
Motion and Sensor Models

CSCI 545 Introduction to Robotics 
Instructor: Stefanos Nikolaidis



Motion Model

• What is the transition function? 

P (xt|xt�1, ut)
<latexit sha1_base64="O2dgsrCTWLiHgpINyzrbrLRQzn4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iECloSKz52RTcuK9gHtCFMptN26OTBzI20xIK/4saFIm79Dnf+jUkaRK0HLhzOuZd773ECwRUYxqeWm5tfWFzKLxdWVtfWN/TNrYbyQ0lZnfrCly2HKCa4x+rAQbBWIBlxHcGazvAq8Zt3TCrue7cwDpjlkr7He5wSiCVb36mVRjbgezyyIzgyJ4c4tOHA1otG2UiBZ4mZkSLKULP1j07Xp6HLPKCCKNU2jQCsiEjgVLBJoRMqFhA6JH3WjqlHXKasKD1/gvdjpYt7vozLA5yqPyci4io1dp240yUwUH+9RPzPa4fQO7ci7gUhMI9OF/VCgcHHSRa4yyWjIMYxIVTy+FZMB0QSCnFihTSEiwSn3y/PksZx2ayUKzcnxeplFkce7aI9VEImOkNVdI1qqI4oitAjekYv2oP2pL1qb9PWnJbNbKNf0N6/AFJSlJE=</latexit>



2D Mobile Robot



Motion Model

• What is the transition function? 

P (xt|xt�1, ut)
<latexit sha1_base64="O2dgsrCTWLiHgpINyzrbrLRQzn4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iECloSKz52RTcuK9gHtCFMptN26OTBzI20xIK/4saFIm79Dnf+jUkaRK0HLhzOuZd773ECwRUYxqeWm5tfWFzKLxdWVtfWN/TNrYbyQ0lZnfrCly2HKCa4x+rAQbBWIBlxHcGazvAq8Zt3TCrue7cwDpjlkr7He5wSiCVb36mVRjbgezyyIzgyJ4c4tOHA1otG2UiBZ4mZkSLKULP1j07Xp6HLPKCCKNU2jQCsiEjgVLBJoRMqFhA6JH3WjqlHXKasKD1/gvdjpYt7vozLA5yqPyci4io1dp240yUwUH+9RPzPa4fQO7ci7gUhMI9OF/VCgcHHSRa4yyWjIMYxIVTy+FZMB0QSCnFihTSEiwSn3y/PksZx2ayUKzcnxeplFkce7aI9VEImOkNVdI1qqI4oitAjekYv2oP2pL1qb9PWnJbNbKNf0N6/AFJSlJE=</latexit>



Robot Configuration
(x, y, ✓)

<latexit sha1_base64="lwHbVpxRKHMFUJ9QAGM1jXn5oAg=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiBECGFixOUW9OIxglkgGUNPpydp0rPQXaMOQ/7DiwdFvPov3vwbeyaDqPFBweO9Kqrq2YHgCkzz08gtLC4tr+RXC2vrG5tbxe2dtvJDSVmL+sKXXZsoJrjHWsBBsG4gGXFtwTr25DLxO3dMKu57NxAFzHLJyOMOpwS0dFt+qOCogvswZkAOB8WSWTVT4HlSy0gJZWgOih/9oU9Dl3lABVGqVzMDsGIigVPBpoV+qFhA6ISMWE9Tj7hMWXF69RQfaGWIHV/q8gCn6s+JmLhKRa6tO10CY/XXS8T/vF4IzpkVcy8IgXl0tsgJBQYfJxHgIZeMgog0IVRyfSumYyIJBR1UIQ3hPMHJ98vzpH1UrdWr9evjUuMiiyOP9tA+KqMaOkUNdIWaqIUokugRPaMX4954Ml6Nt1lrzshmdtEvGO9fxsqRiQ==</latexit>



Velocity Motion Model

• We can assume that we provide two inputs, a translational 
and a rotational velocity

ut =


vt
!t

�

<latexit sha1_base64="dCatQudG1DFNPdssfwhhRM1BPqU=">AAACHHicbVDLSsNAFJ3UV62vqks3g0VwVVIrPhZC0Y3LCvYBTQmTyW07OJmEmUmxhH6IG3/FjQtF3LgQ/BsnaSlqPXDhcM693HuPF3GmtG1/WbmFxaXllfxqYW19Y3OruL3TVGEsKTRoyEPZ9ogCzgQ0NNMc2pEEEngcWt7dVeq3hiAVC8WtHkXQDUhfsB6jRBvJLVZjV+ML7HjQZyLxAqIlux/joVEdBzthAH2SchD+zHWLJbtsZ8DzpDIlJTRF3S1+OH5I4wCEppwo1anYke4mRGpGOYwLTqwgIvSO9KFjqCABqG6SPTfGB0bxcS+UpoTGmfpzIiGBUqPAM53mvoH666Xif14n1r2zbsJEFGsQdLKoF3OsQ5wmhX0mgWo+MoRQycytmA6IJFSbPAtZCOcpTmYvz5PmUblSLVdvjku1y2kcebSH9tEhqqBTVEPXqI4aiKIH9IRe0Kv1aD1bb9b7pDVnTWd20S9Yn98e0qIw</latexit>



Velocity Motion Model

• We can assume that we provide two inputs, a translational 
and a rotational velocity

ut =


vt
!t

�

<latexit sha1_base64="dCatQudG1DFNPdssfwhhRM1BPqU=">AAACHHicbVDLSsNAFJ3UV62vqks3g0VwVVIrPhZC0Y3LCvYBTQmTyW07OJmEmUmxhH6IG3/FjQtF3LgQ/BsnaSlqPXDhcM693HuPF3GmtG1/WbmFxaXllfxqYW19Y3OruL3TVGEsKTRoyEPZ9ogCzgQ0NNMc2pEEEngcWt7dVeq3hiAVC8WtHkXQDUhfsB6jRBvJLVZjV+ML7HjQZyLxAqIlux/joVEdBzthAH2SchD+zHWLJbtsZ8DzpDIlJTRF3S1+OH5I4wCEppwo1anYke4mRGpGOYwLTqwgIvSO9KFjqCABqG6SPTfGB0bxcS+UpoTGmfpzIiGBUqPAM53mvoH666Xif14n1r2zbsJEFGsQdLKoF3OsQ5wmhX0mgWo+MoRQycytmA6IJFSbPAtZCOcpTmYvz5PmUblSLVdvjku1y2kcebSH9tEhqqBTVEPXqI4aiKIH9IRe0Kv1aD1bb9b7pDVnTWd20S9Yn98e0qIw</latexit>

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>



Velocity Motion Model

• We can assume that we provide two inputs, a translational 
and a rotational velocity

ut =


vt
!t

�

<latexit sha1_base64="dCatQudG1DFNPdssfwhhRM1BPqU=">AAACHHicbVDLSsNAFJ3UV62vqks3g0VwVVIrPhZC0Y3LCvYBTQmTyW07OJmEmUmxhH6IG3/FjQtF3LgQ/BsnaSlqPXDhcM693HuPF3GmtG1/WbmFxaXllfxqYW19Y3OruL3TVGEsKTRoyEPZ9ogCzgQ0NNMc2pEEEngcWt7dVeq3hiAVC8WtHkXQDUhfsB6jRBvJLVZjV+ML7HjQZyLxAqIlux/joVEdBzthAH2SchD+zHWLJbtsZ8DzpDIlJTRF3S1+OH5I4wCEppwo1anYke4mRGpGOYwLTqwgIvSO9KFjqCABqG6SPTfGB0bxcS+UpoTGmfpzIiGBUqPAM53mvoH666Xif14n1r2zbsJEFGsQdLKoF3OsQ5wmhX0mgWo+MoRQycytmA6IJFSbPAtZCOcpTmYvz5PmUblSLVdvjku1y2kcebSH9tEhqqBTVEPXqI4aiKIH9IRe0Kv1aD1bb9b7pDVnTWd20S9Yn98e0qIw</latexit>

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

(vt = !t · rt)



Velocity Motion Model

• We can assume that we provide two inputs, a translational 
and a rotational velocity

ut =


vt
!t

�

<latexit sha1_base64="dCatQudG1DFNPdssfwhhRM1BPqU=">AAACHHicbVDLSsNAFJ3UV62vqks3g0VwVVIrPhZC0Y3LCvYBTQmTyW07OJmEmUmxhH6IG3/FjQtF3LgQ/BsnaSlqPXDhcM693HuPF3GmtG1/WbmFxaXllfxqYW19Y3OruL3TVGEsKTRoyEPZ9ogCzgQ0NNMc2pEEEngcWt7dVeq3hiAVC8WtHkXQDUhfsB6jRBvJLVZjV+ML7HjQZyLxAqIlux/joVEdBzthAH2SchD+zHWLJbtsZ8DzpDIlJTRF3S1+OH5I4wCEppwo1anYke4mRGpGOYwLTqwgIvSO9KFjqCABqG6SPTfGB0bxcS+UpoTGmfpzIiGBUqPAM53mvoH666Xif14n1r2zbsJEFGsQdLKoF3OsQ5wmhX0mgWo+MoRQycytmA6IJFSbPAtZCOcpTmYvz5PmUblSLVdvjku1y2kcebSH9tEhqqBTVEPXqI4aiKIH9IRe0Kv1aD1bb9b7pDVnTWd20S9Yn98e0qIw</latexit>

⇡ � ✓ +
⇡

2
+ � = ⇡

� = ✓ � ⇡

2
<latexit sha1_base64="QbTBpGxWmuUgYwdNNmS9WxXo0EM="></latexit>

�
<latexit sha1_base64="pvYCNsI0u0mQasGs5uhFUruhqb8=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisYB/QhjKZTpqhM5MwMxFK6C+4caGIW3/InX9jkgZR64ELh3Pu5d57vIgzbWz70yqtrK6tb5Q3K1vbO7t71f2Drg5jRWiHhDxUfQ9rypmkHcMMp/1IUSw8Tnve9Cbzew9UaRbKezOLqCvwRDKfEWwyaRgFbFSt2XU7B1omTkFqUKA9qn4MxyGJBZWGcKz1wLEj4yZYGUY4nVeGsaYRJlM8oYOUSiyodpP81jk6SZUx8kOVljQoV39OJFhoPRNe2imwCfRfLxP/8wax8S/dhMkoNlSSxSI/5siEKHscjZmixPBZSjBRLL0VkQArTEwaTyUP4SrD+ffLy6R7Vnca9cZds9a6LuIowxEcwyk4cAEtuIU2dIBAAI/wDC+WsJ6sV+tt0VqyiplD+AXr/QssUI52</latexit>



Velocity Motion Model

• We can assume that we provide two inputs, a translational 
and a rotational velocity

ut =


vt
!t

�

<latexit sha1_base64="dCatQudG1DFNPdssfwhhRM1BPqU=">AAACHHicbVDLSsNAFJ3UV62vqks3g0VwVVIrPhZC0Y3LCvYBTQmTyW07OJmEmUmxhH6IG3/FjQtF3LgQ/BsnaSlqPXDhcM693HuPF3GmtG1/WbmFxaXllfxqYW19Y3OruL3TVGEsKTRoyEPZ9ogCzgQ0NNMc2pEEEngcWt7dVeq3hiAVC8WtHkXQDUhfsB6jRBvJLVZjV+ML7HjQZyLxAqIlux/joVEdBzthAH2SchD+zHWLJbtsZ8DzpDIlJTRF3S1+OH5I4wCEppwo1anYke4mRGpGOYwLTqwgIvSO9KFjqCABqG6SPTfGB0bxcS+UpoTGmfpzIiGBUqPAM53mvoH666Xif14n1r2zbsJEFGsQdLKoF3OsQ5wmhX0mgWo+MoRQycytmA6IJFSbPAtZCOcpTmYvz5PmUblSLVdvjku1y2kcebSH9tEhqqBTVEPXqI4aiKIH9IRe0Kv1aD1bb9b7pDVnTWd20S9Yn98e0qIw</latexit>

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

�
<latexit sha1_base64="pvYCNsI0u0mQasGs5uhFUruhqb8=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisYB/QhjKZTpqhM5MwMxFK6C+4caGIW3/InX9jkgZR64ELh3Pu5d57vIgzbWz70yqtrK6tb5Q3K1vbO7t71f2Drg5jRWiHhDxUfQ9rypmkHcMMp/1IUSw8Tnve9Cbzew9UaRbKezOLqCvwRDKfEWwyaRgFbFSt2XU7B1omTkFqUKA9qn4MxyGJBZWGcKz1wLEj4yZYGUY4nVeGsaYRJlM8oYOUSiyodpP81jk6SZUx8kOVljQoV39OJFhoPRNe2imwCfRfLxP/8wax8S/dhMkoNlSSxSI/5siEKHscjZmixPBZSjBRLL0VkQArTEwaTyUP4SrD+ffLy6R7Vnca9cZds9a6LuIowxEcwyk4cAEtuIU2dIBAAI/wDC+WsJ6sV+tt0VqyiplD+AXr/QssUI52</latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xt = xc + rtcos(✓t � ⇡/2)

xt = xc + rtsin(✓t)

xc = xt � rtsin(✓t)
<latexit sha1_base64="Wz2GpiLP6wIDjf0fAVX3AaGnau8=">AAACUnicbVLLSgMxFE3re6xadekmWJSKtE5b8bEQim5cVrAP6JQhk6ZtaCYzJHekpfiNgrjxQ9y4UDPtIGo9EDg591ySexIvFFyDbb+m0guLS8srq2vWemZjcyu7vdPQQaQoq9NABKrlEc0El6wOHARrhYoR3xOs6Q1v4nrzgSnNA3kP45B1fNKXvMcpASO5WT5yAR9e4ZFL8TFWZkMDnXdgwIC4UHBCflI+wo5jxb7fRs3ltz Gx0JkDcGHe4WZzdtGeAs+TUkJyKEHNzT473YBGPpNABdG6XbJD6EyIAk4Fe7ScSLOQ0CHps7ahkvhMdybTSB7xgVG6uBcos2Q8lFF/dkyIr/XY94zTJzDQf2ux+F+tHUHvojPhMoyASTo7qBcJDAGO88VdrhgFMTaEUMXNXTEdEEUomFewpiFcxjj7HnmeNMrFUqVYuTvNVa+TOFbRHtpHeVRC56iKblEN1RFFT+gNfaDP1EvqPW1+ycyaTiU9u+gX0pkvnfivKw==</latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xt = xc + rtcos(✓t � ⇡/2)

xt = xc + rtsin(✓t)

xc = xt � rtsin(✓t)
<latexit sha1_base64="Wz2GpiLP6wIDjf0fAVX3AaGnau8=">AAACUnicbVLLSgMxFE3re6xadekmWJSKtE5b8bEQim5cVrAP6JQhk6ZtaCYzJHekpfiNgrjxQ9y4UDPtIGo9EDg591ySexIvFFyDbb+m0guLS8srq2vWemZjcyu7vdPQQaQoq9NABKrlEc0El6wOHARrhYoR3xOs6Q1v4nrzgSnNA3kP45B1fNKXvMcpASO5WT5yAR9e4ZFL8TFWZkMDnXdgwIC4UHBCflI+wo5jxb7fRs3ltz Gx0JkDcGHe4WZzdtGeAs+TUkJyKEHNzT473YBGPpNABdG6XbJD6EyIAk4Fe7ScSLOQ0CHps7ahkvhMdybTSB7xgVG6uBcos2Q8lFF/dkyIr/XY94zTJzDQf2ux+F+tHUHvojPhMoyASTo7qBcJDAGO88VdrhgFMTaEUMXNXTEdEEUomFewpiFcxjj7HnmeNMrFUqVYuTvNVa+TOFbRHtpHeVRC56iKblEN1RFFT+gNfaDP1EvqPW1+ycyaTiU9u+gX0pkvnfivKw==</latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xt = xc + rtcos(✓t � ⇡/2)

xt = xc + rtsin(✓t)

xc = xt � rtsin(✓t)
<latexit sha1_base64="Wz2GpiLP6wIDjf0fAVX3AaGnau8=">AAACUnicbVLLSgMxFE3re6xadekmWJSKtE5b8bEQim5cVrAP6JQhk6ZtaCYzJHekpfiNgrjxQ9y4UDPtIGo9EDg591ySexIvFFyDbb+m0guLS8srq2vWemZjcyu7vdPQQaQoq9NABKrlEc0El6wOHARrhYoR3xOs6Q1v4nrzgSnNA3kP45B1fNKXvMcpASO5WT5yAR9e4ZFL8TFWZkMDnXdgwIC4UHBCflI+wo5jxb7fRs3ltz Gx0JkDcGHe4WZzdtGeAs+TUkJyKEHNzT473YBGPpNABdG6XbJD6EyIAk4Fe7ScSLOQ0CHps7ahkvhMdybTSB7xgVG6uBcos2Q8lFF/dkyIr/XY94zTJzDQf2ux+F+tHUHvojPhMoyASTo7qBcJDAGO88VdrhgFMTaEUMXNXTEdEEUomFewpiFcxjj7HnmeNMrFUqVYuTvNVa+TOFbRHtpHeVRC56iKblEN1RFFT+gNfaDP1EvqPW1+ycyaTiU9u+gX0pkvnfivKw==</latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xt = xc + rtcos(✓t � ⇡/2)

xt = xc + rtsin(✓t)

xc = xt � rtsin(✓t)
<latexit sha1_base64="Wz2GpiLP6wIDjf0fAVX3AaGnau8="></latexit>

yt = yc + rtsin(✓t � ⇡/2)

yt = yc � rtcos(✓t)

yc = yt + rtcos(✓t)
<latexit sha1_base64="M1yyaLeX1E8klv7J94ArpBmlUfQ="></latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xt = xc + rtcos(✓t � ⇡/2)

xt = xc + rtsin(✓t)

xc = xt � rtsin(✓t)
<latexit sha1_base64="Wz2GpiLP6wIDjf0fAVX3AaGnau8="></latexit>

yt = yc + rtsin(✓t � ⇡/2)

yt = yc � rtcos(✓t)

yc = yt + rtcos(✓t)
<latexit sha1_base64="M1yyaLeX1E8klv7J94ArpBmlUfQ="></latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xt = xc + rtcos(✓t � ⇡/2)

xt = xc + rtsin(✓t)

xc = xt � rtsin(✓t)
<latexit sha1_base64="Wz2GpiLP6wIDjf0fAVX3AaGnau8="></latexit>

yt = yc + rtsin(✓t � ⇡/2)

yt = yc � rtcos(✓t)

yc = yt + rtcos(✓t)
<latexit sha1_base64="M1yyaLeX1E8klv7J94ArpBmlUfQ="></latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xc = xt � rtsin(✓t)
<latexit sha1_base64="Xc/KyQtEJVyTNQsP8MhytMwNoOM=">AAACB3icbVDLSgMxFM3UV62vqktBgkWpC8uMFR8LoejGZQX7gLYMmTRtQzOZIbkjLaU7N/6KGxeKuPUX3Pk3ptNBfB24l8M595Lc44WCa7DtDys1Mzs3v5BezCwtr6yuZdc3qjqIFGUVGohA1T2imeCSVYCDYPVQMeJ7gtW8/uXEr90ypXkgb2AYspZPupJ3OCVgJDe7PXAp3jvHAxfwAVamay7zTegxIC7su9mcXbBj4L/ESU gOJSi72fdmO6CRzyRQQbRuOHYIrRFRwKlg40wz0iwktE+6rGGoJD7TrVF8xxjvGqWNO4EyJQHH6veNEfG1HvqemfQJ9PRvbyL+5zUi6Jy2RlyGETBJpw91IoEhwJNQcJsrRkEMDSFUcfNXTHtEEQomukwcwtkEx18n/yXVw4JTLBSvj3KliySONNpCOyiPHHSCSugKlVEFUXSHHtATerburUfrxXqdjqasZGcT/YD19glq6Zfo</latexit>

yc = yt + rtcos(✓t)
<latexit sha1_base64="erhUPC+Pu8m7E+Hu3jOFsq4HbOI=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgYlIoQZIy4HIejFYwSzQBKGnk4nadKz0F0jDEOOXvwVLx4U8eonePNv7EkGcXvQzeO9KqrquaHgCizrw8jNzM7NL+QXC0vLK6tr5vpGQwWRpKxOAxHIlksUE9xndeAgWCuUjHiuYE13dJn6zVsmFQ/8G4hD1vXIwOd9TgloyTG3Y4fivXMcO4APsNQ/DRQudWDIgDiw75hFq2xNgP8SOy NFlKHmmO+dXkAjj/lABVGqbVshdBMigVPBxoVOpFhI6IgMWFtTn3hMdZPJIWO8q5Ue7gdSPz9dRavfOxLiKRV7rq70CAzVby8V//PaEfRPuwn3wwiYT6eD+pHAEOA0FdzjklEQsSaESq53xXRIJKGgsytMQjhLcfx18l/SOCzblXLl+qhYvcjiyKMttINKyEYnqIquUA3VEUV36AE9oWfj3ng0XozXaWnOyHo20Q8Yb5/AVJgN</latexit>



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xc = xt � rtsin(✓t)
<latexit sha1_base64="Xc/KyQtEJVyTNQsP8MhytMwNoOM=">AAACB3icbVDLSgMxFM3UV62vqktBgkWpC8uMFR8LoejGZQX7gLYMmTRtQzOZIbkjLaU7N/6KGxeKuPUX3Pk3ptNBfB24l8M595Lc44WCa7DtDys1Mzs3v5BezCwtr6yuZdc3qjqIFGUVGohA1T2imeCSVYCDYPVQMeJ7gtW8/uXEr90ypXkgb2AYspZPupJ3OCVgJDe7PXAp3jvHAxfwAVamay7zTegxIC7su9mcXbBj4L/ESU gOJSi72fdmO6CRzyRQQbRuOHYIrRFRwKlg40wz0iwktE+6rGGoJD7TrVF8xxjvGqWNO4EyJQHH6veNEfG1HvqemfQJ9PRvbyL+5zUi6Jy2RlyGETBJpw91IoEhwJNQcJsrRkEMDSFUcfNXTHtEEQomukwcwtkEx18n/yXVw4JTLBSvj3KliySONNpCOyiPHHSCSugKlVEFUXSHHtATerburUfrxXqdjqasZGcT/YD19glq6Zfo</latexit>

yc = yt + rtcos(✓t)
<latexit sha1_base64="erhUPC+Pu8m7E+Hu3jOFsq4HbOI=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgYlIoQZIy4HIejFYwSzQBKGnk4nadKz0F0jDEOOXvwVLx4U8eonePNv7EkGcXvQzeO9KqrquaHgCizrw8jNzM7NL+QXC0vLK6tr5vpGQwWRpKxOAxHIlksUE9xndeAgWCuUjHiuYE13dJn6zVsmFQ/8G4hD1vXIwOd9TgloyTG3Y4fivXMcO4APsNQ/DRQudWDIgDiw75hFq2xNgP8SOy NFlKHmmO+dXkAjj/lABVGqbVshdBMigVPBxoVOpFhI6IgMWFtTn3hMdZPJIWO8q5Ue7gdSPz9dRavfOxLiKRV7rq70CAzVby8V//PaEfRPuwn3wwiYT6eD+pHAEOA0FdzjklEQsSaESq53xXRIJKGgsytMQjhLcfx18l/SOCzblXLl+qhYvcjiyKMttINKyEYnqIquUA3VEUV36AE9oWfj3ng0XozXaWnOyHo20Q8Yb5/AVJgN</latexit>

✓t = ✓t�1 + !t ⇤�t



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xc = xt � rtsin(✓t)
<latexit sha1_base64="Xc/KyQtEJVyTNQsP8MhytMwNoOM=">AAACB3icbVDLSgMxFM3UV62vqktBgkWpC8uMFR8LoejGZQX7gLYMmTRtQzOZIbkjLaU7N/6KGxeKuPUX3Pk3ptNBfB24l8M595Lc44WCa7DtDys1Mzs3v5BezCwtr6yuZdc3qjqIFGUVGohA1T2imeCSVYCDYPVQMeJ7gtW8/uXEr90ypXkgb2AYspZPupJ3OCVgJDe7PXAp3jvHAxfwAVamay7zTegxIC7su9mcXbBj4L/ESU gOJSi72fdmO6CRzyRQQbRuOHYIrRFRwKlg40wz0iwktE+6rGGoJD7TrVF8xxjvGqWNO4EyJQHH6veNEfG1HvqemfQJ9PRvbyL+5zUi6Jy2RlyGETBJpw91IoEhwJNQcJsrRkEMDSFUcfNXTHtEEQomukwcwtkEx18n/yXVw4JTLBSvj3KliySONNpCOyiPHHSCSugKlVEFUXSHHtATerburUfrxXqdjqasZGcT/YD19glq6Zfo</latexit>

yc = yt + rtcos(✓t)
<latexit sha1_base64="erhUPC+Pu8m7E+Hu3jOFsq4HbOI=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgYlIoQZIy4HIejFYwSzQBKGnk4nadKz0F0jDEOOXvwVLx4U8eonePNv7EkGcXvQzeO9KqrquaHgCizrw8jNzM7NL+QXC0vLK6tr5vpGQwWRpKxOAxHIlksUE9xndeAgWCuUjHiuYE13dJn6zVsmFQ/8G4hD1vXIwOd9TgloyTG3Y4fivXMcO4APsNQ/DRQudWDIgDiw75hFq2xNgP8SOy NFlKHmmO+dXkAjj/lABVGqbVshdBMigVPBxoVOpFhI6IgMWFtTn3hMdZPJIWO8q5Ue7gdSPz9dRavfOxLiKRV7rq70CAzVby8V//PaEfRPuwn3wwiYT6eD+pHAEOA0FdzjklEQsSaESq53xXRIJKGgsytMQjhLcfx18l/SOCzblXLl+qhYvcjiyKMttINKyEYnqIquUA3VEUV36AE9oWfj3ng0XozXaWnOyHo20Q8Yb5/AVJgN</latexit>

✓t = ✓t�1 + !t ⇤�t



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xc = xt � rtsin(✓t)
<latexit sha1_base64="Xc/KyQtEJVyTNQsP8MhytMwNoOM=">AAACB3icbVDLSgMxFM3UV62vqktBgkWpC8uMFR8LoejGZQX7gLYMmTRtQzOZIbkjLaU7N/6KGxeKuPUX3Pk3ptNBfB24l8M595Lc44WCa7DtDys1Mzs3v5BezCwtr6yuZdc3qjqIFGUVGohA1T2imeCSVYCDYPVQMeJ7gtW8/uXEr90ypXkgb2AYspZPupJ3OCVgJDe7PXAp3jvHAxfwAVamay7zTegxIC7su9mcXbBj4L/ESU gOJSi72fdmO6CRzyRQQbRuOHYIrRFRwKlg40wz0iwktE+6rGGoJD7TrVF8xxjvGqWNO4EyJQHH6veNEfG1HvqemfQJ9PRvbyL+5zUi6Jy2RlyGETBJpw91IoEhwJNQcJsrRkEMDSFUcfNXTHtEEQomukwcwtkEx18n/yXVw4JTLBSvj3KliySONNpCOyiPHHSCSugKlVEFUXSHHtATerburUfrxXqdjqasZGcT/YD19glq6Zfo</latexit>

yc = yt + rtcos(✓t)
<latexit sha1_base64="erhUPC+Pu8m7E+Hu3jOFsq4HbOI=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgYlIoQZIy4HIejFYwSzQBKGnk4nadKz0F0jDEOOXvwVLx4U8eonePNv7EkGcXvQzeO9KqrquaHgCizrw8jNzM7NL+QXC0vLK6tr5vpGQwWRpKxOAxHIlksUE9xndeAgWCuUjHiuYE13dJn6zVsmFQ/8G4hD1vXIwOd9TgloyTG3Y4fivXMcO4APsNQ/DRQudWDIgDiw75hFq2xNgP8SOy NFlKHmmO+dXkAjj/lABVGqbVshdBMigVPBxoVOpFhI6IgMWFtTn3hMdZPJIWO8q5Ue7gdSPz9dRavfOxLiKRV7rq70CAzVby8V//PaEfRPuwn3wwiYT6eD+pHAEOA0FdzjklEQsSaESq53xXRIJKGgsytMQjhLcfx18l/SOCzblXLl+qhYvcjiyKMttINKyEYnqIquUA3VEUV36AE9oWfj3ng0XozXaWnOyHo20Q8Yb5/AVJgN</latexit>

✓t = ✓t�1 + !t ⇤�t

xt = xc + rtsin(✓t)

yt = yc � rtcos(✓t)



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xc = xt � rtsin(✓t)
<latexit sha1_base64="Xc/KyQtEJVyTNQsP8MhytMwNoOM=">AAACB3icbVDLSgMxFM3UV62vqktBgkWpC8uMFR8LoejGZQX7gLYMmTRtQzOZIbkjLaU7N/6KGxeKuPUX3Pk3ptNBfB24l8M595Lc44WCa7DtDys1Mzs3v5BezCwtr6yuZdc3qjqIFGUVGohA1T2imeCSVYCDYPVQMeJ7gtW8/uXEr90ypXkgb2AYspZPupJ3OCVgJDe7PXAp3jvHAxfwAVamay7zTegxIC7su9mcXbBj4L/ESU gOJSi72fdmO6CRzyRQQbRuOHYIrRFRwKlg40wz0iwktE+6rGGoJD7TrVF8xxjvGqWNO4EyJQHH6veNEfG1HvqemfQJ9PRvbyL+5zUi6Jy2RlyGETBJpw91IoEhwJNQcJsrRkEMDSFUcfNXTHtEEQomukwcwtkEx18n/yXVw4JTLBSvj3KliySONNpCOyiPHHSCSugKlVEFUXSHHtATerburUfrxXqdjqasZGcT/YD19glq6Zfo</latexit>

yc = yt + rtcos(✓t)
<latexit sha1_base64="erhUPC+Pu8m7E+Hu3jOFsq4HbOI=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgYlIoQZIy4HIejFYwSzQBKGnk4nadKz0F0jDEOOXvwVLx4U8eonePNv7EkGcXvQzeO9KqrquaHgCizrw8jNzM7NL+QXC0vLK6tr5vpGQwWRpKxOAxHIlksUE9xndeAgWCuUjHiuYE13dJn6zVsmFQ/8G4hD1vXIwOd9TgloyTG3Y4fivXMcO4APsNQ/DRQudWDIgDiw75hFq2xNgP8SOy NFlKHmmO+dXkAjj/lABVGqbVshdBMigVPBxoVOpFhI6IgMWFtTn3hMdZPJIWO8q5Ue7gdSPz9dRavfOxLiKRV7rq70CAzVby8V//PaEfRPuwn3wwiYT6eD+pHAEOA0FdzjklEQsSaESq53xXRIJKGgsytMQjhLcfx18l/SOCzblXLl+qhYvcjiyKMttINKyEYnqIquUA3VEUV36AE9oWfj3ng0XozXaWnOyHo20Q8Yb5/AVJgN</latexit>

xt = xc + rtsin(✓t�1 + !t ⇤�t)

yt = yc � rtcos(✓t�1 + !t ⇤�t)

✓t = ✓t�1 + !t ⇤�t



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xc = xt � rtsin(✓t)
<latexit sha1_base64="Xc/KyQtEJVyTNQsP8MhytMwNoOM=">AAACB3icbVDLSgMxFM3UV62vqktBgkWpC8uMFR8LoejGZQX7gLYMmTRtQzOZIbkjLaU7N/6KGxeKuPUX3Pk3ptNBfB24l8M595Lc44WCa7DtDys1Mzs3v5BezCwtr6yuZdc3qjqIFGUVGohA1T2imeCSVYCDYPVQMeJ7gtW8/uXEr90ypXkgb2AYspZPupJ3OCVgJDe7PXAp3jvHAxfwAVamay7zTegxIC7su9mcXbBj4L/ESU gOJSi72fdmO6CRzyRQQbRuOHYIrRFRwKlg40wz0iwktE+6rGGoJD7TrVF8xxjvGqWNO4EyJQHH6veNEfG1HvqemfQJ9PRvbyL+5zUi6Jy2RlyGETBJpw91IoEhwJNQcJsrRkEMDSFUcfNXTHtEEQomukwcwtkEx18n/yXVw4JTLBSvj3KliySONNpCOyiPHHSCSugKlVEFUXSHHtATerburUfrxXqdjqasZGcT/YD19glq6Zfo</latexit>

yc = yt + rtcos(✓t)
<latexit sha1_base64="erhUPC+Pu8m7E+Hu3jOFsq4HbOI=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgYlIoQZIy4HIejFYwSzQBKGnk4nadKz0F0jDEOOXvwVLx4U8eonePNv7EkGcXvQzeO9KqrquaHgCizrw8jNzM7NL+QXC0vLK6tr5vpGQwWRpKxOAxHIlksUE9xndeAgWCuUjHiuYE13dJn6zVsmFQ/8G4hD1vXIwOd9TgloyTG3Y4fivXMcO4APsNQ/DRQudWDIgDiw75hFq2xNgP8SOy NFlKHmmO+dXkAjj/lABVGqbVshdBMigVPBxoVOpFhI6IgMWFtTn3hMdZPJIWO8q5Ue7gdSPz9dRavfOxLiKRV7rq70CAzVby8V//PaEfRPuwn3wwiYT6eD+pHAEOA0FdzjklEQsSaESq53xXRIJKGgsytMQjhLcfx18l/SOCzblXLl+qhYvcjiyKMttINKyEYnqIquUA3VEUV36AE9oWfj3ng0XozXaWnOyHo20Q8Yb5/AVJgN</latexit>

xt = xc + rtsin(✓t�1 + !t ⇤�t)

yt = yc � rtcos(✓t�1 + !t ⇤�t)

✓t = ✓t�1 + !t ⇤�t



Velocity Motion Model

rt =
vt
!t

<latexit sha1_base64="nXb4UICpS/+5b1sLLBTw2zDzuLQ=">AAACA3icbZDLSsNAFIYn9VbrrepON4NFcFUSK14WQtGNywr2Am0Ik+mkHTrJhJmTQgkFN76KGxeKuPUl3Pk2Ttoiav1h4OM/53Dm/H4suAbb/rRyC4tLyyv51cLa+sbmVnF7p6FloiirUymkavlEM8EjVgcOgrVixUjoC9b0B9dZvTlkSnMZ3cEoZm5IehEPOCVgLK+4pzzAl7gTKELToQfjtCND1iOGvGLJLtsT4XlwZlBCM9 W84kenK2kSsgioIFq3HTsGNyUKOBVsXOgkmsWEDkiPtQ1GJGTaTSc3jPGhcbo4kMq8CPDE/TmRklDrUeibzpBAX/+tZeZ/tXYCwbmb8ihOgEV0uihIBAaJs0BwlytGQYwMEKq4+SumfWLiABNbYRLCRabT75PnoXFcdirlyu1JqXo1iyOP9tEBOkIOOkNVdINqqI4oukeP6Bm9WA/Wk/VqvU1bc9ZsZhf9kvX+BUEDmBE=</latexit>

xc = xt � rtsin(✓t)
<latexit sha1_base64="Xc/KyQtEJVyTNQsP8MhytMwNoOM=">AAACB3icbVDLSgMxFM3UV62vqktBgkWpC8uMFR8LoejGZQX7gLYMmTRtQzOZIbkjLaU7N/6KGxeKuPUX3Pk3ptNBfB24l8M595Lc44WCa7DtDys1Mzs3v5BezCwtr6yuZdc3qjqIFGUVGohA1T2imeCSVYCDYPVQMeJ7gtW8/uXEr90ypXkgb2AYspZPupJ3OCVgJDe7PXAp3jvHAxfwAVamay7zTegxIC7su9mcXbBj4L/ESU gOJSi72fdmO6CRzyRQQbRuOHYIrRFRwKlg40wz0iwktE+6rGGoJD7TrVF8xxjvGqWNO4EyJQHH6veNEfG1HvqemfQJ9PRvbyL+5zUi6Jy2RlyGETBJpw91IoEhwJNQcJsrRkEMDSFUcfNXTHtEEQomukwcwtkEx18n/yXVw4JTLBSvj3KliySONNpCOyiPHHSCSugKlVEFUXSHHtATerburUfrxXqdjqasZGcT/YD19glq6Zfo</latexit>

yc = yt + rtcos(✓t)
<latexit sha1_base64="erhUPC+Pu8m7E+Hu3jOFsq4HbOI=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgYlIoQZIy4HIejFYwSzQBKGnk4nadKz0F0jDEOOXvwVLx4U8eonePNv7EkGcXvQzeO9KqrquaHgCizrw8jNzM7NL+QXC0vLK6tr5vpGQwWRpKxOAxHIlksUE9xndeAgWCuUjHiuYE13dJn6zVsmFQ/8G4hD1vXIwOd9TgloyTG3Y4fivXMcO4APsNQ/DRQudWDIgDiw75hFq2xNgP8SOy NFlKHmmO+dXkAjj/lABVGqbVshdBMigVPBxoVOpFhI6IgMWFtTn3hMdZPJIWO8q5Ue7gdSPz9dRavfOxLiKRV7rq70CAzVby8V//PaEfRPuwn3wwiYT6eD+pHAEOA0FdzjklEQsSaESq53xXRIJKGgsytMQjhLcfx18l/SOCzblXLl+qhYvcjiyKMttINKyEYnqIquUA3VEUV36AE9oWfj3ng0XozXaWnOyHo20Q8Yb5/AVJgN</latexit>

✓t = ✓t�1 + !t ⇤�t

xt = xt�1 � rtsin(✓t�1) + rtsin(✓t�1 + !t ⇤�t)

yt = yt�1 + rtcos(✓t�1)� rtcos(✓t�1 + !t ⇤�t)



Velocity Motion Model

✓
v̂t
!̂t

◆
=

✓
vt
!t

◆
+

✓
✏a1|vt|+a2|!t|
✏a3|vt|+a4|!t|

◆

<latexit sha1_base64="9YX7tWdy+umcAFWwOi0u5cPkf4o="></latexit>

✓t = ✓t�1 + !̂t ⇤�t

xt = xt�1 �
v̂t
!̂t

sin(✓t�1) +
v̂t
!̂t

sin(✓t�1 + !̂t ⇤�t)

yt = yt�1 +
v̂t
!̂t

cos(✓t�1)�
v̂t
!̂t

cos(✓t�1 + !̂t ⇤�t)



Velocity Motion Model

✓
v̂t
!̂t

◆
=

✓
vt
!t

◆
+

✓
✏a1|vt|+a2|!t|
✏a3|vt|+a4|!t|

◆

<latexit sha1_base64="9YX7tWdy+umcAFWwOi0u5cPkf4o="></latexit>

✓t = ✓t�1 + !̂t ⇤�t

xt = xt�1 �
v̂t
!̂t

sin(✓t�1) +
v̂t
!̂t

sin(✓t�1 + !̂t ⇤�t)

yt = yt�1 +
v̂t
!̂t

cos(✓t�1)�
v̂t
!̂t

cos(✓t�1 + !̂t ⇤�t)



Velocity Motion Model



Velocity Motion Model



Sensor Model

• What is the observation function? 
P (zt|xt)



LiDAR Measurements



Measurements

zt = {z1t , z2t , ..., zkt }
<latexit sha1_base64="H5txW7PdHAJczGcfmvXyvHuKa74=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXZZhpxcdCKLpxWcE+oDOWTJppQzOZIckIdegHuPFX3LhQxK0f4M6/MTMdRK0Hwj0591ySe7yIUaks69OYm19YXFourBRX19Y3Nktb2y0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6OLtN++JULSkF+rcUTcAA049SlGSku9Uvmup+AZdBJdb+wKTEu1Ak3ThNPLyJlol2VaGeAssX NSBjkavdKH0w9xHBCuMENSdm0rUm6ChKKYkUnRiSWJEB6hAelqylFApJtky0zgvlb60A+FPlzBTP05kaBAynHgaWeA1FD+7aXif71urPwTN6E8ihXhePqQHzOoQpgmA/tUEKzYWBOEBdV/hXiIBMJK51fMQjhNcfS98ixpVU27ZtauDsv18zyOAtgFe+AA2OAY1MElaIAmwOAePIJn8GI8GE/Gq/E2tc4Z+cwO+AXj/QvXapkX</latexit>



Measurements

p(zt|xt)
<latexit sha1_base64="G8hntCpMu5NWLd7l/rjiPCVWeKA=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiDES5gx4nILevEYwSyQDENPpydp0rPYXROMY77DiwdFvPox3vwbeyZB1Pig4PFeFVX13EhwBab5aeQWFpeWV/KrhbX1jc2t4vZOU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eJn6rRGTiofBDYwjZvukH3CPUwJasqPyvQP4Ad85cIidYsmsmBnwPLFmpIRmqDvFj24vpLHPAqCCKN WxzAjshEjgVLBJoRsrFhE6JH3W0TQgPlN2kh09wQda6WEvlLoCwJn6cyIhvlJj39WdPoGB+uul4n9eJwbvzE54EMXAAjpd5MUCQ4jTBHCPS0ZBjDUhVHJ9K6YDIgkFnVMhC+E8xcn3y/OkeVSxqpXq9XGpdjGLI4/20D4qIwudohq6QnXUQBTdokf0jF6MkfFkvBpv09acMZvZRb9gvH8BgEqRaA==</latexit>

zt = {z1t , z2t , ..., zkt }
<latexit sha1_base64="H5txW7PdHAJczGcfmvXyvHuKa74=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXZZhpxcdCKLpxWcE+oDOWTJppQzOZIckIdegHuPFX3LhQxK0f4M6/MTMdRK0Hwj0591ySe7yIUaks69OYm19YXFourBRX19Y3Nktb2y0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6OLtN++JULSkF+rcUTcAA049SlGSku9Uvmup+AZdBJdb+wKTEu1Ak3ThNPLyJlol2VaGeAssX NSBjkavdKH0w9xHBCuMENSdm0rUm6ChKKYkUnRiSWJEB6hAelqylFApJtky0zgvlb60A+FPlzBTP05kaBAynHgaWeA1FD+7aXif71urPwTN6E8ihXhePqQHzOoQpgmA/tUEKzYWBOEBdV/hXiIBMJK51fMQjhNcfS98ixpVU27ZtauDsv18zyOAtgFe+AA2OAY1MElaIAmwOAePIJn8GI8GE/Gq/E2tc4Z+cwO+AXj/QvXapkX</latexit>



Measurements

p(zt|xt,m)
<latexit sha1_base64="ohx06pCwzNrgXv4sGBQmnVFAsDc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0WoICWx4mNXdOOygn1AG8JkOmmHTh7M3BRr7J+4caGIW//EnX9jkgZR64ELh3Pu5d57nFBwBYbxqRUWFpeWV4qrpbX1jc0tfXunpYJIUtakgQhkxyGKCe6zJnAQrBNKRjxHsLYzukr99phJxQP/FiYhszwy8LnLKYFEsnU9rNzbgB/wnQ1H2DvEtl42qkYGPE/MnJRRjoatf/T6AY085g MVRKmuaYRgxUQCp4JNS71IsZDQERmwbkJ94jFlxdnlU3yQKH3sBjIpH3Cm/pyIiafUxHOSTo/AUP31UvE/rxuBe27F3A8jYD6dLXIjgSHAaQy4zyWjICYJIVTy5FZMh0QSCklYpSyEixSn3y/Pk9Zx1axVazcn5fplHkcR7aF9VEEmOkN1dI0aqIkoGqNH9IxetFh70l61t1lrQctndtEvaO9fjUiScA==</latexit>

zt = {z1t , z2t , ..., zkt }
<latexit sha1_base64="H5txW7PdHAJczGcfmvXyvHuKa74=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXZZhpxcdCKLpxWcE+oDOWTJppQzOZIckIdegHuPFX3LhQxK0f4M6/MTMdRK0Hwj0591ySe7yIUaks69OYm19YXFourBRX19Y3Nktb2y0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6OLtN++JULSkF+rcUTcAA049SlGSku9Uvmup+AZdBJdb+wKTEu1Ak3ThNPLyJlol2VaGeAssX NSBjkavdKH0w9xHBCuMENSdm0rUm6ChKKYkUnRiSWJEB6hAelqylFApJtky0zgvlb60A+FPlzBTP05kaBAynHgaWeA1FD+7aXif71urPwTN6E8ihXhePqQHzOoQpgmA/tUEKzYWBOEBdV/hXiIBMJK51fMQjhNcfS98ixpVU27ZtauDsv18zyOAtgFe+AA2OAY1MElaIAmwOAePIJn8GI8GE/Gq/E2tc4Z+cwO+AXj/QvXapkX</latexit>



Measurements

p(zt|xt,m) = p(z1t |xt,m)p(z1t |xt,m)...p(zkt |xt,m).
<latexit sha1_base64="FYsbkFRysMRbST484iVZlpzTdfs=">AAACL3icbZDLSgMxFIYzXmu9VV26CRalggwzVrwshKIgLivYC7R1yKRpG5q5kJwRa9s3cuOrdCOiiFvfwul0LNr6Q+DPd84hOb/tC67AMF61mdm5+YXFxFJyeWV1bT21sVlUXiApK1BPeLJsE8UEd1kBOAhW9iUjji1YyW5fDuuleyYV99xb6Pis5pCmyxucEgiRlbryM48W4B5+sOAAO/t47xxH6M7s/aCJu67rMWqPkZVKG7oRCU8bMzZpFCtvpQbVukcDh7lABVGqYho+1LpEAqeC9ZPVQDGf0DZpskpoXeIwVetG+/bxbkjquOHJ8LiAI/p7okscpTqOHXY6BFpqsjaE/9UqATROa13u+gEwl44eagQCg4eH4eE6l4yC6ISGUMnDv2LaIpJQCCNORiGcDXU8XnnaFA91M6tnb47SuYs4jgTaRjsog0x0gnLoGuVRAVH0hAboDb1rz9qL9qF9jlpntHhmC/2R9vUNE1mlmA==</latexit>

zt = {z1t , z2t , ..., zkt }
<latexit sha1_base64="H5txW7PdHAJczGcfmvXyvHuKa74=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXZZhpxcdCKLpxWcE+oDOWTJppQzOZIckIdegHuPFX3LhQxK0f4M6/MTMdRK0Hwj0591ySe7yIUaks69OYm19YXFourBRX19Y3Nktb2y0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6OLtN++JULSkF+rcUTcAA049SlGSku9Uvmup+AZdBJdb+wKTEu1Ak3ThNPLyJlol2VaGeAssXNSBjkavdKH0w9xHBCuMENSdm0rUm6ChKKYkUnRiSWJEB6hAelqylFApJtky0zgvlb60A+FPlzBTP05kaBAynHgaWeA1FD+7aXif71urPwTN6E8ihXhePqQHzOoQpgmA/tUEKzYWBOEBdV/hXiIBMJK51fMQjhNcfS98ixpVU27ZtauDsv18zyOAtgFe+AA2OAY1MElaIAmwOAePIJn8GI8GE/Gq/E2tc4Z+cwO+AXj/QvXapkX</latexit>



Sources of Error: Local Noise



Other Sources of Error: 

• Unexpected Objects

• No Detection

• Random Errors



Feature-Based Sensor Models

Fully Autonomous Robot Navigation based on a Prior Map without 
Artificial Landmarks



Feature-Based Sensor Models

p(zt|xt,m) = p(z1t |xt,m)p(z1t |xt,m)...p(zkt |xt,m).
<latexit sha1_base64="FYsbkFRysMRbST484iVZlpzTdfs=">AAACL3icbZDLSgMxFIYzXmu9VV26CRalggwzVrwshKIgLivYC7R1yKRpG5q5kJwRa9s3cuOrdCOiiFvfwul0LNr6Q+DPd84hOb/tC67AMF61mdm5+YXFxFJyeWV1bT21sVlUXiApK1BPeLJsE8UEd1kBOAhW9iUjji1YyW5fDuuleyYV99xb6Pis5pCmyxucEgiRlbryM48W4B5+sOAAO/t47xxH6M7s/aCJu67rMWqPkZVKG7oRCU8bMzZpFCtvpQbVukcDh7lABVGqYho+1LpEAqeC9ZPVQDGf0DZpskpoXeIwVetG+/bxbkjquOHJ8LiAI/p7okscpTqOHXY6BFpqsjaE/9UqATROa13u+gEwl44eagQCg4eH4eE6l4yC6ISGUMnDv2LaIpJQCCNORiGcDXU8XnnaFA91M6tnb47SuYs4jgTaRjsog0x0gnLoGuVRAVH0hAboDb1rz9qL9qF9jlpntHhmC/2R9vUNE1mlmA==</latexit>

p(zt|xt,m) = ⇧k
i=1p(r

i
t,�

i
t, s

i
t|xt,m)

<latexit sha1_base64="ssJyiFl3ORi2LJxajIFq0kapKMc="></latexit>



Feature-Based Sensor Models

φ

θ

r

s



Feature-Based Sensor Models

φ

θ

r

s(mx,my)
<latexit sha1_base64="Kt5ATkPWXW3xPZ1Cwz6ydtIp1Kk=">AAAB9XicbVDLSgMxFM34rPVVdekmWIQKUqZWfOyKblxWsA9ox5JJM21okhmSjDoM8x9uXCji1n9x59+YmQ6i1gOXezjnXnJz3IBRpW3705qbX1hcWi6sFFfX1jc2S1vbbeWHEpMW9pkvuy5ShFFBWppqRrqBJIi7jHTcyWXqd+6IVNQXNzoKiMPRSFCPYqSNdFvhg/ghOYSmRcnBoFS2q3YGOEtqOSmDHM1B6aM/9HHIidCYIaV6NTvQToykppiRpNgPFQkQnqAR6RkqECfKibOrE7hvlCH0fGlKaJipPzdixJWKuGsmOdJj9ddLxf+8Xqi9MyemIgg1EXj6kBcyqH2YRgCHVBKsWWQIwpKaWyEeI4mwNkEVsxDOU5x8f3mWtI+qtXq1fn1cblzkcRTALtgDFVADp6ABrkATtAAGEjyCZ/Bi3VtP1qv1Nh2ds/KdHfAL1vsX/8iSUw==</latexit>

(x, y)
<latexit sha1_base64="CQqo1ljx6nfONEhjcS0yBx/zGZ0=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEqSEms+HErevFYwbSFNpTNdtMu3WzC7kYMob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPzvIhRqSzr01hYXFpeWS2tldc3Nre2Kzu7bRnGAhMHhywUXQ9JwignjqKKkW4kCAo8Rjre5DrzO/dESBryO5VExA3QiFOfYqS05NQejpOjQaVq1a0c5jyxC1KFAq1B5aM/DHEcEK4wQ1L2bCtSboqEopiRabkfSxIhPEEj0tOUo4BIN82PnZqHWhmafih0cWXm6s+JFAVSJoGnOwOkxvKvl4n/eb1Y+RduSnkUK8LxbJEfM1OFZva5OaSCYMUSTRAWVN9q4jESCCudTzkP4TLD2ffL86R9Urcb9cbtabV5VcRRgn04gBrYcA5NuIEWOICBwiM8w4vBjSfj1XibtS4Yxcwe/ILx/gUKe45R</latexit>



Feature-Based Sensor Models

φ

θ

r
s(mx,my)
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