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7THFKQROR

'HYHORSPHQW RI DQ ,QWHJUDWHG JUDPHZRUN IF
'UDLQDJH 6\VWHPV 8WLOL]LQJ 1XPHWNIEQ@D ORGH
DQG ODFKLQH /HDUQLQJ $SSOLFDWLRQV

6H\WWHGHK *RODOHR XRR/WK IBBIBERKDPBDGDPLQ .DUEDOD

OLQLQJ (QJLELMH®WBQUNDELU 8QLYHUVLW\ Rl 7THFKQRIORIYP GHKUDQ 3RO\WHFKQLF

$UWLFOH ,QIR $EVWUDFW

5 HF H L YBIGX D U\ OLQH GUDLQDJH UHPDLQV D FULWLFDO FKDOOHQJ
SHEHLYHG LO 5HwowHG IRMXVWDLQDELOLW\ RI PLQLQJ RSHUDWLRQV DV LW I
SFFHSWKEXVW VXEVXUIDFH IORZ EHKDYLRUV DQG PHFKDQLFDO VW
3XEOLVKHG$R QO H SURSRVHV DQ LGWBIVEBMBUN WRUHH)DOV]LQJ DQG RS

GUDLQDJH V\VWHPV DWLO@RH SQHRXQDQKABHRGBVW SK
K\GPRFKDQLFDO EHKDYLRU RI WKH URFN PDVV ZDV
L o VRIWZDUH GHPRQVWUDWLQJ WKDW LQFUHDVHG Q
———TCV DSHUMQXGISHUPHDELOLW\ 7KH VLPXO B HGBRHE\SU|
: PDWFKHG WKH ILHOG FHDIY X ZHWHQR\QO\ D1 GHYLD\
OLQH 'UDLQDJH 0DQDIJHPWIWH VHFRQG SKDVM HDLEPIOMALY IRSBURDFK XVLQJ
IXPHULFDO 0RGHOLQJ SQDO\WLF +LHUDUFK\ 3URFIHNRP $+8&RPDIA LIQ[SHW W
LGHQWLILHG 4 YHU\ KLJK TXDOLW\ DQG 4 PHGLX]
_ PRVW LQIOXHQWLDO FULWHULD ,Q WKH WKLUG SKD)\
HFLVEBRLQJ JUDPHZRUNY | oHDU UHJUHVVLRQ SRO\QRPLDO UHJUHVVLRQ |
6XVWDLQDEOH :DWHU 7TUHPWPH M UH WUDLQHG RQ SLH]JRPHWULF GDWD WR SL
$11 PRGHO RXWSHUIRUPHG WKH RWKHU PRGHOV DI
506( RI HITHFWLYHO\ FDSWXULQJ WKH QRQOLQHI
IORZ ZLWKLQ WKH PLQH 7KMWHWK® ALQON M JKIDIW DR QKR @
PRGHOLQEDMIBSEWMHFLVLRQ ®WDHY LU HDRGFWLRQ SU
D UREXVW DQG LQQRYDWLYH DSSURDFK IRU GHVI
GHZDWHULQJ V\WWHPV ZLWK SRWHQWLDO DSSOL
K\G UR JHR ORILFEQ PHIQW V

ODFKLQH /HDUQLQJ

,QWURGXFWLRQ

OLQH GUDLQDJH FRQVWLWXWHWJIRRABVRKLIWKCOHL JKRWWKH ZLGHVSUHD
VLIJQLILFDQW HQYLURQPHQWDO RRWHKLNFXIREDO EXDXOHOHQJIHV

IDFHG E\ PRGHUQ PLQLQJ RSHUDW&RQYHRQRQRQ@POQPWEB GUDLQDJH
ZDWKOWDOGHQ ZLWK KHDY\ PHWDO W HWKRGN DG OWRILOJ DFWLYH V\VWH
FRPSRXQBUHDWHQV I[UHVKZDWS$WHFUHMRXWER® DQG SDVVLYH V
SXEOLF KHDOWKDO ED®IFPQPRI$SFRWILQKHFWHG ZHWODQGYV KDYH GHF
GUDLQDJH $0' UHVXOWLQJ IURPHWKHHR[RGBWHRWLRIHQHVV +RZHYHL
VXOILGH PLQHUDOV H[SRVHG G XIWHIX R QLOQ J HIUFRRQYAWIH WP AL D @LLIR Q V
LV D PDMRU VRXUFH Rl ZDWHU B\R O XKWL R R SHY IPMMRIQDML F FRVWYV  \
PLQHV )LHOG VWXGLHV IURP VLWG® YLWRRKP HQ WIK® BRQGGQWDRQV DQG
&KURPLWH OLQH LQWRGWIPS ROLMRYRR WIKH G\QDPLF QDWXUH RI XQGHU
DUVHQLF FRQWDPLQDWLRQ LQ JHRXQGRQ WHQWYHD,@ PIOQUWUFXODU Wk

M &RUUHVSRQG (RULDXMHERIHRVVHLQL
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PHFKDQLFDO EHKDYLRU RI IUDFWMNVSIGWHRFAN HP@WIWH HITRUWYV LQ WK
FRPELQHG ZLWK QRQOLQHDU FKDWIBY HW KHYUHP HDEECOHWYHG RQO\ R
XQGHU VWUHVV SUHVHQWYV D P X®WILEIPHQ VI IRRIDIHPKDQOHQPRBDWLRQ
IRU WKH DFFXUDWH SUHGLFW L R®DX PHEGL FIRQ W B B 8 OR/I ZIDWHIQUODEN LQW
IORZ LQ PLQHV WLPH PRQLWRULQJ RU G\QDPLF DGD!
7R DGGUHVV WKHVH FKDOOHQ JMVF RN IQHY O BIXEEN ERBRB BYHVUDUHO\ FR
DQ LQQRYDWLYH LQWHJUDWHGZUWIKXPSERAULN DIR P RPBWHG J DRAD GI\['B IH\WU W
GUDLQDJH PDQDJHPHQW LQ PLOGGLWHERQARMPHQWAD G LEDIMHEDO D Q
7KH IUDPHZRUN LQWHJUDWHY WWUHHV PR RS0 HPRHHAMKWRBUA VXIITHU IURP
GRPDLQV DGYDQFHG QXPHULFDOD PRGN DR GRORKRUPDQFH
K\GPRFKDQLFDO EGKDWNKRUSQNVYHUDBOH SUHVHQWY D VWUXFWXUH
'LVWLQFW (OHPHQW &RGHDWHG& RYHWYSEHBWRI NH\ VWXGLHV KLJKO
PXOMULWHULD GHFLVLRQ DQDCPMIMKRGWYKUREMHFWKMHY FRQWULEXW
$QDO\WLF +LHUDUFK\ 3URFHVVUH¥HDUFEKQIDSYV 7KLV DQDO\VLV GHPHF
DSSOLFDWLRQ RI DUWLILFLDO BQWW®WJIHYRKGONHPK@LLTDXHY\ DGGU
LQFOXGLQJ UHJUHVVLRQ PRGHOWKRQWFREWQ IVFED & Q)RRIODIR GO D IQXP
QHEWUNV IRU GLVFKDUJH SUHGL[BPWAIRHXVGEEFLYHP@ DQDO\VLV DQ
SLH]JRPHWULF GDWD OHDUQLQJ WHFKQLTXHV LQWR D XQLI
$V SDUW RI IXWXUH GLUHFWLRIQWPWERY N WXGVBDB®YRKIHYH GUDLQDJ
WKH LQWHJUDWLRQ Rl ,QWHUQHW7REDKLQ BUHRHAQWINQVRUNUDO H[DP S
IRU FRQWLQXRXV PRQLWRULQJIPLOKGGCHRZDWHULIRIRPHWKRGY 7KH F
UHQHZDEOEHDNB8UZDWHU W UHDWPPHMWR SWVIW B YVPHWKRG LV LQIOXHQ
LQ UHPRWH PLQLQJ HQYLURQPHOMRUYV QP XGhWI WKH PLQH V JHF
LPSOHPHQWHG LW WIKDVHXUUMWKEWPWHU WDEOH WKH YROXPH RI ZI
WHFKQRORJLHV KROG VLJQLILE®®B WW KR WHEHHLHPE QBY, RI WKH PL
L

LPSURYLQWULRIMHDE®DWD DFTXLVL J D FIEgQVXOWLQJI ZLWK H[SH!
RSHUDWLRQDO FRVWV DQG HQ E ’E% Jrl Wgﬁ&&'* WKH PRV
VXVWDLQDELOLW\ 7KHLU LQFRU R X PDUW
GUDLQDJH IUDPHZRUNV FRXOG A’W%\/ Q\(?)I?&WLYH

HIILKFQW DQG VFDODEOH VROXWL & RUW ORQJ

WHUP ZDWHU UHVRXUFH PDQDJHKHYWPHWKRGAD®I\ EHJILQV ZLWK

RSHUDWLRQV PRGHOLQJ ZKLFK VHUYHV DV WKH IR>
VWXG\ E\ VLPXODWLQJ K\GUDXOLF FR
I[LWHUDWXUH 5HYLHZ ZDWHU IORZ SHUPHDELOLW\ DQG OHLEL

0,
WKRURXJK UHYLHZ RI SUHYLRXV Ré@ﬁﬁ%\gg\/ﬁﬁ,fﬁgd
GRPDLEQFOXGLQJ WUDGLWLR &8 (& 7KHVH VLPXODWI

QXPHULFDO PRGHOIL\WB ULBX G3MH
PDNLQJ DQG DUWLEULAM Y

Vv
7KH VHOHFWHG OLWHUDWXUH L ET ﬁ@%@b?ﬁ@ﬂ%%%%%%%

LQWR IRXU PDLQ WKHPDWLF DUHDVG "\ 1y QH[W S RDWH QG FPRO/KEAQ D U H
7UDGLWLRQDO DFWLYH DQG SMHWHERSEHGDLEADIJHQWHJIUDWLQJ H[SH!

7R HVWDEOLVK D FRPS’lU)H’HK@QVHRmL @R v \ISRM@D%H $V§VFV*,§RDX\Gk
IUDPHZRUN IRU PLQH GUDLQDJ ’leﬁ/\}h% 96 Q

\~Z
SRURXSRURMNQW\ G X

FRQWURO PHWKRGV 7KURXJK VWUXFWXUHG VXUYH\V H[SFH
+\GURHFKDQLFDO QXPHULFDOSUARAHIOH LQIOXHQWLDO IDFWRUV
DSSURDWVXAK/ DV 8'(& YDULDEOHV H J YHU\ KLJK KLJK F

'DWOULYHQ WHFKQLTXHV DQ@HQ/\EE'@@{!QHP@‘DD]W@@@G ZHLIKWHG ¢

OHDUQLQJFPRGHWONKDUJH SUHG MERWw L QVWUXFWLRQ RI D GHFL
I[DFLOCWDWHY WKH FRPSDULVRQ RI )

 QWHJUDWHGP DI RUVLRID PHZRUNKVHUHE\ HOQDEOLQJ RSWLPDO UHVRX!
LQYROYLQJ WRROV OLNH .6 $48 QR® ¥ PR/KFPDQDIHPHQW
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7TDEOH &RPSDUDWLYH 6XPPDU\ RI .H\ 6WXGLHYVY RQ OLQH 'UDLQDJH ODQDJHI
5HVHDUFK *DSV

5HIHUHQFH OHWKRG 7RRO 2EMHFWLYH H\ &RQWULEXWLRQ ,GHQWLILHG *DS
5R\&KRZGKXU\ HWFVWDIOYH 7UHDW PH{QMW UDOL]H DFLG2WHUYHRRYH FKHPLFD O+5 UK FIRSAW DRSIHRID WL R QD O
> @ OHWKRGYV KHDY\ PHWDOV R[LGDWLRQ PHWKRGY FRPSOH[LW\
6NRXVHQ HW DO RIZHWODQGY OLPHPWWRES GGDE@\DELOLW\ VORZ
3DVVLYH 6\WVWHPRQWHUP GUDLQD.]H FR(B‘
> @ RUBDFWRUV SHUIRUPDQFH
5HPRYH &U 9, XVLODJWEOWWHG VROXWLRQ IRBHGHDQW RQ SODQW
6DKD HW D® @ 3K\WRUHPHGLDWLR o Q N Q Q
K\DFLQWK PHWDO UHPRYDO SHUIRUPDQFH ORZ VFDODELOLW
+DQDN /XQG &OLPDMMLOLHQW ZRWHUUDWLRQ RI SODQQLQJ X
Q Q 3ROLF\  +\GURORJ! Q ° Q LRV V(\?HFKQLFDO PRGHOLQJ WH
> @ SODQQLQJ XQFHUWDLQW\
-LQJ B6WHSKD VVR 6L P XODW HGRZWQHWNVU D ERWRQLQOI HG ZMWWRHK, RU UHDO
Q Q3 %RGHOLQJ +\GUWRHFKDQLFDO EHKDYL oL
> @ IUDFWXUHG URFNV GDWD
-RGHLUL 6KRNUEHQM BGUHVVLR '"HYHORSPHQW $, PRGHOLFRWW®G MIRQUDLOLQJV ODFNV |
Rl SUHGLFEW $0' SRWH WLDO Q o Q
> @ 3URJUDPPLQJ *(3 ULVN PHFKDQLFDO OLQNDJH

QRUHV PHFKDQLFDO URFN
$KPHG HW D® @ ODFKLQH /HDUQB@HGLFW JURXQGZUWRGHORIRU GLVFKDUJH II(IIQDLV-LIEILDJVW QJ

QLXva ILHOG PR@LWWRQUQLIQMWHIQUWDWLRQ ZLWK

&R
+H HW DO> @ 6PDUW 6HQVRUV.DYRHU TXDOLW\ PR LQN
uv GUDLQDJH PRGHOLQJ

<®
;U;U

%DEDHLDQ HW DO +\ELUG PRGHO FRPELQU®RWHDSISOWHGQ®RWZDWHU GUDLQ
$, 6WDWV 0&'03UHGLFW IO\URFN GLVWDQFH
> @ DQG $, RU K\GURORJ\
_.DUDPSDWVLV HOWD\WD L QUDRMHE WERULHQGO\ PHWKRGV IRU /DEN Rl VOHWHP
6WUDWHJILHV IRU VXVWDLODEOH UHPHGLDWLRO
> @ $0' 7UHDWPHQWS$0' LPSOHPHQWDWLRQ PRGHOV
0DQGDO HW DO . = "HOLQHDWLQJ JURX@WHDWHWHG VSDWLDOIRQGWIHFIRWRG IRU G\QDPLF PL
> @ ' SRWHQWLDO JRQHWQDO\VLV GUDLQDJH V\VWHPV
'HPROVWUDWHG WKH SRWHQWLDO R
6KDEDQL HW DO([SHULPHQWDO (MPD®RDWH $0' LQWHUDFWI RQ IOF Y GPDEOH DSSOLFDWLRQ
WLF ODORPDWHULDOV LO &
> @ SHPHGLDWLRQ ZLWK PDJQHWLF QDORP HHQDWOV DQG V WP LQWHJUDWLRQ
ODOOLFN HW DO)X]]\$ s .6 /DQGVOLGH ULVN )&JDGOBERNRQJ LQ FRPEBPXYHG RQ VXUIDFH ULVNV QR
+ il
> @ DQDO\VLV WHUUDLQ VXEVXUIDFH GUDLQDJH

(YDOXDWH DQG FRBPEBWHKHQVLYH UHYLHRPMRN BR&'IOQWHJIJUDWLRQ ZLWK UH|
3RXUHVPDHLOL HW DO
@ 0&'0 UHYLHZ 0&'0 PHWKRGY IRUDSSURDFKHV LQ PLQLQWLPHVEKQ® FX\Q RMLF GUDLQDJH
>

VXVWDLQDEOH PLYIXYWDLQDELOLW\ PRGHOLQJ
BRHWKRGRORJLFDO JI

)
6PDUW PLQH GUDL@®RELQHYV PHFKDQLVWLOIELCB%\%%V?(IS(%QVLFDO HlSHUW DO

7KLV BWXG\ 8'(& $+3 S,
IUDPHZRUN H[SHUW LQSXW §, GDWDLYHQ OD\HUV

,Q WKH DUWLILFLDO LQWHOOLJPQWNN SKDARHFNGIRWPDWRRQVKEKBIQ EH FOD)
$QIRXUDQ OLQHYV SLHIRPHWULF PHDYXHBHEPGIK) WRUD LR SHWMHRHD EOH 7KHVH
WR GHYHORS SUHGLFWLYH PRGHOQNRUBKRHMNMHNVHGDMWH FUKBUDFWHULVWLF!
SDUWLFXODUO\ XVHIXO IRU DQDQUEQXGNLRH WHKGODLDWLRRYVKHOSDYWLRQV DC(
EHWZHHQ K\GUDXOLF YDULDEQHMG XBEHQBUURDYVLRHMV FKDUDFWHULVWLEF'
HQYLURQPMQWB® RIDWKH PLQHWISHJGML OQOHPHIUWXUHY SRVLWLRQV DQG
UHJUHVVLRQ PRGHO LV XWLOL|HG WF RFQWAQXWWLBIYG SXPKBURMXWY VWXGL
SDUDPHWHUV VXFK DV IORZ UDWH@X®& KLE D D XFOH W KFRRGNG WWRLBQWHVYV WKH ¢
XQGHU GLIITHUHQW VFHQDULRYV DW BAKHHY¥Q JRPR@HDLY HWW\BKIEWW O O\ XVH W|
PRGHO DQDO\]JHV WKH UHODWLRHQUO/HKRSQWHWHWKRGZDWHUDQG WKH ILQI
SUHVVXUH DUNGDNIKHHFWOLFRMWRPLQH GPBMWIKIRIKHK WRXV WUHDWLQJ WKH URFN
LPSURYLQJ SUHGLFWLRQ DFFXUPROQWWLOMXXRRSWHRMWL®A ZKLOH GHILQL(
GHFLVDRQQJ 7KH PRGHO LV FRQWLORENXVOL NS GDIWEHRWK WKH URFN DQG
DGDSWLQJ WR FKDQJHV LQ K\GUDDAOGWKL @ RIGLLW LIRDQFKHEAURRKH Y HF RQGEGH OV
XOWLPDWHO\ HQKDQFHV WKH HRLWHI-QQBHCR\IRQUFDI-H.WEREV VXFK DV WKt

VWUDWHJILHV PHWKRG (O DQG GLVFRQWLQXRXV (
DQDO\VLV ' ZKHUHLQ WKH URFN PDV
I1XPHULFDO ORGHOLQJ DV GLVFUHWH HOHPHQWY $GGLWLRQDC

1XPHULFDO PRGHOLQJ LV HPS%H%%@%%?H%SOR\ WP'“R”KYR;?S,:J(V?VV%,FFE
SHUPHDELOLW\ DQG HYDOXDWH }f)Hv)é'\(% V VHFRQG
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1XPHULFDO WHFKQLTXHV DUHHRFOWMDWLRSOHPHR@YEG WR VLPXOTL
XVLQJ VRIWZDUH VXFK DV '(& 8'KE&GERPHVRICHFAX@®LFDO EHKDYLRU RI U
+\GURJHRVSKHUH 2QH QRWDEOH H{BPSQMPHUBFRBO VLPXODWLRQ
8QLYHUVDO 'LVWLQFW (OHPHQWKSRERPHEKDRK FROCHEMKDYLRU Rl D UR
WZBLPHQVLRQDO DVVHVVPHQW RFlXSJHNJIF?HDE/lDOHW\ DQG

DOORZV IRU WHRH HRWUBDSROW W LQVﬁﬁﬁH@u HODVWLE RIODVWRSOD
GLPHQWLRQMW EDVHG RQ WKH GLVR BVYU}%? R DSSOLHG VWUHVV
PHWKRG DQG EORFN WKHRU\ GHYHORSHG E\ *RR G

DQG 6KL > @ ZKLFK KDV EHFREOWLEJ WKH Q R OILU@HFIUX WHYV S R C
FRUQHUVWRQH LQ VLPXODWLQJ WRYWWHLE UuRFN PDVV

EHKDYLRU LQ PLQLQJ DQG JHRWHF&MHDA HOQWKQ HDHOWLFILSDWHG H[WHC
8'(& PRGHOV WKH URFN DV D KROGWHFWURYQYY RRQGLWLRQV

LPSHUPHDEOH EORFNV VHSDUDWHG&I‘Ry@LVd:JRQ\,WHQMWM%WFDO PR
VXFK DV IDXOWV DQG MRLQWV 7KLY MROMIZRYY \m/olynng

RI VLPXODWLQJ K\GURPHFKDQLFDQ FRXSOLISJ EH DYLRY
DQG HQVXUHV WKH FRQVHUYDWL@&GFH bR @ci\f\? b%@ $DUDPHWHUV
HQHUJ\ LQ LWF XD DWERB WV ZKLOlLI(a' R EQFFR WKH SHUPHDELOLW\ RI D

F=
(-
T _

FDOFXODWLRQV DUH GHULYHG y dHEFWXUH OHQJWK
YWWRQ  VXUIDFH

U )
7\SLFDOO\ FDOFXODWLRQV xvu%ﬁé'ﬁﬁéﬁ‘?/ g/QLN\ﬁW%IE%’dHV‘ FR@RHFWLY
D
LK

WKDQ PHWIBULPHQWRRQDO 1Y CWDERXRGDU\ VV

®
QHWZRUNV RU UDQGRP WHBW HYRBOYWINWIRR) v EHQEh WW DIOH WKH  SULP
PRGHOV 8'(& FDQ EH HPSOR\HG®RRPVHMEHWAR @M HUHG LQ WKH
LPSDFW RI VWUHVV RQ KD@GDXHYFYRRBGKEFQHAQ\EHKDYLRU RI D L
GHILQH WKH UHSUHVHQWDWLYQHWHHBHQWH §HV§’H?§HOLW\ DW GHS
5(9 LQ URFN PDVV VWUXFWXUH®HSWK NWWUHYV DeKR ULVHV
1HZ VRIWZDUH VXFK DV )/$& )%Q/V\)"/\b%mﬁ 16 LQYHVWLIDWHG QD
$QDO\VLV Rl &RQWLQXD LV Q@EUE Py W \VWCY HYyrDOO RI ZKLFK P X\

FDOFXODWH JURXQGZzDWHU I10RYZHYW¥X Bﬂ@JlUVﬁY(dJQ'OXHQFH RQ HI

7TDEOHDPSOHV RI GLIITHUHQW W\SHV RI PLQH GHZDWHULQJ PHW

PLOH GHZDWHULQJ .
PHWKRGV HILQLWLRQ

OLQH GHZDWHULQJ LV DQ HVVHQWLDO SURFHVV LQ PLQLQUGRSHUDWWRQND FI. DR W® \b

0LOH GHZDWH EWQG HIILFLHQW H[WUDFWLRQ DFWLYLWLHV 9DULRRVWHKI KN SHHADMWHER Q G PV

Q ) HUHPHQWYV Rl HDFK PLQLQJ VLWH 7KLV GLVFXVVLRQ ZLO®WRIAMWQRQ VRPH
WHFKC

7KLV PHWKRG L\SXWHGA QRQRSZKHQ WKH ZDWHU WDEOH LV OLHVY DERYH WKH PLQLQ.
2SHQ 3LW 'HZDWRPUWRH SLW DQG GLUHFWV LW WR D@ DV SIHZDW BDWH & IF\DRK EH IJBIFER P B WILWRIQH @ S
WHFXHV LQFOXGLQJ ZHOOSRLQWYV

'HHS ‘HOO "HHS ZHOO G HZDHVEHIQ QUKEHVZDWHU WDEOH OLHY EHORZ WKH PLQLQJ OHYHO 7KLV F
'HZDWHULOJ WKH JURXQG DQG LQVWDOOLQJ SXPSV WR H[WUDFW ZDWHUHI® R\PR WDICH LOSTSURBU L D ¥
Q ORFDWLRQ 7KLV DH LQ FRQWUROOLQJ JURXQ(

+RULJRQWDO GUDLQDJH LV D WHFKQLTXH XVHG WR LQW HLQRIHB WHDQ G KU M GPLHW K R/GJ |
+RUL]JRQWDO 'UDYRDYHY WKH LQVWDOODWLRQ RI KRULJRQWDO G U VLQ DRAHBD G D\HRKIINYJ W KSIRW QFVR
FRPRQO\ XWLOL]HG LQ XQGHUJURXQG PLQLQJ WR HIIHFWLYHO\ FRQWURO ZDWHU L

,OSLW SXPSLQJ LV D WHFX.O\L PXBDQHWER @ RBRIQH ZDWHU IURP WKH SLW 7KLV PHW,
,Q3LW 3XPSLQDW WKH ERWWRP RI WKH SLW WR H[WUDFW ZDWHUW 8PS L'QB KLDW Bitl K VY R HD IQQ DFSTS
ZDWFRXPXODWLRQ ZLWKLQ WKH SLW WKHUHE\ HQVXULQJ VDIH ZRUNLQJ FRQGLWL

6XEPHUVLEOH SXPSLQJ LV D IOH[LEOH SWHF O@IGT XI9 ®ISSDLEOEG P LQLHR WS RSBIW L R
6XEPHUVLEOHXWLOL]HY VXEPHUVLEOH SXPSV ZKLFK DUH GHVLJQHG VMR HE IS XYXE\P IF D QHEDIQ®D ZHD W i
3XPSLQJ KLJK YROXPWWW®RIDQG DUH UHODWLYHO\ HDV\ WR LQVWDOO DQG RSHUDWH DFURVYV

"HOO3RLQW 6\ OOLQJ ZHOOSRLQWY DURXQG WKH H[FDYDWLRQ DU KB DXWKHG KE'D W HF B0 8 F W

IDEXXP $VVLV£@Q PHWKRG LV FRPPRQO\ HBESORFHGHW RKFEQRW BSFHWLRQ VLWHY ZKHUH WKH Z
JSﬁUVV\X/‘HI{HV\ZDDEOH IDFLOLWDWLQJ GHZDWHULQJ RI WKH VXUURXQGLQJ DUHD

*URXWLQJ LV D WHFKQLTXH XVHG IRU FRQWUROOLQJ ZDWRG LQYRRZ HY KQE@HBWUR
*URXWLQJ JURXW PDWHULDOV LQWR WKH VXWEHOXQ@UQIU DRWX A-DN D VR GAHPLQ LADKWEHW HU 10
DFFRPSOMLIQHGFHPHQWLWLRXV JURXWV FKHPLFDO JURXWV RU D FRPELQDWLRQ R
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,Q DGGLWLRQ WR QXPHULFR®@ PHR[SH ULWPHFLWW DVVHVVPHQWYV Q
ODERUDWRU\ VWXGLHV RQ VLQJDOUH NKRLLQOA ] HUED FWRX H MW LIPIDYAHH JUR X Q
GHPRQVWUDWHG WKDW IDFWRUW Y& FEXQ DU\ M\ K RZD\W KHWRIVXDWHV Y DU\
DQG VKHDU GLODWLRQ WKH SUNVBH GHHWIFDUDSWXYDPRHWBO0 IRU HYDC
PDWHULDOV DQG HIIHFWLYH |0 R PHDW LRI V DY LLMFDS)0MOV D VLJQ
LQIOXH@PH HUBRUPHDELOLW)\ 6RPHVLIPWMAEHKUPDNDELOLW\ RI WKH UR
H[SORUHG WKH LPSDFW RI WWKHPDYVRMDWWWG RIDIORZ UDWHYV
SHUPHDELOLW\ DV ZHOO 6HQVL@XKHWLFD®D O\WE VDWRORXIRDO PRGHC
QXPHULFDO PRGHOLQJ LQGLFDWHP @/IKWLW C00/ 1@ R B RID@LMWWREK B U IR Y OvE. W
LQFUHDVHVY WKH IORZ UDWH SEHSWE E LSURGXFGHHNFUARDYBENY WUHQGYV
> @ORUHRYHU ZKHQ DBBOHNE® FXGE ODZ MRLQW RSHQLQJ H[HUW
LQWHQVLILHG WKH OLNHOLKRRI IPIX HEQEWW®HWBHOKGH RIDRGLFDO E|
FUDFN SURSDJDWLRQ LQFUHDWHDWYV SDUMAWKQDUODFMWXUH RSHQLQ.
LQDFWLYH K\GUDXOLF IUDFWXUB®G 71I0IRZ FJIDQW D\ D'G YWMR IVEDW K\GUD
VLIJQLILFDQW ULVH LQ WKH SHUWMMNDELOXW \IRU QXPRHUXEBG PRGHOV
URFNV DV QHZ IUDFWXUHVUHRUPRBEQLBRQQHWKHRRYOD PHDVXUDEOH S
HQKDQFHG SK\WLFDO LQYHVWLJDWLRQV YDULR

$IWHU DSSO\LQJ H[LVWLQJ D QiSO UM WKRIGHBUDWRRQVKLS EHWZ
HYDOXDWH LQIORZ UDWHV LQWRKXGGBXOUR XSG GLODYDWDEQW

7DEOH 5HODWLRQVKLS EHWZHHQ PHFKDQLFDO DQG K\GUDXOL

$ X W K (TXD\ ([SODQDWLRQ
cc 7567
IRPLIH - > @ stiscEsds | E +\GUDXOLFE RSHED®LFDB RSHOL QU H
: cc ?8x7
ly ES E +\GUDXOLFE RSHEDQLFD@ BEBBWQUH
SULseEz 2
/[RXLV 3> @ LeleBzzler | ILOO +\GUDXOLF GLDPHWHU

e & < YDOXH FKDUDFVEHY\L&/WILFOS B BROFPHULIQU

3DWLU 1 &KHQJ / rw *
:QL:'EEr{A”F—qi c OHFKDQLFDO RSHQLQJ

> @

E +\GUDXOL FEOSHED®L FD G & SRIQQ\WW J

o < <€ 76!
%DUWRQ HW DaD:'L ¢ 4 5RXJKQHVV &

S€

20VVRQ BDUWROL— 75 BKC Cry(e E +\GUDXOLFEOHFED®LFDR BEHQUQJ
1 > @ 4 GLVSODFSPHRMQW 5RXJKQHVV &RHIILEFLHQW

SUL 93,4 40¢ BEC F (o
DOVK - > @ o Ls15EY E +\GUDXOLFEOHFED®L FD&® RSBRM/RUH [LOO
) . T <Fo SDUD

<€

R E +\GUDXOLFEOHFED®L FD&® RSHRM QU H

<
*DNDPL (> @ ' L4 SDUDPHWHU

z € ?LLE
5HQVKDZ & @ 'L fsEtc E +\GUDXOL FEOSHEDDLFD R ®HHQIMY]
£

LHHW DO @ ' LsTrr (e E +\GUDXO L FEOHFED@L F D B vREIHQH \D

p SDUDPHWHU

SHODWLRQVKLS EHWZHHQ OFRHFEBRIOE FDUHMHIDGFH ZLWKLQ WKH PR
K\GUDXOLF RSHQLQJV PHFKDQLFDO VROYLQJ ZDV SHUIRUPHC

QLWLDOO\GLPHQRQRQDO PRG E’J FE 'RTUFH L‘éb?i‘;DF\’NKj%FQHD(
GHYHORSHG XVLQJ 8'(& VRIWZ 9 @%
MRLQW ZDV LQWURGXFHG LQWR f%
GHJUHH DQJOH ZLWK D VSDELQJR) WK Mk G%% BYR kisupxoLs

PRGHO ZDV WKHO GLVFUHWLIGE, dPSARTER WhHoe\ swown wr
FRPPDQG *HQ (GJH

'XULQJ WKH ILUVW SKDVH RI &) XGRREOLF ERXQGDUL F
DQDO\VLY WKH IOXLG ZDV WUH ; P %G\H KU DVKIF
6WHDG\ 6WDWH WR DYRLG LQSX 2 &N& % YOG FROWL

DQG ERXQGDU\ FRQGLWLRR W WO
FRQGLWLRQV ZHUH DSSOLHG X WORR QY ERQ Nk PRGXOXV
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JLQDOO\ D FRXSOHG VROXWLRW@LADWVHRHFXWBEFDOV DQG D VKHDU
LQFRUSRUDWLQJ WKH DFWXDO EXGRVFREXOSCGLCLWMIBRROPOQY IRWLFWLRQ F
D FRPSDUDWLYH DQDO\VLV DJDLQYWRVRELOUWY RR x VZNWWDYHW IRU WKH
UHVXOWV IRFXVLQJ RQ WKH GHILQJGWK BWIdHVV 2R @8 GWDRB®KE GJHD O

,Q WKLV VWXG\ 8'(& VRIWZDU HFFZDI WM ARV K HV LU/ VL DR QG LW L R (
VLPXODWH WKHRKXQGBRO EHKDYLRBRUBRUDWHG LQWR WKH PRGHO 7KL
IUDFWXUHG URFN PDVVHV DQG G PRI BB HLFRPIOVYWONVIVQYDOXHV LQ
PLQLQJ HQYLURQPHQWY 7KH LQSYWPEODWPRWWHEY QPWHRUKDOPL DQG VWDW
PRGHOLQJ LQFOXGH WKH PHFKDAFZQIDRILKRRAFHRoLF
SURSHUWLHV RI MRKIHQWRFNWKXLBRGZKMWH SDUDPHWHUV DQG DVVXPS
FDUHIXOO\ VHOHFWHG DQG FDOVYEBHPWHEDWYB\SEURVYLEGFHBRWIR DFFXUD
DFFXUDWH UHVXOWYV LQ VLPXODWHW # & DOHEN DURIZ PRGKEBUHWDONO G VWL
EHKDYLRU ZLWKLQ WKH PLQLQ@IWKIWWWRH ORGHOXUHG URFN PDVVH\
FDOLEUDWLRQ DQG ERXQGDU\ FR®HFXEWRQWREWDH G LILRFG WKH PRG
EDVHG RQ JHRORJLFDO DQ@G K\GRIFRFOAFIKPO®RH AR R QGIDWMLRQV R X G
IURP WKH $QJRXUDQ OLQH VIR HIVWONQGRYBHQWYV
SURFHGXUHV RXWOLQHG E\ *RRGPOKHHKIQLWLGDP MYWISRETD D RFN
> @R UHIOZRFWO GHDMDUHVYV GLVWRIEAMWLIRQWHBQRG7KH VXEVHTXHQW
MRLQW EHKDYLRU LOQWURGXFLQJ D BRUQWHZY R SH (BIW R\

5RFN 3URSHRWIPHRGHOLQJ WKH URANWI M, RgogWKH PRGHO PDLQWDLQLC
HODVWLE PRGHO ZDV HPSOR\HG zRWW U HigMH. W IRLUG( VWHS IRFXVHV R(
NJ Pi DQG EXON DQG VKHDU PRR&EHOV XWORAWH RUGIH RI ,Q WKH |

( DQG ( 3DVFDOV UHVSMMHISYHBHKDYLRUDO PRGHOV DUH DVV

_RLQW 3URSBUMRDHW SDUDPHWHUVESRNXRRE WKH MRLQW TROORZLQJ \
PRGHO WKH EHKDYLRU RI MRLOWYPESGHoXxGLQ0J D QrRuUPDO

7DEOH 7KH *HQHUDO VWDWH RI WKH PRGHO EHIRUH DSSO\LQJ K\GUL
JURXS JRQH URFN ,°

JRQH PRGHO HODVWLF GHQVLW\ ( EXON ( VKHDU ( UDQJH JURXS URFN ,
JURXS MRLQW MRLQW ,°

MRLQW PRGHO DUHD MNV ( MNQ ( MIULFWLRQ MFRKHNVHRI®R YD QVHHOWRRY MGL
MRLQW "

QHZ FRQWDFW GHIDXOW

VHW MFRQGI MRLQW PRGHO DUHD MNV ( MNQ ( MIULFWLP@HVMHRKRVLRQ ( MWHC

,Q WKH ILIWK VWHS WKH PRGHRQWWDQVQWGRIQY BERK WWKH ; DQG <
&RPSUHVVLEOH 7UDQVLHQW VWID\WH GOWR WD D&REPS UHW MAGHHY DUH VHW
BWHDG\ 6WDWH 7KH VL[WK VWHS IHIHFIILRD WK H DS SVOKUHE IV YNRMD WWHKY W W
RI ERXQGDU\ FRQGLWLRQV WK HFRRVEWW PR RRQ WKWHP RGWMORIGXFHG WR W

7TDEOHKH *HQHUDO VWDWH RI WKH PRGHO EHIRUH DSSO\LQJ K\GUDXOL

LQVLWX VWUHVV [JUDG \JUDG V1]
]JJUDG EORFN SS DS

,Q WKH HLIJKWK VWHS JUDYUROWRRK® E\IRMKAHW SIBODHFDWLRQ R |
DSSOLHG WR WKH PRGHO 7KH FRUQUWKSRWBHQUHW REOVBVRQ WKH OHIV
FRQGXFWLQJ D PHFKDQLFDO VRMOKHWERGQGHO WIKEDH\FOHSW WKLV VWD,
GXUDWLRQ RI ,Q WKH WHQWKQGWHIBLWKH LREMNKIHQFPHRGHO DUH D
IRUFHY DUH FDOFXODWHG LPSHUPHDEOH 6XEVHTXHQWO\ SRULI

7KH HOHYHQWK VWHS PDUNV MWXW UIRGOYIHIIWR & QGRIHRW KMKH PRGHO
VHFRQG SKDVH RI WKH DQDO\VLV)LEBOUH Q&L ZKILFW VWKKIH PRGHO LQ D
VROXWLRQ LV VHW WR WKH )OXWG®WK XYKMIOMWMHLIJRUWLD/EKBRZY WKH PR
ERXQGDU\ FRQGLWLRQV IRU WHKH GOPHLAE IDQUHUBRGHIHEE LPSHUPHDEC
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JLIXUAKH JHQHUDO VWDWH RI WKH PRGHO EHIRUH DSSO\LQJ K\GUDXO
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JLIXUAKH JHQHUDO VKDSH RI WKH PRGHO DIWHU DSSO\LQJ WKH K\GUDXO!
LPSHUPHDELOLW\ RI WKH URRI DQG IORRU RI WKH PRGHO

7DEOWKH *HQHUDO VWDWH RI WKH PRGHO EHIRUH DSSO\LQJ K\GUDXOL
ERXQGDU\ SS S[J UD ‘ ‘

,Q WKLV SKDVH ERXQGDU\ FRERGHWLRQSHIWRBUPRIGH 7KH RXWFRPHV
SUHVVXUH DUH DSSOLHG RQ WKBQ®DIIW LWL G FRR)IGW KW GHGR GIQWKR.@D @ W
DFFRUGLQJ WR WKH VSHFLIUBBHZRYINGKDRQFMXBQHG DSSURDFK
BXEVHTXHQWO\ WKH IOXLG V EXIONOKR@®MDXWHBQIE GHOXMULMM DQG

DUH GHILQHG DQG WKH K\GUDXOLF VROXWLRQ IRU WKH
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H

JLIXUH 'RPDLQ 3RUH 3UHVVXUHLJXUH JORZ GLUHFWLRQ YHFWRU

%DVHG RQ WKH UHVXOWY REWDLOXREHUURPO WOIRKGHO ,PSOHPHQW
FRQGXFWHG PRGHOLQJ DQG WKHBH&DEQVRXURD G RUBGHZRBNHH 6 WX G\

SUHVVXUH DQG IORZ GLUHEWLRQ YHEWRUY Q E \
FROFOXGHG WKDW WKH PRGHOL H@ﬁﬂ&@hg‘g %XET%OK,
H KaEW) PODVV DW WKHF

VXIILFLHQW DFFXUDF\ )XUWKHU
Hr 8 HO H
L kW% IU%}HkV'?V\;%lg‘%Z%P DQG |L

WKH RXWIORRUUHNSRQE EHOO
»% Y X UH DQC

Ih_ VP VLWH

| i DWLRQ ZD

LQGLFDWLQJ WKH YDOLGLW\ DQG
LQ UHSUHVHQWHGF X MWK KOG SRR %vv
£ X WL S SUHVVXUH C
\74 ﬁ R H ﬁ,ﬁw VV XQGHU
% RGO
N |Rl;(\§%§w PRGHO ZHUH G
' éﬁﬁ%ﬁ\)’ RPHWULF GDWD
4G pWIRY |:DlE(gH

Q

WKH VWXGLHG HQYLURQPHQW 7 lV/\P
LQ WKH DQDOWLFDO UHVXO
DSSOLFDELOLW\ BHW®KHWVRRG H®D

SKDVH WKLV PRGHOLQJ ZDV DS Q)
DQG KPGFRDQLFDO FRQGLWLRQR
$QJRXUDQ OLQH ZKHUH WKH
FRQILUPHG WKH PRGHO V YDOLGL
UHDRIOG FRQGLWLRQV

Tehran
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Istahan
[

Ba
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N ‘\)_/w;-it Shirdz

3
Persian Gulf
Bahrain c 1
I Oatar 07 Omnn

JLIXUHHRJUDSKLFDO ORFDWLRQ DQG ¥LZ RL@HKH GQURRUDQ /HDG
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7DEOH ORGHO ,QSXW 3DUDPHWHUYV
S3DUDPHW 9DOXH "H\

5RFN /LPHVWRQH DQG GRORPL
5RFN GHQVI

<RXQJTV PRI i

3RLVVR!

-RLQW VS

-RLQW R f DQI

,QLWLDO K\GUD

-RLQW SHUPF

-RLQW QRUPDO VWLIIQHVY -NQ 3D

-RLQW VKHDU V i

“-RLQW IULF\

$SSOLHG ZDWH i k HTXLYDOHQ'
YOXLG EXON F i

HIW SUHVVXUH 7RS %RWWRP LPSHUPHDEOH

0
% RXQGDU\ FRQGLWLRdSVLJKW % R W\

7KH PRGHO FRQVLVWHG RI W ZRH RWAMIKRI\R Q/MRE DWRSL 9WH ULJKW 7KH
VHWV f DQG f ZLWK UHJXODUWQ@9DFXQH ,QOQWLFOWH DMMEKH GRPLQDG
LQFRPSUHVVLEOH WUDQVLHQW DGRRVADW KH PNKRIDQWH G HWRZRUN SULP
HYDOXDWH SRUH SUHVVXUH DQGLJIKRZ GLUHFWLRQ ZLWKLQ
WKH MRLQW QHWZRUN 6XEVHTXHQWBVHQARQZ&IDY) G L&/IDERGNEW UDWH WK
DQG DUDMSDPHFKDQLFDO DQDO\\QXPRADYVFHHU FRRIPHIEG LQ 8'(& SURYLGH\
WR DVVHVV VWUHVV GLVWULEXWLRSU B QEQ YMDEDIOR®D FRH GVIRAMPHM DFH S
XQGHU VWDWLF ORDGLQJ EHKDYLRU DW WKH $QJRXUDQ OLQH
7KH PD[LPXP VLPXODWHG SR UM GLUIHOKURRDYVIRU GHVLJQLQJ GU
i k 3D ZKLFK FORVHO\ PDWF KPH® DK I JP HRVWRINGYPWH.F LG PLQLQ.
SLH]JRPHWULF GDWD IURP WKH IHQXGURQPKQ@WNV ZLWK

D UHODWLYH HUURU RI RQO\ 7KLY LOQGLFDWHY D KLJK
OHYHO RI DJUHHPHQW EHWZHHQ WK} PRRFHO D@8 OMKIHL XH IO FDO ORGHO
ZRUOG FRQGLBARAQ 5HVXOWV ZLWK 5HDO 'DWD

7KH PHFKDQLFDO DQDO\VLV UHVXOWYV S% V' H QO\DH GP k Q
Y)LIXUH GHSLFW WKH GHFOLQH RI xB¥o g'f—'HGUHFR\U\F)HLWH 3D
DQG WKH FRQYHUJHQFH RI WKH GG KD BWH RP HWULF
F\FOHV FRQILUPLQJ PHFKDQLFDO xHAXLFPBEMEXPT %V
LOOXVWUDWHG LQ )LJIJXUH W K H's Gd-D4WY Vi FOBBRQ RT SRUH
SUHVVXUH WHBIN/HQW IERXQGDU\ DQG JUDGXDO O\

)LJXUH 8QEDODQFHG )RUFHV LQ WKH OHFKDQLFDO $QDC
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YLIXUH 3RUH BUHVVXUH 5DQJH
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JLIXUH JORZ 'LUHFWLRQ 9HFWRUV

5HVHDUFK PHWKRGRORJ\ LQ WQGI—WFR)QI?FISKW‘DIHQ DQG FRPSOH

7TKH VWXG\ LQYROYHV D VWD ¥’ m&%HH?FXVéEE
H[SHUWV LQ PLQH GUDLQDJH YDOXDEO
GHYHORSPHQW VDPSOHV WR S %LQQ DQCG

SDUDPHWHUV FUXFLDO IRU RS
GHFLVLRQV $ QHWZRUN RI KL\(/)H:DUHDQPV\IQIDZ%\UI
UHFRQVWUXFWHG W‘HIGQJUBBWW LQ RDNEQOWR WK
GLVFRQWLQXLWLHYV $OWKRXJK = gtﬂé LEXODUO\ X\
LQKHUHQWOR HORWRADO LW ZD V\VWHPV XQGHU OLQ.
WKURXJKGLMHEZ®VLRQDO VLPXO XQFHUWDLO JHR
$QDO\VWLF +LHUDUFK\ 3URFHVV ? H}:WLYH Rl WKLYV
6DDW\ > @LV RQH RI WKH PRVW LILFLDO LQWHOOLJHQF
PXORMMHULD GBNILQUR @& '0 PHWK

W SURYLGHV D VWUXFWXUHG ,L:j@[}é DVVI?/(KLXD\X
SULRULWL]LQJ DOWHUQDWLYH\/L e DL oL
FRPSDULVRQV DQG FRQVLVWH V\’ ZHUHVLPXODV
RO R R T AP v L WR OHDNDJH DQG
HPSKDVL]JHG WKH LPSRUWDQF @;V'VRLQ I MR DR LPen RO
VWUXFWXUH®NEBBLPREMOV s DUW



+RVVHMQDO -RXUQDO RI OLQLQJI9RQYLURRPHQW

IUDPHZRUN SURSRVHG E@ZKHMW\ILQGLQJV IURP WKLV VXDEWHDUH SUH
SDLUZLVH FRPSDULVRQV FRQVEAYRVH 6RO QHRWLIR}I WHKHEFRPSOHWHG 1
ZHLJKW GHULYDWLRQ DUH FDOFXBDSWRHBY N W IMHPD WRFBDONGVRQWR D
HQVXUH REMHFWLYLW\ DQG UDMBRQINOLWYRQXBWERQVR FKHVH HYD
PDNLQJ WUDQVODWHG LQWR QXPHULFDO YDOX
7KH HQYLURQPHQWYV DQDO\]HGFR@FfOMDUVH FR QWDE®RXVHQDEOLQJ WK
SRURXV BR&FRXWDUHWWLQJIV ZIAMKIBVIRRMVHREOK LQGH[ 7KH FDOFXOL
PRGHOOLQJ OHDNDJH ZLWKLQ W\XHR/MD B R HREX W HY VOU WAW X USIDVH H[SH
3UHYLRXV VWXGLHV RQ IOXLG |OERRZVHG WERFN \PIDR/AY HDWQRDYWLY ZDV FRQ:
H[DPLQHG WKH HIIHFWV RI YDUSRK FICSFOMR/U\R IV X\FKKH DY¥QDO\VWLF +LH
K\GUDXWRGELHQW LQWHUVHFWLR$*3DQZRHUHEXUTRE®LWDWLYH OLQJXL
URXJKQHVV DQG DSHUWXUH VEHUHDVFRIDHGIQWHG WIKHWR QXPHULFD
LQIOXHQFH RI VFDOH RQ XQLW [ EHAMWHUWRH\Q H KWK W WIXHEO DWRVH LPSRU\
WR DQDO\]H DQG VLPXODWH WKHBMWRYVYURQPHQWYV LQ
TXHVWLRQ ZKLOH JDWKHULQJ LQSXW IURP PLQH GUDLQDJH
H[SHUWYV %DVHGJR QP RWKHIO OB@®E WKWHDOXDWLQJ WKH LPSRUWDQFH |
UHVXOWLQJ RXWSXWV DQG FRQWEGRUGQQ®DVWHRFWNXODMNMW BWYWH LQC
UHGXFWLRQ SK\VLFDO GUDLQQRUPHKCILPIOHQWHKH GBIEGVLRQ PDWUL]

HFRQRPLF FRQGLWLRQV D GU\LQJ
$GGLWLRQDOO\ WKLV SKDVH ngvg

'8\)"(/“J \’J,fpu%&% WR FR
WKH DSSOLFDWLRQ RIKYRTWHY c f E'X Y LRJQ?,LSSXDL\/,\
LQFOXGLQJ JHQHWLF DOJRULWKH\E I\ XY 30 DCEOH  EHO
DQG DUWLILFLDO LQWHOOLJHQF 7%& F FRBWQL[ ZDV
PDNLQJ PRGHO SUHVHQWHG LQ Y, H UHVHDU
FRQWLQXRXVO\ XSGDWHG WR [ ,yé@ D FPRYRYwY RsLO

J)LIXUH Rl WKLV GHFLVLRQ PDWUL[ DUH GHWD/|
W@sﬁg l} PDOL]HG PDWUL[ ZDV Jt
SHVHDUFK PHWKRGRORJ\ LQ \'3/51 PDOL]DWLRQ SURFHGX!

SKDVH PDWUL[ RI GLUHFW UHOBMIMR@QKLSYV

$ TXHVWLRQQDLUH ZDV GHYHORBWMGLD Q@ GWHWW LEXWHGLY WKH SR
WR UHVHDUFK H[SHUWV WR DV VMWW IKIH NG DQIH TRODAMVR 14 DQG VD
YDULRXV LQGLEHV XVLQJ OLQJIWKHWQHJIYWUYEEGHLFIWIRUY DUH WLP

7TDEOHHWHUPLQLQJ WKH ZHLJKW RI TXDOLW\ LQGLFDWRUYV

([SHUW ([SHUW

LO« 4 4 4 4 LO« 4 4 4 4

' 9+ / 9+ 0+ ' / 9/ 9+ /
9+ 0/ 9+ 0+ ' 0/ + 9+ 0/
9+ 0/ + / ' 9+ 0+ 9+ +
+ 0+ 9+ 0/ ' 0/ 9+ + 0
94 0+ 9+ 0+ ' 0+ + 0+ 0+
+ 0+ + 0+ ! + O+ + /
9 4 0+ 9+ 0+ ' 0+ / + 0/
9 +4 0+ 9+ + ' 0/ 0/ 0+ 0+
9+ + 9+ 0 ' 0+ 0+ 9+ 0+
9 +4 0 9+ + ' 0 0 + 0+
+ 0+ + 0+ ! 0+ o/ 0+ +
0/ 0/ 9+ 0+ ' + 0+ 0+ 0
0+ 0+ 9+ + ' + 0 + +
+ 0 9+ + ' 0+ 0 + 0+
+ + O+ 0+ ! + / 0+ 0+
0+ / + 0+ ! 0+ 0+ 9+ +

>e,'7 &' Zfef-4'+@# 4 A47KHVH UHSUHVHQW WKH GLIIHUHQW OHYHOV RI TXDOR®W\ LQGLFDWRUV 7KH FC
TXDOLW\ 4 ORHGLXPOLW\ 4 OHGLXP TXDOLW\ 4 +LJK TXDOLW\ 9+ 9HXR +IOHGLEAU\ +LJK + +LJIK +
0/ OHGLM¥Z WGLXPZ / /RZ [/RZ 9/ 9HU\ /RZ 9HU\ /RZ ([SHUW LQGH[ 7KUIMVMVQIGHWKHIOHFWY WKH HYD
FRQWH[W RI TXDOLW\ LQGLFDWRUV RU RWKHU UHOH¥YDQW®WOCF KR D D BAM S BRIQWMARBMU WPHYVWR IWHQ XVHG WR U
Y 7KHVH DUH LGHQWLILHUV IRU VSHFLILF GKWERSHHY YNQER/ /MRS IDP & SWHRUVRXYVIHDGEW Q UWKH WD E ¢
XQGHU FRQVLGHUD
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7DEOH 7KH OLQJXLVWLF HTXLYDOHQW ZHLJKW RI LQGLFDWRUV
([SHUW ([SHUW
LOGH] 4 4 4 4 LOGH] 4 4 4 4

6\PERO ([SODQDWLRQ 4 4 4 4 T7KHVH FROXPQV UHSWNVH®@W YWXOMHXHXDIOQ W\ O
WKHVH FROXPQV DUH WKH FRUUHVSRQGLQJ ZHLJKWV DDAWILRQBRBR2ZWVR AWKHWZH TXDOL
4XDOLW\ 4P HHBAXW\ 4 +LJK 4XDOLW\ 4 9HU\ +LJK 4XDOLW\ ([SHUW ,QGH[ 7KL
EDVHG RQ H[SHUW HYDOXDWLRQV RI WKH LQGLFDWRDW WUIHE X [V H G/ R QHDHKULH] G HIF

EDVHG RQ H[SHUHW IMYWGIPBIRNV :H J HWF 7TKHVH QXPEHUV UHSUHVH
WKH TXDOLW\ OHYHOV DVVLIQHG WR HDFK LQGLFDWRU SRHHVWBIQY B OWK D W RHDWFKYV S |
LQGLFDWRU KROGV LW KR UH M PIOPXOML R YOUREH RI UHSUHVHQWY D ORZ TXDOL

KLIKHVW SRVVLEOH YDOXH IRU D JLYHQ LQGLFDWRU VRAHIGIHWHUH®W GDWD SRL QWK
RU LQGLFDWRUV XVHG LY HFHL WD ERBOZWHN\LOQKBIHRD WRUYV EHLQJ DVVHVVHG EDVHC

: 7KHVH UHSUHVHQW ZHLJKWYVY WKDW KDYH EHHQWRBOFXOOWGEHU LRYUH & SH RIPI L
WKH RYHUDOO HYDOXDWLRQ

7DEOH 1RUPDOL]DWLRQ RI WKH GHFLVLRQ PDWUL]

*| o+ | *
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"HWHUPLQLQJ WKH EHVW SRV4aMVa Yalde RSWLRRQSWKHM—fZ<—> «...'"% '~ \aa’a
EHVW SRVVLEOH DQVZHU IR U f§-'<R—P'SDU5L<QJ' IWRH. —tE"\Aadéa\aena

GHFL?YDRQ@QQJ PHWKRG Tt _Sf-—Si Sc%oSte— ofSco—e “—fZ¢c—> "fZ—1%
<ot ... f—<*%0 " o— foe'e% —St ‘T—(tee
$PRQJ WKH DYDLODEOH RSWLRQV LW LV fHVVHQWLDO R

LGHQWLI\ WKH PRVW VLIJQLILFDQW Uy WLQ\U%EKNIP(Q-IGll_-I?WWBVLW\ RI \
DV WKH SULPDU\ IRFXV 7KLV D&KWR|R rﬂ@@

HYDOXDWLRQ RI WKH OLNHOLKRRG Rl HDFK ULVN DIIHFWL8

WKH WLPH FRVW TXDOLW)\ G DMHEWQ L\MEHFPRMS RRVHYV TURP S|

BOWWPD\ LW LV DOVR QHFHVVD H R Hody R 4 @ RYNMublohD FK RSWL
LPSDFW RI WKHVH LGHQWL|LHGFKJF&W\|H/ \M/K("l‘-ILUSULI’QER@—N:W@JV ZDV D
ZDEOH QWHI[W ULVN HYDOXDWLRQ WZR

LPSDFW LQWHQVLW\ DQG ©DLNHOLKRR

7DEOH '"HWHUPLQLQJ WKH EHVW QRUYMWWBWNE W IKMVMRHLDWHG ULVNV
94 0%, ERWK HOHPHQWY VKRXOG EH LQFRU

5 FDOFXODWLRQV 7R IDFLOLWDWH WKL

9 SURMHFW JRDO ZDV TXDQWLILHG DFUR

9 D VFDOH IURP ORZHVW WR  KLJKH\

1 - WKH $PHBUWRMHFW 0DQDJHPHQW 6WDQC

en'Ze 8'Zfef-cted & FTiete—e -5t g FUXFLDO DVSHFW RI WKLV SURFHVV

j,fsf'a_—‘ fZT—*f fsgiféz;iéi 7"25‘;’ fY ﬁfﬁ_DSv%}/Lg&?HG LQ WKH UDWLQJ \
-St “—f2<—> Tt L =< fefee 7 L?”QW I (S LVN

fr17feeceto o ot TV EL = T f‘ " §JREszaLOLV\F\ Rl ULVN LQ GHFLVLR

“—fZ«—a fotaf ™4 _astat f't -St H—<‘°-

" fZ—F"ef—<"Fe tco% t"fZ—f-tta f..S GUDHQP‘%H LfQ PLQHYV
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7DEOH AXDOQWLILFDWLRQ RI WKH LOWHQVLW\ RI WKH HIITHFW R(
IRZ $YHUDJH 0 XFK 7TRRXFK

LOWHQGHG sxusrIH' ORZ

WLPH UHODWLYH WRWDQH%\@VQM%Q LQFUHDVH LoFUHDWARUH WKDQ

VWDQGDUG DQG WHHRIQULRIRAILVBREW IXQF LQLQJ WKH S HIUHG X FWRSRIGRM MK D U H

V, DFFHSWDEOH WR DFFHQ@MW WEKWH
4XDOLW\ FRPSDUHG WR WKH W RQO\ DIl WLRQ RI TXDOXWOIEW\7KH JRDOV RI WKH
VSHFLILFDWLRQV RI1 WKH SUR\M

KROGHU IODZHG
&RVW UHODWLYH W R RNPKIHE KDY/ W/ IHR/DAWHIGD Q JRU WKH
ER UHG LOFL LQFUHDVH VKDUH ORUH WKDQ
6RPHZKDW W LV Q [ﬁé
VDIHW\ LQFUHDVHGDQJHURXVGDQ‘]HURXV DFFHSW Bﬁo

$VVLIQHG QXF
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7DEOH 5LVN SUREDELOLW\
URZ 5LVN LWHP 3RVVLELOLW\RZ 5LVN LWHP 3RVVLELOLW\
([FKDQJH UDWH FKDQJH ,QVXIILFLHQW ILQDQFLDO FDSDFLW\ Rl WKH FRQ

,PSURSHU KXPDQ UHVRXUFH
LQFHQWLYH PDLQWHQDQFH RU SXQLVKPHQW
VAVWHPV

:HDN PDQDJHULDO DELOLW\ DQG FRRUGLQDWLRC
FRQWUDFWRU

/IDFN RI IDPLOLDULW\ DQG XVH RI PRGHUQ

HIHEFXWLRQ PHWKRGV ORYLQJ DQG OHDYLQJ MREV E\ NH\ SHUVRQQHO

/IDFN RI VHQLRU PDQDJHPHQW VXSSRUW IRU

SODQOLOJ U ,PSURSHU RUJDQL]DWLRQ RI SHUVRQQHO

{:’DL'E)NHSI DFFHVV WR GUDLQDJH UHFRUGV LQ VL)PDLLOO%(L{JH WR XVH PDQDJHPHQW SURFHVVHV

/IDFN Rl QHFHVVDU\ FRRUGLQDWLRQ DQG VXSSRUW
RI WKH KHDGTXDUWHUV GHSDUWPHQWYV IRU /DFN RI DFFHVV WR PDWHULDOV DQG PDWHULDO
GUDLQDJ}t

/IDFN RI VIVWHPLF DWWLWXGH DPRQJ WKH , JQRUDQFH LQ REVHUYLQJ VDIHW\ SULQFLSOHV
GHSDUWPHQWY UHODWHG WR GUDLQDJH LQ PUPHBWRSHU WUDLQLQJ RI ZRUNHUV

,QFRPSOHWH RU LQFRUUHFW IHDVLELOLW\ DQGQDGHTXDWH PRQLWRULQJ RI WKH TXDOLW\ RI H
HFRQRPLF VWXGLHV DFWLYLWLHV

i/?\'j\',\}h';b'*sg\ei'[ PDQDJHPHQW LQIRUPDWLRQ .pppj gXULQJ WUDQVSRUWDWLRQ

"HOD\ LQ REWDLQLQJ SHUPLWYV DQG FUHDWLQ]
FRRUGLQDWLRQ DGPLQLVWUDWLYH EXUHDXFUBPP' LQ WUDQVSRUWLQJ HTXLSPHQW

VDQFWLRQV ZDU '"HOD\ LQ WKH FRQVWUXFWLRQ RI HTXLSPHQW

&KDQJHV LQ ODZV DQG UHJXODWLRQV iDPDSQUXF\’ISDIF-IU TXDOLW\ FRQWURO LQ HTXLSPHQW

'"HVLJQ SUREOHPV DQG FKDQJHV LQ LPSOHPHQW

/IRZ TXDOLW\ PDWHULDOV DQG PDWHULDOV SODQV LQ WKH LPSOHPHQWDWLRQ SKDVH

7KHIW DQG WKHIW RI 8VLQJ GHVLJQ PHWK

,QDSSURSULDWH LQGXVWULDO FXOWXUH RI WK
ZRUNIRUFH ,gDSSURSULDWH

3LSHOLQH LOQWHUVHFWLRQ ZLWK ROG EXULHG'SOPHWRU VKRUWIDOO LQ GHOLYHU\ RI H[HFXWLY

7KH LQWHUVHFWLRQ RI WKH SLSHOLQH URXW

L
H[LVWLQJ URDGV UDLOZD\V DQG KLJKZD\V DQ KLDe‘\\:){}JH WR XVH YDOXH HQJLQHHULQJ LQ WKH C

FURVVLQJ WKHP
&OLPDWLF DQG ZHDWKHU FRQGLWLRQV W\SH (\?/DJSPSHKQDVQ//HD\SV(\SV(;VY;\?VC @%3335&33 VV\C*;HWV\IQ;F
IORRGLQJ VQRZ EOL]]DUG RU WRUUHQWLDO

PHQWDWLRQ SKDVH
JLUH DQG XQH[SHFWHG HYHQWY LQFOXGLQJ

WHUURULVW H[SORVLRQV LQ WKH GLUHFWLRQU PQDV\\IULDQFI\:NRXQDFOOI)_(VG\}_)((?I:I]VD FRQWUDFW DQG VROYLC
GUDLQDJH LQ PLQHYV

'DPDJH WR PDWHULDOV DQG GUDLQDJH

HTXLSPHQ\ ,PSRVLQJ D WLIJKW VFKHGXOH RQ WKH FRQWUDF

OLVWDNH LQ WLPLQJ DQG VHTXHQFH RI GUDLQ
DEWLY LWL @PEXWLYH FKDQJHV GXULQJ ZRUN WR RUGHU

"URQJ HYWLPDWH PHWHU WR SURYLGH WKH S
Lo WKH WHOGHU UWkH HPsor\HU

3RRU ODERU ,QWHUIHUHQFHV DQG ODZ '
‘HDN ZRUNVKRS HTXLSPHQW PDFKLQHV DQG 6ROYLQJ LVVXHY UHODWHG WR ODQG DFTXLVLW
HTXLSPHQW GLUHFWLRQ RI GUDLQDJH LQ PLQHYV

,PSURSHU DOORFDWLRQ RI PDQSRZHU DQG
HTXLSPHQW ODQDJHUV DEXVHV RI GUDLQDJH UHVRXUFHV LQ

([FHHGLQJ WKH DSSURYHG LPSOHPHQWDWLRQ/DFN RI OLTXLGLW\ DQG GHOD\ LQ SD\PHQW RI
PHW, VWDWHPHQWYVY RI VWD

([FHHGLQJ WKH VFRSH DQG WHUPV RI WKH
FRQ)

OXOWLFULWHULWL OB FORGRI® ,Q WKH LQLWLDO SKDVH WKH TXDOLI
%DVHG RQ $+3 HYDOXDWHG E\ H[SHUWV DFURVV IRXU
O WKLV VWXG\ WKH $QDO\WI;'F 1 H 4D R DS(H; SRQ%HXUF\W“;
$+3 ZDV HPSOR\HG DV WKH PXO %ﬁ;,“LJK,DQG
PDNLQJ 0&'0 PHWKRG WR GHWHUH )}M VHY ZHUH WKHO
RI LQGLFDWRUV LQPOXHQBLIQY BILERY!

GUDLQDJH PDQDJHPHED®W,\QWUR DO YDOXHV UDQJLQJ IURP

> @+3 LV UHFRJQL]HG DV RQ HGY 8K © BIXJIL\FWWLFFD O H

&
DB Wil b 2L anol ey N RS PR YES,E 0L 2

FRPSOH[ GHFLVLRQ SUREOHPV 55 Fx0DW HIG KV QU WKPIHDIQHP HW KR G
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DYHUDJH ZHLJKWV IRU WKH IRXDKXYLWY OHYHOAWWIUHWHUPY DQG
SUHVHQ@WHGHL Q FRQYHUWHG WR QXPHULGDDWEDOXHYV L
JXQGDPHQWIRL QW Q6IFR®HSDLUZLVH
7TDEOH $YHUDJH ‘HLJKWV RI 4XDPRWS bHMHRQDP®BWUL[ IRU WKH TXDO
J)LQDO ([SHUW ,QGH[ %DVHG RQ ([S$YWVHGRHIH-BQV
4XDOLW $YHUDJH

4 IR 7DEOH 3DLUZLVH &RPSDULVRQ ODWUL]J
4  OHGI /HYHOV %DVHG RQ ([SHUW -XGJPHQWV $+
4 +L 4 4 4 4
4  9HU\ .
([SHUW )Lt :
4
7KH ILQDO HISHUW LQGH] FDOFXQDPWHG EN\
DJJUHJDWLQJ WKH ZHLJKWV RI WKH IRXU TXDOLW\ OHYHOV
ZDV 7KLV UHIO HFRWQW BUY 1D OV Wkl wiQ \v PDWUL[] ZzDV GHULYHG IURP

DQG FRQYHUJHQ®W HISHWRWD AKX G YPIOXWY LQGLFDWHG E\ H[SHUW DVVH\
FRQWULEXWLQJ WR WKH UHOLDBLEd W\, QUEH SAHIFRL VLR RDRMM W KBIHG L X P
ILQDO GRBPNVYDRRGURFHVYV 9HU\ +LJK 4XDOLW\ ZHUH JHQHUDO(

PRUH LPSRUWDQW WKDQ 4 DQG 4
3DLUZLVH &RPSDULVRQ ODWUL[ DQG )LQDO

'HLIJKW &DOFXODWLRQ RI 4XDOLW\ ,QGURARWR&IYOFXODWLRQ 8VLQJ WKHF

7R GHWHUPLQH WKH UHODWLYH RRSBHWKRFFH RI HDFK
TXDOLW\ OHYHO 4 WR 4 D SDIAKAVHHRRROMUEVRQIDQ RI HDFK L
PDWUL[ ZDV FRQVWUXFWHG EDWOVHEOBRLRHAH[FRAIIRZHG E\ QRUPDOL]
HYDOXDWLRQV 7KHVH FRPSDULVERRY z&HH UKW VQRW LARPFMRHTXDOLW\ OH

7TDEOH )LOQDO :HLJKWV RI 4XDOLW\ /HYHOV &DOFXODWHG 8VLQJ WKH *
&QULWHUHROHWULFIRHORDOL]HG )LQDO :HLJKW

R R

7TKHVH ZHLJKWV 4 QGUHDWH. MWMKBDWHQWLDO IRU ZDWHU UHVRXUFH PD(
4XDOZWWK D ZHLIJKW4RI OHGLX®GFRQGLWLRQ IRUHFDVWLQJ 3LH]RPHW
4 XD OZMW K DUH WKH PRVW L GIOKHOQOMIOD OPHDMXYXHHLDURXQGZDWHU (
LQ WKH RYHUDOO TXDOLW\ DVVHWPHOW FDQ VHUYH DV YDOXDEOH LC
PRGHOV 6WXGLHV KDYH GHPRQVWUDV

&RQVLVWHQF\ (YDOXDWLRQRI SRAHWULF GDWD LQ LPSURYLQJ Wt

\GUR PR LQJ DQG VXS!
7R HQVXUH WKH LQWHUQDO T\ %IS_NJ % |
SDLUZLVH FRPS&[RLQL\M_R/Q\M—|QIFKHQC§JHH\¢J X *IH@IE DUk VWUDWHJILHV

DQG &WRQH/ L VW H Q F\Z 5iW LFRD G&FBX O D W KLQH OHDUQLQJ PRGHOV HVSH

G JQHG IRU VLPXODWLQJ DQG SUH
x &RQVLVWHQF\ ,QGH[ &, DQG QRQOLQHDU EHKDYLRUV KDYH I
x 5DQGRP ,0GH[ 5. IRU Q DSSOLFDWLRQV LQ WKLV ILHOG 7KH S

WKLV VWXG\ LV WR SUHGLFW IORZ UD)\
x &RQVLVWHQF\ 5SDWLR &5 &, B\WWHP SVHRPHWWLF@BDWWKLYV

6LQFH WKH &5 YDOXH LV OHVVSWWHRVH WKW HHWRIRFKL@H OHDUQL
LV FRQVDGEAMEWDEO\ PRGVIWKHQOWMOXGLQJ OLQHDU QRQOLQHDU DC
MXGJPHQWY DUH GHHPHG UHOLDE®DWZRUN $1F KBREBHBDWHQ HPSOR\HG
DQG D FRPSDUDWLYH DQDO\VLV KDV E

ODFKLQH /HDUQLQJ ORGHOV HYODQXKMHWV i MU SHUORZPDQWHM. Q S|
SKDVH ,QO WKLV VWXG\ WKH LPSOHPHQWDW
QR&OLG?HDU DQG $11 PRGHOV LV FRP!

,Q PDQ\ HQJLQHHULQJ DQG sHYVYRYRRIHRWYBoXxDWLRO XVLQJI Y
SURMHFWY DFFXUDWH SUHGLFWLRRURE BPHWOREVUPHHOXEY WKH F
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GHWHUPLQDWLRQ 58 PHDQ DEVROXWHZHBBRIWLFOHQWY HDFK UHSUHV
URRW PHDQ VTXDUH HUURU 506( LPSBFWHBQWHEH RBXWH/SRQGLQJ LQSX
SHUFHQWDJH HUURU 0%$3( HDFK RXWHAW S SR ME-RER

LQVLIKWY LQWR WKH DFFXUDF\ QQ@ UHOGEEWAHWWXIHWKHIOXHQFLQJ
PRGHO V SUHGLFWLRQV $W WKLVSVJW@LJIH\NLVRQH IORZ UDWH LV
SUHGLEWHR.VHO\ DQG HIIHFWLY

SLHIRPHWULF GDWD HQDEOLQJ éép\ﬁé VV\YKK|_I|DV|\4)(F
PDNH PRUH LQIRUPHG GHFLVLR FRQWULEXWH
PDQDJHPHQW DQG GHYHORS G

SODQV o HIILFLHQF\ R
7KH LPSRUWDQFH RI WKLV V Cﬁ E ¥RPHV PRUH

HYLGHQW ZKHQ FRQVLGHULQJ LWV SURF ED W v
3UHGLFWLQJ IORZ UDWHV XVLQJ PLB%QVX%EB%E&?L%@{%@V\H%
PRGHOV FDQ EH KLJKO\ EHQHILFIP® QRPLUOGURBRINVVLRQ EXLOGYV
SURMHFWY FLYLO HQJLQHHULWHIUHRDWREY HHVRKRIFEHRUDWLQJ SRO
PDQDJHPHQW DQIGQXUEP® LSODMIOHF H QGHSHQGHQW YDULDEOHV 7KL
WKHVH SUHGLFWLRQV FDQ KH O SWHIH YRHRYG\H © U WARHO/E RBIWMHEG HQBW LR QV
VXGGHQ FKDQJHV LQ JYRRQGZEWWIZHMQYWEW YDULDEOHV SURYLGL
RSWLPL]H WKH GQHMALDQ HRG BD\W M &DOWAD VIHXEK  Z KOIW L RIXFKLSM H[LVW
DV FDQDO FRQVWUXFWLRQ )XUWKHUPRDH RBLERPRYRBLPO UHJUHVVL
GDWD ZKLFK SURYLGH FRXUDRRUH HOWNEHPHYWFRPSDUHG WR OLQF
ZDWHU OHYHOV GHOLYHU KLJKION &/UXHMD/EO HQIRW PHHAQMIRIRQPHQWDO
WKDW IDFL OIQWDM HVF WZE NGO FLYDWWHUQV RIWHQ GHYLDWH IURP OLQG
> @ LQFOXVLRQ GHJWKHBKAMHADQ OHDG WR
RYHUILWWLQJ HVSHFLDOO\ LQ VPDOO

/LQHDU ODFKLQH /HDUQLQJ ORBEBO KLJKO\ VHQVLWLYH WR QRI
ZLGHO\ XVHG PRGHOV LQ PD
VSHFLILFDOO\ GHVLJQHG IRU
EHWZHHQ LQSXW YDULDEOHYV Q%(/ %%i?/vLﬂjE
YDULDEOH BV HGALIDLRQ Q RWK

REECHH)\RIDIFJ[HSMDG.D_QJ PR
WKH PRGHO V RXWS XWT KD ERHQH [ DLQQG QROOLQHDU LOWHUDF

7KH OLQHDU PRGHO LV RQH RI 3 gﬁ 7&% f?;‘ﬁg;'Hv
Ef R SUHYHQW F
YDOXHV 7KLV PRGHO DVVXPHV \ LV D W\Ss
PRGHO V RXWSXW LV D OLQHDU F E&gg\&/\éPHRH%HCE\(S‘
YRU LQVWARXE B DUH WKH LQSXW |
DFKLHYHG E\ LQFRR BB H D WLHUPR/L INOHRE

DV IROODRZV@

\ 2z Z][ Z | g DV VTXDUHG RU FXELF IHDWXUHV L
DOORZLQJ LW WR VLPXODWH QRQOLQ
:KHUH GDWD $ SRO\QRPLDO UHJWKDWL.RQ PR

\ SUHGLFWHG RXWSXW YDULDEOI—WKH UHODWLRQVKLS EHWZHHQ WKH IH
EH H[SUHVVHG DV D FRPELQDWL

Z LQWHUFHSW RU ELDV DGMXVVERIHGKHRRWIGK W KR PBOLDEOHY )R
LQSXW IHDWXUHV DUH JHUR RI IHDWXPH& [[c D VHERQGHH
SRO\QRPLDO PRGHO PD\ EH IRUPXODW

UL S,EScT:ES¢TcE@E S;1: E S84 ESET45¢ ER

"KHUH Z LV WKH LQWHRAURHSW JDHUUHP W KH
FRHIILELHOWY FRUUHVSRQGLQJ WR Wi
\'LV WKH SUHGLFWHG RXWSXW GHS|H%§\H((5WV$DULDEOH Q Q

[ [« oPUH WKH LQSXW IHDWXUHY¥s ERGHSHOGHR®ow WKH VTXDUHG ZHI
YDULDEOHYV IHDWXUHV XVHG DV FRHIILFLHOQWYV

WUDQVIRUPHEG HDW2KUHK DUH RIWHQ
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QRQOLQHDU WUDQVIRUPDWLRQV RI WRKAHRFMHW L GD OV QBXWM IHHI FDUHIXO V
VTXDUHG RU LQWHUDFWLRQ WHURMSHUSDUDPHWHU WXQLQJ WR DYR

$V VKRZQ LQ (TXDWLRQ L%WL‘-\PQI@ A Qe WODVHWY DUH VP
RULJLQDO LQSXW IHDWXUHV WRRAVERAMSLFERESPRc GV AP W UHDWHU
VHFREHGUHH VTXDUHG WHUPVURKRYUERM KRRKBHHG WR VLPSOHU F
DOORZV WKH PRGHO WR EHWWHUUHYPYERE FRPSOH]
QRQOLQHDU UHODWLRQVKLSV LQ WKH GDWD ,
3RO\QRPLDO UHJUHVVLRQ WKHUHIRUHRRHEYYHE BWDLR IURP $QIRXUL
IOH[LEOH H[WHQVLRQ RI OLQHDU GRWKROV \BWWB\LFEOBRWRPHWULF GD
HITHFWLYH ZKHQ WKH UHODWLRQWKRX EBWV2HEQ LOSKMWVRGGLQ =DQMD
RXWSXW YDULDEOHV LQYROYHYHOBKHUXWWXIUHGRUYKRWHHYJRPHWULF G
QRQOLQHDWY G@QDPLFV FROOHFWHG IURP YDULRXV SLH]JRPHW
WKH PLQH VLWH SURYLGH GHWDLOH
SUWLILFLDO 1HXUDO 1HWZRUNYR¥3AEYDWHQG OBYHOVYQDWUXPHQWD

$UWLILFLDO 1HXUDO 1HWZRUNYYRELTWHQH pORFpWPWHV DQG VXSS
Rl PDFKLQH OHDUQLQJ PRGHOVDROVHPHRW PMWHRWHJILHV ~7KH FRR
VWUXFWXUH RI WKH KXPDQ EUDLY HIREHYRIM PW MKADRRAYRFXUDQ OLQE
RI LQWHUFRQQHFWHG QRGHV RUDBYKUR ZDWHYY QHERO UHODWLY
QHXJRQ SURFHVVHV LOSXW WKURKYELE Rk B ¥ HPIECBONOEIW HG L Q
IXQFW®WLRQ \D @& s RXWHS XW WR WIZ@\%'#{‘PWO@SHQJ UHHODWLYH WR WKH ER
W\SLEDO $11 LQFOXGHV DQ LQS¥»RIBEUAR RligyH RWYIBEIBL AVHG LQ
KLGEHQ OD\HUV DQG DQ RXWSXW O%\HU LKLY, DUFKEWHEWXUH
HQDEOHV $11V WR DSSUR[LPDWH'PRBYSH [F%@%\Jg&ﬁ’dﬁgﬁ RI'WKH SLHIRPH
QRQ®LQHDU UHODWLRQVKLSV LQ B :

,Q HQYLURQPHQWDO DQG K\GUR —B-0—P-R-GH-O-+—0-d—
$11VIDUH SDUWLFXODUO\ HIIHFWL
OHDUQ SDWWHUQV IURP ODUJH ¥XG
GDWPBVHWY ZLWKRXW UHTXLULQJ SUHGH RQV
DERXW WKH IRUP Rl WKH UHODWLRQ@VK|SV )RU LQVWDQFH
WKHE FDQ PREHDDQMRZ LQ JURXQGZAWHU
OHYHOMFWHG E\ WLPH JHRORJ\ DQG AHDWKHU

LPSDEW IORZ UDWHV HYHQ ZKHQ VXPK BHODWLROVKLSV DUH
QRQGLQHDU DQG G\QDPLF

94
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7KH ZzDWHU OHYHO UHODWLYH

7LPH

JLIXUH’KH ZDWHU OHYHO UHODWLY® WR ORFDO FRRUGLQDWH
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WKH ZDWHU OHYHO UHODWLYH WR V

7LPH
YLIXUH 7KH ZDWHU OHYHO UHOPW&YH WR WKH ERUHKROH F|

JLIXUHOOXVWUDWHY WKH 10X6WXDMIHXQ VRUQOZDWHBU UHJUHVVLRQ
OHYHOV UHODWLYH WR ORFDO FR®S W QEMIWWHY \R R HW UD VG HFKHLIRE G H O
WLPH SHULRG ORQLWRULQJ SRLQWN BROMR 3FRHIJKEEH@WV XVLQJ WK
YDU\LQJ ZDWHU OHYHOV ZLWKG6SRDQWV 2/6DREWERG
UHFRUGLQJ WKH KLJKHVW OHYHOWKHEWKRZLRU PRYQABPBQWLQJ WKH
IOXFWXDMQW @Y BRLQWDLQV WKR XOMRZIHYMG ZIDWIHRWD OR Z V
OHYHO WKURXJKRXW WKH SHULRG,

FRoVwoow wuHgs “sw Sriow 388 bla e M e RIRY IS DT LSS i
FKDQJHV DUH REVHUYHG % RRYLGHG LO WKI
IOXFWXDWLRQV LQGLFDWHV UHO@WWMH@VWDELOLW\ LQ ZDWHU

OHYHOV DW PRVW SRKRKGFWNMUPZLWK
YDULDWLRQV Olf)(J_;'IQ(?UIUDEQlLQJ] WKH WUDLQLQJ GDYV

V FRQVWUXFWHG 7K
JLIXUKGHSLFWV WKH FKDQJHV '—8 %@@\%J?DWHd?NDWXUHV DV PRGHO L
UHODWLYH WR WKH ERUHKROH FR,QQ VWLQFW

XSZDUG DQG GRZQZDUG WUHQGYV 3RL
H[KLELW WKH KLJKHVW ZDWHU R(’B@’LE;\LNQ(LQ%JZVQ’SSXZF;
UHPDLQLQJ QHDUO\ FRQVWDQW \%, |>%§/F LRO LV HPSORIHG

GHFOLQLQJ WUHQIBQWRQYHDRBO3I g GLFWLR y EDVHG RO@QHZ LQSXW IH
UHFRUG WKH ORZHVW OHYHOV “ZL\WK QEI)

GRZQZDUG WUHQG $W SRLQW 3 %RQ'X@@H @M@ WKH SHUIRUPD
REVHUYHG IROORZHG E\ D JuDGY Ig DULRXV PHWULF\
7KHVH YDULDWLRQV UHIOHFW gé}é:% Jr Lﬂ%wmm%g%b%pm
HQYLURQPHQWDO DQG K\GURORJ PR
GLVWULEXDWRQ ®RHYHOV LQ WKH ERUHKROHYV

3ULRU WR PRGHO WUDLQLQJ WK Wb \FpW H R/ FOHDPHG UHIJUHV V|
DQG QRUPDOL]JHG 7KH GDWD Z®OWYWBEWLRQYQWRP DFWXDO YDOXHV

WUDLQLQJ DQG WHVWLQJ VEKEFHRLND OB EQ FURNRQV ZLWK KLJIKH!L
YDOLGDWLRQ ZDV SHUIRUPHG GWYFUWEPQRIHHBRGHI JKOLIKW WKt
JHQHUDOL]DWLRQ XQGHUSHUIRUPDQFH LQ FDSWXULQJ W

QRQLQHDU UHODWLRH VIKQ SN U MQWD WL C
,PSOHPHQWDWLRQ RI D /LYHDNIRQGCRBWHULOORZ G\QDPLFV /LQHI

0$7/$%IRU )ORZ 5DWH 3UHGLFWIERI) Q4DV WE ORDQWLYHO\ VLPSOH PRGHO
SLHJRPHWULF 'DWD WR WKH YDULDELOLW\ SUHVHQW LQ V

SUH ROV WKDW GLG QRW IXC
Q 0$7/$% D OLQHDU PRG xﬁ%g% %V Q_10 JLKDR/Z—|QV SDUW
LPSOHPHQWHG XVLQJ WKH TLWQMR & VR Q5 @R I*&d—LFDWHv W KD W
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OHVV HIIHFWLYH IRU SUHGLFWILOCRIGHORHUURWRD/QHAH)LY HYDOXDWH (
HOQOYLURQPHQWYLRKIBUHWIRY GRWK@DWUWHGVFWHG YDOXHV ZLWK DFW
VKRZQ)UWIXUHWKHUH LV D FOHDBERPRRIOOWURRU PHWULFV VXFK DV 5
EHWZHHQ SUHGLFWHG DQG DFWXD6 (Y D K KXW \P HSNDKIRNGL BD)XOCCRIZON WEH PRG
KLIKORZ DUHDV FRQILUPLQJ OWRWOLEPRHOEDWWHUQY LQ WKH GDWD
OLPLWDWLRQV D VLPSOH OLQHDU DSSURDEFK
7KH SRO\QRPLDO UHJUHVVLRQ PRGH!
,PSOHPHQWDWLRQ RI D 3RODORBPQPAQW ZLWK DFWXDO YDOXHV F
I1RQOLQHDU ORGHRUQORZ/$®BWHHIUHVVLRQ SDUWILIDFXIHD AR ZL Q DWMWKHV
SBUHGLFWLRQ %DVHG RQ 3LH]RPI—P)H\)\UIJ_CFF'FDW\SRU[OB\MUQHHKLS]FKCIH\LQRPLDO W H

$ SRO\QRPLDO QRQOLQHDU FR G HDV\I/EZOHHHWITNESSLWEEJUTV
LPSOHPHQWHG LQ 0%$7/$% He loRrRz UISWHV $VQD UF
IHDWXUH PDWULG HIWMK \X/\HI-IFUR

LQYROYHV FDOFXODWLQJ WKH @g 6&% WDQGO\LJ\TV'}?DHF
IHDWXUH DQG DSSHQGLQJ WKHP" EUH O RPLD O
VHW IRU ERWK WUDLQH\QIOMQ @ § R@mee QWOH BB UIRUPD.
'BSRO\BMQEIRO\BWHVW W OWKH HIWURPH M
7KH PRGHO LV WKHQ WMFQN %P%%UH PRUH VRSKLVWLFD
IXQFWLR® SRONBIW DLIGH LQSXW s JPHQW LQ SUK
FRUUHVSRQGLQJ WDUJHW YDO 2 O\GRPLDO
WUDLQHG WKH PRGHO LV XVHG y LLRQ su L\QmUH EORV

WKH WHVWE S RO BWHYW SDUWLFXODUU!I)Q_\I}IW(B(RIZPUIDWHV

Model redictions vs Actal Model Predictions vs Actual

—&— Actual
——— Polynomial Model

Flow Rate (L/s)

3 E » o B Sample
JLIXUH &RPSDULVRQ FKDUV\/)LRJIXCDJ[L—IB)FHG))\LQIRRKBD-MD5HJUHVVLRQ BUHGLFWLR
SUHGLFWLRQ DQG DFWXDO GDWD 'DWD

,PSOHPHQWDWLRQ RI DQ $UWLIDORIGHO THIYPAHWZRUN LV WUDLQHC
IHWZRUN $11 LQIRB7YO®RZ 5DWH WUDLLQ WK LQSXW;BVWDMWD@GE V

BUHGLFWLRQ %DVHG RQ 3LH]RPHWULFFRUESJWBSRQGLQ“BWDJWD@WDYFDWV
IRUPDWWHG DV FROXPQ YHFWRU

,Q 0%7/3% DQ $UWLILFLDO 1HXUER($H1.JFﬁ>\\ou(/ZeBUIEH|RUH EHLQJ SDVVHG \
$11 FDQ EH LPSOHPHQWMGHWVLQIXQWWHRQ

IXQFWLRQ ZKLFK LV GHVLJQHG IRU R\ R
UHJUHVVLRQ WDVNV $ FRPPRQ FRQIE&% \g\k’ E%ﬁ%%%%@?gﬁ@%%%‘k
GHILQLQJ D QHWZRUN ZLWK WZR HINRWTHY/SA) B G WFDW L R Q V

FRQWDLQLQJ QHXURQV 7KH QHWUWWRMHWMQM@U_MEGBWRQQ D\

XVLOQOWWBRHQFWLRQ ZLWK WKH LQS R S
WUDLQLQJ GDWD ';(IX\{_\P(BE‘W}Q(&NG B%ORZV WKH $11 WR ¢

7KH NH\ LPSOHPHQWDWLRQ VWHEYIOHH VAP EBWINE oS by
DV IROORZV

7KH DUWLILFLDO QHXUDO QHWZRUL

IHWZRUN 'HILQUWHBORUZDUG @HPRIPYWUDWHG WKH FORVHVW DOLJ

QHWZRUN ZLWK WZR KLGGHQ OBphy HWREHELEWHO\ ZKHQ FRPSDUHG

QHXURQV LV FUIMQWWG XVI®J pRGHOV 7KH DELOLW\ RI WKH $11 V

HITHFWLYHO\ DFURVV WKH HQWLUH I
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DWWULEXWHG MRULWYFRXKWWEW XWHH DEWKKDO YDOXH DQG LV XVHIXO IR
DOORZV LW WR FDSWXUHOLOQMDIUF DM H | B DMDRKE Y PF BDRMY GRYDVHWYV ZLWk
UHODWLRQVKLSV LQ WKH GDWD VYFRR®YWV KLIJK OHDUQLQJ

FDSDFLW\ WKH $11 PRGHO ZDV DERH WRFRCERBHHYR WKH/H PHWULFV
FRPSOH[ IORZ G\QDPLFV LQ PRPORALIDI wW KN QRHEWHY Q& DV KHISUHGLFW
SURGXFULRGLEBWLRQV WKDW ZHRK WKV FRRUW K 8 U P B G AWHKGBAH
FRQVLVWHQW DQG DFFXUDWH +RABYHBWIRW\L\SURSREW DAV WARDEOH W
QRWH WKDW ZKLOH $11 SHUIRUBREXYHEO RYHMIOPHUHIOMY PRGHOV XC
FRPSOH[LW\ FDQ DOVR PDNH LW FRURQHyWRQRYHUILWWLQJ LI
QRW SURSHUO\ WXQHG SDUWLFXOPBMH su@ vHRMINY BLWKPSDULVRQ
OLPLWHG GDWBIQHKN HRITMAHL $1 5 RRKRWPDQFH RI WKUHRH L@HDHUHQW
LV FOHDUO\ GHRAROQMVMWUIDZWHOGH WHIJUHVVLRRUGHFRR®\QRPLDO UHJUI
SUHGLFWLRQV DUH KLJKO\ DOLJRHE DUNK. W KHDRF WKRODP WP WZRUN
DFURVYV DOO IORZ UDWHYV KLGGHQ?2 RDLYUV IRXU FRPPRQO\ DSS
VWDWLVWLFDO LQGLFDWRUV WKH
ORGHO (YDOXDWLRQ DQG &RARKREL 6DWYRDY 56 PHDQ DEVROXWH

7R HYDOXDWH WKH SHUIRUPHBRW FRHDQDVFT}@‘LQQLHH HUURU 506( DQC
OHDUQLQJ PRGHOV YDULRXV VWBWENQWPBO Q@BF'DWWV DUH
XVHG HDFK UHIOHFWLQJ D VSHBPBMLEKBYQHE®R RiJXKH WKH $11
PRGHOYV DFFXUDF\ DQG LWV ILWXWRSHHPRUBIB@ pW kR HRMWRKHW WZR PR

FRPPRQ Rl WKHVH PHWULFYV DUHFULWHULD 7KH 0$( 506( DQG 0$3( Y
KLV PRGHO ZHUH VLJQLILFDQWO\ OF

5 &RHIILFLHQW RI "HYWHWPE QDL
LOQGLFDWHY WKH PRGHOTV DELOL ﬁg\ﬁs%l_%@%m (I-;QHW\/DI?KYN\I/IQ
RI WKH DFWXDO GDWD $Q 59 YDOEé

D KLJK GHJUHH RI PRGHO ILW W ZKHUH

YDOXH FORVH WR JHUR RU QHJDWLYARL éﬁFB\WH(WSJRlﬁ@QJG{GWde OLQHDU
SHUIRUP D@D F H H[KLELWHG WKH KLJKHVW HUURU UD

08( OHDO $EVROXV‘DI$((BDBBXOD (g XUDWHO\ SUHGLFW IORZ YDULDWL]

WKH DYHUDJH DEVROXWH GLIIHU mﬁg‘g &?SVIF%b%ng@}g{A%UE’:ELSgV\@/
S
W

DQG SUHGLFWHG YDOXHV DQG LV
VFDOH :LOOPR

PRGHOV DFURVV GDWDVHWYV zLWkP
ODWVXXUD KHVH UHVXOWYV GHF’RQVWUDWH W

506( 5RRW OHDQ 6TXDBME (WUR RQOLQHDU PDFKLQH OHDUQLQJ PRGH

PRUH VHQVLWLYH WR ODUJH HU X% §OQ> [t; UHRPXV G"Z%\\(NRHOU\

GLVSHUVLRQ RI WKH HUURUV ZL QQ % Q

GHYLDW@ROV Q S L LICFDQW DGYDQWI
SUHGLFWLRQ DFFXUDF\

0$3( OHDQ $EVROXWH 3HURKHYWDJH (UURU
PHWULF H[SUHVVHVY WKH PRGHO HUURU DV D SHUFHQWDJH RI

Model Predictions vs Actual

o —6— Actual
Neural Network |

5N ,;9\ =
20»&’&&&&% , 7@5/) %3&;&“
Rp

15 - |

mQ&E& d?’ p

Flow Rate (L/s)

0 10 20 30 40 50 60 70
Sample

JLIXUHF11 BUHGLFWLRQ YV $FWXIXOHOREDULVRQ RI PRGHO SHUIRUPDQFH
VWDWLVWLFDO PHWULFV 506 0$( 506( DQC
WKUHH PRGHOV /LQHDU 5HJUHVVLRQ 3R
5HJUHVVLRQ 'HJUHH DQG $UWLILFLDO 1t
ZLWK WZR KL(
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5HVXOWY DQG GLVFXVVLRQV RSWLPDO SLH]RPHWHU ORFDWLRQV L

7KLV VWXG\ DLPV WR RSMMP Dg JEh goYURIQE 2PN
PDQDJHPHQW E\ FRPELQLQJ DG @ B

PRGHOLQJ WHFKQLTXHV PDFK aa?tgj HBBEW
LQWHOOLJHQOWLEHF RRFSDUHG W

VWXGLHY WKDW IRFXVHG SULPDﬁ\ &%ﬂ%g@ﬂHﬁNEMWMVVLQU
HPSLULFDO PHWWR@WFKWXVHVU

VRSKLVWLFDWHG WHFKQLTXHYV

& LQJ DSSUR

ZDWHU IORZ DQG TXDOLW\ LQ G ﬁﬁﬁ%ﬁ%ﬁi

VHFWLRQ ZH ILUVW DQDO\]H

IROORZHG EPBMIFQYIPRRGHOV DQ UO\ PEm%M%%E%Lgﬁ
@%W%@FH Q FDQ HQE

OHDUQLQJ DQG ILQDOO\ LQQRN
PLQH GUDLQDJH PDQDJHPHQW SUHGLFWLYH DQDO\WVLV RI IORZ EHKD)
dl FULWLFDO GUDLQDJH JRQHV DQG
IXPHULFDO ORGHOLQJ ZLWK EL(J%LQDJH VWUDWHILHY DFURVV YD
,Q WKH ILUVW SKDVH RI WKLWHNPSYRODGKYFDOFHIMHFLVH
QXPHULFDO PRGHOLQJ IUDPHZRUN ZDV GHYHORSHG
XVLQJ WKH 8'(& VRIWZDUH WR VIQRXHODO®OOH HP\WBEA F LOHVRIOR G V

K\GURPHFKDQLFDO EHKDYLRU RI _IUDEW RE
PDVVHV X QRO G HFDLQLQJ FRQGL REKF)ngﬁg%pﬁ%fdﬁLﬁvvwgfg é

$QJRXUDQ OHDG DQBUHQRPRY® NLRO
? gﬁ?&gbmn1 W b
YH LQGL

Rl WKLY SKDVH OLHV LQ LQWHIJ %
GDWD PHFKDQLFDO SURSHUWLH\P

PW HEGH & XBWWR L
P H[SHUW OL

FKDUDFWHULVWLFV GAIPMIQMY R Q
GLVFRQWLQXXP PRGHOLQJ DSS

ULFDO ZHLJI
]DWLRQ RI FUL

VLPXOWDQHRXYVY DQDO\VLV RI
uv UHODWH
IHILHG DQ
LW\ OHYF
9HU\ +LJK

JURXGZDWHU IORZ LQ QDWXUDO I.l
e
XJK
W?Hm

VROHO\ RQ HLWKHU K\GUDXOLF
DQDO\WLV WKLV VWXG\ FRQFXU
HITHFWYV RI QRUPDO DQG VKHD
DSHUWXUH YDULDWRRQ XoFMVAE XN &,
UHVXOWY UHYHDOHG WKDW LQFU
D UHGXFWLRQ LQ IUDFWXUH RSH
SHUPHDELOLW\ ZKHUHDV KLJKH
VHFRQGDU\ IUDFWXUHV RU UHR
LQFUHDVLQJ IORZ SDWRVZWDARY7 K
LQWHUDFWLRBOHHABEWXUHG E\ '(_|
DSDUW IURP PRUH JHQHUDOL]HG
)/$& RU &2062/ ZKLFK W\SLFD
DELOLW\ WR G\QDPLFDOO\ VLP \|[|
ik

8QOLNH PDQ\ SUHYLRXV VWX
UDQJLQJ IL

RBFOH 7TKFE
RG ZDV WKHC
ZHLIKWYV IRU HDFK TXD!

Y EED8 ne zn

DQG

H
OV%?NMVQQ?QGLQJV LQGL
\ JUHDWHVW 1
Grggg%wWUVXJJHVWLQJ
v V RODRMGLFDWRUV UHIC
LQH WHFKQLFDO V)
'F &pgglg)g &Sgli'?\/VLVWHQF\ 5DV

FRXSOHG SURFHVVHV LQ IUDFW

7KH FRPSDULVRQ EHWZHHQ W L
DQG DFWXDO SEN/])RFHQ—IW\UISFRGHED
GLVWWLEKWRAYWUDWHG é
DJUHHPHQW ZLWK RQO\ D H

REVHUYHG YDOXHV 7KLV KLJK H Wil RI ORJLED
FRQILUPY LWV FDSDELOLW\ WR Hawsmw\QYDDP%GDWLQJ Wi
HRORILFDOOL FRPSOH] VHWWLG X0 %G&8P$V6NL9%&$GLYL9XDDOQ
PRGHD VHOYRY DY DVSrMRUW U MRIIRSYS Lo whupy

IRU GHVLJQLQJ HIILFLHQW GUDLQDIW H%V NS HE WO FDWRUY
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SULRULWLHV LQ WKH PRPRMNLGUDDEMHWH. FBHFRWHEBRFWLYH SHUIRUPDQF
IUDPHZRUN DQG VHUYH DV SULPPRIGH®@BXWKWHIRBAK® XDGIVR DFFXUDWE
RSWLPL]DWLRQ/RRERGMWFPRIGRH® VYDULDWLRQV DFURVV D ZLGH WHPS
2YHUDOO WKH LQWHJUDWLRQURIGHBWHG WKIDW VWREQGZDWHU V\VW
SURYLGHG D UREBRVWG HYWLGXRFXYBRWKDVWBUDFWLFDO VVEDYEGSRLQW
FRPELQHG TXDOLWDWLYH H[SHUD/SISWHR XAV IR ITKDWY WLVBRWHYHKO WRRO
DQDO\VLV 7KLV IUDPHZRUN QRWZRWQBULBQKDYWHIWPY GHVLIJQ SURDF)
GHFLVLRQ DFFXUDF\ LQ PLQH GPDOQOQDHRHIOND QEULHQUVEXNW FRQWURO D
DOVR OD\V WKG® IRYQGHOMW GHY HURISPHOM RR ,Q PLQLQJ HQYLURQPHQ!
LQWHOOLJH@WS SRHFLVMRROROV  L@X FMAOWDXW HRRAWQ GIZOWHU OHYHOV X«
SKD¥H®DEOLQJ PRUH HIITHFWLYHS WUV NDELDHWAP HOQM% VXGGHQ LQIOR.
VWUDWHJI\ SULRULWL]DWLRQ D®IGR YIX&MMDIIIHEIGHF S HR/BRY UFHF K D QL V F
PDQDJHPHQW LQ FRPSOH[ PLQLQW R @ QKDRFEMHERWK VDIHW\ DQG HIILFL
ORUHRYHU WKLV VWXG\ GHPRQV
ODFKLQH /HDUQLQJ DQG $UWERFEDQLQJ DFFXUDWH ILHOG LQVWU

L QWHOOLJHQFH 7HFKQLTXHYV DGYDQFHG PDFKLQH OHDUQLQJ DOJR
7KH WKLUG SKDVH RI WKLV yeYH SRZHU EXW
GHYHORS DQ LQQRYDWLYH IUD N WRGX SFFU WL R Q
ZDWHU GLVFKDUJH LQ PLQLQJ LFOWXHEJL
DQG FRPSDULQJ WKH SHUIRUPD WKLV 1UD
OHDUQLQJ PRGHOV OLQHDU éi PER 6 o X(HO%VVLLPQDJWGHE
UHJUHVVLRQ ODQEBXIDJlDWLQLI—FWDRU
7KLV SKDVH LQWURGXFHG D 'é*fJ'f—'a%\é'KYHE\ JURXQGZDWHU
LQWHJUDWHGRANWKRQ SLH]RPH D
ZLWK DGYDGEMEHGDRMGHOV WR \LDR\% WKLV SKDVH RI WK
VLPXODWH DQG IRUHFDVW FRPSH W@g@#\ﬁHQW LQ WKF
EHKDYLRU LQ IUDFWXUHG URFN adaie) YLgHFQRFPHS?RHU[ F\;vl
$ NH\ LQQRYDWLRQ RI WKLV E %H% %@ L6 SoheLEWLO
FRPELQHG XVHZRRIOGUHBIOH]RP
PHDVXUHPHQW@’DDI-QBSSI?XRZFWSMOV KH HS}JH”“EDQWZRUN VHUYHV D
GLVWLQJIXLVKHV WKLV VWXG\Y t'lg VLPLODU PLQ
VREMXUIDFH  ZC

JURXQGZDWHU PRGHOLQJ UHVH?
VROHO\ RQ FODVVLFIDG QXPHIW L VVJLJ
PHWKRGV %\ OHYHUDJLQJ GHHS OF D ,
WKH VWXG\ VXFEHVVIXOO\ W h%%fégggvﬁﬁ'r%v WR "UDL
G\QDPLF DQBURRE®H LQWHUDF WRYo "Wk A
VXEVXUIDFH HQYLURQPHQW RI WK &RKRKHWDIQQBELYHFKQRORJILFDO DG
7KH OLQHDU UHJUHVVLRQ RMGHQHHBOWKRRRUH VXVWDLQDEOH
FRPSXWDWLRQDOO\ HIILELHOW WA\ JIOOMEU W & X HNO HEHAY HAUKHO L Q Q R
FRPSOH[ QRQOLQHDU IORZ SDWWHMLIDIH STOUMDLIFRMMWO\ LQFOXGLQJ
GXULQJ GKVBKDUJH HYHQWY NVHOQX@WY Q JDBEY HID WKWHD WP HQW P HV
VLJQLILFDQW SUHGLFWLRQ  HAKHR/BIV L Q GRYOD /R RIDEVOR D EQW & H QW KH F
UHJUHVVLRQ LPSURYH® @FFXORBKLQIWL®R7 VHQVRUV IRU FRQWLQXR.
YDOXHV E\ LQFRUSRUDWLQJ QRGODDGDIH WHRIPEL VELRD Y WWKH XV H
SHUIRUPDQFH GHWHULRUDWHG PRQIMKMRUHRNUBPHYHGRHHDR DQG WK
VHOQVLWLYLW\ WR RXWOLHUV DREOHFWMEBQGIHDAFD MR PDNH RSWL
RYHUILWWLQJ $GGLWLRQDOO\ UHQWEDE &k HDQHRUHI®
7KH $11 PRGHO GHPRQVWUDWHGW AR KK DM HMRDDU DQG ZLQG SX
DEFFXUDF\ DQG UHOLDELOLW\ 7KVUR/X\MKPMYVKONHS EMHQXFBXRISRVHG D)
DQG DGDSWLYH OHDUQLQJ DELON®ROXWL R QM F VEIDYHDL FXRO®H@N GL Q U HP
WKH LOWULFDWH UHODWLRQVKEZEVFEHWRXDG SUHBRGHWUERVWY DO
LOSXWV DQG GLVFKDUJH? (Y DHQXDIWIRRIP HRMWDOLFXVWDLQDELO LW\
LQFOXGLQJ KVUKQEGLBRGWO\ ORZHQ 0BRGHUQ GUDLQDJH PDQDJHPF
506( DQG O@¥RQILUPHG WKH SQWWJUDWLRQ RI ,QWHUQHW RI 7KLQJ
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UHQHZDEOEDNBEUZDWHU WUHDWPHO@HYDEWHPWOHUJ\ VIVWHPVYV HQV)
FDQ VLJQLILEDQWO\ HOKDQFH WHKBIHBIWEFIOND U RRIVVHY DUH ERWK
VXVWDLQDELOLW\ Rl ZDWHU UHVBXWEEOP DQMIWMOQWEOH 7KH LQW
7KHVH WHFKQRORMHRHSPRYLER MEFEQRORILHY IDEFLOLWDWHY D PF
DQG HQYLURQPH@GMOOYHDWPHQW YRWEWQBRBYH DSSURDFK WR PDQI

"R7 6HQVRUV LQ 'UDLRDVHBYRWMAYWHPY SDUWLFXODWIOS DQ WGP R W
KDYH EHHQ GHSOR\HG DW VW U DW HZK H UBR D5 WR R YD MR/ WKQQONERZHU V|
GUDLQDJH QHWZRUN WR FROQWLQXRNVEH ORPILWRE FULWLEDO
SDUDPHWHUV VXFK DV ZDWHU OH Q
ZDWHU TXDOLW\ 7KHVH VHQV 3 E&@EE%R [EV@&DV‘? %VSER'QWR\{HL?
WUDQVPLW LW WR D FHRWMALP® FH v%%? | SR
DQDO\VLV 7KLV HQDEOHV WKH GHWE QAJ . &’@%G npIRuS
VXFK DV VXGGHQ IOXFWXDWLR 9 DWW Hid b(LbWLRQ AV
LQWHUYHQWLR@DDNQQJGhHRUVHR WK\[RQ UHDWH RUWDRFITNDL%'IDFV\IIDI—?OD\C-}:
SUHVVXUH VHQVRUWW DG IGRZH

LQWR GUDLQDJH FKDQQHOV )\'ﬁf \U EOHJHQDHV:,JS;Q RI
SHUIRUPDQFH DQG LGHQWLI\ s%vg'%(p‘ LB OrER ko WW:}%UHDWPHQV\’,

LOHIILFLHQFLHYV

7KH UMHIDRH GDWD SURYLGHG \Q C:"7U b VPDQD‘]HPHQW QRW R

D IHLFLHQF\ EXW DOV
DOORZV IRU G\QDPLF PDQDJHP, IQ § J VWDLQDELOLW\
RSHUDWLRQV RSWLPL]LQJ UH ll£ Q

FROQOWDPLQDWLRQ OHYHOV D

DFKHWRXUFFE

LPSURYLQJ UHVSRQVH WLPHYV % OXWLRQ
VHQVRUVY FRQWULEXWH WR SUH | Y{éH WK JORE
WKH\ FDQ DOHUW RB}HW P\b B UX/QW IS

RU PDLQWHQDQFH QHHGV EHIRU HY UHVXOW LQ V\VWHP

IDLOXUH

SRWHQWLDO &KDOOHQJHYV DQG /LP

5SHQHZDEOH %DWWG\ :DWHU 7UHDW

s SR o R I Lo, 8L,
UHQHZDEOHEDMEBUJIDWHU W Wi VLIQLILFDQW DGYDQWDJH\
VIVWHPV VXFSRBMUNBORU Z

SRZHUHG ILOWUDWLRQ DQG S |9&5WW£&’L>BQQL\<N\\//K%>%%G EH FRQVL
HPSOR\HG IRU WKH WUHDWPHQW 'RW Iy DR WEHIHY @V DOW\ RI PRQLWRU
PLQLQJ HQYLURQPHQWY 7KHVHGCPWRYHMPHEURYQGHRP ,R7 VHQVRUYV

OXHV ZKLFK P
DQ HBRHMM@ DQGIFHRAMWL Y H VROX\Cg%QWﬁiU PLVVLQJ YD
WUHDW GUDLQDJH ZDWHU ZL RloSPHFLRYGYH PRGHOV

WUDGLWLRQDMOH PO HIPHWKRGVEROXWRPQFHG DOJRULWKPVY FDQ EH
LGHI%WLI\ DQG FRUUHFW GDWD HUURI
L

6RODU HQHUJ\ LV RIWHQ XWLOL]HG W SHWHE K B LA W UL R&Qo s Lo
XQLWV ZKLFK WUHDW ZDWHU IURRvBLRU@RGH DHODYEOH SUHGLFWLR(C
FKDQQHOV WR UHPRYH FRQWDPLQDQWV_ VXFK DV KHDY\
PHWDOV DQG VXVSHQGHG VROLGRV7H @ F %%@VWL\/QLVF\{/;%
UHQHZDEOH HQHUJ\ HQVXUHV v[gg% Uy \ QY QBT
SURFHVV XWROLIQQWEOH DQG UHgy R KR UL O 3
RYHUDOO FDUERQ IRRWSULQW RI WRH PLQH V

RSHUDWLRQV ,Q VRPH FDVHV KEQLWERY R VH LVVXHY  UF

W H i
FRPELQH VRODU SRZHU ZLWK ZL Wj CRVINAV @Jﬁpvgy RXOGWiHHLiSO:
XVHG WR HQVXUH FRQVLVWHQW % 55 E F@?gg 588\ QKDQ
LQ UHJLRQV ZLWK YDULDEOH zHB GLWERGY
ISQJQYLUR%Q/PH\?WD@DQ\/Cla(XHH(@\FLHUVRQPHQWD
6\QHUJ\ RI ,R7 DQG SHQHZDEOH (QHAMIE BW WO’V SDUWLFXODUO\ LQ PLQI
7KH FRPELQDWLRQ RI ,R7 VHQVRUWY QG WKHR HZIREOHDF\ RI ERWK ,R7
HQHEDWVHG WUHDWPHQW V\VWH PYHBWE D WG HD N 8D UMV WHP V

DGDSWLYH GUDLQDJH PDQDJHPE!I% W H 1 WKDW DUH VS
VHQVRUV HQDEOH FRQWLQXRXVgRR b Q Xb}_f, HOYLUROPHQWV |
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GHVLJQ RI UHQHZDEOH HQHUJ\ VD\OWRRN. WIRPYL\WWIQ\GN DXP HULFDO VLPXO
YDU\LQJ HQYLURQPHQWDO FRQGLHYHRQIVDWAR BORBHYWMWKOY RI GUDLQEL
OLPLWDWLRQ HQYLURQPHQWDO QHHGV )XUWKHUPF

(FRQRPLF &gRMWWN\DO FRVWV RI LF¥OHPHOW ZGWUH OLPLWHG WR WUDGLYV
DGYDQFHG WHFKQRORJLHV VXFKBHVHRYGFKHQQORUNWIDQWHY LQQRYDWLY
UHQHZDEOH HQHUJ\ VIVWHPV PDVFBDHBWIKLFDQWO\ RSWLPL]H PDQDJHPF

6ROXWLRIDQFLDO VXSSRUW IURPQ%VHHI&%:F!—HQ\%XPDQ HUURUV DQG GHO
LQLWLDWLYHV RU SULYDWH LQYHW\MFHHg\N F%S @ H Q4D kW Hpl KBUJ\ DQ
EXVLQHVV PRGHOV WKDWHUIRFYYVWRPVoRRWY ZDWHU WUHDWPHQW KD\
VXVWDLQDELOLW\ DQG FRVW UHGREWLR® RNPXMOGY HHMR OXRMULHRRQ IRU [ XW]

,PSOHPHQWDWLRQK&IKID@\ADHHQD[B{WEL\I/E %QEUHQKD@FFHHQWQ@LN'XVWD'—QDELO
H

PXOWLSOH VIVWHPV VXFK DV ,R7 v \6WL}/H\§Z|'§H¥6'HDSSURDFKHV
HQHEDWHG ZDWHU WUHDWPHQW HH&XHLRRPEOAPWHEH HQYLURQPHQWD

UHTXLUH DGYDQFHG FRRUGLQDWIRRZHU RSHUDWLRQDO FRVWV LQ GUD

BROXWDRILILHG PDQDJHPHQW viviwiR M oMWY boorzv

VHDPOHVV LQWHJUDWLRQ DQG

PRQ RNAXSDo\WLY RI 3URSR
FRPSRQHQWY FRXOG LPSURYH yg&ﬁéfLY \gbiﬂg

UHOLDELOLW\ Rl WKH FRPELQHG UDGLWLRQDO "UDL
DODJHPHQW 7HFKQLTXHV
7KHVH FKDOOHQJHV SURYLGH YDOXDEOH GLUHFWLRQV

IRU
IXWXUH UHVHDUFK ZKHUH LQQRYDWKAYV NMWQtKUR@QK\D\Vd-@@V WKH DGHY
VIVWHP GHVLJQ FDQ EH H[SORUH@GQOWWDMORDOQFGWDPKHIQDIH 2PDQDJIHPHC
SUDFWLFDOLW\ DQG VFDODELOLWQ® RP WKHNVBID PHIWMRERGHWY PDFKLQH OHDL
DQG HEDMHME GPIPNYQRQUDPPHZRUNYV
&RPSDULVRQ DQG 6XSHULRUIRNHBI WHIDODGLWLRQDO DSSURDFKHV
OHWKRGV 8VHG LQ 7KLV 6WXG\ SUHGLFWLRQ DFFXUDF\ \HIILFLHQF\

7KLV VWXG\ VWDQGV RXxW I1URPGHHND RKYLWAY HDRQEK FRVW ~ WKH - T
SDUWLFXODUO\ LQ LWV XVH REHFYVDHEREHY XifuTREEUQ WHFKQLT.
PRGHOLQJ DQG PDFKLQH OHDUQ§W PR Gg § & P PIRUHQ I O H[ L E
PDQ\ HDUOLHU VWXGLHV WKDW LRCWRFRIPA Y Ep R FRQRYHQ
PRGHOV RU VLPSOHU VLPXODW{REY™ wkLV UHVHDUFK
HPSOR\V VRSKLWKLRMWHGHDBRLQJ

7DEOHARPSDUDWLYH DQDO\VLV RI SURSRVHG PHW KIRIGAMH Q ERBWLERQ PHWKR G
PDFKLQH OHDUQLQJ YHUVXV WUDGLWLRQDO GUDLQDJH PD GRFMAHR@NV WHFK
DFFXUDF\ HIILFLHQF\ FRPSOH[QW ¥ RO@DLSM RENO LIQ GNVRR F/MQ

OHWKRG 7UDGLWLRQDO 7H%)§Fé'yll&ﬁ'?/o OHWNBG‘%WSD,\\I’LHQGJ'HFLV'O'BQKLQH /HDUQLQJ ORGHOV

ORGHUDWH HPSLHUORDOUHFLVH KORGHXOWH WR +LMLIK WR 9HU\ +LJK OLQHDU
BUHGLFWLRQ B¥WXPDMHYV ZLWKQGLP HWKIBQLFDO/XEMHFWLYH WR PHRSHWWWH $11 H[FHOOHQW IRU

GDWD VLPXODWLRQV NQRZOHGJH QRQOLQHDU GDWD
(ILFLHOQF\ /RZ PDQXDO FD@RGHMDIRR \UHTORGH D WH UHTXLIO H §V¥1'ﬂje}%%3“ﬁ$5téTQ?LﬁLHPDH'
DQG HVWLPDWLRGHWDLOHG VHWXRYROYHPHQW DQG \W{r:

+LJK OLQHDU VLPSOH
&RPSOH[LW\ /RZ VLPSOLVWLI%E‘:| LOHGORE B HDWE GHSH%%;/V%%

W LR QD ® [$HYRMY FIHYW H U PSPl DUFKLWHFWXUH DQ

PLWHG IL[HG +LJK IOH[LEOH + U\ +LJK $11
sepswpELOLWH W R H UHTxbjuL 6 ORF
oLQLQY &RQGM'%&&RORJLHWL(BB('(D‘DWLRQV |F£|Lb%'§gg?g§\l4 b P@ﬁé@%@ G\QDPLF QRQOLQHD

VFHQ
LWLDO GDWD

/RZ QR DGYDQFHGJK VRIWZDUH9DULDEOH GHSHQW%@&@’%HQ
&RVW H L DQG WUDLQLQJ FF
WHFKQRORJ\ QHREASXWDWLRQDOWIBEREHILW\ oo sy bWLRODO FRVW

([SODQDWLRQ RI WKH &RPSDULVRBFXUDF\ E\ VLPXODWLQJ K\GURP
LOWHUDFWLRQV LQ FRPSOH[ PLQLQJ

x 3UHGLFWLRQ BFPZUWERQDO WHFK% TXEA HG GRIENUDRQLY VXEMHFW WR
RIWHQ UHO\ RQ HPSLULFDO HVWLP ?@NYLZ@*SQS WPRcEPHOW DQG H[SHU
LPSUHFLVH DQG OLPLWHG E\ WKH RYSLQREOHK POv@OWURGXFH VRPF
FRQWUDVW QXPHULFDO PHWKRGV ey Ug KEKK o H LOHSWIOE DRW B RFH O
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DFFXUDF\ E\ DQDO\LQJ ODUJH GCIRUBVMWUYXDPWEDNGQGHFURERQV ZLWK

GHOLYHWIQRHUMHIDWOX O W V EHWWHU LQWH\I}JLIDLWlHFQQ LRIV I GERWL
P LQIRUPHG GHFLVLR
X (HLFLHQUMDGLWLRQDO PHWKRGV WH § Q FDQ EH DGMXVW
UHTXLULQJ PDQXDO FDOFXODWLRQ
I1XPHULFDO PHWKRGV 8'(& UHTXLU R

IRU VHWXS DQG FRPSXWDWLRQ EXVV?IEBQH?—IW—IKJRBMLHJ.Q—MDN\RGXFHG LQ Wt
VLPXODWLRQV RQFH WKH PRGHO LWXPHSQBBEB VLPHKODWWLRQV PDFKLQH
EDVHG GRPFNVQRQ FDQILEHH QM H[SHIWALYHQ IUDPHEBHNMQW D

GHSHQGLQJ RQ WKH H[SHUWLVH VDYQLQFPPQMW EBX®YDQFHPHQW RYHU
W\SLFDOO\ UHTXLUHV PRUH WLPH GBDLQD VH VRPOIQIMHPHQW WHFKQLTXH'
ODFKLQH OHDUQLQJ WHFKQLTXHV DVUNSHUKRY HI AFRLHIAN IOH[LELOLW\
HQDEOLQJ UDSLG SUHGLFWLRQV RRFMLWKHPPRGKO\LMXLWDEOH IRU PRG

WUDLQHG RSHUDWLRQV %\ OHYHUDJLQJ WKH)
X &RPSOH[MWWD\GLWLRQDO PHWKRGYV D HV GUDL?DV\‘;E EZ?/VQV\I/DHJSPUHI-:
EXW PD\ ODFN WKH QHFHVVDU\ SUH &%IH SURWHFWLRQ

VI\VWHPV 1XPHULFDO PHWKRGYV UH

PRGHOV DQG FRPSXWDWLRQDO uHVRXU

WKHP PRUH FRPE(]))H/[HG([SH-HlEWVLR(QODFKLQH /HD2JIQI-LKD\ZI D ABWHNLQJ
PDNLQJ GHSHQGV RQ WKH FRPSOBI$ISWRDORFIK WKWK H[FHSWLRQDO SUHG
GHRQUUDPHZRUN EXW JHQHUDOO\ DQGRBMHNLARBM SDUWLFXODUO\ ZKHZC
VXEMHFWLYH DVVHVVPHQWYVY ODAXWIQHDYDHODWEIOM 8QOLNH WUDGLW
WHFKQLTXHY DUH OHVV FRPSOH[ LQPWARKPYHRICAHROGHOIQY) FDQ SURFHVV
EXW PD\ UHTXLUH FRQVLGHUDEOH GIHI®RIUWH WEDQIL QQWKKWY PXFK IDVWH!
WUDLQLQJ SKDVH VFDODWL IRWLRHIDDSSOLFDWLRQV 7

X $GDSWDELOLW\ WR OLQLQJ %%E HGXFHC\)/WKVXPDQ HUURU DQG
7TUDGLWLRQDO WHFKQLTXHYV RIW LHL[¥|)(%
PHWKRGRORJLHVY WKDW PD\
FKDQJLQJ FRQGLWLRQV 1XPHULFVé8DQ’GFD@>&¥IéFy8F Q EH
DGDSWHG WR YDULRXV PLQLQJ VFKRWWMRXGESYRHNMGHQWY DQ LQQRYDW
IOH[LELOLBDVHSHFHWKRGV D UH |FRYPHRIJ-Q HIR U DQDO\]LQJ DQG RSW
L S L P T B B
PRGNOV FDQ EH HDVLOY XSGD‘@DRE {RHQHY mggiggngggwmggfgt
PDNLQJ WKHP KLJKO\ DGDSWDE UQLQJ WHEKQLTXHY QXP MUK D DU V
X &RVMUDGLWLRQDO PHWKFERYWUN JPHREDWAREPRAXVLQJ 8'(& HIITHFWLYHC
DV WKH\ GR QRW UHTXLUH DGK\QQ#HF?KW EK@RORIMKDYLRU RI IUDF)
IXPHULFDO PHWKRGYV KRZHYHFJD\y @OY ﬁlDJd((Ijl\U %HPRQVWUDWLQJ

LQLWLDO EFRVWV IRU VRIWZDU % oF RREWRWAROPRUNVVHY RQ SH
UHVRXUFHY¥D\H3HUPBENVQRQFD

KDYH YDULDEOH FRVIWWDGEBHD W@%%W7KH VLPXODWLRQ UHVXO\
DQG H[SHUWLVH RI WKH SURI REGWYELF GDWD  ZLWK I
ODFKLQH OHDUQLQJ PHWKRGVFRPOH UFPRLE&JU HoPRHD® KW WHE RQEL O
SULFHG ZLWK D KLJKHU LQLW LDKDVHWMEKHRYQDIOAW LR LHUDUFK\ 3 UF

RSHUDWLRQDO FRVWYV DSSOLHG WR H[SHUW LQSXW IURP
TXDQWLI\ WKH UHODWLYH LPSRUWD
\ ,QVLIKWYV LOGLFDWRUV 7KH UHVXOWY KLJKOLJI

: K YHU\ KLJK 4 DQG PHGLXP 4

X 1XPHULFDO OHWKR®WVB'(&HW K&
RXWSHUIRUP WUDGLWLRQDO W ‘b‘ﬂ@k‘ﬁ\WﬁW@P%ﬁ%L@-JKHVW ZHLJK
FRPSOH] K\GURPHFKDQLFDO HI$BWWubPPIKRMLY RQ SHUIRUPDQFH
DFFXUDWHO\ DOORZLQJ IRU PRGNV BURPUWVIH ¥,k BLKMFWIALUG SKDVH
Rl GUDLQDJH EHKDYLRU XQGHW BEKHQWH OHIBUYQAQMPBRGHBVUHVVLR
'"HVSLWH WKH KLJKHU LQLWLDOCSRRYQYRPMWXOGILWIBFEKVVEAIRQ DQG DU
MXVWLKEHYQYHVWPHQW HVSHFQBOOARWUNVRASOM [ GHY HCBRISHZL. FWR

PLQLQJ HQYLURQPHQWYV JURXQGZDWHU GLVFKDUJH EDVHG RQ
x ([SHUADVHG 'HFDNLEO:KLOH 7KH $11 PRGHO DFKLHYHG WKH KLJKF
WUDGLWLRQDO PHWKRGV RIWBBUIRHORDRBHH[SAUW 506 (

MXGJPHQW WKH SURSRVHG IUDWKERHWVDRORXWVDRBIWNXULQJ WKH FRPSO
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G\QDPLFV ZLWKLQ WKH PLQH WX@QHDUDRYBWH\PLY DQGHW DO $GC
GHPRQVWUDWLQJ D VLJQLILFDRARH 589 b@PNB P SRRV WKURXIK VXVW
WUDGLWLRQDOY HRMHDWIORGW KLYV HWOHEHYERFQPHQWDO &KDOOHQJIHYV
GHPRQVWUDWHYV WKDWDWRXUDFWH & Do bROOR I6KLAK DO $SSOLFD!
QXPHULFDO PRGHQILQYHQ HEBHHAUMIILR/@ ULDP IGNHFLNVLWABFKQLTXHY LQ GHO]
DQDO\WVLV @O HODWDFKLQH OHDNREQGIDMMHY SRWNQWRQPH QRV@DHY (DUW
SURYLGH D UREXVW LQWHOOAFIH@WHY DQG VFDODEOH

IUDPHZRUN IRU SUHGLFWLQJ DQGyp PPRAJILEA) PLQHQJIK 5 $0DZDGK
GUDORA 7KH SURSRVHG DSSURDFKKROGY VkBQLIEFOQW 4XUHVKL ORKDP
SRWHQWLDO IRU DSSOLFDWLRQ LQ R¥WHKIMH® LED.ABVSURMMRWAHSWLELO
DQG LQ WKH GHVLJQ RI DGDSWLXWLQUH KL HPQ B DLVD ¥ OEILY LR Q

VI\IVWHPV XQGHU YDU\LQJ JHRORWHAK@ LFIRO® LMWL R\OAH $EKD DWHUVKHG
(QYLURQPHQWDO (DUWK 6FLHQFHYV

SHIHUHQFHYV > @ 3RXUHVPDLHOL 0 $WDHL 0 1RX

> @ 5R\&KRZGKXU\ $ HW DO % BEWERG Lw PH D W ¥ WO DINRLLQVIL R Q
PHWKRGV IRU DFLG $GOBORHM LmGEW KRGV IRU 6XVWDLQDEOH "HFLVLRQ PD

. , RP S UHRXQQDYH FIWGL Q J
OLPLWDWLRQV :DWHU 5HVRXUFHV W%%%%HQW

> @ 6NRXVHQ - =LSSHU & B5RVH> $@RBLG4Fb[?\|QH§L|£|l 3 6KL * %ORFN V
1DLUQ S5REHUW : OF'RQDOG / DOHLIIPHPFSOLFDWLRQQURHUIRRNE HQJLC

5HYLHZ RI 3DVVLYH 6\WWHP\W&QRUVsFi-c 8®BRPWLFH
'UDLQDJH 7TOHQWPBWWU DQG WKH (QYUROFHIOOD 6 _XDQHV 5 ,
VWXGLHV RQ VLQJOH MRLQW IUDFWXUHV C

>@ 6DKD 5 HW DO 3K\ WRIYP P& RRI' SREN OHFKDQLFV
FKURPEROWDPLQDWHG zDVWHzDWHURWHARKIILFEOWRPLQHHULQJ
K\DFLQWKXLURQPHQWDO 6FLHQFH DQ#% 'RROOXWRRRK $ DQJ P
SHVHDUFK WKHUPDO VWUHVV RQ SHUPHDELOLW)\ LQ
> @ +DQDN ( IXQG - $G DSV Y W B Y o P4 WHRIUEKRY GIDFIDI H FRXSOLQJ
ZDWHU PDQDJHPHQW &0DR FDWE B \& K [RPEXUQDO" RI' *HRPHFKDQLFV DQG

SHVRXUFHYV

>@ -LQJ / BWHSKDQVVRQ 2 > @gxfgablFHH wpov_$ VWXG\ RI WKH UHO|
RI GLVFUHWH HOHPHQW PHWKRGVKIRUDYRER QG DMHIAQYFDO RSHQLQJV
7KHRU\ DQG DSS\OH ¥FDMU RQ V PDVVAHHR S K\ DO -RXUQDO ,QWHUQDWLR;

> @ -RGHLUL 6KRNUL % '"HKJKDQL + 6KDP

L 5
'RXODWL $UGHMDQL ) 3UHGEFVWLREB RN DELG PL%WFKDQ'—FV RI TUDFW:
GUDLQDJH JHQHUDWLRQ SRWHQWLDWKR| BHORIEHRP KK WDV HG R DSHUWXL
XVLQJ JHQH H[SUHVViRF BWRMDPETRWHFKQLFDO (QJLQHHULQJ

L

o< <

-RXUQDO RI OLQLQJ DQG (QxYLURQPHQWW 3DWLU 1 &KHQJ / (IHTHFW |
> @ $KPHG . +DVDQ 0 AKRZGNYXYIDEH URXJKQHVV RQ WKH K\GUDXOLF L
$SSOLFDWLRQV RI PDFKLQH OHDUQED%%FQP@ BHYIRFRQPHDMPIY-FV DQG )RXQC
HQJLQHHULQJ $GYDQRBYLDAGPHORWSSEw vV

6\VWHPV 5HVHDUFK > @ %DUWRQ 1 &KRXEH\ 9 .MDHUQ\
>@ +H OLQJMLQJ ;X =LER +RX 7KHpRQIKXHQAQEHRRI MRLQW URXJKQHVV |
'LQGH 2N < 5LQNOHEH - %RODQSHUPHPELRQEW b b PR BFINFWEKRHKIIEQ LR ND Q G
& ‘DWAMMH.YHG ELRFKDU IRU 20 N U @R-EIIWLRS

FRQWURO DQG VXVW DUDQADXEWH 5GIYHABRSPHRWRQ 0 %DUWRQ 1 -RLQ
(DUWK (QYLURQPHQW FRHIILFLHQW -5& DQG LWV UHODWLRC
> @ %DEDHLDQ 0 6HUHVKNL ) $WPHYWRKWRREURKIREN OHFKDQLFV DQG *F

ORKDPPDGL 6 $SSOLFDWIRSG QRH UdRidy
&RPSXWLQJ 6WDWLYWIWBOLDQEBFOGXORQLDOVK - 7KH HIIHFW RI IUDFW)

ODNLQJ OHWKRGV WR "HYHORS D 3UdE)FpMIerbod GRWR R @4 RSKK\VLFDO 5HVHDU
BUHGLFWLRQ RI )O\URFBLW \VOLRQEH LQ 2SHQ

OLQLQJ +
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> @ +DNDPL ( SHUPHDELOLW\ @ SOPHWKEZBGDWRFAN 5DPHVK . 6XUF
7KH UROH RI IUDFW XUH *Iit W HFX® E IR ¥V A CHJ DHF WaV ORGHOLQJ JURXQG:
(QJLQHHULQJ -RXUQDO XVLQJ SLH]JRPHWULF REVHUYDWLRQV DQ
> @ 5HQVKDZ & )UDwaUHQ§MWQ§LQ/VB'D+<Q\8U&ORJ\
VWWHWSHQGHQW SURSHUWLHV LQ @UBFMENUHG $RFN /HH $ - /L
*HRPHFKDQLFV DQG *HRSK\VLFV |R3HFBRHFWY DR G KIUDLGFREIRN HQ G 1H G:L O H \

> @ +\QGPDQ 5 - .RHKOHU $ %
> @ :LH < =KDQJ < /L = ORKRHN LIDWO RHQFKXUHV R QW H M BDWW\ RIFX |

RI VWUHVV RQ WKH SHUPHDELOLW\ RRXUQB®>RUHB UHRFAW AR QVHV $
VWXG\ RQWIHGBHQW IUDRWMQBDKHUWXUH

. * LWWHQ ' +DVWLH 7 7
$SSOLHG *HRSKAVLFV $Q ,QWURGXFWLRQ WR 6WDWLVWLF
> @DDW\ 7 [/ 7KH $QDO\WSESOILFDWURRD\ERIQNS 6 SULQJIJHU

3822";;%5%?\](3%;_96023U'-RU'-W\ > O IVIBREI H o DRYRXURLoaLr < arRxUYI
$ R 'HHS /HD&QPGWLGJH 0% 0,7 3UHVV

SKDKURRG BQLYHUVLW! SXEOLFDWLEQS, DODPSOWVISKWBNRQ - & 0D\EH

BHS QHXUDO QHWZRUNV DUH WKH EHVW

> @ $WDHL 0 E &UYXWMM 0XD WHF VRIXRE HD ERIGH

ODNLQWDKURRG 8QLYHUVLW\ 3XEOLEDWILRQ ¢, $00XDO 5HSRUW RO 0L

> @ &KRZ 9 7 ODLGPHQW ' 5 (QURWRQPHQWDO &KDOOHQJHV LQ O0LQ
$SSOLHG #\BURRBN\ OHF*ODZ ,03$6&2 3XEOLFDWLRQV

> @ ORKUL 0 B5RVWDPL]DGHK $ > @DOZW®NIUNVS$ ILWOP /LQHDU
JRXQGDWLRQV RI ODFKLQH /HORGBGH®MJIO$QEUHRFXPHQWDWLRQ S5HWULH®

&DPEULGJH 0$ 0,7 3UHVV > @ GBHEHU * $ ) HH & - ,

> @ *OHHVRQ 7 :DGD < %LHUNHK®VUEVYLBQ $QDQO®HY QG HG

0 .

%HHN / 3 + :DWHU EDODQFH RIJOREDQ DI XLIHUV OGXVWULDO DO

UHYHDOHG E\ JURXQ®IXDWHU IRRW Hb W

+ DVWLQJ PHWKRGV $ SUDFWLFDO J>

VPRRWKLQJ D Q GoRXNUNY HHAILRQWNPH) @ Q
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