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Abstract – This paper analyses and evaluates two projection 

families and describes their integration in a multi target tracker 

expected to be used in a real world experimentation. The 

knowledge of the road network allows for more reliable track 

maintenance and accurate state estimation, compared to 

standard trackers, when targets are closely spaced and 

undertake manoeuvres. The methods to be studied are the 

orthogonal projection, and the probabilistic projection, which 

are applied to the state estimate. The tracker's estimator uses 

directional dynamic models corresponding to the roads of 

interest. The use of competing non-interacting models instead of 

the interacting multiple model (IMM) method is explained and 

justified in the context of road targets. The multimodel estimator 

computes costs, transmitted to an S-dimensional assignment 

algorithm which determines the best measurement-to-track 

association. Simulation results show the effectiveness of each 

projection method on the overall tracking precision, in specific 

road network and sensor configurations. 
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0XOWLSOH�0RGHO��9600��HVWLPDWRU��6�'LPHQVLRQDO�$VVLJQPHQW�
SUREOHP��

1 Introduction 

7KLV� ZRUN� IRFXVHV� RQ� D� W\SLFDO� PXOWLVHQVRU� JURXQG�
VXUYHLOODQFH�DSSOLFDWLRQ� IRU�ZKLFK� WKH�($'6�FRPSDQ\� LV�
FXUUHQWO\� GHYHORSLQJ� VHYHUDO� GDWD� IXVLRQ� DOJRULWKPV��
5HSUHVHQWDWLYH� WDFWLFDO� VFHQDULRV� LQFOXGH� RQ�URDG� FLYLO�
YHKLFOHV�� FRQYR\V� RI� WDQNV�� RWKHU� RII�URDG� FDSDEOH�
YHKLFOHV�� DV� ZHOO� DV� ORZ� DOWLWXGH� DLUERUQH� WDUJHWV�� 7KH�
JURXQG�WDUJHW�WUDFNHU�WKDW�LV�GHVFULEHG�KHUH�LV�GHVLJQHG�WR�
SURFHVV� FRQVHFXWLYH� GLVWLQFW� LQFRPLQJ� VFDQV� IURP�RQH� RU�
PRUH� 0RYLQJ� 7DUJHW� ,QGLFDWRU� �07,�� UDGDUV�� $OWKRXJK�
WKLV� DOJRULWKP� LV� WR�EH�XVHG� WR�SURGXFH� D� WDFWLFDO� JURXQG�
SLFWXUH� QHHGHG� E\� WKH� FRPPDQGHUV�� WKLV� SDSHU�
FRQFHQWUDWHV�RQ� WKH� WUDFNLQJ�RI�LQGLYLGXDO�WDUJHWV�WKDW�DUH�
ERXQG�WR�WKH�URDG�QHWZRUN��ZLWK�WKH�JRDO�RI�HYDOXDWLQJ�WKH�
HIIHFWLYHQHVV�RI�WKH�SURMHFWLRQ�IXQFWLRQV��DQG�WKH�LQIOXHQFH�
RI�HDFK�RI�WKHP�RQ�WKH�RYHUDOO�WUDFNLQJ�SUHFLVLRQ��
6HF�� �� GHVFULEHV� WKH� JHQHUDO� DUFKLWHFWXUH� RI� WKH� 6�
'LPHQVLRQDO� $VVLJQPHQW� 9DULDEOH� 6WUXFWXUH� 0XOWLSOH�
0RGHO� �ODWHU� FDOOHG� 6�'� 96�00�� WUDFNHU�� SDUWLFXODUO\�
LQGLFDWLQJ� WKH� LQWHUDFWLRQ� RI� ERWK� WKH� HVWLPDWRU� DQG� WKH�
DVVRFLDWLRQ�PRGXOHV��

6HF�� �� SUHVHQWV� WKH� WKHRUHWLFDO� EDVLV�� DQG� WKH� H[SHFWHG�
LQIOXHQFH�RI�WKH�WZR�LQWHUQDO�VWDWH�SURMHFWLRQ�PHWKRGV�WKDW�
ZHUH�LPSOHPHQWHG�LQ�WKH�WUDFNHU
V�HVWLPDWRU��
6HF����GHWDLOV�WKH�GHVLJQ�RI�WKH�HVWLPDWRU��WKDW�ZDV�DGDSWHG�
IURP�>��@��DQG�WKDW�LQFOXGHV�WKH�SURMHFWLRQ�PRGXOHV��
,Q�6HF�����ZH�H[DPLQH�WKH�HVWLPDWLRQ�HUURUV�REWDLQHG�XVLQJ�
HDFK� RI� WKH� GHWHUPLQLVWLF� DQG� SUREDELOLVWLF� SURMHFWLRQV�
ZLWK� D� WDUJHW� PRYLQJ� RQ� D� VLQJOH� VWUDLJKW� URDG� VHJPHQW�
�6HF������� 7KHVH� VLPXODWLRQV� SRLQW� RXW� WKH� EHVW� OLQH� RI�
VLJKW� YHUVXV� URDG� RULHQWDWLRQ� FRQILJXUDWLRQV� ZKHUH� WKH�
KLJKHVW� HVWLPDWRU� SUHFLVLRQ� LV� H[SHFWHG��1H[W� LQ� 6HF������
WKH� VLPXODWLRQ� RI� D� VWDQGDUG�.DOPDQ� ILOWHU�ZLWK� GLIIHUHQW�
RULHQWDWLRQV� RI� WKH� PHDVXUHPHQW� HUURU� FRYDULDQFH� PDWUL[�
>R@�� DQG� UHSUHVHQWDWLYH� VLPXODWLRQ� SDUDPHWHUV�� VKRZV� WKH�
GLIIHUHQW� JHRPHWULFDO� FRQILJXUDWLRQV� RI� WKH� ILOWHUHG� VWDWH�
FRYDULDQFH�PDWUL[�>P(k+1|k+1)@�UHODWLYH�WR�WKH�SURMHFWLRQ�
URDG� VHJPHQW�� 7KLV� DOORZV� WKH� LQWHUSUHWDWLRQ� RI� WKH�
HVWLPDWLRQ�HUURUV�REWDLQHG�ZLWK�WKH�PXOWL�WDUJHW�WUDFNHU�LQ�
6HF�����XVLQJ�D�UHDO�URDG�QHWZRUN��

2 Global tracker architecture 

)LJXUH���SUHVHQWV�WKH�KLJK�OHYHO�VWUXFWXUH�RI�WKH�NLQHPDWLF�
WUDFNHU�� 7KH� LQFRPLQJ� PHDVXUHPHQWV� ILUVW� XQGHUJR� D�
V\VWHPDWLF� DOLJQPHQW� ZKLFK� EULQJV� WKHP� XQGHU�&DUWHVLDQ�
FRRUGLQDWHV�� *HQHUDOO\�� VXFK� DQ� DOLJQPHQW� PRGXOH� LV�
FRQYHQLHQW� WR� FRQYHUW� PHDVXUHPHQWV� IURP� GLVVLPLODU�
VHQVRUV�LQWR�D�FRPPRQ�FRRUGLQDWH�V\VWHP��
7KH� PHDVXUHPHQWV� DUH� UHFHLYHG� LQ� WKH� IRUP� RI� SORWV�
EHORQJLQJ� WR� VFDQV�� IURP�RQH�RU� VHYHUDO�07,� UDGDUV��:H�
DVVXPH�WKDW�WKH�VFDQV�DUH�SURFHVVHG�LQ�FKURQRORJLFDO�RUGHU�
DQG� QHYHU� RYHUODS� LQ� WKH� WLPH� GRPDLQ�� LH�� WKH� ODVW�
PHDVXUHPHQW�RI�D�VFDQ�LV�ROGHU�WKDQ�WKH�ILUVW�PHDVXUHPHQW�
RI�WKH�IROORZLQJ�VFDQ��
7KH� WUDFNV�DUH�PDQDJHG� LQ� WZR�GLIIHUHQW�ZD\V�GHSHQGLQJ�
RQ�WKHLU�VWDWXV��WKH�FRQILUPHG�WUDFNV�DUH�XSGDWHG�XVLQJ�WKH�
LQFRPLQJ�PHDVXUHPHQWV�E\�WKH�PXOWLGLPHQVLRQDO��
�

�



�

)LJXUH����$UFKLWHFWXUH�RI�WKH�JURXQG�WDUJHW�NLQHPDWLF�
WUDFNHU�

DVVLJQPHQW��ZKHUHDV� WKH� WHQWDWLYH� WUDFNV�DUH�XSGDWHG� LQ�D�
VHSDUDWH�IXQFWLRQ��E\�WKRVH�PHDVXUHPHQWV�WKDW�FRXOGQ
W�EH�
DVVRFLDWHG� WR� DQ\� FRQILUPHG� WUDFN�� 7KH� FRQILUPHG� WUDFN�
XSGDWLQJ�FDQ�EH�VHHQ�DV�D�WZR�VWDJH�SURFHVV�LQYROYLQJ�WKH�
HVWLPDWLRQ� OHYHO�� DQG� WKH�DVVLJQPHQW� OHYHO��7KH�HVWLPDWRU�
FRPSXWHV� WKH� WUDFN� SUHGLFWLRQV� DORQJ� WKH� URDGV��
GHWHUPLQHV� WKH� IHDVLEOH� PHDVXUHPHQW�WR�WUDFN�
DVVLJQPHQWV�� DQG� XSGDWHV� WKH� WUDFN
V� VWDWH� RQ� WKH� URDG�
QHWZRUN��7KLV� XSGDWLQJ� FRQVLVWV� LQ� ILOWHULQJ� WKH�SUHGLFWHG�
VWDWH� XVLQJ� WKH� DVVLJQHG� PHDVXUHPHQW� EHIRUH� SURMHFWLQJ�
WKH�ILOWHUHG�VWDWH�RQ�D�GHILQHG�URDG�VHJPHQW��7KH�HVWLPDWRU�
RSHUDWHV� RQ� HDFK� IHDVLEOH� DVVLJQPHQW�� PDNLQJ� QR�
DVVLJQPHQW� GHFLVLRQ�� ,W� MXVW� FRPSXWHV� HDFK� DVVLJQPHQW�
FRVW� WKDW� LQIRUPV� WKH� DVVLJQPHQW� PRGXOH� ZKLFK�� LQ� WXUQ��
GHFLGHV�ZKLFK�DVVLJQPHQW�LV�EHVW��RQ�WKH�PXOWL�VFDQ�VOLGLQJ�
GHFLVLRQ� ZLQGRZ�� )LQDOO\�� ZKHQ� WKH� DVVLJQPHQW� PRGXOH�
KDV�IRXQG�WKH�EHVW�H[LVWLQJ�DVVRFLDWLRQ�EHWZHHQ�WKH�OLVW�RI�
H[LVWLQJ�WUDFNV��DQG�WKH�PHDVXUHPHQWV�LQ�WKH�6���IROORZLQJ�
VFDQV��D�KDUG�GHFLVLRQ�NHHSV�WKH�DVVLJQPHQW
V�GHFLVLRQ�IRU�
WKH�ILUVW�VFDQ�RQO\��$IWHU�WKLV�QHZ�WUDFN�XSGDWH��WKH�VOLGLQJ�
6��� VFDQ� GHFLVLRQ� ZLQGRZ� PRYHV� WR� WKH� QH[W� VFDQ�� $�
GHWDLOHG� SUHVHQWDWLRQ� RI� WKH� ��'� DQG� 6�'� $VVLJQPHQW�
RSHUDWLRQV�FDQ�EH�IRXQG�LQ�UHIHUHQFH�>��@��

3 Projection function principles, 

definitions, and benefits 

7KH�URDG�SULRU�LQIRUPDWLRQ�LV�XVHG�LQ�ERWK�WKH�SUHGLFWLRQ��
DQG� SURMHFWLRQ� VWDJHV� RI� WKH� DERYH� LQWURGXFHG� HVWLPDWRU��
7KH� SURMHFWLRQ� IXQFWLRQ� FDQ� EH� XVHG� RQO\� ZKHQ� LW� LV�
DVVXPHG� WKDW� WKH� WDUJHW� RI� LQWHUHVW� LV� RQ�URDG�� ,Q�
DOJRULWKPV� WKDW� FDQ� WUDFN� WDUJHWV� FDSDEOH� RI� RQ�URDG� DQG�
RII�URDG�EHKDYLRUV�� LW� LV� QHFHVVDU\� WR�KDYH�DQ�RSLQLRQ�RQ�
WKH� WUDFN
V� URDG� VWDWXV� LQ� RUGHU� WR� FRUUHFWO\� DSSO\� WKH�
SURMHFWLRQ� PRGXOH�� 7KH� VLPXODWLRQV� XVHG� LQ� WKLV� ZRUN�
DVVXPH�WKDW�DOO�WDUJHWV�DUH�RQ�URDG��
.QRZLQJ� WKDW� WKH� 07,� UDGDU� SURGXFHV� QRLV\�
PHDVXUHPHQWV��DQG�WKDW�WKH�RULHQWDWLRQ�RI�LWV� OLQH�RI�VLJKW�

UHODWLYH�WR�WKH�URDGV�RI�LQWHUHVW�FDQ�YDU\��WKH�ILOWHUHG�VWDWH�
LV� DOZD\V� RII�URDG�� DQG� WKH� DVVRFLDWHG� FRYDULDQFH�PDWUL[�
GRHVQ
W� JHQHUDOO\� UHIOHFW� WKH� URDG� RULHQWDWLRQ�� 7KH�
SURMHFWLRQ� DOJRULWKPV� DUH� XVHG� WR� FRUUHFW� WKH� HVWLPDWHG�
VWDWH�DV�ZHOO�DV�LWV�DVVRFLDWHG�FRYDULDQFH��DFFRUGLQJ�WR�WKH�
VHJPHQW�EHOLHYHG�WR�LQFOXGH�WKH�WDUJHW��

3.1 Measurement under constraint 

6RPH� ZRUN� RQ� SURMHFWLRQ� PHWKRGV� DSSOLHG� WR� JURXQG�
WDUJHW�WUDFNLQJ�DOUHDG\�H[LVWV��7KH�GHWHUPLQLVWLF�DSSURDFK�
ZDV� XVHG� WR� RUWKRJRQDOO\� SURMHFW� WKH� LQFRPLQJ�
PHDVXUHPHQW� ]c(k) LWVHOI� >�@�� 7KLV� PHWKRG� FRPSXWHV� D�
SURMHFWHG� WDUJHW� REVHUYDWLRQ� ]p(k)� EHORQJLQJ� WR� WKH� URDG�
VHJPHQW� V�� ZKRVH� (XFOLGHDQ� GLVWDQFH� WR� WKH� LQFRPLQJ�
PHDVXUHPHQW�LV�PLQLPDO��7KXV�

� � � � � � �PLQDUJ zkzkz c
sz

p � � �� � � � � � � � � ����

$� VHFRQG� SUREDELOLVWLF� DSSURDFK� LV� GHVFULEHG� LQ� >�@�� DQG�
XVHV� WKH�PHDVXUHPHQW� HUURU�GLVWULEXWLRQ�[Rc(k)]� WR�REWDLQ�
WKH� PRVW� SUREDEOH� WDUJHW� REVHUYDWLRQ� ]pp(k)� EHORQJLQJ� WR�
WKH� URDG� QHWZRUN�� 7KLV� SRVLWLRQ� PD[LPL]HV� WKH� a 

posteriori� SUREDELOLW\� p(z| zc(k), [Rc(k)])� XQGHU� WKH� URDG�
VHJPHQW�FRQVWUDLQW��7KXV��

� � � � � � � �> @ �PLQDUJ �� �
kRc

sz
pp

c

kzzkz �� � � � � ����

7KH� DQDO\WLFDO� H[SUHVVLRQV� IRU� ]p(k)�� DQG�]pp(k)� DUH�JLYHQ�
LQ� >�@�� +RZHYHU�� ZH� SUHIHUUHG� WR� SURMHFW� WKH� WDUJHW
V�
ILOWHUHG�VWDWH� UDWKHU� WKDQ� WKH�REVHUYDWLRQ� LWVHOI� IRU�VHYHUDO�
UHDVRQV��)LUVW�DQ�HUURQHRXV�PHDVXUHPHQW�SURMHFWLRQ�DOWHUV�
IXWXUH�WUDFN�SUHGLFWLRQ��DQG�FDQ�OHDG�WR�WUDFN�ORVV��6HFRQG��
WKH� V\VWHPDWLF� SURMHFWLRQ� RI� WKH� PHDVXUHPHQW� GRHV� QRW�
DOORZ� WR� JHQHUDOL]H� WKH� WUDFNLQJ� DOJRULWKP� WR� WDUJHWV� WKDW�
FDQ� H[LW� WKH� URDG� QHWZRUN�� DQG� ZKRVH� GHWHFWLRQV� GR� QRW�
QHFHVVDULO\� EHORQJ� WR� WKH� URDG�� 7KLV� LV� ZK\� RQO\� WKH�
LQWHUQDO� VWDWH� SURMHFWLRQ� GHVFULEHG� EHORZ� ZDV� IXUWKHU�
FRQVLGHUHG�DQG�LPSOHPHQWHG��

3.2 Estimated state under road constraint 

7R� FRPSO\� ZLWK� WKH� DVVXPSWLRQ� WKDW� WKH� WDUJHW
V� VSHHG�
HVWLPDWH� LV� LQ� WKH� URDG� GLUHFWLRQ�� DQG� WKDW� LWV� SRVLWLRQ�
HVWLPDWH�EHORQJV�WR�WKH�VDPH�URDG�VHJPHQW�s��LW�LV�SRVVLEOH�
WR�SURFHVV� WKH�XSGDWHG� WDUJHW
V� VWDWH� LQVWHDG�RI�SURMHFWLQJ�
WKH� PHDVXUHPHQW�� 6XFK� WHFKQLTXHV� IRU� SURMHFWLQJ� WKH�
LQWHUQDO� VWDWH� ZHUH� SUHVHQWHG� LQ� VHYHUDO� WDUJHW� WUDFNLQJ�
DSSOLFDWLRQV� >�@�>�@�� KRZHYHU� WKH\� RQO\� DSSOLHG� WKH�
FRQVWUDLQW�WR�WKH�WDUJHW�SRVLWLRQ��H[FHSW�IRU�>�@��ZKHUH�WKH�
VSHHG� YHFWRU� LV� SURMHFWHG�� EXW� ZLWKRXW� XVH� RI� WKH�
FRQVWUDLQHG�PRWLRQ�PRGHOV��
)LUVW�D�deterministic technique�LV�GHVFULEHG��7KH�HVWLPDWHG�
VWDWH� x(k|k)� DQG� LWV� FRYDULDQFH� PDWUL[� P(k|k)� FDQ� EH�
RUWKRJRQDOO\� SURMHFWHG� RQ� D� JLYHQ� URDG� VHJPHQW� V�� 7KH�
UHVXOWLQJ� VWDWH� HVWLPDWH�� � �kkxp

Ö �� ZKRVH� SRVLWLRQ� LV�
FRQVWUDLQHG� RQ� WKH� VHJPHQW� V�� DQG�ZKRVH� YHORFLW\� LQ� WKH�
GLUHFWLRQ�RI�V��LV�WKH�VROXWLRQ�RI�WKH�IROORZLQJ�HTXDWLRQ�
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ZKHUH� � �sP� �� D� �[�� PDWUL[�� LV� WKH� FRQYHQWLRQDO� VWDWH�
RUWKRJRQDO�SURMHFWLRQ�PDWUL[�RQ� WKH� URDG�VHJPHQW�s��7KH�
UHDGHU� LV� UHIHUUHG� WR� >�@� IRU� WKH� GHWDLOHG� SURRI� RI� (TV��
������� +RZHYHU� WKLV� WHFKQLTXH� GRHV� QRW� XVH� WKH� NQRZQ�
VWDWH�FRYDULDQFH�P(k|k)�LQ�WKH�FRPSXWDWLRQ�RI� � �kkx p

Ö ��
1H[W� WKH� probabilistic state projection� LV� GHVFULEHG�� 7KH�
XQFRQVWUDLQHG�ILOWHUHG�WDUJHW�VWDWH�x(k|k)�LV�WKH�PHDQ�YDOXH�
RI� WKH� SRVWHULRU� VWDWH� GLVWULEXWLRQ� p(x(k)|Z

k
)� >��@�� 7KH�

FRQVWUDLQHG� HVWLPDWH� � �kkx pp
Ö �� UHVXOWLQJ� IURP� WKH�

SUREDELOLVWLF� SURMHFWLRQ�� PD[LPL]HV� WKH� SUREDELOLW\�
GLVWULEXWLRQ� p(x(k)|Z

k
)�� ZKLOH� DOVR� VDWLVI\LQJ� WKH� URDG�

FRQVWUDLQWV��7KH�SUREDELOLVWLF�VWDWH�SURMHFWLRQ�WKXV�REH\V�
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7KLV� SUREDELOLVWLF� VWDWH� SURMHFWLRQ� RQ� URDG� VHJPHQW� s�
VDWLVILHV� WKH� PLQLPL]DWLRQ� RI� WKH� 0DKDODQRELV� GLVWDQFH�
�VHH�>�@���&RPSDUHG�WR�WKH�SURMHFWLRQ�RI�WKH�PHDVXUHPHQW�
GHILQHG�E\�(T�������WKH�VWDWH�SURMHFWLRQ�XVHV�WKH�DGGLWLRQDO�
YHORFLW\� FRQVWUDLQW�� )RU� WKH�YHORFLW\�YHFWRU� WR�EH�SDUDOOHO�
WR� WKH� GLUHFWLRQ� RI� WKH� URDG� VHJPHQW� s�� ZH� XVH� WKH�
RUWKRJRQDO� FRQGLWLRQ� EHWZHHQ� WKH� YHORFLW\� YHFWRU� DQG� D�
QRUPDO� YHFWRU� WR� VHJPHQW� s� FDOOHG� n

& �� 7KLV� FRQGLWLRQ� LV�
HTXLYDOHQW�WR�WKH�]HUR�VFDODU�SURGXFW� � � � nkx

&&
� ��

7KH�PLQLPL]DWLRQ�SUREOHP�GHILQHG�E\�(T������FDQ�WKHQ�EH�
ZULWWHQ�DV��
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8VLQJ� D� /DJUDQJLDQ� DSSURDFK�� WKH� DQDO\WLFDO� H[SUHVVLRQ�
IRU� FRQVWUDLQHG� MAP� HVWLPDWH� DQG� LWV� DVVRFLDWHG�
FRYDULDQFH�PDWUL[�DUH�JLYHQ�LQ�>�@�DQG�UHFDOOHG�KHUHXQGHU�
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(TV�� ������ DQG� (TV�� ������� ZHUH� LPSOHPHQWHG� LQ� WKH�
HVWLPDWRU�WR�EH�GHVFULEHG�LQ�WKH�QH[W�VHFWLRQ��

4 The variable structure multi model 

estimator 

7KH�IXQFWLRQV�KDQGOHG�E\�WKH�HVWLPDWLRQ�F\FOH�DUH��
- the management of the feasible dynamic models that 

each track can follow, based on the set of roads that can 

be reached by the tracks at the time of the measurement to 

be assigned. This enables the track’s state prediction based 

on a track context dependant model set. 

�� WKH� JDWLQJ� RI� WKH� LQFRPLQJ�PHDVXUHPHQWV� WR� GHWHUPLQH�
WKH�IHDVLEOH�PHDVXUHPHQW�WR�WUDFN�DVVLJQPHQWV��
- the computation of the cost, which is used as the 

decision criterion to the assignment function, 

�� WKH� WUDFN
V� VWDWH� HVWLPDWLRQ� SRVWHULRU� WR� WKH� DVVLJQHG�
PHDVXUHPHQW��
�� WKH� SRVVLEOH� FRUUHFWLRQ� RI� WKH� HVWLPDWHG� VWDWH�� E\�
projecting� LW� RQ� WKH� URDG� QHWZRUN�ZKHQ� URDG� WDUJHWV� DUH�
LQYROYHG��
7KH�HVWLPDWLRQ�SURFHVV�FDQ�EH�FRQVLGHUHG�DV�D�F\FOH��VLQFH�
WKH� DERYH� VWHSV� IRUP� D� UHFXUVLYH� SURFHVV� WKDW� FDQ� EH�
UHSHDWHG� ZLWKRXW� DQ\� GHFLVLRQ� RQ� PHDVXUHPHQW�WR�WUDFN�
DVVLJQPHQW�� ,QGHHG�� WKH� HVWLPDWLRQ� DQG� FRVW� HYDOXDWLRQ�
SURFHVVHV�DUH�FRQGXFWHG�IRU�DOO�IHDVLEOH�DVVLJQPHQWV�LQ�WKH�
GHFLVLRQ� ZLQGRZ�� 7KHVH� IXQFWLRQV� ZLOO� EH� H[DPLQHG� LQ�
PRUH�GHWDLO�LQ�WKH�IROORZLQJ�VHFWLRQV��DQG�WKH�VWUXFWXUH�RI�
WKH�PXOWL�PRGHO�HVWLPDWRU�ZLOO�EH�MXVWLILHG��

4.1 Dynamic model management 

7KLV� VHFWLRQ� MXVWLILHV� WKH� DSSURDFK� WKDW�ZDV� LPSOHPHQWHG�
WR�PDQDJH� WKH�K\SRWKHVHV�RQ� WKH�NLQHPDWLF�EHKDYLRXU�RI�
WKH� WDUJHWV�� DQG� WR� H[SUHVV� WKHLU� LQWHUQDO� VWDWHV�� :H�
HVSHFLDOO\� GHWDLO� ZK\� DQ� ,00� DSSURDFK�ZDV� QRW� FKRVHQ�
IRU�WUDFNLQJ�WDUJHWV�ERXQG�WR�WKH�URDG�QHWZRUN��
�

)LJXUH����,OOXVWUDWLRQ�RI�URDG�PRGHO�K\SRWKHVHV�
PDLQWHQDQFH�IRU�D�VLQJOH�WUDFN�

$V� LW� LV� VKRZQ� LQ� )LJXUH� ��� ZH� FKRVH� WR� JHQHUDWH� DQG�
PDLQWDLQ� DV� individual and competing� K\SRWKHVHV� DOO�
SRVVLEOH� road segment sequences� WKDW� WKH� WUDFN� FRXOG�
IROORZ� IURP� LWV� ODVW� XSGDWHG� VWDWH� WR� WKH� WLPH� RI� WKH�



PHDVXUHPHQW� WR� ZKLFK� LW� LV� SUHGLFWHG�� )LJXUH� �� LV� DQ�
H[DPSOH�� ZKHUH�� SRVWHULRU� WR� WKH� DVVLJQPHQW� RI� D� JLYHQ�
PHDVXUHPHQW�� WKH� WUDFN� FRXOG� IROORZ� WZR� GLIIHUHQW� URDG�
VHJPHQW�VHTXHQFHV��7KXV�WKH�WUDFN
V�LQWHUQDO�VWDWH�LV�PDGH�
RI�K\SRWKHVHV�H1�DQG�H2��)LJXUH���VKRZV�WKH�REVHUYDWLRQ�
SUHGLFWLRQV�EDVHG�RQ�WKLV�PXOWL�PRGHO�LQWHUQDO�VWDWH��DW�WKH�
WLPH� RI� WKH� QH[W� PHDVXUHPHQWV�� ,Q� JHQHUDO�� WKH�
PHDVXUHPHQWV� LQ� WKH� VFDQ� KDYH� VOLJKWO\� GLIIHUHQW� WLPH�
VWDPSV��
,Q� RUGHU� WR� GHWHUPLQH� DOO� IHDVLEOH� PHDVXUHPHQW�WR�WUDFN�
DVVLJQPHQWV��SUHGLFWLRQV�PXVW�EH�FRPSXWHG�RQ�HDFK�WUDFN��
DQG� RQ� HDFK� RI� WKHLU� G\QDPLF�PRGHOV�� DW� WKH� WLPH� RI� WKH�
FDQGLGDWH� PHDVXUHPHQW�� ,Q� )LJXUH� ��� LW� FDQ� EH� VHHQ� WKDW�
PHDVXUHPHQW� m2� FDQ
W� EH� DVVLJQHG� WR� WKH� H[LVWLQJ� WUDFN�
EHFDXVH� QR� G\QDPLF� PRGHO� LV� OLDEOH� WR� SURGXFH� VXFK� D�
PHDVXUHPHQW��&RQYHUVHO\��PHDVXUHPHQW�m1�FDQ�EH�FDXVHG�
E\� K\SRWKHVHV� H1�� RU� H2�� &RQVHTXHQWO\�� WKH� VHJPHQW�
VHTXHQFHV� f�� a-b-e�� DQG� a-b-d� ZLOO� FRPSHWH� WR� H[SODLQ�
PHDVXUHPHQW� m1�� )RU� D� JLYHQ� PHDVXUHPHQW�WR�WUDFN�
DVVLJQPHQW�ZLWKLQ� WKH�GHFLVLRQ�ZLQGRZ��DOO�SRVVLEOH�URDG�
VHJPHQW� VHTXHQFHV� DUH� H[DPLQHG�� 7KH� IROORZLQJ�
VXEVHFWLRQV� GHWDLO� WKH� V\VWHPDWLF� VFKHPH� IROORZHG� LQVLGH�
WKH�HVWLPDWLRQ�F\FOH��

4.2 Prediction, and determination of the 

feasible assignments 

3RVWHULRUO\�WR�WKH�ODVW�DVVLJQPHQW��DOO�WDUJHWV�DUH�SUHGLFWHG�
RQ� WKH� EDVLV� RI� HDFK� RI� WKHLU� G\QDPLF� K\SRWKHVHV�� (DFK�
VXFK� K\SRWKHVLV� DVVXPHV� WKH� WUDFN� KDV� IROORZHG� D� JLYHQ�
URDG�VHJPHQW� VHTXHQFH��DQG� WKXV�� LV�FXUUHQWO\�RQ�D�JLYHQ�
URDG�VHJPHQW��7KH�SUHGLFWLRQ�RI�HDFK�K\SRWKHVLV�LV�VLPSO\�
GRQH�E\� IROORZLQJ� WKH� URDG�QHWZRUN��$�FRQWLQXRXV�ZKLWH�
QRLVH� DFFHOHUDWLRQ� PRGHO� >��@� �RIWHQ� FDOOHG� FRQVWDQW�
YHORFLW\�PRGHO��LV�XVHG�RQ�HDFK�JHQHULF�FRRUGLQDWH�x��7KH�
FRYDULDQFH�PDWUL[� RI� WKH�GLVFUHWH�WLPH�SURFHVV�QRLVH�v(k)�
DORQJ�WKH�x�FRRUGLQDWH�D[LV�LV��
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ZKHUH�qx�LV�WKH�FRQVWDQW�SURFHVV�QRLVH�LQWHQVLW\�H[SUHVVHG�
LQ� >OHQJKWI�WLPHJ@� ZKRVH� YDOXHV� DUH� JLYHQ� LQ� 6HF������
:KHQ� D� MXQFWLRQ� LV� FURVVHG�� WKH� K\SRWKHVLV� LV� VSOLW� LQ� DV�
PDQ\� VHJPHQWV� OHDYLQJ� WKH� MXQFWLRQ�� 7KXV� LQ� )LJXUH� ���
FRQGLWLRQDOO\� WR� K\SRWKHVLV� H2�� DQG� DVVXPLQJ� HTXDO�
FKDQFHV� RI� XVLQJ� HDFK� VHJPHQW�� WKH� SULRU� SUREDELOLWLHV�
�FDOOHG� Pprior� LQ� (T�� ������ RI� WKH� WDUJHW� WR� HQG� XS� RQ�
VHJPHQWV� e�� d� RU� c� DUH� HTXDO� WR� ������� ����� 1RWH� WKDW�
SULRU� NQRZOHGJH� RQ� WKH� FRPSOLDQFH� RI� WKH� WDUJHW� W\SH� WR�
WKH� URDG� W\SH��RU� WKH� LQWHQW�RI� WKH� WDUJHW��FDQ�FDXVH�SULRU�
SUREDELOLWLHV�WR�EH�QRQ�HTXDO��1RWH��RQ�)LJXUH����WKDW�WKHVH�
SUHGLFWLRQV�DUH�XVHG�WR�GHWHUPLQH�ZKLFK�PHDVXUHPHQW�FDQ�
EH�DVVLJQHG�WR�ZKLFK�WUDFN��7KXV�D�PHDVXUHPHQW�WKDW�IDOOV�
LQVLGH� WKH� YDOLGDWLRQ� HOOLSVH� RI� D� WDUJHW� IRU� DQ\� JLYHQ�
PRGHO� FDQ� EH� DVVLJQHG� WR� WKDW� WUDFN��7KLV� LV� WKH� FDVH� IRU�
PHDVXUHPHQW� m3�� 1RWH� DOVR� WKDW� FRQGLWLRQHG� RQ� WKH�
DVVLJQPHQW�RI�PHDVXUHPHQW�m3��WKH�RQO\�SRVVLEOH�G\QDPLF�
VHTXHQFH�LV�VHJPHQWV�a��b��WKHQ�c��

4.3 Computation of the posterior values 

6LQFH� QR� DVVLJQPHQW� GHFLVLRQ� LV� WDNHQ� E\� WKH� HVWLPDWRU��
SRVWHULRU�YDOXHV�RI�G\QDPLF�PRGHO�FRQGLWLRQHG�WUDFN�VWDWH�
DUH� FRPSXWHG� IRU� HDFK� PHDVXUHPHQW� WKDW� FRXOG� EH�
DVVLJQHG��7KH�SRVWHULRU�SUREDELOLWLHV�RI�WKH�G\QDPLF�URDG�
PRGHOV� DUH� XSGDWHG� LQ� WKH� %D\HVLDQ� IUDPHZRUN�� 7KXV��
UHIHUULQJ� WR� )LJXUH� ��� SRVWHULRUO\� WR� WKH� DVVLJQPHQW� RI�
PHDVXUHPHQW�m1�� WKH� SRVWHULRU� SUREDELOLW\� ^ `KmSP i

& � WKDW�
WKH�WDUJHW�IROORZV�VHTXHQFH�Si��Si���^f��abe��abd`�LV��
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1RWH� WKDW� WKH� VHTXHQFHV� VXFK� DV� abc�� WKDW� WKH� WUDFN� FDQ�
IROORZ�� EXW� ZKRVH� YDOLGDWLRQ� HOOLSVH� GRHVQ
W� LQFOXGH� WKH�
PHDVXUHPHQW� DUH� QHJOHFWHG� LQ�(T�� ������7KH� WUDFN
V� VWDWH�
XSGDWH�� FRQGLWLRQDO� WR� WKH� DVVLJQHG�PHDVXUHPHQW� DQG� WKH�
URDG�VHTXHQFH�LV�FRPSXWHG�ZLWK�D�VWDQGDUG�.DOPDQ�ILOWHU� 

4.4 Projection of the target’s state on the 

road network 

$VVXPLQJ� WKH� WDUJHW� LV� ERXQG� WR� WKH� URDG� QHWZRUN�� LWV�
ILOWHUHG�VWDWH�LV�QRW�QHFHVVDULO\�SRVLWLRQHG�RQ�WKH�URDG��GXH�
WR�WKH�PHDVXUHPHQW�HUURU��7KH�XVH�RI�D�SURMHFWLRQ�PHWKRG�
DOORZV� WR� FRUUHFW� WKH� VWDWH� HVWLPDWH� DQG� WKH� DVVRFLDWHG�
FRYDULDQFH�� &RQVHTXHQWO\�� WKH� ILQDO� WUDFN� HVWLPDWHG� VWDWH�
ZLOO�DOZD\V�EHORQJ�WR�WKH�URDG��6HF����DQDO\VHV�WKH�LPSDFW�
RQ� WUDFNLQJ�SHUIRUPDQFH�ZKHWKHU� WKH�GHWHUPLQLVWLF�RU� WKH�
SUREDELOLVWLF�LQWHUQDO�VWDWH�SURMHFWLRQ�LV�XVHG��
The choice of the segment on which to project the target’s 

state� LV� DOVR� DQ� LVVXH�� ,I� VHYHUDO� URDG� VHJPHQWV� DUH�
FDQGLGDWHV��WKH�VHJPHQW�ZKRVH�SURMHFWLRQ�LV�WKH�FORVHVW�WR�
WKH�LQLWLDO�ILOWHUHG�VWDWH�PXVW�EH�VHOHFWHG��+RZHYHU��LQ�RXU�
LPSOHPHQWDWLRQ��ZH�KDYH�FKRVHQ�WR�arbitrarily project the 

filtered state on the segment that includes the state 

prediction�� 7KH� EHQHILW� RI� WKLV� FKRLFH� LV� WKH� UHGXFWLRQ�RI�
WKH� FRPSXWLQJ� ORDG� VLQFH� WKHUH� LV� QR� EHVW� SURMHFWLRQ�
VHOHFWLRQ�� DQG� QR� FRPSXWLQJ� RI� WKH� FDQGLGDWH� VWDWHV� DQG�
SUREDELOLWLHV�� 0RUHRYHU�� WKH� G\Qamic hypothesis 

generation is limited to the prediction stage��7KH� ULVN�RI�
V\VWHPDWLFDOO\� SURMHFWLQJ� RQ� WKH� SUHGLFWLRQ� VHJPHQW� LV�
SDUWLFXODUO\�YLVLEOH�ZKHQ�WKH�VWDWH�SUHGLFWLRQV�FRPH�FORVH�
WR� D� MXQFWLRQ�� ,QGHHG�� WKH� WDUJHW� FDQ� DFWXDOO\� SDVV� WKH�
MXQFWLRQ�� ZKHUHDV� LWV� HVWLPDWHG� VWDWH� ZLOO� EH� SURMHFWHG�
EHIRUH�WKH�MXQFWLRQ��7KLV�GLVWDQFH�EHWZHHQ�HVWLPDWHG�VWDWH�
DQG� UHDO� WDUJHW� SRVLWLRQ� FDQ� RFFDVLRQDOO\� OHDG� WR� KLJKHU�
HVWLPDWLRQ�HUURUV��)LJXUH������

4.5 Conclusion on estimator optimality 

7KLV�VHFWLRQ�MXVWLILHV�WKH�DGDSWDWLRQ�RI�WKH�HVWLPDWRU�IURP�
>��@�WR�DQ�RSWLPDO�HVWLPDWRU�WKDW�LV�H[SHFWHG�WR�HYROYH�WR�
H[SORLW� WKH� LQWHUDFWLRQ� EHWZHHQ� WDUJHW� W\SH� GDWD� DQG� WKH�
LQGLYLGXDO�IHDVLEOH�URDG�VHJPHQW�VHTXHQFHV��
7KH� H[KDXVWLYH� JHQHUDWLRQ� DQG� FRPSDULVRQ� EHWZHHQ� DOO�
IHDVLEOH� URDG� VHTXHQFHV� UHTXLUHV� PRUH� FRPSXWDWLRQ� WKDQ�



WKH� ,00��ZKLFK�XVHV�RQO\�DV�PDQ\� ILOWHUV�DV� WKH�QXPEHU�
RI� PRGHOV� WKDW� FDQ� EH� IROORZHG� DW� WKH� WLPH� RI� WKH�
PHDVXUHPHQW�RI� LQWHUHVW� >��@��+RZHYHU�� LW� LV�SUHIHUUHG� WR�
WKH� ,00� IUDPHZRUN� IRU� WUDFNLQJ� JURXQG� WDUJHWV�� ,QGHHG�
WKH�WUDQVLWLRQ�VWHS�VSHFLILF�WR�WKH�,00�DLPV�WR�XSGDWH�WKH�
SULRU� VWDWHV�� DVVRFLDWHG� FRYDULDQFH�� DQG� SUREDELOLW\� IRU�
HDFK� SRVVLEOH� G\QDPLF� PRGHO�� EHIRUH� SUHGLFWLQJ� WR� WKH�
WLPH� RI� WKH� QH[W�PHDVXUHPHQW�� 7KLV� XSGDWLQJ� LV� GRQH� E\�
PL[LQJ� GLIIHUHQW� G\QDPLF� PRGHOV� IROORZHG� EHIRUH�
WUDQVLWLRQ�DFFRUGLQJ�WR�(T��������
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lpip b bbb �S �� ilS � DUH� WKH� NQRZQ�

WUDQVLWLRQ�SUREDELOLWLHV� IURP�DQ\�PRGHO� i� WR� DQ\�PRGHO� l,�� �lp
kk cc dd � LV� WKH� ODVW� XSGDWHG� SUREDELOLW\� RI� WKH� WDUJHW�

IROORZLQJ� PRGHO� O�� DQG� ���GHQRWHV� WKH� YDOXHV� FRPSXWHG�
DIWHU�WKH�,00�WUDQVLWLRQ��(T�������VKRZV�WKH�PL[LQJ�RI�WKH�
LQWHUQDO� VWDWH� xÖ �� DQG� WKH� DVVRFLDWHG� FRYDULDQFH� xxR � IRU�
PRGHO� i�� 7KXV� � �ix kk eeÖ ffg �� UHVXOWLQJ� IURP�PL[LQJ�� LV� XVHG�
DV�D�QHZ�SULRU�YDOXH�IRU�SUHGLFWLRQ�DFFRUGLQJ�WR�G\QDPLF�
PRGHO�i��+RZHYHU��WKLV�PRGHOOLQJ�LV�TXHVWLRQDEOH�IRU�URDG�
WDUJHWV�� ,QGHHG�� WKH� PL[LQJ� RI� GLIIHUHQW� URDG� PRGHOV� IRU�
WKH� SXUSRVH� RI� WUDQVLWLRQ� GRHV� QRW� JHQHUDOO\� SURGXFH�
DQRWKHU�URDG�PRGHO��0RUHRYHU��PRGHO�L�UHSUHVHQWV�D�URDG�
WKDW� FDQ� EH� UHDFKHG� DW� WKH� WLPH�

kt � RI� WKH� QH[W�
PHDVXUHPHQW�� DQG� WKDW� JHQHUDOO\� GRHV� QRW� H[LVW� DW� WKH�
WUDFN
V� FXUUHQW� ORFDWLRQ�� DW� WKH� WLPH� RI� WUDQVLWLRQ� hijkt ��
&RQVHTXHQWO\� FRPSXWLQJ� DQ� XSGDWHG� VWDWH� � �ix kk kkÖ llm � E\�
PL[LQJ�� DQG� SUHGLFWLQJ� LW� DFFRUGLQJ� WR�PRGHO� L� GRHV� QRW�
UHIOHFW� WKH� UHDO� RQ�URDG� WDUJHW� WUDMHFWRU\�� ,Q� DGGLWLRQ�� WKH�
H[LVWLQJ�DOJRULWKP�LV�WR�EH�XSJUDGHG�VR�WKH�EHOLHI�RQ�WDUJHW�
W\SH� FDQ� LQIOXHQFH� WKH� G\QDPLF� PRGHOV� �LH�� WKH� URDG�
VHJPHQW�VHTXHQFH��WKDW�LW�FDQ�IROORZ��7KLV�LV�DOVR�D�UHDVRQ�
ZK\�ZH�SUHIHU�WR�PDLQWDLQ�DOO�SRVVLEOH�VHJPHQW�VHTXHQFHV�
VWDUWLQJ� IURP� WKH� EHJLQQLQJ� RI� WKH� GHFLVLRQ� ZLQGRZ��
LQVWHDG� RI� FRPELQLQJ� PRGHOV� DW� HDFK� QHZ� PHDVXUHPHQW�
DVVLJQPHQW��

5 Simulations 

5.1 State projections performances 

7KLV�VHFWLRQ�GHVFULEHV�WKH�LQIOXHQFH�RI�WKH�VHQVRU�WR�URDG�
FRQILJXUDWLRQ�RQ� WKH�VWDWH�SURMHFWLRQ� WHFKQLTXH�SUHFLVLRQ��
)RU� WKLV�� ZH� FRQVLGHU� D� WDUJHW� PRYLQJ� RQ� D� VLQJOH� URDG�
VHJPHQW� s� GHOLPLWHG� E\� SRLQWV�A� DQG�B �VHH� )LJXUH� �� WR�
)LJXUH���IRU�WKHLU�FRRUGLQDWHV���$�VLPXODWHG�07,�VHQVRU�LV�

SRVLWLRQHG�DW� WKH�RULJLQ�RI� WKH� ORFDO� UHIHUHQFH� IUDPH��DQG�
WUDFNV� WKH� WDUJHW� IRU� HDFK�0RQWH�&DUOR� UXQ��7KH� WDUJHW� LV�
GHWHFWHG�HYHU\����VHFRQGV�ZLWK����P�UDQJH�DQG�������UDG�
D]LPXWK� VWDQGDUG� GHYLDWLRQV� PHDVXUHPHQW� HUURUV�� 7KH�
WDUJHW� LV� PRYLQJ� DORQJ� WKH� URDG� VHJPHQW� s� DW� FRQVWDQW�
YHORFLW\� ����P�V���7KH�SURFHVV�QRLVH� LQWHQVLW\�q� �VHH�(T��
������LV�IL[HG�DW��������P2�VHF3�DORQJ�WKH�URDG�DQG�������-4�
P2�VHF3�RUWKRJRQDO�WR�WKH�URDG��
/HW� �EH� WKH�DQJOH�EHWZHHQ�WKH�VHQVRU
V�OLQH�RI�VLJKW��DQG�
WKH�URDG�GLUHFWLRQ�RQ�ZKLFK�WKH�WDUJHW�LV�PRYLQJ��,Q�FDVHV�
������DQG����ZH�KDYH�UHVSHFWLYHO\�IL[HG� �WR�0�� ����DQG� ���
UDGLDQV�� :H� FRPSDUH� WKH� URRW� PHDQ� VTXDUH� HVWLPDWLRQ�
HUURU� RI� WKH� GHWHUPLQLVW�� DQG� SUREDELOLVWLF� SURMHFWLRQ�
WHFKQLTXHV� LQ� SRVLWLRQ� DQG� YHORFLW\� RQ� ����0RQWH�&DUOR�
UXQV��
7KLV� VLPXODWLRQ� VKRZV� WKDW� IRU� WKH� WZR� VSHFLDO� FDVHV� RI�
URDG�VHJPHQW�RULHQWDWLRQ��FDVHV���DQG�����both�SURMHFWLRQ�
WHFKQLTXHV� JLYH� VLPLODU� HVWLPDWLRQ� HUURUV� �)LJXUH� ��� DQG�
)LJXUH� ���� 2Q� WKH� RSSRVLWH�� ZKHQ� � HTXDOV� ��� UDGLDQV�
�FDVH� ���� WKH� GLIIHUHQFH� EHWZHHQ� HVWLPDWLRQ� HUURUV� LV�
FOHDUO\� YLVLEOH� �)LJXUH� ���� 0RUH� JHQHUDOO\�� WKH�
SUREDELOLVWLF� SURMHFWLRQ� WHFKQLTXH� RI� WKH� VWDWH� LV� PRUH�
SUHFLVH� RU� HTXDO� WR� WKH� RUWKRJRQDO� SURMHFWLRQ� WHFKQLTXH��
1RWH�DOVR�WKDW�HVWLPDWLRQ�HUURUV�DUH�VPDOOHU�LQ�FDVH���ZHUH�
WKH�VHQVRU�

�
)LJXUH����506(�FDVH����$ �������
��n��% �������
��n

�
)LJXUH���506(�FDVH����$ �������
��n��% �������
��n



)LJXUH����506(�FDVH����$ �������
��n��% �������
��n�
PHDVXUHPHQW� HUURU� FRYDULDQFH� PDWUL[� JLYHV�
FRPSOHPHQWDU\� SRVLWLRQDO� LQIRUPDWLRQ� WR� WKH� SUHGLFWHG�
VWDWH�� VLQFH� LWV�PRVW� SUHFLVH� UDQJH�PHDVXUHPHQW� LV� LQ� WKH�
GLUHFWLRQ�RI�WKH�URDG��7KLV�FDQ�DOVR�EH�VHHQ�E\�FRPSDULQJ�
)LJXUH���DQG�)LJXUH����

5.2 Filtering simulations 

7KH�)LJXUH����)LJXUH����DQG�)LJXUH���EHORZ�DUH�UHVXOWV�RI�D�
VWDQGDUG�.DOPDQ�ILOWHU�VLPXODWLRQ�IRU�D�single target state 

update�� 7KH\� UHVSHFWLYHO\� FRUUHVSRQG� WR� WKH� ����
PHDVXUHPHQW� HUURU� HOOLSVHV� [R(k+1)]� LQFOLQDWLRQV� RI� 0��
����DQG� ���UDGLDQV��7KH�JRDO�RI�WKLV�H[SHULPHQWDWLRQ�LV�WR�
VKRZ� WKH� FRYDULDQFH� PDWUL[� RULHQWDWLRQV� RI� WKH� XSGDWHG�
VWDWH���[P(k+1|k+1)]�EHIRUH�SURMHFWLRQ���WKDW�FDQ�SRVVLEO\�
EH� HQFRXQWHUHG� ZLWK� WKH� VLPXODWLRQ� SDUDPHWHUV� WKDW� ZLOO�
ODWHU�EH�XVHG�E\�WKH�6�'�$VVLJQPHQW�9600�PXOWL�WDUJHW�
WUDFNHU� VLPXODWLRQ� �6HF�� ������ ,QGHHG�� ZLWK� D� UHDO� URDG�
QHWZRUN��WKH�VHQVRU�WR�URDG�DQJOHV�FDQ�WDNH�DQ\�YDOXH��
�

�

)LJXUH����7DUJHW�VWDWH�XSGDWH�ZLWK�[R(k+1)]�LQFOLQHG�DW����

�

�

)LJXUH����7DUJHW�VWDWH�XSGDWH�ZLWK�>R(k+1)@�LQFOLQHG�DW������

7KH�WDUJHW
V�LQLWLDO�SRVLWLRQ�LV�DW�WKH�FHQWHU�RI�WKH�UHIHUHQFH�
IUDPH��,W�PRYHV�RQ�D�KRUL]RQWDO�URDG�VHJPHQW�DW�FRQVWDQW�
VSHHG�RI����P�V��7KH�initial�SRVLWLRQ�DQG�VSHHG�HVWLPDWLRQ�
HUURU�FRYDULDQFH�PDWULFHV�DUH�UHVSHFWLYHO\�JLYHQ�E\��

� �> @ � �opqr rsrrr
mkkPpos tuvwxyz � � � �> @ � �{|}~�}} }�}

smkkPspeed ������� �� �����

7KH� ORQJLWXGLQDO�DQG�RUWKRJRQDO�SURFHVV�QRLVH� LQWHQVLWLHV�
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DQWLFLSDWH��WKDW�WKH�difference�LQ�HVWLPDWLRQ�HUURU�XVLQJ�WKH�
GHWHUPLQLVWLF� DQG� SUREDELOLVWLF� SURMHFWLRQV� ZLOO� EH� VPDOO��
compared to the estimation errors themselves��

5.3 S-D VS-MM simulation using a real 

road network 

7KLV�VHFWLRQ�VKRZV�WKH�RXWSXWV�RI�WKH�PXOWL� WDUJHW�WUDFNHU�
RQ� D� UHDO� URDG� QHWZRUN�� 7KH� WUDFNLQJ� SHUIRUPDQFH� LV�
VKRZQ� LQ� WHUPV� RI� SRVLWLRQDO� HVWLPDWLRQ� HUURU�� )LUVW� WKH�
WUDFNLQJ� SUHFLVLRQ� GLIIHUHQFH� LV� HYDOXDWHG� ZKHWKHU� D�
SURMHFWLRQ�DOJRULWKP�LV�XVHG�RU�QRW��)LJXUH������,Q�WKLV�ODVW�
FDVH�� D� WZR�FRQVWDQW� YHORFLW\� PRGHO� )L[HG� 6WUXFWXUH�
,QWHUDFWLQJ�0XOWLSOH�0RGHO�)LOWHU� �)6�,00��>��@� LV�XVHG�
ZLWK�qf� �����P��VHF���IRU�WKH�QRQ�PDQHXYHULQJ�PRGHO��DQG�
qF� ����P��VHF��� IRU� WKH�PDQHXYHULQJ�PRGHO��6HFRQG�� WKH�
GLIIHUHQFH� LQ� HVWLPDWLRQ� HUURU� LV� VKRZQ� ZKHWKHU� WKH�
GHWHUPLQLVWLF�RU�SUREDELOLVWLF�SURMHFWLRQ�LV�XVHG��
7KH�VFHQDULR�XVHG�LQ�)LJXUH���WR�)LJXUH����LV�EDVHG�RQ�D�
UHDO� URDG�QHWZRUN� LQ�WKH�UHJLRQ�RI�7DUDVFRQ��)UDQFH��7KH�
VLPXODWHG� VFHQDULR� LQFOXGHV� ��� URDG� WDUJHWV� PRYLQJ� DW�
DSSUR[LPDWHO\� ��� P�V�� WKH� URDG� VHJPHQW� RQ� ZKLFK� WKH�
WDUJHWV� DUH� PRYLQJ� LV� FKRVHQ� UDQGRPO\� HDFK� WLPH� LW�
UHDFKHV�D�MXQFWLRQ��$�VLQJOH�07,�UDGDU�SURGXFHV�RQH�VFDQ�
HYHU\� ��� VHFRQGV� ZLWK� D� ���� GHWHFWLRQ� SUREDELOLW\�� 7KH�
GHFLVLRQ�ZLQGRZ�LQFOXGHV���VFDQV��WKXV�WKH�WUDFNHU�XVHV�D�
��GLPHQVLRQDO� DVVLJQPHQW�� 7KH� VLPXODWHG� PHDVXUHPHQW�
QRLVH�[R]�LV�WKDW�LQGLFDWHG�LQ�(T��������LQFOLQHG�DW������DQG�
UHSUHVHQWHG�RQ�)LJXUH����[R]�QRW�WR�VFDOH���
�

�
)LJXUH����6LPXODWHG�WDUJHW�WUDMHFWRULHV�

7KH�WDUJHW�WKDW�ZH�FKRVH�WR�IRFXV�RQ�LQ�WKH�VHTXHO�SDVVHV�
SRLQWV�$��%��DQG�&�IROORZLQJ�DQ�XSVLGH�GRZQ��9��VKDSHG�
WUDMHFWRU\�RQ�)LJXUH����
�

�
)LJXUH�����%HQHILW�RI�PRGHOLQJ�WKH�URDG�LQIRUPDWLRQ�

�HVWLPDWLRQ�HUURU�YHUVXV�WDUJHW
V�DEVFLVVD��

)LJXUH����VKRZV�WKH�REYLRXV�JDLQ�LQ�HVWLPDWLRQ�SUHFLVLRQ�
ZKHQ�WKH�URDG�LQIRUPDWLRQ�LV�PRGHOHG�XVLQJ�D�GLUHFWLRQDO�
SURFHVV�QRLVH��YDOXHV�JLYHQ�LQ�6HF��������DQG�D�SURMHFWLRQ�
PHWKRG� WR� DGMXVW� WKH� ILOWHUHG� WDUJHW� VWDWH�� :LWK� D� )L[HG�
6WXFWXUH�,00�� WKH� SRVLWLRQ� HUURUV� DYHUDJH� DERXW� ���P��
ZKHUHDV� WKH\� DYHUDJH� ��P� XVLQJ� WKH� URDG� LQIRUPDWLRQ��
ZKHQ� WKH� VHQVRU
V� OLQH� RI� VLJKW� LV� SDUDOOHO� WR� WKH� URDG�
LQFOXGLQJ�WKH�WDUJHW��URDG�SRUWLRQ�IURP�$�WR�%��)LJXUH�����
)LJXUH� ��� VKRZV� WKDW� WKH� SRVLWLRQ� HVWLPDWLRQ� HUURUV� IRU�
ERWK�SURMHFWLRQ�WHFKQLTXHV�GR�QRW�GLIIHU�VLJQLILFDQWO\��7KLV�
IDFW�FDQ�EH�QRWLFHG�IRU�RWKHU�WDUJHWV�ZKDWHYHU�WKH�VHQVRU�
WR�URDG� DQJOH�� 7KLV� UHVXOW� ZDV� SUHGLFWHG� LQ� 6HF�� ���� DQG�
VKRZV� WKDW� WKH�PRUH� WKH�URDG�GLUHFWLRQ� LV� UHIOHFWHG� LQ� WKH�
SURFHVV� QRLVH�� WKH� OHVV� WKH� WZR� SURMHFWLRQ� PHWKRGV� ZLOO�
GLIIHU��0RUHRYHU�� WKH� GLUHFWLRQ� RI� WKH� URDG� IURP�$� WR�%�
�)LJXUH����YDULHV� VOLJKWO\�� IXUWKHU� UHGXFLQJ� WKH�SURMHFWLRQ�
GLIIHUHQFHV��$OVR� D� KLJKHU� SUHFLVLRQ� LV� FOHDUO\�YLVLEOH� IRU�
ERWK� PHWKRGV� IRU� D� WDUJHW� [�SRVLWLRQ� !������P�� 7KLV� LV�
GXH� WR� WKH� VHQVRU�WR�URDG� FRQILJXUDWLRQ� VLPLODU� DV� IRU�
)LJXUH����

�
)LJXUH�����3RVLWLRQ�HVWLPDWLRQ�HUURU�FRPSDULVRQ�

�HVWLPDWLRQ�HUURU�YHUVXV�WDUJHW
V�DEVFLVVD��

7KH�IOXFWXDWLRQV�LQ�HUURU�HVWLPDWLRQ�YDOXHV�IRU�[�������P�
KDYH�WZR�UHDVRQV��LQ�DGGLWLRQ�WR�WKH�UDQGRP�PHDVXUHPHQW�
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HUURUV���)LUVW� WKH�XSGDWHG�VWDWH�LV�V\VWHPDWLFDOO\�SURMHFWHG�
RQ� WKH� URDG� VHJPHQW� LQFOXGLQJ� WKH� VWDWH� SUHGLFWLRQ� �VHH�
6HF��������7KLV�FDQ�OHDG�WR�D�KLJKHU�HVWLPDWLRQ�HUURU�ZKHQ�
WKH� VWDWH� SUHGLFWLRQ� LV� SRVLWLRQHG� MXVW� EHIRUH� D� MXQFWLRQ��
6HFRQG��ZKHQ�VHYHUDO�G\QDPLF�K\SRWKHVHV�DUH�DGPLVVLEOH��
WKH� V\QWKHWLF� VWDWH� LV� FRPSXWHG� DV� D� FRPELQDWLRQ� RI� WKH�
FRUUHVSRQGLQJ� SURMHFWHG� VWDWHV�� 7KLV� V\QWKHWLF� VWDWH� FDQ�
QRWLFHDEO\�GLIIHU�IURP�WKH�UHDO�URDG�WDUJHW�ORFDWLRQ��

6 Conclusions 

$Q� 6�'� $VVLJQPHQW� 9DULDEOH� 6WUXFWXUH� 0XOWLSOH� 0RGHO�
WUDFNHU�GHVLJQHG�WR�KDQGOH�PXOWLSOH�JURXQG�WDUJHWV�XVLQJ�D�
UHDO� URDG� QHWZRUN� ZDV� GHVFULEHG�� 7KH� URDG� LQIRUPDWLRQ�
ZDV� LQWHJUDWHG� LQ� WKH� SURFHVV� QRLVH�� DV� ZHOO� DV� LQ� WKH�
SURMHFWLRQ� PHWKRGV� IROORZLQJ� VWDWH� ILOWHULQJ�� %RWK� WKH�
GHWHUPLQLVWLF� DQG� SUREDELOLVWLF� SURMHFWLRQ� PHWKRGV� ZHUH�
DQDO\]HG��DQG�VLPXODWHG�RQ�D�VLQJOH�VWUDLJKW�URDG�VHJPHQW��
,Q� WKLV� ILUVW� VLPSOH� VLPXODWLRQ�� WKH� SURMHFWLRQ� PHWKRG�
SURYHG� WR� SURGXFH� WKH� PRVW� SUHFLVH� HVWLPDWLRQV�� 7KHVH�
PHWKRGV� ZHUH� WKHQ� LQWHJUDWHG� LQ� WKH� UHDO� URDG� QHWZRUN�
HQYLURQPHQW�� ,W�ZDV� VKRZQ� WKDW� WKH�KLJK�GLUHFWLRQDO� URDG�
FRQVWUDLQWV�LQFOXGHG�LQ�WKH�VWDWH�SUHGLFWLRQ�GLPLQLVKHG�WKH�
SRVVLEOH� GLIIHUHQFH� EHWZHHQ� WKH� WZR� SURMHFWLRQ�PHWKRGV��
6HYHUDO� IDFWRUV�� LQFOXGLQJ� FRQVWDQWO\� FKDQJLQJ� URDG�
GLUHFWLRQ�DQG�V\VWHPDWLF�VWDWH�SURMHFWLRQ�RQ�WKH�SUHGLFWLRQ�
VHJPHQW� DOVR� UHGXFH� WKH� GLIIHUHQFH�� 1HYHUWKHOHVV�� WKH�
LQFOXVLRQ� RI� D� SURMHFWLRQ� PRGXOH� LQ� WKH� WUDFN� VWDWH�
XSGDWLQJ� SURFHVV� ZDV� VKRZQ� WR� LQFUHDVH� WKH� HVWLPDWLRQ�
SUHFLVLRQ�GUDPDWLFDOO\��+RZHYHU��LI�D�SURMHFWLRQ�PHWKRG�LV�
FHUWDLQO\� D� IXQGDPHQWDO� VWHS� WR� HQKDQFH� URDG� WDUJHW�
WUDFNLQJ�SUHFLVLRQ��LW�LV�QR�ORQJHU�VXIILFLHQW�WR�KDQGOH�RII�
URDG�FDSDEOH�WDUJHWV��7KXV�WKH�DERYH�HVWLPDWRU�LV�FXUUHQWO\�
EHLQJ�JHQHUDOL]HG� WR�H[SORLW� WDUJHW� W\SH�GDWD��DOORZLQJ� WR�
UHFRJQL]H� WKH� WDUJHWV
� URDG� VWDWXV�� RQ� RUGHU� WR� FRUUHFWO\�
DSSO\�URDG�SURMHFWLRQ�PHWKRGV��
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