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9DULDEOH� VSHHG� OLQHDU� GULYHV� LQFOXGLQJ� DOVR� SRVLWLRQLQJ� WDVNV� SOD\� DQ� LPSRUWDQW� UROH� LQ

PRGHUQ� LQGXVWULHV�� 6XFK� GULYHV� KDYH� WR� EH� UREXVW�� UXJJHG�� PDLQWHQDQFH� IUHH�� LQWHOOLJHQW� DQG
PXVW� DVVXUH� KLJK� DFFXUDF\� ZLWK� JRRG� HIILFLHQF\�� 7KH� DGHTXDWHO\� GHVLJQHG� DQG� FRQWUROOHG
VZLWFKHG�UHOXFWDQFH�OLQHDU�PRWRU��65/0��FDQ�RIIHU�D�JRRG�VROXWLRQ�IRU�VXFK�D�GULYH��7KLV�SDSHU
SURSRVHV�DQG�DQDO\VHV��EDVHG�RQ�FRPSXWHU�VLPXODWLRQ�� VXFK�D�GULYH�� 7KH�65/0�PDWKHPDWLFDO
PRGHO� LV� EULHIO\� SUHVHQWHG�� $� VLPSOLILHG� PRWRU� PRGHO� DOORZV� WKH� RSWLPXP� FRPPDQG� SRVLWLRQ
GHWHUPLQDWLRQ�� $Q� LQWHOOLJHQW� FRQWUROOHU� LV� SURSRVHG� EDVHG� RQ� WKH� FRQWURO� VWUDWHJ\� WKDW� IROORZV
IURP�WKH�WKHRUHWLFDO�DSSURDFK��7KH�UHVXOWV�REWDLQHG�YLD�FRPSXWHU�VLPXODWLRQ�VWDQG�E\�WR�VXVWDLQ
WKH�SHUWLQHQFH�RI�WKH�DLPHG�VROXWLRQ�

���,1752'8&7,21
7UDQVODWLRQV�DUH� WKH�PRVW�FRPPRQ�PRWLRQV� LQ�VHYHUDO� LQGXVWULDO�EUDQFKHV��8VXDOO\� WKH

OLQHDU�PRWLRQ�LV�JHQHUDWHG�E\�EHOW�RU�VSLQGOH�GULYHV�XVLQJ�URWDWLRQDO�PRWRUV��(ODVWLFLW\�DQG�JHDU
EDFNODVK� OLPLW� WKH� G\QDPLFV� DV� ZHOO� DV� WKH� DFFXUDF\� RI� VXFK� GULYHV�� 7KHVH� PHFKDQLFDO
DUUDQJHPHQWV� DOORZ� IRU� ORZ� VSHHG� RQO\�� 8WLOL]DWLRQ� RI� KLJK� SHUIRUPDQFH� OLQHDU� PRWRUV� FDQ
HOLPLQDWH�WKHVH�GLVDGYDQWDJHV�EHFDXVH�WKH\�JHQHUDWH�OLQHDU�PRWLRQ�ZLWKRXW�DQ\�H[WUD�PHFKDQLFDO
FRPSRQHQWV��7KHUH�DUH�QR�VSHFLILF�FRXSOLQJV�DQG�WKH�SURGXFHG�WUDFWLRQ�IRUFH�LV�GLUHFWO\�DFWLQJ�RQ
WKH� ORDG��7KH�VZLWFKHG�UHOXFWDQFH� OLQHDU�PRWRU� �65/0�� LV�RQH�RI� WKH� OLQHDU�PRWRUV� WKDW�FDQ�EH
XVHG�LQ�VXFK�GULYHV��7KH�DGHTXDWHO\�GHVLJQHG�65/0�FRPPDQGHG�YLD�DQ�LQWHOOLJHQW�FRQWUROOHU�FDQ
UHDOL]H�KLJK�VWLIIQHVV�DQG�JRRG�G\QDPLFV�

7KH� VZLWFKHG� UHOXFWDQFH�PRWRUV�� ZLWK� WUXH� HOHFWURQLF� FRPPXWDWLRQ�� V\QFKURQL]HG� ZLWK
URWRU�SRVLWLRQ�RQ�LWV�URWDWLYH�YDULDQW��KDYH�EHHQ�GHVFULEHG�LQ�WKH�HDUO\�VHYHQWLHV��6LQFH�WKHQ�PDQ\
LPSURYHPHQWV�KDYH�EHHQ�GRQH�DQG�QRZ�WKH�VZLWFKHG�UHOXFWDQFH�PRWRU�LV�D�YLJRURXV�FRPSHWLWRU
IRU�YDULDEOH�VSHHG�GULYH�V\VWHPV��7KH�65/0�FRPHV�XS�ZLWK�WKH�VDPH�IHDWXUHV�DV�WKH�URWDWLYH�RQH�
,W� KDV� ORZ� PDQXIDFWXULQJ� FRVWV�� UXJJHG� DQG� UREXVW� FRQVWUXFWLRQ�� VLPSOH� DQG� UHOLDEOH� SRZHU
VZLWFKLQJ�FLUFXLWV��7KLV�PRWRU�KDV�DOVR�VRPH�QRWDEOH�ZHDNQHVV�� OLNH�YDULDWLRQ�RI� WKH� WDQJHQWLDO
IRUFH�RYHU�D�ZLGH�UDQJH��IXQFWLRQ�RI�WKH�FRPPDQG�FXUUHQWV�DQG�SRVLWLRQ��7KH�QRUPDO�IRUFHV�DUH
VLJQLILFDQW��WRR��DQG�LPSRVH�DQ�DGHTXDWHO\�EXLOW�VXVSHQVLRQ�V\VWHP�



7KH� 65/0� LV� D� PXOWL�SKDVH�� VLQJOH
VLGH� H[FLWHG�� HOHFWURQLFDOO\� FRPPXWDWHG
YDULDEOH�UHOXFWDQFH�PRWRU��,W�LV�GRXEOH�VDOLHQW
ZLWK�DQ�XQHTXDO�QXPEHU�RI�SODWHQ�DQG�PRYHU
SROHV�� ,Q�)LJ� �� WKH� IRXU�SKDVHV� VKRUW�PRYHU
65/0� LV� SUHVHQWHG�� 7KH� PRYHU� LURQ� FRUH� LV
EXLOW� E\� XVLQJ� ODPLQDWHG� VKHHWV�� 7KH� IRXU
FRLOV� DUH�ZRXQGHG� DURXQG� WKH�PRYHU� VDOLHQW
SROHV��HDFK�EHLQJ�VXSSOLHG� IURP�D�3:0�W\SH
SRZHU� HOHFWURQLF� FRQYHUWHU�� 7KH� SODWHQ� LV� D
WRRWKHG� EORFN� FRQVWUXFWHG� RI� PDJQHWLFDOO\
VRIW�PDWHULDO��,W�FDQ�EH�EXLOW�XS�RI� ODPLQDWHG
VKHHWV�� WRR�� LQ�RUGHU�WR�UHGXFH�HGG\�FXUUHQW� ORVVHV�DQG�SDUDVLWLF� IRUFHV��7KH� WDQJHQWLDO� IRUFH� LV
DFKLHYHG� E\� VXSSO\LQJ� DGHTXDWHO\� WKH� PRYHU
V� FRPPDQG� FRLOV�� 7KLV� IRUFH� LV� SURGXFHG� E\� WKH
WHQGHQF\�RI�D�SODWHQ�SROH�WR�DOLJQ�ZLWK�WKH�PRYHU
V�SROH�WKDW�KDV�WKH�PD[LPXP�DPSHUWXUQV��7KH
PRYHU�WRRWK�SLWFK�LV������WLPHV�JUHDWHU�WKDQ�WKH�SODWHQ�WRRWK�SLWFK�

,Q� )LJ� �� D� ORQJ� PRYHU�� IRXU� SKDVHV� 65/0� LV� SUHVHQWHG�� (DFK� SKDVH� RI� WKH� PRWRU� LV
FRPSRXQGHG�E\�FRQQHFWLQJ�LQ�VHULHV�WKH�FRLOV�ZRXQG�DURXQG�WKH�V\PPHWULFDO�PRYHU�SROHV��7KH
SKDVH�$��IRU�LQVWDQFH��LV�REWDLQHG�E\�FRQQHFWLQJ�LQ�VHULHV�WKH�FRLOV�� DQG��
��7KHUH�DUH�QR�RWKHU
GLIIHUHQFHV��DV�FRQVWUXFWLRQ� LV�FRQFHUQHG��EHWZHHQ�WKH� WZR�PRWRUV��7KHLU�RSHUDWLQJ�SULQFLSOH� LV
WKH�VDPH��WRR�

7R� DFKLHYH� WKH� KLJK� SHUIRUPDQFHV� H[SHFWHG� IURP� D� YDULDEOH� VSHHG� SRVLWLRQLQJ� GULYH
V\VWHP��WKH�65/0�UHTXLUHV�DQ�LQVWDQWDQHRXV�IRUFH�FRQWURO��+HQFH��WKH�FRPPDQG�FXUUHQW�ZLOO�EH
DGHTXDWHO\�SURYLGHG�E\�WKH�SRZHU�HOHFWURQLF�FRQYHUWHU�LQ�RUGHU�WR�REWDLQ�WKH�SUHVFULEHG�WUDFWLRQ
IRUFH��7KLV�IRUFH�PXVW�EH�DV�VPRRWK�DV�SRVVLEOH��ZKLFK�PHDQV�ORZ�IRUFH�ULSSOHV��7KH�FRPPDQG
FXUUHQW� ZDYHIRUP� LV� VSHFLILF� IRU� D� JLYHQ� PRWRU� DQG� GHSHQGV� RQ� WKH� GULYH� LPSRVHG� RSHUDWLQJ
FRQGLWLRQV�� 7KH� 65/0� EHLQJ� D� VHOI�FRPPXWDWHG� PRWRU�� WKH� FRPPDQG� FXUUHQW� FRPPXWLQJ
PRPHQW�GHSHQGV�RQ�WKH�PRYHU
V�SRVLWLRQ�UHODWHG�WR�WKH�SODWHQ�

7KH� 65/0�PDWKHPDWLFDO� PRGHO� OD\V� RQ� WKH� EDVH� RI� LWV� FRQWURO� VWUDWHJ\�� 7KHUHIRUH� WKH
PRWRU�PRGHO� LV� GHYHORSHG� DQG� WKH� WKHRUHWLFDO� UHVXOWV� DUH�XWLOL]HG� WR� REWDLQ� WKH� FRQWURO� V\VWHP
EDVLFV��)LQDOO\��LQ�WKH�SDSHU�WKH�SURSRVHG�GULYH�V\VWHP�LV�VLPXODWHG�RQ�FRPSXWHU��7KH�REWDLQHG
UHVXOWV� VWDQG� E\� WR� SURYH� WKH� HIIHFWLYHQHVV� RI� WKH� GULYH� V\VWHP�� ZKLFK� FDQ� EH� D� YDOXDEOH
DOWHUQDWLYH�WR�D�VLPLODU�V\VWHP�XVLQJ�K\EULG�OLQHDU�VWHSSHU�PRWRUV�

���0$7+(0$7,&$/�02'(/
0DWKHPDWLFDO� PRGHOLQJ� SURYLGHV� D� FRQYHQLHQW� ZD\� RI� GHVFULELQJ� HOHFWULFDO� PDFKLQH·V

EHKDYLRU��&RVWO\� H[SHULPHQWV� UHJDUGLQJ� WKH�PDFKLQH� UHVSRQVH� WR�GLIIHUHQW� RSHUDWLQJ� FRQGLWLRQV
FDQ� EH� FKHDSO\� RYHUSDVVHG� E\� VLPXODWLQJ� WKH� PDFKLQH� EDVHG� RQ� WKH� GHYHORSHG�PDWKHPDWLFDO
PRGHO�

7KH�65/0�H[KLELWV�VWURQJ QRQOLQHDULWLHV�GXH�WR�WKH�QRQVLQXVRLGDO�YDULDWLRQ�RI�WKH�SKDVH
LQGXFWDQFH�IXQFWLRQ�RI�WKH�PRYHU�SRVLWLRQ�DQG�GXH�WR�WKH�FXUUHQW�GHSHQGHQW�LURQ�FRUH�VDWXUDWLRQ
WKDW�GHSHQGV�RQ�WKH�PRYHU�SRVLWLRQ��WRR��7KHUHIRUH�WKH�DLU�JDS�IOX[�PXVW�EH�FRPSXWHG�DW�HDFK
PRYHU�SRVLWLRQ�DQG�IRU�WKH�FRUUHVSRQGLQJ�FRPPDQG�FXUUHQW�YDOXH��,W�FDQ�EH�GRQH�YLD�D�FLUFXLW�
ILHOG�PHFKDQLFDO�PRGHO��ZKLFK�FRYHUV�DFFXUDWHO\�WKH�HIIHFWV�RI�FRPSOH[�WRRWKHG�FRQILJXUDWLRQ�DQG
WKH�PDJQHWLF�VDWXUDWLRQ�RI�WKH�LURQ�FRUH�SDUWV�>�@��7KH�EORFN�GLDJUDP�RI�WKLV�PRGHO�LV�VKRZQ�LQ

)LJXUH��
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)LJ� ���7KH�WKUHH�VXEPRGHOV�DQG�WKHLU�FRQQHFWLRQV�DUH�RXWOLQHG�� ,Q�WKLV�FLUFXLW�ILHOG�PHFKDQLFDO
PRGHO��ILUVW�GHYHORSHG�IRU�WKH�OLQHDU�K\EULG�VWHSSHU�PRWRU�>�@��WKH�ILHOG�VXEPRGHO�LV�EDVHG�RQ�WKH
HTXLYDOHQW�PDJQHWLF�FLUFXLW�RI�WKH�PRWRU�

2EYLRXVO\�WKH�ILHOG�SUREOHP�PD\�EH�VROYHG�YLD�D�QXPHULFDO�PHWKRG��XVLQJ�ILQLWH�HOHPHQWV�
RU�ILQLWH�GLIIHUHQFHV�PRGHV��0RVW�FRPSXWHU�SDFNDJHV�DUH�GHYHORSHG�EDVHG�RQ�WKH�ILQLWH�HOHPHQWV
PHWKRG��)(0���7KH�)(0�DSSURDFK�WDNHV� LQWR�DFFRXQW�WKH�QRQOLQHDU�PDJQHWLF�SURSHUWLHV�RI� WKH
XWLOL]HG� IHUURPDJQHWLF�PDWHULDOV� DQG� WKH� GHWDLOHG� JHRPHWU\� RI� ERWK�PRWRU� SDUWV�� 7KH� VROXWLRQ�
FRQVLVWLQJ� RI� WKH� PDJQHWLF� SRWHQWLDO� YDOXHV� LQ� WKH� FRQVLGHUHG� GRPDLQ�� DOORZV� WKH� DSSURSULDWH
HYDOXDWLRQ� RI� WKH� IOX[� OLQNDJHV�� WDQJHQWLDO� DQG� QRUPDO� IRUFHV�� ORVVHV�� HQHUJ\�� FR�HQHUJ\� DQG
LQGXFWDQFHV��7KH�)(0�LV�YHU\�DFFXUDWH��EXW�UHTXLUHV�ORQJ�FRPSXWDWLRQ�WLPH�DQG�WKHUHIRUH�LV�QRW
ZHOO�VXLWHG�IRU�G\QDPLF�VLPXODWLRQV�

%\�XVLQJ�WKH�HTXLYDOHQW�PDJQHWLF�FLUFXLW�PHWKRG�WKH�IOX[�OLQNDJH�WKURXJKRXW�WKH�PRWRU�LV
FRPSXWHG� IRU� FHUWDLQ� FRPPDQG� FXUUHQWV�� :LWKLQ� WKLV� PHWKRG� WKH� HQWLUH� PRWRU� VWUXFWXUH� LV
GLYLGHG� LQWR� VPDOO� SRUWLRQV� KDYLQJ� WKH� VDPH� PDJQHWLF� SURSHUWLHV�� 7KH� LURQ� FRUH� QRQOLQHDU
PDJQHWLF� FKDUDFWHULVWLFV� DUH� IXOO\� WDNHQ� LQWR� DFFRXQW�� 7KH� YDULDWLRQ� RI� WKH� DLU�JDS� PDJQHWLF
UHOXFWDQFH�XQGHU�WKH�PRWRU�SROHV�IXQFWLRQ�RI�WKH�PRYHU�SRVLWLRQ�LV�FRQVLGHUHG��WRR�

7KHUH�DUH�VRPH�GLIIHUHQW�SRVVLELOLWLHV�WR�FDOFXODWH�WKH�DLU�JDS�SHUPHDQFH�ZKHQ�ERWK�LURQ
FRUHV�RI�WKH�PRWRU�KDYH�WRRWK�DQG�VORWV�LQ�F\OLQGULFDO�RU�OLQHDU�PDFKLQHV��7KH�PHWKRG�SURSRVHG
KHUH�FRPHV�XS�DV�DQ�H[WHQVLRQ�RI�WKH�PHWKRG�GHYHORSHG�IRU�WKH�K\EULG�OLQHDU�VWHSSHU�PRWRU�>�@��,I
WKH�FRRUGLQDWH�V\VWHP�D[HV�DUH�WDNHQ�LQWR�WKH�D[LV�RI�V\PPHWU\�RI�WKH�PRYHU��WKHQ�WKH�HTXLYDOHQW
YDULDEOH�SHUPHDQFHV�FRQVLGHULQJ�VORWV�DQG�WHHWK�RQO\� �RQ�WKH�PRYHU��UHVSHFWLYHO\�RQ�WKH�SODWHQ
DUH�

ZKHUH� O� �� O� DUH�WKH�FRHIILFLHQWV�RI�WKH�HTXLYDOHQW�YDULDEOH�DLU�JDS�SHUPHDQFH�>�@��NF� ��NF� DUH
WKH�&DUWHU
V� IDFWRUV�� =� �� = � DUH� WKH�QXPEHU� RI� WKH� WHHWK� �SROHV�� RQ� WKH�PRYHU�� UHVSHFWLYHO\
SODWHQ�� J LV� WKH� DLU�JDS� OHQJWK�� [ WKH� JHRPHWULF� GLVSODFHPHQW� DQG� D WKH� YDULDEOH
GLVSODFHPHQW�EHWZHHQ�WKH�WZR�D[HV�FRQVLGHUHG�RQ�WKH�PRYHU�DQG�SODWHQ�

7KH�DLU�JDS�HTXLYDOHQW�YDULDEOH�SHUPHDQFH�UHVXOWV�
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DQG�WKH�DYHUDJH�VSHFLILF�SHUPHDQFH�XQGHU�RQH�SROH�LV�JLYHQ�E\�

ZKLFK�OHDGV�WR

ZKHUH�

7KH�WDQJHQWLDO�IRUFH�GHYHORSHG�XQGHU�SROH�QXPEHU�M LV�

7KH�PDJQHWLF�FR�HQHUJ\�LV�JLYHQ�E\�WKH�IROORZLQJ�UHODWLRQ�

DQG�WKH�IRUFH�H[SUHVVLRQ�LV�

ZKHUH�6 LV�WKH�PRYHU�SROH�DUHD��W� LV�WKH�PRYHU�SROH�SLWFK�DQG� P� LV�WKH�IUHH�VSDFH�SHUPHDELOLW\
� P S� �� �� � +�P ��

7KH�QRUPDO�IRUFH�GHYHORSHG�XQGHU�WKH�PRYHU
V�SROH�QXPEHU�M LV�

7KH�PHFKDQLFDO�VXEPRGHO�LV�FKDUDFWHUL]HG�E\�WKH�HTXDWLRQ�

ZKHUH� PI LV�WKH�IULFWLRQ�FRHIILFLHQW��* WKH�PRYHU
V�ZHLJKW��P WKH�PRYHU�PDVV�DQG� IW �� IQ WKH
WRWDO�WDQJHQWLDO��UHVSHFWLYHO\�QRUPDO�IRUFH�
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7KH� PHFKDQLFDO� VXEPRGHO� FRQVLGHUHG� KHUH� LV� D� VLPSOLILHG� RQH� EDVHG� RQ� WKH� IROORZLQJ
DVVXPSWLRQV�

L� 7KH� PRWRU� LV� D� KRPRJHQRXV� VROLG�� 7KH� UHVXOWLQJ� WDQJHQWLDO� DQG� QRUPDO� IRUFHV� DUH
DSSOLHG�RQ�LWV�FHQWHU�

LL� 7KH�UHVXOWLQJ�IRUFHV�DUH�REWDLQHG�E\�VXPPLQJ�DOJHEUDLF�WKH�SROH�IRUFHV�
7KLV�VLPSOLILHG�PHFKDQLFDO�PRGHO�GRHV�QRW�WDNH�LQWR�DFFRXQW�WKH�H[LVWLQJ�WRUTXH�SURGXFHG

E\�WKH�QRUPDO�IRUFHV�DSSOLHG�LQ�HDFK�SROH�D[H�
,Q�WKH�ILHOG�VXEPRGHO�WKH�QRQOLQHDU�SHUPHDQFHV�RI�WKH�PRWRU�LURQ�FRUH�SRUWLRQV�PXVW�EH

FRPSXWHG� E\� PHDQV� RI� WKH� FRUUHVSRQGLQJ� ILHOG�GHSHQGHQW� VLQJOH� YDOXHG� SHUPHDELOLW\� P �� 7KH
GHSHQGHQFH� RI� WKH� SHUPHDELOLW\� P LV� REWDLQHG� E\� FDOFXOXV� DW� HDFK� LWHUDWLRQ� IURP� WKH� JLYHQ
PDJQHWL]LQJ�FKDUDFWHULVWLF�RI�WKH�LURQ�FRUH�PDWHULDO�

,Q�RUGHU�WR�REWDLQ�DQDO\WLFDO�UHVXOWV��ZKLFK
SURYH� WR� EH� KHOSIXO� LQ� EXLOGLQJ� XS� WKH� FRQWURO
VWUDWHJ\�� WZR� VLPSOLI\LQJ� DVVXPSWLRQV� PXVW� EH
FRQVLGHUHG�

L� 7KH� PRWRU� LURQ� FRUH� LV� QRW� DIIHFWHG� E\
VDWXUDWLRQ�

LL� 7KH�DLU�JDS�UHOXFWDQFHV�DUH� ODUJHU�WKDQ
DOO�RWKHU�UHOXFWDQFHV�

7KH� HTXLYDOHQW� PDJQHWLF� FLUFXLW� RI� WKH
VKRUW�PRYHU�PRWRU�KDYLQJ�FRPPDQG�FRLO� FXUUHQW
RQO\� WKURXJK� SROH� QXPEHU� WZR� FRLO� LV� JLYHQ� LQ
)LJ� ��� 7KH� PRYHU� SRVLWLRQ� LV� FRUUHVSRQGLQJ� WR
WKDW� VKRZQ� LQ� )LJ� ��� 7KH� DLU�JDS� IOX[� FDQ� EH
FRPSXWHG�IURP�WKH�HTXLYDOHQW�PDJQHWLF�FLUFXLW�

7KH� WDQJHQWLDO� DQG�QRUPDO� IRUFHV� FDQ�EH� FRPSXWHG�ZLWK� UHODWLRQV� ����� DQG� UHVSHFWLYHO\
������VXEVWLWXWLQJ�WKH�FRUUHVSRQGLQJ�IOX[��IRU�LQVWDQFH�

7KH�DLU�JDS�UHOXFWDQFHV�DUH�JLYHQ�E\�WKH�UHODWLRQ�

DQG�WKH�UHOXFWDQFH�GHULYDWLYH�LV�

)LJXUH��
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,W�LV�FOHDU�WKDW�DW�HDFK�WLPH�PRPHQW�WKH�IRUFH�HTXLOLEULXP�HTXDWLRQ������LV�VROYHG�ZLWK�WKH
YDOXHV�RI�WKH�IRUFHV�FRPSXWHG�DW�WKH�SUHYLRXVO\�PRPHQW�RI�WLPH�

7KH� WDQJHQWLDO� IRUFHV� DQG� WKH� FRUUHVSRQGLQJ� DLU�JDS� IOX[� OLQNDJHV� RI� WKH� VDPSOH�PRWRU
�VHH�$SSHQGL[�����FRPSXWHG�IRU�FRQVWDQW�H[FLWLQJ�FXUUHQW�DUH�VKRZQ�LQ�)LJ� ����DQG�UHVSHFWLYHO\
)LJ� ��

7KH� IRUFHV� I� DQG� I� DUH
VWDUWLQJ�IURP�]HUR��WKH�ILUVW�EHLQJ�D
EUHDNLQJ�RQH��7KH� I� IRUFH�LV�DW�LWV
PD[LPXP� YDOXH� DW� WKH� EHJLQQLQJ
DQG� GHFUHDVHV� DV� GRHV� WKH� IRUFH
I� �� ZKLFK� KDV� WKH� RSSRVLWH� VLJQ
DQG�D�VPDOOHU�YDOXH�

,Q� )LJ� �� WKH� SORWWHG
PDJQHWLF� ILHOG� LV�JLYHQ��SORWWHG� IRU
WKH�VDPH�FDVH�DQG�LQLWLDO�SRVLWLRQ�
,W�ZDH�REWDLQHG�E\�XVLQJ�0$*1(7�����SDFNDJH� 7KH
ILJXUH�GHPRQVWUDWHV�WKDW�WKH�UHVXOWV�REWDLQHG�YLD�WKH
)(0� DQDO\VLV� SHUIHFWO\� DJUHH� ZLWK� WKH� WKHRUHWLFDO
DQWLFLSDWLRQV�

7KH�DLU�JDS�LQGXFWLRQ�LV�VKRZQ�LQ�)LJ� ���$V
LW� FDQ� EH� VHHQ� WKH� DLU�JDS� LQGXFWLRQ LV� YDU\LQJ� IDU
IURP� WKH� VLQXVRLGDO� ZDYHIRUP� DGRSWHG� LQ� WKH
SHUPHDQFH�FRPSXWDWLRQ�SURFHVV�

,W�PHDQV�WKDW�WKH�WDQJHQWLDO�IRUFHV�FRPSXWHG
WKURXJK� WKH� VLPSOLILHG� PRGHO� MXVW� SUHVHQWHG� DUH
VPDOOHU�DQG� WKH� IOX[�XQGHU� WKH�XQH[FLWHG�SROHV�DUH
ODUJHU�� 7KH� GLIIHUHQFHV�� HYLGHQFHG� LQ� DQRWKHU� SDSHU
>�@�� DUH� QRW� VR� LPSRUWDQW�� WKHUHIRUH� WKH� EULHIO\
SUHVHQWHG�PDWKHPDWLFDO�PRGHO�FDQ�EH�RI�UHDO�KHOS�LQ
VLPXODWLQJ�G\QDPLF�SURFHVVHV�RI�WKH�65/0�
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���&21752/�675$7(*<
7KH�G\QDPLF�SHUIRUPDQFH�RI�WKH�PRWRU�FDQ�EH�LPSURYHG�E\�DQ DGHTXDWH�FRQWURO�VWUDWHJ\�

LPSOHPHQWHG� LQ� WKH� V\VWHP� FRQWUROOHU�� 7KH� FRQWURO� V\VWHP� KDV� WR� RIIHU�� LQ� FHUWDLQ� OLPLWV�� WKH
SRVVLELOLW\� WR�PDLQWDLQ� D� SUHVFULEHG� VSHHG� DQG� WR� DVVXUH� D� FRUUHVSRQGLQJ� SRVLWLRQLQJ� WDVN�� ,Q
RUGHU�WR�UHDOL]H�WKH�UHTXLUHPHQWV�LPSRVHG�RQ�WKH�65/0�G\QDPLFV�WKH�RSWLPXP�PRPHQW�RI� WKH
PRWRU�SKDVHV�FRPPXWDWLRQ�PXVW�EH�FRPSXWHG�DQG�WKH�PRYHU�SRVLWLRQ�UHODWHG�WR�WKH�SODWHQ�PXVW
EH�GHWHUPLQHG�DV�DFFXUDWH�DV�SRVVLEOH�

7KH�RSWLPXP�PRPHQW�RI� WKH�PRWRU�SKDVHV�FRPPXWDWLRQ�FRUUHVSRQGV� WR� WKH�PD[LPXP
YDOXH� RI� WKH� DYHUDJH� WRWDO� WDQJHQWLDO� IRUFH� GHYHORSHG� GXULQJ� D� FRQWURO� VHTXHQFH�� 7KH� WRWDO
WDQJHQWLDO�IRUFH�JHQHUDWHG�LV�JLYHQ�E\�WKH�IROORZLQJ�UHODWLRQ�

ZKHUH�WKH�H[SUHVVLRQ�RI�WKH�WDQJHQWLDO�IRUFH�LV�JLYHQ�LQ������IRU�WKH�ILUVW�SROH�RI�WKH�65/0��ZKHQ
RQO\�FRLO�QXPEHU�WZR�LV�VXSSOLHG��7KH�65/0�SRVLWLRQ� LV�FRUUHVSRQGLQJ�WR�WKDW�VKRZQ�LQ�)LJ� ��
DQG�WKH�HTXLYDOHQW�PDJQHWLF�FLUFXLW�LV�WKDW�JLYHQ�LQ�)LJ� ���,W�UHVXOWV�

7KH�DYHUDJH�WDQJHQWLDO�IRUFH�LV�

ZKHUH�WV LV�WKH�65/0
V�VWHS�OHQJWK��8VXDOO\�LW�LV�HTXDO�WR�KDOI�RI�WKH�PRYHU
V�SROH�ZLGWK�

7KH�RSWLPDO�FRPPXWDWLRQ�SRVLWLRQ�LV�REWDLQHG�IURP�WKH�HTXDWLRQ�

7KH� V\VWHP� RI� HTXDWLRQV� ������ ����� DQG� ����� FDQ� EH� VROYHG� DQDO\WLFDOO\� E\� D� QXPHULFDO
PHWKRG�

,I� WKH� H[FLWDWLRQ� 00)� LV� FRPPXWDWHG� IURP� RQH� SKDVH� WR� DQRWKHU� DW� WKH� RSWLPXP
FRPPDQG�SRVLWLRQ�� WKH� WDQJHQWLDO� IRUFH�ZLOO� EH� VPRRWK��ZLWK� ORZ� ULSSOH�� KDYLQJ� WKH�PD[LPXP
DYHUDJH� YDOXH�� 7KH� FRPPXWDWLRQ� DW� WKH� RSWLPXP�PRPHQW� RIIHUV� WKH� SRVVLELOLW\� WR� FRQWURO� WKH
65/0·V�VSHHG�E\�UHJXODWLQJ�RQO\�WKH�H[FLWDWLRQ�FXUUHQWV�
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7KH�LQGXFHG�(0)�LQ�WKH�XQHQHUJL]HG�FRLOV�FDQ�EH�RI�UHDO�KHOS�LQ�GHWHUPLQLQJ�WKH�PRYHU·V
SRVLWLRQ�UHODWHG�WR�WKH�SODWHQ��7KH�DOUHDG\�SUHVHQWHG�FDVH�ZLOO�EH�FRQVLGHUHG��ZKHQ�RQO\��WKH�FRLO
IURP�WKH�SROH�QXPEHU�WZR�LV�VXSSOLHG��7KH�LQGXFHG�(0)�LQ�WKH�RWKHU�WKUHH�SKDVHV�DUH�

$OO� WKH� SKDVHV� KDYH� WKH� VDPH� QXPEHU� RI� WXUQV� LQ� VHULHV�� 1 �� DQG� WKH� GHULYDWHV� DUH
IXQFWLRQ�RI�WLPH��7KLV�PHDQV�

ZKHUH

7KHUH� DUH� VHYHUDO� FRPELQDWLRQV� RI� LQGXFHG� (0)V� LQ� XQHQHUJL]HG� FRLOV� ZKLFK� GR� QRW
GHSHQG�RQ�WKH�PRYHU·V�VSHHG�DQG�H[FLWDWLRQ�00)��)RU�LQVWDQFH�

7KH� HTXDWLRQ� ����� DOORZV� IRU
FRPSXWLQJ�WKH�PRYHU�SRVLWLRQ�UHODWHG�WR
WKH�SODWHQ��,W�PHDQV�WKDW�E\�PRQLWRULQJ
WKH� LQGXFHG� (0)� LQ� WKH� XQHQHUJL]HG
FRLOV�WKH�PRYHU�SRVLWLRQ�FDQ�EH�GHWHFWHG
ZLWKRXW�DQ\�VSHFLDO�VHQVRUV�

7KH� LQGXFHG� (0)� H� DQG� H�
ZHUH�FRQVLGHUHG��EHFDXVH�WKURXJK�WKHVH
WZR� SKDVHV� DUH� QRW� IORZLQJ� FXUUHQWV
ZKHQ� WKH� VXSSO\� LV� FRPPXWDWHG� IURP
RQH� SKDVH� WR� DQRWKHU�� ,W� PXVW� EH
PHQWLRQHG� KHUH� WKH� IDFW� WKDW� WKH
H[SUHVVLRQV� IRU� H� DQG� H� �� ����� DQG
������DUH�QRW�GHSHQGLQJ�RQ�WKH�H[LVWHQFH
RI�FXUUHQW�LQ�SKDVH�QXPEHU�RQH�

7KH� FRQWURO� VWUDWHJ\� QRZ� LV
FOHDU�� 7KH� SRVLWLRQ� RI� WKH� PRYHU� LV
GHWHFWHG� E\� PRQLWRULQJ� WKH� LQGXFHG
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(0)�WKURXJK�WKH�XQHQHUJL]HG�FRLOV��7KH�FRPPXWDWLRQ�ZLOO�WDNH�SODFH�DW�WKH�RSWLPXP�PRPHQW�
IXQFWLRQ� RI� WKH� PRYHU·V� SRVLWLRQ�� 7KH� 65/0·V� VSHHG� FRQWURO� LV� REWDLQHG� E\� FRQWUROOLQJ� WKH
H[FLWDWLRQ�FXUUHQW�YLD�D�3:0�HOHFWURQLF�FRQYHUWHU�

$�SRVVLEOH�KDUG�VWUXFWXUH�RI�WKH�V\VWHP�WKDW�UHDOL]HV�WKLV�FRQWURO�VWUDWHJ\�LV�SUHVHQWHG
LQ�)LJ� ���7KH�PRPHQW�ZKHQ� WKH� FRPPXWDWLRQ� LV�SHUIRUPHG�FDQ�EH�GLIIHUHQW� RI� WKH� RSWLPXP
RQH��7KLV�PRPHQW�LV�FRPSXWHG�IRU�D�VSHFLILF�65/0��WDNLQJ�LQWR�DFFRXQW�LWV�GDWD�DQG�LW�PXVW�EH
LQWURGXFHG� LQ� WKH� FRQWUROOHU�� ,W� LV� SRVVLEOH� WR� FKDQJH� WKLV� FRPPXWDWLRQ� PRPHQW� XSRQ� D
SUHVFULEHG�UXOH��LQ�RUGHU�WR�FRQWURO�WKH�UHVXOWLQJ�WDQJHQWLDO�IRUFH�

,I�SRVLWLRQLQJ�LV�WKH�PDLQ�WDVN�RI�WKH
V\VWHP�� WKHQ� � TXLWH� D� GLIIHUHQW� VWUDWHJ\
PXVW� EH� DGRSWHG�� )LUVW� LW� LV� QHFHVVDU\� WR
SURYLGH�WKH�65/0�ZLWK�D�SRVLWLRQ�VHQVRU��,W
PXVW� KDYH� D� JRRG� DFFXUDF\�� EHFDXVH� WKH
SRVLWLRQLQJ�SUHFLVLRQ�UHOLHV�RQ�LW�

%HVLGH� WKLV� D� GLIIHUHQW� ZD\� RI
H[FLWLQJ� WKH� 65/0·V� SKDVHV� PXVW� EH
DGRSWHG�� $W� OHDVW� WZR� SKDVHV� PXVW� EH
VXSSOLHG� VLPXOWDQHRXVO\�� EXW� D� KLJKHU
DFFXUDF\�ZLOO� EH� DFKLHYHG� E\� VXSSO\LQJ� DOO
IRXU�SKDVHV�LQ�WKH�VDPH�WLPH�ZLWK�GLIIHUHQW
FXUUHQWV�� ,Q� WKLV� FDVH� WKH� HTXLYDOHQW
PDJQHWLF� FLUFXLW� DWWDFKHG� WR� WKH� PRWRU� LV
VKRZQ� LQ� )LJ� ���� %\� VXFK� D� VXSSO\LQJ� VWUDWHJ\� WKH� WDQJHQWLDO� IRUFH� FDQ� EH� FRQWUROOHG
DGHTXDWHO\� DQG� EURXJKW� WR� ]HUR� DW� DQ\� SRVLWLRQ� RI� WKH� PRYHU�� (DFK� WDQJHQWLDO� IRUFH� LV
GHSHQGLQJ� DW� OHDVW� RI� WZR� H[FLWDWLRQ� FXUUHQWV�� )RU� H[DPSOH�� WKH� IRUFH� GHYHORSHG� XQGHU� WKH
PRYHU·V�SROH�QXPEHU�RQH�LV�

8QIRUWXQDWHO\� VXFK� D� VWUDWHJ\� LPSOLHV� D� FRPSOLFDWHG� FRQWUROOHU�� 7KH� LQGXFHG� (0)
VHQVLQJ� FDQQRW� EH� XWLOL]HG� LQ� WKLV� FDVH�� EHFDXVH� DOO� RI� WKH� SKDVHV� DUH� VXSSOLHG�� 7KHUHIRUH� D
VSHFLDO�SRVLWLRQLQJ�VHQVRU�PXVW�EH�SURYLGHG��DV�LW�ZDV�VWDWHG�EHIRUH��7KH�WRWDO�WDQJHQWLDO�IRUFH
LV�ODUJHU��DV�LW�FDQ�EH�VHHQ�IURP�WKH�UHVXOWV�RI�WKH�VLPXODWLRQ�SUHVHQWHG�LQ�WKH�IROORZLQJ�VHFWLRQ�

��� 5(68/76�$1'�&21&/86,216
$��FRPSXWHU�SURJUDP�ZDV�GHYHORSHG�RQ�WKH�EDVH�RI�WKH�FLUFXLW�ILHOG�PHFKDQLFDO�PRGHO�

,W� DOORZV� WKH� FDOFXODWLRQ� RI� DOO� WKH� 65/0·V� LPSRUWDQW� FKDUDFWHULVWLFV�� VXFK� DV� WKH� WDQJHQWLDO
DQG�QRUPDO�IRUFHV��PRYHU·V�GLVSODFHPHQW�DQG�VSHHG��SKDVH�FXUUHQWV��IOX[�OLQNDJHV�LQ�WKH�DLU�
JDS�DQG�LQ�WKH�LUTTRQ�FRUH�DQG�VR�RQ��6RPH�SDUWLFXODU�FDVHV�ZHUH�FRQVLGHUHG��WRR�

7KH�H[FLWDWLRQ�FXUUHQWV�ZHUH�WDNHQ�LGHDOV��LQ�WKH�WXUQ�RQ�SKDVHV�WKH�FXUUHQWV�FRPH�WR
WKHLU�PD[LPXP�YDOXH�LQWDQWDQWDQHRXVO\�DQG�WKH\�DUH�FRQVWDQWV�GXULQJ�WKH�ZKROH�FRQGXFWLQJ
SHULRG��:KHQ�WKH�SKDVHV�DUH�WXUQHG�RII�WKH�FXUUHQWV�DUH�FRPLQJ�WR�]HUR�DOVR�LQVWDQWDQHRXVO\�
5HVXOWV�IRU�VXFK�D�FDVH�DUH�JLYHQ�LQ�)LJV� ��DQG����ZKHQ�RQO\�SKDVH�QXPEHU�WZR�LV�VXSSOLHG�
7ZR� RWKHU� VLPLODU� FDVHV�ZHUH� FRQVLGHUHG�� 7KH� WDQJHQWLDO� IRUFH� YDULDWLRQV� YHUVXV� WKH�PRYHU·V
GLVSODFHPHQW�DUH�JLYHQ�LQ�)LJV� ���DQG�����,Q�WKH�ILUVW�FDVH�RQO\�D�VLQJOH�SKDVH�LV�VXSSOLHG�DW�D
PRPHQW�� � 7KH� FRPPXWDWLRQ�ZDV� GRQH� DW� WKH� RSWLPXP�PRPHQW�� ,Q� WKH� RWKHU� FDVH� WZR� FRLOV
ZHUH�VXSSOLHG�VLPXOWDQHRXVO\�

)LQDOO\�� D� VLPSOH� SRVLWLRQLQJ� WDVN� ZDV� VLPXODWHG�� 2QO\� RQH� SKDVH� ZDV� VXSSOLHG� DW� D
PRPHQW��7KH�FXUUHQW�GHFD\�LQ�WKH�SKDVH�WXUQHG�RII�ZDV�WDNHQ�LQWR�DFFRXQW�� WRR��7KH�FRQWURO
V\VWHP� LV� WKDW� SURSRVHG� LQ� WKLV� SDSHU�� 7KH� PRYHU� SRVLWLRQ� LV� GHWHFWHG� E\� PRQLWRULQJ� WKH
LQGXFHG�(0)�LQ�WKH�XQHQHUJL]HG�SKDVHV�$�WUDSH]RLGDO�VSHHG�SURILOH�ZDV�DGRSWHG��6RPH�RI�WKH
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REWDLQHG�UHVXOWV�DUH�SUHVHQWHG� LQ� WKH�JLYHQ�SORWV�� WKH� UHVXOWLQJ� WDQJHQWLDO� IRUFH� �)LJ� ����� WKH
PRYHU·V�YHORFLW\�DQG�GLVSODFHPHQW��)LJV�����DQG�����

$V�LW�FDQ�EH�VHHQ�IURP�WKH�SUHVHQWHG�UHVXOWV��WKH�65/0�LV�D�JRRG�FRPSHWLWRU�LQ�YDULDEOH
VSHHG�OLQHDU�GULYH�V\VWHPV��,W�FRPSHQVDWHV�WKH�QRW�VR�KLJK�SHUIRUPDQFHV�E\��UREXVWQHVV�DQG
YHU\�ORZ�FRVW�
$33(1',;

7KH�FKDUDFWHULVWLFV�RI�WKH�VDPSOH�PRWRU

,7(0 9$/8( ,7(0 9$/8(
SODWHQ�WRRWK�ZLGWK ��PP SODWHQ�VORW�ZLGWK ��PP
PRYHU�SROH�ZLGWK ��PP PRYHU�VORW�ZLGWK ��PP
SROH�OHQJWK ��PP PRWRU�WKLFNQHVV ��PP
QXPEHU�RI�WXUQV�RI�FRLOV ��� FRPPDQG�FXUUHQW ���$

5()(5(1&(6
�� 9,25(/ ,�$� HW� DO�� 6DZ\HU� 7\SH� /LQHDU�0RWRU�0RGHOOLQJ�� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO
&RQIHUHQFH�RQ�(OHFWULFDO�0DFKLQHV�������SS����������
�� 9,25(/ ,�$�� � 6=$%Ð�/�� +\EULG�/LQHDU�6WHSSHU�0RWRUV��0HGLDPLUD�3XEOLVKLQJ�+RXVH��&OXM�
1DSRFD��5RPDQLD������
�� -XIHU 0��HW�DO�� 2Q�WKH�6ZLWFKHG�5HOXFWDQFH�0RWRU�$LU�*DS�3HUPHDQFH��3URFHHGLQJV�RI�WKH
(/(&752027,21�,QWHUQDWLRQDO�6\PSRVLXP��������SS� �������
�� 9,25(/ ,�$� HW�DO�� 2Q�WKH�6ZLWFKHG�5HOXFWDQFH�/LQHDU�0RWRU�0DWKHPDWLFDO�0RGHO��3DSHU
WR�EH�SXEOLVKHG�LQ�WKH�2UDGHD�8QLYHUVLW\�$QQDOV������
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