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��� 0HDQ %HKDYLRU RI &RQFDWHQDWHG U  �
� &RQYROXWLRQDO DQG 56 &RGH IRU DOO 6HTXHQFHV ��

��� 0HDQ %HKDYLRU RI &RQFDWHQDWHG U  �
� &RQYROXWLRQDO DQG 56 &RGH IRU DOO 6HTXHQFHV ��

[LLL



��� 6HOHFWHG 6\VWHP 3HUIRUPDQFH 3RLQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 7UDQVSRUW 6WUHDP 3DFNHW +HDGHU 6WUXFWXUH � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3,' 7DEOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� $GDSWDWLRQ )LHOG 7DEOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3URJUDP 6SHFLpF ,QIRUPDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3URJUDP $VVRFLDWLRQ 7DEOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3URJUDP /LVW 6WUXFWXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 7DEOH ,' 9DOXHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3URJUDP 0DS 6HFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3URJUDP DQG (OHPHQWDO 6WUHDP 'HVFULSWRUV � � � � � � � � � � � � � � � � � � � � � � � ��

$��� 6WUHDP ,QIRUPDWLRQ 6WUXFWXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� 6WUHDP 7\SH 7DEOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� 7DUJHW %DFNJURXQG 6WUHDP 'HVFULSWRU 6WUXFWXUH � � � � � � � � � � � � � � � � � � � � ���

$��� 0D[LPXP %LWUDWH 'HVFULSWRU 6WUXFWXUH � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� 9LGHR 6WUHDP 'HVFULSWRU 6WUXFWXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� $GGLWLRQDO )UDPH 5DWHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� 03(*�� 2QO\ )LHOG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� 3DFNHWL]HG (OHPHQWDU\ 6WUHDP +HDGHU � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� $70 1HWZRUN�1HWZRUN ,QWHUIDFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� 3D\ORDG 7\SH )RUPDWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� $70 8VHU�1HWZRUN ,QWHUIDFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$��� &RQWURO %\WH &RQWHQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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$��� &RQWURO %\WH &RGHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&�� /LQHDU )HHGEDFN 6KLIW 5HJLVWHU 3RO\QRPLDOV � � � � � � � � � � � � � � � � � � � � � � � ���

[Y



&KDSWHU �

, QWU RGXFWLRQ

��� 0 RWLYDWLRQ DQG -XVWLpFDWLRQ

,Q UHFHQW \HDUV� LQWHUHVW LQ GLJLWDO YLGHR WUDQVPLVVLRQV KDV LQFUHDVHG GUDPDWLFDOO\� 7KH EDVLV IRU WKLV

LQWHUHVW UHVWV RQ WZR HYHQWV� WKH FUHDWLRQ RI VPDOO IDVW FRPSXWHUV DQG WKH DOORFDWLRQ RI YDVW VWUHWFKHV

RI UDGLR VSHFWUXP� 7KH DGYHQW RI VPDOO� LQH[SHQVLYH� DQG IDVW FRPSXWHUV DOORZV WKH DYHUDJH XVHU

WR GHFRGH GLJLWDO YLGHR UHDO�WLPH� 8QWLO UHFHQWO\� WKLV DELOLW\ UHVWHG RQO\ ZLWK XVHUV FDSDEOH RI

VSHQGLQJ ODUJH DPRXQWV RI PRQH\ RQ GHGLFDWHG KDUGZDUH� 7KLV DYDLODELOLW\ RI LQH[SHQVLYH YLGHR�

GHFRGLQJ KDUGZDUH LV HYLGHQW LQ WKH PXVKURRPLQJ GLUHFW VDWHOOLWH EURDGFDVW WHOHYLVLRQ VHUYLFHV�

,Q DGGLWLRQ� ODUJH WUDFNV RI VSHFWUXP� VXFK DV WKH .X EDQG IRU VDWHOOLWH WUDQVPLVVLRQV� WKH /RFDO

0XOWLSRLQW 'LVWULEXWLRQ 6HUYLFH �/0'6� EDQG DW �� *+]� DQG WKH �� *+] EDQG KDYH RSHQHG�

DOORZLQJ WKH WUDQVPLVVLRQ RI YDVW DPRXQWV RI LQIRUPDWLRQ� 7KHVH VSHFWUXP DOORFDWLRQV DOORZ VSDFH�

DQG WHUUHVWULDO�EDVHG V\VWHPV WR EH GHSOR\HG WKDW FDUU\ ODUJH DPRXQWV RI LQIRUPDWLRQ� VXFK DV GLJLWDO

YLGHR�

��� 3 U REOHP 'HpQLWLRQ

:KHQ GHVLJQLQJ D JHR�V\QFKURQRXV VDWHOOLWH EURDGFDVW V\VWHP� IDFWRUV VXFK DV IUHTXHQF\ UHXVH DUH

PLQRU SUREOHPV� 7KH V\VWHP OD\RXW LV JHQHUDOO\ EDVHG RQ D VPDOO QXPEHU RI VHUYHUV �VDWHOOLWHV� WKDW

�
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VHUYLFH D YHU\ ODUJH DUHD� VXFK DV WKH FRQWLQHQWDO 8QLWHG 6WDWHV� 2Q WHUUHVWULDO V\VWHPV� RQ WKH RWKHU

KDQG� VXFK SUREOHPV DV /LQH�RI�6LJKW �/26� EORFNDJH DQG FDSDFLW\ OLPLWDWLRQV LQ LQWHUDFWLYH V\VWHPV

OLPLW WKH VHUYHU VL]H WR D VPDOO DUHD LQ PLFURZDYH�EDVHG V\VWHPV� ,Q WKHVH V\VWHPV� LQWHUIHUHQFH IURP

FR�FKDQQHO VRXUFHV EHFRPHV D SUREOHP WKDW QHHGV WR EH DQDO\]HG�

$QRWKHU SUREOHP LQ WHUUHVWULDO UDGLR V\VWHPV LV WKH WLPH�YDULDQW UDGLR FKDQQHO� ZKLFK FDQ ORZHU

WKH UHFHLYHG VLJQDO VWUHQJWK EHORZ DFFHSWDEOH OHYHOV� 7KLV WLPH�YDULDQW FKDQQHO PD\ EH GXH WR D

PRYLQJ WUDQVPLWWHU RU UHFHLYHU� RU LW PD\ DOVR EH GXH WR WKH PXOWLSDWK FKDUDFWHULVWLFV RI D FKDQQHO

FKDQJLQJ GXH WR D G\QDPLF HQYLURQPHQW� VXFK DV QH[W WR D URDG ZLWK WUDrF� 7KH HoHFW RI ORZ 615

RQ D YLGHR WUDQVPLVVLRQ LV D WRSLF WKDW KDV EHHQ VWXGLHG LQ WKH SDVW ZLWK HPSKDVLV RQ WKH YLGHR

HQFRGLQJ�GHFRGLQJ SURFHVV� 5HVHDUFKHUV KDYH SODFHG HPSKDVLV RQ LPSURYLQJ V\VWHP SHUIRUPDQFH

E\ FKDQJLQJ OHYHOV RI HUURU FRUUHFWLRQ SRZHU DV D IXQFWLRQ RI WKH FRQWH[WXDO YDOXH RI WKH ELWV EHLQJ

WUDQVPLWWHG� WKHVH G\QDPLF VROXWLRQV UHVSRQG WR UHDO�WLPH YLGHR QHHGV DQG UHTXLUH D UHDO�WLPH

HYDOXDWLRQ RI WKH YLGHR EHLQJ WUDQVPLWWHG DW WKH FKDQQHO OHYHO� 7KLV DSSURDFK LV FXPEHUVRPH

DQG YHU\ FRPSOLFDWHG VLQFH LW LPSOLHV WKDW WKH SK\VLFDO OD\HU RI WKH FRPPXQLFDWLRQV V\VWHP QHHGV

WR XQGHUVWDQG WKH GDWD EHLQJ WUDQVPLWWHG DQG LW QHHGV WR EH TXLFNO\ UHFRQpJXUHG� *LYHQ WKH

FRPSOH[LW\ RI WKLV DSSURDFK� LW KDV OHG VRPH UHVHDUFKHUV WR FODLP WKDW ?>7KLV@ SUREOHP LV YHU\

GLrFXOW� LI QRW LPSRVVLEOH� WR VROYH GXH WR WKH PDQ\ LQYROYHG YDULDEOHV DQG WKH IDFW WKDW LW LV

RIWHQ GLrFXOW WR PRGHO RU GHVFULEH WKHVH YDULDEOHV��>�@ 7KLV SDSHU ZLOO LQYHVWLJDWH WKLV LVVXH IURP

WKH FRPPXQLFDWLRQV V\VWHP VLGH RI WKH SUREOHP� ,Q SDUWLFXODU� D VLPSOLpHG VWDWLVWLFDO PHWKRG IRU

HYDOXDWLQJ H[SHFWHG V\VWHP SHUIRUPDQFH LV SURSRVHG DQG DQDO\]HG� 7KLV PHWKRG LV YDOLGDWHG E\

VLPXODWLQJ VHYHUDO V\VWHPV ZLWK GLoHUHQW FKDQQHO FRGLQJ DOJRULWKPV�

2QH RI WKH NH\ FKDOOHQJHV RI D UHDO�WLPH FRQpJXUDEOH V\VWHP LV WR FRUUHFWO\ DVVHVV WKH FXUUHQW

HQYLURQPHQWDO FRQGLWLRQV DQG KRZ WKH\ SHUWDLQ WR GLoHUHQW V\VWHP DUFKLWHFWXUHV� ,W LV LPSRUWDQW

WR FRUUHFWO\ DVVHVV WKH HQYLURQPHQW LQ ZKLFK WKH V\VWHP LV RSHUDWLQJ WR RoHU WKH HQG�XVHU WKH EHVW

SRVVLEOH VHUYLFH ZLWK PLQLPDO VSHFWUDO UHVRXUFHV� 'HWHUPLQLQJ WKH TXDOLW\ RI YLGHR IURP WKH FKDQQHO

FRQGLWLRQV KDV EHHQ DQ HOXVLYH JRDO� 7KH DYDLODELOLW\ RI D VLPSOH VWDWLVWLFDO DSSURDFK WR PRGHO WKH

FKDQQHO FRQGLWLRQV DV WKH\ SHUWDLQ WR V\VWHP SHUIRUPDQFH RSHQV WKH GRRU WR VLPSOH DGDSWLYH YLGHR

DOJRULWKPV WKDW ZHUH QRW SRVVLEOH EHIRUH� 7KH NH\ LV VLPSOLFLW\� GLJLWDO YLGHR LV D FRPSXWDWLRQDOO\�

LQWHQVLYH DSSOLFDWLRQ� DQG UHGXFLQJ WKH RYHUKHDG LQKHUHQW WR D GLJLWDO YLGHR V\VWHP FDQ VLPSOLI\ WKH
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KDUGZDUH OD\RXW QHHGHG WR LPSOHPHQW D SHUVRQDO ZLUHOHVV GLJLWDO YLGHR V\VWHP VR WKDW LW LV UHDOL]DEOH

JLYHQ WKH FXUUHQW OHYHO RI WHFKQRORJ\�

��� 6XPPDU \ RI $SSU RDFK

7KH FRUH RI WKLV SURMHFW LV D VLPXODWLRQ WRRO GHVLJQHG WR LQYHVWLJDWH YLGHR WUDQVPLVVLRQV LQ DQ

/0'6 V\VWHP� WKH 5HFRQpJXUDEOH 6LPXODWLRQ RI 9LGHR 3HUIRUPDQFH �5693�� 5693 LV GHVLJQHG WR

VLPXODWH D V\VWHP EXLOW DURXQG WKH JXLGHOLQHV SUHVHQWHG E\ '$9,& �'LJLWDO $XGLR�9LVXDO &RXQFLO�

WKDW LOOXVWUDWH D EDVLF V\VWHP OD\RXW IRU VHYHUDO WHFKQRORJLHV� '$9,& SUHVHQWV WRGD\
V GRPLQDQW

V\VWHP DUFKLWHFWXUH IRU /0'6 V\VWHPV� 'LoHUHQW FRQpJXUDWLRQV RI WKH '$9,&�EDVHG V\VWHP ZLOO

EH VLPXODWHG WR LQYHVWLJDWH WKH HoHFW RI QRLVH DQG FR�FKDQQHO LQWHUIHUHQFH RQ YLGHR TXDOLW\� 2QO\ D

VPDOO IUDFWLRQ RI WKH FDSDELOLWLHV RI WKLV VLPXODWLRQ ZHUH XVHG LQ WKLV WKHVLV� 7KH VLPXODWLRQ WRRO LV

qH[LEOH HQRXJK WR DOORZ WKH VWXG\ RI D ZLGH UDQJH RI HQYLURQPHQWV DQG FRQGLWLRQV� DQG LW FDQ VHUYH

DV D NH\ WRRO LQ IXWXUH HoRUWV LQ WKLV pHOG�

$ VWDWLVWLFDO DSSURDFK WR SUHGLFWLQJ YLGHR TXDOLW\ EDVHG RQ SK\VLFDO OD\HU SDUDPHWHUV LV SUHVHQWHG�

7KH HUURU�HYHQW�PHDQ�DUULYDO�UDWH� yGLVWDQFH� LV D PHWULF GHULYHG IURP WKH SK\VLFDO OD\HU WKDW FDQ EH

XVHG WR SUHGLFW WKH H[SHFWHG YLGHR TXDOLW\ DFURVV V\VWHPV ZLWK GLoHUHQW FKDQQHO FRGLQJ DOJRULWKPV�

7KLV PHWULF SURYHG WR EH XQLIRUPO\ FRQVLVWHQW LQ SUHGLFWLQJ YLGHR TXDOLW\ IRU VHTXHQFHV FRUUXSWHG

E\ *DXVVLDQ DQG QRQ�*DXVVLDQ QRLVH DQG SURWHFWHG E\ D YDULHW\ RI HUURU FRUUHFWLRQ WHFKQLTXHV�

��� 7 KHVLV 2YHU YLHZ

&KDSWHU � RI WKLV WKHVLV ZLOO pUVW UHYLHZ WKH QHFHVVDU\ EDFNJURXQG IRU WKH SURMHFW� WKH '$9,& V\VWHP

OD\RXW DQG WKH EDVLFV RI WKH YLGHR FRGLQJ SDUW RI WKH 03(*�� VWDQGDUG� &KDSWHU � UHYLHZV WKH

FDSDELOLWLHV RI WKH VLPXODWLRQ VRIWZDUH GHYHORSHG DQG WKH YDOLGDWLRQ RI LQGLYLGXDO PRGXOHV� &KDSWHU

� SUHVHQWV WHVW VFHQDULRV DQG UHVXOWV� &KDSWHU � DQDO\]HV WKH GDWD SUHVHQWHG LQ &KDSWHU � DQG

LQWURGXFHV WKH VLPSOLpHG SK\VLFDO OD\HU�EDVHG YLGHR PHWULF� LQFOXGLQJ SRVVLEOH DSSOLFDWLRQV IRU WKH

PHWULF� &KDSWHU � VXJJHVWV IXUWKHU DYHQXHV RI UHVHDUFK� 6HYHUDO DSSHQGLFHV FRYHU SRLQWV FRQFHUQLQJ

WKLV WKHVLV WKDW ZHUH QRW GLUHFWO\ UHOHYDQW WR WKH SUHVHQWHG UHVHDUFK� $SSHQGL[ $ GLVFXVVHV WKH
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SDFNDJLQJ RI 03(* YLGHR LQ DQ 03(*���7UDQVSRUW�6WUHDP SDFNHW IRUPDW� $SSHQGL[ % FRYHUV

WKH VLPXODWLRQ DUFKLWHFWXUH DQG XVHU LQWHUIDFH� $SSHQGL[ & UHYLHZV WKH UDQGRP QXPEHU JHQHUDWLRQ

DOJRULWKPV XVHG LQ WKH VLPXODWLRQ�



&KDSWHU �

% DFNJU RXQG

6HYHUDO DVSHFWV RI YLGHR DQG WHOHFRPPXQLFDWLRQV� SK\VLFDO OD\HU V\VWHP GHVLJQ� YLGHR FRGLQJ� GDWD

SDFNHW FRQVWUXFWLRQ� DQG FKDQQHO PRGHOLQJ QHHG WR EH DGGUHVVHG WR SURYLGH WKH SURSHU EDFNJURXQG

IRU ODWHU FKDSWHUV� 2QFH WKH DSSURSULDWH JURXQGZRUN LV ODLG� WKH V\VWHP VLPXODWLRQ FDQ EH H[SODLQHG

DQG WKH UHVXOWV FDQ EH LQWHUSUHWHG�

��� 3 K\VLFDO /D\HU /D\RXW

/0'6 LV D QHZ VHUYLFH WKDW KDV \HW WR EH RoHUHG WR WKH JHQHUDO SXEOLF� )RU WKLV UHDVRQ� WKHUH

DUH FXUUHQWO\ QR VHW LQGXVWU\ VWDQGDUGV� +RZHYHU� WKHUH H[LVWV D VHW RI JXLGHOLQHV SUHVHQWHG E\

WKH 'LJLWDO $XGLR�9LVXDO &RXQFLO �'$9,&� WKDW LV ZLGHVSUHDG DFURVV LQGXVWU\� 7KHVH JXLGHOLQHV

DUH LQWHQGHG WR DOORZ LQWHU�RSHUDELOLW\ EHWZHHQ WKH HTXLSPHQW RI GLoHUHQW YHQGRUV� 7KH JXLGHOLQHV

DUH OLPLWHG WR WKH SK\VLFDO OD\HU RI WKH V\VWHP� DQG WKH QHWZRUN OD\RXW LV OHIW XS WR WKH GHVLJQHU
V

GLVFUHWLRQ� 7R PDNH WKH VLPXODWLRQ UHOHYDQW WR FXUUHQW V\VWHPV� WKH EDVLF OD\RXW IRU WKH /0'6

V\VWHP WKDW ZDV VLPXODWHG IROORZV WKH '$9,& JXLGHOLQHV� '$9,& YHUVLRQ ���� SDUW �� VHFWLRQ ����

GHVFULEHV WKH SK\VLFDO OD\HU RI WKH /0'6 V\VWHP VLPXODWHG� )RU WKH SXUSRVHV RI WKLV WKHVLV� WKH

'$9,& JXLGHOLQHV IRU WKH GRZQOLQN DQG XSOLQN FDQ EH VXPPDUL]HG DV IROORZV >�@�

�
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����� 'RZQOLQN

)LJXUH ��� VKRZV WKH OD\RXW IRU WKH GRZQOLQN WUDQVPLWWHU DQG UHFHLYHU VHWV� (DFK PRGXOH WKDW PXVW

EH LPSOHPHQWHG LQ WKH '$9,&�FRPSOLDQW V\VWHP LV GLVFXVVHG LQ VRPH GHWDLO�

)LJXUH ���� '$9,&�&RPSOLDQW /0'6 'RZQOLQN

'DWD /D\RXW

7KH V\VWHP LV D SDFNHW�GULYHQ V\VWHP� $OO GDWD PXVW EH SDFNHG LQ ����E\WH�ORQJ SDFNHWV� 7KH

IRUPDW IRU WKH GDWD ZLWKLQ WKH SDFNHW GHSHQGV RQ WKH W\SH RI GDWD� 7KLV GDWD PD\ WDNH WZR

IRUPDWV� YLGHR RU $70 GDWD� 7KH IRUPDW IRU WKH GDWD SDFNLQJ LV GLVFXVVHG LQ GHWDLO LQ WKH 3DFNHW

'DWD VHFWLRQ RI WKH SDSHU�

5DQGRPL]HU

$ UDQGRPL]HU� EDVHG RQ D 31 VHTXHQFH JHQHUDWRU� VSUHDGV WKH VLJQDO� )LJXUH ��� VKRZV WKH OD\RXW

RI WKH UDQGRPL]HU� 7KH VKLIW UHJLVWHU KDV D JHQHUDWRU IXQFWLRQ RI ��[���[��� ZLWK DQ LQLWLDOL]DWLRQ

RI �[�$��� 7KH UDQGRPL]HU LV LQLWLDOL]HG HYHU\ WLPH LW HQFRXQWHUV WKH LQYHUWHG SDFNHW KHDGHU

��[%��� 7KH SDFNHW KHDGHU LV QRW UDQGRPL]HG� 7KH UHDVRQ ZK\ D UDQGRPL]HU LV XVHG LV WR LQFUHDVH

WKH QXPEHU RI WUDQVLWLRQV LQ WKH GDWD VWUHDP WR KHOS WKH UHFHLYHU V\QFKURQL]H WR DQG DFTXLUH WKH

UHFHLYHG V\PEROV�
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)LJXUH ���� 5DQGRPL]HU�'HUDQGRPL]HU 6FKHPDWLF

3DFNHW ,QLWLDOL]DWLRQ

,QLWLDOL]DWLRQ LV SHUIRUPHG RQ HYHU\ SDFNHW ��[���� (YHU\ HLJKWK SDFNHW LV LQYHUWHG ��[%�� WR

IDFLOLWDWH V\QFKURQL]DWLRQ� 7KLV KHDGHU LV WKH pUVW E\WH RI HDFK ����E\WH SDFNHW� %HFDXVH WKH

KHDGHU PXVW EH SUHVHQW LQ HYHU\ SDFNHW WUDQVPLWWHG� WKH SD\ORDG RI HDFK SDFNHW LV ��� E\WHV�

(UURU &RUUHFWLRQ

$ FRQFDWHQDWHG FRGH LV XVHG IRU HUURU FRUUHFWLRQ� 7KLV FRGH LV FRPSRVHG RI D 5HHG�6RORPRQ �56�

FRGH EDFN�WR�EDFN ZLWK D FRQYROXWLRQDO FRGH� 7KH FRQYROXWLRQDO FRGH KDV D FRQVWUDLQW OHQJWK RI

VHYHQ ZLWK D EDVH UDWH RI RQH�KDOI� 7KH JHQHUDWRU SRO\QRPLDOV IRU HDFK RI WKH WZR SDWKV LV ���RFW

DQG ���RFW� )LJXUH ��� LOOXVWUDWHV D VFKHPDWLF RI WKH FRQYROXWLRQDO HQFRGHU XVHG� 7KLV FRQYROXWLRQDO

HQFRGHU LV D YDULDEOH UDWH HQFRGHU� $ SXQFWXUH PDS �7DEOH ���� LV SURYLGHG WKDW VKRZV WKH SXQFWXUHV

XVHG WR DFKLHYH GLoHUHQW HQFRGLQJ UDWHV�

)LJXUH ���� 5  �
� &RQYROXWLRQDO (QFRGHU

)LJXUH ��� SUHVHQWV D GLDJUDP RI WKH FLUFXLW XVHG IRU WKH SXQFWXULQJ SURFHVV� ZKHUH D FHUWDLQ QXPEHU

RI V\PEROV DUH HOLPLQDWHG WR LQFUHDVH WKH HoHFWLYH UDWH RI WKH FRGH� ;�FRQWURO DQG <�FRQWURO DUH

UHJLVWHUV OLVWHG DV ; DQG < LQ 7DEOH ���� D ]HUR PHDQV WKH VZLWFK LV RSHQ� DQG D RQH PHDQV WKH VZLWFK
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7DEOH ���� 9DULDEOH 5DWH &RQYROXWLRQDO (QFRGHU 3XQFWXUH 0DS

&RGH 5DWHV ; < , 4

�
� � � ;� <�

�
� �� �� ;�<�<� <�;�<�

�
� ��� ��� ;�<� <�;�

�
� ����� ����� ;�<�<� <�;�;�

�
� ������� ������� ;�<�<�<� <�<�;�;�

LV FORVHG� 2QFH WKH LQFRPLQJ GDWD KDV EHHQ SXQFWXUHG� D PRGXOH HOLPLQDWHV WKH VSRWV ZLWK QR GDWD

�DOVR FRQWUROOHG E\ ; DQG <�� 2QFH WKH SXQFWXUHG GDWD KDV EHHQ HOLPLQDWHG IURP WKH VWUHDP� WKH

UHVXOWLQJ VWUHDP LV PRGXODWHG� UHVXOWLQJ LQ WKH EDVHEDQG , DQG 4 VLJQDOV�

)LJXUH ���� 3XQFWXULQJ &LUFXLW

'HFRGLQJ RI WKH FRQYROXWLRQDO FRGH LV GRQH ZLWK D 9LWHUEL DOJRULWKP� 7KH '$9,& VWDQGDUG GRHV

QRW VSHFLI\ ZKHWKHU VRIW RU KDUG GHFLVLRQ VKRXOG EH XVHG WR GHFRGH WKH PHVVDJH�

7KH 56 FRGH KDV D FRUUHFWLRQ SRZHU RI HLJKW V\PEROV DQG D ��������� FRGH FKDUDFWHULVWLF� 7KH

*DORLV pHOG JHQHUDWRU SRO\QRPLDO LV [� � [� � [� � [� � ��

7KH JDLQ DWWDLQHG IURP WKH FRPELQDWLRQ RI WKHVH WZR FRGHV LV IDU JUHDWHU WKDQ WKH JDLQ IURP HDFK



�

FRGH LQGLYLGXDOO\ DGGHG WRJHWKHU� 7KH H[WUD JDLQ RFFXUV EHFDXVH WKH FRUUHFWLRQ FKDUDFWHULVWLFV RI

RQH FRGLQJ PHWKRG FRPSOHPHQWV WKH FRUUHFWLRQ FKDUDFWHULVWLFV RI WKH RWKHU PHWKRG� 7KH PDLQ

VRXUFH RI HUURUV LQ D FRQFDWHQDWHG FRGH FDQ EH H[SUHVVHG E\ WKH pUVW�HUURU�HYHQW SUREDELOLW\ RI

WKH FRGH� 7KH pUVW�HUURU�HYHQW SUREDELOLW\ RI WKH FRGH LV WKH SUREDELOLW\ WKDW DQ HUURU ZLOO RFFXU

VXFK WKDW WKH VXEVHTXHQW FRUUHFW V\PEROV ZLOO \LHOG D ORZHU GLVWDQFH WKDQ WKH FRUUHFW VHTXHQFH�

7KH HUURU SDWK ZLOO HYHQWXDOO\ FRQYHUJH ZLWK WKH RULJLQDO SDWK� 7KLV GLYHUJHQFH DQG FRQYHUJHQFH

LV WKH VRXUFH RI HUURUV LQ WKH GHFRGHU� 7KHVH HUURUV� DOWKRXJK VRPHWLPHV ORQJ� DUH IDLUO\ HYHQO\

GLVWULEXWHG DORQJ WKH VHTXHQFH� 7KH HQG UHVXOW LV D VHULHV RI EXUVWV RI QRLVH WKDW DUH HYHQO\ VSUHDG�

$ 56 FRGH� RQ WKH RWKHU KDQG� FRUUHFWV VHYHUDO HUURUV WKDW DUH DW OHDVW RQH V\PERO �LQ WKLV FDVH�

HLJKW ELWV� ORQJ� 7KLV PHDQV WKDW VKRUW EXUVWV RI HUURUV FRPPLWWHG E\ WKH FRQYROXWLRQDO FRGH DUH

WUHDWHG DV D VLQJOH �RU VRPHWLPHV ORQJHU� E\WH HUURU E\ WKH 56 FRGH� &OXPSLQJ RI VHYHUDO HUURUV LQ D

FRQYROXWLRQDO FRGH LV VHHQ E\ WKH 56 FRGH DV D VLQJOH HUURU FRPPLWWHG E\ D VLQJOH V\PERO� :KHUHDV

WKH FRQYROXWLRQDO FRGH ZRXOG KDYH KDG VHYHUDO ELW HUURUV ZLWKLQ WKH VSDFH RI D IHZ V\PEROV� WKHVH

HUURUV DUH FRUUHFWHG E\ WKH 56 FRGH� 7KHUH LV D OLPLW WR WKLV UHODWLRQVKLS� ,I WKHUH DUH PRUH V\PERO

HUURUV LQ WKH VHTXHQFH WKDQ WKH 56 FRGH FDQ FRUUHFW �HLJKW LQ WKLV FDVH�� WKHQ WKH FRPELQDWLRQ ZLOO

IDLO DQG DQ HUURU LV FRPPLWWHG E\ WKH GHFRGHU�

,QWHUOHDYLQJ

$Q LQWHUOHDYHU LV DGGHG WR WKH V\VWHP EHWZHHQ WKH FRQYROXWLRQDO DQG 5HHG�6RORPRQ FRGHV� 7KH

LQWHUOHDYHU KDV D GHSWK RI WZHOYH� 7KDW PHDQV WKDW E\WHV WKDW DUH WZHOYH V\PEROV DSDUW DUH LQWHU�

OHDYHG� )LJXUH ��� VKRZV D GLDJUDP RI WKH LQWHUOHDYHU XVHG� 7KH LQLWLDOL]DWLRQ E\WH LV QRW LQWHUOHDYHG�

)LJXUH ���� ,  �� &RQYROXWLRQDO ,QWHUOHDYHU

)LJXUH ��� LV D ELW PLVOHDGLQJ� WKH OHQJWK RI WKH VHTXHQFH GRHV QRW FKDQJH IURP LQWHUOHDYLQJ� 7KHUH
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LV QR ]HUR�SDGGLQJ GDWD WKDW KDV QRW PDGH LW WKURXJK WKH 0�VWDJH ),)2� ,I WKH GDWD LV XQDYDLODEOH�

WKH PDUNHU UHVHWV DQG WKH QH[W VHW RI E\WHV LV DQDO\]HG� ,I D VHTXHQFH ZRXOG UHDG ;�� ;�� ;�� ;��

��� � ;Qb�� ;Qb�� ;Q� WKHQ WKH RXWSXW ZRXOG UHDG ;�� ;��� ;�� ;��� ;��� ;�� ��� � ;Qb�� ;Qb���

;Qb��� ;Qb�� ;Qb��� ;Q�

0RGXODWLRQ

)LJXUH ���� 'RZQOLQN 436. &RQVWHOODWLRQ

7KH VLJQDO LV PRGXODWHG XVLQJ 436. �)LJXUH ���� RU ���4$0 �)LJXUH ����� 7KH FRQYROXWLRQDO

HQFRGHU LV QRW XVHG LI ���4$0 LV XVHG�

)LJXUH ���� 'RZQOLQN ���4$0 &RQVWHOODWLRQ

3XOVH 6KDSLQJ DQG 6SHFWUDO 0DVN

7KH SXOVHV DUH WKHQ SXOVH�VKDSHG XVLQJ D URRW�UDLVHG FRVLQH SXOVH�VKDSLQJ pOWHU� 7KH 1\TXLVW pOWHUV

FDQ EH VFDOHG WR D UROO�Ro RI ��� RU ����� GHSHQGLQJ RQ FKDQQHO UHTXLUHPHQWV� 7KH UHFHLYHU XVHV D

URRW�UDLVHG FRVLQH PDWFKHG pOWHU� \LHOGLQJ D 1\TXLVW pOWHU DV WKH UHVXOW� (TXDWLRQ ��� GHVFULEHV WKH
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URRW�UDLVHG FRVLQH pOWHU
V IUHTXHQF\ UHVSRQVH�

+�I�  
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7KH VSHFWUDO PDVN LV VHW LQ 7DEOH ���� 7KH YDOXHV DUH VHFWLRQHG DFFRUGLQJ WR WKH pOWHU UROO�Ro �o�

DQG I1 � WKH 1\TXLVW VDPSOLQJ UDWH �
IV
� ��

7DEOH ���� 'RZQVWUHDP 3RZHU 6SHFWUDO 0DVN
IbIF
I1

436. 5HVSRQVH >G%@ ��4$0 5HVSRQVH >G%@ 7ROHUDQFH >G%@

x �b o � � h����
DW � b� b� h���

DW � � o � b�� � b�� �

DW �b o � b�� � b�� �

y � � b�� � b�� �

&KDQQHO

7KH FKDQQHO LV HLWKHU �� RU �� 0+] ZLGH� 7KH GRZQOLQN FKDQQHOV DUH WR EH VHSDUDWHG E\ DW OHDVW

�� 0+]� ,I FKDQJHG� WKLV GLVWDQFH LV LQFUHDVHG LQ � 0+] LQFUHPHQWV�

$QWHQQD

6LQFH WKH QHWZRUN OD\RXW LV QRW GLVFXVVHG LQ WKLV VHFWLRQ� ERWK WKH GLUHFWLYLW\ DQG JDLQ RI WKH DQWHQQD

DUH OHIW WR WKH XVHU
V GLVFUHWLRQ�
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����� 8SOLQN

7KH XSOLQN IRU WKH V\VWHP LV FRQVLGHUDEO\ VLPSOHU WKDQ WKH GRZQOLQN� )LJXUH ��� VKRZV D VFKHPDWLF

RI WKH XSOLQN WUDQVPLWWHU�UHFHLYHU VHW�

)LJXUH ���� 8SOLQN 7UDQVPLWWHU�5HFHLYHU 6FKHPDWLF

7KH GDWD HQG RI WKH WUDQVPLWWHU XQLW VHHQ LQ )LJXUH ��� LV FRQWUROOHG E\ D GHFLVLRQ VZLWFK� 7KH

RQO\ MRE RI WKLV VZLWFK LV WR GHWHFW WKH OHDGLQJ HGJH RI D SDFNHW� 2QFH D OHDGLQJ HGJH LV GHWHFWHG�

WKH WRS SDWK LQ WKH WUDQVPLW SDWK LV WDNHQ� DQG WKH SUHDPEOH LV PRGXODWHG XVLQJ 436.� $OO

RWKHU LQIRUPDWLRQ LV UDQGRPL]HG� HUURU�FRUUHFWLRQ UHGXQGDQF\ LV DGGHG� DQG '436. LV XVHG IRU

PRGXODWLRQ�

'DWD /D\RXW

7KH /0'6 XSOLQN LV QRW H[SHFWHG WR KDQGOH YLGHR WUDQVPLVVLRQV� $OWKRXJK WKH V\VWHP VKRXOG EH

DEOH WR KDQGOH YLGHR FRQIHUHQFLQJ �WKH GDWD UDWH VKRXOG EH KLJK HQRXJK�� WKH EXON RI LQIRUPDWLRQ

VHQW LQ WKH XSVWUHDP LV SUREDEO\ QRW YLGHR LQIRUPDWLRQ� 7R WKDW HQG� WKH XSOLQN SDFNHW VL]H LV QRW

03(*�� 76 VWDQGDUG EXW $70� (DFK SDFNHW WKDW LV KDQGOHG E\ WKH XSVWUHDP HQWHUV WKH V\VWHP

DV D ���E\WH $70 SDFNHW� $70 SDFNLQJ LV GLVFXVVHG LQ GHWDLO LQ WKH 3DFNHW 'DWD VHFWLRQ RI WKH
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SDSHU�

3UHDPEOH

(DFK SDFNHW LV SUHFHGHG E\ D IRXU�E\WH SUHDPEOH� 7KH UHFHLYHU V\QFKURQL]HV WR WKH WUDQVPLVVLRQ E\

ORFNLQJ RQWR WKLV SUHDPEOH� 7KH FRGH IRU WKH SUHDPEOH LV �[��)&)&)��

0RGXODWLRQ

7KH IRXU�E\WH SUHDPEOH LV PRGXODWHG RQ D p[HG 436. FRQVWHOODWLRQ �VHH )LJXUH ����� (DFK ELW SDLU

DIWHU WKH SUHDPEOH LV PRGXODWHG XVLQJ '436.� 7KH '436. GLoHUHQFH FRQVWHOODWLRQ LV VKRZQ RQ

7DEOH ����

)LJXUH ���� 8SOLQN 436. &RQVWHOODWLRQ

7DEOH ���� 8SOLQN '436. &RQVWHOODWLRQ

%LW � %LW � 3KDVH &KDQJH

� � �R

� � ��R

� � b��R

� � ���R



��

5DQGRPL]DWLRQ

$ UDQGRPL]HU ZLWK WKH VDPH ORJLFDO VWUXFWXUH DV WKH XSVWUHDP �)LJXUH ���� LV XVHG WR UDQGRPL]H WKH

VLJQDO� 7KH JHQHUDWLQJ SRO\QRPLDO XVHG LV [��[���� 7KH VL[ VKLIW UHJLVWHUV XVHG LQ WKH UDQGRPL]HU

DUH LQLWLDOL]HG WR DOO RQHV�

(UURU &RUUHFWLRQ

$ 56 FRGH LV XVHG DV HUURU SURWHFWLRQ� 7KH 56 FRGH KDV D [��[��[��[��� *DORLV pHOG JHQHUDWRU

SRO\QRPLDO� 7KH 56 FRGH LV �������� KHQFH� LW KDV D pYH�V\PERO FRUUHFWLRQ FDSDELOLW\�

3XOVH 6KDSLQJ

/LNH WKH GRZQOLQN� WKH XSOLQN XVHV D 1\TXLVW pOWHU IRU SXOVH VKDSLQJ LQ WKH WUDQVPLWWHU DQG IRU WKH

PDWFKHG pOWHU LQ WKH UHFHLYHU� :KHUHDV WKH GRZQOLQN XVHV D UROO�Ro RI HLWKHU ���� RU ����� WKH XSOLQN

XVHV D pOWHU UROO�Ro RI �����

6SHFWUDO 0DVN

7KH VSHFWUDO PDVN IROORZV WKH JXLGHOLQHV VKRZQ LQ 7DEOH ���� 7KH YDOXHV DUH VHFWLRQHG DFFRUGLQJ

WR WKH pOWHU UROO�Ro �o� DQG I1 � WKH 1\TXLVW VDPSOLQJ UDWH �
IV
� ��

7DEOH ���� 8SVWUHDP 3RZHU 6SHFWUDO 0DVN
IbIF
I1

5HVSRQVH >G%@ 7ROHUDQFH >G%@

x �b o � h����
DW � b� h���

DW � � o � b�� �

DW �b o � b�� �

y � � b�� �
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7KH VSHFWUDO PDVN IRU WKH XSOLQN LV LGHQWLFDO WR WKH VSHFWUDO PDVN XVHG LQ WKH GRZQOLQN 436.

FKDQQHO VHHQ LQ 7DEOH ����

&KDQQHO

7KH FKDQQHO ZLGWK GHSHQGV RQ WKH JUDGH VHOHFWHG IRU WKH FRPPXQLFDWLRQV OLQN� *UDGH $ XVHV

FKDQQHOV ����� 0+] ZLGH� DQG *UDGH % XVHV FKDQQHOV ���� 0+] ZLGH� &KDQQHO VSDFLQJ LV DW OHDVW

��� N+] ZLWK WKH VHSDUDWLRQ LQFUHDVLQJ LQ ��� N+] LQFUHPHQWV�

$QWHQQD

6LQFH WKH QHWZRUN OD\RXW LV QRW GLVFXVVHG LQ WKLV VHFWLRQ� ERWK WKH GLUHFWLYLW\ DQG JDLQ RI WKH DQWHQQD

DUH OHIW WR WKH XVHU
V GLVFUHWLRQ�

��� 0 3 ( *

&XUUHQWO\� WKH PRVW SURPLQHQW GLJLWDO YLGHR FRGLQJ VWDQGDUG LQ WKH LQGXVWU\ LV WKH 0RWLRQ 3LFWXUHV

([SHUW *URXS �03(*� VWDQGDUG� 03(* LV GHpQHG E\ WKH ,QWHUQDWLRQDO 2UJDQL]DWLRQ IRU 6WDQ�

GDUGL]DWLRQ �,62� IRU WKH GLVSOD\ RI PRYLQJ SLFWXUHV DQG VRXQG� 03(* LV FRPSRVHG RI VHYHUDO

VWDQGDUGV WKDW DUH GHVLJQHG IRU SDUWLFXODU DSSOLFDWLRQV� IURP ORZ�HQG FRPSXWHU KDUGZDUH WR KLJK�

HQG VWXGLR HTXLSPHQW� ,W LV LPSRUWDQW WR XQGHUVWDQG WKH OD\RXW RI WKH GLoHUHQW VWDQGDUGV DQG WKHLU

JRDOV� 6LQFH WKH JRDO RI WKH SURMHFW LV WR VWXG\ WKH HoHFW RI D KLJK�ELW�HUURU�UDWH HQYLURQPHQW RQ D

YLGHR WUDQVPLVVLRQ� LW LV DOVR LPSRUWDQW WR KDYH D EDVLF XQGHUVWDQGLQJ RI WKH 03(* YLGHR FRGLQJ

DOJRULWKP DQG WKH IRUPDW WKDW WKH FRGHG VWUHDPV WDNH ZKHQ WUDQVPLWWHG DV D FRKHVLYH SURJUDP�

����� 2U JDQL]DWLRQ

03(* ZDV RULJLQDOO\ GHVLJQHG WR YLHZ PRYLQJ SLFWXUHV WKURXJK WKH XVH RI D GHVNWRS FRPSXWHU�

7R WKDW HQG� 03(*�� �,62������� ZDV GHVLJQHG WR RoHU YLGHR DW UHODWLYHO\ ORZ VSHHGV �XQGHU ���

0ESV�� &RPSXWHU VWRUDJH ZDV YHU\ H[SHQVLYH� DQG PRVW FRPSXWHUV KDG OLPLWHG VWRUDJH FDSDFLW\�
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,Q DGGLWLRQ� WKH FRPSXWHUV DYDLODEOH WR WKH JHQHUDO SXEOLF KDG D ORZ FRPSXWDWLRQDO VSHHG� VR WKH

ORZ ELW UDWH ZDV D QHFHVVLW\�

6HYHUDO HYHQWV LQ WKH FRPSXWHU LQGXVWU\ SURPSWHG DGGLWLRQV WR WKH 03(* VWDQGDUG� )LUVW� WKH

DYHUDJH VSHHG RI PLFURSURFHVVRUV LQFUHDVHG IRU D JLYHQ SXUFKDVH SULFH� WKH DYHUDJH SULFH RI DQ

LQVWUXFWLRQ�SHU�VHFRQG GURSSHG FRQVLGHUDEO\� ,Q DGGLWLRQ WR WKH GURS LQ SULFH� WKH LQGXVWU\ KDV NHSW

XS ZLWK 0RRUH
V SUHGLFWLRQ �GRXEOLQJ RI FRPSXWLQJ SRZHU SHU XQLW DUHD LQ D FKLS HYHU\ HLJKWHHQ

PRQWKV�� )XUWKHUPRUH� WKH DYHUDJH SULFH RI PHPRU\ DQG VHPL�SHUPDQHQW VWRUDJH KDV DOVR GURSSHG

VLJQLpFDQWO\ ZLWK VWRUDJH FDSDFLW\ LPSURYLQJ FRQVLGHUDEO\ IRU D FRQVWDQW SULFH OHYHO�

7KHVH FKDQJHV LQ WKH FDSDELOLWLHV DQG SULFH RI FRPSXWHU KDUGZDUH KDYH DOORZHG DSSOLFDWLRQV WKDW

ZHUH QRW SRVVLEOH EHIRUH� 6LQFH SHUIRUPDQFH LQFUHDVHG VR PXFK� PRUH FRPSOLFDWHG SURFHVVLQJ RI

ODUJHU DPRXQWV RI GDWD EHFDPH SRVVLEOH� 03(*�� �,62������� LV WKH UHVXOWLQJ VWDQGDUG� 03(*��

LV EDFNZDUGV FRPSDWLEOH ZLWK 03(*��� PHDQLQJ WKDW DQ 03(*�� VHTXHQFH FDQ EH SOD\HG E\ DQ

03(*�� GHFRGHU� +RZHYHU� 03(*�� ZDV GHVLJQHG IRU DQ HQWLUHO\ GLoHUHQW PDUNHW WKDQ WKH WDUJHW

RI 03(*��� 03(*�� ZDV GHVLJQHG IRU WKH KLJK�GHpQLWLRQ WHOHYLVLRQ PDUNHW�

7KH WZR PDLQ GLoHUHQFHV EHWZHHQ 03(*�� DQG 03(*�� DUH WKH DELOLW\ WR FUHDWH D SURJUDP

LQ SDFNHW IRUP DQG WKH DELOLW\ RI WKH GHFRGHU WR XVH GLoHUHQW SDUWV RI WKH LQFRPLQJ VWUHDP WR

pW FRPSXWDWLRQDO OLPLWDWLRQV� DYDLODEOH EDQGZLGWK� DQG XVHU UHTXLUHPHQWV� 7KHVH GLoHUHQFHV DUH

GLVFXVVHG LQ IXUWKHU GHWDLO LQ WKH YLGHR FRGLQJ DQG SURJUDP VWUHDP VHFWLRQV�

7KH VWUXFWXUH RI WKH WH[W LQ WKH VWDQGDUG LV WKH VDPH IRU 03(*�� DQG 03(*��� 7DEOH ��� GHVFULEHV

WKH VWUXFWXUH RI WKH GRFXPHQW DYDLODEOH IURP WKH ,62�

6LQFH 03(*�� LV WKH VWDQGDUG XVHG IRU KLJK�GHpQLWLRQ WHOHYLVLRQ� LW LV WKH VWDQGDUG WKDW ZLOO

GLVFXVVHG LQ GHWDLO LQ WKH IROORZLQJ VHFWLRQV� 3DUWV RQH DQG WZR RI WKH VWDQGDUG DUH GLVFXVVHG�

3DUW RQH GHVFULEHV WKH IRUPDW IRU WKH SURJUDP LQIRUPDWLRQ� KRZ WR SDFN LQIRUPDWLRQ DQG VHQG LW

RYHU WKH SDFNHW QHWZRUN� 3DUW WZR GHVFULEHV WKH YLGHR FRGLQJ PHWKRG XVHG� ZKLFK LV KHOSIXO LQ

XQGHUVWDQGLQJ WKH HoHFWV RI D FRPPXQLFDWLRQV FKDQQHO RQ WKH YLGHR WUDQVPLVVLRQ�

7KUHH PRUH VWDQGDUGV KDYH VXUIDFHG VLQFH WKH FRQFHSWLRQ RI 03(*��� 03(*�� ZDV FRQFHLYHG

DV D VWDQGDUG IRU YHU\ KLJK GDWD UDWH DSSOLFDWLRQV� VXFK DV KLJK�GHpQLWLRQ WHOHYLVLRQ� 'XULQJ

WKH GHYHORSPHQW RI 03(*��� LW ZDV GHFLGHG WKDW 03(*�� ZDV VFDODEOH WR PHHW WKH 03(*��
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7DEOH ���� 03(* 6WDQGDUG 6HFWLRQV

3DUW 'HVFULSWLRQ

� 6\VWHPV � 3URJUDP�7UDQVSRUW 6WUHDP /D\RXW

� 9LGHR 6HTXHQFH &RGLQJ

� $XGLR 6HTXHQFH &RGLQJ

� &RPSOLDQFH 7HVWLQJ

� ([WHQVLRQV IRU 'LJLWDO 6WRUDJH 0HGLD &RPPDQG 	 &RQWURO

� ([WHQVLRQV IRU 5HDO 7LPH ,QWHUIDFH IRU 6\VWHP 'HFRGHUV

UHTXLUHPHQWV� VR 03(*�� ZDV FDQFHOHG� 03(*�� ZDV GHVLJQHG ZLWK YHU\ ORZ ELW UDWHV LQ PLQG�

IDU ORZHU WKDQ 03(*��� 03(*��
V GHVLJQ DSSOLFDWLRQ LV YLGHR FRQIHUHQFLQJ DSSOLFDWLRQV� 7KH

ODWHVW DGGLWLRQ WR WKH 03(* VWDQGDUG LV 03(*�� �WKHUH LV QR 03(*�� RU 03(*���� D VHDUFKLQJ

VWDQGDUG� 7KH LGHD LV WR FUHDWH D VWDQGDUG WKDW DOORZV WKH XVHU WR VHDUFK WKURXJK D YLGHR OLEUDU\

IRU SDUWLFXODU PDWHULDO� 7KLV VWDQGDUG LV EDVHG RQ WKH 03(*�� DQG 03(*�� SURJUDP LQIRUPDWLRQ

VWUXFWXUH� 03(*�� LV LQ WKH SODQQLQJ VWDJHV DQG ZLOO EH SKDVHG LQ RYHU WKH QH[W IHZ \HDUV�

����� 9LGHR &RGLQJ

7R XQGHUVWDQG WKH HoHFWV RI GDWD HUURUV RQ D YLGHR VHTXHQFH� LW LV HVVHQWLDO WR XQGHUVWDQG WKH ZD\

WKDW YLGHR LV FRGHG� $ YLGHR VHTXHQFH LV GHpQHG DV D VLQJOH YLGHR FOLS� 7KHUH LV QR DXGLR DWWDFKHG

WR WKLV HOHPHQWDU\ VHTXHQFH� ,W LV D VLQJOH VHTXHQFH QRW SDFNHG LQWR DQ\ SURJUDP VWUXFWXUH� 7KH

VHTXHQFH GHVFULEHV WKH HQFRGLQJ RI D VLQJOH YLGHR VHTXHQFH� 7KH VHFWLRQ RQ SURJUDP VWUXFWXUH

GHVFULEHV LQ GHWDLO WKH SURFHVV RI FRPELQLQJ VHYHUDO YLGHR VWUHDPV LQWR RQH RU PRUH IXOO SURJUDPV�

3DUWV WZR RI ERWK ,62������ DQG ,62������ >�@ GHVFULEH WKH ZD\ 03(* FRGHV YLGHR DW UHODWLYHO\

KLJK GDWD UDWHV �KLJKHU WKDQ 03(*�� UDWHV�� 03(*�� LV GHULYHG IURP 03(*�� DQG LV EDFNZDUG�

FRPSDWLEOH� )RU DOO SUDFWLFDO SXUSRVHV� 03(*�� LV D VXEVHW RI 03(*��� 7KLV GLVFXVVLRQ RI YLGHR

FRGLQJ LV EDVHG HQWLUHO\ RQ 03(*�� DOWKRXJK DOO WKH HDUOLHU FRGLQJ LQIRUPDWLRQ ZLOO DOVR DSSO\ WR

03(*���
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,PDJHV DUH JHQHUDWHG E\ FUHDWLQJ D WZR�GLPHQVLRQDO PDWUL[ WKDW FRQWDLQV D VHW RI SRLQWV� DOVR NQRZQ

DV SL[HOV� (DFK RI WKHVH SL[HOV LV DVVRFLDWHG ZLWK D YDOXH WKDW LV LQWHUSUHWHG DV D SDUWLFXODU FRORU�

0RVW LPDJHV FRQWDLQ VHYHUDO VDPH�FRORUHG SL[HOV LQ VHYHUDO UHJLRQV� 7KLV FKDUDFWHULVWLF RI LPDJHV

LV FDOOHG VSDWLDO UHGXQGDQF\� ,Q RWKHU ZRUGV� WKHUH DUH VHYHUDO REMHFWV WKDW RFFXS\ ODUJH SRUWLRQV

RI WKH LPDJH EXW FRQWDLQ IHZ RU QR IHDWXUHV� VXFK DV DQ LPDJH RI WKH VN\� 7KLV UHGXQGDQF\ FDQ

EH JUHDWO\ UHGXFHG WKURXJK WKH XVH RI D FRPSUHVVLRQ WHFKQLTXH OLNH WKH +XoPDQ RU /HPSHO�=LY

DOJRULWKPV�

0RYLQJ SLFWXUHV DUH FRPSRVHG RI VWLOO LPDJHV VKRZQ LQ UDSLG VXFFHVVLRQ� 7KH H\H LV D ORZ�SDVV

pOWHU WKDW ZLOO LJQRUH WKH VKDUS WUDQVLWLRQ EHWZHHQ IUDPHV� DQG LI WKH VXFFHVVLRQ RI LPDJHV LV IDVW

HQRXJK� WKH LOOXVLRQ RI PRWLRQ LV FUHDWHG� %HFDXVH PRYLQJ SLFWXUHV FRQVLVW RI D VHULHV RI VWLOO LPDJHV�

WKH\ KDYH WKH UHGXQGDQF\ DYDLODEOH LQ VWLOO LPDJHV� 7KLV UHGXQGDQF\ LV FRPSRXQGHG E\ WHPSRUDO

UHGXQGDQF\� WKH KLJK OHYHO RI FRUUHODWLRQ EHWZHHQ FRQVHFXWLYH IUDPHV� ,Q RWKHU ZRUGV� D W\SLFDO VHW

RI IUDPHV ZLOO SUHVHQW D VHULHV RI LPDJHV WKDW DUH GLoHUHQW LQ RQO\ D YHU\ IHZ GHWDLOV� 03(* WDNHV

DGYDQWDJH RI WKHVH WZR OHYHOV RI UHGXQGDQF\ WR JUHDWO\ UHGXFH WKH DPRXQW RI LQIRUPDWLRQ WKDW PXVW

EH VWRUHG DQG WUDQVPLWWHG�

)UDPH 6WUXFWXUH

7KHUH DUH WZR W\SHV RI FRPSUHVVLRQ� VSDWLDO DQG WHPSRUDO� 6SDWLDO FRPSUHVVLRQ LV EDVHG HQWLUHO\ RQ

LQIRUPDWLRQ DYDLODEOH RQ D VLQJOH IUDPH� 7HPSRUDO FRPSUHVVLRQ LV EDVHG RQ FRPSDULVRQV EHWZHHQ

QHLJKERULQJ IUDPHV� )UDPHV LQ 03(* DUH FODVVLpHG LQWR WKUHH FDWHJRULHV� HDFK XVLQJ GLoHUHQW

FRPELQDWLRQV RI WKH WZR FRPSUHVVLRQ WHFKQLTXHV�

,QWUD�FRGHG �,� IUDPHV DUH UHIHUHQFH IUDPHV WKDW DUH FRPSRVHG HQWLUHO\ RI VSDWLDO FRPSUHVVLRQ�

3UHGLFWLYH�FRGHG �3� IUDPHV DUH FRGHV WKDW SHUIRUP D PRWLRQ SUHGLFWLRQ DOJRULWKP EDVHG RQ WKH

SUHYLRXV , RU 3 IUDPH� %LGLUHFWLRQDOO\ SUHGLFWLYH�FRGHG �%� IUDPHV GR PRWLRQ SUHGLFWLRQ RQ WKH

SUHYLRXV DQG QH[W , RU 3 IUDPHV�

)LJXUH ���� LOOXVWUDWHV WKH RUGHU LQ ZKLFK D VHW RI IUDPHV PD\ EH VHHQ ZKHQ GHFRGHG� (DFK , IUDPH

VHHQ LV D UHIHUHQFH IUDPH WKDW KDV LQIRUPDWLRQ WKDW LV HQFRGHG EDVHG HQWLUHO\ RQ LQIRUPDWLRQ LQ WKDW

IUDPH RQO\ DQG LV XVHG DV D UHIHUHQFH IUDPH IRU VXEVHTXHQW % DQG 3 IUDPHV� 7KH 3 IUDPH LV HQFRGHG
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)LJXUH ����� )UDPH 9LHZLQJ 2UGHU

XVLQJ PRWLRQ SUHGLFWLRQ DQG �LI QR PRWLRQ PDWFK LV IRXQG� LQWUD�FRGLQJ� )UDPH 3� LV EDVHG RQ ,��

ZKLOH 3� LV EDVHG RQ 3�� 7KH % IUDPHV SHUIRUP PRWLRQ SUHGLFWLRQ RQ WZR GLUHFWLRQV� 7KLV PHDQV

WKDW IUDPHV %�� %�� DQG %� DUH EDVHG RQ IUDPHV ,� DQG 3�� IUDPHV %� DQG %� DUH EDVHG RQ IUDPHV

3� DQG 3�� DQG IUDPH %� SHUIRUPV SUHGLFWLRQ RQ IUDPHV 3� DQG ,���

%HFDXVH WKH GHFRGHU PXVW SHUIRUP SUHGLFWLRQ RQ IXWXUH IUDPHV� DOO UHIHUHQFH IUDPHV PXVW EH DYDLO�

DEOH WR WKH GHFRGHU EHIRUH DQ\ SUHGLFWLRQV FDQ EH FDOFXODWHG� 7KH YLHZHG LQIRUPDWLRQ LV QRW RUGHUHG

LQ WKH RSWLPXP VHTXHQFH IRU GHFRGLQJ� 7R GHFRGH WKH VHTXHQFH DW WKH RSWLPXP VSHHG� WKH IUDPHV

DUH RUGHUHG DV VHHQ LQ )LJXUH �����

)LJXUH ����� )UDPH 6HQW 2UGHU

%HIRUH DQ\ IUDPH WKDW UHTXLUHV DQ\ SUHGLFWLRQ LV VHQW� DOO IUDPHV WKDW DUH XVHG DV UHIHUHQFH IRU WKH

QHHGHG IUDPHV DUH VHQW� 7KH pUVW IUDPH VHQW LV ,�� %��� QHHG 3�� VR 3� LV VHQW LQ WKH VHFRQG



��

VORW� %��� FDQ QRZ EH VHQW� 1H[W� %��� QHHG WR EH GHFRGHG� EXW 3� LV QHHGHG QH[W� 3� SHUIRUPV

SUHGLFWLRQ EDVHG RQ 3�� ZKLFK LV DOUHDG\ DYDLODEOH� 2QFH 3� LV VHQW� %��� FDQ EH VHQW� 7KLV RUGHULQJ

DOJRULWKP LV XVHG IRU WKH ZKROH YLGHR VHTXHQFH�

$Q XQGHUVWDQGLQJ RI WKH IUDPLQJ VWUXFWXUH SURYLGHV D IUDPH RI UHIHUHQFH WR XQGHUVWDQG WKH SURFHVV

RI FDSWXULQJ DQG HQFRGLQJ WKH YLGHR VHTXHQFH�

,PDJH *HQHUDWLRQ

7R JHQHUDWH WKH LPDJH IRU 03(* FRPSUHVVLRQ� WKH YLGHR VHTXHQFH PXVW pUVW EH DFTXLUHG GLJLWDOO\�

7KH UHVXOWLQJ VHTXHQFH LV PDGH XS RI IUDPHV WKDW DUH FRPSRVHG RI SL[HOV� $Q H[DPSOH IRUPDW IRU

WKHVH SL[HOV PD\ EH 5HG�*UHHQ�%OXH �5*%� IRUPDW� 7R GHpQH DQ\ FRORU� WKUHH UHIHUHQFH YHFWRUV

DUH QHHGHG� 7KH IRUPDW WKDW LV XVHG LQ 03(* LV <&U&E� < LV D OXPLQDQFH YHFWRU� DQG &U DQG &E

DUH WZR FRORU YHFWRUV >�@� 7KH FRPELQDWLRQ RI WKHVH WKUHH YHFWRUV ZLOO UHQGHU D IXOO FRORU LPDJH�

,W LV SRVVLEOH WR XQGHU�VDPSOH WKH FRORU PDWULFHV XVHG WR UHSUHVHQW FRORU LQ 03(* ZLWKRXW VLJQLI�

LFDQWO\ FKDQJLQJ WKH SHUFHLYHG YLGHR TXDOLW\� 7KH IRUPDWV XVHG DUH ������ ������ DQG ������ 7KHVH

QXPEHUV UHSUHVHQW PDFUREORFN OD\RXW� ZKLFK LV GLVFXVVHG LQ WKH 6SDWLDO &RPSUHVVLRQ VHFWLRQ� +RZ�

HYHU� WKH VDPSOLQJ SHUIRUPHG WR DFTXLUH WKH LPDJH DQG FRQYHUW LW WR 03(* EORFN IRUPDW LV GHSHQ�

GHQW RQ WKH GHVLUHG PDFUREORFN OD\RXW� )LJXUH ���� VKRZV WKH VDPSOLQJ IRUPDWV WKDW DUH XVHG IRU

GLoHUHQW PDFUREORFN GLVWULEXWLRQV�

)LJXUH ����� ,PDJH 6DPSOLQJ LQ 'LoHUHQW 0RGHV

)LJXUH ���� VKRZV WKH SL[HO SDWWHUQ WKDW LV VDPSOHG� 7KH FRPSOHWH VDPSOLQJ IRUPDW LV ������

ZKHUH HDFK SL[HO RI WKH ZKROH VHW LV VDPSOHG RQFH IRU HYHU\ YHFWRU^HYHU\ OXPLQDQFH SL[HO DQG HDFK

FRORU SL[HO LV VDPSOHG� 7KH KXPDQ H\H LV FRQVLGHUDEO\ PRUH VHQVLWLYH WR OXPLQDQFH WKDQ FRORU
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LQIRUPDWLRQ� ,W LV SRVVLEOH WR XQGHU�VDPSOH WKH FRORU LQIRUPDWLRQ LQ D YLGHR VHTXHQFH� ZLWK OLWWOH

TXDOLW\ GHJUDGDWLRQ� 7KH WZR RWKHU IRUPDWV OLVWHG LQ )LJXUH ����� ������ DQG ����� DUH WKH WZR ZD\V

WKDW 03(* XQGHU�VDPSOHV FRORU� 7KH ����� IRUPDW LV GHVLJQHG VXFK WKDW IRU HYHU\ VTXDUH FRPSRVHG

RI � SL[HOV� � OXPLQDQFH VDPSOHV DUH WDNHQ� DQG HDFK RI WKH FRORU YHFWRUV LV VDPSOHG MXVW RQFH� 7KH

����� IRUPDW DOVR VDPSOHV HYHU\ OXPLQDQFH SL[HO� EXW LW VDPSOHV HYHU\ RWKHU FRORU SL[HO�

7KH WRWDO QXPEHU RI VDPSOHV ZLOO PDWFK WKH H[SHFWHG PDFUREORFN GLVWULEXWLRQ� 7KH VHTXHQFLQJ RI

VDPSOHV LV GHSHQGHQW RQ WKH W\SH RI YLGHR �LQWHUODFHG RU SURJUHVVLYH��

2QFH WKH YLGHR VHTXHQFH KDV EHHQ FDSWXUHG� LW LV UHDG\ IRU FRPSUHVVLRQ�

6SDWLDO &RPSUHVVLRQ

7KH <� &U� DQG &E YHFWRUV DUH DVVHPEOHG LQ HLJKW�SL[HO E\ HLJKW�SL[HO JURXSV FDOOHG EORFNV� WKH

EDVLF XQLW RI YLGHR LQ WKH 03(* VWDQGDUG� (DFK EORFN LV FRQYHUWHG IURP WLPH GDWD WR IUHTXHQF\

GDWD E\ XVLQJ D 'LVFUHWH &RVLQH 7UDQVIRUP �'&7�� ZKLFK LV GHpQHG E\
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)LJXUH ���� VKRZV WKH GLVWULEXWLRQ RI LQIRUPDWLRQ RQ WKH '&7 EORFN� 7KH KLJKHU IUHTXHQF\� KLJK

GHWDLO LQIRUPDWLRQ LV ORFDOL]HG LQ WKH WRS OHIW RI WKH EORFN�

2QFH WKH '&7 RSHUDWLRQ LV FRPSOHWH� WKH EORFN LV TXDQWL]HG� 7KH OHYHO RI TXDQWL]DWLRQ ZLOO GH�

WHUPLQH WKH OHYHO RI GHWDLO DYDLODEOH WR WKH GHFRGHU� 7KH FRDUVHU WKH TXDQWL]DWLRQ� WKH KLJKHU WKH
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)LJXUH ����� 'HWDLO 'LVWULEXWLRQ LQ '&7�(QFRGHG %ORFN

SUREDELOLW\ WKDW WKH KLJK�IUHTXHQF\ LQIRUPDWLRQ� ZKRVH YDOXH LV DOUHDG\ IDLUO\ FORVH WR ]HUR� LV FRP�

SOHWHO\ ]HURHG�RXW� 7KH TXDQWL]HG EORFN VKRXOG KDYH D ODUJH QXPEHU RI ]HURHV ORFDOL]HG LQ WKH WRS

OHIW�

$OO EORFNV DUH DVVHPEOHG LQWR VOLFHV� KRUL]RQWDO VHWV RI EORFNV� 7KH OHQJWK RI D VOLFH LV QHYHU ORQJHU

WKDQ WKH ZLGWK RI WKH YLHZHG LPDJH� )UDPH LQIRUPDWLRQ LV SDVVHG LQ VOLFHV� 7KHVH VOLFHV GR QRW� E\

GHpQLWLRQ� QHHG WR FRYHU WKH ZKROH YLHZLQJ DUHD� +RZHYHU� WKH 03(* VWDQGDUG GRHV QRW SURYLGH

JXLGHOLQHV IRU GHFRGHU DFWLRQ ZKHQ VOLFHV DUH QRW FRYHUHG� ,I VOLFH LQIRUPDWLRQ LV PLVVLQJ ZKHQ

WKH VHTXHQFH LV HQFRGHG� LW LV XS WR WKH HQFRGHU WR PDNH VXUH WKDW QR LQIRUPDWLRQ LV VHQW WKDW LV

UHIHUHQFHG WR DQ\ EORFNV ZLWKLQ WKH VOLFHV� 7KH GHFRGHU DVVXPHV WKDW DQ\ DUHD WKDW LV QRW FRYHUHG E\

VOLFHV LV QRW HQFRGHG� )XUWKHUPRUH� WKH GHFRGHU DVVXPHV WKDW QR GDWD LV UHIHUHQFHG WR WKH PLVVLQJ

LQIRUPDWLRQ� 7KH VWDQGDUG GRHV QRW SUHGLFW WKH EHKDYLRU RI WKH GHFRGHU LI WKHVH DUHDV ZHUH WR EH

XVHG IRU UHIHUHQFLQJ�

,QIRUPDWLRQ RQ EORFNV LV IXUWKHU FRPSUHVVHG E\ WDNLQJ DGYDQWDJH RI WKH LPDJH DFTXLVLWLRQ FKDU�

DFWHULVWLFV RI WKH KXPDQ H\H� 6LQFH WKH H\H LV PRUH VXVFHSWLEOH WR OXPLQDQFH WKDQ FKURPLQDQFH

LQIRUPDWLRQ� VRPH FKURPLQDQFH LQIRUPDWLRQ FDQ EH RPLWWHG IURP WKH WUDQVPLVVLRQ� 7KH EORFNV DUH

DVVHPEOHG LQWR PDFUREORFNV� )LJXUH ���� SUHVHQWV WKH GLoHUHQW OD\RXWV WKDW WKH PDFUREORFNV PD\

KDYH�

)LJXUH ���� VKRZV WKH ZD\ WKH LQIRUPDWLRQ LV DVVHPEOHG IRU WUDQVPLVVLRQ LQ D YLGHR VWUHDP� $

PDFUREORFN LV D FRPSRVLWH VWUXFWXUH FRYHULQJ ���SL[HOV�E\����SL[HOV RQ WKH VFUHHQ� (DFK PDFUREORFN

LV FRPSRVHG RI WKUHH W\SHV RI EORFNV� D OXPLQDQFH� RU RQH RI HLWKHU FKURPLQDQFH EORFNV �VHHQ DV

GLoHUHQW FRORUV LQ )LJXUH ������ 6LQFH WKH VDPSOLQJ WHFKQLTXH XVHG GHWHUPLQHV WKH DPRXQW RI GDWD
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)LJXUH ����� 0DFUREORFN /D\RXW

DYDLODEOH LQ HDFK FRORU� WKH DUUDQJHPHQW RI EORFNV ZLWKLQ WKH PDFUREORFN KDV WR EH PRGLpHG WR

DFFRPRGDWH GLoHUHQW GDWD VHWV� )RU H[DPSOH� LI WKH ����� VDPSOLQJ PHWKRG ZDV XVHG� WKHQ HDFK

PDFUREORFN LV FRPSRVHG RI IRXU EORFNV RI < �OXPLQDQFH�� IRXU EORFNV RI &U �RQH RI WKH FKURPLQDQFH

YHFWRUV�� DQG IRXU EORFNV RI &E �WKH RWKHU FKURPLQDQFH YHFWRU�� WRWDOOLQJ WZHOYH EORFNV QHHGHG

LQ WKH WUDQVPLVVLRQ WR FRPSRVH D IXOO PDFUREORFN� +RZHYHU� LI ����� VDPSOLQJ ZHUH XVHG� IRXU <

EORFNV ZRXOG VWLOO EH DYDLODEOH� EXW GDWD HTXLYDOHQW WR RQO\ RQH &U DQG RQH &E ZRXOG EH DYDLODEOH�

7KHUHIRUH� RQO\ VL[ EORFNV ZRXOG EH DYDLODEOH IRU WUDQVPLVVLRQ� 7KH ����� IRUPDW LV FRPSRVHG RI

IRXU < EORFNV� DQG GDWD HTXLYDOHQW WR WZR &U DQG WZR &E EORFNV� WRWDOOLQJ HLJKW EORFNV QHHGHG LQ

WKH VWUHDP WR FRPSRVH D IXOO PDFUREORFN� 0DFUREORFNV DUH FRPSRVHG VHTXHQWLDOO\ LQ D VOLFH� 7KLV

PHDQV WKDW LI D VOLFH DFURVV D IUDPH LV FRPSRVHG RI WHQ PDFUREORFNV� DQG WKH IRUPDW XVHG LV ������

WKHQ WKH VOLFH KHDGHU ZRXOG EH IROORZHG LQIRUPDWLRQ FRQFHUQLQJ D WRWDO RI VL[W\ EORFNV� PDSSHG LQ

WKH VHTXHQFH SUHVHQWHG LQ )LJXUH �����
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7HPSRUDO &RPSUHVVLRQ

$OWKRXJK VSDWLDO FRPSUHVVLRQ \LHOGV D VLJQLpFDQW UHGXFWLRQ LQ GDWD WUDQVPLWWHG� WHPSRUDO FRPSUHV�

VLRQ WDNHV DGYDQWDJH RI WKH UHGXQGDQF\ LQKHUHQW LQ YLGHR VHTXHQFHV WR IXUWKHU UHGXFH WKH DPRXQW

RI GDWD QHHGHG WR GHVFULEH D YLGHR VHTXHQFH WR DQ 03(* GHFRGHU�

7KHUH DUH WZR W\SHV RI IUDPHV WKDW SHUIRUP PRWLRQ SUHGLFWLRQ� WKH % DQG 3 IUDPHV� 7KH 3 IUDPHV

SHUIRUP PRWLRQ SUHGLFWLRQ EDVHG RQ WKH SUHYLRXV , RU 3 IUDPH� % IUDPHV� RQ WKH RWKHU KDQG�

SHUIRUP PRWLRQ SUHGLFWLRQ EDVHG RQ WKH SUHYLRXV DQG QH[W , DQG 3 IUDPHV�

)LJXUH ����� 7\SHV RI 0RWLRQ 3UHGLFWLRQ

0RWLRQ SUHGLFWLRQ LV SHUIRUPHG DV VHHQ LQ )LJXUH ����� 7KH IUDPH LV VSOLW LQWR WZR SLFWXUHV� WKH WRS

pHOG SLFWXUH DQG WKH ERWWRP pHOG SLFWXUH� 7KH FRPELQDWLRQ RI ERWK pHOGV \LHOGV D ZKROH IUDPH� ,Q

)LJXUH ����� SDUW ���� HDFK pHOG LV XVHG WR SUHGLFW WKH FRUUHVSRQGLQJ pHOG RQ WKH SUHGLFWHG IUDPH�

,Q WKH FDVH RI % IUDPHV� ERWK WKH SUHYLRXV DQG QH[W pHOGV DUH WDNHQ LQWR DFFRXQW� ,Q SDUW���� WKH

WRS DQG ERWWRP pHOGV DUH FRPELQHG WR SUHGLFW WKH ZKROH IUDPH� ,Q SDUW ���� D FRPELQDWLRQ RI

SUHGLFWLRQ LV VKRZQ� +HUH� WKH SUHGLFWLRQ IURP WKH FRUUHVSRQGLQJ pHOG RQ WKH SUHYLRXV DQG QH[W

UHIHUHQFH IUDPHV DUH XVHG DV JXLGHV DV ZHOO DV WKH QHLJKERULQJ pHOG� ,Q SDUW ���� D ZKROH IUDPH LV
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SUHGLFWHG E\ XVLQJ DQRWKHU IUDPH�

7KH XQLW RI PRWLRQ SUHGLFWLRQ LV WKH PRWLRQ YHFWRU� D GLoHUHQWLDO YDOXH WKDW PDSV FRRUGLQDWHV RI

VLPLODU PDFUREORFNV IURP RQH IUDPH WR WKH QH[W� 7R GHWHUPLQH D PRWLRQ YHFWRU� WKH HQFRGHU PXVW

pUVW VHOHFW D PDFUREORFN WR HQFRGH� 7KLV PDFUREORFN LV WKHQ FRPSDUHG WR HTXDO�VL]HG DUHDV LQ WKH

UHIHUHQFH IUDPH DW KDOI�SL[HO GLVWDQFH LQFUHPHQWV� :KHQ D PDWFK LV IRXQG� WKH YHFWRU LV FDOFXODWHG

DQG VWRUHG� ,I QR PDWFK LV IRXQG� WKH PDFUREORFN LV LQWUD�FRGHG� ,I WKH IUDPH EHLQJ HQFRGHG LV D

% IUDPH� WKH SURFHVV LV UHSHDWHG ZLWK WKH RWKHU UHIHUHQFH IUDPH� 2QFH WKH PDFUREORFN LV HQFRGHG�

WKH HQFRGHU PRYHV RQ WR WKH QH[W PDFUREORFN� 7R GHFRGH WKH PRWLRQ YHFWRU� WKH GHFRGHU UHDGV WKH

PRWLRQ YHFWRU�V�� ,I PRUH WKDQ RQH LV DYDLODEOH� WKH WZR UHIHUHQFH YHFWRUV DUH UHDG DQG WKH DYHUDJH

LV FDOFXODWHG� 7KH QHZ PDFUREORFN LV WKHQ SODFHG LQ WKH FDOFXODWHG FRRUGLQDWHV�

2QH SRLQW WR QRWH LQ WKH HQFRGLQJ RI PRWLRQ YHFWRUV� WKH HQFRGLQJ DOJRULWKP LV FRQVLGHUDEO\ PRUH

FRPSOLFDWHG WKDQ WKH GHFRGLQJ SURFHVV� :KHUHDV WKH HQFRGHU KDV WR VHDUFK HDFK HQWLUH IUDPH WR pQG

D PDWFK WR D SDUWLFXODU PDFUREORFN� WKH GHFRGHU PXVW RQO\ UHDG D YHFWRU DQG SODFH D PDFUREORFN�

,Q W\SLFDO FRPPXQLFDWLRQ V\VWHPV� WKH GHFRGLQJ SURFHVV LV WKH PRVW FRPSOLFDWHG DOJRULWKP WR

LPSOHPHQW� )RU H[DPSOH� WKH FRPSOH[LW\ RI D FRQYROXWLRQDO HQFRGHU SDOHV ZKHQ FRPSDUHG WR WKH

FRPSOH[LW\ RI D 9LWHUEL DOJRULWKP� ,Q 03(*� RQ WKH RWKHU KDQG� WKH HQFRGLQJ SURFHVV LV WKH

FRPSOLFDWHG SDUW RI WKH DOJRULWKP� PDNLQJ LW UHODWLYHO\ HDV\ �DQG LQH[SHQVLYH� WR LPSOHPHQW D

UHDO�WLPH 03(* GHFRGHU� VXFK DV WKH 'LUHFW�%URDGFDVW 6DWHOOLWH ER[� 2Q WKH RWKHU KDQG� UHDO�WLPH

03(* HQFRGHUV DUH FRQVLGHUDEO\ PRUH H[SHQVLYH DQG GLrFXOW WR EXLOG�

����� 3 U RJU DP )RU PDWV

7KH SUHYLRXV VHFWLRQ� 9LGHR &RGLQJ� GHVFULEHG KRZ YLGHR FRGLQJ LV SHUIRUPHG RQ D YLGHR FOLS� 7KLV

YLGHR VHTXHQFH LV MXVW D VPDOO SDUW RI WKH 03(* VWDQGDUG� 7R EH GLVSOD\HG WR WKH HQG�XVHU� LW

PXVW EH WUDQVPLWWHG LQ WKH FRQWH[W RI D ZKROH SURJUDP� ZKLFK FRQWDLQV LQIRUPDWLRQ WKDW DOORZV

WKH GHFRGHU WR FRPSLOH VHYHUDO HOHPHQWDU\ VWUHDPV �VHTXHQFHV� LQWR D VLQJOH SURJUDP� 7KH VLQJOH

SURJUDP FRQWDLQV YLGHR DQG DXGLR LQIRUPDWLRQ WKDW LV V\QFKURQL]HG� $OVR� LQ WKH PRUH DGYDQFHG

VHWWLQJV� WKH SURJUDP DOORZV WKH 03(* WR WUDQVPLW H[WUD LQIRUPDWLRQ WKDW ZLOO SURYLGH RWKHU

VHUYLFHV WR WKH HQG�XVHU VXFK DV FORVHG�FDSWLRQLQJ DQG SUHPLXP VHUYLFHV�
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03(* RoHUV WZR IRUPDWV IRU WKH WUDQVPLVVLRQ RI SURJUDPV� 3URJUDP 6WUHDP DQG 7UDQVSRUW 6WUHDP�

3URJUDP 6WUHDP LV D YDULDEOH�OHQJWK IRUPDW WKDW DOORZV WKH WUDQVPLVVLRQ RI D VLQJOH SURJUDP WR WKH

HQG�XVHU� 7KLV IRUPDW LV GHVLJQHG IRU PHGLD WKDW LV UHODWLYHO\ HUURU�IUHH VLQFH WKH ORVV RI LQIRUPDWLRQ

ZRXOG SUREDEO\ UHVXOW LQ D VHULRXV V\QFKURQL]DWLRQ SUREOHP� $QRWKHU PDMRU OLPLWDWLRQ LQ WKLV IRUPDW

LV WKH ODFN RI SURJUDPPLQJ LQIRUPDWLRQ� ZKLFK FRXOG EH XVHG WR DUUDQJH D FROOHFWLRQ RI SURJUDPV

LQWR D VLQJOH� FRKHUHQW VHUYLFH� 3URJUDP 6WUHDP LV WKH IRUPDW WKDW 03(*�� XVHV�

03(*�� ZDV GHVLJQHG ZLWK WZR JRDOV LQ PLQG� WKH H[SDQVLRQ RI VHUYLFHV DQG EDFNZDUG FRPSDWLELO�

LW\� 7KH H[SDQVLRQ RI VHUYLFHV LV PDGH SRVVLEOH E\ LPSURYHG FRPSXWHU WHFKQRORJ\ WKDW DOORZV WKH

FRVW�HoHFWLYH GHFRGLQJ RI FRPSOH[ 03(* VWUHDPV� %DFNZDUG FRPSDWLELOLW\ DOORZV QHZ WHFKQRORJ\

WR PHUJH ZLWK WKH SUH�H[LVWLQJ LQIUDVWUXFWXUH� %HFDXVH RI WKH FRPSDWLELOLW\ UHTXLUHPHQWV RI WKH

VWDQGDUG� 03(*�� VXSSRUWV WKH SURJUDP VWUHDP IRUPDW� 7R VXSSRUW D QHZ VXLWH RI VHUYLFHV� D

QHZ IRUPDW IRU WKH GHOLYHU\ RI 03(* SURJUDPV� WKH 7UDQVSRUW 6WUHDP �76� IRUPDW� ZDV GHVLJQHG�

76 IRUPDW LV D SDFNHW�EDVHG IRUPDW WKDW DOORZV WKH PXOWLSOH[ RI VHYHUDO SURJUDPV RQWR D VLQJOH

SURJUDP VWUHDP� 6LQFH WKH SURJUDPV DUH SDFNHW�EDVHG� WKH LGHQWLpFDWLRQ DQG UHFRYHU\ RI HUURUV LV

JUHDWO\ VLPSOLpHG� 7KH SDFNHW IRUPDW DOORZV WKH XVH RI FRPSOH[ HUURU GHWHFWLRQ�UHFRYHU\ DOJRULWKPV

QRW DYDLODEOH LQ D FRQWLQXRXV VWUHDP� (UURU UHFRYHU\ LV VLPSOLpHG EHFDXVH DQ HUURU FDQ EH HDVLO\

GHWHFWHG� 6LQFH WKH\ DUH HDVLO\ GHWHFWHG� WKH GHFRGHU LV ZHOO�DUPHG WR GHDO ZLWK SUREOHPV E\ HLWKHU

UHTXHVWLQJ D UH�WUDQVPLVVLRQ RU XVLQJ DQRWKHU WHFKQLTXH WR KDQGOH WKH HUURU LQ WKH VWUHDP�

76 LV RQO\ RQH RI WKH '$9,& IRUPDWV IRU GDWD SDFNHWV� DV H[SODLQHG LQ WKH IROORZLQJ VHFWLRQ�

��� 'DWD 3 DFNHW &RQVWU XFWLRQ

7KH GDWD IRUPDW IRU WKH GLJLWDO V\VWHP GHVFULEHG E\ WKH '$9,& JXLGHOLQHV LV SDFNHW�EDVHG� 7KH

JXLGHOLQHV OLVW WKUHH IRUPDWV IRU GDWD SDFNHWV� WZR IRU WKH GRZQOLQN DQG RQH IRU WKH XSOLQN� 7KH

GRZQOLQN SDFNHWV DUH ERWK ��� E\WHV ORQJ� 2QH LV 03(*���7UDQVSRUW 6WUHDP VWDQGDUG� DQG WKH

RWKHU FRQVLVWV RI $70 SDFNHWV SDFNHG LQVLGH ����E\WH�ORQJ SDFNHWV� 7KH XSOLQN GDWD IRUPDW LV

$70�

6LQFH D GHWDLOHG GHVFULSWLRQ DW WKLV SRLQW ZRXOG QRW FRQWULEXWH VLJQLpFDQWO\ WR WKH NQRZOHGJH EDVH

QHHGHG WR XQGHUVWDQG WKH LVVXHV GLVFXVVHG LQ WKLV SDSHU� D WKRURXJK GHVFULSWLRQ RI WKH '$9,& DQG
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,62�������SDUW�� JXLGHOLQHV LV FRQWDLQHG LQ $SSHQGL[ $�

7KH PDLQ SLHFH RI LQIRUPDWLRQ WKDW LV GHULYHG IURP WKH GHVFULSWLRQ LQ $SSHQGL[ $ LV WKH 03(*�

��76 SDFNHW OHQJWK� ��� E\WHV�

7KH SDFNHW OHQJWK XVHG LQ WKH 7UDQVSRUW 6WUHDP VHFWLRQ RI WKH 03(* VWDQGDUG LV RI FRQVHTXHQFH

EHFDXVH LW LV WKH EDVLV IRU GHWHUPLQLQJ WKH PD[LPXP PHDQ EXUVW HYHQW GHVFULEHG LQ WKH DQDO\VLV

VHFWLRQ RI WKH SDSHU�

��� &KDQQHO 0 RGHO

6LQFH WKLV SURMHFW LV DLPHG DW WKH VWXG\ RI DQ /0'6 V\VWHP� WKH /0'6 FKDQQHO ������ *+]� PXVW

EH DGGUHVVHG� +RZHYHU� WKH VLPXODWLRQ VRIWZDUH� RQFH ZULWWHQ� VKRXOG QRW EH OLPLWHG WR /0'6 RQO\�

7KHUHIRUH� LW LV LPSRUWDQW WR LQFOXGH RWKHU FKDQQHO PRGHOV WR EH DEOH WR VWXG\ D ZLGHU YDULHW\ RI

SKHQRPHQRQ� 2WKHU FKDQQHOV DOVR KDYH FHUWDLQ FKDUDFWHULVWLFV VXFK DV PXOWLSDWK IDGLQJ WKDW QHHG

WR EH H[SORUHG�

����� /0 '6

7KH /0'6 FKDQQHO RFFXSLHV VHYHUDO EDQGV� 7DEOH ��� GHVFULEHV WKH EDQGV FRYHUHG E\ HDFK EORFN

DXFWLRQHG E\ WKH )&&�

7DEOH ���� /0'6 6SHFWUXP

%ORFN %DQG %RWWRP �*+]� %DQG 7RS �*+]� :LGWK �0+]�

$ ������ ������ ���

$ ������ ������ ���

$ ������ ������ ���

% ������ ������ ��

% ������ ������ ��

7KH DXFWLRQHG ZLGH�EDQGV KDYH QR )&&�PDQGDWHG XVH UHVWULFWLRQV� H[FHSW IRU UDGLDWHG SRZHU OLPLWV�

6LQFH WKH VSHFWUXP LV VR ZLGH� LW FDQ DFFRPPRGDWH FKDQQHOV WKDW DUH ZLGH HQRXJK WR SHUPLW
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EURDGEDQG VHUYLFHV� 7KH '$9,& JXLGHOLQHV FDOO IRU FKDQQHOV WKDW DUH DQ\ZKHUH EHWZHHQ ��� 0+]

DQG �� 0+] ZLGH�

7KLV EDQG LV FXUUHQWO\ EHLQJ XVHG E\ VDWHOOLWH WHOHFRPPXQLFDWLRQ V\VWHPV �.X�EDQG�� SULPDULO\ IRU

SRLQW�WR�SRLQW FRPPXQLFDWLRQV XVLQJ KLJKO\ GLUHFWLYH DQWHQQDV�

6WXGLHV RI WKH FKDQQHO IRU WHUUHVWULDO DSSOLFDWLRQV KDYH IRFXVHG RQ WZR DUHDV� PXOWLSDWK DQG IDGLQJ�

7KH PXOWLSDWK VWXGLHV KDYH IRFXVHG RQ WKH VKDGRZLQJ SUREOHP� DQG WKH IDGLQJ VWXGLHV KDYH FHQWHUHG

RQ YHJHWDWLYH IDGLQJ DQG VLJQDO GHSRODUL]DWLRQ�

0XOWLSDWK

7KH HDUO\ VWXG\ RI WKH /0'6 FKDQQHO FHQWHUHG RQ WKH PXOWLSDWK FKDUDFWHULVWLFV� ZKLFK ZHUH GHULYHG

IURP pHOG PHDVXUHPHQWV� $ 86 'HSDUWPHQW RI &RPPHUFH VWXG\ >�@ GLVFORVHG pQGLQJV FRQFHUQLQJ

WKH PXOWLSDWK DQG GLoUDFWLRQ FKDUDFWHULVWLFV RI WKH /0'6 FKDQQHO� 0HDVXUHPHQWV ZHUH SHUIRUPHG

ZLWK D �� 0+] ZLGH FKDQQHO FHQWHUHG DW ���� *+]� 7KH WUDQVPLWWHU XVHG D WZHQW\�VL[ GHJUHH ZLGH

KRUQ DQWHQQD� 7KH PDLQ WRRO XVHG WR VWXG\ PXOWLSDWK HOHPHQWV ZDV WKH GHOD\ VSUHDG RI WKH VLJQDO�

7KH UHFHLYHU XVHG D QDUURZ EHDPZLGWK DQWHQQD ���� GHJUHHV�� 7KH GHOD\ VSUHDG RI WKH VLJQDO ZDV

EHWZHHQ ��� QV DQG �� QV� ZLWK D PHGLDQ YDOXH RI � QV� 7KLV GDWD SRLQWHG WR KLJKO\ DWWHQXDWHG

PXOWLSDWK HOHPHQWV LQ WKH WUDQVPLVVLRQ� ,Q WKLV PHDVXUHPHQW FDPSDLJQ� WUHHV KDG QR IROLDJH� VR

YHJHWDWLYH HoHFWV GXH WR IROLDJH FRXOG QRW EH VWXGLHG�

$ SURSDJDWLRQ PHDVXUHPHQW SHUIRUPHG LQ %ULJKWRQ %HDFK� 1HZ <RUN� LQ ���� >�@� UHYHDOHG VLPLODU

UHVXOWV FRQFHUQLQJ WKH FKDQQHO� ,Q WKLV VWXG\� WKH PDLQ HoHFW VWXGLHG ZDV V\VWHP FRYHUDJH� 7KH

JRDO RI WKH VWXG\ ZDV WR GHWHUPLQH WKH SHUFHQWDJH DUHD FRYHUDJH RI WKH VLJQDO� 7DEOH ��� IURP >�@

VKRZV WKH UHVXOWV IURP WKDW PHDVXUHPHQW FDPSDLJQ�

7KH WDEOH SUHVHQWV WKH SHUFHQWDJH RI WKH DUHD WKDW ZDV QRW FRYHUHG E\ WKH �� *+] VLJQDO� 7KH DUHD

ZKHUH WKH PHDVXUHPHQWV ZHUH WDNHQ ZDV DQ XUEDQ VHWWLQJ ZLWK WKUHH� RU IRXU� VWRU\ EXLOGLQJV� 7KLV

VWXG\ VXSSRUWV >�@ WKH DVVHUWLRQ WKDW WKHUH ZDV OLWWOH RU QR PXOWLSDWK LQ WKH /0'6 HQYLURQPHQW� ,W

LV LPSRUWDQW WR QRWH WKDW WKH RQO\ PHDVXUHPHQWV WKDW UHFRUGHG D VLJQLpFDQW VLJQDO OHYHO ZHUH IURP

VDPSOHV WDNHQ DW SRLQWV ZLWK D OLQH�RI�VLJKW �/26� WR WKH WUDQVPLWWHU ZLWK OLWWOH RU QR EORFNDJH�

8QSXEOLVKHG UHVXOWV RI PHDVXUHPHQWV SHUIRUPHG DW 035* DW WKH �� *+] EDQG KDYH UHYHDOHG
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7DEOH ���� /0'6 %ORFNDJH >�@

$QWHQQD +HLJKW $OO /RFDWLRQV � � NP IURP

WUDQVPLWWHU

� � NP IURP

WUDQVPLWWHU

� � NP IURP

WUDQVPLWWHU

���� P ��� ��� ��� ���

��� P ��� ��� ��� ���

��� 	 ��� P ��� ��� ��� ���

VXUSULVLQJ PXOWLSDWK FRPSRQHQWV LQ D SRLQW�WR�SRLQW PLFURZDYH OLQN� 'XULQJ DQG GLUHFWO\ DIWHU D

UDLQVWRUP� ZDWHU ZLOO WHQG WR FROOHFW LQ SRROV RQ qDW VXUIDFHV� 6XUIDFHV WKDW SUHYLRXVO\ ZHUH QRQ�

UHqHFWLYH VXGGHQO\ KDYH D qDW� UHqHFWLYH VXUIDFH� FUHDWLQJ D PXOWLSDWK HOHPHQW� 7KLV PXOWLSDWK

HOHPHQW GRHV QRW FKDQJH DV D IXQFWLRQ RI WLPH� VR LW ZLOO QRW OHDG WR D IDGLQJ FKDQQHO� +RZHYHU� WKLV

PXOWLSDWK HOHPHQW GRHV FKDQJH WKH GHOD\ VSUHDG RI WKH LQFRPLQJ VLJQDO DQG VKRXOG EH WDNHQ LQWR

DFFRXQW ZKHQ KLJK�VSHHG ZLUHOHVV OLQNV DUH EHLQJ GHVLJQHG� 7KH VLPXODWLRQ DQG PRGHOLQJ SUHVHQWHG

LQ WKLV SDSHU DVVXPHV WKH GHOD\ VSUHDG LV ORZHU WKDQ WKH GDWD UDWH�

)DGLQJ

6LQFH LW ZDV GHWHUPLQHG WKDW WKHUH LV KLJKO\ DWWHQXDWHG PXOWLSDWK LQ WKLV HQYLURQPHQW DQG JLYHQ

WKDW GLUHFWLYH DQWHQQDV DUH XVHG RQ DW OHDVW RQH VLGH RI WKH FRPPXQLFDWLRQV OLQN �WKH XVHU WHUPLQDO��

LW LV VDIH WR DVVXPH WKDW WKHUH LV OLWWOH RU QR FRKHUHQW DGGLWLYH SDWK FDQFHOODWLRQ� RU 5D\OHLJK IDGLQJ�

ZKLFK RFFXUV GXH WR DFWLYH FDQFHOODWLRQ RI PXOWLSDWK HOHPHQWV RoVHW E\ VPDOO WLPH GHOD\V >�@�

$OWKRXJK WKHUH DUH QR UHIHUHQFHV WR WKH VWXG\ RI PRYLQJ FKDQQHO FKDUDFWHULVWLFV DW WKH .X�EDQG� LW

LV VDIH WR DVVXPH WKDW WKHUH LV QR IDGLQJ GXH WR PXOWLSDWK FDQFHOODWLRQ�

+RZHYHU� WKH FKDQQHO GRHV KDYH VRPH IDGLQJ FKDUDFWHULVWLFV GXH WR YHJHWDWLRQ EORFNLQJ WKH OLQH�RI�

VLJKW FRPSRQHQW RI WKH FRPPXQLFDWLRQ OLQN� >�@ VWDWHV WKDW WKH HoHFW RI IROLDJH RQ WKH OLQN FDXVHG D

IDLU DPRXQW RI IDGLQJ� 7KLV IDGLQJ FRXOG EH DSSUR[LPDWHG E\ D 1DNDJDPL�5LFH GLVWULEXWLRQ ZLWK D

KLJK N IDFWRU �RYHU WZHQW\�� 7KH 5LFLDQ IDGHV ZHUH GHHSHU WKDQ WKH IDGHV PHDVXUHG� VR D ORJQRUPDO

GLVWULEXWLRQ FRXOG DOVR DSSUR[LPDWH WKH HoHFW RI WKH IROLDJH RQ WKH OLQN� 7KH VSHFXODWHG FDXVH

IRU WKH IDGLQJ LV OHDI GLoUDFWLRQ� 7KLV K\SRWKHVLV ZDV VXSSRUWHG E\ D PHDVXUHG LQFUHDVH LQ VLJQDO
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WLPH YDULDELOLW\ LQ ZLQG\ FRQGLWLRQV� ,Q RWKHU ZRUGV� ZLQG\ FRQGLWLRQV FDXVHG WKH DQJOH RI DWWDFN

RI WKH OHDYHV WR FKDQJH IDVWHU WKDQ LQ FDOP FRQGLWLRQV� FDXVLQJ D ODUJHU FKDQJH LQ WKH GLoUDFWLRQ

FKDUDFWHULVWLFV RI WKH WUHH�

,Q UDLQ\ FRQGLWLRQV� WKH VLJQDO SDWK ORVV LQFUHDVHG �� G% RYHU WKH H[SHFWHG ORVV GXH WR UDLQ LQ WKH

SDWK� 7KLV GLoHUHQFH LV SUREDEO\ GXH WR ZDWHU DFFXPXODWLRQ RQ WKH OHDYHV� FDXVLQJ H[WUD DWWHQXDWLRQ

WKDW ZRXOG QRW EH SUHVHQW LI WKH WUHH ZHUH GU\�

��� 9LGHR 4XDOLW\ $VVHVVPHQW

7KH DVVHVVPHQW RI YLGHR TXDOLW\ UHVWV RQ WKH VXEMHFWLYH DQDO\VLV RI WKH YLHZHU� :KHUHDV D W\SLFDO

FRPPXQLFDWLRQ OLQN FDQ EH FKDUDFWHUL]HG E\ VXFK TXDQWLpDEOH PHDVXUHV DV %(5 DQG 615� WKH

TXDOLW\ RI D YLGHR FOLS FDQQRW EH TXDQWL]HG DV HDVLO\�

6HYHUDO GLoHUHQW PHWKRGV FDQ EH XVHG WR DVVHVV WKH TXDOLW\ RI YLGHR� 2QH PHWKRG LV WKH TXDQWLpFD�

WLRQ EDVHG RQ VXEMHFWLYH YLHZHU DVVHVVPHQW� ,Q RWKHU ZRUGV� D JURXS RI SHRSOH LV VHOHFWHG� DQG WKHVH

SHRSOH ZDWFK WKH YLGHR DQG UDWH LW RQ D p[HG VFDOH� 7KLV PHWKRG KDV VHYHUDO GUDZEDFNV� )LUVW� D

JURXS RI SHRSOH ZLOOLQJ WR YLHZ D VHW RI YLGHR FOLSV LV QHFHVVDU\� *HWWLQJ D VWDWLVWLFDOO\ VLJQLpFDQW

JURXS RI SHRSOH WR VLW WKURXJK D VHULHV RI YLGHR VHTXHQFHV LV QR HDV\ WDVN� $OVR� QRW HYHU\RQH
V

VFDOH LV WKH VDPH� )RU VRPH SHRSOH� D FHUWDLQ GHJUDGDWLRQ PD\ EH DFFHSWDEOH� EXW IRU RWKHUV WKH

VDPH OHYHO RI LPDJH GHJUDGDWLRQ PD\ EH FRPSOHWHO\ XQDFFHSWDEOH� 7R FRPSOLFDWH PDWWHUV� KXPDQV

GR QRW KDYH D p[HG TXDOLW\ VFDOH� :KHUHDV DQ LPDJH PD\ VHHP FRPSOHWHO\ XQDFFHSWDEOH DW WKH

EHJLQQLQJ RI D VHULHV RI FOLSV� WKH VDPH LPDJH PD\ EH UHJDUGHG DV KDYLQJ D IDU EHWWHU TXDOLW\ DIWHU

D ZKROH VHULHV RI VLPLODUO\ GLVWRUWHG LPDJHV LV VHHQ >�@�

$ FRQVLGHUDEOH DPRXQW RI HoRUW KDV EHHQ SODFHG LQ HVWDEOLVKLQJ D PHWULF IRU YLGHR TXDOLW\� 6RPH RI

WKHVH PHWULFV DUH GHVLJQHG WR PHDVXUH WKH UHVXOW RI RSHUDWLRQV WKDW VXEWO\ GHJUDGH LPDJH TXDOLW\�

VXFK DV WKH HoHFWV RI FRPSUHVVLRQ DOJRULWKPV RQ D UDZ YLGHR LPDJH >�@ >��@� 7KH SULPDU\ DLP

RI WKHVH PHWULFV LV WR PD[LPL]H FDSDFLW\ �E\ PLQLPL]LQJ ELW�UDWH� ZKLOH PDLQWDLQLQJ D UHDVRQDEOH

SLFWXUH TXDOLW\� 2WKHU PHWULFV� VXFK DV WKH 6TXDUH 5RRW ,QWHJUDO �645,� DUH GHVLJQHG WR ORRN DW

LPDJH VKDUSQHVV DQG WKH VXEMHFWLYH HoHFW RI GHIRFXVLQJ >��@� 6RPH PHDVXUHV� VXFK DV WKH 'LVFULP�

LQDO 'LoHUHQFH 'LDJUDP �'''� ORRN DW KRUL]RQWDO YDULDWLRQV LQ WKH LPDJH >��@� $QRWKHU PHDVXUH
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LQWHJUDWHV WKH 0RGXODWLRQ 7UDQVIHU )XQFWLRQ DFURVV D GHVLUHG IUHTXHQF\ UDQJH \LHOGLQJ WKH 07)$

>��@� 7KHVH PHDVXUHV RI TXDOLW\ ZHUH GHVLJQHG WR REVHUYH SDUWLFXODU DVSHFWV RI YLGHR VLJQDOV� VXFK

DV HGJH GHWHFWLRQ� RU WKH\ ZHUH GHVLJQHG WR HYDOXDWH WKH TXDOLW\ RI D YLGHR VHTXHQFH ZLWKRXW ODUJH

DUWLIDFWV� VXFK DV WKRVH VHHQ LQ GLJLWDO YLGHR VHTXHQFHV ZLWK ELW HUURUV� 7KH VLPXODWLRQ \LHOGV HUURUV

WKDW DUH FRPSDUDEOH WR WKH ORVV RI SDFNHWV RQ DQ $70 QHWZRUN� 7KHVH HUURUV DUH YHU\ GUDPDWLF

DQG HQWLUHO\ GLoHUHQW IURP WKH HoHFWV VHHQ IURP ORVV\ FRPSUHVVLRQ� )RU H[DPSOH� ORVV\ FRPSUHVVLRQ

ZRXOG \LHOG D VHTXHQFH WKDW ODFNV GHpQLWLRQ RU LV EOXUU\� 2Q WKH RWKHU KDQG� D ELW HUURU ZRXOG

DSSHDU RQ WKH YLGHR FOLS DV D FRUUXSWHG EORFN� D YHU\ ODUJH� VTXDUH IRUP RI VDOW DQG SHSSHU QRLVH�

LQ VRPH FDVHV LW PD\ DSSHDU DV WKH ORVV RI WKH ODUJH SDUW RI D VOLFH�

2QH IRUP RI HUURU DVVHVVPHQW WKDW FDQ EH XVHG LQ YLGHR LV WKH SHDN�VLJQDO�WR�QRLVH�UDWLR �3615��

GHpQHG E\ (TXDWLRQ ��� ZKHUH Q LV WKH QXPEHU RI ELWV SHU SL[HO >�@�

3615  �� ORJ��

v
�Q b �
06(

w
�����

7KLV HTXDWLRQ \LHOGV WKH YLGHR FOLS
V RYHUDOO PHDQ�VTXDUH SL[HO HUURU DQG LV WKH PHWULF XVHG KHUH�

7KHUH DUH FHUWDLQ OLPLWDWLRQV WR WKLV DSSURDFK WR SHUIRUPDQFH DQDO\VLV� 7KH 3615 ZDV RULJLQDOO\

GHVLJQHG WR HYDOXDWH LPDJHV ZLWK VOLJKW GHJUDGDWLRQ LQ TXDOLW\ DQG QR ODUJH DUWLIDFWV� 7KLV PHWKRG

GRHV QRW HYDOXDWH ZHOO WKH HoHFWV RI ODUJH DUWLIDFWV RQ WKH KXPDQ SHUFHSWLRQ RI DQ LPDJH >�@� %LW

HUURUV LQ D GLJLWDO YLGHR VHTXHQFH ZLOO JHQHUDWH ODUJH DUWLIDFWV� ZKLFK ZLOO \LHOG DQ XQDFFHSWDEOH

YLGHR TXDOLW\ IRU EURDGFDVW DSSOLFDWLRQV� +RZHYHU� 3615 GRHV SURYLGH D EDVLF PHDVXUH RI UHODWLYH

YLGHR TXDOLW\� LW SURYLGHV D PHDVXUH RI WKH UHODWLYH QXPEHU RI DUWLIDFWV WKDW DSSHDU RQ WKH LPDJH

DUHD� 3615 LV DOVR D YHU\ SRSXODU PHWKRG WR SURYLGH DQ REMHFWLYH PHDVXUH RI TXDOLW\ LQ GLJLWDO

YLGHR UHVHDUFK� 6LQFH WKH RQO\ IRUP RI GLVWRUWLRQ VHHQ LQ WKLV VHW RI VLPXODWLRQV LV GLVWRUWLRQ UHVXOWLQJ

IURP ELW HUURUV LQ DQ 03(* YLGHR VHTXHQFH� YLGHR TXDOLW\ LQ WKLV WKHVLV LV GHpQHG DV� WKH UHODWLYH

QXPEHU RI DUWLIDFWV DSSHDULQJ LQ D VHTXHQFH ZKRVH PDJQLWXGH LV PHDVXUHG E\ WKH 3615�



&KDSWHU �

6LPXODWLRQ

,Q WKLV FKDSWHU� ZH SUHVHQW 5693� D qH[LEOH VRIWZDUH WRRO WKDW DOORZV FRPPXQLFDWLRQ V\VWHP GHVLJQ�

HUV WR TXLFNO\ DQG HDVLO\ WHVW GLoHUHQW V\VWHP OD\RXWV DQG FRGLQJ WHFKQLTXHV� $ VHDUFK RI SUHYLRXV

VLPXODWLRQ HoRUWV ZDV SHUIRUPHG� WKLV UHYHDOHG OLPLWDWLRQV LQ WKH HoHFWV PRGHOHG LQ VLPXODWLRQV�

7\SLFDO YLGHR VLPXODWRUV LPSOHPHQW D VLPSOLpHG FRPPXQLFDWLRQV V\VWHP RU FKDQQHO PRGHO� 6RIW�

ZDUH IRXQG LQ WKH OLWHUDWXUH RIWHQ SUHVHQW D UHDVRQDEOH FKDQQHO PRGHO� EXW DQ RYHUO\�VLPSOLpHG

FRPPXQLFDWLRQV V\VWHP GHVLJQ >��@� ,Q VRPH FDVHV� WKH FKDQQHO PD\ EH IDLUO\ FRPSOLFDWHG� LQFOXG�

LQJ D IDGLQJ HQYHORSH >��@� KRZHYHU� WKHVH VLPXODWLRQV ODFN WKH VRSKLVWLFDWLRQ DW WKH FRPPXQLFDWLRQV

V\VWHP OHYHO QHHGHG WR VLPXODWH WKH GHVLUHG V\VWHP FRQpJXUDWLRQ SDUDPHWHUV� 6LQFH GLJLWDO YLGHR

UHVHDUFK KDV KLVWRULFDOO\ EHHQ WKH GRPDLQ RI FRPSXWHU VFLHQFH� WKH IRFXV RI UHVHDUFK KDV RIWHQ FRQ�

FHQWUDWHG RQ WKH QHWZRUN LVVXHV� VXFK DV SDFNHW ORVV� DQG LWV HoHFW RQ YLGHR TXDOLW\� 6LPXODWLRQV RI

YLGHR WUDQVPLVVLRQV LQ SDFNHW QHWZRUNV KDYH EHHQ LPSOHPHQWHG E\ VHYHUDO UHVHDUFK JURXSV >��@>��@�

6RPH VLPXODWLRQV RI QHWZRUN WUDQVPLVVLRQV DOVR VLPXODWH SK\VLFDO OD\HU HUURUV� VXFK DV ELW�HUURU�

7KHVH ELW�HUURUV DUH JHQHUDWHG E\ VZLWFKLQJ WKH VWDWH RI D ELW EDVHG RQ D VLQJOH UDQGRP WHVW EDVHG

RQ WKH V\VWHP FRQpJXUDWLRQ
V SUREDELOLW\ RI ELW�HUURU� QRW WDNLQJ LQWR DFFRXQW DQ\ SRVVLEOH ELW�HUURU

FOXVWHULQJ >��@�

5693 ZDV GHYHORSHG EHFDXVH QR VRIWZDUH WRROV ZHUH IRXQG WKDW KDYH WKH VKRUW H[HFXWLRQ WLPH

QHFHVVDU\ WR HYDOXDWH YLGHR VHTXHQFHV LQ D UHDVRQDEOH OHQJWK RI WLPH� WKH qH[LELOLW\ QHHGHG WR WHVW

WKH GLoHUHQW FRQpJXUDWLRQV WKH SURMHFW UHTXLUHV� DQG WKH FRPSOH[LW\ QHHGHG WR DFFXUDWHO\ PRGHO D

��
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FRPPXQLFDWLRQV V\VWHP�

��� 6LPXODWLRQ &DSDELOLWLHV

7KH WRRO WKDW ZDV FUHDWHG IRU WKLV SURMHFW LV D qH[LEOH SLHFH RI VRIWZDUH WKDW DOORZV WKH XVHU WR

H[SORUH VHYHUDO DVSHFWV RI ZLUHOHVV GLJLWDO YLGHR FRPPXQLFDWLRQV� 'HWDLOV IRU WKH LPSOHPHQWDWLRQ RI

WKH VLPXODWLRQ DUH DYDLODEOH LQ $SSHQGL[ %�

����� &RPPXQLFDWLRQ 6\VWHP

7KH FRPPXQLFDWLRQ V\VWHP LV WKH FRUH RI WKH VLPXODWLRQ� 7KH DUFKLWHFWXUH RI WKH FRPPXQLFDWLRQ

V\VWHP VLPXODWRU KDV D PRGXODU� qH[LEOH FRQpJXUDWLRQ� 7KH RUJDQL]DWLRQ RI WKH VLPXODWLRQ LV VXFK

WKDW WKH XVHU LV FDSDEOH RI FKDQJLQJ WKH SDUDPHWHUV GHpQLQJ D PRGXOH RU ZKHWKHU RU QRW WKDW

PRGXOH LV DFWLYH IURP XVLQJ D *8, �*UDSKLFDO 8VHU ,QWHUIDFH��

7KH VLPXODWLRQ ZDV GHVLJQHG WR DOORZ WKH PRGHOLQJ RI VHYHUDO GLoHUHQW ZLUHOHVV HQYLURQPHQWV� $

*DXVVLDQ QRLVH JHQHUDWRU LV FRPSOHPHQWHG E\ 5D\OHLJK�� 5LFLDQ�� DQG /RJ1RUPDO�IDGLQJ HQYHORSHV�

7KH VLPXODWLRQ FDQ DOVR JHQHUDWH FR�FKDQQHO DQG DGMDQFHQW�FKDQQHO LQWHUIHUHQFH�

����� 9LGHR

7KH YLGHR VLPXODWRU LV VSOLW LQWR WZR SDUWV� D YLGHR YLHZHU DQG D SDFNHWL]LQJ DSSOLFDWLRQ�

7KH YLGHR YLHZHU LV FDSDEOH RI GLVSOD\LQJ 03(*�� RU 03(*�� YLGHR HOHPHQWDU\ VWUHDPV� 6RPH

UREXVWQHVV KDV EHHQ DGGHG WR WKH YLHZHU WR DOORZ LW WR GLVSOD\ YLGHR VHTXHQFHV ZLWK YHU\ KLJK %(5V�

7KH SDFNHWL]LQJ DSSOLFDWLRQ LV DQ DSSOLFDWLRQ LQGHSHQGHQW RI WKH YLGHR YLHZHU� ,WV IXQFWLRQ LV WR

SUHSDUH DQ HOHPHQWDU\ VWUHDP IRU WUDQVPLVVLRQ LQ D FRPPXQLFDWLRQV V\VWHP� 7KH IRUPDWV WKDW

WKH DSSOLFDWLRQ FDQ FXUUHQWO\ HQFRGH DQG GHFRGH DUH� 03(*���7UDQVSRUW 6WUHDP� $V\QFKURQRXV

7UDQVIHU 0RGH �$70�� DQG $JJUHJDWHG $70 &HOO (QFDSVXODWLRQ�
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��� 6LPXODWLRQ 9HU LpFDWLRQ

6HYHUDO %(5 FXUYHV ZHUH UXQ WR WHVW WKH SHUIRUPDQFH RI WKH FRPPXQLFDWLRQ V\VWHP� 7KLV VHFWLRQ

ZLOO VKRZ WKH SHUIRUPDQFH RI WKH V\VWHP XVLQJ 436. PRGXODWLRQ� D 5HHG�6RORPRQ FRGH� DQG

D FRQYROXWLRQDO FRGH� 7KH VLPXODWHG SHUIRUPDQFH LV FRPSDUHG WR WKH WKHRUHWLFDO ERXQGV� $OO

VLPXODWLRQV DUH SHUIRUPHG LQ DQ $:*1 FKDQQHO�

����� 0 RGXODWLRQ

$ 436. WUDQPLVVLRQ LQ DQ $:*1 FKDQQHO FDQ EH GHVFULEHG E\ (TXDWLRQ ����

%(5  4

�V
�
(E

1R

�
�����

ZKHUH (E
1R
LV D IUDFWLRQ �QRW LQ G%� DQG 4�[� LV GHpQHG E\ (TXDWLRQ ����

4�[�  
�

�
HUIF

v
[S
�

w
�����

7KH SHUIRUPDQFH RI WKH VLPXODWLRQ ZDV WHVWHG XVLQJ WZR GLoHUHQW pOWHU UROO�RoV �o  ��� DQG

o  ������ 6LQFH 1\TXLVW pOWHUV DUH XVHG� WKH SHUIRUPDQFH RI WKH V\VWHP VKRXOG EH LQGHSHQGHQW RI

WKH pOWHU UROO�Ro XVHG�

)LJXUH ��� VKRZV WKH SHUIRUPDQFH RI WKH VLPXODWLRQ RI D 436.�PRGXODWHG V\VWHP ZLWK Q\TXLVW

SXOVH VKDSLQJ ZLWK o  ���� DQG o  �����

7KH FXUYHV IRU ERWK pOWHU UROO�RoV \LHOG WKH VDPH %(5� 7KLV VKRZV WKDW� DV H[SHFWHG� WKH UHODWLYH

SHUIRUPDQFH RI WKH V\VWHPV ZLOO UHPDLQ FRQVWDQW IRU GLoHUHQW 1\TXLVW pOWHU UROO�RoV�

7KH VLPXODWHG FXUYHV PDWFK WKH WKHRUHWLFDO FXUYH YHU\ FORVHO\� 7KH WKHRUHWLFDO FXUYH GHVFULEHV WKH

SHUIRUPDQFH RI D 436. V\VWHP LQ DQ $:*1 FKDQQHO ZLWK QR ,6, �LQWHU�V\PERO�LQWHUIHUHQFH�� 7KH

GLoHUHQFHV EHWZHHQ WKH WZR FXUYHV DUH YHU\ VPDOO DQG FDQ SUREDEO\ EH DFFRXQWHG IRU E\ DFFXPXODWHG

URXQGLQJ DQG SUHFLVLRQ HUURUV LQ WKH FRPSXWHU DULWKPHWLF�
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)LJXUH ���� %(5 &XUYH� 436. LQ $:*1 &KDQQHO

����� 5HHG�6RORPRQ

7KH 5HHG�6RORPRQ FRGH SUHVHQWHG VHYHUDO FKDOOHQJHV IRU YDOLGDWLRQ� 7KHUH LV QR DQDO\WLFDO FXUYH

WKDW ZLOO GHVFULEH WKH H[DFW SHUIRUPDQFH RI WKH FRGH� +RZHYHU� WKHUH H[LVWV DQ DSSUR[LPDWLRQ RI

WKH H[SHFWHG SHUIRUPDQFH RI WKH 5HHG�6RORPRQ FRGH >��@� (TXDWLRQ ��� JLYHV DQ DSSUR[LPDWLRQ IRU

WKH SUREDELOLW\ RI V\PERO HUURU LQ D 5HHG�6RORPRQ FRGH�
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ZKHUH 1 LV WKH QXPEHU RI V\PEROV LQ WKH SURWHFWHG ZRUG� 'PLQ LV WKH FRGH
V PLQLPXP GLVWDQFH�

DQG 3F LV WKH SUREDELOLW\ RI V\PERO HUURU� 7KH FRGH
V PLQLPXP GLVWDQFH LV GHpQHG E\ (TXDWLRQ

����

'PLQ  �W� � �����

W LV WKH FRGH
V HUURU FRUUHFWLRQ FDSDELOLW\� 3F LV GHpQHG DV WKH SUREDELOLW\ RI V\PERO HUURU� (DFK
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V\PERO RI D 5HHG�6RORPRQ FRGH ZRUG LV FRPSRVHG RI DW OHDVW RQH ELW� 6LQFH WKH FKDQQHO XVHG

LV *DXVVLDQ �PHPRU\OHVV� DQG VLQFH WKHUH LV QR ELW LQWHUODYLQJ SHUIRUPHG LQ WKH WULDO� LW FDQ EH

DVVXPHG WKDW WKH ELW HUURUV DUH LQGHSHQGHQW� 6LQFH WKH ELWV DUH LQGHSHQGHQW� (TXDWLRQ ��� GHVFULEHV

WKH SUREDELOLW\ RI V\PERO HUURU �ZKHUH WKH V\PERO LV FRPSRVHG RI FRQWLJXRXV ELWV��

3F  �b ��b S�Q �����

ZKHUH S LV WKH SUREDELOLW\ RI FKDQQHO ELW HUURU DQG Q LV WKH QXPEHU RI ELWV SHU V\PERO� 6LQFH

(TXDWLRQ ��� UHWXUQV WKH SUREDELOLW\ RI V\PERO HUURU LQ D FRUUHFWHG ZRUG� WKH LQYHUVH RI (TXDWLRQ

���� VHHQ LQ (TXDWLRQ ���� FDQ EH XVHG WR UHFRYHU IURP (TXDWLRQ ��� WKH SUREDELOLW\ RI ELW HUURU LQ

WKH FRUUHFWHG VWUHDP�

S�  �b Q
S
�b 3� �����

)LJXUH ��� VKRZV WKH SHUIRUPDQFH RI D ��������� 5HHG�6RORPRQ FRGH LQ D 436.�PRGXODWHG WUDQV�

PLVVLRQ LQ DQ $:*1 FKDQQHO�
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��

7KH VLPXODWLRQ UHVXOWV VKRZ WKDW WKH VLPXODWLRQ SHUIRUPDQFH LV ZRUVH WKDQ WKH WKHRUHWLFDO FXUYH DW

ORZ (E
1R
YDOXHV� EXW FRQYHUJHV ZLWK WKH WKHRUHWLFDO FXUYHV DW KLJKHU (E

1R
� 7KH GLoHUHQFH RFFXUV EHFDXVH

WKH WKHRUHWLFDO DSSUR[LPDWLRQ XVHV WKH'PLQ RI WKH EORFN FRGH WR GHWHUPLQH LWV SHUIRUPDQFH� $W KLJK

(E
1R
YDOXHV� WKH 'PLQ YDOXH LV WKH GRPLQDQW GHWHUPLQLQJ IDFWRU LQ WKH HUURU SHUIRUPDQFH� +RZHYHU�

DV (E
1R
GHFUHDVHV� WKH 'PLQ
V UROH LQ GHWHUPLQLQJ WKH IDLOXUH RI WKH FRGH GHFUHDVHV FRQVLGHUDEO\� $W

WKHVH ORZHU YDOXHV� WKH EHKDYLRU RI WKH FRGH LV DoHFWHG E\ RWKHU IDFWRUV� ZKLFK DUH QRW PRGHOHG

LQ WKH WKHRUHWLFDO FXUYH� 7KH DEVHQFH RI WKHVH IDFWRUV LQ WKH WKHRUHWLFDO FXUYH SUHGLFWV D EHWWHU

SHUIRUPDQFH WKDQ WKH FRGH UHDOO\ \LHOGV�

����� &RQYROXWLRQDO &RGH

7KH FRQYROXWLRQDO FRGH LV RQH RI WKH PRVW FRPSOLFDWHG PRGXOHV WKDW LV LPSOHPHQWHG LQ &� 7KH

WHVWLQJ RI WKH FRQYROXWLRQDO FRGH ZDV GRQH LQ WZR SDUWV� )LUVW� WKH PRGXOH ZDV WHVWHG DW LWV EDVH

UDWH �U  �
�� XVLQJ ERWK VRIW DQG KDUG GHFLVLRQ GHFRGLQJ� 2QFH WKH EDVLF PRGXOH ZDV YDOLGDWHG� WKH

PRGXOH SXQFWXULQJ ZDV WHVWHG�

%DVH 5DWH

7KH FRQYROXWLRQDO FRGH ZDV YDOLGDWHG E\ XVLQJ D ERXQG RQ WKH FRGH
V SHUIRUPDQFH� 7KH FDOFXODWHG

ERXQG LV EDVHG RQ WKH pUVW�HUURU�HYHQW SUREDELOLW\ RI WKH 9LWHUEL GHFRGHU� 6LQFH WKH FRGH LV OLQHDU�

D VLPSOH WUDQVPLVVLRQ FDVH LV XVHG �DOO�]HURV WUDQVPLVVLRQ�� 7KH SUREDELOLW\ RI WKH GHFRGHU SDWK

GLYHUJLQJ DQG FRQYHUJLQJ ZLWK WKH WUXH SDWK �pUVW�HUURU�HYHQW� LV FDOFXODWHG� 7KH SUREDELOLW\ RI ELW

HUURU LV EDVHG RQ WKH pUVW�HUURU�HYHQW SUREDELOLW\ >��@�

$ FRQYROXWLRQDO GHFRGHU IDLOV WR GHFRGH D ZRUG SURSHUO\ ZKHQ WKH OHDVW�GLVWDQFH SDWK GLYHUJHV IURP

WKH WUXH GDWD SDWK IRU D FHUWDLQ QXPEHU RI VWDWHV XQWLO LW FRQYHUJHV DJDLQ ZLWK WKH WUXH SDWK� (DFK

RI WKHVH GLYHUJHQFHV ZLOO KDYH D FHUWDLQ HUURU GLVWDQFH �'G�� DQG LW ZLOO LQFXU D FHUWDLQ QXPEHU RI

GDWD ELW HUURUV �1I�G��� (DFK RI WKHVH SDWK ZLOO RFFXU D FHUWDLQ QXPEHU RI WLPH �D�� $ SRO\QRPLDO

RI WKH IRUP GHVFULEHG LQ (TXDWLRQ ��� FDQ EH FRQWUXFWHG WR GHVFULEH WKHVH GLYHUJLQJ SDWKV�



��

7 �D�'�1�  
�;

G GIUHH

DG1
I�G�'G �����

6LQFH ERWK KDUG DQG VRIW GHFLVLRQ SHUIRUP GHFRGLQJ RQ WKH VDPH SRO\QRPLDO� WKH SUREDELOLW\ RI ELW

HUURU �3E� IRU ERWK FDVHV LV EDVHG RQ 7 �D�'�1�� 3E�VRIW� IRU VRIW GHFLVLRQ LV ERXQGHG E\ (TXDWLRQ

����

3E�VRIW� �
G7 �D�'�1�

G1

ppppp
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�����

ZKHUH 5 LV WKH UDWH RI WKH FRGH XVHG� 7 �D�'�1� LQ (TXDWLRQ ��� FDQ EH UHSODFHG E\ (TXDWLRQ ����

\LHOGLQJ (TXDWLRQ ����

3E�VRIW� �
�;

G GIUHH

DGI�G�H
bG5(E

1R �����

7KLV ERXQG ZLOO WLJKWHQ DV WKH QXPEHU RI SDWKV LV LQFUHDVHG� $ UHFXUVLYH DOJRULWKP ZDV EXLOW

WKDW H[SORUHG WKH pUVW IHZ WKRXVDQG SDWKV WKDW GLYHUJH DQG FRQYHUJH IURP WKH DOO�]HUR SDWK LQ WKH

9LWHUEL GHFRGHU� ZKLFK \LHOGHG D SRO\QRPLDO RI RUGHU pIWHHQ� )LJXUH ��� SUHVHQWV WKH VLPXODWHG

U  �
� VRIW�GHFLVLRQ VLPXODWLRQ ZLWK WKH WKHRUHWLFDO ERXQG�

3E IRU WKH KDUG�GHFLVLRQ FDVH LV ERXQG E\ (TXDWLRQ �����

3E�KDUG� �
G7 �D�'�1�

G1

ppppp
1 ��' �

S
S��bS�

������

ZKHUH S LV WKH SUREDELOLW\ RI FKDQQHO ELW HUURU� 5HSODFLQJ ��� IRU 7 �D�'�1� LQ ���� \LHOGV �����

3E�KDUG� �
�;

G GIUHH

DGI�G�

v
�
T
S��b S�

wG

������

8VLQJ WKH SRO\QRPLDO FDOFXODWHG LQ WKH UHFXUVLYH WUHOOLV VHDUFK SURJUDP DQG DSSO\LQJ (TXDWLRQ ����

\LHOGHG D WKHRUHWLFDO SHUIRUPDQFH ERXQG� 7KLV ERXQG ZDV FRPSDUHG WR WKH VLPXODWHG KDUG�GHFLVLRQ�

9LWHUEL�GHFRGHG FRQYROXWLRQDO FRGH RQ )LJXUH ����
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$V VHHQ LQ )LJXUHV ��� DQG ���� WKH VLPXODWLRQ SHUIRUPHG ZLWKLQ WKH WKHRUHWLFDO SHUIRUPDQFH ERXQGV�

2QFH WKH YDOLGLW\ RI WKH EDVLF FRQYROXWLRQDO HQFRGHU�GHFRGHU VHW ZDV SURYHQ� WKH SXQFWXUHG YHUVLRQ

RI WKH FRGH QHHGHG WR EH YDOLGDWHG�

3XQFWXUHG

6LQFH ERWK VRIW DQG KDUG GHFLVLRQ PRGHV IRU WKH FRQYROXWLRQDO GHFRGHU ZHUH YDOLGDWHG� WKH SXQFWXU�

LQJ ZDV WHVWHG XVLQJ RQO\ KDUG GHFLVLRQ� 7KH PDLQ UHDVRQ IRU VHOHFWLQJ KDUG GHFLVLRQ IRU WKH EXON RI

WKH WHVWLQJ LV WKDW V\VWHP SHUIRUPDQFH LV FRQVLGHUDEO\ ZRUVH IRU KDUG GHFLVLRQ GHFRGLQJ WKDQ LW LV

IRU VRIW GHFLVLRQ GHFRGLQJ �RYHU � G%�� 7KH KLJKHU %(5 UHWXUQHG E\ WKH KDUG GHFLVLRQ FRGH PHDQV

WKDW VKRUWHG VLPXODWLRQ WULDOV DUH QHHGHG WR JHQHUDWH D %(5 FXUYH� $OVR� VLQFH WKH VLPXODWLRQ RI

YLGHR VHTXHQFHV LV WKH XOWLPDWH JRDO RI WKH VLPXODWLRQ� D KLJKHU FRQFHQWUDWLRQ RI ELW HUURUV PHDQV

WKDW D UHODWLYHO\ VKRUW YLGHR VHTXHQFH LV QHHGHG WR DFKLHYH D PHDQLQJIXO QXPEHU RI YLVLEOH HUURUV�

7KH PHWKRG IRU YDOLGDWLQJ WKH SXQFWXUHG KDUG�GHFLVLRQ FRQYROXWLRQDO FRGLQJ LV YHU\ VLPLODU WR

WKH PHWKRG XVHG IRU WKH KDUG�GHFLVLRQ IXOO FRQYROXWLRQDO FRGH� 7KH UHFXUVLYH DOJRULWKP XVHG WR

GHWHUPLQH WKH HUURU SDWK SRO\QRPLDO GHpQHG LQ (TXDWLRQ ��� ZDV PRGLpHG WR WDNH LQWR DFFRXQW WKH

SXQFWXULQJ WDNLQJ SODFH LQ WKH GHFRGHU� 2QFH WKH IUHH GLVWDQFHV ZHUH FDOFXODWHG� (TXDWLRQ ����

ZDV XVHG WR GHWHUPLQH 3E� 7KH UHVXOWLQJ WKHRUHWLFDO FXUYH ZDV PDWFKHG WR WKH VLPXODWHG V\VWHP

SHUIRUPDQFH LQ )LJXUH ����

7KH SHUIRUPDQFH RI WKH VLPXODWLRQ LV ERXQGHG E\ WKH WKHRUHWLFDO OLPLW�

2QFH WKH PRGXOHV LQ WKH VLPXODWLRQ KDYH EHHQ WHVWHG� WKH DQDO\VLV RI YLGHR WUDQVPLVVLRQ LQ D ZLUHOHVV

V\VWHP FDQ EH LQYHVWLJDWHG�
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&KDSWHU �

'LJLWDO 9LGHR LQ D 1 RLV\ &KDQQHO

7HVWLQJ IRFXVHV RQ WZR SULPDU\ JRDOV� DVVHVVLQJ WKH HoHFWV RI ERWK HUURU FRUUHFWLRQ DQG FR�FKDQQHO

LQWHUIHUHQFH RQ D YLGHR WUDQVPLVVLRQ DQG JHQHUDWLQJ VXSSRUWLQJ HYLGHQFH IRU WKH XVH RI yGLVWDQFH

DV D IDFWRU WR SUHGLFW YLGHR TXDOLW\� 7KH HoHFWV RI GLoHUHQW HUURU FRUUHFWLRQ DOJRULWKPV RQ WKH

YLGHR WUDQVPLVVLRQ DUH WHVWHG LQ DQ $:*1 FKDQQHO� 7KH V\VWHP LV DOVR WHVWHG ZKHQ WKHUH LV ERWK

*DXVVLDQ QRLVH DQG QRQ�*DXVVLDQ QRLVH LQ WKH FKDQQHO� 7KH QRQ�*DXVVLDQ QRLVH LV PRGHOHG WKURXJK

WKH XVH RI DQ DWWHQXDWHG YLGHR VHTXHQFH LQ WKH FKDQQHO�

$QRWKHU LPSRUWDQW SURGXFW RI WKHVH WHVWV LV WKH JHQHUDWLRQ RI GDWD XVHG WR VXSSRUW WKH FUHDWLRQ RI D

FKDQQHO SDUDPHWHU WKDW FDQ EH XVHG WR SUHGLFW YLGHR TXDOLW\� 7KH SDUDPHWHU JHQHUDWHG LV yGLVWDQFH�

WKH HUURU�HYHQW�PHDQ�DUULYDO�UDWH� 7KLV SDUDPHWHU LV GLVFXVVHG LQ GHWDLO LQ 6HFWLRQ ������

$ SDWK FDQ EH GHULYHG IURP WKH FKDQQHO SHUIRUPDQFH WR WKH H[SHFWHG V\VWHP YLGHR TXDOLW\� 6LQFH

WKH %(5 RI D V\VWHP FDQ EH GHWHUPLQHG HLWKHU WKURXJK D WUDLQLQJ VHTXHQFH RU EDVHG RQ WKH V\VWHP
V

(E
1R
YDOXH� DQG VLQFH D V\VWHP
V yHUURU LV D IXQFWLRQ RI V\VWHP GHVLJQ DQG LW GRHV QRW FKDQJH DV D

IXQFWLRQ RI WKH HQYLURQPHQW� yGLVWDQFH IRU WKH V\VWHP FDQ EH FDOFXODWHG� 6LPXODWLRQ GDWD VKRZV WKDW

D YDOXH IRU WKH H[SHFWHG YLGHR TXDOLW\ FDQ EH GHULYHG EDVHG RQ yGLVWDQFH�

��
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��� 7 HVW 3 DU DPHWHU V

����� 6\VWHP 7 HVW 3 DU DPHWHU V

6LQFH WKH JRDO RI WKH SURMHFW LV WR VWXG\ YLGHR� D %(5 ZLQGRZ KDG WR EH GHWHUPLQHG� 7R SUHVHQW

D ODUJH HQRXJK QXPEHU RI HUURUV WR VHH GLVWRUWLRQV RQ WKH WUDQVPLVVLRQ� WKH YLGHR VHTXHQFHV ZLOO

EH WHVWHG DERYH %(5  ��b�� 7KLV UHODWLYHO\ KLJK %(5 ZLOO DVVXUH WKDW D IDLUO\ ODUJH QXPEHU RI

HUURUV ZLOO FRUUXSW WKH YLGHR VHTXHQFH� $OVR� VLQFH YLGHR LV D UHODWLYHO\ IUDJLOH GDWD IRUPDW� LI WKH

QXPEHU RI HUURUV LQ WKH WUDQVPLVVLRQ LV WRR KLJK� LW ZLOO EH FRUUXSWHG EH\RQG WKH DELOLW\ RI WKH YLGHR

GHFRGHU WR GHFRGH WKH WUDQVPLVVLRQ� 7R NHHS WKH YLGHR WUDQVPLVVLRQ GHFRGDEOH� WKH %(5 RI WKH

WHVWLQJ LV PDLQWDLQHG ZHOO EHORZ ��b��

����� 7 HVW 6HTXHQFHV

7KUHH YLGHR VHTXHQFHV ZHUH VHOHFWHG IRU WHVWLQJ� qRZHUVHT�PSJ �)LJXUH ����� SRQJVHT�PSJ �)LJXUH

����� DQG VXVLVHT�PSJ �)LJXUH ����� $OO WKUHH VHTXHQFHV DUH RI VLPLODU OHQJWK �DURXQG �� 0ELW� DQG

DOO RSHUDWH DW WKH VDPH ELW�UDWH ���� 0ESV�� $OO WKUHH VHTXHQFHV DUH 03(*��� EXW WKH\ DUH DOVR

03(*�� FRPSOLDQW� ZKLFK PHDQV WKDW QRQH RI WKH pOHV FRQWDLQ DQ\ H[WHQGHG pHOG LQIRUPDWLRQ�

)LJXUH ���� CqRZHU
 7HVW 9LGHR 6HTXHQFH
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)LJXUH ���� CSRQJ
 7HVW 9LGHR 6HTXHQFH

)LJXUH ���� CVXVL
 7HVW 9LGHR 6HTXHQFH
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7KH VHOHFWHG YLGHR VWUHDPV KDYH GLoHUHQW FKDUDFWHULVWLFV� 7KH CqRZHU
 VWUHDP SUHVHQWV WKH SDQQLQJ

RYHU D YLVWD� WKH YLVWD FKDQJHV OLWWOH RYHU WKH SHULRG VHHQ LQ WKH YLGHR VHTXHQFH� ,Q VXFK D VHTXHQFH�

WKH PRWLRQ YHFWRU SOD\V D NH\ UROH LQ GDWD�FRPSUHVVLRQ� 7KH CVXVL
 VWUHDP LV D SRUWUDLW ZLWK VHYHUDO

IHDWXUHV WKDW PRYH DQG DUH KLGGHQ �VXFK DV KDLU PRYLQJ IURP YLVLEOH WR EHKLQG WKH KHDG�� SUHVHQWLQJ

VHYHUDO QHZ LQIRUPDWLRQ EORFNV LQ IURQW RI D VWDWLF EDFNJURXQG� 7KH CSRQJ
 VHTXHQFH VKRZV D PL[

RI WKH FKDUDFWHULVWLFV VHHQ LQ WKH CqRZHU
 DQG CVXVL
 VHTXHQFHV� WKH VHTXHQFH SDQV RYHU DQ DUHD�

SUHVHQWLQJ D IDLU DPRXQW RI PRWLRQ YHFWRUV FRPELQHG ZLWK VRPH DFWLRQ VHHQ LQ WKH SOD\HU
V KLGGHQ

IHDWXUHV� VXFK DV DUPV� PRYLQJ LQWR DQG RXW RI YLHZ� 7KHVH VHTXHQFHV ZHUH VHOHFWHG LQ DQ HoRUW WR

KDYH D FRPELQDWLRQ RI IHDWXUHV ZKLOH PDLQWDLQLQJ D PLQLPXP DPRXQW RI GDWD WR EH VLPXODWHG�

(DFK VHTXHQFH ZDV UXQ WKUHH WLPHV DW HDFK SRZHU OHYHO DQG V\VWHP VHWWLQJ� $ WRWDO RI QLQH WULDOV

�WKUHH WULDOV RI HDFK VHTXHQFH� ZHUH UXQ SHU SORWWHG SRLQW� 7KH PHWULFV E\ ZKLFK WKH WHVW FDVHV DUH

WR EH FRPSDUHG LV JLYHQ EHORZ�

����� 7 HVWLQJ 0 HWU LFV

7KH 3HDN�6LJQDO�WR�1RLVH�5DWLR �3615�� GLVFXVVHG LQ VHFWLRQ ��� LV D UHODWLYHO\ VLPSOH PHWKRG RI

GHWHUPLQLQJ YLGHR TXDOLW\� 7KLV PHWULF LV XVHG DV WKH EDVLF PHWULF RI YLGHR TXDOLW\� 7ZR RWKHU

PHWULFV� WKH %(5 DQG (E
1R
RI WKH OLQN DUH XVHG WR SURYLGH D SRLQW RI UHIHUHQFH WR FRPSDUH VLJQDO

VWUHQJWK� 7KH %(5 SURYLGHV D VLPSOH JXLGHOLQH RI V\VWHP SHUIRUPDQFH� ZKLOH (E
1R
SURYLGHV D SRZHU

UHIHUHQFH�

&RPPXQLFDWLRQV V\VWHPV DUH HQJLQHHUHG EDVHG RQ WKH H[SHFWHG QXPEHU RI ELW HUURUV LQ D WUDQV�

PLVVLRQ �%(5�� D PHWULF WKDW PD\ QRW EH VXrFLHQW WR FKDUDFWHUL]H WKH SHUIRUPDQFH RI D GLJLWDO

FRPPXQLFDWLRQ V\VWHP� ,W LV WKH EHOLHI RI WKH DXWKRU WKDW DQRWKHU VHW RI PHWULFV LV QHFHVVDU\ WR

FRPSOHPHQW WKH %(5 WR SUHGLFW WKH SHUIRUPDQFH RI D GLJLWDO YLGHR V\VWHP� $ PHWKRG RI GHWHUPLQ�

LQJ WKH ?EXUVWLQHVV� RI D FKDQQHO LV QHFHVVDU\ WR FRPSOHPHQW WKH %(5 PHWULF WR SUHGLFW WKH TXDOLW\

RI D YLGHR WUDQVPLVVLRQ�

)LJXUH ��� VKRZV WKH HUURU GLVWULEXWLRQ LQ D VLQJOH WUDQVPLVVLRQ� 7KH [�D[LV RI WKH JUDSK UHSUHVHQWV

DOO Q ELW�HUURUV� DQG WKH \�D[LV UHSUHVHQWV WKH GLVWDQFH �LQ QXPEHU RI ELWV� EHWZHHQ WKH EHJLQLQJ

RI WKH pOH DQG WKDW HUURU HYHQW� 7KH \�D[LV RI WKH JUDSK LV DQ DEVROXWH PHDVXUH RI GLVWDQFH LQ WKH
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)LJXUH ���� %LW (UURU 'LVWULEXWLRQ RYHU 7LPH

WUDQVPLWWHG VWUHDP� ,Q RWKHU ZRUGV� WKH VWUHDP FRQWDLQV URXJKO\ �� d ��� ELWV� 7KH [�D[LV LV D
VHTXHQWLDO OLVW RI DOO ELW�HUURUV LQ WKH VWUHDP� WKHUH DUH DURXQG ��� HUURUV LQ WKH VWUHDP� ��� HUURUV

GLVWULEXWHG RYHU D OHQJWK RI ��d ��� ELWV PHDQV WKDW WKH %(5 LV URXJKO\ ����d ��b��

)LJXUH ��� FRQVLVWV RI D VHULHV RI KRUL]RQWDO OLQHV� HDFK KRUL]RQWDO OLQH EHLQJ FRPSULVHG RI VHYHUDO

ELW�HUURUV RFFXUULQJ LQ D �UHODWLYHO\� VKRUW SHULRG RI WLPH� (DFK ELW�HUURU EXUVW FDQ EH FRQVLGHUHG

D VLQJOH HYHQW RI OHQJWK �L� ZKHUH L LV WKH HYHQW QXPEHU� WKHUH DUH DSSUR[LPDWHO\ WKLUW\�WKUHH HUURU

HYHQWV RQ WKLV JUDSK� (DFK HUURU�HYHQW LV PDGH XS RI D QXPEHU RI ELW�HUURUV OHVV WKDQ Q� ,I HDFK

ELW�HUURU EXUVW LV FRQVLGHUHG D VLQJOH HYHQW� DQG LI HDFK HYHQW LV DVVRFLDWHG ZLWK D OHQJWK �L� WKHQ

HDFK HYHQW FDQ EH PRGHOHG DV D UDQGRP SURFHVV RI WKH IRUP VHHQ LQ (TXDWLRQ ��� >��@� ZLWK y GHpQHG

DV WKH PHDQ DUULYDO UDWH� (TXDWLRQ ��� LV WKH SGI RI WKH HYHQW LQWHUDUULYDO WLPH� RU WKH VHSDUDWLRQ

EHWZHHQ WKH EHJLQQLQJ RI HDFK HYHQW� ZKRVH SUREDELOLW\ PDVV IXQFWLRQ LV GHVFULEHG LQ (TXDWLRQ ����

DOVR NQRZQ DV D 3RLVVRQ UDQGRP SURFHVV�

I� �W�  yHbyWX�W� �����
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31 �Q� W�  
�yW�Q

Q�
HbyWX�W� �����

,Q (TXDWLRQ ���� Q LV WKH HYHQW QXPEHU�

,Q WKH VSHFLpF FDVH RI GHWHUPLQLQJ WKH PHDQ ELW�HUURU EXUVW OHQJWK� y LV UHSODFHG ZLWK yHUURU� WKH

PHDQ EXUVW OHQJWK� 7KH PHDQ VHSDUDWLRQ EHWZHHQ EXUVWV� RU WKH HUURU�HYHQW�PHDQ�DUULYDO�UDWH

yGLVWDQFH� LV VLPLODU WR yHUURU� yGLVWDQFH UHFRUGV WKH PHDQ QXPEHU RI ELWV VHSDUDWLQJ HDFK HUURU HYHQW�

,Q RWKHU ZRUGV� LI )LJXUH ��� ZHUH VHHQ DV D VWDLUFDVH� yHUURU LV WKH PHDQ VWHS ZLGWK� DQG yGLVWDQFH

LV WKH PHDQ VWHS KHLJKW�

7R pW WKH HUURU HYHQW OLVW VHHQ LQ )LJXUH ��� LQWR D 3RLVVRQ UDQGRP SURFHVV� WKH GDWD KDV WR EH

PRGLpHG� $Q DOJRULWKP ZDV ZULWWHQ WR VHDUFK WKURXJK WKH HUURU OLVW DQG DVVHPEOH EXUVWV LQWR VLQJOH

HYHQWV� 7KH DOJRULWKP VHDUFKHV D VHTXHQFH IRU EXUVWV DQG SDUVHV LW LQWR LQGLYLGXDO HYHQWV� $ VLQJOH

EXUVW LV FRQVLGHUHG WR EH DQ\ QXPEHU RI ELW HUURUV ZLWKLQ D SDFNHW OHQJWK ����� ELWV RQ DQ 03(*��

7UDQVSRUW 6WUHDP SDFNHW�� 7ZR DUUD\V RI HYHQWV DUH UHWXUQHG� RQH IRU WKH QXPEHU RI ELW HUURUV LQ

HDFK HUURU HYHQW DQG WKH RWKHU IRU WKH QXPEHU RI ELWV EHWZHHQ HDFK HUURU� ZKRVH PHDQ LV yHUURU DQG

yGLVWDQFH UHVSHFWLYHO\�

��� *DXVVLDQ 5HIHU HQFH

)LJXUH ��� VKRZV WKH ELW HUURU GLVWULEXWLRQ RI D 436.�PRGXODWHG WUDQVPLVVLRQ LQ DQ $:*1 FKDQQHO

ZLWK QR HUURU FRUUHFWLRQ� 7KH JUDSK LV FRPSRVHG RI HVVHQWLDOO\ D VLQJOH GLDJRQDO OLQH�

6LQFH WKH FKDQQHO KDV QR PHPRU\ DQG VLQFH WKH V\PEROV DUH LQGHSHQGHQW �QR ,QWHU�6\PERO ,QWHU�

IHUHQFH�� WKH SUREDELOLW\ RI HUURU IRU DQ\ RQH ELW LV LQGHSHQGHQW RI DOO RWKHUV� 6LQFH WKH V\VWHP

HQYLURQPHQW GRHV QRW FKDQJH GXULQJ WKH FRXUVH RI WKH VLPXODWLRQ� WKH SUREDELOLW\ RI ELW HUURU LV WKH

VDPH IRU DOO ELWV� 7KHUHIRUH� RQH ZRXOG H[SHFW WKDW WKHUH ZRXOG EH HUURUV LQ WKH UHFHLYHU DW IDLUO\

HYHQ LQWHUYDOV�

7DEOHV ���� ���� DQG ��� GHVFULEH WKH EHKDYLRU RI WKH V\VWHP LQ D *DXVVLDQ QRLVH HQYLURQPHQW

ZLWK QR HUURU FRUUHFWLRQ IRU WKH VHTXHQFHV CVXVL�
 CSRQJ�
 DQG CqRZHU
 UHVSHFWLYHO\� 7KHVH WDEOHV

DUH VXPPDUL]HG LQ 7DEOH ���� 'LoHUHQFHV LQ FRQWHQW OHDG WR GLoHUHQW FRQFHQWUDWLRQV RI PRWLRQ
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)LJXUH ���� %LW (UURU 'LVWULEXWLRQ� 1R (UURU 3URWHFWLRQ

7DEOH ���� 0HDQ 9DOXHV IRU ?6XVL� ZLWK 1R (UURU &RUUHFWLRQ
(E
1R

yHUURU yGLVWDQFH %(5 3615

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

7DEOH ���� 0HDQ 9DOXHV IRU ?3RQJ� ZLWK 1R (UURU &RUUHFWLRQ
(E
1R

yHUURU yGLVWDQFH %(5 3615

��� ���� ����d ��� ����d ��b� �

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ��
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7DEOH ���� 0HDQ 9DOXHV IRU ?)ORZHU� ZLWK 1R (UURU &RUUHFWLRQ
(E
1R

yHUURU yGLVWDQFH %(5 3615

��� ���� ����d ��� ����d ��b� ���

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

7DEOH ���� 2YHUDOO 0HDQ 9DOXHV ZLWK 1R (UURU &RUUHFWLRQ
(E
1R

yHUURU yGLVWDQFH %(5 3615

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

��� ���� ����d ��� ����d ��b� ����

YHFWRUV DQG FRPSUHVVLELOLW\ RI '&7V� LQ WKH KRSHV RI DFKLHYLQJ D UHSUHVHQWDWLYH PHDVXUH RI RYHUDOO

SHUIRUPDQFH� WKHVH WKUHH VHTXHQFHV ZHUH WHVWHG� DQG WKH UHVXOWV IURP WKHVH GLoHUHQW VHTXHQFHV �RI

VLPLODU OHQJWK� VL]H� DQG FRGLQJ IRUPDW� EXW GLoHUHQW FRQWHQW� ZHUH FRPSLOHG LQWR D VLQJOH UHVXOW�

7DEOH ��� LV IDLUO\ UHSUHVHQWDWLYH RI WKH VHTXHQFHV DV D ZKROH�

7KH DPRXQW RI GDWD WKDW WKH SUHVHQWHG WDEOHV VXPPDUL]H LV YHU\ ODUJH� (DFK VDPSOH SRLQW �D VLQJOH

WULDO DW D SDUWLFXODU (E
1�
� LV WKH UHVXOW RI WKH DQDO\VLV RI D VL[� RU VHYHQ�VHFRQG VHTXHQFH UXQQLQJ DW

DURXQG ��� 0ESV� UHVXOWLQJ LQ D WRWDO OHQJWK RI URXJKO\ �� 0ELWV� :KHQ HUURU�FRUUHFWLRQ FRGLQJ LV

DGGHG WR WKH VHTXHQFH� WKH VHTXHQFH OHQJWK LQFUHDVHV LQ OHQJWK WR DV ORQJ DV ���� 0ELW� 7HQ VDPSOHV

DUH WDNHQ RI HDFK SXOVH�VKDSHG ELW� EULQJLQJ WKH WRWDO VHTXHQFH OHQJWK WR DURXQG ��� 0VDPSOHV�

(DFK WULDO LV UXQ WKUHH WLPHV SHU VHTXHQFH �WKHUH DUH WKUHH VHTXHQFHV�� VR HDFK WULDO DW HDFK SRLQW LV

UXQ QLQH WLPHV� EULQJLQJ WKH WRWDO QXPEHU RI VDPSOHV DQDO\]HG WR ���� *VDPSOHV� (DFK WHVW SRLQW

LQ WKH RYHUDOO UHVXOWV WDEOH UHSUHVHQWV WKH DQDO\VLV RI DQ\ZKHUH EHWZHHQ ��� 0VDPSOHV DQG ����

*VDPSOHV� 7R PLQLPL]H FRQIXVLRQ FUHDWHG E\ WKH ODUJH DPRXQW RI GDWD JHQHUDWHG E\ VLPXODWLRQ�

WKLV GDWD LV WKHQ FRQGHQVHG LQWR IRXU QXPEHUV� WKH %(5� yHUURU� yGLVWDQFH� DQG 3615�

7KHUH DUH VHYHUDO WUHQGV VHHQ LQ 7DEOH ��� WKDW VKRXOG EH ORRNHG DW LQ VRPH GHWDLO� )LUVW� yHUURU



��

FKDQJHV VOLJKWO\ DV D IXQFWLRQ RI %(5� (YHQ WKRXJK WKH V\VWHP DUFKLWHFWXUH GRHV QRW FKDQJH� WKH

PHDQ EXUVW OHQJWK GRHV FKDQJH� 7KH UHDVRQ IRU WKLV FKDQJH LV WKDW WKH FRQFHQWUDWLRQ RI ELW�HUURUV

LQFUHDVHV� ,I WKH FRQFHQWUDWLRQ LV VXFK WKDW� HYHQ WKRXJK WKH HUURUV DUH HYHQO\ GLVWULEXWHG� WKHUH LV

PRUH WKDQ RQH HUURU�HYHQW SHU SDFNHW� WKHQ WKH HYHQW�GHWHFWLRQ DOJRULWKP ZLOO LGHQWLI\ WKHVH HUURU�

HYHQWV DV D VLQJOH HUURU�HYHQW� $V WKH %(5 GHFUHDVHV� WKH FRQFHQWUDWLRQ RI HUURUV WKURXJKRXW WKH

VHTXHQFH GHFUHDVHV� EULQJLQJ WKH PHDQ GLVWDQFH EHWZHHQ HUURUV WR OHVV WKDQ D SDFNHW OHQJWK� )RU

H[DPSOH� WKH FRQYROXWLRQDO HUURU�FRUUHFWLRQ FRGH IDLOV ZKHQ WKH HVWLPDWHG SDWK GLYHUJHV IURP WKH

WUXH GDWD SDWK� 7KLV GLYHUJHQFH PD\ KDSSHQ PRUH WKDQ RQFH SHU SDFNHW� (DFK GLYHUJHQFH VKRXOG

EH FRQVLGHUHG DV D VLQJOH HUURU�HYHQW� +RZHYHU� EHFDXVH WKH HUURU�HYHQW GHWHFWLRQ DOJRULWKP XVHV D

VLQJOH SDFNHW OHQJWK DV WKH EDVLF XQLW ZKHQ GHFLGLQJ LI DQ HUURU�HYHQW RFFXUUHG� VHYHUDO GLYHUJHQFHV

LQ WKH 9LWHUEL DOJRULWKP ZLOO EH HYDOXDWHG DV D VLQJOH HUURU�HYHQW� (YHQ WKRXJK yHUURU FKDQJHV DV D

IXQFWLRQ RI %(5� WKH FKDQJH LV QRW GUDPDWLF�

$QRWKHU WUHQG SRLQWV WR WKH IDFW WKDW WKH %(5 FDQ EH GHULYHG IURP ERWK yV� (TXDWLRQ ��� SUHVHQWV

WKH UHODWLRQVKLS EHWZHHQ WKH %(5 DQG yHUURU DQG yGLVWDQFH�

%(5  
yHUURU

yGLVWDQFH
� IRU Q ODUJH� �����

$ VKRUW SURRI RI (TXDWLRQ ��� IROORZV�

,I D ELW VHTXHQFH ZLWK EXUVWV RI HUURUV LV SDUVHG LQWR LQGLYLGXDO EXUVWV� WZR YHFWRUV FDQ EH FUHDWHG�

aH FRQWDLQV WKH QXPEHU RI ELW HUURUV LQ HDFK EXUVW� DQG aG FRQWDLQV WKH QXPEHU RI ELWV VHSDUDWLQJ WKH

EHJLQLQJ RI HDFK EXUVW� (DFK YHFWRU LV OHQJWK Q� WKH QXPEHU RI EXUVWV LQ WKH ELW VHTXHQFH� )LJXUH

��� FRQWDLQV D OD\RXW RI ELW VWUHDP DQG WKH SDUVLQJ WKDW KDV EHHQ GRQH�

)LJXUH ���� %LW�(UURU %XUVW 3DUVLQJ 6WUXFWXUH

7KH QXPEHU RI ELW�HUURUV FDQ EH FDOFXODWHG E\ DGGLQJ WKH ELW�HUURUV OLVWHG IRU HDFK EXUVW DV VHHQ LQ
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(TXDWLRQ ����

1HUURUV  
Q;
L �

HL �����

$V VHHQ LQ (TXDWLRQ ���� WKH WRWDO QXPEHU RI ELWV LQ WKH ZKROH VHTXHQFH LV WKH VXP RI WKH GLVWDQFH

EHWZHHQ DOO EXUVWV SOXV WKH GLVWDQFH EHWZHHQ WKH EHJLQLQJ RI WKH ODVW HUURU EXUVW DQG WKH HQG RI WKH

VHTXHQFH� UHSUHVHQWHG E\ WKH QXPEHU s�

1ELWV  

�
Q;
L �

GL

�
� s �����

6LQFH %(5 LV WKH UDWLR RI ELW�HUURUV WR WRWDO ELW FRXQW� (TXDWLRQ ��� FDQ EH XVHG DV D GHpQLWLRQ RI

%(5�

%(5  

3Q
L � HL

�
3Q

L � GL� � s
�����

7KH YDULDEOH s LV D IXQFWLRQ RI WKH DUULYDO UDWH RI QHZ EXUVWV� LW LV QRW D IXQFWLRQ RI WKH OHQJWK RI WKH

VHTXHQFH EXW RI WKH V\VWHP EHLQJ HYDOXDWHG� 7KXV� IRU ODUJH Q� LW LV VDIH WR DVVXPH (TXDWLRQ ����

s �
Q;
L �

GL �����

7DNLQJ WKH DVVXPSWLRQ LQ (TXDWLRQ ��� LQWR DFFRXQW� WKH OLPLW RI %(5 LV GHpQHG E\ (TXDWLRQ ����

OLP
Q��

3Q
L � HL

�
3Q

L � GL� � s
 

3Q
L � HL3Q
L � GL

�����

(TXDWLRQV ��� DQG ���� GHpQH yHUURU DQG yGLVWDQFH� UHVSHFWLYHO\�

yHUURU  
�

Q

Q;
L �

HL �����

yGLVWDQFH  
�

Q

Q;
L �

GL ������
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7KH UDWLR RI yHUURU WR yGLVWDQFH� DV VHHQ LQ (TXDWLRQ ����� LV WKH VDPH DV (TXDWLRQ ���� WKHUHIRUH�

(TXDWLRQ ��� LV YDOLG�

yHUURU
yGLVWDQFH
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)LJXUH ���� %(5 YV� 3615 IRU 6HTXHQFH ZLWK QR (UURU &RUUHFWLRQ

)LQDOO\� WKH 3615 VHHPV WR EH D IDLUO\ OLQHDU IXQFWLRQ RI WKH %(5 DV VHHQ LQ )LJXUH ���� 7KLV

UHODWLRQVKLS LV LQWXLWLYH VLQFH D KLJKHU QXPEHU RI ELW�HUURUV ZRXOG OHDG WR D KLJKHU QXPEHU RI YLVLEOH

GHIHFWV LQ WKH YLGHR VHTXHQFH� 7KLV UHODWLRQVKLS LV VHHQ RQO\ RYHU WKH UHJLRQ LQ ZKLFK WKH VHTXHQFH

LV WHVWHG� DQG WKLV UHODWLRQVKLS PD\ QRW KROG RYHU RWKHU UHJLRQV� 7KLV UHODWLRQVKLS ZLOO FROODSVH DV

WKH %(5 LQFUHDVHV� $ YLGHR VHTXHQFH EHORZ �� G% 3615 KDV D YHU\ KLJK ULVN RI WRWDO GHFRGLQJ

IDLOXUH� *LYHQ WKH OHQJWK RI WKH VHTXHQFH �RQO\ �� 0ELW�� VLPXODWLRQV ZLWK %(5V WRR IDU EHORZ ��b�

GR QRW \LHOG FUHGLEOH UHVXOWV VLQFH WKH QXPEHU RI ELW�HUURUV DFKLHYHG DUH QRW VWDWLVWLFDOO\ VLJQLpFDQW�
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��� &RQYROXWLRQDO &RGLQJ

7KH FRQYROXWLRQDO FRGH� GHVFULEHG LQ ������ LV D FRGH WKDW IDLOV ZKHQ DQ LQFRUUHFW GDWD SDWK LV VHOHFWHG

LQ WKH 9LWHUEL GHFRGHU� 7KHVH GHYLDWLRQV IURP WKH WUXH GDWD SDWK RFFXU LQ EXUVWV RI YDULDEOH OHQJWK�

7KH SUREDELOLW\ RI D EXUVW RI HUURUV RI D FHUWDLQ OHQJWK LV URXJKO\ SURSRUWLRQDO WR WKH OHQJWK RI

WKH EXUVW� 7KLV UHODWLRQVKLS LV GXH WR WKH GLVWDQFH SURSHUWLHV RI WKH FRGH� $ VKRUWHU GHYLDWLRQ LV

W\SLFDOO\ DVVRFLDWHG WR D VPDOO IUHH GLVWDQFH� DQG ORQJHU SDWK GHYLDWLRQV DUH DVVRFLDWHG ZLWK ORQJHU

GLVWDQFHV� 7KLV JHQHUDOL]DWLRQ JLYHV DQ LQWXLWLYH LGHD RI WKH UHODWLRQVKLS RI WKH FRGH WR WKH HUURU

GLVWULEXWLRQ�

����� % LW ( U U RU 'LVWU LEXWLRQ

7KH %(5 FXUYH IRU D U  �
� FRQYROXWLRQDO HQFRGHU KDUG�GHFLVLRQ 9LWHUEL GHFRGHU V\VWHP LV VHHQ

LQ )LJXUH ���� :KHQ (E
1R
 ���G%� WKH VLPXODWLRQ \LHOGV %(5  ��� d ��b�� DQG WKH ELW HUURU

GLVWULEXWLRQ LV VHHQ LQ )LJXUH ����
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)LJXUH ���� %LW (UURU 'LVWULEXWLRQ� U  �
� +DUG 'HFLVLRQ &RQYROXWLRQDO &RGH

=RRPLQJ LQ RQ WKH ELW�HUURU GLVWULEXWLRQ RI WKH FRQYROXWLRQDO FRGH VKRZV WKDW WKH HUURUV DUH� IRU
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WKH PRVW SDUW� FOXVWHUHG LQ UHODWLYHO\ VKRUW EXUVWV� )LJXUH ��� SUHVHQWV D SORW RI WKH pUVW pIW\ HUURUV

LQ WKH VHTXHQFH�

0 5 10 15 20 25 30 35 40 45 50
0.5

1

1.5

2

2.5

3

3.5

4
x 10

6

Error Number

Di
st

an
ce

 to
 B

eg
in

ni
ng

 o
f S

eq
ue

nc
e

)LJXUH ���� %LW (UURU 'LVWULEXWLRQ� )LUVW )LIW\ (UURUV� U  �
� +DUG 'HFLVLRQ &RQYROXWLRQDO &RGH

7R SURYLGH D SRLQW RI UHIHUHQFH IRU )LJXUHV ��� DQG ���� yHUURU  ���� DQG yGLVWDQFH  ����d ��� IRU
WKLV SDUWLFXODU VFHQDULR�

6HYHUDO WULDOV ZHUH UXQ WR GHWHUPLQH WKH EHKDYLRU RI WKH FRQYROXWLRQDO FRGH� 7DEOH ��� SUHVHQWV WKH

UHVXOWV RI WKHVH WULDOV�
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,Q 7DEOH ���� yHUURU LQFUHDVHV DV WKH %(5 LQFUHDVHV� 7KHUH DUH WZR SRVVLEOH H[SODQDWLRQV IRU WKLV

EHKDYLRU� 7KH pUVW SRVVLEOH H[SODQDWLRQ LV WKDW WKH QXPEHU RI GHYLDWLRQV IURP WKH WUXH GDWD SDWK

LQ WKH WUHOOLV GHFRGHU LQFUHDVHV� 6LQFH WKH EXUVW DOJRULWKP ORRNV IRU HUURU HYHQWV RQ WKH EDVLV RI

D VLQJOH SDFNHW�OHQJWK� VHYHUDO VPDOO EXUVWV ZLOO EH LQWHUSUHWHG DV D ODUJH HUURU EXUVW� $QRWKHU

SRVVLEOH UHDVRQ IRU WKLV EHKDYLRU� WKH DGGHG QRLVH FDXVHV ORQJHU GHYLDWLRQV IURP WKH WUXH GDWD SDWK�

LQFUHDVLQJ WKH PHDQ EXUVW OHQJWK�

6LPLODUO\ WKH QR�SURWHFWLRQ VLPXODWLRQV� WKH 3615 VHHPV WR EH OLQHDU ZLWK UHVSHFW WR WKH %(5� DV

VHHQ LQ )LJXUH �����
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)LJXUH ����� %(5 YV� 3615 IRU 6HTXHQFH ZLWK &RQYROXWLRQDO�&RGH 3URWHFWLRQ

��� 5HHG�6RORPRQ &RGH

7KH 5HHG�6RORPRQ �56� FRGH� GHVFULEHG LQ ������ LV D EORFN FRGH WKDW EHKDYHV LQ D ELQDU\ ZD\� LW

ZLOO HLWKHU SHUIHFWO\ GHFRGH D ZRUG �SDFNHW�� RU LW ZLOO FRPSOHWHO\ IDLO� 7KLV LQVWDQFH RI WKH FRGH

��������� ZLOO FRUUHFW DQ\ ZRUG WKDW KDV DV PDQ\ DV HLJKW V\PERO HUURUV� ZKLFK PD\ EH DQ\ZKHUH

EHWZHHQ HLJKW DQG VL[W\�IRXU ELW HUURUV IRU WKH HLJKW�ELW V\PERO FDVH� $ VHW RI WULDOV� DQ H[DPSOH RI
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ZKLFK LV VHHQ LQ )LJXUH ����� ZHUH UXQ� DQG VHYHUDO VWDWLVWLFDO PHWULFV FRQFHUQLQJ WKHVH WULDOV ZHUH
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)LJXUH ����� %LW (UURU 'LVWULEXWLRQ� 5HHG�6RORPRQ ��������� &RGH

$ ]RRPHG YHUVLRQ RI )LJXUH ���� LV VHHQ LQ )LJXUH �����

7KH VKRZQ VHTXHQFH ZDV VLPXODWHG ZLWK (E
1R
 ���G%� DQG D UHVXOWLQJ %(5  ����d ��b��

$W pUVW VLJKW� LW LV DSSDUHQW WKDW WKH QXPEHU RI EXUVWV LQ D 56 FRGH�SURWHFWHG VHTXHQFH KDV GH�

FUHDVHG VLJQLpFDQWO\� ZKLOH WKH OHQJWK RI WKHVH EXUVWV KDV LQFUHDVHG FRQVLGHUDEO\ UHODWLYH WR WKH

FRQYROXWLRQDO�FRGH�SURWHFWHG VHTXHQFH DQG WKH QR�FRUUHFWLRQ VHTXHQFH�

7KH EHKDYLRU RI WKH FRGH LV VXPPDUL]HG LQ 7DEOH ���� 7KH YDOXHV SUHVHQWHG RQ 7DEOH ��� DUH WKH

PHDQ UHVXOW RI D VHULHV RI WULDOV RYHU DOO WKUHH WHVW VHTXHQFHV�

7KH 3615 LV OLQHDU ZLWK UHVSHFW WR WKH %(5� DV VHHQ LQ )LJXUH �����

/LNH LQ WKH FRQYROXWLRQDO FRGH FDVH� yHUURU LQFUHDVHV DV D IXQFWLRQ RI WKH %(5� 7KLV LQFUHDVH RFFXUV

EHFDXVH WKH FRQFHQWUDWLRQ RI HUURUV LQFUHDVHV ZLWK %(5� DQG WKH QXPEHU RI HUURUV EULQJLQJ WKH 56
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)LJXUH ����� %(5 YV� 3615 IRU 6HTXHQFH ZLWK 5HHG�6RORPRQ�&RGH 3URWHFWLRQ

FRGH SDVW WKH IDLOXUH SRLQWV PRUH RIWHQ H[FHHGV WKH WKUHVKROG RI QLQH HUURUV�

$Q LQWHUHVWLQJ SRLQW WR REVHUYH� WKH YDOXH RI yHUURU LV EHORZ QLQH IRU VRPH FDVHV� 7KH HUURU�FRUUHFWLRQ

FDSDELOLW\ RI WKH FRGH LV HLJKW� ZKLFK PHDQV WKDW WKHUH VKRXOG QHYHU EH DQ\ FDVH LQ ZKLFK WKH QXPEHU

RI HUURUV VHHQ LV OHVV WKDQ RU HTXDO WR HLJKW� (LJKW RU OHVV HUURUV LQ D SDFNHW FDQ DOVR RFFXU ZKHQ

WKH UHGXQGDQW GDWD DGGHG E\ WKH 5HHG�6RORPRQ FRGH KDV DW OHDVW RQH HUURU� 7KH UHGXQGDQW GDWD

LV GLVFDUGHG E\ WKH UHFHLYHU RQFH WKH 56 GHFRGHU LV SDVVHG� ,I WKHUH LV DQ HUURU LQ WKH UHGXQGDQW

GDWD �ZKLFK ZRXOG KDYH EURXJKW WKH QXPEHU RI HUURUV WR D QXPEHU KLJKHU WKDQ HLJKW�� WKHQ WKDW

HUURU ZLOO QRW VKRZ XS LQ WKH pQDO HUURU FRXQW� JLYLQJ UHVXOWV WKDW PD\ PLVWDNHQO\ LPSO\ WKDW WKHUH

LV D VHULRXV EXJ LQ WKH 56 GHFRGHU�

��� &RQFDWHQDWHG &RGH

7KLV FRGH FRPELQHV WKH EHQHpWV RI WZR SRZHUIXO FRGHV LQWR RQH YHU\ SRZHUIXO FRGH� 7KH 56 DQG

FRQYROXWLRQDO FRGHV FRPSOHPHQW HDFK RWKHU� :KLOH WKH FRQYROXWLRQDO FRGH LV GHVLJQHG WR HrFLHQWO\

FRUUHFW HUURUV VSUHDG WKURXJKRXW WKH ZKROH VHTXHQFH� IDLOLQJ LQ WKH IRUP RI VKRUW EXUVWV� WKH 56
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FRGH LV GHVLJQHG WR FRUUHFW VKRUW EXUVWV RI HUURUV�

$OWKRXJK WKH FRQFDWHQDWHG FRGH DV D ZKROH ZDV QHYHU YDOLGDWHG� HDFK SLHFH PDNLQJ XS WKH FRGH KDV

EHHQ YDOLGDWHG� 7KH 56 FRGH DQG WKH FRQYROXWLRQDO FRGH ZHUH LQGHSHQGHQWO\ WHVWHG� 7KH SXQFWXUHG

FRQYROXWLRQDO FRGH ZDV DOVR WHVWHG�

����� 56 SOXV &RQYROXWLRQDO &RGH

)LJXUH ���� VKRZV WKH ELW�HUURU GLVWULEXWLRQ RI D WUDQVPLVVLRQ LQ DQ $:*1 FKDQQHO ZKHQ XVLQJ WKH

FRQFDWHQDWHG FRGH� $W pUVW JODQFH� LW LV DSSDUHQW WKDW WKH HUURU EXUVW OHQJWK LQ WKLV W\SH RI V\VWHP

LV FRQVLGHUDEO\ ORQJHU WKDQ LQ WKH FRQYROXWLRQDO�FRGHG� WKH 56�FRGHG� RU WKH QR�FRGLQJ FDVH�
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)LJXUH ����� %LW (UURU 'LVWULEXWLRQ� &RQFDWHQDWHG U  �
� &RQYROXWLRQDO &RGH DQG 56 &RGH

7KH FRQFDWHQDWHG FRGH SHUIRUPDQFH IRU VHYHUDO SXQFWXUH UDWHV LV VKRZQ LQ 7DEOHV ���� ���� DQG ����

����� 2YHU DOO &RGH 3 HU IRU PDQFH

7KH %(5�3615 UHODWLRQVKLS IRU WKH FRQFDWHQDWHG FRGH LV JLYHQ LQ )LJXUH �����
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)LJXUH ����� %(5 YV� 3615 IRU 6HTXHQFH ZLWK 5HHG�6RORPRQ�&RGH 3URWHFWLRQ

$V VHHQ LQ )LJXUH ����� WKH UHODWLRQVKLS EHWZHHQ WKH %(5 DQG WKH 3615 IRU DOO WKH VHTXHQFHV LV

URXJKO\ OLQHDU� WKH DPRXQW RI GHFUHDVH LQ 3615 LV GLUHFWO\ SURSRUWLRQDO WR WKH LQFUHDVH LQ %(5�

$OO FRQpJXUDWLRQV RI WKH FRQFDWHQDWHG FRGH SUHVHQWHG WKH VDPH HoHFW RQ WKH yV� DV %(5 LQFUHDVHV�

yHUURU LQFUHDVHV VOLJKWO\� DQG yGLVWDQFH LQFUHDVHV FRQVLGHUDEO\�

��� &R�&KDQQHO , QWHU IHU HQFH

7R IXUWKHU WHVW WKH DSSOLFDELOLW\ RI yGLVWDQFH WR YLGHR TXDOLW\ HVWLPDWLRQ DQG WR XQGHUVWDQG WKH

V\VWHP
V WROHUDQFH WR LQWHUIHUHQFH� D VHW RI WULDOV ZLWK FR�FKDQQHO LQWHUIHUHQFH ZHUH VLPXODWHG� )RXU

V\VWHPV ZHUH VLPXODWHG� QR FRUUHFWLRQ� FRQYROXWLRQDO SURWHFWLRQ� 56 SURWHFWLRQ� DQG FRQFDWHQDWHG

SURWHFWLRQ �FRQYROXWLRQDO U  �
���

(DFK V\VWHP FRQpJXUDWLRQ ZDV WHVWHG XVLQJ GLoHUHQW FR�FKDQQHO LQWHUIHUHQFH SRZHU OHYHOV� ZLWK

�G% x &
,

x ��G% ZKHUH &
,
LV WKH FDUULHU�WR�LQWHUIHUHQFH UDWLR� 7KH 03(* VWUHDP ?DOLHQ� ZDV

XVHG DV WKH FR�FKDQQHO LQWHUIHUHQFH VRXUFH� 7KH FR�FKDQQHO LQWHUIHUHQFH VRXUFH ZDV VDPSOHG DW D

GLoHUHQW UDWH WKDQ WKH PDLQ VHTXHQFH� WZHQW\�RQH VDPSOHV SHU ELW YV� WHQ VDPSOHV SHU ELW IRU WKH
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PDLQ VHTXHQFH� 7KH LQWHUHIHUHQFH�JHQHUDWLQJ VLJQDO ZDV DWWHQXDWHG DQG DGGHG WR WKH FKDQQHO DORQJ

ZLWK WKH *DXVVLDQ QRLVH VRXUFH�

7KH GDWD FROOHFWHG LQ WKH QRQ�*DXVVLDQ HQYLURQPHQW ZDV FROOHFWHG RQ D VLQJOH YLGHR VHTXHQFH� CVXVL�


&RPSDULVRQV SUHVHQWHG EHWZHHQ *DXVVLDQ DQG QRQ�*DXVVLDQ QRLVH V\VWHP SHUIRUPDQFH DUH DOO EDVHG

RQ GDWD JDWKHUHG ZKHQ WHVWLQJ RQO\ WKH CVXVL
 VHTXHQFH� 7KH YDULDQFH IRU WKHVH FDVHV LV KLJK VLQFH

RQO\ WKUHH WULDOV IRU D VLQJOH VHTXHQFH ZHUH UXQ LQVWHDG RI WKUHH WULDOV IRU WKUHH VHTXHQFHV�

&R�FKDQQHO LQWHUIHUHQFH WHVWLQJ FHQWHUHG RQ LWV HoHFW RQ YLGHR TXDOLW\ ZLWK DQ HPSKDVLV RQ GLV�

VLPLODULWLHV ZLWK D SXUHO\ *DXVVLDQ QRLVH VRXUFH�

7KH SHUIRUPDQFH RI WKH V\VWHP� DV H[SHFWHG� GHJUDGHG DV D IXQFWLRQ RI WKH DPRXQW RI LQWHUIHU�

HQFH DGGHG WR WKH FKDQQHO� )LJXUHV ���� WKURXJK ���� VKRZ WKH V\VWHP %(5 IRU DQ XQSURWHFWHG�

FRQYROXWLRQDO�� 56�� DQG FRQFDWHQDWHG� �U  �
�� SURWHFWHG VHTXHQFH UHVSHFWLYHO\�
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%(5 YV� 3615 IRU WKH VDPH FDVHV DV )LJXUHV ���� WKURXJK ����� 7KHVH JUDSKV IROORZ FORVHO\ WKH

V\VWHP
V SHUIRUPDQFH LQ D SXUHO\ *DXVVLDQ HQYLURQPHQW� YLGHR TXDOLW\ LV D IXQFWLRQ RI %(5 IRU

HDFK V\VWHP UHJDUGOHVV RI WKH QDWXUH RI WKH DGGLWLYH QRLVH�

)LJXUHV ���� WKURXJK ���� SORW 3615 YV� %(5 IRU VHYHUDO HUURU�FRUUHFWLRQ IRUPDWV� 1RWH WKDW HYHQ

WKRXJK WKH (E
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�%(5 UHODWLRQVKLS FKDQJHV DV D IXQFWLRQ RI &

,
� WKH %(5�3615 UHODWLRQVKLS GRHV QRW�

6LQFH yGLVWDQFH FDQ EH GHULYHG IURP ERWK %(5 DQG yHUURU �(TXDWLRQ ���� DQG VLQFH yHUURU GRHV QRW

FKDQJH PXFK DV D IXQFWLRQ RI (E
1R
� WKHQ WKH yGLVWDQFH�3615 UHODWLRQVKLS VKRXOG PDWFK WKH %(5�

3615 UHODWLRQVKLS� )LJXUHV ���� WKURXJK ���� VKRZ WKDW WKH OLQHDU yGLVWDQFH�3615 UHODWLRQVKLS

KROGV IRU WKH *DXVVLDQ DQG QRQ�*DXVVLDQ QRLVH VFHQDULRV�
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5HVXOWV

03(* YLGHR HOHPHQWDU\ VWUHDP LV D G\QDPLF GDWD FRPSUHVVLRQ IRUPDW� 7KLV IRUPDW XVHV WHPSRUDO

DQG VSDWLDO UHGXQGDQFLHV WR FRPSUHVV ODUJH DPRXQWV RI YLVXDO LQIRUPDWLRQ LQWR D VKRUW GDWD VWUHDP�

7KLV HrFLHQF\ LV RoVHW E\ WKH KLJK FRPSXWDWLRQDO FRVW LQYROYHG LQ WKH HQFRGLQJ�GHFRGLQJ SURFHVV

RI DQ 03(* YLGHR HOHPHQWDU\ VWUHDP� 7KH XVH RI PRWLRQ YHFWRUV DQG WKH SURFHVV LQYROYHG LQ

WKH VWRUDJH RI D VLQJOH '&7�EORFN WR UHGXFH WKH DPRXQW RI WUDQVPLWWHG LQIRUPDWLRQ UHTXLUHV ODUJH

DPRXQWV RI FRPSXWHU SRZHU DW WKH HQFRGHU DQG GHFRGHU HQGV RI D FRPPXQLFDWLRQ V\VWHP� 6LQFH

WKH PHWKRG XVHG IRU HQFRGLQJ �PRWLRQ YHFWRU RU FRPSUHVVHG '&7� LV D IXQFWLRQ RI WKH GDWD EHLQJ

HQFRGHG� GHWHUPLQLQJ WKH H[SHFWHG YLGHR TXDOLW\ VROHO\ IURP FKDQQHO SDUDPHWHUV LV FRQVLGHUHG

H[WUHPHO\ GLrFXOW LI QRW LPSRVVLEOH E\ VHYHUDO H[SHUWV LQ WKH pHOG�

7KRXJK WKH HYDOXDWLRQ RI H[SHFWHG RI YLGHR TXDOLW\ GLUHFWO\ IURP FKDQQHO FKDUDFWHULVWLFV KDV EHHQ

DQ HOXVLYH JRDO� WKH IROORZLQJ VHFWLRQV ZLOO SUHVHQW D VWDWLVWLFDO PHWKRG WKDW \LHOGV D VLQJOH SDUDPHWHU

GHULYHG GLUHFWO\ IURP WKH FKDQQHO WKDW FDQ EH XVHG WR GHWHUPLQH WKH H[SHFWHG YLGHR TXDOLW\ RI D

GLJLWDO YLGHR VHTXHQFH WUDQVPLWWHG RQ D ZLUHOHVV FKDQQHO�

��� &RPSDU LVRQ RI 6\VWHP 3 HU IRU PDQFH

,Q FODVVLFDO FRPPXQLFDWLRQV GHVLJQ� GLJLWDO FRPPXQLFDWLRQV V\VWHP TXDOLW\ SHUIRUPDQFH LV PHDVXUHG

XVLQJ %(5� 3DUDPHWHUV VXFK DV EDQGZLGWK� WUDQVPLW SRZHU� DQWHQQD JDLQ� DQG FKDQQHO FRGLQJ DUH

��



��

WZHDNHG WR QRW RQO\ pW WKH DOORFDWHG UHVRXUFHV �VXFK DV WUDQVPLW SRZHU UHVWULFLWLRQV� PHFKDQLFDO

DQWHQQD FRQVLGHUDWLRQV� DQG DYDLODEOH EDQGZGLWK� EXW DOVR WR PLQLPL]H %(5� %(5 LV FRQVLGHUHG

D VXrFLHQW PHWULF WR GHWHUPLQH D GLJLWDO FRPPXQLFDWLRQ V\VWHP
V SHUIRUPDQFH UHJDUGOHVV RI GDWD

FRQWHQW�

:KLOH XVLQJ %(5 EOLQGO\ LV WKH EHVW ZD\ WR GHWHUPLQH V\VWHP SHUIRUPDQFH ZKHQ WKH QDWXUH RI WKH

WUDQVPLWWHG LQIRUPDWLRQ LV XQNQRZQ� LW LV QRW VXrFLHQW WR FRPSDUH V\VWHP SHUIRUPDQFH ZKHQ YLGHR

LV WUDQVPLWWHG�

7KH GDWD SUHVHQWHG VR IDU VKRZV D OLQHDU UHODWLRQVKLS EHWZHHQ %(5 DQG 3615 LQ D *DXVVLDQ DQG

QRQ�*DXVVLDQ FKDQQHO� $V WKH %(5 RI D WUDQVPLVVLRQ LQFUHDVHV� WKH 3615 GHFUHDVHV LQ SURSRUWLRQ

WR WKH LQFUHDVH LQ WKH %(5 �DV ORQJ DV WKH YLGHR GHFRGHU DOJRULWKP GRHV QRW FROODSVH�� 7KLV

UHODWLRQVKLS LV QRW VXVWDLQHG ZKHQ WKH HUURU�FRUUHFWLRQ VFKHPH LV FKDQJHG� (YHQ WKRXJK %(5 PD\

EH HTXDO LQ V\VWHPV ZLWK GLoHUHQW HUURU�FRUUHFWLRQ VFKHPHV� WKHLU 3615 PD\ EH GUDVWLFDOO\ GLoHUHQW�

����� $VVXPSWLRQV

7KUHH GLoHUHQW 03(* YLGHR VWUHDPV ZHUH VLPXODWHG� +RZHYHU� WR PLQLPL]H YDULDEOHV� DOO VWUHDPV

ZHUH HQFRGHG XVLQJ WKH VDPH IUDPH IRUPDW �,�%�%�3�%�%�3�%�%�3�%�%�,�� 1RWH WKDW WKH WKUHH

VDPSOH VHTXHQFHV ZHUH VHOHFWHG DV D IXQFWLRQ RI WKHLU FRQWHQW� SDQQLQJ RI D VWDWLF EDFNJURXQG�

SDQQLQJ RI D VFHQH ZLWK DFWLRQ� DQG D SRUWUDLW ZLWK PRYHPHQW� 6LPXODWLRQ UHVXOWV ZHUH FRQVLVWHQW

DFURVV DOO VHTXHQFHV�

6RPH DVVXPSWLRQV WKDW FRXOG DoHFW UHVXOWV ZHUH XVHG LQ WKH VLPXODWLRQ� 7KH VL]H RI WKH HUURU�HYHQW

ZLQGRZ LV GHpQHG DV D VLQJOH 03(*���76 SDFNHW� 7KLV GHFLVLRQ LV DUELWUDU\ DQG LV QRW EDVHG RQ DQ\

YLGHR VWUHDP SDUDPHWHUV� $OVR� WKH 3615 ZDV DVVXPHG WR EH D VXrFLHQW PHWULF RI YLGHR TXDOLW\�

7KH 3615 KDV VRPH OLPLWDWLRQV ZKHQ FRPSDULQJ VHTXHQFHV RI VLPLODU TXDOLW\ DQG HYDOXDWLQJ WKH

LPSDFW RI VRPH YLGHR DUWLIDFWV�
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)LJXUH ���� %(5 YV� 3615 IRU *DXVVLDQ 1RLVH &DVHV

����� 'DWD $QDO\VLV

)LJXUH ��� VKRZV D SORW RI %(5 YV� 3615 IRU WULDOV UXQ LQ DQ $:*1 FKDQQHO� 7KLV JUDSK LV

GHVLJQHG WR LOOXVWUDWH WKH HoHFWV RI %(5 RQ YLGHR TXDOLW\ �3615� UHJDUGOHVV RI (E
1R
� %(5 DORQH

GRHV QRW VXrFLHQWO\ GHVFULEH WKH SHUIRUPDQFH RI D ZLUHOHVV YLGHR V\VWHP� (E
1R
RoHUV OHVV JXLGDQFH LQ

SUHGLFWLQJ YLGHR TXDOLW\ WKDQ %(5 DV VHHQ LQ )LJXUH ���� &OHDUO\ QHLWKHU %(5 QRU (E
1R
DUH VXrFLHQW

FKDQQHO PHWULFV WR DFFXUDWHO\ SUHGLFW WKH WUDQVPLVVLRQ
V YLGHR TXDOLW\�

7KRXJK DOO FXUYHV LQ )LJXUH ��� VKRZ D URXJKO\ OLQHDU UHODWLRQVKLS� VRPH FRGLQJ WHFKQLTXHV RoHU

EHWWHU SHUIRUPDQFH WKDQ RWKHUV DW VLPLODU %(5 OHYHOV� ,Q RWKHU ZRUGV� QRW DOO FRQpJXUDWLRQV \LHOG

WKH VDPH YDOXH IRU YLGHR TXDOLW\� TXDQWLpHG E\ 3615� DW WKH VDPH %(5� 7KH GLoHUHQFH LV TXLWH

GUDPDWLF� WKHUH LV D GLoHUHQFH RI PRUH WKDQ �� G% �3615� IURP WKH EHVW WR WKH ZRUVW SHUIRUPDQFH

DW VRPH %(5 OLQHV� (YHQ WKRXJK WKH %(5�3615 FXUYHV PD\ EH RoVHW E\ D ODUJH ELDV� WKH\ DUH DOO

URXJKO\ SDUDOOHO� WKHLU VORSHV DUH HVVHQWLDOO\ WKH VDPH�

7KH UHDVRQ IRU WKLV GUDPDWLF GLoHUHQFH LV WKH OHQJWK RI WKH HUURU EXUVWV� 7KLV REVHUYDWLRQV VXSSRUWV

WKH LGHD WKDW WKH LPSRUWDQW IDFWRU ZKHQ WUDQVPLWWLQJ YLGHR LV QRW MXVW KRZ PDQ\ HUURUV RFFXU LQ D
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)LJXUH ���� (E
1R
YV� 3615 IRU *DXVVLDQ 1RLVH &DVHV

WUDQVPLVVLRQ EXW WKHLU UHODWLYH SRVLWLRQ DQG KRZ IUHTXHQWO\ WKH\ RFFXU�

7DEOH ��� SUHVHQWV VHYHUDO SRLQWV LQ WKH SHUIRUPDQFH FXUYHV H[WUDSRODWHG RU LQWHUSRODWHG �GHSHQGLQJ

RQ WKH DYDLODEOH GDWD� IRU %(5  ���d��b�� 7KHVH YDOXHV DUH WDNHQ GLUHFWO\ IURP )LJXUH ���� 7KH
FXUYHV VHHQ LQ )LJXUH ��� DUH URXJKO\ OLQHDU� )RU HDFK FXUYH WKDW FURVVHV WKH %(5  ��� d ��b�

SRLQW� WKH 3615 YDOXH IRU WKDW FXUYH DW %(5  ���d ��b� FDQ EH LQWHUSRODWHG� 6RPH FXUYHV GR
QRW FURVV RYHU %(5  ���d��b�� EXW VLQFH WKHUH LV D OLQHDU UHODWLRQVKLS� WKH H[SHFWHG YLGHR TXDOLW\
RI WKDW V\VWHP DW %(5  ���d ��b� FDQ EH H[WUDSRODWHG� 7KH H[WUDSRODWHG RU LQWHUSRODWHG YLGHR
TXDOLW\ YDOXHV DW %(5  ���d ��b� GHULYHG IURP WKH GDWD SORWWHG LQ )LJXUH ��� DUH OLVWHG LQ 7DEOH
����

7DEOH ��� VKRZV WKDW WKHUH LV D FOHDU UHODWLRQVKLS EHWZHHQ yHUURU DQG WKH 3615�

7R XQGHUVWDQG ZK\ WKH UHODWLYH SRVLWLRQLQJ RI WKH HUURUV PDWWHUV� LW LV FULWLFDO WR KDYH D EDVLF

XQGHUVWDQGLQJ RI KRZ GLJLWDO YLGHR �LQ WKLV FDVH� 03(*��� LV HQFRGHG�

(DFK IUDPH RI YLGHR LV EURNHQ XS LQWR EORFNV RI HLJKW SL[HOV E\ HLJKW SL[HOV� (DFK RI WKHVH EORFNV LV

FRQYHUWHG WR WKH IUHTXHQF\ GRPDLQ XVLQJ D 'LVFUHWH &RVLQH 7UDQVIRUP �'&7�� 7KH '&7 FRHrFLHQWV



��

7DEOH ���� 6HOHFWHG 6\VWHP 3HUIRUPDQFH 3RLQWV

0HWKRG yHUURU ([WUDS�,QWHUS 3615 �DW ���d ��b��
1RQH ���� ����

&RQY U  �
� ���� ����

56 ���� ����

&RQFDW U  �
� ���� ����

&RQFDW U  �
� ���� ����

&RQFDW U  �
� ���� ����

DUH TXDQWL]HG �]HURLQJ RXW WKH KLJKHU RUGHU FRHrFLHQWV�� DQG WKH UHVXOWLQJ '&7 LV HQWURS\�FRGHG

�+XoPDQ FRGH�� ,I D VLQJOH ELW HUURU ZHUH WR RFFXU VRPHZKHUH LQ WKLV '&7 DV LW LV WUDQVPLWWHG� WKH

FRUUXSWHG GDWD LV IUHTXHQF\ LQIRUPDWLRQ� WKH LQYHUVH�'&7 LV DSSOLHG DQG WKH WLPH�GRPDLQ GDWD LV

UHFRYHUHG UHVXOWLQJ LQ D FRUUXSWHG EORFN� ,Q RWKHU ZRUGV� WKH '&7 LV YHU\ IUDJLOH DQG VXVFHSWLEOH WR

D VLQJOH ELW HUURU� 7KLV W\SH RI HUURU DSSHDUV LQ WKH GHFRGHG YLGHR VHTXHQFH DV DQ Ro�FRORU EORFN RQ

WKH VFUHHQ� D YHU\ ODUJH IRUP RI VDOW�DQG�SHSSHU QRLVH� DQ H[DPSOH RI ZKLFK LV VHHQ LQ )LJXUH ����

'&7�FRGHG EORFNV DUH DUUDQJHG LQ VOLFHV� ZKLFK FRPSRXQGV GHFRGLQJ SUREOHPV� %ORFNV DUH DVVHP�

EOHG LQWR 0DFUREORFNV �D FROOHFWLRQ RI GLoHUHQW EORFNV UHSUHVHQWLQJ WKH FRORU YHFWRUV IRU WKH VDPH

JHQHUDO DUHD�� 7KHVH PDFUREORFNV DUH EXLOW DQG VHQW DV D OLQHDU VHTXHQFH RI EORFNV� )LJXUH ����

SUHVHQWV WKH OD\RXW RI EORFNV ZLWKLQ D PDFUREORFN� 7KH VOLFH LV FRPSRVHG RI D VHTXHQFH RI PDF�

UREORFNV� ,I D VLQJOH ELW HUURU RFFXUV RQ D EORFN� WKH +XoPDQ FRGHG VHTXHQFH PD\ UHVXOW LQ D ELW

LQVHUWLRQ RU ELW GHOHWLRQ� 7KH LQVHUWLRQ RU GHOHWLRQ RI ELWV LQ WKH XQFRPSUHVVHG VHTXHQFH ZLOO UHVXOW

LQ D ORVV RI V\QFKURQL]DWLRQ LQ WKH EORFN GHFRGLQJ� DQG WKH UHVW RI WKH VOLFH ZLOO EH ORVW� 7KH QH[W

VOLFH LV QRW FRUUXSWHG EHFDXVH WKH GHFRGHU pQGV WKH QH[W VWDUW FRGH FRUUHVSRQGLQJ WR WKH EHJLQQLQJ

RI D VOLFH� ,Q VKRUW� D VLQJOH ELW HUURU FDQ FRUUXSW D ODUJH SDUW RI VHYHUDO URZV RI D IUDPH� ,I WKLV

IUDPH LV DQ , RU 3 IUDPH� WKLV HUURU ZLOO SURSDJDWH XQWLO WKH FRUUXSWHG IUDPH LV QR ORQJHU XVHG DV D

UHIHUHQFH� $Q H[DPSOH RI WKLV W\SH RI HUURU LV VHHQ LQ )LJXUH ���� 1RWH WKDW WKLV HUURU ZLOO YDU\ DV D

IXQFWLRQ RI WKH GHFRGHU LPSOHPHQWDWLRQ� ,Q WKLV H[DPSOH� WKH PHPRU\ EXoHUV DUH QRW UHVHW EHIRUH

WKH FRQVWUXFWLRQ RI HDFK QHZ IUDPH� ZLWK WKH UHVXOW WKDW ROG GDWD ZLOO EH VHHQ LQ DUHDV ZKHUH WKH

GHFRGHU IDLOHG� 2Q WKH RWKHU KDQG� LI WKH GHFRGHU FOHDUHG LWV PHPRU\ EXoHU EHIRUH HDFK IUDPH LV



��

)LJXUH ���� &RUUXSWLRQ RI ,QGLYLGXDO %ORFNV

EXLOW� D IDLOHG VOLFH ZRXOG DSSHDU EODFN ZKHUH WKH GHFRGHU IDLOHG�

$QRWKHU HQWLW\ LQ WKH YLGHR WUDQVPLVVLRQ WKDW LV MXVW DV YXOQHUDEOH WR ELW�HUURUV DV WKH '&7 LV WKH

PRWLRQ YHFWRU� D VLQJOH QXPEHU WKDW GHWHUPLQHV WKH UHODWLYH SRVLWLRQ RI EORFNV� ,I D VLQJOH ELW RQ

D PRWLRQ YHFWRU LV GDPDJHG� WKH FDOFXODWHG SRVLWLRQ RI WKH EORFN LV GDPDJHG EH\RQG UHSDLU� $Q

H[DPSOH RI FRUUXSWHG PRWLRQ YHFWRUV LV VHHQ LQ )LJXUH ���� 7KLV W\SH RI HUURU DSSHDUV RQ D GHFRGHG

VHTXHQFH DV WKH DSSHDUDQFH RI D IHDWXUH ZKHUH LW VKRXOG QRW EH VHHQ� 7KH H[DPSOH VHHQ LQ )LJXUH

��� VKRZV qRZHUV D WKLUG RI WKH ZD\ XS WKH WUXQN RI WKH WUHH RQ WKH ULJKW VLGH RI WKH IUDPH�

,Q DOO RI WKHVH FDVHV� WKH HoHFW RI D VLQJOH ELW�HUURU LV FDWDVWURSKLF� 7KHUHIRUH� E\ H[WHQVLRQ� LI RQH

ELW HUURU LV FDWDVWURSKLF� VHYHUDO ELW�HUURUV DUH DOVR FDWDVWURSKLF� ,I WKH YLVXDO HoHFW RI D VLQJOH

ELW�HUURU KDV WKH VDPH DV WKH HoHFW RI VHYHUDO ELW�HUURUV� FOXVWHUHG HUURUV ZLOO ORRN DV LI WKH WRWDO

QXPEHU RI ELW�HUURUV LV PXFK ORZHU WKDQ LW UHDOO\ LV� WKLV LV ZKHUH yHUURU� D PHDVXUH RI FOXVWHULQJ�

EHFRPHV LPSRUWDQW� 6LQFH yHUURU FDQ EH XVHG DV D PHDVXUH RI FRPSDULVRQ RI FOXVWHULQJ EHWZHHQ

GLoHUHQW V\VWHPV DQG VLQFH %(5 LV D JRRG PHDVXUH IRU FRPSDULQJ WKH SHUIRUPDQFH RI WKH VDPH

V\VWHP XQGHU GLoHUHQW OHYHOV RI QRLVH� D FRPELQDWLRQ RI yHUURU DQG %(5 JLYHV D JRRG LQGLFDWLRQ RI



��

)LJXUH ���� &RUUXSWLRQ RI :KROH 6OLFHV

)LJXUH ���� &RUUXSWHG 0RWLRQ 9HFWRU



��

RYHUDOO V\VWHP SHUIRUPDQFH�

7DEOH ��� VXSSRUWV WKLV SRVWXODWLRQ DERXW WKH LQKHUHQW FRQQHFWLRQ EHWZHHQ 3615 DQG PHDQ HYHQW

VL]H �yHUURU�� 7DEOH ��� DOVR SUHVHQWV HYLGHQFH WKDW VXSSRUWV XVLQJ yHUURU DV D PHWULF WR GHWHUPLQH

WKH UHODWLYH SHUIRUPDQFH RI GLoHUHQW V\VWHPV ZKHQ WKHLU %(5 LV HTXLYDOHQW� 1RWH WKDW ZKLOH %(5

UHPDLQV FRQVWDQW DV 3615 GHFUHDVHV� yHUURU DFFXUDWHO\ UHqHFWV WKH 3615 WUHQG� 6LQFH %(5 LV D

IDFWRU LQ WKH UHFHLYHG YLGHR TXDOLW\� D PHWULF EDVHG RQ ERWK yHUURU DQG %(5 VKRXOG SURYLGH DQ

DEVROXWH PHDVXUH RI YLGHR TXDOLW\�

$V (TXDWLRQ ��� VKRZV� yGLVWDQFH LV D IXQFWLRQ RI ERWK %(5 DQG yHUURU� yGLVWDQFH LV WKH PHDQ GLVWDQFH

EHWZHHQ HUURU�HYHQWV� )LJXUH ��� SUHVHQWV D SORW RI yGLVWDQFH YV� 3615 IRU VLPXODWLRQV LQ DQ $:*1

FKDQQHO�
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)LJXUH ���� yGLVWDQFH YV� 3615 IRU &DVHV LQ $:*1 &KDQQHO

)LJXUH ��� SUHVHQWV WKH SHUIRUPDQFH RI GLoHUHQW V\VWHPV HYDOXDWHG IRU DQ $:*1 FKDQQHO� LW VKRZV

D GLVWLQFW OLQHDU UHODWLRQVKLS EHWZHHQ %(5 DQG 3615 IRU HDFK V\VWHP� 7KLV UHODWLRQVKLS SURYLGHV D

EDVLV IRU FRPSDULQJ YLGHR TXDOLW\ IRU HTXLYDOHQW %(5 YDOXHV DFURVV V\VWHPV� 1RWH WKDW� LQ JHQHUDO�

V\VWHPV ZLWK WKH VDPH %(5 GR QRW SURYLGH HTXLYDOHQW YLGHR SHUIRUPDQFH� 7KHUH LV QR DEVROXWH

UHODWLRQVKLS EHWZHHQ 3615 DQG %(5� WKH %(5 RQO\ RoHUV D UHODWLRQDO OHYHO RI TXDOLW\ IRU D SDU�
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)LJXUH ���� %(5 YV� 3615 IRU $OO &DVHV LQ $:*1 &KDQQHO

WLFXODU V\VWHP� 1R %(5 YDOXH FDQ EH DOZD\V OLQNHG WR D VLQJOH 3615 YDOXH� )LJXUH ��� VKRZV WKDW

D VLQJOH %(5 YDOXH LV DVVRFLDWHG ZLWK D 3615 UDQJH RI RYHU �� G% GHSHQGLQJ RQ WKH V\VWHP� %(5

RoHUV RQO\ D UHODWLYH PHDVXUH ZLWKLQ D VLQJOH V\VWHP VHWWLQJ� 7KH RQO\ YLGHR TXDOLW\�SUHGLFWLRQ

LQIRUPDWLRQ DYDLODEOH EDVHG VROHO\ RQ %(5 LV D UHODWLYH PHDVXUH RI 3615� D ORZHU %(5 PHDQV D

KLJKHU 3615� 1R LQIRUPDWLRQ UHJDUGLQJ JDLQV RYHU RWKHU V\VWHP FRQpJXUDWLRQV LV SURYLGHG VROHO\

IURP %(5�

)LJXUH ���� RQ WKH RWKHU KDQG� RoHUV DQ DEVROXWH YLGHR TXDOLW\ PHDVXUH� )LJXUH ��� VKRZV D VHULHV

RI FORVHO\ VHW OLQHV� (DFK OLQH UHSUHVHQWV D SORW RI yGLVWDQFH YV� 3615� ,PSRUWDQW WR QRWH� LQ )LJXUH

���� MXVW OLNH LQ )LJXUH ���� DOO FXUYHV DUH IDLUO\ OLQHDU� +RZHYHU� XQOLNH )LJXUH ���� )LJXUH ��� VKRZV

WKDW FXUYHV DOO OLQH�XS YHU\ FORVHO\ �h� G%�� 7KH VSUHDG DURXQG WKH PHDQ YDOXH EHJLQV WR GLYHUJH
DW DURXQG �� G% 3615� 7KLV GLYHUJHQFH RFFXUV EHFDXVH RI LQDFFXUDFLHV LQ WKH FDOFXODWLRQ RI yHUURU

DW ORZ %(5V� VHHQ DV D VOLJKW LQFUHDVH LQ WKH YDOXH RI yHUURU� DQG EHFDXVH DW WKH KLJKHU %(5V WKH

YLGHR GHFRGHU LV YHU\ FORVH WR WRWDO GHFRGLQJ IDLOXUH�

7KRXJK WZR V\VWHPV KDYH WKH VDPH yGLVWDQFH DQG VLPLODU 3615 YDOXHV� WKHLU UHVSHFWLYH %(5V PD\

YDU\ E\ DV PXFK DV DQ RUGHU RI PDJQLWXGH� 8QOLNH %(5� yGLVWDQFH LV FDSDEOH RI SUHGLFWLQJ YLGHR
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TXDOLW\ LQ D ZLUHOHVV V\VWHP EDVHG VROHO\ RQ SK\VLFDO OD\HU SDUDPHWHUV� )LJXUH ��� VKRZV WKH %(5�

yGLVWDQFH UHODWLRQVKLS� 7KHUH LV D OLQHDU UHODWLRQVKLS EHWZHHQ WKH WZR SDUDPHWHUV� ZLWK WKH FXUYHV

WKDW PDNH XS WKH FKDUW EHLQJ VHSDUDWHG E\ D ODUJH ELDV� 7KLV ELDV LV VXFK WKDW FXUYHV ZLWK HTXLYDOHQW

yGLVWDQFH YDOXHV FDQ EH RoVHW E\ D GLoHUHQFH RI DQ RUGHU RI PDJQLWXGH LQ %(5�
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)LJXUH ���� %(5 YV� yGLVWDQFH IRU &DVHV LQ $:*1 &KDQQHO

7KH GDWD SUHVHQWHG VR IDU VXSSRUWV WKH XVH RI yGLVWDQFH DV D SK\VLFDO OD\HU PHWULF WKDW FDQ \LHOG

DQ DEVROXWH 3615 SUHGLFWLRQ IRU D YLGHR WUDQVPLVVLRQ LQ DQ $:*1 FKDQQHO� &KDSWHU � SUHVHQWHG

GDWD FROOHFWHG LQ D QRQ�*DXVVLDQ FKDQQHO� 1RWH WKDW VLQFH WKH QRQ�*DXVVLDQ FKDQQHO ZDV WHVWHG IRU

WKH CVX]L
 VHTXHQFH RQO\� WKH UHVXOWV KDYH WR EH FRPSDUHG ZLWK RQO\ WKH CVX]L
 IURP WKH *DXVVLDQ

WULDOV�

)LJXUH ��� VKRZV WKH %(5�3615 UHODWLRQVKLS IRU WKH XQFRGHG� FRQYROXWLRQDO�� 56�� DQG FRQFDWHQDWHG�

FRGHG V\VWHPV ZLWK GLoHUHQW OHYHOV RI FR�FKDQQHO LQWHUIHUHQFH� 1RWH WKDW )LJXUH ��� LV VLPLODU WR

)LJXUH ���� 7KH FXUYHV GHVFULELQJ V\VWHPV ZLWK FR�FKDQQHO LQWHUIHUHQFH VWD\ FORVH WR WKH FXUYH

GHVFULELQJ WKH V\VWHP ZLWK $:*1 QRLVH RQO\�

)LJXUH ���� SUHVHQWV WKH yGLVWDQFH�3615 UHODWLRQVKLS IRU WKH XQSURWHFWHG� FRQYROXWLRQDO�� 56�� DQG

FRQFDWHQDWHG�FRGHG V\VWHPV� 6LPLODU WR )LJXUH ���� WKH FXUYHV RQ )LJXUH ���� UHSUHVHQWLQJ V\VWHPV
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)LJXUH ���� %(5 YV� 3615 IRU &DVHV ZLWK &R�&KDQQHO ,QWHUIHUHQFH

ZLWK FR�FKDQQHO LQWHUIHUHQFH VWD\ FORVH WR WKH FXUYH UHSUHVHQWLQJ WKH VDPH V\VWHP ZLWK $:*1 QRLVH

RQO\�

7KH FXUYHV LQ )LJXUH ���� FORVHO\ IROORZ �ZLWKLQ h�G%� D FHQWHU OLQH� )LJXUH ���� LV YHU\ VLPLODU
WR )LJXUH ���� OHDGLQJ WR WKH FRQFOXVLRQ WKDW yGLVWDQFH LV D JRRG SDUDPHWHU IRU WKH SUHGLFWLRQ RI

H[SHFWHG YLGHR TXDOLW\ LQ D ZLUHOHVV WUDQVPLVVLRQ�

)XUWKHUPRUH� WKH UHODWLRQVKLS EHWZHHQ %(5 DQG yGLVWDQFH VHHQ LQ )LJXUH ��� VWLOO KROGV IRU WKH

FR�FKDQQHO LQWHUIHUHQFH FDVH DV VHHQ LQ )LJXUH ����� 7KLV UHODWLRQVKLS LV ORJLFDO VLQFH yGLVWDQFH LV

HVVHQWLDOO\ WKH %(5 FXUYH ZLWK D p[HG FRUUHFWLRQ RI yHUURU�

,W LV GLrFXOW WR SURYLGH D KXPDQ�EDVHG PHWULF WKDW FRUUHVSRQGV WR YLGHR TXDOLW\� L�H�� HYDOXDWLQJ

WKH DFFXUDF\ RI 3615 LV GLrFXOW� 7KHUH LV D FHUWDLQ DPRXQW RI FRUUHODWLRQ EHWZHHQ VXEMHFWLYH

YLGHR TXDOLW\ DQG 3615� $W FORVH OHYHOV �D FRXSOH RI GHFLEHOV�� WKH 3615 PHWULF LV GLrFXOW WR

HYDOXDWH� VHTXHQFHV RI VLPLODU TXDOLW\ PD\ UHFHLYH 3615 YDOXHV GLoHULQJ E\ D IHZ GHFLEHOV� +RZHYHU�

3615 SURYHG DFFXUDWH ZKHQ FRPSDULQJ VHTXHQFHV ZLWK ODUJH TXDOLW\ GLoHUHQFHV �RYHU �� G%��

:KHQ WKH YLGHR TXDOLW\ RI WZR VHTXHQFHV LV QRWLFHDEO\ GLoHUHQW� 3615 ZLOO JLYH WKH EHWWHU�TXDOLW\

VHTXHQFH WKH KLJKHU YDOXH� 7KLV PHDQV WKDW WKH %(5�3615 JUDSKV� ZKLFK VKRZ D ODUJH 3615
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)LJXUH ����� yGLVWDQFH YV� 3615 IRU &DVHV ZLWK &R�&KDQQHO ,QWHUIHUHQFH

)LJXUH ����� %(5 YV� yGLVWDQFH IRU &DVHV ZLWK &R�&KDQQHO ,QWHUIHUHQFH
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VSUHDG EHWZHHQ GLoHUHQW V\VWHPV DW HTXLYDOHQW %(5 YDOXHV� UHDOO\ UHSUHVHQW ODUJH TXDOLW\ GLoHUHQFHV

EHWZHHQ VHTXHQFHV ZLWK WKH VDPH %(5� 7KH yGLVWDQFH�3615 FXUYHV� RQ WKH RWKHU KDQG� KDYH D VSUHDG

RI RQO\ D FRXSOH RI GHFLEHOV� WKLV PHDQV WKDW GLoHUHQFH LQ TXDOLW\ EHWZHHQ GLoHUHQW YLGHR VHTXHQFHV

ZLWK WKH VDPH yGLVWDQFH ZDV QRW QRWLFHDEOH LQ WKH REVHUYHG WULDOV�

1RWH WKDW WKHUH DUH VHYHUDO SUREOHPV DVVRFLDWHG ZLWK WKLV DSSURDFK WR V\VWHP DQDO\VLV� 7KH PHWULFV

XVHG WR GHWHUPLQH V\VWHP SHUIRUPDQFH DUH QRW WKH PRVW UHOLDEOH VRXUFHV RI LQIRUPDWLRQ� 7KH 3615

FDQQRW HYDOXDWH WHPSRUDO HoHFWV� DQG LW LV EHVW HPSOR\HG ZKHQ FRPSDULQJ VHTXHQFHV ZLWK ODUJH

GLoHUHQFHV LQ TXDOLW\� 6LQFH WKH PHWULF XVHG IRU GHULYLQJ YLGHR TXDOLW\ LV QRW D YHU\ DFFXUDWH

PHDVXUH� DQ\ PHWULFV GHULYHG IURP WKH XVH RI 3615� QDPHO\ yHUURU DQG yGLVWDQFH� OHDYH D FHUWDLQ

PHDVXUH RI XQFHUWDLQW\ LQ WKHLU UHVXOWV�

$QRWKHU SUREOHP LQKHUHQW WR WKH yHUURU PHWKRG RI SUHGLFWLQJ YLGHR TXDOLW\� WKH DOJRULWKP XVHG WR

GHWHUPLQH HYHQW ERXQGDULHV LV QRW EDVHG RQ WKH YLGHR HQFRGLQJ VFKHPH� 6LQFH D VLQJOH ELW�HUURU

KDV WKH DELOLW\ WR FRUUXSW IHDWXUHV DV VPDOO DV D PRWLRQ YHFWRU DQG DV ODUJH DV D ZKROH VOLFH� LW LV

HVVHQWLDOO\ LPSRVVLEOH WR GHWHUPLQH WKH EHVW VL]H RI DQ HUURU EXUVW� 7KH RQO\ IHDWXUH RI WKH V\VWHP

WKDW LV FRQVWDQW LV WKH VL]H RI DQ 03(*���76 SDFNHW� WKLV LV WKH VL]H WKDW ZDV VHOHFWHG DV D EXUVW

HYHQW� $ VLQJOH SDFNHW PD\ LQFOXGH VHYHUDO REMHFWV� WKXV ZKDW PD\� E\ GHpQLWLRQ� EH D VLQJOH HUURU

EXUVW HYHQW PD\ UHDOO\ DoHFW VHYHUDO REMHFWV LQ D YLGHR VHTXHQFH� 6LQFH REMHFWV LQ D YLGHR VHTXHQFH

FDQ DOVR EH YHU\ ODUJH �VXFK DV D ZKROH VOLFH�� PXOWLSOH SDFNHWV PD\ PDNH XS D VLQJOH REMHFW� ZKDW

WKH DOJRULWKP FRQVLGHUV PXOWLSOH EXUVWV PD\ DSSHDU LQ WKH YLGHR VHTXHQFH DV D VLQJOH IHDWXUH� ,Q

RWKHU ZRUGV� WKH LGHDO HUURU�HYHQW GHWHFWRU DOJRULWKP VKRXOG EH UHVSRQVLYH WR WKH YLGHR WUDQVPLVVLRQ�

HUURU�HYHQWV VKRXOG EH MXGJHG RQ WKH YLGHR GDWD LW LV DoHFWLQJ� +RZHYHU� EHFDXVH RI WKH FRPSOH[LW\

RI WKLV DSSURDFK� D p[HG HUURU�HYHQW ZLQGRZ ZDV GHWHUPLQHG EDVHG VROHO\ RQ WKH FRPPXQLFDWLRQV

V\VWHP SDFNHW VL]H� ,W LV KRSHG WKDW E\ VHOHFWLQJ D p[HG HUURU�HYHQW ZLQGRZ LQ ZKLFK WR pQG DQ

HUURU�HYHQW� WKH VKRUW�WHUP GLoHUHQFHV LQ YLGHR IHDWXUH OHQJWK FDQ EH DYHUDJHG RXW DQG WKH PHWULF

ZLOO FRQYHUJH LQWR D PHDQLQJIXO YDOXH�

$SSURDFKHV EDVHG RQ FRUUXSWHG V\PEROV >��@ KDYH EHHQ VXJJHVWHG� 7KH DQDO\VLV RI V\VWHP SHUIRU�

PDQFH EDVHG RQ FRUUXSWHG V\PEROV LV EDVHG RQ WKH FRUUXSWLRQ RI D ELW RQ D VLQJOH V\PERO� OLNH D

E\WH� UHVXOWLQJ LQ D FRUUXSWHG E\WH� 7KHUHIRUH� WKH HoHFW RI D VLQJOH ELW�HUURU LV WKH VDPH DV HLJKW

ELW�HUURUV� 6\VWHP SHUIRUPDQFH ERXQGV FDQ WKHQ EH DQDO\WLFDOO\ FDOFXODWHG EDVHG RQ WKH PD[LPXP
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DQG PLQLPXP HoHFWV RI DQ HUURU EXUVW RQ D V\VWHP� 7KLV SUREOHP LQFUHDVHV FRQVLGHUDEO\ LQ FRP�

SOH[LW\ RQFH WKH V\PEROV DUH QRW p[HG�OHQJWK� 9LGHR FRGLQJ LV FRPSRVHG RI YDULDEOH�OHQJWK REMHFWV�

ZKLFK FDQ EH LQWHUSUHWHG DV YDULDEOH�OHQJWK V\PEROV�

(YHQ WKRXJK WKHUH DUH SUREOHPV LQKHUHQW WR WKH FDOFXODWLRQ RI WKH y SDUDPHWHUV pW� WKH SUHVHQWHG

GDWD VXSSRUWV D VWURQJ UHODWLRQVKLS EHWZHHQ yGLVWDQFH DQG 3615�

��� yGLVWDQFH $SSOLFDWLRQV

6HYHUDO DSSOLFDWLRQV RI WKLV QHZ pJXUH RI PHULW DUH SRVVLEOH� DQ H[DPSOH RI ZKLFK LV DGDSWLYH YLGHR

DSSOLFDWLRQV� ,Q D ZLUHOHVV HQYLURQPHQW� WKH FKDQQHO LV D G\QDPLF� WLPH�YDU\LQJ PHGLXP� 7KH

4XDOLW\�RI�6HUYLFH �4R6� WKDW FDQ EH RoHUHG E\ D ZLUHOHVV V\VWHP FDQ FKDQJH TXLFNO\ EHFDXVH

RI HQYLURQPHQWDO FRQGLWLRQV� $GDSWLYH WUDQVPLVVLRQ SDUDPHWHUV VXFK DV GDWD UDWH� FRGLQJ� DQG

VSUHDGLQJ JDLQ� FDQ EH YDULHG WR VXSSRUW D GHVLUHG 4R6�

yGLVWDQFH LV D SDUDPHWHU WKDW RoHUV WKH SRVVLELOLW\ RI UHDO�WLPH YLGHR TXDOLW\ DVVHVVPHQW DW WKH SK\V�

LFDO OD\HU ZLWKRXW WKH QHHG RI GHFRGLQJ WKH WUDQVPLWWHG WUDrF� 7KH YDOXH RI yGLVWDQFH FDQ EH FDOFX�

ODWHG ZLWK WKH XVH RI D WUDLQLQJ VHTXHQFH� +RZHYHU� WKHUH LV D SUREOHP ZLWK WKH WUDLQLQJ VHTXHQFH

DSSURDFK� $FFHSWDEOH YLGHR TXDOLW\ LV DSSOLFDWLRQ�GHSHQGHQW� 4XDOLW\ WKDW PD\ EH DFFHSWDEOH IRU

VRPH VXUYHLOODQFH DSSOLFDWLRQV RU YLGHR�SKRQH PD\ EH FRPSOHWHO\ XQDFFHSWDEOH IRU HQWHUWDLQPHQW

SXUSRVHV� $ 3615 RI �� G% RoHUV YLGHR TXDOLW\ WKDW PD\ EH DFFHSWDEOH IRU VRPH DSSOLFDWLRQV� VXFK

DV VXUYHLOODQFH� ZKLFK UHTXLUHV yGLVWDQFH } �d ���� 7R GHWHUPLQH LI yGLVWDQFH } �d ���� WKH WUDLQLQJ
VHTXHQFH ZRXOG KDYH WR REVHUYH DURXQG WHQ HUURU HYHQWV WRWDOOLQJ �d ��� ELWV IRU D VLQJOH REVHUYD�
WLRQ� 0XOWLSOH REVHUYDWLRQV ZRXOG UDLVH WKH WUDLQLQJ VHTXHQFH WR WHQV RI PHJDELWV� DQ XQDFFHSWDEO\

ODUJH OHQJWK�

7KHUH LV DQRWKHU ZD\ WR FDOFXODWH yGLVWDQFH UDWKHU WKDQ XVLQJ D WUDLQLQJ VHTXHQFH� 5HpQHG PHWKRGV

H[LVW IRU TXLFNO\ GHWHUPLQLQJ WKH 615 RU (E
1R
RI D V\VWHP >��@� 6LQFH WKH V\VWHP FRQpJXUDWLRQ LV

NQRZQ� %(5 FDQ EH HVWLPDWHG TXLFNO\ E\ XVLQJ D FKDUW OLNH )LJXUH �����

6LQFH WKH V\VWHP FRQpJXUDWLRQ LV NQRZQ� QRW RQO\ LV D (E
1R
�%(5 FKDUW DYDLODEOH� EXW D %(5�yGLVWDQFH

FKDUW OLNH )LJXUH ���� LV DOVR DYDLODEOH�
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)LJXUH ����� (E
1R
YV� %(5 IRU &DVHV ZLWK &R�&KDQQHO ,QWHUIHUHQFH

)LJXUH ����� %(5 YV� yGLVWDQFH IRU &DVHV ZLWK &R�&KDQQHO ,QWHUIHUHQFH
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)LJXUH ���� SUHVHQWV D (E
1R
�yGLVWDQFH JUDSK� ,I WKH

(E
1R
RI D V\VWHP LV FDOFXODWHG� yGLVWDQFH FDQ EH

GHULYHG GLUHFWO\ IURP )LJXUH �����

)LJXUH ����� (E
1R
YV� yGLVWDQFH IRU &DVHV ZLWK &R�&KDQQHO ,QWHUIHUHQFH

8VLQJ HLWKHU )LJXUH ���� DQG )LJXUH ���� RU WKHLU FRPELQDWLRQ VHHQ LQ )LJXUH ����� DOO RI ZKLFK ZHUH

FDOFXODWHG LQ VLPXODWLRQ DQG VWRUHG LQ WKH V\VWHP
V PHPRU\� WKH yGLVWDQFH YDOXH QHHGHG WR DFKLHYH

RSWLPDO YLGHR TXDOLW\ IRU WKH DSSOLFDWLRQ FDQ EH TXLFNO\ FDOFXODWHG�

��� &RQFOXVLRQ

7KH %(5 LV D EDVLF PHWULF IRU GLJLWDO FRPPXQLFDWLRQ V\VWHP GHVLJQ� 7KLV PHWULF LV D YDOXDEOH

PHWKRG LQ GHWHUPLQLQJ WKH SHUIRUPDQFH RI D V\VWHP ZKHQ WKH GDWD LV RI XQNQRZQ IRUPDW� +RZ�

HYHU� LW LV QRW QHFHVVDULO\ WKH EHVW PHWULF ZKHQ FRPSDULQJ GLoHUHQW V\VWHPV VXSSRUWLQJ D NQRZQ

DSSOLFDWLRQ VXFK DV WKH WUDQVPLVVLRQ RI GLJLWDO YLGHR�

7\SLFDO XVHUV RI EURDGFDVW YLGHR DSSOLFDWLRQV� VXFK DV WHOHYLVLRQ� H[SHFW D KLJK OHYHO RI YLGHR TXDOLW\�

)RU VXFK XVHUV� WKH GLJLWDO YLGHR UHVXOWLQJ IURP WKH WUDQVPLVVLRQ RI D VHTXHQFH LQ D KLJK�%(5

HQYLURQPHQW ZLOO \LHOG DQ XQDFFHSWDEOH OHYHO RI GLVWRUWLRQ� 7KLV GLVWRUWLRQ LV LQ WKH IRUP RI ODUJH
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DUWLIDFWV DSSHDULQJ RQ WKH YLGHR GLVSOD\� ,Q WKLV WKHVLV� WKH WUDQVPLVVLRQ RI GLJLWDO YLGHR LQ D KLJK�

%(5 HQYLURQPHQW ZDV VWXGLHG� $V D PHDVXUH RI YLGHR TXDOLW\� WKH UHODWLYH QXPEHU RI DUWLIDFWV

DSSHDULQJ RQ DQ LPDJH ZDV PHDVXUHG XVLQJ WKH 3615� $OWKRXJK WKH GHpQLWLRQ RI YLGHR TXDOLW\

XVHG LQ WKLV WKHVLV GRHV QRW DSSO\ WR EURDGFDVW WHOHYLVLRQ DSSOLFDWLRQV� LW GRHV VHUYH DV D PHDVXUH

RI WKH XVDELOLW\ RI D YLGHR VHTXHQFH� ,Q VRPH DSSOLFDWLRQV� VXFK DV VXUYHLOODQFH� WKH RFFDVLRQDO

DSSHDUDQFH RI DUWLIDFWV PD\ EH DFFHSWDEOH WR WKH XVHU� ,Q VXFK DSSOLFDWLRQV� WKH UHODWLYH QXPEHU

RI DUWLIDFWV LV LPSRUWDQW� DQG LW LV ZLWK WKRVH DSSOLFDWLRQV LQ PLQG WKDW WKH WHUP ?YLGHR TXDOLW\� LV

XVHG LQ WKLV WKHVLV�

:H VKRZHG WKDW YLGHR WUDQVPLVVLRQV DUH KLJKO\ VXVFHSWLEOH WR FKDQQHO QRLVH� 7KH HoHFW RI WKH

FKDQQHO QRLVH LV VXFK WKDW D VLQJOH ELW HUURU ZLOO EHFRPH DSSDUHQW WR WKH XVHU� 7KH HoHFW RI D VLQJOH

ELW�HUURU LV D FDWDVWURSKLF HYHQW DW D ORFDOL]HG SRUWLRQ RI WKH YLGHR� )XUWKHU� WKH DGGLWLRQ RI PRUH

ELW�HUURUV LQ WKH VDPH ORFDO DUHD ZLOO KDYH QR DGGLWLYH HoHFW RQ WKH DSSDUHQW YLGHR TXDOLW\� +HQFH�

LI D SDUWLFXODU EORFN LV FRUUXSWHG E\ D VLQJOH ELW�HUURU� VHYHUDO HUURUV DGGHG WR WKH DOUHDG\ FRUUXSWHG

EORFN RI GDWD ZLOO KDYH QR YLVLEOH HoHFW�

,I ELW�HUURUV DUH DQ XQDYRLGDEOH HYHQW� WKHQ LW LV LPSRUWDQW WR FOXVWHU WKH HUURUV LQ D WLJKW XQLW WR

PLQLPL]H WKH YLVXDO LPSDFW RI WKHVH HUURUV RQ WKH YLGHR VHTXHQFH� $ FOXVWHU RI HUURUV� ZKHQ YLHZHG

DV D VLQJOH HYHQW� FDQ EH GHVFULEHG DV D 3RLVVRQ FRXQWLQJ SURFHVV� 2QH FDQ FRPSOHWHO\ GHVFULEH D

3RLVVRQ FRXQWLQJ SURFHVV E\ WKH YDOXH y� WKH PHDQ�DUULYDO UDWH�

7KH PHWULF yHUURU� WKH PHDQ EXUVW OHQJWK� ZDV SURSRVHG DV D JXLGHOLQH VXSSOHPHQWLQJ WKH %(5

LQ GHWHUPLQLQJ WKH H[SHFWHG SHUIRUPDQFH RI D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP WUDQVSRUWLQJ GLJLWDO

YLGHR�

7KURXJK WKH XVH RI VLPXODWLRQ� WKLV WKHVLV GHPRQVWUDWHG WKH VWURQJ UHODWLRQVKLS EHWZHHQ yHUURU DQG

YLGHR TXDOLW\ IRU VLJQDOV ZLWK VLPLODU %(5� 7KLV UHODWLRQVKLS ZDV H[WHQGHG WKURXJK WKH XVH RI WKH

HUURU�HYHQW�PHDQ�DUULYDO�UDWH� yGLVWDQFH� D YDOXH WKDW RQH FDQ GHULYH IURP ERWK yHUURU DQG %(5� 7KH

SULPDU\ YDOXH RI yGLVWDQFH LV LWV DELOLW\ WR SUHGLFW YLGHR TXDOLW\ EDVHG HQWLUHO\ IURP SK\VLFDO OD\HU

SDUDPHWHUV� yGLVWDQFH LV D SDUDPHWHU WKDW SURYHG FDSDEOH RI SUHGLFWLQJ YLGHR TXDOLW\ EDVHG VROHO\

RQ FKDQQHO SHUIRUPDQFH UHJDUGOHVV RI WKH HUURU FRUUHFWLRQ PHWKRG XVHG� $Q H[KDXVWLYH OLWHUDWXUH

VHDUFK UHYHDOHG QR UHIHUHQFHV IRU WKH XVH RI yGLVWDQFH RU DQ\ RWKHU PHWULF XVHG WR FDOFXODWH DQ DEVROXWH

SUHGLFWLRQ RI YLGHR TXDOLW\ EDVHG VROHO\ RQ FKDQQHO SDUDPHWHUV�
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$Q DSSOLFDWLRQ IRU UHDO�WLPH DGDSWLYH YLGHR V\VWHPV WR PRQLWRU 4R6 ZDV VXJJHVWHG XVLQJ yGLVWDQFH

FDOFXODWHG IURP DSULRUL�NQRZOHGJH RI V\VWHP OD\RXW DQG H[SHFWHG SHUIRUPDQFH EDVHG RQ (E
1R
YDOXHV�

$OWKRXJK PRUH VWXG\ LV QHHGHG WR GHWHUPLQH WKH EUHDGWK RI DSSOLFDELOLW\ RI WKLV PHWULF WR GLoHUHQW

03(* FRGLQJ VHWWLQJV� VLPXODWLRQ KDV SURYHQ WKH H[LVWHQFH RI D VWURQJ FRUUHODWLRQ EHWZHHQ yGLVWDQFH

DQG 3615� 7KLV PHWULF SUHVHQWV D IXQGDPHQWDO DGGLWLRQ WR WKH pHOG WKDW ZDV QRW DYDLODEOH SULRU

WR WKH UHVHDUFK SUHVHQWHG LQ WKLV WKHVLV�



&KDSWHU �

&RQFOXVLRQ DQG 6XJJHVWHG )XU WKHU

:RU N

7KH UHODWLRQVKLS EHWZHHQ YLGHR TXDOLW\� YLGHR FRGLQJ� FKDQQHO FRGLQJ� DQG FKDQQHO FKDUDFWHULVWLFV

KDV EHHQ LQYHVWLJDWHG LQ WKLV WKHVLV� ,W LV IRXQG WKDW WKH PHDQ GLVWDQFH EHWZHHQ ELW HUURU FOXVWHUV�

yGLVWDQFH� ZKLFK FDQ EH GHULYHG GLUHFWO\ IURP WKH SK\VLFDO OD\HU� PDNHV SRVVLEOH WKH SUHGLFWLRQ RI

YLGHR TXDOLW\� ,Q WKLV WKHVLV� YLGHR TXDOLW\ ZDV PHDVXUHG DV WKH UHODWLYH QXPEHU RI DUWLIDFWV DSSHDULQJ

LQ D YLGHR VHTXHQFH� $OWKRXJK WKH DSSHDUDQFH RI DUWLIDFWV LQ D VHTXHQFH LV QRW DFFHSWDEOH LQ

DSSOLFDWLRQV VXFK DV EURDGFDVW WHOHYLVLRQ� LW PD\ EH DFFHSWDEOH LQ DSSOLFDWLRQV VXFK DV VXUYHLOODQFH�

7KH SDUDPHWHU GHULYHG LQ WKLV WKHVLV FDQ EH XVHG WR SUHGLFW WKH PHDQ 3HDN�6LJQDO�WR�1RLVH�5DWLR

�3615� YDOXH RI D YLGHR VHTXHQFH ZLWKRXW QHHGLQJ WR GHFRGH D YLGHR VHTXHQFH� 7KH XVH RI WKLV

SDUDPHWHU LV LPSRUWDQW EHFDXVH LW DOORZV IRU TXLFN DQG HrFLHQW DOJRULWKPV QHHGHG LQ DSSOLFDWLRQV

PDLQWDLQLQJ 4XDOLW\ RI 6HUYLFH �4R6��

9DULDEOH 4R6 V\VWHPV DUH D QHFHVVDU\ GHYHORSPHQW IRU WKH GHSOR\PHQW RI ZLUHOHVV SHUVRQDO YLGHR

FRPPXQLFDWLRQ GHYLFHV� *LYHQ WKH G\QDPLF QDWXUH RI WKH ZLUHOHVV FKDQQHO� FRQVLVWHQW GHOLYHU\ RI

DFFHSWDEOH YLGHR TXDOLW\ LV D SUREOHP� $OJRULWKPV DUH QHHGHG WKDW FDQ TXLFNO\ UHDFW WR FKDQJLQJ

FKDQQHO FRQGLWLRQV DQG RSWLPL]H WKH DUFKLWHFWXUH IRU WKH JLYHQ FRQGLWLRQV� 7KH UHVHDUFK SUHVHQWHG

LQ WKLV WKHVLV UHYHDOV D JHQHUDO VWDWLVWLFDO PHWKRG� FHQWHUHG RQ WKH PHWULF yGLVWDQFH� ZKLFK FDQ TXLFNO\

HVWLPDWH YLGHR TXDOLW\ ZLWKRXW UHTXLULQJ WKH V\VWHP WR GHFRGH DQG HYDOXDWH WUDQVPLWWHG YLGHR GDWD�

��
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7KH GDWD LQ WKLV UHVHDUFK ZDV FROOHFWHG XVLQJ D VRIWZDUH WRRO GHVLJQHG WR VWXG\ WKH HoHFWV RI D ZLUHOHVV

FKDQQHO RQ D YLGHR WUDQVPLVVLRQ� 7KLV WRRO DOORZV WKH VLPXODWLRQ RI D qH[LEOH FRPPXQLFDWLRQ V\VWHP

DUFKLWHFWXUH LQ FRQMXFWLRQ ZLWK VHYHUDO VWDQGDUG SDFNHW GDWD IRUPDWV� 7KH VLPXODWLRQ WRRO FDQ

DOVR VLPXODWH VHYHUDO IDGLQJ HQYLURQPHQWV DQG LQWHUIHUHQFH LVVXHV� VXFK DV FR�FKDQQHO DQG DGMDFHQW

FKDQQHO LQWHUIHURUV�

6HYHUDO DVSHFWV RI GLJLWDO YLGHR ZLUHOHVV WUDQVPLVVLRQV ZHUH QRW VWXGLHG� QDPHO\ WKH HoHFWV RI D

IDGLQJ HQYHORSH� $ IHZ SDSHUV SUHVHQWLQJ WKH UHVXOWV RI IDGLQJ FKDQQHOV RQ YLGHR WUDQVPLVVLRQV

KDYH EHHQ SXEOLVKHG� $ IDGLQJ FKDQQHO LV FRPPRQ LQ PRELOH FRPPXQLFDWLRQV� +RZHYHU� WKH HoHFWV

RI D IDGLQJ FKDQQHO FRXSOHG ZLWK GLoHUHQW HUURU�FRUUHFWLRQ WHFKQLTXHV DQG IUDPLQJ IRUPDW RQ D YLGHR

WUDQVPLVVLRQ LV D VXEMHFW IRU IXUWKHU VWXG\�

7KH EXON RI HUURUV VHHQ LQ WKH VLPXODWHG YLGHR VHTXHQFHV VWHP IURP FRUUXSWHG VOLFHV DQG WKH LQDELOLW\

RI WKH 03(* GHFRGHU WR UH�V\QFKURQL]H WKH GHFRGHU DQG UHFRYHU XQFRUUXSWHG GDWD EORFNV ZLWKLQ

D VOLFH ZLWK FRUUXSWHG EORFNV� 6\VWHP SHUIRUPDQFH ZRXOG LPSURYH FRQVLGHUDEO\ LI D PHWKRG ZHUH

GHYHORSHG WKDW DOORZHG WKH UHFRYHU\ RI GDWD XQDYDLODEOH GXH WR V\QFKURQL]DWLRQ SUREOHPV�

1R ERXQGV ZHUH FDOFXODWHG IRU WKH SHUIRUPDQFH RI WKH V\VWHP� 3UHYLRXV ZRUN RQ WKH HoHFWV RI FOXV�

WHUHG ELW�HUURUV RQ UHFHLYHG p[HG�OHQJWK V\PEROV >��@ KDV OHG WR WKH GHULYDWLRQ RI WLJKW SHUIRUPDQFH

ERXQGV� 7KH ZRUN SUHVHQWHG LQ WKLV WKHVLV GHDOV ZLWK FOXVWHULQJ RI HUURUV RQ UHFHLYHG YDULDEOH�OHQJWK

V\PEROV �HQFRGHG YLGHR REMHFWV�� )XWXUH ZRUN VKRXOG H[DPLQH V\VWHP SHUIRUPDQFH ERXQGV XVLQJ

WKH DSSURDFKHV SUHVHQWHG LQ >��@�

)XUWKHUPRUH� WKH YLGHR VHTXHQFHV XVHG VKDUHG WKH VDPH IUDPH IRUPDW �,�%�%�3�%�%�3�%�%�3�%�%�

,�� *LYHQ WKDW 03(* LV D ULFK IRUPDW WKDW DOORZV D YDULHW\ RI FRGLQJ FRQpJXUDWLRQV� IXUWKHU ZRUN LV

VXJJHVWHG IRU VWXG\LQJ WKH DSSOLFDELOLW\ RI yGLVWDQFH ZKHQ XVLQJ D YDULHW\ RI 03(* FRGLQJ VFKHPHV

WR EHWWHU GHWHUPLQH WKH OLPLWV DQG FDSDELOLWLHV RI WKLV PHWULF�

03(*�� LV QRW WKH RQO\ VWDQGDUG DYDLODEOH IRU YLGHR FRGLQJ� 03(*��� WKH +���[ IDPLO\ RI YLGHR

FRGLQJ IRUPDWV IURP WKH ,78� DQG ZDYHOHW�EDVHG YLGHR FRGLQJ DUH DOVR IRUPDWV WKDW DUH GLoHUHQW

IURP 03(*��� DQG WKHLU QHHGV PD\ QRW EH VHUYHG E\ WKH yGLVWDQFH PHWULF� )XUWKHU ZRUN FRQFHUQLQJ

WKH LQWHUDFWLRQ EHWZHHQ FKDQQHO FRGLQJ DQG DOWHUQDWH YLGHR IRUPDWV LV DOVR VXJJHVWHG�



$SSHQGL[ $

3 DFNHW )RU PDW

7KH 03(* IRUPDW LV D SRZHUIXO YLGHR FRGLQJ IRUPDW WKDW LV qH[LEOH DQG DOORZV GLoHUHQW GDWD

IRUPDWV WR EH WUDQVPLWWHG� 7KH IRUPDWV DOORZHG E\ WKH VLPXODWLRQ WRRO ZULWWHQ IRU WKLV WKHVLV DUH WKH

7UDQVSRUW 6WUHDP� $V\QFKURQRXV 7UDQVIHU 0RGH �$70�� DQG $JJUHJDWHG $70 &HOO (QFDSVXODWLRQ�

,W LV LPSRUWDQW WR EH DZDUH RI WKH SDFNHW IRUPDW XVHG IRU WUDQVSRUW WR XQGHUVWDQG WKH XQGHUO\LQJ

PHFKDQLVPV DoHFWLQJ WKH UHFHLYHG GDWD� 7KLV VHFWLRQ RI WKH DSSHQGL[ SUHVHQWV D VXPPDU\ RI WKH

WKUHH DERYH�PHQWLRQHG IRUPDWV�

$�� 7 U DQVSRU W 6WU HDP

7UDQVSRUW 6WUHDP �76� LV D UDGLFDO GHSDUWXUH IURP SUHYLRXV YLGHR IRUPDWWLQJ VWDQGDUGV� )L[HG�

OHQJWK SDFNHW FRGLQJ KDV VHYHUDO DGYDQWDJHV RYHU YDULDEOH�OHQJWK HQFRGLQJ� VXFK DV UREXVWQHVV DQG

qH[LELOLW\� +RZHYHU� WKH IRUPDW
V qH[LELOLW\ DOVR \LHOGV D FRPSOH[ DUFKLWHFWXUH� 7KH IROORZLQJ

VXPPDU\ RI WKH OD\RXW RI WKH VWUHDP IRUPDW SURYLGHV D VLPSOLpHG JOLPSVH RI WKH FDSDELOLWLHV RI WKH

VWDQGDUG�

��



��

$���� 3 DFNHW )RU PDW

)LJXUH $�� SUHVHQWV WKH IRUPDW IRU HDFK SDFNHW LQ WKH 76 IRUPDW� (DFK SDFNHW LV ��� E\WHV ORQJ

DQG LV SUHFHGHG E\ D V\QF E\WH ��[����

)LJXUH $��� 7UDQVSRUW 6WUHDP 3DFNHW

7KH V\QF E\WH LV LQYHUWHG HYHU\ HLJKWK SDFNHW ��[%��� 7KH LQYHUWHG V\QF E\WH LV XVHG E\ WKH '$9,&

FRPPXQLFDWLRQV V\VWHP WR UHVHW WKH UDQGRPL]HU UHJLVWHU�

$���� 3 DFNHW + HDGHU

7DEOH $�� GHVFULEHV WKH SDFNHW KHDGHU� DQG WKH WHUPV OLVWHG LQ 7DEOH $�� DUH GHpQHG EHORZ� (DFK 76

SDFNHW FRQWDLQV WKLV KHDGHU LQIRUPDWLRQ� WKH LQIRUPDWLRQ VWDUWV DIWHU WKH V\QF E\WH LQ WKH SD\ORDG

VHFWLRQ RI WKH SDFNHW�

7DEOH $��� 7UDQVSRUW 6WUHDP 3DFNHW +HDGHU 6WUXFWXUH

'HVFULSWLRQ /HQJWK �ELWV�

(UURU ,QGLFDWRU �

3D\ORDG 8QLW 6WDUW �

7UDQVSRUW 3ULRULW\ �

3,' ��

6FUDPEOLQJ &RQWURO �

$GDSWDWLRQ )LHOG &RQWURO �

&RQWLQXLW\ &RXQWHU �

$GDSWDWLRQ )LHOG �2SWLRQDO� �



��

(UURU ,QGLFDWRU � 7KLV LV D VLQJOH ELW WKDW VLJQDOV LI WKHUH LV DQ HUURU LQ WKH SDFNHW� 7KH ELW LV VHW

WR C�
 LI DQ HUURU LV GHWHFWHG LQ WKH SDFNHW� 0RGXOHV RWKHU WKDQ WKH 03(* HQFRGHU�GHFRGHU PD\

FKDQJH WKH YDOXH RI WKLV ELW�

3D\ORDG 8QLW 6WDUW � 7KLV ELW LV VHW WR C�
 LI SDFNHW FRQWDLQV WKH EHJLQQLQJ RI HLWKHU 3URJUDP 6SHFLpF

,QIRUPDWLRQ �36,� RU 3DFNHWL]HG (OHPHQWDU\ 6WUHDP �3(6�� 36, DQG 3(6 SDFNHWV ZLOO EH GLVFXVVHG

ODWHU LQ WKH GHVFULSWLRQ RI WKH 76 VWUXFWXUH�

7UDQVSRUW 3ULRULW\ � $ C�
 PHDQV WKDW WKLV SDFNHW KDV KLJKHU SULRULW\ WKDQ RWKHU SDFNHWV ZLWK WKH

VDPH 3DFNHW ,'HQWLpHU �3,'��

3,' � 7DEOH $�� FRQWDLQV WKH OLVW RI SRVVLEOH 3DFNHW ,'HQWLpHUV �3,'V��

7DEOH $��� 3,' 7DEOH

9DOXH 'HVFULSWLRQ

�[���� 3URJUDP $VVRFLDWLRQ 7DEOH

�[���� &RQGLWLRQDO $FFHVV 7DEOH

�[����b �[���) 5HVHUYHG

�[����b �[�))( 1HWZRUN 3,'� 3URJUDP PDS 3,'� HOHPHQWDU\ 3,'� RU RWKHU

�[�))) 1XOO 3DFNHW

6FUDPEOLQJ &RQWURO � 'HpQHV WKH W\SH RI VFUDPEOLQJ XVHG� 9DOXH C��
 PHDQV QR VFUDPEOLQJ� 9DOXHV

C���
 C���
 C��
 KDYH PHDQLQJ WKDW LV XVHU�GHpQHG�

$GDSWDWLRQ )LHOG &RQWURO � 7KH FRGH IRU WKHVH WZR ELWV LV GHpQHG E\ 7DEOH $��

7DEOH $��� $GDSWDWLRQ )LHOG 7DEOH

9DOXH 'HVFULSWLRQ

�� 5HVHUYHG

�� 1R DGDSWDWLRQ pHOG� SD\ORDG RQO\

�� $GDSWDWLRQ pHOG RQO\� QR SD\ORDG

�� $GDSWDWLRQ pHOG 	 SD\ORDG



��

&RQWLQXLW\ &RXQWHU � 7KLV FRXQWHU LQFUHDVHV ZLWK HYHU\ SDFNHW ZLWK WKH VDPH 3,'� 7KH FRXQWHU

UHVHWV WR ]HUR ZKHQ WKH FRXQWHU UHDFKHV RYHUqRZ� ,QFUHPHQWV RQ WKH FRXQWHU DUH GRQH RQO\ ZKHQ

WKH ?$GDSWDWLRQ )LHOG &RQWURO� KDV YDOXHV C��
 RU C���


$GDSWDWLRQ )LHOG � 7KLV LV D YDULDEOH OHQJWK pHOG WKDW FRQWDLQV LQIRUPDWLRQ XVHG WR GHDO ZLWK

GLVFRQWLQXLWLHV� SULRULW\ YDOXHV IRU HOHPHQWDU\ VWUHDPV� DQG LQIRUPDWLRQ UHODWHG WR WLPLQJ DQG FORFN

UHIHUHQFLQJ�

$���� 3 U RJU DP 6SHFLpF , QIRU PDWLRQ

3URJUDP 6SHFLpF ,QIRUPDWLRQ �36,� LV LQIRUPDWLRQ WKDW LV HLWKHU QHHGHG E\ WKH GHFRGHU WR GHPXO�

WLSOH[ WKH LQFRPLQJ SDFNHWV RU LV XVHU�GHpQHG SULYDWH LQIRUPDWLRQ� 7DEOH $�� SUHVHQWV D EUHDNGRZQ

RI WKH W\SHV RI LQIRUPDWLRQ WKDW DUH FODVVLpHG DV 36,�

7DEOH $��� 3URJUDP 6SHFLpF ,QIRUPDWLRQ

6WUXFWXUH 1DPH 7\SH 3,' 1XPEHU 'HVFULSWLRQ

3URJUDP $VVRFLDWLRQ 7DEOH �3$7� ,62�������� �[�� $VVRFLDWHV 3URJUDP 1XPEHU

ZLWK 307 3,'

3URJUDP 0DS 7DEOH �307� ,62�������� )URP 3$7 6SHFLpHV 3,' LQ HOHPHQWDU\

VWUHDPV IRU HDFK SURJUDP

1HWZRUN ,QIRUPDWLRQ 7DEOH �1,7� 8VHU�'HpQHG )URP 3$7 6\VWHP LQIRUPDWLRQ �FKDQQHO

QXPEHU� OHYHO RI HUURU SURWHF�

WLRQ� HWF��

&RQGLWLRQDO $FFHVV 7DEOH �&$7� ,62�������� �[�� $VVRFLDWHV (QWLWOHPHQW 0DQ�

DJHPHQW 0HVVDJH ZLWK 3,'

$OO WKH W\SHV RI LQIRUPDWLRQ FRYHUHG XQGHU 36, DUH LPSRUWDQW EXW IRU YDU\LQJ SXUSRVHV� 1,7 LV

XVHIXO WR GHpQH WKH V\VWHP FRQpJXUDWLRQ GXULQJ WKH V\VWHP VWDUWXS� DQG &$7 LV XVHIXO ZKHQ WKHUH

LV VHFXUH GDWD LQ WKH VWUHDP �VXFK D SUHPLXP FKDQQHOV DQG SD\�SHU�YLHZ�� 7KHVH WZR IRUPDWV �1,7

DQG� WR VRPH H[WHQW� &$7� DUH LPSRUWDQW ZKHQ WKH V\VWHP LV LPSOHPHQWHG DQG ZKHQ VHUYLFH QHHGV



��

WR EH H[SDQGHG� WKH\ DUH QRW QHFHVVDULO\ FULWLFDO ZKHQ DWWHPSWLQJ WR XQGHUVWDQG WKH IXQFWLRQDOLW\

RI 03(*���76�

3$7 DQG 307� RQ WKH RWKHU KDQG� DUH FUXFLDO SDUWV RI WKH WUDQVSRUW VWUHDP IRUPDW� 7KH\ GHWHU�

PLQH WKH DVVRFLDWLRQ RI LQGLYLGXDO SURJUDPV LQ WKH VWUHDPV DV ZHOO DV WKH DVVRFLDWLRQ RI GLoHUHQW

HOHPHQWDU\ VWUHDPV ZLWKLQ D VLQJOH SURJUDP�

$���� 3 U RJU DP $VVRFLDWLRQ 7 DEOH

7KH 3URJUDP $VVRFLDWLRQ 7DEOH �3$7� FDQ EH FRQVLGHUHG DQ HOHFWURQLF 79 *XLGH� 7KLV WDEOH

FRQWDLQV D OLVW RI DOO SURJUDPV WKDW DUH DYDLODEOH LQ WKLV SDUWLFXODU VWUHDP� 7KH OLVW DVVRFLDWLRQ LV

EDVHG RQ HDFK SURJUDP
V WKLUWHHQ�ELW 3,'� 7KH SDFNHWV GHpQLQJ WKH 3$7 DOZD\V KDYH WKH 3,' VHW

WR �[���� 7DEOH $�� SUHVHQWV WKH 3$7 IRUPDW�

7KH 3$7 LV QRW QHFHVVDULO\ RQH VHFWLRQ �SDFNHW� ORQJ� 7KH VWUXFWXUH RI WKH 3$7 LV VXFK WKDW LW

DOORZV D VLQJOH WDEOH WR EH PDGH XS RI VHYHUDO SDFNHWV�

7KH SURJUDP QXPEHU OLVW LV GHVFULEHG LQ 7DEOH $�� DQG LV RI YDULDEOH OHQJWK EHFDXVH WKH QXPEHU

RI SURJUDPV WKDW WKH 7UDQVSRUW 6WUHDP FDQ FDUU\ LV YDULDEOH� 7KH QXPEHU RI SURJUDPV WKDW DUH

FDUULHG E\ WKH 3$7 DUH GHWHUPLQHG E\ FDOFXODWLQJ WKH QXPEHU RI SURJUDPV QHHGHG LQ WKH GHVFULSWLRQ

WR DFKLHYH WKH VHFWLRQ OHQJWK GHVFULEHG LQ WKH ?VHFWLRQ OHQJWK� pHOG RI WKH 3$7�

7KH YDOXHV DOORZHG IRU WKH 7DEOH ,' DUH OLVWHG LQ 7DEOH $���

7KH SURJUDP LQIRUPDWLRQ LV VWUXFWXUHG RQ VHYHUDO OD\HUV� 7KH WRS OD\HU LV WKH 3$7� WKH WDEOH WKDW

FRQWDLQV D JXLGH WR DOO WKH SURJUDPV WKDW DUH DYDLODEOH RQ WKH V\VWHP� 7KH EDVLF XQLW XVHG IRU

FRQWUROOLQJ SDFNHW WUDrF LV WKH 3,'� DQG WKH EDVLF XQLW IRU SURJUDP FRQWURO ZLWKLQ WKH 3$7 LV WKH

SURJUDP QXPEHU� 7KH 3$7 �3,'  �[����� FRQWDLQV D OLVW RI DOO WKH 3,'V LQ WKH SURJUDP DQG D OLVW

RI DOO WKH SURJUDP QXPEHUV� 8QGHU WKH 3$7� WKH SURJUDPV IRU WKDW SDUWLFXODU 7UDQVSRUW 6WUHDP

DUH OLVWHG ZLWK UHIHUHQFH WR SURJUDP QXPEHU� (DFK SURJUDP QXPEHU LV DVVRFLDWHG ZLWK D SDUWLFXODU

3,' WKDW PXVW EH EHWZHHQ �[�� DQG �[)( DV VHHQ LQ 7DEOH $���

7KH SURJUDP ZLWK SURJUDP QXPEHU  � LV WKH SURJUDP ZLWK WKH QHWZRUN LQIRUPDWLRQ� ZKLFK LV

XVHU�GHpQHG� 7KH ,62�������� VWDQGDUG GRHV QRW GHpQH WKH FRQWHQWV RI WKH QHWZRUN LQIRUPDWLRQ



��

7DEOH $��� 3URJUDP $VVRFLDWLRQ 7DEOH

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

7DEOH ,' � 6HW WR �[��

VHFWLRQ V\QWD[ LQGLFDWRU � 6HW WR C�


C�
 � 6LQJOH ELW VHW WR C�


UHVHUYHG � �

VHFWLRQ OHQJWK �� 9DOXH OHVV WKDQ ���� ��[�)'� VSHFLI\LQJ VHFWLRQ

OHQJWK LQ E\WHV

WUDQVSRUW VWUHDP LG �� 8VHU�GHpQHG YDOXH WR LGHQWLI\ WKLV 7UDQVSRUW 6WUHDP

ZLWKLQ WKH QHWZRUN

UHVHUYHG � �

YHUVLRQ QXPEHU � YHUVLRQ QXPEHU IRU WKH FXUUHQW 3$7� UHVHWV WR ]HUR

SDVW PD[LPXP YDOXH

FXUUHQW QH[W LQGLFDWRU � D C�
 LQGLFDWHV WKLV LV WKH FXUUHQWO\ DSSOLFDEOH 3$7�

C�
 PHDQV WKH WDEOH LV QRW \HW DSSOLFDEOH� EXW LV WKH

QH[W RQH WR EHFRPH YDOLG

VHFWLRQ QXPEHU � VWDUWV DW C�
 DQG LQFUHPHQWV ZLWK HYHU\ QHZ VHFWLRQ

ODVW VHFWLRQ QXPEHU � ODVW VHFWLRQ QXPEHU RI FRPSOHWH 3$7

SURJUDP QXPEHU OLVW 9DULDEOH VHH WDEOH $��

&5& �� �� &5& YDOXH WKDW UHWXUQV ]HUR IRU WKH ZKROH 3$7
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7DEOH $��� 3URJUDP /LVW 6WUXFWXUH

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

SURJUDP QXPEHU �� 8VHU�GHpQHG YDOXH WKDW LGHQWLpHV WKH SURJUDP IRU

ZKLFK WKH IROORZLQJ LQIRUPDWLRQ DSSOLHV� LI VHW WR ]HUR�

WKH 3,' UHIHUHQFH LV WKH QHWZRUN 3,'

UHVHUYHG � �

QHWZRUN 3,' �� �,I SURJUDP QXPEHU   � RQO\� VSHFLpHV 3,' IRU

WUDQVSRUW SDFNHWV ZLWK QHWZRUN LQIRUPDWLRQ

SURJUDP PDS ,' �� �,I SURJUDP QXPEHU � � RQO\� VSHFLpHV 3,' IRU WUDQV�

SRUW SDFNHWV ZLWK SURJUDP PDS VHFWLRQ DSSOLFDEOH WR

WKH SURJUDP ZLWK WKH VSHFLpHG SURJUDP QXPEHU

7DEOH $��� 7DEOH ,' 9DOXHV

9DOXH 'HVFULSWLRQ

�[�� SURJUDP DVVRFLDWLRQ WDEOH

�[�� FRQGLWLRQDO DFFHVV VHFWLRQ�&$ VHFWLRQ�

�[�� 76 SURJUDP PDS VHFWLRQ

�[��b �[�) ,78�7 5HF� +�������,62�,(& ������� UHVHUYHG

�[��b �[)( 8VHU SULYDWH

�[)) )RUELGGHQ
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WDEOH �1,7�� :KHQ XVHG� WKH 1,7 FRQWDLQV WKH YDOXHV QHHGHG WR GHpQH WKH V\VWHP� VXFK DV WKH

FKDQQHO XVHG� EDQGZLGWK IRU WKH FKDQQHO� PRGXODWLRQ WHFKQLTXH� DQG pOWHU VHOHFWLRQ� ,I D SURJUDP

QXPEHU LQ WKH 3$7 LV QRW ]HUR� LW LV D UHJXODU SURJUDP �D FROOHFWLRQ RI YLGHR DQG DXGLR VWUHDPV

FROOHFWHG LQWR D VLQJOH SURJUDP�� $OO WKH DYDLODEOH SURJUDPV XQGHU WKH FXUUHQW 7UDQVSRUW 6WUHDP

DUH OLVWHG LQ WKH 3$7� DQG DQ DVVRFLDWLRQ LV IRUPHG ZLWK WKHLU UHVSHFWLYH 3,'V�

$���� 3 U RJU DP 0 DS 7 DEOH

(DFK SURJUDP LV KHDGHG E\ WKH 3URJUDP 0DS 7DEOH �307�� 7KH 307 KDV WKH 3,' WKDW ZDV

GHpQHG XQGHU WKH 3$7 DV DVVRFLDWHG ZLWK WKLV SDUWLFXODU SURJUDP� ,Q VKRUW� WKH IXQFWLRQ RI WKLV

WDEOH LV WR GHpQH WKH GLoHUHQW HOHPHQWDU\ VWUHDPV �YLGHR�DXGLR� WKDW ZLOO PDNH XS WKLV SURJUDP�

7KH SDUDPHWHUV IRU WKHVH VWUHDPV DQG WKH ZKROH SURJUDP DUH DOVR GHpQHG LQ WKH 307� 7DEOH $��

GHVFULEHV WKH VWUXFWXUH RI D 3URJUDP 0DS 6HFWLRQ �306�� 7KH 307 LV FRPSULVHG RI VHYHUDO 306V�

(DFK 306 LV LQ D VLQJOH SDFNHW �VHFWLRQ�� 6HYHUDO 3,'V FDQ EH XVHG WR GHVFULEH D VLQJOH 307� 7KH

SURJUDP QXPEHU LV WKH FRPPRQ V\PERO WKDW MRLQV VHYHUDO VWUHDPV ZLWK VHSDUDWH 3,'V DQG LV XVHG

WR UHFRQVWUXFW WKH SURJUDP�

7KH SURJUDP GHVFULSWRU�V� DUH VWUXFWXUHV WKDW GHVFULEH WKH SURJUDP DV D ZKROH DQG DUH DSSOLFDEOH

WR DOO VWUHDPV� $ OLVW RI GHVFULSWRUV DYDLODEOH XQGHU ,62�,(&�������� LV VHHQ LQ 7DEOH $���

7KH GHVFULSWRU IXQFWLRQV FRYHU VHYHUDO SURJUDP DQG HOHPHQWDU\ VWUHDP SURSHUWLHV� +RZHYHU� JLYHQ

WKH OLPLWHG QDWXUH RI WKH V\VWHP WKDW LV VLPXODWHG� RQO\ WKUHH GHVFULSWRUV ZLOO EH H[SORUHG� WKH

YLGHR VWUHDP GHVFULSWRU� WKH WDUJHW EDFNJURXQG JULG GHVFULSWRU� DQG WKH PD[LPXP ELWUDWH GHVFULSWRU�

7KH UHDVRQ IRU DYRLGLQJ WKH RWKHU GHVFULSWRUV LV DV IROORZV�

DXGLR VWUHDP GHVFULSWRU � 7KLV YHUVLRQ RI WKH VLPXODWLRQ ZLOO XVH RQO\ YLGHR� VR QR DXGLR KDQGOLQJ

IXQFWLRQV DUH QHHGHG�

KLHUDUFK\ GHVFULSWRU � 7KLV LV XVHG ZKHQ GLoHUHQW W\SHV RI VFDODELOLW\ DUH XVHG� 7KH VLPXODWLRQ

YHUVLRQ GLVFXVVHG KHUH ZLOO QRW XVH DQ\ W\SH RI VFDODELOLW\ �6SDWLDO� 615� 7HPSRUDO� RU 'DWD SDUWL�

WLRQLQJ��

UHJLVWUDWLRQ GHVFULSWRU � 7KHUH LV QR SULYDWH GDWD LQ WKH IRUPDW VHOHFWHG IRU WKH VLPXODWLRQ�



��

7DEOH $��� 3URJUDP 0DS 6HFWLRQ

6\QWD[ 1XPEHU RI %LWV 'HVFULSWLRQ

7DEOH ,' � 3,' FRUUHVSRQGLQJ WR WKH FXUUHQW SURJUDP GHVFULEHG

DV VHW LQ 3$7

VHFWLRQ V\QWD[ LQGLFDWRU � VHW WR C�


C�
 � VHW WR C�


UHVHUYHG � �

VHFWLRQ OHQJWK �� pUVW WZR ELWV VHW WR C���
 RWKHU �� ELWV GHVFULEH OHQJWK

RI KHDGHU LQ E\WHV

SURJUDP QXPEHU �� SURJUDP QXPEHU GHpQHG LQ 3$7

UHVHUYHG � �

YHUVLRQ QXPEHU � YHUVLRQ QXPEHU RI WKH FXUUHQW 306

FXUUHQW QH[W LQGLFDWRU � LI VHW WR C��
 WKH FXUUHQW 306 LV DSSOLFDEOH� ,I VHW WR

C��
 WKHQ WKH 306 LV QRW \HW DSSOLFDEOH� EXW LV WKH

QH[W RQH WR EHFRPH YDOLG

VHFWLRQ QXPEHU � VHW WR �[��

ODVW VHFWLRQ QXPEHU � VHW WR �[��

UHVHUYHG � �

3&5 3,' �� 3,' RI SDFNHW ZLWK 3URJUDP &ORFN 5HIHUHQFH �3&5��

LI QR 3&5 LV GHpQHG� VHW pHOG WR �[�)))

UHVHUYHG � �

SURJUDP LQIR OHQJWK �� WKH pUVW WZR ELWV RI WKLV pHOG DUH VHW WR C��
� WKH QH[W

WHQ ELWV GHVFULEH WKH QXPEHU RI E\WHV LQ WKH OLVW RI

GHVFULSWRUV DQG VWUHDP GHVFULSWLRQV

3URJUDP GHVFULSWRU�V� 9DULDEOH VWUXFWXUHV FRQWDLQLQJ LQIRUPDWLRQ DSSOLFDEOH WR WKH

ZKROH SURJUDP

6WUHDP�V� LQIRUPDWLRQ 9DULDEOH VWUXFWXUH FRQWDLQLQJ LQIRUPDWLRQ RQ HYHU\ VWUHDP DQG

WKH GHVFULSWRU�V� IRU DOO VWUHDPV
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7DEOH $��� 3URJUDP DQG (OHPHQWDO 6WUHDP 'HVFULSWRUV

7DJ 9DOXH 1DPH 'HVFULSWLRQ

� YLGHR VWUHDP GHVFULSWRU &RGLQJ SDUDPHWHUV IRU YLGHR HOHPHQWDU\

VWUHDP

� DXGLR VWUHDP GHVFULSWRU &RGLQJ SDUDPHWHUV IRU DXGLR HOHPHQWDU\

VWUHDP

� KLHUDUFK\ GHVFULSWRU ,GHQWLpHV SURJUDP HOHPHQWV ZLWK

KLHUDUFKLFDO�FRGHG YLGHR 	 DXGLR

� UHJLVWUDWLRQ GHVFULSWRU 0HWKRG WR LGHQWLI\ IRUPDWV RI SULYDWH GDWD

� GDWD VWUHDP DOLJQPHQW GHVFULSWRU 'HVFULEHV WKH DOLJQPHQW W\SH LQ WKH DVVR�

FLDWHG HOHPHQWDU\ VWUHDP

� WDUJHW EDFNJURXQG JULG GHVFULSWRU 8VHG WR GHVFULEH DQ DUHD RI WKH VFUHHQ ZLWK

XQLW EDFNJURXQG �IHDWXUHOHVV� YLGHR

� YLGHR ZLQGRZ GHVFULSWRU 'HVFULEHV DUHD ZKHUH FXUUHQWO\ HOHPHQ�

WDU\ VWUHDP LV GLVSOD\HG

� &$ GHVFULSWRU &RQGLWLRQDO $FFHVV LQIRUPDWLRQ IRU WKH GH�

FRGHU

�� ,62 ��� ODQJXDJH GHVFULSWRU ,GHQWLpHV ODQJXDJH�V� XVHG RQ VWUHDP

�� V\VWHP FORFN GHVFULSWRU ,QIRUPDWLRQ RQ FORFN XVHG WR FUHDWH WLPH�

VWDPSV

�� PXOWLSOH[ EXoHU XWLOL]DWLRQ GHVFULSWRU 3URYLGHV ERXQGV IRU GHFRGHU EXoHU VL]H

�� FRS\ULJKW GHVFULSWRU $OORZV LGHQWLpFDWLRQ RI PDWHULDO RZQHU�

VKLS

�� PD[LPXP ELWUDWH GHVFULSWRU 'HVFULEHV PD[LPXP ELWUDWH �LQFOXGLQJ

RYHUKHDG� RI SURJUDP RU VWUHDP

�� SULYDWH GDWD LQGLFDWRU GHVFULSWRU 8VHU�GHpQHG

�� VPRRWKLQJ EXoHU GHVFULSWRU ,QIRUPDWLRQ RQ VPRRWKLQJ EXoHU XVHG

�� 67' GHVFULSWRU ,GHQWLpHV W\SH RI EXoHULQJ XVHG LQ GHFRGHU

�76 RQO\�

�� ,%3 GHVFULSWRU 'HVFULEHV VWUXFWXUH RI ,�%�3 IUDPHV



��

GDWD VWUHDP DOLJQPHQW GHVFULSWRU � 7KHUH LV D VLQJOH VWUHDP RI YLGHR SHU SURJUDP� VR QR LQWHU�VWUHDP

DOLJQPHQW IXQFWLRQV DUH QHFHVVDU\�

YLGHR ZLQGRZ GHVFULSWRU � 7KLV GHVFULSWRU GHVFULEHV WKH DFWLYH ZLQGRZ ZLWK UHVSHFW WR WKH EDFN�

JURXQG ZLQGRZ� 7KLV SDUWLFXODU VLPXODWLRQ XVHV D VLQJOH YLHZLQJ DUHD ZLWK D VLQJOH VWUHDP� VR WKLV

GHVFULSWRU ZRXOG EH GHIDXOWHG WR ]HUR� ,I GLoHUHQW�VL]HG SLFWXUHV RU SLFWXUH�LQ�SLFWXUH ZHUH XVHG�

WKLV GHVFULSWRU ZRXOG EH QHFHVVDU\� RWKHUZLVH� LW LV UHGXQGDQW�

&$ GHVFULSWRU � 7KHUH DUH QR FRQGLWLRQDO DFFHVV VWUHDPV LQ WKH VLPXODWHG VWUHDP�

,62 ��� ODQJXDJH GHVFULSWRU � 7KLV GHVFULSWRU LV XVHG WR GHVFULEH WKH DXGLR W\SH XVHG �H�J�� KHDULQJ

LPSDLUHG�� VR LW LV QRW YDOLG IRU WKLV YHUVLRQ�

V\VWHP FORFN GHVFULSWRU � 7KH GHFRGHU FORFN LV QRW DQ LVVXH LQ WKLV VLPXODWLRQ� 7KH GHFRGHU LV WRR

VORZ WR GHFRGH WKH VWUHDPV DW WKH VSHHG UHTXLUHG� VR DQ H[WUD FORFN PHFKDQLVP ZRXOG IXUWKHU VORZ

GHFRGLQJ SHUIRUPDQFH ZLWKRXW DQ\ JDLQV�

PXOWLSOH[ EXoHU XWLOL]DWLRQ GHVFULSWRU � 'HPXOWLSOH[LQJ DW WKH UHFHLYHU LV D SRVW�SURFHVVLQJ RSHUD�

WLRQ LQ WKLV VLPXODWLRQ� PDNLQJ EXoHULQJ DQG RYHUqRZ QRQ�LVVXHV�

FRS\ULJKW GHVFULSWRU � &RS\ULJKW LQIRUPDWLRQ RQ WKH VWUHDP ZRXOG DGG DQ LQIRUPDWLRQ RYHUKHDG

ZLWK QR JDLQV LQ SHUIRUPDQFH� VR WKLV GHVFULSWRU LV QRW XVHG�

SULYDWH GDWD LQGLFDWRU GHVFULSWRU � 1R SULYDWH GDWD LV VHQW LQ WKLV YHUVLRQ RI WKH VLPXODWLRQ�

VPRRWKLQJ EXoHU GHVFULSWRU � 1R VPRRWKLQJ EXoHU LV XVHG� 'HFRGLQJ LV D SRVW�SURFHVVLQJ RSHUDWLRQ�

67' GHVFULSWRU � 'HFRGLQJ LV SHUIRUPHG DV SRVW�SURFHVVLQJ� VR QR EXoHULQJ LQIRUPDWLRQ LV QHHGHG�

,%3 GHVFULSWRU � 7KLV GHVFULSWRU GHVFULEHV WKH ,%3 IRUPDW LQ HDFK *URXS�RI�3LFWXUHV �*23�� ,W

VHHPV UHGXQGDQW WR LQFOXGH WKLV LQIRUPDWLRQ RXWVLGH WKH DFWXDO HOHPHQWDO VWUHDP�

7KH WKUHH GHVFULSWRUV WKDW ZLOO EH GLVFXVVHG LQ GHWDLO IDOO XQGHU ERWK FDWHJRULHV� SURJUDP GHVFULSWRUV

DQG VWUHDP GHVFULSWRUV� 7ZR GHVFULSWRUV� WKH WDUJHW EDFNJURXQG VWUHDP GHVFULSWRU DQG WKH PD[L�

PXP ELWUDWH GHVFULSWRU� GHVFULEH WKH SDUDPHWHUV XVHG IRU WKH ZKROH SURJUDP� 7KH RWKHU GHVFULSWRU�

WKH YLGHR VWUHDP GHVFULSWRU� IDOOV XQGHU WKH FDWHJRU\ RI VWUHDP GHVFULSWRU�

7KH WZR SURJUDP GHVFULSWRUV DUH LQFOXGHG LQ WKH ?3URJUDP GHVFULSWRU�V�� VHFWLRQ RI WKH 307� 7KH
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VWUHDP GHVFULSWRU LV LQFOXGHG LQ D VWUXFWXUH LQVLGH WKH ?6WUHDP�V� LQIRUPDWLRQ� VHFWLRQ RI WKH 307�

7KH VWUXFWXUH RI WKH C6WUHDP�V� LQIRUPDWLRQ
 VHFWLRQ LV VHHQ LQ 7DEOH $����

7DEOH $���� 6WUHDP ,QIRUPDWLRQ 6WUXFWXUH

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

VWUHDP W\SH � 7\SH RI VWUHDP WKDW LV GHVFULEHG LQ WKH VWUXFWXUH

UHVHUYHG � �

HOHPHQWDU\ 3,' �� 3,' RI WUDQVSRUW SDFNHWV WKDW ZLOO FDUU\ WKH GHVFULEHG

3,'

UHVHUYHG � �

(6 LQIR OHQJWK �� 7KH pUVW WZR ELWV DUH VHW WR C��
� WKH RWKHU WHQ ELWV GH�

VFULEH WKH OHQJWK RI WKH GHVFULSWRU pHOG�V� LQ QXPEHU

RI E\WHV

GHVFULSWRU�V� 9DULDEOH 6WUHDP 'HVFULSWRU )LHOG�V�

7KH CVWUHDP W\SH
 pHOG GHVFULEHV WKH W\SH RI HOHPHQWDO VWUHDP WKDW LV GHVFULEHG LQ WKH VWUXFWXUH�

7KH OLVW RI VWUHDP W\SHV DYDLODEOH LV VHHQ LQ 7DEOH $����

7KH VWUXFWXUH GHVFULEHG LQ 7DEOH $��� LV D YDULDEOH�OHQJWK VWUXFWXUH� 7KH GHFRGHU KDV WKUHH SLHFHV

RI LQIRUPDWLRQ WKDW DOORZ LW WR FDOFXODWH WKH OHQJWK RI WKH VWUHDP LQIRUPDWLRQ VWUXFWXUH� )LUVW� WKH

GHFRGHU NQRZV WKH OHQJWK RI WKH ZKROH GHVFULSWRU OLVW� LW LV JLYHQ LQ WKH (6 LQIR OHQJWK pHOG� 6HFRQG�

WKH OHQJWK RI HDFK GHVFULSWRU pHOG LV LQFOXGHG LQ WKH GHVFULSWRU VWUXFWXUH� 7KLUG� WKH GHVFULSWRU WDJ

LV VKRZQ DW WKH EHJLQQLQJ RI HDFK GHVFULSWRU VWUXFWXUH�

7KH VLPXODWHG V\VWHP XVHV WKUHH GHVFULSWRU VWUXFWXUHV� 7KHVH VWUXFWXUHV DUH SODFHG LQ WKHLU DS�

SURSULDWH SODFH LQ WKH 307� 7KH SRVLWLRQ IRU WKH GHVFULSWRU pHOG PD\ EH LQ HLWKHU WKH SURJUDP

GHVFULSWRU VHFWLRQ RU WKH VWUHDP GHVFULSWRU VHFWLRQ RI WKH VWUXFWXUH�

7KH WDUJHW EDFNJURXQG VWUHDP GHVFULSWRU GHVFULEHV WKH YLHZLQJ DUHD WKDW ZLOO EH XVHG LQ WKLV SUR�

JUDP� 7KH VWUXFWXUH IRU WKLV GHVFULSWRU LV VHHQ LQ 7DEOH $����

7KH LQIRUPDWLRQ IRU WKLV GHVFULSWRU FDQ EH REWDLQHG GLUHFWO\ IURP WKH VHTXHQFH EHLQJ WUDQVSRUWHG�

7KH PD[LPXP ELWUDWH GHVFULSWRU GHVFULEHV WKH PD[LPXP ELWUDWH WKDW WKH V\VWHP LV WR H[SHFW LQ
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7DEOH $���� 6WUHDP 7\SH 7DEOH

9DOXH 'HVFULSWLRQ

�[�� 5HVHUYHG

�[�� ,62�,(&�������� YLGHR

�[�� ,78�7 +����_,62�,(&�������� YLGHR RU ,62�,(&�������� FRQ�

VWUDLQHG SDUDPHWHU YLGHR

�[�� ,62�,(&�������� DXGLR

�[�� ,62�,(&�������� DXGLR

�[�� ,78�7 +������_,62�,(&�������� SULYDWH VHFWLRQV

�[�� ,78�7 +������_,62�,(&�������� 3(6 SDFNHWV ZLWK SULYDWH GDWD

�[�� ,62�,(&�������0+(*

�[�� $QQH[ $ � '60 &&

�[�� ,78�7 +������

�[�$ ,62�,(&�������� W\SH $

�[�% ,62�,(&�������� W\SH %

�[�& ,62�,(&�������� W\SH &

�[�' ,62�,(&�������� W\SH '

�[�( ,62�,(&�������� DX[LOLDU\

�[�) b �[�) ,78�7 +������_,62�,(&�������� UHVHUYHG

�[��b �[)) 8VHU SULYDWH
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7DEOH $���� 7DUJHW %DFNJURXQG 6WUHDP 'HVFULSWRU 6WUXFWXUH

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

GHVFULSWRU WDJ � 8QLTXH WDJ IRU WKLV GHVFULSWRU ��[���

GHVFULSWRU OHQJWK � 'HVFULSWRU OHQJWK� LQ E\WHV

KRUL]RQWDO VL]H �� 6L]H RI KRUL]RQWDO EDFNJURXQG JULG LQ SL[�

HOV

YHUWLFDO VL]H �� 6L]H RI YHUWLFDO EDFNJURXQG JULG LQ SL[HOV

DVSHFW UDWLR LQIRUPDWLRQ � $VSHFW UDWLR RI GLVSOD\ DV GHVFULEHG LQ

,62�,(&��������

WKH WUDQVPLVVLRQ� 7KH VWUXFWXUH LV GHVFULEHG E\ 7DEOH $����

7DEOH $���� 0D[LPXP %LWUDWH 'HVFULSWRU 6WUXFWXUH

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

GHVFULSWRU WDJ � 8QLTXH WDJ IRU WKLV GHVFULSWRU ��[���

GHVFULSWRU OHQJWK � 'HVFULSWRU OHQJWK LQ E\WHV

UHVHUYHG � �

PD[LPXP ELWUDWH �� ([SUHVVHG LQ pIW\ E\WHV SHU VHFRQG XQLWV

DVSHFW UDWLR LQIRUPDWLRQ � $VSHFW UDWLR RI GLVSOD\ DV GHVFULEHG LQ

,62�,(&��������

7KH PD[LPXP ELW�UDWH LV GHVFULEHG E\ D VLQJOH WZHQW\�WZR�ELW LQWHJHU� 7KH XQLW RI WKH LQWHJHU LV

pIW\ E\WHV SHU VHFRQG� 7KH PD[LPXP ELW�UDWH VKRXOG EH WKH PD[LPXP H[SHFWHG ELW�UDWH IRU WKH

ZKROH WUDQVPLVVLRQ� LQFOXGLQJ WUDQVSRUW VWUHDP RYHUKHDG�

7KH YLGHR VWUHDP GHVFULSWRU GHVFULEHV D VLQJOH HOHPHQWDO VWUHDP� 7KH VWUXFWXUH IRU WKH GHVFULSWRU

LV VHHQ LQ 7DEOH $����

7KH IUDPH FRGH LV DYDLODEOH IURP WKH ,62�,(&�������� VWDQGDUG� ,I WKH PXOWLSOH IUDPH UDWH qDJ

LV VHW� DGGLWLRQDO UDWHV PD\ EH SUHVHQW RQ WKH VWUHDP� 7KH DOORZHG DGGLWLRQDO UDWHV DUH OLVWHG RQ

7DEOH $����
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7DEOH $���� 9LGHR 6WUHDP 'HVFULSWRU 6WUXFWXUH

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

GHVFULSWRU WDJ � 8QLTXH WDJ IRU WKLV GHVFULSWRU ��[���

GHVFULSWRU OHQJWK � 'HVFULSWRU OHQJWK LQ E\WHV

PXOWLSOH IUDPH UDWH qDJ � $ C�
 VLJQLpHV WKDW PXOWLSOH IUDPH UDWHV

PD\ EH SUHVHQW LQ WKH VWUHDP� C�
 PHDQV

WKDW WKH HQWLUH VWUHDP LV D VLQJOH UDWH

IUDPH UDWH FRGH � &RGH UHSUHVHQWLQJ VHTXHQFH IUDPH UDWH

03(* � RQO\ qDJ � ,I C��
 RQO\ ,62�,(&�������� GDWD� HOVH

,62�,(&�������� GDWD

FRQVWUDLQHG SDUDPHWHU qDJ � ,I C��
 RQO\ FRQVWUDLQHG ,62�,(&�������

� GDWD� HOVH ERWK FRQVWUDLQHG DQG XQFRQ�

VWUDLQHG ,62�,(&�������� GDWD

VWLOO SLFWXUH qDJ � $ C�
 VLJQLpHV WKDW WKHUH DUH RQO\ VWLOO SLF�

WXUHV RQ WKH VWUHDP� HOVH PRYLQJ GDWD PD\

EH DGGHG WR WKH VWUHDP

03(* � RQO\ �� 7KLV pHOG H[LVWV RQO\ LI 03(* � RQO\ LV

VHW WR C�


7DEOH $���� $GGLWLRQDO )UDPH 5DWHV

&RGHG 9DOXH $GGLWLRQDO 5DWHV

������ �

���� ������

���� �

����� ������

���� ������ ���� �����

���� ����

����� ������ �����

���� ������ ���� ����� ���� �����
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,I WKH VHTXHQFH LV QRW 03(*�� RQO\� L�H�� LI WKH 03(* � RQO\ qDJ LV VHW WR C��
 WKH 03(* � RQO\

pHOG QHHGV WR EH DGGHG WR WKH VWUXFWXUH� 7KLV pHOG LV VKRZQ LQ 7DEOH $����

7DEOH $���� 03(*�� 2QO\ )LHOG

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

SURpOH DQG OHYHO LQGLFDWLRQ � 7KLV YDOXH LQGLFDWHV D SURpOH DQG OHYHO

KLJKHU WKDQ RU HTXDO WR DQ\ SURpOH DQG

OHYHO LQ WKH DVVRFLDWHG HOHPHQWDU\ VWUHDP

FKURPD IRUPDW � 7KLV pHOG LV KLJKHU WKDQ RU HTXDO WR DQ\

FKURPD pHOG LQ WKH DVVRFLDWHG HOHPHQ�

WDU\ VWUHDP� DOO ,62�,(&�������� VWUHDPV

KDYH FKURPD C��
 VHW WR �����

IUDPH UDWH H[WHQVLRQ qDJ � $ C�
 VLJQLpHV WKDW DQ\ RI WKH

IUDPH UDWH H[WHQVLRQ pHOGV RQ WKH HO�

HPHQWDU\ VWUHDP DUH QRQ�]HUR� DOO

,62�,(&�������� VWUHDPV DUH FRQVWUDLQHG

ZLWK ]HUR H[WHQVLRQ pHOGV

UHVHUYHG � �

2QFH WKH 307 LV FRPSOHWH� WKH YLGHR LV WUDQVPLWWHG� 7KH YLGHR SDFNHWV DUH LQ 3DFNHWL]HG (OHPHQ�

WDU\ 6WUHDP �3(6��

$���� 3 DFNHWL]HG ( OHPHQWDU \ 6WU HDP

3(6 SURYLGHV D VWUXFWXUH WR SDVV WLPLQJ LQIRUPDWLRQ WR WKH GHFRGHU� 7KLV WLPLQJ LQIRUPDWLRQ

DOORZV WKLV SDUWLFXODU HOHPHQWDU\ VWUHDP WR EH PXOWLSOH[HG LQWR WKH ZKROH SURJUDP� 7KH WLPLQJ

LQIRUPDWLRQ LV UHOHYDQW WR GHFRGHUV WKDW QHHG WR GHDO ZLWK VHYHUDO HOHPHQWDU\ VWUHDPV DQG ZLWK

KDUGZDUH GHFRGHUV WKDW QHHG WR SUHVHQW WKH YLGHR GDWD LQ UHDO WLPH� +RZHYHU� VLQFH WKH VLPXODWLRQ

QHHGV WR GHDO ZLWK RQO\ D VLQJOH YLGHR VWUHDP� WKH 3(6 FDQ EH JUHDWO\ VLPSOLpHG�

7KH 3(6 VWLOO QHHGV WKH 76 KHDGHU �IRXU E\WHV�� 7KHVH IRXU E\WHV DUH WKH V\QFKURQL]DWLRQ E\WH
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��[�� RU �[%�� IROORZHG E\ WKH WKUHH KHDGHU E\WHV GHVFULEHG LQ $���

7KH VLPSOLpHG 3(6 KHDGHU LV PDGH XS RI HLJKW E\WHV DV VHHQ RQ 7DEOH $����

7DEOH $���� 3DFNHWL]HG (OHPHQWDU\ 6WUHDP +HDGHU

1DPH 1XPEHU RI %LWV 'HVFULSWLRQ

SDFNHW VWDUW FRGH SUHp[ �� �[������

VWUHDP LG � 6WUHDP LGHQWLpHU

3(6 SDFNHW OHQJWK �� /HQJWK RI SDFNHW � DOORZHG WR EH � �XQGHpQHG� LQ 03(*��

YLGHR HOHPHQWDU\ VWUHDP

�� � C��


3(6 VFUDPEOLQJ FRQWURO � 1R VFUDPEOLQJ � C��


3(6 SULRULW\ � +LJK SULRULW\ � C�


GDWD DOLJQPHQW LQGLFDWRU � 8QGHpQHG DOLJQPHQW � C�


FRS\ULJKW � 1R FRS\ULJKW � C�


RULJLQDO RU FRS\ � 2ULJLQDO � C�


376 '76 qDJ � 1R 3UHVHQWDWLRQ 7LPH 6WDPS RU 'HFRGLQJ 7LPH 6WDPS �

C��


(6&5 qDJ � 1R (OHPHQWDU\ 6WUHDP &ORFN 5HIHUHQFH � C�


(6 UDWH qDJ � 1R (OHPHQWDU\ 6WUHDP 5DWH LQ SDFNHW � C�


'60 WULFN PRGH qDJ � 1R WULFNV �)DVW )RUZDUG� HWF� � C�


DGGLWLRQDO FRS\ LQIR � 1R DGGLWLRQDO LQIRUPDWLRQ pHOG � C�


3(6 &5& qDJ � 1R &5& RQ WKLV SDFNHW � C�


3(6 H[WHQVLRQ qDJ � 1R 3(6 H[WHQVLRQ LQIRUPDWLRQ � C�


3(6 KHDGHU GDWD OHQJWK � 1R KHDGHU GDWD� OHQJWK  C����


7KH WDEOH SURYLGHV LQIRUPDWLRQ DERXW WKH H[LVWHQFH RI H[WHQGHG pHOG LQIRUPDWLRQ pHOGV� ,Q WKH

VLPSOLpHG IRUP WKDW 3(6 LV SUHVHQWHG� WKHVH pHOGV DUH QRW SUHVHQW� VR WKH KHDGHU LV IDLUO\ HPSW\�

7KH WLPLQJ LQIRUPDWLRQ DYDLODEOH LQ WKH 3(6 KHDGHU LV SURYLGHG E\ WKH 356 �3UHVHQWDWLRQ 7LPH

6WDPS� DQG WKH '76 �'HFRGLQJ 7LPH 6WDPS�� 7KHVH pHOGV DUH OHIW EODQN VLQFH WKLV LQIRUPDWLRQ LV
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QRW QHFHVVDU\ LQ WKH GHFRGHU LPSOHPHQWHG LQ WKH VLPXODWLRQ� $OO RWKHU pHOGV SUHVHQW LQIRUPDWLRQ

ZKRVH YDOXH FDQ EH DVVXPHG �VXFK DV SULRULW\� RU LJQRUHG �VXFK DV 3(6 SULRULW\�� 6RPH pHOGV� OLNH

WKH &5&� DUH XVHG RQO\ IRU QHWZRUN PDLQWHQDQFH DQG DUH QRW LQWHQGHG IRU XVH E\ WKH GHFRGHU�

7KH YDOLG YDOXHV IRU WKH VWUHDP LGHQWLpHU DUH GHSHQGHQW RQ WKH W\SH RI HOHPHQWDU\ VWUHDP LQ WKH

3(6� )RU ,62�������� RU ,62��������� WKH YDOLG YDOXH IRU WKH pHOG LV ����[[[[ ZKHUH [[[[ LV D

XQLTXH YLGHR VWUHDP QXPEHU�

7KH HOHPHQWDU\ YLGHR VWUHDP LV WKHQ SDUVHG DIWHU WKH KHDGHU� ,I WKH HQG RI WKH HOHPHQWDU\ VWUHDP

GRHV QRW PDWFK WKH 76 SDFNHW VL]H� WKH UHVW RI WKH SDFNHW LV SDGGHG ZLWK �[)) �YDOXHG E\WHV�

$�� $V\QFKU RQRXV 7 U DQVIHU 0 RGH

7KH XSOLQN LQ WKH V\VWHP GHpQHG E\ '$9,& XVHV $V\QFKURQRXV 7UDQVIHU 0RGH �$70� DV LWV EDVLF

SDFNHW IRUPDW� $70 LV FXUUHQWO\ WKH VWDQGDUG SDFNHW IRUPDW IRU KLJK�VSHHG DV\QFKURQRXV SDFNHW

GDWD�

$���� $7 0 IRU PDW

$70 SDFNHWV DUH pIW\�WKUHH E\WHV ORQJ� (DFK SDFNHW LV PDGH XS RI D pYH E\WH KHDGHU IROORZHG E\

IRUW\�HLJKW E\WHV RI SD\ORDG� 7KHUH DUH WZR IRUPDWV IRU $70� 8VHU�1HWZRUN ,QWHUIDFH �81,� DQG

1HWZRUN�1HWZRUN ,QWHUIDFH �11,�� 7KH KHDGHU IRUPDW IRU WKH 11, LV GHVFULEHG E\ 7DEOH $����

7DEOH $���� $70 1HWZRUN�1HWZRUN ,QWHUIDFH

1DPH 1XPEHU RI %LWV

9LUWXDO 3DWK ,GHQWLpHU ��

9LUWXDO &KDQQHO ,GHQWLpHU ��

3D\ORDG 7\SH �

&HOO /RVV 3ULRULW\ �

+HDGHU (UURU &RQWURO �

7KH 9LUWXDO 3DWK ,GHQWLpHU �93,� LV D WZHOYH�ELW pHOG WKDW GHVFULEHV SDWKV IRU WKH GDWD WR IROORZ
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ZLWKLQ WKH QHWZRUN� 7KLV LV D QHWZRUN�RQO\ IHDWXUH LQGHSHQGHQW RI WKH HQG XVHU�

7KH 9LUWXDO &KDQQHO ,GHQWLpHU �9&,�� RQ WKH RWKHU KDQG� LV D VL[WHHQ�ELW pHOG WKDW GHVFULEHV WKH

FRQQHFWLRQ WR WKH HQG�XVHU� 8QOLNH WKH 93,� WKH 9&, LV WKH GLUHFW DFFHVV SRLQW RI WKH XVHU WR WKH

QHWZRUN� %\ FRQWUDVW� WKH 93, SURYLGHV URXWLQJ LQIRUPDWLRQ ZLWKLQ WKH QHWZRUN IRU GDWD WUDQVIHU

WKURXJK WKH EDFNERQH�

7KH 3D\ORDG 7\SH LV D WKUHH�ELW pHOG WKDW GHVFULEHV WKH W\SH RI GDWD WKDW WKH $70 SDFNHW FDUULHV�

7DEOH $��� VKRZV WKH HLJKW IRUPDWV WKDW DUH DYDLODEOH ZLWKLQ $70�

7DEOH $���� 3D\ORDG 7\SH )RUPDWV

&RGH 'HVFULSWLRQ

��� 8VHU GDWD FHOO� QR FRQJHVWLRQ� $$8 �

��� 8VHU GDWD FHOO� QR FRQJHVWLRQ� $$8 �

��� 8VHU GDWD FHOO� FRQJHVWHG� $$8 �

��� 8VHU GDWD FHOO� FRQJHVWHG� $$8 �

��� 2$0 )� VHJPHQW DVVRFLDWHG FHOO

��� 2$0 )� HQG�WR�HQG DVVRFLDWHG FHOO

��� 5HVRXUFH PDQDJHPHQW FHOO

��� 5HVHUYHG IRU IXWXUH IXQFWLRQ

7KH pUVW IRXU pHOGV GHQRWH XVHU LQIRUPDWLRQ� DQG WKH QH[W WKUHH LWHPV GHQRWH QHWZRUN IXQFWLRQDOLW\�

7KH $$8 ELW LV XVHG WR SDVV LQIRUPDWLRQ IURP HQG�XVHU WR HQG�XVHU WKURXJK WKH QHWZRUN�

2$0 �2SHUDWLRQ DQG 0DLQWHQDQFH� LV GHVLJQHG WR GR PDLQWHQDQFH RQ ERWK WKH SK\VLFDO OD\HU DQG

GDWD�OLQN OD\HU RI WKH QHWZRUN� ,WV PDLQ IXQFWLRQV DUH� SHUIRUPDQFH PRQLWRULQJ� GHIHFW DQG IDLOXUH

GHWHFWLRQ� V\VWHP SURWHFWLRQ� IDLOXUH RU SHUIRUPDQFH LQIRUPDWLRQ� DQG IDXOW ORFDOL]DWLRQ� 7KH WDEOH

PHQWLRQV )�� D WHUP DVVRFLDWHG ZLWK WKH YLUWXDO FKDQQHO RI WKH QHWZRUN� ,W GHQRWHV WKH OHYHO RI

qRZ WKDW LV EHLQJ DGGUHVVHG� 7KH H[WUD QHWZRUN PDQDJHPHQW SDFNHWV DUH XVHG WR GR QHWZRUN

PDLQWHQDQFH WUDQVSDUHQWO\ WR WKH XVHU�

7KH RQO\ GLoHUHQFH EHWZHHQ WKH 11, DQG WKH 81, LV LQ WKH 93,� 7KH KHDGHU IRUPDW IRU WKH 81, LV

GHVFULEHG E\ 7DEOH $����
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7DEOH $���� $70 8VHU�1HWZRUN ,QWHUIDFH

1DPH 1XPEHU RI %LWV

*HQHULF )ORZ &RQWURO �

9LUWXDO 3DWK ,GHQWLpHU �

9LUWXDO &KDQQHO ,GHQWLpHU ��

3D\ORDG 7\SH �

&HOO /RVV 3ULRULW\ �

+HDGHU (UURU &RQWURO �

7KH *HQHULF )ORZ &RQWURO �*)&� LV DYDLODEOH RQO\ IRU WKH 81,� VR LW LV QRW WUDQVSRUWHG RYHU WKH

QHWZRUN� ,W LV XVHG IRU XVHU�FRQWURO RQ WKH ORFDO GDWD qRZ WR FRQWURO WKH TXDOLW\ RI VHUYLFH DW WKH

XVHU WHUPLQDO� 7KH SDFNHW IRUPDW LV EL�GLUHFWLRQDO� VR LW FDQ DOVR EH XVHG WR FRQWURO qRZ DW WKH

QHWZRUN VLGH RI WKH OLQN�

7KH 93, LQ WKH 81, LV OLPLWHG �WKHUH DUH RQO\ HLJKW ELWV� FRPSDUHG WR WKH IRUPDW LQ WKH 11, SDFNHW

KHDGHU� 7KH PDLQ UHDVRQ IRU WKLV GLoHUHQFH LV WR RoHU JUHDWHU qH[LELOLW\ WR WKH QHWZRUN OD\HU WR

PDQDJH WKH GDWD SDWKV ZLWKLQ WKH QHWZRUN� :KHQ WKH 81, LV KDQGOLQJ WKH LQIRUPDWLRQ� WKH H[WUD

IRXU ELWV FDQ EH XVHG IRU ORFDO qRZ FRQWURO ZLWKLQ WKH XVHU
V GRPDLQ�

7KH IRUW\�HLJKW�E\WH SD\ORDG GLUHFWO\ IROORZV WKH SDFNHW KHDGHU LQ WKH $70 SDFNHW�

7KH '$9,&�FRPSOLDQW XSOLQN XVHV $70 DV LWV EDVLF GDWD WUDQVSRUW IRUPDW� 7KH GRZQOLQN FDQ DOVR

FDUU\ $70� 7KH GRZQOLQN $7 SDFNHWV PXVW EH SDFNHG LQ ����E\WH IRUPDW HVVHQWLDOO\ HQFDSVXODWLQJ

$70 LQ ODUJHU SDFNHWV�

$�� $JJU HJDWHG $7 0 &HOO ( QFDSVXODWLRQ

)RU WKH WUDQVSRUW RI $70 SDFNHWV �pIW\�WKUHH E\WHV� LQ 03(*���76�VL]HG SDFNHWV� LW LV QHFHVVDU\ WR

SODFH D JURXS RI $70 SDFNHWV LQWR D VWUXFWXUH WKDW PDWFKHV WKH ODUJHU WUDQVSRUW IRUPDW� 7KH VWUXF�

WXUH GHVFULEHG E\ WKH '$9,& JXLGHOLQHV SURSRVH D PHWKRG RI DJJUHJDWHG $70 FHOO HQFDSVXODWLRQ�

RU VWXrQJ� )LJXUH $�� VKRZV WKH VWUXFWXUH RI WKH SDFNHWV WR DFFRPPRGDWH $70 WUDQVPLVVLRQ�
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)LJXUH $��� ,PEHGGHG $70 )UDPLQJ

7KH JXLGHOLQHV FDOO IRU WKH $70 SDFNHWV WR EH SDFNHG LQWR SDLUV RI ����E\WH�ORQJ SDFNHWV� (DFK SDLU

RI ORQJ SDFNHWV FDUULHV VHYHQ $70 SDFNHWV� ,I OHVV WKDQ VHYHQ E\WHV RI $70 GDWD ZHUH DYDLODEOH� WKH

SDFNHWV XVHG WR pOO WKH EDODQFH ZRXOG EH QXOO SDFNHWV� 7KH FROOHFWLRQ RI $70 SDFNHWV DUH FRQYHUWHG

LQWR DQ DJJUHJDWH JURXS RI FHOOV WKDW LV WKHQ VHJPHQWHG LQWR WZR SLHFHV� 7KH SLHFHV DUH HQFDSVXODWHG

LQWR WKH ODUJHU SDFNHWV� 7KLV IRUP RI HQFDSVXODWLRQ GRHV QRW DGG D KHDGHU IRUPDW OLNH 03(*� 7KH

SDFNLQJ DQG XQSDFNLQJ RI $70 LV SHUIRUPHG DW HDFK VLGH RI WKH SK\VLFDO OD\HU� ,Q RWKHU ZRUGV� WKH

WUDQVPLWWHU�UHFHLYHU VHW KDV WZR VHWV RI LQSXWV� DQ 03(* VHW DQG DQ $70 VHW� 7KH $70 SDFNHWV

DUH IRUPHG LQWR ODUJHU SDFNHWV IRU MXVW WKH SK\VLFDO OD\HU� DQG WKHQ WKH\ DUH GLVDVVHPEOHG DW WKH

UHFHLYHU VLGH RI WKH OLQN�

7KH FRQWURO �&75/� E\WHV WKDW DUH DGGHG WR WKH SDFNHW� DSDUW IURP WKH V\QFKURQL]DWLRQ E\WH DQG

WKH DJJUHJDWHG $70 FHOOV� IROORZ WKH IRUPDW VHHQ LQ 7DEOH $���� ZKHUH (� 3� DQG 6 DUH GHpQHG LQ

7DEOH $����

7DEOH $���� &RQWURO %\WH &RQWHQW

1DPH %LW /D\RXW 'HVFULSWLRQ

&75/� (�366666 ,QGLFDWHV SDFNHW LV pUVW RI VHW RI WZR� pUVW E\WH RI $70 FHOO IROORZV

&75/� (�366666 ,QGLFDWHV SDFNHW LV VHFRQG RI VHW RI WZR

&75/� 8QGHpQHG 5HVHUYHG IRU 2SHUDWLRQ� $GPLQLVWUDWLRQ� DQG 0DLQWHQDQFH �2$0�

7KH ELW OD\RXW FROXPQ GHVFULEHV HDFK ELW RQ WKH FRQWURO E\WH� 7KH &75/� E\WH LV VHW IRU 2$0

DQG LV V\VWHP GHSHQGHQW�

7KH GHVFULSWLRQ RI GDWD SDFNHW JHQHUDWLRQ JLYHQ KHUH IRU WKH GLoHUHQW SDFNDJLQJ PHWKRGV LV QRW

FRPSOHWH IRU HDFK PHWKRG EXW SUHVHQWV DOO UHOHYDQW LQIRUPDWLRQ IRU WKH FDVH XQGHU VWXG\� 7KH

SDFNHW IRUPDW LV FUXFLDO IRU WKH SHUIRUPDQFH RI WKH HQWLUH V\VWHP� 7KHVH DUHDV LQFOXGH WKH VWXG\
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7DEOH $���� &RQWURO %\WH &RGHV

&RGH 1DPH 'HVFULSWLRQ

( (UURU 6HW WR C�
 LQGLFDWHV DW OHDVW RQH XQFRUUHFWDEOH HUURU LQ SDFNHW

3 3ULRULW\ $ C�
 PHDQV WKDW WKH SDFNHW KDV JUHDWHU SULRULW\ RYHU SDFNHWV ZLWK

SULRULW\ C�


6 6WXrQJ )L[HG VHW WR C�


RI URXWLQJ PHFKDQLVPV� DGGUHVVLQJ SUREOHPV� V\VWHP PDLQWHQDQFH� DQG IDXOW GHWHFWLRQ� 7R EHWWHU

VWXG\ WKH SK\VLFDO OD\HU RI WKH V\VWHP� WKH SUREOHP ZDV VLPSOLpHG� DQG VHYHUDO QHWZRUN LVVXHV ZHUH

GHHPHG EH\RQG WKH VFRSH RI WKLV VWXG\� 7KHVH QHWZRUN LVVXHV� DOWKRXJK UHOHYDQW WR WKH RYHUDOO

GHVLJQ� VKHG QR OLJKW RQ WKH LVVXH DW KDQG� WKH UHODWLRQVKLS EHWZHHQ YLGHR FRGLQJ DQG FKDQQHO

FRGLQJ LQ D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP� $OO WKH DVVXPSWLRQV WKDW ZHUH PDGH FRQFHUQLQJ SDFNHW

GDWD JHQHUDWLRQ DUH GHVFULEHG LQ WKH FKDSWHU FRYHULQJ VLPXODWLRQ�



$SSHQGL[ %

6LPXODWLRQ , PSOHPHQWDWLRQ

% �� $U FKLWHFWXU H

7KH VLPXODWLRQ LV VSOLW LQWR WKUHH SDUWV� WKH 03(* HQFRGHU� WKH FRPPXQLFDWLRQV V\VWHP� DQG WKH

DQDO\VLV WRROV� $OWKRXJK DOO SDUWV DUH LQWHJUDWHG LQWR D VLQJOH SDFNDJH� WKH\ FDQ EH WUHDWHG DV

LQGLYLGXDO VHFWLRQV� 7KH 03(* HQFRGHU�GHFRGHU VHW LV FRPSRVHG RI FRGH WKDW ZDV RULJLQDOO\ GRZQ�

ORDGHG IURP D 8QLYHUVLW\ RI &DOLIRUQLD DW %HUNHOH\ IWS VLWH� 7KLV FRGH ZDV PRGLpHG IRU UREXVWQHVV� LW

EHFDPH QHFHVVDU\ WR DGG VHYHUDO VDIH�JXDUGV WR HQVXUH WKDW WKH GHFRGHU GLG QRW FUDVK ZKHQ GHFRG�

LQJ D KLJKO\ FRUUXSWHG 03(* pOH� 3DUW RI WKLV VHFWLRQ LV DOVR WKH VHW RI SDFNHWL]LQJ IXQFWLRQV WKDW

ZHUH ZULWWHQ WR FRQYHUW WKH 03(* YLGHR HOHPHQWDU\ VWUHDP WR DQG IURP WUDQVSRUW IRUPDW� 7KH

FRPPXQLFDWLRQV V\VWHP LV FRPSRVHG RI DOO WUDQVPLWWHU�UHFHLYHU PRGXOHV DQG WKH FKDQQHO PRGHO�

7KH DQDO\VLV WRROV DUH VHYHUDO URXWLQHV WKDW DOORZ WKH TXLFN DVVHVVPHQW RI 3615� %(5� yHUURU� DQG

yGLVWDQFH� $OO VRIWZDUH ZULWWHQ IRU WKLV VLPXODWLRQ LV DFFHVVHG WKURXJK D XQLpHG XVHU LQWHUIDFH�

7KH pUVW GHVLJQ GHFLVLRQ WR EH PDGH ZDV WKH ODQJXDJH�SDFNDJH WKDW ZRXOG EH XVHG� 7R DSSUHFLDWH

WKLV GHFLVLRQ� FRQVLGHU D W\SLFDO ORZ ELW�UDWH pYH�VHFRQG YLGHR VHTXHQFH� 7KLV YLGHR FRXOG KDYH

XSZDUGV RI � RU � 0ELWV� $GGHG WR WKH EDVLF 03(* VHTXHQFH� WKHUH ZRXOG EH FKDQQHO FRGLQJ

�DGG DQ\ZKHUH EHWZHHQ �� DQG ���� RYHUKHDG�� WDNLQJ WKH RYHUDOO VHTXHQFH WR DURXQG �� 0ELWV�

)XUWKHUPRUH� WKH �� 0ELW VHTXHQFH� DIWHU VDPSOLQJ �DW EDVHEDQG EXW VDPSOLQJ D VXrFLHQWO\ KLJK

QXPEHU RI VDPSOHV SHU EDVHEDQG ELW� DURXQG WHQ� FRQWDLQV DURXQG ��� 0VDPSOHV� 7KLV VHTXHQFH

���
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LV YHU\ ORQJ� DQG LW UHSUHVHQWV D VLQJOH WULDO RQ WKH VLPXODWLRQ� 7R NHHS WKH H[HFXWLRQ WLPH WR

D UHDVRQDEOH LQWHUYDO� JHQHUDO�SXUSRVH PRGHOLQJ SDFNDJHV OLNH 0$7/$% FDQQRW EH XVHG IRU WKH

FRPSXWDWLRQDOO\ LQWHQVLYH LWHUDWLYH FDOFXODWLRQV LQYROYHG LQ WKH VLPXODWLRQ�

0$7/$% LV WKH VLPXODWLRQ VRIWZDUH RI FKRLFH DW WKH 0RELOH DQG 3RUWDEOH 5DGLR 5HVHDUFK *URXS

�035*�� ,W RoHUV D ODUJH IXQFWLRQ OLEUDU\ ZKLFK DOORZV D TXLFN VLPXODWLRQ GHYHORSPHQW� $Q RSWLRQ

WR VWUXFWXUHG DQDO\VLV SDFNDJHV LV D ORZ�OHYHO ODQJXDJH OLNH &� :KHUHDV $16, & KDV QR VWDQGDUG

FRPPXQLFDWLRQ�VSHFLpF IXQFWLRQV� PDNLQJ GHYHORSPHQW WLPH D VORZ DQG WHGLRXV SURFHVV� LW FRPSLOHV

HrFLHQW SURJUDPV� $ FRPSURPLVH ZDV UHDFKHG IRU WKH VLPXODWLRQ� & ZRXOG EH XVHG IRU DQ\WKLQJ

LWHUDWLYH� ZKLOH 0$7/$% ZRXOG EH XVHG DV PXFK DV SRVVLEOH IRU WKH VLPXODWLRQ VHWXS �FDOFXODWLRQ

RI pOWHUV DQG QRLVH SRZHU� DQG DQ\ SRVWSURFHVVLQJ �VWDWLVWLFDO DQDO\VLV DQG JUDSKLQJ�� 7KLV VHWXS

OHG WR D UHGXFHG GHYHORSPHQW WLPH ZKLOH PDLQWDLQLQJ D ORZ H[HFXWLRQ WLPH� 0$7/$% FRQWDLQV D

IDPLO\ RI & IXQFWLRQV WKDW DOORZ D & SURJUDP WR XVH 0$7/$% DV D VODYH SURFHVV� 7KH 0$7/$% &

IXQFWLRQV DOORZ D TXLFN DQG HDV\�WR�LPSOHPHQW WUDQVIHU RI LQIRUPDWLRQ EHWZHHQ WKH WZR SURFHVVHV�

7KLV FKDSWHU ZLOO GLVFXVV WKH VLPXODWLRQ VWUXFWXUH� 7KH GLVFXVVLRQ ZLOO EH VSOLW LQWR WKUHH VHFWLRQV�

WKH 03(* YLHZHU� WKH FRPPXQLFDWLRQV V\VWHP� DQG WKH VWDWLVWLFDO WRROV� ,W LV DVVXPHG WKDW WKH

UHDGHU KDV D EDVLF XQGHUVWDQGLQJ RI WKH DOJRULWKPV WKDW ZHUH XVHG� VR WKHUH ZLOO EH QR GHWDLOHG

H[SODQDWLRQ RI WKH VWUXFWXUH RI WKH XQGHUO\LQJ DOJRULWKP� 7KH GLVFXVVLRQ ZLOO IRFXV SULPDULO\ RQ

WKH GHVLJQ FKDOOHQJHV WKDW KDG WR EH DGGUHVVHG WR FRPSOHWH WKH VLPXODWLRQ�

% �� 0 3 ( * 9LHZHU

7KH 03(*�� YLGHR VWDQGDUG ZDV VHOHFWHG EHFDXVH LW LV WKH VWDQGDUG WKDW WKH '$9,& JXLGHOLQHV

PHQWLRQ DV WKH PRWLRQ VWDQGDUG RI FKRLFH� 7KHUH DUH WZR SDUWV WR WKH YLGHR VHFWLRQ RI WKH VLPXODWLRQ�

WKH HQFRGHU DQG WKH GHFRGHU� 7KH HQFRGHU XVHV D VHW RI IUDPHV WR JHQHUDWH DQ 03(* VHTXHQFH� 7KH

GHFRGHU XVHV WKDW VHTXHQFH WR JHQHUDWH HLWKHU D VHW RI UDZ IUDPHV �OLNH WKH RQHV WKH HQFRGHU XVHV

WR JHQHUDWH DQ 03(* pOH� RU WKH 03(* YLGHR VHTXHQFH VHHQ LQ D YLHZDEOH DUHD RQ WKH FRPSXWHU

VFUHHQ�

$Q 03(* HQFRGHU�GHFRGHU VHW ZDV IRXQG RQ DQ IWS VLWH DW WKH 8QLYHUVLW\ RI &DOLIRUQLD DW %HUNHOH\�

7KLV VWDQG�DORQH VRIWZDUH DOORZV RQH WR FRQYHUW D VHULHV RI IUDPHV LQWR DQ 03(* VHTXHQFH� 7KH
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LQWHUIDFH IRU WKH SURJUDP LV IDLUO\ FXPEHUVRPH� EXW LW ZRUNV DQG LW ZDV DYDLODEOH IUHH IURP WKH QHW�

6LQFH LW LV DOUHDG\ D VWDQG�DORQH DSSOLFDWLRQ DQG VLQFH WKHUH LV QR JUDSKLFDO LQWHUIDFH LQ WKH SURJUDP�

LW ZDV OHIW DV D VWDQG�DORQH DSSOLFDWLRQ� 7KH HQFRGLQJ�GHFRGLQJ SURFHVV FDQQRW EH GRQH UHDO�WLPH

RQ D 3& XVLQJ WKLV VRIWZDUH� EXW LW FDQ EH XVHG WR SUHSDUH 03(* VHTXHQFHV IRU WKH VLPXODWLRQ�

$Q 03(* YLHZHU ZDV DOVR IRXQG DW WKH 8QLYHUVLW\ RI &DOLIRUQLD DW %HUNHOH\� 7KLV YLHZHU ZDV

DYDLODEOH ZLWK LWV & VRXUFH FRGH� 8QIRUWXQDWHO\� WKH SURJUDP ZDV ZULWWHQ IRU D 8QL[ SODWIRUP� $

SDWFK ZDV IRXQG RQ D VLWH DW WKH %ULJKDP <RXQJ 8QLYHUVLW\ WKDW DOORZV WKH YLHZHU WR EH SRUWHG

WR WKH 3&� 7KHUH ZHUH D IHZ EXJV LQ WKH SDWFK� 2QFH WKHVH EXJV ZHUH FOHDUHG RXW� WKH SURJUDP

DOORZHG 03(*�� YLGHR HOHPHQWDU\ VWUHDPV WR EH YLHZHG RQ WKH 3&�

7KH YLHZHU ZDV ZULWWHQ XVLQJ 0LFURVRIW 9LVXDO &� ,QVWHDG RI XVLQJ &�� IRU WKH ZLQGRZLQJ FRGH�

UXQWLPH IXQFWLRQV IRU ZLQGRZLQJ DUH XVHG WR JHQHUDWH WKH XVHU LQWHUIDFH DQG SUHVHQW WKH PRYLH

IUDPHV� 7KLV FRUH LQWHUIDFH LV WKH LQWHUIDFH WKDW ZDV XVHG IRU WKH ZKROH VLPXODWLRQ�

% ���� 9LHZHU 0 RGLpFDWLRQV

6HYHUDO EXJV ZHUH IRXQG ZLWK WKH YLHZHU� 7KHVH EXJV GHDOW SULPDULO\ ZLWK PHPRU\ ERXQG SUREOHPV�

7KH RULJLQDO SURJUDP ZDV QRW UREXVW HQRXJK WR GHDO ZLWK VHYHUHO\ FRUUXSWHG 03(* VWUHDPV �VXFK

DV WKRVH H[SHFWHG RQ D ORZ�SRZHU ZLUHOHVV OLQN�� 6HYHUDO ERXQGV DQG VDQLW\ FKHFNV KDG WR EH SODFHG

LQVLGH WKH YLHZHU VR WKDW LW FRXOG GLVSOD\ D FRUUXSWHG VHTXHQFH ZLWKRXW FUDVKLQJ�

7KH EDVLF YLHZHU FRQWDLQHG � IXQFWLRQV� pOH RSHQ� H[LW� SOD\� DQG VWRS� 7KHVH IXQFWLRQV KDG WR EH

H[WHQGHG FRQVLGHUDEO\ WR DOORZ WKH ZRUN WKDW ZDV SODQQHG�

7KH C)LOH
 VHFWLRQ RI WKH SURJUDP ZDV HGLWHG� DQG WKH pQDO YHUVLRQ ORRNV OLNH )LJXUH %��� 6HYHUDO

HQWULHV DUH VHHQ RQ WKH PHQX� 7KH RULJLQDO HQWULHV ZHUH WKH pUVW DQG ODVW HQWULHV RQ WKH PHQX�

$OO WKH RWKHU HQWULHV GHDO ZLWK IXQFWLRQDOLW\ WKDW ZDV DGGHG WR GHDO ZLWK WKH GLoHUHQW GDWD IRUPDW

WUDQVODWLRQV QHHGHG�

7KH ?&RQWURO� VHFWLRQ RI WKH SURJUDP ZDV DOVR HGLWHG VHHQ LQ )LJXUH %��� 7ZR HQWULHV ZHUH DGGHG�

WKH ?ORRS� VHFWLRQ DQG WKH ?&XVWRP &RQWURO� VHFWLRQ�

7KH CORRS
 DOORZV WKH VHTXHQFH WR EH UHSHDWHG LQGHpQLWHO\� 7KH ?&XVWRP &RQWURO� VHFWLRQ OHDGV WR
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)LJXUH %��� )LOH 2SWLRQV 6FUHHQVKRW

)LJXUH %��� &RQWURO 2SWLRQV 6FUHHQVKRW
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WKH PHQX VHHQ LQ )LJXUH %��� 7KLV PHQX RSWLRQ ZDV DGGHG WR DOORZ PRUH FRQWURO RYHU WKH GLVSOD\

RI WKH VHTXHQFH� 6SHHG FRQWURO� SDXVH� DQG VLQJOH VWHS DOORZ FRQVLGHUDEO\ PRUH FRQWURO RYHU WKH

VHTXHQFH WKDQ WKH ROG SOD\ DQG VWRS IXQFWLRQV� $OVR� WKH IUDPH FRXQWHU JLYHV WKH XVHU LQVWDQW

IHHGEDFN UHIHUHQFH WR WKH FXUUHQW SRVLWLRQ RI WKH VHTXHQFH�

)LJXUH %��� &RQWURO 2SWLRQV 6FUHHQVKRW

2WKHU DGGLWLRQV ZHUH PDGH WR WKH LQWHUIDFH WR LQWHJUDWH WKH FRPPXQLFDWLRQ V\VWHP VLPXODWLRQ LQWR

WKH YLHZHU DQG WR LQFOXGH VWDWLVWLFDO DQDO\VLV WRROV DV ZHOO� 7KHVH DGGLWLRQV ZLOO EH GLVFXVVHG LQ

ODWHU VHFWLRQV RI WKH FKDSWHU�

7KH GDWD IRUPDW LQSXW LQWR WKH YLHZHU LV 03(*�� HOHPHQWDU\ YLGHR VWUHDP� ZKLFK LV QRW WKH IRUPDW

WKDW LV WUDQVPLWWHG RQ WKH FKDQQHO� 7KH VLPXODWLRQ VXSSRUWV VHYHUDO IRUPDWV� $70� 03(*���76�

DQG $JJUHJDWHG $70 &HOO (QFDSVXODWLRQ� $ SUH�SURFHVVRU WKDW FRQYHUWV WKHVH IRUPDWV WR DQG IURP

03(*�� HOHPHQWDU\ VWUHDP ZDV ZULWWHQ�

% ���� 'DWD )RU PDWV

,W LV QHFHVVDU\ WR UHSUHVHQW WKH GDWD IRU WUDQVPLVVLRQ LQ GLoHUHQW IRUPDWV� 03(*���7UDQVSRUW

6WUHDP� $70� DQG $JJUHJDWHG $70 &HOO (QFDSVXODWLRQ� 7KHUH DUH HVVHQWLDOO\ WZR DSSURDFKHV

SRVVLEOH IRU WKH V\VWHP WR KDQGOH WKHVH IRUPDWV� 7KH pUVW DSSURDFK LV WR ZULWH D EDVLF SDFNDJLQJ

DOJRULWKP� 7KLV DOJRULWKP ZRXOG SDFNDJH DQ\ GDWD VHW LQWR WKH DSSURSULDWH IRUPDW� 7KH V\VWHP
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ZRXOG WKHQ VLPXODWH WKH WUDQVPLVVLRQ� 7KH UHVXOWLQJ SDFNDJHG IRUPDW FRXOG WKHQ EH WDNHQ E\ WKH

YLHZHU DQG LQWHUQDOO\ SDUVHG DQG YLHZHG� 7KLV DSSURDFK ZRXOG UHTXLUH H[WHQVLYH PRGLpFDWLRQV

ZLWKLQ WKH YLHZHU�

7KH RWKHU DSSURDFK WR GHDOLQJ ZLWK WKH IRUPDW LVVXH LV WR FUHDWH D SUH� DQG SRVW�SURFHVVRU WR KDQGOH

WKH GLoHUHQW IRUPDWV� (DFK SURFHVVRU ZRXOG EH DQ LQGHSHQGHQW DSSOLFDWLRQ ZKRVH RQO\ FRQQHFWLRQ WR

WKH FRPPXQLFDWLRQV VLPXODWLRQ DQG 03(* YLHZHU ZRXOG EH WKH FRPPRQ LQWHUIDFH� (DFK SURFHVVRU

UHFHLYHV D UDZ GDWD pOH WKDW LV SDFNDJHG DFFRUGLQJ WR WKH SDUWLFXODU IRUPDW� DQG WKH UHVXOWLQJ pOH

LV RXWSXW� 7KH SRVW�SURFHVVRU FDQ WKHQ EH XVHG WR FRQYHUW WKH IRUPDWWHG pOH LQWR WKH RULJLQDO UDZ

IRUPDW� 7KLV SURFHVV� DOWKRXJK VRPHZKDW FXPEHUVRPH� LV PRGXODU LQ GHVLJQ� 7KLV PHDQV WKDW WKH

FRPSOH[LW\ RI HDFK IRUPDW LV FRPSOHWHO\ LVRODWHG ZLWKLQ D VLQJOH PRGXOH� 7KH YLHZHU FDQ EH XVHG

WR YLHZ WKH UDZ pOH EHIRUH DQG DIWHU WKH IXOO IRUPDW SURFHVVLQJ LV GRQH�

, FKRVH WKH ODWWHU IRUP WR KDQGOH WKH GLoHUHQW IRUPDWV WKDW QHHG WR EH DGGUHVVHG E\ WKH VLPXODWLRQ�

$V VHHQ LQ )LJXUH %��� HDFK IRUPDW� SUH� DQG SRVW�SURFHVVRU� KDV D VLQJOH HQWU\ LQ WKH pOH PHQX

RSWLRQ� 7R SURFHVV D pOH� WKH IRUPDW LV VHOHFWHG RQ WKH PHQX� DQG D :LQGRZV VWDQGDUG pOH PHQX

RSHQV XS� :KHQ WKH VHOHFWHG pOH LV RSHQHG� WKH SURFHVVRU LV DXWRPDWLFDOO\ UXQ DQG D pOH LV FUHDWHG

ZLWK WKH IRUPDWWHG RXWSXW� 7KHUH DUH RQO\ WZR SRVVLEOH RXWFRPHV� VXFFHVV DQG IDLOXUH� 7KH UHVXOW

RI WKH RSHUDWLRQ LV NQRZQ E\ ORRNLQJ DW WKH RXWSXW pOH� ,I WKH RXWSXW pOH H[LVWV DQG KDV D QRQ�]HUR

VL]H� WKHQ WKH SURFHVV ZDV D VXFFHVV� HOVH LW IDLOHG� 6LQFH WKH SURFHVVRU LV GHVLJQHG WR KDQGOH pOHV

ZLWK PDQ\ HUURUV� LW LV UREXVW� 7KHUH LV QR HUURU IHHGEDFN WR WKH XVHU� EXW WKH SURFHVVRU FDQQRW

FUDVK�

7KH DFWXDO SURFHVVLQJ LV GRQH GHSHQGLQJ RQ WKH IRUPDW VHOHFWHG� (DFK IRUPDW DSSOLHV WKH UXOHV WKDW

ZHUH SUHVHQWHG LQ WKH EDFNJURXQG FKDSWHU RI WKH SDSHU� 6LQFH WKH ODQJXDJH XVHG LV &� LW ZDV IDLUO\

VLPSOH WR DOORFDWH WKH VSDFH QHFHVVDU\ WR SURFHVV WKH LQIRUPDWLRQ DQG WR GR WKH ELW PDQLSXODWLRQ

QHFHVVDU\ WR RXWSXW WKH FRUUHFW IRUPDW�

7KH IRUPDW RI WKH pOH FRQYHUVLRQ DOJRULWKP WHVWLQJ ZDV IDLUO\ WHGLRXV� 6LQFH WKHUH LV QR Ro�WKH�VKHOI

YLHZHU DYDLODEOH RQ WKH QHW WR WHVW WKHVH IRUPDWV� WKH IRUPDW VHWWLQJ KDG WR EH WHVWHG E\ KDQG� $

ELQDU\ HGLWRU ZDV XVHG WR ORRN DW WKH pOH WKDW ZDV FUHDWHG� 7KH pOH
V KHDGHU ZDV FKHFNHG IRU FRQWHQW

LQ WKH EHJLQQLQJ RI WKH pOH DQG DW UDQGRP SRLQWV GRZQ WKH pOH �VLQFH HDFK UDQGRPO\�VHOHFWHG SRLQW

LV JRLQJ WR EH VRPH QXPEHU RI SDFNHWV DZD\� WKH UHODWLYH SRVLWLRQ RI WKH SDFNHW KHDGHU ZDV HDV\
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WR pQG�� 7KH pOH FRQWHQW PDWFKHG WKH H[SHFWHG SDFNHW FRQWHQW� /DWHU LQ WKH GHYHORSPHQW RI WKH

VLPXODWLRQ� WKH FRQWHQW RI WKH SDFNHW ZDV FKHFNHG ZKHQ LW HQWHUHG WKH FRPPXQLFDWLRQ V\VWHP� DQG

WKH UHVXOWLQJ SDFNHW FRQWHQW PDWFKHG WKH H[SHFWHG UHVXOWV� $V D IXUWKHU FKHFN RQ WKH IRUPDW� WKH

UHFRQVWUXFWHG GDWD pOHV ZHUH FKHFNHG XVLQJ D ELQDU\ HUURU FRXQWHU� DQG QR ELW HUURUV ZHUH IRXQG�

% �� &RPPXQLFDWLRQ 6\VWHP

:KHUHDV VRXUFH FRGH IRU WKH 03(* YLHZHU ZDV IRXQG RQ SXEOLFO\�DYDLODEOH VLWHV OLFHQVH�IUHH� VRXUFH

FRGH WR VLPXODWH WKH FRPPXQLFDWLRQV V\VWHP ZDV QRW DYDLODEOH� $OO & FRGH ZULWWHQ LQ WKLV SURMHFW

IRU WKH FRPPXQLFDWLRQV V\VWHP DQG FKDQQHO PRGHOLQJ ZDV RULJLQDO FRGH� 7KH VLPXODWLRQ SUHVHQWHG

VHYHUDO LPSOHPHQWDWLRQ FKDOOHQJHV WR EH RYHUFRPH�

% ���� 6LPXODWLRQ $U FKLWHFWXU H

6HYHUDO FKDOOHQJHV FDPH XS LQ WKH RULJLQDO GHVLJQ RI WKH FRPPXQLFDWLRQ V\VWHP VLPXODWLRQ� 6LQFH

WKHUH DUH DW OHDVW WZR EDVLF V\VWHPV WR EH PRGHOHG �XSOLQN DQG GRZQOLQN� DQG VLQFH FRPELQDWLRQV

RI ERWK DUFKLWHFWXUHV ZRXOG EH XVHIXO WR VWXG\ SDUWLFXODU HYHQWV� LW EHFDPH QHFHVVDU\ WR FUHDWH WKH

VLPXODWLRQ ZLWK DV qH[LEOH D PRGXOH OD\RXW DV SRVVLEOH�

)LJXUH %�� GHVFULEHV WKH VLPXODWLRQ OD\RXW� 7KH SURJUDP LV VSOLW LQWR VHYHUDO PRGXOHV WKDW DUH� IRU

WKH PRVW SDUW� LQGHSHQGHQW� $V FDQ EH VHHQ LQ WKH qRZ GLDJUDP� WKH LQSXW DQG RXWSXW WR HDFK

PRGXOH LV FRQWUROOHG E\ D VHW RI JHQHULF SRLQWHUV� (DFK PRGXOH� LI LW LV VXSSRVHG WR H[HFXWH� ZLOO

GLUHFW WKH SRLQWHUV WR LWV RZQ ORFDO SRLQWHU VWUXFWXUH� ZKHUH WKH PRGXOH H[HFXWHV LWV DVVLJQHG WDVN�

2QFH WKH WDVN LV FRPSOHWH� WKH RXWSXW GDWD LV DVVLJQHG WR WKH VDPH JHQHULF SRLQWHU VWUXFWXUH WKDW

ZDV XVHG DV LWV LQSXW�

7KLV VWUXFWXUH PD\ VHHP XQQHFHVVDULO\ FXPEHUVRPH� EXW LW SUHVHQWV VHYHUDO DGYDQWDJHV� 7KH VWUXF�

WXUH RI WKH VLPXODWLRQ LV XQNQRZQ DSULRUL� ZKLFK PHDQV WKDW WKH RYHUDOO VWUXFWXUH KDV WR EH qH[LEOH

HQRXJK WR DOORZ TXLFN DGGLWLRQ DQG UHPRYDO RI VLPXODWLRQ PRGXOHV� ,I DOO WKH PRGXOHV SRLQW WR WKH

VDPH VWUXFWXUH IRU WKHLU LQSXW DQG RXWSXW� WKH VDPH IXQFWLRQ VHW FDQ EH XVHG WR KDQGOH LQWHU�PRGXOH

FRPPXQLFDWLRQV� UHGXFLQJ LQWHU�PRGXOH GHSHQGHQFLHV�
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)LJXUH %��� 6LPXODWLRQ $UFKLWHFWXUH



���

,Q SUDFWLFH� WKLV FRQFHSW SURYHG WR EH FRQVLGHUDEO\ PRUH FRPSOLFDWHG WKDQ )LJXUH %�� LPSOLHV�

6LQFH & UHTXLUHV DOO PHPRU\ WR EH DOORFDWHG DQG VLQFH WKH VL]H RI WKH LQSXW YHFWRU ZLOO VRPHWLPHV

EH GLoHUHQW IURP WKH VL]H RI WKH RXWSXW YHFWRU� GHSHQGHQFLHV DURVH WKDW DGGHG D OHYHO RI FRPSOH[LW\

WR WKH SURJUDP�

$ VHWXS VWHS EHFDPH QHFHVVDU\ ZKHUH WKH OD\RXW RI WKH VLPXODWLRQ ZRXOG EH SUHSDUHG IRU WKH

LWHUDWLYH SURFHVV� 7KLV VHWXS VWHS KDV HVVHQWLDOO\ WKH VDPH VWUXFWXUH DV VHHQ LQ )LJXUH %��� ,I WKH

PRGXOH LV DFWLYH� WKH VL]H RI WKH LQSXW DQG RXWSXW YHFWRUV LV FDOFXODWHG DQG WKH SURSHU PHPRU\

LV DOORFDWHG� 6LQFH WKH JHQHULF SRLQWHU QHYHU DOORFDWHV DQ\WKLQJ� HDFK PRGXOH ZLOO KDYH LWV RZQ

PHPRU\ SUH�DOORFDWHG ZLWK D ORFDO VWUXFWXUH NHHSLQJ WUDFN RI HDFK PHPRU\ VHW� ,Q WKH VHWXS VWHS�

D JHQHULF YHFWRU OHQJWK LV SDVVHG EHWZHHQ VHWXS IXQFWLRQV� 7KLV PHDQV WKDW WKH VL]H RI WKH RXWSXW

YHFWRU LV FDOFXODWHG E\ D PRGXOH EDVHG RQ VRPH JHQHULF YHFWRU OHQJWK WKDW LV SDVVHG WR LWV LQSXW�

2QFH WKH QHZ YHFWRU OHQJWK LV FDOFXODWHG� WKH DSSURSULDWH PHPRU\ EXoHU�V� DUH DOORFDWHG� DQG WKH

PRGXOH RXWSXW YHFWRU OHQJWK LV SDVVHG WR WKH JHQHULF YHFWRU OHQJWK YDULDEOH� 8VLQJ WKLV VWUXFWXUH�

WKH PHPRU\ EXoHU�V� FDQ EH DOORFDWHG E\ HDFK PRGXOH G\QDPLFDOO\ WR pW WKH QHHGV RI WKH FXUUHQW

VLPXODWLRQ VWUXFWXUH�

7KH QDWXUH RI WKH GDWD FKDQJHV ZKHQ LW LV PRGXODWHG� %HIRUH PRGXODWLRQ� WKH GDWD FDQ EH UHSUH�

VHQWHG ZLWK LQWHJHU YDULDEOHV� 8SRQ PRGXODWLRQ� WKH GDWD FKDQJHV LQ VWUXFWXUH� ,QVWHDG RI GLVFUHWH

SLHFHV RI GDWD UHSUHVHQWLQJ HDFK QXPEHU� GDWD LV UHSUHVHQWHG E\ DQ , DQG 4 GDWD VHW� 0DWWHUV DUH

IXUWKHU FRPSOLFDWHG E\ WKH pOWHULQJ DOJRULWKP ZKHUH WKH , DQG 4 GDWD LV VDPSOHG DQG SDVVHG WKURXJK

WKH SXOVH VKDSLQJ pOWHUV� 7KH pUVW VHW RI GDWD� WKH GLVFUHWH RQHV DQG ]HURV� FDQ EH UHSUHVHQWHG E\

XVLQJ LQWHJHU W\SH LQ &� 7KH , DQG 4 GDWD PXVW EH UHSUHVHQWHG E\ qRDWLQJ SRLQW QXPEHUV�

$OWKRXJK WKH JHQHULF SRLQWHU ZLOO EH DEOH WR KDQGOH DQ\WKLQJ� WKH PRGXOHV HoHFWLQJ WKH WUDQVLWLRQ

PD\ FKDQJH �GLoHUHQW W\SHV RI PRGXODWLRQ RU WKH XVH RI WKH FRQYROXWLRQDO HQFRGHU�� $W WKLV SRLQW�

WKH ?2SWLRQDO� ER[ LQ )LJXUH %�� SOD\V D PDMRU UROH� 7KLV ER[ LV GHVLJQHG WR KDQGOH WKH VSHFLDO FDVHV

ZKHUH GHSHQGHQFLHV OLNH WKH RQH MXVW GHVFULEHG DSSHDU� 7KHVH GHSHQGHQFLHV DUH PRGXOH�VSHFLpF�

DQG DUH WKHUH WR KDQGOH WKH FDVHV ZKHUH WKH JHQHULF PRGXODU VWUXFWXUH IDLOV�

7KH VSHFLDO FDVH KDQGOLQJ RQO\ RFFXUV DURXQG WKH FRQYROXWLRQDO HQFRGHU PRGXOH� 7KH FRQYROXWLRQDO

HQFRGHU SHUIRUPV WKH PRGXODWLRQ IRU WKH V\VWHP �436. RQO\�� :KHQ WKH FRQYROXWLRQDO HQFRGHU

LV QRW DYDLODEOH RQ WKH V\VWHP RU DQRWKHU W\SH RI PRGXODWLRQ LV XVHG� WKHUH QHHGV WR EH D IXQFWLRQ
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WKDW ZLOO SHUIRUP WKH PRGXODWLRQ IRU WKH PRGXOH DQG LQIRUP WKH QH[W PRGXOH RI ZKDW DUUD\ VL]H

WR H[SHFW� $OVR� WKLV DOWHUQDWH IXQFWLRQ VHW QHHGV WR SHUIRUP WKH GDWD FRQYHUVLRQ IRU WKH DEVHQW

PRGXOH IURP LQWHJHU WR qRDWLQJ SRLQW�

)LJXUH %�� SUHVHQWV WKH VLPXODWLRQ
V XVHU LQWHUIDFH WR VHOHFW WKH OD\RXW RI WKH VLPXODWLRQ VWUXFWXUH�

)LJXUH %��� )ORZ &RQWURO 8VHU ,QWHUIDFH

7KH XVHU KDV WKH RSWLRQ RI WXUQLQJ PRGXOHV RQ DQG Ro DW WKH SUHVV RI D EXWWRQ� 6RPH PRGXOHV�

VXFK DV SXOVH VKDSLQJ� DUH FRQVLGHUHG FULWLFDO WR WKH VLPXODWLRQ DQG WKHLU H[FOXVLRQ LV QRW DQ RSWLRQ�

% ���� &KDQQHO 0 RGHOLQJ

:KHQ VLPXODWLQJ D ZLUHOHVV FRPPXQLFDWLRQV V\VWHP� FDUH KDV WR EH WDNHQ WR SURSHUO\ PRGHO WKH

FKDQQHO FKDUDFWHULVWLFV� 7KLV VLPXODWLRQ PXVW FRUUHFWO\ PRGHO WZR HoHFWV WR VLPXODWH WKH FRQGLWLRQV

RI D WHUUHVWULDO /0'6 V\VWHP� 7KHVH FRQGLWLRQV DUH WKH EDFNJURXQG WKHUPDO QRLVH DQG YHJHWDWLYH

IDGLQJ� PRGHOHG DV HLWKHU ORJQRUPDO IDGLQJ RU ZHDN 5LFLDQ IDGLQJ� 5D\OHLJK IDLGLQJ LV FRPPRQ LQ

VHYHUDO ZLUHOHVV HQYLURQPHQWV� DQG LW ZDV DOVR LQFOXGHG� $OWKRXJK WKH 5D\OHLJK PRGHO GRHV QRW

DSSO\ WR WKH /0'6 FKDQQHO� LW KDV VRPH SHFXOLDU FKDUDFWHULVWLFV WKDW FRXOG PDNH WKH FKDQQHO
V

UHOHYDQFH WR YLGHR FRGLQJ TXLWH VLJQLpFDQW�
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7KH KHDUW RI DQ\ FKDQQHO PRGHO LV D JRRG QXPEHU JHQHUDWRU� 7KH QXPEHU JHQHUDWRU LV WKH VHHG XSRQ

ZKLFK WKH FKDQQHO PRGHO ZLOO EH EDVHG� ,I WKH VHHG SRVVHVVHV WKH ZURQJ VWDWLVWLFDO FKDUDFWHULVWLFV�

WKHQ WKH ZKROH PRGHO ZLOO EH LQDFFXUDWH�

7KH FRPPRQ GHQRPLQDWRU IRU DOO FKDQQHO PRGHOV WKDW DUH XVHG LQ WKLV VLPXODWLRQ LV WKH XQLIRUP

UDQGRP YDULDEOH� 7KH XQLIRUPO\ GLVWULEXWHG UDQGRP YDULDEOH LV XVHG DV WKH EDVLV IRU WKH *DXVVLDQ

UDQGRP YDULDEOH� ZKLFK LQ WXUQ LV XVHG WR PRGHO DOO RWKHU UDQGRP YDULDEOHV XVHG LQ WKLV VLPXODWLRQ�

7KH QXPEHU JHQHUDWRU XVHG IRU WKH XQLIRUP UDQGRP YDULDEOH LV WKH :LFKPDQQ�+LOO DOJRULWKP� 7KLV

DOJRULWKP� GLVFXVVHG LQ WKH EDFNJURXQG FKDSWHU� JHQHUDWHV D QXPEHU VHTXHQFH ZKRVH SHULRG LV YHU\

ORQJ �LQ H[FHVV RI ���� VDPSOHV�� 7KH QXPEHU JHQHUDWRU LV EDVHG GLUHFWO\ RQ (TXDWLRQV &�� WKURXJK

&��� 8VLQJ WKH %R[�0XHOOHU DOJRULWKP� (TXDWLRQV &�� 	 &��� WKH XQLIRUP UDQGRP YDULDEOHV DUH

FRQYHUWHG LQWR LQGHSHQGHQW *DXVVLDQ UDQGRP YDULDEOHV�
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)LJXUH %��� 3UREDELOLW\ 'LVWULEXWLRQ )XQFWLRQ RI *DXVVLDQ 5DQGRP 9DULDEOHV

)LJXUH %�� VKRZV WKH GLVWULEXWLRQ DFKLHYHG IURP WKH :LFKPDQQ�+LOO�%R[�0XHOOHU FRPELQDWLRQ� $V

FDQ EH VHHQ IURP WKH JUDSK� WKH DFKLHYHG GLVWULEXWLRQ FORVHO\ PDWFKHV WKH WKHRUHWLFDO *DXVVLDQ

FXUYH�

)LJXUH %�� VKRZV D VFDWWHU GLDJUDP RI WKH *DXVVLDQ UDQGRP YDULDEOHV WKDW ZHUH JHQHUDWHG XVLQJ

WKH :LFKPDQQ�+LOO�%R[�0XHOOHU ZULWWHQ LQ &� 1R GLVFHUQLEOH SDWWHUQ LV VHHQ ZLWKLQ WKH VFDWWHU

SORW� OHDGLQJ WR WKH FRQFOXVLRQ WKDW WKH WZR JHQHUDWHG UDQGRP YDULDEOHV DUH QRW FRUUHODWHG� ,I VRPH

FRUUHODWLRQ H[LVWHG EHWZHHQ WKH YDULDEOHV� LW ZRXOG VKRZ XS DV D GLVFHUQLEOH SDWWHUQ LQ WKH JUDSK�
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)LJXUH %��� 6FDWWHU 'LDJUDP RI 7ZR *DXVVLDQ 5DQGRP 9DULDEOHV

7KH 5D\OHLJK IDGLQJ ZDV GRQH XVLQJ &ODUNH
V PRGHO� 7KH UHVXOWLQJ HQYHORSH LV VHHQ LQ )LJXUH %���
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)LJXUH %��� 5D\OHLJK )DGLQJ (QYHORSH

7KH 5LFLDQ DQG /RJQRUPDO UDQGRP YDULDEOHV DUH RoVKRRWV RI WKH 5D\OHLJK DQG *DXVVLDQ GLVWULEX�

WLRQV� UHVSHFWLYHO\� DQG WKHLU VLPXODWLRQ ZDV VWUDLJKWIRUZDUG�

% ���� 0 RGXOH 'HVFU LSWLRQ

(DFK PRGXOH SUHVHQWHG D GLoHUHQW VHW RI FKDOOHQJHV WR EH VROYHG� ,W LV DVVXPHG WKDW WKH UHDGHU

LV IDPLOLDU ZLWK WKH EDVLF DUFKLWHFWXUH RI WKH PRGXOHV� DQG DOWKRXJK D JHQHUDO RYHUYLHZ ZLOO EH

SURYLGHG� WKH DOJRULWKPV ZLOO QRW EH GLVFXVVHG LQ JUHDW GHWDLO�
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'DWD $FTXLVLWLRQ

7KH VLPXODWLRQ GRHV QRW UXQ RQ UHDO WLPH� VR GDWD DFTXLVWLRQ LV QRW D FRPSOLFDWHG DoDLU� 7KH

VLPXODWLRQ LV JLYHQ D EDVLF SDFNHW VL]H �)LJXUH %����

)LJXUH %��� 3DFNHW *HQHUDWLRQ 8VHU ,QWHUIDFH

7KH GLDORJ ER[ UHTXHVWV IURP WKH XVHU D EDVLF SDFNHW VL]H DQG WKH DPRXQW RI SDGGLQJ WKDW QHHGV WR

EH UHPRYHG IURP WKH SDFNHW SULRU WR PRGXODWLRQ� 7KLV SDGGLQJ LV ]HUR SDGGLQJ WKDW LV DGGHG E\

WKH 5HHG�6RORPRQ HQFRGHU WR pW WKH VWUXFWXUH WKDW LW LV JLYHQ� 7R VDYH EDQGZLGWK� WKLV SDGGLQJ LV

UHPRYHG SULRU WR PRGXODWLRQ� 7KH VLPXODWLRQ ZLOO UHDG D OHQJWK RI LQIRUPDWLRQ GHpQHG E\ SDFNHW

VL]H IURP WKH pOH HYHU\ WLPH LW LWHUDWHV� 7KH pOH QHHGV WR PDNH DQ H[DFW pW RQ WKH SDFNHW VL]H�

,Q RWKHU ZRUGV� LI WKH SDFNHW VL]H LV ��� E\WHV� WKHQ WKH pOH QHHGV WR EH VL]H Q d ��� ZKHUH Q

LV WKH QXPEHU RI SDFNHWV VHQW �QRW NQRZQ DSULRUL�� ,I WKH QXPEHU RI E\WHV GRHV QRW PDWFK� DQ

HUURU ZLOO RFFXU DQG WKH VLPXODWLRQ H[LWV� ,I WKH VL]HV GR QRW PDWFK� FKDQFHV DUH WKDW WKHUH ZLOO EH

DQ XQGHUO\LQJ SUREOHP ZLWK WKH FRQYHUVLRQ DOJRULWKP RU WKH VLPXODWLRQ VHWWLQJV DQG XQGHU WKHVH

FLUFXPQVWDQFHV� WKH VLPXODWLRQ UHVXOWV DUH SUREDEO\ QRW YDOLG�

7KH GDWD JHQHUDWLRQ DOJRULWKP ZDV WHVWHG XVLQJ WZR PHWKRGV� )LUVW� WKH GDWD JHQHUDWLRQ DQG

GDWD RXWSXW IXQFWLRQV ZHUH SODFHG EDFN�WR�EDFN ZLWK QR RWKHU PRGXOHV DFWLYH LQ WKH V\VWHP� 7KH

VLPXODWLRQ ZDV UXQ� DQG WKH FRQWHQW RI WKH EXoHU FRQWDLQLQJ WKH GDWD ZDV FKHFNHG� 7KH ELQDU\

FRQWHQWV VKRXOG PDWFK WKH H[SHFWHG KHDGHU LQIRUPDWLRQ DQG qDJV� ,I WKH FRQWHQWV PDWFKHG� WKH

V\QFKURQL]DWLRQ ZDV DVVXPHG FRUUHFW� 7KH SURJUDP ZDV OHW UXQ ZLWK D FRUUHFW pOH� 7KH UHVXOWLQJ pOH

ZDV FRPSDUHG WR WKH RULJLQDO pOH� DQG WKH\ PDWFKHG SHUIHFWO\� VR WKH RSHUDWLRQ IRU D FRUUHFWO\ VL]HG

LQSXW ZDV YHULpHG� $Q LPSURSHUO\�VL]HG pOH ZDV WKHQ XVHG� DQG WKH SURJUDP H[LWHG ZLWKRXW ZDUQLQJ

DV H[SHFWHG� $IWHU WKHVH WHVWV� WKH GDWD JHQHUDWLRQ DOJRULWKP ZDV DVVXPHG WR ZRUN FRUUHFWO\�
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5DQGRPL]HU

7KH UDQGRPL]HU LV D /LQHDU )HHGEDFN 6KLIW 5HJLVWHU �/)65�� 7KH VLPXODWLRQ
V UDQGRPL]HU XVHU

LQWHUIDFH LV VHHQ LQ )LJXUH %���

)LJXUH %���� 5DQGRPL]HU 8VHU ,QWHUIDFH

7KH UDQGRPL]HU XVHU LQWHUIDFH OLVWV WZR SRVVLEOH UDQGRPL]HU VWUXFWXUHV� DQ /)65 DQG D 3VHXGR

5DQGRP %LQDU\ 6HTXHQFH �35%6�� 7KH\ ERWK KDYH WKH VDPH XQGHUO\LQJ VWUXFWXUH� DQ /)65� 7KH

GLoHUHQFH LQ QRPHQFODWXUH LQ WKH VLPXODWLRQ LV GXH WR WKH VDPH GLVFUHSDQF\ LQ WKH '$9,& JXLGHOLQHV�

7KH RQO\ GLoHUHQFH EHWZHHQ WKH WZR VWUXFWXUHV� WKH /)65 FDQ EH JLYHQ DQ\ JHQHUDWRU SRO\QRPLDO

DQG WKH 35%6 LV KDUG�FRGHG WR D JHQHUDWRU SRO\QRPLDO RI � � [�� � [�� ZLWK D VWDUWLQJ ELQDU\

VHTXHQFH RI ����������������

7KH UDQGRPL]HU ZDV LPSOHPHQWHG LQ &� ,W IROORZV D VWUDLJKWIRUZDUG LPSOHPHQWDWLRQ DSSURDFK� DQG

QR FKDOOHQJHV DURVH LQ WKH JHQHUDWLRQ RI WKLV PRGXOH�

7KH GHUDQGRPL]HU RQ WKH UHFHLYHU LV H[DFWO\ HTXDO WR WKH UDQGRPL]HU� LQFOXGLQJ WKH RULJLQDO VWDWH�

6LQFH WKH UDQGRPL]HU
V RXWSXW LV D VHULHV RI RQHV DQG ]HURV� DQG VLQFH WKDW RXWSXW LV ;RUHG ZLWK

WKH GDWD� ;RULQJ WKH LQFRPLQJ GDWD ZLWK WKH VDPH VHW RI RQHV DQG ]HURV ZLOO UHVXOW LQ D FRPSOHWH

UHYHUVDO RI WKH UDQGRPL]HU� 2QH RU ]HUR ;RUHG ZLWK WKH VDPH YDOXH WZLFH ZLOO \LHOG WKH RULJLQDO

YDOXH UHJDUGOHVV RI ZKDW WKH RULJLQDO YDOXH ZDV�

7KH UDQGRPL]HU ZDV WHVWHG XVLQJ WZR PHWKRGV� 7KH UDQGRPL]HU DQG GHUDQGRPL]HU ZHUH SODFHG

EDFN�WR�EDFN� 7KH RXWSXW RI WKH UDQGRPL]HU ZDV FDOFXODWHG E\ KDQG IRU VHYHUDO F\FOHV RI WKH EXoHU
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VHW� 7KH FRPSXWHU
V RXWSXW PDWFKHG WKH H[SHFWHG UHVXOWV� $OVR� WKH UDQGRPL]HU�GHUDQGRPL]HU

EDFN�WR�EDFN VHW FRPSOHWHO\ QHJDWHG HDFK RWKHU IRU WKH ZKROH VHW� IXUWKHU YDOLGDWLQJ WKH SURJUDP

IXQFWLRQ�

5HHG�6RORPRQ

7KH 5HHG�6RORPRQ �56� EORFN FRGH FRPHV IURP WKH IDPLO\ RI %&+ FRGHV� 7KH 56 FRGH LV D QRQ�

ELQDU\ FRGH� WKH DOSKDEHW RI V\PEROV WKDW WKH FRGH LV GHVLJQHG WR ZRUN RQ LV QRW QHFHVVDULO\ OLPLWHG

WR MXVW RQH DQG ]HUR� 7KH V\PERO OLVW IRU WKH 56 FRGH LV GHpQHG E\ D *DORLV pHOG� )LJXUH %���

GLVSOD\V WKH XVHU LQWHUIDFH IRU WKH 56 PRGXOH LQ WKH VLPXODWLRQ�

)LJXUH %���� 5HHG�6RORPRQ 8VHU ,QWHUIDFH

7KH RQO\ SDUDPHWHUV QHHGHG WR JHQHUDWH WKH IXOO FRGH DUH 1 �WKH OHQJWK RI WKH WRWDO FRGH ZRUG��

. �WKH OHQJWK RI WKH GDWD SDUW RI WKH FRGH ZRUG�� 0 �WKH QXPEHU RI ELWV SHU V\PERO�� DQG WKH

JHQHUDWRU SRO\QRPLDO IRU WKH JDORLV pHOG� 7KH QXPEHU RI V\PERO HUURUV WKDW FDQ EH FRUUHFWHG E\

WKH 56 FRGH LV W ZKHUH W  1b.
� � 7KH QXPEHU RI V\PEROV WKDW FDQ EH GHWHFWHG E\ WKH 56 FRGH LV

�W�

7KH *DORLV pHOG LV D pQLWH QXPEHU pHOG� 7KLV pHOG LV JHQHUDWHG EDVHG RQ D SULPLWLYH� o� (DFK ZRUG

LQ WKH ZKROH QXPEHU VHW LV D SRZHU RI o� ,Q RWKHU ZRUGV� WKH ZKROH QXPEHU VHW LV GHVFULEHG E\

WKH QXPEHUV o� WKURXJK o�
1b�� ,I o  �� WKH pUVW 0 HOHPHQWV DUH GHpQHG E\ WKH SULPLWLYH VKLIWHG

WR WKH ULJKW E\ 0 b � ��� �� �� �� ��� ��� ��� � �0b��� 7KH 0WK ZRUG LV GHpQHG E\ WKH *DORLV

SRO\QRPLDO� RU LQ WKH FDVH RI *)����� ZKHUH WKH SRO\QRPLDO LV [� � [� � [� � [� � �� WKH 0WK
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HOHPHQW LV [��[��[���� RU ��� (YHU\ FRQVHFXWLYH HOHPHQW DIWHU WKDW LV FDOFXODWHG E\ PXOWLSO\LQJ

WKH SUHYLRXV HOHPHQW E\ o DQG ;RULQJ WKH UHVXOW ZLWK WKH 0WK HOHPHQW LI WKHUH LV DQ RYHUqRZ IURP

WKH SUHYLRXV PXOWLSOLFDWLRQ�

7R KDQGOH WKH SULPLWLYH QXPEHUV� DOO PDWKHPDWLFV ZHUH SHUIRUPHG E\ XVLQJ WKH SULPLWLYH
V H[SR�

QHQWLDO LQVWHDG RI WKH DFWXDO QXPEHU� 7KH H[SRQHQWLDO ZDV XVHG DV WKH LQGH[ WR D ORRNXS WDEOH�

7KH XVH RI WKH H[SRQHQWLDO JUHDWO\ VLPSOLpHV WKH DOJRULWKP WKDW PXVW EH SHUIRUPHG HYHU\ WLPH

WKHUH LV DQ RSHUDWLRQ� )RU H[DPSOH� PXOWLSOLFDWLRQ LV MXVW WKH DGGLWLRQ RI H[SRQHQWV� 6LQFH WKLV LV

D pQLWH pHOG� DQ H[SRQHQW YDOXH JUHDWHU WKDQ WKH PD[LPXP YDOXH LV WKH VDPH DV WKH H[SRQHQWLDO

PLQXV WKH PD[LPXP H[SRQHQWLDO YDOXH PLQXV RQH� $GGLWLRQ� RQ WKH RWKHU KDQG� LV MXVW WKH ;RULQJ

RI WKH DFWXDO YDOXHV WDNHQ IURP WKH ORRNXS WDEOH� $ VHFRQG ORRNXS WDEOH� ZLWK WKH LQGH[ EHLQJ

WKH SULPLWLYH�GHULYHG YDOXH DQG WKH FRQWHQW RI WKH UHJLVWHU EHLQJ WKH SULPLWLYH H[SRQHQWLDO� ZDV

FRQVWUXFWHG WR DOORZ TXLFN ORRNXS RI H[SRQHQWLDOV UHVXOWLQJ IURP DGGLWLRQV�

7KH DFWXDO FRGH JHQHUDWLRQ LV DFFRPSOLVKHG GLYLGLQJ WKH GDWD ZRUG E\ WKH 56 JHQHUDWRU IXQFWLRQ�

6LQFH WKH FRGH LV V\VWHPDWLF� WKH UHVXOWLQJ FRGH ZRUG LV WKH RULJLQDO GDWD DQG WKH UHPDLQGHU RI WKH

GLYLVLRQ RSHUDWLRQ LV DSSHQGHG WR FRPSOHWH WKH IXOO FRGH ZRUG� 7KH GLYLVLRQ LV DFFRPSOLVKHG E\

XVLQJ WKH ORJLFDO FLUFXLW VHHQ LQ )LJXUH %��� >��@�

)LJXUH %���� 5HHG�6RORPRQ (QFRGHU

7KH RSHUDWLRQ RI WKH FLUFXLW LV IDLUO\ VLPSOH� $W pUVW� WKH JDWH LV FORVHG DQG WKH VZLWFK LV FRQQHFWHG

WR WKH GDWD OLQH� 7KH GDWD HQWHUV WKH HQFRGHU� VHWV WKH VWDWHV RI WKH EXoHUV LQ WKH HQFRGHUV� DQG

DW WKH VDPH WLPH H[LWV WKH HQFRGHU� :KHQ DOO WKH GDWD KDV SDVVHG� WKH JDWH LV RSHQHG� DQG WKH

VZLWFK LV QRZ FRQQHFWHG WR WKH EXoHU RXWSXW� 7KH EXoHU FRQWHQWV DUH WKHQ V\VWHPDWLFDOO\ VKLIWHG

XQWLO WKH\ DUH DOO HPSW\� 7KH UHVXOWLQJ FRGH ZRUG ZLOO EH 1 � �W HOHPHQWV ORQJ� ,PSOHPHQWDWLRQ
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RI WKH HQFRGLQJ DOJRULWKP ZDV IDLUO\ VWUDLJKIRUZDUG� 7KH ELJJHVW FKDOOHQJH LQ ZULWLQJ WKH HQFRGHU

DQG JDORLV pHOG IXQFWLRQV ZDV LQ PDNLQJ VXUH WKDW WKH JDORLV pHOG IXQFWLRQV �SULPDULO\ DGG DQG

PXOWLSO\� ZRUNHG FRUUHFWO\�

7\SLFDO WR PRVW FRPPXQLFDWLRQ V\VWHPV� WKH GHFRGLQJ SURFHVV RI D 56 FRGH LV FRQVLGHUDEO\ PRUH

FRPSOLFDWHG WKDQ WKH HQFRGHU� 7KHUH DUH VHYHUDO DOJRULWKPV WKDW FDQ EH XVHG WR GHFRGH D 56

FRGH� 7KH GHFRGHU WKDW , VHOHFWHG WR LPSOHPHQW LV WKH %HUOHNDPS�0DVVH\ DOJRULWKP� 7KH GHWDLOHG

H[SODQDWLRQ RI WKH GHFRGLQJ DOJRULWKP LV EH\RQG WKH VFRSH RI WKLV WKHVLV� ,Q HVVHQFH� WKH GHFRGHU

ZRUNV E\ JHQHUDWLQJ D SRO\QRPLDO DV WKH FRGHZRUG HQWHUV WKH GHFRGHU� 7KH JHQHUDWHG SRO\QRPLDO
V

RUGHU LV WKH QXPEHU RI V\PERO HUURUV WKH FRGH ZRUG KDV �RUGHU W DW PRVW�� ,I WKH URRWV RI WKH

SRO\QRPLDO DUH QRW GLVWLQFW� WKHQ WKH FRGH IDLOHG� ,I WKH URRWV DUH XQLTXH� DQ HUURU SRO\QRPLDO FDQ

EH FRQVWUXFWHG� :KHQ WKLV SRO\QRPLDO LV DGGHG WR WKH RULJLQDO FRGH ZRUG� WKH UHVXOWLQJ FRGH ZRUG

LV WKH FRUUHFWHG ZRUG� )RU DQ GHWDLOHG H[SODQDWLRQ RI WKH %HUOHNDPS�0DVVH\ DOJRULWKP� VHH >��@�

)LJXUH %��� SUHVHQWV WKH HUURU�FRUUHFWLRQ SURFHVV RI WKH VLPXODWHG 56 GHFRGHU�

)LJXUH %���� 5HHG�6RORPRQ 'HFRGHU

$V FDQ EH VHHQ RQ WKH VFUHHQ RXWSXW� WKH V\QGURPHV DUH FDOFXODWHG DQG WKH ODPEGD SRO\QRPLDO LV

JHQHUDWHG DV WKH FRGH ZRUG HQWHUV WKH GHFRGHU� $W WKH HQG RI WKH DOJRULWKP� WKH HUURU SRO\QRPLDO
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LV JHQHUDWHG DQG DGGHG WR WKH RULJLQDO SRO\QRPLDO� 7KH UHVXOWLQJ SRO\QRPLDO LV HUURU�IUHH�

9DOLGDWLRQ IRU WKH 5HHG�6RORPRQ FRGH ZDV SHUIRUPHG LQ WZR VWHSV� 6LQFH WKH ZRUGV FDQ EH YHU\

ORQJ� D VLPSOH 56 FRGH ZDV LPSOHPHQWHG �WKH VLPXODWLRQ LV GHVLJQHG WR DFFHSW GLoHUHQW EORFN VL]HV��

DQG WKH 56 FRGHG ZRUG DQG GHFRGHG UHVXOWV ZHUH FRPSDUHG WR WKH UHWXUQ YDOXH RI WKH 0$7/$% 56

HQFRGHU�GHFRGHU� 7KH UHVXOWV IRU FRGH VXFFHVV DQG IDLOXUH ZHUH FRPSDUHG� DQG WKH UHVXOWV PDWFKHG�

7KH QH[W VWHS LQYROYHG REWDLQLQJ %(5 FXUYHV IRU WKH SHUIRUPDQFH RI WKH 56 FRGH� 7KH FXUYHV DUH

SUHVHQWHG LQ WKH VLPXODWLRQ SHUIRUPDQFH VHFWLRQ RI WKH SDSHU�

7KH PDLQ FKDOOHQJH LQ FUHDWLQJ WKH 5HHG�6RORPRQ GHFRGHU DURVH LQ WKH UHSUHVHQWDWLRQ RI SRO\QR�

PLDOV� 7KH VROXWLRQ WKDW ZDV XVHG ZDV WR XVH D SRLQWHU WR GHpQH HDFK SRO\QRPLDO� $ SRLQWHU ZDV

G\QDPLFDOO\ DOORFDWHG D FHUWDLQ DPRXQW RI PHPRU\� HDFK PHPRU\ VORW EHLQJ D VLQJOH FRHrFLHQW�

6LQFH DOO SRO\QRPLDOV EHJLQ DW WKH ]HURWK HOHPHQW� SRO\QRPLDO DGGLWLRQ EHFDPH D PDWWHU RI PDNLQJ

VXUH WKDW WKH PHPRU\ ZDV DOORFDWHG DQG SDGGHG RQ WKH PRVW VLJQLpFDQW VLGH RI WKH SRO\QRPLDO WR

DYRLG WKH VXPPDWLRQ RI YDOXHV IURP XQ�DOORFDWHG PHPRU\ DUHDV �ZKLFK ZRXOG RWKHUZLVH OHDG WR

XQSUHGLFWDEOH UHVXOWV RU D SURJUDP FUDVK��

,QWHUOHDYHU

7KH RQO\ LQIRUPDWLRQ WKDW LV QHHGHG E\ WKH VLPXODWLRQ WR FUHDWH WKH LQWHUOHDYHU LV WKH LQWHUOHDYHU

GHSWK� )LJXUH %��� VKRZV WKH VLPXODWLRQ
V LQWHUOHDYHU LQSXW�

)LJXUH %���� ,QWHUOHDYHU 8VHU ,QWHUIDFH

7KH LQWHUOHDYHU LV LPSOHPHQWHG XVLQJ D YHU\ VLPSOH DOJRULWKP� 7KH LQFRPLQJ ELWV QHHG WR EH PDSSHG

LQWR DQ RXWSXW EXoHU WKH VDPH VL]H DV WKH RULJLQDO EXoHU� 7KH PDSSLQJ WKDW LV GRQH GHSHQGV RQO\

RQ WKH GHSWK RI WKH LQWHUOHDYHU� 7KH GHLQWHUOHDYHU IROORZV WKH VDPH SURFHVV DV WKH LQWHUOHDYHU RQO\

EDFNZDUGV�
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7HVWLQJ RI WKH LQWHUOHDYHU ZDV GRQH LQ WZR ZD\V� 7KH LQWHUOHDYHU RXWSXW LQGLFHV ZHUH FDOFXODWHG E\

KDQG� WKH LQWHUOHDYHU VKRXOG SODFH WKH GDWD LQ WKH FRUUHFW RoVHW SRVLWLRQ RI WKH RXWSXW EXoHU� 2QFH

WKLV UHODWLYH SRVLWLRQ PDWFKHG WKH H[SHFWHG UHVXOWV� WKH LQWHUOHDYHU DQG GHLQWHUOHDYHU ZHUH SODFHG

EDFN�WR�EDFN� 7KH UHVXOWLQJ GDWD VHW ZDV FRPSDUHG WR WKH RULJLQDO GDWD VHW DQG QR HUURUV ZHUH

IRXQG�

&RQYROXWLRQDO (QFRGHU

7KH FRQYROXWLRQDO HQFRGHU LV D IDLUO\ VLPSOH DOJRULWKP� $Q H[DPSOH RI D FRQYROXWLRQDO HQFRGHU LV

VHHQ LQ )LJXUH ����

7KH FRQYROXWLRQDO HQFRGHU VLPXODWLRQ UHTXLUHV FRQVLGHUDEO\ PRUH VHWXS LQIRUPDWLRQ WKDW WKH RWKHU

PRGXOHV LQ WKH V\VWHP� )LJXUH %��� SUHVHQWV WKH XVHU LQWHUIDFH WKDW DFTXLUHV DOO QHFHVVDU\ LQIRUPD�

WLRQ WR VHW XS WKH FRQYROXWLRQDO HQFRGHU DQG WKH 9LWHUEL DOJRULWKP�

)LJXUH %���� &RQYROXWLRQDO (QFRGHU DQG 9LWHUEL 'HFRGHU 8VHU ,QWHUIDFH

7KH FRQYROXWLRQDO HQFRGHU VFUHHQ FDQ VHWXS DOO LQIRUPDWLRQ SHUWDLQLQJ WR KRZ WKH FRQYROXWLRQDO

HQFRGHU VKRXOG ZRUN� 0RVW RI WKH LQIRUPDWLRQ RQ WKH VFUHHQ LV VHOI�H[SODQDWRU\� 7KH RQO\ SDUW WKDW

PD\ OHDYH VRPH TXHVWLRQV LV WKH YDULDEOH UDWH� 7KH YDULDEOH UDWH LV DFKLHYHG WKURXJK WKH XVH RI D

SXQFWXUH PDS� 7KH SXQFWXUH PDS IRU HDFK UDWH FDQ EH VHW E\ SUHVVLQJ WKH ?5DWH Q 6HWXS� EXWWRQ�



���

:KHQ WKLV EXWWRQ LV SUHVVHG� WKH VFUHHQ VHHQ LQ )LJXUH %��� DSSHDUV�

)LJXUH %���� &RQYROXWLRQDO (QFRGHU 5DWH 6HWXS 8VHU ,QWHUIDFH

7KLV VFUHHQ ZLOO VHWXS WKH SXQFWXUH PDS IRU HDFK RXWSXW WUDFN RI WKH FRQYROXWLRQDO HQFRGHU� 2QFH

WKH SXQFWXUH PDS KDV EHHQ VHW IRU HDFK WUDFN� KLWWLQJ ?(YDOXDWH 5DWH� ZLOO FDOFXODWH WKH GDWD UDWH

RI WKLV SXQFWXUH PDS� 7KH PRWKHU GLDORJ ER[ ZLOO EH DOWHUHG ZLWK WKH QHZ HQFRGHU UDWH ZKHQ WKH

FKLOG GLDORJ ER[ VKXWV GRZQ�

0RGXODWLRQ

7KUHH PRGXODWLRQ WHFKQLTXHV ZHUH LPSOHPHQWHG LQ WKH VLPXODWRU� 436.� ���4$0� DQG '436.�

7KH FRQVWHOODWLRQV XVHG IRU HDFK RI WKHVH IRUPDWV DUH WKH RQHV GHVFULEHG LQ WKH EDFNJURXQG FKDSWHU�

)LJXUHV %���� %���� DQG %��� VKRZ WKH H\H GLDJUDP DQG WKH VWDWH WUDQVLWLRQ IRU 436.� ���4$0�

DQG '436. UHVSHFWLYHO\� 7KH PRGXODWHG LPSXOVHV DUH SXOVH�VKDSHG XVLQJ D URRW�UDLVHG�FRVLQH

pOWHU�

)LJXUHV %��� DQG %��� DUH LGHQWLFDO EHFDXVH HYHQ WKRXJK HDFK RI WKH PRGXODWLRQ VFKHPHV SHUIRUPV

D WUDQVLWLRQ IRU D GLoHUHQW UHDVRQ WKDQ WKH RWKHU VFKHPH �RQH LV DEVROXWHO\ PDSSHG� WKH RWKHU LV

GLoHUHQWLDOO\ PDSSHG�� WKH GHVWLQDWLRQV IRU ERWK PRGXODWLRQ VFKHPHV DUH H[DFWO\ WKH VDPH�
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3XOVH 6KDSLQJ

7KH '$9,& VWDQGDUG FDOOV IRU WKH PRGXODWHG LPSXOVHV WR EH SXOVH�VKDSHG XVLQJ D URRW�UDLVHG�FRVLQH

pOWHU� 7KH SXOVH�VKDSLQJ ZDV SHUIRUPHG DW UXQ�WLPH XVLQJ D WUDQVSRVHG�GLUHFW�IRUP�,, ),5 pOWHU�

DV VHHQ LQ pJXUH %��� >��@�

)LJXUH %���� 7UDQVSRVHG 'LUHFW�)RUP ,, ),5 )LOWHU

6LQFH WKH pOWHU FRHrFLHQWV QHHG WR EH GHVLJQHG RQO\ RQFH� WKH 0$7/$% UFRVLQH�� P�pOH ZDV XVHG

LQ WKH VLPXODWLRQ LQLWLDOL]DWLRQ WR JHQHUDWH WKH pOWHU FRHrFLHQWV� 0$7/$% RoHUV VHYHUDO '\QDPLF�

/LQN�/LEUDULHV �'//V�� ZKLFK FDQ EH OLQNHG WR D & SURJUDP DW UXQWLPH� 7KHVH '//V RoHU WKH &

SURJUDP WKH RSSRUWXQLW\ WR SDVV YDULDEOHV WR 0$7/$%� H[HFXWH D VHW RI FRPPDQGV LQ 0$7/$%�

DQG UHWXUQ D UHVXOW WR WKH & HQYLURQPHQW�

% ���� &DOLEU DWLRQ

$OWKRXJK JHQHUDWLQJ D QRLVH FKDQQHO LQ D VLPXODWLRQ LV D VWUDLJKWIRUZDUG SURFHVV� FDOLEUDWLQJ WKH

QRLVH OHYHO LV QRW� >��@ SUHVHQWV HTXDWLRQV %�� WKURXJK %�� WR GHWHUPLQH WKH SURSHU VWDQGDUG

GHYLDWLRQ IRU WKH *DXVVLDQ QRLVH JHQHUDWRUV WR UHSUHVHQW D SDUWLFXODU (E
1R
�

(E DQG 1R DUH GHpQHG E\ (TXDWLRQV %�� DQG %��� UHVSHFWLYHO\�

(E  
3RXW7

N
�%���

ZKHUH 3RXW� GHpQHG E\ (TXDWLRQ %��� LV WKH DYHUDJH VLJQDO SRZHU� 7 LV WKH V\PERO SHULRG� DQG N LV

WKH QXPEHU RI ELWV SHU V\PERO�
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3RXW  
�

�0

0;
Q �

M6QM� �%���

1R  
M+���M�%1

��
�%���

ZKHUH M+���M LV WKH '& UHVSRQVH RI WKH UHFHLYHU pOWHUV� %1 � GHpQHG E\ (TXDWLRQ %��� LV WKH QRLVH

EDQGZLGWK RI WKH UHFHLYHU pOWHUV� DQG �� LV WKH YDULDQFH RI WKH JDXVVLDQ QRLVH�

%1  

5�
b� MK�W�M� GWppp5�b� K�W�GW

ppp� �%���

7R SURYH WKH V\VWHP LV FDOLEUDWHG FRUUHFWO\� LW LV LPSRUWDQW WR FRPSDUH WKH VLPXODWLRQ UHVXOWV WR WKH

H[SHFWHG V\VWHP SHUIRUPDQFH EDVHG RQ DQDO\WLFDO HVWLPDWHV RU ERXQGV�



$SSHQGL[ &

5DQGRP 1 XPEHU *HQHU DWLRQ

,W LV LPSRUWDQW WR JHQHUDWH UDQGRP YDULDEOHV IRU WKH FKDQQHO VLPXODWLRQ VXFK WKDW WKH\ VWDWLVWLFDOO\

UHSUHVHQW WKH H[SHFWHG FKDQQHO SHUIRUPDQFH� $ FRPSXWHU LV� E\ GHpQLWLRQ� D GHWHUPLQLVWLF PDFKLQH�

FDXVLQJ D EDVLF SUREOHP� $ FRPSXWHU NQRZV RQO\ KRZ WR DGG DQG PXOWLSO\� 7R WKDW HQG� LW LV QRW

SRVVLEOH WR JHQHUDWH D VHTXHQFH WKDW LV UDQGRP� +RZHYHU� LW LV SRVVLEOH WR JHQHUDWH D VHTXHQFH WKDW

KDV WKH FRUUHFW SURSHUWLHV VXFK WKDW LW ORRNV DV FORVH WR UDQGRP DV D GHWHUPLQLVWLF DSSURDFK FDQ

FRQYHUJH WR� 7KH PDLQ JRDO RI D QXPEHU JHQHUDWRU LV WR JHQHUDWH D ZKLWH VHTXHQFH� D VHTXHQFH ZKRVH

VSHFWUDO FRPSRQHQWV DUH HYHQ RYHU DOO IUHTXHQFLHV� $QRWKHU ZD\ RI ORRNLQJ DW WKLV W\SH RI VHTXHQFH

LV DV D GHOWD�FRUUHODWHG VHTXHQFH� 7KHUH DUH WZR W\SHV RI ZKLWH VHTXHQFHV WKDW DUH SDUWLFXODUO\

XVHIXO� WKH XQLIRUP�GLVWULEXWHG UDQGRP YDULDEOH DQG WKH UDQGRP ELQDU\ VHTXHQFH� 7KRXJK ERWK

VHTXHQFHV DUH ZKLWH� WKHLU EDVLF GLVWULEXWLRQV DUH GLoHUHQW� 7KH XQLIRUP GLVWULEXWLRQ SUHVHQWV DQ

HYHQ GLVWULEXWLRQ DFURVV D QXPEHU VSDFH� $ ELQDU\ VHTXHQFH LV D VHTXHQFH ZKRVH HQWLUH QXPEHU

VSDFH LV FRPSRVHG RI WZR SRLQWV� C�
 DQG C��
 7KH XQLIRUP UDQGRP YDULDEOH LV XVHG WR FUHDWH RWKHU

GHVLUHG UDQGRP YDULDEOHV� OLNH *DXVVLDQ RU 5D\OHLJK GLVWULEXWLRQV� 6LQFH GDWD WKDW LV WUDQVPLWWHG

VKRXOG EH DV XQFRUUHODWHG DV SRVVLEOH �FRUUHODWHG GDWD FDQ EH SUHGLFWHG�� LW LV LPSRUWDQW WR FUHDWH

ELQDU\ VHTXHQFHV WKDW DUH DV FORVH WR UDQGRP DV SRVVLEOH�

,Q WKH IROORZLQJ VHFWLRQV� WKH JHQHUDWLRQ RI XQLIRUP UDQGRP YDULDEOHV DQG ELQDU\ VHTXHQFHV ZLOO

EH GLVFXVVHG� 7KH WZR JHQHUDWLRQ VHFWLRQV ZLOO EH IROORZHG E\ D GLVFXVVLRQ RI UDQGRP YDULDEOH

WUDQVIRUPDWLRQ�

���
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&�� 8QLIRU P 5DQGRP 9DU LDEOHV

$ XQLIRUP UDQGRP YDULDEOH FDQ EH FUHDWHG XVLQJ D JHQHUDWRU WKDW IROORZV WKH SDWWHUQ VHHQ LQ

(TXDWLRQ &�� >��@

;1��  �$d;1 � 0RG �0� ZKHUH DOO ;1 DUH UHODWLYHO\ SULPH WR 0� �&���

7KH SUREOHP ZLWK WKLV DUUDQJHPHQW IRU D QXPEHU JHQHUDWRU LV WKH VHTXHQFH OHQJWK� 7KHUH FDQ EH

QR VHTXHQFH WKDW LV ORQJHU WKDQ 0 HOHPHQWV� ,Q RWKHU ZRUGV� WKH QXPEHU VHTXHQFH PD\ DW PRVW

FRYHU WKH IXOO VHTXHQFH IURP � WR 0 b �� 7R DYRLG SHULRGLFLW\� WKH UDQGRP VHTXHQFH QHHGV WR EH

ORQJHU WKDQ WKH GDWD VHTXHQFH RQ ZKLFK QRLVH ZLOO EH DSSOLHG� +RZHYHU� LI WKH VHTXHQFH LV WRR ORQJ�

(TXDWLRQ &�� ZLOO WHQG WR RYHUqRZ WKH FRPSXWHU
V EXoHUV�

7KH :LFKPDQQ�+LOO DOJRULWKP DYRLGV WKLV SUREOHP E\ XVLQJ D VHULHV RI HTXDWLRQV WR FDOFXODWH D

VLQJOH XQLIRUP UDQGRP YDULDEOH >��@� (TXDWLRQV &���&�� GHVFULEH WKH :LFKPDQQ�+LOO DOJRULWKP�

;1��  ����d;1 � 0RG �������� �&���

<1��  ����d <1 � 0RG �������� �&���

=1��  ����d =1 � 0RG �������� �&���
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7KH :LFKPDQQ�+LOO DOJRULWKP LV EDVHG RQ WKUHH LQGHSHQGHQW QXPEHU JHQHUDWRUV �(TXDWLRQV &���

&��� DQG &���� 7KHVH JHQHUDWRUV KDYH DQ LQGLYLGXDO F\FOH OHQJWK RI URXJKO\ ����� QXPEHUV HDFK�

+RZHYHU� ZKHQ WKH UHVXOW IURP WKH WKUHH JHQHUDWRUV LV FRPELQHG LQ (TXDWLRQ &��� D UDQGRP YDULDEOH

LV JHQHUDWHG WKDW LV PXFK ORQJHU� URXJKO\ � d ���� HOHPHQWV� %HFDXVH WKH DOJRULWKP LV JHQHUDWHG

XVLQJ UHODWLYHO\ VKRUW VHTXHQFHV� WKH RYHUDOO ORQJ SHULRGLFLW\ LV DFKLHYDEOH ZLWK D QXPEHU JHQHUDWRU



���

WKDW QHHGV WR KDQGOH LQWHJHUV RI YDOXHV UDQJLQJ XS WR ��������� RU LQWHJHU DULWKPHWLF RI XS WR WZHQW\�

WKUHH ELWV� 7KLV UDQJH YDOXH LV ZHOO EHORZ WKH W\SLFDO WKLU\�WZR ELW LQWHJHU DULWKPHWLF DYDLODEOH LQ

WRGD\
V GHVNWRS FRPSXWHUV�

7KH UHVXOWLQJ YDOXH IURP WKH :LFKPDQQ�+LOO DOJRULWKP LV D XQLIRUPO\�GLVWULEXWHG UDQGRP YDULDEOH

ZLWK YDOXHV EHWZHHQ ]HUR� DQG �� 7KLV DOJRULWKP SURGXFHV D IXOO VHTXHQFH� WKHUHIRUH DOO YDOXHV

IRU DQ\ RI WKH WKUHH YDULDEOHV^H[FHSW ]HUR^DUH YDOLG VWDUWLQJ SRLQWV� 7KH KLJKHVW YDOXHV WKDW WKH

DOJRULWKP FDQ KDQGOH IRU WKH VHHGV DUH ������ ������ DQG ����� IRU ;� <� DQG =� UHVSHFWLYHO\�

7KH :LFKPDQQ�+LOO DOJRULWKP LV DQ H[FHOOHQW QXPEHU JHQHUDWRU �WHVWV DUH SUHVHQWHG LQ WKH YDOLGDWLRQ

VHFWLRQ RI WKH SDSHU�� 7KLV JHQHUDWRU ZLOO EH XVHG LQ WKH VLPXODWLRQ DV WKH EDVLV IRU DOO XQLIRUP

UDQGRP QXPEHU JHQHUDWRUV QHHGHG LQ WKH VLPXODWLRQ�

&�� 3 VHXGR�5DQGRP % LQDU \ 6HTXHQFHV

'DWD WKDW PXVW EH FRQYH\HG RYHU D FRPPXQLFDWLRQV FKDQQHO VKRXOG EH FRPSOHWHO\ UDQGRP� ,I WKHUH

LV DQ\ FRUUHODWLRQ DW DOO ZLWKLQ WKH GDWD� LW LV QRW SXUH GDWD EXW GDWD ZLWK UHGXQGDQFLHV� ,Q DQ

HoRUW WR UDQGRPL]H D VHTXHQFH WKDW LV SXUH GDWD� LW LV QHFHVVDU\ WR XVH D UDQGRP ELQDU\ VHTXHQFH�

$ SVHXGR�UDQGRP VHTXHQFH WKDW HPXODWHV WKH VWDWLVWLFDO FKDUDFWHULVWLFV RI WKH LQWHQGHG UDQGRP

VHTXHQFH FDQ EH FUHDWHG IRU WKLV SXUSRVH� )RU WKHVH FDVHV� D OLQHDU IHHGEDFN VKLIW UHJLVWHU �/)65�

RI WKH IRUP VHHQ LQ )LJXUH &�� FDQ EH XVHG DV WKH SQ�JHQHUDWRU�

)LJXUH &��� (LJKW�6WDJH /LQHDU )HHGEDFN 6KLIW 5HJLVWHU



���

7KH VZLWFK LQ HDFK FRQQHFWLRQ EHWZHHQ D GHOD\ EXoHU DQG WKH IHHGEDFN ;25 GHWHUPLQHV ZKHWKHU

WKH OLQH LV RSHQ RU FORVHG� 7DEOH &�� VKRZV SRO\QRPLDOV IRU PD[LPXP OHQJWK 31 VHTXHQFHV >��@�

$VVXPLQJ WKDW WKH SRO\QRPLDO VHOHFWHG SURGXFHV D PD[LPXP�OHQJWK VHTXHQFH� WKH VHTXHQFH OHQJWK

LV �1 b � ZKHUH 1 LV WKH QXPEHU RI VKLIW UHJLVWHUV LQ WKH EXoHU�

7DEOH &��� /LQHDU )HHGEDFN 6KLIW 5HJLVWHU 3RO\QRPLDOV

/HQJWK 6DPSOH 3RO\QRPLDO

� >���@

� >���@

� >���@

� >���@

� >���@

� >���@

� >�������@

� >���@

�� >����@

7DEOH &�� LV DQ LQFRPSOHWH OLVW RI DYDLODEOH SRO\QRPLDOV� SURYLGLQJ D VDPSOH RI SRO\QRPLDOV DYDLODEOH

LQ WKH ORZHU RUGHUV� )RU D PRUH FRPSOHWH OLVW RI 31 JHQHUDWRU SRO\QRPLDOV� VHH SDJH ��� LQ >��@�

&RUUHODWLRQ LV FDOFXODWHG E\ FRPSDULQJ WKH VHTXHQFH ZLWK D SKDVH�VKLIWHG FRS\ RI LWVHOI� 7KH VH�

TXHQFH UHDFKHV PD[LPXP FRUUHODWLRQ ZKHQ WKH FRS\
V SKDVH VKLIW LV ]HUR� DQG WKH VHTXHQFH LV

SHUIHFWO\ FRUUHODWHG ZLWK LWVHOI� 7KH VSHFWUXP RI WKH FRUUHODWLRQ LV YHU\ ZLGH DQG HTXDO DW DOO IUH�

TXHQFLHV� L�H�� LW LV ZKLWH� 9DOLGDWLRQ RI WKH SQ�VHTXHQFH JHQHUDWHG LQ WKH VLPXODWLRQ LV VKRZQ LQ WKH

VLPXODWLRQ YDOLGDWLRQ FKDSWHU�

&�� 5DQGRP 9DU LDEOH 7 U DQVIRU PDWLRQ

7KH JHQHUDWLRQ RI D XQLIRUPO\�GLVWULEXWHG UDQGRP YDULDEOH LV D VWUDLJKW�IRUZDUG SURFHVV� 7KLV

UDQGRP YDULDEOH� DOWKRXJK XVHIXO IRU VHYHUDO DSSOLFDWLRQV� QHHGV WR EH PRGLpHG WR VLPXODWH WKH

FKDQQHOV WKDW WKH VLPXODWLRQ PXVW UHFUHDWH� 7KH FKDQQHO EHLQJ PRGHOHG LV DoHFWHG E\ $GGLWLYH



���

:KLWH *DXVVLDQ 1RLVH �$:*1� DQG PD\ EH VXEMHFWHG WR 5LFLDQ DQG /RJQRUPDO IDGLQJ� 7KHUH

DUH DOVR RWKHU FKDQQHOV WKDW VXoHU IURP 5D\OHLJK IDGLQJ� 7KHUHIRUH� LW LV LPSRUWDQW WR FUHDWH IRXU

W\SHV RI UDQGRP YDULDEOH GLVWULEXWLRQV� *DXVVLDQ� /RJQRUPDO� 5D\OHLJK� DQG 5LFLDQ� 7KH IROORZLQJ

VHFWLRQV ZLOO GHVFULEH LQ GHWDLO WKH QHFHVVDU\ DOJRULWKPV WR JHQHUDWH WKHVH UDQGRP YDULDEOHV�

&���� *DXVVLDQ

*DXVVLDQ UDQGRP YDULDEOHV FDQ EH HDVLO\ GHULYHG IURP XQLIRUP UDQGRP YDULDEOHV� 7KH %R[�0XHOOHU

DOJRULWKP >��@ FDQ FRQYHUW WZR LQGHSHQGHQW XQLIRUP UDQGRP YDULDEOHV LQWR WZR LQGHSHQGHQW *DXV�

VLDQ UDQGRP YDULDEOHV�

;  FRV��}8��
T
b� OQ�8��� �&���

<  VLQ��}8��
T
b� OQ�8��� �&���

%RWK (TXDWLRQV &�� DQG &�� JHQHUDWH LQGHSHQGHQW UDQGRP YDULDEOHV IURP WKH VDPH VHW RI XQLIRUP

UDQGRP YDULDEOHV� 8� LQ &�� LV WKH VDPH DV 8� LQ &���

7KH *DXVVLDQ UDQGRP YDULDEOH LV XVHG DV WKH EXLOGLQJ EORFN IRU WKH QH[W VHW RI UDQGRP YDULDEOHV�

&���� /RJQRU PDO

$ /RJQRUPDO UDQGRP YDULDEOH LV RQH LQ ZKLFK WKH GLVWULEXWLRQ VHHQ LQ D ORJ�VFDOH ORRNV *DXVVLDQ�

;/RJQRUPDO  ��
FRV � �}8��

S
b� OQ� 8��

�� � �&���

</RJQRUPDO  ��
V LQ� �}8��

S
b� OQ� 8��

�� � �&���

(TXDWLRQV &�� DQG &�� VKRZ WKH PHWKRG WR JHQHUDWH WZR LQGHSHQGHQW /RJQRUPDO UDQGRP YDULDEOHV

EDVHG RQ WZR LQGHSHQGHQW� XQLIRUP UDQGRP YDULDEOHV� 7KH SURFHVV LV WKH VDPH DV LQ (TXDWLRQV &��



���

DQG &�� ZLWK WKH H[WUD VWHS RI WDNLQJ WKH LQYHUVH�ORJ RI WKH UHVXOWLQJ UDQGRP YDULDEOH�

&���� 5D\OHLJK

$ 5D\OHLJK GLVWULEXWHG HQYHORSH FDQ EH JHQHUDWHG EDVHG RQ &ODUNH
V PRGHO >�@� ZKLFK PDNHV VHYHUDO

DVVXPSWLRQV RQ WKH FKDUDFWHU RI WKH PXOWLSDWK HOHPHQWV DUULYLQJ DW WKH WHUPLQDO� $OWKRXJK WKHVH

DVVXPSWLRQV DUH LQYDOLG LQ VSHFLDO FDVHV� VXFK DV ZKHQ XVLQJ KLJKO\ GLUHFWLYH DQWHQQDV� WKH PRGHO

DSSOLHV WR WKH JHQHUDO FDVH�

2QH ZD\ RI ORRNLQJ DW D 5D\OHLJK GLVWULEXWLRQ LV E\ GUDZLQJ WZR RUWKRJRQDO LQGHSHQGHQW *DXVVLDQ

UDQGRP YDULDEOHV RQ D WZR�GLPHQVLRQDO D[LV� $ FLUFOH LV GUDZQ RQ WKLV JUDSK� FHQWHUHG DW WKH RULJLQ�

(YHU\ VDPSOH LV GHpQHG E\ WKH FRPELQDWLRQ RI WZR *DXVVLDQ SRLQWV RQ WZR D[LV� 7KH 5D\OHLJK

UDQGRP YDULDEOH LV WKH GLVWDQFH EHWZHHQ WKH RULJLQ DQG WKH SRLQW GHpQHG E\ WKH WZR *DXVVLDQ

UDQGRP YDULDEOHV�

&���� 5LFLDQ

$ 5LFLDQ GLVWULEXWLRQ LV D VSHFLDO FDVH RI WKH 5D\OHLJK GLVWULEXWLRQ� 7KH RQO\ GLoHUHQFH EHWZHHQ WKH

5LFLDQ DQG 5D\OHLJK FKDQQHO PRGHOV LV D VWURQJ OLQH�RI�VLJKW �/26� FRPSRQHQW� ,Q WKH 5LFLDQ GLV�

WULEXWLRQ� WKHUH LV D VWURQJ /26 FRPSRQHQW WKDW LV RFFDVLRQDOO\ DWWHQXDWHG E\ PXOWLSDWK HOHPHQWV�

7KLV /26 FRPSRQHQW LV UHSUHVHQWHG LQ WKH GLVWULEXWLRQ E\ FKDQJLQJ WKH PHDQ RI WKH YDULDEOH�



% LEOLRJU DSK\

>�@ 6� <� 6HLGHO DQG +� :� $UQROG� ?3URSDJDWLRQ 0HDVXUHPHQWV DW �� *+] WR ,QYHVWLJDWH WKH

3HUIRUPDQFH RI /RFDO 0XOWLSRLQW 'LVWULEXWLRQ 6HUYLFH �/0'6��� LQ ,((( *OREDO 7HOHFRPPX�

QLFDWLRQV &RQIHUHQFH� �����

>�@ <� :DQJ DQG 4��)� =KX� ?(UURU &RQWURO DQG &RQFHDOPHQW IRU 9LGHR &RPPXQLFDWLRQ� $ 5H�

YLHZ�� 3URFHHGLQJV RI WKH ,(((� YRO� ��� 0D\ �����

>�@ 5� 3HUHJULQR� 7HFKQLFDO 6SHFLpFDWLRQ ���� 3DUW �� 'LJLWDO $XGLR�9LVXDO &RXQFLO� �����

ZZZ�GDYLF�RUJ�

>�@ ,62�,(&��������� *HQHULF &RGLQJ RI 0RYLQJ 3LFWXUHV DQG $VVRFLDWHG $XGLR� 3DUW �� 9LGHR�

7HFKQLFDO 5HSRUW� ,QWHUQDWLRQDO 6WDQGDUGL]DWLRQ 2UJDQL]DWLRQ�,QWHUQDWLRQDO (OHFWURWHFKQLFDO

&RPPLVVLRQ� *HQHYD� 6ZLW]HUODQG� �����

>�@ 3� %� 3DSD]LDQ� 0� 5RDGLIHU� DQG *� $� +XoRUG� ?,QLWLDO 6WXG\ RI WKH /RFDO 0XOWLSRLQW 'LV�

WULEXWLRQ 6\VWHP 5DGLR &KDQQHO�� 17,$ 5HSRUW ������� 86 'HSDUWPHQW RI &RPPHUFH� �����

>�@ 7� 6� 5DSSDSRUW� :LUHOHVV &RPPXQLFDWLRQV� 3ULQFLSOHV 	 3UDFWLFH� 3UHQWLFH +DOO 375� �����

>�@ 3� %� 3DSD]LDQ DQG *� $� +XoRUG� ?7LPH 9DULDELOLW\ DQG 'HSRODUL]DWLRQ RI WKH /RFDO 0XO�

WLSRLQW 'LVWULEXWLRQ 6HUYLFH 5DGLR &KDQQHO�� LQ ���� :LUHOHVV &RPPXQLFDWLRQV &RQIHUHQFH�

�����

>�@ :� /XR DQG 0� (� =DUNL� ?$QDO\VLV RI (UURU &RQFHDOPHQW 6FKHPHV IRU 03(*�� 9LGHR 7UDQV�

PLVVLRQ RYHU $70 %DVHG 1HWZRUNV�� LQ 3URFHHGLQJV RI 63,( � 7KH ,QWHUQDWLRQDO 6RFLHW\ IRU

2SWLFDO (QJLQHHUV� YRO� ����� SS� ����^����� �����

���



���

>�@ 1� /RGJH DQG '� :RRG� ?1HZ WRROV IRU HYDOXDWLQJ WKH TXDOLW\ RI GLJLWDO WHOHYLVLRQ � UHVXOWV RI

WKH PRVDLF SURMHFW�� LQ 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO %URDGFDVWLQJ &RQYHQWLRQ� SS� ���^����

�����

>��@ '� .� )LEXVK� ?9LGHR 7HVWLQJ LQ 0RGHUQ 7HOHYLVLRQ 6\VWHPV�� LQ 3URFHHGLQJV RI WKH ,QWHUQD�

WLRQDO %URDGFDVWLQJ &RQYHQWLRQ� SS� ���^���� �����

>��@ 3� *� -� %DUWHQ� ?(YDOXDWLRQ RI &57 GLVSOD\V ZLWK WKH 645, PHWKRG�� LQ 3URFHHGLQJV RI WKH

6,'� YRO� ��� SS� �^��� �����

>��@ 3� 0RXURXOLV DQG +� =KDQJ� ?9LVXDO LQVWUXPHQW LPDJH TXDOLW\ PHWULFV DQG WKH HoHFWV RI FRPD

DQG DVWLJPDWLVP�� YRO� �� SS� ��^��� -DQXDU\ �����

>��@ ,� (� *� 5LFKDUGVRQ DQG 0� -� 5LOH\� ?,QWHOOLJHQW 3DFNHWLVLQJ RI 03(* 9LGHR 'DWD�� LQ 3UR�

FHHGLQJV RI 63,( � 7KH ,QWHUQDWLRQDO 6RFLHW\ IRU 2SWLFDO (QJLQHHUV� YRO� ����� SS� ����^�����

�����

>��@ 5� 0DW]QHU� 3� (FN� DQG ;� &KDQJVRQJ� ?2Q 03(*�� 'HFRGLQJ RI 1RLV\ ,QSXW 'DWD�� LQ

3URFHHGLQJV RI �UG ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ ,PDJH 3URFHVVLQJ� SS� ���^���� �����

>��@ 7��&� &KHQ� ?$ UHDO�WLPH VRIWZDUH EDVHG HQG�WR�HQG ZLUHOHVV YLVXDO FRPPXQLFDWLRQV VLPXODWLRQ

SODWIRUP�� LQ 3URFHHGLQJV RI 63,( � 7KH ,QWHUQDWLRQDO 6RFLHW\ IRU 2SWLFDO (QJLQHHUV� YRO� �����

SS� ����^����� �����

>��@ :� /XR DQG 0� (� =DUNL� ?03(*�7RRO� $ 7RRONLW IRU WKH 6WXG\ RI 03(*�� 9LGHR 7UDQVSRUW

2YHU $70 EDVHG 1HWZRUNV�� LQ 3URFHHGLQJV RI 63,( � 7KH ,QWHUQDWLRQDO 6RFLHW\ IRU 2SWLFDO

(QJLQHHUV� YRO� ����� SS� ���^���� �����

>��@ .� 6KXDLE� +� (OVD\HG� 7� 6DDGDZL� 0� /HH� 6� *ULQJHUL� %� .KDVQDELVK� DQG %� %DVFK� ?([SHU�

LPHQWDO DQG 6LPXODWLRQ 5HVXOWV LQ WKH 7UDQVSRUW RI 03(*�� 9LGHR RYHU $70�� LQ 3URFHHGLQJV

RI 63,( � 7KH ,QWHUQDWLRQDO 6RFLHW\ IRU 2SWLFDO (QJLQHHUV� YRO� ����� SS� ���^���� �����

>��@ 0� &� -HUXFKLP� 3� %DODEDQ� DQG .� 6� 6KDQPXJDQ� 6LPXODWLRQ RI &RPPXQLFDWLRQ 6\VWHPV�

3OHQXP 3UHVV� �����

>��@ -� *� 3URDNLV� 'LJLWDO &RPPXQLFDWLRQV� 0F*UDZ�+LOO� � HG�� �����



���

>��@ +� 6WDUN DQG -� :� :RRGV� 3UREDELOLW\� 5DQGRP 3URFHVVHV� DQG (VWLPDWLRQ 7KHRU\ IRU (QJL�

QHHUV� 3UHQWLFH +DOO� � HG�� �����

>��@ :� -� (EHO DQG :� +� 7UDQWHU� ?7KH 3HUIRUPDQFH RI 5HHG�6RORPRQ &RGHV RQ D %XUVW\�1RLVH

&KDQQHO�� ,((( 7UDQVDFWLRQV RQ &RPPXQLFDWLRQV� YRO� ��� QR� �� �����

>��@ '� 5� 3DXOX]]L DQG 1� &� %HDXOLHX� ?$ &RPSDULVRQ RI 615 (VWLPDWLRQ 7HFKQLTXHV LQ WKH

$:*1 &KDQQHO�� LQ ,((( 3DFLpF 5LP &RQIHUHQFH RQ &RPPXQLFDWLRQV� &RPSXWHUV� DQG

6LJQDO 3URFHVVLQJ 3URFHHGLQJV� �����

>��@ 6� /LQ DQG '� -� &RVWHOOR -U�� (UURU &RQWURO &RGLQJ� )XQGDPHQWDOV DQG $SSOLFDWLRQV� 3UHQWLFH

+DOO� �����

>��@ 6� %� :LFNHU� (UURU &RQWURO 6\VWHPV IRU 'LJLWDO &RPPXQLFDWLRQ DQG 6WRUDJH� 3UHQWLFH +DOO�

�����

>��@ $� 9� 2SSHQKHLP DQG 5� :� 6FKDIHU� 'LVFUHWH�7LPH 6LJQDO 3URFHVVLQJ� 3UHQWLFH +DOO� � HG��

�����
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0D[ 5REHUW ZDV ERUQ RQ $SULO ��� ����� LQ %XHQRV $LUHV� $UJHQWLQD� ,Q ����� KH UHFHLYHG WKH

$OEHUW :� 6PLWK 6FKRODUVKLS DW &DVH :HVWHUQ 5HVHUYH 8QLYHUVLW\ LQ &OHYHODQG� 2KLR� ZKHUH KH

UHFHLYHG KLV %DFKHORU RI 6FLHQFH 'HJUHH LQ (OHFWULFDO (QJLQHHULQJ DQG $SSOLHG 3K\VLFV LQ 0D\ RI

����� 'XULQJ KLV XQGHUJUDGXDWH SURJUDP� KH GLG WKUHH LQWHUQVKLSV DW :HVWLQJKRXVH (OHFWULF LQ WKH

VXPPHUV RI ����� ��� DQG �� ZKHUH KH ZRUNHG RQ VHYHUDO SURMHFWV� IURP V\VWHP DXWRPDWLRQ WR '63

DOJRULWKP LPSOHPHQWDWLRQ� 'XULQJ ����� KH ZRUNHG IRU HLJKW PRQWKV DW 6HQVLV LQ 'H:LWW� 1HZ

<RUN� ZKHUH KH ZRUNHG RQ D UDGDU V\VWHP XSJUDGH IRU WKH 8QLWHG 6WDWHV 0DULQH &RUSV� ,Q ����

DQG ����� KH ZRUNHG IRU .HLWKOH\ ,QVWUXPHQWV LQ &OHYHODQG� 2KLR� ZKHUH KH SDUWLFLSDWHG RQ WKH

GHYHORSPHQW RI D SURWRW\SH VHPLFRQGXFWRU WHVWLQJ GHYLFH� ,Q WKH IDOO RI ����� KH MRLQHG WKH 0DVWHU

RI 6FLHQFH 3URJUDP DW 9LUJLQLD 7HFK� 'XULQJ WKH IDOO DQG VSULQJ RI WKH DFDGHPLF \HDU ���� DQG �����

UHVSHFWLYHO\� KH ZDV D *UDGXDWH 7HDFKLQJ $VVLVWDQW IRU WKH %UDGOH\ 'HSDUWPHQW RI (OHFWULDO DQG

&RPSXWHU (QJLQHHULQJ� +H KDV EHHQ ZRUNLQJ DW WKH 0RELOH DQG 3RUWDEOH 5DGLR 5HVHDUFK *URXS

DV D *UDGXDWH 5HVHDUFK $VVLVWDQW VLQFH 0D\ RI ����� +LV UHVHDUFK LQWHUHVWV LQFOXGH V\VWHP GHVLJQ�

HUURU FRUUHFWLRQ WHFKQLTXHV� YLGHR FRGLQJ� V\VWHP PRGHOLQJ DQG VLPXODWLRQ� SURFHVV DXWRPDWLRQ�

DQG JHQHUDO SURJUDPPLQJ�

���


