
'DWD�/LQN�&RQWURO�6FKHPH�IRU�:LUHOHVV�$70�7UDQVPLVVLRQ

äHOMNR�,OLü��$OHQ�%DåDQW�DQG�0ODGHQ�.RV
8QLYHUVLW\�RI�=DJUHE��)DFXOW\�RI�(OHFWULFDO�(QJLQHHULQJ�DQG�&RPSXWLQJ

'HSDUWPHQW�RI�7HOHFRPPXQLFDWLRQV��8QVND����+5��������=DJUHE��&52$7,$
^]HOMNR�LOLF��DOHQ�ED]DQW��PODGHQ�NRV`#IHU�KU

$EVWUDFW
7KH� $V\QFKURQRXV� 7UDQVIHU� 0RGH� �$70�� HPSOR\V
KHDGHU�HUURU�FRQWURO�LQ�RUGHU�WR�SURWHFW�FHOO� LQWHJULW\�
+RZHYHU�� ZLUHOHVV� $70� �Z$70�� V\VWHPV� UHTXLUH� D
PRUH� SRZHUIXO� HUURU� FRQWURO� WHFKQLTXHV� WR� RIIHU
DFFHSWDEOH� FHOO� ORVV� UDWLR� �&/5�� DQG� PRELOH� 4R6
�4XDOLW\� RI� 6HUYLFH��� 7KLV� SDSHU� GHVFULEHV� WKH� GDWD
OLQN� FRQWURO� �'/&�� VFKHPH�� XVHG� LQ� ZLUHOHVV� $70
VHJPHQW�� LQ� RUGHU� WR� SURYLGH� UHOLDEOH� FRQQHFWLRQ
VHUYLFHV�� ,W� DQDO\]HV� H[WHQVLRQ� RI� WKH� VWDQGDUG� $70
SURWRFRO� VWDFN� E\� D� '/&� OD\HU� DQG� PHGLXP� DFFHVV
FRQWURO� �0$&�� VXEOD\HU�� '/&� VFKHPH� XVHV� 7'0$
0$&� V\VWHP� EDVHG� RQ� $54� �$XWRPDWLF� 5HSHDW
UH4XHVW�� FRQWURO� VFKHPH�� 7KH� WKURXJKSXW� RI� WKH
V\VWHP� DQG� FRPSDULVRQ� RI� WKH� $54� EDVHG� DSSURDFK
DQG�WKH�DSSURDFK�EDVHG�RQ�)(&�DQG�LQWHUOHDYLQJ�KDV
EHHQ�SHUIRUPHG�

���,QWURGXFWLRQ

7KH� $V\QFKURQRXV� 7UDQVIHU� 0RGH� WHFKQLTXH� LV
FKDUDFWHUL]HG�E\�LWV�IOH[LELOLW\�WR�DFFRPPRGDWH�D�YDULHW\�RI
VHUYLFHV�� ,W� LV� FDSDEOH�RI�FDUU\LQJ�PXOWLPHGLD� WUDIILF� VXFK
DV� YRLFH� DQG� GDWD� DW� DQ\� VSHFLILHG� UDWH� E\� FKDQJLQJ� WKH
WUDQVPLVVLRQ� UDWH� RI� ���E\WH� $70� FHOOV�� 2ULJLQDO� $70
PHFKDQLVPV� ZHUH� GHVLJQHG� ZLWK� WKH� DVVXPSWLRQ� WKDW
WUDQVPLVVLRQ� ELW� HUURUV� DUH� UDUH�� ZKLFK� LV� YDOLG� IRU� ILEHU
RSWLF�EDVHG�V\VWHPV��,Q�UHFHQW�\HDUV�WKHUH�LV�D�KLJK�LQWHUHVW
LQ� XVLQJ�$70� IRU�ZLUHOHVV� WUDQVPLVVLRQV��+RZHYHU��ZLWK
ZLUHOHVV� OLQNV� WKH� ELW� HUURU� UDWLR� �%(5�� ZLOO� EH� PXFK
KLJKHU�DQG�WKH�ELW�HUURUV�PD\�QRW�EH�UDQGRPO\�GLVWULEXWHG�
7KH� PDLQ� IXQFWLRQDOLW\� RI� WKH� '/&� VFKHPH� FRQVLVWV� LQ
LPSURYLQJ� WKH� WUDQVPLVVLRQ� TXDOLW\� E\� PHDQV� RI� HUURU
FRQWURO� >�@�� 7KH� &/5� H[SHULHQFHG� RYHU� WKH� DLU� LQWHUIDFH
FDQ�EH�YHU\�KLJK�LI�QR�HUURU�FRQWURO�WHFKQLTXH�LV�DGRSWHG�
7KH�V\VWHP�DUFKLWHFWXUH�XVHG�LQ�WKLV�SDSHU�LV�FRPSRVHG�E\
EDVH�VWDWLRQV��%6��ZKLFK�SURYLGH�DFFHVV�WR�D�VHW�RI�PRELOH
WHUPLQDOV� �07��� 'LIIHUHQW� PXOWLSOH� DFFHVV� VFKHPHV� KDYH
EHHQ�SURSRVHG�IRU�Z$70��7KH�PRVW�VXLWDEOH�VFKHPHV�DUH
EDVHG� RQ� WLPH� GLYLVLRQ� PXOWLSOH� DFFHVV� �7'0$�� ZLWK

FHQWUDOL]HG� G\QDPLF� VORW� DVVLJQPHQW�� (DFK� %6� LV
FRQQHFWHG�WKURXJK�ILEHU�RSWLF�OLQN�WR�DQ�$70�VZLWFK��)LJ�
���
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)LJXUH����:LUHOHVV�$70�QHWZRUN�DUFKLWHFWXUH

,Q�WKLV�SDSHU�ZH�HYDOXDWH�WKH�SHUIRUPDQFH�RI�WKH�SURSRVHG
VFKHPH� DQG� VKRZLQJ� KRZ� VRPH� SDUDPHWHUV� LQIOXHQFH� WKH
EHKDYLRU�RI�WKH�HUURU�FRQWURO�PHFKDQLVP��:H�SUHVHQW�VRPH
UHVXOWV�EDVHG�RQ�FRPSOHWHO\�GLIIHUHQW�DSSURDFKHV��)(&�DQG
LQWHUOHDYLQJ� YHUVXV� $54�� (DUOLHU� GLVFXVVLRQV� DQG� UHFHQW
UHVXOWV� VXJJHVW� WKDW� $54� VFKHPHV� FDQ� EH� DQ� DSSURSULDWH
VROXWLRQ� IRU� GHOD\� FRQVWUDLQHG� DSSOLFDWLRQV� DQG� WKH\� DUH
SHUIRUPLQJ� EHWWHU� WKDQ� )(&� RQHV�� ,Q� RXU� VFKHPH�� $54
WHFKQLTXH� LV� FRPSOHWHO\� LPSOHPHQWHG� LQ� WKH� EDVH� VWDWLRQ
DQG� VFKHGXOHV� WUDQVPLVVLRQV� DQG� UHWUDQVPLVVLRQV� IRU� ERWK
XSOLQN�DQG�GRZQOLQN�FRQQHFWLRQV�
,Q�WKLV�SDSHU�ZH�FRQVLGHU�*LOEHUW�(OOLRW��*(��PRGHO�IRU�WKH
FKDQQHO� ZKLFK� FDSWXUHV� WKH� EXUVW\� QDWXUH� RI� HUURUV�� ,W� LV
DVVXPHG�WKDW�WKH�FKDQQHO�FDQ�EH�LQ�WZR�VWDWHV��D�JRRG�VWDWH
�21�� DQG� D� EDG� VWDWH� �2))��� :KHQ� WKH� VWDWH� LV� 21� WKH
FKDQQHO� LV� HUURU� IUHH��ZKLOH�ZKHQ� WKH� VWDWH� LV�2))� WKH�ELW
HUURU�SUREDELOLW\�LV�����
7KH�SDSHU� LV� RUJDQL]HG� DV� IROORZV��7KH� FKDQQHO�PRGHO� LV
GHVFULEHG�LQ�VHFWLRQ����,Q�VHFWLRQ����HUURU�FRQWURO�VFKHPHV
DUH� WKHRUHWLFDOO\� DQDO\]HG�� 5HVXOWV� RI� VLPXODWLRQ� DUH
SUHVHQWHG�LQ�VHFWLRQ���

���7KH�FKDQQHO�PRGHO

,Q� WKLV� SDSHU� UDGLR� FKDQQHO� LV� PRGHOHG� DV� *LOEHUW
FKDQQHO� >�@�� 7KLV� PRGHO� ZDV� SURSRVHG� E\� *LOEHUW� DQG
(OOLRW� �*(�� WR� FKDUDFWHUL]H� WKH� HUURU� VHTXHQFHV� �EXUVW



HUURUV�� JHQHUDWHG� E\� WUDQVPLVVLRQ� FKDQQHOV�� 7KH� PRGHO
FRQVLVWV�RI� WZR�VWDWHV�� JRRG�VWDWH� �*���ZKHUH�HUURUV�RFFXU
ZLWK�ORZ�SUREDELOLW\��DQG�EDG�VWDWH��%���ZKHUH�HUURUV�RFFXU
ZLWK�KLJK�SUREDELOLW\�
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)LJXUH����*(�PRGHO

7KH�VWDWH�WUDQVLWLRQV�VKRZQ�LQ�)LJ����DUH�VXPPDUL]HG�E\�LWV
WUDQVLWLRQ�SUREDELOLW\�PDWUL[
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ZKHUH�S�[� ��T�[���U�[� ��V�[����LV�WKH�SUREDELOLW\�WKDW�WKH
IRUZDUG�VORW� L� LV�VXFFHVVIXO�JLYHQ�WKDW�WKH� IRUZDUG�VORW� L��
ZDV�VXFFHVVIXO� �XQVXFFHVVIXO���1RWH� WKDW���U� UHSUHVHQW� WKH
DYHUDJH�OHQJWK�RI�WKH�EXUVWV�RI�HUURUV�

6ROYLQJ�HTXDWLRQV�
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WKH�V\VWHP�OHDGV� WR� WKH� VWHDG\�VWDWH�SUREDELOLWLHV�RI�EHLQJ
LQ�VWDWHV�%�DQG�*��UHVSHFWLYHO\�� [ ]
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���'/&�DUFKLWHFWXUH

�����0$&�VXEOD\HU

7KH�0$&�VXEOD\HU�KDV�WR�RUJDQL]H�WKH�PXOWLSOH[LQJ�RI
GLIIHUHQW�WUDIILF�VWUHDPV�DV�ZHOO�DV�WKH�VHSDUDWLRQ�EHWZHHQ
XSOLQN�DQG�GRZQOLQN� WUDIILF� LQ�D�G\QDPLF�7'0$�PDQQHU
>�@�
,Q�7'0$�SURWRFRO� WKH� WLPH� LV� GLYLGHG� LQ� FRQVWDQW� OHQJWK
IUDPHV� DQG� HDFK� IUDPH� LV� IXUWKHU� VXEGLYLGHG� LQWR� UHTXHVW
VXEIUDPH� DQG� D� GDWD� VXEIUDPH�� 7KH� UHTXHVW� VXEIUDPH� LV
DFFHVVHG� E\� 07V� WKURXJK� D� VLPSOH� SURWRFRO� LQ� RUGHU� WR
GHFODUH� WKHLU� WUDQVPLVVLRQ�QHHGV��ZKLOH� WKH�GDWD� VXEIUDPH
LV�XVHG�IRU�WKH�GDWD�WUDQVPLVVLRQ�
7KH�DOORFDWLRQ�RI�GDWD�VORWV�LV�SHUIRUPHG�E\�WKH�%6�EDVHG
RQ� D� VFKHGXOLQJ� DOJRULWKP�� ZKLFK� DVVLJQV� WLPH� VORWV� WR
GLIIHUHQW� FRQQHFWLRQV�� DQG� 07V� DUH� LQIRUPHG� WKURXJK
EURDGFDVW� PHVVDJHV�� $� QXPEHU� RI� VFKHGXOLQJ� DOJRULWKPV

WKDW�WU\�WR�VHSDUDWH�UHDO�WLPH�DQG�QRQ�UHDO�WLPH�FRQQHFWLRQV
KDYH�EHHQ�SURSRVHG�UHFHQWO\�

�����7KH�)(&�DQG�LQWHUOHDYLQJ

,Q� ZLUHOHVV� $70�� +(&� �KHDGHU� HUURU� FRQWURO�� LV� QRW
VWURQJ� HQRXJK� DQG� D� PRUH� SRZHUIXO� HUURU� VFKHPH� LV
QHHGHG��7KH�PHWKRG�RI�LQWHUOHDYLQJ�FDQ�EH�XVHG�WR�UHGXFH
WKH�PHPRU\�RI�FKDQQHO�DQG�&/5�
7KH�HUURU�FRQWURO�FRGHV�XVHG� LQ�SDSHU�EHORQJ� WR� WKH�%&+
IDPLO\�� 7KH� LQIRUPDWLRQ� VWUHDP� LV� VHJPHQWHG� LQWR
FRGHZRUGV�RI�N�V\PEROV��DQG�Q�±�N�UHGXQGDQW�V\PEROV�DUH
DGGHG�WR�HDFK�FRGHZRUG�
7KH� LQWHUOHDYHU� FRQVLVWV� RI� D� PDWUL[� ZLWK� G� URZV� DQG� Q
FROXPQV��7KH�FRGHZRUGV�DUH�ZULWWHQ�DV�URZV�RI�WKH�PDWUL[
DQG� UHDG� RXW� E\� FROXPQ� WR� JHQHUDWH� D� ELW� VHTXHQFH
WUDQVPLWWHG�RQWR�WKH�FKDQQHO�
)RU� HDFK� FRQQHFWLRQ�� G� FRQVHFXWLYH� FRGHZRUGV� DUH� ELW
LQWHUOHDYHG�DQG�WUDQVPLWWHG�LQ�WKH�DVVLJQHG�WLPH�VORWV��7KH
LQWHUOHDYLQJ�LQWURGXFHV�D�WUDQVPLVVLRQ�GHOD\�WKDW�LQFUHDVHV
OLQHDUO\� ZLWK� G� DQG� PXVW� QRW� H[FHHG� '� �OLIHWLPH��� 7KH
Z$70� FHOO� PXVW� EH� UHFHLYHG� ZLWKLQ� LWV� OLIHWLPH�� RU
RWKHUZLVH�LW�LV�GURSSHG�
,Q� WKH� SUHVHQFH� RI� D� GHOD\�'�� WKH� PD[LPXP� LQWHUOHDYLQJ
VL]H� ZKLFK� FDQ� EH� XVHG� ZLWK� %&+� FRGHV� ZLWK� FRGHZRUG
VL]H� Q� LV� G Ð'��Qtà�� ZKHUH� t� LV� WKH� FKDQQHO� V\PERO
GXUDWLRQ�>�@�
7DEOH���VKRZV�WKH�PD[LPXP�QXPEHU�RI�Z$70�FHOOV��HDFK
FHOO� LV� ��� RFWHWV� OHQJWK�� WKDW� FDQ� EH� ELW� LQWHUOHDYHG� IRU
GLIIHUHQW�VSHHGV�DQG�GLIIHUHQW�'�

7DEOH� ��� PD[LPXP� QXPEHU� RI� FHOOV� ZLWKLQ� WKH
OLIHWLPH�'

PD[��'
VSHHG �PV ��PV ��PV ��PV
��0ELW�V �� �� �� ���
����NELW�V � � � ��

$V�FDQ�EH�VHH�LQ�WKH�WDEOH��VKRUW�'�DQG�D�VPDOO�FRQQHFWLRQ
VSHHG� QHJDWLYHO\� DIIHFW� WKH� FRGH� SHUIRUPDQFH� VLQFH� WKH
GHLQWHUOHDYLQJ�SURFHVV�VSUHDGV�HUURUV�DPRQJ�IHZHU�FHOOV�

�����6HOHFWLYH�UHSHDW�$54�VFKHPH

,Q� WKH� IROORZLQJ� ZH� FRQVLGHU� D� JHQHUDOL]DWLRQ� RI� WKH
VWDQGDUG� YHUVLRQ� RI� WKH� VHOHFWLYH� UHSHDW� �65�� $54
VWUDWHJ\��7KH�WUDQVPLWWHU�WUDQVPLWV�EORFNV��ZKRVH�UHFHSWLRQ
LV� DFNQRZOHGJHG�E\� WKH� UHFHLYHU�E\�PHDQV�RI� D� IHHGEDFN
PHVVDJH� WKDW� FDQ� EH� SRVLWLYH� �FRUUHFW� WUDQVPLVVLRQ�� RU
QHJDWLYH��ZURQJ�WUDQVPLVVLRQ���%ORFNV�DUH�NHSW�LQ�D�EXIIHU
DW� WKH� WUDQVPLWWHU� DQG� UHPRYHG� IURP� LW� ZKHQ� SRVLWLYH
DFNQRZOHGJHPHQW� LV� UHFHLYHG� IRU� FRUUHVSRQGLQJ� EORFN�
8QGHU� WKH� FRUUHFW� FRQGLWLRQV�� WKH� WUDQVPLWWHU� UHFHLYHV
DFNQRZOHGJHPHQWV� �$&.V�� 1� VORWV� DIWHU� WKH� EORFN



WUDQVPLVVLRQ� KDV� VWDUWHG� GXH� WR� 57'� �57'±URXQG� WULS
GHOD\���$OVR��D�WLPH�RXW�FRXQWHU�LV�DVVLJQHG�WR�HDFK�EORFN�
DQG� DFWLYDWHG� ZKHQ� WKH� EORFN� LV� WUDQVPLWWHG�� :KHQ� WKH
FRXQWHU� UHDFKHV� 1� VORWV�� WKH� WLPH�RXW� H[SLUHV�� DQG
UHWUDQVPLVVLRQ�RI�EORFN�ZLOO�EH�GRQH�LQ�WKH�QH[W�VORW��,Q�WKH
FODVVLF�65�YHUVLRQ�� WKH� DEVHQFH�RI� IHHGEDFN� LV� HTXLYDOHQW
WR�D�QHJDWLYH�DFNQRZOHGJHPHQW�
,W� PD\� EH� REVHUYHG� WKDW� 65� $54� PRGH� UHTXLUHV� VRPH
EXIIHU� FDSDFLW\� DW� WKH� UHFHLYHU� VLGH�� 2QFH� D� EORFN� LV� LQ
HUURU�� DOO� RWKHU� VXFFHVVLYH� EORFNV� PXVW� EH� UHWDLQHG� LQ
PHPRU\��XQWLO� WKH�EORFN� LV� FRUUHFWO\� UHFHLYHG��7KLV� LV� WKH
RQO\�ZD\� WR� HQVXUH� WKDW� EORFNV� DUH� FRUUHFWO\� GHOLYHUHG� WR
WKH� XSSHU� OD\HUV�� 7KHUHIRUH�� WKH� RUGHULQJ� RI� SDFNHWV� LV
DFKLHYHG� DW� WKH� SULFH� RI� ODUJH�PHPRU\� DQG� SRVVLEO\� ORQJ
GHOD\V��7R�UHGXFH�WKLV�HIIHFW�VRPH�PRGLILHG�VFKHPHV�KDYH
EHHQ�SURSRVHG�>�@�
,Q� WKLV� SDSHU� ZH� KDYH� XVHG� WKH� 65� $54� VFKHPH�� LWV
HIILFLHQF\� LV� KLJKHU� WKDQ� 0XOWLSOH� 6WRS� DQG� :DLW� $54
SURWRFRO�XVHG� LQ�>�@��$OVR��ZH�SURSRVHG� WKDW� WUDQVPLVVLRQ
DQG� UHWUDQVPLVVLRQ� RI� FHOOV� VKRXOG� EH� FRQWUROOHG� E\� %6
VFKHGXOLQJ�PHFKDQLVP�GHVFULEHG�LQ�>�@��(DFK�Z$70�FHOO
LV� ��� RFWHWV� ORQJ�� )LUVW� IRXU� RFWHWV� RI� WKH� KHDGHU� DQG� WKH
SD\ORDG� DUH� WKH� VDPH� DV� LQ� ZLUHG� $70�� 7ZR� RFWHWV� RI
&5&�FRGH�DUH�DGGHG�DW� WKH�HQG�RI�FHOO�DV�SDULW\�ELWV�XVHG
RQO\�RQ�ZLUHOHVV� OLQN��7KHVH� WZR�&5&�RFWHWV� DUH� XVHG� WR
GHWHUPLQH� HUURUV� LQ� UHFHLYHG� Z$70� FHOOV�� ,Q� RUGHU� WR
DYRLG� H[FHVVLYH� GHOD\V�� DFNQRZOHGJHPHQWV� DUH
LPPHGLDWHO\� WUDQVPLWWHG� LQ� D� GHGLFDWHG� SRUWLRQ� RI� WKH
GRZQOLQN��,W�LV�DVVXPHG�WKDW�GRZQOLQN��IURP�07�WR�%6��LV
HUURU�IUHH�

���6LPXODWLRQ�UHVXOWV

7KH�V\VWHP�PRGHO� XVHG� IRU� VLPXODWLRQ� LV� EDVHG�RQ� WKH
7'0$� IUDPH� VWUXFWXUH�� 7KH� IUDPH� GXUDWLRQ� LV� ���� PV
ZKLFK� LV� DSSUR[LPDWHO\� ��� Z$70� FHOOV�� :H� KDYH
FRQVLGHUHG� DQG� DQDO\]HG� D� UDZ� FKDQQHO� ZLWK� ��0E�V� DQG
���� 0E�V� UDWHV�� 7KH� SK\VLFDO� FKDQQHO� LV� PRGHOHG� DV
0DUNRY� FKDLQ� ZLWK� WZR� VWDWHV� DV� GHVFULEHG� HDUOLHU�� :H
DVVLJQ� WKH� FKDUDFWHULVWLFV� RI� WKH� FKDLQ� E\� PHDQV� RI� WKH

VWDWLRQDU\� SUREDELOLW\� ����=
%

p � DQG� RII7 �� L�H�� WKH

DYHUDJH�WLPH�GXULQJ�ZKLFK�WKH�FKDQQHO�LV�LQ�WKH�VWDWH�2))�
7KHVH�SDUDPHWHUV�DUH�UHODWHG�E\�WKH�HTXDWLRQ�
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RQRII

RII
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ZKHUH�
RQ

7 LV�WKH�DYHUDJH�WLPH�GXULQJ�ZKLFK�WKH�FKDQQHO�LV

LQ�WKH�VWDWH�21�
$Q�HDFK�FHOO�PXVW�EH�FRUUHFWO\�UHFHLYHG�ZLWKLQ�OLIHWLPH�'�
RWKHUZLVH�LW�LV�GURSSHG��7KH�PD[LPXP�&/5��HTXDO�WR������

LV�WKH�4R6�WKDW�PXVW�EH�VDWLVILHG��:H�VXSSRVHG�WKDW�URXQG
WULS�WLPH�LV�QHJOLJLEOH�LQ�FRPSDULVRQ�ZLWK�OLIHWLPH�'�

)LJXUHV��� DQG��� VKRZ� HIILFLHQF\� RI� WKH� )(&�YHUVXV� RII7
DQG� OLIHWLPH�'� IRU� WZR� GLIIHUHQW� WUDQVPLVVLRQ� UDWHV�� ���
NE�V� DQG� ��0E�V�� (IILFLHQF\� LV� PHDVXUHG� DV� UDWLR� RI� N�Q
DWWDLQHG� E\� WKH� OLJKWHVW� FRGH� WKDW� VDWLVILHV� WKH� FHOO� ORVV
FRQVWUDLQW� >�@�� 7DEOH� �� VKRZV� %&+� FRGHV� XVHG� LQ

VLPXODWLRQ� IRU� GLIIHUHQW� '� DQG� RII7 �� 9HU\� SRRU

SHUIRUPDQFHV� RI� WKLV� WHFKQLTXH�� DV� RII7 � LQFUHDVHV� LV

REYLRXV�IRU�GLIIHUHQW�VSHHG�FRQQHFWLRQV�
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7RII

'

)(&���0ELW�V�FRQQHFWLRQV
FHOO�ORVV�������

)LJXUH����(IILFLHQF\�RI�)(&�DQG� LQWHUOHDYLQJ�ZLWK
��0E�V�FRQQHFWLRQV
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7RII

'

)(&�����.ELW�V�FRQQHFWLRQV
FHOO�ORVV�������

)LJXUH����(IILFLHQF\�RI�)(&�DQG� LQWHUOHDYLQJ�ZLWK
����NE�V�FRQQHFWLRQV



7DEOH����N�Q�UDWLR�IRU�%&+�FRGH��FRQQHFWLRQV��0ELW�V�
7RII

' ��ELW � V �� V ��� V �PV �PV �V
��PV ������ ������ ������ ������ ������ � �
��PV ������� ������� ������� ������� ������� � �
��PV ������� ������� ������� ������� ������� � �

)LJXUH� �� LQGLFDWHV� WKDW� WKLV� VFKHPH� LV� VXLWDEOH� IRU� VKRUW
EXUVW� OHQJWK�� %XUVW� HUURUV�� LW� ZLOO� DOVR�� DIIHFW� FRGHZRUGV
EHFDXVH� WKH� LQWHUOHDYLQJ� LV� QRW� VXLWDEOH� WR� PDNH� EXUVW
HUURUV� LQWR�VLQJOH�HUURUV�ZKLFK�FDQ�FRGH�FRUUHFW�� ,W�PHDQV
WKDW� WHFKQLTXH�ZLWK�)(&�DQG� LQWHUOHDYLQJ� LV� VXLWDEOH�RQO\
ZKHQ�WKH�EXUVWV�RI�HUURUV�DUH�VKRUW�DQG�FRQQHFWLRQ�VSHHG�LV
KLJK�LQ�RUGHU�WR�DFKLHYH�LQWHUOHDYLQJ�
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7RII
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)LJXUH� ��� (IILFLHQF\� RI� )(&� DQG� LQWHUOHDYLQJ
YHUVXV� 7RII� IRU� GLIIHUHQW� YDOXHV� RI� LQWHUOHDYLQJ
GHJUHH�G

�����6HOHFWLYH�UHSHDW�$54

:H� KDYH� DOVR� GHYHORSHG� D� VLPXODWLRQ� PRGHO� WKDW
LQFOXGHV� D� VHOHFWLYH� UHSHDW� $54� WHFKQLTXH�� 7KH
WUDQVPLVVLRQ� VFKHGXOHU� DW� WKH� %6� PDQDJHV� QHZ
WUDQVPLVVLRQV� DQG� UHWUDQVPLVVLRQ� UHTXHVWV� IRU� LQFRUUHFWO\
UHFHLYHG� Z$70� FHOOV�� 7KH� UHVXOWV� RI� VLPXODWLRQ� DUH
SUHVHQWHG�LQ�)LJXUH���DQG�)LJXUH���IRU�����DQG������NE�V
FRQQHFWLRQ�UDWHV��5HVSHFWLYHO\�� WKH�HIILFLHQF\�LV�PHDVXUHG
DV�WKH�UDWLR�EHWZHHQ�WKH�QXPEHU�RI�FRQQHFWLRQV�WKDW�FDQ�EH
DFFRPPRGDWHG� ZKLOH� VWLOO� JXDUDQWHHLQJ� WKDW� FHOO� ORVV
SUREDELOLW\� GRHV� QRW� H[FHHGLQJ� ������ DQG� WKH� QXPEHU� RI
FRQQHFWLRQV� WKDW� FDQ� EH� DFFRPPRGDWHG� LQ� WKH� HUURU� IUHH
FKDQQHO�>�@�
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7RII

'

$54������NE�V�FRQQHFWLRQV
FHOO�ORVV�������

)LJXUH� ��� (IILFLHQF\� RI� $54� ZLWK� ���� NE�V
FRQQHFWLRQV
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7RII

'

$54����0E�V�FRQQHFWLRQV
FHOO�ORVV�������

)LJXUH� ��� (IILFLHQF\� RI� $54� ZLWK� �� 0E�V
FRQQHFWLRQ

7KH�ODVW�ILJXUHV�VKRZ�DQ�RSSRVLWH�EHKDYLRU�ZLWK�UHVSHFW�WR
)(&�� +HUH�� HIILFLHQF\� LQFUHDVHV� ZLWK� 7RII� DQG� UHDFKHV
VDWLVIDFWRU\�YDOXHV�IRU�W\SLFDO�EXUVW�OHQJWKV��7KLV�EHKDYLRU
LV�GXH�WR�WKH� IDFW� WKDW�UHWUDQVPLVVLRQV�DUH�WRR�IUHTXHQW� IRU
YHU\� VKRUW� HUURU� EXUVWV�� )RU� PHGLXP� YDOXHV� RI� 7RII

UHWUDQVPLVVLRQV� DUH� UDUH� DQG� WKH� HIILFLHQF\� LV� PDLQO\
FRQVWDQW��7RII��IURP����mV�WR���PV���)RU�KLJK�YDOXHV�RI�7RII

WKH� HIILFLHQF\�GURSV� WR� ]HUR� VLQFH� LQ� WKLV� FDVH� QR�Z$70
FHOOV�FDQ�EH�VXFFHVVIXOO\�UHWUDQVPLWWHG�ZLWKLQ�WKH�OLIHWLPH�

�

��

��

��

��

��

��

��ELW ��V ���V ����V �PV �PV

7RII

��PV

��PV

��PV

)LJXUH����$54�EXIIHU�FDSDFLW\�IRU�GLIIHUHQW�YDOXHV
RI�7RII��DQG�OLIHWLPH�'����0E�V�FRQQHFWLRQV�

7KLV�PRGH� RI� RSHUDWLRQ� UHTXLUHV� VRPH� EXIIHU� FDSDFLW\� DW
WKH� UHFHLYHU� VLGH� �)LJ�� ���� ,Q� RXU� VLPXODWLRQ� ZH� VXSSRVH
PD[LPXP� RI� �� FRQQHFWLRQV� DQG� WKH� UHVXOWV� VKRZ� WKDW
DYHUDJH� EXIIHU� FDSDFLW\� LV� ��� Z$70� FHOOV� IRU� GLIIHUHQW
YDOXHV�RI�7RII�DQG�'��)(&�DQG�LQWHUOHDYLQJ�PHWKRG�IRU�WKLV
EXIIHU�VL]H�DQG���FRQQHFWLRQV�PD\�XVH�PD[LPXP�GHSWK�RI
LQWHUOHDYLQJ� HTXDO� WR� �� ��� [� ��  � ����� 7KH� GHSWK� RI
LQWHUOHDYLQJ� VKRZQ� LQ� )LJXUH� �� SUHVHQWV� D� PD[LPXP
HIILFLHQF\� DERXW� ��� ��� $V� FDQ� EH� VHHQ�� $54� LV� PXFK
EHWWHU� FKRLFH� IURP� WZR� UHDVRQV�� )LUVW�� LWV� HIILFLHQF\� LV



KLJKHU�WKDQ�)(&�RQH�DQG��VHFRQG��$54�UHTXHVWV�D�VPDOOHU
EXIIHU�VL]H�
7KLV� LQGLFDWHV� WKDW� IUDPH� OHQJWK� LV� YHU\� LPSRUWDQW
SDUDPHWHU� IRU� $54� WHFKQLTXH� �LQ� RXU� VLPXODWLRQ� IUDPH
OHQJWK� LV� VHW� WR� ���� PV��� ,W� PHDQV� WKDW� VXFFHVVIXO
UHWUDQVPLVVLRQV�DUH�DFFRPSOLVKHG�LQ�YHU\�VKRUW�WLPH�

�����7KURXJKSXW�FRPSDUDWLRQ

,Q� WKH� SUHYLRXV� WZR� FKDSWHUV� DUH� GHVFULEHG� WKH� PDLQ
FKDUDFWHULVWLFV� IRU� WZR� SURSRVHG� HUURU� FRQWURO� VFKHPHV�
1RZ�� LW� LV� WKH� WLPH� WR�PDNH� D� FKRLFH� ZKLFK� WHFKQLTXH� LV
EHWWHU� DQG� XQGHU� ZKLFK� FRQGLWLRQV�� )LJXUH� �� VKRZV� WKH
WKURXJKSXW�UDWLR�IRU�$54�DQG�)(&�YHUVXV�7RII��DQG�OLIHWLPH
'�

$54�)(&���0E�V�FRQQHFWLRQV
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��ELW ��V ���V ����V �PV

7RII

��PV

��PV

��PV

)LJXUH� ��� 7KURXJKSXW� UDWLR� $54�)(&� YHUVXV� 7RII

DQG�OLIHWLPH�'

2QO\� IRU� YHU\� VPDOO� YDOXHV� RI�7RII� � )(&� DQG� LQWHUOHDYLQJ
DUH� EHWWHU� WKDQ� $54�� $V� ZHOO�� IRU� WKLV� YDOXHV� RI� 7RII

FKDQQHO� LV� PHPRU\OHVV� DQG� GRHV� QRW� FKDUDFWHUL]H� WKH
ZLUHOHVV� FKDQQHO�� )RU� WKH� YDOXHV� RI� 7RII� KLJKHU� WKDQ� � V
$54� VKRZV� PXFK� EHWWHU� UHVXOWV� WKDQ� )(&� DQG
LQWHUOHDYLQJ�

���&RQFOXVLRQ

:H� KDYH� SUHVHQWHG� SURWRFROV� WR� LPSURYH� WKH� HUURU
FRQWURO� SHUIRUPDQFH� LQ� QHWZRUNV� ZLWK� ZLUHOHVV� OLQNV� DQG
PRELOH�KRVWV�
7KH� HUURU� FRQWURO� WHFKQLTXH� LQFOXGHV� WZR� GLIIHUHQW
PHWKRGV�� ILUVW�� $54� DQG�� VHFRQG�� )(&� DQG� LQWHUOHDYLQJ�
7KH�HIILFLHQF\�DQG�WKH�WKURXJKSXW�DUH�WZR�SDUDPHWHUV�XVHG
IRU�FRPSDUDWLRQ�SURSRVHG�PHWKRGV�
7KH�)(&�DQG� LQWHUOHDYLQJ�DUH�QRW�VXLWDEOH� IRU� ORQJ�EXUVWV
EHFDXVH� LQWHUOHDYLQJ� LV� QRW� VXLWDEOH� WR� WUDQVIRUP� EXUVW
HUURUV�LQ�WR�UDQGRP�HUURUV�WKDW�FDQ�EH�FRUUHFW�E\�)(&�
7KH� $54� PHWKRG� SURYLGHV� EHWWHU� SHUIRUPDQFH� DQG
VRPHWLPHV� LV� WKH�RQO\�ZD\� WKDW� � DSSHDUV� IRU� UHGXFLQJ� WKH
HIIHFWV�RI�EXUVW�HUURUV��$OVR��65�$54�DSSHDUV�WR�EH�PRUH
IOH[LEOH�� DV� LW� DXWRPDWLFDOO\� DGDSWV� WR� WKH� FKDQQHO� TXDOLW\
DQG� SURYLGHV� D� UHTXLUHG� 4R6� IRU� GLIIHUHQW� VSHHG
FRQQHFWLRQV�
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