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5HEHLY$HG X VW 9DULRXV H[WUDFWLRQ PHWKRGVY LQFOXGLQJ ZLUH VL
SHEHLYHG LQ 5HYLVHG  PRFKLQHV GLDPRQG EODGH VDZV ZDWHU MHW FXWWLQ
YHEUXDU\ DQG K\GUDXOLF VWRQH FXWWHUV KDYH EHHQ HPSOR\HG
$FFHSWMIBU F K 7KH PRVW FRPPRQ WHHFKMQERIRHYV BUHERLAQKH ZFDWHUMHW
3XEOLVKHG ROQUFIKQ H FXWWLQJ DQG GLDPRQG ZLUH FXWWLQJ ZKLFK DUH PR
WHFKQLTXHV VXFK DV FRQWUROW[$6 EOHF W D®H INLDWOWYR F
DQG SOXJ DQG IHDWKHU WHFKQLTXHV PIXHEPRVW ZLGHO
DQG JUDQLWH LV GLDPRQG ZLUH FXWWLQJ ,Q WKLV PHW

2, MPH WKUHH PXWXDOO\ SHUSHQGLFXODU KROHV HQVXULQJ |
H\ZRUGV KROH ORFDWLRQV DUH GHWHUPLQHGGEDVHHWEREPH WL

VXFK DVODK@GNWHRU VRPHWLPHV WKHRGROLWH 'XH WR
1Hz GULoOLQY FRQYHQWLRQDO GULOOLQJ WHFKQLTXHV D QRYHO /DVH
176 SURSRVHG LQ WKLV ZRUN WR DFFXUDWHO\ GHWHUPLQH
‘\ULOOLOJ KROH SHUSHQGLFXODU DQG LQWHUVSIFWLRO KROBWVRQQWWKK

_ GLPHQVLRQDO FDUWHVLDQ FRRUGLQDWHV 7KH ZRUN V:
LDPRQG ZLUH FXWWLQ4g5 pPLFURFRQWUROOHU DQG D ODVHU WUDFNHU LQVWD
OLFURFRQWUROOHU WUDFNLQJ DFFXUDF\ DQG VSHHG LQ PLQLQJ RSHUDWLRQ
DQEBLU SROOXWLRQ ORZHUV HTXLSPHQW WUDQVSRUWDW
HIILFLHQF\ ([SHULPHQWYV FRQGXFWHG LQ D PLQH GHPF
VLIQLILFDQWO\ UHGXFHV HUURUV HYHQ ZLWKRXW VNLC
SUHYLRXV PHWKRG\G LERUWR YW KH BRARMWLFDO +LHUDUF
$+3 PHWKRG /76 KDV WKH KLJKHVW VFRUH RI IROO
DQG OHYHOLQJ KRVH WHFKQLTXHV ZLWK DQG u

,QWURGXFWLRQ

TKHWRPNLQLQJ UHOLHYV KHDYLORVWVQLEHHFDVHEHOH DQG JUDQLWH ZKH
DQG HIILFLHQW GULOOLQJ WHRAKRUXKHNOWRURISQ\WLRPUIKWI WKH TXDO
HIWUDFWLRQ DQG PLQLPL]H RBSHMNWKHVBRWROBFWBRYIUXYLOI WKH
+RZHYHU WUDGLWLRQDO GULGXIDPRBEVWKRIRGEQ D PWWKRIK KDV EHFR
ZLGHO\ XVHG RIWHQ VXIIHU SIWHRIPAUVIH® WHFKQWTXH GXH WR LWV
DFFXUDF\ OLPLWDWLRQVULDRLQRIWVHXOQE DQUPHBRVHIOXWLRQ DV ZHC
ZDVWH LQFUHDVHG RSHUDWLG®QIJIIFRWQ)WV\ PRBSOMHEXSFW® FODVVLFDO
SURGXFWLYLW\ 7KHVH LQHIILAWHQFREW DRE G-V HBPOIBIMNV.IOHU RU SO
SURQRXQFHG LQ WKH H[WUDMHR® LR@HRZHRHLW LWHKH VXFFHVV F

E &RUUHVSRQGLYDDBOKWKHYBR LOXEHDE LU
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GLDPRQG ZLUH FXWWLQJ UHOWHKWY RQLWKM WERRQURMWKXPDQ HUURU |
GULOOLQJ RI WKUHH PXWXDO OWKSFRGRPIGL YXODEWUOKLRMOHRI PLQLQJ R
WKDW LQWHUVHFW DW DRWFINQJPBINSRUQWK AP WKRLIUH WKMWDLQDEOH DQ
EORFN 7UDGLWLRQDO PHWKRGQ MKHGHVRIEDPRBIFOKMIKRDQ WKLV VWX
ORFDWLRQV RI WKHVHOKRBB NQRRWKYDW NELBEJ WKH FULWLFDO QHHG
KRVDIYG WKHRGROLWHV DUH SIUFRRFQN MWFR KQ GKHOMFHBYF\ RI GULOOLQ
RI HUBRUQIKHQ SHUIRUPHG BMKERHPKWLQJ LQGXVWU\
H[SHULHQFHG RSHUDWRUV 7KHWHHSDSRUWF RQ JMMQIDBDWRRQ R ZV
PLVDOLJQHG KROHV UHVXOWBBFWIQRQQFRBERMMGHWRUWKH EDFNJU
LUUHJXODU FXWV ZKLFK QRWPR®QVY ZWVYWE NIO WKEHOWWXG\ 6HFWLI
PDWHEXWODOVR LQFUHDVH H[W\WKH WSLLRAB W HPBF D0 6\VWHP /76
FRRVWV )XUWKHUPRUH UHOLD@WHJUPQ HENLZQA®HKG DQ $95 PLFURF
VXUYH\RUV IRU WUDGLWLRQD® FHURQOLFRPSIHDWKRGWUDGLWLRQDO
IQWURGXFHV DGGLWLRRDMOG LRKIBXYHQIHY+3 DQG *$ DQG GLVFXVVE
KLJKHU ODERU FRVWYV DQG W KHH[ SSHRUALIP ®\y WIDAD | B H VKOO DQG DG Y DC
HUURU ,Q PDQ\ PLQLQJ RSHUDWQRQ®\ HE§BAWILRQO\ LKRRQFOXGHV WK
UHPRWH RUFRQVWXDEBHG DUHMXPPBEHWWWRKH ILQGLQJV DQG VXJJ
VNLOOHG SHUVRQQHO PD\ EH OHNIHWMGE K HDFHE\E DRQ D J
WEKHVH>L@VXHV

$V D UHVXOW WKHUH LV D SEBHFWNIYRXQMGH ® QRBUBWLYDWLRQ

PRUH DFFXUDWH DXWRRBWINH B kg\{& o yoov zLwk
%ogmﬁz&ﬁ%g VWDEOH F

VROXWLRQ WR LPSURYH WKH SBA;
RSHUDWLR@R/FPNL@LVQKIHLQGXVW}EEC& éﬁ&ﬁ%?:iDYH EHHOQ
‘ m- KE& QG Y %OEH%B H|QUG

ZRUNGGUHVVHY WKHVH FKDOO
A
‘ DUFKHUV VXFK
IP ! >V Rd)
VK NR'@ XEVEKHU

QRYHO6 LQWHJUDWHG ZLWK :
PLEURFRQWUROOHU 7KH V\vng
DFFXUDWHO\ GHWHUPLQH WK O
SRLQWY LGLPWRUHRQDO
FRRUGLODWHY WKHUHE\
HQKDQFLQJ GULOOLQJ HIILFL
DGYDQFHG IDQB—IUWWFUI@ZFELTXH\)) \JUDFWLRQ

Po éﬁ DQG GLVD
ODERIKH LQWHJUDWLRQ R 2 X RPSDUH
PLEFURFRQWUROOHU IXUWKHU B ‘" DWW&HWKRGV \
DXWRPDWHG DGMXVWPHQWYV ARG U\% %Q 3@95;33\,:%':;\
SRLQWYV DUH SUHFLVHO\ DOLJQN @ , \WLEDO
GHVLUHG VS H P HIRFDEWLIRKEOV - | 1y, $QDO\WLFDO
UHVHDUEK FRQWULEXWHV @B'E QHWLF
GHYHORSPHQW RI DXWRPDWH Q&;
LQWURGXFLQJ D QHZ DSSURDF D Rk = DWHG WKDW
WHFEKQRORJ\ ZLW KEBRVHLR FR QWL LQ W?%W“Wﬂ
u @Jkﬁl@

HOLPLQDWHY WKH QHHG IRU P
7KLYV LQWHJUDWLRQ UHSUHYV
J\
PRUH UHOLDEOH DQG HIILFLHQW Y ﬁ@ﬁf@w DY FXWWLQJ

DQG VLJQLILFDQWO\ UHGXFHYV
DGYDQFHPHQW LQ PLRUBQ JWH
WKLV

VIVWHP QRW RQO\ LPSURYHV LZ ¥ﬁ\$< %\)LFEL &I/RXV(\QIEHH(;LE[VFV;
DOVR SURYLGHV D VFDODEOH , ye g‘ G
DGDSWHG WR YDULRXV PLQLQ E/ WLDO

FRQGLWLRQV %\ PLQLPL]LQJ
VIVWHP HQWRIEYRWKDVWDUH HJ
ZLWK JUHDWHU SUHFLYXROQLW®W

(&WLRIQHU
HQG SURGXFWV DQG UHGXFH ' é W\{;'EE(C?@JW\G/LVVWF
$GGLWLRQDOO\ WKH UHGXFWLI¥ Lfg%
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UHGBKFWKH RSWUPMWLBRQGHWLPSVYEBDWLDO WRRUIGR Q WK AB YV H
SURGXFW> TEXHUMIRUH RIKH KXRIOCHOWHW HEQ@HS$ SRE Q WONDK KD J
URFNXWVELQEULOOLQJ PDFKLQHWROG VD PREHDWICS I R DVMFARPW K H
ZLW RDEDBH HVWLDIGMAGH QW LDRE I ROFURHW LOBIL D P R Q BXZLWHQ J
PHDVXUH WR HWYLOX\OL\RE BRWWRISFKLQBDOOFXMWXRMFN LV VHSDUDWHG
SHIHUBQ®BHVFXVWKGHURRULW I[URP TWCHDQWWR SS O HEG RWGHAD X O L F
GLDPRQGHK W WHWKIRG LQFUHD VA RIHY HW>MBENX U KN K REK H
HIILFLHQF\ WZBLPHQVLRIQIFR QGUHFXWWLQJ

%ULHWOKH |LLQ/W[WWEBBWLQJ GRHFRUDPRARGH @ Q)& JX UWKRI V
UREMRFNALEPRQG ZLUH GXMWVOIRQBILFHOR LERDRR QGUHFXWWLQJ
WKBNM XDOO\ SHKRSGHIEL DXQUIDUR S H U D @WK QQ HaD
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6XEVHTXWMIOQNW UYDPH SURFMAKH LV RVHBWIRLIBUHYHQW FUDFNV LQ WKH E
YHUWLFDO RAXRE) G BRREMQQHDVH PRXQGWYXVIZ&HWKH EORHANXDBO

VKRZQLIXUHRDQGG 1H[WWHKRFN I $IWHU WKHVQ HFHMREDR FN V
EORFN LV VHSDUDOWBOGWIURP DUWHDQVWRUKMH®B RU\ IRU FXWWLQJ D
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JLIXUBWHSV RI FXWWLQJURRND GYWODEFLQRGBG WZR KR REWDO
KRUL]JRQWDO FXWWLQJ IURP WKH ERWWRP |IDFFFHG FY NHWWARDTO O ¥FWWWQ D JUF
WKH WRSVHEBB URHMLKRG U D X OMRROEDMHDWINQ G W R S SWU K € JEFOYRRWY BV R L O

PRXQG

/HY H O L QD QMKWHR GVRHFIKWQHU KX HWHFRQ EX]WKHKH GHYLFH DQG WKH VHF
FRQYHQWLRH®GWR HU P LIQRHO W K®ID VHHWH VLPXOWDQHRWYRMOKHWULJJIHUH
ORFDWAHKRHOWUWEQPR WKHHYHOLQJ KRSHHUDWROAKBVMR RISBIUDWLRQ RI WKH
WHFKQWIUOG LSHIRQRBE®MEH[SHUWHYLFKILY FLUFXOLW XVHOWVHU
LV YHU\ XLIW K HW RIRJU KRR UHFHLAKIUWFK LV ELDVHG E\ D %& ¢
KLIJK LQ W KTIKRNPHNRERREYIDMDEY R WUDQVKBWRWRWWHKH IFV. WKRLAD
UHTXLURRQWL G HFRIYVEO HDNQIBOOHG QLI XUH

ZRUNIRUFH JRU VSRW ILQGLQUIBPHRDGLQJ WR
ODVHU GLRGH ER[ LV DVVXPHG DW D F
SURSRMHMGKRG I[IURP WKH URFN EORFN DV WKH RUI

Q WKH SURBRVGTD(*S § o0 v ion "eg ERWK IDFHY RI WK
PLFURFR QW WRDOAHIQ DIPI®QEH U KR Q

XVHTKH ODVHU UDQJHILQGHU F '?B% TYEG R DDy Wi
WZR WHFKQLTXHV PHDVXULQJ &FL L W\ D LVQRK HL J
DQ LQWHQVH 0DVHU SxOVH IURES viAcH My R3UEN Bl BIGRIRAT B I

LV HPLWWHG
WDUJHW DQG L$FW R U G)UDDR B/
Q & MQHIW REHGKIDAH JKW RU OHIW F
WR GHVLJQWYSHIRF HY FX\LMP X O
IDFR "D ER[ FROQWDLQV D SKRWRGLRG
XVHEQG MORBMTXHQF\ LM HBISWR " o o™\ v ER[ L VHDONRHDWYRIF K H G
0+] :KHQVKH JKW |WJW+@L§?§: [

DUULYMMKHDW XUIDFH RI WKH WEV%%%ERBWUWJODFWQFH WKF

B\CKH XCBONG LV UHFHLYHG DQG WK
SURJED LQWHUU WX % HG WKH ODVHU GLRGH SHU:¢
WLPHU LV DWKIMHHAWR BIGWARKUUI HH
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ODVHU LV DFWLYDWHG DQG VKRKHN WKIHIGHVROH KDIMERWR E@® GULOOHC
WKH URFN KBEKWMPRW RIDFKHFRQWRUWKHVH WZR KROHV VXFK WKDW DO
DOVR EH GHWHUPLQ6I® IIDQJ WKW ABW MHKEADSUHYLRXVO\ GHWHUPLQHG LC
VSRWY ZHUH IRXQG RQ D SIODQKMHLWKMWRYXPHU\ ZLWK WKH KHOS
GLPHQVLRQDO VSDFH VR WKDW MIKIHFWHGE OGHOGERAMKMWG VSRW LQ
FRUUHVSRQGLQJ WR WKHVH&DWSARHWALD Q@ (PRRUGHRWWHY LV REWDL
SHUSHQGLFXODUO\ VRPHZKHUBRMLLIQUAELGH WKH TXDUU\
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&RPSDULVBRMRQGIZHFKQLTXHYQG H[SHOLPA@WROK\EEDG
DQAVFXVVLRQ WUDYHUWLQBWBQQHFRXQW\ ,VIDKDG

7KBH Y H O L DQKEHRBRT KW@ H T X gRYF@WUW@W@\FRQGXFWHG

DUFRRPPRQOHER GHWHUPLQH é/g\sgﬁ/&HWKGLPHQVLR@VR' [ 1

T R (R
/76 LV FRPSDUG YHONIQDQKRYV Q

W K H R @RHE IKVD B HEE X UMW D waw w LFHEKQLTXHYV

+

JLIXUHDOHYHO L Q BAKKRH/RIGIRDEWWHLIE I RUSRMQGLQJ

$QDO\WUIHDDYFREFHVV 7TDEOHDQG DFFXUDF\ $VTWHOH
7KH]J]\ WKHR U\ DEDRN IGHRUF GHWHUPLQLQJ WKH JRDO ZKLFK LV V

DRMCHAE RVLWLRQV WKH QLQH FULWHULD LQI
FRQVDWORBOG HIFD M LJXRX@H@M&RQHG WHFKQLTXHY DUH LQFRU!

RU LPSURRQWGHWLR QWS DH\GHQ
TXDOLWDWLY B VINOD@RWP @@Ly FFLYLRQ WUHH RU KLHXDBFKLFDO \

> @KH IX]]\ $y$3+3 WKDW ZDV
EDVH® RMRIJDULWKPLF FO-HDKRG \.T

K DQ/FEM FR P H SGROGHL GNP S X W D W L i~ Q“;(“_LG;JSJDS%':R*T:\HV\Y\?DV;KT;LLQL%V
FRPSOM[L@EQ ARPSUHKHQV'YK &M

DQDO\WLYV PHWKRG Z® Q@ G HWH '@%\R LVI VHOHF‘Q’ggJ PV{EHLQF;RV;NKHVX
UHFHRWOG LQ YDULRXV SURMH OX&L{/%\M{H PDLQOQRULWHULD |

3 SURFHVV EHJLQV E\ IRUP

DE\H_RIIRVULHRRY

FULWHULP B+ 3 DFFXUDF\ ZRKRKEHDUHG RQ H[SHUW
DQDO\WLVHRLU DAWBHBWI - o g) 5 RQv HPSLULFDO GDWD DQG W
> @GBHIW @+3LWXVHBQG D Q Q Q

FRPSDRBQ LV PDGME@WRGVRQH%L%{XLUHHPHQ\S’Q/ R'lRWLKEDgLLQQLQéHi\,UHFi
WKH EHVW HQYLURQPHQWDO WQL@?R&HWR‘@% V%bv WKH\ GLUHFYV

WHKHHFOD P DWKRIRU RHVARSSHY L ELHQ RV I FRWMB B GHYWHFLVLRQ R

PLAR ,UDQ GULOOLQJ SURFHVV 7KH DYDLOI

7WVH VWWRQD@LSW%
VXUYH\VEK DFWLFDO TK@YW®L O K SPULVRQOBYHO WGEH WRRIG

WKHVH VWXGLHR QO MK WIBMW R RGROLWH PHWKR®&6 THHG WKH SUR
HS LQ WKH $+3 SURFHVYV
VXUYH\ P\ CREGHKBIEN D DUH FR W
GXFWLQJ SDLUZLVH FRPSDULVRQ\
H[SH U DRHDKWM UHIRUH V $%X8H G
LWHULD DQG WKH DYDLODEOH RSW|
LOYHV®HYD\YHWK KR GR QT H
W DFFXABEW RARPSDUHG ZLWK WK}
DV WBOWHUQDWL M) ADERA.G D XUDF\ RI WKH WKHRGROLWH PHW
LQ PLEDHWH @ LRI L WAHUHYH LW H U L ©

NIVKUFR UHVSRQGLQJ ZHLJKWYVY DUH FDOTI
DUHDPL QY B EmWFNQGHufi w FDOFXODWLRQ SURFHVV

yXKJHJHVVE,ELHR{;R;Q(UG\QDQV“QUNVHU%@“L%HV\L’%& HPDWLFDO WHFKQLTXHV VXFK D\
FDWHJRUL]HG ARW WorRory RI wipHP @ RU HLJHQYHEWRU PHWKRG - zKL



6DEMWL DO -RXUQDO RI OLQLQJI9R@YLURRPHQW

ILQDO ZHLJKWV IRU HDFK FUEFREBVYLBABUBGGX RSMQAREPOHQDQG WKH
7KHVH ZHLIJKWV UHIOHFW WKH SJJHRORHV VY PDHR@GRBWID®@ FAKRI LQFRQV LV
HDFK IDFWRU LPDWKBJGHFRVHRYDWQ® LV FDOFXODWHG WR HQVXUH
JXLGH WKH VHOHFWLRQ RI WEHORRVWKBSBBRISSWBHWHWKUHVKROG
GULOOLQJ PHWKRG ,Q WKLV LVONGHLG\D WHR/H WIKICFX UBKH FRPSDULVRQ)
FULWHULRQ ZDV KRYNHYQHGHWIG® UHOLDEOH ,Q WKH SUHVHQW
IROORZHG E\ GHYLFH FRQWRMEHR MILBBWW R REWDLQHG XVLQJ
LPSOHPHQW WKH WRS KROH&KRQEH ADRVWQE D UW KDAFOH Y Y PLRD Q
SUHFLVLRQ LV WKH PRVW FU L WKW WIXFHWSRODL UQLVHOHRPSDYLVRQV D
D GULOOLQJ PHWKRG WKH UHVXOWVY DUH UHOLDEOH 7KLV ¢
$Q HVVHQWLDO DVSHFW Rl WKHBVBER PYHINOLRE® W\HWKMKH UREXVWQH)
LQFRQVLVWHQF\ UDWLR DQDODWD/O\YKY FXQ 8 HDXSSRUMVEL WKH FRQFO
WKH OHYHO RI FRPSDWLELOLWWRHW FRQW LVYWHOIFE Q) MHWKRG IRU G|
SDLUZLVH FRPSDULVRQV ,| WKH. QQEOR @\BISOLIFQ PALRDW L R
H[FHHGV D FHUWDLQ WKUHVKROG WKH FRPSDULVRQV DUH
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7TDEOSIFFXUDEFE\
3URS /7¢ 7TKHRC /HYHOL( 3DUDP 1F

$FFXUDF
$SSURJ[IHUURU F KR

7K$+3 PHWKRGSBREBHWLVLRQYHYHOLPHWRRBKNHRGROLWH DQG OD
IRU FRPSUREEBDRWE LRGBDWLREDVHG RQ FRVW WLPH DQG DFFXUDF
DQSDLUFRPHDVYWRROXLGHVGHFLURDRQLY WR GHWHUPLQH WKH PHWKR
7KHUHIR BHS UWLHV WGWG H@/XIGN HUMDKH EHVW EDODQFH DPRQJ WKHVH ID
DUNMLPSOLDIHWKH JHRPHWULFR®WDPDO HIILFLHQF\ DQG SUHFLVLR
QRUPDOL]HGREHIHGWHMRULTXANVQLQJ RSHUDWLRQV *$ LV SDUWLF
DUH X VHHIEF KREUDWWKRRQXUH VXGWIRRU WKLV WDVN GXH WR LWV DEL
$FFRUGL QWL WRKWM KD FEX WBIEJNY. R QP X OW L SO H FRQVWUDLQWYV DQG
DORI ZLWHKH KLJKHVAK BWHHR ULMPAXOWDQHRXVO\ PDNLQJ LW DQ HIIH
DQQXDO PDLQWHIQDQFHRDPRKMVPDQL/QRIWRRO IRU PLQLQJ DSSOLFDW
ZLWKKH ORZHVW SGWLRHUWS ZMAKHKEMHILQV E\ JHQHUDWLQJ DQ
GHWHUPLQLQJ WKH ZRIQWWHRIS RI®¥X®DRMULRMH ZIKHUH HDFK FKURPRVR
SURSRSWEGRQVEKIPRAGMAIWH D SRWHQWLDO VROXWLRQ WKDW LQFR
EDVHG RQ HDFKEGEUDMEBWKRIQDQG DFFXUDF\ SDUDPHWHUV IRU WKH
LQFRQVLVWHQEY PRIIXPMEHNMRE FHHWKRGY 7KH ILWQHVV RI HDFK FKU
WKDQ LQ DOO VWDJHV RI SDNYVHWWH G RP\EDQIL D RIQ WHB/ VUIKR FW L R
$IWHU]DQD WWKHHUW &KRLFH VRIWZHUHEHWKMW YDOXHV DVVLIJQHG E\ W
VHQVLWLYLW\ DQG FRQWUWIEXWLRQDRIFKDBKRFHWNR G+3 B6HOHFWLR
GHWH UPLDH® REDVXUHPHQW RUXHFBFEY WRXUQDPHQW RU URXOHWWH
FULWHQLBRQUH)LQDOMRFRUGLQJIJDWHR HPSOR\HG WR FHRIFRWPLQKH EHV
YLIXUH76DQG ONKYHH O L\WY B KRVIHT XHKURPRVRPHY IRU UHSURGXFWLRQ
UDYWKH ZRUVW ZARKH RVRWDRSHUDWRUV SRILNW VRBR BGW W L
6RPRIWKH DGYDWQKHD SHWSARMUHG FURVVRYHU UHFRPELQH JHQHWLF P
VSRMWQGLQJ DUH DVNJORCERREMWSDUHQW FKURPRVRPHV WR JHQHUDWH
UHGXFWLRQ SUHYBRWWLBRH®RI,QWIFRHQWUDVW PXWDWLRQ RSHUDW
DFFXWBIRWVLWLYHVXLULQJ IWDHQGRP FKDQJHV WR PDLQWDLQ ¢
ZRUN | DWQRHHK/XPDQ HUURU GLYHUVLW\ DQG SUHYHQW SUHPDWXU
7KH SURSRNIOG MBRWS S UR D F K KH) DIEHRW L WW AV WRIQPH QB®UHGHILQHC
VLPSOHU WUDFNLQJ RSHUDWERQWHBKDEY WGIIFREBG D PD[LPXP QXF
DFFXUDF\ DQG VSHHG 7KH UHNDQHWW W QRSQ ¥ DRWH DWKDNMWY LQJ DQ DFF
ZLWK D VOLJKW LQFUHDVH LQHPR#WPHWKHUH LV D
VLIQLILFDQW LPSURYHPHQW LQ7K/HS HHGY XDMPK UDIFWKH *$ RSWLPL]
DQG RYHUDOO SHUIRUPWRHAH LERPODVUBPBXNEE RRQILUP WKDW /76
PHWKRGY WKH SURSRVHG DSBUROHKIRUFWVERWE WKH OHYHOLQ.
FRPSOHZKWOH PDLQWDLQLQJ KUKHKRTGRIDQLMM PHWKRGY DFKLHYLQJ V
(ISHULPHQWDO UHVXOWV [|XUWEKHNUZ KEHH® R DR WW D WHHL MK DWQ G DFF X L
DIWHU LPSOHPHQWLQJ WKH SBRORONGLRYWNPIXQWKHU YDOLGDWH
URFIKDUU\ WKH HUURU DSSURDMPKHVLMUBHHYHRUFLQJ WKH VXSHUI
ZLWKRXW WKH DVSHVUWDQXHYRAMBIQL®WHJSDIMIVRIQ $RI3*LQ WKLV VWXGC
DQG WKH HIILFLHQF\ QHDUO\ GRVE RIQW FRPEDQROMWMKHS GRFHVIVRQ
SUHYLRXVO\ UHSRUWHG WHFKEXWHNOVR GHPRQVWUDWHYV WKH HII
HYROXWLRQDU\ DOJRULWKPV LQ VRC
*HQHWLF DOJRULWKP RSWLPL]DWLRQ SUREOHPV ZLWKLQ

7KH *$ PHWKRELHQWQDIURULWKP W Ry 6, DSRSWLQJI WKLY DS
i {E%H

SHUIRUPV VHDUFKHV EDVHG RJ W e U?P‘@?W@%@WH%J?.E@W&.
DQG JHQHWLFV RI 9LBHOQW RV v, Q

ZRUN *$ LV DSSOLHG WR HYD g Wlf‘wol(-yggg%P@\&W@Q%JSVUWRRGQX;\gtELL
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Annual maintenance cost L Criterions
(L=0.026) Annual maintenance cost
(L=0.032) Calibration time
(L=0.038) Cost and number of workers
(L=0.070) Cost of skilled labor
(L=0.091) Time to implement the bottom hole

Calibration time

Cost and number of workers

Cost of skilled labor

Criterions (L=0.103) Esror count per 100 holes

(L=0.116) Time to implement the top hole
(L=0.236) Device cost
(L=0.288) Accuracy

Time to implement the bottom hole

Error count per 100 holes
Time to implement the top hole

Device cost

Accuracy
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)LIXUH $QDO\VLV Rl WKH LQGLYLGNXDE DR GHR DRRD B0 R/IF R/ H VWU H H
DOWHUQDWLYHYV DPRQJ WKH QLQH FUHWB O XD WHG] DOTSEHRDF KHW X QIGQ J $ + ¢
DQG UG GHOQRW HWHKHRIGOR@UWR VIHQG /76
UHVSHFWLYHO\

,Q WARWNVKH LQSXW DQG RXWS/XAVRFALDWBD GURPNK 5XVVHOO PDFKLQH
7DEOHV DQG ZHUH XVHGGWRODHQHQDBWSB IDFFXUDF\ LV DVVLJIQ!
ILJXEMWHG RQ *$ DQDO\VLV LZMHLOKWS®HRPSDUHG WR RWKHU FULWH L
VRIWZPUWKUHD LOOXVWUDWHVLQMKIDXWHHW KW KH DF FXGLOFQ GR |
OHYHOLWB KRYHT XH KDV WKH KWKHROR QXWHHWHFKQLTXHV LV VLPL
RI HUURUV SHU KROHV DPBNGGQ WRRKEHLTEH VFRUHV WKH ORZ!
H[DPLQDWLURQWE DQBGJXUH DQQXDO PDLQWHQDQFH FRVW DQDO\
GLVSOD\ WKH WLPH UHTXLUHG)MWR UHR F D QG LWHKWNHHVRSFRDW W K H
ERWWRP KROH VSRW\HOOQRQ KRNHHVW PDLQWHQDQFH FRVWV IRO
WHFKQLTXH UHYHDOLQJ WKD®HWKQMY B RHRMWATXHWDRWWEO\ WKH WK
ORQJHU WKDQ ERWK WaGH W KRHRFKRQOTWH MG QR DQQXDO PDLQWHI
&DOLEUDWLRQ WLPH DQRMWKHBORMULPDVFIBDO\ SPLDHPE \RBU $DQDO\VLV
VKRZQ)WLIXUHG LQGLFDWLQJ WKBWHWKH DV WHKHHFRWMW H R\BW LR Q
FDOLEUDWLRQ WLPHVORVYH®KBRR R SR GRGILWRH OE@D & RVKHR G RO LW H
KRWHFKQLTXHV DUH @ R QOAUDBMHAGWQEDR®HY ZKLOH GHOLYHULQJ V
/76UHTXLUHV VLJQLILFDQWO\ OHW/ FFDPRLE B DIQRQ WWLLFFHL HQF\ 7KLV |
$FFXUDF\ LV WKH PRVW FULWLRSW LPDWD FKR/IHH LIRY SRMAFLVLRQ GU
ILQGLQJ GXH WR WKH KLJK RISHUDMWRRIQDDW ERYW V
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OHYHOLQDQKRWKHRGROLWH PQ® WHUPRMD]JR|0O 6DUDGM 3HUVLDQ
DEEXUDE\ VSHH,H(BlHDWGYm‘_AW\PUFKLWHFWXUDO KHULWDJH VWUXFWXUH ,Q
DFKLHYHG WKH KLJKHVW VFRUGS 6FKPLGV|LQ, WISHDY * 3RBUD] & %HUWK

$QDO\VWLFDO +LHUDUFK\ 3URFHVANH@ +3 DKOI\ \BLUE YL QIVWRUGRH EHKLQG
IROORZHG E\ WKH W K FORIYRIOLL\Y OHF%"’;B% WKH ﬁ'é““;g?ommm;swm“
KRV H PHWKRGYV $GGLWLRQDOG8\ Hiw £ F

$OJRULWKP *% RSWLPL]DWLRQ %\NKHU YD@(L),\IﬁGDWHG 6HOHFWLRQ
WKH VXSHUIBERERQYNRPLQJ LWV D lQ LDWH PHWKRG WR H[WUDFW W

EDODQFH FRVW WLPH DQG %ElsbJle%\erwﬂvbﬁAWb RMWEBRG RIQ$SSSOLHG
7KH ILQGLQJV Rl WKLV VWXG)\ *BROBBOZLWK SUHYLRXV

UHVHDUFK KLJKOLJKWLQJ WKH BGYRQWAIHY RIpQB¥EbuELsHOLQH
EDVHGRWIRBKRAY LQ LPSURYLQJIRSHUFWMRXIIQAGHQHWLF DOJRULWKPV DQC
UHGXFLQJ RSHUDWLRQDO FRMWNUVUW) RIPLBKLQDQ
DSSOLFDWLRQV +RZHYHU XQOgN§ uH®W O bytdkwdWHGLHY sHOHFWLQJ
WKDW IRFXVHG SULPDULO\ RQ WK HRRYMW\LEDV® ERR GAHHOM RRGU IRU H[W UDFV
V P D\ORD O H LPSOHPHQWDWLRQVDWb:\BH{-RITD@V urQVWEDQFWKwW\gEJL%/mTWQQLE
SURYLGHV D SUDFWLFDO QVFD m D
EH UHDGLO\ DGRIRWKG PQQUd 'ﬂ‘ P gg%”ﬂ?}/gﬁfa
HQYLURQOWRWWYBI DG *$ LQ W}@—I 5DHWKHU 5 * uv
GHFLVDNQQJ SURFHVYV UHS HVI-?&WR/I KLE])K SUHVVXUH ZDWHU MHWYV IRU
VLIJQLILFDQW PHWKRGRORJLF FRQWULEXWLRQ
RITHULQJ D UREXVW IUDPHZRUN@ @]WM) XD W %?KH E&W\UDP
ww@&

VHOHFWLQJ RSWLPDO GUHOOLF@(@VH WS @@@Fﬁ%ﬁ' VRIWHIWXUDC

QDQ -RXUQDO
WKHVH DGYDQFHPHQWY WHKH DkW 61l 7 Bl @R & @@@wo@a BELHQFHV

FHUWDLQ OLPLWDWLRQV VXFK DV WKH LQLWLDO FRVW RI
LPSOHPHQ@®WRQG WKH QHHG IRU J4XUYW KW YHVWLIDWLRQ RI WKH
WHVWLQJ LQ GLYHUVH PLQLQJ FREGW MRIQR QRY ¥R AFRQ ¥ XU HHL MKW WL QJ PDF
XQLYHUVDO DSSOLFDELOLW\LQGXKWW\ , QJH¥HDKHWY +DFHWWHSH 8QLY
FROQWULEXWHV WR WKH JURZLQG® BRI R NQRZOHGJH

LQ DXWRPDWHG GULOOLQJ V\VWBPY EWVRQUWWRRIGXFLQY IXLORVRSK\ RI JL
FRAWHFWLYBUHKLYLRQ VROXWRL RQUKHWULGIH EHWZHHQ WKHRU\ DQG
DG VVHVY WKH OLPLWDWLRQV Wﬁﬁ%@d@@%ﬂ%éwmoxwwD
%\ UHGXFLQJ UHOLDQFH RQ N DQG

PLQLPL]LQJ KXPDQ HUURU WK>H @uW@NWW VW/WWHP %DVLF DQG

KDV W KW LDRON W@ UHYROXWLR EhEef LD ngg’vGKHpLg['SJHFVV\VVL
RSHUDWLRQV PDNLQJ WKHP Ltég*dQ WWB B b A
HEFRQRPLFDQXOW XU B EARU N VKRXO OWURGXFWRL

RQ RSWLPL]LQJ WKH V\VWHP L\/SHG%L E%@Rﬁ V@%Vkﬁ\k( lpuiERQV . Q

URFNV DQG H[SORULQJ LWV LQ ZLWK R

DGYDQFHG WHFKQRORJLHYV % é: dﬁ%( P;ggQJ SRELHW
LQWHOOLJHQFH DQG ,R7 WRO o0, L,WUV
SHUIRUPDQFH DQG DSSOLFDELOLW\+ { X\I/EVVKFIRIHBLQLQJ SHOHEWLRO RI F
L Q GWUA XQGHUJURXQG PLQHYILJRHIWEBGRSHQPDWLRQ RI

FDYLQJ DQG VXEOHYKO VWRSLQJ PLQHV
SHIHUHQFHV

> @ OLOOHW 5 3DGDGRKQOLQ

>@ + -DODOLDQ 5 ®DJKRVISRXWL 8%& PLQLQJ PHW KR® RFIDHEMQLRRI WKH OLQH
(QYLURQPHQWDOO\ VXVWDLQD EB®GIDRLALAYNI D QGT XDXLSIFHWQWBEHOHFWLRQ 6\PSR

UHGXFH ZDVWH SURGXFWLRQ DQG ORVV RI UHVRXUFHV XVLQJ WKH

GHYHORSHG RSWLPLBFWISRE DOJRULWKP_,Q

ba ' TORS as @< &KH@ < 7VDR 7KH LQWHUYDO
YDOXHG IX]]\ 7236,6 PHWKRG DQG H[SHULPHQV

> @ /LDQJ 6 /L . /DQ5-<XDQJ JOX]]\ VHWV DQER®\VWHBE

)L[HGDPRQG $EUDVEDZH &XWAVLQJ )RUF

ORGHOLQJ %DVHG RQ &KDQJHV LQ &Ff3 LygéglF H%ﬂ'\ﬁ/ﬁ? 'ﬂg[WHQGHG 7236,6 IRL

OLFURPDFKLQHV %DVH® 9RO LQJ WV GHFLVLRQ PDNHU

QXPEHUYRZQ HE®MHG V\9JR/YDHPV SS
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> @ ( *ROGEHUJ D LGRHPG XN ISH OGIQIMHUH QW KDUG [HDUBRQYH UBBNV ,Q
RSHUDWLRQ XVLQJ JHQHWLF DOJRULWKPV DQG UXOH OHDUQLQJ 3DUW
,, 5XOH OHDUQLQJ FRQWURO RI D SLS XQGHY QRYPDO DQG
"QIOXHQFH
DQERQORUPE(S) FRQGIMIRQIL Q.Q ZLWK & ﬁ P RI SRO\FU\WWDOOLQH GLDPRQG
WHPSHUDWXUH ULVMB X BOHEG RAQXBOHQBR,Q
> @ J/LHGNH .XQD $ PDFURVBRISLF3URJ HG 9RO Ss
PHFKDQLFDO PRGHO RI WKH ZLUH VDZLQJ SURFHVV ,Q
,S%NOHUQDSV\QLRQDO "RXUQDO RI ODFKLQH ZRRQY, PQG QRRXIDFWYXU, _ 5 - .x
=KDR ‘LUH %RZ ,Q B6LWX OHDVXUHPHC
> @ & 3DODWKUD 3URFHVV PRREQIOLRULRIIDWHIMH(YROXWLRQ RI 6DZLQJ &l
VDZ RSHUDWLRQ ,Q 8Q&RBOWUW\3RIUNDPRQPGGLUH 6DZ GXULQJGIWAUQDBBSSKLUH
0,
> @ *XVWDIVVRQ LuH ExwwLoPBY P erpsBEr &AW

WR GULOO DQG EODVW LQ YLEUDWLR@ wmmvmmtwuNQPHmelLQLHQF\ DQDO\
DUPKBLQHG FXWWLQJ PDFKLQHV LQ EORFN

> @+ /HH. 6$KQ & /HH6&%DQJ Q ?_R\,, WG H gRXWKQHUQ $IU|

6DJRQJ 6WXG\ RQ D ZLUH VDZ WW QG 0B®DOOXUJI\

IRU WXQQHO H[FDYDWLRQ DQG b HOTRGPD SRP

LPSURYHPHOMWVIFWLRQV RI WKH .RUHDQ 6RFLHW\ RI -
OHFKDQLFDO (QRIOQHHWS$ gINDQ * 6DUDO&BWODQ

> @ . &KDWWHUMHH 65 6&QDWWHUM\E SOLFDWLRQ DQG SURGXFWLYLW\ DQDO\VLYV

&ODVVLILFDWLRQ Rl EODFN GHFRUD éﬁ‘ &%;@QIHL%@@%& Cgﬁﬂ& SOV\QIIR?HHR\'I;)éEﬁé
uL

'LVWULFW $QGKUDBXDGHWKQ,RIGLDJL,
*HRORJ\ DQG WKHIRDYLURRFPHQW
_ < - .
> @ -DL& 5DWKRUH 5ROH RI wa@L]ﬁ%J DQ;"O 2 /oLRXGHd F:<|DR|_D'PFELQQGJ L
WKH SHUIRUPDQFH RI GLDPRQG ZLJY EV\(P HWULE SUF +\SRWKHV
TXDUU\LQJ RI,@WHE@DW,QRQDO -RXUQ é %DVH® 9RO

5SHFODPDWLRQ DQ&RMYLUKRYPHQW

~ ~ = * 94
> @ (UVR\8 S$WOFO 3HUIR{ X]DGH};J % GKDQ V\VV\)H]P]Q/ VHOHE
FKDUDFWHULVWLFV RI FLUFXODU G Qé bg\é é,QLFFd%ﬁLvny,EB
GLIITHUHQW W\SHV'LBPRLQ:G:ND/QGQSHO

ODWHULP®V SS +DVH-HWLDO $Q H[WHQVLRQ RI WKH EHV\

> @ S$OPDVL 5 %DJKHUSRXW 5 \ég’g %& HWKRG EDVHG RQ WKH VSKHULFDO 1IX

.KDGHPLDQ ,QIOXHQFH RI FXW P BN R R R P SXW
QJ

WUDYHUWLQH FXWWLQQ WMHIBDW L@ Q
FRQJUHVV DQG H[KISBLWLRQ RI WXUNHM\ @ - 9DQ /DDUKRYGIQ\F] $ I1X]]\

» @ OLNDHLO < 2]FHOISN 6KD$IWBHH[WHQVLRQ RI 6DDW\ WXIPLRHWW\ DIGHRU\ G

+DJKVKHQDV $SSOLFDWLRQ R#\ KEEBRoy vEDUEK

DOJRULWKP WR HYDOXDWH SHUIRUPDQRM Rl GHDORQG ZLUSSSDZFDWLRQV RI WKH

,QRXUQDO RI OLQLQJ DIR® (QYLIURQPBQWO\VLY PHWKRG RRURGHDS MRRUQDO RI
RSHUDWLRQDB®A&Q HVHDY FK

> @ 2]FHOLNLOPD]ND\D 7KH BIITHFVWMGRDYL $ $N EDOLLGHRMDG

WKH URFN DQLVRWURS\ RQ WKH HIIBROMNOW\ \RISELYPRGEWRQP IRU UHFODPDWLRC
FXWWLQJ PDFERWHHMDWLRQDO -RXUGROSIRU PREM7ZE3I6|&]PHWKREGY D,QFHG
OHFKDQLFYV DQG OLEIR®J 6FEHQFHYV (QJLQHHULQJ 7THFKQRORIRM® QG $SSOLFDWLRQ

> @+ /HH.6$KQ & /HH6&%DQY -

&KR 0 6DJRQJ 'LUH VDZ FXWWL@BP®RGHO $NEDU+ (L DSIADEDHIU L
GHYHORSPHQW DQG SHUIRUPDQFH LGYRARWEDDW.RQ JRU\YLEBDW PR KRG DQG )X]]\
UHGXFHG WXQQHO RKRDQHWOIREY BP@®KRG IRU QDWLYH SODQW W\SH VHOHFWLR
8QGHUJURXQG 6SDBROTHFK®RORJ\ 6WXG\ 6DUFKHVKPHK FRSSHU PLQH ,Q

> @ 7 +DP]DEDQ + OHPDERWWDPL> @ 5X = /LQ *HQHWLF $OJRULWKP
&RQWLQXRXV PRQLWRULQJ RI(SERGWHS ZHWK D@HDUFK 6SDFH 'LPHQVLRQ
SHQHWUDWLRQ LQWR URFN VXUIDFAFKNPREJIRM OQMHZF LEHUNF KBHBWLGH 6WUXFWXUH

DEUDVLYLW\ WHBWRERJPEHRAKDPH FVQD BK\VRAN P % HG 9RO Ss
HQJLQHBIRQRQJ SS
> @ (UVR\ 6 % X\)8N\BOVILFAL "HD U

FKDUDFWHULVWLFV RI FLUFXODU GLDPRQG VDZV LQ WKH FXWWLQJ RI
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