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$EVWUDFW
$WWHPSWLQJ� WR� UHFRJQLVH�DQG� LQWHUSUHW�KXPDQ�JHVWXUHV�XVLQJ�PDFKLQH�YLVLRQ�SRVHV�D
QXPEHU�RI�GLIILFXOW�SUREOHPV��7KHUH�DUH�PDQ\�DUHDV� LQ�ZKLFK�VXEVWDQWLDO�SURJUHVV� LV
QHHGHG� EHIRUH� WKH� IXOO� EHQHILWV� RI� FRPSXWHU�EDVHG� JHVWXUH� UHFRJQLWLRQ� FRXOG� EH
UHDOLVHG� LQ� UHDO� ZRUOG� DSSOLFDWLRQV�� 7KHVH� UDQJH� IURP� WKH� QHHG� IRU� VRPH� GHJUHH� RI
ODQJXDJH�SURFHVVLQJ�WR�WKH�PRUH�SUDFWLFDO�OLPLWDWLRQV�LPSRVHG�E\�WKH�OHYHO�RI�DELOLW\
RI�FRPSXWHU�KDUGZDUH�
:KHQ�DWWHPSWLQJ�WR�LQWHUSUHW�KXPDQ�PRWLRQ�XVLQJ�D�VLQJOH�FDPHUD�YLHZ��LW�LV�KHOSIXO
WR�EH�DEOH�WR�HVWLPDWH�WKH�SRVH�RI�WKH�VXEMHFW�LQ�WKUHH�GLPHQVLRQV��:KHQ�GHDOLQJ�ZLWK
WKH� GHWDLOHG� PRYHPHQWV� QHFHVVDU\� IRU� D� JHVWXUH� UHFRJQLWLRQ� RU� VLJQ�ODQJXDJH
DSSOLFDWLRQ��LW�LV�QHFHVVDU\�WR�FORVHO\�H[DPLQH�WKH�VKDSH�DQG�RULHQWDWLRQ�RI�WKH�KDQG�
7KH�VLJQLILFDQW�SRWHQWLDO�IRU��VHOI��RFFOXVLRQ�LQ�VXFK�LPDJHV�PDNHV�WKLV�D�SDUWLFXODUO\
GLIILFXOW�SUREOHP�
)RU� WKLV� UHVHDUFK�� ZH� DUH� HPSOR\LQJ� D� QRYHO� PDJQHWLF� SRVLWLRQLQJ� V\VWHP� ZKLFK
DOORZV�WKH�FDSWXUH�RI�DFFXUDWH��'�SRVLWLRQDO�LQIRUPDWLRQ�IURP�VHQVRUV�VPDOO�HQRXJK�WR
EH�SODFHG�DW�YDULRXV�VLWHV�RQ�WKH�KDQG��%\�FDSWXULQJ�DQG�DQDO\VLQJ�WKLV�SRVLWLRQDO�GDWD
WRJHWKHU� ZLWK� LPDJHV� IURP� D� VLQJOH� YLGHR� FDPHUD�� ZH� DUH� DWWHPSWLQJ� WR� GHYHORS� D
YLDEOH�PHWKRG�IRU�UHFRQVWUXFWLQJ�WKH�VKDSH�RI�WKH�KDQG�XVLQJ�WKH�YLGHR�GDWD�DORQH��,I
VXFFHVVIXO��ZH�KRSH�WKDW�WKLV�ZLOO�SURYLGH�XV�ZLWK�D�ZD\�WR�GLVDPELJXDWH�SDUWLFXODUO\
KDUG�WR�GHFLSKHU�JHVWXUHV�
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&KDSWHU�� ,QWURGXFWLRQ
��� ,QWURGXFWLRQ

����� 2YHUYLHZ,Q�UHFHQW�\HDUV��WHFKQRORJLFDO�DGYDQFHV�LQ�KDUGZDUH�GHVLJQ�DQG�FRQVWUXFWLRQ�KDYH
SURYLGHG�D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�DYDLODELOLW\�RI�FRPSXWLQJ�SRZHU�DW�D�JUHDWO\
UHGXFHG�FRVW��2QH�HIIHFW�RI�WKLV�KDV�EHHQ�D�SUROLIHUDWLRQ�RI�UHVHDUFK�LQ�WKH�DUHD�RI
FRPSXWHU�YLVLRQ�
/DWHO\�� WKHUH� KDV� EHHQ� DQ� LQFUHDVLQJ� LQWHUHVW� LQ� WKH� DXWRPDWHG� UHFRJQLWLRQ� DQG
WUDFNLQJ� RI� KXPDQ� PRWLRQ�� 3RWHQWLDO� DSSOLFDWLRQV� LQFOXGH�� PRWLRQ� FDSWXUH� �� WR
DVVLVW� FRPSXWHU�JHQHUDWHG� DQLPDWLRQ� IRU� WKH� ILOP� LQGXVWU\� RU� WR� DQDO\VH� VSRUWLQJ
SHUIRUPDQFH�� DXWRPDWHG� VXUYHLOODQFH� �� IRU� VHFXULW\� SXUSRVHV� RU� EHKDYLRXUDO
DQDO\VLV�� DQG� D� QXPEHU� RI� VXEMHFWV� EURDGO\� FRYHUHG� E\� WKH� WHUP� JHVWXUH
UHFRJQLWLRQ��7KH�ODWWHU�LQFOXGHV�VXFK�DUHDV�DV�+XPDQ�&RPSXWHU�,QWHUDFWLRQ��+&,�
DQG�WKH�UHFRJQLWLRQ�DQG�LQWHUSUHWDWLRQ�RI�VLJQ�ODQJXDJH�
7KLV�GRFXPHQW�GHVFULEHV�WKH�DSSOLFDWLRQ�RI�D�QHZ��'�PDJQHWLF�SRVLWLRQLQJ�V\VWHP
�� RULJLQDOO\� GHYHORSHG� IRU� SURGXFLQJ� WKUHH�GLPHQVLRQDO� LPDJHV� RI� PHGLFDO
HQGRVFRSHV�±�WR�DWWHPSW� WR�DGGUHVV�VRPH�RI� WKH�SUREOHPV�DIIHFWLQJ�UHVHDUFK� LQWR
PDFKLQH�EDVHG�JHVWXUH�UHFRJQLWLRQ�
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����� 6WUXFWXUH�RI�WKLV�GRFXPHQW7KH�UHPDLQGHU�RI�WKLV�FKDSWHU�JLYHV�D�EULHI�LQWURGXFWLRQ�WR�PDFKLQH�EDVHG�JHVWXUH
UHFRJQLWLRQ� DQG� KLJKOLJKWV� VRPH� RI� WKH� SUREOHPV� LQYROYHG�� $W� WKH� HQG� RI� WKLV
FKDSWHU��WKH�DLPV�DQG�REMHFWLYHV�RI�WKH�SURMHFW�DUH�VWDWHG�
&KDSWHU� �� SUHVHQWV� D� UHYLHZ� RI� H[LVWLQJ� UHVHDUFK� LQWR� JHVWXUH� UHFRJQLWLRQ� DQG
LQWURGXFHV�VRPH�WHFKQLTXHV�ZKLFK�DUH�RI�SDUWLFXODU�UHOHYDQFH�WR�WKLV�ZRUN��7KHVH
LQFOXGH� WKH� SRLQW� GLVWULEXWLRQ� PRGHO� �3'0�� DQG� WKH� KLGGHQ� 0DUNRY� PRGHO
�+00��
&KDSWHU� �� GHVFULEHV� WKH� PHWKRGV� XVHG� WR� FRQGXFW� WKLV� UHVHDUFK� VR� IDU�� 7KHVH
LQFOXGH� WKH� GHYHORSPHQW� RI� D� QHZ� GDWD� JORYH� XVLQJ�PDJQHWLF� SRVLWLRQDO� VHQVRUV
DQG� WKH� LPSOHPHQWDWLRQ� RI� VRIWZDUH� IRU� EXLOGLQJ� SRLQW� GLVWULEXWLRQ� PRGHOV� DQG
KLGGHQ�0DUNRY�PRGHOV�
&KDSWHU� �� GHVFULEHV� WKH� FXUUHQW� VWDWXV� RI� WKLV� SURMHFW� LQ� WHUPV� RI� WKH� UHVXOWV
REWDLQHG� VR� IDU�� WKH� SUREOHPV� HQFRXQWHUHG�� DQG� WKH� SURSRVHG� QH[W� VWHSV� IRU
FRQWLQXLQJ�WKH�UHVHDUFK�
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��� 0DFKLQH�EDVHG�JHVWXUH�UHFRJQLWLRQ
����� ,QWURGXFWLRQ5HFRJQLVLQJ� KXPDQ� JHVWXUHV� LV� D� FRPSOLFDWHG� WDVN� ZKLFK� LQYROYHV� LQWHU�
GLVFLSOLQDU\� DVSHFWV� VXFK� DV� PRWLRQ� PRGHOOLQJ�� PRWLRQ� DQDO\VLV�� SDWWHUQ
UHFRJQLWLRQ��DUWLILFLDO�LQWHOOLJHQFH��DQG�HYHQ�SV\FKR�OLQJXLVWLF�VWXGLHV�
$�ODUJH�SDUW�RI�WKH�H[LVWLQJ�UHVHDUFK�>��@�LQWR�PDFKLQH�EDVHG�JHVWXUH�UHFRJQLWLRQ
KDV� LQYROYHG� YDULRXV� FRPELQDWLRQV� RI� WZR� WHFKQLTXHV�� WKH� DQDO\VLV� RI� YLGHR
LPDJHV�XVLQJ�RQH�RU�PRUH� FDPHUDV�� DQG�RU� VRPH� IRUP�RI� LQVWUXPHQWDWLRQ� RI� WKH
VXEMHFW�XVLQJ��IRU�H[DPSOH��GDWD�JORYHV�RU�FRORXU�FRGLQJ��,Q�DGGLWLRQ��WKH�DQDO\VLV
PD\� EH� IRFXVHG� RQ� SXUHO\� VWDWLF� SRVHV� RI� WKH� VXEMHFW� RU� PD\� DOVR� LQYROYH� D
G\QDPLF� HOHPHQW� E\� FRQVLGHULQJ� WHPSRUDO� FKDQJHV�� %RWK� VWDWLF� DQG� G\QDPLF
DQDO\VHV� W\SLFDOO\�HQWDLO� WKH�DSSOLFDWLRQ�RI� VWDWLVWLFDO�PRGHOV�� IRU� H[DPSOH� DFWLYH
VKDSH�PRGHOV�>�@��SRLQW�GLVWULEXWLRQ�PRGHOV�>�@��DQG�KLGGHQ�0DUNRY�PRGHOV�>��@�

����� 3UREOHPV�DQG�FKDOOHQJHV&ROOHFWLQJ� VXLWDEOH� GDWD� IRU� JHVWXUH� UHFRJQLWLRQ� LV� QRW� WULYLDO� ±� ZKHQ� DQDO\VLQJ
YLGHR�LPDJHV��WKH�VXEMHFW�KDV�ILUVW�WR�EH�ORFDWHG�LQ�HDFK�LPDJH�IUDPH�DQG�SRVVLEO\
VHJPHQWHG�IURP�WKH�EDFNJURXQG�EHIRUH�DQ\�PRWLRQ�WUDFNLQJ�RU�DQDO\VLV�RI�VKDSH
RU�SRVH�FDQ�EH�DWWHPSWHG�
0DQ\� RI� WKH� �'� LPDJH� SURFHVVLQJ� WHFKQLTXHV� UHTXLUHG� DUH� ZLGHO\� XVHG� LQ
FRPSXWHU�YLVLRQ�DSSOLFDWLRQV� >��@�DQG�DUH�QRW� LQ� WKHPVHOYHV�D�PDMRU�SUREOHP�� ,W
KDV�DOVR�EHHQ�VKRZQ�WKDW� LW� LV�SRVVLEOH� WR�DXWRPDWLFDOO\�WUDFN�D�PRYLQJ�REMHFW� LQ



��

UHDO�WLPH�XVLQJ�D�YLGHR�FDPHUD�E\�HPSOR\LQJ�D�FRQWRXU�WUDFNLQJ�WHFKQLTXH�ZKLFK
JLYHV�JRRG�SHUIRUPDQFH�HYHQ�LQ�WKH�SUHVHQFH�RI�EDFNJURXQG�FOXWWHU�>��@�
+RZHYHU�� WR� SURGXFH� D� V\VWHP� ZKLFK� FDQ� UHFRJQLVH� D� ZLGH� UDQJH� RI� KXPDQ
JHVWXUHV�� LW� LV�DOVR�QHFHVVDU\� WR�EH�DEOH� WR�GLVFRYHU�DQG� LQWHUSUHW� WKH�PRWLRQ�DQG
SRVH� RI� WKH� VXEMHFW� LQ� WKUHH GLPHQVLRQV��:KHQ� FRQVLGHULQJ� WKH� KXPDQ� KDQG� DV
SOD\LQJ� DQ� LQVWUXPHQWDO� SDUW� LQ� WKH� H[HFXWLRQ� RI� D� JHVWXUH�� WKHQ� VKDSH� DQG
RULHQWDWLRQ�DUH�DV�LPSRUWDQW�DV�PRYHPHQW�±�IRU�VRPH�JHVWXUHV�SHUKDSV�HYHQ�PRUH
VR��,Q�VXFK�D�KLJKO\�DUWLFXODWHG�VWUXFWXUH�DV�D�KDQG�� WKLV� LV�D�SDUWLFXODUO\�GLIILFXOW
SUREOHP�IRU�D�YLVLRQ�EDVHG�V\VWHP�GXH�WR�WKH�KLJK�OLNHOLKRRG�RI�RFFOXVLRQ�

��� $LPV�DQG�REMHFWLYHV
����� 3URMHFW�DLP7KH�DLP�RI�WKLV�SURMHFW�LV�WR�GHYHORS�D�WHFKQLTXH�ZKHUHE\�DV�PXFK�LQIRUPDWLRQ�DV
SRVVLEOH�DERXW� WKH�VKDSH�DQG�RULHQWDWLRQ�RI� WKH�KXPDQ�KDQG� LQ� WKUHH�GLPHQVLRQV
PD\�EH�GHULYHG� IURP�D� VLQJOH�YLGHR� FDPHUD�YLHZ��7KLV� LQIRUPDWLRQ�ZLOO� WKHQ�EH
XVHG�LQ�DQ�DWWHPSW�WR�GLVDPELJXDWH�VRPH�SDUWLFXODUO\�KDUG�WR�GHFLSKHU�JHVWXUHV�

����� 2EMHFWLYHV7KH�GHWDLOHG�REMHFWLYHV�RI�WKLV�SURMHFW�DUH�DV�IROORZV�
x 7R�UHYLHZ�H[LVWLQJ� UHVHDUFK� LQWR�PDFKLQH�EDVHG�JHVWXUHUHFRJQLWLRQ� DQG� WR� GHVFULEH� VRPH� RI� WKH� VSHFLILFWHFKQLTXHV�ZKLFK�DUH�RI�LQWHUHVW�WR�WKLV�SURMHFW� &KDSWHUV�����
x 7R� GHYHORS� WKH� KDUGZDUH� DQG� VRIWZDUH� QHFHVVDU\� IRUFUHDWLQJ�D�GDWD�JORYH�XVLQJ�PDJQHWLF�SRVLWLRQDO�VHQVRUV� &KDSWHU��
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x 7R�GHVLJQ�DQG�GHYHORS� VRIWZDUH� WR�DOORZ� WKH� FDSWXUH�RI�'�DQG�RU��'�GDWD�IURP�WKH�QHZ�GDWD�JORYH�
x 7R� GHVLJQ� DQG� GHYHORS� VRIWZDUH� WR� SURGXFH� SRLQWGLVWULEXWLRQ�PRGHOV�XVLQJ�GDWD�FDSWXUHG�E\�WKH�JORYH�DQGWR�H[SORUH�WKH�SURSHUWLHV�RI�WKHVH�PRGHOV� &KDSWHU��
x 7R�GHVLJQ�DQG�GHYHORS�VRIWZDUH�IRU�LPSOHPHQWLQJ�KLGGHQ0DUNRY�PRGHOV�DQG�WR�XVH�WKLV�WR�PRGHO�WKH�G\QDPLFV�RIFDSWXUHG�JHVWXUHV�
x 7R�UH�DVVHVV�WKH�DLPV�DQG�REMHFWLYHV�RI�WKLV�SURMHFW�LQ�WKHOLJKW� RI� UHVXOWV� IRXQG� VR� IDU� DQG� WR� SURSRVH� DOWHUQDWLYHSDWKV�IRU�SURJUHVVLQJ�WKH�UHVHDUFK�WR�VRPH�FRQFOXVLRQ�

&KDSWHU��



��
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&KDSWHU�� *HVWXUH�UHFRJQLWLRQ
��� %DFNJURXQG

����� ,QWURGXFWLRQ7KH� IXQFWLRQV� UHTXLUHG� IRU�PDFKLQH� EDVHG� JHVWXUH� UHFRJQLWLRQ� FRXOG� EH� EURDGO\
JURXSHG�LQWR�IRXU�DUHDV�

x *HVWXUH�UHSUHVHQWDWLRQ�±�ZKDW�FRQVWLWXWHV�D�JHVWXUH"
x )HDWXUH� H[WUDFWLRQ� ±� ZKDW� IHDWXUHV� DUH� LPSRUWDQW� IRU� UHFRJQLVLQJ� D

SDUWLFXODU�W\SH�RI�JHVWXUH"
x 'DWD� FROOHFWLRQ� ±� KRZ� FDQ� LQIRUPDWLRQ� DERXW� WKHVH� UHTXLUHG� IHDWXUHV� EH

UHOLDEO\�DQG�HIILFLHQWO\�FROOHFWHG"
x 5HFRJQLWLRQ�±�KRZ�WKH�GDWD�FROOHFWHG�LV�XVHG�WR�µXQGHUVWDQG¶�JHVWXUHV�

����� *HVWXUH�UHSUHVHQWDWLRQ*HVWXUH� UHSUHVHQWDWLRQ� LQYROYHV� VRPH� GHVFULSWLRQ� �� SRVVLEO\� OLQJXLVWLF� �� RI�ZKDW
FRQVWLWXWHV� D�JHVWXUH� LQ� D�JLYHQ� FRQWH[W��7KLV� FDQ�YDU\�ZLGHO\�GHSHQGLQJ�RQ� WKH
LQWHQGHG�DSSOLFDWLRQ�
,Q� VLJQ� ODQJXDJH� IRU� LQVWDQFH�� VLJQV� PD\� EH� FODVVLILHG� E\� KDQG� VKDSH�� KDQG
RULHQWDWLRQ�� SRVLWLRQ� �XVXDOO\� ZLWK� UHVSHFW� WR� WKH� ERG\��� DQG� PRYHPHQW� >�@�� ,Q
VRPH�+&,�DSSOLFDWLRQV��KDQG�VKDSH�DQG�RULHQWDWLRQ�PD\�QRW�EH�DV�UHOHYDQW�ZKHUH
JHVWXUHV�DUH�LQWHQGHG�PRUH�WR�FRQWURO�RU�PDQLSXODWH�UHDO�RU�YLUWXDO�REMHFWV�DQG�OHVV
DV�D�PHDQV�RI�FRPPXQLFDWLRQ�
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*HQHUDOO\��JHVWXUHV�UHTXLULQJ�D�PRUH�FRPSOH[�UHSUHVHQWDWLRQ�ZLOO�EH�PRUH�GLIILFXOW
WR�UHFRJQLVH��9RJOHU�DQG�0HWD[DV�>��@�KDYH�GHPRQVWUDWHG�WKDW� WKUHH�GLPHQVLRQDO
IHDWXUHV�DUH�VXSHULRU� WR� WZR�GLPHQVLRQDO�RQHV�ZKHQ�DWWHPSWLQJ�WR�UHFRJQLVH�VLJQ
ODQJXDJH��ZKLOH�0LQ�HW�DO�>�@�VKRZ�WKDW�WZR�GLPHQVLRQDO�LPDJHV�DUH�VXIILFLHQW�IRU
D�JHVWXUH�GULYHQ�HGLWLQJ�V\VWHP�
,Q� D� PRUH� JHQHUDO� VXUYH\�� *DYULOD� >��@� VXSSRUWV� WKLV� LGHD� DQG� FODVVLILHV� WKH
WHFKQLTXHV�XVHG�LQ�SUHYLRXV�ZRUN�LQWR�WKUHH��VRPHWLPHV�RYHUODSSLQJ��DUHDV�

x �'�DSSURDFKHV�ZLWKRXW�H[SOLFLW�VKDSH�PRGHOV�
x �'�DSSURDFKHV�ZLWK�H[SOLFLW�VKDSH�PRGHOV��DQG
x �'�DSSURDFKHV

7KHVH� DUH� GLVFXVVHG� LQ� VRPH�GHWDLO� LQ� >��@� DQG�*DYULOD� FRQFOXGHV� WKDW� WKH�PRVW
VXLWDEOH�DSSURDFK�WR�SXUVXH�GHSHQGV�SULPDULO\�RQ�WKH�LQWHQGHG�DSSOLFDWLRQ��$��'
DSSURDFK�LV�HIIHFWLYH�IRU�DSSOLFDWLRQV�ZKHUH�SUHFLVH�SRVH�UHFRYHU\�LV�QRW�UHTXLUHG
DQG�UHSUHVHQWV�WKH�HDVLHVW�VROXWLRQ�IRU�DSSOLFDWLRQV�LQYROYLQJ�D�VLQJOH�VXEMHFW�ZLWK
FRQVWUDLQHG�PRYHPHQW� DQG�D� IL[HG�YLHZSRLQW���'�DSSURDFKHV� DUH�PRUH�HIIHFWLYH
ZKHUH�WKHUH�DUH�PXOWLSOH�VXEMHFWV��FOXWWHUHG�EDFNJURXQGV�RU�RFFOXGHG�IHDWXUHV�

����� )HDWXUH�H[WUDFWLRQ$V�QRWHG�DERYH��WKH�LQWHQGHG�DSSOLFDWLRQ�ODUJHO\�GHILQHV�WKH�IHDWXUHV�RI�LQWHUHVW��,Q
D�V\VWHP�ZKHUH�SXUHO\�µJURVV¶�PRYHPHQWV�RI�WKH�KDQG�DUP�V\VWHP�DUH�RI�LQWHUHVW
>�@�� HPSOR\LQJ� VRPH� IRUP� RI� VHJPHQWDWLRQ� RI� D� �'� LPDJH� ±� IRU� H[DPSOH
EDFNJURXQG�VXEWUDFWLRQ�RU�FRORXU�VHJPHQWDWLRQ�±�UHYHDOV�WKRVH�IHDWXUHV�RI�LQWHUHVW�
LQ�WKLV�FDVH��PRWLRQ�WUDMHFWRULHV�
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)RU� VWDWLF� KDQG� SRVWXUH� UHFRJQLWLRQ�� DOWKRXJK� VRPH� JHRPHWULF� IHDWXUHV� PD\� EH
GLVFHUQLEOH� �H�J�� ILQJHUWLSV�� FRQWRXUV��� WKHVH� DUH� QRW� DOZD\V� UHOLDEOH� GXH� WR� VHOI�
RFFOXVLRQ�DQG�SRVVLEO\�GLIILFXOW�OLJKWLQJ�FRQGLWLRQV�
,Q�VXFK�FDVHV��ZKHUH� WKHUH� LV�QR� LQVWUXPHQWDWLRQ�RI� WKH�VXEMHFW�� WKH�ZKROH LPDJH
PD\�EH�WDNHQ�DV�WKH�LQSXW�WR�D�UHFRJQLVHU�ZKHUH�IHDWXUHV�DUH�VHOHFWHG�LPSOLFLWO\�RU
DXWRPDWLFDOO\�� 7KLV� LV� ZKHUH� VRPH� IRUP� RI� SDWWHUQ� PDWFKLQJ� PD\� EH� XVHG� DQG
RIWHQ� LQYROYHV� WKH� XVH� RI� VRPH� VRUW� RI� VKDSH� PRGHO�� WKHUHE\� LQWURGXFLQJ� VRPH
GHJUHH�RI�IRUHNQRZOHGJH�DERXW�WKH�DSSOLFDWLRQ�DUHD��.DNDGLDULV�DQG�0HWD[DV�>��@
KDYH� UHFHQWO\� VKRZQ�KRZ� D�PRGHO�EDVHG� DSSURDFK�PD\�EH� XVHG� WR� WUDFN� XSSHU�
ERG\�H[WUHPLWLHV� LQ� WKUHH�GLPHQVLRQV�EDVHG�RQ� D� VSDWLR�WHPSRUDO� DQDO\VLV�RI� WKH
VXEMHFW¶V�VLOKRXHWWH�

����� 'DWD�FROOHFWLRQ$V� WKH� LQWHQGHG� DSSOLFDWLRQ� GHILQHV� WKH� IHDWXUHV� RI� LQWHUHVW�� VR� WKHVH� IHDWXUHV
LQIOXHQFH� WKH� PHWKRGV� RI� GDWD� FROOHFWLRQ�� 7KH� XVH� RI� YLGHR� FDPHUDV� LV� DOPRVW
XQLYHUVDO�DQG�VRPH�UHVHDUFKHUV�XVH�WZR�RU�PRUH�FDPHUDV�WR�FLUFXPYHQW�SUREOHPV
ZLWK� RFFOXVLRQ� DQG� FOXWWHUHG� EDFNJURXQGV� >���� ���� ��@�� ,Q� PDQ\� FDVHV� ZKHQ
GHDOLQJ�ZLWK�WKH�DQDO\VLV�RI�KXPDQ�PRYHPHQW��FRORXU�LV�DQ�LPSRUWDQW�DVSHFW�DV�WKH
KXHV� JHQHUDWHG� E\� VNLQ� WRQHV� IDOO� LQ� D� TXLWH� ZHOO�GHILQHG� UDQJH� DQG� HDVH� WKH
VHJPHQWDWLRQ�RI�WKH�VXEMHFW�IURP�WKH�EDFNJURXQG�

����� 5HFRJQLWLRQ$QDO\VLQJ�WKH�VRPHWLPHV�YDVW�DPRXQWV�RI�GDWD�FROOHFWHG�E\�YLGHR�FDPHUDV�DQG�RU
GDWD�JORYHV�FDQ�EH�D�GDXQWLQJ�WDVN�DQG�FRQVXPH�LQRUGLQDWH�DPRXQWV�RI�FRPSXWLQJ
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SRZHU��7KLV�LV�HVSHFLDOO\�WUXH�ZKHUH�D�WKUHH�GLPHQVLRQDO�DSSURDFK�KDV�EHHQ�WDNHQ
DQG�DV�*DYULOD�>��@�QRWHV�
³,W�LV�IDLU�WR�VD\�WKDW�WKH�UHVXOWV�RI�YLVLRQ�EDVHG��'�WUDFNLQJ�DUH�VWLOO�OLPLWHG�DW�WKLV
SRLQW��)HZ�H[DPSOHV�RI��'�SRVH�UHFRYHU\�RQ�UHDO�GDWD�H[LVW�LQ�WKH�OLWHUDWXUH�DQG
PRVW�RI�WKHVH�LQWURGXFH�VLPSOLILFDWLRQV��H�J��FRQVWUDLQHG�PRYHPHQW��VHJPHQWDWLRQ�
RU�OLPLWDWLRQV��H�J��SURFHVVLQJ�VSHHG�� WKDW�VWLOO�UHTXLUH� LPSURYHPHQW�ZLWK�UHVSHFW
WR� UREXVWQHVV�� 5REXVW� �'� WUDFNLQJ� UHVXOWV� KDYH� EHHQ� SDUWLFXODUO\� VFDUFH� IRU
DSSURDFKHV�XVLQJ�RQO\�RQH�FDPHUD�´
,W�LV�FOHDU�WKDW�WKH�DELOLW\�WR�UHFRYHU��'�SRVH�IURP�D�VLQJOH�FDPHUD�YLHZ�ZRXOG�EH
YHU\�GHVLUDEOH�LQ�WKH�VHDUFK�IRU�D�PRUH�UREXVW�JHVWXUH�UHFRJQLWLRQ�V\VWHP�EXW�WKDW
WKLV�ZLOO�QRW�EH�DQ�HDV\�SUREOHP�WR�RYHUFRPH�
0DQ\�H[LVWLQJ�UHVHDUFKHUV�KDYH�HPSOR\HG�VRPH�IRUP�RI�VWDWLVWLFDO�PRGHO�WR�DVVLVW
LQ� WKH� UHFRJQLWLRQ� RI� REMHFWV� IURP� YLGHR� LPDJHV�� 6RPH� RI� WKHVH� WHFKQLTXHV� DUH
GHVFULEHG�LQ�GHWDLO�LQ�WKH�QH[W�VHFWLRQ�

��� 6WDWLVWLFDO�PRGHOV�IRU�JHVWXUH�UHFRJQLWLRQ
����� ,QWURGXFWLRQ7KLV� VHFWLRQ� GHVFULEHV� VRPH� WHFKQLTXHV� ZKLFK� DUH� RI� SDUWLFXODU� LQWHUHVW� WR� WKLV
UHVHDUFK�� $PRQJ� WKHVH� DUH� WKH� SRLQW� GLVWULEXWLRQ� PRGHO� �3'0�� DQG� WKH� KLGGHQ
0DUNRY�PRGHO��+00���7KH�ZD\�LQ�ZKLFK�WKHVH�PRGHOV�DUH�GHYHORSHG�DQG�XVHG�LQ
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WKLV�SURMHFW�LV�GHVFULEHG�LQ�FKDSWHU����7KH�UHPDLQGHU�RI�WKLV�FKDSWHU�GHVFULEHV�WKH
XQGHUO\LQJ�SULQFLSOHV�

����� 7KH�SRLQW�GLVWULEXWLRQ�PRGHO0RGHOV� DUH� ZLGHO\� XVHG� LQ� FRPSXWHU� YLVLRQ� WR� FODVVLI\�� WUDFN� RU� ORFDWH� LPDJH
IHDWXUHV�XVLQJ�VRPH�SULRU�NQRZOHGJH�RI�REMHFW� VKDSH��$V�PDQ\�REMHFWV�DUH�QRQ�
ULJLG��VRPH�VRUW�RI�GHIRUPDEOH�PRGHO� LV�RIWHQ�UHTXLUHG� LQ�RUGHU� WR�FDSWXUH�VKDSH
YDULDELOLW\�
7KH�SRLQW�GLVWULEXWLRQ�PRGHO��3'0��>�@�LV�RQH�VXFK�PRGHO��,W�HPSOR\V�WHFKQLTXHV
EDVHG�RQ�OLQHDU�VWDWLVWLFV�DQG�VR�LV�SDUWLFXODUO\�VXLWHG�WR�PRGHOOLQJ�VKDSH�YDULDWLRQ
ZKHUH� WKH� LQKHUHQW� GLIIHUHQFHV� EHWZHHQ� VLPLODU� VKDSHV� FDQ� EH� UHSUHVHQWHG� E\� D
OLQHDU�IXQFWLRQ�±�IRU�H[DPSOH��SDUWLFXODU�SDUWV�RI�WKH�VKDSH�GLVWRUW�E\�PRYLQJ�RQO\
DORQJ�VWUDLJKW�OLQHV��$�3'0�LV�W\SLFDOO\�FRQVWUXFWHG�DV�IROORZV�
,I�D�QRQ�ULJLG�REMHFW�LV�GHILQHG�LQ�WHUPV�RI�ODQGPDUN�SRLQWV�SRVLWLRQHG�VWUDWHJLFDOO\
RQ�YDULRXV�REMHFW�IHDWXUHV��DQG�RSWLRQDOO\�DW�UHJXODU�LQWHUYDOV�LQ�EHWZHHQ��WKHQ��E\
ODEHOOLQJ� WKHVH� SRLQWV� RQ� D� VHW� RI� WUDLQLQJ� H[DPSOHV� RI� WKH� REMHFW�� WKH� IROORZLQJ
DSSURDFK�PD\�EH�XVHG�WR�GLVFRYHU�WKH�PHDQ�REMHFW�VKDSH�DQG�WKH�PDMRU�PRGHV�RI
VKDSH�YDULDWLRQ�
7DNLQJ�DQ�H[DPSOH�RI�D�VKDSH�UHSUHVHQWHG�E\�D��'�FRQWRXU��WKH�Q ODQGPDUN�SRLQWV
FKRVHQ�IRUP�D� OLVW�RI�Q �[��\�� FR�RUGLQDWHV�GHILQLQJ�HDFK� H[DPSOH��(DFK�RI� WKHVH
H[DPSOHV�� RU� SRVHV�� PD\� LQVWHDG� EH� FRQVLGHUHG� D� YHFWRU� FRPSRVHG� RI� D
FRQFDWHQDWLRQ�RI�WKHVH�FR�RUGLQDWHV��H�J���[���\���[���\���«�[Q��\Q��ZKLFK�HIIHFWLYHO\
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GHILQHV�D�VLQJOH�SRLQW�LQ�D��Q�GLPHQVLRQDO�VSDFH��RIWHQ�UHIHUUHG�WR�DV�VKDSH�VSDFH��
$V�WKHVH�SRLQWV�LQ�VKDSH�VSDFH�DUH�SURGXFHG�IURP�VLPLODU�WUDLQLQJ�H[DPSOHV��WKH\
ZLOO� WHQG� WR� IRUP� D� FOXVWHU��ZKLFK� LQ� WKH� LGHDO� FDVH�ZLOO� EH� XQLIRUP� DQG� K\SHU�
HOOLSWLFDO� LQ� QDWXUH�� 1RWH� WKDW� VRPH� SUH�DOLJQPHQW� RI� WKH� WUDLQLQJ� GDWD� �VFDOLQJ�
URWDWLRQ��WUDQVODWLRQ��LV�UHTXLUHG�WR�HQVXUH�WKDW�WKH�EHVW�PRGHO�LV�SURGXFHG�
+DYLQJ�DVVHPEOHG�D�WUDLQLQJ�VHW�( RI�1 H[DPSOH�YHFWRUV��[L �L ���«��1���WKH�PHDQVKDSH� LV� FDOFXODWHG� E\� ILQGLQJ� WKH� DYHUDJH� YHFWRU�� 3ULQFLSDO� FRPSRQHQW� DQDO\VLV
�3&$�� >��@� LV� WKHQ�SHUIRUPHG�RQ� WKH�GHYLDWLRQ�RI� WKH� H[DPSOH� YHFWRUV� IURP� WKH
PHDQ�XVLQJ�HLJHQYHFWRU�GHFRPSRVLWLRQ�RQ�WKH�FRYDULDQFH�PDWUL[�6 RI�( ZKHUH�

+RZHYHU��ZKHUH�WKH�GLPHQVLRQDOLW\�RI�WKH�GDWD�LV�KLJK�±�IRU�H[DPSOH�D�FRQWRXU�RI
�����[��\��SRLQWV�JLYLQJ�D�����GLPHQVLRQDO�WUDLQLQJ�YHFWRU�±�WKHQ�WKH�FDOFXODWLRQ�RI
WKH�HLJHQYHFWRUV�DQG�HLJHQYDOXHV�RI�WKH�FRYDULDQFH�PDWUL[�FDQ�EH�OHQJWK\�DQG�WKH
SK\VLFDO�PHPRU\�XVHG�E\�WKH�FRPSXWHU�SURKLELWLYH�
7R� RYHUFRPH� WKLV�� %RZGHQ� >�@� QRWHV� WKDW� LW� LV� QRW� DOZD\V� QHFHVVDU\� WR� VROYH� D
PDWUL[�IRU�DOO HLJHQYHFWRUV��,I�WKH�QXPEHU�RI�WUDLQLQJ�H[DPSOHV��1��LV�OHVV�WKDQ�WKH
GLPHQVLRQDOLW\�� WKHQ� WKH� QXPEHU� RI� HLJHQYHFWRUV� WKDW� FDQ� EH� H[WUDFWHG� IURP� WKH
FRYDULDQFH�PDWUL[�FDQQRW H[FHHG�WKH�QXPEHU�RI�WUDLQLQJ�H[DPSOHV��1�����,Q�VXFK
FDVHV�� VLJQLILFDQW� FRPSXWDWLRQDO� VDYLQJV� FDQ� EH� PDGH� E\� VROYLQJ� IRU� D� VPDOOHU
1u1 PDWUL[�GHULYHG�IURP�WKH�VDPH�GDWD�

� �� �7L1
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$V�GHWDLOHG�LQ�>�@��LI�WKH�FRYDULDQFH�PDWUL[��6��GHILQHG�DERYH�LV�UHZULWWHQ�DV

ZKHUH�' LV��LQ�WKH�DERYH�H[DPSOH��D�����u 1 PDWUL[�ZLWK�WKH�WUDLQLQJ�VDPSOHV�DV
FROXPQV��WKHQ�LI�D�QHZ�PDWUL[��7��LV�D�VPDOOHU�1�u 1 PDWUL[

DQG� HL �L ��� «�� 1� DUH� WKH� XQLW�� RUWKRJRQDO� HLJHQYHFWRUV� RI� 7 ZLWK� WKH
FRUUHVSRQGLQJ�HLJHQYDOXHV�JL

7HL  �JLHL �L ���«��1�WKHQ

SUHPXOWLSO\LQJ�E\�' \LHOGV�

DQG�WKHUHIRUH 6�'HL�� �JL�'HL�
6R�LI�HL LV�DQ�HLJHQYHFWRU�RI�7�� WKHQ�'HL LV�DQ�HLJHQYHFWRU�RI�6 DQG�KDV� WKH�VDPHHLJHQYDOXH��7KH�1 XQLW�HLJHQYHFWRUV�RI�6 DUH�WKHQ�YL �L ���«��1� ZKHUH

ZLWK�FRUUHVSRQGLQJ�HLJHQYDOXHV�OL  �JL�

7''16 � 

''17 7� 

LLL7 H'H'1 J �

LLL7 'H'H''1 J �

LLL 'H1Y J� 
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LO�r

,Q�D�FRPSDFW�PRGHO�� LW� LV�XVXDOO\�IRXQG�WKDW�D� ODUJH�SHUFHQWDJH�RI� WKH�YDULDELOLW\
FDQ�EH�FDSWXUHG�E\�WKH�ILUVW�IHZ�PRGHV�RI�YDULDWLRQ�ZKLFK��WRJHWKHU�ZLWK�WKH�PHDQ
VKDSH�� JLYHV� D� FRQYHQLHQW� ZD\� WR� GHVFULEH� DQ\� UHDVRQDEOH� SRVH� RI� WKH� RULJLQDO
PRGHO�
$V�GHVFULEHG�DERYH��WKH�1 XQLW�HLJHQYHFWRUV�RI�WKH�FRYDULDQFH�DUUD\�6 DUH�YL �L ��«��1��� VR� LI�ZH� WDNH� WKH� W XQLW� HLJHQYHFWRUV� RI�6 FRUUHVSRQGLQJ� WR� WKH� W ODUJHVW
HLJHQYDOXHV��WKHQ�LW�LV�SRVVLEOH�WR�JHQHUDWH�D�GHIRUPHG�VKDSH�[ E\�DGGLQJ�ZHLJKWHG
FRPELQDWLRQV�RI�YL WR�WKH�PHDQ�VKDSH

ZKHUH�EL LV�WKH�ZHLJKWLQJ�IRU�WKH�LWK YDULDWLRQ�YHFWRU�
&RRWHV�>�@�H[SUHVVHV�WKLV�LQ�PDWUL[�IRUP

ZKHUH�3� ��Y���Y���«��YW� LV�D�PDWUL[�RI�WKH�ILUVW�W HLJHQYHFWRUV�DQG�E� ��E���E���«�EW�7 LV�D�YHFWRU�RI�ZHLJKWV�
*HQHUDOO\� DFFHSWHG� UDQJHV� IRU� WKH� ZHLJKWV� DUH JLYHQ� WKDW� WKLV� LV� UHDOO\
HTXLYDOHQW� WR� �� VWDQGDUG� GHYLDWLRQV� �WKH� VTXDUH� URRW� RI� OL EHLQJ� WKH� VWDQGDUG
GHYLDWLRQ�RI� WKH�YDULDQFH�DORQJ�YL�� DQG�VR� HQFRPSDVVHV� LQ� H[FHVV�RI�����RI� WKHWRWDO�GHIRUPDWLRQ�
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6R�ZLWK�D�ZHOO�GHILQHG�3'0��LW� LV�SRVVLEOH� WR�H[SORUH�DOPRVW� WKH�ZKROH�UDQJH�RI
GHIRUPDWLRQ�LQGLFDWHG�E\�WKH�RULJLQDO�WUDLQLQJ�VHW��SURGXFLQJ�YLDEOH�VKDSHV�ZKLFK
ZHUH�QRW�SUHVHQW�LQ�WKH�WUDLQLQJ�GDWD��,W�LV�DOVR�SRVVLEOH�WR�FODVVLI\�VKDSHV�XVLQJ�D
PXFK�VPDOOHU�QXPEHU�RI�SDUDPHWHUV�WKDQ�WKRVH�XVHG�WR�GHILQH�HDFK�WUDLQLQJ�VKDSH�
7KLV�LV�LPSRUWDQW�ZKHQ�FRQVLGHULQJ�WKH�UHFRJQLWLRQ�RI�SUHYLRXVO\�XQVHHQ�VKDSHV�

����� 1RQ�OLQHDU�SRLQW�GLVWULEXWLRQ�PRGHOV$V�WKH�µVWDQGDUG¶�3'0�GHVFULEHG�DERYH� LV�EDVHG�SXUHO\�RQ� OLQHDU�VWDWLVWLFV� WKHQ�
IRU� DQ\� SDUWLFXODU� PRGH� RI� YDULDWLRQ�� ODQGPDUN� SRLQWV� FDQ� PRYH� RQO\� DORQJ
VWUDLJKW� OLQHV�� 1RQ�OLQHDU� PRYHPHQW� LV� DFKLHYHG� E\� FRPELQLQJ� WZR� RU� PRUH
PRGHV�
7KLV� VLWXDWLRQ� LV� QRW� LGHDO�� )LUVWO\� EHFDXVH� WKH� PRVW� FRPSDFW� UHSUHVHQWDWLRQ� RI
VKDSH�YDULDELOLW\�PLJKW�QRW�EH�DFKLHYHG��DQG�VHFRQGO\�EHFDXVH�LPSODXVLEOH�VKDSHV
FDQ� EH� JHQHUDWHG� GXH� WR� WKH� LQFRUUHFW� DVVXPSWLRQ� WKDW� WKH� YDULDWLRQ� PRGHV� DUH
LQGHSHQGHQW��7KH� HIIHFW� LV� SDUWLFXODUO\� EDG�ZKHQ� WKH� REMHFW� EHLQJ�PRGHOOHG� FDQ
EHQG�RU�SLYRW��/LNH�WKH�ILQJHUV�RI�D�KDQG��IRU�H[DPSOH�
$OVR��ZKHQ� EXLOGLQJ� D� VHW� RI� WUDLQLQJ� GDWD� IRU� D� 3'0�� WKH� DFFXUDWH� ODEHOOLQJ� RI
ODQGPDUN�SRLQWV�LV�YHU\�LPSRUWDQW��7KH�ODQGPDUN�SRLQWV�RQ�HDFK�WUDLQLQJ�H[DPSOH
VKRXOG� UHODWH�YHU\� FORVHO\� WR� WKH�VDPH SK\VLFDO� IHDWXUH�RQ� WKH�REMHFW� DV� LW� LV� WKH
UHODWLYH�PRYHPHQW�RI� WKHVH�SRLQWV� WKDW� LV� VLJQLILFDQW�� ,QDFFXUDWH� LGHQWLILFDWLRQ�RI
ODQGPDUNV�LQWURGXFHV�DGGLWLRQDO�QRQ�OLQHDU�EHKDYLRXU�LQWR�WKH�PRGHO�ZKLFK�DJDLQ
UHVXOWV� LQ� WKH�PRGHO� H[KLELWLQJ� GHIRUPDWLRQV� QRW� SUHVHQW� LQ� WKH� RULJLQDO� WUDLQLQJ
VHW�



��

+RZHYHU��ZKHQ�PRGHOOLQJ�DQ�DUWLFXODWHG�VKDSH�OLNH�WKH�KDQG��3'0¶V�FDQ VWLOO�EH
XVHIXO��6R]RX�HW�DO�� >��@�KDYH�SURSRVHG�XVLQJ�SRO\QRPLDO� UHJUHVVLRQ� WR� ILW� KLJK�
RUGHU�SRO\QRPLDOV�WR�WKH�QRQ�OLQHDU�D[LV�RI�WKH�WUDLQLQJ�VHW�DQG�ODWHU�>��@��WKH�VDPH
DXWKRUV�XVHG�D�EDFN�SURSDJDWLRQ�QHXUDO�QHWZRUN�WR�SHUIRUP�QRQ�OLQHDU�3&$��+HDS
DQG�+RJJ� >��@� VXJJHVW� XVLQJ� D� ORJ�SRODU�PDSSLQJ� WR� UHPRYH� QRQ�OLQHDULW\� IURP
WKH� WUDLQLQJ� VHW� EHIRUH 3&$� IROORZHG� E\� WKH� UHYHUVH� SURFHVV� DIWHUZDUGV�� 7KHVH
DXWKRUV�KDYH�VKRZQ� WKDW� WKLV�PD\�EH�YHU\�XVHIXO� LQ� DSSOLFDWLRQV�ZKHUH� WKH�QRQ�
OLQHDULW\�LV�PDLQO\�GXH�WR�SLYRWDO�PRWLRQ�
$OO�RI�WKH�DERYH�DWWHPSW�WR�RYHUFRPH�WKH�SUREOHPV�FDXVHG�E\�VRPH�QRQ�XQLIRUP
GLVWULEXWLRQ�RI�WUDLQLQJ�SRLQWV�LQ�VKDSH�VSDFH�ZKLFK���LQ�H[WUHPH�FDVHV���PD\�IRUP
LQWR�GLVFUHWH� µFOXPSV¶�� ,Q�VXFK�FDVHV��VRPH�IRUP�RI� FOXVWHULQJ� WHFKQLTXH�PD\�EH
XVHG� WR� DQDO\VH� WKLV�GLVWULEXWLRQ�RI� WUDLQLQJ�SRLQWV��7KLV� DOORZV� WKH�PRUH� VLPSOH
FDOFXODWLRQV� LQYROYHG� LQ� WKH� OLQHDU� 3'0� WR� EH� UHWDLQHG� DQG� RIIHUV� VLJQLILFDQW
SHUIRUPDQFH� EHQHILWV� RYHU� VRPH� RI� WKH� DOWHUQDWLYH� WHFKQLTXHV�� OLNH� SRO\QRPLDO
UHJUHVVLRQ�>��@�
,Q�D�VLWXDWLRQ� OLNH� WKDW�GHVFULEHG�DERYH�� WKH�GLVWULEXWLRQ�RI�SRLQWV� LQ�VKDSH�VSDFH
HIIHFWLYHO\�IRUP�D�QXPEHU�RI�VPDOOHU�PRGHOV��ZKLFK�PD\�RYHUODS�WR�VRPH�JUHDWHU
RU�OHVVHU�H[WHQW��$V�D�JHVWXUH�LV�PDGH��LW�ZLOO�SHUKDSV�ILW�LQWR�RQH�RI�WKHVH�PRGHOV
PRUH� FORVHO\� WKDQ� WKH� RWKHUV� DQG�� DV� WKH� JHVWXUH� SURJUHVVHV�� WKLV� PRGHO� ZLOO
JUDGXDOO\� EHFRPH� OHVV� UHOLDEOH� XQWLO� LW� EHFRPHV� QHFHVVDU\� WR� VZLWFK� WR� D� PRUH
VXLWDEOH� RQH�� 7KH� SUREOHP� WKHQ� DULVHV� RI� GHFLGLQJ�ZKHQ EHVW� WR� VZLWFK� EHWZHHQ
WKHVH�PRGHOV�DQG�LQ�ZKDW RUGHU�
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$V� WKHUH�ZLOO� LQHYLWDEO\�EH�DUHDV�ZKHUH� WKLV� FKRLFH� LV� DPELJXRXV�� VRPH� IRUP�RI
SUREDELOLVWLF� PDWFKLQJ� ZRXOG� EH� DSSURSULDWH� WR� PRGHO� WKHVH� G\QDPLF� FKDQJHV
GXULQJ�WKH�WUDLQLQJ�SURFHVV��2QH�SRVVLEOH�ZD\�RI�DFKLHYLQJ�WKLV�ZRXOG�EH�WR�XVH�D
KLGGHQ�0DUNRY�PRGHO�

����� 7KH�KLGGHQ�0DUNRY�PRGHO+LGGHQ� 0DUNRY� PRGHOV� DUH� D� FODVV� RI� VWDWLVWLFDO� PRGHOV� ZKLFK� DWWHPSW� WR
FKDUDFWHULVH� WKH� SURSHUWLHV� RI� WKH� REVHUYDEOH� RXWSXW� IURP� D� UHDO�ZRUOG� SURFHVV�
7KLV� LV� SDUWLFXODUO\� UHOHYDQW� ZKHUH� WKH� REVHUYDEOH� RXWSXW� SURGXFHG� E\� WKH� UHDO�
ZRUOG�SURFHVV�LV�VXEMHFW�WR�QRLVH�RU�GLVWRUWLRQ��,Q�UHFHQW�\HDUV��+00¶V�KDYH�EHHQ
VXFFHVVIXOO\�DSSOLHG�WR�VSHHFK�UHFRJQLWLRQ�V\VWHPV�>��@�
7R�XQGHUVWDQG�H[DFWO\�ZKDW�DQ�+00�LV��LW�LV�ILUVW�QHFHVVDU\�WR�XQGHUVWDQG�D�OLWWOH
DERXW�0DUNRY�FKDLQV��RU�ILUVW�RUGHU�0DUNRY�PRGHOV��7KH�IROORZLQJ�GHVFULSWLRQ�LV
ODUJHO\�DEVWUDFWHG�IURP�>��@�DQG�>��@�DOWKRXJK�D�PRUH�FRPSUHKHQVLYH�FRYHUDJH�LV
JLYHQ�E\�>��@�
'LVFUHWH�0DUNRY�FKDLQV�DQG�+00¶V
&RQVLGHU�D�V\VWHP�ZKLFK�PD\�EH�GHVFULEHG�DW�VRPH�SRLQW�LQ�WLPH�DV�EHLQJ�LQ�RQH
RI�D�VHW�RI�GLVWLQFW�VWDWHV��
6XSSRVH�WKHUH�DUH�1 VWDWHV�VXFK�WKDW�WKH�VHW�RI�VWDWHV�6� �^6���6���«��61`�

� ,Q�WKLV�FRQWH[W��ZH�DUH�LQLWLDOO\�FRQFHUQHG�RQO\�ZLWK�UHJXODUO\�VSDFHG�GLVFUHWH�WLPHV��KHQFH�µGLVFUHWH¶DV�RSSRVHG�WR�µFRQWLQXRXV¶��DQG�D�ILQLWH QXPEHU�RI�GLVWLQFW�VWDWHV��7KLV�PD\�QHHG�WR�EH�UHYLHZHG�
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$W�HDFK�GLVFUHWH�SRLQW�LQ�WLPH��WKH�V\VWHP�XQGHUJRHV�D�FKDQJH�RI�VWDWH�DFFRUGLQJ�WR
D�VHW�RI�SUREDELOLWLHV�DVVRFLDWHG�ZLWK�WKDW�VWDWH��1RWH�WKDW�WKH�FKDQJH�PD\�SRVVLEO\
EH�EDFN�WR�WKH�VDPH�VWDWH��,Q�D�ILUVW�RUGHU�0DUNRY�PRGHO��WKH�µ0DUNRY�DVVXPSWLRQ¶
�RU�0DUNRY�SURSHUW\��LV�VDLG�WR�KROG�IRU�D�V\VWHP�ZKHUH�WKH�SUREDELOLW\�RI�PRYLQJ
IURP�RQH�VWDWH�WR�DQRWKHU�GHSHQGV�RQO\�RQ�WKH�FXUUHQW�VWDWH��QRW�RQ�DQ\�SDUW�RI�WKH
SUHYLRXV�KLVWRU\�RI� VWDWHV��$OVR�� LQ� WKLV� DSSOLFDWLRQ��ZH� DUH� RQO\� FRQFHUQHG�ZLWK
V\VWHPV�ZKHUH�WKH�DERYH�SUREDELOLWLHV�GR�QRW�YDU\�RYHU�WLPH��VWDWLRQDU\�PRGHOV��
,Q�WKHVH�FRQGLWLRQV��LI�WKH�WLPH�LQVWDQWV�DVVRFLDWHG�ZLWK�VWDWH�FKDQJHV�DUH�W� ������
«� DQG� WKH�DFWXDO� VWDWH�DW� WLPH� W LV�TW�� WKHQ� WKHUH�ZLOO�EH�D� VHW�RI� VWDWH� WUDQVLWLRQSUREDELOLWLHV�DLM RI�WKH�IRUP

DLM  �3�TW  �6M _�TW��  �6L�� ��d L��M�d 1
ZLWK� WKH� VWDWH� WUDQVLWLRQ� FRHIILFLHQWV�� REH\LQJ� VWDQGDUG� VWRFKDVWLF� FRQVWUDLQWV�
KDYLQJ�WKH�IROORZLQJ�SURSHUWLHV

DLM t � DQG
7KH�DERYH�VWRFKDVWLF�SURFHVV�FRXOG�EH�FDOOHG�DQ�µREVHUYDEOH¶�0DUNRY�PRGHO�DV�WKH
RXWSXW� RI� WKH� SURFHVV� LV� MXVW� WKH� VWDWH� DW� HDFK� LQVWDQW� LQ� WLPH�� ZKHUH� HDFK� VWDWH
FRUUHVSRQGV�WR�DQ�REVHUYDEOH��SK\VLFDO��HYHQW�
,Q� D� KLGGHQ� 0DUNRY� PRGHO�� WKH� XQGHUO\LQJ� VWDWHV� DUH� QRW GLUHFWO\� REVHUYDEOH
�KHQFH� µKLGGHQ¶�� EXW� DUH� REVHUYHG� WKURXJK� DQRWKHU VHW� RI� VWRFKDVWLF� SURFHVVHV
DVVRFLDWHG�ZLWK�HDFK�VWDWH�

��  ¦ 1M LMD
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6XSSRVH�WKH�V\VWHP�SURGXFHV�D�QXPEHU��0��RI�GLVWLQFW�REVHUYDEOH�µV\PEROV¶��/HW
WKLV�VHW�RI�V\PEROV�EH�GHQRWHG�E\�9� �^Y���Y���«��Y0`��7KHQ�IRU�HDFK�VWDWH��M��WKHUHZLOO�EH�DQ�REVHUYDWLRQ�V\PERO�SUREDELOLW\�GLVWULEXWLRQ�%� �^EM�N�`��ZKHUH

EM�N�� �3�YN DW�W�_�TW  �6M�� ��d M�d 1 ��d N�d 0
7KLV�JLYHV�WKH�SUREDELOLW\�WKDW�V\PERO�YN ZLOO�EH�REVHUYHG�JLYHQ�WKDW�WKH�V\VWHP�LVLQ�VWDWH�6M DW�WLPH�W�
2QH�PRUH�SUREDELOLW\�GLVWULEXWLRQ�FRPSOHWHV�WKH�HOHPHQWV�FKDUDFWHULVLQJ�DQ�+00�
7KLV�LV�WKH�LQLWLDO VWDWH�GLVWULEXWLRQ�S  �^SL` ZKHUH

S  �3�T�  �6L�� ��d L�d 1
7KLV�JLYHV�WKH�SUREDELOLW\�WKDW�WKH�V\VWHP�EHJLQV LQ�D�SDUWLFXODU�VWDWH�
7R�VXPPDULVH��WKH�SUREDELOLW\�PHDVXUHV�FKDUDFWHULVLQJ�DQ�+00�DUH�DV�IROORZV

$� �^DLM` � WKH�VWDWH�WUDQVLWLRQ�SUREDELOLW\�GLVWULEXWLRQ
%� �^EM�N�` � WKH�REVHUYDWLRQ�V\PERO�SUREDELOLW\�GLVWULEXWLRQ��DQG
S  �^SL` � WKH�LQLWLDO�VWDWH�GLVWULEXWLRQ

:KLOH� D� FRPSOHWH� VSHFLILFDWLRQ� RI� DQ� +00� UHTXLUHV� WKH� VSHFLILFDWLRQ� RI� WZR
PRGHO� SDUDPHWHUV� �1 DQG�0��� VSHFLILFDWLRQ� RI� REVHUYDWLRQ� V\PEROV��9�� DQG� WKH
VSHFLILFDWLRQ� RI� WKH� DERYH� WKUHH� SUREDELOLW\� PHDVXUHV�� IRU� FRQYHQLHQFH� WKH
IROORZLQJ�FRPSDFW�QRWDWLRQ�LV�XVHG�WR�LQGLFDWH� WKH�FRPSOHWH�SDUDPHWHU�VHW�RI� WKH
PRGHO

O  ��$��%��S�
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7KUHH�SUREOHPV
)RU�D�+00�WR�EH�XVHIXO�LQ�PRGHOOLQJ�D�UHDO�ZRUOG�SURFHVV�� WKHUH�DUH� WKUHH�EDVLF
SUREOHPV�ZKLFK�QHHG�WR�EH�VROYHG��7KHVH�DUH��
�� *LYHQ�WKH�REVHUYDWLRQ�VHTXHQFH�2� �2���2���«��27��DQG�D�PRGHO�O  ��$��%��S��KRZ� GR�ZH� HIILFLHQWO\� FRPSXWH�3�2� _�O��� WKH� SUREDELOLW\� RI� WKH� REVHUYDWLRQVHTXHQFH�JLYHQ�WKH�PRGHO"
�� *LYHQ�WKH�REVHUYDWLRQ�VHTXHQFH�2� �2���2���«��27��DQG�D�PRGHO�O��KRZ�GR�ZHFKRRVH�D�FRUUHVSRQGLQJ�VWDWH�VHTXHQFH�4� �T���T���«��T7 ZKLFK�EHVW�H[SODLQVWKH�REVHUYDWLRQV"
�� +RZ�GR�ZH�DGMXVW�WKH�PRGHO�SDUDPHWHUV�O  ��$��%��S� WR�PD[LPLVH�3�2�_�O� "
3UREOHP� ��� WKH� µHYDOXDWLRQ� SUREOHP¶�� HIIHFWLYHO\� DVNV� IRU� D� PHWKRG� RI� VFRULQJ
KRZ�ZHOO�D�SDUWLFXODU�PRGHO�PDWFKHV�D�JLYHQ�REVHUYDWLRQ�VHTXHQFH�� ,Q�D� OLPLWHG
YRFDEXODU\� VSHHFK� �RU� JHVWXUH�� UHFRJQLWLRQ� V\VWHP�� LW� FRXOG� EH� WKDW� D� GLIIHUHQW
+00�ZRXOG�EH�FUHDWHG�WR�µUHFRJQLVH¶�HDFK�SRVVLEOH�µZRUG¶�LQ�WKH�YRFDEXODU\�
7KH�VROXWLRQ�WR�WKLV�SUREOHP�ZRXOG�SURYLGH�D�PHWKRG�RI�LGHQWLI\LQJ�ZKLFK�PRGHO
EHVW�ILWV�DQ�XQIDPLOLDU�ZRUG�DQG�VR�JLYH�DQ�LQGLFDWLRQ�RI�ZKDW�WKDW�ZRUG�PLJKW�EH�
3UREOHP�� DWWHPSWV�WR�XQFRYHU�WKH�µKLGGHQ¶�SDUW�RI�WKH�PRGHO��7KLV�LV�QRW�HDV\�WR
DFFRPSOLVK� JLYHQ� WKDW� WKHUH� PD\� EH� D� QXPEHU� RI� SODXVLEOH� XQGHUO\LQJ� VWDWHV
H[SODLQLQJ� DQ� REVHUYDWLRQ� VHTXHQFH�� ZKHQ� XVLQJ� GLIIHUHQW� FULWHULD� IRU� MXGJLQJ
SODXVLELOLW\�
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7KH�VROXWLRQ�WR�WKLV�SUREOHP�PD\�EH�XVHIXO�LQ�JDLQLQJ�LQVLJKWV�DERXW�WKH�VWUXFWXUH
RI� WKH�PRGHO��6XFK� LQVLJKWV�PLJKW�SURYRNH� FKDQJHV� LQ� WKH� QXPEHU� RI� VWDWHV�� IRU
H[DPSOH��WR�RSWLPLVH�WKH�VXLWDELOLW\�RI�D�PRGHO�IRU�D�SDUWLFXODU�SXUSRVH�
3UREOHP�� DGGUHVVHV�WUDLQLQJ��*LYHQ�WKDW�ZH�KDYH�DQ�REVHUYDWLRQ�VHTXHQFH��RU�D
QXPEHU� RI� VXFK� VHTXHQFHV��� KRZ� GR� ZH� DGMXVW� WKH� PRGHO� WR� PD[LPLVH� WKH
OLNHOLKRRG�WKDW�LW�ZRXOG�SURGXFH�WKLV��WKHVH��VHTXHQFH�V�"
7KH�VROXWLRQ� WR� WKLV�SUREOHP�ZRXOG�DOORZ�D� µWUDLQLQJ¶� IXQFWLRQ� WR�EH�EXLOW� LQWR�D
VSHHFK��RU�JHVWXUH�� UHFRJQLWLRQ�V\VWHP�ZKHUH��GXULQJ� WUDLQLQJ�� WKH�VDPH�ZRUG�RU
SKUDVH�LV�GHOLYHUHG�E\�GLIIHUHQW�VSHDNHUV�DQG�WKH�RXWSXW�XVHG�WR�DGMXVW�WKH�PRGHO�WR
PD[LPLVH� WKH� FKDQFH� RI� LW� FRUUHFWO\� LGHQWLI\LQJ� WKH� VDPH� ZRUG� RU� SKUDVH� ZKHQ
VSRNHQ�E\�DQ�XQIDPLOLDU�YRLFH�
7KUHH�VROXWLRQV
7KH� VROXWLRQV� WR� DOO� WKUHH� SUREOHPV� DUH� ZHOO� GRFXPHQWHG� >��@�� 7KH� VROXWLRQ� WR
SUREOHP� �� LV� SURYLGHG� E\� WKH� µ)RUZDUG¶� SDUW� RI� WKH� µ)RUZDUG�%DFNZDUG
3URFHGXUH¶�� 7KLV� LV� DQ� HOHJDQW� DQG� HIILFLHQW� DOJRULWKP�ZKLFK� XVHV� LQGXFWLRQ� WR
DYRLG�WKH�EUXWH�IRUFH�DSSURDFK�LQYROYLQJ�WKH��HQXPHUDWLRQ�RI�HYHU\�SRVVLEOH�VWDWH
VHTXHQFH�RI� WKH� VDPH� OHQJWK� DV� WKH�REVHUYDWLRQ��7KH�)RUZDUG DOJRULWKP�GHILQHV
WKH�µIRUZDUG�YDULDEOH¶�DW�L� DV

DW�L�� �3�2� 2� «�2W��TW  �6L _�O�
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WKDW�LV��WKH�SUREDELOLW\�RI�WKH�SDUWLDO�REVHUYDWLRQ�VHTXHQFH�2���2���«��2W �XQWLO�WLPH
W�� DQG VWDWH� 6L DW� WLPH� W�� JLYHQ� WKH� PRGHO� O�� 7KH� DOJRULWKP� LV� LPSOHPHQWHG� DV
IROORZV��
,QLWLDOLVDWLRQ� D��L�� �SLEL�2��� ��d L�d 1
,QGXFWLRQ� DW���M�� ��d W�d 7��� ��d M�d 1
7HUPLQDWLRQ� 3�2�_�O�� 

7KH� VROXWLRQ� WR� SUREOHP� �� LV� JLYHQ� E\� WKH�9LWHUEL� $OJRULWKP�� 7KLV� DOJRULWKP� LV
EDVHG�RQ�G\QDPLF�SURJUDPPLQJ�PHWKRGV� DQG� LV� LQ�PDQ\� UHVSHFWV� VLPLODU� WR� WKH
LPSOHPHQWDWLRQ�RI� WKH�)RUZDUG DOJRULWKP�GHVFULEHG� DERYH��$�GLVFXVVLRQ�RI� WKLV
DOJRULWKP� DORQJ� ZLWK� D� FRPSOHWH� LPSOHPHQWDWLRQ� LV� JLYHQ� LQ� >��@�� 7KH� PDLQ
GLIIHUHQFH�LV�WKDW�WKH�VXPPDWLRQ�SHUIRUPHG�LQ�WKH�LQGXFWLRQ�VWHS�LV�UHSODFHG�E\�D
PD[LPLVDWLRQ�SURFHGXUH�
3UREOHP���LV�E\�IDU�WKH�PRVW�GLIILFXOW�WR�VROYH��7KHUH�DUH�D�YDULHW\�RI�RSWLPLVDWLRQ
PHWKRGV� LQ� H[LVWHQFH� >���� ��@�� RQH� SRSXODU� WHFKQLTXH� EHLQJ� WKH� %DXP�:HOFK
DOJRULWKP� >��@�� 7KLV� DOJRULWKP� XWLOLVHV� WKH� µIRUZDUG� YDULDEOH¶� SURGXFHG� E\� WKH
VROXWLRQ� WR�SUREOHP��� DORQJ�ZLWK� WKH� µEDFNZDUG�YDULDEOH¶�ZKLFK� LV� SURGXFHG� E\
WKH�VHFRQG�SDUW�RI�WKH�)RUZDUG�%DFNZDUG SURFHGXUH��7KH�EDFNZDUG�YDULDEOH�EW�L�
LV�GHILQHG�DV

EW�L�� �3�2W�� 2W�� «�27 _�TW  �6L��O�
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WKDW�LV��WKH�SUREDELOLW\�RI� WKH�SDUWLDO�REVHUYDWLRQ�VHTXHQFH�IURP�W���� WR� WKH�HQG�
JLYHQ� VWDWH�6L DW� WLPH� W DQG� WKH�PRGHO�O��$V�ZLWK� WKH� FDOFXODWLRQ�RI� WKH� IRUZDUG
YDULDEOH��LQGXFWLRQ�LV�XVHG�WR�JRRG�HIIHFW��
,QLWLDOLVDWLRQ� E7�L�� ��� ��d L�d 1
,QGXFWLRQ� EW�L�� � W� �7����7����«��� ��d L�d 1
7KH� IRUZDUG� DQG� EDFNZDUG� YDULDEOHV� WRJHWKHU� PD\� EH� XVHG� WR� FRPSXWH� WKH
SUREDELOLW\�WKDW�WKH�V\VWHP�ZDV�LQ�VWDWH�6L DW�WLPH�W DQG�VWDWH�6M DW�WLPH�W�� GXULQJWKH�JLYHQ�REVHUYDWLRQ�VHTXHQFH�
)URP�WKLV�SRLQW��E\�VXPPLQJ�RYHU�WKH�WLPH�LQGH[��LW�LV�SRVVLEOH�WR�DUULYH�DW�D�ZD\
RI� FRXQWLQJ WKH� QXPEHU� RI� WLPHV� WKH� V\VWHP� OHDYHV� D� SDUWLFXODU� VWDWH�� DQG� WKH
QXPEHU�RI�WLPHV�WKH�V\VWHP�WUDQVLWLRQV�IURP�VWDWH�6L WR�VWDWH�6M�
7KH� IXOO� LPSOHPHQWDWLRQ� LV� GHVFULEHG� LQ� >��@�� EXW� LW� FDQ� EH� VHHQ� WKDW� WKH� DERYH
LQIRUPDWLRQ�PD\�EH�XVHG�WR�UH�HVWLPDWH�WKH�PRGHO�SDUDPHWHUV�O DV�IROORZV

SL  �H[SHFWHG�QXPEHU�RI�WLPHV�LQ�VWDWH 6L DW�WLPH W� ��

¦ ��1
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L
MLLM 6 66D VWDWHIURPQV�WUDQVLWLRRIQXPEHU�H[SHFWHG VWDWH�WRVWDWHIURPQV�WUDQVLWLRRIQXPEHU�H[SHFWHG 

M YMNE NM VWDWHLQ��WLPHVRIQXPEHU�H[SHFWHG V\PEROREVHUYLQJDQGVWDWHLQ��WLPHVRIQXPEHU�H[SHFWHG��  
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6XPPDU\
+LGGHQ� 0DUNRY� PRGHOV� KDYH� EHHQ� XVHG� H[WHQVLYHO\� IRU� VSHHFK� UHFRJQLWLRQ
V\VWHPV� >��@� DQG� DOVR� E\� D� QXPEHU� RI� UHVHDUFKHUV� LQYHVWLJDWLQJ� JHVWXUH
UHFRJQLWLRQ��IRU�H[DPSOH�>����������@��7KH\�ZLOO�DOPRVW�FHUWDLQO\�IRUP�SDUW�RI�WKLV
SURMHFW�DOWKRXJK�DW�WKH�WLPH�RI�ZULWLQJ��WKH�H[DFW�GHWDLOV�RI�WKHLU�DSSOLFDWLRQ�KDYH
QRW�EHHQ�GHFLGHG��7KLV�LV�GLVFXVVHG�IXUWKHU�LQ�&KDSWHU���
����� 5HFRYHULQJ��'�SRVH�IURP�D��'�YLHZ$V�VWDWHG�HDUOLHU��WKH�DELOLW\�WR�UHFRYHU�LQIRUPDWLRQ�DERXW�WKH�SRVH�RI�WKH�KDQG�LQ
WKUHH�GLPHQVLRQV�XVLQJ�D��'�FDPHUD�YLHZ�LV�WKH�PDLQ�IRFXV�RI�WKLV�SURMHFW��2WKHU
UHVHDUFKHUV�KDYH�HPSOR\HG�D�QXPEHU�RI�WHFKQLTXHV�WR�DFKLHYH�WKLV�DLP��RIWHQ�ZLWK
REMHFWV� RWKHU� WKDQ� MXVW� WKH� KDQG��ZLWK� YDU\LQJ� GHJUHHV� RI� VXFFHVV�� 7KH�PHWKRGV
XVHG�LQFOXGH�WKH�IROORZLQJ�
%RZGHQ�HW�DO��>�@�KDYH�XVHG�D�QRQ�OLQHDU�3'0�WR�UHFRYHU�WKH��'�SRVH�RI�D�KXPDQ
WRUVR��KHDG��DUPV��ERG\��EDVHG�RQ�D��'�YLHZ�IURP�D�VLQJOH�FDPHUD��7KH�PHWKRG
WKH\� XVHG�ZDV� WR� LQFRUSRUDWH� ERWK� �'� DQG� �'� GDWD� LQWR� WKH� YHFWRU� GHILQLQJ� WKH
SRVH�RI�HDFK�WUDLQLQJ�H[DPSOH��7KLV�K\EULG�GDWD�ZDV�WKHQ�XVHG�WR�SURGXFH�D�OLQHDU
3'0�XVLQJ�WKH�PHWKRG�GHVFULEHG�LQ�VHFWLRQ�������
7KH�QRQ�XQLIRUP�GLVWULEXWLRQ�RI�WUDLQLQJ�SRLQWV�LQ�VKDSH�VSDFH�ZDV�WKHQ�DQDO\VHG
E\� D� N�PHDQV� FOXVWHULQJ� DOJRULWKP� DQG� WKH� FOXVWHUV� LGHQWLILHG� ZHUH� LQGLYLGXDOO\
VXEMHFWHG�WR�3&$��7KH�UHVXOWV�RI�WKLV�SURFHVV�ZHUH�XVHG�WR�FRQVWUDLQ�WKH�PRGHO�
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$IWHU�EXLOGLQJ�D�PRGHO�XVLQJ�WKLV�WHFKQLTXH�ZLWK�WKH�K\EULG��'��'�GDWD��WKH�PRGHO
ZDV� SUHVHQWHG�ZLWK� DQ� XQIDPLOLDU� �'� REMHFW� DQG� DOORZHG� WR� GHIRUP� ZLWKLQ� WKH
DERYH� FRQVWUDLQWV� WR� ILW� WKH� �'� HOHPHQWV� RI� WKH�PRGHO� WR� WKLV� VKDSH��$V� WKH� �'
HOHPHQWV� RI� WKH�PRGHO� GHIRUPHG�� VR� WKH� �'� HOHPHQWV� DOVR� GHIRUPHG� DQG� ±� WKH
DXWKRUV�VXJJHVW���SURGXFHG�WKH�OLNHO\�SRVH�RI�WKH�REMHFW�LQ�WKUHH�GLPHQVLRQV�
7KLV�WHFKQLTXH�FODLPV�VRPH�VXFFHVV�DOWKRXJK�WKH��'�GDWD�XVHG�WR�EXLOG�WKH�3'0
ZDV� JHQHUDWHG� PDQXDOO\� E\� HVWLPDWLQJ WKH� ] FR�RUGLQDWHV� IURP� D� YLVXDO
H[DPLQDWLRQ�RI�HDFK�LPDJH�IUDPH��$V�WKH�DXWKRUV�KDYH�QRWHG��WKLV�ODFN�RI�JURXQG
WUXWK�PDNHV�LW�GLIILFXOW�WR�PDNH�DQ�REMHFWLYH�HYDOXDWLRQ�RI�SHUIRUPDQFH�
'L�%HUQDGR� HW� DO�� >�@� KDYH� WDNHQ� D� GLIIHUHQW� DSSURDFK� WR� WUDFNLQJ� D� KXPDQ� DUP
�VKRXOGHU�� IRUHDUP�� KDQG� SRVLWLRQ�� LQ� �'� XVLQJ� D� VLQJOH� FDPHUD�� 7KH\� KDYH
GHYHORSHG� VRIWZDUH� WR� PRGHO� DQ� DUP� LQ� �'� DQG� XVH� DQ� LQLWLDO� HVWLPDWH� RI� DUP
SRVLWLRQ�WR�SUHGLFW�WKH�DUP�SURMHFWLRQ�LQ�WKH�LPDJH��7KH�DFWXDO�LPDJH�IURP�D�VLQJOH
YLGHR� FDPHUD� LV� DQDO\VHG� WR� VHJPHQW� WKH� DUP� IURP� WKH� EDFNJURXQG� DQG� WKH
GLIIHUHQFH�EHWZHHQ�WKH�SUHGLFWHG DUP�LPDJH�DQG�WKH�DFWXDO DUP�LPDJH�LV�XVHG�DV
DQ� HUURU� PHDVXUHPHQW� WR� XSGDWH� WKH� HVWLPDWHG� DUP� SRVLWLRQ� XVLQJ� D� UHFXUVLYH
HVWLPDWRU��7KLV�WHFKQLTXH�ZRUNV�ZHOO�IRU�D�KXPDQ�DUP�ZKHUH�WKH�DUHD�RI�LQWHUHVW�LV
UHODWLYHO\�HDV\�WR�LGHQWLI\�DQG�WKHUH�DUH�QR�VLJQLILFDQW�SUREOHPV�ZLWK�RFFOXVLRQ�
6KLPDGD� DQG�6KLUDL� >��@� DQG�2XKDGGL� DQG�+RUDLQ� >��@� KDYH� DWWHPSWHG� WR� DSSO\
PRGLILHG�YHUVLRQV�RI�WKH�DERYH�WHFKQLTXH�WR�WKH�KXPDQ�KDQG��%RWK�RI�WKHVH�KDYH

� $V�DQ�DFWLYH�VKDSH�PRGHO��$60��±�VHH�>�@
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EHHQ� KDPSHUHG� E\� WKH� HIIHFWV� RI� RFFOXVLRQ� LQ� WKH� LPDJH� VHTXHQFHV� UHVXOWLQJ� LQ
LQDFFXUDWH�RU�DPELJXRXV�UHVXOWV�LQ�PDQ\�FDVHV�
5HKJ�DQG�.DQDGH�>����������@�XVH�PXOWLSOH FDPHUDV�WR�SURYLGH�WKUHH�GLPHQVLRQDO
UHDO� WLPH� WUDFNLQJ� RI� D� KDQG� PRGHO� DOWKRXJK� WKLV� DOVR� VXIIHUV� IURP� SUREOHPV
FDXVHG�E\�RFFOXVLRQ�DQG�FOXWWHUHG�EDFNJURXQGV��UHPHPEHU�� WKH� LQWHQWLRQ�IRU�WKLV
SURMHFW�LV�WR�XVH�D�VLQJOH YLGHR�FDPHUD��
7KH�SURSRVHG�PHWKRG�IRU�DSSURDFKLQJ�WKLV�SURMHFW�LV�LQLWLDOO\�WR�XVH�V\QFKURQLVHG
�'�LPDJHV��IURP�D� VLQJOH�YLGHR�FDPHUD��DQG��'�GDWD� �IURP�PDJQHWLF�SRVLWLRQDO
VHQVRUV�� RI� YDULRXV� VLQJOH�KDQG� JHVWXUHV�� WR� SURGXFH� D� K\EULG� 3'0� LQ� D� VLPLODU
PDQQHU�WR�>�@��7KLV�LV�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�WKH�IROORZLQJ�FKDSWHU�
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&KDSWHU�� 0HWKRGV
��� 2YHUYLHZ

����� ,QWURGXFWLRQ7KLV� FKDSWHU�GHVFULEHV� WKH�PHWKRGV�XVHG� DQG� VRIWZDUH�GHYHORSHG� WR� FDSWXUH� DQG
DQDO\VH� WKH� LQIRUPDWLRQ�ZH�EHOLHYH� LV� UHTXLUHG� WR� IXUWKHU� WKH�DLP�RI� WKLV�SURMHFW�
7KHVH�GHYHORSPHQWV� IDOO� EURDGO\� LQWR� WZR�DUHDV�� UDZ�GDWD� FDSWXUH� DQG� VWDWLVWLFDO
PRGHOOLQJ�

����� 'DWD�FDSWXUH6HFWLRQ� ��� GHVFULEHV� WKH� GHYHORSPHQW� RI� D� QHZ� GDWD� JORYH� XVLQJ� PDJQHWLF
SRVLWLRQDO�VHQVRUV��7KLV�FRYHUV�WKH�GHVLJQ�RI�WKH�JORYH�DQG�WKH�VRIWZDUH�GHYHORSHG
WR�FDSWXUH�GDWD�ERWK�IURP�WKH�JORYH�LWVHOI�DQG�IURP�D�µV\QFKURQLVHG¶�YLGHR�FDPHUD�
7KLV�GDWD�IRUPV�WKH�UDZ�LQSXW�WR�WKH�PRGHOOLQJ�SKDVH�

����� 6WDWLVWLFDO�PRGHOV6HFWLRQ� ���� GHVFULEHV� WKH� VRIWZDUH� GHYHORSHG� WR� DOORZ� WKH� SURGXFWLRQ� RI� K\EULG
�'��'�3'0¶V�XVLQJ�WKH�FDSWXUHG�GDWD��7KH�WHFKQLTXHV�XVHG�IROORZ�WKRVH�RXWOLQHG
LQ�VHFWLRQ�������
6HFWLRQ� ���� GHVFULEHV� WKH� GHYHORSPHQW� RI� VRIWZDUH� IRU� EXLOGLQJ�� WUDLQLQJ� DQG
HYDOXDWLQJ�KLGGHQ�0DUNRY�PRGHOV��$V�GLVFXVVHG�LQ�WKH�SUHYLRXV�FKDSWHU��+00¶V
ZLOO�SUREDEO\�SOD\�VRPH SDUW�LQ�WKLV�SURMHFW�DQG�WKLV�GHYHORSPHQW�UHVXOWV�IURP�WKDW
DVVXPSWLRQ�
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��� 'HYHORSLQJ�D�QHZ�GDWD�JORYH
����� 0DJQHWLF�SRVLWLRQDO�LPDJLQJ�V\VWHP7KH� V\VWHP� XVHG� IRU� REWDLQLQJ� �'� SRLQW� GDWD� IURP� WKH� QHZ� GDWD�JORYH� ZDV
RULJLQDOO\�GHYHORSHG�E\�'U��-RKQ�%ODGHQ�DQG�FROOHDJXHV�IRU�SURGXFLQJ�LPDJHV�RI
PHGLFDO�HQGRVFRSHV�>����@��7KH�V\VWHP�FRQVLVWV�RI�D�QXPEHU�RI�SDVVLYH�VLQJOH�FRLO

VHQVRUV� SODFHG� LQ� D� JHQHUDWHG
PDJQHWLF� ILHOG�� $V� WKH
FKDUDFWHULVWLFV� RI� WKH� JHQHUDWHG
ILHOG�DUH�DOWHUHG�E\�WKH�SRVLWLRQLQJ
V\VWHP�� WKH� UHVSRQVHV� RI� HDFK� RI
WKH� VHQVRU� FRLOV� DUH� DQDO\VHG� WR
GHULYH�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ
RI�WKRVH�VHQVRUV��[��\��]��T��I��

,Q�WKH�GDWD�JORYH�DSSOLFDWLRQ��)LJXUH�������D�FRWWRQ�JORYH�LV�ILWWHG�ZLWK�D�QXPEHU
RI� VHQVRUV� FRQQHFWHG� WR� WKH� %ODGHQ� SRVLWLRQLQJ� V\VWHP�� 7KH� SRVLWLRQLQJ� V\VWHP
SRZHUV� WKUHH� PDJQHWLF� ILHOG� JHQHUDWRU� DVVHPEOLHV�� HDFK� FRQVLVWLQJ� RI� WKUHH
RUWKRJRQDOO\�ZRXQG�FRLOV��7KHVH�JHQHUDWRUV�DUH�IL[HG�LQ�D�WULDQJXODU�FRQILJXUDWLRQ
RQ� D� ZRRGHQ� ERDUG�� RYHU� ZKLFK� WKH� DFWLRQ� PXVW� WDNH� SODFH�� :KLOVW� WKLV� LV
SK\VLFDOO\� D� PRUH� UHVWULFWLYH� HQYLURQPHQW� WKDQ� WKDW� SRVVLEOH� ZKHQ� XVLQJ� D
FRQYHQWLRQDO� GDWD�JORYH�� WKH� V\VWHP� KDV� EHHQ� VKRZQ� WR� KDYH� D� KLJK� GHJUHH� RI
DFFXUDF\� >��� FK�@� DQG�� RQFH� VHW� XS�� VXIIHUV� QR� QHHG� IRU� UHSHDWHG� UH�FDOLEUDWLRQ
ZKLOVW�LQ�XVH�

)LJXUH�������3URWRW\SH�GDWD�JORYH
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7KH� ILUVW� SURWRW\SH� GDWD�JORYH� V\VWHP� XVLQJ� WKH� %ODGHQ� SRVLWLRQLQJ� V\VWHP� LV
GHVFULEHG� LQ� >��@�� 6RPH� ODWHU� GHYHORSPHQWV�� LQFOXGLQJ� DQ� DOWHUQDWLYH� PHGLFDO
DSSOLFDWLRQ�DUH�GHVFULEHG�LQ�>�@�DQG�>��@�
7KH� FXUUHQW�GDWD�JORYH�XVHV� HLJKW� VHQVRUV��7KUHH�RI� WKHVH� DUH�XVHG� WR�GHILQH� WKH
SODQH�RI�WKH�SDOP�DQG�WKH�UHPDLQLQJ�ILYH�DUH�SODFHG�RQH�RQ�WKH�WLS�RI�HDFK�GLJLW�
7KH� XVH� RI� MXVW� HLJKW� VHQVRUV� SHU� KDQG� ZDV� HQYLVDJHG� DV� DQ� LGHDO� PLQLPXP�
DOWKRXJK� FHUWDLQ� DVVXPSWLRQV� DUH� QHFHVVDU\� DERXW� WKH� ZD\� WKH� KDQG�PRYHV� LI� D
UHDOLVWLF�LPDJH�RI�D�KDQG�LV�VXEVHTXHQWO\�WR�EH�UHQGHUHG�E\�D�FRPSXWHU�
)LJXUH� ���� VKRZV� WKH� DSSUR[LPDWH
SRVLWLRQV�DQG�VL]HV�RI�WKH�VHQVRU�FRLOV
XVHG�LQ�WKH�FXUUHQW�YHUVLRQ�RI�WKH�GDWD
JORYH�� $OO� RI� WKH� VHQVRUV� DUH� SODFHG
RQ� WKH� GRUVDO� �EDFN�� VXUIDFH� RI� WKH
KDQG�

����� %XLOGLQJ�D�PRGHO�RI�WKH�KDQG
0RWLYDWLRQ
7KH�QHHG�IRU�D�FRPSXWHU�DSSOLFDWLRQ�WR�SURGXFH�D��'�LPDJH�RI�D�KDQG�LV�WZR�IROG�
)LUVWO\�� WKHUH� LV� WKH� QHHG� WR� YDOLGDWH� WKH� SHUIRUPDQFH� RI� WKH� %ODGHQ� SRVLWLRQLQJ
V\VWHP� DQG� GDWD�JORYH�� 7KLV� LV�PRUH� HDVLO\� SHUIRUPHG� DW� D� VXEMHFWLYH� OHYHO� LI� D
YLVXDO�LPDJH�RI�D�KDQG�FDQ�EH�GLVSOD\HG�LQ�UHDO�WLPH�DV�WKH�GDWD�JORYH�LV�XVHG�

)LJXUH�����±�'DWD�JORYH�VHQVRU�OD\RXW
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6HFRQGO\�� VXFK� DQ� DSSOLFDWLRQ� PD\� EH� XVHG� WR� SURGXFH� KDQG�VKDSHV� IURP� GDWD
JHQHUDWHG� E\� D� VWDWLVWLFDO� PRGHO�� IRU� H[DPSOH� D� SRLQW� GLVWULEXWLRQ� PRGHO�� 7KLV
ZRXOG�VLPLODUO\�DVVLVW�WKH�YDOLGDWLRQ�RI�DQ\�VXFK�3'0��ZKLFK�PD\�SRWHQWLDOO\�EH
XVHIXO�ERWK� LQ�JHVWXUH� UHFRJQLWLRQ� DQG� LQ� µGULYLQJ¶� DQ� DYDWDU� IURP�DQ� DOWHUQDWLYH
VRXUFH�RI�GDWD��H�J��WH[W��VSHHFK��
3HUFHSWXDO�&RQWURO�7KHRU\
:LWK�WKH�FXUUHQW�YHUVLRQ�RI� WKH�GDWD�JORYH��RQO\�WKH�SDOP�DQG�ILQJHUWLS�SRVLWLRQV
DUH� GLUHFWO\� PHDVXUHG� E\� VHQVRUV�� 7KH� SRVLWLRQV� RI� LQGLYLGXDO� DUWLFXODWHG� MRLQWV
ZLWKLQ� HDFK� ILQJHU� DUH� QRW� NQRZQ�� 7KLV� GRHV� QRW� JLYH� VXIILFLHQW� LQIRUPDWLRQ� WR
DOORZ� D� �'� PRGHO� RI� WKH� KDQG� WR� EH� UHQGHUHG� DV� D� UHDOLVWLF� LPDJH� ZLWKRXW
DGGLWLRQDO�SURFHVVLQJ�
,Q� DQ� DWWHPSW� WR� VLPSOLI\� WKH� FDOFXODWLRQ� RI� MRLQW� DQJOHV� IURP� MXVW� WKH� ILQJHU�WLS
SRVLWLRQV��D�QXPEHU�RI�LGHDV�GHULYHG�IURP�3HUFHSWXDO�&RQWURO�7KHRU\��3&7��KDYH
EHHQ� DSSOLHG�� 7KLV� WKHRU\� KDV� LWV� URRWV� LQ� WKH� DUHD� RI� ELRORJLFDO� EHKDYLRXU� >��@
DOWKRXJK�OLWWOH�SXEOLVKHG�ZRUN�IRU�WKLV W\SH�RI�VLPXODWLRQ�LV�DYDLODEOH��'U��5LFKDUG
.HQQDZD\�DW�8($�KDV�GHYHORSHG�D�VLPXODWLRQ�RI�VL[�OHJJHG�LQVHFW�XVLQJ�3&7�DQG
-DYD� ZKLFK� SHUIRUPV� UHPDUNDEO\� ZHOO� ZLWKRXW� WKH� QHHG� IRU� LQYHUVH� NLQHPDWLF
FDOFXODWLRQV� >��@�� 'U�� .HQQDZD\¶V� GHYHORSPHQW� XVHV� D� KLHUDUFK\� RI� 3,'
�SURSRUWLRQDO� ±� LQWHJUDO� ±� GLIIHUHQWLDO�� FRQWUROOHUV�� ZKHUH� WKH� KLJKHU� OHYHOV� VHQG
WKHLU�RXWSXW�WR�WKH�QH[W�OHYHO�GRZQ�DQG�RQO\�WKH�ERWWRP�OHYHO�FRQWUROOHUV�DIIHFW�WKH
MRLQW�DQJOHV�
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,Q�WKH�KDQG�PRGHO�GHYHORSHG�IRU�WKLV�SURMHFW��WKH�3&7�LPSOHPHQWDWLRQ�FRQVLVWV�RI
D�QXPEHU�RI�IHHGEDFN�FRQWUROOHUV�ZKLFK�LQFUHPHQWDOO\�DGMXVW�MRLQW�DQJOHV�XQWLO�WKH
GHVLUHG�SRVLWLRQ�RI�HDFK�ILQJHUWLS�LV�DFKLHYHG��8QOLNH�'U��.HQQDZD\¶V�VLPXODWLRQ�
WKHUH� LV� FXUUHQWO\� QR� KLHUDUFK\� RI� FRQWURO� DQG� WKLV� LV� SRVVLEO\� D� GUDZEDFN�� 7KH
IROORZLQJ�VHFWLRQV�GHVFULEH�WKLV�VRIWZDUH�LQ�PRUH�GHWDLO�
�'�+DQG�6RIWZDUH
,Q� RUGHU� WR� IDFLOLWDWH� LQWHJUDWLRQ� ZLWK� RWKHU� GHYHORSPHQW� SODWIRUPV�� WKH� KDQG
LPDJLQJ� VRIWZDUH�KDV�EHHQ� LPSOHPHQWHG� DV� DQ�$FWLYH;�FRQWURO��7KLV� DOORZV� WKH
JUDSKLF�GLVSOD\�RI�D�KDQG�DQG�PDQLSXODWLRQ�RI�LWV�VL]H�DQG�VKDSH�IURP�ZLWKLQ�RWKHU
:LQGRZV��[�17�DSSOLFDWLRQV�
$W�SUHVHQW�� WKH�$FWLYH;�YHUVLRQ�RI� WKH�FRQWURO�KDV�EHHQ� WHVWHG�XVLQJ�06�9&���
06�,QWHUQHW�([SORUHU��06�9LVXDO�%DVLF��06�9LVXDO�-���DQG�0$7/$%�
7KH� $FWLYH;� FRQWURO� LV� ZULWWHQ� LQ� 0LFURVRIW� 9LVXDO� &��� XVLQJ� WKH� $FWLYH
7HPSODWH�/LEUDU\��$7/��DQG�LV�DFFHVVHG�IURP�RWKHU�GHYHORSPHQW�HQYLURQPHQWV�DV
D�&20�REMHFW��&RPSRQHQW�2EMHFW�0RGHO��XVLQJ�WKH�,8QNQRZQ DQG�RU�,'LVSDWFK
LQWHUIDFHV�
)LJXUH�����RYHUOHDI�VKRZV�WKH�$FWLYH;�FRQWURO�EHLQJ�XVHG�LQ�D�0$7/$%�VHVVLRQ�
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)LJXUH�����±�$FWLYH;�+DQG�FRQWURO�LQ�XVH�E\�0$7/$%
6RIWZDUH�'HVLJQ
7KH�KDQG� LPDJLQJ�VRIWZDUH�KDV�EHHQ�GHYHORSHG�XVLQJ�DQ�REMHFW�RULHQWHG�GHVLJQ�
2SHQ*/� LV� XVHG� IRU� UHQGHULQJ� WKH� JUDSKLFV�� 7KH� DSSOLFDWLRQ� XWLOLVHV� WKUHH�PDLQ
FODVVHV�
&+DQG ,PSOHPHQWV� WKH� FRPSOHWH� KDQG� PRGHO� DV� D� FROOHFWLRQ� RI� YHUWLFHVFRPSDWLEOH� IRU� XVH� ZLWK� 2SHQ*/�� &ODVV� PHPEHUV� LQFOXGH� DFROOHFWLRQ� RI� &)LQJHU REMHFWV�� HDFK� RI� ZKLFK� PD\� EH� DFFHVVHGWKURXJK� PHWKRGV� H[SRVHG� E\� &+DQG�� 7KH� &+DQG FODVV� KDQGOHVJHQHUDWLRQ� RI� DOO� VXUIDFH� QRUPDOV� DQG� SRO\JRQ� GHILQLWLRQV� IRU� WKHFRPSOHWH� PRGHO� DQG� LV� FDSDEOH� RI� GUDZLQJ� LWVHOI� LQ� DQ� 2SHQ*/GLVSOD\�OLVW�
&)LQJHU 7KLV�FODVV�LPSOHPHQWV�D�VLQJOH�ILQJHU��$�ILQJHU�LV�DEOH�WR�FDOFXODWH�DVHW�RI�YHUWLFHV�GHVFULELQJ�LWV�FRQILJXUDWLRQ�EDVHG�RQ�LWV�FXUUHQW�VL]HDQG� MRLQW� DQJOHV�� 7KHVH� YHUWLFHV� DUH� FDOFXODWHG� UHODWLYH� WR� WKHILQJHU¶V�ORFDO�RULJLQ�DQG�DUH�PDGH�DYDLODEOH� WR� WKH�RZQLQJ�&+DQGREMHFW��7KH�ILQJHU�DOVR�LPSOHPHQWV�PHWKRGV�XVHG�IRU�DXWRPDWLFDOO\
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DGMXVWLQJ�MRLQW�DQJOHV�LQ�RUGHU�WR�SODFH�WKH�ILQJHUWLS�DW�D�JLYHQ�SRLQWUHODWLYH� WR� WKH� ORFDO� RULJLQ�� 7KLV� LV� XVHG� IRU� WUDFNLQJ� D� PRYLQJVHQVRU�ZLWK�WKH�ILQJHUWLS�XVLQJ�WHFKQLTXHV�DGDSWHG�IURP�3&7�
&7KXPE $�VXE�FODVV�RI�&)LQJHU��WKLV�FODVV�SURYLGHV�RYHUULGGHQ�PHWKRGV�IRUYHUWH[�JHQHUDWLRQ�DQG�MRLQW�PRYHPHQW�VSHFLILF�WR�D�WKXPE�
7KH� DSSOLFDWLRQ� DOVR� UHTXLUHV� D� KLJKHU� OHYHO� FODVV�� FRQWDLQLQJ� D�&+DQG REMHFW�
ZKLFK�LPSOHPHQWV�WKH�2SHQ*/�LQWHUIDFH�DQG�SURYLGHV�WKH�PHDQV�IRU� WKH�KDQG�WR
EH� µGULYHQ¶� LQ� VRPH� IDVKLRQ�� 7KLV� FODVV� �&KDQG;�� SURYLGHV� WKH� &20� LQWHUIDFH
KDQGOLQJ�QHFHVVDU\� IRU� WKH� DSSOLFDWLRQ� WR�RSHUDWH� DV� DQ�$FWLYH;� FRQWURO��$� WHVW�
EHQFK�DSSOLFDWLRQ�KDV�EHHQ�GHYHORSHG�ZKLFK�GULYHV�WKH�$FWLYH;�FRQWURO�YLD�*8,
HOHPHQWV�DQG�RU�IURP�VHQVRU�GDWD� IURP�D�FDSWXUHG�GDWD�JORYH�VHVVLRQ��)LJXUH����
VKRZV�D�VFUHHQVKRW�IURP�WKH�FRPSOHWHG�KDQG�LPDJLQJ�DSSOLFDWLRQ�

)LJXUH�����±�+DQG�LPDJLQJ�DSSOLFDWLRQ
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)LQJHUWLS�VHQVRU�WUDFNLQJ
(DFK�ILQJHU�KDV�WKUHH�3,'�FRQWUROOHUV��DW�SUHVHQW�WKHVH�DUH�HUURU�LQWHJUDWRUV���2QH
FRQWUROV� WKH� ILQJHU� H[WHQVLRQ� E\� YDU\LQJ� WKH� WRS� �GLVWDO�� WZR� MRLQW� DQJOHV�� WKH
VHFRQG�FRQWUROV�WKH�ILQJHU�HOHYDWLRQ�E\�YDU\LQJ�WKH�ERWWRP��SUR[LPDO��MRLQW�DQJOH
DQG�WKH�WKLUG�FRQWUROV�WKH�ILQJHU�D]LPXWK�E\�YDU\LQJ�WKH�DEGXFWLRQ�DQJOH�
7KHVH�FRQWUROOHUV�RSHUDWH�WRJHWKHU�WR�EULQJ�WKH�ILQJHU�WLS�WR�WKH�SRVLWLRQ�GHILQHG�E\
WKH�UHOHYDQW�VHQVRU��7KH�UDQJH�RI�DOORZDEOH�DQJOHV�IRU�WKH�ILQJHU�MRLQWV�SHUPLW�WKH
XVH� RI� OLQHDU� DSSUR[LPDWLRQV� IRU� WULJRQRPHWULFDO� IXQFWLRQV�� ZKLFK� PDNHV� WKH
FRQWUROOHU�IXQFWLRQV�YHU\�VPDOO�DQG�IDVW�
7KH� RQO\� DVVXPSWLRQ� PDGH� LQ� XVLQJ� WKLV� WHFKQLTXH� LV� WKDW� WKH� WZR� GLVWDO�PRVW
MRLQWV� RI� WKH� ILQJHU� WHQG� WR� RSHUDWH� WRJHWKHU� ZKHQ� WKH� ILQJHU� EHQGV� LQ� µQRUPDO¶
XVDJH��7KLV�DVVXPSWLRQ�LV�EDVHG�RQ�REVHUYDWLRQV�RI�WKH�PRYHPHQW�RI�UHDO�ILQJHUV
DV� WKHUH� LV� OLWWOH� WKHRUHWLFDO� HYLGHQFH� WR� VXSSRUW� WKLV� DV� D� JHQHUDO� SULQFLSOH�
+RZHYHU��E\�DGRSWLQJ�WKLV�DVVXPSWLRQ�DV�D�ILUVW�PRGHO��WKHVH�DQJOHV�DUH�HTXDOLVHG
DQG�WRJHWKHU�FRQWURO�WKH�ILQJHU�H[WHQVLRQ�
:KHQ� XVHG� WR� WUDFN� DFWXDO� VHQVRU� SRVLWLRQV� SURYLGHG� E\� WKH� GDWD� JORYH�� VRPH
OLPLWDWLRQV�KDYH�EHFRPH�DSSDUHQW�ZLWK� WKLV�PHWKRG�RI� WUDFNLQJ��7KH�PRGHO�GRHV
QRW�DFFXUDWHO\�UHIOHFW�WKH�VKDSH�RU�G\QDPLFV�RI�D�UHDO�KDQG��,Q�WKH�PRGHO��ILQJHUV
EHQG�LQ�D�SODQH�QRUPDO�WR�WKDW�RI�WKH�SDOP�DQG�DURXQG�D[HV�SDUDOOHO�WR�WKH�SDOP��,Q
D�UHDO�KDQG��WKLV�LV�QRW�WKH�FDVH�>��@��,W�LV�OLNHO\�WKDW�WKH�D[LV�RI�URWDWLRQ�RI�ILQJHU
MRLQWV� FKDQJHV� VOLJKWO\� GHSHQGLQJ� RQ� WKH� GHJUHH� RI� LQIOH[LRQ�� 7KLV� DQG� VLPLODU
PLVPDWFKHV�EHWZHHQ�WKH�PRGHO�DQG�WKH�UHDO�ZRUOG�PHDQV�WKDW�VHQVRU�PRYHPHQWV
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DUH�µVHHQ¶�ZKLFK�FDQQRW�EH�PLUURUHG�E\�WKH�PRUH�FRQVWUDLQHG�RSWLRQV�SURYLGHG�E\
WKH� PRGHO�� $V� D� UHVXOW�� WKH� 3&7� FRQWUROOHUV� RIWHQ� DSSHDU� WR� µMXPS¶� IURP� RQH
FRQILJXUDWLRQ�WR�DQRWKHU�LI�WKH�SDWK�RI�D�ILQJHUWLS�VHQVRU�PRYHV�WRR�IDU� IURP�WKDW
SHUPLWWHG�E\�WKH�LQEXLOW�FRQVWUDLQWV�
0XOWL�WKUHDGLQJ
7KH� KDQG� LPDJLQJ� FRQWURO� LV�PXOWL�WKUHDGHG�� 7KH�PDLQ� WKUHDG� RI� H[HFXWLRQ� �WKH
IRUHJURXQG�WKUHDG��KDQGOHV�WKH�LQWHUDFWLRQ�ZLWK�WKH�*8,�DQG�KRVW�DSSOLFDWLRQ�DQG
SHUIRUPV� PRVW� RI� WKH� 2SHQ*/� LQWHUDFWLRQ�� (DFK� ILQJHUWLS� FRQWURO� IXQFWLRQ� LV
H[HFXWHG� LQ�D�VHSDUDWH�ZRUNHU� WKUHDG� �EDFNJURXQG� WKUHDG���7KHVH� WKUHDGV� UHPDLQ
VXVSHQGHG� XQWLO� ILUHG� E\� DQ� HYHQW� IURP� WKH� &)LQJHU REMHFW�� 7KLV� RFFXUV� LQ
UHVSRQVH� WR� D�3RLQW$W PHVVDJH� UHFHLYHG� E\� WKH� RZQLQJ�&+DQG REMHFW�� 2QFH� D
FRQWUROOHU�WKUHDG�EHFRPHV�DFWLYH��LW�ZLOO�EURDGO\�SHUIRUP�WKH�IROORZLQJ�DFWLRQV�
�� &DOFXODWH� HOHYDWLRQ� �WJW(OY�� DQG� D]LPXWK� �WJW$]P�� DQJOHV� WR� WKH� WDUJHW� SRLQW

XVLQJ�D�OLQHDU�DSSUR[LPDWLRQ�
�� &DOFXODWH�WKH�GLVWDQFH��WJW([W��IURP�ILQJHU�EDVH�WR�WKH�WDUJHW�SRLQW�
�� &DOFXODWH�HOHYDWLRQ��WLS(OY��DQG�D]LPXWK��WLS$]P��DQJOHV�WR�WKH�ILQJHU�WLS�XVLQJ

D�OLQHDU�DSSUR[LPDWLRQ�
�� &DOFXODWH� WKH� GLVWDQFH� �WLS([W�� IURP� ILQJHU� EDVH� WR� WKH� ILQJHU� WLS� �L�H�� WKH

H[WHQVLRQ��
�� 0RGLI\�SUR[LPDO�MRLQW�DQJOH�EDVHG�RQ�HOHYDWLRQ�HUURU��WJW(OY ±�WLS(OY��
�� 0RGLI\�WZR�GLVWDO�PRVW�MRLQW�DQJOHV�EDVHG�RQ�H[WHQVLRQ�HUURU��WJW([W ±�WLS([W��
�� 0RGLI\�DEGXFWLRQ�DQJOH�EDVHG�RQ�D]LPXWK�HUURU��WJW$]P ±�WLS$]P��
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�� ,I�WKH�ILQJHUWLS�KDV�QRZ�PRYHG�E\�PRUH�WKDQ�VRPH�WKUHVKROG�YDOXH�� UHWXUQ�WR
VWHS���

�� 2WKHUZLVH��DFWLYDWH�+DQG�UHEXLOG�WKUHDG�DQG�WKHQ�UH�HQWHU�VXVSHQGHG�VWDWH�
7KHVH� ILYH� FRQWUROOHUV� WKXV� ZRUN� LQ� WKH� EDFNJURXQG�� DWWHPSWLQJ� WR� DGMXVW� MRLQW
DQJOHV�LQ�RUGHU�WR�PDNH�WKH�ILQJHU�WLSV�KLW�WKH�WDUJHW�VHQVRU�SRVLWLRQV�DV�WKHVH�DUH
VXSSOLHG�� 7KH� FRQWUROOHU� WKUHDGV� FRQWDLQ� ORJLF� WR� HQDEOH� WKHLU� RSHUDWLRQ� WR� EH
LQWHUUXSWHG� �L�H�� QHZ� WDUJHW� SRVLWLRQ� UHFHLYHG� EHIRUH� FXUUHQW� WDUJHW� UHDFKHG�� RU
WHUPLQDWHG��L�H��DSSOLFDWLRQ�FORVHG��
7KH�UHPDLQLQJ�EDFNJURXQG�µZRUNHU¶�WKUHDG��DFWLYDWHG�LQ�VWHS���DERYH��FDXVHV�WKH
ZKROH�KDQG�WR�UHEXLOG�LWVHOI�EDVHG�RQ�WKH�QHZ�FRQILJXUDWLRQ�RI�WKH�ILQJHU�V���7KLV
UHVXOWV� LQ� WKH� UH�FUHDWLRQ� RI� WKH� 2SHQ*/� GLVSOD\� OLVW� FRQWDLQLQJ� WKH� YHUWH[� DQG
SRO\JRQ� GDWD�� 2QFH� WKLV� KDV� EHHQ� GRQH�� WKLV� WKUHDG� ILUHV� D� UHSDLQW� LQ� WKH� PDLQ
IRUHJURXQG�WKUHDG�WR�GLVSOD\�WKH�UHVXOW�RQ�VFUHHQ�XVLQJ�WKH�2SHQ*/�LQWHUIDFH�
7DEOH� ���� VXPPDULVHV� WKH� UHVSRQVLELOLWLHV� DQG� LQWHUDFWLRQV� RI� DOO� WKH� DSSOLFDWLRQ
WKUHDGV�
'HVFULSWLRQ 1XPEHU�RI�WKUHDGV 5HVSRQVLELOLWLHV)RUHJURXQG�WKUHDG � 8VHU� LQWHUIDFH�� DSSOLFDWLRQ� LQLWLDOLVDWLRQ� DQGWHUPLQDWLRQ�� VFUHHQ� SDLQWLQJ�� PDQDJH� 2SHQ*/LQWHUIDFH�
+DQG�UHEXLOGHU � &ROOHFW�PRGHO� YHUWLFHV�� FDOFXODWH� VXUIDFH� QRUPDOV�EXLOG� 2SHQ*/� GLVSOD\� OLVW�� )LUH� UHSDLQW� LQIRUHJURXQG�WKUHDG�
)LQJHUWLS�WUDFNLQJ � 5HFDOFXODWH�ILQJHU�MRLQW�DQJOHV��)LUH�KDQG�UHEXLOG�

7DEOH�����±�$FWLYH;�+DQG�H[HFXWLRQ�WKUHDGV
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����� &DSWXULQJ��'�DQG��'�GDWD
,QWHUIDFH�ZLWK�WKH�SRVLWLRQLQJ�V\VWHP
7KH� %ODGHQ� SRVLWLRQLQJ� V\VWHP� LV� VXSSOLHG� ZLWK� D� &20� �&RPSRQHQW� 2EMHFW
0RGHO�� LQWHUIDFH� ZKLFK� DOORZV� DQ� DSSOLFDWLRQ� SURJUDP� WR� PDQLSXODWH� KDUGZDUH
FDOLEUDWLRQ�GDWD�DQG�WR�LQWHUURJDWH�VHQVRU�SRVLWLRQV�DQG�RULHQWDWLRQV�
7ZR� V\VWHPV� KDYH� EHHQ� GHYHORSHG� IRU� FDSWXULQJ� GDWD� IURP� WKH� JORYH� XVLQJ� WKLV
LQWHUIDFH�� 7KH� ILUVW� DQG� VLPSOHVW� RI� WKHVH� LV� GHVLJQHG� WR� RSHUDWH� DV� TXLFNO\� DV
SRVVLEOH�DQG�VDYH�MXVW�WKH��'�VHQVRU�LQIRUPDWLRQ��7KLV�UXQV�DV�D�ORFDO�DSSOLFDWLRQ
RQ� WKH�SRVLWLRQLQJ� V\VWHP� FRPSXWHU� LWVHOI��7KH� VHFRQG� V\VWHP� FDSWXUHV� ERWK� �'
VHQVRU�GDWD� IURP� WKH�SRVLWLRQLQJ�V\VWHP�DQG �'� LPDJHV� IURP�D�86%� �8QLYHUVDO
6HULDO� %XV�� YLGHR� FDPHUD�� 'XH� WR� WKH� H[FHVVLYH� RYHUKHDG� RI� UXQQLQJ� WKH� YLGHR
FDSWXUH�DQG SRVLWLRQLQJ�DOJRULWKPV�RQ�D�VLQJOH�SURFHVVRU��WKLV�V\VWHP�RSHUDWHV�RQ
WZR�3&¶V�FRPPXQLFDWLQJ�YLD�D�SHHU�SHHU�QHWZRUN�FRQQHFWLRQ�
7KH� WZR� GDWD� FDSWXUH� V\VWHPV� DUH� GHVFULEHG� LQ� PRUH� GHWDLO� LQ� WKH� IROORZLQJ
VHFWLRQV�
�'�'DWD�&DSWXUH
7KH��'�GDWD�FDSWXUH�V\VWHP��*UDE'DWD��UXQV�RQ�WKH�SRVLWLRQLQJ�V\VWHP�FRPSXWHU�
,W� LV� ZULWWHQ� LQ� 3DVFDO� XVLQJ� WKH� %RUODQG� 'HOSKL� FRPSLOHU� DQG� XVHV� 2SHQ*/� WR
GLVSOD\� WKH� HLJKW� VHQVRU� SRVLWLRQV� RQ� WKH� GLVSOD\� GXULQJ� FDSWXUH�� 8VLQJ� WKLV
DSSOLFDWLRQ��WKH�FDSWXUH�UDWH�LV�W\SLFDOO\�EHWZHHQ���DQG����ISV��IUDPHV�SHU�VHFRQG��
)LJXUH�����VKRZV�WKLV�GLDJUDPPDWLFDOO\�
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)LJXUH�����±��'�'DWD�&DSWXUH�VFKHPDWLF
7KH�GDWD�IRUPDW�VDYHG�E\�WKH�*UDE'DWD DSSOLFDWLRQ�LV�DV�IROORZV�
7KH� ILUVW� HQWU\� LQ� HDFK� ILOH� FRQVLVWV� RI� �� GRXEOH�SUHFLVLRQ� IORDWLQJ� SRLQW� YDOXHV�
EHLQJ�WKH�[ DQG�\ FR�RUGLQDWHV�RI�WKH�WKUHH�JHQHUDWRU�DVVHPEOLHV��WKH\�DUH�DVVXPHG
WR�OLH�LQ�WKH�SODQH�]� �����7KHVH�SRLQWV�DUH�XVHIXO�IRU�HVWDEOLVKLQJ�WKH�LQLWLDO�VL]H�RI
WKH�VFHQH�GXULQJ�VXEVHTXHQW�RII�OLQH�LQVSHFWLRQ�
)ROORZLQJ� WKH� KHDGHU� UHFRUG� DUH� D� YDULDEOH� QXPEHU� RI� IL[HG�OHQJWK� UHFRUGV
FRQWDLQLQJ� VHQVRU� GDWD�� (DFK� UHFRUG� KROGV� WKH� SRVLWLRQ� DQG� RULHQWDWLRQV� RI� DOO� �
VHQVRUV�LQ�D�VLPLODU�IRUPDW�WR�WKDW�UHWXUQHG�GLUHFWO\�E\�WKH�SRVLWLRQLQJ�V\VWHP�
7KH�IROORZLQJ�WDEOHV�VKRZ�WKH�GHWDLOV�RI�WKHVH�UHFRUGV�

%ODGHQ�6\VWHP

&20
,PDJHU'ULYHU

+$5':$5(
*UDE'DWD$SSOLFDWLRQ&DOLEUDWLRQ'DWD

6HQVRU�'DWD



��

)LOH�+HDGHU�±���SHU�ILOH�����E\WHV�VWDUWLQJ�DW�E\WH��
2IIVHW /HQJWK 7\SH 'HVFULSWLRQ� � GRXEOH *HQHUDWRU���±�[�FR�RUGLQDWH� � GRXEOH *HQHUDWRU���± \�FR�RUGLQDWH�� � GRXEOH *HQHUDWRU���±�[�FR�RUGLQDWH�� � GRXEOH *HQHUDWRU���± \�FR�RUGLQDWH�� � GRXEOH *HQHUDWRU���±�[�FR�RUGLQDWH�� � GRXEOH *HQHUDWRU���± \�FR�RUGLQDWH

6HQVRU�'DWD�±�Q�SHU�ILOH������E\WHV�HDFK��VWDUWLQJ�DW�E\WH���
2IIVHW /HQJWK 7\SH 'HVFULSWLRQ� � ':25' 7LPHVWDPS�±�PLOOLVHFRQGV�IURP�VWDUW� � GRXEOH 6HQVRU���±�[�FR�RUGLQDWH�� � GRXEOH 6HQVRU���± \�FR�RUGLQDWH�� � GRXEOH 6HQVRU���±�]�FR�RUGLQDWH�� � GRXEOH 6HQVRU���±�WKHWD�RULHQWDWLRQ��UDGLDQV��� � GRXEOH 6HQVRU���±�SKL�RULHQWDWLRQ��UDGLDQV��� � GRXEOH 6HQVRU���±�SVL�RULHQWDWLRQ��QRW�XVHG��� � %<7( 6HQVRU���±�9DOLG����LI�LQYDOLG��� � %<7( )LOOHU�� �� VWUXFW 6HQVRU���SRVLWLRQ���RULHQWDWLRQ�DV�DERYH��� ��� VWUXFW 6HQVRUV���WR���SRVLWLRQ���RULHQWDWLRQ��� � %<7( )LOOHU

7DEOHV����D�DQG����E�±��'�'DWD�&DSWXUH�)LOH�)RUPDW
�'�'DWD�5HYLHZ
'DWD�FDSWXUHG�E\�WKH�*UDE'DWD DSSOLFDWLRQ�FDQ�EH�H[DPLQHG�RII�OLQH�E\�XVLQJ�WKH
7UDFN9LHZ DSSOLFDWLRQ��7KLV�DSSOLFDWLRQ�LV�ZULWWHQ�LQ�06�9&���DQG�XVHV�2SHQ*/
WR�UHQGHU�D��'�YLHZ�RI�WKH�FDSWXUHG�VHQVRU�GDWD�
)LJXUH�����RYHUOHDI�VKRZV�DQ�H[DPSOH�RI�WKH�7UDFN9LHZ GLVSOD\��,Q�WKLV�H[DPSOH�
WKH�JHQHUDWRU�SRVLWLRQV�DUH� VKRZQ� LQ�EOXH�� WKH� ILQJHUWLS� VHQVRUV� LQ�JUHHQ�DQG� WKH
SDOP�VHQVRUV�LQ�UHG�
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)LJXUH�����±��'�'DWD�&DSWXUH�5HYLHZ
7KH�DSSOLFDWLRQ�DOORZV� WKH�FDSWXUHG�GDWD� WR�EH� UHSOD\HG� FRQWLQXRXVO\�RU� VWHSSHG
IRUZDUG�RU�EDFNZDUG�IUDPH�E\�IUDPH�
7KLV�DSSOLFDWLRQ�DOVR�LPSOHPHQWV�D�µYLUWXDO�WUDFNEDOO¶�ZKLFK�DOORZV�WKH�VFHQH�WR�EH
URWDWHG�LQ�WKUHH�GLPHQVLRQV�XVLQJ�WKH�PRXVH��$�PHQX�RSWLRQ�DOORZV�GLVSOD\�RI�DQ
RSWLRQDO� WUDFH� RI� D� FRQILJXUDEOH� QXPEHU� RI� SUHYLRXV� IUDPHV�� VR� JLYLQJ� D� YLVXDO
LQGLFDWLRQ� RI� VSHHG� DQG� PRYHPHQW�� 7KHUH� LV� DOVR� D� PHQX� RSWLRQ� SURYLGLQJ� WKH
DELOLW\�WR�H[SRUW�WKH�FDSWXUHG�SRVLWLRQDO�GDWD�WR�D�&69��FRPPD�VHSDUDWHG�YDULDEOH�
ILOH�
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�'�DQG��'�'DWD�&DSWXUH
7KLV� V\VWHP� IRU� GDWD� FDSWXUH� FRQVLVWV� RI� WZR� SDUWV�� 7KH� ILUVW� RI� WKHVH
�,PDJHU6HUYHU�� UXQV� RQ� WKH� SRVLWLRQLQJ� V\VWHP� FRPSXWHU�� 7KLV� DSSOLFDWLRQ
FRPPXQLFDWHV� RQ� WKH� RQH� KDQG� WR� WKH� &20� REMHFW� FRQWUROOLQJ� WKH� SRVLWLRQLQJ
V\VWHP�KDUGZDUH�DQG�RQ�WKH�RWKHU�WR�D�:LQGRZV�6RFNHW�FRQQHFWLRQ�WR�SURYLGH�WKH
DELOLW\� WR� FRQYHUVH� XVLQJ� 7&3�,3� ZLWK� D� VHFRQG� FRPSXWHU� RYHU� D� ORFDO� DUHD
QHWZRUN�

)LJXUH�����±�³6\QFKURQLVHG´��'�DQG��'�'DWD�&DSWXUH
7KH�VHFRQG�SDUW�RI�WKLV�V\VWHP��0XOWL*UDE��UXQV�RQ�WKH�DIRUHPHQWLRQHG�µVHFRQG¶
FRPSXWHU� WR� ZKLFK� LV� DOVR� DWWDFKHG� D� 86%� YLGHR� FDPHUD�� 7KLV� DSSOLFDWLRQ
LPSOHPHQWV� D�:LQGRZV� 6RFNHW� FRQQHFWLRQ� WR� UHFHLYH� WKH� VHQVRU� GDWD� IURP� WKH

%ODGHQ�6\VWHP

&20
,PDJHU'ULYHU

+$5':$5(

,PDJHU6HUYHU$SSOLFDWLRQ&DOLEUDWLRQ'DWD

62&.(7
1HWZRUN�,QWHUIDFH

1HWZRUN�,QWHUIDFH
62&.(7
0XOWL*UDE$SSOLFDWLRQ$9,'DWD

9):�'5,9(5
86%
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,PDJHU6HUYHU RQ� WKH� SRVLWLRQLQJ� V\VWHP� FRPSXWHU� DQG� KDV� DQ� LQWHUIDFH� WR� WKH
9LGHR�&DPHUD�YLD�D�9LGHR�)RU�:LQGRZV� �9):��GULYHU��7KH� FRPSOHWH� VHW�XS� LV
VKRZQ�VFKHPDWLFDOO\�LQ�)LJXUH�����
7KH�FRPSRQHQW�SDUWV�RI�WKLV�V\VWHP�ZRUN�WRJHWKHU�DV�IROORZV�±
$IWHU� LQLWLDOLVLQJ� WKH� SRVLWLRQLQJ� V\VWHP� XVLQJ� VWRUHG� FDOLEUDWLRQ� GDWD�� WKH
,PDJHU'ULYHU DSSOLFDWLRQ� LQVWUXFWV� WKH� SRVLWLRQLQJ� V\VWHP� WR� EHJLQ� VDPSOLQJ�� ,W
WKHQ�RSHQV�D�VRFNHW�DQG�ZDLWV�LQ�µOLVWHQ¶�PRGH�IRU�DQ�LQFRPLQJ�FRQQHFWLRQ�
2Q� WKH� VHFRQG�3&�� WKH�0XOWL*UDE DSSOLFDWLRQ� LQLWLDOLVHV� WKH�9):� LQWHUIDFH� DQG
GLVSOD\V� D� YLGHR� SLFWXUH� LQ� SUHYLHZ� PRGH�� $� PHQX� RSWLRQ� LQLWLDWHV� WKH� VRFNHW
FRQQHFWLRQ� WR� WKH� SRVLWLRQLQJ� V\VWHP� 3&�� ,PDJHU6HUYHU DFFHSWV� WKH� FRQQHFWLRQ
DQG�DZDLWV�LQVWUXFWLRQV�
+DYLQJ�HVWDEOLVKHG�D�FRQQHFWLRQ�WR�WKH�,PDJHU6HUYHU��0XOWL*UDE UHTXHVWV�GHWDLOV
RI�WKH�JHQHUDWRU�SRVLWLRQV�WR�LQLWLDOLVH�WKH�2SHQ*/�VFHQH�DQG�GLVSOD\�WKH�JHQHUDWRU
SRVLWLRQV�RQ�VFUHHQ��,PDJHU6HUYHU VXSSOLHV�WKLV�GDWD�IURP�WKH�FDOLEUDWLRQ�ILOH�XVHG
WR�LQLWLDOLVH�WKH�SRVLWLRQLQJ�V\VWHP�
0XOWL*UDE QRZ� PDLQWDLQV� D� FRQYHUVDWLRQ� ZLWK� ,PDJHU6HUYHU�� UHSHDWHGO\
UHTXHVWLQJ� VHQVRU� GDWD� DQG� GLVSOD\LQJ� WKH� UHVXOWV��:KHQ� ,PDJHU6HUYHU UHFHLYHV
VXFK�D�UHTXHVW��WKH�SRVLWLRQLQJ�V\VWHP�LV� LQVWUXFWHG�WR�SDXVH�VDPSOLQJ�DQG�UHWXUQ
WKH�VHQVRU�GDWD��7KLV�GDWD�LV�WUDQVPLWWHG�WR�0XOWL*UDE DQG�WKH�SRVLWLRQLQJ�V\VWHP
UHVXPHV� VDPSOLQJ�� 2Q� UHFHLSW� RI� WKH� VHQVRU� GDWD��0XOWL*UDE VWRUHV� WKH� VHQVRU
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SRVLWLRQV�LQ�PHPEHU�YDULDEOHV�� LVVXHV�D� UHTXHVW� IRU�PRUH�GDWD�� WKHQ�UHIUHVKHV� WKH
GLVSOD\�WR�VKRZ�WKH�ODWHVW�SRVLWLRQV��7KLV�SURFHVV�RFFXUV�LQ�D�VHSDUDWH�WKUHDG�WR�WKH
9LGHR�SUHYLHZ�ZKLFK�LV�DFWLYH�FRQFXUUHQWO\�
:KHQ�0XOWL*UDE LV� LQVWUXFWHG� YLD� D�PHQX� RSWLRQ� WR� EHJLQ� UHFRUGLQJ�� WKH�9LGHR
SUHYLHZ�LV�VWRSSHG�DQG�D�FDOO�EDFN�IXQFWLRQ�LV�XVHG�WR�LQWHUFHSW�HDFK�YLGHR�IUDPH
DV�LW�LV�UHFHLYHG��7KLV�IXQFWLRQ�ZULWHV�WKH�YLGHR�GDWD�DORQJ�ZLWK�WKH�FXUUHQWO\�DFWLYH
VHQVRU�GDWD�WR�DQ�$9,��$XGLR�9LGHR�,QWHUOHDYHG��ILOH�
7KH�$9,� ILOH� FRQWDLQV� WZR� VWUHDPV�� 7KH� YLGHR� VWUHDP� LV�ZULWWHQ� LQ� ���ELW� 5*%
FRORXU�XQFRPSUHVVHG�IRUPDW�LQWHQGHG�IRU�SOD\EDFN�DW����ISV��7KH��'�GDWD�VWUHDP�
ZKLOH�XSGDWHG�OHVV�IUHTXHQWO\��a���ISV��LV�ZULWWHQ�DW�WKH�VDPH�WLPH�VR�HDFK�YLGHR
IUDPH�KDV�D�FRUUHVSRQGLQJ��'�GDWD�UHFRUG��'XH�WR�WKH�GLIIHUHQFH�LQ�VDPSOLQJ�UDWHV
DQG� WKH� ODJ� LQYROYHG� LQ� FRPPXQLFDWLQJ�ZLWK�,PDJHU6HUYHU�� WKH��'�DQG��'�GDWD
DUH� QRW� SUHFLVHO\� V\QFKURQLVHG� DOWKRXJK� DQ\� VXFK� GLVFUHSDQFLHV� DUH� GLIILFXOW� WR
REVHUYH�ZKHQ�WKH�GDWD�LV�UHSOD\HG�
7KH� IRUPDW� RI� WKH� �'� GDWD� VWUHDP� LV� NHSW� DV� VLPSOH� DV� SRVVLEOH�� (DFK� IUDPH
FRQVLVWV�RI����VLQJOH�SUHFLVLRQ�IORDWLQJ�SRLQW�YDOXHV��7KH� ILUVW���RI� WKHVH� FRQWDLQ
WKH��[\��FR�RUGLQDWHV�RI�WKH�JHQHUDWRUV�DQG�WKH�UHPDLQLQJ����FRQWDLQ�WKH��[\]��FR�
RUGLQDWHV�RI�WKH���VHQVRUV��7KH�JHQHUDWRU�GHWDLOV�DUH�QRW�QHFHVVDU\�RQ�HDFK�IUDPH
EXW� WKLV� GRHV� PDNH� LW� HDVLHU� WR� VXEVHTXHQWO\� YLHZ� LQGLYLGXDO� IUDPHV� DV� DOO� WKH
UHTXLUHG��'�GDWD�LV�HDVLO\�DYDLODEOH�
7DEOH�����RYHUOHDI�VXPPDULVHV�WKH�OD\RXW�RI�WKH�GDWD�LQ�WKH��'�GDWD�VWUHDP�
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2IIVHW /HQJWK 7\SH 'HVFULSWLRQ� � IORDW *HQHUDWRU���±�[�FR�RUGLQDWH� � IORDW *HQHUDWRU���± \�FR�RUGLQDWH� � IORDW *HQHUDWRU���±�[�FR�RUGLQDWH�� � IORDW *HQHUDWRU���± \�FR�RUGLQDWH�� � IORDW *HQHUDWRU���±�[�FR�RUGLQDWH�� � IORDW *HQHUDWRU���± \�FR�RUGLQDWH�� � IORDW 6HQVRU���±�[�FR�RUGLQDWH�� � IORDW 6HQVRU���± \�FR�RUGLQDWH�� � IORDW 6HQVRU���±���FR�RUGLQDWH�� �� VWUXFW 6HQVRU���SRVLWLRQ�DV�DERYH�� �� VWUXFW 6HQVRUV���WR���SRVLWLRQV�DV�DERYH
7DEOH�����±�&RPELQHG��'��'�'DWD�&DSWXUH�)RUPDW

�'�DQG��'�'DWD�5HYLHZ
7KH�FRPELQHG��'�DQG��'�GDWD�FDSWXUHG�E\�0XOWL*UDE PD\�EH�UHYLHZHG�RIIOLQH�E\
WKH�0XOWL9LHZ DSSOLFDWLRQ��$JDLQ�� WKLV� LV�ZULWWHQ� LQ�&��� DQG� XVHV�2SHQ*/� DQG
9):��9LGHR�IRU�:LQGRZV��WR�DVVLVW�WKH�GLVSOD\�RI�WKH�FRPELQHG�GDWD�

)LJXUH�����±��'��'�&DSWXUH�5HYLHZ
6LPSOH� WRROEDU� FRQWUROV� DOORZ� WKH� GDWD� WR� EH� LQVSHFWHG� IUDPH� E\� IUDPH� RU� IRU� D
FDSWXUHG�VHTXHQFH� WR�EH�UHSOD\HG�DW�QRUPDO�VSHHG��$V�ZLWK�7UDFN9LHZ�� D�YLUWXDO
WUDFNEDOO�PD\�EH�XVHG�WR�H[DPLQH�WKH��'�VHQVRU�SRVLWLRQV�IURP�DQ\�YLHZSRLQW�
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7KH� FRPELQHG� �'� DQG� �'� GDWD� FDSWXUHG� XVLQJ� WKLV� WHFKQLTXH� DUH� XVHG� WR� EXLOG
SRLQW� GLVWULEXWLRQ� PRGHOV� �3'0¶V�� WR� DWWHPSW� WR� PRGHO� WKH� FKDUDFWHULVWLFV� RI
SDUWLFXODU�KDQG�VKDSHV�DQG�PRYHPHQWV��7KLV�LV�GHVFULEHG�EHORZ�

��� 0RGHOOLQJ�KDQG�VKDSH
����� +\EULG�SRLQW�GLVWULEXWLRQ�PRGHOV:LWK�WKH�DELOLW\�WR�DXWRPDWLFDOO\�FDSWXUH�UHDVRQDEO\�V\QFKURQLVHG��'�DQG��'�GDWD
IURP�WKH�QHZ�GDWD�JORYH��DQ�REYLRXV�VWHS�ZDV�WR�DWWHPSW�WR�UHSURGXFH�WKLV�ZRUN�RI
%RZGHQ�HW�DO��>�@�WR�DVVHVV�WKH�HIIHFW�WKDW�WKH�DYDLODELOLW\�RI�DFFXUDWH��'�SRLQW�GDWD
PLJKW� KDYH� RQ� VXFK� D� PRGHO�� 7KH� VRIWZDUH� GHYHORSHG� WR� SXUVXH� WKLV� FRXUVH� LV
GHVFULEHG�LQ�GHWDLO�LQ�WKH�IROORZLQJ�VHFWLRQV�

����� %XLOGLQJ�K\EULG�3'0¶V7KH� VRIWZDUH� GHYHORSHG� IRU� WKH� 3'0� IXQFWLRQV� LV� DOO�ZULWWHQ� LQ�06�9&��� DQG
XVHV�2SHQ*/�IRU�GLVSOD\�RI�DQ\��'�LQIRUPDWLRQ��7KUHH�VHSDUDWH�DSSOLFDWLRQV�ZHUH
GHYHORSHG��SULPDULO\� WR�DVVLVW� WHVWLQJ�RI�HDFK�VWDJH�EXW�DOVR� WR�DOORZ�KDQG�FRGHG
GDWD� WR� EH� LQWURGXFHG� DW� YDULRXV� SRLQWV� WR� SHUPLW� PRGHOV� WR� EH� EXLOW� DQG
PDQLSXODWHG�XVLQJ�GDWD�IURP�RWKHU�VRXUFHV�RU�V\VWHPV�
7KH�WKUHH�3'0�DSSOLFDWLRQV�SURYLGH�WKH�IROORZLQJ�IXQFWLRQDOLW\�

x 6HOHFWLRQ�RI��'��'�IUDPHV�IRU�XVH�DV�WUDLQLQJ�GDWD
x %XLOGLQJ�D�3'0�IURP�WUDLQLQJ�GDWD
x 'LVSOD\�DQG�PDQLSXODWLRQ�RI�VKDSHV�JHQHUDWHG�E\�D�3'0
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6HOHFWLQJ�WUDLQLQJ�GDWD
7KH�DSSOLFDWLRQ�GHYHORSHG�WR�VHOHFWHG�LQGLYLGXDO�IUDPHV�WR�IRUP�WKH�WUDLQLQJ�GDWD
LV�FDOOHG�3'06HOHFW��7KLV�XVHV�DV� LQSXW�DQ�$9,�ILOH�SURGXFHG�E\� WKH�0XOWL*UDE
DSSOLFDWLRQ�GHVFULEHG�HDUOLHU�
3'06HOHFW DOORZV� LQGLYLGXDO� IUDPHV� WR�EH� VHOHFWHG� DV� WUDLQLQJ� H[DPSOHV� IRU� WKH
3'0�� (DFK� VHOHFWHG� IUDPH� LV� ZULWWHQ� RXW� DV� D� VHSDUDWH� ELWPDS� WR� D� GHVWLQDWLRQ
IROGHU� FKRVHQ� DW� UXQ� WLPH�� $ORQJ� ZLWK� WKLV� VHW� RI� ELWPDSV�� D� FRQWURO� ILOH
�&RQWURO�W[W��LV�SODFHG�LQ�WKH�VDPH�IROGHU��7KLV�ILOH�FRQWDLQV�GHWDLOV�RI�WKH��'�GDWD
SRLQWV�DVVRFLDWHG�ZLWK�HDFK�IUDPH�DQG�LV�D�WH[W�ILOH�LQ�WDE�GHOLPLWHG�IRUPDW�
&DSWXULQJ�GDWD�LQ�WKLV�IDVKLRQ�DOORZV�WKH�SRVVLELOLW\�RI�VXSSO\LQJ�GDWD�WR�WKH�QH[W
VWDJH�IURP�DQRWKHU�VRXUFH��)LJXUH�����VKRZV�3'06HOHFW LQ�DFWLRQ�

)LJXUH�����±�6HOHFWLQJ�7UDLQLQJ�'DWD�IRU�WKH�3'0



��

%LWPDSV�DUH�VDYHG�DV�XQFRPSUHVVHG����ELW�5*%�FRORXU�LPDJHV�����SL[HOV�ZLGH�E\
���� SL[HOV� KLJK�� 7KH� WDE�GHOLPLWHG� FRQWURO� ILOH� FRQWDLQV� RQH� UHFRUG� IRU� HDFK
VDPSOH��WHUPLQDWHG�E\�D�&5�/)�VHTXHQFH��7KH�ILHOGV�LQ�HDFK�UHFRUG�DUH�DV�IROORZV�

x %LWPDS�ILOHQDPH��)UDPHQQQ�EPS��±�QDPH�RI�WKH�LPDJH�ILOH�IRU�WKLV�IUDPH�
x 1XPEHU�RI�YDOXHV�±�WKH�QXPEHU��Q��RI�IORDW�YDOXHV�RQ�WKLV�UHFRUG
x 9DOXHV�±�WKH��'�SRLQW�YDOXHV�WKHPVHOYHV�LQ�[��\��] RUGHU

:KHQ�XVHG�ZLWK�WKH�0XOWL*UDE GDWD��WKHUH�DUH�DOZD\V����YDOXHV��L�H��[��\�DQG�]�IRU
HDFK� RI� �� VHQVRUV�� DOWKRXJK� WKH� DERYH� IRUPDW� DOORZV� IRU� GLIIHUHQW� REMHFWV� WR� EH
PRGHOOHG�LI�UHTXLUHG�
%XLOGLQJ�WKH�PRGHO
7KH�DSSOLFDWLRQ�ZKLFK�EXLOGV�WKH�3'0�IURP�WUDLQLQJ�GDWD� LQ� WKH�DERYH�IRUPDW� LV
FDOOHG�3'0%XLOG��7KLV�KDV�D�VLPLODU�VW\OH�WR�3'06HOHFW DQG�LPSOHPHQWV�WKH�FRGH
QHFHVVDU\�WR�SURGXFH��'�FRQWRXUV�IURP�WKH�ELWPDS�LPDJHV�DQG�WR�SHUIRUP�3&$�RQ
WKH� WUDLQLQJ� VHW� RI� FRPELQHG� �'� DQG� �'� GDWD� E\� FDUU\LQJ� RXW� DQ� HLJHQYHFWRU
GHFRPSRVLWLRQ�RI�WKH�FRYDULDQFH�PDWUL[�
$V�WKH�VXFFHVVIXO�SURGXFWLRQ�RI�D��'�FRQWRXU�GHSHQGV�LQ�SDUW�RQ�WKH�FRQWHQW�DQG
OLJKWLQJ�FRQGLWLRQV�SUHVHQW�IRU�HDFK�IUDPH��LW�LV�QHFHVVDU\�WR�UHYLHZ�WKH�UHVXOWV�IRU
HDFK�WUDLQLQJ�VDPSOH�DQG��LI�QHFHVVDU\��DGMXVW�FRQGLWLRQV�WR�DFKLHYH�D�VDWLVIDFWRU\
UHVXOW� EHIRUH� WKH�GDWD� LV� DGGHG� WR� WKH� WUDLQLQJ� VHW�� )LJXUH� ����� RYHUOHDI� VKRZV� D
YLHZ� RI� D� VXFFHVVIXOO\� FRQWRXUHG� LPDJH� DQG� WKH� VWDWLVWLFV� SURGXFHG� RQFH� WKH
FDOFXODWLRQ�RI�WKH�PRGHO�KDV�FRPSOHWHG�
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)LJXUH������±�%XLOGLQJ�WKH�3'0
7KH�SURFHVV�RI�SURGXFLQJ� D� UHDVRQDEOH� FRQWRXU� IURP� WKH� ELWPDS� LPDJH� LQYROYHV
VHYHUDO�VWHSV��7KHVH�DUH�DV�IROORZV�
�� 7KH�5*%�LPDJH�LV�ELQDULVHG�XVLQJ�D�VLPSOH� WKUHVKROGLQJ�DOJRULWKP�EDVHG�RQ

WKH� LQWHQVLW\� RI� WKH� UHG� FKDQQHO�� 7KLV� ZDV� IRXQG� WR� EH� WKH� PRVW� HIIHFWLYH
PHWKRG�RI�VHJUHJDWLQJ�WKH�PDLQO\�ZKLWH�JORYH�IURP�WKH�GDUN�EDFNJURXQG��7KH
WKUHVKROG�LV�DGMXVWDEOH�XVLQJ�D�PRGHOHVV�GLDORJ�ER[�
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�� $V� D� ILUVW� VWHS� LQ� UHPRYLQJ� DQ\� UHVLGXDO� µQRLVH¶� IURP� WKH� ELQDULVDWLRQ�� WKH
SRVLWLRQ� RI� WKH� KDQG� LQ� WKH� LPDJH� LV� EURDGO\� ORFDWHG� E\� LGHQWLI\LQJ� D� ODUJH
EORFN�RI�FRQVHFXWLYH�EODFN�SL[HOV�QHDU�WKH�ERWWRP�RI�WKH�LPDJH��8VLQJ�WKLV�DV�D
VWDUWLQJ�SRLQW��D�IORRG�ILOO�DOJRULWKP�LV�XVHG�WR�LQLWLDOO\�LVRODWH�WKH�KDQG�VKDSH
DV� D� JUH\� UHJLRQ� LQ� WKH� EODFN� DQG�ZKLWH� LPDJH��$Q\� DUHDV� XQWRXFKHG� E\� WKH
IORRG�ILOO�DUH�WKHQ�VHW�WR�ZKLWH�

�� 1H[W��WR�FOHDQ�DQ\�UHVLGXDO�QRLVH�IURP�DURXQG�WKH�HGJHV�RI�WKH�KDQG�RU�ILQJHUV�
D� PDMRULW\� ILOWHU� LV� DSSOLHG� XVLQJ� D� VTXDUH� �[�� ZLQGRZ�� 7KLV� SURGXFHV� D
UHDVRQDEO\�VPRRWK�KDQG�VKDSH�ZLWK�QR�EDFNJURXQG�QRLVH�

�� $�VLPSOH�HGJH�GHWHFWLRQ�DOJRULWKP�LV�QH[W�XVHG�WR�LGHQWLI\�WKRVH�DUHDV�ZKHUH�D
JUH\�ZKLWH�WUDQVLWLRQ�RFFXUV��6XFK�SRLQWV�DUH�PDUNHG�EODFN�DQG�DQ\�UHPDLQLQJ
JUH\� LV�VHW� WR�ZKLWH��7KLV� UHVXOWV� LQ�D�FRQWRXU�DURXQG� WKH�RXWVLGH�RI� WKH�KDQG
VKDSH�DOWKRXJK�WKLV�PD\�VWLOO�FRQWDLQ�LQWHUQDO�µHGJHV¶�

�� 7KH� ILQDO� VWDJH� LV� D� FRQWRXU�ZDONLQJ� DOJRULWKP�ZKLFK�� KDYLQJ� LGHQWLILHG� WKH
VWDUWLQJ�SL[HO�RI�WKH�FRQWRXU�LQ�WKH�ERWWRP�RI�WKH�LPDJH��µUROOV¶�FORFNZLVH�IURP
SL[HO� WR� SL[HO� DURXQG� WKH� H[WHULRU� RI� WKH� KDQG� VKDSH� XQWLO� WKH� ERWWRP� RI� WKH
LPDJH�LV�UHDFKHG�RQ�WKH�RWKHU�VLGH��7KH�UHVXOWLQJ�FRQWRXU�LV�XVHG�DV�WKH�EDVLV
IRU�WKH��'�LQIRUPDWLRQ�LQ�WKH�WUDLQLQJ�H[DPSOH�

7KH�UHVXOWV�RI�DSSO\LQJ�HDFK�RI�WKH�DERYH�VWHSV�DUH�VKRZQ�LQ�)LJXUH�������D��±��I�
RYHUOHDI�
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)LJXUH������±�3URGXFLQJ�D��'�&RQWRXU
)LJXUH�������I��VKRZV� WKH�ILQDO�FRQWRXU�VXSHULPSRVHG�RYHU� WKH�RULJLQDO� LPDJH� WR
HQVXUH�WKDW�WKH�FRQWRXU�LV�D�IDLU�UHSUHVHQWDWLRQ�RI�WKH�RULJLQDO�KDQG�VKDSH�
7KH�SRLQWV�DORQJ�WKH��'�FRQWRXU�DUH�OLQHDUO\�UHVDPSOHG� IRU�HDFK�WUDLQLQJ�H[DPSOH
LQ�RUGHU�WR�VWDQGDUGLVH�WKHLU�OHQJWK��7KLV�LV�FRQILJXUDEOH�ZLWKLQ�WKH�DSSOLFDWLRQ�EXW
LV�FXUUHQWO\�VHW�DW������[��\��SRLQWV�SHU�FRQWRXU�
(DFK�WUDLQLQJ�YHFWRU� LV� WKXV�EXLOW�XS�IURP�D�FRQFDWHQDWLRQ�RI� WKH����YDOXHV� IURP
WKH��'�GDWD����VHQVRUV�WLPHV�[��\��]��DQG�����YDOXHV�IURP�WKH��'�GDWD������SRLQWV
WLPHV�[��\��ZKLFK�WRJHWKHU�LGHQWLI\�D�VLQJOH�SRLQW�LQ�D�����GLPHQVLRQDO�VSDFH�IRU
HDFK�WUDLQLQJ�H[DPSOH�
� $V�QRWHG�SUHYLRXVO\��WKLV�SURFHVV�ZLOO�LQHYLWDEO\�LQWURGXFH�QRQ�OLQHDULW\�LQWR�WKH�3'0�DV�VSHFLILFODQGPDUN�SRLQWV�DUH�QRW�DOLJQHG�EHWZHHQ�WUDLQLQJ�H[DPSOHV��,I� WKLV�SUHVHQWV�D�SUREOHP��LW�PD\�EHSRVVLEOH� WR� XVH� D� �'� SURMHFWLRQ� RI� WKH� �'� VHQVRU� GDWD� WR� LGHQWLI\� SRLQWV� DORQJ� WKH� FRQWRXUFRUUHVSRQGLQJ� URXJKO\� WR� WKH� LPSOLHG� SRVLWLRQV� RI� WKH� �EHQW� RU� XQEHQW�� ILQJHUV� EDVHG� RQ� WKHSRVLWLRQV�RI�WKH�ILQJHUWLS�VHQVRUV�DQG�WR�XVH�WKHVH�DV�PRUH�DFFXUDWH�ODQGPDUNV�

D��2ULJLQDO�LPDJH E��$IWHU�ELQDULVDWLRQ F��$IWHU�IORRG���VPRRWK

G��(GJH�GHWHFWH��&RQWRXU�ZDONI��)LQDO�FRQWRXU
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+DYLQJ�DVVHPEOHG�D�WUDLQLQJ�VHW�RI�H[DPSOH�YHFWRUV��WKH�PHDQ�VKDSH�LV�FDOFXODWHG
E\� ILQGLQJ� WKH� DYHUDJH� YHFWRU� DQG� 3ULQFLSDO� FRPSRQHQW� DQDO\VLV� �3&$�� LV
SHUIRUPHG� RQ� WKH� GHYLDWLRQ� RI� WKH� H[DPSOH� YHFWRUV� IURP� WKH� PHDQ� XVLQJ
HLJHQYHFWRU�GHFRPSRVLWLRQ�RQ�WKH�FRYDULDQFH�PDWUL[�6 RI�( DV�GHVFULEHG�LQ�VHFWLRQ
������
$V�WKH�GLPHQVLRQDOLW\�RI�WKH�GDWD�������LV�KLJK��WKH�WHFKQLTXHV�GHVFULEHG�LQ�VHFWLRQ
����� KDYH�EHHQ�LPSOHPHQWHG�LQ�3'0%XLOG DQG�SURGXFH�D����IROG�GHFUHDVH�LQ�UXQ�
WLPH�IRU� WKH�FDOFXODWLRQ�RI�D�PRGHO�ZLWK�a��� WUDLQLQJ�H[DPSOHV��7KLV�FDOFXODWLRQ
WDNHV�RQO\�D�IHZ�VHFRQGV�RQ�D����0+]�3HQWLXP�,,,�V\VWHP�ZLWK���0E�5$0�
2QFH�WKH�PRGHO�FDOFXODWLRQV�DUH�FRPSOHWH��3'0%XLOG VRUWV�WKH�HLJHQYHFWRUV� LQWR
GHVFHQGLQJ�RUGHU�RI� WKHLU� HLJHQYDOXHV�DQG�SURYLGHV� D�JUDSKLFDO� UHSUHVHQWDWLRQ�RI
WKH� WUDLQLQJ�GDWD� LQ� VKDSH�VSDFH�E\�SURMHFWLQJ� HDFK� WUDLQLQJ�YHFWRU�RQWR� WKH� ILUVW
WKUHH� HLJHQYHFWRUV� WR� SURGXFH� [�� \ DQG� ] FR�RUGLQDWHV�� 7KH� �'� VHFWLRQ� RI� WKH
GLVSOD\� PD\� EH� VHOHFWHG� WR� VKRZ� WKH� RULJLQDO� WUDLQLQJ� VDPSOH� RU� WKH� FRPSOHWH
VKDSH�VSDFH�SURMHFWLRQ�E\�XVLQJ�D�PHQX�RSWLRQ�
$Q�H[DPSOH�RI�VXFK�D�GLVSOD\�LV�VKRZQ�RYHUOHDI�LQ�)LJXUH������
7KLV�IHDWXUH�LV�XVHIXO�WR�JDLQ�DQ�LQLWLDO�LPSUHVVLRQ�RI�WKH�GHJUHH�RI�QRQ�OLQHDULW\�LQ
DQ\�PRGHO� DV� LW� LV� VRPHWLPHV� IDLUO\� REYLRXV� �DV� LQ� WKH� DERYH� H[DPSOH�� WKDW� WKH
WUDLQLQJ�GDWD�DUH�QRW�XQLIRUPO\�GLVWULEXWHG�
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)LJXUH������±�7UDLQLQJ�'DWD�3URMHFWHG�IURP�6KDSH�6SDFH
$V�ZHOO� DV�EXLOGLQJ�D�3'0�IURP� WKH�3'06HOHFW RXWSXW��3'0%XLOG DOVR�KDV� DQ
RSWLRQ� WR� LPSRUW� FRPELQHG� RU� VHSDUDWH� �'� DQG�RU� �'� GDWD� GLUHFWO\� IURP� D� WDE�
GHOLPLWHG�WH[W�ILOH��7KLV�RSWLRQ�ZDV�XVHG�WR�WHVW� WKH�3&$�FDOFXODWLRQV�E\� IHHGLQJ
WKH�SURJUDP�ZLWK�JHQHUDWHG�GDWD�GHVFULELQJ�YDULRXV�SRVHV�RI�DQ�DQJOHSRLVH�ODPS�
:KLOVW� RQO\� D� �'�PRGHO�� WKLV� GDWD� LV� NQRZQ� WR� H[KLELW� QRQ�OLQHDULW\� GXH� WR� LWV
DUWLFXODWHG�VWUXFWXUH�DQG�H[DPSOHV�RI� WKH�YDULDWLRQ�PRGHV�SURGXFHG�DUH�DYDLODEOH
LQ�D�QXPEHU�RI�SXEOLFDWLRQV�IRU�FRPSDULVRQ�
+DYLQJ�FDOFXODWHG�WKH�3'0�IURP�WUDLQLQJ�GDWD��3'0%XLOG FDQ�VDYH�WKH�PRGHO�LQ�D
FRPSDFW� IRUP�� 7KH� LQWHUQDOO\� XVHG� IRUPDW� LQFOXGHV� WKH� PHDQ� VKDSH�� WKH
HLJHQYHFWRU� DUUD\� DQG� DVVRFLDWHG� HLJHQYDOXHV� DQG� DOVR� WKH� RULJLQDO� WUDLQLQJ� GDWD
SURMHFWLRQV�LQ�VKDSH�VSDFH��7KLV�LQIRUPDWLRQ�PD\�EH�XVHG�E\�WKH�WKLUG�RI�WKH�3'0
DSSOLFDWLRQV�WR�JHQHUDWH�DQG�GLVSOD\�VKDSHV�XVLQJ�WKH�PRGHO��7KLV�LV�GHVFULEHG�LQ
GHWDLO�RYHUOHDI�
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0RGHO�GLVSOD\
7KH�ILQDO�3'0�DSSOLFDWLRQ�LV�FDOOHG�3'0'LVSOD\ DQG� WDNHV�DV� LWV� LQSXW�D�PRGHO
JHQHUDWHG�E\�3'0%XLOG��7KLV�DSSOLFDWLRQ� FDQ�KDQGOH�PRGHOV�ZKLFK� LQFOXGH� DQ\
FRPELQDWLRQ�RI��'�DQG��'� LQIRUPDWLRQ� DQG� LV� XVHG� WR� GLVSOD\� JHQHUDWHG� VKDSHV
IURP�WKH�PRGHO��$Q�H[DPSOH�GLVSOD\�LV�VKRZQ�LQ�)LJXUH������

)LJXUH������±�*HQHUDWLQJ�6KDSHV�IURP�D�3'0
2Q� ORDGLQJ� D�PRGHO�� WKH� IDPLOLDU��'� �� �'� VSOLW� YLHZ� LQLWLDOO\�GLVSOD\V� WKH�PHDQ
VKDSH��$�VSLQQHU�FRQWURO�QHDU�WKH�WRS�RI�WKH�GLVSOD\�DOORZV�VHOHFWLRQ�RI�WKH�PRGH
RI� YDULDWLRQ� DQG� WKH� DGMDFHQW� VOLGHU� SHUPLWV� WKH� DPRXQW� RI� YDULDWLRQ� WR� EH� VHW
EHWZHHQ�r ��VWDQGDUG�GHYLDWLRQV�
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,Q�D�VLPLODU�PDQQHU�WR�3'0%XLOG��D�YLHZ�RI�WKH�WUDLQLQJ�GDWD�SURMHFWLRQV�LQ�VKDSH
VSDFH�PD\�EH�VHOHFWHG�WR�EH�VKRZQ�LQ�WKH�OHIW�KDQG�ZLQGRZ��,Q�VXFK�D�GLVSOD\��WKH
WUDLQLQJ�SRLQWV�DUH� VKRZQ� LQ� UHG� DQG� WKH� FRUUHVSRQGLQJ�SRVLWLRQ�RI� WKH� FXUUHQWO\
JHQHUDWHG�VKDSH�LV�VKRZQ�LQ�EOXH��%\�XVLQJ�WKH�VOLGHU�FRQWURO�WR�SRVLWLRQ�WKH�EOXH
PDUNHU�WRZDUGV�D�WUDLQLQJ�SRLQW��LW�FDQ�EH�VHHQ�WKDW�WKH��'�FRQWRXU�DGRSWV�D�PRUH
SODXVLEOH�VKDSH��6HOHFWLQJ�D�UHJLRQ�RI�VKDSH�VSDFH�LQ�ZKLFK�WKHUH�DUH�QR�WUDLQLQJ
H[DPSOHV�DOZD\V�UHVXOWV�LQ�D�EDGO\�GHIRUPHG�GLVSOD\��7KLV�LV�IXUWKHU�HYLGHQFH�RI
WKH�QRQ�OLQHDU�QDWXUH�RI�WKH�PRGHO�
3'0'LVSOD\ DOORZV�WKH�YDULDWLRQV�RI�HDFK�PRGH�WR�EH�VHW�LQGLYLGXDOO\�VR�WKDW�WKH
FXPXODWLYH�HIIHFW�PD\�EH�REVHUYHG�LQ�WKH�JHQHUDWHG�VKDSH��$V�WKH�PRGHOV�EXLOW�VR
IDU�KDYH�ODUJH�GHJUHHV�RI�QRQ�OLQHDULW\��WKLV�DSSOLFDWLRQ�LV�VR�IDU�RQO\�UHDOO\�XVHIXO
IRU�YDOLGDWLQJ�WKH�FRUUHFWQHVV�RI�WKH�FDOFXODWLRQV�

��� ([SORULQJ�KLGGHQ�0DUNRY�PRGHOV
����� ,QWURGXFWLRQ$V�GLVFXVVHG�LQ�WKH�SUHYLRXV�FKDSWHU��+00¶V�DUH�OLNHO\�WR�IHDWXUH�DW�VRPH�SRLQW�LQ
WKLV�SURMHFW��7KH�PRWLYDWLRQ�IRU�GHYHORSLQJ�WKH�DSSOLFDWLRQ�GHVFULEHG�EHORZ��DSDUW
IURP�EHLQJ�DQ�H[HUFLVH� WR� IL[�DQ�XQGHUVWDQGLQJ�RI� WKH�SULQFLSOHV�� LV� WR�SURYLGH� D
PHWKRG� RI� FUHDWLQJ�� HYDOXDWLQJ� DQG� PDQLSXODWLQJ� +00¶V� LQ� D� XVHU�IULHQGO\
PDQQHU��SULPDULO\�WR�SUHSDUH�IRU�DSSO\LQJ�WKHVH�WHFKQLTXHV�WR�JHVWXUH�UHFRJQLWLRQ�



��

����� +00�:RUNEHQFK�$SSOLFDWLRQ7KLV�LV�D�0LFURVRIW�&���DSSOLFDWLRQ�XVLQJ�0LFURVRIW�)RXQGDWLRQ�&ODVVHV��0)&��
,W� KDV� EHHQ� GHVLJQHG� LQ� VXFK� D� ZD\� WKDW� LW� DOORZV� D� ³ZRUNLQJ� VHW´� RI� +00¶V�
REVHUYDWLRQ�VHTXHQFHV�DQG�DOJRULWKP�RXWSXWV�WR�EH�FUHDWHG�DQG�SHUVLVWHG�
7KH� DSSOLFDWLRQ� SURYLGHV� LPSOHPHQWDWLRQV� RI� WKH� DOJRULWKPV� GHVFULEHG� LQ� WKH
SUHYLRXV�VHFWLRQ�DQG�DOVR�DOORZV�QHZ�REVHUYDWLRQ�VHTXHQFHV�WR�EH�JHQHUDWHG�IURP
H[LVWLQJ�PRGHOV�

)LJXUH������±�+00�:RUNEHQFK�DSSOLFDWLRQ
5DELQHU� >���� ��@� GHWDLOV� D� QXPEHU� RI� LPSOHPHQWDWLRQ� LVVXHV� IRU�+00¶V��ZKLFK
DIIHFW� WKH� ZD\� WKH� DOJRULWKPV�PXVW� EH� LPSOHPHQWHG� LQ� D� FRPSXWHU� DSSOLFDWLRQ�
6RPH� RI� WKH� WHFKQLTXHV� GHVFULEHG� KDYH� EHHQ� LPSOHPHQWHG� LQ� WKH� ZRUNEHQFK
DSSOLFDWLRQ��)LJXUH������VKRZV�DQ�H[DPSOH�RI�WKH�DSSOLFDWLRQ�*8,�
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)HDWXUHV
7KH�+00�ZRUNEHQFK�FXUUHQWO\�SURYLGHV�WKH�IROORZLQJ�EDVLF�IHDWXUHV�
x &UHDWLRQ�RI�+00�PRGHO�SDUDPHWHUV�O��ZLWK�YDULDEOH�1 DQG�0�
x ,QLWLDOLVDWLRQ�RI�SUREDELOLWLHV�XVLQJ�UDQGRP�YDOXHV�
x ([SRUW�RI�PRGHO�SDUDPHWHUV�WR�0$7/$%�IRUPDW��0$7�ILOH�
x &UHDWLRQ�RI�UDQGRP�REVHUYDWLRQ�VHTXHQFHV�2. ZLWK�YDULDEOH�.��0 DQG�7�
x *HQHUDWLRQ�RI�VDPSOH�REVHUYDWLRQ�VHTXHQFHV�XVLQJ�D�VHOHFWHG�+00�
x ,PSOHPHQWDWLRQV�RI�)RUZDUG��9LWHUEL DQG�%DXP�:HOFK DOJRULWKPV�
x 2Q�VFUHHQ�RU�SULQWHG�UHSRUW�RI�PRGHOV��VHTXHQFHV��DQG�DOJRULWKP�UHVXOWV�
7KH�LPSOHPHQWDWLRQV�RI�WKH�)RUZDUG��9LWHUEL DQG�%DXP�:HOFK DOJRULWKPV�XVH�WKH
VFDOLQJ�SURFHGXUHV�GHVFULEHG�LQ�>��@�
7KH� XVH� RI� VFDOLQJ�� SDUWLFXODUO\� LQ� WKH� IRUZDUG� DQG� EDFNZDUG� YDULDEOHV�� LV
QHFHVVDU\� WR� RYHUFRPH� WKH� VWURQJ� SRVVLELOLW\� WKDW� WKH� OLPLWV� RI� GRXEOH�SUHFLVLRQ
DULWKPHWLF� ZLOO� TXLFNO\� EH� H[FHHGHG� ZKHQ� FDOFXODWLQJ� FXPXODWLYH� SUREDELOLWLHV�
)RU� WKLV� UHDVRQ�� WKH� ILQDO� RXWSXWV� IURP� WKHVH� DOJRULWKPV� DUH� DOO� FDOFXODWHG� DV
/RJ�3� ZKHUH�3 LV� WKH�SUREDELOLW\�� ,Q�WKLV�VFHQDULR��D� ORZHU�QXPEHU�ZLOO� LPSO\�D
VWURQJHU�SUREDELOLW\�
)LJXUH� ����� VKRZV� WKH� GLDORJ� XVHG� WR� DSSO\� WKH� DERYH� DOJRULWKPV� WR� VHOHFWHG
PRGHOV�DQG�VHTXHQFHV�
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)LJXUH������±�$SSO\LQJ�+00�DOJRULWKPV
7KH�UHSRUW�EHORZ�VKRZV�D� VDPSOH�RI� WKH�RXWSXW�SURGXFHG�DIWHU�XVLQJ� WKH�%DXP�
:HOFK�DOJRULWKP�WR�DGMXVW�PRGHO�SDUDPHWHUV�EDVHG�RQ�DQ�REVHUYDWLRQ�VHTXHQFH�

%DXP�:HOFK��0RGHO�����1 ���0 �
0RGHO�SDUDPHWHUV�EHIRUH�RSWLPLVDWLRQ�
0RGHO�����1 ���0 �
1XPEHU�RI�VWDWHV��1���� �1XPEHU�RI�V\PEROV��0��� �
6WDWH�WUDQVLWLRQ�SUREDELOLW\�PDWUL[��$���

���������������������� ����������������������������� ����������������������������� ����������������������������
2EVHUYDWLRQ�V\PERO�SUREDELOLW\�GLVWULEXWLRQ��%���

������������������������������������������ ������������������������������������������������� ������������������������������������������������� ������������������������������������������������
,QLWLDO�VWDWH�SUREDELOLWLHV��3L���

� ��������� ��������� ��������
,QLWLDO�ORJ�SUREDELOLW\�3�2_0RGHO�� �����������
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)LQDO�ORJ�SUREDELOLW\�3�2_0RGHO���� �����������1XPEHU�RI�UH�HVWLPDWLRQ�LWHUDWLRQV� ���
0RGHO�SDUDPHWHUV�DIWHU�RSWLPLVDWLRQ�
0RGHO�����1 ���0 �
1XPEHU�RI�VWDWHV��1���� �1XPEHU�RI�V\PEROV��0��� �
6WDWH�WUDQVLWLRQ�SUREDELOLW\�PDWUL[��$���

���������������������� ����������������������������� ������������������������������ ����������������������������
2EVHUYDWLRQ�V\PERO�SUREDELOLW\�GLVWULEXWLRQ��%���

������������������������������������������ ������������������������������������������������� ������������������������������������������������� ������������������������������������������������
,QLWLDO�VWDWH�SUREDELOLWLHV��3L���

� ��������� ��������� ��������
*HQHUDWHG�VHTXHQFH��0 �
1XPEHU�RI�VDPSOHV��.�����1XPEHU�RI�V\PEROV��0��� �
6DPSOH�N��1XPEHU�RI�REVHUYDWLRQV��7��� ��

����������������������������������6\PEROV� ����������������������������������
7KLV� UHSRUW� VKRZV� WKH� PRGHO� SDUDPHWHUV� EHIRUH� DQG� DIWHU� RSWLPLVDWLRQ�� WKH� ORJ
SUREDELOLW\�EHIRUH�DQG�DIWHU��DQG�WKH�REVHUYDWLRQ�VHTXHQFH�XVHG�IRU�WUDLQLQJ�
,PSOHPHQWDWLRQ
7KH� PDLQ� +00� UHODWHG� IXQFWLRQDOLW\� RI� WKH� DSSOLFDWLRQ� LV� SURYLGHG� E\� WKH
IROORZLQJ�FODVVHV�
&0DUNRY0RGHO �� KROGV� WKH� PRGHO� SDUDPHWHUV� O DQG� WKH� YDULDEOHV�1 DQG�0�3URYLGHV� IXQFWLRQDOLW\� IRU� UXQQLQJ� WKH� )RUZDUG�� %DFNZDUG�9LWHUEL DQG� %DXP�:HOFK DOJRULWKPV� JLYHQ� DQ� REVHUYDWLRQVHTXHQFH� �&0DUNRY6HTXHQFH��� $OVR� SURYLGHV� PHWKRGV� IRU
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JHQHUDWLQJ� REVHUYDWLRQV� EDVHG� RQ� WKH� PRGHO� SDUDPHWHUV� DQGGLVSOD\LQJ�LWVHOI�RQ�VFUHHQ�RU�SULQWHU�
&0DUNRY6HTXHQFH �� SURYLGHV� D� ZD\� RI� KROGLQJ� D� QXPEHU� RI� UHODWHGREVHUYDWLRQ� VDPSOHV� �&0DUNRY6DPSOH��� 7KLV� FODVV� PDLQWDLQVWKH�YDULDEOH�0 �WKH�DOSKDEHW�VL]H��DQG�FRQWDLQV�D�FROOHFWLRQ�RI&0DUNRY6DPSOH REMHFWV��$�PHWKRG� LV� SURYLGHG� WR� JHQHUDWH� DQXPEHU� RI� UDQGRP� VDPSOH� VHTXHQFHV� RI� YDU\LQJ� OHQJWK�� $OVRSURYLGHV�D�PHWKRG� WR�GLVSOD\� LWVHOI� DQG� DVVRFLDWHG� VDPSOHV�RQVFUHHQ�RU�SULQWHU�
&0DUNRY6DPSOH ��UHSUHVHQWV�DQ�LQGLYLGXDO�REVHUYDWLRQ�VHTXHQFH�2 RI�OHQJWK�7�&RQWDLQV� 7 REVHUYDWLRQ� V\PEROV� �LQWHJHU� EDVHG�� DQG� DOORZVVWRUDJH� RI� XQGHUO\LQJ� VWDWHV�� RQH� IRU� HDFK� REVHUYDWLRQ�� 7KHVWDWHV� DUH� VHW� HLWKHU� E\� WKH� 9LWHUEL DOJRULWKP� RU� ZKHQ� WKHVHTXHQFH�LV�JHQHUDWHG�E\�D�&0DUNRY0RGHO��7KLV�FODVV�SURYLGHVD�PHWKRG�WR�IRUPDW�LWVHOI�IRU�VFUHHQ�RU�SULQWHU�GLVSOD\�
&0DUNRY5HSRUW �� UHSUHVHQWV� WKH� RXWSXW� IURP� RQH� RI� WKH� +00� DOJRULWKPV�&RQWDLQV� WH[WXDO� LQIRUPDWLRQ� DQG� D� YDULDEOH� QXPEHU� RI&0DUNRY0RGHO¶V� DQG�RU� &0DUNRY6HTXHQFH¶V�� 3URYLGHV� WKHDELOLW\�WR�GLVSOD\�LWVHOI�RQ�VFUHHQ�RU�SULQWHU�
&ROOHFWLRQV�RI�WKH�DERYH�FODVVHV�DUH�KHOG�E\�D�&'RFXPHQW GHULYHG�REMHFW�DQG�IRUP
WKH�EDVLV�IRU�WKH�ZRUNLQJ�YLHZ�VKRZQ�LQ�)LJXUH�������$OO�WKH�FODVVHV�DUH�GHULYHG
IURP�&2EMHFW WR�VXSSRUW�VHULDOLVDWLRQ�
$V� WKH� VL]HV�RI� WKH�PRGHOV� DQG� VHTXHQFHV� �LQ� WHUPV� RI� QXPEHU� RI� HOHPHQWV�� DUH
YDULDEOH�� DOO� SUREDELOLW\� GLVWULEXWLRQV� DQG� REVHUYDWLRQ� VHTXHQFHV� DUH� KHOG� DV
G\QDPLFDOO\� DOORFDWHG� DUUD\V� RI� SRLQWHU� YDULDEOHV� XVLQJ� D� YDULDWLRQ� RI� WKH
WHFKQLTXHV�GHVFULEHG�LQ�>��@�



��
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&KDSWHU�� &XUUHQW�VWDWXV
��� 'DWD�JORYH�KDUGZDUH

����� /LPLWDWLRQV
(IIHFWLYH�5DQJH
$V�WKH�RULJLQDO�DSSOLFDWLRQ�RI�WKH�SRVLWLRQLQJ�V\VWHP�ZDV�WR�SURYLGH�DQ�LPDJH�RI�D
PHGLFDO� HQGRVFRSH� GXULQJ� FRORQRVFRS\�� WKH� GHVLJQ� RI� WKH� V\VWHP� ZDV� EDVHG
DURXQG� GLPHQVLRQV� DSSURSULDWH� WR� WKDW� XVH�� $V� D� UHVXOW� WKH� HIIHFWLYH� ILHOG� RI
RSHUDWLRQ�LV�URXJKO\���P��
7KLV�UDQJH�LV�ILQH�IRU�WKH�SXUSRVHV�RI�H[SHULPHQWLQJ�ZLWK�D�VLQJOH�GDWD�JORYH�EXW
ZRXOG� QRW� UHDOO\� EH� VXIILFLHQW� WR� FDWHU� IRU� WZR JORYHV� RU� IRU� DGGLWLRQDO� ERG\
VHQVRUV� LI� WKH� V\VWHP�ZHUH� WR� EH� XVHG� DV� SDUW� RI� D�PRUH� FRPSUHKHQVLYH�PRWLRQ
FDSWXUH�DSSOLFDWLRQ�
1XPEHU�RI�6HQVRUV
7KH�%ODGHQ�SRVLWLRQLQJ�V\VWHP�DOORZV�IRU�D�PD[LPXP�RI����VHQVRUV��7KLV�HDVLO\
FRYHUV� WKH� LQWHQGHG� HQGRVFRS\� DSSOLFDWLRQ� EXW� LV� EDUHO\� VXIILFLHQW� IRU� ZRUNLQJ
ZLWK�PRUH� WKDQ�RQH�GDWD�JORYH�DW� D� WLPH��2QH�RI� WKH� UHDVRQV� IRU�FKRRVLQJ�DQ���
VHQVRU�GDWD�JORYH�LV�WKDW�WKLV�DOORZV�WKH�SRVVLELOLW\�RI�LPSOHPHQWLQJ�D�WZR�KDQGHG
V\VWHP�ZLWKRXW�WKH�QHHG�IRU�KDUGZDUH�FKDQJHV�
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6SHHG
7KH�%ODGHQ� V\VWHP�FXUUHQWO\� DYDLODEOH� IRU� WHVWLQJ� LV� DFWXDOO\�RQH�RI� WKH� RULJLQDO
SURWRW\SH�V\VWHPV�GHYHORSHG�E\�'U��%ODGHQ�LQ�������$OWKRXJK�WKH�LQWHJUDO�3&�XQLW
KDV� EHHQ� XSJUDGHG� IURP� DQ�06�'26� EDVHG� ,QWHO� ���� V\VWHP� WR� D�:LQGRZV� ��
3HQWLXP� FODVV� V\VWHP�� WKH� UHPDLQLQJ� KDUGZDUH� LV� QHDUO\� �� \HDUV� ROG�� *LYHQ� WKH
LQFUHDVH�LQ�SURFHVVLQJ�SRZHU�DFKLHYHG�VLQFH�WKHQ��WKH�V\VWHP�SHUIRUPV�YHU\�PXFK
VORZHU�WKDQ�ZRXOG�EH�SRVVLEOH�ZLWK�PRUH�PRGHUQ�HTXLSPHQW��7KH�PD[LPXP�GDWD
FDSWXUH� UDWH�SRVVLEOH�ZLWK� WKLV�RULJLQDO�V\VWHP�DSSHDUV� LQ�SUDFWLFH� WR�EH�QR�PRUH
WKDQ����ISV��IUDPHV�SHU�VHFRQG��

����� 3ODQQHG�LPSURYHPHQWV$�QXPEHU�RI�LPSURYHPHQWV�WR�WKH�%ODGHQ�SRVLWLRQLQJ�V\VWHP�DUH�FXUUHQWO\�EHLQJ
SXUVXHG� E\� FROOHDJXHV� DW� WKH� 8QLYHUVLW\� RI� 1HZFDVWOH�� 7KHVH� LQFOXGH� WKH
IROORZLQJ�
6PDOOHU�6HQVRUV
%\�XVLQJ�GLIIHUHQW�PDWHULDOV� IRU� WKH�VHQVRU�FRUHV�� WKH�VL]H�RI� WKH�RULJLQDO�VHQVRUV
KDV�EHHQ�UHGXFHG�ZLWK�QR�ORVV�RI�VHQVLWLYLW\��7KH�DELOLW\�WR�XVH�VPDOOHU�VHQVRUV�ZLOO
JLYH�PRUH� IOH[LELOLW\� LQ� WKH� FKRLFH�RI� VHQVRU� VLWHV� DQG� SRVVLEO\� DOORZ� WKH� XVH� RI
PRUH� VHQVRUV� LQ� FORVH� SUR[LPLW\� WR� LQVWUXPHQW� WKH� MRLQWV� RI� WKH� KDQG� PRUH
SUHFLVHO\��7KLV�DYHQXH�LV�DOUHDG\�EHLQJ�H[SORUHG�LQ�1HZFDVWOH�ZKHUH�DQ����VHQVRU
JORYH�LV�EHLQJ�WHVWHG�
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/DUJHU�*HQHUDWRUV
0RUH�SRZHUIXO�ILHOG�JHQHUDWRUV�ZLOO�SRVVLEO\�DOORZ�WKH�JHQHUDWRU�DVVHPEOLHV�WR�EH
VLWHG�IXUWKHU�DSDUW�WKDQ�DW�SUHVHQW��WKXV�H[WHQGLQJ�WKH�HIIHFWLYH�UDQJH��7KLV�DYHQXH
LV�DOVR�EHLQJ�H[SORUHG�DW�WKH�8QLYHUVLW\�RI�1HZFDVWOH�
8SGDWHG�+DUGZDUH
'DYLG� *HQJ�� D� 3K'� VWXGHQW� DW� 1HZFDVWOH�� KDV� UHFHQWO\� SURSRVHG� DQ� XSGDWHG
KDUGZDUH� FRQILJXUDWLRQ� IRU� VRPH� FULWLFDO� SDUWV� RI� WKH� V\VWHP�� 7KLV� LQYROYHV� WKH
LQWURGXFWLRQ�RI�DQ�,QWHO�$50�SURFHVVRU�DQG�D����FKDQQHO�$�'�FRQYHUWHU�WR�DOORZ
WKH�XVH�RI�PRUH�VHQVRUV�
$W�SUHVHQW��WKHVH�FKDQJHV�DUH�DW�DQ�HDUO\�EXW�0U��*HQJ�KDV�JLYHQ�KLV�RSLQLRQ�WKDW
WKH�QHZ�FRQILJXUDWLRQ�PD\�EH�FDSDEOH�RI�SURYLGLQJ�UHDO�WLPH�GDWD�FDSWXUH�DW����
ISV� XVLQJ� ��� VHQVRUV�� 7KLV� ZRXOG� EULQJ� VLJQLILFDQW� EHQHILWV� ZHUH� VXFK
LPSURYHPHQWV�WR�PDWHULDOLVH�

��� 6WDWLVWLFDO�PRGHOOLQJ
����� /LPLWDWLRQV$V� GLVFXVVHG� LQ� VHFWLRQ� ������� XVLQJ� D� OLQHDU� 3'0� WR� PRGHO� WKH� QRQ�OLQHDU
PRYHPHQW� RI� WKH� KDQG� LV� QRW� LGHDO�� 7KH� LQDELOLW\� WR� ORFDWH� PDWFKLQJ� ODQGPDUN
SRLQWV� RQ� HDFK� �'� FRQWRXU� FRPSRXQGV� WKHVH� SUREOHPV� DQG� WKH� UHVXOWLQJ
GLVWULEXWLRQ� RI� SRLQWV� LQ� VKDSH� VSDFH� LV� GHFLGHGO\� QRQ�XQLIRUP�� $W� WKH� FXUUHQW
VWDJH� RI� GHYHORSPHQW�� LW� LV� QRW� SRVVLEOH� WR� XVH� WKHVH� 3'0¶V� ZLWKRXW� IXUWKHU
DQDO\VLV�
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����� 3ODQQHG�LPSURYHPHQWV$�QXPEHU� RI� RSWLRQV� DUH� DYDLODEOH� IRU�PDQDJLQJ� DQG� RYHUFRPLQJ� WKH� HIIHFWV� RI
QRQ�OLQHDULW\�LQ�WKH�PRGHOV��7KHVH�LQFOXGH�
x 8VLQJ�D�FOXVWHULQJ�WHFKQLTXH�WR�VHJPHQW�GDWD�LQ�VKDSH�VSDFH�
x (PSOR\LQJ�D��'�SURMHFWLRQ�RI�WKH��'�VHQVRU�GDWD�WR�DVVLVW�LQ�WKH�LGHQWLILFDWLRQ

RI�PDWFKLQJ�ODQGPDUNV�EHWZHHQ�WUDLQLQJ�LPDJHV�
6RPH�UHFHQWO\�SXEOLVKHG�ZRUN�VXJJHVWV�LW�PD\�EH�SRVVLEOH�WR�DYRLG�WKH�SUREOHP�RI
PLVPDWFKLQJ�ODQGPDUNV��7KLV�LV�DQ�DUHD�ZKLFK�QHHGV�IXUWKHU�LQYHVWLJDWLRQ�
$OOLHG�WR�WKH�DERYH�LV�WKH�LQWURGXFWLRQ�RI�DQ�+00�IUDPHZRUN�WR�WKH�PRGHOV��:H
KDYH�D�EDVLF�WRRO�DYDLODEOH�WR�DVVLVW�LQ�WKLV�DOWKRXJK�WKH�PRVW�DSSURSULDWH�XVH�PD\
QRW� EHFRPH� FOHDU� XQWLO� WKH�PHWKRG� IRU� DGDSWLQJ� WKH� QRQ�OLQHDU�PRGHOV� KDV� EHHQ
GHFLGHG�DQG�LPSOHPHQWHG��7KLV�LV�WKH�SDUW�RI�WKH�SURMHFW�XQGHU�LQYHVWLJDWLRQ�DW�WKH
WLPH�RI�ZULWLQJ�

��� 6XPPDU\
����� 3URJUHVV�YV��REMHFWLYHV3URJUHVV�WR�GDWH�KDV�EHHQ�UHDVRQDEO\�JRRG��7KH�DYDLODELOLW\�RI�DFFXUDWH��'�SRLQW
GDWD�JLYHV�DQ�DGGHG�LPSHWXV�WR� WKH�WUDLQLQJ�RI�DFFXUDWH�VWDWLVWLFDO�PRGHOV��$W� WKH
WLPH�RI�ZULWLQJ��QR�SXEOLVKHG�ZRUN�KDV�EHHQ�IRXQG�LQGLFDWLQJ�WKDW�WKLV� LV�DQ�DUHD
FXUUHQWO\�EHLQJ�H[SORUHG�HOVHZKHUH�
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:KLOH�LW�LV�E\�QR�PHDQV�FOHDU�WKDW�WKH�FXUUHQW�SDWK�ZLOO�OHDG�WR�DFKLHYHPHQW�RI�WKH
SODQQHG�REMHFWLYHV��WKHUH�DUH�VWLOO�PDQ\�SURPLVLQJ�OHDGV�WR�IROORZ�
%HIRUH�PRUH�SURJUHVV�FDQ�EH�PDGH�LQ�WKLV�GLUHFWLRQ��ZH�ILUVW�QHHG�WR�GHYHORS�VRPH
PHWKRG�RI�TXDQWLI\LQJ�WKH�DFFXUDF\�RI�WKH�H[LVWLQJ�PRGHOV��2QFH�ZH�FDQ�GR�WKLV��LW
ZLOO� EH� HDVLHU� WR� HVWDEOLVK� ZKHUH� WKH� ERXQGDULHV� VKRXOG� EH� EHWZHHQ� GLIIHUHQW
PRGHOV� DQG� WKLV� VKRXOG� OHDG� LQWR� WKH� LQWURGXFWLRQ� RI� DQ� +00� IUDPHZRUN� WR
RYHUOD\�HYHU\WKLQJ��$W�WKDW�SRLQW�D�IXUWKHU�UHYLHZ�ZLOO�EH�QHHGHG�
8QWLO�WKLV�VWDJH��LW�ZLOO�QRW�EH�SRVVLEOH�WR�SXW�DQ\�RI�WKLV�ZRUN�WR�WKH�WHVW�ZLWK�DQ\
VHULRXV� UHFRJQLWLRQ� WDVNV� EXW� LW� PD\� EH� WKDW� VRPH� FRPSDUDEOH� UHVXOWV� FDQ� EH
REWDLQHG� WKDW�ZLOO� JLYH� XV� DQ� LQGLFDWLRQ� RI� WKH� VWUHQJWKV� RU�ZHDNQHVVHV� RI� WKHVH
GHYHORSPHQWV��7KLV�VKRXOG�EH�ERUQH�LQ�PLQG�DV�WKH�ZRUN�SURJUHVVHV�WR�HQVXUH�WKDW
ZH�PDNH�WKH�PRVW�HIIHFWLYH�XVH�RI�WKH��'�SRLQW�GDWD�IURP�WKH�SRVLWLRQLQJ�V\VWHP�
$W� SUHVHQW� WKHUH� LV� QR� HYLGHQFH� WR� VXJJHVW� WKDW� WKH� RYHUDOO� REMHFWLYHV� FDQQRW� EH
DFKLHYHG��DW�OHDVW�WR�VRPH�ZRUWKZKLOH�GHJUHH��8QWLO�VXFK�HYLGHQFH�SUHVHQWV�LWVHOI�
WKLV�SURMHFW�ZLOO�FRQWLQXH�LQ�D�VSLULW�RI�RSWLPLVP�
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&KDSWHU�� 5HIHUHQFHV�� $OOHQ� &5�� 6X� <�� %HOO� *'�� 5RZODQG� 56�� ������� 7KUHH�GLPHQVLRQDO� KDQGPRGHOOLQJ� XVLQJ� HOHFWURPDJQHWLF� LPDJLQJ� IRU� FRPPXQLFDWLRQ� E\� VLJQ� ODQJXDJH�5HF3DG��������WK�3RUWXJXHVH�&RQIHUHQFH�RQ�3DWWHUQ�5HFRJQLWLRQ��0D\������
�� %ODGHQ� -6�� $QGHUVRQ� $3�� %HOO� *'� �� 5DPHK� %� DQG� (YDQV� %�� �������1RQ�UDGLRORJLFDO� WHFKQLTXH� IRU� WKUHH� GLPHQVLRQDO� LPDJLQJ� RI� LQWHVWLQDO� HQGRVFRSHV�/DQFHW������������
�� %ODGHQ� -6�� ������� ,PDJLQJ� 0HGLFDO� (QGRVFRSHV� LQ� WKUHH� GLPHQVLRQV� XVLQJPDJQHWLF�ILHOGV��3K'�WKHVLV�8QLYHUVLW\�RI�6KHIILHOG�
�� %RZGHQ�5���������/HDUQLQJ�1RQ�OLQHDU�0RGHOV�RI�6KDSH�DQG�0RWLRQ��3K'�WKHVLV�%UXQHO�8QLYHUVLW\�������
�� %RZGHQ�5��0LWFKHOO�7$��6DUKDGL�0���������1RQ�OLQHDU�VWDWLVWLFDO�PRGHOV�IRU�WKH�'�UHFRQVWUXFWLRQ�RI�KXPDQ�SRVH�DQG�PRWLRQ� IURP�PRQRFXODU� LPDJH�VHTXHQFHV�,PDJH�DQG�9LVLRQ�&RPSXWLQJ����������±�����
�� %ULHQ� '�� (G��� �������'LFWLRQDU\� RI� %ULWLVK� 6LJQ� /DQJXDJH�� )DEHU� DQG� )DEHU�/RQGRQ��,6%1���������������
�� %\XQJ�:RR�0LQ��+R�6XE�<RRQ��-XQJ�6RK��7HNHVKL�2KDVKL�DQG�7RVKLDNL�(MLPD�������� 9LVXDO� 5HFRJQLWLRQ� RI� 6WDWLF�'\QDPLF� *HVWXUH�� *HVWXUH�'ULYHQ� (GLWLQJ6\VWHP��-RXUQDO�RI�9LVXDO�/DQJXDJHV�DQG�&RPSXWLQJ��YRO�����SS���������
�� &RRWHV�7)��7D\ORU�&-��&RRSHU�'+��*UDKDP�-���������$FWLYH�6KDSH�0RGHOV���WKHLUWUDLQLQJ� DQG� DSSOLFDWLRQV��&RPSXWHU�9LVLRQ� DQG� ,PDJH�8QGHUVWDQGLQJ�� ������ SS������
�� 'L�%HUQDGR�(��*RQFDOYHV�/��3HURQD�3����������0RQRFXODU�7UDFNLQJ�RI�WKH�+XPDQ$UP�LQ��'�� ,Q�&LSROOD�5��3HQWODQG�$��HG��&RPSXWHU�9LVLRQ�IRU�+XPDQ�0DFKLQH,QWHUDFWLRQ��SS���������,6%1���������������
��� 'RJUDPDG]L� 6�� $OOHQ� &�� %HOO� *'�� 5RZODQG� 56�� �������$Q� HOHFWURPDJQHWLFLPDJLQJ�V\VWHP�IRU�UHPRWH�VLJQ� ODQJXDJH�FRPPXQLFDWLRQ� ,07&����3URFHHGLQJVRI� WKH� ��WK ,(((� ,QVWUXPHQWDWLRQ� DQG� 0HDVXUHPHQW� 7HFKQRORJ\� &RQIHUHQFH�9HQLFH��,WDO\��9RO���0D\�������,(((�&DWDORJ����&+������±�,6%1���������������������������
��� *DYULOD� '0�� ������� 7KH� 9LVXDO� $QDO\VLV� RI� +XPDQ� 0RYHPHQW�� $� 6XUYH\�&RPSXWHU�9LVLRQ�DQG�,PDJH�8QGHUVWDQGLQJ��YRO������SS��������$FDGHPLF�3UHVV�
��� +DLU� -)� �-QU���$QGHUVRQ�5(�� 7DWKDP�5/�� %ODFN�:&�� �������0XOWLYDULDWH�'DWD$QDO\VLV���WK (GLWLRQ��3UHQWLFH�+DOO�,QWO��,6%1����������������
��� +HDS� 7� DQG� +RJJ� '&�� �������([WHQGLQJ� WKH� 3'0� 8VLQJ� 3RODU� &R�RUGLQDWHV�8QLYHUVLW\�RI�/HHGV��5HVHDUFK�UHSRUW������



��

��� ,VDDFVRQ�'/�DQG�0DGVHQ�5:�� �������0DUNRY�&KDLQV�7KHRU\�DQG�$SSOLFDWLRQV�-RKQ�:LOH\�	�6RQV��,QF��,6%1����������������
��� ,VDUG��0�� DQG� %ODNH�� $�� �������&RQWRXU� WUDFNLQJ� E\� VWRFKDVWLF� SURSDJDWLRQ� RIFRQGLWLRQDO�GHQVLW\� ,Q�3URF��(XURSHDQ�&RQI��&RPSXWHU�9LVLRQ��YRO���SS�����±����&DPEULGJH�8.�
��� .DNDGLDULV� ,� DQG� 0HWD[DV� '�� �������0RGHO�%DVHG� (VWLPDWLRQ� RI� �'� +XPDQ0RWLRQ�� ,(((� 7UDQVDFWLRQV� RQ� 3DWWHUQ� $QDO\VLV� DQG� 0DFKLQH� ,QWHOOLJHQFH�� 9RO�������'HFHPEHU�������SS������������
��� .DSDQGML� ,$�� ������� 7KH� 3K\VLRORJ\� RI� WKH� -RLQWV�� 9ROXPH� ,� 8SSHU� /LPE�&KXUFKLOO�/LYLQJVWRQH�,QF��,6%1����������������
��� .HQQDZD\� -5�� ������� &RQWURO� RI� D� PXOWL�OHJJHG� URERW� EDVHG� RQ� KLHUDUFKLFDOSHUFHSWXDO�FRQWURO�WKHRU\��-RXUQDO�RI�3HUFHSWXDO�&RQWURO�7KHRU\��YRO����Q���
��� 0LQ� %:�� <RRQ� +6�� 6RK� -�� <DQJ� <0� DQG� (MLPD� 7�� �������+DQG� JHVWXUHUHFRJQLWLRQ� XVLQJ� KLGGHQ� 0DUNRY� PRGHOV�� 3URFHHGLQJV� RI� 60&¶���� SS�� ����-�����
��� 2XKDGGL� +� DQG� +RUDLQ� 3�� ��������+DQG� WUDFNLQJ� E\� �'� 0RGHO� 5HJLVWUDWLRQ�9LUWXDO�5HDOLW\�DQG�3URWRW\SLQJ��-XQH�������/DYDO��)UDQFH��
��� 3RZHUV� :7�� �������%HKDYLRXU�� 7KH� &RQWURO� RI� 3HUFHSWLRQ�� :LOGZRRG� +RXVH�/RQGRQ��,6%1���������������
��� 3UHVV� :+�� 7HXNROVN\� 6$�� 9HWWHUOLQJ� :7�� )ODQQHU\� %3�� ������� 1XPHULFDO5HFLSHV�LQ�&��7KH�$UW�RI�6FLHQWLILF�&RPSXWLQJ� �QG (GLWLRQ��&DPEULGJH�8QLYHUVLW\3UHVV��,6%1����������������
��� 5DELQHU�/5���������$�WXWRULDO�RQ�KLGGHQ�0DUNRY�PRGHOV�DQG�VHOHFWHG�DSSOLFDWLRQVLQ�VSHHFK�UHFRJQLWLRQ��3URFHHGLQJV�RI�WKH�,(((�������������
��� 5DELQHU� /5�� :LOSRQ� -*�� -XDQJ� %+�� ������� $� VHJPHQWDO� N�PHDQV� WUDLQLQJSURFHGXUH� IRU� FRQQHFWHG� ZRUG� UHFRJQLWLRQ�� $7	7� 7HFKQLFDO� -RXUQDO�� YRO� ���QR����SS�������
��� 5DELQHU�5��-XDQJ�%+���������)XQGDPHQWDOV�RI�VSHHFK�UHFRJQLWLRQ��375�3UHQWLFH+DOO��,6%1���������������
��� 5HKJ�-�DQG�.DQDGH�7����������'LJLW�(\HV��9LVLRQ�EDVHG�KDQG�WUDFNLQJ�IRU�KXPDQ�FRPSXWHU�LQWHUDFWLRQ��,Q�$JJDUZDO�-��+XDQJ�7��HG��3URF��RI�:RUNVKRS�RQ�PRWLRQRI�1RQ�5LJLG� DQG�$UWLFXODWHG�2EMHFWV�� SS�������$XVWLQ��7H[DV�� ,(((�&RPSXWHU6RFLHW\�3UHVV�
��� 5HKJ� -� DQG� .DQDGH� 7�� �������� 9LVXDO� 7UDFNLQJ� RI� +LJK� '2)� $UWLFXODWHG6WUXFWXUHV��DQ�$SSOLFDWLRQ�WR�+XPDQ�+DQG�7UDFNLQJ��7KLUG�(XURSHDQ�&RQIHUHQFHRQ�&RPSXWHU�9LVLRQ��6WRFNKROP��6ZHGHQ��0D\�������SS������



��

��� 5HKJ� -� DQG� .DQDGH� 7�� �������� 9LVXDO� WUDFNLQJ� RI� VHOI�RFFOXGLQJ� DUWLFXODWHGREMHFWV�� 3URF�� RI� �WK ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� &RPSXWHU� 9LVLRQ�� &DPEULGJH0$��-XQH�������������SS��������
��� 6KLPDGD�1� DQG� 6KLUDL� <� ���""�����'� +DQG� 3RVH� (VWLPDWLRQ� DQG� 6KDSH�0RGHO5HILQHPHQW�IURP�D�0RQRFXODU�,PDJH�6HTXHQFH��""""
��� 6RQND�0��+ODYDF�9��%R\OH�5�� �������,PDJH�3URFHVVLQJ��$QDO\VLV� DQG�0DFKLQH9LVLRQ��6HFRQG�(GLWLRQ��3:6�3XEOLVKLQJ��,6%1�������������;�
��� 6R]RX� 3'�� &RRWHV� 7)�� 7D\ORU� &-� DQG� 'L�0DXUR� (&�� ������� $� QRQ�OLQHDUJHQHUDOLVDWLRQ�RI�3'0V�XVLQJ�SRO\QRPLDO�UHJUHVVLRQ��,Q�3URF��%09&��YROXPH�,,�SDJHV����������<RUN��8.��%09$�3UHVV�
��� 6R]RX� 3'�� &RRWHV� 7)�� 7D\ORU� &-�� 'L�0DXUR� (&�� �������� 1RQ�OLQHDU� 3RLQW'LVWULEXWLRQ�0RGHOOLQJ�8VLQJ�D�0XOWL�OD\HU�3HUFHSWURQ�� ,Q�3\FRFN�'��HG��%ULWLVK0DFKLQH�9LVLRQ�&RQIHUHQFH�������%09$��%LUPLQJKDP�8.���SS��������
��� 6WDUQHU�7(�DQG�3HQWODQG�$���������9LVXDO�UHFRJQLWLRQ�RI�$PHULFDQ�VLJQ�ODQJXDJHXVLQJ�KLGGHQ�0DUNRY�PRGHOV��3URFHHGLQJV�RI�,QWHUQDWLRQDO�:RUNVKRS�RQ�)DFH�DQG*HVWXUH�5HFRJQLWLRQ��SS�����-����
��� 6X� <�� *HQJ� '�� $OOHQ� &5�� %XUQ� '�� %HOO� *'�� 5RZODQG� 56�� �������7KUHH�'LPHQVLRQDO� 0RWLRQ� 6\VWHP� ��'DWD�*ORYHV���� $SSOLFDWLRQ� IRU� 3DUNLQVRQ
V'LVHDVH� DQG� (VVHQWLDO� 7UHPRU�� ,(((� ,QWHUQDWLRQDO� :RUNVKRS� RQ� 9LUWXDO� DQG,QWHOOLJHQW�0HDVXUHPHQW�6\VWHPV��%XGDSHVW��+XQJDU\��0D\�������������
��� 8WVXPL� $�� 0L\DVDWR� 7�� .LVKLQR� )�� 1DNDVX� 5�� �������5HDO�WLPH� KDQG� JHVWXUHUHFRJQLWLRQ�V\VWHP��3URFHHGLQJV�RI�WKH��QG�&RQIHUHQFH�RQ�&RPSXWHU�9LVLRQ��,,��SS����������
��� 9RJOHU�&�DQG�0HWD[DV�'���������$6/�5HFRJQLWLRQ�%DVHG�RQ�D�&RXSOLQJ�%HWZHHQ+00V� DQG� �'� 0RWLRQ� $QDO\VLV�� 3URF�� RI� WKH� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ&RPSXWHU�9LVLRQ��SS����������0XPEDL��,QGLD��-DQXDU\�����������
��� :LOVRQ�$'��%RELFN�$)�� �������3DUDPHWULF�+LGGHQ�0DUNRY�0RGHOV� IRU�*HVWXUH5HFRJQLWLRQ��,(((�7UDQVDFWLRQV�RQ�SDWWHUQ�DQDO\VLV�DQG�PDFKLQH�LQWHOOLJHQFH����������������
��� <LQJ� :X�� 7KRPDV� 6�� +XDQJ�� ������� 9LVLRQ�%DVHG� *HVWXUH� 5HFRJQLWLRQ�� $5HYLHZ��/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH��7KH��UG *HVWXUH�:RUNVKRS��*LI�VXU�<YHWWH��)UDQFH�
��� <LQJ� :X� DQG� 7KRPDV� 6� +XDQJ�� �������&DSWXULQJ� $UWLFXODWHG� +XPDQ� +DQG0RWLRQ��$�'LYLGH�DQG�&RQTXHU�$SSURDFK��3URF��RI� WKH� ,QWHUQDWLRQDO�&RQIHUHQFHRQ�&RPSXWHU�9LVLRQ��*UHHFH�������
��� <LQJ�:X� DQG�7KRPDV�6�+XDQJ�� �������9LHZ�LQGHSHQGHQW�5HFRJQLWLRQ� RI�+DQG3RVWXUHV��3URF��RI�WKH�,(((�&RQIHUHQFH�RQ�&935¶������YRO�,,�SS�������
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��� <RXQJ�6-��&KDVH�//���������6SHHFK�UHFRJQLWLRQ�HYDOXDWLRQ��D�UHYLHZ�RI�WKH�8�6�&65�DQG�/9&65�SURJUDPPHV��&RPSXWHU�6SHHFK�	�/DQJXDJH��2FWREHU�������YRO�����QR�����SS��������������
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