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FDQFHOOHG�E\�WKH�FRQWUROOHU�]HURV��7KLV�PD\�OHDG�WR�SRRU�DWWHQXDWLRQ�RI�ORDG�GLVWXUEDQFHV�LI�WKH�FDQFHOOHG�SROHV
DUH� H[FLWHG� E\� GLVWXUEDQFHV�� DQG� LI� WKH\� DUH� VORZ� FRPSDUHG� WR� WKH� GRPLQDQW� FORVHG�ORRS� SROHV�� 7KLV� SDSHU
VKRZV� WKDW� WKH�GHVFULEHG�GHILFLHQF\�FDQ�EH�VXSSUHVVHG�E\�VOLJKWO\�FKDQJLQJ� WKH�RSWLPLVDWLRQ�FULWHULRQ�RI� WKH
PDJQLWXGH�RSWLPXP�PHWKRG��7KLV�QRYHO�LGHD�LV�VXSSRUWHG�E\�VHYHUDO�VLPXODWLRQV�DQG�RQH�UHDO�WLPH�H[SHULPHQW
RQ�D�ODERUDWRU\�VHW�XS�
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7KH�=LHJOHU�1LFKROV� WXQLQJ�UXOHV�>��@�ZHUH� WKH�YHU\
ILUVW� WXQLQJ� UXOHV� IRU� 3,'� FRQWUROOHUV�� DQG� LW� LV
SHUKDSV� VXUSULVLQJ� WKDW� WKH\� DUH� VWLOO� ZLGHO\� XVHG
WRGD\�� 7KHLU� SRSXODULW\� OLHV� LQ� WKHLU� VLPSOLFLW\� DQG
HIILFLHQF\�� 7KLV� LV� ZK\� VR� PDQ\� GLIIHUHQW� WXQLQJ
UXOHV� EDVHG� RQ� WKH� VDPH� WXQLQJ� SURFHGXUHV� KDYH
VXEVHTXHQWO\�EHHQ�GHYHORSHG�>�@�
)ROORZLQJ�WKH�ZRUN�RI�=LHJOHU�DQG�1LFKROV��D�YDULHW\
RI� 3,'� WXQLQJ� PHWKRGV� KDYH� EHHQ� GHYHORSHG�� ,Q
JHQHUDO��WKHVH�PHWKRGV�FDQ�EH�GLYLGHG�LQWR�WZR�PDLQ
JURXSV��GLUHFW�DQG�LQGLUHFW�WXQLQJ�PHWKRGV�>����@�
7KH� GLUHFW� WXQLQJ�PHWKRGV� GR� QRW� UHTXLUH� D� SURFHVV
PRGHO�� ZKLOH� WKH� LQGLUHFW� PHWKRGV� FDOFXODWH
FRQWUROOHU�SDUDPHWHUV�IURP�DQ�LGHQWLILHG�PRGHO�RI�WKH
SURFHVV�
7KH� GLUHFW� PHWKRGV� DUH� GLYLGHG� LQWR� UXOH�EDVHG
PHWKRGV� DQG� LWHUDWLYH� VHDUFK� SURFHGXUHV�� &RQWUROOHU
WXQLQJ�LV�XVXDOO\�SHUIRUPHG�LQ�D�FORVHG�ORRS�V\VWHP�
+RZHYHU��WKH�WXQLQJ�SURFHGXUH�LV�UHODWLYHO\�ORQJ�DQG
UHTXLUHV� DQ� LQLWLDOO\� WXQHG�FRQWUROOHU� DQG� DQ� D�SULRUL
GHILQHG�³GHVLUHG´�FORVHG�ORRS�UHVSRQVH�

7KH�LQGLUHFW�WXQLQJ�PHWKRGV�DUH�XVXDOO\�EDVHG�RQ�WKH
SURFHVV� PRGHO� REWDLQHG� IURP� D� WUDQVLHQW� �VWHS�
UHVSRQVH� RU� IUHTXHQF\� UHVSRQVH� H[SHULPHQW�
7KHUHIRUH�� WKH� TXDOLW\� RI� WKH� FDOFXODWHG� FRQWUROOHU
SDUDPHWHUV� GHSHQGV� RQ� WKH� TXDOLW\� RI� WKH� LGHQWLILHG
SURFHVV�PRGHO�
2QH�RI�WKH�LQGLUHFW�WXQLQJ�PHWKRGV�LV�WKH�PDJQLWXGH
RSWLPXP� �KHUHDIWHU� ³02´�� PHWKRG� >��� �@�� ZKLFK
UHVXOWV�LQ�D�UHODWLYHO\�IDVW�DQG�QRQ�RVFLOODWRU\�V\VWHP
FORVHG�ORRS� UHVSRQVH�� +RZHYHU�� WKH� 02�PHWKRG� LV
RULJLQDOO\� XVHG� IRU� DFKLHYLQJ� VXSHULRU� UHIHUHQFH
WUDFNLQJ� SHUIRUPDQFH�� 2Q� WKH� RWKHU� KDQG�� E\� XVLQJ
WKH�02�PHWKRG��WKH�SURFHVV�SROHV�FRXOG�EH�FDQFHOOHG
E\� WKH� FRQWUROOHU� ]HURV�� 7KLV� PD\� OHDG� WR� SRRU
DWWHQXDWLRQ� RI� ORDG� GLVWXUEDQFHV� LI� WKH� FDQFHOOHG
SROHV�DUH�H[FLWHG�E\�GLVWXUEDQFHV�DQG�LI�WKH\�DUH�VORZ
FRPSDUHG� WR� WKH� GRPLQDQW� FORVHG�ORRS� SROHV� >�@�
3RRUHU� GLVWXUEDQFH� UHMHFWLRQ� SHUIRUPDQFH� FDQ� EH
REVHUYHG�ZKHQ�FRQWUROOLQJ�ORZ�RUGHU�SURFHVVHV��7KLV
LV� RQH� RI� WKH� PRVW� VHULRXV� GUDZEDFNV� RI� WKH� 02
PHWKRG� VLQFH�� LQ� SURFHVV� FRQWURO�� JRRG� GLVWXUEDQFH
UHMHFWLRQ�SHUIRUPDQFH�LV�XVXDOO\�PRUH�LPSRUWDQW�WKDQ
VXSHULRU�UHIHUHQFH�WUDFNLQJ�SHUIRUPDQFH�



+RZHYHU��DV�ZLOO�EH� VKRZQ� LQ� WKLV�SDSHU�� ³RSWLPDO´
GLVWXUEDQFH� UHMHFWLRQ� SURSHUWLHV� FDQ� EH� DFKLHYHG� DV
ZHOO�E\�VOLJKWO\�PRGLI\LQJ�WKH�02�PHWKRG�

���'HVFULSWLRQ�RI�WKH�02�0HWKRG

2QH� SRVVLEOH� REMHFWLYH� ZKHQ� GHVLJQLQJ� D� FRQWURO
V\VWHP� LV� WKDW� WKH� V\VWHP¶V� RXWSXW� LQVWDQWDQHRXVO\
IROORZV�WKH�UHIHUHQFH��,Q�RWKHU�ZRUGV��WKH�FORVHG�ORRS
V\VWHP� VKRXOG� KDYH� DQ� LQILQLWH� EDQGZLGWK� DQG� ]HUR
SKDVH�VKLIW��+RZHYHU��LQ�SUDFWLFH�WKLV�LV�QRW�SRVVLEOH
VLQFH�HYHU\�V\VWHP�FRQWDLQV�VRPH� WLPH�GHOD\�DQG�RU
G\QDPLFV� DQG� FRQWUROOHU� JDLQ� LV� OLPLWHG� GXH� WR� WKH
SK\VLFDO�OLPLWDWLRQV�
7KHUHIRUH��WKH�V\VWHP¶V�G\QDPLFV�FDQQRW�EH�LJQRUHG�
DQG�D�QHZ�GHVLJQ�REMHFWLYH� LV�QHHGHG��2QH�SRVVLEOH
GHVLJQ� REMHFWLYH� LV� WR� PDLQWDLQ� WKH� FORVHG�ORRS
PDJQLWXGH� UHVSRQVH� FXUYH� DV� IODW� DQG� DV� FORVH� WR
XQLW\�IRU�DV� ODUJH�EDQGZLGWK�DV�SRVVLEOH� IRU�D�JLYHQ
SODQW� DQG� FRQWUROOHU� VWUXFWXUH� >��� �@�� 7KHUHIRUH�� WKH
LGHD� LV� WR� ILQG�D�FRQWUROOHU� WKDW� UHVXOWV� LQ�PDJQLWXGH
UHVSRQVH� IODW� DQG� FORVH� WR� XQLW\� IRU� DV� ODUJH� D
EDQGZLGWK�DV�SRVVLEOH��VHH�)LJ������,W�UHVXOWV�LQ�D�IDVW
DQG�QRQ�RVFLOODWRU\�FORVHG�ORRS� UHVSRQVH� IRU�D� ODUJH
FODVV�RI�SURFHVVHV�

)LJ�����0DJQLWXGH�RSWLPXP��02��FULWHULRQ�

7KLV� WHFKQLTXH� LV� FDOOHG� PDJQLWXGH� RSWLPXP� �02�
>�@��PRGXOXV�RSWLPXP�>�@��RU�%HWUDJVRSWLPXP�>����@�
DQG� UHVXOWV� LQ�D� IDVW�DQG�QRQ�RVFLOODWRU\� FORVHG�ORRS
WLPH�UHVSRQVH�IRU�D�ODUJH�FODVV�RI�SURFHVV�PRGHOV�
,I�*&/�V��LV�WKH�FORVHG�ORRS�WUDQVIHU�IXQFWLRQ�IURP�WKH
VHW�SRLQW� WR� WKH� SURFHVV� RXWSXW�� WKH� FRQWUROOHU� LV
GHWHUPLQHG�LQ�VXFK�D�ZD\�WKDW
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ZKHUH�.35�GHQRWHV�WKH�SURFHVV�VWHDG\�VWDWH�JDLQ��DQG
D�� WR� DQ� DQG� E�� WR� EP� DUH� WKH� FRUUHVSRQGLQJ
SDUDPHWHUV� �PÊQ�� RI� WKH� SURFHVV� WUDQVIHU� IXQFWLRQ�
ZKHUH�Q�FDQ�EH�DQ�DUELWUDU\�SRVLWLYH�LQWHJHU�YDOXH�
7KH�FRQWUROOHU�VWUXFWXUH�LV�FKRVHQ�WR�EH�RI�WKH�3,�W\SH
�VHH� )LJ�� ���� GHVFULEHG� E\� WKH� IROORZLQJ� WUDQVIHU
IXQFWLRQ�
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)LJ�����7KH�3,�FRQWUROOHU� LQ� WKH�FORVHG�ORRS�ZLWK� WKH
SURFHVV�

7KHQ� WKH� 3,� FRQWUROOHU� SDUDPHWHUV� FDQ� EH
H[SUHVVHG� E\� WKH� XQNQRZQ� SURFHVV� SDUDPHWHUV
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7KH�JLYHQ�WXQLQJ�SURFHGXUH�ZLOO�QRZ�EH�LOOXVWUDWHG�LQ
WZR�H[DPSOHV�

&DVH��
7KH�SURFHVV�LV�DVVXPHG�WR�KDYH�WKH�WUDQVIHU�IXQFWLRQ�
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7KH� 3,� FRQWUROOHU� SDUDPHWHUV�� UHVXOWLQJ� IURP
HTXDWLRQV�����DQG������DUH�DV�IROORZV�
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)LJ�� ��� VKRZV� WKH� FORVHG�ORRS� UHVSRQVHV� RQ� WKH
UHIHUHQFH� FKDQJH� �Z �� DW� W �V��� DQG� RQ� WKH� ORDG�
GLVWXUEDQFH� �G �� DW� W ��V�� XQGHU� 3,� FRQWUROOHU� ����
1RWH� WKDW� WKH� FORVHG�ORRS� UHVSRQVH� IHDWXUHV� IDVW
WUDFNLQJ�DQG�TXLWH�JRRG�GLVWXUEDQFH�UHMHFWLRQ��ZKLFK
VKRXOG�EH�DGGUHVVHG�WR�WKH�02�FULWHULRQ�

&DVH��
7KH�SURFHVV�LV�DVVXPHG�WR�KDYH�WKH�WUDQVIHU�IXQFWLRQ�
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7KH� 3,� FRQWUROOHU� SDUDPHWHUV�� UHVXOWLQJ� IURP
HTXDWLRQV�����DQG������DUH�DV�IROORZV�
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)LJ�����7KH�FORVHG�ORRS� UHVSRQVH� WR� WKH� VWHS� FKDQJH
LQ� UHIHUHQFH� VLJQDO� DQG� GLVWXUEDQFH� VLJQDO�� WKH� 3,
FRQWUROOHU�DSSOLHG�LV�WXQHG�E\�WKH�02�PHWKRG�

)LJ�� ��� VKRZV� WKH� FORVHG�ORRS� UHVSRQVHV� RQ� WKH
UHIHUHQFH� FKDQJH� �Z �� DW� W �V��� DQG� RQ� WKH� ORDG�
GLVWXUEDQFH� �G �� DW� W �V�� XQGHU� 3,� FRQWUROOHU� ����
1RWH� WKDW� WKH� FORVHG�ORRS� UHVSRQVH� DJDLQ� IHDWXUHV
JRRG�WUDFNLQJ��EXW�GLVWXUEDQFH�UHMHFWLRQ�LV�QRZ�TXLWH
VOXJJLVK��7KH� UHDVRQ� LV� WKDW� WKH� SURFHVV� LV� RI� D� ORZ
RUGHU�VR�WKH�FRQWUROOHU�]HUR�SUDFWLFDOO\�FDQFHOOHG�WKH
VORZHVW�SURFHVV�SROH�
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)LJ�����7KH�FORVHG�ORRS� UHVSRQVH� WR� WKH� VWHS� FKDQJH
LQ� UHIHUHQFH� VLJQDO� DQG� GLVWXUEDQFH� VLJQDO�� WKH
FRQWUROOHU�DSSOLHG�LV�WXQHG�E\�WKH�02�PHWKRG�

���,PSURYLQJ�'LVWXUEDQFH�5HMHFWLRQ�E\
0HDQV�RI�WKH�02�0HWKRG

,Q� WKH� SUHYLRXV� VHFWLRQ�� LW� ZDV� VKRZQ� WKDW� WKH�02
PHWKRG� SURYLGHV� TXLWH� IDVW� DQG� QRQ�RVFLOODWRU\
FORVHG�ORRS� UHVSRQVH� RQ� UHIHUHQFH� FKDQJH
LUUHVSHFWLYH�RI�WKH�SURFHVV�RUGHU��2Q�WKH�RWKHU�KDQG�
GLVWXUEDQFH�UHMHFWLRQ�LV�GHJUDGHG�ZKHQ�GHDOLQJ�ZLWK
ORZ�RUGHU� SURFHVVHV�� VLQFH� VORZ� SURFHVV� SROHV� DUH
DOPRVW�HQWLUHO\�FDQFHOOHG�E\�FRQWUROOHU�]HUR�

7KLV� LV� UHDVRQDEOH� VLQFH� WKH� 02� PHWKRG� DLPV� DW
DFKLHYLQJ�JRRG�UHIHUHQFH�WUDFNLQJ��VR�LW�RSWLPLVHV�WKH
WUDQVIHU� IXQFWLRQ� *&/�V� <�V��:�V�� DQG� QRW� WKH
WUDQVIHU� IXQFWLRQ� *&/'�V� <�V��'�V��� /HW� XV� QRZ
H[SUHVV�*&/�V��LQ�WHUPV�RI�*&/'�V��
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)URP�H[SUHVVLRQ������LW� LV�FOHDU� WKDW� WKH�FRQWUROOHU¶V
]HUR� ���V7L�� SOD\V� DQ� LPSRUWDQW� UROH� ZLWKLQ�*&/�V��
ZKLFK� LV� DFWXDOO\� ³RSWLPLVHG´� E\� WKH� RULJLQDO� 02
PHWKRG� �VHH� )LJ�� ���� 2Q� WKH� RWKHU� KDQG�� WKH
FRQWUROOHU¶V� ]HUR� FDQ� VLJQLILFDQWO\� GHJUDGH
GLVWXUEDQFH� UHMHFWLRQ� SHUIRUPDQFH�� $� QHZ� VWUDWHJ\



SURSRVHG� KHUHLQ� LV� WR� RSWLPLVH� WKH� WUDQVIHU� IXQFWLRQ
*&/2�V�������LQVWHDG�RI�*&/�V��LQ�H[SUHVVLRQ�����
7KH� UHVXOWLQJ� 3,� FRQWUROOHU� SDUDPHWHUV�� ZKHQ
UHSODFLQJ�*&/�V��ZLWK�*&/2�V�� LQ�H[SUHVVLRQ� ����� FDQ
EH�H[SUHVVHG�E\�WKH�XQNQRZQ�SURFHVV�SDUDPHWHUV�
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7KUHH� VLPXODWHG� H[DPSOHV� DQG� RQH� UHDO�WLPH
H[SHULPHQW�RQ�D�ODERUDWRU\�VHW�XS�ZHUH�SHUIRUPHG�WR
GHSLFW�WKH�DERYH�UHVXOWV�LQ�PRUH�GHWDLO�

&DVH��
7KH� SURFHVV� LV� DVVXPHG� WR� KDYH� WKH� VDPH� WUDQVIHU
IXQFWLRQ� DV� LQ�&DVH� ���7KH�3,� FRQWUROOHU� SDUDPHWHUV
UHVXOWLQJ�IURP�HTXDWLRQV������DQG������DUH�DV�IROORZV�
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7KH� FDOFXODWHG� SDUDPHWHUV� DUH� DOPRVW� WKH� VDPH� DV
WKRVH�JLYHQ�LQ�H[SUHVVLRQ������,W�LV�WKHUHIRUH�H[SHFWHG
WKDW� GLVWXUEDQFH� UHMHFWLRQ� SHUIRUPDQFH� ZLOO� UHPDLQ
DOPRVW� WKH� VDPH�� 7KLV� DVVXPSWLRQ� LV� FRQILUPHG� E\
WKH� FORVHG�ORRS� UHVSRQVHV� JLYHQ� LQ� )LJ�� ��
'LVWXUEDQFH�UHMHFWLRQ�SURSHUWLHV�UHPDLQHG�TXLWH�JRRG
�VROLG�OLQH��

&DVH��
7KH� SURFHVV� LV� DVVXPHG� WR� KDYH� WKH� VDPH� WUDQVIHU
IXQFWLRQ� DV� LQ�&DVH� ���7KH�3,� FRQWUROOHU� SDUDPHWHUV
UHVXOWLQJ�IURP�HTXDWLRQV������DQG������DUH�DV�IROORZV�
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7KH�FDOFXODWHG�SURSRUWLRQDO�JDLQ� LV� WKH� VDPH�DV� WKDW
JLYHQ� LQ� H[SUHVVLRQ� ����� 2Q� WKH� RWKHU� KDQG�� WKH
SDUDPHWHU� RI� WKH� LQWHJUDO� WHUP� LV� QRZ� TXLWH� ORZHU�
7KH�FORVHG�ORRS�UHVSRQVHV�RQ�GLVWXUEDQFH�RFFXUUHQFH
�G �� DW� W �V�� DUH� JLYHQ� LQ� )LJ�� ��� 'LVWXUEDQFH
UHMHFWLRQ� SURSHUWLHV� DUH� QRZ� TXLWH� LPSURYHG� �VROLG
OLQH�� LQ� FRPSDULVRQ� WR� WKH� RULJLQDO� 02� PHWKRG
�GDVKHG�OLQH��
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&DVH��
7KH�ODVW�H[SHULPHQW�ZDV�FRQGXFWHG�RQ�WKH�WKUHH�WDQN
V\VWHP� VKRZQ� LQ� )LJ�� ��� 7KH� ZDWHU� FRPHV� IURP
UHVHUYRLU� 5�� �VHH� VFKHPDWLF� GLDJUDP� LQ� )LJ�� ��
WKURXJK�SXPS�3��WR�ZDWHU�FROXPQ�5���9DOYHV�9��DQG
9��DUH�FORVHG��7KH�SURFHVV�LQSXW�LV�WKH�YROWDJH�RQ�WKH
SXPS�3���DQG�WKH�SURFHVV�RXWSXW�LV�WKH�ZDWHU�OHYHO�LQ
ZDWHU�FROXPQ�5���K���

)LJ�����7KUHH�WDQN�V\VWHP�
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)LJ�����6FKHPDWLF�GLDJUDP�RI�WKH�ODERUDWRU\�VHW�XS�

)LJ�� ��� VKRZV� WKH� RSHQ�ORRS� SURFHVV� VWHS� UHVSRQVH
IURP� ZKLFK� WKH� IROORZLQJ� SURFHVV� SDUDPHWHUV� DUH
HVWLPDWHGL��.35 ������� D� �������� D� �������� D� ��
E� E� E� ��� 7KH� FRUUHVSRQGLQJ� 3,� FRQWUROOHU
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)LJ�� ��� VKRZV� LPSURYHG� GLVWXUEDQFH� UHMHFWLRQ
SHUIRUPDQFH��VROLG�OLQH��ZKLOH�XVLQJ�UH�FDOFXODWHG�3,
FRQWUROOHU� SDUDPHWHUV� ����� LQ� FRPSDULVRQ� WR� WKH
SHUIRUPDQFH� DFKLHYHG� XVLQJ� WKH� FRQWUROOHU� ZLWK� WKH
RULJLQDOO\�FDOFXODWHG�SDUDPHWHUV��GDVKHG�OLQH�������
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7KH� SXUSRVH� RI� WKLV� SDSHU� ZDV� WR� SUHVHQW� D
PRGLILFDWLRQ� WR� WKH�RULJLQDO�02�PHWKRG� LQ�RUGHU� WR
DFKLHYH� ³RSWLPDO´� GLVWXUEDQFH� UHMHFWLRQ
SHUIRUPDQFH�� 7KH� JLYHQ�PRGLILFDWLRQ� LV� VLPSOH� DQG
VWUDLJKWIRUZDUG� IRU� LPSOHPHQWDWLRQ� LQ� SUDFWLFH�
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PRGHOV� KDYH� VKRZQ� WKDW� WKH� SURSRVHG� DSSURDFK
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7KH�PRGLILHG�PHWKRG�ZDV�DOVR�WHVWHG�LQ�UHDO�WLPH�RQ
D� ODERUDWRU\� VHW�XS�� ,W�ZDV� VKRZQ� WKDW� WKH� SURSRVHG
DSSURDFK�DOVR�ZRUNV�ZHOO�LQ�SUDFWLFH�
2Q�WKH�RWKHU�KDQG��WKH�RULJLQDO�02�PHWKRG��DV�ZHOO
DV� WKH� SURSRVHG� PRGLILFDWLRQ�� GRHV� QRW� JXDUDQWHH
VWDEOH� FORVHG�ORRS� UHVSRQVHV� >��� �@�� 8QVWDEOH
UHVSRQVHV� FDQ� EH� REWDLQHG� ZKHQ� GHDOLQJ� ZLWK
SURFHVVHV�ZLWK�RVFLOODWLQJ�SROHV�RU�³VWURQJ´�]HURV�>�@�
)RUWXQDWHO\��VXFK�SURFHVVHV�DUH�UDUH�LQ�SUDFWLFH�
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L�(VWLPDWLRQ�RI�WKH�SURFHVV�SDUDPHWHUV�LV�PDGH�E\�PHDQV�RI
WKH�PXOWLSOH�LQWHJUDWLRQ�PHWKRG�>�������@�
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