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7KLV WKHVLV GHVFULEHV WKH XVH RI DGDSWLYH HTXDOL]DWLRQ WHFKQLTXHV WR FRPSHQVDWH IRU WKH LQWHU�

V\PERO LQWHUIHUHQFH �,6,� WKDW UHVXOWV ZKHQ GLJLWDO GDWD LV WUDQVPLWWHG RYHU D PXOWLSDWK UDGLR

FKDQQHO� 7KH HTXDOL]DWLRQ VWUXFWXUHV FRYHUHG LQ WKLV ZRUN DUH WKH OLQHDU WUDQVYHUVDO HTXDO�

L]HU �/7(�� WKH IUDFWLRQDOO\ VSDFHG HTXDOL]HU �)6(�� WKH GHFLVLRQ�IHHGEDFN HTXDOL]HU �')(��

DQG WKH PD[LPXP�OLNHOLKRRG VHTXHQFH HVWLPDWLRQ �0/6(� HTXDOL]HU� 7KLV ZRUN DOVR FRYHUV

DGDSWLYH DOJRULWKPV IRU HTXDOL]DWLRQ LQFOXGLQJ ERWK WKH OHDVW PHDQ VTXDUHV �/06� DQG WKH

UHFXUVLYH OHDVW VTXDUHV �5/6� DOJRULWKP� $OO WKHVH HTXDOL]HU VWUXFWXUHV DQG DOJRULWKPV ZLOO

EH PRGHOHG XVLQJ YDULRXV VLPXODWLRQ PRGXOHV� (TXDOL]DWLRQ IRU ERWK VWDWLRQDU\ DQG PRELOH

UDGLR FKDQQHOV LV FRQVLGHUHG� 6WDWLRQDU\ FKDQQHOV DUH PRGHOHG ZLWK D VLPSOH H[SRQHQWLDOO\

GHFD\LQJ SURpOH� 7KH PRELOH UDGLR FKDQQHO LV UHSUHVHQWHG XVLQJ D WZR�UD\ 5D\OHLJK IDGLQJ

PRGHO IRU DQ RXWGRRU HQYLURQPHQW� 7KH 6,5&,0 FKDQQHO PRGHOLQJ WRRO LV XVHG WR FUHDWH

FKDQQHO SURpOHV IRU DQ LQGRRU PRELOH UDGLR FKDQQHO� $GDSWLYH DUUD\V DQG WKHLU VLPLODULWLHV

WR OLQHDU HTXDOL]HUV DUH DOVR VWXGLHG LQ WKLV WKHVLV� 7KH SURSHUWLHV DQG SHUIRUPDQFH RI VLPSOH

DGDSWLYH DUUD\ V\VWHPV XVLQJ WKH /06 DQG 5/6 DOJRULWKPV DUH H[DPLQHG WKURXJK VLPXOD�

WLRQ� 7KLV WKHVLV FRQFOXGHV ZLWK DQ LQ�GHSWK VWXG\ RI WKH XVH RI DGDSWLYH HTXDOL]DWLRQ IRU

KLJK�VSHHG GDWD V\VWHPV RSHUDWLQJ LQ DQ LQGRRU HQYLURQPHQW� %RWK VWDWLRQDU\ DQG VORZO\

YDU\LQJ UDGLR FKDQQHOV DUH H[DPLQHG� 6LPXODWLRQV RI ')( DQG 0/6( HTXDOL]HUV RSHUDWLQJ

LQ VXFK D V\VWHP VKRZ WKDW ERWK HTXDOL]HU VWUXFWXUHV SURYLGH EHWWHU %(5 SHUIRUPDQFH RYHU

D V\VWHP ZLWK QR HTXDOL]DWLRQ� 7KHVH VLPXODWLRQ UHVXOWV DOVR VKRZ WKDW WKH 0/6( HTXDOL]HU

SURYLGHV EHWWHU SHUIRUPDQFH WKDQ WKH ')( LQ DOPRVW DOO FDVHV� EXW UHTXLUHV D JUHDW GHDO

PRUH FRPSXWDWLRQV�



$FNQRZOHGJPHQWV

, ZRXOG OLNH WR H[SUHVV P\ GHHSHVW WKDQNV WR P\ DGYLVRU� 'U� %ULDQ '� :RHUQHU� IRU KLV

LQYDOXDEOH JXLGDQFH� HQFRXUDJHPHQW� DQG VXSSRUW� , ZRXOG DOVR OLNH WR WKDQN WKH UHVW RI P\

FRPPLWWHH PHPEHUV� 'U� $P\ (� %HOO DQG 'U� :LOOLDP +� 7UDQWHU� IRU UHDGLQJ RYHU WKLV

WKHVLV� , DP YHU\ JUDWHIXO IRU WKHLU DGYLFH DQG VXJJHVWLRQV�

, ZRXOG DOVR OLNH WR WKDQN 'U� 9LUJLQLD 6WRQLFN DQG 'U� -RKQ 6WRQLFN� IRUPHUO\ RI &DUQHJLH

0HOORQ 8QLYHUVLW\� IRU LQWURGXFLQJ PH WR WKH WRSLF RI DGDSWLYH HTXDOL]DWLRQ DQG DOORZLQJ PH

WR ZRUN RQ DQ LQGHSHQGHQW SURMHFW UHODWLQJ WR WKH VXEMHFW GXULQJ P\ XQGHUJUDGXDWH VWXGLHV�

, H[WHQG VSHFLDO WKDQNV WR 5HQQLH *LYHQV DQG +LOGD 5H\QROGV IRU KHOSLQJ PH ZLWK DOO WKH

DGPLQLVWUDWLYH GHWDLOV GXULQJ P\ WLPH KHUH DW WKH 035*�

, DP YHU\ JUDWHIXO WR WKH ODWH 0DULRQ %UDGOH\ 9LD DQG WKH +� /\QGH %UDGOH\ )HOORZVKLS IRU

SURYLGLQJ PH ZLWK pQDQFLDO VXSSRUW GXULQJ P\ VWD\ DW 9LUJLQLD 7HFK�

7KDQNV WR DOO P\ IULHQGV ZKR KDYH SXW XS ZLWK PH IRU WKH ODVW \HDU DQG D KDOI�

)LQDOO\� , ZLVK WR WKDQN P\ SDUHQWV ZKR KDYH SURYLGHG PH ZLWK QHYHU�HQGLQJ VXSSRUW DQG

HQFRXUDJHPHQW GXULQJ DOO P\ \HDUV LQ DFDGHPLD�
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&RQWHQWV

� ,QWURGXFWLRQ �

��� 2XWOLQH RI WKLV WKHVLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� )XQGDPHQWDOV RI (TXDOL]DWLRQ �

��� 'LJLWDO &RPPXQLFDWLRQ 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 7KH :LUHOHVV &RPPXQLFDWLRQ 6\VWHP � � � � � � � � � � � � � � � � � � � � � ��

��� :LUHOHVV &KDQQHO 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (TXDOL]HU 2SHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� :LUHOHVV 6\VWHP 6LPXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3UHSURFHVVRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3URFHVVRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3RVWSURFHVVRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� (TXDOL]DWLRQ 7HFKQLTXHV ��

��� /LQHDU (TXDOL]HUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� /LQHDU 7UDQVYHUVDO (TXDOL]HU � � � � � � � � � � � � � � � � � � � � � � ��

����� 3HDN 'LVWRUWLRQ &ULWHULRQ � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� 0HDQ 6TXDUH (UURU &ULWHULRQ � � � � � � � � � � � � � � � � � � � � � � ��

����� )UDFWLRQDOO\ 6SDFHG (TXDOL]HUV � � � � � � � � � � � � � � � � � � � � � ��

��� 1RQOLQHDU (TXDOL]HUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 'HFLVLRQ�)HHGEDFN (TXDOL]DWLRQ � � � � � � � � � � � � � � � � � � � � � ��

����� 0D[LPXP�OLNHOLKRRG 6HTXHQFH (VWLPDWLRQ � � � � � � � � � � � � � � � ��

��� 6LPXODWLRQ RI (TXDOL]DWLRQ 7HFKQLTXHV � � � � � � � � � � � � � � � � � � � � � ��

����� 6LPXODWLRQ RI D /LQHDU 7UDQVYHUVDO (TXDOL]HU � � � � � � � � � � � � � ��

����� 6LPXODWLRQ RI D )UDFWLRQDOO\ 6SDFHG (TXDOL]HU � � � � � � � � � � � � � ��

����� 6LPXODWLRQ RI D 'HFLVLRQ�)HHGEDFN (TXDOL]HU � � � � � � � � � � � � � � ��

����� 6LPXODWLRQ RI D 0D[LPXP�OLNHOLKRRG 6HTXHQFH (VWLPDWRU � � � � � � ��

� $GDSWLYH (TXDOL]DWLRQ ��

��� $GDSWLYH $OJRULWKPV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7KH /HDVW 0HDQ 6TXDUH $OJRULWKP � � � � � � � � � � � � � � � � � � � ��

����� 7KH 5HFXUVLYH /HDVW 6TXDUHV $OJRULWKP � � � � � � � � � � � � � � � � ��

��� 8VH RI $GDSWLYH $OJRULWKPV ZLWK 'LoHUHQW (TXDOL]HU 6WUXFWXUHV � � � � � � � ��

����� $GDSWLYH $OJRULWKPV IRU /LQHDU (TXDOL]HUV � � � � � � � � � � � � � � � ��

����� $Q $GDSWLYH 'HFLVLRQ�)HHGEDFN (TXDOL]HU � � � � � � � � � � � � � � � ��

����� $Q $GDSWLYH 0/6( (TXDOL]HU � � � � � � � � � � � � � � � � � � � � � � ��

��� 6LPXODWLRQ RI $GDSWLYH (TXDOL]HUV � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6LPXODWLRQ RI DQ $GDSWLYH /LQHDU 7UDQVYHUVDO (TXDOL]HU � � � � � � � ��

����� 6LPXODWLRQ RI DQ $GDSWLYH )UDFWLRQDOO\ 6SDFHG (TXDOL]HU � � � � � � ��

����� 6LPXODWLRQ RI DQ $GDSWLYH 'HFLVLRQ�)HHGEDFN (TXDOL]HU � � � � � � � ��
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����� 6LPXODWLRQ RI DQ $GDSWLYH 0/6( (TXDOL]HU � � � � � � � � � � � � � � ��

� (TXDOL]DWLRQ IRU 0RELOH 5DGLR 6\VWHPV ��

��� 6PDOO�6FDOH )DGLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5D\OHLJK )DGLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0RGHOV IRU 5D\OHLJK )DGLQJ � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6LPXODWLRQ RI 5D\OHLJK )DGLQJ &KDQQHO � � � � � � � � � � � � � � � � ���

��� 7LPH�YDULDQW 0XOWLSDWK &KDQQHO 0RGHOV � � � � � � � � � � � � � � � � � � � � ���

����� -DNHV 7ZR�5D\ 0RGHO � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 7LPH�YDU\LQJ &KDQQHO 0RGHOV EDVHG RQ 0HDVXUHG 'DWD � � � � � � � ���

��� 6LPXODWLRQ RI (TXDOL]HUV IRU 0RELOH 5DGLR 6\VWHPV � � � � � � � � � � � � � � ���

����� 6LPXODWLRQ RI 'HFLVLRQ�)HHGEDFN (TXDOL]HU 2SHUDWLQJ LQ D 0RELOH 5D�

GLR 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0/6( (TXDOL]DWLRQ IRU D 0RELOH 5DGLR &KDQQHO � � � � � � � � � � � ���

����� 6LPXODWLRQ RI D 'HFLVLRQ�)HHGEDFN (TXDOL]HU XVHG LQ D 86'& 6\VWHP ���

� $GDSWLYH $UUD\V ���

��� $QWHQQD $UUD\V � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� $GDSWLYH $QWHQQD $UUD\V � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 'HWHUPLQLQJ 2SWLPDO 7DSV IRU 0LQLPXP 0HDQ�6TXDUH (UURU � � � � ���

����� 7KH /06 DQG 5/6 $OJRULWKPV � � � � � � � � � � � � � � � � � � � � � ���

��� 6LPXODWLRQ RI $GDSWLYH $UUD\V � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� )LQGLQJ WKH 2SWLPDO :HLJKWV � � � � � � � � � � � � � � � � � � � � � � ���

����� 6LPXODWLRQ RI DQ $GDSWLYH $UUD\ � � � � � � � � � � � � � � � � � � � � ���
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� (TXDOL]DWLRQ IRU ,QGRRU :LUHOHVV &KDQQHOV ���

��� 7KH ,QGRRU &KDQQHO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6LPXODWLRQ RI (TXDOL]DWLRQ IRU ,QGRRU &KDQQHOV � � � � � � � � � � � � � � � � ���

����� 6\VWHP 0RGHO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &KDQQHO 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� $GDSWLYH (TXDOL]HUV � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6LPXODWLRQ 3URFHGXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6LPXODWLRQ 5HVXOWV DQG $QDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� &RQFOXVLRQ DQG )XWXUH :RUN ���
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/LVW RI )LJXU HV

��� %ORFN 'LDJUDP RI D 'LJLWDO &RPPXQLFDWLRQ 6\VWHP � � � � � � � � � � � � � � �

��� %ORFN 'LDJUDP RI D :LUHOHVV &RPPXQLFDWLRQ 6\VWHP 8WLOL]LQJ DQ (TXDOL]HU ��

��� 0HQX IRU WKH :LUHOHVV 6\VWHP 6LPXODWLRQ 3RVWSURFHVVRU � � � � � � � � � � � ��

��� (\H 'LDJUDPV IRU 5HFHLYHG 6LJQDO RI :LUHOHVV 6\VWHP 0RGHO � � � � � � � � � ��

��� (TXDOL]HU 7\SHV� 6WUXFWXUHV� DQG $OJRULWKPV >��@ � � � � � � � � � � � � � � � ��

��� %ORFN 'LDJUDP RI D /LQHDU 7UDQVYHUVDO (TXDOL]HU � � � � � � � � � � � � � � � ��

��� $ 'HFLVLRQ�)HHGEDFN (TXDOL]HU � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH )RUQH\ 5HFHLYHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 0/6( 7UHOOLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 8QJHUERHFN 5HFHLYHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 0RGLpHG 8QJHUERHFN 5HFHLYHU � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 'LUHFW )RUP 5HFHLYHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 3RVWSURFHVVRU 0HQX IRU 6LPXODWLRQ RI /7( � � � � � � � � � � � � � � � � � � � ��

���� 6FDWWHU 'LDJUDP RI WKH 8QHTXDOL]HG 'DWD IRU D /7( �(E 1�  � G%� &KDQQHO

��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 6FDWWHU 'LDJUDP RI WKH (TXDOL]HG 'DWD IRU D /7( � � � � � � � � � � � � � � � ��
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���� &RPELQHG 5HVSRQVH RI )6( DQG &KDQQHO� �&KDQQHO ��� � � � � � � � � � � � ��

���� 3ORW RI WKH 6DPSOHG &KDQQHO 5HVSRQVH DQG )UHTXHQF\ 5HVSRQVH �&KDQQHO ��� ��

���� 3ORWV RI WKH ')( (TXDOL]HU &RHrFLHQWV DQG WKH &RPELQHG 5HVSRQVH RI WKH

)) DQG &KDQQHO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $Q 0/6( 7UHOOLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $Q $GDSWLYH 'LUHFW�)RUP 0/6( (TXDOL]HU 8VLQJ D 7UDLQLQJ 6HTXHQFH � � � ��

��� $Q $GDSWLYH 'LUHFW�)RUP 0/6( (TXDOL]HU 2SHUDWLQJ LQ 'HFLVLRQ�'LUHFWHG

0RGH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2QH )UDPH RI /7( )LOWHU 7DS $QLPDWLRQ � � � � � � � � � � � � � � � � � � � ��

��� &RPELQHG 5HVSRQVH RI &KDQQHO DQG 2SWLPDO (TXDOL]HU � � � � � � � � � � � ��

��� &RPELQHG 5HVSRQVH RI &KDQQHO DQG $GDSWLYH (TXDOL]HU � � � � � � � � � � � ��

��� 0HDQ�6TXDUH (UURU RI WKH $GDSWLYH 'HFLVLRQ�)HHGEDFN (TXDOL]HU �(E 1�  

�� G%� z  ����� &KDQQHO ��� � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQYHUJHQFH RI WKH 7DS:HLJKWV RI WKH $GDSWLYH 'HFLVLRQ�)HHGEDFN (TXDOL]HU

�(E 1�  �� G%� z  ����� &KDQQHO ��� � � � � � � � � � � � � � � � � � � � � ��

��� $FWXDO &KDQQHO 5HVSRQVH DQG (VWLPDWHG &KDQQHO 5HVSRQVH � � � � � � � � � ��

��� $FWXDO &KDQQHO 5HVSRQVH DQG (VWLPDWHG &KDQQHO 5HVSRQVH � � � � � � � � � ��

��� %ORFN 'LDJUDP RI 5D\OHLJK )DGLQJ (QYHORSH 6LPXODWRU � � � � � � � � � � � � ���

��� ([DPSOH 2XWSXW RI WKH 5D\OHLJK )DGLQJ (QYHORSH 6LPXODWRU � � � � � � � � � ���

��� %ORFN 'LDJUDP RI D 7ZR�5D\ &KDQQHO 0RGHO � � � � � � � � � � � � � � � � � ���

��� 3ORW RI )DGLQJ (QYHORSHV XVHG LQ WKH 7ZR�5D\ 0RGHO � � � � � � � � � � � � ���

��� 3ORW RI 6TXDUHG (UURU IRU ')( XVLQJ WKH 5/6 $OJRULWKP LQ D 86'& 6\VWHP

�IP  �� +]� ��  7V� y  ����� � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� 3ORW RI 7DS $GMXVWPHQW IRU ')( XVLQJ WKH 5/6 $OJRULWKP LQ D 86'& 6\VWHP

�IP  �� +]� ��  7V� y  ����� � � � � � � � � � � � � � � � � � � � � � � � � ���

��� $ /LQHDU (TXDOO\ 6SDFHG $UUD\ � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� $QWHQQD 3DWWHUQ IRU D )RXU (OHPHQW /LQHDU $UUD\ � � � � � � � � � � � � � � ���

��� 6WUXFWXUH RI DQ $GDSWLYH $UUD\ � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 2SWLPDO $QWHQQD 3DWWHUQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &RQYHUJHQFH WR WKH )LQDO DQWHQQD SDWWHUQ � � � � � � � � � � � � � � � � � � � ���

��� %ORFN 'LDJUDP RI D ,QGRRU :LUHOHVV 6\VWHP � � � � � � � � � � � � � � � � � � ���

��� &KDQQHO 3URpOHV IRU ,QGRRU &KDQQHO *HQHUDWHG ZLWK 6,5&,0 ZLWK $YHUDJH

��  �� QV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &KDQQHO 3URpOHV IRU ,QGRRU &KDQQHO *HQHUDWHG ZLWK 6,5&,0 ZLWK $YHUDJH

��  �� QV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK VL[ IHHGIRUZDUG WDSV DQG GLoHU�

HQW QXPEHUV RI IHHGEDFN WDSV� 7KH FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG

506 GHOD\ VSUHDG RI ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK GLoHUHQW QXPEHUV RI IHHGIRUZDUG

WDSV DQG WKUHH IHHGEDFN WDSV� 7KH FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG

506 GHOD\ VSUHDG RI ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� %(5 3HUIRUPDQFH YV� (E 1� IRU D 0/6( XVLQJ GLoHUHQW YDOXHV IRU /� 7KH

FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG 506 GHOD\ VSUHDG RI ��� � � � � ���

��� &RPSDULVRQ RI ')(����� DQG 0/6(��� IRU &KDQQHO ZLWK �1  ��� � � � � � ���

��� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK VL[ IHHGIRUZDUG WDSV DQG GLoHU�

HQW QXPEHUV RI IHHGEDFN WDSV� 7KH FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG

506 GHOD\ VSUHDG RI ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK GLoHUHQW QXPEHUV RI IHHGIRUZDUG

WDSV DQG WZR IHHGEDFN WDSV� 7KH FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG

506 GHOD\ VSUHDG RI ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU D 0/6( XVLQJ GLoHUHQW YDOXHV IRU /� 7KH

FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG 506 GHOD\ VSUHDG RI ��� � � � � ���

���� &RPSDULVRQ RI ')(����� DQG 0/6(��� IRU &KDQQHO ZLWK �1  ��� � � � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK VL[ IHHGIRUZDUG WDSV DQG GLoHU�

HQW QXPEHUV RI IHHGEDFN WDSV� 7KH FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG

506 GHOD\ VSUHDG RI ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK GLoHUHQW QXPEHUV RI IHHGIRUZDUG

WDSV DQG pYH IHHGEDFN WDSV� 7KH FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG

506 GHOD\ VSUHDG RI ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU D 0/6( XVLQJ GLoHUHQW YDOXHV IRU /� 7KH

FKDQQHO LV VWDWLRQDU\ DQG KDV D QRUPDOL]HG 506 GHOD\ VSUHDG RI ��� � � � � ���

���� &RPSDULVRQ RI ')(����� DQG 0/6(��� IRU &KDQQHO ZLWK �1  ��� � � � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK VL[ IHHGIRUZDUG WDSV DQG GLI�

IHUHQW QXPEHUV RI IHHGEDFN WDSV� 1LQHWHHQ XQLIRUPO\ VSDFHG FKDQQHO SURpOHV

DORQJ D ���y WUDFN ZLWK DQ DYHUDJH ��  ��QV ZHUH XVHG� 5E  ��0ESV � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK GLoHUHQW QXPEHUV RI IHHGIRUZDUG

WDSV DQG pYH IHHGEDFN WDSV� 1LQHWHHQ XQLIRUPO\ VSDFHG FKDQQHO SURpOHV DORQJ

D ���y WUDFN ZLWK DQ DYHUDJH ��  ��QV ZHUH XVHG� 5E  ��0ESV � � � � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU DQ 0/6( XVLQJ GLoHUHQW YDOXHV RI /� 1LQH�

WHHQ XQLIRUPO\ VSDFHG FKDQQHO SURpOHV DORQJ D ���y WUDFN ZLWK DQ DYHUDJH

��  ��QV ZHUH XVHG� 5E  ��0ESV � � � � � � � � � � � � � � � � � � � � � � � ���

���� &RPSDULVRQ RI ')(����� DQG 0/6(��� IRU 0RELOH 5DGLR ,QGRRU &KDQQHO

ZLWK ��  �� QV� 5E  �� 0ESV � � � � � � � � � � � � � � � � � � � � � � � � � ���
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���� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK VL[ IHHGIRUZDUG WDSV DQG GLI�

IHUHQW QXPEHUV RI IHHGEDFN WDSV� 1LQHWHHQ XQLIRUPO\ VSDFHG FKDQQHO SURpOHV

DORQJ D ���y WUDFN ZLWK DQ DYHUDJH ��  ��QV ZHUH XVHG� 5E  ��0ESV � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU D ')( ZLWK GLoHUHQW QXPEHUV RI IHHGIRUZDUG

WDSV DQG pYH IHHGEDFN WDSV� 1LQHWHHQ XQLIRUPO\ VSDFHG FKDQQHO SURpOHV DORQJ

D ���y WUDFN ZLWK DQ DYHUDJH ��  ��QV ZHUH XVHG� 5E  ��0ESV � � � � � � ���

���� %(5 3HUIRUPDQFH YV� (E 1� IRU DQ 0/6( XVLQJ GLoHUHQW YDOXHV RI /� 1LQH�

WHHQ XQLIRUPO\ VSDFHG FKDQQHO SURpOHV DORQJ D ���y WUDFN ZLWK DQ DYHUDJH

��  ��QV ZHUH XVHG� 5E  ��0ESV � � � � � � � � � � � � � � � � � � � � � � � ���

���� &RPSDULVRQ RI ')(����� DQG 0/6(��� IRU 0RELOH 5DGLR ,QGRRU &KDQQHO

ZLWK ��  �� QV� 5E  �� 0ESV � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &RPSXWDWLRQDO &RPSOH[LW\ 5HTXLUHG E\ WKH 'LoHUHQW (TXDOL]HU 6WUXFWXUHV � ���
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/LVW RI 7 DEOHV

��� 7DEOH RI &KDQQHO &KDUDFWHULVWLFV � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0HWULF &DOFXODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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&KDSWHU �

, QWU RGXFWLRQ

,QWHUV\PERO LQWHUIHUHQFH �,6,� LV RQH RI WKH ODUJHVW LPSHGLPHQWV WR WKH HrFLHQW WUDQVPLVVLRQ

RI GLJLWDO GDWD� ,6, UHVXOWV ZKHQ WKH V\PEROV FRQWDLQHG ZLWKLQ D GDWD VWUHDP LQWHUIHUH

ZLWK RQH DQRWKHU� 7KLV FDXVHV WKH VLJQDO WR EHFRPH GLVWRUWHG� 7R FRPEDW WKH GLVWRUWLRQ

LQWURGXFHG E\ ,6,� D SURFHVV NQRZQ DV HTXDOL]DWLRQ LV RIWHQ HPSOR\HG E\ D FRPPXQLFDWLRQ

V\VWHP� (TXDOL]HUV WU\ WR UHFRQVWUXFW WKH RULJLQDO VLJQDO DQG XQGR WKH ,6, WKURXJK WKH XVH

RI pOWHUV RU RWKHU WHFKQLTXHV >�@ >�@�

,QWHUV\PERO LQWHUIHUHQFH RFFXUV LQ DOO W\SHV RI FRPPXQLFDWLRQ V\VWHPV DQG KDV PDQ\ GLI�

IHUHQW FDXVHV� 7KLV WKHVLV ZLOO IRFXV RQ WKH ,6, WKDW UHVXOWV IURP GLoHUHQW W\SHV RI ZLUHOHVV

FKDQQHOV� :LUHOHVV FKDQQHOV DUH RIWHQ PXOWLSDWK FKDQQHOV� ,Q WKLV W\SH RI FKDQQHO GHOD\HG

YHUVLRQV RI WKH VLJQDO HQWHULQJ WKH FKDQQHO DUH DGGHG ZLWK WKH RULJLQDO VLJQDO DW LWV RXWSXW�

$Q HTXDOL]HU FDQ EH XVHG LQ DOO WKHVH FDVHV WR FRPEDW WKH VLJQDO GLVWRUWLRQ FDXVHG E\ WKH

,6,�

7KH ZLUHOHVV FKDQQHO WKDW UHVXOWV IURP DQ XUEDQ HQYLURQPHQW LV D JRRG H[DPSOH RI D PXOWL�

SDWK FKDQQHO >�@� $ ZLUHOHVV GLJLWDO FRPPXQLFDWLRQ V\VWHP RSHUDWLQJ LQ VXFK DQ HQYLURQPHQW

ZLOO UHTXLUH DQ HTXDOL]HU WR RSHUDWH HoHFWLYHO\� ,Q D FLW\� D UDGLR VLJQDO ZLOO ERXQFH Ro RI

EXLOGLQJV DQG RWKHU REVWDFOHV LQ WKH HQYLURQPHQW� 7KHVH UHqHFWHG VLJQDOV WUDYHO D VOLJKWO\

ORQJHU GLVWDQFH WKDQ WKH OLQH�RI�VLJKW VLJQDO DQG ZLOO ODJ EHKLQG WKH GLUHFW VLJQDO ZKHQ WKH\

DUH UHFHLYHG� 7KLV ZLOO FDXVH DGMDFHQW V\PEROV WR LQWHUIHUH ZLWK RQH DQRWKHU ZKLFK FDXVHV

�



&KDSWHU �� ,QWURGXFWLRQ �

VLJQDO GLVWRUWLRQ ZKLFK LQ WXUQ FDXVHV ELW HUURUV� $Q HTXDOL]HU FDQ FRPSHQVDWH IRU WKH

GLVWRUWLRQ FDXVHG E\ WKH PXOWLSDWK FKDQQHO DOORZLQJ IRU PRUH DFFXUDWH GDWD UHFHSWLRQ�

:LUHOHVV FKDQQHOV DUH DOZD\V FKDQJLQJ� 0RYHPHQW RI WKH WUDQVPLWWHU RU UHFHLYHU DQG PRYH�

PHQW RI REVWDFOHV LQ WKH HQYLURQPHQW ZLOO FDXVH WKH FKDQQHO WR FKDQJH ZLWK WLPH� )RU WKLV

UHDVRQ WKH HTXDOL]HU LV RIWHQ PDGH DGDSWLYH� $Q DGDSWLYH HTXDOL]HU LV DEOH WR WUDFN WKH

YDU\LQJ LQWHUIHUHQFH DQG UHPRYH LW�

&R�FKDQQHO LQWHUIHUHQFH LV DQRWKHU KLQGUDQFH WR WKH UHOLDEOH WUDQVPLVVLRQ RI GLJLWDO GDWD�

7KLV W\SH RI LQWHUIHUHQFH UHVXOWV ZKHQ WZR XVHUV DUH RSHUDWLQJ RQ WKH VDPH UDGLR IUHTXHQF\�

'HSHQGLQJ RQ WKH VWUHQJWK RI HDFK XVHUV
 VLJQDO� WKLV LQWHUIHUHQFH KDV WKH SRWHQWLDO WR VHYHUHO\

OLPLW WKH DFFXUDWH UHFHSWLRQ RI WKH GHVLUHG XVHU
V GDWD�

$Q DGDSWLYH DUUD\ LV D GHYLFH XVHG LQ ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WR FRPSHQVDWH IRU FR�

FKDQQHO LQWHUIHUHQFH� 7KH DGDSWLYH DUUD\ LV PDGH XS RI DQ DUUD\ RI DQWHQQDV ZKRVH UDGLDWLRQ

SDWWHUQ FDQ EH HOHFWURQLFDOO\ VWHHUHG� 7KH IDFW WKDW D GHVLUHG XVHU DQG LWV LQWHUIHUHUV DUH

PRVW OLNHO\ ORFDWHG DW GLoHUHQW DQJOHV IURP WKH DUUD\ FDQ EH XVHG DV DQ DGYDQWDJH LQ pJKWLQJ

FR�FKDQQHO LQWHUIHUHQFH� %\ SODFLQJ WKH QXOOV RI WKH DQWHQQD DUUD\ DW WKH DQJOHV RI WKH

LQWHUIHUHUV� D GHVLUHG XVHU
V VLJQDO FDQ EH UHFHLYHG ZLWK OLWWOH RU QR LQWHUIHUHQFH IURP WKH

RWKHU XVHUV RSHUDWLQJ RQ WKH VDPH IUHTXHQF\� 7KLV VSDWLDO pOWHULQJ WHFKQLTXH EHFRPHV YHU\

SRZHUIXO ZKHQ WKH DQWHQQD DUUD\ LV PDGH DGDSWLYH� 7KLV ZD\ WKH ORFDWLRQ RI WKH QXOOV DQG

OREHV RI WKH DQWHQQD DUUD\ FDQ FKDQJH ZLWK WLPH VXFK WKDW WKH DUUD\ LV DEOH WR WUDFN WKH

XVHU DQG LWV LQWHUIHUHUV DV WKH\ PRYH DERXW WKH HQYLURQPHQW�

7KH WZR WHFKQLTXHV RI DGDSWLYH HTXDOL]DWLRQ DQG DGDSWLYH DUUD\V DUH RIWHQ WUHDWHG WRJHWKHU

EHFDXVH RI WKHLU PDQ\ VLPLODULWLHV� %RWK V\VWHPV RSHUDWH RQ DQ DUUD\ RI GDWD� (TXDOL]DWLRQ

XVHV DQ DUUD\ RI VDPSOHV LQ WLPH WR UHGXFH ,6,� ZKLOH DQ DGDSWLYH DUUD\ XVHV DQ DUUD\ RI

VDPSOHV LQ VSDFH WR QXOO RXW VLJQDOV DUULYLQJ IURP FHUWDLQ DQJOHV� %RWK WHFKQLTXHV DOVR

XVH VLPLODU DOJRULWKPV WR DGDSW WKHPVHOYHV� 7KH VLJQDO SURFHVVLQJ VWUXFWXUHV XVHG E\ ERWK

V\VWHPV DUH DOVR VLPLODU�

7KHUH DUH FXUUHQWO\ PDQ\ UHIHUHQFHV DQG UHVRXUFHV DYDLODEOH RQ WKH VXEMHFW RI DGDSWLYH

pOWHULQJ� 2QH RI WKH NH\ SDSHUV RQ DGDSWLYH HTXDOL]DWLRQ ZDV ZULWWHQ E\ 4XUHVKL LQ ����



&KDSWHU �� ,QWURGXFWLRQ �

>�@� 3UHYLRXV WR WKLV WLPH� WKHUH KDG EHHQ PDQ\ SDSHUV DQG DUWLFOHV ZULWWHQ DERXW GLoHUHQW

DVSHFWV RI DGDSWLYH pOWHULQJ DQG LWV EHQHpWV� 4XUHVKL ZDV DEOH WR EULQJ WRJHWKHU PDQ\ RI

WKHVH LGHDV LQWR RQH SDSHU� 7KH SDSHU DOVR VHUYHV DV D WXWRULDO� SUHVHQWLQJ WKH LQIRUPDWLRQ

LQ D KHXULVWLF PDQQHU DQG GRHV QRW GHOYH LQWR PDQ\ OHQJWK\ GHULYDWLRQV� 7KRXJK WKH SDSHU

LV FRQFHUQHG PRVWO\ ZLWK HTXDOL]DWLRQ IRU WHOHSKRQH FKDQQHOV� WKH VWUXFWXUHV DQG DOJRULWKPV

SUHVHQWHG DUH VWLOO UHOHYDQW WR WKH HTXDOL]DWLRQ RI PRGHUQ ZLUHOHVV V\VWHPV�

$QRWKHU H[FHOOHQW UHIHUHQFH LV WKH ERRN 'LJLWDO &RPPXQLFDWLRQ >�@ E\ -RKQ *� 3URDNLV�

&KDSWHUV �� DQG �� FRYHU HTXDOL]HU VWUXFWXUHV DQG DOJRULWKPV TXLWH WKRURXJKO\� 3URDNLV

SURYLGHV PXFK RI WKH VDPH EDFNJURXQG LQIRUPDWLRQ WKDW 4XUHVKL GLG LQ KLV SDSHU EXW DOVR

SURYLGHV PDQ\ FRPSDULVRQV EHWZHHQ WKH SHUIRUPDQFH RI GLoHUHQW VWUXFWXUHV DQG DOJRULWKPV�

0DQ\ RI WKHVH SHUIRUPDQFH FRPSDULVRQV ZHUH UHVHDUFKHG DQG GHYHORSHG VLQFH 4XUHVKL
V

RULJLQDO SDSHU�

6LPRQ +D\NLQ
V $GDSWLYH )LOWHU 7KHRU\ >�@ VHUYHV DV DQRWKHU NH\ VRXUFH LQ WKH VXEMHFW

RI DGDSWLYH HTXDOL]DWLRQ� %HFDXVH LW LV D ERRN DQG QRW MXVW D SDSHU LW LV DEOH WR SURYLGHV

LQIRUPDWLRQ RQ PXFK RI WKH VDPH DVSHFWV RI DGDSWLYH pOWHULQJ WKDW 4XUHVKL GLG� EXW GLVFXVVHV

PDQ\ RI WKHVH WRSLFV LQ PXFK JUHDWHU GHSWK� 7KH ERRN LV DOVR D PXFK PRUH WKHRUHWLFDO

UHIHUHQFH� FRQFHQWUDWLQJ RQ WKH WKHRU\ EHKLQG DGDSWLYH pOWHULQJ� DQG UDUHO\ GLVFXVVHV WKH

DSSOLFDWLRQ RI DGDSWLYH pOWHULQJ WR UHDO�ZRUOG V\VWHPV�

7KLV WKHVLV ZLOO GLoHU IURP WKH SUHYLRXVO\ PHQWLRQHG UHIHUHQFHV DQG RWKHU VRXUFHV� ,W LV

LQWHQGHG WR EH D VXSSOHPHQW WR UHVRXUFHV DOUHDG\ DYDLODEOH DQG LV QRW PHDQW WR DFW DV D

UHSODFHPHQW� 7KLV WKHVLV ZLOO LQWURGXFH PDQ\ RI WKH EDVLF FRQFHSWV RI DGDSWLYH HTXDOL]DWLRQ

EXW ZLOO QRW H[DPLQH PDQ\ GHHSHU WKHRUHWLFDO FRQFHSWV DVVRFLDWHG ZLWK WKH WRSLF� $ORQJ

ZLWK WKH EDVLF SULQFLSOHV RI HTXDOL]DWLRQ� WKLV WKHVLV ZLOO DOVR SURYLGH PDQ\ H[DPSOHV RI SUDF�

WLFDO DSSOLFDWLRQV ZKHUH HTXDOL]DWLRQ FDQ EH XVHG� :KLOH PDQ\ RI WKH RWKHU UHIHUHQFHV DUH

RULHQWHG WRZDUG HTXDOL]DWLRQ RI SKRQH OLQHV IRU KLJK VSHHG GDWD FRPPXQLFDWLRQ RU RQO\ FRQ�

FHQWUDWH RQ WKHRU\ DQG QRW SUDFWLFDO DSSOLFDWLRQV� WKLV WKHVLV ZLOO FRQFHQWUDWH PDLQO\ RQ WKH

RSHUDWLRQ RI DGDSWLYH pOWHUV ZLWKLQ ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV� 0DQ\ RI WKHVH DSSOLFD�

WLRQV DUH LOOXVWUDWHG ZLWK FRPSXWHU VLPXODWLRQ� 7KHVH VLPXODWLRQV� RU PRGXOHV� DUH ZULWWHQ

LQ 0$7/$%� 8VLQJ WKHVH PRGXOHV DOORZV VWXGHQWV WR KDYH D ?KDQGV RQ� XQGHUVWDQGLQJ RI



&KDSWHU �� ,QWURGXFWLRQ �

WKH GLoHUHQW DSSOLFDWLRQV ZKHUH HTXDOL]DWLRQ LV XVHG� 6RXUFH FRGH IRU WKHVH VLPXODWLRQVLV

SURYLGHG WR IXUWKHU WKHLU XQGHUVWDQGLQJ RI WKH GLoHUHQW WHFKQLTXHV DQG DOJRULWKPV�

8VLQJ FRPSXWHU VLPXODWLRQ WR PRGHO UHDO ZRUOG V\VWHPV SURYLGHV PDQ\ EHQHpWV� )RU RQH�

VLPXODWLRQ SURYLGHV JUHDW LQVLJKW LQWR KRZ WKH V\VWHP ZRUNV� (TXDWLRQV DQG EORFN GLDJUDPV

SURYLGH D JHQHUDO LGHD RI WKH RSHUDWLRQ RI WKH V\VWHP� EXW GR QRW SURYLGH PXFK GHWDLO RQ

WKH LQQHU ZRUNLQJV RI WKH V\VWHP� 7KURXJK WKH XVH RI VLPXODWLRQ� SHUVRQV DUH DEOH WR GHOYH

GHHSHU LQWR WKH V\VWHP WR VHH KRZ HYHU\ OHYHO ZRUNV� 8VHUV FDQ ORRN DW GLoHUHQW SRLQWV ZLWKLQ

WKH V\VWHP DV WKH VLJQDO SURSDJDWHV WKURXJK LW� %\ H[DPLQLQJ WKHVH VLJQDOV DQG VHHLQJ KRZ

WKH\ FKDQJH DV WKH\ SDVV WKURXJK HDFK EORFN� D XVHU FDQ JDLQ D GHHSHU XQGHUVWDQGLQJ RI HDFK

IXQFWLRQ DQG LWV LQqXHQFH RQ WKH RYHUDOO V\VWHP� &RPSXWHU VLPXODWLRQ LV DOVR XVHIXO ZKHQ

H[SHULPHQWLQJ ZLWK V\VWHP SDUDPHWHUV� 7KURXJK VLPXODWLRQ D XVHU FDQ HDVLO\ DGMXVW FHUWDLQ

V\VWHP SDUDPHWHUV DQG VHH WKH HoHFWV RQ WKH V\VWHP SHUIRUPDQFH DOPRVW LPPHGLDWHO\� 7KLV

VDYHV PXFK WLPH DQG UHVRXUFHV RYHU GHYHORSLQJ WKH V\VWHP LQ KDUGZDUH DQG H[SHULPHQWLQJ

ZLWK LW DIWHU LW KDV DOUHDG\ EHHQ EXLOW�

7KH SRZHU RI VLPXODWLRQ DV D GHVLJQ WRRO KDV EHHQ SURYHQ WLPH DQG DJDLQ� +RZHYHU� D XVHU

VKRXOG EH FDXWLRQHG DJDLQVW UHO\LQJ RQ VLPXODWLRQ WR SURYLGH KDUG DQG IDVW DQVZHUV WR DOO

GHVLJQ SUREOHPV� 8VLQJ D GLVFUHWH WLPH FRPSXWHU WR PRGHO FRQWLQXRXV WLPH V\VWHPV FDQ

SURYH WR EH SUREOHPDWLF� $ XVHU PXVW EH VXUH WR PRGHO WKH V\VWHP FDUHIXOO\� 7KHUH DUH

PDQ\ SDUDPHWHUV D XVHU QHHGV WR EH FRQFHUQHG ZLWK LQ VXFK D VLPXODWLRQ� )RU H[DPSOH� WKH

VDPSOLQJ UDWH PXVW EH FKRVHQ ZLWK VHYHUDO IDFWRUV LQ PLQG� )DLOXUH WR XVH D KLJK HQRXJK UDWH

FDQ LQWURGXFH DOLDVLQJ LQWR WKH V\VWHP ZKLFK ZLOO FDXVH VLPXODWLRQ HUURU� 8VLQJ D UDWH WKDW LV

WRR ODUJH LV LQHrFLHQW DQG ZLOO PDNH D VLPXODWLRQ UXQ VORZHU WKDQ LW QHHGV WR EH� 7KH FKRLFH

RI VDPSOLQJ UDWH LV DOVR LPSRUWDQW ZKHQ PRGHOLQJ V\VWHPV WKDW FRQWDLQ IHHGEDFN� ,Q WKHVH

V\VWHPV LW LV LPSRVVLEOH WR SHUIHFWO\ PRGHO WKH LQVWDQWDQHRXV IHHGEDFN SDWK XVLQJ VDPSOHG

VLJQDOV� 7KHUHIRUH� WKH VDPSOH UDWH QHHGV WR EH ODUJH HQRXJK VXFK WKDW WKH HUURU EHWZHHQ

WKH GHOD\HG VLJQDO XVHG WR PRGHO WKH IHHGEDFN SDWK DQG WKH RULJLQDO VLJQDO LV QHJOLJLEOH�

7KHVH LVVXHV DUH QRW D SUREOHP LQ WKH DGDSWLYH HTXDOL]DWLRQ VLPXODWLRQV LQFOXGHG ZLWK WKLV

WKHVLV� 6LQFH DGDSWLYH HTXDOL]DWLRQ LV D GLJLWDO SURFHVV DQG LV LPSOHPHQWHG XVLQJ VLPSOH

GLJLWDO DGG DQG PXOWLSO\ FKLSV RU PRUH DGYDQFHG GLJLWDO VLJQDO SURFHVVLQJ �'63� FKLSV�
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XVLQJ D GLJLWDO FRPSXWHU LV WKH LGHDO SODWIRUP RQ ZKLFK WR VLPXODWH LW�

$QRWKHU WUDS WKDW D XVHU FDQ IDOO LQWR ZLWK VLPXODWLRQ LV WR LQFRUUHFWO\ DVVXPH WKDW WKH\

NQRZ DOO WKHUH LV WR NQRZ DERXW WKH SHUIRUPDQFH RI WKH V\VWHP DIWHU UXQQLQJ RQO\ D IHZ

VLPXODWLRQV� 6LPXODWLRQV DUH PRVW RIWHQ FUHDWHG WR PRGHO VSHFLpF FKDUDFWHULVWLFV RI D V\VWHP�

8VHUV FDQ UXQ LQWR SUREOHPV LI WKH\ WU\ WR LQIHU V\VWHP FKDUDFWHULVWLFV WKDW WKH VLPXODWLRQ

ZDV QRW GHVLJQHG WR PHDVXUH� )RU WKLV UHDVRQ XVHUV QHHG WR EH FDUHIXO ZKHQ LQWHUSUHWLQJ

WKH UHVXOWV RI WKHLU VLPXODWLRQV�

7KH 0$7/$% SURJUDP� YHUVLRQ ���� ZDV XVHG WR GHYHORS WKH VLPXODWLRQV WKDW VXSSRUW WKH

PDWHULDO FRQWDLQHG ZLWKLQ WKLV WKHVLV� 0$7/$% LV RQH RI WKH PRVW ZLGHO\ XVHG WRROV IRU

GHYHORSLQJ VLPXODWLRQV RI FRPPXQLFDWLRQ DQG RWKHU W\SHV RI V\VWHPV DQG IRU JRRG UHDVRQ�

,WV WRROER[HV SURYLGH PDQ\ KLJK�OHYHO FRPPDQGV PHDQW IRU VSHFLpF DSSOLFDWLRQV� 0DQ\

IXQFWLRQV FDQ EH DFFRPSOLVKHG XVLQJ RQO\ RQH OLQH RI FRGH LQVWHDG RI WKH PDQ\ OLQHV RI FRGH

WKDW D & SURJUDP ZRXOG UHTXLUH� 0$7/$% DOVR SURYLGHV H[FHOOHQW SUHVHQWDWLRQ FRPPDQGV

WKDW FDQ EH XVHG WR JUDSKLFDOO\ GLVSOD\ QXPHULFDO GDWD� *UDSKLFDO UHVXOWV DUH YHU\ KHOSIXO

LQ GHYHORSLQJ D FOHDU XQGHUVWDQGLQJ RI WKH VLPXODWHG V\VWHP� 7KH\ SURYLGH WKH XVHU ZLWK

LQVLJKW LQWR WKH ZRUNLQJV RI WKH V\VWHP� $QRWKHU EHQHpW LV WKDW 0$7/$% LV DYDLODEOH

LQ D UHDVRQDEO\�SULFHG VWXGHQW DGGLWLRQ� :KLOH WKLV YHUVLRQ GRHV KDYH VRPH YHFWRU VL]H

OLPLWDWLRQV� LW LV VWLOO SRZHUIXO HQRXJK WR VLPXODWH VLPSOH V\VWHPV�

��� 2XWOLQH RI WKLV WKHVLV

7KLV WKHVLV LV GLYLGHG LQWR VHYHUDO FKDSWHUV� (DFK FKDSWHU GHVFULEHV D VSHFLpF DWWULEXWH

RI DGDSWLYH HTXDOL]DWLRQ RU DGDSWLYH DUUD\V DQG KRZ LW FDQ EH PRGHOHG ZLWQLQ FRPSXWHU

VLPXODWLRQ�

&KDSWHU � SURYLGHV LQIRUPDWLRQ RQ WKH IXQGDPHQWDOV RI DGDSWLYH HTXDOL]DWLRQ� ,W LV LQWHQGHG

DV DQ LQWURGXFWLRQ WR HTXDOL]DWLRQ DQG GRHV QRW SURYLGH JUHDW GHWDLO DERXW DQ\ RI WKH PDQ\

GLoHUHQW WRSLFV WKDW DUH FRYHUHG LQ ODWHU VHFWLRQV� 7KH FKDSWHU EHJLQV E\ GHVFULELQJ WKH

EDVLF GLJLWDO FRPPXQLFDWLRQ V\VWHP� ,W GHVFULEHV WKH SDUWV WKDW PDNH XS WKLV V\VWHP� WKH

GDWD VRXUFH� WKH WUDQVPLWWHU� WKH FKDQQHO� WKH UHFHLYHU� DQG WKH GDWD VLQN� 1H[W� WKH PRUH
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VSHFLpF ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV GLVFXVVHG� 7KH LGHD RI VSHFWUXP FRQVHUYDWLRQ LV

LQWURGXFHG LQFOXGHG WKH XVH RI 1\TXLVW pOWHUV WR OLPLW WKH EDQGZLGWK QHHGHG E\ D GLJLWDO

WUDQVPLVVLRQ� $OVR LQFOXGHG LV D GLVFXVVLRQ RI ZLUHOHVV FKDQQHOV DQG KRZ WR PRGHO WKHVH

FKDQQHOV� 7KH GLoHUHQFH EHWZHHQ LQGRRU DQG RXWGRRU FKDQQHOV LV DGGUHVVHG KHUH� 7KH

EDVLF SULQFLSOHV RI HTXDOL]DWLRQ DUH DOVR LQWURGXFHG� 7KLV VHFWLRQ EULQJV XS WKH ]HUR�IRUFLQJ

HTXDOL]HU DQG KRZ LW ZRUNV� 7KH FKDSWHU FRQFOXGHV ZLWK D GHVFULSWLRQ RI D VLPXODWLRQ WKDW

PRGHOV D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP EURDGFDVWLQJ RYHU D PXOWLSDWK FKDQQHO�

7KH GLoHUHQW VLJQDO SURFHVVLQJ VWUXFWXUHV WKDW DUH XVHG WR FRQVWUXFW HTXDOL]HUV LV WKH IRFXV

RI &KDSWHU �� 7KH FKDSWHU EHJLQV ZLWK D GHVFULSWLRQ RI OLQHDU HTXDOL]DWLRQ WHFKQLTXHV�

7KLV LQFOXGHV WKH OLQHDU WUDQVYHUVDO HTXDOL]HU �/7(� ZKLFK LV YHU\ VLPLODU WR DQ ),5 pOWHU

DQG WKH IUDFWLRQDOO\ VSDFHG HTXDOL]HU ZKLFK RYHUVDPSOHV WKH VLJQDO� %RWK WKH EHQHpWV DQG

GUDZEDFNV RI WKHVH VWUXFWXUH DUH DGGUHVVHG� $OVR LQFOXGHG ZLWK WKH FKDSWHU DUH GLVFXVVLRQV RI

QRQOLQHDU HTXDOL]DWLRQ WHFKQLTXHV� 7KHVH WHFKQLTXHV LQFOXGH WKH GHFLVLRQ�IHHGEDFN HTXDOL]HU

�')(� ZKLFK XVHV ERWK D IHHGIRUZDUG DQG D IHHGEDFN pOWHU WR HTXDOL]H WKH UHFHLYHG VLJQDO�

7KH IHHGEDFN pOWHU XVHV SUHYLRXVO\ GHWHFWHG V\PEROV WR UHPRYH WKH ,6,� $QRWKHU QRQOLQHDU

HTXDOL]DWLRQ WHFKQLTXH LV WKH SRZHUIXO PD[LPXP�OLNHOLKRRG VHTXHQFH HVWLPDWLRQ �0/6(�

HTXDOL]HU� 7KLV HTXDOL]HU FRPSDUHV WKH UHFHLYHG VLJQDO ZLWK GLoHUHQW K\SRWKHVLVHG VLJQDOV WR

GHWHUPLQH WKH PRVW OLNHO\ VHTXHQFH RI GDWD� $OVR LQFOXGHG ZLWK WKLV FKDSWHU DUH VLPXODWLRQV

WKDW PRGHO DOO WKH GLoHUHQW HTXDOL]DWLRQ WHFKQLTXHV� 7KHVH VLPXODWLRQV DUH GHVFULEHG LQ

GHWDLO DW WKH HQG RI WKH FKDSWHU�

&KDSWHU � LQWURGXFHV WKH FRQFHSW RI DGDSWLYH HTXDOL]DWLRQ� 7KLV WHFKQLTXH LV XVHG WR HTXDOL]H

FKDQQHOV WKDW DUH HLWKHU XQNQRZQ� WLPH�YDULDQW� RU ERWK� 7R HTXDOL]H WKHVH W\SHV RI FKDQQHOV�

DGDSWLYH DOJRULWKPV DUH XVHG WR GHWHUPLQH WKH EHVW HTXDOL]HU SDUDPHWHUV� 7KH pUVW DOJRULWKP

WDONHG DERXW LQ WKLV FKDSWHU LV WKH OHDVW PHDQ VTXDUH �/06� DOJRULWKP� 7KH /06 DOJRULWKP

LV D VLPSOH DOJRULWKP WKDW UHTXLUHV PDQ\ LWHUDWLRQV WR GHWHUPLQH WKH RSWLPDO HTXDOL]HU WDSV�

7KH IDVWHU EXW PRUH FRPSOH[ UHFXUVLYH OHDVW VTXDUHV �5/6� LV DOVR GLVFXVVHG� 7KH FKDSWHU

DOVR GHDOV ZLWK KRZ WR FRPELQH WKHVH DOJRULWKPV ZLWK WKH GLoHUHQW HTXDOL]HU VWUXFWXUHV JLYHQ

LQ &KDSWHU �� $OO IRXU VWUXFWXUHV DUH H[DPLQHG� ,QFOXGHG ZLWK WKH GLVFXVVLRQ RI WKH DGDSWLYH

0/6( HTXDOL]HU LV D GHVFULSWLRQ RI WKH FKDQQHO HVWLPDWRU� 7KLV GHYLFH LV XVHG WR GHWHUPLQH
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LQIRUPDWLRQ DERXW WKH FKDQQHO WKDW FDQ EH XVHG E\ WKH 0/6( HTXDOL]HU� 7KH FKDSWHU HQGV

ZLWK D GHVFULSWLRQ RI WKH PDQ\ GLoHUHQW V\VWHP VLPXODWLRQV LQFOXGHG ZLWK WKLV FKDSWHU�

7KH QH[W FKDSWHU H[SORUHV WKH LGHD RI HTXDOL]DWLRQ IRU PRELOH UDGLR FKDQQHOV� ,W EHJLQV ZLWK

DQ LQ�GHSWK ORRN DW KRZ WKH FKDQQHO FKDQJHV GXH WR PRWLRQ RI WKH UHFHLYHU RU WUDQVPLWWHU�

7KLV LQFOXGHV WKH UHDVRQV IRU WKH WLPH YDULDWLRQV DQG KRZ TXLFNO\ WKHVH YDULDWLRQV RFFXU�

$ IHZ RI WKH WHFKQLTXHV XVHG WR PRGHO WKHVH W\SHV RI FKDQQHOV DUH DOVR LQWURGXFHG� 7KLV

LQFOXGHV VLPSOH WZR�UD\ PRGHOV DV ZHOO DV VRPH RI WKH PRUH FRPSOLFDWHG VWDWLVWLFDO WHFKQLTXHV

WKDW KDYH UHFHQWO\ EHHQ GHYHORSHG� /LNH WKH RWKHU FKDSWHUV� WKLV RQH ZLOO DOVR FRQFOXGH ZLWK

D VHFWLRQ GHVFULELQJ WKH VLPXODWLRQ SURJUDPV XVHG WR LOOXVWUDWH WKH WRSLFV FRYHUHG LQ WKLV

FKDSWHU� ,Q WKLV FDVH WKH SURJUDPV PRGHO D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP HPSOR\LQJ

DGDSWLYH HTXDOL]DWLRQ WHFKQLTXHV WR FRPEDW WLPH�YDU\LQJ ,6,�

0DQ\ RI WKH VWUXFWXUHV DQG DOJRULWKPV XVHG E\ DGDSWLYH HTXDOL]HUV FDQ DOVR EH XVHG LQ DGDS�

WLYH DUUD\ SURFHVVLQJ� &KDSWHU � GHVFULEHV V\VWHPV WKDW XVH DGDSWLYH DUUD\V DQG WKHLU UROH

LQ D FRPPXQLFDWLRQ V\VWHP� ,W DOVR GHVFULEHV WKH PDQ\ SDUDOOHOV EHWZHHQ DGDSWLYH HTXDO�

L]DWLRQ DQG DGDSWLYH DUUD\V� 7KHVH SDUDOOHOV LQFOXGHV VLPLODU VLJQDO SURFHVVLQJ WHFKQLTXHV

DQG DGDSWLYH DOJRULWKPV� 6LPXODWLRQV RI D V\VWHP HPSOR\LQJ DGDSWLYH DUUD\V DUH LQFOXGHG

ZLWK WKH FKDSWHU� $ GLVFXVVLRQ RI WKHVH VLPXODWLRQ FRQFOXGHV WKH FKDSWHU�

&KDSWHU � GLVFXVVHV WKH XVH RI GHFLVLRQ�IHHGEDFN DQG 0/6( HTXDOL]DWLRQ ZLWK ZLUHOHVV V\V�

WHPV RSHUDWLQJ LQ LQGRRU HQYLURQPHQWV� 7KH UHVXOWV RI VHYHUDO VLPXODWLRQV DUH JLYHQ ZKLFK

FRPSDUH WKH SHUIRUPDQFH RI HDFK RI WKHVH VWUXFWXUHV IRU GLoHUHQW FKDQQHO W\SHV� 7KH FRP�

SXWDWLRQDO FRPSOH[LW\ RI HDFK RI WKHVH VWUXFWXUHV LV DOVR H[DPLQHG LQ GHWDLO�

&KDSWHU � FRQFOXGHV WKH WKHVLV E\ VXPPDUL]LQJ DOO WKH LQIRUPDWLRQ WKDW KDV EHHQ GLVFXVVHG

DQG DOVR SURYLGHV VRPH VXJJHVWLRQV IRU IXWXUH UHVHDUFK�
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)XQGDPHQWDOV RI ( TXDOL]DWLRQ

(TXDOL]DWLRQ LV GHpQHG DV DQ\ WHFKQLTXH WKDW FDQ EH XVHG WR FRPSHQVDWH IRU WKH LQWHUV\PERO

LQWHUIHUHQFH �,6,� FDXVHG E\ D GLVSHUVLYH FKDQQHO� 7KH GLVSHUVLRQ ZLWKLQ WKH FKDQQHO FDQ

EH FDXVHG E\ D QXPEHU RI IDFWRUV DV PHQWLRQHG LQ WKH SUHYLRXV FKDSWHU� ,Q D ZLUHOHVV

V\VWHP� WKH UDGLR FKDQQHO FDQ SURYH WR EH TXLWH KRVWLOH� 7KH UHqHFWLRQ RI WKH WUDQPLWWHG

UDGLR VLJQDO Ro RI REMHFWV LQ WKH HQYLURQPHQW VXFK DV EXLOGLQJV RU PRXQWDLQV FDXVHV VHYHUDO

YHUVLRQV RI WKH VDPH VLJQDO WR DGG WRJHWKHU DW WKH UHFHLYHU� 7KLV FDXVHV WKH VLJQDO WR EH

KLJKO\ GLVWRUWHG� %HFDXVH UHqHFWHG VLJQDOV WDNH PRUH WLPH WR UHDFK WKH UHFHLYHU� WKH\ ZLOO

ODJ EHKLQG WKH OLQH�RI�VLWH VLJQDO WKDW WUDYHOV GLUHFWO\ IRUP WKH WUDQVPLWWHU WR WKH UHFHLYHU�

7KH UHFHLYHU ZLOO VHH RQH VWURQJ VLJQDO IROORZHG E\ GHOD\HG DQG DWWHQXDWHG YHUVLRQV RI WKH

VDPH VLJQDO�

,Q D GLJLWDO FRPPXQLFDWLRQ V\VWHP� GDWD V\PEROV DUH PRGXODWHG RQWR D FDUULHU DQG WKHQ

WUDQVPLWWHG� :KHQ WKLV VLJQDO LV VHQW WKURXJK D PXOWLSDWK FKDQQHO� WKH GHOD\V LQ WKH VLJQDO

FDXVH DGMDFHQW V\PEROV WR EH UHFHLYHG RYHUODSSLQJ LQ WLPH ZLWK RQH DQRWKHU� 7KLV LV ZKDW LV

PHDQW E\ LQWHUV\PERO LQWHUIHUHQFH� 7KLV LQWHUIHUHQFH FDQ VHYHUHO\ GHJUDGH WKH SHUIRUPDQFH

RI D GLJLWDO FRPPXQLFDWLRQ V\VWHP� 5HPRYLQJ WKLV LQWHUIHUHQFH ZLOO DOORZ IRU PXFK PRUH

DFFXUDWH GDWD GHWHFWLRQ�

(TXDOL]HUV FDQ XVH VHYHUDO GLoHUHQW WHFKQLTXHV WR FRPSHQVDWH IRU ,6,� /LQHDU HTXDOL]HUV pOWHU

WKH UHFHLYHG VLJQDO WR UHPRYH WKH ,6,� 'HFLVLRQ�IHHGEDFN HTXDOL]HUV DOVR pOWHU WKH UHFHLYHG

�



&KDSWHU �� )XQGDPHQWDOV RI (TXDOL]DWLRQ �

GDWD EXW DOVR XVH SUHYLRXVO\ GHWHFWHG V\PEROV WR UHPRYH WKH ,6, WKH\ SODFHV RQ WKH FXUUHQW

V\PERO� 0D[LPXP� OLNHOLKRRG VHTXHQFH HVWLPDWLRQ LV DQ HTXDOL]DWLRQ WHFKQLTXH WKDW pQGV

WKH PRVW OLNHO\ VHTXHQFH RI WUDQVPLWWHG V\PEROV EDVHG RQ KRZ FORVHO\ WKH UHFHLYHG GDWD

FRPHV WR D VHW RI K\SRWKHVL]HG VLJQDOV� $OO WKHVH WHFKQLTXHV ZLOO EH GLVFXVVHG LQ GHWDLO LQ

&KDSWHU ��

,Q WKLV FKDSWHU� WKH FRQFHSWV EHKLQG HTXDOL]DWLRQ DUH LQWURGXFHG� ,W EHJLQV ZLWK D UHYLHZ

RI D VLPSOH GLJLWDO FRPPXQLFDWLRQV V\VWHP DQG KRZ WKLV V\VWHP LV PRGHOHG� $IWHU WKLV

JHQHUDO FRPPXQLFDWLRQ V\VWHP LV GLVFXVVHG� D PRUH VSHFLDOL]HG PRGHO RI D ZLUHOHVV V\VWHP

ZLOO EH VWXGLHG� ,QFOXGHG LQ WKLV VHFWLRQ ZLOO EH DQ LQ�GHSWK ORRN LQWR WKH PXOWLSDWK ZLUHOHVV

FKDQQHO DQG KRZ LW FDXVHV PXOWLSDWK� ,Q WKH IROORZLQJ VHFWLRQ� WKH FRQFHSW RI HTXDOL]DWLRQ

ZLOO EH H[DPLQHG LQ GHWDLO� 7KLV ZLOO LQFOXGH WKH VWUDWHJLHV XVHG E\ HTXDOL]HUV LQ UHPRYLQJ

WKH LQWHUV\PERO LQWHUIHUHQFH IURP WKH UHFHLYHG VLJQDO DQG WKH OLPLWDWLRQV WKDW H[LVW� 7KH

QH[W VHFWLRQ ZLOO LQWURGXFH WKH FRQFHSW RI FKDQQHO PRGHOLQJ� 7KLV LQFOXGHV WKH GHYHORSPHQW

RI VLPSOH WLPH�LQYDULDQW FKDQQHO PRGHOV WKDW FDQ EH XVHG WR PRGHO GLoHUHQW W\SHV RI ZLUHOHVV

FKDQQHOV� 7KH FKDSWHU ZLOO FRQFOXGH ZLWK D GLVFXVVLRQ RI WKH GLoHUHQW VLPXODWLRQ SURJUDPV

WKDW DFFRPSDQ\ WKLV FKDSWHU� 7KHVH SURJUDPV VLPXODWH D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP

XVLQJ %36. PRGXODWLRQ WR WUDQVPLW GDWD RYHU D PXOWLSDWK FKDQQHO�

��� 'LJLWDO &RPPXQLFDWLRQ 6\VWHP

7KH GLJLWDO FRPPXQLFDWLRQ PRGHO FDQ EH VHSDUDWHG LQWR WKUHH PDLQ SDUWV� WKH WUDQVPLWWHU�

WKH FKDQQHO� DQG WKH UHFHLYHU >�@ >�@ >�@ >�@� $ GLDJUDP RI WKH V\VWHP LV VKRZQ EHORZ�
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)LJXUH ���� %ORFN 'LDJUDP RI D 'LJLWDO &RPPXQLFDWLRQ 6\VWHP

7KH WUDQVPLWWHU WDNHV GLJLWDO GDWD IURP D GDWD VRXUFH� SDVVHV LW WKURXJK D SXOVH�VKDSLQJ
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pOWHU� DQG WKHQ PRGXODWHV WKH RXWSXW RI WKH pOWHU ZLWK D FDUULHU VLJQDO� 7KH PRGXODWHG

VLJQDO LV WKHQ SDVVHG WR WKH FKDQQHO� 7KH FKDQQHO EDQGOLPLWV WKH VLJQDO DQG DGGV QRLVH WR

LW� $W WKH UHFHLYHU� WKH RXWSXW RI WKH FKDQQHO LV GHPRGXODWHG ZLWK WKH VDPH FDUULHU WR IRUP

WKH EDVHEDQG VLJQDO� 7KLV VLJQDO LV WKHQ SDVVHG WKURXJK D PDWFKHG pOWHU DQG WKHQ VDPSOHG

DW WKH V\PERO UDWH� 7KHVH VDPSOHV DUH WKHQ VHQW WR D GHFLVLRQ GHYLFH ZKLFK GHWHUPLQHV WKH

UHFHLYHG V\PEROV�

)RUWXQDWHO\� VLQFH WKH PRGXODWRU DQG GHPRGXODWRU FDQ EH DSSUR[LPDWHG DV OLQHDU GHYLFHV�

WKH\ FDQ ERWK EH UHSUHVHQWHG LQ EDVHEDQG QRWDWLRQ XVLQJ WKH FRPSOH[ HQYHORSH� 6LQFH

WKH HTXDOL]HU LV DOPRVW DOZD\V LPSOHPHQWHG DW EDVHEDQG� UHSUHVHQWLQJ WKH PRGXODWRU DQG

GHPRGXODWRU ZLWK WKLV QRWDWLRQ ZLOO JUHDWO\ VLPSOLI\ WKH V\VWHP PRGHO� :LWK WKLV QRWDWLRQ�

WKH PRGXODWRU� DQG GHPRGXODWRU FDQ EH FRPELQHG ZLWK WKH FKDQQHO WR IRUP RQH V\VWHP

EORFN� 7KLV EORFN LV PRGHOHG DV D pOWHU IROORZHG E\ D EDVHEDQG QRLVH JHQHUDWRU�

:KHQ DQ HTXDOL]HU LV LQFOXGHG ZLWK D GLJLWDO FRPPXQLFDWLRQ V\VWHP� LW ZLOO RSHUDWH RQ WKH

VDPSOHG RXWSXW RI WKH UHFHLYHU
V PDWFKHG pOWHU� 0RVW HTXDOL]HU WHFKQLTXHV RSHUDWH DW WKH

V\PERO UDWH� 2WKHUV RSHUDWH DW D IUDFWLRQ RI WKH V\PERO UDWH� ,Q WKHVH V\VWHPV� WKH PDWFKHG

pOWHU LV RIWHQ FRPELQHG ZLWK WKH HTXDOL]HU� VR WKH HTXDOL]HU ZLOO EH SODFHG DW WKH EHJLQQLQJ

RI WKH UHFHLYHU�

��� 7 KH :LU HOHVV &RPPXQLFDWLRQ 6\VWHP

7KH ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV D VSHFLDOL]HG FDVH RI WKH JHQHUDO GLJLWDO FRPPXQLFD�

WLRQ V\VWHP� 6LQFH WKH IRFXV RI WKLV WKHVLV LV RQ HTXDOL]DWLRQ IRU ZLUHOHVV V\VWHPV� WKLV FDVH

ZLOO EH VWXGLHG LQ GHWDLO�

2QH PDMRU FRQFHUQ LQ GHVLJQLQJ D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV KRZ PXFK VSHFWUXP LW

UHTXLUHV WR WUDQVPLW LWV GDWD� 6SHFWUXP LV YHU\ YDOXDEOH� VR WKH OHVV VSHFWUXP LV QHHGHG WKH

EHWWHU� )RU WKLV UHDVRQ� SDUWLFXODU DWWHQWLRQ LV SDLG WR WKH WUDQVPLW SXOVH�VKDSH pOWHU� 7KH

pOWHU VKRXOG EDQGOLPLW WKH VLJQDO EXW VKRXOG QRW FDXVH DQ\ DGGLWLRQDO LQWHUIHUHQFH� )RU WKLV

UHDVRQ� 1\TXLVW pOWHUV DUH RIWHQ XVHG� 7KHVH pOWHUV DUH DEOH WR EDQGOLPLW WKH VLJQDO ZLWKRXW

WKH DGGLWLRQ RI DQ\ LQWHUV\PERO LQWHUIHUHQFH� 2QH RI WKH PRVW SRSXODU 1\TXLVW pOWHUV XVHG
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LQ ZLUHOHVV FRPPXQLFDWLRQV LV WKH UDLVHG FRVLQH pOWHU >�@� 7KH IUHTXHQF\ UHVSRQVH IRU WKLV

pOWHU LV JLYHQ E\

35&�I�  
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ZKHUH I1 LV WKH 1\TXLVW UDWH HTXDO WR � �7 ZKHUH 7 LV WKH V\PERO UDWH� 7KH SDUDPHWHU

o LV FDOOHG WKH UROORo IDFWRU DQG WDNHV WKH UDQJH � x o x �� 7KLV UROORo IDFWRU FRQWUROV

WKH EDQGZLGWK EH\RQG WKH 1\TXLVW IUHTXHQF\ RI � �7 FDOOHG WKH H[FHVV EDQGZLGWK� :KHQ

o  �� WKHUH LV QR H[FHVV EDQGZLGWK� ZKHQ o  ���� WKHUH LV ��� H[FHVV EDQGZLGWK� DQG

ZKHQo  ���� WKHUH LV ���

8VXDOO\� LQ D ZLUHOHVV V\VWHP� WKLV UDLVHG�FRVLQH pOWHU LV VSOLW LQWR WZR pOWHUV FDOOHG VTXDUH�

URRW UDLVHG�FRVLQH pOWHUV >�@� 7KH IUHTXHQF\ UHVSRQVH RI WKHVH pOWHUV LV WKH VTXDUH URRW RI

WKH IUHTXHQF\ UHVSRQVH RI WKH QRUPDO UDLVHG�FRVLQH pOWHU� 7KH FRPELQHG UHVSRQVH RI WKHVH

WZR pOWHUV ZLOO WKHUHIRUH ORRN OLNH WKH UHVSRQVH RI D UDLVHG�FRVLQH pOWHU� 7KH WZR pOWHUV DUH

GLYLGHG EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU VR WKDW WKH FRPELQHG UHVSRQVHV IRUP D 1\TXLVW

pOWHU� 7KH LPSXOVH UHVSRQVH RI WKH UDLVHG FRVLQH pOWHU LV LQpQLWH LQ OHQJWK� )RU WKLV UHDVRQ�

WKH UHVSRQVH LV RIWHQ WUXQFDWHG WR H[LVW RQO\ EHWZHHQ b�7 x � x �7 ZKHUH �  � LV WKH

FHQWHU SRLQW RI WKH pOWHU�

$ GLDJUDP RI D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP WKDW LQFOXGHV WKHVH VTXDUH�URRW UDLVHG�FRVLQH

pOWHUV LV VKRZQ EHORZ LQ )LJXUH ���� 7KH V\VWHP LV UHSUHVHQWHG LQ EDVHEDQG�

7KH V\VWHP EHJLQV E\ WDNLQJ WKH GDWD V\PEROV IURP WKH GDWD VRXUFH� ,Q� DQG SXOVH VKDSLQJ

WKHP ZLWK WKH VTXDUH URRW UDLVHG�FRVLQH pOWHU� S���� WR IRUP WKH WUDQVPLWWHG VLJQDO� Y�W� >�@�

Y�W�  
;
Q

,QS�Wb Q7 � �����

7KLV VLJQDO LV WKHQ SDVVHG WR WKH EDVHEDQG FKDQQHO PRGHO� )LUVW WKH VLJQDO LV pOWHUHG E\

WKH FKDQQHO pOWHU� J���� 7KHQ QRLVH� Q�W�� LV DGGHG WR WKH VLJQDO WR IRUP WKH UHFHLYHG VLJQDO

LQSXW WR WKH UHFHLYHU� \�W�� 7KH UHVSRQVH RI WKH WUDQVPLW pOWHU DQG FKDQQHO pOWHU DUH RIWHQ

FRPELQHG DQG UHSUHVHQWHG DV RQH pOWHU K���� 7KH IUHTXHQF\ UHVSRQVH RI WKLV pOWHU ZLOO EH

+�I�  3 �I�*�I�� �����
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)LJXUH ���� %ORFN 'LDJUDP RI D :LUHOHVV &RPPXQLFDWLRQ 6\VWHP 8WLOL]LQJ DQ (TXDOL]HU

7KH LQSXW WR WKH UHFHLYHU ZLOO WKHQ EH RI WKH IRUP

\�W�  
;
Q

,QK�Wb Q7 � � Q�W�� �����

7KH UHFHLYHU WKHQ WDNHV WKLV VLJQDO DQG SDVVHV LW WKURXJK WKH PDWFKHG�pOWHU WR IRUP WKH

VLJQDO U�W��

U�W�  

=
\�W�S�Wb ��G� �����

7KLV VLJQDO LV WKHQ VDPSOHG DW WKH V\PERO UDWH WR IRUP WKH GLVFUHWH WLPH VLJQDO UQ  U�Q7 ��

2I SDUWLFXODU LQWHUHVW LV WKH RYHUDOO UHVSRQVH RI WKH V\VWHP� T���� 7KLV UHVSRQVH LV IRXQG

IURP FRQYROYLQJ WKH FRPELQHG WUDQVPLW DQG FKDQQHO UHVSRQVHV ZLWK WKH UHFHLYHU pOWHU�

T���  K��� e S��� �����

7KH UHFHLYHG VLJQDO VDPSOHV FDQ WKHQ EH IRXQG GLUHFWO\ IURP WKH RULJLQDO GDWD V\PEROV�

UQ  
;
N

,NT�Q7 b N7 � � uQ �����

7KH QRLVH FRPSRQHQW RI WKH UHFHLYHG V\PERO LV IRXQG E\ SDVVLQJ WKH QRLVH WKURXJK WKH

UHFHLYH pOWHU�

uQ  

=
Q�W�S�Q7 b W�GW �����



&KDSWHU �� )XQGDPHQWDOV RI (TXDOL]DWLRQ ��

,I WKH VDPSOHG RYHUDOO UHVSRQVH TN  T�N7 � LV QRW D GHOWD IXQFWLRQ DW WLPH ]HUR� WKHQ

LQWHUV\PERO LQWHUIHUHQFH H[LVWV� 7KH IUHTXHQF\ UHVSRQVH RI WKLV VDPSOHG UHVSRQVH LV JLYHQ

E\

4��I�  
;
N

4�I b N 7 � �����

7KLV IUHTXHQF\ UHVSRQVH VKRXOG EH qDW DFURVV DOO IUHTXHQFLHV� ,I WKLV LV QRW WUXH� LW LV WKH

UROH RI WKH HTXDOL]HU WR PDNH LW VR�

��� :LU HOHVV &KDQQHO 0 RGHOV

,QFOXGHG LQ WKH ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV D FKDQQHO EORFN� 7KLV EORFN FRQWDLQV WZR

SDUWV� WKH FKDQQHO pOWHU DQG WKH QRLVH JHQHUDWRU� ,Q PRVW FDVHV� WKH QRLVH FDQ EH PRGHOHG

DV D ]HUR�PHDQ� VWDWLRQDU\ *DXVVLDQ UDQGRP SURFHVV� Q�W�� ZLWK D qDW VSHFWUDO GHQVLW\� 7KLV

PRGHOV WKH WKHUPDO QRLVH JHQHUDWHG LQ WKH UHVLVWRUV DQG VHPLFRQGXFWRUV XVHG LQ WKH UHFHLYHU�

7KH FKDQQHO pOWHU� RQ WKH RWKHU KDQG� LV XVHG WR PRGHO WKH HoHFWLYH WUDQVIHU IXQFWLRQ RI

WKH PHGLXP EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU� ,Q WKH FDVH RI D ZLUHOHVV FRPPXQLFDWLRQ

V\VWHP� LW LV XVHG WR PRGHO WKH UHVSRQVH RI WKH ZLUHOHVV FKDQQHO� 7KH GLVWLQJXLVKLQJ FKDU�

DFWHULVWLF RI WKH ZLUHOHVV FKDQQHO LV PXOWLSDWK� ,Q D ZLUHOHVV HQYLURQPHQW� WKH UDGLR VLJQDO

WKDW LV EURDGFDVW IURP WKH WUDQVPLWWLQJ DQWHQQD ERXQFHV Ro REMHFWV LQ WKH HQYLURQPHQW

VXFK DV EXLOGLQJV DQG DLUSODQHV LQ DQ RXWGRRU HQYLURQPHQW RU ZDOOV DQG IXUQLWXUH LQ DQ

LQGRRU HQYLURQPHQW� 7KHVH UHqHFWLRQV DGG WRJHWKHU ZLWK WKH RULJLQDO� GLUHFW VLJQDO DW WKH

UHFHLYH DQWHQQD� %HFDXVH WKH UHqHFWLRQV WDNH ORQJHU WR UHDFK WKH UHFHLYHU� WKH\ DUH GHOD\HG

FRPSDUHG WR WKH GLUHFW UD\� $ ZLUHOHVV PXOWLSDWK FKDQQHO UHIHUV WR D FKDQQHO WKDW FDXVHV

WKHVH PXOWLSOH UHqHFWHG VLJQDOV�

0RGHOLQJ WKH ZLUHOHVV FKDQQHO LV D GLrFXOW WDVN� $ GLoHUHQW FKDQQHO H[LVWV IRU HYHU\ W\SH RI

ZLUHOHVV HQYLURQPHQW� 5HqHFWHG UD\V ZLOO EH GHOD\HG E\ D PXFK ORQJHU WLPH LQ DQ RXWGRRU

HQYLURQPHQW FRPSDUHG WR DQ LQGRRU HQYLURQPHQW� $Q RXWGRRU XUEDQ HQYLURQPHQW ZLWK ORWV

RI ODUJH EXLOGLQJV DQG RWKHU REVWUXFWLRQV LV PXFK GLoHUHQW WKDQ D UXUDO HQYLURQPHQW ZKHUH

WKHUH DUH PXFK IHZHU REVWDFOHV� (YHQ LQGRRU FKDQQHOV FDQ YDU\� 7KH HQYLURQPHQW RI D ODUJH

IDFWRU\ ZKHUH WKH ZDOOV DUH YHU\ IDU DSDUW LV YHU\ GLoHUHQW WKDQ DQ RrFH EXLOGLQJ� ZKHUH WKH
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PDLQ REVWDFOHV FRXOG EH FXELFOH ZDOOV RU HYHQ SHRSOH� $OO WKHVH WKLQJV PXVW EH DFFRXQWHG

IRU ZKHQ GHVLJQLQJ DQ DFFXUDWH FKDQQHO PRGHO >�@ >�@ >�@ >��@ >��@�

$ PXOWLSDWK FKDQQHO FDQ EH PDGH XS RI HLWKHU D FRQWLQXXP RI GLoHUHQW SDWKV RU FDQ KDYH

VHYHUDO GLVFUHWH SDWKV VHSDUDWHG E\ VRPH GHOD\� 0RVW PRGHOV RI PXOWLSDWK FKDQQHOV PRGHO

WKH FKDQQHO DV GLVFUHWH SDWKV EHFDXVH WKLV LV WKH IRUP PDQ\ RI WKH FKDQQHOV WDNH DQG EHFDXVH

WKLV PHWKRG LV HDVLHU WR VLPXODWH� 7KHUH DUH WZR ZD\V WR PRGHO WKLV FKDQQHO� 7KH pUVW LV WR

XVH D WHFKQLTXH FDOOHG FKDQQHO VRXQGLQJ WR PHDVXUH WKH UHVSRQVH RI DQ DFWXDO FKDQQHO� 7KH

UHVSRQVH FDQ WKDQ EH VWRUHG DQG XVHG LQ DSSOLFDWLRQV ZKHUH LW LV QHHGHG� 7KH RWKHU WHFKQLTXH

LV WR FUHDWH D VWDWLVWLFDO PRGHO RI D W\SH RI FKDQQHO� 7KLV LV WKH PRVW FRPPRQ PHWKRG XVHG�

7KH PRVW EDVLF VWDWLVWLFDO PXOWLSDWK FKDQQHO PRGHO LV GHVFULEHG E\ WKH IROORZLQJ HTXDWLRQ�

J���  
;
N

oNH
bMvNr�� b �N� ������

7KH LQGH[� N� LV WKH LQGH[ IRU HDFK GLVFUHWH SDWK� (DFK SDWK KDV LWV RZQ FKDUDFWHULVWLFV�

7KH YDULDEOH oN GHVFULEHV WKH PDJQLWXGH RI HDFK PXOWLSDWK FRPSRQHQW� vN LV WKH SKDVH RI

WKH FRPSRQHQW� DQG �N LV WKH GHOD\ RI WKH FRPSRQHQW� (DFK RI WKHVH SDWK FKDUDFWHULVWLFV LV

D UDQGRP YDULDEOH� 7KHLU VWDWLVWLFDO GLVWULEXWLRQ GHSHQGV RQ WKH W\SH RI HQYLURQPHQW WKDW

LV EHLQJ PRGHOHG� 7KHVH SDUDPHWHUV DUH DOVR WLPH�YDU\LQJ� +RZ TXLFNO\ WKH\ YDU\ GHSHQGV

RQ WKH HQYLURQPHQW�

$ PHDVXUHPHQW WKDW LV YHU\ XVHIXO LQ FKDUDFWHUL]LQJ D FKDQQHO UHVSRQVH LV WKH UPV GHOD\

VSUHDG � 7KLV PHDVXUH GHVFULEHV KRZ GLVSHUVLYH WKH FKDQQHO LV� ,W SURYLGHV VRPH LGHD RI KRZ

KRVWLOH WKH FKDQQHO ZLOO EH� ,W LV GHpQHG DV

��  
T
z�� b �z��� ������

ZKHUH

z�Q  
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� ������

7KH W\SLFDO UPV GHOD\ VSUHDG LV RQ WKH RUGHU RI PLFURVHFRQGV IRU DQ RXWGRRU FKDQQHO DQG

RQ WKH RUGHU RI QDQRVHFRQGV IRU DQ LQGRRU FKDQQHO� 7KH GHOD\ VSUHDG LV RIWHQ QRUPDOL]HG

ZLWK UHVSHFW WR WKH V\PERO UDWH RI WKH WUDQPLWWHG V\PERO IRU FRQYHQLHQFH�

�1  �� 7V ������
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7LPH YDULDWLRQV RI WKH SDWK VWDWLVWLFV DUH GHSHQGHQW RQ PDQ\ IDFWRUV� 0RYHPHQW RI WKH

UHFHLYHU� WUDQVPLWWHU� RU ERWK FDQ FDXVH WLPH YDULDWLRQV� 0RYHPHQW RI REVWDFOHV LQ WKH

HQYLURQPHQW FDQ DOVR FDXVH WKH FKDQQHO WR FKDQJH� :KHQ PRGHOLQJ DQG RXWGRRU FKDQQHO

WKHVH YDULDWLRQV EHFRPH D PDMRU FRQFHUQ� 0DQ\ ZLUHOHVV V\VWHPV XVHG RXWGRRUV LQYROYH

PRYHPHQW RI WKH UHFHLYHU RU WUDQVPLWWHU� H� J� D PRELOH SKRQH V\VWHPV� )RU WKLV UHDVRQ�

PRVW RXWGRRU FKDQQHO PRGHOV DFFRXQW IRU WKHVH UDSLG WLPH YDULDWLRQV� 2Q WKH RWKHU KDQG�

PRVW LQGRRU DSSOLFDWLRQV KDYH WUDQVPLWWHUV DQG UHFHLYHUV WKDW DUH VWDWLF� H� J� D ZLUHOHVV

/$1 V\VWHP� RU WKDW PRYH YHU\ VORZO\� ,Q WKLV FDVH WKH WLPH YDULDWLRQV RI WKH FKDQQHO DUH

VORZ FRPSDUHG WR WKH V\PERO UDWH DQG DUH QRW D PDMRU FRQFHUQ�

7KH pUVW IHZ FKDSWHUV LQ WKLV WKHVLV ZLOO XVH FKDQQHO PRGHOV YHU\ VLPLODU WR WKRVH RI DQ

LQGRRU FKDQQHO EHFDXVH WLPH�LQYDULDQW FKDQQHOV DUH HDVLHU WR PRGHO DQG XQGHUVWDQG� 7KH

PRUH FRPSOLFDWHG WLPH�YDULDQW PRELOH UDGLR FKDQQHO PRGHO ZLOO EH GLVFXVVHG LQ &KDSWHU ��

7KH LQGRRU FKDQQHO LV XVXDOO\ PRGHOHG DV VHYHUDO UD\V ZLWK DQ H[SRQHQWLDOO\ GHFD\LQJ SURpOH�

7KH DPSOLWXGH RI WKH LQGLYLGXDO SDWK HOHPHQWV FDQ EH PRGHOHG DV D FRPSOH[ *DXVVLDQ

UDQGRP YDULDEOH� 8VLQJ WKLV PRGHO� WKH LQGLYLGXDO SDWK PDJQLWXGH ZLOO KDYH D 5D\OHLJK

GLVWULEXWLRQ DQG LWV SKDVH ZLOO EH XQLIRUPO\ GLVWULEXWHG� 7KH SDWK GHOD\V FDQ EH PRGHOHG

VHYHUDO GLoHUHQW ZD\V� 7KH PRVW DFFXUDWH PHWKRG LV WR GHVFULEH WKH SDWK DUULYDO DV D

PRGLpHG 3RLVVRQ GLVWULEXWLRQ� 7KLV VHHPV WR SURYLGH WKH PRVW DFFXUDWH PDWFK WR PHDVXUHG

FKDQQHO SURpOHV� $ OHVV FRPSOH[ PHWKRG LV WR KDYH WKH SDWKV DUULYH DW IUDFWLRQV RI WKH

V\PERO UDWH� )RU H[DPSOH� WKH UHVSRQVH FRXOG EH PRGHOHG DV

J���  
;
N

$Nr�� b N7V �� ������

ZKHUH $N LV WKH FRPSOH[ *DXVVLDQ SDWK JDLQ DQG 7V LV WKH V\PERO UDWH� ,Q WKLV FDVH WKHUH

ZLOO EH HLJKW XQLIRUPO\ VSDFHG SDWKV SHU V\PERO� 7KRXJK WKLV PRGHO LV QRW DV DFFXUDWH DV

RQH WKDW XVHV WKH 3RLVVRQ GLVWULEXWLRQ� LW VWLOO SURYLGHV UHDVRQDEOH DSSUR[LPDWLRQV RI LQGRRU

FKDQQHO SURpOHV >��@� 7KH FKDQQHO PRGHOV XVHG LQ WKH VLPXODWLRQV LQFOXGHG ZLWK WKH pUVW

IHZ FKDSWHUV RI WKLV WKHVLV ZLOO XVH WKLV VLPSOH LQGRRU PRGHO� 7HQ GLoHUHQW FKDQQHO PRGHOV

DUH LQFOXGHG� 7KH FKDUDFWHULVWLFV RI WKHVH PRGHOV DUH VKRZQ EHORZ LQ 7DEOH ����
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7DEOH ���� 7DEOH RI &KDQQHO &KDUDFWHULVWLFV

1XP� �1 7\SH 1XP� �1 7\SH

� ���� /26 � ���� /26

� ���� /26 � ���� /26

� ���� /26 � ���� 2%6

� ���� /26 � ���� 2%6

� ���� /26 �� ���� 2%6

��� ( TXDOL]HU 2SHU DWLRQ

:KHQ WKH QRUPDOL]HG UPV GHOD\ VSUHDG RI D FKDQQHO EHFRPHV JUHDWHU WKDQ DURXQG ���� WKH ,6,

LQWURGXFHG E\ WKH FKDQQHO VWDUWV WR EHFRPH D PDMRU LPSHGLPHQW WR WKH DFFXUDWH UHFHSWLRQ

RI GDWD� $W WKLV SRLQW� WKH V\VWHP PXVW HPSOR\ VRPH VRUW RI WHFKQLTXH WR FRPSHQVDWH IRU

WKH ,6, LQ RUGHU WR LPSURYH WKH %(5� (TXDOL]DWLRQ LV RQH VXFK WHFKQLTXH� ,W UHPRYHV WKH ,6,

LQWURGXFHG E\ WKH FKDQQHO VR WKDW EHWWHU V\PERO HVWLPDWHV FDQ EH PDGH IURP WKH UHFHLYHG

GDWD VLJQDO�

7KH JRDO RI WKH HTXDOL]HU LV WR KDYH WKH FRPELQHG UHVSRQVH RI WKH RYHUDOO FKDQQHO� TN� DQG

WKH LPSXOVH UHVSRQVH RI WKH HTXDOL]HU� FN� HTXDO WR D GHOWD IXQFWLRQ DV VKRZQ LQ (TXDWLRQ

����� 7KLV FRPSOHWHO\ VDWLVpHV WKH 1\TXLVW FULWHULRQ IRU GLVWRUWLRQOHVV WUDQVPLVVLRQ� 7KH

HTXDOL]HU ZLOO UHPRYH DOO WKH LQWHUV\PERO LQWHUIHUHQFH WKDW LV FDXVHG E\ WKH FKDQQHO >�@ >�@�

GN  
�;

M b�

FMTNbM  

�!�
!�
� N  �

� N � �
������

7KLV W\SH RI HTXDOL]HU LV NQRZQ DV D ]HUR�IRUFLQJ HTXDOL]HU EHFDXVH LW IRUFHV WKH LPSXOVH

UHVSRQVH WR ]HUR LQ DOO EXW RQH LQVWDQW� ,Q WKH IUHTXHQF\ GRPDLQ WKLV LV UHSUHVHQWHG DV

'�I�  4��I�&�I�  �� ������

,W WKHQ IROORZV WKDW

&�I�  
�

4��I�
������
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7KH HTXDOL]HU WULHV WR EHFRPH WKH LQYHUVH RI WKH FKDQQHO� ,W ERRVWV WKH IUHTXHQF\ HOHPHQWV

WKDW DUH DWWHQXDWHG E\ WKH FKDQQHO DQG OLPLWV WKH VWURQJHU IUHTXHQF\ HOHPHQWV VXFK WKDW

WKH FRPELQHG IUHTXHQF\ UHVSRQVH RI WKH FKDQQHO DQG HTXDOL]HU LV WKH VDPH RYHU WKH GHVLUHG

IUHTXHQF\ UDQJH�

7KHUH DUH VHYHUDO SUREOHPV ZLWK WKH ]HUR�IRUFLQJ HTXDOL]HU� )LUVW RI DOO� LW PD\ UHTXLUH WKH

HTXDOL]HU WR KDYH D YHU\ ODUJH QXPEHU RI WDSV� 7KLV ZRXOG EH LPSRVVLEOH WR LPSOHPHQW LQ

D UHDO V\VWHP� 7KH VHFRQG SUREOHP LV WKDW QR FRQVLGHUDWLRQ KDV EHHQ SDLG WR WKH QRLVH

FRPSRQHQW RI WKH UHFHLYHG VLJQDO� :KHQ WKH HTXDOL]HU DPSOLpHV WKH VSHFWUDO FRPSRQHQWV

WKDW ZHUH DWWHQXDWHG E\ WKH FKDQQHO� LW DOVR DPSOLpHV WKH QRLVH DW WKHVH IUHTXHQFLHV� 7KLV

LV KLJKO\ SUREOHPDWLF IRU WUDQVPLVVLRQ RI VLJQDOV RYHU UDGLR FKDQQHOV EHFDXVH RI WKH GHHS

VLJQDO IDGHV WKDW WKHVH FKDQQHOV H[KLELW� ,Q WKLV FDVH WKH HTXDOL]HU FRXOG FDXVH PRUH KDUP

WKDQ JRRG� )LQDOO\ DQG PD\EH PRVW LPSRUWDQWO\� LQ PRVW FDVHV WKH HTXDOL]HU ZLOO QRW NQRZ

WKH H[DFW FKDQQHO UHVSRQVH DW HDFK SRLQW LQ WLPH� 7KH FKDQQHO UHVSRQVH ZLOO DOVR EH WLPH�

YDU\LQJ� 7KH PHWKRG XVHG E\ WKH ]HUR�IRUFLQJ HTXDOL]HU DERYH ZLOO QRW EH RI PXFK XVH

EHFDXVH RI WKLV� ,W UHTXLUHV ERWK NQRZOHGJH RI WKH FKDQQHO UHVSRQVH DQG DVVXPHV WKDW WKLV

UHVSRQVH GRHV QRW FKDQJH�

)RUWXQDWHO\� PDQ\ RI WKHVH SUREOHPV KDYH EHHQ VROYHG� (TXDOL]HUV DUH DEOH WR DSSUR[LPDWH

WKH LQpQLWH WDS pOWHU ZLWK D WUXQFDWHG� pQLWH WDS YHUVLRQ� DQG DUH VWLOO DEOH WR UHPRYH PXFK

RI WKH ,6,� 7KRXJK WKHVH HTXDOL]HUV DUH QRW DV HoHFWLYH� WKH\ DUH UHDOL]DEOH LQ D UHDO V\VWHP�

7R VROYH WKH SUREOHP RI QRLVH DPSOLpFDWLRQ� PRUH DGYDQFHG HTXDOL]HUV XVH ERWK WKH FKDQQHO

UHVSRQVH DQG WKH QRLVH FKDUDFWHULVWLFV WR GHWHUPLQH WKHLU pOWHU WDSV� ,W LV GRQH LQ VXFK D ZD\

DV WR PLQLPL]H WKH PHDQ�VTXDUH HUURU �06(� RI WKH RXWSXW RI WKH HTXDOL]HU� ,W GHWHUPLQHV

WKLV HUURU E\ FRPSDULQJ WKH RXWSXW RI WKH HTXDOL]HU ZLWK D GHVLUHG RXWSXW� 7KHVH GLoHUHQW

HTXDOL]DWLRQ WHFKQLTXHV ZLOO EH GLVFXVVHG LQ GHWDLO LQ &KDSWHU ��

7KHUH DUH VHYHUDO PHWKRGV WKDW DQ HTXDOL]HU FDQ XVH WR JDLQ NQRZOHGJH RI WKH FKDQQHO�

3UREDEO\ WKH PRVW ZLGHO\ XVHG PHWKRG LV WR XVH DGDSWLYH DOJRULWKPV WR pQG WKH PRVW

HoHFWLYH HTXDOL]HU� 0RVW RI WKHVH DOJRULWKPV ZRUN E\ WU\LQJ WR PLQLPL]H WKH HUURU EHWZHHQ

WKH RXWSXW RI WKH HTXDOL]HU DQG VRPH GHVLUHG RXWSXW� 7KHVH DOJRULWKPV DQG KRZ WKH\ ZRUN

ZLWK WKH GLoHUHQW HTXDOL]DWLRQ WHFKQLTXHV ZLOO EH GHVFULEHG LQ &KDSWHU ��
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��� :LU HOHVV 6\VWHP 6LPXODWLRQ

,QFOXGHG ZLWK HDFK FKDSWHU LQ WKLV WKHVLV DUH VLPXODWLRQ SURJUDPV EDVHG RQ WKH PDWHULDO

FRYHUHG ZLWKLQ WKDW FKDSWHU� 7KHVH VLPXODWLRQV DUH JLYHQ WR KHOS UHDGHUV IXUWKHU XQGHUVWDQG

WKH FRQFHSWV SUHVHQWHG LQ WKH FKDSWHU DQG WR KHOS WKHP JDLQ LQVLJKW LQWR WKH VLPXODWLRQ

SURFHVV >��@� 7KHUH LV RQH VLPXODWLRQ WKDW ZLOO EH LQFOXGHG ZLWK WKLV FKDSWHU� ,W PRGHOV

D GLJLWDO ZLUHOHVV FRPPXQLFDWLRQ V\VWHP GHJUDGHG E\ LQWHUV\PERO LQWHUIHUHQFH� 7KLV LV

SUREDEO\ RQH RI WKH PRVW LPSRUWDQW VLPXODWLRQV LQFOXGHG ZLWK WKH WKHVLV� 0RVW RI WKH

RWKHU VLPXODWLRQ LQFOXGHG ZLWK WKLV WKHVLV ZLOO EH EDVHG RQ WKLV RQH� ,Q WKLV VLPXODWLRQ�

QR HTXDOL]HU LV XVHG WR FRPSHQVDWH IRU WKH LQWHUIHUHQFH� 6LPXODWLRQV WKDW GR LQFOXGH DQ

HTXDOL]HU ZLOO EH LQFOXGHG ZLWK IROORZLQJ FKDSWHUV�

7KH VLPXODWLRQ LV GHVLJQHG WR PRGHO D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP� 7KLV LPSOLHV VHYHUDO

V\VWHP FKDUDFWHULVWLFV� )LUVW� WKH PDWFKHG pOWHUV XVHG LQ WKH WUDQVPLWWHU DQG UHFHLYHU ZLOO

EH p[HG� 7KHVH pOWHUV ZLOO EH WKH VTXDUH URRW UDLVHG�FRVLQH pOWHUV PHQWLRQHG DERYH� $OVR� DOO

WKH FKDQQHO PRGHOV ZLOO EH FDXVDO� 7KLV GRHV QRW PHDQ WKDW WKH FRPELQHG UHVSRQVH RI WKH

WUDQVPLW PDWFKHG pOWHU� WKH FKDQQHO� DQG WKH UHFHLYH PDWFKHG pOWHU ZLOO EH FDXVDO� WKRXJK

WKH ,6, RI WKH QRQFDXVDO SRUWLRQ ZLOO PRVW RIWHQ EH UHODWLYHO\ VPDOO�

7KH FKDQQHO UHVSRQVHV XVHG LQ WKLV VLPXODWLRQV DUH EDVHG RQ WKH WLPH�LQYDULDQW FKDQQHO

PRGHOV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ� ,QVWHDG RI JHQHUDWLQJ D UDQGRP FKDQQHO PRGHO

HDFK WLPH� WKH XVHU RI WKH VLPXODWLRQ ZLOO EH DEOH WR SLFN IURP WHQ GLoHUHQW PRGHOV� (DFK

PRGHO ZLOO KDYH LWV RZQ VSHFLDO SURSHUWLHV� 6RPH ZLOO EH PRUH VHYHUH WKDQ RWKHUV� 6RPH

ZLOO EH ORQJHU WKDQ RWKHUV�

7KH VLPXODWLRQ LV SDUWLWLRQHG LQWR WKUHH PDLQ SURJUDPV� WKH SUHSURFHVVRU� WKH SURFHVVRU�

DQG WKH SRVWSURFHVVRU� (DFK SURJUDP KDV GLoHUHQW IXQFWLRQV UHODWHG WR WKH VLPXODWLRQ

>��@ >��@� 7KH SUHSURFHVVRU� LV XVHG WR VHW WKH GLoHUHQW VLPXODWLRQ SDUDPHWHUV� :KHQ WKH

SURJUDP LV H[HFXWHG WKH SURJUDP ZLOO SURPSW WKH XVHU IRU VHYHUDO RI WKHVH SDUDPHWHUV�

7KHVH SDUDPHWHUV ZLOO EH XVHG E\ WKH SURFHVVRU SURJUDP WR VLPXODWH WKH V\VWHP� 7KHUH DUH

WZR VHWV RI GDWD WKDW WKH SUHSURFHVVRU ZLOO DVN IRU� 7KH pUVW VHW RI UHTXHVWHG GDWD GHVFULEH

WKH ZRUNLQJV RI WKH VLPXODWLRQ LWVHOI� 7KHVH ZLOO LQFOXGH SDUDPHWHUV VXFK DV WKH QXPEHU RI
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V\PEROV WR UXQ DQG WKH QXPEHU RI VDPSOHV SHU V\PERO WKHUH VKRXOG EH� 7KH VHFRQG VHW RI

GDWD GHDO ZLWK WKH DFWXDO V\VWHP WKDW LV EHLQJ VLPXODWHG� 7KHVH PD\ LQFOXGH VXFK WKLQJV

DV WKH (E 1� UDWLR RU WKH W\SH RI FKDQQHO WR XVH� 7KH DGYDQWDJH RI WKH SUHSURFHVVRU LV WKDW

D XVHU GRHV QRW KDYH WR HGLW WKH VLPXODWLRQ SURJUDP WR FKDQJH GLoHUHQW VHWWLQJV� EXW FDQ

LQVWHDG HQWHU WKHP IURP WKH FRPPDQG SURPSW�

7KH SURFHVVRU SURJUDP FRQWDLQV WKH PDLQ VLPXODWLRQ FRGH� ,W XVHV WKH VHWWLQJV VDYHG LQ WKH

ZRUNVSDFH E\ WKH SUHSURFHVVRU SURJUDP WR VLPXODWH WKH V\VWHP� 7KH SURFHVVRU ZLOO QHHG

QR H[WUD LQIRUPDWLRQ IURP WKH XVHU� 2QFH WKH SURJUDP LV H[HFXWHG� LW ZLOO QRW UHTXLUH DQ\

LQSXW RU GLVSOD\ DQ\ RXWSXW� $OO WKH GDWD LW FRPSXWHV ZLOO EH VDYHG WR WKH ZRUNVSDFH WR EH

XVHG ZLWK WKH SRVWSURFHVVRU�

7KH SRVWSURFHVVRU WDNHV WKH GDWD JHQHUDWHG E\ WKH SURFHVVRU DQG JUDSKLFDOO\ GLVSOD\V WKHP�

:KHQ WKH SRVWSURFHVVRU SURJUDP LV H[HFXWHG� D JUDSKLFDO PHQX SRSV XS WKDW D XVHU FDQ XVH

WR VHOHFW EHWZHHQ DOO WKH GLoHUHQW DYDLODEOH SORWV� 6RPH RI WKH DYDLODEOH GLVSOD\V DUH SORWV

RI WKH WUDQVPLWWHG GDWD� SORWV RI WKH UHFHLYHG GDWD� DQG SORWV RI WKH LPSXOVH DQG IUHTXHQF\

UHVSRQVHV RI GLoHUHQW pOWHUV LQ WKH V\VWHP� WR QDPH D IHZ�

����� 3 U HSU RFHVVRU

7KH SUHSURFHVVRU IRU WKH VLPXODWLRQ RI WKH ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV FDOOHGZV\VSUH�P�

,W UHTXHVWV DOO RI WKH LQIRUPDWLRQ WKDW LV QHHGHG E\ WKH SURFHVVRU SURJUDP� $Q H[DPSOH RI

WKLV SURJUDP LV VKRZQ EHORZ�

!! ZV\VSUH

(QWHU QXPEHU RI V\PEROV WR VLPXODWH >����@�

(QWHU QXPEHU RI VDPSOHV ������ SHU V\PERO >��@� ��

(QWHU (E�1� YDOXH >�@� ��

(QWHU WKH UROORII IDFWRU �� � �� RI WKH UDLVHG FRVLQH ILOWHU >���@�

(QWHU WKH 1XPEHU ������ RI WKH &KDQQHO WR 6LPXODWH >�@� �

!!
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(DFK UHTXHVW IRU LQIRUPDWLRQ LV IROORZHG E\ D QXPEHU LQ EUDFNHWV� 7KLV QXPEHU LV WKH

GHIDXOW YDOXH IRU WKH VHOHFWLRQ� ,W FDQ EH VHOHFWHG E\ MXVW SUHVVLQJ WKH UHWXUQ NH\� 7KHVH

DUH MXVW VXJJHVWHG YDOXHV DQG VKRXOG QRW EH FRQVLGHUHG DEVROXWH� 7KH XVHU LV HQFRXUDJHG WR

H[SHULPHQW ZLWK WKH GLoHUHQW VHWWLQJV WR JHW D IHHO IRU WKH V\VWHP DQG WKH VLPXODWLRQ�

6RPH UHTXHVWV KDYH QXPEHUV LQ SDUHQWKHVHV OLNH WKH?1XPEHU RI 6DPSOHV� VHOHFWLRQ DERYH�

7KHVH QXPEHUV DUH WKH OLPLWV RI WKH VHOHFWLRQ� 8VHUV DUH UHTXLUHG WR HQWHU D YDOXH ZLWKLQ

WKHVH OLPLWV� ,I WKH\ GR QRW� WKH SUHSURFHVVRU ZLOO UHMHFW WKH YDOXH DQG UHTXHVW D QHZ YDOXH�

2QFH DOO WKH YDOXHV DUH HQWHUHG� WKH\ DUH VDYHG WR WKH ZRUNVSDFH WR EH XVHG E\ WKH SURFHVVRU�

����� 3 U RFHVVRU

7KH SURFHVVRU SURJUDP RI WKLV VLPXODWLRQ LV FDOOHGZV\VSURF�P� ,W WDNHV WKH SDUDPHWHUV VHW

E\ WKH SUHSURFHVVRU DQG PRGHOV WKH VSHFLpHG V\VWHP� 7KH SURFHVVRU EHJLQV E\ FUHDWLQJ WKH

VTXDUH URRW UDLVHG�FRVLQH pOWHU XVHG IRU SXOVH�VKDSLQJ LQ WKH WUDQVPLWWHU DQG PDWFK�pOWHULQJ

LQ WKH UHFHLYHU� 7KH 0$7/$% FRPPXQLFDWLRQ WRROER[ FRPHV ZLWK D IXQFWLRQ FDOOHG UFRVLQH

WKDW FUHDWHV WKH pOWHU DXWRPDWLFDOO\� ,W UHTXLUHV LQIRUPDWLRQ DERXW WKH QXPEHU RI VDPSOHV

SHU V\PERO DQG WKH UROORo IDFWRU RI WKH pOWHU� %RWK RI WKHVH SDUDPHWHUV FRPH IURP WKH

SUHSURFHVVRU� 7KH pOWHU LV FUHDWHG XVLQJ WKH IROORZLQJ FRPPDQGV�

0)  UFRVLQH��� VSV�� VTUW�� DOSKD��GHOD\0)  � e VSV� ������

7KH FRQVWDQW VSV LV WKH QXPEHU RI VDPSOHV SHU V\PERO DQG DOSKD LV WKH UROORo IDFWRU RI

WKH pOWHU� 7KH VHFRQG FRPPDQG VHWV WKH YDULDEOH GHOD\0) WR WKH GHOD\ RI WKH PDWFKHG

pOWHU� 7KLV GHOD\ VLJQLpHV WKH PLGGOH RU ?WLPH ]HUR� WDS RI WKH pOWHU� 7KLV LQIRUPDWLRQ ZLOO

EH QHFHVVDU\ ZKHQ WKH RXWSXW RI WKH UHFHLYHG pOWHU LV VDPSOHG�

7KH QH[W VWHS LV WR pQG WKH FRPELQHG UHVSRQVH RI WKH SXOVH�VKDSH pOWHU DQG WKH FKDQQHO�

7KLV LV GRQH XVLQJ WKH FRQY FRPPDQG�

+  FRQY�0)�*�� ������

7KH RYHUDOO FKDQQHO UHVSRQVH LV IRXQG E\ LQFOXGLQJ WKH UHFHLYHU
V PDWFKHG pOWHU�

4  FRQY�+�0)�� ������
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7KLV UHVSRQVH LV WKHQ VDPSOHG WR pQG WKH GLVFUHWH RYHUDOO UHVSRQVH�

4�  4�� � VSV � OHQJWK�4��� ������

7KH QH[W VWHS LV WR QRUPDOL]H WKH FKDQQHO pOWHU VXFK WKDW WKH UHFHLYHG VLJQDO ZLOO KDYH

XQLW HQHUJ\� 7KLV LV GRQH IRU ERWK FRQYHQLHQFH DQG FRQVLVWHQF\� 7R QRUPDOL]H WKH FKDQQHO

UHVSRQVH ZH GLYLGH WKH FKDQQHO pOWHU E\ WKH VTXDUH URRW RI WKH VXP RI WKH VDPSOHG UHVSRQVH

WDSV�

*Q  * VTUW�4� e4���� ������

2QFH WKH FKDQQHO KDV EHHQ QRUPDOL]HG� WKH VLJQDO YHFWRUV DUH FUHDWHG� 7KLV VLPXODWLRQ

RSHUDWHV XVLQJ EORFN�E\�EORFN PHWKRG� 7KLV PHDQV WKDW D V\VWHP EORFN RSHUDWHV RQ DQ

HQWLUH YHFWRU RI GDWD EHIRUH LWV RXWSXW LV SDVVHG WR WKH QH[W EORFN� 7KLV PHWKRG FDQ EH

XVHG LQ WKLV FDVH EHFDXVH WKH PDLQ REMHFWLYH RI WKHVH VLPXODWLRQV LV WR SURGXFH WKH PDQ\

GLoHUHQW ZDYHIRUPV WKDW DUH SRVVLEOH� ,I WKH REMHFWLYH ZDV WR FRXQW ELW HUURUV LQ RUGHU

WR FUHDWH DFFXUDWH %(5 SORWV� WKH V\PERO�E\�V\PERO PHWKRG� ZKHUH D V\PERO LV SDVVHG

WKURXJK WKH HQWLUH V\VWHP EHIRUH WKH QH[W RQH LV VHQW� ZRXOG EH PRUH GHVLUDEOH�

:LWK WKH EORFN�E\�EORFN PHWKRG� WKH 0$7/$% FRPPDQGV pOWHU DQG FRQY FDQ EH XVHG

WR SHUIRUP DOO WKH pOWHULQJ RSHUDWLRQV WKDW DUH UHTXLUHG LQ WKLV V\VWHP PRGHO� 7KH pOWHU

FRPPDQG WDNHV WKH pOWHU FRHrFLHQWV DQG WKH YHFWRU RI GDWD WR EH pOWHUHG DV LWV LQSXW DQG

SURGXFHV WKH pOWHUHG GDWD YHFWRU DV LWV RXWSXW� ,W RSHUDWHV ZHOO ZKHQ WKH pOWHU LV FDXVDO�

)RU WKLV UHDVRQ LW LV XVHG WR VLPXODWH WKH FKDQQHO pOWHU� 7KH FRQY FRPPDQG ZRUNV EHWWHU

ZKHQ WKH pOWHU LV QRW FDXVDO� 7KDW LV ZK\ LW LV XVHG WR SHUIRUP WKH PDWFKHG pOWHULQJ

RSHUDWLRQV� %RWK FRPPDQGV DUH YHU\ TXLFN DQG HrFLHQW ZKHQ pOWHULQJ YHFWRUV RI GDWD�

7KH\ DUH RIWHQ XVHG LQ EORFN�E\�EORFN VLPXODWLRQV� %HFDXVH RI WKH QDWXUH RI WKH V\PERO�

E\�V\PERO VLPXODWLRQ PHWKRG� WKH pOWHU FRPPDQG LV QRW XVDEOH DQG WKH VLPXODWLRQ FDQ

EHFRPH VORZ� 7KLV LV ZK\ WKH EORFN�E\�EORFN PHWKRG LV RIWHQ DGYDQWDJHRXV LQ WKHVH W\SHV

RI VLPXODWLRQV�

,W VKRXOG EH QRWHG WKDW DOPRVW DOZD\V� WKH LPSXOVH UHVSRQVHV RI WKH YDULRXV pOWHUV KDYH EHHQ

FDSLWDOL]HG� H�J� 0)� *Q� 4� 0RVW RI WKH VLJQDO YDULDEOHV ZLOO EH LQ ORZHU�FDVH VXFK DV \�

U�� QRLVH� 7KH RQO\ GLoHUHQFH ZLOO EH WKH YHFWRU RI GDWD ELWV� ,� 7KLV FRQYHQWLRQ LV XVHG WR
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NHHS WKH WZR W\SHV RI YDULDEOHV VHSDUDWH DQG WKH SURJUDP HDVLHU WR XQGHUVWDQG�

7KH pUVW VLJQDO YHFWRU WKDW LV FUHDWHG LV WKH QRLVH YHFWRU� 7KH YHFWRU LV FUHDWHG XVLQJ WKH

QRUPDO UDQGRP QXPEHU JHQHUDWRU VXSSOLHG E\ 0$7/$% FDOOHG UDQGQ��� 7KH RXWSXW RI

WKH UDQGRP QXPEHU JHQHUDWRU ZLOO KDYH D *DXVVLDQ GLVWULEXWLRQ RI ]HUR PHDQ DQG XQLW\

YDULDQFH� 7R FUHDWH D QRLVH YHFWRU ZLWK WKH FRUUHFW SRZHU IRU WKH VLPXODWLRQ� WKLV YHFWRU LV

VFDOHG XVLQJ WKH (E 1� UDWLR VHW E\ WKH SUHSURFHVVRU�

QYDU  � �� e ��A�(E1R ����� ������

7KH QH[W VLJQDO WR EH FUHDWHG LV WKH YHFWRU RI GDWD ELWV� ,� 7KLV LV GRQH E\ FUHDWLQJ D

YHFWRU RI XQLIRUP UDQGRP YDULDEOHV EHWZHHQ ]HUR DQG RQH� 7KLV YHFWRU LV WKHQ URXQGHG DQG

PDQLSXODWHG VXFK WKDW WKH YHFWRU ZLOO KROG HTXDOO\�OLNHO\ YDOXHV RI h�� 2QFH WKLV YHFWRU
LV FUHDWHG� LW LV OHQJWKHQHG VXFK WKDW WKH GDWD YDOXHV ZLOO ORRN OLNH SXOVHV DW WKH V\PERO

SHULRGV� 7KLV QHZ YHFWRU LV FDOOHG G DQG LV WKH LQSXW WR WKH SXOVH VKDSH pOWHU� 7KLV pOWHU

WDNHV WKLV LQSXW YHFWRU DQG FRPSXWHV WKH RXWSXW RI WKH WUDQVPLWWHU� Y� XVLQJ WKH IROORZLQJ

OLQH�

Y  FRQY�0)�G�� ������

7KH VLJQDO LV pOWHUHG E\ WKH QRUPDOL]HG FKDQQHO UHVSRQVH�

\  pOWHU�*Q���Y�� ������

7KH QRLVH YHFWRU FUHDWHG DERYH LV DGGHG WR WKH RXWSXW RI WKH FKDQQHO pOWHU WR IRUP WKH LQSXW

WR WKH UHFHLYHU� \��

7KH UHFHLYHG VLJQDO LV WKHQ SDVVHG WKURXJK WKH PDWFKHG pOWHU� 7KLV pOWHU LV WKH VDPH DV WKH

SXOVH�VKDSH pOWHU XVHG LQ WKH WUDQVPLWWHU� 7KH RXWSXW RI WKH PDWFKHG pOWHU LV WKH YHFWRU U�

7KLV YHFWRU LV WKHQ VDPSOHG DW WKH V\PERO UDWH�

U�  U�� e GHOD\0)� � � VSV � QXP V\P e VSV� � e GHOD\0)�� ������

,Q PRVW RI WKH VLPXODWLRQV WKDW ZLOO IROORZ LQ WKLV WKHVLV� WKLV LV ZKHUH WKH HTXDOL]HU ZRXOG

FRPH LQ WR FRPEDW WKH ,6, DoHFWLQJ WKH VLJQDO� 6LQFH QR HTXDOL]HU LV XVHG LQ WKLV VLPXODWLRQ�
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WKH VLJQDO LV SDVVHG GLUHFWO\ WKH GHFLVLRQ GHYLFH ZKLFK FRPSXWHV WKH YHFWRU RI HVWLPDWHG

ELWV�

,HVW  � e �UHDO�U�� ! ��b �� ������

7KLV YHFWRU LV WKHQ FRPSDUHG ZLWK WKH RULJLQDO YHFWRU RI ELWV� ,� WR GHWHUPLQH LI DQ\ HUURUV

RFFXUHG� 7KHVH HUURUV DUH WKHQ FRXQWHG DQG D ELW�HUURU UDWH LV FRPSXWHG IRU WKLV EORFN RI

GDWD� 7KLV ELW�HUURU UDWH LV FDOOHG %(5LVL DQG LV SULQWHG WR WKH 0$7/$% VFUHHQ�

7KLV VLPXODWLRQ DOVR PRGHOV WKH VDPH V\VWHP� EXW ZLWKRXW WKH FKDQQHO pOWHU� 7KH RQO\

OLPLWLQJ IDFWRU RI WKH V\VWHP LV WKH DGGLWLYH QRLVH� 7KLV V\VWHP LV HDVLO\ VLPXODWHG� ,WV

RXWSXW FDQ EH FRPSDUHG ZLWK WKH RXWSXW RI WKH V\VWHP WKDW VXoHUV IURP ,6,� 7KLV ZLOO

GHWHUPLQH KRZ PXFK ,6, GHJUDGHV WKH SHUIRUPDQFH RI D GLJLWDO V\VWHP�

7KLV V\VWHP LV PRGHOHG H[DFWO\ WKH VDPH DV WKH RWKHU RQH� H[FHSW WKDW WKH LQSXW RI WKH

UHFHLYHU LV WKH DGGLWLRQ RI WKH Y VLJQDO YHFWRU ZLWK WKH QRLVH YHFWRU LQVWHDG RI WKH DGGLWLRQ

RI WKH \ VLJQDO YHFWRU ZLWK WKH QRLVH YHFWRU� 7KH YHFWRU RI ELW HVWLPDWHV IRU WKH RXWSXW

RI WKLV V\VWHP LV FDOOHG ,HVWSULPH DQG WKH %(5 DVVRFLDWHG ZLWK WKHVH HVWLPDWHV LV FDOOHG

%(5QRLVL� $ WKHRUHWLFDO %(5 FDOFXODWHG IURP WKH (E 1� UDWLR LV DOVR FDOFXODWHG DQG LV

GLVSOD\HG DV %(5QRLVLWKHRU\�

:KLOH WKH SURFHVVRU UXQV� LW VDYHV WKH YHFWRUV LW FRPSXWHV LQ WKH ZRUNVSDFH� 7KHVH YDOXHV

FDQ WKHQ EH YLHZHG JUDSKLFDOO\ ZLWK WKH SRVWSURFHVVRU�

����� 3 RVWSU RFHVVRU

7KH SRVWSURFHVVRU SURJUDP� FDOOHG ZV\VSRVW�P� LV XVHG WR GLVSOD\ WKH GDWD SURGXFHG E\

WKH SURFHVVRU SURJUDP LQ D ZD\ WKDW LV ERWK LQIRUPDWLYH DQG SURYLGHV LQVLJKW WR WKH V\VWHP

WKDW KDV EHHQ VLPXODWHG� 7KHUH DUH VHYHUDO GLoHUHQW GLVSOD\V WKDW DUH DYDLODEOH ZLWK WKH

SRVWSURFHVVRU� 2Q PRVW V\VWHPV RQFH WKH SURJUDP LV H[HFXWHG� D JUDSKLFDO PHQX ZLOO SRS

XS RQ WKH VFUHHQ� 7KH PHQX IRU WKLV SURJUDP LV VKRZQ LQ WKH pJXUH EHORZ�

7KH pUVW VHOHFWLRQ RI WKH PHQX� ?:DYHIRUPV RI 7UDQVPLWWHG DQG 5HFHLYHG 'DWD�� FUHDWHV

WZR SORWV� 7KH WRS SORW VKRZV WKH VLJQDO UHSUHVHQWLQJ WKH pUVW �� V\PEROV WKDW DUH VHQW�

7KH ERWWRP SORW VKRZV WKH VDPH VLJQDO DIWHU LW KDV SDVVHG WKURXJK WKH FKDQQHO pOWHU DQG
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)LJXUH ���� 0HQX IRU WKH :LUHOHVV 6\VWHP 6LPXODWLRQ 3RVWSURFHVVRU

KDV EHHQ GHJUDGHG E\ QRLVH�

7KH QH[W VHOHFWLRQ SORWV WKH H\H�GLDJUDP RI WKH UHFHLYHG VLJQDO IRU WKH V\VWHP GHJUDGHG E\

,6, DQG WKH UHFHLYHG VLJQDO RI WKH V\VWHP IUHH RI ,6,� $Q H[DPSOH RI WKLV SORW LV VKRZQ EHORZ

LQ )LJXUH ����

7KLV SORW JLYHV D JRRG LQGLFDWLRQ RI KRZ ,6, DoHFWV WKH UHFHLYHG VLJQDO� ,Q WKH WRS SORW WKDW

VKRZV WKH H\H GLDJUDP RI D V\VWHP ZLWK QR ,6,� WKH YDOXH RI WKH VLJQDO DW WKH VDPSOLQJ SRLQWV

�LQ WKLV FDVH WKH PXOWLSOHV RI WHQ� LV WZR GLVWLQFW YDOXHV� ,Q H\H GLDJUDP RI WKH UHFHLYHG VLJQDO

ZLWK ,6,� PDQ\ GLoHUHQW YDOXHV H[LVW DW WKH VDPSOLQJ SRLQWV�

7KH QH[W PHQX VHOHFWLRQ LV D SORW RI WKH FKDQQHO UHVSRQVH� 7KLV GLVSOD\V ERWK WKH FRQWLQXRXV

WLPH LPSXOVH UHVSRQVH DQG WKH VDPSOHG UHVSRQVH� 7KH IUHTXHQF\ UHVSRQVH RI ERWK LPSXOVH

UHVSRQVHV DUH DOVR VKRZQ�

7KH IRXUWK VHOHFWLRQ GLVSOD\V D VWHP SORW RI WKH pUVW �� YDOXHV RI WKH RULJLQDO GDWD� WKH

VDPSOHG UHFHLYHG VLJQDO ZLWK ,6,� DQG WKH VDPSOHG UHFHLYHG VLJQDO ZLWK QR ,6,� 7KLV SORW

DOORZV WKH XVHU WR FRPSDUH WKH VLJQDO V\PERO�E\�V\PERO�

7KH pQDO VHOHFWLRQ SORWV WKH VFDWWHU GLDJUDP RI WKH RULJLQDO VLJQDO DQG ERWK SRVVLEOH UHFHLYHG

VLJQDOV� $ VFDWWHU SORW WDNHV WKH VDPSOHV RI WKH VLJQDO DQG SORWV WKHLU UHDO SDUWV RQ WKH [�
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D[LV DQG WKHLU LPDJLQDU\ SDUWV RQ WKH \�D[LV� 7KLV JLYHV D JRRG LQGLFDWLRQ RI KRZ WKH QRLVH

DoHFWV WKH VLJQDO DORQJ ZLWK WKH ,6,� $OVR LQFOXGHG ZLWK WKHVH SORWV DUH KLVWRJUDPV RI WKH

UHDO SDUW RI WKH VLJQDO� 7KLV ZLOO SURYLGH D VWDWLVWLFDO GLVWULEXWLRQ WKDW GHVFULEHV WKH UHFHLYHG

VLJQDO�
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( TXDOL]DWLRQ 7 HFKQLTXHV

7KHUH DUH VHYHUDO GLoHUHQW WHFKQLTXHV WKDW DUH XVHG WR FRPSHQVDWH IRU ,6, LQ D GLJLWDO

FRPPXQLFDWLRQ V\VWHP� $OO RI WKHVH HTXDOL]DWLRQ WHFKQLTXHV GLoHU LQ FRPSOH[LW\ DQG SHU�

IRUPDQFH� )RXU GLoHUHQW HTXDOL]DWLRQ W\SHV DUH SURSRVHG LQ WKLV FKDSWHU� 7KH pUVW LV WKH

OLQHDU WUDQVYHUVDO HTXDOL]HU �/7(�� 7KLV HTXDOL]HU LV WKH VDPH DV D VLPSOH OLQHDU ),5 pOWHU

ZLWK WDS VSDFLQJV DW WKH V\PERO UDWH EXW KDV FRHrFLHQWV WKDW DUH DGMXVWDEOH EDVHG RQ WKH

FKDQQHO UHVSRQVH� $ VHFRQG HTXDOL]DWLRQ WHFKQLTXH WKDW LV VLPLODU WR WKH OLQHDU WUDQVYHUVDO

HTXDOL]HU LV IUDFWLRQDOO\ VSDFHG HTXDOL]DWLRQ �)6(�� $ IUDFWLRQDOO\�VSDFHG HTXDOL]HU DOVR XVHV

D OLQHDU pOWHU ZLWK DGMXVWDEOH FRHrFLHQWV EXW KDV WDS VSDFLQJV DW D IUDFWLRQ RI WKH V\PERO

UDWH� $QRWKHU HTXDOL]DWLRQ WHFKQLTXH LV GHFLVLRQ�IHHGEDFN HTXDOL]DWLRQ �')(�� ,Q WKLV WHFK�

QLTXH� WKH HTXDOL]HU XVHV SUHYLRXVO\ GHWHFWHG V\PEROV IURP WKH RXWSXW RI WKH HTXDOL]HU WR

FRPEDW WKH ,6, LPSRVHG RQ WKH FXUUHQW V\PERO� 7KH pQDO HTXDOL]DWLRQ WHFKQLTXH WKDW ZLOO

EH SUHVHQWHG LV PD[LPXP�OLNHOLKRRG VHTXHQFH HVWLPDWLRQ �0/6(�� 0/6( LV D YHU\ SRZHUIXO

DQG FRPSOH[ HTXDOL]DWLRQ WHFKQLTXH WKDW GHWHUPLQHV WKH PRVW OLNHO\ VHTXHQFH RI WUDQVPLWWHG

GDWD EDVHG RQ WKH UHFHLYHG VLJQDO DQG NQRZOHGJH RI WKH FKDQQHO�

$ FKDUW RI GLoHUHQW HTXDOL]DWLRQ WHFKQLTXHV LV JLYHQ EHORZ LQ )LJXUH ���� 7KH WHFKQLTXHV

DQG DOJRULWKPV FRYHUHG LQ WKLV WKHVLV DUH LQ EROGIDFH� 7KH DGDSWLYH DOJRULWKPV VKRZQ ZLOO

EH FRYHUHG LQ FKDSWHU ��

��
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��� /LQHDU ( TXDOL]HU V

7KH OLQHDU WUDQVYHUVDO HTXDOL]HU DQG WKH IUDFWLRQDOO\ VSDFHG HTXDOL]HU DUH H[DPSOHV RI OLQ�

HDU HTXDOL]DWLRQ WHFKQLTXHV� /LQHDU HTXDOL]HUV XVH RQO\ UHFHLYHG VLJQDO VDPSOHV LQ WKHLU

FDOFXODWLRQV DQG GR QRW XVH DQ\ SUHYLRXVO\ GHWHFWHG V\PEROV�

����� /LQHDU 7 U DQVYHU VDO ( TXDOL]HU

7KH OLQHDU WUDQVYHUVDO HTXDOL]HU >��@ LV WKH VLPSOHVW HTXDOL]DWLRQ WHFKQLTXH DYDLODEOH� ,W LV

PDGH XS RI D WDSSHG�GHOD\ OLQH ZLWK WDS VSDFLQJV HTXDO WR WKH V\PERO UDWH� 7KH HTXDOL]HU

LQSXW FRQVLVWV RI WKH VDPSOHG RXWSXW RI WKH PDWFKHG pOWHU WKDW SUHFHGHV WKH HTXDOL]HU� $OO

V\QFKURQL]DWLRQ DQG WLPLQJ LVVXHV DUH DVVXPHG WR EH DGGUHVVHG EHIRUH WKH VLJQDO UHDFKHV

WKH LQSXW RI WKH HTXDOL]HU� 7KHVH VDPSOHV DUH SODFHG LQ D VKLIW UHJLVWHU DQG VKLIWHG RQFH

HYHU\ V\PERO SHULRG� 7KH FRQWHQWV RI HDFK UHJLVWHU LV PXOWLSOLHG E\ D WDS JDLQ DQG DGGHG

WRJHWKHU WR IRUP WKH RXWSXW RI WKH HTXDOL]HU� 7KLV RXWSXW LV WKH HVWLPDWH RI WKH FXUUHQW

V\PERO� 7KLV RSHUDWLRQ FDQ EH GHVFULEHG E\ WKH IROORZLQJ HTXDWLRQ�

]N  
1�b�;
N b1�

FNUQbN �����

,Q HTXDWLRQ ���� UQ LV WKH LQSXW VHTXHQFH WR WKH HTXDOL]HU� FN LV WKH VHW RI FRPSOH[�YDOXHG

WDS ZHLJKWV� 1� LV WKH QXPEHU RI QRQ�FDXVDO HTXDOL]HU WDSV� DQG 1� LV WKH QXPEHU RI FDXVDO

WDSV� 7KH WRWDO QXPEHU RI HTXDOL]HU WDSV LV WKHUHIRUH 1� � 1�  1 � 7KH RXWSXW RI WKH

HTXDOL]HU LV UHSUHVHQWHG DV ]Q� 7KLV LV WKH PHWULF XVHG LQ HVWLPDWLQJ WKH YDOXH RI WKH RULJLQDO

V\PERO� ,Q�

7KH /7( FRQWDLQV ERWK D FDXVDO DQG QRQ�FDXVDO SRUWLRQ� 7KH QRQ�FDXVDO SRUWLRQ LV XVHG

WR FRPEDW WKH ,6, WKDW RFFXUV ZKHQ D V\PERO LQWHUIHUHV ZLWK SUHYLRXV V\PEROV� 7KLV W\SH

RI ,6, UHVXOWV IURP WUDQVPLVVLRQ RI GDWD RYHU D GLVSHUVLYH FKDQQHO RU IURP WUDQVPLVVLRQ RI

GDWD RYHU DQ REVWUXFWHG UDGLR FKDQQHO ZKHUH WKH VWURQJHVW VLJQDO HOHPHQW LV QRW WKH pUVW WR

DUULYH� )RU PRVW UDGLR FKDQQHOV� KRZHYHU� WKH pUVW UHFHLYHG VLJQDO HOHPHQW LV WKH VWURQJHVW�

,Q WKLV FDVH WKH QRQ�FDXVDO HTXDOL]HU WDSV DUH QRW QHHGHG DQG 1� LV VHW WR ]HUR�

)LJXUH ��� VKRZV WKH VWUXFWXUH RI D OLQHDU WUDQVYHUVDO HTXDOL]HU� 7KH 7V EORFNV LQGLFDWH D
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GHOD\ RI RQH V\PERO SHULRG�

c-N1

Ts Ts Ts Ts

Σ

un-N1
un-1 un

zn

un+1 un+N2-1

c-1 c0 c1 cN2-1
X X X X X

)LJXUH ���� %ORFN 'LDJUDP RI D /LQHDU 7UDQVYHUVDO (TXDOL]HU

7KH RSWLPL]DWLRQ RI WKH FRHrFLHQWV RI WKH OLQHDU HTXDOL]HU LV D GLrFXOW SURFHVV� 7KHUH DUH

PDQ\ FULWHULD WKDW FDQ EH XVHG WR FKRRVH WKH FRHrFLHQWV� ,Q GLJLWDO FRPPXQLFDWLRQV SHUIRU�

PDQFH LV PRVW RIWHQ PHDVXUHG E\ WKH ELW HUURU UDWH �%(5�� +RZHYHU� %(5 LV D FRQVLGHUDEO\

QRQOLQHDU IXQFWLRQ RI WKH pOWHU WDSV� FN� 7KLV QRQOLQHDULW\ PDNHV RSWLPL]LQJ WKH FRHrFLHQWV

EDVHG RQ WKLV SHUIRUPDQFH DOPRVW LPSRVVLEOH� )RU WKLV UHDVRQ WKH FRHrFLHQWV DUH XVXDOO\

FKRVHQ EDVHG RQ RWKHU FULWHULD WKDW DUH UHODWHG WR WKH %(5� 7ZR SHUIRUPDQFH PHDVXUHV WKDW

DUH RIWHQ XVHG DUH WKH SHDN GLVWRUWLRQ FULWHULRQ DQG WKH PHDQ VTXDUHG HUURU FULWHULRQ�

����� 3 HDN 'LVWRU WLRQ &U LWHU LRQ

3HDN GLVWRUWLRQ UHIHUV WR WKH PD[LPXP DPRXQW RI ,6, WKDW RFFXUV DW WKH RXWSXW RI WKH

HTXDOL]HU >�@ >��@� 8QGHU WKH SHDN GLVWRUWLRQ FULWHULRQ WKH pOWHU WDSV RI WKH OLQHDU HTXDOL]HU

DUH FKRVHQ VXFK WKDW WKLV ,6, DW WKH RXWSXW RI WKH HTXDOL]HU LV PLQLPL]HG� $Q HTXDOL]HU XVLQJ

WKLV FULWHULRQ LV D W\SH RI ]HUR�IRUFLQJ HTXDOL]HU� 7KH SHDN�GLVWRUWLRQ HTXDOL]HUV� KRZHYHU�

XVH D pQLWH QXPEHU RI WDSV VR WKDW WKH\ FDQ EH UHDOL]DEOH�

7KH JRDO RI WKH SHDN GLVWRUWLRQ FULWHULRQ LV WR VHW WKH ,6, HTXDO WR ]HUR RYHU WKH UDQJH RI WKH

pOWHU WDSV� )RU WKH FDVH ZKHUH WKH HTXDOL]HU KDV / QRQFDXVDO WDSV DQG /�� FDXVDO WDSV WKH
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IROORZLQJ VKRXOG KROG WUXH�

EN  
/;

O b/
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+HUH� EN LV WKH FRPELQHG LPSXOVH UHVSRQVH RI WKH FKDQQHO DQG HTXDOL]HU DQG �/�� LV OHQJWK

RI WKH HTXDOL]HU�

7R pQG WKH VHW RI HTXDOL]HU WDSV WKDW VDWLVpHV WKLV FULWHULRQ� LW LV HDVLHVW WR YLHZ HTXDWLRQ
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7KLV PDWUL[ PXOWLSOLFDWLRQ FDQ EH UHSUHVHQWHG DV 4F  r� 7R pQG WKH HTXDOL]HU FRHrFLHQWV

WKDW VROYH WKLV HTXDWLRQ� ERWK VLGHV RI WKH HTXDWLRQ DUH PXOWLSOLHG E\ WKH LQYHUVH RI WKH

FKDQQHO PDWUL[� 7KH FRHrFLHQWV FDQ WKHQ EH IRXQG IURP

FSG  4b�r� �����

7KH SUREOHP KHUH LV WKDW WKH ,6, LV QRW JXDUDQWHHG WR EH ]HUR RXWVLGH WKH UDQJH RI WKH

HTXDOL]HU WDSV� L�H� EN � � IRU MNM ! /� +RZHYHU� LQ PRVW FDVHV� LI WKH HTXDOL]HU LV PDGH ORQJ

HQRXJK� WKLV H[FHVV ,6, VKRXOG EH VPDOO DQG VKRXOG QRW KXUW WKH SHUIRUPDQFH RI WKH V\VWHP�

7KH SHDN�GLVWRUWLRQ FULWHULRQ ZRUNV ZHOO IRU DSSOLFDWLRQV VXFK DV ZLUHOLQH PRGHPV ZKHUH

WKH ,6, LW WKH PDMRU LPSHGLPHQW WR WKH V\VWHP DQG WKH QRLVH LV UHODWLYHO\ VPDOO� +RZHYHU�

LQ ZLUHOHVV V\VWHPV� WKH DGGLWLYH QRLVH LV D PDMRU FRQFHUQ� $Q HTXDOL]HU WKDW XVHV WKH SHDN�

GLVWRUWLRQ FULWHULRQ WHQGV WR DPSOLI\ WKH QRLVH DV ZHOO DV WKH VLJQDO� 7KLV JUHDWO\ GHFUHDVHV

WKH VLJQDO�WR�QRLVH UDWLR� 7KLV LV ZK\ PRVW ZLUHOHVV V\VWHPV XVH FULWHULD RWKHU WKDQ SHDN

GLVWRUWLRQ WKDW DFFRXQW IRU WKH QRLVH FRPSRQHQW RI WKH UHFHLYHG VLJQDO� 7KH PHDQ�VTXDUH
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HUURU FULWHULRQ DFFRXQWV IRU WKH QRLVH ZKHQ GHWHUPLQLQJ WKH RSWLPDO HTXDOL]HU FRHrFLHQWV�

,W LV GLVFXVVHG EHORZ�

����� 0 HDQ 6TXDU H ( U U RU &U LWHU LRQ

8QGHU WKH PHDQ VTXDUH HUURU FULWHULRQ >��@� WKH WDS ZHLJKWV RI WKH HTXDOL]HU DUH DGMXVWHG

WR PLQLPL]H WKH PHDQ�VTXDUH HUURU EHWZHHQ WKH RULJLQDO GDWD V\PERO DQG WKH RXWSXW RI WKH

HTXDOL]HU� 7KLV HUURU LQFOXGHV ERWK WKH ,6, DV ZHOO DV WKH DGGLWLYH QRLVH� 7KH PHDQ VTXDUHG

HUURU LV GHpQHG DV

-  (
ppp,Q b A=Q

ppp� �����

ZKHUH ( LV WKH H[SHFWDWLRQ RSHUDWRU � 7R pQG WKH VHW RI HTXDOL]HU FRHrFLHQWV WKDW PLQLPL]H

WKH PHDQ VTXDUHG HUURU IRU WKLV OLQHDU HTXDOL]HU� WKH IROORZLQJ VHW RI FRPSXWDWLRQV DUH PDGH�

7KH pUVW VWHS LV WR pQG WKH FRUUHODWLRQ PDWUL[� $� RI WKH LQSXW RI WKH HTXDOL]HU� XQ�

$  (>XQX
+
Q @ �����

7KH YHFWRU� XQ LV WKH 1 �OHQJWK YHFWRU RI GDWD LQ WKH VKLIW UHJLVWHU DW VDPSOH LQVWDQW Q� 7KH

FRUUHODWLRQ PDWUL[ FDQ DOVR EH IRXQG E\ XVLQJ WKH LPSXOVH UHVSRQVH YHFWRU� T� DQG WKH QRLVH

VSHFWUDO GHQVLW\� 1�� )LUVW ZH pQG WKH DXWRFRUUHODWLRQ� [� RI WKH LPSXOVH UHVSRQVH YHFWRU�

[N  
;
O

TeO TO�N N  b1� � � � �b�� �� �� � � � � 1 �����

7KH VDPSOHG DXWRFRUUHODWLRQ� Z� RI WKH PDWFKHG pOWHU LQ WKH UHFHLYHU ZLWK LPSXOVH UHVSRQVH�

S�W�� LV DOVR QHHGHG�

ZN  

=
Se�W�S�W� N7 � N  b1� � � � �b�� �� �� � � � � 1 �����

:LWK WKHVH DXWRFRUUHODWLRQ YHFWRUV GHpQHG� WKH FRUUHODWLRQ PDWUL[ FDQ QRZ EH IRXQG�

$LM  [LbM �1�ZLbM L� M  b1�� � � � �b�� �� �� � � � � 1� b � �����

1H[W� WKH FURVV�FRUUHODWLRQ YHFWRU EHWZHHQ WKH WDS LQSXWV� XQ� DQG WKH WUDQVPLWWHG GDWD�

,Q PXVW EH FRPSXWHG� 7KLV FURVV�FRUUHODWLRQ YHFWRU LV GHQRWHG E\ WKH V\PERO o DQG LV RI

OHQJWK 1 �

o  (>XQ,Q@ ������
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0XFK OLNH WKH FRUUHODWLRQ PDWUL[� WKLV YHFWRU FDQ EH GHWHUPLQHG IURP WKH LPSXOVH UHVSRQVH

YHFWRU� T�

oL  TebL L  b1�� � � � �b�� �� �� � � � � 1� b � ������

7KH HTXDOL]HU WDS FRHrFLHQWV WKDW SURYLGH WKH PLQLPXP 06(� FRSW� DUH WKHQ FRPSXWHG IURP

WKH FRUUHODWLRQ PDWUL[ DQG WKH FURVV�FRUUHODWLRQ YHFWRU�

FRSW  $b�o ������

7KH 006( WKDW UHVXOWV IURP D V\VWHP XVLQJ WKH RSWLPDO WDS ZHLJKW YHFWRU� FRSW� LV HTXDO

WR

-PLQ  �boe7$b�o� ������

7KHRUHWLFDOO\� DQ HTXDOL]HU ZLWK DQ LQpQLWH QXPEHU RI WDSV ZLOO SURYLGHG WKH PLQLPXP PHDQ

VTXDUHG HUURU �006(�� 7KLV 006( LV IRXQG IURP

-PLQ  7

= � �7

b� �7

1�
1� � M4HT�I�M� 6SS�I�GI� ������

,Q WKLV HTXDWLRQ�

4HT�I�  
;
Q

4�I b Q 7 � ������

DQG

6SS�I�  
;
Q

M3 �I b Q 7 �M� ������

ZKHUH 4�I� LV WKH IUHTXHQF\ UHVSRQVH RI WKH V\VWHP WR EH HTXDOL]HG DQG 3 �I� LV WKH IUHTXHQF\

UHVSRQVH RI WKH PDWFKHG pOWHU RI WKH UHFHLYHU�

)RU D PRUH LQ GHSWK ORRN LQWR WKH FDOFXODWLRQ RI WKH RSWLPDO pOWHU FRHrFLHQWV DQG KRZ WKH\

DUH GHULYHG EDVHG RQ WKH SHDN GLVWRUWLRQ DQG 006( FULWHULD VHH >�@ RU >�@�

����� )U DFWLRQDOO\ 6SDFHG ( TXDOL]HU V

,Q WKH /7( WKH WDSV RI WKH HTXDOL]HU DUH VSDFHG DW WKH V\PERO UDWH� )RU D V\VWHP XVLQJ D

UHFHLYLQJ pOWHU WKDW LV PDWFKHG WR WKH WUDQVPLWWHG SXOVH DQG WKH FKDQQHO UHVSRQVH� WKLV 7 �

VSDFHG HTXDOL]HU ZRXOG EH LGHDO� ,Q SUDFWLFDO V\VWHPV� KRZHYHU� WKH FKDQQHO FKDUDFWHULVWLFV

DUH QRW NQRZQ EHIRUH KDQG� ,Q WKHVH V\VWHPV WKH UHFHLYHU pOWHU LV RQO\ PDWFKHG WR WKH
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WUDQVPLWWHG SXOVH VKDSH DQG WKH V\VWHP LV V\QFKURQL]HG WR WKLV pOWHU� 6LQFH WKLV PHWKRG LV

VXERSWLPDO� WKH SHUIRUPDQFH RI WKH UHFHLYHU FDQ VXoHU� 2IWHQ WKH IUHTXHQF\ UHVSRQVH RI WKH

FKDQQHO ZLOO KDYH FRPSRQHQWV DW IUHTXHQFLHV JUHDWHU WKDQ � �7 � :KHQ WKH UHFHLYHG VLJQDO

LV WKHQ VDPSOHV DW D UDWH RI � 7 � DOLDVLQJ ZLOO RFFXU DQG WKHVH KLJKHU IUHTXHQF\ FRPSRQHQWV

ZLOO RYHUODS ZLWK WKH ORZHU IUHTXHQF\ FRPSRQHQWV� 7KH VDPSOHG VLJQDO DW WKH LQSXW RI WKH

HTXDOL]HU ZLOO KDYH WKH VSHFWUXP

47 �I�  
�

7

;
Q

4

v
) b I

7
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ZKHUH �� LV WKH VDPSOLQJ GHOD\� :KHQ WKH VDPSOLQJ GHOD\ LV QRW ]HUR� WKH HoHFWV RI WKH

VDPSOLQJ EHFRPH PRUH VHYHUH� 7KH HTXDOL]HU LV RQO\ DEOH WR RSHUDWH RQ WKLV DOLDVHG VSHFWUXP

DQG QRW WKH IUHTXHQF\ UHVSRQVH LWVHOI� 7KH DOLDVHG VSHFWUXP ZLOO RIWHQ KDYH VKDUS WUDQVLWLRQV

ZLWKLQ LW EHFDXVH RI WKH RYHUODSSHG VSHFWUXP� $ 7 �VSDFHG HTXDOL]HU ZLOO KDYH D GLrFXOW

WLPH FRPSHQVDWLQJ IRU WKHVH VKDUS WUDQVLWLRQV DV LW WULHV WR qDWWHQ RXW WKH RYHUDOO UHVSRQVH�

7KH IUDFWLRQDOO\ VSDFHG HTXDOL]HU �)6(� >��@ >��@ KDV WKH VDPH VWUXFWXUH DV D /7( EXW VSDFHV

LWV WDSV DW D IUDFWLRQ RI WKH V\PERO UDWH� ,Q D GLJLWDO V\VWHP WKH WDS VSDFLQJ LV H[SUHVVHG DV

.7 0 � ZKHUH . DQG 0 DUH UHODWLYHO\ SULPH LQWHJHUV DQG . � 0 � 7KH UHFHLYHG VLJQDO LV

VDPSOHG HYHU\ 7 0 VHFRQGV DQG SDVVHG LQWR WKH HTXDOL]HU� 7KH HTXDOL]HU WKHQ RSHUDWHV RQ

HYHU\ .WK VDPSOH� 7KH YDULDEOHV . DQG 0 DUH RIWHQ FKRVHQ VXFK WKDW WKH UHFHLYHG VLJQDO

VSHFWUXP LV WRWDOO\ FRQWDLQHG ZLWKLQ WKH VDPSOLQJ EDQGZLGWK� 7KH LQSXW WR WKH HTXDOL]HU

ZLOO KDYH WKH VSHFWUXP

+ �  

�!�
!�

+�I� MI M x .7 0

� .7 0 � MI M x  0�
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7KH HTXDOL]HU ZLOO QRZ EH DEOH WR RSHUDWH RQ WKH RULJLQDO VSHFWUXP RI WKH UHFHLYHG VLJQDO

LQVWHDG RI WKH DOLDVHG VSHFWUXP� 7KLV DOORZV WKH HTXDOL]HU WR EHWWHU FRPSHQVDWH IRU FKDQQHO

GLVWRUWLRQ� $Q )6( ZLOO DOVR EH OHVV DoHFWHG E\ FKDQJHV LQ WKH VDPSOLQJ SKDVH EHFDXVH LW

RSHUDWHV RQ WKH IXOO VLJQDO VSHFWUXP�

,Q WKH UHFHLYHU� WKH )6( RSHUDWHV ZLWKRXW D PDWFKHG pOWHU SUHFHGLQJ LW� ,QVWHDG� WKH )6(

RSHUDWHV DV ERWK DQ DGDSWLYH PDWFKHG pOWHU DV ZHOO DV HTXDOL]HU� 7KLV PDNHV LW FORVHU WR WKH

RSWLPDO UHFHLYH pOWHU WKDW LV PDWFKHG WR ERWK WKH FKDQQHO DQG WUDQVPLW pOWHU�
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)LQGLQJ WKH HTXDOL]HU WDSV WKDW PLQLPL]HV WKH 06( RI WKH RXWSXW RI WKH HTXDOL]HU LV PXFK

OLNH pQGLQJ WKH RSWLPDO FRHrFLHQWV RI WKH 7 �VSDFHG /7(� $JDLQ� FRSW  $b�o� +RZHYHU�

VLQFH WKH )6( GRHV QRW XVH D PDWFKHG pOWHU� $ DQG o DUH GHWHUPLQHG IURP WKH VDPSOHG

LQSXW WR WKH UHFHLYHU� \Q�

$  (>\Q\
+
Q @ ������

o  (>\Q,Q@ ������

7KH FRYDULDQFH PDWUL[ DQG FURVV�FRUUHODWLRQ YHFWRU FDQ DOVR EH FRPSXWHG IURP WKH FKDQQHO

UHVSRQVH K�W��

$LM  Ke�N7 b L.7 0�K�N7 b M.7 0� �1�r�Lb M� ������

oL  Ke�bL.7 0� ������

,Q ERWK HTXDWLRQV L DQG M UDQJH IURP b1� DQG 1� b ��

7KH RQO\ GLVDGYDQWDJH WR DQ )6( LV WKDW LV XVHV PRUH WDSV WKDQ D 7 �VSDFHG HTXDOL]HU WR FRYHU

WKH VDPH DPRXQW RI WLPH� +RZHYHU� LW KDV EHHQ IRXQG WKDW D 7 ��VSDFHG HTXDOL]HU ZLWK WKH

VDPH QXPEHU RI WDSV DV D 7 �VSDFHG HTXDOL]HU� FRYHULQJ KDOI WKH WLPH VSDQ� SHUIRUPHG MXVW

DV ZHOO DV DQG VRPHWLPHV EHWWHU WKDQ WKH 7 �VSDFHG HTXDOL]HU >�@�

��� 1 RQOLQHDU ( TXDOL]HU V

1RQOLQHDU HTXDOL]HUV DUH HTXDOL]HUV WKDW XVH PRUH WKDQ MXVW WKH UHFHLYHG GDWD LQ LWV FRPSXWD�

WLRQV� 0DQ\ RI WKHVH HTXDOL]HUV XVH SUHYLRXVO\ GHWHFWHG V\PEROV LQ WKHLU FDOFXODWLRQV� 8VLQJ

WKHVH GHWHFWHG V\PEROV KHOSV WKH HTXDOL]HU WR EHWWHU FRPSHQVDWH IRU WKH ,6, FRQWDLQHG E\

WKH UHFHLYHG VLJQDO� 7ZR LPSRUWDQW QRQOLQHDU HTXDOL]DWLRQ WHFKQLTXHV DUH GHFLVLRQ�IHHGEDFN

HTXDOL]DWLRQ DQG PD[LPXP�OLNHOLKRRG VHTXHQFH HVWLPDWLRQ� 7KHVH WZR WHFKQLTXHV DUH GLV�

FXVVHG EHORZ�

����� 'HFLVLRQ�)HHGEDFN ( TXDOL]DWLRQ

7KH GHFLVLRQ�IHHGEDFN HTXDOL]HU �')(� >��@ >��@ LV PDGH XS RI WZR SDUWV� WKH IHHGIRUZDUG

DQG WKH IHHGEDFN VHFWLRQ� 7KH IHHGIRUZDUG VHFWLRQ LV WKH VDPH DV WKH OLQHDU WUDQVYHUVDO
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HTXDOL]HU GLVFXVVHG DERYH� ,W FDQ KDYH HLWKHU 7 �VSDFHG WDSV RU IUDFWLRQDOO\ VSDFHG WDSV�

7KH IHHGEDFN VHFWLRQ LV DOVR D /7(� EXW RSHUDWHV RQ SUHYLRXVO\ GHWHFWHG V\PEROV LQVWHDG

RI WKH UHFHLYHG VLJQDO� 7KH RXWSXW RI HDFK pOWHU LV DGGHG WR IRUP WKH HTXDOL]HG VLJQDO� %\

XVLQJ SUHYLRXVO\ GHWHFWHG V\PEROV WKH LQWHUIHUHQFH FDXVHG E\ WKHVH V\PEROV FDQ EH UHPRYHG

IURP WKH UHFHLYHG VLJQDO� $ GLDJUDP RI D ')( LV VKRZQ EHORZ�

ΣFeedforward
Filter

Feedback
Filter

un
zn In

~

)LJXUH ���� $ 'HFLVLRQ�)HHGEDFN (TXDOL]HU

7KH RXWSXW RI WKH HTXDOL]HU LV H[SUHVVHG DV�

]Q  
�;

N b1�

FNXQbN b
1�;
M �

EM a,QbM ������

ZKHUH a,Q LV WKH SUHYLRXVO\ GHWHFWHG V\PERO DW WLPH Q� EM DUH WKH WDS FRHrFLHQWV RI WKH IHHG�

EDFN pOWHU� DQG 1� LV WKH QXPEHU RI WDSV LQ WKH IHHGEDFN pOWHU� 1RWLFH WKDW WKH IHHGIRUZDUG

pOWHU XVHV RQO\ QRQFDXVDO WDSV� 7KLV LV EHFDXVH WKH IHHGEDFN SRUWLRQ ZLOO UHPRYH DOO WKH ,6,

FDXVHG E\ WKH SUHYLRXV V\PEROV� WKH FDXVDO SRUWLRQ RI WKH IHHGIRUZDUG pOWHU LV QRW QHHGHG�

,I SRVVLEOH 1� VKRXOG EH FKRVHQ VXFK WKDW WKH IHHGEDFN pOWHU LQFOXGHV DOO WKH V\PEROV WKDW

LQWHUIHUH ZLWK WKH FXUUHQW V\PERO�

7KH 006( FULWHULRQ LV XVHG PRVW RIWHQ LQ SUDFWLFDO V\VWHPV WR pQG WKH RSWLPDO WDSV IRU

ERWK WKH IHHGEDFN DQG IHHGIRUZDUG pOWHUV� 7KH IHHGIRUZDUG pOWHU WDSV DUH IRXQG XVLQJ WKH

FRSW  $b�o FDOFXODWLRQ VLPLODU WR WKDW XVHG IRU WKH /7(� 7KHUH DUH VRPH GLoHUHQFHV

KRZHYHU� 7KH pUVW LV WKDW WKH LQGLFHV RI WKH $ PDWUL[� L DQG M� RQO\ UDQJH EHWZHHQ b1�

DQG �� $OVR� WKH YDOXHV RI [N WKDW PDNH XS WKH LQGLYLGXDO HOHPHQWV RI WKH $ PDWUL[ DUH

FRPSXWHG DV IROORZV�

[N  
;
Ox�

TeO TO�N N  b1�� � � � �b�� �� �� � � � � 1� ������
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7KH o YHFWRU LV FRPSXWHG IURP

oL  
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7KH FRHrFLHQWV RI WKH IHHGEDFN pOWHU DUH WKHQ IRXQG IURP WKH IHHGIRUZDUG FRHrFLHQWV� FRSW�

IURP

ERSW  4FRSW ������

ZKHUH 4 LV DQ 1� [ 1� � � PDWUL[ ZLWK HOHPHQWV

4L�M  TLbM L  �� �� � � � � 1�� M  b1�� � � � �b�� � � ������

%DVLFDOO\� WKH GHFLVLRQ�IHHGEDFN HTXDOL]HUV ZRUNV DV IROORZV� 7KH IHHGIRUZDUG pOWHU UHPRYHV

WKH ,6, FDXVHG E\ IXWXUH V\PEROV RQ WKH FXUUHQW V\PERO WKURXJK OLQHDU pOWHULQJ� 7KH

IHHGEDFN SRUWLRQ VXEWUDFWV WKH ,6, IURP SDVW V\PEROV E\ XVLQJ WKH HVWLPDWHV RI SUHYLRXVO\

GHWHFWHG V\PEROV� 7KH EHQHpW RI WKH ')( LV WKDW LW FDQ VXEWUDFW DOO WKH ,6, FDXVHG E\ SDVW

V\PEROV ZLWK D pQLWH QXPEHU RI WDSV� ,W RQO\ QHHGV DV PDQ\ WDSV DV WKHUH DUH LQWHUIHULQJ

V\PEROV� 7R DFKLHYH WKH VDPH UHVXOWV ZLWK DQ /7( UHTXLUHV DQ LQpQLWH QXPEHU RI WDSV�

$ ')( ZLWK LQpQLWH WDSV LQ WKH IHHGIRUZDUG pOWHU DQG WKH VDPH QXPEHU RI WDSV DV WKHUH DUH

SDVW LQWHUIHULQJ V\PEROV LQ WKH IHHGEDFN VHFWLRQ ZLOO FRPSOHWHO\ UHPRYH DOO ,6, LQ WKH FDVH

RI QR QRLVH� :KHQ QRLVH LV SUHVHQW� WKH HTXDOL]HU ZLOO EH DEOH WR DFKLHYH D PLQLPXP PHDQ

VTXDUHG HUURU �006(� HTXDO WR

-PLQ�')(�  H[S

�
7

= � �7

b� �7
OQ

1�
1� � M4HT�I�M� 6SS�I�GI

�
� ������

7KLV FRPSXWDWLRQ DVVXPHV WKDW DOO ELW GHFLVLRQV DUH PDGH FRUUHFWO\ DQG GRHV QRW FRQVLGHU

WKH SRVVLELOLW\ RI HUURUV SURSDJDWLQJ WKURXJK WKH IHHGEDFN ORRS� )RU PRVW V\VWHPV WKLV LV D

UHDVRQDEOH DVVXPSWLRQ� :KHQ WKHUH LV D UHODWLYHO\ KLJK 615 DQG WKH ,6, LV PRGHUDWH WKH

SUREDELOLW\ RI HUURU LV TXLWH VPDOO VR WKH HoHFW RI HUURU SURSDJDWLRQ ZLOO EH QHJOLJLEOH� ,Q

WKH FDVH RI ORZ 615 RU VHYHUH ,6, WKH SUREDELOLW\ RI HUURU LV PXFK KLJKHU� ,Q WKHVH FDVHV

HUURU SURSDJDWLRQ KDV WKH SRWHQWLDO WR JUHDWO\ GHJUDGH WKH SHUIRUPDQFH RI WKH HTXDOL]HU�

7KLV SUREOHP ZLWK HUURU SURSDJDWLRQ WKURXJK WKH IHHGEDFN SDWK LV WKH ELJJHVW GUDZEDFN WR

GHFLVLRQ�IHHGEDFN HTXDOL]DWLRQ�



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

����� 0 D[LPXP�OLNHOLKRRG 6HTXHQFH ( VWLPDWLRQ

$OO WKH HTXDOL]DWLRQ WHFKQLTXHV GLVFXVVHG SUHYLRXVO\ KDYH UHOLHG RQ HLWKHU WKH SHDN GLVWRUWLRQ

RU WKH PLQLPXP PHDQ VTXDUH HUURU FULWHULRQ WR HTXDOL]HU WKH UHFHLYHG GDWD� +RZHYHU�

QHLWKHU FULWHULRQ SURYLGHV WKH PLQLPXP V\PERO HUURU SUREDELOLW\ WKDW LV GHVLUHG LQ D GLJLWDO

FRPPXQLFDWLRQ V\VWHP� 7KH SHDN GLVWRUWLRQ PLQLPL]HV WKH ,6, EXW DPSOLpHV WKH QRLVH LQ

GRLQJ VR� $Q HTXDOL]HU WKDW PLQLPL]HV WKH PHDQ�VTXDUH HUURU GRHV QRW DPSOLI\ WKH QRLVH DV

PXFK DV SHDN GLVWRUWLRQ EXW RQO\ SURYLGHV PLQLPXP HUURU SUREDELOLW\ ZKHQ QR DPSOLWXGH

GLVWRUWLRQ LV LQFXUUHG E\ WKH FKDQQHO� +RZHYHU� LW LV WKLV H[DFW W\SH RI FKDQQHO FRQGLWLRQ

WKDW ZDUUDQWV DQ HTXDOL]HU� WKHUHIRUH WKH 006( FULWHULRQ DOVR GRHV QRW SURYLGH PLQLPXP

HUURU SUREDELOLW\�

$Q HTXDOL]DWLRQ WHFKQLTXH WKDW SURYLGHV PLQLPXP V\PERO HUURU LQ WKH IRUP RI PLQLPXP

VHTXHQFH HUURU LV PD[LPXP�OLNHOLKRRG VHTXHQFH HVWLPDWLRQ �0/6(�� 0/6( LV D QRQ�OLQHDU

HTXDOL]DWLRQ WHFKQLTXH WKDW GLoHUV IURP WKH RWKHU HTXDOL]DWLRQ W\SHV LQ WKDW LW GRHV QRW

pOWHU WKH UHFHLYHG GDWD WR FRXQWHU WKH HoHFWV RI ,6,� ,QVWHDG� 0/6( XVHV LQIRUPDWLRQ DERXW

WKH FKDQQHO WR GHWHUPLQH DOO WKH SRVVLEOH QRLVHOHVV GDWD VHTXHQFHV WKDW FRXOG SRVVLEO\ EH

UHFHLYHG� ,W WKHQ FRPSDUHV WKHVH QRLVHOHVV K\SRWKHVHV ZLWK WKH QRLV\ UHFHLYHG V\PERO VH�

TXHQFH� 7KH VHTXHQFH WKDW FRPHV FORVHVW WR WKH UHFHLYHG VHTXHQFH LV WKHQ FKRVHQ WR EH WKH

HVWLPDWHG GDWD VHTXHQFH� 7KH PHDVXUH RU PHWULF WKDW GHWHUPLQHV KRZ FORVH WKH VHTXHQFH

K\SRWKHVHV FRPH WR WKH UHFHLYHG VLJQDO LV JLYHQ E\

-+  

=
W
M\�W�b \+�W�M GW ������

ZKHUH WKH UHFHLYHG VLJQDO K\SRWKHVHV DUH JLYHQ E\

\+�W�  
;
Q

DQK�Wb Q7 �� ������

,Q WKHVH HTXDWLRQV� \�W� LV WKH UHFHLYHG VLJQDO� IDQJ LV WKH VHW RI K\SRWKHVL]HG WUDQVPLWWHG
VHTXHQFHV� DQG K�W� LV WKH FKDQQHO UHVSRQVH�

7KH FRPSOH[LW\ RI WKLV PHWULF LQFUHDVHV E\ D IDFWRU WKH VL]H RI WKH V\PERO DOSKDEHW HYHU\

WLPH D QHZ V\PERO LV UHFHLYHG� 7KLV LV EHFDXVH -+ ZLOO KROG D YDOXH IRU HYHU\ SRVVLEOH

VHTXHQFH RI ID�� � � � � DQJ WKDW LV SRVVLEOH XS XQWLO WKLV SRLQW� 7KLV FRPSOH[LW\ LV JLYHQ DV0Q
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ZKHUH 0 LV WKH VL]H RI WKH V\PERO DOSKDEHW DQG Q LV WKH QXPEHU RI V\PEROV WKDW KDYH EHHQ

UHFHLYHG� 2EYLRXVO\� WKLV H[SRQHQWLDOO\ JURZLQJ FRPSOH[LW\ PDNHV WKLV PHWULF FRPSXWDWLRQ

LPSUDFWLFDO� $ SURFHVV NQRZQ DV WKH 9LWHUEL DOJRULWKP >��@ FDQ UHGXFH WKLV FRPSOH[LW\�

7KH 9LWHUEL DOJRULWKP PDNHV XVH RI WKH IDFW WKDW LQ DOPRVW DOO FDVHV WKH FKDQQHO UHVSRQVH

LV RI pQLWH OHQJWK� L�H� WKHUH H[LVWV D W� DQG W�� ZLWK W� � W�� VXFK WKDW K�W�  � IRU W � W�

DQG W ! W�� :LWK WKLV LQ PLQG� WKH DOJRULWKP XVHV RQO\ WKH FXUUHQW WUDQVPLWWHG V\PERO

DQG WKH V\PEROV WKDW LQWHUIHUH ZLWK LW DW WKH UHFHLYHU LQ FDOFXODWLQJ WKH PHWULF� $ PHWULF

LV FRPSXWHG IRU HDFK FRPELQDWLRQ RI V\PEROV WKDW DUH SDUW RI WKH FXUUHQW UHFHLYHG VLJQDO�

7KHUH ZLOO H[LVW 0/�� PHWULFV IRU HDFK UHFHLYHG V\PERO� ZKHUH / LV WKH QXPEHU RI V\PEROV

LQWHUIHULQJ ZLWK WKH FXUUHQW WUDQVPLWWHG V\PERO� 2QFH D SDVW V\PERO GRHV QRW DGG WR WKH

LQWHUIHUHQFH RI WKH FXUUHQW UHFHLYHG V\PERO LW LV QR ORQJHU XVHG LQ WKH PHWULF FDOFXODWLRQV�

$IWHU DOO WKH PHWULF YDOXHV DUH FDOFXODWHG EDVHG RQ WKH UHFHLYHG V\PERO� WKH DOJRULWKP

VHSDUDWHV WKH PHWULF YDOXHV EDVHG RQ GLoHUHQW VWDWHV� 7KH VWDWH LV EDVHG RQ WKH ODWHVW

/ K\SRWKHVL]HG YDOXHV� IDQ� � � � � DQb/��J� 7KLV ZLOO GLYLGH WKH PHWULFV EHWZHHQ WKH 0/

GLoHUHQW VWDWHV ZLWK 0 PHWULF YDOXHV LQ HDFK RQH� 7KH DOJRULWKP WKHQ pQGV WKH PD[LPXP

PHWULF YDOXH IRU HDFK VWDWH DQG UHFRUGV WKLV YDOXH DV ZHOO DV WKH K\SRWKHVL]HG V\PERO YDOXH

FRUUHVSRQGLQJ WR WKLV PHWULF YDOXH� 7KHVH DUH FDOOHG WKH VXUYLYRU PHWULFV� 7KH RWKHU PHWULF

YDOXHV DQG FRUUHVSRQGLQJ V\PERO YDOXHV DUH GLVFDUGHG� 7KH VDYHG PHWULF YDOXHV ZLOO EH XVHG

LQ WKH FDOFXODWLRQ RI WKH QH[W VHW RI PHWULFV� 7KLV SURFHVV FRQWLQXHV XQWLO WKH HQWLUH V\PERO

VHTXHQFH KDV EHHQ UHFHLYHG� 7KH FRPSOHWH VHTXHQFH RI V\PEROV WKDW KDV PDGH LW WKURXJK

DOO WKH LWHUDWLRQV RI WKH DOJRULWKP DUH WKHQ JLYHQ DV WKH PRVW OLNHO\ VHTXHQFH� $ GHWDLOHG

H[DPSOH RI WKH 9LWHUEL DOJRULWKP ZLOO EH JLYHQ VRRQ�

7KH PHWULF FDOFXODWLRQ DV JLYHQ LQ HTXDWLRQ ���� LV QRW UHDOL]DEOH IRU D SUDFWLFDO V\VWHP

EHFDXVH RI WKH FRPSOH[LW\ SUREOHP PHQWLRQHG DERYH DQG WKH QHHG IRU FRQWLQXRXV WLPH

FRQYROXWLRQ� $Q 0/6( UHFHLYHU XVLQJ WKH 9LWHUEL DOJRULWKP DQG GLVFUHWH FRQYROXWLRQ LV

D PXFK PRUH SUDFWLFDO VROXWLRQ� 7ZR FODVVLF 0/6( UHFHLYHUV WKDW RSHUDWH LQ WKH GLVFUHWH

WLPH GRPDLQ ZHUH SURSRVHG E\ )RUQH\ >��@ DQG 8QJHUERHFN >��@� 7KH UHFHLYHUV SURSRVHG E\

)RUQH\ DQG 8QJHUERHFN DUH IXQGDPHQWDOO\ HTXLYDOHQW >��@ EXW GLoHU LQ WKHLU VWUXFWXUH� 7KH

)RUQH\ UHFHLYHU XVHV D (XFOLGHDQ GLVWDQFH FDOFXODWLRQ LQ FRPSXWLQJ WKH PHWULFV XVHG E\ WKH
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9LWHUEL DOJRULWKP DQG UHTXLUHV D QRLVH ZKLWHQLQJ pOWHU� 7KH 8QJHUERHFN UHFHLYHU IRUJRHV

WKH ZKLWHQLQJ pOWHU EXW XVHV D PRGLpHG PHWULF FDOFXODWLRQ� %RWK WKHVH UHFHLYHUV DV ZHOO DV

RWKHU 0/6( UHFHLYHUV EDVHG RQ WKHVH DSSURDFKHV DUH GLVFXVVHG EHORZ�

)RUQH\ 5HFHLYHU

7KH )RUQH\ UHFHLYHU LV PDGH XS RI D PDWFKHG pOWHU� D VDPSOHU� D ZKLWHQLQJ pOWHU� DQG D

VHTXHQFH HVWLPDWRU� $ EORFN GLDJUDP LV VKRZQ EHORZ�

Matched
Filter
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Whitening
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Sequence
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)LJXUH ���� 7KH )RUQH\ 5HFHLYHU

,Q WKLV UHFHLYHU WKH PDWFKHG pOWHU LV PDWFKHG WR WKH FKDQQHO
V UHVSRQVH WR WKH WUDQVPLWWHG

SXOVH� K���� 7KH PDWFKHG pOWHU ZLOO DOVR pOWHU WKH QRLVH FRPSRQHQW RI WKH UHFHLYHG VLJQDO�

7KLV ZLOO FDXVH FRUUHODWLRQ EHWZHHQ WKH QRLVH VDPSOHV� 7KH ZKLWHQLQJ pOWHU LV XVHG WR qDWWHQ

WKH SRZHU VSHFWUDO GHQVLW\ RI WKH QRLVH DQG ZLOO FUHDWH D FKDQQHO UHVSRQVH� IN� WKDW LV SXUHO\

FDXVDO� :KHQ WKH VLJQDO DW WKH LQSXW RI WKH VHTXHQFH HVWLPDWRU LV FRUUXSWHG E\ ZKLWH

QRLVH� WKH VWDQGDUG (XFOLGHDQ GLVWDQFH PHWULF PD\ EH XVHG E\ WKH VHTXHQFH HVWLPDWRU� 7KH

VHTXHQFH HVWLPDWRU pQGV WKH PRVW OLNHO\ VHTXHQFH IURP WKH VHW RI IDQJ WKDW PD[LPL]HV WKH
IROORZLQJ PHWULF�

k+�D�� D�� � � � � D1 �  b
1;
Q �

ppppppXQ b
/;

M �

IMDQbM

pppppp
�

������

7KLV PHWULF pQGV WKH (XFOLGHDQ GLVWDQFH EHWZHHQ HDFK UHFHLYHG V\PERO DQG D VHW RI UHFHLYHG

V\PERO K\SRWKHVHV� 7KH V\PERO K\SRWKHVHV DUH IRUPHG E\ pOWHULQJ WKH HVWLPDWHG FKDQQHO

UHVSRQVH ZLWK HDFK SRVVLEOH VHW RI V\PEROV WKDW FRXOG KDYH EHHQ WUDQVPLWWHG� %HFDXVH DQ

FDQ WDNH RQ XS WR 0 YDOXHV� WKH VL]H RI WKH V\PERO DOSKDEHW� WKH FDOFXODWLRQ RI WKH PHWULF

JURZV H[SRQHQWLDOO\ DW 0Q ZLWK HDFK QHZ UHFHLYHG V\PERO� XQ� )RU WKLV UHDVRQ WKH UHFHLYHU

XVHV WKH 9LWHUEL DOJRULWKP WR OLPLW LWV FRPSOH[LW\� 7KH 9LWHUEL DOJRULWKP XVHV D UHFXUVLYH
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HTXDWLRQ WR FDOFXODWH HDFK PHWULF� ,W LV JLYHQ E\

agQb/�DQb/� � � � � DQ�  PD[
DQb/

�
��agQb/b� b

ppppppXQ b
/;

M �

IMDQbM

pppppp
�
�
�� � ������

+HUH� agQ� LV WKH VHW RI PHWULF YDOXHV DW WLPH Q� DQG IM LV WKH RYHUDOO FKDQQHO UHVSRQVH� 7KLV

FKDQQHO UHVSRQVH LQFOXGHV WKH WUDQVPLW pOWHU� WKH FKDQQHO� WKH UHFHLYHU PDWFKHG pOWHU� DQG

WKH ZKLWHQLQJ pOWHU�

([DPSOH RI 9LWHUEL $OJRULWKP XVLQJ WKH (XFOLGHDQ 'LVWDQFH 0HWULF

7R EHWWHU XQGHUVWDQG KRZ WKH 9LWHUEL DOJRULWKP ZRUNV WKH IROORZLQJ H[DPSOH LV JLYHQ� ,Q

WKLV H[DPSOH WKH V\PERO DOSKDEHW LV ELQDU\ �0  ��� 7KH VHTXHQFH SURGXFHG E\ WKH

WUDQVPLWWHU LV ,Q  I��b�� ��b��b�� � � �J� 7KH ZKLWHQHG FKDQQHO UHVSRQVH LV JLYHQ E\

I�  ����� I�  ����� DQG I�  ���� �/  ��� 1R QRLVH LV DGGHG WR WKH V\VWHP VR WKH

UHFHLYHG VLJQDO LV XQ  I����� ����� ����� ����� � � �J�

7KH pUVW VWHS WKDW WKH 9LWHUEL WDNHV LV WR LQLWLDOL]H LWVHOI� ,W GRHV WKLV E\ FDOFXODWLQJ WKH

PHWULF IRU WKH pUVW / SRVVLEOH V\PEROV�

g��D�� D�� D��  b
�;

N �

ppppppXN b
�;

M �

IMDNbM

pppppp
�

������

g� KDV � GLoHUHQW YDOXHV DW WKLV SRLQW� 2QH IRU HDFK RI WKH SRVVLEOH FRPELQDWLRQV RI

ID�� D�� D�J� )RU WKH QH[W PHWULF FRPSXWDWLRQ� Q ZLOO HTXDO � DQG ,� LV QR ORQJHU DQ LQ�

WHUIHULQJ V\PERO� 7KHUHIRUH WKH K\SRWKHVLV RI ,�� D�� QR ORQJHU QHHGV WR EH LQFOXGHG LQ WKH

PHWULF FDOFXODWLRQ� )RU WKLV UHDVRQ HDFK FRPELQDWLRQ RI D�� D� LV VFDQQHG WKURXJK DQG WKH

YDOXH RI D� WKDW PD[LPL]HV WKH PHWULF YDOXH LV UHFRUGHG� $OO WKH RWKHUV DUH GLVFDUGHG� 7DEOH

��� OLVWV WKH UHVXOWV RI HTXDWLRQ ���� IRU WKLV H[DPSOH�

7DEOH ���� 0HWULF &DOFXODWLRQV

VWDWH g� VWDWH g� VWDWH g� VWDWH g�

�������� ���� ������� ���� ������� ���� ������ ����


������� ����
 ������ ����
 ������ ���
 ����� ����



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

7KH PHWULF YDOXHV PDUNHG ZLWK DQ DVWHULVN DUH WKH PD[LPXP YDOXHV IRU HDFK VHW RI ID�� D�J�
7KHVH PHWULF YDOXHV DUH VDYHG IRU WKH QH[W VWHS DORQJ ZLWK WKH FRUUHVSRQGLQJ YDOXH RI D��

7KH QH[W VWHS LV WR LQFOXGH WKH QH[W UHFHLYHG V\PERO� X�� 7KH DOJRULWKP ZLOO WDNH WKH FXUUHQW

PHWULF DQG DGG WR LW WKH WZR QHZ GLVWDQFH FDOFXODWLRQV� 7KLV ZLOO IRUP HLJKW QHZ PHWULFV�

ag��,�� ,�� ,��  ag��,�� ,�� ,��b
ppppppX� b

�;
M �

IM,�bM

pppppp
�

������

2QFH WKHVH PHWULFV DUH FRPSXWHG� WKH IRXU GLoHUHQW FRPELQDWLRQV RI I,�� ,�J DUH VFDQQHG
WKURXJK� DQG WKH YDOXH RI ,� WKDW PD[LPL]HV WKDW SDUWLFXODU VHW LV UHFRUGHG� 7KH YDOXH RI

,� WKDW JRHV DORQJ ZLWK WKDW SDUWLFXODU YDOXH RI ,� LV NHSW DV ZHOO�

7KLV SURFHVV FRQWLQXHV IRU WKH UHPDLQGHU RI WKH UHFHLYHG GDWD�

7KH SURJUHVVLRQ RI WKH 9LWHUEL DOJRULWKP LV RIWHQ YLHZHG LQ IRUP RI D WUHOOLV� 7KH WUHOOLV

LQGLFDWHV ZKLFK VWDWHV VXUYLYH DIWHU HDFK V\PERO LV UHFHLYHG� )LJXUH ��� VKRZV WKH WUHOOLV

GLDJUDP IRU WKH H[DPSOH JLYHQ DERYH�

-1 -1

-1 1

1 -1

1 1

Symbol Number

)LJXUH ���� 7KH 0/6( 7UHOOLV

,Q WKHRU\ WKH 0/6( HTXDOL]HU RQO\ SURGXFHV D PRVW�OLNHO\ VHTXHQFH HVWLPDWH DIWHU DOO WKH

V\PEROV KDYH EHHQ UHFHLYHG� 7KLV ZLOO LQWURGXFH D VXEVWDQWLDO GHOD\ LQWR WKH V\VWHP DQG

UHTXLUHV D JUHDW GHDO RI PHPRU\� ,Q PRVW FRPPXQLFDWLRQ V\VWHPV WKLV GHOD\ DQG PHPRU\

UHTXLUHPHQW LV QRW WROHUDEOH� )RU PRVW VLJQDOV� WKH 9LWHUEL DOJRULWKP ZLOO FRQYHUJH WR RQH

VHTXHQFH HVWLPDWH DIWHU D IHZ PRUH V\PEROV DUH UHFHLYHG� ,Q PRVW FDVHV WKH PD[LPXP GHOD\

ZLOO EH DURXQG �/ V\PERO SHULRGV� ,Q WKH H[DPSOH JLYHQ DERYH WKLV PHDQV WKDW D JXHVV RQ



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

,� FDQ EH PDGH ZKHQ X�� LV UHFHLYHG� $OO WKH PHWULFV VKRXOG KROG RQO\ RQH YDOXH RI D� DW

WKLV WLPH� 7KLV YDOXH LV JLYHQ DV WKH HVWLPDWH RI ,��

8QJHUERHFN 5HFHLYHU

$QRWKHU RI WKH FODVVLF 0/6( UHFHLYHUV ZDV GHYHORSHG E\ 8QJHUERHFN� ,W LV VKRZQ EHORZ�

Matched
Filter

h(- )τ

Sequence
Estimator

(Modified Metric)

nT
rny(t) In

~

)LJXUH ���� 7KH 8QJHUERHFN 5HFHLYHU

8QJHUERHFN
V UHFHLYHU GLoHUV IURP )RUQH\
V LQ WKDW LW GRHV QRW XVH WKH ZKLWHQLQJ pOWHU

EHIRUH WKH VHTXHQFH HVWLPDWRU� :LWKRXW WKH ZKLWHQLQJ pOWHU� WKH QRLVH HQWHULQJ WKH VHTXHQFH

HVWLPDWRU ZLOO EH FRUUHODWHG RU ?FRORUHG�� $OVR� WKH FKDQQHO UHVSRQVH� K�W�� PD\ FRQWDLQ

QRQFDXVDO HOHPHQWV� )RU WKHVH UHDVRQ WKH PHWULF XVHG E\ WKH VHTXHQFH HVWLPDWRU ZLOO GLoHU

IURP WKDW XVHG LQ WKH )RUQH\ UHFHLYHU� 7KLV PRGLpHG PHWULF LV H[SUHVVHG DV

j+�D�� D�� � � � � D1 �  
1;
Q �

5H

�
�DeQ

�
#�UQ b V�DQ b �

/;
M �

VMDQbM

�
$
�
� ������

ZKHUH WKH VHTXHQFH IDQJ WKDW PD[LPL]HV WKH PHWULF LV WKH PRVW OLNHO\ RQH� 7KH VDPSOHG
RYHUDOO UHVSRQVH� VN� LV PDGH XS RI WKH WUDQVPLW pOWHU� WKH FKDQQHO� DQG WKH UHFHLYHG PDWFKHG

pOWHU�

VN  Ke�b�� e K���M� N7 ������

%HFDXVH WKH UHFHLYHU PDWFKHG pOWHU LV PDWFKHG WR WKH FKDQQHO UHVSRQVH� WKH RYHUDOO UHVSRQVH

ZLOO EH V\PPHWULF DERXW ]HUR� +RZHYHU� RQO\ WKH FDXVDO HOHPHQWV DUH QHHGHG LQ WKH PHWULF

FDOFXODWLRQ�

0XFK OLNH LQ WKH )RUQH\ UHFHLYHU WKLV PHWULF FDOFXODWLRQ JURZV H[SRQHQWLDOO\� $JDLQ� WKH

9LWHUEL DOJRULWKP LV XVHG WR NHHS WKH QXPEHU RI PHWULFV WR D PDQDJHDEOH OHYHO� 7KH DOJR�

ULWKP LV WKH VDPH DV LW ZDV ZLWK WKH )RUQH\ UHFHLYHU H[FHSW WKDW WKH PHWULFV DUH FDOFXODWHG



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

GLoHUHQWO\� 7KH LWHUDWLYH PHWULF FDOFXODWLRQ LV JLYHQ E\

abQb/�DQ� � � � � DQb/�  � 5H�D
e
QUQ� � PD[DQb/

�
�abQb/b� b DeQV�DQ b5H�DeQ

/;
M �

VMDQbM�

�
� � ������

7KH PDLQ EHQHpW RI WKH 8QJHUERHFN UHFHLYHU RYHU WKH )RUQH\ UHFHLYHU LV WKDW LW UHTXLUHV QR

VTXDULQJ RSHUDWLRQ LQ LWV PHWULF FDOFXODWLRQ >��@� ,QVWHDG LW RQO\ UHTXLUHV RQO\ D IHZ FRPSOH[

PXOWLSOLFDWLRQV ZKLFK DUH VLPSOHU RSHUDWLRQV WKDQ WKH VTXDULQJ� $QRWKHU DGYDQWDJH RI WKH

8QJHUERHFN UHFHLYHU LV WKDW LW GRHV QRW UHTXLUH D ZKLWHQLQJ pOWHU ZKLFK ZLOO DGG PRUH

FRPSOH[LW\ WR WKH UHFHLYHU�

0/6( 5HFHLYHUV IRU :LUHOHVV 6\VWHPV

7KH WZR FODVVLFDO UHFHLYHU GLVFXVVHG DERYH DUH RSWLPDO IRU WKHRUHWLFDO V\VWHPV� +RZHYHU�

WKHVH UHFHLYHUV GR QRW GLUHFWO\ pW LQWR WKH W\SLFDO ZLUHOHVV FRPPXQLFDWLRQ V\VWHP PRGHO� ,Q

D SUDFWLFDO ZLUHOHVV FRPPXQLFDWLRQ V\VWHP WKH PDWFKHG pOWHU DW WKH LQSXW RI WKH UHFHLYHU LV

PRVW RIWHQ PDWFKHG RQO\ WR WKH WUDQVPLW pOWHU� QRW WKH FKDQQHO UHVSRQVH WR WKH WUDQVPLWWHG

SXOVH� )RU WKHVH UHDVRQV WKH UHFHLYHUV XVHG LQ ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV DUH RIWHQ

PRGLpHG YHUVLRQV RI WKH FODVVLFDO 0/6( UHFHLYHUV >��@�

2QH VXFK UHFHLYHU LV EDVHG FORVHO\ RQ WKH 8QJHUERHFN UHFHLYHU� 7KLV PRGLpHG UHFHLYHU VSOLWV

WKH PDWFKHG pOWHULQJ RSHUDWLRQ LQWR WZR SDUWV� 7KH pUVW SDUW LV PDGH XS RI D pOWHU PDWFKHG

WR WKH WUDQVPLW SXOVH� 7KLV PDWFKHG pOWHU FDQ EH HLWKHU D FRQWLQXRXV pOWHU RU D GLVFUHWH

pOWHU WKDW RSHUDWHV DW D VDPSOH UDWH PXFK KLJKHU WKDQ WKH V\PERO UDWH� 7KH RXWSXW RI WKLV

pOWHU LV WKHQ VDPSOHG DW WKH V\PERO UDWH DQG SDVVHG WR D pOWHU ZLWK V\PERO�VSDFHG WDSV�

7KLV pOWHU PDWFKHV WKH RYHUDOO FKDQQHO UHVSRQVH� TN� 7KH FRPELQDWLRQ RI WKH pOWHU PDWFKHG

WR WKH WUDQVPLWWHG SXOVH DQG WKH pOWHU PDWFKHG WR WKH FKDQQHO UHVSRQVH LV D YHU\ FORVH

DSSUR[LPDWLRQ RI WKH VLQJOH PDWFKHG pOWHU XVHG LQ WKH 8QJHUERHFN UHFHLYHU� $ GLDJUDP RI

WKLV UHFHLYHU LV VKRZQ LQ )LJXUH ����

2WKHU WKDQ XVLQJ WZR VHSDUDWH pOWHUV WR DFW DV RQH PDWFKHG pOWHU� WKLV UHFHLYHU ZRUNV H[DFWO\

WKH VDPH DV WKH FODVVLF 8QJHUERHFN UHFHLYHU�

$QRWKHU W\SH RI 0/6( HTXDOL]HU� NQRZQ DV WKH GLUHFW�IRUP UHFHLYHU >��@� LV EDVHG ORRVHO\ RQ



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

Filter Matched
to Tx Pulse

p( )τ

Filter Matched
to Channel

Sequence
Estimator

(Modified Metric)

y(t)
nT

rn zn In

~

)LJXUH ���� 7KH 0RGLpHG 8QJHUERHFN 5HFHLYHU

WKH )RUQH\ DSSURDFK� ,Q WKLV YHUVLRQ� RQO\ D pOWHU PDWFKHG WR WKH WUDQVPLW SXOVH LV XVHG� QR

RWKHU PDWFKLQJ LV DWWHPSWHG� $OVR� WKH (XFOLGHDQ GLVWDQFH PHWULF LV XVHG E\ WKH VHTXHQFH

HVWLPDWRU DV VKRZQ EHORZ� 7KLV PHWULF LV JLYHQ E\

j+  
1;
Q �

b MUQ b AUQM� ������

ZKHUH

AUQ  
/�b�;
M b/�

TMDQbM � ������

,Q WKLV HTXDWLRQ� T LV WKH RYHUDOO FKDQQHO UHVSRQVH YHFWRU DQG DQ LV WKH K\SRWKHVL]HG V\PERO�

7KH OLPLWV /� DQG /� UHSUHVHQW WKH QXPEHU RI SUHFXUVRUV DQG SRVWFXUVRUV FRQWDLQHG LQ WKH

FKDQQHO UHVSRQVH� UHVSHFWLYHO\�

$ GLDJUDP RI WKH GLUHFW IRUP RI WKH 0/6( UHFHLYHU LV VKRZQ EHORZ�

Filter Matched
to Tx Pulse

p( )τ

Sequence
Estimator

(Euclidean Distance
Metric)

nT

rny(t) In

~

)LJXUH ���� 7KH 'LUHFW )RUP 5HFHLYHU

7KLV DSSURDFK LV VXERSWLPDO ZKHQ FRPSDUHG WR WKH WKHRUHWLFDO DSSURDFK SURSRVHG E\ )RU�

QH\ EHFDXVH WKH UHFHLYHU GRHV QRW PDWFK WKH LQFRPLQJ VLJQDO FRPSOHWHO\� $OVR� WKH QRLVH

FRPSRQHQW RI WKH VLJQDO DW WKH LQSXW WR WKH VHTXHQFH HVWLPDWRU ZLOO EH FRUUHODWHG EHFDXVH RI

WKH PDWFKHG pOWHU� :KHQ WKH (XFOLGHDQ GLVWDQFH PHWULF LV XVHG� WKH QRLVH VKRXOG EH ZKLWH

IRU RSWLPDO SHUIRUPDQFH�



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

7KRXJK WKLV LV QRW DQ RSWLPDO UHFHLYHU� LW VWLOO SHUIRUPV YHU\ ZHOO LQ D ZLUHOHVV V\VWHP�

7KH XVH RI D pOWHU PDWFKHG WR WKH WUDQVPLW SXOVH SURYLGHV VRPH SHUIRUPDQFH LQFUHDVH RYHU

QR PDWFKLQJ DW DOO� $OVR� ZKHQ D VTXDUH�URRW UDLVHG FRVLQH SXOVH VKDSH LV XVHG E\ WKH

V\VWHP� WKH FRUUHODWLRQ RI WKH QRLVH FDXVHG E\ WKH PDWFKHG pOWHU LV YHU\ VPDOO� DQG DoHFWV

WKH SHUIRUPDQFH RI WKH VHTXHQFH HVWLPDWRU YHU\ OLWWOH�

7KH DGYDQWDJH WR XVLQJ WKLV HTXDOL]HU� LV WKDW LW SURYLGHV JRRG SHUIRUPDQFH ZLWK UHODWLYHO\

VLPSOH FRPSOH[LW\� 5HPRYLQJ WKH pOWHU PDWFKHG WR WKH FKDQQHO JUHDWO\ VLPSOLpHV WKH UH�

FHLYHU� 7KH RQO\ GLVDGYDQWDJH LV WKH H[WUD FRPSXWDWLRQDO FRPSOH[LW\ RI E\ WKH VTXDULQJ

RSHUDWLRQ XVHG E\ WKH PHWULF FDOFXODWLRQ�

��� 6LPXODWLRQ RI ( TXDOL]DWLRQ 7 HFKQLTXHV

7R KHOS UHDGHUV IXUWKHU XQGHUVWDQG WKH HTXDOL]DWLRQ WHFKQLTXHV GLVFXVVHG LQ WKH SUHYLRXV

VHFWLRQV� VHYHUDO 0$7/$% VLPXODWLRQV KDYH EHHQ LQFOXGHG ZLWK WKLV FKDSWHU� 7KHVH SUR�

JUDPV VLPXODWH D FRPPXQLFDWLRQ V\VWHP FRUUXSWHG E\ ,6, DQG GHPRQVWUDWH KRZ ZHOO HDFK RI

WKH GLoHUHQW HTXDOL]DWLRQ WHFKQLTXHV FRPSHQVDWH IRU WKHVH W\SHV RI FKDQQHOV� 7KH IROORZLQJ

VHFWLRQV ZLOO GLVFXVV WKH FRQWHQWV RI HDFK RI WKHVH VLPXODWLRQ SURJUDPV DQG KRZ WKH\ RSHU�

DWH� 7KHVH GHVFULSWLRQV ZLOO LQFOXGH H[DPSOHV RI WKH SURJUDPV XVHG WR VHW WKH SDUDPHWHUV

IRU WKH GLoHUHQW HTXDOL]HUV DQG H[DPSOHV RI WKH PDQ\ GLoHUHQW W\SHV RI JUDSKLFDO RXWSXW

WKDW FDQ EH GLVSOD\HG�

$OO RI WKH VLPXODWLRQ SURJUDPV PRGHO D %36. FRPPXQLFDWLRQ V\VWHP XWLOL]LQJ DQ HTXDOL]HU

WR FRPSHQVDWH IRU ,6,� ,W LV PRGHOHG DIWHU WKH V\VWHP VKRZQ ZLWK WKH SUHYLRXV FKDSWHU LQ

)LJXUH ���� $OO IRXU RI WKH GLoHUHQW VLPXODWLRQ SURJUDPV ZLOO XVH WKLV V\VWHP GHVLJQ ZLWK D

IHZ H[FHSWLRQV� )LUVW� WKH )6( VLPXODWLRQ GRHV QRW UHTXLUH WKH PDWFKHG pOWHU LQ WKH UHFHLYHU

VR WKLV EORFN ZLOO EH OHIW RXW� $OVR� WKH 0/6( HTXDOL]HU PDNHV V\PERO GHFLVLRQ LQWHUQDOO\

VR WKH GHFLVLRQ GHYLFH DIWHU WKH HTXDOL]HU ZLOO QRW EH QHHGHG LQ WKLV VLPXODWLRQ�

7KH VLPXODWLRQ SURJUDPV LQFOXGHG ZLWK WKLV FKDSWHU ZLOO XVH WLPH�LQYDULDQW FKDQQHOV ZKRVH

LPSXOVH UHVSRQVH LV NQRZQ E\ WKH UHFHLYHU� 7KH XVHU ZLOO EH DEOH VHOHFW IURP WHQ GLoHUHQW

FKDQQHO PRGHOV GXULQJ WKH SUHSURFHVVRU SURJUDP RI HDFK VLPXODWLRQ� 7KHVH FKDQQHO PRGHOV



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

DUH WKH VDPH DV WKRVH JLYHQ ZLWK WKH VLPXODWLRQ IURP WKH &KDSWHU �� 7KHVH FKDQQHO PRGHOV

DUH XVHG VR WKDW WKH VLPXODWLRQV DUH VLPSOH DQG VWUDLJKWIRUZDUG� 0RUH FRPSOH[ HTXDOL]HUV

WKDW RSHUDWH RQ XQNQRZQ� WLPH�LQYDULDQW FKDQQHOV RU XQNQRZQ� WLPH�YDULDQW FKDQQHOV� ZLOO

EH GLVFXVVHG LQ WKH QH[W FKDSWHU�

����� 6LPXODWLRQ RI D /LQHDU 7 U DQVYHU VDO ( TXDOL]HU

7KH pUVW VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU PRGHOV D ZLUHOHVV %36. V\VWHP HPSOR\LQJ

D /7(� ,W XVHV WKH VDPH V\VWHP PRGHO PHQWLRQHG DERYH� 7KH VLPXODWLRQ LV WKH VDPH DV

WKH RQH RI WKH ZLUHOHVV FRPPXQLFDWLRQ V\VWHP JLYHQ SUHYLRXVO\ XQWLO LW UHDFKHV WKH HTXDOL]HU

VWDJH� 7KH HTXDOL]HU EORFN pOWHUV WKH GDWD MXVW DV WKH RWKHU EORFNV GLG� +RZHYHU� LW QHHGV WR

FRPSXWH WKH pOWHU FRHrFLHQWV WKDW PLQLPL]H WKH PHDQ�VTXDUHG HUURU EDVHG RQ WKH FKDQQHO

FRQGLWLRQV�

7KH HTXDOL]HU XVHV WKH IXQFWLRQ OWHWDSV�P WR FRPSXWH WKH HTXDOL]HU FRHrFLHQWV� 7KLV

IXQFWLRQ WDNHV WKH VDPSOHG FKDQQHO UHVSRQVH� TN� WKH DXWRFRUUHODWLRQ RI WKH PDWFKHG pOWHU

UHVSRQVH� ZN� DQG WKH QRLVH VSHFWUDO GHQVLW\� 1�� WR FRPSXWH WKH RSWLPDO HTXDOL]HU FRHr�

FLHQWV� 7KH IXQFWLRQ XVHV WKH IRUPXODV JLYHQ LQ (TXDWLRQV ���� ����� DQG ���� WR GR WKLV�

7KH RYHUDOO FKDQQHO UHVSRQVH LV IRXQG DV LW ZDV LQ WKH ZV\VSURF�P SURJUDP� E\ FRQYROYLQJ

WKH UHVSRQVH RI WKH SXOVH�VKDSLQJ pOWHU� WKH FKDQQHO pOWHU� DQG WKH PDWFKHG pOWHU� 7KH DX�

WRFRUUHODWLRQ RI WKH PDWFKHG pOWHU UHVSRQVH� ZN LV IRXQG E\ XVLQJ WKH FRQYROXWLRQ FRPPDQG

DQG LV UHSUHVHQWHG DV :�

:  FRQY�0)�qLSOU�0)�� ������

7KH qLSOU FRPPDQG LV XVHG WR qLS WKH UHVSRQVH YHFWRU VR WKH DXWRFRUUHODWLRQ LV FRPSXWHG

LQVWHDG RI WKH FRQYROXWLRQ� 7KH : YHFWRU LV WKHQ VDPSOHG DW WKH FRUUHFW WLPH LQVWDQFHV WR

SURYLGH ZN� ODEHOHG :� LQ WKH FRGH� 7KH QRLVH VSHFWUDO GHQVLW\ LV IRXQG IURP WKH FRPSOH[

QRLVH YHFWRU� QRLVH�

1�  ��� e �QRLVH e QRLVH�� OHQJWK�QRLVH� ������

$OO WKHVH FRPSXWDWLRQV DUH PDGH LQ WKH PDLQ VLPXODWLRQ pOH� OWHSURF�P� 2QFH DOO WKHVH

YDOXHV DUH IRXQG� WKH\ DUH SDVVHG WR WKH OWHWDSV�P IXQFWLRQ� 7KLV IXQFWLRQ LV XVHG WR pQG



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

WKH RSWLPDO HTXDOL]HU FRHrFLHQWV� ,W EHJLQV E\ pQGLQJ WKH DXWRFRUUHODWLRQ RI WKH RYHUDOO

FKDQQHO UHVSRQVH�

[  FRQY�T�qLSOU�T�� ������

7KLV YHFWRU DORQJ ZLWK WKH PDWFKHG pOWHU DXWRFRUUHODWLRQ YHFWRU�:� DQG WKH QRLVH VSHFWUDO

GHQVLW\ DUH XVHG WR FUHDWH WKH FRUUHODWLRQ PDWUL[� $� DQG WKH FURVVFRUUHODWLRQ YHFWRU� DOSKD�

EDVHG RQ (TXDWLRQV ��� DQG ���� � 7KH RSWLPDO WDS FRHrFLHQWV FDQ WKHQ EH HDVLO\ FDOFXODWHG

IURP WKHVH YDOXHV XVLQJ WKH LQY FRPPDQG WKDW LV XVHG WR LQYHUW PDWULFHV�

FRSW  LQY�$� e DOSKD ������

7KLV YHFWRU RI RSWLPDO HTXDOL]HU FRHrFLHQWV LV WKHQ SDVVHG EDFN WR WKH SURFHVVRU SURJUDP�

,Q WKH SURFHVVRU WKLV YHFWRU LV XVHG WR pOWHU WKH UHFHLYHG GDWD�

]  FRQY�FRSW� U�� ������

7KLV RXWSXW YHFWRU� ]� LV WKHQ VKLIWHG WR DFFRXQW IRU WKH GHOD\ FDXVHG E\ WKH QRQFDXVDO

WDSV RI WKH HTXDOL]HU� ,W LV WKHQ SDVVHG WR WKH GHFLVLRQ GHYLFH ZKLFK GHWHUPLQHV V\PERO

YDOXHV IURP WKH YHFWRU� $ %(5 LV FRPSXWHG E\ FRPSDULQJ WKH V\PERO HVWLPDWHV WR WKH

RULJLQDO GDWD� ,W LV WKHQ GLVSOD\HG RQ WKH VFUHHQ DV %(5HT� 7KH %(5 IRU D V\VWHP ZLWK

QR HTXDOL]HU LV DOVR FRPSXWHG� ,W LV JLYHQ DV %(5QRHT� $OVR LQFOXGHG LV WKH WKHRUHWLFDO

%(5 IRU D V\VWHP ZLWK WKH VDPH (E 1� EXW QR ,6,� ,W LV GLVSOD\HG DV %(5QRLVLWKHRU\�

3UHSURFHVVRU�3RVWSURFHVVRU

7KH SUHSURFHVVRU SRUWLRQ RI WKLV VLPXODWLRQ LV JLYHQ E\ OWHSUH�P� ,W SURPSWV WKH XVHU IRU

LQIRUPDWLRQ VXFK DV WKH QXPEHU RI V\PEROV WR VLPXODWH� WKH (E 1� UDWLR� DQG WKH QXPEHU

RI HTXDOL]HU WDSV WR XVH� $Q H[DPSOH RI WKH H[HFXWLRQ RI WKLV SURJUDP LV VKRZQ EHORZ�

!! OWHSUH

(QWHU QXPEHU RI V\PEROV WR VLPXODWH >����@� ���

(QWHU (E�1� YDOXH >�@�

(QWHU QXPEHU RI VDPSOHV ������ SHU V\PERO >��@� ��
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(QWHU QXPEHU RI FDXVDO HTXDOL]HU WDSV >�@� ��

(QWHU QXPEHU RI QRQFDXVDO HTXDOL]HU WDSV >�@�

(QWHU WKH 1XPEHU ������ RI WKH &KDQQHO WR 6LPXODWH >�@� �

!!

,QFOXGHG ZLWK WKH SURPSW IRU HDFK SDUDPHWHU YDOXH LV D GHIDXOW YDOXH HQFORVHG LQ SDUHQ�

WKHVLV� 7KHVH YDOXHV FDQ EH VHOHFWHG E\ MXVW SUHVVLQJ WKH UHWXUQ NH\ ZKHQ SURPSWHG IRU

WKH SDUDPHWHU YDOXH� 7KHVH GHIDXOW YDOXHV DUH MXVW VXJJHVWLRQV DQG DUH QRW DEVROXWH� 8VHUV

VKRXOG IHHO IUHH WR FKRRVH ZKDWHYHU UHDVRQDEOH YDOXHV WKH\ ZLVK�

7KH SRVWSURFHVVRU SURJUDP IRU WKLV VLPXODWLRQ LV OWHSRVW�P� :KHQ WKLV QDPH LV HQWHUHG

DW WKH FRPPDQG SURPSW WKH PHQX VKRZQ LQ )LJXUH ��� ZLOO EH GLVSOD\HG�

)LJXUH ���� 3RVWSURFHVVRU 0HQX IRU 6LPXODWLRQ RI /7(

(DFK PHQX FKRLFH UHSUHVHQWV D JUDSK RU VHW RI JUDSKV WKDW LOOXVWUDWHV WKH UHTXHVWHG VHW RI

GDWD� )RU H[DPSOH� WKH EDU ODEHOHG 3ORW RI 'DWD :DYHIRUPV DQG (\H�'LDJUDPV JHQHUDWHV

SORWV RI WKH WUDQVPLWWHG DQG UHFHLYHG GDWD ZDYHIRUPV DQG DV ZHOO DV WKH H\H GLDJUDPV RI

WKLV GDWD� 7ZR RI WKH PRVW LQWHUHVWLQJ SORWV DUH WKH VFDWWHU GLDJUDPV RI WKH XQHTXDOL]HG

DQG HTXDOL]HG GDWD� 7KHVH SORWV DUH VKRZQ LQ )LJXUHV ���� DQG �����
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(DFK RI WKHVH pJXUHV FRQWDLQV WZR SORWV� 7KH WRS SORW LV WKH VFDWWHU GLDJUDP RI WKH VLJQDO�

$ VFDWWHU GLDJUDP SORWV WKH GLUHFW SDUW RI WKH VLJQDO YHUVXV WKH TXDGUDWXUH SRUWLRQ� ,Q WKLV

FDVH WKH TXDGUDWXUH SRUWLRQ RI WKH VLJQDO FRPHV IURP WKH DGGLWLYH ZKLWH *DXVVLDQ QRLVH� 7KH

VFDWWHU GLDJUDP JLYHV D JRRG LGHD RI KRZ FORVHO\ WKH UHFHLYHG VLJQDO PDWFKHV WKH WUDQVPLWWHG

VLJQDO DQG KRZ EDGO\ WKH GLVWRUWLRQ DQG ,6, DGGHG E\ WKH FKDQQHO KDV DoHFWHG WKH VLJQDO�

7KH ERWWRP SORW FRQWDLQHG LQ WKH pJXUH VKRZV D KLVWRJUDP RI WKH GLUHFW SDUW RI WKH UHFHLYHG

V\PERO� ,W LOOXVWUDWHV WKH GLVWULEXWLRQ RI WKLV VLJQDO�

)LJXUH ���� GLVSOD\V D VFDWWHU GLDJUDP DQG KLVWRJUDP RI WKH VDPSOHG RXWSXW RI WKH UHFHLYHU
V

PDWFKHG pOWHU� 7KLV LV WKH UHFHLYHG GDWD EHIRUH LW LV HTXDOL]HG� ,Q WKLV FDVH WKH GDWD DSSHDUV

DV RQH ODUJH FORXG ZLWK QR VHSDUDWLRQ EHWZHHQ WKH WZR SRVVLEOH V\PEROV� 7KH KLVWRJUDP

LOOXVWUDWHV WKLV IDFW YHU\ FOHDUO\� 7KH GLVWULEXWLRQ LV DSSUR[LPDWHO\ XQLIRUP DFURVV PRVW RI

WKH YDOXHV ZKLOH GURSSLQJ Ro DW WKH HGJHV� 7KHVH SORWV LQGLFDWH KRZ WKH WUDQVPLWWHG GDWD

KDV EHHQ VSUHDG DSDUW E\ WKH ,6, FDXVHG E\ WKH FKDQQHO DV ZHOO DV FRUUXSWHG E\ WKH QRLVH�

)LJXUH ���� GLVSOD\V WKH VFDWWHU GLDJUDP DQG KLVWRJUDP IRU WKH GDWD FRPLQJ RXW RI WKH

HTXDOL]HU� ,Q WKLV FDVH WKH VFDWWHU GLDJUDP GLVSOD\V WZR GLVWLQFW FORXGV FHQWHUHG DURXQG WKH

WZR SRVVLEOH V\PEROV� h�� 7KH KLVWRJUDP DOVR VKRZV WZR GLVWLQFW FOXVWHUV RI GDWD FHQWHUHG
DURXQG WKH WZR SRVVLEOH V\PEROV� 7KH GDWD GLVWULEXWLRQ DSSHDUV *DXVVLDQ LQ ERWK FDVHV

LQGLFDWLQJ WKDW PRVW RI WKH GLVWRUWLRQ FDXVHG E\ WKH ,6, KDV EHHQ UHPRYHG DQG RQO\ WKH

$:*1 LV FRUUXSWLQJ WKH VLJQDO� 7KH FRQWUDVW RI WKHVH pJXUHV GHPRQVWUDWHV WKH EHQHpW RI

XVLQJ DQ HTXDOL]HU LQ WKH UHFHLYHU RI D FRPPXQLFDWLRQ V\VWHP FRUUXSWHG E\ ,6,�

7KHUH DUH VHYHUDO RWKHU SRVVLEOH SORWV WKDW DUH DYDLODEOH ZLWK WKH /7( SRVWSURFHVVRU� EXW WR

FRQVHUYH VSDFH WKH\ ZLOO QRW DOO EH VKRZQ KHUH� ,W LV OHIW XS WR WKH XVHU WR H[SHULPHQW ZLWK

WKH GLoHUHQW SRVVLEOH VHWWLQJV DQG WR YLHZ WKH DYDLODEOH SORWV�

����� 6LPXODWLRQ RI D )U DFWLRQDOO\ 6SDFHG ( TXDOL]HU

7KH VLPXODWLRQ RI D )UDFWLRQDOO\ 6SDFHG (TXDOL]HU LV YHU\ VLPLODU WR WKDW RI WKH /7(� ,W

PRGHOV WKH VDPH %36. V\VWHP WKDW ZDV XVHG LQ WKH /7( VLPXODWLRQ� 7KH PDLQ GLoHUHQFHV

EHWZHHQ WKH WZR DUH WKDW WKH )6( VLPXODWLRQ GRHV QRW LQFOXGH D UHFHLYHU PDWFKHG pOWHU� WKH
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HTXDOL]HU RSHUDWHV DW D KLJKHU VDPSOLQJ UDWH� DQG WKH HTXDOL]HU WDSV DUH GHWHUPLQHG XVLQJ D

GLoHUHQW PHWKRG�

7KH SUHSURFHVVRU RI WKH )6( VLPXODWLRQ LV FDOOHG IVHSUH�P� ,W LV YHU\ VLPLODU WR WKH SUH�

SURFHVVRU RI WKH /7(� $Q H[DPSOH RI WKH SUHSURFHVVRU LV VKRZQ EHORZ�

!! IVHSUH

(QWHU QXPEHU RI V\PEROV WR VLPXODWH >����@�

(QWHU (E�1� YDOXH >�@�

(QWHU QXPEHU RI VDPSOHV ������ SHU V\PERO >��@� ��

(QWHU QXPEHU RI FDXVDO HTXDOL]HU WDSV >�@�

(QWHU QXPEHU RI QRQFDXVDO HTXDOL]HU WDSV >�@�

(QWHU WKH QXPEHU RI WDSV SHU V\PERO >�@� �

1XPEHU RI WDSV SHU V\PERO PXVW EH D PXOWLSOH RI QXPEHU RI VDPSOHV SHU

V\PERO

(QWHU WKH QXPEHU RI WDSV SHU V\PERO >�@� �

(QWHU WKH 1XPEHU ������ RI WKH &KDQQHO WR 6LPXODWH >�@�

!!

2QH UHTXLUHPHQW LQ VHWWLQJ WKH SDUDPHWHUV IRU WKH )6( VLPXODWLRQ LV WKDW WKH QXPEHU RI WDSV

SHU V\PERO LV D PXOWLSOH RI WKH QXPEHU RI VDPSOHV SHU V\PERO� RWKHUZLVH WKH SUHSURFHVVRU

ZLOO GLVSOD\ DQ HUURU DQG DVN IRU D QHZ YDOXH OLNH LQ WKH H[DPSOH DERYH� 'HIDXOW YDOXHV DUH

DOVR LQFOXGHG ZLWK WKLV SUHSURFHVVRU� 7KH\ FDQ EH FKRVHQ E\ SUHVVLQJ UHWXUQ ZKHQ SURPSWHG

IRU D YDOXH�

7KH SURFHVVRU SURJUDP LV DOVR VLPLODU WR WKH /7( SURFHVVRU� ,W PRGHOV D %36. V\VWHP

XVLQJ WKH EORFN�E\�EORFN VLPXODWLRQ PHWKRG� ,W EHJLQV E\ pQGLQJ WKH FRPELQHG UHVSRQVH�

+� RI WKH PDWFKHG pOWHU� 0)� DQG WKH FKDQQHO� *� XVLQJ WKH FRQY FRPPDQG� ,W WKHQ

VDPSOHV WKLV UHVSRQVH DW WKH FRUUHFW SRLQWV DW WKH UDWH RI 0 VDPSOHV SHU V\PERO WKDW ZDV

VHOHFWHG LQ WKH SUHSURFHVVRU� 7KLV VDPSOHG UHVSRQVH LV JLYHQ E\ +�� ,W WKHQ QRUPDOL]HV WKH

RYHUDOO UHVSRQVH VXFK WKDW
3

N M+��N�M�  �� 7KH QRUPDOL]HG VDPSOHG LPSXOVH UHVSRQVH�

WKH VHOHFWHG QRLVH SRZHU� DQG RWKHU SDUDPHWHUV DUH WKHQ SDVVHG WR WKH SURJUDP IVHWDSV�P�
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7KLV IXQFWLRQ XVHV (TXDWLRQV ���� DQG ���� WR GHWHUPLQH WKH FRUUHFW HTXDOL]HU WDSV� 7KHVH

WDSV DUH SDVVHG EDFN WR WKH PDLQ SURJUDP�

2QFH WKHVH UHVSRQVHV DUH IRXQG� D YHFWRU RI UDQGRP ELSRODU GDWD LV FUHDWHG� 7KLV GDWD LV

FRQYROYHG ZLWK WKH RYHUDOO UHVSRQVH DQG QRLVH LV DGGHG� $W WKH UHFHLYHU WKH VLJQDO LV VDPSOHG

DW D UDWH RI0 VDPSOHV SHU V\PERO� 7KLV VDPSOHG UHVSRQVH LV WKHQ pOWHUHG ZLWK WKH HTXDOL]HU

WDSV� 7KH RXWSXW RI WKH HTXDOL]HU LV WKHQ VDPSOHG VXFK WKDW WKHUH LV RQH VDPSOH SHU V\PERO�

7KHVH VDPSOHV DUH WKHQ SDVVHG WR D KDUG OLPLWHU WR GHWHUPLQH WKH HVWLPDWHG V\PERO YDOXH�

$ ELW HUURU UDWH LV WKHQ GHWHUPLQHG IURP WKHVH HVWLPDWHG YDOXHV�

$ VLPXODWLRQ RI D W\SLFDO %36. V\VWHP WKDW XVHV D PDWFKHG pOWHU LQ WKH UHFHLYHU EXW GRHV QRW

FRQWDLQ DQ HTXDOL]HU LV DOVR LQFOXGHG LQ WKLV VLPXODWLRQ VR WKDW LWV RXWSXW FDQ EH FRPSDUHG

ZLWK WKH RXWSXW RI WKH V\VWHP XWLOL]LQJ DQ HTXDOL]HU� 7KH GLoHUHQW RXWSXWV FDQ EH DQDO\]HG

DQG DQ\ SHUIRUPDQFH JDLQV FDQ EH REVHUYHG�

7KH SRVWSURFHVVRU RI WKH )6( VLPXODWLRQ LV DOVR YHU\ VLPLODU WR WKH RQH XVHG E\ WKH /7(

VLPXODWLRQ� ,W LQFOXGHV PDQ\ RI WKH VDPH GDWD SORWV LQFOXGLQJ SORWV RI WKH WUDQVPLWWHG

DQG UHFHLYHG GDWD DQG VFDWWHU SORWV RI WKH HTXDOL]HG DQG XQHTXDOL]HG GDWD� 2QH RI WKH

PRVW LQWHUHVWLQJ SORWV LV RQH ZKHUH WKH FRPELQHG UHVSRQVH RI WKH HTXDOL]HU DQG FKDQQHO LV

GLVSOD\HG� $Q H[DPSOH RI WKLV LV VKRZQ LQ )LJXUH �����

7KLV WRS JUDSK RI WKLV pJXUH VKRZV WKH RYHUDOO UHVSRQVH RI WKH FKDQQHO DQG HTXDOL]HU DQG WKH

ERWWRP JUDSK GLVSOD\V WKH VDPSOHG YHUVLRQ RI WKLV UHVSRQVH� 7KHVH JUDSKV UHYHDO KRZ WKH

)6( ZRUNV� 7KH )6( WULHV WR PRGHO WKH RSWLPDO UHFHLYH pOWHU� RQH WKDW PDWFKHV WKH FKDQQHO

UHVSRQVH RI WKH WUDQVPLWWHG VLJQDO VKDSH� :LWK WKLV RSWLPDO pOWHU LQ SODFH� WKH FRPELQHG

UHVSRQVH ZLOO KDYH ]HURV DW HDFK VDPSOLQJ SRLQW H[FHSW DW WLPH ]HUR� 7KLV LV LOOXVWUDWHG ZLWK

WKH WRS JUDSK� 7KH ERWWRP JUDSK VKRZV WKH UHVSRQVH DIWHU WKH VLJQDO LV VDPSOHG� ,Q WKLV

FDVH WKH UHVSRQVH LV D GHOWD IXQFWLRQ DW WLPH HTXDO WR ]HUR� 7KLV LQGLFDWHV WKDW DOO WKH ,6,

KDV EHHQ FDQFHOHG DQG WKH RQO\ GLVWRUWLRQ LQ WKH QRLVH� 7KLV LV WKH GHVLUHG UHVSRQVH RI WKH

V\VWHP�
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����� 6LPXODWLRQ RI D 'HFLVLRQ�)HHGEDFN ( TXDOL]HU

7KH QH[W VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU LV D VLPXODWLRQ RI D %36. V\VWHP XWLOL]LQJ D

GHFLVLRQ�IHHGEDFN HTXDOL]HU� 7KLV VLPXODWLRQ LV YHU\ VLPLODU WR WKH /7( DQG )6( VLPXODWLRQV

GLVFXVVHG DERYH�

7KH SUHSURFHVVRU LQFOXGHG ZLWK WKH ')( VLPXODWLRQ SURPSWV WKH XVHU IRU PDQ\ RI WKH VDPH

SDUDPHWHUV WKDW WKH RWKHU SUHSURFHVVRUV KDYH DVNHG IRU VXFK DV WKH QXPEHU RI V\PEROV WR

UXQ DQG WKH (E 1� UDWLR� ,Q DGGLWLRQ WR WKHVH LWHPV WKH ')( SURFHVVRU ZLOO DOVR DVN IRU

WKH QXPEHU RI WDSV LQ WKH IHHGIRUZDUG pOWHU DQG WKH QXPEHU RI WDSV LQ WKH IHHGEDFN VHFWLRQ�

7KH IHHGIRUZDUG pOWHU LV VHW XS VXFK WKDW WKHUH LV RQH FDXVDO WDS DW WLPH HTXDO WR ]HUR� 7KH

UHPDLQLQJ QXPEHU RI WDSV ZLOO EH QRQFDXVDO WDSV� 7KH FDXVDO SDUW RI WKH FKDQQHO UHVSRQVH

ZLOO EH KDQGOHG E\ WKH IHHGEDFN pOWHU�

7KH SURFHVVRU VWDJH RI WKH VLPXODWLRQ LV EDVHG RQ WKH VWDQGDUG %36. V\VWHP PRGHO� 7KH

')( LV SODFHG DIWHU WKH PDWFKHG pOWHU VDPSOHU� 7R pQG WKH RSWLPDO IHHGIRUZDUG DQG IHHG�

EDFN WDSV IRU WKH HTXDOL]HU� WKH IXQFWLRQ GIHWDSV�P LV XVHG� 7KLV IXQFWLRQ WDNHV WKH FKDQQHO

UHVSRQVH� WKH QRLVH SRZHU� DQG WKH QXPEHU RI WDSV LQ HDFK pOWHU DQG FRPSXWHV &� WKH RSWL�

PDO IHHGIRUZDUG WDSV� DQG %� WKH RSWLPDO IHHGEDFN WDSV� ,W XVHV HTXDWLRQV ���������� DQG

���� WR FRPSXWHV WKHVH YHFWRUV�

2QH GLrFXOW\ LQ LPSOHPHQWLQJ WKH ')( LV WKDW LW GRHV QRW D RSHUDWH DV D OLQHDU pOWHU OLNH

WKH /7( DQG )6( GR� ,QVWHDG RI XVLQJ WKH pOWHU RU FRQY FRPPDQGV LQ 0$7/$%� D VPDOO

DOJRULWKP LV FUHDWHG WR SHUIRUP WKH HTXDOL]DWLRQ� 7KH DOJRULWKP LV EDVHG RQ HTXDWLRQ ����

DQG LV PDGH XS RI WZR RSHUDWLRQV� ,Q WKH pUVW SDUW D EORFN RI GDWD LV SDVVHG LQWR D UHJLVWHU

DQG LV WKHQ YHFWRU PXOWLSOLHG E\ WKH IHHGIRUZDUG FRHrFLHQWV� 7KLV LV LPSOHPHQWHG XVLQJ WKH

IROORZLQJ 0$7/$% FRGH�

]�Q�  U��Q�1� � b� � Q� e&� ������

+HUH� ]�Q� UHSUHVHQWV WKH FXUUHQW RXWSXW RI WKH pOWHU� U� LV WKH EORFN RI GDWD EHLQJ pOWHUHG�

DQG & LV WKH RSWLPDO IHHGIRUZDUG FRHrFLHQWV�

,Q WKH QH[W SDUW RI WKH DOJRULWKP� WKH ,6, FDXVHG E\ SDVW V\PEROV LV UHPRYHG E\ WDNLQJ WKH
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YDOXH FRPSXWHG LQ SDUW RQH DQG VXEWUDFWLQJ IURP LW SDVW V\PEROV WKDW KDYH EHHQ pOWHUHG

E\ WKH RSWLPDO IHHGEDFN WDSV� 7KLV LV LPSOHPHQWHG XVLQJ�

]�Q�  ]�Q�b ,HVW�Qb � � b� � Qb1�� e%� ������

+HUH� ,HVW LV WKH EORFN RI SUHYLRXVO\ HVWLPDWHG RXWSXW V\PEROV DQG% LV WKH YHFWRU RI RSWLPDO

IHHGEDFN WDSV� 7KH RXWSXW RI WKH HTXDOL]HU� ]�Q�� LV WKHQ SDVVHG WR D GHFLVLRQ GHYLFH XVHG

WR HVWLPDWH WKH FXUUHQW V\PERO� ,HVW�Q�� 7KLV HVWLPDWH ZLOO WKHQ EH XVHG LQ HTXDOL]LQJ WKH

QH[W IHZ V\PEROV�

7KH SRVWSURFHVVRU RI WKH ')( LV DOVR YHU\ VLPLODU WR WKH RWKHU SRVWSURFHVVRUV� 2QH SORW

WKDW LV VSHFLpF WR WKH ')( SRVWSURFHVVRU LV RQH WKDW GLVSOD\V WKH FRPELQHG UHVSRQVH RI

WKH FKDQQHO DQG WKH IHHGIRUZDUG pOWHU� $Q H[DPSOH RI WKLV SORW DQG D SORW RI WKH HTXDOL]HU

FRHrFLHQWV LV VKRZQ LQ )LJXUH ����� ,Q WKH SORW RI WKH HTXDOL]HU WDSV� WKH SRVLWLYH V\PERO

QXPEHUV UHSUHVHQW WKH IHHGEDFN WDSV ZKLOH WKH UHVW UHSUHVHQW WKH IHHGIRUZDUG WDSV� $ SORW

RI WKH VDPSOHG FKDQQHO UHVSRQVH LV VKRZQ LQ )LJXUH �����

7KHVH WZR SORWV DUH YHU\ JRRG DW LOOXVWUDWLQJ KRZ WKH WZR pOWHUV LQ WKH ')( ZRUN WRJHWKHU

WR UHPRYH WKH ,6, FRUUXSWLQJ WKH VLJQDO� )LJXUH ���� VKRZV WKDW WKH FKDQQHO UHVSRQVH

KDV ERWK FDXVDO DQG QRQFDXVDO HOHPHQWV WR LW� 7KH FRQYROXWLRQ RI WKLV UHVSRQVH DQG WKH

IHHGIRUZDUG pOWHU UHVSRQVH RI WKH ')( LV GLVSOD\HG LQ WKH WRS SORW RI pJXUH ����� ,Q WKLV

FDVH WKH QRQFDXVDO SRUWLRQ RI WKH FKDQQHO UHVSRQVH KDV EHHQ JUHDWO\ UHGXFHG� 2QO\ WKH

FDXVDO HOHPHQWV DUH D IDFWRU QRZ� 7KHVH HOHPHQWV DUH UHPRYHG E\ WKH IHHGEDFN SRUWLRQ RI

WKH ')(� 7KH WDSV RI WKLV pOWHU� VKRZQ LQ WKH WRS JUDSK RI )LJXUH ����� PDWFK XS DOPRVW

H[DFWO\ ZLWK WKRVH RI WKH FDXVDO ,6, WHUPV RI WKH FRPELQHG UHVSRQVH� %\ VXEWUDFWLQJ RXW

WKHVH WHUPV� WKH FDXVDO ,6, ZLOO EH UHPRYHG� ,Q RWKHU ZRUGV� WKH IHHGIRUZDUG VHFWLRQ RI WKH

')( FRPSHQVDWHV IRU DQ\ ,6, FDXVHG E\ IXWXUH V\PEROV ZKLOH WKH IHHGEDFN SRUWLRQ UHPRYHV

DQ\ ,6, FDXVHG E\ SDVW V\PEROV�

����� 6LPXODWLRQ RI D 0 D[LPXP�OLNHOLKRRG 6HTXHQFH ( VWLPDWRU

/LNH WKH VLPXODWLRQ RI WKH RWKHU WKUHH HTXDOL]HU� WKH 0/6( VLPXODWLRQ DOVR PRGHOV D ZLUHOHVV

%36. V\VWHP� ,Q WKLV FDVH DQ 0/6( HTXDOL]HU LV XWLOL]HG E\ WKH V\VWHP WR FRPSHQVDWH IRU



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

−6 −4 −2 0 2 4 6 8
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8
Channel Impulse Response

Symbol Number

A
m

pl
itu

de

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−20

−15

−10

−5

0

5
Channel Frequency Response

Normalized Frequency

M
ag

ni
tu

de
 [d

B
]

)LJXUH ����� 3ORW RI WKH 6DPSOHG &KDQQHO 5HVSRQVH DQG )UHTXHQF\ 5HVSRQVH �&KDQQHO ���



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

−4 −3 −2 −1 0 1 2 3 4
−1

−0.5

0

0.5

1

1.5
Plot of Equalizer Taps

Tap Number

A
m

pl
itu

de

Feedback Taps   
Feedforward Taps

−10 −8 −6 −4 −2 0 2 4 6 8
−1

−0.5

0

0.5

1
Combined Impulse Response of Sampled Channel Response and Feedforward Filter

Symbol Number

A
m

pl
itu

de

)LJXUH ����� 3ORWV RI WKH ')( (TXDOL]HU &RHrFLHQWV DQG WKH &RPELQHG 5HVSRQVH RI WKH

)) DQG &KDQQHO



&KDSWHU �� (TXDOL]DWLRQ 7HFKQLTXHV ��

,6,� 7KLV HTXDOL]HU ZLOO UHTXLUH GLoHUHQW LQSXW SDUDPHWHUV DQG ZLOO SURYLGH RXWSXW GLVSOD\V

GLoHUHQW IURP WKH RWKHU VLPXODWLRQV� 7KH VWUXFWXUH RI WKLV V\VWHP GLoHUV VOLJKWO\ IRUP WKH

RWKHUV EHFDXVH WKH GHFLVLRQ GHYLFH WKDW HVWLPDWHV WKH WUDQVPLWWHG V\PEROV LV LQWHUQDO WR WKH

0/6( HTXDOL]HU DQG LV QRW QHHGHG LQ WKH PDLQ V\VWHP�

7KH ZLUHOHVV %36. PRGHO WKDW LV XVHG WR VLPXODWH WKLV V\VWHP FRQWDLQV WUDQVPLW DQG UHFHLYH

PDWFKHG pOWHUV WKDW DUH V\PPHWULF� FHQWHUHG DURXQG ]HUR� HTXDO WR HDFK DQRWKHU� DQG IRUP

D 1\TXLVW SXOVH ZKHQ FRQYROYHG ZLWK RQH DQRWKHU� )RU WKLV UHDVRQ WKH GLUHFW IRUP 0/6(

UHFHLYHU ZLOO EH XVHG� 7KLV W\SH RI 0/6( UHFHLYHU ZDV GLVFXVVHG LQ 6HFWLRQ ������ ,W XVHV

WKH (XFOLGHDQ GLVWDQFH PHWULF WR FRPSXWH WKH GHFLVLRQ PHWULFV ZKLFK PDNHV LW IDLUO\ HDV\ WR

XQGHUVWDQG� ,Q 6HFWLRQ ����� WKH GLUHFW IRUP UHFHLYHU XVHV D FKDQQHO HVWLPDWRU WR GHWHUPLQH

WKH WLPH�YDU\LQJ FKDQQHO UHVSRQVH� 7KH SXUSRVH RI WKLV VLPXODWLRQ LV WR KHOS WKH XVHU EHWWHU

XQGHUVWDQG WKH IXQGDPHQWDOV RI 0/6( HTXDOL]DWLRQ� )RU WKLV UHDVRQ WKH V\VWHP ZLOO EH

VLPSOLpHG� WKH VLPXODWHG FKDQQHO ZLOO EH WLPH�LQYDULDQW DQG ZLOO EH NQRZQ E\ WKH UHFHLYHU�

7KLV ZLOO NHHS WKH VLPXODWLRQ VLPSOH DQG FRPSUHKHQVLEOH�

,Q WKHRU\� DQ 0/6( UHFHLYHU ZRUNV RQ RQH FRQWLQXRXV VWUHDP RI GDWD DQG GHWHUPLQHV PHWULFV

IRU DOO WKH GLoHUHQW SRVVLEOH SDWKV� 7KLV LV QRW SRVVLEOH LQ D SUDFWLFDO V\VWHP EHFDXVH RI

FRPSXWDWLRQ DQG PHPRU\ OLPLWDWLRQV� 7KHUHIRUH� LQ D SUDFWLFDO V\VWHP WKH 0/6( HTXDOL]HU

PXVW EH GHVLJQHG VR WKDW LV PRUH HrFLHQW DQG VLPSOH� 0/6( UHFHLYHUV DUH RIWHQ GHVLJQHG

RQH RI WZR ZD\V LQ RUGHU WR PHHW WKH PHPRU\ DQG FRPSXWDWLRQ OLPLWDWLRQV� 7KH pUVW ZLOO

UHPHPEHU WKH GDWD SDWK WKDW PDWFKHV XS ZLWK HDFK SRVVLEOH VWDWH� +RZHYHU� RQFH WKHVH

SDWKV JURZ WR D OHQJWK RI �/ V\PEROV� DOO SDWKV VKRXOG OHDG EDFN WR WKH VDPH V\PERO

HVWLPDWH� ,Q WKH pUVW W\SH RI 0/6( UHFHLYHU� WKLV FRPPRQ V\PERO ZLOO EH JLYHQ DV WKH

HVWLPDWHG V\PERO IRU WKLV V\PERO SHULRG DQG ZLOO WKHQ EH IRUJRWWHQ E\ WKH HTXDOL]HU� 7KH

RXWSXW RI WKH HTXDOL]HU ZLOO WKHUHIRUH EH GHOD\HG �/ V\PEROV FRPSDUHG WR LWV LQSXW� 7KLV

PHWKRG UHTXLUHV WKH HTXDOL]HU WR RQO\ UHPHPEHU D QXPEHU RI V\PEROV HTXDO WR �/ WLPHV WKH

�/ QXPEHU RI GLoHUHQW VWDWHV� 7KLV PHWKRG LV HrFLHQW DQG GRHV QRW UHTXLUH DQ\ RYHUKHDG

V\PEROV LQ LWV FDOFXODWLRQV� EXW LV FRPSOH[ DQG FDQ EH GLrFXOW WR LPSOHPHQW�

$Q DOWHUQDWLYH PHWKRG LV WR EUHDN WKH GDWD LQWR IUDPHV RI D SUHVHW OHQJWK� 7KH 0/6(

HTXDOL]HU ZLOO WKHQ RSHUDWH RQ RQH IUDPH RI GDWD DW D WLPH� 2QH SUREOHP WKDW GHYHORSV IURP
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WKLV PHWKRG LV KRZ WR SLFN WKH FRUUHFW SDWK RQFH WKH IUDPH RI GDWD HQGV� -XVW SLFNLQJ WKH

SDWK WKDW PD[LPL]HV WKH PHWULF LV QRW DOZD\V WKH EHVW FKRLFH� $ VROXWLRQ WR WKLV SUREOHP LV

WR LQFOXGH H[WUD V\PEROV DW WKH HQG RI HDFK IUDPH WKDW DUH NQRZQ E\ ERWK WKH WUDQVPLWWHU

DQG UHFHLYHU� 7KHVH H[WUD ELWV ZLOO IRUFH WKH 0/6( HTXDOL]HU LQWR D NQRZQ VWDWH DW WKH HQG

RI HDFK IUDPH� 7KH PRVW OLNHO\ SDWK ZLOO WKHQ EH WKH RQH WKDW HQGV ZLWK WKLV VWDWH�

7KH VHFRQG PHWKRG GLVFXVVHG DERYH LV WKH RQH XVHG LQ WKLV 0/6( VLPXODWLRQ� ,W ZDV FKRVHQ

EHFDXVH PDQ\ ZLUHOHVV FRPPXQLFDWLRQ VWDQGDUGV DOUHDG\ RUJDQL]H WKHLU GDWD LQWR IUDPHV

DQG SURYLGH RYHUKHDG V\PEROV EHWZHHQ WKHP� ,W ZDV DOVR FKRVHQ EHFDXVH LW LV VLPSOH DQG LV

HDVLHU WR LPSOHPHQW WKDQ WKH pUVW PHWKRG�

3UHSURFHVVRU�3URFHVVRU�3RVWSURFHVVRU

7KH SUHSURFHVVRU RI WKLV 0/6( VLPXODWLRQ UHTXHVWV PRVW RI WKH VDPH LQIRUPDWLRQ DV WKH

SUHSURFHVVRU SURJUDPV RI WKH RWKHU HTXDOL]HUV� 7ZR H[WUD SDUDPHWHU VHWWLQJV WKLV SUHSUR�

FHVVRU UHTXHVWV DUH WKH QXPEHU RI V\PEROV LQ HDFK GDWD IUDPH DQG WKH QXPEHU RI ,6, WHUPV

WR DFFRXQW IRU� /� 7KH IUDPH OHQJWK SDUDPHWHU LV VHOI�H[SODQDWRU\� EXW WKH QXPEHU RI ,6,

WHUPV UHTXLUHV VRPH H[SODLQLQJ� %DVLFDOO\� EHIRUH WKH 0/6( HTXDOL]HU EHJLQV SURFHVVLQJ

WKH UHFHLYHG GDWD LW QHHGV WR NQRZ WKH FKDQQHO UHVSRQVH� +RZHYHU� EHFDXVH WKH VL]H RI WKLV

FKDQQHO UHVSRQVH GHWHUPLQHV WKH FRPSOH[LW\ RI WKH HTXDOL]HU� L�H� WKH QXPEHU RI VWDWHV�

XVLQJ WKH HQWLUH VDPSOHG FKDQQHO UHVSRQVH PD\ QRW EH WKH EHVW FKRLFH� 7KH JUHDWHU WKH

FRPSOH[LW\ RI WKH HTXDOL]HU� WKH ORQJHU LW ZLOO WDNH IRU WKH VLPXODWLRQ WR UXQ� 6LQFH PRVW RI

WKH ,6, LV FDXVHG E\ WKH RQH RU WZR SDVW V\PEROV� LW LV EHWWHU WR RQO\ DFFRXQW IRU WKHVH DQG

WR LJQRUH WKH VPDOOHU PRUH GLVWDQW RQHV� $OVR� WKH 0/6( UHFHLYHU RQO\ ZRUNV ZLWK FDXVDO

,6, WHUPV� 7KLV LV EHFDXVH WKH PRVW VHYHUH RI WKH ,6, WHUPV DUH WKH FDXVDO RQHV DQG EHFDXVH

WKLV UHFHLYHU LV HDVLHU WR LPSOHPHQW�

7KH PDLQ SURFHVVRU VWDJH RI WKLV VLPXODWLRQ FRQVLVWV RI WKH VDPH %36. PRGHO WKDW ZDV

XVHG LQ DOO WKH RWKHU HTXDOL]HU VLPXODWLRQV� 7KH PDLQ GLoHUHQFH LV WKDW WKH GDWD LV GLYLGHG

LQWR IUDPHV DQG H[WUD V\PEROV DUH DSSHQGHG RQWR WKH HQGV RI WKHVH IUDPHV EHIRUH WKH GDWD

LV SDVVHG WR WKH FKDQQHO� 7KLV H[WUD GDWD LV D VHW RI V\PEROV HTXDO WR b�� 7KH QXPEHU RI
H[WUD V\PEROV LV HTXDO WR WKH QXPEHU RI ,6, WHUPV� /� WKDW DUH DFFRXQWHG IRU�
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2QFH WKH GDWD LV UHFHLYHG� SDVVHG WKURXJK WKH UHFHLYH PDWFKHG pOWHU� DQG VDPSOHG� LW LV

SDVVHG WR WKH HTXDOL]HU EORFN� ,Q WKH HTXDOL]HU EORFN� WKH GDWD LV RQFH DJDLQ GLYLGHG LQWR

IUDPHV� (DFK IUDPH DQG WKH WUXQFDWHG FKDQQHO UHVSRQVH� )� DUH WKHQ SDVVHG WR D IXQFWLRQ

FDOOHGPOVH�P WKDW WDNHV WKLV GDWD DV LWV LQSXW DQG SURGXFHV DOO WKH GLoHUHQW SRVVLEOH SDWKV

DV ZHOO DV WKH PRVW�OLNHO\ SDWK DV LWV RXWSXW�

7KH POVH�P IXQFWLRQ IROORZV WKH VDPH PHWKRG DV WKH H[DPSOH JLYHQ LQ 6HFWLRQ ������ 7KH

pUVW VWHS LV WR LQLWLDOL]H HDFK RI WKH SRVVLEOH VWDWHV DQG FUHDWH D PHWULF YDOXH IRU HDFK

RQH� +RZ WKHVH PHWULFV DUH FDOFXODWHG ZLOO EH GLVFXVVHG VKRUWO\� 2QFH DOO WKHVH YDOXHV

DUH GHWHUPLQHG� D YHFWRU FDOOHG ,FRQY LV FUHDWHG ZKLFK UHSUHVHQWV DOO WKH GLoHUHQW SRVVLEOH

UHFHLYHG YDOXHV EDVHG RQ WKH JLYHQ FKDQQHO UHVSRQVH� )� 7KH IXQFWLRQ WKHQ EHJLQV WR ORRS

WKURXJK HDFK UHFHLYHG YDOXH DQG FUHDWH PHWULFV EDVHG RQ WKLV YDOXH DQG WKH GLoHUHQW SRVVLEOH

YDOXHV� 7KLV LV SHUIRUPHG LQ 0$7/$% XVLQJ WKH IROORZLQJ FRGH ZKLFK LV EDVHG RQ (TXDWLRQ

�����

30  *DP�b �U�N�b ,FRQY��A�� ������

,Q WKLV HTXDWLRQ� 30 LV WKH PDWUL[ RI PHWULF YDOXHV IRU HDFK VWDWH� U�N� LV WKH FXUUHQW

UHFHLYHG V\PERO YDOXH� DQG *DP� LV D PDWUL[ RI WKH SUHYLRXV PHWULF YDOXHV� 7KH PDWUL[

*DP� LV PDGH XS RI WZR FROXPQV RI LGHQWLFDO PHWULF YHFWRUV� 7KHVH PHWULFV DUH GHWHUPLQHG

IURP WKH SUHYLRXV YDOXHV RI 30�

2QFH WKH PDWUL[ 30 LV GHWHUPLQHG� WKH DSSURSULDWH YDOXHV DUH NHSW RU GLVFDUGHG E\ GHWHU�

PLQLQJ WKH PD[LPXP PHWULF YDOXH LQ HDFK FROXPQ� (DFK FROXPQ KROGV WKH SRVVLEOH YDOXHV

KHOG E\ HDFK VWDWH� ,W LV RUJDQL]HG PXFK WKH ZD\ 7DEOH ��� LV� 7R GHWHUPLQH ZKDW WKH

PD[LPXP YDOXH LQ HDFK FROXPQ LV DQG ZKDW URZ KROGV WKLV YDOXH� WKH IROORZLQJ FRPPDQG

LV JLYHQ�

>*DP� LG[@  PD[�30�� ������

7KLV FRPPDQG VHWV WKH YHFWRU *DPPD WR WKH PD[LPXP YDOXH LQ HDFK FROXPQ DQG WKH

YHFWRU LG[ WR WKH URZ LQ ZKLFK WKHVH YDOXHV IHOO� 7KH YHFWRU *DPPD LV WKHQ GRXEOHG XS

WR IRUP WKH *DP� PDWUL[ DQG WKH LG[ YHFWRU LV WKHQ UHVKDSHG DQG DSSHQGHG RQWR WKH HQG

RI D PDWUL[ FDOOHG SDWKV ZKLFK KROGV DOO WKH SRVVLEOH GDWD SDWKV HQGLQJ ZLWK HDFK VWDWH�

7KLV SURFHVV FRQWLQXHV IRU WKH HQWLUH IUDPH� 2QFH DOO WKH GDWD LQ WKH IUDPH KDV EHHQ DQDO\]HG�
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WKH SDWK WKDW FRUUHVSRQGV WR WKH pQDO VWDWH RI DOO b�V LV FKRVHQ DV WKH PRVW OLNHO\ VWDWH VLQFH
WKLV LV WKH VWDWH WKH HTXDOL]HU ZDV IRUFHG LQWR ZLWK WKH H[WUD GDWD� %RWK WKLV PRVW OLNHO\

SDWK DQG DOO WKH GLoHUHQW SDWKV WKDW ZHUH GHWHUPLQHG ZKLOH WKH DOJRULWKP ZDV UXQQLQJ DUH

WKHQ GHOLYHUHG WR WKH PDLQ SURFHVVRU SURJUDP� $OO WKH GLoHUHQW SDWKV DUH SURYLGHG EHFDXVH

WKH\ ZLOO EH XVHG LQ RQH RI WKH SRVWSURFHVVRU JUDSKV�

7KH SRVWSURFHVVRU RI WKH 0/6( VLPXODWLRQ SURYLGHV PDQ\ RI WKH VDPH SORWV DV WKH RWKHU

SRVWSURFHVVRUV� ,Q DGGLWLRQ WR SORWV RI WKH RYHUDOO FKDQQHO UHVSRQVH DQG WKH VDPSOHG FKDQQHO

UHVSRQVH� WKH 0/6( SRVWSURFHVVRU GLVSOD\V D SORW RI WKH WUXQFDWHG UHVSRQVH� )� WKDW LV

XVHG E\ WKH HTXDOL]HU� $ XVHU FDQ FRPSDUH WKLV UHVSRQVH WR WKH WRWDO VDPSOHG UHVSRQVH WR

GHWHUPLQH D JRRG YDOXH IRU WKH QXPEHU RI ,6, WHUPV WR DFFRXQW IRU�

$QRWKHU SORW WKDW LV H[FOXVLYH WR WKH 0/6( SRVWSURFHVVRU LV RQH WKDW GLVSOD\V D WUHOOLV SORW

RI WKH ODVW IUDPH WKDW ZDV DQDO\]HG� $Q H[DPSOH RI WKLV SORW LV VKRZQ LQ )LJXUH �����
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)LJXUH ����� $Q 0/6( 7UHOOLV

,Q WKLV SORW WKH GRWWHG OLQHV UHSUHVHQW DOO WKH GLoHUHQW SDWKV WKDW ZHUH FDOFXODWHG E\ WKH

HTXDOL]HU DQG WKH VROLG OLQH UHSUHVHQWV WKH PRVW�OLNHO\ GDWD SDWK� 2Q WKH FRPSXWHU WKH

GRWWHG OLQH ZLOO EH JUHHQ DQG WKH VROLG OLQH EOXH� 7KH DFWXDO GDWD SDWK LV DOVR GLVSOD\HG DV

D VROLG UHG OLQH� +RZHYHU� LQ WKLV FDVH WKH HVWLPDWHG SDWK LV HTXDO WR WKH DFWXDO SDWK VR WKH
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UHG OLQH LV QRW VHHQ� 2QO\ ZKHQ HUURUV RFFXU ZLOO WKH UHG SDWK EH YLVLEOH�

,Q WKLV H[DPSOH� WKH WUHOOLV KDV �/ VWDWHV ZKHUH / HTXDOV WZR DQG WKH IUDPH VL]H LV pIWHHQ

V\PEROV� 7ZR H[WUD V\PEROV ZHUH DGGHG WR IRUFH WKH HTXDOL]HU LQWR D SUHGHpQHG VWDWH�

1RWLFH WKDW WKH HVWLPDWHG SDWK HQGV LQ WKH DOO QHJDWLYH RQHV VWDWH OLNH LW VKRXOG�



&KDSWHU �

$GDSWLYH ( TXDOL]DWLRQ

7KH IRFXV RI &KDSWHU � ZDV RQ GLoHUHQW HTXDOL]HU VWUXFWXUHV� 'XULQJ WKH GHYHORSPHQW DQG

VLPXODWLRQ RI WKHVH VWUXFWXUHV� LW ZDV DVVXPHG WKDW WKH FKDQQHO ZDV ERWK NQRZQ E\ WKH

UHFHLYHU DQG ZDV WLPH�LQYDULDQW� ,Q SUDFWLFDO� UHDO�ZRUOG V\VWHPV WKLV DVVXPSWLRQ FDQQRW

EH PDGH� :LUHOHVV FKDQQHOV� LQ SDUWLFXODU� FDQ SURYH WR EH H[WUHPHO\ YRODWLOH LQ PDQ\

LQVWDQFHV� (YHU\ WLPH D UHFHLYHU LV XVHG� GLoHUHQW FKDQQHO FRQGLWLRQV H[LVW GHSHQGLQJ RQ WKH

HQYLURQPHQW� 7KLV PDNHV H[DFW NQRZOHGJH RI WKH FKDQQHO E\ WKH UHFHLYHU LPSRVVLEOH� 7KH

FKDQQHO LV DOZD\V FKDQJLQJ ZLWK WLPH� 0RYHPHQW E\ REMHFWV LQ WKH HQYLURQPHQW� PRYHPHQW

RI WKH UHFHLYHU� DQG HYHQ DWPRVSKHULF FRQGLWLRQV FDQ FDXVH WLPH�YDULDWLRQV LQ WKH FKDQQHO

UHVSRQVH�

)RU WKH UHDVRQV PHQWLRQHG DERYH LW LV QHFHVVDU\ WR GHYHORS HTXDOL]HUV WKDW GR QRW UHO\ RQ

H[DFW NQRZOHGJH RI WKH FKDQQHO FRQGLWLRQV� EXW FDQ LQVWHDG DGMXVW WKHPVHOYHV WR WKH FKDQQHO�

8VLQJ WKH UHFHLYHG GDWD� WKH HTXDOL]HU ZLOO DGDSW LWVHOI EDVHG RQ D FHUWDLQ SHUIRUPDQFH LQGH[�

7KHVH HTXDOL]HUV ZLOO EH DEOH WR DGMXVW WKHPVHOYHV WR DOO VRUWV RI GLoHUHQW FKDQQHOV DQG VKRXOG

EH DEOH WR WUDFN WKHVH FKDQQHOV DV WKH\ YDU\ ZLWK WLPH >��@ >��@�

,Q WKLV FKDSWHU WKH FRQFHSW RI DGDSWLYH HTXDOL]DWLRQ LV LQWURGXFHG� $GDSWLYH HTXDOL]HUV XVH

DOJRULWKPV WKDW GHWHUPLQH WKH EHVW VHW RI HTXDOL]HU SDUDPHWHUV EDVHG RQ WKH UHFHLYHG GDWD�

7KH WKHRU\ EHKLQG WKHVH DOJRULWKPV DQG WKHLU SHUIRUPDQFH ZLOO EH GHVFULEHG LQ JUHDW GHWDLO�

$OVR SUHVHQWHG LQ WKLV FKDSWHU ZLOO EH WKH XVH RI WKHVH DOJRULWKP ZLWK HDFK RI WKH HTXDOL]DWLRQ

��
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WHFKQLTXHV GHYHORSHG LQ &KDSWHU �� 6LPXODWLRQV RI WKHVH GLoHUHQW DGDSWLYH HTXDOL]HUV LQ D

%36. V\VWHP DUH LQFOXGHG ZLWK WKLV FKDSWHU� 7KHVH VLPXODWLRQV ZLOO EH SUHVHQWHG WRZDUGV

WKH HQG RI WKH FKDSWHU�

��� $GDSWLYH $OJRU LWKPV

7KHUH DUH PDQ\ GLoHUHQW W\SHV RI DGDSWLYH DOJRULWKPV WKDW FDQ EH XVHG ZLWK DQ HTXDOL]HU�

7KHVH DOJRULWKPV FDQ DGDSW WKHPVHOYHV EDVHG RQ DQ\ QXPEHU RI FULWHULD� 7ZR ZLGHO\ XVHG

DGDSWLRQ FULWHULD DUH SHDN GLVWRUWLRQ DQG PHDQ�VTXDUH HUURU� 7KHVH FULWHULD GHVFULEH WKH W\SH

RI FRVW IXQFWLRQ XVHG LQ WKH DGDSWLYH DOJRULWKP� 7KH FRVW IXQFWLRQ LV IRXQG E\ FRPSDULQJ

WKH DFWXDO RXWSXW RI WKH DOJRULWKP ZLWK D GHVLUHG RXWSXW�

7KH SHUIRUPDQFH RI WKHVH GLoHUHQW DOJRULWKPV DUH EDVHG RQ D QXPEHU RI IDFWRUV� 2QH

LPSRUWDQW IDFWRU LV WKH DOJRULWKP
V UDWH RI FRQYHUJHQFH� 7KLV GHVFULEHV KRZ TXLFNO\ DQ

DOJRULWKP FDQ DGDSW LWVHOI WR WKH RSWLPXP VROXWLRQ� $ IDVW UDWH RI FRQYHUJHQFH DOORZV WKH

UHFHLYHU WR PDNH DFFXUDWH ELW GHFLVLRQV PRUH TXLFNO\ WKDQ D VORZ UDWH RI FRQYHUJHQFH� $ IDVW

UDWH RI FRQYHUJHQFH DOVR DOORZV IRU EHWWHU WUDFNLQJ RI TXLFNO\ FKDQJLQJ FKDQQHO FRQGLWLRQV

E\ WKH HTXDOL]HU�

$QRWKHU SHUIRUPDQFH PHDVXUH LV WKH DGMXVWPHQW HUURU� 7KLV LQGLFDWHV KRZ FORVH WKH DGDSWLRQ

FULWHULRQ� VXFK DV WKH PHDQ�VTXDUH HUURU� FRPHV WR WKH WKHRUHWLFDO RSWLPDO YDOXH� 7KH VPDOOHU

WKH GLoHUHQFH� WKH PRUH DFFXUDWH WKH GDWD HVWLPDWHV� 7KH FRPSXWDWLRQDO FRPSOH[LW\ DQRWKHU

LVVXH WR FRQVLGHU ZKHQ H[DPLQLQJ DGDSWLYH DOJRULWKPV� 6RPH DOJRULWKPV UHTXLUH PDQ\

FRPSXWDWLRQV SHU LWHUDWLRQ ZKLOH RWKHU RQO\ UHTXLUH D VPDOO DPRXQW� ,Q DSSOLFDWLRQV VXFK

DV SRUWDEOH UDGLRV� ZKHUH SRZHU HrFLHQF\ DQG VL]H UHTXLUH WKDW FRPSXWDWLRQV EH NHSW DW D

PLQLPXP� DOJRULWKP FRPSOH[LW\ FDQ EHFRPH D PDMRU FRQFHUQ�

$GDSWLYH DOJRULWKPV EDVHG RQ ERWK WKH SHDN GLVWRUWLRQ DQG PHDQ�VTXDUH HUURU FULWHULD DUH

FRQWUROOHG E\ WKH SUHGLFWLRQ HUURU RI WKH HTXDOL]HU� 7KLV HUURU LV IRXQG E\ FRPSDULQJ WKH

RXWSXW RI WKH HTXDOL]HU ZLWK D GHVLUHG YDOXH DW HDFK LWHUDWLRQ RI WKH DOJRULWKP� 7KLV GHVLUHG

YDOXH FDQ EH HLWKHU D VFDOHG YHUVLRQ RI WKH WUDQVPLWWHG V\PERO RU VRPH NQRZQ SURSHUW\ RI

WKH VLJQDO� 7KLV HUURU LV GLUHFWO\ UHODWHG WR WKH FRVW IXQFWLRQ EHLQJ XVHG� 7KH JRDO RI WKH
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DOJRULWKP LV WR DGDSW LWVHOI WR PLQLPL]H WKH FRVW IXQFWLRQ� 7KH PRVW FRPPRQ PHWKRG LQ

GHWHUPLQLQJ WKH HUURU LV WR VXEWUDFW WKH RXWSXW RI WKH HTXDOL]HU� ]Q� IURP WKH WUDQVPLWWHG

V\PERO� ,Q� DV VKRZQ LQ WKH HTXDWLRQ EHORZ�

�Q  ,Q b ]Q �����

7KH SUREOHP KHUH LV WKDW WKH GHVLUHG V\PERO� ,Q� PXVW EH NQRZQ E\ WKH UHFHLYHU� )RU WKLV

WR WDNH SODFH� D VKRUW VHTXHQFH RI GDWD� NQRZQ E\ ERWK WKH UHFHLYHU DQG WUDQVPLWWHU� LV XVHG

WR WUDLQ WKH HTXDOL]HU VXFK WKDW LW FRQYHUJHV WR WKH RSWLPDO VROXWLRQ EHIRUH DQ\ GDWD LV VHQW�

7KLV VHW RI NQRZQ GDWD LV FRPPRQO\ UHIHUUHG WR DV D WUDLQLQJ VHTXHQFH DQG LV XVHG LQ PDQ\

DGDSWLYH HTXDOL]DWLRQ V\VWHPV� $QRWKHU WHFKQLTXH XVHG LQ FDOFXODWLQJ WKH HUURU VLJQDO LV WR

XVH WKH UHFHLYHU
V HVWLPDWH RI WKH WUDQVPLWWHG VLJQDO DV WKH GHVLUHG V\PERO� 7KLV PRGH RI

HTXDOL]HU RSHUDWLRQ LV FDOOHG WKH GHFLVLRQ�GLUHFWHGPRGH� 2IWHQ WKLV PRGH ZLOO EH XVHG DIWHU D

WUDLQLQJ VHTXHQFH KDV EHHQ VHQW� 7KH WUDLQLQJ VHTXHQFH ZLOO DOORZ WKH HTXDOL]HU WR FRQYHUJH

WR DQ DSSURSULDWH VWDWH IRU WKH FXUUHQW FKDQQHO FRQGLWLRQV� WKHQ WKH GHFLVLRQ�GLUHFWHG PRGH

FDQ EH XVHG WR WUDFN VPDOO FKDQQHO YDULDWLRQV WKDW RFFXU DIWHUZDUGV� 7KRXJK LQFRUUHFW

V\PERO HVWLPDWHV PD\ KXUW WKH SHUIRUPDQFH RI WKH HTXDOL]HU LQ WKLV PRGH� WKH SUREDELOLW\

RI HUURU VKRXOG EH VR VPDOO WKDW WKH IHZ HUURUV WKDW GR RFFXU ZLOO KDYH OLWWOH HoHFW�

$V PHQWLRQHG EHIRUH� WKH PRVW FRPPRQ FRVW IXQFWLRQV XVHG WR DGMXVW DQ HTXDOL]HU DUH SHDN

GLVWRUWLRQ DQG PHDQ�VTXDUH HUURU� :KLOH WKH SHDN GLVWRUWLRQ WHFKQLTXH LV D XVHIXO WHFKQLTXH

DQG LV RIWHQ XVHG LQ DSSOLFDWLRQV VXFK DV ZLUHOLQH PRGHPV� LW GRHV QRW ZRUN ZHOO ZKHQ DSSOLHG

WR ZLUHOHVV DSSOLFDWLRQV EHFDXVH RI LWV WHQGHQF\ WR DPSOLI\ QRLVH� 7KDW LV ZK\ PRVW ZLUHOHVV

V\VWHPV HPSOR\LQJ DGDSWLYH HTXDOL]HUV XVH WKH PHDQ�VTXDUH HUURU WR DGDSW WKHPVHOYHV� 7KH

PHDQ�VTXDUH HUURU LV GHpQHG DV WKH DYHUDJH RI WKH PDJQLWXGH RI WKH HUURU� VTXDUHG�

-  (
K
M�M�

L
�����

7ZR RI WKH PRVW FRPPRQ DGDSWLYH DOJRULWKPV WKDW XVH WKH PHDQ�VTXDUH HUURU FRVW IXQFWLRQ

DUH WKH /HDVW 0HDQ 6TXDUH �/06� DOJRULWKP DQG WKH 5HFXUVLYH /HDVW 6TXDUHV �5/6� DOJR�

ULWKP� /06 LV WKH PRVW ZLGHO\ XVHG DGDSWLYH DOJRULWKPV EHFDXVH RI LWV VLPSOLFLW\� EXW KDV

D UHODWLYHO\ VORZ FRQYHUJHQFH UDWH� 7KH 5/6 DOJRULWKP� RQ WKH RWKHU KDQG� LV PRUH FRPSOH[
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WKDQ WKH /06 DOJRULWKP� EXW SURYLGHV D PXFK IDVWHU UDWH RI FRQYHUJHQFH� %RWK RI WKHVH

DOJRULWKPV ZLOO EH GLVFXVVHG LQ GHWDLO EHORZ�

����� 7 KH /HDVW 0 HDQ 6TXDU H $OJRU LWKP

7KH /06 DOJRULWKP LV DQ LWHUDWLYH SURFHGXUH WKDW FRQWLQXRXVO\ XSGDWHV D YHFWRU RI HTXDOL]HU

FRHrFLHQWV >��@� ,W XSGDWHV WKHVH FRHrFLHQWV EDVHG RQ WKH PHDQ�VTXDUH HUURU FRVW IXQFWLRQ

JLYHQ LQ (TXDWLRQ ���� 7KLV FRVW IXQFWLRQ LV GHSHQGHQW RQ WKH RXWSXW RI WKH HTXDOL]HU

ZKLFK LV GHSHQGHQW RQ WKH WDS FRHrFLHQWV� (DFK YHFWRU RI HTXDOL]HU FRHrFLHQWV ZLOO KDYH D

FHUWDLQ PHDQ�VTXDUH HUURU DVVRFLDWHG ZLWK LW� 2QH VXFK YHFWRU ZLOO SURGXFH WKH PLQLPXP

PHDQ�VTXDUH HUURU� 7KH /06 DOJRULWKP DWWHPSWV WR pQG WKLV GHVLUHG YHFWRU�

7KH PHDQ�VTXDUH HUURU SHUIRUPDQFH RI WKH HTXDOL]HU FDQ EH WKRXJKW RI DV DQ 1�GLPHQVLRQDO

ERZO�VKDSHG IXQFWLRQ RI WKH WDS FRHrFLHQWV� 7KLV LV EHVW YLVXDOL]HG ZKHQ WKHUH DUH WZR

FRHrFLHQWV� 7KH YDOXH RI HDFK WDS LV RQ WKH [� DQG \�D[LV� UHVSHFWLYHO\� ZKLOH WKH 06( RI

WKH HTXDOL]HU LV RQ WKH ]�D[LV� 7KH IXQFWLRQ ZLOO ORRN OLNH D WKUHH�GLPHQVLRQDO SDUDEROLF ERZO

ZLWK WKH PLQLPXP PHDQ�VTXDUH HUURU ORFDWHG DW LWV ERWWRP� (DFK SRLQW RQ WKH ERZO ZLOO

KDYH D JUDGLHQW YHFWRU DVVRFLDWHG ZLWK LW WKDW SRLQWV DZD\ IURP WKH ERWWRP RI WKH ERZO�

7KLV YHFWRU FDQ EH FRPSXWHG IURP WKH GHULYDWLYH RI WKH 06( ZLWK UHVSHFW WR WKH HTXDOL]HU

FRHrFLHQWV�

*Q  
�

�

#-

#FQ
�����

7KH YHFWRU RI FRHrFLHQWV WKDW PLQLPL]H WKH PHDQ�VTXDUH HUURU FDQ WKHQ EH IRXQG E\ FRQ�

WLQXRXVO\ PRYLQJ DORQJ WKH ERZO LQ WKH RSSRVLWH GLUHFWLRQ RI WKH JUDGLHQW YHFWRU� 7KH SRLQW

RQ WKH ERZO ZKHUH WKH JUDGLHQW YHFWRU LV ]HUR FRUUHVSRQGV WR WKH YHFWRU RI RSWLPDO HTXDOL]HU

WDSV� FRSW�

7KLV WHFKQLTXH RI XVLQJ WKH JUDGLHQW YHFWRU WR pQG WKH 006( LV FDOOHG WKH VWHHSHVW�GHFHQW

PHWKRG� 7KLV PHWKRG LV LOOXVWUDWHG E\ WKH IROORZLQJ LWHUDWLYH HTXDWLRQ�

FQ��  FQ b z*Q �����

,Q WKLV HTXDWLRQ� WKH SDUDPHWHU z LV FDOOHG WKH VWHS VL]H DQG LV XVHG WR FRQWURO WKH VWDELOLW\

DQG FRQYHUJHQFH VSHHG RI WKH DOJRULWKP�
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7KH JUDGLHQW YHFWRU FDQ DOVR EH IRXQG IURP WKH FURVV�FRUUHODWLRQ EHWZHHQ WKH HUURU DQG WKH

YHFWRU RI UHFHLYHG GDWD SRLQWV� XQ� KHOG E\ WKH HTXDOL]HU�

*Q  
�

�

#-

#FQ
 b( >�QX

e
Q@ �����

+RZHYHU� WKLV FURVV�FRUUHODWLRQ YHFWRU LV RQO\ NQRZQ ZKHQ WKH FKDQQHO LV NQRZQ� )RU WKLV

UHDVRQ� HVWLPDWHV RI WKH FURVV�FRUUHODWLRQ YHFWRU DUH XVHG LQ SODFH RI WKH DFWXDO YHFWRU� 7KHVH

HVWLPDWHV DUH IRXQG IURP WKH IROORZLQJ�

A*Q  b�QX
e
Q �����

5HSODFLQJ WKH DFWXDO JUDGLHQW ZLWK WKH HVWLPDWHG JUDGLHQW LQ (TXDWLRQ ��� SURGXFHV WKH

UHFXUVLYH HTXDWLRQ XVHG E\ WKH /06 DOJRULWKP�

FQ��  FQ � z�QX
e
Q �����

7KH /06 DOJRULWKP LV YHU\ VLPSOH DQG UHTXLUHV RQO\ �1 �� RSHUDWLRQV SHU LWHUDWLRQ� 9DUL�

DWLRQV RI WKH DOJRULWKP WKDW XVH RQO\ WKH VLJQ RI WKH HUURU YDOXH RU WKH VLJQV RI WKH GDWD

V\PEROV RU ERWK KDYH DOVR SURYHQ WR EH HoHFWLYH EXW FRQYHUJHV PRUH VORZO\ WKDQ WKH RULJLQDO

DOJRULWKP�

7KH /06 DOJRULWKP LV D IHHGEDFN V\VWHP DQG H[KLELWV WKH SURSHUWLHV RI VXFK D V\VWHP�

2QH FRPPRQ SUREOHP RI D IHHGEDFN V\VWHP LV WKDW LI WKH VWHS VL]H LV PDGH WRR ODUJH� WKH

DOJRULWKP FDQ EHFRPH XQVWDEOH DQG ZLOO QRW FRQYHUJH WR WKH RSWLPDO WDS YHFWRU� )RU WKLV

UHDVRQ� WKH VWHS VL]H� z� VKRXOG EH FKRVHQ FDUHIXOO\� ,W KDV EHHQ VKRZQ WKDW DQ HTXDOL]HU

WKDW XVHV H[DFW JUDGLHQW FDOFXODWLRQV ZLOO UHPDLQ VWDEOH LI WKH IROORZLQJ FRQGLWLRQ LV PHW�

� � z �
�

yPD[
�����

+HUH yPD[ LV WKH ODUJHVW HLJHQYDOXH RI WKH FRUUHODWLRQ PDWUL[� $� JLYHQ E\ (TXDWLRQ ����

7KLV PD[LPXP HLJHQYDOXH LV XSSHU ERXQGHG E\

yPD[ �
1;
N �

yN �����

ZKHUH
1;
N �

yN  1�[� �1��� ������
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,Q WKLV VHW RI HTXDWLRQV� yN DUH WKH HLJHQYDOXHV RI WKH FRYDULDQFH PDWUL[� $� 1 LV WKH QXPEHU

RI WDSV LQ WKH HTXDOL]HU� DQG [� �1� LV WKH UHFHLYHG SRZHU� 7KHUHIRUH� WKH VWHS VL]H VKRXOG

EH FKRVHQ EDVHG RQ WKH QXPEHU RI WDSV LQ WKH HTXDOL]HU DQG WKH FRPELQHG SRZHU RI WKH

UHFHLYHG VLJQDO DQG QRLVH SRZHU� ,W VKRXOG EH QRWHG WKDW WKHVH FRQGLWLRQV DUH EDVHG RQ

WKH DVVXPSWLRQ WKDW WKH JUDGLHQW LV NQRZQ E\ WKH UHFHLYHU DW HDFK SRLQW� :KHQ JUDGLHQW

HVWLPDWHV DUH XVHG� WKLV OLPLW GRHV QRW JXDUDQWHH VWDELOLW\� +RZHYHU� LW GRHV SURYLGH D

UHDVRQDEOH WR EDVH WKH VWHS�VL]H RQ� ,I WKH VWHS�VL]H LV FKRVHQ PXFK VPDOOHU WKDQ WKH OLPLW�

WKHQ VWDELOLW\ VKRXOG QRW EH D SUREOHP�

7KH VWHS VL]H DOVR DoHFWV WKH FRQYHUJHQFH VSHHG RI WKH /06 DOJRULWKP� :KHQ D ODUJH VWHS

VL]H LV XVHG� WKH DOJRULWKP PDNHV ODUJHU DGMXVWPHQWV ZKHQ XSGDWLQJ WKH pOWHU FRHrFLHQWV�

7KLV UHVXOWV LQ TXLFNHU FRQYHUJHQFH WR WKH RSWLPDO pOWHU WDSV� 6PDOOHU VWHS VL]HV UHVXOW LQ

VORZHU FRQYHUJHQFH� +RZHYHU� WKHUH LV D GUDZEDFN WR XVLQJ ODUJH VWHS VL]HV EHVLGHV WKH

VWDELOLW\ FRQFHUQ� :KHQ HVWLPDWHV RI WKH JUDGLHQW DUH XVHG LQ SODFH RI WKH DFWXDO JUDGLHQW

YHFWRU� D FHUWDLQ DPRXQW RI HUURU RFFXUV� 7KH VWHS VL]H SDUDPHWHU GHWHUPLQHV WKH PDJQLWXGH

RI WKLV HUURU� :KHQ DQDO\]LQJ WKH DOJRULWKP� WKLV HUURU LV PRGHOHG DV QRLVH� 7KH YDULDQFH

RI WKLV QRLVH LV UHIHUUHG WR DV H[FHVV PHDQ�VTXDUH HUURU� 7KH WRWDO 06( RI WKH V\VWHP LV

WKHQ PHDVXUHG E\ FRPELQLQJ WKLV H[FHVV 06( ZLWK WKH PLQLPXP 06(� 7KHUH LV D WUDGHRo

WR EH PDGH ZKHQ VHOHFWLQJ D VWHS VL]H� 7KH ODUJHU LW LV� WKH IDVWHU WKH FRQYHUJHQFH� EXW WKH

JUHDWHU WKH H[FHVV 06(� 7KH VPDOOHU WKH VWHS�VL]H� WKH ORQJHU WKH FRQYHUJHQFH WLPH� EXW WKH

VPDOOHU WKH H[FHVV 06(�

7KH DSSUR[LPDWH UDWLR RI H[FHVV 06( WR WKH PLQLPXP 06( LV JLYHQ E\

-z
-PLQ

} ���z1�[� �1�� ������

ZKHUH -z LV WKH H[FHVV PHDQ�VTXDUH HUURU� 7KH -z YDOXH VKRXOG DOZD\V EH NHSW PXFK OHVV

WKDQ WKH -PLQ YDOXH� 7KHUHIRUH� WKH UDWLR RI WKH WZR VKRXOG EH NHSW DW D YDOXH PXFK VPDOOHU

WKDQ RQH�

7KH FRQYHUJHQFH UDWH RI WKH /06 HTXDOL]HU DOVR GHSHQGV RQ WKH FKDQQHO LWVHOI� 7KH HLJHQYDOXH

VSUHDG RI WKH FRYDULDQFH PDWUL[� $� GHVFULEHV KRZ VHYHUH WKH FKDQQHO LV DQG KRZ TXLFNO\ WKH

DOJRULWKP FDQ DGDSW WR LW� 7KH VPDOOHU WKH UDWLR RI WKH ODUJHVW HLJHQYDOXH WR WKH VPDOOHVW

HLJHQYDOXH� yPD[ yPLQ� WKH PRUH TXLFNO\ WKH DOJRULWKP ZLOO FRQYHUJH� 7KH FRQYHUJHQFH RI



&KDSWHU �� $GDSWLYH (TXDOL]DWLRQ ��

WKH DOJRULWKP ZLOO EH PXFK VORZHU LI WKH HLJHQYDOXH UDWLR LV ODUJH� DV LV WKH FDVH IRU FKDQQHOV

ZLWK GHHS VSHFWUDO QXOOV�

����� 7 KH 5HFXU VLYH /HDVW 6TXDU HV $OJRU LWKP

7KH /06 DOJRULWKP LV D VLPSOH DOJRULWKP WKDW LV HDV\ WR LPSOHPHQW DQG KDV D ORZ FRPSXWD�

WLRQDO FRPSOH[LW\� +RZHYHU� WKH DOJRULWKP UHTXLUHV D YHU\ ODUJH FRQYHUJHQFH WLPH� HVSHFLDOO\

ZKHQ WKH HLJHQYDOXH VSUHDG RI WKH FRYDULDQFH PDWUL[ LV ODUJH� ,Q LQVWDQFHV ZKHUH IDVW FRQ�

YHUJHQFH LV QHHGHG� LW LV QHFHVVDU\ WR XVH DGDSWLYH DOJRULWKPV WKDW DUH PRUH FRPSOH[ WKH

/06 DOJRULWKP� 7KH UHFXUVLYH OHDVW VTXDUHV �5/6� DOJRULWKP >��@ >��@ LV DQRWKHU DGDSWLYH

DOJRULWKP WKDW XVHV WKH PHDQ�VTXDUH HUURU DV LWV FRVW IXQFWLRQ� ,W LV PXFK PRUH FRPSOH[

WKDQ WKH /06 DOJRULWKP� EXW FRQYHUJHV PXFK PRUH TXLFNO\�

7KH GHULYDWLRQ RI WKH 5/6 DOJRULWKP LV WRR ORQJ DQG FXPEHUVRPH WR EH LQFOXGHG LQ WKLV

ERRN� )RU D GHWDLOHG GHVFULSWLRQ RI WKH DOJRULWKP VHH HLWKHU >�@ RU >�@� 7KH EDVLF LGHD

EHKLQG WKH 5/6 DOJRULWKP LV WKDW LW XVHV WLPH DYHUDJHV RI WKH UHFHLYHG VLJQDO LQ SODFH RI WKH

VWDWLVWLFDO DYHUDJHV XVHG E\ WKH /06 DOJRULWKP LQ LWV FRPSXWDWLRQV�

7KH 5/6 DOJRULWKP EHJLQV E\ LQLWLDOL]LQJ WKH YHFWRU RI WDS ZHLJKWV WR ]HUR� ,W DOVR LQLWLDOL]HV

D PDWUL[ XVHG LQ WKH DOJRULWKP�

Fb�  z� ������

3b�  r, ������

7KH LQLWLDO YHFWRU RI WDS ZHLJKWV� Fb�� ZLOO KDYH D OHQJWK HTXDO WR WKH QXPEHU RI WDSV LQ WKH

HTXDOL]HU� 1 � DQG 3b� ZLOO EH DQ 1 [ 1 PDWUL[� 7KH FRQVWDQW� r LV D ODUJH SRVLWLYH LQWHJHU�

2QFH WKH GLoHUHQW YDOXHV DUH LQLWLDOL]HG� WKH DOJRULWKP EHJLQV DW WLPH Q  � DQG FRQWLQXHV

IRU WKH HQWLUH UHFHLYHG GDWD VWUHDP� 7KH DOJRULWKP ZRUNV XVLQJ WKH IROORZLQJ SURFHGXUH�

)LUVW WKH GDWD LV pOWHUHG E\ WKH FXUUHQW pOWHU WDSV�

]Q  F+Qb�XQ ������

1H[W� WKH HUURU EHWZHHQ WKH GHVLUHG VLJQDO DQG WKH FRPSXWHG YDOXH LV IRXQG�

�Q  ,Q b ]Q ������
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7KHQ WKH N YHFWRU DQG 3 PDWUL[ DUH IRXQG WKDW DUH XVHG WR DGMXVW WKH FRHrFLHQWV�

NQ  
3Qb�XQ

y� X+
Q 3Qb�XQ

������

3Q  yb�
K
3Qb� b NQX

+
Q 3Qb�

L
������

)LQDOO\� WKH WDS ZHLJKWV DUH XSGDWHG�

FQ  FQb� � NQ�
e
Q ������

(TXDWLRQV ���� DQG ���� ERWK XVH WKH FRQVWDQW� y� LQ WKHLU FDOFXODWLRQV� 7KLV FRQVWDQW LV

NQRZQ DV WKH IRUJHWWLQJ IDFWRU RI WKH DOJRULWKP� ,W GHWHUPLQHV KRZ PXFK SDVW YDOXHV DoHFW

WKH FXUUHQW YDOXH� ,W LV XVXDOO\ VHW WR � IRU WLPH�LQYDULDQW FKDQQHOV DQG D YDOXH OHVV WKDQ

EXW FORVH WR � IRU WLPH�YDULDQW FKDQQHOV� XVXDOO\ LQ WKH UDQJH ��� � y � �� 7KLV YDOXH GRHV

QRW DoHFW WKH FRQYHUJHQFH VSHHG RI WKH DOJRULWKP� EXW GRHV FRQWURO KRZ ZHOO WKH DOJRULWKP

WUDFNV WLPH�YDU\LQJ SURSHUWLHV� 7KH VPDOOHU WKH IRUJHWWLQJ IDFWRU� WKH EHWWHU WKH WUDFNLQJ�

+RZHYHU� LI y LV PDGH WRR VPDOO� LW FDQ PDNH WKH DOJRULWKP XQVWDEOH� )RU WKLV UHDVRQ LW LV

XVXDOO\ NHSW ODUJHU WKDQ ����

:KLOH WKH FRQYHUJHQFH VSHHG RI WKH DOJRULWKP LV PXFK IDVWHU WKDQ WKH /06 DOJRULWKP� WKH

FRPSOH[LW\ LV PXFK ODUJHU� (DFK LWHUDWLRQ RI WKH 5/6 DOJRULWKP UHTXLUHV ���1� � ���1

RSHUDWLRQV� PXFK PRUH WKDQ WKH QXPEHU UHTXLUHG E\ /06�

7KHUH DUH VHYHUDO RWKHU DGDSWLYH DOJRULWKPV EDVHG RQ WKH 5HFXUVLYH /HDVW 6TXDUHV PHWKRG

WKDW DUH DYDLODEOH� 7KH 5/6 DOJRULWKP GLVFXVVHG DERYH� DOVR NQRZQ DV WKH .DOPDQ 5/6

DOJRULWKP� SURYLGHV IDVW FRQYHUJHQFH VSHHG DW D FRVW RI KLJK FRPSOH[LW\� 2WKHU VLPSOLpHG

5/6 DOJRULWKPV KDYH OHVV FRPSXWDWLRQDO FRPSOH[LW\ WKDQ WKH .DOPDQ DOJRULWKP� EXW HLWKHU

SURYLGH VORZHU FRQYHUJHQFH RU UHTXLUH PRUH FRPSOH[ SURJUDPPLQJ VWUXFWXUHV� )RU PRUH

LQIRUPDWLRQ RQ WKHVH DOJRULWKPV VHH >�@�
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��� 8VH RI $GDSWLYH $OJRU LWKPV ZLWK 'LoHU HQW ( TXDOL]HU 6WU XF�

WXU HV

,QFRUSRUDWLQJ WKH DGDSWLYH DOJRULWKPV ZLWK WKH GLoHUHQW HTXDOL]HU VWUXFWXUHV LV D IDLUO\ HDV\

DQG VWUDLJKW IRUZDUG WDVN IRU ERWK OLQHDU HTXDOL]HUV DQG WKH GHFLVLRQ�IHHGEDFN HTXDOL]HU� 7KH

0/6( LV D VSHFLDO FDVH EHFDXVH LW GRHV QRW pOWHU WKH UHFHLYHG VLJQDO OLNH WKH RWKHUV� +RZHYHU

WKH 0/6( HTXDOL]HU UHTXLUHV NQRZOHGJH RI WKH FKDQQHO FKDUDFWHULVWLFV� 7R GHWHUPLQH WKHVH

FKDUDFWHULVWLFV� DQ DGDSWLYH DOJRULWKP LV RIWHQ XVHG� 7KLV DOJRULWKP DQG KRZ LW ZRUNV ZLWK

WKH HTXDOL]HU ZLOO EH GLVFXVVHG LQ GHWDLO ODWHU RQ�

����� $GDSWLYH $OJRU LWKPV IRU /LQHDU ( TXDOL]HU V

,QWHJUDWLQJ HLWKHU WKH /06 RU 5/6 LQWR D OLQHDU HTXDOL]HU LV YHU\ VLPSOH� %RWK DOJRULWKPV

ZHUH GHVLJQHG ZLWK WKLV W\SH RI HTXDOL]HU VWUXFWXUH LQ PLQG� )RU WKH /06 DOJRULWKP� WKH

IROORZLQJ VWHSV DUH XVHG WR HTXDOL]H WKH GDWD DQG DGDSW WKH pOWHU WDSV�

)LUVW� WKH UHFHLYHG GDWD LV pOWHUHG E\ WKH FXUUHQW VHW RI FRHrFLHQWV�

]Q  F+Q XQ ������

1H[W� WKH HUURU LV IRXQG EHWZHHQ WKH HTXDOL]HG GDWD YDOXH DQG WKH GHVLUHG VLJQDO� 7KH GHVLUHG

VLJQDO LV NQRZQ E\ WKH UHFHLYHU LI D WUDLQLQJ VHTXHQFH LV XVHG� ,I WKH GHFLVLRQ GLUHFWHG PHWKRG

LV EHLQJ XVHG� WKH GHVLUHG VLJQDO LV JHQHUDWHG IURP HVWLPDWLQJ WKH FXUUHQW V\PERO IURP ]Q�

�Q  ,Q b ]Q ������

)LQDOO\� WKH DGDSWLYH DOJRULWKP LV XVHG WR FRPSXWH D QHZ YHFWRU RI HTXDOL]HU FRHrFLHQWV�

FQ��  FQ � z�QX
e
Q ������

,Q WKHVH HTXDWLRQV WKH YHFWRU� XQ� UHSUHVHQWV WKH YHFWRU RI UHFHLYHG GDWD SRLQWV� )RU WKH

V\PERO VSDFHG HTXDOL]HU WKLV YHFWRU LV PDGH XS RI WKH VDPSOHG RXWSXW RI WKH PDWFKHG pOWHU�

U�W�� ZKHUH UQ  U�Q7 ��

XQ  >UQ�1�� � � � � UQ��� UQ� UQb�� � � � � UQb1���@
7 ������
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)RU WKH )6( WKH YHFWRU FRQVLVWV RI VDPSOHV RI WKH UHFHLYHG VLJQDO� \�W�� ZKHUH \Q  \�Q7 0��

XQ  >\Q�1�� � � � � \Q��� \Q� \Qb�� � � � � \Qb1���@
7 � ������

:KHQ WKH 5/6 DOJRULWKP LV XVHG ZLWK WKH OLQHDU HTXDOL]HU� WKH SURFHGXUH GHpQHG LQ (TXD�

WLRQV ���� WKURXJK ���� LV XVHG� 7KH XQ YHFWRU XVHG E\ WKH /06 DOJRULWKP LV WKH VDPH IRU

WKH 5/6 DOJRULWKP�

����� $Q $GDSWLYH 'HFLVLRQ�)HHGEDFN ( TXDOL]HU

7KRXJK WKH GHFLVLRQ�IHHGEDFN HTXDOL]HU LV D QRQOLQHDU HTXDOL]HU� ERWK WKH /06 DQG 5/6

DOJRULWKPV FDQ EH HDVLO\ LQFRUSRUDWHG ZLWK WKH ')( VWUXFWXUH� ,Q WKLV FDVH WKH YHFWRU RI

FRHrFLHQWV ZLOO EH PDGH XS RI ERWK WKH IHHGIRUZDUG DQG IHHGEDFN WDSV� 7KH YHFWRU XQ ZLOO

FRQVLVW RI ERWK UHFHLYHG GDWD SRLQWV DQG SUHYLRXVO\ HVWLPDWHG V\PEROV�

)RU WKH /06 DOJRULWKP WKH FRHrFLHQW XSGDWH VWHS LV JLYHQ E\�
�� FQ��

EQ��

�
��  

�
�� FQ

EQ

�
��� z�QX

e
Q� ������

)RU WKH 5/6 DOJRULWKP� WKH FRHrFLHQW XSGDWH VWHS LV JLYHQ E\�
�� FQ��

EQ��

�
��  

�
�� FQ

EQ

�
��� NQ�

e
Q� ������

,Q ERWK FDVHV WKH YHFWRU� XQ� LV UHSUHVHQWHG E\

XQ  >UQ�1�� � � � � UQ��� UQ�b,Qb�� � � � �b,Qb1�@
7 � ������

ZKHQ RSHUDWLQJ ZLWK D WUDLQLQJ VHTXHQFH� ,I WKH ')( LV EHLQJ RSHUDWHG LQ GHFLVLRQ GLUHFWHG

PRGH� WKH V\PEROV� ,Q� ZLOO EH UHSODFHG E\ WKH V\PERO HVWLPDWHV� a,Q� LQ WKH DERYH HTXDWLRQ�

7KH SHUIRUPDQFH DQG FRPSOH[LW\ RI ERWK DOJRULWKPV UHPDLQV WKH VDPH ZKHQ XVHG E\ WKH

')( DV LW GRHV IRU WKH OLQHDU HTXDOL]HUV� 7KH RQO\ GLoHUHQFH LV WKH UHSUHVHQWDWLRQ RI WKH

DGMXVWDEOH pOWHU WDSV DQG WKH RUJDQL]DWLRQ RI WKH YHFWRU RI LQSXW GDWD�
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����� $Q $GDSWLYH 0 /6( ( TXDOL]HU

$Q 0/6( HTXDOL]HU GLoHUV IURP WKH RWKHU HTXDOL]HUV LQ WKDW LW GRHV QRW pOWHU WKH UHFHLYHG

VLJQDO WR FRPSHQVDWH IRU ,6,� ,QVWHDG LW K\SRWKHVL]HV WKH GLoHUHQW SRVVLEOH UHFHLYHG V\PERO

YDOXHV DQG IRUPV PHWULFV EDVHG RQ WKH GLoHUHQFH RI WKHVH K\SRWKHVHV WR WKH DFWXDO UHFHLYHG

V\PERO� 7R IRUP WKHVH K\SRWKHVHV� WKH HTXDOL]HU UHTXLUHV NQRZOHGJH RI WKH FKDQQHO� ,Q PRVW

FDVHV WKLV NQRZOHGJH LV QRW GLUHFWO\ NQRZQ� 7R GHWHUPLQH WKHVH FKDQQHO FKDUDFWHULVWLFV� D

GHYLFH NQRZQ DV D FKDQQHO HVWLPDWRU LV XVHG E\ WKH HTXDOL]HU� 7KLV GHYLFH XVHV DGDSWLYH

DOJRULWKPV EDVHG RQ WKH PLQLPXP PHDQ�VTXDUH HUURU FULWHULRQ WR FRPSXWH WKH LPSXOVH

UHVSRQVH RI WKH FKDQQHO� $ WUDLQLQJ VHTXHQFH LV RIWHQ XVHG E\ WKH V\VWHP WR DGDSW WKH

HVWLPDWRU� 2QFH WKH FKDQQHO HVWLPDWRU KDV FRQYHUJHG� LWV pQDO HVWLPDWH RI WKH FKDQQHO

UHVSRQVH LV XVHG E\ WKH 0/6( HTXDOL]HU WR IRUP WKH V\PERO K\SRWKHVHV� 7KH GLoHUHQW

DOJRULWKPV XVHG E\ WKH FKDQQHO HVWLPDWRU DUH GLVFXVVHG EHORZ�

&KDQQHO (VWLPDWRU IRU DQ 0/6( (TXDOL]HU

7KH FKDQQHO HVWLPDWRU XVHG E\ WKH 0/6( HTXDOL]HU FDQ XVH DQ DGDSWLYH DOJRULWKP EDVHG

RQ HLWKHU WKH /06 RU 5/6 DOJRULWKP� +RZHYHU� XQOLNH WKH DOJRULWKPV XVHG IRU WKH RWKHU

HTXDOL]HUV� WKH FKDQQHO HVWLPDWRU DOJRULWKPV DGDSWLYHO\ FKDQJH WKH HVWLPDWHV RI WKH FKDQQHO

LPSXOVH UHVSRQVH� AT� LQVWHDG RI WKH pOWHU WDSV RI WKH HTXDOL]HU� $OVR� WKH FRVW IXQFWLRQ XVHG

E\ WKH FKDQQHO HVWLPDWRU LV JHQHUDWHG GLoHUHQWO\ WKDQ WKH RQH XVHG E\ WKH RWKHU HTXDOL]HUV�

,Q WKLV FDVH WKH FRVW IXQFWLRQ LV WKH HUURU EHWZHHQ WKH VDPSOHG UHFHLYHG VLJQDO YDOXH DQG LWV

HVWLPDWHG YDOXH�

�Q  UQ b AUQ ������

:KHQ D WUDLQLQJ VHTXHQFH LV XVHG� WKH HVWLPDWHG UHFHLYHG VDPSOH LV FUHDWHG E\ PXOWLSO\LQJ

WKH HVWLPDWHG FKDQQHO UHVSRQVH ZLWK WKH V\PEROV RI WKH VHTXHQFH�

AUQ  
/b�;
M �

ATM,QbM ������

+HUH� ATM LV WKH HVWLPDWHG FKDQQHO LPSXOVH UHVSRQVH DQG / LV WKH QXPEHU RI HOHPHQWV LW

FRQWDLQV� 7KH OHQJWK RI WKH UHVSRQVH� /� DoHFWV WKH QXPEHU RI VWDWHV LQ WKH 0/6( HTXDOL]HU
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WUHOOLV� :KHQ WKH FKDQQHO HVWLPDWRU LV XVHG LQ D GHFLVLRQ�GLUHFWHG PRGH� WKH HVWLPDWHG

UHFHLYHG VLJQDO LV IRUPHG XVLQJ WKH RXWSXW GHFLVLRQV� A,Q� RI WKH HTXDOL]HU� %HFDXVH WKH

RXWSXW RI WKH VHTXHQFH HVWLPDWRU LV GHOD\HG E\ VHYHUDO V\PERO SHULRGV� WKH HVWLPDWH RI WKH

FXUUHQW V\PERO LV QRW UHDGLO\ DYDLODEOH ZKHQ WKH HTXDOL]HU RSHUDWHV LQ GHFLVLRQ�GLUHFWHG

PRGH� 7KLV PRGH DQG KRZ LW DFFRXQWV IRU WKLV GHOD\ ZLOO EH GLVFXVVHG LQ PRUH GHWDLO LQ WKH

QH[W VXEVHFWLRQ�

:KHQ WKH FKDQQHO HVWLPDWRU EDVHG RQ WKH /06 DOJRULWKP LV XVHG� WKH HVWLPDWRU XSGDWHV LWV

FKDQQHO HVWLPDWHV XVLQJ WKH VWHHSHVW GHFHQW PHWKRG� ,Q WKLV FDVH WKH FRUUHODWLRQ EHWZHHQ

WKH HUURU DQG WUDQVPLWWHG V\PEROV LV XVHG DV WKH DGMXVWPHQW IDFWRU�

ATQ��  ATQ � z�QX
e
Q ������

,Q WKLV HTXDWLRQ� z LV WKH VWHS VL]H YDOXH DQG DoHFWV WKH DGDSWLRQ VSHHG DQG DOJRULWKP

VWDELOLW\ PXFK OLNH WKH VWHS VL]H RI WKH /06 DOJRULWKP� 7KH YHFWRU RI WUDQVPLWWHG GDWD

V\PEROV� XQ� QHHGHG LQ WKLV FRPSXWDWLRQ LV JLYHQ E\

XQ  >,Q� ,Qb�� � � � � ,Qb/��@
7 � ������

7KH FRQYHUJHQFH SURSHUWLHV RI WKH FKDQQHO HVWLPDWRU DUH YHU\ VLPLODU WR WKDW RI WKH /06

DOJRULWKP� ,I WKH VWHS VL]H� z� LV FKRVHQ WRR ODUJH� WKH DOJRULWKP FDQ EHFRPH XQVWDEOH� 7KH

VPDOOHU WKH VWHS VL]H� WKH VORZHU WKH FRQYHUJHQFH� EXW WKH PRUH DFFXUDWH WKH FKDQQHO HVWLPDWH�

$V ORQJ DV WKH VWHS VL]H LV FKRVHQ DSSURSULDWHO\� WKH pQDO YHFWRU RI FKDQQHO HVWLPDWHV� ATQ�

VKRXOG PDWFK WKH DFWXDO FKDQQHO LPSXOVH UHVSRQVH YHFWRU� TQ� 7KLV LV WUXH LI WKH OHQJWK� /�

RI WKH FKDQQHO HVWLPDWH YHFWRU LV HTXDO WR RU JUHDWHU WKDQ WKH OHQJWK RI WKH DFWXDO FKDQQHO

UHVSRQVH� 6HWWLQJ / WR EH OHVV WKDQ WKH OHQJWK RI WKH FKDQQHO LPSXOVH UHVSRQVH ZLOO FDXVH

WKH DOJRULWKP WR SURGXFH WKH pUVW / YDOXHV LQ WKH UHVSRQVH RQO\ LI WKH UHPDLQLQJ SRUWLRQ

LV VPDOO FRPSDUHG WR WKH SRUWLRQ WKDW LV EHLQJ DFFRXQWHG IRU� 2WKHUZLVH� WKH HVWLPDWH ZLOO

QRW EH DFFXUDWH DW DOO DQG WKH DOJRULWKP PD\ HYHQ EHFRPH XQVWDEOH�

7KH FKDQQHO HVWLPDWRU EDVHG RQ WKH 5/6 DOJRULWKP XVHV PDQ\ RI WKH VDPH FRPSXWDWLRQV

DV WKRVH XVHG E\ WKH RWKHU HTXDOL]HUV� %RWK WKH NQ YHFWRU DQG 3Q PDWUL[ DUH FRPSXWHG DV

JLYHQ E\ (TXDWLRQV ���� DQG ����� 7KH RQO\ GLoHUHQFH LV WKDW LQ WKLV FDVH WKH YHFWRU XQ LV

PDGH XS RI WKH V\PERO YDOXHV DV VKRZQ LQ (TXDWLRQ ����� 7KH HUURU FRPSXWDWLRQ LQ WKLV
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FDVH LV WKH VDPH DV WKDW RI WKH /06 EDVHG HVWLPDWRU JLYHQ DERYH� 7KH FKDQQHO HVWLPDWHV

DUH XSGDWHG DIWHU HDFK LWHUDWLRQ XVLQJ WKH IROORZLQJ HTXDWLRQ�

IQ  IQb� � NQ�
e
Q ������

7KLV FKDQQHO HVWLPDWRU KDV FRQYHUJHQFH SURSHUWLHV DQG FRPSXWDWLRQDO FRPSOH[LW\ PXFK

OLNH WKDW RI HTXDOL]HUV XVLQJ WKH 5/6 DOJRULWKP� &RQYHUJHQFH ZLOO EH PXFK TXLFNHU WKDQ WKH

/06�EDVHG HVWLPDWRU� 7KH IRUJHWWLQJ IDFWRU� y� ZLOO KDYH OLWWOH HoHFW RQ WKH FRQYHUJHQFH

VSHHG� $JDLQ� WKH GUDZEDFN WR XVLQJ WKLV DSSURDFK LV WKH FRPSXWDWLRQDO FRPSOH[LW\� %H�

FDXVH RI DOO WKH H[WUD FDOFXODWLRQV� WKLV DOJRULWKP ZLOO UHTXLUH PDQ\ PRUH RSHUDWLRQV SHU

VHFRQG WKDQ WKH /06 DOJRULWKP�

$GDSWLYH 0/6( (TXDOL]HUV IRU D :LUHOHVV 6\VWHP

$Q 0/6( HTXDOL]HU XVLQJ DQ DGDSWLYH FKDQQHO HVWLPDWRU WR GHWHUPLQH WKH FKDQQHO FKDUDF�

WHULVWLFV FDQ ZRUN LQ WZR PRGHV� 7KH pUVW PRGH XVHV D WUDLQLQJ VHTXHQFH NQRZQ E\ ERWK WKH

UHFHLYHU DQG WUDQVPLWWHU WR DGDSW WKH FKDQQHO HVWLPDWRU� :KHQ WKH FKDQQHO FKDUDFWHULVWLFV

DUH WLPH�LQYDULDQW EXW XQNQRZQ� WKH WUDLQLQJ VHTXHQFH LV VHQW EHIRUH DQ\ GDWD LV WUDQVPLW�

WHG� 7KH FKDQQHO HVWLPDWRU XVHV WKH VHTXHQFH WR FRQYHUJH WR DQ HVWLPDWH RI WKH FKDQQHO

LPSXOVH UHVSRQVH� 2QFH WKH HVWLPDWRU KDV FRQYHUJHG� WKH HTXDOL]HU XVHV WKLV HVWLPDWHG

LPSXOVH UHVSRQVH WR GHWHUPLQH HVWLPDWHV IRU WKH UHPDLQGHU RI WKH WUDQVPLWWHG GDWD�

:KHQ WKH FKDQQHO LV WLPH�YDULDQW DQG XQNQRZQ� WKH HTXDOL]HU VWUXFWXUH FKDQJHV� ,I WKH

FKDQQHO FKDUDFWHULVWLFV FKDQJH YHU\ VORZO\ FRPSDUHG WR WKH V\PERO UDWH� WKH WUDLQLQJ VH�

TXHQFH PHWKRG FDQ VWLOO EH XVHG� +RZHYHU� LQVWHDG RI EHLQJ VHQW RQO\ DW WKH EHJLQQLQJ RI

WKH WUDQVPLVVLRQ� LW QHHGV WR EH VHQW LQ RYHU DQG RYHU DJDLQ EHWZHHQ IUDPHV RI GDWD� +RZ

RIWHQ LW QHHGV WR EH VHQW GHSHQGV RQ KRZ TXLFNO\ WKH FKDQQHO LV FKDQJLQJ� $Q H[DPSOH RI D

GLUHFW�IRUP 0/6( HTXDOL]HU RSHUDWLQJ LQ WKLV PRGH LV VKRZQ EHORZ LQ )LJXUH ����

,I WKH FKDQQHO UHVSRQVH FKDQJHV DW D UDWH FORVH WR WKH V\PERO UDWH� WKH HTXDOL]HU PXVW RSHUDWH

LQ D GLoHUHQW PRGH� 7KLV PRGH VWLOO UHTXLUHV WKH V\VWHP WR XVH WUDLQLQJ VHTXHQFHV WR DGDSW

WKH FKDQQHO HVWLPDWRU� EXW UHTXLUHV WKH HTXDOL]HU WR RSHUDWH LQ D GHFLVLRQ�GLUHFWHG PRGH

ZKHQ WKH DFWXDO GDWD LV EHLQJ WUDQPLWWHG� 7KLV GHFLVLRQ�GLUHFWHG PRGH LV XVHG EHFDXVH WKH



&KDSWHU �� $GDSWLYH (TXDOL]DWLRQ ��

y(t) In

~

qn
^

rn
Matched

Filter

p( )τ

Sequence
Estimator

(Euclidean Distance
Metric)

Channel
Estimator

Training
Sequence
Generator

)LJXUH ���� $Q $GDSWLYH 'LUHFW�)RUP 0/6( (TXDOL]HU 8VLQJ D 7UDLQLQJ 6HTXHQFH

FKDQQHO FKDUDFWHULVWLFV ZLOO RIWHQ FKDQJH EHWZHHQ WKH WUDQVPLVVLRQ RI WKH WUDLQLQJ VHTXHQFHV�

%\ XVLQJ WKH GHFLVLRQ�GLUHFWHG PRGH WKH FKDQQHO HVWLPDWRU ZLOO DOZD\V EH DGDSWLQJ WR WKH

FKDQQHO DQG WKH HTXDOL]HU ZLOO EH DEOH WR XVH D PRUH FXUUHQW FKDQQHO UHVSRQVH LQVWHDG RI D

SDVW RQH WKDW PD\ QR ORQJHU EH DFFXUDWH� 8VLQJ WKH GHFLVLRQ�GLUHFWHG PRGH ZLOO FXW GRZQ

RQ ERWK WKH QXPEHU RI WUDLQLQJ VHTXHQFHV WKDW DUH XVHG DQG WKHLU OHQJWK� 7KLV ZLOO DOORZ

IRU D KLJKHU GDWD WKURXJKSXW�

7KH GHFLVLRQ�GLUHFWHG PRGH� KRZHYHU� FDQ SURYH GLrFXOW WR LPSOHPHQW� 7KH PDLQ SUREOHP

DVVRFLDWHG ZLWK WKLV PRGH LV WKDW WKH HTXDOL]HU GRHV QRW UHDFK GHFLVLRQV RQ WKH FXUUHQW

V\PERO IRU VHYHUDO V\PERO SHULRGV� )RU WKLV UHDVRQ D UHFHLYHG GDWD VDPSOH PXVW EH EXoHUHG

XQWLO WKH V\PERO HVWLPDWH EDVHG RQ WKLV GDWD VDPSOH KDV EHHQ FRPSXWHG� 7KH FKDQQHO

HVWLPDWRU WKHQ RSHUDWHV RQ WKLV GHOD\HG VDPSOH� 7KH SUREOHP LV WKDW FKDQQHO HVWLPDWHV ZLOO

EH GHOD\HG E\ WKH ODWHQF\ RI WKH VHTXHQFH HVWLPDWRU ZKLFK FRXOG EH VHYHUDO V\PERO SHULRGV�

,I WKH FKDQQHO LV FKDQJLQJ TXLFNO\� WKH FKDQQHO HVWLPDWH EDVHG RQ WKLV GHOD\HG GDWD PD\ QRW

EH DFFXUDWH IRU WKH FXUUHQW WLPH�

$ VROXWLRQ WR WKH GHOD\ SUREOHP LV WR XVH D FKDQQHO SUHGLFWRU DORQJ ZLWK WKH FKDQQHO HVWLPD�

WRU� 7KH SUHGLFWRU WDNHV WKH GHOD\HG FKDQQHO HVWLPDWH DORQJ ZLWK SDVW FKDQQHO HVWLPDWHV WR

SUHGLFW WKH FXUUHQW FKDQQHO UHVSRQVH� &KDQQHO SUHGLFWLRQ LV D GLrFXOW DQG FRPSOH[ SUREOHP

DQG ZLOO QRW EH FRYHUHG LQ GHSWK ZLWKLQ WKLV ERRN� )RU IXUWKHU LQIRUPDWLRQ� SOHDVH VHH >��@�

$Q H[DPSOH RI D GLUHFW�IRUP 0/6( HTXDOL]HU RSHUDWLQJ LQ D GHFLVLRQ�GLUHFWHG PRGH LV VKRZQ
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)LJXUH ���� $Q $GDSWLYH 'LUHFW�)RUP 0/6( (TXDOL]HU 2SHUDWLQJ LQ 'HFLVLRQ�'LUHFWHG

0RGH

,Q VXPPDU\� WKH FRPSOH[LW\ RI DQ DGDSWLYH 0/6( HTXDOL]HU GHSHQGV PDLQO\ RQ WKH VHYHULW\

RI WKH FKDQQHO� :KHQ D FKDQQHO LV WLPH�LQYDULDQW RU YDULHV PXFK VORZHU WKDQ WKH V\PERO

UDWH� WKH HTXDOL]HU FDQ EH NHSW UHODWLYHO\ VLPSOH� 7UDLQLQJ VHTXHQFHV ZLOO EH QHHGHG� EXW RQO\

RFFDVLRQDOO\� 7KH HTXDOL]HU ZLOO RQO\ UHTXLUH D FKDQQHO HVWLPDWRU WR RSHUDWH� +RZHYHU� LI WKH

FKDQQHO FKDQJHV PRUH UDSLGO\� PRUH WUDLQLQJ VHTXHQFHV ZLOO EH QHHGHG� ZKLFK UHGXFHV WKH

WKURXJKSXW RI WKH V\VWHP� ,I WKH FKDQQHO FKDQJHV YHU\ UDSLGO\� WKH HTXDOL]HU PXVW RSHUDWH

LQ D GHFLVLRQ�GLUHFWHG PRGH� 7KLV PRGH UHTXLUHV WKH DGGLWLRQ RI D FKDQQHO SUHGLFWRU ZKLFK

ZLOO EH QHHGHG WR SUHGLFW WKH FXUUHQW FKDQQHO UHVSRQVH IURP SDVW UHVSRQVH HVWLPDWHV� 7KH

DGGLWLRQ RI WKLV SUHGLFWRU ZLOO UHTXLUH PRUH FRPSXWDWLRQV DQG ZLOO GUDVWLFDOO\ LQFUHDVH WKH

FRPSOH[LW\ RI WKH HTXDOL]HU�

��� 6LPXODWLRQ RI $GDSWLYH ( TXDOL]HU V

$V DQ DLG WR WKH UHDGHU� VHYHUDO 0$7/$% VLPXODWLRQV RI GLoHUHQW HTXDOL]HUV HPSOR\LQJ

DGDSWLYH DOJRULWKPV KDYH EHHQ LQFOXGHG ZLWK WKLV FKDSWHU� $OO RI WKH IRXU GLoHUHQW HTXDOL]HU
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VWUXFWXUHV GLVFXVVHG LQ WKH SUHYLRXV FKDSWHU DUH VLPXODWHG� )RU WKH OLQHDU HTXDOL]HUV DQG

WKH GHFLVLRQ�IHHGEDFN HTXDOL]HU� ERWK WKH /06 DQG 5/6 DOJRULWKPV DUH DYDLODEOH WR DGDSW

WKH pOWHU WDSV� 7KH VLPXODWLRQ RI WKH 0/6( HTXDOL]HU LQFOXGHV D FKDQQHO HVWLPDWRU WKDW

RSHUDWHV XVLQJ WKH HLWKHU WKH /06 RU 5/6 EDVHG DOJRULWKP�

7KH SURFHVVRU SURJUDPV XVH WKH VDPH V\VWHP PRGHO DV WKH SUHYLRXV VLPXODWLRQV� ,Q WKHVH

VLPXODWLRQ DQ DGDSWLYH HTXDOL]HU LV XVHG E\ WKH V\VWHP� $ORQJ ZLWK WKH DGDSWLYH HTXDOL]HU�

WKH SURFHVVRU SURJUDPV DOVR LQFOXGH DQ HTXDOL]HU WKDW XVHV LQIRUPDWLRQ DERXW WKH FKDQQHO

WR GHWHUPLQH LWV WDSV� 7KHVH DUH WKH VDPH HTXDOL]HUV WKDW ZHUH XVHG LQ WKH SUHYLRXV FKDSWHU�

%\ LQFOXGLQJ ERWK HTXDOL]HU W\SHV� WKH UHDGHU LV DEOH WR FRPSDUH WKH RXWSXW DQG SHUIRUPDQFH

RI WKH DGDSWLYH HTXDOL]HU ZLWK WKH RSWLPDO FDVH�

(DFK VLPXODWLRQ LQFOXGHV D SUHSURFHVRU� SURFHVVRU� DQG SRVWSURFHVVRU SURJUDP� (DFK SUR�

JUDP IXQFWLRQV WKH VDPH DV WKRVH LQFOXGHG LQ &KDSWHU �� 7KH SUHSURFHVVRU SURJUDPV SURPSW

WKH XVHU IRU LQIRUPDWLRQ DERXW WKH VLPXODWLRQ DQG V\VWHP� 7KH\ DOVR UHTXHVW WKH XVHU WR VHW

SDUDPHWHUV IRU WKH DGDSWLYH DOJRULWKPV� 7KH SRVWSURFHVVRU SURJUDPV GLVSOD\ PDQ\ RI WKH

VDPH RXWSXW GLVSOD\V WKDW ZHUH LQFOXGHG ZLWK WKH SUHYLRXV VLPXODWLRQV� 7KH\ DOVR GLVSOD\

QHZ JUDSKV WKDW DUH H[FOXVLYH WR WKHVH DGDSWLYH HTXDOL]HU VLPXODWLRQV� 7KHVH LQFOXGH SORWV

RI WKH HTXDOL]HU WDS YDOXHV YHUVXV WLPH DQG SORWV RI WKH PHDQ�VTXDUH HUURU DV WKH DOJRULWKP

FRQYHUJHV�

7KHUH DUH VHYHUDO GLoHUHQW FKDQQHO PRGHOV DYDLODEOH LQ WKHVH VLPXODWLRQV� $OO RI WKHP DUH

WLPH�LQYDULDQW DQG XQNQRZQ E\ WKH DGDSWLYH HTXDOL]HU� 7KH RSWLPDO HTXDOL]HU KDV NQRZOHGJH

RI WKH FKDQQHO UHVSRQVH� 7KH FKDQQHOV DUH NHSW WLPH�LQYDULDQW WR NHHS WKH VLPXODWLRQV VLPSOH

DQG XQGHUVWDQGDEOH� :LWK WLPH�LQYDULDQW FKDQQHO PRGHOV� WKH FRQYHUJHQFH SURSHUWLHV RI

WKH GLoHUHQW DOJRULWKP EHFRPHV FOHDU� $ XVHU LV DEOH WR YLHZ WKH HoHFWV RI WKH VWHS�VL]H

SDUDPHWHU RQ VWDELOLW\� FRQYHUJHQFH� DQG H[FHVV PHDQ�VTXDUH HUURU ZLWKRXW ZRUU\LQJ DERXW

YDULDWLRQV LQ WKH FKDQQHO� 0RUH FRPSOH[� WLPH�YDULDQW FKDQQHO PRGHOV DUH GLVFXVVHG LQ WKH

QH[W FKDSWHU� 6LPXODWLRQV XVLQJ WKHVH PRUH FRPSOLFDWHG PRGHOV DUH GHVFULEHG WKHQ�

$OO WKH VLPXODWLRQV XVH D VHTXHQFH RI GDWD NQRZQ E\ ERWK WKH WUDQVPLWWHU DQG HTXDOL]HU

WR WUDLQ WKH DOJRULWKPV XVHG E\ HLWKHU WKH HTXDOL]HU RU FKDQQHO HVWLPDWRU� 7KLV WUDLQLQJ

VHTXHQFH LV VHQW WR WKH UHFHLYHU EHIRUH DQ\ DFWXDO GDWD LV VHQW� 7KLV DOORZV WKH HTXDOL]HU
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RU FKDQQHO HVWLPDWRU WLPH WR FRQYHUJH EHIRUH WKH RWKHU GDWD LV WUDQVPLWWHG� 7KH OHQJWK

RI WKH WUDLQLQJ VHTXHQFH LV VHOHFWHG E\ WKH XVHU LQ WKH SUHSURFHVVRU SURJUDP XVHG E\ WKH

VLPXODWLRQ�

7KH QH[W IHZ VHFWLRQV GHVFULEH HDFK RI WKH GLoHUHQW VLPXODWLRQV LQFOXGHG ZLWK WKLV FKDSWHU�

7KHVH LQFOXGH VLPXODWLRQV RI DGDSWLYH /7(� )6(� ')(� DQG 0/6( HTXDOL]HUV� 7KH VLP�

XODWLRQ VWUXFWXUH RI WKH SURJUDPV DQG KRZ WKH\ LQFRUSRUDWH HDFK DGDSWLYH DOJRULWKP DUH

GLVFXVVHG LQ GHWDLO� 0DQ\ RI WKH SORWV DYDLODEOH IURP WKH GLoHUHQW VLPXODWLRQV DUH LQFOXGHG

DQG H[SODLQHG�

����� 6LPXODWLRQ RI DQ $GDSWLYH /LQHDU 7 U DQVYHU VDO ( TXDOL]HU

7KH pUVW VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU VLPXODWHV DQ DGDSWLYH OLQHDU WUDQVYHUVDO

HTXDOL]HU� 7KH SURJUDPV DOWHSUH�P� DOWHSURF�P� DQG DOWHSRVW�P PDNH XS WKH SUHSUR�

FHVVRU� SURFHVVRU� DQG SRVWSURFHVVRU� UHVSHFWLYHO\� RI WKLV VLPXODWLRQ�

7KH SUHSURFHVVRU SURJUDP SURPSWV WKH XVHU IRU WKH VDPH GDWD DV WKH OWHSUH�P SURJUDP

GLG LQ WKH SUHYLRXV FKDSWHU� +RZHYHU� WKLV SURJUDP DOVR DVNV IRU LQIRUPDWLRQ DERXW WKH

DGDSWLYH DOJRULWKP VXFK DV WKH OHQJWK RI WKH WUDLQLQJ VHTXHQFH DQG WKH W\SH RI DOJRULWKP

WR XVH� ,I WKH /06 DOJRULWKP LV FKRVHQ� WKH VL]H RI WKH VWHS VL]H� z� LV DVNHG IRU� ,I WKH 5/6

DOJRULWKP LV VHOHFWHG� WKH YDOXH RI WKH IRUJHWWLQJ IDFWRU� y� LV UHTXHVWHG� $Q H[DPSOH RI WKLV

SURJUDP LV VKRZQ EHORZ�

!! DOWHSUH

(QWHU QXPEHU RI GDWD V\PEROV >����@�

(QWHU (E�1� YDOXH >�@�

(QWHU QXPEHU RI VDPSOHV ������ SHU V\PERO >��@�

(QWHU QXPEHU RI FDXVDO HTXDOL]HU WDSV >�@� ��

(QWHU QXPEHU RI QRQFDXVDO HTXDOL]HU WDSV >�@� �

(QWHU QXPEHU RI V\PEROV LQ WUDLQLQJ VHTXHQFH >���@� ���

&KRRVH DOJRULWKP� ��/06 ��5/6 >�@� �

(QWHU IRUJHWWLQJ IDFWRU IRU 5/6 DOJRULWKP >����@�
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(QWHU WKH 1XPEHU ������ RI WKH &KDQQHO WR 6LPXODWH >�@� �

!!

$JDLQ� GHIDXOW YDOXHV DUH JLYHQ ZLWK HDFK VHOHFWLRQ� 7KHVH DUH MXVW VXJJHVWHG YDOXHV DQG DUH

QRW DEVROXWH� 6SHFLDO DWWHQWLRQ VKRXOG EH SDLG WR WKH VWHS VL]H RI WKH /06 DOJRULWKP� 7KH

GHIDXOW YDOXH KHUH LV RQO\ D VXJJHVWLRQ� )RU VRPH HTXDOL]HU VHWXSV� WKLV YDOXH PD\ FDXVH WKH

DOJRULWKP WR QRW FRQYHUJH E\ WKH HQG RI WUDLQLQJ VHTXHQFH RU� LQ VRPH H[WUHPH FDVHV� PD\

FDXVH WKH DOJRULWKP WR EHFRPH XQVWDEOH�

7KH SURFHVVRU SURJUDP LV DOPRVW LGHQWLFDO WR WKH RQH XVHG WR VLPXODWH WKH RSWLPDO HTXDOL]HU�

7KH VDPH FRGH LV XVHG WR PRGHO WKH V\VWHP IURP WKH GDWD VRXUFH WR WKH UHFHLYHU
V PDWFKHG

pOWHU� 2QFH WKH UHFHLYHG GDWD YHFWRU KDV EHHQ FUHDWHG LW LV SDVVHG WR WKH HTXDOL]HU VHFWLRQ�

7KH HTXDOL]HU EORFN WKHQ UXQV RQH RI WKH WZR DYDLODEOH DGDSWLYH DOJRULWKPV�

,I WKH XVHU UHTXHVWHG WKH /06 DOJRULWKP WKHQ LW LV XVHG WR DGDSW WKH pOWHU WDSV� 7KLV EHJLQV

E\ VHWWLQJ WKH HTXDOL]HU WR EH DQ DOO�SDVV pOWHU ZLWK DQ LPSXOVH UHVSRQVH RI D GHOWD IXQFWLRQ�

7KHQ WKH DOJRULWKP EHJLQV� (DFK LWHUDWLRQ UHTXLUHV WKUHH VWHSV� 7KH pUVW LV WR pOWHU WKH

GDWD� 7KLV LV GRQH E\ YHFWRU PXOWLSO\LQJ WKH pOWHU FRHrFLHQWV ZLWK WKH YHFWRU UHSUHVHQWLQJ

WKH UHJLVWHU KROGLQJ WKH FXUUHQW UHFHLYHG GDWD� 1H[W� WKH HUURU LV GHWHUPLQHG E\ VXEWUDFWLQJ

WKH FXUUHQW pOWHUHG GDWD YDOXH IURP WKH GHVLUHG V\PERO YDOXH� )LQDOO\� WKH pOWHU FRHrFLHQWV

DUH XSGDWHG XVLQJ WKH IROORZLQJ FDOFXODWLRQ EDVHG RQ (TXDWLRQ ����

F��� L� ��  F��� L� �PX e U�L�1� � b� � Lb1�� ��� e FRQM�HUU�L��� ������

7KH DOJRULWKP FRQWLQXHV IRU WKH UHPDLQGHU RI WKH WUDLQLQJ VHTXHQFH�

,I WKH 5/6 DOJRULWKP LV UHTXHVWHG� WKHQ WKH VHW RI FDOFXODWLRQV XVHG E\ WKLV DOJRULWKP DUH

XVHG LQVWHDG� 6HYHUDO RI WKHVH FDOFXODWLRQV DUH VLPLODU WR XVHG E\ WKH /06 DOJRULWKP� %RWK

WKH pOWHULQJ DQG HUURU FDOFXODWLRQV DUH LGHQWLFDO� 7KH 5/6 DOJRULWKP WKHQ FDOFXODWHV WKH N

YHFWRU DQG 3 PDWUL[ LQ RUGHU WR XSGDWH WKH FRHrFLHQWV� 7KHVH FDOFXODWLRQV DORQJ ZLWK WKH

FRHrFLHQW XSGDWH DUH SHUIRUPHG XVLQJ WKH IROORZLQJ FRPPDQGV�

N  3 e X �ODPEGD� X� e3 e X�� ������

3  �3b N e X� e3� ODPEGD� ������
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F��� L� ��  F��� L� � N e HUU�L�� ������

+HUH� ODPEGD LV WKH IRUJHWWLQJ IDFWRU VHW E\ WKH SUHSURFHVVRU� 7KH pOWHULQJ� HUURU� DQG

WKHVH FDOFXODWLRQV FRQWLQXH IRU WKH HQWLUH WUDLQLQJ VHTXHQFH�

2QFH WKH WUDLQLQJ VHTXHQFH KDV FRPSOHWHG� WKH pQDO WDS YDOXHV FRPSXWHG E\ HLWKHU DOJRULWKP

DUH XVHG WR pOWHU WKH DFWXDO GDWD� 6\PERO GHFLVLRQV DUH PDGH RQ WKH RXWSXW RI WKH HTXDOL]HU�

7KHVH GHFLVLRQ DUH XVHG WR FRPSXWH D ELW�HUURU UDWH IRU WKH HTXDOL]HU� 7KLV HUURU UDWH LV

GLVSOD\HG RQ WKH ZRUNVSDFH DV %(5DGDSW� 7KH UHFHLYHG GDWD LV DOVR pOWHUHG E\ WKH RSWLPDO

/7( FRHrFLHQWV� 6\PERO GHFLVLRQV DUH DOVR PDGH RQ WKH RXWSXW IURP WKLV HTXDOL]HU� 7KH

%(5 FRPSXWHG IURP WKLV GDWD LV FDOOHG %(5HT DQG LV DOVR GLVSOD\HG� 6\PERO GHFLVLRQV DUH

DOVR PDGH RQ WKH XQHTXDOL]HG GDWD� 7KH %(5 FRUUHVSRQGLQJ WR WKHVH GHFLVLRQ LV GLVSOD\HG

DV %(5XHT� 7KHVH %(5 FRPSXWDWLRQV FDQ EH XVHG WR FRPSDUH WKH SHUIRUPDQFH RI WKH

DGDSWLYH HTXDOL]HU ZLWK ERWK WKH RSWLPDO HTXDOL]HU DQG WKH XQHTXDOL]HG V\VWHP�

3HUIRUPDQFH FRPSDULVRQV FDQ DOVR EH PDGH XVLQJ WKH JUDSKLFDO SORWV RI WKH SRVWSURFHVVRU�

7KH SRVWSURFHVVRU SURGXFHV PDQ\ RI WKH VDPH SORWV WKDW WKH RSWLPDO HTXDOL]HU VLPXODWLRQ

GLG� )RU H[DPSOH� SORWV RI WKH FKDQQHO
V LPSXOVH DQG IUHTXHQF\ UHVSRQVH DUH LQFOXGHG� 3ORWV

RI WKH HTXDOL]HU WDSV FDQ DOVR EH GLVSOD\HG� +RZHYHU� LQ WKLV FDVH� ERWK WKH RSWLPDO HTXDOL]HU

WDSV DQG WKH DGDSWHG HTXDOL]HU WDSV DUH GLVSOD\HG� 7KLV LV DOVR WUXH IRU WKH VFDWWHU SORW RI

WKH HTXDOL]HG GDWD� 7ZR SORWV DUH PDGH� RQH IRU WKH RXWSXW RI WKH RSWLPDO HTXDOL]HU DQG

DQRWKHU IRU WKH DGDSWLYH HTXDOL]HU
V RXWSXW� +RZ ZHOO WKH DGDSWLYH HTXDOL]HU SHUIRUPV FDQ

EH PHDVXUHG E\ KRZ FORVHO\ LWV pOWHU FRHrFLHQWV PDWFK WKH RSWLPDO FRHrFLHQWV RU KRZ ZHOO

LW pOWHUV WKH UHFHLYHG GDWD FRPSDUHG WR WKH RSWLPDO HTXDOL]HU�

$OVR LQFOXGHG ZLWK WKH SRVWSURFHVVRU DUH SORWV WKDW GHVFULEH WKH RSHUDWLRQ RI WKH DGDSWLYH

HTXDOL]HU� 2QH VXFK SORW VKRZV WKH FRQYHUJHQFH RI WKH pOWHU WDSV� 7KH YDOXH RI HDFK pOWHU

WDS LV SORWWHG YHUVXV WLPH IRU WKH GXUDWLRQ RI WKH WUDLQLQJ VHTXHQFH� 6LPLODU WR WKLV LV D SORW

RI WKH PHDQ�VTXDUHG HUURU YHUVXV WLPH� 7KH PHDQ�VTXDUH HUURU LV GHWHUPLQHG E\ SHUIRUPLQJ

D VOLGLQJ DYHUDJH RQ WKH VTXDUHG HUURU GDWD� :KHQ WKH DOJRULWKP LV ZRUNLQJ FRUUHFWO\� WKH

PHDQ�VTXDUH HUURU VKRXOG JUDGXDOO\ GHFUHDVH XQWLO LW UHDFKHV D VWHDG\ YDOXH� 7KLV LQGLFDWHV

WKDW WKH DOJRULWKP KDV FRQYHUJHG� $ XVHU FDQ FRPSDUH WKH FRQYHUJHQFH SURSHUWLHV RI WKH

/06 DQG 5/6 XVLQJ WKLV SORW RU FDQ FRPSDUH WKH FRQYHUJHQFH SURSHUWLHV RI WKH GLoHUHQW
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VWHS VL]HV WKDW DUH DYDLODEOH ZLWK WKH /06 DOJRULWKP�

7KH pQDO VHOHFWLRQ DYDLODEOH ZLWK WKH /7( SRVWSURFHVVRU LV DQ DQLPDWLRQ RI WKH DGDSWLYH

HTXDOL]HU
V pOWHU WDSV DV WKH\ FRQYHUJH� 7KLV SURJUDP� FDOOHG WDSSORW�P� FUHDWHV D EDU

JUDSK RI WKH HTXDOL]HU WDSV DW HDFK SRLQW LQ WLPH� $Q H[DPSOH RXWSXW RI WKLV SURJUDP LV

VKRZQ LQ )LJXUH ����
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Animation of Tap Convergence

iteration # 357

)LJXUH ���� 2QH )UDPH RI /7( )LOWHU 7DS $QLPDWLRQ

7KH SORW LV FRQWLQXRXVO\ XSGDWHG ZLWK QHZ WDS YDOXHV� 7KLV FUHDWHV D W\SH RI DQLPDWLRQ

ZKHUH D XVHU FDQ REVHUYH WKH WDSV ?JURZ� WRZDUG WKH FRQYHUJHG YDOXHV� 7KHUH DUH IRXU

GLoHUHQW FRQWURO EXWWRQV LQFOXGHG ZLWK WKH SORW� 7KH pUVW� ?6WDUW�� VWDUWV WKH DQLPDWLRQ�

?6WRS�� VWRSV WKH DQLPDWLRQ� 7R YLHZ RQH VHW RI WDSV DW D WLPH� SUHVV WKH �VWHS� EXWWRQ

DIWHU WKH DQLPDWLRQ LV VWRSSHG� 7R TXLW WKH SURJUDP EHIRUH DOO WKH WDS YHFWRUV KDYH EHHQ

SORWWHG� FOLFN RQ WKH ?4XLW� EXWWRQ� 7KLV UHWXUQV WKH SURJUDP WR SRVWSURFHVVRU PHQX� 7R

UHVHW WKH WDS YHFWRU WR LWV RULJLQDO VWDWH� TXLW WKH DQLPDWLRQ SURJUDP DQG UHVWDUW LW IURP

WKH SRVWSURFHVVRU PHQX�



&KDSWHU �� $GDSWLYH (TXDOL]DWLRQ ��

7KLV VLPXODWLRQ RI WKH DGDSWLYH /7( FDQ EH XVHG LQ PDQ\ GLoHUHQW ZD\V� 8VHUV DUH HQFRXU�

DJHG WR H[SHULPHQW ZLWK WKH GLoHUHQW DGMXVWDEOH SDUDPHWHUV� 2QH H[DPSOH LV WR H[DPLQH

KRZ ORQJ LW WDNHV WKH /06 DOJRULWKP WR FRQYHUJH XVLQJ GLoHUHQW VWHS�VL]HV� 7KH VHTXHQFH

VKRXOG EH NHSW DV VKRUW DV SRVVLEOH� +RZHYHU� WKH HTXDOL]HU QHHGV VXrFLHQW WLPH WR FRQYHUJH

WR WKH PLQLPXP PHDQ�VTXDUH HUURU� 7KLV WUDGHRo RI WUDLQLQJ VHTXHQFH OHQJWK WR PLQLPXP

PHDQ�VTXDUH HUURU LV RQH WKDW RIWHQ DULVHV ZKHQ GHVLJQLQJ D FRPPXQLFDWLRQ V\VWHP WKDW

HPSOR\V DQ DGDSWLYH HTXDOL]HU�

����� 6LPXODWLRQ RI DQ $GDSWLYH )U DFWLRQDOO\ 6SDFHG ( TXDOL]HU

7KH VHFRQG VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU LV RQH RI DQ DGDSWLYH IUDFWLRQDOO\ VSDFHG

HTXDOL]HU� 0XFK OLNH WKH DGDSWLYH /7( VLPXODWLRQ� WKLV VLPXODWLRQ LV YHU\ VLPLODU WR WKH

)6( VLPXODWLRQ LQFOXGHG ZLWK WKH SUHYLRXV FKDSWHU� ,W PRGHOV WKH V\VWHP H[DFWO\ WKH VDPH

DV WKH RSWLPDO )6( VLPXODWLRQ IURP WKH GDWD VRXUFH WR WKH LQSXW RI WKH HTXDOL]HU� $W WKLV

SRLQW DQ DGDSWLYH HTXDOL]HU LV XVHG WR pOWHU WKH UHFHLYHG GDWD�

7KH SUHSURFHVVRU SURJUDP IRU WKLV VLPXODWLRQ� FDOOHG DIVHSUH�P� UHTXHVWV PXFK RI WKH VDPH

GDWD DV WKH SUHSURFHVVRU IRU WKH RSWLPDO )6(� 7KH XVHU LV SURPSWHG IRU SDUDPHWHUV VXFK

DV WKH RYHUVDPSOLQJ UDWH RI WKH HTXDOL]HU� WKH DPRXQW RI V\PEROV WR EH WUDQVPLWWHG� DQG

WKH QXPEHU RI VDPSOHV SHU V\PERO� $ORQJ ZLWK WKHVH SDUDPHWHUV� LQIRUPDWLRQ DERXW WKH

DGDSWLYH SRUWLRQ RI WKH VLPXODWLRQ LV DOVR UHTXHVWHG� 7KLV LQFOXGHV WKH OHQJWK RI WKH WUDLQLQJ

VHTXHQFH� WKH W\SH RI DOJRULWKP WR EH XVHG� DQG WKH VWHS VL]H RU IRUJHWWLQJ IDFWRU IRU WKLV

DOJRULWKP�

7KH SURFHVVRU SURJUDP� FDOOHG DIVHSURF�P ZRUNV PXFK OLNH WKH VLPXODWLRQ RI WKH DGDSWLYH

/7( V\VWHP� $ WUDLQLQJ VHTXHQFH LV DGGHG WR WKH EHJLQQLQJ RI WKH DFWXDO GDWD VWUHDP VR

WKDW WKH HTXDOL]HU LV DEOH WR FRQYHUJH WR D VHW RI WDS YDOXHV EHIRUH LW pOWHUV WKH UHFHLYHG GDWD�

7KH SURFHVVRU LV DOVR DEOH WR GHWHUPLQH WKH pOWHU WDS YDOXHV E\ UXQQLQJ HLWKHU WKH /06 RU

5/6 DOJRULWKPV� $ORQJ ZLWK WKH DGDSWLYH HTXDOL]HU� WKH SURFHVVRU DOVR LQFOXGHV DQ HTXDOL]HU

WKDW FDOFXODWHV WKH RSWLPDO WDS YDOXHV EDVHG RQ WKH RYHUDOO FKDQQHO UHVSRQVH� +RZ ZHOO WKH

DGDSWLYH HTXDOL]HU SHUIRUPV FDQ EH PHDVXUHG E\ FRPSDULQJ LWV RXWSXW ZLWK WKH RXWSXW RI

WKH RSWLPDO HTXDOL]HU� 2QFH WKH SURFHVVRU pQLVKHV H[HFXWLQJ LW FRPSXWHV DQG GLVSOD\ WKH
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ELW�HUURU UDWHV IRU WKH V\VWHP XVLQJ WKH DGDSWLYH HTXDOL]HU� WKH V\VWHP XVLQJ WKH RSWLPDO

HTXDOL]HU� DQG WKH V\VWHP XVLQJ QR HTXDOL]HU�

7KH SRVWSURFHVVRU IRU WKLV SURJUDP� DIVHSRVW GLVSOD\V PDQ\ RI WKH VDPH SORWV DYDLODEOH

ZLWK WKH RWKHU )6( VLPXODWLRQ� 7KHVH SORWV LQFOXGH JUDSKV RI WKH FKDQQHO LPSXOVH DQG

IUHTXHQF\ UHVSRQVHV� SORWV RI WKH HTXDOL]HU WDSV IRU ERWK WKH RSWLPDO DQG DGDSWLYH FDVHV�

DQG VFDWWHU SORWV RI WKH HTXDOL]HG GDWD� 2WKHU SORWV WKDW GHVFULELQJ WKH SHUIRUPDQFH RI WKH

DGDSWLYH DOJRULWKP XVHG E\ WKH HTXDOL]HU DUH DOVR LQFOXGHG� 7KHVH LQFOXGH SORWV RI WKH WDS

YHFWRU YHUVXV WLPH� D SORW RI WKH PHDQ�VTXDUH HUURU� DQG DQ DQLPDWLRQ RI WKH WDS YDOXHV DV

WKH\ FRQYHUJH�

2QH SORW� H[FOXVLYH WR WKH IUDFWLRQDOO\ VSDFHG HTXDOL]HU VLPXODWLRQ� LV RQH WKDW VKRZV WKH

FRPELQHG UHVSRQVH RI WKH FKDQQHO DQG HTXDOL]HU� 7KLV SURYLGHV D JRRG LGHD RI KRZ ZHOO WKH

HTXDOL]HU LV DEOH WR UHPRYH WKH ,6, IURP WKH UHFHLYHG VLJQDO� )RU WKLV VLPXODWLRQ� WZR SORWV

DUH JHQHUDWHG WKDW GHVFULEHV WKLV UHVSRQVH� 7KH pUVW GLVSOD\V WKH FRPELQHG UHVSRQVH RI WKH

FKDQQHO DQG WKH pQDO WDS YDOXHV JHQHUDWHG E\ WKH DGDSWLYH HTXDOL]HU� 7KH RWKHU SORW VKRZV

WKH FRPELQHG UHVSRQVH RI WKH FKDQQHO DQG RSWLPDO HTXDOL]HU WDSV� 7KH FRPSDULVRQ RI WKHVH

WZR SORWV SURYLGHV LQVLJKW LQWR KRZ ZHOO WKH DGDSWLYH HTXDOL]HU LV DEOH WR PDWFK WKH RSWLPDO

HTXDOL]HU WDSV�

$Q H[DPSOH RI WKHVH SORWV LV VKRZQ LQ )LJXUHV ��� DQG ���� ,Q WKLV H[DPSOH� WKH pUVW SORW

VKRZV WKH FRPELQHG UHVSRQVH RI WKH FKDQQHO ZLWK WKH RSWLPDO HTXDOL]HU WDSV� 7KH VHFRQG

GLVSOD\V WKH FRPELQHG UHVSRQVH RI WKH FKDQQHO ZLWK WKH WDSV RI DGDSWLYH HTXDOL]HU� 7KH

DGDSWLYH HTXDOL]HU LQ WKLV FDVH� XVHG WKH /06 DOJRULWKP ZLWK D WUDLQLQJ VHTXHQFH RI ���

V\PEROV DQG D VWHS VL]H RI ����� 7KH (E 1� ZDV VHW WR � G%�

$V \RX FDQ VHH� WKH FRPELQHG UHVSRQVH XVLQJ WKH DGDSWLYH HTXDOL]HU LV YHU\ VLPLODU WR WKH

FRPELQHG UHVSRQVH XVLQJ WKH RSWLPDO FRHrFLHQWV� 7KHUH DUH VRPH VPDOO YDULDWLRQV EXW WKH\

DUH PLQLVFXOH� 2QFH WKH UHVSRQVHV DUH VDPSOHG DW WKH FRUUHFW WLPH� WKH RYHUDOO UHVSRQVH

LV YHU\ FORVH WR D GHOWD IXQFWLRQ� WKH GHVLUHG UHVSRQVH� 7KLV LQGLFDWHV WKDW WKH DGDSWLYH

HTXDOL]HU LV DEOH WR FRPH YHU\ FORVH WR PDWFKLQJ WKH RSWLPDO HTXDOL]HU� )XUWKHU LQGLFDWLRQ

RI WKH DGDSWLYH HTXDOL]HU
V SHUIRUPDQFH FDQ EH VHHQ E\ FRPSDULQJ WKH VFDWWHU SORWV RI WKH

RXWSXW RI WKH RSWLPDO DQG DGDSWLYH HTXDOL]HUV�
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)LJXUH ���� &RPELQHG 5HVSRQVH RI &KDQQHO DQG 2SWLPDO (TXDOL]HU
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����� 6LPXODWLRQ RI DQ $GDSWLYH 'HFLVLRQ�)HHGEDFN ( TXDOL]HU

7KH WKLUG VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU PRGHOV D ZLUHOHVV %36. V\VWHP HPSOR\LQJ

DQ DGDSWLYH GHFLVLRQ�IHHGEDFN HTXDOL]HU WR FRPSHQVDWH IRU ,6,� 7KLV VLPXODWLRQ LV YHU\ VLPLODU

WR WKH VLPXODWLRQ WKDW PRGHOV DQ RSWLPDO ')( JLYHQ LQ WKH ODVW FKDSWHU� 7KH SUHSURFHVVRU

IRU WKLV SURJUDP� DGIHSUH�P� UHTXHVWV PXFK RI WKH VDPH LQIRUPDWLRQ DV WKH SUHSURFHVVRU

IRU WKH RSWLPDO ')( SURJUDP� 7KLV LQFOXGHV LQIRUPDWLRQ VXFK DV WKH QXPEHU RI WDSV LQ

WKH IHHGEDFN DQG IHHGIRUZDUG pOWHUV� WKH QXPEHU RI VDPSOHV WR WUDQVPLW� DQG WKH QXPEHU RI

VDPSOHV SHU V\PERO� 7KLV LV MRLQHG E\ UHTXHVWV IRU LQIRUPDWLRQ DERXW WKH DGDSWLYH HTXDOL]HU

VXFK DV WKH W\SH RI DOJRULWKP WR XVH DQG WKH OHQJWK RI WKH WUDLQLQJ VHTXHQFH�

7KH SURFHVVRU SURJUDP� DGIHSURF�P� XVHG LQ WKLV VLPXODWLRQ LV FORVHO\ UHODWHG WR WKH SUR�

FHVVRU SURJUDP XVHG E\ WKH VLPXODWLRQ RI WKH RSWLPDO ')( HTXDOL]HU GIHSURF�P� ,Q WKLV

FDVH DQ DGDSWLYH HTXDOL]HU LV LQFOXGHG DORQJ ZLWK DQ HTXDOL]HU WKDW XVHV WKH RSWLPDO WDSV�

7KH SURFHVVRU SURJUDP JHQHUDWHV D WUDLQLQJ VHTXHQFH DORQJ ZLWK D UDQGRP GDWD VHTXHQFH

WKDW LV XVHG WR WUDLQ WKH DGDSWLYH DOJRULWKP� %RWK WKH /06 RU 5/6 DOJRULWKPV DUH LQFOXGHG

ZLWK WKLV SURJUDP� 7KHVH DOJRULWKPV DUH XVHG WR FRPSXWH pOWHU WDSV EDVHG RQ WKH UHFHLYHG

GDWD DQG WKH RULJLQDO WUDQVPLWWHG GDWD� 7KH WDSV IRXQG IURP WKH DGDSWLYH DOJRULWKP DUH

WKHQ XVHG WR pOWHU WKH UHFHLYHG GDWD� 7KH %(5 IRXQG IURP XVLQJ WKLV DGDSWLYH DOJRULWKP LV

FDOFXODWHG DQG GLVSOD\HG RQ WKH ZRUNVSDFH� $Q HTXDOL]HU XVLQJ WKH RSWLPDO WDSV DOVR pOWHUV

WKH VDPH UHFHLYHG GDWD� 7KH %(5 IRXQG IURP GHFLVLRQV RQ LWV RXWSXW LV DOVR FRPSXWHG DQG

GLVSOD\HG� )LQDOO\� WKH %(5 WKDW UHVXOWV IURP GHFLVLRQ EDVHG RQ WKH UHFHLYHG GDWD LWVHOI�

ZLWKRXW XVLQJ DQ\ HTXDOL]DWLRQ� LV IRXQG DQG GLVSOD\HG�

7KH SRVWSURFHVVRU SURJUDP LQFOXGHG ZLWK WKLV VLPXODWLRQ� FDOOHG DGIHSRVW� LQFOXGHV PDQ\

RI WKH VWDQGDUG RXWSXW SORWV DVVRFLDWHG ZLWK WKH HTXDOL]HU VLPXODWLRQV� 7KLV LQFOXGHV SORWV

RI WKH FKDQQHO UHVSRQVH� SORWV RI ERWK WKH RSWLPDO DQG DGDSWHG pOWHU WDSV� DQG VFDWWHU SORWV

RI WKH HTXDOL]HU DQG XQHTXDOL]HG GDWD� $OVR LQFOXGHG LV DQ DQLPDWLRQ RI WKH WDS FRQYHUJHQFH�

7KLV LV WKH VDPH W\SH RI SURJUDP WKDW ZDV XVHG WR DQLPDWH WKH FRHrFLHQW FRQYHUJHQFH RI

WKH RWKHU WZR DGDSWLYH HTXDOL]HUV� WKH RQO\ GLoHUHQFH LV WKDW WKH IHHGEDFN WDSV LQ WKLV FDVH

DUH UHSUHVHQWHG E\ EOXH EDUV ZKLOH WKH WDSV RI WKH IHHGIRUZDUG pOWHU DUH FRORUHG UHG�
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7ZR RWKHU SORWV WKDW KDYH EHHQ PHQWLRQHG ZLWK WKH RWKHU WZR DGDSWLYH HTXDOL]HU VLPXODWLRQV�

EXW QRW GLVFXVVHG LQ GHWDLO DUH SORW RI WKH PHDQ�VTXDUH HUURU GXULQJ WKH WUDLQLQJ VHTXHQFH

DQG WKH SORW RI WKH WDS ZHLJKWV GXULQJ WKH WUDLQLQJ VHTXHQFH� 7KHVH WZR SORWV SURYLGH PXFK

LQIRUPDWLRQ DERXW WKH FRQYHUJHQFH RI WKH DGDSWLYH DOJRULWKP� $Q H[DPSOH RI WKHVH SORWV LV

VKRZQ LQ )LJXUHV ��� DQG ���� 7KH pUVW JUDSK LV D SORW RI WKH PHDQ�VTXDUH HUURU DQG WKH

ERWWRP JUDSK LV D SORW RI WKH WDS ZHLJKWV� 7KH PHDQ�VTXDUH HUURU ZDV FDOFXODWHG E\ WDNLQJ

WKH VOLGLQJ DYHUDJH RI �� YDOXHV RI WKH VTXDUH�HUURU�

7KH V\VWHP PRGHOHG LQ WKLV VLPXODWLRQ XVHG D WUDLQLQJ VHTXHQFH RI ��� V\PEROV DQG DQ

(E 1� RI �� G%� 7KH HTXDOL]HU KDV WZR IHHGIRUZDUG WDSV DQG IRXU IHHGEDFN WDSV� 7KH /06

DOJRULWKP ZLWK D VWHS VL]H RI ���� ZDV XVHG WR FRPSXWH WKH WDS ZHLJKWV�
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LQWHUHVWLQJ WR VHH WKDW WKH WDS YDOXHV YDU\ YHU\ OLWWOH IURP WKHLU pQDO YDOXHV� 7KLV LV EHFDXVH

WKH VWHS�VL]H LV UDWKHU VPDOO� $OVR RI LQWHUHVW LV WKH YDOXH RI WKH PHDQ�VTXDUH HUURU DIWHU WKH

DOJRULWKP KDV FRQYHUJHG� ,W LV YHU\ FORVH WR WKH HUURU WKDW ZRXOG EH FDXVHG E\ WKH $:*1�

7KLV LQGLFDWHV WKDW DOPRVW DOO RI WKH ,6, KDV EHHQ UHPRYHG IURP WKH UHFHLYHG VLJQDO DQG WKDW

WKH H[FHVV 06( LV YHU\ VPDOO� $JDLQ WKLV LV EHFDXVH WKH VWHS VL]H LV UHODWLYHO\ VPDOO�

8VHUV DUH HQFRXUDJHG WR H[SHULPHQW ZLWK WKH VLPXODWLRQ WR REVHUYH WKH HoHFWV RI WKH VWHS

VL]H RQ WKH PHDQ�VTXDUH HUURU DQG WKH FRQYHUJHQFH RI WKH WDSV� /DUJH VWHS�VL]HV VKRXOG

UHVXOW LQ IDVW FRQYHUJHQFH EXW ODUJH H[FHVV PHDQ�VTXDUH HUURU� 6PDOOHU VWHS�VL]HV� OLNH WKH

RQH XVHG LQ WKLV H[DPSOH� VKRXOG UHVXOW LQ VORZHU FRQYHUJHQFH EXW ORZ H[FHVV 06(�

����� 6LPXODWLRQ RI DQ $GDSWLYH 0 /6( ( TXDOL]HU

7KH pQDO VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU PRGHOV DQ 0/6( HTXDOL]HU WKDW XVHV DQ

DGDSWLYH FKDQQHO HVWLPDWRU� $ WLPH�LQYDULDQW FKDQQHO LV XVHG MXVW OLNH LQ WKH SUHYLRXV

VLPXODWLRQV� )RU WKLV UHDVRQ� D WUDLQLQJ VHTXHQFH LV VHQW EHIRUH DQ\ GDWD WR WUDLQ WKH FKDQQHO

HVWLPDWHV� 2QFH WKH HVWLPDWRU KDV FRQYHUJHG� WKH HVWLPDWHG FKDQQHO UHVSRQVH LV XVHG E\ WKH

HTXDOL]HU WR PDNH GHFLVLRQV RQ WKH UHPDLQLQJ GDWD� %HFDXVH WKH GHFLVLRQ�GLUHFWHG PRGH RI

RSHUDWLRQ LV QRW UHTXLUHG� QR FKDQQHO SUHGLFWLRQ LV QHHGHG� 7KLV NHHSV WKH VLPXODWLRQ VLPSOH

DQG VWUDLJKWIRUZDUG�

7KH SUHSURFHVVRU IRU WKH VLPXODWLRQ LV FDOOHG DPOVHSUH�P� ,W UHTXHVWV V\VWHP SDUDPHWHUV

VXFK DV WKH QXPEHU RI V\PEROV� WKH VL]H RI WKH GDWD IUDPHV� DQG WKH QXPEHU RI ,6, WHUPV WR

DFFRXQW IRU� ,W DOVR UHTXHVWV LQIRUPDWLRQ DERXW WKH FKDQQHO HVWLPDWRU VXFK DV WKH DOJRULWKP

WR XVH DQG WKH VWHS VL]H RU IRUJHWWLQJ IDFWRU DVVRFLDWHG ZLWK WKDW DOJRULWKP� 7KLV LQIRUPDWLRQ

LV WKHQ VDYHG WR EH XVHG E\ WKH SURFHVVRU SURJUDP� DPOVHSURF�P

7KH SURFHVVRU SURJUDP IRU WKLV VLPXODWLRQ LV EDVHG FORVHO\ RQ WKH SURFHVVRU RI WKH 0/6(

VLPXODWLRQ JLYHQ LQ WKH SUHYLRXV FKDSWHU� +RZHYHU� VRPH FKDQJHV KDYH EHHQ PDGH WR LQFOXGH

WKH DGDSWLYH FKDQQHO HVWLPDWRU� )RU H[DPSOH� D WUDLQLQJ VHTXHQFH LV WUDQVPLWWHG EHIRUH DQ\

GDWD LV VHQW� 7KLV WUDLQLQJ VHTXHQFH LV WKHQ SDVVHG WR WKH FKDQQHO HVWLPDWRU WKDW XVHV HLWKHU

DQ /06 RU 5/6 EDVHG DOJRULWKP WR HVWLPDWH WKH FKDQQHO UHVSRQVH� 7KLV DGDSWLYH FKDQQHO
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HVWLPDWRU LV EDVHG RQ WKH WKHRU\ GHVFULEHG LQ WKH FKDQQHO HVWLPDWLRQ VHFWLRQ RI WKLV FKDSWHU�

7KH RXWSXW RI WKH FKDQQHO HVWLPDWRU LV JLYHQ E\ WKH YHFWRU )HVW� 7KLV LV WKH pQDO FKDQQHO

HVWLPDWH SURGXFHG� 2QFH WKLV YHFWRU LV IRXQG LW LV WKHQ SDVVHG WR WKH HTXDOL]HU EORFN� ,Q

WKLV EORFN� WKH UHFHLYHG GDWD LV EURNHQ GRZQ LQWR IUDPHV RI OHQJWK VHW E\ WKH XVHU� 7KH

FKDQQHO HVWLPDWH DQG HDFK IUDPH LV WKHQ SDVVHG WR WKH POVH�P SURJUDP WKDW XVHV WKH

9LWHUEL DOJRULWKP WR GHWHUPLQH WKH PRVW OLNHO\ VHTXHQFH RI GDWD WKDW ZDV WUDQVPLWWHG�

7KH SURFHVVRU DOVR UXQV WKH POVH�P SURJUDP ZLWK WKH DFWXDO FKDQQHO UHVSRQVH LQ RUGHU WR

PHDVXUH WKH RSWLPDO SHUIRUPDQFH RI WKH HTXDOL]HU� 7KLV SURJUDP DOVR EUHDNV WKH UHFHLYHG

GDWD LQWR IUDPHV EHIRUH LW SDVVHV LW WKH HTXDOL]HU� $ %(5 LV FRPSXWHG IURP WKH RXWSXW

RI WKLV RSWLPDO HTXDOL]HU DV ZHOO DV IRU WKH RXWSXW RI WKH HTXDOL]HU XVLQJ HVWLPDWHV RI WKH

FKDQQHO UHVSRQVH� $ %(5 LV DOVR IRXQG IRU WKH FDVH ZKHUH QR HTXDOL]DWLRQ LV XVHG�

%HVLGHV WKH %(5 PHDVXUH� WKHUH DUH VHYHUDO RWKHU SHUIRUPDQFH PHDVXUHV WKDW FDQ EH IRXQG�

7KH SRVWSURFHVVRU IRU WKLV VLPXODWLRQ� DPOVHSRVW�P LQFOXGHV PDQ\ GLoHUHQW JUDSKLFDO RXW�

SXWV WKDW FDQ EH XVHG WR PHDVXUH WKH SHUIRUPDQFH RI WKH DGDSWLYH HTXDOL]HU� 7KHVH LQFOXGH

D SORW RI WKH PHDQ�VTXDUH HUURU GXULQJ WKH WUDLQLQJ VHTXHQFH� D SORW RI WKH FKDQQHO HVWLPDWHV

GXULQJ WKH WUDLQLQJ VHTXHQFH� DQG SORWV RI WKH WUHOOLVHV IRXQG IURP XVLQJ HLWKHU WKH HVWLPDWHG

RU DFWXDO FKDQQHO UHVSRQVH�

3UREDEO\ RQH RI WKH PRVW LQIRUPDWLYH SORWV LQFOXGHG ZLWK WKH SRVWSURFHVVRU VKRZV WKH

DFWXDO WUXQFDWHG FKDQQHO UHVSRQVH DQG WKH RXWSXW RI WKH FKDQQHO HVWLPDWRU� +RZ ZHOO WKH

FKDQQHO HVWLPDWH PDWFKHV XS ZLWK WKH DFWXDO UHVSRQVH JLYHV D JRRG LQGLFDWLRQ RI KRZ ZHOO

WKH HTXDOL]HU XVLQJ WKLV HVWLPDWH SHUIRUPV� 7ZR H[DPSOHV RI WKLV SORW DUH VKRZQ EHORZ� 7KH

pUVW VKRZV D FDVH ZKHUH WKH HVWLPDWHV PDWFK XS YHU\ FORVHO\ WR WKH DFWXDO FKDQQHO UHVSRQVH�

)RU WKLV FDVH WKH %(5 IRU WKH HTXDOL]HU XVLQJ WKH DFWXDO UHVSRQVH LV ����� ZKLOH WKH %(5 IRU

WKH HTXDOL]HU XVLQJ WKH FKDQQHO HVWLPDWH LV ������ $ YHU\ VPDOO GLoHUHQFH� 7KH VHFRQG SORW

LQGLFDWHV WKDW WKH FKDQQHO HVWLPDWHV GLG QRW FRQYHUJH WR WKH FRUUHFW FKDQQHO UHVSRQVH� 7KLV

FRXOG EH EHFDXVH WKH VWHS VL]H RI WKH DOJRULWKP ZDV WRR VPDOO� RU WKDW WKH WUDLQLQJ VHTXHQFH

ZDV QRW ORQJ HQRXJK WR KDYH WKH HVWLPDWH FRQYHUJH� ,Q WKLV FDVH WKH %(5 RI WKH HTXDOL]HU

XVLQJ WKH DFWXDO FKDQQHO UHVSRQVH ZDV ����� DQG WKH %(5 RI WKH DGDSWLYH HTXDOL]HU ZDV

������ DOPRVW WKUHH WLPHV DV PXFK� 7KLV VKRZV KRZ LPSRUWDQW JRRG FKDQQHO HVWLPDWHV DUH
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ZKHQ XVLQJ WKH 0/6( HTXDOL]HU� 7KH EHWWHU WKH HVWLPDWHV� WKH EHWWHU WKH SHUIRUPDQFH RI

WKH HTXDOL]HU�
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( TXDOL]DWLRQ IRU 0 RELOH 5DGLR

6\VWHPV

$OO WKH FKDQQHO PRGHOV XVHG WKXV IDU KDYH EHHQ WLPH�LQYDULDQW PRGHOV HLWKHU NQRZQ RU XQ�

NQRZQ E\ WKH UHFHLYHU� 7KHVH PRGHOV DUH XVHIXO ZKHQ VLPXODWLQJ DQ LQGRRU FRPPXQLFDWLRQ

V\VWHP EHFDXVH PRVW RI WKHVH DSSOLFDWLRQV KDYH UHFHLYHUV DQG WUDQVPLWWHUV WKDW DUH VWDWLRQ�

DU\ RU WKDW PRYH DW YHU\ VORZ VSHHGV� ,Q WKHVH W\SHV RI HQYLURQPHQWV D ODUJH IUDPH RI

GDWD FDQ EH WUDQVPLWWHG ZLWK DOPRVW QR FKDQJH RI WKH FKDQQHO UHVSRQVH� 7KH FKDQQHO FDQ

WKHUHIRUH EH PRGHOHG DV WLPH�LQYDULDQW GXULQJ WKH GXUDWLRQ RI WKH IUDPH�

7KHVH WLPH�LQYDULDQW PRGHOV ZRUN ZHOO IRU WHVWLQJ LQGRRU DSSOLFDWLRQV� EXW GR QRW SURYLGH

D JRRG UHSUHVHQWDWLRQ RI DQ RXWGRRU HQYLURQPHQW� 7KLV HQYLURQPHQW LV PXFK GLoHUHQW WKDQ

WKH LQGRRU� 7KH GHOD\ VSUHDGV DUH PXFK ODUJHU EHFDXVH WKH DUULYDO WLPHV RI WKH UHqHFWHG

ZDYHV DUH PXFK JUHDWHU WKDQ WKRVH RI DQ LQGRRU FKDQQHO� 'HOD\ VSUHDGV RI LQGRRU FKDQQHOV

FDQ YDU\ EHWZHHQ �� � ��� QV DW D FDUULHU IUHTXHQF\ RI ��� 0+] GHSHQGLQJ RQ WKH W\SH

RI EXLOGLQJ RU URRP� 'HOD\ VSUHDGV FDQ EH DQ\ZKHUH EHWZHHQ �� WR ��� WLPHV ORQJHU IRU

WKH RXWGRRU� GHSHQGLQJ RQ WKH H[DFW HQYLURQPHQW� RSHUDWLQJ DW WKH VDPH FDUULHU IUHTXHQF\�

7KHVH ODUJHU GHOD\ VSUHDGV IRUFH WKH GDWD UDWHV RI PRVW RXWGRRU V\VWHPV WR EH VORZHU WKDQ

WKRVH XVHG E\ LQGRRU V\VWHPV�

$QRWKHU IDFWRU WR FRQVLGHU ZKHQ PRGHOLQJ RXWGRRU FKDQQHOV LV WKDW PDQ\ ZLUHOHVV DSSOLFD�

��
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WLRQV RSHUDWLQJ LQ DQ RXWGRRU HQYLURQPHQW DUH PRELOH� :LUHOHVV V\VWHPV XVHG LQ YHKLFOHV FDQ

KDYH WKH WUDQVPLWWHU RU UHFHLYHU PRYLQJ DW VSHHGV XS WR ��� NP�KU� 7KLV PRYHPHQW FDXVHV

WKH FKDQQHO VHHQ E\ WKH V\VWHP WR FKDQJH IDLUO\ TXLFNO\ FRPSDUHG WR D V\VWHP
V IUDPH UDWH�

,Q WKLV VLWXDWLRQ� WKH WLPH�LQYDULDQW PRGHOV XVHG SUHYLRXVO\ DUH QRW DFFXUDWH UHSUHVHQWDWLRQV

RI WKH FKDQQHO� )RU WKLV UHDVRQ� WLPH�YDULDQW PRGHOV QHHG WR EH GHYHORSHG WR PHDVXUH WKH

SHUIRUPDQFH RI GLoHUHQW HTXDOL]HUV RSHUDWLQJ LQ WKHVH W\SHV RI HQYLURQPHQWV�

7KLV FKDSWHU H[DPLQHV KRZ PRWLRQ RI WKH UHFHLYHU RU WUDQVPLWWHU FDXVHV WKH FKDQQHO WR YDU\

ZLWK WLPH� ,W ZLOO DOVR H[DPLQH VRPH RI WKH VWDWLVWLFDO PRGHOV XVHG WR UHSUHVHQW RXWGRRU

DQG PRELOH FKDQQHOV� 7KH FKDSWHU FRQFOXGHV ZLWK D GHWDLOHG GLVFXVVLRQ RI WKH VLPXODWLRQV

RI ERWK GHFLVLRQ�IHHGEDFN DQG DQ 0/6( HTXDOL]HUV RSHUDWLQJ LQ D PRELOH V\VWHP WKDW DUH

LQFOXGHG ZLWK WKLV FKDSWHU�

��� 6PDOO�6FDOH )DGLQJ

2QH RI WKH ODUJHVW HoHFWV RI WUDQVPLWWLQJ D VLJQDO XVLQJ D PRELOH FRPPXQLFDWLRQ V\VWHP

LV VPDOO�VFDOH IDGLQJ >��@� 6PDOO�VFDOH IDGLQJ GHVFULEHV WKH UDSLG FKDQJH LQ UHFHLYHG VLJQDO

DPSOLWXGH RYHU D VPDOO WLPH RU GLVWDQFH� ,W LV FDXVHG E\ WZR RU PRUH YHUVLRQV RI WKH VDPH

VLJQDO DGGLQJ FRQVWUXFWLYHO\ DQG GHVWUXFWLYHO\ DW GLoHUHQW SRLQWV LQ VSDFH� $V WKH PRELOH

PRYHV WKURXJK WKLV PXOWLSDWK pHOG� WKH VLJQDO HQYHORSH ZLOO GURS RXW RU IDGH IURP WLPH WR

WLPH� 7KH IDVWHU WKH PRELOH WUDYHOV� WKH PRUH VLJQDO IDGHV WKH UHFHLYHU ZLOO VHH�

7KH PRYHPHQW LQKHUHQW WR WKH PRELOH FRPPXQLFDWLRQ V\VWHP FDXVHV D 'RSSOHU VKLIW LQ

WKH UHFHLYHG VLJQDO� +RZ TXLFNO\ WKH VLJQDO HQYHORSH IDGHV LV GLUHFWO\ GHSHQGHQW RQ WKLV

VKLIW� 7KH PD[LPXP 'RSSOHU VKLIW LV WKH 'RSSOHU VKLIW DVVRFLDWHG ZLWK WKH PRELOH PRYLQJ

GLUHFWO\ DZD\ RU WRZDUG DQ DQWHQQD� ,W LV IRXQG IURP WKH YHORFLW\ RI WKH PRELOH� Y� DQG WKH

ZDYHOHQJWK RI WKH FDUULHU IUHTXHQF\� y�

IP  Y y �����

&ORVHO\ UHODWHG WR WKH 'RSSOHU VKLIW LV WKH FRKHUHQFH WLPH RI WKH FKDQQHO� 7KH FRKHUHQFH

WLPH JLYHV D WLPH GXUDWLRQ GXULQJ ZKLFK WKH VLJQDO HQYHORSH PLJKW H[SHULHQFH D VKDUS IDGH�
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7KLV LV RIWHQ UHODWHG WR WKH 'RSSOHU VKLIW XVLQJ WKH IROORZLQJ HTXDWLRQ�
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2QH RI WKH PRVW FRPPRQ VWDWLVWLFDO GLVWULEXWLRQV WR GHVFULEH WKH YDU\LQJ VLJQDO HQYHORSH LV

WKH 5D\OHLJK GLVWULEXWLRQ >�@� 6KRUW�WHUP IDGLQJ LV VRPHWLPHV UHIHUUHG WR DV 5D\OHLJK IDGLQJ�

7KLV GLVWULEXWLRQ FDQ GHVFULEH WKH IDGLQJ RI WKH VLJQDO HQYHORSH RU WKH IDGLQJ RI LQGLYLGXDO

PXOWLSDWK HOHPHQWV� 7KH SGI RI WKH 5D\OHLJK GLVWULEXWLRQ LV JLYHQ E\
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ZKHUH � LV WKH UPV YDOXH RI WKH UHFHLYHG VLJQDO DQG U� LV WKH LQVWDQWDQHRXV SRZHU�

����� 0 RGHOV IRU 5D\OHLJK )DGLQJ

6HYHUDO UHVHDUFKHUV KDYH FRPH XS ZLWK ZD\V WR PRGHO WKH 5D\OHLJK IDGLQJ WKDW RFFXUV RYHU

D PRELOH FKDQQHO� &ODUNH >��@ FDPH XS ZLWK D PRGHO WR GHVFULEH ZK\ WKH IDGLQJ HQYHORSH

IROORZV D 5D\OHLJK GLVWULEXWLRQ� *DQV >��@ LPSURYHG RQ &ODUNH
V WR SURYLGH D IUHTXHQF\

DQDO\VLV RI WKH HQYHORSH� +LV PRGHO H[SODLQV WKH WLPH�FRUUHODWLRQ LQFOXGHG ZLWK WKH IDGLQJ

HQYHORSH�

&ODUNH
V 0RGHO

7KH PRGHO WKDW &ODUNH GHYHORSHG DVVXPHG WKDW WKHUH ZDV QR OLQH�RI�VLWH �/26� VLJQDO DW WKH

UHFHLYH DQWHQQD� 7KLV PHDQV WKDW WKH HOHFWURPDJQHWLF pHOG RI WKH UHFHLYHG VLJQDO LV PDGH

XS RI FRPSRQHQWV WKDW ZHUH VFDWWHUHG Ro RI EXLOGLQJV DQG RWKHU REMHFWV LQ WKH HQYLURQPHQW�

&ODUNH GHWHUPLQHG WKDW WKH (�pHOG RI WKH UHFHLYHG VLJQDO FRXOG EH H[SUHVVHG DV

(]  $F�W� FRV��}IFW� �$V�W� VLQ��}IFW� �����
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7KH DPSOLWXGH RI WKH LQ�SKDVH DQG TXDGUDWXUH FRPSRQHQWV WDNH WKH IRUP

$F�W�  (�

1;
Q �

&Q FRV��}IQW� vQ� �����

DQG

$V�W�  (�

1;
Q �

&Q VLQ��}IQW� vQ�� �����

+HUH� IQ UHSUHVHQWV WKH 'RSSOHU VKLIW� JLYHQ E\ IQ  Y y FRVoQ ZKHUH oQ LV WKH DQJOH RI

DUULYDO� RI WKH Q�WK UHqHFWHG ZDYH� 7KH YDULDEOH &Q LV WKH DPSOLWXGH RI WKLV ZDYH DQG

vQ LV WKH SKDVH RI WKLV ZDYH� %RWK WKHVH YDULDEOHV DUH UDQGRP SURFHVVHV� :KHQ 1 LV ODUJH

HQRXJK� WKH FHQWUDO�OLPLW WKHRUHP KROGV DQG WKH WZR DPSOLWXGHV� $F DQG $V� FDQ EH PRGHOHG

DV *DXVVLDQ UDQGRP SURFHVVHV� 7KH HQYHORSH RI WKH UHFHLYHG VLJQDO LV FRPSXWHG IURP WKHVH

WZR DPSOLWXGHV�

U�W�  M(]M  
T
$�F�W� �$�V�W� �����

6LQFH WKH DPSOLWXGHV RI WKH WZR FRPSRQHQWV DUH *DXVVLDQ� WKH HQYHORSH ZLOO KDYH D 5D\OHLJK

GLVWULEXWLRQ�

*DQV
 0RGHO

7KH VWDWLVWLFDO SURSHUWLHV RI WKH IDGLQJ HQYHORSH GR H[KLELW D 5D\OHLJK GLVWULEXWLRQ RYHU PDQ\

GLoHUHQW HQVHPEOHV� KRZHYHU� LW LV LPSRUWDQW WR QRWH WKDW WKH IDGLQJ HQYHORSH LV FRUUHODWHG

LQ WLPH� *DQV LPSURYHG RQ &ODUNH
V PRGHO DQG GHWHUPLQHG WKHVH FRUUHODWLRQV EDVHG RQ WKH

'RSSOHU VSUHDG RI WKH VLJQDO�

7KH IUHTXHQF\ RI WKH VLJQDO FRPSRQHQW DUULYLQJ IURP DQJOH o LV JLYHQ E\

I�o�  
Y

y
FRVo� IF  IP FRV�o� � IF� �����

8VLQJ WKLV LQIRUPDWLRQ� *DQV GHWHUPLQHG WKDW WKH SRZHU VSHFWUXP RI WKH UHFHLYHG VSHFWUXP

ZLOO WDNH WKH IRUP

6(]�I�  
3��S�o�*�o� � S�bo�*�bo��

IP

U
�b

t
IbIF
IP

u� �����

IRU MI b IFM x IP� +HUH� 3� LV WKH DYHUDJH UHFHLYHG SRZHU� S�o� LV WKH SUREDELOLW\ RI D VLJQDO

DUULYLQJ DW DQJOH o� DQG *�o� LV WKH SRZHU JDLQ RI WKH DQWHQQD DW WKDW DQJOH�
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$VVXPLQJ WKH D TXDUWHU�ZDYH GLSROH LV XVHG ZLWK *  ��� IRU DOO DQJOHV DQG WKDW S�o� LV

XQLIRUP RYHU DOO DQJOHV WKHQ WKH SRZHU VSHFWUXP FDQ EH VLPSOLpHG WR

6(]  
���

}IP

U
�b

t
IbIF
IP

u� ������

7KLV GHVFULEHV WKH VSHFWUXP RI WKH IDGLQJ HQYHORSH� ,W FDQ EH XVHG WR GHWHUPLQH WKH WLPH�

FRUUHODWLRQ RI WKH IDGLQJ�

&ODUNH
V DQG *DQV
 PRGHOV DUH RIWHQ XVHG WR VLPXODWH D 5D\OHLJK )DGLQJ &KDQQHO� +RZ WKLV

LV GRQH LV GHVFULEHG EHORZ�

����� 6LPXODWLRQ RI 5D\OHLJK )DGLQJ &KDQQHO

7KH VLPXODWLRQ RI D 5D\OHLJK IDGLQJ FKDQQHO LV RIWHQ XVHG WR PHDVXUH WKH SHUIRUPDQFH RI

PRELOH ZLUHOHVV V\VWHPV� 7KHUH DUH IHZ GLoHUHQW ZD\V WR VLPXODWH WKH IDGLQJ FKDQQHO� 2QH

RI WKH PRVW FRPPRQ LV D PHWKRG GHYHORSHG E\ 6PLWK >��@� $ EORFN GLDJUDP RI KLV PHWKRG

LV VKRZQ EHORZ�

-fm fm0
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)LJXUH ���� %ORFN 'LDJUDP RI 5D\OHLJK )DGLQJ (QYHORSH 6LPXODWRU

%HIRUH WKH VLPXODWLRQ EHJLQV� WZR SDUDPHWHUV QHHG WR EH IRXQG� WKH PD[LPXP 'RSSOHU

IUHTXHQF\� IP� DQG WKH QXPEHU RI GLVFUHWH IUHTXHQF\ FRPSRQHQWV� 1 � WR XVH� 7KH YDOXH RI
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1 LV XVXDOO\ VHW WR D SRZHU RI WZR IRU FRQYHQLHQFH� 2QFH WKHVH SDUDPHWHU YDOXHV DUH IRXQG�

WKH VLPXODWLRQ FDQ EHJLQ�

7KH pUVW VWHS LV WR GHWHUPLQH WKH VSDFLQJ� cI � RI WKH IUHTXHQF\ FRPSRQHQWV� 7KLV LV IRXQG

IURP

cI  
�IP
1 b � � ������

7KH QH[W VWHS LV WR JHQHUDWH UDQGRP DPSOLWXGHV IRU HDFK RI WKH GLVFUHWH IUHTXHQF\ FRP�

SRQHQWV� 7KH DPSOLWXGH RI HDFK FRPSRQHQW ZLOO EH D FRPSOH[ *DXVVLDQ UDQGRP YDULDEOHV�

7ZR VHWV RI 1 � FRPSOH[ UDQGRP QXPEHUV VKRXOG EH JHQHUDWHG IRU WKH SRVLWLYH IUHTXHQFLHV�

RQH VHW IRU WKH LQ�SKDVH FRPSRQHQW DQG RQH VHW IRU WKH TXDGUDWXUH FRPSRQHQW� 7KH DPSOL�

WXGHV RI WKH QHJDWLYH IUHTXHQF\ FRPSRQHQWV DUH WKHQ VHW WR WKH FRQMXJDWH RI WKH DPSOLWXGH

RI WKH FRUUHVSRQGLQJ SRVLWLYH IUHTXHQF\ FRPSRQHQW�

2QFH WKH IUHTXHQF\ FRPSRQHQWV DPSOLWXGHV DUH GHWHUPLQH� WKH QH[W VWHS LV WR pQG WKH

VSHFWUXP RI WKH ZDYHIRUP� 6(]�I�� 7KLV LV GRQH E\ VROYLQJ (TXDWLRQ ���� DW HDFK RI WKH

GLVFUHWH IUHTXHQF\ YDOXHV� %HFDXVH WKH IUHTXHQF\ FRPSRQHQWV DUH GLVFUHWH� WKH YDOXHV RI WKH

VSHFWUXP DW I  hIP PXVW EH IRXQG E\ H[WUDSRODWLQJ WKHLU YDOXHV IURP WKH SRLQWV FORVHVW WR

WKHP� $IWHU WKLV VSHFWUXP LV IRXQG� WKH UDQGRP IUHTXHQF\ FRPSRQHQW DPSOLWXGHV DUH WKHQ

PXOWLSOLHG ZLWK WKH VTXDUH�URRW RI WKH VSHFWUXP�
S
6(]�I�� %RWK VHWV RI ZHLJKWHG IUHTXHQF\

FRPSRQHQWV DUH WKHQ WUDQVIRUPHG WR WKH WLPH GRPDLQ XVLQJ WKH ,))7� 7KH VTXDUH RI WKH

PDJQLWXGH RI HDFK ,))7V
 RXWSXW LV WKHQ FRPSXWHG� 7KHVH WZR YHFWRUV RI GDWD DUH WKHQ

DGGHG WRJHWKHU� 7KH RXWSXW RI WKH VLPXODWRU LV WKH VTXDUH URRW RI WKLV VXP�

$ 0$7/$% VLPXODWLRQ WKDW XVHV WKLV PHWKRG LV LQFOXGHG ZLWK WKLV FKDSWHU� ,W LV FDOOHG

IDGHPDNHU�P� ,W IROORZV WKLV PHWKRG DOPRVW H[DFWO\� 7KH RQO\ GLoHUHQFH LV WKDW LW FRP�

SXWHV WKH SKDVH FKDQJH RI WKH VLJQDO DORQJ ZLWK LWV HQYHORSH� 7R pQG WKH YDOXH RI 6(]�I� DW

I  hIP� WKH IXQFWLRQ SRO\pW LV XVHG WR H[WUDSRODWH WKLV SDUWLFXODU YDOXH IURP WKH SRLQWV

OHDG XS WR LW�

$Q H[DPSOH RI WKH RXWSXW RI WKLV SURJUDP LV VKRZQ EHORZ� 7KH PD[LPXP 'RSSOHU VSUHDG�

IP� ZDV ��� +] ZKLFK LV WKH VSUHDG RI D PRELOH PRYLQJ DW ��� NP�KU UHFHLYLQJ D VLJQDO

ZLWK D ��� 0+] FDUULHU�
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)LJXUH ���� ([DPSOH 2XWSXW RI WKH 5D\OHLJK )DGLQJ (QYHORSH 6LPXODWRU
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��� 7 LPH�YDU LDQW 0 XOWLSDWK &KDQQHO 0 RGHOV

7KHUH DUH VHYHUDO GLoHUHQW W\SHV RI FKDQQHO PRGHOV WKDW FDQ EH XVHG WR UHSUHVHQW D PRELOH

UDGLR FKDQQHO WKDW H[KLELWV VKRUW�WHUP IDGLQJ� 6RPH DUH VLPSOH PDWKHPDWLFDO PRGHOV ZKLOH

RWKHUV DUH YHU\ FRPSOH[ VWDWLVWLFDO PRGHOV EDVHG RQ WKRXVDQGV RI PHDVXUHPHQWV RI VLJQDOV

WUDYHOLQJ LQ UHDO HQYLURQPHQWV�

����� -DNHV 7 ZR�5D\ 0 RGHO

7KH WZR�UD\ PRGHO GHYHORSHG E\ -DNHV >��@ LV RQH RI WKH VLPSOHVW RI DOO WKH WLPH YDU\LQJ

IUHTXHQF\�VHOHFWLYH FKDQQHO PRGHOV DYDLODEOH� ,W LV DOVR RQH RI WKH PRVW ZLGHO\ XVHG PRGHOV�

HVSHFLDOO\ IRU WHVWLQJ WKH SHUIRUPDQFH RI GLoHUHQW HTXDOL]HU VWUXFWXUHV DQG DOJRULWKPV� 7KH

IRUP RI WKH WZR�UD\ PRGHO LV MXVW ZKDW LWV QDPH LPSOLHV� RQH PDLQ VLJQDO DQG RQH GHOD\HG

VLJQDO DGGHG WRJHWKHU� $ EORFN GLDJUDP RI WKH PRGHO LV VKRZQ EHORZ�

α1(t)exp( )jφ1

α φ2 2(t)exp( )j

τ2

ΣIn Out

)LJXUH ���� %ORFN 'LDJUDP RI D 7ZR�5D\ &KDQQHO 0RGHO

7KH LPSXOVH UHVSRQVH RI WKLV FKDQQHO LV JLYHQ E\

J�W� ��  o��W�H
M��r��� � o��W�H

M��r�� b ���� ������

7KH oQ�W� WHUPV UHIHU WR WKH DPSOLWXGH RI HDFK UD\� 7KHVH DPSOLWXGHV DUH LQGHSHQGHQW

DQG 5D\OHLJK GLVWULEXWHG� 7KH �Q WHUPV GHVFULEH WKH SKDVH RI HDFK UD\ DQG DUH XQLIRUPO\

GLVWULEXWHG EHWZHHQ � DQG �}� 7KH GHOD\ RI WKH VHFRQG UD\ LV JLYHQ E\ ��� 7KH GHOD\ VSUHDG

RI WKH FKDQQHO GHSHQGV RQ WKH SRVLWLRQ RI WKLV GHOD\� 7KH JUHDWHU WKH GHOD\� WKH ODUJHU

WKH GHOD\ VSUHDG� 7KH WLPH FRUUHODWLRQ EHWZHHQ o� DQG o� FDQ EH HQVXUHG E\ JHQHUDWLQJ
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WZR LQGHSHQGHQW 5D\OHLJK IDGLQJ ZDYHIRUPV� 7KHVH ZDYHIRUPV FDQ EH JHQHUDWHG XVLQJ WKH

PHWKRG SURSRVHG LQ 6HFWLRQ ������

7KLV PHWKRG LV XVHIXO IRU WHVWLQJ HTXDOL]HUV� EXW GRHV SURYLGHV RQO\ D VLPSOLpHG PRGHO RI DQ

DFWXDO PRELOH UDGLR FKDQQHO� ,W WHQGV WR SURGXFH RSWLPLVWLF %(5V� 7KHUH DUH RWKHU FKDQQHO

PRGHOV WKDW SURYLGH D EHWWHU UHSUHVHQWDWLRQ RI WKH PRELOH RXWGRRU FKDQQHO WKDW DUH EDVHG RQ

WKLV PRGHO� )RU H[DPSOH� ZKHQ UHSUHVHQWLQJ PRELOH UDGLR FKDQQHOV ZLWK D KLJK QRUPDOL]HG

GHOD\ VSUHDG� LW LV RIWHQ XVHIXO WR XVH PRGHOV WKDW XVHV PRUH WKDQ WZR UD\V� 7KHVH DGGLWLRQDO

UD\V ZLOO H[KLELW 5D\OHLJK IDGLQJ WKDW LV LQGHSHQGHQW RI WKH RWKHU UD\V� 7KH GHOD\V RI HDFK

UD\ ZLOO RIWHQ EH VSDFHG HYHQO\ ZLWK WKH RWKHU UD\V� XVXDOO\ DW WKH V\PERO GXUDWLRQ� $QRWKHU

H[DPSOH LV D WZR�UD\ PRGHO ZKHUH WKH DYHUDJHG UHFHLYHG SRZHU RI WKH VHFRQG UD\ LV OHVV WKDQ

WKDW RI WKH PDLQ UD\� 7KLV DWWHQXDWHG UD\ PRGHO FDQ DOVR EH H[SDQGHG WR WKH PXOWL�UD\

FDVH�

����� 7 LPH�YDU \LQJ &KDQQHO 0 RGHOV EDVHG RQ 0 HDVXU HG 'DWD

$ORQJ ZLWK -DNH
V WZR�UD\ FKDQQHO PRGHO WKHUH DUH PDQ\ RWKHU PRUH FRPSOH[ FKDQQHOV PRG�

HOV WKDW DUH GHULYHG IURP PHDVXUHPHQWV RI UHDO�ZRUOG FKDQQHOV� 5HVHDUFKHUV ZLOO WDNH WKRX�

VDQGV RI PHDVXUHPHQWV RI DFWXDO FKDQQHO UHVSRQVHV DQG WKHQ GHWHUPLQH VWDWLVWLFDO PRGHOV

WKDW EHVW pW WKH PHDVXUHG GDWD� 7KHVH VWDWLVWLFV DUH XVHG WR GHYHORS D PRGHO WKDW JHQHUDWHV

WKHRUHWLFDO FKDQQHOV WKDW DUH YHU\ VLPLODU WR WKH UHDO FKDQQHOV WKDW ZHUH PHDVXUHG�

$V VWDWHG LQ &KDSWHU �� WKH PXOWLSDWK FKDQQHO FDQ EH PRGHOHG DV D VXPPDWLRQ RI ZHLJKWHG�

GHOD\HG GHOWD IXQFWLRQV� :KHQ WKH FKDQQHO LV WLPH�YDULDQW� HDFK SDWK DPSOLWXGH DQG SKDVH

ZLOO EHFRPH WLPH GHSHQGHQW� 7KLV LV VKRZQ LQ WKH HTXDWLRQ EHORZ�

J�W� ��  
;
N

oN�W�H
bMvN�W�r�W� � b �N� ������

7KH WLPH YDULDWLRQ RI WKH LQGLYLGXDO SDWKV LV FDXVHG EH HLWKHU PRYHPHQW RI WKH UHFHLYHU�

WUDQVPLWWHU� RU REMHFWV LQ WKH HQYLURQPHQW� 0RVW FRPSOH[ FKDQQHO PRGHOV LJQRUH WKH PRYH�

PHQW RI REMHFWV LQ WKH HQYLURQPHQW DQG DUH RQO\ FRQFHUQHG DERXW WKH PRWLRQ RI WKH PRELOH�

7KH PRGHOV GHWHUPLQH FKDQQHO SURpOHV DW SRLQWV LQ VSDFH� XVXDOO\ VHSDUDWHG E\ D TXDUWHU�

ZDYHOHQJWK� 7R GHWHUPLQH KRZ WKH FKDQQHO YDULHV ZLWK WLPH� WKH FKDQQHO PRGHOV XSGDWH WKH
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FKDQQHO SURpOH GHSHQGLQJ RQ WKH YHORFLW\ RI WKH PRELOH� 7KH UHFHLYHU ZLOO WKHQ VHH VHYHUDO

FKDQQHO SURpOHV DV LW PRYHV DORQJ� (DFK FKDQQHO SURpOH ZLOO EH FRUUHODWHG ZLWK WKH QH[W RQH

VR WKH FKDQQHO PRGHO ZLOO FKDQJH JUDGXDOO\ ZLWK WLPH DQG ZLOO QRW H[KLELW VKDUS FKDQJHV

EHWZHHQ LQGLYLGXDO SURpOHV�

7KH H[DFW YDOXHV RI WKH DPSOLWXGHV� SKDVHV� DQG GHOD\V RI HDFK FKDQQHO SURpOHV GHSHQG

RQ PDQ\ GLoHUHQW IDFWRUV� $Q H[DPSOH ZRXOG EH WKH W\SH RI HQYLURQPHQW WKH V\VWHP LV

RSHUDWLQJ LQ� 8UEDQ FKDQQHOV WHQG WR H[KLELW PXFK ORQJHU GHOD\ VSUHDGV WKDQ VXEXUEDQ RU

UXUDO FKDQQHOV� 0RVW XUEDQ FKDQQHOV DUH DOVR REVWUXFWHG FKDQQHOV ZKHUH WKHUH LV QR GLUHFW

OLQH�RI�VLWH FRPSRQHQW WR WKH UHFHLYHG VLJQDO� 0RVW VXEXUEDQ DQG UXUDO FKDQQHOV GR SURYLGH

D OLQH�RI VLWH FRPSRQHQW WR WKH UHFHLYHU� 2WKHU IDFWRUV WKDW GHWHUPLQH WKH YDOXHV RI WKH

FKDQQHO HOHPHQWV LQFOXGH WKH GLVWDQFH EHWZHHQ WKH WUDQVPLW DQG UHFHLYH DQWHQQD DQG WKH

KHLJKW RI HDFK DQWHQQD�

6HYHUDO UHVHDUFKHUV KDYH FUHDWHG PRGHOV EDVHG RQ PHDVXUHPHQWV IURP GLoHUHQW ORFDWLRQV�

,Q WKH ODWH ����V� +DVKHPL >��@ FDPH XS ZLWK DQ RXWGRRU FKDQQHO PRGHO WKDW LV ZLGHO\ XVHG

WRGD\� ,W LV EDVHG RQ WKRXVDQGV RI PHDVXUHPHQWV PDGH E\ 7XULQ HW DO� >��@ RI ZLUHOHVV

PXOWLSDWK FKDQQHOV LQ DQG DURXQG WKH 6DQ )UDQFLVFR DUHD� +DVKHPL VRXQG VWDWLVWLFDO GLVWUL�

EXWLRQ IRU WKH DPSOLWXGH� SKDVH� DQG WLPH GHOD\ RI HDFK SDWK LQ WKH FKDQQHO SURpOH� +H DOVR

FRPSXWHG WKH FRUUHODWLRQ EHWZHHQ WKH GHOD\V DQG WKH DPSOLWXGHV RI HDFK SDWK GHSHQGLQJ

RQ WKH W\SH RI HQYLURQPHQW DQG RWKHU IDFWRUV DoHFWLQJ WKH FKDQQHO�

8VLQJ WKH ZRUN RI +DVKHPL DQG RWKHUV� UHVHDUFKHUV KDYH GHYHORSHG PDQ\ FRPPHUFLDO VRIW�

ZDUH SDFNDJHV WKDW FDQ EH XVHG WR FUHDWH FKDQQHO SURpOHV DQG WLPH�YDULDQW FKDQQHO PRGHOV�

7KHVH SURJUDPV FRPSXWH WKHVH SURpOHV EDVHG RQ VHYHUDO SDUDPHWHUV WKDW DUH VHOHFWHG E\ WKH

XVHU VXFK DV WKH W\SH RI HQYLURQPHQW� DQG WKH VSHHG RI WKH PRELOH� 7KH SURJUDPV DUH YHU\

XVHIXO LQ PHDVXULQJ WKH SHUIRUPDQFH RI D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP� %HFDXVH WKH\

SURYLGH D EHWWHU UHSUHVHQWDWLRQ RI WKH FKDQQHO� VLPXODWLRQV XVLQJ WKHVH PRGHOV FDQ SURYLGH

PRUH DFFXUDWH SHUIRUPDQFH PHDVXUHV�
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��� 6LPXODWLRQ RI ( TXDOL]HU V IRU 0 RELOH 5DGLR 6\VWHPV

,QFOXGHG ZLWK WKLV FKDSWHU DUH VLPXODWLRQV RI HTXDOL]HUV XVHG LQ PRELOH UDGLR V\VWHPV� 0DQ\

RI WKHVH VLPXODWLRQV DUH EDVHG RQ LQIRUPDWLRQ IRXQG LQ >��@ DQG >��@� 7KHVH VLPXODWLRQV

PRGHO WZR W\SHV RI GHFLVLRQ�IHHGEDFN HTXDOL]HUV DQG DQ 0/6( HTXDOL]HUV RSHUDWLQJ LQ D

PRELOH UDGLR� 7KHVH WZR HTXDOL]HU VWUXFWXUHV DUH WKH PRVW FRPPRQ W\SHV IRXQG LQ PRELOH

UDGLRV� %RWK VWUXFWXUHV DUH DEOH WR SURYLGH JRRG SHUIRUPDQFH HYHQ ZKHQ RSHUDWLQJ LQ

QRQPLQLPXP SKDVH FKDQQHOV ZKHUH WKH VWURQJHVW HQHUJ\ DUULYHV DIWHU WKH pUVW DUULYLQJ

VLJQDO FRPSRQHQW� FKDQQHOV RIWHQ IRXQG LQ RXWGRRU PRELOH HQYLURQPHQWV�

7KH FKDQQHO PRGHO XVHG LQ WKHVH VLPXODWLRQ ZLOO EH WKH WZR�UD\ IUHTXHQF\ VHOHFWLYH PRGHO

GHYHORSHG E\ -DNHV ZKLFK ZDV GLVFXVVHG SUHYLRXVO\� 7KLV PRGHO LV RIWHQ XVHG WR PHDVXUH

WKH SHUIRUPDQFH RI GLoHUHQW HTXDOL]DWLRQ VWUXFWXUHV DQG DOJRULWKPV� ,W KDV EHHQ VKRZQ WKDW

WKLV PRGHO SURYLGHV RSWLPLVWLF %(5 UHVXOWV� EXW LW LV VWLOO XVHIXO ZKHQ FRPSDULQJ GLoHUHQW

HTXDOL]DWLRQ VFKHPHV�

7KHUH DUH WKUHH GLoHUHQW VLPXODWLRQV LQFOXGHG ZLWK WKLV FKDSWHU� 7KH pUVW PRGHOV D GHFLVLRQ�

IHHGEDFN HTXDOL]HU XVHG LQ D PRELOH %36. V\VWHP� 7KLV LV D JHQHULF PRGHO WKDW LV XVHG

WR VWXG\ WKH DoHFW RI FHUWDLQ SDUDPHWHUV RQ WKH SHUIRUPDQFH RI WKH V\VWHP� 7KH VHFRQG

VLPXODWLRQ PRGHOV DQ 0/6( HTXDOL]HU� 7KLV HTXDOL]HU LV DOVR XVHG LQ D PRELOH %36. V\VWHP�

$VLGH IURP WKH W\SH RI HTXDOL]DWLRQ XVHG� WKLV VLPXODWLRQ LV YHU\ VLPLODU WR WKDW RI WKH PRELOH

')(� ,W LV D JHQHULF PRGHO WKDW FDQ EH XVHG WR VWXG\ WKH DoHFW RI FKDQJLQJ FHUWDLQ V\VWHP

SDUDPHWHUV� 6LQFH WKH 0/6( HTXDOL]HU DQG WKH ')( HTXDOL]HU VLPXODWLRQ DUH YHU\ VLPLODU�

LW LV HDV\ WR FRPSDUH WKH SHUIRUPDQFH DFKLHYHG E\ WKH WZR GLoHUHQW VWUXFWXUHV�

7KH pQDO VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU PRGHOV D GHFLVLRQ�IHHGEDFN HTXDOL]HU� EXW

GLoHUV IURP WKH RWKHU ')( VLPXODWLRQ� ,Q WKLV FDVH WKH VLPXODWLRQ PRGHOV WKH XVH RI D

')( LQ D V\VWHP VLPLODU WR WKDW GHVFULEHG E\ WKH 8QLWHG 6WDWHV 'LJLWDO &HOOXODU 6\VWHP

�86'&� PRELOH UDGLR VWDQGDUG� 0DQ\ DVSHFWV RI WKLV VLPXODWLRQ ZLOO GLoHU IURP WKRVH RI WKH

JHQHULF ')( VLPXODWLRQ� )RU RQH 436. PRGXODWLRQ LV XVHG LQ SODFH RI %36.� 7KRXJK WKH

86'& VWDQGDUG DFWXDOO\ XVHV D IRUP RI GLoHUHQWLDO 436. NQRZQ DV } ��'436.� WKH XVH RI

436. SURYLGHV D EHWWHU DSSUR[LPDWLRQ WR WKLV PRGXODWLRQ VFKHPH WKDQ %36. FDQ� $QRWKHU
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ODUJH GLoHUHQFH LV WKDW WKH ')( LQ WKLV VLPXODWLRQ RSHUDWHV LQ D GLUHFW�GHFLVLRQ PRGH�

7KLV PHDQV WKDW WKH WDS ZHLJKWV ZLOO EH XSGDWHG FRQVWDQWO\� QRW MXVW GXULQJ WKH WUDLQLQJ

VHTXHQFH� $QRWKHU FKDQJH ZLOO EH WKDW WKH GHIDXOW YDOXHV LQFOXGHG ZLWK WKH SUHSURFHVVRU RI

WKH VLPXODWLRQ ZLOO EH VHW WR WKH YDOXHV DFWXDOO\ XVHG E\ 86'& V\VWHPV� 7KRXJK LW ZRXOG

EH XVHIXO WR KDYH D IRXUWK VLPXODWLRQ PRGHOLQJ DQ 0/6( HTXDOL]HU XVHG LQ D 86'& W\SH

V\VWHP� LW ZDV IRXQG WKDW VXFK D VLPXODWLRQ ZRXOG EH WRR FRPSOH[ WR EH LQFOXGHG ZLWK

WKLV ERRN� 6XFK D VLPXODWLRQ ZRXOG UHTXLUH WKH 9LWHUEL DOJRULWKP XVHG E\ WKH HTXDOL]HU WR

FRPSXWH �/�� VWDWHV LQVWHDG RI WKH �/�� UHTXLUHG E\ VXFK DQ HTXDOL]HU RSHUDWLQJ LQ D %36.

V\VWHP� $OVR� RSHUDWLRQ LQ D GHFLVLRQ�GLUHFWHG PRGH UHTXLUHV WKH HTXDOL]HU WR FRQWLQRXVO\

RXWSXW V\PERO GHFLVLRQV DIWHU HDFK V\PERO LV UHFHLYHG� 7KLV W\SH RI VHWXS LV PXFK PRUH

GLrFXOW WR LPSOHPHQW FRPSDUHG WR WKH IUDPH�E\�IUDPH PHWKRG XVHG EHIRUH� ,Q RUGHU WR

FRQWLQXRXVO\ XSGDWH WKH FKDQQHO HVWLPDWHV� VRPH VRUW RI SUHGLFWLRQ DOJRULWKP ZRXOG EH

QHHGHG WR FRPSHQVDWH IRU WKH GHOD\ LQFXUUHG E\ WKH HTXDOL]HU ZKHQ GHWHUPLQLQJ V\PERO

GHFLVLRQV� )RU WKHVH UHDVRQV� LW ZDV GHFLGHG WKDW VXFK D VLPXODWLRQ ZRXOG EH FRPSOLFDWHG

DQG WRR DGYDQFHG IRU WKLV ERRN�

����� 6LPXODWLRQ RI 'HFLVLRQ�)HHGEDFN ( TXDOL]HU 2SHU DWLQJ LQ D 0 RELOH

5DGLR 6\VWHP

7KH pUVW VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU PRGHOV D PRELOH %36. V\VWHP WKDW XVHV D

GHFLVLRQ�IHHGEDFN HTXDOL]HU WR FRPSHQVDWH IRU WKH ,6, LQWURGXFHG E\ WKH IUHTXHQF\�VHOHFWLYH

FKDQQHO� 7KLV FKDQQHO LV FUHDWHG XVLQJ -DNH
V WZR�UD\ FKDQQHO PRGHO� 7KH HTXDOL]HU LQ

WKLV V\VWHP LV PRGHOHG PXFK OLNH WKH RQH XVHG LQ WKH DGDSWLYH GHFLVLRQ�IHHGEDFN VLPXOD�

WLRQ LQFOXGHG LQ WKH SUHYLRXV FKDSWHU� 7KH PDLQ GLoHUHQFH LV WKDW WKH HTXDOL]HU LV WUDLQHG

SHULRGLFDOO\ WR DGDSW WR WKH FRQWLQXRXVO\ FKDQJLQJ FKDQQHO�

7KH GDWD LQ WKLV VLPXODWLRQ LV EURNHQ GRZQ LQWR IUDPHV RI D VSHFLpHG OHQJWK� 7KH IUDPH LV

PDGH XS RI WZR SDUWV� WKH WUDLQLQJ VHTXHQFH DQG WKH GDWD V\PEROV� 7KH WUDLQLQJ VHTXHQFH

LV XVHG WR DGDSW WKH HTXDOL]HU WR WKH FKDQQHO� 2QFH WKH HQWLUH WUDLQLQJ VHTXHQFH KDV EHHQ

UHFHLYHG� WKH pQDO WDS ZHLJKWV IRXQG IURP WKH HTXDOL]HU
V DGDSWLRQ DOJRULWKP DUH VDYHG�

7KHVH WDS ZHLJKWV DUH WKHQ XVHG WR pOWHU WKH UHFHLYHG GDWD XQWLO WKH HQG RI WKH IUDPH LV



&KDSWHU �� (TXDOL]DWLRQ IRU 0RELOH 5DGLR 6\VWHPV ���

UHDFKHG� 2QFH WKH IUDPH LV FRPSOHWHG� WKH SURFHVV EHJLQV DJDLQ ZLWK D QHZ IUDPH RI GDWD�

7KLV VLPXODWLRQ LV PDGH XS RI D SUHSURFHVVRU� SURFHVVRU� DQG SRVWSURFHVVRU SURJUDPV OLNH

DOO WKH RWKHU VLPXODWLRQV LQFOXGHG ZLWK WKLV ERRN� 7KHVH SURJUDPV DUH GHVFULEHG EHORZ�

3UHSURFHVVRU

7KH SUHSURFHVVRU IRU WKLV VLPXODWLRQ LV FDOOHGPEOGIHSUH�P� ,W LV VLPLODU WR WKH SUHSURFHVVRU

XVHG IRU WKH DGDSWLYH ')( VLPXODWLRQ EXW UHTXLUHV DGGLWLRQDO LQIRUPDWLRQ WKDW GHVFULEHV

WKH FKDQQHO DQG RWKHU DWWULEXWHV� $Q H[DPSOH RI WKH SUHSURFHVVRU LV VKRZQ EHORZ�

!! PEOGIHSUH

(QWHU V\PERO UDWH >�����@�

(QWHU 'RSSOHU IUHTXHQF\ >��@�

(QWHU QXPEHU RI GDWD V\PEROV SHU IUDPH >���@� ���

(QWHU QXPEHU RI IUDPHV >��@�

&KRRVH DOJRULWKP� ��/06 ��5/6 >�@�

(QWHU IRUJHWWLQJ IDFWRU IRU 5/6 DOJRULWKP >���@�

(QWHU OHQJWK RI WUDLQLQJ VHTXHQFH >��@�

(QWHU (E�1� YDOXH >��@� ��

(QWHU GHOD\ RI VHFRQG UD\ LQ VDPSOHV >��@�

(QWHU QXPEHU RI IHHGIRUZDUG HTXDOL]HU WDSV >�@� �

(QWHU QXPEHU RI IHHGEDFN HTXDOL]HU WDSV >�@�

!!

7KLV SUHSURFHVVRU UHTXLUHV D JUHDW GHDO RI LQIRUPDWLRQ� DOO RI ZKLFK LV YHU\ LPSRUWDQW WR

WKH VLPXODWLRQ� 6RPH RI WKH SDUDPHWHUV WKDW KDYH QRW EHHQ VHHQ LQ SUHYLRXV VLPXODWLRQ

LQFOXGH LQIRUPDWLRQ DERXW WKH FKDQQHO VXFK DV WKH 'RSSOHU IUHTXHQF\� IP� DQG WKH GHOD\ RI

WKH VHFRQG UD\� $OVR UHTXHVWHG LV LQIRUPDWLRQ DERXW WKH V\VWHP VXFK DV WKH V\PERO UDWH�

WKH QXPEHU RI IUDPHV� DQG WKH QXPEHU RI GDWD V\PEROV�
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7KH 'RSSOHU IUHTXHQF\� DV PHQWLRQHG LQ 6HFWLRQ ���� GHVFULEHV WKH IDGLQJ UDWH RI WKH FKDQQHO

DQG LV FRPSXWHG IURP WKH YHORFLW\ RI WKH PRELOH DQG WKH ZDYHOHQJWK RI WKH FDUULHU IUHTXHQF\�

7KH V\PERO UDWH LV QHHGHG WR GHWHUPLQH WKH VDPSOH UDWH RI WKH V\VWHP� )RU PRELOH V\VWHPV

WKLV QXPEHU LV XVXDOO\ RQ WKH RUGHU RI ��� WR ���� 7KHUH DUH DJDLQ WZHOYH VDPSOHV SHU

V\PERO VR WKH VDPSOH UDWH ZLOO EH WZHOYH WLPHV WKH V\PERO UDWH� 7KHVH UDWHV GHWHUPLQH KRZ

TXLFNO\ WKH FKDQQHO FKDQJHV IURP RQH VDPSOH WR WKH QH[W�

7KH QXPEHU RI IUDPHV GHWHUPLQHV KRZ PDQ\ WRWDO V\PEROV DUH VHQW LQ WKH VLPXODWLRQ� ,W

VKRXOG EH NHSW UHODWLYHO\ ODUJH VR WKDW VHYHUDO IDGHV RFFXU GXULQJ WKH WUDQVPLVVLRQ� 7KLV ZLOO

DOORZ IRU D PRUH DFFXUDWH SUHGLFWLRQ RI WKH %(5� 7KH QXPEHU RI GDWD V\PEROV SHU IUDPH

LV DQRWKHU LPSRUWDQW YDULDEOHV LQ WKLV VLPXODWLRQ� %HFDXVH WKH HTXDOL]HU GRHV QRW ZRUN LQ D

GHFLVLRQ�GLUHFWHG PRGH� WKH HTXDOL]HU WDSV SUHGLFWHG E\ WKH WUDLQLQJ VHTXHQFH ZLOO EHFRPH

OHVV UHOLDEOH DV WKH IUDPH SURJUHVVHV� )RU WKLV UHDVRQ� WKH IUDPHV VKRXOG EH NHSW VKRUW� WR D

IHZ KXQGUHG V\PEROV� HVSHFLDOO\ ZKHQ WKH FKDQQHO LV FKDQJLQJ UHODWLYHO\ TXLFNO\�

7KH GHOD\ RI WKH VHFRQG UD\ GHWHUPLQHV WKH GHOD\ VSUHDG RI WKH FKDQQHO� 7KH ORQJHU WKH

GHOD\� WKH PRUH VHYHUH WKH ,6O ZLOO EH� 7KH GHOD\ VKRXOG EH HQWHUHG LQ VDPSOHV� 6LQFH WKHUH

DUH WZHOYH VDPSOHV SHU V\PERO� D GHOD\ RI RQH VDPSOH ZRXOG FDXVH WKH GHOD\ RI WKH VHFRQG

UD\ WR EH � �� RI WKH V\PERO SHULRG� $ GHOD\ RI WZHOYH VDPSOHV ZRXOG EH D GHOD\ RI RQH IXOO

V\PERO SHULRG� 7KH QXPEHU RI IHHGEDFN WDSV LQ WKH ')( VKRXOG EH DGMXVWHG EDVHG RQ WKLV

GHOD\�

3URFHVVRU

7KH SURFHVVRU SURJUDP� FDOOHGPEOGIHSURF�P WDNHV WKH SDUDPHWHUV VHW LQ WKH SUHSURFHVVRU

DQG UXQV WKH VLPXODWLRQ RI WKH ZLUHOHVV PRELOH V\VWHP XVLQJ WKH ')(� 7KH VLPXODWLRQ EHJLQV

E\ FRPSXWLQJ VHYHUDO YDOXHV IURP WKH LQSXW SDUDPHWHUV� 7KHVH YDOXHV LQFOXGH WKH OHQJWK RI

HDFK IUDPH� WKH WRWDO QXPEHU RI V\PEROV DQG VDPSOHV� DQG WKH GHOD\ FDXVHG E\ WKH PDWFKHG

pOWHUV� 2QFH WKHVH YDOXHV DUH IRXQG� WKH VLPXODWLRQ FRPSXWHV WKH IDGLQJ HQYHORSH RI WKH WZR

UD\V� 7KLV LV GRQH E\ SDVVLQJ WKH VDPSOH UDWH� WKH 'RSSOHU IUHTXHQF\� DQG WKH OHQJWK RI WKH

HQYHORSH LQ VDPSOHV WR WKH IXQFWLRQ IDGHPDNHU�P� 7KLV IXQFWLRQ XVHV WKH PHWKRG WDONHG

DERXW LQ 6HFWLRQ ����� WR GHWHUPLQH WKH IDGLQJ HQYHORSH�
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$IWHU WKH HQYHORSH RI HDFK UD\ LV IRXQG� WKH VLPXODWLRQ FUHDWHV WKH IUDPHV RI GDWD WKDW ZLOO

SDVV WKURXJK WKH V\VWHP� ,W EHJLQV E\ pQGLQJ D UDQGRP ELW VHTXHQFH WKDW ZLOO EH XVHG DV

WKH WUDLQLQJ VHTXHQFH� ,W WKHQ GHWHUPLQHV D PDWUL[ RI UDQGRP ELW YDOXHV� (DFK URZ RI WKH

PDWUL[ ZLOO EH WKH GDWD SRUWLRQ RI HDFK IUDPH� 7KH FRPSOHWH IUDPHV DUH WKHQ IRXQG E\

DSSHQGLQJ WKH WUDLQLQJ VHTXHQFH WR WKH EHJLQQLQJ RI HDFK GDWD VHTXHQFH� $OO WKH IUDPHV DUH

FRPELQHG WRJHWKHU WR IRUP WKH YHFWRU RI V\PEROV WR EH WUDQVPLWWHG� FDOOHG IUDPHV LQ WKH

SURJUDP�

,Q WKH QH[W VWHS� WKH WUDQVPLWWHG GDWD VHTXHQFH LV SXOVH VKDSHG ZLWK WKH VTXDUH�URRW UDLVHG

FRVLQH pOWHU WR IRUP WKH YHFWRU� Y� 7KLV YHFWRU LV WKHQ SDVVHG WR WKH FKDQQHO� 7KH RXWSXW

RI WKH FKDQQHO LV FUHDWHG LQ D IHZ VWHSV� 7KH pUVW LV WR WDNH WKH WUDQVPLWWHG VLJQDO DQG

PXOWLSO\ LW ZLWK WKH pUVW UD\
V FKDQQHO HQYHORSH� 7KH VDPH WUDQVPLWWHG VLJQDO LV GHOD\HG

E\ WKH UHTXHVWHG GHOD\ DQG PXOWLSOLHG E\ WKH VHFRQG FKDQQHO HQYHORSH WR IRUP WKH VHFRQG

UD\� 7KH WZR UD\V DUH WKHQ DGGHG WRJHWKHU� WR IRUP WKH VLJQDO SRUWLRQ RI WKH RXWSXW RI WKH

FKDQQHO� 7KH HQWLUH SURFHVV LV SHUIRUPHG ZLWK WKH IROORZLQJ OLQH RI FRGH�

\  FK�� e Y� FK�� e >]HURV���GHOD\��Y�� � QXPV\P e VSV� � e GHOD\0)b GHOD\�@�

������

7KLV IRUPV WKH VLJQDO SRUWLRQ RI WKH RXWSXW RI WKH FKDQQHO� 7KH QRLVH SRUWLRQ ZLOO EH DGGHG

ODWHU RQ�

,W VKRXOG EH QRWHG WKDW RQO\ WKH HQYHORSH RI HDFK UD\ ZDV FRQVLGHUHG ZKHQ SDVVLQJ WKH VLJQDO

WKURXJK WKH FKDQQHO� QR SKDVH LQIRUPDWLRQ ZDV LQFOXGHG� ,W LV GLrFXOW WR PRGHO KRZ DQ

DFWXDO V\VWHP ZRXOG WUDFN D WZR�UD\ VLJQDO OLNH WKLV� 7KH UHFHLYHU ZRXOG PRVW OLNHO\ WUDFN

WKH VWURQJHVW UD\� 6LQFH WKLV ZRXOG EH GLrFXOW WR PRGHO� LW LV DVVXPHG IRU WKH SXUSRVHV RI

WKLV VLPXODWLRQ WKDW WKH UHFHLYHU LV SHUIHFWO\ V\QFKURQL]HG ZLWK WKH pUVW UD\ DQG WKDW WKH

SKDVH RI WKH VHFRQG UD\ GRHV QRW FRPH LQWR SOD\� 7KRXJK WKLV LV D ORRVH DVVXPSWLRQ WR

PDNH� LW LV DGHTXDWH IRU WKH SXUSRVHV RI WKLV VLPXODWLRQ�

2QFH WKH VLJQDO OHDYHV WKH FKDQQHO LW LV SDVVHG WKURXJK WKH PDWFKHG pOWHU DQG WKHQ VDPSOHG

WR IRUP WKH YHFWRU UVLJ�� 7KH YHFWRU LV WKHQ QRUPDOL]HG VR WKDW WKH HQHUJ\ SHU ELW LV VHW WR

XQLW\� 7KH QRLVH FRPSRQHQW RI WKH VLJQDO LV FUHDWHG E\ SDVVLQJ ZKLWH *DXVVLDQ QRLVH ZLWK

WKH FRUUHFW YDULDQFH WKURXJK WKH VDPH PDWFKHG pOWHU� VDPSOLQJ WKH RXWSXW� DQG WKHQ DGGLQJ
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WR VDPSOHV WR WKH VLJQDO SRUWLRQ RI WKH UHFHLYHG VLJQDO YHFWRU WR IRUP WKH FRPSOHWHG UHFHLYHG

VLJQDO YHFWRU U�� 7KH QRLVH SRUWLRQ RI WKH VLJQDO LV pOWHUHG VHSDUDWHO\ VR WKDW WKH VLJQDO

SRUWLRQ RI WKH UHFHLYHG VLJQDO FDQ EH QRUPDOL]HG EHIRUH WKH QRLVH LV DGGHG� 7KLV HQVXUHV

WKDW WKH DFWXDO (E 1� UDWLR ZLOO EH WKH VDPH DV ZKDW ZDV UHTXHVWHG�

7KH UHFHLYHG VLJQDO YHFWRU LV WKHQ SDVVHG WR WKH HTXDOL]HU� 7KH HTXDOL]HU RSHUDWHV RQ RQH

IUDPH RI GDWD DW D WLPH� $W WKH EHJLQQLQJ RI HDFK IUDPH� WKH HTXDOL]HU DGDSWV LWVHOI EDVHG

RQ NQRZOHGJH RI WKH WUDLQLQJ VHTXHQFH XVLQJ ZKLFKHYHU DOJRULWKP ZDV VSHFLpHG� 2QFH WKH

WUDLQLQJ VHTXHQFH KDV UXQ LWV FRXUVH� WKH pQDO WDS YDOXHV DUH VDYHG� 7KHVH WDSV DUH WKHQ XVHG

WR pOWHU WKH UHPDLQLQJ GDWD LQFOXGHG LQ WKH IUDPH� )RU WKLV VLPXODWLRQ� SHUIHFW GHFLVLRQ�

IHHGEDFN LV DVVXPHG� 7KLV PHDQV WKDW WKH IHHGEDFN SRUWLRQ RI WKH HTXDOL]HU RSHUDWHV RQ

WKH DFWXDO V\PEROV DQG QRW WKH V\PERO HVWLPDWHV� 7KRXJK WKLV LV QRW KRZ D UHDO V\VWHP

ZRUNV� WKLV PHWKRG LV XVHIXO LQ VLPXODWLRQ EHFDXVH LW DYRLGV WKH GLVDVWURXV HoHFWV RI HUURU

SURSDJDWLRQ� 7KH %(5 HVWLPDWHV ZLOO EH ORZHU WKDQ LI V\PERO HVWLPDWHV ZHUH XVHG� EXW LW

SURYLGHV PRUH FRQVLVWHQW UHVXOWV�

7KLV SURFHGXUH LV UHSHDWHG IRU HDFK IUDPH XQWLO DOO WKH IUDPHV KDYH SDVVHG WKURXJK WKH

HTXDOL]HU� 7KH pQDO VWHS WDNHQ E\ WKH SURFHVVRU LV WR FDOFXODWH WKH QXPEHU RI HUURUV IRU

ERWK WKH HTXDOL]HG GDWD DQG WKH QRQHTXDOL]HG GDWD DQG FRPSXWH WKH %(5V IRU HDFK� %RWK

WKH QXPEHU RI HUURUV DQG WKH %(5V ZLOO EH GLVSOD\HG LQ WKH ZRUNVSDFH�

SRVWSURFHVVRU

7KH SRVWSURFHVVRU LQFOXGHG ZLWK WKLV VLPXODWLRQ� PEOGIHSRVW�P� LV YHU\ VLPLODU WR WKH

RQH LQFOXGHG ZLWK WKH DGDSWLYH GHFLVLRQ�IHHGEDFN VLPXODWLRQ� 0DQ\ RI WKH VDPH SORWV DUH

DYDLODEOH� VXFK DV FRQVWHOODWLRQ SORWV� D SORW RI WKH VTXDUH HUURU� D SORW RI WKH WDS FRQYHUJHQFH�

DQG DQ DQLPDWLRQ RI WKH WDS ZHLJKWV YDU\LQJ ZLWK WLPH� 7KH SORWV RI WKH WDSV DQG RI WKH

VTXDUHG HUURU RQO\ LQFOXGH YDOXHV FRPSXWHG GXULQJ WKH pQDO WUDLQLQJ VHTXHQFH� $QRWKHU

DYDLODEOH SORW� H[FOXVLYH WR WKH VLPXODWLRQV RI WKH PRELOH UDGLR FKDQQHO� LV RI WKH HQYHORSHV

RI WKH WZR UD\V� $Q H[DPSOH RI WKLV LV VKRZQ EHORZ LQ )LJXUH ����

7KLV SORW LQGLFDWHV KRZ VWURQJ WKH GLUHFW UD\ LV FRPSDUHG WR WKH LQWHUIHULQJ UD\ DW DQ\ SRLQW
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LQ WLPH� 7KH VWURQJHU WKH VHFRQG UD\ LV� WKH PRUH VHYHUH WKH LQVWDQWDQHRXV ,6, ZLOO EH�

8VHUV RI WKH VLPXODWLRQ DUH HQFRXUDJHG WR H[SHULPHQW ZLWK WKH PDQ\ GLoHUHQW SDUDPHWHUV

DYDLODEOH WR WKHP� 2I SDUWLFXODU LQWHUHVW LV WKH OHQJWK RI WKH GDWD VHTXHQFH LQ UHODWLRQ WR

WKH IDGLQJ UDWH� :LWK VKRUWHU GDWD OHQJWKV� WKH HTXDOL]HU LV DEOH WR WUDLQ PRUH RIWHQ DQG

SURYLGH PRUH DFFXUDWH WDSV IRU HDFK IUDPH RI GDWD� 8VHUV VKRXOG UXQ WKH VLPXODWLRQ IRU RQH

VHW IDGLQJ UDWH DQG WKHQ YDU\ WKH GDWD OHQJWK SDUDPHWHU DQG REVHUYH WKH FKDQJH LQ WKH %(5

RI WKH HTXDOL]HG GDWD� 7KH %(5 VKRXOG LQFUHDVH VLJQLpFDQWO\ DV WKH GDWD OHQJWK LQFUHDVHV�

$QRWKHU SDUDPHWHU WKDW VKRXOG EH H[DPLQHG LV WKH QXPEHU RI IHHGEDFN WDSV� 6RPHWLPHV

ZKHQ WKHUH DUH PRUH WDSV WKDQ LQWHUIHULQJ V\PEROV� WKH HTXDOL]HU ZLOO LQWURGXFH VRPH RI LWV

RZQ ,6, EHFDXVH RI LPSHUIHFW WDS YDOXHV� 8VHUV VKRXOG LQFUHDVH WKH QXPEHU RI IHHGEDFN WDSV

EH\RQG WKH GHOD\ RI WKH VHFRQG UD\ DQG H[DPLQH LWV HoHFW RQ WKH SHUIRUPDQFH RI WKH V\VWHP�

����� 0 /6( ( TXDOL]DWLRQ IRU D 0 RELOH 5DGLR &KDQQHO

7KH VHFRQG VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU PRGHOV D PRELOH UDGLR V\VWHP XVLQJ DQ

0/6( HTXDOL]HU WR FRPSHQVDWH IRU ,6,� ,W LV RUJDQL]HG PXFK OLNH WKH ')( HTXDOL]HU V\VWHP�

$ PRELOH %36. V\VWHP LV PRGHOHG� EXW LQ WKLV FDVH DQ 0/6( HTXDOL]HU DQG FKDQQHO HVWL�

PDWRU LV XVHG LQ SODFH RI WKH ')(� ,W XVHV WKH WZR�UD\ PRGHO WR UHSUHVHQW WKH FKDQQHO DQG

DOVR EUHDNV WKH GDWD GRZQ LQWR IUDPHV WKDW FRQVLVW RI ERWK WKH WUDLQLQJ VHTXHQFH DQG GDWD

V\PEROV� +RZHYHU� LQVWHDG RI GHWHUPLQLQJ HTXDOL]HU WDSV GXULQJ WKH WUDLQLQJ VHTXHQFH� WKH

FKDQQHO UHVSRQVH LV HVWLPDWHG VR WKDW LW FDQ EH XVHG E\ WKH 0/6( HTXDOL]HU GXULQJ WKH GDWD

SRUWLRQ RI WKH IUDPH� 7KH GLUHFW�IRUP UHFHLYHU LV XVHG LQ WKLV VLPXODWLRQ� 7KLV PHDQV WKDW

WKH pOWHU LQ IURQW RI WKH HTXDOL]HU LV p[HG DQG WKH 0/6( HTXDOL]HU XVHV D (XFOLGHDQ GLVWDQFH

FDOFXODWLRQ WR FRPSXWH LWV PHWULFV�

7KH SUHSURFHVVRU IRU WKLV VLPXODWLRQ�PEOPOVHSUH�P LV DOPRVW LGHQWLFDO WR WKH SUHSURFHVVRU

XVHG E\ WKH ')( VLPXODWLRQ� 7KH RQO\ GLoHUHQFH LV WKDW LQVWHDG RI DVNLQJ IRU WKH QXPEHU RI

WDSV LQ WKH IHHGIRUZDUG DQG IHHGEDFN pOWHUV� LW DVNV IRU WKH QXPEHU RI ,6, WHUPV WR DFFRXQW

IRU� $OO WKH RWKHU SDUDPHWHU UHTXHVWV DUH H[DFWO\ WKH VDPH� 0XFK OLNH LQ WKH ')( V\VWHP�

WKH OHQJWK RI WKH GDWD VHTXHQFH LV DQ LPSRUWDQW SDUDPHWHU WR FRQVLGHU� ,I LW LV PDGH WRR
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ORQJ� WKH FKDQQHO HVWLPDWHV ZLOO EHFRPH OHVV DQG OHVV YDOLG DV WKH IUDPH SURJUHVVHV DQG WKH

HTXDOL]HU ZLOO QRW EH DEOH WR SHUIRUP DV ZHOO� )RU WKLV UHDVRQ WKH QXPEHU RI GDWD V\PEROV

SHU IUDPH VKRXOG EH NHSW WR D VPDOO QXPEHU� HVSHFLDOO\ ZKHQ WKH IDGH UDWH RI WKH FKDQQHO

LV KLJK�

7KH SURFHVVRU RI WKLV VLPXODWLRQ� FDOOHG PEOPOVHSURF�P� LV DOVR YHU\ VLPLODU WR WKH ')(

SURFHVVRU� 7KH GLoHUHQFHV EHJLQ DIWHU WKH UHFHLYHG GDWD KDV EHHQ QRUPDOL]HG DQG QRLVH LV

DGGHG ZLWK LW WR IRUP WKH UHFHLYHG GDWD YHFWRU� U�� $W WKLV SRLQW HDFK IUDPH RI GDWD LV

F\FOHG WKURXJK� 'XULQJ WKH WUDLQLQJ VHTXHQFH SRUWLRQ RI WKH IUDPH� FKDQQHO HVWLPDWHV DUH

PDGH XVLQJ RQH RI WKH WZR DGDSWLYH DOJRULWKPV� 7KH DOJRULWKP WKDW LV XVHG LV VHW LQ WKH

SUHSURFHVVRU DORQJ ZLWK WKH VWHSVL]H SDUDPHWHU WKDW DFFRPSDQLHV LW�

'XULQJ WKH GDWD SRUWLRQ RI WKH IUDPH� WKH UHFHLYHG GDWD LV SDVVHG WR WKH POVH�P IXQFWLRQ

WKDW KDV EHHQ XVHG LQ DOO WKH 0/6( VLPXODWLRQ LQFOXGHG LQ WKLV ERRN� 7KLV IXQFWLRQ WDNHV

WKH UHFHLYHG GDWD DQG WKH FKDQQHO HVWLPDWHV DQG XVHV WKH 9LWHUEL DOJRULWKP WR GHWHUPLQH WKH

PRVW OLNHO\ VHTXHQFH RI GDWD IRU WKDW IUDPH� 2QFH WKLV VHTXHQFH LV GHWHUPLQHG� LW LV SDVVHG

EDFN WR WKH SURFHVVRU SURJUDP� 2QFH DOO WKH IUDPHV KDYH EHHQ HTXDOL]HG� WKH SURJUDP

FRPSDUHV WKH HVWLPDWHG GDWD WR WKH DFWXDO GDWD DQG GHWHUPLQHV KRZ PDQ\ HUURUV RFFXUHG�

,W WKHQ FRPSXWHV %(5V IRU ERWK WKH HVWLPDWHG GDWD XVLQJ HTXDOL]DWLRQ DQG WKH V\PERO

HVWLPDWHV WKDW GLG QRW XVH HTXDOL]DWLRQ� %RWK WKHVH YDOXHV DUH GLVSOD\HG RQ WKH ZRUNVSDFH

ZKHQ WKH SURFHVVRU SURJUDP pQLVKHV�

7KH SRVWSURFHVVRU� PEOPOVHSRVW�P DOVR LQFOXGHV PDQ\ RI WKH VDPH SORWV DV WKDW RI WKH

')( VLPXODWLRQ� 7KH DUH VRPH GLoHUHQFHV� KRZHYHU� 2QH GLoHUHQFH LV WKDW WKLV SRVWSURFHV�

VRU KDV JUDSKV DQG DQ DQLPDWLRQ RI WKH FKDQQHO HVWLPDWHV PDGH GXULQJ WKH pQDO WUDLQLQJ

VHTXHQFH LQ SODFH RI SORWV RI WKH HTXDOL]HU WDSV� 7KLV SURJUDP DOVR SURYLGHV D SORW RI WKH

0/6( WUHOOLV FRPSXWHG GXULQJ WKH pQDO IUDPH� 7KLV SORW LV XVHIXO EHFDXVH \RX FDQ VHH

H[DFWO\ ZKHUH WKH HTXDOL]HU PDGH LQFRUUHFW GHFLVLRQV DQG KRZ WKRVH HUURUV DoHFWHG WKH

UHPDLQLQJ GHFLVLRQV�

%HFDXVH WKLV 0/6( VLPXODWLRQ DQG WKH ')( SURJUDP DUH VR VLPLODU� XVHUV VKRXOG XVH WKH

VLPXODWLRQV WR FRPSDUH WKH SHUIRUPDQFH RI WKH WZR HTXDOL]DWLRQ WHFKQLTXHV� 7KLV FDQ EH

GRQH E\ VHWWLQJ WKH FKDQQHO FRQGLWLRQV DQG V\VWHP SDUDPHWHUV WR VLPLODU YDOXHV IRU HDFK
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VLPXODWLRQ DQG WKHQ GHWHUPLQLQJ WKH HTXDOL]HG GDWD
V %(5 IRU ERWK V\VWHPV� 8VHUV FDQ DOVR

PHDVXUH DQG FRPSDUH WKH SHUIRUPDQFH RI HDFK HTXDOL]HU DIWHU FKDQJLQJ SDUDPHWHUV VXFK DV

WKH DPRXQW RI QRLVH DGGHG WR WKH VLJQDO DQG WKH OHQJWK RI WKH GDWD IUDPHV� 7KLV WHFKQLTXH

FDQ EH XVHG WR VHH LI HDFK RI WKHVH IDFWRUV KDV D JUHDWHU DoHFW RQ RQH HTXDOL]HU VWUXFWXUH

RYHU WKH RWKHU�

����� 6LPXODWLRQ RI D 'HFLVLRQ�)HHGEDFN ( TXDOL]HU XVHG LQ D 86'& 6\V�

WHP

7KH pQDO VLPXODWLRQ LQFOXGHG ZLWK WKLV FKDSWHU PRGHOV D GHFLVLRQ�IHHGEDFN HTXDOL]HU XVHG LQ

D V\VWHP FRQIRUPLQJ WR WKH 8QLWHG 6WDWHV 'LJLWDO &HOOXODU 6\VWHP VWDQGDUG� 7KH VLPXODWLRQ

LV VLPLODU WR WKH SUHYLRXV ')( VLPXODWLRQ� EXW LQFOXGHV PDQ\ FKDQJHV� 7KH pUVW LV WKDW

436. PRGXODWLRQ LV XVHG LQ SODFH RI %36. PRGXODWLRQ� 7KLV LV QRW D GUDVWLF FKDQJH� ,W

MXVW PHDQV WKDW WKHUH ZLOO EH WZR ELWV SHU V\PERO DQG WKH V\PEROV ZLOO EH FRPSOH[ YDOXHG�

$QRWKHU GLoHUHQFH LV WKDW WKH ')( LQ WKLV FDVH ZLOO RSHUDWH LQ D GHFLVLRQ�GLUHFWHG PRGH�

7KLV PHDQV WKDW WKH HTXDOL]HU WDSV ZLOO EH FRQWLQXRXVO\ XSGDWHG� 7KH DGYDQWDJH WR WKLV

PHWKRG LV WKDW WKH HTXDOL]HU FDQ XVH WDSV EDVHG RQ WKH FXUUHQW FKDQQHO FRQGLWLRQV LQVWHDG

RI XVLQJ WDSV FRPSXWHG VHYHUDO V\PERO SHULRGV EDFN� 7KH GLVDGYDQWDJH LV WKDW WKLV PHWKRG

LV PXFK PRUH FRPSXWDWLRQDOO\ LQWHQVLYH WKHQ WKH QRQGHFLVLRQ�GLUHFWHG PHWKRG� HVSHFLDOO\

ZKHQ WKH FRPSOH[ 5/6 DOJRULWKP LV XVHG�

7KH RWKHU FKDQJH LV WKDW WKH GHIDXOW YDOXHV LQ WKH SUHSURFHVVRU� FDOOHG PEOGIH�SUH�P� DUH

VHW WR WKH V\VWHP SDUDPHWHUV RI WKH 86'& V\VWHP� 7KLV LQFOXGHV VHWWLQJ WKH V\PERO UDWH

WR ���� NVSV� WKH OHQJWK RI WKH WUDLQLQJ VHTXHQFH WR �� V\PEROV� DQG WKH OHQJWK RI WKH GDWD

VHTXHQFH WR ��� V\PEROV� 7KH 'RSSOHU IUHTXHQF\ LV VHW WR �� +] ZKLFK LV WKH DSSUR[LPDWH

'RSSOHU VKLIW RI D YHKLFOH PRYLQJ DW �� NSK EURDGFDVWLQJ RQ D FDUULHU RI ��� 0+]� 7KH GHOD\

VSUHDG RI PRVW FKDQQHOV ZLOO FDXVH OLWWOH ,6, LQ D 86'& V\VWHP EHFDXVH RI LWV UHODWLYHO\ ORZ

V\PERO UDWH� +RZHYHU� FHUWDLQ XUEDQ FKDQQHOV FDQ FDXVH VLJQLpFDQW ,6, LQ DGMDFHQW V\PEROV�

)RU WKLV UHDVRQ WKH GHOD\ RI WKH VHFRQG UD\ VKRXOG EH NHSW WR DURXQG RQH V\PERO SHULRG ���

VDPSOHV��

7KH SURFHVVRU SURJUDP� PEOGIH�SURF�P RI WKLV VLPXODWLRQ LV LGHQWLFDO WR WKDW RI WKH SUH�
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YLRXV ')( VLPXODWLRQ XQWLO WKH HTXDOL]HU VHFWLRQ� EXW HYHQ KHUH WKH GLoHUHQFHV DUH VPDOO�

7KH QRUPDO DGDSWLRQ RI WKH HTXDOL]HU WDSV GXULQJ WKH WUDLQLQJ VHTXHQFH LV WKH VDPH� 7KH

FKDQJH FRPHV GXULQJ WKH GDWD VHTXHQFH� 7KLV VHFWLRQ LV YHU\ VLPLODU WR WKH WUDLQLQJ VHTXHQFH

VHFWLRQ H[FHSW WKDW WKH V\PERO HVWLPDWHV DUH XVHG LQ SODFH RI WKH WUDLQLQJ V\PEROV ZKHQ

FRPSXWLQJ WKH HUURU VLJQDO� 2QFH WKH HTXDOL]HU pQLVKHV� WKH QXPEHU RI HUURUV DUH FRXQWHG

DQG WKH %(5 LV FRPSXWHG DQG GLVSOD\HG IRU ERWK WKH QRQHTXDOL]HG DQG HTXDOL]HG GDWD�

7KH SORWV DYDLODEOH ZLWK WKH SRVWSURFHVVRU SURJUDP RI WKLV VLPXODWLRQ� PEOGIH�SRVW�P�

DUH WKH VDPH DV WKRVH DYDLODEOH ZLWK WKH RWKHU ')( SRVWSURFHVVRU� 7KH RQO\ GLoHUHQFH LV

WKDW WKH SORWV RI WKH VTXDUH HUURU� WKH SORW RI WKH WDSV� DQG WKH WDS DQLPDWLRQ� GLVSOD\ YDOXHV

IRU WKH HQWLUH VWUHDP RI GDWD DQG QRW MXVW WKH WUDLQLQJ VHTXHQFH� 7KHVH DUH LPSRUWDQW SORWV

EHFDXVH WKH\ GLVSOD\ KRZ ZHOO WKH DGDSWLRQ DOJRULWKP ZRUNV ZLWK HVWLPDWHG V\PEROV DV ZHOO

DV WKH NQRZQ V\PEROV RI WKH WUDLQLQJ VHTXHQFH� 7KLV SORW LV DOVR XVHIXO LQ XQGHUVWDQGLQJ

KRZ WKH HTXDOL]HU ZRUNV ZKHQ WKH GLUHFW FKDQQHO UD\ LV LQ D GHHS IDGH�

$Q H[DPSOH RI WKH VTXDUHG�HUURU SORW DQG WKH WDS DGMXVWPHQW SORW DUH VKRZQ EHORZ LQ

)LJXUHV ��� DQG ����

$QRWKHU SRVWSURFHVVRU LWHP RI LQWHUHVW LV WKH DQLPDWLRQ RI WKH WDSV RYHU WLPH� )RU WKH

SUHYLRXV ')( VLPXODWLRQ� LI WKH WUDLQLQJ VHTXHQFH ZDV VKRUW� WKH WDS DQLPDWLRQ RQO\ UDQ

IRU D IUDFWLRQ RI D VHFRQG� 1RZ WKDW WKHUH DUH PDQ\ PRUH WDS YHFWRUV� WKH DQLPDWLRQ UXQV

IRU D ORQJ WLPH DQG SURYLGHV JRRG LQVLJKW LQWR WKH DGDSWLRQ RI WKH HTXDOL]HU�

7KHUH DUH VHYHUDO DVSHFWV RI WKLV V\VWHP WKDW FDQ EH H[DPLQHG ZLWK WKLV VLPXODWLRQ� 2QH

DVSHFW WR ORRN DW LV KRZ WKH OHQJWK RI WKH WUDLQLQJ VHTXHQFH DoHFWV WKH SHUIRUPDQFH RI WKH

HTXDOL]HU� 7KH VDPH KROGV WUXH IRU WKH OHQJWK RI WKH GDWD VHTXHQFH� )LQDOO\� XVHUV FDQ DOVR

H[SHULPHQW ZLWK WKH WZR DGDSWLYH DOJRULWKPV WR VHH KRZ HDFK RQH DoHFWV WKH HTXDOL]HU
V

SHUIRUPDQFH�



&KDSWHU �� (TXDOL]DWLRQ IRU 0RELOH 5DGLR 6\VWHPV ���

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0

0.2

0.4

0.6

0.8

1

1.2

1.4
Square Error vs. Time

time [s]

S
qu

ar
e 

er
ro

r

)LJXUH ���� 3ORW RI 6TXDUHG (UURU IRU ')( XVLQJ WKH 5/6 $OJRULWKP LQ D 86'& 6\VWHP

�IP  �� +]� ��  7V� y  �����



&KDSWHU �� (TXDOL]DWLRQ IRU 0RELOH 5DGLR 6\VWHPV ���

0 0.05 0.1 0.15 0.2 0.25
−2

0

2

4

6

8

10
Plot of Tap Values (Real Part) vs. Time

time [s]

T
ap

 A
m

pl
itu

de

)LJXUH ���� 3ORW RI 7DS $GMXVWPHQW IRU ')( XVLQJ WKH 5/6 $OJRULWKP LQ D 86'& 6\VWHP

�IP  �� +]� ��  7V� y  �����



&KDSWHU �

$GDSWLYH $U U D\V

6R IDU WKLV ERRN KDV IRFXVHG SULPDULO\ RQ WKH XVH RI GLoHUHQW HTXDOL]DWLRQ WHFKQLTXHV WR

FRPSHQVDWH IRU LQWHUV\PERO LQWHUIHUHQFH FDXVHG D PXOWLSDWK FKDQQHO� ,6, LV QRW WKH RQO\

SKHQRPHQRQ WKDW FDQ GHJUDGH WKH SHUIRUPDQFH RI D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP� $Q�

RWKHU PDMRU LPSHGLPHQW WR VXFK D V\VWHP LV FR�FKDQQHO LQWHUIHUHQFH� 7KLV W\SH RI LQWHUIHU�

HQFH RFFXUV ZKHQ WZR GLoHUHQW WUDQVPLWWHUV EURDGFDVW RQ D VLPLODU FDUULHU IUHTXHQF\ LQ WKH

VDPH JHRJUDSKLF YLFLQLW\�

&R�FKDQQHO LQWHUIHUHQFH LV YHU\ FRPPRQ LQ FHOOXODU SKRQH V\VWHPV ZKHUH IUHTXHQFLHV DUH

UHXVHG IURP RQH FHOO WR WKH QH[W� 6LJQDOV WHQG WR ?OHDN� IURP QHDUE\ FHOOV DQG LQWHUIHUH ZLWK

WKH VLJQDOV ZLWKLQ D FHOO�

:LUHOHVV HQJLQHHUV KDYH GHYHORSHG VHYHUDO WHFKQLTXHV WR FRPEDW WKLV W\SH RI LQWHUIHUHQFH�

2QH VXFK WHFKQLTXH LV WKH XVH RI GLUHFWLRQDO DQWHQQDV� 7KHVH DQWHQQDV DUH XVHG WR GLYLGH

FHOOV LQWR VHFWRUV VR WKDW WKH\ UHFHLYH LQWHUIHUHQFH DQG RWKHU GLVWRUWLRQV IURP RQO\ FHUWDLQ

GLUHFWLRQV� 7KLV JUHDWO\ LPSURYHV WKH SHUIRUPDQFH RI WKH V\VWHP� $QRWKHU WHFKQLTXH WKDW

LV UHODWHG WR VHFWRULQJ� EXW LV PXFK PRUH SRZHUIXO LV WKH XVH RI DGDSWLYH DQWHQQD DUUD\V�

$GDSWLYH DUUD\V DUH EHWWHU WKHQ GLUHFWLRQDO DQWHQQDV EHFDXVH WKH\ DUH QRW OLPLWHG WR UHFHLYH

VLJQDOV LQ RQH GLUHFWLRQ RQO\� EXW DUH DEOH WR HOHFWURQLFDOO\ ?VWHHU� WKHPVHOYHV WR PLQLPL]H

LQWHUIHUHQFH FDXVHG E\ RWKHU PRELOHV� 7KH\ FDQ DOVR DGDSW WR FRPELQH RU UHMHFW PXOWLSDWK

FRPSRQHQWV RI D VLJQDO�

���
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$GDSWLYH DUUD\V KDYH RWKHU XVHV LQ PRELOH FRPPXQLFDWLRQV� 2QH LGHD WKDW KDV MXVW UHFHQWO\

HYROYHG LV WKH XVH RI DUUD\V LQ D PXOWLSOH DFFHVV WHFKQLTXH FDOOHG 6SDWLDO 'LYLVLRQ 0XOWLSOH

$FFHVV �6'0$�� ,Q 6'0$ PRELOHV RSHUDWH RQ WKH VDPH FDUULHU IUHTXHQF\ DQG WLPH VORW�

DQG DUH GLoHUHQWLDWHG IURP HDFK RWKHU E\ WKHLU ORFDWLRQ LQ WKH FHOO� $GDSWLYH DUUD\V DUH

XVHG WR WUDFN HDFK XVHU DQG PDLQWDLQ D VWURQJ OLQN DV WKH XVHU PRYHV WKURXJK WKH FHOO�

$GDSWLYH DUUD\V DUH GLVFXVVHG LQ WKLV ERRN EHFDXVH RI WKH PDQ\ VLPLODULWLHV WKH\ VKDUH ZLWK

DGDSWLYH HTXDOL]HUV� $Q DGDSWLYH DUUD\ KDV D VWUXFWXUH YHU\ VLPLODU WR WKDW RI D OLQHDU

HTXDOL]HU� 7KH GLoHUHQFH LV WKDW HDFK WDS RI D OLQHDU HTXDOL]HU RSHUDWHV RQ VLJQDO VDPSOHV

GHOD\HG E\ D FHUWDLQ DPRXQW RI WLPH ZKLOH WKH WDSV RI DQ DGDSWLYH DUUD\ RSHUDWH RQ VLJQDOV

IURP DQWHQQDV WKDW DUH VHSDUDWHG E\ D FHUWDLQ DPRXQW RI GLVWDQFH� %RWK WHFKQLTXHV DOVR

XVH VLPLODU DOJRULWKPV WR DGDSW WKHPVHOYHV� 7KH /06� 5/6� DQG DOJRULWKPV EDVHG RQ WKHVH

WZR DUH RIWHQ XVHG ZLWK DGDSWLYH DUUD\ V\VWHPV�

7KLV FKDSWHU ZLOO EHJLQ ZLWK DQ LQWURGXFWLRQ WR DQWHQQD DUUD\V DQG DQWHQQD SDWWHUQV� ,W ZLOO

WKHQ GLVFXVV KRZ WKHVH DQWHQQD DUUD\V FDQ EH PDGH DGDSWLYH DQG KRZ WKH GLoHUHQW DGDSWLYH

DOJRULWKPV ZRUN ZLWK WKLV WHFKQLTXH� 7KH FKDSWHU ZLOO FRQFOXGH ZLWK DQ H[SODQDWLRQ RQ KRZ

WR VLPXODWH DGDSWLYH DUUD\V DQG ZLOO H[DPLQH WKH VLPSOH DGDSWLYH DUUD\ VLPXODWLRQV WKDW

DFFRPSDQ\ WKLV FKDSWHU�

��� $QWHQQD $U U D\V

$Q DQWHQQD DUUD\ LV IRUPHG ZKHQ VHYHUDO DQWHQQDV DUH DUUDQJHG LQ D FHUWDLQ JHRPHWULF

SDWWHUQ DQG ZLUHG WRJHWKHU >��@� 7KH UHFHLYHG VLJQDO IURP HDFK LQGLYLGXDO DQWHQQD LQ WKH

DUUD\ LV ZHLJKWHG DQG WKHQ DGGHG WRJHWKHU ZLWK WKH VLJQDOV IURP WKH RWKHU DQWHQQDV� $

GLUHFWLRQDO SDWWHUQ FDQ EH FUHDWHG E\ FRQWUROOLQJ WKH ZHLJKWV DQG SKDVH VKLIWV DSSOLHG WR

WKH VLJQDO RI HDFK DQWHQQD� 7KLV DQWHQQD SDWWHUQ GHVFULEHV ZKLFK GLUHFWLRQV WKH DUUD\ LV WKH

PRVW VHQVLWLYH� 7KH DQWHQQDV LQ DQ DUUD\ FDQ EH DUUDQJHG LQ DQ\ SDWWHUQ� EXW LW LV PRVW

FRPPRQ WR DUUDQJH WKH DQWHQQDV LQ D VWUDLJKW OLQH� FDOOHG D OLQHDU DUUD\� ,W LV DOVR FRPPRQ

WR VSDFH WKH DQWHQQDV HTXDOO\� $Q H[DPSOH RI D OLQHDU DUUD\ LV VKRZQ LQ )LJXUH ����

7KH SDWWHUQ ZKLFK UHVXOWV IURP DQ DUUD\ RI DQWHQQDV LV FDOOHG WKH DUUD\ IDFWRU� 7KH DUUD\
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+HUH:P LV WKH ZHLJKW PDJQLWXGH SODFHG RQ WKHP�WK DQWHQQD LQ WKH DUUD\�0 LV WKH QXPEHU

RI HOHPHQWV LQ WKH DUUD\� G LV WKH GLVWDQFH EHWZHHQ DGMDFHQW HOHPHQWV LQ WKH DUUD\� � LV WKH

DQJOH RI WKH LQFRPLQJ ZDYH UHODWLYH WR WKH D[LV RI WKH DUUD\� DQG oP LV WKH DGGHG SKDVH

VKLIW� 7KH YDULDEOH p LV FDOOHG WKH ZDYHQXPEHU DQG LV IRXQG IURP WKH ZDYHOHQJWK� y� RI WKH

LQFRPLQJ VLJQDO�

p  
�}

y
�����

7KH FRPSOHWH DQWHQQD SDWWHUQ RI WKH DUUD\ LV WKH PXOWLSOLFDWLRQ RI WKH DUUD\ IDFWRU ZLWK WKH

SDWWHUQ UHVXOWLQJ IURP HDFK LQGLYLGXDO DQWHQQD� 7KH DQWHQQD SDWWHUQ RI D GLSROH DQWHQQD LV

WKH VDPH RYHU DOO DQJOHV RQ WKH SODQH SDUDOOHO WR WKH JURXQG� 7KHUHIRUH LI GLSROH DQWHQQDV

DUH XVHG LQ WKH DUUD\� WKH DUUD\ IDFWRU GHWHUPLQHV WKH VHQVLWLYLW\ RI WKH DUUD\ DW HDFK DQJOH�
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$Q H[DPSOH RI DQ DQWHQQD SDWWHUQ LV VKRZQ EHORZ LQ )LJXUH ����
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)LJXUH ���� $QWHQQD 3DWWHUQ IRU D )RXU (OHPHQW /LQHDU $UUD\

,Q WKLV H[DPSOH WKH DQWHQQD SDWWHUQ KDV PDQ\ GLoHUHQW EHDPV RU OREHV� 7KH WZR PDLQ EHDPV

H[WHQG LQ WKH ��r DQG ���r GLUHFWLRQV� 7KH DQWHQQD LV WKH PRVW VHQVLWLYH LQ WKHVH GLUHFWLRQV�

,Q RWKHU GLUHFWLRQV� VXFK DV �r LQ WKLV H[DPSOH� WKHUH H[LVW RWKHU EHDPV� FDOOHG VLGHOREHV�

ZKHUH WKH DQWHQQD LV VRPHZKDW VHQVLWLYH� EXW QRW QHDUO\ DV PXFK DV LQ WKH GLUHFWLRQ RI WKH

PDLQ EHDP� 7KHUH DUH DOVR DQJOHV IRU ZKLFK WKH VLJQDO LV VLJQLpFDQWO\ DWWHQXDWHG� DQJOHV

ZKHUH WKH UHFHLYHG VLJQDO LV RYHU �� G% EHORZ WKH SRZHU RI WKH PDLQ EHDP� 7KHVH DQJOHV

DUH FDOOHG WKH ?QXOOV� RI WKH DQWHQQD DUUD\� ,Q WKLV DQWHQQD SDWWHUQ� ��r LV DQ H[DPSOH RI D

QXOO� 1RWLFH WKDW WKH DQWHQQD SDWWHUQ LV V\PPHWULF DERXW WKH D[LV RI WKH DQWHQQD� ,I D QXOO

LV ORFDWHG DW ��r WKHQ WKHUH ZLOO EH D QXOO DW ���r DV ZHOO�

7KLV W\SH RI pOWHULQJ LV VSDWLDO DQG VKRXOG QRW EH FRQIXVHG ZLWK IUHTXHQF\ pOWHULQJ� 7KH

DQWHQQD DUUD\ DWWHQXDWHV VLJQDOV DUULYLQJ IURP VHOHFWHG DQJOHV LQFLGHQW XSRQ WKH DUUD\� ,W LV

QRW PHDQW WR DWWHQXDWH FHUWDLQ IUHTXHQF\ FRPSRQHQWV RI WKH VLJQDOV� ,Q D QRUPDO DQWHQQD

DUUD\� WKH ZHLJKWV RI HDFK DQWHQQD EUDQFK DUH FRQVWDQW YDOXHV� 7KLV FDXVHV WKH DQWHQQD

SDWWHUQ WR EH p[HG� :LWK DQ DGDSWLYH DQWHQQD� WKH ZHLJKWV RI WKH HOHPHQWV DUH DGMXVWDEOH

VR WKH DQWHQQD SDWWHUQ FDQ EH FKDQJHG RYHU WLPH� 7KLV ZD\ WKH DUUD\ FDQ EH HOHFWURQLFDOO\
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VWHHUHG VR WKDW WKH GHVLUHG VLJQDOV DUH LQ WKH GLUHFWLRQ WKH DUUD\ LV PRVW VHQVLWLYH DQG WKH

LQWHUIHULQJ VLJQDOV FRPH IURP GLUHFWLRQV WKDW DUH QXOOHG RXW E\ WKH DUUD\�

��� $GDSWLYH $QWHQQD $U U D\V

$QWHQQD DUUD\V DUH PDGH DGDSWLYH PXFK WKH VDPH WKDW HTXDOL]HUV DUH� %DVLFDOO\� DQ DOJR�

ULWKP LV XVHG WR DGMXVW WKH WDS YDOXHV RI WKH DUUD\ VXFK WKDW D FRVW IXQFWLRQ LV PLQLPL]HG�

$ GLDJUDP RI DQ DGDSWLYH DUUD\ LV VKRZQ EHORZ LQ )LJXUH ����

u (t)0

d(t)
e(t)

u (t)mu (t)1 u (t)M

w1 wm

ξ(t)

Σ

Σ

wMw0

-
+tap adjustment

algorithm

)LJXUH ���� 6WUXFWXUH RI DQ $GDSWLYH $UUD\

7KHUH DUH VHYHUDO SRVVLEOH FRVW IXQFWLRQV WKDW FDQ EH XVHG WR DGDSW WKH DUUD\� )RU H[DPSOH�

WKH 0D[ 615 WHFKQLTXH DGDSWV WKH DUUD\ XQWLO WKH PD[LPXP 615 LV DFKLHYHG� /LQHDUO\

&RQVWUDLQHG 0LQLPXP 9DULDQFH �/&09� LV DQRWKHU PHWKRG WKDW FDQ EH XVHG WR DGDSW

WKH DUUD\ >��@� +RZHYHU� ERWK WKH 615 DQG /&09 WHFKQLTXHV UHTXLUH DQJOH�RI�DUULYDO

�$2$� LQIRUPDWLRQ WKDW LV QRW DOZD\V NQRZQ EHIRUHKDQG� $ WHFKQLTXH WKDW GRHV QRW UHTXLUH

WKLV LQIRUPDWLRQ DQG WKH WHFKQLTXH PRVW FRPPRQO\ XVHG LV WKH PLQLPXP PHDQ VTXDUHG

HUURU �006(� WHFKQLTXH� 7KLV WHFKQLTXH PD[LPL]HV WKH VLJQDO TXDOLW\ E\ PLQLPL]LQJ WKH

GLoHUHQFH EHWZHHQ WKH GHVLUHG RXWSXW DQG WKH RXWSXW RI WKH DUUD\ PXFK OLNH WKH 006(

WHFKQLTXH XVHG E\ DQ DGDSWLYH HTXDOL]HU�

7KH 006( WHFKQLTXH DWWHPSWV WR PLQLPL]H WKH HUURU EHWZHHQ WKH VLJQDO WKDW LV UHFHLYHG
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DQG WKH GHVLUHG VLJQDO� 7KH PHDQ�VTXDUH HUURU LV GHpQHG DV

-�Z�  ( >Mt�W�b G�W�M@� � �����

,Q WKLV HTXDWLRQ -�Z� LV WKH PHDQ�VTXDUHG HUURU DQG LV D IXQFWLRQ RI WKH ZHLJKW YHFWRU� t�W�

LV WKH RXWSXW RI WKH DUUD\� DQG G�W� LV WKH GHVLUHG VLJQDO� 0RVW RIWHQ WKH GHVLUHG VLJQDO DQG

RXWSXW VLJQDO ZLOO EH VDPSOHG EHIRUH WKH 06( LV IRXQG� ,Q WKLV FDVH WKH VDPSOHG VLJQDOV

tQ  t�Q7 � DQG GQ  G�Q7 �� ZKHUH 7 LV WKH VDPSOH SHULRG� ZLOO EH XVHG LQ SODFH RI t�W�

DQG G�W�� $Q DGYDQWDJH RI WKH 006( PHWKRG LV WKDW LW GRHV QRW UHTXLUH NQRZOHGJH RI

WKH ORFDWLRQ DQG SRZHU RI WKH PRELOHV� $ GLVDGYDQWDJH RI WKH 006( WHFKQLTXH LV WKDW WKH

GHVLUHG VLJQDO RU DW OHDVW D SRUWLRQ RI WKH GHVLUHG VLJQDO QHHGV WR EH NQRZQ E\ WKH UHFHLYHU�

)RU WKLV UHDVRQ� WUDLQLQJ VHTXHQFHV VLPLODU WR WKRVH XVHG E\ DGDSWLYH HTXDOL]HUV DUH RIWHQ

VHQW WR DGDSW WKH DUUD\ EHIRUH DQ\ GDWD LV WUDQVPLWWHG�

����� 'HWHU PLQLQJ 2SWLPDO 7 DSV IRU 0 LQLPXP 0 HDQ�6TXDU H ( U U RU

:KHQ WKH DQJOH�RI�DUULYDO �$2$� DQG UHODWLYH SRZHU RI ERWK WKH GHVLUHG XVHU� FDOOHG WKH

VLJQDO�RI�LQWHUHVW �62,�� DQG WKH LQWHUIHUHUV� FDOOHG WKH VLJQDOV�QRW�RI�LQWHUHVW �612,�� DUH

NQRZQ� WKH RSWLPDO ZHLJKWV IRU WKH DUUD\ FDQ EH IRXQG� 7KLV PHWKRG LV VLPLODU WR FRPSXWLQJ

WKH RSWLPDO WDSV IRU D OLQHDU HTXDOL]HU IURP WKH FURVV�FRUUHODWLRQ YHFWRU DQG FRYDULDQFH

PDWUL[� 7KH IROORZLQJ VHW RI OLQHDU HTXDWLRQV DUH XVHG WR VROYH IRU WKH RSWLPDO DUUD\ WDSV�

DN���  

�
��������

�

D���N�
���

D0b���N�

�
��������
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,Q WKHVH HTXDWLRQV� DN��� LV FDOOHG WKH VWHHULQJ YHFWRU ZKLFK GHVFULEHV KRZ WKH DUUD\ UHFHLYHV

WKH N�WK XVHU� 3N LV WKH UHFHLYHG SRZHU RI WKH N�WK XVHU� �
�
Q LV WKH YDULDQFH RI WKH QRLVH� 5

LV WKH FRYDULDQFH PDWUL[ RI WKH UHFHLYHG GDWD� S LV WKH FURVV�FRUUHODWLRQ YHFWRU EHWZHHQ WKH

UHFHLYHG GDWD YHFWRU DQG WKH GHVLUHG UHVSRQVH� DQG ZN LV WKH YHFWRU RI WKH RSWLPDO FRPSOH[

DUUD\ ZHLJKWV IRU XVHU N�

����� 7 KH /0 6 DQG 5/6 $OJRU LWKPV

,W LV UDUH WKDW WKH $2$ DQG SRZHU RI WKH 62, DQG 612, DUH NQRZQ D SULRUL� ,I WKH\ DUH

QRW NQRZQ� DQ DGDSWLYH DOJRULWKP FDQ EH XVHG pQG WKH RSWLPDO ZHLJKWLQJ YHFWRU� 7KHUH DUH

VHYHUDO GLoHUHQW DGDSWLYH DOJRULWKPV WKDW FDQ EH XVHG WR DGDSW WKH DUUD\ WDSV� 0DQ\ RI WKHVH

DOJRULWKPV DUH EDVHG RQ WKH VDPH /06 DQG 5/6 DOJRULWKPV XVHG E\ DGDSWLYH HTXDOL]HUV�

7KHVH DOJRULWKPV DUH UHSHDWHG EHORZ LQ WKH QRWDWLRQ DVVRFLDWHG ZLWK WKH DGDSWLYH DUUD\

V\VWHP�

%RWK DOJRULWKPV EHJLQ E\ FRPSXWLQJ WKH UHFHLYHG VLJQDO� tQ�

tQ  Z+
Q XQ �����

+HUH� XQ LV WKH YHFWRU RI VDPSOHG RXWSXWV RI HDFK DUUD\ HOHPHQW DW VDPSOH SRLQW Q DQG ZQ

LV WKH YHFWRU RU DUUD\ ZHLJKWV�

1H[W WKH HUURU EHWZHHQ WKH GHVLUHG VLJQDO DQG WKH UHFHLYHG VLJQDO LV IRXQG�

�Q  GQ b tQ ������

7KH /06 DOJRULWKP� DIWHU WKLV VWHS� XSGDWHV WKH WDS YDOXHV�

ZQ��  ZQ � z�eQXQ ������

2QFH DJDLQ� z LV WKH VWHSVL]H RI WKH DOJRULWKP ZKLFK GHWHUPLQHV WKH VWDELOLW\ RI WKH DOJRULWKP

DQG FRQWUROV KRZ TXLFNO\ WKH DOJRULWKP FRQYHUJHV DQG WKH VL]H RI WKH H[FHVV 06(�

7KH 5/6 DOJRULWKP VWLOO KDV D IHZ PRUH FRPSXWDWLRQV EHIRUH LV XSGDWHV LWV WDS YDOXHV�

NQ  
3Qb�XQ

y� X+
Q 3Qb�XQ

������
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3Q  yb�
K
3Qb� b NQX

+
Q 3Qb�

L
������

2QFH WKHVH YDOXHV DUH GHWHUPLQHG� WKH WDS YDOXHV DUH XSGDWHG ZLWK WKH IROORZLQJ�

ZQ��  ZQ � NQ�
e
Q ������

%RWK WKH 3Q DQG ZQ YHFWRUV DUH LQLWLDOL]HG EHIRUH WKH DOJRULWKP EHJLQV� 7KH IRUJHWWLQJ

IDFWRU� y� DoHFWV WKH DOJRULWKP PXFK WKH VDPH ZD\ LW GRHV LQ DQ DGDSWLYH HTXDOL]HU� ,W LV

XVXDOO\ NHSW FORVH WR ��� IRU VWDWLRQDU\ FDVHV� EXW FDQ EH UHGXFHG LQ QRQVWDWLRQDU\ FDVHV WR

SURYLGH EHWWHU WUDFNLQJ�

��� 6LPXODWLRQ RI $GDSWLYH $U U D\V

7ZR 0$7/$% VLPXODWLRQV DUH LQFOXGHG ZLWK WKLV FKDSWHU WKDW PRGHO WKH WHFKQLTXHV DQG

DOJRULWKPV RI DQ DGDSWLYH DUUD\ V\VWHP� 7KH pUVW VLPXODWLRQ WDNHV WKH DQJOH�RI�DUULYDO

DQG SRZHU LQIRUPDWLRQ DERXW WKH GHVLUHG XVHU DQG LQWHUIHUHUV DQG pQGV WKH RSWLPDO DUUD\

ZHLJKWV WKDW PLQLPL]HV WKH PHDQ�VTXDUH HUURU EHWZHHQ WKH GHVLUHG VLJQDO DQG WKH UHFHLYHG

VLJQDO� ,Q WKH VHFRQG VLPXODWLRQ� WKH V\VWHP DGDSWV WKH WDS ZHLJKWV XVLQJ HLWKHU WKH /06

RU 5/6 DOJRULWKP WR pQG WKH PLQLPXP PHDQ�VTXDUH HUURU� 7KH V\VWHP GRHV QRW UHTXLUH

$2$ RU VLJQDO VWUHQJWK LQIRUPDWLRQ DERXW WKH PRELOHV LQ WKH HQYLURQPHQW� EXW GRHV UHTXLUH

D WUDLQLQJ VHTXHQFH WR DGDSW WKH WDSV�

����� )LQGLQJ WKH 2SWLPDO :HLJKWV

7KLV pUVW VLPXODWLRQ LV D UHODWLYHO\ VLPSOH RQH WKDW XVHV (TXDWLRQV ������� WR pQG WKH RSWLPDO

ZHLJKWV IRU WKH DUUD\� 7KH VLPXODWLRQ GRHV QRW PRGHO DQ\ W\SH RI FRPPXQLFDWLRQ V\VWHP

ZKHUH ELWV DUH EHLQJ WUDQPLWWHG EXW UDWKHU pQGV WKH DQWHQQD SDWWHUQ WKDW ZRXOG PLQLPL]H

WKH 06( EHWZHHQ D GHVLUHG VLJQDO DQG WKH UHFHLYHG VLJQDO� 7R VROYH IRU WKH RSWLPDO DUUD\

ZHLJKWV� WKH VLPXODWLRQ UHTXLUHV WKH $2$ DQG SRZHU OHYHO RI ERWK WKH GHVLUHG XVHU DQG

LQWHUIHUHU� $OVR QHHGHG LV LQIRUPDWLRQ DERXW WKH DUUD\ VXFK DV WKH QXPEHU RI HOHPHQWV DQG

WKH VSDFLQJ EHWZHHQ WKH HOHPHQWV� 7KLV LQIRUPDWLRQ FDQ EH HQWHUHG E\ WKH XVHU LQ WKH SUH�
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SURFHVVRU SURJUDP IRU WKLV VLPXODWLRQ FDOOHG DUUD\SUH�P� $Q H[DPSOH RI WKH SUHSURFHVVRU

LV VKRZQ EHORZ�

!! DUUD\SUH

(QWHU QXPEHU RI PRELOHV >�@� �

(QWHU 615 RI GHVLUHG XVHU LQ G% >��@�

(QWHU $QJOH RI $UULYDO RI GHVLUHG XVHU LQ GHJUHHV >��@� ��

(QWHU 615 RI LQWHUIHUHU �� LQ G% >��@�

(QWHU DQJOH RI LQWHUIHUHU �� LQ GHJUHHV >��@� ��

(QWHU 615 RI LQWHUIHUHU �� LQ G% >��@�

(QWHU DQJOH RI LQWHUIHUHU �� LQ GHJUHHV >���@� ���

(QWHU QXPEHU RI DUUD\ HOHPHQWV >�@�

(QWHU VSDFLQJ RI DQWHQQD HOHPHQWV LQ IUDFWLRQ RI ZDYHOHQJWKV >���@�

!!

:KDW LV LPSRUWDQW ZKHQ VROYLQJ IRU WKH RSWLPDO DUUD\ ZHLJKWV LV WKH SRZHU UDWLR EHWZHHQ

WKH GLoHUHQW XVHUV DQG WKH QRLVH OHYHO� 7KLV LV ZK\ WKH VLJQDO�WR�QRLVH UDWLR RI HDFK PRELOH

LV UHTXHVWHG� 7KH 615 WKDW LV UHTXHVWHG LV WKH YDOXH WKDW ZRXOG UHVXOW LI D VLQJOH RPQLGL�

UHFWLRQDO DQWHQQD ZDV XVHG ZLWK WKH V\VWHP LQVWHDG RI DQ DQWHQQD DUUD\� 7KH QRLVH OHYHO LV

FRQVLGHUHG WKH VDPH IRU HDFK UHFHLYHG VLJQDO VR WKH SRZHU UDWLR EHWZHHQ WKH LQWHUIHUHUV DQG

WKH GHVLUHG XVHU FDQ EH IRXQG E\ FRPSDULQJ WKH GLoHUHQW 615 YDOXHV�

%HVLGHV WKH SRZHU OHYHOV RI WKH PRELOHV DQG WKH QRLVH� WKH SUHSURFHVVRU DOVR UHTXHVWV LQ�

IRUPDWLRQ DERXW WKH DUUD\ VXFK DV WKH VSDFLQJ EHWZHHQ WKH HOHPHQWV RI WKH DUUD\� 7KLV

VSDFLQJ VKRXOG EH HQWHUHG LQ IUDFWLRQV RI ZDYHOHQJWKV� 7KLV PHDQV WKDW LI WKH VSDFLQJ LV KDOI

D ZDYHOHQJWK WKHQ ��� VKRXOG EH HQWHUHG� ,I WKH VSDFLQJ LV D TXDUWHU ZDYHOHQJWK WKHQ ����

VKRXOG EH HQWHUHG�

:LWK DOO WKH SDUDPHWHUV HQWHUHG� WKH SURFHVVRU SURJUDP� DUUD\SURF�P LV XVHG WR pQG WKH

RSWLPDO ZHLJKWV IRU WKH DUUD\� 7KH SURJUDP EHJLQV E\ pQGLQJ WKH YDULDQFH RI WKH QRLVH� 7KH

SRZHU RI WKH GHVLUHG XVHU LV VHW WR XQLW\ IRU FRQYHQLHQFH� 7KLV PHDQV WKDW WKH YDULDQFH RI

WKH QRLVH FKDQJHV GHSHQGLQJ RQ WKH 615 RI WKH GHVLUHG XVHU� 7KH SRZHUV RI HDFK LQWHUIHUHU
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LV VHW EDVHG RQ WKH GLoHUHQFH EHWZHHQ WKH 615 RI WKH GHVLUHG XVHU DQG WKH 615 RI WKH

LQGLYLGXDO LQWHUIHUHU�

2QFH WKH QRLVH YDULDQFH DQG SRZHU RI HDFK XVHU LV IRXQG� WKH SURFHVVRU FRPSXWHV WKH 3 DQG

D PDWULFHV EDVHG RQ WKHVH YDOXHV� 7KH 3 PDWUL[ LV DOO ]HURV H[FHSW RQ WKH GLDJRQDO ZKLFK

KROGV WKH SRZHU RI HDFK XVHU� 7KH D PDWUL[ KROGV WKH VWHHULQJ YHFWRUV IRU HDFK XVHU� ,W LV

IRXQG XVLQJ (TXDWLRQ ���� $IWHU WKHVH WZR PDWULFHV DUH IRXQG� WKH SURJUDP GHWHUPLQHV WKH

FRYDULDQFH PDWUL[ RI WKH UHFHLYHG GDWD� 5� DQG WKH FURVV�FRUUHODWLRQ YHFWRU RI WKH GHVLUHG

GDWD ZLWK WKH UHFHLYHG GDWD� S� 7KLV LV GRQH ZLWK WKH IROORZLQJ WZR FRPPDQGV�

5  � e D e3 e D� � QYDU e H\H�0�� ������

S  � e SZU���� e D������ ������

7KH SZU��� YDULDEOH KROGV WKH SRZHU RI WKH GHVLUHG XVHU DQG WKH D����� YHFWRU KROGV WKH

VWHHULQJ YHFWRU RI WKDW XVHU�

7KH RSWLPDO DUUD\ ZHLJKWV DUH WKHQ GHWHUPLQHG E\ PXOWLSO\LQJ WKH LQYHUVH RI 5 ZLWK S DV

JLYHQ LQ (TXDWLRQ ����

1RZ WKDW WKH RSWLPDO WDSV KDYH EHHQ IRXQG� LW LV XVHIXO WR GHWHUPLQH WKH DQWHQQD SDWWHUQ RI

WKH DUUD\ XVLQJ WKHVH WDSV� 7R GR WKLV� VWHHULQJ YHFWRUV DUH IRXQG IRU DQJOHV RI HDFK GHJUHH

DURXQG WKH DUUD\ IRU D WRWDO RI ��� VWHHULQJ YHFWRUV� 7KHVH YHFWRUV DUH VWRUHG WRJHWKHU LQ

WKH PDWUL[ DD� 7R pQG WKH DUUD\ IDFWRU� I� WKH YHFWRU RI RSWLPDO ZHLJKWV LV PXOWLSOLHG ZLWK

WKLV PDWUL[� 7KH UHVXOWLQJ YHFWRU GHVFULEHV WKH VHQVLWLYLW\ RI WKH DUUD\ LQ HDFK GLUHFWLRQ�

7KLV YHFWRU FDQ EH XVHG WR GHWHUPLQH WKH GLoHUHQFH LQ VHQVLWLYLW\ LQ WKH GLUHFWLRQ RI WKH GH�

VLUHG XVHU ZLWK WKH VHQVLWLYLW\ LQ WKH GLUHFWLRQ RI WKH LQWHUIHUHUV� 7KLV GLoHUHQFH LV GLVSOD\HG

RQ WKH ZRUNVSDFH RQFH WKH SURFHVVRU KDV pQLVKHG� $Q H[DPSOH LV VKRZQ EHORZ�

!! DUUD\SURF

&,  

������� �������� ��������

&,�  
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� �������� ��������

!!

7KH pUVW YHFWRU WKDW LV GLVSOD\HG� &,� LV WKH DWWHQXDWLRQ RI HDFK XVHU FRPSDUHG ZLWK WKH

PD[LPXP JDLQ RI WKH DUUD\ LQ G%� 7KH pUVW YDOXH LV WKH DWWHQXDWLRQ RI WKH GHVLUHG XVHU

DQG WKH UHPDLQLQJ YDOXHV DUH WKH DWWHQXDWLRQ RI WKH LQWHUIHUHUV� 7KH VHFRQG YHFWRU� &,��

GLVSOD\V WKH DWWHQXDWLRQ RI HDFK XVHU FRPSDUHG WR WKH GHVLUHG XVHU� $JDLQ� WKH pUVW YDOXH

LV WKH GHVLUHG XVHU� ZKLFK ZLOO DOZD\V EH ]HUR� DQG WKH UHPDLQLQJ YDOXHV DUH WKH UHODWLYH

DWWHQXDWLRQ RI HDFK LQWHUIHUHU�

7KH UHVXOWLQJ DQWHQQD SDWWHUQ RI WKH DUUD\ XVLQJ WKH RSWLPDO ZHLJKWV FDQ EH YLHZHG ZLWK

WKH SRVWSURFHVVRU RI WKH VLPXODWLRQ� DUUD\SRVW�P� 7KH YDOXHV RI WKH RSWLPDO DUUD\ ZHLJKWV

FDQ EH YLHZHG DV ZHOO� $Q H[DPSOH RI WKH DQWHQQD SDWWHUQ SORW LV VKRZQ LQ )LJXUH ����

7KLV LV WKH DQWHQQD SDWWHUQ WKDW UHVXOWV IURP WKH SDUDPHWHUV VHW LQ WKH SUHSURFHVVRU VKRZQ

SUHYLRXVO\�
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)LJXUH ���� 2SWLPDO $QWHQQD 3DWWHUQ

,Q WKLV SORW� WKH DQJOH RI DUULYDO RI WKH GHVLUHG XVHU LV VKRZQ DV D VROLG OLQH DQG WKH DQJOHV

RI DUULYDO RI WKH LQWHUIHUHUV LV UHSUHVHQWHG ZLWK D GDVKHG OLQH� ,Q WKLV H[DPSOH� WKH DUUD\ LV



&KDSWHU �� $GDSWLYH $UUD\V ���

DEOH WR SODFH LWV PDLQ OREH LQ WKH GLUHFWLRQ RI WKH GHVLUHG VLJQDO DQG LWV QXOOV LQ WKH GLUHFWLRQ

RI WKH LQWHUIHUHUV�

7KHUH DUH VHYHUDO SDUDPHWHUV UHDGHUV FDQ H[SHULPHQW ZLWK LQ WKLV VLPXODWLRQ� 2QH JRRG H[�

SHULPHQW LV WR YDU\ WKH QXPEHU RI HOHPHQWV LQ WKH DUUD\ ZKLOH NHHSLQJ WKH QXPEHU RI PRELOHV

FRQVWDQW� :KHQ WKHUH DUH PRUH PRELOHV WKHQ HOHPHQWV� WKH DUUD\ LV FRQVLGHUHG RYHUORDGHG

DQG FDQ KDYH GLrFXOW\ QXOOLQJ RXW DOO RI WKH LQWHUIHUHUV� :KHQ WKHUH DUH PRUH DUUD\ HOHPHQWV

WKDQ PRELOHV� WKH DUUD\ LV FRQVLGHUHG XQGHUORDGHG DQG FDQ DWWHQXDWH LQWHUIHUHUV PXFK PRUH�

����� 6LPXODWLRQ RI DQ $GDSWLYH $U U D\

$OVR LQFOXGHG ZLWK WKLV FKDSWHU LV D VLPXODWLRQ RI DQ DUUD\ WKDW XVHV DQ DGDSWLYH DOJRULWKP

WR pQG WKH EHVW SRVVLEOH DQWHQQD SDWWHUQ� 7KH V\VWHP EHLQJ PRGHOHG LQ WKLV VLPXODWLRQ XVHV

D WUDLQLQJ VHTXHQFH WR DGDSW WKH DUUD\ ZHLJKWV� 7KLV VLPXODWLRQ GLoHUV IURP WKH SUHYLRXV

RQH LQ WKDW LW PRGHOV GDWD EHLQJ UHFHLYHG E\ WKH DQWHQQD� 7KH SHUIRUPDQFH RI WKH DUUD\

V\VWHP FDQ WKHUHIRUH EH PHDVXUHG WKURXJK ERWK WKH DQWHQQD SDWWHUQ DQG %(5 FDOFXODWLRQV�

7KH SUHSURFHVVRU IRU WKLV VLPXODWLRQ� FDOOHG DDUUD\SUH�P� UHTXHVWV DOO WKH VDPH LQIRUPDWLRQ

DV WKH SUHYLRXV SUHSURFHVVRU� +RZHYHU� WKLV SUHSURFHVVRU DOVR UHTXHVWV LQIRUPDWLRQ DERXW

WKH DGDSWLYH DOJRULWKP� 7KLV LQIRUPDWLRQ LQFOXGHV WKH W\SH RI DOJRULWKP XVHG� HLWKHU /06

RU 5/6� DQG WKH SDUDPHWHU IRU HDFK DOJRULWKP� ,W DOVR UHTXHVW WKH OHQJWK RI WKH WUDLQLQJ

VHTXHQFH DQG KRZ PDQ\ DFWXDO V\PEROV VKRXOG EH UXQ E\ WKH SURFHVVRU SURJUDP LQ DGGLWLRQ

WR WKH WUDLQLQJ VHTXHQFH�

7KH SURFHVVRU SURJUDP� DDUUD\SURF�P EHJLQV E\ GHWHUPLQLQJ WKH SRZHU OHYHOV RI WKH LQ�

WHUIHUHUV WR WKH GHVLUHG XVHU DQG WKH QRLVH YDULDQFH PXFK WKH VDPH ZD\ WKDW WKH RSWLPDO

DUUD\ SURFHVVRU EHJDQ� 2QFH WKLV LV GRQH� D PDWUL[ RI UDQGRP GDWD LV FUHDWHG WR UHSUHVHQW

WKH WUDQVPLWWHG GDWD RI HDFK PRELOH� $OO WKH XVHUV DUH FRQVLGHUHG V\QFKURQL]HG LQ WLPH� )RU

WKLV UHDVRQ RQO\ RQH VDPSOH SHU V\PERO LV XVHG DQG QR SXOVH VKDSLQJ LV XVHG�

7KH GDWD LV WKHQ VFDOHG VR WKDW WKH UHFHLYHG GDWD IURP HDFK XVHU ZLOO KDYH WKH 615 WDKW ZDV

UHTXHVWHG LQ WKH SUHSURFHVVRU� 1H[W WKH VWHHULQJ YHFWRU IRU HDFK XVHU LV IRXQG DQG FRPELQHG

ZLWK WKH RWKHU YHFWRUV LQWR WKH PDWUL[ D� 7KLV PDWUL[ LV WKHQ PXOWLSOLHG ZLWK WKH PDWUL[
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RI WKH UHFHLYHG GDWD DQG QRLVH LV DGGHG WR GHWHUPLQH WKH VLJQDO UHFHLYHG E\ HDFK HOHPHQW

LQ WKH DUUD\� 7KHQ WKH DGDSWLYH DOJRULWKPV DUH XVHG WR pQG WKH ZHLJKWV WKDW SURYLGH WKH

PLQLPXP 06( IRU WKH DUUD\�

7KH DGDSWLYH DOJRULWKPV UXQ PXFK WKH VDPH ZD\ WKH\ GLG LQ WKH DGDSWLYH HTXDOL]HU VLP�

XODWLRQV� 7KH /06 DOJRULWKP LQ WKH VLPXODWLRQ IROORZV (TXDWLRQV ��� WKURXJK ����� 7KH

5/6 DOJRULWKP XVHV (TXDWLRQV ���� ����� DQG ���� � ����� 7KH DGDSWLYH DOJRULWKPV LQ WKH

SURFHVVRU VDYHV ERWK WKH HUURU YHFWRU DQG WKH PDWUL[ RI HDFK DUUD\ ZHLJKW RYHU WLPH�

:KHQ WKH DGDSWLYH DOJRULWKP KDV pQLVKHG� WKH DQWHQQD SDWWHUQ LV IRXQG IURP WKH pQDO VHW RI

DUUD\ ZHLJKWV� 7KLV LV GRQH E\ pQGLQJ WKH VWHHULQJ YHFWRUV IRU HDFK GHJUHH DURXQG WKH DUUD\

DQG PXOWLSO\LQJ LW E\ WKH ZHLJKWV MXVW OLNH LW ZDV GRQH LQ WKH RSWLPDO DUUD\ VLPXODWLRQ� 7KH

DWWHQXDWLRQ RI WKH LQWHUIHUHUV LV DOVR IRXQG DQG GLVSOD\HG RQ WKH ZRUNVSDFH�

7KH pQDO VWHSV RI WKH VLPXODWLRQ XVHV WKH pQDO DGDSWHG DUUD\ ZHLJKWV WR VSDWLDOO\ pOWHUV WKH

GDWD XQNQRZQ E\ WKH UHFHLYHU� 'HFLVLRQV DUH PDGH IURP WKLV pOWHUHG GDWD DQG WKH %(5 RI

WKH GHVLUHG XVHU LV FDOFXODWHG EDVHG RQ WKHVH V\PERO HVWLPDWHV� 7KLV YDOXH LV DOVR GLVSOD\HG

RQ WKH ZRUNVSDFH�

7KH SRVWSURFHVVRU RI WKLV VLPXODWLRQ LQFOXGHV WKH VDPH SORWV DV WKH RSWLPDO DUUD\ SRVWSUR�

FHVVRU� EXW DOVR LQFOXGHV SORWV WKDW GHVFULEH WKH GDWD ZKLOH WKH DUUD\ ZDV DGDSWLQJ� 7KLV

LQFOXGHV SORWV RI WKH VTXDUHG HUURU DQG DUUD\ ZHLJKWV GXULQJ WKH WUDLQLQJ VHTXHQFH DV ZHOO DV

D SORWV RI GLoHUHQW DQWHQQD SDWWHUQV GXULQJ WKH FRQYHUJHQFH RI WKH DGDSWLYH DOJRULWKP� $Q

H[DPSOH RI WKLV SORW LV VKRZQ LQ )LJXUH ���� ,Q WKLV FDVH WKH /06 DOJRULWKP ZLWK D VWHS�VL]H

RI ���� ZDV XVHG�

7KLV SORW LV YHU\ XVHIXO LQ GHWHUPLQLQJ WKH HoHFWLYHQHVV RI WKH DGDSWLYH DOJRULWKP LQ FRQ�

YHUJLQJ WR WKH EHVW ZHLJKWV� 8VHUV FDQ XVH WKLV JUDSK WR VHH KRZ TXLFNO\ WKH DOJRULWKP

FRQYHUJHV XVLQJ YDULRXV VWHS�VL]HV� 7KH &, DQG &,� YHFWRUV GLVSOD\HG DIWHU WKH SURFHVVRU

pQLVKHV FDQ DOVR EH XVHG WR GHWHUPLQH KRZ ZHOO WKH DOJRULWKP SHUIRUPHG� 7KLV SHUIRUPDQFH

PHDVXUH LV FRPSDUDEOH WR WKH H[FHVV 06( RI DQ DGDSWLYH HTXDOL]HU� 8VXDOO\� WKH ORZHU WKH

VWHS�VL]H WKH PRUH WKH LQWHUIHUHUV ZLOO EH DWWHQXDWHG� JLYHQ WKDW HQRXJK WLPH KDV SDVVHG IRU

WKH ZHLJKWV WR FRQYHUJH WR WKHLU pQDO YDOXHV�
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)LJXUH ���� &RQYHUJHQFH WR WKH )LQDO DQWHQQD SDWWHUQ
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$QRWKHU VLPXODWLRQ VHWWLQJ WKDW FDQ EH H[SHULPHQWHG ZLWK LV WKH QXPEHU RI DUUD\ HOHPHQWV

UHODWLYH WR WKH QXPEHU RI XVHUV� 7KH SHUIRUPDQFH RI WKH DUUD\ LQ XQGHUORDGHG DQG RYHUORDGHG

VLWXDWLRQV LV YHU\ LPSRUWDQW� 2QH pQDO VXJJHVWHG H[SHULPHQW LV WR YDU\ WKH DQJOH RI WKH

GHVLUHG XVHU VR WKDW LW LV FORVH WR WKH DQJOH RI DQ LQWHUIHUHU� :KHQ DQ DUUD\ KDV RQO\ D

IHZ HOHPHQWV LW LV GLrFXOW WR IRUP D PDLQ OREH WKDW LV YHU\ QDUURZ� ,Q D VLWXDWLRQ ZKHUH

WKH GHVLUHG XVHU LV DW DQ DQJOH VLPLODU WR DQ LQWHUIHUHU� WKH DUUD\ ZLOO KDYH D GLrFXOW WLPH

DWWHQXDWLQJ WKH LQWHUIHUHU DQG QRW WKH GHVLUHG XVHU EHFDXVH LW ZLOO WU\ WR SODFH D QXOO DQG

WKH PDLQ OREH LQ WKH VDPH GLUHFWLRQ�
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( TXDOL]DWLRQ IRU , QGRRU :LU HOHVV

&KDQQHOV

7KH QHHG IRU ZLUHOHVV WUDQVPLVVLRQ RI GLJLWDO GDWD LQ DQ LQGRRU HQYLURQPHQW KDV JURZQ

GUDPDWLFDOO\ LQ WKH ODVW IHZ \HDUV� :LUHOHVV ORFDO DUHD QHWZRUNV �:/$1V� DOORZ XVHUV WR

IUHHO\ PRYH DERXW DQ RrFH� IDFWRU\� RU RWKHU EXLOGLQJ ZKLOH VWLOO FRQQHFWHG WR WKHLU QHWZRUN�

+RZHYHU� WR VXSSRUW WKH PDQ\ PXOWLPHGLD DSSOLFDWLRQV QHHGHG E\ WKH XVHU� WKHVH :/$1

V\VWHPV ZLOO QHHG KLJK VSHHG GDWD OLQNV WR FRPSHWH DJDLQVW WKHLU ZLUHG FRXVLQV� $ VWDQGDUG

KDV DOUHDG\ EHHQ GHpQHG LQ (XURSH IRU VXFK D KLJK VSHHG ZLUHOHVV QHWZRUN� 7KH +,JK

3(UIRUPDQFH 5DGLR /$1 �+,3(5/$1� VWDQGDUG RSHUDWHV DW ��� *+] DQG SURYLGHV GDWD

UDWHV XS WR �� 0ESV XVLQJ *06. PRGXODWLRQ >��@ >��@�

$W VXFK KLJK GDWD UDWHV ��� � �� 0ESV�� ,6, FDXVHG E\ WKH LQGRRU FKDQQHO EHFRPHV D PDMRU

OLPLWDWLRQ� 7KH 506 GHOD\ VSUHDG RI PRVW LQGRRU FKDQQHOV LV XVXDOO\ RQ WKH RUGHU RI WHQV

RI QDQRVHFRQGV� ,Q ODUJH RSHQ EXLOGLQJV VXFK DV IDFWRULHV� WKH GHOD\ VSUHDG FDQ UHDFK XS

WR ��� QV >�@� ,Q VXFK D FDVH WKH GDWD UDWH FDQ RQO\ UHDFK DV KLJK DV ��� NVSV ZLWKRXW ,6,

EHFRPLQJ D IDFWRU LI WKH �1 � ��� FULWHULRQ LV XVHG� 7KHUHIRUH� WR DFKLHYH GDWD UDWHV ODUJHU

WKDQ WKLV DPRXQW� DQ DGDSWLYH HTXDOL]HU PXVW EH XVHG WR FRPSHQVDWH IRU WKH ,6, >��@�

,Q WKLV FKDSWHU VHYHUDO RI WKH HTXDOL]DWLRQ WHFKQLTXHV GLVFXVVHG SUHYLRXVO\ ZLOO EH DSSOLHG WR

WKH SUREOHP RI KLJK VSHHG GDWD WUDQVPLVVLRQ LQ DQ LQGRRU HQYLURQPHQW� 6HYHUDO VLPXODWLRQV

���
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WKDW PRGHO ZLUHOHVV LQGRRU KLJK VSHHG GDWD V\VWHPV XVLQJ HTXDOL]HUV KDYH EHHQ GHYHORSHG

DQG H[HFXWHG� %RWK GHFLVLRQ�IHHGEDFN DQG 0/6( HTXDOL]DWLRQ KDV EHHQ XVHG LQ WKHVH VLP�

XODWLRQV WR FRPSHQVDWH IRU WKH ,6, LQWURGXFHG E\ WKH LQGRRU FKDQQHO� 0RGHOV RI VHYHUDO

VWDWLRQDU\ FKDQQHOV� ZKHUH WKH UHFHLYHU DQG WUDQVPLWWHU DUH p[HG� DQG PDQ\ PRELOH FKDQ�

QHOV� ZKHUH HLWKHU WKH UHFHLYHU RU WUDQVPLWWHU LV PRYLQJ� DUH XVHG LQ WKH VLPXODWLRQV� 7KH

SHUIRUPDQFH RI HDFK HTXDOL]DWLRQ W\SH DQG D PHDVXUH RI WKH FRPSOH[LW\ RI HDFK HTXDOL]DWLRQ

WHFKQLTXH LV IRXQG IRU HDFK RI WKH VHYHUDO GLoHUHQW FKDQQHO PRGHOV� 7KLV FKDSWHU SUHVHQWV

WKH VLPXODWLRQ SURFHGXUH XVHG WR PRGHO WKHVH V\VWHPV� WKH UHVXOWV RI WKHVH VLPXODWLRQV� DQG

DQDO\VLV RI WKHVH UHVXOWV�

��� 7 KH , QGRRU &KDQQHO

,Q DQ LQGRRU UDGLR FKDQQHO� UHqHFWLRQV IURP WKH ZDOOV� FHLOLQJV� IXUQLWXUH� SHRSOH� DQG RWKHU

REVWDFOHV FORVH WR WKH UHFHLYH DQG WUDQVPLW DQWHQQDV FDXVH PXOWLSDWK� +RZHYHU� EHFDXVH

EXLOGLQJV DUH HQFORVHG� WKH GHOD\ RI LQGLYLGXDO PXOWLSDWK FRPSRQHQWV ZLOO EH PXFK VPDOOHU

LQ DQ LQGRRU FKDQQHO FRPSDUHG WR DQ RXWGRRU FKDQQHO� 7KH W\SLFDO 506 GHOD\ VSUHDG RI

D UDGLR FKDQQHO LQ D IDFWRU\ EXLOGLQJ LV DURXQG ��� QV ZLWK ��� RI WKH FKDQQHOV KDYLQJ

GHOD\ VSUHDGV OHVV WKDQ ��� QV >�@� 506 GHOD\ VSUHDGV RI FKDQQHOV LQ RrFH EXLOGLQJV ZLOO EH

VPDOOHU�

7KH LQGRRU FKDQQHO FDQ EH UHSUHVHQWHG DV WKH VXP RI VHYHUDO GHOWD IXQFWLRQV ZLWK GLoHUHQW

GHOD\V�

J���  
.;
N �

oNH
M�Nr�� b �N� �����

7KH YDOXH RI WKH PXOWLSDWK FRPSRQHQWV
 PDJQLWXGH� oN� WKH SKDVH �N� DQG WKH GHOD\� �N�

DUH UDQGRP YDULDEOHV� 7KH H[DFW GLVWULEXWLRQ RI WKHVH YDULDEOHV GHSHQGV RQ IDFWRUV VXFK DV

7�5 VHSDUDWLRQ� WKH W\SH RI EXLOGLQJ WKH V\VWHP RSHUDWHV LQ� DQG WKH IUHTXHQF\ WKDW WKH

V\VWHP WUDQVPLWV RQ�

6LQFH PRVW LQGRRU ZLUHOHVV V\VWHPV DUH VWDWLRQDU\ RU PRYH RQO\ DW SHGHVWULDQ VSHHGV ���

P�V�� WKH LQGRRU FKDQQHO FKDQJHV YHU\ VORZO\� ,Q KLJK VSHHG V\VWHPV �5E !� 0ESV�� WKH

FKDQQHO ZLOO DSSHDU VWDWLRQDU\ RYHU VHYHUDO WKRXVDQGV RI V\PEROV� 7KLV LV EHQHpFLDO WR
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D V\VWHP XVLQJ DQ HTXDOL]HU EHFDXVH WKH HTXDOL]HU FDQ EH WUDLQHG DW WKH EHJLQQLQJ RI D

IUDPH DQG ZRQ
W KDYH WR EH UHWUDLQHG IRU VHYHUDO WKRXVDQGV RI ELWV� 7KLV ZLOO LQFUHDVH WKH

WKURXJKSXW RI WKH V\VWHP� 7KLV ZLOO DOVR FDXVH WKH WUDFNLQJ HUURU RI WKH HTXDOL]HU WR EH

YHU\ VPDOO� 7KLV DOORZV WKH HTXDOL]HU WR WUDLQ RQO\ DW WKH EHJLQQLQJ RI WKH IUDPH LQVWHDG RI

FRQWLQXRXVO\ DGDSWLQJ RYHU WKH HQWLUH IUDPH RI GDWD�

��� 6LPXODWLRQ RI ( TXDOL]DWLRQ IRU , QGRRU &KDQQHOV

6HYHUDO VLPXODWLRQV RI KLJK VSHHG ZLUHOHVV V\VWHPV RSHUDWLQJ LQ DQ LQGRRU FKDQQHO ZHUH

GHYHORSHG WR PHDVXUH WKH HoHFWLYHQHVV RI GLoHUHQW HTXDOL]DWLRQ WHFKQLTXHV LQ UHGXFLQJ WKH

,6, FDXVHG E\ VXFK D FKDQQHO� 6LPXODWLRQV RI V\VWHPV HPSOR\LQJ ERWK ')( DQG 0/6(

HTXDOL]HUV ZHUH SHUIRUPHG XVLQJ FKDQQHO PRGHOV UHSUHVHQWLQJ ERWK VWDWLRQDU\ DQG VORZO\

YDU\LQJ FKDQQHOV ZHUH XVHG� 7KH IROORZLQJ VHFWLRQV GHVFULEH KRZ WKHVH FKDQQHO PRGHOV ZHUH

GHYHORSHG� WKH V\VWHP DQG VLPXODWLRQ FKDUDFWHULVWLFV WKDW ZHUH XVHG� DQG WKH UHVXOWV RI

WKH VLPXODWLRQV� 7KHVH UHVXOWV LQFOXGH ERWK %(5 SORWV WKDW PHDVXUH WKH SHUIRUPDQFH RI

WKH V\VWHPV XVLQJ WKH HTXDOL]HUV DV ZHOO DV WKH FRPSXWDWLRQDO UHTXLUHPHQWV RI WKH GLoHUHQW

HTXDOL]HUV�

����� 6\VWHP 0 RGHO

7KH ZLUHOHVV V\VWHP PRGHO XVHG LQ WKH VLPXODWLRQV LV LPSOHPHQWHG LQ EDVHEDQG� 7KH FRP�

SOH[ EDVHEDQG HQYHORSH LV XVHG WR UHSUHVHQW WKH 5) VLJQDO� 7KH FKDQQHO PRGHOV DUH DOVR

LPSOHPHQWHG LQ EDVHEDQG� 'DWD LV WUDQVPLWWHG XVLQJ %36. PRGXODWLRQ� $ VTXDUH�URRW

UDLVHG FRVLQH pOWHU LV XVHG WR SXOVH VKDSH WKH VLJQDO LQ WKH WUDQVPLWWHU DQG DQRWKHU LV XVHG

DV D PDWFKHG pOWHU LQ WKH UHFHLYHU� %RWK pOWHUV KDYH D UROORo IDFWRU� o� HTXDO WR ����

$ EORFN GLDJUDP RI WKH V\VWHP PRGHO LV VKRZQ EHORZ�

7KH RYHUDOO FKDQQHO PRGHO LQ WKLV FDVH LV PDGH XS RI WKH FRPELQHG UHVSRQVH RI WKH SXOVH

VKDSH pOWHU� SSV���� WKH FKDQQHO pOWHU� J���� DQG WKH PDWFKHG pOWHU� SPI ���� DV VKRZQ EHORZ�

T���  SSV��� e J��� e SPI ��� �����
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)LJXUH ���� %ORFN 'LDJUDP RI D ,QGRRU :LUHOHVV 6\VWHP

7KLV UHVSRQVH LV WKHQ VDPSOHG DW WKH V\PERO UDWH WR pQG WKH LPSXOVH UHVSRQVH VHHQ E\ WKH

UHFHLYHU�

T����  T�Q7V� �����

7KLV LV WKH pOWHU WKDW LV XVHG WR PRGHO WKH RYHUDOO FKDQQHO LQ WKH VLPXODWLRQV� ,W RSHUDWHV DW

WKH V\PERO UDWH ZKLFK DOORZV IRU VPDOOHU VLPXODWLRQ UXQV VLQFH RQO\ RQH VDPSOH LV QHHGHG

SHU V\PERO� ,Q WKH VLPXODWLRQV WKLV UHVSRQVH LV QRUPDOL]HG VR WKDW WKH SDWK ORVV LV � G%�

2QFH WKH GDWD SDVVHV WKURXJK WKH RYHUDOO FKDQQHO pOWHU� QRLVH LV DGGHG� 7KH QRLVH YDULDQFH

ZLOO EH VHW EDVHG RQ WKH (E 1� UDWLR WKDW LV GHVLUHG�

��u  
�

�
t
(E
1�

u �����

7KH VLJQDO LV WKHQ SDVVHG WR WKH HTXDOL]HU� 7KH RXWSXW RI WKH HTXDOL]HU LV WKHQ SDVVHG WR

D GHFLVLRQ GHYLFH LI WKH ')( HTXDOL]HU LV XVHG� %HFDXVH WKH 0/6( HTXDOL]HU PDNHV ELW

GHFLVLRQV LQWHUQDOO\� QR GHFLVLRQ GHYLFH LV QHHGHG�

����� &KDQQHO 0 RGHOV

7ZR GLoHUHQW W\SHV RI FKDQQHO PRGHOV ZHUH GHYHORSHG IRU WKHVH VLPXODWLRQV� 7KH pUVW PRGHOV

D VWDWLRQDU\ FKDQQHO ZKHUH WKH WUDQVPLWWHU DQG UHFHLYHU GR QRW PRYH� 7KLV ZRXOG EH WKH

FDVH ZKHUH D UHFHLYHU LV SODFHG RQ D GHVN RU RWKHU VXUIDFH� 7KH VHFRQG W\SH RI FKDQQHO WKDW

LV PRGHOHG LV D FKDQQHO ZKHUH WKH UHFHLYHU RU WUDQVPLWWHU LV PRYLQJ DW SHGHVWULDQ VSHHGV�

7KLV W\SH RI FKDQQHO ZRXOG UHVXOW LI D SHUVRQ ZDV ZDONLQJ ZLWK WKH UHFHLYHU RU WUDQVPLWWHU

RU LI WKH WUDQVPLWWHU RU UHFHLYHU ZDV DWWDFKHG WR VRPH NLQG RI PRELOH PDFKLQH VXFK DV D

URERW RU PRELOH IDFWRU\ PDFKLQHU\�
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6WDWLRQDU\ &KDQQHO 0RGHO

7KH VWDWLRQDU\ FKDQQHO PRGHOV XVHG LQ WKH VLPXODWLRQV DUH EDVHG RQ WKH FKDQQHO PRGHOV

GHYHORSHG LQ 6HFWLRQ ���� 7KLV LV D WZHOYH�UD\ PRGHO ZKHUH WKHUH DUH WZHOYH SDWKV XQLIRUPO\

GLVWULEXWHG SHU V\PERO SHULRG� 7KH SDWK PDJQLWXGHV DUH 5D\OHLJK UDQGRP YDULDEOHV ZLWK

DQ H[SRQHQWLDO GLVWULEXWLRQ WKDW GHFD\V DV WKH H[FHVV GHOD\ LQFUHDVHV� 7KH SKDVHV KDYH D

XQLIRUP GLVWULEXWLRQ EHWZHHQ � DQG �}�

7KUHH VHWV RI FKDQQHO UHVSRQVHV ZHUH JHQHUDWHG� 7KH pUVW VHW KDG D QRUPDOL]HG GHOD\ VSUHDG

RI ���� 7KLV PHDQV WKH V\PERO SHULRG LV HTXDO WR WKH 506 GHOD\ VSUHDG RI WKH FKDQQHO�

7KH WZR RWKHU VHWV KDG QRUPDOL]HG GHOD\ VSUHDGV RI ��� DQG ��� UHVSHFWLYHO\� &KDQQHOV ZLWK

WKHVH GHOD\ VSUHDGV ZHUH IRXQG E\ FKDQJLQJ WKH GHFD\ IDFWRU RI WKH H[SRQHQWLDO PDJQLWXGH

GLVWULEXWLRQ� 7KURXJK WULDO DQG HUURU� D GHFD\ IDFWRU ZDV IRXQG WKDW JHQHUDWHG FKDQQHOV

WKDW KDG GHOD\ VSUHDGV FORVH WR WKH GHOD\ VSUHDG WKDW ZDV GHVLUHG� 2QFH WKLV GHFD\ IDFWRU

ZDV IRXQG� pIW\ FKDQQHOV ZHUH JHQHUDWHG� )URP WKHVH pIW\ FKDQQHOV� WKH FRUUHVSRQGLQJ

RYHUDOO FKDQQHO� T���� ZDV IRXQG� 6LQFH %36. PRGXODWLRQ LV XVHG� RQO\ WKH UHDO SDUW RI WKLV

FKDQQHO LV QHHGHG� 7KH GHOD\ VSUHDG RI WKLV FKDQQHO LV WKHQ FRPSXWHG� )URP WKH VHW RI pIW\

FKDQQHOV� WKH IRXU FKDQQHOV ZKRVH GHOD\ VSUHDG ZDV FORVHVW WR WKH GHVLUHG GHOD\ VSUHDG RI

���� ���� RU ��� ZDV VDYHG IRU XVH LQ WKH VLPXODWLRQV� ,Q DOPRVW DOO WKH FDVHV WKH DFWXDO GHOD\

VSUHDG ZDV ZLWKLQ �� RI WKH GHVLUHG GHOD\ VSUHDG�

7LPH 9DU\LQJ &KDQQHO 0RGHO

7R JHQHUDWH FKDQQHO PRGHOV WKDW UHSUHVHQW D LQGRRU PRELOH UDGLR FKDQQHO� WKH 6,5&,0

��� VRIWZDUH SDFNDJH ZDV XVHG� $Q HGXFDWLRQDO YHUVLRQ WKDW ZRUNV ZLWK 0$7/$% ��� LV

DYDLODEOH RYHU WKH ZHE IURP WKH 0RELOH DQG 3RUWDEOH 5DGLR 5HVHDUFK *URXS �035*� RI

9LUJLQLD 7HFK� 7KH 6,5&,0 SURJUDP JHQHUDWHV LQGRRU FKDQQHO PRGHOV EDVHG RQ PDQ\

GLoHUHQW ZLGHEDQG FKDQQHO PHDVXUHPHQWV PDGH LQ VHYHUDO GLoHUHQW W\SHV RI EXLOGLQJV� 7KH

SURJUDP SURPSWV WKH XVHU IRU FHUWDLQ SDUDPHWHUV DQG WKHQ FUHDWHV D FKDQQHO UHVSRQVH ZLWK

WKH VDPH HQVHPEOH VWDWLVWLFV DV DFWXDO PHDVXUHG GDWD >��@�

7KH SDUDPHWHUV UHTXHVWHG E\ 6,5&,0 LQFOXGH WKH 7�5 VHSDUDWLRQ� WKH VSHHG RI WKH PRELOH�
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KRZ REVWUXFWHG WKH FKDQQHO LV� DQG WKH IUHTXHQF\ RI WKH FDUULHU ZDYH� )URP WKLV GDWD� D VHW

RI �� FKDQQHO SURpOHV DUH FUHDWHG� 7KHVH SURpOHV UHSUHVHQW WKH FKDQQHO DV D UHFHLYHU PRYHV

DORQJ D WUDFN WKDW LV IRXU�DQG�D�KDOI ZDYHOHQJWKV ORQJ� 7KH SURpOHV DUH VSDFHG D TXDUWHU

ZDYHOHQJWK DSDUW� (DFK SURpOH LV EURNHQ GRZQ LQWR �� ELQV ZLWK D UHVROXWLRQ RI ��� QV�

(DFK ELQ FRQWDLQV ERWK PDJQLWXGH DQG SKDVH LQIRUPDWLRQ� 7KLV LQIRUPDWLRQ LV FRUUHODWHG

ZLWK WKH VDPH ELQ LQ DGMDFHQW SURpOHV� :LGHEDQG IDGLQJ LV LQFOXGHG ZLWK WKH VHW RI FKDQQHO

SURpOHV� (DFK SURpOH KDV D GLoHUHQW SDWK ORVV�

0XFK OLNH ZLWK WKH VWDWLRQDU\ FKDQQHO PRGHOV� WKH FRUUHVSRQGLQJ VDPSOHG RYHUDOO UHVSRQVH

ZDV IRXQG IRU HDFK SURpOH� 7KH SURpOHV ZHUH QRUPDOL]HG VR WKDW WKH DYHUDJH SDWK ORVV RYHU

DOO WKH SURpOHV LV HTXDO WR � G%� 7KLV ZLOO PDNH FDOFXODWLQJ WKH QRLVH YDULDQFH IRU GLoHUHQW

(E 1� PXFK HDVLHU� 7KH DYHUDJH GHOD\ VSUHDG RI HDFK VHW RI RYHUDOO FKDQQHO SURpOHV ZDV

IRXQG�

7ZR VHWV RI FKDQQHO SURpOHV ZHUH VHOHFWHG IURP �� GLoHUHQW VHWV RI SURpOHV� 7KH pUVW VHW RI

LQGRRU FKDQQHO SURpOHV KDG DQ DYHUDJH GHOD\ VSUHDG RI ����� QV� 7KHVH SURpOHV UHVXOWHG IURP

D ��� REVWUXFWHG FKDQQHO� ZLWK DQ DYHUDJH 7�5 VHSDUDWLRQ RI ����� P� D FDUULHU IUHTXHQF\

RI ��� *+]� DQG D YHORFLW\ RI � P�V� 7KLV VHW RI SURpOHV LV VKRZQ LQ )LJXUH ����

7KH DYHUDJH GHOD\ VSUHDG UHSRUWHG LQ WKH SORW LV IRU WKH DFWXDO VHW RI SURpOHV� 7KH GHOD\

VSUHDG RI WKH VDPSOHG RYHUDOO UHVSRQVH LV DFWXDOO\ ��QV�

7KH VHFRQG VHW RI FKDQQHO SURpOHV VDYHG KDYH DQ DYHUDJH GHOD\ VSUHDG RI ����� QV� 7KHVH

FKDQQHO SURpOHV ZHUH FUHDWHG E\ VHWWLQJ WKH 7�5 VHSDUDWLRQ WR �� P� WKH FDUULHU IUHTXHQF\ WR

��� *+]� WKH REVWUXFWLRQ SHUFHQWDJH WR ���� DQG WKH YHORFLW\ WR � P�V� 7KLV VHW RI SURpOHV

LV VKRZQ LQ )LJXUH ����

7KH DYHUDJH GHOD\ VSUHDG RI WKH VDPSOHG RYHUDOO UHVSRQVH LV YHU\ FORVH WR WKDW RI WKH DFWXDO

FKDQQHO DW �� QV�

����� $GDSWLYH ( TXDOL]HU V

%RWK GHFLVLRQ�IHHGEDFN HTXDOL]DWLRQ DQG 0/6( HTXDOL]DWLRQ ZHUH XVHG LQ WKH VLPXODWLRQV

WR FRPSHQVDWH IRU ,6,� 7KH ')( XVHV D IHHGIRUZDUG pOWHU ZLWK V\PERO�VSDFHV WDSV� 7KH
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HTXDOL]HU LV V\QFKURQL]HG WR ODVW WDS LQ WKH IHHGIRUZDUG pOWHU� 7KH QXPEHU RI WDSV LQ WKH

IHHGEDFN DQG IHHGIRUZDUG pOWHU LV YDULDEOH� +RZ WKHVH QXPEHUV DUH FKRVHQ ZLOO EH GLVFXVVHG

LQ WKH QH[W VHFWLRQ�

7KH ')( HTXDOL]HU XVHV WKH 5/6 DOJRULWKP WR DGDSW LWVHOI� $ WUDLQLQJ VHTXHQFH RI ��

V\PEROV LV LQFOXGHG ZLWK WKH GDWD VWUHDP EHIRUH DQ\ GDWD LV VHQW� 7KH IRUJHWWLQJ IDFWRU� y�

LV VHW WR ����� :KHQ WKH WUDLQLQJ VHTXHQFH LV RYHU� WKH pQDO VHW RI WDS YDOXHV IRXQG IURP WKH

DGDSWLYH DOJRULWKP LV VDYHG� 7KHVH YDOXHV DUH WKHQ XVHG WR HTXDOL]H WKH UHFHLYHG GDWD�

7KH 0/6( HTXDOL]HU RSHUDWHV RQ GDWD IUDPHV WKDW FRQWDLQ ���� V\PEROV� 7KH GLUHFW�IRUP

UHFHLYHU LV XVHG� 7KLV PHDQV WKDW RQO\ WKH p[HG PDWFKHG�pOWHU SUHFHGHV WKH HTXDOL]HU� QR

DGDSWLYH pOWHU LV LQFOXGHG� 7KH (XFOLGHDQ�GLVWDQFH PHWULF LV XVHG WR FRPSXWH WKH PHWULFV

IRU HDFK VWDWH� 7KH QXPEHU RI V\PEROV LQFOXGHG LQ HDFK VWDWH� /� LV YDULDEOH� $W WKH HQG RI

HDFK GDWD IUDPH� / H[WUD V\PEROV DUH DGGHG WR IRUFH WKH 0/6( WUHOOLV LQWR D NQRZQ VWDWH�

7KH SDWK WKDW HQGV LQ WKLV VWDWH LV FKRVHQ DV WKH PRVW OLNHO\ VHTXHQFH RI ELWV�

7KH 0/6( HTXDOL]HU RSHUDWHV RQ FKDQQHO HVWLPDWHV IRXQG IURP DQ DGDSWLYH FKDQQHO HVWL�

PDWRU� 7KH HVWLPDWRU XVHV WKH 5/6 DOJRULWKP ZLWK y  ����� 7KH WUDLQLQJ VHTXHQFH LV ��

V\PEROV ORQJ� 7KH pQDO YHFWRU RI FKDQQHO HVWLPDWHV LV VDYHG DQG XVHG WR E\ WKH HTXDOL]HU�

��� 6LPXODWLRQ 3 U RFHGXU H

7KH pUVW VHW RI VLPXODWLRQV WKDW ZHUH UDQ ZHUH WKRVH XVLQJ WKH VWDWLRQDU\ FKDQQHO PRGHOV�

)RU DOO WKHVH VLPXODWLRQV� HDFK FKDQQHO SURpOH LQ HDFK VHW RI FKDQQHOV ZLWK VLPLODU GHOD\

VSUHDGV ZDV VLPXODWHG WKUHH WLPHV� 7KH %(5 IRU WKHVH WZHOYH UXQV ZDV WKHQ DYHUDJHG� 7KH

SHUIRUPDQFH RI HDFK HTXDOL]HU VWUXFWXUH ZDV PHDVXUHG IRU (E 1� YDOXHV RI �� �� �� DQG ��

G%� )RU WKH � DQG � G% VLPXODWLRQV� ��� V\PEROV ZHUH VLPXODWHG IRU HDFK UXQ RI HDFK FKDQQHO

SURpOH� 7KH � DQG �� G% VLPXODWLRQV UDQ ��� DQG ��� V\PEROV� UHVSHFWLYHO\� LQ PRVW FDVHV�

)RU HTXDOL]HUV WKDW SURYLGHG H[WUHPHO\ JRRG SHUIRUPDQFH DW WKHVH QRLVH OHYHOV� WKH QXPEHU

RI V\PEROV ZDV LQFUHDVHG WR SURYLGH EHWWHU DFFXUDF\�

7KH VLPXODWLRQV RI WKH PRELOH UDGLR FKDQQHOV GLoHUHG VOLJKWO\ IURP WKRVH RI WKH VWDWLRQDU\
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FKDQQHOV� (YHQ WKRXJK WKH FKDQQHO LV FKDQJLQJ ZLWK WLPH LQ WKLV FDVH� LW ZDV GHWHUPLQHG

WKDW DW SHGHVWULDQ VSHHGV RI � P�V WKH FKDQQHO FKDQJHV VR VORZO\ FRPSDUHG WR WKH IUDPH

UDWH� WKDW GXULQJ WKLV IUDPH WKH FKDQQHO FDQ EH PRGHOHG DV VWDWLRQDU\� 7KLV LV WUXH IRU GDWD

UDWHV RQ WKH RUGHU RU �� 0VSV DQG IUDPH VL]HV RQ WKH RUGHU RI ���� V\PEROV�

,Q RUGHU WR GHWHUPLQH DOO WKH GLoHUHQW FKDQQHO UHVSRQVHV WKDW HDFK IUDPH RI GDWD ZRXOG

VHH ZKLOH WKH UHFHLYHU PRYHV� WHQV RI WKRXVDQGV RI SURpOHV ZRXOG KDYH WR EH LQWHUSRODWHG

IURP WKH �� FKDQQHO SURpOHV SURYLGHG E\ 6,5&,0� +RZHYHU� WKLV LV QRW QHFHVVDU\� $ JRRG

SHUIRUPDQFH PHDVXUH RI WKH HTXDOL]HUV DV WKH UHFHLYHU PRYHV DORQJ WKH ���y WUDFN FDQ EH

IRXQG IURP WKH �� SURpOHV WKHPVHOYHV� 7R PHDVXUH WKLV SHUIRUPDQFH� HDFK FKDQQHO SURpOH

LV VLPXODWHG DQG WKH UHVXOWLQJ %(5V DUH DYHUDJHG WRJHWKHU� 7KLV LV GRQH IRU ERWK VHWV RI

FKDQQHO SURpOHV� WKH VHW ZLWK DQ DYHUDJH GHOD\ VSUHDG RI �� QV DQG WKH VHW ZLWK DQ DYHUDJH

GHOD\ VSUHDG RI �� QV�

7R GHWHUPLQH WKH RSWLPDO ')( VHWXS IRU HDFK VHW RI FKDQQHO SURpOHV ZLWK VLPLODU GHOD\

VSUHDGV� VHYHUDO GLoHUHQW IHHGIRUZDUG DQG IHHGEDFN pOWHU OHQJWKV ZHUH WULHG� 7KH pUVW VHW

RI VLPXODWLRQV NHSW WKH QXPEHU RI IHHGIRUZDUG WDSV FRQVWDQW DQG YDULHG WKH QXPEHU RI

IHHGEDFN WDSV� )URP WKH RXWSXW RI WKHVH VLPXODWLRQV� WKH VPDOOHVW QXPEHU RI IHHGEDFN

WDSV WKDW SURYLGHG WKH EHVW SHUIRUPDQFH ZDV GHWHUPLQHG� 7KH OHQJWK RI WKH IHHGEDFN pOWHU

ZDV WKHQ VHW WR WKLV QXPEHU� DQG DQRWKHU VLPXODWLRQ ZDV UXQ WKDW YDULHG WKH QXPEHU RI

IHHGIRUZDUG WDSV� 7KH RSWLPDO ')( ZDV WKHQ IRXQG IURP WKH UHVXOWV RI WKLV VLPXODWLRQ�

7KH VLPXODWLRQV RI WKH 0/6( HTXDOL]HU DOVR XVHG WKLV PHWKRG RI GLPLQLVKLQJ UHWXUQV� ,Q

WKHVH VLPXODWLRQV� WKH YDOXH RI / ZDV LQFUHDVHG XQWLO WKH %(5 RI WKH V\VWHP QR ORQJHU

LPSURYHG� 7KH 0/6( HTXDOL]HU XVLQJ WKH VPDOOHVW YDOXH RI / WKDW SURYLGHG WKH EHVW SHU�

IRUPDQFH ZDV WKHQ GHWHUPLQHG WR EH WKH RSWLPDO HTXDOL]HU IRU FKDQQHOV ZLWK WKLV GHOD\

SURpOH�

��� 6LPXODWLRQ 5HVXOWV DQG $QDO\VLV

7KH pUVW VHW RI VLPXODWLRQV WKDW ZHUH FRQGXFWHG GHWHUPLQHG WKH SHUIRUPDQFH RI D ')(

DQG 0/6( HTXDOL]HU IRU D VWDWLRQDU\ LQGRRU FKDQQHO ZLWK D QRUPDOL]HG GHOD\ VSUHDG RI ����
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7KH UHVXOWV RI WKHVH VLPXODWLRQV DUH VKRZQ LQ )LJXUHV ��� � ���� )LJXUH ��� FRPSDUHV WKH

SHUIRUPDQFH RI WKH RSWLPDO ')( VHWXS IRU WKLV FKDQQHO FRPSDUHG ZLWK WKDW RI WKH RSWLPDO

0/6( VHWXS� 7KH pUVW JUDSK LQGLFDWHV WKDW WKUHH LV WKH EHVW QXPEHU RI IHHGEDFN WDSV IRU WKH

')( HTXDOL]HU� 7KH VHFRQG JUDSK LQGLFDWHV WKDW WKH ')(����� VWUXFWXUH LV WKH RSWLPDO ')(

VWUXFWXUH IRU WKLV VHW RI FKDQQHOV� 7KH WKLUG JUDSK LQGLFDWHV WKDW WKH 0/6(��� VWUXFWXUH

SURYLGHV WKH EHVW SHUIRUPDQFH IRU WKLV HTXDOL]DWLRQ WHFKQLTXH� 7KH IRXUWK JUDSK LQGLFDWHV

WKDW WKH 0/6(��� HTXDOL]HU SURYLGHV EHWWHU SHUIRUPDQFH WKDQ WKH ')(����� E\ EHWZHHQ �

DQG � G%�

7KH VHFRQG VHW RI VLPXODWLRQV PHDVXUHG WKH SHUIRUPDQFH RI WKH WZR HTXDOL]DWLRQ WHFKQLTXHV

XVHG IRU VWDWLRQDU\ SURpOHV ZLWK D QRUPDOL]HG GHOD\ VSUHDG RI ���� 7KH UHVXOWV RI WKHVH

VLPXODWLRQV DUH VKRZQ LQ )LJXUHV ��� � ����� ,Q WKLV FDVH� WKH ')(����� DQG WKH 0/6(���

VWUXFWXUHV SURYLGH WKH EHVW UHVXOWV� 7KH 0/6(��� DOJRULWKP SURYLGHV RQO\ VOLJKWO\ EHWWHU

SHUIRUPDQFH WKDQ WKH ')(����� HTXDOL]HU� ERWK RI ZKLFK SURYLGH SHUIRUPDQFH RQO\ DERXW �

G% Ro WKDW RI D V\VWHP WKDW KDV QR ,6,�

7KH WKLUG VHW RI VLPXODWLRQV LV IRU VWDWLRQDU\ FKDQQHO SURpOHV ZLWK �1  ���� ,Q WKLV FDVH WKH

EHVW ')( VWUXFWXUH ZDV WKH ')(����� DQG WKH EHVW 0/6( VWUXFWXUH ZDV WKH YHU\ FRPSOH[

0/6(���� ,Q WKLV FDVH� WKH ')( KDV D YHU\ KDUG WLPH HTXDOL]LQJ WKH FKDQQHO HYHQ ZLWK D

ODUJH IHHGEDFN pOWHU� 7KH 0/6( SURYLGHV PXFK EHWWHU SHUIRUPDQFH� XS WR � G% EHWWHU� EXW

FDQ RQO\ SURYLGH WKLV SHUIRUPDQFH ZLWK D YHU\ ODUJH HTXDOL]HU�

7KH IRXUWK URXQG RI VLPXODWLRQV PRGHO D V\VWHP RSHUDWLQJ DW �� 0ESV RYHU D PRELOH FKDQQHO

ZLWK DQ DYHUDJH 506 GHOD\ VSUHDG RI �� QV� 7KLV FRUUHVSRQGV WR DQ DYHUDJH QRUPDOL]HG

GHOD\ VSUHDG RI ����� ,Q WKLV FDVH WKH ')(����� ZDV QHHGHG WR SURYLGH WKH EHVW ')(

SHUIRUPDQFH DQG WKH 0/6(��� SURYLGHG WKH EHVW SHUIRUPDQFH IRU WKDW VWUXFWXUH� ,Q WKLV

FDVH WKH RSWLPDO 0/6( HTXDOL]HU EHDWV WKH RSWLPDO ')( HTXDOL]HU E\ DERXW � G%� 7KHVH

UHVXOWV PDWFK XS YHU\ FORVHO\ ZLWK WKH UHVXOWV RI D VLPXODWLRQ RI D ')( XVLQJ 6,5&,0

FKDQQHO PRGHOV JLYHQ LQ ""� 7KH VLPXODWLRQ LQFOXGHG LQ WKDW ZRUN XVHG D FKDQQHO ZLWK DQ

DYHUDJH GHOD\ VSUHDG RI ���� QV� YHU\ FORVH WR WKH DYHUDJH GHOD\ VSUHDG RI WKH FKDQQHOV XVHG

KHUH� 7KH PDMRU GLoHUHQFH LV WKDW KLV VLPXODWLRQ XVHG 436. PRGXODWLRQ DQG QRW %36.

PRGXODWLRQ� +RZHYHU� D �� 0ESV 436. V\VWHP ZRXOG EH YHU\ VLPLODU WR WKH �� 0ESV
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V\VWHP XVHG KHUH� 7KH RSWLPDO ')( IRXQG LQ WKH 436. FDVH ZDV D ')(������ 9HU\ FORVH

WR WKH ')(����� IRXQG LQ WKLV %36. VLPXODWLRQ�

7KH UHVXOWV RI WKH pQDO VLPXODWLRQV DUH VKRZQ LQ )LJXUHV ���� � ����� 7KHVH VLPXODWLRQV XVHG

FKDQQHO SURpOHV IURP DQ LQGRRU PRELOH UDGLR FKDQQHO ZLWK DQ DYHUDJH GHOD\ VSUHDG RI �� QV�

$JDLQ� WKH GDWD UDWH ZDV �� 0ESV ZKLFK PHDQV �1  ����� )RU WKLV FKDQQHO� WKH ')(�����

DQG 0/6(��� HTXDOL]HU VWUXFWXUHV SURYLGHG WKH EHVW SHUIRUPDQFH� 7KH 0/6( HTXDOL]HU

SURYLGHV EHWWHU SHUIRUPDQFH FRPSDUHG WR WKH ')( IRU PRVW (E 1� YDOXHV H[FHSW ZKHQ WKH

UDWLR LV UHODWLYHO\ KLJK � ! �� G%�� $W KLJKHU UDWLRV� WKH %(5 RI WKH 0/6( HTXDOL]HU LQ

WKLV FDVH ERWWRPV RXW ZKLOH WKH %(5 RI WKH ')( NHHSV LPSURYLQJ IRU KLJKHU (E 1� YDOXHV�

7KH UHDVRQ ZK\ WKH 0/6( SHUIRUPDQFH ERWWRPV RXW KDV WR GR ZLWK WKH FRQGLWLRQ RI WKH

FKDQQHO PRGHOHG LQ WKLV VHW RI VLPXODWLRQV� 7KH 6,5&,0 SURJUDP LQFOXGHV ZLGHEDQG IDGLQJ

ZKHQ GHWHUPLQLQJ WKH FKDQQHO SURpOHV� ,Q WKLV FDVH PDQ\ RI WKH SURpOHV DUH LQ D GHHS

IDGH� ,Q GHHSV IDGHV VXFK DV WKLV� WKH DGDSWLYH DOJRULWKP ZLOO KDYH D GLrFXOW WLPH pQGLQJ

WKH RSWLPDO FKDQQHO HVWLPDWHV� 6LQFH WKH 0/6( HTXDOL]HU LV PXFK PRUH VHQVLWLYH WR SRRU

FKDQQHO HVWLPDWHV WKDQ WKH ')( LV WR SRRU WDS HVWLPDWHV� WKH SHUIRUPDQFH RI WKH 0/6(

HTXDOL]HU FDQ HQG XS EHLQJ ZRUVH WKDQ WKDW RI WKH ')( DV LW LV KHUH�
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&RPSXWDWLRQDO &RPSOH[LW\

7KH UHVXOWV GHVFULEHG SUHYLRXVO\ FOHDUO\ LQGLFDWH WKDW DQ 0/6( HTXDOL]HU SURYLGHV EHWWHU

%(5 SHUIRUPDQFH LQ DOPRVW DOO FDVHV� +RZHYHU� WKLV SHUIRUPDQFH LV JDLQHG DW WKH FRVW

RI PXFK PRUH FRPSXWDWLRQDO FRPSOH[LW\� 7KH 0/6( HTXDOL]HU UHTXLUHV PDQ\ PRUH FRP�

SXWDWLRQV SHU V\PERO WKDQ GRHV WKH ')(� 7KH ')( ZRUNV DV WZR ),5 pOWHUV� ZKLFK DUH

IDLUO\ VLPSOH WR LPSOHPHQW LQ D UHDO V\VWHP� 7KH 0/6(� RQ WKH RWKHU KDQG� PXVW FDOFXODWH

�/�� PHWULFV GXULQJ HDFK V\PERO DQG UHOLHV RQ WKH 9LWHUEL $OJRULWKP ZKLFK UHTXLUHV ORWV RI

PHPRU\ DQG VRUWLQJ URXWLQHV�

)LJXUH ���� LV D JUDSK FRPSDULQJ WKH FRPSXWDWLRQDO FRPSOH[LW\ RI D ')(����� ZLWK GLoHUHQW

0/6( HTXDOL]HU VL]HV� 7KH FRPSXWDWLRQDO FRPSOH[LW\ ZDV IRXQG E\ GHWHUPLQLQJ WKH QXPEHU

RI FRPSDUHV� DGGV� DQG PXOWLSOLHV UHTXLUHG IRU HDFK HTXDOL]HU VWUXFWXUH SHU V\PERO� 7KH

')( UHTXLUHV RQH FRPSDUH� 1��1� DGGV� DQG 1� �1� � � PXOWLSOLHV SHU V\PERO� 2Q WKH

RWKHU KDQG� WKH 0/6( UHTXLUHV 0/ FRPSDUHV� 0/�� DGGV� DQG 0/�� PXOWLSOLHV� ZKHUH 0

LV WKH VL]H RI WKH V\PERO DOSKDEHW� ,Q WKLV FDVH 0  ��

(YHQ WKH VLPSOHVW 0/6( HTXDOL]HU� WKH RQH ZLWK /  �� UHTXLUHV DOPRVW WKUHH WLPHV DV

PDQ\ RSHUDWLRQV WKDQ WKH PRVW FRPSOLFDWHG ')(� WKH ')(������ XVHG LQ WKH VLPXODWLRQV�

)RU D V\VWHP RSHUDWLQJ DW �� 0ESV� PRVW RI WKH 0/6( HTXDOL]HUV ZLOO UHTXLUH FRPSXWDWLRQDO

UDWHV RQ WKH RUGHU RI ��� RSHUDWLRQV SHU VHFRQG� 7KLV UHTXLUHPHQW LV PXFK WRR KLJK IRU PRVW

'63 FKLSV DYDLODEOH WRGD\� )RU WKLV UHDVRQ 0/6( HTXDOL]DWLRQ FDQ RQO\ EH XVHG ZLWK VORZHU

V\VWHPV DQG QRW KLJK�VSHHG LQGRRU GDWD QHWZRUNV� +RZHYHU� ZLWK WKH OHDSV DQG ERXQGV

EHLQJ PDGH LQ '63 FKLS WHFKQRORJ\� SURFHVVRUV WKDW FDQ SHUIRUP DW WKLV VSHHG PD\ VRRQ EH

DYDLODEOH� :KHQ WKH\ GR� 0/6( HTXDOL]DWLRQ PD\ EH D JRRG RSWLRQ IRU FRPSHQVDWLQJ IRU

,6, LQ D KLJK�VSHHG V\VWHP RSHUDWLQJ LQ DQ LQGRRU HQYLURQPHQW�

��� &RQFOXVLRQV

7KH UHVXOWV RI WKH VLPXODWLRQV FOHDUO\ VKRZ WKDW 0/6( HTXDOL]DWLRQ SURYLGHV EHWWHU %(5

SHUIRUPDQFH WKDQ D GHFLVLRQ�IHHGEDFN HTXDOL]HU IRU DOPRVW DOO LQGRRU FKDQQHO FRQGLWLRQV�
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7KLV LQFOXGHV ERWK VWDWLRQDU\ DQG PRELOH UDGLR FKDQQHOV� )RU FKDQQHOV ZLWK ORQJHU GHOD\

VSUHDGV� WKH PRUH FRPSOH[ WKH HTXDOL]HU QHHGV WR EH� ,Q WKH FDVH RI WKH ')(� PRUH WDSV LQ

WKH IHHGIRUZDUG DQG IHHGEDFN pOWHUV DUH QHHGHG� ,Q WKH 0/6( HTXDOL]HU PRUH VWDWH PHWULFV

QHHG WR EH FRPSXWHG� 7KLV H[WUD FRPSOH[LW\� HVSHFLDOO\ LQ WKH FDVH RI WKH 0/6( HTXDOL]HU�

PD\ FDXVH WKH HTXDOL]HU WR EHFRPH XQUHDOL]DEOH LQ D UHDO KLJK�VSHHG LQGRRU FRPPXQLFDWLRQ

V\VWHP� 8QWLO FKLSV EHFRPH IDVWHU DQG PRUH VWUHDPOLQHG� GHFLVLRQ�IHHGEDFN HTXDOL]DWLRQ LV

WKH PRVW SUDJPDWLF HTXDOL]DWLRQ VFKHPH IRU KLJK�VSHHG � ! � 0ESV� FRPPXQLFDWLRQV LQ DQ

LQGRRU HQYLURQPHQW�



&KDSWHU �

&RQFOXVLRQ DQG )XWXU H :RU N

7KH XVH RI HTXDOL]DWLRQ WHFKQLTXHV WR FRPSHQVDWH IRU LQWHUV\PERO LQWHUIHUHQFH FDXVHG E\ D

ZLUHOHVV PXOWLSDWK FKDQQHO KDV EHHQ GLVFXVVHG LQ GHSWK� $OVR GLVFXVVHG ZDV WKH UHODWLRQVKLS

EHWZHHQ DGDSWLYH HTXDOL]DWLRQ DQG DGDSWLYH DUUD\V� 0DQ\ GLoHUHQW VLPXODWLRQ SURJUDPV

ZHUH GHYHORSHG WR KHOS UHDGHUV IXUWKHU XQGHUVWDQG WKH PDQ\ GLoHUHQW HTXDOL]HU VWUXFWXUHV

DQG DOJRULWKPV DORQJ ZLWK WKH XVH RI DGDSWLYH HTXDOL]DWLRQ LQ ERWK PRELOH DQG LQGRRU

HQYLURQPHQWV� 6LPXODWLRQ SURJUDPV WKDW PRGHO DGDSWLYH DUUD\ V\VWHPV ZHUH DOVR LQFOXGHG�

0RVW RI WKHVH VLPXODWLRQV ZHUH H[SODLQHG LQ GHWDLO WR DOORZ UHDGHUV WR OHDUQ KRZ WR VLPXODWH

ZLUHOHVV V\VWHPV WKDW XVH DGDSWLYH HTXDOL]HUV DQG DGDSWLYH DUUD\V�

6HYHUDO GLoHUHQW HTXDOL]HU VWUXFWXUHV ZHUH VWXGLHG� 7KHVH LQFOXGHG WKH OLQHDU WUDQVYHUVDO

HTXDOL]HU� WKH IUDFWLRQDOO\ VSDFHG HTXDOL]HU� WKH GHFLVLRQ�IHHGEDFN HTXDOL]HU� DQG WKH 0/6(

HTXDOL]HU� %RWK WKH ')( DQG 0/6( HTXDOL]HUV SURYLGHG WKH EHVW SHUIRUPDQFH RI DOO WKH

GLoHUHQW VWUXFWXUHV� 7KH 0/6( HTXDOL]HU SURYLGHG EHWWHU SHUIRUPDQFH WKDQ WKH ')(� EXW

DW WKH H[SHQVH RI PXFK PRUH FRPSXWDWLRQDO FRPSOH[LW\�

%RWK WKH OHDVW PHDQ VTXDUH DOJRULWKP DQG WKH UHFXUVLYH OHDVW VTXDUH DOJRULWKP ZHUH GLV�

FXVVHG LQ WKLV ZRUN� ,W ZDV IRXQG WKDW WKH /06 DOJRULWKP UHTXLUHG PDQ\ LWHUDWLRQV WR

FRQYHUJH� EXW UHTXLUHG RQO\ D IHZ FRPSXWDWLRQV SHU LWHUDWLRQ� 7KH 5/6 DOJRULWKP FRQ�

YHUJHG PXFK PRUH TXLFNO\� EXW UHTXLUHG PDQ\ PRUH FDOFXODWLRQV SHU LWHUDWLRQ�

7R PRGHO D PRELOH UDGLR FKDQQHO� D WZR�UD\ 5D\OHLJK IDGLQJ FKDQQHO PRGHO ZDV XVHG� ,W

���



&KDSWHU �� &RQFOXVLRQ DQG )XWXUH : RUN ���

ZDV IRXQG WKDW LQ RUGHU WR WUDFN WKLV UDSLGO\ FKDQJLQJ FKDQQHO� PDQ\ WUDLQLQJ VHTXHQFHV

QHHGHG WR EH LQFOXGHG ZLWK WKH WUDQVPLWWHG GDWD� RU WKH HTXDOL]HU ZRXOG QHHG WR DGDSW XVLQJ

WKH GHFLVLRQV PDGH E\ WKH UHFHLYHU� 7KLV GHFLVLRQ�GLUHFWHG PRGH DOORZHG IRU D KLJKHU GDWD

WKURXJKSXW� EXW UHTXLUHG PDQ\ H[WUD FRPSXWDWLRQV�

$GDSWLYH DUUD\V RSHUDWH PXFK OLNH OLQHDU� V\PERO VSDFHG HTXDOL]HUV� DQG FDQ XVH PDQ\ RI

WKH VDPH DGDSWLYH DOJRULWKPV DV DQ HTXDOL]HU� $GDSWLYH DUUD\V RSHUDWH E\ PXOWLSO\LQJ WKH

RXWSXW RI HDFK HOHPHQW LQ WKH DUUD\ ZLWK D FRPSOH[ ZHLJKW� 7KHVH ZHLJKWV DUH DGMXVWHG

VXFK WKDW LQWHUIHULQJ VLJQDOV DUH VHYHUHO\ DWWHQXDWHG ZKLOH GHVLUHG VLJQDOV DUH UHFHLYHG FOHDUO\�

$GDSWLYH DOJRULWKPV FDQ EH XVHG WR DGMXVW WKH ZHLJKWV ZLWKRXW NQRZOHGJH RI GLoHUHQW VLJ�

QDOV
 DQJOH RI DUULYDO DQG VLJQDO VWUHQJWKV�

,Q DQ LQGRRU HQYLURQPHQW� WKH GHOD\ VSUHDG RI WKH FKDQQHO LV UHODWLYHO\ VPDOO� (YHQ WKRXJK

WKLV LV WUXH� DQ DGDSWLYH HTXDOL]HU LV VWLOO QHHGHG WR WUDQVPLW GDWD DW KLJK UDWHV � ! �

0ESV�� %RWK ')( DQG 0/6( HTXDOL]HUV GR D JRRG MRE LQ PLWLJDWLQJ WKH ,6, FDXVHG E\ WKH

LQGRRU FKDQQHO� 0/6( HTXDOL]HUV SURYLGH EHWWHU SHUIRUPDQFH WKDQ WKH ')( HTXDOL]HUV� EXW

UHTXLUH PDQ\ PRUH FRPSXWDWLRQV SHU V\PERO WKDQ WKH ')(� )RU KLJK�VSHHG ZLUHOHVV GDWD

QHWZRUNV� WKLV KLJK FRPSXWDWLRQDO FRPSOH[LW\ OLPLWV WKH VSHHG DW ZKLFK GDWD FDQ EH VHQW�

)RU WKLV UHDVRQ� D GHFLVLRQ�IHHGEDFN HTXDOL]HU LV D EHWWHU FKRLFH ZKHQ XVLQJ DQ HTXDOL]HU LQ

D KLJK�VSHHG LQGRRU V\VWHP�

)XWXUH :RUN

(TXDOL]DWLRQ IRU LQGRRU ZLUHOHVV V\VWHPV LV DQ LGHD WKDW KDV RQO\ EHHQ DURXQG IRU WKH ODVW IHZ

\HDUV� 7KHUH DUH VWLOO PDQ\ SUREOHPV WKDW QHHG WR EH VROYHG� )RU RQH� HoRUWV VKRXOG EH PDGH

WR PDNH 0/6( D PRUH UHDOL]DEOH HTXDOL]DWLRQ WHFKQLTXH IRU KLJK�VSHHG LQGRRU V\VWHPV� 7KLV

FRXOG LQYROYH VLPSOLI\LQJ WKH PHWULF FDOFXODWLRQV DV ZHOO DV PDNLQJ WKH 9LWHUEL DOJRULWKP DV

HrFLHQW DV SRVVLEOH�

7KH ')( FRXOG DOVR EH H[DPLQHG WR VHH LI LWV SHUIRUPDQFH FRXOG EH LPSURYHG� )RU H[DPSOH�

UHVHDUFK FRXOG EH GRQH WR VHH LI FKDQJLQJ WKH IHHGIRUZDUG pOWHU WR IUDFWLRQDOO\ VSDFHG IURP

V\PERO VSDFHG ZRXOG LPSURYH WKH SHUIRUPDQFH RI WKH HTXDOL]HU�



&KDSWHU �� &RQFOXVLRQ DQG )XWXUH : RUN ���

$QRWKHU WRSLF WKDW GHVHUYHV PRUH VWXG\ LV WKH FRPSDULVRQ RI ')( DQG 0/6( HTXDOL]DWLRQ

LQ PRELOH LQGRRU FKDQQHOV WKDW H[KLELW GHHS IDGHV� ,Q WKLV WKHVLV� RQO\ RQH VXFK FKDQQHO ZDV

VLPXODWHG� VR QRW PXFK ZDV OHDUQHG DERXW WKLV SKHQRPHQRQ� 5HVHDUFKHUV VKRXOG VLPXODWH

ERWK ')( DQG 0/6( HTXDOL]HU RSHUDWLRQ ZLWK PDQ\ RWKHU VHWV RI PRELOH LQGRRU FKDQQHO

SURpOHV WKDW DOVR FRQWDLQ GHHS IDGHV DQG FRPSDUH WKH SHUIRUPDQFH RI WKH GLoHUHQW HTXDOL]HU

W\SHV�

)LQDOO\� WKH SHUIRUPDQFH RI GLoHUHQW HTXDOL]DWLRQ WHFKQLTXHV ZLWK GLoHUHQW PRGXODWLRQ W\SHV

FRXOG EH ORRNHG DW� 7KH +,3(5/$1 VWDQGDUG GHYHORSHG LQ (XURSH XVHV *06.� 6RPH

UHVHDUFKHUV KDYH ORRNHG DW XVLQJ GHFLVLRQ�IHHGEDFN ZLWK WKH VWDQGDUG >��@� EXW IHZ KDYH

H[DPLQHG XVLQJ 0/6( HTXDOL]HUV�
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>�@ -� *� 3URDNLV� 'LJLWDO &RPPXQLFDWLRQV� 1HZ <RUN� 0F*UDZ�+LOO� �UG HG�� �����

>�@ 7� 6� 5DSSDSRUW� :LUHOHVV &RPPXQLFDWLRQV� 3UHQWLFH +DOO� �����

>�@ 6� +D\NLQ� $GDSWLYH )LOWHU 7KHRU\� 3UHQWLFH +DOO� �����

>�@ 6� +D\NLQ� &RPPXQLFDWLRQ 6\VWHPV� -RKQ :LOH\ DQG 6RQV� �����

>�@ /� :� &RXFK� 'LJLWDO DQG $QDORJ &RPPXQLFDWLRQ 6\VWHPV� 0DFPLOODQ� �����

>�@ 5� (� =LHPHU DQG 5� /� 3HWHUVRQ� 'LJLWDO &RPPXQLFDWLRQV DQG 6SUHDG 6SHFWUXP V\V�

WHPV� 0DFPLOODQ� �����

>�@ 7� 6� 5DSSDSRUW� ?&KDUDFWHUL]DWLRQ RI 8+) PXOWLSDWK UDGLR FKDQQHOV LQ IDFWRU\ EXLOG�

LQJV�� ,((( 7UDQV� $QWHQQDV 	 3URSDJ�� YRO� ��� SS� ����^����� $XJ� �����

>�@ 7� $� 6H[WRQ DQG .� 3DKODYDQ� ?&KDQQHO PRGHOLQJ DQG DGDSWLYH HTXDOL]DWLRQ RI LQGRRU

UDGLR FKDQQHOV�� ,((( -� 6HOHFW� $UHDV &RPPXQ�� YRO� �� SS� ���^���� -DQ� �����

>��@ '� &� &R[ DQG 5� 3� /HFN� ?'LVWULEXWLRQV RI PXOWLSDWK GHOD\ VSUHDG DQG DYHUDJH H[FHVV

GHOD\ IRU ��� 0+] XUEDQ PRELOH UDGLR SDWKV�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG

3URSDJDWLRQ� YRO� $3���� SS� ���^���� 0DUFK �����

>��@ 5� *DQHVK DQG .� 3DKODYDQ� ?(oHFWV RI WUDrF DQG ORFDO PRYHPHQWV RQ PXOWLSDWK

FKDUDFWHULVWLFV RI DQ LQGRRU UDGLR FKDQQHO�� (OHFWURQLFV /HWWHUV� YRO� ��� SS� ���^��

-XQH �����

���



&KDSWHU �� &RQFOXVLRQ DQG )XWXUH : RUN ���

>��@ -� 7HOODGR� (� .KD\DWD� DQG -� 0� &LRr� ?(TXDOL]LQJ *06. IRU KLJK GDWD UDWH ZLUHOHVV

/$1V�� LQ 3URF�� ,((( 3,05&� YRO� �� SS� ��^��� �����

>��@ 0� &� -HUXFKLP� 3� %DODEDQ� DQG .� 6� 6KDQPXJDQ� 6LPXODWLRQ RI &RPPXQLFDWLRQ

6\VWHPV� 3OHQXP 3UHVV� �����

>��@ :� +� 7UDQWHU� %DVLF 6LPXODWLRQ 0RGHOV RI 3KDVH 7UDFNLQJ 'HYLFHV 8VLQJ 0$7/$%�

3UHQWLFH +DOO� WR EH SXEOLVKHG�

>��@ :� +� 7UDQWHU� ?6LPXODWLRQ RI FRPPXQLFDWLRQ V\VWHPV�� &ODVV 1RWHV� )DOO ����� 9LU�

JLQLD 7HFK� ((�����

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

>��@ 5� :� /XFN\� ?$XWRPDWLF HTXDOL]DWLRQ IRU GLJLWDO FRPPXQLFDWLRQV�� %HOO 6\VWHPV 7HFK�

QLFDO -RXUQDO� YRO� ��� SS� ���^���� $SULO �����

>��@ %� :LGURZ� ?$GDSWLYH pOWHUV� ,� )XQGDPHQWDOV�� 7HFK� 5HS� ������� 6WDQIRUG 8QLYHU�

VLW\� 6WDQIRUG� &$� 'HFHPEHU �����

>��@ 5� :� /XFN\� ?6LJQDO pOWHULQJ ZLWK WKH WUDQVYHUVDO HTXDOL]HU�� LQ �WK $QQ� $OOHUWRQ

&RQI� RQ &LUFXLWV DQG 6\VWHPV 7KHRU\� SS� ���^���� 2FW� �����

>��@ *� 8QJHUERHFN� ?)UDFWLRQDO WDS�VSDFLQJ HTXDOL]HU DQG FRQVHTXHQFHV IRU FORFN UHFRYHU\

LQ GDWD PRGHPV�� ,((( 7UDQV� &RPPXQ�� YRO� &20���� SS� ���^��� $XJXVW �����

>��@ 0� (� $XVWLQ� ?'HFLVLRQ�IHHGEDFN HTXDOL]DWLRQ IRU GLJLWDO FRPPXQLFDWLRQ RYHU GLVSHU�

VLYH FKDQQHOV�� 7HFK� 5HS� ���� 0,7 /LQFROQ /DERUDWRU\� /H[LQJWRQ� 0DVV�� $XJXVW

�����

>��@ &� %HOpRUH DQG -� +� 3DUN -U�� ?'HFLVLRQ�IHHGEDFN HTXDOL]DWLRQ�� 3URF� ,(((� YRO� ���

SS� ����^����� $XJ� �����

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

>��@ *� '� )RUQH\� ?0D[LPXP�OLNHOLKRRG VHTXHQFH HVWLPDWLRQ RI GLJLWDO VHTXHQFHV LQ WKH

SUHVHQFH RI RI LQWHUV\PERO LQWHUIHUHQFH�� ,((( 7UDQV� ,QIRUP� 7KHRU\� YRO� ,7����

SS� ���^���� 0D\ �����



&KDSWHU �� &RQFOXVLRQ DQG )XWXUH : RUN ���

>��@ *� 8QJHUERHFN� ?$GDSWLYH PD[LPXP�OLNHOLKRRG UHFHLYHU IRU FDUULHU�PRGXODWHG GDWD�

WUDQVPLVVLRQ V\VWHPV�� ,((( 7UDQV� &RPPXQ�� YRO� &20���� SS� ���^���� 0D\ �����

>��@ *� (� %RWWRPOH\ DQG 6� &KHQQDNHVKX� ?8QLpFDWLRQ RI 0/6( UHFHLYHUV�� LQ 3URF�� 9LU�

JLQLD 7HFK 6\PS� RQ :LUHOHVV 3HUVRQDO &RPPXQ�� �����

>��@ *� (� %RWWRPOH\ DQG 6� &KHQQDNHVKX� ?$GDSWLYH 0/6( HTXDOL]DWLRQ IRUPV IRU ZLUHOHVV

FRPPXQLFDWLRQV�� LQ 3URF�� 9LUJLQLD 7HFK 6\PS� RQ :LUHOHVV 3HUVRQDO &RPPXQ�� �����

>��@ 5� :� /XFN\� ?7HFKQLTXHV IRU DGDSWLYH HTXDOL]DWLRQ RI GLJLWDO FRPPXQLFDWLRQV�� %HOO

6\VWHPV 7HFKQLFDO -RXUQDO� YRO� ��� SS� ���^���� �����

>��@ '� 1� *RGDUG� ?&KDQQHO HTXDOL]DWLRQ XVLQJ D .DOPDQ pOWHU IRU IDVW GDWD WUDQVPLVVLRQ��

,%0 -� 5HV� 'HYHORSPHQW� YRO� ��� SS� ���^���� 0D\ �����

>��@ %� 3LFLQERQR� $GDSWLYH 6LJQDO 3URFHVVLQJ IRU 'HWHFWLRQ DQG &RPPXQLFDWLRQ� $OSKHQ

DDQ GHQ 5LMQ� 7KH 1HWKHUODQGV� 6LMWKRo DQG 1RUGRo� �����

>��@ (� 'DKOPDQ� ?1HZ DGDSWLYH 9LWHUEL GHWHFWRU IRU IDVW�IDGLQJ PRELOH�UDGLR FKDQQHOV��

(OHFWURQLFV /HWWHUV� YRO� ��� SS� ����^����� -XO\ �����

>��@ %� 6NODU� ?5D\OHLJK IDGLQJ FKDQQHOV LQ PRELOH GLJLWDO FRPPXQLFDWLRQ V\VWHPV SDUW ,�

&KDUDFWHUL]DWLRQ�� ,((( &RPPXQ� 0DJD]LQH� SS� ��^���� -XO\ �����

>��@ 5� +� &ODUNH� ?$ VWDWLVWLFDO WKHRU\ RI PRELOH�UDGLR UHFHSWLRQ�� %HOO 6\VWHPV 7HFKQLFDO

-RXUQDO� YRO� ��� SS� ���^����� �����

>��@ 0� -� *DQV� ?$ SRZHU VSHFWUDO WKHRU\ RI SURSDJDWLRQ LQ WKH PRELOH UDGLR HQYLURQPHQW��

,((( 7UDQV� 9HK� 7HFK�� YRO� 97���� SS� ��^��� )HEUXDU\ �����

>��@ -� ,� 6PLWK� ?$ FRPSXWHU JHQHUDWHG PXOWLSDWK IDGLQJ VLPXODWLRQ IRU PRELOH UDGLR��

,((( 7UDQV� 9HK� 7HFK�� YRO� 97���� SS� ��^��� $XJ� �����

>��@ :� &� -DNHV� 0LFURZDYH 0RELOH &RPPXQLFDWLRQV� -RKQ :LOH\ DQG 6RQV� �����

>��@ +� +DVKHPL� ?6LPXODWLRQ RI WKH XUEDQ UDGLR SURSDJDWLRQ FKDQQHO�� ,((( 7UDQV� 9HK�

7HFK�� YRO� 97���� $XJ� �����
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>��@ *� /� 7XULQ� ?$ VWDWLVWLFDO PRGHO RI XUEDQ PXOWLSDWK SURSDJDWLRQ�� ,((( 7UDQV� 9HK�

7HFK�� YRO� 97���� SS� �^�� )HE� �����

>��@ :� +XDQJ DQG 7� 6� 5DSSDSRUW� ?6LPXODWLRQ RI DGDSWLYH HTXDOL]DWLRQ LQ WZR�UD\�

6,5&,0� DQG 605&,0 PRELOH UDGLR FKDQQHOV�� 0DVWHU
V WKHVLV� 9LULJLQD 3RO\WHFKQLF

,QVWLWXWH DQG 6WDWH 8QLYHUVLW\� -DQ� �����

>��@ 7� 6� 5DSSDSRUW� :� +XDQJ� DQG 0� -� )HXHUVWHLQ� ?3HUIRUPDQFH RI GHFLVLRQ IHHGEDFN

HTXDOL]HUV LQ VLPXODWHG XUEDQ DQG LQGRRU UDGLR FKDQQHOV�� ,(&( 7UDQV� &RPPXQ��

YRO� (���%� SS� ��^��� )HE� �����

>��@ -� &� /LEHUWL DQG 7� 6� 5DSSDSRUW� $QDO\VLV RI &'0$ &HOOXODU 5DGLR 6\VWHPV (P�

SOR\LQJ $GDSWLYH $QWHQQDV� 3K' WKHVLV� 9LUJLQLD 7HFK� %ODFNVEXUJ� 9$� 6HSWHPEHU

�����

>��@ %� 'DQHVKUDG DQG /� -� &LPLQL -U�� ?(TXDOL]DWLRQ UHTXLUHPHQWV IRU �� 0ESV LQGRRU

ZLUHOHVV GDWD WUDQVPLVVLRQ�� LQ 3URF�� ,((( 9HK� 7HFK� &RQI�� YRO� �� SS� ��^�� �����

>��@ 5� $� 9DOHQ]XHOD� ?3HUIRUPDQFH RI DGDSWLYH HTXDOL]DWLRQ IRU LQGRRU UDGLR FRPPXQLFD�

WLRQV�� ,((( 7UDQV� &RPPXQ�� YRO� ��� SS� ���^���� 0DU� �����



9LWD

-RKQ �-DFN� 0RUWRQ ZDV ERUQ LQ 7RZVRQ� 0DU\ODQG RQ 0DUFK ��� ����� ,Q ���� KH UHFHLYHG

KLV %�6� GHJUHH LQ (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ ZLWK KRQRUV IURP &DUQHJLH 0HOORQ

8QLYHUVLW\ LQ 3LWWVEXUJK� 3HQQV\OYDQLD� 'XULQJ WKH VXPPHU RI ���� KH ZRUNHG DV DQ LQWHUQ

IRU WKH 0LFURHOHFWURQLFV GLYLVLRQ RI /XFHQW 7HFKQRORJLHV LQ $OOHQWRZQ� 3HQQV\OYDQLD ZKHUH

KH GHVLJQHG IXVH FLUFXLWV IRU $�' FRQYHUWHUV� ,Q WKH )DOO RI ���� KH EHJDQ KLV JUDGXDWH VWXG�

LHV DW WKH 8QLYHUVLW\ RI ,OOLQRLV DW 8UEDQD�&KDPSDLJQ� EXW DIWHU FRPSOHWLQJ RQH VHPHVWHU� KH

WUDQVIHUUHG WR 9LUJLQLD 7HFK ZKHUH KH ZDV DZDUGHG D %UDGOH\ )HOORZVKLS E\ WKH (OHFWULFDO

(QJLQHHULQJ GHSDUWPHQW� ,Q WKH 6SULQJ RI ���� KH MRLQHG WKH 0RELOH DQG 3RUWDEOH 5DGLR

5HVHDUFK *URXS �035*� RI 9LUJLQLD 7HFK XQGHU WKH VXSHUYLVLRQ RI 'U� %ULDQ '� :RHUQHU�

:KLOH DW WKH 035* KH GHYHORSHG D ERRN RQ DGDSWLYH HTXDOL]DWLRQ DQG DGDSWLYH DUUD\V

DV SDUW RI WKH 1DWLRQDO 6FLHQFH )RXQGDWLRQ
V &RPELQHG 5HVHDUFK &XUULFXOXP 'HYHORSPHQW

�&5&'� SURMHFW� ,Q $XJXVW RI ����� KH ZLOO MRLQ 0RWRUROD
V 6HPLFRQGXFWRU 3URGXFW 6HFWRU

LQ $XVWLQ� 7H[DV ZKHUH KH ZLOO GHVLJQ KLJK�EDQGZLGWK GDWD DSSOLFDWLRQV IRU 0RWRUROD
V '63

FKLSVHWV�

���


