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$EVWUDFW����,Q�WKLV�SDSHU�DQ�H[WHQGHG�DXWRWXQLQJ�FRQFHSW�LV�GHVFULEHG��$�SKDVH�RI�SUHOLPLQDU\�LGHQWLILFDWLRQ�LV
GHWDLOHG��,GHQWLILFDWLRQ�RI�WKH�SURFHVV�GHDG�WLPH�LQ�WKH�DXWRWXQLQJ�IUDPHZRUN�LV�H[SODLQHG��$�3,'�FRQWUROOHU�DQG
D� ILOWHUHG� SUHGLFWLYH� 3,� FRQWUROOHU� DUH� XVHG� IRU� SURFHVV� FRQWURO�� &RQWUROOHU� WXQLQJ� LV� RXWOLQHG�� 6RPH
LPSOHPHQWDWLRQ�DVSHFWV�RI� WKH�SURSRVHG�SURFHGXUH�DUH�SRLQWHG�RXW��$OVR�� VRPH� UHVXOWV�RI� H[SHULPHQWV�RQ� WKH
ODERUDWRU\� EORZHU� SURFHVV� DUH� SUHVHQWHG�� ([SHULPHQWV� KDYH� GHPRQVWUDWHG� WKDW� WKH� SURSRVHG� DXWRWXQLQJ
FRQWUROOHU�KDV�VDWLVIDFWRU\�UREXVWQHVV�DQG�JRRG�FRQWURO�SURSHUWLHV�

.H\�:RUGV��DXWRWXQLQJ��UHOD\�H[SHULPHQW��LGHQWLILFDWLRQ��OHDVW�VTXDUHV�PHWKRG��3,'�FRQWURO��)33,�FRQWURO

� ,QWURGXFWLRQ
$XWRPDWLF� WXQLQJ� �DXWRWXQLQJ�� RI� 3,'� FRQWUROOHUV
VLPSOLILHV�DQG�VSHHGV�XS� WKH� WDVN�RI�FRQWURO� V\VWHP
FRPPLVVLRQLQJ�� $XWRWXQLQJ� PHWKRGV� XVXDOO\
HPSOR\� UHOD\� H[SHULPHQWV� IRU� REWDLQLQJ� GDWD
UHTXLUHG� IRU� WKH�FRQWUROOHU�GHVLJQ��7KH�PHWKRG�ZDV
LQWURGXFHG� LQ� >�@�� 0DQ\� PRGLILFDWLRQV� KDYH� EHHQ
LQFRUSRUDWHG� LQ� WKH�PHWKRG� LQ�RUGHU� WR� LPSURYH� WKH
FKDUDFWHULVWLFV� RI� WKH� GHVLJQHG� FRQWURO� V\VWHP�
0RGLILFDWLRQV� LQFOXGH� DOWHUDWLRQV� RI� WKH� RULJLQDO
UHOD\� H[SHULPHQW� >�@� DQG� XVDJH� RI� GLIIHUHQW� GHVLJQ
FULWHULD�� ,QWHJUDO� FULWHULD� �,6(�,67(�� >�@� DQG
JDLQ�SKDVH�PDUJLQ� VSHFLILFDWLRQV� >�@� DUH� FRPPRQO\
XVHG� DV� GHVLJQ� VSHFLILFDWLRQV� DIWHU� WKH� UHOD\
H[SHULPHQW�� $OVR�� GLIIHUHQW� IUHTXHQF\� DSSURDFKHV
KDYH� EHHQ� SURSRVHG�� DV� SDUW� RI� WKH� DXWRWXQLQJ
SURFHGXUH� >�@�� $V� D� UHVXOWV� RI� VXFK� H[SHUW� HIIRUWV�
PDQ\� FRQWUROOHU� PDQXIDFWXUHUV� KDYH� LQFOXGHG
DXWRWXQLQJ� DV� D� VWDQGDUG� DOJRULWKP� LQ� WKHLU
FRQWUROOHUV�>�@�

7KH� PDLQ� LGHD� XQGHUO\LQJ� WKH� DXWRWXQLQJ
FRQFHSW� LV� WKDW� WKH� FRQWUROOHU� SDUDPHWHUV� DUH� VHW
DXWRPDWLFDOO\� DIWHU� D� VLPSOH� LGHQWLILFDWLRQ
H[SHULPHQW� RQ� DQ� XQNQRZQ� SODQW�� 7KH
DIRUHPHQWLRQHG� DXWRWXQLQJ� PHWKRGV� SUHVXPH� WKH
W\SH� RI� WKH� XQNQRZQ� SODQW�� 7KH� PRVW� LPSRUWDQW
SUHVXPSWLRQV�DERXW� WKH�XQNQRZQ�SODQW�DUH�ZKHWKHU
LW� KDV� VWDWLF� RU� DVWDWLF� FKDUDFWHULVWLFV� RU� ZKHWKHU� LW
KDV� ORQJ� RU� VKRUW� GHDG� WLPH� LQ� FRPSDULVRQ� WR� WKH
GRPLQDQW� WLPH� FRQVWDQWV�� ,Q� RUGHU� WR� H[WHQG� WKH
PDLQ� LGHD� RI� WKH� DXWRWXQLQJ� FRQFHSW�� D� SUHSDUDWRU\
H[SHULPHQW� LV�SHUIRUPHG�>�@�� ,W�GHWHUPLQHV� WKH� W\SH
RI� WKH� SODQW� DQG� VHWV� WKH� SDUDPHWHUV� IRU� WKH� UHOD\
H[SHULPHQW��7KLV�SURFHGXUH�DOORZV� WKH�DOJRULWKP� WR
EH�XVHG�RQ�D�ODUJHU�FODVV�RI�LQGXVWULDO�SURFHVVHV��DQG
VKRUWHQV� WKH� WLPH� QHHGHG� IRU� WKH� UHOD\� H[SHULPHQW�
)XUWKHUPRUH�� WKH� DGGLWLRQDO� H[SHULPHQW� FDQ� EH
YLHZHG� DV� D� VWDQGDUG� SURFHGXUH� RI� UHDFKLQJ� WKH
RSHUDWLQJ� SRLQW�� � SHUIRUPHG� ZKHQ� WKH� SODQW� LV

VWDUWHG��,Q�>�@�D�SUHOLPLQDU\�LGHQWLILFDWLRQ�SURFHGXUH
KDV� EHHQ� RXWOLQHG�� DQG� LQ� WKH� VHFRQG� VHFWLRQ� D
GHWDLOHG� DOJRULWKP� LV� JLYHQ�� $GGLWLRQDOO\�� LQ� WKH
VHFRQG�VHFWLRQ�WKH� WXQLQJ�RI� WKH�3,'�FRQWUROOHU�DQG
WKH�)33,�FRQWUROOHU�LV�GHVFULEHG��,Q�WKH�WKLUG�VHFWLRQ
VRPH� LPSOHPHQWDWLRQ� UHPDUNV� DUH� GHWDLOHG�
([SHULPHQWDO� UHVXOWV� DUH� SUHVHQWHG� LQ� WKH� IRXUWK
VHFWLRQ�

� $XWRWXQLQJ�SURFHGXUH
7KH� SURSRVHG� DXWRWXQLQJ� SURFHGXUH� IROORZV� WKH
EDVLF� DXWRWXQLQJ� DOJRULWKP� H[SODLQHG� LQ� >�@� DQG
H[WHQGV�LW��VR�WKDW�LW�FDQ�EH�XVHG�RQ�D�ODUJHU�FODVV�RI
LQGXVWULDO�SURFHVVHV��7KH�H[WHQVLRQV�LQFOXGH�WKH�XVH
RI�GLIIHUHQW�PRGLILHG�UHOD\�H[SHULPHQWV�DQG�YDULRXV
FRQWUROOHUV��GHSHQGLQJ�RQ�WKH�W\SH�RI� WKH�FRQWUROOHG
SURFHVV��0RUHRYHU�� PXFK� DWWHQWLRQ� KDV� EHHQ� JLYHQ
WR�WKH�VXSHUYLVLRQ�RI�WKH�FRXUVH�RI� WKH�SURFHGXUH�LQ
RUGHU�WR�PDNH�LW�VXLWDEOH�IRU�LQGXVWULDO�XVH�DV�D�IXOO�
IOHGJHG�EORFN�LQ�WKH�SURJUDPPDEOH�ORJLF�FRQWUROOHUV
�3/&��� 6XFK� D� IHDWXUH� LV� YHU\� LPSRUWDQW� LQ� WKH
LPSOHPHQWDWLRQ�RI�PRGHUQ�FRQWURO�V\VWHPV�>�@�
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)LJ���7KH�SURSRVHG�DXWRWXQLQJ�FRQWUROOHU�



6R�� WKH� SURSRVHG� DXWRWXQLQJ� SURFHGXUH� LV
GLYLGHG� LQWR� WKUHH� FRQVHFXWLYH� SKDVHV�� ZKLFK� DUH
VFKHGXOHG� E\� WKH� FRQWUROOHU� DIWHU� D� GHPDQG� IRU
FRQWUROOHU�WXQLQJ�E\�WKH�XVHU��)LJ�����

�� 3UHOLPLQDU\� LGHQWLILFDWLRQ� SKDVH� �VZLWFK� 6� LV
LQ�SRVLWLRQ����

�� 5HOD\� H[SHULPHQW� SKDVH� �VZLWFK� 6� LV� LQ
SRVLWLRQ����

�� &RQWURO�SKDVH��VZLWFK�6�LV�LQ�SRVLWLRQ���RU����
7KH� SKDVHV� RI� WKH� SURSRVHG� DXWRWXQLQJ� SURFHGXUH
DUH�GHWDLOHG�LQ�WKH�IROORZLQJ�VXEVHFWLRQV�

2.1 Preliminary identification
,Q� WKH� SKDVH� RI� SUHOLPLQDU\� LGHQWLILFDWLRQ� WKH
SURSRVHG� DXWRWXQLQJ�SURFHGXUH�GHWHUPLQHV� WKH� W\SH
RI�WKH�FRQWUROOHG�SURFHVV�DQG�PDNHV�FUXGH�HVWLPDWHV
RI� LWV� SDUDPHWHUV�� 7KLV� WDVN� LV� DFFRPSOLVKHG� E\
H[FLWLQJ� WKH� � SURFHVV� ZLWK� D� UDPS� VLJQDO�� DQG� E\
LGHQWLI\LQJ�WKH�SURFHVV�W\SH�DQG�SURFHVV�SDUDPHWHUV
RQ� WKH�EDVLV�RI� LWV� UHVSRQVH��XVLQJ� WKH� OHDVW� VTXDUHV
�/6�� SURFHGXUH�� ZKLFK� PLQLPL]HV� WKH� VXP� RI
VTXDUHG� HUURUV� �66(�� EHWZHHQ� PHDVXUHG� SURFHVV
RXWSXW�GDWD�DQG�SUHVXPHG�PRGHOV�

7KH� VORSH�RI� WKH� UDPS� VLJQDO� LV� VHOHFWHG�E\� WKH
XVHU� DFFRUGLQJ� WR� WKH� H[SHFWHG� WLPH� VFDOH� RI� WKH
SURFHVV��7KH�SURFHGXUH�RI�SUHOLPLQDU\�LGHQWLILFDWLRQ
LV� VXSHUYLVHG� E\�PRQLWRULQJ� WKH� FRQWURO� VLJQDO� X�W�
DQG� WKH� RXWSXW� VLJQDO� \�W�� RI� WKH� SURFHVV�� ,I� WKH
FRQWURO� VLJQDO� UHDFKHV� WKH� XSSHU� OLPLW� YDOXH�� WKH
SURFHGXUH� LV� VWRSSHG� DQG� UHSHDWHG� ZLWK� D� VORZHU
UDPS��$GGLWLRQDOO\��ZKHQ�WKH�RXWSXW�VLJQDO�GRHV�QRW
SDVV� D� JLYHQ� WKUHVKROG� LQ� WLPH� FDOFXODWHG� IURP� WKH
SURFHVV�WLPH�VFDOH��WKH�SURFHGXUH�LV�UHSHDWHG�ZLWK�D
IDVWHU� UDPS��7\SLFDO�FRQWURO�VLJQDO�X�W�� DQG�SURFHVV
RXWSXW� \�W�� GXULQJ� WKH� SKDVH� RI� SUHOLPLQDU\
LGHQWLILFDWLRQ�DUH�VKRZQ�LQ�)LJXUH���
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)LJ���3KDVH�RI�SUHOLPLQDU\�LGHQWLILFDWLRQ�

'XULQJ� WKLV� H[SHULPHQW� YDOXHV� RI� WKH� SURFHVV
RXWSXW�VLJQDO�\�W��DUH�FROOHFWHG��7KH�FROOHFWLRQ�RI�WKH
GDWD�VKRXOG�VWDUW�ZKHQ�WUDQVLHQWV�LQ�\�W��GLH�RXW��DQG
LW� VKRXOG� EH� VWRSSHG� EHIRUH� \�W�� UHDFKHV� WKH

RSHUDWLQJ� SRLQW�� 7KH� WLPH� LQVWDQW� W���� ZKHQ� \�W�
UHDFKHV�����RI�WKH�RSHUDWLQJ�UDQJH��\����\����FDQ�EH
UHJDUGHG�DV�VXLWDEOH�IRU�VWDUWLQJ�GDWD�FROOHFWLRQ��DQG
WKH� WLPH� LQVWDQW� W��� FDQ� EH� UHJDUGHG� DV� VXLWDEOH� IRU
HQGLQJ� GDWD� FROOHFWLRQ� �)LJ����� $W� WKH� HQG� RI� GDWD
FROOHFWLRQ��WKH�GDWD�VHW�LV�ILWWHG�WR�SUHVXPHG�PRGHOV�
WKH�SDUDPHWHUV�RI�WKH�PRGHOV�DUH�FDOFXODWHG�DQG�WKH
W\SH�RI� WKH�SURFHVV� LV�GHWHUPLQHG��)XUWKHUPRUH�� WKH
LQLWLDO�SDUDPHWHUV�RI�WKH�UHOD\�IRU�WKH�H[SHULPHQW�DUH
FDOFXODWHG�� $IWHU� WKH� FDOFXODWLRQV�� WKH� SURFHVV� LV
GULYHQ�LQWR�WKH�RSHUDWLQJ�SRLQW�\����E\�D�FRQVHUYDWLYH
3,�FRQWUROOHU��ZKLFK�LV�GHVLJQHG�XVLQJ�WKH�PRGHO�RI
WKH� SURFHVV� REWDLQHG� LQ� WKH� SUHOLPLQDU\
LGHQWLILFDWLRQ��:KHQ� WKH�SURFHVV�RXWSXW� UHDFKHV� WKH
GHVLUHG� RSHUDWLQJ� SRLQW�� WKH� UHOD\� H[SHULPHQW� LV
VWDUWHG�

7KH�SURSRVHG� DXWRWXQLQJ� FRQWUROOHU� LV� EDVHG� RQ
WKH� VXSSRVLWLRQ� WKDW� D� ZLGH� FODVV� RI� LQGXVWULDO
SURFHVVHV� FDQ� EH� PRGHOOHG� ZLWK� RQH� RI� WKH� WZR
W\SLFDO�SURFHVV�PRGHOV�
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:KHQ�H[FLWHG�ZLWK�D�UDPS�VLJQDO�
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ZKLFK� LV� XVHG� LQ� WKLV� SKDVH� RI� WKH� DXWRWXQLQJ
SURFHGXUH�� WKH� UHVSRQVH� RI� WKH� W\SH� ,�PRGHO� LQ� WKH
WLPH�GRPDLQ�LV�
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DQG�WKH�UHVSRQVH�RI�WKH�W\SH�,,�PRGHO�LV�
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7KH� WUDQVLHQW� UHVSRQVHV� WKDW� DUH� SUHVHQW� DV
H[SRQHQWLDOV�LQ�����DQG�����GLPLQLVK�DIWHU�VRPH�WLPH
����� WLPH� FRQVWDQWV� 7�� RU� 7���� &RQVHTXHQWO\�� WKH
UHVSRQVHV�����DQG�����FDQ�EH�DSSUR[LPDWHG�ZLWK�WKHLU
DV\PSWRWHV�
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7KH� 66(�� ZKLFK� LV� PLQLPL]HG� E\� WKH� /6
SURFHGXUH�LV�
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ZKHUH� L� GHQRWHV� HTXLGLVWDQW� WLPH� LQVWDQFHV� ZKHQ
GDWD�ZHUH�FROOHFWHG��DQG�Q�GHQRWHV�WKH�WRWDO�QXPEHU
RI�FROOHFWHG�GDWD�

$�VLPSOH�DQDO\VLV�RI�WKH�/6�SURFHGXUH�>�@�VKRZV
WKDW� WKH�QH[W�YDOXHV�VKRXOG�EH�FRPSXWHG�GXULQJ� WKH
GDWD�FROOHFWLRQ�
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6LQFH�WKH�UHODWLRQV�LQ������DQG������LQFOXGH�VXPV

RI�ELJ�YDOXHV��LW�LV�SUHIHUDEOH�WR�VFDOH�WKHP�LQ�RUGHU
WR�DYRLG�SUREOHPV�ZLWK�QXPHULFDO�RYHUIORZ��6FDOLQJ
ZDV�PDGH�LQ�VXFK�D�ZD\�WKDW� W��� LV�VHW� WR� W�� ���DQG
WKH� SURFHVV� RXWSXW� YDOXHV� \L� ZHUH� VFDOHG� ZLWK� WKH
RSHUDWLQJ�UDQJH��\����\���

)URP� WKH� FRPSXWHG� YDOXHV� ����� DQG� ������ WKH
SDUDPHWHUV�RI�WKH�W\SH�,�PRGHO�DUH�FDOFXODWHG�
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,W� LV� LPSRUWDQW� WR� QRWH� WKDW� LW� LV� QRW� SRVVLEOH� WR
GLVWLQJXLVK� WKH�GRPLQDQW� WLPH�FRQVWDQW�7�� IURP� WKH
GHDG�WLPH� /�� LQ� WKH� VXP� LQ� HTXDWLRQ� ������ 7KLV
SUREOHP� LV� VROYHG� ZLWK� HTXDWLRQV� REWDLQHG� LQ� WKH
SKDVH�RI�UHOD\�H[SHULPHQW��VHH�VXEVHFWLRQ������

$�VLPLODU�FDOFXODWLRQ�LV�SHUIRUPHG�IRU�WKH�W\SH�,,
PRGHO� DQG� SDUDPHWHUV� .�� DQG� 7�� DUH� XQLTXHO\
GHWHUPLQHG�
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7KH� QH[W� VWHS� LV� WR� PDNH� WKH� GHFLVLRQ� LI� WKH
SURFHVV�FDQ�EH�GHVFULEHG�ZLWK�W\SH�,�PRGHO�RU�ZLWK
W\SH�,,�PRGHO��,W�LV�GRQH�XVLQJ�66(,�DQG�66(,,�

[66(66(66( thresholdIIIII <− ��� � ����

,I�LQHTXDOLW\������LV�VDWLVILHG��WKH�SURFHVV�LV�ODEHOOHG
DV� W\SH�,�SURFHVV��RWKHUZLVH� LW� LV� ODEHOOHG�DV� W\SH� ,,
SURFHVV�

$IWHU� WKH�FDOFXODWLRQ�RI� WKH�SURFHVV�SDUDPHWHUV�
WKH� IHHGEDFN� ORRS� LV� FORVHG�ZLWK� D� FRQVHUYDWLYH� 3,
FRQWUROOHU��ZKLFK�GULYHV�WKH�SURFHVV�LQWR�WKH�GHVLUHG
RSHUDWLQJ�SRLQW�

2.2 Relay experiment
7KH� DXWRWXQLQJ� UHOD\� H[SHULPHQW� LV� DQ� DXWRPDWHG
YHUVLRQ�RI�=LHJOHU�1LFKROV�H[SHULPHQW��,W�GHWHUPLQHV
WKH� FULWLFDO� JDLQ� DQG� FULWLFDO� IUHTXHQF\� RI� DQ
XQNQRZQ� SODQW�� ZKLFK� DUH� WKH� GDWD� XVHG� IRU� 3,'
FRQWUROOHU� GHVLJQ�� � 6XFK� DQ� H[SHULPHQW� FDQ� EH
YLHZHG�DV� LGHQWLILFDWLRQ�RI� WKH�SRLQW�RQ�WKH�SURFHVV
1\TXLVW� FXUYH�ZKLFK� LV� SRVLWLRQHG� RQ� WKH� QHJDWLYH
UHDO�D[LV��7KH�LGHQWLILHG�SRLQW�RI�WKH�SURFHVV�1\TXLVW
FXUYH� LV� WKH� LQWHUVHFWLRQ� RI� WKH� SURFHVV� 1\TXLVW
FXUYH�DQG�D�OLQH�UHSUHVHQWLQJ�WKH�QHJDWLYH�LQYHUVH�RI
WKH� GHVFULELQJ� IXQFWLRQ� RI� WKH� UHOD\� HOHPHQW� LQ� WKH
1\TXLVW� SODQH� >�@�� 7KH� GHVFULELQJ� IXQFWLRQ� RI� WKH
UHOD\�HOHPHQW�ZLWK�K\VWHUHVLV�LV�
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ZKHUH�ε� LV� WKH�K\VWHUHVLV� RI� WKH� UHOD\�HOHPHQW��$� LV
WKH� DPSOLWXGH� RI� OLPLW� F\FOH� RVFLOODWLRQV� RI� RXWSXW
VLJQDO�DQG�G�LV�WKH�DPSOLWXGH�RI�WKH�UHOD\�RXWSXW�

)URP������LW�FDQ�EH�GHGXFHG�WKDW�LW�LV�SRVVLEOH�WR
LGHQWLI\� RWKHU� SRLQWV� RI� WKH� SURFHVV� 1\TXLVW� FXUYH
WKURXJK� YDULDWLRQ� RI� K\VWHUHVLV� ε� RI� WKH� UHOD\
HOHPHQW�� 2WKHU� PRGLILFDWLRQV� RI� WKH� RULJLQDO
H[SHULPHQW�DUH�SRVVLEOH�WKURXJK�WKH�XVH�RI�GLIIHUHQW
G\QDPLF�HOHPHQWV��ZKLFK�DUH�FRQQHFWHG�WR�WKH�UHOD\�
6HYHUDO�PRGLILFDWLRQV�RI� WKH� UHOD\� H[SHULPHQW�KDYH
EHHQ� SURSRVHG�ZLWK� WKH� LQWHQWLRQ� RI� VKRUWHQLQJ� WKH
H[SHULPHQW�� DGDSWLQJ� WKH� H[SHULPHQW� WR� WKH
SDUWLFXODU� FODVV� RI� SURFHVVHV� >�@� RU� REWDLQLQJ
DGGLWLRQDO� LQIRUPDWLRQ� DERXW� WKH� SURFHVV� IURP� WKH
H[SHULPHQW�>�@��ZKLFK�LV�XVHG�IRU�3,'�GHVLJQ�

7KH� UHOD\� H[SHULPHQW� LV� SHUIRUPHG� LQ� WKH
IROORZLQJ�VWHSV�
�� 6HWWLQJ�LQLWLDO�SDUDPHWHUV�RI�WKH�UHOD\��G���ε���
�� 0HDVXULQJ�WKH�DPSOLWXGH�DQG�IUHTXHQF\�RI�OLPLW

F\FOH�RVFLOODWLRQV�
�� &KDQJLQJ� UHOD\� SDUDPHWHUV� XQWLO� OLPLW� F\FOH

RVFLOODWLRQV� ZLWK� GHVLUHG� FKDUDFWHULVWLFV� KDYH
EHHQ�DFKLHYHG�

�� )LQLVKLQJ� WKH� H[SHULPHQW� DQG� FDOFXODWLQJ� WKH
FRQWUROOHU�SDUDPHWHUV�
)RU�W\SH�,�SURFHVVHV��WKH��UHOD\�H[SHULPHQW�LV�QRW

PRGLILHG�� DQG� LW� LV� SHUIRUPHG� DV� SURSRVHG� LQ� >�@�
&DOFXODWLRQ�RI�WKH�LQLWLDO�UHOD\�DPSOLWXGH�G��LV�EDVHG
RQ�WKH�UHVXOWV�RI�SUHOLPLQDU\�LGHQWLILFDWLRQ�

�
� �.

$
G Gπ

= �� ����

ZKHUH�$G�LV�WKH�GHVLUHG�DPSOLWXGH�RI�WKH�OLPLW�F\FOH
RVFLOODWLRQV�



7KH�DPSOLWXGH�G�RI�WKH�UHOD\�HOHPHQW�LV�FKDQJHG
GXULQJ� WKH� UHOD\� H[SHULPHQW� LQ� DQ� LWHUDWLYH�PDQQHU
>�@�� 7KH� H[SHULPHQW� LV� FDUULHG� RXW� XQWLO� OLPLW� F\FOH
RVFLOODWLRQV�RI�WKH�GHVLUHG�DPSOLWXGH�DUH�DWWDLQHG�

7KH� QH[W� WZR� HTXDWLRQV� GHVFULEH� WKH� W\SH� ,
SURFHVV� LQ� OLPLW� F\FOH� RVFLOODWLRQV� XQGHU� UHOD\
FRQWURO�>�@�

πωω =+ ���� DUFWDQ TL � ����

�
�

�
��� �

�
7

G

$
. ωωπ += � ����

ZKHUH�ω�� LV� WKH�PHDVXUHG� IUHTXHQF\� RI� OLPLW� F\FOH
RVFLOODWLRQV�� 6LQFH� HTXDWLRQV� ����� DQG� ������ KDYH
WKUHH�XQNQRZQV� �7���.���/����DQ�DGGLWLRQDO�HTXDWLRQ
LV�QHHGHG��8VLQJ�HTXDWLRQ� ������ WKH�SDUDPHWHU�7�� LV
HYDOXDWHG�IURP�������DQG�WKH�SDUDPHWHU�/��IURP������

)RU� W\SH� ,,� SURFHVVHV�� D� PRGLILHG� UHOD\
H[SHULPHQW�LV�H[HFXWHG��7KH�H[SHULPHQW�LV�PRGLILHG
LQ� RUGHU� WR� REWDLQ� WKH� DPSOLWXGH� DQG� IUHTXHQF\� RI
OLPLW� F\FOH� RVFLOODWLRQV� LQ� WKH� SRLQW� RI� WKH� 1\TXLVW
FXUYH��ZKLFK�KDV�D�SKDVH�DQJOH�HTXDO�WR������°�>��@�
$� 3,'� FRQWUROOHU� GHVLJQHG� XVLQJ� WKHVH� GDWD� LV
VXLWDEOH� IRU� WKH� FRQWURO� RI� W\SH� ,,� SURFHVVHV�
0RGLILFDWLRQ�>�@�RI�WKH�RULJLQDO�H[SHULPHQW�LQYROYHV
FRQQHFWLQJ� D� WLPH� GHOD\� HOHPHQW� WR� WKH� UHOD\�� DQG
FKDQJLQJ�WKH�YDOXH�RI�WKLV�WLPH�GHOD\��6XFK�D�FKDQJH
DOORZV� WKH� LGHQWLILFDWLRQ� RI� YDULRXV� SRLQWV� RQ� WKH
1\TXLVW�FXUYH��7KLV�PRGLILFDWLRQ�LV�HTXLYDOHQW�WR�WKH
H[SHULPHQW�ZLWK� YDULDEOH� K\VWHUHVLV�� EXW� LW� UHTXLUHV
VLPSOHU�FDOFXODWLRQ�

7KH�UHVXOWV�RI�SUHOLPLQDU\�LGHQWLILFDWLRQ�JLYHQ�LQ
�����DQG������DUH�XVHG�WR�VHW�WKH�LQLWLDO�WLPH�GHOD\�/�

WR�

�� �
7/

π= �� ����

DQG�WKH�LQLWLDO�UHOD\�DPSOLWXGH�G��LV�

��
� �

�
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$
G Gπ

= �� ����

7KH� H[SHULPHQW� LV� FDUULHG� RXW� DV� GHVFULEHG� LQ� >�@�
DQG� ZKHQ� OLPLW� F\FOH� RVFLOODWLRQV� ZLWK� GHVLUHG
FKDUDFWHULVWLFV�DUH�DWWDLQHG��WKH�DXWRWXQLQJ�SURFHGXUH
WXQHV�WKH�3,'�FRQWUROOHU�SDUDPHWHUV�

2.3 Tuning rules for PID controller
)RU�WKH�W\SH�,�PRGHO�ZLWK�GRPLQDQW�WLPH�FRQVWDQW�7�

ELJJHU�WKDQ�GHDG�WLPH�/���D�3,'�FRQWUROOHU�LV�XVHG��,W
LV�WXQHG�DFFRUGLQJ�WR�,67(�FULWHULD�>�@��2Q�WKH�RWKHU
KDQG�� LI� WKH� GHDG�WLPH� RI� WKH� SURFHVV� /�� LV� ELJJHU
WKDQ� WKH� GRPLQDQW� WLPH� FRQVWDQW� 7��� D� GHDG�WLPH
FRPSHQVDWLQJ� FRQWUROOHU� LV� HPSOR\HG�� 7KH� XVH� RI
WKHVH�FRQWUROOHUV�DV�SDUW�RI�WKH�DXWRWXQLQJ�SURFHGXUH
LV�GHVFULEHG�LQ�VXEVHFWLRQ�����

7KH�3,'�FRQWUROOHU�LV�DOVR�XVHG�IRU�WKH�FRQWURO�RI
W\SH� ,,� SURFHVVHV�� 7KH� SDUDPHWHUV� RI� WKH� 3,'
FRQWUROOHU� DUH� WXQHG� DFFRUGLQJ� WR� .HVVOHU�/DQGDX�

9RGD��./9��GHVLJQ�PHWKRG�>��@��7KLV�PHWKRG�LV�DQ
LPSURYHPHQW� RI� WKH� µV\PPHWULFDO� RSWLPXP¶� GHVLJQ
PHWKRG�� DQG� LV� VXLWDEOH� IRU� WKH� FRQWURO� RI� W\SH� ,,
SURFHVVHV�

2.4 Tuning rules for FPPI controller
3,'� FRQWURO� LV� QRW� VXLWDEOH� IRU� WKH� FRQWURO� RI
SURFHVVHV� ZLWK� D� ODUJH� GHDG�WLPH�� ,Q� VXFK� FDVHV�
GHDG�WLPH�FRPSHQVDWLQJ�FRQWUROOHUV�VKRXOG�EH�XVHG�
7KH� 6PLWK� SUHGLFWRU� LV� RIWHQ� HPSOR\HG� DV� D� GHDG�
WLPH� FRPSHQVDWLQJ� FRQWUROOHU�� 7KH� PDLQ� SUREOHPV
HQFRXQWHUHG� LQ� WKH� DSSOLFDWLRQ� RI� WKH� 6PLWK
SUHGLFWRU�DUH�>��@>��@�
• +LJK� VHQVLWLYLW\� WR� LQDFFXUDWH�PRGHOOLQJ� RI� WKH

SURFHVV�
• 2SHUDWLRQDO� FRPSOH[LW\�� EHFDXVH� LW� KDV� PRUH

SDUDPHWHUV�WR�WXQH�WKHQ�3,'�FRQWUROOHU�
,Q�RUGHU� WR�VLPSOLI\�WKH�WXQLQJ�SURFHGXUH�RI� WKH

6PLWK� SUHGLFWRU�� D� UHVWULFWLRQ� RQ� WKH� FKRLFH� RI
FRQWUROOHU� DQG�SURFHVV�PRGHO� KDV� EHHQ� SURSRVHG� LQ
>��@��6XFK�D�FRQWUROOHU� LV�FDOOHG�SUHGLFWLYH�3,� �33,�
FRQWUROOHU� DQG� KDV� WKUHH� WXQLQJ� SDUDPHWHUV�� 7KH
FRQWUROOHU�LV�GHSLFWHG�LQ�)LJXUH����ZLWK�WKH�ILOWHU�)�V�
VHW�WR�)�V� ��

.
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W\SH�I �PRGHO

3,�FRQWUROOHU

ILOWHU

)LJ���6WUXFWXUH�RI�WKH�)33,�FRQWUROOHU�

,Q� WKH� 33,� FRQWUROOHU� WKH� SDUDPHWHUV� RI� WKH� 3,
FRQWUROOHU� DUH� UHODWHG� WR� W\SH� ,� PRGHO� SDUDPHWHUV
WKURXJK�UHODWLRQV�>��@�

�

�

.
.5 = � ����
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,Q� RUGHU� WR� LQFUHDVH� WKH� UREXVWQHVV� RI� WKH� 33,
FRQWUROOHU�� LQWURGXFWLRQ� RI� D� ILOWHU� LQWR� WKH� 33,
VWUXFWXUH�KDV�EHHQ�SURSRVHG��>��@��6XFK�D�FRQWUROOHU
LV� FDOOHG� ILOWHUHG� 33,� �)33,�� FRQWUROOHU� �)LJ����� ,Q
RUGHU�WR�SUHVHUYH�D�VLPSOH�VWUXFWXUH�RI�WKH�33,�ILOWHU�
)�V�� LV�FKRVHQ�DV� WKH� ILUVW�RUGHU� ODJ�ZLWK�VWDWLF�JDLQ
HTXDO�WR�RQH�

V7
V)

I+
=
�

�
�� � ����

,Q� >��@� WKH� UREXVWQHVV� RI� WKH� )33,� FRQWUROOHU� LV
DQDO\VHG�ZLWK�UHVSHFW�WR�GLIIHUHQW�YDOXHV�RI�WKH�ILOWHU
WLPH� FRQVWDQW� 7I�� $V� D� UHVXOW� RI� WKH� UREXVWQHVV
DQDO\VLV�LW�LV�UHFRPPHQGHG�WR�VHW��7I� �/����



� 6RPH�LPSOHPHQWDWLRQ�UHPDUNV
7KH� DXWRWXQLQJ� SURFHGXUH� ZDV� LPSOHPHQWHG� DV� D
IXQFWLRQ�EORFN�LQ�3/&�6LPDWLF�6��PDGH�E\�6LHPHQV�
7KH�GLVFUHWL]DWLRQ�WLPH�7�ZDV�VHW�WR���PV�

3.1 Preliminary identification
:KLOH� WHVWLQJ� WKH� DXWRWXQLQJ� SURFHGXUH� LW� KDV� EHHQ
IRXQG� WKDW� WKH� WKUHVKROG� LQ�HTXDWLRQ� ����� VKRXOG�EH
VHW�WR�[WKUHVKROG� �����

6HYHUDO� SUREOHPV� PD\� EH� HQFRXQWHUHG� ZKLOH
XVLQJ� WKH�/6�SURFHGXUH� LQ� WKH�SKDVH�RI�SUHOLPLQDU\
LGHQWLILFDWLRQ��7KH�RSHUDWLQJ�UDQJH��\����\���LQ�ZKLFK
/6� LGHQWLILFDWLRQ� LV� PDGH� VKRXOG� EH� PXFK� ELJJHU
WKDQ� WKH� DPSOLWXGH� RI� WKH� QRLVH� VLJQDO� LQ� RUGHU� WR
SHUIRUP� LW� VXFFHVVIXOO\�� 7KH� PRVW� LPSRUWDQW
SUREOHP� WKDW� PD\� LQWURGXFH� HUURUV� LQ� FDOFXODWHG
SDUDPHWHUV�LV�WKDW�WKH�FROOHFWLRQ�RI�GDWD�PLJKW�KDYH
VWDUWHG�EHIRUH� WUDQVLHQWV� LQ� WKH� SURFHVV� RXWSXW� KDYH
GLPLQLVKHG��6XFK�D�SUREOHP�FDQ�EH�DYRLGHG�ZLWK�WKH
XVH�RI�D�VORZHU�UDPS�IXQFWLRQ�

3.2 Relay experiment
2QH� RI� WKH� SUREOHPV� HQFRXQWHUHG� GXULQJ� WKH� UHOD\
H[SHULPHQW� LV� WKH� GHWHFWLRQ� RI� SUHVHQFH� RI� OLPLW
F\FOH� RVFLOODWLRQV� >�@�� $� FUXGH� HVWLPDWLRQ� RI� WLPH
FRQVWDQWV� LQ� WKH� SKDVH� RI� SUHOLPLQDU\� LGHQWLILFDWLRQ
SURYLGHV�WKH�WLPH�VFDOH�LQ�ZKLFK�WKH�SURFHVV�VKRXOG
VWDUW� RVFLOODWLQJ�� ,I� WKH� SURFHVV� KDV� QRW� VWDUWHG
RVFLOODWLQJ� LQ� WKH� FDOFXODWHG� WLPH�� WKH� LQLWLDO� UHOD\
DPSOLWXGH�LV�HQODUJHG��H�J��E\�������7KLV�SURFHGXUH
LV�UHSHDWHG�XQWLO�WKH�SURFHVV�VWDUWV�RVFLOODWLQJ�

3.3 Control phase
,Q�RUGHU�WR�UHGXFH�WKH�HIIHFWV�RI�QRLVH��WKH�DPSOLWXGH
RI� WKH�QRLVH� VLJQDO� LV�PHDVXUHG�SULRU� WR� WKH� VWDUW�RI
WKH� DXWRWXQLQJ� SURFHGXUH�� ,W� LV� XVHG� IRU� VHWWLQJ� WKH
GHDG�EDQG�RI� WKH�3,'�FRQWUROOHU� LQ�3/&��7KH�YDOXH
RI� WKH� GHDG�EDQG� LV� VHW� WR� D� YDOXH� WZR� WLPHV� ODUJHU
WKDQ�WKH�PHDVXUHG�QRLVH�DPSOLWXGH�>�@��)XUWKHUPRUH�
D� 3,'� FRQWUROOHU� DQWL�ZLQGXS� VFKHPH� LV� HPSOR\HG
ZLWK�WKH�LQWHQWLRQ�RI�DYRLGLQJ�LQWHJUDWRU�VDWXUDWLRQ�

7KH�)33,� FRQWUROOHU� VLPXODWHV� WKH� GHDG�WLPH� RI
WKH�W\SH�,�PRGHO�E\�XVLQJ�D�FLUFXODU�PHPRU\�EXIIHU
LQ� 3/&�� 7KH� VL]H� RI� WKH� PHPRU\� EXIIHU� LV
SURSRUWLRQDO�WR�WKH�UDWLR�RI�VLPXODWHG�GHDG�WLPH�DQG
GLVFUHWL]DWLRQ� WLPH� RI� WKH� DXWRWXQLQJ� FRQWUROOHU�� ,I
WKH�GHDG�WLPH� LV� WRR� ORQJ��D�YHU\�ELJ�EXIIHU�ZLOO�EH
UHTXLUHG� IRU� VXFK� D� VLPXODWLRQ�� 7R� DYRLG� WKLV
SUREOHP��D�GLVFUHWL]DWLRQ�WLPH�H[FHHGLQJ�7 ��PV�LV
UHTXLUHG�� 7KH� RSWLPDO� GLVFUHWL]DWLRQ� WLPH� LV
FDOFXODWHG� RQ� WKH� EDVLV� RI� HVWLPDWHG� SURFHVV
SDUDPHWHUV��DQG�LW�LV�HPXODWHG�LQ�VRIWZDUH�DV�LQWHJHU
PXOWLSOH�RI�WKH�EDVLF�GLVFUHWL]DWLRQ�WLPH�7�

��([SHULPHQWDO�UHVXOWV
,Q�WKH�ILUVW�H[DPSOH��)LJ����WKH�DXWRWXQLQJ�FRQWUROOHU
ZDV� DSSOLHG� WR� WKH� FRQWURO� RI� D� ODERUDWRU\� EORZHU
SURFHVV�
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��

�

�

�

�

�

��

\

����SKDVH

����SKDVH
����SKDVH

\�X
>9@

W>V@

X

)LJ���$XWRWXQLQJ�H[SHULPHQW�RQ�D�ODE�EORZHU�SODQW�

3UHOLPLQDU\� LGHQWLILFDWLRQ� FRUUHFWO\� FODVVLILHG
WKH�SURFHVV�DV� W\SH�,�SURFHVV��7KH�UHOD\�H[SHULPHQW
ZDV�VWDUWHG��DQG� WKH�DPSOLWXGH�RI� WKH�UHOD\�HOHPHQW
ZDV�DGMXVWHG�XQWLO�RVFLOODWLRQV�RI�WKH�SURFHVV�RXWSXW
VLJQDO� UHDFKHG� WKH� GHVLUHG� DPSOLWXGH� RI�$G ���� 9�
7KH�QRLVH�DPSOLWXGH�ZDV�PHDVXUHG�DQG�WKH�REWDLQHG
YDOXH� ZDV� ����� 9�� 7KH� SDUDPHWHUV� RI� WKH� SURFHVV
REWDLQHG�DIWHU�WKH�UHOD\�H[SHULPHQW�ZHUH��.�� ������
7�� ����V�DQG�/�� ����V��7KH�SDUDPHWHUV�RI�WKH�3,'
FRQWUROOHU�ZHUH�VHW�XVLQJ�WKH�,67(�FULWHULRQ�IRU�GDWD
REWDLQHG� IURP� WKH� UHOD\� H[SHULPHQW� >�@�� 7KH
UHVSRQVH� WR� VHW�SRLQW� FKDQJH� DW� WKH� WLPH� LQVWDQW
W ��V� VKRZV� WKDW� WKH� FRQWUROOHU� ZDV� FRUUHFWO\
GHVLJQHG�
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)LJ���'HWDLO�RI�WKH�FRQWURO�SKDVH�ZLWK�)33,
FRQWUROOHU�

,Q�WKH�VHFRQG�H[DPSOH�D�ODE�EORZHU�SURFHVV�ZLWK
QRPLQDO� SDUDPHWHUV�� .�� ������ 7�� ����V� DQG
/�� ���V��ZDV�XVHG��7KH�DXWRWXQLQJ�ZDV�VXFFHVVIXOO\
SHUIRUPHG� DQG� D� )33,� FRQWUROOHU� ZDV� VWDUWHG�� 7KH
ZDYHIRUPV� DUH� VLPLODU� WR� ZDYHIRUPV� LQ� )LJXUH� ��
%HFDXVH�RI�WKDW��RQO\�D�GHWDLO�VKRZLQJ�WKH�UHVSRQVH



WR�VHW�SRLQW�FKDQJH�LV�JLYHQ�LQ�)LJXUH����,Q�RUGHU�WR
WHVW�WKH�UREXVWQHVV�RI�WKH�)33,�FRQWUROOHU��LW�ZDV�GH�
WXQHG�ZLWK�DQ� LQDFFXUDWH�PRGHO�.� �������7� ����V
DQG� /� ���V�� 7KH� )33,� FRQWUROOHU� UHWDLQHG� WKH
VWDELOLW\� RI� WKH� FRQWURO� V\VWHP� HYHQ� ZLWK� VXFK� DQ
LQDFFXUDWH�PRGHO�

,Q� WKH� WKLUG� H[DPSOH� �)LJ���� WKH� DXWRWXQLQJ
FRQWUROOHU� ZDV� XVHG� IRU� WKH� FRQWURO� RI� DQ� DVWDWLF
SURFHVV�� 5HVSRQVHV� WR� VHW�SRLQW� FKDQJH� DQG� ORDG
GLVWXUEDQFH�DUH�DFFHSWDEOH�
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)LJ���$XWRWXQLQJ�RQ�DVWDWLF�SURFHVV�

7KH� DXWRWXQLQJ� SURFHGXUH� KDV� EHHQ� SHUIRUPHG
RQ� VHYHUDO� ODERUDWRU\� SURFHVVHV�� ,Q� HDFK� WHVW� WKH
SURFHGXUH� FRUUHFWO\� LGHQWLILHG� WKH� SURFHVV� W\SH� DQG
KDV�VHW�WKH�PRGHO�SDUDPHWHUV�WR�HTXLYDOHQW�JDLQ�DQG
HTXLYDOHQW�WLPH�FRQVWDQW�

� &RQFOXVLRQ
,Q� WKLV� FRQWULEXWLRQ� WKH� XVH� DQG� EHQHILWV� RI
SUHOLPLQDU\� LGHQWLILFDWLRQ� LQ� WKH� DXWRWXQLQJ
SURFHGXUH� KDYH� EHHQ� H[SODLQHG� DQG� GHWDLOHG�
3UHOLPLQDU\�LGHQWLILFDWLRQ�GHWHUPLQHV�WKH�W\SH�RI�WKH
SURFHVV� DQG� SURYLGHV� D� FUXGH� HVWLPDWH� RI� LWV
SDUDPHWHUV�� 7KHVH� GDWD� DOORZ� WKH� DXWRWXQLQJ
FRQWUROOHU� WR� EH� XVHG� RQ� D� ODUJH� FODVV� RI� LQGXVWULDO
SURFHVVHV��7KH�VHWXS�IRU�GLIIHUHQW�UHOD\�H[SHULPHQWV
KDV� EHHQ� GHVFULEHG�� 7KH� DSSOLFDWLRQ� RI� WKH� )33,
FRQWUROOHU� LQ� WKH� DXWRWXQLQJ� IUDPHZRUN� KDV� EHHQ
VXJJHVWHG�DQG�H[SHULPHQWDOO\�WHVWHG��$V�D�UHVXOWV�RI
WKLV� DSSOLFDWLRQ�� WKH� DXWRWXQLQJ� FRQWUROOHU� FDQ� EH
VXFFHVVIXOO\� DSSOLHG� WR� SURFHVVHV� ZLWK� ODUJH� GHDG�
WLPHV�

)XUWKHU� UHVHDUFK�ZLOO� LQYROYH� DGMXVWPHQW� RI� WKH
DXWRWXQLQJ� SURFHGXUH� IRU� XVH� LQ� 0,02� SURFHVVHV
DQG� RWKHU� W\SHV� RI� SURFHVVHV� ZKLFK� KDYH� QRW� EHHQ
FRQVLGHUHG�LQ�WKLV�SDSHU�

$FNQRZOHGJHPHQWV�±�7KLV�ZRUN�KDV�EHHQ�VXSSRUWHG
E\� &URDWLDQ� 0LQLVWU\� RI� 6FLHQFH� XQGHU� JUDQW� ����
�����/DERUDWRU\�ZDV�HTXLSSHG�LQ�FROODERUDWLRQ�ZLWK
6LHPHQV±&URDWLD�DQG�3OLYD±&URDWLD�

5HIHUHQFHV�

>�@ .�� -�� cVWU|P� DQG� 7�� +lJJOXQG�� ³$XWRPDWLF
7XQLQJ� RI� � 6LPSOH� 5HJXODWRUV� ZLWK
6SHFLILFDWLRQV� RQ� 3KDVH� DQG� � $PSOLWXGH
0DUJLQV´��$XWRPDWLFD��9RO�����1R����������SS�
��������

>�@ $�� %HVDQoRQ�9RGD� DQG� +�� 5RX[�%XLVVRQ�
³$QRWKHU� YHUVLRQ� RI� WKH� UHOD\� IHHGEDFN
H[SHULPHQW´��-�3URF�&RQW���9RO����1R����������
SS����������

>�@ 0�=KXDQJ� DQG� '�3�� $WKHUWRQ� ³$XWRPDWLF
WXQLQJ� RI� RSWLPXP� 3,'� FRQWUROOHUV´�� ,((

352&((',1*6�'�� 9RO������ 1R���� ������ SS�
��������

>�@ :�.��+R��&�&��+DQJ�DQG�/�6��&DR�³7XQLQJ�RI
3,'� &RQWUROOHUV� %DVHG� RQ� *DLQ� DQG� 3KDVH
0DUJLQ� 6SHFLILFDWLRQV´� �� $XWRPDWLFD�� 9RO����
1R����������SS����������

>�@ 4�*�:DQJ��&�&��+DQJ�DQG�4�%L��³$�7HFKQLTXH
IRU� )UHTXHQF\� 5HVSRQVH� ,GHQWLILFDWLRQ� IURP
5HOD\� ([SHULPHQW´�� � ,(((� 7UDQV�� RQ� &RQWURO
6\V��7HFK���9RO����1R����������SS����������

>�@ .�� -�� cVWU|P�� 7�� +lJJOXQG�� &�&�� +DQJ� DQG
:�.��+R��³$XWRPDWLF�7XQLQJ�DQG�$GDSWDWLRQ�IRU
3,'� &RQWUROOHUV� ±� $� 6XUYH\´�� &RQWURO� (QJ�
3UDFWLFH��9RO����1R����������SS����������

>�@ 1��3HULü��,��3HWURYLü�DQG�,��%UDQLFD��³$�PHWKRG
RI� 3,'� FRQWUROOHU� DXWRWXQLQJ´��3URF�� RI� ,)$&�
,),3�,0$&6� &RQI�� RQ� &RQWURO� RI� ,QG�6\V��
%HOIRUW��)UDQFH��9RO����������SS��������
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