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$EVWUDFW�

:H� GHVFULEH� KHUH� D� SURWRW\SH� WR� UHFUHDWH� FDU� DFFLGHQWV� LQ� D� YLUWXDO� ZRUOG� IURP�ZULWWHQ� FDU�
DFFLGHQW� UHSRUWV�� 5HSRUWV� KDYH� EHHQ� VXSSOLHG� E\� WKH� )UHQFK� 0$,)� LQVXUDQFH� FRPSDQ\� DQG�
GHVFULEH�PRVW�RIWHQ�FROOLVLRQV�EHWZHHQ�WZR�YHKLFOHV��

:H�RXWOLQH� WHFKQLTXHV� WKDW�ZH�XVHG�DQG� UHVXOWV� WKDW�ZH�REWDLQHG��$OWKRXJK�RXU�SURMHFW�KDV�
QRW� UHDFKHG� LWV� HQG�� ZH� VKRZ� WKDW� GHVFULSWLRQV� LQ� )UHQFK� HQDEOH� WR� DQLPDWH� VFHQHV� DQG� WR�
FRRUGLQDWH� HQWLWLHV� LQ� D� YLUWXDO� ZRUOG��:H� WKLQN� WKDW� YLVXDOL]DWLRQ� DQG� DQLPDWLRQ� RI� WKH� VFHQH�
LPSURYH�WKH�LQWHOOLJLELOLW\�RI�WKH�UHSRUW��

�

&RJQLWLYH�9DOXH�RI�9LUWXDO�(QYLURQPHQWV�

9LUWXDO�UHDOLW\�WHFKQLTXHV�HQDEOH�WR�UHFUHDWH�REMHFWV��VFHQHV��WR�VLPXODWH�DFWLRQV��WR�UHSURGXFH�
VFLHQWLILF�H[SHULPHQWV�ZLWK�WKH�DLP�WR�JHW�DV�FORVH�DV�SRVVLEOH�RI�UHDOLW\��9LUWXDO�UHDOLW\�LV�QRZ�XVHG�
LQ� DQ� LQFUHDVLQJ� QXPEHU� RI� DSSOLFDWLRQV�� 7KH\� UDQJH� IURP� FRPSXWHU� DVVLVWHG� REMHFW� GHVLJQ��
VLPXODWLRQ� RI� DVVHPEO\� SODQWV� WR� DVVHVV� WKHLU� HIILFLHQF\�� ZRUN� JURXS� HQYLURQPHQWV� IRU� YLUWXDO�
PHHWLQJV�DQG�WHOHFRQIHUHQFH��$QGHUVVRQ�HW�DO���������

&HQWUDO� IHDWXUHV� RI� YLUWXDO� UHDOLW\� UHVW� RQ� LPDJH� DQG� LQWHUDFWLRQ�� ,QWHUDFWLRQ� HOLPLQDWHV� WKH�
LPSUHVVLRQ�RI�D�SRVVLEOH�SDVVLYHQHVV�WKDW�PD\�WLUH�D�XVHU��,W�JLYHV�KLP�KHU�D�JUHDWHU�IUHHGRP�LQ�
WKH�H[SORUDWLRQ�DQG�QDYLJDWLRQ�LQ�LWV�HQYLURQPHQW��,PDJHV��PRVW�RIWHQ�LQ�D���'�VSDFH��KHOS�D�XVHU�
XQGHUVWDQG�D�VLWXDWLRQ��.RVVO\Q�������'HQLV��������9LVXDOL]DWLRQ�JLYHV�YLUWXDO�HQYLURQPHQWV�WKH�
FDSDFLW\� WR� UHSUHVHQW� DQG� FRPPXQLFDWH� NQRZOHGJH�� ,Q� FROODERUDWLYH� YLUWXDO� HQYLURQPHQWV�� IRU�
LQVWDQFH��GHVLJQHUV�XVH�REMHFW�PHWDSKRUV�WR�KHOS�D�XVHU�LPPHGLDWHO\�DFFHVV�WKH�VHQVH�RI�D�VFHQH��
DQ�DUWHIDFW��9LVXDOL]DWLRQ�IDFLOLWDWHV�WKH�FRPSUHKHQVLRQ�RI�FRPSOH[�VFHQHV�DQG�GDWD��0LFKHO�'HQLV�
�������QRWLFHV�

�
O·LPDJH�HW�OH�ODQJDJH�FRQVWLWXHQW�GHX[�PRGHV�GH�UHSUpVHQWDWLRQV�>«@�IRUWHPHQW�GLIIpUHQFLpHV��PDLV�GRQW�OD�
FRRSpUDWLRQ�HVW�UHTXLVH�GDQV�GH�QRPEUHXVHV�IRUPHV�GH�IRQFWLRQQHPHQW�FRJQLWLI��
�
,PDJH� DQG� ODQJXDJH� FRQVWLWXWHV� WZR� UHSUHVHQWDWLRQ� PRGHV� >«@� VWURQJO\� GLIIHUHQW�� EXW�
UHTXLULQJ�D�FRRSHUDWLRQ�IURP�HDFK�RWKHU�LQ�PDQ\�LQVWDQFHV�RI�FRJQLWLYH�DFWLYLW\��

�
�

/DQJXDJH�DQG�,QWHUDFWLRQ�LQ�D�9LUWXDO�(QYLURQPHQW�



,Q�YLUWXDO�HQYLURQPHQWV��LQWHUDFWLRQ�LV�QHDUO\�DOZD\V�FDUULHG�RXW�XVLQJ�SRLQWLQJ�GHYLFHV�VXFK�DV�
PLFH�� VSDFH� EDOOV�� MR\VWLFNV�� HWF�� 7KHVH� GHYLFHV� HQDEOH� QDYLJDWLRQ� DQG� PRWLRQV� LQ� YHUWLFDO� DQG�
KRUL]RQWDO�SODQHV�DQG�URWDWLRQV��6XFK�GHYLFHV�DOVR�HQDEOH�WR�GHVLJQDWH�DQ�REMHFW�DQG�WR�IO\�WR�LW��
)LQDOO\��SRLQWHUV�DOORZ�WR�FRQWURO�REMHFWV�RI�D�YLUWXDO�ZRUOG��WR�PDQLSXODWH�WKHP��WR�DFWLYDWH�WKHP��
HWF��

,QWHUDFWLRQ�LQ�D�YLUWXDO�ZRUOG�LV�WULFN\��,W·V�WKH�FRXQWHUSDUW�RI�WKH�EHWWHU�LQWHOOLJLELOLW\��&ODVVLFDO�
SRLQWLQJ�V\VWHPV�DOORZ�D�IDVW�DQG�DFFXUDWH�GHVLJQDWLRQ�SURYLGHG�WKDW�REMHFWV�DUH�LQ�WKH�YLVLRQ�ILHOG�
RI�WKH�XVHU��1DYLJDWLRQ�LV�UHODWLYHO\�HDV\�ZKHQ�WKH�PRWLRQ�LV�UHFWLOLQHDU��,W·V�PRUH�GLIILFXOW�ZKHQ�
WKH�PRWLRQ�LV�FRPSOH[�RU�ZKHQ�PRUH�DUWLIDFWV�KDYH�WR�EH�V\QFKURQL]HG��

1DWXUDO�ODQJXDJH�RU�VSRNHQ�LQWHUDFWLRQ�LV�VHOGRP�XVHG�LQ�YLUWXDO�HQYLURQPHQWV��,Q�DGGLWLRQ�WR�
EHLQJ�PRUH�´QDWXUDOµ�� ODQJXDJH�HQDEOHV�WKH�XVHU�WR�FDUU\�RXW�DFWLRQV�WKDW�ZRXOG�KDYH�EHHQ�YHU\�
GLIILFXOW�ZLWK�WKH�LQWHUDFWLRQ�SDUDGLJPV�FRPPRQ�LQ�YLUWXDO�UHDOLW\�HQYLURQPHQWV��

�
• GLUHFW�LQWHUDFWLRQ�²�REMHFWV�VKRXOG�EH�YLVLEOH�
• JHVWXUH�LQWHUDFWLRQ�²�ZKDWHYHU�WKH�VRSKLVWLFDWLRQ�RI�WKH�GHYLFHV�\RX�DUH�XVLQJ��\RX�KDYH�WR�GR�

LW�E\�KDQG�
�
2QH�SRVVLEOH� H[SODQDWLRQ� LV� WKDW� UHOLDEOH� VSHHFK� UHFRJQLWLRQ�GHYLFHV� DUH� VWLOO� VFDUFH�DQG� WKDW�

SURFHVVLQJ�ODQJXDJHV�LV�GLIILFXOW��+RZHYHU�QDWXUDO�ODQJXDJH�FRQWURO�VKRZV�LWV�VXSHULRULW\�LQ�VRPH�
FDVHV��

�
• ZKHQ�QDYLJDWLQJ�LQWR�YLUWXDO�ZRUOGV��$OWKRXJK��JHVWXUH�LQWHUDFWLRQ�HQDEOHV�D�XVHU�WR�FDUU\�RXW�OLQHDU�

PRWLRQV�HDVLO\�RU� WR�PRYH�TXLFNO\�WR�YLVLEOH�REMHFWV�� LW�JHWV�PRUH�GLIILFXOW�ZKHQ�PRWLRQV�DUH�
FRPSOH[� DQG� LQ� UHIHUHQFH� WR� REMHFWV�� ,Q� H[SHULPHQWV� ZH� KDYH� FRQGXFWHG� SUHYLRXVO\�� ZH�
UHDOL]HG�WKDW�QRYLFH�XVHUV�FRXOGQ·W�HYHQ�PRYH�DURXQG�D�VLPSOH�WDEOH�ZLWKRXW�H[WHQVLYH�WUDLQLQJ�
�*RGpUHDX[�HW�DO���������

• LQ�WKH�GHVLJQDWLRQ�RI�REMHFWV��:KHQ�QRW�YLVLEOH��REMHFWV�DUH�VRPHWLPHV�GLIILFXOW�WR�ILQG�LQ�D�YLUWXDO�
ZRUOG��2Q�WKH�FRQWUDU\��QDWXUDO�ODQJXDJH�VHDUFK�RU�VLPSO\�XVLQJ�NH\ZRUGV�LV�RIWHQ�SUHIHUUHG��
([DPSOHV�RI�WKLV�SUHIHUHQFH�FDQ�EH�JLYHQ�E\�WKH�SRSXODULW\�RI�WKH�VHDUFK�URERWV�IRU�WKH�:HE��
7KH�VLWXDWLRQ�LV�HYHQ�PRUH�GLIILFXOW�ZKHQ�GHVLJQDWLQJ�FRPSOH[�REMHFWV�VXFK�DV�SOXUDOV��

• ZKHQ�FRQWUROOLQJ�DQ�DUWLIDFW��&RQWUROOLQJ�DQ�DUWLIDFW� LQ�D�YLUWXDO�HQYLURQPHQW�OHDGV�RIWHQ�WR�GLUHFW�
PDQLSXODWLRQV� DJDLQ�� 6RPH� RI� WKHP� PLJKW� VWLOO� UHTXLUH� FRPSOH[� VFULSWV� RI� FRPPDQGV� DQG�
YLUWXDO�UHDOLW\�WHFKQLTXHV�GR�QRW�VKRZ�REYLRXV�LPSURYHPHQWV�RYHU�FODVVLFDO��DQG�WHGLRXV��8QL[�
VKHOOV��2Q� WKH� FRQWUDU\�� QDWXUDO� ODQJXDJH� FRPPDQGV� HYHQ�ZKHQ� FRQVWUDLQHG� E\� WKH� SUHVHQW�
VWDWH�RI�WHFKQRORJ\�FDQ�EH�HDVLHU�DQG�PRUH�HIILFLHQW��

• ZKHQ�GHOHJDWLQJ�D�WDVN�WR�RQH�RU�PRUH�DUWLIDFWV��'HOHJDWLQJ�DQ�DFWLRQ�WR�DQ�DUWLIDFW�FDQ�EH�FRQVLGHUHG�
DV� D� FRPSOH[� FRQWURO� WDNLQJ� LQWR� DFFRXQW� SDUDPHWHUV� VXFK� DV� WLPH� RU� VSDFH� RU� FRQGLWLRQDO�
IDFWV��'HOHJDWLQJ�DOVR�UHTXLUHV�VRPHWLPHV�WKDW�HYHQWV�EH�V\QFKURQL]HG�IURP�GLIIHUHQW�W\SHV�RI�
VRXUFH��$OWKRXJK�SURFHVVLQJ�LV�GLIILFXOW��GHOHJDWLRQ�LV�PRUH�HDVLO\�HQFDSVXODWHG�XVLQJ�ODQJXDJH��
�
,Q�D�SUHYLRXV�SURWRW\SH��RQH�RI�WKH�DXWKRU�KDV�DGGUHVVHG�QDYLJDWLRQ�DQG�GHVLJQDWLRQ�SUREOHPV�

�%HUVRW� HW� DO�� ������� 7KLV� SURWRW\SH� ²� 8O\VVH� ²� FRQVLVWHG� LQ� D� FRQYHUVDWLRQDO� DJHQW� WKDW� ZDV�
HPERGLHG�LQ�WKH�UHSUHVHQWDWLRQ�RI�D�XVHU�LQ�WKH�YLUWXDO�ZRUOG��7KH�XVHU�DGGUHVVHV�WKH�DJHQW�XVLQJ�
VSRNHQ�QDWXUDO� ODQJXDJH�DVNLQJ� LW� WR�FDUU\�RXW�PRWLRQ�FRPPDQGV��8O\VVH�FRXOG� WKHQ�PRYH� WKH�
XVHU�LQ�WKH�YLUWXDO�ZRUOG�RQ�KLV�KHU�EHKDOI��

,Q�WKLV�SDSHU�ZH�GHVFULEH�D�VRPHZKDW�GLIIHUHQW�DSSOLFDWLRQ�RI�QDWXUDO�ODQJXDJH�SRVVLELOLWLHV�WR�
RXWOLQH� FRRSHUDWLRQ� SULQFLSOHV� EHWZHHQ� PRYLQJ� HQWLWLHV� LQ� D� YLUWXDO� ZRUOG�� :H� WRRN� WKH�
DSSOLFDWLRQ� GRPDLQ� RI� FDU� DFFLGHQW� UHSRUWV�� 5HSRUWV� ZHUH� SURYLGHG� E\� WKH� 0$,)� LQVXUDQFH�
FRPSDQ\��7KH�FRUSXV�FRQVLVWV�RI����UHSRUWV�ZULWWHQ�LQ�)UHQFK��7KH\�LQFOXGH�GHVFULSWLRQV�VXFK�DV�
WKLV�RQH��

�



-H� URXODLV� VXU� OD� SDUWLH� GURLWH� GH� OD� FKDXVVpH� TXDQG� XQ� YpKLFXOH� DUULYDQW� HQ� IDFH� GDQV� OH� YLUDJH� D� pWp�
FRPSOqWHPHQW�GpSRUWp��6HUUDQW�j�GURLWH�DX�PD[LPXP��MH�Q·DL�SX�pYLWHU�OD�YRLWXUH�TXL�DUULYDLW�j�JUDQGH�YLWHVVH��
�5HSRUW�$���

�
,�ZDV�GULYLQJ�RQ�WKH�ULJKW�KDQG�VLGH�RI�WKH�URDG�ZKHQ�D�YHKLFOH�FRPLQJ�LQ�IURQW�RI�PH�LQ�WKH�EHQG�VNLGGHG�

FRPSOHWHO\��0RYLQJ�WR�WKH�ULJKW�RI�WKH�ODQH�DV�IDU�DV�,�FRXOG��,�FRXOGQ·W�DYRLG�WKH�FDU�WKDW�ZDV�FRPLQJ�YHU\�IDVW��
�
7KH�LQWHUSUHWDWLRQ�RI�VXFK�UHSRUWV�LV�GLIILFXOW�EHFDXVH�WKH\�FRQWDLQ�XQGHUVWDWHPHQWV��QHJDWLRQV��

RU� FRVPHWLF� GHVFULSWLRQV� WKDW� FDQQRW� EH� LQWHUSUHWHG�ZLWKRXW� JXHVVLQJ� WKH� VWDWH� RI�PLQG�RI� WKH�
GULYHU�� ,Q�RUGHU� WR� WXUQ� WKH�SURFHVVLQJ� WUDFWDEOH�RQ�D� ILUVW�DWWHPSW��ZH�VLPSOLILHG�VRPH�UHSRUWV��
&RQVLGHULQJ�WKH�SUHYLRXV�WH[W��WKH�VLPSOLILFDWLRQ�LV��

�
-H�URXODLV�VXU�OD�FKDXVVpH��XQ�YpKLFXOH�DUULYDLW�HQ�IDFH�GDQV�OH�YLUDJH��MH�O·DL�SHUFXWp�GDQV�OH�YLUDJH��
�
,�ZDV�GULYLQJ�RQ�WKH�ODQH��D�YHKLFOH�ZDV�FRPLQJ�LQ�IURQW�RI�PH�LQ�WKH�EHQG��,�EXPSHG�LW�LQ�WKH�EHQG��

�
2XU�JRDO� LV� WR�JHQHUDWH�DQG�DQLPDWH�WKH�FRUUHVSRQGLQJ�VFHQHV� LQ�D�YLUWXDO�ZRUOG��XVLQJ�WH[WV�

DQG�NQRZOHGJH�RI�GULYLQJ�FRQGLWLRQV�LQ�)UDQFH��$�WH[W�PD\�EH�FRQVLGHUHG�DV�D�JXLGH�WR�UH�FUHDWH�
WKH�VFHQH��DQG�QRW�DV�D�FRPSOHWH�VFHQH�GHVFULSWLRQ��WKH�DXWKRU�RI�WKH�WH[W�ZLOO�QRW�JLYH�DOO�WKDW�LV�
QHHGHG� WR� UH�FUHDWH� WKH� VFHQH� LQ� TXHVWLRQ�� DQG� WKLV� DFWLYLW\� QHHGV� D� JUHDW� GHDO� RI� FRPPRQ�
NQRZOHGJH�DERXW�WKH�GRPDLQ�XQGHU�FRQVLGHUDWLRQ��&RQVLGHULQJ�IRU�H[DPSOH�WKH�ILUVW�SURSRVLWLRQ�
RI� WKH�WH[W�$��� WKH�ZULWHU�DVVXPHV�IURP�WKH�RXWVHW� WKDW�ZH�NQRZ�KH� LV�GULYLQJ� LQ�D�FRUUHFW�DQG�
QRUPDO�IDVKLRQ��IROORZLQJ�WKH�FRXUVH�RI�WKH�URDG��DW�D�FRUUHFW�VSHHG���

,Q�RUGHU�WR�UHSURGXFH�WKLV�UHDVRQLQJ��ZH�XVHG�D�SURFHVVLQJ�DUFKLWHFWXUH�FRQVLVWLQJ�RI�OLQJXLVWLF�
DQDO\]HU� DQG� D� URDG� GRPDLQ� PRGHO�� 7KLV� DUFKLWHFWXUH� VHHPV� VXIILFLHQW� WR� UHSURGXFH� UHODWLYHO\�
VLPSOH�HYHQWV��:H�DOVR�LPSOHPHQWHG�D�SODQQHU�WR�UHSURGXFH�FRPSOH[�PRWLRQV�HYHQWV�RFFXUULQJ�
LQ�WKH�UHSRUWV��

�

6HPDQWLF�$QDO\VLV�

7KH� ILUVW� VWDJH�RI� WKH�SURFHVVLQJ�FRQVLVWV� LQ� D�PRUSKRORJLFDO�DQG�V\QWDFWLF�DQDO\VLV�� VSOLWWLQJ�
WKH�WH[W�LQWR�VHJPHQWV��VXFK�DV�QRXQ�JURXSV�RU�YHUE�JURXSV��DQG�HVWDEOLVKLQJ�OLQNV�EHWZHHQ�WKHVH�
VHJPHQWV� �3RLULHU��������7KLV� VWHS�ZDV�FDUULHG�RXW�XVLQJ�D�GHSHQGHQF\�DQDO\VLV� �7HVQLqUH�������
0HO·FXN��������7KHQ�WKH�YHUE�YDOHQFH�VWUXFWXUH�LV�FRPSXWHG�WR�WKH�FRUUHVSRQGLQJ�PHDQLQJ��7KLV�
DQDO\VLV� XVHV� D� OH[LFRQ� FRQWDLQLQJ� IRU� HDFK� YHUE�� WKH� SRVVLEOH� YDOHQFH� VWUXFWXUHV� DQG� WKH�
FRUUHVSRQGLQJ� UHSUHVHQWDWLRQ��2WKHU� XQLWV� LGHQWLI\� HQWLWLHV� DQG� OLQN� WKHP� WRJHWKHU� XVLQJ� VSDFH�
DQG� WLPH� UHODWLRQV��)LQDOO\�� OLQJXLVWLF�SURFHVVLQJ� VSOLWV� VHQWHQFHV� LQWR�D� VHTXHQFH�RI� HYHQWV�� DQG�
WKH� UHVXOW� LV� D� VHW�RI� HQWLWLHV� DQG� WKH� UHODWLRQV� WKDW� OLQN� WKHP��:H�JLYH� D�EULHI�RYHUYLHZ�RI� WKH�
UHVXOWV�ZH�KDYH�REWDLQHG�VR�IDU�ZLWK�WKH�SURFHVVLQJ�RI�WKH�WH[W�$���

�
,�ZDV�GULYLQJ�RQ�WKH�ODQH�

• (QWLWLHV��
 v0: vehicle; s0: person; r0: road; e1: trajectory; im1, 
ip1, ie: intervals�

• 7LPH�UHODWLRQV��
 contains(ip1, im1) & before(im1, ie) 

• 5HODWLRQV�� 
 [ip1] driver(s0, v0) 
 [ip1] within(v0, r0) 
�



D�YHKLFOH�ZDV�FRPLQJ�LQ�IURQW�RI�PH�LQ�WKH�EHQG��
• (QWLWLHV��

 v1: vehicle; s1: person; sr0: bend; e2: trajectory; im2, 
ip2, ie: intervals�

• 7LPH�UHODWLRQV��
 contains(ip2, im2) & before(im2, ie) & simultaneous(im1, 
im2) 

• 5HODWLRQV�� 
 [ip2] driver(s1, v1) 
 [ip2] within(v1, rr0) 
 [ip2] getting_closer(v1, v0) 
 [ip2] facing(v1, v0) 
�
,�EXPSHG�LW�LQ�WKH�EHQG��

• (QWLWLHV��
 v1: vehicle; s0: person; e3: bump; im3, ip3, ie: intervals�

• 7LPH�UHODWLRQV��
 contains(ip3, im3) & before(im3, ie) & before(im2, im3) 
�
)RU� WKH� ILUVW� VHW� RI� UHODWLRQV�� FRUUHVSRQGLQJ� WR� ,� ZDV� GULYLQJ� RQ� WKH� ODQH�� ZH� LQWURGXFH� LQ� WKH�

UHSUHVHQWDWLRQ� D� SHUVRQ�s0� DQG�KLV� YHKLFOH�v0�� D� URDG�r0�� DQ� HYHQW�e1� FRUUHVSRQGLQJ� WR� WKH�
PRYHPHQW�RI�WKH�GULYHU��DQG�DOVR�VRPH�WLPH�LQWHUYDOV��im, ie, ip��ZKLFK�DOORZ�XV�WR�VLWXDWH�
WKH�HYHQWV�LQ�D�FKURQRORJLFDO�RUGHU�DQG�WR�HVWDEOLVK�LI�WKH\�KDYH�ILQLVKHG�RU�QRW��7KHVH�UHVXOWV�DUH�
GHWDLOHG�LQ�3LHG��������DQG�WKH\�UHO\�RQ�*RVVHOLQ·V�WKHRU\��������RQ�WHQVH�DQG�DVSHFW�RI�)UHQFK�
YHUEV��

:H�KDYH�DOVR�VRPH�UHODWLRQV�VSHFLI\LQJ�WKDW� WKH�GULYHU�RI�WKH�FDU�v0� LV�s0��DQG�WKDW��GXULQJ�
WKH�SURFHVV�� WKH�GULYHU� LV�RQ� WKH� URDG� �[ip0] within(v0, r0)�ZLWK�[ip0]�GHVLJQDWLQJ�
WKH�OHQJWK�RI�WKH�HYHQW���

7KHVH� UHVXOWV�DUH� LQWHJUDWHG��RQH�DIWHU� WKH�RWKHU�� LQ�WKH�VFHQH�FRQVWUXFWLRQ�XQLW�DQG�WKH\�DUH�
FRPELQHG�ZLWK�VRPH�NQRZOHGJH�RI�WKH�GRPDLQ��LQ�RUGHU�WR�FRPSOHWH�WKH�GHVFULSWLRQ��7KHQ��WKH�
UHDVRQLQJ� SURFHVVHV� EHJLQV� DQG� LQFOXGH� D� FRQVWUXFWLRQ� RI� D� FKURQRORJ\� RI� HYHQWV� DQG� D�
FRQVWUXFWLRQ� RI� WKH� YHKLFOHV·� WUDMHFWRULHV�� 7KH� GHVFULSWLRQ� LV� WKHQ� WUDQVODWHG� LQWR� WKH� 950/�
JHRPHWULF� IRUPDOLVP�� ,W� IHDWXUHV� D�PRGHOLQJ� RI� FDUV�� URDGV� DQG� ´URDG� HYHQWVµ� DQG� WDNHV� DV� DQ�
LQSXW��

�
• HDFK�HYHQW�ZLWK�LWV�WHPSRUDO�OHQJWK�
• WKH�OLVW�RI�REMHFWV�WR�GUDZ�
• WKHLU�SRVLWLRQV��VSHHG�DQG�GLUHFWLRQV�DW�WKH�EHJLQQLQJ�DQG�DW�WKH�HQG�RI�HDFK�SURFHVV��

�

6FHQH�6\QWKHVLV�

7KH� VFHQH� V\QWKHVLVHU�XVHV� WKH�HQWLWLHV�GHWHUPLQHG�E\� WKH�VHPDQWLF�PRGXOH��7KH�V\QWKHVL]HU�
EXLOGV� WKH� JHRJUDSKLF� ODQGVFDSH� XVLQJ� VWDQGDUG� URDG� FRPSRQHQWV�� QDPHO\� IRU� WKH� PRPHQW��
VWUDLJKW�URDGV��EHQGV��DQG�MXQFWLRQV��,W�DOVR�XVHV�SUH�GHILQHG�YHKLFOHV�VXFK�DV�WKH�YHKLFOH�LQ�)LJ����

�

� � � �



)LJXUH���2XU�FDU�PRGHO��

�
5RDG�FRPSRQHQWV�DUH�DVVHPEOHG�UHVSHFWLQJ�UHDOLVP�FRQVWUDLQWV��WKDW�LV�URDG�ZRUOG�SODXVLELOLW\��

7KH�SURJUDP�VHWV� WKH�YHKLFOHV�RQ� WKH� URDG�DQG�XVHV� WLPH�DQG�VSDFH� UHODWLRQV� WR�FRPSXWH� WKHLU�
SRVLWLRQV� VSOLW� LQWR� WKH� LQWHUYDOV�� :H� KDYH� LPSOHPHQWHG� WKH� DQLPDWLRQ� ZLWK� 950/���
LQWHUSRODWRUV��7KH�VFHQH�FRUUHVSRQGLQJ�WR�WKH�SUHYLRXV�UHSRUW�LV�VKRZQ�LQ�)LJXUH����

�

� �

� �
)LJXUH���7KH�V\QWKHVL]HG�VFHQH��

�

3ODQQLQJ�

2QH�RI�WKH�PDLQ�SUREOHP�LQ�UHSURGXFLQJ�FDU�DFFLGHQWV�LV�WR�IRUPDOL]H�LQIRUPDWLRQ�UHODWLYH�WR�
GULYLQJ�HYHQWV��6RPH�FRPSOH[�GULYLQJ�HYHQWV�DUH�GLIILFXOW�WR�PRGHO�XVLQJ�WKH�VFHQH�UHSUHVHQWDWLRQ�
PRGXOH�ZH�GHVFULEHG�DERYH��)RU� LQVWDQFH�� LW� LV� LPSRVVLEOH� WR�HQFRGH� WKH�PRYLQJ�SRVLWLRQ�RI� D�
YHKLFOH� UHODWLYHO\� WR� WKH� URDG� LW� LV� RQ� DQG� DW� WKH� VDPH� WLPH�� UHODWLYH� WR� WKH�SRVLWLRQ�RI� DQRWKHU�
PRYLQJ�YHKLFOH��,Q�RUGHU�WR�DGGUHVV�WKLV��ZH�VHOHFWHG�D�FRXSOH�RI�DFWLRQV�VXFK�DV�RYHUWDNLQJ��RU�
EHKDYLRU�RI�YHKLFOHV�DW�D�MXQFWLRQ�DQG�ZH�LPSOHPHQWHG�SODQQLQJ�UXOHV�WR�UHSURGXFH�WKHP��

0DNLQJ�D�SODQ�FRQVLVWV� LQ�FRQVWUXFWLQJ�D� VHTXHQFH�RI�DFWLRQV� WR�VROYH�D�SUREOHP��)LNHV�DQG�
1LOVVRQ��������WKHVH�DFWLRQV�EHLQJ�VHTXHQWLDO�RU�SDUDOOHO��,Q�DGGLWLRQ��SODQQLQJ�VKRXOG�EH�UHDFWLYH�
�:LONLQV�HW�DO��������� WKDW� LV�DFWLRQV�FDQQRW�DOZD\V�EH�SUH�FRPSXWHG�DQG�VRPHWLPHV�GHSHQG�RQ�
WKH� FXUUHQW� VWDWH� RI� WKH� JHRPHWULFDO� GDWDEDVH�� )RU� LQVWDQFH�� UHSUHVHQWLQJ� DQ� RYHUWDNLQJ� VFHQH�



UHTXLUHV�VSOLWWLQJ�D�FRPSOH[�DFWLRQ�LQWR�D�VHW�RI�VLPSOHU�RQHV��,W�DOVR�UHTXLUHV�WKDW�WKH�RYHUWDNLQJ�
YHKLFOH�FRQVWDQWO\�PRQLWRUV�WKH�SRVLWLRQ�RI�WKH�YHKLFOH�WKDW�LV�RYHUWDNHQ��

2XU�SODQQHU�XVHV�D�KLHUDUFKLFDO�GHFRPSRVLWLRQ�RI�D� WDVN� LQWR�VXE�WDVNV��6DFHUGRWL�������WKDW�
ZH� LOOXVWUDWH� KHUH� RQ� WKH� RYHUWDNLQJ� DFWLRQ�� 7KH� SODQQHU� LV� HPEHGGHG� LQ� WKH� IROORZLQJ� YHKLFOH�
ZKLFK�LV�FDOOHG�WKH�´DFWRUµ��7KLV�YHKLFOH�XSGDWHV�LWV�SRVLWLRQ�UHODWLYH�WR�WKH�YHKLFOH�LQ�IURQW��WKH�
´REMHFWµ��7KH�SODQQHU�DSSOLHV�UXOHV� WR�FRPSXWH�WKH�VXFFHVVLYH�SRVLWLRQV�DQG�RULHQWDWLRQV�RI�WKH�
YHKLFOHV�ZLWKLQ�WKH�WLPH�IUDPH�LQ�ZKLFK�WKH�DFWLRQ�RFFXUV��

$�SODQQLQJ�UXOH�LV�D�SUHGLFDWH�FRPSRVHG�RI���
 �

• FDOOLQJ�DUJXPHQWV��
• RQH�RU�PRUH�DFWLRQV�WR�H[HFXWH��IRU�H[DPSOH��D�SRVLWLRQ�RU�DQ�RULHQWDWLRQ�FDOFXODWLRQ���
• WKH�VWRS�FRQGLWLRQ�WKDW�GHILQHV�WKH�WULJJHULQJ�RI�D�VXEVHTXHQW�UXOH��
• D�FDOO�WR�WKH�IROORZLQJ�UXOH��ZKHQ�WKH�VWRS�FRQGLWLRQ�LV�VDWLVILHG��

�
7KH� LQLWLDO� SUREOHP� RYHUWDNH� LV� GHFRPSRVHG� LQWR� VXE�SUREOHPV�� ,W� PXVW� IXOILOO� DQ� LQLWLDO�

FRQGLWLRQ��´JR�IDVWHU�WKDQ�WKH�RWKHU�YHKLFOHµ��7KHQ�LW�PXVW�FRPSOHWH�D�VHTXHQFH�RI�DFWLRQV��
�

• JHW�FORVHU�WR�WKH�OHDGLQJ�YHKLFOH��
• PRYH�WR�WKH�OHIW�ODQH��
• JR�LQ�IURQW�RI�WKH�RYHUWDNHQ�YHKLFOH��
• ILQDOO\�UHWXUQ�WR�ULJKW�OLQH��

�
7KH� UXOHV� DUH� WULJJHUHG� E\� FRPSDULQJ� SRVLWLRQV� RI� WKH� GLIIHUHQW� YHKLFOHV�� )RU� LQVWDQFH�� WKH�

DFWRU� FKDQJHV� ODQH� ZKHQ� UHDFKLQJ� D� JLYHQ� GLVWDQFH� IURP� WKH� REMHFW�� 7KH� RYHUWDNLQJ� DFWLRQ� LV�
UHSUHVHQWHG�E\�DQ�DFWLRQ�JUDSK�LQ�)LJXUH����

�
Overtake

faster(Actor, Object) pass_round

write_result

change_lane_or_notmove_forward

move-to_left_lane do_nothing m ove_to_right_lane

AND

AND

OR

OR

�
)LJXUH���*UDSK�RI�DFWLRQV��

�
0RWLRQV� RI� ERWK� YHKLFOHV� DUH� FRPSXWHG� UHODWLYH� WR� WKH� FRRUGLQDWHV� RI� WKH� URDG� UHIHUHQFH�

V\VWHP��7KH�SURJUDP�FRPSXWHV�LQ�SDUDOOHO�RQH�SODQ�IRU�HDFK�YHKLFOH��.QRZLQJ�WKH�SRVLWLRQV�DQG�
WKH� HQWLWLHV� RI� WKH� VFHQH�� WKH� V\VWHP� FRPSLOHV� DXWRPDWLFDOO\� WKH� LQWHUSRODWRUV� WKDW� GHILQH� WKH�
RYHUDOO�PRWLRQ��)LJXUH���VKRZV�VQDSVKRWV�RI�WKH�V\QWKHVL]HG�RYHUWDNLQJ��

�



� � �

� � �
)LJXUH���2YHUWDNLQJ��

�

&RQFOXVLRQ�

:H�KDYH�GHVFULEHG�KHUH�WHFKQLTXHV�WR�V\QWKHVL]H�DQG�V\QFKURQL]H�HYHQWV�IURP�ZULWWHQ�WH[WV��
6XFK�VFHQHV�FRXOG�QRW�KDYH�EHHQ�DQLPDWHG�E\�KDQG�LQ�95�HQYLURQPHQW�XVLQJ�FODVVLFDO�LQWHUDFWLRQ�
WHFKQLTXHV��$OWKRXJK� WH[WV�QHHG� WR�EH� VLPSOLILHG�DQG� WKH�QXPEHU�RI� DFWLRQV� LV� VWLOO� OLPLWHG��ZH�
KDYH�REWDLQHG�VRPH�SURPLVLQJ�UHVXOWV��

,Q� WKH� IXWXUH�ZH� SODQ� WR� H[SDQG� WKH� VHPDQWLF� SDUVHU� VR� WKDW� LW� FDQ� FRQVLGHU�QRQ� VLPSOLILHG�
UHSRUWV��:H�ZLOO�DOVR�HQULFK�RXU�VHW�RI�URDG�FRQILJXUDWLRQV�DQG�VFHQDULRV�WR�RWKHU�URDG�HYHQWV��)RU�
WKH� PRPHQW�� WKH\� DUH� OLPLWHG� WR� FROOLVLRQV� RQ� VWUDLJKW� URDGV� RU� FRUQHUV�� DQG� WR� SODQQLQJ�
RYHUWDNLQJ� DQG� MXQFWLRQ� EHKDYLRU�� :H� DOVR� SODQ� WR� UHJLVWHU� WKH� DFFLGHQW� VFHQHV� LQWR� D� �'�
JHRJUDSKLFDO�GDWDEDVH�WKDW�LV�QRZ�DYDLODEOH�IRU�PRVW�SDUWV�RI�)UDQFH��

5HIHUHQFHV�

0�� $QGHUVVRQ�� &�� &DUOVVRQ�� 2� +DJVDQG�� 2�� 6WnKO�� ',9(� 7KH� 'LVWULEXWHG� ,QWHUDFWLYH� 9LUWXDO�
(QYLURQPHQW��7HFKQLFDO�5HIHUHQFH��.LVWD��6ZHGLVK�,QVWLWXWH�IRU�&RPSXWHU�6FLHQFH��������

%DOO�� *��� /LQJ� '��� .XUODQGHU� '��� 0LOOHU� -��� 3XJK� '��� 6NHOO\� 7��� 6WDQNRVN\� $��� 7KLHO� '��� 9DQ�
'DQW]LFK� 0��� 	� :D[� 7��� /LNHOLNH� &RPSXWHU� &KDUDFWHUV�� 7KH� 3HUVRQD� 3URMHFW� DW� 0LFURVRIW�
5HVHDUFK��LQ�6RIWZDUH�$JHQWV��-��%UDGVKDZ�HG���0,7�3UHVV��������

2�� %HUVRW�� 3�2�� (O� *XHGM�� &�� *RGpUHDX[�� 	� 3�� 1XJXHV�� $� &RQYHUVDWLRQDO� $JHQW� WR� +HOS�
1DYLJDWLRQ�DQG�&ROODERUDWLRQ�LQ�9LUWXDO�:RUGV��9LUWXDO�5HDOLW\�����������������

%ROW��5��$���3XW�7KDW�7KHUH��9RLFH�DQG�*HVWXUH�DW�WKH�*UDSKLF�,QWHUIDFH��&RPSXWHU�*UDSKLFV��YRO��
�������SS�����������������

0��'HQLV�� ,PDJHU\� DQG�7KLQNLQJ�� ,Q� ,PDJHU\� DQG�&RJQLWLRQ��&��&RUQROGL� DQG�0$�0F'DQLHO� HGV��
6SULQJHU�9HUODJ��������

0��'HQLV��5DSSRUW�VFLHQWLILTXH�GX�*URXSH�&RJQLWLRQ�KXPDLQH��/,06,��2UVD\��������

(YHUHWW�6���:DXFKRSH�.���3HUH]�0�$���$�1DWXUDO�/DQJXDJH�,QWHUIDFH�IRU�9LUWXDO�5HDOLW\�6\VWHPV��
7HFKQLFDO� 5HSRUW� RI� WKH� 1DY\� &HQWHU� IRU� $UWLILFLDO� ,QWHOOLJHQFH�� 86� 1DYDO� 5HVHDUFK� /DERUDWRU\��
:DVKLQJWRQ�'&��������



5��)LNHV�	�1�-��1LOVVRQ��$�QHZ�DSSURDFK�WR�WKH�DSSOLFDWLRQ�SURYLQJ�WR�SUREOHP�VROYLQJ��$UWLILFLDO�
,QWHOOLJHQFH�������������������

&�� *RGpUHDX[�� .�� 'LHEHO�� 3�2�� (O� *XHGM�� )�� 5HYROWD�� 	� 3�� 1XJXHV�� $Q� ,QWHUDFWLYH�� 6SRNHQ�
'LDORJ�,QWHUIDFH�LQ�9LUWXDO�:RUOGV��LQ��/LQJXLVWLF�&RQFHSWV�DQG�0HWKRGV�LQ�&6&:��-�+��&RQQROO\�	�/��
3HPEHUWRQ��&KDSWHU�����SS�����������6SULQJHU��/RQGRQ��������

/��*RVVHOLQ��6pPDQWLTXH�GH�OD�WHPSRUDOLWp�HQ�IUDQoDLV��XQ�PRGqOH�FDOFXODWRLUH�HW�FRJQLWLI��+DELOLWDWLRQ�j�GLULJHU�
GHV�UHFKHUFKHV��8QLYHUVLWp�GH�&DHQ���������

.DUOJUHQ��-���%UHWDQ��,���)URVW��1��	�-RQVVRQ��/���,QWHUDFWLRQ�0RGHOV��5HIHUHQFH��DQG�,QWHUDFWLYLW\�
LQ� 6SHHFK� ,QWHUIDFHV� WR� 9LUWXDO� (QYLURQPHQWV�� �QG� (XURJUDSKLFV� :RUNVKRS�� 0RQWH� &DUOR�� 'DUPVWDGW��
)UDXQKRIHU�,*'��������

60�.RVVO\Q��*KRVWV� LQ� WKH�0LQG·V�0DFKLQH��&UHDWLQJ� DQG�8VLQJ� ,PDJHV� LQ� WKH�%UDLQ��1HZ�<RUN��::�
1RUWRQ��������

,�$��0HO·FXN��'HSHQGHQF\�6\QWD[��7KHRU\�DQG�3UDFWLFH��6WDWH�8QLYHUVLW\�RI�1HZ�<RUN��3UHVV�������

)��3LHG��&��3RLULHU��3��(QMDOEHUW��	�%��9LFWRUUL��)URP�ODQJXDJH�WR�PRGHO��3URF��RI�(&$,�����������

&�� 3RLULHU��&RQFHSWLRQ� HW� UpDOLVDWLRQ� G·XQ� DQDO\VHXU� VpPDQWLTXH� GH� GRFXPHQWV� FRPSRVLWHV� �WH[WHV� HW� VFKpPDV���
7KqVH�GH�GRFWRUDW��8QLYHUVLWp�GH�&DHQ��������

(��6DFHUGRWL��3ODQQLQJ�LQ�D�KLHUDUFK\�RI�DEVWUDFWLRQ�VSDFHV��$UWLILFLDO�,QWHOOLJHQFH�������������������

/��7HVQLqUH��eOpPHQWV�GH�V\QWD[H�VWUXFWXUDOH��.OLQFNVLHFN��������

'��:LONLQV��.��0\HUV��-��/RZUDQFH��	�/��:HVOH\��3ODQQLQJ�DQG�UHDFWLQJ�LQ�XQFHUWDLQ�DQG�G\QDPLF�
HQYLURQPHQWV��-RXUQDO�RI�([SHULPHQWDO�DQG�7KHRUHWLFDO�$,����������������������


