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Prerequisities: Conditional independence

A - someone is good student
B - full transcript of records
C - average grade

p(A |B, C) = p(A |B) Is this true? Why?

How can you measure it?
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Def:  State  is complete ifxt−1

…

Complete states

<latexit sha1_base64="LlZ21fiy6+eXAqOpFDK1BnhhC/Q=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWakqMuCG91VsA/oDCWTZtrQTGZIMmIZ+htuXCji1p9x59+YaWehrQcCh3Pu5Z6cIBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wucn97iNTmsfywUwT5kdkJHnIKTFW8ryImHEQZk+zgTOo1py6MwdeJW5BalCgNah+ecOYphGThgqidd91EuNnRBlOBZtVvFSzhNAJGbG+pZJETPvZPPMMn1lliMNY2ScNnqu/NzISaT2NAjuZZ9TLXi7+5/VTE177GZdJapiki0NhKrCJcV4AHnLFqBFTSwhV3GbFdEwUocbWVLEluMtfXiWdi7p7WW/cN2rNu6KOMpzAKZyDC1fQhFtoQRsoJPAMr/CGUvSC3tHHYrSEip1j+AP0+QMt5ZHP</latexit>x0

<latexit sha1_base64="q8eX0aG67aDYW5JS4O6Sx70sw1A=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRSqsuCG91VsA9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTppwp7brfTmljc2t7p7xb2ds/ODyqHp90VWIkoR2S8ET2Q6woZ4J2NNOc9lNJcRxy2gunt7nfe6JSsUQ86llKgxiPBYsYwdpKvh9jPQmjzMyH3rBac+vuAmideAWpQYH2sPrljxJiYio04VipgeemOsiw1IxwOq/4RtEUkyke04GlAsdUBdki8xxdWGWEokTaJzRaqL83MhwrNYtDO5lnVKteLv7nDYyOboKMidRoKsjyUGQ40gnKC0AjJinRfGYJJpLZrIhMsMRE25oqtgRv9cvrpHtV95r1xkOj1rov6ijDGZzDJXhwDS24gzZ0gEAKz/AKb45xXpx352M5WnKKnVP4A+fzByrUkc0=</latexit>u1
<latexit sha1_base64="d09PjZDcl8y+DIhNWF049bHT7mY=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCF0siRT0WvOitgrWFNoTNdtMu3WzC7qZQQv6JFw+KePWfePPfuGlz0NaBhWHmPd7sBAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjJxWnktAOiXksewFWlDNBO5ppTnuJpDgKOO0Gk9vC706pVCwWj3qWUC/CI8FCRrA2km/bgwjrcRBmae5n+sLNfbvuNJw50CpxS1KHEm3f/hoMY5JGVGjCsVJ910m0l2GpGeE0rw1SRRNMJnhE+4YKHFHlZfPkOTozyhCFsTRPaDRXf29kOFJqFgVmssiplr1C/M/rpzq88TImklRTQRaHwpQjHaOiBjRkkhLNZ4ZgIpnJisgYS0y0KatmSnCXv7xKni4b7lWj+dCst+7LOqpwAqdwDi5cQwvuoA0dIDCFZ3iFNyuzXqx362MxWrHKnWP4A+vzB7jok78=</latexit>ut�1

<latexit sha1_base64="GiOelRdbuIGCu9OluClm5G3DZjk=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgRncV7APaWCbTSTt08mDmRikh/+HGhSJu/Rd3/o2TNgttPTBwOOde7pnjxVJotO1vq7Syura+Ud6sbG3v7O5V9w/aOkoU4y0WyUh1Paq5FCFvoUDJu7HiNPAk73iT69zvPHKlRRTe4zTmbkBHofAFo2ikh35Acez5aZINUswG1Zpdt2cgy8QpSA0KNAfVr/4wYknAQ2SSat1z7BjdlCoUTPKs0k80jymb0BHvGRrSgGs3naXOyIlRhsSPlHkhkpn6eyOlgdbTwDOTeUq96OXif14vQf/KTUUYJ8hDNj/kJ5JgRPIKyFAozlBODaFMCZOVsDFVlKEpqmJKcBa/vEzaZ3Xnon5+d15r3BZ1lOEIjuEUHLiEBtxAE1rAQMEzvMKb9WS9WO/Wx3y0ZBU7h/AH1ucPXPKTHA==</latexit>ut
<latexit sha1_base64="NyfuUNRI7EFcULQ9ltx39agd2Pk=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCIJREinoseNFbBWsLbQib7aZdutmE3U2hhPwTLx4U8eo/8ea/cdPmoK0DC8PMe7zZCRLOlHacb6uytr6xuVXdru3s7u0f2IdHTypOJaEdEvNY9gKsKGeCdjTTnPYSSXEUcNoNJreF351SqVgsHvUsoV6ER4KFjGBtJN+2BxHW4yDM0tzP9IWb+3bdaThzoFXilqQOJdq+/TUYxiSNqNCEY6X6rpNoL8NSM8JpXhukiiaYTPCI9g0VOKLKy+bJc3RmlCEKY2me0Giu/t7IcKTULArMZJFTLXuF+J/XT3V442VMJKmmgiwOhSlHOkZFDWjIJCWazwzBRDKTFZExlphoU1bNlOAuf3mVPF023KtG86FZb92XdVThBE7hHFy4hhbcQRs6QGAKz/AKb1ZmvVjv1sditGKVO8fwB9bnD7Xck70=</latexit>ut+1

<latexit sha1_base64="+gZaFMSaWUIoeiZUZ9k3d9VEa/I=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UQhJJIUZcFN7qrYB/QhjKZTtqhk0mYuSmWkD9x40IRt/6JO//GSZuFth4YOJxzL/fM8WPBNTjOt1VaW9/Y3CpvV3Z29/YP7MOjto4SRVmLRiJSXZ9oJrhkLeAgWDdWjIS+YB1/cpv7nSlTmkfyEWYx80IykjzglICRBrbdDwmM/SB9ygYpXLjZwK46NWcOvErcglRRgebA/uoPI5qETAIVROue68TgpUQBp4JllX6iWUzohIxYz1BJQqa9dJ48w2dGGeIgUuZJwHP190ZKQq1noW8m85x62cvF/7xeAsGNl3IZJ8AkXRwKEoEhwnkNeMgVoyBmhhCquMmK6ZgoQsGUVTEluMtfXiXty5p7Vas/1KuN+6KOMjpBp+gcuegaNdAdaqIWomiKntErerNS68V6tz4WoyWr2DlGf2B9/gC6fZPA</latexit>xt+1
<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>xt

<latexit sha1_base64="r4Etbzahov/TFYeC0rPP8Y9gEzY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkqMuCG91VsA9oQ5lMJ+3QySTM3BRLyJ+4caGIW//EnX/jpM1CWw8MHM65l3vm+LHgGhzn2yqtrW9sbpW3Kzu7e/sH9uFRW0eJoqxFIxGprk80E1yyFnAQrBsrRkJfsI4/uc39zpQpzSP5CLOYeSEZSR5wSsBIA9vuhwTGfpA+ZYMULtxsYFedmjMHXiVuQaqoQHNgf/WHEU1CJoEKonXPdWLwUqKAU8GySj/RLCZ0QkasZ6gkIdNeOk+e4TOjDHEQKfMk4Ln6eyMlodaz0DeTeU697OXif14vgeDGS7mME2CSLg4FicAQ4bwGPOSKURAzQwhV3GTFdEwUoWDKqpgS3OUvr5L2Zc29qtUf6tXGfVFHGZ2gU3SOXHSNGugONVELUTRFz+gVvVmp9WK9Wx+L0ZJV7ByjP7A+fwC9iZPC</latexit>xt�1
<latexit sha1_base64="BMEKeOKCRxNDySp4Yv5byEmCZh0=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ae0sUymk3boZBJmJmoJ+Q83LhRx67+482+ctFlo64GBwzn3cs8cP+ZMacf5tkorq2vrG+XNytb2zu6evX/QVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/ucr9zgOVikXiTk9j6oV4JFjACNZGuu+HWI/9IH3KBqmbDeyqU3NmQMvELUgVCjQH9ld/GJEkpEITjpXquU6svRRLzQinWaWfKBpjMsEj2jNU4JAqL52lztCJUYYoiKR5QqOZ+nsjxaFS09A3k3lKtejl4n9eL9HBpZcyESeaCjI/FCQc6QjlFaAhk5RoPjUEE8lMVkTGWGKiTVEVU4K7+OVl0j6ruee1+m292rgp6ijDERzDKbhwAQ24hia0gICEZ3iFN+vRerHerY/5aMkqdg7hD6zPH/uvktw=</latexit>x1 …

Consequences:
state-transition probability:

<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

Complete states:  
<latexit sha1_base64="XBEhC9PAJ9xfcAg/sxU0HG6eD2s=">AAACMXicbVDLSgMxFM3UV62vqks3wSK4kDIjRV0W3NRdFfuAtpZMmmlDM5khuSOWYX7JjX8ibrpQxK0/Yabtog8PBM4995F7jxsKrsG2x1ZmbX1jcyu7ndvZ3ds/yB8e1XUQKcpqNBCBarpEM8ElqwEHwZqhYsR3BWu4w9s033hmSvNAPsIoZB2f9CX3OCVgpG6+0vYJDFwvfkm6sZ1c4PnYSeNeAHpRhgS3uZxKlIj4IXmSuW6+YBftCfAqcWakgGaodvPvZjSNfCaBCqJ1y7FD6MREAaeCJbl2pFlI6JD0WctQSXymO/Hk4gSfGaWHvUCZJwFP1PmOmPhaj3zXVKZb6uVcKv6Xa0Xg3XRiLsMImKTTj7xIYAhwah/uccUoiJEhhCpudsV0QBShYExOTXCWT14l9cuic1Us3ZcK5buZHVl0gk7ROXLQNSqjCqqiGqLoFX2gT/RlvVlj69v6mZZmrFnPMVqA9fsHSbiq4g==</latexit>

x0,x1, . . . ,xt 2 Rn

future  is conditionally independent on past given  xt xt−1

Def:  A is conditionally independent on C given B if p(A |B, C) = p(A |B)

<latexit sha1_base64="JNBhUtMAwb3LsNDpJ3u6yGZqXvo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBosgCCWRoi4LbnRXwT6gDWEynbRDJ5MwMynUkD9x40IRt/6JO//GaZuFth4YOJxzL/fMCRLOlHacb6u0tr6xuVXeruzs7u0f2IdHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E49uZ35lQqVgsHvU0oV6Eh4KFjGBtJN+2+xHWoyDMnnI/0xdu7ttVp+bMgVaJW5AqFGj69ld/EJM0okITjpXquU6ivQxLzQineaWfKppgMsZD2jNU4IgqL5snz9GZUQYojKV5QqO5+nsjw5FS0ygwk7Ocatmbif95vVSHN17GRJJqKsjiUJhypGM0qwENmKRE86khmEhmsiIywhITbcqqmBLc5S+vkvZlzb2q1R/q1cZ9UUcZTuAUzsGFa2jAHTShBQQm8Ayv8GZl1ov1bn0sRktWsXMMf2B9/gC9k5PC</latexit>zt+1
<latexit sha1_base64="EQzLmQVF5SOQy6aQAhoSdM0bRUk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgxpJIUZcFN7qrYB/QhjCZTtqhk0mYmRRqyJ+4caGIW//EnX/jtM1CWw8MHM65l3vmBAlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8e3M70yoVCwWj3qaUC/CQ8FCRrA2km/b/QjrURBmT7mf6Qs39+2qU3PmQKvELUgVCjR9+6s/iEkaUaEJx0r1XCfRXoalZoTTvNJPFU0wGeMh7RkqcESVl82T5+jMKAMUxtI8odFc/b2R4UipaRSYyVlOtezNxP+8XqrDGy9jIkk1FWRxKEw50jGa1YAGTFKi+dQQTCQzWREZYYmJNmVVTAnu8pdXSfuy5l7V6g/1auO+qKMMJ3AK5+DCNTTgDprQAgITeIZXeLMy68V6tz4WoyWr2DmGP7A+fwDAn5PE</latexit>zt�1

<latexit sha1_base64="gSyfHuyDCZ/w2o438sWY6wq2yMI=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ae0sUymk3boZBJmJkoN+Q83LhRx67+482+ctFlo64GBwzn3cs8cP+ZMacf5tkorq2vrG+XNytb2zu6evX/QVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/ucr9zgOVikXiTk9j6oV4JFjACNZGuu+HWI/9IH3KBqmbDeyqU3NmQMvELUgVCjQH9ld/GJEkpEITjpXquU6svRRLzQinWaWfKBpjMsEj2jNU4JAqL52lztCJUYYoiKR5QqOZ+nsjxaFS09A3k3lKtejl4n9eL9HBpZcyESeaCjI/FCQc6QjlFaAhk5RoPjUEE8lMVkTGWGKiTVEVU4K7+OVl0j6ruee1+m292rgp6ijDERzDKbhwAQ24hia0gICEZ3iFN+vRerHerY/5aMkqdg7hD6zPH/7Bkt4=</latexit>z1
<latexit sha1_base64="zbkvF6bWrNTqH/tw7GL2VeXd2J0=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXisv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWSfkyE=</latexit>zt
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Def:  State  is complete ifxt−1

…

Complete states

<latexit sha1_base64="LlZ21fiy6+eXAqOpFDK1BnhhC/Q=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWakqMuCG91VsA/oDCWTZtrQTGZIMmIZ+htuXCji1p9x59+YaWehrQcCh3Pu5Z6cIBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wucn97iNTmsfywUwT5kdkJHnIKTFW8ryImHEQZk+zgTOo1py6MwdeJW5BalCgNah+ecOYphGThgqidd91EuNnRBlOBZtVvFSzhNAJGbG+pZJETPvZPPMMn1lliMNY2ScNnqu/NzISaT2NAjuZZ9TLXi7+5/VTE177GZdJapiki0NhKrCJcV4AHnLFqBFTSwhV3GbFdEwUocbWVLEluMtfXiWdi7p7WW/cN2rNu6KOMpzAKZyDC1fQhFtoQRsoJPAMr/CGUvSC3tHHYrSEip1j+AP0+QMt5ZHP</latexit>x0

<latexit sha1_base64="q8eX0aG67aDYW5JS4O6Sx70sw1A=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRSqsuCG91VsA9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTppwp7brfTmljc2t7p7xb2ds/ODyqHp90VWIkoR2S8ET2Q6woZ4J2NNOc9lNJcRxy2gunt7nfe6JSsUQ86llKgxiPBYsYwdpKvh9jPQmjzMyH3rBac+vuAmideAWpQYH2sPrljxJiYio04VipgeemOsiw1IxwOq/4RtEUkyke04GlAsdUBdki8xxdWGWEokTaJzRaqL83MhwrNYtDO5lnVKteLv7nDYyOboKMidRoKsjyUGQ40gnKC0AjJinRfGYJJpLZrIhMsMRE25oqtgRv9cvrpHtV95r1xkOj1rov6ijDGZzDJXhwDS24gzZ0gEAKz/AKb45xXpx352M5WnKKnVP4A+fzByrUkc0=</latexit>u1
<latexit sha1_base64="d09PjZDcl8y+DIhNWF049bHT7mY=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCF0siRT0WvOitgrWFNoTNdtMu3WzC7qZQQv6JFw+KePWfePPfuGlz0NaBhWHmPd7sBAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjJxWnktAOiXksewFWlDNBO5ppTnuJpDgKOO0Gk9vC706pVCwWj3qWUC/CI8FCRrA2km/bgwjrcRBmae5n+sLNfbvuNJw50CpxS1KHEm3f/hoMY5JGVGjCsVJ910m0l2GpGeE0rw1SRRNMJnhE+4YKHFHlZfPkOTozyhCFsTRPaDRXf29kOFJqFgVmssiplr1C/M/rpzq88TImklRTQRaHwpQjHaOiBjRkkhLNZ4ZgIpnJisgYS0y0KatmSnCXv7xKni4b7lWj+dCst+7LOqpwAqdwDi5cQwvuoA0dIDCFZ3iFNyuzXqx362MxWrHKnWP4A+vzB7jok78=</latexit>ut�1

<latexit sha1_base64="GiOelRdbuIGCu9OluClm5G3DZjk=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgRncV7APaWCbTSTt08mDmRikh/+HGhSJu/Rd3/o2TNgttPTBwOOde7pnjxVJotO1vq7Syura+Ud6sbG3v7O5V9w/aOkoU4y0WyUh1Paq5FCFvoUDJu7HiNPAk73iT69zvPHKlRRTe4zTmbkBHofAFo2ikh35Acez5aZINUswG1Zpdt2cgy8QpSA0KNAfVr/4wYknAQ2SSat1z7BjdlCoUTPKs0k80jymb0BHvGRrSgGs3naXOyIlRhsSPlHkhkpn6eyOlgdbTwDOTeUq96OXif14vQf/KTUUYJ8hDNj/kJ5JgRPIKyFAozlBODaFMCZOVsDFVlKEpqmJKcBa/vEzaZ3Xnon5+d15r3BZ1lOEIjuEUHLiEBtxAE1rAQMEzvMKb9WS9WO/Wx3y0ZBU7h/AH1ucPXPKTHA==</latexit>ut
<latexit sha1_base64="NyfuUNRI7EFcULQ9ltx39agd2Pk=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCIJREinoseNFbBWsLbQib7aZdutmE3U2hhPwTLx4U8eo/8ea/cdPmoK0DC8PMe7zZCRLOlHacb6uytr6xuVXdru3s7u0f2IdHTypOJaEdEvNY9gKsKGeCdjTTnPYSSXEUcNoNJreF351SqVgsHvUsoV6ER4KFjGBtJN+2BxHW4yDM0tzP9IWb+3bdaThzoFXilqQOJdq+/TUYxiSNqNCEY6X6rpNoL8NSM8JpXhukiiaYTPCI9g0VOKLKy+bJc3RmlCEKY2me0Giu/t7IcKTULArMZJFTLXuF+J/XT3V442VMJKmmgiwOhSlHOkZFDWjIJCWazwzBRDKTFZExlphoU1bNlOAuf3mVPF023KtG86FZb92XdVThBE7hHFy4hhbcQRs6QGAKz/AKb1ZmvVjv1sditGKVO8fwB9bnD7Xck70=</latexit>ut+1

<latexit sha1_base64="+gZaFMSaWUIoeiZUZ9k3d9VEa/I=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UQhJJIUZcFN7qrYB/QhjKZTtqhk0mYuSmWkD9x40IRt/6JO//GSZuFth4YOJxzL/fM8WPBNTjOt1VaW9/Y3CpvV3Z29/YP7MOjto4SRVmLRiJSXZ9oJrhkLeAgWDdWjIS+YB1/cpv7nSlTmkfyEWYx80IykjzglICRBrbdDwmM/SB9ygYpXLjZwK46NWcOvErcglRRgebA/uoPI5qETAIVROue68TgpUQBp4JllX6iWUzohIxYz1BJQqa9dJ48w2dGGeIgUuZJwHP190ZKQq1noW8m85x62cvF/7xeAsGNl3IZJ8AkXRwKEoEhwnkNeMgVoyBmhhCquMmK6ZgoQsGUVTEluMtfXiXty5p7Vas/1KuN+6KOMjpBp+gcuegaNdAdaqIWomiKntErerNS68V6tz4WoyWr2DlGf2B9/gC6fZPA</latexit>xt+1
<latexit sha1_base64="Rtv27fvg17MIgvEGqADtQgrLO3E=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXDsv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWGNkx8=</latexit>xt

<latexit sha1_base64="r4Etbzahov/TFYeC0rPP8Y9gEzY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkqMuCG91VsA9oQ5lMJ+3QySTM3BRLyJ+4caGIW//EnX/jpM1CWw8MHM65l3vm+LHgGhzn2yqtrW9sbpW3Kzu7e/sH9uFRW0eJoqxFIxGprk80E1yyFnAQrBsrRkJfsI4/uc39zpQpzSP5CLOYeSEZSR5wSsBIA9vuhwTGfpA+ZYMULtxsYFedmjMHXiVuQaqoQHNgf/WHEU1CJoEKonXPdWLwUqKAU8GySj/RLCZ0QkasZ6gkIdNeOk+e4TOjDHEQKfMk4Ln6eyMlodaz0DeTeU697OXif14vgeDGS7mME2CSLg4FicAQ4bwGPOSKURAzQwhV3GTFdEwUoWDKqpgS3OUvr5L2Zc29qtUf6tXGfVFHGZ2gU3SOXHSNGugONVELUTRFz+gVvVmp9WK9Wx+L0ZJV7ByjP7A+fwC9iZPC</latexit>xt�1
<latexit sha1_base64="BMEKeOKCRxNDySp4Yv5byEmCZh0=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ae0sUymk3boZBJmJmoJ+Q83LhRx67+482+ctFlo64GBwzn3cs8cP+ZMacf5tkorq2vrG+XNytb2zu6evX/QVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/ucr9zgOVikXiTk9j6oV4JFjACNZGuu+HWI/9IH3KBqmbDeyqU3NmQMvELUgVCjQH9ld/GJEkpEITjpXquU6svRRLzQinWaWfKBpjMsEj2jNU4JAqL52lztCJUYYoiKR5QqOZ+nsjxaFS09A3k3lKtejl4n9eL9HBpZcyESeaCjI/FCQc6QjlFaAhk5RoPjUEE8lMVkTGWGKiTVEVU4K7+OVl0j6ruee1+m292rgp6ijDERzDKbhwAQ24hia0gICEZ3iFN+vRerHerY/5aMkqdg7hD6zPH/uvktw=</latexit>x1 …

Consequences:
state-transition probability:

<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

Complete states:  
<latexit sha1_base64="XBEhC9PAJ9xfcAg/sxU0HG6eD2s=">AAACMXicbVDLSgMxFM3UV62vqks3wSK4kDIjRV0W3NRdFfuAtpZMmmlDM5khuSOWYX7JjX8ibrpQxK0/Yabtog8PBM4995F7jxsKrsG2x1ZmbX1jcyu7ndvZ3ds/yB8e1XUQKcpqNBCBarpEM8ElqwEHwZqhYsR3BWu4w9s033hmSvNAPsIoZB2f9CX3OCVgpG6+0vYJDFwvfkm6sZ1c4PnYSeNeAHpRhgS3uZxKlIj4IXmSuW6+YBftCfAqcWakgGaodvPvZjSNfCaBCqJ1y7FD6MREAaeCJbl2pFlI6JD0WctQSXymO/Hk4gSfGaWHvUCZJwFP1PmOmPhaj3zXVKZb6uVcKv6Xa0Xg3XRiLsMImKTTj7xIYAhwah/uccUoiJEhhCpudsV0QBShYExOTXCWT14l9cuic1Us3ZcK5buZHVl0gk7ROXLQNSqjCqqiGqLoFX2gT/RlvVlj69v6mZZmrFnPMVqA9fsHSbiq4g==</latexit>

x0,x1, . . . ,xt 2 Rn

future  is conditionally independent on past given  xt xt−1

Def:  A is conditionally independent on C given B if p(A |B, C) = p(A |B)

<latexit sha1_base64="JNBhUtMAwb3LsNDpJ3u6yGZqXvo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBosgCCWRoi4LbnRXwT6gDWEynbRDJ5MwMynUkD9x40IRt/6JO//GaZuFth4YOJxzL/fMCRLOlHacb6u0tr6xuVXeruzs7u0f2IdHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E49uZ35lQqVgsHvU0oV6Eh4KFjGBtJN+2+xHWoyDMnnI/0xdu7ttVp+bMgVaJW5AqFGj69ld/EJM0okITjpXquU6ivQxLzQineaWfKppgMsZD2jNU4IgqL5snz9GZUQYojKV5QqO5+nsjw5FS0ygwk7Ocatmbif95vVSHN17GRJJqKsjiUJhypGM0qwENmKRE86khmEhmsiIywhITbcqqmBLc5S+vkvZlzb2q1R/q1cZ9UUcZTuAUzsGFa2jAHTShBQQm8Ayv8GZl1ov1bn0sRktWsXMMf2B9/gC9k5PC</latexit>zt+1
<latexit sha1_base64="EQzLmQVF5SOQy6aQAhoSdM0bRUk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgxpJIUZcFN7qrYB/QhjCZTtqhk0mYmRRqyJ+4caGIW//EnX/jtM1CWw8MHM65l3vmBAlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8e3M70yoVCwWj3qaUC/CQ8FCRrA2km/b/QjrURBmT7mf6Qs39+2qU3PmQKvELUgVCjR9+6s/iEkaUaEJx0r1XCfRXoalZoTTvNJPFU0wGeMh7RkqcESVl82T5+jMKAMUxtI8odFc/b2R4UipaRSYyVlOtezNxP+8XqrDGy9jIkk1FWRxKEw50jGa1YAGTFKi+dQQTCQzWREZYYmJNmVVTAnu8pdXSfuy5l7V6g/1auO+qKMMJ3AK5+DCNTTgDprQAgITeIZXeLMy68V6tz4WoyWr2DmGP7A+fwDAn5PE</latexit>zt�1

<latexit sha1_base64="gSyfHuyDCZ/w2o438sWY6wq2yMI=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ae0sUymk3boZBJmJkoN+Q83LhRx67+482+ctFlo64GBwzn3cs8cP+ZMacf5tkorq2vrG+XNytb2zu6evX/QVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/ucr9zgOVikXiTk9j6oV4JFjACNZGuu+HWI/9IH3KBqmbDeyqU3NmQMvELUgVCjQH9ld/GJEkpEITjpXquU6svRRLzQinWaWfKBpjMsEj2jNU4JAqL52lztCJUYYoiKR5QqOZ+nsjxaFS09A3k3lKtejl4n9eL9HBpZcyESeaCjI/FCQc6QjlFaAhk5RoPjUEE8lMVkTGWGKiTVEVU4K7+OVl0j6ruee1+m292rgp6ijDERzDKbhwAQ24hia0gICEZ3iFN+vRerHerY/5aMkqdg7hD6zPH/7Bkt4=</latexit>z1
<latexit sha1_base64="zbkvF6bWrNTqH/tw7GL2VeXd2J0=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QxDA7mU2GzD6Y6VXisv/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKjaTQaNvfVmFldW19o7hZ2tre2d0r7x+0dBgrxpsslKHquFRzKQLeRIGSdyLFqe9K3nYnV5nffuBKizC4w2nE+z4dBcITjKKR7ns+xbHrJU/pIMF0UK7YVXsGskycnFQgR2NQ/uoNQxb7PEAmqdZdx46wn1CFgkmelnqx5hFlEzriXUMD6nPdT2apU3JilCHxQmVegGSm/t5IqK/11HfNZJZSL3qZ+J/XjdG77CciiGLkAZsf8mJJMCRZBWQoFGcop4ZQpoTJStiYKsrQFFUyJTiLX14mrbOqc16t3dYq9Zu8jiIcwTGcggMXUIdraEATGCh4hld4sx6tF+vd+piPFqx85xD+wPr8AWSfkyE=</latexit>zt

measurement probability:
<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)



<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)
<latexit sha1_base64="BvE4CTwMskz9Ol0N4JdUGJcBI3c=">AAACBXicbVDLSsNAFL3xWesr6lIXwSLUTUl8LwtudFfBPqANZTKdtEMnkzAzEWvsxo2/4saFIm79B3f+jZM2grYeGDj3nHuZe48XMSqVbX8ZM7Nz8wuLuaX88srq2rq5sVmTYSwwqeKQhaLhIUkY5aSqqGKkEQmCAo+Rutc/T/36DRGShvxaDSLiBqjLqU8xUlpqmztRsRUg1fP85G7YPrz/KW51sd82C3bJHsGaJk5GCpCh0jY/W50QxwHhCjMkZdOxI+UmSCiKGRnmW7EkEcJ91CVNTTkKiHST0RVDa08rHcsPhX5cWSP190SCAikHgac70yXlpJeK/3nNWPlnbkJ5FCvC8fgjP2aWCq00EqtDBcGKDTRBWFC9q4V7SCCsdHB5HYIzefI0qR2UnJPS8dVRoXyZxZGDbdiFIjhwCmW4gApUAcMDPMELvBqPxrPxZryPW2eMbGYL/sD4+Aall5iz</latexit>

p(z3|x3)
<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)measurement probability:

<latexit sha1_base64="pQaGuFvQvWlEr5Uu5Wo67zUSX/A=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICWpz2XBje4q2Ae0IUymk3bo5MHMRCwxv+HGX3HjQhGXuvJvnKQRauuBgXPPuZe59zgho0IaxrdWWFhcWl4prpbW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO6PL1G/fES5o4N/KcUgsDw186lKMpJJs3QgrPQ/JoePG94kdHycP02UtOYK/dZTZh7ZeNqpGBjhPzJyUQY6GrX/2+gGOPOJLzJAQXdMIpRUjLilmJCn1IkFChEdoQLqK+sgjwoqzyxJ4oJQ+dAOuni9hpk5PxMgTYuw5qjNdU8x6qfif142ke2HF1A8jSXw8+ciNGJQBTGOCfcoJlmysCMKcql0hHiKOsFRhllQI5uzJ86RVq5pn1dObk3L9Oo+jCPbAPqgAE5yDOrgCDdAEGDyCZ/AK3rQn7UV71z4mrQUtn9kFf6B9/QDZeKF5</latexit>

p(x3|x2,u3)
<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

state-transition probability:
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

Factor graph
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Can I get the optimal  from this factor graph?x3

x0

Can I estimate  recurrently?x3
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1. Initialization:

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter



x0
bel(x0)
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<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter

How do you estimate probability distribution of x1?



x0
bel(x0)
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<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
2. Prediction step (action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter



x0
bel(x0)
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<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4
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x1
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0.5 bel(x1)
2. Prediction step (action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter



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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

x0
bel(x0)
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<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
2. Prediction step (action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter



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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

x0
bel(x0)

0 1 2 3 4
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<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)
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0.5 bel(x1)
2. Prediction step (action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter



x0
bel(x0)

0 1 2 3 4

0.5
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
2. Prediction step (action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter



x0
bel(x0)

0 1 2 3 4

0.5
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

0 1 2 3 4

0.5

2. Prediction step (action       performed):
<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

Bayes filter

How do you update probability distribution of x1 after the blue measurement?



x0
bel(x0)

0 1 2 3 4

0.5
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

0 1 2 3 4

0.5

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt
<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ=">AAACW3icbVHLSsNAFJ3ER2t9VcWVm8Ei6KYk4msjCG50p2BVaEqZTG90cJIJMzdijflJV7rwV8RJLKKtFwbOnHNfcyZMpTDoee+OOzU9M1urzzXmFxaXlpsrq9dGZZpDhyup9G3IDEiRQAcFSrhNNbA4lHATPpyW+s0jaCNUcoXDFHoxu0tEJDhDS/WbOogZ3us4D0EW29UljPKnop9jsUOPaQDIaMAHCmn6Iz9X8gsdSw+UnV Qukv9uOtG132x5ba8KOgn8EWiRUVz0m6/BQPEshgS5ZMZ0fS/FXs40Ci6haASZgZTxB3YHXQsTFoPp5ZU3Bd2yzIBGStuTIK3Y3xU5i40ZxqHNLNc041pJ/qd1M4yOerlI0gwh4d+DokxSVLQ0mg6EBo5yaAHjWthdKb9nmnG039GwJvjjT54E17tt/6C9f7nXOjkf2VEnG2STbBOfHJITckYuSIdw8kY+nZpTdz7cKbfhLnynus6oZo38CXf9CwpJuIw=</latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

2. Prediction step (action       performed):
<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

0 1 2 3 4

0.5
bel(x1)

Bayes filter



x0
bel(x0)

0 1 2 3 4

0.5
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

0 1 2 3 4

0.5

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt
<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ=">AAACW3icbVHLSsNAFJ3ER2t9VcWVm8Ei6KYk4msjCG50p2BVaEqZTG90cJIJMzdijflJV7rwV8RJLKKtFwbOnHNfcyZMpTDoee+OOzU9M1urzzXmFxaXlpsrq9dGZZpDhyup9G3IDEiRQAcFSrhNNbA4lHATPpyW+s0jaCNUcoXDFHoxu0tEJDhDS/WbOogZ3us4D0EW29UljPKnop9jsUOPaQDIaMAHCmn6Iz9X8gsdSw+UnV Qukv9uOtG132x5ba8KOgn8EWiRUVz0m6/BQPEshgS5ZMZ0fS/FXs40Ci6haASZgZTxB3YHXQsTFoPp5ZU3Bd2yzIBGStuTIK3Y3xU5i40ZxqHNLNc041pJ/qd1M4yOerlI0gwh4d+DokxSVLQ0mg6EBo5yaAHjWthdKb9nmnG039GwJvjjT54E17tt/6C9f7nXOjkf2VEnG2STbBOfHJITckYuSIdw8kY+nZpTdz7cKbfhLnynus6oZo38CXf9CwpJuIw=</latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

2. Prediction step (action       performed):
<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

0 1 2 3 4

0.5
bel(x1)

Bayes filter



x0
bel(x0)

0 1 2 3 4

0.5
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

0 1 2 3 4

0.5

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt
<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ=">AAACW3icbVHLSsNAFJ3ER2t9VcWVm8Ei6KYk4msjCG50p2BVaEqZTG90cJIJMzdijflJV7rwV8RJLKKtFwbOnHNfcyZMpTDoee+OOzU9M1urzzXmFxaXlpsrq9dGZZpDhyup9G3IDEiRQAcFSrhNNbA4lHATPpyW+s0jaCNUcoXDFHoxu0tEJDhDS/WbOogZ3us4D0EW29UljPKnop9jsUOPaQDIaMAHCmn6Iz9X8gsdSw+UnV Qukv9uOtG132x5ba8KOgn8EWiRUVz0m6/BQPEshgS5ZMZ0fS/FXs40Ci6haASZgZTxB3YHXQsTFoPp5ZU3Bd2yzIBGStuTIK3Y3xU5i40ZxqHNLNc041pJ/qd1M4yOerlI0gwh4d+DokxSVLQ0mg6EBo5yaAHjWthdKb9nmnG039GwJvjjT54E17tt/6C9f7nXOjkf2VEnG2STbBOfHJITckYuSIdw8kY+nZpTdz7cKbfhLnynus6oZo38CXf9CwpJuIw=</latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

2. Prediction step (action       performed):
<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

0 1 2 3 4

0.5
bel(x1)

Bayes filter



x0
bel(x0)

0 1 2 3 4

0.5
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

0 1 2 3 4

0.5

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt
<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ=">AAACW3icbVHLSsNAFJ3ER2t9VcWVm8Ei6KYk4msjCG50p2BVaEqZTG90cJIJMzdijflJV7rwV8RJLKKtFwbOnHNfcyZMpTDoee+OOzU9M1urzzXmFxaXlpsrq9dGZZpDhyup9G3IDEiRQAcFSrhNNbA4lHATPpyW+s0jaCNUcoXDFHoxu0tEJDhDS/WbOogZ3us4D0EW29UljPKnop9jsUOPaQDIaMAHCmn6Iz9X8gsdSw+UnV Qukv9uOtG132x5ba8KOgn8EWiRUVz0m6/BQPEshgS5ZMZ0fS/FXs40Ci6haASZgZTxB3YHXQsTFoPp5ZU3Bd2yzIBGStuTIK3Y3xU5i40ZxqHNLNc041pJ/qd1M4yOerlI0gwh4d+DokxSVLQ0mg6EBo5yaAHjWthdKb9nmnG039GwJvjjT54E17tt/6C9f7nXOjkf2VEnG2STbBOfHJITckYuSIdw8kY+nZpTdz7cKbfhLnynus6oZo38CXf9CwpJuIw=</latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

2. Prediction step (action       performed):
<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

0 1 2 3 4

0.5
bel(x1)

… prior belief
<latexit sha1_base64="WiGBbmbXKxj4at/yF9CNLhFYkFw="></latexit>

bel(x t ) = p(x t |z1:t ! 1, u1:t ) (prob. distr. of current state without 
considering the current measurement )zt

4. Repeat forever
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t + 1

Bayes filter



x0
bel(x0)

0 1 2 3 4

0.5
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

0 1 2 3 4

0.5

x1
0 1 2 3 4

0.5 bel(x1)
<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

0 1 2 3 4

0.5

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt
<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ=">AAACW3icbVHLSsNAFJ3ER2t9VcWVm8Ei6KYk4msjCG50p2BVaEqZTG90cJIJMzdijflJV7rwV8RJLKKtFwbOnHNfcyZMpTDoee+OOzU9M1urzzXmFxaXlpsrq9dGZZpDhyup9G3IDEiRQAcFSrhNNbA4lHATPpyW+s0jaCNUcoXDFHoxu0tEJDhDS/WbOogZ3us4D0EW29UljPKnop9jsUOPaQDIaMAHCmn6Iz9X8gsdSw+UnV Qukv9uOtG132x5ba8KOgn8EWiRUVz0m6/BQPEshgS5ZMZ0fS/FXs40Ci6haASZgZTxB3YHXQsTFoPp5ZU3Bd2yzIBGStuTIK3Y3xU5i40ZxqHNLNc041pJ/qd1M4yOerlI0gwh4d+DokxSVLQ0mg6EBo5yaAHjWthdKb9nmnG039GwJvjjT54E17tt/6C9f7nXOjkf2VEnG2STbBOfHJITckYuSIdw8kY+nZpTdz7cKbfhLnynus6oZo38CXf9CwpJuIw=</latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

2. Prediction step (action       performed):
<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,

0 1 2 3 4

0.5
bel(x1)

… posterior belief
<latexit sha1_base64="zNaTxEgekWB2zPT77IP2jLGQw/E="></latexit>

bel(x t ) = p(x t |z1:t , u1:t )

… prior belief
<latexit sha1_base64="WiGBbmbXKxj4at/yF9CNLhFYkFw="></latexit>

bel(x t ) = p(x t |z1:t ! 1, u1:t ) (prob. distr. of current state without 
considering the current measurement )zt

4. Repeat forever
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t + 1

(prob. distr. of current state with 
considering the current measurement )zt

Bayes filter



Bayes filter - derivation
Consequences:

measurement probability:
state-transition probability:

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

<latexit sha1_base64="o0rgqD/HTVHRI9CBrlSx8EPxvT4="></latexit>

=
p(zt |x t , z1:t ! 1, u1:t ) áp(x t |z1:t ! 1, u1:t )

p(zt |z1:t ! 1, u1:t )
BR

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )
<latexit sha1_base64="zNaTxEgekWB2zPT77IP2jLGQw/E="></latexit>

bel(x t ) = p(x t |z1:t , u1:t )



Bayes filter - derivation
Consequences:

measurement probability:
state-transition probability:

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

<latexit sha1_base64="o0rgqD/HTVHRI9CBrlSx8EPxvT4="></latexit>

=
p(zt |x t , z1:t ! 1, u1:t ) áp(x t |z1:t ! 1, u1:t )

p(zt |z1:t ! 1, u1:t )
BR

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )
CI



Bayes filter - derivation
Consequences:

measurement probability:
state-transition probability:

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )
<latexit sha1_base64="o0rgqD/HTVHRI9CBrlSx8EPxvT4="></latexit>

=
p(zt |x t , z1:t ! 1, u1:t ) áp(x t |z1:t ! 1, u1:t )

p(zt |z1:t ! 1, u1:t )

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

BR CI

<latexit sha1_base64="CSFTyGnAaGaXhqowvu0UR/qVoIQ="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, z1:t ! 1, u1:t ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
LTP



Bayes filter - derivation
Consequences:

measurement probability:
state-transition probability:

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )
<latexit sha1_base64="o0rgqD/HTVHRI9CBrlSx8EPxvT4="></latexit>

=
p(zt |x t , z1:t ! 1, u1:t ) áp(x t |z1:t ! 1, u1:t )

p(zt |z1:t ! 1, u1:t )

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

BR CI

<latexit sha1_base64="CSFTyGnAaGaXhqowvu0UR/qVoIQ="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, z1:t ! 1, u1:t ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
LTP

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )

<latexit sha1_base64="A5jQ6GJfEmuI1GQd9CMZ7wrDYbM="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
CI

CI



Bayes filter - derivation
Consequences:

measurement probability:
state-transition probability:

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )
<latexit sha1_base64="o0rgqD/HTVHRI9CBrlSx8EPxvT4="></latexit>

=
p(zt |x t , z1:t ! 1, u1:t ) áp(x t |z1:t ! 1, u1:t )

p(zt |z1:t ! 1, u1:t )

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

BR CI

<latexit sha1_base64="CSFTyGnAaGaXhqowvu0UR/qVoIQ="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, z1:t ! 1, u1:t ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
LTP

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )

<latexit sha1_base64="A5jQ6GJfEmuI1GQd9CMZ7wrDYbM="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
CI

CI

<latexit sha1_base64="21IhG3R5B/FtcnNNkVKtt8LrVJw="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) ábel(x t ! 1)dx t ! 1



Bayes filter - derivation
Consequences:

measurement probability:
state-transition probability:

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )
<latexit sha1_base64="o0rgqD/HTVHRI9CBrlSx8EPxvT4="></latexit>

=
p(zt |x t , z1:t ! 1, u1:t ) áp(x t |z1:t ! 1, u1:t )

p(zt |z1:t ! 1, u1:t )

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

BR CI

<latexit sha1_base64="CSFTyGnAaGaXhqowvu0UR/qVoIQ="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, z1:t ! 1, u1:t ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
LTP

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )

<latexit sha1_base64="A5jQ6GJfEmuI1GQd9CMZ7wrDYbM="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
CI

CI

<latexit sha1_base64="21IhG3R5B/FtcnNNkVKtt8LrVJw="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) ábel(x t ! 1)dx t ! 1



Bayes filter - derivation
Consequences:

measurement probability:
state-transition probability:

<latexit sha1_base64="2Pye5g2juSK7S7Ep20NxCKkB++Y=">AAACX3icdVFdS8MwFE3rx+b8qvokvgSH4EBHK0NFEAa+6NsE9wFbGWmWalj6QXI7nLV/0jfBF/+J2VZhTr0QOPece8jNiRcLrsC23w1zaXlltVBcK61vbG5tWzu7LRUlkrImjUQkOx5RTPCQNYGDYJ1YMhJ4grW94c1Eb4+YVDwKH2AcMzcgjyH3OSWgqb41io97AYEnz09fsj68fjfPuqlc4//VFLITPN/bV3DqzHHakDoLXDLjskrfKttVe1r4N3ByUEZ5NfrWW28Q0SRgIVBBlOo6dgxuSiRwKlhW6iWKxYQOySPrahiSgCk3neaT4SPNDLAfSX1CwFN23pGSQKlx4OnJyaJqUZuQf2ndBPxLN+VhnAAL6ewiPxEYIjwJGw+4ZBTEWANCJde7YvpEJKGgv6SkQ3AWn/wbtM6qznm1dl8r1+/yOIroAB2iY+SgC1RHt6iBmoiiD8M01o0N49MsmFumNRs1jdyzh36Uuf8Fvxu3bw==</latexit>

p(zt|xt) = p(zt|xt,x0:t�1, z1:t�1,u1:t)
<latexit sha1_base64="vFVle4JClMk2HVyN2jfeO9iPZn0="></latexit>

p(xt|xt�1,ut) = p(xt|xt�1,ut,x0:t�2, z1:t�1,u1:t�1)

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )
<latexit sha1_base64="o0rgqD/HTVHRI9CBrlSx8EPxvT4="></latexit>

=
p(zt |x t , z1:t ! 1, u1:t ) áp(x t |z1:t ! 1, u1:t )

p(zt |z1:t ! 1, u1:t )

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

BR CI

<latexit sha1_base64="CSFTyGnAaGaXhqowvu0UR/qVoIQ="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, z1:t ! 1, u1:t ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
LTP

<latexit sha1_base64="WgqR7PyBJth1yXts0RdTtIYlHkU="></latexit>

= ! áp(zt |x t ) áp(x t |z1:t ! 1, u1:t )

<latexit sha1_base64="A5jQ6GJfEmuI1GQd9CMZ7wrDYbM="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) áp(x t ! 1|z1:t ! 1, u1:t )dx t ! 1
CI

CI

<latexit sha1_base64="21IhG3R5B/FtcnNNkVKtt8LrVJw="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) ábel(x t ! 1)dx t ! 1

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )



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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,
2. Prediction step (new action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="21IhG3R5B/FtcnNNkVKtt8LrVJw="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) ábel(x t ! 1)dx t ! 1<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

x1

x2

x3

<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)
<latexit sha1_base64="pQaGuFvQvWlEr5Uu5Wo67zUSX/A=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICWpz2XBje4q2Ae0IUymk3bo5MHMRCwxv+HGX3HjQhGXuvJvnKQRauuBgXPPuZe59zgho0IaxrdWWFhcWl4prpbW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO6PL1G/fES5o4N/KcUgsDw186lKMpJJs3QgrPQ/JoePG94kdHycP02UtOYK/dZTZh7ZeNqpGBjhPzJyUQY6GrX/2+gGOPOJLzJAQXdMIpRUjLilmJCn1IkFChEdoQLqK+sgjwoqzyxJ4oJQ+dAOuni9hpk5PxMgTYuw5qjNdU8x6qfif142ke2HF1A8jSXw8+ciNGJQBTGOCfcoJlmysCMKcql0hHiKOsFRhllQI5uzJ86RVq5pn1dObk3L9Oo+jCPbAPqgAE5yDOrgCDdAEGDyCZ/AK3rQn7UV71z4mrQUtn9kFf6B9/QDZeKF5</latexit>

p(x3|x2,u3)

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)
<latexit sha1_base64="BvE4CTwMskz9Ol0N4JdUGJcBI3c=">AAACBXicbVDLSsNAFL3xWesr6lIXwSLUTUl8LwtudFfBPqANZTKdtEMnkzAzEWvsxo2/4saFIm79B3f+jZM2grYeGDj3nHuZe48XMSqVbX8ZM7Nz8wuLuaX88srq2rq5sVmTYSwwqeKQhaLhIUkY5aSqqGKkEQmCAo+Rutc/T/36DRGShvxaDSLiBqjLqU8xUlpqmztRsRUg1fP85G7YPrz/KW51sd82C3bJHsGaJk5GCpCh0jY/W50QxwHhCjMkZdOxI+UmSCiKGRnmW7EkEcJ91CVNTTkKiHST0RVDa08rHcsPhX5cWSP190SCAikHgac70yXlpJeK/3nNWPlnbkJ5FCvC8fgjP2aWCq00EqtDBcGKDTRBWFC9q4V7SCCsdHB5HYIzefI0qR2UnJPS8dVRoXyZxZGDbdiFIjhwCmW4gApUAcMDPMELvBqPxrPxZryPW2eMbGYL/sD4+Aall5iz</latexit>

p(z3|x3)

x0

<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ="></latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)
bel(x2)

bel(x3)

4. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t + 1
bel(x1)

bel(x2) bel(x3)



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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,
2. Prediction step (new action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="21IhG3R5B/FtcnNNkVKtt8LrVJw="></latexit>

= ! áp(zt |x t ) á
!

p(x t |x t ! 1, ut ) ábel(x t ! 1)dx t ! 1<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="40mIiRa4GPMHHH7rlX2+0NNZrYM="></latexit>

bel(x t ) = p(x t |z1:t , u1:t ) = p(x t |zt , z1:t ! 1, u1:t )

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

x1

x2

x3

<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)
<latexit sha1_base64="pQaGuFvQvWlEr5Uu5Wo67zUSX/A=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICWpz2XBje4q2Ae0IUymk3bo5MHMRCwxv+HGX3HjQhGXuvJvnKQRauuBgXPPuZe59zgho0IaxrdWWFhcWl4prpbW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO6PL1G/fES5o4N/KcUgsDw186lKMpJJs3QgrPQ/JoePG94kdHycP02UtOYK/dZTZh7ZeNqpGBjhPzJyUQY6GrX/2+gGOPOJLzJAQXdMIpRUjLilmJCn1IkFChEdoQLqK+sgjwoqzyxJ4oJQ+dAOuni9hpk5PxMgTYuw5qjNdU8x6qfif142ke2HF1A8jSXw8+ciNGJQBTGOCfcoJlmysCMKcql0hHiKOsFRhllQI5uzJ86RVq5pn1dObk3L9Oo+jCPbAPqgAE5yDOrgCDdAEGDyCZ/AK3rQn7UV71z4mrQUtn9kFf6B9/QDZeKF5</latexit>

p(x3|x2,u3)

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)
<latexit sha1_base64="BvE4CTwMskz9Ol0N4JdUGJcBI3c=">AAACBXicbVDLSsNAFL3xWesr6lIXwSLUTUl8LwtudFfBPqANZTKdtEMnkzAzEWvsxo2/4saFIm79B3f+jZM2grYeGDj3nHuZe48XMSqVbX8ZM7Nz8wuLuaX88srq2rq5sVmTYSwwqeKQhaLhIUkY5aSqqGKkEQmCAo+Rutc/T/36DRGShvxaDSLiBqjLqU8xUlpqmztRsRUg1fP85G7YPrz/KW51sd82C3bJHsGaJk5GCpCh0jY/W50QxwHhCjMkZdOxI+UmSCiKGRnmW7EkEcJ91CVNTTkKiHST0RVDa08rHcsPhX5cWSP190SCAikHgac70yXlpJeK/3nNWPlnbkJ5FCvC8fgjP2aWCq00EqtDBcGKDTRBWFC9q4V7SCCsdHB5HYIzefI0qR2UnJPS8dVRoXyZxZGDbdiFIjhwCmW4gApUAcMDPMELvBqPxrPxZryPW2eMbGYL/sD4+Aall5iz</latexit>

p(z3|x3)

x0

<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ="></latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)
bel(x2)

bel(x3)

4. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t + 1

Discrete probability distribution  
will suffer from curse of dimensionality

Is there any reason to optimize 
FG through LM?

bel(x1)
bel(x2) bel(x3)

=> Let’s return to Gaussians  
in continuous space



System model

Linear system:
<latexit sha1_base64="o2vooAH/SMOaFbrOS8kgr2EiPvQ=">AAACMXicbVDLSgMxFM34rPU16tJNsAiCWGakqBuh6qbuKtgHtKVk0kwbmnmQ3BHLML/kxj8RN10o4tafMNNWqa0HAueecy+59zih4Aosa2gsLC4tr6xm1rLrG5tb2+bOblUFkaSsQgMRyLpDFBPcZxXgIFg9lIx4jmA1p3+T+rUHJhUP/HsYhKzlka7PXU4JaKltlpoegZ7jxo9JG/Al/imvdDllxXBiJ/j4176esqPUTtpmzspbI+B5Yk9IDk1QbpsvzU5AI4/5QAVRqmFbIbRiIoFTwZJsM1IsJLRPuqyhqU88plrx6OIEH2qlg91A6ucDHqnTEzHxlBp4ju5Mt1SzXir+5zUicC9aMffDCJhPxx+5kcAQ4DQ+3OGSURADTQiVXO+KaY9IQkGHnNUh2LMnz5Pqad4+yxfuCrni7SSODNpHB+gI2egcFVEJlVEFUfSEXtEbejeejaHxYXyOWxeMycwe+gPj6xt1UKum</latexit>

x t = A t x t ! 1 + B t ut
<latexit sha1_base64="I/D42pe1ctQqiPWvtX3/yEQYY1E="></latexit>

zt = Ct x t
Let’s add Gaussian noise



System model

<latexit sha1_base64="iGWugW/5j200fS/jstTUbAyRt0k="></latexit>

p(xt |xt ! 1 , ut ) = f (xt ! 1 , ut ) + Nx (0, Rt )

<latexit sha1_base64="iGWugW/5j200fS/jstTUbAyRt0k="></latexit>

p(
x

t|
x

t !
1
, u

t)
=

f
(x

t !
1
, u

t)
+

N
x
(0

,
R

t)

<latexit sha1_base64="iGWugW/5j200fS/jstTUbAyRt0k="></latexit>

p(x
t|x

t !
1,

u t)
=

f (x t !
1,

u t)
+

N x
(0

, R t)

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

p(zt |x t ) = Nzt (C t x t , Qt )

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

p(x t |x t ! 1, ut ) = Nx t (A t x t ! 1 + B t ut , R t )

<latexit sha1_base64="iGWugW/5j200fS/jstTUbAyRt0k="></latexit>

p(xt |xt ! 1 , ut ) = f (xt ! 1 , ut ) + Nx (0, Rt )

<latexit sha1_base64="iGWugW/5j200fS/jstTUbAyRt0k="></latexit>

p(
x

t|
x

t !
1
, u

t)
=

f
(x

t !
1
, u

t)
+

N
x
(0

,
R

t)

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

p(x
t|x

t !
1,

u t)
=

N x t
(A

tx t !
1
+

B tu
t,

R t)

Linear system with Gaussian noise:

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

p(zt |x t ) = Nzt (h(x t ), Qt )

<latexit sha1_base64="9AYZUljWs0vRkVMBnZbpMxLN76w="></latexit>

p(x t |x t ! 1, ut ) = Nx t (f (x t ! 1, ut ), R t )
Non-linear system with Gaussian noise:



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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,
2. Prediction step (new action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt
<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ="></latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

x1

x2

x3

<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)
<latexit sha1_base64="pQaGuFvQvWlEr5Uu5Wo67zUSX/A=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICWpz2XBje4q2Ae0IUymk3bo5MHMRCwxv+HGX3HjQhGXuvJvnKQRauuBgXPPuZe59zgho0IaxrdWWFhcWl4prpbW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO6PL1G/fES5o4N/KcUgsDw186lKMpJJs3QgrPQ/JoePG94kdHycP02UtOYK/dZTZh7ZeNqpGBjhPzJyUQY6GrX/2+gGOPOJLzJAQXdMIpRUjLilmJCn1IkFChEdoQLqK+sgjwoqzyxJ4oJQ+dAOuni9hpk5PxMgTYuw5qjNdU8x6qfif142ke2HF1A8jSXw8+ciNGJQBTGOCfcoJlmysCMKcql0hHiKOsFRhllQI5uzJ86RVq5pn1dObk3L9Oo+jCPbAPqgAE5yDOrgCDdAEGDyCZ/AK3rQn7UV71z4mrQUtn9kFf6B9/QDZeKF5</latexit>

p(x3|x2,u3)

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)
<latexit sha1_base64="BvE4CTwMskz9Ol0N4JdUGJcBI3c=">AAACBXicbVDLSsNAFL3xWesr6lIXwSLUTUl8LwtudFfBPqANZTKdtEMnkzAzEWvsxo2/4saFIm79B3f+jZM2grYeGDj3nHuZe48XMSqVbX8ZM7Nz8wuLuaX88srq2rq5sVmTYSwwqeKQhaLhIUkY5aSqqGKkEQmCAo+Rutc/T/36DRGShvxaDSLiBqjLqU8xUlpqmztRsRUg1fP85G7YPrz/KW51sd82C3bJHsGaJk5GCpCh0jY/W50QxwHhCjMkZdOxI+UmSCiKGRnmW7EkEcJ91CVNTTkKiHST0RVDa08rHcsPhX5cWSP190SCAikHgac70yXlpJeK/3nNWPlnbkJ5FCvC8fgjP2aWCq00EqtDBcGKDTRBWFC9q4V7SCCsdHB5HYIzefI0qR2UnJPS8dVRoXyZxZGDbdiFIjhwCmW4gApUAcMDPMELvBqPxrPxZryPW2eMbGYL/sD4+Aall5iz</latexit>

p(z3|x3)

x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)
bel(x2)

bel(x3)

4. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t + 1

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

p(zt |x t ) = Nzt (C t x t , Qt )

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

p(x t |x t ! 1, ut ) = Nx t (A t x t ! 1 + B t ut , R t )Linear system with Gaussian noise:

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

bel(x t ) = Nx t (µ t , ! t )

Gaussian

Intuition behind prediction step



Intuition behind prediction step

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

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

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

x
t

Linear system:
xt = Atxt−1 + Btut

x t
=

A
tx

t−
1

+
B t

u t



<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>x t ! 1

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

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

x
t

Linear system with Gaussian noise:
p(xt |xt−1, ut) = 𝒩(xt; Atxt−1 + Btut, Rt)

Intuition behind prediction step

x t
=

A
tx

t−
1

+
B t

u t

! t



<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>x t ! 1

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

x
t

Linear system with Gaussian noise:
p(xt |xt−1, ut) = 𝒩(xt; Atxt−1 + Btut, Rt)

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

bel(xt−1) = 𝒩(xt−1; μt−1, Σt−1)

bel(xt) = 𝒩(xt; Aμt−1 + But, A⊤Σt−1A⊤ + Rt)
! t Σt

Intuition behind prediction step

See section 3.2.4 in the  
probabilistic robotics book 

for the full derivation.


x t
=

A
tx

t−
1

+
B t

u t

! t

Expectation is linear mapping

Covariance is as follows:



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

bel(x0)
<latexit sha1_base64="JPR9EcOmKZnS/2DNqgzPBZCDmh8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8KK3ivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00gNee71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A1uiNig==</latexit>

t = 1,
2. Prediction step (new action       performed):

<latexit sha1_base64="qXfJihixK90E091bcWjPKcvhDTs="></latexit>

bel(xt) =

Z
p(xt|xt�1,ut)bel(xt�1)dxt�1

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

3. Measurement update (new      received):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

x1

x2

x3

<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)
<latexit sha1_base64="pQaGuFvQvWlEr5Uu5Wo67zUSX/A=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICWpz2XBje4q2Ae0IUymk3bo5MHMRCwxv+HGX3HjQhGXuvJvnKQRauuBgXPPuZe59zgho0IaxrdWWFhcWl4prpbW1jc2t/TtnZYIIo5JEwcs4B0HCcKoT5qSSkY6ISfIcxhpO6PL1G/fES5o4N/KcUgsDw186lKMpJJs3QgrPQ/JoePG94kdHycP02UtOYK/dZTZh7ZeNqpGBjhPzJyUQY6GrX/2+gGOPOJLzJAQXdMIpRUjLilmJCn1IkFChEdoQLqK+sgjwoqzyxJ4oJQ+dAOuni9hpk5PxMgTYuw5qjNdU8x6qfif142ke2HF1A8jSXw8+ciNGJQBTGOCfcoJlmysCMKcql0hHiKOsFRhllQI5uzJ86RVq5pn1dObk3L9Oo+jCPbAPqgAE5yDOrgCDdAEGDyCZ/AK3rQn7UV71z4mrQUtn9kFf6B9/QDZeKF5</latexit>

p(x3|x2,u3)

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)
<latexit sha1_base64="BvE4CTwMskz9Ol0N4JdUGJcBI3c=">AAACBXicbVDLSsNAFL3xWesr6lIXwSLUTUl8LwtudFfBPqANZTKdtEMnkzAzEWvsxo2/4saFIm79B3f+jZM2grYeGDj3nHuZe48XMSqVbX8ZM7Nz8wuLuaX88srq2rq5sVmTYSwwqeKQhaLhIUkY5aSqqGKkEQmCAo+Rutc/T/36DRGShvxaDSLiBqjLqU8xUlpqmztRsRUg1fP85G7YPrz/KW51sd82C3bJHsGaJk5GCpCh0jY/W50QxwHhCjMkZdOxI+UmSCiKGRnmW7EkEcJ91CVNTTkKiHST0RVDa08rHcsPhX5cWSP190SCAikHgac70yXlpJeK/3nNWPlnbkJ5FCvC8fgjP2aWCq00EqtDBcGKDTRBWFC9q4V7SCCsdHB5HYIzefI0qR2UnJPS8dVRoXyZxZGDbdiFIjhwCmW4gApUAcMDPMELvBqPxrPxZryPW2eMbGYL/sD4+Aall5iz</latexit>

p(z3|x3)

x0

<latexit sha1_base64="rcctpOqy20o99B2Y3DcLOEcL3cQ="></latexit>

bel(xt) = ⌘ · p(zt|xt)bel(xt)

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)
bel(x2)

bel(x3)

4. Repeat from 2:
<latexit sha1_base64="rNDkl2958bknSf339a4PFE2mhUg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRAl70FsE8JFnC7GSSDJmdXWZ6hbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u4JYCoOu++3kVlbX1jfym4Wt7Z3dveL+QcNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqZ+s0nro2I1AOOY+6HdKBEXzCKVnpEck2QnBGvWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezgCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDMq2BC8xZeXSeO87F2UK/eVUvUuiyMPR3AMp+DBJVThFmpQBwYhPMMrvDnaeXHenY95a87JZg7hD5zPH2+ujuU=</latexit>

t = t + 1

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

p(zt |x t ) = Nzt (C t x t , Qt )

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

p(x t |x t ! 1, ut ) = Nx t (A t x t ! 1 + B t ut , R t )Linear system with Gaussian noise:

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

K t = ! t C !
t (C t ! t C !

t + Qt )" 1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µ t = µ t + K t (zt ! C t µ t )
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

! t = ( I ! K t Ct )! t

https://cs.wikipedia.org/wiki/Thomas_Bayes
https://cs.wikipedia.org/wiki/Rudolf_Emil_K%C3%A1lm%C3%A1n

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

bel(x t ) = Nx t (µ t , ! t )

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

bel(x t ) = Nx t (µ t , ! t )

Gaussian



x0

bel(x0)

1. Initialization:

x1
<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
1 0
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
1 0
0 1

#

$ %&'
R t

(

<latexit sha1_base64="bfOfxBCffma8w/Dtb6KfpC5UO+8="></latexit>

bel(x0) = N (x t ; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)



x1

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

1. Initialization:

<latexit sha1_base64="JCguiK3KvnWMB62jmrakHHOEn1U="></latexit>

p(zt |x t ) = N
!

zt ;
"
1 0
0 1

#

$ %&'
C t

x t ! 1,
"
0.2 0
0 1

#

$ %& '
Q t

(

<latexit sha1_base64="bfOfxBCffma8w/Dtb6KfpC5UO+8="></latexit>

bel(x0) = N (x t ; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
1 0
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
1 0
0 1

#

$ %&'
R t

(



x1

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

1. Initialization:

2. Prediction step (new action      ):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="JCguiK3KvnWMB62jmrakHHOEn1U="></latexit>

p(zt |x t ) = N
!

zt ;
"
1 0
0 1

#

$ %&'
C t

x t ! 1,
"
0.2 0
0 1

#

$ %& '
Q t

(

<latexit sha1_base64="bfOfxBCffma8w/Dtb6KfpC5UO+8="></latexit>

bel(x0) = N (x t ; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
1 0
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
1 0
0 1

#

$ %&'
R t

(



x1

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

1. Initialization:

2. Prediction step (new action      ):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="JCguiK3KvnWMB62jmrakHHOEn1U="></latexit>

p(zt |x t ) = N
!

zt ;
"
1 0
0 1

#

$ %&'
C t

x t ! 1,
"
0.2 0
0 1

#

$ %& '
Q t

(

<latexit sha1_base64="bfOfxBCffma8w/Dtb6KfpC5UO+8="></latexit>

bel(x0) = N (x t ; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)

New measurement received
z1

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
1 0
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
1 0
0 1

#

$ %&'
R t

(

consistent 
measurement



x1

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)

z1

1. Initialization:

2. Prediction step (new action      ):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

3. Measurement update (new     ):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

K t = ! t C !
t (C t ! t C !

t + Qt )" 1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µ t = µ t + K t (zt ! C t µ t )
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

! t = ( I ! K t Ct )! t

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

bel(x t ) = Nx t (µ t , ! t )

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="JCguiK3KvnWMB62jmrakHHOEn1U="></latexit>

p(zt |x t ) = N
!

zt ;
"
1 0
0 1

#

$ %&'
C t

x t ! 1,
"
0.2 0
0 1

#

$ %& '
Q t

(

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
1 0
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
1 0
0 1

#

$ %&'
R t

(

consistent 
measurement

<latexit sha1_base64="sAA0l/RaxEVDFbAIqWnjiL7EqpM="></latexit>

bel(x0) = N (x0; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)



x1

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)

z1

1. Initialization:

2. Prediction step (new action      ):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

3. Measurement update (new     ):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

K t = ! t C !
t (C t ! t C !

t + Qt )" 1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µ t = µ t + K t (zt ! C t µ t )
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

! t = ( I ! K t Ct )! t

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

bel(x t ) = Nx t (µ t , ! t )

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="JCguiK3KvnWMB62jmrakHHOEn1U="></latexit>

p(zt |x t ) = N
!

zt ;
"
1 0
0 1

#

$ %&'
C t

x t ! 1,
"
0.2 0
0 1

#

$ %& '
Q t

( New measurement receivedz2

x2
<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)

<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)

bel(x2)

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
1 0
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
1 0
0 1

#

$ %&'
R t

(

consistent 
measurement

inconsistent 
measurement

Where is  
the most prob x2?

<latexit sha1_base64="sAA0l/RaxEVDFbAIqWnjiL7EqpM="></latexit>

bel(x0) = N (x0; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)



x1

x2
<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)
x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)
bel(x2)

z1

z2

1. Initialization:

2. Prediction step (new action      ):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

3. Measurement update (new     ):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

K t = ! t C !
t (C t ! t C !

t + Qt )" 1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µ t = µ t + K t (zt ! C t µ t )
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

! t = ( I ! K t Ct )! t

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

bel(x t ) = Nx t (µ t , ! t )

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="JCguiK3KvnWMB62jmrakHHOEn1U="></latexit>

p(zt |x t ) = N
!

zt ;
"
1 0
0 1

#

$ %&'
C t

x t ! 1,
"
0.2 0
0 1

#

$ %& '
Q t

(

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
1 0
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
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0 1

#
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R t

(

consistent 
measurement

inconsistent 
measurement

<latexit sha1_base64="sAA0l/RaxEVDFbAIqWnjiL7EqpM="></latexit>

bel(x0) = N (x0; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)



1. Initialization:

2. Prediction step (new action      ):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

3. Measurement update (new     ):<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt
x1

x2
<latexit sha1_base64="X7MZsPpBtlEOYEx+A/d/vgOsxnA=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LgRncV7APaUCbTSTt0MgkzE7HE/IYbf8WNC0Vc6sq/cZJGqK0HBs49517m3uOGjEplWd/GwuLS8spqYa24vrG5tW3u7DZlEAlMGjhggWi7SBJGOWkoqhhph4Ig32Wk5Y4uU791R4SkAb9V45A4Phpw6lGMlJZ6phWWuz5SQ9eL75NeXE0epks7OYa/dZTZRz2zZFWsDHCe2DkpgRz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLsRpKECI/QgHQ05cgn0omzyxJ4qJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMog7Bnj15njSrFfuscnpzUqpd53EUwD44AGVgg3NQA1egDhoAg0fwDF7Bm/FkvBjvxsekdcHIZ/bAHxhfP9S3oXY=</latexit>

p(x2|x1,u2)

<latexit sha1_base64="bkrzEfn6ssnRJqzJexCo4IHO0ow=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAxCbMKu+CoDNtpFMA9IljA7mU2GzD6YmRXjmsbGX7GxUMTWf7Dzb5xNVtDEAwPnnnMvc+9xI86ksqwvIzc3v7C4lF8urKyurW+Ym1t1GcaC0BoJeSiaLpaUs4DWFFOcNiNBse9y2nAH56nfuKFCsjC4VsOIOj7uBcxjBCstdczdqNT2seq7XnI36tj3P8WtLg46ZtEqW2OgWWJnpAgZqh3zs90NSezTQBGOpWzZVqScBAvFCKejQjuWNMJkgHu0pWmAfSqdZHzFCO1rpYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sEVdAj29MmzpH5Ytk/Kx1dHxcplFkcedmAPSmDDKVTgAqpQAwIP8AQv8Go8Gs/Gm/E+ac0Z2cw2/IHx8Q2faZiv</latexit>

p(z1|x1)

<latexit sha1_base64="ud5RLe8CbwCWqU/RXJBfDQfiIVk=">AAACBXicbVC7SgNBFL3rM8bXqqUWg0GITdgNvsqAjXYRzAOSJcxOZpMhsw9mZsW4prHxV2wsFLH1H+z8G2eTFTTxwMC559zL3HvciDOpLOvLmJtfWFxazq3kV9fWNzbNre26DGNBaI2EPBRNF0vKWUBriilOm5Gg2Hc5bbiD89Rv3FAhWRhcq2FEHR/3AuYxgpWWOuZeVGz7WPVdL7kbdcr3P8WtLg47ZsEqWWOgWWJnpAAZqh3zs90NSezTQBGOpWzZVqScBAvFCKejfDuWNMJkgHu0pWmAfSqdZHzFCB1opYu8UOgXKDRWf08k2Jdy6Lu6M11STnup+J/XipV35iQsiGJFAzL5yIs5UiFKI0FdJihRfKgJJoLpXRHpY4GJ0sHldQj29MmzpF4u2Sel46ujQuUyiyMHu7APRbDhFCpwAVWoAYEHeIIXeDUejWfjzXiftM4Z2cwO/IHx8Q2igJix</latexit>

p(z2|x2)
x0

<latexit sha1_base64="kI4u2/+26puKoBpjOR4xWHo3B7s=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoICURX8uCG91VsA9oQ5lMJ+3QySTMTMQS8xtu/BU3LhRxqSv/xkkaobYeGDj3nHuZe48bMiqVZX0bhYXFpeWV4mppbX1jc8vc3mnKIBKYNHDAAtF2kSSMctJQVDHSDgVBvstIyx1dpn7rjghJA36rxiFxfDTg1KMYKS31TCusdH2khq4X3ye92E4epksrOYK/dZTZhz2zbFWtDHCe2Dkpgxz1nvnZ7Qc48glXmCEpO7YVKidGQlHMSFLqRpKECI/QgHQ05cgn0omzyxJ4oJU+9AKhH1cwU6cnYuRLOfZd3ZmuKWe9VPzP60TKu3BiysNIEY4nH3kRgyqAaUywTwXBio01QVhQvSvEQyQQVjrMkg7Bnj15njSPq/ZZ9fTmpFy7zuMogj2wDyrABuegBq5AHTQABo/gGbyCN+PJeDHejY9Ja8HIZ3bBHxhfP8/2oXM=</latexit>

p(x1|x0,u1)bel(x0)

bel(x1)
bel(x2)

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

K t = ! t C !
t (C t ! t C !

t + Qt )" 1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µ t = µ t + K t (zt ! C t µ t )
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

! t = ( I ! K t Ct )! t

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

bel(x t ) = Nx t (µ t , ! t )

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

bel(x t ) = Nx t (µ t , ! t )

z1

z2
<latexit sha1_base64="JCguiK3KvnWMB62jmrakHHOEn1U="></latexit>

p(zt |x t ) = N
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zt ;
"
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0 1

#

$ %&'
C t
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"
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0 1

#

$ %& '
Q t

(

<latexit sha1_base64="o/qEVTeY0V3Q5iL9mBqH5BqXFbc="></latexit>

p(x t |x t ! 1, ut ) = N
!

x t ;
"
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0 1

#

$ %&'
A t

x t ! 1 +
"
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0 1

#

$ %&'
B t

ut ,
"
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0 1

#

$ %&'
R t

(

<latexit sha1_base64="sAA0l/RaxEVDFbAIqWnjiL7EqpM="></latexit>

bel(x0) = N (x0; µ o =
!
0
0

"
, ! 0 =

!
0.2 0
0 1

"
)



bel(x0)

KF example: state = (x … position, v …velocity)

<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut2. Prediction step (new action       performed):
<latexit sha1_base64="5sUz67eA+2NNaPg8eI5SG9wI4go="></latexit>

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="1C+J4R5ZdxKJ+1P2xjbksBeH04E="></latexit>

p(zt |x t ) = Nzt
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<latexit sha1_base64="7nirPpS+soMz9ZOkD78IkSCKJX4="></latexit>
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What happens after 
the prediction step?



KF example: state = (x … position, v …velocity)

2. Prediction step (new action       performed):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut
<latexit sha1_base64="5sUz67eA+2NNaPg8eI5SG9wI4go="></latexit>

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="1C+J4R5ZdxKJ+1P2xjbksBeH04E="></latexit>

p(zt |x t ) = Nzt

! "
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"
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#
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Q t

(

<latexit sha1_base64="7nirPpS+soMz9ZOkD78IkSCKJX4="></latexit>

p(x t |x t ! 1, ut ) = Nx t
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bel(x1)



KF example: state = (x … position, v …velocity)

2. Prediction step (new action       performed):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut
<latexit sha1_base64="5sUz67eA+2NNaPg8eI5SG9wI4go="></latexit>

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="1C+J4R5ZdxKJ+1P2xjbksBeH04E="></latexit>

p(zt |x t ) = Nzt

! "
1 0

#

$ %&'
C t

x t ! 1,
"
0.3

#

$%&'
Q t

(

<latexit sha1_base64="7nirPpS+soMz9ZOkD78IkSCKJX4="></latexit>

p(x t |x t ! 1, ut ) = Nx t

! "
1 1
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
0.01 0

0 0.01

#

$ %& '
R t

(

bel(x2)



KF example: state = (x … position, v …velocity)

2. Prediction step (new action       performed):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut
<latexit sha1_base64="5sUz67eA+2NNaPg8eI5SG9wI4go="></latexit>

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="1C+J4R5ZdxKJ+1P2xjbksBeH04E="></latexit>

p(zt |x t ) = Nzt

! "
1 0

#

$ %&'
C t

x t ! 1,
"
0.3

#

$%&'
Q t

(

<latexit sha1_base64="7nirPpS+soMz9ZOkD78IkSCKJX4="></latexit>

p(x t |x t ! 1, ut ) = Nx t

! "
1 1
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
0.01 0

0 0.01

#

$ %& '
R t

(

bel(x3)



KF example: state = (x … position, v …velocity)

2. Prediction step (new action       performed):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut
<latexit sha1_base64="5sUz67eA+2NNaPg8eI5SG9wI4go="></latexit>

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

<latexit sha1_base64="1C+J4R5ZdxKJ+1P2xjbksBeH04E="></latexit>

p(zt |x t ) = Nzt

! "
1 0

#

$ %&'
C t

x t ! 1,
"
0.3

#

$%&'
Q t

(

<latexit sha1_base64="7nirPpS+soMz9ZOkD78IkSCKJX4="></latexit>

p(x t |x t ! 1, ut ) = Nx t

! "
1 1
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
0.01 0

0 0.01

#

$ %& '
R t

(

bel(x4)

Can you explain 
the gaussian skew?



z5 = 5
What happens after 

the measurement step?

bel(x5)

KF example: state = (x … position, v …velocity)

2. Prediction step (new action       performed):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

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

K t = ! t C !
t (C t ! t C !

t + Qt )" 1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µ t = µ t + K t (zt ! C t µ t )
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

! t = ( I ! K t Ct )! t
<latexit sha1_base64="rgIhy29Nj5APneU0Js6TWmU5XD0="></latexit>

bel(x t ) = Nx t (µ t , ! t )

3. Measurement update (new      received):

<latexit sha1_base64="1C+J4R5ZdxKJ+1P2xjbksBeH04E="></latexit>

p(zt |x t ) = Nzt

! "
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#

$ %&'
C t

x t ! 1,
"
0.3

#

$%&'
Q t

(

<latexit sha1_base64="7nirPpS+soMz9ZOkD78IkSCKJX4="></latexit>

p(x t |x t ! 1, ut ) = Nx t

! "
1 1
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
0.01 0

0 0.01

#

$ %& '
R t

( Position measurement



KF example: state = (x … position, v …velocity)

2. Prediction step (new action       performed):<latexit sha1_base64="UsDtEVI6bqzGwW9gmzb0OtIT3fQ=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFNKZPppB06mYSZO0IJ/Q03LhRx68+482+ctFlo64GBwzn3cs+cMBVco+d9O6W19Y3NrfJ2ZWd3b/+genjU1olRlLVoIhLVDYlmgkvWQo6CdVPFSBwK1gknt7nfeWJK80Q+4jRl/ZiMJI84JWilIIgJjsMoM7MBDqo1r+7N4a4SvyA1KNAcVL+CYUJNzCRSQbTu+V6K/Ywo5FSwWSUwmqWETsiI9SyVJGa6n80zz9wzqwzdKFH2SXTn6u+NjMRaT+PQTuYZ9bKXi/95PYPRTT/jMjXIJF0cioxwMXHzAtwhV4yimFpCqOI2q0vHRBGKtqaKLcFf/vIqaV/U/av65cNlrXFf1FGGEziFc/DhGhpwB01oAYUUnuEV3hzjvDjvzsditOQUO8fwB87nD5BgkhA=</latexit>ut

<latexit sha1_base64="3YXzmLwTzowkaIanuLwJmg9fqGw=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLgRncV7AOaUCbTSTt0MgkzN0IN/Q03LhRx68+482+ctFlo64GBwzn3cs+cIBFco+N8W6W19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesjRwF6yWKkSgQrBtMbnK/+8iU5rF8wGnC/IiMJA85JWgkz4sIjoMwe5oNcFCtOXVnDnuVuAWpQYHWoPrlDWOaRkwiFUTrvusk6GdEIaeCzSpeqllC6ISMWN9QSSKm/WyeeWafGWVoh7EyT6I9V39vZCTSehoFZjLPqJe9XPzP66cYXvsZl0mKTNLFoTAVNsZ2XoA95IpRFFNDCFXcZLXpmChC0dRUMSW4y19eJZ2LuntZb9w3as27oo4ynMApnIMLV9CEW2hBGygk8Ayv8Gal1ov1bn0sRktWsXMMf2B9/gCYA5IV</latexit>zt

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

µ t = A t µ t ! 1 + B t ut
<latexit sha1_base64="MhcMfx4Yyy9kYjXinGZxbDZvCV8="></latexit>

! t = A t ! t ! 1A "
t + R t

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

bel(x t ) = Nx t (µ t , ! t )

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

K t = ! t C !
t (C t ! t C !

t + Qt )" 1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

µ t = µ t + K t (zt ! C t µ t )
<latexit sha1_base64="yKqTySLBH4BE0/qNsG/cBU0sxxY="></latexit>

! t = ( I ! K t Ct )! t
<latexit sha1_base64="rgIhy29Nj5APneU0Js6TWmU5XD0="></latexit>

bel(x t ) = Nx t (µ t , ! t )

3. Measurement update (new      received):

<latexit sha1_base64="1C+J4R5ZdxKJ+1P2xjbksBeH04E="></latexit>

p(zt |x t ) = Nzt

! "
1 0

#

$ %&'
C t

x t ! 1,
"
0.3

#

$%&'
Q t

(

<latexit sha1_base64="7nirPpS+soMz9ZOkD78IkSCKJX4="></latexit>

p(x t |x t ! 1, ut ) = Nx t

! "
1 1
0 1

#

$ %&'
A t

x t ! 1 +
"
1 0
0 1

#

$ %&'
B t

ut ,
"
0.01 0

0 0.01

#

$ %& '
R t

(
z5 = 5

Velocity = (x5-x0)/5
= (5-3)/5=0.4



Summary Kalman Filter

• Kalman filter is Bayes filter where measurement and transition 
probabilities are linear-gaussians.

• It nicely scales  to higher dimension but the linearity and 
gaussianity yields significant limitations

• Extended  Kalman filter removes the linearity assumption  
but loses the optimality

• Kalman filter is optimal observer  of the current state for linear systems 
under Gaussian  noise for complete  states

• Example 18-dimensional state space 
• Dicrete bel: Each dimension 10 discrete values => 10^18 parameters 
• Gauss. bel: var+mean continuous Gaussians ===> 18^2+18=342 params

• It can also estimate previous states via Kalman smoothing


