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:H VWXG\ WKH LQIHUHQFH RI 'DWD 7\SH 'HnQLWLRQV
�'7'V� IRU YLHZV RI ;0/ GDWD� XVLQJ DQ DEVWUDF�
WLRQ WKDW IRFXVHV RQ GRFXPHQW FRQWHQW VWUXFWXUH� 7KH
YLHZV DUH GHnQHG E\ D TXHU\ ODQJXDJH WKDW SURGXFHV
D OLVW RI GRFXPHQWV VHOHFWHG IURP RQH RU PRUH LQ�
SXW VRXUFHV� 7KH VHOHFWLRQ FRQGLWLRQV LQYROYH YHUWL�
FDO DQG KRUL]RQWDO QDYLJDWLRQ� WKXV TXHU\LQJ H[SOLF�
LWO\ WKH RUGHU SUHVHQW LQ LQSXW GRFXPHQWV� :H SRLQW
VHYHUDO VWURQJ OLPLWDWLRQV LQ WKH GHVFULSWLYH DELOLW\ RI
FXUUHQW '7'V DQG WKH QHHG IRU H[WHQGLQJ WKHP ZLWK
�L� D VXEW\SLQJ PHFKDQLVP DQG �LL� D PRUH SRZHUIXO
VSHFLnFDWLRQ PHFKDQLVP WKDQ UHJXODU ODQJXDJHV� VXFK
DV FRQWH[W�IUHH ODQJXDJHV� :LWK WKHVH H[WHQVLRQV� ZH
VKRZ WKDW RQH FDQ DOZD\V LQIHU WLJKW '7'V� WKDW SUH�
FLVHO\ FKDUDFWHUL]H D VHOHFWLRQ YLHZ RQ VRXUFHV VDWLVI\�
LQJ JLYHQ '7'V� :H DOVR VKRZ LPSRUWDQW VSHFLDO FDVHV
ZKHUH RQH FDQ LQIHU D WLJKW '7' ZLWKRXW UHTXLULQJ H[�
WHQVLRQ �LL�� )LQDOO\ ZH FRQVLGHU UHODWHG SUREOHPV VXFK
DV YHULI\LQJ FRQIRUPDQFH RI D YLHZ GHnQLWLRQ ZLWK D
SUHGHnQHG '7'� ([WHQVLRQV WR PRUH SRZHUIXO YLHZV
WKDW FRQVWUXFW FRPSOH[ GRFXPHQWV DUH DOVR EULHo\ GLV�
FXVVHG�

� ,QWURGXFWLRQ

'DWD RQ WKH :RUOG :LGH :HE KDV VWUXFWXUH WKDW LV
LUUHJXODU RU RQO\ SDUWLDOO\ NQRZQ� 7KLV LV D VLJQLn�
FDQW GHSDUWXUH IURP WKH WUDGLWLRQDO GDWDEDVH IUDPH�
ZRUN JHDUHG WRZDUGV KLJKO\�VWUXFWXUHG GDWD GHVFULEHG
XQLIRUPO\ E\ D ULJLG VFKHPD� ,W UHTXLUHV WKH GHVLJQ
RI DSSURSULDWH ODQJXDJHV IRU TXHU\LQJ :HE GDWD� DQG
QHZ DSSURDFKHV WR oH[LEOH W\SLQJ DQG VWDWLF DQDO\VLV�

5HFHQW UHVHDUFK RQ VHPLVWUXFWXUHG GDWD LQ WKH
GDWDEDVH FRPPXQLW\ KDV DWWHPSWHG WR DGGUHVV WKLV
FKDOOHQJH �VHH >$%6��@ DQG WKH VXUYH\V >%XQ��� $EL���
6XF@�� 7KH HPHUJHQFH RI WKH ([WHQGHG 0DUNXS /DQ�
JXDJH �;0/� DV WKH OLNHO\ IXWXUH VWDQGDUG IRU UHSUH�
VHQWLQJ GDWD RQ WKH :HE KDV FRQnUPHG WKH FHQWUDO UROH
RI VHPLVWUXFWXUHG GDWD EXW KDV DOVR UHGHnQHG VRPH RI
WKH JURXQG UXOHV� 3HUKDSV WKH PRVW LPSRUWDQW LV WKDW
;0/ PDUNV WKH ?UHWXUQ RI WKH VFKHPD� �DOEHLW ORRVH
DQG oH[LEOH� LQ VHPLVWUXFWXUHG GDWD� LQ WKH IRUP RI LWV

'DWD 7\SH 'HnQLWLRQV� �'7'V�� 7KLV LV VLJQLnFDQW�
EHFDXVH VFKHPDWLF LQIRUPDWLRQ LV HVVHQWLDO DW DOO OHYHOV
RI GDWDEDVH GHVLJQ� LPSOHPHQWDWLRQ� DQG XVDJH�
'7'V GHVFULEH WKH VWUXFWXUH RI WKH REMHFWV �RU ?HOH�

PHQWV�� SDUWLFLSDWLQJ LQ DQ ;0/ GRFXPHQW� $ '7'
VSHFLnHV� IRU HDFK W\SH RI REMHFW� WKH DOORZHG VHTXHQFHV
RI W\SHV RI LWV VXEREMHFWV �VHH )LJXUH � IRU DQ H[�
DPSOH '7'�� $GGLWLRQDOO\� '7'V PD\ VSHFLI\ LQIRU�
PDWLRQ VXFK DV DWWULEXWHV RU VSHFLDO FRQWHQW IRU HDFK
W\SH� '7'V FDQ KDYH PXOWLSOH XVHV LQ FUHDWLQJ YLHZV
DQG TXHU\LQJ ;0/ GDWD� 4%(�VW\OH TXHU\ LQWHUIDFHV
>03� %���@ PD\ XVH '7'V WR GLVSOD\ WKH ?VFKHPD�
RI D YLHZ DQG DOORZ XVHUV WR QDYLJDWH LW� '7'V PD\
KHOS LQ WKH GHVLJQ RI WKH VWRUDJH VWUXFWXUHV� 0HGLDWRUV�
ZKLFK FUHDWH LQWHJUDWHG YLHZV E\ VHOHFWLQJ DQG UHVWUXF�
WXULQJ VRXUFH GDWD� XVH '7'V WR RSWLPL]H WKH TXHULHV
WKDW WKH\ VHQG WR WKH VRXUFHV >39� 39��D@� 6HPLVWUXF�
WXUHG GDWDEDVHV XVH '7'V WR VHPDQWLFDOO\ RSWLPL]H
WKHLU TXHU\ SODQV >)6��@� )LQDOO\ '7'V PD\ JXLGH WKH
SURGXFWLRQ RI VW\OH VKHHWV� VXFK DV ;6/ VFULSWV >&'@�
WKDW GLVSOD\ ;0/ GRFXPHQWV DV EURZVHU�FRPSDWLEOH
+70/ GRFXPHQWV >6L� %L@�
,W LV FOHDU WKDW '7'V ZLOO EH SDUWLFXODUO\ XVHIXO�

0HGLDWRUV DQG GDWDEDVHV WKDW FUHDWH YLHZV RI ;0/
GDWD ZLOO KDYH WR H[SRUW WKH YLHZV
 '7'V� +RZHYHU�
FUHDWLQJ D YLHZ '7' ?PDQXDOO\� E\ GHOYLQJ LQWR WKH
GHWDLOV RI WKH VRXUFH '7'V LV HUURU�SURQH DQG PD\
EHFRPH WKH ERWWOHQHFN RI WKH �LQWHJUDWHG� YLHZ GHYHO�
RSPHQW� 7KLV SDSHU VWXGLHV WKH DXWRPDWLF LQIHUHQFH
RI YLHZ '7'V IURP VRXUFH '7'V�

)RUPDO IUDPHZRUN :H XVH DQ DEVWUDFWLRQ RI ;0/
GRFXPHQWV DQG '7'V WKDW IRFXVHV RQ GRFXPHQW VWUXF�
WXUH� ;0/ GRFXPHQWV DUH PRGHOHG DV RUGHUHG WUHHV
ZLWK ODEHOHG QRGHV� 1RGHV FRUUHVSRQG WR ;0/ HOH�
PHQWV DQG WKHLU ODEHOV SURYLGH WKH W\SH QDPHV RI WKH
HOHPHQWV� 7KH FKLOGUHQ RI D QRGH DUH WRWDOO\ RUGHUHG�
$ '7' LV PRGHOHG DV D ODEHOHG WUHH GHnQLWLRQ �OWG��
WKDW DVVRFLDWHV ZLWK HDFK W\SH QDPH D ODQJXDJH RQ
WKH DOSKDEHW RI W\SH QDPHV� $OWKRXJK '7'V XVH RQO\
UHJXODU ODQJXDJHV� ZH DOVR FRQVLGHU OWGV WKDW XVH PRUH
SRZHUIXO ODQJXDJHV� VXFK DV FRQWH[W�IUHH�
7R VWXG\ '7' LQIHUHQFH IRU YLHZV ZH LQWURGXFH D

YLHZ GHnQLWLRQ ODQJXDJH WKDW TXHULHV ODEHOHG RUGHUHG

�7KH UHFHQW ;0/�'DWD DQG '&' >/-0�@ VWDQGDUGV DOVR
SURYLGH ?ORRVH� VFKHPDV IRU ;0/ GRFXPHQWV�

�



WUHHV� 7KH ODQJXDJH DOORZV FRQGLWLRQV RQ WKH RUGHU
RI HOHPHQWV LQ WKH LQSXW DQG DOVR FRQWUROV WKH RU�
GHU RI HOHPHQWV LQ WKH RXWSXW� 4XHULHV H[WUDFW YDUL�
DEOH ELQGLQJV IURP WKH LQSXW XVLQJ D WUHH SDWWHUQ LQ�
YROYLQJ UHJXODU H[SUHVVLRQV WR QDYLJDWH ERWK YHUWLFDOO\
DQG KRUL]RQWDOO\� +RUL]RQWDO UHJXODU H[SUHVVLRQV SUR�
YLGH D SRZHUIXO ZD\ WR TXHU\ WKH RUGHU RI WKH QRGHV�
7KH\ DUH HQFRXQWHUHG LQ VRPH VHPLVWUXFWXUHG TXHU\
ODQJXDJHV >&'66��@ DQG VHDPOHVVO\ FRXSOH ZLWK WKH
PRUH FRPPRQO\ XVHG UHJXODU SDWK H[SUHVVLRQV IRU YHU�
WLFDO QDYLJDWLRQ >6XF� $EL��� %XQ��� &0��� 0:���
G%9��� $40���� %'+6��� ))/6��� )/6��� $0���
'))�� .6��� $9��@� ,Q D VHQVH� RXU ODQJXDJH HQ�
KDQFHV WKH KRUL]RQWDO QDYLJDWLRQ IXQFWLRQDOLW\ RI WKH
;3RLQWHU VWDQGDUG >0'@ DQG LQFRUSRUDWHV LW LQWR D
VHPLVWUXFWXUHG TXHU\ ODQJXDJH� 7KH YDULDEOH ELQG�
LQJV H[WUDFWHG E\ WKH WUHH SDWWHUQ DUH XVHG WR FRQ�
VWUXFW WKH DQVZHU� :H IRFXV RQ VHOHFWLRQ TXHULHV�
ZKLFK H[WUDFW IURP WKH LQSXW WKH OLVW RI VXEWUHHV WR
ZKLFK RQH RI WKH YDULDEOHV LQ WKH WUHH SDWWHUQ ELQGV�
:H RQO\ FRQVLGHU TXHULHV ZKRVH FRQGLWLRQ UDQJHV RYHU
RQH VRXUFH�WUHH RQO\� 7KH JHQHUDOL]DWLRQ WR PXOWLSOH
VRXUFHV LV VWUDLJKWIRUZDUG� VLQFH WKHVH FDQ EH YLHZHG
DV RQH VRXUFH REWDLQHG E\ FRQFDWHQDWLQJ WKH PXOWLSOH
VRXUFHV �VHH ([DPSOHV ���� DQG ������ /RWR�TO SUR�
YLGHV WKH IRUPDO EDVLV IRU WKH TXHU\ DQG YLHZ GHnQL�
WLRQ ODQJXDJH ;0$6 >9/3��@� ZKLFK LV LPSOHPHQWHG
DQG XVHG ZLWKLQ WKH 0,; SURMHFW >%���@� $ '7' LQ�
IHUHQFH DOJRULWKP IROORZLQJ WKH VWHSV RXWOLQHG LQ WKLV
SDSHU KDV EHHQ LPSOHPHQWHG IRU ;0$6��

5HVXOWV *LYHQ D VRXUFH OWG DQG D YLHZ GHnQLWLRQ�
ZH VWXG\ WKH SUREOHP RI FRQVWUXFWLQJ D WLJKW OWG IRU
WKH YLHZ� L�H�� DQ OWG WKDW SUHFLVHO\ FKDUDFWHUL]HV WKH
W\SH VWUXFWXUH RI WUHHV LQ WKH YLHZ� 2XU TXHVW IRU WKH
WLJKW OWG TXLFNO\ KLJKOLJKWV WZR VHYHUH OLPLWDWLRQV RI
FXUUHQW '7'V LQ ;0/� 7KH nUVW LV WKDW '7'V ODFN
D VXEW\SLQJ PHFKDQLVP� WKH UHSHUFXVVLRQV DUH QXPHU�
RXV� )RU H[DPSOH� WKHUH LV QR WLJKW '7' IRU WKH VHW
RI GRFXPHQWV IURP WZR VRXUFHV� HDFK ZLWK LWV RZQ
'7'� RU IRU RWKHU YHU\ VLPSOH YLHZV� :H RYHUFRPH
WKHVH OLPLWDWLRQV E\ HQKDQFLQJ OWGV �RXU DEVWUDFWLRQ
RI '7'V� ZLWK D VLPSOH VXEW\SLQJ PHFKDQLVP� FDOOHG
VSHFLDOL]DWLRQ� ZKLFK LV LQ WKH VSLULW RI XQLRQ W\SHV�
'HVSLWH WKHLU VLPSOLFLW\� VSHFLDOL]HG OWGV HQFRPSDVV
WKH H[SUHVVLYH SRZHU RI IRUPDOLVPV VXFK DV GDWDJXLGHV
>18:&��� *:��@ DQG JUDSK VFKHPDV >%')6��@ DQG
WKH\ DUH RI HTXDO SRZHU ZLWK WKH IRUPDOLVP SURSRVHG
LQ >%0��� &'66��@� ,QWHUHVWLQJO\� VSHFLDOL]HG OWGV
WXUQ RXW WR VSHFLI\ SUHFLVHO\ WKH UHJXODU WUHH ODQJXDJHV

�7KH FRGH LV DYDLODEOH
DW KWWS���ZZZ�GE�XFVG�HGX�3URMHFWV�0,;�6FKHPD,QIHUHQFH��
1RWH WKDW ;0$6 H[SUHVVHV RUGHU FRQGLWLRQV XVLQJ SUHFHGHQFH
UHODWLRQVKLSV RI WKH IRUP ?WKH REMHFW ; SUHFHGHV WKH REMHFW < ��
7KLV IRUP RI RUGHU FRQGLWLRQV VLPSOLnHV WR VRPH H[WHQW WKH '7'
LQIHUHQFH DOJRULWKP�

RI nQLWH XQUDQNHG� WUHHV� VHH >%.0:@�
7KH VHFRQG OLPLWDWLRQ LV WKDW '7'V RQO\ XVH UHJX�

ODU ODQJXDJHV� WKLV LV JHQHUDOO\ LQVXpFLHQW IRU GHVFULE�
LQJ YLHZV� :H FDQ RYHUFRPH WKLV SUREOHP E\ DOORZLQJ
FRQWH[W�IUHH ODQJXDJHV LQ OWG VSHFLnFDWLRQV� 7KH PDLQ
UHVXOW RI WKH SDSHU LV WKDW WKH WZR SURSRVHG H[WHQVLRQV
VXpFH IRU VHOHFWLRQ TXHULHV� :H SURYLGH DQ DOJRULWKP
WR FRQVWUXFW� IURP HYHU\ VRXUFH OWG DQG YLHZ GHnQHG
E\ D VHOHFWLRQ TXHU\� D WLJKW OWG IRU WKH YLHZ WKDW XVHV
FRQWH[W�IUHH ODQJXDJHV DQG VSHFLDOL]DWLRQ� 7KH FRQ�
VWUXFWLRQ XVHV DQ DUUD\ RI FODVVLFDO WHFKQLTXHV IURP
ODQJXDJH WKHRU\�
7KH DERYH DOJRULWKP SURYLGHV D VROXWLRQ WR WKH WLJKW

OWG LQIHUHQFH SUREOHP IRU VHOHFWLRQ TXHULHV� EXW FRPHV
DW WKH FRVW RI XVLQJ WKH H[WHQGHG OWGV� 6RPH DSSOLFD�
WLRQV PD\ FKRRVH WR SURYLGH OWGV WKDW DUH VLPSO\ VRXQG
IRU WKH YLHZ� L�H� OWGV WKDW DUH VDWLVnHG E\ DOO WUHHV LQ
WKH YLHZ EXW PD\ DOVR DOORZ WUHHV WKDW DUH QRW LQ WKH
YLHZ� ,I RQH SUHIHUV WR JLYH XS WLJKWQHVV LQ UHWXUQ IRU
XVLQJ UHJXODU OWGV �FRUUHVSRQGLQJ WR H[LVWLQJ '7'V��
WKHUH LV JRRG DQG EDG QHZV� 7KH EDG QHZV LV WKDW LW LV
XQGHFLGDEOH LI D VHOHFWLRQ YLHZ KDV D WLJKWHVW UHJXODU
OWG� 7KH JRRG QHZV FRPHV LQ VHYHUDO oDYRUV�

q ,W FDQ EH FKHFNHG ZKHWKHU D VHOHFWLRQ YLHZ FRQ�
IRUPV WR D SUHGHnQHG UHJXODU OWG� WKLV PDNHV XVH
RI WKH WLJKW VSHFLDOL]HG FRQWH[W�IUHH OWG ZH FDQ LQ�
IHU� 1RWH WKDW FRQIRUPDQFH LV LPSRUWDQW IRU DS�
SOLFDWLRQV WKDW H[SHFW WKHLU LQSXW� ZKLFK ZLOO EH
WKH ;0/ UHVXOW RI D TXHU\�YLHZ� WR VDWLVI\ SUHGH�
nQHG '7'V�

q 7LJKW VSHFLDOL]HG UHJXODU OWGV FDQ EH LQIHUUHG IRU
VHOHFWLRQ YLHZV LQ VHYHUDO VSHFLDO FDVHV RI SUDFWLFDO
LQWHUHVW� )RU H[DPSOH� RQH FDVH LV ZKHQ WKH VRXUFH
OWG LV VWUDWLnHG� L�H� QR W\SH XVHV LWVHOI LQ WKH OWG
GLUHFWO\ RU LQGLUHFWO\� $QRWKHU LV ZKHQ WKH YLHZ
LV GHnQHG E\ D TXHU\ LQYROYLQJ RQO\ QRQ�UHFXUVLYH
YHUWLFDO QDYLJDWLRQ� ,I VSHFLDOL]DWLRQ FDQQRW EH
XVHG� RQH FDQ VWLOO LQIHU LQ WKHVH FDVHV D WLJKWHVW
UHJXODU OWG IRU WKH YLHZV�

0RVW TXHU\ ODQJXDJHV IRU VHPL�VWUXFWXUHG GDWD SUR�
YLGH PHFKDQLVPV IRU FRQVWUXFWLQJ FRPSOH[ ;0/ GRF�
XPHQWV DV DQVZHUV WR TXHULHV� )RU VXFK YLHZV� RXU LQ�
IHUHQFH DOJRULWKP FDQ EH H[WHQGHG WR SURGXFH D VRXQG
OWG� EXW QR ORQJHU WLJKW �GXH WR VSDFH OLPLWDWLRQV� WKH
H[WHQVLRQ LV SUHVHQWHG LQ WKH DSSHQGL[�� ,QWXLWLYHO\�
WLJKWQHVV LV ORVW GXH WR GHSHQGHQFLHV DPRQJ YDULDEOHV
WKDW FDQQRW EH FDSWXUHG E\ VSHFLDOL]HG FRQWH[W�IUHH
OWGV� ,W UHPDLQV RSHQ LI WKLV FDQ EH UHPHGLHG ZLWK D
PRUH SRZHUIXO W\SH V\VWHP�

5HODWHG ZRUN 7\SH FKHFNLQJ DQG W\SH LQIHUHQFH
DUH ZHOO�VWXGLHG SUREOHPV LQ IXQFWLRQDO SURJUDPPLQJ
>0LW��� 0LW��@� 7KH SUREOHP ZH VWXG\ LV VLPLODU LQ

�,Q DQ XQUDQNHG WUHH� WKH QXPEHU RI FKLOGUHQ RI HDFK QRGH LV
XQUHVWULFWHG� DQG WKH FKLOGUHQ DUH RUGHUHG�
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oDYRU WR W\SH LQIHUHQFH� +RZHYHU� GHVSLWH WKH VXSHUn�
FLDO VLPLODULW\� WKHUH GR QRW DSSHDU WR EH VXEVWDQWLYH
WHFKQLFDO FRQQHFWLRQV EHWZHHQ '7' LQIHUHQFH �ZKLFK
LQYROYHV ODQJXDJH�WKHRUHWLF PDFKLQHU\� DQG FODVVLFDO
W\SH LQIHUHQFH LQ SURJUDPPLQJ ODQJXDJHV�

$ FRPSUHKHQVLYH SUHVHQWDWLRQ RI UHFHQW UHVHDUFK
LQ VHPL�VWUXFWXUHG GDWD FDQ EH IRXQG LQ >$%6��@�
$SDUW IURP '7'V� QRWDEOH DSSURDFKHV WR VSHFLI\LQJ
VFKHPDWLF LQIRUPDWLRQ LQ VHPL�VWUXFWXUHG GDWD LQFOXGH
UHSUHVHQWDWLYH REMHFWV DQG GDWDJXLGHV >18:&���
*:��@ DQG JUDSK VFKHPDV >%')6��@� 7KH SUREOHPV
WKH\ DGGUHVV DUH RUWKRJRQDO WR RXUV� ,QIHUHQFH RI
VFKHPDV IRU YLHZV LV QRW FRQVLGHUHG� 7KH ?SDWWHUQV�
LQ >&'66��@ DUH D IRUP RI GDWDJXLGH� $ OLPLWHG IRUP
RI LQIHUHQFH FDQ EH DFFRPSOLVKHG E\ LQIHUULQJ WKH SDW�
WHUQV WKDW YLHZ YDULDEOHV PD\ ELQG WR�

'7'V DUH XVHG LQ >0=��@ IRU VFKHPD PDWFKLQJ�
ZKLFK� LQ WXUQ� LV XVHG IRU GDWD FRQYHUVLRQ� 6SHFLDOL]HG
OWGV FDQ DOVR VXSSRUW WKHVH DFWLYLWLHV� ,Q >1$0��@�
DQRWKHU DSSURDFK WR LQIHUULQJ D VFKHPD IURP JUDSK
GDWD LV SURSRVHG� ZKLFK UHVXOWV LQ D FODVVLnFDWLRQ RI
WKH QRGHV LQ D FODVV KLHUDUFK\�

/LNH RXU ODQJXDJH� WKH ODQJXDJHV RI >$0���
&'66��@ FRQWURO WKH RUGHU RI HOHPHQWV LQ WKH RXWSXW�
7KH ODQJXDJH RI >$0��@ DOVR SODFHV FRQGLWLRQV RQ WKH
RUGHU RI HOHPHQWV LQ WKH LQSXW�

7\SH FKHFNLQJ DQG LQIHUHQFH IRU YLHZV GHnQHG E\ VH�
OHFWLRQ TXHULHV RQ RUGHUHG JUDSK GDWD DUH FRQVLGHUHG
LQ >06��@� 7KH VHOHFWLRQ TXHULHV UHWXUQ VHWV RI REMHFWV
VHOHFWHG IURP WKH LQSXW XVLQJ YHUWLFDO QDYLJDWLRQ RQO\�
7KH LQSXW GDWD LV DVVXPHG WR VDWLVI\ D JLYHQ '7'�
7\SHV RI WKH RXWSXW FRQVLVW RI ODEHO DVVLJQPHQWV WR
YDULDEOHV RI WKH TXHU\� 6LQFH WKH REMHFWV LQ WKH UHVXOW
DUH QRW RUGHUHG� WKH RXWSXW W\SH GRHV QRW GHVFULEH
WKH DOORZHG VHTXHQFHV RI ODEHOV� XQOLNH WKH W\SHV ZH
FRQVLGHU� $OVR� >06��@ GRHV QRW LQIHU WLJKW W\SH GH�
VFULSWLRQV DQG WKH\ GR QRW FRQVLGHU WKH VSHFLDOL]DWLRQ
RI D W\SH DV D UHVXOW RI WKH FRQGLWLRQV WKDW DUH LPSRVHG
RQ LW� 7\SH FKHFNLQJ LQ >06��@ FRQVLVWV RI YHULI\LQJ LI
D JLYHQ ODEHO DVVLJQPHQW WR WKH TXHU\ YDULDEOHV LV SRV�
VLEOH IRU VRPH LQSXW JUDSK VDWLVI\LQJ WKH LQSXW '7'�
7\SH LQIHUHQFH FRQVLVWV RI nQGLQJ DOO VDWLVnDEOH ODEHO
DVVLJQPHQWV� 7KH UHVXOWV IRFXV RQ WKH FRPSOH[LW\ RI
W\SH FKHFNLQJ DQG LQIHUHQFH�

3RZHUIXO VHOHFWLRQ TXHULHV RQ WUHHV DUH VWXGLHG XV�
LQJ $WWULEXWH *UDPPDUV LQ >1G%��� 1HY��@ DQG 4XHU\
$XWRPDWD LQ >16��@� 7KH UHVXOWV FRQFHUQ H[SUHVVLYH�
QHVV RI WKH ODQJXDJHV DQG FRPSOH[LW\ RI VWDWLF DQDO\VLV
TXHVWLRQV VXFK DV HPSWLQHVV� HTXLYDOHQFH� DQG FLUFXODU�
LW\�

$ GLVFXVVLRQ RI SUREOHPV UDLVHG E\ VFKHPD LQIHU�
HQFH LQ YLHZV RI VHPLVWUXFWXUHG GDWD LV SUHVHQWHG LQ
>39��E@� 7KH QRWLRQV RI VRXQG DQG WLJKW '7' DUH
GHnQHG� DQG WKH QHHG IRU VSHFLDOL]HG '7'V LV LOOXV�
WUDWHG� $Q DOJRULWKP LV SUHVHQWHG IRU LQIHUULQJ WKH
'7' RI VHOHFWLRQ YLHZV ZLWK QR KRUL]RQWDO QDYLJDWLRQ

DQG QR UHFXUVLYH SDWK H[SUHVVLRQV�

7KH WLJKW OWGV LQIHUUHG E\ RXU DOJRULWKP IRU VHOHFWLRQ
TXHULHV SURYLGH� DV D VLGH�HmHFW� D WHVW RI FRQIRUPDQFH
WR D SUHGHnQHG OWG� $V GLVFXVVHG HDUOLHU� IRU PRUH FRP�
SOH[ TXHULHV ZLWK FRQVWUXFWHG DQVZHUV RXU DOJRULWKP
RQO\ SURGXFHV VRXQG �EXW QR ORQJHU WLJKW� OWGV� 6RXQG
OWGV FDQ RQO\ SURYLGH D VXpFLHQW WHVW RI FRQIRUPDQFH
WR D SUHGHnQHG OWG� $ GLUHFW DSSURDFK WR WHVWLQJ FRQ�
IRUPDQFH IRU D EURDG FODVV RI YLHZV LV GHYHORSHG LQ
>069@� XVLQJ LQYHUVH W\SH LQIHUHQFH�

7KH SDSHU LV RUJDQL]HG DV IROORZV� 7KH QH[W VHF�
WLRQ SURYLGHV D ZDUP�XS WR WKH PDLQ GHYHORSPHQW� ,W
LQWURGXFHV WKH PDLQ FRQFHSWV DQG QRWDWLRQ� FRQVLGHUV
VHYHUDO EDVLF SURSHUWLHV RI OWGV XVHG WKURXJKRXW WKH
SDSHU� DQG PRWLYDWHV WKH H[WHQVLRQV RI OWGV ZLWK VSH�
FLDOL]DWLRQ DQG FRQWH[W�IUHH ODQJXDJHV� 6HFWLRQ � LQ�
WURGXFHV WKH YLHZ GHnQLWLRQ ODQJXDJH� 6HFWLRQ � FRQ�
WDLQV WKH PDLQ UHVXOWV RQ OWG LQIHUHQFH� DQG GLVFXVVHV
VRPH LQWHUHVWLQJ VSHFLDO FDVHV� $Q DSSHQGL[ FRQWDLQV
GHWDLOV RI VRPH FRQVWUXFWLRQV� H[DPSOHV DQG LQIHUHQFH
RI VRXQG OWGV IRU ORWR�TO TXHULHV ZLWK FRQVWUXFWHG DQ�
VZHUV�

� :DUP�8S

,Q WKLV VHFWLRQ ZH SUHVHQW WKH IRUPDO IUDPHZRUN RI
WKH SDSHU� DQG PRWLYDWH WKH H[WHQVLRQ RI '7'V ZLWK
D VXEW\SLQJ PHFKDQLVP DQG ZLWK FRQWH[W�IUHH JUDP�
PDUV�

:H DVVXPH IDPLOLDULW\ ZLWK EDVLF QRWLRQV RI ODQ�
JXDJH WKHRU\� LQFOXGLQJ �QRQGHWHUPLQLVWLF� nQLWH�VWDWH
DXWRPDWD ��Q�IVD�� FRQWH[W�IUHH JUDPPDU �FIJ� DQG
ODQJXDJH �FIO�� KRPRPRUSKLVP� VXEVWLWXWLRQ� DQG VH�
TXHQWLDO WUDQVGXFHU �H�J�� VHH >+8��� *LQ��@�� :H ZLOO
XVH EDVLF IDFWV VXFK DV FORVXUH RI UHJXODU DQG FRQWH[W�
IUHH ODQJXDJHV XQGHU KRPRPRUSKLVP� LQYHUVH KRPR�
PRUSKLVP� LQWHUVHFWLRQ ZLWK UHJXODU ODQJXDJHV� VXEVWL�
WXWLRQ ZLWK ODQJXDJHV RI WKH VDPH NLQG� DQG VHTXHQWLDO
WUDQVGXFHUV�

:H DOVR XVH UHVXOWV RQ UHJXODU WUHH ODQJXDJHV DQG
WUHH DXWRPDWD� 5HJXODU ODQJXDJHV RI nQLWH ELQDU\
WUHHV DUH VXUYH\HG LQ >*6��@� 7KH XQUDQNHG FDVH LV
GLVFXVVHG LQ >%.0:@� 5HJXODU WUHH ODQJXDJHV KDYH
VLPLODU FORVXUH SURSHUWLHV WR UHJXODU VWULQJ ODQJXDJHV�
LQ ERWK WKH UDQNHG DQG XQUDQNHG FDVHV� (PSWL�
QHVV RI WKH ODQJXDJH DFFHSWHG E\ D WUHH DXWRPDWRQ LV
SWLPH�FRPSOHWH� DQG LQFOXVLRQ LV H[SWLPH�FRPSOHWH�
$ EULHI GHVFULSWLRQ RI WUHH DXWRPDWD LV SURYLGHG LQ
$SSHQGL[ $�

/DEHOHG RUGHUHG WUHH REMHFWV $ ODEHOHG RUGHUHG
WUHH REMHFW �ORWR� LV RXU DEVWUDFWLRQ RI DQ ;0/ GRF�
XPHQW� (DFK QRGH UHSUHVHQWV DQ ;0/ HOHPHQW DQG
LV ODEHOHG E\ WKH HOHPHQW
V QDPH �W\SH�� 7KH OLVW RI
FKLOGUHQ RI D QRGH UHSUHVHQWV WKH VHTXHQFH RI HOHPHQWV

�



WKDW PDNH XS WKH FRQWHQW RI WKH QRGH� ODEHOHG E\ WKHLU
QDPH�

'HnQLWLRQ ��� $ ODEHOHG RUGHUHG WUHH REMHFW �ORWR�
RYHU DOSKDEHW� h LV D nQLWH WUHH VXFK WKDW HDFK QRGH
KDV DQ DVVRFLDWHG ODEHO LQ h DQG WKH VHW RI FKLOGUHQ RI
D JLYHQ QRGH LV WRWDOO\ RUGHUHG��

*LYHQ D ORWR W DQG D QRGH Q RI W� ZH GHQRWH WKH ODEHO
RI Q E\ w�Q�� 7KXV� LI WKH VHTXHQFH RI FKLOGUHQ RI Q LV
Q� � � � QN WKHQ w�Q�� � � � w�QN� LV D ZRUG LQ h

e� ,I Q LV D
QRGH LQ D JLYHQ ORWR� ZH GHQRWH E\ WUHH�Q� WKH VXEWUHH
RI WKH ORWR URRWHG DW Q�

([DPSOH ��� &RQVLGHU WKH IROORZLQJ ?GHDOHU� ;0/
GRFXPHQW DQG WKH FRUUHVSRQGLQJ ORWR �/�����

�GHDOHU!

�8VHG&DUV!

�DG!

�PRGHO!+RQGD��PRGHO!

�\HDU!����\HDU!

��DG!

��8VHG&DUV!

�1HZ&DUV!

�DG!

�PRGHO!%0:��PRGHO!

��DG!

��1HZ&DUV!

��GHDOHU

dealer

NewCars

ad ad

UsedCars

yearmodel model

�/����

1RWH WKDW WKH ORWR UHWDLQV WKH HOHPHQW QDPH VWUXFWXUH
RI WKH ;0/ GRFXPHQW� +RZHYHU WKH VWULQJ FRQWHQW RI
WKH GRFXPHQW LV GLVFDUGHG VLQFH LW SOD\V QR UROH LQ WKH
LQIHUHQFH SUREOHP�

/RWR W\SH GHnQLWLRQV $ ORWR W\SH GHnQLWLRQ �OWG�
LV RXU DEVWUDFWLRQ RI '7'V� ,W UHWDLQV WKH HOHPHQW
FRQWHQW LQIRUPDWLRQ SURYLGHG E\ '7'V >%360@� ,Q
SDUWLFXODU� D '7' VSHFLnHV� XVLQJ UHJXODU H[SUHVVLRQV�
WKH VHTXHQFHV RI HOHPHQW QDPHV WKDW DUH DOORZHG DV
FRQWHQW RI HOHPHQWV ZLWK D JLYHQ QDPH� 7KH '7' DOVR
VSHFLnHV WKH W\SH RI WKH URRW� 7KHVH DUH IRUPDOL]HG DV
IROORZV�

'HnQLWLRQ ��� $ ORWR W\SH GHnQLWLRQ �OWG� RYHU DO�
SKDEHW h FRQVLVWV RI D URRW W\SH LQ h DQG D PDSSLQJ
DVVRFLDWLQJ WR HDFK D � h D ODQJXDJH RYHU h�

%\ VOLJKW DEXVH RI QRWDWLRQ� LI G LV DQ OWG RYHU h� ZH
GHQRWH E\ G�D� WKH ODQJXDJH RYHU h DVVRFLDWHG ZLWK D�
:H DOVR GHQRWH WKH W\SH RI WKH URRW E\ G�URRW��
7KH ODQJXDJHV SURYLGHG E\ DQ OWG FDQ EH VSHFLnHG

E\ YDULRXV PHDQV� DQG IRU VLPSOLFLW\ ZH RIWHQ EOXU WKH
GLVWLQFWLRQ EHWZHHQ D ODQJXDJH DQG LWV VSHFLnFDWLRQ� ,I
WKH ODQJXDJHV DUH UHJXODU� WKH\ FDQ EH UHSUHVHQWHG E\
UHJXODU H[SUHVVLRQV RYHU h� :H FDOO VXFK DQ OWG UHJXODU�
6LPLODUO\� DQ OWG ZKRVH ODQJXDJHV DUH FRQWH[W�IUHH �DQG

�:H RQO\ FRQVLGHU nQLWH DOSKDEHWV�
�7KXV� HDFK QRGH KDV D OLVW RI FKLOGUHQ� LI WKHUH DUH QR FKLO�

GUHQ� WKH OLVW LV q�

�'2&7<3( GHDOHU >

��(/(0(17 GHDOHU �8VHG&DUV�1HZ&DUV�!

��(/(0(17 8VHG&DUV �DG
�!

��(/(0(17 1HZ&DUV �DG
�!

��(/(0(17 DG ��PRGHO�\HDU�_PRGHO�!

@!

)LJXUH �� $Q ;0/ '7' FRUUHVSRQGLQJ WR ([DP�
SOH ���

VSHFLnHG E\ D FIJ RU RWKHU PHDQV� LV D FRQWH[W�IUHH OWG�
$Q OWG LV DVVXPHG E\ GHIDXOW WR EH UHJXODU�
7KH IXQFWLRQ RI D ORWR W\SH GHnQLWLRQ LV WR VSHFLI\ D

VHW RI YDOLG ORWRV� DQDORJRXVO\ WR WKH ZD\ D '7' VSHF�
LnHV D VHW RI ;0/ GRFXPHQWV FRQIRUPLQJ WR LW� $ ORWR
W VDWLVnHV DQ OWG G RYHU h LI WKH URRW KDV W\SH G�URRW�
DQG IRU HYHU\ QRGH Q RI W ZLWK FKLOGUHQ Q� � � � QN� WKH
ZRUG w�Q�� � � � w�QN� LV LQ G�w�Q��� 7KH VHW RI ORWRV
VDWLVI\LQJ DQ OWG G LV GHQRWHG E\ 7 �G��

([DPSOH ��� 7KH ORWR �/���� VDWLVnHV WKH OWG EHORZ�
)RU UHDGDELOLW\� LQ OWG H[DPSOHV ZH GHQRWH FRQFDWHQD�
WLRQ E\ FRPPD� 7KH H[DPSOHV VSHFLI\ WKH URRW W\SH
DQG WKH ODQJXDJHV DVVRFLDWHG WR HDFK W\SH QDPH� :H
RPLW VSHFLI\LQJ D ODQJXDJH LI LW LV IqJ ^ H�J�� IRU PRGHO
DQG \HDU EHORZ�

�/7'����

URRW � GHDOHU�
GHDOHU � �8VHG&DUV�1HZ&DUV��
8VHG&DUV � DGe�
1HZ&DUV � DGe�
DG � �PRGHO� \HDU� � PRGHO�

)LJXUH � SURYLGHV D FRUUHVSRQGLQJ '7'�

1RWH WKDW� LQ RUGHU IRU DQ OWG WR EH VDWLVnDEOH E\ VRPH
ORWR� WKH OWG KDV WR SURYLGH ?H[LW UXOHV�� L�H� VRPH RI
WKH G�D� PXVW FRQWDLQ q� ,Q WKH H[DPSOH� G�PRGHO�  
G�\HDU�  IqJ� DQG G�8VHG&DUV�� G�1HZ&DUV� FRQ�
WDLQ q� &OHDUO\� D UHJXODU OWG PD\ EH YLHZHG DV DQ
H[WHQGHG FIJ �LQ DQ H[WHQGHG FIJ� SURGXFWLRQV KDYH
UHJXODU H[SUHVVLRQV RQ WKH ULJKW�KDQG VLGH� ZLWK WKH
REYLRXV PHDQLQJ�� 7KH ORWRV VDWLVI\LQJ D JLYHQ OWG DUH
WKH GHULYDWLRQV LQ WKH FRUUHVSRQGLQJ H[WHQGHG FIJ�
:H VD\ WKDW WZR OWGV G DQG G� DUH HTXLYDOHQW LI

7 �G�  7 �G��� $Q OWG G LV WLJKWHU WKDQ DQ OWG G� LI
7 �G� t 7 �G��� &KHFNLQJ HLWKHU SURSHUW\ WXUQV RXW WR
EH SVSDFH�FRPSOHWH �WKH ORZHU ERXQG IROORZV IURP WKH
IDFW WKDW UHJXODU H[SUHVVLRQ FRQWDLQPHQW DQG HTXLYD�
OHQFH DUH SVSDFH�FRPSOHWH >*-��@��
:H ZLOO FRQVLGHU WKURXJKRXW WKH SDSHU VHWV RI ORWRV

FRQVWUXFWHG E\ YDULRXV PHDQV IURP RWKHU VHWV RI ORWRV
VDWLVI\LQJ JLYHQ OWGV� )RU H[DPSOH� YLHZV RI ORWRV VDW�
LVI\LQJ D JLYHQ OWG JHQHUDWH VXFK QHZ VHWV� 7KLV OHDGV
QDWXUDOO\ WR WKH TXHVWLRQ RI ZKLFK VHWV RI ORWRV FDQ EH
GHVFULEHG E\ OWGV� 7KHUH DUH WZR RUWKRJRQDO UHTXLUH�
PHQWV LQ RUGHU IRU D VHW 7 RI ORWRV WR EH VSHFLnDEOH E\
DQ OWG�

�



�L� )RU HDFK D � h� OHW /D EH WKH ODQJXDJH FRQVLVWLQJ
RI DOO ZRUGV w�Q�� � � � w�QN� IRU ZKLFK Q� � � � QN LV
WKH OLVW RI FKLOGUHQ RI VRPH QRGH Q ZLWK ODEHO D LQ
VRPH ORWR LQ 7 � 7KHQ /D KDV WR EH UHJXODU �RU RI
DSSURSULDWH NLQG IRU QRQ�UHJXODU OWGV��

�LL� 7 PXVW EH FORVHG XQGHU VXEVWLWXWLRQ RI VXEWUHHV
ZLWK WKH VDPH URRW W\SH� 0RUH SUHFLVHO\� LI W LV
LQ 7 � Q LV D QRGH LQ W� DQG Q� LV D QRGH LQ VRPH
ORWR LQ 7 VXFK WKDW w�Q�  w�Q��� WKHQ WKH ORWR
REWDLQHG IURP W E\ UHSODFLQJ WKH VXEWUHH WUHH�Q�
E\ WUHH�Q�� LV DOVR LQ 7 �

:H ZLOO UHIHU LQIRUPDOO\ WR SURSHUW\ �LL� DV FORVXUH XQ�
GHU VXEWUHH VXEVWLWXWLRQ�

([DPSOH ��� $V DQ LOOXVWUDWLRQ RI �LL�� FRQVLGHU WKH
VLQJOHWRQ VHW 7  I�/����J �VHH ([DPSOH ����� &OHDUO\�
7 YLRODWHV �LL�� WKXV� LW FDQQRW EH VSHFLnHG E\ DQ\ OWG�
,QWXLWLYHO\� WKH SUREOHP LV WKDW QR OWG FDQ VSHFLI\ RQH
VWUXFWXUH IRU WKH DG LQ 8VHG&DUV DQG DQRWKHU IRU WKH
DG LQ 1HZ&DUV� 1RWH WKDW 7 WULYLDOO\ VDWLVnHV �L��
VLQFH WKH ODQJXDJH DVVRFLDWHG WR HDFK HOHPHQW QDPH
LV nQLWH DQG WKHUHIRUH UHJXODU�
$ VHW 7 RI ORWRV PD\ VDWLVI\ �LL� DQG YLRODWH �L��

([DPSOH ��� &RQVLGHU WKH VHW RI ORWRV GHVFULEHG E\
WKH IROORZLQJ OWG�

�/7'����
URRW � VHFWLRQ�
VHFWLRQ � LQWUR� VHFWLRQe� FRQFOXVLRQ�

1RZ FRQVLGHU D TXHU\ WKDW FROOHFWV DOO LQWUR DQG FRQ�
FOXVLRQ QRGHV RI D JLYHQ ORWR DQG JURXSV WKHP XQGHU D
URRW QDPHG UHVXOW� LQ H[DFWO\ WKH VDPH RUGHU LQ ZKLFK
WKH\ DSSHDU LQ WKH LQSXW� ,W LV HDV\ WR VHH WKDW /UHVXOW

LV QRW D UHJXODU ODQJXDJH EXW LW LV FRQWH[W�IUHH�

:H ZLOO VD\ WKDW DQ OWG G LV WLJKW IRU 7 LI 7  7 �G�� ,W
LV HDV\ WR VKRZ WKH IROORZLQJ�

/HPPD ���� $ VHW 7 RI ORWRV KDV D WLJKW OWG Lm LW
VDWLVnHV �L� DQG �LL� DERYH�

,I 7 GRHV QRW KDYH D WLJKW OWG� LW LV VWLOO RI LQWHUHVW WR
nQG DQ ?DSSUR[LPDWH� GHVFULSWLRQ RI 7 � $ GWG G LV
VRXQG IRU 7 Lm 7 t 7 �G�� ,Q JHQHUDO� WKHUH DUH PDQ\
OWGV WKDW DUH VRXQG IRU JLYHQ 7 � DPRQJ WKH FDQGLGDWHV�
WKH EHVW ZRXOG EH WKH WLJKWHVW VRXQG OWG� LI VXFK H[�
LVWV� 7KH IROORZLQJ FKDUDFWHUL]HV WKH VHWV 7 IRU ZKLFK
WLJKWHVW VRXQG OWGV H[LVW�

/HPPD ���� $ VHW 7 RI ORWRV RYHU DOSKDEHW h KDV D
WLJKWHVW VRXQG UHJXODU OWG Lm HDFK ODQJXDJH /D �GHnQHG
LQ �L� DERYH� LV UHJXODU IRU DOO D � h�
7KH WLJKWHVW VRXQG OWG IRU 7 VDWLVI\LQJ WKH SURSHUW\ LQ
WKH OHPPD LV VLPSO\ WKH OWG G VXFK WKDW G�D�  /D�
&RQVHTXHQWO\� D VHW 7 RI ORWRV FDQQRW KDYH VHYHUDO
LQFRPSDUDEOH VRXQG OWGV WKDW DUH PLQLPDO ZLWK UH�
VSHFW WR WLJKWQHVV� ,Q RWKHU ZRUGV� HLWKHU WKHUH H[LVWV
D XQLTXH WLJKWHVW OWG� RU IRU HYHU\ VRXQG OWG WKHUH H[�
LVWV D VWULFWO\ WLJKWHU VRXQG OWG� )RU H[DPSOH� JLYHQ
WKH IROORZLQJ VRXQG OWG IRU WKH YLHZ RI ([DPSOH ���

URRW � UHVXOW � UHVXOW � �LQWUR � FRQFOXVLRQ�e

ZH FDQ FRPH XS ZLWK WKH VWULFWO\ WLJKWHU OWG
URRW � UHVXOW �
UHVXOW � q� LQWUR� �LQWUR � FRQFOXVLRQ�e� FRQFOXVLRQ
ZKLFK FDQ EH WLJKWHQHG DG LQnQLWXP�

6SHFLDOL]HG ORWR W\SH GHnQLWLRQV &ORVXUH XQGHU
VXEWUHH VXEVWLWXWLRQ VHULRXVO\ OLPLWV WKH VSHFLnFDWLRQ
SRZHU RI OWGV LQ PDQ\ SUDFWLFDO FDVHV� ([DPSOH ���
VKRZHG D VLQJOH ORWR WKDW FDQQRW EH GHVFULEHG E\ D
WLJKW OWG� 6LPLODUO\� XQLRQ RI VHWV RI ORWRV VSHFLnHG E\
WZR OWGV GR QRW JHQHUDOO\ KDYH D WLJKW OWG� DV LOOXVWUDWHG
QH[W�

([DPSOH ���� &RQVLGHU WZR VRXUFHV H[SRUWLQJ ORWRV
FRQIRUPLQJ WR WKH IROORZLQJ OWGV��

�
URRW � 8VHG&DUV�
8VHG&DUV � DGe�
DG � PRGHO� \HDU�

�
�

�
�

URRW � 1HZ&DUV�
1HZ&DUV � DGe�
DG � PRGHO�

�
�

1RZ FRQVLGHU D QHZ VRXUFH REWDLQHG E\ WKH FRQFDWHQD�
WLRQ RI WKH WZR VRXUFHV XQGHU D ORWR ?DOO�� 7KH WLJKWHVW
OWG IRU WKH QHZ VRXUFH LV OLVWHG EHORZ� EXW LW LV QRW WLJKW�

URRW � DOO� DOO � 8VHG&DUV�1HZ&DUV�
8VHG&DUV � DGe� 1HZ&DUV � DGe

DG � �PRGHO�\HDU� � PRGHO�
$ WLJKW VSH�

FLDOL]HG OWG IRU WKH FRQFDWHQDWLRQ RI WKH WZR VRXUFHV LV
VKRZQ LQ ([DPSOH �����

7KH IROORZLQJ IXUWKHU LOOXVWUDWHV WKH VKRUWFRPLQJV RI
OWGV LQ GHVFULELQJ YLHZV�

([DPSOH ���� &RQVLGHU WKH IROORZLQJ VRXUFH OWG DQG
D YLHZ WKDW FROOHFWV DOO GHDOHUV WKDW VHOO DW OHDVW RQH
XVHG YHKLFOH DQG JURXSV WKHP XQGHU D ?XVHG�GHDOHUV�
QRGH� 7KH WLJKWHVW OWG IRU WKH YLHZ LV LGHQWLFDO ZLWK WKH
VRXUFH OWG _ PRGXOR UHQDPLQJ GHDOHUV WR 8VHG'HDOHUV�
7KXV� WKH OWG FDQQRW FDSWXUH WKH IDFW WKDW DW OHDVW RQH
?XVHG GHDOHU� DG PXVW EH IRU D XVHG FDU�

URRW � GHDOHUV� GHDOHUV � GHDOHUe�
GHDOHU � DGe� DG � 8VHG$G � 1HZ$G�

7KH VKRUWFRPLQJV LOOXVWUDWHG DERYH KDYH D FRPPRQ
VRXUFH� 7KH\ DUH GXH WR WKH LQDELOLW\ RI OWGV WR FDUU\
W\SLQJ LQIRUPDWLRQ DFURVV PXOWLSOH OHYHOV RI WKH WUHHV
�ORWRV� WKH\ GHVFULEH� 7KLV LV UHoHFWHG LQ WKH FORVXUH
XQGHU VXEWUHH VXEVWLWXWLRQ RI VHWV RI ORWRV ZLWK WLJKW
OWGV� ,QWXLWLYHO\� RYHUFRPLQJ WKLV OLPLWDWLRQ UHTXLUHV
WKH DELOLW\ WR GHnQH VSHFLDO FDVHV RI D JLYHQ W\SH� ,Q�
GHHG� LW WXUQV RXW WKDW WKLV VLPSOH LGHD DOORZV WR RYHU�
FRPH WKH OLPLWDWLRQV RI OWGV PHQWLRQHG DERYH� :H QH[W
GHnQH VSHFLDOL]HG OWGV�

'HnQLWLRQ ���� $ VSHFLDOL]HG OWG IRU DOSKDEHW h LV D
��WXSOH Kh�h�� G� xL ZKHUH�
��� h�h� DUH nQLWH DOSKDEHWV�
��� G LV DQ OWG RYHU h�� DQG�
��� x LV D PDSSLQJ IURP h� WR h�
,QWXLWLYHO\� h� SURYLGHV IRU VRPH D � h� D VHW RI VSHFLDO�
L]DWLRQV RI D� QDPHO\ WKRVH D� � h� IRU ZKLFK x�D��  D�
1RWH WKDW x LQGXFHV D KRPRPRUSKLVP RQ ZRUGV RYHU
h�� DQG DOVR RQ ORWRV RYHU h� �\LHOGLQJ ORWRV RYHU h��

�



:H DOVR GHQRWH E\ x WKH LQGXFHG KRPRPRUSKLVPV�
6SHFLDOL]HG OWGV DUH GHQRWHG E\ EROG OHWWHUV G�H�I�� HWF�
/HW G  Kh�h�� G� xL EH D VSHFLDOL]HG OWG� $ ORWR W

RYHU h VDWLVnHV G LI W � x�7 �G���

([DPSOH ���� 7KH IROORZLQJ VSHFLDOL]HG OWG LV WLJKW
IRU WKH VLQJOHWRQ VHW I�/����J� )RU UHDGDELOLW\� WKH VHW
h� RI 'HnQLWLRQ ���� LV RPLWWHG �h� LPSOLFLWO\ FRQVLVWV
RI DOO V\PEROV RQ WKH OHIW KDQG VLGH RI WKH PDSSLQJV�
DQG WKH PDSSLQJ x IURP h� WR h LV LPSOLFLW� V\PEROV RI
WKH IRUP DE PDS WR D DQG V\PEROV ZLWKRXW VXSHUVFULSWV
PDS WR WKHPVHOYHV�

URRW � GHDOHU�
GHDOHU � �8VHG&DUV�1HZ&DUV��
8VHG&DUV � DGX� 1HZ&DUV � DGQ�
DGX � PRGHO� \HDU� DGQ � PRGHO�

([DPSOH ���� )ROORZLQJ LV KH WLJKW VSHFLDOL]HG OWGV
IRU WKH VRXUFH REWDLQHG E\ FRQFDWHQDWLQJ WKH WZR
VRXUFHV LQ ([DPSOH �����

URRW � DOO�
DOO � �8VHG&DUV�1HZ&DUV��
8VHG&DUV � �DGX�e� 1HZ&DUV � �DGQ�e�
DGX � PRGHO� \HDU�
DGQ � PRGHO�

6LPLODUO\� D VSHFLDOL]HG OWG FDQ EH REWDLQHG IRU WKH VHW
GHVFULEHG LQ ([DPSOH �����
,QWHUHVWLQJO\� VSHFLDOL]HG OWGV WXUQ RXW WR KDYH WKH

VDPH GHVFULSWLYH SRZHU DV WKH UHJXODU WUHH DXWRPDWD
RYHU XQUDQNHG nQLWH WUHHV� DQG VR VSHFLI\ SUHFLVHO\ WKH
UHJXODU ODQJXDJHV RI nQLWH� XQUDQNHG WUHHV� ,QGHHG�
WKH IROORZLQJ LV HDVLO\ VKRZQ�

/HPPD ���� $ VHW RI ORWRV HTXDOV 7 �G� IRU VRPH VSH�
FLDOL]HG OWG G Lm LW LV D UHJXODU WUHH ODQJXDJH�

,W IROORZV WKDW WKH UHVXOWV RQ UHJXODU WUHH ODQJXDJHV�
VXFK DV GHFLGDELOLW\ RI HPSWLQHVV� LQFOXVLRQ� FORVXUH
XQGHU FRPSOHPHQWDWLRQ� HWF� DOVR DSSO\ WR VSHFLDOL]HG
OWGV� &KHFNLQJ LI D ORWR VDWLVnHV D n[HG VSHFLDOL]HG OWG
FDQ EH GRQH LQ 2�Q��� XVLQJ VWDQGDUG SDUVLQJ WHFK�
QLTXHV�

� $ TXHU\ ODQJXDJH IRU ORWRV

:H SUHVHQW D TXHU\ ODQJXDJH IRU ORWRV� FDOOHG ORWR�
TO� VLPLODU LQ VSLULW WR VHYHUDO TXHU\ ODQJXDJHV UH�
FHQWO\ SURSRVHG IRU ;0/ DQG WKH :HE� /LNH
>&'66��� $0��@� RXU ODQJXDJH KDQGOHV RUGHU H[SOLF�
LWO\� :H IRFXV KHUH RQ VHOHFWLRQ ORWR�TO TXHULHV �IXOO
ORWR�TO TXHULHV DUH GHnQHG LQ 6HFWLRQ '��
$ VHOHFWLRQ ORWR�TO TXHU\ LV RI WKH IRUP

VHOHFW ; ZKHUH ERG\

ZKHUH ERG\ LV D SDWWHUQ SURYLGLQJ ELQGLQJV RI ; DQG
WKH RWKHU YDULDEOHV WR VXEWUHHV RI WKH LQSXW ORWR� 7KH

SDWWHUQ LV LQ WKH VKDSH RI D WUHH DQG XVHV UHJXODU H[�
SUHVVLRQV IRU QDYLJDWLQJ ERWK YHUWLFDOO\ DQG KRUL]RQ�
WDOO\ LQ WKH LQSXW ORWR �WKXV� WKH TXHU\ ODQJXDJH PDNHV
XVH RI WKH RUGHU RQ FKLOGUHQ DYDLODEOH LQ ORWRV�� 7KH
DQVZHU LV D ORWR FRQVLVWLQJ RI WKH OLVW RI WKH VXEWUHHV
WR ZKLFK ; ELQGV� XQGHU D QHZ GHIDXOW URRW� 7KH VXE�
WUHHV DUH OLVWHG LQ WKH RUGHU LQ ZKLFK WKH\ RFFXU LQ D
GHSWK�nUVW� OHIW�WR�ULJKW WUDYHUVDO RI WKH LQSXW ORWR�
:H QRZ GHnQH WKH SDWWHUQV XVHG LQ ORWR�TO TXHULHV�

$ SDWWHUQ RYHU DOSKDEHW h LV D WUHH ZLWK ODEHOHG QRGHV
DQG HGJHV� 7KH URRW KDV RXWGHJUHH RQH� $ QRGH OD�
EHO LV DQ H[SUHVVLRQ S��;��S��;��S� � � � ;N�SN� N w ��
ZKHUH WKH ;L DUH YDULDEOHV DQG WKH SL DUH UHJXODU H[�
SUHVVLRQV RYHU h� )XUWKHUPRUH� q �� SL� � � L � N�
$OO QRGHV KDYH ODEHOV� UHVWULFWHG DV IROORZV� WKH URRW LV
ODEHOHG E\ D V\PERO LQ h� DQG LQWHUQDO QRGHV PXVW FRQ�
WDLQ DW OHDVW RQH YDULDEOH� (DFK YDULDEOH RFFXUV RQO\
RQFH LQ WKH ERG\� )RU VLPSOLFLW\� D UHJXODU H[SUHVVLRQ
HTXDO WR q LV RPLWWHG�
$Q HGJH RXWJRLQJ IURP DQ LQWHUQDO QRGH Q LV ODEHOHG

E\ D SDLU K;�SL ZKHUH ; LV D YDULDEOH RFFXUULQJ LQ WKH
ODEHO RI Q DQG S LV D UHJXODU H[SUHVVLRQ RYHU h� 7KH
HGJH RXWJRLQJ IURP WKH URRW LV ODEHOHG VLPSO\ E\ D
UHJXODU H[SUHVVLRQ S RYHU h� ,QWXLWLYHO\� DQ HGJH ODEHO
GHVFULEHV YHUWLFDO QDYLJDWLRQ LQ WKH LQSXW ORWR� )RU
HDFK QRGH UHDFKHG E\ YHUWLFDO QDYLJDWLRQ� WKH QRGH
ODEHO GHVFULEHV KRUL]RQWDO QDYLJDWLRQ LQ WKH OLVW RI LWV
FKLOGUHQ�
)RUPDOO\� OHW % EH WKH ERG\ RI D ORWR�TO TXHU\ RYHU

h DQG W EH D ORWR RYHU h� VXFK WKDW WKH URRWV RI %
DQG W KDYH WKH VDPH ODEHO� /HW 9 DU�%� EH WKH VHW RI
YDULDEOHV LQ %� $ ELQGLQJ LV D PDSSLQJ n IURP 9 DU�%�
WR WKH QRGHV RI W VXFK WKDW n�URRW�%��  URRW�W� DQG
IRU HDFK HGJH LQ % ODEHOHG K;� SL ZLWK WDUJHW QRGH
ODEHOHG S��;��S��;��S� � � � ;N�SN WKHUH H[LVWV D SDWK
ZLWK QRGHV [� � � � [Q LQ W ZKHUH�

q [�  n�;��

q w�[�� � � � w�[Q� � S�

q [Q KDV FKLOGUHQ \�� � � � \
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$ ELQGLQJ PXVW VDWLVI\ WKH DQDORJRXV FRQGLWLRQ IRU WKH
VSHFLDO FDVH RI WKH HGJH RXWJRLQJ IURP WKH URRW�
7KXV� DQ HGJH ODEHOHG E\ K;� SL OHDGV WR WKH QRGHV

[Q LQ WKH LQSXW ORWR UHDFKDEOH IURP WKH QRGH ; E\ D
SDWK ZKRVH QRGH ODEHOV VSHOO D ZRUG LQ S� 7KH ODEHO
S��;��S��;��S� � � � ;N�SN RI WKH WDUJHW QRGH RI WKH HGJH
SURYLGHV D SDWWHUQ PDWFKHG DJDLQVW WKH VHTXHQFH RI
FKLOGUHQ RI [Q�
1RWH WKDW WKH ELQGLQJV IRU D JLYHQ YDULDEOH DUH QDW�

XUDOO\ RUGHUHG E\ D GHSWK�nUVW OHIW�WR�ULJKW WUDYHUVDO
RI WKH LQSXW ORWR�

([DPSOH ��� &RQVLGHU WKH VRXUFH GHVFULEHG E\ WKH
OWG RI ([DPSOH ���� 7KH IROORZLQJ TXHU\ FROOHFWV DOO
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LQWUR DQG FRQFOXVLRQ QRGHV DQG JURXSV WKHP XQGHU D
URRW QDPHG UHVXOW� LQ H[DFWO\ WKH VDPH RUGHU LQ ZKLFK
WKH\ DSSHDU LQ WKH LQSXW�
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([DPSOH ��� 1H[W FRQVLGHU WKH VRXUFH GHVFULEHG E\
WKH IROORZLQJ OWG DQG WKH TXHU\ WKDW UHWULHYHV DOO YDQ
RU FDU GHDOHUV WKDW VHOO DW OHDVW RQH XVHG YHKLFOH�

URRW � GHDOHUV
GHDOHUV � WUXFN�YDQ�59� FDU�
WUXFN � GHDOHUe� YDQ � GHDOHUe�
59 � GHDOHUe� FDU � GHDOHUe�
GHDOHU � DGe� DG � 8VHG$G � 1HZ$G�
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%H\RQG WKH LPPHGLDWH IRFXV RI WKH SDSHU RQ OWG
LQIHUHQFH� ZH EHOLHYH WKDW ORWR�TO FDQ VHUYH DV D XVHIXO
YHKLFOH IRU LQYHVWLJDWLQJ DVSHFWV RI KDQGOLQJ RUGHU LQ
TXHULHV IRU VHPLVWUXFWXUHG GDWD�

� ,QIHUULQJ OWGV IRU VHOHFWLRQ
YLHZV

,Q WKLV VHFWLRQ ZH SUHVHQW RXU UHVXOWV RQ LQIHUHQFH RI
OWGV IRU YLHZV GHnQHG E\ VHOHFWLRQ ORWR�TO TXHULHV� $V
GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ� UHJXODU OWGV DUH LQ�
VXpFLHQW IRU GHVFULELQJ YLHZV GHnQHG E\ VHOHFWLRQ ORWR�
TO TXHULHV� 0RUHRYHU� LW LV QRW HYHQ SRVVLEOH WR FKHFN LI
WKH YLHZ FDQ EH VSHFLnHG E\ D UHJXODU OWG� RU ZKHWKHU
LW FDQ EH DSSUR[LPDWHG E\ D WLJKWHVW UHJXODU OWG�

7KHRUHP ��� ,W LV XQGHFLGDEOH� JLYHQ D VHOHFWLRQ
ORWR�TO TXHU\ T DQG DQ OWG G� ZKHWKHU T�7 �G�� KDV D
WLJKW UHJXODU OWG� RU ZKHWKHU LW KDV D WLJKWHVW UHJXODU
OWG�

7KH SURRI XVHV /HPPD ���� DQG WKH XQGHFLGDELOLW\ RI
ZKHWKHU D FIJ GHnQHV D UHJXODU ODQJXDJH >+8��@�

)RU WKH SXUSRVH RI HQKDQFLQJ WKH VSHFLnFDWLRQ
SRZHU RI UHJXODU OWGV� ZH VXJJHVWHG H[WHQGLQJ WKHP
LQ WZR ZD\V�

�L� DGGLQJ D VSHFLDOL]DWLRQ PHFKDQLVP� DQG

�LL� DOORZLQJ VSHFLnFDWLRQV RI FRQWHQW PRUH SRZHUIXO
WKDQ UHJXODU H[SUHVVLRQV� VXFK DV FIJV�

7KH PDLQ UHVXOW RI WKLV VHFWLRQ VWDWHV WKDW RQH FDQ
FRQVWUXFW WLJKW VSHFLDOL]HG FRQWH[W�IUHH OWGV IRU DOO
YLHZV GHnQHG E\ VHOHFWLRQ ORWR�TO TXHULHV� ZKRVH LQ�

SXW ORWRV VDWLVI\ D JLYHQ UHJXODU OWG�� 7KH UHVXOW UH�
TXLUHV GHYHORSLQJ VRPH WHFKQLFDO PDFKLQHU\� PRVW RI
WKH VHFWLRQ LV GHYRWHG WR WKLV GHYHORSPHQW�

%DVLF &RQFHSWV DQG $OJRULWKPV

)LUVW ZH GHVFULEH WKH OWG LQIHUHQFH DOJRULWKP IRU WZR
TXHULHV� T DQG T�� WKDW LOOXVWUDWH VHYHUDO NH\ DVSHFWV RI
WKH DOJRULWKP� 7KHQ ZH EULHo\ RXWOLQH WKH DOJRULWKP
IRU DUELWUDU\ VHOHFWLRQ TXHULHV�

r
p

l.X.r

q’

Σ∗
<X,p’>

r
p

l.X.r

q

X X

,Q TXHU\ T� WKH SDWWHUQ RI WKH ERG\ VD\V WKDW WKH
SDUHQW RI URRW�;� LQ WKH LQSXW ORWR LV UHDFKDEOH IURP
WKH URRW RI WKH ORWR E\ D SDWK VSHOOLQJ D ZRUG LQ S� 7KH
VXEWUHH ; LV H[WUDFWHG IURP WKH FRQWHQW RI WKH SDUHQW
E\ PDWFKLQJ WKH H[SUHVVLRQ O�;�U� VR WKDW URRW�;� LV
ODEHOHG E\ WKH ODVW OHWWHU RI D ZRUG LQ O DQG LW LV IRO�
ORZHG E\ D VXp[ LQ U� 4XHU\ T� LV WKH VDPH DV T�
H[FHSW WKDW WKHUH PXVW DOVR H[LVW D GRZQZDUG SDWK LQ
S� RULJLQDWLQJ DW URRW�;��

6DWLVnDELOLW\ DQG YDOLGLW\ %HIRUH GHVFULELQJ KRZ
OWGV DUH LQIHUUHG IRU T DQG T�� ZH PDNH D EULHI GLJUHVVLRQ
WR FRQVLGHU D WHFKQLFDO SUREOHP WKDW DULVHV LQ DOO FDVHV�
7KLV UHODWHV WR WKH FRQGLWLRQ UHTXLULQJ WKH H[LVWHQFH
RI D GRZQZDUG SDWK IURP QRGHV RI D JLYHQ W\SH� ,W
RFFXUV DV DQ H[SOLFLW FRQGLWLRQ LQ WKH ERG\ RI T�� EXW
DOVR DULVHV LQ D PRUH VXEWOH IRUP LQ T�
&RQVLGHU DQ OWG G DQG D UHJXODU H[SUHVVLRQ S RYHU h�

/HW D EH LQ h� DQG FRQVLGHU WKH TXHVWLRQ RI ZKHWKHU
WKHUH LV D SDWK LQ S IURP QRGHV RI W\SH D LQ ORWRV
VDWLVI\LQJ G� 7KHUH DUH WKUHH SRVVLELOLWLHV�

q WKHUH LV D SDWK LQ S RULJLQDWLQJ DW QRGHV RI W\SH D
LQ VRPH ORWRV VDWLVI\LQJ G �DQG WKHQ ZH VD\ WKDW
S LV VDWLVnDEOH DW D��

q WKHUH LV QHYHU D SDWK LQ S RULJLQDWLQJ DW D QRGH RI
W\SH D LQ D ORWR VDWLVI\LQJ G �DQG ZH VD\ WKDW S LV
XQVDWLVnDEOH DW D�

q WKHUH LV DOZD\V D SDWK LQ S RULJLQDWLQJ DW D QRGH
RI W\SH D LQ DQ\ ORWR VDWLVI\LQJ G �DQG ZH VD\ WKDW
S LV YDOLG DW D��

,Q WKH LQIHUHQFH DOJRULWKP� ZH ZLOO QHHG WR FKHFN
ZKHWKHU D SDWK S LV VDWLVnDEOH RU YDOLG DW VRPH W\SH
D� :H FDQ VKRZ WKH IROORZLQJ XVHIXO IDFW�

/HPPD ��� *LYHQ D UHJXODU OWG G� D UHJXODU SDWK H[�
SUHVVLRQ S RYHU h DQG D � h� �L� LW FDQ EH FKHFNHG LQ
SWLPH ZKHWKHU S LV �XQ�VDWLVnDEOH DW D� �LL� LW FDQ EH
FKHFNHG LQ H[SWLPH ZKHWKHU S LV YDOLG DW D�

�7KH LQIHUHQFH DOJRULWKP DOVR ZRUNV IRU LQSXWV GHVFULEHG E\
VSHFLDOL]HG UHJXODU OWGV� VXFK DV WKRVH REWDLQHG E\ FRQFDWHQDWLQJ
PXOWLSOH VRXUFHV� HDFK ZLWK LWV RZQ UHJXODU OWG �DV LQ ([DPSOH
������
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6DWLVnDELOLW\ DQG YDOLGLW\ FDQ EH UHGXFHG WR TXHVWLRQV
LQYROYLQJ UHJXODU WUHH ODQJXDJHV� 7R VHH WKLV� QRWH WKDW
WKH VHW RI ORWRV URRWHG DW D DQG VDWLVI\LQJ G IRUPV D UHJ�
XODU WUHH ODQJXDJH 5G� IRU ZKLFK D QRQ�GHWHUPLQLVWLF
WRS�GRZQ WUHH DXWRPDWRQ �IRU XQUDQNHG WUHHV� FDQ EH
FRQVWUFWHG IURP G LQ SWLPH� 6LPLODUO\� WKH VHW RI ORWRV
URRWHG DW D IRU ZKLFK WKHUH H[LVWV D SDWK LQ S VWDUW�
LQJ IURP WKH URRW LV DOVR D UHJXODU WUHH ODQJXDJH 5S�
IRU ZKLFK DQ DXWRPDWRQ FDQ EH FRQVWUXFWHG IURP S
LQ SWLPH� 7KXV� VDWLVnDELOLW\ RI S DW D LV UHGXFHG WR
FKHFNLQJ QRQ�HPSWLQHVV RI 5G ? 5S �ZKLFK FDQ EH
GRQH LQ SWLPH� DQG YDOLGLW\ LV UHGXFHG WR FKHFNLQJ
WKDW 5G t 5S �ZKLFK WDNHV H[SWLPH��

7\SH 7LJKWHQLQJ 1H[W� VXSSRVH D SDWK S LV VDWLVn�
DEOH EXW QRW YDOLG DW W\SH D GHnQHG E\ DQ OWG G� 7KLV
PHDQV WKDW D SURSHU VXEVHW RI WKH ORWRV VDWLVI\LQJ G
DQG KDYLQJ URRWV RI W\SH D KDYH D SDWK LQ S VWDUWLQJ
DW WKH URRW� )RU WKH LQIHUHQFH DOJRULWKP� ZH ZLOO QHHG
WR SUHFLVHO\ GHVFULEH WKLV VHW RI ORWRV� :H FDQ DFKLHYH
WKLV E\ FRQVWUXFWLQJ D VSHFLDOL]HG OWG WKDW SURYLGHV D
WLJKWHQLQJ RI G LQ ZKLFK S EHFRPHV YDOLG DW D� 7R VHH
WKDW WKLV LV LV SRVVLEOH� QRWH WKDW WKH GHVLUHG WLJKWHQHG
VHW RI ORWRV HTXDOV 5G ? 5S� ZKLFK LV D UHJXODU WUHH
ODQJXDJH� %\ /HPPD ����� WKHUH H[LVWV D VSHFLDOL]HG
OWG VSHFLI\LQJ LW� :H RXWOLQH LWV FRQVWUXFWLRQ LQ $S�
SHQGL[ %� DQG GHQRWH WKH UHVXOWLQJ VSHFLDOL]HG OWG E\
WLJKWHQ�D� G� S��

9HUWLFDO DQG KRUL]RQWDO QDYLJDWLRQ :H QRZ UH�
WXUQ WR WKH H[DPSOH TXHULHV T DQG T�� ZKLFK LQYROYH
VLPSOH YHUWLFDO DQG KRUL]RQWDO QDYLJDWLRQ� &RQVLGHU
nUVW TXHU\ T� 6XSSRVH T DQG WKH LQSXW OWG G DUH
RYHU DOSKDEHW h� 7KH OWG GT IRU WKH YLHZ GHnQHG
E\ T LV WKH IROORZLQJ� 7KH W\SH RI WKH URRW LV D GH�
IDXOW URRW� 6XSSRVH IRU VLPSOLFLW\ WKDW URRW �� h �WKH
RWKHU FDVH LV KDQGOHG XVLQJ VSHFLDOL]DWLRQ�� )RU D � h�
GT�D�  G�D�� 7KH ODQJXDJH GT�URRW� LV D ODQJXDJH
RYHU h� GHQRWHG /; DQG GHnQHG E\ WKH IROORZLQJ H[�
WHQGHG FIJ *� /HW IS EH DQ IVD RYHU h DFFHSWLQJ S�
LWV VWDWH WUDQVLWLRQ IXQFWLRQ LV p� )RU HDFK VWDWH K LQ
IS� OHW SK EH WKH UHJXODU ODQJXDJH DFFHSWHG E\ IS ZLWK
VWDUW VWDWH K� 7KH QRQWHUPLQDOV RI * DUH WKH SDLUV
KK� DL ZKHUH K LV D VWDWH RI IS DQG D � h>IURRWJ� 7KH
VWDUW V\PERO LV KV� URRWL ZKHUH V LV WKH VWDUW VWDWH RI IS�
7KH VHW RI WHUPLQDO V\PEROV RI * LV h� :H GHVFULEH
WKH SURGXFWLRQV RI * LQ WZR VWHSV� )LUVW� FRQVLGHU D
QRQWHUPLQDO KK� DL� ZKHUH K LV D QRQ�DFFHSWLQJ VWDWH
RI IS� )RU HDFK VXFK KK� DL� * FRQWDLQV WKH IROORZLQJ
SURGXFWLRQ�

KK� DL � }K�G�D��

ZKHUH }K LV D VXEVWLWXWLRQ GHnQHG DV IROORZV� )RU E � h
DQG K�  p�K� E��

q }K�E�  IKK�� ELJ LI SK� LV YDOLG DW E�
q }K�E�  Iq� KK�� ELJ LI SK� LV VDWLVnDEOH EXW QRW
YDOLG DW E� DQG

q }K�E�  IqJ LI SK� LV XQVDWLVnDEOH DW E�

1RWH WKDW LQ WKH FDVH FRQVLGHUHG DERYH ZKHUH K LV QRQ�
DFFHSWLQJ� WKH SURGXFWLRQV RQO\ KDYH WR DFFRXQW IRU
YHUWLFDO QDYLJDWLRQ DORQJ S� VLQFH QR KRUL]RQWDO PDWFK�
LQJ RFFXUV� 1RZ VXSSRVH K LV DQ DFFHSWLQJ VWDWH RI
IS� 7KLQJV DUH PRUH FRPSOLFDWHG� EHFDXVH WKH SUR�
GXFWLRQ KDV WR DOVR DFFRXQW IRU KRUL]RQWDO PDWFKLQJ�
7KLV FDQ EH GRQH E\ DSSO\LQJ D VHTXHQWLDO WUDQVGXFHU
WK WR G�D�� ZKLFK VLPXOWDQHRXVO\ DSSOLHV WKH VXEVWL�
WXWLRQ }K DQG SHUIRUPV WKH PDWFKLQJ RI O�;�U DJDLQVW
G�D�� 7KH WUDQVGXFHU ZRUNV DV IROORZV� *LYHQ DQ LQSXW
ZRUG Z� LW RXWSXWV }K�E� IRU HDFK V\PERO E RI Z ZKLFK
GRHV QRW PDWFK O�;�U� ,I D PDWFK RFFXUV� WK RXWSXWV
E}K�E�� 7R GHWHFW D PDWFK� WK LGHQWLnHV WKH ODVW OHW�
WHU RI HDFK SUHn[ RI Z ZKLFK LV LQ O DQG IRU ZKLFK WKH
UHPDLQGHU VXp[ LV LQ U �WKH QRQGHWHUPLQLVP DULVHV LQ
JXHVVLQJ ZKHWKHU RU QRW WKH VXp[ IURP D FXUUHQW SRVL�
WLRQ LV LQ U� DQG DFFHSWDQFH UHTXLUHV FKHFNLQJ WKDW DOO
JXHVVHV DORQJ WKH ZD\ ZHUH FRUUHFW�� 6LQFH G�D� LV UHJ�
XODU DQG UHJXODU ODQJXDJHV DUH FORVHG XQGHU VHTXHQWLDO
WUDQVGXFHUV >*LQ��@� WK�G�D�� LV UHJXODU� 7KH JUDPPDU
* FRQWDLQV� IRU HDFK KK� DL ZKHUH K LV DFFHSWLQJ� WKH
SURGXFWLRQ

KK� DL � WK�G�D���

7KH JUDPPDU * FDQ EH HmHFWLYHO\ FRQVWUXFWHG IURP
G DQG T LQ H[SWLPH �SRO\QRPLDO LQ G DQG H[SRQHQWLDO
LQ T�� 7KH FRQVWUXFWLRQ LV LOOXVWUDWHG LQ ([DPSOH &��
LQ WKH DSSHQGL[� ,Q VXPPDU\� WKH YLHZ GHnQHG E\
T RQ LQSXWV VDWLVI\LQJ G KDV D WLJKW FRQWH[W�IUHH OWG
FRQVWUXFWLEOH LQ H[SWLPH�

1H[W� FRQVLGHU WKH TXHU\ T�� ,W LV YHU\ VLPLODU WR T�
ZLWK WKH GLmHUHQFH WKDW WKH QRGHV RI W\SH D � h WR
ZKLFK ; ELQGV PXVW EH UHVWULFWHG WR HQVXUH WKH H[�
LVWHQFH RI WKH GRZQVWUHDP SDWK LQ S�� 7KLV UHTXLUHV
WKH OWG WLJKWHQLQJ RXWOLQHG HDUOLHU� DQG KLJKOLJKWV WKH
QHHG IRU VSHFLDOL]DWLRQ� 7KH ODQJXDJH /; FRQVWUXFWHG
IRU T PXVW EH PRGLnHG XVLQJ WKH VSHFLDOL]HG OWGV
WLJKWHQ�D� S�� G�� 0RUH SUHFLVHO\� OHW G� EH WKH VSHFLDO�
L]HG OWG GHnQHG DV IROOORZV� G� GHnQHV WKH FRQWHQW RI
LQWHUQDO QRGHV E\ WLJKWHQ�D� S�� G�� D � h �REVHUYH WKDW
WKHVH VSHFLDOL]HG OWGV DJUHH RQ WKH W\SHV WKH\ VKDUH��
7KH FRQWHQW RI WKH URRW LV GHnQHG E\ WKH ODQJXDJH
}�/;� ZKHUH } LV WKH VXEVWLWXWLRQ GHnQHG QH[W� :H
GHQRWH E\ D� WKH URRW W\SH LQ WLJKWHQ�D� S�� G��

q }�D�  ID�J LI S� LV YDOLG DW D�
q }�D�  Iq� D�J LI S� LV VDWLVnDEOH EXW QRW YDOLG DW
D� DQG

q }�D�  IqJ LI S� LV XQVDWLVnDEOH DW D�

,W LV HDV\ WR YHULI\ WKDW G� LV D WLJKW VSHFLDOL]HG FRQWH[W�
IUHH OWG IRU T��7 �G��� 7KH FRQVWUXFWLRQ LV LOOXVWUDWHG LQ
([DPSOH &�� LQ WKH DSSHQGL[�
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([WHQVLRQ WR )XOO 6HOHFWLRQ 4XHULHV

7KH DERYH GLVFXVVLRQ FRQWDLQV LQ D QXWVKHOO WKH EDVLF
LQJUHGLHQWV RI RXU OWG LQIHUHQFH DOJRULWKP IRU VHOHFWLRQ
YLHZV� :H QRZ RXWOLQH WKH PDLQ VWHSV LQ WKH IXOO DO�
JRULWKP� RPLWWLQJ PDQ\ GHWDLOV�

6DWLVnDELOLW\ DQG 7LJKWHQLQJ 5HYLVLWHG :H
KDYH VHHQ LQ WKH SUHYLRXV GLVFXVVLRQ WKDW RQH FDQ WHVW
LI D UHJXODU SDWK H[SUHVVLRQ S LV VDWLVnDEOH RU YDOLG DW
D � h� JLYHQ D UHJXODU OWG G �VHH /HPPD ����� :H
KDYH DOVR VHHQ KRZ D VSHFLDOL]HG UHJXODU OWG FDQ EH
FRQVWUXFWHG WR ?WLJKWHQ� D W\SH GHnQLWLRQ LQ RUGHU WR
HQVXUH WKH H[LVWHQFH RI D GRZQZDUG SDWK LQ S IURP
QRGHV RI WKDW W\SH� %RWK UHVXOWV FDQ EH H[WHQGHG WR
DUELWUDU\ SDWWHUQV� IRU HDFK W\SH D� UHJXODU OWG G� DQG
ORWR�TO TXHU\ ERG\ %� a;�� DOO RYHU h� RQH FDQ WHVW LQ

SWLPH ZKHWKHU %� a;� LV VDWLVnDEOH DW D� DQG LQ H[S�

WLPH ZKHWKHU %� a;� LV YDOLG DW D �ZKHUH VDWLVnDELOLW\
DQG YDOLGLW\ RI D SDWWHUQ DW D DUH WKH REYLRXV H[WHQ�
VLRQV RI WKH QRWLRQV ZH GHnQHG HDUOLHU IRU UHJXODU SDWK
H[SUHVVLRQV�� )XUWKHUPRUH� RQH FDQ FRQVWUXFW D VSH�

FLDOL]HG UHJXODU OWG WLJKWHQ�D� G�%� a;��� ZKRVH VL]H LV

SRO\QRPLDO LQ G EXW H[SRQHQWLDO LQ %� a;� DQG LV VDWLV�
nHG SUHFLVHO\ E\ WKH ORWRV W � 7 �G� ZLWK URRW W\SH

D� LQ ZKLFK WKHUH H[LVWV D ELQGLQJ RI %� a;�� $V D
XVHIXO VLGH HmHFW� WKH FRQVWUXFWLRQ SURYLGHV� IRU HDFK
YDULDEOH ; LQ WKH ERG\� D VXEVHW h; RI WKH W\SHV RI
WLJKWHQ�D� G�%� a;�� WR ZKLFK ; PD\ ELQG�

&RQVWUXFWLRQ RI WKH VSHFLDOL]HG FI OWG &RQVLGHU
D VHOHFWLRQ ORWR�TO TXHU\ T RYHU h� RI WKH IRUP VHOHFW ;
ZKHUH %� a;�� DQG D UHJXODU OWG G IRU WKH LQSXWV WR WKH
TXHU\� :H ZLVK WR FRPSXWH /; � :H SURFHHG LQ WKUHH
VWDJHV� )RU HDFK YDULDEOH < LQ %� a;� OHW XV GHQRWH

E\ %< � a;� WKH VXESDWWHUQ RI %� a;� RFFXULQJ GRZQ�
VWUHDP IURP < � :H nUVW FRPSXWH� IRU HDFK W\SH D � h
VXFK WKDW %< � a;� LV VDWLVnDEOH DW D� WKH WLJKWHQLQJ

WLJKWHQ�D� G�%< � a;��� :H QH[W FRQVLGHU WKH SDWK LQ

%� a;� OHDGLQJ IURP WKH URRW WR ;� 7KLV LV RI WKH IRO�

ORZLQJ IRUP�
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O��;��U�

�
K;�� S�L

O��;��U�
����K;Nb�� SNL�

ON�;�UN

,Q WKH DERYH� HDFK RI WKH

OL DQG UL PD\ FRQWDLQ DGGLWLRQDO YDULDEOHV� ZLWK WKHLU
RZQ GRZQVWUHDP SDWWHUQV� 7KH ODQJXDJH IRU /; LV
FRPSXWHG E\ DQ H[WHQVLRQ RI WKH WHFKQLTXH XVHG IRU
WKH H[DPSOH TXHU\ T�� (VVHQWLDOO\� WKH LWK VWHS RI WKH
DOJRULWKP FRPSXWHV WKH ODQJXDJH /;L��

XVLQJ WKH ODQ�
JXDJH /;L

FRPSXWHG LQ WKH SUHYLRXV VWHS� +RZHYHU�
WKLV FRQVWUXFWLRQ RI WKH JUDPPDU IRU /; LV FRPSOL�
FDWHG E\ WKUHH PDLQ IDFWRUV�

q WKH WUDQVGXFHU SHUIRUPLQJ KRUL]RQWDO PDWFKLQJ
PXVW WDNH LQWR DFFRXQW WKH SUHVHQFH RI RWKHU YDUL�
DEOHV ZLWK WKHLU RZQ GRZQVWUHDP SDWWHUQV LQ OL
DQG UL� )RU HDFK VXFK YDULDEOH < � WKH WUDQV�
GXFHU KDV WR WDNH LQWR DFFRXQW ZKHWKHU WKH SDW�
WHUQ %< � a;� LV VDWLVnDEOH RU YDOLG DW HDFK W\SH
DJDLQVW ZKLFK < LV PDWFKHG�

q 7KH WUDQVGXFHU PXVW SHUIRUP D WLJKWHQLQJ VWHS
ZKHQ HDFK YDULDEOH ;L LV PDWFKHG DJDLQVW VRPH
W\SH D� ,I %;L

� a;� LV YDOLG DW D� WKH WUDQV�
GXFHU RXWSXWV WKH URRW W\SH FRUUHVSRQGLQJ WR
WLJKWHQ�D� G�%;L

� a;�� �WRJHWKHU ZLWK WKH FXUUHQW

VWDWH LQIRUPDWLRQ�� ,I %;L
� a;� LV VDWLVnDEOH EXW

QRW YDOLG DW D� WKH WUDQVGXFHU QRQGHWHUPLQLVWL�
FDOO\ RXWSXWV q RU WKH URRW W\SH FRUUHVSRQGLQJ WR
WLJKWHQ�D� G�%;L

� a;�� �DJDLQ� WRJHWKHU ZLWK WKH
VWDWH LQIRUPDWLRQ��

q WR DFFRXQW IRU YHUWLFDO QDYLJDWLRQ� WKH QRQWHUPL�
QDOV RI WKH JUDPPDU PXVW NHHS WUDFN VLPXOWDQH�
RXVO\ RI WKH FXUUHQW SRVVLEOH VWDWHV LQ DOO IVD IRU
WKH SDWKV S�� ���� SN� :KHQHYHU DQ DFFHSWLQJ VWDWH
RI ISL LV UHDFKHG� WKH WUDQVGXFHU VWHS LV DSSOLHG
DQG WKH VWDUW VWDWH RI ISL�� LV DGGHG WR WKH VHW RI
SRVVLEOH VWDWHV�

7KH GHYHORSPHQW LQ WKLV VHFWLRQ OHDGV WR WKH IROORZ�
LQJ PDLQ UHVXOW�

7KHRUHP ��� *LYHQ D UHJXODU OWG G DQG D VHOHFWLRQ
ORWR�TO TXHU\ T� RQH FDQ HmHFWLYHO\ FRQVWUXFW D WLJKW
VSHFLDOL]HG FRQWH[W�IUHH OWG IRU T�7 �G���

7KH FRPSOH[LW\ RI WKH FRQVWUXFWLRQ LV H[SWLPH LQ
WKH JHQHUDO FDVH DQG WKH VL]H RI WKH LQIHUUHG OWG LV SRO\�
QRPLDO LQ WKH LQSXW OWG DQG H[SRQHQWLDO LQ WKH TXHU\�
,W UHPDLQV RSHQ ZKHWKHU WKH FRPSOH[LW\ LV WLJKW�

5HPDUN ��� ,Q WKLV VHFWLRQ ZH DVVXPHG WKDW LQSXW
ORWRV DUH GHVFULEHG E\ UHJXODU OWGV� 1RZ VXSSRVH WKDW
WKH LQSXWV DUH GHVFULEHG LQVWHDG E\ VSHFLDOL]HG FRQWH[W�
IUHH OWGV� 7KLV ZRXOG KDSSHQ LI GHnQLQJ D ORWR�TO YLHZ
RQ WRS RI DQRWKHU ORWR�TO YLHZ� $OVR� WKH FRQFDWHQDWLRQ
RI PXOWLSOH VRXUFHV LQWR D VLQJOH VRXUFH LV GHVFULEHG E\
D VSHFLDOL]HG UHJXODU OWG� 2XU LQIHUHQFH DOJRULWKP DQG
7KHRUHP ��� JHQHUDOL]H HDVLO\ WR VXFK LQSXW OWGV�

&RQIRUPDQFH 7KH OWG LQIHUHQFH DOJRULWKP DOORZV WR
VROYH DQ LPSRUWDQW UHODWHG SUREOHP� FKHFNLQJ FRQIRU�
PDQFH RI D VHOHFWLRQ YLHZ GHnQLWLRQ WR D SUHGHnQHG OWG�
7KLV LV RI LQWHUHVW� IRU H[DPSOH� ZKHQ GDWD VDWLVI\LQJ
VRPH OWG PXVW EH WUDQVODWHG LQ D IRUP WKDW VDWLVnHV
DQRWKHU OWG �VHH DOVR WKH GLVFXVVLRQ LQ >6XF@�� :H FDQ
VKRZ�

&RUROODU\ ��� ,W LV GHFLGDEOH� JLYHQ D UHJXODU OWG G�
D VHOHFWLRQ ORWR�TO TXHU\ T� DQG DQRWKHU UHJXODU OWG G��
ZKHWKHU T�7 �G�� t 7 �G���

�



7KH SURRI XVHV RXU LQIHUHQFH DOJRULWKP� WKH GHFLG�
DELOLW\ RI ZKHWKHU D FRQWH[W�IUHH ODQJXDJH LV LQFOXGHG
LQ D UHJXODU ODQJXDJH� DQG WKH GHFLGDELOLW\ RI LQFOXVLRQ
RI UHJXODU WUHH ODQJXDJHV� 7KH FRPSOH[LW\ LV H[SWLPH�

6SHFLDO FDVHV :H KDYH VHHQ WKDW GHVFULELQJ WKH
YLHZ GHnQHG E\ D ORWR�TO TXHU\ RQ LQSXWV VDWLVI\LQJ
D JLYHQ UHJXODU OWG UHTXLUHV WKH XVH RI PRUH SRZHUIXO
FRQWH[W�IUHH OWGV� 7KHUH DUH KRZHYHU VSHFLDO FDVHV RI
SUDFWLFDO LQWHUHVW ZKHQ VSHFLDOL]HG UHJXODU OWGV DUH VXI�
nFLHQW IRU GHVFULELQJ ORWR�TO YLHZV� 7KH VSHFLDO FDVHV
UHVWULFW HLWKHU WKH LQSXW UHJXODU OWG RU WKH VHOHFWLRQ
ORWR�TO TXHU\ GHnQLQJ WKH YLHZ�
7KH UHVWULFWLRQ RQ WKH LQSXW OWGV LV TXLWH QDWXUDO�

/HW XV FDOO DQ OWG VWUDWLnHG LI WKH GHSHQGHQF\ JUDSK
DPRQJ W\SHV LV DF\FOLF �WKH GHSHQGHQF\ JUDSK IRU DQ
OWG G KDV DQ HGJH IURP E WR D LI E RFFXUV LQ G�D��� )RU
H[DPSOH� �/7'���� LV VWUDWLnHG EXW �/7'���� LV QRW�
7KH UHVWULFWLRQ RQ TXHULHV GLVDOORZV UHFXUVLRQ LQ YHU�

WLFDO QDYLJDWLRQ�� 7KDW LV� UHJXODU H[SUHVVLRQV RFFXU�
ULQJ DV ODEHOV RI HGJHV GR QRW XVH .OHHQH FORVXUH� 7KH
UHJXODU H[SUHVVLRQV XVHG IRU KRUL]RQWDO QDYLJDWLRQ PD\
FRQWLQXH WR XVH .OHHQH FORVXUH� /HW XV FDOO WKLV FODVV RI
TXHULHV YHUWLFDOO\ QRQUHFXUVLYH� %\ UHYLVLWLQJ WKH LQ�
IHUHQFH DOJRULWKP LQ WKH SUHYLRXV VHFWLRQ IRU WKH DERYH
VSHFLDO FDVHV� ZH DUH DEOH WR VKRZ WKH IROORZLQJ�

7KHRUHP ��� *LYHQ D UHJXODU OWG G DQG D VHOHFWLRQ
ORWR�TO TXHU\ T VXFK WKDW G LV VWUDWLnHG RU T LV YHUWL�
FDOO\ QRQUHFXUVLYH� RQH FDQ HmHFWLYHO\ FRQVWUXFW D WLJKW
VSHFLDOL]HG UHJXODU OWG IRU T�7 �G���

7KH FRPSOH[LW\ RI WKH FRQVWUXFWLRQ DQG WKH VL]H RI WKH
UHVXOWLQJ OWG UHPDLQ H[SRQHQWLDO�
,Q ERWK FDVHV MXVW FRQVLGHUHG� VSHFLDOL]DWLRQ LV VWLOO

JHQHUDOO\ UHTXLUHG� +RZHYHU� LW HDVLO\ VHHQ �XVLQJ
/HPPD ������ WKDW WKH UHVXOWLQJ YLHZV DOZD\V KDYH
D WLJKWHVW UHJXODU OWG ZKLFK FDQ SURYLGH DQ DSSUR[L�
PDWH GHVFULSWLRQ ZLWKRXW VSHFLDOL]DWLRQ� DQG FDQ EH
HmHFWLYHO\ FRQVWUXFWHG� 0RUHRYHU� LQ SDUWLFXODU FDVHV�
WLJKW UHJXODU OWGV PD\ H[LVW IRU WKH YLHZ� ,W WXUQV RXW
WKDW WKLV FDQ EH WHVWHG� DQG D WLJKW UHJXODU OWG FDQ
EH HmHFWLYHO\ FRQVWUXFWHG LI VXFK H[LVWV� &RQWUDVW WKLV
ZLWK WKH JHQHUDO FDVH� ZKHUH WKH H[LVWHQFH RI D WLJKW
�RU HYHQ WLJKWHVW� UHJXODU OWG IRU D JLYHQ YLHZ LV XQGH�
FLGDEOH �7KHRUHP �����

&RUROODU\ ��� �L� *LYHQ D UHJXODU OWG G DQG D VHOHF�
WLRQ ORWR�TO TXHU\ T VXFK WKDW G LV VWUDWLnHG RU T LV
YHUWLFDOO\ QRQUHFXUVLYH� T�7 �G�� KDV D WLJKWHVW UHJXODU
OWG ZKLFK FDQ EH HmHFWLYHO\ FRQVWUXFWHG� �LL� *LYHQ D
UHJXODU OWG G DQG D VHOHFWLRQ ORWR�TO TXHU\ T VXFK WKDW G
LV VWUDWLnHG RU T LV YHUWLFDOO\ QRQUHFXUVLYH� LW LV GHFLG�
DEOH LQ H[SVSDFH ZKHWKHU T�7 �G�� KDV D WLJKW UHJXODU
OWG� DQG LI VR VXFK DQ OWG FDQ EH HmHFWLYHO\ FRQVWUXFWHG�

�6RPH ODQJXDJHV� VXFK DV 06/ DQG <$7/ >3$*0���
&'66��@ GR QRW SURYLGH UHFXUVLYH YHUWLFDO QDYLJDWLRQ LQ WKH nUVW
SODFH�

([WHQVLRQV :H EULHo\ GLVFXVV KRZ RXU DOJRULWKP
FDQ EH H[WHQGHG IRU PRUH SRZHUIXO TXHULHV� �L� VHOHF�
WLRQ TXHULHV ZLWK PRUH SRZHUIXO VHOHFWLRQ FRQGLWLRQV�
DQG �LL� ORWR�TO TXHULHV ZLWK WKH VDPH VHOHFWLRQ FRQ�
GLWLRQV EXW FRQVWUXFWHG DQVZHUV� ,Q UHJDUG WR �L�� LW
WXUQV RXW WKDW RXU DOJRULWKP FDQ EH H[WHQGHG WR VH�
OHFWLRQ TXHULHV ZLWK PXFK PRUH JHQHUDO VHOHFWLRQ FRQ�
GLWLRQV WKDQ WKRVH RI ORWR�TO� 7KLV LV LQGLFDWHG E\ WKH
IROORZLQJ UHVXOW� VKRZQ E\ DQ H[WHQVLRQ RI RXU WHFK�
QLTXH� 5HFDOO WKDW 0RQDGLF 6HFRQG 2UGHU ORJLF �062�
LV nUVW�RUGHU ORJLF H[WHQGHG ZLWK VHW YDULDEOHV�

7KHRUHP ��� /HW 
�[� EH DQ 062 IRUPXOD RYHU OD�
EHOHG XQUDQNHG WUHHV� ZLWK RQH IUHH nUVW�RUGHU YDULDEOH
[� )RU HDFK ORWR W� OHW IQ�� � � � � QNJ  I[ M W M 
�[�J�
ZKHUH Q� � � � QN LV WKH RUGHU RI RFFXUUHQFH RI WKH QRGHV
QL LQ WKH SUH�RUGHU WUDYHUVDO RI W� /HW VWULQJ
�W�  
w�Q�� � � � w�QN�� )RU HDFK UHJXODU WUHH ODQJXDJH 5� WKH
VWULQJ ODQJXDJH VWULQJ
�5�  IVWULQJ
�W� M W � 5J LV
FRQWH[W�IUHH�

7KH DERYH DOORZV H[WHQGLQJ RXU LQIHUHQFH DOJRULWKP
WR SURGXFH D WLJKW VSHFLDOL]HG FRQWH[W�IUHH OWG IRU VH�
OHFWLRQ TXHULHV ZKRVH VHOHFWLRQ FRQGLWLRQ FDQ EH GH�
VFULEHG LQ 062� 1RWH WKDW WKHVH FRLQFLGH ZLWK WKH
XQDU\ TXHULHV RYHU XQUDQNHG WUHHV GHnQDEOH E\ WKH
([WHQGHG $WWULEXWH *UDPPDUV RI >1HY��@ DQG E\ WKH
6WURQJ 4XHU\ $XWRPDWD RI >16��@�
/DVWO\� FRQVLGHU H[WHQVLRQ �LL�� *HQHUDO ORWR�TO

TXHULHV �QRW UHVWULFWHG WR VHOHFWLRQ TXHULHV�� FRQVWUXFW
QHZ ORWRV XVLQJ D JURXS�E\ FRQVWUXFW GHnQLQJ QHVWHG
OLVWV� 7KH OWG LQIHUHQFH DOJRULWKP FDQ EH H[WHQGHG WR
JHQHUDO ORWR�TO TXHULHV� +RZHYHU� WKH OWG LW SURGXFHV
LV VRXQG EXW QR ORQJHU WLJKW IRU WKH YLHZ� 7KH UHDVRQV
IRU WKLV IDLOXUH JR EH\RQG WKH DOJRULWKP LWVHOI� WKHUH
FDQ EH QR WLJKW VSHFLDOL]HG FRQWH[W�IUHH OWG IRU YLHZV
GHnQHG E\ JHQHUDO ORWR�TO TXHULHV� RU IRU WKDW PDW�
WHU E\ DQ\ VHPLVWUXFWXUHG TXHU\ ODQJXDJH WKDW ZH DUH
DZDUH RI DQG LV DEOH WR FRQVWUXFW REMHFWV� 7KH VRXQG
OWG SURGXFHG E\ RXU DOJRULWKP FDQ VWLOO EH XVHG LQ D
YDULHW\ RI ZD\V� )RU H[DPSOH� LW SURYLGHV D VXpFLHQW
WHVW RI FRQIRUPDQFH WR D SUHGHnQHG OWG� :H RXWOLQH
WKH H[WHQVLRQ RI WKH LQIHUHQFH DOJRULWKP LQ $SSHQGL[
'�

� &RQFOXVLRQ

:H SUHVHQWHG D 'DWD 7\SH 'HnQLWLRQ LQIHUHQFH DO�
JRULWKP WKDW SURGXFHV WLJKW VSHFLDOL]HG FRQWH[W�IUHH
'7'V IRU VHOHFWLRQ YLHZV RI ;0/ GDWD� :H XVHG OR�
WRV DQG OWGV DV IRUPDO DEVWUDFWLRQV RI ;0/ GRFXPHQWV
DQG '7'V� 7KH ODQJXDJH ORWR�TO XVHG IRU YLHZ GHnQL�
WLRQV FDSWXUHV WKH FRPPRQ FRUH RI VHYHUDO TXHU\ ODQ�
JXDJHV WKDW KDYH EHHQ SURSRVHG IRU ;0/� $V D SUDF�
WLFDOO\ LPSRUWDQW VLGH HmHFW� WKH OWGV SURGXFHG E\ WKH
LQIHUHQFH DOJRULWKP FDQ EH XVHG WR WHVW FRQIRUPDQFH
RI VHOHFWLRQ YLHZV WR SUHGHnQHG OWGV�
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$FNQRZOHGJHPHQW 7KH DXWKRUV ZLVK WR WKDQN
3DYHO 9HOLNKRY DQG $QGUHDV <DQDNRSRXORV IRU LP�
SOHPHQWLQJ WKH '7' LQIHUHQFH DOJRULWKP IRU ;0$6�
7KH\ DOVR WKDQN )UDQN 1HYHQ DQG 0RVKH 9DUGL IRU
XVHIXO GLVFXVVLRQV UHOHYDQW WR WKLV PDWHULDO�
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FKHFNLQJ IRU ;0/ WUDQVIRUPHUV� 6XEPLWWHG WR
32'6 ���

>0:��@ $� 0HQGHO]RQ DQG 3� :RRG� )LQGLQJ UHJX�
ODU VLPSOH SDWKV LQ JUDSK GDWDEDVHV� 6,$0 -�
&RPS�� ������ �����

>0=��@ 7� 0LOR DQG 6� =RKDU� 8VLQJ VFKHPD PDWFKLQJ
WR VLPSOLI\ KHWHURJHQHRXV GDWD WUDQVODWLRQ� ,Q
3URF� 9/'% &RQI�� �����

>1$0��@ 6� 1HVWRURY� 6� $ELWHERXO� DQG 5� 0RWZDQL�
([WUDFWLQJ VFKHPD IURP VHPLVWUXFWXUHG GDWD�
,Q 3URF� $&0 6,*02' &RQI�� �����

>1G%��@ )� 1HYHQ DQG -� 9DQ GHQ %XVVFKH� ([SUHVVLYH�
QHVV RI VWUXFWXUHG GRFXPHQW TXHU\ ODQJXDJHV
EDVHG RQ DWWULEXWH JUDPPDUV� ,Q 3URF� 32'6
&RQI�� SDJHV ��^��� �����

>1HY��@ )� 1HYHQ� ([WHQVLRQV RI DWWULEXWH JUDPPDUV
IRU VWUXFWXUHG GRFXPHQW TXHULHV� ,Q 3URF�
'%3/ &RQI�� �����

>16��@ )� 1HYHQ DQG 7� 6FKZHQWLFN� 4XHU\ DXWRPDWD�
,Q 3URF� 32'6 &RQI�� SDJHV ���^���� �����

>18:&��@ 6� 1HVWRURY� -� 8OOPDQ� -� :LHQHU� DQG
6� &KDZDWKH� 5HSUHVHQWDWLYH REMHFWV� &RQFLVH
UHSUHVHQWDWLRQV RI VHPLVWUXFWXUHG� KLHUDUFKLFDO
GDWD� ,Q 3URF� ,&'(� �����

>3$*0��@ <� 3DSDNRQVWDQWLQRX� 6� $ELWHERXO� DQG
+� *DUFLD�0ROLQD� 2EMHFW IXVLRQ LQ PHGLDWRU
V\VWHPV� ,Q 3URF� 9/'% &RQI�� �����

>39@ <� 3DSDNRQVWDQWLQRX DQG 3� 9HOLNKRY� 7KH
XVH DQG FRPSXWDWLRQ RI VSHFLDOL]HG GWGV LQ
WKH 0,; PHGLDWRU V\VWHP� $YDLODEOH DW
KWWS���ZZZ�GE�XFVG�HGX�SXEOLFDWLRQV�

8VH&RPSXWH'7'�SGI�

>39��D@ <� 3DSDNRQVWDQWLQRX DQG 9� 9DVVDORV� 4XHU\
UHZULWLQJ IRU VHPLVWUXFWXUHG GDWD� ,Q 3URF�
$&0 6,*02' &RQIHUHQFH� �����

>39��E@ <� 3DSDNRQVWDQWLQRX DQG 3� 9HOLNKRY� (Q�
KDQFLQJ VHPLVWUXFWXUHG GDWD PHGLDWRUV ZLWK
GRFXPHQW W\SH GHnQLWLRQV� ,Q 3URF� ,&'(
&RQI�� �����

>6L@ 6RIW4XDG�LQF� ;0HWDO HGLWRU�
KWWS���ZZZ�VT�FRP�SURGXFWV�[PHWDO��

>6XF@ '� 6XFLX� $Q RYHUYLHZ RI VHPLVWUXFWXUHG
GDWD� 6,*$&7 1HZV ����� SS� ������ 'HFHP�
EHU �����

>9/3��@ 3� 9HOLNKRY� %� /XGDVFKHU� DQG <� 3DSDNRQ�
VWDQWLQRX� 1DYLJDWLRQ�GULYHQ HYDOXDWLRQ RI YLU�
WXDO PHGLDWHG YLHZV� ,Q 3URF� ('%7 &RQI��
�����

��



$SSHQGL[

$ 5HJXODU WUHH ODQJXDJHV DQG
WUHH DXWRPDWD

:H LQIRUPDOO\ UHYLHZ WKH QRWLRQ RI UHJXODU WUHH ODQ�
JXDJH DQG WUHH DXWRPDWRQ� 7UHH DXWRPDWD DUH GHYLFHV
ZKRVH IXQFWLRQ LV WR DFFHSW RU UHMHFW WKHLU LQSXW� ZKLFK
ZH DVVXPH LV D FRPSOHWH ELQDU\ WUHH ZLWK QRGHV ODEHOHG
ZLWK V\PEROV IURP VRPH nQLWH DOSKDEHW h� 7KHUH DUH
VHYHUDO HTXLYDOHQW YDULDWLRQV RI WUHH DXWRPDWD� $ QRQ�
GHWHUPLQLVWLF WRS�GRZQ UHJXODU WUHH DXWRPDWRQ RYHU h
KDV D nQLWH VHW 4 RI VWDWHV� LQFOXGLQJ D GLVWLQJXLVKHG
LQLWLDO VWDWH T� DQG DQ DFFHSWLQJ VWDWH TI � ,Q D FRP�
SXWDWLRQ� WKH DXWRPDWRQ ODEHOV WKH QRGHV RI WKH WUHH
ZLWK VWDWHV� DFFRUGLQJ WR D VHW RI UXOHV� FDOOHG WUDQ�
VLWLRQV� $Q LQWHUQDO QRGH WUDQVLWLRQ LV RI WKH IRUP
�D� T� � �T�� T���� IRU D � h� ,W VD\V WKDW� LI DQ LQ�
WHUQDO QRGH KDV V\PERO D DQG LV ODEHOHG E\ VWDWH T�
WKHQ LWV OHIW DQG ULJKW FKLOGUHQ PD\ EH ODEHOHG E\ T�

DQG T��� UHVSHFWLYHO\� $ OHDI WUDQVLWLRQ LV RI WKH IRUP
�D� T� � TI IRU D � h� ,W DOORZV FKDQJLQJ WKH ODEHO RI
D OHDI ZLWK V\PERO D IURP T WR WKH DFFHSWLQJ VWDWH TI �
(DFK FRPSXWDWLRQ VWDUWV E\ ODEHOLQJ WKH URRW ZLWK WKH
VWDUW VWDWH T�� DQG SURFHHGV E\ ODEHOLQJ WKH QRGHV RI
WKH WUHHV QRQ�GHWHUPLQLVWLFDOO\ DFFRUGLQJ WR WKH WUDQVL�
WLRQV� 7KH LQSXW WUHH LV DFFHSWHG LI VRPH FRPSXWDWLRQ
UHVXOWV LQ ODEHOLQJ DOO OHDYHV E\ TI � $ VHW RI FRPSOHWH
ELQDU\ WUHHV LV UHJXODU Lm LW LV DFFHSWHG E\ VRPH WRS�
GRZQ WUHH DXWRPDWRQ� 5HJXODU WUHH ODQJXDJHV KDYH
VLPLODU SURSHUWLHV WR UHJXODU VWULQJ ODQJXDJHV� LQFOXG�
LQJ FORVXUH SURSHUWLHV DQG GHFLGDELOLW\ RI HPSWLQHVV
�LQ SWLPH�� LQFOXVLRQ �LQ H[SWLPH�� HWF� 5HJXODU ODQ�
JXDJHV RI nQLWH ELQDU\ WUHHV DUH VXUYH\HG LQ >*6��@�
$Q DQDORJRXV H[WHQVLRQ WR WKH FDVH RI XQUDQNHG WUHHV
LV GLVFXVVHG LQ >%.0:@� 7KH DERYH UHVXOWV H[WHQG WR
WKH XQUDQNHG FDVH�

% &RQVWUXFWLRQ RI D WLJKWHQHG
VSHFLDOL]HG OWG

:H RXWOLQH WKH FRQVWUXFWLRQ RI D WLJKW VSHFLDOL]HG OWG
IRU WKH VHW RI ORWRV URRWHG DW D� VDWLVI\LQJ D JLYHQ OWG
G� IRU ZKLFK WKHUH H[LVWV D GRZQZDUG SDWK LQ S IURP
WKH URRW� /HW IS EH DQ IVD RYHU h DFFHSWLQJ S� ZLWK
VWDUW VWDWH V� VHW RI nQDO VWDWHV ) � DQG VWDWH WUDQVLWLRQ
IXQFWLRQ p� )RU HDFK VWDWH K LQ IS� OHW SK EH WKH UHJ�
XODU ODQJXDJH DFFHSWHG E\ IS ZLWK VWDUW VWDWH K� 7KH
VSHFLDOL]HG OWG LV G�  �h�h�� G�� x� ZKHUH�

q h�  h > IKK� EL M K � VWDWHV�IS�� E �
h� DQG SK LV VDWLVnDEOH DW EJ�

q x�KK� EL�  E DQG x�E�  E IRU E � h DQG K �
VWDWHV�IS��

q G��URRW�  KV� DL�
q G��E�  G�E� IRU E � h�
q G��KI� EL�  G�E� LI I LV DFFHSWLQJ�

q G��KK� EL�  xb��G�E�� ? heh�QH[Whe LI K LV
QRW DFFHSWLQJ� ZKHUH h�QH[W  IKK�� DL M K�  
p�K� D� DQG S�K� LV VDWLVnDEOH DW DJ�

1RWH WKDW WKH ODVW LWHP VLPSO\ HQVXUHV WKDW WKH FRQWHQW
RI KK� EL KDV DW OHDVW RQH W\SH DOORZLQJ WR FRQWLQXH
VXFFHVVIXOO\ DORQJ D SDWK LQ S� 7KH IROORZLQJ LV HDVLO\
VHHQ�

/HPPD %�� $ ORWR ZLWK URRW RI W\SH D VDWLVnHV WKH
VSHFLDOL]HG OWG G� Lm LW VDWLVnHV G DQG WKHUH H[LVWV D
SDWK LQ S VWDUWLQJ DW LWV URRW�

7KXV� S LV YDOLG DW WKH URRW RI ORWRV VDWLVI\LQJ G�� :H
GHQRWH WKH VSHFLDOL]HG OWG G� WLJKWHQLQJ D DV GHVFULEHG
E\ WLJKWHQ�D� G� S��

& ([DPSOHV IRU LQIHUHQFH DOJR�
ULWKP

([DPSOH &�� &RQVLGHU WKH TXHU\ DQG WKH VRXUFH GH�
VFULEHG LQ ([DPSOH ���� 7KH DXWRPDWRQ IS RI WKH

SDWK S  VHFWLRQe LV 1 section� 7KH DXWRPD�
WRQ DOVR FRQWDLQV D VLQN VWDWH " �RPLWWHG� ZKHUH DOO
QRQ�LQGLFDWHG WUDQVLWLRQV DUH GLUHFWHG� 7KH SURFHGXUH
GHVFULEHG LQ 6HFWLRQ � \LHOGV WKH IROORZLQJ JUDPPDU
IRU /; �

K�� URRWL �
LQWUR�}��LQWUR���}��VHFWLRQ��

e�FRQF�}��FRQF�
K�� VHFWLRQL �
LQWUR�}��LQWUR���}��VHFWLRQ��

e�FRQF�}��FRQF�
K�� LQWURL � q
K�� FRQFL � q

6LQFH }��VHFWLRQ�  IK�� VHFWLRQLJ DQG
}��LQWUR�  }��FRQF�  IqJ� WKH DERYH VLPSOLnHV
WR

K�� URRWL � LQWUR�K�� VHFWLRQL�eFRQF
K�� VHFWLRQL � LQWUR�K�� VHFWLRQL�eFRQF

7KLV JHQHUDWHV HVVHQWLDOO\ WKH ZRUGV RI ZHOO�EDODQFHG
SDUDQWKHVLV �ZKHUH LQWUR VHUYHV DV RSHQ SDUDQWKHVLV
DQG FRQF DV FORVHG SDUDQWKHVLV��

([DPSOH &�� &RQVLGHU WKH TXHU\ DQG VRXUFH OWG
�FDOO LW G� RI ([DPSOH ���� 7KH DXWRPDWRQ IS IRU

S  �YDQ � FDU� LV

1 2
van

car � 7KH ODQJXDJH S�
DFFHSWHG E\ IS VWDUWLQJ IURP VWDWH � LV YDQ � FDU� WKH
ODQJXDJH S� LV q� DQG S"  �� 7KH JUDPPDU IRU /'

��



KDV VWDUW V\PERO K�� URRWL DQG WKH IROORZLQJ SURGXF�
WLRQV�

K�� URRWL � }"�WUXFN� � }��YDQ� �
}"�59� � }��FDU�

K�� YDQL � �GHDOHU�}"�GHDOHU��
e

K�� FDUL � �GHDOHU�}"�GHDOHU��
e

ZKHUH }��YDQ�  IK�� YDQLJ� }��FDU�  IK�� FDULJ�
}"�WUXFN�  }"�59�  IqJ �VLQFH S� LV YDOLG DW
YDQ DQG FDU DQG S" LV XQVDWLVnDEOH DW WUXFN DQG 59��
7KXV� WKH ODQJXDJH /' LV VLPSO\ GHDOHUe� )LQDOO\� ZH
PXVW PRGLI\ /' WR WDNH LQWR DFFRXQW WKH FRQGLWLRQV
WKDW WKH GRZQZDUGV SDWWHUQ LPSRVHV RQ GHDOHU WUHHV�
7KH VSHFLDOL]HG OWG WLJKWHQ�GHDOHU� G� DG�8VHG$G� KDV
URRW GHDOHUX ZLWK FRQWHQW DGeDGXDGe ZKHUH DGX KDV
FRQWHQW 8VHG$G� 7KXV� WKH nQDO VXEVWLWXWLRQ } LV GH�
nQHG E\ }�GHDOHU�  GHDOHUX� ,Q VXPPDU\� WKH nQDO
VSHFLDOL]HG OWG IRU WKH TXHU\ LV�

URRW � �GHDOHUX�e

GHDOHUX � DGeDGXDGe

DGX � 8VHG$G
DG � 8VHG$G�1HZ$G

' /RWR�TO ZLWK FRQVWUXFWHG DQ�
VZHUV

:H RXWOLQH DQ H[WHQVLRQ RI RXU OWG LQIHUHQFH DOJRULWKP
IRU JHQHUDO ORWR�TO TXHULHV �QRW UHVWULFWHG WR VHOHFWLRQ
TXHULHV�� ZKLFK FRQVWUXFW QHZ ORWRV XVLQJ D SRZHUIXO
JURXS�E\ FRQVWUXFW GHnQLQJ QHVWHG OLVWV� 7KH LQIHUHQFH
DOJRULWKP SURGXFHV D VRXQG FRQWH[W�IUHH VSHFLDOL]HG
OWG IRU WKH DQVZHUV WR VXFK TXHULHV�

/RWR�TO ZLWK FRQVWUXFWHG DQVZHUV $ JHQHUDO
ORWR�TO TXHU\ LV RI WKH IRUP

FRQVWUXFW +� a;�

ZKHUH %� a;�

,Q WKH DERYH� %� a;� LV FDOOHG WKH ERG\ RI WKH TXHU\�

DQG +� a;� WKH KHDG� 7KH ERG\ LV DV GHVFULEHG IRU
VHOHFWLRQ ORWR�TO TXHULHV� 7KH KHDG LV DQ RUGHUHG OD�
EHOHG WUHH� ,W VSHFLnHV KRZ WR EXLOG D QHZ ORWR XVLQJ
WKH ELQGLQJV SURYLGHG E\ WKH ERG\ RI WKH TXHU\� 7KH
KHDG LV LWVHOI D ORWR� DXJPHQWHG ZLWK VR FDOOHG JURXS�E\
ODEHOV� ,JQRULQJ WKH JURXS�E\ ODEHOV� ZKLFK ZH GLVFXVV
VKRUWO\� WKH QRGHV RI WKH ORWR DUH ODEHOHG E\ D V\PERO LQ
WKH DOSKDEHW� RU E\ D WHUP� $ WHUP LV D YDULDEOH ; RU
DQ H[SUHVVLRQ W\SH�;� �GHQRWLQJ WKH W\SH RI URRW�;���

7KH VHW RI WHUPV XVLQJ YDULDEOHV IURP WKH ERG\ %� a;�

LV GHQRWHG 7HUPV�%� a;��� 7KH URRW LV DOZD\V ODEHOHG
E\ D V\PERO� ,QWHUQDO QRGHV FDQ RQO\ EH ODEHOHG E\
D V\PERO RU E\ D WHUP W\SH�;�� 7KXV� RQO\ OHDYHV RI
WKH ORWR FDQ EH ODEHOHG E\ ; �UHFDOO WKDW YDULDEOHV ;
ELQG WR HQWLUH VXEWUHHV LQ WKH LQSXW�� :H XVXDOO\ GH�
QRWH WHUPV E\ 7�� 7�� � � � 7N� :H FDOO D WUHH DV DERYH

SDUDPHWHUL]HG �E\ WKH WHUPV LW FRQWDLQV�� DQG PDNH
WKH SDUDPHWHUV H[SOLFLW E\ ZULWLQJ W�7�� � � � � 7N��
:H QH[W GHVFULEH JURXS�E\ ODEHOV� (DFK JURXS�

E\ ODEHO LV D �SRVVLEO\ HPSW\� VHTXHQFH RI GLVWLQFW

WHUPV LQ 7HUPV�%� a;��� *URXS�E\ ODEHOV DUH GH�
QRWHG >7� � � � 7N@� 6LPLODUO\ WR ORJLFDO TXDQWLnFDWLRQ�
WKH VFRSH RI D JURXS�E\ ODEHO RI D QRGH LV WKH VXE�
WUHH URRWHG DW WKDW QRGH� $ JURXS�E\ ODEHOLQJ PXVW
VDWLVI\ WKH IROORZLQJ� �L� WKH URRW KDV JURXS�E\ ODEHO
q��� DQG �LL� HYHU\ RFFXUUHQFH RI D WHUP 7 LQ WKH KHDG
LV LQ WKH VFRSH RI VRPH JURXS�E\ ODEHO FRQWDLQLQJ 7 �
:H QRZ KDYH DOO WKH LQJUHGLHQWV IRU GHnQLQJ WKH KHDG
RI D TXHU\� WKH KHDG FRQVLVWV RI D SDUDPHWHUL]HG WUHH
WRJHWKHU ZLWK D JURXS�E\ ODEHOLQJ�
*LYHQ D TXHU\ ZLWK ERG\ %� a;� DQG KHDG +� a;��

WKH DQVZHU WR WKH TXHU\ RQ JLYHQ LQSXW LV FRQVWUXFWHG
IURP WKH VHW RI ELQGLQJV % RI YDULDEOHV VDWLVI\LQJ WKH
SDWWHUQ %� a;� �VHH GHnQLWLRQ RI ELQGLQJ LQ 6HFWLRQ
��� (DFK ELQGLQJ n � % H[WHQGV WR WHUPV W\SH�;�
LQ WKH REYLRXV ZD\� LI W LV DQ LQSXW ORWR ZLWK OD�
EHOLQJ w DQG n LV D ELQGLQJ IRU WKH YDULDEOHV� WKHQ
n�W\SH�;��  w�URRW�n�;���� 7KH DQVZHU WR WKH
TXHU\ LV D ORWR FRQVWUXFWHG E\ VWUXFWXUDO UHFXUVLRQ RQ
+� a;� DV IROORZV� 7KH UHFXUVLRQ XVHV SDUWLDO ELQGLQJV
RI WKH YDULDEOHV� 7KH SDUWLDO ELQGLQJ DVVRFLDWHG ZLWK
WKH URRW LV HPSW\� (DFK VXEWUHH W�7� � � � 7N� ZKRVH
URRW KDV JURXS�E\ ODEHO >7� � � � 7N@ DQG ZKRVH DQFHV�
WRUV JURXS�E\ YDULDEOHV DUH LQVWDQWLDWHG E\ D SDUWLDO
ELQGLQJ m LV UHFXUVLYHO\ UHSODFHG E\ D OLVW RI VXEWUHHV
FRQVLVWLQJ RI RQH LVRPRUSKLF FRS\ RI W�n�7�� � � � n�7N��
IRU HDFK UHVWULFWLRQ n RI VRPH ELQGLQJ LQ % WKDW H[WHQGV
m WR 7�� � � � � 7N� 7KH RUGHU RI WKH VXEWUHHV LQ WKH OLVW
LV JLYHQ E\ WKH OH[LFRJUDSKLF RUGHU RI WKH ELQGLQJV �IRU
WHUPV RI WKH IRUP W\SH�;�� DVVXPH D GHIDXOW RUGHULQJ
RI WKH W\SHV�� ,Q YLHZ RI WKH GHnQLWLRQ RI JURXS�E\
ODEHOLQJ� LW LV FOHDU WKDW WKH DERYH SURFHGXUH \LHOGV D
ORWR�

([DPSOH '�� &RQVLGHU D ?GHDOHUV� LQSXW FRQWDLQLQJ
FDU DGV� SDUWLDOO\ GHVFULEHG E\ WKH IROORZLQJ OWG SLHFH�

URRW � GHDOHUV�
GHDOHUV � GHDOHUe� GHDOHU � QDPH� XVHGe� QHZe�
XVHG � �IRUHLJQ� GRPHVWLF� VHGDQV�59 V��
QHZ � �IRUHLJQ� GRPHVWLF� VHGDQV�59 V��
IRUHLJQ � PRGHO� �\HDU � q��
GRPHVWLF � PRGHO� �\HDU � q��

1RZ FRQVLGHU WKH TXHU\ EHORZ �WKH KHDG LV OHIW RI WKH
DUURZ�� 7KH TXHU\ UHWULHYHV WKH GRPHVWLF DQG IRUHLJQ
QHZ FDU DGV� ZKLFK ELQG WR 7 � DORQJ ZLWK WKH QDPHV '
RI WKH FRUUHVSRQGLQJ GHDOHUV� 7KH DQVZHU UHVWUXFWXUHV
WKH LQSXW E\ FODVVLI\LQJ WKH DGV LQWR D OLVW RI ?GRPHV�
WLF� ORWRV� ZKLFK LV IROORZHG E\ D OLVW RI ?IRUHLJQ� ORWRV
�VLQFH W\SH�7 � FDQ RQO\ EH ?GRPHVWLF� RU ?IRUHLJQ���
,Q SDUWLFXODU� WKHUH LV RQH ?GRPHV WLF� ORWR IRU HDFK
GHDOHU ZKR VHOOV DW OHDVW RQH GRPHVWLF FDU DQG VLPL�

�(PSW\ ODEHOV DUH RPLWWHG LQ H[DPSOHV�

��



ODUO\ IRU ?IRUHLJQ�� (DFK ?GRPHVWLF� ORWR FRQWDLQV D
OLVW RI DOO ?GRPHVWLF� DGV SXEOLVKHG E\ WKH VSHFLnF GHDOH
U� 7KH OLVW LV IROORZHG E\ WKH QDPH ' RI WKH GHDOHU�
WKH ?IRUHLJQ� ORWR LV VLPLODU� 1RWH WKDW ZH SLFN WKH IXOO
DGV EXW RQO\ WKH GHDOHU QDPH QRGHV LQ WKH DQVZHU�

name.D.used*.new .A.new*

(foreign+domestic).T
<A,ε>

dealers
dealer

type(T) [type(T),D]

ads

+

DT [T]

/WG LQIHUHQFH IRU JHQHUDO ORWR�TO TXHULHV 7KH
OWG LQIHUHQFH DOJRULWKP ZH GHVFULEHG IRU VHOHFWLRQ
TXHULHV FDQ EH H[WHQGHG WR JHQHUDO ORWR�TO TXHULHV�
+RZHYHU� WKH OWG LW SURGXFHV LV VRXQG EXW QR ORQJHU
WLJKW IRU WKH YLHZ� 7KH VRXQG OWG LW SURGXFHV FDQ VWLOO
EH XVHG LQ D YDULHW\ RI ZD\V� )RU H[DPSOH� LW SUR�
YLGHV D VXpFLHQW WHVW RI FRQIRUPDQFH WR D SUHGHnQHG
OWG� %HIRUH RXWOLQLQJ WKH H[WHQVLRQ RI WKH LQIHUHQFH
DOJRULWKP� ZH EULHo\ GLVFXVV LWV IDLOXUH WR SURYLGH D
WLJKW OWG IRU JHQHUDO ORWR�TO TXHULHV� 8QIRUWXQDWHO\�
WKH UHDVRQV IRU WKLV IDLOXUH JR EH\RQG WKH DOJRULWKP
LWVHOI� WKHUH FDQ EH QR WLJKW VSHFLDOL]HG FRQWH[W�IUHH
OWG IRU YLHZV GHnQHG E\ JHQHUDO ORWR�TO TXHULHV� 7KLV
LV LOOXVWUDWHG QH[W�

([DPSOH '�� 7KH IROORZLQJ TXHU\ DOZD\V SURGXFHV
LQ WKH DQVZHU OLVWV RI OHQJWK Q�Q b �� � ZKLFK FDQQRW
EH GHVFULEHG E\ D FRQWH[W�IUHH ODQJXDJH�

root
a

b+.X.b.Y.b*

root

a [XY]
6LPLODUO\� FRQVLGHU WKH TXHU\

root root
a

b+.X.b.Y.b.Z.b*a [X] b[Y] c[Z]

,W JHQHUDWHV OLVWV RI WKH IRUP DQEQFQ ZKLFK LV QRW D
FRQWH[W IUHH ODQJXDJH�

:H QH[W GHVFULEH WKH H[WHQVLRQ RI RXU OWG LQIHUHQFH
DOJRULWKP WR JHQHUDO ORWR�TO TXHULHV� :H XVH WKH QRWD�
WLRQ GHYHORSHG LQ RXU SUHVHQWDWLRQ RI WKH DOJRULWKP LQ
6HFWLRQ �� /HW T EH D ORWR�TO TXHU\ DQG G D UHJXODU OWG
IRU WKH LQSXW� :KHQ FRQVLGHULQJ WKH JURXS�E\ VWUXF�
WXUH RI WKH TXHU\ KHDG� LW ZLOO EH QHFHVVDU\ WR FRPSXWH
WKH ODQJXDJHV /; IRU YDULDEOHV ; LQ WKH FRQWH[W RI D
SDUWLDO LQVWDQWLDWLRQ RI WKH WHUPV LQ 7HUPV�%� �WKH
RQHV LQ ZKRVH JURXS�E\ VFRSH ; RFFXUV�� 7KH LQIHU�
HQFH DOJRULWKP IRU VHOHFWLRQ TXHULHV FDQ EH DGDSWHG WR
WKLV FDVH E\ nUVW WLJKWHQLQJ WKH LQSXW OWG G ZLWK UH�
VSHFW WR WKH SDUWLDOO\ LQVWDQWLDWHG ERG\� )RU D SDUWLDO
DVVLJQPHQW w RI W\SHV WR YDULDEOHV� OHW /;�w� GHQRWH
WKH ODQJXDJH /; LQ WKH FRQWH[W RI w� 0RUH SUHFLVHO\�
/;�w� LV /; IRU WKH LQSXW OWG WLJKWHQHG ZLWK UHVSHFW

WR %�w� a;��� LQ ZKLFK HDFK ; LQ WKH GRPDLQ RI w LV

UHSODFHG E\ w�;� LQ %� a;�� 6LPLODUO\� h;�w� GHQRWHV
WKH SRVVLEOH W\SHV RI URRWV RI VXEWUHHV WR ZKLFK ; FDQ
ELQG LQ WKH FRQWH[W RI w�
7R GHnQH D VRXQG VSHFLDOL]HG OWG IRU WKH DQVZHUV WR

T� LW LV FOHDUO\ VXpFLHQW WR LQIHU WKH ODQJXDJH /Q FRUUH�
VSRQGLQJ WR HDFK QRGH Q LQ WKH KHDG� 5HFDOO WKDW HDFK
QRGH Q JHQHUDWHV D OLVW� LQ DFFRUGDQFH WR LWV JURXS�E\
ODEHO� 7KH OLVW DOVR GHSHQGV RQ WKH FRQWH[W SURYLGHG
E\ HDFK DVVLJQPHQW w RI W\SHV WR WKH YDULDEOHV a< LQ
ZKRVH JURXS�E\ VFRSH Q RFFXUV� /HW w EH D n[HG W\SH
DVVLJQPHQW IRU a< � )LUVW� VXSSRVH Q KDV HPSW\ JURXS�
E\ ODEHO� ,I Q LV D V\PERO D� /Q  IDJ� ,I Q LV D WHUP
; RU W\SH�;�� /Q  h;�w��
1RZ FRQVLGHU WKH PRUH LQWHUHVWLQJ FDVH ZKHQ Q KDV

QRQHPSW\ JURXS�E\ ODEHO a=  >=� � � � =N@� :H QHHG

WR FRQVLGHU WKH SRVVLEOH W\SHV RI WKH ELQGLQJV IRU a=
LQ WKH OH[LFRJUDSKLF RUGHU RI WKH ELQGLQJV� 7KLV FDQ
EH YLHZHG DV D ODQJXDJH /a=

RYHU DQ DOSKDEHW ZLWK
V\PEROV RI WKH IRUP >=� � D� � � � =N � DN@� ZKHUH WKH DL
DUH W\SHV� ,I N  �� WKH ODQJXDJH /a=

LV /=��w�� ,I
N ! �� FRPSXWLQJ WKH ODQJXDJH /a=

LV PRUH FRPSOL�
FDWHG� VLQFH LW LV QRW GHWHUPLQHG E\ WKH ODQJXDJHV IRU
HDFK LQGLYLGXDO =L� 7KLV LV LOOXVWUDWHG LQ ([DPSOH '��
�LL�� ZKHUH /;  /<  /=  E� EXW /;< = LV FRQ�
VWUDLQHG WR FRQWDLQ� IRU HDFK RI Q RFFXUUHQFHV RI ;� Q
RFFXUUHQFHV RI < DQG Q RFFXUUHQFHV RI =� +RZHYHU�
RQH FDQ XVH WKH ODQJXDJHV IRU HDFK =L WR REWDLQ DQ
DSSUR[LPDWLRQ /a=

FRQWDLQLQJ /a=
� 7KH ODQJXDJH /a=

LV FRPSXWHG IURP WKH ODQJXDJHV /=L
�wL�� � � L � N�

ZKHUH HDFK /=L
�wL� LV GHnQHG UHODWLYH WR D FRQWH[W wL

�DXJPHQWLQJ w� SURYLGHG E\ D W\SH DVVLJQPHQW IRU =M �
M � L� 7KH ODQJXDJH /a=

LV REWDLQHG XVLQJ DQ DSSURSUL�
DWH VHTXHQFH RI VXEVWLWXWLRQV� )RU LQVWDQFH� LI N  ��
WKH ODQJXDJH /=�=� LV ~ �/=�� ZKHUH ~ LV WKH VXEVWLWX�
WLRQ RQ h=� GHnQHG E\

~ �E�  I>=� � E� =� � E�@ � � � >=� � E� =� � EP@ M
E� � � � EP � /=��wE�J

ZKHUH wE DVVLJQV E WR =��
7R PDNH WKH FRQWH[W IRU /a=

H[SOLFLW� ZH GHQRWH WKH

ODQJXDJH /a=
LQ FRQWH[W w E\ /a=

�w��
1RZ VXSSRVH Q LV D V\PERO D� 7KHQ /Q�w� LV FRQ�

WDLQHG LQ K�/a=
�w�� ZKHUH K LV WKH KRPRPRUSKLVP

PDSSLQJ HYHU\ V\PERO RI /a=
�w� WR D� 1H[W� VXS�

SRVH Q LV D YDULDEOH =L LQ a=� 7KHQ /Q�w� LV FRQ�
WDLQHG LQ K�/a=

�w�� ZKHUH K LV WKH KRPRPRUSKLVP GH�
nQHG E\ K�>=� � D� � � � =N � DN@�  DL IRU HDFK V\P�
ERO >=� � D� � � � =N � DN@ RI /a=

�w�� 7KH FDVH ZKHQ
Q LV D WHUP W\SH�=L� LV VLPLODU� 7KH LQIHUHQFH PHFK�
DQLVP ZH GHVFULEHG SURFHHGV E\ VWUXFWXUDO UHFXUVLRQ�
ZLWK WKH DSSURSULDWH FRQWH[W w SDVVHG IURP SDUHQWV WR
FKLOGUHQ� $V D nQDO VWHS� WKH ODQJXDJHV ZLWK UHVSHFW
WR WKH YDULRXV FRQWH[WV DUH XVHG WR FRQVWUXFW D VLQJOH
VSHFLDOL]HG OWG HQFRPSDVVLQJ D ?FDVH DQDO\VLV� E\ WKH
UHOHYDQW FRQWH[WV� ,W FDQ EH VKRZQ WKDW WKH OWG FRQ�
VWUXFWHG DERYH LV VRXQG IRU T�7 �G��� )RU LQVWDQFH� RXU

��



DOJRULWKP \LHOGV LQ ([DPSOH '�� �LL� WKH OWG GHVFULELQJ
WKH FRQWHQW RI WKH URRW DV DeEeFe�
,Q DGGLWLRQ WR VRXQGQHVV� WKH OWG SURGXFHG E\ RXU

DOJRULWKP VDWLVnHV D SUDFWLFDOO\ DSSHDOLQJ QRWLRQ RI
WLJKWQHVV� 6XSSRVH HDFK JURXS�E\ ODEHO LQ T XVHV RQO\
D VLQJOH WHUP� 7KHQ WKH DOJRULWKP DOORZV WR LQIHU WLJKW
OWGV IRU WKH OLVWV LQGXFHG E\ HDFK QRGH LQ WKH KHDG RI
T� :H FDOO VXFK DQ OWG ORFDOO\ WLJKW� /RFDO WLJKWQHVV
LV SUDFWLFDOO\ VLJQLnFDQW� EHFDXVH LW SURYLGHV SUHFLVH
GHVFULSWLRQV RI SRUWLRQV RI WKH DQVZHU ZKLFK DUH LQWX�
LWLYHO\ PHDQLQJIXO�

��


