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Abstract²,Q� WKLV� SDSHU�� ZH� SURSRVH� D� SULYDF\�DZDUH� XVHU�
WUDFNLQJ�V\VWHP�ZKLFK�WUDFHV�XVHUV�E\�WKHLU�IRRWSULQWV�PHDVXUHG�
DFURVV� PXOWLSOH� SUHVVXUH� VHQVRU� VKHHWV�� 8VH� RI� IRRWSULQWV� FDQ�
UHGXFH�GLVFRPIRUW�IRU�SULYDF\�VHQVLWLYH�XVHUV�FRPSDUHG�ZLWK�WKDW�
RI� IDFHV� FDSWXUHG� E\� PXOWLSOH� FDPHUDV� LQ� H[LVWLQJ� WUDFNLQJ�
V\VWHPV�� VLQFH� D� IRRWSULQW� LV� ZHDNO\� LGHQWLILDEOH� SHUVRQDO�
LQIRUPDWLRQ�ZKLFK� FDQQRW�GLUHFWO\� LGHQWLI\�D� VSHFLILF� LQGLYLGXDO��
,Q�WKLV�FRQWH[W��WKH�SURSRVHG�V\VWHP�LV�VDLG�WR�EH�SULYDF\�DZDUH��
,Q�WKH�SURSRVHG�WUDFNLQJ�V\VWHP��WKH�IRRWSULQW�GDWD�DUH�FROOHFWHG�
IURP� VSDWLDOO\�GLVMRLQW� SUHVVXUH� VHQVRU� VKHHWV� SXW� RQ� VLJQLILFDQW�
ORFDWLRQV� LQ� D� WDUJHW� DUHD�� 7KH� WUDMHFWRU\� RI� D� VSHFLILF� XVHU� LV�
HVWLPDWHG� E\� H[WUDFWLQJ� ORFDWLRQV� RI� WKH� VHQVRU� VKHHWV� WKDW� FDQ�
REVHUYH�WKH�IRRWSULQW�RI�WKH�XVHU��7KH�PDLQ�WDVN�WR�EH�KDQGOHG�LQ�
WKH� V\VWHP� LV� WR� UHFRJQL]H� FRUUHVSRQGHQFH� EHWZHHQ� IRRWSULQWV�
PHDVXUHG� DFURVV�PXOWLSOH� SUHVVXUH� VHQVRU� VKHHWV��0RUHRYHU��ZH�
KDYH�FRQGXFWHG�D�EDVLF�HYDOXDWLRQ�WR�FRQILUP�WKH�IHDVLELOLW\�RI�WKH�
SURSRVHG� V\VWHP��7KH� UHVXOW� VKRZV� WKDW� LW� FDQ� GLVWLQJXLVK� XVHUV�
E\�WKHLU�IRRWSULQWV�E\������
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8QGHUVWDQGLQJ�XVHUV¶�SDWWHUQV�RI�PRYHPHQW�RU�EHKDYLRU��LQ�

VWDWLRQV�� DLUSRUWV�� FRPPHUFLDO� IDFLOLWLHV�� HWF��� LV� RQH� RI�
LPSRUWDQW� FKDOOHQJHV� LQ� XELTXLWRXV� DQG� PRELOH� FRPSXWLQJ�
UHVHDUFK� ILHOGV�� 8VH� RI� WKH� REWDLQHG� WUDMHFWRU\� GDWD�� VXFK� DV�
GHVLJQLQJ� HYDFXDWLRQ� URXWHV� DQG� SODQV� LQ� GLVDVWHU��
VWUHQJWKHQLQJ�VWUDWHJLF�PDUNHWLQJ�HIIRUWV��DQG�VR�RQ��ZRXOG�EH�
YDVW� LPSURYHPHQW� LQ� VRFLDO� DQG� HFRQRPLF� LQIUDVWUXFWXUH��7KLV�
KDV� PRWLYDWHG� PDQ\� VWXGLHV� RQ� GHYHORSLQJ� SUDFWLFDO� XVHU�
WUDFNLQJ� V\VWHPV�� H�J��� FDPHUD�EDVHG�� ZLUHOHVV� SRVLWLRQLQJ�
V\VWHP�EDVHG��DQG�*36�EDVHG�WUDFNLQJ�V\VWHPV��

7KH� FDPHUD�EDVHG� XVHU� WUDFNLQJ� V\VWHP� KDV� UHFHQWO\�
DWWUDFWHG� FRQVLGHUDEOH� DWWHQWLRQ� DV� RQH� RI� SURPLVLQJ� XVHU�
WUDFNLQJ� V\VWHPV�� ,Q� WKH� V\VWHP�� PXOWLSOH� QRQ�RYHUODSSLQJ�
FDPHUDV� DUH� GLVWULEXWHG� RYHU� D� WDUJHW� DUHD�� 7KH� WUDFNLQJ� LV�
UHDOL]HG� E\� UHFRJQL]LQJ� XVHUV¶� IDFHV� FDSWXUHG� E\� PXOWLSOH�
FDPHUD�� L�H��� WKH� WUDMHFWRU\� RI� D� VSHFLILF� XVHU� LV� HVWLPDWHG� E\�
H[WUDFWLQJ�D� VHTXHQFH�RI�FDPHUDV� WKDW� FDQ�FDSWXUH� WKH� IDFH�RI�
WKH� XVHU�� 7KH� PDMRU� SUREOHP� ZLWK� WKH� FDPHUD�EDVHG� XVHU�
WUDFNLQJ� V\VWHP� LV� IOXFWXDWLQJ� DSSHDUDQFHV� RI� IDFHV� DFURVV�
FDPHUDV� GXH� WR� OLJKWLQJ� FRQGLWLRQV�� GLIIHUHQW� YLHZSRLQWV� RI�
FDPHUDV�� YDU\LQJ� XVHUV¶� SRVHV�� DQG� VR� RQ�� 7KH� DGGLWLRQDO�

SUREOHP� ZLWK� WKHVH� V\VWHPV� LV� WKDW� WKH\� DUH� LQYDVLYH� IURP� D�
SULYDF\�SRLQW�RI�YLHZ��L�H���PRQLWRULQJ�XVHUV¶�IDFHV�LQ�D�SXEOLF�
VSDFH� LV� RIWHQ� UHIXVHG� E\� SULYDF\� VHQVLWLYH� XVHUV�� (YHQ�ZKHQ�
WKH�IDFH�GDWD�DUH�XVHG�DQG�VWRUHG�LQ�D�VWDWLVWLFDO�IRUP��QRW�LQ�D�
KXPDQ�XQGHUVWDQGDEOH�IRUP��WKH\�DUH�GLVOLNH�EHLQJ�FDSWXUHG�E\�
FDPHUDV��$V� DQ� DOWHUQDWLYH� DSSURDFK�� WKH�ZLUHOHVV� SRVLWLRQLQJ�
V\VWHP�EDVHG� DSSURDFK� KDV� EHHQ� SURSRVHG�� +RZHYHU�� WKHVH�
V\VWHPV� UHTXLUH� XVHUV� WR� HTXLS� DGGLWLRQDO� GHYLFHV�� H�J���
VPDUWSKRQHV� RU� ZLUHOHVV� WUDQVPLWWHUV�� ,Q� DGGLWLRQ�� XQLTXH�
DGGUHVV� RI� VXFK� D� VPDUWSKRQH� ZRXOG� EH� OLQNHG� ZLWK� WKH�
SHUVRQDO�LGHQWLILFDWLRQ��

,Q� WKLV� SDSHU�� ZH� SURSRVH� D� SULYDF\�DZDUH� XVHU� WUDFNLQJ�
V\VWHP�� ,Q� WKH� SURSRVHG� V\VWHP�� ZH� IRFXV� RQ� IRRWSULQWV� IRU�
GLVWLQJXLVKLQJ�XVHUV��$�IRRWSULQW�LV�ZHDNO\�LGHQWLILDEOH�SHUVRQDO�
LQIRUPDWLRQ��L�H���LW�FDQQRW�GLUHFWO\�LGHQWLI\�D�VSHFLILF�LQGLYLGXDO��
DOWKRXJK� LW� KDV� WKH� FDSDELOLW\� WR� GLVWLQJXLVK� DQ� LQGLYLGXDO��
7KHUHIRUH��WKH�XVH�RI�IRRWSULQWV�ZRXOG�DOOHYLDWH�WKH�GLVFRPIRUW�
RI�WUDFNLQJ�IRU�SULYDF\�VHQVLWLYH�XVHUV��,Q�WKH�SURSRVHG�V\VWHP��
WKH�IRRWSULQW�GDWD�DUH�FROOHFWHG�IURP�VSDWLDOO\�GLVMRLQW�SUHVVXUH�
VHQVRU�VKHHWV�SXW�RQ�VLJQLILFDQW� ORFDWLRQV�LQ�D�WDUJHW�DUHD��7KH�
WUDMHFWRU\� RI� D� VSHFLILF� XVHU� LV� HVWLPDWHG� E\� H[WUDFWLQJ� WKH�
ORFDWLRQV�RI�WKH�VHQVRU�VKHHWV�WKDW�FDQ�REVHUYH�WKH�IRRWSULQW�RI�
WKH� VSHFLILF� XVHU�� 7KH� PDLQ� WDVN� WKDW� KDV� WR� EH� KDQGOHG� LQ�
UHDOL]LQJ� WKH� SURSRVHG� V\VWHP� LV� WR� UHFRJQL]H� D� VLQJOH� XVHU�
DFURVV� PXOWLSOH� SUHVVXUH� VHQVRU� VKHHWV� DV� DQ� LQVWDQFH� DQG�
GLIIHUHQW�XVHUV�DV�GLIIHUHQW�LQVWDQFHV��E\�XVLQJ�WKH�IRRWSULQW�GDWD��
7KHUHIRUH�� LQ� WKLV� SDSHU�� ZH� SURSRVH� D� IRRWSULQW� PDWFKLQJ�
PHWKRG� WR� PDWFK� IRRWSULQWV� PHDVXUHG� E\� PXOWLSOH� SUHVVXUH�
VHQVRU�VKHHWV� WR� WKH�VDPH�XVHU��0RUHRYHU��ZH�FRQGXFW�D�EDVLF�
HYDOXDWLRQ� WR� FRQILUP� WKH� IHDVLELOLW\� RI� WKH� SURSRVHG� V\VWHP��
7KH�UHVXOW�VKRZV�WKDW�WKH�SURSRVHG�IRRWSULQW�PDWFKLQJ�PHWKRG�
FDQ� GLVWLQJXLVK� XVHUV� E\� ���� ZKHQ� WKH\� DUH� VWDQGLQJ� DW� WKH�
XSULJKW�SRVLWLRQ��

7KH� UHVW� RI� WKLV� SDSHU� LV� RUJDQL]HG� DV� IROORZV�� 6HFWLRQ� ,,�
SUHVHQWV� UHODWHG�ZRUN� DQG� GHVFULEHV� SULYDF\� LVVXH�� ,Q� 6HFWLRQ�
,,,��ZH�H[SODLQ�RXU�SURSRVHG�V\VWHP��DQG�HYDOXDWH�LWV�IHDVLELOLW\�
RI� WKH� SURSRVHG� WUDFNLQJ� V\VWHP� LQ� 6HFWLRQ� 9�� )LQDOO\�� ZH�
FRQFOXGH�WKLV�SDSHU�LQ�6HFWLRQ�9,��

,,�� 5(/$7('�:25.6�
7KH� XVHU� WUDFNLQJ� V\VWHPV� KDYH� EHHQ� UHDOL]HG� E\� XVLQJ�

YDULRXV� GHYLFH� WHFKQRORJLHV�� VXFK� DV� FDPHUDV�� ZLUHOHVV�
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)LJ�� ��� � ([DPSOH� RI�:LUHOHVV� 3RVLWLRQLQJ� 6\VWHP�EDVHG�8VHU� 7UDFNLQJ�
6\VWHP��

SRVLWLRQLQJ�V\VWHPV��H�J���:L�)L�DQG�%OXHWRRWK���*36��DQG�VR�
RQ�� ,Q� WKLV� SDSHU�� DV� UHODWHG� ZRUNV�� ZH� IRFXV� RQ� FDPHUD�
EDVHG>�@>�@� DQG� ZLUHOHVV� SRVLWLRQLQJ� V\VWHP�EDVHG� WUDFNLQJ�
V\VWHPV>�@>�@��ZKLFK�DUH�DYDLODEOH�RQ�ERWK�LQGRRU�DQG�RXWGRRU�
HQYLURQPHQWV��DQG�LQWURGXFH�WKHP��1H[W��ZH�GLVFXVV�D�SULYDF\�
LVVXH�RQ�WKHVH�WUDFNLQJ�V\VWHPV��

A. User Tracking with Cameras 
7KH�FDPHUD�EDVHG�WUDFNLQJ�V\VWHP�HVWLPDWHV�WKH�WUDMHFWRULHV�

RI� XVHUV� E\� UHFRUGLQJ� WKHLU� IDFHV�ZLWK� FDPHUDV� DQG� DQDO\]LQJ�
WKH� WLPHV� DQG� WKH� ORFDWLRQV� RI� UHFRUGLQJ� XVHUV¶� IDFHV�� 7KH�
FHQWUDO�WDVN�LQ�WKH�FDPHUD�EDVHG�WUDFNLQJ�V\VWHP�LV�WR�LGHQWLI\�D�
VSHFLILF� XVHU� E\� LWV� IDFH� LQ� PXOWLSOH� PRYLHV�� )LJ��� VKRZV� DQ�
H[DPSOH�RI�HVWLPDWLQJ�WKH�WUDMHFWRU\�RI�WKH�XVHU��,Q�WKLV�ILJXUH��
WKUHH�FDPHUDV�DUH�SXW�RQ� WKH� WDUJHW�DUHD�DQG�WKH�GRWWHG� OLQH� LV�
WKH� HVWLPDWHG� WUDMHFWRU\�� )LUVW�� FDPHUD� $� UHFRUGV� DQG�
UHFRJQL]HV� WKH� IDFH� RI� WKH� XVHU� ZKHQ� WKH� XVHU� SDVVHV� RQ�
UHFRUGLQJ� DUHD� $�� 1H[W�� ZKHQ� WKH� XVHU� UHDFKHV� WR� UHFRUGLQJ�
DUHD�%��FDPHUD�%�UHFRUGV�LWV�IDFH��7KH�V\VWHP�WULHV�WR�LGHQWLI\�
WKH�IDFH�UHFRUGHG�LQ�DUHD�%�ZLWK�WKDW�LQ�DUHD�$��,I�WKH\�DUH�WKH�
VDPH� XVHU�� WKH� URXWH� IURP� DUHD� $� WR� DUHD� %� LV� DGGHG� WR� WKH�
WUDMHFWRU\�RI�WKH�XVHU��6LPLODUO\��WKH�SURFHGXUH�LV�DSSOLHG�WR�DOO�
IDFHV�UHFRUGHG�E\�DOO�WKH�FDPHUDV��$W�UHVXOW��WKH�ILQDO�WUDMHFWRU\�
RI�WKH�XVHU�LV�HVWLPDWHG���

B. User Tracking with Wireless Positioning System 
,Q� WKH� XVHU� WUDFNLQJ� V\VWHP� EDVHG� RQ�ZLUHOHVV� SRVLWLRQLQJ�

V\VWHP��WKH�WUDMHFWRU\�LV�REWDLQHG�E\�HVWLPDWLQJ�WKH�ORFDWLRQ�RI��
WKH� XVHU� ZLWK� D� ZLUHOHVV� SRVLWLRQLQJ� PHFKDQLVP�� 7KH� XVHU� LV�
LGHQWLILHG�E\�WKH�XQLTXH�DGGUHVV�RI��LWV�VPDUWSKRQH��H�J���0$&�
DGGUHVV���)LJ����VKRZV�DQ�H[DPSOH�RI� WKH�ZLUHOHVV�SRVLWLRQLQJ�
V\VWHP�EDVHG� WUDFNLQJ� V\VWHP�� ,Q� WKLV� ILJXUH�� VL[� ZLUHOHVV�
DFFHVV�SRLQWV�DUH�GLVWULEXWHG�LQ�WKH�DUHD��7KH�ORFDWLRQ�RI�D�XVHU�
HTXLSSHG�ZLWK� D� VPDUWSKRQH� LV� GHWHUPLQHG� IURP� LWV� GLVWDQFHV�
IURP�WKUHH�RU�PRUH�ZLUHOHVV�DFFHVV�SRLQWV�� L�H��� LW� LV� ORFDWHG�DW�
WKH�SRLQW�RI� LQWHUVHFWLRQ�RI�FLUFOHV�ZKRVH�RULJLQV�DQG�UDGLL�DUH�
WKH� SRVLWLRQV� RI� DQG� GLVWDQFHV� IURP� WKH� DFFHVV� SRLQWV��
UHVSHFWLYHO\��7KXV��DFFXUDWH�GLVWDQFH�PHDVXUHPHQW� LV�HVVHQWLDO�
LQ�RUGHU�WR�UHDOL]H�KLJK�ORFDOL]DWLRQ�DFFXUDF\��,Q�566,��UHFHLYHG�
VLJQDO� VWUHQJWK� LQGLFDWRU��EDVHG�PHWKRGV�� WKH� GLVWDQFH� FDQ� EH�
PHDVXUHG� IURP� WKH� REVHUYHG�566,� YDOXHV� XVLQJ� WKH� SDWK� ORVV�
PRGHO�DQG�WKH�QDWXUH�RI�WKH�UDGLR�ZDYH�SURSDJDWLRQ��$Q�566,�
YDOXH� LQGLFDWHV� WKH� VWUHQJWK� RI� D� UDGLR� VLJQDO� UHFHLYHG� E\� D�
UHFHLYHU��5DGLR� VLJQDOV� DUH� DWWHQXDWHG� DV� WKH\�SURSDJDWH� IURP�

WUDQVPLWWHU� WR� UHFHLYHU�� 7KHUHIRUH�� DQ�566,� YDOXH� LV� LQYHUVHO\�
SURSRUWLRQDO�WR�WKH�ORJDULWKP�RI�WKH�GLVWDQFH�EHWZHHQ�WKHP��

C. Privacy Issue 
7KH�PDMRU�SUREOHPV�ZLWK� WKH� DERYH�XVHU� WDFNLQJ� V\VWHPV�

DUH�DFFXUDF\��UREXVWQHVV�XQGHU�D�YDULHW\�RI�HQYLURQPHQWV��DQG�
VFDODELOLW\��LQ�WHUP�RI�WUDFNLQJ�SHUIRUPDQFH��$GGLWLRQDOO\��ZH�
FDQ�ILQG�D�SUREOHP�IURP�D�GLIIHUHQW�SHUVSHFWLYH��7KH�SUREOHP�
LV� WKDW� WKH\� DUH� LQYDVLYH� IURP� D� SULYDF\� SRLQW� RI� YLHZ�� L�H���
PRQLWRULQJ�XVHUV¶� IDFHV� LQ� D�SXEOLF� VSDFH� LV�RIWHQ� UHIXVHG�E\�
SULYDF\� VHQVLWLYH� XVHUV�� EHFDXVH� IDFH� LPDJHV� DUH� VWURQJO\�
LGHQWLILDEOH� SHUVRQDO� LQIRUPDWLRQ� ZKLFK� OLQNV� ZLWK� SHUVRQDO�
LQIRUPDWLRQ� DQG� GLUHFWO\� LGHQWLI\� D� VSHFLILF� LQGLYLGXDO�� (YHQ�
ZKHQ�WKH�YLGHR�GDWD�DUH�XVHG�DQG�VWRUHG�LQ�D�VWDWLVWLFDO� IRUP��
QRW� LQ� D� KXPDQ� XQGHUVWDQGDEOH� IRUP�� WKH\� DUH� GLVOLNH� EHLQJ�
UHFRUGHG�E\�FDPHUDV���

,,,�� 352326('�75$&.,1*�0(7+2'�
,Q�WKLV�SDSHU��ZH�SURSRVH�D�WUDFNLQJ�V\VWHP�XVLQJ�IRRWSULQW�

GDWD� WR� DGGUHVV� WKH� SULYDF\� LVVXH� RQ� WKH� WUDFNLQJ� V\VWHPV�� DV�
ZDV� GHVFULEHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� 7KH� IRRWSULQW� GDWD� DUH�
FROOHFWHG�IURP�PXOWLSOH�SUHVVXUH�VHQVRU�VKHHWV�GLVWULEXWHG�RYHU�
D�WDUJHW�DUHD��7KH�WUDMHFWRU\�RI�D�XVHU�LV�REWDLQHG�E\�H[WUDFWLQJ�
ORFDWLRQV� RI� WKH� VHQVRU� VKHHWV� WKDW� FDQ� REVHUYH� WKH� XVHU¶V�
IRRWSULQW��
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)LJ������6\VWHP�)ORZ�RI�3URSRVHG�8VHU�7UDFNLQJ�6\VWHP��

7KH� UHDVRQV� ZK\� ZH� IRFXV� RQ� IRRWSULQWV� IRU� WUDFNLQJ�
V\VWHPV�DUH�DV�IROORZV��

z� 7KH� IRRWSULQW� GDWD� FDQ� EH� XVHG� WR� GLVWLQJXLVK�
LQGLYLGXDO� XVHUV�� L�H��� WKH� IRRWSULQW� RI� HDFK� XVHU� KDV�
GLIIHUHQW� IHDWXUHV�� VXFK� DV� VL]H�� VKDSH�� FHQWHU� RI�
JUDYLW\��DQG�VR�RQ���

z� 0RQLWRULQJ� IRRWSULQWV� FDQ� UHGXFH� GLVFRPIRUW� IRU�
SULYDF\�VHQVLWLYH� XVHUV� FRPSDUHG� ZLWK� PRQLWRULQJ�
IDFHV� RSHUDWHG� LQ� H[LVWLQJ� FDPHUD�EDVHG� WUDFNLQJ�
V\VWHPV��

A. System Overview 
$V� VKRZQ� LQ� )LJ�� ��� ZH� DVVXPH� WKDW� PXOWLSOH� SUHVVXUH�

VHQVRU� VKHHWV� DUH� SXW� RQ� VLJQLILFDQW� ORFDWLRQV� RQ� WKH� VSHFLILF�
DUHD�� VXFK� DV� HQWUDQFH�� H[LW�� SDVVDJH�� DQG� VR� RQ�� 7KH� V\VWHP�
HVWLPDWHV�WKH�WUDMHFWRU\�RI�D�XVHU�E\�WUDFLQJ�WKH�VDPH�IRRWSULQW�
RI�WKH�XVHU�DFURVV�SUHVVXUH�VHQVRU�VKHHWV��

B. System Flow 
7KH� PDLQ� WDVN� WKDW� KDV� WR� EH� KDQGOHG� LQ� UHDOL]LQJ� WKH�

SURSRVHG�V\VWHP�LV�WR�UHFRJQL]H�D�VLQJOH�XVHU�DFURVV�VSDWLDOO\�
GLVMRLQW� SUHVVXUH� VHQVRU� VKHHWV� DV� DQ� LQVWDQFH� DQG� GLIIHUHQW�
XVHUV�DV�GLIIHUHQW�LQVWDQFHV��E\�XVLQJ�WKH�IRRWSULQW�GDWD��,Q�WKLV�
VHFWLRQ��ZH�ZLOO� H[SODLQ� WKH� V\VWHP� IORZ� WR�RSHUDWH� WKH�PDLQ�
WDVN��DV�VKRZQ�LQ�)LJ����� �,Q�WKH�V\VWHP��HDFK�SUHVVXUH�VHQVRU�
VKHHW�LV�DVVLJQHG�D�XQLTXH�QXPEHU��L�H���D�VHQVRU�,'���

��� :KHQ� D� XVHU� SDVVHV� RQ� D� VHQVRU� VKHHW�� WKH� VHQVRU�
VKHHW�UHFRUGV�WKH�VHQVLQJ�YDOXHV�DQG�WKH�WLPH��

��� 7KH� VHQVRU� VKHHW� VHQGV� WKH� VHQVLQJ�YDOXHV�� WKH� WLPH��
DQG�LWV�VHQVRU�,'�WR�WKH�VHUYHU��7KH�VHUYHU�YLVXDOL]HV�
WKH�IRRWSULQW�IURP�WKH�UHFHLYHG�LQIRUPDWLRQ��

��� 7KH� VHUYHU�PDWFKHV� WKH� UHFHLYHG� IRRWSULQW�ZLWK� RQHV�
VWRUHG� LQ� WKH� IRRWSULQW� GDWDEDVH�� $OO� IRRWSULQWV� SDVW�
PHDVXUHG� LQ� HYHU\� VHQVRU� VKHHW� DUH� VWRUHG� LQ� WKH�
IRRWSULQW� GDWDEDVH�� )RU� WKH� IRRWSULQW� PDWFKLQJ�� WKH�
VHUYHU�FDOFXODWHV�WKH�VLPLODULWLHV�EHWZHHQ�WKH�UHFHLYHG�
IRRWSULQW�DQG�RQHV�VWRUHG�LQ�WKH�IRRWSULQW�GDWDEDVH��

��� ,I� WKH�VLPLODULW\� LV� ODUJHU� WKDQ�D� WKUHVKROG�� WKH�VHUYHU�
VHOHFWV� WKH� XVHU� ZLWK� WKH� IRRWSULQW� WKDW� PDWFKHV� WKH�
PRVW�ZLWK�WKH�UHFHLYHG�IRRWSULQW�DPRQJ�WKH�IRRWSULQWV�

UHJLVWHUHG� LQ� WKH� IRRWSULQW� GDWDEDVH�� $QG� WKHQ� WKH�
VHUYHU� UHJLVWHUV� WKH� WLPH� DQG� WKH� VHQVRU� ,'� WR� WKH�
HQWU\�RI�WKH�VHOHFWHG�XVHU�LQ�WKH�XVHU�GDWDEDVH��

C. Footprint Matching 
,Q� WKH� IRRWSULQW� PDWFKLQJ�� WKH� VHUYHU� FDOFXODWHV� WKH�

VLPLODULWLHV� EHWZHHQ� LQSXW� IRRWSULQW� DQG� RQHV� VWRUHG� LQ� WKH�
IRRWSULQW� GDWDEDVH�� 7KH� VLPLODULW\� EHWZHHQ� WZR� IRRWSULQWV� LV�
FDOFXODWHG�DV�IROORZV��

��� )HDWXUH� SRLQWV� DUH� H[WUDFWHG� IURP� DQ� LPDJH� RI� D�
IRRWSULQW�ZLWK�x�DQG�y�FRRUGLQDWHV��$�IHDWXUH�YHFWRU� f

& ��
RI�D�IRRWSULQW�LV�GHILQHG�DV�IROORZV��
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ZKHUH� ��� ii yx �UHSUHVHQWV� x� DQG� y� FRRUGLQDWHV� RI� i�WK�
IHDWXUH�SRLQW���

��� 7KH� IHDWXUH� YHFWRU� q* �DQG� r
& �FRUUHVSRQG� WR� WKH� LQSXW�

IRRWSULQW�DQG�WKH�RQH�VWRUHG�LQ�WKH�IRRWSULQW�GDWDEDVH��
7KH� VLPLODULW\� IXQFWLRQ� S� EHWZHHQ� IHDWXUH� YHFWRUV� T�
DQG�U�RI�WZR�IRRWSULQWV�LV�GHILQHG�DV�IROORZV��
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)LJ����VKRZV�DQ�H[DPSOH�RI�WKH�IRRWSULQW�PDWFKLQJ��,Q�WKLV�
ILJXUH��WKH�FLUFOHV�DUH�WKH�IHDWXUH�SRLQWV�DQG�WKH�OLQHV�UHSUHVHQWV�
OLQNV�EHWZHHQ�WKH�IHDWXUH�SRLQWV�DQG�WKH�FRUUHVSRQGLQJ�RQHV��

,9��(9$/8$7,21�
:H� KDYH� HYDOXDWHG� WKH� HIIHFWLYHQHVV� RI� WKH� SURSRVHG�

IRRWSULQW�PDWFKLQJ�PHWKRG�XVLQJ�H[SHULPHQWV��7KH�REMHFWLYH�RI�
WKLV� HYDOXDWLRQ�LV�WR�DQDO\]H�WKH�PDWFKLQJ�HUURUV�IRU�IRRWSULQWV�
LQ�D�UHDOLVWLF�HQYLURQPHQW��DQG�WR�FRQILUP�WKH�IHDVLELOLW\�RI�WKH�
SURSRVHG� XVHU� WUDFNLQJ� V\VWHP� DQG� WKH� VLPLODULW\� LQ� WKH�
IRRWSULQW�GDWD�RI� WKH�XVHU��$V�PHQWLRQHG� LQ�6HFWLRQ� ,,,�%�� WKH�
IHDVLELOLW\� RI� WKH� SURSRVHG� V\VWHP� VWURQJO\� GHSHQGV� RQ� WKH�
SHUIRUPDQFH� RI� WKH� IRRWSULQW� PDWFKLQJ�� :H� ZLOO� MXGJH� WKH�
HIIHFWLYHQHVV�RI�WKH�SURSRVHG�DSSURDFK�ZLWK�WKHVH�H[SHULPHQWV���

,Q� WKLV� H[SHULPHQW�� ZH� XVHG� EDUHIRRW� IRRWSULQWV� IRU� ILYH�
XVHUV� VWDQGLQJ� DW� WKH� XSULJKW� SRVLWLRQ�� 0RUH� FRQFUHWHO\�� ZH�
PHDVXUHG���� IRRWSULQWV� IRU� HDFK�XVHU��2QH�RI� WKHVH� IRRWSULQWV�
ZHUH�XVHG�WR�FUHDWH�WKH�IRRWSULQW�GDWDEDVH��DQG����IRRWSULQWV�RI�
WKH� UHPDLQLQJ� IRRWSULQWV� DUH� XVHG� IRU� HVWLPDWLRQ��8VLQJ� WKHVH�
VHWV�RI�IRRWSULQWV��ZH�FRQGXFWHG�WKH�HVWLPDWLRQV����WLPHV���

,QSXW�)RRWSULQW )RRWSULQW�'DWDEDVH
�

)LJ������([DPSOH�RI�)RRWSULQW�0DWFKLQJ��



,Q�DGGLWLRQ��ZH�XVHG�//�SUHVVXUH�VHQVRU�VKHHWV�SURGXFHG�E\�
;LURNX� ,QF��� ZKLFK� XVHV� WKH� SULQFLSOH� RI� HOHFWURPDJQHWLF�
LQGXFWLRQ�� 7KH� H[WUDFWLRQ� RI� IHDWXUH� SRLQWV� LV� XVHG� E\� WKH�
$.$=(� DOJRULWKP� DQG� LPSOHPHQWHG� LQ� 2SHQ&9�� 7KH�
WKUHVKROG�DV�GHVFULEHG�LQ�6HFWLRQ�,,,�&�LV�VHW�WR�������

7KH�UHVXOW�LV�VKRZQ�LQ�7$%/(�,��2YHUDOO��ZH�ILQG�VXIILFLHQW�
HVWLPDWLRQ� SHUIRUPDQFH� IRU� WKH� IRRWSULQW� PDWFKLQJ�� 7KH� WRWDO�
VXFFHVV� UDWLR� IRU� IRRWSULQW� PDWFKLQJ� LV� ����� )URP� WKH� UHVXOW��
ZH�REVHUYH�WKDW��WKH�SURSRVHG�PDWFKLQJ�PHWKRG�DFKLHYHV������
VXFFHVV� UDWLR� IRU� 8VHUV� $�� &� DQG� '�� 2Q� WKH� RWKHU� KDQG�� WKH�
SHUIRUPDQFH� IRU� 8VHU� %� LV� WKH� ZRUVW� DPRQJ� DOO� XVHUV�� 0RUH�
FRQFUHWHO\��WKH�VXFFHVV�UDWLR�IRU�8VHU�%�LV������7KLV�LV�PDLQO\�
GXH�WR�DQ�XQFOHDU�LPDJH�IRU�WKH�IRRWSULQW�RI�8VHU�%�XVHG�LQ�WKH�
IRRWSULQW�GDWDEDVH���

9�� &21&/86,21�$1'�5(0$5.6�
,Q� WKLV� SDSHU�� ZH� SURSRVH� D� SULYDF\�DZDUH� XVHU� WUDFNLQJ�

V\VWHP�� ,Q� WKH� SURSRVHG� V\VWHP�� IRRWSULQW� GDWD� LV� XVHG� WR�
GLVWLQJXLVK� LQVWDQFHV�� 7KH� IRRWSULQW� GDWD� LV� FROOHFWHG� IURP�
PXOWLSOH�SUHVVXUH�VHQVRU�VKHHWV�SXW�RQ�VLJQLILFDQW�ORFDWLRQV�LQ�D�
WDUJHW� DUHD�� 7KH� WUDMHFWRU\� RI� D� VSHFLILF� XVHU� LV� HVWLPDWHG� E\�
H[WUDFWLQJ� ORFDWLRQV� RI� WKH� VHQVRU� VKHHWV� WKDW� FDQ� REVHUYH� WKH�
XVHU¶V�IRRWSULQW���

7KH� PDLQ� WDVN� WKDW� KDV� WR� EH� KDQGOHG� LQ� UHDOL]LQJ� WKH�
SURSRVHG� V\VWHP� LV� WR� UHFRJQL]H� DQ� LQGLYLGXDO� LQ� GLIIHUHQW�
ORFDWLRQV� DFURVV� VSDWLDOO\� GLVMRLQW� SUHVVXUH� VHQVRU� VKHHWV��
7KHUHIRUH�� LQ� WKLV� SDSHU�� ZH� SURSRVH� D� IRRWSULQW� PDWFKLQJ�
PHWKRG� WR� LGHQWLI\� D� XVHU� DFURVV� SUHVVXUH� VHQVRU� VKHHWV��
0RUHRYHU�� ZH� FRQGXFW� D� EDVLF� HYDOXDWLRQ� WR� FRQILUP� WKH�
IHDVLELOLW\� RI� WKH� SURSRVHG� V\VWHP�� 7KH� UHVXOW� VKRZV� WKDW� WKH�
SURSRVHG� IRRWSULQW�PDWFKLQJ�PHWKRG� FDQ� UHFRJQL]H� LQGLYLGXDO�
XVHUV�VWDQGLQJ�DW�WKH�XSULJKW�SRVLWLRQ�E\�������

,Q�WKH�IXWXUH��ZH�ZLOO�IRFXV�RQ�WKH�IROORZLQJ��

z� $Q� LPSRUWDQW�SUREOHP�ZLWK� WKH�SURSRVHG�PHFKDQLVP�
LV� WKH�HYDOXDWLRQ�RI� WKH� IRRWSULQW�PDWFKLQJ�RI� WKH�XVH�
RI� ZDONLQJ� XVHUV�� :H� ZLOO� GHYHORS� WKH� H[WUDFWLRQ�
PHWKRG�RI�IHDWXUH�SRLQWV�IRU�IRRWSULQW�GDWD�RI�ZDONLQJ�
XVHUV��

z� $QRWKHU�RXWVWDQGLQJ� WDVN� LV� WR� LQYHVWLJDWH� WKH� IHDWXUH�
SRLQWV�RI�IRRWSULQWV�IRU�HIIHFWLYHO\�PDWFKLQJ�IRRWSULQWV��
7KH�PHDQLQJOHVV�IHDWXUH�SRLQWV�IRU�IRRWSULQW�PDWFKLQJ�
LV�UHPRYHG�WR�LPSURYH�WKH�PDWFKLQJ�SHUIRUPDQFH���

z� )XUWKHUPRUH�� ZH� ZRXOG� OLNH� WR� HVWDEOLVK� D� PHWKRG�
ZKLFK�FDQ�GLVWLQJXLVK�XVHU¶V�SURILOH� LQIRUPDWLRQ�VXFK�
DV�JHQGHU��DJH��DQG�VR�RQ�IURP�IRRWSULQW�GDWD��

$&.12:/('*0(17�
7KLV�ZRUN�LV�SDUWLDOO\�VXSSRUWHG�E\�-636�.$.(1+,�*UDQW�
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>�@� 6RKDLE� .KDQ�� 2PDU� -DYHG�� =HHVKDQ� 5DVKHHG�� DQG� 0XEDUDN� 6KDK��

³+XPDQ�7UDFNLQJ� LQ�0XOWLSOH�&DPHUDV�´�3URF��RI� WKH�,(((�,QW¶O�&RQI��
RQ��,&&9��9RO�����SS�����������������

>�@� -RKQ�.UXPP��6WHYH�+DUULV��%ULDQ�0H\HUV��%DUU\�%UXPLWW��0LFKDHO�+DOH��
DQG� 6WHYH� 6KDIHU�� ³0XOWL�&DPHUD� 0XOWL�3HUVRQ� 7UDFNLQJ� IRU�
(DV\/LYLQJ�´�3URF��RI� WKH� ,(((�,QW¶O�&RQI��RQ�9LVXDO�6XUYHLOODQFH��SS��
������������

>�@� <X�&KXQJ� &KHQJ�� <�� &KDZDWKH�� DQG� $�� /D0DUFD�� ³$FFXUDF\�
&KDUDFWHUL]DWLRQ� IRU� 0HWURSROLWDQ�VFDOH� :L�)L� /RFDOL]DWLRQ�´� 3URF�� RI�
0RELOH�6\VWHPV��$SSOLFDWLRQV�DQG�6HUYLFHV�� �0REL6\V��������SS�����±
�����������

>�@� 3�� %DKO� DQG� 9�1�3DGPDQDEKDQ�� ³5$'$5�� $Q� ,Q�%XLOGLQJ� 5)�EDVHG�
8VHU�/RFDWLRQ�DQG�7UDFNLQJ�6\VWHP�´�3URF��RI� WKH�,(((�,QW¶O�&RQI��RQ�
&RPSXWHU� &RPPXQLWDFLRQV� �,1)2&20� ������� 9RO�� ��� SS�� ���±�����
������
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8VHU�
Estimated User (10 trials) 

Success ratio 
1 2 3 4 5 6 7 8 9 10 
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