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2. Proposal : Procrustean Normal Distribution (PND) 

4. Results 
 
 
 

5. Conclusion 
 
 Finding rigid motions robustly is very important in solving NRSfM. 
 We proposed PND, which is a general model for deformable objects. 
 EM-PND solves NRSfM by fitting PND to given 2D data. 
 Our proposal outperforms the state-of-the-art schemes, and converges fast. 
 This approach can also be extended to other cases: Outlier, temporal dependence, etc. 

Please send any comments or questions to my email: mlee.paper@gmail.com 

1. Overview 
 
Non-Rigid Structure from motion (NRSfM) is a 
problem to estimate 3D shapes and pose of a 
deforming object from a set of 2D observa-
tions. Our aim is to provide accurate solutions 
for this problem, by incorporating more robust 
constraints on rigid motions. 

Existing methods (based on factorization) fails 
to achieve good performance because the 
rotation estimates are inaccurate. This is origi-
nated from using algebraic error measure in 
finding rotations. Algebraic measure can be 
vulnerable to noise and ill-chosen parameters. 

○: ground truth 
╋: reconstructed by 
    [Dai et al., 2012] 

𝑄𝑁(𝑌) 

Distribution of shape 𝑌 

A normal distribution with the modified GPA constraint 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PND is a shape distribution that is orthogonal to the similarity transform 
of the mean shape. It represents the distribution of shape deformation. 

3. EM-PND 
 
NRSfM now becomes a problem that fits PND 
to given 2D data. 

We solve this problem using EM formulation. 
The cost function is highly complex, but in 
fact, it converges quite fast (within 0.5~2 min). 
 
 
 
 
 
 
 
 
 
 
 
 
 EM-PND chooses GPA-aligned shapes, 
         that minimizes the rank of deformation. 

𝑄𝑁 

fitting 
= 

2D input 

PND Dist. Of 3D shapes 

Solution of 
EM-PND 

Maximizes 
log-likelihood 

Satisfies PND 
constraint 

Minimizes 
rank of deform. 

Optimum of 
modified GPA 

Properties of PND 
 
1. A general model for 

deformable objects. 
2. Does not include any 

rigid motions in the 
model. 

3. No rank restriction 
on deformation. 

4. Rotation of a PND is 
also a PND. 

○: ground truth 
○: missing points 
╋: reconstructed 

Yoga Walking Stretch Pickup Drink Face 

 
 
Generalized Procrustes Analysis (GPA) is the 
most basic form of rigid alignment. Since it is 
based on Gaussian noise assumption, it might 
find rigid motions more robustly. 

Some adjustments on GPA 
 
1. We change the scale constraint of GPA to 

make the solution space linear. 
 
 
 
 
 
 
 

2. We derive the modified GPA constraint from 
the optimality condition. 
 
 
 
 
 
 

 
𝑄𝑁 is a function of the mean shape 𝑌, which 
defines the null space of deformation. It is 
closely related to the similarity transform. 

[Townsend, 2011] 

sol. space (modified) 

sol. space (original) 

Mean shape 

GPA-aligned shape 

Modified 
GPA constraint 

scale translation rotation mean 
normalization 
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