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RS H UD W H V LQ V K D OORZ Z D W H U RYH U V H YH UD O NLORPH W H UV LQ
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E H JLQ Q LQ J RI H D FK G D W D S D FNH W W R PH D V X UH W K H PX OW L�
S D W K D Q G W K H 'RS S OH U V S UH D G � D V Z H OO D V W K H 6 1 5� 7K H
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)RU WKH SDVW VHYHUDO GHFDGHV� XQGHUZDWHU DFRXVWLF WHOHPH�
WU\ KDV UHOLHG RQ WKH XVH RI )6. PRGXODWLRQ DQG QRQFR�
KHUHQW GHPRGXODWLRQ IRU GDWD WUDQVPLVVLRQ� 7KLV W\SH
RI VLJQDOLQJ JHQHUDOO\ SURYLGHV UREXVW SHUIRUPDQFH LQ WKH
SUHVHQFH RI FKDQQHO WLPH GLVSHUVLRQ �PXOWLSDWK� DQG IDG�
LQJ� EXW LV KDPSHUHG E\ LWV ORZ EDQGZLGWK HrFLHQF\� 7KH
GHYHORSPHQW RI SRZHUIXO '63 SURFHVVRUV GXULQJ WKH SDVW
GHFDGH KDV PDGH LW SRVVLEOH WR LPSOHPHQW FRPSOH[ DGDS�
WLYH HTXDOL]HUV WKDW FDQ EH XVHG LQ FRQMXQFWLRQ ZLWK SKDVH
FRKHUHQW PRGXODWLRQ DQG GHPRGXODWLRQ �PRGHP� WHFK�
QLTXHV� VXFK DV 36. DQG 4$0� WR DFKLHYH VLJQLpFDQWO\
KLJKHU EDQGZLGWK HrFLHQFLHV� +RZHYHU� SKDVH FRKHUHQW
PRGXODWLRQ WHFKQLTXHV DUH PRUH VHQVLWLYH WR WKH HoHFWV
RI FKDQQHO PXOWLSDWK DQG IDGLQJ DQG� DV D UHVXOW� WKHLU
SHUIRUPDQFH GHJUDGHV PRUH UDSLGO\ XQGHU VHYHUH FKDQQHO
GLVWRUWLRQ�

7KH SUREOHP WKDW LV EHLQJ DGGUHVVHG LQ WKLV SDSHU
LV WKH GHYHORSPHQW RI DOJRULWKPV WKDW VHOHFW WKH PRVW
DSSURSULDWH PRGHP WHFKQLTXHV IURP D FODVV RI PRGHP
PHWKRGV� EDVHG RQ PHDVXUHPHQWV RI WKH XQGHUZDWHU
DFRXVWLF FKDQQHO FKDUDFWHULVWLFV� 7KH PRGHP WHFKQLTXHV
LQFOXGH ERWK SKDVH FRKHUHQW WHFKQLTXHV VXFK DV 36.

DQG 4$0� DQG QRQFRKHUHQW WHFKQLTXHV WKDW HPSOR\ )6.
PRGXODWLRQ�

&RPPXQLFDWLRQ V\VWHPV WKDW DGDSWLYHO\ VHOHFW PRGX�
ODWLRQ IRUPDWV KDYH EHHQ H[WHQVLYHO\ VWXGLHG IRU ZLUHOHVV
UDGLR FKDQQHOV �H�J�� >�@� DQG KDYH DOVR EHHQ FRQVLGHUHG
IRU XQGHUZDWHU DFRXVWLF FKDQQHOV� $Q XQGHUZDWHU DFRXV�
WLF PXOWLPRGXODWLRQ V\VWHP GHVFULEHG LQ >�@ KDV D FDSD�
ELOLW\ WR XVH WKUHH PRGXODWLRQ IRUPDWV� 36. IRU YHUWLFDO
FKDQQHOV� DQG FKLUS DQG IUHTXHQF\ KRSSLQJ IRU KRUL]RQWDO
FKDQQHOV� 7KLV V\VWHP LV QRW DGDSWLYH� LQ WKH VHQVH WKDW
PRGXODWLRQ VHOHFWLRQ LV PDGH E\ DQ RSHUDWRU� $ UHPRWHO\
FRQWUROOHG XQLW LV WKHQ SURJUDPPHG YLD DQ DFRXVWLF OLQN�
0RUH UHFHQWO\� DGDSWLYH PRGXODWLRQ PHWKRGV IRU XQGHU�
ZDWHU DFRXVWLF FRPPXQLFDWLRQV KDYH EHHQ VXJJHVWHG LQ
>�@� ,Q WKLV UHIHUHQFH� DQ H[SHULPHQWDO V\VWHP LV GHVFULEHG
LQ ZKLFK D KDQGVKDNLQJ SURWRFRO LV XVHG WR DGDSWLYHO\ VHW
WKH VLJQDO SRZHU RQ D SDFNHW�E\�SDFNHW EDVLV� EXW WKH V\V�
WHP LV EDVHG RQ D VLQJOH )6. W\SH PRGXODWLRQ IRUPDW�
2XU VWXG\ LV DLPHG WRZDUGV WKH GHYHORSPHQW RI D PXOWL�
PRGXODWLRQ V\VWHP LQ ZKLFK WKH FKRLFH RI D PRGXODWLRQ
PHWKRG DQG LWV SDUDPHWHUV LV PDGH DXWRQRPRXVO\� EDVHG
RQ WKH LQVWDQWDQHRXV PHDVXUHPHQWV RI VLJQDO TXDOLW\�
*HQHUDO DSSURDFKHV WR PRGXODWLRQ VHOHFWLRQ DUH GLV�

FXVVHG LQ 6HF�,,� ,Q 6HF�,,,� D PRGHO RI D WLPH�YDU\LQJ PXO�
WLSDWK FKDQQHO LV GHYHORSHG� 3HUIRUPDQFH RI QRQFRKHUHQW
PRGXODWLRQ�GHWHFWLRQ WHFKQLTXHV LV DGGUHVVHG LQ 6HF�,9�
DQG SHUIRUPDQFH RI FRKHUHQW PRGXODWLRQ�GHWHFWLRQ LQ
6HF�9� )LQDOO\� FRQFOXGLQJ UHPDUNV DUH JLYHQ LQ 6HF�9,�
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2XU DSSURDFK LV EDVHG RQ WKH DVVXPSWLRQ WKDW GDWD LV
WUDQVPLWWHG LQ SDFNHWV RI VRPH QRPLQDO VL]H� DQG WKH
FRPPXQLFDWLRQ OLQN EHWZHHQ WKH WUDQVPLWWHU DQG WKH UH�
FHLYHU LV KDOI GXSOH[� (DFK SDFNHW RI LQIRUPDWLRQ V\PEROV
LV SUHFHGHG E\ D KHDGHU� ZKLFK LQFOXGHV D FKDQQHO SUREH
WKDW LV XVHG IRU PHDVXULQJ WKH FKDUDFWHULVWLFV RI WKH FKDQ�
QHO� %DVHG RQ VXFK D PHDVXUHPHQW� WKH UHFHLYHU GHFLGHV
RQ WKH DSSURSULDWH PRGHP WHFKQLTXH DQG FRUUHVSRQGLQJ
GDWD UDWH� 7KLV LQIRUPDWLRQ LV FRQYH\HG WR WKH WUDQV�
PLWWHU IRU XVH LQ WKH WUDQVPLVVLRQ RI WKH QH[W SDFNHW�
$OWKRXJK FKDQJHV LQ PRGXODWLRQ DQG GDWD UDWH PD\ EH
PDGH RQ D SDFNHW�E\�SDFNHW EDVLV� LW LV DQWLFLSDWHG WKDW
LQ D VWDWLF HQYLURQPHQW� ZKHUH WKH WUDQVPLWWHU DQG UH�



FHLYHU SODWIRUPV DUH p[HG� FKDQJHV LQ WKH W\SH RI PRG�
XODWLRQ�GHPRGXODWLRQ WHFKQLTXH ZLOO EH YHU\ LQIUHTXHQW�
+RZHYHU� LI RQH RU ERWK SODWIRUPV DUH PRYLQJ� LW LV H[�
SHFWHG WKDW FKDQJHV LQ WKH W\SH RI VLJQDOLQJ PHWKRG XVHG
IRU GDWD WUDQVPLVVLRQ ZLOO EH PRUH IUHTXHQW�

7ZR W\SHV RI PRGHP WHFKQLTXHV DUH FRQVLGHUHG�
QDPHO\� SKDVH FRKHUHQW DQG QRQFKRKHUHQW WHFKQLTXHV�
,Q WKH FDVH RI QRQFRKHUHQW PRGXODWLRQ DQG GHPRGXOD�
WLRQ� ZH FRQVLGHU FRGHG 0�DU\ )6. �0)6.� ZLWK VTXDUH�
ODZ� VRIW�GHFLVLRQ GHFRGLQJ DQG GHWHFWLRQ� ,Q SDUWLFXODU�
+DGDPDUG�FRGHG 0�DU\ )6. LV FRQVLGHUHG� $V DQ HQ�
KDQFHPHQW WR WKLV PRGHP� ZH DOVR FRQVLGHU WKH LQWURGXF�
WLRQ RI D QRQELQDU\ RXWHU FRGH� ZKLFK KDV WKH FDSDELOLW\
RI SURYLGLQJ DQ DGGLWLRQDO �G% WR �G% FRGLQJ JDLQ LQ D
5D\OHLJK IDGLQJ FKDQQHO� ,Q VXFK D PRGHP� WKH SDUDP�
HWHUV WKDW FDQ EH DGDSWHG WR WKH FKDQQHO FKDUDFWHULVWLFV
LQFOXGH WKH GDWD UDWH� WKURXJK FRQWURO RI WKH DPRXQW RI
FRGH UHGXQGDQF\ DQG WKH FKDQQHO EDQGZLGWK� DQG WKH
VHOHFWLRQ RI WKH WLPH JXDUG EDQGV�

,Q WKH FDVH RI SKDVH FRKHUHQW PRGXODWLRQ� WKH W\SHV
RI VLJQDO PRGXODWLRQ WKDW DUH FRQVLGHUHG DUH 36. DQG
4$0� $ FRQYROXWLRQDO FRGH RI UDWH ��� PD\ EH LQFOXGHG
ZLWK SKDVH FRKHUHQW PRGXODWLRQ� 7KH UHFHLYHU HPSOR\V D
GHFLVLRQ�IHHGEDFN HTXDOL]HU �')(�� ZKLFK LV LQLWLDOL]HG DW
WKH EHJLQQLQJ RI HDFK SDFNHW E\ D WUDLQLQJ VHTXHQFH� 7KH
HTXDOL]HU DGDSWDWLRQ DOJRULWKP LV WDNHQ IURP WKH 5/6
IDPLO\�

7KH FKRLFH RI WKH W\SH RI PRGXODWLRQ� SKDVH FRKHU�
HQW RU QRQFRKHUHQW� LV EDVHG RQ WKH FKDQQHO SDUDPHWHUV
H[WUDFWHG IURP WKH FKDQQHO PHDVXUHPHQW� 7KH FKDQ�
QHO SUREH VLJQDO LV D ZLGHEDQG VLJQDO WKDW SURYLGHV D
PHDVXUHPHQW RI WKH FKDQQHO VFDWWHULQJ IXQFWLRQ IURP
ZKLFK ZH H[WUDFW WKH FKDQQHO PXOWLSDWK UHVSRQVH DQG
WKH 'RSSOHU VSUHDG RI WKH UHVROYDEOH PXOWLSDWK FRPSR�
QHQWV� 7KH FKDQQHO LV PRGHOHG DV D WDSSHG�GHOD\�OLQH
pOWHU ZLWK UDQGRPO\ WLPH�YDU\LQJ FRHrFLHQWV� 7KH YDOXH
RI WKH 'RSSOHU VSUHDG LV UHODWHG WR WKH UDWH RI WLPH YDUL�
DWLRQV LQ WKH FKDQQHO UHVSRQVH� ,I WKH FKDQQHO LPSXOVH
UHVSRQVH LV YDU\LQJ UDSLGO\� WKH DGDSWLYH HTXDOL]HU PXVW
DOVR KDYH WKH FDSDELOLW\ RI WUDFNLQJ WKH UDSLG WLPH YDUL�
DWLRQV� +HQFH� WKH GHJUHH WR ZKLFK WKH HTXDOL]HU FDQ
REWDLQ D UHOLDEOH HVWLPDWH RI WKH LQWHUV\PERO LQWHUIHUHQFH
�,6,� FDXVHG E\ WKH PXOWLSDWK LV GHWHUPLQHG E\ WKH VSUHDG
IDFWRU RI WKH FKDQQHO� GHpQHG DV WKH SURGXFW EHWZHHQ WKH
'RSSOHU VSUHDG %G DQG WKH PXOWLSDWK VSUHDG 7P� 7KLV
IDFWRU PXVW EH RI WKH RUGHU RI ����� RU VPDOOHU WR HQ�
VXUH WKDW WKH DGDSWLYH ')( REWDLQV D UHOLDEOH HVWLPDWH RI
WKH ,6,� +HQFH� WKH FKDQQHO VSUHDG IDFWRU RI WKH SULPDU\
�ODUJH HQHUJ\� UHVROYDEOH PXOWLSDWK FRPSRQHQWV DQG WKHLU
FRUUHVSRQGLQJ WRWDO VLJQDO SRZHU ZLOO EH XVHG WR GHFLGH
RQ ZKHWKHU RU QRW SKDVH FRKHUHQW FRPPXQLFDWLRQV ZRXOG
SURYLGH UHOLDEOH WUDQVPLVVLRQ DQG WKH FRUUHVSRQGLQJ SUH�
GLFWHG HUURU UDWH SHUIRUPDQFH�

:KHQ FKDQQHO WLPH YDULDWLRQV DQG PXOWLSDWK FRQGL�
WLRQV SUHFOXGH WKH XVH RI FRKHUHQW PRGXODWLRQ� WKH UH�

FHLYHU GHWHUPLQHV WKDW FRGHG QRQFRKHUHQW 0)6. ZLOO
EH WKH PHWKRG IRU WUDQVPLWWLQJ DQG UHFHLYLQJ WKH GDWD
UHOLDEO\� %DVHG RQ WKH FKDQQHO PXOWLSDWK DQG 'RSSOHU
VSUHDG� WKH UHFHLYHU GHWHUPLQHV WKH JXDUG EDQGV� DQG WKH
DPRXQW RI UHGXQGDQF\� KHQFH WKH GDWD UDWH� WKDW ZLOO EH
QHHGHG WR DFKLHYH WKH GHVLUHG OHYHO RI SHUIRUPDQFH�
,I WKH 'RSSOHU VSUHDG LV EHORZ WKH FULWLFDO YDOXH� WKH

WDVN RI WKH DGDSWLYH PRGHP LV WR GHFLGH RQ WKH H[DFW
PRGXODWLRQ IRUPDW� 7KLV GHFLVLRQ LQFOXGHV WKH FKRLFH RI
WKH PRGXODWLRQ DQG FRGLQJ PHWKRG� DV ZHOO DV WKH FKRLFH
RI WKH ELW UDWH� 7KH UHVXOWLQJ V\PERO UDWH SOD\V D PD�
MRU UROH LQ GHWHUPLQLQJ WKH SHUIRUPDQFH RI DQ DGDSWLYH
HTXDOL]HU� 7KH LQIRUPDWLRQ JDWKHUHG IURP WKH FKDQQHO
SUREH LV XVHG WR GHWHUPLQH WKH SDUDPHWHUV RI WKH DGDSWLYH
HTXDOL]HU� ,Q SDUWLFXODU� RQFH WKH V\PERO UDWH LV FKRVHQ�
WKH PXOWLSDWK VSUHDG GHWHUPLQHV WKH QXPEHU RI HTXDO�
L]HU WDSV� ZKLOH WKH 'RSSOHU VSUHDG LQqXHQFHV WKH FKRLFH
RI WKH WUDFNLQJ SDUDPHWHUV�
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7KH 'RSSOHU SRZHU VSHFWUXP RI WKH FKDQQHO FDQ EH PRG�
HOHG HLWKHU H[SHULPHQWDOO\ RU WKHRUHWLFDOO\� 7KHUH DUH
VHYHUDO WKHRUHWLFDO PRGHOV WKDW DUH ZLGHO\ DFFHSWHG LQ
WKH WKHRU\ RI GLJLWDO FRPPXQLFDWLRQV RYHU WLPH�YDU\LQJ
FKDQQHOV� 7KHVH PRGHOV DUH WKH -DNHV
 PRGHO DQG WKH
DXWR�UHJUHVVLYH �$5� PRGHOV� 7KH -DNHV
 PRGHO >�@ LV RQH
RI WKH PRVW FRPPRQO\ XVHG PRGHOV IRU GHVFULELQJ ZLUH�
OHVV UDGLR FKDQQHOV� $ VHFRQG�RUGHU $5 PRGHO KDV EHHQ
FRQVLGHUHG DV D JRRG PDWFK IRU WKH PRELOH UDGLR FKDQQHO
>�@� 7KHVH PRGHOV SURYLGH DQ DQDO\WLF UHSUHVHQWDWLRQ RI
WKH 'RSSOHU SRZHU VSHFWUXP RI WKH FKDQQHO� :H FRQVLGHU
IRU SXUSRVHV RI VLPXODWLRQ D VHFRQG�RUGHU $5 PRGHO�
$ WHVW FKDQQHO PD\ EH GHpQHG WR UHqHFW WKH JHRPHWU\

RI D V\VWHP� 7KH V\VWHP RI LQWHUHVW WR WKH SUHVHQW VWXG\
LV D VKDOORZ ZDWHU QHWZRUN ZLWK ERWWRP�PRXQWHG QRGHV
VHSDUDWHG E\ GLVWDQFHV RI VHYHUDO NLORPHWHUV� 7KH FKDQ�
QHO LV FKDUDFWHUL]HG E\ D GLUHFW DQG D QXPEHU RI UHqHFWHG
SDWKV� 7KH UHODWLYH GHOD\ EHWZHHQ WKH ORQJHVW SURSD�
JDWLRQ SDWK DQG WKH GLUHFW SDWK GHpQHV WKH PXOWLSDWK
VSUHDG RI WKH FKDQQHO� ZKLFK FDQ EH HYDOXDWHG XVLQJ D
VLPSOLpHG H[SUHVVLRQ
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ZKHUH Q LV WKH QXPEHU RI VXUIDFH UHqHFWLRQV� /HW XV FRQ�
VLGHU D WHVW FKDQQHO ZLWK D GHSWK K �� P DQG D UDQJH
U � NP� 7KH VSHHG RI VRXQG LV WDNHQ WR EH F  ����
P�V� 8VLQJ SUDFWLFDO VSUHDGLQJ� DQG WKH DEVRUSWLRQ FRHI�
pFLHQW IRU WKH FHQWHU IUHTXHQF\ RI ���� N+]� WKH DYHUDJH
SDWK DPSOLWXGHV� FDOFXODWHG IURP WKH FKDQQHO JHRPHWU\
DUH �� ���� ����� ������ HWF� (YHQ WKRXJK WKH ORVV GXH WR
UHqHFWLRQ LV QHJOHFWHG LQ WKLV FDOFXODWLRQ� WKH SDWK HQHUJ\
GHFD\V UDSLGO\ ZLWK LQFUHDVLQJ WUDYHO GLVWDQFH� )RU FODU�
LW\� ZH GHpQH WKH WHVW FKDQQHO DV WKH FKDQQHO FRQWDLQLQJ



WKH GLUHFW DQG RQH VXUIDFH�UHqHFWHG SDWK� 7KH PXOWL�
SDWK VSUHDG LQ WKLV FDVH LV 7P  �K� FU ���� PV� 7KH
WZR SDWKV DUH WDNHQ WR EH LQGHSHQGHQWO\ WLPH�YDU\LQJ�
DQG HDFK LV PRGHOHG XVLQJ D VHFRQG�RUGHU *DXVV�0DUNRY
PRGHO� ZLWK D VSHFLpHG 'RSSOHU VSUHDG� )LJ�� VKRZV WKH
VLPXODWHG FKDUDFWHULVWLFV RI WKH WHVW FKDQQHO� 7KH GL�
UHFW SDWK KDV WKH 'RSSOHU VSUHDG RI ����� +]� ZKLOH WKH
VXUIDFH�UHqHFWHG SDWK KDV WKH 'RSSOHU VSUHDG RI � +]�
7KH 'RSSOHU VSUHDG LV GHpQHG DV WKH � G% EDQGZLGWK RI
WKH 'RSSOHU SRZHU VSHFWUXP RI WKH FRPSOH[ SDWK JDLQ
IDGLQJ SURFHVV�
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,Q WKLV VHFWLRQ ZH HYDOXDWH WKH SHUIRUPDQFH RI +DGDPDUG�
FRGHG 0)6. LQ D 5D\OHLJK IDGLQJ FKDQQHO PRGHO ZKLFK
FRQVLVWV RI WZR LQGHSHQGHQWO\ IDGLQJ SDWKV ZLWK D GLoHU�
HQWLDO SDWK GHOD\ RI 7P VHFRQGV� 7KH pUVW SDWK KDV D
SRZHU OHYHO RI ��

�
DQG WKH VHFRQG SDWK KDV D SRZHU OHYHO

RI ��
�
� 7KH SRZHU OHYHOV RI WKH WZR SDWKV DUH QRUPDOL]HG

VR WKDW

��
�
� ��

�
 � ���

7KH 0)6. WRQHV KDYH GXUDWLRQ 7 ZKLFK LV VHOHFWHG
VXFK WKDW 7 !! 7P� 7R FRPSOHWHO\ HOLPLQDWH ,6,� ZH
HPSOR\ D WLPH JXDUG EDQG HTXDO WR WKH PXOWLSDWK VSUHDG
7P� $V D UHVXOW� D FHUWDLQ DPRXQW RI VLJQDO HQHUJ\ LV
ORVW GXH WR WKH WLPH JXDUG EDQG� 7KH SDUDPHWHU WKDW
SURYLGHV D PHDVXUH RI WKH SHUFHQWDJH RI ORVW HQHUJ\ LV

~  �b
7P
7

���

7KH HUURU SUREDELOLW\ IRU WKH FRGHG 0)6. VLJQDOV LV
XSSHU ERXQGHG DV >�@
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+HUH� qE LV WKH DYHUDJH 615 SHU ELW� 5F  N Q LV WKH
FRGH UDWH DQG /  GPLQ � LV WKH GLYHUVLW\ LQ WKH FRGH
ZLWK GPLQ DV WKH PLQLPXP GLVWDQFH�
%HORZ� ZH LOOXVWUDWH WKH UHVXOWV IRU WKH +DGDPDUG

+������ FRGH� ZKLFK KDV D PLQLPXP GLVWDQFH GPLQ ��
DQG� KHQFH� SURYLGHV DQ RUGHU RI GLYHUVLW\ HTXDO WR
GPLQ � �� 7KH FRGHZRUG HUURU SUREDELOLW\ LV SORWWHG LQ
)LJ�� IRU ��

�
 ��

�
 ���� ZLWK ~ DV D SDUDPHWHU�

:H REVHUYH IURP WKH JUDSK WKDW WKH HQHUJ\ ORVV GXH WR
WKH XVH RI WLPH JXDUG EDQG LV YHU\ VPDOO� %\ UHSHDWLQJ
WKLV FRPSXWDWLRQ IRU GLoHUHQW YDOXHV RI ��

�
 ��

�
� ZH IRXQG

WKDW WKH HoHFW RI VFDOLQJ WKH HQHUJ\ UDWLR ��
�
 ��

�
RI WKH

WZR SDWKV KDV D QHJOLJLEOH HoHFW RQ SHUIRUPDQFH� 7KH
HUURU SUREDELOLW\ GHFUHDVHV DV WKH UHFLSURFDO RI WKH 615
SHU ELW UDLVHG WR WKH pIWK �GPLQ �� SRZHU� $ FRGHZRUG
HUURU SUREDELOLW\ RI ��b� LV DFKLHYHG ZLWK DQ 615 SHU ELW
RI DSSUR[LPDWHO\ ���� G%�
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7KH SHUIRUPDQFH RI WKH +DGDPDUG�FRGHG 0)6. PR�
GHP FDQ EH VLJQLpFDQWO\ HQKDQFHG E\ WKH XVH RI DQ RXWHU



FRGH� ZKLFK KDV WKH HoHFW RI LQFUHDVLQJ WKH PLQLPXP GLV�
WDQFH RI WKH RYHUDOO FRQFDWHQDWHG FRGH� ,Q SDUWLFXODU� OHW
XV FRQVLGHU WKH XVH RI D GXDO��� QRQELQDU\ FRQYROXWLRQDO
FRGH DV GHVFULEHG LQ >�@� 7KLV LV D UDWH ��� FRGH ZKLFK UH�
VXOWV LQ D IDFWRU RI IRXU LQFUHDVH LQ WKH PLQLPXP GLVWDQFH
RI WKH RYHUDOO FRGH� 6LQFH WKH +DGDPDUG +������ FRGH KDV
D PLQLPXP GLVWDQFH RI GPLQ  ��� WKH FRQFDWHQDWHG FRGH
KDV D PLQLPXP GLVWDQFH RI ��� +HQFH� LW SURYLGHV DQ RU�
GHU RI GLYHUVLW\ HTXDO WR ��� ZKHQ VRIW�GHFLVLRQ GHFRGLQJ
LV HPSOR\HG DW WKH UHFHLYHU�

)LJ�� LOOXVWUDWHV WKH SHUIRUPDQFH RI WKH FRQFDWHQDWHG
FRGH FRPSDUHG ZLWK WKH SHUIRUPDQFH RI WKH +������ FRGH�
$OVR VKRZQ LQ WKH pJXUH LV WKH SHUIRUPDQFH REWDLQHG
E\ UHSHDWLQJ WKH +������ FRGHZRUGV WZLFH� GHQRWHG DV
�+������� ZKLFK LV DQ DOWHUQDWLYH PHWKRG WR WKH XVH RI
D FRQFDWHQDWHG FRGH� +RZHYHU� WKH UHSHWLWLRQ FRGH� DO�
WKRXJK LW KDV WKH VDPH FRGH UDWH DV WKH FRQFDWHQDWLRQ RI
WKH GXDO�� FRGH ZLWK +������ FRGH� \LHOGV D PLQLPXP GLV�
WDQFH RI ��� +HQFH� WKH RUGHU RI GLYHUVLW\ DFKLHYHG E\ WKH
UHSHWLWLRQ FRGH LV RQO\ RQH�KDOI RI WKH GLYHUVLW\ DFKLHYHG
E\ WKH FRQFDWHQDWHG FRGH� 1RWH WKDW DW DQ HUURU UDWH RI
��b�� WKH FRQFDWHQDWHG FRGH \LHOGV DQ LPSURYHPHQW RI
DERXW � G% RYHU WKH +������ FRGH DQG DERXW � G% RYHU
WKH UHSHWLWLRQ RI WKH +������ FRGH�
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7R DVVHVV WKH SHUIRUPDQFH RI FRKHUHQW PRGXOD�
WLRQ�GHWHFWLRQ PHWKRGV IRU D YDULHW\ RI FKDQQHO FRQGL�
WLRQV DQG V\VWHP SDUDPHWHUV� D VLPXODWLRQ KDV EHHQ FRQ�
GXFWHG� 7KH V\VWHP SHUIRUPDQFH LV HYDOXDWHG RQ WKH WHVW
FKDQQHO GHpQHG LQ 6HF�,,,�

/LQHDU PRGXODWLRQ ZLWK YDULDEOH V\PERO UDWH LV XVHG�
7KH VLJQDOV DUH pOWHUHG DW WKH WUDQVPLWWHU XVLQJ D UDLVHG
FRVLQH pOWHU ZLWK D UROO�Ro IDFWRU RI ����� $IWHU SDVV�
LQJ WKURXJK WKH FKDQQHO� $:*1 LV DGGHG WR WKH VLPX�
ODWHG VLJQDOV� ZLWK D VSHFLpHG 615� 7KH FKDQQHO LV WLPH�
YDU\LQJ� EXW LWV VWDWLVWLFDO SDUDPHWHUV �PXOWLSDWK DQG
'RSSOHU VSUHDG� DUH p[HG� 7KH UHFHLYHU XVHV DQ DGDS�
WLYH� IUDFWLRQDOO\�VSDFHG ')(� 7KH ')( FRHrFLHQWV DUH
XSGDWHG XVLQJ DQ 5/6 DOJRULWKP� MRLQWO\ ZLWK D VHFRQG�
RUGHU GLJLWDO SKDVH�ORFNHG ORRS �3//��

$� (TXDOL]HU 3HUIRUPDQFH DV D )XQFWLRQ RI 6\PERO

5DWH

7KH WDVN RI WKH PRGHP LV WR GHFLGH RQ WKH EHVW PRG�
XODWLRQ DQG GDWD UDWH IRU D JLYHQ FKDQQHO� 6HWWLQJ WKH
PRGXODWLRQ IRUPDW WR 436.� ZH H[SORUH WKH FKRLFH RI
WKH GDWD UDWH LQ PRUH GHWDLO� 7KH WHVW FKDQQHO LV FKDUDF�
WHUL]HG E\ WKH PXOWLSDWK VSUHDG RI ���� PV DQG D 'RSSOHU
VSUHDG RI ����� +] DQG � +] RQ WKH WZR SDWKV� 7KHVH
YDOXHV UHSUHVHQW WKH SK\VLFDO FKDQQHO SDUDPHWHUV WKDW
FDQQRW EH FKDQJHG� 0XOWLSDWK VSUHDG FDXVHV ,6,� ZKLOH
'RSSOHU VSUHDG FDXVHV WLPH�YDULDWLRQ� 7KH UHFHLYHG VLJ�
QDO WKXV H[SHULHQFHV IUHTXHQF\�VHOHFWLYH IDGLQJ� RU WLPH�
YDU\LQJ ,6,� 7KH H[WHQW RI WKHVH GLVWRUWLRQV� KRZHYHU� FDQ
EH FRQWUROOHG E\ WKH FKRLFH RI VLJQDOLQJ UDWH� 7R LOOXVWUDWH
WKLV IDFW� ZH ORRN DW WKUHH SRVVLELOLWLHV� VLJQDOLQJ DW WKH
UDWH RI ��� V\PEROV SHU VHFRQG �V�V�� ���� V�V� DQG DW
WKH PD[LPXP UDWH VXSSRUWHG E\ WKH V\VWHP EDQGZLGWK�
���� V�V� 7KH pUVW FKRLFH ZLOO UHVXOW LQ YHU\ OLWWOH ,6,
EHFDXVH WKH PXOWLSDWK VSUHDG LV OHVV WKDQ WKH V\PERO
GXUDWLRQ� 7P  ���7 � 7KH RWKHU WZR FKRLFHV UHVXOW LQ
QRQ�QHJOLJLEOH ,6,� $W �NV�V� WKH ,6, VSDQV � V\PEROV�
ZKLOH DW � NV�V WKH VLJQDO H[SHULHQFHV ,6, ZKLFK VSDQV �
V\PEROV� $W WKH VDPH WLPH� WKH FKDQQHO WLPH�YDULDWLRQ
REVHUYHG RYHU WKH GXUDWLRQ RI D VLQJOH V\PERO GHFUHDVHV
DV WKH V\PERO UDWH LQFUHDVHV�

)LJ�� VKRZV WKH SHUIRUPDQFH RI WKH 5/6�')( RQ WKH
WHVW FKDQQHO� 7KH UHFHLYHU SDUDPHWHUV DUH OLVWHG LQ WKH
pJXUH� 1 GHQRWHV WKH QXPEHU RI 7 � IUDFWLRQDOO\�VSDFHG
IHHGIRUZDUG WDSV� 0 GHQRWHV WKH QXPEHU RI IHHGEDFN
WDSV� / GHQRWHV WKH IRUJHWWLQJ IDFWRU RI WKH 5/6 DOJR�
ULWKP� .I� DQG .I� GHQRWH WKH 3// SURSRUWLRQDO DQG
LQWHJUDO WUDFNLQJ FRQVWDQWV� UHVSHFWLYHO\� 3H GHQRWHV WKH
IUDFWLRQ RI V\PERO HUURUV LQ WKH GDWD EORFN� 7KH RXWSXW
615 LV PHDVXUHG IURP WKH HVWLPDWHG GDWD V\PEROV DW
WKH HTXDOL]HU RXWSXW DIWHU FRQYHUJHQFH KDV EHHQ HVWDE�
OLVKHG� $OWKRXJK WKHUH LV YHU\ OLWWOH ,6, LQ WKLV FKDQQHO�
WKH UHFHLYHU SHUIRUPDQFH LV SRRU� 7KH UHDVRQ IRU VXFK
SHUIRUPDQFH LV WKH UHFHLYHU
V LQDELOLW\ WR WUDFN WKH WLPH�
YDULDWLRQ RI WKH FKDQQHO�

$ V\VWHP WKDW HPSOR\V D VLJQDO VHOHFWLRQ DOJRULWKP FDQ
PHDVXUH WKH 'RSSOHU VSUHDG RI WKH FKDQQHO� RU VLPSO\
REVHUYH WKDW WKH HVWLPDWHG SKDVH H[KLELWV UDSLG FKDQJHV
RYHU WKH GDWD EORFN� 6XFK D V\VWHP FDQ FKRRVH WR WUDQV�
PLW DW D GLoHUHQW �KLJKHU� GDWD UDWH� )LJ�� VKRZV WKH



0 500 1000
0

0.2

0.4

0.6

0.8

mse

[symbol intervals]
0 500 1000

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

phase [rad]

[symbol intervals]

−2 −1 0 1 2

−2

−1

0

1

2

out.scatter

Re

Im

receiver parameters:

N=4 (T/2)  M=1

Kf1=0.01 Kf2=0.001

K=1

L=0.998

Nt=10

Pe~0.0010101

SNRout~8.8818dB

) LJ XUH � � 5/6� ' ) ( SH UIR UPD QF H R Q WKH WH VW F KD QQH O� 6\ PER O
UD WH 5 � � � V� V� ,QSXW 61 5 � � G%�

UHVXOWV RI V\VWHP VLPXODWLRQ DW WKH UDWH RI ���� V�V� 7KH
UHFHLYHU SHUIRUPDQFH VKRZV DQ LPSURYHPHQW LQ WKLV FDVH�
7KH SHUIRUPDQFH DW ���� V�V LV VLPLODU� 7KHUH DUH QR
HUURUV LQ WKH GDWD EORFN� 1RWH WKDW WKH SK\VLFDO FKDQQHO
KDV QRW FKDQJHG� WKH RQO\ SDUDPHWHU WKDW KDV FKDQJHG LV
WKH V\PERO UDWH 5� %HFDXVH WKH UDWH LV KLJKHU� WKH PXO�
WLSDWK VSUHDG HQFRPSDVVHV D JUHDWHU QXPEHU RI V\PEROV�
DQG WKH UHFHLYHU PXVW HPSOR\ DQ HTXDOL]HU� 0 � WDSV
VXrFH LQ WKH IHHGEDFN VHFWLRQ RI WKLV HTXDOL]HU�
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,Q JHQHUDO� WKH HTXDOL]HU VKRXOG FKRRVH WKH QXPEHU
RI WDSV 0  G7P 7 H� 1RWH DOVR WKDW WKH FKRLFH RI

SKDVH WUDFNLQJ FRQVWDQWV LV LQqXHQFHG E\ WKH V\PERO UDWH�
7KHVH FRQVWDQWV QHHG WR EH GHFUHDVHG SURSRUWLRQDOO\ WR
WKH LQFUHDVH LQ WKH V\PERO UDWH�

%\ IXUWKHU LQFUHDVLQJ WKH GDWD UDWH� WKH FKDQQHO
FKDQJHV ZRXOG EHFRPH QHJOLJLEOH� DQG WKH ,6, ZRXOG EH�
FRPH WKH PDMRU IDFWRU WKDW OLPLWV WKH V\VWHP SHUIRU�
PDQFH� ERWK WKURXJK WKH QRLVH HQKDQFHPHQW DQG WKH LP�
SOHPHQWDWLRQ FRPSOH[LW\ ZLWK DVVRFLDWHG VWDELOLW\ SURE�
OHPV RI ORQJ HTXDOL]HUV� 7KH VLPXODWLRQ UHVXOWV LOOXVWUDWH
WKH WUDGHRo LQ FKRRVLQJ WKH VLJQDOLQJ UDWH IRU D WLPH�
YDU\LQJ PXOWLSDWK FKDQQHO� /LPLWHG H[SHULPHQWDO UHVXOWV
WKDW VXSSRUW WKHVH REVHUYDWLRQV DUH GRFXPHQWHG LQ >�@�
7KLV UHIHUHQFH DOVR FRQWDLQV UHVXOWV RI D WKHRUHWLFDO DQDO\�
VLV WKDW TXDQWLpHV WKH V\VWHP SHUIRUPDQFH LQ WHUPV RI WKH
ELW HUURU UDWH DV D IXQFWLRQ RI 615 IRU YDU\LQJ 'RSSOHU
VSUHDGV RQ D 5D\OHLJK IDGLQJ FKDQQHO�

,Q VXPPDU\� WKH PRGHP VKRXOG FKRRVH D VLJQDOLQJ UDWH
5  � 7 IRU ZKLFK WKH QRUPDOL]HG 'RSSOHU VSUHDG� %G7 �
LV DFFHSWDEO\ ORZ DQG WKH ,6, VSDQ� 7P 7 � LV PLQLPDO� ,I
RQH VHWV WKH YDOXH RI %G7 DV WKH V\VWHP GHVLJQ SDUDPHWHU�
VD\ %G7  ��

b�� WKH GDWD UDWH FDQ EH GHWHUPLQHG DIWHU
HVWLPDWLQJ WKH 'RSSOHU VSUHDG %G� )RU WKH VR�REWDLQHG
GDWD UDWH� WKH V\VWHP ZLOO XVH WKH HVWLPDWHG PXOWLSDWK
VSUHDG� 7P� WR GHWHUPLQH WKH HTXDOL]HU VL]H�

%� (TXDOL]HU 3HUIRUPDQFH DV D )XQFWLRQ RI 615

,Q WKH DERYH H[DPSOHV� ZH KDYH LQYHVWLJDWHG WKH HTXDOL]HU
SHUIRUPDQFH DV D IXQFWLRQ RI ,6, VSDQ DQG WKH UDWH RI
WKH FKDQQHO WLPH YDULDWLRQ� 7KH 615 ZDV p[HG DW ��
G%� 7KLV YDOXH LV DSSDUHQWO\ KLJK HQRXJK WR ZDUUDQW D
JRRG SHUIRUPDQFH� DW OHDVW LQ WKH FDVH RI ���� V�V� :LWK
GHVFUHDVLQJ LQSXW 615� WKH HTXDOL]HU SHUIRUPDQFH ZLOO
JUDGXDOO\ GHJUDGH XQWLO WKH LQSXW 615 EHFRPHV WRR ORZ
IRU WKH HTXDOL]HU WR HVWDEOLVK FRQYHUJHQFH� %HORZ WKLV
SRLQW� FRKHUHQW GHWHFWLRQ XVLQJ HTXDOL]DWLRQ LV QR ORQJHU
D IHDVLEOH FRPPXQLFDWLRQ PHWKRG�

7R GHWHUPLQH WKH UDQJH RI LQSXW 615 IRU ZKLFK WKH
HTXDOL]HU SHUIRUPDQFH LV DFFHSWDEOH� D VLPXODWLRQ KDV
EHHQ FRQGXFWHG XVLQJ WKH WHVW FKDQQHO� 7KH HTXDOL]HU
SHUIRUPDQFH DV D IXQFWLRQ RI LQSXW 615 LV VXPPDUL]HG
LQ )LJ��� 6KRZQ LQ WKLV pJXUH DUH WKH RXWSXW 615 FXUYHV
REWDLQHG IRU YDU\LQJ GDWD UDWHV� 7KH RXWSXW 615 LV
WKH YDOXH PHDVXUHG IURP WKH VHTXHQFH RI HVWLPDWHG GDWD
V\PEROV DW WKH HTXDOL]HU RXWSXW SULRU WR GHFLVLRQ PDN�
LQJ� (DFK RXWSXW 615 YDOXH LV REWDLQHG E\ DYHUDJLQJ
RYHU ���� LQGHSHQGHQW FKDQQHO UHDOL]DWLRQV �QRLVH DQG
IDGLQJ�� 7KH UHVXOWV FRQpUP WKDW WKH HTXDOL]HU SHUIRU�
PDQFH LV JHQHUDOO\ EHWWHU IRU LQFUHDVLQJ GDWD UDWH� $V
GLVFXVVHG SUHYLRXVO\� WKH UHDVRQ IRU VXFK EHKDYLRU LV WKDW
WKH HoHFWLYH UDWH RI FKDQQHO WLPH�YDULDWLRQ GHFUHDVHV ZLWK
LQFUHDVLQJ VLJQDOLQJ UDWH�

7R GHpQH ZKDW LV PHDQW E\ CDFFHSWDEOH
 HTXDOL]HU SHU�
IRUPDQFH� WKH RYHUDOO V\VWHP DQG LWV UHTXLUHG ELW HUURU
UDWH PXVW EH FRQVLGHUHG� ,I WKH V\VWHP XVHV FRGLQJ� WKH
WKH UROH RI WKH HTXDOL]HU LV WR SURGXFH D VHTXHQFH RI HV�
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WLPDWHG GDWD V\PEROV WKDW DUH UHOLDEOH HQRXJK IRU XVH
E\ WKH GHFRGHU� 7KHVH V\PEROV QHHG QRW DFKLHYH WKH UH�
TXLUHG ELW HUURU UDWH� &RQVHTXHQWO\� UDWKHU WKDQ VHWWLQJ D
VWULFW EUHDN�GRZQ YDOXH IRU WKH LQSXW 615� ZH ORRVHO\ GH�
pQH WKH XVHIXO UDQJH RI LQSXW 615 WR LQFOXGH WKRVH YDOXHV
IRU ZKLFK WKH HTXDOL]HU LV DW OHDVW FDSDEOH RI FRQYHUJLQJ�
6LPXODWLRQV UHYHDO WKDW WKLV FRQGLWLRQ LV PHW DW WKH RXW�
SXW 615 RI DERXW � G% RU PRUH� $OWKRXJK WKH UHFHLYHU
SHUIRUPDQFH LV YHU\ SRRU� WKH HTXDOL]HU GRHV PDLQWDLQ
FRQYHUJHQFH� ,I FRGLQJ LV HPSOR\HG� WKH HTXDOL]HU RXWSXW
PD\ EH XVHG E\ WKH GHFRGHU WR H[WUDFW WKH FRGLQJ JDLQ
DQG� WKXV� UHFRYHU WKH WUDQVPLWWHG LQIRUPDWLRQ PRUH UH�
OLDEO\� +HQFH� ZH PD\ VD\ WKDW WKH RXWSXW 615 RQ WKH
RUGHU RI DW OHDVW � G% LV UHTXLUHG IRU CDFFHSWDEOH
 SHUIRU�
PDQFH� 7R UHODWH WKLV YDOXH WR WKH LQSXW 615� ZH PXVW
ORRN DW WKH FXUYHV RI )LJ��� (DFK SRLQW VKRZQ RQ WKHVH
FXUYHV UHSUHVHQWV DQ DYHUDJH WDNHQ DPRQJ D QXPEHU RI
GLoHUHQW QRLVH�IDGLQJ UHDOL]DWLRQV� 7KH DYHUDJH LV WDNHQ
RQO\ DPRQJ WKRVH UHDOL]DWLRQV IRU ZKLFK FRQYHUJHQFH KDV
EHHQ HVWDEOLVKHG� �,Q FDVHV ZKHQ WKH HTXDOL]HU LV QRW DEOH
WR FRQYHUJH� WKH RXWSXW 615 FDQQRW EH PHDVXUHG PHDQ�
LQJIXOO\�� )RU VLJQDOLQJ DW ���� V�V� DQ LQSXW 615 RQ
WKH RUGHU RI �� G% LV QHHGHG� )RU VLJQDOLQJ DW ��� V�V�
WKH UDWH RI IDLOXUH �UHODWLYH QXPEHU RI SDFNHWV IRU ZKLFK
FRQYHUJHQFH FRXOG QRW EH HVWDEOLVKHG� LV KLJK �DERXW ���
WKURXJKRXW WKH LQYHVWLJDWHG 615 UHJLRQ�� 7KXV� FRKHU�
HQW VLJQDOLQJ LQ WKLV FDVH LV QRW D JRRG FKRLFH�

9 ,� & 21 & /8 ' ,1 * 5(0 $ 5. 6

7KH DQDO\VLV SUHVHQWHG LQ WKLV SDSHU DLPV WRZDUGV WKH
GHYHORSPHQW RI D UREXVW DFRXVWLF PRGHP ZKLFK ZLOO HP�

SOR\ DQ DOJRULWKP IRU VPDUW VHOHFWLRQ RI VLJQDOLQJ SD�
UDPHWHUV WR DFKLHYH D JRRG WUDGH�Ro LQ TXDOLW\ RI SHU�
IRUPDQFH DQG GDWD WKURXJKSXW� 7KH pUVW GHFLVLRQ WKDW
WKH PRGHP PDNHV LV ZKHWKHU WR XVH D FRKHUHQW RU D QRQ�
FRKHUHQW PRGXODWLRQ�GHWHFWLRQ PHWKRG� 7KLV GHFLVLRQ LV
EDVHG RQ WKH PHDVXUHPHQW RI WKH FKDQQHO 'RSSOHU VSUHDG
%G DQG PXOWLSDWK VSUHDG 7P� ,I %G7P � ��b�� WKH PR�
GHP PD\ XVH D FRKHUHQW VLJQDOLQJ PHWKRG� 2WKHUZLVH� LW
UHVRUWV WR D QRQFRKHUHQW VLJQDOLQJ PHWKRG� &RGHG 0�DU\
)6. LV WKH QRQFRKHUHQW PHWKRG RI FKRLFH� 6LJQDO SDUDP�
HWHUV� VXFK DV WKH JXDUG LQWHUYDOV DUH VHOHFWHG EDVHG RQ
WKH PHDVXUHPHQW RI WKH PXOWLSDWK DQG 'RSSOHU VSUHDG�
&RKHUHQW PHWKRGV XVH 36. RU 4$0 PRGXODWLRQ� $Q
HTXDOL]HU LV RIWHQ QHHGHG WR VXSSUHVV WKH ,6, WKDW DULVHV
LQ VKDOORZ ZDWHU FKDQQHOV DW KLJKHU GDWD UDWHV� 6LJQDOLQJ
UDWH 5  � 7 LV GHWHUPLQHG WR SURYLGH D ORZ QRUPDO�
L]HG 'RSSOHU VSUHDG� H�J�� %G7  ��b�� 7KH PHDVXUHG
PXOWLSDWK VSUHDG LV WKHQ XVHG WR GHWHUPLQH WKH HTXDOL]HU
VL]H�
7KH SHUIRUPDQFH RI FRKHUHQW VLJQDOLQJ LV OLPLWHG E\ WKH

DYDLODEOH 615 DQG WKH QDWXUH RI ,6,� 7R SURYLGH UHOLDEOH
VLJQDOV IRU VXEVHTXHQW GHFRGLQJ� D ')( RSHUDWLQJ RQ D
WHVW FKDQQHO ZDV VKRZQ WR UHTXLUH DW OHDVW �� G% RI LQSXW
615� 6LPXODWLRQ� DV ZHOO DV DQDO\WLFDO UHVXOWV� DOVR VKRZ
WKDW WKH HTXDOL]HU SHUIRUPDQFH LPSURYHV ZLWK LQFUHDVLQJ
V\PERO UDWH� 7KH SHUIRUPDQFH RI QRQFRKHUHQW PHWKRGV
ZDV LQYHVWLJDWHG DQDO\WLFDOO\� 7KHVH UHVXOWV VKRZ WKDW IRU
WKH VDPH SHUIRUPDQFH� FRKHUHQW 36. UHTXLUHV D KLJKHU
615 SHU ELW WKDQ 0)6.� 7KH UHDVRQ IRU WKLV LV WKDW WKH
0)6. VLJQDO KDV KLJKHU GLYHUVLW\�

5() (5(1 & (6

>�@ 6�6DPSHL� ?$SSOLFDWLRQV RI 'LJLWDO :LUHOHVV
7HFKQRORJLHV WR *OREDO :LUHOHVV &RPPXQLFD�
WLRQV�� 3UHQWLFH +DOO� �����

>�@ *�$\HOD� 0�1LFRW DQG ;�/XUWRQ� ?1HZ LQQR�
YDWLYH PXOWLPRGXODWLRQ DFRXVWLF FRPPXQLFDWLRQ
V\VWHP�� LQ 3URF� 2FHDQV
��� SS���������

>�@ $�5LFH DQG 9�0F'RQDOG� ?$GDSWLYH PRGXODWLRQ
IRU XQGHUVHD DFRXVWLF WHOHPHWU\�� LQ 6HD 7HFKQRO�
RJ\� 0D\ ���

>�@ :�-DNHV� 0LFURZDYH 0RELOH &RPPXQLFDWLRQV�
,((( 3UHVV� �����

>�@ 3�'HQW� *�%RWWRPOH\ DQG 7�&URIW� ?-DNHV IDGLQJ
PRGHO UHYLVLWHG�� ,(( (OHFWURQLF /HWWHUV� -XQH
����� SS�����������

>�@ -�*�3URDNLV� 'LJLWDO &RPPXQLFDWLRQV� 1HZ
<RUN� 0F�*UDZ +LOO� �����
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