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A Body Model is a function
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3D Human Motion Capture
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Vision-based Motion Capture
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[Tome SelfPose et al., 2018][Rhodin et al., 2016]Image based such as SMPLify
require external camera
- Limited recording volume
- Certain actvities can not be

captured



IMU-based Motion Capture
• IMU = Inertial Measurement Unit

6

[Roetenberg et al., 2007] [Vlasic et al., 2007]



Inertial sensors

7

Y

F T Z

X

F S

qT S (t)
Leg

Global orientation w.r.t. global coordinate system:
- X is magnetic north direction measured by

compass
- Y is the direction of gravity measured by

accelerometer

Inertial Measurement Unit (IMU)



Coordinate frames involved
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Sparse IMUs + Vision
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5 IMU + Video [Pons-Moll et al., 2010 
& 2011]

[Andrews et al., 2016]



IMU+Video

10[Pons-Moll et al., 2010]

Key idea:
- Combine vision based (good localization of joints) 
with inertial tracking (good orientation of limbs).
- Compensate for drift with IMU

First combination of IMU and vision for full body capture



Related Work
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• Motion reconstruction with sparse IMUs

Sparse IMU data 3D motion

[Slyper et al., 2008], 
[Tautges et al., 2011], 
[Schwarz et al., 2009] [Liu et al., 2011]



Our Approach: Sparse Inertial Poser

Analysis-by-Synthesis

6 IMUs
• acceleration
• orientation
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Sparse Inertial Poser

SMPL body model[1]

23 ball joints
pose

13[1] SMPL: A skinned multi-person linear model, Loper et al., Siggraph Asia, 2015



Sparse Inertial Poser
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Orientation 
consistency

Acceleration 
consistency

Anthropometric 
consistency



Anthropometric Consistency
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Objective
enforce human-like poses



Orientation Consistency
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Objective:
sensor & bone orientation consistency

How do you compute distance between 
orientations??



Distance metrics in SO(3)
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Angular distance S

<latexit sha1_base64="d71t3t3z5XvhapvIIjnhGjPZNbc=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYo4BLx7jIw9IljA7mU2GzM4uM71CCPkDLx4U8eofefNvnE32oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY32R++4lrI2L1iJOE+xEdKhEKRtFK9w+lfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugP6UaBZN8VuqlhieUjemQdy1VNOLGn84vnZEzqwxIGGtbCslc/T0xpZExkyiwnRHFkVn2MvE/r5tiWPOnQiUpcsUWi8JUEoxJ9jYZCM0ZyokllGlhbyVsRDVlaMPJQvCWX14lrYuqd1m9urus1Gt5HEU4gVM4Bw+uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A+IajOk=</latexit>

R

<latexit sha1_base64="DagsKFypTrveElOQU069SrmYlag=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF4+12A9oQ9lsJ+3SzSbsboRS+g+8eFDEq//Im//GTZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJXeZ3nlBpHstHM03Qj+hI8pAzaqzUbJYG5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8GVWGM4HzUj/VmFA2oSPsWSpphNqfLS6dkwurDEkYK1vSkIX6e2JGI62nUWA7I2rGetXLxP+8XmrCmj/jMkkNSrZcFKaCmJhkb5MhV8iMmFpCmeL2VsLGVFFmbDhZCN7qy+ukfVX1rqs3D9eVei2PowhncA6X4MEt1OEeGtACBiE8wyu8ORPnxXl3PpatBSefOYU/cD5/AOCVjOg=</latexit>

SRT

<latexit sha1_base64="HEzv9EH9sloRHXgJwv59iNimsMo=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRmLiibQGIkcSLx5RKZBAJdtlCxu222Z3a0IafoMXDxrj1R/kzX/jFnpQ8CWTvLw3k5l5fsyZ0rb9bRU2Nre2d4q7pb39g8Oj8vFJR0WJJNQlEY9kz8eKciaoq5nmtBdLikOf064/vcn87hOVikWirWcx9UI8FixgBGsjuQ/3j+3SsFyxq/YCaJ04OalAjtaw/DUYRSQJqdCEY6X6jh1rL8VSM8LpvDRIFI0xmeIx7RsqcEiVly6OnaMLo4xQEElTQqOF+nsixaFSs9A3nSHWE7XqZeJ/Xj/RQcNLmYgTTQVZLgoSjnSEss/RiElKNJ8Zgolk5lZEJlhiok0+WQjO6svrpHNVdWrV+l2t0mzkcRThDM7hEhy4hibcQgtcIMDgGV7hzRLWi/VufSxbC1Y+cwp/YH3+AN3/jgs=</latexit>

!

<latexit sha1_base64="znlHNm+i4pSaUWoBKxzYvsu3vnE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKxBwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q95WgIzwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtXE9zJhMUkslWS6KU46sQvPX0ZBpSiyfOoKJZu5WRMZYY2JdQCUXQrD68jppX1WDWvX6vlZp1PM4inAG53AJAdxAA+6gCS0g8AjP8ApvnvJevHfvY9la8PKZU/gD7/MHj8ePGQ==</latexit>

✓

<latexit sha1_base64="B0ClAD52ePMj2RRwPcSt7v9ipIU=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkYo8FLx4r2A9oQ9lsJ+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZgBKRS0UKCEbqKBRYGETjC5nfudJ9BGxOoBpwn4ERspEQrO0ErtPo4B2aBccavuAnSdeDmpkBzNQfmrP4x5GoFCLpkxPc9N0M+YRsElzEr91EDC+ISNoGepYhEYP1tcO6MXVhnSMNa2FNKF+nsiY5Ex0yiwnRHDsVn15uJ/Xi/FsO5nQiUpguLLRWEqKcZ0/jodCg0c5dQSxrWwt1I+ZppxtAGVbAje6svrpH1V9WrV6/tapVHP4yiSM3JOLolHbkiD3JEmaRFOHskzeSVvTuy8OO/Ox7K14OQzp+QPnM8fo42PJg==</latexit>

0  ✓  ⇡

<latexit sha1_base64="PQHnM+pUQM5Up+zS5SvEQbQCb5M=">AAAB/3icbZA9SwNBEIb34leMX6eCjc1iEKzCnURMGbCxjGASIXeEvc0kWbL34e6cEM4U/hUbC0Vs/Rt2/hs3yRWa+MLCwzszzOwbJFJodJxvq7Cyura+UdwsbW3v7O7Z+wctHaeKQ5PHMlZ3AdMgRQRNFCjhLlHAwkBCOxhdTevtB1BaxNEtjhPwQzaIRF9whsbq2kcO9STcUw+HgCznRHTtslNxZqLL4OZQJrkaXfvL68U8DSFCLpnWHddJ0M+YQsElTEpeqiFhfMQG0DEYsRC0n83un9BT4/RoP1bmRUhn7u+JjIVaj8PAdIYMh3qxNjX/q3VS7Nf8TERJihDx+aJ+KinGdBoG7QkFHOXYAONKmFspHzLFOJrISiYEd/HLy9A6r7jVysVNtVyv5XEUyTE5IWfEJZekTq5JgzQJJ4/kmbySN+vJerHerY95a8HKZw7JH1mfP3holRg=</latexit>

The anglular distance of two rotations R 
and S is the angle of SR^T:

✓ =

<latexit sha1_base64="t0JAZ3igZGbwVpoMvdMOlorOT+o=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkYi9CwYvHCvYD2lA220m7dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2cag4tHstYdwNmQAoFLRQooZtoYFEgoRNM7uZ+5wm0EbF6xGkCfsRGSoSCM7RSp49jQHY7KFfcqrsAXSdeTiokR3NQ/uoPY55GoJBLZkzPcxP0M6ZRcAmzUj81kDA+YSPoWapYBMbPFufO6IVVhjSMtS2FdKH+nshYZMw0CmxnxHBsVr25+J/XSzGs+5lQSYqg+HJRmEqKMZ3/TodCA0c5tYRxLeytlI+ZZhxtQiUbgrf68jppX1W9WvX6oVZp1PM4iuSMnJNL4pEb0iD3pElahJMJeSav5M1JnBfn3flYthacfOaU/IHz+QMncI9t</latexit>

Geodesic distrance in SO(3)

The sign of must be chosen so that
theta lies between 0 and pi. 

!

<latexit sha1_base64="znlHNm+i4pSaUWoBKxzYvsu3vnE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKxBwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q95WgIzwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtXE9zJhMUkslWS6KU46sQvPX0ZBpSiyfOoKJZu5WRMZYY2JdQCUXQrD68jppX1WDWvX6vlZp1PM4inAG53AJAdxAA+6gCS0g8AjP8ApvnvJevHfvY9la8PKZU/gD7/MHj8ePGQ==</latexit>



Distance metrics in SO(3)
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Chordal distance

Properties:

• 1) 

• 2)

• 3) 

b!

<latexit sha1_base64="RxDt0sd1UmyGCgGH056nur01aoo=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIRY9FLx4r2A9oQ9lsJu3SzSbsbtQS8le8eFDEq3/Em//GbZuDtj4YeLw3w8w8P+FMacf5tkpr6xubW+Xtys7u3v6BfVjtqDiVFNo05rHs+UQBZwLammkOvUQCiXwOXX9yM/O7DyAVi8W9nibgRWQkWMgo0UYa2lU8eGQBjInOBnEEI5LjoV1z6s4ceJW4BamhAq2h/TUIYppGIDTlRKm+6yTay4jUjHLIK4NUQULohIygb6ggESgvm9+e41OjBDiMpSmh8Vz9PZGRSKlp5JvOiOixWvZm4n9eP9XhlZcxkaQaBF0sClOOdYxnQeCASaCaTw0hVDJzK6ZjIgnVJq6KCcFdfnmVdM7rbqN+cdeoNa+LOMroGJ2gM+SiS9REt6iF2oiiJ/SMXtGblVsv1rv1sWgtWcXMEfoD6/MHw9KURg==</latexit>

b!2

<latexit sha1_base64="R55RKCnrCEdjicVBlQCb7ablTGA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSlosuiG5cV7AOaWCaTm3bo5MHMRAmh/oobF4q49UPc+TdO2yy09cCFwzn3cu89XsKZVJb1bZTW1jc2t8rblZ3dvf0D8/CoK+NUUOjQmMei7xEJnEXQUUxx6CcCSOhx6HmT65nfewAhWRzdqSwBNySjiAWMEqWloVnFziPzYUxU7sQhjMj0vjE0a1bdmgOvErsgNVSgPTS/HD+maQiRopxIObCtRLk5EYpRDtOKk0pICJ2QEQw0jUgI0s3nx0/xqVZ8HMRCV6TwXP09kZNQyiz0dGdI1FguezPxP2+QquDSzVmUpAoiulgUpByrGM+SwD4TQBXPNCFUMH0rpmMiCFU6r4oOwV5+eZV0G3W7WT+/bdZaV0UcZXSMTtAZstEFaqEb1EYdRFGGntErejOejBfj3fhYtJaMYqaK/sD4/AGZ45TA</latexit>

and are orthogonal under Frobenious norm

exp(✓b!) = I + b! sin(✓) + b!2(1� cos(✓))

<latexit sha1_base64="ue51zY3CIczcJt1orb9I/ntr61M="></latexit>

Relation to angular distance

Frobenious norm of rotation 
matrix difference

kb!k2F = kb!2k2F = 2

<latexit sha1_base64="wLLUiIIgnR1Bnx2I3OstNHBWGhI=">AAACIXicbVBNS8NAEN34WetX1KOXxSJ4Kkmp2ItQFMRjBfsBTVs222m7dLMJuxulpP0rXvwrXjwo0pv4Z0zaHLTtg4HHezPMzHMDzpS2rG9jbX1jc2s7s5Pd3ds/ODSPjmvKDyWFKvW5LxsuUcCZgKpmmkMjkEA8l0PdHd4mfv0JpGK+eNSjAFoe6QvWY5ToWOqYJeyMnWfWhQHRkeN70CcTZ9wudO6uVzjtQuoVsh0zZ+WtGfAysVOSQykqHXPqdH0aeiA05USppm0FuhURqRnlMMk6oYKA0CHpQzOmgnigWtHswwk+j5Uu7vkyLqHxTP07ERFPqZHnxp0e0QO16CXiKq8Z6l6pFTERhBoEnS/qhRxrHydx4S6TQDUfxYRQyeJbMR0QSaiOQ01CsBdfXia1Qt4u5i8firnyTRpHBp2iM3SBbHSFyugeVVAVUfSC3tAH+jRejXfjy5jOW9eMdOYE/YPx8wsez6Nx</latexit>



Distance metrics in SO(3)
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Quaternion distance

Recall that quaternions q and –q
represent the same rotation. This 
ambiguity is resolved by taking the min.



Distance metrics in SO(3)
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Quaternion distance

Recall that quaternions q and –q
represent the same rotation. This 
ambiguity is resolved by taking the min.

⌦
e, s · r�1

↵
= cos(✓/2)

<latexit sha1_base64="86Q+hrtlHEdIq5Qa03R84us9uqI="></latexit>

• Inner product of two 4-vectors equals
• Hence cos(↵)

<latexit sha1_base64="IbTW67Vf7OFARZzLz2vI0ZO+G18=">AAAB83icbVBNSwMxEM36WetX1aOXYBHqpexKxR4LXjxWsB/QXcpsmrah2SQkWaEs/RtePCji1T/jzX9j2u5BWx8MPN6bYWZerDgz1ve/vY3Nre2d3cJecf/g8Oi4dHLaNjLVhLaI5FJ3YzCUM0FblllOu0pTSGJOO/Hkbu53nqg2TIpHO1U0SmAk2JARsE4KQyJNJQSuxnDVL5X9qr8AXidBTsooR7Nf+goHkqQJFZZwMKYX+MpGGWjLCKezYpgaqoBMYER7jgpIqImyxc0zfOmUAR5K7UpYvFB/T2SQGDNNYteZgB2bVW8u/uf1UjusRxkTKrVUkOWiYcqxlXgeAB4wTYnlU0eAaOZuxWQMGoh1MRVdCMHqy+ukfV0NatWbh1q5Uc/jKKBzdIEqKEC3qIHuURO1EEEKPaNX9Oal3ov37n0sWze8fOYM/YH3+QNumJFE</latexit>

↵ = ✓/2

<latexit sha1_base64="52h/avWe49gElbRZQmk3JjdAOKI=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETzUpFXsRCl48VrAf0IQy2W7apZsPdidCDf0lXjwo4tWf4s1/47bNQVsfDDzem2Fmnp8IrtC2v43CxubW9k5xt7S3f3BYNo+OOypOJWVtGotY9nxQTPCItZGjYL1EMgh9wbr+5Hbudx+ZVDyOHnCaMC+EUcQDTgG1NDDLLohkDDcujhnCZW1gVuyqvYC1TpycVEiO1sD8cocxTUMWIRWgVN+xE/QykMipYLOSmyqWAJ3AiPU1jSBkyssWh8+sc60MrSCWuiK0FurviQxCpaahrztDwLFa9ebif14/xaDhZTxKUmQRXS4KUmFhbM1TsIZcMopiqglQyfWtFh2DBIo6q5IOwVl9eZ10alWnXr26r1eajTyOIjklZ+SCOOSaNMkdaZE2oSQlz+SVvBlPxovxbnwsWwtGPnNC/sD4/AEWmpKx</latexit>

The relationship to the angular distance:



Distance metrics in SO(3)
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Quaternion distance

Recall that quaternions q and –q
represent the same rotation. This 
ambiguity is resolved by taking the min.

⌦
e, s · r�1

↵
= cos(✓/2)

<latexit sha1_base64="86Q+hrtlHEdIq5Qa03R84us9uqI="></latexit>

• Inner product of two 4-vectors equals
• Hence

• The distance of two unit vectors
separated by is

cos(↵)

<latexit sha1_base64="IbTW67Vf7OFARZzLz2vI0ZO+G18=">AAAB83icbVBNSwMxEM36WetX1aOXYBHqpexKxR4LXjxWsB/QXcpsmrah2SQkWaEs/RtePCji1T/jzX9j2u5BWx8MPN6bYWZerDgz1ve/vY3Nre2d3cJecf/g8Oi4dHLaNjLVhLaI5FJ3YzCUM0FblllOu0pTSGJOO/Hkbu53nqg2TIpHO1U0SmAk2JARsE4KQyJNJQSuxnDVL5X9qr8AXidBTsooR7Nf+goHkqQJFZZwMKYX+MpGGWjLCKezYpgaqoBMYER7jgpIqImyxc0zfOmUAR5K7UpYvFB/T2SQGDNNYteZgB2bVW8u/uf1UjusRxkTKrVUkOWiYcqxlXgeAB4wTYnlU0eAaOZuxWQMGoh1MRVdCMHqy+ukfV0NatWbh1q5Uc/jKKBzdIEqKEC3qIHuURO1EEEKPaNX9Oal3ov37n0sWze8fOYM/YH3+QNumJFE</latexit>

↵ = ✓/2

<latexit sha1_base64="52h/avWe49gElbRZQmk3JjdAOKI=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETzUpFXsRCl48VrAf0IQy2W7apZsPdidCDf0lXjwo4tWf4s1/47bNQVsfDDzem2Fmnp8IrtC2v43CxubW9k5xt7S3f3BYNo+OOypOJWVtGotY9nxQTPCItZGjYL1EMgh9wbr+5Hbudx+ZVDyOHnCaMC+EUcQDTgG1NDDLLohkDDcujhnCZW1gVuyqvYC1TpycVEiO1sD8cocxTUMWIRWgVN+xE/QykMipYLOSmyqWAJ3AiPU1jSBkyssWh8+sc60MrSCWuiK0FurviQxCpaahrztDwLFa9ebif14/xaDhZTxKUmQRXS4KUmFhbM1TsIZcMopiqglQyfWtFh2DBIo6q5IOwVl9eZ10alWnXr26r1eajTyOIjklZ+SCOOSaNMkdaZE2oSQlz+SVvBlPxovxbnwsWwtGPnNC/sD4/AEWmpKx</latexit>

↵

<latexit sha1_base64="do8fDn1Nqo96LrWyurGRBRRWwSk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYo8FLx4r2A9oQ5lsN+3azSbsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUUdaisYhVN0DNBJesZbgRrJsohlEgWCeY3M79zhNTmsfywUwT5kc4kjzkFI2V2n0UyRgH5YpbdRcg68TLSQVyNAflr/4wpmnEpKECte55bmL8DJXhVLBZqZ9qliCd4Ij1LJUYMe1ni2tn5MIqQxLGypY0ZKH+nsgw0noaBbYzQjPWq95c/M/rpSas+xmXSWqYpMtFYSqIicn8dTLkilEjppYgVdzeSugYFVJjAyrZELzVl9dJ+6rq1arX97VKo57HUYQzOIdL8OAGGnAHTWgBhUd4hld4c2LnxXl3PpatBSefOYU/cD5/AIsXjxY=</latexit>

The relationship to the angular distance:



Distance metrics for SO(3)

22

Angular distance

0  ✓  ⇡

<latexit sha1_base64="PQHnM+pUQM5Up+zS5SvEQbQCb5M=">AAAB/3icbZA9SwNBEIb34leMX6eCjc1iEKzCnURMGbCxjGASIXeEvc0kWbL34e6cEM4U/hUbC0Vs/Rt2/hs3yRWa+MLCwzszzOwbJFJodJxvq7Cyura+UdwsbW3v7O7Z+wctHaeKQ5PHMlZ3AdMgRQRNFCjhLlHAwkBCOxhdTevtB1BaxNEtjhPwQzaIRF9whsbq2kcO9STcUw+HgCznRHTtslNxZqLL4OZQJrkaXfvL68U8DSFCLpnWHddJ0M+YQsElTEpeqiFhfMQG0DEYsRC0n83un9BT4/RoP1bmRUhn7u+JjIVaj8PAdIYMh3qxNjX/q3VS7Nf8TERJihDx+aJ+KinGdBoG7QkFHOXYAONKmFspHzLFOJrISiYEd/HLy9A6r7jVysVNtVyv5XEUyTE5IWfEJZekTq5JgzQJJ4/kmbySN+vJerHerY95a8HKZw7JH1mfP3holRg=</latexit>

✓ =

<latexit sha1_base64="t0JAZ3igZGbwVpoMvdMOlorOT+o=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkYi9CwYvHCvYD2lA220m7dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2cag4tHstYdwNmQAoFLRQooZtoYFEgoRNM7uZ+5wm0EbF6xGkCfsRGSoSCM7RSp49jQHY7KFfcqrsAXSdeTiokR3NQ/uoPY55GoJBLZkzPcxP0M6ZRcAmzUj81kDA+YSPoWapYBMbPFufO6IVVhjSMtS2FdKH+nshYZMw0CmxnxHBsVr25+J/XSzGs+5lQSYqg+HJRmEqKMZ3/TodCA0c5tYRxLeytlI+ZZhxtQiUbgrf68jppX1W9WvX6oVZp1PM4iuSMnJNL4pEb0iD3pElahJMJeSav5M1JnBfn3flYthacfOaU/IHz+QMncI9t</latexit>

Chordal distance Quaternion distance

d

<latexit sha1_base64="B4zzGvUECQ18sKeGycDkLia9HLA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lspu3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5EPOqLFSMxyUK27VXYCsEy8nFcjRGJS/+mHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVVCMoyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNcOan3GZpAYlWy4apoKYmMy/JiFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W96+pN87pSr+VxFOEMzuESPLiFOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHx3+M5g==</latexit>

d2

<latexit sha1_base64="FoR54G1Z5YyhmDPMp9ZDK2j9IOQ=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFXssePFY0X5Au5ZsNtuGJtklyQpl6U/w4kERr/4ib/4b03YP2vpg4PHeDDPzgoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvQBrypmkbcMMp71EUSwCTrvB5Gbud5+o0iyWD2aaUF/gkWQRI9hY6T58rA3LFbfqLoDWiZeTCuRoDctfgzAmqaDSEI617ntuYvwMK8MIp7PSINU0wWSCR7RvqcSCaj9bnDpDF1YJURQrW9Kghfp7IsNC66kIbKfAZqxXvbn4n9dPTdTwMyaT1FBJlouilCMTo/nfKGSKEsOnlmCimL0VkTFWmBibTsmG4K2+vE46tapXr17d1SvNRh5HEc7gHC7Bg2towi20oA0ERvAMr/DmcOfFeXc+lq0FJ585hT9wPn8A7L6Nig==</latexit>
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Distance in angle-axis space

• Euclidean distance between corresponding scaled axis angles of log(R) and log(S). This 
metric is not continuous!!

• If log(R) is taken to be the smallest length vector, rotations about angles near     about 
opposite axes are not close to each other under this metric (but they are in the 
angular distance metric)

⇡

<latexit sha1_base64="RsLwWkLJ1Ap7sxEAesWL9Ckpq98=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpEIvKsFpz6+4CZJ14BalBgdaw+jUYRSxRXCOT1Nq+58bop9SgYJLPK4PE8piyKR3zfkY1Vdz66eLWObnIlBEJI5OVRrJQf0+kVFk7U0HWqShO7KqXi/95/QTDhp8KHSfINVsuChNJMCL542QkDGcoZxmhzIjsVsIm1FCGWTx5CN7qy+ukc1X3rus3D9e1ZqOIowxncA6X4MEtNOEeWtAGBhN4hld4c5Tz4rw7H8vWklPMnMIfOJ8/hJiN3w==</latexit>

See Hartley et al. IJCV’13



24

Distance in angle-axis space

• Euclidean distance between corresponding scaled axis angles of log(R) and log(S). This 
metric is not continuous!!

• If log(R) is taken to be the smallest length vector, rotations about angles near     about 
opposite axes are not close to each other under this metric (but they are in the 
angular distance metric)

• Solution take the min over all choices of vectors

⇡

<latexit sha1_base64="RsLwWkLJ1Ap7sxEAesWL9Ckpq98=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpEIvKsFpz6+4CZJ14BalBgdaw+jUYRSxRXCOT1Nq+58bop9SgYJLPK4PE8piyKR3zfkY1Vdz66eLWObnIlBEJI5OVRrJQf0+kVFk7U0HWqShO7KqXi/95/QTDhp8KHSfINVsuChNJMCL542QkDGcoZxmhzIjsVsIm1FCGWTx5CN7qy+ukc1X3rus3D9e1ZqOIowxncA6X4MEtNOEeWtAGBhN4hld4c5Tz4rw7H8vWklPMnMIfOJ8/hJiN3w==</latexit>

Many regressors to human pose use this metric, but do not take the 
min, which can be a problem!!

See Hartley et al. IJCV’13



Orientation Consistency

Objective
sensor & bone orientation consistency
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Underconstrained Pose Space
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pose
different

Underconstrained Pose Space



Underconstrained Pose Space
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pose
different

orientation 
measurement

nearly identical



Sparse Orientation Poser (SOP)
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Orientation Consistency



Acceleration Consistency

Objective
sensor & vertex acceleration consistency

30

1) Use finite differences 1) Transform from local 
to global

2) Subtract gravity



Acceleration Consistency

Sparse Acceleration Poser
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Key Observation I

32

Orientation only Orientation + Acceleration
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Key Observation II

Statistical body model (SMPL)
anthropometric constraints
realistic motion synthesis



Multi-Frame Optimization
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Orientation consistency

Acceleration consistency

Anthropometric consistency
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Optimization

To minimize           , linearize the vector of residuals with 
Jacobian matrix 

eT e

<latexit sha1_base64="IVbXPvwQuF3cySGKKHOXoziY+Q4=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJpGKXBTcuK/QFbSyT6aQdOpmEmYlQQjf+ihsXirj1M9z5N07agNp6YOBwzr137j1+zJnSjvNlFdbWNza3itulnd29/QP78KitokQS2iIRj2TXx4pyJmhLM81pN5YUhz6nHX9yk/mdByoVi0RTT2PqhXgkWMAI1kYa2Cf9EOuxH6R0dt/84aWBXXYqzhxolbg5KUOOxsD+7A8jkoRUaMKxUj3XibWXYqkZ4WZgP1E0xmSCR7RnqMAhVV46P2CGzo0yREEkzRMazdXfHSkOlZqGvqnMVlTLXib+5/USHdS8lIk40VSQxUdBwpGOUJYGGjJJieZTQzCRzOyKyBhLTLTJLAvBXT55lbQvK261cnVXLddreRxFOIUzuAAXrqEOt9CAFhCYwRO8wKv1aD1bb9b7orRg5T3H8AfWxzf855ah</latexit>

For example, the acceleration residuals linearized take the form:

The Jacobian matrix above, maps increments in parameter space to 
increments in vertex position where the sensor is placed
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Batch Optimization over frames

Question: If the error residual for 1 frame is N, and the number of pose 
parameters is P, how large is the Jacobian for the residuals for all frames?
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Batch Optimization over frames

Question: If the error residual for 1 frame is N, and the number of pose 
parameters is P, how large is the Jacobian for the residuals for all frames?
Expensive in general!! à Exploit the block diagonal structure

Orientation+anthopometric residual 
equations

Acceleration term residual equations



Results
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Results



Evaluation

Sparse Orientation Poser vs. Sparse Inertial Poser

40



Quantitative Evaluation

TNT15 dataset [1]

4 actors
5 activities
8 synchronized RGB-cameras
10 IMUs

6 IMUs for tracking, 4 IMUs for validation

41[1] Human pose estimation from video and IMUs, v. Marcard et al., TPAMI, 2016



Quantitative Evaluation
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Limitations & Future Work

Hand and feet not tracked
Drift in global translation
Requires a laser scan
Offline approach
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Conclusions

Sparse Inertial Poser
works with only 6 IMUs
reconstructs arbitrary motions
enables motion tracking in the wild
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Conclusions

Sparse Inertial Poser
works with only 6 IMUs
reconstructs arbitrary motions
enables motion tracking in the wild
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1000 frames sequence
20 Levenberg-Marquardt iterations
Intel Core i7 3.5 GHz CPU
Single-core MATLAB code
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Computation Times

Overall computation time 7.5 min
Model update 14.4s/iteration
Setting up Jacobians 3.3s/iteration
Solving for an update-step 1.5s/iteration



Recovering Accurate 3D Human Pose in the 
Wild Using IMUs and a Moving Camera

T. von Marcard R. Henschel M. Black B. Rosenhahn G. Pons-Moll

ECCV’18



3DPW: 3D Poses in the Wild



A single moving camera and IMUs on the 
person



Person Identification



3D Pose Estimation



Full dataset available: 
http://virtualhumans.mpi-inf.mpg.de/3DPW/



3DPW
• 60 video sequences.

• 2D pose annotations.

• 3D reference poses.

• Camera poses for every frame in the sequences.

• 3D body scans and 3D people models (re-poseable and re-
shapeable). Each sequence contains its corresponding models.

• 18 3D models in different clothing variations.



More Information
• Supplementary Video: https://www.youtube.com/watch?v=3x9dimY7o-o

• More papers on IMU-based tracking: 
• https://virtualhumans.mpi-inf.mpg.de/topics/human-motion-from-wearables.html
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https://www.youtube.com/watch?v=3x9dimY7o-o
https://virtualhumans.mpi-inf.mpg.de/topics/human-motion-from-wearables.html


Slide credits
• Slides on distance metrics based on Hartley et al. IJCV’13
• Slides based SIP (von Marcard et al. EG’17) and 3DPW (von Marcard et al. ECCV’18)  

papers, thanks to Timo von Marcard


