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$EVWUDFW

7KH UHSRUW UHYLHZV SDSHUV RQ ORQJ�UDQJ GHSHQGHQW �/5'� WUDpF PRGHOV�
7KRXJK PDQ\ WUDpF PHDVXUHPHQWV KDYH VKRZQ WKH SUHVHQFH RI /5' LQ
SDFNHW QHWZRUNV� TXHVWLRQV RQ WKH QHHG RI /5' WUDpF PRGHOV DUH VWLOO SRVHG�
7KXV� WKH LVVXHV DUH FRQVLGHUHG LQ WKLV ZRUN� 7KH UHSRUW VKRZV� RQ WKH RWKHU
KDQG� WKDW /5' PD\ EH DQ DUWLIDFW RI QRQ�VWDWLRQDULW\� RU LW PD\ EH LJ�
QRUHG LQ WKH SUHVHQFH RI VWURQJ VKRUW�UDQJH FRUUHODWLRQV� +RZHYHU� WUDpF
PHDVXUHPHQW VWXGLHV DOVR VKRZ WKH QHHG IRU /5' WUDpF PRGHOV LQ RUGHU QRW
WR JLYH RYHUO\ RSWLPLVWLF SHUIRUPDQFH SUHGLFWLRQV WKDW UHVXOW LQ XQGHUHVWL�
PDWHG QHWZRUN UHVRXUFH DOORFDWLRQV� 7KH SDSHUV GLVFXVVHG LQ WKLV ZRUN KDYH
VLPXOWDQHRXVO\ LQYHVWLJDWHG WKH HmHFW RI /5' RQ TXHXLQJ SHUIRUPDQFH DQG
PRGHOHG SDFNHW WUDpF WKDW H[KLELWV PRGHUDWH WR VWURQJ /5'�
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� 4XHXLQJ 3HUIRUPDQFH �

��� ,PSOLFDWLRQV RI /5' WR 9%5 7UDpF (QJLQHHULQJ DV 6HHQ E\
+H\PDQ DQG /DNVKPDQ � � � � � � � � � � � � � � � � � � � � � � �

��� 4XHXLQJ $QDO\VLV ZLWK /5' 3DFNHW 7UDpF DV 6HHQ E\ (U�
UDPLOOL HW DO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6XSHUSRVLWLRQ RI 0033V � � � � � � � � � � � � � � � � � � � � � ��
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�� ,QWURGXFWLRQ

� ,QWURGXFWLRQ

0HDVXUHPHQWV RQ SDFNHW QHWZRUNV KDYH VKRZQ WKDW DJJUHJDWH SDFNHW VWUHDPV
DUH VWDWLVWLFDOO\ VHOI�VLPLODU LQ QDWXUH� /RQJ�UDQJH GHSHQGHQF\ �/5'� LV RQH
RI PDQ\ PDWKHPDWLFDO SURSHUWLHV RI VHOI�VLPLODU WUDpF� &RQVLGHU D SURFHVV
<  �<W � W  �� �� ���� ZKHUH DOO <W KDYH D FRPPRQ PHDQ DQG FRPPRQ nQLWH
YDULDQFH DQG WKH SURFHVV KDV D FRYDULDQFH IXQFWLRQ LQGHSHQGHQW RI W� QDPHO\�
oN  &RY�<W� <W�N�� 6XFK D SURFHVV LV VDLG WR EH FRYDULDQFH �RU VHFRQG�RUGHU
RU ZLGH�VHQVH� VWDWLRQDU\� 7KH DXWR�FRUUHODWLRQ IXQFWLRQ IRU WKLV SURFHVV LV
|N  

oN
o�
� ,I ZH GHnQH WKH DJJUHJDWH VWDWH 6P  
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WKH IRUP
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/HW YP  9DU�6P P�� 7KHQ LI WKH SURFHVV VDWLVnHV WKH IROORZLQJ FRQGLWLRQV�

��
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N � |N � �
�� )RU ODUJH P� YP { }� P

�� )RU ODUJH P� 9DU�6P� { }�>P� � R�P�@

LW LV FDOOHG VKRUW�UDQJH GHSHQGHQW� ([DPSOHV RI WKHVH SURFHVVHV LQFOXGH
0DUNRY FKDLQV DQG DXWR�UHJUHVVLYH PRYLQJ DYHUDJH �$50$� SURFHVVHV RI
nQLWH RUGHU�

2Q WKH RWKHU KDQG LI LW KDV WKH IROORZLQJ SURSHUWLHV�

��
3
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N � |N  �
�� PYP � � DV P � �
�� )RU ODUJH P� 9DU�6P� { }�P�bm� � � m � �

LW LV VDLG WR H[KLELW ORQJ�UDQJH GHSHQGHQFH� 'HnQLQJ +  � b m �� ZKHUH
+ LV FDOOHG WKH +XUVW SDUDPHWHU� ZH REWDLQ D PHDVXUH RI WKH GHJUHH RI /5'�
IRU VKRUW�UDQJH GHSHQGHQFH� +  � � DQG IRU ORQJ�UDQJH GHSHQGHQFH� � � �
+ � ��

,QYHVWLJDWLQJ WKH FRQGLWLRQV OLVWHG� WKH GLVWLQFWLRQ EHWZHHQ WKH WZR SURFHVVHV
FDQ EH PDGH EDVHG RQ WKH VXP RI WKH DXWR�FRUUHODWLRQV RU RQ WKH EDVLV RI WKH
DV\PSWRWLF UDWH RI JURZWK RI WKH YDULDQFH RI 6P�

$IWHU VKRUWO\ LQWURGXFLQJ WKH WHVWV XVHG WR LGHQWLI\ /5' LQ WUDpF PHDVXUH�
PHQWV DQG WKH DVVXPSWLRQV EHKLQG WKH WHVWV LQ VHFWLRQ �� GLmHUHQW WUDpF
PRGHOV XVHG WR FKDUDFWHUL]H /5'�WUDpF ZLOO EH GLVFXVVHG LQ VHFWLRQ �� ,Q
VHFWLRQ � WKH LPSDFWV RI /5' RQ WUDpF HQJLQHHULQJ� HVSHFLDOO\ IURP WKH SRLQW
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�� /5' YV� 1RQ�6WDWLRQDULW\

RI YLHZ RI YDULDEOH ELW UDWH�YLGHR �9%5� DQG WR VRPH H[WHQW IURP WKH SRLQW
RI YLHZ RI SDFNHW GDWD LQ JHQHUDO� ZLOO EH GLVFXVVHG� 7KH UHSRUW LV FRQFOXGHG
E\ VHFWLRQ ��

� /5' YV� 1RQ�6WDWLRQDULW\

%HIRUH LQWURGXFLQJ /5' WUDpF PRGHOV� WKH DVVXPSWLRQV EHKLQG VRPH JUDSKL�
FDO DQG VWDWLVWLFDO PHWKRGV IRU WHVWLQJ ORQJ�UDQJH GHSHQGHQFH LQ D WLPH VHULHV
VKRXOG EH FRQVLGHUHG� 7KH WHVWV XVHG LQFOXGH WKH YDULDQFH�WLPH DQDO\VLV�
WKH 5 6 DQDO\VLV� WKH ,QGH[ RI 'LVSHUVLRQ IRU &RXQWV DQG WKH 3HULRGRJUDP�
EDVHG DQDO\VLV� 6RPH RI WKHVH WHVWV ZHUH VXPPDUL]HG LQ WKH UHSRUW E\ (VD
+\\WL�D DQG WKH\ DUH DOVR H[SODLQHG LQ >�@� >�@� DQG >�@�

,Q >�@ VHFWLRQ ���� WKH VWDWLRQDULW\ DVVXPSWLRQV EHKLQG WKHVH WHVWV DUH GLV�
FXVVHG� ,W LV SRLQWHG RXW WKDW HYHQ ZKHQ WKH WHVWV JLYH D +XUVW SDUDPHWHU
+ ! ���� ZKLFK� LI WKH WHVWV DUH YDOLG� VKRXOG LQGLFDWH ORQJ�UDQJH GHSHQ�
GHQF\� LW LV QRW QHFHVVDULO\ FOHDU WKDW WKH WUDpF H[KLELWV /5'� RU WKDW WKH
+XUVW SDUDPHWHU JLYHQ LV FRUUHFW� 7KH WUDpF FDQ DOVR EH QRQ�VWDWLRQDU\� 5H�
FDOO WKDW� VHH WKH LQWURGXFWRU\ VHFWLRQ� /5' ZDV GHnQHG LQ WKH IUDPHZRUN
RI VWDWLRQDULW\� 7KHUHIRUH� LI WKH VWDWLRQDULW\ DVVXPSWLRQ GRHV QRW KROG WKH
+XUVW SDUDPHWHUV JLYHQ E\ WKH WHVW PD\ EH GHFHLYLQJ� &RQVHTXHQWO\� LQ WKH
FDVH RI nQLWH GDWD VHWV WKH VWDWLRQDULW\ DVVXPSWLRQ PXVW EH WHVWHG�

,Q >�@� WKH VWDWLRQDULW\ RI 03(*� YLGHR WUDpF VWUHDPV ZDV WHVWHG� 7KH GDWD
SRLQWV LQ WKH VWUHDPV UHSUHVHQW WKH WRWDO ELW UDWH RI RQH YLGHR IUDPH� 7KH
WHVW IRU VWDWLRQDULW\� EDVHG RQ WKH $QDO\VLV RI 9DULDQFH �$129$�� UHMHFWHG
WKH VWDWLRQDULW\ K\SRWKHVLV� 7KHUHIRUH� LW ZDV FRQFOXGHG WKDW WKH ORQJ�UDQJH
GHSHQGHQFH PXVW EH VHHQ DV DQ DUWLIDFW RI QRQ�VWDWLRQDULW\� 7KH DXWKRUV WKHQ
SURFHHG E\ LQWURGXFLQJ D QHZ W\SH RI SURFHVV� ZKLFK LV QRQ�VWDWLRQDU\� DV D
FDQGLGDWH IRU D WUDpF PRGHO� WKH VKLIWLQJ OHYHO SURFHVV �6/3��

%HUDQ HW DO� >�@ KRZHYHU SRLQW RXW WKDW /5' PRGHOV VHHP WR JLYH FRQVHUYDWLYH
SHUIRUPDQFH FULWHULD DQG FDQ EH XVHG WR PRGHO KLJKO\ QRQ�VWDWLRQDU\ GDWD
ZKHQ QR SDUVLPRQLRXV DOWHUQDWLYH PRGHOV H[LVW�

� 6RXUFH PRGHOV

,Q >�@ D UHYLHZ RI /5' WUDpF PRGHOV LV JLYHQ� 7KH WUDpF PRGHOV SUHVHQWHG
DUH 4XDVL�0DUNRYLDQ PRGHOV� VXSHUSRVHG 21�2)) PRGHOV� DQG )UDFWLRQDO
%URZQLDQ PRWLRQ �)%0� PRGHOV� ,Q WKH HDUOLHU &267�UHSRUW >�@ PRGHOV
SUHVHQWHG LQFOXGH UDWH SURFHVVHV ZLWK KHDY\�WDLOHG SHULRG OHQJWKV� SURFHVVHV
JHQHUDWHG E\ GHWHUPLQLVWLF FKDRWLF PDSV� WZR FRPSRQHQW )%0�EDVHG WUDpF
PRGHOV� IUDFWLRQDO $5,0$ SURFHVVHV� DQG PRGHOV EDVHG RQ 0DUNRY FKDLQV
ODEHOHG SVHXGR VHOI�VLPLODU PRGHOV�
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��� 0RGHOV E\ +H\PDQ DQG /DNVKPDQ

7KH VRXUFH PRGHO IRU 9%5 EURDGFDVW YLGHR WUDpF LV SUHVHQWHG LQ VHFWLRQ ����
%DVHG RQ WKLV PRGHO� WKH DXWKRUV GHGXFH LQ D ODWHU SDSHU >�@ WKDW /5' LV QRW
D FUXFLDO SURSHUW\ LQ GHWHUPLQLQJ WKH EXmHU EHKDYLRU RI 9%5�YLGHR VRXUFHV�
7KH VRXUFH PRGHO DQG WKH EXmHU PRGHO GHVHUYH WKHUHIRUH D FORVHU ORRN�

��� 0RGHOV E\ +H\PDQ DQG /DNVKPDQ

,Q >�@ �� ORQJ VHTXHQFHV RI EURDGFDVW YLGHR WUDpF DUH DQDO\]HG DQG EDVHG
RQ WKH UHVXOWV VRXUFH PRGHOV DSSOLFDEOH IRU GLmHUHQW VHTXHQFHV DUH JLYHQ�
7KH\ DUH KRZHYHU QRW DEOH WR FRQFOXGH WKDW D VLQJOH PRGHO ZLWK SK\VLFDOO\
PHDQLQJIXO SDUDPHWHUV FRXOG EH XVHG IRU HDFK VHTXHQFH� 7KH WUDpF PHDVXUH�
PHQWV DUH GRQH LQ VXFK D ZD\ WKDW WKH VFHQH FKDQJH IUDPHV FDQ EH LGHQWLnHG�
'LVWULEXWLRQV DUH IRXQG IRU WKH QXPEHU RI FHOOV LQ VFHQH FKDQJH IUDPHV� WKH
QXPEHU RI FHOOV LQ IUDPHV LPPHGLDWHO\ IROORZLQJ VFHQH FKDQJH IUDPHV� WKH
VFHQH OHQJWKV� DQG WKH QXPEHU RI FHOOV LQ IUDPHV ZLWKLQ D VFHQH�

)URP WKH �� VHTXHQFHV PHDVXUHG LW ZDV GHGXFHG WKDW WKH QXPEHU RI FHOOV
LQ VFHQH FKDQJH IUDPHV ZHUH XQFRUUHODWHG DQG KDG GLmHUHQW GLVWULEXWLRQV
�H�J� :HLEXOO DQG *DPPD�� 7KH PRGHO IRU WKH QXPEHU RI FHOOV LQ WKH IUDPH
VXFFHHGLQJ D VFHQH FKDQJH IUDPH� <Q� LV JLYHQ E\ OLQHDU UHJUHVVLRQ�

<Q  D� E;Q � qQ�

ZKHUH ;Q LV WKH QXPEHU RI FHOOV LQ WKH QWK VFHQH�FKDQJH IUDPH� D DQG E DUH
WKH UHJUHVVLRQ SDUDPHWHUV� DQG qQ z 1��� ��� )RU PRVW VHTXHQFHV� WKH VFHQH
OHQJWKV DQG WKH QXPEHU RI FHOOV LQ IUDPHV ZLWKLQ D VFHQH IROORZHG 3DUHWR�
:HLEXOO� RU *DPPD GLVWULEXWLRQV�

%HFDXVH WKH QXPEHU RI FHOOV SHU IUDPH LQ VFHQH FKDQJH IUDPHV ZDV IRXQG
WR EH XQFRUUHODWHG EHWZHHQ VXFFHVVLYH IUDPHV� WKH VRXUFH PRGHO ZDV RQO\
FRQVWUXFWHG IRU WKH QXPEHU RI FHOOV SHU IUDPH IRU IUDPHV ZLWKLQ D VFHQH�

)RU DQ H[DPSOH VHTXHQFH� ODEHOHG nOP� WKH PHDVXUHPHQWV LQGLFDWHG WKDW FHOOV
SHU IUDPH IRU IUDPHV ZLWKLQ D VFHQH KDG D 3DUHWR�GLVWULEXWLRQ�

b�m � N�wm[Nb�
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5
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� Wmb�HbWGW�

7KH PRGHOV XVHG ZHUH WKH 0DUNRY FKDLQ DQG WKH GLVFUHWH DXWR UHJUHVVLYH
�'$5� PRGHOV�

0DUNRY &KDLQ 0RGHO

/HW ;Q EH WKH QXPEHU RI FHOOV LQ IUDPH Q DQG <Q EH WKH LQWHJHU SDUW RI
;Q ��� �<Q�Q  �� �� ���� 1� LV PRGHOHG DV D 0DUNRY FKDLQ ZLWK WUDQVLWLRQ
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��� 0RGHOV *LYHQ E\ (UUDPLOOL HW DO�

PDWUL[ 3  �SLM�� HVWLPDWHG DV

ASLM  
QXPEHU RI WUDQVLWLRQV L WR M

QXPEHU RI WUDQVLWLRQV RXW RI L
�

7KH 0DUNRY PRGHO LV RQO\ XVHG IRU VHTXHQFHV ZKHUH WKH '$5 PRGHO LV QRW
VXpFLHQWO\ DFFXUDWH�

'$5

7KH WUDQVLWLRQ PDWUL[ IRU WKH '$5��� SURFHVV LV

3  |, � �� � |�4�

ZKHUH | LV WKH DXWR�FRUUHODWLRQ FRHpFLHQW IRU LQWUD�VFHQH IUDPHV� (DFK URZ RI
4 FRQVLVWV RI WKH 3DUHWR �WKH GLVWULEXWLRQ RI FHOOV SHU IUDPH IRU IUDPHV ZLWKLQ
D VFHQH LV 3DUHWR� SUREDELOLWLHV �I�� I�� ���� I. � )

F
.�� ZKHUH )

F
.  

3
N!. IN DQG

. LV WKH SHDN UDWH LQ FHOOV SHU IUDPH�

6LPXODWLRQ 5HVXOWV

7KH DFFXUDF\ RI WKH VRXUFH PRGHOV ZKHUH WHVWHG E\ FDOFXODWLQJ WKH FHOO ORVV
SUREDELOLWLHV XVLQJ VLPXODWLRQV� 7KH WZR VHTXHQFHV� nOP DQG LVDXUD�� XVHG
ZHUH QRUPDO TXDOLW\ EURDGFDVW YLGHR� ZKLFK KDG ORZ PHDQ UDWH DQG KLJK
SHDN�WR�PHDQ UDWLRV� ,W ZDV FRQFOXGHG WKDW ERWK PRGHOV DUH DFFXUDWH� EXW WKH
'$5��� PRGHO LV SUHIHUUHG DV LW KDV RQO\ WKUHH SDUDPHWHUV� PHDQ� YDULDQFH�
DQG FRUUHODWLRQ� +RZHYHU IRU WKH RWKHU VHTXHQFH WKH '$5��� PRGHO ZDV QRW
DFFXUDWH HQRXJK� JLYLQJ RYHUHVWLPDWHV IRU FHOO ORVVHV�

7KH SDSHU FRQFOXGHG WKDW D VLQJOH PRGHO ZLWK D IHZ PHDQLQJIXO SK\VLFDO
SDUDPHWHUV ZDV QRW IRXQG IRU /5' WUDpF VWUHDPV�

��� 0RGHOV *LYHQ E\ (UUDPLOOL HW DO�

7KH DXWKRUV SHUIRUPHG TXHXLQJ VLPXODWLRQ H[SHULPHQWV ZLWK WUDFHV RI (WKHU�
QHW /$1 WUDpF DQG �VKXqHG� YHUVLRQV WKHUHRI� 'LmHUHQW VKXqHG WUDFHV ZHUH
XVHG� 7KH LGHD ZDV WR REWDLQ WUDFHV ZLWK GLmHUHQW FRUUHODWLRQ VWUXFWXUHV� EXW
WR SUHVHUYH WKH DUULYDO WLPH GLVWULEXWLRQV� ,Q WKLV ZD\� WKH LPSDFW RI /5'
RI WKH RULJLQDO WUDpF WUDFH RQ TXHXLQJ SHUIRUPDQFH� GLPHQVLRQLQJ RI EXmHUV
DQG GHWHUPLQLQJ XVDEOH FDSDFLW\ FRXOG EH WHVWHG� ,I WKH LPSDFW RI /5' ZHUH
QHJOLJLEOH DV SURSRVHG E\ +H\PDQ DQG /DNVKPDQ� WKHQ WKH VKXqHG WUDFH
SUHVHUYLQJ RQO\ WKH VKRUW�UDQJH GHSHQGHQF\ ZRXOG JLYH VLPLODU UHVXOWV WR WKH
RULJLQDO WUDFH LQ WKH TXHXLQJ VLPXODWLRQV� 7KLV ZDV QRW WKH FDVH� DQG WKH
DXWKRUV WKHUHIRUH FRQFOXGH WKDW /5' KDV FRQVLGHUDEOH LPSDFW RQ TXHXLQJ
SHUIRUPDQFH DQG WKH XVH RI PRGHOV WKDW LQFRUSRUDWH /5' LQ D SDUVLPRQLRXV
PDWWHU �L�H� ZLWK DV IHZ SDUDPHWHUV DV SRVVLEOH� LV MXVWLnHG�
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��� 0RGHOV *LYHQ E\ (UUDPLOOL HW DO�

,Q RUGHU WR DFKLHYH SDUVLPRQ\ LQ PRGHOV WKH DXWKRUV FRQVLGHU WKH IHDWXUHV
WKDW FRQWULEXWH VLJQLnFDQWO\ WR TXHXLQJ SHUIRUPDQFH� 7KH\ FRQVLGHU FRQ�
GLWLRQV XQGHU ZKLFK VHFRQG RUGHU VWDWLVWLFDO GHVFULSWLRQV RI WUDpF SURFHVVHV
DUH VXpFLHQW� GLVFXVV )%0� ZKLFK SDUVLPRQLRXVO\ FDSWXUHV /5' DQG GHPRQ�
VWUDWH WKH HmHFW RI WUDpF VKDSLQJ� H�J� OLPLWHG EXmHU FDSDFLW\� RQ /5'� 7KHVH
HmHFWV DUH GLVFXVVHG LQ VHFWLRQ ��� LQ PRUH GHWDLO� ,Q WKLV VHFWLRQ� WKH )%0
PRGHO LV VKRUWO\ LQWURGXFHG�

)UDFWLRQDO %URZQLDQ 0RWLRQ

,Q VWDQGDUG %URZQLDQ PRWLRQ PRGHOV� WKH FXPXODWLYH DUULYDO SURFHVV $�W� LV
PRGHOHG E\ UDQGRP oXFWXDWLRQV DERXW D PHDQ UDWH

$�W�  QW �
S
DQ=�W�� ���

ZKHUH WKH SURFHVV =�W� KDV LQGHSHQGHQW *DXVVLDQ LQFUHPHQWV� DQG D LV D
SHDNHGQHVV WHUP WKDW GHVFULEHV WKH PDJQLWXGH RI oXFWXDWLRQV� ,Q )%0 WKH
LQFUHPHQWV RI =�W� DUH /5' DQG LW KDV WKH IROORZLQJ SURSHUWLHV >�@�

�� =�W� KDV VWDWLRQDU\ LQFUHPHQWV�

�� =�  � DQG (�=W�  � IRU DOO W�

�� (�=�W �  MWM�+ IRU DOO W�
�� =W KDV FRQWLQXRXV VDPSOH SDWKV

�� =W LV *DXVVLDQ� L�H�� DOO LWV nQLWH�GLPHQVLRQDO PDUJLQDO GLVWULEXWLRQV DUH
*DXVVLDQ�

,Q WKH VSHFLDO FDVH RI+  � �� L�H� VKRUW�UDQJH GHSHQGHQF\� =W LV WKH VWDQGDUG
%URZQLDQ PRWLRQ�

7KH )%0PRGHO LV YDOLG� DQG FRPSOH[ VKRUW�UDQJH FRUUHODWLRQV FDQ EH LJQRUHG
IURP D WUDpF HQJLQHHULQJ SHUVSHFWLYH� XQGHU WKH IROORZLQJ FRQGLWLRQV >�@�

�� WLPH VFDOHV RI LQWHUHVW LQ WKH TXHXLQJ SURFHVVHV FRLQFLGH ZLWK WKH VFDOLQJ
UHJLRQ

�� WUDpF LV DJJUHJDWHG IURP D ODUJH QXPEHU RI LQGHSHQGHQW XVHUV

�� HmHFW RI oRZ FRQWUROV RQ DQ\ RQH XVHU LV QHJOLJLEOH�

7KLV LPSOLHV WKDW WKH ORQJ�UDQJH FRUUHODWLRQV FDQ EH SDUVLPRQLRXVO\ PRGHOHG
XVLQJ WKH )%0 PRGHO ZLWK WKUHH SDUDPHWHUV� +XUVW SDUDPHWHU +� PDJQLWXGH
SDUDPHWHU UHSUHVHQWLQJ WKH VWUHQJWK RI WKH oXFWXDWLRQV pw� DQG WKH DYHUDJH
UDWH xw�
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�� 4XHXLQJ 3HUIRUPDQFH

)RU DQ DJJUHJDWLRQ RI Q LQGHSHQGHQW XVHUV� WKH WUDpF GHQVLW\ LQ WHUPV RI
WLPH LV

w�W�  
Q;
L �

wL�W��

ZKHUH wL�V DUH XQFRUUHODWHG IRU GLmHUHQW XVHUV� 7KH VWUHQJWK RI WKH oXFWXDWLRQ
LV WKHQ WKH GHYLDWLRQ IURP WKH PHDQ RI WKH WUDpF GHQVLW\

pw  w�W�b xw�

)RU WKH )%0 PRGHO XVHG wL�W�  � JLYLQJ w�W�  Q�

� 4XHXLQJ 3HUIRUPDQFH

0RVW WUDpF PRGHOV DUH XVHG LQ RUGHU WR JHW LQVLJKW RQ TXHXLQJ SHUIRUPDQFH
TXHVWLRQV� ,I WUDpF H[KLELWV /5'� PDQ\ RI WKH SHUIRUPDQFH PHDVXUHV XVHG
FKDQJH GUDVWLFDOO\� $Q H[DPSOH LV WKH WDLO GLVWULEXWLRQ RI DQ LQnQLWH V\VWHP�
ZKLFK FKDQJHV IURP DQ H[SRQHQWLDO GLVWULEXWLRQ WR D :HLEXOO GLVWULEXWLRQ
UHVXOWLQJ LQ D KHDYLHU WDLO DQG WKHUHIRUH XQGHUHVWLPDWLRQ RI ORVV SUREDELOLWLHV�

��� ,PSOLFDWLRQV RI /5' WR 9%5 7UDpF (QJLQHHULQJ
DV 6HHQ E\ +H\PDQ DQG /DNVKPDQ

+H\PDQ DQG /DNVKPDQ XVH WKH 0DUNRY FKDLQ PRGHO VKRZQ HDUOLHU WR GHWHU�
PLQH EXmHU RFFXSDQF\� DQG FRQFOXGH WKDW /5' PRGHOV DUH QRW QHHGHG ZKHQ
FRQVLGHULQJ 9%5 WUDpF�

%XmHU 0RGHO

7KH EXmHU PRGHO LV D JHQHULF PRGHO� 7KH EXmHU KDV FDSDFLW\ F DQG UHFHLYHV
LQSXWV DW GHWHUPLQLVWLF WLPHV� 7KH WLPH VFDOH LV FKRVHQ WR PDWFK WKH DSSOL�
FDWLRQ� ,I ;L LV WKH QXPEHU RI DUULYDOV DW WLPH 7L DQG GL WKH QXPEHU RI LWHPV
SURFHVVHG GXULQJ >7L� 7L � �@ WKHQ WKH EXmHU FRQWHQW 9L DW WKH HQG RI WKH LWK
LQWHUYDO LV JLYHQ E\

9L  PLQ I�9Lb� �;L b GL� �� FJ� L  �� �� ��� �

ZKHUH LW LV DVVXPHG WKDW 9�  ��

$SSOLHG WR YLGHR WHOHFRQIHUHQFLQJ WKH WLPH LQWHUYDOV DUH WDNHQ WR KDYH OHQJWK
HTXDO WR WLPH EHWZHHQ IUDPHV� 7KH EXmHU PRGHO LV VROYHG IRU WKH LQnQLWH
EXmHU FDVH F  �� )RU WKH nQLWH EXmHU FDVH� WKH VROXWLRQ LV RQO\ JLYHQ IRU
WKH nUVW WZR LQWHUYDOV�
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��� ,PSOLFDWLRQV RI /5' WR 9%5 7UDpF (QJLQHHULQJ DV 6HHQ E\ +H\PDQ
DQG /DNVKPDQ

7KH\ FRQFOXGH WKDW WKH HmHFW RI /5' DUH VLJQLnFDQW RQO\ LI /5' FDXVHV WKH
EXV\ SHULRGV WR EH ORQJ HQRXJK IRU WKH ORQJ ODJV WR FRPH LQWR SOD\� 7KH\ DUJXH
IXUWKHU WKDW VLQFH 9%5 VHUYLFHV FDUU\LQJ YLGHR WUDpF ZLOO EH GHOD\ VHQVLWLYH
�WR DYRLG MLWWHU� DQG VHQVLWLYH WR FHOO ORVVHV �WR DYRLG SLFWXUH GHJUDGDWLRQ�� WKH
WUDpF LQWHQVLW\ IRU WKHVH VHUYLFHV ZLOO QRW EH ODUJH� 7KHUHIRUH WKH EXV\ SHULRGV
IRU 9%5 WUDpF DUH VKRUW DQG WKH UHVHWWLQJ HmHFW VKRXOG GHPRQVWUDWH LWVHOI
VWURQJO\ LQ SUDFWLFDO RSHUDWLQJ UHJLRQV� %\ WKH UHVHWWLQJ HmHFW WKH DXWKRUV
PHDQ WKDW RQO\ WKRVH VXPV �RI ;LV� WDNHQ ZLWKLQ D EXV\ SHULRG DmHFW WKH
EXmHU VL]H� $Q H[DPSOH RI WKH UHVHWWLQJ HmHFW LV GHPRQVWUDWHG IRU WKH nQLWH
EXmHU FDVH� 7KH VROXWLRQ RI 9L� IRU L  �� � LV
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+HUH <L  ;L b G� &DVH � GHPRQVWUDWHV WKH UHVHWWLQJ HmHFW� DV WKH EXmHU
LV HPSW\ DW WKH VWDUW RI WKH VHFRQG LQWHUYDO� &DVH � GHPRQVWUDWHV ZKDW WKH
DXWKRUV FDOO WKH WUXQFDWLQJ HmHFW RI nQLWH EXmHUV� DQ HQKDQFHPHQW RI WKH
UHVHWWLQJ HmHFW� 7KH HmHFW RI <� RQ 9� LV WKDW <� ! F� EXW KRZ ODUJH LV
LUUHOHYDQW�

7KH\ DOVR DUJXH WKDW DV WKH SURFHVVLQJ UDWH G LV LQFUHDVHG WKH FHOO ORVV UDWH
GHFUHDVHV DQG WKH EXV\ SHULRGV DUH VWRFKDVWLFDOO\ VKRUWHU� ,Q VXFK D FDVH� WKH
WUXQFDWLQJ HmHFW RI nQLWH EXmHUV JHWV VWURQJHU ZKHQ WKH FHOO ORVV UDWH JHWV
VPDOOHU� 7KH\ WKHUHIRUH VWDWH WKDW LI H[SHULPHQWV FRXOG EH GRQH ZLWK VPDOOHU
FHOO�ORVV UDWHV� WKH DFFXUDF\ RI 0DUNRY &KDLQ PRGHOV ZRXOG EH EHWWHU WKDQ
WKH DFFXUDF\ DFKLHYHG DW WKH WLPH RI ZULWLQJ�

7KH VLPXODWLRQ UHVXOWV VKRZ WKDW WKH /5' LV XQLPSRUWDQW ZKHQ WKHUH LV
VWURQJ VKRUW�UDQJH GHSHQGHQFH DQG WKH +XUVW SDUDPHWHU LV QRW YHU\ ODUJH
�+ � ���� DV ZDV WKH FDVH IRU WKH YLGHR FRQIHUHQFH GDWD VHWV H[DPLQHG� 7KH
HQWHUWDLQPHQW YLGHR VHWV� nOP DQG LVDXUD�� KDG VWURQJ VKRUW�UDQJH GHSHQ�
GHQFLHV� EXW +XUVW SDUDPHWHUV ODUJHU WKDQ ���� 7KH WUXQFDWLQJ HmHFW ZDV
VWURQJ HQRXJK VR WKDW WKH 0DUNRY PRGHOV FRUUHFWO\ HVWLPDWHG WKH FHOO ORVV
UDWH� +RZHYHU� WKH PHDQ EXmHU VL]H ZDV QRW HVWLPDWHG FRUUHFWO\� 7KH DX�
WKRUV KRZHYHU H[SODLQ WKDW WKH WUDpF LQWHQVLW\ RI WKH WUDFH LV DERYH SUDFWLFDO
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��� 4XHXLQJ $QDO\VLV ZLWK /5' 3DFNHW 7UDpF DV 6HHQ E\ (UUDPLOOL HW DO�

YDOXHV� DQG ZKHQ WKH EXmHU VL]H LV UHGXFHG WR D SUDFWLFDO YDOXH� WKH PRGHOV
HVWLPDWH WKH PHDQ EXmHU VL]H DFFXUDWHO\�

1RWH WKDW +H\PDQ DQG /DNVKPDQ ZHUH QRW DEOH WR PRGHO WKH VHTXHQFHV� nOP
DQG LVDXUD�� LQ D SDUVLPRQLRXV PDWWHU ZLWK WKH '$5��� PRGHO� FRQWUDU\ WR
WKH HDUOLHU YLGHR WHOHFRQIHUHQFH PRGHOV JLYHQ LQ >�@�

��� 4XHXLQJ $QDO\VLV ZLWK /5' 3DFNHW 7UDpF DV 6HHQ
E\ (UUDPLOOL HW DO�

7KH )%0 PRGHO JLYHQ E\ 1RUURV JLYHV WKH DV\PSWRWLF ORZHU ERXQG IRU WKH
SUREDELOLW\ WKDW WKH TXHXH OHQJWK Y H[FHHGV [ >�@�
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+HUH | LV WKH XWLOL]DWLRQ� WKDW LV WKH UDWLR RI xw WR WKH SURFHVVRU VSHHG�

7KH VLPXODWLRQ UHVXOWV VKRZ WKDW WKH :HLEXOO�OLNH DV\PSWRWLF TXHXH OHQJWK
FXUYH JLYHQ E\ WKH )%0 PRGHO FRLQFLGHV ZLWK WKH RULJLQDO WUDpF WUDFH GULYHQ
VLPXODWLRQV�

7KH QHHG IRU /5' PRGHOV FDQ EH IXUWKHU GHPRQVWUDWHG E\ FRPSDULQJ HTXD�
WLRQ � WR WKH TXHXH OHQJWK SUREDELOLW\ IRU ODUJH [ JLYHQ E\ 0DUNRY PRGHOV

3 �9 ! [� z Hbs[� ���

(mHFWLYH EDQGZLGWK�EDVHG DGPLVVLRQ�FRQWURO DOJRULWKPV XVLQJ � ZLOO XQGHU�
HVWLPDWH WKH WDUJHW VPDOO FHOO EORFNLQJ SUREDELOLWLHV E\ VHYHUDO RUGHUV RI PDJ�
QLWXGH ZKHQ� LQ IDFW WKH VRXUFHV H[KLELW HYHQ RQO\ PRGHUDWH ORQJ�UDQJH GH�
SHQGHQFH >�@�

7KH FODLP PDGH E\ +H\PDQ DQG /DNVKPDQ LQ >�@ RQ WKH EXmHULQJ DFWLRQ
RI D TXHXH LV FKDOOHQJHG E\ (UUDPLOOL HW DO� 7KH\ FRQVLGHU WKH HmHFW WKDW
WUDpF VKDSLQJ� E\ EXmHULQJ DFWLRQ RU UDWH FRQWUROOLQJ� KDV RQ /5'� 7KH\
FRQFOXGH WKDW DW EHVW FRQWUROOLQJ /5' E\ WUDpF VKDSLQJ WUDQVIHUV WKH EXmHU
UHTXLUHPHQWV IURP ZLWKLQ WKH QHWZRUN WR WKH HGJH RI WKH QHWZRUN� ZLWKRXW
DQ LPSURYHPHQW RQ WKH SHUIRUPDQFH� $GGLWLRQDO LVVXHV IURP HQJLQHHULQJ
LPSOLFDWLRQV RI /5' DUH GLVFXVVHG LQ >�@� 7KHVH LQFOXGH WKH HmHFW RI nQLWH
EXmHUV� WKH SK\VLFDO EDVLV IRU /5'� WKH VWDWLVWLFDO PXOWLSOH[LQJ JDLQV� 9%5
YLGHR WUDpF� DQG HVWLPDWLQJ PRGHO SDUDPHWHUV� 'XH WR WKH FODLPV PDGH E\
+H\PDQ DQG /DNVKPDQ� WKH nQLWH EXmHU VL]H DQG 9%5 YLGHR WUDpF GHVHUYH
D FORVHU ORRN�
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��� 6XSHUSRVLWLRQ RI 0033V

)LQLWH %XmHU 6L]H

7KH IXQFWLRQDO IRUP RI WKH TXHXH OHQJWK GLVWULEXWLRQ IRU WKH nQLWH EXmHU
V\VWHPV UHPDLQV :HLEXOO� 7KH GLmHUHQFH LV WKH ZHOO�NQRZQ GRPLQDQFH RI WKH
LQnQLWH EXmHU TXHXH OHQJWK GLVWULEXWLRQ RYHU LWV nQLWH EXmHU FRXQWHUSDUW� $O�
WKRXJK D nQLWH EXmHU ZLOO QRW VKRZ D VKDUS GHJUDGDWLRQ LQ GHOD\ SHUIRUPDQFH
REVHUYHG ZLWK LQnQLWH EXmHU V\VWHPV� WKH SDFNHW ORVV LQFUHDVHV LQ WKH FDVH RI
WKH nQLWH EXmHU� 0DQ\ GDWD DSSOLFDWLRQV DUH WROHUDQW WR GHOD\V� EXW KLJKO\
VHQVLWLYH WR ORVVHV� 7KH XVH RI WKH LQnQLWH EXmHU UHJLPH LV WKHUHIRUH RI SUDF�
WLFDO LQWHUHVW DQG WKH /5' KDV WR EH WKHUHIRUH PRGHOHG� 1RWH WKDW LQ >�@ WKH
0DUNRY FKDLQ PRGHOV ZHUH VXFFHVVIXO RQO\ ZKHQ WKH WUDpF LQWHQVLWLHV ZHUH
UHGXFHG� 7KRXJK WKH\ DUJXHG WKDW WKHVH OHYHOV ZHUH WKRVH IRXQG LQ SUDFWLFH�
(UUDPLOOL HW DO� DUJXH WKDW LW PD\ QRW EH HFRQRPLFDO WR NHHS SDFNHW ORVVHV DF�
FHSWDEOH E\ RSHUDWLQJ WKH QHWZRUN DW ORZ XWLOL]DWLRQV VR WKDW WKH FRUUHODWLRQ
QHYHU LPSDFW WKH SHUIRUPDQFH RI WKH TXHXLQJ V\VWHP�

9%5 9LGHR 7UDpF

(UUDPLOOL HW DO� DJUHH WKDW 9%5 WUDpF WKDW KDV VWURQJ VKRUW�WHUP FRUUHOD�
WLRQV LQ WKH GDWD PDNH LW RQO\ ?DV\PSWRWLFDOO\� VHOI�VLPLODU� ,Q FRQWUDVW�
GDWD WUDpF� WKH\ DUJXH� FDQ EH PRGHOHG E\ H[DFWO\ VHOI�VLPLODU SURFHVVHV� $
SDUVLPRQLRXV PRGHO WKDW PRGHOV ERWK WKH VKRUW�UDQJH DQG ORQJ�UDQJH FRU�
UHODWLRQ VWUXFWXUHV ZRXOG EH LGHDO� 2Q VXJJHVWLRQ JLYHQ LQ >�@ LV WR DGG D
%URZQLDQ PRWLRQ FRPSRQHQW :W WR WKH )%0 WUDpF PRGHO LQ HTXDWLRQ ��

$W  QW�
S
E:W �

S
D=W� ���

��� 6XSHUSRVLWLRQ RI 0033V

,Q DGGLWLRQ WR WKH PRGHOV GLVFXVVHG VR IDU� $QGHUVHQ DQG 1LHOVHQ >�@ KDYH
WDNHQ WKH 0DUNRYLDQ DSSURDFK� LQ D PRUH UHFHQW SDSHU� IRU PRGHOLQJ /5'
SDFNHW WUDpF� 7KH PRGHOV FRQVLVW RI VXSHUSRVLWLRQV RI WZR VWDWH 0DUNRY
0RGXODWHG 3RLVVRQ 3URFHVVHV �0033V�� 7KH\ VKRZ WKDW D VXSHUSRVLWLRQ
RI IRXU 0033V VXpFHV WR PRGHO VHFRQG�RUGHU VHOI�VLPLODU EHKDYLRU� 7KH\
DSSO\ WKHVH PRGHOV WR FRXQWLQJ DQG LQWHUDUULYDO WLPH SURFHVVHV� +RZHYHU� WKH
GUDZEDFN RI WKLV DSSURDFK LV WKDW WKH PRGHOV GR QRW DSSHDU VXpFLHQW WR IRU
DFFXUDWH SUHGLFWLRQ RI TXHXLQJ EHKDYLRU�
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�� &RQFOXVLRQV

� &RQFOXVLRQV

7KH SDSHUV UHYLHZHG LQ WKLV UHSRUW KDYH WULHG VLPXOWDQHRXVO\ WR LQYHVWLJDWH
WKH HmHFW RI /5' RQ TXHXLQJ SHUIRUPDQFH DQG WR PRGHO SDFNHW WUDpF WKDW
H[KLELWV PRGHUDWH WR VWURQJ /5'�

+H\PDQ DQG /DNVKPDQ FRQFHQWUDWHG RQ 9%5 WUDpF WKDW H[KLELWHG PRG�
HUDWH ORQJ�UDQJH GHSHQGHQFLHV� 7KH\ ZHUH DEOH WR FRQVWUXFW SDUVLPRQLRXV
PRGHOV IRU WUDpF ZLWK VWURQJ VKRUW�UDQJH FRUUHODWLRQV� 7K\ ZHUH DOVR DEOH WR
FRQFOXGH WKDW /5' LV QRW D FUXFLDO SURSHUW\ RQ TXHXLQJ SHUIRUPDQFH LVVXHV
ZKHQ GHDOLQJ ZLWK 9%5 WUDpF ZLWK PRGHUDWH /5' DQG VWURQJ VKRUW�UDQJH
GHSHQGHQF\�

(UUDPLOOL HW DO� FRQVLGHUHG GDWD WUDpF LQ JHQHUDO DQG VKRZHG XVLQJ VKXqHG
WUDFHV WKDW /5' LV D WUDpF FKDUDFWHULVWLF WKDW FDQQRW EH LJQRUHG LQ WUDpF
HQJLQHHULQJ� 7KH\ KRZHYHU SRLQW RXW WKDW )%0 PRGHOV� ZKLFK RQO\ PRGHO
/5'� PD\ QRW EH VDWLVIDFWRU\ IRU PRGHOLQJ SDFNHW WUDpF WKDW H[KLELWV VWURQJ
VKRUW�UDQJH FRUUHODWLRQ� ,W WKHUHIRUH VHHPV WKDW WKH XVH RI PRGHOV FUHDWHG E\
+H\PDQ DQG /DNVKPDQ DUH XVHIXO LQ WKLV FRQWH[W�

$QRWKHU SURSRVHG PRGHO LV WKDW JLYHQ LQ HTXDWLRQ �� ZKHUH ERWK WKH ORQJ DQG
VKRUW�UDQJH FRUUHODWLRQV DUH WDNHQ LQWR DFFRXQW LQ WKH WUDpF PRGHO� +RZHYHU�
WKH TXHVWLRQ RI SDUVLPRQ\ FDQQRW EH QHJOHFWHG� DQG WKH XVH RI HLWKHU D VKRUW�
UDQJH RU D ORQJ�UDQJH PRGHO PD\ EH DSSURSULDWH ZKHQ RQO\ RQH RI WKHP
GRPLQDWHV VWURQJO\�
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WLRQ � �)UDFWDO WUDpF FKDUDFWHUL]DWLRQ�� -DQXDU\ ����

��


