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,Q�UHFHQW�\HDUV��GLVWULEXWHG�FRPSXWHU�YLVLRQ�KDV�JDLQHG�D� ORW�RI�DWWHQWLRQ�ZLWKLQ� WKH�FRPSXWHU�YLVLRQ�FRPPXQLW\� IRU�
DSSOLFDWLRQV�VXFK�DV�YLGHR�VXUYHLOODQFH�DQG�REMHFW�WUDFNLQJ��7KH�FROOHFWLYH�LQIRUPDWLRQ�JDWKHUHG�E\�PXOWLSOH�FDPHUDV�WKDW�
DUH�VWUDWHJLFDOO\�SODFHG�KDV�PDQ\�DGYDQWDJHV��)RU�H[DPSOH��DJJUHJDWLRQ�RI�LQIRUPDWLRQ�IURP�PXOWLSOH�YLHZSRLQWV�UHGXFHV�
WKH�XQFHUWDLQW\�DERXW�WKH�VFHQH��)XUWKHU��WKHUH�LV�QR�VLQJOH�SRLQW�RI�IDLOXUH��WKXV�WKH�V\VWHP�DV�D�ZKROH�FRXOG�FRQWLQXH�WR�
SHUIRUP� WKH� WDVN� DW� KDQG��+RZHYHU�� WKH� DGYDQWDJHV� DULVLQJ� RXW� RI� VXFK� FRRSHUDWLRQ� FDQ� EH� UHDOL]HG� RQO\� E\� WLPHO\�
VKDULQJ�RI�WKH�LQIRUPDWLRQ�EHWZHHQ�WKHP���7KLV�SDSHU�GLVFXVVHV�WKH�GHVLJQ�RI�D�GLVWULEXWHG�YLVLRQ�V\VWHP�WKDW�HQDEOHV�
VHYHUDO�KHWHURJHQHRXV�VHQVRUV�ZLWK�GLIIHUHQW�SURFHVVLQJ�UDWHV�WR�H[FKDQJH�LQIRUPDWLRQ�LQ�D�WLPHO\�PDQQHU�LQ�RUGHU�WR�
DFKLHYH�D�FRPPRQ�JRDO��VD\�WUDFNLQJ�RI�PXOWLSOH�KXPDQ�VXEMHFWV�DQG�PRELOH�URERWV�LQ�DQ�LQGRRU�VPDUW�HQYLURQPHQW��
,Q�RXU�IDXOW�WROHUDQW�GLVWULEXWHG�YLVLRQ�V\VWHP��D�UHVRXUFH�PDQDJHU�PDQDJHV� LQGLYLGXDO�FDPHUDV�DQG�EXIIHUV� WKH� WLPH�
VWDPSHG�REMHFW�FDQGLGDWHV�UHFHLYHG�IURP�WKHP���$�8VHU�$JHQW�ZLWK�D�JLYHQ�WDVN�VSHFLILFDWLRQ�DSSURDFKHV�WKH�UHVRXUFH�
PDQDJHU�� ILUVW� IRU� NQRZLQJ� WKH� DYDLODEOH� UHVRXUFHV� �FDPHUDV�� DQG� ODWHU� IRU� UHFHLYLQJ� WKH� REMHFW� FDQGLGDWHV� IURP� WKH�
UHVRXUFHV� RI� LWV� LQWHUHVW�� 7KXV� WKH� UHVRXUFH�PDQDJHU� DFWV� DV� D� SUR[\� EHWZHHQ� WKH� XVHU� DJHQWV� DQG� FDPHUDV�� WKHUHE\�
IUHHLQJ�WKH�FDPHUDV�WR�GR�GHGLFDWHG�IHDWXUH�GHWHFWLRQ�DQG�H[WUDFWLRQ�RQO\���,Q�VXFK�D�VFHQDULR��PDQ\�IDLOXUHV�DUH�SRVVLEOH��
)RU�H[DPSOH��RQH�RI�WKH�FDPHUDV�PD\�KDYH�D�KDUGZDUH�IDLOXUH�RU�LW�PD\�ORVH�WKH�WDUJHW��ZKLFK�PRYHG�DZD\�IURP�LWV�ILHOG�
RI�YLHZ���,Q�WKLV�FRQWH[W��LPSRUWDQW�LVVXHV�VXFK�DV�IDLOXUH�GHWHFWLRQ�DQG�KDQGOLQJ��V\QFKURQL]DWLRQ�RI�GDWD�IURP�PXOWLSOH�
VHQVRUV�DQG�VHQVRU�UHFRQILJXUDWLRQ�E\�YLHZ�SODQQLQJ�DUH�GLVFXVVHG� LQ� WKH�SDSHU��([SHULPHQWDO� UHVXOWV�ZLWK�UHDO�VFHQH�
LPDJHV�ZLOO�EH�JLYHQ��
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�� ,QWURGXFWLRQ�

,Q� WKH� UHFHQW�\HDUV�� UDSLG�DGYDQFHV� LQ� ORZ�FRVW�� KLJK�SHUIRUPDQFH�FRPSXWHUV� DQG� VHQVRUV�KDYH� VSXUUHG�D� VLJQLILFDQW�
LQWHUHVW�LQ�XELTXLWRXV�FRPSXWLQJ���5HVHDUFKHUV�DUH�QRZ�WDONLQJ�DERXW�WKURZLQJ�LQ�D�ORW�RI�GLIIHUHQW�W\SHV�RI�VHQVRUV�LQ�
RXU� KRPHV��ZRUN� SODFHV� DQG� HYHQ� RQ� SHRSOH�� � 7KH\� KRSH� WKDW� WKH�ZHDOWK� RI� LQIRUPDWLRQ� IURP� WKHVH� VHQVRUV�ZKHQ�
SURFHVVHG�DQG� LQIHUUHG�FDUHIXOO\�ZRXOG� VLJQLILFDQWO\�HQKDQFH�RXU�FDSDFLW\� WR� LQWHUDFW�ZLWK� WKH�ZRUOG�DURXQG�XV�� �)RU�
LQVWDQFH��WRGD\��KXPDQV�UHO\�ODUJHO\�RQ�WKHLU�LQQDWH�VHQVRU\�DQG�PRWRU�PHFKDQLVPV�WR�XQGHUVWDQG�WKH�HQYLURQPHQW�DQG�
UHDFW�WR�WKH�YDULRXV�VLWXDWLRQV�DULVLQJ�WKHUHRI���7KRXJK�RXU� LQWHOOLJHQFH�LV�IDU�VXSHULRU�WR�WRGD\·V�$,��WKH�PHPRU\�DQG�
QXPEHU� FUXQFKLQJ� FDSDFLW\� RI� DQ� DYHUDJH� SHUVRQ� OHDYHV� PXFK� WR� EH� GHVLUHG�� � %XW� ZLWK� D� GLVWULEXWHG� EDFNERQH� RI�
SURFHVVRUV�DQG�VHQVRUV�DXJPHQWLQJ�RXU�EUDLQ�DQG�VHQVHV��HODERUDWH�LQIRUPDWLRQ�JDWKHULQJ�DQG�FRPSOH[�DQG�V\VWHPDWLF�
GHFLVLRQ�PDNLQJ�FRXOG�EHFRPH�SRVVLEOH�IRU�HYHU\RQH���$�VPDUW�HQYLURQPHQW�FRXOG�DVVLVW�KXPDQV�LQ�WKHLU�GDLO\�DFWLYLWLHV�
VXFK� DV� WHOHFRQIHUHQFLQJ�� VXUYHLOODQFH� HWF�� � 7KH� VPDUW� HQYLURQPHQW� LGHD� LV� WKHUHIRUH� QRW� WR� UHSODFH� D� KXPDQ� EXW� WR�
DXJPHQW�RQH·V� FDSDFLW\� WR�GR� WKLQJV� LQ� WKH�HQYLURQPHQW��$Q� LQWHUHVWLQJ�SHUVSHFWLYH� LQWR� WKLV� DUHD� IURP� WKH�PDFKLQH�
YLVLRQ�SRLQW�RI�YLHZ�KDV�EHHQ�SURYLGHG�LQ�>��@��
'LVWULEXWHG�FRPSXWHU�YLVLRQ�IRUPV�D�YLWDO�FRPSRQHQW� LQ�D�VPDUW�HQYLURQPHQW�GXH� WR� WKH�ULFK� LQIRUPDWLRQ�JDWKHULQJ�
FDSDELOLW\�RI�YLVLRQ� VHQVRUV��7KH�FROOHFWLYH� LQIRUPDWLRQ�JDWKHUHG�E\�PXOWLSOH�FDPHUDV� WKDW�DUH� VWUDWHJLFDOO\�SODFHG�KDV�
PDQ\�DGYDQWDJHV��)RU�H[DPSOH��DJJUHJDWLRQ�RI�LQIRUPDWLRQ�IURP�PXOWLSOH�YLHZSRLQWV�UHGXFHV�WKH�XQFHUWDLQW\�DERXW�WKH�
VFHQH��)XUWKHU��WKHUH�LV�QR�VLQJOH�SRLQW�RI�IDLOXUH��WKXV�WKH�V\VWHP�DV�D�ZKROH�FRXOG�FRQWLQXH�WR�SHUIRUP�WKH�WDVN�DW�KDQG����
+RZHYHU�� WKH� DGYDQWDJHV� DULVLQJ�RXW� RI� VXFK� FRRSHUDWLRQ� FDQ�EH� UHDOL]HG� RQO\� E\� WLPHO\� VKDULQJ�RI� WKH� LQIRUPDWLRQ�
EHWZHHQ�WKHP��7KH�GLVWULEXWHG�V\VWHP�FDQ�WKHQ�VKDUH�WKH�LQIRUPDWLRQ�WR�FDUU\�RXW�WDVNV�OLNH�LQIHUULQJ�FRQWH[W��XSGDWLQJ�
NQRZOHGJH�EDVH��DUFKLYLQJ�HWF���$�GLVWULEXWHG�YLVLRQ�V\VWHP��LQ�JHQHUDO��VKRXOG�KDYH�WKH�IROORZLQJ�FDSDELOLWLHV�

x� ([WUDFWLRQ�RI�XVHIXO�IHDWXUH�VHWV�IURP�UDZ�VHQVRU�GDWD�
x� 6HOHFWLRQ�DQG�IXVLRQ�RI�IHDWXUH�VHWV�IURP�GLIIHUHQW�VHQVRUV�
x� 7LPHO\�VKDULQJ�RI�LQIRUPDWLRQ�DPRQJ�WKH�VHQVRUV�
x� )DXOW�WROHUDQFH�DQG�UHFRQILJXUDWLRQ�

7KLV� SDSHU�GLVFXVVHV� WKH�GHVLJQ�RI� VXFK� D�GLVWULEXWHG�YLVLRQ� V\VWHP� WKDW� HQDEOHV� VHYHUDO� KHWHURJHQHRXV� VHQVRUV�ZLWK�
GLIIHUHQW�SURFHVVLQJ�UDWHV�WR�H[FKDQJH�LQIRUPDWLRQ�LQ�D�WLPHO\�PDQQHU�LQ�RUGHU�WR�DFKLHYH�D�FRPPRQ�JRDO��VD\�WUDFNLQJ�
RI�PXOWLSOH�KXPDQ�VXEMHFWV�DV�ZHOO�DV�PRELOH�URERWV� LQ�DQ�LQGRRU�HQYLURQPHQW��ZKLOH�UHDFWLQJ�DW�UXQ�WLPH�WR�YDULRXV�
NLQGV� RI� IDLOXUHV�� LQFOXGLQJ�� KDUGZDUH� IDLOXUH�� LQDGHTXDWH� VHQVRU� JHRPHWULHV�� RFFOXVLRQ�� DQG� EDQGZLGWK� OLPLWDWLRQV��
5HVSRQGLQJ� DW� UXQ�WLPH� UHTXLUHV� D� FRPELQDWLRQ�RI� NQRZOHGJH� UHJDUGLQJ� WKH� SK\VLFDO� VHQVRULPRWRU�GHYLFH�� LWV� XVH� LQ�
FRRUGLQDWHG�VHQVLQJ�RSHUDWLRQV��DQG�KLJK�OHYHO�SURFHVV�GHVFULSWLRQV��
���� 5HODWHG�ZRUN�

7KH�SURSRVHG�ZRUN�LV�UHODWHG�WR�WZR�DUHDV�LQ�OLWHUDWXUH�²�PXOWL�VHQVRU�QHWZRUN�DQG�GLVWULEXWHG�VHOI�DGDSWLYH�VRIWZDUH���
5HVHDUFK�RQ�PXOWL�VHQVRU�QHWZRUN�GHYRWHG�WR�KXPDQ�WUDFNLQJ�DQG�LGHQWLILFDWLRQ�FDQ�EH�IRXQG�LQ��>�@��>�@��>��@��>��@�	�
>��@�� � $Q� LQWHJUDWHG� V\VWHP� RI� DFWLYH� FDPHUD� QHWZRUN� KDV� EHHQ� SURSRVHG� LQ� >��@� IRU� KXPDQ� WUDFNLQJ� DQG� IDFH�
UHFRJQLWLRQ���,Q�>�@��D�SUDFWLFDO�GLVWULEXWHG�YLVLRQ�V\VWHP�EDVHG�RQ�G\QDPLF�PHPRU\�KDV�EHHQ�SUHVHQWHG���,Q�RXU�SUHYLRXV�
ZRUN� >��@�� ZH� KDYH� SUHVHQWHG� D� SDQRUDPLF� YLUWXDO� VWHUHR� IRU� KXPDQ� WUDFNLQJ� DQG� ORFDOL]DWLRQ� LQ� PRELOH� URERWV���
+RZHYHU��PRVW�RI� WKH�FXUUHQW� V\VWHPV�HPSKDVL]H�RQ�YLVLRQ�DOJRULWKPV��ZKLFK�DUH�GHVLJQHG� WR� IXQFWLRQ� LQ�D� VSHFLILF�
QHWZRUN���,PSRUWDQW�LVVXHV�FRQFHUQLQJ�IDXOW�WROHUDQFH�DQG�VHQVRU�UHFRQILJXUDWLRQ�LQ�D�GLVWULEXWHG�V\VWHP�RI�VHQVRUV�DUH�
VHOGRP�GLVFXVVHG����
7KHVH�LVVXHV�DUH�DGGUHVVHG�WR�VRPH�H[WHQW�LQ�WKH�VHFRQG�DUHD�QDPHO\�GLVWULEXWHG�VHOI�DGDSWLYH�VRIWZDUH��0XFK�RI�FXUUHQW�
VRIWZDUH�GHYHORSPHQW�LV�EDVHG�RQ�WKH�QRWLRQ�WKDW�RQH�FDQ�FRUUHFWO\�VSHFLI\�D�V\VWHP�D�SULRUL���6XFK�D�VSHFLILFDWLRQ�PXVW�
LQFOXGH� DOO� LQSXW� GDWD� VHWV�� ZKLFK� LV� LPSRVVLEOH�� LQ� JHQHUDO�� IRU� HPEHGGHG� VHQVRULPRWRU� DSSOLFDWLRQV�� � 6HOI�DGDSWLYH�
VRIWZDUH��KRZHYHU��PRGLILHV�LWV�EHKDYLRU�EDVHG�RQ�REVHUYHG�SURJUHVV�WRZDUG�JRDOV�DV�WKH�V\VWHP�VWDWH�HYROYHV�DW�UXQ�
WLPH>�@��&XUUHQW�UHVHDUFK� LQ�VHOI�DGDSWLYH�VRIWZDUH�GUDZV�IURP�WZR� WUDGLWLRQV��QDPHO\�FRQWURO� WKHRUHWLF�DQG�SODQQLQJ��
7KH�FRQWURO� WKHRUHWLF�DSSURDFK�WR�VHOI�DGDSWLYH�VRIWZDUH� WUHDWV�VRIWZDUH�DV�D�SODQW�ZLWK�DVVRFLDWHG�FRQWUROODELOLW\�DQG�
REVHUYDELOLW\� LVVXHV>�@��7LPH�FULWLFDO� DSSOLFDWLRQV� UHTXLUH� WKH� DELOLW\� WR� DFW� TXLFNO\�ZLWKRXW� VSHQGLQJ� ODUJH� DPRXQWV�RI�
WLPH� RQ� GHOLEHUDWLRQ�� 6XFK� UHIOH[LYH� EHKDYLRU� LV� WKH� GRPDLQ� RI� WKH� FRQWURO� WKHRUHWLF� WUDGLWLRQ�� � 'UDZLQJ� IURP� WKH�
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SODQQLQJ� FRPPXQLW\�� D� JHQHULF� VRIWZDUH� LQIUDVWUXFWXUH� IRU� DGDSWLYH� IDXOW�WROHUDQFH� WKDW� DOORZV� GLIIHUHQW� OHYHOV� RI�
DYDLODELOLW\�UHTXLUHPHQWV�WR�EH�VLPXOWDQHRXVO\�VXSSRUWHG�LQ�D�QHWZRUNHG�HQYLURQPHQW�KDV�EHHQ�SUHVHQWHG�LQ�>�@���,Q�>�@��
D�GLVWULEXWHG�FRQWURO�DUFKLWHFWXUH�LQ�ZKLFK�UXQ�WLPH�EHKDYLRU�LV�ERWK�SUH�DQDO\]HG�DQG�UHFRYHUHG�HPSLULFDOO\�WR�LQIRUP�
ORFDO� VFKHGXOLQJ� DJHQWV� WKDW� FRPPLW� UHVRXUFHV� DXWRQRPRXVO\� VXEMHFW� WR� SURFHVV� FRQWURO� VSHFLILFDWLRQV� KDV� EHHQ�
SUHVHQWHG��
���� $UFKLWHFWXUH�RYHUYLHZ�

7KH� SURSRVHG� GLVWULEXWHG� YLVLRQ� V\VWHP� KDV� WKUHH� OHYHOV� RI� KLHUDUFK\� ²� VHQVRU� QRGHV� �6�«61��� UHVRXUFH� PDQDJHUV�
�50�«50.���DQG�XVHU�DJHQWV� �8$�«8$0���DV�VKRZQ�LQ�)LJXUH����7KH�ORZHVW� OHYHO�FRQVLVWV�RI� LQGLYLGXDO�VHQVRUV� OLNH�
RPQL�GLUHFWLRQDO�FDPHUDV�DQG�SDQ�WLOW�]RRP�FDPHUDV��ZKLFK�SHUIRUP�KXPDQ�DQG�IDFH�GHWHFWLRQ�XVLQJ�PRWLRQ��FRORU�DQG�
WH[WXUH� FXHV�� RQ� WKHLU� GDWD� VWUHDPV� LQGHSHQGHQWO\� LQ� �QHDU�� UHDO�WLPH�� (DFK� VHQVRU� UHSRUWV� LWV� WLPH�VWDPSHG� REMHFW�
FDQGLGDWHV��EHDULQJ��VL]HV��PRWLRQ�FXHV��WR�RQH�RU�PRUH�UHVRXUFH�PDQDJHUV�DW�WKH�QH[W�OHYHO���$�UHVRXUFH�PDQDJHU�DFWV�DV�D�
SUR[\�E\�PDNLQJ� WKHVH�REMHFW�FDQGLGDWHV�DYDLODEOH� WR� WKH�XVHU�DJHQWV�DW� WKH� WRSPRVW� OHYHO�� �7KXV� WKH�UHVRXUFH�PDQDJHU�
FRXOG�VHUYH�PDQ\�XVHU�DJHQWV�VLPXOWDQHRXVO\��IUHHLQJ�WKH�VHQVRUV�WR�GR�GHGLFDWHG�IHDWXUH�GHWHFWLRQ�DQG�H[WUDFWLRQ�RQO\���
7KH� XVHU� DJHQW�� LQ� RXU� DSSOLFDWLRQ�� PDWFKHV� WKH� WLPH�VWDPSHG� REMHFW� FDQGLGDWHV� IURP� WKH� PRVW� IDYRUDEOH� VHQVRUV��
HVWLPDWHV��'�ORFDWLRQV�DQG�H[WUDFWV�WUDFNV�RI�PRYLQJ�REMHFWV�LQ�WKH�HQYLURQPHQW��7KHUH�FRXOG�EH�RWKHU�XVHU�DJHQWV�WKDW�
XVH�WKH�VDPH�RU�GLIIHUHQW�VHQVRU�LQIRUPDWLRQ�EXW�ZLWK�D�GLIIHUHQW�WDVN�VSHFLILFDWLRQ�DV�ZHOO��
$OO�WKH�FRPSRQHQWV�RI�WKH�V\VWHP�FRPPXQLFDWH�XVLQJ�WKH�(WKHUQHW�/$1��7KXV�1HWZRUN�7LPH�3URWRFRO��173��LV�XVHG�
WR� V\QFKURQL]H� WKH� ORFDO� FORFNV�RI� WKH�QRGHV�DIWHU� MXVWLI\LQJ� WKDW� WKH� V\QFKURQL]DWLRQ� UHVROXWLRQ�SURYLGHG�E\�173� LV�
VXIILFLHQW�IRU�RXU�WDVN���)RU�IXUWKHU�GHWDLOV�LQ�LPSOHPHQWDWLRQ�DQG�DSSOLFDWLRQV�RI�173��WKH�UHDGHU�LV�UHIHUUHG�WR�>��@�	�
>��@��
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UA  : User Agent 

RM : Resource Manager 

S : Sensor Node 

UA 2 
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)LJXUH���6\VWHP�$UFKLWHFWXUH�
�� 6HQVRU�1RGHV�

7KH�W\SLFDO�IORZ�RI�LQIRUPDWLRQ�DW�D�VHQVRU�QRGH�LV�VKRZQ�LQ�)LJXUH�����7KH�ORZHVW�OHYHO�LV�WKH�VHQVRU�OD\HU���$�VHQVRU�
QRGH�FRQVLVWV�RI�D�SK\VLFDO�VHQVRU�DQG�D�SURFHVVRU���,Q�JHQHUDO��WKH�VHQVRU�QRGH�FRXOG�DOVR�KDYH�PRWRU�FDSDELOLWLHV��IRU�
H[DPSOH��D�FDPHUD�WKDW�FRXOG�SDQ�RU�D�FDPHUD�WKDW�LV�PRXQWHG�RQ�D�URERW���7KH�SURFHVVRU�FRXOG�EH�D�GHVNWRS�FRPSXWHU�
RU�D�VLPSOH�HPEHGGHG�SURFHVVRU�GHSHQGLQJ�RI�WKH�FRPSXWDWLRQDO�QHHGV�RI�VHQVRUV���)RU�H[DPSOH��D���+&���SURFHVVRU�
LV�VXIILFLHQW�IRU�D�VLPSOH�S\UR�HOHFWULF�VHQVRU��ZKLFK�GHWHFWV�WHPSHUDWXUH�FKDQJHV��%XW�D�SRZHUIXO�GHVNWRS�FRPSXWHU�LV�
QHHGHG�IRU�UXQQLQJ�DOJRULWKPV�IRU�PRWLRQ�GHWHFWLRQ�XVLQJ�YLVLRQ�VHQVRUV�LQ�UHDO�WLPH��,Q�DQ\�FDVH��WKH�QRGHV�VKRXOG�EH�
DEOH�WR�FRQQHFW�WR�D�/RFDO�$UHD�1HWZRUN��/$1����7KLV�HQDEOHV�WKHP�WR�FRPPXQLFDWH�ZLWK�WKH�OD\HU�LPPHGLDWHO\�DERYH�
LQ�KLHUDUFK\��7ZR�VXFK�YLVLRQ�VHQVRU�QRGHV�XVHG�LQ�RXU�KXPDQ�WUDFNLQJ�V\VWHP�ZLOO�EH�GLVFXVVHG�LQ�6HFWLRQ����
$W� WKH� VHQVRU� OHYHO�� WKH� SK\VLFDO� VHQVRU� SHUFHLYHV� WKH� HQYLURQPHQW�� W\SLFDOO\� ZLWKLQ� D� FHUWDLQ� IUHTXHQF\� VSHFWUXP�RI�
HOHFWURPDJQHWLF�ZDYHV���7KH�UDZ�GDWD�LV�WKHQ��GLJLWL]HG�E\�WKH�GHYLFH�GULYHUV�RI�WKH�VHQVRU���7KH�GLJLWL]HG�GDWD�LV�SUH�
SURFHVVHG�WR�JHW�ULG�RI�UDQGRP�DQG�V\VWHPLF�QRLVH��LI�WKH�QRLVH�PRGHOV�DUH�DYDLODEOH����7KH�QRLVH�IUHH�GDWD�LV�WKHQ�XVHG�
WR� H[WUDFW� XVHIXO� IHDWXUHV� RI� LQWHUHVW�� 7KH� IHDWXUHV� WKXV� H[WUDFWHG� DUH� VWUHDPHG� RXW� WR� WKH� UHVRXUFH�PDQDJHU� YLD� WKH�
5HVRXUFH�0DQDJHU�,QWHUIDFH��50�,QWHUIDFH���VKRZQ�LQ�)LJXUH�����:KHQ�D�VHQVRU�FRPHV�RQOLQH��LWV�50�,QWHUIDFH�UHSRUWV�
WR�D�UHVRXUFH�PDQDJHU��WKH�VHQVRU·V�XQLTXH�,'�IROORZHG�E\�LWV�ORFDWLRQ�DQG�JHRPHWU\�LQ�D�JOREDO�UHIHUHQFH�IUDPH���2Q�
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UHFHLYLQJ�D�FRQILUPDWLRQ�IURP�WKH�50��LW�DFWLYDWHV�WKH�VHQVRU·V�SURFHVVLQJ�ORRS��ZKLFK�GRHV�WKH�PRWLRQ�GHWHFWLRQ�DQG�
SHULRGLFDOO\�UHSRUWV�WKH�IHDWXUH���7KH�50�,QWHUIDFH�LV�FDSDEOH�RI�UHFHLYLQJ�FRPPDQGV�IURP�WKH�UHVRXUFH�PDQDJHU���6RPH�
FRPPDQGV�DUH�JHQHUDO� OLNH�SDXVLQJ�RSHUDWLRQ�RU�FKDQJLQJ� WKH�UHSRUWLQJ�UDWH��2WKHUV�DUH�VSHFLILF� WR� WKH�UHVRXUFH� OLNH�
PRWLRQ�FRPPDQGV�WR�D�37=�SODWIRUP�RU�D�PRELOH�URERW��
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)LJXUH���6HQVRU�1RGH�
�� 5HVRXUFH�0DQDJHU�

$� UHVRXUFH� PDQDJHU� VWUXFWXUH� LV� VKRZQ� LQ� )LJXUH� ��� � 7KH� UHVRXUFH� PDQDJHU� �50�� LV� WKH� YLD�PHGLXP� EHWZHHQ� WKH�
SURGXFHUV�RI�LQIRUPDWLRQ��WKH�VHQVRU�QRGHV��DQG�WKHLU�FRQVXPHUV��WKH�XVHU�DJHQWV����7KH�UHVRXUFH�PDQDJHU�NHHSV�WUDFN�
RI�WKH�FXUUHQWO\�DYDLODEOH�VHQVRUV�DQG�UHSRUWV�WKHLU�VWDWXV�WR�WKH�XVHU�DJHQW�SHULRGLFDOO\���7KH�XVHU�DJHQW�FKRRVHV�WKH�EHVW�
VHQVRU�VXEVHW�IURP�WKH�DYDLODEOH�SRRO�WR�DFFRPSOLVK�LWV�JRDOV���7KH�UHVRXUFH�PDQDJHU��WKHUHIRUH��DFWV�DV�D�SUR[\�EHWZHHQ�
WKH� VHQVRUV� DQG� XVHU� DJHQWV�� 7KXV� WKH� UHVRXUFH� PDQDJHU� FRXOG� VHUYH� PDQ\� XVHU� DJHQWV� VLPXOWDQHRXVO\�� IUHHLQJ� WKH�
VHQVRUV�WR�GR�GHGLFDWHG�IHDWXUH�GHWHFWLRQ�DQG�H[WUDFWLRQ�RQO\���7KLV�ZD\�WKH�VHQVRUV�DUH�QRW�FRPPLWWHG�WR�D�VLQJOH�DJHQW��
EXW�FRXOG�EH�VKDUHG�DPRQJ�PDQ\�DJHQWV��+RZHYHU��WKH�PRWRU�IXQFWLRQV�RI�D�QRGH�FDQQRW�EH�VKDUHG�EHFDXVH�WKH\�FDXVH�
FRQIOLFWV�ZKHQ�PRUH�WKDQ�RQH�DJHQW�DWWHPSWV�WR�SHUIRUP�D�PRWRU�WDVN�RQ�WKH�VDPH�VHQVRU�QRGH���6R��D�ORFN�PDQDJHU�
PDQDJHV� WKH� PRWRU� IXQFWLRQV� RI� D� QRGH�� 7KHUH� LV� DOVR� WKH� IDFLOLW\� RI� PDLQWDLQLQJ� PXOWLSOH� UHVRXUFH� PDQDJHUV�
VLPXOWDQHRXVO\��VHH�)LJXUH������7KLV�LPSURYHV�IDXOW�WROHUDQFH�LQ�WKH�HYHQW�RI�IDLOXUH�RI�D�SDUWLFXODU�UHVRXUFH�PDQDJHU�DQG�
LPSURYHV�SHUIRUPDQFH�LQ�UHGXFLQJ�ORDG�SHU�UHVRXUFH�PDQDJHU��
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���� 0XOWL�WKUHDGHG�GDWD�EXIIHU�

(DFK�PRYLQJ� REMHFW� KDV� FHUWDLQ� GLVWLQJXLVKLQJ� IHDWXUHV� OLNH� GLUHFWLRQ� ZLWK� UHVSHFW� WR� WKH� FDPHUD�� VL]H� DQG� DYHUDJH�
LQWHQVLW\�RI�WKH�REMHFW�LQ�WKH�LPDJH��7KHVH�IHDWXUHV�FDQ�EH�XVHG�WR�PDWFK�WKH�REMHFWV�DFURVV�WZR�FDPHUDV�DQG�WKHUHE\�
GHWHUPLQH� WKHLU���'�ORFDWLRQ��,Q�WKH�50�� WKH�0XOWL�WKUHDGHG�'DWD�%XIIHU��0'%��FROOHFWV�WKHVH�WLPH�VWDPSHG�IHDWXUH�
VHWV�IURP�GLIIHUHQW�VHQVRUV�DQG�EXIIHUV�WKHP����
:KHQ�WKH�50�,QWHUIDFH�RI�D�VHQVRU�EHJLQV�WKH�UHJLVWUDWLRQ�SURFHVV�E\�VHQGLQJ�LWV�XQLTXH�VHQVRU�,'��WKH�0'%�FKHFNV�
IRU�WKH�YDOLGLW\�RI�WKH�,'��L�H��LI�LW�LV�D�WUXVWHG�DQG�NQRZQ�VHQVRU����7KLV�VLPSOH�VHFXULW\�FKHFN�SUHYHQWV�WKH�0'%�IURP�
EHLQJ�IORRGHG�E\�XQVFUXSXORXV�UHTXHVWV�IRU�VHUYLFH���$IWHU�YDOLGDWLRQ��D�WKUHDG�LV�VSDZQHG�WR�VHUYH�WKDW�SDUWLFXODU�W\SH�RI�
VHQVRU���7KH�EXIIHULQJ�SURFHVV�WKDW�LV�FUXFLDO�IRU�V\QFKURQL]DWLRQ�RI�GDWD�IURP�GLIIHUHQW�VHQVRUV�LV�GLVFXVVHG�LQ�6HFWLRQ����
���� 8VHU�DJHQW�SUR[\�
8VHU�$JHQW�3UR[\��8$�SUR[\��LV�WKH�HQG�SRLQW�LQ�WKH�50��ZKLFK�VHUYHV�WKH�XVHU�DJHQWV���6LPLODU�WR�0'%��8$�SUR[\�
UHJLVWHUV�DQG�YDOLGDWHV�D�XVHU�DJHQW�DQG�D�WKUHDG�LV�VSDZQHG�WR�EHJLQ�WKH�LQIRUPDWLRQ�H[FKDQJH�ZLWK�WKH�XVHU�DJHQW���8$�
SUR[\�SURYLGHV�WKH�XVHU�DJHQWV�ZLWK�WKH�OLVW�RI�FXUUHQWO\�DYDLODEOH�VHQVRUV���'HSHQGLQJ�RQ�D�XVHU�DJHQW·V�FKRLFH�IURP�WKLV�
OLVW�� WKH�8$�SUR[\�GHOLYHUV� WKH�FRUUHVSRQGLQJ� VHQVRU�SDUDPHWHUV�DQG� WKHLU� WLPH� V\QFKURQL]HG� IHDWXUH�VHWV� WR� WKH�XVHU�
DJHQW�� ,Q�)LJXUH���� WKH� VROLG� OLQHV�EHWZHHQ�WKH�8$�SUR[LHV�DQG�WKH�GDWD�EXIIHUV� LQ�0'%�LQGLFDWH� WKH�UHVSHFWLYH�XVHU�
DJHQW·V�FKRLFH�RI�VHQVRUV����
7KH�VWDWHV�RI�VHQVRUV�DUH�SXVKHG�WR�WKH�XVHU�DJHQWV�ZKHQ�RQH�RI�WKH�IROORZLQJ�RFFXUV�
x� $�QHZ�VHQVRU�KDV�UHJLVWHUHG�RU��
x� $�VHQVRU�KDV�IDLOHG��
'HSHQGLQJ�RQ�WKLV�LQIRUPDWLRQ��WKH�8VHU�$JHQW�PRGLILHV�LWV�FKRLFH�VHW�DQG�LQIRUPV�WKH�8$�3UR[\�ZKLFK�WKHQ�UHVSRQGV�
DFFRUGLQJO\��
�� 8VHU�$JHQWV�

8VHU�$JHQWV�DUH�SURFHVVHV�WKDW�DFKLHYH�D�VSHFLILF�JRDO�E\�XVLQJ�PXOWLSOH�VHQVRULPRWRU�UHVRXUFHV���:KHQ�WKH\�JR�DERXW�
GRLQJ�WKLV��WKH�DYDLODELOLW\�RI�WKH�UHTXLUHG�UHVRXUFHV�LV�QRW�DOZD\V�JXDUDQWHHG���(YHQ�LI�DOO�WKH�UHVRXUFHV�DUH�DYDLODEOH��WKH�
HQYLURQPHQWDO� FRQWH[W� PD\� SUHYHQW� WKHP� IURP� UHDFKLQJ� WKH� JRDO�� � 7KLV� PD\� UHTXLUH� VRPH� DFWLRQ� LQ� WKH� IRUP� RI�
UHGHSOR\PHQW� RI� VHQVRUV� WR� KDQGOH� WKH� QHZ� FRQWH[W�� � 8VHU� DJHQWV� DUH� WKXV� DGDSWLYH� WR� KDUGZDUH�� VRIWZDUH� DQG�
HQYLURQPHQWDO�FRQWH[WV�� �$�VWUDLJKWIRUZDUG�ZD\�WR�UHDOL]H�D�XVHU�DJHQW�LV�WR�LGHQWLI\�XVHIXO�V\VWHP�FRQILJXUDWLRQV�DQG�
DVVLJQ�D�EHKDYLRU�WR�HDFK�FRQILJXUDWLRQ���6LQFH�WKH�FRPELQDWRULFV�RI�WKLV�SURFHGXUH�LV�SURKLELWLYH�ZKHQ�WKHUH�DUH�D�ODUJH�
QXPEHU�RI�VHQVRUV��DQ�LQGXFWLYH�PHWKRG�FRXOG�EH�XVHG���,Q�WKLV�PHWKRG��WKH�V\VWHP�FRXOG�OHDUQ�IURP�SDVW�EHKDYLRU�DQG�
LGHQWLI\�XVHIXO�V\VWHP�FRQILJXUDWLRQV�E\�LWVHOI���$QRWKHU�ZD\�WR�KDQGOH�WKH�FRPELQDWRULFV�LV�WR�PDNH�WKH�XVHU�DJHQW�VHPL�
DXWRQRPRXV���$�VHPL�DXWRQRPRXV�XVHU�DJHQW�FDQ�LQWHUDFW�ZLWK�D�KXPDQ�ZKR�FDQ�PDNH�GHFLVLRQV���:KLOH�DFWLQJ�XQGHU�
JXLGDQFH�� WKH� DJHQW� FDQ� OHDUQ� DQG� LQFUHDVH� LWV� FRQILGHQFH� LQ� KDQGOLQJ� FHUWDLQ� VLWXDWLRQV�� �:KHQ� LW� HQFRXQWHUV� VLPLODU�
VLWXDWLRQV�LQ�WKH�IXWXUH�LW�FDQ�DXWRQRPRXVO\�DFW�ZLWKRXW�JXLGDQFH��$Q�H[DPSOH�RI�XVHU�DJHQW�XVHG�LQ�RXU�V\VWHP�ZLOO�EH�
JLYHQ�LQ�6HFWLRQ�����
�� 7LPH�6\QFKURQL]DWLRQ�PHFKDQLVP�

7KH�5HVRXUFH�0DQDJHU�SOD\V�D�YLWDO�UROH�LQ�PDNLQJ�WKH�VHQVRUV�DYDLODEOH�WR�WKH�XVHU�DJHQWV�LQ�D�WLPHO\�DQG�IDXOW�WROHUDQW�
IDVKLRQ���,Q�WKLV�VHFWLRQ�ZH�GLVFXVV�KRZ�WKH�IHDWXUHV�IURP�PXOWLSOH�VHQVRUV�DUH�V\QFKURQL]HG�LQ�WLPH���$�VLPSOH�ZD\�WR�
VROYH�WKLV�ZRXOG�EH�WR�V\QFKURQL]H�DOO�WKH�FDPHUDV�XVLQJ�DQ�HOHFWURQLF�WULJJHU�VLJQDO���+RZHYHU��WKLV�KDUGZDUH�VROXWLRQ�LV�
QRW� JHQHUDO� HQRXJK� WR� KDQGOH� KHWHURJHQHRXV� VHQVRUV� DQG�PRELOH� VHQVRUV�� ZKLFK� DUH� DQ� LQHYLWDEOH� SDUW� RI� D� VPDUW�
HQYLURQPHQW�� � (YHQ� LQ� WKH� FDVH� RI� DQ� DOO� FDPHUD� QHWZRUN�� VXFK� V\QFKURQL]DWLRQ� FRXOG� SURYH� WR� EH� GLIILFXOW� DQG�
H[SHQVLYH��HVSHFLDOO\�ZKHQ�WKHUH�DUH�PDQ\�FDPHUDV�VFDWWHUHG�RYHU�D�ZLGH�DUHD���:LWK�WKH�REMHFWLYH�RI�SURYLGLQJ�D�VLPSOH��
LQH[SHQVLYH�\HW�JHQHUDO�VROXWLRQ��ZH�SURSRVH�D�VRIWZDUH�VROXWLRQ�H[SORLWLQJ�WKH�H[LVWLQJ�WLPH�V\QFKURQL]DWLRQ�SURWRFRO�
�173��UXQQLQJ�LQ�WRGD\·V�FRPSXWHU�QHWZRUNV��



���

2QFH�WKH�FRPSXWHU�QRGHV�DUH�V\QFKURQL]HG�E\�173��WKH�VHQVRUV�DWWDFKHG�WR�WKHP�FRXOG�ZRUN�LQGHSHQGHQWO\�DQG�WLPH�
VWDPS�WKHLU�GDWDVHW�EDVHG�RQ�WKHLU�ORFDO�FORFNV���7KHVH�GDWDVHWV�DUH�EXIIHUHG�DW�WKH�PXOWL�WKUHDGHG�GDWD�EXIIHU��0'%��LQ�
WKH�UHVRXUFH�PDQDJHU���:KHQ�D�UHSRUW�KDV�WR�EH�VHQW�WR�D�8$��LWV�8$�SUR[\�LQ�WKH�UHVRXUFH�PDQDJHU�TXHULHV�WKH�0'%�
IRU�WKH�FXUUHQW�GDWD�IURP�WKH�XVHU�DJHQW·V�VHQVRU�VHW���7KH�TXHU\�LV�SDUDPHWHUL]HG�E\�WKH�FXUUHQW�WLPH���(DFK�VHQVRU·V�
IHDWXUH�VHW�WKDW�LV�FORVHVW�LQ�WLPH�PD\�EH�UHWXUQHG���7KLV�PHWKRG�ZRUNV�ZKHQ�GLIIHUHQW�VHQVRUV�SURFHVV�DW�DSSUR[LPDWHO\�
WKH�VDPH�UDWH���+RZHYHU��LI�WKHLU�SURFHVVLQJ�UDWHV�GLIIHU�E\�D�ZLGH�PDUJLQ��WKLV�SURFHGXUH�FRXOG�OHDG�WR�HUURUV����
/HW·V�GHPRQVWUDWH�WKLV�E\�D�VLPSOH�H[DPSOH���6XSSRVH��WZR�SDQRUDPLF�VHQVRUV�3$12B��DQG�3$12B��DUH�UHJLVWHUHG�LQ�
WKH�50�DQG�WKH\�UHSRUW�WKHLU�EHDULQJV�WR�D�VLQJOH�PRYLQJ�REMHFW�LQ�WKH�VFHQH�DW�GLIIHUHQW�UDWHV�DV�VKRZQ�LQ�)LJXUH�����,I�
8$�SUR[\�ZHUH� WR� SXVK� WKH� ODWHVW� UHSRUWHG� IHDWXUH� VHWV� IURP� WKH� VHQVRUV� WR� WKH�8$�� WKH� UHVXOW� RI� IXVLRQ�ZRXOG� EH�
LQDFFXUDWH��DV�VKRZQ�LQ�)LJXUH����EHFDXVH�RI�WLPLQJ�GLVFUHSDQF\�EHWZHHQ�WKH�WZR�VHWV���7KH�ZKLWH�FLUFOHV�VKRZ�WKH�UHDO�
SRVLWLRQV�RI�WKH�PRYLQJ�REMHFW�DORQJ�WKH�WUDFN��7KH�GDUN�FLUFOHV�VKRZ�WKH�HUURU�LQ�WULDQJXODWLRQ�FDXVHG�GXH�WR�PDWFKLQJ�
GDWDVHWV�QRW�V\QFKURQL]HG�LQ�WLPH��
6R� LQ� VXFK� VLWXDWLRQV�� XVLQJ� VXLWDEOH� LQWHUSRODWLRQ� WHFKQLTXHV� �SRO\QRPLDOV� RU� VSOLQHV��� WKH� IHDWXUH� VHWV� PXVW� EH�
LQWHUSRODWHG� LQ� WLPH�� �0'%� LV� FDSDEOH� RI� LQWHUSRODWLQJ� WKH� GDWD� EXIIHU� WR� UHWXUQ� WKH� IHDWXUH� VHW� YDOXHV� IRU� WKH� WLPH�
UHTXHVWHG�E\�WKH�8$�SUR[\��VHH�)LJXUH������7KLV�HQVXUHV�WKH�IHDWXUH�VHWV�EHLQJ�XVHG�WR�IXVH�DUH�FORVH�LQ�WLPH���+RZHYHU��
LW� VKRXOG� EH� QRWHG� WKDW� IRU� GRLQJ� WKH� LQWHUSRODWLRQ�� ZH� QHHG� WR� DVVXPH� WKDW� D� OLQHDU� RU� VSOLQH� LQWHUSRODWLRQ� ZLOO�
DSSUR[LPDWH�WKH�PRWLRQ�RI�D�KXPDQ�VXEMHFW�EHWZHHQ�WZR�WLPH�LQVWDQWV��W��DQG�W����,Q�D�W\SLFDO�ZDON�RI�D�KXPDQ�VXEMHFW��
WKH�PRWLRQ�WUDFN�FDQ�EH�DSSUR[LPDWHG�WR�EH�SLHFHZLVH�OLQHDU��VR�WKH�EHDULQJ�UHTXHVWHG�IRU�WLPH�W�LQ�3$12B��FDQ�EH�
FDOFXODWHG�DV�

11

21

21 )( TTTT ���
� tt

tt

�

�

ZKHUH�T��DQG�T��DUH�EHDULQJV�PHDVXUHG�LQ�3$12B��DW�WLPH�W��DQG�W��UHVSHFWLYHO\���7KH�WLPH�W�XVHG�LQ�WKH�DERYH�HTXDWLRQ�
LV� WKH� WLPH� IRU� ZKLFK� D� PHDVXUHPHQW� RI� EHDULQJ�� M�� LV� DYDLODEOH� IURP� 3$12B��� � :H� FDQ� VHH� WKDW� WKH� UHVXOW� RI�
WULDQJXODWLRQ�XVLQJ�EHDULQJV�T� (in PANO-1) DQG�M�(in PANO-2)��UHSUHVHQWHG�E\�D�JUD\�FLUFOH�LQ�)LJXUH����KDV�UHGXFHG�
WKH�HUURU�FRQVLGHUDEO\��5HDO�VFHQH�H[DPSOHV�ZLOO�EH�JLYHQ�LQ�6HFWLRQ����
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Track 

),( 11 tT  

),( 22 tT  
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)LJXUH���,OOXVWUDWLRQ�RI�HUURUV�GXH�WR�ODFN�RI�V\QFKURQL]HG�PDWFKLQJ�DFURVV�WZR�VHQVRUV�
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User Agent Proxy  Clock 

Data Buffer 1 

Data Buffer 2 

Interpolate 

Interpolate 

�

)LJXUH���,QWHUDFWLRQV�EHWZHHQ�8VHU�$JHQW�3UR[\�DQG�'DWD�%XIIHU�
7KLV�DOJRULWKP�ZLOO�ZRUN�SURYLGHG�DOO�WKH�GLIIHUHQW�OD\HUV�LQ�WKH�KLHUDUFK\�KDYH�D�JOREDO�QRWLRQ�RI�WLPH���8VLQJ�1HWZRUN�
7LPH�3URWRFRO��173��FRXOG�DFKLHYH�WLPH�V\QFKURQL]DWLRQ�UHVROXWLRQ�RI�WKH�RUGHU�RI��PV�DPRQJ�WKH�QRGHV�RI�D�/RFDO�
$UHD�1HWZRUN��/$1����,I�WKH�IDVWHVW�VHQVRU�LQ�WKH�V\VWHP�ZRXOG�WDNH�DW�OHDVW�WZLFH�WKLV�WLPH��HYHU\���PV��WR�SURGXFH�D�
UHSRUW��WKHQ�WKLV�UHVROXWLRQ�LV�DFFHSWDEOH���7\SLFDOO\�WKLV�LV�YDOLG�EHFDXVH�FDPHUDV�KDYH�D�IUDPH�UDWH�RI���+]�ZLWK�DGGHG�
RYHUORDG�LQ�SURFHVVLQJ��L�H��D�UHSRUW�DW�HYHU\���PV�DW�PRVW����
�� 9LVLRQ�6HQVRU�1RGHV�
���� 3DQRUDPLF�FDPHUD�QRGHV�
(IIHFWLYH�FRPELQDWLRQV�RI�WUDQVGXFWLRQ�DQG�LPDJH�SURFHVVLQJ�LV�HVVHQWLDO�IRU�RSHUDWLQJ�LQ�DQ�XQSUHGLFWDEOH�HQYLURQPHQW�
DQG� WR� UDSLGO\� IRFXV� DWWHQWLRQ�RQ� LPSRUWDQW� DFWLYLWLHV� LQ� WKH� HQYLURQPHQW�� �$� OLPLWHG� ILHOG�RI�YLHZ� �DV�ZLWK� VWDQGDUG�
RSWLFV��RIWHQ�FDXVHV�WKH�FDPHUD�UHVRXUFH�WR�EH�EORFNHG�ZKHQ�PXOWLSOH�WDUJHWV�DUH�QRW�FORVH�WRJHWKHU�DQG�SDQQLQJ�WKH�
FDPHUD�WR�PXOWLSOH�WDUJHWV�WDNHV�WLPH��:H�HPSOR\�D�FDPHUD�ZLWK�D�SDQRUDPLF�OHQV�>�@�WR�VLPXOWDQHRXVO\�GHWHFW�DQG�WUDFN�
PXOWLSOH�PRYLQJ�REMHFWV�LQ�D�IXOO�����GHJUHH�YLHZ��

�
)LJXUH���0RWLRQ�GHWHFWLRQ�LQ�D�SDQRUDPLF�FDPHUD�

�
)LJXUH���+XPDQ�WUDFNLQJ�LQ�D�SDQRUDPLF�FDPHUD�

)LJXUH���DQG�)LJXUH���GHSLFW�WKH�SURFHVVLQJ�VWHSV� LQYROYHG�LQ�GHWHFWLQJ�DQG�WUDFNLQJ�PXOWLSOH�PRYLQJ�KXPDQV�� �)RXU�
PRYLQJ� REMHFWV� �SHRSOH�� ZHUH� GHWHFWHG� LQ� UHDO�WLPH� ZKLOH� PRYLQJ� LQ� WKH� VFHQH� LQ� DQ� XQFRQVWUDLQHG� PDQQHU�� $�
EDFNJURXQG�LPDJH� LV�JHQHUDWHG�DXWRPDWLFDOO\�E\� WUDFNLQJ�G\QDPLF�REMHFWV�WKRXJK�WKH�EDFNJURXQG�PRGHO�GHSHQGV�RQ�
WKH�QXPEHU�RI�PRYLQJ�REMHFWV�LQ�WKH�VFHQH�DQG�WKHLU�PRWLRQ���(DFK�RI�WKH�IRXU�SHRSOH�ZHUH�H[WUDFWHG�IURP�WKH�FRPSOH[�
FOXWWHUHG�EDFNJURXQG�DQG�DQQRWDWHG�ZLWK�D�ERXQGLQJ�UHFWDQJOH��D�GLUHFWLRQ��DQG�DQ�HVWLPDWHG�GLVWDQFH�EDVHG�RQ�VFDOH�
IURP�WKH�VHQVRU��7KH�V\VWHP�WUDFNV�HDFK�REMHFW�WKURXJK�WKH�LPDJH�VHTXHQFH�DV�VKRZQ�LQ�)LJXUH����HYHQ�LQ�WKH�SUHVHQFH�
RI�RYHUODS�DQG�RFFOXVLRQ�EHWZHHQ�WZR�SHRSOH��7KH�G\QDPLF�WUDFN�LV�UHSUHVHQWHG�DV�DQ�HOOLSWLFDO�KHDG�DQG�ERG\�IRU�WKH�



���

ODVW����IUDPHV�RI�HDFK�REMHFW���7KH�KXPDQ�VXEMHFWV�UHYHUVHG�GLUHFWLRQV�DQG�RFFOXGHG�RQH�DQRWKHU�GXULQJ�WKLV�VHTXHQFH���
7KH� YLVLRQ� DOJRULWKPV� FDQ� GHWHFW� FKDQJH� LQ� WKH� HQYLURQPHQW�� LOOXPLQDWLRQ�� DQG� VHQVRU� IDLOXUH�� ZKLOH� UHIUHVKLQJ� WKH�
EDFNJURXQG�DFFRUGLQJO\��7KH�GHWHFWLRQ�UDWH�RI�WKH�FXUUHQW�LPSOHPHQWDWLRQ�IRU�WUDFNLQJ�WZR�REMHFWV�LV�DERXW��+]���
���� 3DQ�7LOW�=RRP�FDPHUD�QRGHV�
7KH�37=�FDPHUDV�DUH�DQRWKHU� W\SH�RI�VHQVRUV�XVHG� LQ�RXU�V\VWHP�� �$�37=�FDPHUD�FDQ�IXQFWLRQ� LQ� WZR�PRGHV�²����
PRWLRQ�GHWHFWLRQ��	����WDUJHW�WUDFNLQJ���,Q�PRGH����WKH�FDPHUD�UHPDLQV�VWLOO�DQG�IXQFWLRQV�LQ�H[DFWO\�WKH�VDPH�ZD\�DV�D�
SDQRUDPLF�FDPHUD��H[FHSW�WKDW�QRZ�LW�KDV�D�QDUURZ�ILHOG�RI�YLHZ�ZLWK�KLJK�UHVROXWLRQ��7KRXJK�WKH�DUHD�FRYHUHG�LV�YHU\�
OLPLWHG�GXH�WR�QDUURZ�ILHOG�RI�YLHZ��LW�LV�EHWWHU�WKDQ�SDQRUDPLF�FDPHUD�IRU�IDFH�GHWHFWLRQ���,Q�PRGH����WKH�FDPHUD�JHWV�
LQIRUPDWLRQ� DERXW� D� PRYLQJ� WDUJHW� IURP� WKH� KLJKHU� OHYHO� DQG� WULHV� WR� SXUVXH� WKH� WDUJHW�� � ,Q� WKLV� PRGH�� LW� FRXOG�
FRQWLQXRXVO\�UHFHLYH�LQIRUPDWLRQ�IURP�WKH�KLJKHU�OHYHO�IRU�WDUJHW�ORFDWLRQ��RU�LW�FRXOG�WDNH�RYHU�WUDFNLQJ�LWVHOI��VHH�)LJXUH�
���� �:KHQHYHU� D� IDFH� LV� GHWHFWHG� LQ� LWV� ILHOG� RI� YLHZ�� LW� FRXOG� ]RRP� LQ� DQG� VQDS� D� IDFH� VKRW� RI� WKH�PRYLQJ� SHUVRQ�
LPPHGLDWHO\��

�

)LJXUH���,OOXVWUDWLRQ�RI�XVLQJ�IORZ�WR�WUDFN�PRYLQJ�REMHFW�LQ�D�37=�FDPHUD�QRGH�
�� ([SHULPHQWDO�5HVXOWV�

�

)LJXUH� ��/D\RXW� RI� WKH� VPDUW� URRP� VKRZLQJ� WKH�SRVLWLRQV�RI� YDULRXV� VHQVRU�QRGHV��(DFK�JULG� LV� RI� VL]H� ��FP�E\�
��FP��

,Q�WKLV�VHFWLRQ��WKH�LPSOHPHQWDWLRQ�RI�WKH�V\VWHP�DV�ZHOO�DV�SUHOLPLQDU\�H[SHULPHQWDO�UHVXOWV�KDV�EHHQ�GHVFULEHG���7KH�
OD\RXW�RI�WKH�URRP�LV�VKRZQ�LQ�)LJXUH�����7KH�VPDUW�URRP�FRQVLVWV�RI�IRXU�YLVLRQ�VHQVRUV�WR�PRQLWRU�WKH�DFWLYLWLHV�RI�
KXPDQ� VXEMHFWV� HQWHULQJ� WKH� URRP�� �7ZR�RI� WKH� VHQVRUV� DUH� SDQRUDPLF� FDPHUDV� UHSUHVHQWHG� DV�3DQR�,� DQG�3DQR�,,�
UHVSHFWLYHO\�� ZKLOH� WKH� RWKHU� WZR� DUH� 6RQ\� 3DQ�7LOW�=RRP� �37=�� FDPHUDV� UHSUHVHQWHG� DV� 37=�,� DQG� 37=�,,�
UHVSHFWLYHO\���$�VLQJOH�UHVRXUFH�PDQDJHU�FRRUGLQDWHV�WKH�FDPHUDV�DQG�UHSRUWV�WKHLU�DYDLODELOLW\�WR�WKH�7UDFN�8VHU�$JHQW�
�7UDFN�8$���7KH�JRDO�RI�WKLV�XVHU�DJHQW�LV�WR�WUDFN�PXOWLSOH�KXPDQV�LQ�WKH�VPDUW�HQYLURQPHQW�DQG�JHW�IDFH�VKRWV�RI�WKH�
KXPDQ�VXEMHFWV��VHH�)LJXUH������)LJXUH�������7KH�HIILFDF\�RI�WKH�V\VWHP�FDQ�EH�HYDOXDWHG�EDVHG�RQ�WZR�FULWHULD��QDPHO\�
IDXOW�WROHUDQFH�DQG�DFFXUDF\�RI�WKH�WUDFNLQJ���7KH�IRUPHU�FULWHULRQ�HYDOXDWHV�WKH�XVHIXOQHVV�RI�KLHUDUFKLFDO�GHVLJQ�ZKLOH�
WKH�ODWWHU�HYDOXDWHV�YLVLRQ�DOJRULWKPV�DQG�V\QFKURQL]DWLRQ�EHWZHHQ�PXOWLSOH�VHQVRUV��



���

�

)LJXUH����7UDFNLQJ�LQ�3DQR�,�

�

)LJXUH����7UDFNLQJ�LQ�3DQR�,,�
�

)LJXUH����)DFH�VKRW�IURP�37=�,�

�
���� )DXOW�7ROHUDQFH�(YDOXDWLRQ�
7KH� ILUVW� FULWHULRQ�ZDV�HYDOXDWHG�E\� JHQHUDWLQJ� IDXOWV� DW� WKH� VHQVRU�QRGHV�DQG�REVHUYLQJ�KRZ� WKH� V\VWHP�UHDFWV�� �$V�
H[SODLQHG�LQ�6HFWLRQ����WKH�UHVRXUFH�PDQDJHU�LV�DW�WKH�FRUH�RI�WKH�IDXOW�WROHUDQW�RSHUDWLRQ�RI�WKH�V\VWHP���,Q�RXU�V\VWHP��
WKH� UHVRXUFH�PDQDJHU�PDLQWDLQV� DQ� DYDLODELOLW\� OLVW�� �7KLV� OLVW� LV� SXVKHG� WR� WKH�7UDFN�8$�XSRQ�RFFXUUHQFH� RI� FHUWDLQ�
HYHQWV� OLNH� D� VHQVRU� FRPLQJ� RQOLQH� RU� D� VHQVRU� IDLOXUH�� � 7KH�7UDFN�8$� XVHV� WKH� UXOH�EDVHG� GHFLVLRQ�PDNLQJ� HQJLQH�
VKRZQ�LQ�WKH�WDEOH�EHORZ�WR�WDNH�DSSURSULDWH�DFWLRQV��
�

7DEOH���7KH�UXOH�EDVHG�GHFLVLRQ�PDNLQJ�HQJLQH�LQ�7UDFN�8$�
$YDLODELOLW\� $FWLRQ�

$W�OHDVW�RQH�FDPHUD� .HHS�WUDFN�RI�WKH�KHDGLQJ�RI�WKH�KXPDQ�VXEMHFWV�

3DQRUDPLF� 37=� SDLU� WKDW�
DUH�FORVH�WR�HDFK�RWKHU�

8VH�WKH�EHDULQJ�LQIRUPDWLRQ�IURP�SDQRUDPLF�FDPHUD�WR�SDQ�
WKH�37=�WRZDUGV�WKH�PRVW�GRPLQDQW�KXPDQ�VXEMHFW�

7ZR� 3DQRUDPLF� DQG� RQH�
37=�

0DWFK�REMHFWV�DFURVV�WKH�SDQRUDPLF�FDPHUDV��7ULDQJXODWH�WR�
ILQG�WKH���'�ORFDWLRQ�RI�HDFK�PDWFKHG�REMHFW���8VH�WKH�37=�
WR�ORRN�DW�RQH�RI�WKH�REMHFWV��

7ZR� 3DQRUDPLF� DQG� WZR�
37=�

6DPH�DV�SUHYLRXV�VWDWH��H[FHSW�DVVLJQ�WKH�WZR�RI�WKH�REMHFWV�
WR�WKH�WZR�37=��

�
7KH� V\VWHP�UHDFWLQJ� WR� WKH�HYHQW�RI�3DQR�,,� IDLOLQJ� LV�VKRZQ� LQ�)LJXUH����	��)LJXUH����� �:KHQ�ERWK� WKH�SDQRUDPLF�
FDPHUDV�DUH�DYDLODEOH��WKH���'�ORFDWLRQ�RI�WKH�PRYLQJ�VXEMHFW�FDQ�EH�HVWLPDWHG�E\�WULDQJXODWLRQ��)LJXUH�������,Q�WKLV�FDVH�
DQ\�37=�FDPHUD��37=�,�RU�37=�,,��FDQ�EH�DVVLJQHG�WR�IRFXV�RQ�WKH�KXPDQ�VXEMHFW���+RZHYHU�LI�3DQR�,,�IDLOV��ZH�FDQ�
RQO\� XVH� 3DQR�,� WR� HVWLPDWH� WKH� EHDULQJ� RI� WKH� VXEMHFW�� � ,I� QR� RWKHU� FDPHUDV� DUH� DYDLODEOH� IRU� ��'� ORFDOL]DWLRQ� YLD�
WULDQJXODWLRQ��ZH�FDQ�RQO\�XVH�37=�,�WKDW�LV�FORVHO\�SODFHG�ZLWK�3DQR�,�WR�REWDLQ�WKH�IDFH�RI�WKH�KXPDQ�VXEMHFW��
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���� 6\QFKURQL]DWLRQ�UHVXOWV�
,Q�WKLV�H[SHULPHQW��D�SHUVRQ�ZDONHG�DORQJ�D�SUH�GHWHUPLQHG�SDWK�DW�D�FRQVWDQW�YHORFLW\�DQG�WZR�SDQRUDPLF�FDPHUDV�²�
3DQR�,�DQG�3DQR�,,�DUH�XVHG�WR�WUDFN�WKH�PRWLRQ��)LJXUH����	�)LJXUH�������%HIRUH�WKH�VWDUW�RI�WKH�H[SHULPHQW��WKH�ORFDO�
FORFNV�RQ�DOO�WKH�VHQVRU�QRGHV�DUH�V\QFKURQL]HG�XVLQJ�173���,Q�WKLV�H[SHULPHQW��3DQR�,,�LV�VHW�WR�SURFHVV�WZLFH�DV�IDVW�DV�
3DQR�,���7KH�UHVXOW�RI�WDUJHW�WUDFNLQJ�XQGHU�WKLV�VLWXDWLRQ�LV�VKRZQ�LQ�)LJXUH������:H�FDQ�QRWLFH�WKDW�WKH�HUURU� LQ�WKH�
WUDFN� UHVXOW� LV� TXLWH� ODUJH� ZLWK� D� PHDQ� RI� DURXQG� ��FP� GXH� RI� ODFN� RI� V\QFKURQL]DWLRQ�� � $IWHU� ZH� HPSOR\HG� WKH�
LQWHUSRODWLRQ�PHWKRG�GLVFXVVHG�LQ�6HFWLRQ����WKH�PHDQ�ORFDOL]DWLRQ�HUURU�LV�UHGXFHG�ZLWKLQ���FP��)LJXUH������

�

)LJXUH����8QV\QFKURQL]HG�7UDFNLQJ�
�

)LJXUH����6\QFKURQL]HG�7UDFNLQJ�
�� &RQFOXVLRQ�
$�GLVWULEXWHG�VHQVRU�QHWZRUN�DUFKLWHFWXUH�FRPSULVLQJ�RI�WKUHH�OHYHOV�RI�KLHUDUFK\�KDV�EHHQ�SURSRVHG�LQ�WKLV�SDSHU����7KH�
KLHUDUFK\�FRQVLVWV�DUH�VHQVRU�QRGHV��UHVRXUFH�PDQDJHU�DQG�XVHU�DJHQWV���7KH�UHVRXUFH�PDQDJHU�DFWV�DV�D�SUR[\�EHWZHHQ�
WKH�VHQVRU�QRGHV�DQG�WKH�XVHU�DJHQWV�DOORZLQJ�PDQ\�XVHU�DJHQWV�WR�VLPXOWDQHRXVO\�VKDUH�VHQVRU�UHVRXUFHV���7KH�V\VWHP�
ZDV�FXUUHQWO\� LPSOHPHQWHG�XVLQJ�WZR�W\SHV�RI�YLVLRQ�VHQVRUV��QDPHO\�SDQRUDPLF�FDPHUDV�DQG�SDQ�WLOW�]RRP�FDPHUDV���
7KH�V\VWHP�ZDV�HYDOXDWHG�IRU�LWV�IDXOW�WROHUDQFH�SHUIRUPDQFH�DQG�DFFXUDF\�RI�WUDFNLQJ���$�VLPSOH��FRVW�HIIHFWLYH�ZD\�RI�
V\QFKURQL]LQJ�GDWD�VWUHDPV�IURP�KHWHURJHQHRXV�VHQVRUV�XVLQJ�173�ZDV�GLVFXVVHG�DQG�WKH�H[SHULPHQWDO�UHVXOWV�VKRZHG�
WKH�SUDFWLFDO�XWLOLW\�RI�WKLV�DSSURDFK��

�

)LJXUH����3DQR�,�DQG�3DQR�,,�DUH�DYDLODEOH�
�

)LJXUH����3DQR�,,�IDLOHG��
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SHUIRUP�D�YDULHW\�RI�WDVNV���7KH�V\VWHP�ZLOO�EH�H[WHQGHG�WR�UHDOL]H�LWV�IXOO�SRWHQWLDO�RI�KDYLQJ�PXOWLSOH�XVHU�DJHQWV��HDFK�
SXUVXLQJ�D�VSHFLILF�JRDO�LQ�WKH�VPDUW�HQYLURQPHQW��VLPXOWDQHRXVO\�XVLQJ�PXOWLSOH�UHVRXUFH�PDQDJHUV�LQ�WKH�PXOWL�VHQVRU�
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