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$EVWUDFW

&RPSDFW�YLGHR�UHSUHVHQWDWLRQ�LV�DQ�LPSRUWDQW�VWHS�ZKHQ�GHYHORSLQJ�WRROV�IRU�VHDUFK�WKURXJK
ODUJH�YLGHR�GDWD�EDVHV��,W�KDV�EHHQ�VKRZQ�LQ�PDQ\�SXEOLFDWLRQV�WKDW�WKH�XVDJH�RI�UHSUHVHQWDWLYH
YLGHR� IUDPHV� �NH\� IUDPHV�� IRU� WKLV� SXUSRVH� LV� LQGHHG� DQ� DSSURSULDWH� ZD\� RI� SUHVHUYLQJ� WKH
HQWLUH�WHPSRUDO�LQIRUPDWLRQ�IORZ�RI�WKH�VHTXHQFH�LQ�D�FRQVLGHUDEO\�VPDOOHU�DPRXQW�RI�GDWD���LI
WKH�NH\�IUDPH�VHW�LV�REWDLQHG�SURSHUO\��,Q�WKLV�SDSHU�ZH�GHVFULEH�D�QRYHO�PHWKRG�IRU�NH\�IUDPH
EDVHG�YLGHR�UHSUHVHQWDWLRQ��7KH�PDLQ�DGYDQWDJH�RI�WKLV�DSSURDFK�LV�WKDW�WKH�UHVXOWLQJ�VHW�RI�NH\
IUDPHV��DV�RSSRVHG�WR�UHFHQW�PHWKRGV�IURP�OLWHUDWXUH��LV�QRW�GHSHQGHQW�RQ�VXEMHFWLYH�WKUHVKROGV
RU�DQ\�RWKHU�PDQXDOO\�JLYHQ�SDUDPHWHUV��,W�JLYHV�D�NH\�IUDPH�VHW�EDVHG�RQ�³REMHFWLYH´��PRGHO
IRU�WKH�YLGHR�LQIRUPDWLRQ�IORZ��$QRWKHU�DGYDQWDJH�LV�WKDW�WKLV�NH\�IUDPH�VHW�FRQWDLQV�QRW�PRUH
WKDQ�WKH�PD[LPDO�QXPEHU�RI�IUDPHV��ZKLFK�LV�VHW�EHIRUHKDQG�IRU�WKH�HQWLUH�VHTXHQFH�

����,QWURGXFWLRQ

:H� DUH� ZLWQHVVLQJ� DQ� LPPHQVH� JURZWK� LQ� WKH� GHYHORSPHQW� RI� GLJLWDO� OLEUDULHV�
&ROOHFWHG�LQ�VXFK�OLEUDULHV�DUH�ODUJH�YROXPHV�RI�GLJLWL]HG�PXOWLPHGLD�GDWD��ZKLFK�DUH
UHDFKDEOH� YLD� HOHFWURQLF� QHWZRUNV� E\� DQ\� XVHU� ZRUOG�ZLGH�� /LEUDULHV� FRQWDLQLQJ� D
YDULHW\�RI�ZHOO�RUJDQL]HG�GLJLWDO�GDWD�EULQJ�PDQ\�DGYDQWDJHV��VXFK�DV� �SUHVHUYDWLRQ
RI�TXDOLW\�RI�VWRUHG�LQIRUPDWLRQ�DQG�DOPRVW�XQOLPLWHG�SRVVLELOLWLHV�WR�PDQLSXODWH�DQG
EURZVH�WKURXJK�GDWD�XVLQJ�FRPIRUWDEOH�XVHU�LQWHUIDFHV�

7KH�GHYHORSPHQW�LQ�WKH�ILHOG�RI�GLJLWDO�OLEUDULHV�GHSHQGV�RQ�DFKLHYHPHQWV�LQ�VHYHUDO
DUHDV�� 7KH� 86� GLJLWDO� OLEUDU\� LQLWLDWLYH� � DGGUHVVHV� VHYHUDO� RI� WKHVH� FKDOOHQJHV� >�@�
$FKLHYHPHQWV� LQ� GLJLWDO� VWRUDJH�PHGLD� WHFKQRORJ\� FDXVH� D� FRQWLQXRXVO\� LQFUHDVLQJ
UDWLR� EHWZHHQ� VWRUDJH� FDSDFLW\� DQG� FRUUHVSRQGLQJ� FRVWV�� :LWK� WKLV� LQFUHDVH� RI
FDSDFLW\� WKH� SUREOHP�DULVHV� RI� ORFDWLQJ� GHVLUHG� SDUWV� RI� VWRUHG� GDWD� LQ� D� TXLFN� DQG
UHOLDEOH�ZD\��7KH�GHYHORSPHQW�RI�VHDUFK�DQG�DFFHVV�PHWKRGV�LV�WKHUHIRUH�DV�FUXFLDO
DV�WKH�VWRUDJH�WHFKQRORJ\�LWVHOI�IRU�HIILFLHQW�XVDJH�RI�GLJLWDO�OLEUDULHV��7KLV�KDV�EHHQ
UHFRJQL]HG�DOVR�E\�WKH�,QWHUQDWLRQDO�2UJDQL]DWLRQ�IRU�6WDQGDUGLVDWLRQ��ZKLFK�VWDUWHG
WKH� QHZ� SURMHFW� ³0XOWLPHGLD� &RQWHQW� 'HVFULSWLRQ� ,QWHUIDFH´� �LQ� VKRUW� 03(*����
7KLV� SURMHFW� VKRXOG� VWDQGDUGL]H� WKH� GHVFULSWLRQ� RI� YDULRXV� W\SHV� RI� PXOWLPHGLD
LQIRUPDWLRQ��7KH�GHVFULSWLRQ�VKRXOG�EH� UHODWHG� WR� WKH� DFWXDO� FRQWHQW� DQG�DOORZ� IDVW
DQG�HIILFLHQW�UHWULHYDO�RI�DQ\�SDUW�RI�WKH�VWRUHG�LQIRUPDWLRQ�>��@�
����������������������������������������������������������
�� 7KLV�ZRUN�ZDV� VXSSRUWHG� LQ� SDUW� E\� WKH� (8�$&76� SURJUDP� XQGHU� � WKH� FRQWUDFW� $&����
60$6+��6WRUDJH�IRU�0XOWLPHGLD�$SSOLFDWLRQV�6\VWHPV�LQ�WKH�+RPH�



,Q�WKH�(XURSHDQ�SURMHFW�60$6+�>KWWS���ZZZ�LW�HW�WXGHOIW�QO�SGD�VPDVK@��QHZ�VWRUDJH
V\VWHPV�IRU�PXOWLPHGLD�DUH�XQGHU�LQYHVWLJDWLRQ��DV�ZHOO�DV�VHYHUDO�VHDUFK�VWUDWHJLHV�
7KH�JRDO�RI�WKH�SURMHFW�LV�WR�GHYHORS�D�ODUJH�FDSDFLW\�KRPH�VWRUDJH�GHYLFH��FDSDEOH�WR
VWRUH� WHQV� RI� *E\WHV� RI� YDULRXV� PXOWLPHGLD� GDWD� RQ� D� FRPELQHG� WDSH�GLVN� PDVV
VWRUDJH� XQLW� DQG� EHLQJ� HTXLSSHG� ZLWK� D� WRRO� IRU� HIILFLHQW� DQG� UHOLDEOH� WUDFLQJ� DQG
UHWULHYDO�RI�DQ\�GHVLUHG�SDUW�RI�WKH�VWRUHG�LQIRUPDWLRQ��7KH�PDLQ�DSSOLFDWLRQ�IRFXV�RI
WKH� 60$6+� V\VWHP� LV� RQ� VWRUDJH� RI� GLJLWDO� YLGHR� VHUYLFHV�� '9%� �'LJLWDO� 9LGHR
%URDGFDVWLQJ��LV�WKH�(XURSHDQ�VWDQGDUG�IRU�WUDQVPLVVLRQ�RI�GLJLWDO�VHUYLFHV�>�@��QRZ
EHLQJ� DGRSWHG� DOVR� LQ� RWKHU� FRXQWULHV� DQG� RUJDQLVDWLRQV� ZRUOG�ZLGH�� � 'XH� WR� WKLV
IRFXV��WKH�GHYHORSPHQW�RI�VHDUFK�VWUDWHJLHV�ZLWKLQ�WKH�SURMHFW�LV�RULHQWHG�SULPDULO\�WR
YLGHR�VHTXHQFHV�

/RZ�OHYHO�IHDWXUH�DQDO\VLV
�FRORU��WH[WXUH��VKDSH��PRWLRQ�YHFWRUV�

'HWHFWLRQ�RI�ORZ�OHYHO�ORJLFDO�XQLWV�
�H�J��VKRW�FKDQJH�GHWHFWLRQ��DQG�WKHLU

DGHTXDWH�UHSUHVHQWDWLRQ
�H�J��WKURXJK�NH\�IUDPH�H[WUDFWLRQ�

'HWHFWLRQ�DQG�RUJDQL]DWLRQ�RI�KLJKHU�
ORJLFDO�YLGHR�XQLWV�E\�LQYHVWLJDWLQJ�
LQWHUUHODWLRQV�DPRQJ�ORZ�OHYHO�XQLWV

8VHU�IULHQGO\�YLGHR�
EURZVLQJ�DQG�UHWULHYDO

7UDQVSDUHQW�YLGHR�DEVWUDFWLRQ�ZLWK�
OLQNV�WR�HDFK�UHFRUGHG�SURJUDP
DQG�LWV�VFHQHV��HYHQWV��VWRU\�XQLWV

5HFRUGHG
9LGHR
6WUHDP

3URFHVVLQJ

([WUDFWLRQ

'9%�6HUYLFH
,QIRUPDWLRQ

)LJXUH����2QH�SRVVLEOH� WHPSRUDO� VFKHPH�RI�DOO�DFWLYLWLHV� UHODWHG� WR�D�XVHU�IULHQGO\
RUJDQLVDWLRQ� RI� � WKH� UHFRUGHG� YLGHR�� IROORZHG� E\� WKH� EURZVLQJ� DQG� UHWULHYDO
SURFHGXUH� RQ� D� WUDQVSDUHQW� YLGHR� DEVWUDFWLRQ�� 5HGXFHG�� NH\� IUDPH� EDVHG� YLGHR
UHSUHVHQWDWLRQ�HDVHV�WKH�WKLUG�SURFHVVLQJ�VWHS�LQ�WKH�VFKHPH�WR�D�JUHDW�H[WHQW

,Q�RUGHU�WR�DOORZ�WKH�XVHU�WR�HIILFLHQWO\�EURZVH�IRU��VHOHFW�DQG�UHWULHYH�D�GHVLUHG�YLGHR
SDUW� � ZLWKRXW� KDYLQJ� WR� GHDO� GLUHFWO\� ZLWK� *%\WHV� RI� VWRUHG� �FRPSUHVVHG�� GDWD�
VHYHUDO� DFWLYLWLHV� KDYH� WR� EH� FDUULHG� RXW� DV� D� SUHSDUDWLRQ� IRU� VXFK� XVHU� LQWHUDFWLRQ�
)LJXUH���LOOXVWUDWHV�WKLV�RQ�WKH�H[DPSOH�RI�'9%�OLNH�LQIRUPDWLRQ��7KH�PDLQ�JRDO�RI
WKHVH�SURFHGXUHV�LV�WR�SURYLGH�WKH�XVHU�D�FRPSDFW�DQG�HDV\�XQGHUVWDQGDEOH�RYHUYLHZ
RI� WKH� FRPSOHWH� VWRUHG� YLGHR� LQIRUPDWLRQ�� 7KH� XVHU� FDQ� EURZVH� WKURXJK� VXFK



DEVWUDFWLRQ�� HDVLO\� EXLOG� XS� DQ� LPSUHVVLRQ� RI� WKH� HQWLUH� VWRUHG� YLGHR� DQG� PDNH� D
VHOHFWLRQ�OHDGLQJ�WR�D�UHWULHYDO�RI�WKH�FRUUHVSRQGLQJ�YLGHR�VHJPHQW�

,Q�WKLV�SDSHU�ZH�FRQFHQWUDWH�RQ�RQH�RI� WKH�PRVW� LPSRUWDQW�VWHSV�LQ�PDNLQJ�D�YLGHR
EURZVLQJ�WRRO��FRPSDFW�UHSUHVHQWDWLRQ�RI�WKH�YLGHR�WHPSRUDO�LQIRUPDWLRQ�IORZ��7KLV
UHSUHVHQWDWLRQ�LV�GRQH�E\�ILUVW�VHJPHQWLQJ�WKH�HQWLUH�VHTXHQFH�LQ�HOHPHQWDU\�FRQWHQW
XQLWV�FDOOHG�YLGHR�VKRWV��XQEURNHQ�VHULHV�RI�IUDPHV���H�J��D�]RRP�RI�D�SHUVRQ�WDONLQJ
>��@��� DQG� WKHQ� UHGXFLQJ� HDFK� VKRW� WR� D� QXPEHU� RI� FKDUDFWHULVWLF� IUDPHV�� 7KH
SURSRVHG� QRYHO� PHWKRG� IRU� H[WUDFWLQJ� NH\� IUDPHV� KDV� EHHQ� GHYHORSHG� WR� VXLWH
VSHFLILF�UHTXLUHPHQWV�RI��D�IXOO\�DXWRPDWHG�YLGHR�DQDO\VLV�V\VWHP��EHLQJ�D�SDUW�RI�WKH
60$6+�EURZVLQJ�WRRO��7KHVH�UHTXLUHPHQWV�DUH

�� KLJK�GHJUHH�RI�SURFHVV�DXWRPDWLRQ��SDUDPHWHU�LQGHSHQGHQFH�
�� VHTXHQFH�LQGHSHQGHQFH
�� UHSUHVHQWDWLRQ�REMHFWLYLW\
�� FRQWUROODELOLW\�RI�WKH�WRWDO�NH\�IUDPH�QXPEHU

,Q�WKLV�SDSHU�ZH�DVVXPH�WKDW�D�UHOLDEOH�YLGHR�SDUVLQJ�DOJRULWKP��H�J��>�@��LV�XVHG�WR
GHWHFW�FKDQJHV�EHWZHHQ�FRQVHFXWLYH�YLGHR�VKRWV�

���.H\�IUDPH�EDVHG�YLGHR�FRQWHQW�UHSUHVHQWDWLRQ

9LGHR�UHSUHVHQWDWLRQ�WKURXJK�FKDUDFWHULVWLF�IUDPHV��NH\�IUDPHV��KDV�EHHQ�DGGUHVVHG
YHU\�IUHTXHQWO\�LQ�OLWHUDWXUH��H�J��>�������������������������@��DV�DQ�HOHJDQW�DQG�HIILFLHQW
ZD\� RI� SUHVHUYLQJ� WKH� ZKROH� WHPSRUDO� LQIRUPDWLRQ� IORZ� RI� WKH� VHTXHQFH� LQ� D
FRQVLGHUDEO\� VPDOOHU� DPRXQW� RI� GDWD�� 7KH� XQGHUO\LQJ� DVVXPSWLRQ� LV� WKDW� LI� WKHVH
IUDPHV�DUH�H[WUDFWHG�XVLQJ�DQ�DSSURSULDWH�YLGHR�VDPSOLQJ�PHWKRG��WKH�YLVXDO�FRQWHQW
RI� HDFK� VHJPHQW� RI� WKH� VHTXHQFH� FDQ� EH� HDVLO\� UHFRJQL]HG� E\� ORRNLQJ� DW� JLYHQ
VDPSOHV�� 6XFK� FRPSDFW� YLGHR� UHSUHVHQWDWLRQ� DSSHDUV� WKXV� WR� EH� VXLWDEOH� IRU� WKH
SXUSRVH�RI�YLGHR�EURZVLQJ��$OVR�ZKHQ�FRQVLGHULQJ�TXHU\�SURFHVVHV�ZKHUH�WKH�VHDUFK
IRU� YLGHR�SDUWV� FRQWDLQLQJ� VRPH� VSHFLILF� REMHFWV�� SHUVRQV� RU� IHDWXUHV� LV� SHUIRUPHG�
WKH� FRQFHSW� EDVHG� RQ� NH\� IUDPHV� FDQ� EH� XVHIXO� VLQFH� IHDWXUHV� FROOHFWHG� IURP� NH\
IUDPHV� FDQ�EH� XVHG�� ,I� GHWHFWLRQ� RI� KLJKHU� ORJLFDO� �³VHPDQWLF´�� XQLWV� RI� D� YLGHR� LV
LQWHQGHG��ZKLFK�LV� WR�EH�GRQH�E\� LQYHVWLJDWLQJ� LQWHUUHODWLRQV�DPRQJ�GLIIHUHQW�YLGHR
VKRWV��NH\�IUDPHV�FDQ�EH�XVHIXO�DV�VKRW�UHSUHVHQWDWLYHV�IRU�FRPSDULVRQ�SXUSRVHV�

�����([LVWLQJ�DSSURDFKHV

$�VLPSOH�PHWKRG�WR�VHOHFW�NH\�IUDPHV�LV�WR�WDNH�WKH�ILUVW�IUDPH�RI�HDFK�VKRW�>�@��0RUH
UHOLDEOH�FRQWHQW� UHSUHVHQWDWLRQ�UHTXLUHV�QRQ�XQLIRUP�VDPSOLQJ�RI� WKH�YLGHR�VKRW�� ,Q
>��@��3HQWODQG�HW�DO��KDYH�IRXQG�WKH�IUDPHV�DW�WKH�EHJLQQLQJ�DQG�WKH�HQG�RI�D�VKRW��LQ
WKH�PLGGOH�RI�QR�PRWLRQ�VHJPHQWV�RU�LQ�WKH�PLGGOH�RI�VHJPHQWV�ZKHUH�WKH�FDPHUD�LV
WUDFNLQJ� D� IRUHJURXQG� REMHFW�� WR� EH� JRRG� NH\� IUDPHV� WR� UHSUHVHQW� WKH� FRQWHQW� RI� D
VKRW��6RPH�RWKHU�DSSURDFKHV�>��������@��EDVHG�RQ�PHDVXULQJ�WKH�GLIIHUHQFHV�EHWZHHQ
WKH� ODVW� VHOHFWHG� IUDPH� DQG� WKH� UHPDLQLQJ� IUDPHV� DQG� H[WUDFWLQJ� D� VXEVHTXHQW� NH\
IUDPH�LI�WKH�PHDVXUHG�GLIIHUHQFH�H[FHHGV�WKH�JLYHQ�WKUHVKROG��DUH�W\SLFDOO\�VHTXHQWLDO
SURFHVVHV� OHDGLQJ�JHQHUDOO\� WR�XQSUHGLFWDEOH� UHVXOWV�� ,Q�SDUWLFXODU�� WKH� ILQDO�QXPEHU



RI�NH\�IUDPHV�IRU� WKH�HQWLUH�VHTXHQFH�FDQQRW�EH�HVWLPDWHG� IRU�DQ\�JLYHQ� WKUHVKROG�
:H�FDQ�HQG�XS�ZLWK�D�KXJH�QXPEHU�RI�NH\�IUDPHV�RU�VLPSO\�ZLWK�WRR�IHZ�NH\�IUDPHV
��QRW� HQRXJK� IRU�EURZVLQJ�RU�RWKHU� LQWHQGHG�SURFHGXUHV��7KLV�PDNHV� LW� GLIILFXOW� WR
SUHGLFW�WKH�FDSDFLW\�QHHGHG�IRU�VWRULQJ�H[WUDFWHG�NH\�IUDPHV��LQ�VSLWH�RI�SRVVLEOH�³NH\
IUDPH� SUXQLQJ´�� DV� SURSRVHG� LQ� >��@� IRU� IXUWKHU� UHGXFWLRQ� RI� DOUHDG\� REWDLQHG� NH\
IUDPH� VHWV��� 6HFRQGO\�� LW� LV� UDWKHU� GLIILFXOW�� HVSHFLDOO\� LQ� >�@� DQG� >�@� WR� UHODWH� DQ\
SDUWLFXODU�SDUDPHWHU�YDOXH�E\�WKUHVKROG�VHWWLQJ�WR�WKH�NH\�IUDPH�FROOHFWLRQ�UHVXOWLQJ
IURP� WKDW� VHWWLQJ�� )XUWKHUPRUH�� WKH� GHSHQGHQF\� RI� WKH� DSSURDFK� RQ� VXEMHFWLYH� DQG
XVXDOO\�GDWD�GHSHQGHQW�WKUHVKROGV��OLPLWV�LWV�DSSOLFDELOLW\�LQ�IXOO\�DXWRPDWHG�V\VWHPV
DQG�OHDGV�WR�QRQ�UHSURGXFLEOH�UHVXOWV�

���1HZ�NH\�IUDPH�H[WUDFWLRQ�DSSURDFK

$LPLQJ� DW� D� NH\� IUDPH� EDVHG� YLGHR� UHSUHVHQWDWLRQ�� ZKLFK� IXOILOV� WKH� UHTXLUHPHQWV
LQGLFDWHG� LQ� WKH� LQWURGXFWLRQ� WR� WKLV�SDSHU��ZH�KDYH�GHYHORSHG�D�QHZ� WZR�VWHS�NH\
IUDPH�H[WUDFWLRQ�PHWKRG�

,Q� WKH� ILUVW� VWHS�� WKH� DVVLJQPHQW�RI� D�QXPEHU�RI�NH\� IUDPHV� SHU� VKRW� LV� FDUULHG� RXW
GHSHQGLQJ� RQ� WRWDO� ³FRQWHQW´� RI� D� VKRW� DQG� DOVR� RI� WKH� HQWLUH� VHTXHQFH�� 7KH� WHUP
³FRQWHQW´� LV�H[SODLQHG�LQ� WKH�IROORZLQJ�VHFWLRQ��7KLV�NH\�IUDPH�DVVLJQPHQW� LV�GRQH
VXFK�WKDW�WKH�VXP�RI�DOO�DVVLJQHG�NH\�IUDPHV�DORQJ�WKH�VHTXHQFH�LV�FORVH�WR�D�JLYHQ
PD[LPDO�QXPEHU�RI�DOORZDEOH�NH\�IUDPHV�1�IRU�WKH�HQWLUH�VHTXHQFH��7KH�QXPEHU�1
FDQ�EH�DGMXVWHG�GHSHQGLQJ�RQ�WKH�W\SH�RI�WKH�SURJUDP�WR�EH�VWRUHG�

7KH�DVVLJQPHQW�VWHS�LV�IROORZHG�E\�D�WKUHVKROG�LQGHSHQGHQW�DQG�REMHFWLYH�SURFHGXUH
IRU�RSWLPDO�GLVWULEXWLRQ�RI�WKH�DVVLJQHG�QXPEHU�RI�NH\�IUDPHV�DORQJ�HDFK�YLGHR�VKRW�

,Q�WKH�IROORZLQJ�VHFWLRQV�ZH�SUHVHQW��UHVXOWV�RI�RXU�LQYHVWLJDWLRQV�FRQFHUQLQJ�ERWK�RI
WKHVH�VWHSV���,PSRUWDQW�IDFW�WR�EH�QRWLFHG�LV�WKDW�WKH�GLVWULEXWLRQ�RI��NH\�IUDPHV�DORQJ
WKH�VKRW�LQ�WKH�VHFRQG�VWHS�LV�SHUIRUPHG�E\�D�QXPHULFDO�DOJRULWKP�GHOLYHULQJ�WKH�EHVW
SRVVLEOH� VKRW� UHSUHVHQWDWLRQ�� JLYHQ� WKH� QXPEHU� 1� DQG� ZLWK� UHVSHFW� WR� WKH� XVHG
PHDVXUH�IRU�WKH�LQIRUPDWLRQ�IORZ�G\QDPLFV�DORQJ�D�VKRW�>�@�

�����0HDVXUHV�IRU�WKH�LQIRUPDWLRQ�IORZ�G\QDPLFV�DORQJ�D�YLGHR�VKRW

7KHUH�WKH�SRVVLELOLW\� WR�VLPXODWH�YDULDWLRQV� LQ� WKH� WHPSRUDO� LQIRUPDWLRQ�IORZ�RI� WKH
VHTXHQFH� E\� FKRRVLQJ� DQ� DSSURSULDWH� DQDO\WLFDO� IXQFWLRQ�� 7KLV� IXQFWLRQ� PHDVXUHV
UHOHYDQW�FKDQJHV�EHWZHHQ�HDFK�WZR�FRQVHFXWLYH�IUDPHV�RI�D�VHTXHQFH�DQG�LQGLFDWHV
ZLWK�LWV�YDOXHV�WKH�PDJQLWXGH�RI�VXFK�FKDQJHV�

7KLV� OHDGV� WR� WKH� SUREOHP� RI� ILQGLQJ� DSSURSULDWH� YLVXDO� IHDWXUHV� DQG� PHWULFV� WR
SHUIRUP�WKH�GHVFULEHG�IUDPH�WR�IUDPH�FRPSDULVRQ��)RU�PLQLPL]LQJ� WKH� LQIOXHQFH�RI
QRQ�UHOHYDQW�WHPSRUDO�YDULDWLRQV��³JOREDO´�IUDPH�YLVXDO�IHDWXUHV�VKRXOG�EH�XVHG��VXFK
DV�FRORU�DQG�LQWHQVLW\�KLVWRJUDPV��,Q�RXU�DSSURDFK�ZH�DGDSWHG�WKH�PHWKRG�SURSRVHG
LQ�>�@�DQG�GHILQHG�DQ�DQDO\WLFDO�IXQFWLRQ�IRU�GHVFULELQJ�WKH�UHOHYDQW� IUDPH�WR�IUDPH
GLIIHUHQFH��IXUWKHU�UHIHUUHG�WR�DV�))'��EHWZHHQ�IUDPHV�N�DQG�N���DV�
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)LJXUH��D���0HDVXUHG�UHOHYDQW�IUDPH�WR�IUDPH�GLIIHUHQFHV�IRU�ILUVW�QLQH�VKRWV�RI�WKH
VHTXHQFH�³1DWXUH´�
)LJXUH� �E��&XUYHV� RI� DFFXPXODWHG� IUDPH�WR�IUDPH� GLIIHUHQFHV�� REWDLQHG� IRU� HDFK
VKRW��XVLQJ������

( )& N
L

� KDV� D� FORVH�WR�OLQHDU� EHKDYLRXU� LQ� VKRW� SDUWV� ZLWK� XQLIRUP� WHPSRUDO

LQIRUPDWLRQ�IORZ�DQG�FKDQJHV�LQ�VWHHSQHVV�ZKHUHYHU�FKDQJHV� LQ� WKH� IORZ�G\QDPLFV
RFFXU��7KH�IXQFWLRQ�� ( )& N

L

�ZH�WDNH�DV�WKH�PRGHO�IRU�WKH�LQIRUPDWLRQ�IORZ�G\QDPLFV

LQ� WKH� VKRW� L��:H�ZLOO� UHIHU� WR� LW� LQ� WKH� IXUWKHU� WH[W� DV� WKH� ³FRQWHQW� GHYHORSPHQW´
IXQFWLRQ�RI� WKH� VKRW� L��)LJXUH��E� LOOXVWUDWHV� WKH�EHKDYLRXU�RI� ( )& N

L

� IRU� WKH�))'�N�

FXUYH�IURP�)LJXUH��E�



,I� WKH� VXPPDWLRQ� SURFHVV� VWUHWFKHV� DORQJ� WKH� HQWLUH� VKRW�� ZH� REWDLQ� WKH� WRWDO
PDJQLWXGH�RI�WHPSRUDO�IORZ�IOXFWXDWLRQV�LQ�WKH�VKRW��WKDW�ZH�FDQ�DOVR�UHIHU�WR�DV�WKH
WRWDO�³FRQWHQW´�RI�WKH�VKRW�
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,Q�WKLV�IRUPXOD��N�LV�WKH�IUDPH�LQGH[�DQG�/�LV�WKH�QXPEHU�RI�IUDPHV�LQ�WKH�VKRW�

�����.H\�IUDPH�DOORFDWLRQ�IRU�HDFK�YLGHR�VKRW

%\� VSUHDGLQJ� JLYHQ� PD[LPDO� QXPEHU� RI� NH\� IUDPHV� 1� DORQJ� WKH� HQWLUH� YLGHR
VHTXHQFH��HDFK�VKRW�RI�WKH�VHTXHQFH�JHWV�DVVLJQHG�D�IUDFWLRQ�RI��JLYHQ�1�NH\�IUDPHV
DFFRUGLQJ� WR� LWV� UHODWLYH� VKDUH�RI� � ³FRQWHQW´� WR� WKH� WRWDO� ³FRQWHQW´�RI� WKH� VHTXHQFH�
:H�WKHUHIRUH�DVVLJQ��.L NH\�IUDPHV�WR�VKRW�L��DV�
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�LV�WKH�³FRQWHQW´�RI�WKH�VKRW�M��DQG�6�LV�WKH�QXPEHU�RI�VKRWV�LQ�WKH�HQWLUH�VHTXHQFH�

7KH�UHVXOWLQJ�QXPEHU�RI�NH\�IUDPHV�GHOLYHUV��DIWHU� �EHLQJ� �QRUPDOLVHG�E\� WKH� � VKRW
OHQJWK��WKH�NH\�IUDPH�GHQVLW\��7KLV�GHQVLW\�FRUUHVSRQGV�QRZ�WR�WKH�UHODWLYH�DPRXQW�RI
WHPSRUDO�YDULDWLRQV�RI�D�VKRW��FRPSDUHG�WR�DOO�RWKHU�VKRWV�LQ�WKH�VHTXHQFH�

7DEOH������1XPEHU�RI�DVVLJQHG�NH\�IUDPHV�DQG�UHVXOWLQJ�NH\�IUDPH�UDWHV�SHU�VKRW
7DEOH� �� LOOXVWUDWHV� WKH� NH\� IUDPH� DVVLJQPHQW� IRU� WKH� VHTXHQFH� XVHG� WR� FRPSXWH
))'�N��FXUYH�LQ�)LJXUH��D��7KH�JLYHQ�PD[LPDO�QXPEHU�RI�NH\�IUDPHV�ZDV�1 ����

(TXDWLRQ� ���� DVVXPHV� WKDW� WKH� HQWLUH� VHTXHQFH� LV� DYDLODEOH� SULRU� WR� WKH� DVVLJQPHQW
SURFHVV��VR�WKDW�WKH�WRWDO�³FRQWHQW´�RI�WKH�VHTXHQFH��GHQRPLQDWRU�LQ������LV�NQRZQ��,I�
KRZHYHU�� WKH� DVVLJQPHQW� SURFHGXUH� LV� WR� EH� GRQH� VHTXHQWLDOO\� RU� RQ�WKH�IO\�� ZH
SURSRVH�WKH�IROORZLQJ�DSSUR[LPDWLRQ�

�6 K R W �, Q G H [ � � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � ��

�. H \ �I U D P H V � � � � � � �� � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � �� � � � � � � �� �
D Q G �G H Q V L W L H V
� � � �X V LQ J �� � � � � � � � � � � �� � � � � � � � �� � � � �� � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � �� � � �

�. H \ �I U D P H V � � � � � � �� � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � �� � � � � � � �� �
D Q G �G H Q V L W L H V
� � � �X V LQ J �� � � � � � � � � � � �� � � � � � � � �� � � � �� � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � �� � � �
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+HUH��7�LV�WKH�WRWDO�VHTXHQFH�OHQJWK��DQG� 7
M
LV�WKH�OHQJWK�RI�WKH�VKRW�M��7KH�LQWHQWLRQ

E\� VXFK� DSSUR[LPDWLRQ� LV� WR� REWDLQ� VLPLODU� DVVLJQPHQW� UHVXOWV� DV� E\� ����� KRZHYHU
RQO\�XVLQJ�WKH�LQIRUPDWLRQ�DYDLODEOH�DW�WKH�PRPHQW�ZKHUH�.L LV�FRPSXWHG��6LQFH�WKH

LQIRUPDWLRQ�DERXW�WKH�WRWDO�³FRQWHQW´�RI�WKH�HQWLUH�VHTXHQFH��GHQRPLQDWRU� LQ������ LV
QRW�NQRZQ��ZH�FDQ�RQO\�VXPPDUL]H�XQWLO�WKH�VKRW�L��7KLV�DFWLRQ�DORQH�FRXOG�FKDQJH
DVVLJQPHQW� UHVXOWV� FRQVLGHUDEO\� LI� DSSOLHG� LQ� ����� DQG� ZH� WU\� WR� FRPSHQVDWH� LW� E\
WDNLQJ� LQWR� FRQVLGHUDWLRQ� DOVR� WKH� WLPH�SDUDPHWHUV�� H�J�� VKRW� DQG� VHTXHQFH� OHQJWKV�
:H�DVVXPH� WKDW� WKH� UDWLR�EHWZHHQ� WKH� WRWDO� VHTXHQFH� OHQJWK�DQG� WKH� WRWDO� VHTXHQFH
³FRQWHQW´�� FDQ�EH�ZHOO� DSSUR[LPDWHG�E\� WKH� UDWLR�EHWZHHQ� WKH� VHTXHQFH� OHQJWK�DQG
³FRQWHQW´�� ERWK� WDNHQ�RQO\� XS� WR� WKH� FXUUHQW� VKRW� L��$VVLJQPHQW� UHVXOWV� LQ�7DEOH� �
VKRZ�RQO\�PLQRU�GLIIHUHQFHV��FRPSDUHG�WR�UHVXOWV�ZKHUH�����ZDV�XVHG�

������.H\�IUDPH�GLVWULEXWLRQ�DORQJ�D�VKRW

$IWHU�DVVLJQLQJ�D�FHUWDLQ�QXPEHU�RI�NH\�IUDPHV�WR�HDFK�YLGHR�VKRW��WKH�QH[W�VWHS�LV�WR
ILQG�ORFDWLRQV�IRU�WKHVH�NH\�IUDPHV�ZLWKLQ�D�VKRW�VR�WKDW�WKH\�DSSUR[LPDWHO\�FDSWXUH
WKH�HQWLUH�WHPSRUDO�LQIRUPDWLRQ�IORZ�RI�D�VKRW�

:H�XVH� WKH� ³FRQWHQW�GHYHORSPHQW´� FXUYH� IURP� ���� DV� UHIHUHQFH�� VLQFH� LW� UHSUHVHQWV
WKH� SURFHVV� RI� EXLOGLQJ� XS� WKH� HQWLUH� VKRW� ³FRQWHQW´� E\� DFFXPXODWLQJ� UHOHYDQW
WHPSRUDO� YDULDWLRQV� DORQJ� DOO� VKRW� IUDPHV�� %\� LWV� YDU\LQJ� VWHHSQHVV�� WKH� FXUYH
LQGLFDWHV�H[DFWO\�DOO� ORFDWLRQV�³ZKHUH�VRPHWKLQJ�LQWHUHVWLQJ�KDSSHQV´��VWHHSHU�SDUWV
FRUUHVSRQG�WR�VWURQJ�DQG�IODWWHU�SDUWV�WR�PRUH�VWDWLRQDU\�WHPSRUDO�YDULDWLRQV�

,W�LV�QRZ�RXU�LQWHQWLRQ�WR�SHUIRUP�WKH�VDPH�³FRQWHQW�EXLOGLQJ´�RSHUDWLRQ��EXW�XVLQJ
RQO\�D�OLPLWHG�QXPEHU�RI�VKRW�IUDPHV��H�J��DVVLJQHG�QXPEHU�RI�NH\�IUDPHV��%DVLF�LGHD
FDQ� EH� VHHQ� LQ� )LJXUH� ��� ZLWK� �� DVVLJQHG� NH\� IUDPHV�� 7KH� DFWXDO� ³FRQWHQW
GHYHORSPHQW´� LV� DSSUR[LPDWHG� E\� WKH� FXUYH� & N

L M
� � FRPSRVHG� RI� UHFWDQJOHV�� HDFK

RQH�GHILQHG�E\�NM�DQG�WM�DQG�HDFK�FRUUHVSRQGLQJ�WR�RQH�NH\�IUDPH��+HUH�NM��M ������.L�
DUH� WKH� WHPSRUDO� SRVLWLRQV� RI� WKH� NH\� IUDPHV�� ZKLOH� WM��� DQG� WM� DUH� WKH� EUHDNSRLQWV
EHWZHHQ� WKH� VKRW� VHJPHQWV� WKDW� DUH� UHSUHVHQWHG� E\� NH\� IUDPH� NM�� 1RWH� WKDW� W�� DQG

W
.

L

DUH� WKH� �NQRZQ�� WHPSRUDO�EHJLQ�DQG�HQGSRLQWV�RI� L�WK�VKRW��7KH�DSSUR[LPDWLRQ

SURFHVV� OHDGV� DXWRPDWLFDOO\� WR� D� NH\� IUDPH� GHQVLW\� ZKLFK� FRUUHVSRQGV� WR� WKH
EHKDYLRXU�RI�WKH�DFWXDO�³FRQWHQW�GHYHORSPHQW´�FXUYH��H�J��KLJKHU�GHQVLW\� LQ�VWHHSHU
VHJPHQWV�� ,Q� WKLV� ZD\�� WKH� RSWLPDO� UHSUHVHQWDWLRQ� RI� D� �YDULDEOH�� WHPSRUDO
LQIRUPDWLRQ�IORZ�DORQJ�D�VKRW�FDQ�EH�DFKLHYHG���,W�FDQ�EH�VDLG��WKDW�HDFK�NH\�IUDPH
UHSUHVHQWV�DOO�VKRW�IUDPHV�ZLWKLQ�LWV�UHFWDQJOH�

7HFKQLFDOO\�� WKH� NH\� IUDPH� GLVWULEXWLRQ� DORQJ� D� VKRW� UHVXOWV� IURP� PLQLPL]LQJ� WKH
IROORZLQJ�FULWHULRQ�IXQFWLRQ�
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7KH� QXPHULFDO� SURFHGXUH� IRU� REWDLQLQJ� WKH� RSWLPDO� NH\� IUDPH� GLVWULEXWLRQ� DORQJ� D
YLGHR�VKRW�E\�PLQLPL]LQJ� WKH� FULWHULRQ� IXQFWLRQ� ���� LV� H[SODLQHG� LQ�PRUH�GHWDLOV� LQ
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)LJXUH����,OOXVWUDWLRQ�RI�WKH�NH\�IUDPH�GLVWULEXWLRQ�ZLWKLQ�D�YLGHR�VKRW�E\�DVVLJQHG��
NH\�IUDPHV��$Q�DSSUR[LPDWLRQ�RI�WKH��DFFXPXODWLRQ�FDQ�EH�REWDLQHG�XVLQJ���IOH[LEOH
UHFWDQJOHV�

��������.H\�IUDPH�GLVWULEXWLRQ�H[SHULPHQWV

/HW�XV�ILUVW�FKHFN�WKH�SHUIRUPDQFH�RI�WKH�GLVWULEXWLRQ�SURFHGXUH�RQ�D�ILFWLYH�VKRW�ZLWK
WKH�³FRQWHQW�GHYHORSPHQW´�UHSUHVHQWHG�E\�WKH�FXUYH�LQ�)LJXUH����7KH�FXUYH�VKRZV�D
YDULDEOH�WHPSRUDO�LQIRUPDWLRQ�IORZ�DORQJ�WKH�VKRW��7KUHH�FKDUDFWHULVWLF�SDUWV�FDQ�EH
UHFRJQL]HG��WZR�ZLWK�D�VWDWLRQDU\�DQG�WKH�PLGGOH�RQH�ZLWK�D�QRQ�VWDWLRQDU\��³FRQWHQW
GHYHORSPHQW´�� ��� NH\� IUDPHV� ZHUH� DVVLJQHG� WR� WKLV� VKRW� DQG� WKH� UHVXOW� RI� WKHLU
GLVWULEXWLRQ�DORQJ�WKH�VKRW�FDQ�DOVR�EH�VHHQ�LQ�)LJXUH���
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Distances between consecutive key frames:
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)LJXUH��D���7ZR�VKRWV�RI�WKH�PRYLH�)RXU�:HGGLQJV�DQG�D�)XQHUDO��)UDPH�WR�IUDPH
GLIIHUHQFHV��DFFXPXODWHG�GLIIHUHQFHV�DQG�DVVLJQHG�NH\�IUDPHV�FDQ�EH�VHHQ�
)LJXUH��E��6DPH�DQDO\VLV�IRU�RQH�VKRW�RI�WKH�1DWXUH�PRYLH
)LJXUHV��D�DQG��E�SUHVHQW�UHVXOWV�RI�WKH�NH\�IUDPH�DOORFDWLRQ�SURFHGXUH�RQ�H[DPSOH
RI�WZR�UHDO�YLGHR�VHTXHQFHV��)RXU�:HGGLQJV�DQG�D�)XQHUDO��FRXUWHV\�RI�3RO\JUDP�
1DWXUH��



,Q� HDFK� FDVH�� WKH� YDULDELOLW\� RI� WKH� NH\� IUDPH�GHQVLW\� DORQJ� D� VKRW� GHSHQGV� RQ� WKH
YDULDELOLW\� LQ� WKH� WHPSRUDO� LQIRUPDWLRQ� IORZ�� H�J�� EHKDYLRXU� RI� WKH� ³FRQWHQW
GHYHORSPHQW´� FXUYH��+RZHYHU�� D� FHUWDLQ� OHYHO�RI�KRPRJHQHLW\� LQ� VSUHDGLQJ�RI� NH\
IUDPHV� DORQJ� WKH� VKRW� UHPDLQV�� SURYLGLQJ� WKH� UHSUHVHQWDWLRQ� RI� WKH� HQWLUH� VKRW
PDWHULDO�

����&RQFOXVLRQV

,Q�WKLV�SDSHU��D�QHZ�WZR�VWHS�DSSURDFK�IRU�NH\�IUDPH�H[WUDFWLRQ�LV�SUHVHQWHG�WDNLQJ
LQWR� DFFRXQW� � JLYHQ� PD[LPDO� QXPEHU� RI� NH\� IUDPHV� IRU� WKH� ZKROH� VHTXHQFH� DQG
VSUHDGLQJ� LW� FRUUHVSRQGLQJ� WR� WKH� PHDVXUHG� WHPSRUDO� LQIRUPDWLRQ� IORZ� DORQJ� WKH
VHTXHQFH��7KH�JOREDO�NH\�IUDPH�DOORFDWLRQ�PHWKRG�DVVLJQV�D�QXPEHU�RI�NH\�IUDPHV�WR
D�VKRW�GHSHQGLQJ�RQ�WKH�WRWDO�DPRXQW�RI�FKDQJHV�LQ� WKH�LQIRUPDWLRQ�IORZ�DORQJ�WKH
VKRW�� 7KHVH� NH\� IUDPHV� DUH� WKHQ� RSWLPDOO\� GLVWULEXWHG� RYHU� WKH� VKRW� LQ� D� WKUHVKROG
LQGHSHQGHQW�ZD\�

,Q� FRPSDULVRQ� WR� NH\� IUDPH� H[WUDFWLRQ� SURFHGXUHV� SURSRVHG� LQ� WKH� OLWHUDWXUH�� WKLV
DSSURDFK��KDV�IROORZLQJ�LPSRUWDQW�SURSHUWLHV�

�� ,W� DOORZV� WKH� UHJXODWLRQ� RI� WKH� PD[LPDO� QXPEHU� RI� NH\� IUDPHV� SHU� YLGHR
VHTXHQFH�E\�VHWWLQJ�WKH�PD[LPXP�RI�NH\�IUDPHV�1�

�
�� 6SUHDGLQJ� RI� � 1� JLYHQ� NH\� IUDPHV� DORQJ� WKH� VHTXHQFH� DQG� WKHLU� SRVLWLRQLQJ

ZLWKLQ� HDFK� VKRW� LV� QRW� EDVHG� RQ� DQ\� SDUDPHWHU� �WKUHVKROG�� VHWWLQJ� EXW� RQ� WKH
DQDO\VLV�RI�WKH�DFWXDO�WHPSRUDO�LQIRUPDWLRQ�IORZ�LQ�WKH�JLYHQ�VHTXHQFH�

7KH� TXDOLW\� RI� REWDLQHG� NH\� IUDPH� UHSUHVHQWDWLRQ� RI� WKH� YLGHR� VHTXHQFH� GHSHQGV
VWURQJO\�RQ�WKH�UREXVWQHVV�RI��IUDPH�WR�IUDPH�GLIIHUHQFH�PHWULF�DJDLQVW�QRQ�UHOHYDQW
IOXFWXDWLRQV�LQ�WKH�DQDO\VHG�LQIRUPDWLRQ�IORZ�

�5HIHUHQFHV�

>�@� =KDQJ� � �+��� � � /RZ� � �&�<��� � 6PROLDU�� � � 6�:��� � ³9LGHR� 3DUVLQJ� DQG�%URZVLQJ�8VLQJ
&RPSUHVVHG�'DWD´��0XOWLPHGLD�7RROV�DQG�$SSOLFDWLRQV�� ���� �SS� ��������� �.OXZHU�$FDGHPLF
3XEOLVKHUV��������
>�@� <HXQJ��0�0���<HR�%���:ROI�:����/LX�%���³9LGHR�%URZVLQJ�XVLQJ�&OXVWHULQJ�DQG�6FHQH
7UDQVLWLRQV�RQ�&RPSUHVVHG�6HTXHQFHV´��,6	7�63,(�0XOWLPHGLD�&RPSXWLQJ�DQG�1HWZRUNLQJ�
)HEUXDU\�����
>�@� <HXQJ� � 0�0��� � /LX� � %��� ³(IILFLHQW� 0DWFKLQJ� DQG� &OXVWHULQJ� RI� 9LGHR� 6KRWV´�
3URFHHGLQJV�RI�,&,3��9RO����SS����������:DVKLQJWRQ��'�&����86$��������
>�@� <HR�%��� �/LX��%���³5DSLG�6FHQH�$QDO\VLV�RQ�&RPSUHVVHG�9LGHR´�� ,(((�7UDQVDFWLRQV
RQ�&LUFXLWV�DQG�6\VWHPV�IRU�9LGHR�WHFKQRORJ\��9RO����1R����'HFHPEHU�����
>�@� )XUWK� %��� 6PROLDU� 6�:��� =KDQJ� +��� ³9LGHR� DQG� ,PDJH� 3URFHVVLQJ� LQ� 0XOWLPHGLD
6\VWHPV´��.OXZHU�$FDGHPLF�3XEOLVKHUV������
>�@� &20387(5���,(((�&RPSXWHU�0DJD]LQH��9RO������,VVXH����0D\�����



>�@� /DJHQGLMN�5�/���+DQMDOLF�$���&HFFDUHOOL�0���6ROHWLF�0���3HUVRRQ�(���³9LVXDO�6HDUFK�LQ�D
60$6+�6\VWHP´��3URF��,&,3�µ����/DXVDQQH��&+������
>�@� (76���������� �'LJLWDO�EURDGFDVWLQJ�V\VWHPV� IRU� WHOHYLVLRQ�� VRXQG�DQG�GDWD� VHUYLFHV�
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