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Prerequisites: Extended Kalman Filter

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1

<latexit sha1_base64="K9jqz2h21wfpGTsQ/GmMJlPzxn0="></latexit>

f(xt�1) ⇡ f(µt�1) + Ft(xt�1 � µt�1)
<latexit sha1_base64="jX/bAG0AYF0QcTkhBD8LLgBrjag="></latexit>

Ft =
@f(x = µt�1)

@x

<latexit sha1_base64="K9jqz2h21wfpGTsQ/GmMJlPzxn0="></latexit>

f(xt�1) ⇡ f(µt�1) + Ft(xt�1 � µt�1)

<latexit sha1_base64="jX/bAG0AYF0QcTkhBD8LLgBrjag="></latexit>

Ft =
@f(x = µt�1)

@x

<latexit sha1_base64="K9jqz2h21wfpGTsQ/GmMJlPzxn0="></latexit>

f(xt�1) ⇡ f(µt�1) + Ft(xt�1 � µt�1)

• First order Taylor expansion 
• Jacobian

https://en.wikipedia.org/wiki/Brook_Taylor



Extended Kalman Filter

<latexit sha1_base64="9UgkpjtYJQ2yZqkaL15cuTPuFO0=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWoC0siRV0W3Oiugn1AG8JkOmmHzkzCzEQsITs3/oobF4q49Rfc+TdO0iy09cDAmXPu5d57/IgSqWz72ygtLa+srpXXKxubW9s75u5eR4axQLiNQhqKng8lpoTjtiKK4l4kMGQ+xV1/cpX53XssJAn5nZpG2GVwxElAEFRa8szDAYNqLFjiY5rW8o8fJA+pl6hTJz3xzKpdt3NYi8QpSBUUaHnm12AYophhrhCFUvYdO1JuAoUiiOK0MogljiCawBHua8ohw9JN8jtS61grQysIhX5cWbn6uyOBTMop83Vltqic9zLxP68fq+DSTQiPYoU5mg0KYmqp0MpCsYZEYKToVBOIBNG7WmgMBURKR1fRITjzJy+SzlndOa83bhvV5k0RRxkcgCNQAw64AE1wDVqgDRB4BM/gFbwZT8aL8W58zEpLRtGzD/7A+PwBbRGZrw==</latexit> b
el
(x

t�
1
)

<latexit sha1_base64="mRy2BO26WUJkvLDTOUwbuNl7aHQ=">AAACEHicbVC7TsMwFHV4lvIKMLJEVIiyVAmqgLESC2xFog+piSLHdVqrdhzZDqKK8gks/AoLAwixMrLxNzhpBmi5kqXjc+7RvfcEMSVS2fa3sbS8srq2Xtmobm5t7+yae/tdyROBcAdxykU/gBJTEuGOIorifiwwZAHFvWByleu9eywk4dGdmsbYY3AUkZAgqDTlmycu13LuTl0G1ViwNMA0y+rFLwjTh8xPVXbqmzW7YRdlLQKnBDVQVts3v9whRwnDkUIUSjlw7Fh5KRSKIIqzqptIHEM0gSM80DCCDEsvLQ7KrGPNDK2QC/0iZRXsb0cKmZRTFujOfE05r+Xkf9ogUeGll5IoThSO0GxQmFBLcStPxxoSgZGiUw0gEkTvaqExFBApnWFVh+DMn7wIumcN57zRvG3WWjdlHBVwCI5AHTjgArTANWiDDkDgETyDV/BmPBkvxrvxMWtdMkrPAfhTxucP2S6eYw==</latexit>

bel(xt)

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1
<latexit sha1_base64="6Or7KFSymz9umzn9YwPtodn0V5I=">AAACKHicbVDLSsNAFJ34rPEVdekmWAp1YUmkqDsLbnRXwT6gCWEynbRDJ5kwMxFLyOe48VfciCjSrV/iJM1CWy8Mc+acc5l7jx9TIqRlzbSV1bX1jc3Klr69s7u3bxwcdgVLOMIdxCjjfR8KTEmEO5JIivsxxzD0Ke75k5tc7z1iLgiLHuQ0xm4IRxEJCIJSUZ5xXXOY0vP21AmhHPMw9THNsnrx8oP0KfNSmZ3qjs/oUExDdSlnkrNnduYZVathFWUuA7sEVVBW2zPenSFDSYgjiSgUYmBbsXRTyCVBFGe6kwgcQzSBIzxQMIIhFm5aLJqZNcUMzYBxdSJpFuzvjhSGIh9ROfPpxaKWk/9pg0QGV25KojiROELzj4KEmpKZeWrmkHCMJJ0qABEnalYTjSGHSKpsdRWCvbjyMuieN+yLRvO+WW3dlXFUwDE4AXVgg0vQAregDToAgWfwCj7Ap/aivWlf2mxuXdHKniPwp7TvHw7LqHQ=</latexit>µt�1

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1

<latexit sha1_base64="h8XBfyKL/CEX4uigqGhU+W4uCMo=">AAACCnicbVDLSgNBEJyNrxhfUY9eRoMQQcOuBPUY8KK3COYBybLMTmaTIbMPZnrFsOzZi7/ixYMiXv0Cb/6Nk2QFTSxoKKq66e5yI8EVmOaXkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TGpeBjcwihitk/6Afc4JaAlp7jfL3d9AgPXS+5TJ4ETKz3GP0qcOnDkFEtmxZwAzxMrIyWUoe4UP7u9kMY+C4AKolTHMiOwEyKBU8HSQjdWLCJ0SPqso2lAfKbsZPJKig+10sNeKHUFgCfq74mE+EqNfFd3jo9Us95Y/M/rxOBd2AkPohhYQKeLvFhgCPE4F9zjklEQI00IlVzfiumASEJBp1fQIVizL8+T5mnFOqtUb6ql2nUWRx7toQNURhY6RzV0heqogSh6QE/oBb0aj8az8Wa8T1tzRjazi/7A+PgG/6Kafg==</latexit> g(
x
t�

1
,u

t)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>

x
t

<latexit sha1_base64="S2TwPECTPvBa1g+YklCQeZpRTOk=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR4HXvQ2wX3AWkqaZltY0pQkFWYp/itePCji1f/Dm/+N6daDbj4Iebz3+5GXFyaMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIfogUYTQmHU01I/1EEsRDRnrh5Lrwew9EKiriez1NiM/RKKZDipE2UmAfeaFgkZpyc2UeT/Mg03lg152GMwNcJm5J6qBEO7C/vEjglJNYY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYGiNOlJ/N0ufw1CgRHAppTqzhTP29kSGuioBmkiM9VoteIf7nDVI9vPIzGiepJjGePzRMGdQCFlXAiEqCNZsagrCkJivEYyQR1qawminBXfzyMumeN9yLRvOuWW/dlnVUwTE4AWfABZegBW5AG3QABo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP7x4lhc=</latexit>µt

<latexit sha1_base64="pvGpfJ0CF5RGmZQv4KQQ0+HYlRk="></latexit>

p(zt|xt) = Nzt(Ctxt, Qt)

<latexit sha1_base64="CvvPr0KVr9rBZu1rKRAfV4i+vmk="></latexit>

p(xt|xt�1,ut) = Nxt(Atxt�1 +Btut, Rt)
Linear system with Gaussian noise:



Extended Kalman Filter

<latexit sha1_base64="VYYDsOwcgvy9I8NkymWMBjZXsl0="></latexit>

p(zt|xt) = Nzt(h(xt), Qt)
<latexit sha1_base64="9UgkpjtYJQ2yZqkaL15cuTPuFO0=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWoC0siRV0W3Oiugn1AG8JkOmmHzkzCzEQsITs3/oobF4q49Rfc+TdO0iy09cDAmXPu5d57/IgSqWz72ygtLa+srpXXKxubW9s75u5eR4axQLiNQhqKng8lpoTjtiKK4l4kMGQ+xV1/cpX53XssJAn5nZpG2GVwxElAEFRa8szDAYNqLFjiY5rW8o8fJA+pl6hTJz3xzKpdt3NYi8QpSBUUaHnm12AYophhrhCFUvYdO1JuAoUiiOK0MogljiCawBHua8ohw9JN8jtS61grQysIhX5cWbn6uyOBTMop83Vltqic9zLxP68fq+DSTQiPYoU5mg0KYmqp0MpCsYZEYKToVBOIBNG7WmgMBURKR1fRITjzJy+SzlndOa83bhvV5k0RRxkcgCNQAw64AE1wDVqgDRB4BM/gFbwZT8aL8W58zEpLRtGzD/7A+PwBbRGZrw==</latexit> b
el
(x

t�
1
)

<latexit sha1_base64="mRy2BO26WUJkvLDTOUwbuNl7aHQ=">AAACEHicbVC7TsMwFHV4lvIKMLJEVIiyVAmqgLESC2xFog+piSLHdVqrdhzZDqKK8gks/AoLAwixMrLxNzhpBmi5kqXjc+7RvfcEMSVS2fa3sbS8srq2Xtmobm5t7+yae/tdyROBcAdxykU/gBJTEuGOIorifiwwZAHFvWByleu9eywk4dGdmsbYY3AUkZAgqDTlmycu13LuTl0G1ViwNMA0y+rFLwjTh8xPVXbqmzW7YRdlLQKnBDVQVts3v9whRwnDkUIUSjlw7Fh5KRSKIIqzqptIHEM0gSM80DCCDEsvLQ7KrGPNDK2QC/0iZRXsb0cKmZRTFujOfE05r+Xkf9ogUeGll5IoThSO0GxQmFBLcStPxxoSgZGiUw0gEkTvaqExFBApnWFVh+DMn7wIumcN57zRvG3WWjdlHBVwCI5AHTjgArTANWiDDkDgETyDV/BmPBkvxrvxMWtdMkrPAfhTxucP2S6eYw==</latexit>

bel(xt)

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1
<latexit sha1_base64="6Or7KFSymz9umzn9YwPtodn0V5I=">AAACKHicbVDLSsNAFJ34rPEVdekmWAp1YUmkqDsLbnRXwT6gCWEynbRDJ5kwMxFLyOe48VfciCjSrV/iJM1CWy8Mc+acc5l7jx9TIqRlzbSV1bX1jc3Klr69s7u3bxwcdgVLOMIdxCjjfR8KTEmEO5JIivsxxzD0Ke75k5tc7z1iLgiLHuQ0xm4IRxEJCIJSUZ5xXXOY0vP21AmhHPMw9THNsnrx8oP0KfNSmZ3qjs/oUExDdSlnkrNnduYZVathFWUuA7sEVVBW2zPenSFDSYgjiSgUYmBbsXRTyCVBFGe6kwgcQzSBIzxQMIIhFm5aLJqZNcUMzYBxdSJpFuzvjhSGIh9ROfPpxaKWk/9pg0QGV25KojiROELzj4KEmpKZeWrmkHCMJJ0qABEnalYTjSGHSKpsdRWCvbjyMuieN+yLRvO+WW3dlXFUwDE4AXVgg0vQAregDToAgWfwCj7Ap/aivWlf2mxuXdHKniPwp7TvHw7LqHQ=</latexit>µt�1

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1

<latexit sha1_base64="nb9hG43zh17jL6Jr3JzFynnrL/0="></latexit>

p(xt|xt�1,ut) = Nxt(g(xt�1,ut), Rt)

<latexit sha1_base64="h8XBfyKL/CEX4uigqGhU+W4uCMo=">AAACCnicbVDLSgNBEJyNrxhfUY9eRoMQQcOuBPUY8KK3COYBybLMTmaTIbMPZnrFsOzZi7/ixYMiXv0Cb/6Nk2QFTSxoKKq66e5yI8EVmOaXkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TGpeBjcwihitk/6Afc4JaAlp7jfL3d9AgPXS+5TJ4ETKz3GP0qcOnDkFEtmxZwAzxMrIyWUoe4UP7u9kMY+C4AKolTHMiOwEyKBU8HSQjdWLCJ0SPqso2lAfKbsZPJKig+10sNeKHUFgCfq74mE+EqNfFd3jo9Us95Y/M/rxOBd2AkPohhYQKeLvFhgCPE4F9zjklEQI00IlVzfiumASEJBp1fQIVizL8+T5mnFOqtUb6ql2nUWRx7toQNURhY6RzV0heqogSh6QE/oBb0aj8az8Wa8T1tzRjazi/7A+PgG/6Kafg==</latexit> g(
x
t�

1
,u

t)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>

x
t

<latexit sha1_base64="S2TwPECTPvBa1g+YklCQeZpRTOk=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR4HXvQ2wX3AWkqaZltY0pQkFWYp/itePCji1f/Dm/+N6daDbj4Iebz3+5GXFyaMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIfogUYTQmHU01I/1EEsRDRnrh5Lrwew9EKiriez1NiM/RKKZDipE2UmAfeaFgkZpyc2UeT/Mg03lg152GMwNcJm5J6qBEO7C/vEjglJNYY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYGiNOlJ/N0ufw1CgRHAppTqzhTP29kSGuioBmkiM9VoteIf7nDVI9vPIzGiepJjGePzRMGdQCFlXAiEqCNZsagrCkJivEYyQR1qawminBXfzyMumeN9yLRvOuWW/dlnVUwTE4AWfABZegBW5AG3QABo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP7x4lhc=</latexit>µt

Non-linear system with Gaussian noise:

<latexit sha1_base64="ywPo2nlT8yuaPXGIxM7KeEHmtvk="></latexit>

g(ut,xt�1) ⇡ g(ut,µt�1) +Gt(xt�1 � µt�1)
<latexit sha1_base64="vvKUtX491EBqZ61xT802uWKKgy4="></latexit>

Gt =
@g(u = ut,x = µt�1)

@x

Linearized system with Gaussian noise:
<latexit sha1_base64="wvWCcFagGdNd/5wbGhRUJy9k1xk="></latexit>

p(xt|xt�1,ut) ⇡ Nxt(g(ut,µt�1) +Gt(xt�1 � µt�1), Rt)
<latexit sha1_base64="O/aWMpi7CYtSViCEWBdWeo+rCFk="></latexit>

⇡ Nzt(h(µt) +Ht(xt � µt), Qt)



<latexit sha1_base64="tb9lFQxTRMmWUV++qarw2Zk1lF8="></latexit>

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1

Extended Kalman Filter

1. Initialization:
2. Prediction step:

<latexit sha1_base64="9vVB55kkT6XQOgNx3rrnHZH1QPc=">AAACBnicbVDLSgMxFM34rPU16lKEYBHqpsxIUZcFN7qrYB/QDiWTZtrQJDMkGbEMs3Ljr7hxoYhbv8Gdf2NmOgttPRA4Oede7r3HjxhV2nG+raXlldW19dJGeXNre2fX3ttvqzCWmLRwyELZ9ZEijArS0lQz0o0kQdxnpONPrjK/c0+koqG409OIeByNBA0oRtpIA/uoz5EeS574hKXV/OMHyUM6SJz0FA7silNzcsBF4hakAgo0B/ZXfxjimBOhMUNK9Vwn0l6CpKaYkbTcjxWJEJ6gEekZKhAnykvyM1J4YpQhDEJpntAwV393JIgrNeW+qcz2VPNeJv7n9WIdXHoJFVGsicCzQUHMoA5hlgkcUkmwZlNDEJbU7ArxGEmEtUmubEJw509eJO2zmnteq9/WK42bIo4SOATHoApccAEa4Bo0QQtg8AiewSt4s56sF+vd+piVLllFzwH4A+vzB3bsmSM=</latexit>

bel(x0)

4. Repeat from 2

<latexit sha1_base64="5sUz67eA+2NNaPg8eI5SG9wI4go="></latexit>

µt = Atµt�1 +Btut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

⌃t = At⌃t�1A
>
t +Rt

<latexit sha1_base64="dby4qtTnfGv6eX1trKlEG619s8k="></latexit>

bel(xt) = Nxt(µt,⌃t)

<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µt = µt +Kt(zt �Ctµt)
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

⌃t = (I�KtCt)⌃t
<latexit sha1_base64="rgIhy29Nj5APneU0Js6TWmU5XD0="></latexit>

bel(xt) = Nxt(µt,⌃t)

3. Measurement update:

<latexit sha1_base64="pvGpfJ0CF5RGmZQv4KQQ0+HYlRk=">AAADwnicdVLfb9MwEHYTYKP86uCRF4tqUtFGlaBpQ5rQBuMBXtCG6DaprSLHdTZvjhPsy0Sb5Z/kCf4bnDZtk/44ydL5vvvuuzudHwuuwXH+1Sz7wcNHG5uP60+ePnv+orH18lxHiaKsQyMRqUufaCa4ZB3gINhlrBgJfcEu/NuTHL+4Y0rzSP6EYcz6IbmSPOCUgAl5W7W/272QwLUfpL8zD/BHPP1+Mt8SlMI7N8M7M/hzCU 5yeAZSItLvmTfntqauk+3O+D8M/219Jj6qip8siq+rPlpd/WxSPW6Vh7tfHGeen+T5U/1CIi1z5zKr9rKzfitG47A687yp0VJT2domRpUmlvez2zusTu81mk7bGRtedtzCaaLCTr3Gn94goknIJFBBtO66Tgz9lCjgVLCs3ks0iwm9JVesa1xJQqb76fgEM7xtIgMcRMo8CXgcLTNSEmo9DH2TmTepF7E8uArrJhB86KdcxgkwSSdCQSIwRDi/ZzzgilEQQ+MQqrjpFdNroggFc/V1swR3ceRl5/x9291v753tNY+/FevYRK/RG9RCLjpAx+grOkUdRK0ji1nSiuwv9o39y9aTVKtWcF6hitn3/wHk+0IU</latexit>

p(zt|xt) = Nzt(Ctxt, Qt)

<latexit sha1_base64="CvvPr0KVr9rBZu1rKRAfV4i+vmk=">AAADwnicdVLfT9swEHaT/WDdr8Ie92KtQuoEq5IJbZMQgo09jBcE0wpIbRU5rgMejpPZF7Q25J/c0/hvcErapml7kqXzfffdd3c6PxZcg+Pc1Sz70eMnT9ee1Z+/ePnqdWN940xHiaKsQyMRqQufaCa4ZB3gINhFrBgJfcHO/evDHD+/YUrzSP6CYcz6IbmUPOCUgAl567X/m72QwJUfpH8zD/Aenny/mm8JSuGDm+GtKfytBC c5PAUpEelx5s24rYnrZNtT/k/Df1+fio/mxQ+r4quqj5ZXPx1Xj1vl2W6r08zSkzx9Il8opGXuTGXZWrZWL8Vo7FZGnnU1WugqW9nFaK6Lxf1s93bnp/caTaftjA0vOm7hNFFhJ17jX28Q0SRkEqggWnddJ4Z+ShRwKlhW7yWaxYRek0vWNa4kIdP9dHyCGd40kQEOImWeBDyOlhkpCbUehr7JzJvUVSwPLsO6CQRf+imXcQJM0gehIBEYIpzfMx5wxSiIoXEIVdz0iukVUYSCufq6WYJbHXnROfvYdj+1d053mgdHxTrW0Fv0DrWQiz6jA/QDnaAOota+xSxpRfZ3+7f9x9YPqVat4LxBc2bf3gMJZ0IU</latexit>

p(xt|xt�1,ut) = Nxt(Atxt�1 +Btut, Rt)
Linear system with Gaussian noise:

1. Initialization:
2. Prediction step:

<latexit sha1_base64="9vVB55kkT6XQOgNx3rrnHZH1QPc=">AAACBnicbVDLSgMxFM34rPU16lKEYBHqpsxIUZcFN7qrYB/QDiWTZtrQJDMkGbEMs3Ljr7hxoYhbv8Gdf2NmOgttPRA4Oede7r3HjxhV2nG+raXlldW19dJGeXNre2fX3ttvqzCWmLRwyELZ9ZEijArS0lQz0o0kQdxnpONPrjK/c0+koqG409OIeByNBA0oRtpIA/uoz5EeS574hKXV/OMHyUM6SJz0FA7silNzcsBF4hakAgo0B/ZXfxjimBOhMUNK9Vwn0l6CpKaYkbTcjxWJEJ6gEekZKhAnykvyM1J4YpQhDEJpntAwV393JIgrNeW+qcz2VPNeJv7n9WIdXHoJFVGsicCzQUHMoA5hlgkcUkmwZlNDEJbU7ArxGEmEtUmubEJw509eJO2zmnteq9/WK42bIo4SOATHoApccAEa4Bo0QQtg8AiewSt4s56sF+vd+piVLllFzwH4A+vzB3bsmSM=</latexit>

bel(x0)

4. Repeat from 2

,

<latexit sha1_base64="dby4qtTnfGv6eX1trKlEG619s8k="></latexit>

bel(xt) = Nxt(µt,⌃t)

<latexit sha1_base64="rgIhy29Nj5APneU0Js6TWmU5XD0="></latexit>

bel(xt) = Nxt(µt,⌃t)

3. Measurement update:

<latexit sha1_base64="5CCEKfeXfzqOa1QPNDZLNtwhH9E="></latexit>

µt = g(ut,µt�1)
<latexit sha1_base64="4NXHzmjztWe7ymLoBDwYa2T2Z0g="></latexit>

⌃t = Gt⌃t�1G
>
t +Rt

<latexit sha1_base64="uP+tr9+kK6qFhw0mEt5VhMfRNVY="></latexit>

Kt = ⌃tH
>
t (Ht⌃tH

>
t +Qt)

�1
<latexit sha1_base64="1X5Msuo+QUFQobEJBkcLuxYsHis="></latexit>

µt = µt +Kt(zt � h(µt))
<latexit sha1_base64="whmBReMXwOp6VIfKM8xwMkXdRJ4="></latexit>

⌃t = (I�KtHt)⌃t

Linearized system with Gaussian noise:
<latexit sha1_base64="wvWCcFagGdNd/5wbGhRUJy9k1xk="></latexit>

p(xt|xt�1,ut) ⇡ Nxt(g(ut,µt�1) +Gt(xt�1 � µt�1), Rt)
<latexit sha1_base64="O/aWMpi7CYtSViCEWBdWeo+rCFk="></latexit>

⇡ Nzt(h(µt) +Ht(xt � µt), Qt)



Example: Extended Kalman Filter

Linear velocity Angular velocity

<latexit sha1_base64="1tTpGcVod9TkxvRWFGcFcGVUXxw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLwoeEjAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStW7LI48nMApnIMHV1CFW6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCokozg</latexit>

L

<latexit sha1_base64="iagV9Ba6d+xDcrm7XpPu8C6NJyc=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSIIQklKUTdCwY3uKtgHtCFMppN26OTBzCQQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee7yYM6ks69tYW9/Y3Nou7ZR39/YPDs2j446MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtepPbmd9NqZAsCh9VFlMnwKOQ+YxgpSXXrKQ3A19gkqcuv0hdMc3rU9esWjVrDrRK7IJUoUDLNb8Gw4gkAQ0V4VjKvm3FysmxUIxwOi0PEkljTCZ4RPuahjig0snnx0/RmVaGyI+ErlChufp7IseBlFng6c4Aq7Fc9mbif14/Uf61k7MwThQNyWKRn3CkIjRLAg2ZoETxTBNMBNO3IjLGOgul8yrrEOzll1dJp16zL2uNh0a1eV/EUYITOIVzsOEKmnAHLWgDgQye4RXejCfjxXg3Phata0YxU4E/MD5/AOhOlPk=</latexit>

v =
vl + vr

2

<latexit sha1_base64="ILN6tvuufoAHRF12R2ohRBsKKXo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2g9oQ9lsJ+3SzSbsbgol9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfGqPSPJZPZpKgH9GB5CFn1FjpcdwTvXLFrbpzkFXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgtNRNNSaUjegAO5ZKGqH2s/mpU3JmlT4JY2VLGjJXf09kNNJ6EgW2M6JmqJe9mfif10lNeONnXCapQckWi8JUEBOT2d+kzxUyIyaWUKa4vZWwIVWUGZtOyYbgLb+8SpoXVe+qevlwWand53EU4QRO4Rw8uIYa3EEdGsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wdnGY3p</latexit>vl

<latexit sha1_base64="fFggv7H/lehQVbceGmJlX7ocgXg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2g9oQ9lsJ+3SzSbsbgol9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfGqPSPJZPZpKgH9GB5CFn1FjpcdxTvXLFrbpzkFXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgtNRNNSaUjegAO5ZKGqH2s/mpU3JmlT4JY2VLGjJXf09kNNJ6EgW2M6JmqJe9mfif10lNeONnXCapQckWi8JUEBOT2d+kzxUyIyaWUKa4vZWwIVWUGZtOyYbgLb+8SpoXVe+qevlwWand53EU4QRO4Rw8uIYa3EEdGsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wdwMY3v</latexit>vr

<latexit sha1_base64="lNy2Xyn7+rhpospaMiJk1qVom/k=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIbiyJFHUjFNwouKhgH9CUMJlO2qHzCDOTQglx46+4caGIW//CnX/jtM1CWw9cOJxzL/feE8aUKO2631ZhaXllda24XtrY3NresXf3mkokEuEGElTIdggVpoTjhiaa4nYsMWQhxa1weD3xWyMsFRH8QY9j3GWwz0lEENRGCuwDXzDch1d+JCFKRwE9HQUyS++ywC67FXcKZ5F4OSmDHPXA/vJ7AiUMc40oVKrjubHuplBqgijOSn6icAzREPZxx1AOGVbddPpB5hwbpedEQpri2pmqvydSyJQas9B0MqgHat6biP95nURHl92U8DjRmKPZoiihjhbOJA6nRyRGmo4NgUgSc6uDBtBkoU1oJROCN//yImmeVbzzSvW+Wq7d5nEUwSE4AifAAxegBm5AHTQAAo/gGbyCN+vJerHerY9Za8HKZ/bBH1ifP+QDlzY=</latexit>

! =
vl � vr

L

Control commands often replaced by wheel velocities

rostopic pub -r 10 /cmd_vel geometry_msgs/Twist  
'{linear:  {x: 1.0, y: 0.0, z: 0.0}, angular: {x: 0.0,y: 0.0,z: 1.0}}'<latexit sha1_base64="iagV9Ba6d+xDcrm7XpPu8C6NJyc=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSIIQklKUTdCwY3uKtgHtCFMppN26OTBzCQQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee7yYM6ks69tYW9/Y3Nou7ZR39/YPDs2j446MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtepPbmd9NqZAsCh9VFlMnwKOQ+YxgpSXXrKQ3A19gkqcuv0hdMc3rU9esWjVrDrRK7IJUoUDLNb8Gw4gkAQ0V4VjKvm3FysmxUIxwOi0PEkljTCZ4RPuahjig0snnx0/RmVaGyI+ErlChufp7IseBlFng6c4Aq7Fc9mbif14/Uf61k7MwThQNyWKRn3CkIjRLAg2ZoETxTBNMBNO3IjLGOgul8yrrEOzll1dJp16zL2uNh0a1eV/EUYITOIVzsOEKmnAHLWgDgQye4RXejCfjxXg3Phata0YxU4E/MD5/AOhOlPk=</latexit>

v =
vl + vr

2

<latexit sha1_base64="lNy2Xyn7+rhpospaMiJk1qVom/k=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIbiyJFHUjFNwouKhgH9CUMJlO2qHzCDOTQglx46+4caGIW//CnX/jtM1CWw9cOJxzL/feE8aUKO2631ZhaXllda24XtrY3NresXf3mkokEuEGElTIdggVpoTjhiaa4nYsMWQhxa1weD3xWyMsFRH8QY9j3GWwz0lEENRGCuwDXzDch1d+JCFKRwE9HQUyS++ywC67FXcKZ5F4OSmDHPXA/vJ7AiUMc40oVKrjubHuplBqgijOSn6icAzREPZxx1AOGVbddPpB5hwbpedEQpri2pmqvydSyJQas9B0MqgHat6biP95nURHl92U8DjRmKPZoiihjhbOJA6nRyRGmo4NgUgSc6uDBtBkoU1oJROCN//yImmeVbzzSvW+Wq7d5nEUwSE4AifAAxegBm5AHTQAAo/gGbyCN+vJerHerY9Za8HKZ/bBH1ifP+QDlzY=</latexit>

! =
vl � vr

L

<latexit sha1_base64="lKB/3+ekxo2eq4k0B2Cg6WuwsZo="></latexit>

= xt�1 +
vt
!t

�
+ sin(✓t�1 + !t�t)� sin(✓t�1)

�

<latexit sha1_base64="hnqidoiqj6gG2S3Hdw0TDW6fvgc="></latexit>

yt = yt�1 +
vt
!t

�
� cos(✓t�1 + !t�t) + cos(✓t�1)

�

<latexit sha1_base64="enXBBW15BEnOX0FaHecue+0JK7M="></latexit>

xt = xt�1 +

�tZ

0

vt cos(✓t�1 + !tt| {z }
✓(t)

)dt = xt�1 + vt
h sin(✓t�1 + !tt)

!t

i�t

0

<latexit sha1_base64="p+PQH/Ht5d6PHYfMefAN6e/LHvw="></latexit>

✓t = ✓t�1 + !�t
<latexit sha1_base64="eKwdO0JZvGf4NUe5OmXrpIwbSFA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+65FrI2L1gOOE+xEdKBEKRtFK90897JUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqnd5nEU4QiO4RQ8uIQa3EAdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wd2RY3z</latexit>xt

<latexit sha1_base64="tt6al4Oidw25H8DYZqK1R6G2z/E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VtB/QhrLZbtqlm03YnQih9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEbOE+xEdKhEKRtFKD1kf++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6C/oRqFEzyaamXGp5QNqZD3rVU0YgbfzI/dUrOrDIgYaxtKSRz9ffEhEbGZFFgOyOKI7PszcT/vG6K4bU/ESpJkSu2WBSmkmBMZn+TgdCcocwsoUwLeythI6opQ5tOyYbgLb+8SloXVe+yWruvVep3eRxFOIFTOAcPrqAOt9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AF3y430</latexit>yt
<latexit sha1_base64="HqkrrCmVyfsctl0e77Y4oZPg3xQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXvRWwX5AG8pmu22XbjZhdyKE0B/hxYMiXv093vw3btsctPXBwOO9GWbmBbEUBl332ymsrW9sbhW3Szu7e/sH5cOjlokSzXiTRTLSnYAaLoXiTRQoeSfWnIaB5O1gcjvz209cGxGpR0xj7od0pMRQMIpWaqf9DC+8ab9ccavuHGSVeDmpQI5Gv/zVG0QsCblCJqkxXc+N0c+oRsEkn5Z6ieExZRM64l1LFQ258bP5uVNyZpUBGUbalkIyV39PZDQ0Jg0D2xlSHJtlbyb+53UTHN74mVBxglyxxaJhIglGZPY7GQjNGcrUEsq0sLcSNqaaMrQJlWwI3vLLq6R1WfWuqrWHWqV+n8dRhBM4hXPw4BrqcAcNaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8ZL49y</latexit>yt�1

<latexit sha1_base64="geVB+nzehVTWwWncel1j/9ZLIdE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPBi94q2A9oQ9lsN+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKVWk+9DM+9Sa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdK8qHiXlep9tVy7y+MowDGcwBl4cAU1uIU6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz8XpY9x</latexit>xt�1

<latexit sha1_base64="F7o3xvk+uRisTfoyHBU2bzHakps=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBiyWRoh4LXvRWwX5AE8pmO22XbjZhdyKU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzaHJYxnrTsgMSKGgiQIldBINLAoltMPx7cxvP4E2IlaPOEkgiNhQiYHgDK3k+zgCZL0ML7xpr1xxq+4cdJV4OamQHI1e+cvvxzyNQCGXzJiu5yYYZEyj4BKmJT81kDA+ZkPoWqpYBCbI5jdP6ZlV+nQQa1sK6Vz9PZGxyJhJFNrOiOHILHsz8T+vm+LgJsiESlIExReLBqmkGNNZALQvNHCUE0sY18LeSvmIacbRxlSyIXjLL6+S1mXVu6rWHmqV+n0eR5GckFNyTjxyTerkjjRIk3CSkGfySt6c1Hlx3p2PRWvByWeOyR84nz/hbJGd</latexit>

✓t�1

<latexit sha1_base64="+wa0vksn6zBHdcjRNqOPdrwt3lQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKVHns44kj7GU775Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzS+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsfTIQmjOUE0so08LeStiIasrQhlSyIXjLL6+S1kXVu6zW7muV+l0eRxFO4BTOwYMrqMMtNKAJDBQ8wyu8OcZ5cd6dj0VrwclnjuEPnM8fAPuRKw==</latexit>

✓t

<latexit sha1_base64="TDVlaOzXvlobWBphvtXMnOeP6uk=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5JIUTdCwY3uKtgHtCFMppN26GQSZm6EGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUEiuAbH+bZKa+sbm1vl7crO7t5+1T447Og4VZS1aSxi1QuIZoJL1gYOgvUSxUgUCNYNJje5331kSvNYPsA0YV5ERpKHnBIwkm9XBxGBcRBm6cwHfI19u+bUnTnwKnELUkMFWr79NRjGNI2YBCqI1n3XScDLiAJOBZtVBqlmCaETMmJ9QyWJmPayefAZPjXKEIexMk8Cnqu/NzISaT2NAjOZx9TLXi7+5/VTCK+8jMskBSbp4lCYCgwxzlvAQ64YBTE1hFDFTVZMx0QRCqariinBXf7yKumc192LeuO+UWveFXWU0TE6QWfIRZeoiW5RC7URRSl6Rq/ozXqyXqx362MxWrKKnSP0B9bnD0RCktw=</latexit>ut = [ ],



Example: Extended Kalman Filter

<latexit sha1_base64="xd5y25SOtuI3zXdwCNDJ8adAp3k=">AAACLnicbVBNS8NAEN34bfyKevSyWBRPJZGiXoSCCHpTsFpoQ9lsJ+3SzSbsbsQS8ou8+Ff0IKiIV3+GmxpFqw8G3ryZYfe9IOFMadd9siYmp6ZnZufm7YXFpeUVZ3XtUsWppNCgMY9lMyAKOBPQ0ExzaCYSSBRwuAoGR8X86hqkYrG40MME/Ij0BAsZJdpIHee4HRHdD8LsJO9o+9D+ao/KNoAeE1lgVMluctvF27goz26D6H 7rHafiVt0R8F/ilaSCSpx1nId2N6ZpBEJTTpRqeW6i/YxIzSiH3G6nChJCB6QHLUMFiUD52chujreM0sVhLE0JjUfqz4uMREoNo8BsFm7U+KwQ/5u1Uh0e+BkTSapB0M+HwpRjHeMiO9xlEqjmQ0MIlcz8FdM+kYRqk7BtQvDGLf8ll7tVb69aO69V6qdlHHNoA22iHeShfVRHJ+gMNRBFt+gePaMX6856tF6tt8/VCau8WUe/YL1/AJdrpw8=</latexit>

Ht = Ct =
⇥
0 0 1

⇤

<latexit sha1_base64="9rPclhiQe4GKOmAYfV1o1juCp+w=">AAAD6nicjVNbb9MwFPYSLiNc1sEjLxbVUKuxKkET8DJpEkjA25DoNqkukeM6qTXHjuKTqVWUn8ALDyDEK7+IN/4NTlu69YawZOXLOd853znHdpRJYcD3f2857o2bt25v3/Hu3rv/YKex+/DU6CJnvMu01Pl5RA2XQvEuCJD8PMs5TSPJz6KL17X/7JLnRmj1EcYZ76c0USIWjII1hbsO2ktaJKUwjOKyqEJ4hv/+jaqwhIOgam NCsyzXI7zCjLQcmHFqPyVJizl/f57jreW1lhMebAr0rofhI0zinLKSZDQHQeWCfO3dUPXRpvTVVaor9iRTxBOhysgaczGqvAA/xb7dU/3LEGykTnlCLSKRSFr7hGljqyk+ERhyoFMB2/aMRd5wCRRDG9te11HbdZo2IV4tE/xbygj1v1LrqAtSEzmPcDWYdxs2mn7Hnyy8CoIZaKLZOgkbv8hAsyLlCpikxvQCP4N+WU+WSV55pDA8o+yCJrxnoaIpN/1yclUrvGctAxzr3G4FeGK9HlHS1NQnZ5n1EZllX21c5+sVEL/ql0JlBXDFpkJxITFoXN97PBA5ZyDHFlCWC1srZkNqhw72dXh2CMFyy6vg9HkneNE5/HDYPH4/G8c2eoyeoBYK0Et0jN6hE9RFzEmcz85X55sr3S/ud/fHlOpszWIeoYXl/vwD4Q1Fmg==</latexit>

Gt =
@g(u = ut,x = µt�1)

@x
=

2

4
1 0 vt

!t

�
+ cos(µ✓

t�1 + !t�t)� cos(µ✓
t�1)

�

0 1 vt
!t

�
+ sin(µ✓

t�1 + !t�t)� sin(µ✓
t�1)

�

0 0 1

3

5

ROS package for 6DOF EKF: http://wiki.ros.org/robot_pose_ekf

IMU  
measurement 
probability

<latexit sha1_base64="vA1uUH2S1ytwwwOEPe7t8l5eDZM="></latexit>

⇥
✓IMU
t

⇤
| {z }
zIMU
t

=
⇥
0 0 1

⇤
2

4
xt

yt
✓t

3

5

| {z }
hIMU(xt)

+Nzt(0, Q
IMU
t )

Turtlebot 
transition  
prob.

<latexit sha1_base64="82hIFnzpnmFrW/0E4RbCJUzd+ug="></latexit>2

4
xt

yt
✓t

3

5

| {z }
xt

=

2

4
xt�1 +

vt
!t

�
+ sin(✓t�1 + !t�t)� sin(✓t�1)

�

yt�1 +
vt
!t

�
� cos(✓t�1 + !t�t) + cos(✓t�1)

�

✓t�1 + !�t

3

5

| {z }
g(ut,xt�1)

+Nxt(0,Rt)

http://wiki.ros.org/robot_pose_ekf


Extended Kalman Filter

<latexit sha1_base64="VYYDsOwcgvy9I8NkymWMBjZXsl0="></latexit>

p(zt|xt) = Nzt(h(xt), Qt)
<latexit sha1_base64="9UgkpjtYJQ2yZqkaL15cuTPuFO0=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWoC0siRV0W3Oiugn1AG8JkOmmHzkzCzEQsITs3/oobF4q49Rfc+TdO0iy09cDAmXPu5d57/IgSqWz72ygtLa+srpXXKxubW9s75u5eR4axQLiNQhqKng8lpoTjtiKK4l4kMGQ+xV1/cpX53XssJAn5nZpG2GVwxElAEFRa8szDAYNqLFjiY5rW8o8fJA+pl6hTJz3xzKpdt3NYi8QpSBUUaHnm12AYophhrhCFUvYdO1JuAoUiiOK0MogljiCawBHua8ohw9JN8jtS61grQysIhX5cWbn6uyOBTMop83Vltqic9zLxP68fq+DSTQiPYoU5mg0KYmqp0MpCsYZEYKToVBOIBNG7WmgMBURKR1fRITjzJy+SzlndOa83bhvV5k0RRxkcgCNQAw64AE1wDVqgDRB4BM/gFbwZT8aL8W58zEpLRtGzD/7A+PwBbRGZrw==</latexit> b
el
(x

t�
1
)

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1
<latexit sha1_base64="6Or7KFSymz9umzn9YwPtodn0V5I=">AAACKHicbVDLSsNAFJ34rPEVdekmWAp1YUmkqDsLbnRXwT6gCWEynbRDJ5kwMxFLyOe48VfciCjSrV/iJM1CWy8Mc+acc5l7jx9TIqRlzbSV1bX1jc3Klr69s7u3bxwcdgVLOMIdxCjjfR8KTEmEO5JIivsxxzD0Ke75k5tc7z1iLgiLHuQ0xm4IRxEJCIJSUZ5xXXOY0vP21AmhHPMw9THNsnrx8oP0KfNSmZ3qjs/oUExDdSlnkrNnduYZVathFWUuA7sEVVBW2zPenSFDSYgjiSgUYmBbsXRTyCVBFGe6kwgcQzSBIzxQMIIhFm5aLJqZNcUMzYBxdSJpFuzvjhSGIh9ROfPpxaKWk/9pg0QGV25KojiROELzj4KEmpKZeWrmkHCMJJ0qABEnalYTjSGHSKpsdRWCvbjyMuieN+yLRvO+WW3dlXFUwDE4AXVgg0vQAregDToAgWfwCj7Ap/aivWlf2mxuXdHKniPwp7TvHw7LqHQ=</latexit>µt�1

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1

<latexit sha1_base64="nb9hG43zh17jL6Jr3JzFynnrL/0="></latexit>

p(xt|xt�1,ut) = Nxt(g(xt�1,ut), Rt)

<latexit sha1_base64="h8XBfyKL/CEX4uigqGhU+W4uCMo=">AAACCnicbVDLSgNBEJyNrxhfUY9eRoMQQcOuBPUY8KK3COYBybLMTmaTIbMPZnrFsOzZi7/ixYMiXv0Cb/6Nk2QFTSxoKKq66e5yI8EVmOaXkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TGpeBjcwihitk/6Afc4JaAlp7jfL3d9AgPXS+5TJ4ETKz3GP0qcOnDkFEtmxZwAzxMrIyWUoe4UP7u9kMY+C4AKolTHMiOwEyKBU8HSQjdWLCJ0SPqso2lAfKbsZPJKig+10sNeKHUFgCfq74mE+EqNfFd3jo9Us95Y/M/rxOBd2AkPohhYQKeLvFhgCPE4F9zjklEQI00IlVzfiumASEJBp1fQIVizL8+T5mnFOqtUb6ql2nUWRx7toQNURhY6RzV0heqogSh6QE/oBb0aj8az8Wa8T1tzRjazi/7A+PgG/6Kafg==</latexit> g(
x
t�

1
,u

t)

Non-linear system with Gaussian noise:

<latexit sha1_base64="mRy2BO26WUJkvLDTOUwbuNl7aHQ=">AAACEHicbVC7TsMwFHV4lvIKMLJEVIiyVAmqgLESC2xFog+piSLHdVqrdhzZDqKK8gks/AoLAwixMrLxNzhpBmi5kqXjc+7RvfcEMSVS2fa3sbS8srq2Xtmobm5t7+yae/tdyROBcAdxykU/gBJTEuGOIorifiwwZAHFvWByleu9eywk4dGdmsbYY3AUkZAgqDTlmycu13LuTl0G1ViwNMA0y+rFLwjTh8xPVXbqmzW7YRdlLQKnBDVQVts3v9whRwnDkUIUSjlw7Fh5KRSKIIqzqptIHEM0gSM80DCCDEsvLQ7KrGPNDK2QC/0iZRXsb0cKmZRTFujOfE05r+Xkf9ogUeGll5IoThSO0GxQmFBLcStPxxoSgZGiUw0gEkTvaqExFBApnWFVh+DMn7wIumcN57zRvG3WWjdlHBVwCI5AHTjgArTANWiDDkDgETyDV/BmPBkvxrvxMWtdMkrPAfhTxucP2S6eYw==</latexit>

bel(xt)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>

x
t

<latexit sha1_base64="S2TwPECTPvBa1g+YklCQeZpRTOk=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR4HXvQ2wX3AWkqaZltY0pQkFWYp/itePCji1f/Dm/+N6daDbj4Iebz3+5GXFyaMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIfogUYTQmHU01I/1EEsRDRnrh5Lrwew9EKiriez1NiM/RKKZDipE2UmAfeaFgkZpyc2UeT/Mg03lg152GMwNcJm5J6qBEO7C/vEjglJNYY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYGiNOlJ/N0ufw1CgRHAppTqzhTP29kSGuioBmkiM9VoteIf7nDVI9vPIzGiepJjGePzRMGdQCFlXAiEqCNZsagrCkJivEYyQR1qawminBXfzyMumeN9yLRvOuWW/dlnVUwTE4AWfABZegBW5AG3QABo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP7x4lhc=</latexit>µt

Is it a big issue?
<latexit sha1_base64="mRy2BO26WUJkvLDTOUwbuNl7aHQ=">AAACEHicbVC7TsMwFHV4lvIKMLJEVIiyVAmqgLESC2xFog+piSLHdVqrdhzZDqKK8gks/AoLAwixMrLxNzhpBmi5kqXjc+7RvfcEMSVS2fa3sbS8srq2Xtmobm5t7+yae/tdyROBcAdxykU/gBJTEuGOIorifiwwZAHFvWByleu9eywk4dGdmsbYY3AUkZAgqDTlmycu13LuTl0G1ViwNMA0y+rFLwjTh8xPVXbqmzW7YRdlLQKnBDVQVts3v9whRwnDkUIUSjlw7Fh5KRSKIIqzqptIHEM0gSM80DCCDEsvLQ7KrGPNDK2QC/0iZRXsb0cKmZRTFujOfE05r+Xkf9ogUeGll5IoThSO0GxQmFBLcStPxxoSgZGiUw0gEkTvaqExFBApnWFVh+DMn7wIumcN57zRvG3WWjdlHBVwCI5AHTjgArTANWiDDkDgETyDV/BmPBkvxrvxMWtdMkrPAfhTxucP2S6eYw==</latexit>

bel(xt)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>

x
t

<latexit sha1_base64="S2TwPECTPvBa1g+YklCQeZpRTOk=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR4HXvQ2wX3AWkqaZltY0pQkFWYp/itePCji1f/Dm/+N6daDbj4Iebz3+5GXFyaMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIfogUYTQmHU01I/1EEsRDRnrh5Lrwew9EKiriez1NiM/RKKZDipE2UmAfeaFgkZpyc2UeT/Mg03lg152GMwNcJm5J6qBEO7C/vEjglJNYY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYGiNOlJ/N0ufw1CgRHAppTqzhTP29kSGuioBmkiM9VoteIf7nDVI9vPIzGiepJjGePzRMGdQCFlXAiEqCNZsagrCkJivEYyQR1qawminBXfzyMumeN9yLRvOuWW/dlnVUwTE4AWfABZegBW5AG3QABo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP7x4lhc=</latexit>µt

Linearized system with Gaussian noise:
<latexit sha1_base64="wvWCcFagGdNd/5wbGhRUJy9k1xk="></latexit>

p(xt|xt�1,ut) ⇡ Nxt(g(ut,µt�1) +Gt(xt�1 � µt�1), Rt)
<latexit sha1_base64="O/aWMpi7CYtSViCEWBdWeo+rCFk="></latexit>

⇡ Nzt(h(µt) +Ht(xt � µt), Qt)



Extended Kalman Filter

<latexit sha1_base64="VYYDsOwcgvy9I8NkymWMBjZXsl0="></latexit>

p(zt|xt) = Nzt(h(xt), Qt)
<latexit sha1_base64="9UgkpjtYJQ2yZqkaL15cuTPuFO0=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWoC0siRV0W3Oiugn1AG8JkOmmHzkzCzEQsITs3/oobF4q49Rfc+TdO0iy09cDAmXPu5d57/IgSqWz72ygtLa+srpXXKxubW9s75u5eR4axQLiNQhqKng8lpoTjtiKK4l4kMGQ+xV1/cpX53XssJAn5nZpG2GVwxElAEFRa8szDAYNqLFjiY5rW8o8fJA+pl6hTJz3xzKpdt3NYi8QpSBUUaHnm12AYophhrhCFUvYdO1JuAoUiiOK0MogljiCawBHua8ohw9JN8jtS61grQysIhX5cWbn6uyOBTMop83Vltqic9zLxP68fq+DSTQiPYoU5mg0KYmqp0MpCsYZEYKToVBOIBNG7WmgMBURKR1fRITjzJy+SzlndOa83bhvV5k0RRxkcgCNQAw64AE1wDVqgDRB4BM/gFbwZT8aL8W58zEpLRtGzD/7A+PwBbRGZrw==</latexit> b
el
(x

t�
1
)

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1
<latexit sha1_base64="6Or7KFSymz9umzn9YwPtodn0V5I=">AAACKHicbVDLSsNAFJ34rPEVdekmWAp1YUmkqDsLbnRXwT6gCWEynbRDJ5kwMxFLyOe48VfciCjSrV/iJM1CWy8Mc+acc5l7jx9TIqRlzbSV1bX1jc3Klr69s7u3bxwcdgVLOMIdxCjjfR8KTEmEO5JIivsxxzD0Ke75k5tc7z1iLgiLHuQ0xm4IRxEJCIJSUZ5xXXOY0vP21AmhHPMw9THNsnrx8oP0KfNSmZ3qjs/oUExDdSlnkrNnduYZVathFWUuA7sEVVBW2zPenSFDSYgjiSgUYmBbsXRTyCVBFGe6kwgcQzSBIzxQMIIhFm5aLJqZNcUMzYBxdSJpFuzvjhSGIh9ROfPpxaKWk/9pg0QGV25KojiROELzj4KEmpKZeWrmkHCMJJ0qABEnalYTjSGHSKpsdRWCvbjyMuieN+yLRvO+WW3dlXFUwDE4AXVgg0vQAregDToAgWfwCj7Ap/aivWlf2mxuXdHKniPwp7TvHw7LqHQ=</latexit>µt�1

<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1

<latexit sha1_base64="nb9hG43zh17jL6Jr3JzFynnrL/0="></latexit>

p(xt|xt�1,ut) = Nxt(g(xt�1,ut), Rt)

<latexit sha1_base64="h8XBfyKL/CEX4uigqGhU+W4uCMo=">AAACCnicbVDLSgNBEJyNrxhfUY9eRoMQQcOuBPUY8KK3COYBybLMTmaTIbMPZnrFsOzZi7/ixYMiXv0Cb/6Nk2QFTSxoKKq66e5yI8EVmOaXkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TGpeBjcwihitk/6Afc4JaAlp7jfL3d9AgPXS+5TJ4ETKz3GP0qcOnDkFEtmxZwAzxMrIyWUoe4UP7u9kMY+C4AKolTHMiOwEyKBU8HSQjdWLCJ0SPqso2lAfKbsZPJKig+10sNeKHUFgCfq74mE+EqNfFd3jo9Us95Y/M/rxOBd2AkPohhYQKeLvFhgCPE4F9zjklEQI00IlVzfiumASEJBp1fQIVizL8+T5mnFOqtUb6ql2nUWRx7toQNURhY6RzV0heqogSh6QE/oBb0aj8az8Wa8T1tzRjazi/7A+PgG/6Kafg==</latexit> g(
x
t�

1
,u

t)

Non-linear system with Gaussian noise:

<latexit sha1_base64="mRy2BO26WUJkvLDTOUwbuNl7aHQ=">AAACEHicbVC7TsMwFHV4lvIKMLJEVIiyVAmqgLESC2xFog+piSLHdVqrdhzZDqKK8gks/AoLAwixMrLxNzhpBmi5kqXjc+7RvfcEMSVS2fa3sbS8srq2Xtmobm5t7+yae/tdyROBcAdxykU/gBJTEuGOIorifiwwZAHFvWByleu9eywk4dGdmsbYY3AUkZAgqDTlmycu13LuTl0G1ViwNMA0y+rFLwjTh8xPVXbqmzW7YRdlLQKnBDVQVts3v9whRwnDkUIUSjlw7Fh5KRSKIIqzqptIHEM0gSM80DCCDEsvLQ7KrGPNDK2QC/0iZRXsb0cKmZRTFujOfE05r+Xkf9ogUeGll5IoThSO0GxQmFBLcStPxxoSgZGiUw0gEkTvaqExFBApnWFVh+DMn7wIumcN57zRvG3WWjdlHBVwCI5AHTjgArTANWiDDkDgETyDV/BmPBkvxrvxMWtdMkrPAfhTxucP2S6eYw==</latexit>

bel(xt)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>

x
t

<latexit sha1_base64="S2TwPECTPvBa1g+YklCQeZpRTOk=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR4HXvQ2wX3AWkqaZltY0pQkFWYp/itePCji1f/Dm/+N6daDbj4Iebz3+5GXFyaMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIfogUYTQmHU01I/1EEsRDRnrh5Lrwew9EKiriez1NiM/RKKZDipE2UmAfeaFgkZpyc2UeT/Mg03lg152GMwNcJm5J6qBEO7C/vEjglJNYY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYGiNOlJ/N0ufw1CgRHAppTqzhTP29kSGuioBmkiM9VoteIf7nDVI9vPIzGiepJjGePzRMGdQCFlXAiEqCNZsagrCkJivEYyQR1qawminBXfzyMumeN9yLRvOuWW/dlnVUwTE4AWfABZegBW5AG3QABo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP7x4lhc=</latexit>µt

<latexit sha1_base64="mRy2BO26WUJkvLDTOUwbuNl7aHQ=">AAACEHicbVC7TsMwFHV4lvIKMLJEVIiyVAmqgLESC2xFog+piSLHdVqrdhzZDqKK8gks/AoLAwixMrLxNzhpBmi5kqXjc+7RvfcEMSVS2fa3sbS8srq2Xtmobm5t7+yae/tdyROBcAdxykU/gBJTEuGOIorifiwwZAHFvWByleu9eywk4dGdmsbYY3AUkZAgqDTlmycu13LuTl0G1ViwNMA0y+rFLwjTh8xPVXbqmzW7YRdlLQKnBDVQVts3v9whRwnDkUIUSjlw7Fh5KRSKIIqzqptIHEM0gSM80DCCDEsvLQ7KrGPNDK2QC/0iZRXsb0cKmZRTFujOfE05r+Xkf9ogUeGll5IoThSO0GxQmFBLcStPxxoSgZGiUw0gEkTvaqExFBApnWFVh+DMn7wIumcN57zRvG3WWjdlHBVwCI5AHTjgArTANWiDDkDgETyDV/BmPBkvxrvxMWtdMkrPAfhTxucP2S6eYw==</latexit>

b
el
(x

t)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>xt

<latexit sha1_base64="S2TwPECTPvBa1g+YklCQeZpRTOk=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR4HXvQ2wX3AWkqaZltY0pQkFWYp/itePCji1f/Dm/+N6daDbj4Iebz3+5GXFyaMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIfogUYTQmHU01I/1EEsRDRnrh5Lrwew9EKiriez1NiM/RKKZDipE2UmAfeaFgkZpyc2UeT/Mg03lg152GMwNcJm5J6qBEO7C/vEjglJNYY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYGiNOlJ/N0ufw1CgRHAppTqzhTP29kSGuioBmkiM9VoteIf7nDVI9vPIzGiepJjGePzRMGdQCFlXAiEqCNZsagrCkJivEYyQR1qawminBXfzyMumeN9yLRvOuWW/dlnVUwTE4AWfABZegBW5AG3QABo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP7x4lhc=</latexit> µ
t

Linearized system with Gaussian noise:
<latexit sha1_base64="wvWCcFagGdNd/5wbGhRUJy9k1xk="></latexit>

p(xt|xt�1,ut) ⇡ Nxt(g(ut,µt�1) +Gt(xt�1 � µt�1), Rt)
<latexit sha1_base64="O/aWMpi7CYtSViCEWBdWeo+rCFk="></latexit>

⇡ Nzt(h(µt) +Ht(xt � µt), Qt)

Is it a big issue?



<latexit sha1_base64="TswsgV8SOBZh1w9384biuhslVS8=">AAACInicbVDLSsNAFJ3UV62vqEs3wVKoC0sixceu4EZ3FewDmhAm00k7dCYJMxOxhHyLG3/FjQtFXQl+jJM0C9t6YeDcc+5h7j1eRImQpvmtlVZW19Y3ypuVre2d3T19/6Arwpgj3EEhDXnfgwJTEuCOJJLifsQxZB7FPW9ynem9B8wFCYN7OY2ww+AoID5BUCrK1a9qdqj0zJ7YDMoxZ4mHaZrW887zk8fUTWR6UpnrT63U1atmw8zLWAZWAaqgqLarf9rDEMUMBxJRKMTAMiPpJJBLgihOK3YscATRBI7wQMEAMiycJD8xNWqKGRp+yNULpJGzfx0JZEJMmacmsz3FopaR/2mDWPqXTkKCKJY4QLOP/JgaMjSyvIwh4RhJOlUAIk7UrgYaQw6RVKlWVAjW4snLoHvWsM4bzbtmtXVbxFEGR+AY1IEFLkAL3IA26AAEnsALeAPv2rP2qn1oX7PRklZ4DsFcaT+/wmelrQ==</latexit>xt�1 <latexit sha1_base64="mRy2BO26WUJkvLDTOUwbuNl7aHQ=">AAACEHicbVC7TsMwFHV4lvIKMLJEVIiyVAmqgLESC2xFog+piSLHdVqrdhzZDqKK8gks/AoLAwixMrLxNzhpBmi5kqXjc+7RvfcEMSVS2fa3sbS8srq2Xtmobm5t7+yae/tdyROBcAdxykU/gBJTEuGOIorifiwwZAHFvWByleu9eywk4dGdmsbYY3AUkZAgqDTlmycu13LuTl0G1ViwNMA0y+rFLwjTh8xPVXbqmzW7YRdlLQKnBDVQVts3v9whRwnDkUIUSjlw7Fh5KRSKIIqzqptIHEM0gSM80DCCDEsvLQ7KrGPNDK2QC/0iZRXsb0cKmZRTFujOfE05r+Xkf9ogUeGll5IoThSO0GxQmFBLcStPxxoSgZGiUw0gEkTvaqExFBApnWFVh+DMn7wIumcN57zRvG3WWjdlHBVwCI5AHTjgArTANWiDDkDgETyDV/BmPBkvxrvxMWtdMkrPAfhTxucP2S6eYw==</latexit>

b
el
(x

t)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>xt

<latexit sha1_base64="S2TwPECTPvBa1g+YklCQeZpRTOk=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR4HXvQ2wX3AWkqaZltY0pQkFWYp/itePCji1f/Dm/+N6daDbj4Iebz3+5GXFyaMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIfogUYTQmHU01I/1EEsRDRnrh5Lrwew9EKiriez1NiM/RKKZDipE2UmAfeaFgkZpyc2UeT/Mg03lg152GMwNcJm5J6qBEO7C/vEjglJNYY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYGiNOlJ/N0ufw1CgRHAppTqzhTP29kSGuioBmkiM9VoteIf7nDVI9vPIzGiepJjGePzRMGdQCFlXAiEqCNZsagrCkJivEYyQR1qawminBXfzyMumeN9yLRvOuWW/dlnVUwTE4AWfABZegBW5AG3QABo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP7x4lhc=</latexit> µ
t

Extended Kalman Filter

https://en.wikipedia.org/wiki/Buridan%27s_ass

http://mapy.cz

Jean Buridan

https://en.wikipedia.org/wiki/Buridan's_ass
http://mapy.cz


Example: Extended Kalman Filter
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<latexit sha1_base64="vA1uUH2S1ytwwwOEPe7t8l5eDZM="></latexit>
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Example: Extended Kalman Filter

IMU  
measurement 
probability

<latexit sha1_base64="vA1uUH2S1ytwwwOEPe7t8l5eDZM="></latexit>

⇥
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t

⇤
| {z }
zIMU
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<latexit sha1_base64="82hIFnzpnmFrW/0E4RbCJUzd+ug="></latexit>2
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<latexit sha1_base64="v1KMuZRTz8MEzmu4+BIQ9HkDSF4="></latexit>

p(zt|xt,m) = Nzt(h(xt,m), Qt)
LIDAR  
measurement 
probability



Pose from known correspondences

<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)map point
<latexit sha1_base64="IRVFVB+u/91CaAFqhduU7PBvBMM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gnaxx7vlytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxo3kvA=</latexit>

zitscan point

<latexit sha1_base64="W28ExcIvlKRZi48MCUFPety81ME="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

<latexit sha1_base64="v1KMuZRTz8MEzmu4+BIQ9HkDSF4="></latexit>

p(zt|xt,m) = Nzt(h(xt,m), Qt)
<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>

p(zt|xt,m) =
Y

i

p(zit|xt,m
j(i)) =

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="dr0feRmOyROSfOAljCl1EfXwixs="></latexit>

=
Y

i

NT (zi
t,xt)(m

j(i),Qi
t)



Example: Extended Kalman Filter

LIDAR  
measurement 
probability

EKF localization / SLAM

IMU  
measurement 
probability

<latexit sha1_base64="vA1uUH2S1ytwwwOEPe7t8l5eDZM="></latexit>

⇥
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<latexit sha1_base64="82hIFnzpnmFrW/0E4RbCJUzd+ug="></latexit>2
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� cos(✓t�1 + !t�t) + cos(✓t�1)

�

✓t�1 + !�t
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| {z }
g(ut,xt�1)

+Nxt(0,Rt)

<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>xt
<latexit sha1_base64="FyEO5Yvs+Hxy6e0voJvhoGMfn04=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUpQBYyVWGArEn1ITRQ5jttatePIdpCqKCMLv8LCAEKsfAIbf4PTZoCWK1k+Ouce3XtPmDCqtON8W5WV1bX1jepmbWt7Z3fP3j/oKpFKTDpYMCH7IVKE0Zh0NNWM9BNJEA8Z6YWT60LvPRCpqIjv9TQhPkejmA4pRtpQgX3sCSMX7swLBYvUlJsv83ia50Gm88CuOw1nVnAZuCWog7Lagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDAGHGi/Gx2SA5PDRPBoZDmxRrO2N+ODHFVbGg6OdJjtagV5H/aINXDKz+jcZJqEuP5oGHKoBawSAVGVBKs2dQAhCU1u0I8RhJhbbKrmRDcxZOXQfe84V40mnfNeuu2jKMKjsAJOAMuuAQtcAPaoAMweATP4BW8WU/Wi/VufcxbK1bpOQR/yvr8AfFWmz0=</latexit>

µt

<latexit sha1_base64="NYTjtALB5fr9zz2Tq951XPGx3j0=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGVpUpQBYyVWGArEn1IbVQ5rtNatZ3IdhBVlIWFX2FhACFW/oGNv8FJM0DLkSwdn3Ov7r3HjxhV2nG+raXlldW19dJGeXNre2fX3ttvqzCWmLRwyELZ9ZEijArS0lQz0o0kQdxnpONPrjK/c0+koqG409OIeByNBA0oRtpIA/uoz5EeS574hKXV/OMHyUM6SHR6OrArTs3JAReJW5AKKNAc2F/9YYhjToTGDCnVc51IewmSmmJG0nI/ViRCeIJGpGeoQJwoL8mvSOGJUYYwCKV5QsNc/d2RIK7UlPumMltTzXuZ+J/Xi3Vw6SVURLEmAs8GBTGDOoRZJHBIJcGaTQ1BWFKzK8RjJBHWJriyCcGdP3mRtM9q7nmtfluvNG6KOErgEByDKnDBBWiAa9AELYDBI3gGr+DNerJerHfrY1a6ZBU9B+APrM8ffaWZPQ==</latexit> b
el
(x

t)

<latexit sha1_base64="v1KMuZRTz8MEzmu4+BIQ9HkDSF4="></latexit>

p(zt|xt,m) = Nzt(h(xt,m), Qt)
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Pose from known correspondences

<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)map point
<latexit sha1_base64="IRVFVB+u/91CaAFqhduU7PBvBMM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gnaxx7vlytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxo3kvA=</latexit>
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Pose from known correspondences

<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)map point <latexit sha1_base64="IRVFVB+u/91CaAFqhduU7PBvBMM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gnaxx7vlytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxo3kvA=</latexit>
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<latexit sha1_base64="W28ExcIvlKRZi48MCUFPety81ME="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

<latexit sha1_base64="v1KMuZRTz8MEzmu4+BIQ9HkDSF4="></latexit>

p(zt|xt,m) = Nzt(h(xt,m), Qt)
<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>
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Example: Extended Kalman Filter

Turtlebot 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<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>xt
<latexit sha1_base64="FyEO5Yvs+Hxy6e0voJvhoGMfn04=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUpQBYyVWGArEn1ITRQ5jttatePIdpCqKCMLv8LCAEKsfAIbf4PTZoCWK1k+Ouce3XtPmDCqtON8W5WV1bX1jepmbWt7Z3fP3j/oKpFKTDpYMCH7IVKE0Zh0NNWM9BNJEA8Z6YWT60LvPRCpqIjv9TQhPkejmA4pRtpQgX3sCSMX7swLBYvUlJsv83ia50Gm88CuOw1nVnAZuCWog7Lagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDAGHGi/Gx2SA5PDRPBoZDmxRrO2N+ODHFVbGg6OdJjtagV5H/aINXDKz+jcZJqEuP5oGHKoBawSAVGVBKs2dQAhCU1u0I8RhJhbbKrmRDcxZOXQfe84V40mnfNeuu2jKMKjsAJOAMuuAQtcAPaoAMweATP4BW8WU/Wi/VufcxbK1bpOQR/yvr8AfFWmz0=</latexit>
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<latexit sha1_base64="NYTjtALB5fr9zz2Tq951XPGx3j0=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGVpUpQBYyVWGArEn1IbVQ5rtNatZ3IdhBVlIWFX2FhACFW/oGNv8FJM0DLkSwdn3Ov7r3HjxhV2nG+raXlldW19dJGeXNre2fX3ttvqzCWmLRwyELZ9ZEijArS0lQz0o0kQdxnpONPrjK/c0+koqG409OIeByNBA0oRtpIA/uoz5EeS574hKXV/OMHyUM6SHR6OrArTs3JAReJW5AKKNAc2F/9YYhjToTGDCnVc51IewmSmmJG0nI/ViRCeIJGpGeoQJwoL8mvSOGJUYYwCKV5QsNc/d2RIK7UlPumMltTzXuZ+J/Xi3Vw6SVURLEmAs8GBTGDOoRZJHBIJcGaTQ1BWFKzK8RjJBHWJriyCcGdP3mRtM9q7nmtfluvNG6KOErgEByDKnDBBWiAa9AELYDBI3gGr+DNerJerHfrY1a6ZBU9B+APrM8ffaWZPQ==</latexit> b
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Summary Extended Kalman Filter (EKF)

• EKF is KF with transition and measurement probabilities 
iteratively approximated by the first order Taylor expansion.

• It nicely scales to higher dimension and tackles the non-linearity 
well for smooth functions.

• Next: Lidar and corresponding measurements probability models

• EKF is suboptimal observer of the state for non-linear 
systems under Gaussian noise

• There are other ways of non-linearity approximation such as 
Assumed Density Filter (ADF) or Unscented Kalman Filter (UKF).

• It has been used for onboard guidance and navigation 
system for the Apollo Spacecraft Mission 
https://en.wikipedia.org/wiki/Apollo_(spacecraft)

https://en.wikipedia.org/wiki/Apollo_(spacecraft)

