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$EVWU DFW

,Q ����� D JURXS RI UHVHDUFKHUV IURP )UDQFH SUH�
VHQWHG D QHZ FODVV RI HUURU FRUUHFWLRQ FRGHV DQG DQ
DVVRFLDWHG LWHUDWLYH GHFRGLQJ WHFKQLTXH� 7KHVH FRGHV�
WHUPHG ?WXUER FRGHV�� ZHUH VKRZQ WR DFKLHYH SHUIRU�
PDQFH ZLWKLQ ��� GHFLEHOV RI WKH 6KDQQRQ FDSDFLW\
OLPLW� 7KLV FRQVWLWXWHG D VLJQLpFDQW JDLQ LQ SRZHU
HrFLHQF\ RYHU RWKHU FRGLQJ WHFKQLTXHV NQRZQ DW WKH
WLPH� ,Q WKLV SDSHU� DQ RYHUYLHZ RI WKH WXUER HQFRGLQJ
DQG GHFRGLQJ SURFHVV LV SUHVHQWHG� ,PSOHPHQWDWLRQ
LVVXHV DUH GLVFXVVHG� LQFOXGLQJ DQ RYHUYLHZ RI WKH IDF�
WRUV WKDW LQqXHQFH WXUER FRGH SHUIRUPDQFH� )LQDOO\�
H[WHQVLRQV RI WKH WXUER GHFRGLQJ DOJRULWKP WR RWKHU
SUREOHPV LQ FRPPXQLFDWLRQV DUH SUHVHQWHG�

� , QWU RGXFWLRQ

7XUER FRGHV DUH D QHZ FODVV RI HUURU FRUUHFWLRQ
FRGHV WKDW ZHUH LQWURGXFHG DORQJ ZLWK D SUDFWLFDO
GHFRGLQJ DOJRULWKP LQ >�@� 7KH LPSRUWDQFH RI WXUER
FRGHV LV WKDW WKH\ HQDEOH UHOLDEOH FRPPXQLFDWLRQV
ZLWK SRZHU HrFLHQFLHV FORVH WR WKH WKHRUHWLFDO OLPLW
SUHGLFWHG E\ &ODXGH 6KDQQRQ LQ >�@� 6LQFH WKHLU
LQWURGXFWLRQ� WXUER FRGHV KDYH EHHQ SURSRVHG IRU ORZ�
SRZHU DSSOLFDWLRQV VXFK DV GHHS�VSDFH DQG VDWHOOLWH
FRPPXQLFDWLRQV� DV ZHOO DV IRU LQWHUIHUHQFH OLPLWHG
DSSOLFDWLRQV VXFK DV WKLUG JHQHUDWLRQ FHOOXODU DQG
SHUVRQDO FRPPXQLFDWLRQ VHUYLFHV� 7XUER FRGHV KDYH
EHHQ D ?KRW WRSLF� LQ WKH OLWHUDWXUH RYHU WKH SDVW
pYH \HDUV� \HW WKHUH LV D UHODWLYH ODFN RI EDVLF SDSHUV
VHUYLQJ DV D VWDUWLQJ SRLQW IRU SHRSOH LQWHUHVWHG LQ WKLV
WRSLF�� 7KLV SDSHU DWWHPSWV WR VHUYH DV DQ LQIRUPDO
WXWRULDO LQWURGXFWLRQ IRU WKRVH LQWHUHVWHG LQ OHDUQLQJ
DERXW WXUER FRGHV� DQG DV D VXUYH\ RI VRPH RI WKH
LPSRUWDQW LVVXHV UHODWHG WR WXUER FRGHV�
7KLV SDSHU EHJLQV ZLWK D UHYLHZ RI WKH FRQFHSW RI

FKDQQHO FDSDFLW\ LQ RUGHU WR LOOXVWUDWH WKH PLQLPXP
WKHRUHWLFDO VLJQDO�WR�QRLVH UDWLR UHTXLUHG IRU FRPPX�
QLFDWLRQV ZLWK DUELWUDU\ UHOLDELOLW\� 1H[W� D UHYLHZ

� + RZ HY HU � JRRG WX WRU LDO LQ WU RG X FWLRQ V FDQ E H IRX Q G LQ >�@�
>�@� DQ G >�@�

RI FRQYROXWLRQDO FRGHV� ZKLFK IRUP WKH IRXQGDWLRQ
RI WXUER FRGHV� LV SUHVHQWHG� $ GHVFULSWLRQ RI WKH
WXUER�HQFRGLQJ SURFHVV LV SUHVHQWHG� IROORZHG E\ D
GLVFXVVLRQ RI ZK\ WXUER FRGHV SHUIRUP VR ZHOO� 1H[W�
WKH DOJRULWKP XVHG WR GHFRGH WXUER FRGHV LV H[SRVHG�
)LQDOO\� D GLVFXVVLRQ RI RWKHU DSSOLFDWLRQV RI WKH WXUER
GHFRGLQJ DOJRULWKP LV SUHVHQWHG�

� &KDQQHO &DSDFLW\

7KH FDSDFLW\ RI D FKDQQHO� ZKLFK ZDV pUVW LQWURGXFHG
�� \HDUV DJR E\ &ODXGH 6KDQQRQ >�@� LV WKH WKHRUHWLFDO
PD[LPXP GDWD UDWH WKDW FDQ EH VXSSRUWHG E\ WKH
FKDQQHO ZLWK YDQLVKLQJ HUURU SUREDELOLW\� ,Q WKLV
GLVFXVVLRQ� ZH UHVWULFW RXU DWWHQWLRQ WR WKH DGGLWLYH
ZKLWH *DXVVLDQ QRLVH �$:*1� FKDQQHO
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+HUH� [ LV D PRGXODWHG V\PERO PRGHOHG E\ D UDQGRP
SURFHVV ZLWK ]HUR PHDQ DQG YDULDQFH (V �(V LV WKH
HQHUJ\ SHU V\PERO�� )RU WKH VSHFLpF FDVH RI DQWLSRGDO
VLJQDOLQJ�� [  hS

(V� ] LV D VDPSOH IURP DQ DGGLWLYH
ZKLWH *DXVVLDQ QRLVH SURFHVV ZLWK ]HUR PHDQ DQG
YDULDQFH 1R �� 7KH FDSDFLW\ RI WKH $:*1 FKDQQHO
LV JLYHQ E\
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ELWV SHU FKDQQHO XVH�
6LJQDOLQJ DW UDWHV FORVH WR FDSDFLW\ LV DFKLHYHG

LQ SUDFWLFH E\ HUURU FRUUHFWLRQ FRGLQJ� $Q HUURU
FRUUHFWLRQ FRGH PDSV GDWD VHTXHQFHV RI N ELWV WR
FRGH ZRUGV RI Q V\PEROV� %HFDXVH Q ! N� WKH FRGH
ZRUG FRQWDLQV VWUXFWXUHG UHGXQGDQF\� 7KH FRGH UDWH�
U  N Q LV D PHDVXUH RI WKH VSHFWUDO HrFLHQF\ RI WKH
FRGH� ,Q RUGHU WR DFKLHYH UHOLDEOH FRPPXQLFDWLRQV�
WKH FRGH UDWH FDQQRW H[FHHG WKH FKDQQHO FDSDFLW\
�U x &�� 7KH PLQLPXP WKHRUHWLFDO VLJQDO WR QRLVH
UDWLR� (E 1R UHTXLUHG WR DFKLHYH DUELWUDULO\ UHOLDEOH

� % LQ DU \ S K DVH VK LIW N H\ LQ J �% 3 6 .� LV D W\ S H RI DQ WLS RG DO
VLJQ DOLQ J�
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)LJXUH �� 7KHRUHWLFDO PLQLPXP (E 1R UHTXLUHG WR
DFKLHYH FKDQQHO FDSDFLW\ IRU FRGH UDWH U LQ $:*1�

FRPPXQLFDWLRQV� FDQ EH IRXQG E\ UHDUUDQJLQJ HTXD�
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7KLV LV WKH PLQLPXP (E 1R UHTXLUHG IRU DQ\ DUELWUDU\
GLVWULEXWLRQ IRU WKH LQSXW [� (TXDWLRQ ��� FDQ EH
VDWLVpHG ZLWK HTXDOLW\ RQO\ LI WKH LQSXW LV *DXVVLDQ
GLVWULEXWHG� ,I WKH LQSXW LV DQWLSRGDO LQVWHDG RI
*DXVVLDQ� VOLJKWO\ KLJKHU (E 1R LV UHTXLUHG� 3ORWV
RI WKH PLQLPXP (E 1R UHTXLUHG WR DFKLHYH FKDQQHO
FDSDFLW\ DV D IXQFWLRQ RI FRGH UDWH U DUH JLYHQ LQ
)LJXUH � IRU ERWK *DXVVLDQ GLVWULEXWHG LQSXWV DQG
DQWLSRGDO LQSXWV�

6KDQQRQ
V SURRI RI WKH &KDQQHO &RGLQJ 7KHRUHP�

XVHG D UDQGRP FRGLQJ DUJXPHQW� +H VKRZHG WKDW
LI RQH VHOHFWV D UDWH U � & FRGH DW UDQGRP� WKHQ
WKH ELW HUURU SUREDELOLW\ DSSURDFKHV ]HUR DV WKH EORFN
OHQJWK Q RI WKH FRGH DSSURDFKHV LQpQLW\ � +RZHYHU�
UDQGRP FRGHV DUH QRW SUDFWLFDOO\ IHDVLEOH� ,Q RUGHU
WR EH DEOH WR HQFRGH DQG GHFRGH ZLWK UHDVRQDEOH
FRPSOH[LW\� FRGHV PXVW SRVVHVV VRPH VRUW RI VWUXFWXUH�
8QIRUWXQDWHO\� VWUXFWXUHG FRGHV SHUIRUP FRQVLGHUDEO\
ZRUVH WKDQ UDQGRP FRGHV� 7KLV LV WKH EDVLV RI WKH
FRGLQJ SDUDGR[�
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)LJXUH �� ([DPSOH UDWH U  � � FRQYROXWLRQDO
HQFRGHU ZLWK FRQVWUDLQW OHQJWK .  ��

$OPRVW DOO FRGHV DUH JRRG� H[FHSW WKRVH ZH
FDQ WKLQN RI�

-� :ROIRZLW]

$V ZLOO EHFRPH DSSDUHQW LQ WKH IROORZLQJ VHFWLRQV�
WKH UHDVRQ WKDW WXUER FRGHV SHUIRUP VR ZHOO LV WKDW
WKH\ DWWDFN WKH FRGLQJ SDUDGR[ KHDG RQ� 2Q WKH
RQH KDQG� WKH\ KDYH VWUXFWXUH DQG WKHUHIRUH FDQ EH
HrFLHQWO\ HQFRGHG DQG GHFRGHG� %XW RQ WKH RWKHU
KDQG WKH\ DSSHDU WR EH UDQGRP DQG WKXV HPXODWH
WKH JRRG SHUIRUPDQFH RI UDQGRP FRGHV�

� &RQYROXWLRQDO &RGHV

%HIRUH WKH LQWURGXFWLRQ RI WXUER FRGHV� SRZHU HrFLHQW
FRPPXQLFDWLRQV ZDV DFKLHYHG E\ HLWKHU D VWURQJ
FRQYROXWLRQDO FRGH RU WKH VHULDO FRQFDWHQDWLRQ RI D
FRQYROXWLRQDO FRGH ZLWK D EORFN FRGH�� $ FRQYROX�
WLRQDO FRGH DGGV UHGXQGDQF\ WR D FRQWLQXRXV VWUHDP
RI LQSXW GDWD E\ XVLQJ D OLQHDU VKLIW UHJLVWHU� )RU D
UDWH U  N Q FRQYROXWLRQDO HQFRGHU� HDFK VHW RI Q
RXWSXW V\PEROV LV D OLQHDU FRPELQDWLRQ RI WKH FXUUHQW
VHW RI N LQSXW ELWV DQG P ELWV VWRUHG LQ WKH VKLIW
UHJLVWHU� 7KH WRWDO QXPEHU RI ELWV WKDW HDFK RXWSXW
GHSHQGV RQ LV FDOOHG WKH FRQVWUDLQW OHQJWK� DQG LV
GHQRWHG E\ .� $Q H[DPSOH FRQYROXWLRQDO HQFRGHU
LV VKRZQ LQ )LJXUH �� 7KH UDWH RI WKLV FRGH LV U  � �
DQG WKH FRQVWUDLQW OHQJWK LV .  ��

$ FRQYROXWLRQDO FRGH FDQ EH PDGH V\VWHPDWLF�

ZLWKRXW DoHFWLQJ LWV PLQLPXP GLVWDQFH SURSHUWLHV E\
IHHGLQJ EDFN RQH RI WKH RXWSXWV WR WKH LQSXW� 6XFK D
FRGH LV FDOOHG D 5HFXUVLYH 6\VWHPDWLF &RQYROXWLRQDO
�56&� FRGH� DQG LV WKH EDVLF EXLOGLQJ EORFN IRU WXUER
FRGHV� $Q H[DPSOH 56& HQFRGHU GHULYHG IURP WKH
QRQV\VWHPDWLF HQFRGH RI )LJXUH � LV VKRZQ LQ )LJXUH
��

�)RU H[ DP S OH� WK H ,6 ��� & '0$ FHOOX ODU VWDQ G DU G X VHV D
FRQ VWU DLQ W OHQ JWK .  � FRQ Y ROX WLRQ DO FRG H� Z K LOH WK H G HHS
VS DFH FRP P X Q LFDWLRQ VWDQ G DU G X VHV D FRQ VWU DLQ W OHQ JWK .  �
FRQ Y ROX WLRQ DO FRG H FRQ FDWHQ DWHG Z LWK D 5HHG 6 RORP RQ FRG H�

� $ V\ VWHP DWLF FRG H LV RQ H IRU Z K LFK HDFK Q V\ P E RO FRG H
Z RU G FRQ WDLQ V WK H N G DWD E LWV� 7 K H U HP DLQ LQ J Q b N E LWV DU H
FDOOHG SDU LW \ ELW V�
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)LJXUH �� ([DPSOH UHFXUVLYH V\VWHPDWLF FRQYROXWLRQDO
�56&� HQFRGHU�

7KH GHFRGHU IRU D FRQYROXWLRQDO FRGH pQGV WKH
PRVW SUREDEOH VHTXHQFH RI GDWD ELWV AP JLYHQ WKH
UHFHLYHG VHTXHQFH \
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ZKHUH \ LV WKH VHW RI FRGH V\PEROV [ REVHUYHG
WKURXJK QRLVH� (TXDWLRQ ��� FDQ EH VROYHG XVLQJ
WKH 9LWHUEL DOJRULWKP�� LQ ZKLFK FDVH WKH VROXWLRQ
LV WHUPHG WKH ?PD[LPDO OLNHOLKRRG� RU 0/ VROXWLRQ�
7KH FRPSOH[LW\ RI WKH 9LWHUEL DOJRULWKP ZKHQ XVHG
WR GHFRGH FRQYROXWLRQDO FRGHV LV 2��.��

� 7 XU ER &RGHV� ( QFRGLQJ

$ WXUER FRGH LV WKH SDUDOOHO FRQFDWHQDWLRQ RI WZR 56&
FRGHV VHSDUDWHG E\ DQ LQWHUOHDYHU� $Q H[DPSOH WXUER
HQFRGHU LV VKRZQ LQ )LJXUH �� +HUH� WKH WZR HQFRGHUV
DUH LGHQWLFDO UDWH � � 56& HQFRGHUV� 7KH XSSHU
HQFRGHU UHFHLYHV WKH GDWD GLUHFWO\� ZKLOH WKH ORZHU
HQFRGHU UHFHLYHV WKH GDWD DIWHU LW KDV EHHQ LQWHUOHDYHG
E\ D SHUPXWDWLRQ IXQFWLRQ o� 7KH LQWHUOHDYHU o LV
LQ JHQHUDO D SVHXGR�UDQGRP LQWHUOHDYHU _ WKDW LV LW
PDSV ELWV LQ SRVLWLRQ L WR SRVLWLRQ o�L� DFFRUGLQJ WR
D SUHVFULEHG� EXW UDQGRPO\ JHQHUDWHG UXOH� 7KH LQ�
WHUOHDYHU RSHUDWHV LQ D EORFNZLVH IDVKLRQ� LQWHUOHDYLQJ
/ ELWV DW D WLPH� DQG WKXV WXUER FRGHV DUH DFWXDOO\
EORFN FRGHV� 6LQFH ERWK HQFRGHUV DUH V\VWHPDWLF DQG
UHFHLYH WKH VDPH VHW RI GDWD �DOWKRXJK LQ SHUPXWHG
RUGHU�� RQO\ RQH RI WKH V\VWHPDWLF RXWSXWV QHHGV WR
EH VHQW� %\ FRQYHQWLRQ� WKH V\VWHPDWLF RXWSXW RI
WKH WRS HQFRGHU LV VHQW ZKLOH WKH V\VWHPDWLF RXWSXW
RI WKH ORZHU HQFRGHU LV QRW WUDQVPLWWHG� +RZHYHU�
WKH SDULW\ RXWSXWV RI ERWK HQFRGHUV DUH WUDQVPLWWHG�
7KH RYHUDOO FRGH UDWH RI D WXUER FRGH FRPSRVHG IURP
WKH SDUDOOHO FRQFDWHQDWLRQ RI WZR UDWH � � V\VWHPDWLF
FRGHV LV U  � �� 7KLV FRGH UDWH FDQ EH PDGH KLJKHU

� 7 K H 9 LWHU E L DOJRU LWK P JRHV E H\ RQ G WK H VFRS H RI WK LV S DS HU �
E X W DQ H[ FHOOHQ W WX WRU LDO FDQ E H IRX Q G LQ >�@�
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)LJXUH �� ([DPSOH WXUER HQFRGHU�

E\ SXQFWXULQJ�� 7KH FRGH UDWH RI D WXUER FRGH LV
W\SLFDOO\ LQFUHDVHG WR U  � � E\ RQO\ WUDQVPLWWLQJ
WKH RGG LQGH[HG SDULW\ ELWV IURP WKH XSSHU HQFRGHU
DQG WKH HYHQ LQGH[HG SDULW\ ELWV IURP WKH ORZHU
HQFRGHU �DORQJ ZLWK DOO WKH V\VWHPDWLF ELWV IURP WKH
WRS HQFRGHU��

� 7 XU ER &RGHV� 'HFRGLQJ

$V ZLWK FRQYROXWLRQDO FRGHV� DQ 0/ VROXWLRQ FDQ
EH REWDLQHG E\ XVLQJ (TXDWLRQ ��� DQG WKH 9LWHUEL
DOJRULWKP� +RZHYHU� GXH WR WKH SUHVHQFH RI WKH
LQWHUOHDYHU� WKH FRPSOH[LW\ RI 9LWHUEL DOJRULWKP ZKHQ
XVHG WR GHFRGH WXUER FRGHV LV 2��/�� ZKHUH / LV WKH
VL]H RI WKH GDWD IUDPH �DQG LQWHUOHDYHU�� 'XH WR WKH
SURKLELWLYH FRPSOH[LW\ RI WKH 0/ VROXWLRQ WR GHFRGLQJ
WXUER FRGHV� ZH VHHN D UHGXFHG FRPSOH[LW\� DOEHLW
VXERSWLPDO� VROXWLRQ� ,Q SDUWLFXODU� D JRRG HVWLPDWH
RI WKH GDWD FDQ EH IRXQG E\ VROYLQJ WKH IROORZLQJ
V\VWHP RI HTXDWLRQV�
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ZKHUH \��� LV WKH REVHUYHG V\VWHPDWLF ELWV� \��� LV WKH
REVHUYHG SDULW\ ELWV IURP HQFRGHU RQH� DQG \��� LV WKH
REVHUYHG SDULW\ ELWV IURP HQFRGHU WZR� $ WLOGH RYHU D
YDULDEOH UHSUHVHQWV LWV LQWHUOHDYHG YDOXH� L�H� a\ LV WKH
LQWHUOHDYHG YHUVLRQ RI \� e LV WKH D SRVWHULRUL /RJ�
OLNHOLKRRG UDWLR �//5�� DQG ] LV WKH VR�FDOOHG H[WULQVLF

� 3 X Q FWX U LQ J LV WK H S U RFHVV RI G HOHWLQ J �L�H� Q RW WU DQ VP LWWLQ J�
D VX E VHW RI WK H S DU LW\ E LWV�
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)LJXUH �� 7XUER GHFRGHU
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7KH V\VWHP RI (TXDWLRQV ��� WR ��� FDQ EH VROYHG
LWHUDWLYHO\ XVLQJ WKH VWUXFWXUH VKRZQ LQ )LJXUH ��
+HUH 'HFRGHU 2QH GHWHUPLQHV WKH VROXWLRQ WR ���
DQG 'HFRGHU 7ZR GHWHUPLQHV WKH VROXWLRQ WR ����
(DFK GHFRGHU SDVVHV LQIRUPDWLRQ WR WKH RWKHU GHFRGHU�
ZKLFK LQ WXUQ UHpQHV WKH HVWLPDWHG D SRVWHULRUL
SUREDELOLWLHV XVLQJ LQIRUPDWLRQ GHULYHG E\ WKH RWKHU
GHFRGHU� 7KH pQDO HVWLPDWH RI WKH GDWD LV REWDLQHG
E\ KDUG OLPLWLQJ WKH RXWSXW RI RQH RI WKH GHFRGHUV
�E\ FRQYHQWLRQ WKH VHFRQG GHFRGHU
V RXWSXW LV XVHG�
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7XUER FRGHV JHW WKHLU QDPH IURP WKH IHHGEDFN
VWUXFWXUH RI )LJXUH � DQG LWV DQDORJ\ WR D WXUER
HQJLQH� ,Q IDFW� WKHUH LV QRWKLQJ ?WXUER� DERXW WXUER
FRGHV� UDWKHU WKH WXUER HoHFW FRPHV IURP WKH GHFRGHU
LPSOHPHQWDWLRQ�
7KH D SRVWHULRUL //5
V RI ��� DQG ��� DUH FRPSXWHG

XVLQJ D GHULYDWLRQ RI WKH V\PERO�E\�V\PERO PD[LPXP
D SRVWHULRUL �0$3� DOJRULWKP RI >�@� $OWKRXJK WKH
DOJRULWKP RI >�@ FDQ EH XVHG GLUHFWO\ WR FRPSXWH WKH
//5
V� WKH DOJRULWKP LV FRPSXWDWLRQDOO\ FRPSOH[ DQG
VHQVLWLYH WR pQLWH�SUHFLVLRQ QXPHULFDO UHSUHVHQWDWLRQV�
7KHVH SUREOHPV DUH DOOHYLDWHG E\ SHUIRUPLQJ WKH
DOJRULWKP LQ WKH ORJ�DULWKPHWLF GRPDLQ� DV SUHVHQWHG
LQ >�@ DQG >�@� 7KH UHVXOWLQJ DOJRULWKP LV WHUPHG WKH
/RJ�0$3 DOJRULWKP� 7KH DOJRULWKP FRQVLVWV RI WZR
LQVWDQFHV RI WKH 9LWHUEL DOJRULWKP _ RQH SHUIRUPLQJ
D IRUZDUG UHFXUVLRQ DQG WKH RWKHU SHUIRUPLQJ D
EDFNZDUGV UHFXUVLRQ� 7KXV WKH FRPSOH[LW\ RI WKH /RJ�
0$3 DOJRULWKP LV WZLFH WKDW RI WKH 9LWHUEL DOJRULWKP�
7KH GHWDLOV RI WKH ORJ�0$3 DOJRULWKP JR EH\RQG WKH
VFRSH RI WKLV SDSHU� DOWKRXJK D WKRURXJK H[SODQDWLRQ
FDQ EH IRXQG LQ >��@�
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)LJXUH �� 3HUIRUPDQFH RI WXUER FRGH ZLWK U  � ��
.  �� /  ��� ��� IRU YDULRXV QXPEHUV RI GHFRGHU
LWHUDWLRQV�

7KH VLPXODWHG SHUIRUPDQFH RI D WXUER FRGH ZLWK
%36. PRGXODWLRQ LV VKRZQ LQ )LJXUH �� 7KLV LV
WKH UDWH U  � � WXUER FRGH FUHDWHG E\ WKH SDUDOOHO
FRQFDWHQDWLRQ RI WZR .  � 56& HQFRGHUV WKDW ZDV
RULJLQDOO\ UHSRUWHG LQ >�@� 7KH LQWHUOHDYHU VL]H RI WKLV
FRGH LV /  ��� ��� ELWV� 7KH SHUIRUPDQFH DIWHU
YDULRXV QXPEHUV RI GHFRGHU LWHUDWLRQV LV VKRZQ _
QRWH WKDW SHUIRUPDQFH LPSURYHV DV WKH QXPEHU RI
GHFRGHU LWHUDWLRQ LQFUHDVHV� $IWHU �� LWHUDWLRQV D ELW
HUURU UDWH RI ��b� LV UHDFKHG DW MXVW VOLJKWO\ EHORZ ���
G%� &RPSDULQJ WKLV WR )LJXUH �� ZH VHH WKDW WKH SHU�
IRUPDQFH LV ZLWKLQ ��� G% RI WKH XQFRQVWUDLQHG�LQSXW
FKDQQHO FDSDFLW\ OLPLW� RU ZLWKLQ ��� G% RI FDSDFLW\
ZKHQ WKH LQSXW LV FRQVWUDLQHG WR EH DQWLSRGDO��� $OVR
QRWH WKH SUHVHQFH RI DQ HUURU qRRU�� DV WKH VLJQDO�
WR�QRLVH UDWLR LQFUHDVHV� 7KLV SKHQRPHQRQ ZLOO EH
GLVFXVVHG PRUH LQ WKH QH[W VHFWLRQ�

� 7 XU ER &RGHV� 3 HU IRU PDQFH
)DFWRU V

7KHUH DUH PDQ\ IDFWRUV WKDW DoHFW WKH SHUIRUPDQFH
RI WXUER FRGHV� 7KH PRVW LQqXHQWLDO SDUDPHWHU LV
WKH LQWHUOHDYHU VL]H� $V WKH IUDPH�LQWHUOHDYHU VL]H
LQFUHDVHV� SHUIRUPDQFH LPSURYHV� ,Q )LJXUH �� WKH

�� 6 LQ FH % 3 6 . P RG X ODWLRQ LV DVVX P HG � WK H LQ S X W LV LQ G HHG
DQ WLS RG DO�
�� 7 K LV LV Q RW D WU X H HU U RU q RRU � U DWK HU LW LV D VHY HU H VK DOORZ LQ J

RI WK H % ( 5 FX U Y H�
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)LJXUH �� 3HUIRUPDQFH RI WXUER FRGH ZLWK U  
� �� .  �� DQG �� GHFRGHU LWHUDWLRQV IRU YDULRXV
LQWHUOHDYHU VL]HV�

SHUIRUPDQFH RI WKH U  � �� .  � WXUER FRGH
LV VKRZQ IRU YDULRXV LQWHUOHDYHU VL]HV� 1RWH WKDW DV
WKH LQWHUOHDYHU JHWV VPDOOHU� SHUIRUPDQFH GHJUDGHV�
7KLV ZRXOG LPSO\ WKDW RQH ZRXOG VHOHFW WKH ODUJHVW
SRVVLEOH LQWHUOHDYHU VL]H� +RZHYHU� DV WKH LQWHUOHDYHU
VL]H LQFUHDVHV VR GRHV GHFRGHU ODWHQF\� VLQFH WKH HQWLUH
FRGH ZRUG PXVW EH UHFHLYHG EHIRUH GHFRGLQJ FDQ EH
FRPSOHWHG� 7KXV WXUER FRGHV SRVVHVV DQ LQKHUHQW
WUDGHRo EHWZHHQ SHUIRUPDQFH DQG ODWHQF\� ,Q >��@�
LW LV VKRZQ WKDW WKLV WUDGHRo FDQ EH H[SORLWHG IRU
ZLUHOHVV PXOWLPHGLD FRPPXQLFDWLRQ V\VWHPV�

$QRWKHU SDUDPHWHU DoHFWLQJ SHUIRUPDQFH LV WKH
RYHUDOO FRGH UDWH� -XVW OLNH RWKHU FRGHV� SHUIRUPDQFH
LPSURYHV DV WKH FRGH UDWH EHFRPHV ORZHU� :KHQ
FRGH UDWHV KLJKHU WKDQ � � DUH XVHG� WKHQ WKH SDU�
WLFXODU SXQFWXULQJ SDWWHUQ WKDW LV XVHG LPSDFWV WKH
SHUIRUPDQFH� /LNH FRQYROXWLRQDO FRGHV� WKH FRQVWUDLQW
OHQJWK DOVR LQqXHQFHV SHUIRUPDQFH� +RZHYHU� WKH
LPSDFW WKDW FRQVWUDLQW OHQJWK KDV RQ SHUIRUPDQFH
LV ZHDN� DQG WKXV RQO\ WKH VKRUW FRQVWUDLQW OHQJWKV
RI . �� �� RU � DUH FRQVLGHUHG IRU SUDFWLFDO WXUER
FRGHV� 7KH LQWHUOHDYHU GHVLJQ SOD\V D VLJQLpFDQW UROH
LQ WKH SHUIRUPDQFH RI D WXUER FRGH� SDUWLFXODUO\ IRU
KLJKHU VLJQDO�WR�QRLVH UDWLRV� ,Q JHQHUDO� D UDQGRPO\
FKRVHQ LQWHUOHDYHU GHVLJQ ZLOO JLYH JRRG SHUIRUPDQFH�
ZKLOH KLJKO\ VWUXFWXUHG LQWHUOHDYHUV VXFK DV WKH ?EORFN
LQWHUOHDYHU� VKRXOG EH DYRLGHG�

7KH FKRLFH RI GHFRGLQJ DOJRULWKP DQG QXPEHU RI
GHFRGHU LWHUDWLRQV DOVR LQqXHQFHV SHUIRUPDQFH� $V
FDQ EH VHHQ LQ )LJXUH �� SHUIRUPDQFH LPSURYHV DV WKH

QXPEHU RI LWHUDWLRQV LQFUHDVHV� 7KLV LPSURYHPHQW
IROORZV D ODZ RI GLPLQLVKLQJ UHWXUQV� $OVR� WKH
QXPEHU RI LWHUDWLRQV UHTXLUHG LV D IXQFWLRQ RI WKH
LQWHUOHDYHUV VL]H _ ELJJHU LQWHUOHDYHUV UHTXLUH PRUH
LWHUDWLRQV� )RU H[DPSOH� D WXUER FRGH ZLWK DQ
LQWHUOHDYHU VL]H RI ������ ELWV RQO\ QHHGV DERXW �
LWHUDWLRQV RI GHFRGLQJ LQ SUDFWLFH� 7KH TXHVWLRQ RI
ZKHWKHU RU QRW WKH LWHUDWLYH GHFRGLQJ WHFKQLTXH XVHG
E\ WXUER FRGHV FRQYHUJHV WR WKH 0/ VROXWLRQ LV VWLOO
DQ RSHQ HQGHG TXHVWLRQ�
:KLOH WXUER FRGHV RoHU H[WUDRUGLQDU\ SHUIRU�

PDQFH IRU ELW HUURU UDWHV GRZQ WR DERXW ��b�� WKH
SHUIRUPDQFH IRU YHU\ VPDOO ELW HUURU UDWHV LV QRW YHU\
LPSUHVVLYH� 1RWH WKH ELW HUURU qRRUV WKDW DSSHDU IRU
ORZ ELW HUURU UDWHV LQ )LJXUHV � DQG �� )RU KLJK
VLJQDO�WR�QRLVH UDWLRV� LW PD\ LQ IDFW EH EHWWHU WR
XVH D FRQYROXWLRQDO FRGH� 7KLV SKHQRPHQRQ FDQ EH
H[SODLQHG LQ WHUPV RI WKH +DPPLQJ GLVWDQFH VSHFWUXP
RI WXUER FRGHV� )RU KLJK VLJQDO�WR�QRLVH UDWLRV� WKH
SHUIRUPDQFH RI D FRGH LV DSSUR[LPDWHG E\ LWV IUHH
GLVWDQFH DV\PSWRWH >�@

3E  ZHII4

�U
GIUHH

�U(E

1R

�
� ����

ZKHUH GIUHH LV WKH IUHH GLVWDQFH�� RI WKH FRGH� DQG
ZHII LV WKH HoHFWLYH PXOWLSOLFLW\ RI FRGH ZRUGV RI
ZHLJKW GIUHH� 7KH VORSH RI WKH IUHH GLVWDQFH DV\PS�
WRWH LV GHWHUPLQHG E\ WKH DUJXPHQW RI WKH 4 IXQFWLRQ�
DQG WKXV E\ WKH IUHH GLVWDQFH� %LW HUURU SHUIRUPDQFH
FDQ EH LPSURYHG LQ WZR ZD\V� ��� %\ LQFUHDVLQJ
WKH IUHH GLVWDQFH� DQG WKXV PDNLQJ WKH DV\PSWRWH
VWHHSHU� RU ��� 'HFUHDVLQJ WKH HoHFWLYH PXOWLSOLFLW\�
WKHUHE\ ORZHULQJ WKH HQWLUH %(5 FXUYH� 7KH GHVLJQ
RI FRQYROXWLRQDO FRGHV IRFXVHV RQ PD[LPL]LQJ IUHH
GLVWDQFH� EXW WKH GHVLJQ RI WXUER FRGHV IRFXVHV RQ
PLQLPL]LQJ WKH HoHFWLYH PXOWLSOLFLW\�

7KH FRQVWUDLQW OHQJWK .  �� FRQYROXWLRQDO
FRGH�� KDV GIUHH RI ��� ZKLOH IRU WKH .  �
WXUER FRGH� GIUHH LV RQO\ �� 7KXV WKH IUHH GLVWDQFH
DV\PSWRWH RI WKH FRQYROXWLRQDO FRGH LV PXFK VWHHSHU
WKDQ WKH IUHH GLVWDQFH DV\PSWRWH RI WKH WXUER FRGH�
+RZHYHU� ZHII RI WKH FRQYROXWLRQDO FRGH LV ��� ZKLOH
ZHII IRU WKH WXUER FRGH LV RQO\ � 1 � )RU 1  
��� ��� WKLV WUDQVODWHV WR ZHII } ������ DQG WKXV WKH
FRHrFLHQW RI WKH WXUER FRGH
V IUHH GLVWDQFH DV\PSWRWH
LV PXFK ORZHU WKDQ WKH FRQYROXWLRQDO FRGH
V�

7KH QXPEHU RI IUHH GLVWDQFH FRGH ZRUGV LQ D WXUER
FRGH LV YHU\ VPDOO GXH WR WKH FRPELQDWLRQ RI SVHXGR�
UDQGRP LQWHUOHDYLQJ� UHFXUVLYH HQFRGLQJ� DQG SDUDOOHO
FRGH FRQFDWHQDWLRQ� 'XH WR WKHLU UHFXUVLYH QDWXUH�

�� 7 K H IU HH G LVWDQ FH LV WK H P LQ LP X P + DP P LQ J Z HLJK W RI
DOO Q RQ �]HU R FRG H Z RU G V� 7 K H + DP P LQ J Z HLJK W LV IRX Q G E \
FRX Q WLQ J WK H Q X P E HU RI RQ HV LQ WK H FRG H Z RU G �
�� 7 K H .  �� Z DV FK RVHQ IRU FRP S DU LVRQ S X U S RVHV E HFDX VH

LWV G HFRG HU K DV U RX JK O\ WK H VDP H FRP S OH[ LW\ DV WK H .  �
WX U E R FRG H Z LWK �� LWHU DWLRQ V�
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Convolutional Code        
CC free distance asymptote
Turbo Code                
TC free distance asymptote

)LJXUH �� 3HUIRUPDQFH WZR U  � � FRGHV RI FRPSD�
UDEOH FRPSOH[LW\� ��� 7XUER FRGH ZLWK .  � DQG
/  ��� ���� ��� &RQYROXWLRQDO FRGH ZLWK .  ���

WKH LPSXOVH UHVSRQVH RI 56& HQFRGHUV LV LQpQLWH�
7KXV� PRVW LQSXW VHTXHQFHV FDXVH ODUJH ZHLJKW RXWSXW
VHTXHQFHV� +RZHYHU WKHUH DUH D IHZ LQSXW VHTXHQFHV
WKDW FDXVH VPDOO ZHLJKW RXWSXWV� %XW EHFDXVH RI
LQWHUOHDYLQJ� WKH WZR 56& HQFRGHUV LQ D WXUER FRGH
GR QRW UHFHLYH WKHLU LQSXWV LQ WKH VDPH RUGHU� 7KXV
WKH SUREDELOLW\ WKDW ERWK HQFRGHUV SURGXFH VPDOO
ZHLJKW RXWSXWV LV YHU\ VPDOO� DFFRXQWLQJ IRU WKH VPDOO
HoHFWLYH PXOWLSOLFLW\� )RU PRUH LQIRUPDWLRQ DERXW WKH
SHUIRUPDQFH RI WXUER FRGHV� SOHDVH UHYLHZ WKH ZRUN
RI %HQHGHWWR >��@� >��@�
7KH IUHH GLVWDQFH DV\PSWRWHV DUH VKRZQ LQ )LJXUH

�� 1RWH WKDW IRU %(5 RI ��b�� WKH WXUER FRGH LV DERXW
� GHFLEHOV PRUH SRZHU HrFLHQW WKDQ WKH FRQYROXWLRQDO
FRGH� +RZHYHU� DW D %(5 RI ��b� WKH DV\PSWRWHV
RI WKH WXUER FRGH DQG FRQYROXWLRQDO FRGH LQWHUVHFW�
LPSO\LQJ WKDW IRU VLJQDO�WR�QRLVH UDWLRV JUHDWHU WKDQ
DERXW � G% WKH WXUER FRGH ZRXOG DFWXDOO\ SHUIRUP
ZRUVH WKDQ WKH FRQYROXWLRQDO FRGH� 5HFHQW ZRUN KDV
VKRZQ WKDW ZLWK VHULDOO\ FRQFDWHQDWHG WXUER FRGHV�
WKH ELW HUURU qRRU GLVDSSHDUV >��@�

� 2WKHU $SSOLFDWLRQV RI , WHU D�
WLYH 3 U RFHVVLQJ

0RGHUQ FRPPXQLFDWLRQ UHFHLYHUV W\SLFDOO\ FRQVLVW RI
D FDVFDGH RI VLJQDO SURFHVVLQJ LQWHQVLYH VXEV\VWHPV�
HDFK RSWLPL]HG WR SHUIRUP D VLQJOH WDVN� ([DPSOHV
RI VXEV\VWHPV LQFOXGH DGDSWLYH DQWHQQDV� HTXDOL]HUV�

PXOWLXVHU GHWHFWRUV� DQG FKDQQHO GHFRGHUV� ,Q D ?FRQ�
YHQWLRQDO� UHFHLYHU� WKH LQWHUIDFH EHWZHHQ VXEV\VWHPV
LQYROYHV WKH SDVVLQJ RI ELWV� RU KDUG�GHFLVLRQV� GRZQ
WKH VWDJHV RI WKH FKDLQ� :KHQHYHU KDUG�GHFLVLRQV DUH
PDGH� LQIRUPDWLRQ LV ORVW DQG EHFRPHV XQDYDLODEOH
WR VXEVHTXHQW VWDJHV� $GGLWLRQDOO\� VWDJHV DW WKH
EHJLQQLQJ RI WKH SURFHVVLQJ FKDLQ GR QRW EHQHpW IURP
LQIRUPDWLRQ GHULYHG E\ VWDJHV IXUWKHU GRZQ WKH FKDLQ�
7KH LQWHUIDFH EHWZHHQ VWDJHV FDQ EH JUHDWO\ LPSURYHG
E\ XVLQJ WKH VDPH VWUDWHJ\ XVHG WR GHFRGH WXUER
FRGHV� ,Q >��@ WKH WHUP ?WXUER SURFHVVLQJ� ZDV FRLQHG
WR GHVFULEH WKH JHQHUDO VWUDWHJ\ RI LWHUDWLYH IHHGEDFN
GHFRGLQJ RU GHWHFWLRQ�
:LWK WXUER SURFHVVLQJ� HDFK VXEV\VWHP LV LP�

SOHPHQWHG ZLWK D 6RIW�,QSXW� 6RIW�2XWSXW �6,62�
DOJRULWKP� VXFK DV ORJ�0$3� 6RIW�GHFLVLRQ YDOXHV�
W\SLFDOO\ LQ WKH IRUP RI ORJ�OLNHOLKRRG UDWLRV� DUH
SDVVHG GRZQ WKH FKDLQ DQG UHpQHG E\ VXEVHTXHQW
VWDJHV� 7KH VRIW�RXWSXW RI WKH pQDO VWDJH LV WKHQ
IHG EDFN WR WKH pUVW VWDJH DQG D VHFRQG LWHUDWLRQ
RI SURFHVVLQJ LV LQLWLDWHG� 6HYHUDO LWHUDWLRQV RI
WXUER SURFHVVLQJ FDQ EH H[HFXWHG� DOWKRXJK DV ZLWK
WXUER FRGHV� D ODZ RI GLPLQLVKLQJ UHWXUQV OLPLWV WKH
PD[LPXP SURFHVVLQJ JDLQ� 7XUER SURFHVVLQJ FDQ
EH XVHG WR FRPELQH FKDQQHO GHFRGLQJ ZLWK VRXUFH
GHFRGLQJ >��@� V\PERO GHWHFWLRQ >��@� HTXDOL]DWLRQ
>��@� RU PXOWLXVHU GHWHFWLRQ >��@�
$Q LQWHUHVWLQJ H[DPSOH RI WXUER SURFHVVLQJ LV

?WXUER HTXDOL]DWLRQ�� ZKLFK LV D PHWKRG RI FRPELQLQJ
HTXDOL]DWLRQ ZLWK FKDQQHO GHFRGLQJ >��@� $Q HTXDOL]HU
LV D VLJQDO SURFHVVLQJ VXEV\VWHP WKDW FRPSHQVDWHV
IRU WKH LQWHUV\PERO LQWHUIHUHQFH �,6,� FUHDWHG E\
IUHTXHQF\ VHOHFWLYH FKDQQHOV� $ IUHTXHQF\ VHOHFWLYH
FKDQQHO FDQ EH GHVFULEHG DV D UDWH U  � FRQYROXWLRQDO
FRGH GHpQHG RYHU WKH pHOG RI UHDO QXPEHUV� )ROORZLQJ
WKLV DQDORJ\� WKH RSWLPDO GHFRGLQJ DOJRULWKP LV D
IRUP RI WKH 9LWHUEL DOJRULWKP NQRZQ DV WKH 0D[LPXP
/LNHOLKRRG 6HTXHQFH (VWLPDWRU �0/6(� >��@� 7KXV
WKH FRPELQDWLRQ RI D FRQYROXWLRQDO FKDQQHO FRGH ZLWK
D IUHTXHQF\ VHOHFWLYH FKDQQHO FDQ EH YLHZHG DV D VHULDO
FRQFDWHQDWLRQ RI WZR FRQYROXWLRQDO FRGHV� ZKLFK FDQ
EH GHFRGHG ZLWK D WXUER GHFRGHU�
7KH QRWLRQ RI ?WXUER HTXDOL]DWLRQ� FDQ EH PRGL�

pHG IRU XVH ZLWK FRGHG PXOWLSOH DFFHVV FKDQQHOV� ,Q
D PXOWLSOH DFFHVV FKDQQHO� VHYHUDO XVHUV WUDQVPLW DW
WKH VDPH WLPH DQG IUHTXHQF\� 7KH PXOWLSOLFLW\ RI
XVHUV JLYHV ULVH WR PXOWLSOH DFFHVV LQWHUIHUHQFH �0$,��
ZKLFK FDQ EH GHVFULEHG DV D IRUP RI WLPH YDU\LQJ
LQWHUV\PERO LQWHUIHUHQFH� 7KXV WKH PXOWLSOH DFFHVV
FKDQQHO FDQ EH YLHZHG DV D UDWH U  � FRQYROXWLRQDO
FRGH ZLWK WLPH YDU\LQJ FRHrFLHQWV WDNHQ RYHU WKH
pHOG RI UHDO QXPEHUV� ,Q NHHSLQJ ZLWK WKH DQDORJ\�
WKH RSWLPDO GHFRGHU LV LPSOHPHQWHG XVLQJ WKH 9LWHUEL
DOJRULWKP DQG LV FDOOHG WKH RSWLPDO PXOWLXVHU GHWHFWRU
�08'� >��@� 7KH FRPELQDWLRQ RI FRQYROXWLRQDO FKDQ�
QHO FRGLQJ DQG PXOWLSOH DFFHVV FKDQQHO LV DQDORJRXV
WR WKH VHULDO FRQFDWHQDWLRQ RI WZR FRQYROXWLRQDO FRGHV�



DQG LV VXLWDEOH IRU WXUER GHFRGLQJ� )RU H[DPSOHV RI
WXUER PXOWLXVHU GHWHFWLRQ� VHH >��@� >��@�

� 6XPPDU \

7XUER FRGHV UHSUHVHQW DQ LPSRUWDQW DGYDQFHPHQW LQ
WKH DUHD RI SRZHU HrFLHQW FRPPXQLFDWLRQV� 7KH
H[WUDRUGLQDU\ SHUIRUPDQFH RI WXUER FRGHV LV GXH WR
WKH FRPELQDWLRQ RI SDUDOOHO FRQFDWHQDWHG FRGLQJ� UH�
FXUVLYH HQFRGHUV� SVHXGR�UDQGRP LQWHUOHDYLQJ� DQG DQ
LWHUDWLYH GHFRGHU VWUXFWXUH� +RZHYHU� WKH VPDOO IUHH
GLVWDQFH RI WXUER FRGHV OLPLWV WKH XVHIXOQHVV RI WXUER
FRGHV WR ELW HUURU SUREDELOLWLHV LQ WKH UDQJH RI ��b� WR
��b�� $OVR� WXUER FRGHG V\VWHPV W\SLFDOO\ H[SHULHQFH
VLJQLpFDQW ODWHQF\ GXH WR LQWHUOHDYLQJ DQG LQWHUDWLYH
GHFRGLQJ� 7KH LWHUDWLYH GHFRGLQJ WHFKQLTXH XVHG E\
WXUER FRGHV FDQ DOVR EH DSSOLHG WR RWKHU SUREOHPV LQ
FRPPXQLFDWLRQV VXFK DV MRLQW HTXDOL]DWLRQ�GHFRGLQJ
DQG MRLQW PXOWLXVHU�GHWHFWLRQ�GHFRGLQJ�
)RU PRUH LQIRUPDWLRQ DERXW WXUER FRGHV DQG

LWHUDWLYH SURFHVVLQJ� VHH WKH IROORZLQJ ZHE SDJH�

KWWS���ZZZ�HH�YW�HGX�YDOHQWL�WXUER�KWPO

5HIHU HQFHV

>�@ &� %HUURX� $� *ODYLHX[� DQG 3� 7KLWLPDVMVKLPD�
?1HDU 6KDQQRQ OLPLW HUURU�FRUUHFWLQJ FRGLQJ DQG
GHFRGLQJ� 7XUER�FRGHV����� LQ 3URF�� ,(((
,QW� &RQI� RQ &RPPXQ�� �*HQHYD� 6ZLW]HUODQG��
SS� ����^����� 0D\ �����

>�@ &� (� 6KDQQRQ� ?$ PDWKHPDWLFDO WKHRU\ RI FRP�
PXQLFDWLRQ�� %HOO 6\V� 7HFK� -�� YRO� ��� SS� ���^
��� DQG ���^���� �����

>�@ -� +DJHQDXHU� ?7KH WXUER SULQFLSOH� 7XWRULDO
LQWURGXFWLRQ DQG VWDWH RI WKH DUW�� LQ 3URF��
,QW� 6\PS� RQ 7XUER &RGHV DQG 5HODWHG 7RSLFV�
�%UHVW� )UDQFH�� SS� �^��� 6HSW� �����

>�@ /� &� 3HUH]� ?7XUER FRGHV�� LQ 7UHOOLV &RGLQJ
�&� 6FKOHJHO� HG��� FK� �� SS� ���^���� 1HZ <RUN�
1<� ,((( 3UHVV� �����

>�@ %� 6NODU� ?$ SULPHU RQ WXUER FRGH FRQFHSWV��
,((( &RPPXQ� 0DJD]LQH� YRO� ��� SS� ��^����
'HF� �����

>�@ *� '� )RUQH\� ?7KH 9LWHUEL DOJRULWKP�� 3URF�
,(((� YRO� ��� SS� ���^���� 0DU� �����

>�@ /� 5� %DKO� -� &RFNH� )� -HLQHN� DQG -� 5DYLY�
?2SWLPDO GHFRGLQJ RI OLQHDU FRGHV IRU PLQLPL]LQJ
V\PERO HUURU UDWH�� ,((( 7UDQV� ,QIRUP� 7KH�
RU\� YRO� ��� SS� ���^���� 0DU� �����

>�@ 3� 5REHUWVRQ� 3� +RHKHU� DQG (� 9LOOHEUXQ�
?2SWLPDO DQG VXE�RSWLPDO PD[LPXP D SRVWHULRUL
DOJRULWKPV VXLWDEOH IRU WXUER GHFRGLQJ�� (XUR�
SHDQ 7UDQV� RQ 7HOHFRPPXQ�� YRO� �� SS� ���^
���� 0DU��$SU� �����

>�@ $� -� 9LWHUEL� ?$Q LQWXLWLYH MXVWLpFDWLRQ DQG D
VLPSOLpHG LPSOHPHWDWLRQ RI WKH 0$3 GHFRGHU
IRU FRQYROXWLRQDO FRGHV�� ,((( -� 6HOHFW� $UHDV
&RPPXQ�� YRO� ��� SS� ���^���� )HE� �����

>��@ 0� &� 9DOHQWL� ?,WHUDWLYH GHWHFWLRQ DQG GHFRG�
LQJ IRU ZLUHOHVV FRPPXQLFDWLRQV�� SUHOLP UHSRUW�
9LUJLQLD 7HFK� %ODFNVEXUJ� 9LUJLQLD� 6HSWHPEHU
�����

>��@ 0� &� 9DOHQWL DQG %� '� :RHUQHU� ?9DULDEOH
ODWHQF\ WXUER FRGHV IRU ZLUHOHVV PXOWLPHGLD DS�
SOLFDWLRQV�� LQ 3URF�� ,QW� 6\PS� RQ 7XUER &RGHV
DQG 5HODWHG 7RSLFV� �%UHVW� )UDQFH�� SS� ���^
���� 6HSW� �����

>��@ 6� %HQHGHWWR DQG *� 0RQWRUVL� ?8QYHLOLQJ WXUER
FRGHV� 6RPH UHVXOWV RQ SDUDOOHO FRQFDWHQDWHG
FRGLQJ VFKHPHV�� ,((( 7UDQV� ,QIRUP� 7KHRU\�
YRO� ��� SS� ���^���� 0DU� �����

>��@ 6� %HQHGHWWR DQG *� 0RQWRUVL� ?'HVLJQ RI SDU�
DOOHO FRQFDWHQDWHG FRQYROXWLRQDO FRGHV�� ,(((
7UDQV� &RPPXQ�� YRO� ��� SS� ���^���� 0D\
�����

>��@ 6� %HQHGHWWR� '� 'LYVDODU� *� 0RQWRUVL� DQG
)� 3ROODUD� ?6HULDO FRQFDWHQDWLRQ RI LQWHUOHDYHG
FRGHV� 3HUIRUPDQFH DQDO\VLV� GHVLJQ DQG LWHUD�
WLYH GHFRGLQJ�� LQ 3URF�� ,((( ,QW� 6\PS� RQ
,QIRUP� 7KHRU\� �8OP *HUPDQ\�� S� ���� -XQH
�����

>��@ -� /RGJH DQG 0� *HUWVPDQ� ?-RLQW GHWHFWLRQ
DQG GHFRGLQJ E\ WXUER SURFHVVLQJ IRU IDGLQJ
FKDQQHO FRPPXQLFDWLRQV�� LQ 3URF�� ,QW� 6\PS�
RQ 7XUER &RGHV DQG 5HODWHG 7RSLFV� �%UHVW�
)UDQFH�� SS� ��^��� 6HSW� �����

>��@ -� +DJHQDXHU� ?6RXUFH�FRQWUROOHG FKDQQHO GHFRG�
LQJ�� ,((( 7UDQV� &RPPXQ�� YRO� ��� SS� ����^
����� 6HS� �����

>��@ &� 'RXLOODUG� 0� -H]HTXHO� &� %HUURX� $� 3L�
FDUW� 3� 'LGLHU� DQG $� *ODYLHX[� ?,WHUDWLYH
FRUUHFWLRQ RI LQWHUV\PERO LQWHUIHUHQFH� 7XUER�
HTXDOL]DWLRQ�� (XURSHDQ 7UDQV� RQ 7HOHFRPPXQ��
YRO� �� SS� ���^���� 6HSW��2FW� �����

>��@ 0� &� 9DOHQWL DQG %� '� :RHUQHU� ?,WHUDWLYH PXO�
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