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PDWLFV� KDV EURDGHQHG DQG EUDQFKHG� SDUWO\ LQ UHVSRQVH WR WKH LPSDFW RI WKH

FRPSXWHU� 7KLV SDSHU JLYHV DQ RYHUYLHZ RI WKHVH GHYHORSPHQWV� 6SHFLqFDOO\� ZH

ZLOO GLVFXVV�

q FRQVWUXFWLYH W\SH WKHRULHV LQ FRPSXWHU VFLHQFH

q VHPDQWLFV RI FRQVWUXFWLYH V\VWHPV

q DFWXDO LPSOHPHQWDWLRQ RI FRQVWUXFWLYH V\VWHPV

q FRPSXWHU DOJHEUD DV FRQVWUXFWLYH PDWKHPDWLFV

q VSUHDG RI WKH FRPSXWDWLRQDO YLHZSRLQW LQ PDWKHPDWLFV

q FRQVWUXFWLYLW\ DQG WKH VFLHQFHV
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,W LV ZRUWKZKLOH WR UHYLHZ WKH RULJLQDO UHDVRQV IRU LQWHUHVW LQ FRQVWUXFWLYLW\�

$Q LQWHUHVWLQJ VWDUWLQJ SRLQW LV WKH FRQWURYHUV\ RYHU =HUPHOR
V SURRI WKDW WKH

VHW RI UHDO QXPEHUV FDQ EH ZHOO�RUGHUHG� =HUPHOR SUHVHQWHG WKLV SURRI WR WKH

,QWHUQDWLRQDO &RQJUHVV RI 0DWKHPDWLFLDQV LQ ����� ,W ZDV QRW ZHOO�UHFHLYHG�
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SULPDULO\ EHFDXVH =HUPHOR FRXOG QRW H[KLELW WKH ZHOO�RUGHULQJ KH FODLPHG WR
KDYH SURYHG H[LVWHG� =HUPHOR UHVSRQGHG� DV D PDWKHPDWLFLDQ PXVW� E\ ZULWLQJ
KLV SURRI XS LQ PRUH GHWDLO� 7KLV SURFHVV OHG WR WKH qUVW H[SOLFLW IRUPXODWLRQ RI
WKH D[LRP RI FKRLFH�

7KLV ZDV QRW WKH qUVW VXFK FRQWURYHUV\� IRU WKHUH KDG DOUHDG\ EHHQ D VLPLODU
IXURU RYHU +LOEHUW
 V SURRI RI H[LVWHQFH RI LQYDULDQWV� %XW =HUPHOR
V SURRI FDPH
MXVW WKUHH \HDUV DIWHU 5XVVHOO
V SDUDGR[ KDG VKDNHQ WKH IRXQGDWLRQV RI PDWKH�
PDWLFV� DQG LW VHHPHG WR VRPH WKDW WKH ZROI ZDV DW WKH GRRU� EHFDXVH =HUPHOR
V
WKHRUHP FRQFHUQHG QRW VRPH DEVWUDFW VHW WKDW FRXOG EH GLVSHQVHG ZLWK LI LW
WXUQHG RXW WR EH FRQWUDGLFWRU\� EXW WKH UHDO QXPEHUV WKHPVHOYHV�

7KH FOLPDWH ZDV ULSH IRU D JHQHUDO SKLORVRSKLFDO UHrHFWLRQ RQ WKH PHDQLQJ RI
H[LVWHQFH� 6XFK LQYHVWLJDWLRQV ZHUH XQGHUWDNHQ E\ %URXZHU LQ WKH VHFRQG GHFDGH
RI WKH FHQWXU\� DQG LQ WKH WZHQWLHV +LOEHUW
 V SURRI WKHRU\ ZDV LQWHQGHG WR DGGUHVV
WKH VDPH LVVXH� %URXZHU DQG +LOEHUW DUH RIWHQ SRUWUD\HG DV DQWDJRQLVWV� EXW LW
LV LPSRUWDQW WR UHPHPEHU WKDW WKH\ ZHUH ERWKHUHG E\ WKH VDPH WKLQJ^H[LVWHQFH
SURRIV WKDW FRXOG QRW EH VXSSRUWHG E\ H[DPSOH�JLYLQJ� 7KHLU GLpHUHQFHV DURVH
RQO\ LQ ZKDW WKH\ SURSRVHG WR GR DERXW WKLV GLsFXOW\� %URXZHU ZDQWHG WR JLYH
XS DOO VXFK SURRIV DQG DQ\ SDUWV RI PDWKHPDWLFV WKDW UHTXLUHG WKHP� +LOEHUW
ZDQWHG D V\VWHPDWLF ZD\ WR VKRZ WKDW WKH\ ZHUH XQQHFHVVDU\ LQ SULQFLSOH�

7KH HpRUWV WR PDNH WKH TXHVWLRQV SUHFLVH OHG WR SURRI WKHRU\� ZKLFK LQ WXUQ
OHG WR WKH SUHFLVH IRUPXODWLRQ RI WKH ( Q WVFK HLG X Q JVS UR EOHP � RU GHFLVLRQ SUREOHP
IRU SUHGLFDWH FDOFXOXV� 7KLV SUREOHP LQ WXUQ OHG WR WKH GHYHORSPHQW RI PDWKH�
PDWLFDO WKHRULHV RI FRPSXWDWLRQ E\ 7XULQJ� &KXUFK� .OHHQH� DQG *�RGHO LQ WKH
WKLUWLHV� DQG WR WKH LQFRPSOHWHQHVV WKHRUHPV RI *�RGHO� 7KH SRLQW LV WKDW� GLUHFWO\
RU LQGLUHFWO\� WKH WURXEOHVRPH EXVLQHVV RI H[LVWHQFH SURRIV ZLWKRXW H[DPSOHV ZDV
WKH VWLPXOXV WR DOO WKHVH LPSRUWDQW GHYHORSPHQWV�

,Q WKH IRUWLHV� *HQW]HQ DQG .OHHQH OHG WKH ZD\ EDFN WR WKH RULJLQDO TXHVWLRQV�
DUPHG ZLWK WKH QHZ WHFKQLFDO WRROV� :LWK WKHLU LQYHQWLRQV RI FXW�HOLPLQDWLRQ
DQG UHFXUVLYH UHDOL]DELOLW\� WKH\ ZHUH DEOH WR VKRZ KRZ H[HPSOLI\LQJ LQIRUPDWLRQ
�H[DPSOHV DQG DOJRULWKPV IRU FRQVWUXFWLYH H[DPSOHV� FRXOG EH H[WUDFWHG IURP
FHUWDLQ NLQGV RI IRUPDO SURRIV� :LWK WKH KHOS RI *�RGHO
 V WZR LQWHUSUHWDWLRQV
�WKH GRXEOH�QHJDWLRQ DQG WKH 'LDOHFWLFD� � LW FRXOG EH VDLG WKDW VRPH SURJUHVV
ZDV PDGH LQ WKH GLUHFWLRQ SRLQWHG WR E\ +LOEHUW� XVLQJ WRROV LQYHQWHG E\ WKRVH
IROORZLQJ LQ WKH IRRWVWHSV RI %URXZHU�

7KH FRPSXWHU ZDV ERUQ DERXW ����� EXW KDG OLWWOH LPPHGLDWH LQrXHQFH RQ
WKH VXEMHFW� $ PDQ WKLUW\ \HDUV DKHDG RI KLV WLPH� 1� GH %UXLMQ� EXLOW $8�
720$7+ LQ WKH qIWLHV >��@ � EXW QRW XQWLO WKH HLJKWLHV GLG WKLV OLQH RI ZRUN JHW
FDUULHG IRUZDUG� 7KH qIWLHV ZHUH D SHULRG RI FRQVROLGDWLRQ� LQ ZKLFK .OHHQH
V
ERRN RQ LQWXLWLRQLVWLF DQDO\VLV� PDQ\ SDSHUV RI .UHLVHO� +H\WLQJ
V ERRN� DQG WKH
$PVWHUGDP YROXPH & R Q VWUX FWLYLW\ LQ 0 D WK HP D WLFV DSSHDUHG� DSSO\LQJ WKH WRROV
RI SURRI WKHRU\ DQG UHDOL]DELOLW\ V\VWHPDWLFDOO\ WR YDULRXV V\VWHPV� 7KLV GHYHO�

� 7 K H ' LD OHFWLFD LQ WHUS UHWD WLR Q Z D V N Q R Z Q LQ WK H HD UO\ IR UWLHV� D OWK R X J K LW Z D V Q R W S X E OLVK HG
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RSPHQW FRQWLQXHG LQWR WKH VL[WLHV� DQG EHFDPH LQFUHDVLQJO\ WHFKQLFDO� 7KHVH
WHFKQLFDO GHYHORSPHQWV� ZKLOH RI JUHDW LQWHUHVW LQ WKHLU RZQ ULJKW� GLG QRW FDVW
IXUWKHU OLJKW RQ WKH SKLORVRSKLFDO LVVXHV UDLVHG E\ =HUPHOR
V SURRI� ,QGHHG� LQ
WKH PHDQWLPH PDWKHPDWLFV KDG PDUFKHG DKHDG� DQG WKH QRQ�FRQVWUXFWLYH H[�
LVWHQFH SURRI KHOG VZD\ LQ WKH ODQG ZLWKRXW GLVVHQVLRQ� VDYH IRU D KDQGIXO RI
SURRI�WKHRULVWV� ZKR ZHUH QRW HYHQ FRQVLGHUHG ?UHDO PDWKHPDWLFLDQV� �

%LVKRS
V ERRN� ) R X Q G D WLR Q V R I & R Q VWUX FWLYH $ Q D O\VLV >��@ � ZDV ZULWWHQ WR
VKRZ WKDW PRGHUQ DQDO\VLV GRHV KDYH D FRQVWUXFWLYH FRQWHQW� %LVKRS KRSHG
WKDW KLV ZRUN ZRXOG SURGXFH D ZLGHVSUHDG DSSUHFLDWLRQ IRU WKH FRQVWUXFWLYH
YLHZSRLQW DPRQJ WKH PDWKHPDWLFDO FRPPXQLW\� DQG GLHG GLVDSSRLQWHG ZLWK WKH
UHVXOWV� %XW KLV ZRUN KDV EHHQ YHU\ LQrXHQWLDO� DOWKRXJK QRW SHUKDSV DV GLUHFWO\
RU DV TXLFNO\ DV KH KDG KRSHG� +LV ZRUN VWLPXODWHG WKH ORJLFLDQV WR GHYHORS
QHZ WKHRULHV� FDSDEOH RI IRUPDOL]LQJ FRQVWUXFWLYH PDWKHPDWLFV PRUH QDWXUDOO\�
7KHVH WKHRULHV� GXH WR 0\KLOO >��@ � )ULHGPDQ� DQG )HIHUPDQ >��@ � DQG WKH W\SH
WKHRULHV RI 0DUWLQ�/�RI >��@ �ZKLFK ZHUH GHYHORSHG LQGHSHQGHQWO\ RI %LVKRS
V
LQrXHQFH� � ZHUH IRUPXODWHG DQG VWXGLHG GXULQJ WKH ����
V DQG KDOI WKH ����
V�
7KH UHVXOWV DUH VXPPDUL]HG LQ >�@ �

� 7 \ S H WK H R U\ D Q G WK H & X UU\ �+ R Z D UG LVR P R U�

S K LVP

&XUU\ DQG +RZDUG UHDOL]HG WKDW W\SHG ODPEGD�WHUPV FRXOG EH WKRXJKW RI DV
GHQRWLQJ IRUPDO SURRIV� DQG WKDW W\SHV DUH LVRPRUSKLF WR SURSRVLWLRQV� $ SURRI
RI D SURSRVLWLRQ LV D ODPEGD�WHUP RI WKH W\SH RI WKDW SURSRVLWLRQ� 7KH UXOH RI
LQIHUHQFH

$ $ � %
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FRUUHVSRQGV WR WKH UXOH RI W\SHG z �FDOFXOXV
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,Q WKLV ZD\ W\SHG ODPEGD�FDOFXOXV UHSUHVHQWV WKH LPSOLFDWLRQDO IUDJPHQW RI D
QDWXUDO�GHGXFWLRQ ORJLFDO FDOFXOXV� 2WKHU W\SH�IRUPLQJ RSHUDWLRQV FRUUHVSRQG
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WR RWKHU ORJLFDO FRQQHFWLYHV� )RU H[DPSOH� &DUWHVLDQ SURGXFW $ d % FRUUHVSRQGV
WR FRQMXQFWLRQ� $ SURRI RI $ A % LV MXVW D PHPEHU RI WKH SURGXFW $ d % �

7KH QDWXUDO TXHVWLRQ ZDV� ZKDW W\SH�IRUPDWLRQ RSHUDWLRQV DUH UHTXLUHG WR
H[WHQG WKLV LVRPRUSKLVP WR LQFOXGH GLVMXQFWLRQ DQG TXDQWLqHUV" 'LVMXQFWLRQ
FRUUHVSRQGV WR WKH ?GLVMRLQW XQLRQ� W\SH�IRUPLQJ RSHUDWLRQ� LQ ZKLFK D PHPEHU
RI $ � % LV D PHPEHU RI $ RU RI % WRJHWKHU ZLWK D ?ODEHO� � IRU H[DPSOH � RU
�� WHOOLQJ ZKLFK�

4XDQWLqFDWLRQ RQ WKH ORJLFDO VLGH UHTXLUHV ?GHSHQGHQW SURGXFWV� DQG ?GH�
SHQGHQW VXPV� RQ WKH W\SH�WKHRU\ VLGH� 'HSHQGHQW SURGXFWV DUH ZULWWHQ

�h[ � $ �% �[ �

DQG LQWXLWLYHO\ WKHLU PHPEHUV DUH ?IXQFWLRQV� VXFK WKDW IRU [ � $ � ZH KDYH
I �[ � � % �[ � � 1RWH WKDW WKH VHW�WKHRUHWLF UDQJH ZRXOG EH WKH XQLRQ RI WKH % �[ �
IRU [ � $ � ZKLFK GRHVQ
W H[LVW LQ WKH W\SH WKHRU\� 'HSHQGHQW VXPV

�i[ � $ �% �[ �

DUH D NLQG RI JHQHUDOL]HG &DUWHVLDQ SURGXFW� WKH PHPEHUV DUH SDLUV �[ �\ � ZLWK
[ � $ DQG \ � % �[ � �

7KHVH ZHUH LQWURGXFHG E\ 0DUWLQ�/�RI DURXQG ����� +LV W\SH WKHRULHV ZHUH
UHqQHG DQG GHYHORSHG WKURXJKRXW WKH ����
V� VHH >��@ DQG >�@ IRU GHWDLOHG IRU�
PXODWLRQV�

*LUDUG
V WKHVLV LQWURGXFHG KLV 6\VWHP )� ZKLFK KDV D VHFRQG�RUGHU W\SH IRU�
PDWLRQ UXOH� DOORZLQJ TXDQWLqFDWLRQ RYHU W\SHV� 2Q WKH ORJLFDO VLGH� WKLV FRU�
UHVSRQGV WR VHFRQG�RUGHU SURSRVLWLRQDO ORJLF� 7KH UXOHV RI 6\VWHP ) DUH IDLUO\
VLPSOH�

,I 8 D Q G 9 D UH W\SHV� WK HQ 8 � 9 LV D W\SH�

,I 9 LV D W\SH D Q G ; D W\SH YD ULD EOH� WK HQ h; �9 LV D W\SH�

,I 7 LV D W\SH WK HQ Z H K D YH YD ULD EOHV R I W\SH 7 � ,Q RWKHU ZRUGV� DOO YDULDEOHV
DUH ODEHOOHG ZLWK D W\SH�

7HUPV RI W\SH 7 DUH IRUPHG E\ �qUVW�RUGHU� DSSOLFDWLRQ DQG z �DEVWUDFWLRQ�
RU E\ VHFRQG�RUGHU DSSOLFDWLRQ DQG f�DEVWUDFWLRQ�

,I Y � 9 WK HQ f; �Y � h; �9 � S UR YLG HG ; LV Q R W IUHH LQ WK H W\SH R I D IUHH

YD ULD EOH R I Y �

,I W � h; �9 D Q G 8 LV D W\SH� WK HQ W8 � 9 >8  ; @ �

7KLV V\VWHP ZDV UHGLVFRYHUHG E\ 5H\QROGV >��@ � ZKR FDOOHG LW VHFRQG�RUGHU
ODPEGD FDOFXOXV� *LUDUG FDPH WR 6\VWHP ) IURP SURRI WKHRU\� 5H\QROGV FDPH
WR LW IURP SURJUDPPLQJ ODQJXDJH WKHRU\� 7KLV VKRZV ZKDW D FHQWUDO SRVLWLRQ LW
RFFXSLHV�

2EVHUYH WKDW 0DUWLQ�/�RI
V W\SH WKHRU\ H[WHQGV WKH &XUU\�+RZDUG LVRPRU�
SKLVP WR V\VWHPV LQFOXGLQJ qUVW�RUGHU SUHGLFDWH FDOFXOXV DQG 3HDQR
V DULWKPHWLF�
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ZKLOH *LUDUG
V 6\VWHP ) FRUUHVSRQGV WR VHFRQG�RUGHU SURSRVLWLRQDO FDOFXOXV EXW
GRHV QRW LQFOXGH WKH GHSHQGHQW�VXP DQG GHSHQGHQW�SURGXFW W\SH IRUPDWLRQ RS�
HUDWLRQV� 6\VWHP )� ZLWK LWV LPSUHGLFDWLYH VHFRQG�RUGHU W\SH�IRUPDWLRQ UXOH� FDQ
EH XVHG WR LQWHUSUHW VHFRQG�RUGHU 3HDQR DULWKPHWLF� VR LW LV SURRI�WKHRUHWLFDOO\
TXLWH VWURQJ� 0DUWLQ�/�RI
V WKHRULHV DUH PXFK ZHDNHU� 6WLOO WKHUH GRHVQ
W VHHP
WR EH D QDWXUDO HPEHGGLQJ RI 0DUWLQ�/�RI
V WKHRULHV LQ 6\VWHP )^DW OHDVW , GRQ
W
NQRZ RQH�

6\VWHP ) KDV EHHQ H[WHQGHG WR V\VWHP ) � � ZKLFK FRUUHVSRQGV RQ WKH ORJLFDO
VLGH WR WKH WKHRU\ + $ � � WKDW LV� WKH WKHRU\ RI WKH qUVW � OHYHOV RI WKH FXPXODWLYH
KLHUDUFK\ RI VHWV� 7KLV WKHRU\ LV IXUWKHU H[WHQGHG E\ WKH &RTXDQG�+XHW WKHRU\
RI FRQVWUXFWLRQV >��@ �

)HIHUPDQ KDV LQWURGXFHG DQRWKHU YDULHW\ RI W\SH WKHRU\� EHJLQQLQJ LQ ����
>��@ � 7KH W\SH WKHRULHV RI *LUDUG DQG &RTXDQG�+XHW DUH IDU IURP qUVW�RUGHU
ORJLF� )HIHUPDQ
V WKHRULHV� LQ HVVHQFH� UHGXFH W\SH WKHRU\ WR qUVW�RUGHU ORJLF
DJDLQ E\ LQWURGXFLQJ D SUHGLFDWH ?LV D W\SH� � UHJDUGLQJ WKH UHODWLRQ [ � $ DV D
ELQDU\ SUHGLFDWH� DQG VWDWLQJ W\SH IRUPDWLRQ UXOHV VLPSO\ DV RUGLQDU\ D[LRPV
RI D qUVW�RUGHU WKHRU\� 7KH LQWXLWLYH PRWLYDWLRQ LV WKDW WKH YDULDEOHV UDQJH RYHU
?REMHFWV� � LQFOXGLQJ GDWD REMHFWV� DOJRULWKPV� DQG UHSUHVHQWDWLRQV RI W\SHV DV
GDWD RE MHFWV �QDPHV RI WKH W\SHV� � 2QH FDQ HTXLYDOHQWO\ XVH D WZR�VRUWHG SUHG�
LFDWH ORJLF� ZLWK FDSLWDO OHWWHUV IRU W\SHV� ORZHU�FDVH OHWWHUV IRU RE MHFWV� DQG D
ELQDU\ UHODWLRQ ( �D �$ � WR PHDQ D LV D QDPH RI $ � 2QH REWDLQV GLpHUHQW YDULDQWV
RI WKH WKHRU\ DFFRUGLQJ WR ZKLFK W\SH�IRUPDWLRQ D[LRPV DUH DOORZHG� 2QH LQWHU�
HVWLQJ W\SH�IRUPDWLRQ SULQFLSOH LV WKH HOHP HQ WD U\ FR P S UHK HQ VLR Q D [LR P � ZKLFK
DOORZV WKH IRUPDWLRQ RI WKH W\SH F�  I [ � � �[ �J ZKHUH � LV HOHP HQ WD U\ � ZKLFK
PHDQV LQ HVVHQFH WKDW RQO\ IUHH W\SH YDULDEOHV DUH DOORZHG RQ WKH ULJKW RI WKH
FRORQ LQ � � DQG WKH QDPH UHODWLRQ ( GRHV QRW RFFXU LQ � � $QRWKHU SULQFLSOH�
MR LQ � DOORZV WKH IRUPDWLRQ RI GHSHQGHQW W\SHV� DQG FRQVHTXHQWO\ WKH HPEHGGLQJ
RI 0DUWLQ�/�RI VW\OH W\SH WKHRULHV LQ )HIHUPDQ
V WKHRULHV� 'HWDLOV FDQ EH IRXQG
LQ >�@ �

%ULQJLQJ WKLV VXE MHFW DW ODVW LQWR WKH QLQHWLHV� )HIHUPDQ VKRZHG WKDW DGGLQJ
D VHFRQG�RUGHU FRPSUHKHQVLRQ D[LRP WR KLV WKHRULHV DOORZV KLP WR HPEHG *L�
UDUG
V 6\VWHP ) >��@ � >��@ � 7KH PRGHO FRQVWUXFWLRQV )HIHUPDQ XVHG WR SURYH WKH
FRQVLVWHQF\ RI WKHVH WKHRULHV DUH XQUHODWHG WR WKRVH SUHYLRXVO\ XVHG WR SURYH WKH
FRQVLVWHQF\ RI 6\VWHP )� DQG KHQFH FDVW QHZ OLJKW RQ WKLV UHVXOW� 0RUHRYHU� LW
LV KHOSIXO WR KDYH D VLQJOH V\VWHP WKDW XQLqHV WKH W\SH WKHRULHV RI 0DUWLQ�/�RI
DQG *LUDUG� )XUWKHU GHYHORSPHQWV RI )HIHUPDQ
V W\SH WKHRULHV PD\ EH IRXQG LQ
>��@ � >��@ � >��@ �

)URP WKH SRLQW RI YLHZ RI DSSO\LQJ W\SH WKHRU\ WR WKH DFWXDO IRUPDOL]DWLRQ RI
FRQVWUXFWLYH PDWKHPDWLFV� RQH SUREOHPDWLF SRLQW LV WKH QRWLRQ RI VX EW\ SH � 7KLV
QRWLRQ LV VXSSRUWHG RQO\ LQGLUHFWO\ E\ 0DUWLQ�/�RI
V WKHRULHV DQG E\ 6\VWHP )�
YLD H[SOLFLW HPEHGGLQJV� )HIHUPDQ
V WKHRULHV RpHU D PRUH QDWXUDO WUHDWPHQW
RI VXEW\SHV� 2WKHU UHVHDUFKHUV� IRU H[DPSOH &XULHQ >��@ DQG &DUGHOOL >��@ � DUH
ZRUNLQJ RQ ZD\V RI DGGLQJ VXEW\SLQJ WR 6\VWHP )�
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� 6 H P D Q WLF V R I & R Q VWUX F WLY H 6 \ VWH P V

:RUN RQ WKH VHPDQWLFV RI FRQVWUXFWLYH V\VWHPV JRHV EDFN WR %HWK DQG .ULSNH�
ZKR LQWURGXFHG FHUWDLQ NLQGV RI PRGHOV IRU +H\WLQJ
V SUHGLFDWH FDOFXOXV LQ WKH
����
V �VHH >��@ IRU DQ LQWURGXFWLRQ� � DQG WR .OHHQH� ZKR LQWURGXFHG WKH UHDOL]�
DELOLW\ VHPDQWLFV LQ WKH ����
V�

+DOI D FHQWXU\ ODWHU� WKHUH DUH GR]HQV RU PD\EH HYHQ KXQGUHGV RI SHRSOH
ZRUNLQJ RQ WKH VHPDQWLFV RI YDULRXV FRQVWUXFWLYH WKHRULHV� 0DQ\ GLpHUHQW NLQGV
RI VHPDQWLFV KDYH EHHQ GLVFRYHUHG� DQG DW WKH VDPH WLPH� WKH YDULRXV NLQGV RI
VHPDQWLFV KDYH EHHQ UHODWHG DQG XQLqHG XVLQJ WKH WRROV RI FDWHJRU\ WKHRU\� 7KLV
H[SORVLRQ EHJDQ ZLWK 6FRWW
V FRQVWUXFWLRQ RI PRGHOV RI WKH XQW\SHG z �FDOFXOXV
LQ ���� �VHH >�@ IRU WKH GHWDLOV RI WKLV FRQVWUXFWLRQ� �

6 FR WW
V FR Q VWUX FWLR Q D Q G FD WHJR U\ WK HR U\ � ,Q WKH ����
V DQ LPSRUWDQW FRQ�
QHFWLRQ ZDV PDGH EHWZHHQ WKH z �FDOFXOXV DQG FDWHJRU\ WKHRU\� ,W ZDV UHDOL]HG
�E\ /DPEHN� WKDW WKHUH LV D RQH�RQH FRUUHVSRQGHQFH EHWZHHQ PRGHOV RI W\SHG
z �FDOFXOXV DQG &DUWHVLDQ FORVHG FDWHJRULHV� �$ &DUWHVLDQ FORVHG FDWHJRU\ LV D
FDWHJRU\ LQ ZKLFK RQH FDQ IRUP IURP WZR REMHFWV D QHZ REMHFW $ % EHKDYLQJ OLNH
WKH VSDFH RI DUURZV IURP $ WR % � � 3UHYLRXVO\� PRGHOV RI W\SHG z �FDOFXOXV KDG
EHHQ FRQVWUXFWHG E\ VWDUWLQJ ZLWK PRGHOV RI XQW\SHG z �FDOFXOXV� DQG VHOHFWLQJ
RXW WKH W\SHG HOHPHQWV� 1RZ� WKDQNV WR 6FRWW DQG /DPEHN� RQH FRXOG UHYHUVH
WKH SURFHVV� 6FRWW FRQVWUXFWHG &DUWHVLDQ FORVHG FDWHJRULHV LQ ZKLFK D FHUWDLQ
RE MHFW 8 VDWLVLHG 8 8 LVRPRUSKLF WR 8 � VR PRGHOV RI XQW\SHG z �FDOFXOXV FRXOG
EH FRQVWUXFWHG IURP W\SHG PRGHOV�

7 R SR V WK HR U\ D V VHP D Q WLFV� 7KH VHYHQWLHV DOVR VDZ WKH GHYHORSPHQW RI WRSRV�
WKHRUHWLF VHPDQWLFV RI LQWXLWLRQLVWLF V\VWHPV� $ WRSRV LV D &DUWHVLDQ FORVHG
FDWHJRU\ ZLWK DQ RE MHFW o WR SOD\ WKH UROH RI WKH W\SH RI SURSRVLWLRQV� DQG D
?VXEREMHFW FODVVLqHU� � ZKLFK HVVHQWLDOO\ PHDQV WKDW DUURZV LQWR o EHKDYH OLNH
FKDUDFWHULVWLF IXQFWLRQV� WKDW LV� WKHUH LV DQ REMHFW LQ WKH FDWHJRU\ EHKDYLQJ OLNH
I[ � $ � � �[ �  WJ � ZKHQ � LV DQ DUURZ IURP $ WR o� )RU DQ LQWURGXFWLRQ
WR WRSRV WKHRU\� RQH VKRXOG UHDG >��@ � 7KH FRQQHFWLRQ EHWZHHQ WRSRV WKHRU\
�ZKLFK ZDV LQGHSHQGHQWO\ GHYHORSHG� DQG LQWXLWLRQLVWLF V\VWHPV JUHZ RXW RI WKH
UHDOL]DWLRQ WKDW LI D FRPSOHWH +H\WLQJ DOJHEUD + �WKH LQWXLWLRQLVWLF DQDORJXH RI
D %RROHDQ DOJHEUD� LV JLYHQ� WKHQ WKH + �VHWV �GHqQHG LQGXFWLYHO\ DV IXQFWLRQV
IURP + �VHWV WR + � IRUP D WRSRV�

,Q FRQQHFWLRQ ZLWK FDWHJRU\ WKHRU\� LW LV QDWXUDO WR FRQVLGHU ?LQWXLWLRQLVWLF
W\SH WKHRU\� + $ � � ZKLFK GLpHUV IURP WKH W\SH WKHRULHV FRQVLGHUHG DERYH LQ
WKDW WKHUH LV D ?SRZHU W\SH� RSHUDWLRQ FRQVWUXFWLQJ WKH SRZHU W\SH 3 �$ � RI
D W\SH $ � 7KLV W\SH WKHRU\ LV PRUH OLNH WKH VLPSOH W\SH WKHRU\ RI WUDGLWLRQDO
VHW WKHRU\� 7KH WHUP PRGHO RI + $ � LV WKH ?IUHH WRSRV� � &DWHJRU\�WKHRUHWLF
WHFKQLTXHV GXH WR 3HWHU )UH\G ZHUH XVHG WR VKRZ WKDW WKH IUHH WRSRV 7 VDWLVqHV
WKH H[LVWHQFH DQG GLVMXQFWLRQ SURSHUWLHV� LI S B T KROGV LQ 7 � WKHQ S KROGV LQ 7

RU T KROGV LQ 7 � DQG LI �� [ � $ �% KROGV LQ 7 WKHQ WKHUH LV DQ DUURZ D � � � $

VXFK WKDW % >D  [ @ KROGV LQ 7 � 7KHVH WHFKQLTXHV WXUQHG RXW WR EH HTXLYDOHQW WR
NQRZQ YDULDQWV RI UHDOL]DELOLW\ RQ WKH SURRI�WKHRUHWLF VLGH� EXW WKH FRQQHFWLRQ
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WR WRSRV WKHRU\ KHOSHG WR V\VWHPDWL]H WKHVH FRQVWUXFWLRQV� DQG JLYH ZKDW KDG
EHHQ SXUHO\ V\QWDFWLF WUDQVODWLRQV D VHPDQWLF DSSHDUDQFH� )RU WKH GHWDLOV RI
WKHVH FRQFHSWV DQG UHVXOWV� RQH VKRXOG UHDG >��@ �

5 HD OL]D ELOLW\ 7 R SR V� 0DUWLQ +\ODQG >��@ LQYHQWHG WKH ?UHDOL]DELOLW\ WRSRV� �
ZKLFK JDYH UHDOL]DELOLW\ D VHPDQWLF DSSHDUDQFH VLPLODU WR + �VHWV� DQG PDGH
LW HDVLHU WR H[WHQG UHDOL]DELOLW\ WR FRPSOLFDWHG IRUPDO WKHRULHV� 7KLV LV ZHOO�
H[SODLQHG LQ >��@ � S� ��� p � � DV ZHOO DV LQ +\ODQG
V SDSHU� (YHQ WKRXJK WKH
UHDOL]DELOLW\ WRSRV LV QRZ PRUH WKDQ WHQ \HDUV ROG� WKHUH DUH VWLOO RSHQ TXHVWLRQV
DERXW LW� IRU H[DPSOH� ZKHWKHU LQWHUQDO UHDOL]DELOLW\ LV WKH VDPH DV H[WHUQDO
UHDOL]DELOLW\� �

5HFHQW ZRUN RI 3KRD >��@ UHSUHVHQWV WKH ODWHVW ZRUG IURP WKLV GLUHFWLRQ RI
UHVHDUFK� 3KRD FRQVWUXFWV DQ ?HpHFWLYH WRSRV� RYHU D WHUP PRGHO RI WKH z �
FDOFXOXV LQ ZKLFK FORVHG WHUPV DUH LGHQWLqHG LI WKH\ KDYH WKH VDPH %�RKP WUHH�

0 HWULF 6 HP D Q WLFV� 6FRWW
 V PRGHO FRQVWUXFWLRQ ZDV EDVHG WKH FDWHJRU\ RI
FRPSOHWH SDUWLDO RUGHUV� $ QDWXUDO TXHVWLRQ LV ZKHWKHU WKHUH DUH RWKHU LQWHUHVW�
LQJ FDWHJRULHV WKDW SHUPLW WKH FRQVWUXFWLRQ RI PRGHOV RI W\SH WKHRU\ LQ ZKLFK
?GRPDLQ HTXDWLRQV� VXFK DV $ � $  $ FDQ EH VROYHG� 2QH LQWHUHVWLQJ DQ�
VZHU LV P HWULF VHP D Q WLFV� LQYHQWHG E\ GH %DNNHU DQG =XFNHU �LQ FRQQHFWLRQ
ZLWK D VWXG\ RI ?SURFHVV DOJHEUDV� LQ FRPSXWHU VFLHQFH� � ,Q PHWULF VHPDQWLFV�
W\SHV DUH PHWULF VSDFHV ZLWK GLDPHWHU DW PRVW � � $ � % JHWV WKH VXS PHW�
ULF� 0RUSKLVPV LQ WKLV FDWHJRU\ DUH PDSV WKDW GR QRW LQFUHDVH GLVWDQFH� WKDW LV
G �I [ �I \ � � G �[ �\ � � 'LUHFW OLPLWV LQ WKLV FDWHJRU\ & JHQHUDOO\ GRQ
W H[LVW� EXW DV
$PHULFD DQG 5XWWHQ >�@ VKRZHG� WKH VHTXHQFHV DULVLQJ LQ 6FRWW
 V FRQVWUXFWLRQ G R

KDYH GLUHFW OLPLWV� S UR YLG HG ZH LQVHUW FRQWUDFWLRQV E\ VRPH t � � DW HDFK VWDJH�
VR 6FRWW
V FRQVWUXFWLRQ FDQ EH WUDQVSRVHG WR WKLV FDWHJRU\� DOPRVW� 7KH UHVXOW
LV WKDW LI ZH FRQVLGHU HTXLYDOHQFH FODVVHV RI PHWULF VSDFHV �WZR EHLQJ HTXLYDOHQW
LI WKH\ KDYH WKH VDPH VKDSH EXW SRVVLEO\ GLpHUHQW VL]H� WKHQ LQ WKLV FDWHJRU\ ZH
FDQ VROYH GRPDLQ HTXDWLRQV�

:DJQHU >��@ QRWLFHG WKDW WKH FDWHJRU\ & LV QRW &DUWHVLDQ FORVHG� EHFDXVH WKH
HYDOXDWLRQ PDS FDQ LQFUHDVH GLVWDQFHV� DQG VR LV QRW D PRUSKLVP LQ WKH FDWHJRU\� �

$ PHWULF VSDFH LV FDOOHG X OWUD �P HWULF LI G �[ �\ � � PD[I G �[ �] ��G �] �\ �J � :DJQHU
SURYHG WKDW WKH VXEFDWHJRU\ : RI & IRUPHG E\ XOWUD�PHWULF VSDFHV LV &DUWHVLDQ
FORVHG� 0RUHRYHU� LI D VHTXHQFH RI XOWUD�PHWULF VSDFHV KDV D GLUHFW OLPLW LQ & �
WKDW GLUHFW OLPLW LV LQ : WRR�

8S WR WKLV SRLQW WKH XOWUDPHWULF VHPDQWLFV ORRNV OLNH D IRUPDO IRRWQRWH WR
PHWULF VHPDQWLFV� EXW :DJQHU VKRZHG WKDW LW LV YHU\ QDWXUDO� (YHU\ XOWUDPHWULF
VSDFH LQ FDWHJRU\ & FDQ EH DVVRFLDWHG ZLWK DQ o�VHW EDVHG RQ WKH FRPSOHWH
+H\WLQJ DOJHEUD >���@ � �/HW >>[  \ @@  G �[ �\ � � VR GLVWDQFH ]HUR PHDQV WUXH�
GLVWDQFH � PHDQV IDOVH� � 1RZ WKH FRQGLWLRQ WKDW PRUSKLVPV EH GLVWDQFH�QRQ�
LQFUHDVLQJ EHFRPHV WKH LQWHUQDO YHUVLRQ RI DQ HTXDOLW\ D[LRP [  \ � I [  I \ �

� ,Q D ULWK P HWLF��H �HU $ � LV HT X LYD OHQ W WR LWV UHD OL]D E LOLW\ LQ WHUS UHWD WLR Q � E HFD X VH WK H IR UP X OD
HU $ E HOR Q J V WR WK H V\ Q WD FWLF FOD VV R I D OP R VW�Q HJ D WLY H IR UP X OD H� 7 K LV D UJ X P HQ W G R HVQ 
W H[ WHQ G
LP P HG LD WHO\ WR K LJ K HU W\ S HV�

� G �I [ �J \ � FD Q E H J UHD WHU WK D Q G ��I �[ ���J �\ ��  VX S IG �[ �\ ��G �I �J �J
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7UDQVLWLYLW\ RI HTXDOLW\ LV GLUHFWO\ YHULqHG XVLQJ WKH VWURQJ WULDQJOH LQHTXDOLW\�

7KH LQWHUQDO HTXDOLW\ EHWZHHQ HOHPHQWV RI WKH SRZHU VHW RI DQ o�VHW WXUQV RXW

WR EH WKH +DXVGRUp GLVWDQFH EHWZHHQ VXEVHWV RI D PHWULF VSDFH� ZKLFK KDV ORQJ

EHHQ DQ LPSRUWDQW PDWKHPDWLFDO WRRO� �

) UD FWD O P RG HOV R I OD P EG D �FD OFX OX V� )UDFWDOV DUH GLUHFW OLPLWV RI VXEVHWV RI D
PHWULF VSDFH �XVXDOO\ WKH SODQH� LQ WKH +DXVGRUp PHWULF� VR WKHLU FRPSOHPHQWV
DUH LQYHUVH OLPLWV� ,Q DGDSWLQJ 6FRWW
V FRQVWUXFWLRQ RI D PRGHO RI ODPEGD FDOFXOXV
WR WKH PHWULF VHPDQWLFV� ZH XVH LQYHUVH OLPLWV RI PHWULF VSDFHV $ Q �GHqQHG E\
$ �  1 DQG $ Q � �  $ Q � $ Q � WR FRQVWUXFW D PRGHO ' ZKLFK KDV FRSLHV RI
HDFK $ Q DV VXEVHWV DQG LV HTXDO WR WKH XQLRQ RI WKHVH FRSLHV� ' FDQ WKXV EH
FRQVLGHUHG D JHQHUDOL]HG IUDFWDO� *HQHUDOL]HG� EHFDXVH ZH GRQ
W VHH KRZ WR JLYH
WKHVH PRGHOV D JHRPHWULFDO IRUP� WKH\ LQYROYH REMHFWV RI KLJKHU W\SH ZKLFK GRQ
W
OHQG WKHPVHOYHV WR FRPSXWHU JUDSKLFV�

& R K HUHQ FH�VS D FH VHP D Q WLFV� ,Q ����� *LUDUG
V ERRN >��@ LQWURGXFHG WKH
FRKHUHQFH�VSDFH VHPDQWLFV� WKH VWXG\ RI ZKLFK OHG WR OLQHDU ORJLF� 7KH HpRUW
WR XQGHUVWDQG DQG DSSO\ OLQHDU ORJLF LV QRZDGD\V DEVRUELQJ WKH HpRUWV RI PDQ\
UHVHDUFKHUV DURXQG WKH ZRUOG� 6WLOO WKH FRKHUHQFH�VSDFH VHPDQWLFV LV RI LQGHSHQ�
GHQW LQWHUHVW IRU LQWXLWLRQLVWLF V\VWHPV�

3 ( 5 VHP D Q WLFV� 0RJJL DQG +\ODQG >��@ VKRZHG KRZ WR XVH SDUWLDO HTXLYD�
OHQFH UHODWLRQV �3(5� WR GHqQH D VHPDQWLFV� 7KH GHqQLWLRQ RI 3(5 LV LQVSLUHG
E\ UHDOL]DELOLW\� ZKDW NLQGV RI ELQDU\ UHODWLRQV FDQ LQWHUSUHW HTXDOLW\" 7KLV
VHPDQWLFV OHG WR WKH FRQVWUXFWLRQ RI PRGHOV IRU SRO\PRUSKLF W\SHV� LQ SDUWLFXODU
*LUDUG
V 6\VWHP )� 3ULRU WR WKH 3(5 VHPDQWLFV� RQO\ WHUP PRGHOV FRQVWUXFWHG
E\ 7DLW
 V PHWKRG ZHUH NQRZQ IRU SRO\PRUSKLF V\VWHPV�

� $ F WX D O LP S OH P H Q WD WLR Q R I F R Q VWUX F WLY H IR UP D O

V\ VWH P V

2QH RI WKH PRVW H[FLWLQJ VWUDQGV RI FRQVWUXFWLYLW\ LQ WKH QLQHWLHV LV WKH XVH RI
FRQVWUXFWLYH IRUPDO V\VWHPV LQ WKH ?FRPSXWHUL]DWLRQ RI PDWKHPDWLFV� � 3HRSOH
DURXQG WKH ZRUOG DUH WU\LQJ WR FRQVWUXFW V\VWHPV LQ ZKLFK PDWKHPDWLFV FDQ EH
GRQH RQ D FRPSXWHU� 7KDW LV� D SURRI ZLOO EH UHSUHVHQWHG E\ DQ H[SOLFLW LQWHUQDO
GDWD RE MHFW� 6XFK SURRIV PD\ EH FRQVWUXFWHG LQWHUDFWLYHO\ E\ D KXPDQ XVHU�
RU DXWRPDWLFDOO\ E\ D WKHRUHP�SURYHU� RU� LQ WKH IXWXUH� LQWHUDFWOYHO\ E\ D XVHU
ZLWK VRPH DVVLVWDQFH IURP WKH FRPSXWHU� , ZLOO GHVFULEH VRPH RI WKH SUR MHFWV
WKDW DUH ZRUNLQJ LQ WKLV GLUHFWLRQ� �

7KH PRVW H[WHQVLYH LPSOHPHQWDWLRQ RI D FRQVWUXFWLYH V\VWHP LV 1XSUO� GH�
YHORSHG XQGHU WKH GLUHFWLRQ RI 5� &RQVWDEOH DW &RUQHOO >��@ 1XSUO LV EDVHG RQ

� 7 K H + D X VG R Up G LVWD Q FH LV D P HD VX UH R I WK H VL]H R I WK H VHW�WK HR UHWLF G Lp HUHQ FH R I WZ R VHWV

$ D Q G % � Q D P HO\ WK H VX S UHP X P R Y HU [ � $ R I WK H LQ q P X P R Y HU \ � % R I G �[ �\ ��
� , K D Y H D OUHD G \ P HQ WLR Q HG WK H S LR Q HHULQ J Hp R UW $ 8 7 2 0 $ 7 + � , Z D V D E OH WR H[ S HULP HQ W

Z LWK $ 8 7 2 0 $ 7 + LQ � � � � � E X W , E HOLHY H $ 8 7 2 0 $ 7 + LV K LVWR U\ Q RZ � LQ WK H VHQ VH WK D W LW LV
Q R OR Q J HU UX Q Q LQ J R Q D Q \ FR P S X WHU�
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D FRQVWUXFWLYH W\SH WKHRU\ VLPLODU WR WKRVH RI 0DUWLQ�/�RI� EXW LQFOXGLQJ VRPH
IDFLOLWLHV IRU VXEW\SLQJ� 7KH 35/ VWDQGV IRU 3URRI 5HqQHPHQW /RJLF� 7KLV
HVVHQWLDOO\ PHDQV WKDW SURRIV DUH FRQVWUXFWHG IURP WKH JRDO EDFNZDUGV� ,Q WKH
WUDGLWLRQDO ZD\ RI ZULWLQJ SURRIV� WKDW ZRXOG EH IURP WKH ERWWRP XS� �,Q 1XSUO�
JRDOV DUH ZULWWHQ DW WKH WRS DQG WKH GHULYDWLRQV RQ ZKLFK WKH\ GHSHQG DUH ZULW�
WHQ EHORZ DQG LQGHQWHG� � 1XSUO LQFOXGHV DQ LQWHUDFWLYH SURRI HGLWRU� 7KLV PHDQV
WKDW WKH XVHU FRQVWUXFWV D SURRI LQWHUDFWLYHO\� JHWWLQJ RQH OLQH DW D WLPH DFFHSWHG
E\ 1XSUO� 7KH XVHU FDQ GHqQH QHZ UXOHV RI LQIHUHQFH LQ WKH 0/ SURJUDPPLQJ
ODQJXDJH� WKHVH DUH FDOOHG ?WDFWLFV� �

1XSUO KDV EHHQ XVHG E\ PDQ\ JUDGXDWH VWXGHQWV DQG UHVHDUFKHUV DW &RUQHOO�
DQG LV QRZ LQVWDOOHG DW VHYHUDO RWKHU VLWHV DURXQG WKH ZRUOG� 1XPHURXV FDVH
VWXGLHV KDYH EHHQ PDGH RI IRUPDOL]LQJ SURRIV LQ 1XSUO� 2QH PD\ SRLQW WR '�
+RZH
V IRUPDOL]DWLRQ RI WKH SURRI RI *LUDUG
V SDUDGR[ �WKH IDFW WKDW \RX FDQ
W
KDYH D W\SH RI DOO W\SHV LQ 0DUWLQ�/�RI
V WKHRULHV� �

$ IHZ \HDUV DJR , ZURWH D UHYLHZ RI 1XSUO LQ WKH -6/ >�@ � LQ ZKLFK , ZURWH
WKDW WKH DFLG WHVW RI VXFK V\VWHPV LV ZKHWKHU WKH\ DUH XVHG E\ SHRSOH RWKHU
WKDQ WKH FUHDWRUV DQG WKHLU VWXGHQWV� 1XSUO LV SDVVLQJ WKLV WHVW QRZDGD\V� LW LV
EHLQJ XVHG IRU SUDFWLFDO SXUSRVHV� LQ KDUGZDUH YHULqFDWLRQ� (OHFWULFDO HQJLQHHUV
ERWK LQ &RUQHOO DQG LQ /HHGV DUH XVLQJ 1XSUO WR FRQVWUXFW IRUPDO SURRIV RI WKH
FRUUHFWQHVV RI FLUFXLW GHVLJQV IRU FKLSV�

)HIHUPDQ
V V\VWHPV IRUPHG WKH EDVLV IRU +D\DVKL
 V SURJUDP 3; >��@ � 3;�
ZKLFK VWDQGV IRU SURRI H[WUDFWLRQ� SHUPLWV RQH WR FRQVWUXFW D IRUPDO SURRI� DQG
WKHQ DXWRPDWLFDOO\ H[WUDFW DQ DOJRULWKP IURP LW� E\ UHDOL]DELOLW\� 7KH DOJRULWKP
FRPHV RXW LQ /,63 DQG FDQ EH H[HFXWHG� 7R PDNH WKH DOJRULWKPV FRPH RXW LQ
/,63� +D\DVKL PRGLqHG )HIHUPDQ
V WKHRULHV VR WKDW WKH\ DUH EDVHG GLUHFWO\ RQ
/,63� UDWKHU WKDQ RQ z �FDOFXOXV� 7KH PDLQ H[DPSOH JLYHQ LQ >��@ LV D GHFLVLRQ
SURFHGXUH IRU SURSRVLWLRQDO FDOFXOXV�

,Q 6HQGDL� -DSDQ� 0� 6DWR KDV GHYHORSHG D V\VWHP FDOOHG 537 >��@ � ZKLFK LV
EDVHG RQ $F]HO
 V LGHD RI )UHJH VWUXFWXUHV� RU PRUH SUHFLVHO\ RQ D IRUPDO WKHRU\ RI
)UHJH VWUXFWXUHV VLPLODU WR WKDW VHW RXW LQ WKH ODVW FKDSWHU RI >�@ � 7KH DGYDQWDJH
RI WKLV DSSURDFK LV WKDW SURRIV DUH ?qUVW FODVV RE MHFWV� ZKLFK FDQ EH GLUHFWO\
PDQLSXODWHG ZLWKLQ WKH WKHRU\� :LWK WKH KHOS RI .DPH\DPD� 537 KDV EHHQ
LPSOHPHQWHG RQ WKH FRPSXWHU� DQG .DPH\DPD KDV XVHG WKH LPSOHPHQWDWLRQ WR
FKHFN D SURRI RI WKH &KXUFK�5RVVHU WKHRUHP IRU 537
V UHGXFWLRQ UXOHV�

,&27 GHYHORSHG D WKHRUHP�SURYHU 0*73� DQG DVVRFLDWHG ZLWK LW D SURRI�
H[WUDFWRU 3DS\UXV� ,Q 6HSWHPEHU� ���� � , VDZ D GHPRQVWUDWLRQ LQ ZKLFK 0*73
FKHFNHG D FRQVWUXFWLYH SURRI RI WKH &KLQHVH UHPDLQGHU WKHRUHP� DQG 3DS\UXV
H[WUDFWHG DQ H[HFXWDEOH DOJRULWKP IURP WKH SURRI�

5RG %XUVWDOO DQG 5DQG\ 3ROODFN KDYH EXLOW D SURRI�FKHFNHU WKH\ FDOO /HJR�
DW (GLQEXUJK� ,Q /HJR� WKH\ KDYH GHqQHG UHDO QXPEHUV YLD &DXFK\ VHTXHQFHV�
DQG WKH\ KDYH SURYHG WKDW PHWULF VSDFHV KDYH D FRPSOHWLRQ� WKXV PDNLQJ D JRRG
VWDUW RQ WKH FRPSXWHUL]DWLRQ RI WKH qUVW FKDSWHUV RI %LVKRS
V ERRN�

,VD E HOOH >�� @ LV D SURJUDP ZKLFK DOORZV LWV XVHU WR VSHFLI\ D W\SH WKHRU\� DQG
WKHQ WR FKHFN SURRIV LQ LW�
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'DOH 0LOOHU >��@ KDV GHVLJQHG D SURJUDPPLQJ ODQJXDJH FDOOHG z �3URORJ� ZKLFK
LV EDVHG RQ LQWXLWLRQLVWLF W\SH WKHRU\� -XVW DV 3URORJ ZRUNV ZLWK WKH +RUQ IUDJ�
PHQW RI qUVW�RUGHU ORJLF� z �3URORJ ZRUNV ZLWK WKH +RUQ IUDJPHQW �DFWXDOO\ D
VRPHZKDW PRUH JHQHUDO IUDJPHQW� RI KLJKHU�RUGHU ORJLF� 7KH NH\ WR WKLV HQ�
WHUSULVH LV WKH XVH RI +XHW
V z �XQLqFDWLRQ DOJRULWKP >��@ LQ SODFH RI 5RELQVRQ
V
qUVW�RUGHU XQLqFDWLRQ� z �3URORJ KDV EHHQ XVHG E\ $P\ )HOW\ >��@ DV D PHDQV RI
LPSOHPHQWLQJ WKHRUHP�SURYHUV DQG SURRI�FKHFNHUV IRU RWKHU FRQVWUXFWLYH ORJLFV�

� & R P S X WH U $ OJ H E UD D V & R Q VWUX F WLY H 0 D WK H P D W�

LF V

6LQFH DERXW ����� WKH VXEMHFW RI &RPSXWHU $OJHEUD� ZKLFK LQFOXGHV FRPSXWHU
FDOFXOXV� KDV JURZQ E\ OHDSV DQG ERXQGV� 2QH ZLVKLQJ DQ LQWURGXFWLRQ WR WKH
VXEMHFW VKRXOG EHJLQ ZLWK >��@ DQG >��@ � 7KH SURMHFW EHLQJ XQGHUWDNHQ LV QRWKLQJ
OHVV WKDQ WKH FRQVWUXFWLYL]DWLRQ RI DOJHEUD� $OJRULWKPV ZHUH SURYLGHG IRU WKH
IXQGDPHQWDO RSHUDWLRQV VXFK DV SRO\QRPLDO JUHDWHVW FRPPRQ GLYLVRU� IDFWRULQJ
SRO\QRPLDOV� DQG LQWHJUDWLQJ HOHPHQWDU\ IXQFWLRQV� $OJRULWKPV IRU GHDOLQJ ZLWK
DOJHEUDLF QXPEHUV KDYH DOVR EHHQ VWXGLHG� %HUOHNDPS
V IDFWRULQJ DOJRULWKP IRU
SRO\QRPLDOV LQWURGXFHG WKH XVH RI S �DGLF PHWKRGV EDVHG RQ +HQVHO
V OHPPD�
ZKLFK ZHUH VRRQ DSSOLHG WR RWKHU DOJHEUDLF SUREOHPV� IRU H[DPSOH IDVW SRO\QR�
PLDO JFG FRPSXWDWLRQV�

7KH VLPSOLqFDWLRQ RI H[SUHVVLRQV LQYROYLQJ UDGLFDOV OHG WR GLsFXOW SUREOHPV�
ZKLFK ZHUH VROYHG UHFHQWO\ �LQ WKHRU\ DW OHDVW� E\ 6� /DQGDX >��@ � /DQGDX
V
PHWKRGV KDYH KDYH QRW \HW EHHQ LPSOHPHQWHG� VR LW LV VWLOO HDV\ WR qQG H[SUHV�
VLRQV ZLWK UDGLFDOV WKDW DUH QRW SURSHUO\ VLPSOLqHG E\ SRSXODU V\PEROLF FRPSX�
WDWLRQ SURJUDPV� 6LPLODUO\� WKH LPSOHPHQWDWLRQ RI WKH 5LVFK LQWHJUDWLRQ DOJR�
ULWKP OHG WR GLsFXOW DOJHEUDLF TXHVWLRQV� , EHOLHYH WKH IXOO 5LVFK DOJRULWKP KDV
EHHQ LPSOHPHQWHG IRU WKH qUVW WLPH LQ 0 D WK HP D WLFD YHUVLRQ ���� 7KH *U�REQHU
EDVLV DOJRULWKP GLVFRYHUHG E\ %XFKEHUJHU >��@ � >��@ KDV EHHQ IXQGDPHQWDO IRU
GHDOLQJ ZLWK SRO\QRPLDOV RI VHYHUDO YDULDEOHV� 8QGHU WKH GLUHFWLRQ RI %XFK�
EHUJHU� WKH JURXS DW 5,6&�/LQ] KDV EHHQ VWXG\LQJ RWKHU DOJRULWKPV IRU VROYLQJ
VHYHUDO SRO\QRPLDO HTXDWLRQV DV ZHOO� QRWDEO\ WKH PHWKRG RI FKDUDFWHULVWLF VHWV
DQG WKH PHWKRG RI SRO\QRPLDO UHPDLQGHU VHTXHQFHV�

,W LV LQWHUHVWLQJ DQG LPSRUWDQW WR FRPSDUH WKH FRQFHUQV RI WKH FRPSXWHU
DOJHEUDLVWV ZLWK WKRVH RI WKH IROORZHUV RI %LVKRS� 7KHUH LV D JUHDW GHDO RI RYHU�
ODS� ERWK ZDQW WKHRUHPV WR KDYH FRPSXWDWLRQDO PHDQLQJ� %XW WKH IRFXV RI
WKH FRPSXWHU DOJHEUDLVWV LV RQ WKH DOJRULWKPV WKHPVHOYHV� 7KH %LVKRS VFKRRO
V
IRFXV LV RQ WKH WKHRUHPV DQG SURRIV� 7KH DOJRULWKPV DUH OHIW LPSOLFLW LQ WKH
SURRIV� 7KH %LVKRS VFKRRO LV QRW FRQFHUQHG ZLWK WKH HsFLHQF\ RI WKH DOJR�
ULWKPV� .URQHFNHU
V IDFWRUL]DWLRQ DOJRULWKP IRU SRO\QRPLDOV LV JRRG HQRXJK IRU
WKHP� EHFDXVH LW VKRZV WKDW LQ SULQFLSOH SRO\QRPLDOV FDQ EH IDFWRUHG� $W DERXW
WKH VDPH WLPH DV 'DYHQSRUW
V ERRN RQ FRPSXWHU DOJHEUD DSSHDUHG� 5LFKPDQ�
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5D\� DQG 0LQHV SXEOLVKHG D %LVKRS�VW\OH WUHDWPHQW RI DOJHEUD� 7KH PDLQ HI�
IRUWV RI WKLV ERRN DUH WR GHDO ZLWK WKH GHSHQGHQFH RI WKH DOJHEUDLF VWUXFWXUH
RQ SDUDPHWHUV� WKHUH DUH PDQ\ FRXQWHUH[DPSOHV RI WKH IRUP 5 �D � � ZKHUH D LV D
QXPEHU �SDUDPHWHU� ZKLFK PD\ RU PD\ QRW KDYH ]HUR LPDJLQDU\ SDUW� LI LW GRHV�
WKH qHOG LV & � LI QRW LW LV 5 � &RPSXWHU DOJHEUD� VR IDU� GHDOV RQO\ ZLWK VSHFLqF
�FRQFUHWH� DOJHEUDLF VWUXFWXUHV� LQ WKDW UHVSHFW LW LV QRW \HW ?PRGHUQ DOJHEUD� �
5LFKPDQ� 5D\� DQG 0LQHV� RQ WKH RWKHU KDQG� IDFH DQG VROYH WKH GLsFXOWLHV
RI D FRQVWUXFWLYH IRUPXODWLRQ RI PRGHUQ DOJHEUD� EXW ZLWKRXW FRQFHUQ IRU WKH
LPSOHPHQWDELOLW\ RU XVDELOLW\ RI WKH DOJRULWKPV�

7KH FRPSXWHU DOJHEUD V\VWHPV� VXFK DV 0 D WK HP D WLFD � 0DSOH� DQG 0$&�
6<0$� DUH VR IDU FDOFXODWRUV RQO\� UDWKHU WKDQ LPSOHPHQWDWLRQV RI FRKHUHQW
IRUPDO V\VWHPV IRU PDWKHPDWLFV� ,QGHHG� LW LV HDV\ WR GHULYH FRQWUDGLFWLRQV LQ
WKHVH V\VWHPV� )RU H[DPSOH� LQ 0$&6<0$� LI ZH VHW D  �� DQG WKHQ GLYLGH
ERWK VLGHV RI WKH HTXDWLRQ E\ D � XVLQJ WKH FRPPDQG � D � ZH ZLOO JHW �  ��
EHFDXVH 0$&6<0$ WKLQNV D  D  � DQG � D  �� )XUWKHU H[DPSOHV DUH JLYHQ
LQ >�@ DQG >��@ � 7KHVH DUH QRW VLPSO\ ?EXJV� WKDW FRXOG EH HDVLO\ UHPRYHG� 7KH
XQGHUO\LQJ GLsFXOW\ LV WKDW V\PEROLF RSHUDWLRQV RIWHQ KDYH SUH�FRQGLWLRQV� RU
VLGH FRQGLWLRQV� WKDW PXVW EH PHW EHIRUH WKH\ FDQ EH DSSOLHG� .HHSLQJ WUDFN RI
WKHVH VLGH FRQGLWLRQV UHTXLUHV D IXOO�EORZQ ORJLFDO DSSDUDWXV� ,Q HVVHQFH HDFK OLQH
RI FRPSXWDWLRQ LV WKH VXFFHGHQW RI D *HQW]HQ VHTXHQW� DQG WKH DQWHFHGHQW OLVWV
WKH FRQGLWLRQV RU DVVXPSWLRQV RQ ZKLFK LW GHSHQGV� 3UHVHQW�GD\ V\PEROLF FRP�
SXWDWLRQ V\VWHPV WUDFN RQO\ WKH VXFFHGHQW� OHDYLQJ WKH ORJLF DQG WKH MXGJHPHQW
RI WKH FRUUHFWQHVV RI WKH UHVXOW WR WKH XVHU�

7KH QH[W VWHS LV WKH FRQVWUXFWLRQ RI FRPSXWHUL]HG V\VWHPV LQFRUSRUDWLQJ
VHULRXV PDWKHPDWLFDO DOJRULWKPV� OLNH 0$&6<0$� EXW EXLOW RQ D VROLG ORJLFDO
IRXQGDWLRQ� OLNH 1XSUO� 7KLV LV RQH RI WKH WDVNV RI WKH QH[W GHFDGH� , KDYH
PDGH D VWDUW LQ WKLV GLUHFWLRQ E\ EXLOGLQJ D V\VWHP DGHTXDWH IRU LQVWUXFWLRQ
LQ DOJHEUD� WULJRQRPHWU\� DQG FDOFXOXV >�@ � >�@ � >�@ � ,W LV OLPLWHG LQ ERWK LWV
ORJLFDO DQG FRPSXWDWLRQDO IHDWXUHV WR ZKDW LV UHTXLUHG LQ WKRVH FRXUVHV� EXW
VWLOO� LQ LQWHJUDWLQJ FRPSXWDWLRQDO DQG ORJLFDO IHDWXUHV� LW JRHV EH\RQG DQ\ RWKHU
V\VWHP�

� 6 S UH D G R I LQ r X H Q F H R I F R P S X WD WLR Q D O Y LH Z �

S R LQ W LQ P D WK H P D WLF V

(YHU\ZKHUH WRGD\ RQH FDQ VHH WKH LQrXHQFH RI WKH FRPSXWHU RQ PDWKHPDWLFV�
)URP WKH FRPSXWHU�DVVLVWHG SURRI RI WKH IRXU�FRORU WKHRUHP� WR WKH XELTXLWXRXV
JUDSKLF LPDJHV RI IUDFWDOV� RQH FDQ VHH WKDW WKH IHHOLQJ LV EHFRPLQJ PRUH DQG
PRUH ZLGHVSUHDG WKDW D SUREOHP LVQ
W VROYHG XQWLO \RX FDQ FRPSXWH WKH DQVZHU�
7KH VKLIW LQ SKLORVRSK\ WKDW %LVKRS KRSHG KLV ERRN ZRXOG EULQJ DERXW� LV RF�
FXUULQJ WRGD\ GXH WR WKH LQrXHQFH RI WKH FRPSXWHU� 7KH SURFHHGLQJV RI WKH
& R P S X WHUV D Q G 0 D WK HP D WLFV FRQIHUHQFHV VKRZ WKDW WKH FRPSXWHU LV EHLQJ XVHG
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LQ DOO EUDQFKHV RI PDWKHPDWLFV� 7KHUH LV� IRU H[DPSOH� D SURJUDP 6 Q D S 3 HD WKDW
LV XVHG E\ WRSRORJLVWV WR KHOS WKHP XQGHUVWDQG ��PDQLIROGV� 6RPH PDWKHPDWL�
FLDQV DUH WXUQLQJ WKHLU DWWHQWLRQ WR LVVXHV RI FRQVWUXFWLYLW\ DQG FRPSXWDELOLW\�
)RU H[DPSOH� 6PDOH� %OXP DQG 6KXE KDYH ZRUNHG RQ GHqQLWLRQV RI FRPSXWDELO�
LW\ RI UHDO DQG FRPSOH[ IXQFWLRQV >��@ � DQG 6PDOH KDV DOVR WDNHQ XS FRPSOH[LW\
LVVXHV LQ OLQHDU SURJUDPPLQJ >��@ � DQG WKH VSHHG DQG GRPDLQ RI FRQYHUJHQFH RI
1HZWRQ
V PHWKRG >�� @ � 0DQ\� SHUKDSV PRVW� PDWKHPDWLFV GHSDUWPHQWV KDYH DW
OHDVW RQH SHUVRQ FRQYHUVDQW ZLWK VRPH FRPSXWHU DOJHEUD V\VWHP� 3HUKDSV LW LV
VDIH WR VD\ WKDW QRERG\ WRGD\ SXEOLVKHV DQ H[LVWHQFH WKHRUHP ZLWKRXW DW OHDVW
WKLQNLQJ DERXW KRZ WR FRPSXWH WKH VROXWLRQ�

:H VWLOO KDYH D ORQJ ZD\ WR JR� WKRXJK� , DVNHG TXLWH D IHZ PDWKHPDWLFLDQV�
LQFOXGLQJ D FRXSOH RI DOJHEUDLF JHRPHWHUV� IRU D JRRG DOJRULWKP WR JUDSK D
SRO\QRPLDO UHODWLRQ I �[ �\ �  � RYHU D VSHFLqHG SODQH UHFWDQJOH� $SSDUHQWO\ WKH
DFFXPXODWHG NQRZOHGJH RI WKH FHQWXULHV GRHV QRW RpHU XV RQH ELW RI KHOS ZLWK
WKLV SUREOHP� �

� & R Q VWUX F WLY LW\ D Q G WK H 6 F LH Q F H V

$ UHFXUUHQW TXHVWLRQ LV WKH UHODWLRQVKLS RI FRQVWUXFWLYLW\ WR VFLHQFH� RU SKLORVR�
SK\ RI VFLHQFH� , SXW IRUZDUG WKH YLHZ WKDW WKH LQWHUHVWLQJ TXHVWLRQV LQ WKLV DUHD
KDYH WKXV IDU QRW EHHQ DQVZHUHG� )RU H[DPSOH� RQH RI WKH PRVW IXQGDPHQWDO
TXHVWLRQV ZDV qUVW IRUPXODWHG E\ .UHLVHO PRUH WKDQ WKLUW\ \HDUV DJR� *LYHQ WKH
LQLWLDO SRVLWLRQV [ DQG YHORFLWLHV Y RI WKUHH 1HZWRQLDQ ERGLHV RI XQLW PDVV �VD\
VSKHUHV RI UDGLXV �� RU LGHDOL]HG SRLQW SDUWLFOHV LI \RX SUHIHU� DQG IRU VLPSOLFLW\
VXSSRVH WKH LQLWLDO FRQGLWLRQV WR EH JLYHQ E\ UDWLRQDO QXPEHUV� � 'HqQH I �[ �Y �
WR EH � LI WKH ERGLHV HYHQWXDOO\ FROOLGH� DQG � LI QRW� ZKHQ WKH V\VWHP HYROYHV
XQGHU WKH ODZV RI 1HZWRQLDQ JUDYLW\ DQG PHFKDQLFV� ,V I FRPSXWDEOH"

3RXU�(O DQG 5LFKDUGV >��@ KDYH VKRZQ WKDW WKH ZDYH HTXDWLRQ KDV QRQ�
FRPSXWDEOH VROXWLRQV IRU VRPH FRPSXWDEOH LQLWLDO GDWD� 7KLV UHVXOW GHSHQGV RQ
WKH IDFW WKDW WKH ZDYH HTXDWLRQ FRQYHUWV ZLJJOHV LQ WKH LQLWLDO GDWD
V GHULYDWLYH
WR ZLJJOHV LQ WKH IXQFWLRQ LWVHOI DW D ODWHU WLPH� 7R JHW QRQFRPSXWDEOH GDWD
DW WLPH � � \RX PXVW VWDUW ZLWK QRQFRPSXWDEOH GHULYDWLYHV DW WLPH �� �6HH >�@ �
SS� ����� IRU GHWDLOV� VHH DOVR .UHLVHO
V UHYLHZ RI 3RXU�(O DQG 5LFKDUGV LQ >��@ �
7KRVH ZKR ZRXOG DWWDFK SKLORVRSKLFDO VLJQLIDQFH WR WKH UHVXOWV PXVW WKHQ DUJXH
WKDW FRPSXWDEOH GDWD ZLWK QRQ�FRPSXWDEOH GHULYDWLYHV DUH SK\VLFDOO\ UHDOL]DEOH�
EXW QRQ�FRPSXWDEOH GDWD DUH QRW SK\VLFDOO\ UHDOL]DEOH� &RQWHPSODWLRQ RI WKH
LVVXHV UDLVHG E\ WKLV TXHVWLRQ� SDUWLFXODUO\ WKH TXHVWLRQ RI ZKDW LW PHDQV IRU D
IXQFWLRQ WR EH SK\VLFDOO\ UHDOL]DEOH� OHDGV RQ WKH RQH KDQG WR WKH SKLORVRSKLFDO
PRUDVV RI GLVFUHWHQHVV YHUVXV FRQWLQXLW\� DQG RQ WKH RWKHU KDQG WR WKH P\VWHULHV
RI TXDQWXP PHFKDQLFV DQG PHDVXUHPHQW�

� 7 K H G Ls FX OW\ LV WK D W Z H G R Q R W N Q R Z K R Z P D Q \ FR Q Q HFWHG FR P S R Q HQ WV WK H J UD S K Z LOO

K D Y H� $ OWK R X J K Z H FD Q q Q G D ]HUR D Q G WUD FH R X W WK H FX UY H FR Q WD LQ LQ J WK D W ]HUR � K R Z G R Z H

N Q RZ Z K HWK HU R U Z K HQ Z H K DY H IR X Q G D OO WK H FR Q Q HFWHG FR P S R Q HQ WV"
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7KHUH GRHV VHHP WR EH DQ RSHQ WHFKQLFDO TXHVWLRQ LQ WKLV DUHD� GR WKH
0D[ZHOO HTXDWLRQV EHKDYH VLPLODUO\ WR WKH ZDYH HTXDWLRQ LQ WKLV UHVSHFW"

,Q WKH IRXQGDWLRQV RI TXDQWXP PHFKDQLFV� WKHUH LV D IRUPDO WKHRU\ RI RSHU�
DWRUV RQ +LOEHUW VSDFHV� 6RPH RI WKH IXQGDPHQWDO WKHRUHPV RI WKLV WKHRU\ DUH
QRQ�FRQVWUXFWLYH RQ WKH IDFH RI WKH PDWWHU� DOWKRXJK WKH\ GR KDYH FRQVWUXFWLYH
YHUVLRQV� $JDLQ� LW LV GLsFXOW WR GHFLGH WKH SKLORVRSKLFDO VLJQLqFDQFH RI WKHVH
REVHUYDWLRQV�

� $ 3 K LOR VR S K LF D O 7 K H VLV

7KH PDWKHPDWLFLDQ 7UXHVGHOO SUHGLFWHG WKDW WKH FRPSXWHU ZLOO LQrXHQFH PDWK�
HPDWLFV DV PXFK DV WKH WHOHVFRSH LQrXHQFHG DVWURQRP\ RU WKH PLFURVFRSH LQrX�
HQFH ELRORJ\� , EHOLHYH WKDW WKH SKLORVRSK\ RI FRQVWUXFWLYH PDWKHPDWLFV PXVW
DOVR UHVSRQG� $ SKLORVRSK\ UHVWLQJ RQ WKH FRQFHSW RI FRPSXWDWLRQDO PHDQ�
LQJ FDQQRW LJQRUH WKH FKDQJHV LQ RXU DELOLW\ WR SHUIRUP FRPSXWDWLRQV� ,I WKHVH
FKDQJHV ZHUH QRW VR GUDPDWLF� RQH FRXOG DUJXH WKDW WKH FR Q FHS W RI FRPSXWDWLRQDO
PHDQLQJ LV QRW DpHFWHG E\ WKHP� %XW WKH FKDQJHV LQ RXU DELOLW\ WR FRPSXWH K D YH

EHHQ GUDPDWLF� VR PXFK VR WKDW RXU FRQFHSWV DERXW FRPSXWDWLRQ KDYH DOVR EHHQ
DpHFWHG�

%URXZHU� +H\WLQJ� DQG %LVKRS ZHUH XQLWHG LQ WKHLU IHHOLQJ WKDW WKH HsFLHQF\
RI FRPSXWDWLRQ ZDVQ
W WKH SRLQW� :KDW PDWWHUHG ZDV ZKHWKHU D VROXWLRQ FRXOG
EH FRPSXWHG LQ SULQFLSOH� 7KDW PD\ KDYH EHHQ DQ DSSURSULDWH YLHZSRLQW� ZKHQ
ZH ZHUH OLPLWHG WR SHQFLO�DQG�SDSHU FRPSXWDWLRQV� 1RZ WKDW ZH KDYH FRP�
SXWHUV� LW KDV WR EH UHWKRXJKW� ,W GRHV PDWWHU� ZKHQ ZH ZDQW WR SURYH WKDW
SRO\QRPLDOV FDQ EH IDFWRUHG� ZKHWKHU ZH WDNH .URQHFNHU
V SURRI ZLWK LWV XQ�
XVDEO\ LQHsFLHQW DOJRULWKP� RU %HUOHNDPS
V SURRI WKDW DFWXDOO\ HQDEOHV XV WR
IDFWRU SRO\QRPLDOV RI LQWHUHVW� 1RZ� RQH PD\ VD\ WKDW WKLV LV D PDWWHU RI SUDF�
WLFDO� EXW QRW SKLORVRSKLFDO� LQWHUHVW� %XW , ZLOO PDNH WKH PDWWHU RI HsFLHQF\
LQWR D SKLORVRSKLFDO SRLQW� , SXW IRUZDUG WKH IROORZLQJ WKHVLV�

& R Q VWUX FWLYLW\ LV D Q D WWULEX WH R I S URR IV� OLNH HOHJD Q FH R U EHD X W\ � WK D W FD Q EH

SR VVHVVHG LQ JUHD WHU R U OHVVHU G HJUHH^ LW LV Q R W D Q D OO�R U�Q R WK LQ J TX D Q WLW\ OLNH

FR UUHFWQ HVV�

)RU H[DPSOH� %HUOHNDPS
V SURRI LV PRUH FRQVWUXFWLYH WKDQ .URQHFNHU
V� EHFDXVH
WKH DOJRULWKP LQYROYHG LV PRUH HsFLHQW� (YHQ EHWZHHQ WZR SURRIV� QHLWKHU RQH
RI ZKLFK LV FRQVWUXFWLYH LQ WKH WUDGLWLRQDO VHQVH� RQH PD\ EH DEOH WR VD\ WKDW
RQH LV ?PRUH FRQVWUXFWLYH� WKDQ WKH RWKHU� )RU H[DPSOH� .�RQLJ
V OHPPD IRU
ELQDU\ WUHHV LV PRUH FRQVWUXFWLYH WKDQ =HUPHOR
V SURRI WKDW WKH UHDOV FDQ EH
ZHOO�RUGHUHG�

,Q PRUH WHFKQLFDO WHUPV� RQH FDQ FODVVLI\ SURRIV DFFRUGLQJ WR WKH FRPSOH[LW\
RI WKH DOJRULWKPV ZKLFK LPSOLFLW LQ WKH SURRIV� �9DULRXV WHFKQLFDO QRWLRQV VXFK
DV UHDOL]DELOLW\ FRXOG EH XVHG WR PDNH WKLV SUHFLVH�� 7UDGLWLRQDOO\� FRQVWUXFWLYLW\
KDV GUDZQ WKH OLQH DW 7XULQJ FRPSXWDELOLW\� FRQVLGHULQJ HYHU\WKLQJ RQ RQH VLGH
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FRQVWUXFWLYH DQG HYHU\WKLQJ RQ WKH RWKHU VLGH EH\RQG WKH SDOH� 8QWLO WKH DGYHQW
RI WKH FRPSXWHU� RQO\ D KDQGIXO RI VSHFLDOLVWV FDUHG DERXW WKLV GLVWLQFWLRQ� 1RZ�
SUDFWLFLQJ PDWKHPDWLFLDQV DUH LQWHUHVWHG� EXW WKH\ DUH GUDZLQJ WKH OLQH ORZHU�
WKH\ DUH LQWHUHVWHG LQ SURRIV WKDW FDQ EH SURJUDPPHG DQG UXQ�

)HIHUPDQ KDV ORQJ SURSRVHG D WHFKQLFDO VWXG\ RQ WKHVH OLQHV� RQH VKRXOG JR
WKURXJK %LVKRS
V ERRN DQG VHH KRZ PXFK RI LW FDQ EH GRQH ?IHDVLEO\� � H�J� ZLWK
SRO\QRPLDO�WLPH DOJRULWKPV� 6WHSV LQ WKLV GLUHFWLRQ ZHUH DOUHDG\ WDNHQ E\ .R
DQG )ULHGPDQ >��@ � >��@ � >��@ � 7KHUH LV VWLOO PRUH ZRUN WR EH GRQH�

, ZLOO QRZ PDNH D GLUHFW DUJXPHQW IRU WKH WKHVLV� ?&RQVWUXFWLYLW\� DV XVHG
LQ WKH WLWOH RI WKLV SDSHU UHIHUV WR WKLV� ZKHQ RQH KDV VROYHG D SUREOHP FRQ�
VWUXFWLYHO\� RQH FDQ H[KLELW WKH VROXWLRQ� RU LI LW GHSHQGV RQ VRPH GDWD� RQH
FDQ VKRZ KRZ WR FRPSXWH WKH VROXWLRQ IURP WKH GDWD� 7KH WUDGLWLRQDO QRWLRQ
RI FRQVWUXFWLYLW\ DURVH E\ LGHQWLI\LQJ FRPSXWDELOLW\ ZLWK 7XULQJ FRPSXWDELOLW\�
%XW HYHU\ERG\ ZKR KDV SOD\HG ZLWK FRPSXWHUV NQRZV WKLV LV XQUHDOLVWLF� PDQ\
7XULQJ FRPSXWDEOH IXQFWLRQV FDQ
W DFWXDOO\ EH UXQ� 0RUHYHU� ZH DUH DEOH WR XQ�
GHUVWDQG QRWLRQV RI UHODWLYH FRPSXWDELOLW\� RUGLQDO FRPSXWDELOLW\� HWF� � WKDW JR
EH\RQG 7XULQJ FRPSXWDELOLW\� 2QFH ZH DGPLW WKDW WKHVH GLVWLQFWLRQV DUH SRVVL�
EOH DQG PHDQLQJIXO� WKH JHQHUDO SULQFLSOH WKDW P HD Q LQ JIX O G LVWLQ FWLR Q V VK R X OG EH

P D G H LPSOLHV WKDW WKH QRWLRQ RI FRQVWUXFWLYLW\ PXVW IUDJPHQW LQWR PDQ\ UHODWHG
QRWLRQV�

6XSSRUW IRU WKH DERYH SKLORVRSKLFDO WKHVLV FDQ EH GUDZQ LQGLUHFWO\ IURP
WHFKQLFDO UHVHDUFK LQ SURRI WKHRU\ FRQGXFWHG RYHU WKH ODVW IRUW\ \HDUV� 3URRI�
WKHRULVWV KDYH FRQVWUXFWHG D KLHUDUFK\ RI IRUPDO V\VWHPV� FRUUHVSRQGLQJ PRUH
RU OHVV WR LQFUHDVLQJ QRQ�FRQVWUXFWLYLW\� ,Q WKH VL[WLHV )HIHUPDQ >��@ � >�� @ IRUPX�
ODWHG V\VWHPV FRUUHVSRQGLQJ WR WKH SKLORVRSKLFDO LGHD RI S UHG LFD WLYLW\ � LQ ZKLFK
�URXJKO\ VSHDNLQJ� VHWV GHqQHG XVLQJ TXDQWLqHUV RYHU SRZHU VHWV QRW FRQVLGHUHG
OHJLWLPDWH� 7KH PDLQ UHVXOWV RI )HIHUPDQ
V UHVHDUFK LPSO\ WKDW WKLV UHVWULF�
WLRQ RQ VHW GHqQLWLRQ SULQFLSOHV WUDQVODWHV WR D UHVWULFWLRQ RQ WKH FRPSOH[LW\ RI
IXQFWLRQV GHqQDEOH� WKDW LV� LI \RX FDQ VROYH D SUREOHP SUHGLFDWLYHO\� \RX FDQ
?H[KLELW� WKH VROXWLRQ DV D IXQFWLRQ RI WKH GDWD� ZKHUH WKH IXQFWLRQ LV GHqQHG
E\ RUGLQDO UHFXUVLRQ XS WR D FHUWDLQ RUGLQDO c� � 7KLV SURJUDP RI UHVHDUFK TXLWH
SRVVLEO\ LQVSLUHG )ULHGPDQ WR GHYHORS KLV LGHD RI ?UHYHUVH PDWKHPDWLFV� � ZKLFK
ZDV IXUWKHU GHYHORSHG E\ 6LPSVRQ� �6HH >��@ � RU� ZKHQ LW EHFRPHV DYDLODEOH�
>��@ � � ,Q UHYHUVH PDWKHPDWLFV� EDVLF WKHRUHPV VXFK DV %RO]DQR�:HLHUVWUDVV DUH
VKRZQ WR EH HTXLYDOHQW WR D[LRP VFKHPDWD FRQVLGHUHG LQ SURRI WKHRU\� 7KXV
PDWKHPDWLFV DV D ZKROH LV FODVVLqHG LQWR VWUDWD DFFRUGLQJ WR WKH GHJUHH RI FRQ�
VWUXFWLYLW\ LQYROYHG� ,Q WKH ODVW GHFDGH� WKHVH LGHDV KDYH EHHQ H[WHQGHG LQ WKH
RWKHU GLUHFWLRQ� WR FUHDWH D VXE�FRQVWUXFWLYH KLHUDUFK\ RI VXEWKHRULHV RI +H\WLQJ
V
DULWKPHWLF� 7KHVH WKHRULHV KDYH EHHQ GHqQHG DQG VWXGLHG E\ %XVV DQG 7DNHXFKL�
DQG VKRZQ WR KDYH QDWXUDO FRQQHFWLRQV ZLWK WKH KLHUDUFKLHV RI IXQFWLRQV FRQ�
VLGHUHG LQ FRPSOH[LW\ WKHRU\� 7KXV +H\WLQJ
V DULWKPHWLF +$� DQG ZLWK LW WKH
WUDGLWLRQDO QRWLRQ RI FRQVWUXFWLYLW\� LV MXVW RQH SRLQW RQ D VSHFWUXP� 2I FRXUVH�
RQH PD\ WDNH WKH YLHZ WKDW WKH RWKHU SRLQWV KDYH RQO\ WHFKQLFDO VLJQLqFDQFH�
EXW WKH YLHZ DGYDQFHG KHUH LV UDWKHU WKH RSSRVLWH� WKDW ZKLOH +$ LV FHUWDLQO\ DQ
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LQWHUHVWLQJ SRLQW RQ WKLV VSHFWUXP� WKH RWKHUV DOVR KDYH SKLORVRSKLFDO PHDQLQJ�

� � 3 R VWVF ULS W

$W WKH PRPHQW� WKHUH LV WRR OLWWOH FRPPXQLFDWLRQ EHWZHHQ WKH GLpHUHQW JURXSV
GLVFXVVHG LQ WKLV SDSHU� 7KH FRPSXWHU DOJHEUDLVWV KDYH QRW UHDG %LVKRS� 7KH
%LVKRS IROORZHUV KDYH QRW UHDG 'DYHQSRUW� 1HLWKHU RQH NQRZV PXFK DERXW
1XSUO� 6\VWHPV OLNH 1XSUO GR QRW LQFRUSRUDWH DOJRULWKPV IURP FRPSXWHU DOJH�
EUD� ZKLFK ZRXOG JUHDWO\ LQFUHDVH WKHLU SRZHU WR IRUPDOL]H UHDO PDWKHPDWLFV�
&RPSXWHU DOJHEUD V\VWHPV ZRUN HQWLUHO\ ZLWKRXW DQ\ ORJLFDO IRUPDOLVP� ZKLFK
PHDQV WKDW WKH\ DUH VXEMHFW WR HUURU� DV WKH\ FDQ
W FKHFN WKH SUHFRQGLWLRQV RI
DOJHEUDLF RSHUDWLRQV� ,I WKLV SDSHU KHOSV VRPH RI WKHVH SHRSOH WR JHW LQWHUHVWHG
LQ ZKDW VRPH RI WKH RWKHUV DUH GRLQJ� , ZLOO KDYH DFKLHYHG P\ DLP LQ ZULWLQJ LW�

5 H IH UH Q F H V

>� @ 3� $PHULFD� -� 5XWWHQ� 6ROYLQJ UHrH[LYH GRPDLQ HTXDWLRQV LQ D FDWHJRU\
RI FRPSOHWH PHWULF VSDFHV� &HQWUH IRU 0DWKHPDWLFV DQG &RPSXWHU 6FLHQFH�
5HSRUW &6�5����� )HEUXDU\ �����

>�@ -� :� GH %DNNHU� -� =XFNHU� 3URFHVVHV DQG WKH GHQRWDWLRQDO VHPDQWLFV RI
FRQFXUUHQF\� ,Q IR UP D WLR Q D Q G & R Q WUR O � � ������ ������

>�@ +� %DUHQGUHJW� 7 K H / D P EG D & D OFX OX V� ,WV 6 \Q WD [ D Q G 6 HP D Q WLFV� 1RUWK�
+ROODQG ������ �

>�@ 0� %HHVRQ� ) R X Q G D WLR Q V R I & R Q VWUX FWLYH 0 D WK HP D WLFV� 6SULQJHU�9HUODJ
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