
Localization - Kalman filter
Karel Zimmermann
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Multivariate gaussian
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⌃eigenvalues and eigenvectors of
determine ellipse axes

<latexit sha1_base64="lIH410K4HYd5F3XjywDf31J8AVA="></latexit>

p(x) = Nx(µ,⌃) =
exp

⇣
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2 (x� µ)>⌃�1(x� µ)
⌘

p
(2⇡)ndet(⌃)

… symmetric positive definite  
     covariance matrix
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⌃ 2 Rn⇥n

<latexit sha1_base64="zlkbPwxJd1TICOleUWj34gKweww=">AAACA3icbVDLSsNAFL3xWeur6k43wSK4KokUdVlwo7sq9gFNLJPppB06mYSZiVhCwI2/4saFIm79CXf+jZM0C209MHDmnHu59x4vYlQqy/o2FhaXlldWS2vl9Y3Nre3Kzm5bhrHApIVDFoquhyRhlJOWooqRbiQICjxGOt74IvM790RIGvJbNYmIG6Ahpz7FSGmpX9l3AqRGnp88pA7l+Qcjltykd9qsWjUrhzlP7IJUoUCzX/lyBiGOA8IVZkjKnm1Fyk2QUBQzkpadWJII4TEakp6mHAVEukl+Q2oeaWVg+qHQjyszV393JCiQchJ4ujJbUs56mfif14uVf+4mlEexIhxPB/kxM1VoZoGYAyoIVmyiCcKC6l1NPEICYaVjK+sQ7NmT50n7pGaf1urX9WrjqoijBAdwCMdgwxk04BKa0AIMj/AMr/BmPBkvxrvxMS1dMIqePfgD4/MHGPCYfA==</latexit>

x 2 Rn … real n-dimensional  
     random column vector

<latexit sha1_base64="6I6Ft+5A4A8sXzDGQeJHjnPfIQ0=">AAACCXicbVC7TsMwFHXKq5RXgZHFokJiqhKEgLESC2wF0YfUhMpxnNaqH5HtIFVRVxZ+hYUBhFj5Azb+BqfNAC1Hsnx07rm6954wYVQb1/12SkvLK6tr5fXKxubW9k51d6+tZaowaWHJpOqGSBNGBWkZahjpJoogHjLSCUeXeb3zQJSmUtyZcUICjgaCxhQjY6V+FfqhZJEec/tlPk8nPhU+R2aIEctuJ/fWUnPr7hRwkXgFqYECzX71y48kTjkRBjOkdc9zExNkSBmKGZlU/FSTBOERGpCepQJxooNseskEHlklgrFU9gkDp+rvjgxxnS9rnfmSer6Wi//VeqmJL4KMiiQ1RODZoDhl0EiYxwIjqgg2bGwJworaXSEeIoWwseFVbAje/MmLpH1S987qpzentcZ1EUcZHIBDcAw8cA4a4Ao0QQtg8AiewSt4c56cF+fd+ZhZS07Rsw/+wPn8ARtZm0M=</latexit>

µ 2 Rn … real n-dimensional  
     mean



<latexit sha1_base64="bOG9Jhu6D0kJpx0cUtGrJU1NZso=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWakqMuCG91VsA/oDCWTZtrQTGZIMmIZ+htuXCji1p9x59+YaWehrQcCh3Pu5Z6cIBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wucn97iNTmsfywUwT5kdkJHnIKTFW8ryImHEQZk+zgTuo1py6MwdeJW5BalCgNah+ecOYphGThgqidd91EuNnRBlOBZtVvFSzhNAJGbG+pZJETPvZPPMMn1lliMNY2ScNnqu/NzISaT2NAjuZZ9TLXi7+5/VTE177GZdJapiki0NhKrCJcV4AHnLFqBFTSwhV3GbFdEwUocbWVLEluMtfXiWdi7p7WW/cN2rNu6KOMpzAKZyDC1fQhFtoQRsoJPAMr/CGUvSC3tHHYrSEip1j+AP0+QMvaZHQ</latexit>x1
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Multivariate gaussian
<latexit sha1_base64="lIH410K4HYd5F3XjywDf31J8AVA="></latexit>

p(x) = Nx(µ,⌃) =
exp
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⌘

p
(2⇡)ndet(⌃)

Gaussian distributions are closed under:
• Affine transformation
• Chain rule
• Marginalization
• Conditioning



System model
<latexit sha1_base64="lIH410K4HYd5F3XjywDf31J8AVA="></latexit>

p(x) = Nx(µ,⌃) =
exp

⇣
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⌘

p
(2⇡)ndet(⌃)

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>

xt = Atxt�1 +Btut
<latexit sha1_base64="I/D42pe1ctQqiPWvtX3/yEQYY1E="></latexit>

zt = Ctxt
Let’s add Gaussian noise



System model
<latexit sha1_base64="lIH410K4HYd5F3XjywDf31J8AVA="></latexit>

p(x) = Nx(µ,⌃) =
exp

⇣
� 1

2 (x� µ)>⌃�1(x� µ)
⌘

p
(2⇡)ndet(⌃)

<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>
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<latexit sha1_base64="iGWugW/5j200fS/jstTUbAyRt0k="></latexit>
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<latexit sha1_base64="pvGpfJ0CF5RGmZQv4KQQ0+HYlRk=">AAADwnicdVLfb9MwEHYTYKP86uCRF4tqUtFGlaBpQ5rQBuMBXtCG6DaprSLHdTZvjhPsy0Sb5Z/kCf4bnDZtk/44ydL5vvvuuzudHwuuwXH+1Sz7wcNHG5uP60+ePnv+orH18lxHiaKsQyMRqUufaCa4ZB3gINhlrBgJfcEu/NuTHL+4Y0rzSP6EYcz6IbmSPOCUgAl5W7W/272QwLUfpL8zD/BHPP1+Mt8SlMI7N8M7M/hzCU 5yeAZSItLvmTfntqauk+3O+D8M/219Jj6qip8siq+rPlpd/WxSPW6Vh7tfHGeen+T5U/1CIi1z5zKr9rKzfitG47A687yp0VJT2domRpUmlvez2zusTu81mk7bGRtedtzCaaLCTr3Gn94goknIJFBBtO66Tgz9lCjgVLCs3ks0iwm9JVesa1xJQqb76fgEM7xtIgMcRMo8CXgcLTNSEmo9DH2TmTepF7E8uArrJhB86KdcxgkwSSdCQSIwRDi/ZzzgilEQQ+MQqrjpFdNroggFc/V1swR3ceRl5/x9291v753tNY+/FevYRK/RG9RCLjpAx+grOkUdRK0ji1nSiuwv9o39y9aTVKtWcF6hitn3/wHk+0IU</latexit>

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

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

p(xt|xt�1,ut) = Nxt(Atxt�1 +Btut, Rt)

<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>
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<latexit sha1_base64="iGWugW/5j200fS/jstTUbAyRt0k="></latexit>
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Linear system with Gaussian noise:

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

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

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

p(xt|xt�1,ut) = Nxt(f(xt�1,ut), Rt)
Non-linear system with Gaussian noise:



Kalman filter
<latexit sha1_base64="lIH410K4HYd5F3XjywDf31J8AVA="></latexit>

p(x) = Nx(µ,⌃) =
exp

⇣
� 1

2 (x� µ)>⌃�1(x� µ)
⌘

p
(2⇡)ndet(⌃)

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

bel(xt) = p(xt|z1:t,u1:t) = p(xt|zt, z1:t�1,u1:t)Bayes filter:
<latexit sha1_base64="x5552SiuLeitkN8AnJlhfYYedIg="></latexit>

= ⌘ · p(zt|xt) ·
Z

p(xt|xt�1,ut) · bel(xt�1)dxt�1

| {z }
bel(xt)

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

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

⌃t = At⌃t�1A
>
t +Rt

Kalman filter:
<latexit sha1_base64="rgIhy29Nj5APneU0Js6TWmU5XD0="></latexit>

bel(xt) = Nxt(µt,⌃t)
<latexit sha1_base64="dby4qtTnfGv6eX1trKlEG619s8k="></latexit>

bel(xt) = Nxt(µt,⌃t)

Prediction step Measurement update step

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

⌃t = (I�KtCt)⌃t

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

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

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

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



1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

<latexit sha1_base64="oTZdiPYR3ZFnVSiX3VQejUqLXJA=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGiroRCm50V8E+oB1KJs20oZkHSUas43yAG3/FjQtF3PoB7vwb0+kI2nogcDjnXHLvcULOpDLNLyO3sLi0vJJfLaytb2xuFbd3mjKIBKENEvBAtB0sKWc+bSimOG2HgmLP4bTljM4nfuuGCskC/1qNQ2p7eOAzlxGstNQrlsJy18Nq6LjxXdKLVXJm3qMf5TZVDnXKrJgp0DyxMlKCDPVe8bPbD0jkUV8RjqXsWGao7BgLxQinSaEbSRpiMsID2tHUxx6Vdpwek6ADrfSRGwj9fIVS9fdEjD0px56jk5M15aw3Ef/zOpFyT+2Y+WGkqE+mH7kRRypAk2ZQnwlKFB9rgolgeldEhlhgonR/BV2CNXvyPGkeVazjSvWqWqpdZnXkYQ/2oQwWnEANLqAODSDwAE/wAq/Go/FsvBnv02jOyGZ24Q+Mj2+JpJv3</latexit>

p(zt = 0|xt)

<latexit sha1_base64="pzF2RxbqFq4QHQtc3etXv8FLURE=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGiroRCm50V8E+oB1KJs20oZkHSUas43yAG3/FjQtF3PoB7vwb0+kI2nogcDjnXHLvcULOpDLNLyO3sLi0vJJfLaytb2xuFbd3mjKIBKENEvBAtB0sKWc+bSimOG2HgmLP4bTljM4nfuuGCskC/1qNQ2p7eOAzlxGstNQrlsJy18Nq6LjxXdKLVXJm3aMf5TZVDnXKrJgp0DyxMlKCDPVe8bPbD0jkUV8RjqXsWGao7BgLxQinSaEbSRpiMsID2tHUxx6Vdpwek6ADrfSRGwj9fIVS9fdEjD0px56jk5M15aw3Ef/zOpFyT+2Y+WGkqE+mH7kRRypAk2ZQnwlKFB9rgolgeldEhlhgonR/BV2CNXvyPGkeVazjSvWqWqpdZnXkYQ/2oQwWnEANLqAODSDwAE/wAq/Go/FsvBnv02jOyGZ24Q+Mj2+LOZv4</latexit>

p(zt = 1|xt)

one marker at known locations

inaccurate sensor
+

3. Measurement update (new      received):

Kalman filter



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)
<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):

Kalman filter



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)
<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)
<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)
<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)
<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)
<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)
<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):

<latexit sha1_base64="pzF2RxbqFq4QHQtc3etXv8FLURE=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGiroRCm50V8E+oB1KJs20oZkHSUas43yAG3/FjQtF3PoB7vwb0+kI2nogcDjnXHLvcULOpDLNLyO3sLi0vJJfLaytb2xuFbd3mjKIBKENEvBAtB0sKWc+bSimOG2HgmLP4bTljM4nfuuGCskC/1qNQ2p7eOAzlxGstNQrlsJy18Nq6LjxXdKLVXJm3aMf5TZVDnXKrJgp0DyxMlKCDPVe8bPbD0jkUV8RjqXsWGao7BgLxQinSaEbSRpiMsID2tHUxx6Vdpwek6ADrfSRGwj9fIVS9fdEjD0px56jk5M15aw3Ef/zOpFyT+2Y+WGkqE+mH7kRRypAk2ZQnwlKFB9rgolgeldEhlhgonR/BV2CNXvyPGkeVazjSvWqWqpdZnXkYQ/2oQwWnEANLqAODSDwAE/wAq/Go/FsvBnv02jOyGZ24Q+Mj2+LOZv4</latexit>

p(zt = 1|xt)



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="gslUg2M0ZwxAugvYTEz3hxKSmPw=">AAACUHicbVHLTgIxFL2DL8TXqEs3jcQEN2TGEHVjQuJGd5jIIwFCOqUDDZ1H2o4Rx/lEN+z8DjcuNNoZ0CB4k6an557ee3vqhJxJZVmvRm5ldW19I79Z2Nre2d0z9w8aMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOmMrtN884EKyQL/Xo1D2vXwwGcuI1hpqmcOOh5WQ+HFDuVJKTs4bvyY9GKVnKIrFP5yTxn3jBY0nUCXT7vH85WWSvXMolW2skDLwJ6BIsyi1jMnnX5AIo/6inAsZdu2QtWNsVCMcJoUOpGkISYjPKBtDX3sUdmNM0MSdKKZPnIDoZevUMbO34ixJ+XYc7QyHVMu5lLyv1w7Uu5lN2Z+GCnqk2kjN+JIBSh1F/WZoETxsQaYCKZnRWSIBSZK/0FBm2AvPnkZNM7K9nm5clcpVm9nduThCI6hBDZcQBVuoAZ1IPACb/ABn8bEeDe+csZU+rPDIfyJXOEbfj64PQ==</latexit>

bel(xt) = p(zt|xt)bel(xt)

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):



<latexit sha1_base64="oTZdiPYR3ZFnVSiX3VQejUqLXJA=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGiroRCm50V8E+oB1KJs20oZkHSUas43yAG3/FjQtF3PoB7vwb0+kI2nogcDjnXHLvcULOpDLNLyO3sLi0vJJfLaytb2xuFbd3mjKIBKENEvBAtB0sKWc+bSimOG2HgmLP4bTljM4nfuuGCskC/1qNQ2p7eOAzlxGstNQrlsJy18Nq6LjxXdKLVXJm3qMf5TZVDnXKrJgp0DyxMlKCDPVe8bPbD0jkUV8RjqXsWGao7BgLxQinSaEbSRpiMsID2tHUxx6Vdpwek6ADrfSRGwj9fIVS9fdEjD0px56jk5M15aw3Ef/zOpFyT+2Y+WGkqE+mH7kRRypAk2ZQnwlKFB9rgolgeldEhlhgonR/BV2CNXvyPGkeVazjSvWqWqpdZnXkYQ/2oQwWnEANLqAODSDwAE/wAq/Go/FsvBnv02jOyGZ24Q+Mj2+JpJv3</latexit>

p(zt = 0|xt)

<latexit sha1_base64="pzF2RxbqFq4QHQtc3etXv8FLURE=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGiroRCm50V8E+oB1KJs20oZkHSUas43yAG3/FjQtF3PoB7vwb0+kI2nogcDjnXHLvcULOpDLNLyO3sLi0vJJfLaytb2xuFbd3mjKIBKENEvBAtB0sKWc+bSimOG2HgmLP4bTljM4nfuuGCskC/1qNQ2p7eOAzlxGstNQrlsJy18Nq6LjxXdKLVXJm3aMf5TZVDnXKrJgp0DyxMlKCDPVe8bPbD0jkUV8RjqXsWGao7BgLxQinSaEbSRpiMsID2tHUxx6Vdpwek6ADrfSRGwj9fIVS9fdEjD0px56jk5M15aw3Ef/zOpFyT+2Y+WGkqE+mH7kRRypAk2ZQnwlKFB9rgolgeldEhlhgonR/BV2CNXvyPGkeVazjSvWqWqpdZnXkYQ/2oQwWnEANLqAODSDwAE/wAq/Go/FsvBnv02jOyGZ24Q+Mj2+LOZv4</latexit>

p(zt = 1|xt)

3 undistinguishable markers

Kalman filter

1. Initialization:
2. Prediction step (new action       performed):

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

bel(x0)

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

t = t+ 1

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

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):

Can we replicate the experiment with 3 markers???



2D example: state = (x … position, v …velocity)
<latexit sha1_base64="/0q4zv6u45GjSZeOcxPFlpZsblc="></latexit>

p(xt|xt�1,ut) =


1 1
0 1

�

| {z }
At

xt�1 +


1 0
0 1

�

| {z }
Bt

ut +N (0,


0.01 0
0 0.01

�

| {z }
Rt

)

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>

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):

<latexit sha1_base64="MKmyUzZuYGbsZiNIVE4cLwnAOes="></latexit>

p(zt|xt) =
⇥
1 0

⇤
| {z }

Ct

xt�1 +Nz(0,
⇥
0.3

⇤
| {z }
Qt

)



2D example: state = (x … position, v …velocity)
<latexit sha1_base64="/0q4zv6u45GjSZeOcxPFlpZsblc="></latexit>

p(xt|xt�1,ut) =


1 1
0 1

�

| {z }
At

xt�1 +


1 0
0 1

�

| {z }
Bt

ut +N (0,


0.01 0
0 0.01

�

| {z }
Rt

)

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>

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):

<latexit sha1_base64="MKmyUzZuYGbsZiNIVE4cLwnAOes="></latexit>

p(zt|xt) =
⇥
1 0

⇤
| {z }

Ct

xt�1 +Nz(0,
⇥
0.3

⇤
| {z }
Qt

)

WTF



2D example: state = (x … position, v …velocity)
<latexit sha1_base64="/0q4zv6u45GjSZeOcxPFlpZsblc="></latexit>

p(xt|xt�1,ut) =


1 1
0 1

�

| {z }
At

xt�1 +


1 0
0 1

�

| {z }
Bt

ut +N (0,


0.01 0
0 0.01

�

| {z }
Rt

)

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

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

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):

<latexit sha1_base64="MKmyUzZuYGbsZiNIVE4cLwnAOes="></latexit>

p(zt|xt) =
⇥
1 0

⇤
| {z }

Ct

xt�1 +Nz(0,
⇥
0.3

⇤
| {z }
Qt

)



2D example: state = (x … position, v …velocity)
<latexit sha1_base64="/0q4zv6u45GjSZeOcxPFlpZsblc="></latexit>

p(xt|xt�1,ut) =


1 1
0 1

�

| {z }
At

xt�1 +


1 0
0 1

�

| {z }
Bt

ut +N (0,


0.01 0
0 0.01

�

| {z }
Rt

)

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>

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

⌃t = At⌃t�1A
>
t +Rt

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

bel(xt) = Nxt(µt,⌃t)

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

Kt = ⌃tC
>
t (Ct⌃tC

>
t +Qt)

�1
<latexit sha1_base64="x7qA/73W6CwRczjVstZ01Pczlgc="></latexit>

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

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

bel(xt) = Nxt(µt,⌃t)

3. Measurement update (new      received):

<latexit sha1_base64="MKmyUzZuYGbsZiNIVE4cLwnAOes="></latexit>

p(zt|xt) =
⇥
1 0

⇤
| {z }

Ct

xt�1 +Nz(0,
⇥
0.3

⇤
| {z }
Qt

)



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 limitation but 
loses the optimality

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

• Example 18-dimensional state space

• Bayes bel: Each dimension 10 discrete values => 10^18 parameters

• KF bel: Continuous Gaussian representation  ==> 18^2+18=342 params


