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3D scan à Human Model

2

Input: 3D scan/ Pointcloud Colour coded SMPL model Output: Registered SMPL+D



SMPL model

T (✓,�) = Tµ +Bs(�) +Bp(✓)

Vertices in a 0-pose



SMPL + Clothing

✓ Pose parameters

�

D

Shape parameters

Personal details + clothing

Vertices in a 0-pose

T (✓,�) = Tµ +Bs(�) +Bp(✓)



� �+

Scan Registration Model

E(✓,�,V) =
X

si2S
dist(si,V(V)) + dist(V(V),M(✓,�)) + Eprior(✓,�)

<latexit sha1_base64="jZSEmpME6a8oLWAxO70y7O/Zi+Q="></latexit>
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Why fit SMPL to scans?
We motivated finding registration as a key ingredient to train a body model
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Find correspondences between meshes
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Fit with SMPL



Tracking scans/ point clouds 
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Input PC seq. Tracked SMPL model



Controlling static shapes
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Input pose sequenceInput PC Animated SMPL+D



Controlling static shapes
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Input pose sequenceInput PC Animated SMPL+D

All these applications require fitting SMPL to 
scans/ point clouds.



Fit SMPL or SMPL+D to scans 
using ICP (compute registrations)
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coupling

scan-to-mesh distance

pose prior

shape prior

Objective
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relative weights



Scan-to-mesh distance

13



Refresher on ICP

1. Initialize

2. Compute correspondences according to current best transform

3. Compute optimal transformation (            )with Procrustes

4. Terminate if converged (error below a threshold), otherwise iterate
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Limitations of ICP
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Limitations of ICP

16

- ICP -> closest points can be wrong

- Doesn't distinguish if the correspondence 
is semantically correct.

- For example, pointcloud hand points are 
explained by the waist of the model

Input PC SMPL fit - ICP



Limitations of ICP

17

- ICP cares about closest point.

- Doesn't distinguish if the 
correspondence is semantically 
correct.

- Points on waist, incorrectly considered 
as closest to hand.

Input PC SMPL fit - ICP

Nearest point as correspondence gets 
stuck in local minimas!



Learning based fitting
Can we use data to learn how to fit a template mesh to scan/ point cloud?
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Learning based fitting

• Non-parametric: Fit a template mesh to data.
• 3D-CODED, Groueix et al. ECCV‘18

• Parametric: Fit a model to data.
• IPNet, Bhatnagar et al. ECCV'20
• LoopReg, Bhatnagar et al. NeurIPS’20

• Hybrid: 
• Learned Vertex Descent, Corona et al. ECCV’22 
• (we will see later in the course)
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Learn to deform vertices of a template 

• Encode input shape into a feature vector.
• Directly predict locations of vertices of template.

20
3D-CODED, Groueix et al. ECCV'18



üLearning based model, 
generalises better than ICP.

-Gets stuck in local minima. Need 
to init. ~100 global rots.

-No details.

-Registered template is not 
controllable!
Can't pose and shape.

21

Bring back the parametric model!

Advantages/ Disadvantages



•Can we "learn" to fit SMPL model to data?
•Make scans controllable

•Can we capture high frequency details?
•More realistic 
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Animated registrationInput PC Registration Input Motion Sequence

Get detailed and controllable reconstructions.

23
IPNet. Bhatnagar et. al, ECCV'20



IPNet: High level idea

24

Im
plicit R

econstruction

Fit SMPL+D

IPNet. Bhatnagar et. al, ECCV'20



Why combine implicit functions and 
parametric models?

Implicit Reconstruction
üBetter details.

üCan handle arbitrary poses.

✗Just static meshes;
Can't do much.

Parametric Modelling
✗Lacks details.

✗Generalization to complex poses 
is difficult.

✓Can be re-shaped, re-posed etc.

25



IPNet: High level idea

26

Im
plicit R

econstruction

Fit SMPL+D



Challenge
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How to fit SMPL+D? We saw ICP fail!

28

Im
plicit Reconstruction

Fit SMPL+D

Lots of good works.
IFNets, NDFs… How to fit SMPL+D ?



• Problem: ICP gets stuck due to bad correspondences and due to 
the fact that SMPL can not represent cloth, hair etc

• Idea1: Predict SMPL as an implicit surface to make fitting easy

• Idea2: Learn to predict correspondences rather than using nearest 
point.
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IPNet: Predictions

•Double layer implicit 
function for outer and 
inner shape.

•Part correspondences to 
parametric model
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IP-N
et

R0

R2

R1

<latexit sha1_base64="FgWoMePUpO7rIQ00RezcWwtM/80="></latexit>

f(p|S) 7! {0, 1, 2}, {1, ..., N}

IPNet. Bhatnagar et. al, ECCV'20



IPNet: Overview

31

IP-N
et

Non-rigidly register with 
SMPL+D to outer surface 

Fit SMPL to 
inner surface

IP-Net: Inner
surface + parts

IP-Net: Outer 
surface

Input: Sparse 
point cloud SMPL+D 

registration

Implicit Reconstruction Parametric Mesh

IPNet. Bhatnagar et. al, ECCV'20



Registering SMPL to IP-Net 
predictions

32



Registering SMPL to IP-Net predictions

33

E(✓,�, t) = wdataEdata + wpartEpart + wlapElap

<latexit sha1_base64="hdWUTH6Uo//PK6CvZ7BMAJz5rmI="></latexit>

SMPL parameters

Match SMPL surface to 
the body surface 

predicted by IP-Net
Match parts on the 
SMPL mesh to parts 
predicted by IP-Net

Laplacian regularizer



Registering SMPL to IP-Net predictions
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Edata(✓,�, t) =
1

|Sin|
X

vi2Sin

d(vi,M) + w · 1

|M|
X

vj2M
d(vj ,Sin),

<latexit sha1_base64="ahB93msm86rSaHTRdCTUqK2Oe+8="></latexit>

.
Sin : body surface predicted by IP-Net
M : SMPL surface
d(v,S) : distance of point v from surface S

<latexit sha1_base64="zDRD8gkNyVjbAUD7uw8WxJ/3JgY="></latexit>

Dist. from body to SMPL Dist. from SMPL to body



Registering SMPL to IP-Net predictions

35

Epart(✓,�, t) =
1

|Sin|

N�1X

I=0

X

vi2Sin

d(vi,MI)�(Ii = I)

<latexit sha1_base64="NKwgRdQrukI12bVrDJQWxlIIsTM="></latexit>

Summation over SMPL 
parts

Dist. from body vertex to 
SMPL sub-mesh 

corresponding to part ISummation over predicted 
body vertices

Select body vertices 
corresponding to part I



Registering SMPL+D to IP-Net predictions
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Edata(D,✓,�, t) =
1

|So|
X

vi2So

d(vi,M) + w · 1

|M|
X

vj2M
d(vj ,So)

<latexit sha1_base64="V+94XAPfYDXgEBcZ73XCguNzomk="></latexit>

Dist. from dressed 
surface to SMPL+D Dist. from SMPL+D to 

the dressed surface
.

D : per-vertex displacements on top of SMPL
So : dressed outer surface predicted by IP-Net
M : SMPL+D surface
d(v,S) : distance of point v from surface S

<latexit sha1_base64="zNu8ou3mvCf6860+XqtNPohmjKI="></latexit>



IPNet: Results
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Single View Point Cloud Registration 

38Input: Single View PC IP-Net inner surface & 
parts

IP-Net outer surface Registration



We can animate our reconstructions
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Input: Dense PC Registration Input: Motion sequence Animated registration

IPNet. Bhatnagar et. al, ECCV'20



Input: Single View PC IP-Net surface & parts Registration

IPNet generalises to other domains.

40
IPNet. Bhatnagar et. al, ECCV'20



What does "learning" bring over ICP?

• Learnt correspondences more reliable than just nearest point.

• We can learn to complete/ denoise input shape.
ICP struggles with with partial data.

41



IPNet: Limitations

42

IP-N
et

Non-rigidly register with 
SMPL+D to outer surface 

Fit SMPL to 
inner surface

IP-Net: Inner
surface + parts

IP-Net: Outer 
surface

Input: Sparse 
point cloud SMPL+D 

registration

Implicit Reconstruction Parametric Mesh

Marching cube to get surfaces.
- Computationally expensive.
- Non-differentiable.

IPNet 
correspondences not 

differentiable wrt. 
SMPL fitting.



Q. Is ICP differentiable wrt. SMPL fitting?

• Recall ICP formulation…

• Is it differentiable?

43

1. initialise 

2. compute correspondences according to current best transform 

3. compute optimal transformation (            )with Procrustes 
 

4. terminate if converged (error below a threshold), otherwise iterate 

5. converges to local minima

f0 = {R = I, t =

P
yi

N
�

P
xi

N
, s = 1}

Iterative Closest Point (ICP)

xj+1
i = argmin

x2X
kf j(x)� yik2

f j+1 = argmin
f

X

i

kf(xj+1
i )� yik2

s,R, t

 X



•Can we make correspondences differentiable?
àEnd-to-end differentiable registration?

• Can we remove expensive marching cubes?

44



3D scan à Human Model

45

Input: 3D scan/ Pointcloud Colour coded SMPL model Output: Registered SMPL+D



Problem: Traditional registration

1. Get correspondences.
• Keypoints / Landmarks
• Closest point
• Pre-trained network

2. Minimize the distance.
• Optimize the model 

parameters.

3. Iterate over 1 & 2.

46

Input Scan SMPL model

si

<latexit sha1_base64="YAZTI8rKh7K602vQyfB88NVikWs=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4CmlMl00g6dTMLMjVBCf8ONC0Xc+jPu/BsnbRbaemDgcM693DMnSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZrwfkRHSoSCUbSS70cUx0GYmdlADKo1t+7OQVaJV5AaFGgOql/+MGZpxBUySY3peW6C/YxqFEzyWcVPDU8om9AR71mqaMRNP5tnnpEzqwxJGGv7FJK5+nsjo5Ex0yiwk3lGs+zl4n9eL8Xwpp8JlaTIFVscClNJMCZ5AWQoNGcop5ZQpoXNStiYasrQ1lSxJXjLX14l7Yu6d1m/erisNW6LOspwAqdwDh5cQwPuoQktYJDAM7zCm5M6L86787EYLTnFzjH8gfP5A3o1kfs=</latexit>

mj

<latexit sha1_base64="7dtml+vPaX7BwjlcTqqBZh3Vtz4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ad0hpJJM21skhmSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzq6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtObnO/+0SVZrF8MNOEBgKPJIsYwcZKvi+wGYdRJmaDx0G15tbdOdAq8QpSgwKtQfXLH8YkFVQawrHWfc9NTJBhZRjhdFbxU00TTCZ4RPuWSiyoDrJ55hk6s8oQRbGyTxo0V39vZFhoPRWhncwz6mUvF//z+qmJroOMySQ1VJLFoSjlyMQoLwANmaLE8KklmChmsyIyxgoTY2uq2BK85S+vks5F3WvUL+8bteZNUUcZTuAUzsGDK2jCHbSgDQQSeIZXeHNS58V5dz4WoyWn2DmGP3A+fwByj5H2</latexit>

argmin
C,x

X

s,m2C
ksi �M(mj ,x)k2

<latexit sha1_base64="W248w0nfL9Mo6QzdXqiKtYuA1MQ="></latexit>

- Instance specific
- Prone to local minima
- Not End-to-end Differentiable wrt. Correspondences !!

LoopReg. Bhatnagar et. al, NeurIPS'20



Can we jointly optimize over model and 
correspondences without supervision?

47

f� : s 7! m

<latexit sha1_base64="DB0FDPm5+iLJUkwdzHpDc3foTAA=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWakorgqunFZwT6gMwyZNNOGZjIhyQhl6A+48VfcuFDErXt3/o2ZdgRtPRA4nHMvueeEglGlHefLKi0tr6yuldcrG5tb2zv27l5bJanEpIUTlshuiBRhlJOWppqRrpAExSEjnXB0nfudeyIVTfidHgvix2jAaUQx0kYK7KMo8MSQXnox0sMwytTEMKF0An+UeFIJ7KpTc6aAi8QtSBUUaAb2p9dPcBoTrjFDSvVcR2g/Q1JTzMik4qWKCIRHaEB6hnIUE+Vn0zQTeGyUPowSaR7XcKr+3shQrNQ4Ds1kfqKa93LxP6+X6ujCzygXqSYczz6KUgZN2Lwa2KeSYM3GhiAsqbkV4iGSCGtTYF6COx95kbRPa269dnZbrzauijrK4AAcghPggnPQADegCVoAgwfwBF7Aq/VoPVtv1vtstGQVO/vgD6yPbyPunD0=</latexit>

M(m,x)

<latexit sha1_base64="jp4awEAXWZ2smxPHmXTyRANg54g=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKUGanosujGjVDBXqAtJZNm2tAkMyQZsQyDG1/FjQtF3PoU7nwbM+0I2vpD4OM/55Bzfi9kVGnH+bJyC4tLyyv51cLa+sbmlr2901BBJDGp44AFsuUhRRgVpK6pZqQVSoK4x0jTG12m9eYdkYoG4laPQ9LlaCCoTzHSxurZe9elDkd66PkxT45/8D45gj276JSdieA8uBkUQaZaz/7s9AMccSI0ZkiptuuEuhsjqSlmJCl0IkVChEdoQNoGBeJEdePJCQk8NE4f+oE0T2g4cX9PxIgrNeae6Ux3VLO11Pyv1o60f96NqQgjTQSefuRHDOoApnnAPpUEazY2gLCkZleIh0girE1qBROCO3vyPDROym6lfHpTKVYvsjjyYB8cgBJwwRmogitQA3WAwQN4Ai/g1Xq0nq03633amrOymV3wR9bHN8LVlwg=</latexit>

s

<latexit sha1_base64="+iBpzHbXDsEF/NiDrey2xFzLYik=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqperXp5X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A+DiRHw==</latexit>

m

<latexit sha1_base64="h6141/K3yOwTrH9w/EPg1jqfC/g=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0Lupeo35536g1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7xqRGQ==</latexit>

LoopReg. Bhatnagar et. al, NeurIPS'20



Key challenges

1. Can we jointly train the network         and optimize      without 
supervision?

2. How to ensure that correspondence predictions lie on the model 
surface?

3. Integrate correspondence prediction with model fitting.

48

f�

<latexit sha1_base64="vBk+u2ETMOcKhBzMLOD4O7GZkXw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9ol5JNs21okg1JVihLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2DqpEw/6aswqg2rNr/tzoFUSFKQGBZqD6ld/mJBUUGkJx8b0Al/ZMMPaMsLprNJPDVWYTPCI9hyVWFATZvNzZ+jMKUMUJ9qVtGiu/p7IsDBmKiLXKbAdm2UvF//zeqmNb8KMSZVaKsliUZxyZBOU/46GTFNi+dQRTDRztyIyxhoT6xLKQwiWX14l7Yt6cFm/erisNW6LOMpwAqdwDgFcQwPuoQktIDCBZ3iFN095L96797FoLXnFzDH8gff5A8SLjzQ=</latexit>

x

<latexit sha1_base64="WHVAHPzrZdjE0jnRU9jMkSMk9QE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APbUjLpnTY0kxmSjFiG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtR1SaR/LeTGLshXQoecAZNVZ66IbUjPwgfZr2yxW36s5AlomXkwrkqPfLX91BxJIQpWGCat3x3Nj0UqoMZwKnpW6iMaZsTIfYsVTSEHUvnSWekhOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkkq2BG/x5GXSPKt659WLu/NK7TqvowhHcAyn4MEl1OAW6tAABhKe4RXeHO28OO/Ox3y04OQ7h/AHzucP/9GRJA==</latexit>

f� : s 7! m

<latexit sha1_base64="DB0FDPm5+iLJUkwdzHpDc3foTAA=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWakorgqunFZwT6gMwyZNNOGZjIhyQhl6A+48VfcuFDErXt3/o2ZdgRtPRA4nHMvueeEglGlHefLKi0tr6yuldcrG5tb2zv27l5bJanEpIUTlshuiBRhlJOWppqRrpAExSEjnXB0nfudeyIVTfidHgvix2jAaUQx0kYK7KMo8MSQXnox0sMwytTEMKF0An+UeFIJ7KpTc6aAi8QtSBUUaAb2p9dPcBoTrjFDSvVcR2g/Q1JTzMik4qWKCIRHaEB6hnIUE+Vn0zQTeGyUPowSaR7XcKr+3shQrNQ4Ds1kfqKa93LxP6+X6ujCzygXqSYczz6KUgZN2Lwa2KeSYM3GhiAsqbkV4iGSCGtTYF6COx95kbRPa269dnZbrzauijrK4AAcghPggnPQADegCVoAgwfwBF7Aq/VoPVtv1vtstGQVO/vgD6yPbyPunD0=</latexit>

M(m,x)

<latexit sha1_base64="jp4awEAXWZ2smxPHmXTyRANg54g=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKUGanosujGjVDBXqAtJZNm2tAkMyQZsQyDG1/FjQtF3PoU7nwbM+0I2vpD4OM/55Bzfi9kVGnH+bJyC4tLyyv51cLa+sbmlr2901BBJDGp44AFsuUhRRgVpK6pZqQVSoK4x0jTG12m9eYdkYoG4laPQ9LlaCCoTzHSxurZe9elDkd66PkxT45/8D45gj276JSdieA8uBkUQaZaz/7s9AMccSI0ZkiptuuEuhsjqSlmJCl0IkVChEdoQNoGBeJEdePJCQk8NE4f+oE0T2g4cX9PxIgrNeae6Ux3VLO11Pyv1o60f96NqQgjTQSefuRHDOoApnnAPpUEazY2gLCkZleIh0girE1qBROCO3vyPDROym6lfHpTKVYvsjjyYB8cgBJwwRmogitQA3WAwQN4Ai/g1Xq0nq03633amrOymV3wR9bHN8LVlwg=</latexit>

s

<latexit sha1_base64="+iBpzHbXDsEF/NiDrey2xFzLYik=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqperXp5X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A+DiRHw==</latexit>

m

<latexit sha1_base64="h6141/K3yOwTrH9w/EPg1jqfC/g=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0Lupeo35536g1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7xqRGQ==</latexit>

LoopReg. Bhatnagar et. al, NeurIPS'20



Can we jointly optimize over model and 
correspondences without supervision?

49

f� : s 7! m

<latexit sha1_base64="DB0FDPm5+iLJUkwdzHpDc3foTAA=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWakorgqunFZwT6gMwyZNNOGZjIhyQhl6A+48VfcuFDErXt3/o2ZdgRtPRA4nHMvueeEglGlHefLKi0tr6yuldcrG5tb2zv27l5bJanEpIUTlshuiBRhlJOWppqRrpAExSEjnXB0nfudeyIVTfidHgvix2jAaUQx0kYK7KMo8MSQXnox0sMwytTEMKF0An+UeFIJ7KpTc6aAi8QtSBUUaAb2p9dPcBoTrjFDSvVcR2g/Q1JTzMik4qWKCIRHaEB6hnIUE+Vn0zQTeGyUPowSaR7XcKr+3shQrNQ4Ds1kfqKa93LxP6+X6ujCzygXqSYczz6KUgZN2Lwa2KeSYM3GhiAsqbkV4iGSCGtTYF6COx95kbRPa269dnZbrzauijrK4AAcghPggnPQADegCVoAgwfwBF7Aq/VoPVtv1vtstGQVO/vgD6yPbyPunD0=</latexit>

M(m,x)

<latexit sha1_base64="jp4awEAXWZ2smxPHmXTyRANg54g=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKUGanosujGjVDBXqAtJZNm2tAkMyQZsQyDG1/FjQtF3PoU7nwbM+0I2vpD4OM/55Bzfi9kVGnH+bJyC4tLyyv51cLa+sbmlr2901BBJDGp44AFsuUhRRgVpK6pZqQVSoK4x0jTG12m9eYdkYoG4laPQ9LlaCCoTzHSxurZe9elDkd66PkxT45/8D45gj276JSdieA8uBkUQaZaz/7s9AMccSI0ZkiptuuEuhsjqSlmJCl0IkVChEdoQNoGBeJEdePJCQk8NE4f+oE0T2g4cX9PxIgrNeae6Ux3VLO11Pyv1o60f96NqQgjTQSefuRHDOoApnnAPpUEazY2gLCkZleIh0girE1qBROCO3vyPDROym6lfHpTKVYvsjjyYB8cgBJwwRmogitQA3WAwQN4Ai/g1Xq0nq03633amrOymV3wR9bHN8LVlwg=</latexit>

s

<latexit sha1_base64="+iBpzHbXDsEF/NiDrey2xFzLYik=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqperXp5X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A+DiRHw==</latexit>

m

<latexit sha1_base64="h6141/K3yOwTrH9w/EPg1jqfC/g=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0Lupeo35536g1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7xqRGQ==</latexit>

Lself(�,X ) =
NX

j=1

X

si2Sj

dist(si,M(mk,xj))

<latexit sha1_base64="NLpGPniRQeZHgQXVx3pnxXiilfI="></latexit>

LoopReg. Bhatnagar et. al, NeurIPS'20



Let a Neural Network predict the 
correspondences.
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f� : s 7! m

<latexit sha1_base64="DB0FDPm5+iLJUkwdzHpDc3foTAA=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWakorgqunFZwT6gMwyZNNOGZjIhyQhl6A+48VfcuFDErXt3/o2ZdgRtPRA4nHMvueeEglGlHefLKi0tr6yuldcrG5tb2zv27l5bJanEpIUTlshuiBRhlJOWppqRrpAExSEjnXB0nfudeyIVTfidHgvix2jAaUQx0kYK7KMo8MSQXnox0sMwytTEMKF0An+UeFIJ7KpTc6aAi8QtSBUUaAb2p9dPcBoTrjFDSvVcR2g/Q1JTzMik4qWKCIRHaEB6hnIUE+Vn0zQTeGyUPowSaR7XcKr+3shQrNQ4Ds1kfqKa93LxP6+X6ujCzygXqSYczz6KUgZN2Lwa2KeSYM3GhiAsqbkV4iGSCGtTYF6COx95kbRPa269dnZbrzauijrK4AAcghPggnPQADegCVoAgwfwBF7Aq/VoPVtv1vtstGQVO/vgD6yPbyPunD0=</latexit>

M(m,x)

<latexit sha1_base64="jp4awEAXWZ2smxPHmXTyRANg54g=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKUGanosujGjVDBXqAtJZNm2tAkMyQZsQyDG1/FjQtF3PoU7nwbM+0I2vpD4OM/55Bzfi9kVGnH+bJyC4tLyyv51cLa+sbmlr2901BBJDGp44AFsuUhRRgVpK6pZqQVSoK4x0jTG12m9eYdkYoG4laPQ9LlaCCoTzHSxurZe9elDkd66PkxT45/8D45gj276JSdieA8uBkUQaZaz/7s9AMccSI0ZkiptuuEuhsjqSlmJCl0IkVChEdoQNoGBeJEdePJCQk8NE4f+oE0T2g4cX9PxIgrNeae6Ux3VLO11Pyv1o60f96NqQgjTQSefuRHDOoApnnAPpUEazY2gLCkZleIh0girE1qBROCO3vyPDROym6lfHpTKVYvsjjyYB8cgBJwwRmogitQA3WAwQN4Ai/g1Xq0nq03633amrOymV3wR9bHN8LVlwg=</latexit>

s

<latexit sha1_base64="+iBpzHbXDsEF/NiDrey2xFzLYik=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqperXp5X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A+DiRHw==</latexit>

m

<latexit sha1_base64="h6141/K3yOwTrH9w/EPg1jqfC/g=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0Lupeo35536g1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7xqRGQ==</latexit>

Lself(�,X ) =
NX

j=1

X

si2Sj

dist(si,M(f�(s),xj))

<latexit sha1_base64="AevbXSbu6P48OE1jiRNE5rgVKDE="></latexit>

LoopReg. Bhatnagar et. al, NeurIPS'20



NN predicted correspondences don't lie on the 
model surface.
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f� : s 7! m

<latexit sha1_base64="dIplI+k7MWWk2MEqUIm4yXG8F0o=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWakorgqunFZwT6gMwyZNNOGZjIhyQhl6A+48VfcuFDErXt3/o2ZdgRtPRA4nHMvueeEglGlHefLKi0tr6yuldcrG5tb2zv27l5bJanEpIUTlshuiBRhlJOWppqRrpAExSEjnXB0nfudeyIVTfidHgvix2jAaUQx0kYK7KMo8MSQXnox0sMwytQEGiqUTuCPFE8Cu+rUnCngInELUgUFmoH96fUTnMaEa8yQUj3XEdrPkNQUMzKpeKkiAuERGpCeoRzFRPnZNM0EHhulD6NEmsc1nKq/NzIUKzWOQzOZX6jmvVz8z+ulOrrwM8pFqgnHs4+ilEGTNa8G9qkkWLOxIQhLam6FeIgkwtoUWDEluPORF0n7tObWa2e39WrjqqijDA7AITgBLjgHDXADmqAFMHgAT+AFvFqP1rP1Zr3PRktWsbMP/sD6+AZAQ5xT</latexit>

Why not learn directly?

f�(s) /2 M

<latexit sha1_base64="lintoW/kPN5vyBbp9nQAeqD+X34=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiRS0WXRjRuhgn1AE8JkOmmHTiZhZiKUkC9w46+4caGIW9fu/BsnaRbaeuDC4Zx7ufceP2ZUKsv6NlZW19Y3Nitb1e2d3b198+CwJ6NEYNLFEYvEwEeSMMpJV1HFyCAWBIU+I31/ep37/QciJI34vZrFxA3RmNOAYqS05Jn1wHPiCW04IVITP0hldgodHinKYSFhxNLbzDNrVtMqAJeJXZIaKNHxzC9nFOEkJFxhhqQc2las3BQJRTEjWdVJJIkRnqIxGWrKUUikmxbvZLCulREMIqGLK1iovydSFEo5C33dmZ8oF71c/M8bJiq4dFPK40QRjueLgoRBFcE8GziigmDFZpogLKi+FeIJEggrnWBVh2AvvrxMemdNu9U8v2vV2ldlHBVwDE5AA9jgArTBDeiALsDgETyDV/BmPBkvxrvxMW9dMcqZI/AHxucPWSqcUA==</latexit>

M(m,x) : m 2 M 7! m0 2 R3

<latexit sha1_base64="uBKB6cFOziobnMzsp+am+33+SRg="></latexit>

Deformation model (SMPL) only defined
for surface points on the manifold

M

<latexit sha1_base64="Qslk45o8MXors0UmQlwtuuoiWPo=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFN26ECvYB06Fk0kwbmkmGJCOUoZ/hxoUibv0ad/6NmXYW2nogcDjnXnLuCRPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Db3u09UaSbFo5kmNIjxSLCIEWys5PdjbMYE8+x+NqjW3Lo7B1olXkFqUKA1qH71h5KkMRWGcKy177mJCTKsDCOczir9VNMEkwkeUd9SgWOqg2weeYbOrDJEkVT2CYPm6u+NDMdaT+PQTuYR9bKXi/95fmqi6yBjIkkNFWTxUZRyZCTK70dDpigxfGoJJorZrIiMscLE2JYqtgRv+eRV0rmoe4365UOj1rwp6ijDCZzCOXhwBU24gxa0gYCEZ3iFN8c4L86787EYLTnFzjH8gfP5A4UikWs=</latexit>

M(f�(s))??

<latexit sha1_base64="wR72vL2Gt9ZxzW7COiTx7vWTNWc=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR2k1JpKK7Ft24ESrYBzQhTKaTduhkEmYmQgl146+4caGIW//CnX/jpM1CWw9cOJxzL/fe48eMSmVZ30ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1x9eZ330gQtKI36tJTNwQDTkNKEZKS555dFsJPCce0YoTIjXyg1ROq1XYaHhm2apZM8BlYuekDHK0PPPLGUQ4CQlXmCEp+7YVKzdFQlHMyLTkJJLECI/RkPQ15Sgk0k1nH0zhqVYGMIiELq7gTP09kaJQykno687sTLnoZeJ/Xj9RwaWbUh4ninA8XxQkDKoIZnHAARUEKzbRBGFB9a0Qj5BAWOnQSjoEe/HlZdI5q9n12vldvdy8yuMogmNwAirABhegCW5AC7QBBo/gGbyCN+PJeDHejY95a8HIZw7BHxifP71Vlcs=</latexit>

Not defined for off-manifold

LoopReg. Bhatnagar et. al, NeurIPS'20



NN predicted correspondences don't lie on the 
model surface.
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f� : s 7! m

<latexit sha1_base64="DB0FDPm5+iLJUkwdzHpDc3foTAA=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWakorgqunFZwT6gMwyZNNOGZjIhyQhl6A+48VfcuFDErXt3/o2ZdgRtPRA4nHMvueeEglGlHefLKi0tr6yuldcrG5tb2zv27l5bJanEpIUTlshuiBRhlJOWppqRrpAExSEjnXB0nfudeyIVTfidHgvix2jAaUQx0kYK7KMo8MSQXnox0sMwytTEMKF0An+UeFIJ7KpTc6aAi8QtSBUUaAb2p9dPcBoTrjFDSvVcR2g/Q1JTzMik4qWKCIRHaEB6hnIUE+Vn0zQTeGyUPowSaR7XcKr+3shQrNQ4Ds1kfqKa93LxP6+X6ujCzygXqSYczz6KUgZN2Lwa2KeSYM3GhiAsqbkV4iGSCGtTYF6COx95kbRPa269dnZbrzauijrK4AAcghPggnPQADegCVoAgwfwBF7Aq/VoPVtv1vtstGQVO/vgD6yPbyPunD0=</latexit>

M(m,x)

<latexit sha1_base64="jp4awEAXWZ2smxPHmXTyRANg54g=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKUGanosujGjVDBXqAtJZNm2tAkMyQZsQyDG1/FjQtF3PoU7nwbM+0I2vpD4OM/55Bzfi9kVGnH+bJyC4tLyyv51cLa+sbmlr2901BBJDGp44AFsuUhRRgVpK6pZqQVSoK4x0jTG12m9eYdkYoG4laPQ9LlaCCoTzHSxurZe9elDkd66PkxT45/8D45gj276JSdieA8uBkUQaZaz/7s9AMccSI0ZkiptuuEuhsjqSlmJCl0IkVChEdoQNoGBeJEdePJCQk8NE4f+oE0T2g4cX9PxIgrNeae6Ux3VLO11Pyv1o60f96NqQgjTQSefuRHDOoApnnAPpUEazY2gLCkZleIh0girE1qBROCO3vyPDROym6lfHpTKVYvsjjyYB8cgBJwwRmogitQA3WAwQN4Ai/g1Xq0nq03633amrOymV3wR9bHN8LVlwg=</latexit>

s

<latexit sha1_base64="+iBpzHbXDsEF/NiDrey2xFzLYik=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqperXp5X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A+DiRHw==</latexit>

m

<latexit sha1_base64="h6141/K3yOwTrH9w/EPg1jqfC/g=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0Lupeo35536g1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7xqRGQ==</latexit>

Lself(�,X ) =
NX

j=1

X

si2Sj

dist(si,M(f�(s),xj))

<latexit sha1_base64="AevbXSbu6P48OE1jiRNE5rgVKDE="></latexit>

Not defined!!

LoopReg. Bhatnagar et. al, NeurIPS'20



How to ensure that NN predicted 
correspondences lie on the model surface?
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f�(s) /2 M

<latexit sha1_base64="lintoW/kPN5vyBbp9nQAeqD+X34=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiRS0WXRjRuhgn1AE8JkOmmHTiZhZiKUkC9w46+4caGIW9fu/BsnaRbaeuDC4Zx7ufceP2ZUKsv6NlZW19Y3Nitb1e2d3b198+CwJ6NEYNLFEYvEwEeSMMpJV1HFyCAWBIU+I31/ep37/QciJI34vZrFxA3RmNOAYqS05Jn1wHPiCW04IVITP0hldgodHinKYSFhxNLbzDNrVtMqAJeJXZIaKNHxzC9nFOEkJFxhhqQc2las3BQJRTEjWdVJJIkRnqIxGWrKUUikmxbvZLCulREMIqGLK1iovydSFEo5C33dmZ8oF71c/M8bJiq4dFPK40QRjueLgoRBFcE8GziigmDFZpogLKi+FeIJEggrnWBVh2AvvrxMemdNu9U8v2vV2ldlHBVwDE5AA9jgArTBDeiALsDgETyDV/BmPBkvxrvxMW9dMcqZI/AHxucPWSqcUA==</latexit>

M(m,x) : m 2 M 7! m0 2 R3

<latexit sha1_base64="uBKB6cFOziobnMzsp+am+33+SRg="></latexit>

1) Diffuse the SMPL model beyond the surface

2) Add a Lagrangian constraint to force predictions to lie on 
the manifold

DISTANCE TRANSFORM 
BASED DIFFUSION

Lsurface = distM(f�(s))

<latexit sha1_base64="hlOp49o7Bh/EiPkjTj7kjAobIUM="></latexit>

g(p,x) : p 2 H ⇢ R3
7! p0

<latexit sha1_base64="xZ075qgBWR5WLECVQ5n6uJnpUzs="></latexit>

LoopReg. Bhatnagar et. al, NeurIPS'20



Use diffused SMPL to get valid function in ℝ3
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s

<latexit sha1_base64="+iBpzHbXDsEF/NiDrey2xFzLYik=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqperXp5X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A+DiRHw==</latexit>

Lself(�,X ) =
NX

j=1

X

si2Sj

dist(si, g(f�(s)),xj)

<latexit sha1_base64="zJXlg2RT4+qSFSNYWecyHxvOBq0="></latexit>

f : s 7! p

<latexit sha1_base64="JKF0cu5+YJlq+sdI2QAZ11CWl5k=">AAACCXicbVDLSsNAFL2pr1pfUZduBovgqiSiKK6KblxWsA9oQ5lMJ+3QySTMTIQSsnXjr7hxoYhb/8Cdf+OkDaKtBwYO59zL3HP8mDOlHefLKi0tr6yuldcrG5tb2zv27l5LRYkktEkiHsmOjxXlTNCmZprTTiwpDn1O2/74Ovfb91QqFok7PYmpF+KhYAEjWBupb6PgEvVCrEd+kKosp7HS0Y8UZ3276tScKdAicQtShQKNvv3ZG0QkCanQhGOluq4Tay/FUjPCaVbpJYrGmIzxkHYNFTikykunSTJ0ZJQBCiJpntBoqv7eSHGo1CT0zWR+oZr3cvE/r5vo4MJLmYgTTQWZfRQkHJmseS1owCQlmk8MwUQycysiIywx0aa8iinBnY+8SFonNfe0dnZ7Wq1fFXWU4QAO4RhcOIc63EADmkDgAZ7gBV6tR+vZerPeZ6Mlq9jZhz+wPr4BoPiaUg==</latexit>

p

<latexit sha1_base64="SoUr8xeoM/fyGdHf9Be9J5qeigs=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhlkz75Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n88RTcmaVAQljZZ80ZK7+3shopPUkCuzkLKFe9mbif143NeG1n3GZpAYlW3wUpoKYmMzOJwOukBkxsYQyxW1WwkZUUWZsSSVbgrd88ippXVS9WvXyvlap3+R1FOEETuEcPLiCOtxBA5rAQMIzvMKbo50X5935WIwWnHznGP7A+fwB86mRHA==</latexit>

g(f�(s))

<latexit sha1_base64="YCISl2wAhoFNYdwBUidUifEcAF8=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAI7aYkUtFl0Y3LCvYBTQiT6aQdOnkwMxFKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOX7CmVSW9W2U1tY3NrfK25Wd3b39A/PwqCvjVBDaITGPRd/HknIW0Y5iitN+IigOfU57/uQ293uPVEgWRw9qmlA3xKOIBYxgpSXPPBnVAs9JxqzmhFiN/SCTs3rdM6tWw5oDrRK7IFUo0PbML2cYkzSkkSIcSzmwrUS5GRaKEU5nFSeVNMFkgkd0oGmEQyrdbB5/hs61MkRBLPSLFJqrvzcyHEo5DX09mWeUy14u/ucNUhVcuxmLklTRiCwOBSlHKkZ5F2jIBCWKTzXBRDCdFZExFpgo3VhFl2Avf3mVdC8adrNxed+stm6KOspwCmdQAxuuoAV30IYOEMjgGV7hzXgyXox342MxWjKKnWP4A+PzB3CalSk=</latexit>
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We can jointly optimize over model and 
correspondences without supervision.
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f� : s 7! m

<latexit sha1_base64="DB0FDPm5+iLJUkwdzHpDc3foTAA=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWakorgqunFZwT6gMwyZNNOGZjIhyQhl6A+48VfcuFDErXt3/o2ZdgRtPRA4nHMvueeEglGlHefLKi0tr6yuldcrG5tb2zv27l5bJanEpIUTlshuiBRhlJOWppqRrpAExSEjnXB0nfudeyIVTfidHgvix2jAaUQx0kYK7KMo8MSQXnox0sMwytTEMKF0An+UeFIJ7KpTc6aAi8QtSBUUaAb2p9dPcBoTrjFDSvVcR2g/Q1JTzMik4qWKCIRHaEB6hnIUE+Vn0zQTeGyUPowSaR7XcKr+3shQrNQ4Ds1kfqKa93LxP6+X6ujCzygXqSYczz6KUgZN2Lwa2KeSYM3GhiAsqbkV4iGSCGtTYF6COx95kbRPa269dnZbrzauijrK4AAcghPggnPQADegCVoAgwfwBF7Aq/VoPVtv1vtstGQVO/vgD6yPbyPunD0=</latexit>

M(m,x)

<latexit sha1_base64="jp4awEAXWZ2smxPHmXTyRANg54g=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKUGanosujGjVDBXqAtJZNm2tAkMyQZsQyDG1/FjQtF3PoU7nwbM+0I2vpD4OM/55Bzfi9kVGnH+bJyC4tLyyv51cLa+sbmlr2901BBJDGp44AFsuUhRRgVpK6pZqQVSoK4x0jTG12m9eYdkYoG4laPQ9LlaCCoTzHSxurZe9elDkd66PkxT45/8D45gj276JSdieA8uBkUQaZaz/7s9AMccSI0ZkiptuuEuhsjqSlmJCl0IkVChEdoQNoGBeJEdePJCQk8NE4f+oE0T2g4cX9PxIgrNeae6Ux3VLO11Pyv1o60f96NqQgjTQSefuRHDOoApnnAPpUEazY2gLCkZleIh0girE1qBROCO3vyPDROym6lfHpTKVYvsjjyYB8cgBJwwRmogitQA3WAwQN4Ai/g1Xq0nq03633amrOymV3wR9bHN8LVlwg=</latexit>

s

<latexit sha1_base64="+iBpzHbXDsEF/NiDrey2xFzLYik=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqperXp5X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A+DiRHw==</latexit>

m

<latexit sha1_base64="h6141/K3yOwTrH9w/EPg1jqfC/g=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0Lupeo35536g1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7xqRGQ==</latexit>

Lself(�,X ) =
NX

j=1

X

si2Sj

dist(si, g(f�(s)),xj) + � · distM(f�(s))

<latexit sha1_base64="hp32qg+qSHOfh1IXFxSiS1eLf2Y="></latexit>
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Performance improves with more unlabelled 
data
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Comparison to competing approaches

57Results on FAUST correspondence prediction challenge.

A) Input, B) Alldieck et al. CVPR'19 C) Ours D) Ground Truth



Summary

• ICP is simple conceptually, but finding closest points is prone to local 
minima

• IPNet combines learned implicit surface reconstruction and model 
fitting

• Predict double layer surface (inner and outer) with part correspondences
• Fit SMPL to inner layer and expand to outer layer

• LoopReg makes registration differentiable wrt. correspondence 
prediction. 
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