
3 HU IRU PDQFH RI 7 XU ER &RGHV LQ , QWHU OHDYHG )ODW )DGLQJ

&KDQQHOV ZLWK ( VWLPDWHG &KDQQHO 6WDWH , QIRU PDWLRQ e
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HPDLO� YDOHQWL#YW�HGX

$ EVW U DFW � 7 KLV SDSH U LQYH VWLJDWH V WKH SH UIRUPDQFH RI D WXUER

FRGH G V\VWH P WUDQVPLWWLQJ RYH U FRUUH ODWH G qDW IDGLQJ FKDQ�

QH OV ZLWK FKDQQH O LQWH UOH DYLQJ DQG ERWK SH UIH FW DQG H VWL�

PDWH G FKDQQH O VWDWH LQIRUPDWLRQ� : H VKRZ WKDW FKDQQH O LQ�

WH UOH DYLQJ LV QH FH VVDU\ RQ D FRUUH ODWH G IDGLQJ FKDQQH O� DQG

WKDW SH UIRUPDQFH GH JUDGH V DV WKH SURGXFW RI IDGLQJ EDQG�

ZLGWK DQG V\PERO GXUDWLRQ �%7V� GH FUH DVH V� : H FRQVLGH U

ERWK 5D\OH LJK DQG 5LFLDQ IDGLQJ� DQG FRPSDUH WKH SH U�

IRUPDQFH RI / RJ�0 D[LPXP $ 3 RVWH ULRUL �/ RJ�0 $3 � DQG

6RIW 2 XWSXW 9LWH UEL $OJRULWKP �62 9$� EDVH G GH FRGLQJ DO�

JRULWKPV� , W LV VKRZQ WKDW IRU IDGLQJ FKDQQH OV� WKH SH U�

IRUPDQFH RI WKH / RJ�0 $3 DOJRULWKP LV FRQVLGH UDEO\ VX�

SH ULRU WR WKDW RI WKH 62 9$ DOJRULWKP� $ VLPSOH PH WKRG

IRU H VWLPDWLQJ WKH IDGLQJ DPSOLWXGH V DQG QRLVH YDULDQFH LV

SURSRVH G� DQG WKH LPSDFW RI LWV XVH LV LQYH VWLJDWH G� , W LV

VKRZQ WKDW H VWLPDWLQJ WKH IDGH V GH JUDGH V SH UIRUPDQFH RQO\

VOLJKWO\� DQG H VWLPDWLQJ WKH QRLVH YDULDQFH GRH V QRW QRWLFH �

DEO\ DoH FW SH UIRUPDQFH �

, � , QWU RGXFWLRQ

6HYHUDO UHFHQW VWXGLHV KDYH GHPRQVWUDWHG WKDW WXUER FRGHV
FDQ DFKLHYH UHPDUNDEOH ELW HUURU SHUIRUPDQFH RYHU qDW
5D\OHLJK IDGLQJ FKDQQHOV >�@�>�@� +RZHYHU� PDQ\ RI WKH
SXEOLVKHG VLPXODWLRQ VWXGLHV PDNH WZR XQUHDOLVWLF DVVXPS�
WLRQV� 7KH pUVW DVVXPSWLRQ LV WKDW WKH IDGHV DUH IXOO\ LQ�
WHUOHDYHG DQG WKXV WKH IDGLQJ DPSOLWXGHV DUH VWDWLVWLFDOO\
LQGHSHQGHQW UHDOL]DWLRQV RI D 5D\OHLJK UDQGRP YDULDEOH� ,Q
RUGHU IRU WKLV DVVXPSWLRQ WR EH YDOLG� D FKDQQHO LQWHUOHDYHU
LV UHTXLUHG DQG PXVW KDYH D GHSWK JUHDWHU WKDQ WKH UD�
WLR WF 7V� ZKHUH WF LV WKH FKDQQHO FRKHUHQFH WLPH DQG 7V
LV WKH V\PERO GXUDWLRQ� 7KHUH DUH PDQ\ LQVWDQFHV ZKHQ
WKLV UHTXLUHPHQW LV QRW PHW� VXFK DV ZKHQ FRPPXQLFDWLRQ
LV EHWZHHQ D p[HG EDVH VWDWLRQ DQG D VORZO\ PRYLQJ PR�
ELOH� :KHQ WKH IDGLQJ LV YHU\ VORZ� WKH LQWHUOHDYHU GRHV
QRW VDWLVIDFWRULO\ VHSDUDWH WKH IDGHV DQG SHUIRUPDQFH VXI�
IHUV� 7KH VHFRQG DVVXPSWLRQ LV WKDW SUHFLVH HVWLPDWHV RI
WKH QRLVH YDULDQFH DQG IDGLQJ DPSOLWXGHV DUH DYDLODEOH DW

e 7 K LV Z RU N K DV E HHQ VX S S RU WHG E \ WK H % U DG OH\ )HOORZ VK LS � WK H
03 5* ,Q G X VWU LDO $ r OLDWHV )RX Q G DWLRQ � DQ G WK H 'HIHQ VH $ G Y DQ FHG
5HVHDU FK 3 U RMHFWV $ JHQ F\ �'$ 53 $ � WK U RX JK WK H *OR0R S U RJU DP �

WKH GHFRGLQJ DOJRULWKP� ,Q SUDFWLFDO V\VWHPV� WKH FKDQ�
QHO PXVW EH HVWLPDWHG DW WKH UHFHLYHU� %HFDXVH RI WKH ORZ
VLJQDO WR QRLVH UDWLRV W\SLFDO RI WXUER FRGHG V\VWHPV� LW LV
GLrFXOW WR REWDLQ SHUIHFW HVWLPDWHV RI WKH IDGLQJ DPSOL�
WXGHV� 7KXV� WKH SHUIRUPDQFH RI WXUER FRGHV RSHUDWLQJ LQ
IDGLQJ HQYLURQPHQWV ZLOO EH GHJUDGHG ZKHQ WKH FKDQQHO LV
HVWLPDWHG DW WKH UHFHLYHU�

7KH SHUIRUPDQFH RI WXUER FRGHV LQ WKH SUHVHQFH RI
QRQ IXOO\�LQWHUOHDYHG qDW 5D\OHLJK IDGLQJ FKDQQHOV KDV EHHQ
DGGUHVVHG E\ +DOO DQG :LOVRQ >�@�>�@� ,Q WKLV VWXG\ LW
ZDV VKRZQ WKDW WKH SHUIRUPDQFH RI WXUER FRGHV GHJUDGHV
TXLFNO\ DV WKH SURGXFW RI IDGLQJ EDQGZLGWK DQG V\PERO
WLPH �%7V� GHFUHDVHV DQG QR DGGLWLRQDO FKDQQHO LQWHUOHDY�
LQJ LV XVHG� 6RPH PHWKRGV IRU FKDQQHO LQWHUOHDYLQJ ZHUH LQ�
WURGXFHG DQG VLPXODWLRQ UHVXOWV ZHUH SUHVHQWHG� 7KH LVVXH
RI FKDQQHO HVWLPDWLRQ KDV EHHQ DGGUHVVHG E\ -RUGDQ DQG
1LFKROV >�@� 7KLV GLVFXVVLRQ RI FKDQQHO HVWLPDWLRQ IRU WXUER
FRGHV ZDV OLPLWHG WR WKH HoHFW RI QRLVH YDULDQFH HVWLPDWLRQ
HUURUV LQ FRQMXQFWLRQ ZLWK ELQDU\ V\PPHWULF �%6&� DQG
DGGLWLYH ZKLWH *DXVVLDQ QRLVH �$:*1� FKDQQHOV� ,W ZDV
VKRZQ WKDW WXUER FRGHV FRXOG WROHUDWH QRLVH YDULDQFH HVWL�
PDWLRQ HUURUV RI OHVV WKDQ � G% LQ DQ $:*1 HQYLURQPHQW�
EXW HVWLPDWLRQ HUURUV JUHDWHU WKDQ � G% VKDUSO\ GHJUDGH
SHUIRUPDQFH� 1R GLVFXVVLRQ ZDV SURYLGHG UHJDUGLQJ KRZ
WKH QRLVH YDULDQFH HVWLPDWH LV REWDLQHG RU KRZ IDGLQJ DP�
SOLWXGH HVWLPDWLRQ HUURUV DoHFW WKH SHUIRUPDQFH RI WXUER
FRGHV RQ qDW IDGLQJ FKDQQHOV� $Q DOWHUQDWLYH DSSURDFK WR
WKH QRLVH YDULDQFH HVWLPDWLRQ SUREOHP ZDV SUHVHQWHG E\
+RHKHU LQ >�@� ZKLFK UHFRPPHQGV VHWWLQJ WKH QRLVH YDUL�
DQFH HTXDO WR D ?EUHDN�SRLQW� _ WKDW LV WR VLPSO\ XVH WKH
YDULDQFH WKDW FRUUHVSRQGV WR WKH GHVLUHG RSHUDWLQJ SRLQW�

:KLOH WKHUH DUH PDQ\ VWXGLHV WKDW LQYHVWLJDWH WKH
SHUIRUPDQFH RI WXUER FRGHV RYHU qDW 5D\OHLJK IDGLQJ FKDQ�
QHOV� ZH DUH QRW DZDUH RI VLPLODU VWXGLHV FRQFHUQLQJ 5LFLDQ
IDGLQJ� 5LFLDQ IDGLQJ DULVHV ZKHQ WKHUH LV D GLUHFW VSHFXODU
FRPSRQHQW DORQJ ZLWK WKH GLoXVH HQHUJ\� D VLWXDWLRQ WKDW
RFFXUV ZKHQ WKHUH LV D OLQH RI VLJKW �/26� SDWK�

7KLV SDSHU DGGUHVVHV VRPH RI WKH JDSV LQ WKH OLWHU�
DWXUH FRQFHUQLQJ WKH SHUIRUPDQFH RI WXUER FRGHV RYHU qDW
IDGLQJ FKDQQHOV� 7KH PDLQ REMHFWLYH LV WR LQYHVWLJDWH WKH
HoHFWV RI FKDQQHO HVWLPDWLRQ RQ WXUER FRGHG V\VWHPV RS�
HUDWLQJ RYHU FRUUHODWHG qDW IDGLQJ FKDQQHOV ZLWK FKDQQHO
LQWHUOHDYLQJ� 7R WKLV HQG� ZH SURSRVH D VLPSOH FKDQQHO HV�
WLPDWRU EDVHG RQ D ORZ SDVV ),5 pOWHU� $ JHQHUDO FKDQQHO
PRGHO LV SUHVHQWHG WKDW DOORZV XV WR FRQVLGHU ERWK 5LFLDQ
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)LJXUH �� 6\VWHP PRGHO

DQG 5D\OHLJK IDGLQJ� $GGLWLRQDOO\� ZH FRQVLGHU WKH HoHFW
RI WKH W\SH RI GHFRGLQJ DOJRULWKP RQ SHUIRUPDQFH� %RWK
WKH /RJ�0D[LPXP $ 3RVWHULRUL �/RJ�0$3� DOJRULWKP RI
>�@� DQG WKH 6RIW 2XWSXW 9LWHUEL $OJRULWKP �629$� RI >��@
DUH FRQVLGHUHG�

7KH UHPDLQGHU RI WKLV SDSHU LV RUJDQL]HG DV IROORZV�
,Q VHFWLRQ ,, ZH SUHVHQW WKH V\VWHP PRGHO� +HUH WKH W\SH RI
HQFRGLQJ DQG GHFRGLQJ LV VSHFLpHG DORQJ ZLWK WKH FKDQQHO
PRGHO� ,Q VHFWLRQ ,,, WKH HoHFW RI FKDQQHO LQWHUOHDYLQJ RQ
WKH FRUUHODWHG 5D\OHLJK IDGLQJ FKDQQHO LV SUHVHQWHG WR PR�
WLYDWH WKH XVH RI D FKDQQHO LQWHUOHDYHU� ,Q VHFWLRQ ,9 WKH
SURSRVHG FKDQQHO HVWLPDWRU LV SUHVHQWHG� 6LPXODWLRQ UH�
VXOWV VKRZLQJ WKH HoHFW RI WKH SURSRVHG FKDQQHO HVWLPDWRU
IRU VHYHUDO GLoHUHQW FKDQQHOV DQG ERWK GHFRGLQJ DOJRULWKPV
DUH JLYHQ LQ VHFWLRQ 9�

, , � 6\VWHP 0 RGHO

7KH V\VWHP PRGHO LV DV VKRZQ LQ )LJXUH �� DQG LV EDVHG
RQ WKH PRGHO XVHG LQ >�@� ,QIRUPDWLRQ ELWV XN DUH JURXSHG
LQWR IUDPHV RI ����� ELWV DQG SDVVHG WKURXJK D UDWH � ��
FRQVWUDLQW OHQJWK WKUHH WXUER HQFRGHU ZLWK FRGH JHQHUDWRU
�� ��� DQG UDQGRP FRGLQJ LQWHUOHDYHU� 7KH FRGH ELWV DUH
LQWHUOHDYHG XVLQJ D �� E\ �� EORFN FKDQQHO LQWHUOHDYHU� PRG�
XODWHG XVLQJ D %LQDU\ 3KDVH 6KLIW .H\LQJ �%36.� PRGX�
ODWRU� DQG VHQW RYHU D qDW IDGLQJ FKDQQHO� 7KH qDW IDGLQJ
FKDQQHO PXOWLSOLHV HDFK V\PERO VN DW WKH RXWSXW RI WKH
PRGXODWRU E\ D IDGLQJ DPSOLWXGH DN� $ VDPSOH QN IURP
D ZKLWH *DXVVLDQ QRLVH SURFHVV ZLWK GRXEOH�VLGHG SRZHU
VSHFWUDO GHQVLW\ �36'� RI 1R �  ��Q LV DGGHG WR WKH IDGHG
V\PERO DQG SDVVHG WR D %36. GHPRGXODWRU� 7KH VRIW
RXWSXW IURP WKH %36. GHPRGXODWRU LV GHLQWHUOHDYHG DQG
SDVVHG WR WKH WXUER GHFRGLQJ DOJRULWKP ZKLFK SURGXFHV HV�
WLPDWHV AXN RI WKH GDWD� 7KH WXUER GHFRGLQJ DOJRULWKP XVHV
HLJKW LWHUDWLRQV RI HLWKHU WKH /RJ�0$3 DOJRULWKP >�@� RU WKH
629$ DOJRULWKP >��@ ZLWK WKH QRUPDOL]DWLRQ WHFKQLTXH RI
>��@� ,Q DGGLWLRQ� WKH %36. GHPRGXODWRU RXWSXWV DUH VHQW
WR D FKDQQHO HVWLPDWRU� ZKLFK SURYLGHV WKH WXUER GHFRG�
LQJ DOJRULWKP ZLWK HVWLPDWHV RI WKH IDGLQJ DPSOLWXGHV DQG
QRLVH YDULDQFH�

7KH SURFHVV WKDW JHQHUDWHV WKH IDGLQJ DPSOLWXGHV
LV D FULWLFDO IDFWRU LQ WKH V\VWHP PRGHO� ,Q >�@ LW LV VXJ�
JHVWHG WKDW LI WKH V\VWHP KDV VXrFLHQW LQWHUOHDYLQJ� WKHQ

WKH IDGLQJ DPSOLWXGHV DUH VWDWLVWLFDOO\ LQGHSHQGHQW� ,Q RXU
V\VWHP PRGHO ZH PDNH QR VXFK DVVXPSWLRQ DQG PRGHO IDG�
LQJ XVLQJ D FRUUHODWHG IDGLQJ SURFHVV� 7KH IDGLQJ SURFHVV
FDQ EH PRGHOHG E\ HLWKHU D 5D\OHLJK RU 5LFLDQ GLVWULEX�
WLRQ� GHSHQGLQJ RQ WKH SUHVHQFH RU DEVHQFH RI D VSHFXODU
FRPSRQHQW� )DGLQJ LV 5D\OHLJK LI WKH PXOWLSOH UHqHFWLYH
SDWKV DUH ODUJH LQ QXPEHU DQG WKHUH LV QR GRPLQDQW OLQH�
RI�VLJKW �/26� SURSDJDWLRQ SDWK >��@� ,I WKHUH LV D GRPL�
QDQW QRQ�IDGLQJ VLJQDO FRPSRQHQW SUHVHQW� VXFK DV D /26
SURSDJDWLRQ SDWK� WKHQ IDGLQJ LV GHVFULEHG E\ D 5LFLDQ GLV�
WULEXWLRQ�

7KH IDGLQJ DPSOLWXGH DN LV WKH PDJQLWXGH RI D FRP�
SOH[ FKDQQHO JDLQ DQG PD\ EH UHSUHVHQWHG DV >��@�

DN  M�o� [N� � M�\N�M ���

ZKHUH o UHSUHVHQWV WKH DPSOLWXGH RI WKH VSHFXODU FRPSR�
QHQW� DQG [N DQG \N DUH VDPSOHV RI ]HUR PHDQ VWDWLRQDU\
*DXVVLDQ UDQGRP SURFHVVHV HDFK ZLWK YDULDQFH ��I � 7KH

UDWLR RI VSHFXODU WR GLoXVH HQHUJ\ LV q  o� ���I � DQG WKH
UDWLR RI HQHUJ\ SHU V\PERO WR RQH�VLGHG QRLVH VSHFWUDO GHQ�
VLW\ LV >��@�
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ZKHQ q  � WKH IDGLQJ LV 5D\OHLJK DQG ZKHQ q ! � WKH
IDGLQJ LV 5LFLDQ�

6LQFH WKH WZR *DXVVLDQ SURFHVVHV DUH �MRLQWO\� LQ�
GHSHQGHQW� (>[N\N@  �� +RZHYHU� HDFK SURFHVV LV VHOI�
FRUUHODWHG� DQG WKH SDUWLFXODU DXWRFRUUHODWLRQ IXQFWLRQ
XVHG LV DQ LPSRUWDQW FRQVLGHUDWLRQ� ,Q >�@ DQG >��@ DQ H[�
SRQHQWLDO DXWRFRUUHODWLRQ LV XVHG� :KLOH H[SRQHQWLDO FRU�
UHODWLRQ KDV WKH EHQHpW RI PDWKHPDWLFDO WUDFWDELOLW\� LW LV
QRW WKH PRVW UHDOLVWLF PRGHO� :H XVH WKH IROORZLQJ DXWR�
FRUUHODWLRQ� ZKLFK LV EDVHG RQ &ODUNH
V PRGHO >��@�

5�N�  
�

}%7V
-R ��}%7VN� ���

ZKHUH -R�c� LV WKH ]HUR�RUGHU %HVVHO IXQFWLRQ RI WKH pUVW
NLQG�

, , , � &KDQQHO , QWHU OHDYLQJ IRU &RU U H�
ODWHG 5D\OHLJK )DGLQJ

7KH QHHG IRU FKDQQHO LQWHUOHDYLQJ ZKHQ IDGLQJ LV FRUUHODWHG
LV EHVW LOOXVWUDWHG E\ DQ H[DPSOH� &RQVLGHU D VLWXDWLRQ
ZKHUH WKH WXUER FRGH GHVFULEHG LQ WKH SUHFHHGLQJ VHFWLRQ
LV XVHG RYHU D qDW 5D\OHLJK IDGLQJ FKDQQHO ZLWK 629$ GH�
FRGLQJ� 7KH ELW HUURU SHUIRUPDQFH RI VXFK D VFHQDULR LV
VKRZQ LQ )LJXUH � IRU WKUHH FRPPRQ YDOXHV RI %7V ERWK
ZLWK DQG ZLWKRXW FKDQQHO LQWHUOHDYLQJ� :KHQ QR FKDQQHO
LQWHUOHDYLQJ LV XVHG� WKH ELW HUURU SHUIRUPDQFH LV YHU\ SRRU
IRU DOO WKUHH YDOXHV RI %7V� %\ XVLQJ WKH FKDQQHO LQWHU�
OHDYHU� ZKLFK KDV D GHSWK RI �� V\PEROV� SHUIRUPDQFH LV
JUHDWO\ LPSURYHG� :LWK FKDQQHO LQWHUOHDYLQJ� WKH SHUIRU�
PDQFH LPSURYHV DV %7V LQFUHDVHV� ZKLFK FRUUHVSRQGV WR D
IDVWHU PRYLQJ PRELOH� 7KH ORZHVW ELW HUURU FXUYH LQ )LJXUH
� FRUUHVSRQGV WR WKH IXOO\ LQWHUOHDYHG FDVH DQG VHUYHV DV D
ORZHU ERXQG RQ SHUIRUPDQFH RYHU FRUUHODWHG IDGLQJ FKDQ�
QHOV� $V FDQ EH VHHQ IURP WKLV pJXUH� WKH SHUIRUPDQFH ORVV
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)LJXUH �� %LW HUURU SHUIRUPDQFH RI D WXUER FRGH RSHUDW�
LQJ RYHU D qDW 5D\OHLJK IDGLQJ FKDQQHO DV SDUDPHWHUL]HG
E\ W\SH RI FKDQQHO LQWHUOHDYLQJ DQG %7V� 7XUER FRGH LV
UDWH � �� FRQVWUDLQW OHQJWK �� DQG XVHV D ����� ELW UDQGRP
FRGLQJ LQWHUOHDYHU ZLWK � LWHUDWLRQV RI 629$ GHFRGLQJ�

GXH WR FRUUHODWLRQ LQ WKH IDGLQJ FKDQQHO FDQ EH VLJQLpFDQW
HYHQ ZKHQ FKDQQHO LQWHUOHDYLQJ LV XVHG� 7KXV ZH UHFRP�
PHQG WKDW WKH HoHFW RI FKDQQHO FRUUHODWLRQ DQG LQWHUOHDYLQJ
EH WDNHQ LQWR DFFRXQW ZKHQ LQYHVWLJDWLQJ WKH SHUIRUPDQFH
RI WXUER FRGHV RSHUDWLQJ RYHU qDW IDGLQJ FKDQQHOV�

, 9� 3 U RSRVHG &KDQQHO ( VWLPDWRU

%HFDXVH RI WKH FRUUHODWLRQ LQ WKH FKDQQHO� D UHDVRQDEOH HV�
WLPDWH RI WKH IDGLQJ DPSOLWXGHV FDQ EH REWDLQHG E\ SDVVLQJ
WKH DEVROXWH YDOXH RI WKH UHFHLYHG VLJQDO UN WKURXJK DQ ),5
pOWHU� 7KH HVWLPDWH RI WKH IDGLQJ DPSOLWXGH ADN LV WKXV�

ADN  

1;

Q �

KQ MUNbQM ���

ZKHUH KQ� Q  �� �� ���� 1 LV WKH LPSXOVH UHVSRQVH RI WKH ),5
pOWHU� ZKLFK KDV RUGHU 1�

,I WKH H[DFW QDWXUH RI WKH IDGLQJ SURFHVV LV NQRZQ�
WKHQ DQ RSWLPL]DWLRQ SURFHGXUH ZLOO \LHOG WKH EHVW pOWHU
GHVLJQ� $Q DGDSWLYH pOWHU� VXFK DV WKH .DOPDQ pOWHU�
FRXOG DXWRPDWLFDOO\ RSWLPL]H LWVHOI DQG WUDFN FKDQJHV LQ
WKH FKDQQHO� ,QVWHDG RI VHHNLQJ DQ RSWLPDO VROXWLRQ WR WKH
HVWLPDWLRQ SUREOHP� ZH FKRVH WR XVH D ORZ SDVV pOWHU ZLWK
FXWRo DW IG� WKH 'RSSOHU IUHTXHQF\� :H IRXQG WKDW VXFK
D pOWHU LV VLPSOH DQG UREXVW� DQG SURYLGHV JRRG IDGLQJ HV�
WLPDWHV� )RU WKH IDGLQJ HVWLPDWRU� DQ ),5 pOWHU RI RU�
GHU 1  �� ZDV LPSOHPHQWHG XVLQJ WKH +DPPLQJ ZLQGRZ
PHWKRG�

:KLOH NQRZOHGJH RI WKH IDGLQJ DPSOLWXGHV LV FULWLFDO
WR WKH SHUIRUPDQFH RI WKH WXUER FRGH� WKH QRLVH YDULDQFH
HVWLPDWH LV RI OHVVHU LPSRUWDQFH� ,Q >�@ LW LV VXJJHVWHG WKDW
WKH QRLVH YDULDQFH FDQ VLPSO\ EH VHW WR WKH GHVLUHG RSHU�
DWLQJ SRLQW� )RU ORQJ EORFN OHQJWKV DQG DQ DGGLWLYH ZKLWH
*DXVVLDQ QRLVH �$:*1� FKDQQHO� WKH ELW HUURU FXUYH LV
YHU\ VWHHS DQG D EUHDN�SRLQW LV HDVLO\ LGHQWLpHG� +RZHYHU�
IRU IDGLQJ FKDQQHOV DQG D PRGHVW ����� ELW EORFN VL]H� WKH
FXUYHV DUH QRW DV VWHHS DV IRU $:*1 FKDQQHOV DQG D EUHDN�
SRLQW LV QRW UHDGLO\ IRXQG� $ JRRG QRLVH YDULDQFH HVWLPDWH
FDQ EH REWDLQHG E\ FRPSXWLQJ WKH VDPSOH YDULDQFH RI WKH
TXDQWLW\ HN  MUNM b ADN� 7KH DEVROXWH YDOXH RSHUDWLRQ
FDXVHV WKLV HVWLPDWH WR EH ELDVHG� EXW WKH ELDV FDQ EH UH�
PRYHG E\ PXOWLSO\LQJ WKH VDPSOH YDULDQFH E\ D FRQVWDQW
F�
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ZKHUH / LV WKH QXPEHU RI FRGH ELWV SHU EORFN DQG z LV WKH
VDPSOH PHDQ RI HN�

z  
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N  �

�MUNM b ADN� ���

7KH RSWLPXP YDOXH RI F GHSHQGV RQ WKH VLJQDO WR QRLVH
UDWLR DQG VDWLVpHV � � F � �� )RU RXU UHVXOWV ZH XVHG D
IDFWRU F  ��� IRU DOO YDOXHV RI (E 1R�

9� 6LPXODWLRQ 5HVXOWV

7KH SHUIRUPDQFH RI WKH WXUER FRGHG V\VWHP ZDV VLPXODWHG
IRU WKUHH FKDQQHOV� �D� D 5D\OHLJK IDGLQJ FKDQQHO �)LJXUH
��� �E� D 5LFLDQ IDGLQJ FKDQQHO ZLWK q  � �)LJXUH ��� DQG
�F� D 5LFLDQ IDGLQJ FKDQQHO ZLWK q  � �)LJXUH ��� ,Q HDFK
FDVH WKH SURGXFW RI IDGLQJ EDQGZLGWK DQG V\PERO GXUDWLRQ
ZDV %7V  ���� DQG D �� E\ �� EORFN FKDQQHO LQWHUOHDYHU
ZDV XVHG� 7KH WXUER FRGH XVHG D ����� ELW UDQGRP FRGLQJ
LQWHUOHDYHU� ZDV UDWH � � DQG KDG FRQVWUDLQW OHQJWK .  ��
'HFRGLQJ ZDV SHUIRUPHG XVLQJ ERWK WKH /RJ�0$3 DOJR�
ULWKP DQG WKH QRUPDOL]HG 629$ DOJRULWKP� ,Q HDFK FDVH
HLJKW GHFRGHU LWHUDWLRQV ZHUH XVHG� )RU HDFK W\SH RI GH�
FRGHU DQG FKDQQHO PRGHO� WKUHH FDVHV ZHUH LQYHVWLJDWHG�
�D� ERWK WKH IDGLQJ DPSOLWXGHV DQG WKH QRLVH YDULDQFH DUH
NQRZQ E\ WKH GHFRGHU� �E� WKH IDGLQJ DPSOLWXGHV DUH HVWL�
PDWHG XVLQJ WKH RUGHU �� ORZ SDVV ),5 pOWHU EXW WKH QRLVH
YDULDQFH LV NQRZQ SHUIHFWO\� DQG �F� WKH IDGLQJ DPSOLWXGHV
DUH HVWLPDWHG XVLQJ WKH ),5 pOWHU DQG WKH QRLVH YDULDQFH
LV HVWLPDWHG XVLQJ ��

%\ ORRNLQJ DW )LJXUHV ��� VHYHUDO REVHUYDWLRQV FDQ
EH PDGH� 5HFDOOLQJ WKDW IRU 5D\OHLJK IDGLQJ q  �� ZH VHH
WKDW DV q LQFUHDVHV WKH SHUIRUPDQFH LPSURYHV� 7KLV LV WR EH
H[SHFWHG DV KLJKHU YDOXHV RI q FRUUHVSRQG WR PRUH EHQLJQ
FKDQQHOV� )RU DOO WKUHH FKDQQHOV� WKH SHUIRUPDQFH RI WKH
/RJ�0$3 DOJRULWKP LV VLJQLpFDQWO\ EHWWHU WKDQ WKDW RI WKH
629$ DOJRULWKP� 7KH SHUIRUPDQFH JDLQ RI WKH /RJ�0$3
RYHU WKH 629$ LV VOLJKWO\ EHWWHU IRU ORZHU YDOXHV RI q� ZLWK
WKH 5D\OHLJK IDGLQJ FKDQQHO VKRZLQJ WKH JUHDWHVW JDLQ E\
XVLQJ /RJ�0$3 LQVWHDG RI 629$� 7KLV FDQ EH H[SODLQHG
E\ QRWLQJ WKDW /RJ�0$3 LV VXSHULRU WR 629$ ZKHQ WKH
VLJQDO�WR�QRLVH UDWLR LV ORZ� DV q JHWV VPDOOHU� WKH QXOOV
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GHFRGLQJ DOJRULWKP DQG FKDQQHO HVWLPDWLRQ� 7XUER FRGH LV
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)LJXUH �� %LW HUURU SHUIRUPDQFH RI D WXUER FRGH RSHUDWLQJ
RYHU D qDW 5LFLDQ IDGLQJ FKDQQHO ZLWK q  �� %7V  �����
DQG EORFN FKDQQHO LQWHUOHDYLQJ DV SDUDPHWHUL]HG E\ W\SH RI
GHFRGLQJ DOJRULWKP DQG FKDQQHO HVWLPDWLRQ� 7XUER FRGH LV
UDWH � �� FRQVWUDLQW OHQJWK �� DQG XVHV D ����� ELW UDQGRP
FRGLQJ LQWHUOHDYHU ZLWK � LWHUDWLRQV RI GHFRGLQJ�

JHW GHHSHU DQG WKXV WKH 615 FDQ EH YHU\ SRRU DW WLPHV�
)RU %(5 RI ��b� DQG SHUIHFW FKDQQHO HVWLPDWHV WKH /RJ�
0$3 RXWSHUIRUPV WKH 629$ E\ EHWZHHQ ��� G% �5LFLDQ�
q  �� WR ��� G% �5D\OHLJK�� )RU WKLV UHDVRQ ZH UHLWHUDWH
WKH VXJJHVWLRQ LQ >�@ DQG UHFRPPHQG XVLQJ WKH /RJ�0$3
DOJRULWKP WR GHFRGH WXUER FRGHV� HVSHFLDOO\ LI WKH FKDQQHO LV
qDW IDGHG� &RPSDUHG WR WKH 629$ DOJRULWKP� WKH LQFUHDVH
LQ GHFRGHU FRPSOH[LW\ UHTXLUHG E\ WKH /RJ�0$3 DOJRULWKP
LV PRUH WKDQ FRPSHQVDWHG IRU E\ LWV VXSHULRU SHUIRUPDQFH�

)RU DOO WKH FDVHV FRQVLGHUHG� WKHUH LV D VOLJKW SHUIRU�
PDQFH SHQDOW\ ZKHQ HVWLPDWLQJ WKH IDGLQJ DPSOLWXGHV XV�
LQJ WKH SURSRVHG RUGHU �� ORZ SDVV ),5 pOWHU� 7KLV SHQDOW\
LV DERXW ���� G% IRU WKH 629$ DOJRULWKP DW D %(5 RI ��b��
7KH SHQDOW\ IRU XVLQJ WKH IDGLQJ HVWLPDWRU LV PRUH VHYHUH
IRU WKH /RJ�0$3 DOJRULWKP� DW D %(5 RI ��b� ZH REVHUYH
D ORVV RI ��� G% LQ WKH 5LFLDQ IDGLQJ FKDQQHOV DQG ���� G%
IRU WKH 5D\OHLJK IDGLQJ FKDQQHO� $SSDUHQWO\ WKH VHQVLWLY�
LW\ RI WKH /RJ�0$3 DOJRULWKP WKDW DOORZV LW WR SHUIRUP
ZHOO LQ ORZ 615 HQYLURQPHQWV DOVR PDNHV LW PRUH YXOQHUD�
EOH WR IDGLQJ HVWLPDWLRQ HUURUV� 'HVSLWH WKLV VKRUWFRPLQJ�
WKH /RJ�0$3 DOJRULWKP VWLOO FRQVLGHUDEO\ RXWSHUIRUPV WKH
629$ HYHQ ZKHQ WKH IDGLQJ DPSOLWXGHV DUH HVWLPDWHG� :H
DOVR FRQVLGHUHG D UHGXFHG FRPSOH[LW\ HVWLPDWRU FRQVLVWLQJ
RI DQ RUGHU � ORZ SDVV ),5 pOWHU� EXW IRXQG WKH SHQDOW\
IRU XVLQJ LW WR EH DERXW GRXEOH �LQ G%� WKDW IRU XVLQJ WKH
RUGHU �� pOWHU� WKH SHUIRUPDQFH RI WKLV HVWLPDWRU LV QRW
VKRZQ KHUH� ,Q DOO FDVHV ZH VHH WKDW HVWLPDWLQJ WKH QRLVH
YDULDQFH GRHV QRW QRWLFHDEO\ HoHFW WKH SHUIRUPDQFH�
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,Q WKLV SDSHU� ZH LQYHVWLJDWHG WKH SHUIRUPDQFH RI D W\S�
LFDO WXUER FRGH WUDQVPLWWHG RYHU YDULRXV FKDQQHOV XVLQJ
ERWK WKH /RJ�0$3 DQG 629$ GHFRGLQJ DOJRULWKPV� 7KH
FKDQQHO PRGHOV LQFRUSRUDWH WKH FRQFHSWV RI FRUUHODWHG IDG�
LQJ� FKDQQHO LQWHUOHDYLQJ� DQG WKH SUHVHQFH RI D /LQH�RI�
6LJKW �/26� FRPSRQHQW� :H VKRZHG WKDW FKDQQHO LQWHU�
OHDYLQJ FDQ EH XVHG WR PLWLJDWH WKH GHWULPHQWDO HoHFWV RI
FRUUHODWLRQ LQ WKH FKDQQHO� (YHQ ZKHQ FKDQQHO LQWHUOHDY�
LQJ LV XVHG SHUIRUPDQFH GHJUDGHV DV WKH SURGXFW RI IDGLQJ
EDQGZLGWK DQG V\PERO GXUDWLRQ %7V GHFUHDVHV� RU LQ WXUQ
ZKHQ WKH UHODWLYH YHORFLW\ EHWZHHQ WUDQVPLWWHU DQG UHFHLYHU
JHWV VPDOO� 7KH SHUIRUPDQFH RI WKH /RJ�0$3 DOJRULWKP LV
VXSHULRU WR WKDW RI WKH 629$ DOJRULWKP� HVSHFLDOO\ ZKHQ
WKHUH LV QR /26 FRPSRQHQW�

$GGLWLRQDOO\� WKH LPSDFW RI FKDQQHO HVWLPDWLRQ ZDV
VWXGLHG� $ VLPSOH IDGLQJ DPSOLWXGH HVWLPDWRU EDVHG RQ
D ORZ SDVV ),5 pOWHU ZDV SURSRVHG DQG WKH HoHFW RI LWV
XVH ZDV LQYHVWLJDWHG� %\ XVLQJ WKLV HVWLPDWRU D VOLJKW ����
G% SHQDOW\ ZDV REVHUYHG IRU WKH 629$ DQG D PRUH VH�
YHUH �������� G% SHQDOW\ ZDV REVHUYHG IRU WKH /RJ�0$3�
1R DWWHPSW ZDV PDGH WR RSWLPL]H WKH HVWLPDWRU DQG ZH
ZHOFRPH RWKHUV WR LPSURYH LWV GHVLJQ� ,Q SDUWLFXODU� WKH
LPSDFW RI SHUIRUPLQJ FKDQQHO HVWLPDWLRQ XVLQJ D .DOPDQ
pOWHU VKRXOG EH H[SORUHG� 7KH IDGLQJ HVWLPDWRU ZDV PRGL�
pHG WR SURGXFH D QRLVH YDULDQFH HVWLPDWH� DQG XVH RI VXFK
DQ HVWLPDWH GLG QRW QRWLFHDEO\ DoHFW SHUIRUPDQFH�
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