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$ 1HXUDO 1HWZRUN 0RGHO IRU &$' DQG

2SWLPL]DWLRQ RI 0LFURZDYH )LOWHUV

3� %XUUDVFDQR \� 0� 'LRQLJL� &� )DQFHOOL� 0� 0RQJLDUGR

,VWLWXWR GL (OHWWURQLFD

\,VWLWXWR GL (QHUJHWLFD

9LD *� 'XUDQWL� ��� ������ 3HUXJLD� ,WDO\�

$EVWUDFW_ ,PSURYHPHQW RI WKH SHUIRUPDQFH�FRVW UD�
WLR IRU PRGHUQ PLFURZDYH nOWHUV UHTXLUHV PDQXIDFWXULQJ�
RULHQWHG GHVLJQ� KHQFH DFFRPPRGDWLQJ IXOO�ZDYH WROHU�
DQFH DQDO\VHV DQG \LHOG RSWLPL]DWLRQ ZKLFK DUH YHU\
FRPSXWHU�LQVHQVLYH�
7KH XVH RI QHXUDO QHWZRUNV IRU UHGXFLQJ WKH GHVLJQ HmRUW
RI PLFURZDYH nOWHUV� DOWKRXJK VWLOO LQ LWV LQIDQF\� VHHPV
WR SURYLGH D UDWKHU SURPLVLQJ RSWLRQ� 2QFH SURSHUO\ VH�
OHFWHG DQG WUDLQHG� QHXUDO QHWZRUNV FDQ DSSUR[LPDWH WKH
nOWHU UHVSRQVH DW D YHU\ PRGHVW IUDFWLRQ RI WKH FRPSXWHU
UHVRXUFHV XVHG E\ WKH IXOO�ZDYH ULJRURXV PRGHO� KHQFH HQ�
DEOLQJ V\VWHPDWLF DSSOLFDWLRQ RI PDQXIDFWXULQJ�RULHQWHG
GHVLJQ�
,Q WKLV FRQWULEXWLRQ ZH SUHVHQW WKH VROXWLRQ RI WKH PDMRU
LPSRUWDQW FKRLFHV UHODWHG WR WKH HmHFWLYH VHOHFWLRQ RI D
QHXUDO QHWZRUN VXLWDEOH IRU DSSUR[LPDWLQJ WKH EHKDYLRU
RI D W\SLFDO PLFURZDYH nOWHU� )RU LOOXVWUDWLRQ ZH FRQVLGHU
WKH H[DPSOH RI D VWDQGDUG IRXU�SROH (�SODQH PHWDO�LQVHUW
nOWHU RSHUDWLQJ LQ ;�EDQG�

,� ,QWURGXFWLRQ

7
+( FXUUHQW WUHQG LQ WKH GHVLJQ RI PLFURZDYH nOWHUV
LV WR DFKLHYH WKH JRDO RI \LHOG RSWLPL]DWLRQ� L�H� WR

PD[LPL]H WKH QXPEHU RI nOWHUV ZKLFK VDWLVI\ D GHnQHG
DFFHSWDQFH FULWHULD ZLWK UHVSHFW WR WKH WRWDO QXPEHU RI
nOWHUV SURGXFHG� 7KLV PHDQV WKDW WKH GHVLJQHU KDV WR
RSWLPL]H QRW RQO\ WKH ?LGHDO� nOWHU� L�H� WKH RQH ZLWK WKH
WKHRUHWLFDO JHRPHWULFDO GLPHQVLRQV� EXW WKH RSWLPL]D�
WLRQ LV WR EH FDUULHG RXW FRQVLGHULQJ DQ HQWLUH VWDWLVWLF
RI WKH SRVVLEOH RXWSXWV RI D JLYHQ PDQXIDFWXULQJ SURFHVV�
1HHGOHVV WR VD\� \LHOG RSWLPL]DWLRQ UHTXLUHV D FRQVLGHU�
DEOH HmRUW DQG LV RQO\ IHDVLEOH DW D FRPSXWHU OHYHO�

'HSHQGLQJ RQ WKH VHOHFWHG LPSOHPHQWDWLRQ� nOWHUV
PD\ EH UHDOL]HG RQ GLmHUHQW ZDYHJXLGLQJ VWUXFWXUHV�
PLFURVWULS OLQHV� FRSODQDU ZDYHJXLGHV� VORWOLQHV� KROORZ
PHWDOOLF ZDYHJXLGHV� GLHOHFWULF ZDYHJXLGHV DQG VHYHUDO
RWKHU W\SHV RI WUDQVPLVVLRQ OLQHV >�� &KDS� �@� 0RUH�
RYHU� D nOWHU PD\ SUHVHQW D UDWKHU VLPSOH JHRPHWU\� RU
LW PD\ UHTXLUH WKH XVH RI WXQLQJ VFUHZV RU RWKHU GHYLFHV
ZKLFK PDNH WKH VWUXFWXUH D IDLUO\ FRPSOH[ RQH� $V D
UHVXOW HOHFWURPDJQHWLF WRROV DUH QHFHVVDU\ IRU WKH (0
ULJRURXV nOWHU DQDO\VLV�

8QIRUWXQDWHO\� WR SHUIRUP \LHOG RSWLPL]DWLRQ E\ XV�
LQJ HOHFWURPDJQHWLF SDFNDJHV VXFK DV )(0 RU )'7'

GRHV QRW DSSHDU IHDVLEOH DQG HYHQ ZKHQ XVLQJ YHU\ HI�
nFLHQW PRGDO DQDO\VLV LW KDV EHHQ IRXQG FRQYHQLHQW WR
HPSOR\ VRSKLVWLFDWHG WHFKQLTXHV� OLNH WKH DGMRLQW QHW�
ZRUN PHWKRG >�@� >�@� LQ RUGHU WR H[SHGLWH FRPSXWDWLRQV�
5HFHQWO\� WKH LQWURGXFWLRQ RI 6SDFH 0DSSLQJ KDV DOOHYL�
DWHG WKH SUREOHP >�@�

+RZHYHU� HYHQ VSDFH PDSSLQJ VWLOO PDNHV XVH RI
FRPSXWHU�LQWHQVLYH (0 IXOO�ZDYH VLPXODWRUV� %XW HV�
VHQWLDOO\� ZKDW ZH UHDOO\ QHHG LV D WRRO ZKLFK UHODWHV WKH
JHRPHWULFDO GLPHQVLRQV �LQSXW� WR WKH nOWHU IUHTXHQF\ UH�
VSRQVH �RXWSXW�� $ QHXUDO QHWZRUN VHHPV WR EH DQ LGHDO
FDQGLGDWH IRU VXFK D WDVN� ,Q IDFW� LW KDV EHHQ VKRZQ
WKDW DIWHU SURSHU WUDLQLQJ� D QHXUDO PRGHO FDQ GHnQH
DQ\ QRQOLQHDU PDSSLQJ EHWZHHQ DQ LQSXW DQG DQ RXW�
SXW YHFWRU VSDFHV� ,Q RXU DSSOLFDWLRQ ZH FDQ DVVRFLDWH
WKH JHRPHWULFDO GLPHQVLRQV �LQSXW� WR WKH nOWHU UHVSRQVH
�RXWSXW� ZLWK D YHU\ PRGHVW QXPHULFDO HmRUW� ,Q RUGHU
WR REWDLQ VXFK D UHVXOW D SURSHU PRGHO IRU WKH QHXUDO
QHWZRUN KDV WR EH VHOHFWHG� SRVVLEO\ WDLORUHG RQ WKH SDU�
WLFXODU FRPSRQHQW WKDW ZH DUH PRGHOLQJ �L�H� WKH nOWHU��

3UHYLRXV LQYHVWLJDWLRQV DQG DSSOLFDWLRQV RI QHXUDO QHW�
ZRUNV IRU PLFURZDYH DSSOLFDWLRQV KDYH QRW FRQVLGHUHG LQ
GHWDLO nOWHUV H[DPSOHV >�@� 7KH VSHFLnFLW\ RI WKH nOWHU
UHVSRQVH FDOOV IRU DQ DSSURSULDWH QHXUDO QHWZRUN DUFKL�
WHFWXUH� WKH LQGLYLGXDWLRQ RI VXFK D QHWZRUN� DQG LWV
EHKDYLRU� LV WKH WRSLF RI WKH SUHVHQW ZRUN�

,,� 1HXUDO QHWZRUNV� D EULHI GHVFULSWLRQ

1HXUDO QHWZRUNV FDQ KHOS WR IXUWKHU WKH XQGHUVWDQG�
LQJ RI EUDLQ IXQFWLRQV� HQJLQHHUV DUH� KRZHYHU� PRVWO\
LQWHUHVWHG LQ XQGHUVWDQGLQJ KRZ QHXUDO QHWZRUNV FRP�
SDUH ZLWK GLmHUHQW SURFHVVLQJ WHFKQLTXHV IRU SUREOHP
VROYLQJ� 1HXUDO QHWZRUNV� EHFDXVH RI WKHLU PDVVLYHO\
SDUDOOHO VWUXFWXUH� FDQ SHUIRUP FRPSXWDWLRQV DW D YHU\
KLJK UDWH LI LPSOHPHQWHG RQ D GHGLFDWHG KDUGZDUH� EH�
FDXVH RI WKHLU DGDSWLYH QDWXUH� WKH\ FDQ OHDUQ WKH FKDU�
DFWHULVWLFV RI LQSXW VLJQDOV DQG DGDSW WR FKDQJHV LQ WKH
GDWD� EHFDXVH RI WKHLU QRQ OLQHDU QDWXUH WKH\ FDQ SHU�
IRUP IXQFWLRQDO DSSUR[LPDWLRQ DQG VLJQDO nOWHULQJ RSHU�
DWLRQV ZKLFK DUH EH\RQG RSWLPDO OLQHDU WHFKQLTXHV� 7KLV

ODWWHU DVSHFW ZDV WKH VWDUWLQJ SRLQW IRU WKH SUHVHQW ZRUN�
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RXU REMHFWLYH LV WR GHnQH DQ DSSUR[LPDWRU RI WKH QRQ OLQ�

HDU IXQFWLRQDO EHWZHHQ WKH JHRPHWULFDO GLPHQVLRQV RI WKH

ZDYHJXLGH nOWHU FRQVLGHUHG DQG LWV IUHTXHQF\ UHVSRQVH LQ

WKH QHLJKERUKRRG RI WKH SRLQW REWDLQHG IURP WKH GLUHFW

DSSOLFDWLRQ RI D V\QWKHVLV SURFHGXUH� 7KH DELOLW\ RI QHX�
UDO QHWZRUNV WR GHnQH QRQ OLQHDU PRGHOV LV H[SHFWHG WR
\LHOG DQ DFFXUDWH PRGHO LQ D G\QDPLF UDQJH RI WKH JH�
RPHWULF SDUDPHWHUV ZLGHU WKDQ WKH RQH DOORZHG E\ WKH
XVXDO OLQHDU PHWKRGV�

$� )HHGIRUZDUG OD\HUHG QHWZRUNV DQG HUURU EDFN SURSD�

JDWLRQ

7\SLFDOO\ IHHGIRUZDUG OD\HUHG QHWZRUNV FRQVLVW RI D VHW
RI VRXUFH QRGHV ZKLFK FRQVWLWXWH WKH LQSXW OD\HU� RQH RU
PRUH KLGGHQ OD\HUV RI FRPSXWDWLRQ QRGHV DQG DQ RXW�
SXW OD\HU RI FRPSXWDWLRQ QRGHV� (DFK SURFHVVLQJ QRGH
�QHXURQ� SHUIRUPV D VXP RI WKH VLJQDO FRPSRQHQWV DW
LWV LQSXW� WKLV VXP LV WKXV IHG LQWR D EORFN SHUIRUPLQJ D
GLmHUHQWLDEOH QRQ OLQHDU SURFHVVLQJ �XVXDOO\ D VLJPRLGDO
ORJLVWLF IXQFWLRQ� RI WKH W\SH

I�Y�  
�

� � H[S�bY�
���

7KH LQSXW VLJQDO SURSDJDWHV WKURXJK WKH QHWZRUN LQ D
IRUZDUG GLUHFWLRQ� RQ D OD\HU�E\�OD\HU EDVLV� 7KHVH QHW�
ZRUNV DUH XVXDOO\ UHIHUUHG WR DV PXOWLOD\HU SHUFHSWURQV
�0/3V�� 7KH SURFHVVLQJ WDVN WR EH SHUIRUPHG LV GH�
VFULEHG E\ D VHW RI LQSXW�RXWSXW GDWD �WKH WUDLQLQJ VHW��
WKH QHWZRUN LV VSHFLDOL]HG WR VROYH WKLV WDVN E\ PRGL�
I\LQJ LWV SDUDPHWHUV E\ PHDQV RI DQ LWHUDWLYH RSWLPL]D�
WLRQ SURFHGXUH �WKH OHDUQLQJ SURFHGXUH�� WKH HUURU EDFN
SURSDJDWLRQ� GHVFULEHG LQ >�@� LV D KLJKO\ SRSXODU OHDUQ�
LQJ DOJRULWKP� ,W EDVLFDOO\ FRQVLVWV� DW HDFK LWHUDWLRQ� RI
WZR SDVVHV WKURXJK WKH GLmHUHQW OD\HUV RI WKH QHWZRUN� D
IRUZDUG SDVV DQG D EDFNZDUG SDVV� ,Q WKH IRUZDUG SDVV
DQ LQSXW SDWWHUQ LV DSSOLHG WR WKH LQSXW QRGHV DQG LWV HI�
IHFW SURSDJDWHV WKURXJK WKH OD\HUV RI WKH QHWZRUN� D VHW
RI RXWSXWV LV SURGXFHG �WKH DFWXDO UHVSRQVH RI WKH QHW�
ZRUN DW WKDW VWDJH�� 7KH DFWXDO UHVSRQVH LV VXEWUDFWHG
IURP WKH GHVLUHG �WDUJHW� UHVSRQVH WR SURGXFH DQ HUURU
VLJQDO ZKLFK LV SURSDJDWHG EDFNZDUG WKURXJK WKH QHW�
ZRUN �WKH EDFNZDUG SDVV�� ,Q WKLV SKDVH WKH SDUDPHWHUV
RI WKH QHWZRUN DUH DGMXVWHG IROORZLQJ D JUDGLHQW GHVFHQW
SURFHGXUH�

,,,� )XQFWLRQ DSSUR[LPDWLRQ E\ OHDUQLQJ

$SSUR[LPDWLRQ WKHRU\ GHDOV ZLWK WKH SUREOHP RI DS�
SUR[LPDWLQJ RU LQWHUSRODWLQJ D FRQWLQXRXV� PXOWLYDUL�
DWH IXQFWLRQ I�[� E\ DQ DSSUR[LPDWLQJ IXQFWLRQ ) �Z� [�
KDYLQJ D n[HG QXPEHU RI SDUDPHWHUV Z EHORQJLQJ WR
VRPH VHW 3 � )RU D FKRLFH RI D VSHFLnF ) � WKH SUREOHP
LV WKHQ WR nQG WKH VHW RI SDUDPHWHUV : WKDW SURYLGHV
WKH EHVW SRVVLEOH DSSUR[LPDWLRQ IRU I RQ WKH VHW RI WKH
DYDLODEOH ?H[DPSOHV� �OHDUQLQJ VWHS�� ,W LV IXQGDPHQWDO

WR FKRRVH DQ DSSUR[LPDWLQJ IXQFWLRQ ) WKDW FDQ UHSUH�
VHQW I DV ZHOO DV SRVVLEOH� 7KH SUREOHP RI OHDUQLQJ D
PDSSLQJ EHWZHHQ DQ LQSXW DQ RXWSXW VSDFH LV HTXLYD�
OHQW WR WKH SUREOHP RI HVWLPDWLQJ WKH V\VWHP WKDW WUDQV�
IRUPV LQSXWV LQWR RXWSXWV JLYHQ D VHW RI H[DPSOHV RI
LQSXW�RXWSXW SDLUV �VXSHUYLVHG OHDUQLQJ��

7KH SUREOHP RI DSSUR[LPDWLQJ D IXQFWLRQ RI VHYHUDO
YDULDEOHV E\ 0/3V KDV EHHQ VWXGLHG E\ PDQ\ DXWKRUV�
>�@� >�@� FODLP WKDW D WKUHH OD\HU IHHGIRUZDUG OD\HUHG QHW�
ZRUNV ZLWK VLJPRLG XQLWV LQ WKH KLGGHQ OD\HU FDQ DSSUR[�
LPDWH FRQWLQXRXV RU RWKHU NLQGV RI IXQFWLRQV GHnQHG RQ
FRPSDFW VHWV LQ5Q� 7KHLU UHVXOWV FDQ EH VXPPDUL]HG DV
IROORZV �XQLYHUVDO DSSUR[LPDWLRQ WKHRUHP�� /HW ���� EH
D QRQ FRQVWDQW� ERXQGHG DQG PRQRWRQH�LQFUHDVLQJ FRQ�

WLQXRXV IXQFWLRQ� /HW CS GHQRWH WKH S�GLPHQVLRQDO XQLW

K\SHU FXEH >�� �@S� 7KH VSDFH RI FRQWLQXRXV IXQFWLRQV

RQ CS LV GHQRWHG E\ &�CS�� 7KHQ� JLYHQ DQ\ IXQFWLRQ

I � &�CS� DQG q ! �� WKHUH H[LVW DQ LQWHJHU 0 DQG VHWV

RI UHDO FRQVWDQWV mL� tL� DQG ZLM � ZKHUH L  �� � � � �0
DQG M  �� � � � � S VXFK WKDW ZH PD\ GHnQH

) �[
�
� [
�
� � � � � [S�  

0;
L �

mL�

�
#

S;
M �

ZLM[M b tL

�
$ ���

DV DQ DSSUR[LPDWH UHDOL]DWLRQ RI WKH IXQFWLRQ I���� WKDW
LV

M) �[�� [�� � � � � [S�b I�[�� [�� � � � � [S�M � q ���

IRU DOO I[�� [�� � � � � [SJ � CS� 7KLV WKHRUHP LV GLUHFWO\ DS�
SOLFDEOH WR 0/3V� ZH nUVW QRWH WKDW WKH ORJLVWLF IXQFWLRQ
LV D QRQ FRQVWDQW� ERXQGHG DQG PRQRWRQH�LQFUHDVLQJ
FRQWLQXRXV IXQFWLRQ� LW WKHUHIRUH VDWLVnHV WKH FRQGLWLRQV
LPSRVHG RQ ����� 7KHQ ZH QRWH WKDW ��� UHSUHVHQWV WKH
RXWSXW RI D 0/3 FRQVLVWLQJ RI S LQSXW QRGHV DQG D VLQ�
JOH KLGGHQ OD\HU RI 0 QHXURQV ZLWK WKUHVKROGV tL� DQG
LQSXW�WR�KLGGHQ ZHLJKWV ZLM � WKH RXWSXW QHXURQ LV D OLQ�
HDU RQH DQG WKH KLGGHQ�WR�RXWSXW ZHLJKWV mL GHnQH WKH
FRHpFLHQWV RI WKH FRPELQDWLRQ�

$� 3UDFWLFDO DSSOLFDWLRQ RI WKH XQLYHUVDO DSSUR[LPDWLRQ

WKHRUHP

6HYHUDO IXQGDPHQWDO TXHVWLRQV PXVW EH DGGUHVVHG LQ
RUGHU WR PDNH D SUDFWLFDO XVH RI 03/V DV DSSUR[LPDWRUV�
$ nUVW TXHVWLRQ LV WKH IROORZLQJ� KRZ PDQ\ VDPSOHV DUH
QHHGHG WR DFKLHYH D JLYHQ GHJUHH RI DFFXUDF\" ,W LV ZHOO
NQRZQ WKDW WKH DQVZHU GHSHQGV RQ WKH GLPHQVLRQDOLW\ G
RI WKH GDWD VSDFH DQG RQ WKH GHJUHH RI VPRRWKQHVV S RI
WKH FODVV RI IXQFWLRQV WKDW KDV WR EH DSSUR[LPDWHG >�@�

2WKHU IXQGDPHQWDO TXHVWLRQV DUH UHODWHG WR ERWK WKH
OHDUQLQJ VWUDWHJ\ DQG QHXUDO QHWZRUN WRSRORJLFDO VWUXF�
WXUH� 7KH XQLYHUVDO DSSUR[LPDWLRQ WKHRUHP LV LQIDFW DQ
H[LVWHQFH RQH� LW VWDWHV WKDW D VLQJOH OD\HU QHWZRUN LV
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)LJ� �� *HRPHWU\ RI WKH (�SODQH PHWDO�LQVHUW nOWHU

VXpFLHQW IRU D 0/3 WR FRPSXWH D XQLIRUP H DSSUR[L�

PDWLRQ WR D JLYHQ WUDLQLQJ VHW UHSUHVHQWHG E\ WKH LQSXW

RXWSXW FRXSOHV I[�� [�� � � � � [SJ DQG I�[�� [�� � � � � [S��

7KH SUREOHP RI PRGHO FRPSOH[LW\ VHOHFWLRQ DULVHV LQ

DOO SDUDPHWULF PRGHOLQJ WHFKQLTXHV� LW KDV EHHQ DS�

SURDFKHG LQ WKH WHFKQLFDO OLWHUDWXUH E\ XVLQJ VWDWLVWLFDO

LGHQWLnFDWLRQ SURFHGXUHV� DV IRU LQVWDQFH WKH $,& >��@ RU

WKH 0'/ >��@� LQ WKH VSHFLnF FDVH RI QHXUDO PRGHOV� WKH

XVH RI WKH DERYH FULWHULD� RU WKHLU H[WHQVLRQV� KDV EHHQ

SURSRVHG >��@� >��@� >��@�

,9� $SSOLFDWLRQ� /HDUQLQJ WKH (�SODQH

0HWDO�LQVHUW )LOWHU 1HXUDO 0RGHO

7KH DUWLnFLDO QHXUDO WHFKQLTXH KDV EHHQ DSSOLHG WR WKH

VLPXODWLRQ RI D W\SLFDO ZDYHJXLGH nOWHU ZLWK WKH JRDO

RI REWDLQLQJ D UHOLDEOH� DFFXUDWH� DQG IDVW GHVFULSWLRQ

RI WKH nOWHU HOHFWULFDO UHVSRQVH LQ SUHVHQFH RI WROHUDQFH

HUURUV GXH WR WKH PDQXIDFWXULQJ SURFHVV� )RU VDNH RI

GHnQLWHVV ZH KDYH VHOHFWHG DV DQ H[DPSOH WKH (�SODQH

PHWDO�LQVHUW ZDYHJXLGH nOWHU VKRZQ LQ )LJ� �� 7KH UHO�

DWLYH JHRPHWULFDO SDUDPHWHUV DUH WKH VHSWD OHQJWKV DQG

VSDFLQJ DQG WKH ZDYHJXLGH ZLGWK� UHVXOWLQJ LQ D WRWDO

QXPEHU RI �� JHRPHWULFDO SDUDPHWHUV� WRJHWKHU ZLWK WKH

IUHTXHQF\ EDQG WKH\ UHSUHVHQW WKH LQSXW WR WKH QHXUDO

QHWZRUN� WKH RXWSXW EHLQJ WKH UHWXUQ ORVV� V��� FRPSXWHG

RQ WKH IUHTXHQF\ EDQG RI LQWHUHVW�

7KH GLmHUHQW LQSXW FRPSRQHQWV RI HDFK SDWWHUQ DUH

DVVRFLDWHG WR WKH JHRPHWULFDO GLPHQVLRQV RI WKH nOWHU

XQGHU FRQVLGHUDWLRQ� 7KHLU YDOXHV KDYH EHHQ VFDOHG WR

WKH VDPH G\QDPLFDO UDQJH � ������ LQ RXU H[SHULPHQWV�

WR HQVXUH WKDW WKH QHXUDO PRGHO DVVLJQV WKH VDPH UHO�

HYDQFH WR WKH GLmHUHQW JHRPHWULFDO GLPHQVLRQV� $IWHU

WUDLQLQJ SKDVH� WKH QHXUDO PRGHO DSSUR[LPDWHV WKH UH�

WXUQ ORVV ZLWK UHVSHFW WR LWV WKHRUHWLFDO EHKDYLRXU� :H

GHQRWH WKHVH GHYLDWLRQV DV �DSSUR[LPDWLRQ HUURU�� ,W LV

LQWHUHVWLQJ WR UHSUHVHQW WKLV TXDQWLW\ LQ WKH IUHTXHQF\

EDQG RI LQWHUHVW E\ FRQVLGHULQJ LWV PHDQ DQG VWDQGDUG

GHYLDWLRQ DV REWDLQHG E\ FRQVLGHULQJ D IDLUO\ ODUJH VHW

RI �� nOWHU UHVSRQVHV� $ W\SLFDO UHVSRQVH IRU WKH nOWHU

FRQVLGHUHG LV LOOXVWUDWHG LQ )LJ� �� LW LV DSSDUHQW WKDW WKH

HUURU EHFRPHV IDLUO\ ODUJH DW FHUWDLQ IUHTXHQFLHV� +RZ�

HYHU� LW WXUQV RXW WKDW WKH DSSUR[LPDWLRQ HUURU LV SDUWLF�

XODUO\ VHYHUH MXVW DW WKH QRPLQDO nOWHU UHVRQDQFHV� 7KLV

LV TXLWH QDWXUDO EHFDXVH HYHQ D PRGHVW FKDQJH LQ WKH

JHRPHWULFDO GLPHQVLRQV FDXVHV D VOLJKW VKLIW LQ WKH UHV�

RQDQFH ZKLFK� LQ WXUQ� JHQHUDWHV D VHYHUH HUURU LQ WKH

DFWXDO YDOXH� +RZHYHU� IRU SUDFWLFDO SXUSRVHV WKLV W\SH

RI HUURU LV QRW SDUWLFXODUO\ UHOHYDQW� %DVHG RQ WKLV RE�

VHUYDWLRQ� DIWHU RXU HDUO\ H[SHULPHQWV� ZH PRGLnHG WKH

OHDUQLQJ SURFHGXUH LQ RUGHU WR LPSURYH WKH DSSUR[LPD�

WLRQ DFFXUDF\ LQ WKH UDQJH RI LQWHUHVW� )LJ� � UHIHUV WR WKH

UHVXOWV REWDLQHG LQ WKLV ZD\� QDPHO\� WKH 0/3 LPSOH�

PHQWV D QRQ OLQHDU FRPSUHVVLRQ�GHFRPSUHVVLRQ GXULQJ

WKH WUDLQLQJ SKDVH� 7KH FKRLFH RI QHXUDO PRGHO
V WRSRO�

RJ\ KDV EHHQ SHUIRUPHG E\ XVLQJ WKH $,& SURFHGXUH� DV

SURSRVHG LQ >��@� >��@� 7KH $,& SURFHGXUH� DQG H[DXV�

WLYH H[SHULPHQWV� KDYH VKRZQ WKDW D WRSRORJ\ FRQVLVWLQJ

RI �� QHXURQV LQ WKH KLGGHQ OD\HU ��������� LV FDSDEOH RI

SURYLGLQJ IDLUO\ JRRG UHVXOWV ZLWK D UHODWLYHO\ PRGHVW QX�

PHULFDO HmRUW� 7KH WUDLQLQJ VHW KDV EHHQ GHnQHG E\ DV�

VXPLQJ DV QRPLQDO PDQXIDFWXULQJ WROHUDQFH �� PLFURQV�

DQG ZH KDYH WUDLQHG WKH QHWZRUN ZLWK D WUDLQLQJ VHW

RI �� nOWHU UHVSRQVHV VDPSOHG LQ ��� IUHTXHQF\ SRLQWV�

7KH WUDLQLQJ VHW KDV EHHQ SURGXFHG DV D UDQGRP JDXV�

VLDQ GLVWULEXWLRQ RI nOWHU JHRPHWULFDO SDUDPHWHUV DURXQG

WKH QRPLQDO GHVLJQ ZLWK D VWDQGDUG GHYLDWLRQ RI �� PL�

FURQV� FRQVLGHULQJ LQ VXFK D ZD\ WKH FDVH RI YHU\ ODUJH

PDQXIDFWXULQJ HUURUV� 7KH QXPEHU RI nOWHU FXUYHV FRQ�

VLGHUHG IRU WUDLQLQJ SXUSRVHV KDV EHHQ GHnQHG E\ WDNLQJ

LQWR DFFRXQW WKH QXPEHU RI IUHH SDUDPHWHUV LQ WKH QHXUDO

PRGHO� $ QXPEHU RI �� nOWHU UHVSRQVHV VDPSOHG LQ ���

IUHTXHQF\ SRLQWV� SURYHG WR JLYH D VXpFLHQW GHVFULSWLRQ

RI WKH PDSSLQJ ZKLOH DOORZLQJ D UHDVRQDEOH FRPSXWD�

WLRQDO HmRUW �� KRXU RQ D 3& SHQWLXP ��� 0+]�� $IWHU

WKH OHDUQLQJ SKDVH WKH WUDLQHG QHWZRUN JLYHV LWV UHVSRQVH

LQ D IHZ PLOOLVHFRQGV� DQG DOORZV WR DSSUR[LPDWH DQ\ nO�

WHU UHVSRQVH LQ WKH UDQJH RI JHRPHWULFDO YDOXHV ZH FRQ�

VLGHUHG ��� PLFURQV IRU HDFK GLPHQVLRQ� IRXU WLPHV WKH

QRPLQDO WROHUDQFHV�� 7R JLYH DQ LGHD RI WKH JHQHUDOL]D�

WLRQ DELOLW\ DOORZHG E\ WKH WUDLQHG QHWZRUN� nJ� � DOORZV

D FRPSDULVRQ EHWZHHQ WKH UHVSRQVHV REWDLQHG E\ XVLQJ D

IXOOZDYH DQDO\VLV DQG WKH QHXUDO PRGHO� LW LV ZRUWK QRW�

LQJ WKDW WKHVH nOWHUV ZHUH QRW FRQVLGHUHG LQ WKH WUDLQLQJ

VHW RI WKH QHXUDO PRGHO� ,W LV PRUHRYHU DSSDUHQW WKDW

WKH QHXUDO QHWZRUN UHVSRQVH LV UHOLDEOH DQG DFFXUDWH HYHQ

IRU WKH IUHTXHQF\ SRLQWV FRUUHVSRQGLQJ WR WKH ]HURHV RI

WKH UHoHFWLRQ FRHpFLHQW� 7KH FRPSXWDWLRQDO FRVW DVVR�

FLDWHG WR WKH PRGDO DQDO\VLV SURFHGXUH LV RYHU ��� WLPHV

PRUH H[SHQVLYH WKDW WKH RQH DVVRFLDWHG WR WKH QHXUDO

PRGHO� 7KLV FODULnHV ZK\ WKH XVH RI D QHXUDO PRGHO FDQ

EH SDUWLFXODUO\ ZHOO VXLWHG IRU DQ LQWHQVLYHO\ UHSHWLWLYH

SURFHGXUH�

9� &RQFOXVLRQV

$ QHXUDO PRGHO RI DQ (�SODQH PHWDO LQVHUW nOWHU KDV

EHHQ GHnQHG ZKLFK WDNHV LQWR DFFRXQW PDQXIDFWXULQJ

HUURUV� $ VXLWDEOH SURFHGXUH KDV EHHQ GHnQHG WR VHOHFW

QHXUDO PRGHO
V WRSRORJLFDO FRPSOH[LW\ DQG WKH QXPEHU

0-7803-4471-5/98/$10.00 (c) 1998 IEEE
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)LJ� �� 0DQXIDFWXULQJ HUURUV FKDQJH WKH UHWXUQ ORVV ZLWK UHVSHFW
WR WKH WKHRUHWLFDO RQH� WKHVH GHYLDWLRQV DUH V\QWKHWLFDOO\ UHS�

UHVHQWHG E\ WKH PHDQ DQG UHODWLYH VWDQGDUG GHYLDWLRQ�

RI VDPSOHV UHTXLUHG WR HQVXUH DQ DFFXUDWH GHVFULSWLRQ RI
nOWHU UHVSRQVH� HYHQ LQ WKH SUHVHQFH RI YHU\ ODUJH PDQ�
XIDFWXULQJ HUURUV� 7KH UHVXOWV ZH UHSRUWHG LQ WKH SDSHU
VKRZ WKDW RXU SURFHGXUH PHHWV WKH RULJLQDO UHTXLUHPHQWV
SRVHG E\ PHDQV RI D PRGHO ZKRVH UHFXUVLYH FRPSXWD�
WLRQDO FRVW� DIWHU WKH OHDUQLQJ SKDVH� LV DERXW WZR RUGHUV
RI PDJQLWXGH ORZHU WKDQ WKH RQH DVVRFLDWHG WR D IXOO ZDYH
PRGHO DQDO\VLV� WKLV DVSHFW PDNHV WKH QHXUDO PRGHOOLQJ
DSSUR[LPDWLRQ SURFHGXUH DQ LQWHUHVWLQJ FDQGLGDWH IRU
UHSHWLWLYH RQ OLQH FRQWUROV� 2WKHU UHOHYDQW SHUVSHFWLYHV
DUH RSHQHG E\ WKH DYDLODELOLW\ RI D oH[LEOH DQG DFFXUDWH
PRGHO RI WKH nOWHU� ZH DUH FXUUHQWO\ H[SORULQJ D QXP�
EHU RI WKHVH DVSHFWV� DQG QDPHO\ ��� D IXUWKHU LPSURYH�
PHQW RI QHXUDO PRGHO DFFXUDF\ E\ PHDQV RI D SUHOLPL�
QDU\ QHXUDO FOXVWHUL]DWLRQ RI nOWHU FXUYHV W\SRORJ\� ���
WKH DXWRPDWLF HVWLPDWH RI nOWHU UHVSRQVH VHQVLWLYLW\ WR
JHRPHWULFDO GLPHQVLRQV LQDFFXUDFLHV� LQ RUGHU WR REWDLQ
LQIRUPDWLRQ DERXW WKH PDQXIDFWXULQJ DFFXUDF\ QHHGHG
IRU HDFK JHRPHWULFDO GLPHQVLRQ LQ RUGHU WR PDLQWDLQ WKH
RYHUDOO nOWHU UHVSRQVH ZLWKLQ D GHVLUHG WROHUDQFH� ��� LQ�
YHUWLQJ WKH QHXUDO PRGHO LQ RUGHU WR REWDLQ D QHZ VHW RI
�QRPLQDO� JHRPHWULFDO GLPHQVLRQV ZKLFK WDNH LQWR DF�
FRXQW PDQXIDFWXULQJ WROHUDQFHV�
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