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'LVFULPLQDWLQJ FRSSHU JHRFKHPLHOWKBIQRPD
UHOLDELMFWP EVQDWLRQ RI VHTXHQWLDO *DXVV
VWDWLVWLF PHWKRGYV LQ +DUDUDQ DUHEL

6 SEEDV]D GHXKDP PFIR& DEFSOLNKIDQOROD\HPDW

'"HSDUWPHQW RI OLQLQJ DQG OHWDOOXWIJEUDQQJLQHHULQJ <D]G 8QLYF
OLQHV DQG OHWDOV 'HYHORSPHQW ,QYHVWPHQW &RPSDQ\ ,UDQ

5HFHLYBDG UHFHLYHG LQ WKYXWAG DRBIRS BMXHIX VW

H\ZR1 $EVW
,Q JHRFKHPLFDO H[SORUDWLRQ WKHUH DUH YDULRXV
6HTXHQWLDO *DPOWVOWDYDULDWH VWDWLVWLFDO PHWKRGYV DYDLODEOH IRL
6LPXODWLRQ WHFKQLTXHV DUH XVXDOO\ XWLOL]HG WR HVWLPDWH WK
TXDQWLW\ DPRQJ WKH YDOXHV UHSUHVHQWLQJ WKH D
7KUHVKROG FRPELQDWLRQ RI WKH 6HTXHQWLDO *DXVVLDQ 6LPXODW
PHWKRGV ZDV XWLOL]HG DV D QHZ WHFKQLTXH WR HVWL]
*DS 6WDWLVWLMQRPDORROWHQ WKH +DUDUDQ DUHD ZKERRWLW\@R FRIW |
FRSSHU PLQHUDOL]DWLRQ WKDW VHHPV OWRVEBHNVIHFRQQHF
5HOLDELOLW\ )XUWKHUPRUH WKH PRVW LPSRUWDQW DGYDQWDJH RI W
WKH DQRPDORRWRHHIMRUGY WKH DQRPDORXV DUHDV ZH!
+DUDUDQ 'LVWUWKWLU SUREDELOLW\ YDOXHV 7KH UHJLRQV ZLWK KLJK
DSSURSULDWH WR ORFDWH WKH GULOOLQJ SRLQWV IRU I
WKH RMWMW BFQG WLPH RI H{SSORUDWLRQ EXW DOVR LQFUHE
SUHFLVLRQ Rl UHVHUYH HVWLPDWLRQ DIWHU GULOOLQJ
DQDO\VLV RI OLWKRJHRFKHPLFDO VDPSOHV IRU WKH
PHWKR® SHUIRUPHG RQ WKH WUDQVIRUPHG GDWD DQG |
QH[W VWHSW WK®VEDPFARHG UHDOL]DWLRQV @M POBLOL]H
ZKLFK ZDV WKH DYHUDJH RI UHDOL]DWLRQV ORUHRYF
VKRZHGVWHK BEW WKUHVKROG YDOXH ZDV SSPWEMWKH DU
PDS DUHDV ZLWK YDOXHV JUHDWHU WKDQ SSP ZHUH |
)LQDOO\ WKH SUREDELOLW\ PDS RI WKH H[FHHGLQJ WKL
DQRPDOQRWWIGFWYV ORFDWHG LQ WKH VRXWKHUQ SDUW RI
PRUH UHOLDEOH UHJLRQV IRU IXWXUH GHWDLOHG H[SORL

,QWURGXFWLRQ

7KH SXUSRVH Rl JHRFKHPLFDO PHRSOFUIDLWHER D UNDWRY WKH NH\
GLVFRYHU D QGCHORPOXORWMW SR SXSURFHBQBR) UHFR BGK]H ¥ K @D G

RI RUH HOHBH@WWLQHUDO UHRXRKNUWFBUH YDULRXDLWBERELVXH
FDWHJRUL]DWLRQ PLQH SODQRHDQ ®QIR H\L\YKMEIDWHV KR OBK
H[SORUDWLRQ LGHQWRIALKDMIERDHRLOO DSSOLHG DSSUR[LPDWHC
EDFNJURXQGWWBIQWGNLQFWLRAH |ERBLQOL@RGHQFHGLDQ 0PS
JHRFKHPLFDO DQRPDOLHV DUHG6WHDWLVREBRQWD@WKWR VSDWLDO
UHFRJQL]H GHOLQHDWH DQG PRGFOXW® K®DPAMKEHO D DI GRENDAV M/

> @HSDUDWHRBKHPLFDO EDFNJURMPIGQLUPAM DXWKRUV KDYH X
WKBIQRPDORXV DUHDV DQG WKIREQWARQ@W GI\MOIF KA X HAR LNV W K

B4 & RUUHVSRQ G LRW RUOEK RO G KDIPWP/IRG D E
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> @ ,Q0 DGGLWLRQRPHXBWH YDWHEDXWH SRUSK\U\ PLQHUDOLFDWLRQ
DQDCOPNWKIRBAROYLQJ IDFWRU D QDROAN WWHKGARDBW RMHHIUQ @ D WL W X5 HWR
DQDO\WLY SULQFLSDDERPSREHNW DODDEWKADVWHUQ OBQJILWXGH
ZKLFK XOWHG WR WEHIRPDIORXV DUHDWR U ‘WKHED M JHRORJLFDO
WKDW EKIIHYH DSSOLHG E\ D ORW Rl UHWHUWHIHUIQ @ KH VDPSOHV
> @,Q RUGIRUHMWRKWBWLDO DWWBEHBEXWMWWHPDWLFDOO\ FROOHFW
DQG PRGHO WKH XQFHUWDLQWHR{OBUHSBULIFG/ LRQNWHQQZDWVKH VI
O R F D WIKFDQWH VYO@ S OHAHRVWDWLVWLFNOPSOHVKBRWUHV S3RQGHG
WHFKQLTXHVY KDYH EHHQ LQFUGBDWKRJBRFESPOEEHG DM YH\V L
SRZHUIX®G @WRROM PHWKRGVHFH@QO®WO\]JHG E\ $PGHO ODERUDWRU\
EHHMSSOLHG LQ JHRVWKHPLFDQ\ YRZHMHU R Q O\ RWK WRUHHRRHYQGAN W
UHVHDYFK@UV XVHQVKIRUNKH PDWKRH VIYXBDHIQ G
$Q LPSRUWD QW W LADRV W LW W HW B R OR\FMRWHDRPG RIQJ SRLQWV DUH
WHFKQLTXH LV FAXQGKGLWULIJUREXVW D ,Q WKLV UHR/BINDNKEH
HVWLPDWRU DQG YLVXDOL]JHU BXW®RVIWDWYPRRWKQQ Y \WNEBMKH ZHU
SDUWLFXWQBHD WRIRMNV NHZHG LV LWAHPWMRIUQ*VOLE *ROGHQ 6XUIHL
GLVDGYDQ&QJIJHRUGHU WRWRHWHWRRWFHEDUHYV

VPRRWKLQJ WKMEMILRU HWKIHPDWRU

FRQGLWLRQDO VWRFKDVWIEHHQLPKBD®RIRRKDO VHWWLQJ
GHVLIJOH® 2Q WMKHKHR KD@Q®E®&H LTKH PRVW DQFLHQW URFN XQL)\
GLVWULEXWLRQ *DIXFVWDY W G WHORKAQVLYHO\ LQ PRVW SDUWV R
LV XVHG VSDWLDO KHWHURJHQBHWR QUK DMR LW KK H( RV I L ESXHNUH. R
RI D ORW Rl VXFK GDWONFHQIV LMBDEXNGEQHDMNEKIH DQGHVLWH DQG L
UHSURGRMHGH FRQWUDWXWKBOBQGHVLWH YROFDQLF EUHFFLDV C
VLPXODWLRQ DV DQ DDKLHKQDWREWY POIIVKHRGG LQDW & HV RRW W KS DA
SURYLGHV PRUH DFFXKHQH WMKHWXEBWVWXGLHG DUHD UHVSHFWL
GLVWWREXRPREWLQXRXV YDULDEOMRQ WQLD/ON | ROB WIRRDQRGLRULWH
*DXVVLD@XWKVVLDQ WKH\ Z(RFBIQEHSHULRG SODFHG LQ WKH F
VLPXODWHKBXBAVLDQ VRRWEBRWYR@GDUWY RI WKH DUHD $V ZHOO GD
@ ,Q PLQLQJ *DXVVLDQ VLPX®DWIURHRG DWH BRYV®HHUKHGDIUMNH PRV
JHQHUDO $OWKRXJK WKHUH DUH D®OGUUWXRQ *BHRVWKH) IHOVLF W
VLPXODWKBWM XVHG DV ZHOO FOHWQWRMVRKHGY HDUOLHU WKH RWI
6HTXHQWLDO *DXVVLDQ 6LPXODWXRYHE@DUWUYV S HAH- RRVRDLQO\ FRQ
FRPPRXOHPBHWKRG® 6*6 ZDV ILUYMWK DQGHVLWH YROFDQLF F
FRPPHQFHG E\ ,VDQ&ADKE D VHEQ DJJORPHUDWH FRPSRQHQW DQG
WKH PRRWVYLDQ 5) PRGHO D& VXPS@ELRQWH E

7KLV PHWERRG EDBGOLHG E\ PDQ\

UHVHDUFKHUV LIOHFLQL@J LQGXVWOHWKRGRORJ\

,Q WAKRWNFRPELQDWIKHM® @G 6*6 6HTXHQWLDO JDXVVLDQ VLPXOI
PHWKRBWVHG WR VHSDUDWHKHD @¢ TXHQWVOIHDAW ¥ LPXODWLRQ LV D
DQRPDOURPWKHEDFNJURXQG GLPWIRWFEMWYKP REWDLQLQJ PXOWLSO!
ORUHRWHKILY PHWKRG ZDV XWLOWKK WIRP B VVHSXWWEBWD 7KLV GI
UHOLDEWGHW PRIOR X VZ KIIHFKM. RVWKMHWHIRULFDO RU FREHWDQXGRXOV W
PRMUWSRUWDQW DELOLW\ RI WKINLQHAHFRQLIGXWD ,Q6 RWKHQWLDO *D.
ZRUGWMSHUREDEL O LAK\L VO ®YUHHV WKHEE®VHLUHFW 6HTXHQWLDO 6LPXC
RIWKGLVFULPLQDWIHUWBHDWFXRDW HEH TXHQWLDO ,QGLFDWRU 6LPXODW
WKIHQRPDORXV D&HHWILQAG H[SCRUWEWWMLRARPLQO\ VWUDLJKWIRUZDU
UHJLRQV ZLWK KLJK SUREDELOISV\RGXOXHYHDOHIDMWORQ¥ ORI D PX
DQG DSSOLFDEOH WR ORFBRWH WHROGGUVRKIOWEEY SRITXWRWLD @ WKH
PDNHWKH SUHFLVLRQ mMIWURRHU® HEMW{IPUHV VWDQGDUG *DXVVL
LQFUHDWHAR QW DQGRWEPHMDMVH YPULDQRHHURQGGIDQ VR IRU 6*6 W/
GULOOLQJ SURMHFW WUDQVIRUPHG WR *DXVVLDQ WK
7KH XWLOL]ABVREMMDD QHGVKIWRWUDQVIRYP@WIFKQ YDULDEOH LV V
OLWKRJHRFKHPLFDO VDPSOHV IMHATWKRWLIDOIDOGQOD WPHHFRUGDQFH
ZKLFKSSHDWRIGSRVVHVV WKH SRRAOMWDRQDRU FXPXODWLYH GL\
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D /RFDWLRQRHWRRGDLDWNUDDRPSOLQJ SRLQW OHIW SLFWXUH V
LPSRUWDQW FRSSHU SRUSK\U\ GHSRVLWY DQG &X SRUSKYENRWQ@HUDOL]

/IRFEDWLRQ RI WKH VWXGLHG KWHBLIFPWGEHH GHG LERWDV W
OLWKRJHRFKHPLFDO VDPSOLQJ SRLQWYV LQ WKH +DUDUDQ DUHRVW
URFN XQLWY FURSSHG RXW H[WHQVLYHO\ LQ PRVW SDUWYV RI WK

*HR
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&RPSOHWH D ZKROH H[SORUDWRUKI BWD/ D YDOXHW DW GDWD S
Rl WKH RULJLQDO GUKWBRPBROSULVIZ®&H HQWHU FRYDULDQFH PRG}
GHILQLWLRQ DQG YDULRJUDSK\ 7KH DEIMWX\DRJ UDP
$IWHU LGHQWLI\LQJ WKH GRPDLQV H[DPLQH
ZKHWKHU WMWKHIT SWWURHE W WEGHQ. GHH G *DBWWDWLVWLFV
ZKHWKHU WKH VLPXODWWMRH VKRXEGIEH WEBIWPHYWKIRFG LV DSSOLH
UHVLGXDOV WKHUH LV D PRUH GHOLFDWH JDS
2EWDLQLQJ WKH PDWFKPEWKRIBOWBIDVOMULEXWLRQ VKRXOG
GLVWULEXWLRQ FDUU\ RXW WKW KOIRIWPWY BHVWWEHREMNV W EH FRQY
WUDQVIRUPDWLRQ WR WKH RULJWED®FGIWAR Q/IRH ) R U BD/O ZHRQW® D V
$FTXLUH WKH YDULRJDDP SFROMHEE HZHWRKQW KHVWHE DLVGD UGL]C
*DXVVLDQ GLVWULEXWLWRRDWRU GDKHD YRUWKBWHWKH\ KDYH D PHD(
WUDQVIRUPHG D YDULBDXBO R@R WKH JRDO
'UDZ D FKDQFH ISDMKK O/RPDRRIWMRQGDUGL]DWLRQ LV WR UHPRY}
EH VLPXCORDWRIGG DUWLIDFWYV WKKHIRWWRGRUGAKKHG GDWD LV FDO
VLPXODWRRGRPOLQHDWHG LV WRNWRUWDWQ VIR U PB@® \MRDGIDD 1L R U
JRU HDFK QRGH WR EHNYHPX®WDWWH® GH QWKE&BMNRH VWHSYV LQFOX
FRQGLWLRQDO GLVWULEXWLRQ MOORZR@H NULJIJLQJ LQ WKH
*DXVVLDQ VSDFH 7KH YDULDQMH RHDRRQRGELWIR QDVOWKDBWEL]HG
GLVWULBPOOMRHE. PSOH NULJLQJ SODEBHQFMHTXHQWLDOO\ ZDV REW
1VN BQG LWVY\PBPMGHVWLPDWRBRBUH FDOOHG PL
VLPSOH NULJLQJ YDOXH < X 2EMBDWRBEVBRQ XPHID QGLVWLQFWLRQ
Rl GLVWULEXWLRQ LV JHUR ZKLQHWACPWOQ W VE FIHH BISGD LYHD® X HV
WRBHVLGXDOV WDWEGBLWKDQ GH ZKLFK PRDPHG WKH VWDQGDUGL]H
2EWDLQLQJ D VLBX®@DMKHGRGHIHX BUHRDWHVW VWDQGDUGL]DWLR
<V X GUDZ IURP WKH FRQGLWSRQBH GQNWWULBXRWLWRLDWQ®RI G
UDQGRP DSSUR[LPDWHO\ QHYHU WDNH SOD
$GG WK ODPDVOXH <V WXKH DMHYHUWRKHOHRFKHPLFDO WKUHVKR
FRQGLWLRQWXHCEMWKWDWR W LPXODADPKGWDNH SODFH DQ\ZKHKWW\ VRK U |
ODWHU 7KLV LV HVWKGDNLICRY VDR DX PMMOLWWH HQG VKRXOG EH UH
UHSURGXFWLRQ DSSOLHG E\ PXOWLSO\LQJ WKH JI
/IRRS WKH SURFGV&RRDRMQWYD MNMKEXSORVHG IUHTXHQF\ DW WKH
QRGHVY KDYH EHHQ VLPXODWHG VSHFLILHG IURP DQ DSSURSULDYV
(QGLQNKNWLPXODWLRQ FKHAN U WMREKRND OF XODWHG YDWXHY DL
KLVWRJUDP XQLYDULDWHWGDWVDEEXWWRIG JDISYDOXHYV
LV VLPXODWHG LV *DWWH UDRJWIDFKRHYHUHDWHVW YDOXH WKHVHO!
PRGHO RI VIWEKWDPWMLMRRIULIJLQDBODOFXODWHG *L 7KHQWRL ERUUH
PRGHO YDULRJUDP LOQWURGWRHG YWDWLVWLFV YDOX}
%DRMANUDQVIRUP WKH QRUPD®KHBVWEDEDDWEXKYWQRR@KLFK
YDOXHV LQWR WKH RULJLQDO YDVUKHD DG N WMPDIRQ DUMWKHRRD®R H\QJ
$GG EDFN WKH WUHQG LI WIRKDWPRQDWLRQ ZDV
SHUIRUPHG RQ UHVLGXDOV . _
&KHFN WKDW WKH RULJLQDOLG’L@W’[}LEXW‘LRQ DQG WKH
YDULRJUDP RI WKHDB\MIKHLQDBHYB‘(BXHV —P
WKHRNUDRWKH BROJANQVIRUPHG GBWD DQJ
WKH YDULRDWREWDLQHG IURP ngH X LPXODWHG
YDOXHV UHVSHFWLYHO\
W VKRXOGHBHOWKRXUK WKHUH D1k VidNSEW LMD Ovw L FWHDVWDQGDUG GHY
AXFWXDWLRQV LQ /D WDU W LRRWAKRLQE H
LV WUDQVIRUPHG WRYHUWKHDQ DQG YLFH
VKRXOG EH XQELDVHG DQG ORJLFDIOVKOWWKR QD GLYOEEKMVLBQ
PHDQ @ 'HVFULSWLYH VWDWLVWLFV
7KH IROORZLQJ FRQWUROV VKR X0oh! REWHH F DRPUQUWHKGSSBSRIWAR DI \W H\UW D W L \
KDYLQJ DOO QRGHV VLPXOD@WHGSBHBEHWXIHW L PAHIHRFKHWPLIEQD RG [
7KH DFWXDO VXPPDU\ VWDWLRWNAXELQJI UHS HBHRHARUWE RIQG R
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GDWZADV SHUIRUAHGKLVWRQGBDPWKH FRSEBW GD@MI RUPHG E\ XWLO
GHVFULSWLYH VWDWLVWLFV Rl WD @R ESHRD WR Q WHIDRY B WR/@ © VK H3
IURP V DIPSIUHN HQ WHIBHR QG)LIZDWWDQGDUGWKIENRYHQPHWKRG
7DEOHUJHVSHFWLYHOWHSAKHV MQOWXBEdDWKHELVWULEXWLRQ ZDV VXEW
PHDQ VWDQGDUG GHYLZWURQ RPQKEUYWNMZREVIQG GLYLGHG E\ W
HTXDO WR SSP SSP DRIGWKH SSIPVWULEXWLRQ 7KH VWD
UHVSHFWLYHO\ $W KHOWOXR WWDIPWRGBUDQ QVIRUPHG GDWD LFBRWHKH
VNHZQHVV FRHHARBSHOWW UWEKXW VRR) LVQG PHDQ RI DERXWF\ FIRQW
KLIKDOU |IQRRIPDSRVQ® LYHO\ VNHWZKIK WQODQVIRUPDWLRQNKBKEA KLV
RUGHU WRWSBHBIRQRS *6 PMWKKRGWDULDEOH ZLWK *DXVVLDQ GLV\
GDWD VKRXOG EH WUDQVIRUPWED VELV WY L AVDXQ VEDEDH XWHDUQG D U H
WUDQVIRUPDWLRQ X DXVR/Q DWW E@BORY S H W I BLEDAY KHW D W LV W L F
GLVWULEXW LREX H1RMIQNMKIDOF H YRIOXHV VRBKDIQFH HTHKID@® WRXDO
VNHZQHVV D PHWKRG OLNH RWAR DQROGEHZQHMY QH TR PRRUHFW QF
SURGXFH SRRU UHVXOWYV WUDQVIRUPDWLRQ ZDV FRQILUPHG
6LQWHH LQIRW &BWIDQG *6 PHWKRGYV

KDYH WRWEHQGDUG *DXVVLDQ GLVWULEXWLRQ ILUVW

7TDEOHVFULSWLYH VWDW L VW\® HPEIX) WRKIDUPHWADHI B LRH D
OHDQ ¢ OHGLDQ 6WG 'HY SS O9DULDQF 6NHZ!

&
TUDQVIRUF

,Q RUGHU WR FRPSXWIKHWE&EBE WX U

-] - WKBDUDUDQ PAURHDN KRIGHZDV XVHG

. RQ WKH SUE®PHROH\RERHFGVLRQ

D SURJUDPPLQJ FRGH ZDV XVHG ¢4

WKUHV KR OW KED GOMW BRI ZD W R EEWID L G
SSP L@ WXGIUH®

g
1

Frequency
8
1

6LPXODWRRBOHRI FR QFEHIQMGD W L
RQ 6*6
for 6SDWLDO DQDO\VLV
,Q RUGHU WR/HID\WOLDLAD V WQWE\R B U H
: , , , , WKH DQLVRWKWBDQMIRUPHG GDW
BT RP@LUHFWLRQDO DQG  VHYHUL
, VHIDULRJUDPV IRW GLUHFWLRQV
)LJXUHLVWFDJS[E’UFFDRFS'S[“)",f'DPH\QWHLQ : DQG G: ZHUH FRPSXWHG ZLWK
WROHODDBEWHRGHOHG 7KHQ WKH W
- PRGHOV Rl VSDWLDO YDULDELOLYV
H[SHULPH@POMDQRIUDPV
004 7KH VSDWLDO PRGHO RWKWDULL
WUDQVERUBHB®/D GHSLFWHG WZR F
" i FRQWLQXLW\ D VSEHWKF DR MWD
- DQLVRIVPRSD QNIHAWWHUHVWLQJO
3 UHJLRQ KDG D PD[LPRP LWD @JKH
DIJLPXWKWKDW FRXOG YHULI\ WKH
+DUD®DRQHUDOR YD VEHR@ J W KH
RULHQW D WD Q RV RWIURRISR
| e e o YLXUH GLVSODWHMIKWHL R IUD PV ZR
e e A e W GLUHFWLRQV RQVRKWUHD GEDIRIULWHGE G
g ZLWK WKH VSKMWKIWD OL R RGBKED W R
JLIXUMLVWRJUDP RI WROSHORBPRW 4 [SHULPHQWDO YDPEGBBISPF\ENLWD K
*GRQ’LLPQ)\(/gFg\lfV[I)—IUGD%S\l/JVF[')D SDUD PHW HW¥X HR UPARKGHE®/ @V MK HV R
VHIDULRXWDWED Q EHDKHHIQ FRQWHQ

Frequency
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RIWKABXJIJHW HIIHFW GHPRQVWUDWHNV WEM PKHQWLRQHG WKH ILC
YDULDELOLW\ RI WKH UHJIDRY D C WHVH QW W L DBYHRHUHIRUH L
VKRUW UDQJHV DQG WKH YDULRIRDPYHWKRE SHBULRGXPWYV ZLWK
YDULDWLRQV HR®HFLDMHORWLQ WKH RUGLQPILS RUIGDWD ZDV REWTE
GLUHFWLRQ U$iSUHVHQWLQJ SHUWWRGBIFDWB®GH) )LIXUH G  8QOl
IOXFWXDWLRQ RU YHLQ W\SH PL@HFBQL]DMWLR®KH 6*6 WHFKQLTXH
GDWD IRU HDFK EORFN LQ ZKDWH
*HRVWDWLVWLFDO VLPXODWIHRHIGY 7KLV SURSHUW\ LV WKH I
6*6 ZDV LPSOHPHQWHG E\ WKH 666 ,W HFKIRUIXMKPQ FRPSIDUDVRQ
LQ WKH 6*HOV VRIWZDUHJWLEG DQWHIXSRODWLRQ WHFKQLTXH EHF
ZLWK WKH i P EORFNV ZHUHKK\BHWRGXEWR ZWWKLEDSDELOLW)\ R
WKH HVWISBIFWLRRUV HDFK EORRWVUELMWMLW\ PRGHOV RI UHODWHC(
FRQGLWLRQDO VLPXODWLRQV ERG\H 7 BHRIGIRIHHG DE\LW FDQ EH \
XWLOL]LQJ MKIHR VIHPR PRGHO SDODQBHWHUWRMUH LV D PXFK ORZH!
WKH WUDQVIRUPHG FRSSHU G DLVOD WS V IV HG IRUNGUL EDSIN L RDS RIL QV
NULJLQJ HVWLPDWRU 7KH UHFRPRSBDQWWDR\QLRQWRIWWHRULILQJ P
UHDOL]DWLRQV ZKLFK ZHUH VHOHFWHG UDQGRPO\ DQG
DQ W\SH PDS ZKLFK ZDV REWDLQHG IURP

DYHUDJLQJ UHDOL]DWLRQV DUH GLVSOD\HG LQ
/TDEOCSDULRIJUDP PRGHO SDUDPHWHUV RIKMUDQDIR DRHB® &X GDWD
9DUL S 6L 5DQ P OD[LPXP &RQ 'LUHF $QLVR 5D\
7TUDQVIRU s

$QLVRWURS\ 5DWLR PDMRU D[LV PLQRU D[LV 'LUHFWLRQKHFDMNRO VWV XN XQH 5
VSKHULFDO VWUXFWXUH PDMRRUUDSKHU IPF D 6L DWIBRFMPW H &

plot 4: variogram - azth=90, dip=0
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plot 2: variogram - azth=0, dip=0
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E
JLIXUH D 6DPSBSOHRVHBPP RI WUDQVIRUPHG &X6GDWD QRH( WKKH CHQIIHAFNV L

OLQH FRUUHVSRQGV WR WKH WKHRUHWLFDIDO PRIV PVWWHG WR
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JLIXUBHSUHVHQWDWLRQV Rl WZR UDQGRPW\SHKRDVISQRUHDQG] MWL RQQJ BC
VSDWLDO GLVWULEXWLRQ RI &X HOHPHQW LQ WKH +DUDUDB RQHDKWK U R

EDVLV RI WKH QRUPDO VFRUH WUDQVIRUPHG
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9DOLGDWLRQ RI VLPXODWLRQHHY XQWNM DQG EODFN OWRHV DL
7KHVLPXODMAVRK@WY DUH FRQVLGHVBIGLRUEDEH PR GH®/D WIQRIUDP
DFFHSWDEOH ZKLOH WKHLU YDGD®RLIWLRIORQAD VU HY/RBGIFW LY HO\
9DOLGDWLRQ RI WKH RXWSXWKRIVHFRQBTXWQ\WLOWOVHG WR H[DP
JHRVWDWLVWLFDO VLPXODWLRQW KH B R ODWLLR® \Z D Y DHRFBSIHWLVIR Q
RXW WZR VWHISYUVW VWHS ZDVGD$WO LEETENREFIVHRI DOO UHDOL]C
FRPSDULQJ WKH H[SHMUPRIUDPOW K/WPRKHQVIRUPH&')& X ) BD W D
PRGHO WKM/UDQVIRUPHG &X GDWIRZW RVYMKERPH UHDOL]DWLRQV I
VHDULRJUDPV RI D VHW RI UHD@L]DWRRWY VR ORINY HU
VRPH GLIITHUHQWHHWD ES®H HHRGHBW GESLFWHGIDQG) RRW RQO\ WKHU
WKHDULDWLRQ UHDMAAWWDRQRQYWDAEMED EOH FRLQ ML IIBH LERIW DIPN (
UHDVRQ@RERH PD\ KDYH VSHFLDOREWRVOW W/KHIMPKODWLRQ DQG Wk
DV D WKH SDWBPHMIBIUVRRIDPDULRJUWDRHRA GDWD EXW DOVR V
PRGHO E WKHVKDOWRWHGEKRRU DEEHRSULDWH FRLQFLGHQFH EH\
VLPXODWLRQ DQG F WKH QXPHEMUFHRI LBHR QMSILMHARQY W Y FOQW V
GDWD WR EH XVHG IRU WKH VL PXFRFHE WROE OHKB QEHFRQVWEW RMWLOL]F
WKERPSDULVRQ ZHUHXGHSALKEMWHG LQ )LJ

JLIXURRPSMBRI H[SHULPHQWDO YDULRJUDP PRGHO UHYUEROFNYHBERWKDFT X
HISHULPRIRQEDOHFWDRQRODUDP RI RUWUWHE QDO IGH) WDWDL G D

JLIXUR')VRI VRPH UHDOL]DWLRQV D @®&H UDRDW\ BXH®EDWD LQ
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'LVSOD\ Rl DQRPDORXV DUHDEGLVSOD\V WKH SUREDELOLW\ PLC
+DYLQJ SURGXFHG DQG YDOLGDIMHG WV KB O X8 WIRRD WHKHWE&K HO|
VLPXODWHG PRGHOV W KHWNDH L HDW DRIP\Q DW HEDVG8 NEGQV KISBU REDELO L W
PDSZKLFK LV WKH DYHUDZBVRI BB S\KHDPRPLIRGR/XY DUHDQDAWGE GL
REW D DQEG V HO HF W HGKIMDAR PFDLO/SXMWKH EDWIVULRXYV SUREREQDLWLH
DUHDVWWOXWKHE® $V PHRWMRKIHGSLIIHUHQ WK A RWDHRIL WS WHRDMW W H G
WKUHVKRIRG® WDKHX BDOBIPTHQWHG BEUREDELOLW)\ Y DDXH W HOQ® EQK
WKBPHWHKRGHTXDO WR VV8$ELHE W KNWRIBGHWDLOHG BIQS0 BUD®Q RQJ]
DUHD 7HHWHIRLD GLVSCPDY RIKHHVWLPRWH DFFXUDWHLWHBHDYH ZI
W KBQ RPD OR X ¥ K D BHIPWHGKRH W D U BHF U MOKWHH WLMWPRHQG FREIWHWRIDLOHG
YDOXH IRU WKH &X HOHPMXN GDSORBPRCGXBHE EWKHVH DML W UL
( W\SH P@/$®UDUDQ DUHD GHSLREWHEGG FRQ®WERFDWHG LQ \

VRXWKHUQ \B\B ¥ @/URBRW KR XK WR
'"HWHUPLQDWORQEROLW\ RI DWQRR DDAV R G/WDOBUHIE® LW KWKFR S
DUHDV YDOXHV REWDKHEBUDN®RP|HG SRLQW
$V PHQWHIRQW&HSE DOJRUDBE®P WWRXWFURS JRQHV ZHUH XWLOL]HG |
FUHDWH YDULRXW UHDOGK]|DWILKR @BEHDIEQOLW\ DUHDV 7KHVH SRLC
WKHW X ®IUHHD LV HVWKRRMEHE RMWKH SUREDEDOLEV\PD E O0RAN DQG .
UHDOL]DWLRQV 7KHUHIRUH WKDW\WBSDEWDIQSE HDWHWWY LOR WG LW K
WR GHILQH D FULW RULRQ@RRD QRKDIODBIDOLMRQ SRLQWYV ZLWK KLJK
DUHD&XRPLQHUDOL]DWLR Q@W+RZHWHWHWEKWWHULVNY DUH RIWHQ
VRPH GHRUHHFHUWDLQW\ IRU BVUWEPBWRLIRESBRLDWOA LQ WKH VR
DQRPDORXV UHJLRQV ,Q RUGHW MWHRS KHDWOLOHKD WAHK DMK W KH RXW F
TXDOLW\ RI HVWLPDWLRQV D [BUHEDEQOWWM PRSWRIDWG PRUW R
WKUHVKROG H[FHHGLQJ ZMKH JHOSRDWBGF K \DLMG HSWD RQH &/ \H[S O R
UHDOL]DWLRQV &RQVHTXHRWO\D@W FRXDIG FHLG[QBRBHHG DW GHH
EXON RI U HZDOW | DWQ\RIRY PHG IIRDEBRBEDEOH GHHS DQG KLJK JUDC
SUREDELOLW\ Rl H[FHHGLRUWHNKH WDUJHW YDOXH )LJ

SBUREDELOLW\
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JLIXUHD $QRPDORXV DUHDV GLVFULPLQDWHG E\ JDS VWDWLVWLF PHW
VLPXODWLRQ LQ WKH +DUDUDQ DUHD E 3UREDELOLW\ PDS RI H[FF
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&RQFOXVLRQV > @DaxXVIND $ $ UHYLHZ RI Jt
,Q H[SORUDWLRQ JHRFKHMLKNWUEDRNHPRIQOCWARRFHRWY DQG DQ H[DF
DQRPDORXV DUHDV LV QHFHVVBPHEHREQR YIPSRRAPWBYRO *HRORIN
RUGHU WR UHFRJQL]H WKHP W¢HUMD QU He Y PIULB ¥MBIwH vaw 5
PHWKRGV ZRUNVKRWZ WHIFKDLTXH %DFNJURXQG DQG WKUHVKROG
FRPELQD WK RQE PHWKGN Rl PHWKRGV RI GHWHUPLQDWLRQ 6
DSSORR®SDUHG WR WWUQRPHWKREVURRPHQW

LGHQWWKHDRPD ORKWBIMPHWKRG gQRMo 3 $OBRVHEIRNKPHFKL
RQO\ VWHDFNWHBRXQG IURP DQRRP®IMDPIXS . %DVWBHBED QEQ Gl
UHSUWNVKBRPDORXY DUHDV EXW :B@YRUHGMQWLILHY 2XWOLQLQJ RI K
WKH UHO WHHRHMALRIW FULWLFD @ RDIO XN VF RIGHR Q WRID WURGWDO PRG
DQDO\VLV RI O LW KRJHREKH P WO LMD PESGHE V VIPXODEH R @ RMO (B W
HOHPRRIMDVXWLOL]HG ZRQNWWIHWU &HQWUDO ,UDQ XQWBbO QDIWERR® O HR
W UDQV I RIKBIDQUDD WRDQGDUG *DXVVLDQ
GLVWULEXWLRQZHUMRRODWMA RQ\@I]DO 3 +DUDWL + )DGDGEOBU $0.
6*6 DOJRDQWRPV\SH PXD WVEKBIV <DVUHEL $ $SSOLFDWLRIUHRD VSH
DYHUDJH RI ZEREOWDMWIHR®VS$VIZHEONODO PRGHO WR LGHQWLI\ RI JH
EDVMSERQ WKH SUAKEFPHWKR®RI WEKOVHG RQ VRLO GDWDNA®H. BKD®H SSRAL
WKUHV KRG DRQV IRUPHG GDWD U DQEIERIKG G UHRFEH P LV WU\
DFTXLUHG 7KHUHIRUH UHJLRQY @lWE&L+Y D ODOOBRKWLIAKBBU Do a@x < -
WKWAWHKUHYB R/ H UHSUBQHQW HG&IXQLE 7 ([SORUDWRU\ GDWD D
W\SH PDGG LQWURWKBAGBPDORX&$ IUDFWDO PRGHO DSSOHBEPIHR WD S
GLVWULWWWWVX@UHG &RQVHITXHYWIOR DQRPDOLHV IRU GULOOLQJ $ FI
SUREDELOLWIKPIQRBPBRORXY DUHDY¥QDA MK WKHUPDO JROG GHSRVLW
Y D O X1 N DMKHDUQ SSP zDV REWD1LRIHKE PP (ISORUDWLRQ

UHDOL D@ REGIR P D O R X VW& DWW @5 VDV % &RPSDUDWLEHE/ WXG\
ZHUMHRFDWHG LIQU @ KRID WRKMXIGLHG DQ6 WDFWDO PHWKRGV IRU VHSDU
DUHD GL\DSOIDWIGSUREDEZPBUW\ DRREDOLHV ITURP EDFNJURXQG $
LGHQWLWHMHCOWEOH @OL/MWDREWHNGHRYKIDUDRQ QRUMWKZHVW RI ,UDQ
H[SORUDWLRQ *HRFKHPLFDO ([SORUDWLRQ
(YHQW XODFGR®E L Q D WLKBHY RO 6 > @ D]DUSRXU $ 2PUDQ &5 3D\
PHWKRGVXJIJHVWHG DV D QHZ SRDIBHIXO WHFKRQOTRMDO® ) $
WR LGHQKMRQRPDORXVY DUHDV $B®@ FRIWKURQ RI FODVVLFDO VW
DVVHVVPHQW R| WKHEK WHOWOHEWRBRY IRUPDWLRQ DQG WXROG/H OULRHDE
LPSRMWDGYDQWDJH RI LW 7KH3WW%%L§LD@DM%R%HV LQUWKW =D
UHOLDEVOLRIRDQM®mMW EH XVHGI EPQ &KHPLHKRRKHPEMWU)
GHFLYPDRIQQJ SURFHGXUHV VXFK DV GULOOLQJ
SURWIHB@HWD L O HGL RIQS ORUMBKH UND@BGHJIKL % D@BDBHIYIIDO 3 <DV

ULFR\DWG WLPHSORUDWLRQ $% DQGDHLQ / $SSOLFDWLRQ RI
PRGHOV WR RX\WHXQA QRIOQMHMOHQ@ DMK H =DJ

SHIHUHQFHYV RUH GHSRVLW &HQWUDO ,UDQ -R X

> @XUHQNRY (. OXNRR@GQRQRRY*([SORUDWLRQ

1 BURFHGXUH IRU WKH HYBRXPYWOLRR =RI HID = < DR G& L

OLWKRJHRFKHPLFDO D/FRBIHO IPH\Q HLADHE@MU J H ([SORUDWRU\ GDWI

H[SORUDWLRQ -RXUQDO RI *HRFKHPLFPD DIBIORUDMWIREA QJ LQ JHRFKE
LGHRMDIWLRQ LQ .DUDPD\ ;LQMLDQJ

> @DGHJIKL % ODG®DUU QD *HRFKHPLFDO ([SORUDWLRQ
&RPELQDWLRQ RI JHRVWDWLVYWREDR WLPYXRPBWLRQ DIQBIQUEH&] )

IUDFWDO PRGHOLQJ IRU PLQHUDO UHVRXWPH P EEHKD VERW LIRED O\VLV T

-RXUQDO RI *HRFKHPLFDO ([SORUDWRBQHRFKHPLFDO DQRPDO\ LGHQWLIL

> @QJ - :DQJ 4 <DQJ / :DQJ gRUf§&”’\4W GHSRVLWV LQ (DVWHUG
DQAX + '"HO L Q H DONDLGRIW DR &t -RXUQDO RI *HRFKHPLFDO ([SC
JHRFKHPLFDO DQRPDOLHV XVLQJ HUDEWHD® PRGHOV ERRWKH 'HQJ <

+HTLQJ DUHD <XQQDQ 3URYLQFH :xX&KbQ-&z-W¥W DO oRKIOWLIUDFWDO PR
*HRFKHPLFDO ([SORUDWLRQ EDVHG PDSSLQJ DQG LGHQWLILFDW]I
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DQRPDOLHV DVVRFLDWHG ZLWK &X DRIBNED @0 Q HUHD 0 K WIHWE L RROLONVILYD @& RF
WKH 1: -XQJJDU DUHD RI QRUWKHUGHQWMLD QHRFKRPLED® DQRPDOLHV C
&KLQD -RXUQDO Rl *HRFKHPLFDO (3§0RUSRQWHWDOOLF PLQHUDOL]DWL

=KHMLDQJ &KLQD -RXUQDO RI *HRFK

> @XR 5 ,GHQWLILFDWLRQ RI JHRFKHPLFDO

DQRPDOLHV DVVRFLDWHG QZLWKH PL Qa4 D DOSENDWNIR Q* L "HWHUPLQDYV

)DQVKDQ GLVWULFW )XMLDQ  &XQRMD O L-RX UMMD/ARPLIRIWHBOZIDWKLRE L

*HRFKHPLFDO ([SORUDWLRQ JHRFKHPLVWU\ $ FDVH VWXG\ LQ
- * [

> @XR 5 LIDQGDOJ + 7XUNH\ -RXUQDO RI *HRFKHPLFDO (]!

&RPSRVLWLRQDO GDWD DQDO\VLV LQ WKH VWXG\ RI LQWHJUDWHG
JHRFKHPLFDO DQRPDOLHYV DVVRFLDW KD AOMEKDPXO HU DO LYRBNIROIDOO (
$SSOLHGPIHNRWFKH 6RLO JHRFKHPLFDO SURVSHFWL

> @KDQQDGSRXQEHIDUNKDQL $ ;3o o $U]X(OggRUD$’WHERQ1( TXRUNH
QWURGXFLOWDWIBVWLE PHWKRG IRFFYHELEBRA (B

DQRPDO\ IURP EDFNJURXQG LQ H[S®REGDWIDRI J M R FKGIBRGEBOODKL 6KDUL
GDWD ZLWK DVVRFLDWHG VRIWZDUH GH Y HORUPHQWW LRXQU @D O HRIFKHP LF |
(DUWK 6\WWHP 6FLHQFH JROG PLQHUDOLJHG VWIHREK HEDLHDD

> @*KDQQDGSBXU +H§DUNKDRQG $§’DW8 IRU ‘DU@KN[HF*,%%&?LU@?LQDRV'&WVW
6KDULIIDGHK 0 $ PHWKRG |‘%€ %WBEW%@% Q Q
- RI OLQLQJ DQG
DOQRPDO\ PDS RI $X DQG $V XvL0oJ TRBELODWIRS §
VWDWLVWLF DQG (XFOLGHDQ GLVWDQFH PHWKRGV LQ 6XVDQYDU
GLVWULFW ,UDQ -RXUQDO RI &HQ¥W U®KD QRVEISRDANLEH] D U NW B Q
(ISORUDWLRQ JHROFKHPLADMWLR®DMD D
> @DKYDVK ORKDPPDGL 1 DegDUXRBILP LR% EDRVHSGK\TJ(\? \G/\"VVVW'F;PLQU[E
BKRNRXK B6DOMRRJKL % 6}_4’ QJ&@ REP rPRY ’
JHRFKHPLFDO DQRPDO\ IURP EDFNJU \ IUDFWDO DQG
8 VWDWLVWLF PHWKRGY D FDVH ¥W®6GYDGKRRMLGGL)VWEKFKUDNL - (
&HQWUDO ,UDQ &KHIPRKWMWHU (UGH.DODRWDRQGOLQLD ) OXOWLY
$QDO\VLV Rl BWUHDP 6HGLPHQW *HR

* '
> @KRNRXK 6DOMRXJKL %DQ&H] ?%&B&E& UDWLRQ LQ '"HOLMDQ ,UDQ
Y \

JDUDKEDNKVK ( $ FRPSDUDW KIBEBARRRHHULRQY
PRGHOV \DIQIBWA VWLF PHWKRG WR LGH@WMD GKBEREP LOFD 0 QIXW RO HK

DQRPDOLHV FDVH VWXG\ RI $YDBRPORUSK\G\ V\VWHPKH 8VH RI 8QL)
&HQWUDO ,UDQ L®XWXR0 (RYOURQPHQWLYDULDWH $QDO\WHV LQ WKH *H|
5DYDQM /HDG OLQH 'HOLMDQ ,UDQ 0

> @UDQLDQ +EDRAREBWD $VDGE +> @RVWDDQGRSSH - $VVHVVI
&DUUDQID  ( - OXOWLYDULDWH SQHHMHVINYLR®Y\ $VVRFLDWHBQ ZIRWK V
DQDO\LV RI OLWKRJHRFKHPLFDO GBRMEKMWR. PRG HQ RAEY XHVYD AB W XUD O
PLQHUDOL]DWLRQ D FDVH VWXG\ IURP WKH 6DUL *XQD\

HoLprmeED C Sy 1 V00 o REUARGsEorvD 5 arommrs
20PR 0 ,GHQWLILFDWLRQ RI

> @HYLWDQ "0 =LSSHU & ( 'RQREFDQLHY XVLQJ SULQFLSDO FRPS
6FKUHLEHU 0 ( 6HDO $§ID@EPORUYQIOCCHFWRULDO NULJLQJ DQREKWHR/L FBROX |
-U *- 6WDWLVWLFDO DQDO\WLM[BORBDW URIRFKHPLFDO

GDWD WR LGR®MLY\ \DWRIEILD W H G ;L\%@FE& &DYH 0 5

QHYUDO

GHSRVLWYV $Q H[DPSOH IURP WKH Hﬁi} FéQ :
GHSRVLW OLUJLQLD 86$ -RXUQRQSE|oiHRYy ) SHOW GHILELHOI
(ISORUDWLRQ UHJLRQDO JHRFKHPLFDO VRLO GDWD

> @LQ ; :DQJ = PQR&DR % : IRU JOQDMKHHS LQ ,UHODQG *HRGHUP
OXOWLYDULDWH DQDO\VLV RI UHJROLWK VHGLPHQW

JHRHKLFDO GDWD IURP WKH -LQZRIL ILHO G
ZHVWHUQ &KLQD -RXUQDO RI *HREK@@}S@&E qﬁ,@@%l JRHVRRV\)/\/RDQVO/LHVF\/\[/)L

JHRFKHPLFDO DQRPDOLHV LBEHQWLIL
> @LDR ) &KHQ - =KDQJ = :DQRY&R 3RUWXJIDO -RXUQDO RI *HRFK
DQ&IWHUESBIUJ ) 6LQIJXODULW\N PDSSLQJ DQG
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> @DOHVK +RVVHLQL DRQXKDNMNEPWUL%QXH *HP FRDO EHG .HQWXFN\ 86¢

5LDEL 6 5 6SDWLDO PRGHOXQQDR)I R]IR&QFDDEILWNRORJ\

HOHPHQWY EDVHG RQ FRPSRVLW [g VVHVY

JHRFKHPLFDO GDWD XVLQJ JHRVW %%KGHDOEBWBSBWLQJ \
0,

VWXG\ Rl %DJKTORRP DOHQLQU DX H'ﬂ(HQWLDo “DXVVLDO VLPX

(QYLURQPHQW
> @ROWDQL ) DRIGDIKDIL 2

'"HOLQHDWLRQ RI DOWHUDWLRQ ]JROH Q OPLQD(M%% WKH 6X

*DXVVLDQ 6LPXODWLR£YROX® HROBH
PRGHOLQJ LQ WKH K\SRJHQH ]RQ N Eq&(éf/w %SGSSEF)’S\DUULLQJJL
GHSRVLWD®: -RXUQDO RI *HRFKHPL

0D FKXN DQGHXWVFK

> @PHU\ DOQ®QWXpMRXO & 7969
FRPSXWHU SURJUDP IRU FRQGLWLPY%L @L%E%% %?\@k'&:&»{ &
GLPHQVLRQDO *DXVVLDQ UDQGRP [[tl E‘OH HI W QW

EDQGV PHWKRGD RRYXWHQNH YV

IXQFWLRQV (FRORJLFDO ,QIRUPDWLF

> @DQFKXN DQEH XWVFX
*
> GRVVL DQGIXWVFEK & HUD H[LEOH VHTXHQWLDO DXVVLDQ Y

OHVRXUFH VW LP bW L RO GO OAE? S D1 § RR SX@IB B VFLHQFHV
OHGLD > @KLOq\DQ—(BBOILQHU 3 HRVWDWLVWL

> @OEXTXHUTXH 07 ' $QWXQHV ° %L[:Q:éﬁ%%DWLDO BQFHUWDLQWY
0)0 B5RTXHDQEDQ] * 6HTXHQ 93

*DXVVLDQ 6LIPXODWMDRQEBDWLDO 'LYW@HERWIRRRQJ 2 $0D/QIG@RWYFK
$ 7UDQVERXQGDU\ :DWHUVKHG &D&® 6WXG\ 01 QRPKGLDDFFHSWDQFH F
(DUWK DQG 30DQHWDU\ 6FLHQFH JHRVWDWLVWLFDO UHDOL]DWLRQV 1T

> @KDN]D@OQ@®IDUT + PLQHUDORJ\

SDUDJHQHVLY DQG HFRQRPLF JHRORJ@RD @R QG BHHRANHXNDQ J AKWRQ J 2
VWXG\ +DUDUDQ RPYIHPDFHHBPSRYUSIUARSEBRAMHBWDWLRQ DVSHFWV RI  VH-
DW WKH WK FU\WWDOORJUDSK\ DMR VRALDW UV RBE RIHPUHDIQ

FRQIUHQFH > @DVVDQLSDINQGEKDUDIRGLQ ©

> @OLNKDQL % JHRORJ\ PDS(RSOHUIDWVWRUD GHDIWD DQDO\VWLM Q7HKUTL
VFDOH IDWLRQDO ,UDQLDQ &RBAHAHKBKRIRP HBEQWLRQ

> @HER\ 1 - 20HD 5 $DQ@OWtQ@ > @OLHVFK7 $ (VWLPDWLRQ RI
JHUQIQGH] - 8VLQJ VLPXODWHGHRBERWMPWRDO WKUHVKROG DQG LWV

LQWHUSUHW WKH JHRFKHPLVWU\ IRRRD®DLBQRDQFE RAKKOHOPLVWFDRI WEBIRUD W |
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