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Abstract

Robots are increasingly deployed in various locations to automate tasks, including in barns. However,
in barns cows can obstruct the sensors such as LIiDAR or camera, leading to a lack of environmental
information. As a result, the robot’s localization system only relies on odometry at those moments,
introducing additional uncertainty to the robot’s pose. When the visibility of the environment is restored,
the robot may mistakenly believe it is in a location that does not correspond to its actual position.

The first contribution of this master thesis is a novel method for improving the self-localization in
barns by implementing a line detection algorithm which is called Line Adaptive Monte Carlo Localization
(LAMCL). The novelty is that only line segments are used to detect a localization error instead of corners
between different line segments. It also retains the robot’s current pose to filter out fault-detected
localization errors. In addition, the new approach is applied in a dynamic environment. The proposed
method combines the Split-and-Merge line detection algorithm with AMCL. The detected line segments
are compared with the walls in the environment to identify localization errors. When an error is detected,
the robot’s pose is adjusted by placing a section of the particles at the location of the error. In this way,
the robot can find its true location again.

The second contribution is a new dataset. This new dataset, called DataCow, consists of four
recorded routes in a barn with GT on a handful of spots to evaluate the self-localization. DataCow
includes the pseudo-2D LiDAR scans and the odometry of a robot driving through a barn. This dataset
is used to evaluate the new self-localization method LAMCL. Through the experiments, it has been
discovered that this new method improves the system’s recovery ability, but the accuracy and precision
are compromised. The influence of the hyperparameters of the new method is also tested.
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LQWKHULJKW SODFHWR FRUUHFW WKLV



SUREOHP VWDWHPHQW

JLIXUH %ODFNOLQHUHSUHVHQWY WKH ZDOO ZLWK WKHJUHHQ GRWV PHDVXUHPHQWYV RI WK
DOWKRXJK WKH DFWXDO ORFDWLRQ RI WKHURERW LV FRPSOHWHO\GLIITHUHQW

D OHDVXUHPHQWY DV VHHQ IURP SDUWLFOH FEO BXE WIAOHRFRWBWEGURNH XS EXW WKH ZURQJ FOXVWHU LV F

JLIXUH 7TRS YLHZ RIWKHPDS ZLWK WKH URERW SDUWLFOHY DQG PHDVXUHPHQW SRLQWYV 7|
URERWVYWUDQVIRUPIUDPHVRQ WRS WKHJUHHQDQG RUDQJH GRWV DUHSODQDU OLGDU PHDV
DQG P 7KHPDSLVDFRPELQDWLRQ RIREVWDFOHVY UHSUHVHQWHG DW D KHLJKW RI PDQG

D &RUQHU PHDVXUHPHQWY GRQRW RYHUODS ELWHOWKHPVREUHPHQWY GR QRW RYHUODS ZLWK WKH PDS

JLIXUH /IRFDWLRQ FRXOG QRW EH UHVWRUHG EHFDXVH SDUWLFOHVY DUH WRR GHQVH

7TKHFKDOOHQJH LV WKDW WKLY URERWRQO\KDVDVWHUHRFDPHUDDQGD
LWV SRVLWLRQ 6R ZKHQ FRZV ZDONLQ IURQW RI WKH URERW QR IL[HG EDU
VSHFLDOL]HG LQ FDVHV ZKHQ WKHUH LV XQFHUWDLQW\ LQ WKH PHDVXUHPH
ZKHQ WKH XQFHUWDLQW\RI WKH ORFDOL]DWLRQ JURZV +RZHYHU WKHDOJI
VSRWLQ VRPHFDVHVY ZKHUH HQRXJK PHDVXUHPHQWY DUHDYDLODEOH DJDL
WKHUH DUH QR SDUWLFOHV LQ WKH UHDO ORFDWLRQ RI WKH URERW ODWHU



T QWURGXFWLRC

WKHPHDVXUHPHQWY FDQ QRWEHLQ OLQH ZLWK WKH PDS RI WKHHQYLU
ORFDOL]DWLRQ

,Q WKH UHODWHG ZRUN FKDSWHU WKH SRVVLELOLWLHV RI UH LQLWL
ZLOO EHLQYHVWLIJDWHG $GGLWLRQDOO\ RWKHU ZD\V WR LPSURYH OF
ORFDOL]DWLRQ LW LY SRVVLEOH WR ORRN DW KRZ WKH PHDVXUHPHQW
FORXG ZKHQ LWLV QRW VSUHDG HQRXJK WR FRUUHFW WKH HUURU 7KHL
KRZWKHLQIRUPDWLRQ DERXW WKHPHDVXUHPHQW SRLQWYV FDQ EH H[W L
XVHG WR UHGXFH ORFDOL]DWLRQ RIIVHWY EA\DGMXVWLQJ WKH SDUWLFC

SHVHDUFK TXHVWLRQV

7KH URERW LQ WKH EDUQ XVHV SVHXGR SODQDU /L'$5 ZKLFK PHDQV WK
VFDQFRQYHUWHG IURPD VWHUHR FDPHUD SRLOQW FORXG ,QRUGHU WR I
LQSXW DQG SURFHVYVY SRZHU WKH IRFXV ZLOO RQO\ EH RQ SODQDU /L'$
PDVWHU WKHVLV

7KH PDLQ UHVHDUFK TXHVWLRQ LV

'RHV XVLQJH[WUDFWHG OLQHVIURP D SODQDU /L'$5 LPSURYH WKH L
UREXVWQHVV RIVHOI ORFDOL]DWLRQ ZLWK $0&/IRU D PRELOH

7KHUHVHDUFK TXHVWLRQ LV VHSDUDWHG LQWR PXOWLSOH VXE TXHV
WLRQ

&DQ WKH ORFDOL]DWLRQ ZLWK $0&/ EH LPSURYHG E\ FRUUHFWLQJ |
WKURXJKDGGLWLRQDO OLQH H[WUDFWLRQDQG PDWFKLQJEHWZHH(

+RZ FDQ WKH DFFXUDF\ SUHFLVLRQ DQG UREXVWQHVV RI VHOI ORF
DUHDO ZRUOG EDUQHQYLURQPHQW"

+RZVHQVLWLYHLVY WKHQHZVHOI ORFDOL]DWLRQ PHWKRG WR K\SHL

'‘REXPHQW VWUXFWXUH

&KDSWHU KDV DQ RYHUYLHZ RI PHWKRGVY WKDW KDYH EHHQ GRQH WR
FRYHUV GLITHUHQW OLQH DOJRULWKPYVY WKDW FRXOG EH XVHG DQG PH!'
ORFDOL]DWLRQ V\VWHP 7KLV LVDOVR ZKHUH WKHUHVHDUFK JDS LQ WK
PDVWHU WKHVLVY ZLOODGG &KDSWHU H[SODLQV WKHWKUHH SDUWYV RI
ZKDW WKH\ GR KRZ WKH\ GR LW DQG D GHVFULSWLRQ RI WKH SDUDPHYV
GDWDVHW DQG H[SHULPHQWY DUH GHVFULEHG H[SODLQHG DQG WKHL
GLVFXVVHV WKHUHVXOWYV DQG GUDZV FRQFOXVLRQV FORVLQJ ZLWK UH
LPSURYHLWHYHQ IXUWKHU



SHODWHG ZR'

,Q WKLV VHFWLRQ WKUHH WRSLFVDUHFRYHUHG WR VHH ZKDW UHODWHG UF
LPSURYLQJORFDOL]DWLRQLQO&/ 7KLVLVH[DPLQHGEHFDXVHWKHURERW X
WR 0&/ 7KHVH ILQGLQJVY FDQ EH XVHG WR VHH ZKDW RWKHU LPSURYHPHQW
GLITHUHQW OLQH DOJRULWKPV DUH H[DPLQHG EHFDXVH WKH JRDO LV WR LP ¢
7KH OLQHVY bUH H{WUDFWHG IURP SVHXGR /L'$5 VR WKH GLIIHUHQW IDFWR
HIDPLQHG 7KLUGO\ ZH ZLOO ORRN DW KRZ WKH SHUIRUPDQFH RI WKH VH(
HYDOXDWHG WRHYHQWXDOO\FRPSDUH WKH QHZ PHWKRG ZLWK WKH FXUUH(

/IRFDOL]DWLRQ HUURU LPSURYHPHQW

6HOlI ORFDOL]DWLRQ LV ZLGHO\ XVHG IRUURERWYVY WKDW QHHG WR GULYH D.

@ 7KHURERWLQ WKHEDUQ XVHV $0&/ ZKLFKLV D PRGLILHG PHWKRG FRPS
DUH RWKHU PHWKRGV RI VHOI ORFDOL]DWLRQ WKDW KDYHDQ DGMXVWPHQV
7TKHFXUUHQW DOJRULWKP ZRUNV ZLWK SDUWLFOHVY KHQFH YDULDWLRQV R
XSGDWH VWHS RI WKH SDUWLFOHYV ZLOO EH FRQVLGHUHG ILUVW 7KHUHDIV
GLVFXVVHG

&KDQJH RIORFDOL]DWLRQ PHWKRG

$GDSWLYHORQWH &DUOR ORFDOL]DWLRQ

$0&/ >@ LV D YDULDWLRQ RQ 0&/ ,QVWHDG RI XVLQJ YDULDWLRQV LQ WKH
FKDQJHV WKH ZD\ WKH SDUWLFOH XSGDWH VWDWH ZRUNV 0&/ KDV D IL[HG
WKH ZKROH ORFDOL]DWLRQ ZKLFK LY GHSHQGHQW RQ WKH FRPSXWHU SRZH
WKH URERW LV LQ D VSHFLILF VSRW WKH SDUWLFOHV DUH FORVH WRJHWK
SDUWLFOH FORXG LV OHVV GHQVH EHEFDXVH RI LWV VSUHDG $0&/ WULHV W
FKDQJLQJ WKH QXPEHU RI SDUWLFOHV LQ WKH DOJRULWKP :KHQ WKH XQFH
RI SDUWLFOHV LQFUHDVHV DV ZHOO 7KLV PHDQV WKDW WKH GHQVLW\ RI WK
WKH XQFHUWDLQW\ LQ WKH O ReF B PR FIVWLIRIMWWKH YV DEPSWLQJ VDPSOH VL]H
IHZHU SDUWLFOHV RQ DYHUDJH WR DFKLHYH WKH VDPH HUURU DV WKH 0&/ D

%LDVHG ORQWH &DUOR ORFDOL]DWLRQ

%LDVHG ORQWH &DUOR GLIITHUHQFH IURP 0&/ LQ \W@KH KBV HW &/DSPCmAHHWV S D U V
QHZ VDPSOHV DW SRVVLEOH ORFDWLRQV %LDVHG 0&/ WDNHV LQWR DFFRXC
GLPHQVLRQV *LYHQ WKHIDFW WKDW D URERWFDQ QRW ORFDWH LWVHOILQ
RXWULJKW ZKHQ WKH QHZVDPSOHV DUHWKURZQ 7KLVFRXOGHYHQHQG XS
RIWKHHQYLURQPHQW 6XFKDV LIWKHURERWLY FKDUJLQJ DTXLWHVSHFL
2WKHU QRQ FKDUJLQJ SRVHVDUH WKHQ HIFOXGHG IURP WKH SUREDELOLW\

8QVFHQWHG ORQWH &DUOR ORFDOL]DWLRQ
$QRWKHU YDULDWLRQRIO&/ WKDWDIIHFWV WKH SDUWLF@HVKM 8GQHMPHQWHG
RI XQVFHQWHG VDPSOLQJ LV WKDW VDPSOHV DUH GUDZQ ZLWK VLJPD SRLQ\



5HODWHG ZRUN

WKH VDPSOHV JLYHWHWKH LGHD EHKLQG WKLV PEIVBKRER YHU H GHWKIDQV E
WKLY PHWKRG WR 0&/ RXWSHUIRUPV UHJXODU 0&/ DQG 5DR %ODFNZHOC
SRVLWLRQ HUURU RI PZKHUHDV 0&/ KDV DQ DYHUDJH SRVLWLRQ HUL
(YHQ ZLWK IHZHU SDUWLFOHYVY 8QVFHQWHG 0&/ VKRZV EHWWHU UHVXOW

YLIXUH 8QVFHQWHG WUDQVIRUP 87 WKHLGHD EHKL@G XQVFHQWHG VDPSOLQJ ILJXU

5DR %ODFNZHOOL]HG SDUWLFOH ILOWHU

%\ DGGLQJ D 5DR %ODFNZHOOL]JHG 5%@SDR W&/F ®HQIMD WMIH>R1 0&/ LV FL
ZKLFK KDV D FKDQJH LQ WKH ZD\ WKH SDUWLFOHV XSGDWH :LWK DQ 5%
D QRQ OLQHDU SRVLWLRQ DQG OLQHDU RULHQWDWLRQ 7KH EDVLFV RI
UHJXODU SDUWLFOH ILOWKHAKIHQFIRPSMYM DWLRQDO HIILFLHQF\ RI WKH SD!
VWHSV RIDQ ([ WHQGHG .) WKH 5% SDUWLFOH ILOWHU HIWHQGYV WKH UHJ

JLIXUH 5DR %ODFNZHOOL]JHG ILOWHU FRPSDUHG WR ([WH@GHG .) DQG D SDUWLFOH ILO

1RUPDO GLVWULEXWLRQV WUDQVIRUP ORQWH &DUOR ORFDOL]DWLRQ

1RUPDO GLVWULEXWLRQV WUDQVIRUP ORQW & &IVUID RDAR BMCLIR Q W QROA /1
OLNHOLKRRG ILHOG PRGHO WKDW FKDQJHV WKH ZD\ WKH PDS LV UHSUH
JULG VL]H WKHREVWDFOHVDUHUHSUHVHQWHG DV D QRUPDO GLVWULE
PDSLQVWHDG RIGLVFUHWH JLYHV WKHVHQVRUPRGHODPRUH SUHFLVH
HUURUVIRUWKH SDUWLFOHYVY +HUH UHJXODU 0&/ KDV DQ HUURU RI P

‘XDO WLPHVFDOH QRUPDO GLVWULEXWLRQV WUDQVIRUP ORQWH &DUOR
'XDO WLPHVFDOH QRUPDO GLVWULEXWLRQV W@OLYVORWLWGUYP@PWHGYHOR
1'7 0&/ ,WDGGVDQHZIHDWXUH WR WKH PDS ZKLFKLPSURYHV WKH EHD
RI'D G\QDPLFDOO\ FKDQJLQJ VHFRQG PDS EHVLGH WKH UHJXODU PDS 7
PHDVXUHPHQWY LQ D VSHFLILF VSRW IRU VRPH WLPH 7KLV LV HVSHFLD
DUHPXOWLSOHURERWY GULYLQJWKURXJK D VHPL G\QDPLFHQYLURQP|



/ILQHDOJRULWKPYV

2WKHU VWXGLHV

/LX >@ LQWURGXFHV D QHZ PHWKRG IRUDFFXUDWHO\ORFDWLQJ '/L'$5 HTXL
*166 ,W XVHV $0&/ DQG PXOWLSOH VHQVRUV LQFOXGLQJ '/L'$5 ,08 DQG D
7KH PHWKRG FRPELQHY GDWD IURP WKH ZKHHO VSHHG RGRPHWHU DQG ,08 W
WKH ([WHQGHG .DOPDQ )LOWHU 7KLV IXVHG VHQVRU GDWD KHOSV SUHGLFW
DOJRULWKP 7KHQ WKH $0&/ RXWSXW DW GLITHUHQW WLPH SRLQWYV LV XVHC
"ODVHU SRLQW FORXG 7KH 3/ ,&3 DOJRULWKP DOVR FDOFXODWHV D 'ODV
$0&/fVLQLWLDO SUHGLFWLRQ 7KLVPHWKRGHQKDQFHV WKHSHUIRUPDQFH
ZLWKRXW WKH QHHG IRU *166

7DQJ ® SXEOLVKHG D QHZ DOJRULWKP ZLWK WKH DGGLWLRQ RI D JULG 7t
ZLWK 0&/ EXW LW GLIIHUV LQ KRZ LW VHOHFWV WKH VDPSOLQJ DUHD DQG V
GLVWLQFWLRQ OLHV LQ KRZ LW FRQVWUXFWYV DQFKRU ER[HV DQG VDPSOH
PLQLPL]H WKH VDPSOLQJDUHD 7KLV DUHD LV WKHQ GLYLGHG LQWR VPDOO!
JULG LV XSGDWHG EDVHG RQ LQIRUPDWLRQ JDWKHUHG IURP WKH VHHG QRGF
LVDYDLODEOH WKHRULJLQDO 0&/ DOJRULWKP LV DSSOLHG 7KHPDLQ FKDQ
WKH ZHLJKW RI WKH JULG FHOO LW FRUUHVSRQGV WR ,Q VLPSOHU WHUPV
RI 0&/ DGMXVWLQJ WKH VDPSOLQJ DUHD DQG JULG VHWXS WR HQKDQFH ORI
REWDLQHG IURP WKH VHHG QRGH

$ PRUHEDVLF DSSURDFKE\VDPSOLQJSDUWLFOHW®L 6 D@ERPHDDLIMDDEIPHAQ !
DUH SODFHG LQ WKH SDUWLFOH FORXG VXFK WKDW WKH SRVVLELOLW\ RI SI
URERW LV UHGXFHG 7KHUDQGRP SDUWLFOHVDUHVDPSOHGIURP HLWKHU D
RUWKH SRVWHULRU GLVWULEXWRRQ RI WKH PHDVXUHPHQW >

2WKHU VWXGLHV WKDW LPSURYH ORFD O L@D/IERIEDHE RFAH FDW 8 & HXOWLKH X H O
DGGLWLRQDO *166 LQIR U@ DMLARKQXR/B MLEAHXUDO QHWZRUNV WR PHUJH YLVLR
GDWD *@® XVHV D WH[W EDVHG 0&/ PHWKRG WR H[WUDFW DGGLWLRQDO LQI]
DQG XVH LW WR LPSURYH ORFDOL]J@WVRIY DKRPEBRDWXIQ®RFVHQVRU GDWD
VFDQ PDWFKLQJ WHFKQLTXHVY WR PDNH WKH V\VWHP SHUIRUP PRUH VPRRWK

JHDWXUHV XVDJH LQ VHOI ORFDOL]DWLRQ

7KHIHDWXUHV IRXQG LQ WKHPHDVXUHPHQW SRLQWV FDQ EH XVHG WR LPSUF
.DQHW DO@ XVHV WKH H{WUDFWHG OLQHV LQ WKH /L'$5 PHDVXUHPHQWYV WR
PDWFKLQJWKH GHWHFWHG OLQHV ZLWK WKH PDS WKH HUURU LQ WKH VHOI C
HUURULQ WKH PHDVXUHPHQWY WKHPVHOYHV LWLV QRW SRVVLEOH WR H[F!

$QRWKHU ZD\ LQ ZKLFK IHDWXUHV IURP /L'$5 GDWD FDQ EH XVHG LV IRU PLC
PHQW %\FRQYHUWLQJWKHGDWD SRLQWV WR OLQHV WKH OD\RXW RI WKH H
DUH ORFDWHG 7KLV PDSFDQHYHQWXDOO\EH XVHG IRUORFDOL]DWLRQ RU
/L'$5 GDWD LQ DGGLWLRQ WR ZDOOV FRUQHUYV RFD/QIEED K/ RYEHDX VW O WRHUR H D W
WKH DUW PHWKRG RI GHWHUPLQLQJFRUQHUV LQGHSHQGHQWO\RIWKH OLQ
WKDQ WKH VWDQGDUG FRUQHU GHWHFWLRQ LQ ,(3) :KHQ GDWD GRHV QHHG
ILQG RXW LQ DGYDQFH KRZ PDQ\ OLQH ¥ W DK A FDRHVH{® ZWW K XPAWKRG WK
VROYHV WKLV SUREOHP VR WKDW LW LV QRW QHFHVVDU\ WR NQRZLQ DGYDQ
+RZHYHU WKLV PHWKRG LV HVSHFLDOO\VXLWDEOH ZKHQ WKH GDWD SRLQW
VFDQ EXWDVD 'SRLQW FORXG $QRWKHU DIS\§ tDR® F KKLMA G R & HD EK\RSDSYLEYIN D |
PHWKRG WKURXJK WKH SRLQWY FRPELQHG ZLWK +RXJK WUDQVIRUP EDVHG I

TR VXP XS
7KHUH DUH VHYHUDO YDULDWLRQV RIORQWH &DUOR /RFDOL]DWLRQ ZKLEK Vk
RIDPRELOHURERW ,Q/KHFWDIURQWLRQV GLVEXVVHG DUHDGDSWDWLRQV RIC
LQ KRZ WR GHDO ZLWK WKH SDUWLFOHV 6LPLODUO\ 0&/ KDV DOUHDG\ EHH(
VHQVRUV RUKDQGOLQJLQSXW GDWD LQ D WRDRUBHMKZRIZ\H GEXW MKMW ORE D L.]D@
FDQ EHLPSURYHG E\ XVLQJ IHDWXUHV VXFK DV ZDOOV DQG FRUQHUV LQ WKH

ILQHDOJRULWKPV

7TKHILUVW VXE TXHVWLRQLVDERXWOLQHGHWHFWLRQDOJRULWKPV WKDW
SODQDU /L'$5 PHDVXUHPHQWY %HIRUH H[SODLQLQJ WKH GLITHUHQW PHWK



5HODWHG ZRUN

ZKDW /L'$5 LV DQG ZKDW LQIOXHQFHV WKH VWUXFWXUH Rl WKH SODQDU

JLIJIKW 'HWHFWLRQ $QG 5DQJLQJ /L'$5 LVDQDFWLYHVHQVRU WKDW X
LQFRPLQJ ODVHU VLJQDOV WR FDOFXODWH KRZ IDU WKH GKBVHRE§ R IMDW
FDQEHFRQYHUWHG WR 'PHDVXUHPHQW SRLQWV LQ WKH PDS WKDW FD(
,QWKH,QWURGXFWLRQLVPHQWLRQHG WKDW ZKHQDQHUURULQVHOI C
FORXG FRQYHUJHV WRR TXLFNO\WR D ORFDWLRQ WKDW LV FRUUHFW IR
QR SDUWLFOHV LQ WKH UHDO ORFDWLRQ RI WKH URERW DQ\PRUH DQG V
YLHZHG IURP ORFDWLRQV RWKHU WKDQ WKRVH RI WKH 00UV WKDNWD 6 W L
JRRG PHDVXUHPHQW LV FOHDUO\ YLVLEOH WR WKH KXPDQ H\H +RZHYH!L
QRW DYDLODEOH WR WKH ORFDOL]DWLRQ DOJRULWKP ,Q VLWXDWLRQV
SRLQWYV YLVLEOH WR WKH KXPDQ H\H WKH DOJRULWKP FRXOG XVH WKL
DOJRULWKP FRXOG DOVR H[WUDFW WKLV LQIRUPDWLRQ

7\SHPHDVXUHPHQW HUURUYV
,QRUGHU WR ILQG VWUXFWXUH LQ PHDVXUHPHQW SRLQWYV LWLV LPSRI
PD\ GLIITHU IURP WKH DFWXDO VLWXDWLRQ PHDVXUHG 7KH PHDVXUHPF
HUURUV WKDW FDQ EHGLYLGHG LQWR IRXU GLIITHUHQW FDWHJRULHV VF
SHFWHG REMHFWYVY HUURUV GXHWR IDLOXUHV WR GHWHEBW REMHFWYV D

JLIXUH 7\SHVRIGLIITHUHQW GLVWULEXWLRQ OLNHOLKRRG HUURUV ,Q HDFKGLDJUDP \
ss WKHYHUWLFDO W& WHKIHIS OHMHQWKRRWRIGH WUXH UDQJH RI \@KH REMHFW )LJXUH LQ >

6PDOO PHDVXUHPHQWKRREOVIH) IDJXKH SUREDELOLW\RIPHDVXULQJ W|
WUXHUDQJHRIWKHREMHFW KDV D *Dg ¥, YK DQ IGA K MU EXGKIHRW RW R H @
RI WKH VHQVRUGXKIWR WKH QRLVH LQ PHDVXUHPHQW LV LPSRUWDAQ
WKHPHDVXUHPHQW SRLOQWYV 7KHQ W K HZ RO D KXQ IKHWYUDLE XIVQALRHCR
WXUH FRXOG EHIRXQG LQ PRUH QRLV\PHDVXUHPHQWY 7KH PRELOF
FDPHUD LPDJHV LQWR /L'$5 PHDVXUHPHQWY ZKLFK DGGV H[WUD XQ
OHDVXUHPHQWV IXUWKHUDZD\IURP WKHURERWKDYHD KLJKHU YDU
WKy s XH WR WKH SLITHO VLIHLQ WKH FDPHUDYV

(UURUV GXH WR XQH[SHFWHGKREZMPHRNEY JXSHFLDOO\ LQ D G\QDPLF H
PHQW DQ REMHFW FRXOG EORFN WKH YLHZ RI WKH NQRZQ REMHFW
REVWDFOHYV VKDYH WKH SURSHUW\ WKDW W K H ¥ DWMH\G K @ R\E @ RQW!
7KLY OLNHOLKRRG SUREFERELOLW\A\LY FDOOHG



/ILQHDOJRULWKPYV

(UURUV GXH WR IDLOXUHV DVRHGHRARZIM. R FEMMAIMY WKH RENMMMDFOH DW
QRW GHWHFWHG DQG WKH PD[ UDQJH RI WKH VHQVRU LV XVHG WR ILOO W
7KLV OLNHOLKRRG RIPLVVLQJ WKH REVWDFOH DQG DGGLQJ WKH PD[UDC
GLVWUREXWLW® /L'$5 WKLV FRXOG EH FDXVHG E\WKH IDFW WKDW WKH EH
OLJKW DEVRUELQJREMHFWRUZKHQ PHDVXULQJREMHFWV LQEULJKW OL
DVWHUHR FDPHUD DQG XVHV VLPLODULWLHV LQ WKHWZR LPDJHV WR JDL
FUHDWH WKH SRLQW FORXG DQG D SODQDU /L'$5 VFDQ $IDLOXUHLQ WKL
QRW IRXQG VR QR GHSWK FDQ EH FDOFXODWHG LQ D VSHFLILF UHJLRQ Z|
RI WKH REVWDFOH

SDQGRP XQH[SODLQWEBIRAQYHQ IGJXKHUH LV D SR YMYEHOIWMWKH ZKROH
UDQJHRIWKHEHDP WKDW D UDQGRP HUURU RFERBWWHKODWDQYHV,HDK/IX |
FDVHRIDPRELOHURERWZLWKD FDPHUD WKLV FRXOG EHD OLJKW UHIO

%\ FRPELQLQJ WKH IRXU GLVWULEXWLRQV RI WKH GLITHUHQY, HUURUV WK
DWALV VKRZQ LQ ILIJXUH

JLIXUH 7KH FRPELQHG OLNHQ&EERQRWFKHHDJ/D((DJJ_HQRIWKH EH@P )LIJXUH LQ >

,Q FRQFOXVLRQ WKHUHDUH GLIITHUHQW W\SHV RI QRLVH HUURUV WKDW F
FRPSDULQJ WKH /L'$5 EHDPV ZLWK WKH VWHUHR, 5B EWWD LIFDQMLURDQVHREX D G HB
PRUH VSUHDG $QG VLQFH WKHUH LV D FRPSDULVRQ EHWZHHQ WKH WZR LPELC
FRXOG IDLQ FWRRHDOVR RFFXU PRUH WKDQ LQ /L'$5 JHQHUDWHG EHDPV

6WUXFWXUHLQ PHDVXUHPHQWY SRLQWV /L'$5

7TKHPHDVXUHPHQW SRLQWV RIWKH/L'$5 FRQVLVWRISRLQWVLQ WKH 'PDS 7
EHWZHHQ UHDO PHDVXUHPHQW SRLQWV DQG QRLVH 7KLV FDQEHEM GRQH XVLQ
,IDFHUWDLQ EHDPIRUDOO SDUWLFOHILOWHUVY KDVDQ HUURU JUHDWHU WK
UHVW RI WKH EHDPV DUH ZLWKLQ WKH PDUJLQ WKLV LVDQLQGLFDWLRQ RI"
WKLY EHDP PD\EH D G\QDPLF REVWDFOH WKDW LV QRW NQRZQ RQ WKH PDS
EHDPV IDXOW\ PHDVXUHPHQWY KDYH OHVV LQIOXHQFH REWIBWHUPLQLQJ V
@ HYDOXDWH WKH QRLVH SUHVHQW DW WKH PHDVXUHPHQW SRLQWY GHSHC(
6KRZQ LQ )LJXURBQFH WKH ELDVY HUURU DW WKH GLIITHUHQW GLVWDQFHV KDV
WKH QHZ PHDVXUHPHQWY FDQ EH FR HWWHPB®OHGHIR B XK DVE LD R LHIHWR U R1 XS W
GHSHQGLQJ RQ WKH GLVWDQFH WR WKH PHDVXUHG REMHFW 7KH UHVLGXD
DFFXUDF\ LV VKRZQELQ ILIJXUH



5HODWHG ZRUN

JLIXUH D PHDVXUHPHQWV RIDQ REMHFW SORWWHG ZLWK WKH UHDO GLVWDQFH RQ Wi
PHDVXUHPHQWDQG WKH WUXH GLVWDQFH RQ WKH YHUWLFDO D[LV E@PHDVXUHPHQWYV DI

7TKH VWUXFWXUHV IRXQG LQ WKH PHDVXUHPHQWY SRLQW BUHIOKHQHYV I
OLQHV YLVLEOHLQ WKHPHDVXUHPHQW SRLQWV RI WKH SODQDU /L'$5 I
VHYHUDO VWDWH RI WEHVRWHWHYWHDHVR B/ KEV OLQH VWUXFWXUH IURP WKF

6XFFHVVLYH (JGH)ROORZLQJ

6 XFFHVVLYH (JGH )ROORZLWYY WEH PRVW EDVLF DOJRULWKP $00 LW GRH
RQHOLQHWRFUHDWHDOLQH +RZHYHU WKLVLVQRWGHVLUDEOHIRU II
QRLVHDQG G\QDPLF REMHFWY %HVLGHV WKHUHDUHQRREYLRXV OLQH
VLPSOHDQG HIILFLHQW PHWKRG EXW VHQVLWLYH WR QRLVH

/LQH 7UDFNLQJ

JLQH TUDFNLQJ /® EHJLQV ZLWK WKH ILUVW WZR SRLQWV DQG GUDZV D
SRLQW LV DGGHG ZKHQ WKH GLVWDQFH IURP WKH O LY H WRVWRIQWKQUX & \
XQWLO WKH GLVWD QfFH MWKOIRWI BH IVEKID@H LV VWDDWHG 6HH ILIXUH

 YWHUDWLYHHQG SRLQW ILW

 WHUDWLYH HQG SRI@QWIONWYV ,D3YXEVHW RI WKH PHDVXUHPHQWY DQG (
GLITHUHQW VXEVHWVY;$yWRQDOYRULWKP ZLOO VSOLW WKH WiZR VXEVHYV
LVVDWLVILHG WKHDOJRULWKEP LWERQREXVWIDIOPURVW QRLVH DQG FDQ
WKHOLQHVHIJPHQWY OHDQZKLOH LWLV VHQVLWLYHWRRXWOLHUV DQ!
WR RWKHU PHWKRGV

JLIXUH /7DQG ,(3) DOJRULWKP IRUOLQ®& HI WUDFWLRQ )LIJXUH LQ >

6SOLW $QG OHUJH

6SOLW $QG OHUJH 6$0@XKDV WKH VDPH SULQFLSOHDYV ,(3}EYiYy$OLWWLCQC
,WKDVDQDGGLWLRQDO VWHS RIITLOWHULQJ RXW RXWOLHUV DQG FRPE
UHTXHVWHG QXPEHU RI'JURXSVY ,WFDQ KDQGOH FRPSOH[ VWUXFWXUH\
QRLVHDQG JDSV $00 WKH FRPSOH[LW\LV KDQGOHG E\TXLWH VRPH SDL



/ILQHDOJRULWKPYV

5DQGRP 6DPSOH &RQVHQVXV

5DQGRP 6DPSOH &RQVHQVXV EBLESBRUREXVW DOJRULWKP IRU ILWWLQJ D PF
RXWOLHUV 7KHIHDWXUHV LQ WKH SODQDU /L'$5 GDWD DUH WKH ZDOOV 7K}
LQ WKH PHDVXUHPHQW SRLQWV ZLWK D FHUWDLQ YDULDWLRQ 7KHVH OLQF
PRGHOV 7KHQRLVHRIWKHVHQVRUDUHRXWOLHUVLQ WKHGDWD 5$16%$& F|
OLQHLQ WKH GDWD WR GLVWLQJXLVK WKH QRLVH IURP WKH PHDVXUHPHQW
DJDLQVW RXWOLHUV DQG QRLVH EXW QHHGY SDUDPHWHU WXQLQJ WR JHW W

+RXIJK 7UDQVIRUP

+RXJK 7UDQVIRU® 7 DERXW URWDWLQJ D OLQH WKURXJK HYHU\ PHDVXUHP/|
EHWZHHQ WKH OLQH DQG WKH RULJLQ KDV D GLVWDQFH DQG DQJOH UHJDUG
WKH DQJOH LV SORWWHG IRU HYHU\ SRLQW ,Q WKH HQG WKH PRVW ILWWH G
WKH JUDSK DQG FDQ EH XVHG WR GUDZ D OLQH WKURXJK WKH SRLQWYV ,W QF
VLQFH LW GUDZV D URWDWLQJ OLQH WKURXJK HYHU\ SRLQW WR ILQG WKH EH

2YHU VHIJPHQWDWLRQ XQGLUHFWHG JUDSK DQG OLQH H[WUDFWLRQ

2YHU VHIPHQWDWLRQ XQGLUHFWHG @UIDSKQRE S DR QHPH QW RRW (LR TEWK D F
QDWLRQRIDQ XQGLUHFWHG JUDSK ,Q,(3) WKHWKUHVKROGLV DXWRPDWLF
RI SRLOQWV LQ WKH JURXS 7KLV UHVXOWV LQ D EHWWHUDQG TXLFNHU SURF#
WKH UHODWLRQV EHWZHHQ WKH GLIITHUHQW JURXSV 7KLV KHOSV WR PHUJH

&RPSDUHG WR WKH RWKHU VWDWH RI WKH DUW PHWKRGYV WKH XQGLUHFWH (
WLRQDQGDFFXUDF\ZLWK GLITHUHQFHV XS WR $GGLQIJDQ XQGLUHFWHG
WLPH EXWLWFDQVWLOO UX@MWHARPYDO WIRRHLYPDGKREMWZHHQ WKHGLIIHUH
PHWKRGY ,WLVJLYHQ WKDW +7DQG5%$16%$& EDVHG RQ WKHVSHHG FRUUHF)\
QRW WKH PHWKRGV WR FKRRVH VLQFH WKH\ VFRUH ORZHU WKDQ WKH RWKH
UHFWHG JUDSK PHWKRG RXWSHUIRUPV WKH RWKHU PHWKRGV LQ FRUUHFW
DQG ,(3) DUH EHKLQG WKH pRXUY SHUIRUPDQFH DQG IRUP WKH KLJK PLGGOH
GHWHFWLRQ DOJRULWKPYV

JLIXUH u2XUvy LV WwKH ODVW QDPHG PHWKRG DERYH ZLWK WKH XQGLUHFWHG JUDSK 7KH F
FRUUHFWQHVV DQG DFFXUDF\ 7KHVH KLJKHU YDOXHV DUKWD WUDGH RII DJDLQVW VSHHG 7DEO

TR VXP XS

7KH ILUVW VXE TXHVWLRQ LV DERXW OLQHV LQ SODQDU /L'$5 PHDVXUHPHQ)
UREXVWQHVV ,Q FRQFOXVLRQ ZKLOH VHDUFKLQJIRU OLQHV LQ WKH SOD!
LPSRUWDQW WR WDNHLQWR DFFRXQW WKH QRLVH WKDW PD\RFFXULQ WKH P
EHWHVWHG IRUILOWHULQJRXWLQWKHIXWXUH 'HWHUPLQLQJWKHPD[LPXP
XVHG WR GHWHUPLQH ZKHWKHU D PHDVXUHPHQW UHSUHVHQWYVY D ZDOO RU Q|
WKH VWHUHR FDPHUD EHFDXVH WKH YDULDQFH LQ WKH PHDVXUHPHQW SRLQ
6HYHUDO OLQH VHIJPHQW H[WUDFWLRQ PHWKRGV KDYH EHHQ H[DPLQHG DQG
WKH YDULDWLRQHRW IW&W K RWKH JUDSK DUH WKH EHVW RSWLRQV DFFRUGLQ
DFFXUDF\ DQG FRPSXWDWLRQ WLPH



5HODWHG ZRUN

SHUIRUPDQFH HYDOXDWLRQ

7TKH VHFRQG UHVHDUFK TXHVWLRQ SHUWDLQV WR WHVWLQJ DQG WKH F
GLITHUHQW PHWULFV WR WHVW WKH SHUIRUPDQFH

OHWULFV
7TKHUH DUH GLITHUHQW PHWULFV RIDQ DOJRULWKP WKDW FDQ EH PHDVX

$FFXUDMDERXW KRZZHOO WKHUHVXOWLV FRPSDUHG ZLWK WKH WU
VHOI ORFDOL]DWLRQ EHFDXVH\RX GR QRW NQRZ WKH WUXH ORFDWL
LVOQHHGHG ZKLFK SURYLGHV DQ DEVRGXW4H FRPE8RUHQ@RI WKHXDDIR UL
WLPDWHG SRVLWLRQV ZLWK WKH JURXQG WUXWK LW FDQ EH PHDYV X!
GLIITHU IURP WKH DFWXDO ORFDWLRQV 7KLV DOORZV XV WR PDNH |
JRULWKPV DQG XQGHUVWDQG WKHLU VWUHQJIJWKYVY DQG ZHDNQHVVH\
DOJRULWKP ZRXOG UHO\RQ VXEMHFWLYH MXGJPHQWY RU LQGLUHF\
NQRZ KRZ ZHOO WKH DOJRULWKP DFWXDOO\ SHUIRUPV 7KH TXDQW
HUURU PHWULFV OLNH PHDQ HUURU RU URRW PHDQ VTXDUH HUURU
SRVLWLRQV PDWFK WK HaW U K HVORUFIDFRALIVRHOH/Y-D OXDWLRQ KHOSV WR XC
WKH DOJRULWKP LV DQG ZKHWKHU LW FRQVLVWHQWO\ SURYLGHV D
DQG HQYLURQPHQWY $GGLWLRQDOO\ JURXQG WUXWK KHOSV DVVH
JRULWKPV %\ FRPSDULQJ WKH DOJRULWKPYTV SHUIRUPDQFH LQ FKL
WKHHQYLURQPHQW LY SDUWLDOO\EORFNHG RUZKHQ WKHUHTV QRL
JLYHVWKHDELOLW\WRDQDO\|HDOJRULWKP IDLOXUHYV PRUHHIIHFW
DOJRULWKP PRUHDGDSWDEOHDQG UHOLDEOH

"LWKRXW JURXQG WUXWK DOWHUQDWLYH HYDOXDWLRQ PHWKRGV (
O\LQJ H[FOXVLYHO\ RQ VHQVRU GDWD FDQ EH XVHG@ E %W UNWKRH D KLHY
PHDVXUHPHQWY VXFK DV XVLQJDQ H[WHUQDO WUDFNLQJV\VWHP R
VRUV FDQ LQWURGXFHDGGLWLRQDO HUURUV RULQDFFXUDFLHV WK
IRU H[WHUQDO WUDFNLQJ LV @ KHKMNVH RIKEHN PHPYXUH WKH (XFOLGH
WKH URERW %\ RUPRUH GLIIHUHQW EHDFRQV WKH 'SRVLWLRQ RI
WKH HYDOXDWLRQ RQO\ GHSHQGV RQ VHQVRU GDWD IRU HYDOXDWL
DQG PDNHV LW KDUG WR NQRZ KRZ ZHOO WKH DOJRULWKP LV DFWXDC
DODQGPDUN 7KH UHODWLYH SRVLWLRQ RI WKH URERW FDQ EH FRP
‘LWK IRU H[DPSOH D OLQH PDUNHG RQ WKH JURXQG RI WKH H[DFW UF
WKH SUHFLVLRQ FDQ EH PHDVXUHG *URXQG WUXWK HUURUV FRXOG
PDS GLVWRUGVLR@W>DO@ XVH WZR NQRZQ SRLQWYV LQ WKH HQYLURQH
KDV WR GULYH IURP RQH WR WKH RWKHU 7KH HUURU UHJDUGLQJ WK

SUHFLMIMRDERXW KRZ FRQVWDQW WKH UHVXOW LV ZKHQ WKH SURFH
VHOI|I ORFDOL]DWLRQ FDQ EH FRPSDUHG ZLWK WKH YDULDWLRQ LQ S
DFRXSOHRIWL@MWKHQ@RERW GULYHV D VSHFLILFURXWHDFRXSOHR
LPDJHLVPDGHIURP WKHVDPHSRLQWRIYLHZ ,IWKHURERWRYHUODBD
LWKDV KLIK SUHFLVWVYRRZYMKHIBLIITHUHQFHLQ WKH SUHFLVLRQ RI'W
WKDW WKLY GRHY QRW JLYH LQIRUPDWLRQ DERXW @& KANHKBIF KX WBIDW K H,
URRW PHDQ VTXDUHG HUWDRW WRKUIHHFPRKDPDHUURU WR HYDOXDWH WKH DC

,Q > @ WKHURERWGULYHVD VSHFLILFURXWHDFRXSOHRIW
RIWKHSUHFLVLRQLVY GRQHE\SORWWLQJDOO WKHURXWHY RQDQRYV
GLITHUHQW URXWHYV

Ya
HesW g ¢4 g -

WRXJ
S

w g *URXQG WUXWK *7 SRVHRIWKHURERW
4 g 8DOFXODWHG SRVH RI WKH URERW
S IXPEHU RI SRVHV



SHUIRUPDQFH HYDOXDWLRQ

JLIXUH B3RVLWLRQLQJ SUHFLVLRQ YLVXDOL]HG )LIWHHQ LPDJHV UHFRUGHG IURP D VWDWLR
WHVW )LIXUBH LQ >

/IDWHQ@F\ @ LV DERXW KRZ IDVW WKH LQSXW GDWD VXFK DV RGRPHWU\ D
DUH SURFHVVHG LQ RQHLWHUDWLRQ 7KHDPRXQWRILWHUDWLRQV SHU
LQ+] ,WFRXOGDOVREHKRZIDVWWKHDOJRULWKP FRQYHUJHV WR WKH
DQ XQNQRZQ VWDUW ORFDWLRQ LI WKH DOJRULWKP LV DEOH WR GR VR
ORFDWLRQ LV FRQQHFWHG WR WKH SURFHVVLQJ SRZHU RQ WKH V\VWHP
ZLWK PRUH SDUWLFOHV EXW WKLV UHTXLUHV PRUH SURFHVVLQJ SRZHU

4AXDOLWDWLYRD@DOWR¥H XVHG WR HYDOXDWH WKH SHUIRUPDQFH RI W
WKHZURQJ SRVLWLRQV RIWKHURERW E\REVHUYLQJWKHURERW GXULQ
GRQHLQ WKHDQDO\VIWR L RIGDBMWHPRVW FRPPRQ HUURU )HDWXUHYV LQ
VHHQ E\WKH FDPHUD FDQ EH XVHG KHUH :KHQ WKHURERWLV QRW LQ WK
SRLQWYV GR QRW RYHUODS WKH PDS SURSHUO\ WKLV HUURU FDQ EH FDO
DOVR EHDQDO\]HG

7R FRQFOXGH WKHUH DUH GLIITHUHQW ZD\V WR HYDOXDWH WKH SHUIRUPD
3HUIRUPDQFH LQ GULYLQJFDQ EHDQDO\]HG E\DFFXUDF\ RU SUHFLVLRQ $
HYDOXDWLQJ WKH DFFXUDF\ RI D PRELOH URERW 7KLV FDQ EH GRQH E\ PDU
ZRUOG DQG OHWWLQJ WKH URERW GULYH WKURXJK WKHP $QRWKHU VLPSO|
IRUWKH FDOFXODWLRQV ,Q WKLV ZD\ LW FDQ EH YHULILHG ZKHWKHU WKH D

8VDJH RI D GDWDVHW

'DWDVHWV DOORZ FRPSDULVRQV EHWZHHQ GLITHUHQW VHOI ORFDOL]DWLRC
RGV XVLQJ WKH VDPH GDWDVHW WKH SHUIRUPDQFH FDQ REMHFWLYHO\EHTL
ZRUN EHVW LQ GLITHUHQW VLWXDWLRQV 7KLV KHOSV XQGHUVWDQG WKH V
SURDF®> 'DWDVHWY FRXOG UHIOHFW UHDO ZRUOG VLWXDWLRQV DV ZHOO

VHQVRU QRLVH DQG RWKHU IDFWRUV WKDW DIITHFW WKH VHOI ORFDOL]DWL
WKHVH GDWDVHWY LW FDQ EH VHHQ KRZ ZHOO LW KDQGOHYV GLIIHUHQW UH
IRUPDNLQJ VXUH WKH DOJRULWKP ZRUNYV Z@& O 8VIL@ 3 GDMANDLVAHDVWVDIZ G VR SR P
WUDQVSDUHQF\DQG UHSURGXFLELOLW\ :KHQ WKHGDWDVHW LV DYDLODEO!
HISHULPHQWVDQG YDOLGDWLRQRIUHVXOWY 1RGDWDVHWVDUHDYDLODEC
WKHUH DUH GDWDVHWYV XVHG IRUVHOI ORFDOL]DWLRQLQ VHOI GULYLQJFD

5%:6(('6

7TKH5%:6(('6 GDWDVHW ® LQFOXGHV LQ DQG RXWGRRU GDWDVHWY FUHDWH (
HQW PHWKRGV IRU VHOI ORFDOL]DWLRQ ZLWK PRELOH URERWYV W LV DOVF
PDSSLQJ 6/$® 2KLFK DGGV DQ H{f[WUD VWHS WR ORFDOL]DWLRQ E\PDSSLQJ
ZLWK WKHLPDJHV RIl WKH VWHUHR FDPHUD 7KH GDWDVHW FRQWDLQV GDW
DQGJIJURXQGWUXWK 7KHJURXQG WUXWK *7 LVLQVHOI ORFDOL]DWLRQ WK
HVVDU\WRHYDOXDWHWKHDFFXUDF\RI WKH VA\VWHP 7KHSUHFLVLRQDQGD
WR JHW WKH *7 DITHFWHG WKH HUURU LQ WKH *7 7KHUHIRUH HYDOXDWLQJ
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