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,Q WKLV SDSHU� ZH UHSRUW D GHVLJQ DQG H[SHUL�
PHQWDO UHVXOWV RI RQH LQWHOOLJHQW URERW PRWLRQ�

7KLV UHVHDUFK LV SHUIRUPHG DORQJ 7DVN 2UL�
HQWHG $SSURDFK� ,Q WKLV DSSURDFK� D FRQFUHWH
WDVN VKRXOG EH VHW XS� ZKLFK LV QHFHVVDU\ IRU
DGYDQFHG URERW PRWLRQ� EXW LW DOORZV D FRQ�
VWUDLQW FRQGLWLRQ RI LW� 2XU VSHFLnF WDVN LV $X�
WRQRPRXV 1DYLJDWLRQ ,QFOXGLQJ 'RRU 2SHQLQJ
%HKDYLRU XVLQJ D 0RELOH 0DQLSXODWRU LQ NQRZQ
LQGRRU HQYLURQPHQW� 2QFH RXU WDVN ZDV n[HG�
ZH PDGH HmRUWV WR UHDOL]H WKH WDVN VWHS E\ VWHS�
,Q WKH SURFHVV RI UHDOL]DWLRQ� ZH IRXQG QRW RQO\
VHYHUDO LQVLJKWV� EXW DOVR SUREOHPV FRPPRQ WR
PRELOH PDQLSXODWRUV�

 ���������
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2XU REMHFWLYH LV WR UHDOL]H LQWHOOLJHQW DQG UREXVW EH�
KDYLRU IRU DQ DXWRQRPRXV URERW� (VSHFLDOO\� ZH IRFXVHG
DXWRQRPRXV EHKDYLRU E\ PRELOH PDQLSXODWRU LQ LQGRRU
HQYLURQPHQW�
*HQHUDOO\� URERWLFV UHVHDUFK LV SHUIRUPHG QH[W WZR

VWHSV�
�� 7R SURSRVH D JHQHUDO WKHRU\ RU DOJRULWKP IRU URERW
�� 7R FRQnUP DQ DYDLODELOLW\ E\ VLPXODWLRQ RU H[SHULPHQW

:H FDOO WKLV DSSURDFK ?6HHGV 2ULHQWHG $SSURDFK��
$ORQJ WKLV DSSURDFK� D QXPEHU RI JRRG WKHRULHV DQG DO�
JRULWKPV DUH SURSRVHG IRU WKH UHDOL]DWLRQ RI LQWHOOLJHQW
URERW PRWLRQ� +RZHYHU� RQO\ EDVLF PRWLRQV DUH UHDOL]HG
LQ UHDO HQYLURQPHQWV XQGHU VWULFW FRQGLWLRQV� DQG DQ LQ�
WHOOLJHQW YHUVDWLOH URERW LV D YHU\ ORQJ ZD\ DZD\�
7R JURZ RXW RI WKLV GLOHPPD� RXU UHVHDUFK JURXS IRO�

ORZHG ?7DVN 2ULHQWHG $SSURDFK� IRU URERWLF UHVHDUFK�
7KLV DSSURDFK LV SHUIRUPHG�
�� 6HW XS D FRQFUHWH WDVN
�� 0DNH HmRUWV WR UHDOL]H WKH WDVN VWHS E\ VWHS

7KH WDVN VKRXOG EH H[HFXWHG RQO\ E\ LQWHOOLJHQW URERW
PRWLRQ� KRZHYHU LW DOORZV D FRQVWUDLQW FRQGLWLRQ� 2Q
WKH SURFHVV RI WKH UHDOL]DWLRQ� ZH PD\ nQG QHZ WKHRU\ RU
DOJRULWKP ZKLFK LV GLUHFWO\ DYDLODEOH IRU DFWXDO SUREOHPV�

2XU REMHFWLYH DORQJ WDVN RULHQWHG DSSURDFK LV VKRZQ
LQ )LJXUH ��

,Q WKH WDVN RULHQWHG DSSURDFK� D WDVN VHOHFWLRQ LV YHU\
LPSRUWDQW� :H n[HG RXU UHVHDUFK WDVN DV ?$XWRQRPRXV
1DYLJDWLRQ LQFOXGLQJ 'RRU 2SHQ %HKDYLRU�� LQ DQ LQGRRU
HQYLURQPHQW� 7KLV WDVN LV QRW RQO\ RQH RI EDVLF VNLOOV IRU
LQWHOOLJHQW PRELOH URERWV� EXW LW LQFOXGHV PDQ\ UHVHDUFK
WRSLFV� ,Q WKLV WDVN� WR RSHQ WKH GRRU E\ LWVHOI� WKH URERW
VKRXOG EH PRELOH PDQLSXODWRU� 6R PRWLRQ SODQQLQJ DQG
FRQWURO DUH LPSRUWDQW WRSLFV� &XUUHQWO\� WKLV WRSLF LV
VR SRSXODU WKDW VHYHUDO UHVHDUFK JURXSV DUH UHVHDUFKLQJ
DERXW WKH WRSLF ZLWK YDULRXV DSSURDFKHV>2�.KDWLE HW DO��
����@><DPDPRWR DQG <XQ� ����@>$]DUP DQG 6FKPLGW�
����@>1DJDWDQL DQG <XWD� ����@�

:H VSHFLnHG D WDUJHW HQYLURQPHQW DV RXU ODERUDWRU\
URRP DQG FRUULGRUV LQ 8QLYHUVLW\ RI 7VXNXED� DQG ZH
DVVXPHG WKDW D WDUJHW URERW SRVVHVVHV WKH HQYLURQPHQW
LQIRUPDWLRQ� 7KH WDVN RI WKH URERW LV QDYLJDWLRQ IURP
FXUUHQW SRVLWLRQ WR D JLYHQ JRDO� ,I WKH GRRU LV LQ WKH
ZD\ RI WKH URERW� LW SDVVHV WKURXJK WKH GRRUZD\ XVLQJ
LWV PRXQWHG PDQLSXODWRU DQG KDQG DXWRQRPRXVO\� 5H�
TXLUHPHQWV RI WKLV WDVN DUH ��� WKH HQYLURQPHQW VKRXOG
EH UHDO ZRUOG DQG QRW EH PRGLnHG IRU URERW PRWLRQ ���
WKH URERW VKRXOG QRW KXUW D KXPDQ RU WKH HQYLURQPHQW
��� WKH URERW VKRXOG FRSH ZLWK D XQVFKHGXOHG VLWXDWLRQ
�H�J� GRRU LV ORFNHG��

,Q WKLV SDSHU� ZH DQDO\]H DERYH D URERW PRWLRQ IRU
WKH WDVN UHDOL]DWLRQ� DQG GHVFULEH WKH URERW V\VWHP RI
ERWK KDUGZDUH DQG VRIWZDUH WR UHDOL]H WKH WDVN� :H DOVR
UHSRUW VHYHUDO LQVLJKWV DQG SUREOHPV IRU FRPPRQ PRELOH
PDQLSXODWRUV� ZKLFK ZHUH IRXQG LQ WKH SURFHVV RI WKH
WDVN UHDOL]DWLRQ�
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B_R_dYSc
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127(� 7KH WRS RI WKLV S\UDPLG LQGLFDWHV RQH RI WKH nQDO

JRDOV RI URERWLFV� D ?9HUVDWLOH 5RERW�� 7KH ZKROH S\UDPLG

UHSUHVHQWV WKH ?URERWLFV UHVHDUFK DUHD�� DQG WKH EDVH RI WKH

S\UDPLG UHSUHVHQWV HOHPHQW WHFKQRORJLHV RU IRXQGDWLRQ UH�

VHDUFKHV LQ URERWLFV� $ QXPEHU RI WKH HOHPHQW UHVHDUFKHV

IROORZ D 6HHGV 2ULHQWHG $SSURDFK� +RZHYHU WKH OHYHO RI URERW

LQWHOOLJHQFH LV QRW VR KLJK LQ DFWXDO HQYLURQPHQW �&XUUHQW ,Q�

WHOOLJHQW %HKDYLRU�� ,Q 7DVN 2ULHQWHG $SSURDFK� DQ DGYDQFHG

EHKDYLRU LV VHW DV JRDO �2XU %HKDYLRU 2EMHFWLYH�� ZKLFK LV

VXSSRUWHG E\ VHYHUDO UHVHDUFK WRSLFV LQ FRQVWUDLQW FRQGLWLRQ

�2XU 5HVHDUFK $UHD��

)LJXUH �� 2XU 2EMHFWLYH DORQJ 7DVN 2ULHQWHG $SSURDFK

! "��# ����$�
�

7R UHDOL]H WKH REMHFWLYH WDVN� ZH GLYLGHG WKH URERW
PRWLRQ LQWR WZR VWDJHV� ?0RWLRQ 3ODQQLQJ� DQG ?([HFX�
WLRQ�� ,Q WKH 0RWLRQ 3ODQQLQJ VWDJH� WKH URERW SODQV D
WUDYHOLQJ WUDMHFWRU\ DQG PDQLSXODWRU PRWLRQ DFFRUGLQJ
WR SUH�NQRZOHGJH LQIRUPDWLRQ� ,Q WKH H[HFXWLRQ VWDJH�
WKH URERW H[HFXWHV WKH SODQQHG PRWLRQ� 7R DUUDQJH WKH
URERW PRWLRQ� ZH GLYLGHG WKH H[HFXWLRQ VWDJH LQWR VHY�
HUDO VXE�PRWLRQV VKRZQ LQ 7DEOH �� $Q DQDO\VLV RI HDFK
EDVLF PRWLRQ LV GLVFXVVHG LQ IROORZLQJ�

��� 7UDYHOLQJ WR IURQW RI 'RRU
��� *UDVSLQJ WKH 'RRU .QRE
��� 2SHQLQJ WKH 'RRU
��� 5HOHDVLQJ WKH 'RRU .QRE
��� 7UDYHOLQJ WR EDFNVLGH RI WKH 'RRU
��� *UDVSLQJ WKH 'RRU .QRE
��� &ORVLQJ WKH 'RRU
��� 5HOHDVLQJ WKH 'RRU .QRE
��� 7UDYHOLQJ WR *LYHQ *RDO

7DEOH �� 0RELOH 5RERW 1DYLJDWLRQ ZLWK 'RRU 2SHQLQJ

7UDMHFWRU\ 7UDYHOLQJ

,Q VWDJH �� � DQG �� DQ DFFXUDWH WUDMHFWRU\ IROORZLQJ
LV UHTXLUHG IRU WKH PRELOH URERW� 2UGLQDU\� DQ RGRPHWU\
V\VWHP LV XVHG IRU PRELOH URERW QDYLJDWLRQ� +RZHYHU LW

JHQHUDWHV SRVLWLRQLQJ HUURU FDXVHG E\ ZKHHO VOLSSDJH RU
URXJK VXUIDFHV� DQG WKH HUURU LV DFFXPXODWHG LQ SURSRU�
WLRQ WR WKH WUDYHOLQJ GLVWDQFH� 7KHUHIRUH� H[WHUQDO VHQ�
VRUV VKRXOG EH XVHG IRU DGMXVWPHQW RI WKH URERW SRVLWLRQ
XVLQJ WKH HQYLURQPHQW PRGHO�

'RRU .QRE *UDVSLQJ

,Q VWDJH � DQG �� WKH URERW QHHGV WR nQG WKH GRRU
NQRE DFFXUDWHO\ E\ H[WHUQDO VHQVRUV HYHQ LI LW NQRZV WKH
DFFXUDWH SRVLWLRQ RI WKH NQRE� 7KH UHDVRQ LV SRVLWLRQLQJ
HUURU RI WKH PRELOH URERW�

'RRU 2SHQLQJ � &ORVLQJ

,Q VWDJH � DQG �� WKH URERW VKRXOG RSHQ WKH GRRU XVLQJ
D PRXQWHG PDQLSXODWRU ZLWK WKH PRELOH EDVH PRYLQJ IRU�
ZDUG� EHFDXVH WKH JHQHUDO OHQJWK RI WKH PDQLSXODWRU IRU
WKH PRELOH URERW LV QRW ORQJ HQRXJK� $OVR� D ODUJH IRUFH
PLJKW RFFXU DW WKH JUDVSLQJ SRLQW RI GRRU NQRE GXH WR
WKH SRVLWLRQLQJ HUURU RI PRELOH URERW� 7KHUHIRUH D FRP�
SOLDQFH PHFKDQLVP LV QHFHVVDU\ IRU PRXQWHG PDQLSXODWRU
FRQWURO�

5HOHDVLQJ 'RRU .QRE

,Q VWDJH � DQG �� WKH URERW UHOHDVHV JUDVSLQJ GRRU NQRE
E\ FRQWURO RI URERW KDQG� DQG LQLWLDOL]HV WKH PDQLSXODWRU
SRVH�
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$FFRUGLQJ WR WDVN DQDO\VLV� ZH GHVLJQHG HDFK EDVLF
URERW PRWLRQ VKRZQ LQ 7DEOH ��

,Q VWDJH �� � DQG �� WKH PRELOH URERW IROORZV D JLYHQ
WUDMHFWRU\ XVLQJ LWV RGRPHWU\ V\VWHP� 7R FRSH ZLWK WKH
SRVLWLRQLQJ HUURU RI RGRPHWU\� WKH URERW XVHV ZDOO LQIRU�
PDWLRQ ZKLFK LV GHWHFWHG E\ PRXQWHG XOWUD�VRQLF UDQJH
VHQVRUV�

,Q VWDJH � DQG �� WKH PDQLSXODWRU LV FRQWUROOHG WR DS�
SURDFK WKH NQRE� DQG YLVLRQ IHHGEDFN LV XVHG WR DGMXVW
WKH DSSURDFK WUDMHFWRU\ RI WKH KDQG�

,Q VWDJH � DQG �� FRRSHUDWLRQ FRQWURO EHWZHHQ ORFR�
PRWLRQ DQG PDQLSXODWLRQ LV QHFHVVDU\ IRU GRRU RSHQLQJ�
$OVR� FRPSOLDQFH FRQWURO IRU WKH PRXQWHG PDQLSXODWRU LV
H[HFXWHG XVLQJ D IRUFH � WRUTXH VHQVRU�

$FFRUGLQJ WR DERYH� WKH URERW PXVW SRVVHVV WKH IRO�
ORZLQJ IXQFWLRQV IRU UHDOL]DWLRQ RI WKH QDYLJDWLRQ WDVN�



�D� /RFRPRWLRQ IXQFWLRQ
�E� 2GRPHWU\ V\VWHP IRU 3RVLWLRQ (VWLPDWLRQ
�F� 3RVLWLRQ $GMXVWPHQW E\ XOWUD�VRQLF VHQVRUV
�G� +DQG &RQWURO
�H� .QRE
V 3RVLWLRQ UHFRJQLWLRQ E\ YLVLRQ
�I� 3RVH &RQWURO RI 0DQLSXODWRU
�J� &RPSOLDQFH &RQWURO RI 0DQLSXODWRU

:H GHYHORSHG D VHOI�FRQWDLQHG PRELOH PDQLSXODWRU V\V�
WHP WR UHDOL]H DERYH IXQFWLRQV� 7KH URERW LV QDPHG
?<DPDELFR 7HQ �� VKRZQ LQ nJXUH ��

,W LV FRQVWUXFWHG IURP WZR SDUWV� D PRELOH EDVH DQG D
PDQLSXODWRU� 7KH PRELOH EDVH KDV WZR GULYLQJ ZKHHOV
ZLWK HQFRGHUV IRU WKH RGRPHWU\ V\VWHP� DQG � GLUHF�
WLRQDO XOWUD�VRQLF UDQJH VHQVRUV� 7KH PDQLSXODWRU LV OLJKW
ZHLJKW � GHJUHHV RI IUHHGRP� 7KH IRUFH VHQVRU� YLVLRQ VHQ�
VRU� DQG D WZR nQJHUHG URERW KDQG DUH PRXQWHG DW WKH
WRS RI WKH PDQLSXODWRU�

(DFK DFWXDWRU RU VHQVRU ZDV GHYHORSHG LQGLYLGXDOO\�
DQG LV FRQWUROOHG E\ HDFK FRPSXWHU V\VWHP ZKLFK LQ�
FOXGHV D UHDO�WLPH 2SHUDWLQJ 6\VWHP DQG ORZ OHYHO SUR�
JUDP �H�J� PRWRU VHUYR VRIWZDUH�� :H FDOO HDFK LQGL�
YLGXDO IXQFWLRQ PHFKDQLVP DV D ?)XQFWLRQ 0RGXOH�� $OO
IXQFWLRQ PRGXOHV DUH FRQWUROOHG E\ D GHFLVLRQ PDNLQJ
FRQWUROOHU� FDOOHG WKH ?0DVWHU 0RGXOH�� ZKLFK LQFOXGHV
KLJK OHYHO VRIWZDUH WR FRQWURO WKH ZKROH URERW PRWLRQ�
7KH PDVWHU PRGXOH FRPPXQLFDWHV ZLWK WKH RWKHU IXQF�
WLRQDO PRGXOHV DV\QFKURQRXVO\ WKURXJK RXU RULJLQDO EXV
V\VWHP� $ WUDQVSXWHU OLQN �KLJK VSHHG VHULDO OLQN EHWZHHQ
&38V� LV XVHG IRU D GLUHFW FRPPXQLFDWLRQ EHWZHHQ IXQF�
WLRQ PRGXOHV ZKLFK LV QHFHVVDU\ IRU KLJK VSHHG LQIRUPD�
WLRQ WUDQVIHUULQJ� :H FDOO WKH ZKROH FRQWUROOHU QHWZRUN
V\VWHP DV ?)XQFWLRQ 'LVWULEXWHG &RQWUROOHU �>6X]XNL HW

DO�� ����@�

( ��'�)���

7KH URERW FRQWURO VRIWZDUH LV VWUXFWXUHG KLHUDUFKLFDOO\
DFFRUGLQJ WR WKH IXQFWLRQ GLVWULEXWHG FRQWUROOHU� :H FODV�
VLnHG WKH VRIWZDUH OD\HUV DV ��� IXQFWLRQ SURJUDPV� ���
DFWLRQ SULPLWLYHV DQG ��� FRRUGLQDWLRQ SURJUDP� VKRZQ
LQ )LJXUH �� (DFK IXQFWLRQ SURJUDP LV H[HFXWHG RQ HDFK
FRQWURO ERDUG WR FRQWURO WKH KDUGZDUH GLUHFWO\� 6HY�
HUDO EDVLF IXQFWLRQ SURJUDPV KDYH EHHQ GHYHORSHG LQ
RXU UHVHDUFK JURXS LQ WKH SDVW �� \HDUV>,LGD DQG <XWD�
����@>:DWDQDEH DQG <XWD� ����@�

$Q DFWLRQ SULPLWLYH LV DQ H[HFXWLRQ SURJUDP WR SHU�
IRUP RQH EDVLF PRWLRQ� FRUUHVSRQGLQJ WR HDFK VWDJH LQ
7DEOH �� ,W LV LPSOHPHQWHG DV RQH SURFHVV RQ PDVWHU
PRGXOH� DQG LW FRPPXQLFDWHV ZLWK IXQFWLRQ SURJUDPV
WKURXJK %86 V\VWHP� 7KH FRRUGLQDWLRQ SURJUDP KDV D
FKDUJH RI ZKROH URERW EHKDYLRU� ,W LV DOVR LPSOHPHQWHG
DV RQH SURFHVV RQ PDVWHU PRGXOH� DQG H[HFXWHV D VXLWDEOH
DFWLRQ SULPLWLYH SURFHVV E\ LQWHUSURFHVV FRPPXQLFDWLRQ�

7KH GHWDLOV RI HDFK SURJUDPV DUH LQWURGXFHG LQ WKH QH[W
VXEVHFWLRQV�

1SdY_^
@bY]YdYfU

1SdeQd_b
3_]]Q^T

CU^c_bi
4QdQ

1SdY_^
@bY]YdYfU

CU^c_bi
4QdQ

1SdY_^
@bY]YdYfU

1SdeQd_b
3_]]Q^T

CU^c_bi
4QdQ

1SdYfQdU

3__bTY^QdY_^

@b_WbQ]

1SdeQd_b
3_]]Q^T

6e^SdY_^ @b_WbQ]c

�V_b 1SdeQd_bc� CU^c_bc�

C_VdgQbU _^ =QcdUb =_Te\U

1S[^_g\UTW]U^d

)LJXUH �� 6RIWZDUH 6WUXFWXUH

��� )XQFWLRQ 3URJUDPV

�� 0DQLSXODWRU &RQWURO 3URJUDP

7KH PDQLSXODWRU FRQWURO SURJUDP LV D PRWRU VHUYR
SURJUDP IRU SRVH FRQWURO RI PDQLSXODWRU ZLWK FRP�
SOLDQFH� ORFDWHG RQ PDQLSXODWLRQ PRGXOH� (DFK UHI�
HUHQFH MRLQW DQJOH LV VHQW IURP SURJUDPV RQ PDVWHU
PRGXOH WKURXJK EXV V\VWHP� DQG IRUFH LQIRUPDWLRQ
FRPHV IURP IRUFH VHQVRU PRGXOH WKURXJK WUDQVSXWHU
OLQN� %DVLFDOO\ 3,' FRQWURO LV XVHG IRU SRVH FRQ�
WURO� DQG FRPSOLDQFH RI WKH PDQLSXODWRU LV UHDOL]HG
E\ VOLGLQJ WKH UHIHUHQFH SRVLWLRQ RI WKH WRS RI WKH
PDQLSXODWRU DORQJ WKH IRUFH GLUHFWLRQ�

�� /RFRPRWLRQ 3URJUDP

/RFRPRWLRQ SURJUDP LV D PRWRU VHUYR SURJUDP IRU
GULYLQJ ZKHHOV� ORFDWHG RQ D ORFRPRWLRQ PRGXOH WR
IROORZ WKH WUDMHFWRU\ LVVXHG E\ WKH SURJUDP LQ WKH
PDVWHU PRGXOH�

�� 3RVLWLRQ (VWLPDWLRQ 3URJUDP

3RVLWLRQ (VWLPDWLRQ 3URJUDP XVHV .DOPDQ )LOWHULQJ
PHWKRG >:DWDQDEH DQG <XWD� ����@>6�&RRSHU DQG
+�'XUUDQW�:K\WH� ����@ WR HVWLPDWH PRELOH URERW
SRVLWLRQ� ZKLFK LV ORFDWHG RQ WKH 3RVLWLRQ (VWLPD�
WLRQ 0RGXOH �32(0��

%DVLFDOO\� WKH URERW HVWLPDWHV LW
V SRVLWLRQ DQG FDO�
FXODWHV D GLVSHUVLRQ E\ RGRPHWU\ V\VWHP� 8VLQJ SR�
VLWLRQLQJ HUURU LQIRUPDWLRQ IURP H[WHUQDO VHQVRUV �LQ
RXU FDVH� oDW ZDOOV DUH DVVXPHG WR EH ODQGPDUNV DQG
XOWUD�VRQLF UDQJH VHQVRUV DUH XVHG WR GHWHFW WKHP��
WKH SURJUDP DGMXVWV WKH HVWLPDWHG SRVLWLRQ DQG RUL�
HQWDWLRQ RI WKH URERW� $GMXVWHG SRVLWLRQ LQIRUPD�



6_bSU CU^c_b =_Te\U

=USXQ^Yc] � CU^c_bc 3_^db_\\Ub

=QcdUb =_Te\U
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9]QWU @b_SUccY^W
C_VdgQbU

E\dbQ�C_^YS CU^cY^W
C_VdgQbU

<_S_]_dY_^ 3_^db_\
C_VdgQbU

@_cYdY_^ 5cdY]QdY_^
C_VdgQbU

=Q^Y`e\Qd_b 3_^db_\
C_VdgQbU

F_YSU 7U^UbQdY_^
C_VdgQbU

C`UQ[Ub

)LJXUH �� )XQFWLRQ 'LVWULEXWHG &RQWUROOHU RQ <DPDELFR 7(1

)LJXUH �� ,PDJH 3URFHVVLQJ RI WKH 'RRU .QRE



WLRQ LV VHQW WR WKH ORFRPRWLRQ PRGXOH IRU WUDMHFWRU\
IROORZLQJ�

�� ,PDJH 3URFHVVLQJ 3URJUDP

,PDJH 3URFHVVLQJ 3URJUDP LV XVHG IRU JHWWLQJ SRVL�
WLRQ GDWD RI D WDUJHW GRRU NQRE� ORFDWHG RQ YLVLRQ
VHQVRU PRGXOH� 7R DEVWUDFW WKH FHQWHU SRVLWLRQ RI
WKH GRRU NQRE� ZH XVH GLmHUHQWLDO LPDJH SURFHVV�
LQJ DQG FDOFXODWH WKH FHQWHU RI JUDYLW\ RI LW� ZKLFK
LV VKRZQ LQ )LJXUH �� 7KH UHVXOW LV UHIHUUHG WR E\
SURJUDPV RQ WKH PDVWHU PRGXOH�

�� )RUFH 6HQVRU 3URJUDP

)RUFH 6HQVRU 3URJUDP LV FRQYHUWLQJ SURJUDP IURP
UDZ GDWD WR DFWXDO IRUFH GDWD RQ KDQG FRRUGLQDWH�
7KH FRQYHUWHG VHQVRU LQIRUPDWLRQ LV VHQW WR PDQLS�
XODWRU FRQWURO SURJUDP GLUHFWO\ WKURXJK WKH WUDQV�
SXWHU OLQN�

�� 8OWUD�6RQLF 5DQJH 6HQVRU 3URJUDP

8OWUD�6RQLF 5DQJH 6HQVRU 3URJUDP LV ORFDWHG RQ 8O�
WUD 6RQLF 5DQJH 6HQVRU 0RGXOH� DQG FDOFXODWHV HLJKW
GLUHFWLRQDO GLVWDQFHV WR WKH REMHFWV XVLQJ XOWUD VRQLF
UDQJH VHQVRUV� 'HWHFWHG VHQVRU GDWD LV UHIHUUHG WR
DV\QFKURQRXVO\ E\ WKH PDVWHU PRGXOH WKURXJK EXV
V\VWHP�

�� 9RLFH *HQHUDWLRQ 3URJUDP

7KH 9RLFH *HQHUDWLRQ 3URJUDP LV ORFDWHG RQ WKH
YRLFH PRGXOH� DQG JHQHUDWHV YHUEDO FRPPHQWV XVLQJ
D YRLFH JHQHUDWRU ,& WR GHVFULEH WKH LQWHUQDO URERW
VWDWXV IRU GHEXJJLQJ SXUSRVH�

��� $FWLRQ 3ULPLWLYHV

$Q DFWLRQ SULPLWLYH LV DQ H[HFXWLRQ SURJUDP IRU RQH
EDVLF PRWLRQ GHFRPSRVHG DORQJ D WLPH VKRZQ LQ 7DEOH
�� (DFK DFWLRQ SULPLWLYH LV LPSOHPHQWHG DV RQH SURFHVV
RQ D PDVWHU PRGXOH� DQG FDQ FRPPXQLFDWH ZLWK IXQF�
WLRQ PRGXOHV WKURXJK RXW RXU EXV V\VWHP� (DFK DFWLRQ
SULPLWLYH LQFOXGHV D VHQVRU IHHGEDFN V\VWHP IRU UREXVW
PRWLRQ�

�� $FWLRQ 3ULPLWLYH ?7UDMHFWRU\ 7UDYHOLQJ�

7KLV DFWLRQ SULPLWLYH LV XVHG WR PRYH WKH PRELOH
URERW DORQJ D SODQQHG WUDMHFWRU\�

%DVLFDOO\� WKH PRELOH URERW IROORZV D SODQQHG
VWUDLJKW OLQH DFFRUGLQJ WR RGRPHWU\ LQIRUPDWLRQ�
7KH ZKROH SDWK RI WKH PRELOH URERW LV H[SUHVVHG E\
DQ DVVHPEO\ RI VWUDLJKW OLQH VHJPHQWV DQG WXUQLQJ
DQJOHV�

2QFH WKLV DFWLRQ SULPLWLYH SURFHVV LV H[HFXWHG� LW
VHQGV D VXLWDEOH ORFRPRWLRQ SDUDPHWHU WR WKH ORFR�
PRWLRQ SURJUDP WR IROORZ WKH SODQQHG SDWK� $OVR� LW
FKHFNV WKH HQYLURQPHQW LQIRUPDWLRQ IURP WKH XOWUD�
VRQLF UDQJH VHQVRU SURJUDP� :KHQ WKH VHQVRU GH�
WHFWV DQ REMHFW� WKLV DFWLRQ SULPLWLYH FRPSDUHV WKH

GDWD ZLWK HQYLURQPHQW PRGHO� 7KH GLmHUHQFH EH�
WZHHQ WKH VHQVRU GDWD DQG WKH LQWHUQDO PRGHO JLYHV
D SRVLWLRQLQJ HUURU� DQG WKH HUURU LV VHQW WR WKH 3R�
VLWLRQ (VWLPDWLRQ SURJUDP WR DGMXVW WKH HVWLPDWHG
SRVLWLRQ� :KHQ WKH DFWLRQ SULPLWLYH GHWHFWV DQ XQ�
VFKHGXOHG REVWDFOH LQ IURQW RI WKH URERW� LW LVVXHV D
VWRS FRPPDQG WR WKH ORFRPRWLRQ SURJUDP DQG ZDLWV
XQWLO WKH REMHFW PRYHV DZD\� 7KLV ORRS FRQWLQXHV
XQWLO WKH URERW DUULYHV DW D VXE�JRDO�

�� .QRE $SSURDFK

7KLV DFWLRQ SULPLWLYH LV WR DSSURDFK WKH URERW KDQG
WR WKH NQRE DQG JUDVS LW E\ FRQWUROOLQJ RI PRXQWHG
PDQLSXODWRU�

7KLV DFWLRQ SULPLWLYH VHQGV WKH MRLQW SDUDPHWHUV WR
WKH PDQLSXODWRU FRQWURO SURJUDP DFFRUGLQJ WR WKH
SODQQHG KDQG DSSURDFKLQJ PRWLRQ� 'XULQJ WKH PR�
WLRQ� WKH DFWLRQ SULPLWLYH JHWV ORFDWLRQ LQIRUPDWLRQ
DERXW WKH WDUJHW NQRE IURP WKH ,PDJH 3URFHVVLQJ
SURJUDP� DQG DGMXVWV WKH JUDVSLQJ SRVLWLRQ VHYHUDO
WLPHV� 7KH PRWLRQ FRQWLQXHV XQWLO WKH KDQG FRQ�
WDFWV ZLWK WKH GRRU ZKLFK LV GHWHFWHG E\ D IRUFH
VHQVRU� $IWHU WKDW� WKLV SURJUDP VHQGV D KDQG FORV�
LQJ FRPPDQG SDUDPHWHU WR WKH PDQLSXODWRU FRQWURO
SURJUDP WR JUDVS WKH NQRE�

�� .QRE UHOHDVH

7KLV DFWLRQ SULPLWLYH LV WR UHOHDVH GRRU NQRE DQG WR
LQLWLDOL]H D SRVH RI PDQLSXODWRU� $ VHTXHQFH RI WKH
LQLWLDOL]DWLRQ LV SUH�SODQQHG DQG WKLV DFWLRQ SULPL�
WLYH VHQGV WKH SRVH SDUDPHWHUV WR WKH PDQLSXODWRU
FRQWURO SURJUDP VWHS E\ VWHS DORQJ WKH VHTXHQFH�

�� 'RRU 2SHQLQJ�&ORVLQJ

7KLV DFWLRQ SULPLWLYH LV WR RSHQ�FORVH WKH GRRU XVLQJ
ORFRPRWLRQ IXQFWLRQ DQG PDQLSXODWLRQ IXQFWLRQ�

7KH VL]H RI WKH WDUJHW GRRU DQG WKH VL]H RI WKH
PRXQWHG PDQLSXODWRU LV NQRZQ LQ DGYDQFH� VR WKH
FRRSHUDWLRQ PRWLRQ EHWZHHQ ORFRPRWLRQ DQG PDQLS�
XODWLRQ LV SODQQHG Rm OLQH LQ DGYDQFH� $Q H[DPSOH
RI D GRRU RSHQLQJ SODQ LV VKRZQ LQ )LJXUH ��

7KH SODQQHG PRWLRQ LV H[SUHVVHG E\ �� VHWV RI URERW
SRVLWLRQV DQG MRLQW DQJOHV IRU WKH PDQLSXODWRU� $W
WKH EHJLQQLQJ� WKH DFWLRQ SULPLWLYH VHQG D ORFRPR�
WLRQ FRPPDQG WR WKH ORFRPRWLRQ SURJUDP WR IRO�
ORZ WKH SODQQHG WUDMHFWRU\ VORZO\� 7KHQ WKH DFWLRQ
SULPLWLYH VHQGV WKH VXLWDEOH PDQLSXODWRU SRVH SD�
UDPHWHU WR WKH PDQLSXODWRU FRQWURO SURJUDP� 7KH
SDUDPHWHU LV VSHFLnHG E\ WKH SODQQHG PRWLRQ DQG
HVWLPDWHG SRVLWLRQ GDWD RI WKH PRELOH URERW IURP
WKH 3RVLWLRQ (VWLPDWLRQ SURJUDP�

��� &RRUGLQDWLRQ 3URJUDP

7KH UROH RI WKH FRRUGLQDWLRQ SURJUDP LV WR SODQ D VH�
TXHQFH RI DFWLRQ SULPLWLYHV� DQG H[HFXWH WKHP VWHS E\
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)LJXUH �� 7KH 5RERW 0RWLRQ RI 'RRU 2SHQLQJ

VWHS DORQJ WKH VHTXHQFH�

7R SODQ D VHTXHQFH RI DFWLRQ SULPLWLYHV� ZH H[SUHVVHG
HYHU\ SRVVLEOH URERW VWDWXV DV D QHWZRUN� FDOOHG WKH ?DF�
WLRQ QHWZRUN �� ,Q WKH QHWZRUN� HDFK QRGH UHSUHVHQWV D
URERW VWDWXV� LQ RWKHU ZRUGV� LW LV D WXUQLQJ SRLQW RI WKH
URERW PRWLRQ� 7KH QRGHV DUH FRQQHFWHG E\ D DUF ZKLFK
FRUUHVSRQGV WR RQH DFWLRQ SULPLWLYH� (DFK DUF LQFOXGHV
DQ H[HFXWLRQ FRVW� SDUDPHWHUV IRU URERW PRWLRQ� DQG HQ�
YLURQPHQWDO LQIRUPDWLRQ WR SHUIRUP WKH DFWLRQ SULPLWLYH�
2QFH ZH UHSUHVHQW WKH QHWZRUN� URERW PRWLRQ SODQQLQJ
EHFRPHV D JUDSK VHDUFK SUREOHP RQ LW� $ H[DPSOH RI WKH
DFWLRQ QHWZRUN WR SDVV WKURXJK D GRRUZD\ LV VKRZQ LQ
)LJXUH ��
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)LJXUH �� $FWLRQ 1HWZRUN

8VLQJ WKH DFWLRQ QHWZRUN� WKH ZKROH PRWLRQ RI WKH
URERW LV H[HFXWHG E\ WKH FRRUGLQDWLRQ SURJUDP DORQJ IRO�
ORZLQJ VHTXHQFH�

��� 7KH FRRUGLQDWLRQ SURJUDP JHQHUDWHV D VHTXHQFH RI
DFWLRQ SULPLWLYHV E\ D VWDQGDUG JUDSK VHDUFK �'LMFVWUD
$OJRULWKP >(�:�'LMNVWUD� ����@� RQ WKH DFWLRQ QHWZRUN
WR PLQLPL]H WKH H[HFXWLRQ FRVW�
��� $FFRUGLQJ WR WKH SODQQHG VHTXHQFH RI DFWLRQ SULP�

LWLYHV� WKH FRRUGLQDWLRQ SURJUDP VHQGV PRWLRQ SDUDP�
HWHUV WR WKH DFWLRQ SULPLWLYH SURFHVV XVLQJ LQWHUSURFHVV
FRPPXQLFDWLRQ�
��� 7KH FRRUGLQDWLRQ SURJUDP ZDLWV XQWLO WKH DFNQRZO�

HGJPHQW FRPHV EDFN IURP WKH DFWLRQ SULPLWLYH SURFHVV�
��� ,I WKH DFNQRZOHGJPHQW LV ?1RUPDO�� WKH FRRUGLQD�

WLRQ SURJUDP FRQWLQXHV WR H[HFXWH WKH QH[W DFWLRQ SULP�
LWLYH �JR WR ����� ,I WKH DFNQRZOHGJPHQW LV ?&RXOG QRW
&RPSOHWH�� WKH URERW FDQ QRW FRQWLQXH WKH SODQQHG PR�
WLRQ� ,Q WKDW FDVH� WKH FRRUGLQDWLRQ SURJUDP FXWV WKH DUF
RI WKH IDLOHG DFWLRQ SULPLWLYH� DQG JUDSK VHDUFKHV WR JHQ�
HUDWH DQRWKHU VHTXHQFH RI DFWLRQ SULPLWLYHV �JR WR �����
$ERYH SURFHGXUH LV DOVR VKRZQ LQ nJXUH ��
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)LJXUH �� &RRUGLQDWLRQ 6RIWZDUH

* +,���
����

:H LPSOHPHQWHG WKH KDUGZDUH DQG VRIWZDUH VKRZQ LQ
WKH SUHYLRXV VHFWLRQ� DQG UHDOL]HG DXWRQRPRXV QDYLJD�
WLRQ LQFOXGLQJ GRRU RSHQLQJ E\ <DPDELFR 7(1� 2QH H[�
DPSOH RI WKH H[SHULPHQWDO UHVXOW LV VKRZLQ LQ )LJXUH ��
7KH VXFFHVV UDWLR IRU FRPSOHWLQJ WKLV PLVVLRQ �1DYL�

JDWLRQ IURP LQLWLDO SRVLWLRQ WR JLYHQ JRDO� LV DERXW ��
SHUFHQW�

- �
�����
�� ��� &������
��

:H UHDOL]HG DXWRQRPRXV� LQWHOOLJHQW DQG UREXVW PR�
WLRQ RI WKH PRELOH PDQLSXODWRU XVLQJ D WDVN RULHQWHG
DSSURDFK� :H DOVR IRXQG VHYHUDO DFWXDO SUREOHPV DQG
LQVLJKWV DERXW PRELOH PDQLSXODWRU DORQJ WDVN RULHQWHG
DSSURDFK�



)LJXUH �� $XWRQRPRXV 1DYLJDWLRQ ZLWK 'RRU 2SHQLQJ %HKDYLRU



�� 3RVLWLRQLQJ (UURU SUREOHP RI PRELOH URERW

7KH ELJJHVW SUREOHP ZDV SRVLWLRQLQJ HUURU RI WKH
PRELOH EDVH� HYHQ LI ZH FRSHG ZLWK WKHP LQ HYHU\
VWDJH� 0RVW IDLOXUHV RI WKH PRWLRQ FRPH IURP SR�
VLWLRQLQJ HUURU RI WKH PRELOH URERW� ,Q RXU LPSUHV�
VLRQ� PRWLRQ SODQQLQJ RI WKH PRELOH PDQLSXODWRU LV
D VPDOO SDUW� DQG WKH DFWXDO SUREOHP LV WKH SRVLWLRQ�
LQJ HUURU SUREOHP RI WKH PRELOH URERW� 7KHUHIRUH� ZH
FDQ QRW GLVFXVV D PRELOH PDQLSXODWRU PDWWHU ZLWK�
RXW SRVLWLRQLQJ HUURU�

�� )RUFH 7UHDWLQJ DW WKH FRQWDFW SRLQW

7KH IRUFH DW WKH JUDVSLQJ SRLQW LV JHQHUDWHG IURP
SRVLWLRQLQJ HUURU� VR LW LV WKH VDPH WRSLF DV WUHDW�
LQJ D SRVLWLRQLQJ HUURU SUREOHP LQ D ZLGH VHQVH� ,Q
WKLV UHVHDUFK� ZH WUHDWHG WKH SUREOHP E\ UHDOL]LQJ
FRPSOLDQFH FRQWURO RI WKH PDQLSXODWRU� +RZHYHU�
WKH FRPSOLDQFH PRWLRQ PD\ FDXVH WKH SUREOHP LQ
QDUURZ HQYLURQPHQW� ZKLFK LV QRW FRQVLGHUHG LQ WKLV
UHVHDUFK�

�� *UDVSLQJ 3UREOHP

6RPHWLPHV LQ WKH H[SHULPHQW� WKH URERW FRXOG QRW
JUDVS D NQRE WLJKWO\� ,W FDXVHG D IDLOXUH WR URWDWH WKH
GRRU NQRE� EHFDXVH WKH JUDVSLQJ VHTXHQFH ZDV RSHQ
ORRS LQ RXU DOJRULWKP� 7KHQ WKH URERW UHFRJQL]HG
WKDW WKH GRRU LV FORVHG HYHQ LI WKH NH\ ZDV QRW ORFNHG�
7R DLP DW FHUWDLQ EHKDYLRU� LW LV QHFHVVDU\ WR FRQnUP
HYHU\ PRWLRQ E\ VHQVRUV�

�� ,PSRUWDQFH RI D OLJKW ZHLJKW PDQLSXODWRU

:H GHYHORSHG OLJKW ZHLJKW PDQLSXODWRU ZLWK D
PRXQWHG IRUFH VHQVRU� YLVLRQ VHQVRU DQG URERW KDQG�
,Q RXU H[SHULHQFH RI WKLV UHVHDUFK� ZH UHFRJQL]H
WKDW GHYHORSLQJ D VPDOO PDQLSXODWRU XQLW ZLWK WKHVH
IXQFWLRQV DV D UHVHDUFK SODWIRUP LV YHU\ LPSRUWDQW
IRU PRELOH PDQLSXODWRU UHVHDUFK�

�� ,PSRUWDQFH RI IXQFWLRQ GLVWULEXWHG FRQWUROOHU

7KLV UHVHDUFK ZDV FDUULHG RXW DV LV RQH RI WKH ?<DP�
DELFR SURMHFW�� ZKLFK GHYHORSHG D IXQFWLRQ GLV�
WULEXWHG FRQWUROOHU� 7KHUHIRUH ZH XVHG VHYHUDO UH�
VHDUFK UHVRXUFHV RI WKH <DPDELFR SURMHFW �H�J� OR�
FRPRWLRQ FRQWUROOHU DQG VHQVRU V\VWHPV�� DQG RXU
V\VWHP GHYHORSPHQW WLPH ZDV VKRUWHQHG YHU\ PXFK�

�� ,PSRUWDQFH RI PRWLRQ GHFRPSRVHG DORQJ DFWXDO
WLPH

,W LV SRSXODU WR GHFRPSRVH FRPSOH[ PRWLRQ LQWR VHY�
HUDO EDVLF IXQFWLRQV� +RZHYHU� LW LV YHU\ GLpFXOW IRU
UREXVW PRWLRQ WR GHFRPSRVH DFFRUGLQJ WR IXQFWLRQV�
EHFDXVH HDFK IXQFWLRQ VKRXOG FRRSHUDWH ZLWK HDFK
RWKHU HYHQ LI SHUIRUPLQJ RQH EDVLF PRWLRQ� :H GH�
YLVHG WKH FRQFHSW RI WKH DFWLRQ SULPLWLYH ZKLFK LV
GHFRPSRVHG DORQJ LQ DFWXDO WLPH� DQG YHULnHG WKH
HmHFWLYHQHVV RI WKLV DSSURDFK IRU SODQQLQJ RI ZKROH
PRWLRQ� DQG UREXVW EHKDYLRU�

$FFRUGLQJ WR DERYH UHVXOWV DQG GLVFXVVLRQ� ZH EHOLHYH
WKDW WKH WDVN RULHQWHG DSSURDFK LV QHFHVVDU\ WR UHDOL]H
DQ LQWHOOLJHQW URERW PRWLRQ� DQG WKLV UHVHDUFK EHFRPHV D
PLOHVWRQH RI URERWLFV UHVHDUFK�


�'�������

>$]DUP DQG 6FKPLGW� ����@ .LDQRXVK $]DUP DQG *XQ�
WKHU 6FKPLGW� ,QWHJUDWHG PRELOH URERW PRWLRQ SODQ�
QLQJ DQG H[HFXWLRQ LQ FKDQJLQJ LQGRRU HQYLURQPHQWV�
,Q 3URF� RI ,(((�56- ,QW� &RQIHUHQFH RQ ,QWHOOLJHQW
5RERWV DQG 6\VWHPV� SDJHV ���^���� �����

>(�:�'LMNVWUD� ����@ (�:�'LMNVWUD� $ QRWH RQ WZR SURE�
OHPV LQ FRQQHFWLRQ ZLWK JUDSK� 1XPHULVFKH 0DWKH�
PDWLN� �����^���� �����

>,LGD DQG <XWD� ����@ 6KLJHNL ,LGD DQG 6KLQL
FKL <XWD�
9HKLFOH FRPPDQG V\VWHP DQG WUDMHFWRU\ FRQWURO IRU
DXWRQRPRXV PRELOH URERWV� ,Q 3URFHHGLQJV RI ,QWHUQD�
WLRQDO :RUNVKRS RQ ,QWHOOLJHQW 5RERWV DQG 6\VWHPV�
SDJHV ���^���� �����

>1DJDWDQL DQG <XWD� ����@ .HLML 1DJDWDQL DQG 6KLQ
LFKL
<XWD� 'HVLJQLQJ VWUDWHJ\ DQG LPSOHPHQWDWLRQ RI PR�
ELOH PDQLSXODWRU FRQWURO V\VWHP IRU RSHQLQJ GRRU� ,Q
3URF� RI ,((( ,QWHUQDWLRQDO &RQI� RQ 5RERWLFV DQG
$XWRPDWLRQ� SDJHV ����^����� �����

>2�.KDWLE HW DO�� ����@ 2�.KDWLE� .�<RNRL� .�&KDQJ�
'�5XVSLQL� 5�+ROPEHUJ� DQG $�&DVDO� &RRUGLQDWLRQ
DQG GHFHQWUDOL]HG FRRSHUDWLRQ RI PXOWLSOH PRELOH PD�
QLSXODWRUV� -RXUQDO RI 5RERWLF 6\VWHPV� ����������^
���� �����

>6�&RRSHU DQG +�'XUUDQW�:K\WH� ����@ 6�&RRSHU DQG
+�'XUUDQW�:K\WH� $ NDOPDQ nOWHU IRU JSV QDYLJDWLRQ
RI ODQG YHKLFOHV� ,Q 3URF� RI ,(((�56- ,QWHUQDWLRQDO
&RQI� RQ ,QWHOOLJHQW 5RERWV DQG 6\VWHPV� SDJHV ���^
���� �����

>6X]XNL HW DO�� ����@ 6KR
ML 6X]XNL� -XQ
LFKL ,LMLPD� DQG
6KLQ
LFKL <XWD� 'HVLJQ DQG LPSOHPHQWDWLRQ RI DQ DU�
FKLWHFWXUH RI DXWRQRPRXV PRELOH URERWV IRU H[SHUL�
PHQWDO UHVHDUFKHV� ,Q 3URF� RI �WK ,QWHUQDWLRQDO &RQI�
RQ $GYDQFHG 5RERWLFV� SDJHV ���^���� �����

>:DWDQDEH DQG <XWD� ����@ <XWDND :DWDQDEH DQG
6KLQ
LFKL <XWD� 3RVLWLRQ HVWLPDWLRQ RI PRELOH URERWV
ZLWK LQWHUQDO DQG H[WHUQDO VHQVRUV XVLQJ XQFHUWDLQW\
HYROXWLRQ WHFKQLTXH� ,Q 3URF� RI ,((( ,QWHUQDWLRQDO
&RQI� RQ 5RERWLFV DQG $XWRPDWLRQ� SDJHV ����^�����
�����

><DPDPRWR DQG <XQ� ����@ <RVKLR <DPDPRWR DQG ;L�
DRSLQJ <XQ� &RRUGLQDWHG REVWDFOH DYRLGDQFH RI D
PRELOH PDQLSXODWRU� ,Q 3URF� RI ,((( ,QWHUQDWLRQDO
&RQI� RQ 5RERWLFV DQG $XWRPDWLRQ� SDJHV ����^�����
�����


