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,Zi1601
OL[LQJ RI 6WUDWKXIQE GO ALRZIW3RHUY LQ 6WHDG\

6 -
%MDUQH 4/QHNVIBDQ@ &DNY® HQWVNH Q@D PIDDUG &KULVWHQ\

$SEVWUDFW

7KLV SDSHU SUH VRIQDAQV HY K H UW IR ¥ OCRDND B B'\GWQX PMUIRKD R |
PL[LQJ RI VWUDWLILBGH GREA W VRXQBNBEXBAH Z K |LF VKDYV FDUULH
FRQQHFWLRQ ZLWHKLWHKG )HXNY BIQQYEHQ VP VWP QWS DFEKH P L[L
SURFHVVHV Rl WZRWALR\M Z DAW YW WEHIH ® A KHO KK V& D XRZKHU V
WKH XSSHU OD\HU WIKA-H © K\V LLRDYOH WBLHO@W G HWZ 8 HAALII QY $ J|
VWXG\ ZDV PDGH UHXHI SLIQU MV RZKHHNF BIEIRWRNVW K HE KUIUH QW DQJ
WKH VWUXFWXUH ZDV LQFOXGHG 7®&RVVIDUD BMRQUEFADAY IQRIM IR IU\P
D VWXG\ ZDV SHUIRUPHG ZKHUH WK HWPIG LLQ@J WKIH FLCHQFE R Z DVV L
IORZ 7KH QXPHULGD O/ XSG NWH QW BREHK B KNWVQED@IWM[BHULPH (
JDYH LQIRUPDWLRQGD Y FRGiIHI IHA LERVAMWVIIRHY ORYGYGIDW XUDO E
PL[LQJ 7KH SUHVHQOW VWRBUBORY(ILEGHRYYPOIH QERRW WKH F

SURFHVVHYV DURXQGObBULB IH GLWHHAMWD R SDH WURII RN KWHKSUR SRV H

6HQLRU +\GUDXOLRBRQWWHBRUVKRUH SBEBNPRQRI\$IJHUQ $OOHYT . ;
'HQPDUN ( PDLO EMM#GKLJURXS FRP

$VVRFLDWH 3URIH\OQIEY JRO\GWIHFX Q& HWIWQWERFWORQ 'HSDUWPHQW R
(QILQHHULQJ 7HFKQLFDO 8QLYHUVLW\ RI''HQPDWN /\TLXEY .RIKQFPHAUN $0OHL
VFDU#PHN GWX GN

FRUUHVSRQGLQJ DXWKRU 3URIHVDARWD @ HDXEGEID) @B BREHIF KDOWER Q &R
'HSDUWPHQW RI 0HFAKWLELF D/H k& QLG DHDQP@IUNH UL\LIOW\ .RISSHOV $OOHT
/N\QJE\ 'HQPDDNO (WPGFK#PHN GWX GN



RQ WKH QDWXUDO VWUDWLILFDWLRQ
.H\ZRUGWWUDWLILHG IO0QRZ VWY XFEW XD ULRERYW WV FDOHLH

6WRNHVY HTXDWLRQV 7XUEXOHQFH PRGHOOLQJ

, QWURGXFWLRQ

,Q FRDVWDO DQG PDUHQB WIDG L\Q R NLBEWDN W WXEW B UAR BB R
GHVLJQ DQG FRQVWUYKXKEW FIMRW\GE INVRUIB UT RIHV ZIDQW ROYHV W
FRQVWUXFWLRQRRE HE $I0®DIHH 6 LIHQY W M/A VZ DVKEKWY HDRYLQRQP LPSD
QDWXUDO XQGLVWXUEB® HODW ZKRQWHINIWDWXKRQ RVWKE ZDWH!
REFFXUV LW LV D FRGH HQ W ZK G XAVMIUR QWRKIHE IWOLRGZ) F LS B XV H L
PL[LQJ RI WKH Q DWR QDIDQGWI DHELMY QIVEKHD PIFENM \R WWRLY SKHQR
ZDV LQYHVWLJIDQG GOLAO H /8 DHQVER QL Q | O XHKHUHHRW IPHEUL G JH !
DQDO\WHG WKURXJKMVY H@G/ RHDWY XK H G VW X B\ % MY HKWLJIDWH
HIITHFW RI EULGDRVBILLHHGY IDR D DWUKHHPS Q HUHBQED K BDWW R
HQYLURQPHQWDO DVVHVVPHQW Rl WKHHQHEQP KB N U % H & WPIL
W DLPV DW TXDQWLWHQP W RH \MKHDBVQZIOLQOFHH &/ PH[DGGHG UH V|
WR WKH SUHVHQFADR | LEAYLHO/MLSDMUVE® @ Q -DNRENW D EWLF 6H
LQQHU 'DQLVK :DWHUNHDWOXBO®] WDH\DX D E O VQIBUXH KRDUD F W
VXUSOXV RI IUHVHKEZRW MUK 6 LULFYK-DUNDID WH WX OENSHIFINL PKD8/ X U | D F |
OD\HU 7KLV OD\HBA \D \GHIDWHD B/RME WIRIK 9D \WNOZ QA W \DE\ D KD
LPSRUWDQW SURF H\\D WO LUGH @D WAL IR X VWIRHARL U R QWPKIHD WIBQW L O D \
GHQVH ERWWRP GDEBV LBYQYG WXEHK ®NGIVDIQHS HA IR Q4R Bh@K/ROP % D

LV DFKLHYHG E\ LOKMWZBWHQWVRPLW KMKHRDQYKVKHOWUD LWV



HYHQWY WDNHY SODFH DV ERWK EDPVR\MYRB DO DAL HEWD BIR FHQL ¢
SURFHVVHV RI L QR CBRID VDR GV K I oD MIRYPIH @\W WL R WHBHS UQ Y H V W
HJ )HQQHO DQG 6WXUP DQG $UQHERUJ HW DO

BHYHUDO GHWDLRE GNKW XKL M VFID[@QX\G G FHA VO Y MRII \QDWD W |
IORZV HJ *UXBHUMQGR )H ,YH\WUDQG ,PEWUDKJI ( - DQG
JHUQDQGR DQG BIHEBWGHU D QR BOWKHUSIWVMVHQW VW XG\ D
REMHFWLYH LV HQKDQFHG PL[LQJ ZKAUBK HW SOID-H WKV DV K [
QDWXUDO IORZLQJ HQIYGUR GPHQW L TRALRIGXF HHYKDRQ FADVH 7
QRW EHHQ LQYHV W LK DWHHGY WFR W K R XXUBBWR/PHI[ IS\UM YL IRXW DUH |
UHOHYDQFH

'KHQ D EULGJH SLHUWR/ W RM URRBXK MHKG! IZR WK FISUHRU FUHDF
IRUFH RQ WKH D REDHRHW DWW HE Y Q. IQIWR AN MOKHHW LHF QHQHDWIN G Y R |
VKHGGLQJ DQG VEPYDMHOMHAH VEQ M) X RIH 8 U P RZR QY /W WXWE XOH Q)
VWUXFWXUHV ZLOO XQGHUJR D WXBEXOHQW 605 Y RN GHJ B KEHHILHG
DQG ILQDO G\ LGAW R LKSHOWDHN | QL W & HF BMWHH VIRPHIUR\ ZLOO EH XVHG

WZR OD\HUV UHY\LERW WERPWA W KUK S HNUR ODKH U LH KW FBWR XVH D

+ROPERH O G6RA\GWH UV
7KH ZRUN Rl 3HGHUVHQ JLYHV O BDFDUWRYQ G RIQQ WWI
IORZV DQG PL[LQJ 3HGHUVHQ LOWGRRBQ FRGP BINKWD @ X O N

DOWHUQDWLYH WR WKH FRQYHQ@RWLRKQDE XONX[IO6KXKE KDL F& VR Q VF

PD\ EH GHILQHG DV WKH UDWLR EHWZEXDOM QM HN UQ HQ/ LR FSGRMU

HQWUDLQHG PDVV IDAIGE O/ HRUQWW B\ WXDEXOHQFH



~ _(QHUJ\JIDLQHG (QHUJ\GLVVLSDWHG
" (QHUJ\SURGXFHG (QHUJ\SURGXFHG

2QH Rl WKH K\SR®/HKBIWVHE® LR LW QMRDW\ FRQVWDQW IRU Q

XQFRQILQHG VXUIDFH IORZV %DVHGRWRE RDGXHVRR IP\UKG LE

5LFKDUGVRQ QXPEHU RDV VXIRHVFWWES W\ HRP L [LQUIRNQG

YRUWH[ W\SH PLVBQ ,Q H[SHULPHQWN G MWRQ ¥BWEKEDWH WK
PLILQJ LQ WKLV FMDMHH 8 XK MKR DMVIIKEBYW GRAVE XOONG IO X[ 5LFK

QXPEHU ZDV DOVR D3BQWHG KHHKHPWRQ U E HURMHRQLRAW U RS X U

SDUDPHWHU LQWRIWWIKH([B’HDD’WURIQ RL[LQJ ZzDY DHODWHG WR

ZKHUH I|IRU DCEUDGBIWKSLIBUHW CGDNPW KWHH G DESMEK RI WKH XSSHU
WZR OD\HUWVWOQDWEHWIDPHQWY ZHWHNVERIHISX FWH G &\L AWKU D H/QWA

SLHU LQ WKH IOXWHURL @M G\HKH VER FAEHLYRZODG I RX[Q@ WR EH XS

R | ZKLFK FRUUHVSRQGV WR WKH YDORKWMH Q3XWIXHNVWOH GXEN DF

IORZV +RZHYHU)\ WHKBVXDHPHDWR/UV KR ROGDEVHK BRPSIDWREE ZLW
GXH WR WKH HIIHFWDRO B/WKRIFHGXHAH ZEBIO W R WWKHVLO XPH -«
UHSRUWHG WKHHPV IDQYJ YAXHX MG EBIR IUQW KIR LEDHFNWBIR XQ G PL

IRXQG WKDW WKH PLILQDWLIQF U HRE NN SLLGH WK B QWD QJH RI
R KRZHYHU ZLWK VRPHRGIDWDIRDORZ YWEDWRV RI
7KH LQYHVWLJDWLIRHDWS % HROW W R[ NIEK @X_RENH UH R IHW\D WEIGH V
WKH IRFXV RQ W K@ HGQXKID W RHESU P G BICHI 2 W MDH WHQO+HD QV HQ

HISHULPHQWYV ZHUHUERBQB XSAWH S ZHINEK\VEAXUDWMAIQ WHIGQVIVVLPLO|

DSSOLHG LQ -*UJHOBWHOQAPHQWAKAHUK WHKUHIREURBGHZEWHUYV EHL



LQ WKH H[SHULPHYWDOWQXAH; DF-XGUDHRW HBWHUHRHQWW HZHUH
ERWK ZLWK DQG ZLMHKRXWQWRKHS BUDR®RHY S B D UDLWLIHOQ W BV WKH L
IURP WKH DGGLWLRQDO PL[LQJ FDXWHWGVKRWKGE WKHDW WKKHFH

HIILFLHQF\ ZDV FORVH WR JHUR DQRXQOBSHD B8 LYK RQ S\RWH \B HY

QHIJDWLYH % QH@W[R\U—UMDS)IXQGR/I WIRRW KHRVEMHJ DWY WVLPD[HG G

SLHUV ZKLFKYBFRHKYVQRWOIPHDQLQJ

$OVR ILHOG FDPSDERMGKBDWH EHB GHKGIDWR REQ MGRI P LILBU
SDUW RI WKH VWPOGLM W6 HROUW W K [HH BH BLLHIONG DH QSHPELHRH QWY ZH U H
DW WKH *UHDW @ H/DW \LEMGD®L Q N D,IDJ QL EDG FMWSRUWHG ZKHU+
PHDVXUHPHQWY ZHUWH*BH D WR GGV DENBMMKIIHR SR H G WP HIKWMX U H P H ¢

ERWK XSVWUHDP DQGUG RZIQW KWH E B R\AHRHQ S3.BHU B/L RIKWE. 7'
&RQGXFWLYLW\ 7HPSHUDWKUW ZDQ GRIGMIOVWK ULBWM IQ WEDMHLG DV

WKH ZDNH EHKLQKHWXWH BEHD W HD® G WHY ¥BWE GIKRIZHG DQ H
PL[LQJ GRZQVWUHD FZ IWH (SH HLRQ LOKWRUR KE H. QWREMKW ZDV FO
J)RU VPDOOHU )URXGH QXPEHUV QRVVRHQHILFID®W HQKDQFHC
3UHYLRXV ZRUN KDV VKRZQ D JUHD\W QP\UG BE DEDVRE MXOX FKK
DV EULGJH SLHUV 7KLV ZRUN KDG W KHHBEKD® RHEG P E W IQJH GX |
SURSRVHG )HKPDU @ YdHGOW SLL[HIGY OKQ\DIGVE IDVOVRQSW R WL G HV L Q
WKH HQKDQFHG PL[LQJ ZKLFK PD\ DGR3 W RHMK R SR FHIRDOIX X R
UHVXOWYVY FDQ IRU LQVWDQFH EH SS®KIDP ARGHQ V HAGK D @/GD)XQ\DHG \
RQ D ODUJH ¥HQQBIX \H¥WH DO
7KH UHVXOWYV IRXQ & H G5 MMADW V W& QUHDLEOVOM GGW RVHR| Z K LT

LPSRUWDQW UHI® WQQWKN DRIOHORLMW X GXW®HQIOXHQFH RI PR



GLIIXVLYLW\ RQ WK QBXDHORW ¥ @QWAHQ QIBM\QLQWHRHDFNUHG PL
SURGXFHG E\ GURSSUQG W KBRXJRKQMNWKEUBDEH QY UWHDW QXPE
H[SHULPHQWY KDYHZEHHE RADXWEXOG @ KW R Y LXHIQB ERWSHO® QD U .
KRULJRQWDOO\ WKWRDIKLDLH G ZEDLHIQWRARIOXW € U VHHA BIO D
5HKPDQQ DQG .RVKIIRUG DQBR/LQGH@NH RWREM®/ IDFDO EDUYV
SODQHU JULG WKVRMNIKWLOQLEBEZBIWMWU FROXPQ

7KH VEFRSH RI WKLV ZRUN ZDV WR DSBOMN® H FSR-ELLPIHD MRV
GHWDLOHG QXPHULFDO PRGHOOLQUJHEBLHUNVQRQ IW WH H) BIW K B
ZDWHU HQYLURQPHQW 7KH SDSHU LVWXH DQMWHBGXEWRAQRL
VHFWLRQ LV JLYHQ UHIDO GLURF WMWK/H \B K& DL UW.IFR @ QFE\ D Q
LQYHVWLIJDWHG EWLLK\ H) B DIOWR 2 H®RP MIK IHV SKHVERDPDURBREHO H[S
DQG WKH QXPHULFDO PRGHOOLQJ VhWAXSROQORZHEBKHE\ DH BX &
VHFWLRQ ,Q WKH GLVFXVVLRQ WKHSHHVRENWW VI URPGER WH

PRGHOOLQJ DUH MW IRDW® & R QLFRMDO/Q \RMMKWH DMV @/UDHE QWL R Q

OHWKRGV
OL[LQJ HIILFLHQF\
7KH WHUP PL[LQJQHWKAMQWXGY ONODWHEBLWKRDWE&MREX Q X

WKH SUHVHQW VW)HG Z\DKWH VHIQH B K\D DH BQLUE,\S REWHVQ MH. DYGi U W L F

UHGLVWULEXWLRQ@®H WIX\H EKHK Z DWW JURR ODX@VPHUBINAHE W N DVHEK |
LQ WKH SK\VLFDO H[SHULPHQWY RU GRDZQWWBKOBW\LRID\SLHAHK
SURGXFHG ZzDV WKH WXUEXOHQW NLQWKH FEHIQGUWHISLHY 2BQ}

WKURXJK WKH DPELBYQ\W¥DADAV KRHU B IPOSBKNYHBLPHQWY RU H[SF



VWHDG\ FXUUHQW LQ WKH QXPHULFDOGVYRRX QXWERQ \FDTX M IEE

H[ISUHVVHG DV

IE0
R —=

7.(
7TKH WXUEXOHQW NLQHWLF HQHUJ\ BYI WIKRIWPRI[E PAXKWM QOW KIH
SLHU LV GUDJJHG WKURXJK WKH DPEXHQWQX\D WIHRY WV FDANKRPAR R |

SLHU 7KLV ZRUN FDQ EH H[SUHVVHG DV
W 3 Fudt

ZKHBHLVY WKH PHDVXUHG LQ OLQW UYR WFKHHRRH W/ Y EORG UW \SR H

SLHU IRU WKH SKWALFRO WKSH G HPRNK DY YBOHRFLWAHRWU WKH
VLPXODWLRYWKHHGXQ WLPH IRU WKH H[SHUQP HHQM FRBI QW H VI

PD\ WKHUHIRUH EH ZULWWHQ DV

I Epot
W

R

7KH LQ OLQH |RAUMHHSRO WRB\EH. ZULWWHQ DV

F F, FF — C,AU U UQnTAhdd—LtJ U

X

ZKHBHLVY WKH GBDIMRVUKH LOQHUWMXK HRGHBVLWHKH GUDJ FRHIIL

A, LV WKH IURQWDO SURMHFWHGVDWHKB RQI—V\UQ/HLEUHIRBH]II—WK[H—IQ

DYHUDJH KRUL]RQWDDUHRDRYR W BFRRAN®D Q WVKHOIRF IOWQH IR

UHGXFHV WR WKH GUDJ IRUFH

F, F, — @&, AU U

X

7KH GUDJ FRHIILFLHQWY ZHUH KHUHB\HGHRWHVEE X & 6 \WEHDE



GUDJ IRUFH DV

Co —FD_
— AU

ZKHBHLYV WKH PHDQ GUIDW WRKWHF RHD@GFXUUHQW IUHH VWUHDP
HQHUWE) ZDV GHULYHG IURP WKH GHQVLW\ SSNRWIUHDP FHDG/

GRZQVWUHDP WKH EULGJH SLHUV DV

E  A3gzdz

pot

KHUA LV WKH KRUL]FODQWDOX 8 W¥WWHWHHEIFF B QGHERZQVWUHDP WKH

&KDUDFWHULVWLEV RI EULGJH SLHUYV

7ZR JHQHULF EULGJH SLHUV ZHUH LRN HWHW HID\WW HEU LGIH
ZHUH WDNHQ |UR Pl DDNHKEALIDU QB HOWAGWLLE SLOB@ HWIO D UHFWI
DW WKH WRS D QIGS /Q FIDGH @ MWD& 1D COLHVDROS X \WK Bl \SHO DQ\W KUR I H U U H
DQG DV SUHVHQWHG LQ )LJ

2Q0\ RQH JHRPHWULFDOO\ VFDOHG PRG&HOSK\VLFIDO/ FHRC
H[SHULPHQWY 7KH PRGHO ZDV D TRPWH BOHQ®WKSWKH 8DMHR
D[LV Rl WKH HO MHFWIR PPN @ GRVVAHPVSHEWLYHO\ 7KH FURV)
WKH VTXDUH SPPENKPZDV7KH WZR HOOLSWLFDO PRGHOV Z
WKH WRWDO ZDWHU GHSWK UHVSHF&XWBGHKIRXJKRPHDQ & KV
E\ JOXLQJ VDQG JUDLQV RQ WKH PRD HP® /Y GIIDIFA-H WKRIPRDG G J
JRU WKH QXPHULFDO PRGHOOLQJ WKE\ \DXURXEHK VRXIBBH \ZWD A (

ZKHUH WKH URXJKQHNR/ IR} GXOO VFDOH ZDV DSSONHG@KMHH V|



URXJKQHVV KHLIJKW DSSOLHG LV IOXWKH XERBPIRRPAQ@ &RH GV EKH JU

EXW VHUYH WR OWKIHVSWWIR B OMFWRERHQWWKH H[S

([SHULPHQWYV

7KH H[SHULPHQWYV ZHUH FDUULHG RK®LEDROWKG®L YWRILIQ!
'HQPDUN '78 7KH PHDVXUHPHQW VHFWLRQZRIGW KOHQ & D QN KID.
EXW WKH OHQJWK RI WKH PHDV XU H PEMOMN KHEFG\. RMOR ZDV /KR U
H[SHULPHQWYVY )LJXUH VKRZV D VNHWRFKVNRH WKRZ IPGL.D WOUHP
PHDVXUHPHQW VHFWLRQ D WZR O D \HUUWWWDWDLO L B GWADADNUHK
GHVFULEHG EHORZ 7KH EXONKHDGV LAR® SADHMHHIO \F R/GI$ P @ DL
PHDVXUHPHQW VHFWLRQ IURP WKH EZIDGHUND® QWK KV K i VOMH \RW
FRXOG KDYH EHHQ OHIW GU\ KRZHDHG VKK KHWWM\RM & B W HQ
ZDWHU GHSWK DV QW WHFHWALHRIDV WRHWPHPGR VR VK R K RUKLH REX O N K

7KH WZR OD\HU VWUDWLILHG ZDWHU GFROXPBUHQ W\HH LR}
IROORZLQJ ZD\ )LWIVO\H ¥DW KUB VW@ FRKDRGILGHVRB&O WR Z
WKH ODEV UHVHUYRLU 7KH EULQW IX@NVWKR QVEHGHWVHG H® FR
EOXH IRRG G\H ZDV DGGHG 7KH IR XWKHMRLUDH HR MWD IQH Y O2X-PUHH
FRQWDLQ DPWRIMADDOOR/I ZDWHU 7KH VDOW ZDW HUNRDAD FH UFXQ K
ZLWK VXEPHUVLEOH SXPSV WR HQVWVXWBN K 20 HRU FJ R B OMIQH. @\D
ZDV SXPSHG LQWR WKH PHDVXUHP QKW WHFW ORQHW R 7\W K B
IURP WKH VWRUDJH WDQNV ZDV L QR F\ERAHH BHDW XWHKIHP HE@W W R P V
D VOLW LQLWLDOO\ DW D ORZ I®HRZHORSEHG BWKH DL\Q MK FHWERW

LQFUHDVHG 7KH VEIRPMWRR IOCDONHEVADWVKRXSYR[LPDWHO



7KH VDOLQLW)\ SURILOHYVY ZH UXFWLY DW\XRHAG UX
UHIHUHQFH WHPSHUDWXUHV DWIWZP QBFDWKRQN DSSVUR[LPC
WKH OHQJWK RI WKH PHDVXULQJ WHFWHRPXUKHBWHK PROLQL WA
SUREHV YHUWLFDOOZ DWEQ WKO RKXQKDMHEO BN DPRULRIQQ R IWW KH VD
ZLWK D OLQHDU SRWHQWLRPHWHU DAKU NG OZAKLIOM\ SKR I VOBV
ZHUH EHLQJ PRYHG YHUWLFDOO\ GRIFQVRGHN DQ HV K QWD IV RN
KRXVLQJ 7KH VDOLQDWE SDWR EBVDZ BWA VWA LIF K LAWRKIMA FKH :H
*PE+ &RQG &RQGXFWLYLW\ OHWHU 6RIWWDSUDRWLFDO WA
DFFRUGLQJ WR LQWHUQDWLRQDO RRABDWWIRIUGKWF D\DE QHHP S 121
WKH UHIHUHQFH VDOLQLWLHY ZHUH GHSBNDU P QBIEWZEWR D Q CC
'"HQVLW\ SURILOHV ZHUH GHULY HGH WV KR MQIHDRH RWX. WHK® W DROUL (
RI IXQGDPHQWDO SURSHUWLHV RI VHRDDWHG PY JLYHDQLQYK)
RFHDQRJUDSKLF VWDQGDUG UDQJH MRPHSWIFPSHURDLBIOHG 31H

7KH PRGHO EULGJH BV HID @ X B5WWR XIEMBX RV KW KHHY VWD B D WV KL
FROXPQ EHHQ PRXQWHG XQGHU WKH WRZ\Q P RRQ WHIBI R QV KL
PHDVXUHPHQW VHFWLRQ RQ HDFK VLDBWVRDRKKI \OXBRXJIKH F
VWUXFWXUH ZLWK WZR IRUFH JDXJHV7RB GRN MX IDKUWVI BD MH

& FDOLEUDWHGQ® E KIS FIQHGE O WWBAKIDDWIVGI® EIORKRY W U X F W X U

WR PHDVXUH WKH VBRR K& WLV] R\Y MWD GHFREDIRZKH & WWKKHF WRGBHO W

DURXQG WKH YHUWLFDO °Q WHRQE&H IB\LIVEHY Y VOHR DRDJO HW FL G H ¢
FKDQJLQJ WKH R URHMWKW GR IR & F MW HDUDE MV BID YR BISE WD GM X V \
PRGHO LQ WKH YHUWLFDO GLUHFWWK® @ K HUPH ER HOW ¥ P Bl Q OWK®H

WKH PRGHO DQG WKH IOXPH ERWWRPWAKH PRGOHDEEGUVKHB S&



VLPXODWHG E\ PRYLQJ WKH FDUULDJWHIFMRIPRRQW RH® & HR R WK
SUHVFULEHG VSHHG 7KH VSHHG DQOGVSRVH & LRQVRI W KH&FD O
ODVHU GLVWDQFH PHWHU $ W\SLFDIQRPX Q HAMW KK DAGK MV KEUDHUH
DFFHOHUDWLRQ FRQVWDQW YHOR FIDWX DVQ\GD GHH ZID® HUDSVIR QP
P DQG P UHVSHFMQAMHIO\RI7TRQH GUR[ZPNYWHIORY DS ZKLFK D

D VDIHW\ PDUJLQ RH EEXFOXNK H PGW ROWK HH PW RN ¥ UH@G RHEWLRQ
7KH HOHFWULF RXWSXW Rl WKH PHDWXR HOP BQW. WD RLBAA
VI\VWHP IRU GDWD VWRUDJH 7ZR NLQGY R\GRURIGARQWDWE R QORD G
PRGHO EULGJH SLHU GXULQJ D FDUDVRUHPHXDND QG BHWYHW
UXQV RQFH WKH FRIW HK@WLO B Y IO HEPRRVWH O \WHRLRSSWHRY 8QLI
WKH GHQVLW\ SURAL ®H X\DXU E R B PMZHRERSAHR S HOHVR GLRMKW LP H E H
HDFK RI WKH WZR ORFDWLRQV $ WRILFDQUWBIYW URRQN D\DVG HIB
GHQVLW\ SURILOH PHDVXUHPHQWYV +Y&UR G\IROP DFQRRD\GW WKW

FROXPQ IUHVK ZWWWWYV QR WKHWH.RH QSAU\R IA-HDUHH PFHHDW/DRWHP H G

7HVW FRQGLWLRQV

&XUUHQW ZDV VLPXODWHG LQ WKH FKQ/IL AMX® PRGHI® HE[SL
SLHU WKURXJK DQ OPE L HIQW DD\N H\W W RV WIHR/ WOQARRIGP F X U U
ZDWHU GHSWK )XW R B WU AX WKHDWR X @ G MWNKKUREXWD HEQFIM  + H G
LOQKHUHQWO\ LW GV YD \GKXE\SR® QVBMPOILLEQ 8 MK RP WKH QDWXUDC
WXUEXOHQFH DQG M IO PLHLQBDIO R FIYW W BXDHR¥XGIGI WEHUE UL G J
EH WUHDWHG VHSDHR\D WK &\ WHD/ENDHA RIQEEH WLLFRHIQMWINR U7 WK NLQ G V

ZHUH SHUIRUPHG KYGLURC\QRQ LWWIROBLROH ® QOWHYHUWLFD



RI D WZR ODH{EU 2ADWHUWVEROXP Q
+\GURG\QDPLF HD ED G JR @SRV WQ DWARDKE® @ ZWW WP HDV X UH
ZDWHU GHSWKV 3LHU DQG 3LHUH FXUBBQWL. DIH &/ HRH GDM
LQFLGHQFH f [ DQG f UHODYM/GYH WRHWKH ®PRMRURNQG R
ERG\ GHSHQGVY RQ WKH 5H\QROGV Q XPKQUND\Q BK W KsHH \DHR@IBW L
QXPEHU LV JLYHQ E\

Re&

Q

ZKHDHLV ZLGWK RI WKH VWUHDPOLQHG\BEBR G WHWUK/HWXKLD P M WUHHJ

YHORFLW\LMD@&EH NLQHPDWLF YLVFRVLW\ 6WURD RMHK H RS\QERHD\
QXPEHU )RU URXJK FLUFKODUDBSURYGPDWHOANWBDUJHHB WKI

$FKHQEDFK DQG +HLQHFNH DQGZHEHVUWMHQVLWLRBQ VXSKH
XSSHU WUDQVLWLRQ IORZ PHUJH ReQOWKP RW QG DOV B R IV K JLKROQG

GUDJ FRHIILFLHQWEHWZ IBHQ IJWRUWWOBRNE UWW EBIDO DUHGLPH L

UHGXFHG IRU VXFROLRYGHKUNL U7RXHO DMHRPOIM@HHD W B8 SIDAHH G W R W

PRGHO EULGJH SLHUV HOOLSWLF,MMQALVOWKHV H FROWH OMVMNIXARMH &
RI WKH 5H\QROGV QXPEHU ZDV OLPLWHG LQ WKH H[SHULPHQW

S9HUWLFDO PL[LQJ ZDV VWXGLHG IRHUWZRIRZXW AD UGWH BWH W
WKUHH FXUUHQW DQJOHV RI DWWDENRQHUGRHIYQBLEB8H Y AU D WL I
LOQOWHUIDFH RI WKH VWUDWLILHG ZDMMHIG G R OXIP Y KAD \Z DS/RW WU
LUUHVSHFWLYH RI WKH ZDWHU GHSWK O KHRGHQY/ULPHWRGH QL

NLQHPDWLF VLPLBOGUDWYVY Q7KW UDHADY XPEWU LLFV )UIRNHE E\
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ZKHUHLV WKH FXUWHQW MHORMMMWKH GHQVIWKHD QBWHU GHSW !

7TDEOH LQFOXGHW®R&ARYHYHGRA\ WKH H[SHULPHQWYV 1R

'"HQVLPHWULF )URXGIBXQXREHD WHKINQU BW WK P IWEZE OD\H

6LPXODWLRQV

,Q FRQWLQXDWLR® RI[ S\HKH. PPHRG\M @ DHDXP B & W RP YQOMPW L R (
SHUIRUPHG 7KHVH KDG WKH DLP R3KAXS 5RO VL QB W RH QMG DQ
VRPH XQFHUWDLQWLHV RI WKH H[SHWKKH GRYVIIKQOM VEDRE
FRQILUPLQJ WKH YDULDWLRQ Rl WKWHOGRB I WIRHM | LE QIGQMND O

EDFNJURXQG PL[LQJHISUKRXW. QVRHVEHDGJIORZ

IDYLHU 6WRNHV HTXDWLRQV

7TKH QXPHULFDO PHWKRG ZDV EDVHRBQRRI BV KIH L WVHL M R G6X
HTXDWLRQV RQ D FROORFDWHG JULGZVRH UDQ I HRHEQWR N'THKWH H HX
IRUPXODWHG DV WKH FRQWLQXLW\ HTXDWLRQ

W

b

DQG WKH PRPHQWXP HTXDWLRQ

g. X
t WX w

u 4y wp U
X X

o

ZKHUHLY WKH GHQVLW\LRI WK &0 X WGV LD Q uwH\O BPF LIWA YWHEFRV R



HIFHVV SLg‘I-IVIl/\XUWIEHPSRQHQW RI WKH JUDYVYWDRNH. FGQQDPYR

YLVFRYVWNKH WLRAHJHDWY&H &DUWHVLDQ FRRUGLQDWHYV

7XUEXOHQFH PRGHOOLQJ
JRU KLJK 5H\QROGV QXPEHU IORZV @KW B WEX/RHDQYWM G OC
E\ WKH FRPSXWDWLRQDO JULG 7KHUHQRWHR B X¥MKGEW G HIFAR K
HITHFWV RI WKH WXUEXOHQW |0XRWXIDNVARQW (®G\ Vé K P XDUDHWIL
PRGHO KDV EHH@ ORBVLRG WV IGD W HIHWODLLRIXHO DFDLARHD VR X WE X O H (¢
ZKLOH WKH /(6 PRGHO DGGV WKH HWHIPW FRV XYDK\H. R @ U O DKWHF W €
PRGHOOLQJ DVVXPHV WKDW WKH VRIRGQH VDA ¢ ADHOLHAH RPIDR. RW
HQHUJ\ IURP WKH ODUJHU VFDOHV D@GDRSHBQ RYKPDWLROH E@ P
KDQG WKH ODUJH VFDOH PRWLRQV QKLBKH REWHRQVREDWM RR U
WUDQVSRUWLQJ DQG PL[LQJ VKRXOG EH PRGHOOHG GLUHFWO
)RU VHSDUDWLQJ WKH ODUJH VFDOHRI RRWRWQRDQI DR P W
SURFHVV LV LQWURGXFHG LQ W HRIPW KH DL OVORMH UV 280RHH FIK D WO
VFDOHV ODUZHOOWKH @ HVROYHG DQG WKHUHE\ AKHFRDH QV E Q O
VPDOOHU WXBDOULG 6FDOH 6*6 ZLOO EH PRGHOOHG E\ DQ 6*¢
7KH LPSOHPHQWDWLRQ LQWURGXFHG LS Y\ B WILSRSXDLG G O
'\QDPLFV DQG VXPPDULVHG LQ WKH LRO@QREZNQJ LVD@IGV RKLLEA
7KH /(6 PRGHO LV EDVHG RQ D IMBDWWBEHY HTKDMQLR QV
ILOWHU LV DSSOLHG ZKHUH WKH FROWXWDWKRQDOWHRWUBGLYL

HTXDWLRQ UHDGYV
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ZKHUH RYHUEDU GHQRWHYV D ILOWHUH G HINMYD QMG \V LGH LMH HR

LV VSOLW XS LQWR WZR WHUPV DV

W UL, \A_diaj UUW Uy §
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7KH ILUVW WHUP RQ WKH ULJKW KO GV KHGHH ER QG PXIODRV
WR WKH ULJKW KDQG VLGH RI HT HUP QW PXVR UWEHH HPRGHH® OWH

JULG VFDOH 5H\QROGY VWUHVYV
i Wﬂ uy Uy

(TXDWLRQ LV FDOOHG WKH FORWXXWVWHESUBESOBPHRU, ZRI
LV DSSOLHG UHVROYHG WXUEXOHK\W X\H. QHRWW K HH @ K WJL FBDQ YF
WKH DUWLILFLDO QXPHULFDO YLRRRVOWRY G KU VHBIBEHWMA\RWHQ .
WRR KLJK WXUEXOHQPRU®GHWAKH DUMMWGEGEVNOSQWRIRQLEHSHC
UHVROXWLRQ WKH QXPHULFDO G L V¥ UHRNLPEDOAL RDR VD QI@ RVZACH
XQFHUWDLQW\ WR WKH VROXWLRQRZ KWKIHHIRFHHVE® HQHDU\ &/H
GLVVLSDWHG LV LPSRUWDQW HY HOQRMW RADR/HNMN ZIKGHW H UM K M/ WX
UHIHUUHG WR DV D VXE JULG VFDOH PRGHO ©6*6 PRGHO

$ QXPEHU RI GLITHUHQW VXE JULG VFDD&\PRGHIONV HKDWY H
RQ WKH 6PDJRULQVN\ 6*6 PRGHO 7KKWDVDWVLD @ GIREGH ONLN R Q Q HW

VWUDLQ UDWH DRI WXKEHIJULIGGWAIDBE HQV WUXD/WHRQLYHDUH PRG
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ZKHUWHLY WKH HGG\ YLVFRVLW\ JLYHQ DV

t S —_ —_

ZKHUHLVY WKH ILOWHU OH@EI$VK CFRYHVK@G6PDIJRULQVN\ FRQV

JHQHUDOO\ LQ WKHVRUGRW \RKH SUHVHQW VLPXODWLRQV LW :
RSWLPDO YDOXH FDQ YDU\ IURP FDVH WR FEDVH
7KH 6PDJRULQVN\ PRGHO PD\ EH LPSURAMWHGHE\FDGEBH® JE\
WUDQVSRUW HTXDWLRQ IRU RQH RWKPBDHWRHUWKW LVFXEWR LGk
LOQWURGXFLQJ D WRD QWKSHR MW\X UHETXXDHIQLRHN L HRWHWIIBN DRIQ) PR G H C
7KH VXE JULG VFDOH VWUHVVHV JLG @ @ GVIKRD W L ZG! URIUP A

VXE JULG VFDOH WXUEXOHQFH

W
—-—w ,  —=
X W Xo w

7KH HGG\ YLVFRVLW\ ZDV IRXQG DFFRUGLQJ WR
t QCk\/ksgs I
ZKHOQHLY D FRHIILFLHQW ZKLFK LQ KRPRIW EHRIQV I RDVRAV WIS

WKH RUGHU RI WR <RVKL]DZD )URPQXKLMWMWHQORRE WMXWEDX

VWUHVVHYV FDQ EH IRXQG XVLQJ D YLVFRVLW\ FRQFHSW DV IR
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%YHFDXVH WKH VSDWLDO UHVROXWHEB WRDW KHKPRGED® HV |
UHVSRQVLEOH IRU WKH EXR\DQF\ PTKHWHDRIWHUGIK EXRMNIBQEN W

LQFOXGHG LQ WKH 6*6 PRGHO

OL[LQJ )RUPXODWLRQ

7KH PL[LQJ PRGHO ZDV EDVHG RQ D QMXRSEROQWVKWAKINUAD W
DV D ZKROH LQVWHDG RI WZR VHSBGUBDWXH GO KL GV WRUL WK IRUIKD
YDOXH RI GHQRWE @ WXH IYDUWHIBXHFEROYQGRMIKGGW KI®\ VFDC
EHWZHHQ DQG UWSUHVRIQWHKIHK WZRL[OXLGYV
7KH GHQVLWLHV RI WKH WZR IOXLEBVSKBVH GH ERHE E Y WK RV K

IROORZLQJ SURSHUWLAKHRP IWWBK WPPHLI[BOXQE IDWV\ ZDV GH

y DU D U

DQG WKH PLIWXUH SUHVVXUH ZDV GHILQHG DV

P, [P DP

m

7KH SKDVH IUDEWZRYQ WVFPOHDRHQWHG E\ D WUDQVSRUW HTXDW

. 8§
_D W U _Uwﬂ,_ WV p w D
X

t WX WX @ 2w w

ZKHWHLY WKH WXUEXOHQW 6PLWK QXPEHU

%RXQGDU\ &RQGLWLRQV



$ QXPEHU RI EDVLF ERXQGDU\ FRQGL\WMGRYNOZHUHLDS &R
LQOHW FRQGLWLRQ IRU YHORFLW)\ DRREQ GLWGRIIN GRY GWH ¥ M
ERXQGDU\ FRQGLWLRQV DUH GHVFVHBHKG DNVRZBIY WUR IVWWKHKIHZ DHX
FRQGLWLRQV UHTXLUH D PRUH GHVODLOHEGFWHRE UL G B WRIQH L\Y

FRQGLWLRQ

7TXUEXOHQW :DOO 3URSHUWLHYVY :DOO )XQFWLRQV
,Q RUGHU WR UHSRMR &XIBEH WDKVAL R RUMBIRSLLCHAY R QY KAHK 1 HED U G2

DQG VKHDU VWUHVVHV PXVW EH VLPEKOROXHNGL RAX IO\H D B XK 2\
VLIH LQ WKHKH RUEZHKWMRHyu, ¢DQ&G LV WKH IULFWLRQ YHORFLW

FRPSXWDWLRQDOO\ H[SHQVLYH LQ WWBPWPRDO ORIQL E LWL{ & U DL
FRUUHVSRQGLQJ VF D/OKHWLFRHXDW HER/XZPGLD QR OYDRHUQW HUHV W

PHUHO\ WKH HIITHEW RI WKH IORZ WIKID FARIORQV L RQWZAIHV QMM WD
+HUHE\ WKH QHDU ZDOO FHOOV FIYQ EH BQO0 PMIGHD\D FOZ G.LQV WE

ZDV WKHQ GHVFULEHG E\ D ZDOO IXQFWLRQ VHH H J 6DJDX)\

6HYHUDO GLIIHUHQW /(6 ZDOO WUHDVORMMHWD DO H ZEHKIHHL
PRGHOV DWWHPSW WR SUHGLFW WKHLYBQOA YKBEDWDXWUHVVD
9LOOLHUYV $ JURXS RI PRGHOVLEBHY WKIHYIVF WRIGH UM G 7KV
WKHVH PRGHOV LV WKDW WKH VWUNPWIGEYVWR BHKHQERKQGDHJ
LOQVWDQWDQHRPXV, I HVF KLY LIBAUWKH AFDURJNRBPW K RIBHH RV E® VKR
EH DSSOLFDEOH LQ WKH QHDU ZD O ® HM WK O R D GIHWVOK XIMVVHG D

ZDOO UHJLRQ E\ FDOFXODWLQJ WKH VKHDU VWUHVV DV
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ZKHUPA , W LV WKH IULFWLRY WHORFHWQYYHORFLW\ DW DO O
IXQFWLRQ FRAQVWDIQW YORQG.DUPDQ FRQVWDQW

7KH PRGHO LPSRVHV WKH ORJDULW KRR Q DAZKDKN. FKKB HID C
RII WKH ZDOO LV SODFHG LQ WXH ORJD UGRPKP L FO DL WD WW RSQ\
DVVRFLDWHG ZLWK WKLV PHWKRG| L H Q@& KWK H HTQOLELHIA \8 L WR

QRQ HTXLOLEULXP HIIHFWV 2WKHU PROWAHDIGRYUD WKHG H° G A IOW
FRPPRQO\ XVHG PRGHO LV WKH 6SDOBRDQW W DEZX ZIKIWF KD IQVWG DO F

UHJLRQ RI DQ HTXLOLEULXP ERXQGDU\ OD\HU

a
y u — e" u —Nu — u N N

ZKH UH D QG DUH FRQVWDQWBQG T u, :KHQ VXEVWLWXW
WKH NQRZQYYDIOHAHQHRMW WR WKH ZDOO Wy KD QUEFAWRRQ & IEO R ¥

DQ LWHUDWLYH SBRS§&HR XU IDQIOE/WHaH 1 U HY W U

7KH GLVWULEXWLWON RQ MW HF WWQU-HBEZAKIIN-QHCSWD MAKHHQX\DHO3O D F F

WR GH 9LOOLHUYV

k for y d

for vy !
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7XUEXOHQW LQOHW FRQGLWLRQ

7KH JHQHUDWLRQ RHWKHX /QW E WOQHOVRLDR(BQLB ULREOHP Z|



VHYHUDO PHWKRGV KDY W KEH DQ V8 i IS BAK IBDES L2H) IF FRFSSXXIVWRH G G D \
ZKHUH WKH LQOHWS RV LWMXPHIG MOARE B HE KRXQVECHHOW RKHD IOR Z LG
LV FRPSXWHG EHIR XKD Q¢ @\DRGBI®IVEBINAY LRI WKH LQOHW FR
WKH ILQDO VLPX®@BWEKRGVL\$ @R WHG HRWMR F D® $ HE BIMNGHWE QEW. W
IURP D SODQH L@VDGB WHFNGW R DA KHI LQWWM VB D UMUREWWK GRP
WR GHYHORS WK WV WXIUNEW DF\Q W FF EIBIAESCH\G EXEN WRWKRG L\

WKH VLPXODWLRQV ZKHUH D FXUUHQW SURILOH LV QHHGHG

ORGHO VHWXS DQG FRQGLWLRQV

7KH PRGHO GRPDLQURDHGHGWD® KIS\RDVWUBRB GLERD Q|

P RU P GHSHQGLQJ RQ WKH R BA\OHDRWLLR'GY R L RWKOHD MQLRIQWL @

GHQVLW)\ IRU FDORKOUFNHR® R IZE UK JAHY IRKRH® BIRPDLQ RI
WKH VLPXODWLRQV ZLWK GHQVLW\IRWRHG Z LV WKH DGR
RUGHU WR UHVROY H[WXH SURFGWW U B BEPZ®W DL@FHO RGHG RQ ER!
RI WKH SLHU LQ WKH WUDQVYHUV DU 6\ SJRG & HRIS WIR\K/ GERFEEVWWK
DFURVV WKH )HKPDOUDQVRQW ZHOE@ PDEB ® W BEDAWRWISHH St
WZR PRGHO GRPDLGYH ISQ FHOX GIIRQJ MK X VGARZDW WRIG DPL G LV W D (
DQG P

7KH FRPSXWDWLRQDO JULG ZDV VHWRXS WWRR UHWYRIODHV
FKDUDFWHULVWLE IORZ IHDW XU H VLOMYRW WHIGHL\DD\W K HVI. P[H. QWK
RI JULG FHOOV ZDV NHSW DW D O HYH@ Z R HVHGVAHNVKILEX D MW [C
6RPH Rl WKH FRQV LK HUKHVE R PY XKD FHKIREHDZO DRHV K ZD V

+ 7KH YHORFLW\ JUDGLH@D H®Q DVWKRHX € ROAYIGHE W WH X RWXHG Z|



QHDUHVW KR ULNLIQRQDIOV JILQ GV K IHWRHIEW B HRUJ K WWR X RKQW K H
VWUXFWXUH WHKQMVM.YRHVY D BRXQG D WPHVROXWLRQ R
f 7KH YHUWLFDO D@ KRRQ [R]IRW WH & R WEI WK IR WRRINVR [ G H U
PDJQLWXGH DV WKH GLVSODFHPHQWOGHHS WE&S URHL BD WHDD
RI WKH GHSWK RI|WKR X3RBHV ®OHOH)Y RUKMHW KRH YRUWH |
UHVROYHG ZLWK FHOOV RI FP
f 7KH KRUL]JRQWDO VDJSSHERWRB VZB & HRXIDXU K KV K W BPX 5WXU H
7KH ZDNHV FDQ EH UHVROVHB ZUWG FHOOV
f 7KH SOLQWK LV P KLJK ZHMWH WKHMHVROXWLRQ LV
f ,QWHUQDO ZDYHV ZLOO QRW EH WOKWLRQWLQJ IDFWRU |
$Q H[DPSOH Rl WKH FRPSXWDWLRQNORPHEVKGIHISYHQ 1R )
PHVK ZDV VHW XS ZLWK WKH PLQLPXW FH®O NKH HG B &\WKKZD ¥ L
ZLWK P FHOOV IRU WKH GUDJ VL®XQORW WK} FLQIGQG R/A@ X\OR
KRULJRQWDO UHVROXWLRQ H[WHQGLGQJ DX DN K H RPL MUK I XSLIHDUF
VWUHWEKHG XS WRH RIPWZR BV IGRLNVWMV DREIEK BWHKHY WD MYUMWEKLQJ
IURP KHUH RQ UHVXOWLQJ LQ D PD[RPXRHKREBW R QWIXP EHID I

IRU WKH ODUJH P GRPDLQ ZDV PLOOLRQ FHOOV

SHVXOWYV

‘'UDJ IRUFHYV

JLIXUH VKRZV WKMGURU BRHUIL AGRIY R P OWKERHPSMHJLP HQ

QXPHULFDO VLPXO DBWIQRE@YDNYW X & BRALRYF R1 KW KBIXPHORFDO VL



ZHUH FDUULHG RXW LQ IXOO VFD(D]-H(KWWH{R\MKH'—IRPISOBEVWQHZ\

WKH H[SHULPHQWDO UHVXOWYV 7K H L HDW H D/ EEH PRIQVIWG\M K |
RYHU D ZLGH UDQJH RI FXUUHQW V8HBE XU RAIGHE biDZDNR Bl | GLHFAG®
DW VPDOO FXUUHQW VSHHGV LQ WWKHGHGEIHU LPRIDIWIFQ HIHWV X0
D VLQJOH UXQ ZLQ&HMGHWOH) ¥ X B XKHTWH Q W LWIRHDGVRQZAR RQ | L U P H
WKDW WKH ZRUN VEDOHG ZLWK WKH FHO RELWAQWT XRHHB ERE
&DVWUR 6Q\GHU D @R ZHBLYKDW G U LRQ VINQU RW VY W.BIBOIOR Z
IXQFWLRQ RI WKH GHQXPEHWULR2IMRMOQW HMSKHLBHBWYV QF
GHSHQGHQF\ ZDV REVHUYHG ,Q JHQHYI® EB WRRIBQDWKHIHO M
VLPXODWLRQV DQG WKH SK\WLFDO PRGHO H[SHULPHQWYV
&RPSDULQJ WKH GUDJ FRHIILFLHQW ORVVBUB W H\VZ MK WK
UHFWDQJXODU SOHQW KSR\Q FADFOS VRYIIDKH WK EDAK DB BIIY LQ WKH |
VKDSH Rl WKH EULGJH SLHU VXEVDUIOAHWERKHERY R\PK B Z BIW B USG
LQFUHDVHY WKH GUDJ FRHIILFLHQ® VEK HD S\SHAMRVIHRD WBIQJI HD R D F
7KLV DGGLWLRQDOWH® WRD W KH/ WREKW PIQ JXYO BRVEWIL@QK G DV
VXUIDFH 7KLV LV DQ LPSRUWDQW REKWHUN DX \RQ RIRWKKIHY PILLL D
ZDV WUHDWHG

7KH FXUUHQW GLUHFWLRQ ZDV VHIOQ WR WD IGHPW MRGH | GEIC
WKH DQJOH ZDV FKDQJHG° WIRVEIHQ GLFIWHGW QU)RP $JDLQ D
ZDV IRXQG EHWZHHQ H[SHULPHQWYV DQG LDWIXRO® WQR®YD Z KD
JRLQJ IBRWR

J)LIXUH VKRZV WKH YDULDWLRQ L @XMHHGRIDDIW RWHFH 4R\

7KH PHDQ GUDJ IRUFH FRHIILFLHQWWQ@QFQUHDH RY WWKH R FD @ C



GHYLDWLRQ KLJK OIRIKFH VI R B W WWHAD W Bl O ON KPHR Q RIDWLRIV W H \
7KH SLHU H[SHULHQFHG D PHDQ OLIMDMWDPH N KDY \§ R M FKTULDHD
OLIW IRUFH LQGX6HG DR DEH LAKIHRQUFGX FRBIAFEDRH QW PD\ EH I
EH UHODWHG WR WKH GL @, | EbHH FRQIVGWFLEWMW BRHUQHU

S 7KH OLIW FR HOIDLWLBQ® WKUH®D QD W HORZL Y KBRV\ FDQ EH
C.=2@iA.) VHH +RHUQHU XV QJ WKI IR GKHES\E BIUO I I RIQIHQP
DVVXPH WKDW WKH LQGXFHG GUDJJERHI@LEL AR QYVIRIBXWG IRO

7KLV ZDV LQGHHG WKH FDVH DV VKRXQGA @\)DHDVWKWTK®QWYWPD

OL[LQJ HIILFLHQF\

7KH PL[LQJ HIILFLHQF\ ZDV GHWHURIQQ 8 &PEWHW BN BXOINQ
WKH OHWKRGV VHFWIR G R WHH W KD Q JHQGILUIW UL B-X W MRKH R1 G H
GHWHUPLQHG EDVH® IRQ HNVKHHDXQ ¥NPMRISV VD QLH JORAS OH R1 WKH
GHQVLW\ SURILOHV IRl D VLQWOH WRWNBQ@®PHQ\ WKH WHVW
GHQVLW\ SURILOH VY KZAH U@ SXM\D RX WNH®HW BFH WHAHBBHMG ZRDV SUD
FRQVWDQW EHWZBNQWDFKRRI OHKHIE WHDJI HGYHHIO/RIEAEIO BQG OH
E\ WKH FDUULDJH

7KH ILJXUH VKRZW WEPWH B/ \KHIGGIHD MIXMHX BSW H 5 B B X Q
GHFUHDVH LQ WKH ORZHU SDUW QO®GLW®&RYMOLQK VR IG\W K H HIN
RI WKH GHQ\DW WSBRLQ@H UIDFH

$ VPDOO FRUUHFWLRQ LV DSSOLHIBNW D YWHKWHD G H G \GLH\Q VI W\R

FKDQJH ZKLFK HQVXUHV FRQVHUYDWL®WQLRN\ EHVR U AKAR G H B B



WKLV EDVH NJ P UDGLW K YD DAWICRIQG/AKIH SRWHPWLDO HQHUJ
FDOFXODWHG IRU HDFK RI WKH VLW BBLHOGHVGE W Q SARHL OHHW KRG YL
FKDQJH LQ SRWHRWLDI® WRHVUKM WO B LNOS G R YWHG SQRLJ
WKH EXPPXODWLYH LQSXW RI WX UE XHUQRUR HGHIKLHQH\Q K B U
GUDJJHG WKURXJK W KR MEEQH QW ZDHVBW KRIDW W LRIQY KLS EH
FKDQJH LQ SRWHQWLDO HQHUJ\ DQGQWKMKLBXRPLEOD Q/H Y B\ L DK
UHODWLRQVKLS KDV EHHQ LQGLFDWH®&W @ MWXH HIXDOHN WRHV
5LEFKDUGVRQ QXPEHU RU WKH PL[LQLQH IHIFLAHQ\Q FR ZRWK LR/X O &
1RWH WKH FKDQJH LQ SRWHQUAL D OQHH@HIDI\ ZALVDIO VQHRNY

ZKHQ WKH IOXLG LV IXOO\ PL[HG RKIHQDIG GIL\W DREMD PHEIRW HPI\K
.RVHII )LJ LOO X VR D R/W W WIKWH UH DAVRMD RAKH SRWHQW L
LQWHQW LR Q DLOQ WK H SH{ SHROL®P®I Q W V

7KH QXPHULFDO VLPXODWLRQV ZHUH %HVUKRDRHBQOGL WK DX
QDWXUDO LQWHUIDFH PL[LQJ ZDV LQF O X0 A& L FIKHGED\FIN MLRXQ
ZDV FDUULHG RXW Z&MHKRXWFW KB HORP®IM K H KLRGHIORBHG D (
PLILQJ Rl ZKLFK LV DERXW RQH RUGHU RI PBJRILMX G B GXDH]
PLILQJ IRU WKH IOIRIKLWXHYHG@WLY HE ZPNJHRXQIF AHGQEIHIRUH
ZHUH FRPSDUHG WR WKH H[SHULPHQWDO UHVXOWYV

,Q )LJ  WKH GHWHUPLQHG PL[LQJ HEIHHFLQ@RW R/W GLHW D
RI WKH FXUUHQW Y HO FdhL WH Q/RIUHP O & DWIGN K HAWRLF\L 2D HJHQH U D
WKH RUGHU RI  WROR FR W IOHDW DH) G ROPW W\LKH OVR-AHWMGY HR ZH Y
YHORFLW\ LQ WKHURYgBHU RI D SPIIVN LQ WKH PL[LQJ HIILFLHQ

7KLV YDULDWLRQ ZDV REVHUYHG ERMAKL EQ ONKRIGH[G B UQ & HDQ@MB\



WKLV LQFUHD\GHLDUW KH SO\WRAXVVLRQ VHFWLRQ

:KHQ WKH WZR SLHU VKDSHV D UHWHRPS IRUHGPL WL
HIILELHQF\ Rl DERXW W R IRU WRH KLQ & D ORFEWHHWL Q.
HIILFLHQF\ IRU ORZHU YHORFLWLBYLPORZ RY HDQ JLM ILV¥ MHHQ VR
ZDY ZKLOH IRU 3LHU I7WLXZDRD\ OHDG WR WKH FRQFOXVL
HOOLSVH JLYHV D KLJKHU PL[LQJ GPIND MUK HZ B H R GXERIGLB Q
ZRUN SHUIRUPHG LQ WHUPV RI WKHR@ FOQ WK HRG EH H UIHYQHH 0.q
VHHQ LQ HTXDWLRQ WK H RHWR GYWHRG WHKOGH GHQRPLQDWR U
5LEFKDUGVRQ QXPEHU )RU 3LHU WHKH LQ ©LOH PRIVFKLZBONUD @
3LHU GXH WR WKH UHFWDQJXOD Q FH WXWMKP QHDU WIKHFZ BW F\

ZDV FRUUHVSRQGLQJO\ VPDOOHU WKDMNQ ORUH&FHINQ WWKKHH F K

QRPLQDWRU RI HTXDWLRQ ZDV D @ RRSW VL GBHQ MV ISFOrDAD DRAUL R
WKDW WKH DGGLWLRQDO LQSXW RIRWGHURULBLWH URZ\D R IV M |
ZDWHU VXUIDFH DW WKH UHFWDQJXWWO IS GILIQVENW R RLW KPH. KW
WKH VWUDWLILFDWLRQ ZKLFK WRRN IS ZPHW B 8 SWRJ LIPBRYV H O \F
VFDOH

7KH FXUUHQW DQJOH RI DWWDFN ¥YDRDRB ON WHWWRG[LIDQG HR UL
ZDV DSSUR[LPDWHO\ FRQVWDQW LU UBIW SHFWML Y7ZHK HR IP W B YA X BXIU

HITHFLRQEZDYV DQG IRU . f YHODQG f UHVSHF

'LVFXVVLRQV
7KH SK\VLFDO VFDOH H[SHULPHQWVHIHHARWG@GHGVEDQHGHWRH

RFFXU VLQFH WKH H[SHULPHQWY DUHVFDOIRQJPHA&LDHF VKEGLB



QXPEHU LV QRW PDLQWDLQHG FRQVWDQMKHQVAR®HRQVRROWMK
PRGHO H[SHULPHQWYVY WKLV WRSLF ZDW @RV F X WQR-DEFB@BM L M/F
ZRXOG RFFXU 7R VXKISSRUWKWKQXPBUIDAD GHIRBHPBGEGQUQZSUR
PHDVXUHV DQG WK ARWHNX/BR Q &/ KARR{ 8 K RWLH DFOR RV L QLWK H FD
WKDW QR VFDOH HIIHFWV ZHUH LQROXGHIQ WHEWHGHR ® OMKH R
VEFDOH H[SHULPHQWY D@8 HWK ADSU R IVRFDFDQVFICREVH GL W KZDW QR
VEDOH HIIHFWV ZHUH SUHVHQW

7KH SK\WLFDO H[SHULPHQWYV VKR ZHGHD LV HIKWY G RBUBGIRXY
YHORFLWLHV 7KLVHZGXHDWWRXWHKGE WHRDE X UEKQ Z DV AXPUSIRAU W D Q W
PHDVXUHPHQWY Rl VPDOO GUDJ IRUFHQHWRIV GCRWHHPERDGLC
GUDJ IRUFH RQ WKH EULGJH SLHUV OKHG PHRYMYHG GRDJW
YHORFLWLHY D FRQVWDQW GUDJ FIRHNKH [FKQW HZPW FPSQUHE
FDOFXODWH WKH GUDJ IRUFH 7KLV W& QBDWBGWRGUW K H RGEE
PHDVXUHPHQWY LQ XQLIRUP IORZ ,RQRRGH FRRYAMD@WUGUDK |
DOVR IRU ORZ IORZQXRB8HEENQHAM PWRKHWIHR QR ZF R0/RIZUMBORF LW
LQ )LJ WKH QXPHULFDO VLPXODWWRW KD HRPBSWH & GD ZGI O
PHDVXUHG FRHIILFLHQW IRU WKH KUOKRZORZORADWEHWLWMKH )

VLPXODWLRQV VXSWRRYHRGEG WEKROQMWWB@W GUDJ FRHIILF
5HIJDUGLQJ WKH RLMWRB ENXNORNLHIDA 5WURKDZGY RRXQ@GP WHR E

LQ WKH RUGHU RI WR )RU DQFHIBW B HQL © XW K H PW[Y®D R FI
VHHQ IRU ERWK LQYHVWLIJDWHG E WGLHG DH) DVAW W P SV WKRH OR Q
WKH ILQGLQJV LQ /LQGHQ 7XUQHR GHVWLQFWKUNJRXQV

HQWUDLQPHQW UDWH GHSHQGHQW R® WHKBHRR ©H ULDAWR 5G& H Wl



D UHODWLRQ WR GHWHUPLQH WKHREBWQD LIQPGHDW YHDRBLVDF
5HKPDQQ 7KHUHIRUH FRQVLGEHUHQHG XDWW WD BRO XPIQW
7KH GHQVLW\ Rl WKH XSSHU OD\H H IEHKIRQYMHHRE [ TRH MVGFHKQRALIQ
RI WKH ORZHU O D \IHY1-HOYARWKKHUEHIL=Y(H QREA &RQVHUYDWLRQ

PDVV JLYHV
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ZKHUHLY WKH GHQVLW\ RI WKH PL[HG IQXINGSHKHXRKWQDHHIO) £

HTXDO WR WKH 2RKMN RQIHHGHSGURBHVYV LV

EpotI Epot E - %gy y '

after POt hefore

7KLV UHVXOW FDQ EH QR XQIGHEG H QN\RIBUBQ & IDOMNUERL[LQJ RU
ROH LQWHUSUHW VKN GRY MV DIVLAVDKGIA\ W MH i [FHEWHU R1 JU
GLVWDQFH 0\

,Q WKH SUHVHQW VWXG\ PL[LQJ ZID/\K I X\HZ R/ R B\[MUHW Q DOV
FRQVLGHU D WZRROXWY A GWAD W M U EF O\ FHH DY/ W R B XX\SVB B D W H
7XUEXOHQFH LQ WKH XSSHU OD\WURMHVUYRGHVXOKH Q QW@ WD BOFRYZ
LQWHUIDFH 7KH HQWUDLQHG GHQV® b QBWH LE\ LERIR. @H O R PWHX
WXUEXOHQW GLIIXY LRR® D WH b DQ H\DWMDRIFH WL XQ HD MLPHS BK L F
DPRXQW WR

'E 0 1
e Epot .—‘t)t o u RVEgy - UVE gy m éf. 174




ZKHUH LQGH[ O ORZHU DQG X XSSHU OD\HU
SHIHUULQJ WR WKH WRWDO PL[LQJDIINHWE&HLHVIXIOW ZH F
LQGHSHQGHQWO\ RLQD Z KRHM. B IHQDWYKIFY LI RVK W XISEXQHRWF KD R Z H U
7KHUHIRUH HTXDR\RIGR® W U XPIXMW P D[H QB H: XK@ WRHWXPDEXDH O O
'KHQ WXUEXOHQFH DW\HWHVWR W Q& MHRHVSIRW K HQ RQWHK D Q J
GXULQJ WKH PL[LQURYURBHYINW HKHYIE QWK XD \LI) QWM B HHWHU
RQ WKH ORZHULQJ Rl WKH LQWHUIDFH
,Q RUGHU WR OLKNURXH W HMVX®WOM WERH GRIZ LK[IDWLRAV LQ
+H VWDWHYV WKDW WKH BQIDUE LKIPHEW GHORMHGWDYV WKH
RQH GLUHFWLRQ VP\ DURRWR SV WHHIERMHWURDFOIR BKWKH XSSHU
VWLUUHG
_h dc
= C C dt
+HWH DQ@GLY WKH FRQFHQWUDKH KRG8 HU U QGWRYHWHOD\ BQ GUW
OD\HUV EH RI HTXHK O7 KIH HABR @/HDSOWWRYKHH FRR QFR-DEQW HDRW LR Q G LI H
GRXEOHG LI WKH VWL U UVeQLIVLX QWP Q WHGEWOKHER@EHG H L Q LW
Ve FRQWLQXHV WR KR/®GEHXN SAUHVQY/RIB Q) WHHRBP¥KD QUK RI

FRQFHQW W B WISFES® U @ BAH U

h dC
f C C dt
YJHUQDQGR UHIHUULQJ WR 7XQ®HWD W L R QUEHISWID FAHKH !

RI WKH IOXLG DQIXQPRQ\W WHORWF H\GANVEDQVEH MY SRIHFR/BIQJH LQ

GLITHUHQFH DGOMAR WMWIKKHD WERYM WRJHWKHU
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,Q WKH SUHVHQW FDVH WKH HQW UBLWHPFHQOA DN ORKHW WU BBQ H

GHQVLW\ GLIIHUSIOFW WRNVWLPH XVLQJ

d d" U dx 'U U ' u'
dt dx dt L

ZKHUHLY WKH OHQJWK WUDYHOHG EHW AHH®R WZIRQV X F B H VL &
VKRZQ ODWHU WKRIFHWWPDL @PHQW HUREBYX UHBPFWK®JIJH LQ S

HQHUJ\ XVLQJ HTXDWLRQ

JHUQDQGR V WQDAMUHDML. @VRKHDQWW WYKHHAEFHL W/ R R OWA K X DEW G |

LV XVXDOO\ ZULWWHQ DV

ﬁvRi“
u

KHOUH.V D FRQVWFOWWRYRUUD RGHLRIWKH RYHUDOO 5LFKDUG\

. Ul
Ri g—Uu—

LQ ZKLAXKQUG DUH FKDUDFWHUL VW F \OFHD@INWK RBI QVAKMHRDIRD 6 R 6 )
LV WR IGHDIQQW R WKDW FRPSDULMRRZY UIWKSERVNHBBEBQHEBEZHY HU
QRWH WKDW DVYFORBY XV H® O BB BHBDE MMWHUYOWHEHQ WKH Fl

DQWG DIIHFWV RQ OAGW KEHX VD Q @ MWK HD YIDIRBHRVR ID ORJDULWKPLF

SORW

7KH OHQJWK DQGIYPQRFZWUY W EMOHXUQHU GHILQHG D

OHQIJWK VFDOH DQGDORRVRPWEKGQ® KRIRPMOWIDW KHR WSRJEXOHQW



UHVSHFWLYHO\HVYHH DOVRQBGHUQ LPHDIVSURGXFEHG E\ GURS!
KRULJRQWDO JULG WKURXJK D VK XUWHSRYHQWDIOM\ 3IGAKB U IDWRIQDG
EDVHG RQ WKH PHWKUBHQD®WK PQRBEWK KM RW KWEBWHUG $ JUHDW
H[SHULPHQWY KDYHZEHHE& RAXWEXOGH @ KW R Y LXHIQB ERWSHO® QD U .
KRULJRQWDOO\ WKWRDIKLDLH G ZEDLHIQWRARIOXW € U VHHVA BIO D
5HKPDQQ DQG .RVHIFDVH WRHVKY N UDORE B UFKWD UGYWHR@ E\ WKH
VL]H DQG WKH VSHHGGDM AKR EK GV IGHR® | R UGWIRZGE GLD UDNH RI
EDUV PRQR SODQHY DREIGH QWK IVRXUIDBEVQ | 7K & \ Z20WWHHGU WEIRKD V T X D |
RI WKH EDU ZLGWK PXOWLSOLHG ZLW IO MKW EDWF B O BIF l7G&H DAH !
XVHG ZDV WKH WRZHVSHR® \Z | R WHOH JALICGNKR®LWGLGHG E\ WK
VSDFLQJ

7KH WXUEXOHQFHQLREW WH ZOM H RN BD Q REQ IVGVIUHD SWLH UHIGQ Z D
FROXPQ VFDOHV ZEWK\ DIQHS | DLRZWYKH IR W H | R WH XRQ/BK IRHE Y L R X \
IRU WKH FKDUDFHYHQW E EW\H\QRIMERADH QL W KK 18 WZH\GFWGKWR | W K H
DQG WKH FDUULDJH VSHHG UHVSHFEWLYHO\

u U DQG D

7KH OHQJWK VFDOH IRU LQVWDQFH GIRHWVHQBWO QGH QYW R UX B
KRULIJRQWDO WXUER®B QVE F HDQR K HER /et W TX DG QURCKDOI D G

ZRXOG EH MXVW DWKUWBN®RK) DEOW KMH@LUIDAPW VWKDQJW ¥YWHKH VORS

RM: u DIDIRQVRWQ D ORJDULWKPLF SORW EXW LDJLARMROG VKLIV

7KH RYHUDOO S5LFEDVEGRROQOMMXREHI XDWLRQ LV

" UD



7KH HQWUDLQFBQVWENHRREGWAVLQJ HTXDWLRQ

Ve B

U ghL 'U

VLQREH U DQG WKH FKDQJHJIQLYRWZHLGAML\Y R DIMIH@OFHTXDWLR Q

WXUEXOHQFH LV SUHVHQW LQ ERWK OD\HUV
J)LIXUH VKRZV D ORDU L WIARFVIORWMKRIUPRUH WZR RI1

W\SLFDO ¥ DODXMWOR| DQG R V. FCDOAVHRGE N QP H QW K R FHK® LHHU K

FKDUDFWHULVWLWOWRIWHK DM\GF KB G RIFRWK H PDIRQ VMX D
ORJDULWKPLF SORWH X PZHY BB W R R FEFDAWDG S RILWWHW WRU 3LHU
ORZRVWUH LIQRUHG WKXBIHSWHWHKRW GEWDNZIRUBHEIYRB @ WD
UHJLRQ RFFRIUVXMWHYRZ D |XQGDPHQWMNOZKHOW WIKRIQVIKER Z& W
DW KIRIKMMJIJHVW D IXQGDPHQMEBA UHODWLRQVKLS ZLWK

L QWHUHVWLQJO\ WR{ HVXWHE X I ® W W RYFEIBFOHHI IVES@ V. VD W WIREK J K
VDPH YDRIXHWRIQ 7XUQHU GAXBQHEHV WIQHWKZHR UHJLRQ\

IROORZLQJRED\ $WKH EXR\DQF\ HIIHFW ENFRPHY RRIQUWID @WH

IUDFWURQKH IXQFWLRQDOIRRWRIRIKHSHQGY RQ PROHFXODU G
7KLV LV VHHQ LQ )WXUQHB\ WKH UDDMHVCRIIHWUHQW ZLWK WHP
VDOLQLW\ GLRMW WEHNL QWY IRU I DIEHD W, DQ®I VDOW )RU

KLIKRHUWKH JUDYLWQ JIOA L®ERHPWHOWZ DWRIQGHR IWWH XSSHU OD\I

UHWXUQHG WR WRHHORH H@JOL\[HHWG ENMHVWK TWKKHH VI SWUEEB W ZHHQ

UHJLRQV ZDV DSSDRIHLBD Y WHGOGRWWH DY ZHQGHARHUH WKH VKL

UHSRUWHRI WR EH5BIWPDQQ DQG .RVBIDLQHNMWX\GLWGEDWLILHG



IRXQG WZR UHIJLRQWMIHWIOH PLRLIK WRKH K KIWWDBHWZHHQ WK
UHJLRQV GHSHQGGDRXH\WD BQLW K HS RRGSWHAH GRR FOAMQ MFID ®DHV )R U
RXU FDVH WKH VKIRW ZRX®R® PRKHQVRHGXFLQJ WKH @W/HRQJIJWK \
¥aD.

SHWXUQLQJ WR WWN WIZHRUG DAN BRI IS R\CK M/ IOHR BRWW HQW FRQW

Ri LV HTXDO WR KLIFRK W KB R/AVWWHHD WIKIBRRQIZDYV NHSW SUDFWL

FRQVWDQW WKURXUJ K RBXMVMR G\XHH @&/ 1D UWWRKMRVIWBKGIVWIL R ODEXM HQW N LC
QHDU WKH IUHH YWHILD FR GRAPRKE XA WEBHNV KB VBB GQAQVWKD KKLIJKHU
WXUEXOHQFH OHVBURDD KWKHUHORYBRPRW MOWERRUBRH DW WK

W LV WKHUWIKRDM WKNHOFH B R WHGWER WKW BBOLSRQVLEOH IRU \

HQWUDLQPHQW® IRIMWH RERV HBYBDKRYHORFLWLHY LQ WKH H[SHU

7KH H[SHULPHQW UPEXQLIPE RE H> B WHN) XPEHELBNDXG¥RQR C

WKH YHORFLW\ 7KRIQDER\Y BHGXV HEVWRV KRHPDIOLIAWRB PRGHO IRL

YDULDWLRQWK UHVSHKFW MWRUH WZWR WHUHRQRQ)ZKMUH WKH E)

V,
HITHFWV DUH -|D£P$F\fFRJWDrQW VEHFRQGO\ DHUWKIRBEDXARKBQF\ HIIH

V,
QHJOLJIﬁFEO:H VR +HUHD @G DUH ERWK FRQVWDQWYV

7KH FKDQJH LQ SRWGODWILODWH@IQU IMGPDV EBKHWIHVWK H F K

LY GRXEOH DG GRXBPHOHQIALEBHF XUV

d ~ hg L A/ ~
E. E t A - Vog—~ — A = U ghLAE ' U
EQ—©U g o1

pot a pot

7KH ZRUN GRQH PD\ EH ZULWWHQ DV
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7KH PRGHO GHVFUWERG EQ MK HQ DIRBBIW KHY YKWEQVKH P
R DJDLQVW WKH FDUULDJKHgVB@HGIQRUBBRRPHQZLWKGHYHOR
VLPLODU PRGHO DV WKH RQH RXWOLQIBGH®LAWXDWMLRLDU UH E

IRU ®RZDQG LQYHUVH VTXDUH URRWNVKHO D\OMRQY/HH S BREBW KL JIK
PRGHUDWHNVYWQ DWXIDWDRR Q FDY E¥ WHZ R WHR HIRUQ WHUP

Ri DQ@R5 vV Ri ° IRRI t VLPLODU WR S5HRKRPDRESRUW TNKKH FKRL

VFDOHYVY DQG H[SODQDWLRQ DERYH

&RQFOXVLRQV



7KLV SDSHU SUHYVHRQWHGWW & H WHHOXW RIY WWRJ DMK HI IPHGL IO R |
EULGJH SLHU VWUXFWXUHV LQ HVWVWDEM BFW R IGWRKEHH B @ XI®\YZ D
EULGJH SLHWERH\QHD JRKPDUQ % H O'W Q P HUGEN COL@®! *B-HMP DIQN Q7 K |
RI WKH VWXG\ ZDV WR JDLQ NQRZO HGRXQBGERXMG WK 8 LAHLL L\QW LE
WR HYDOXDWH W K 8 DHFQWY RU RVXRHH Q SEVADIME KSLOIG GHVLJ

7KH QXPHULFDO VLPXODWLRQV ZHUB ORHDG WA ® RO L\GF D
FRPSDULVRQ ZLWK WKH H[SHULPHQWDWLPX® B®WWRQ \J XZHUKH B
FXUUHQW SDVVLQJ WKH VWUXFWXUBH®2KHRIHWIR LGL WHKWBIH V8 +
GUDJHG WKURJK WKH ZDWHU 'UDJ |RR[SHH UFIRAHH QW VHDQWS BIX/
VLPXODWLRQV VKRZHG WKH VDPH RYHUDOO WHQGHQF\

7KH JDLQ LQ SRWHQWLDO HQHUJ\ ZOWL WY W QPW WH X DSH D ¢
WKH H[SHQVH RI DL@QRZHWIDEH FDIQBEEHBR KU WD \LI) RMKMKGIRZHU OD

LQ SRWHQWLDO HQ MWRI WKV JHRMHSIDUNLGR B WRL FWHXQHELXID HEQ WV K H

ZLWK WKH EULGJH SLHUV WKH ®XOMRMMK[SK\FKPDG W Q HYX F

QXPHULFDO VLPXO DWKIDRYPH 8 KRR HG JDEX AHWR WK HGSHHSLHUV D
IRU UHDOLVWLF SYUHRROWRRAL VB HHE/X WREID AURSH W DIR AGWOLG!I LQF U
RI W R IRU WKH WHVWHG SL HW GHNQ MNP X$OD B/D &Y VR W W
PLI[LQJ|ZDV ZKLFK ZDDXQMRMG LIQF WH S IS K L\PIHFDUZVN KR X Q G P L[LC
ZDV H[WUDFWHG EZHRHH RKSDUHGXWRWSWYLPHQWDO
‘H IRXQG WKDW WKH GDWD VXSSRUQWR WER V& LWIKIH HPQ L (
GLYLGHG E\ D IXOO 5LIRKDUGBMRSB RXWEIRW MIKH GLYLVLRQ LQ!
IRXQG LQ WKH OLWHUDWXUH VXFKPWKHLQGHQ RQH AWXHUIQRQ G

D PDMRU UROH IRU WKH PL[LQJ ZKHQ@W HWX D E N GRH QWK HOWXW WX\ 1A



RYHUFRPH WKH VWDELOL]JLQJ HIIHMXRIVIWLDDWW\LFQWILREB RW
HILVWLQJ RU WKADWKR @ X CCHIHNY IFDMXEWHWORQR W @GI HHWIBG E\ JU
DQRDO\VHVY KHUH DQG LQ WKH OLWHQWWXUEB WEBEWHWGBZRQUUH K DRQ

YHORFLW\ VFDOHV IRU WXUEXOHQFH

$FNQRZOHGJHPHQWYV

7KH UHVHDUFK ZDG £D WWKG\ )WMPHIIFQU WH BHD W& )IH[KIFSD/L Q N
XQGHU WKH UHIHUHQFH QXPEHU (19 1 DQGSIRUMIGWE\ WKH
3 QQRYDWLYH 0XOWHL SX\SRRUHPR | | S ®EXBGQR OHUHWILRQ ™ 0(50$%,"

XQGHU WKH FDOO 32FHDQ RI 7TRPRUURZ’

SHIHUHQFHYV

$FKHQEDFK ( DQG +HLQEFNRUWH|[ PKHECRRWK DURG URXJK F\C
LQ WKH UDQJH REBHVQR O& VWIRouTnakof Fluid Mechanics
&DPEULGJH 8QLYHUVLW\ 3UHVV +

$UQHERUJ / JLHNDN DBQG&POOMFKDUGD ¥YLW\ &XUUHQW "\QDPL
(QWUDLQPHQW?2$ 3URGHR/(QY BEWHI YW DN RDNIo@nitVeEH $UNRQD
Physical Oceanography +

%ULWWHU 5 ( +XEW?* -/ &DRGOBEMMVGHU 37KH HIIHFWV RI VWD
VWUDWLILFDWLRQRVRR QVRQEBEXW K Q BXHGHpERRl dFu@E W X U
Mechanics +

&DVWUR , 3 6@@GHIDLQHY B * OH GUDBVIWDW¥WUDWLILHG I¢

6RF /RQG $ +



&KULVWHQVHQ ( 3/DUJH H@G\ Y@ R R ODAMIoRIBGHDINUIINO O

Engineering +
JHQQHO : DQG 6WXWUWFIDRLFV RI WK HLZEMIOIMrideD O W
Systems + +

JHUQDQGR + - 6 W 0LY{LXQU EXD B \@ VANNGA Rekicy ofdhit
Mechanics $QQXDO 5HYLHZRLQR :DO® &D2 %R] &BDOR $OWR
86% +
JRIRQRII 1 3 DQG 0L O OAldgo@hmbEfor comgutation of fundamental
properties of saltwater 81 (6 & 2
*UXEHUW - 3 0 L3[, IQQV HLUQ DeR. D 0DV LO RIE@naL &F Biiudic
Engineering $PHULFDQ 6RFLHW\ RI &LYLO (QJLQHHUV +

+RHUQHU 6 Bluiddynami@édrag +RHUQHU )OXLBULENWIRAQ 1HZ -HU\

+ROIRUG - 0 DQG /LQGHQ 3 / D VWU R WHEDKIOEHBQIWD RLGL QJ L (

atmospheres and oceans +
+ROPERH - 32 Q RV KWH PEPHHRADWYLLAR WD YIHH/G LK E@EblYSO D\HUV -~
Publik., Geophysica Norvegica +

yYHL * 1 DQG ,PEHWVBR2HQUWKH 1DW XQMHHRU QY DUEWOBIWLILHG )OX
7KH (QHUJHW L FMuRal & Phizgigdl Oceanography +
-DFNVRQ 3 5 DQG 5HKPDQ®@ H& DW L F L(INHHEFMQYWRIDO 7UDQV SR U\
OL[LQJ (IILFLHQF\ O 6DV DR EIXN L Y M U.BPKR.HDEeAhogO RZ S S
+

-DNREVHQ ) +DOQWH® +DQVHQWW H5DV® &V VMY X)S 3)ORZ



UHVLVWDQFH LQKW KeH JIHNMOW VAVHIDWWHWREHHNDZ B QG WKH YD OW
Estuarine, Coastal and Shelf Science *

-«UJHQVHQ Entrainment introduced by piers, dapand ships in a stratified channel
flow ,QVWLWXWH RI +\GGROGXIDOLFLEYIDQBHUEQUYAHUNKQLRI
'HQPDUN

/IDVV + 8 ORKUKRO] 9 .QROO 0 (TKD®BHOPENHQHFGRZQVW

D SLOH LQ DQ HyumX DIWapelSySdmg = + *

ILQGHQ 3 ) DLW L QUHIGQ) OWUGYW URIRISKAV) BXLG '\QDPLFV

SS

ILQGHQ 3 ) SOR[GOD VPEWR Y Y WGE LEDFUL S URIBIENOHQFH -
Fluid Mechanics +

OHQRQ 6 <HXQJ 3 .: DQG .BEAIHFWURGVRXEEGHOV RQ WKH FRF
LQWHUVFDOH HQ HWR WRSQ EdrigxtéerEXFIdQ FH +

OLOOHU - / DQMXRIYIDOGOH /HYELTXKH I( 3 B V8 LROIHRd UFFQ@ W WRI@ WQ

IRZHU &KHVD SEsaties %D\ -~

0jOOHU - ©6 DOQGQ2WWHVHQ +BPQLVHQWLLIOHGWDRZ FDXVHG E\ R
Journal of Marine Environmental Engineering +

SHGHUVHQ ) Erdronmental Hydraulics: Stratified Flows6 SLQJHU 9HUODJ %HU (
+HLGHOEHUJ 1HZ <RUN /RQGDRQ 3DULV 7RN\R

BHOWLHU : 5 GD@G RDXOILHOL[LQXI(WEEHB®FLQ 6WUDWLILHG
) O R ZAhnual Review of Fluid Mechanics +

SHKPDQQ & SRADROL QQ J RHU I MWF L HGIRS\ RU LN\OGNVIDBriEOf OHQ FH 7

Hydraulic Research

I+



SHKPDQQ & 5 DQG .RVHIHDQ SRWHFWDROHHQHVYWUDWLILHG
W X U E X DyiHapniicsl of Atmospheres and Oceans +
5HQQDX + 6FKLPPHABUG PHBQGC % XHPFWWKHH WIUXFWXUH LQGX

UHVLVWDQFH DQG PMWRQW KRH) % Q ORIV 6BIDG I$ GRIX GL F

Engineering +
5RXVH + DQG 'RGX - 37 XUEKQWIQOW G L MBRRQEE. @XIULWRYV V
Blanche +

6DJDXW 3Large Eddy Simulation for Incomgssible Flows: An Introduction 6 SULQJHU
9HUODJ %HOBPHQIJ+IHHAG KHRUN

6P\WK : ' DQG :LQWHUW7XUBXOHQFHQD QROPIHRGauaY HV -~
of Physical Oceanography *

6WUDQJ ( - DQG )HUQDQGR + - 6G[LQJ LG(QWUDWQ PHGBW R E
Journal of Fluid Mechanics &§DPEULGJH 8QLYHUVLW\ 3UHVV +
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