
%LRORJLFDOO\�,QVSLUHG 9LVXDO /DQGPDUN

/HDUQLQJ IRU 0RELOH 5RERWV

*LRYDQQL %LDQFR DQG 5LFFDUGR &DVVLQLV�

� 8QLYHUVLW\ RI %UHVFLD� 'HSW� RI (OHFW� IRU $XWRPDWLRQ� 9LD %UDQ]H ��� ,������ %UHVFLD � ,WDO\�

IELDQFR�FDVVLQLVJ#LQJ�XQLEV�LW

$EVWUDFW� 7KLV SDSHU SUHVHQWV D ELRORJLFDOO\�LQVSLUHG PHWKRG IRU VHOHFWLQJ YLVXDO ODQG�
PDUNV ZKLFK DUH VXLWDEOH IRU QDYLJDWLQJ ZLWKLQ QRW SUH�HQJLQHHUHG HQYLURQPHQWV� $ ODQGPDUN
LV D UHJLRQ RI WKH JRDO LPDJH ZKLFK LV FKRVHQ DFFRUGLQJ WR LWV UHOLDELOLW\ PHDVXUHG WKURXJK D
SKDVH FDOOHG 7XUQ %DFN DQG /RRN �7%/�� 7KLV PLPLFV WKH OHDUQLQJ EHKDYLRU RI VRPH VRFLDO
LQVHFWV� 7KH 7%/ SKDVH D�HFWV WKH FRQVHUYDWLYHQHVV RI WKH YHFWRU �HOG WKXV DOORZLQJ XV WR
FRPSXWH WKH YLVXDO SRWHQWLDO IXQFWLRQ ZKLFK GULYHV WKH QDYLJDWLRQ WR WKH JRDO� )XUWKHUPRUH�
WKH FRQVHUYDWLYHQHVV RI WKH QDYLJDWLRQ YHFWRU �HOG DOORZV XV WR DVVHVV LI WKH OHDUQLQJ SKDVH KDV
SURGXFHG JRRG ODQGPDUNV� 7KH SUHVHQFH RI D SRWHQWLDO IXQFWLRQ PHDQV WKDW FODVVLFDO FRQWURO
WKHRU\ SULQFLSOHV EDVHG RQ WKH /LDSXQRY IXQFWLRQV FDQ EH DSSOLHG WR DVVHVV WKH UREXVWQHVV RI
WKH QDYLJDWLRQ VWUDWHJ\� 5HVXOWV RI H[SHULPHQWV XVLQJ D 1RPDG��� PRELOH URERW DQG D FRORU
FDPHUD DUH SUHVHQWHG WKURXJKRXW WKH SDSHU�

� ,QWURGXFWLRQ

$QLPDOV� LQFOXGLQJ LQVHFWV� DUH SUR�FLHQW LQ QDYLJDW�
LQJ DQG� LQ JHQHUDO� VHYHUDO ELRORJLFDO ZD\V RI VROYLQJ
QDYLJDWLRQDO WDVNV VHHP WR EH SURPLVLQJ IRU URERWLFV
DSSOLFDWLRQV� 7KH GL�HUHQW PHWKRGV RI QDYLJDWLQJ
KDYH EHHQ UHFHQWO\ VWXGLHG DQG FDWHJRUL]HG DV �7UXO�
OLHU HW DO�� ������ JXLGDQFH� SODFH UHFRJQLWLRQ � WULJ�
JHUHG UHVSRQVH� WRSRORJLFDO DQG PHWULF QDYLJDWLRQV�
,Q RUGHU WR SHUIRUP VXFK WDVNV DQLPDOV XVXDOO\ GHDO
ZLWK LGHQWL�DEOH REMHFWV LQ WKH HQYLURQPHQW FDOOHG
ODQGPDUNV �:HKQHU� ������

7KH XVH RI ODQGPDUNV LQ URERWLFV KDV EHHQ H[�
WHQVLYHO\ VWXGLHG �%RUHQVWHLQ HW DO�� ����� 7KUXQ�
������ %DVLFDOO\� D ODQGPDUN QHHGV WR SRVVHVV FKDU�
DFWHULVWLFV VXFK DV WKH VWDWLRQDULW\� UHOLDELOLW\ LQ
UHFRJQLWLRQ� DQGXQLTXHQHVV� 7KHVH SURSHUWLHV PXVW
EH PDWFKHG ZLWK WKH QDWXUH RI D ODQGPDUN� ODQG�
PDUNV FDQ EH DUWL�FLDO RU QDWXUDO� 2I FRXUVH LW LV
PXFK HDVLHU WR GHDO ZLWK DUWL�FLDO ODQGPDUNV LQVWHDG
RI GHDOLQJ ZLWK QDWXUDO RQHV� EXW WKH ODWWHU LV PRUH
DSSHDOLQJ EHFDXVH WKHLU XVH UHTXLUHV QR HQJLQHHULQJ
RI WKH HQYLURQPHQW� +RZHYHU� D JHQHUDO PHWKRG RI

GHDOLQJ ZLWK QDWXUDO ODQGPDUNV VWLOO UHPDLQV WR EH
LQWURGXFHG� 7KH PDLQ SUREOHP OLHV LQ WKH VHOHFWLRQ
RI WKH PRVW VXLWDEOH ODQGPDUNV �0RUL HW DO�� �����
7KUXQ� ������
5HFHQWO\ LW KDV EHHQ GLVFRYHUHG WKDW ZDVSV DQG

EHHV SHUIRUP VSHFL�F �LJKWV GXULQJ WKH �UVW MRXU�
QH\V WR D QHZ SODFH WR OHDUQ FRORU� VKDSH DQG GLV�
WDQFH RI ODQGPDUNV� 7KRVH �LJKWV DUH WHUPHG 7XUQ
%DFN DQG /RRN �7%/� �/HKUHU� ������ 2QFH WKH
SODFH KDV EHHQ UHFRJQL]HG XVLQJ ODQGPDUNV� LQVHFWV
FDQ WKHQ DFFRPSOLVK QDYLJDWLRQ DFWLRQV DFFRUGLQJO\�
7KH &DUWZULJKW DQG &ROOHWW PRGHO �&DUWZULJKW DQG
&ROOHWW� ����� LV RQH RI WKH PDLQ PHWKRGV RI QDYL�
JDWLQJ �7UXOOLHU HW DO�� ������
7KH DLP RI WKLV SDSHU LV WR VKRZ WKH OHDUQLQJ

V\VWHP RI D ELRORJLFDOO\�LQVSLUHG QDYLJDWLRQ PHWKRG
EDVHG RQ QDWXUDO YLVXDO ODQGPDUNV� 7KH LQWURGXFHG
V\VWHP ZLOO VHOHFW QDWXUDO ODQGPDUNV IURP WKH HQYL�
URQPHQW DGRSWLQJ WKH 7%/ SKDVH �VHFWLRQ ���
)URP WKH VHOHFWHG ODQGPDUNV VXLWDEOH QDYLJDWLRQ

PRYHPHQWV ZLOO EH FRPSXWHG �VHFWLRQ �� DQG LQ VHF�
WLRQ � WKH JXLGDQFH SULQFLSOH DQG KRZ WKLV FDQ EH
LQ�XHQFHG E\ WKH 7%/ SKDVH ZLOO EH DGGUHVVHG� 7KH



PHDVXUDEOH H�HFWV RI 7%/ �QDPHO\� WKH FRQVHUYD�
WLYHQHVV RI WKH QDYLJDWLRQ YHFWRU �HOG� LV D ZD\ WR
DVVHVV WKH TXDOLW\ RI WKH ODQGPDUNV FKRVHQ E\ WKH
OHDUQLQJ SKDVH�
7KH FRQVHUYDWLYHQHVV RI WKH �HOG DOVR SHUPLWV

WR FRPSXWH WKH �XQLTXH� SRWHQWLDO IXQFWLRQ ZKLFK
GULYHV ODQGPDUN QDYLJDWLRQV DQG IRUPDO ZD\V WR DV�
VHVV WKH UREXVWQHVV RI WKH ZKROH DSSURDFK FDQ EH
LQWURGXFHG� ,Q IDFW� WKH SUHVHQFH RI D SRWHQWLDO IXQF�
WLRQ DURXQG WKH JRDO LV D VX�FLHQW FRQGLWLRQ IRU WKH
DSSOLFDWLRQ RI WKH FODVVLFDO FRQWURO WKHRU\ EDVHG RQ
/LDSXQRY IXQFWLRQV� 7HVWV SHUIRUPHG ZLWK WKH 1R�
PDG��� ZLOO FRQFOXGH WKH SDSHU �VHFWLRQ ���

� /HDUQLQJ /DQGPDUNV

$ ODQGPDUN PXVW EH UHOLDEOH IRU DFFRPSOLVKLQJ D
WDVN DQG ODQGPDUNV ZKLFK DSSHDU WR EH DSSURSULDWH
IRU KXPDQ EHLQJV DUH QRW QHFHVVDULO\ DSSURSULDWH IRU
URERWV EHFDXVH RI WKH FRPSOHWHO\ GL�HUHQW VHQVRU
DSSDUDWXV DQG PDWFKLQJ V\VWHPV �7KUXQ� ������
)RU H[DPSOH� WKH QHFHVVLW\ RI SHUIRUPLQJ VSHFL�F

OHDUQLQJ �LJKWV DOORZV WKH LQVHFWV WR GHDO ZLWK RE�
MHFWV ZKLFK SURWURXG IURP WKH EDFNJURXQG RU ZKLFK
OLH RQ D GL�HUHQW SODQH WKDQ WKH EDFNJURXQG �&ROOHWW
DQG =HLO� ������ $WWHPSWV WR XQGHUVWDQG LQ GHWDLO
WKH VLJQL�FDQFH RI OHDUQLQJ �LJKWV KDYH EHHQ PDGH
RQO\ UHFHQWO\� (VVHQWLDOO\� WKH �LJKWV DUH LQYDULDQW
LQ FHUWDLQ G\QDPLF DQG JHRPHWULF VWUXFWXUHV WKXV
DOORZLQJ WKH LQVHFWV WR DUWL�FLDOO\ SURGXFH YLVXDO
FXHV LQ VSHFL�F DUHDV RI WKH H\HV �=HLO HW DO�� ������
3HUKDSV� WKH PDLQ UHDVRQ LV WKDW WKH SUHFLVLRQ IRU
WKH KRPLQJ PRVWO\ GHSHQGV XSRQ WKH SUR[LPLW\ RI
FKRVHQ ODQGPDUNV WR WKH JRDO �&KHQJ HW DO�� ������
,Q IDFW� WKRVH �LJKWV QHHG WR EH UHSHDWHG ZKHQHYHU
VRPH FKDQJHV LQ WKH JRDO SRVLWLRQ RFFXU �/HKUHU�
������ 7KHUHIRUH� LW EHFRPHV FUXFLDO WR XQGHUVWDQG
ZKHWKHU RU QRW D ODQGPDUN LV UREXVW IRU WKH WDVN
DFFRPSOLVKHG E\ WKH DJHQW�
)ROORZLQJ WKH ELRORJLFDO EDFNJURXQG DQG UHFRQ�

VLGHULQJ WKH UHVXOWV SUHVHQWHG LQ �7KUXQ� ������ RQH
NH\ SRLQW LV WKDW RQFH WKH PHDQLQJ RI UHOLDELOLW\
KDV EHHQ HVWDEOLVKHG WKHQ WKH SUREOHP RI VHOHFWLQJ
ODQGPDUNV LV DXWRPDWLFDOO\ VROYHG� 7KHUHIRUH� VWDW�
LQJ ZKDW LV PHDQW E\ UHOLDELOLW\ RI ODQGPDUNV� RQFH
JLYHQ WKH VSHFL�F VHQVRU DQG PDWFKLQJ DSSDUDWXV LV
D PDQGDWRU\ VWHS�

��� 6HQVRU DQG PDWFKLQJ DSSDUDWXV

7KH XVH RI YLVXDO ODQGPDUNV DVNV IRU UHDO�WLPH SHU�
IRUPDQFHV DQG WKLV FDQ OHDG WR WKH XVH RI VSH�

FL�F KDUGZDUH IRU WKHLU LGHQWL�FDWLRQ� 7KH URERW
1RPDG��� ��JXUH �� WKDW ZDV XVHG WR DFFRPSOLVK
WKH WHVWV LQFOXGHV WKH )XMLWVX 7UDFNLQJ &DUG �759�
ZKLFK SHUIRUPV UHDO�WLPH WUDFNLQJ RI IXOO FRORU WHP�
SODWHV DW D 176& IUDPH UDWH ���+]�� %DVLFDOO\� D
WHPSODWH LV D UHJLRQ RI D IUDPH ZKLFK FDQ EH LGHQ�
WL�HG E\ WZR SDUDPHWHUV P[ DQG P\ UHSUHVHQWLQJ
WKH VL]HV DORQJ ; DQG < D[HV UHVSHFWLYHO\�

)LJXUH �� 7KH 1RPDG���

7KH FDUG FDQ VLPXOWDQHRXVO\ WUDFN PDQ\ WHP�
SODWHV ZKLFK KDYH EHHQ SUHYLRXVO\ VWRUHG LQ D YLGHR
5$0� )RU HDFK VWRUHG WHPSODWH WKH FDUG SHUIRUPV D
PDWFK LQ D VXE�DUHD RI WKH DFWXDO YLGHR IUDPH DGRSW�
LQJ WKH EORFN PDWFKLQJ PHWKRG� 7KLV LQWURGXFHV WKH
FRQFHSW RI FRUUHODWLRQ EHWZHHQ WKH WHPSODWH DQG D
VXE�DUHD RI WKH DFWXDO YLGHR IUDPH� 7KH FRUUHODWLRQ
PHDVXUH LV JLYHQ E\ WKH VXP RI WKH DEVROXWH GL�HU�
HQFHV EHWZHHQ WKH YDOXHV RI WKH SL[HOV�
7R WUDFN D WHPSODWH LW LV QHFHVVDU\ WR FDOFXODWH

WKH GLVWRUWLRQ EHWZHHQ WKH WHPSODWH DQG D IUDPH
QRW RQO\ DW RQH SRLQW RQ WKH IUDPH EXW DW D QXPEHU
RI SRLQWV ZLWKLQ D VHDUFKLQJ DUHD� 7KH VHDUFKLQJ
DUHD LV FRPSRVHG RI ��� �� SRVLWLRQV LQ WKH IUDPH�
7KH ZKROH VHW RI FRPSXWHG FRUUHODWLRQ PHDVXUHV LV
NQRZQ E\ WKH WHUP FRUUHODWLRQ PDWUL[� ([DPSOHV
RI FRUUHODWLRQ PDWULFHV DUH UHSRUWHG LQ �JXUH �� DW
WKH HQG RI WKH SDSHU� 7R SHUIRUP WKH WUDFNLQJ� WKH
PDWFKLQJ V\VWHP SURSRVHV DV DQ RXWSXW WKH FRRU�
GLQDWHV RI WKH SRVLWLRQ ZKLFK UHSUHVHQWV WKH JOREDO
PLQLPXP LQ WKH FRUUHODWLRQ PDWUL[�
7KLV DSSURDFK VWURQJO\ UHVHPEOHV WKH UHJLRQ�

EDVHG RSWLFDO �RZ WHFKQLTXHV �$QDQGDQ� ����� /LW�
WOH DQG 9HUUL� ������ 7KHUH� WKH �RZ LV GH�QHG DV
WKH VKLIW WKDW \LHOGV WKH EHVW �W EHWZHHQ WKH LPDJH
UHJLRQV DW GL�HUHQW WLPHV�
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)LJXUH �� 7KH QHLJKERUKRRG XVHG LQ WKH 9DOOH\
0HWKRG

��� &KRRVLQJ WKH EHVW ODQGPDUNV

0RUL HW DO� KDYH WDNHQ DGYDQWDJH RI WKH FRUUHOD�
WLRQ PDWUL[ WR JHQHUDWH DWWHQWLRQ WRNHQV IURP VFHQHV
�0RUL HW DO�� ������ 7KH PHWKRG WKH\ LQWURGXFHG
LV VXLWDEOH WR EH XVHG LQ WKH FDVH RI VHOI�H[WUDFWLRQ
RI ODQGPDUNV� 5HOD[LQJ WKHLU PHWKRG �WKH YDOOH\
PHWKRG� WKH IROORZLQJ FDQ EH REWDLQHG�

U  �� J

J�
���

ZKHUH WKH JOREDO PLQLPXP LV J DQG ORFDO PLQLPXP
LV J�� 7KH ORFDO PLQLPXP LV FRPSXWHG LQ D FLUFOH
DURXQG J DV YLVLEOH LQ �JXUH �� 7KH YDOXH U LV D
PHDVXUH RQ KRZ WKH WHPSODWH LV XQLTXHO\ LGHQWL��
DEOH LQ LWV QHLJKERUKRRG� WKH JUHDWHU U WKH PRUH
XQLTXHO\ LGHQWL�DEOH WKH WHPSODWH� 7KHUHIRUH� E\
UHOLDEOH ODQGPDUNV ZH PHDQ WHPSODWHV ZKLFK DUH
XQLTXHO\ LGHQWL�DEOH�
7KHUH DUH VHYHUDO GHJUHHV RI IUHHGRP LQ VHDUFKLQJ

IRU WKH EHVW ODQGPDUNV ZLWKLQ D YLGHR IUDPH� 7KHVH
DUH WKH FRRUGLQDWHV RI WKH RULJLQ RI D ODQGPDUN DQG
LWV VL]HV DORQJ; DQG < � 6RPH VLPSOL�FDWLRQV FDQ EH
LQWURGXFHG �%LDQFR� ������ RQO\ VTXDUHG WHPSODWHV
DUH XVHG �P[  P\�� DQG WKH SRVLWLRQ RI D ODQGPDUN
LV VHDUFKHG IRU E\ PD[LPL]LQJ WKH IROORZLQJ�

�R�[� R
�

\�  DUJ PD[
�R[�R\��JULG

UO�R[� R\� ���

ZKHUH UO�R[� R\� LGHQWL�HV WKH UHOLDELOLW\ IDFWRU IRU D
ODQGPDUN O ZKRVH RULJLQ LV ORFDWHG LQ �R[� R\� UHS�
UHVHQWLQJ D FURVV RI D JULG� 7KHUHIRUH WKH SRVLWLRQ
�R�[� R

�

\� ZLWK WKH KLJKHVW U LV UHWXUQHG� ,Q RUGHU
WR DVVXUH WKDW GL�HUHQW ODQGPDUNV RFFXS\ GL�HU�
HQW SRVLWLRQV� SUHYLRXVO\ FKRVHQ FRRUGLQDWHV DUH QRW

FRQVLGHUHG� ([DPSOHV RI ODQGPDUNV FKRVHQ DUH UH�
SRUWHG DW WKH HQG RI WKH SDSHU LQ �JXUH ���

2QFH WKH EHVW ODQGPDUNV KDYH EHHQ FKRVHQ IURP
WKH VWDWLF LPDJH RI WKH JRDO� WKHQ WKH\ DUH VWRUHG
LQ DQ LQWHUQDO YLGHR 5$0 WR EH XVHG IRU VXFFHVVLYH
WDVNV� WKH �UVW EHLQJ WKH 7XUQ %DFN DQG /RRN�

��� 7KH 7XUQ %DFN DQG /RRN SKDVH

7KH ODQGPDUNV ZKLFK KDYH EHHQ VWDWLFDOO\ FKRVHQ
ZLOO EH XVHG IRU QDYLJDWLRQ WDVNV� :H IRXQG WKDW
LW ZDV QHFHVVDU\ WR WHVW WKHP LQ RUGHU WR YHULI\
ZKHWKHU WKH\ UHSUHVHQW JRRG JXLGHV IRU QDYLJDWLRQ
WDVNV�

7%/ FDQ KHOS LQ YHULI\LQJ WKLV �&ROOHWW DQG =HLO�
����� %LDQFR� ����� E\ WHVWLQJ ZKHWKHU GXULQJ WKH
PRWLRQ WKH VWDWLFDOO\ FKRVHQ ODQGPDUNV VWLOO UHPDLQ
UREXVWO\ LGHQWL�DEOH�

7KURXJK D VHULHV RI VWHUHRW\SH PRYHPHQWV VPDOO
SHUWXUEDWLRQV �ORFDO OLJKWLQJ FRQGLWLRQV� FKDQJHV LQ
FDPHUD KHDGLQJ� GL�HUHQW SHUVSHFWLYHV DQG VR RQ�
FDQ LQ�XHQFH WKH UHOLDELOLW\ RI WKH VWDWLFDOO\ FKRVHQ
ODQGPDUNV� 5HIHUULQJ WR �JXUH �� WKH URERW JRHV
IURP WKH WRS WR WKH ERWWRP DQG WKH FDPHUD �DUURZV
SRLQWLQJ WR WKH WRS� LV FRQWLQRXVO\ SRLQWLQJ WRZDUGV
WKH JRDO�

)LJXUH �� 7KH DUFV SHUIRUPHG E\ WKH URERW WR LP�
SOHPHQW WKH 7%/ SKDVH

7KHVH VRUWV RI SHUWXUEDWLRQV RFFXU LQ W\SLFDO
URERW MRXUQH\V WKXV DOORZLQJ XV WR VWDWH WKDW WKH
7%/ SKDVH UHSUHVHQWV D WHVWLQJ IUDPHZRUN IRU ODQG�
PDUNV� ,Q RWKHU ZRUGV� WKH URERW WULHV WR OHDUQ
ZKLFK ODQGPDUNV FDQ EH VXLWDEO\ XVHG LQ UHDO QDYL�
JDWLRQ WDVNV E\ VLPXODWLQJ WKH FRQGLWLRQV WKH URERW
ZLOO HQFRXQWHU DORQJ WKH SDWKV�



$W WKH HQG RI WKH 7%/ SURFHVV RQO\ WKRVH ODQG�
PDUNV WKDW DUH YLVLEOH DQG ZKRVH UHOLDELOLW\ UO LV
DERYH D WKUHVKROG DUH VXLWDEOH WR EH XVHG LQ QDYLJD�
WLRQ WDVNV�

7KH UHOLDELOLW\ IDFWRU UO IRU ODQGPDUN O LV FRQWLQX�
RXVO\ FRPSXWHG GXULQJ WKH 7%/ SKDVH WKURXJK WKH
IROORZLQJ�

UO  

37%/
L � ULO
7%/

���

ZKHUH 7%/ LV WKH WRWDO QXPEHU RI VWHSV H[SORLWHG
WLOO WKDW WLPH� DQG ULO LV WKH UHOLDELOLW\ RI ODQGPDUN
O FDOFXODWHG DW WLPH L� ,Q WKH WHVWV� DW WKH HQG RI
WKH SKDVH� 7%/ XVXDOO\ FRQVLVWV RI ��� VWHSV �DQ
LQWHUQDO FRXQWHU� DQG WDNHV DERXW �� VHFRQGV WR EH
SHUIRUPHG� ,Q �JXUH ��� ZKLFK KDV EHHQ UHSRUWHG DW
WKH HQG RI WKH SDSHU� WZR SLFWXUHV WDNHQ E\ D 7%/
SKDVH H[SORLWHG E\ WKH URERW DUH VKRZQ�

� 1DYLJDWLRQ IURP ODQGPDUNV

$IWHU UHOLDEOH ODQGPDUNV KDYH EHHQ FKRVHQ WKHQ QDY�
LJDWLRQ LQIRUPDWLRQ FDQ EH H[WUDFWHG IURP WKHP
�%LDQFR� ����� %LDQFR DQG =HOLQVN\� ������ 7KH XQ�
GHUO\LQJ ELRORJLFDO SULQFLSOH LV WKDW D UHDO PRYHPHQW
LV UHSUHVHQWHG E\ DQ DWWUDFWLRQ IRUFH� ,W LV SURGXFHG
E\ WDNLQJ LQWR DFFRXQW WKDW WKH DJHQW WULHV WR UHVWRUH
WKH RULJLQDO SRVLWLRQ DQG VL]H RI WKH LQYROYHG ODQG�
PDUNV �&DUWZULJKW DQG &ROOHWW� ������ 7KH GDWD
FDQ EH IXVHG WRJHWKHU E\ ZHLJKLQJ WKHP E\ LQWUR�
GXFLQJ D VLJPRLG IXQFWLRQ V�UO� UDQJLQJ IURP � WR ��
7KH RYHUDOO QDYLJDWLRQ YHFWRU FDQ EH WKXV FDOFXODWHG
DV�

a9  >9[ 9\@  

/;
O �

aYO � V�UO�

/;
O �

V�UO�

���

ZKHUH / LV WKH QXPEHU RI ODQGPDUNV FKRVHQ DIWHU
7%/� UO LV WKH UHOLDELOLW\ YDOXH RI ODQGPDUN O DQG
aYO LV WKH DWWUDFWLRQ IRUFH IHOW E\ ODQGPDUN O� /DVWO\�
9[ DQG 9\ UHSUHVHQW DQ HVWLPDWLRQ RI WKH GLVWDQFH
�DORQJ [ DQG \ D[HV RI WKH HQYLURQPHQW� IURP WKH
DFWXDO SRVLWLRQ WR WKH JRDO SRVLWLRQ�

)LJXUH � VXPPDUL]HV WKH VLWXDWLRQ ZKHUH WKH SLF�
WXUH UHSUHVHQWV D W\SLFDO IUDPH WDNHQ GXULQJ D QDYL�
JDWLRQ WHVW� ,Q SDUWLFXODU� WKH FLUFOH DW WKH ERWWRP�
FHQWHU UHSUHVHQWV WKH RYHUDOO DWWUDFWLRQ H[HUWHG E\

WKH JRDO� $ERYH WKH FLUFOH WKH YDULDQFH RI WKDW DW�
WUDFWLRQ LV UHSRUWHG DQG XQGHU WKH FLUFOH WKH DWWUDF�
WLRQ YHFWRU LV EURNHQ GRZQ LQWR D PRGXOH DQG DQ
DQJOH� ,Q WKH FLUFOH RQ WKH ULJKW WKH VLQJOH DWWUDF�
WLRQ H[HUWHG E\ HDFK ODQGPDUN LV GUDZQ� (DFK ODQG�
PDUN KDV D QXPEHU DVVRFLDWHG ZLWK LW JLYHQ E\ WKH
YDOXH RI WKH VLJPRLG IXQFWLRQ DSSOLHG RQ LWV UHOLD�
ELOLW\ PHDVXUH� 7KH DUURZV DW WKH WRS�FHQWHU RI WKH
�JXUH UHSUHVHQW WKH PRWLRQ FRPPDQGV JLYHQ WR WKH
URERW�

)LJXUH �� $ IUDPH WDNHQ E\ D UHDO QDYLJDWLRQ WDVN

9HFWRU a9 UHSUHVHQWV WKH QH[W PRYHPHQW ZLWK WKH
PRGXOH DQG GLUHFWLRQ UHODWLYH WR WKH DFWXDO URERW
SRVLWLRQ� 7KH V\VWHP G\QDPLFDO PRGHO LV WKHUHIRUH
JLYHQ E\�

�
[�N � ��  [�N� � 9[�[�N�� \�N��
\�N � ��  \�N� � 9\�[�N�� \�N��

���

ZKHUH [�N� DQG \�N� UHSUHVHQW WKH FRRUGLQDWHV RI
URERW DW VWHS N� 9[�[�N�� \�N�� DQG 9\�[�N�� \�N��
WKH GLVSODFHPHQWV FRPSXWHG DW VWHS N IROORZLQJ
HTXDWLRQ �� 7KRVH GLVSODFHPHQWV DUH UHODWHG WR WKH
SRVLWLRQ DW VWHS N JLYHQ E\ �[�N�� \�N��� /DVWO\�
[�N � �� DQG \�N � �� UHSUHVHQW WKH QHZ SRVLWLRQV
WKH URERW ZLOO PRYH WR� &OHDUO\� DQ LPSRUWDQW HTXL�
OLEULXP SRLQW �[�� \�� IRU WKH V\VWHP LV JLYHQ E\ WKH
FRRUGLQDWHV RI WKH JRDO SRVLWLRQ�

7KH QDYLJDWLRQ YHFWRU FRPSXWHG LQ HTXDWLRQ �
FDQ EH FRQVLGHUHG DV WKH RYHUDOO DWWUDFWLRQ H[HUWHG
E\ WKH JRDO SRVLWLRQ IURP WKDW SODFH�



� 7KH JXLGDQFH SULQFLSOH

7KHUH LV HYLGHQFH FRQFHUQLQJ WKH H[LVWHQFH RI D YL�
VXDO SRWHQWLDO �HOG DURXQG D JRDO SRVLWLRQ ZKHQ
URERWV DUH YLVXDOO\ JXLGHG �%LDQFR HW DO�� �����
*DXVVLHU HW DO�� ����� &DVVLQLV HW DO�� ����� %LDQFR
HW DO�� ����� %LDQFR DQG =HOLQVN\� ������
7KH QDWXUH RI WKH DUHD RI DWWUDFWLRQ LV LQWLPDWHO\

UHODWHG WR WKH H[LVWHQFH RI D QDYLJDWLRQ �HOG UHS�
UHVHQWHG E\ WKH QDYLJDWLRQ YHFWRUV IURP WKH SRLQWV
EHLQJ FRQVLGHUHG� $Q H[DPSOH RI D QDYLJDWLRQ YHF�
WRU �HOG LV UHSUHVHQWHG E\ �JXUH �� 7KH JRDO �UHSUH�
VHQWHG E\ D VPDOO FLUFOH� VHHPV WR EH ORFDWHG ZLWKLQ
D EDVLQ RI DWWUDFWLRQ�
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)LJXUH �� $Q H[DPSOH RI D QDYLJDWLRQ �HOG� GLUHF�
WLRQV DQG PRGXOHV �QXPEHUV�

$ NH\ SRLQW IRU WKH FRPSUHKHQVLRQ RI WKH FRQQHF�
WLRQ OLQNV EHWZHHQ WKH ODQGPDUN OHDUQLQJ SKDVH DQG
WKH QDYLJDWLRQ SKDVH LV WKH DQDO\VLV RI WKH QDYLJD�
WLRQ YHFWRU �HOG� 7KHUHIRUH� ZH DUH VWURQJO\ PRWL�
YDWHG WR VWXG\ WKHVH FRQFHSWV LQ VRPH GHWDLO�
)RUPDOO\ VSHDNLQJ� D YHFWRU �HOG LQ WZR GLPHQ�

VLRQV LV D IXQFWLRQ WKDW DVVLJQV WR HDFK SRLQW �[� \�

RI WKH [\�SODQH D WZR�GLPHQVLRQDO YHFWRU a9 �[� \�
XVXDOO\ UHSUHVHQWHG E\ LWV WZR FRPSRQHQWV�

a9 �[� \�  >9[�[� \� 9\�[� \�@ ���

ZKHUH 9[�[� \� LV WKH [�FRPSRQHQW DQG 9\�[� \� LV
WKH \�FRPSRQHQW� 1RWH WKDW LQ VRPH FDVHV WKH YHF�
WRU �HOG LV RQO\ GH�QHG IRU D UHJLRQ RI WKH [\�SODQH�
$ W\SH RI YHFWRU �HOG DULVLQJ LQ D QXPEHU RI GLV�

FLSOLQHV LV WKH FRQVHUYDWLYH YHFWRU �HOG� 7KLV LV GH�
�QHG DV RQH RI ZKLFK WKH LQWHJUDO FRPSXWHG RQ D

FORVHG SDWK LV ]HUR� L�H� WKH YHFWRU �HOG a9 �[� \� LV
FRQVHUYDWLYH LI�

,
F

a9 �[� \� � GaU  � ���

IRU DQ\ FORVHG SDWK F FRQWDLQHG LQ WKH �HOG RI a9 �
GaU LV WKH LQ�QLWHVLPDO GLUHFWLRQ RI PRWLRQ� 6XFK D
�HOG FDQ DOZD\V EH UHSUHVHQWHG DV WKH JUDGLHQW RI D
VFDODU IXQFWLRQ GH�QHG E\ �5RVV� ������

8�[� \�  

= �[�\�

�����

a9 �;�< � � GaU ���

ZKHUH WKH SDWK RI LQWHJUDWLRQ LV DUELWUDU\� 7KH
VFDODU IXQFWLRQ 8 LV UHIHUUHG WR DV WKH SRWHQWLDO RI
WKH FRQVHUYDWLYH IRUFH a9 LQ TXHVWLRQ� ,I WKH IXQF�
WLRQ 8�[� \� LV NQRZQ WKHQ WKH YHFWRU �HOG FDQ EH
GHWHUPLQHG IURP WKH UHODWLRQ�

a9 �[� \�  aU8�[� \� ���

$ QRQ�FRQVHUYDWLYH �HOG LV RQH LQ ZKLFK WKH FLU�
FXLWDWLRQ LV QRQ�QXOO� WKH FDOFXODWLRQ RI 8 GHSHQGV
RQ WKH SDWK IROORZHG� ,Q RWKHU ZRUGV� 8 LV QRW GH�
WHUPLQHG HQWLUHO\ E\ WKH H[WUHPH SRLQWV�
$OO WKH FRQVLGHUDWLRQV FDQ EH DSSOLHG WR WKH YLVXDO

KRPLQJ� $VVXPLQJ WKDW WKH JRDO SRVLWLRQ LV ORFDWHG
DW WKH PLQLPXP RI WKH SRWHQWLDO EDVLQ� HTXDWLRQ
� LV VOLJKWO\ PRGL�HG ZLWK WKH IROORZLQJ �/DWRPEH�
����� .KDWLE� ������

a9  >9[ 9\@  �
�
#8�[� \�

#[

#8�[� \�

#\

�
����

,I WKH �HOG LV FRQVHUYDWLYH� WKH VFDODU SURGXFW LQ�
WURGXFHG LQ HTXDWLRQ � FDQ EH IXUWKHU VLPSOL�HG E\
IROORZLQJ D SDUWLFXODU FXUYH F �5RVV� ������

8�[� \�  �
= [

S[

9[�;� S\�G; �
= \

S\

9\�[� < �G<

����
ZKHUH 8�[� \� LV WKH SRWHQWLDO IXQFWLRQ DQG WKH SDWK
RI LQWHJUDWLRQ LV DORQJ WKH KRUL]RQWDO OLQH VHJPHQW
IURP WKH UHIHUHQFH SRLQW �S[� S\� WR WKH YHUWLFDO OLQH
WKURXJK �[� \� DQG WKHQ DORQJ WKH YHUWLFDO OLQH VHJ�
PHQW WR �[� \��
,W FDQ EH WDNHQ DGYDQWDJH RI WKLV PHWKRG RI FRP�

SXWLQJ WKH SRWHQWLDO IXQFWLRQ E\ DOORZLQJ DV WKH UHI�
HUHQFH SRLQW WKH FRRUGLQDWHV RI WKH JRDO SRVLWLRQ�
(YHU\ RWKHU SRLQW LV WKXV UHIHUUHG WR LQ WHUPV RI
SRWHQWLDO LQ UHIHUHQFH WR WKH JRDO SRVLWLRQ�



,I WKH �HOG LV QRW FRQVHUYDWLYH WKHQ WKH LQWHJUD�
WLRQ GHWDLOHG LQ HTXDWLRQ � FDQ OHDG WR DQ LQ�QLWH
QXPEHUV RI UHVXOWV GHSHQGLQJ RQ WKH FXUYH F�
$ SUDFWLFDO DSSOLFDWLRQ RI HTXDWLRQ � WR VWDWH LI

WKH �HOG LV FRQVHUYDWLYH QHHGV WR EH IRXQG� 7R WKLV
H[WHQW� OHW
V VXSSRVH WKDW 9[ DQG 9\ DUH VPRRWK
DQG FRQWLQXRXVO\ GL�HUHQWLDEOH DQG WKDW WKH YHFWRU
�HOG LV GH�QHG RQ D FRQQHFWHG VHW� 8QGHU WKHVH
K\SRWKHVLV� D QHFHVVDU\ DQG VX�FLHQW FRQGLWLRQ IRU
WKH XQLTXH LQWHJUDWLRQ RI WKH YHFWRU �HOG LV WKDW WKH
IROORZLQJ UHODWLRQ �&DXFK\�5LHPDQQ� KROGV �6WUDQJ�
������

#9[�[� \�

#\
 

#9\�[� \�

#[
����

,Q RWKHU WHUPV�

#9[
#\

� #9\
#[

 � ����

7KH �UVW PHPEHU RI HTXDWLRQ �� FDQ EH D PHDVXUH
RI WKH OHYHO RI FRQVHUYDWLYHQHVV RI WKH YHFWRU �HOG�

��� 5REXVWQHVV RI WKH YLVXDO SRWHQ�
WLDO IXQFWLRQ

,Q RUGHU WR WDNH DGYDQWDJH RI WKH GLVFXVVLRQ SUH�
VHQWHG VR IDU DQG VXSSRVLQJ WKDW DOO WKH QHFHVVDU\
K\SRWKHVHV KROG� WKH G\QDPLF V\VWHP SUHVHQWHG LQ
HTXDWLRQ � FDQ EH FRQVLGHUHG FRQWLQXRXV�WLPH ZLWK
WKH IROORZLQJ �OHDYLQJ RXW WKH YHFWRU QRWDWLRQV��

B[�W�  9 �[�W�� ����

ZKHUH [ UHSUHVHQW WKH JHQHULF FRRUGLQDWHV DQG DQ
HTXLOLEULXP SRLQW [� LV ORFDWHG DW WKH JRDO SRVLWLRQ�
6HYHUDO LPSRUWDQW FRQVLGHUDWLRQV IRU WKH VWDELOLW\

RI WKH V\VWHP FDQ EH H[SUHVVHG IRFXVLQJ DWWHQWLRQ
RQ LWV SURSHUWLHV� ,Q SDUWLFXODU� ZKHQ D G\QDPLF
V\VWHP FDQ EH UHSUHVHQWHG E\ B[  I�[� ZLWK D �[HG
SRLQW [�� DQG LW LV SRVVLEOH WR �QG D /LDSXQRY IXQF�
WLRQ� L�H� D FRQWLQRXVO\ GL�HUHQWLDEOH� UHDO�YDOXHG
IXQFWLRQ 8�[� ZLWK WKH IROORZLQJ SURSHUWLHV �6WUR�
JDW]� ������

�� 8�[� ! � IRU DOO [ � [� DQG 8�[��  �

�� B8 � � IRU DOO [ � [� �DOO WUDMHFWRULHV �RZ GRZQ�
KLOO WRZDUG [��

WKHQ [� LV JOREDOO\ VWDEOH� IRU DOO LQLWLDO FRQGLWLRQV
[�W�� [� DV W � ��
7KH V\VWHP GHSLFWHG LQ HTXDWLRQ �� LV RI W\SH

B[  I�[� EXW� XQIRUWXQDWHO\� WKHUH LV QR V\VWHPDWLF

ZD\ WR FRQVWUXFW /LDSXQRY IXQFWLRQV� ,Q RXU FDVH� D
/LDSXQRY IXQFWLRQ FDQ EH FRQVWUXFWHG E\ LQWHJUDW�
LQJ WKH ULJKW�KDQG VLGH RI WKH V\VWHP HTXDWLRQ ��
�/XHQEHUJHU� ������ 7KLV DXWRPDWLFDOO\ OHDGV XV WR
LQWURGXFH WKH YLVXDO SRWHQWLDO IXQFWLRQ DV D JRRG
FDQGLGDWH IRU DQDO\]LQJ WKH RYHUDOO VWDELOLW\ RI WKH
V\VWHP�
,I WKH YLVXDO SRWHQWLDO IXQFWLRQ KDV D EDVLQ RI DW�

WUDFWLRQ ZLWK WKH PLQLPXP ORFDWHG DW WKH JRDO SR�
VLWLRQ WKHQ WKH DERYH LQWURGXFHG WKHRU\ VWDWHV WKDW
KRPLQJ LV LQWULQVLFDOO\ VWDEOH� DW OHDVW VWDUWLQJ QDYL�
JDWLQJ IURP ZLWKLQ WKH FRQYHUJHQW UHJLRQ RI WKH HQ�
YLURQPHQW�

10
20

30
40

20
40

60
−3

−2

−1

0

1

x 10
4

x

Vx

y
10

20
30

40
20

40
60
−1

0

1

2

x 10
4

x

Vxy

y

10
20

30
40

20
40

60
−3

−2

−1

0

1

x 10
4

x

Vy

y
10

20
30

40
20

40
60
−1

0

1

2

x 10
4

x

Vyx

y

)LJXUH �� $Q H[DPSOH RI 9[ DQG 9\ DQG WKHLU FURVV
GHULYDWLYHV

� 7HVWV

$V SUHYLRXVO\ H[SODLQHG� WHVWV KDYH EHHQ SHUIRUPHG
ERWK WR PHDVXUH KRZ 7%/ D�HFWV WKH FRQVHUYDWLYH�
QHVV RI WKH QDYLJDWLRQ �HOG DQG WR FDOFXODWH WKH UH�
JLRQ RI FRQYHUJHQFH IRU WKH RYHUDOO V\VWHP�
7KH FROOHFWLRQ RI WKH ZKROH VHW RI YHFWRUV �VHH

HTXDWLRQ �� LV SHUIRUPHG �UVWO\ SODFLQJ WKH URERW LQ
D NQRZQ SRVLWLRQ RI WKH HQYLURQPHQW DQG WKHQ DS�
SO\LQJ WKH PHWKRG GHWDLOHG LQ HTXDWLRQ �� 7KH LWHUD�
WLRQ RI WKH PHWKRG RYHU WKH ZKROH HQYLURQPHQW DQG
WKH FROOHFWLRQ RI HYHU\ GLVSODFHPHQW YHFWRU SURGXFHV
D YHFWRU �HOG� DV SUHYLRXVO\ H[HPSOL�HG E\ �JXUH ��
(DFK FHOO LV DSSUR[LPDWHO\ DV ELJ DV WKH EDVH RI WKH
URERW�
5HIHUULQJ WR HTXDWLRQ �� WKH SDUWLDO GHULYDWLYHV

RI 9[ DQG 9\ PXVW EH FRPSXWHG� )LJXUH � SORWV WKH



0
2

4
6

8
10

12

0

2

4

6

8

−1.5

−1

−0.5

0

0.5

1

1.5

x 10
5

x

Vxy−Vyx

y

)LJXUH �� &RQVHUYDWLYHQHVV RI D YHFWRU �HOG FRP�
SXWHG ZLWK D 7%/ WKUHVKROG RI � DQG ODQGPDUNV
VL]HG �

FRPSRQHQWV 9[ DQG 9\ DQG WKHLU FURVV GHULYDWLYHV
#9[
#\

DQG
#9\
#[

WDNHQ E\ D UHDO WHVW�
7KH FRQVHUYDWLYHQHVV RI WKH �HOG FRPSXWHG ZLWK

D WKUHVKROG VHW WR � DQG ODQGPDUNV VL]HG � LV VKRZQ
LQ �JXUH �� 2QO\ VPDOO UHJLRQV RI WKH ZKROH DUHD
URXJKO\ VDWLVI\ WKH FRQVWUDLQW� $ VPDOO WKUHVKROG IRU
7%/ FDQ GUDPDWLFDOO\ FKDQJH WKH VLWXDWLRQ� ,Q �J�
XUH � WKH DPRXQW RI FRQVHUYDWLYHQHVV IRU HDFK SRLQW
LV SORWWHG�
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)LJXUH �� &RQVHUYDWLYHQHVV RI D YHFWRU �HOG FRP�
SXWHG ZLWK D 7%/ WKUHVKROG RI ���� DQG ODQGPDUNV
VL]HG �

$ NH\ FRQVLGHUDWLRQ LV FRQFHUQHG ZLWK WKH VFDOH

DORQJ ]� LW LV DERXW RQH RUGHU RI PDJQLWXGH OHVV
WKDQ WKH RQH UHSRUWHG LQ �JXUH �� $ WUHQG WRZDUG
D FRQVHUYDWLYH �HOG LV WKXV EHFRPLQJ HYLGHQW�

7KH VLWXDWLRQ REWDLQHG ZLWK D WKUHVKROG RI 7%/
VHW WR ���� KDV EHHQ UHSRUWHG LQ �JXUH �� $ ODUJH
DUHD RI WKH HQYLURQPHQW KDV D PHDVXUH RI FRQVHUYD�
WLYHQHVV WKDW URXJKO\ HTXDOV ��
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)LJXUH �� &RQVHUYDWLYHQHVV RI D YHFWRU �HOG FRP�
SXWHG ZLWK D 7%/ WKUHVKROG RI ���� DQG ODQGPDUNV
VL]HG �

6LPLODU FRQVLGHUDWLRQV FDQ EH H[SUHVVHG GHDOLQJ
ZLWK D GL�HUHQW ODQGPDUN VL]H� )RU H[DPSOH� �JXUH
�� VKRZV WKH FDVH ZKHUH WKH 7%/ WKUHVKROG LV ����
DQG ODQGPDUNV KDYH D VL]H RI �� 7KH WHPSODWH RI WKH
JUDSK LV WKH VDPH DV EHIRUH� 7KHUHIRUH� ZLWK D JRRG
FKRLFH RI WKUHVKROG WKH �HOG EHFRPHV FRQVHUYDWLYH
UHJDUGOHVV RI WKH VL]H RI WKH ODQGPDUNV�

��� &RPSXWDWLRQ RI WKH YLVXDO SRWHQ�
WLDO �HOG

7KH FRPSXWDWLRQ RI WKH YLVXDO SRWHQWLDO �HOG PXVW
EH SHUIRUPHG RQO\ RQ WKRVH DUHDV RI WKH HQYLURQ�
PHQW ZKLFK DUH FRQVHUYDWLYH� )URP WKH UHVXOWV RI
WKH WHVWV RQO\ WZR FDVHV FDQ EH FRQVLGHUHG� ZKHQ
7%/ WKUHVKROG LV VHW DW ���� DQG ODQGPDUNV KDYH D
VL]H RI � RU �� 6WDUWLQJ ZLWK WKH IRUPHU DQG IROORZ�
LQJ WKH PHWKRG GHWDLOHG LQ WKH SUHYLRXV VHFWLRQ� WKH
YLVXDO SRWHQWLDO IXQFWLRQ LV VKRZQ LQ �JXUH ���

7KH JRDO SRVLWLRQ LV ORFDWHG LQ ��� �� DQG LW UHS�
UHVHQWV WKH UHIHUHQFH SRLQW IRU HTXDWLRQ ���

7KH VKDSH RI WKH SRWHQWLDO IXQFWLRQ WHQGV WR SUR�
GXFH D PLQLPXP DURXQG WKH JRDO �VHH �JXUH ����
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)LJXUH ��� &RQVHUYDWLYHQHVV RI D YHFWRU �HOG FRP�
SXWHG ZLWK D 7%/ WKUHVKROG RI ���� DQG ODQGPDUNV
VL]HG �

,Q DGGLWLRQ� URXJKO\ VSHDNLQJ� WKH EDVLQ RI DW�
WUDFWLRQ RI WKH JRDO LV WKH ZKROH HQYLURQPHQW� L�H�
DSDUW IURP VRPH FDVHV� DOO WKH VWDUWLQJ SRLQWV OHDG
WR WKH JRDO� 7R WKLV H[WHQW� FRQVLGHU WKH GL�HUHQFHV
LQ WKH SRWHQWLDO �HOG VKRZHG LQ �JXUH �� ZKHUH WKH
7%/ WKUHVKROG LV ���� EXW WKH ODQGPDUN VL]H LV ��

7KHUH DUH WZR LPSRUWDQW GL�HUHQFHV� WKH �UVW
FRQFHUQV WKH EDVLQ RI DWWUDFWLRQ DQG WKH VHFRQG LV
FRQFHUQHG ZLWK WKH GHSWK RI WKH PLQLPXP LQ WKH
JRDO SRVLWLRQ�

7KH EDVLQ RI DWWUDFWLRQ GHWHUPLQHV KRZ IDU D JRDO
SRVLWLRQ FDQ EH IHOW� ,Q RWKHU ZRUGV� LI WKH URERW
VWDUWV QDYLJDWLQJ ZLWKLQ WKH EDVLQ RI DWWUDFWLRQ WKHQ
LW UHDFKHV WKH JRDO SRVLWLRQ� 2XWVLGH WKH EDVLQ WKH
URERW FRXOG OHDG WR RWKHU �IDOVH� JRDOV� 7KH YLVXDO
SRWHQWLDO IXQFWLRQ UHSRUWHG LQ �JXUH �� SRVVHVVHV D
ODUJHU EDVLQ RI DWWUDFWLRQ WKDQ WKH RQH UHSRUWHG LQ
�JXUH �� ZKLFK LQ�XHQFHV WKH URERW RQO\ ZKHQ WKH
URERW LV FORVH WR WKH JRDO�

,QWULJXLQJO\ HQRXJK� WKLV KDV VWURQJ DQDORJLHV
ZLWK WKH ELRORJLFDO UHVXOWV UHSRUWHG LQ �&DUWZULJKW
DQG &ROOHWW� ������ 7KH DXWKRUV GLVFXVVHG WKH DUHD
RI DWWUDFWLRQ RI WKH JRDO �QDPHO\� WKH FDWFKPHQW
DUHD� FRQVLGHULQJ WKH VL]H RI ODQGPDUNV VXUURXQG�
LQJ LW� /DUJH ODQGPDUNV GHWHUPLQH ODUJHU FDWFKPHQW
DUHDV WKDQ VPDOOHU ODQGPDUNV� )XUWKHUPRUH� ODUJHU
ODQGPDUNV GHWHUPLQH D FRDUVH DSSURDFK WR WKH JRDO
ZKHUHDV VPDOOHU ODQGPDUNV DOORZ WKH LQVHFWV WR SUH�
FLVHO\ SLQSRLQWLQJ WKH JRDO SRVLWLRQ�

7R WKLV H[WHQW� WKH YLVXDO SRWHQWLDO IXQFWLRQ SUR�
GXFHG ZLWK ODQGPDUNV VL]HG � KDV D GHHSHU PLQL�
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)LJXUH ��� 3RWHQWLDO IXQFWLRQ FRPSXWHG ZLWK D 7%/
WKUHVKROG VHW WR ���� DQG ODQGPDUNV VL]HG �

PXP DW WKH JRDO WKDQ WKH SRWHQWLDO REWDLQHG ZLWK
D VL]H RI � �VHH �JXUH �� FRPSDUHG WR ����

��� ,VVXHV RQ WKH YLVXDO SRWHQWLDO DV
D /LDSXQRY IXQFWLRQ

)URP WKH SRWHQWLDO IXQFWLRQ SUHYLRXVO\ SORWWHG LW
FDQ EH HDVLO\ XQGHUVWRRG ZK\ WKH V\VWHP JHWV VRPH�
WLPHV WUDSSHG LQWR IDOVH JRDOV RU ZKDW FDQ EH WKH
UHJLRQ RI FRQYHUJHQFH IRU WKH PDLQ JRDO SRVLWLRQ�

7KLV LPSOLFLWO\ VWDWHV WKDW WKH V\VWHP KDV QRW
RYHUDOO VWDELOLW\ RQ WKH ZKROH HQYLURQPHQW� 7KHUH�
IRUH� WKH YLVXDO SRWHQWLDO IXQFWLRQ LWVHOI FDQQRW EH
FRQVLGHUHG /LDSXQRY FRPSOLDQW XQOHVV UHGXFLQJ LWV
GRPDLQ RI DSSOLFDWLRQ WR D UHJLRQ DURXQG WKH JRDO
SRVLWLRQ� VWDUWLQJ IURP ZKLFK WKH V\VWHP FRQYHUJHV
�VHH H�J� �JXUH ����

� &RQFOXGLQJ UHPDUNV

7KLV SDSHU KDV SUHVHQWHG WKH OHDUQLQJ V\VWHP RI
D ELRORJLFDOO\�LQVSLUHG QDYLJDWLRQ PHWKRG EDVHG RQ
QDWXUDO YLVXDO ODQGPDUNV� 7KH YLVXDO OHDUQLQJ SKDVH
�7%/� D�HFWV WKH FRQVHUYDWLYHQHVV RI WKH QDYLJDWLRQ
YHFWRU �HOG WKXV DOORZLQJ XV WR H[SODLQ ODQGPDUN
QDYLJDWLRQ LQ WHUPV RI D SRWHQWLDO �HOG�

&RQYHUVHO\� WKH FRPSXWDWLRQ RI WKH FRQVHUYDWLYH�
QHVV RI D QDYLJDWLRQ �HOG FDQ DVVHVV WKH UHOLDELOLW\ RI
WKH ODQGPDUNV FKRVHQ DQG� WKHUHIRUH� PHDVXUH WKH
TXDOLW\ RI WKH OHDUQLQJ SKDVH�
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)LJXUH ��� 3RWHQWLDO IXQFWLRQ FRPSXWHG ZLWK D 7%/
WKUHVKROG VHW WR ���� DQG ODQGPDUNV VL]HG � PDJQL�
�FDWHG �� WLPHV DURXQG WKH JRDO

/DVWO\� WKH SUHVHQFH RI D SRWHQWLDO IXQFWLRQ
DURXQG WKH JRDO DOORZV XV WR DSSO\ FODVVLFDO FRQ�
WURO WKHRULHV WR DVVHVV WKH UREXVWQHVV RI WKH RYHUDOO
QDYLJDWLRQ V\VWHP� 7KH LGHD RI DSSO\LQJ PHWKRGV
IURP YHFWRU DQDO\VLV WR QDYLJDWLRQ SUREOHPV DOORZV
XV WR HYDOXDWH WKH SHUIRUPDQFH RI GL�HUHQW PRGHOV
DQG FDQ UHSUHVHQW DQ LPSRUWDQW VWHS IRU WRSRORJLFDO
QDYLJDWLRQV�

5HIHUHQFHV

$QDQGDQ� 3� ������� $ FRPSXWDWLRQDO IUDPHZRUN
DQG DQ DOJRULWKP IRU WKH PHDVXUHPHQW RI YLVXDO
PRWLRQ� ,QWHUQDWLRQDO -RXUQDO RI &RPSXWHU 9L�
VLRQ� �������^����

%LDQFR� *� ������� %LRORJLFDOO\�LQVSLUHG YLVXDO ODQG�
PDUN OHDUQLQJ DQG QDYLJDWLRQ IRU PRELOH URERWV�
3K' WKHVLV� 'HSDUWPHQW RI (QJLQHHULQJ IRU $X�
WRPDWLRQ� 8QLYHUVLW\ RI %UHVFLD �,WDO\��

%LDQFR� *�� &DVVLQLV� 5�� 5L]]L� $�� DQG 6FLSLRQL�
6� ������� $ SURSRVDO IRU D EHH�LQVSLUHG YLVXDO
URERW QDYLJDWLRQ� ,Q 3URFHHGLQJV RI WKH )LUVW
:RUNVKRS RQ 7HOHRSHUDWLRQ DQG 5RERWLFV $S�
SOLFDWLRQV LQ 6FLHQFH DQG $UWV� SDJHV ���^����
/LQ] �$XVWULD��

%LDQFR� *�� 5L]]L� $�� &DVVLQLV� 5�� DQG $GDPL� 1�
������� *XLGDQFH SULQFLSOH DQG UREXVWQHVV LV�
VXHV IRU D ELRORJLFDOO\�LQVSLUHG YLVXDO KRPLQJ�
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)LJXUH ��� 3RWHQWLDO IXQFWLRQ FRPSXWHG ZLWK D 7%/
WKUHVKROG VHW WR ���� DQG ODQGPDUNV VL]HG � PDJQL�
�FDWHG �� WLPHV DURXQG WKH JRDO

,Q 3URFHHGLQJV RI WKH 7KLUG :RUNVKRS RQ $G�
YDQFHG 0RELOH 5RERWV �(852%27 
���� =XULFK
�6ZLW]HUODQG��

%LDQFR� *� DQG =HOLQVN\� $� ������� %LRORJLFDOO\�
LQVSLUHG YLVXDO ODQGPDUN OHDUQLQJ IRU PRELOH
URERWV� ,Q 3URFHHGLQJV RI WKH ,(((�56- ,QWHU�
QDWLRQDO &RQIHUHQFH RQ ,QWHOOLJHQW 5RERWV DQG
6\VWHPV� .\RQJMX �.RUHD��

%RUHQVWHLQ� -�� (YHUHWW� +�� DQG )HQJ� /� �������
:KHUH DP ," 6HQVRUV DQG 0HWKRGV IRU 0RELOH
5RERW 3RVLWLRQLQJ� 7KH 8QLYHUVLW\ RI 0LFKLJDQ�

&DUWZULJKW� %� DQG &ROOHWW� 7� ������� /DQGPDUN
OHDUQLQJ LQ EHHV� -RXUQDO RI &RPSDUDWLYH 3K\V�
LRORJ\� $���������^����

&DUWZULJKW� %� DQG &ROOHWW� 7� ������� /DQGPDUN
PDSV IRU KRQH\EHHV� %LRORJLFDO &\EHUQHWLFV�
�������^���

&DVVLQLV� 5�� 5L]]L� $�� %LDQFR� *�� $GDPL� 1�� DQG
0RVQD� 3� ������� $ ELRORJLFDOO\�LQVSLUHG YLVXDO
KRPLQJ PHWKRG IRU URERWV� ,Q 3URFHHGLQJV RI
VHYHQWK ZRUNVKRS RI $,
,$ RQ &\EHUQHWLF DQG
0DFKLQH /HDUQLQJ� )HUUDUD �,WDO\��

&KHQJ� .�� &ROOHWW� 7�� 3LFNKDUG� $�� DQG :HKQHU�
5� ������� 7KH XVH RI YLVXDO ODQGPDUNV E\ KRQ�
H\EHHV� %HHV ZHLJKW ODQGPDUNV DFFRUGLQJ WR
WKHLU GLVWDQFH IURP WKH JRDO� -RXUQDO RI &RP�
SDUDWLYH 3K\VLRORJ\� $���������^����
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)LJXUH ��� 3RWHQWLDO IXQFWLRQ FRQFHUQLQJ WKH FDVH
ZLWK D 7%/ WKUHVKROG VHW WR ���� DQG ODQGPDUNV
VL]HG �

&ROOHWW� 7� DQG =HLO� -� ������� )OLJKWV RI OHDUQLQJ�
-RXUQDO RI WKH $PHULFDQ 3V\FKRORJ\FDO 6RFLHW\�
SDJHV ���^����

*DXVVLHU� 3�� -RXODLQ� &�� DQG %DQTXHW� -� �������
0RWLYDWHG DQLPDW QDYLJDWLRQ� D YLVXDOO\
JXLGHG DSSURDFK� ,Q 6LPXODWLRQ RI $GDSWLYH
%HKDYLRU� =XULFK �6ZLW]HUODQG��

.KDWLE� 2� ������� 5HDO�WLPH REVWDFOH DYRLGDQFH IRU
PDQLSXODWRUV DQG PRELOH URERWV� ,QW� -RXUQDO
RI 5RERWLFV 5HVHDUFK� �������^���

/DWRPEH� -� ������� 5RERW PRWLRQ SODQ�
QLQJ� .OXZHU $FDGHPLF 3XEOLVKHU�
%RVWRQ�'RGUHFKW�/RQGRQ�

/HKUHU� 0� ������� :K\ GR EHHV WXUQ EDFN DQG
ORRN" -RXUQDO RI &RPSDUDWLYH 3K\VLRORJ\�
$���������^����

/HKUHU� 0� ������� +RQH\EHHV
 YLVXDO VSDWLDO RUL�
HQWDWLRQ DW WKH IHHGLQJ VLWH� ,Q /HKUHU� 0��
HGLWRU� 2ULHQWDWLRQ DQG FRPPXQLFDWLRQV LQ
DUWKURSRGV� SDJHV ���^���� %LUNKDXVHU YHUODJ�
%DVHO�6ZLW]HUODQG�

/LWWOH� -� DQG 9HUUL� $� ������� $QDO\VLV RI GL�HU�
HQWLDO DQG PDWFKLQJ PHWKRGV IRU RSWLFDO �RZ�
,Q 3URFHHGLQJV RI WKH ,((( ZRUNVKRS RQ YLVXDO
PRWLRQ� SDJHV ���^���� ,UYLQH� &$�

/XHQEHUJHU� '� ������� ,QWURGXFWLRQ WR G\QDPLF
V\VWHPV � WKHRU\� PRGHOV� DQG DSSOLFDWLRQV�

-RKQ :LOH\ DQG 6RQV� 1HZ <RUN &KLFKHVWHU
%ULVEDQH 7RURQWR�

0RUL� 7�� 0DWVXPRWR� <�� 6KLEDWD� 7�� ,QDED�
0�� DQG ,QRXH� +� ������� 7UDFNDEOH DWWHQ�
WLRQ SRLQW JHQHUDWLRQ EDVHG RQ FODVVL�FDWLRQ RI
FRUUHODWLRQ YDOXH GLVWULEXWLRQ� ,Q -60( $Q�
QXDO &RQIHUHQFH RQ 5RERWLFV DQG 0HFKDWURQLFV
�52%20(& ���� SDJHV ����^����� .DYDVDNL
�-DSDQ��

5RVV� &� ������� 'L�HUHQWLDO (TXDWLRQV $Q ,QWUR�
GXFWLRQ ZLWK 0DWKHPDWLFD� 6SULQJHU�9HUODJ�
1HZ <RUN %HUOLQ +HLGHOEHUJ /RQGRQ 3DULV
7RN\R +RQJ .RQJ %DUFHORQD %XGDSHVW�

6WUDQJ� *� ������� ,QWURGXFWLRQ WR $SSOLHG 0DWKH�
PDWLFV� :HQVOH\�&DPEULGJH 3UHVV�

6WURJDW]� 6� ������� 1RQOLQHDU G\QDPLFV DQG
FKDRV� $GGLVRQ�:HVOH\ 3XEOLVKLQJ &RPSDQ\�
1HZ <RUN�

7KUXQ� 6� ������� $ ED\HVLDQ DSSURDFK WR ODQGPDUN
GLVFRYHU\ DQG DFWLYH SHUFHSWLRQ LQ PRELOH URERW
QDYLJDWLRQ� 7HFKQLFDO UHSRUW� 6FKRRO RI &RP�
SXWHU 6FLHQFH &DUQHJLH 0HOORQ 8QLYHUVLW\�

7UXOOLHU� 2�� :LHQHU� 6�� %HUWKR]� $�� DQG 0H\HU� -�
������� %LRORJLFDOO\ EDVHG DUWL�FLDO QDYLJDWLRQ
V\VWHPV� 5HYLHZ DQG SURVSHFWV� 3URJUHVV LQ
1HXURELRORJ\� ������^����

:HKQHU� 5� ������� $UWKURSRGV� ,Q 3DSL� )�� HGLWRU�
$QLPDO +RPLQJ� SDJHV ��^���� &KDSPDQ DQG
+DOO� /RQGRQ�

=HLO� -�� .HOEHU� $�� DQG 9RVV� 5� ������� 6WUXF�
WXUH DQG IXQFWLRQ RI OHDUQLQJ �LJKWV LQ EHHV
DQG ZDVSV� -RXUQDO RI ([SHULPHQWDO %LRORJ\�
�������^����
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)LJXUH ��� ([DPSOHV RI GLVWRUWLRQ PDWULFHV ZKLFK KDYH EHHQ FRPSXWHG LQ WKH QHLJKERUKRRG RI WKH WHP�
SODWHV �ER[HV LQ WKH SLFWXUHV��



)LJXUH ��� 'L�HUHQW FKRLFHV RI ODQGPDUNV IRU GL�HUHQW ODQGPDUN VL]HV



)LJXUH ��� 7ZR SLFWXUHV WDNHQ IURP D 7%/ SKDVH� WKH QXPEHUV DVVRFLDWHG ZLWK HDFK ODQGPDUN UHSUHVHQW
UO LQ GL�HUHQW WLPHV


