWMW FFIWTBAM\R 2 GNPEPA B XBXHS[R
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