
$Q�,QWHUDFWLYH�6\VWHP�IRU
&RQVWUDLQW�%DVHG�0RGHOOLQJ

'XQFDQ�5REHUWVRQ�DQG�5REHUWR�&LSROOD
'HSDUWPHQW�RI�(QJLQHHULQJ
8QLYHUVLW\�RI�&DPEULGJH

&DPEULGJH���8.
dpr20@eng.cam.ac.uk

$EVWUDFW

,QWHUDFWLYH� WHFKQLTXHV� IRU� JHRPHWULF� VFHQH� PRGHOOLQJ� W\SLFDOO\� JLYH� JRRG
UHVXOWV�DW�WKH�H[SHQVH�RI�FRQVLGHUDEOH�XVHU�LQWHUYHQWLRQ��7KLV�SDSHU�GHVFULEHV
D�ZRUNLQJ��LQWHUDFWLYH�PRGHOOLQJ�V\VWHP�WKDW�DOORZV�WKH�XVHU�WR�EXLOG�PRGHOV
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JHQHUDWHV� DQ� LQLWLDO� JXHVV� DW� SURMHFWLRQ� PDWULFHV� DQG� VFHQH� VWUXFWXUH� WKDW� LV
XVHG� DV� D� EDVLV� IRU� VXEVHTXHQW� DXWRPDWLF� PDWFKLQJ� DQG� WULDQJXODWLRQ�� ,Q
DGGLWLRQ�� WKH� V\VWHP� SURYLGHV� DQ� HQWLUHO\� IOH[LEOH� FRQVWUDLQW�EDVHG
UHFRQVWUXFWLRQ� VWUDWHJ\� WKDW� FDQ� EH� XVHG� WR� PRGHO� SDUDOOHOLVP� DQG
RUWKRJRQDOLW\�FRQVWUDLQWV�RQ� OLQH�GLUHFWLRQV�DQG�SODQH�QRUPDOV��7KH�ZRUNLQJ
DSSOLFDWLRQ��FDOOHG�µ3KRWR%XLOGHU¶��FDQ�EH�GRZQORDGHG�YLD�WKH�ZHE�SDJH�
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���,QWURGXFWLRQ
7KHUH� DUH� YDULRXV� DSSURDFKHV� WR� WKH� SUREOHP� RI� REWDLQLQJ� JHRPHWULF� PRGHOV� IURP
LPDJHV�>���@�DQG�H[WHQGHG�LPDJH�VHTXHQFHV�>�@��7KH�VLPSOHVW�V\VWHPV��XVH�FRQYHQWLRQDO
SKRWRJUDPPHWU\� WR� REWDLQ� D� �'�� ZLUH�IUDPH� PRGHO� IURP� IHDWXUH� FRUUHVSRQGHQFHV
GHILQHG�E\�KDQG��7KLV�DSSURDFK�KDV�WZR�GLVDGYDQWDJHV���L�� LW� LV�RQO\�SRVVLEOH�WR�PRGHO
SRO\JRQV� HQWLUHO\� YLVLEOH� IURP� DW� OHDVW� WZR� YLHZSRLQWV�� DQG� �LL�� WKH� DFFXUDF\� RI� WKH
PRGHO� LV� VHQVLWLYH� WR� WKH� DFFXUDF\� RI� WKH� IHDWXUH� FRUUHVSRQGHQFHV�� ,Q� FRQWUDVW�
FRQVWUDLQW�EDVHG� PRGHOOLQJ� WHFKQLTXHV� DOORZ� LPSURYHG� DFFXUDF\� DQG� VLQJOH�YLHZ
UHFRQVWUXFWLRQ� E\� WKH� DSSOLFDWLRQ� RI� WKH� XVHU¶V� SULRU� NQRZOHGJH� RI� VFHQH� FRQVWUDLQWV
�VXFK� DV� SDUDOOHOLVP� DQG� RUWKRJRQDOLW\��� 6XFK� DSSURDFKHV� DUH� UHDGLO\� DSSOLFDEOH� WR
DUFKLWHFWXUDO� VFHQHV�� 6HYHUDO� FRQVWUDLQW�EDVHG� VFKHPHV� KDYH� EHHQ� GHVFULEHG�� >�@� LV� D
VFKHPH� EDVHG� RQ� SULPLWLYHV� �VLPSOH� �'� VKDSHV� VXFK� DV� SULVPV� DQG� S\UDPLGV���� 7KH
SULQFLSOH� GLVDGYDQWDJH� RI� SULPLWLYH�EDVHG� VFKHPHV� LV� WKDW� PDQ\� UHDO�ZRUOG� VFHQHV
FDQQRW�EH�HIIHFWLYHO\�GHFRPSRVHG�LQWR�VXFK�VLPSOH�JHRPHWULF�VKDSHV��)XUWKHUPRUH��LW�LV
IUHTXHQWO\� LPSRVVLEOH� WR� ILQG� YLHZSRLQWV� VXFK� WKDW� ZKROH� SULPLWLYHV� DUH� YLVLEOH� LQ� D
VLQJOH� SKRWRJUDSK�� SDUWLFXODUO\� ZKHUH� DHULDO� YLHZV� DUH� XQDYDLODEOH�� $� PRUH� IOH[LEOH
DSSURDFK� WR�FRQVWUDLQW�EDVHG�PRGHOOLQJ� LV�GHVFULEHG� LQ� >�@� �DQG�H[WHQGHG� LQ� >�@���7KLV
V\VWHP� DOORZV� WKH� DSSOLFDWLRQ� RI� YDULRXV� NLQGV� RI� FRQVWUDLQW� ZLWKRXW� WKH� XVH� RI
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SULPLWLYHV�DOWKRXJK�LW�KDV�WKH�GLVDGYDQWDJH�WKDW�OLQH�GLUHFWLRQV�DQG�SODQH�QRUPDOV�PXVW
EH�GHWHUPLQHG�EHIRUH�UHFRQVWUXFWLRQ�XVLQJ�SDUDOOHO�OLQHV�GHILQHG�LQ�WKH�LPDJH�

7KHVH� FRQVWUDLQW�EDVHG� DSSURDFKHV� KDYH� WKH� GLVDGYDQWDJH� WKDW� WKH\� UHTXLUH
VLJQLILFDQW�XVHU�LQWHUYHQWLRQ�DQG�WKH�PRGHOOLQJ�SURFHVV�LV�WLPH�FRQVXPLQJ�DQG�VORZ��,Q
WKLV�SDSHU�ZH�GHVFULEH�D�FRPSOHWH�JHRPHWULF�PRGHOOLQJ�V\VWHP�WKDW�XVHV�DXWRPDWLRQ�WR
VLJQLILFDQWO\�UHGXFH�WKH�WLPH�WDNHQ�WR�EXLOG�PRGHOV��DQG��RSWLRQDOO\��SURYLGHV�DQ�HQWLUHO\
IOH[LEOH�FRQVWUDLQW�EDVHG� UHFRQVWUXFWLRQ� VWUDWHJ\� WKDW� FDQ�EH�XVHG� WR�PRGHO� SDUDOOHOLVP
DQG�RUWKRJRQDOLW\�FRQVWUDLQWV�RQ�OLQH�GLUHFWLRQV�DQG�SODQH�QRUPDOV�

���*HRPHWULF�)UDPHZRUN
)URP� SRLQW� FRUUHVSRQGHQFHV� [LM� GHILQHG� LQ� D� VHTXHQFH� RI� LPDJHV� ZH� DLP� WR� UHFRYHU
FDPHUD�SURMHFWLRQ�PDWULFHV�3L�DQG�VFHQH� VWUXFWXUH�;M��)RU�D�SLQKROH�SURMHFWLYH�FDPHUD�
SHUVSHFWLYH� SURMHFWLRQ� IURP� (XFOLGHDQ� ��VSDFH� WR� DQ� LPDJH� FDQ� EH� FRQYHQLHQWO\
UHSUHVHQWHG�LQ�KRPRJHQHRXV�FR�RUGLQDWHV�E\�D���×���FDPHUD�SURMHFWLRQ�PDWUL[�3�

MLLMLM
3;[ =λ ���

ZKHUH�[LM� ��X��Y����
7��;M �[��\��]����

7��DQG�[LM��LV�WKH�SURMHFWLRQ�RI�WKH�MWK�YHUWH[�LQ�WKH�LWK
LPDJH��7KH�SURMHFWLRQ�PDWUL[�KDV����GHJUHHV�RI�IUHHGRP�DQG�FDQ�EH�GHFRPSRVHG�LQWR
WKH�RULHQWDWLRQ�DQG�SRVLWLRQ�RI�WKH�FDPHUD�UHODWLYH�WR�D�ZRUOG�FR�RUGLQDWH�V\VWHP�
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5.3 7= ���

DQG�D���×���FDPHUD�FDOLEUDWLRQ�PDWUL[�.L�� FRUUHVSRQGLQJ� WR� WKH� IROORZLQJ� LPDJH�SODQH
WUDQVIRUPDWLRQ�
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:H� KDYH� IRXQG� WKH� IROORZLQJ� WKUHH�VWDJH� PRGHOOLQJ� VHTXHQFH� WR� EH� WKH� PRVW
HIIHFWLYH��)LUVWO\��DQ�LQWLDO�JXHVV�DW�FDPHUD�FDOLEUDWLRQ�SDUDPHWHUV�.L�LV�GHWHUPLQHG�XVLQJ
YDQLVKLQJ�SRLQWV��6HFWLRQ�������1H[W�SURMHFWLRQ� PDWULFHV� 3L� DQG� VFHQH� VWUXFWXUH� ;M� DUH
GHWHUPLQHG�E\�UD\�EXQGOH�DGMXVWPHQW��6HFWLRQ�������)LQDOO\��VFHQH�VWUXFWXUH�LV�HQKDQFHG
XVLQJ�FRQVWUDLQWV��6HFWLRQ������

����&DPHUD�&DOLEUDWLRQ
$�QXPEHU�RI�VROXWLRQV�KDYH�EHHQ�SURSRVHG�WR�WKH�SUREOHP�RI�HVWLPDWLQJ�FDPHUD�LQWULQVLF
SDUDPHWHUV�

L
. ��,Q�>�@��IRFDO�OHQJWKV�IRU�WKUHH�RU�PRUH�FDPHUDV�DUH�HVWLPDWHG�E\�PDNLQJ

DVVXPSWLRQV� RI� ]HUR� VNHZ�� VTXDUH� SL[HOV�� DQG� SULQFLSDO� SRLQW� LQ� WKH� LPDJH� FHQWUH�
$OWHUQDWLYHO\��EDVHG�RQ� >�@��ZH� FDQ�GHWHUPLQH�XS� WR� WKUHH� FDPHUD� LQWULQVLF� SDUDPHWHUV
IRU�D�VLQJOH�FDPHUD�XVLQJ�YDQLVKLQJ�SRLQWV�DFFRUGLQJ�WR�WKH�IROORZLQJ�DOJRULWKP�
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�G� �H�
)LJ����0RGHOOLQJ�SURFHHGV�LQ�WKUHH�VWDJHV��)LUVWO\�FDPHUD�FDOLEUDWLRQ�SDUDPHWHUV�DUH
GHWHUPLQHG�XVLQJ�WKH�YDQLVKLQJ�SRLQWV�RI�RUWKRJRQDO�VHWV�RI�SDUDOOHO�OLQHV��D�E���7KHQ
VFHQH�VWUXFWXUH�GHWHUPLQHG�XVLQJ�UD\�EXQGOH�DGMXVWPHQW��F���)LQDOO\�FRQVWUDLQWV�DUH
DSSOLHG��$Q�RXWOLQH�RI�D�URRI�LV�VKRZQ�DIWHU�UHFRQVWUXFWLRQ��G��ZLWK�DQG��H��ZLWKRXW

FRQVWUDLQWV�






�� 7KH�XVHU� LGHQWLILHV� WKUHH� VHWV�RI�SDUDOOHO� OLQHV� LQ� WKH� LPDJH�� FRUUHVSRQGLQJ�ZLWK
WKUHH�RUWKRJRQDO�GLUHFWLRQV�LQ�WKH�ZRUOG��VHH�)LJXUH���D�E���

�� 7KH�YDQLVKLQJ�SRLQW�IRU�HDFK�VHW�RI�SDUDOOHO�OLQHV�LV�FRPSXWHG�

�� 9DQLVKLQJ�SRLQWV� �XO��YO����
7� FRUUHVSRQGLQJ� WR� WKUHH�RUWKRJRQDO�GLUHFWLRQV� LQ� WKH

ZRUOG�SURYLGH�WKH�IROORZLQJ�FRQVWUDLQW�RQ�.L.L
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8QGHU�WKH�DVVXPSWLRQ�RI�NQRZQ�DVSHFW�UDWLR�DQG�]HUR�VNHZ��WKLV�HTXDWLRQ�FDQ�EH
UHZULWWHQ� WR�DV��� OLQHDU�HTXDWLRQV� �IURP���HOHPHQWV�RI�D� V\PPHWULF�PDWUL[��DQG
VROYHG� WR� UHFRYHU� XS� WR� �� FDPHUD� LQWULQVLF� SDUDPHWHUV� DQG� WKH� XQNQRZQ� VFDOH

IDFWRUV� �

O
λ �

7KLV�WHFKQLTXH�LV�GHJHQHUDWH�IRU�LPDJHV�ZKHUH�WZR�YDQLVKLQJ�SRLQWV�OLH�DW�LQILQLW\�
,Q� SUDFWLFH�� WKLV� LV� QRW� D� VLJQLILFDQW� SUREOHP� VLQFH� FDPHUD� FDOLEUDWLRQ� QHHG� RQO\� EH
HVWLPDWHG� IRU� WZR� YLHZSRLQWV� LQ� RUGHU� WR� LQLWLDOLVH� WKH� UHFRQVWUXFWLRQ� SURFHVV� �VHH
6HFWLRQ������

����5HFRQVWUXFWLRQ
7KH� QH[W� VWDJH� RI� WKH� PRGHOOLQJ� SURFHVV� LV� WR� GHILQH� LPDJH� IHDWXUH� FRUUHVSRQGHQFHV�
DXWRPDWLFDOO\�RU�E\�KDQG��5D\�EXQGOH�DGMXVWPHQW�LV�XVHG�WR�RSWLPLVH�FDPHUD�SDUDPHWHUV
DQG�VFHQH�VWUXFWXUH�JLYHQ�D�JRRG�LQLWLDO�JXHVV��)LJXUH���E����:H�VHHN�WR�PLQLPLVH�EDFN�
SURMHFWLRQ�HUURU�IRU�RXU�UHFRQVWUXFWHG�YHUWLFHV�DFFRUGLQJ�WR�WKH�IROORZLQJ�FULWHULD�
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$Q�LQLWLDO�JXHVV�DW�FDPHUD�H[WHUQDO�SDUDPHWHUV�
L

5 DQG�
L

7 ��DQG�VFHQH�VWUXFWXUH�;M�LV
GHWHUPLQHG�XVLQJ�DQ�DSSURDFK�VLPLODU�WR�WKDW�VXJJHVWHG�LQ�>�@�DFFRUGLQJ�WR�WKH�IROORZLQJ
DOJRULWKP�

�� &KRRVH� WZR� YLHZV� ZLWK� NQRZQ� FDPHUD� FDOLEUDWLRQ�
L

. �� :LWKRXW� ORVV� RI
JHQHUDOLW\��ZH�PD\�DUELWUDULO\�DVVLJQ� WKH� ILUVW�RI� WKHVH� WZR�YLHZSRLQWV� WR�EH� WKH
RULJLQ�RI�RXU�ZRUOG�FR�RUGLQDWH�V\VWHP�ZLWK�SURMHFWLRQ�PDWUL[� [ ]�,.

L
�

�� &RPSXWH� DQ� HVVHQWLDO� PDWUL[� IRU� WKH� WZR� YLHZV� XVLQJ� IHDWXUH� FRUUHVSRQGHQFHV
�VHH� >�@��� 'HFRPSRVH� WKH� HVVHQWLDO� PDWUL[� LQWR� 5 � DQG� 7 �� ZKLFK� SURYLGH� WKH
SURMHFWLRQ�PDWUL[� IRU� WKH� VHFRQG�YLHZ��&RPSXWH�DQ� LQLWLDO� JXHVV�DW� �SDUWLDO���'
VWUXFWXUH�E\�WULDQJXODWLRQ��VHH�>��@��

�� %XQGOH� DGMXVW� WKH� SDUWLDO� UHFRQVWUXFWLRQ� WR� LPSURYH� SURMHFWLRQ� PDWUL[� DQG
VWUXFWXUH� HVWLPDWHV� DFFRUGLQJ� WR� ����� 7KH� EXQGOH� DGMXVWPHQW� VWUDWHJ\� ZH� XVH� LV
EDVHG� RQ� WKDW� GHVFULEHG� LQ� >�@� DOWKRXJK� ZH� XVH� WKH� /HYHQEHUJ�0DUTXDUGW
RSWLPLVDWLRQ� WHFKQLTXH� DQG� DGGLWLRQDOO\� RSWLPLVH� VRPH� FDPHUD� LQWULQVLF
SDUDPHWHUV�

�� 5HSHDW�IRU�HDFK�UHPDLQLQJ�YLHZ�






L� 'HWHUPLQH�DQ�DSSUR[LPDWH�SURMHFWLRQ�PDWUL[�IRU�WKH�YLHZ�XVLQJ�WKH�GLUHFW
OLQHDU�WUDQVIRUPDWLRQ��'/7��PHWKRG�GHVFULEHG�LQ�>��@��7KH�QHZ�YLHZSRLQW
DOORZV�PRUH�VFHQH�VWUXFWXUH�WR�EH�GHWHUPLQHG�

LL� %XQGOH� DGMXVW� WKH� SDUWLDO� UHFRQVWUXFWLRQ� WR� UHILQH� SURMHFWLRQ� PDWUL[� DQG
VWUXFWXUH�HVWLPDWHV�

,Q� SUDFWLFH�� LQDFFXUDWH� DQG� IHZ� IHDWXUH� PDWFKHV� PHDQ� WKDW� WKH� RUGHU� LQ� ZKLFK
UHPDLQLQJ�YLHZV�DUH�LQWHJUDWHG�LQ�VWHS���L��LV�FULWLFDO�VLQFH�VRPH�YLHZV�PD\�EH�UHODWLYHO\
PRUH�µGHJHQHUDWH¶�WKDQ�RWKHUV��'HJHQHUDF\�RFFXUV��IRU�H[DPSOH���L��ZKHUH�DOO�YHUWLFHV�OLH
RQ� D� SODQH� SDUDOOHO� ZLWK� WKH� LPDJH� SODQH�� RU� �LL�� ZKHUH� IHDWXUHV� DUH� FRQFHQWUDWHG� LQ� D
VPDOO�SDUW�RI�WKH�LPDJH��%\�VROYLQJ�WKH�'/7�XVLQJ�WKH�VLQJXODU�YDOXH�GHFRPSRVLWLRQ��ZH
REWDLQ�D�JRRG�JXLGH�WR�WKH�GHJHQHUDF\�RI�WKH�VROXWLRQ��,QWHJUDWLQJ�YLHZV�LQ�RUGHU�RI�WKH
QXPEHU�RI� IHDWXUHV� DOUHDG\� UHFRQVWUXFWHG� LV� QRW�� LQ� JHQHUDO�� D� JRRG� VWUDWHJ\��:H�KDYH
IRXQG�WKDW�LQWHJUDWLQJ�YLHZV�LQ�D�µPRVW�GHJHQHUDWH�ODVW¶�RUGHU�PHDQV�WKH�UHFRQVWUXFWLRQ
DOJRULWKP�FRQYHUJHV�PRUH�TXLFNO\�LQ�WKH�SUHVHQFH�RI�QRLVH�

����&RQVWUDLQHG�UHFRQVWUXFWLRQ
6RPH�VFHQHV�H[KLELW�VLJQLILFDQW�RUWKRJRQDOLW\�DQG�SDUDOOHOLVP�DQG�LQ�VRPH�FDVHV�LW�PD\
EH�GHVLUDEOH�WR�DSSO\�WKHVH�FRQVWUDLQWV�WR�WKH�UHVXOWLQJ��'�PRGHO��&RQVWUDLQWV�UHGXFH�WKH
VHQVLWLYLW\�RI�D�PRGHO�WR�LQDFFXUDF\�LQ�WKH�IHDWXUH�FRUUHVSRQGHQFHV�WKDW�GHILQH�LWV
YHUWLFHV��)XUWKHUPRUH��FRQVWUDLQWV�DOORZ�VLQJOH�YLHZ�UHFRQVWUXFWLRQ�DQG�UHFRQVWUXFWLRQ
RI�µKLGGHQ¶�YHUWLFHV�WKDW�DUH�QRW�YLVLEOH�LQ�WKH�LPDJH�EXW�FDQ�EH�LQIHUUHG�IURP�NQRZOHGJH
RI�SDUDOOHOLVP�DQG�RUWKRJRQDOLW\�

2XU�DSSURDFK�WR�FRQVWUDLQW�DSSOLFDWLRQ�LV�DQ�H[WHQVLRQ�WR�>�@��7KLV�DSSURDFK�XVHV
SDUDOOHO�OLQHV�GHILQHG�LQ�WKH�LPDJH�SODQH�WR�GHWHUPLQH�FDPHUD�SRVH��SODQH�RULHQWDWLRQV�
DQG�OLQH�GLUHFWLRQV��7KLV�DOORZV�OLQHDU�VROXWLRQ�IRU�FRQVWUDLQHG��'�VWUXFWXUH�DQG�FDPHUD
SRVLWLRQ��+RZHYHU��JLYHQ�VXIILFLHQWO\�PDQ\�IHDWXUH�FRUUHVSRQGHQFHV��FDPHUD�SRVH�DQG
SRVLWLRQ�FDQ�EH�HVWLPDWHG�PRUH�DFFXUDWHO\�E\�UD\�EXQGOH�DGMXVWPHQW��VHH�6HFWLRQ������
µ%HVW�ILW¶�SODQH�RULHQWDWLRQV�DQG�OLQH�GLUHFWLRQV�DUH�WKHQ�HVWLPDWHG�IURP��'�VWUXFWXUH�

2XU�FRQVWUDLQW�DSSOLFDWLRQ�DOJRULWKP�LV�DV�IROORZV�

�� &RPSXWH�SURMHFWLRQ�PDWULFHV�DQG�VWUXFWXUH�IURP�IHDWXUH�FRUUHVSRQGHQFHV�XVLQJ
EXQGOH�DGMXVWPHQW��VHH������

�� *URXS�YHUWLFHV�LQWR�OLQHV�DQG�SODQHV��*URXS�OLQHV�DQG�SODQHV�ZLWK�SDUDOOHO
GLUHFWLRQV�DQG�QRUPDOV�LQWR�SDUDOOHO�VHWV��*URXS�SDUDOOHO�VHWV�LQWR�RUWKRJRQDO�VHWV�

��� 'HWHUPLQH�D�EHVW�ILW�VHW�RI�RUWKRJRQDO�GLUHFWLRQV�XVLQJ�WKH�IROORZLQJ�WHFKQLTXH�
L� )URP��'�VWUXFWXUH�HVWLPDWH��GHWHUPLQH�EHVW�ILW�GLUHFWLRQV�IRU�HDFK�SDUDOOHO�VHW

XVLQJ�OLQHDU�OHDVW�VTXDUHV�
LL� *URXS�HDFK�VHW�RI�WKUHH�DSSUR[LPDWHO\�RUWKRJRQDO�XQLW�GLUHFWLRQ�YHFWRUV�LQWR�D

PDWUL[�5�
LLL� )LQG�5′�WKDW�PLQLPLVHV�WKH�)UREHQLXV�QRUP�__5�5′__�VXEMHFW�WR�WKH�FRQGLWLRQ

WKDW�5′�LV�DQ�RUWKRQRUPDO�URWDWLRQ�PDWUL[��7KLV�FDQ�EH�VLPSO\�DFKLHYHG�XVLQJ
VLQJXODU�YDOXH�GHFRPSRVLWLRQ��/HW�8:97�EH�WKH�VLQJXODU�YDOXH�GHFRPSRVLWLRQ
RI�5��7KHQ�5¶�LV�REWDLQHG�IURP�8:¶97�ZKHUH�:¶ GLDJ��������

LY� �1RQ�OLQHDU�RSWLPLVDWLRQ�XVLQJ�/HYHQEHUJ�0DUTXDUGW�

�� &RPSXWH�FRQVWUDLQHG�UHFRQVWUXFWLRQ�E\�OLQHDU�OHDVW�VTXDUHV�






*LYHQ�EHVW�ILW�GLUHFWLRQV�PN��ZH�HVWLPDWH�VFHQH�VWUXFWXUH�DV�WKH�VROXWLRQ�RI�D�OLQHDU
HTXDWLRQ��(DFK�PRGHO�FRQVWUDLQW�SURYLGHV�DGGLWLRQDO�URZV�LQ�WKLV�HTXDWLRQ��7DEOH���OLVWV
WKH�FRQVWUDLQWV�WKDW�DUH�HPSOR\HG�

7\SH &RQVWUDLQW Q
,PDJH�FR�RUGLQDWH ��� � =×−− ;7[ 75. �
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.QRZQ��'�FR�RUGLQDWH ; �

7DEOH���0RGHOOLQJ�FRQVWUDLQWV��Q�LV�QXPEHU�RI�LQGHSHQGHQW�HTXDWLRQV�

:H�FDQ�IRUPXODWH�DOO�VXFK�FRQVWUDLQWV�DV�D�OLQHDU�HTXDWLRQ�
E;=$ ���

ZKHUH�;�LV�D�YHFWRU�FRPSULVLQJ�WKH�XQNQRZQ�YHUWH[�FR�RUGLQDWHV�;M��:H�PD\�RSWLRQDOO\
JLYH�GLIIHUHQW�FRQVWUDLQWV�GLIIHUHQW�ZHLJKWV�ZLWKLQ�WKLV�PDWUL[�HTXDWLRQ��,Q�SUDFWLFH��ZH
ZHLJKW�WKH�OLQH�GLUHFWLRQ�DQG�WULDQJOH�QRUPDO�FRQVWUDLQWV�DERXW����WLPHV�KLJKHU�WKDQ�WKH
RWKHUV�WR�HQVXUH�VTXDUH�ORRNLQJ�PRGHOV��6ROXWLRQ�LV�SRVVLEOH�YLD�D�YDULHW\�RI�VSDUVH
PDWUL[�WHFKQLTXHV��RU�IRU�OHVV�WKDQ�DERXW�����YHUWLFHV��E\�VLQJXODU�YDOXH�GHFRPSRVLWLRQ�

���,PSOHPHQWDWLRQ
:H�KDYH�GHYHORSHG�D�FRPSOHWH��LQWHUDFWLYH��'�PRGHOOLQJ�V\VWHP��µ3KRWR%XLOGHU¶��EDVHG
RQ�WKH�IUDPHZRUN�GHVFULEHG�LQ�6HFWLRQ����7KLV�V\VWHP�DOORZV�WKH�XVHU�WR�GHILQH�E\�KDQG
LPDJH� IHDWXUHV� FRUUHVSRQGLQJ� WR� VLJQLILFDQW� JHRPHWULF� YHUWLFHV� LQ� WKH� VFHQH�� 3DLUV� RI
YHUWLFHV� PD\� EH� MRLQHG� ZLWK� OLQHV� DQG� WULSOHWV� RI� YHUWLFHV� PD\� EH� JURXSHG� WR� PDNH
WULDQJOHV�� WKHVH�ZLOO� IRUP� WKH� EDVLV� RI� D� WH[WXUH�PDSSHG�ZLUH�IUDPH�PRGHO�� /LQHV� DQG
WULDQJOHV� PD\� EH� JURXSHG� LQWR� SDUDOOHO� VHWV�� ZKLFK�� LQ� WXUQ� PD\� EH� JURXSHG� LQWR
RUWKRJRQDO� VHWV�� 2SWLRQDOO\�� WKLV� LQIRUPDWLRQ� LV� XVHG� DV� D� EDVLV� IRU� FRQVWUDLQHG
UHFRQVWUXFWLRQ��VHH�6HFWLRQ������

7ZR�DGGLWLRQDO� LPSURYHPHQWV� VLJQLILFDQWO\� UHGXFH� WKH� WLPH� WDNHQ� WR�EXLOG�PRGHOV�
�L�� DQ� DXWRPDWLF� PDWFKLQJ� DQG� ZLUH�IUDPH� WULDQJXODWLRQ� WRRO� �6HFWLRQ� ������ DQG� �LL�� D
JXLGHG�PDWFKLQJ�WRRO�XVHG�WR�GHWHFW�DQG�PDWFK�H[WUD�IHDWXUHV�DXWRPDWLFDOO\��7KLV�DOORZV
LPSURYHG�HVWLPDWLRQ�RI�SURMHFWLRQ�PDWULFHV��6HFWLRQ������

����$XWRPDWLF�PDWFKLQJ�DQG�ZLUH�IUDPH�WULDQJXODWLRQ
8VHU�LQWHUDFWLRQ�FRQVLGHUDEO\�VLPSOLILHV�WKH�SUREOHP�RI��'�PRGHOOLQJ��+RZHYHU��ODUJH�
VFDOH��E\�KDQG�IHDWXUH�GHWHFWLRQ�DQG�PDWFKLQJ�LV�XQUHOLDEOH��LQDFFXUDWH��DQG�VORZ��)URP
DQ�LQLWLDOLVDWLRQ�RI�D�IHZ�IHDWXUH�PDWFKHV�LGHQWLILHG�E\�KDQG��RXU�V\VWHP�FDQ�GHWHUPLQH
UHPDLQLQJ�IHDWXUH�PDWFKHV�DQG�ZLUH�IUDPH�WULDQJXODWLRQ�DXWRPDWLFDOO\�

$URXQG� ������ PDWFKHV� DUH� VXIILFLHQW� WR� DOORZ� XV� WR� HVWLPDWH� SURMHFWLRQ� PDWULFHV
XVLQJ�WKH�PHWKRG�GHVFULEHG�LQ�6HFWLRQ������*LYHQ�WKHVH�HVWLPDWHV��WKH�WDVN�LV�WR�FKRRVH
UHPDLQLQJ� IHDWXUH�PDWFKHV� DQG�ZLUH�IUDPH� WULDQJXODWLRQ� VXFK� WKDW� WKH� UHVXOWLQJ�PRGHO
ZLOO� µDJUHH¶� ZHOO� ZLWK� LPDJH� GDWD�� 7KLV� LV� IUDPHG� DV� D� VHDUFK� SUREOHP�� &RUUHFWO\
PDWFKHG� WULDQJOHV� VKRXOG� EH� ZDUSHG� E\� DQ� KRPRJUDSK\� IURP� YLHZ� WR� YLHZ� �VHH
)LJXUH����

7KLV�VHDUFK�LV�VLJQLILFDQWO\�FRQVWUDLQHG�E\�WKH�NQRZOHGJH�WKDW�IHDWXUH�PDWFKHV�PXVW
OLH�RQ�WKH�HSLSRODU� OLQH�DQG� WKDW� WULDQJOHV�RI� WH[WXUH�ZLOO�QRW�RYHUODS��1HYHUWKHOHVV�� WKH
VHDUFK�VSDFH�LV�VWLOO�ODUJH�VLQFH�WKHUH�DUH�Q&��ZD\V�RI�FKRRVLQJ�D�FDQGLGDWH�WULDQJOH�IURP






Q�FDQGLGDWH�YHUWLFHV��:H�OLPLW�WKH�SUREOHP�E\�DOORZLQJ�WKH�XVHU�WR�DVVLJQ�D�PD[LPXP�RI
���RU�VR�IHDWXUHV�DW�D�WLPH�IRU�PDWFKLQJ�DQG�WULDQJXODWLRQ��0XOWL�UHVROXWLRQ�FRPSDULVRQ
LV� XVHG�� WKH� PDMRULW\� RI� SRVVLEOH� WULDQJOH� PDWFKHV� FDQ� EH� UXOHG� RXW� TXLFNO\� E\� ORZ
UHVROXWLRQ� FRPSDULVRQ�� +LJKHU� UHVROXWLRQ� FRPSDULVRQ� LV� RQO\� XVHG� ZKHQ� WULDQJOH
PDWFKHV�FDQQRW�EH�UXOHG�RXW�DW�ORZHU�UHVROXWLRQ��,Q�SUDFWLFH��RXU�V\VWHP�FDQ�PDWFK����RU
VR�WULDQJOHV�TXLWH�UHOLDEO\�LQ�D�IHZ�VHFRQGV�

�D� �E�

�F� �G�
)LJXUH����7H[WXUH�LV�SURMHFWHG�RQWR�WZR�FDQGLGDWH�WULDQJOHV�IURP�WZR�GLIIHUHQW

YLHZSRLQWV��7KH�ILUVW�WULDQJOH��D�E��GRHV�QRW�OLH�RQ�D�SODQH�LQ�WKH�VFHQH�DQG�WKXV
SURMHFWHG�WH[WXUH�LV�KLJKO\�YLHZSRLQW�GHSHQGHQW��7KH�VHFRQG�WULDQJOH��F�G��GRHV�OLH�RQ�D

SODQH�VXUIDFH��506�SL[HO�LQWHQVLW\�HUURUV�DUH��D�E�����DQG��F�G�����

����*XLGHG�PDWFKLQJ
)RU�D�JLYHQ�DPRXQW�RI�PHDVXUHPHQW�QRLVH��D�ODUJHU�QXPEHU�RI�IHDWXUH�FRUUHVSRQGHQFHV
JLYHV�D�PRUH�DFFXUDWH�HVWLPDWH�RI�SURMHFWLRQ�PDWULFHV�DQG�VFHQH�VWUXFWXUH��7R�UHGXFH�WKH
DPRXQW�RI� WLPH� WKDW� WKH�XVHU� VSHQGV� LGHQWLI\LQJ� IHDWXUH� FRUUHVSRQGHQFHV�E\� KDQG�� RXU
V\VWHP� GHWHFWV� VRPH� IHDWXUH� FRUUHVSRQGHQFHV� DXWRPDWLFDOO\��8VLQJ� D� FRDUVH� PRGHO� RI
WKH�VFHQH��LQ�WKH�IRUP�RI�D�WH[WXUH�PDSSHG�ZLUH�IUDPH���ZH�FDQ�XVH�JXLGHG�PDWFKLQJ�WR
GHWHFW�H[WUD�PDWFKHV�IRU�IHDWXUHV�O\LQJ�RQ��RU�QHDU�WR��WKH�VXUIDFH�RI�WKH�PRGHO�

7KH�V\VWHP�XVHV�WKH�FRUQHU�GHWHFWRU�GHVFULEHG�LQ�>��@�WR�GHWHFW�VWURQJ�FRUQHU�IHDWXUHV
O\LQJ�ZLWKLQ�D�PDWFKHG�WULDQJOH�LQ�WZR�LPDJHV��6LQFH�WKH�WULDQJOH�VKRXOG�FRUUHVSRQG�WR�D
SODQH� LQ� WKH� VFHQH�� RXU� NQRZOHGJH� RI� SURMHFWLRQ� PDWULFHV� DQG� VWUXFWXUH� DOORZV� XV� WR
HVWLPDWH� WKH� PDSSLQJ� EHWZHHQ� SRLQWV� O\LQJ� ZLWKLQ� WKH� WULDQJOH� LQ� WKH� WZR� LPDJHV�� ,Q
SUDFWLFH��QRW�DOO�IHDWXUHV�ZLOO�EH�PDWFKHG�VLQFH�XQFHUWDLQW\�LQ�WKH�HVWLPDWH�PHDQV�WKHUH
PD\�EH�PRUH� WKDQ�RQH�SRVVLEOH�PDWFK� IRU� HDFK��7KHUHIRUH�ZH�RQO\� XVH� WKRVH� IHDWXUHV
WKDW�FDQ�EH�PDWFKHG�XQDPELJXRXVO\��VHH�)LJXUH����






�D� �E�

�F� �G�
)LJXUH�����D�E��7ZR�LPDJHV�ZLWK����IHDWXUH�FRUUHVSRQGHQFHV�DQG�IRXU�WULDQJOHV���F�G�
���H[WUD�IHDWXUH�FRUUHVSRQGHQFHV�JHQHUDWHG�DXWRPDWLFDOO\�XVLQJ�JXLGHG�PDWFKLQJ�

���(YDOXDWLRQ
([SHULPHQWV�KDYH�EHHQ�FRQGXFWHG�XVLQJ�SKRWRJUDSKV�RI�D�ODUJH�YDULHW\�RI�DUFKLWHFWXUDO
VFHQHV��)LJXUH���VKRZV�WZR�RXW�RI�D�VHW�RI�HLJKW�SKRWRJUDSKV�RI�'RZQLQJ�&ROOHJH
/LEUDU\�REWDLQHG�XVLQJ�DQ�2O\PSXV�GLJLWDO�FDPHUD��$Q�LQLWLDO�JXHVV�IRU�FDPHUD
FDOLEUDWLRQ�ZDV�REWDLQHG�XVLQJ�WKUHH�VHWV�RI�SDUDOOHO�OLQHV��&DOLEUDWLRQ�SDUDPHWHUV�IRU�DOO
WKH�LPDJHV�LQ�WKH�VHW�ZHUH�WKHQ�GHWHUPLQHG�DFFXUDWHO\�E\�EXQGOH�DGMXVWPHQW��)LJXUH���D�
VKRZV�WKH�UHVXOWLQJ��'�PRGHO�

���&RQFOXVLRQV
:H�KDYH�SUHVHQWHG�D�PHWKRG� IRU�REWDLQLQJ� JHRPHWULF� VFHQH�PRGHOV� IURP�XQFDOLEUDWHG
LPDJHV� REWDLQHG� IURP� D� VSDUVH� VHW� RI� YLHZSRLQWV��2XU� ZRUNLQJ�� LQWHUDFWLYH�PRGHOOLQJ
V\VWHP�XVHV�DXWRPDWLRQ�WR�FRQVLGHUDEO\�UHGXFH�WKH�DPRXQW�RI�XVHU�LQWHUYHQWLRQ�UHTXLUHG
WR�EXLOG�PRGHOV�DQG�WR�LPSURYH�WKH�DFFXUDF\�RI�SURMHFWLRQ�PDWUL[�HVWLPDWHV��,Q�DGGLWLRQ�
WKH� V\VWHP�SURYLGHV� DQ� HIIHFWLYH� FRQVWUDLQW� DSSOLFDWLRQ� VWUDWHJ\� IRU� XVH�ZKHUH� WKHUH� LV
VLJQLILFDQW�SULRU�NQRZOHGJH�RI�RUWKRJRQDOLW\�DQG�SDUDOOHOLVP�






��D�

�E�

)LJXUH�����'�PRGHOV�RXWSXW�LQ�950/�IRUPDW�DQG�YLHZHG�IURP�QHZ�YLHZSRLQWV��7KHVH
PRGHOV�ZHUH�UHFRQVWUXFWHG�XVLQJ�FRQVWUDLQWV�WR�HQVXUH�VTXDUH�FRUQHUV�DQG�WR�DOORZ

UHFRQVWUXFWLRQ�RI�SRLQWV�YLVLEOH�LQ�RQO\�RQH�LPDJH��H�J��WKH�JURXQG�SODQH��
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