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+LHUDUFKLFDO�)X]]\�%HKDYLRU�%DVHG�&RQWURO�RI�D�0XOWL�$JHQW�5RERWLF�6\VWHP

6LJDO�%HUPDQ
��0DUFR�$QWRQLR�$VVIDON�GH�2OLYHLUD���<DHO�(GDQÁ��DQG�0RKDPPDG�-DPVKLGL�


� 'HSW�� RI� ,QGXVWULDO� (QJLQHHULQJ� DQG� 0DQDJHPHQW�� %HQ� *XULRQ
8QLYHUVLW\�RI�WKH�1HJHY��,VUDHO��RQ�OHDYH�DW�1$6$�$&(�&HQWHU��7KH
8QLYHUVLW\�RI�1HZ�0H[LFR��$OEXTXHUTXH��10��86$
�� 1$6$� $&(� &HQWHU� DQG� 'HSW�� RI� (OHFWULFDO� DQG� &RPSXWHU
(QJLQHHULQJ�� 7KH� 8QLYHUVLW\� RI� 1HZ� 0H[LFR�� $OEXTXHUTXH�� 10�
86$
Á� 'HSW�� RI� ,QGXVWULDO� (QJLQHHULQJ� DQG� 0DQDJHPHQW�� %HQ� *XULRQ
8QLYHUVLW\�RI�WKH�1HJHY��%HHU�6KHYD��,VUDHO

$EVWUDFW

�����$�KLHUDUFKLFDO�IX]]\�EHKDYLRU�EDVHG�DUFKLWHFWXUH�IRU�WKH�FRQWURO�RI�D�PXOWL�URERW�V\VWHP
LV�SUHVHQWHG��7KH� DUELWUDWLRQ� RI� GLVWLQFW� EHKDYLRUV� LV� DFKLHYHG� E\�ZHLJKLQJ� HDFK� EHKDYLRU
DFFRUGLQJ� WR� LWV�DSSOLFDELOLW\� WR� WKH�FXUUHQW�FRQWURO�F\FOH��7KLV�DSSOLFDELOLW\� LV�GHWHUPLQHG
XVLQJ�JOREDO� FRQVWUDLQWV��&RPELQLQJ� IX]]\� ORJLF� DQG� EHKDYLRU�EDVHG� FRQWURO� LQFUHDVHV� WKH
V\VWHPV�DGDSWDELOLW\�DQG� UREXVWQHVV�� �6LPXODWLRQ� UHVXOWV�RI� WKH�SURSRVHG�PHWKRGRORJ\� DUH
GLVFXVVHG�DQG�D�IXWXUH�KDUGZDUH�LPSOHPHQWDWLRQ�LV�RXWOLQHG�

���,QWURGXFWLRQ

0XOWL�DJHQW�PRELOH�URERWLF�V\VWHPV�H[WHQG�WKH�FDSDELOLWLHV�RI�VLQJOH�PRELOH�URERWV�HQDEOLQJ
ERWK�QHZ�VROXWLRQV�WR�ROG�SUREOHPV�DQG�QHZ�SUREOHPV�VROYHG��7KH\�DOVR�SRVH�QHZ�FRQVWUDLQWV�RQ
WKH�FRQWURO�V\VWHP��7KH�JURXS�DUFKLWHFWXUH�RI�D�FRRSHUDWLYH�URERWLF�V\VWHP�LV�WKH�LQIUDVWUXFWXUH�RI
WKH� LPSOHPHQWDWLRQ� RI� WKH� FROOHFWLYH� EHKDYLRUV�� ,W� GHWHUPLQHV� WKH� V\VWHP� FDSDELOLWLHV� DQG� LWV
OLPLWDWLRQV��&DR�HW�DO����������2QH�RI�WKH�NH\�IHDWXUHV�RI�WKH�JURXS�DUFKLWHFWXUH�RI�D�V\VWHP�LV�WKH
FRQWURO� PHWKRGRORJ\�� L�H�� KRZ� FRQIOLFWV� DUH� UHVROYHG� DQG� KRZ� WKH� MRLQW� FDSDELOLWLHV� RI� WKH
PXOWL�URERW�DSSDUDWXV�DUH�XWLOL]HG�

6\QWKHVL]LQJ�DQG�DQDO\]LQJ�JURXS�EHKDYLRUV�IURP�LQGLYLGXDO�LQWHUDFWLRQV�LV�RQH�RI�WKH�JUHDW
FKDOOHQJHV� RI� ERWK� HWKRORJ\� DQG� DUWLILFLDO� LQWHOOLJHQFH� �0DWDULF�� ������� $� KLHUDUFKLFDO� IX]]\
EHKDYLRU�EDVHG�FRQWURO� DUFKLWHFWXUH� IRU� D�PXOWL�URERW� V\VWHP� LV� SURSRVHG��&RPELQLQJ� IX]]\� ORJLF
DQG� EHKDYLRU�EDVHG� FRQWURO� HQKDQFHV� WKH� FDSDELOLWLHV� RI� ERWK� WKHRULHV�� )X]]LI\LQJ� WKH
EHKDYLRU�EDVHG�FRQWURO�LQFUHDVHV�WKH�GLYHUVLW\�RI�WKH�HPHUJHQW��FRPSRVLWH�EHKDYLRUV�DQG�WKHUHIRUH
LQFUHDVHV� WKH�FRPSOH[LW\� OHYHO� WKH� V\VWHP�FDQ�DFKLHYH�� ,W� DOORZV� IRU� D�PRUH� UREXVW�� DGDSWLYH� DQG
VPRRWKHU� FRQWURO�� 2Q� WKH� RWKHU� KDQG�� LPSOHPHQWLQJ� IX]]\� FRQWURO� XVLQJ� D� KLHUDUFKLFDO


(PDLO��VLJDOEH#EJXPDLO�EJX�DF�LO
$FNQRZOHGJPHQWV��7KLV�UHVHDUFK�LV�VXSSRUWHG�LQ�SDUW�E\�7KH�1$6$�&RRSHUDWLYH�DJUHHPHQW��1$*�������DQG
7KH�%*8�3DXO�,YDQLHU�&HQWHU�IRU�5RERWLFV��0DUFR�GH�2OLYHLUD�LV�DOVR�VXSSRUWHG�E\�&13T�VFKRODUVKLS
�������������DQG�WKH�)HGHUDO�8QLYHUVLW\�RI�*RLDV��8)*���%UD]LO�
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EHKDYLRU�EDVHG�PRGHO�ORZHUV�WKH�QXPEHU�RI�QHFHVVDU\�UXOHV�GUDVWLFDOO\��PDNLQJ�WKH�LPSOHPHQWDWLRQ
RI� FRPSOH[� V\VWHPV� XVLQJ� IX]]\� ORJLF� IHDVLEOH�� 7KH� SURSRVHG� PHWKRGRORJ\� ZDV� VXFFHVVIXOO\
VLPXODWHG�LQ�VRIWZDUH�DQG�D�KDUGZDUH�UHDOL]DWLRQ�LV�FXUUHQWO\�XQGHUZD\�

&RQWURO�RI�PRELOH�URERWLF�V\VWHPV�LQ�DQ�XQVWUXFWXUHG�HQYLURQPHQW�SRVHV�PDQ\�FKDOOHQJLQJ
SUREOHPV�� )X]]\� FRQWURO� SUHVHQWV� D� ORJLFDO� FKRLFH� VLQFH� LW� LV� D� FRQYHQLHQW� WRRO� IRU� KDQGOLQJ� UHDO
ZRUOG� XQFHUWDLQW\� �-DPVKLGL�� ������ FK�� ���� � )X]]\� FRQWUROOHUV� DUH� UREXVW� LQ� WKH� SUHVHQFH� RI
SHUWXUEDWLRQV�� HIILFLHQW� IRU� FRQWLQXRXV� V\VWHPV� DQG� UHODWLYHO\� HDV\� WR� GHVLJQ� DQG� LPSOHPHQW
�0DPGDQL���������$�PDMRU�GUDZEDFN�RI�FRQYHQWLRQDO�IX]]\�V\VWHPV�LV�WKDW�WKH�UXOH�EDVH�GLPHQVLRQ
ULVHV�H[SRQHQWLDOO\�ZLWK�WKH�QXPEHU�RI�YDULDEOHV��2QH�FRPPRQ�PHWKRG�RI�DGGUHVVLQJ�WKLV�SUREOHP
LQ�FRPSOH[�V\VWHPV�LV�LPSOHPHQWLQJ�D�KLHUDUFK\�RI�UXOHV�LQ�ZKLFK�UXOHV�DUH�VXEGLYLGHG�LQWR�JURXSV
SURFHVVHG�VHTXHQWLDOO\� �5DMX�HW�DO����������7KH�KLHUDUFKLFDO� IX]]\�EHKDYLRU�EDVHG�SDUDGLJP� WDNHV
DGYDQWDJH�RI�WKH�VDPH�PHFKDQLVP�EXW�LW�XVHV�VHSDUDWH�UXOH�EDVHV�WKDW�DUH�KLHUDUFKLFDOO\�SURFHVVHG�

%HKDYLRU�EDVHG�FRQWURO�KDV�JURZQ�RXW�RI�DQ�DPDOJDPDWLRQ�RI�LGHDV�IURP�HWKRORJ\��FRQWURO
WKHRU\�DQG�DUWLILFLDO�LQWHOOLJHQFH��%URRNV���������������5RERWLF�FRQWUROOHUV�FRQVLVW�RI�D�FROOHFWLRQ�RI
VSHFLDO� SXUSRVH�EHKDYLRUV� WKDW� DFKLHYH�GLVWLQFW� WDVNV� H�J�� ³$YRLG�2EVWDFOH´�PDLQWDLQV� WKH� WDVN� RI
SUHYHQWLQJ� FROOLVLRQ�ZLWK� REVWDFOHV��&RRUGLQDWLRQ� EHWZHHQ� EHKDYLRUV� UHVXOWV� LQ� WKH� HPHUJHQFH� RI
PRUH� LQWHOOLJHQW� DQG� FRPSOH[� EHKDYLRUV�� 6HYHUDO�PHWKRGV� KDYH� EHHQ� LPSOHPHQWHG� IRU� DFKLHYLQJ
EHKDYLRU� FRRUGLQDWLRQ� �$UNLQ� DQG� %DOFK�� ������� %HKDYLRU� IXVLRQ� IRUPV� D� ZHLJKWHG� VXP� RI� WKH
RXWSXW�RI�GLVWLQFW�EHKDYLRUV�� ,W� GHJHQHUDWHV� WR�EHKDYLRU� VZLWFKLQJ�E\�JLYLQJ� D�XQLW�ZHLJKW� WR�RQH
EHKDYLRU�DQG�]HUR�WR�WKH�RWKHUV��%HKDYLRU�EDVHG�FRQWURO�LV�ZHOO�VXLWHG�IRU�D�UHDO�ZRUOG��XQVWUXFWXUHG
HQYLURQPHQW�VLQFH�QR�PRGHOLQJ�LV�LQYROYHG��³7KH�ZRUOG�LV�LW�RZQ�EHVW�PRGHO´��%URRNV���������DQG
WKH� EHKDYLRUV� UHDFW� LQ� D� VWUDLJKWIRUZDUG� IDVKLRQ� WR� VWLPXOL� IURP� WKH� HQYLURQPHQW�� 7KH� UHVHDUFK
HIIRUW�KHUH�LV�IRFXVHG�RQ�ILQGLQJ�ZD\V�IRU�LQFUHDVLQJ�DFKLHYDEOH�WDVN�FRPSOH[LW\��%URRNV��������

0XFK� RI� WKH� UHFHQW� UHVHDUFK� DFWLYLW\� LQ� WKH� ILHOG� RI� FRRSHUDWLYH� URERWLFV� LPSOHPHQWV
EHKDYLRU�EDVHG� FRQWURO�� 0DWDULF� ������� VWXGLHG� WKH� V\QWKHVLV� RI� JURXS� EHKDYLRUV� EDVHG� RQ� D
PLQLPDO�VHW�RI�ORZ±OHYHO�EHKDYLRUV�WHUPHG�EDVLV�EHKDYLRUV��7KH�EDVLV�EHKDYLRUV�VHUYH�DV�EXLOGLQJ
EORFNV�IRU�PRUH�FRPSOH[�EHKDYLRUV��$UNLQ�DQG�%DOFK��$UNLQ��������$UNLQ�DQG�%DOFK��������VWXGLHG
VFKHPD� EDVHG� UHDFWLYH� V\VWHPV� DQG� XVH� IXVLRQ� IRU� EHKDYLRU� FRRUGLQDWLRQ�� 3DUNHU� ������� WULHV� WR
HQKDQFH�V\VWHP�DGDSWDELOLW\�DQG�IDXOW� WROHUDQFH�E\� LPSOHPHQWLQJ�VHYHUDO�EHKDYLRU� VHWV� LQ�D�PXOWL
URERW�DUFKLWHFWXUH��$//,$1&(��DQG�/�$//,$1&(���7KH�EHKDYLRU�VHWV�DUH�DFWLYDWHG�DFFRUGLQJ�WR
PRWLYDWLRQDO�EHKDYLRUV��$W�DQ\�JLYHQ�WLPH�RQO\�RQH�EHKDYLRU�VHW�PD\�EH�DFWLYH�

6HYHUDO� UHVHDUFKHUV� KDYH� DSSOLHG� IX]]\� ORJLF� WR� EHKDYLRU�EDVHG� FRQWURO� RI� VLQJOH� DQG
PXOWL�URERW� FRQWURO��*ORUHQQHF� ������� SUHVHQWHG� D�PXOWL�URERW� V\VWHP� LQ�ZKLFK� HDFK� URERW� KDV� D
PHFKDQLVP� WHUPHG� /RFDO� 6XSHUYLVRU� �/6�� WKDW� VZLWFKHV� EHWZHHQ� WZR� EHKDYLRUV�� PRELOH� URERW
DYRLGDQFH� DQG� IL[HG�REVWDFOH� DYRLGDQFH� �DQG� JRDO� VHHNLQJ��� %RWK� EHKDYLRUV� DQG� /6� DUH� IX]]\�
*KDQHD�+HUFRFN�DQG�%DUQHV��������SURSRVHG�D�IX]]\�PXOWL�OD\HU�FRQWUROOHU�LQ�ZKLFK�D�IX]]\�UXOH
EDVH�DGMXVWV�WKH�UHODWLYH�ZHLJKWLQJ�RI�HDFK�EHKDYLRU��7KH�IX]]\�FRQWURO� OD\HU� WDNHV�GLUHFW�VHQVRU\
LQSXW�DQG�DSSOLHV�QHJDWLYH� IHHGEDFN�RQ� WKH�XWLOLW\� �LPSRUWDQFH��RI� VHOHFWHG�EHKDYLRUV��7KLV�SDSHU
WDNHV� D� PRUH� JHQHULF� DSSURDFK� SURYLGLQJ� D� FRPPRQ� IUDPHZRUN� WR� IX]]\� PXOWL�URERW� FRQWURO�
7XQVWHO���������0LFKDXG�HW�DO���������DQG�0RUHQR�HW�DO���������KDYH�IRUPXODWHG�KLHUDUFKLFDO�IX]]\
EHKDYLRU�EDVHG�FRQWURO�IRU�D�VLQJOH�PRELOH�URERW��7KLV�SDSHU�H[WHQGV�WKHLU�PHWKRGRORJ\�WR�WKH�PXOWL
URERW� FRQWURO� ILHOG�� (DFK� URERW� LV� PRGHOHG� LQGHSHQGHQWO\� XVLQJ� WKH� KLHUDUFKLFDO� IX]]\
EHKDYLRU�EDVHG�FRQWURO�PHWKRGRORJ\�DQG� LQWHOOLJHQW� JURXS�EHKDYLRUV� HPHUJH� IURP� WKH� LQWHUDFWLRQ
EHWZHHQ�WKH�URERWV�
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7KH�UHVW�RI�WKH�SDSHU�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���RXWOLQHV�WKH�FRQWURO�PHWKRGRORJ\�
6HFWLRQ� �� GHVFULEHV� WKH� VLPXODWLRQ� HQYLURQPHQW� DQG� UHVXOWV� REWDLQHG�� 6HFWLRQ� �� GLVFXVVHV� WKH
VLPXODWLRQ�UHVXOWV�DQG�RXWOLQHV�IXWXUH�VRIWZDUH�DQG�KDUGZDUH�LPSOHPHQWDWLRQV�

���7KH�&RQWURO�0HWKRGRORJ\

3ULPLWLYH� EHKDYLRUV� DUH� ORZ�OHYHO� EHKDYLRUV� WKDW� W\SLFDOO\� WDNH� LQSXWV� IURP� WKH� URERW¶V
VHQVRUV� DQG� VHQG� RXWSXWV� WR� WKH� URERW¶V� DFWXDWRUV� IRUPLQJ� D� QRQOLQHDU� PDSSLQJ� EHWZHHQ� WKHP�
&RPSRVLWH� EHKDYLRUV� PDS� EHWZHHQ� VHQVRU\� LQSXW� DQG�RU� JOREDO� FRQVWUDLQWV� DQG� WKH� 'HJUHH� 2I
$SSOLFDELOLW\��'2$��RI�UHOHYDQW�SULPLWLYH�EHKDYLRUV��7KH�'2$�LV�WKH�PHDVXUH�RI�WKH�LQVWDQWDQHRXV
OHYHO�RI�DFWLYDWLRQ�RI�D�EHKDYLRU��7KH�SULPLWLYH�EHKDYLRUV�DUH�ZHLJKWHG�E\�WKH�'2$�DQG�DJJUHJDWHG
WR� IRUP� FRPSRVLWH� EHKDYLRUV�� 7KLV� LV� D� JHQHUDO� IRUP� RI� EHKDYLRU� IXVLRQ� WKDW� FDQ� GHJHQHUDWH� WR
EHKDYLRU�VZLWFKLQJ�IRU�'2$� ��RU����7XQVWHO��������

$W� WKH�3ULPLWLYH� OHYHO�� EHKDYLRUV� DUH� V\QWKHVL]HG� DV� IX]]\� UXOH� EDVHV�� L�H�� D� FROOHFWLRQ� RI
IX]]\� LI�WKHQ� UXOHV�� (DFK� EHKDYLRU� LV� HQFRGHG� ZLWK� D� GLVWLQFW� FRQWURO� SROLF\� JRYHUQHG� E\� IX]]\
LQIHUHQFH�� �,I�;�DQG�<�DUH�LQSXW�DQG�RXWSXW�XQLYHUVHV�RI�GLVFRXUVH�RI�D�EHKDYLRU�ZLWK�D�UXOH�EDVH
VL]H�Q��WKH�XVXDO�IX]]\�LI�WKHQ�UXOH�WDNHV�WKH�IROORZLQJ�IRUP�

,)��[��LV� L$ �7+(1�\�LV� L%

ZKHUH�[�DQG�\�UHSUHVHQW�LQSXW�DQG�RXWSXW�OLQJXLVWLF�YDULDEOHV��UHVSHFWLYHO\��DQG� L$ �DQG� L% ��L ����Q�

DUH�IX]]\�VXEVHWV�UHSUHVHQWLQJ�OLQJXLVWLF�YDOXHV�RI�[�DQG�\��7\SLFDOO\�[�UHIHUV�WR�VHQVRU\�GDWD�DQG�\
WR� DFWXDWRU� FRQWURO� VLJQDOV�� 7KH� DQWHFHGHQW� DQG� WKH� FRQVHTXHQW� FDQ� DOVR� EH� D� FRQMXQFWLRQ� RI
SURSRVLWLRQV��H�J��,)� �[ �LV�

��L
$ �$1'«� Q[ �LV�

QL
$

�

�7+(1«��

$W� WKH�&RPSRVLWLRQ� OHYHO� WKH�'2$� LV� HYDOXDWHG� XVLQJ� D� IX]]\� UXOH� EDVH� LQ�ZKLFK� JOREDO
NQRZOHGJH�DQG�FRQVWUDLQWV�DUH�LQFRUSRUDWHG��$Q�DFWLYDWLRQ�OHYHO��WKUHVKROG��DW�ZKLFK�UXOHV�EHFRPH
DSSOLFDEOH� LV�DSSOLHG� WR� WKH�'2$�JLYLQJ� WKH�V\VWHP�PRUH�GHJUHHV�RI� IUHHGRP��7KH�'2$�RI�HDFK
SULPLWLYH�EHKDYLRU�LV�VSHFLILHG�LQ�WKH�FRQVHTXHQW�RI�DSSOLFDELOLW\�UXOHV�RI�WKH�IRUP�

,)��[��LV� L$ �7+(1� MD �LV� L'

ZKHUH�[�LV�W\SLFDOO\�D�JOREDO�FRQVWUDLQW�� MD �>���@�LV�WKH�'2$�DQG� L$ �DQG�� L' ��UHVSHFWLYHO\�DUH

WKH� IX]]\� VHW� RI� OLQJXLVWLF� YDULDEOHV� GHVFULELQJ� WKHP�� $V� LQ� WKH� IRUPHU� FDVH� WKH� DQWHFHGHQW� DQG
FRQVHTXHQW�FDQ�DOVR�EH�D�FRQMXQFWLRQ�RI�SURSRVLWLRQV�

$W� HDFK� FRQWURO� F\FOH� WKH�'2$� RI� HDFK� EHKDYLRU� LV� GHWHUPLQHG�� WKHQ� WKH� IX]]\� UXOHV� RI
DSSOLFDEOH� EHKDYLRUV� DUH� SURFHVVHG� \LHOGLQJ� UHVSHFWLYH� RXWSXW� IX]]\� VHWV�� 7KH� RXWSXW� VHWV� DUH
PXOWLSOLHG�E\� WKH�FRUUHVSRQGLQJ�'2$��\LHOGLQJ�ZHLJKWHG� IX]]\�VHWV��7KH� UHVXOWLQJ� IX]]\�VHWV�DUH
DJJUHJDWHG�XVLQJ�WKH�DULWKPHWLF�VXP�DQG�GHIX]]LILHG�XVLQJ�WKH�FHQWURLG�PHWKRG�

,Q�RUGHU�WR�GHYHORS�WKH�IUDPHZRUN�IRU�PXOWL�URERW�FRQWURO��D�FDVH�VWXG\�DSSURDFK�ZDV�WDNHQ
LQ�ZKLFK�VHYHUDO�EHKDYLRUV�ZHUH�GHILQHG�DQG�FRPSRVHG���6DIH�+RPLQJ�EHKDYLRU�GHSLFWHG�LQ�)LJ��
HQDEOHV�WKH�URERWV�WR�PRYH�WRZDUGV�D�JLYHQ�SRVLWLRQ�ZLWKRXW�FROOLGLQJ�ZLWK�VWDWLRQDU\�REVWDFOHV�RU
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RWKHU�URERWV��,W�LV�FRPSRVHG�RI�WKH�SULPLWLYH�EHKDYLRU�+RPLQJ��L�H��PRYLQJ�WRZDUGV�D�JLYHQ�SRVLWLRQ
DQG� WKH� FRPSRVLWH� EHKDYLRU� 6DIH�:DQGHU�� L�H�� PRYLQJ� DERXW� ZLWKRXW� FROOLGLQJ� ZLWK� VWDWLRQDU\
REVWDFOHV�RU�RWKHU�URERWV��6DIH�:DQGHU�LV�FRPSRVHG�RI�WKUHH�SULPLWLYH�EHKDYLRUV��$YRLG��2EVWDFOH
IRU� DYRLGLQJ� VWDWLRQDU\� REVWDFOHV��$YRLG�.LQ� IRU� DYRLGLQJ� RWKHU� URERWV� DQG�:DQGHU�5DQGRPO\� WR
HQVXUH�FRYHUDJH�RI�VHDUFK�DUHD�DQG�DYRLGLQJ�GHDG�ORFN�VLWXDWLRQV� �

$YRLG�2EVWDFOH� WDNHV�DV� LQSXWV� WKH�GLVWDQFHV� WR� WKH�QHDUHVW� REVWDFOH� LQ� IURQW� DQG�RQ�ERWK
VLGHV�RI�WKH�URERW�DQG�DFWLYDWHV�WKH�URERW¶V�DFWXDWRUV��$Q�H[DPSOH�RI�D�UXOH�LV�

,)�IURQW�LV�722B&/26(�$1'�OHIW�LV�722B&/26(�$1'�ULJKW�LV�)$5�7+(1�VSHHG�LV
9(5<B6/2:�$1'�DQJOH�LV�7851B5,*+7

$YRLG�.LQ� RSHUDWHV� LQ� D� VLPLODU� ZD\�� WDNLQJ� RQO\� WKH� GLVWDQFH� DQG� DQJOH� WR� WKH� QHDUHVW� URERW�
:DQGHU�5DQGRPO\� FDXVHV� WKH� URERW� WR�PRYH� IRUZDUG�ZLWK� URWDWLRQDO� GLUHFWLYHV� LVVXHG� UDQGRPO\�
+RPLQJ�WDNHV�DV�LQSXWV�WKH�URERW¶V�FXUUHQW�SRVLWLRQ�DQG�WKH�WDUJHW�SRVLWLRQ�

7KH�FRPSRVLWH�EHKDYLRU�6DIH�:DQGHU�FKDQJHV�WKH�'2$�RI�$YRLG�2EVWDFOH��$YRLG�.LQ�DQG
:DQGHU�5DQGRPO\��DFFRUGLQJ�WR�WKH�GLVWDQFH� WR� WKH�QHDUHVW�REVWDFOH�DQG�URERW�DQG� WKH�FRPSRVLWH
EHKDYLRU�6DIH�+RPLQJ�FKDQJHV�WKH�'2$�RI�+RPLQJ�DQG�6DIH�:DQGHU�

6DIH��:DQGHU

$YRLG�2EVWDFOH $YRLG�
.LQ

:DQGHU��
5DQGRPO\

+RPLQJ

6DIH�+RPLQJ

)LJ�����'HFRPSRVLWLRQ�RI�6DIH�+RPLQJ�EHKDYLRU
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���6LPXODWLRQ

7KH�PXOWL�URERW�VLPXODWLRQ�FRQVLVWV�RI�D��'�HQYLURQPHQW�SRSXODWHG�E\�WZR�GLVWLQFW�REMHFWV�
5RERWV�DQG�VWDWLRQDU\�REMHFWV��7KH�URERWV�DUH�PRGHOHG�DV�KDYLQJ�FLUFXODU�VKDSHV��7KH�REVWDFOHV�DUH
PRGHOHG�DV�SRO\JRQV��7KH�URERWV�DUH�FDSDEOH�RI�WUDQVODWLRQDO�DQG�URWDWLRQDO�PRWLRQ��7KH\�SRVVHVV
UDQJH� VHQVLQJ� DELOLWLHV�� VRQDU� DQG� QHDU� ,5� UDQJH� VHQVRUV� ZLWK� QRLV\� SHUWXUEDWLRQV� DUH� FRDUVHO\
PRGHOHG��7KH�QHDU�,5�VHQVRUV�KDYH�D�OLPLWHG�UDQJH�DQG�D�UDQGRP�UDQJH�GHWHFWLRQ�HUURU�XS�WR�r���
RI� WKH� UHDGLQJ�� � 7KH� VRQDU� VHQVRUV� SRVHV� D�ZLGHU� VHQVLQJ� UDQJH� EXW� KDYH� D� GHDG� ]RQH� IRU� FORVH
SUR[LPLW\�REMHFWV��7KH\�KDYH�D�UDQGRP�UDQJH�GHWHFWLRQ�HUURU�RI�XS� WR�r����DQG�D�UDQGRP�SKDVH
HUURU�RI�XS�WR�r���GHJ�LV�LQVHUWHG�UDQGRPO\�LQ�����RI�WKH�UHDGLQJV���:H�DVVXPH�WKDW�WKH�URERWV�FDQ
GLVWLQJXLVK� EHWZHHQ�RWKHU� URERWV� DQG� VWDWLRQDU\� REMHFWV��$W� HDFK� WLPH� F\FOH� WKH� URERW� VHQVHV� WKH
HQYLURQPHQW�DQG�IXVHV�WKH�VHQVRU�UHDGLQJV��6HQVRU�IXVLRQ�LV�DFKLHYHG�E\�VXPPLQJ�ZHLJKWHG�YDOXHV
RI�WKH�VHQVRU�UHDGLQJV�DFFRUGLQJ�WR�HTXDWLRQ���
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������������5�W��LV�WKH�IXVHG�UDQJH�YDOXH
������������,5�W��LV�WKH�QHDU�,5�UHDGLQJ
������������6�W��LV�WKH�VRQDU�UHDGLQJ
������������ P5 �LV�D�FRQVWDQW

7KH� '2$V� RI� WKH� URERWV� EHKDYLRUV� DUH� HYDOXDWHG� E\� WKH� FRPSRVLWH� EHKDYLRUV� DQG� DSSOLFDEOH
EHKDYLRUV� �L�H��� ZLWK� D� '2$� WKDW� LV� KLJKHU� WKHQ� WKH� DFWLYDWLRQ� WKUHVKROG�� DUH� HYDOXDWHG� DQG
DJJUHJDWHG��)LQDOO\��WKH�URERW�H[HFXWHV�WKH�UHFRPPHQGHG�PRWLRQ�

$V�SURRI�RI�FRQFHSW�ZH�LPSOHPHQWHG�WKH�EHKDYLRU�RI�6DIH�+RPLQJ��)LJ������7KH�SULPLWLYH
EHKDYLRUV� �$YRLG�2EVWDFOH�� $YRLG�.LQ�� :DQGHU�5DQGRPO\� DQG� +RPLQJ�� DUH� VKRZQ� LQ� )LJ� ��
6DIH�:DQGHU�EHKDYLRU�LV�VKRZQ�LQ�)LJ����1RWH�WKDW�WKH�WUDFNV�DUH�GLIIHUHQW�LQ�)LJ��D�DQG��E�GXH�WR
WKH�UDQGRP�QDWXUH�RI�:DQGHU�5DQGRPO\�DQG�WKH�HUURUV�LQ�WKH�VHQVRU�UHDGLQJV��)LQDOO\�6DIH�+RPLQJ
LV�VKRZQ�LQ�)LJ�����7KH�UHVXOWV�REWDLQHG�DUH�JRRG�LQ�WKH�VHQVH�WKDW�QR�FROOLVLRQV�ZHUH�GHWHFWHG�DQG
WKH�URERWV�UHDFKHG�WKHLU�WDUJHW�XVLQJ�D�UHDVRQDEOH�SDWK�

�D� �E�

)LJ�����5RERW�WUDFNV�JHQHUDWHG�XVLQJ�6DIH�:DQGHU�EHKDYLRU��,QLWLDO�SRVLWLRQV�DQG�RULHQWDWLRQ
LQGLFDWHG�E\�DUURZV�
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�E��D�

)LJ�����5RERW�WUDFNV�JHQHUDWHG�XVLQJ�6DIH�+RPLQJ�EHKDYLRU��,QLWLDO�SRVLWLRQV�DQG�RULHQWDWLRQ
LQGLFDWHG�E\�DUURZV�

�F�

�D� �E�

�G�

)LJ�����5RERW�WUDFNV�JHQHUDWHG�XVLQJ�VLQJO\�SULPLWLYH�EHKDYLRUV��D��$YRLG�2EVWDFOH
EHKDYLRU��E��:DQGHU�5DQGRPO\�EHKDYLRU��F��$YRLG�.LQ�EHKDYLRU��G��+RPLQJ

EHKDYLRU��,QLWLDO�SRVLWLRQV�DQG�RULHQWDWLRQ�LQGLFDWHG�E\�DUURZV�
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���&RQFOXVLRQ

$�KLHUDUFKLFDO� IX]]\�EHKDYLRU�DSSURDFK� WR� FRRSHUDWLYH� URERWLFV�KDV�EHHQ� LPSOHPHQWHG� LQ
VLPXODWLRQ�� 7KLV� SURPLVLQJ� PHWKRG� DOORZV� V\QWKHVL]LQJ� JURXS� EHKDYLRUV� FDSDEOH� RI� WDFNOLQJ
FRPSOH[� WDVNV� VXFK� DV� JURXS� WHUUDLQ� QDYLJDWLRQ�� 2XU� WHFKQLTXH� HPSOR\V� IX]]\� ORJLF� WR� DFKLHYH
VPRRWKHU��PRUH�DGDSWLYH�EHKDYLRU�LQWHUDFWLRQ�

7KH�LQWXLWLYH�UHSUHVHQWDWLRQ�RI�NQRZOHGJH�DV�IX]]\�UXOH�EDVHV�DQG�WKH�KLHUDUFKLFDO�VWUXFWXUH
IDFLOLWDWH� GHVLJQ� DQG� DQDO\VLV� RI� FRPSRVLWH� EHKDYLRUV� E\� EUHDNLQJ� GRZQ� WKH� FRQWUROOHU� LQWR
PDQDJHDEOH�EORFNV��0LOOHU��������DQG�H[SOLFLWO\�VKRZLQJ�WKH�EHKDYLRUDO�LQWHUUHODWLRQVKLSV�

2XU� RQJRLQJ� UHVHDUFK� HQGHDYRUV� LQFOXGH� WKH� YDOLGDWLRQ� RI� WKH� PRUH� FRPSOH[� VHWV� RI
EHKDYLRUV��ERWK�LQ�VLPXODWLRQ�DQG�RQ�DQ�DFWXDO� URERWLF�SODWIRUP��6LPXODWLRQ�HQDEOHV�D�PRUH�UDSLG
GHYHORSPHQW�RI�EHKDYLRUV�XVLQJ�KHXULVWLFV�DQG�DXWRPDWHG�RSWLPL]DWLRQ�WHFKQLTXHV�VXFK�DV�JHQHWLF
DOJRULWKPV�DQG�QHXUDO�QHWZRUNV�

7KH�URERWLF�SODWIRUP�XQGHU�FRQVWUXFWLRQ�ZLOO� LQLWLDOO\�EH�FRPSRVHG�RI� WZR�VLPLODU�PRELOH
URERWV�� EDVHG� RQ� D�0��+&���PLFUR�FRQWUROOHU� ERDUG� �WKH� +DQG\ERDUG���� 7KH� URERWV� ZLOO� KDYH
RQERDUG�VRQDU�DQG�QHDU�,5�UDQJH�VHQVRUV�DQG�ZLOO�EH�FDSDEOH�RI�ZLUHOHVV�FRPPXQLFDWLRQ�ZLWK�HDFK
RWKHU�DQG�ZLWK�D�IL[HG�3&��7KH�VHVVLOH�FRPSXWHU�PD\�WDNH�WKH�UROHV�RI�D�*36�DQG�RI�D�KRPH�EDVH
�H�J��IRU�UHFKDUJLQJ�DQG�VDPSOH�UHWXUQ���$�SURWRW\SH�RI�WKH�URERW�LV�SUHVHQWHG�LQ�)LJ���

)LJ�����$�SURWRW\SH�RI�WKH�URERWLF�SODWIRUP
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5HIHUHQFHV

$UNLQ��5�&��DQG�%DOFK��7�����������&RRSHUDWLYH�0XOWLDJHQW�5RERWLF�6\VWHPV���FKDSWHU�LQ�$UWLILFLDO
���,QWHOOLJHQFH� DQG� 0RELOH� 5RERWV�� HGV�� � .RUWHQNDPS�� '��� %RQDVVR�� 5�3��� DQG� 0XUSK\�� 5��
���0,7�$$$,�3UHVV�

$UNLQ�� 5�&�� �������� �&RRSHUDWLRQ� ZLWKRXW� &RPPXQLFDWLRQ�� 0XOWL�DJHQW� 6FKHPD� %DVHG� 5RERW
���1DYLJDWLRQ���-RXUQDO�RI�5RERWLF�6\VWHPV��9RO��������SS����������

%URRNV��5��$����������³$�5REXVW�/D\HUHG�&RQWURO�6\VWHP�IRU�D�0RELOH�5RERW´��,(((�-RXUQDO�RI
���5RERWLFV�DQG�$XWRPDWLRQ��9RO�����1R�����SS��������

%URRNV��5��$�� �������� �(OHSKDQWV�'RQ
W� 3OD\�&KHVV���5RERWLFV� DQG�$XWRQRPRXV� 6\VWHPV�9RO�� ��
���SS�������

&DR��<��8���)XNXQDJD��$��6���.DKQJ��$��%����������³&RRSHUDWLYH�0RELOH�5RERWLFV��$QWHFHGHQWV�DQG
���'LUHFWLRQV´��$XWRQRPRXV�5RERWV�����SS�������

*KDQHD�+HUFRFN��5��DQG�%DUQHV��'��3�� �������� �³$Q�(YROYHG�)X]]\�5HDFWLYH�&RQWURO�6\VWHP�IRU
���&R�RSHUDWLQJ�$XWRQRPRXV�URERWV´��&RQIHUHQFH�RQ�6LPXODWHG�DQG�$GDSWLYH�%HKDYLRU�

*ORUHQQHF�� 3�� <�� �������� ´&RRUGLQDWLRQ� %HWZHHQ� $XWRQRPRXV� 5RERWV´�� ,QW�� -�� RI� $SSUR[LPDWH
���5HDVRQLQJ��9RO������1R�����SS����������

-DPVKLGL��0����������/DUJH�6FDOH�6\VWHPV��0RGHOLQJ��&RQWURO�DQG�)X]]\�/RJLF��3UHQWLFH�+DOO��1-�
��������

0DPGDQL��(��+�� ��������³7ZHQW\�\HDUV�RI� IX]]\�FRQWURO��H[SHULHQFHV�JDLQHG�DQG� OHVVRQV� OHDUQW´�
���,(((�,QWO��&RQI��2Q�IX]]\�V\VWHPV��SS����������

0DWDULF�� 0�� -�� �������� �'HVLJQLQJ� DQG� 8QGHUVWDQGLQJ� $GDSWLYH� *URXS� %HKDYLRU��� $GDSWLYH
���%HKDYLRU��������SS��������

0LFKDXG��)���/DFKLYHU��*��DQG�/H�'LQK��&��7����������³)X]]\�6HOHFWLRQ�DQG�%OHQGLQJ�RI�%HKDYLRUV
���IRU�6LWXDWHG�$XWRQRPRXV�$JHQW´��,(((�,QW��&RQI��2Q�)X]]\�6\VWHPV��9RO�����SS����������

0LOOHU��*��$����������³7KH�PDJLFDO�QXPEHU�VHYHQ��SOXV�RU�PLQXV�WZR��6RPH�OLPLWV�RQ�RXU�FDSDFLW\
���IRU�SURFHVVLQJ�LQIRUPDWLRQ´��3V\FKRO��5HY��9RO������QR�����SS��������

0RUHQR��/���0RUDOHGD��(���6DOLFKV��0��$���3LPHQWHO�� -��5�� DQG�GH� OD�(VFDOHUD��$�� �������� ³)X]]\
���6XSHUYLVRU� IRU� %HKDYLRUDO� &RQWURO� RI� $XWRQRPRXV� 6\VWHPV´�� ,QW�� &RQI�� 2Q� ,QGXVWULDO
(OHFWURQLFV��&RQWURO�DQG�,QVWUXPHQWDWLRQ�,(&21�¶����SS����������

3DUNHU�� /�� (�� �������� ³$//,$1&(�� $Q� DUFKLWHFWXUH� IRU� IDXOW� WROHUDQW� PXOWLURERW� FRRSHUDWLRQ´�
���,(((�7UDQV��RQ�5RERWLFV�DQG�$XWRPDWLRQ��9RO������1R�����SS����������
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5DMX��*��9��6���=KRX��-��DQG�.LVKQHU��5��$�� ��������³+LHUDUFKLFDO� IX]]\�FRQWURO´��,QW�� -��&RQWURO�
���9RO������1R����SS������������

7XQVWHO��(��:����������³$GDSWLYH�+LHUDUFK\�RI�'LVWULEXWHG�)X]]\�&RQWURO��$SSOLFDWLRQ�WR�%HKDYLRU
���&RQWURO� RI� 5RYHUV´�� 3K�'�� 'LVVHUWDWLRQ�� 1$6$�$&(� &HQWHU�� 7KH� 8QLYHUVLW\� RI� 1HZ�0H[LFR�
$OEXTXHUTXH��10��86$�
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