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Prerequisities

maximizing product of gaussians <=> minimizing the sum of L2 differences.
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<latexit sha1_base64="J3/R85Uk33OVZ45ExN2/RZsiorU="></latexit>

µ⇤ = argmax
µ

 
Y

i

Nyi(µ,�
2)

!
= argmin

µ

X

i

kyi � µk22



3

D = {x1, y1 . . .xN , yN}
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Example: Extended Kalman Filter
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Pose from known correspondences
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Pose from known correspondences
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Example: Extended Kalman Filter
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<latexit sha1_base64="v1KMuZRTz8MEzmu4+BIQ9HkDSF4="></latexit>

p(zt|xt,m) = Nzt(h(xt,m), Qt)
<latexit sha1_base64="dr0feRmOyROSfOAljCl1EfXwixs="></latexit>

=
Y

i

NT (zi
t,xt)(m

j(i),Qi
t)

<latexit sha1_base64="g9lpU++VwqF9nPUTP21CzeJ2hVk=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCUIAWMRDFRiKIg+pDZUjuu0Vh0nsh2kEmVg4VdYGECIlY9g429w0gzQciRLx+fcq3vvcUNGpbKsb6OwsLi0vFJcLa2tb2xumds7LRlEApMmDlggOi6ShFFOmooqRjqhIMh3GWm74/PUb98TIWnAb9UkJI6Phpx6FCOlpb5Z7vlIjVwvfkj66i77CD++ql+c3SR9s2JVrQxwntg5qYAcjb751RsEOPIJV5ghKbu2FSonRkJRzEhS6kWShAiP0ZB0NeXIJ9KJsyMSuK+VAfQCoR9XMFN/d8TIl3Liu7oy3VLOeqn4n9eNlHfqxJSHkSIcTwd5EYMqgGkicEAFwYpNNEFYUL0rxCMkEFY6t5IOwZ49eZ60Dqv2cfXo+qhSq+dxFEEZ7IEDYIMTUAOXoAGaAINH8AxewZvxZLwY78bHtLRg5D274A+Mzx9DhZiD</latexit>

zLIDAR
t
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Pose from known correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

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

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t



13

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

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

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

mj(i) • correspondences 
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t
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Pose from known correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit 2. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="rBy6OjyjJKEY+p+CDuzJ22EAT3Q="></latexit>

R = R, t = t

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

mj(i) • correspondences 
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

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

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

Output: • posterior mean

2. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="rBy6OjyjJKEY+p+CDuzJ22EAT3Q="></latexit>

R = R, t = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from known correspondences



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

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

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

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

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from unknown correspondences

<latexit sha1_base64="xkUYcG5hqw15kW2NkjPNVtgbmmg="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = arg max
xt,j(i)

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)

<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Known absolute orientation problem2.

1.
<latexit sha1_base64="/NiWbkjYg5ighIl3oOPNrEnn3Do="></latexit>

= argmin
j(i)

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Nearest neighbour problem

1

2 3

4

5 6

7

i 1 2 3 4 5 6 7

j(i) 1 2 4 4 5 6 7

risk minimizing 7-class 
classification problem

map
scan



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

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

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

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

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from unknown correspondences

<latexit sha1_base64="xkUYcG5hqw15kW2NkjPNVtgbmmg="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = arg max
xt,j(i)

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)

<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Known absolute orientation problem2.

1.
<latexit sha1_base64="/NiWbkjYg5ighIl3oOPNrEnn3Do="></latexit>

= argmin
j(i)

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Nearest neighbour problem

i 1 2 3 4 5 6 7

j(i) 1 2 3 4 5 6 7

risk minimizing 7-class 
classification problem

map
scan

1

2 3

4

5 6

7



Pose from known correspondences

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

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

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

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="+whhKCssj0TnqhZBz/Q4Y47Nulw="></latexit>

p(zLIDAR
t |xt,m) = Nzt(h(xt,m), Qt)

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

mj(i)

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)
<latexit sha1_base64="xkUYcG5hqw15kW2NkjPNVtgbmmg="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = arg max
xt,j(i)

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)

<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Known absolute orientation problem2.

1.
<latexit sha1_base64="/NiWbkjYg5ighIl3oOPNrEnn3Do="></latexit>

= argmin
j(i)

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Nearest neighbour problem

i 1 2 3 4 5 6 7

j(i) 1 2 4 4 5 6 7

risk minimizing 7-class 
classification problem

map
scan

1

2 3

4

5 6

7
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Pose from unknown correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)
• correspondences 

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

mj(i)

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22
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Pose from unknown correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

3. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)
• correspondences 

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

mj(i)

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22
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Pose from unknown correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

3. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22
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Pose from unknown correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

3. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

ite
ra

te

<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22
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Pose from unknown correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

3. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

ite
ra

te

<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22
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Pose from unknown correspondences
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

3. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

ite
ra

te
Output: • posterior mean <latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)



<latexit sha1_base64="xkUYcG5hqw15kW2NkjPNVtgbmmg="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = arg max
xt,j(i)

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)

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

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

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

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

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from unknown correspondences with outlier rejection

<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Known absolute orientation problem2.

1.
<latexit sha1_base64="/NiWbkjYg5ighIl3oOPNrEnn3Do="></latexit>

= argmin
j(i)

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Nearest neighbour problem

1

2 3

4

5 6

7

i 1 2 3 4 5 6 7 8

j(i) 1 2 4 4 5 6 6 7

risk minimizing 7-class 
classification problem

map
scan

outlier



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

mj(i)map point

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

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

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

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from unknown correspondences with outlier rejection

<latexit sha1_base64="xkUYcG5hqw15kW2NkjPNVtgbmmg="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = arg max
xt,j(i)

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)

<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Known absolute orientation problem2.

1.
<latexit sha1_base64="/NiWbkjYg5ighIl3oOPNrEnn3Do="></latexit>

= argmin
j(i)

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Nearest neighbour problem

outlier

1

2 3

4

5 6

7

i 1 2 3 4 5 6 7 8

j(i) 1 2 4 4 5 6 6 7

risk minimizing 7-class 
classification problem

map
scan



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

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

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

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

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from unknown correspondences with outlier rejection

<latexit sha1_base64="xkUYcG5hqw15kW2NkjPNVtgbmmg="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = arg max
xt,j(i)

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)

<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Known absolute orientation problem2.

1.
<latexit sha1_base64="/NiWbkjYg5ighIl3oOPNrEnn3Do="></latexit>

= argmin
j(i)

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Nearest neighbour problem

outlier

i 1 2 3 4 5 6 7 8

j(i) 1 2 4 4 5 6 6 7

risk minimizing 8-class 
classification problem

1

2 3

4

5 6

7

map
scan



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

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

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

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

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from unknown correspondences with outlier rejection

<latexit sha1_base64="xkUYcG5hqw15kW2NkjPNVtgbmmg="></latexit>

argmax
xt

p(zt|xt,m) · bel(xt) = arg max
xt,j(i)

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)

<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Known absolute orientation problem2.

1.
<latexit sha1_base64="/NiWbkjYg5ighIl3oOPNrEnn3Do="></latexit>

= argmin
j(i)

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)… Nearest neighbour problem

outlier

i 1 2 3 4 5 6 7 8

j(i) 1 2 4 4 5 6 7 -map
scan

risk minimizing 8-class 
classification problem

1

2 3

4

5 6

7
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<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

3. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

ite
ra

te
Output: • posterior mean <latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

Pose from unknown correspondences with outlier rejection
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<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

4. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

ite
ra

te

Output: • posterior mean <latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

3. Outlier rejection by median thresholding:
if

<latexit sha1_base64="sb3QDVlkhqzc3SJO/Oz8DQ+YvuM="></latexit>

kR⇤zit + t⇤ �mj(i)⇤k22 � ✓ then
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =

Pose from unknown correspondences with outlier rejection
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<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

4. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

Pose from unknown correspondences with outlier rejection

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22
3. Outlier rejection by median thresholding:

if
<latexit sha1_base64="sb3QDVlkhqzc3SJO/Oz8DQ+YvuM="></latexit>

kR⇤zit + t⇤ �mj(i)⇤k22 � ✓ then
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

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

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

4. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

ite
ra

te

Output: • posterior mean <latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

3. Outlier rejection by median thresholding:
if

<latexit sha1_base64="sb3QDVlkhqzc3SJO/Oz8DQ+YvuM="></latexit>

kR⇤zit + t⇤ �mj(i)⇤k22 � ✓ then
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =

Pose from unknown correspondences with outlier rejection
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<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

Output: • posterior mean <latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

4. Solve absolute orientation: 
<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

1. Initialize 
<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

2. Solve nearest neighbour: 
<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22

ite
ra

te 3. Outlier rejection by median thresholding:
if

<latexit sha1_base64="sb3QDVlkhqzc3SJO/Oz8DQ+YvuM="></latexit>

kR⇤zit + t⇤ �mj(i)⇤k22 � ✓ then
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =

Pose from unknown correspondences with outlier rejection
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<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)

<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

Input: • map      , scan    
<latexit sha1_base64="Q9qLU2MroDRjFHlu8581WxQPxtY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRS1GXBje4q2Ae0aZhMJ+3YySTMTIQasnfjr7hxoYhbf8Cdf+OkjaCtBy4czrmXe+/xIkalsqwvY2l5ZXVtvbBR3Nza3tk19/ZbMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vbGF5nfviNC0pDfqElEnAANOfUpRkpLrlmCvQCpkecnQdpPbiv0OIVHP9J96qo+dc2yVbWmgIvEzkkZ5Gi45mdvEOI4IFxhhqTs2laknAQJRTEjabEXSxIhPEZD0tWUo4BIJ5n+opdrZQD9UOjiCk7V3xMJCqScBJ7uzK6U814m/ud1Y+WfOwnlUawIx7NFfsygCmEWDBxQQbBiE00QFlTfCvEICYSVjq+oQ7DnX14krZOqfVqtXdfK9as8jgI4BCVQATY4A3VwCRqgCTB4AE/gBbwaj8az8Wa8z1qXjHzmAPyB8fEN28Ca+w==</latexit>

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit

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

mj(i)

• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t• mean
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t

Output: • posterior mean <latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

<latexit sha1_base64="zypEFBw4kmsyGzFdPVzQ1sOtm3Y="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)k22

<latexit sha1_base64="Isn8Hid6BY+Kz0DtX7dXc+lhIOs="></latexit>

R⇤, t⇤ = argmin
R2SO(3),t2R3

X

i

kRzi
t
+ t�mj(i)⇤k22

<latexit sha1_base64="M2+QYyb1H37UPWPwVgl5CK5mcFU="></latexit>

R⇤ = R, t⇤ = t

<latexit sha1_base64="FHuiyp/bHSOuL/eldGow/iure88="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kRzit + t�mj(i)k22
<latexit sha1_base64="Cw60MrSQ3rZiwnvGAQukZyo9IjI="></latexit>

j(i)⇤ = argmin
j(i)2J

X

i

kR⇤zit + t⇤ �mj(i)k22i <latexit sha1_base64="sb3QDVlkhqzc3SJO/Oz8DQ+YvuM="></latexit>

kR⇤zit + t⇤ �mj(i)⇤k22 � ✓
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =
<latexit sha1_base64="jVkpRGaxA26do5k3SiCLV4Fvu8U="></latexit>

j(i)⇤ =

Pose from unknown correspondences with outlier rejection

= align(  ,  ,    )
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

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

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt



Iterative Closest Point (ICP) [Besl and McKay 92]
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Successive localization based on the previous lidar scan only is usually very 
inaccurate => some kind of map is typically needed

• 3D pointcloud map

• Occupancy grid

• Surfel map

• 2.5D hightmap
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scan

map

Iterative Closest Point (ICP) [Besl and McKay 92]
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scan

map 1. Filter scan by uniform sampling

Iterative Closest Point (ICP) [Besl and McKay 92]
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map

scan

2. Align:

Iterative Closest Point (ICP) [Besl and McKay 92]

= align(  ,  ,    )
<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

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

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

1. Filter scan by uniform sampling

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

µt ) R, t
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map

scan

2. Align:
= align(  ,  ,    )

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

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

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

1. Filter scan by uniform sampling

3. Update map

Iterative Closest Point (ICP) [Besl and McKay 92]

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt
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map

scan

2. Align:
= align(  ,  ,    )

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

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

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

1. Filter scan by uniform sampling

Iterative Closest Point (ICP) [Besl and McKay 92]

3. Update map from detected outliers

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt
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map

scan

ICP with 3D pointcloud map

2. Align:
= align(  ,  ,    )

<latexit sha1_base64="eaKkn4WQgoJuQZMnYK0VO4MyEgM="></latexit>

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

mj(i)
<latexit sha1_base64="1r5VjTN4wIrk9i8vmXEAL2lkZqk=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVlwo7sK9gFtWibTSTt0MgkzN0oN/Q83LhRx67+482+ctFlo64GBwzn3cs8cPxZco+N8W4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPrzO/9cCU5pG8x0nMvJAMJQ84JWikXjckOPKD9Gna433slytO1ZnBXiZuTiqQo94vf3UHEU1CJpEKonXHdWL0UqKQU8GmpW6iWUzomAxZx1BJQqa9dJZ6ap8YZWAHkTJPoj1Tf2+kJNR6EvpmMkupF71M/M/rJBhceSmXcYJM0vmhIBE2RnZWgT3gilEUE0MIVdxktemIKELRFFUyJbiLX14mzbOqe1E9vzuv1G7zOopwBMdwCi5cQg1uoA4NoKDgGV7hzXq0Xqx362M+WrDynUP4A+vzBxofkvA=</latexit>

zit
<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

1. Filter scan by uniform sampling

ite
ra

te

Output: • posterior mean <latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt

<latexit sha1_base64="ifPZRM4pUE1b+HB8Jw1+9e4F33g="></latexit>

zLIDAR
t = argmax

xt

p(zt|xt,m)

3. Update map from detected outliers

<latexit sha1_base64="m+2wxVrLTiId2Gz4CNcXrSM8QTk=">AAACJXicbVBNSwMxEM3W7/pV9eglWAQRKbtSVNCD4EVvWuwHdGvJptk2NLtZklmlLPtnvPhXvHhQRPDkXzHbVtDWgZA3b2aYec+LBNdg259WbmZ2bn5hcSm/vLK6tl7Y2KxpGSvKqlQKqRoe0UzwkFWBg2CNSDESeILVvf5FVq/fM6W5DG9hELFWQLoh9zklYKh24cwNCPQ8P6mkd/sH2D39ycHk2K3wbg+IUvIBu54UHT0IzJe4QZy2Id8uFO2SPQw8DZwxKKJxXLcLb25H0jhgIVBBtG46dgSthCjgVLA078aaRYT2SZc1DQxJwHQrGapM8a5hOtiXyrwQ8JD9PZGQQGf3mc5Mg56sZeR/tWYM/kkr4WEUAwvpaJEfCwwSZ5bhDleMghgYQKji5lZMe0QRCsbYzARnUvI0qB2WnKNS+aZcPL8a27GIttEO2kMOOkbn6BJdoyqi6BE9o1f0Zj1ZL9a79TFqzVnjmS30J6yvbzckpcM=</latexit>

R⇤, t⇤ ) µt
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• Converges to a local minima (unknown region of 
convergence => sensitive to good initialization)


• Large map requires huge amount of memory => better 
representation (e.g. surfel map)


• Does not work in degenerate environments (e.g. forward 
motion in long hallways, or rotation in circular room)


• Sensitive to outliers due to L2 norm => RANSAC
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map
odom

base_link

lidar

Initialization from wheel odometry
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map
odom

base_link

lidar

Initialization from wheel odometry
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map
odom

base_link

lidar

Initialization from wheel odometry
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map
odom

base_link

lidar

Initialization from wheel odometry

od
om
etr
y
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map
odom

base_link

lidar

Initialization from wheel odometry

od
om
etr
y

Measurement in lidar frame
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map
odom

base_link

lidar

Initialization from wheel odometry

od
om
etr
y

Measurement in odometry frame
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map

odom

base_link

lidar

Initialization from wheel odometry

ICP
od
om
etr
y
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ICP correction
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lidar

Alignment from known correspondences

<latexit sha1_base64="jBucZS2owkJE7BsGiVP/qCvX5qc="></latexit>

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



Pose from known correspondences

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

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

zitscan point

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)
<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)

<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

… Levenberg-Marquardt
<latexit sha1_base64="nokq+AjnP5LKM1kPVVfTMmWg5bM="></latexit>

⇡ argmin
xt

kT (zit,xt)�mj(i)k22 … Closed-form solution



Pose from known correspondences

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

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

zitscan point

<latexit sha1_base64="nokq+AjnP5LKM1kPVVfTMmWg5bM="></latexit>

⇡ argmin
xt

kT (zit,xt)�mj(i)k22

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt(µt,⌃t)
<latexit sha1_base64="06h/VUJ6cumbMKwEuk3y2OFqkXA="></latexit>

= argmin
xt

kT (zit,xt)�mj(i)k22 + (xt � µt)
>⌃

�1
t (xt � µt)

<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

… Levenberg-Marquardt
… Closed-form solution



Pose from known correspondences

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

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

zitscan point

<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

<latexit sha1_base64="YsiNsD3oXpX9Nbm31IMHTBAzsts="></latexit>

p(zt|xt,m) =
Y

i

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

Y

i

NT (zi
t,xt,)(m

j(i),Qt)

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

argmax
xt

p(zt|xt,m) · bel(xt) = argmax
xt

Y

i

NT (zi
t,xt)(m

j(i), I) · Nxt (µt,⌃t)

Optimal pose is gaussian and hessian of the criterion is its covariance


