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3UHYLRXV� UHVHDUFKHUV� QRWH� WKH� SUREOHP� IRU
VHPDQWLF�RSWLPLVDWLRQ�RI�GDWDEDVH�TXHULHV�FDXVHG
E\� LWV� SURGXFWLRQ� RI� D� ODUJH� QXPEHU� RI
VHPDQWLFDOO\� HTXLYDOHQW� DOWHUQDWLYH� TXHULHV�� IURP
ZKLFK�RQH�PXVW�EH�TXLFNO\�FKRVHQ�� �7KH�SUHVHQW
SDSHU� REVHUYHV� WKDW� WKLV� LV� FDXVHG� E\� WKH� QRQ�
XQLIRUP�VWUXFWXUH�RI�UXOHV��ZKLFK�DOVR��L��SUHYHQWV
IDVW� DFFHVV� WR� UXOHV�� �LL�� DOORZV� WKH� UXOH� EDVH� WR
EHFRPH� LPSUDFWLFDOO\� ODUJH�� DQG� �LLL�� VXFK� UXOHV
DQ\ZD\�DUH�RI�ORZ�XWLOLW\�IRU�642���6LPSOH�UXOHV
DUH� OHVV� H[SUHVVLYH� EXW� PRUH� XVHIXO� LQ� WKLV
DSSOLFDWLRQ��6LQJOH�DQWHFHGHQW�� VLQJOH�FRQVHTXHQW
UXOHV� DUH� WKH� PDLQ� FRPSRQHQW� RI� WKH� UXOH� EDVH�
7KH�UXOH�VHW�WKHQ�FRQVWLWXWHV�D�JUDSK�ZKRVH�HGJHV
DUH�WKH�UXOHV�� �7KLV�&RQGLWLRQ�'HSHQGHQF\�JUDSK
SURYLGHV� D� PDS� RI� SRVVLEOH� TXHU\� UHIRUPXODWLRQ
RSHUDWLRQV� VR� WKDW� JXLGHG� GLUHFW� PRGLILFDWLRQ� RI
WKH� VLQJOH� H[LVWLQJ� TXHU\� LV� SRVVLEOH� LQVWHDG� RI
EOLQG� VHTXHQWLDO� DSSOLFDWLRQ� RI� UXOHV� DQG� FRVW
HYDOXDWLRQ� IRU� WKH� UHVXOWLQJ� VHW� RI� DOWHUQDWLYH
TXHULHV�

����,QWURGXFWLRQ

$� VHPDQWLF� TXHU\� RSWLPLVHU� LV� DQ� LQWHOOLJHQW� LQWHUIDFH
EHWZHHQ� XVHU� DQG� GDWDEDVH�� ZKLFK� LQWHUFHSWV� WKH� XVHU¶V
TXHU\� EHIRUH� LW� UHDFKHV� WKH� GDWD� VHUYHU�� � 7KH� RSWLPLVHU
XVHV� LWV� NQRZOHGJH�RI� WKH�GDWD� WR� LPSURYH� WKH�TXHU\� DQG
WKHQ� IRUZDUGV� D� UHIRUPXODWHG�YHUVLRQ�RI� WKH�TXHU\� WR� WKH
GDWDEDVH���4XHU\�4¶�LV�D�VHPDQWLF�UHIRUPXODWLRQ�RI�TXHU\
4� LI� �4¶� LV� GLIIHUHQW� IURP�4�� DQG� �4¶� FDQQRW� EH� GHULYHG
IURP� 4� E\� V\QWDFWLF� RSHUDWLRQV�� DQG� 4¶� JLYHV� WKH� VDPH
TXHU\�UHVXOW�DV�4��4XHU\�4
�PXVW�EH�IDVWHU�IRU�WKH�VHUYHU�WR
SURFHVV�� WKHQ�4��4XHU\�SURFHVVLQJ� VSHHG� LV�PHDVXUHG� E\
FRVW�DVVHVVPHQW�XVLQJ� FRVW� IDFWRUV� VXFK� DV� WXSOH� UHWULHYDO
WLPH�IURP�GLVN��DQG�FRPSDULVRQ�WLPH�SHU�WXSOH�WR�FRPSXWH

TXHU\� FRQGLWLRQV�� 7KH� FRVW� LPSURYHPHQW� SURGXFHG� E\
PRGLILFDWLRQ�RI�DQ�H[LVWLQJ�TXHU\�LV�PXFK�HDVLHU�WR�DVVHVV
WKDQ�WKH�DEVROXWH�FRVW�RI�D�QHZ�TXHU\��,Q�IDFW��PDQ\�W\SHV
RI�PRGLILFDWLRQ�ZLOO� LPSURYH� TXHU\� FRVW� DQG� WKHUH� LV� QR
QHHG�WR�VSHQG�WLPH�FRPSXWLQJ�WKH�DPRXQW�RI�HDFK�VSHFLILF
LPSURYHPHQW�

5XOHV� GHVFULELQJ� WKH� GDWD� DUH� XVHG� WR� WUDQVIRUP� WKH
TXHU\�� � ,QWHJULW\� &RQVWUDLQW� UXOHV� ZHUH� XVHG� LQ� HDUO\
V\VWHPV� ZLWK� OLPLWHG� VXFFHVV�� EXW� PRUH� UHFHQWO\� UXOH
GLVFRYHU\� IURP� WKH� GDWD� LWVHOI� KDV� EHHQ� XVHG� WR� SURYLGH
PRUH� TXHU\�UHOHYDQW� NQRZOHGJH� RI� WKH� GDWD�� � $XWRPDWLF
NQRZOHGJH� GLVFRYHU\� � FDQ� OHDG� WR� ODUJH� UXOH� VHWV� �PXFK
ODUJHU� WKDQ� WKH� GDWD� VHWV� WKH\� GHVFULEH��� ZKHUHDV� D� VHW
PXFK�VPDOOHU�WKDQ�WKH�GDWD�LV�UHTXLUHG���3UHYLRXV�ZRUNHUV
>H�J��+V�����/R�����6L���@�KDYH�� LQ�HIIHFW��XVHG�D�VDPSOH
IURP�WKH�SRWHQWLDOO\�GHULYDEOH�UXOH�VHW��E\�JHQHUDWLQJ�D�IHZ
UXOHV� LQ� UHVSRQVH� WR� HDFK� TXHU\�� � %XW� WKLV� FDQ� SURYLGH� D
UDQGRP� VDPSOH�ZLWK� ORZ�SUREDELOLW\�RI�FRQWDLQLQJ�XVHIXO
UXOHV�� � 7KH� KLVWRJUDP�EDVHG� UXOH� VHWV� GHVFULEHG� LQ� WKLV
SDSHU�DUH�VPDOO��HDVLO\�DFFHVVHG��DQG�DOO�UXOHV�KDYH�D�JRRG
FKDQFH�RI�EHLQJ�XVHG�

3UHYLRXV�VHPDQWLF�RSWLPLVDWLRQ�DOJRULWKPV�>H�J��+V����
.L� ���� 6K� ���� 6L� ��@� KDYH� EHHQ� LWHUDWLYH�� SURJUHVVLYHO\
DSSO\LQJ� QHZ� UXOHV� DV� WKH� TXHU\� LV� FKDQJHG� E\� SUHYLRXV
UXOHV�� �
5XOH� DSSOLFDWLRQ
� PHDQV� DGGLQJ� FRQVHTXHQW
FRQGLWLRQV�WR�WKH�TXHU\�IURP�UXOHV�ZKRVH�DQWHFHGHQWV�DUH
LPSOLHG�E\�TXHU\�FRQGLWLRQV����7KLV�LV�VORZ��,WV�VHTXHQWLDO
FKDUDFWHU�LV�XQGHVLUDEOH�LQ�D�SURFHVV�ZKLFK�PXVW�EH�DV�IDVW
DV�SRVVLEOH��WR�DYRLG�GHOD\LQJ�WKH�TXHU\�DQG�FRXQWHUDFWLQJ
WLPH� VDYHG�ZKHQ� WKH� GDWD� VHUYHU� SURFHVVHV� WKH� LPSURYHG
TXHU\�� � 7KH� 'LOXWLRQ� (IIHFW� LGHQWLILHG� LQ� VHFWLRQ� ��
VXJJHVWV� WKDW� VXFFHVVLYH� UXOH� DSSOLFDWLRQV� SURYLGH
LQIRUPDWLRQ�RI� GHFUHDVLQJ�TXDOLW\��ZKLFK� LV� SURJUHVVLYHO\
OHVV�OLNHO\�WR�EH�XVHIXO�LQ�TXHU\�UHIRUPXODWLRQ�

7KH� UXOHEDVH� SDUWLWLRQV� HDVLO\� LQWR� VXEVHWV� RI� FXUUHQW
TXHU\� LQWHUHVW�� DQG� WKH� UXOH� JUDSK� IRU� HDFK� VXEVHW� FDQ�EH
SUH�SURFHVVHG�� DOORZLQJ� WLPH�FRQVXPLQJ� GHFLVLRQV� WR� EH
PDGH� EHIRUH� TXHULHV� DUULYH�� VR� WKDW� IDVW� ORRNXS� UHSODFHV
WKH� LWHUDWLYH� SURFHVV� DQG� LWV� VXEVHTXHQW� WLPH�FRQVXPLQJ
FRVW�HYDOXDWLRQ�

7KH� UXOHV� GLVFXVVHG� LQ� WKLV� SDSHU� DUH� EDVLFDOO\� LI�WKHQ
H[SUHVVLRQV�ZKLFK�FRQWDLQ�WZR�SUHGLFDWHV�RQ�DWWULEXWHV�RI
D�UHODWLRQDO�GDWDEDVH�WDEOH���)RU�H[DPSOH������≤�D�≤�����⇒
�����≤�G�≤�������ZKLFK�PHDQV��LI�WKH�YDOXH�RI�DWWULEXWH�
D

LQ� D� WXSOH� LV� LQ� WKH� UDQJH� ��� WR� ��� WKHQ� WKH� YDOXH� RI
DWWULEXWH�
G
�ZLOO�EH�LQ�WKH�UDQJH�����WR��������,Q�642�WKH
DQWHFHGHQW� FRQGLWLRQ�V�� RI� UXOHV� DUH� PDWFKHG� ZLWK� TXHU\
FRQGLWLRQV���6LQFH�DOO�DQWHFHGHQW�FRQGLWLRQV�LQ�D�UXOH�PXVW
EH�PDWFKHG�� UXOHV�ZLWK�RQO\�D�VLQJOH� DQWHFHGHQW�DUH�PRVW

7KH� FRS\ULJKW� RI� WKLV� SDSHU� EHORQJV� WR� WKH� SDSHU¶V� DXWKRUV�� 3HUPLVVLRQ� WR� FRS\
ZLWKRXW�IHH�DOO�RU�SDUW�RI�WKLV�PDWHULDO�LV�JUDQWHG�SURYLGHG�WKDW�WKH�FRSLHV�DUH�QRW
PDGH�RU�GLVWULEXWHG�IRU�GLUHFW�FRPPHUFLDO�DGYDQWDJH�

3URFHHGLQJV�RI�WKH��WK�.5'%�:RUNVKRS

6HDWWOH��:$�����0D\�����
�$��%RUJLGD��9��&KDXGKUL��0��6WDXGW��HGV��
KWWS���VXQVLWH�LQIRUPDWLN�UZWK�DDFKHQ�GH�3XEOLFDWLRQV�&(85�:6�9RO����
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ZLGHO\� XVDEOH�� � 7KH� WZR� SUHGLFDWHV� �DQWHFHGHQW� DQG
FRQVHTXHQW�� LQ� HDFK� UXOH� DUH� 6HOHFWLRQ� &RQGLWLRQV� RU
FRQVWUDLQWV� RI� WKH� W\SH� IRXQG� LQ� GDWDEDVH� TXHULHV�� (DFK
FRQGLWLRQ� WKHUHIRUH� GHQRWHV� D� VXEVHW� RI� D� GDWDEDVH� WDEOH�
5XOHV�DUH�FDVFDGHG�XVLQJ�VXEUDQJH�FRQWDLQPHQW�DV�WKH�OLQN
EHWZHHQ�VXFFHVVLYH�UXOHV�

$�UXOH��$�⇒ �%��SDUWLWLRQV�WKH�VHW�RI�WXSOHV�LQ�D�GDWDEDVH
UHODWLRQ�LQWR�WKUHH�SDUWV�

7KLV�KDV�D�QXPEHU�RI�LPSOLFDWLRQV���(J���L��WKH�UXOH�JUDSK

LV� D�+DVVH�'LDJUDP� IRU� WKH�2UGHUHG�6HW� RI� WXSOH� VXEVHWV

GHQRWHG�E\�SRWHQWLDO�TXHU\�FRQGLWLRQV�� �LL�� WKH�QRGHV� LQ�D

JUDSK�SDWK�GHQRWH�PRQRWRQLFDOO\�LQFUHDVLQJ�VXEVHWV�RI�WKH

GDWD� VHW�� � �LLL�� WKH� 'LOXWLRQ� (IIHFW�� �LY�� WKH� SRWHQWLDO

XVHIXOQHVV�RI�D� UXOH� IRU�642�FDQ�EH�TXDQWLILHG�XVLQJ� WKH

UHODWLYH�VL]HV�RI�VHW�$��DQG�VHW�%��

7KH� VWUXFWXUH� RI� WKH� SDSHU� LV� DV� IROORZV�� � 6HFWLRQ� �
LGHQWLILHV� WKH� PDLQ� RSHUDWLRQV� XVHG� LQ� VHPDQWLF� TXHU\
WUDQVIRUPDWLRQ�� 6HFWLRQ� �� LQWURGXFHV� WKH� *UDSK
LQWHUSUHWDWLRQ� RI� VHPDQWLF� RSWLPLVDWLRQ�� 6HFWLRQ� �
VSHFLILHV�IXQGDPHQWDO�SURSHUWLHV�RI�UXOHV�DQG�SDWKV�LQ�WKH
JUDSK��D�SDWK�ZLWK�WZR�RU�PRUH�HGJHV�FRUUHVSRQGV�WR�WZR
RU�PRUH�FDVFDGHG�UXOHV����6HFWLRQ���LQGLFDWHV�WKH�SRWHQWLDO
VL]H� RI� DQ� XQFRQVWUDLQHG� UXOHEDVH�� DQG� 6HFWLRQ� �
LQWURGXFHV� KLVWRJUDP�EDVHG� PXOWL�FRQVHTXHQW� UXOHV� DV� DQ
HIILFLHQW�LPSOHPHQWDWLRQ�IRU�DWWULEXWH�SDLU�UXOH�VHWV��ZKLFK
UHGXFHV�WKH�QXPEHU�RI�UXOH�VHWV�DQG�ORRN�XSV��DQG�FDQ�EH
GHULYHG�E\�D�VLQJOH�VFDQ�WKURXJK�D�GDWDEDVH�UHODWLRQ�

����%DFNJURXQG

7KH� SXUSRVH� RI� TXHU\� RSWLPLVDWLRQ� LV� IDVWHU� UHVSRQVH� WR
TXHULHV�� � 7KH� VHPDQWLF� RSWLPLVHU� NQRZV� PRUH� DERXW� LWV
GDWD� WKDQ� WKH� XVHU�� � ,W� FDQ� WKHUHIRUH� UHSODFH� WKH� XVHU
V
TXHU\� ZLWK� D� GLIIHUHQW� TXHU\� ZKLFK�ZLOO� SURGXFH� H[DFWO\
WKH� VDPH� UHVXOW� VHW�� EXW� IDVWHU�� � 7KH� QHZ� TXHU\� LV� IDVWHU
EHFDXVH�LW�ZLOO�GR� OHVV�ZRUN�ZKHQ�H[WUDFWLQJ� WKH�VHOHFWHG
UHVXOW�WXSOHV�IURP�WKH�GDWDEDVH

������6HPDQWLF�4XHU\�3URFHVVLQJ�2SHUDWLRQV

7KLV�VHFWLRQ�LQGLFDWHV�PHWKRGV�WUDGLWLRQDOO\�XVHG�LQ�642�
$� TXHU\� LV� FDQRQLFDOO\� D� VXP� RI� SURGXFWV� RI� VHOHFWLRQ
FRQGLWLRQV���,W�LV�VHPDQWLFDOO\�RSWLPLVHG�E\�SURFHVVLQJ�WKH
FRQMXQFWLYH�VXE�TXHULHV��XVLQJ�WKH�IROORZLQJ�RSHUDWLRQV�

�������&RQGLWLRQ�(OLPLQDWLRQ
,I�D�TXHU\�FRQWDLQV�FRQGLWLRQV�*�DQG�+��DQG�D�UXOH�*�⇒ �+
H[LVWV� �PHDQLQJ�� LI�*� LV� WUXH� LQ�DQ\� � WXSOH� WKHQ�+� LV�DOVR
WUXH��WKHQ�WKHUH�LV�QR�QHHG�IRU�WKH�GDWD�VHUYHU�WR�WHVW�ERWK
FRQGLWLRQV� GXULQJ� TXHU\� SURFHVVLQJ�� � 7KH� LPSOLHG
FRQGLWLRQ�FDQ�EH�HOLPLQDWHG�IURP�WKH�TXHU\�

�������4XHU\�5HIXWDWLRQ�E\�&RQGLWLRQ�&RQWUDGLFWLRQ

,I� D� TXHU\� FRQWDLQV� WKH� FRQGLWLRQV� �J�  � �SURSDQH��� DQG
�����≤�K�≤�������EXW�UXOH��J� �

SURSDQH���⇒ �����≤�K�≤����
H[LVWV��WKHQ�LW�LV�LPSRVVLEOH�IRU�ERWK�TXHU\�FRQGLWLRQV�WR�EH
VDWLVILHG�E\�DQ\� WXSOH�� �7KH�TXHU\�ZLOO� WKHUHIRUH�SURGXFH
QR� UHVXOWV�� DQG� FDQ� EH� DQVZHUHG� LPPHGLDWHO\� ZLWK� WKH
HPSW\�VHW��ZLWKRXW�FRQVXOWLQJ�DQ\�GDWD�

�������4XHU\�5HIXWDWLRQ�E\�&RQWUDGLFWRU\�&RQVHTXHQWV
,I� WZR� TXHU\� FRQGLWLRQV� PDWFK� WKH� DQWHFHGHQWV� RI� WZR
GLIIHUHQW� UXOHV� ZKRVH� FRQVHTXHQW� FRQGLWLRQV� DUH
FRQWUDGLFWRU\�� WKHQ� WKH�TXHU\�ZLOO�SURGXFH�QR� UHVXOWV� DQG
FDQ� EH� DQVZHUHG� ZLWK� WKH� HPSW\� VHW�� � 7KH� WZR� TXHU\
FRQGLWLRQV�VHOHFW�GLVMRLQW�VHWV�RI�WXSOHV�IURP�WKH�GDWDEDVH
WDEOH�� � �$�FRQMXQFWLYH�TXHU\� LGHQWLILHV� WKH� LQWHUVHFWLRQ�RI
FRQGLWLRQ�VHOHFWHG�VHWV��

�������4XHU\�5HIXWDWLRQ�E\�(PSW\�6HW�6HOHFWLRQ
,I� DQ\� TXHU\� FRQGLWLRQ� VHOHFWV� DQ� HPSW\� VHW� WKHQ� WKH
FRQMXQFWLYH�TXHU\�ZLOO�SURGXFH�WKH�HPSW\�VHW�DV�UHVXOW���$
TXHU\� FRQGLWLRQ� FDQ� EH� LGHQWLILHG� DV� DQ� HPSW\� VHW
FRQGLWLRQ� LI� LW� VSHFLILHV�D� UDQJH�RI�YDOXHV� IRU�DQ�DWWULEXWH
ZKLFK� LV�NQRZQ�WR�EH�RXWVLGH� WKH� WZR�H[WUHPH�YDOXHV� IRU
WKDW� DWWULEXWH�� RU� VSHFLILHV� YDOXHV� LQ� D� NQRZQ� (PSW\
6XEUDQJH� ,QWHUYDO� EHWZHHQ� WKH� WZR� H[WUHPH� YDOXHV�� RU� LW
VSHFLILHV�DQ�HTXDOLW\�FRQGLWLRQ�XVLQJ�D�VWULQJ�YDOXH�NQRZQ
WR�EH�DEVHQW�IURP�D�FDWHJRU\�DWWULEXWH�

�������&RQGLWLRQ�(OLPLQDWLRQ�E\�)XOO�6HW�6HOHFWLRQ
$Q\� TXHU\� FRQGLWLRQ� ZKLFK� VHOHFWV� DOO� WKH� WXSOHV� LQ� WKH
GDWDEDVH� WDEOH� LV� UHGXQGDQW�� � $� UDQJH� FRQGLWLRQ� ZKRVH
UDQJH� LQWHUYDO� LQFOXGHV� ERWK� H[WUHPH� YDOXHV� IRU� WKH
DWWULEXWH� LV�DQ�H[DPSOH�RI�D� IXOO� VHW� FRQGLWLRQ��ZKLFK�FDQ
EH�HOLPLQDWHG�IURP�WKH�TXHU\�

�������&RQGLWLRQ�5DQJH�1DUURZLQJ
:KHQ�RQH�TXHU\�FRQGLWLRQ�LPSOLHV�D�VXEUDQJH�RI�WKH�UDQJH
VSHFLILHG�LQ�DQRWKHU�TXHU\�FRQGLWLRQ��E\�UDQJH�RYHUODS�RU
QHVWLQJ��WKHQ�QDUURZLQJ�WKH�LPSOLHG�TXHU\�FRQGLWLRQ�UDQJH
DOORZV� IDVWHU� HOLPLQDWLRQ� RI� LQWHUPHGLDWH� WXSOHV� GXULQJ
TXHU\�SURFHVVLQJ�LQ�WKH�GDWD�VHUYHU�� �/DWHU� �DQG� WKHUHIRUH
SUREDEO\� PRUH� H[SHQVLYH�� TXHU\� FRQGLWLRQV� LQ� WKH� GDWD
VHUYHU¶V�TXHU\�H[HFXWLRQ�SODQ�ZLOO� WKHQ�KDYH�IHZHU� WXSOHV
WR�WHVW�

�������&RQGLWLRQ�$GGLWLRQ�IRU�,QGH[�,QWURGXFWLRQ
$Q�LQGH[�SURYLGHV�GLUHFW�DFFHVV�WR�UHOHYDQW�GLVN�EORFNV���,I
WKLV�UHGXFHV�WKH�QXPEHU�RI�EORFNV�DFFHVVHG�WR�DQVZHU�WKH
TXHU\��EHFDXVH�WKH�TXHU\�UHOHYDQW�WXSOHV�DUH�FRQFHQWUDWHG
LQ� D� UHODWLYHO\� VPDOO� QXPEHU� RI� EORFNV�� WKHQ� TXHU\
SURFHVVLQJ�WLPH�LV�VKRUWHQHG���6RPH�GDWD�VHUYHUV�DUH�DEOH
WR� PDNH� XVH� RI�PXOWLSOH� LQGH[HG� DWWULEXWHV� WR� UHWULHYH� D
VLQJOH� VHW� IURP� D� VLQJOH� GDWDEDVH� UHODWLRQ�� LQ�ZKLFK� FDVH
PXOWLSOH� LQGH[HG�FRQGLWLRQV�FDQ�XVHIXOO\�EH�DGGHG� WR� WKH
TXHU\�

�������&RQGLWLRQ�$GGLWLRQ�IRU�6XEVHW�6HOHFWLRQ
,I� D� TXHU\� FRQVLVWV� RI� D� VLQJOH� KLJK�FRVW� FRQGLWLRQ� LW� LV
GHVLUDEOH� WR� UHGXFH� WKH� QXPEHU� RI� WXSOHV� WR� ZKLFK� WKLV
FRQGLWLRQ�PXVW�EH�DSSOLHG�� �$GGLQJ�DQ� LQGH[HG�FRQGLWLRQ
PD\� KHOS�� EXW� LQ� VRPH� FLUFXPVWDQFHV� D� ORZ�FRVW� QRQ�
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LQGH[HG�FRQGLWLRQ�LPSOLHG�E\�WKH�KLJK�FRVW�FRQGLWLRQ�FDQ
EH� XVHIXOO\� DGGHG� WR� WKH� TXHU\�� WR� DFW� DV� D� WXSOH� ILOWHU
�VHOHFWRU��IRU�WKH�KLJK�FRVW�FRQGLWLRQ�

�������(PSW\�3URMHFWLRQ
(J��$�TXHU\�UHTXHVWV�WKH�FRVW�RI�KRXVHV�LQ�UHJLRQ�1:��
$�UXOH�LQ�WKH��UHJLRQ�→ FRVW�DWWULEXWH�SDLU�UXOH�VHW�VWDWHV�
�UHJLRQ� �1:����⇒ ��QR�WXSOHV�

7KLV�PHDQV� WKDW� KRXVHV� GR� H[LVW� LQ� WKH� GDWDEDVH� ZLWK
YDOXHV� �UHJLRQ�  � 1:��� EXW� DOO� KDYH� QXOO� YDOXHV� LQ� WKH
�FRVW�� ILHOG�� � 7KHUHIRUH� WKH� TXHU\� ZLOO� KDYH� QR� UHVXOW
YDOXHV�DQG�FDQ�EH�DQVZHUHG�GLUHFWO\�IURP�WKH�UXOH��ZLWKRXW
FRQVXOWLQJ�WKH�GDWD�

�3UHYLRXV� NQRZOHGJH� EDVHV� GLG� QRW� VXSSRUW� WKLV
RSHUDWLRQ�EHFDXVH�WKH�DEVHQFH�RI�WXSOHV�FDXVHG�DQ�DEVHQFH
RI� UXOHV�� %XW� WKH� NQRZOHGJH� UHSUHVHQWDWLRQ� SURSRVHG� LQ
VHFWLRQ� ���� LV� DQ� H[WHQGHG� KLVWRJUDP� IRU� WKH� DQWHFHGHQW
DWWULEXWH���(DFK�EDU�LQ�WKH�KLVWRJUDP�LGHQWLILHV�D�VXE�VHW�RI
WKH� GDWD�� DQG�PXOWLSOH� FRQVHTXHQWV� GHVFULEH� WKDW� VXE�VHW�
%HFDXVH� RI� QXOO� YDOXHV� LQ� SDUWLFXODU� ILHOGV� LQ� WKH� GDWD
WXSOHV�� VRPH� DWWULEXWHV� LQ� WKH� FRQVHTXHQW� YHFWRU� PD\
UHSRUW��QR�WXSOHV��ZKLOH�RWKHUV�VSHFLI\�DWWULEXWH�YDOXHV�

�����.QRZOHGJH�5HSUHVHQWDWLRQ�5HTXLUHPHQWV

7KH�GRPDLQ�RI�D�GDWDEDVH�LV�ODUJH���7KHUHIRUH�GHVFULSWLYH
NQRZOHGJH�PXVW�VDWLVI\�WKH�IROORZLQJ�FRQGLWLRQV�

�L��7KH� UXOH� VHW�PXVW� EH�PRGXODU� VR� WKDW� UXOHV� FDQ� EH
XVHG�� GHULYHG� DQG� GLVFDUGHG� LQ� FRQYHQLHQWO\�PDQDJHDEOH
EORFNV��VXEVHWV��

�LL��5XOH�VHW�PRGXOHV�PXVW�EH�GHULYDEOH�LQ�UHDO�WLPH���$
QHZ� XVHU
V� TXHU\� LQGLFDWHV� WKH� GDWD� LQ� ZKLFK� WKH\� DUH
LQWHUHVWHG�� � 5HOHYDQW� UXOHV� VHWV�PXVW� EH� GHULYDEOH� EHIRUH
WKH� XVHU
V� QH[W� TXHU\� DUULYHV�� � 6LQFH� UXOHV� DUH� HDVLO\
SURGXFHG� WKH\� DUH� DOVR� HDVLO\� GLVFDUGHG� ZLWKRXW� OHQJWK\
FRQVLGHUDWLRQ���7KH�PRGXODULW\�DOORZV�UXOH�VHW�FDFKLQJ��VR
WKDW� UXOHV�ZKLFK� VKRZ� GHFUHDVLQJ� XVH� E\� FXUUHQW� TXHULHV
DUH�UHWDLQHG�LQ�VHFRQGDU\�PHPRU\�XQWLO�TXHU\�LQWHUHVW�KDV
GHILQLWHO\� PRYHG� WR� RWKHU� DUHDV� RI� WKH� GDWD�� � 7KH� UXOH
VXEVHW� LV� WKHQ� GLVFDUGHG� LQ� RUGHU� WR� SUHYHQW� XQQHFHVVDU\
DFFXPXODWLRQ�� DQG� WR� DYRLG� WKH� QHHG� WR� XSGDWH� SDVVLYH
UXOHV�ZKHQ�WKH�GDWD�WKH\�GHVFULEH�LV�FKDQJHG��

�����7KH�.QRZOHGJH�%DVH

)RU� TXHU\� UHIRUPXODWLRQ� WKHUH� DUH� WKUHH� PDLQ� W\SHV� RI
NQRZOHGJH� GHULYHG� IURP� WKH� GDWD�� QDPHO\� � GRPDLQ
DVVHUWLRQV��DWWULEXWH�SDLU�UXOHV��DQG��VSHFLDO�SXUSRVH�UXOHV�

'RPDLQ� DVVHUWLRQV�DUH� VLQJOH�DWWULEXWH� DVVHUWLRQV� VXFK
DV� WKH� WZR� H[WUHPH� YDOXHV�� HPSW\� VXEUDQJH� LQWHUYDOV
EHWZHHQ� WKH� H[WUHPH� YDOXHV�� SHUFHQWLOH� SRLQWV�� VWULQJ
DWWULEXWH�YDOXHV�DQG�IUHTXHQFLHV�

$WWULEXWH�SDLU� UXOHV� �FDOOHG� 6LPSOH� 5XOHV� LQ� >6L� ��@�
DUH� VLQJOH� DQWHFHGHQW� UXOHV� ZKLFK� DOVR� KDYH� D� VLQJOH
FRQVHTXHQW�FRQGLWLRQ���(DFK�DWWULEXWH�SDLU��$3��UXOH�UHIHUV
WR�WZR�FROXPQV�LQ�D�SDUWLFXODU�GDWDEDVH�WDEOH��ZKLFK�PD\
EH�D�-RLQHG�WDEOH�IURP�WZR�RU�PRUH�EDVH�UHODWLRQV�� �(DFK
UXOH�LV�DQ�LQIHUHQFH�RI�WKH�IRUP��$�⇒ �%�ZKHUH�$�DQG�%�DUH
VLQJOH�FRQGLWLRQV��DWRPLF�FRQVWUDLQWV��RI�WKH�NLQG�IRXQG�LQ
TXHULHV��DQG�HDFK�UHIHUV�WR�D�GLIIHUHQW�DWWULEXWH�LQ�WKH�VDPH
GDWDEDVH� WDEOH�� � &RQGLWLRQV� LQFOXGH� HTXDOLW\� FRQGLWLRQV

VXFK� DV� �FDWHJRU\�  � µSDSHU¶�� � RU� UDQJH� FRQGLWLRQV� RQ
QXPHULF�W\SHV��VXFK�DV��GDWH�≤���������

(DFK� RI� WKH� WZR� FRQGLWLRQV� LQ� DQ� $3� UXOH� LV� ODEHOOHG
ZLWK�WKH�SHUFHQWDJH�RI�WKH�GDWDEDVH�WDEOH�LW�GHQRWHV���7KLV
LV�WKH�SHUFHQWDJH�RI�WXSOHV�WKH�FRQGLWLRQ�ZRXOG�H[WUDFW�LI�LW
ZHUH�XVHG�DV�D�VHOHFWLRQ�FRQGLWLRQ�LQ�D�TXHU\�

6SHFLDO�SXUSRVH� UXOHV� DUH� GHULYHG� WR� VHUYLFH� VSHFLILF
IUHTXHQW�TXHULHV�RU�TXHU\�FRQGLWLRQ�FRPELQDWLRQV���$�UXOH
VXFK�DV���D� �³6HDWWOH´���∧ �����≤�F�≤������⇒ �����≤�J�≤����
LV�SRWHQWLDOO\�XVHIXO�LI�WKH�VSHFLILHG�DQWHFHGHQW�FRQGLWLRQV
RIWHQ� RFFXU� WRJHWKHU� LQ� TXHULHV�� � 7KLV� LV� DQDORJRXV� WR� D
PXOWL�DWWULEXWH� NH\�� ZKLFK� VHOHFWV� D� VLQJOH� WXSOH� E\
VSHFLI\LQJ� DQ� HTXDOLW\� FRQGLWLRQ� RQ� PRUH� WKDQ� RQH
DWWULEXWH�� � 6LPLODUO\�� GDWD� VXEVHWV� RI� UHJXODU� LQWHUHVW� FDQ
HDFK�EH�LGHQWLILHG�E\�D�VSHFLILF�FRQMXQFWLRQ�RI�FRQGLWLRQV�
6LQFH� D� IL[HG� SDLU� RI� FRQGLWLRQV� LV� XVHG�� WKH� SDLU� FDQ� EH
UHJDUGHG� DV� D� VLQJOH� XQLW�� DQG� GRHV� QRW� OHDG� WR� D
FRPELQDWRULDO� H[SORVLRQ� LQ� WKH� VL]H� RI� WKH� UXOH� VHW� �E\
FDUWHVLDQ� SURGXFW� FRPELQDWLRQ� RI� YDOXHV� IURP� WKH� WZR
DWWULEXWHV����2QO\�VSHFLILF�PXOWL�DWWULEXWH�FRQGLWLRQV�ZKLFK
DUH� XVHG� RIWHQ� DUH� RI� LQWHUHVW� DV� UXOH� DQWHFHGHQWV�� � $OO
DQWHFHGHQW� FRQGLWLRQV� LQ� D� UXOH� PXVW� EH� PDWFKHG� ZLWK
TXHU\� FRQGLWLRQV� LQ� RUGHU� WR� XVH� WKH� UXOH� IRU� TXHU\
RSWLPLVDWLRQ�� VR� PXOWL�FRQGLWLRQ�DQWHFHGHQW� UXOHV� DUH� QRW
XVHIXO�IRU�JHQHUDO�TXHU\�SURFHVVLQJ���7KH�SUREDELOLW\�WKDW
D�TXHU\�FRQWDLQV�WKH�VSHFLILF�FRPELQDWLRQ�RI�FRQGLWLRQV�LQ
D�UXOH�DQWHFHGHQW�GHFUHDVHV�DV� WKH�QXPEHU�RI�DQWHFHGHQWV
LQ� WKH� UXOH� LQFUHDVHV�� � 6R� D� ODUJH� QXPEHU� RI� UXOHV�ZRXOG
QHHG� WR� EH� KHOG� LQ� RUGHU� WR� LPSURYH� WKH� KLW� UDWLR� IRU
TXHULHV��6LQJOH�DQWHFHGHQW�UXOHV�DUH�PRUH�OLNHO\�WR�EH�XVHG
DQG� KDYH� PXFK� VPDOOHU� PD[LPXP� VHW� VL]H�� � 6R� VLQJOH�
DQWHFHGHQW� UXOHV� VKRXOG� EH� WKH� PDLQ� FRPSRQHQW� RI� WKH
UXOHEDVH�LQ�642�V\VWHPV�

����5XOH�*UDSKV

$Q�$WWULEXWH�SDLU� UXOH� LV� D�SDLU�RI�FRQGLWLRQV� OLQNHG�E\� D
GLUHFWHG� DUF�� � 6XFK� D� UXOH� FDQ� EH� XVHG� DV� DQ� HGJH� LQ� D
GLUHFWHG� JUDSK�� ZKRVH� FRQQHFWHG� SDWKV� GHQRWH� FKDLQV� RI
LQIHUHQFH���7ZR�UXOHV�FDQ�EH�FDVFDGHG�WR�IRUP�D�SDWK�LI�WKH
FRQVHTXHQW�RI�RQH�LPSOLHV�WKH�DQWHFHGHQW�RI�WKH�RWKHU���)RU
HTXDOLW\� FRQGLWLRQV� WKLV�PHDQV� WKH� WZR� FRQGLWLRQV�PDWFK
H[DFWO\��ZKHUHDV� IRU� WZR� UDQJH� FRQGLWLRQV�5&�� DQG� 5&�
RQ�WKH�VDPH�DWWULEXWH��5&��LPSOLHV�5&��LI�WKH�UDQJH�LQ�5&�
LV� D� VXEUDQJH� RI� WKDW� LQ� 5&��� � 6XEUDQJH� FRQWDLQPHQW� LV
WKHUHIRUH�WKH�UXOH�RI�LQIHUHQFH�WKDW�OLQNV�FRQVHFXWLYH�UXOHV�
6XEUDQJHV� VHOHFW� VXEVHWV�� VR� WKH� VHW�RI� WXSOHV� VHOHFWHG�E\
WKH�FRQVHTXHQW�RI�RQH� UXOH� LV� D� VXEVHW�RI� WKH� VHW� VHOHFWHG
E\�WKH�RWKHU�UXOH¶V�DQWHFHGHQW�� �7KHUHIRUH� WKH�FRQVHTXHQW
DVVHUWLRQ�VDWLVILHV�WKH�DQWHFHGHQW�FRQVWUDLQW�LQ�WKH�VHFRQG
UXOH�

�4XHU\� FRQGLWLRQV� LGHQWLI\� SDUWLFXODU� FRQGLWLRQ� QRGHV
LQ� WKH� JUDSK�� E\�PDWFKLQJ� UXOH� DQWHFHGHQW� RU� FRQVHTXHQW
FRQGLWLRQV�� &HUWDLQ� SDWKV� DWWDFKHG� WR� WKHVH� GLVWLQJXLVKHG
QRGHV� DUH� RI� LQWHUHVW� IRU� WKH� 642� RSHUDWLRQV� OLVWHG� LQ
VHFWLRQ�����DERYH�

2SHUDWLRQ� ������ QHHGV� D� SDWK� EHWZHHQ� WZR
GLVWLQJXLVKHG�QRGHV��VXFK�DV�WKH�SDWK�$�WR�(�LQ�)LJXUH����
4XHU\� FRQGLWLRQV� DUH� XVXDOO\� PDWFKHG� ZLWK� UXOH
DQWHFHGHQW� FRQGLWLRQV�� EXW� LQ� RSHUDWLRQ� ������� RQH� RI� WKH
WZR�TXHU\�FRQGLWLRQV�OLQNHG�E\�D�JUDSK�SDWK�LV�LPSOLHG�E\
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D� UXOH� FRQVHTXHQW�� )RU� DOO� WKH� RWKHU� RSHUDWLRQV� D� TXHU\
FRQGLWLRQ� LV� WKH�VWDUW�RI� D�SDWK� UDWKHU� WKDQ� WKH�HQG�� VLQFH
ZH�DUH�LQWHUHVWHG�LQ�ZKDW�WKH�TXHU\�FRQGLWLRQ�LPSOLHV�

2SHUDWLRQ� ������� IRU� H[DPSOH�� QHHGV� SDWKV� WR� DQ\
FRQGLWLRQV� RQ� DWWULEXWH� .�� ZKHUH� .� LV� UHVWULFWHG� LQ� WKH

TXHU\�� 2SHUDWLRQ� ������ FRPSDUHV� DVVHUWLRQV� UHDFKDEOH
IURP�GLIIHUHQW�TXHU\�QRGHV��2SHUDWLRQ�������QHHGV�D�SDWK
WR� DQ� LQGH[HG� DWWULEXWH� FRQGLWLRQ�� ZKLOH� RSHUDWLRQ� �����
QHHGV�D�SDWK�IURP�D�KLJK�FRVW�TXHU\�FRQGLWLRQ�RQH�ZKRVH
DWWULEXWH�W\SH�KDV�ORZHU�FRPSDULVRQ�FRVW�SHU�WXSOH�
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������ �)LJXUH������3DUW�RI�D�5XOH�*UDSK�VKRZLQJ�TXHU\�FRQGLWLRQV�$��)�DQG�(�

$� F\FOH� �VXFK� DV� %��0�� 5� LQ� )LJXUH� ��� GHQRWHV� D� VHW� RI
HTXLYDOHQW� FRQGLWLRQV� RQ� GLIIHUHQW� DWWULEXWHV�� $OO
FRQGLWLRQV� LQ� D� F\FOH� VHOHFW� WKH� VDPH� VHW� RI� WXSOHV�
&RQGLWLRQV� LQ� D� TXHU\� FDQ� EH� UHSODFHG� E\� HTXLYDOHQW
FRQGLWLRQV� ZKLFK� DUH� IDVWHU� WR� SURFHVV�� (�J�� D� VWULQJ
DWWULEXWH� ZKLFK� GLIIHUV� LQ� PRUH� WKDQ� WKH� ILUVW� HLJKW
FKDUDFWHUV� UHTXLUHV�PRUH� WKDQ� RQH�&38� VWHS� WR� FRPSDUH
ZLWK� D� VSHFLILHG� YDOXH�� 5HSODFLQJ� WKH� VWULQJ� DWWULEXWH
FRQGLWLRQ�ZLWK�D�GLIIHUHQW� FRQGLWLRQ�RQ� D� VLPSOH�QXPHULF
DWWULEXWH�ZLOO�UHGXFH�WKH�WLPH�QHHGHG�SHU�WXSOH�WR�SURFHVV
WKH�TXHU\�

:KHQ� UXOHV� DUH� FDVFDGHG� E\� VXEUDQJH� FRQWDLQPHQW
UDWKHU� WKDQ� H[DFW� PDWFK�� WKHLU� LQWHUPHGLDWH� JUDSK� QRGH
GHQRWHV�D�VHW�RI�FRQGLWLRQV��DV�VKRZQ�LQVLGH�WKH�ER[�LQ�WKH
GLDJUDP� RQ� WKH� ULJKW�� 7KH� FRQVHTXHQW� UDQJH� >��� ��� ��@
PDWFKHV��L�H��LPSOLHV��DQ\�UXOH�DQWHFHGHQW�RI�ZKLFK�LW�LV�D
VXE�UDQJH�� � 7KH� ER[� GHQRWHV� D� JUDSK� QRGH�� � $OO� UDQJHV
LQVLGH�WKH�ER[�UHIHU�WR�WKH�VDPH�DWWULEXWH�

�%UDQFKHV� RFFXU� LQ� JUDSK� SDWKV� ZKHQ� D� FRQVHTXHQW
UDQJH� LV� D� VXEUDQJH� RI� PRUH� WKDQ� RQH� DQWHFHGHQW� UDQJH�
7KH� PXOWLSOH� DQWHFHGHQWV� LQFOXGHG� LQ� RQH� RI� WKHVH

FRPSRVLWH� JUDSK� QRGHV� PXVW� KDYH� RYHUODSSLQJ� UDQJHV
VLQFH� WKH� RYHUODS� UHJLRQ� FRQWDLQV� WKH� FRQVHTXHQW� QRGH
UDQJH���H�J��>��������@�DERYH��

%UDQFKHV�DOVR�RFFXU�ZKHQ� WKH� VDPH�DQWHFHGHQW�FRQGLWLRQ
DSSHDUV� LQ� PRUH� WKDQ� RQH� UXOH�� ZKRVH� FRQVHTXHQWV
GHVFULEH�GLIIHUHQW�DWWULEXWHV���(J�

�D� ��3&�������⇒ ����������≤�E�≤��������
DQG��� �D� ��3&�������⇒ �����������≤�F�≤����������
7KH�WUDGLWLRQDO�DSSURDFK�WR�VHPDQWLF�TXHU\�UHIRUPXODWLRQ
>(J��6K���@�GRHV�QRW�UHIHU�WR�D�JUDSK���,W�HQWDLOV�LWHUDWLYHO\
DGGLQJ� FRQVHTXHQW� FRQGLWLRQV� IURP� UXOHV� WR� WKH� TXHU\� LI
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WKH� UXOH� DQWHFHGHQWV� DUH� LPSOLHG� HLWKHU� E\� 2ULJLQDO
&RQGLWLRQV� LQ� WKH� TXHU\� RU� E\� FRQGLWLRQV� VXEVHTXHQWO\
DGGHG� WR� WKH� TXHU\�� � 7KH� SURFHVV�� NQRZQ� DV� 6HPDQWLF
([SDQVLRQ�� FDQ� EH� VHHQ� DV� SDWK� EXLOGLQJ� LQ� WKH� 5XOH
*UDSK�� �3DWK�EXLOGLQJ�LV�QHFHVVDULO\�D�VHTXHQWLDO�SURFHVV�
ZKLFK� LV� WKHUHIRUH� XQGHVLUDEO\� VORZ� IRU� 642�� �$� VLQJOH�
VWHS� SURFHVV� LV� SUHIHUDEOH�� � )XUWKHUPRUH�� HDFK� DGGHG
FRQGLWLRQ� IURP� HDFK� UXOH� DSSOLFDWLRQ� SURGXFHV� D� QHZ
TXHU\�� VHPDQWLFDOO\� HTXLYDOHQW� WR� WKH� RULJLQDO�� � $IWHU� D
FHUWDLQ� DPRXQW� RI� H[SDQVLRQ�� WKH� WUDGLWLRQDO� DSSURDFK
H[DPLQHV�WKH�VHW�RI�TXHULHV�LW�KDV�SURGXFHG��FRPSXWHV�WKH
H[HFXWLRQ�FRVW�RI�HDFK��DQG�IRUZDUGV�WKH�ORZHVW�FRVW�TXHU\
WR� WKH� GDWD� VHUYHU� WR� SURFHVV� �L�H�� DQVZHU��� � 7KLV� FRVW�
FRPSXWDWLRQ�SKDVH�LV�DOVR�DQ�XQVXLWDEO\�VORZ�DFWLYLW\�IRU�D
SURFHVV�LQ�D�KXUU\�

)LJXUH� �� FODULILHV� WKH� SURFHVV� RI� VHPDQWLF� TXHU\
RSWLPLVDWLRQ�� UHYHDOLQJ� LW� DV� PRGLILFDWLRQ� RI� DQ� H[LVWLQJ
TXHU\�� XVLQJ� JUDSK� SDWKV�� UDWKHU� WKDQ� WKH� VHTXHQWLDO
JHQHUDWLRQ� RI� PXOWLSOH� DOWHUQDWLYH� TXHULHV�� � 2I� WKH� QLQH
TXHU\� SURFHVVLQJ� RSHUDWLRQV� OLVWHG� LQ� VHFWLRQ� ��� RQO\
RSHUDWLRQV� �� DQG� �� UHTXLUH� DQ\� FRVW� DVVHVVPHQW�� � 7KH
RWKHUV�LQYROYH�RQO\�SDWK�FRQQHFWLYLW\�RU�GRPDLQ�DVVHUWLRQ
FKHFNLQJ���$�NQRZOHGJH�RI�SDWK�DQG�JUDSK�FKDUDFWHULVWLFV�
DV�GLVFXVVHG�EHORZ��LV�WKHUHIRUH�UHOHYDQW�

7KHRUHP����$�3DWK�GHQRWHV� D� 6HTXHQFH� RI�1HVWHG�6HWV�
0RQRWRQLFDOO\�,QFUHDVLQJ�LQ�6L]H�

3URRI�� (DFK� FRQGLWLRQ� LQ� D� UXOH� GHQRWHV� D� VHW� RI� WXSOHV�
7KLV� LV� WKH� VHW� REWDLQHG� LI� WKH� FRQGLWLRQ� LV� XVHG� DV� D
VHOHFWLRQ� FRQVWUDLQW� WR� UHVWULFW� WKH� GDWD� VHW�� ,Q� HDFK� UXOH�
$⇒ %�� VHW�$�� ⊆ � VHW�%�� EHFDXVH� WKH� UXOH� �LI� $� WKHQ� %�
PHDQV��DOO�$
V�DUH�%
V��

7KH�OLQN�EHWZHHQ�VXFFHVVLYH�UXOHV� LQ�D�JUDSK�LV�D�VXE�
VHW� UHODWLRQVKLS� VLQFH� FRQVHTXHQWL� µPDWFKHV¶� DQWHFHGHQWL��
E\� VXEUDQJH� FRQWDLQPHQW�� ERWK� FRQGLWLRQV� UHIHU� WR� WKH
VDPH� DWWULEXWH� DQG� WKH� VHW� RI� YDOXHV� VSHFLILHG� LQ
FRQVHTXHQWL� LV� D� VXE�VHW� RI� WKRVH� LQ� DQWHFHGHQWL���
$GMDFHQW�FRQGLWLRQ� VHWV� LQ� D� SDWK�PD\� EH� WKH� VDPH� VL]H�
�EHFDXVH� FRQVHTXHQWL� DQG� DQWHFHGHQWL���PDWFK� H[DFWO\�� RU
WKH�ZLGHU� UDQJH�DQWHFHGHQW�VHOHFWV�QR�PRUH� WXSOHV�GXH� WR
DQ�HPSW\�VXEUDQJH�LQWHUYDO��RU�EHFDXVH�$�DQG�%�LQ�D�UXOH
$� ⇒ � %� DUH� HTXLYDOHQW� FRQGLWLRQV�� EXW� FRQVHFXWLYH
FRQGLWLRQV� LQ� D� SDWK� FDQ� QHYHU� GHQRWH� D� GHFUHDVH� LQ� VHW
VL]H�

&RUROODU\� ��� � )RU� DQ\� SDWK�� DQ\� UHDFKDEOH� QRGH� ZKRVH
DWWULEXWH� LV� WKH�VDPH�DV� WKH�VWDUW�QRGH�UHSUHVHQWV�D� VXSHU�
VHW� RI� WKH� VWDUW� QRGH� VHW�� )RU� H[DPSOH�� D� SDWK� IURP�QRGH
����≤�J�≤�����PD\�OHDG�WR�D�QRGH����≤�J�≤�����ZKLFK�LV�D
VXSHU�UDQJH�RI�WKH�HDUOLHU�FRQGLWLRQ�DQG�WKHUHIRUH�GHQRWHV
D�VXSHU�VHW�RI�WXSOHV�

&RUROODU\� ��� � 6WULQJ� DWWULEXWH� DVVHUWLRQV� FDQQRW� OHDG� WR
RWKHU� DVVHUWLRQV� RQ� WKDW� VDPH� DWWULEXWH� �XQOHVV� WKH� UXOHV
VXSSRUW� VHW�YDOXHG� DVVHUWLRQV��� 7KLV� LV� EHFDXVH� VWULQJ
DWWULEXWHV�DOORZ�RQO\�HTXDOLW\�RU�VHW�YDOXHG�FRQGLWLRQV��QRW
UDQJHV����$�JUDSK�SDWK�VWDUWLQJ�ZLWK��D �%%&���FRXOG�RQO\
OHDG� WR� DQ� DVVHUWLRQ� VXFK� DV� �D� ∈ ^³%%&´�� ³,79´`�
GHVFULELQJ�WKH�SURSHUWLHV�RI�WKH�UHDFKDEOH�VXSHU�VHW�

7KHRUHP� ��� � 5HDFKDEOH� QRGH� DVVHUWLRQV� DUH� QRQ�
FRQWUDGLFWRU\

3URRI��6WDUWLQJ�IURP�D�VSHFLILF�QRGH��VXFK�DV��D ��%%&��
DQ\� IRUZDUG� SDWK� LQ� WKH� GLUHFWHG� JUDSK� GHQRWHV� D
PRQRWRQLFDOO\� LQFUHDVLQJ� VHTXHQFH� RI� QHVWHG� VHWV� RI
WXSOHV��:KHQ�D�SDWK�EUDQFKHV��WKH�WZR�DOWHUQDWLYH�VXE�VHWV
DW� WKH� EUDQFK� SRLQW� PXVW� KDYH� D� QRQ�HPSW\� LQWHUVHFWLRQ
ZKLFK� FRQWDLQV� WKH� VHW� VHOHFWHG� E\� WKH� RULJLQDO� FRQGLWLRQ
�D ��%%&����7KLV�DSSOLHV�DW�HYHU\�EUDQFK�SRLQW�UHDFKDEOH
IURP� WKDW� RULJLQDO� FRQGLWLRQ�� 7KHUHIRUH� DOO� WKH� UHDFKDEOH
QRGHV� GHQRWH� WXSOH� VHWV� ZKLFK� RYHUODS�� (DFK� QRGH
DVVHUWLRQ�VSHFLILHV�VHWV�RI�YDOXHV�IRXQG�LQ�WKH�QRGH
V�VXE�
VHW�RI�WXSOHV��&RQWUDGLFWRU\�DVVHUWLRQV�KDYH�GLVMRLQW�YDOXH
VHWV��)RU�H[DPSOH��RQH�VD\V����≤�J�≤�����DQG�DQRWKHU�����≤
E�≤������7KLV�FDQQRW�RFFXU�ZLWK�LQWHUVHFWLQJ�VHWV�RI�WXSOHV
EHFDXVH� WKH� DVVHUWLRQV� PXVW� FRQWDLQ� FRPPRQ� YDOXHV�
IRXQG�LQ�WXSOHV�FRPPRQ�WR�ERWK�VHWV�

&RUROODU\����$OWHUQDWLYH�FRQVHTXHQWV�FDQ�EH�LQWHUVHFWHG�
%UDQFKLQJ�SURGXFHV�UXOHV�ZKLFK�LQYROYH�DOWHUQDWLYH�VXSHU�

VHWV� RI� WKH� VHW� VHOHFWHG� E\� WKH� DQWHFHGHQW�� )RU� H[DPSOH�

XVLQJ�D�Q����P��DV�DQ�DEEUHYLDWLRQ�IRU��Q�≤ D�≤ P��
D���������⇒ �E�����������FDVFDGHV�ZLWK�UXOHV�

E�����������⇒ �F���������������DQG������E������������ ⇒ �F����������

7KLV�SURGXFHV�WZR�WUDQVLWLYH�UXOHV�

D���������⇒ �F���������

DQG D���������⇒ �F����������

7KH� ILUVW� UXOH� VWDWHV� WKDW� DQ\� WXSOH�ZLWK� ���≤� D�≤� ���ZLOO
KDYH�D�F�YDOXH�EHWZHHQ���DQG�����7KH�VHFRQG�DVVHUWV�WKDW

WKHLU�F�YDOXH�LV�VRPHZKHUH�EHWZHHQ���DQG�����7KHUHIRUH�

D���������⇒ �F����������

7KLV�UXOH�XVHV�WKH�LQWHUVHFWLRQ�RI�WKH�WZR�FRQVHTXHQWV��7KH

LQWHUVHFWLRQ�PXVW� FRQWDLQ� DOO� WKH� D��� ��� ��� WXSOHV�� DQG� WKH

QDUURZHU� FRQVHTXHQW� UDQJH� LV� D� EHWWHU� GHVFULSWLRQ�RI� WKDW

VHW� WKDQ� HLWKHU� RI� WKH� FRQVHTXHQWV� DORQH�� �&RPELQLQJ� WKH

NQRZOHGJH�IURP�WZR�GLIIHUHQW�SDWKV�KDV�SURGXFHG�D�PRUH

VSHFLILF�FRQVHTXHQW�DVVHUWLRQ�DERXW�WKH�VXEVHW�VHOHFWHG�E\

FRQGLWLRQ�D���������

$� QDUURZ� FRQVHTXHQW� UDQJH� LV� GHVLUDEOH� IRU� 642�� 6R
JUDSK� SUH�SURFHVVLQJ�� WR� LQWHUVHFW� FRQVHTXHQWV� IURP
GLIIHUHQW� EUDQFKHV�� FDQ� JLYH� EHWWHU� TXHU\� UHIRUPXODWLRQ
UHVXOWV� WKDQ� WKH� WUDGLWLRQDO� PHWKRG� ZKLFK� VHTXHQWLDOO\
DSSOLHV� UXOHV� WR� WKH� TXHU\�� µ%HWWHU� UHVXOWV¶� LQ� WKLV� FDVH
PHDQV� LW� FDQ� UHIRUPXODWH� D�ZLGHU� UDQJH� RI� TXHULHV� XVLQJ
WKH�JLYHQ�VHW�RI�UXOHV��VLQFH�WKH�WUDGLWLRQDO�PHWKRG�PD\�QRW
XVH�DOO�DOWHUQDWLYH�UXOHV�ZLWKLQ�LWV�OLPLWHG�WLPH�

$� UXOH�SURGXFHG�E\� LQWHUVHFWLQJ� FRQVHTXHQWV� LV� D� QHZ
HGJH� LQ� WKH� &RQGLWLRQ� 'HSHQGHQF\� �&'�� JUDSK�� ,WV
QDUURZHG�FRQVHTXHQW� UDQJH�FDQ�FDVFDGH�ZLWK�DQWHFHGHQWV
QRW� SUHYLRXVO\� XVHG�� 7KHVH� QHZ� WUDQVLWLYH� UXOHV� DUH
GHULYHG� GXULQJ� JUDSK� SURFHVVLQJ�� 7KH\� GHVFULEH� VPDOOHU
VHWV� WKDQ� SUHYLRXVO\� FDVFDGHG� UXOHV�� VR� WKH\� QDUURZ� WKH
LQWHUVHFWLRQ� UDQJH� RI� DOWHUQDWLYH� FRQVHTXHQWV� LQ� WKH� QH[W
VWDJH� RI� UXOH� FRPSRVLWLRQ�� �:LGH� DQWHFHGHQW� UDQJHV� DUH
DVVRFLDWHG� ZLWK� ZLGH� FRQVHTXHQW� UDQJHV�� 5DQJH
LQWHUVHFWLRQ� XVHV� H[WUHPH� YDOXHV� IURP� WKRVH� UDQJHV�� $
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QDUURZ� UDQJH� SURYLGHV� EHWWHU� H[WUHPH� YDOXHV� IRU� WKH
SXUSRVH�RI�SURGXFLQJ�D�QDUURZ�LQWHUVHFWLRQ�UDQJH��

����3URSHUWLHV�RI�3DWKV

$�UXOH� �$� ⇒ �.��SDUWLWLRQV� WKH�VHW�RI� WXSOHV� LQ�D�GDWDEDVH

UHODWLRQ� LQWR� WKUHH�SDUWV�� DV�H[SODLQHG� LQ�6HFWLRQ���� �7KLV

FDXVHV�D�'LOXWLRQ�(IIHFW��ZKHUHE\�WKH�FRQVHTXHQW�DVVHUWLRQ

EHFRPHV�SURJUHVVLYHO\� OHVV� VSHFLILF� WR� WKH� DQWHFHGHQW� VHW

DV� VHW�.�� EHFRPHV� D� SURJUHVVLYHO\� ODUJHU� VXSHUVHW� RI

VHW�$��� �7KLV� LV�D�FKDUDFWHULVWLF�RI�SDWKV� LQ� WKH�JUDSK�� � ,Q

DQ\�WUDQVLWLYH�UXOH��$�⇒ �&��SURGXFHG�IURP�

�������$�⇒ �%��∧ ��%�⇒ �&��

VHW�&�� LV� D� VXSHUVHW� RI� VHW�%�� DQG� VHW�%�� D� VXSHUVHW� RI

VHW�$��� VR� VHW�&�� PD\� WKHUHIRUH� EH� PXFK� ODUJHU� WKDQ

VHW�$��
$� UXOH�� $� ⇒ � %�� DVVHUWV� WKDW� WXSOHV� ZKLFK� VDWLVI\

FRQGLWLRQ�$�ZLOO� H[KLELW� SURSHUW\�%�� EXW� LI� D� ORW� RI� RWKHU
WXSOHV� DOVR� KDYH� SURSHUW\�%� WKH� YDOXH� RI� WKH� DVVHUWLRQ� LV
OLPLWHG�� � 7KLV� DIIHFWV� TXHU\� UHIRUPXODWLRQ� RSHUDWLRQV
�OLVWHG� LQ�VHFWLRQ������� � ,Q�RSHUDWLRQ������� WKH�FRQVHTXHQW
PXVW� EH� D� VXEVHW� RI� WKH� LPSOLHG� TXHU\� FRQGLWLRQ�
2SHUDWLRQV� ������ DQG� ������ UHTXLUH� QRQ�LQWHUVHFWLRQ� ZLWK
WKH� FRQVHTXHQW� VHW�� � 7KLV� EHFRPHV� OHVV� OLNHO\� DV� WKH� VHW
FRYHUV�D�ODUJHU�IUDFWLRQ�RI�WKH�ZKROH�GDWD�VHW���2SHUDWLRQV
������DQG�������UHTXLUH�WKH�DGGHG�FRQGLWLRQ�WR�EH�FORVH�LQ
VL]H� WR� WKH� H[LVWLQJ� DQWHFHGHQW� FRQGLWLRQ� WR� ZKLFK� LW� LV
EHLQJ�DGGHG�LQ�WKH�TXHU\�

%HFDXVH�FDVFDGHG�UXOHV�DUH�OHVV�XVHIXO�WKDQ�GLUHFW�UXOHV�LW
LV�SUREDEOH�WKDW�WKH�EHVW�UHIRUPXODWHG�TXHU\�ZLOO�EH�IRXQG
GLUHFWO\� IURP� WKH� UXOH� VHW� UDWKHU� WKDQ� E\� WDNLQJ� ORQJHU� LQ
TXHU\� UHIRUPXODWLRQ� WR� VHDUFK� WKH� JUDSK� IRU� WUDQVLWLYH
UXOHV��RU�EXLOG� WKHP�E\�VXFFHVVLYH�DSSOLFDWLRQ�RI� UXOHV� WR
WKH�TXHU\���7KLV�H[SODLQV�WKH�H[SHULPHQWDO�REVHUYDWLRQ�>7L
��@� WKDW� WKH� UHIRUPXODWHG� TXHU\� REWDLQHG� TXLFNO\� IURP� D
JLYHQ�VHW�RI�UXOHV�LV�OLWWOH�LPSURYHG�E\�DOORZLQJ�XQOLPLWHG
WLPH�DQG�XVLQJ�PDQ\�PRUH�UXOHV�

�����0D[LPXP�8VDEOH�3DWKOHQJWK�LQ�WKH�*UDSK

,Q�RUGHU�WR�UHGXFH�ZRUNORDG�DW�TXHU\�WLPH�LW�LV�GHVLUDEOH�WR
SUH�SURFHVV�WKH�UXOH�JUDSK��WR�LGHQWLI\�DQ\�XVHIXO�WUDQVLWLYH
SDWKV�DQG�DGG� WKHP�DV�GLUHFW� UXOHV� WR� WKH� UXOH� VHW�� �5XOHV
GLVFRYHUHG� E\� WKLV� GHGXFWLYH� PHWKRG� DUH� QR� GLIIHUHQW� LQ
FKDUDFWHU�IURP�UXOHV�SURGXFHG�E\�GDWD�DQDO\VLV�� �7KHUH� LV
QR�ULVN�RI�WKHP�EHFRPLQJ�LQYDOLG�LI�DQ\�UXOH�LQ�WKHLU�FKDLQ
RI�GHGXFWLRQ�ZDV�GHOHWHG��VLQFH�WKH\�GHVFULEH�D�FRQQHFWLRQ
EHWZHHQ�WZR�FROXPQV�LQ�D�GDWDEDVH� WDEOH�� LQGHSHQGHQW�RI
WKH�UXOHV�ZKLFK�UHYHDOHG�WKDW�FRQQHFWLRQ���7KH�JUDSK�SUH�
SURFHVVRU�QHHGV�WR�NQRZ�ZKHWKHU�WKHUH�LV�D�PD[LPXP�SDWK
OHQJWK� IURP� DQ\� FRQGLWLRQ� QRGH�� EH\RQG� ZKLFK� IXUWKHU
H[SORUDWLRQ�LV�XQQHFHVVDU\��ZKHQ�GHULYLQJ�WKHVH�WUDQVLWLYH
UXOHV�

3DUW�RI� WKH�DQVZHU� LV� SURYLGHG�E\� WKH�'LOXWLRQ�(IIHFW�
VLQFH� WKH� FRQGLWLRQV� LQ� D� SDWK� GHQRWH� D� VHTXHQFH� RI
PRQRWRQLFDOO\� LQFUHDVLQJ� QHVWHG� VXEVHWV� RI� WKH� GDWDEDVH
WDEOH�� �7KH� WZR� FRQGLWLRQV� LQ� HDFK� UXOH� DUH� ODEHOOHG�ZLWK
WKHLU�SHUFHQWDJH�VHOHFWLYLW\��VR�D�SDWK�FDQ�EH�DEDQGRQHG�DV
VRRQ� DV� D� QHZ� QRGH� PDNHV� WKH� VL]H� GLIIHUHQFH� EHWZHHQ

DQWHFHGHQW� DQG� FRQVHTXHQW� VHWV� WRR� ODUJH�� � %XW� WKHUH� LV
DOVR� D�PD[LPXP�SDWK� OHQJWK� LQGHSHQGHQW� RI� VHW� VL]HV�� DV
QRZ�H[SODLQHG�

�
$�SDWK�LV�D�VHTXHQFH�RI�FRQGLWLRQV��(DFK�FRQGLWLRQ�UHIHUV
WR� D� VLQJOH� DWWULEXWH�� � 6XFFHVVLYH� FRQGLWLRQV� UHIHU� WR
GLIIHUHQW� DWWULEXWHV�� 7KH� VHTXHQFH� RI� UXOH� FRQVHTXHQWV
IROORZLQJ� D� SDUWLFXODU� FRQGLWLRQ� QRGH� LQ� WKH� FKDLQ� DUH
LPSOLHG� FRQVHTXHQWV� RI� WKDW� FRQGLWLRQ�� $� FKDLQ� RI
LQIHUHQFH� WHUPLQDWHV� ZKHQ� WKH� DWWULEXWH� LQ� WKH� ILUVW
FRQGLWLRQ� LV� HQFRXQWHUHG�DJDLQ��6XEVHTXHQW� FRQGLWLRQV� LQ
WKH�SDWK�DUH� FRQVHTXHQWV� RI� WKDW� VHFRQG� FRQGLWLRQ�RQ� WKH
DQWHFHGHQW�DWWULEXWH��7KH\�DUH�DOVR�FRQVHTXHQWV�RI�WKH�ILUVW
FRQGLWLRQ��RI�FRXUVH�� EXW� VXFK� LPSOLHG� UXOHV� DUH� ORJLFDOO\
UHGXQGDQW�� VXEVXPHG� E\� WKH� ODWHU� UXOH�� )RU� H[DPSOH�� WKH
IROORZLQJ�FRQGLWLRQV�RFFXU�LQ�D�SDWK�

��D������������→   ������→�D�����������→   ������→�K������������

7ZR�UXOHV�FDQ�EH�H[WUDFWHG�

�D�����������⇒ �K������������
��D�����������⇒ �K������������

7KH� ILUVW� UXOH� LV� UHGXQGDQW� DFFRUGLQJ� WR� WKH� 5XOH
6XEVXPSWLRQ� 7KHRUHP� >5R� ��@�� VLQFH� WKH� VHFRQG� UXOH
FRQWDLQV� DOO� WKH� LQIRUPDWLRQ� LQ� WKH� ILUVW� UXOH�� DQG� PRUH�
EHFDXVH�LW�GHVFULEHV�D�VXSHU�VHW��L�H��WKRVH�VHOHFWHG�E\�WKH
FRQGLWLRQ����≤�D�≤������RI� WKH� WXSOHV�ZLWK�����≤� D�≤�����
7KHUHIRUH�

L��7KH�PD[LPXP�SDWK�OHQJWK�WKDW�QHHGV�WR�EH�H[DPLQHG
LQ� D� &'� JUDSK� ZKHQ� GHULYLQJ� UXOHV� LV� 1��� HGJHV� �1
QRGHV���ZKHUH�1�LV�WKH�QXPEHU�RI�FROXPQV�LQ�WKH�GDWDEDVH
WDEOH�DQG�WKH�SDWK�LV�D�VHTXHQFH�RI�1�FRQGLWLRQV�RQ�WKH�1
GLIIHUHQW� FROXPQV�� � 3DWKV� ORQJHU� WKDQ�1� FDQ� H[LVW� LQ� WKH
JUDSK��EXW�UXOH�GHULYDWLRQ�RQO\�QHHGV�WR�H[DPLQH�SDWKV�WR
GHSWK�1�

LL�� $V� VRRQ� DV� D� SDWK� JHWV� EDFN� WR� WKH� FROXPQ� IURP
ZKLFK� LW� VWDUWHG�� WKH� QRGH� DW� WKH� HQG� RI� WKH� SDWK� PXVW
GHQRWH� D� VXSHUVHW� RI� WKH� WXSOHV� LGHQWLILHG� E\� WKH� VWDUW� RI
SDWK�QRGH�FRQGLWLRQ���(J��F���������⇒ �F�����������6R�WKHUH
DUH�QR� IXUWKHU�FRQVHTXHQWV� LQ� WKLV� SDWK� IRU� WKH� VWDUW� QRGH
DQWHFHGHQW� FRQGLWLRQ�� � F��������� VWDUWV� D� QHZ� SDWK�
SURYLGLQJ� LQIRUPDWLRQ� DERXW� D� GLIIHUHQW� VXEVHW� RI� WKH
GDWDEDVH�WDEOH���7KLV�LV�D�VXSHU�VHW�RI�WKH�WXSOHV�GHVFULEHG
E\�WKH�ILUVW�SDWK���$�SDWK�GRHV�QRW�QHFHVVDULO\�SDVV�WKURXJK
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DOO�RWKHU� DWWULEXWHV� EHIRUH� UHWXUQLQJ� WR� WKH� DWWULEXWH� LQ� LWV
VWDUW�RI�SDWK�FRQGLWLRQ�

$IWHU�JUDSK�SUH�SURFHVVLQJ��HDFK�DQWHFHGHQW�FRQGLWLRQ�KDV
D�VHW�RI�RSWLPXP�FRQVHTXHQW�FRQGLWLRQV�DVVRFLDWHG�ZLWK�LW�
7KHVH�DUH�VLQJOH�HGJHG�SDWKV�LQ�WKH�JUDSK��ZKLFK�UHSUHVHQW
WKH� GLVFRYHUHG� WUDQVLWLYH� DQG� LQWHUVHFWHG�FRQGLWLRQ� SDWKV�
EXW� WKH� VHW� LV�PRUH� HIILFLHQWO\� DFFHVVHG� LI� LW� LV� FRDOHVFHG
LQWR� D� VLQJOH� UXOH� IRU� WKH� VLQJOH� DQWHFHGHQW� FRQGLWLRQ�� �$
YHFWRU�RI�FRQVHTXHQWV�KROGV�WKH�VHW�RI�UXOH�FRQVHTXHQWV�
)RU�H[DPSOH��WKH�UXOHV�

�D� ����⇒ ������E�≤�������DQG�����D ���⇒ ��G� ��EI����N��

EHFRPH��������D� ����⇒ ������E�≤������∧  ��G� ��EI����N���
(DFK� HOHPHQW� LQ� WKH� FRQVHTXHQW� YHFWRU� LV� D� FRQVHTXHQW
FRQGLWLRQ� IURP� D� UXOH�� � 7KH� YHFWRU� LV� D� FRQMXQFWLRQ� RI
FRQGLWLRQV�� EXW� VLQFH� FRQVHTXHQWV� DUH� DVVHUWLRQV� UDWKHU
WKDQ�FRQVWUDLQWV�� LQGLYLGXDO�FRQGLWLRQV�FDQ�EH�XVHG� LQ� WKH
VDPH� ZD\� DV� WKH� LQGLYLGXDO� UXOHV� IURP� ZKLFK� WKH\� ZHUH
GHULYHG�� �(OHPHQWV� LQ� WKH�YHFWRU� DUH�RUGHUHG� LQ� WKH� VDPH
ZD\� DV� WKH� DWWULEXWHV� WR�ZKLFK� WKH\� UHIHU� LQ� WKH� GDWDEDVH
WDEOH�� � 0DQ\� DWWULEXWHV� ZLOO� EH� DEVHQW� IURP� D� UXOH
FRQVHTXHQW�� VLQFH� RQO\� DQWHFHGHQW�FRQVHTXHQW� DWWULEXWH
SDLUV�XVHIXO�IRU�TXHU\�SURFHVVLQJ�DUH�LQFOXGHG�

�����,QHIILFLHQF\�RI�7UDQVLWLYH�5XOHV

$�SDWK�LV�DQ�LQHIILFLHQW�ZD\�WR�GHULYH�D�VXEVHW�GHSHQGHQF\
UXOH� EHWZHHQ� WZR� DWWULEXWHV�� � ,QHIILFLHQW� EHFDXVH� WKH
'LOXWLRQ�(IIHFW�SURGXFHV� ORZ�XWLOLW\� UXOHV�� � �(J�FDVFDGLQJ
WKH�WZR�UXOHV�

U���������≤�D�≤������⇒ ������≤�F�≤����������DQG
U���������≤�F�≤������⇒ ������≤�E�≤����

SURYLGHV� D� UXOH� OLQNLQJ� DWWULEXWHV� D� DQG� E� YLD� F�� � 7KH
WUDQVLWLYH�UXOH�LV������≤�D�≤������⇒ ������≤�E�≤�����

%XW�GLUHFW�UXOH�GHULYDWLRQ��XVLQJ�WKH�VHOHFWLRQ�FRQGLWLRQ
����≤�D�≤�����WR�H[WUDFW�D�VHW�RI�WXSOHV�DQG�H[DPLQLQJ�WKH
UDQJH� RI� YDOXHV� IRU� DWWULEXWH� E� LQ� WKDW� VHW�� ZLOO� XVXDOO\
SURYLGH�D�QDUURZHU�UDQJH��VXFK�DV�����≤�E�≤�����

7KHUHIRUH� LW� LV� TXHVWLRQDEOH� ZKHWKHU� UXOHV� VKRXOG� EH
FDVFDGHG�WR�SURYLGH�WUDQVLWLYH�UXOHV��EHFDXVH�WKH\�DUH�OHVV
XVHIXO�WKDQ�WKH�FRUUHVSRQGLQJ�GLUHFW�UXOHV���$OWKRXJK�UXOH
FRQFDWHQDWLRQ�GRHV�SURYLGH�LQIRUPDWLRQ�ZLWKRXW�DFFHVVLQJ
WKH� GDWD� VHUYHU�� ZKLFK� PD\� EH� EHQHILFLDO� LQ� VRPH
HQYLURQPHQWV�

,I� WKH� UXOH� VHW� KDV� QRW� EHHQ� SUH�SURFHVVHG� WR� GLVFRYHU
WUDQVLWLYH�UXOHV��WKH�'LOXWLRQ�(IIHFW�VXJJHVWV�WKDW�WUDQVLWLYH
UXOHV� DUH� UDUHO\� EHQHILFLDO�� VR� WKDW� RQ� DYHUDJH� � WKH� WLPH
VDYHG�E\�QRW�ORRNLQJ�IRU�WKHVH�UXOHV�DW�TXHU\�WLPH��DQG�VR
GHOD\LQJ� WKH� TXHU\� DQG� DGGLQJ� WR� TXHU\� UHVSRQVH� WLPH�
ZLOO� FRQWULEXWH� WR� DQ� DYHUDJH� LPSURYHPHQW� LQ� TXHU\

UHVSRQVH� WLPH�� � 7KH� UDUH� RFFDVLRQV� ZKHQ� D� XVHIXO
WUDQVLWLYH� UXOH� LV� GLVFRYHUHG� ZLOO� QRW� RXWZHLJK� WKH� WLPH
ZDVWHG�RQ�RWKHU�TXHULHV�

�����6HDUFK�6SDFH�5HGXFWLRQ

,I�WKH�GHSWK�RI�VHDUFK�LQ�WKH�*UDSK�DW�TXHU\�WLPH�LV�OLPLWHG
WR� RQH� HGJH�� WKHQ� D� TXHU\� ZLWK� 1� FRQGLWLRQV� UHTXLUHV� 1
UXOH� DQWHFHGHQW� ORRNXSV�� � 7KLV� PXVW� SURYLGH� �L�� SDWKV
EHWZHHQ� TXHU\� FRQGLWLRQV�� � �LL�� SDWKV� WR� FRQIOLFWLQJ
FRQVHTXHQWV��DQG��LLL��SDWKV� WR� ORZ�FRVW� FRQGLWLRQV�ZKLFK
FDQ�EH�UHGXQGDQWO\�DGGHG� WR� WKH�TXHU\��DV� LQGH[HG� WXSOH�
UHWULHYDO�FRQGLWLRQV�RU�ILOWHU�FRQGLWLRQV�

$V�ZHOO�DV� UHGXFLQJ� WKH�QXPEHU�RI�VHTXHQWLDO�SDWKV� WR
FRQVLGHU� DW� TXHU\� WLPH�� LW� LV� DOVR� LPSRUWDQW� WR� SURYLGH
UDSLG� VLPXOWDQHRXV� DFFHVV� WR� SDUDOOHO� SDWKV� EHFDXVH� HDFK
TXHU\�FRQGLWLRQ�RQ�DQ�1�DU\�GDWDEDVH�UHODWLRQ�FDQ�KDYH�XS
WR� 1��� RXWJRLQJ� HGJHV� IURP� LW�� IRU� HDFK� RI� WKH� RWKHU
DWWULEXWHV� LQ� FRQVHTXHQW� FRQGLWLRQV�� � 0XOWL�FRQVHTXHQW
UXOHV��LQWURGXFHG�LQ�6HFWLRQ����SURYLGH�WKLV�VXSSRUW�

7KH�VHW� VHOHFWHG�E\�DQ�HQG�RI�SDWK� FRQGLWLRQ� LV� ODUJHU
WKDQ� WKH� VHW� VHOHFWHG� E\� WKH� VWDUW� RI� SDWK� FRQGLWLRQ�� � 6R
XQOHVV� WKH� UHODWLYH� VHOHFWLYLW\� RI� WZR� TXHU\� FRQGLWLRQV
�HVWLPDWHG� IURP� DWWULEXWH� KLVWRJUDPV�� LV� DSSURSULDWH� LW� LV
QRW�ZRUWK�VHDUFKLQJ�IRU�DQ\�SDWK�EHWZHHQ�WKHP�

7KH� 'LOXWLRQ� (IIHFW� DOVR� VXJJHVWV� WKDW� �LQ� D
UHIRUPXODWHG� TXHU\�� DQ� DGGHG� LQGH[� RU� ILOWHU� FRQGLWLRQ
REWDLQHG�IURP�D� WUDQVLWLYH�SDWK�ZLOO�EH�D�SRRU�VHOHFWRU�RI
UHOHYDQW� WXSOHV� IRU� WKH� H[LVWLQJ� TXHU\� FRQGLWLRQ�ZKLFK� LV
WKH� VWDUW� QRGH� LQ� WKH� WUDQVLWLYH� SDWK�� � 6HOHFWLQJ� D
VLJQLILFDQWO\� ODUJHU� VHW� LV� QRW� XVHIXO� DQG� FDQ� LQFUHDVH� WKH
WLPH�QHHGHG�WR�SURFHVV�D�TXHU\�

����3RWHQWLDO�5XOHEDVH�6L]H

$�FRPPRQ�SUREOHP�IRU�V\VWHPV�ZKLFK�XVH�DXWRPDWLF�UXOH
GLVFRYHU\� LV� WKH� WHQGHQF\� RI� WKH� UXOHEDVH� WR� JURZ
XQVXLWDEO\�ODUJH���)RU�WKH�W\SH�RI�UXOHV�XVHG�LQ�642��HDFK
1�DU\�GDWDEDVH�WDEOH�FDQ�VSDZQ�XS�WR�1�
��1����GLIIHUHQW
VHWV� RI� $3� UXOHV�� SOXV� 1� 
� �1���� 
� �1���� VHWV� RI� ��
DQWHFHGHQW�FRQGLWLRQ� UXOHV�� � ,Q� JHQHUDO�� IRU� UXOHV� ZLWK
H[DFWO\� 3� DQWHFHGHQW� FRQGLWLRQV� WKHUH� DUH� 1���1��3�����
GLIIHUHQW�VHWV�RI�UXOHV��UHIOHFWLQJ�GLIIHUHQW�FRPELQDWLRQV�RI
DWWULEXWHV� RQ� WKH� OHIW� KDQG� VLGH� RI� UXOHV�� � $Q\� RI� WKHVH
QXPHURXV� VHWV� RI� UXOHV� FDQ� JURZ� YHU\� ODUJH�� H�J�� IRU� DQ
LQWHJHU� W\SH� DQWHFHGHQW� DWWULEXWH� ZLWK� P� GLIIHUHQW� YDOXHV
DSSHDULQJ� LQ� WKH� DWWULEXWH� FROXPQ� RI� WKH� GDWDEDVH� WDEOH
WKHUH� DUH�P&�� GLIIHUHQW� RUGHUHG�SDLUV� RI� LQWHJHU� YDOXHV� WR
XVH� DV� UDQJH� VSHFLILHUV�� L�H�� P
�P������ SRVVLEOH� UDQJH
LQWHUYDOV�WR�XVH�LQ�DQWHFHGHQW�FRQGLWLRQV���)RU�H[DPSOH��LI
�����WXSOHV�FRQWDLQ������GLIIHUHQW�YDOXHV� IRU� WKLV� LQWHJHU
DWWULEXWH�WKHUH�DUH��������SRVVLEOH�UXOHV�ZLWK�WKLV�DWWULEXWH
DV�DQWHFHGHQW���$QG�WKLV�LV�RQO\�RQH�RI�WKH�1�
��1����UXOH
VHWV�ZKLFK�XVH�RQO\�D�VLQJOH�DQWHFHGHQW�FRQGLWLRQ�

,W� LV� HDV\� WR� VHH� KRZ� D� UXOHEDVH� FDQ� EHFRPH� PDQ\
RUGHUV� RI� PDJQLWXGH� ODUJHU� WKDQ� WKH� GDWD� LW� GHVFULEHV�
XQOHVV� LW� LV� GHOLEHUDWHO\� UHVWUDLQHG�� � 8VLQJ� KLVWRJUDPV� DV
WKH� EDVLV� RI� D� UXOH� VHWV�� DV� GHVFULEHG� LQ� WKH� IROORZLQJ
VHFWLRQ��LV�D�UHVWUDLQW�PHFKDQLVP���7KH�QXPEHU�RI�UXOHV�LQ
WKH� VHW� IRU� DQ\� SDUWLFXODU� DQWHFHGHQW� DWWULEXWH� LV� QRZ
FKRVHQ�LQ�DGYDQFH��EHIRUH�GHULYLQJ�UXOHV�IURP�WKH�GDWD�
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����+LVWRJUDP�IRU�$QWHFHGHQW�&RQGLWLRQV

,I� WKH� UXOH� VHW� IRU� D� QXPHULFDO� DQWHFHGHQW� DWWULEXWH� LV
DOORZHG�WR�JURZ�DXWRPDWLFDOO\��E\�UXOH�GLVFRYHU\��WKHQ�WKH
YHU\� ODUJH� VHW� RI� UDQJH� UXOHV� SURGXFHG� FRQWDLQV� PXFK
UHGXQGDQF\�� � 0DQ\� UXOHV� DUH� VXEVXPHG� E\� RWKHUV�� DQG
WKHUH� LV� PXFK� QHVWLQJ� RI� FORVHO\�UHODWHG� VHWV� RI� WXSOHV
GHILQHG�E\�UXOH�DQWHFHGHQWV�>5R���@���7KH�UHGXQGDQW�UXOHV
FDQ�EH�UHPRYHG��EXW�LW�LV�LQHIILFLHQW�WR�JHQHUDWH�D�ODUJH�VHW
RI�UXOHV�DQG�WKHQ�DQDO\VH�DQG�GHOHWH�PRVW�RI�WKHP���%HWWHU
WR� GHFLGH� WKH� VL]H� RI� WKH� UHTXLUHG� UXOH� VHW� LQ� DGYDQFH�
7KHQ� GHULYH� DQWHFHGHQW� FRQGLWLRQ� UDQJHV� E\� GLYLGLQJ� WKH
LQWHUYDO� EHWZHHQ� WKH� WZR� H[WUHPH� YDOXHV� �KLJKHVW� DQG
ORZHVW� IRU� WKH� DWWULEXWH�� E\� WKH� QXPEHU� RI� UXOHV�� � 5XOHV
WKHUHIRUH� FRUUHVSRQG� WR� EDUV� LQ� D� KLVWRJUDP� IRU� WKH
DQWHFHGHQW� DWWULEXWH�� � +LVWRJUDPV� DUH� DOUHDG\� XVHG� LQ
FRQYHQWLRQDO� TXHU\� RSWLPLVDWLRQ� �GLVWLQFW� IURP� 642�� WR
HVWLPDWH� WKH� VL]H� RI� LQWHUPHGLDWH� WXSOH� VHWV�� � $� VLQJOH
�PXOWL�FRQVHTXHQW��VXEVHW�GHVFULSWRU� UXOH� LV�QRZ�DWWDFKHG
WR� HDFK� EDU� RI� WKH� KLVWRJUDP�� � 7KLV� SURYLGHV� PXOWLSOH
DVVHUWLRQV� SHU� EDU�� WR� VXSSOHPHQW� WKH� VLQJOH�� IUHTXHQF\
YDOXH��DVVHUWLRQ���$Q�1�EDU�KLVWRJUDP�OLPLWV�WKH�VL]H�RI�WKH
UXOH�VHW�SHU�DQWHFHGHQW�DWWULEXWH�WR�1�UXOHV�

&DWHJRU\� RU� VWULQJ� DWWULEXWHV� FDQ� EH� GHDOW� ZLWK� LQ� WKH
VDPH�ZD\��(�J������EDUV�UHSUHVHQWLQJ�����FDWHJRU\�YDOXHV
ZLWK� EDUV� WDOOHU� WKDQ� D� FHUWDLQ� IUHTXHQF\�RI�RFFXUUHQFH
YDOXH�� � (DFK� UXOH� LV� NQRZQ� WR� GHVFULEH� D� VXLWDEO\
VLJQLILFDQW�SHUFHQWDJH�RI�WXSOHV�LQ�WKH�WDEOH�

([DPSOHV�RI�UXOH�DQWHFHGHQW�FRQGLWLRQV�DVVRFLDWHG�ZLWK
EDUV�DUH����MREBWLWOH� �µVHFUHWDU\¶��

����RU������������≤�GDWHBRIBELUWK��≤�����������

$�SDUWLFXODU�PHULW�RI�WKH�KLVWRJUDP�UXOH�VHW�IRU�D�QXPHULF
DQWHFHGHQW� DWWULEXWH� LV� WKDW� LW� UHSUHVHQWV� D� KLHUDUFK\� RI
RWKHU�UXOHV��TXLFNO\�GHULYDEOH�IURP�WKH�EDVH�VHW��$GMDFHQW
EDUV� LQ� WKH� KLVWRJUDP� FDQ� EH� FRPELQHG� WR� SURYLGH�PRUH
UXOHV�� � 7KH� DQWHFHGHQW� UDQJH� FDQ� WKHUHIRUH� H[SDQG� WR
FDSWXUH� DQ\� µFRPSDUDEOH¶� TXHU\� FRQGLWLRQ�� E\
FRQFDWHQDWLQJ� DGMDFHQW� UXOH� UDQJHV�� � 7KLV� SURYLGHV� D
VROXWLRQ� WR� WKH� TXHU\� FRQGLWLRQ� FRQWDLQPHQW� SUREOHP
VXIIHUHG�E\�RWKHU�UXOH�VHWV��ZKHUH�D�ODUJH�QXPEHU�RI�UXOHV
LV� QHHGHG� LQ� RUGHU� WR� ILQG� RQH� WR� FRQWDLQ� WKH� TXHU\
FRQGLWLRQ� UDQJH� IDLUO\� FORVHO\�� $Q\� QXPEHU� RI� DGMDFHQW
UXOHV�FDQ�EH�FRPELQHG�� IURP��� WR���� UXOHV� LQ� WKH�FDVH�RI
���� UDQJHV�� � )RU�1� RULJLQDO� UXOHV��1��� QHZ� UXOHV� FDQ� EH
IRUPHG� IURP� DGMDFHQW� SDLUV�� 1��� IXUWKHU� UXOHV� IURP
DGMDFHQW� WULSOHWV��1��� UXOHV� IURP�JURXSV� RI� IRXU� DGMDFHQW
UXOHV��HWF���+HQFH�1����1�������1����������������������� ��1

��1������UXOHV�DUH�UHSUHVHQWHG�E\�D�EDVLF�VHW�RI�1�UXOHV�
L�H�� KDOI� WKH� VTXDUH� RI� WKH� QXPEHU� RI� EDVLF� UXOHV�
DSSUR[LPDWHO\����$ERXW������LQ�WKH�FDVH�RI�����UXOHV���%XW
UXOH�PDLQWHQDQFH�LV�PXFK�HDVLHU�ZLWK�RQO\�����UXOHV��

7KH� IROORZLQJ� GLDJUDP� VKRZV� WKH� KLHUDUFK\� RI
DQWHFHGHQW�UDQJHV�DYDLODEOH�IURP�D�EDVH�VHW�RI�IRXU� UXOHV�
7KH�WZR�H[WUHPH�YDOXHV�LQ�WKH�DQWHFHGHQW�DWWULEXWH�DUH���
DQG�����7KLV�DWWULEXWH�UDQJH� � >��� �����@� �ZDV�GLYLGHG� LQWR
IRXU�VXE�UDQJHV�WR�SURGXFH�WKH�KLVWRJUDP�UXOH�VHW�

7KH�DQWHFHGHQW�UDQJHV�IRU�WKH�FRUUHVSRQGLQJ�IRXU�UXOHV�DUH
VKRZQ�LQ�WKH�ORZHVW�URZ��%XW�WKHVH�IRXU�UXOHV�UHSUHVHQW���
UXOHV�� E\� 8QLRQLQJ�� � $� 8QLRQ� RI� $QWHFHGHQW� FRQGLWLRQV
LPSOLHV�D�XQLRQ�RI�UXOH�&RQVHTXHQW�DVVHUWLRQV�
8QLRQLQJ� LV� D� UDSLG� SURFHVV� EHFDXVH� RI� WKH� VLPSOH� UXOH
VWUXFWXUH�� 7KH� SXUSRVH� RI� XQLRQLQJ� DW� TXHU\� WLPH� LV� WR
SURGXFH� D� UXOH� DQWHFHGHQW� UDQJH� WKDW� EUDFNHWV� D� TXHU\
FRQGLWLRQ��DQG�LV�WKHUHIRUH�LPSOLHG�E\�WKH�TXHU\�FRQGLWLRQ�
(J��D�TXHU\�FRQGLWLRQ�UDQJH�>��� �����@�RQ� WKH�DWWULEXWH� WR
ZKLFK� WKHVH� DQWHFHGHQW� UDQJHV� UHIHU�� XVHV� WKH� DQWHFHGHQW
>��� ��� ����� � 7KLV� UXOH� GHVFULEHV� D� VHW� RI� WXSOHV� ZKLFK
LQFOXGHV�DOO�WKH�LWHPV�RI�LQWHUHVW�WR�WKH�TXHU\���$Q\�IXUWKHU
FRQGLWLRQV�LQ�WKH�FRQMXQFWLYH�TXHU\�RSHUDWH�WR�UHVWULFW� WKH
VHW� VHOHFWHG� E\� WKH� TXHU\� FRQGLWLRQ� >��� ��� ��@� RQ� WKLV
DWWULEXWH�

%UDFNHWV� LQ� WKH� GLDJUDP� IROORZ� WKH� XVXDO� FRQYHQWLRQ
IRU�LQWHUYDO�UHSUHVHQWDWLRQ��WKDW�D�VTXDUH�EUDFNHW�PHDQV�WKH
OLPLW�YDOXH�LV�LQFOXGHG�LQ�WKH�UDQJH��ZKLOH�D�URXQG�EUDFNHW
LQGLFDWHV�WKH�OLPLW�YDOXH�LV�QRW�LQFOXGHG���(�J��>���������� 
����≤�YDOXH�������

�����0XOWL�&RQVHTXHQW�5XOHV

5XOHV� DUH� GHULYHG� IURP� GDWD� E\� XVLQJ� WKH� DQWHFHGHQW
FRQGLWLRQ� WR� VHOHFW� D� VHW� RI� WXSOHV� DQG� WKHQ� SURGXFLQJ
FRQVHTXHQWV� ZKLFK� GHVFULEH� WKH� WXSOHV� LQ� WKDW� VHW�� � 7R
VXSSRUW�IDVW�TXHU\�UHIRUPXODWLRQ�DQG�UXOH�PDLQWHQDQFH�WKH
KLVWRJUDP� IRU� D� SDUWLFXODU� DQWHFHGHQW� DWWULEXWH� LV� XVHG� WR
SURYLGH� DQWHFHGHQW� FRQGLWLRQV� LQ�PXOWL�FRQVHTXHQW� UXOHV�
(DFK�RI�WKHVH�UXOHV�LV�D�FRPSDFW�UHSUHVHQWDWLRQ�RI�D�VHW�RI
�XS�WR�1���IRU�DQ�1�DU\�UHODWLRQ��$3�UXOHV�ZKLFK�DOO�VKDUH
WKH� VDPH� DQWHFHGHQW� FRQGLWLRQ� EXW� GLIIHU� LQ� WKHLU
FRQVHTXHQW� DWWULEXWH�� � (DFK� PXOWL�FRQVHTXHQW� UXOH� FDQ
WKHUHIRUH� SURYLGH� LQIRUPDWLRQ� DERXW� WKH� YDOXHV� RI� DOO
DWWULEXWHV�LQ�WKH�VXEVHW�RI�WXSOHV�VHOHFWHG�E\�WKH�DQWHFHGHQW
FRQGLWLRQ�

7KH�PXOWLSOH�FRQVHTXHQWV�DUH�RUGHUHG�DFFRUGLQJ�WR�WKH
SRVLWLRQ�RI� WKHLU�DWWULEXWHV� LQ� WKH� UHODWLRQ� VFKHPD�� VR� WKDW
WZR�RU�PRUH�RI�WKHVH�FRQVHTXHQW�VWUXFWXUHV�FDQ�EH�UDSLGO\
FRPSDUHG�RU�WKHLU�ILHOG�YDOXHV�XQLRQHG���&RPSDULVRQV�DUH
XVHIXO� EHWZHHQ� FRQVHTXHQWV� LPSOLHG� E\� GLIIHUHQW� TXHU\
FRQGLWLRQV�� DQG� XQLRQLQJ� LV� XVHIXO� ZKHQ� FRQFDWHQDWLQJ
DQWHFHGHQW� UDQJHV� WR� SURGXFH� D� UDQJH� ZLGH� HQRXJK� WR
HQFORVH�D�TXHU\�FRQGLWLRQ�

$�PXOWL�FRQVHTXHQW�UXOH���&�⇒ �$�∧ �%�∧ �'�∧ �(����ZKHUH
$����(��DUH�FRQGLWLRQV��LH�DWRPLF�FRQVWUDLQWV��RQ�DWWULEXWHV
D����H�UHVSHFWLYHO\��KDV�D�FRQMXQFWLYH�FRQVHTXHQW�DVVHUWLRQ�
7KH�FRQVHTXHQW�LV�D�ORJLFDO�SURGXFW��VR�DOO� LWV�FRPSRQHQW
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DVVHUWLRQV� DUH� WUXH�� � 7KHUHIRUH� DQ\� RI� WKRVH� FRPSRQHQWV
FDQ�EH�XVHG�RU�LJQRUHG�DFFRUGLQJ�WR�WKH�QHHGV�RI�WKH�UXOH
DSSOLFDWLRQ�

$�PXOWL�FRQVHTXHQW�UXOH�VHW�LV�D�7$%/(�ZKRVH�FROXPQ
QDPHV� DUH� WKH� VDPH� DV� WKRVH� RI� WKH� GDWDEDVH� UHODWLRQ� LW
GHVFULEHV��L�H��FROXPQ�QDPHV�DUH�DWWULEXWH�QDPHV��DQG�URZV
FRUUHVSRQG�WR�EDUV�LQ�WKH�KLVWRJUDP�GHVFULELQJ�D�SDUWLFXODU
DWWULEXWH�FXUUHQWO\�XVHG�DV�DQWHFHGHQW�IRU�UXOHV��(DFK�URZ
LQ� WKH� WDEOH� LV� ODEHOOHG� LQ� WKH� VDPH� ZD\� DV� D� EDU� LQ� D
KLVWRJUDP��WR�LGHQWLI\�WKH�VXE�VHW�RI�WXSOHV�LW�GHVFULEHV��(J
�MREBWLWOH� ��QXUVH��� � � RU� � � ����≤� I�≤� �����%XW� WKH�ZKROH
WDEOH�UHIHUV�WR�D�VLQJOH�DQWHFHGHQW�DWWULEXWH��VR�WKHUH�LV�QR
QHHG�WR�PHQWLRQ�WKH�DWWULEXWH�QDPH���HJ��MREBWLWOH��RU�I���LQ
URZ� ODEHOV�� � 7KH� WDEOH� VWUXFWXUH� SURYLGHV� IDVW� ORRNXS� E\
URZ�ODEHO�

'LIIHUHQW� DQWHFHGHQW� DWWULEXWHV� KDYH� GLIIHUHQW� WDEOHV�� EXW�
VLQFH�WKH�VWUXFWXUH�RI�URZV�LV�WKH�VDPH�LQ�DOO�UXOH�WDEOHV�IRU
D� SDUWLFXODU� GDWDEDVH� UHODWLRQ�� WKH\� DUH� HDVLO\� FRPSDUHG�
(DFK�URZ�LV�D�YHFWRU�RI�DWWULEXWH�DVVHUWLRQV��VR�LQIRUPDWLRQ
DERXW� D� SDUWLFXODU� DWWULEXWH� ZLOO� EH� IRXQG� LQ� LWV� IL[HG
SRVLWLRQ� VORW� LQ� WKH� URZ�� &RQWUDGLFWRU\� FRQVHTXHQWV�
FRQIOLFWLQJ�TXHU\�FRQGLWLRQ�UHTXLUHPHQWV��VLQJOH�YDOXHV�IRU
UHVXOW� DWWULEXWHV�� HWF��� DUH� WKXV� GLUHFWO\� DFFHVVLEOH�� � 7KH
SDUWLFXODU�URZV�WR�FRPSDUH�DUH�FKRVHQ�XVLQJ�WKH�URZ�ODEHO
WKDW�µPDWFKHV¶�D�TXHU\�FRQGLWLRQ�

([DPSOH�����D�TXHU\�RQ�D�SHUVRQQHO�GDWDEDVH�FRQFHUQV
SHRSOH�ZKRVH���MREBWLWOH� ��QXUVH���$1'��VDODU\������.��

8VLQJ� WKH� UHOHYDQW� PXOWL�FRQVHTXHQW� UXOH� WDEOH�� ZKRVH
DQWHFHGHQW� DWWULEXWH� LV� 
MREBWLWOH
�� LI� WKH� URZ� ODEHOOHG
�QXUVH�� VKRZV� DQ� HQWU\� VXFK� DV� >������ ��� �����@� IRU� WKH

VDODU\
� FROXPQ� WKHUH� DUH� QR� WXSOHV� PDWFKLQJ� ERWK� TXHU\
FRQGLWLRQV��)XUWKHUPRUH��WKH�V\VWHP�FDQ�HDVLO\�SURYLGH�DQ
H[SODQDWLRQ�IRU�LWV�DQVZHU��H�J���7KHUH�DUH�QR�UHVXOW�YDOXHV
EHFDXVH� �MREBWLWOH� �  � �QXUVH��� LPSOLHV� VDODU\� LV� LQ� WKH
UDQJH��������WR���������LQ�WKLV�GDWD�VHW��

([DPSOH�����FRQWUDGLFWRU\�FRQVHTXHQWV�

$�QHZ�TXHU\�FRQWDLQV�WZR�VHOHFWLRQ�FRQGLWLRQV�

�H� ��QXUVH�����Á�������≤�J�≤������
(DFK� FRQGLWLRQ� UHVWULFWV� D� GLIIHUHQW� DWWULEXWH�� VR� WKH� UXOH
VHWV� IRU�DWWULEXWHV� 
H
� DQG� 
J
� DUH� FRQVXOWHG��7KH� IROORZLQJ
UXOHV�
PDWFK
��L�H��WKHLU�DQWHFHGHQWV�DUH�LPSOLHG�E\��WKH�WZR
TXHU\�FRQGLWLRQV�

�H� ��QXUVH�� ⇒ �D����������E������������F� ³79´��G�≥����
����≤J≤ ���� ⇒ �D������������E������������������������G���������

&RQVHTXHQW�YDOXHV�DERYH�HDFK�RWKHU�DUH�HDVLO\�FRPSDUHG�
WR� LPSOHPHQW� RSHUDWLRQ� ������� DQG� WKH� RUGHUHG� IRUPDW� RI
FRQVHTXHQW�DVVHUWLRQV�IDFLOLWDWHV�RSHUDWLRQ�������
�&RQWUDGLFWRU\� DVVHUWLRQV� DERXW� WKH� YDOXH� RI� DWWULEXWH� 
E

VKRZ�WKDW�WKH�WZR�TXHU\�FRQGLWLRQV��H� ��QXUVH���DQG����
≤�J�≤������DUH�LQFRPSDWLEOH��7KH\�GHQRWH�GLVMRLQW�VXE�VHWV
RI�WKH�GDWD��VR�WKH�TXHU\�ZLOO�UHWXUQ�QR�UHVXOW�WXSOHV�

����'LVFXVVLRQ

6HFWLRQ��� LGHQWLILHG�SURSHUWLHV�RI�D� UXOH� VHW�ZKHQ�YLHZHG
DV� D� FRQGLWLRQ� GHSHQGHQF\� JUDSK�� � 7KLV� FODULILHG� WKH
UHTXLUHPHQWV�RI�VHPDQWLF�TXHU\�UHIRUPXODWLRQ�RSHUDWLRQV�
DQG� VKRZHG� WKDW� WLPH�FRQVXPLQJ� RSHUDWLRQV� �ZKLFK
FRXQWHUDFW�WKH�HIIHFWLYHQHVV�RI�TXHU\�RSWLPLVDWLRQ��FDQ�EH
GRQH� LQGHSHQGHQWO\� RI� WKH� TXHU\�� DV� D� SUH�SURFHVVLQJ
SKDVH���6SHFLDO�SXUSRVH�UXOHV�H[WHQG�WKH�H[SUHVVLYHQHVV�RI
DWWULEXWH�SDLU� UXOHV�� DQG� WKHVH� OLQN� LQWR� WKH�&'�JUDSK� YLD
WKHLU� VLQJOH� FRQVHTXHQW� DVVHUWLRQ� SHU� DWWULEXWH�� � 7KH
DQWHFHGHQW�FDQ�EH�VHHQ�DV�D�FRQVWUDLQW�RQ�D�VXE�UHODWLRQ�RU
YLHZ��EXW�WKH�UXOH¶V�FRQVHTXHQW�DVVHUWLRQ�DSSOLHV�WR�WXSOHV
LQ�WKH�SDUHQW�WDEOH�GHVFULEHG�E\�WKH�JUDSK�

7KH� UHVXOW� RI� JUDSK� SUH�SURFHVVLQJ� LV� D� YHFWRU� RI
DWWULEXWH� YDOXH� DVVHUWLRQV� DWWDFKHG� WR� HDFK� DQWHFHGHQW
FRQGLWLRQ� LQ� WKH�JUDSK� UXOH� VHW�� � ,I� WKH� VHW� RI� DQWHFHGHQWV
IRU� D� SDUWLFXODU� DWWULEXWH� ZHUH� DVVHPEOHG�� HDFK� ZLWK� LWV
YHFWRU� RI� FRQVHTXHQWV�� LW� ZRXOG� UHVHPEOH� D� PXOWL�
FRQVHTXHQW�KLVWRJUDP��EXW�WKH�DQWHFHGHQW�UDQJHV�LQ�WKLV�VHW
FDQ� RYHUODS� DQG� FDQ� EH� QHVWHG�� 1HYHUWKHOHVV�� WKLV� VHW� RI
DQWHFHGHQW�UDQJHV�LV�DQ�RUGHUHG�VHW��DQG�FRXOG�WKHUHIRUH�EH
RUJDQLVHG�LQ�DQ�DSSURSULDWH�GDWD�VWUXFWXUH�IRU�IDVW�ORRNXS�
7KLV� LV� H[SODLQHG� IXUWKHU� LQ� >5R� ��@�� � 7KDW� SDSHU� DOVR
GLVFXVVHV� FULWHULD� WR� LGHQWLI\� XVHIXO� VXE�VHWV� LQ� RUGHU� WR
UHVWULFW� WKH� QXPEHU� RI� UXOHV�� �6LQFH� HDFK� DQWHFHGHQW
FRQGLWLRQ� LV� D� VXE�VHW� VHOHFWRU� IRU� WXSOHV� LQ� D� YLUWXDO� RU
EDVH�UHODWLRQ�LQ�WKH�GDWDEDVH��

�6HFWLRQ���H[SODLQHG�WKDW�WKH�ZRUVW�FDVH�VL]H�IRU�D�VHW�RI
UXOHV� ZLWK� RQO\� RQH� DQWHFHGHQW� FRQGLWLRQ� RQ� D� VLQJOH
DWWULEXWH� LV�P� 
� �P������ UXOHV��ZKHUH�P� LV� EH� QXPEHU� RI
WXSOHV�LQ�WKH�GDWDEDVH�UHODWLRQ��DOO�ZLWK�GLIIHUHQW�YDOXHV��LQ
WKH�ZRUVW�FDVH��� ,I�DOO�1�DWWULEXWHV� IURP�WKH� UHODWLRQ�ZHUH
XVHG� DV� DQWHFHGHQW� FRQGLWLRQV� WKH� WRWDO� FRXOG� JURZ� WR
1
P
�P������UXOHV��,I� WZR�DQWHFHGHQW�FRQGLWLRQV�SHU� UXOH
DUH� DOORZHG�� WKH� UXOH� VHW� SURGXFHG� E\� DXWRPDWLF
NQRZOHGJH�GLVFRYHU\�FRXOG�JURZ�E\� D� IXUWKHU� �1
P
�P�
������ 
� ��1���
P
�P������� UXOHV�� 7KHUHIRUH� VHFWLRQ� �
VXJJHVWHG�WKH�VHW�SDUWLWLRQLQJ�VWUDWHJ\�XVHG�E\�KLVWRJUDPV
DV� D� GLUHFW� VRXUFH� RI� UXOH� DQWHFHGHQWV�� UDWKHU� WKDQ
XQJXLGHG�GLVFRYHU\�

+LVWRJUDP� UXOH� VHWV� SURYLGH�� GLUHFWO\�� D� VLQJOH� UXOH
PDWFKLQJ�HDFK�TXHU\�FRQGLWLRQ���7KLV�LV�DQRWKHU�DGYDQWDJH
RI� KLVWRJUDP� UXOHV� YHUVXV� UXOH� VHWV� ZLWK� RYHUODSSLQJ
DQWHFHGHQW� UDQJHV�� VLQFH� WKRVH� UHTXLUH� WKH� H[WUD� ZRUN� RI
GHFLGLQJ�ZKLFK�RI�WKH�DSSOLFDEOH�UXOHV�WR�XVH�

7KH�KLVWRJUDP�UXOH�VHW�LV�DQ�DXWRPDWLFDOO\�GHULYHG�GDWD
SURILOH�ZKRVH�HDVLO\�XQGHUVWDQGDEOH� VWUXFWXUH�DOORZV� LW� WR
EH� GLVSOD\HG� WR� XVHUV� ZLVKLQJ� WR� XQGHUVWDQG� WKH� GDWD�
2WKHU�UXOH�EDVHV��LQ�FRQWUDVW��FDQ�EH�LQFRPSUHKHQVLEOH�WR�D
XVHU�ZKR�ZDQWV� DQ� RYHUYLHZ� RI� GDWD� FKDUDFWHULVWLFV�� 7KH
KLVWRJUDP� FDQ� DOVR� EH� XVHG� WR� SURYLGH� H[SODQDWLRQV� IRU
HPSW\�TXHU\�UHVXOW�VHWV��DQG�WR�SURYLGH�VXPPDU\�DQVZHUV
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�VSHFLI\LQJ� WKH� UDQJH� IRU� HDFK� DWWULEXWH� LQ� WKH� UHVXOW� VHW�
LQVWHDG�RI�WXSOH�VHWV��$QRWKHU�ZD\�WR�VXPPDULVH�WKH�UHVXOW
VHW� LV� E\� VKRZLQJ� D� VHPDQWLFDOO\� HTXLYDOHQW�TXHU\�� VLQFH
WKLV� GHVFULEHV� WKH� TXHU\�VSHFLILHG� GDWD� VHW� LQ� D� GLIIHUHQW
ZD\��ZKLFK�PD\�EH�LQIRUPDWLYH�

7KH�NQRZOHGJH�UHSUHVHQWDWLRQ�VFKHPH�SURSRVHG�LQ�WKLV
SDSHU�DOVR�DOORZV�DJJUHJDWH�YDOXHV�WR�EH�SUH�FRPSXWHG�IRU
WKH� VXE�VHW�RI� WXSOHV� GHVFULEHG�E\� HDFK� UXOH�� DQG�XVHG� WR
IXUWKHU�DFFHOHUDWH�TXHU\�UHVSRQVH���6XSSRUW�IRU�DJJUHJDWHV
LV�OHVV�YLDEOH�LQ�WKH�DPRUSKRXV�UXOH�VHWV�FRPPRQO\�XVHG�

����&RQFOXVLRQV

6HPDQWLF� RSWLPLVDWLRQ� LV� D� VWULFWO\� WLPH�FRQVWUDLQHG� WDVN�
VR�WKH�FHQWUDO�LVVXH�IRU�HIIHFWLYH�LPSOHPHQWDWLRQ�LV�KRZ�WR
PDNH�EHVW�XVH�RI�WKH�OLPLWHG�WLPH�DYDLODEOH���(ODERUDWH�RU
XQVWUXFWXUHG�UXOH�VHWV�DUH�XQOLNHO\�WR�EH�DFFHVVLEOH�LQ�WLPH�
6HWV� RI� DWWULEXWH�SDLU� UXOHV� �DQG� WKHLU� PXOWL�FRQVHTXHQW
UHSUHVHQWDWLRQV�� DUH� HDVLO\� VWUXFWXUHG� IRU� UDSLG� DFFHVV�
7KH� 5XOH� JUDSK� SURYLGHV� D� PDS� RI� SRVVLEOH� TXHU\
UHIRUPXODWLRQ� RSHUDWLRQV�� ZKLFK� DOORZV� �L�� DSSURSULDWH
UXOHV� �SDWKV�� WR� EH� GLUHFWO\� VHOHFWHG�� DQG� � �LL�� DOWHUQDWLYH
DQG� WUDQVLWLYH� SDWKV� WR� EH� SUHFRPSXWHG� DQG� DVVHVVHG
EHIRUH�TXHU\�WLPH����)XOO�WUDQVLWLYH�FORVXUH�LV�QRW�UHTXLUHG�
VLQFH� WKH�PD[LPXP�XVHIXO� SDWK� OHQJWK� IRU� DQ�1�DU\� EDVH
UHODWLRQ�LV�1�QRGHV��

$Q� H[SODQDWLRQ� ZDV� QHHGHG� IRU� WKH� HPSLULFDO
REVHUYDWLRQ� WKDW� WKH� EHVW� TXHU\� UHIRUPXODWLRQ� LV� XVXDOO\
SURGXFHG� TXLFNO\� IURP� WKH� JLYHQ� UXOH� EDVH�� EHIRUH�PDQ\
RI�WKH�TXHU\�UHOHYDQW�UXOHV�KDYH�EHHQ�XVHG���7KH�'LOXWLRQ
(IIHFW� VXJJHVWV� WKDW� UXOH�TXDOLW\� LV� LQYHUVHO\�SURSRUWLRQDO
WR�LQIHUHQFH�SDWK�OHQJWK�IRU�WKDW�UXOH���7KHUHIRUH�DSSO\LQJ
UXOHV� WR� WKH� UHVXOWV� RI� SUHYLRXV� UXOH� DSSOLFDWLRQV� ZLOO
SUREDEO\� QRW� EH� EHQHILFLDO�� � )XUWKHUPRUH�� WKH� HPSLULFDO
UHVXOW�VXJJHVWHG�WKDW�HDUO\�WHUPLQDWLRQ�RI�TXHU\�SURFHVVLQJ
ZDV�GHVLUDEOH�EXW�LW�ZDV�QRW�FOHDU�ZKHQ�WR�VWRS���/LPLWLQJ
JUDSK�VHDUFK�WR�D�PD[LPXP�SDWKOHQJWK�RI�RQH�HGJH�PDNHV
WHUPLQDWLRQ� WLPH� H[SOLFLW�� � *UDSK� SUHSURFHVLQJ� FDQ
FRQYHUW�DQ\�XVHIXO�WUDQVLWLYH�SDWKV�WR�VLQJOH�HGJH�SDWKV�LQ
SUHSDUDWLRQ�IRU�WKLV�IDVW�TXHU\�UHIRUPXODWLRQ�VWUDWHJ\�

7KH� VHW� RI� UHDFKDEOH� QRGHV� DW� GLVWDQFH� �� IURP� HDFK
TXHU\� QRGH� PXVW� WKHQ� EH� UHWULHYHG� GXULQJ� TXHU\
SURFHVVLQJ�� � 0XOWL�FRQVHTXHQW� UXOHV� ZHUH� SURSRVHG� DV� D
ZD\�WR�DGG�YDOXH�WR�HDFK�UXOH�DQWHFHGHQW�ORRNXS���(DFK�RI
WKHVH�UXOHV�HIIHFWLYHO\�H[SORUHV�DOO�DOWHUQDWLYH�SDWKV�IURP�D
JUDSK� QRGH� VXFK� DV� D� TXHU\� FRQGLWLRQ�� DQG� SURYLGHV
VWUXFWXUHG�UHVXOWV�ZKRVH�FRPSRQHQWV�DUH�HDVLO\�FRPSDUHG
RU� FRPELQHG� ZLWK� UHVXOWV� IURP� RWKHU� ORRNXSV�� � 7KHVH
KLVWRJUDP�EDVHG�UXOH�VHWV�DOVR�VROYH�WKH�SUREOHPV�RI�ODUJH
VHW� VL]H� DQG� GLIILFXOW� UXOH� PDLQWHQDQFH�� ZKLFK� DUH
FKDUDFWHULVWLF�RI�LQFUHPHQWDOO\�GHULYHG�UXOH�VHWV�

$� PXOWL�FRQVHTXHQW� UXOH� VHW� FDQ� EH� SURGXFHG� E\� D
VLQJOH� VFDQ� WKURXJK� WKH� GDWDEDVH� WDEOH�� VLQFH� LW� LQYROYHV
DVVLJQLQJ� WXSOHV� WR� EXFNHWV� UDWKHU� WKDQ� VRUWLQJ�
&RQWLQXRXV� LQFUHPHQWDO� DJJUHJDWH� YDOXH� SURGXFWLRQ� IRU
HDFK� FRQVHTXHQW� FRQGLWLRQ� LQ� HDFK� EXFNHW� DOORZV� YHU\
ODUJH�WDEOHV�WR�EH�FRQGHQVHG�WR�D�UXOH�VHW�GXULQJ�WKH�VFDQ�
7KH�ZRUN�LV�HDVLO\�GLVWULEXWDEOH�WR�PXOWLSOH�SURFHVVRUV�RU
ZRUNVWDWLRQV�

7KH� HIIHFWV� RI� FDVFDGLQJ� UXOHV��ZKLFK� DUH� UHYHDOHG� E\
WKH�JUDSK��DOVR�DSSO\�WR�VXFFHVVLYH�DSSOLFDWLRQ�RI�UXOHV�RI

DQ\� VWUXFWXUH�� � 6R� WKH� FRQFOXVLRQV� LQ� WKLV� SDSHU� KDYH
JHQHUDO�DSSOLFDWLRQ�WR�642��QRW�MXVW�WR�DWWULEXWH�SDLU�UXOHV�
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