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Last Time: Shape Differences 
and Variability
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What Exactly is a Shape Difference?
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vs.

vs.

Making 3D shape differences first class citizens
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Variation of Structure, Variation of Geometry

Structure variations

Geometry variations



Intrinsic Changes to a Metric

5Area distortion Conformal distortion

Ignore
extrinsic

Intrinsic distortions: Length …



Input: Functional Map F

Functions on cat are transferred to lion using F

F is a linear operator (matrix)

from cat to lion



Riesz Representation Theorem
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Shape Difference Operators
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linear operator (matrix) linear operator (matrix)

 

 

-0.50

0.00

0.50

1.00

1.50

2.00

 

 

-0.50

0.00

0.50

1.00

V – area-based shape difference R – conformal shape difference 



Intrinsic Shape Space
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Deformation localization
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Shape Analogies
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Extrinsic Shape Differences, Version 1

By adding intrinsic differences of an offset surface, we
capture extrinsic distortions of the original surface!

Full recovery is provably possible

In practice, challenging optimization problem,
especially when the functional basis has been
truncated
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Extrinsic Shape Differences, Version 2

Decode 3D shapes via deep nets 
directly from shape difference 
operators
● Advantages: 

○ Compact encodings (small 
matrices of size)

○ Natural algebraic
manipulation 

○ Invariant to rigid 
transformation

○ Adapted to convolutional
neural networks

● Applications: shape interpolation, 
style transfer, up-sampling

OperatorNet



Structure: Part Hierarchy



Architecture Overview: VAE Training

encoder decoder

shape space

object with structure
Reconstructed

object with structure
reconstruction loss

structure consistency loss
(variational regularization)



With vs. Without Structure
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Generation



Hierarchical Graph Encoder

feature
vector

feature
vector



Hierarchical Graph Decoder

feature
vector

v

feature
vector



The Course
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Data Analysis

• (Geometric and Topological Data) (Analysis)
• (Geometric and Topological) (Data Analysis)
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Course Survey
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If you would like to pursue projects or  
research related to the topics of this 

class, please get in touch:

guibas@cs.stanford.edu

Continuing On …



Today: CNN for Graphs and 
Meshes

24



25

What about Non-Euclidean Domains?

3D shape graph General graphs



• Effective in encoding fine details
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Mesh Representation



• Natural for describing intrinsic similarity
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Mesh Representation
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Applications on Shapes
Shape completion Shape manipulation Segmentation

Texture transfer 2D —> 3D
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Graph Representation
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Application on Graphs

Recommendatio
n systems Fake news detectionLabeling



• Domain structure vs. Data on a domain
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Challenges
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Challenges

• Fixed vs different domain
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Challenges

• Known vs unknown graph
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Global Tasks
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Vertex-wise Tasks



36

Different Formulations of non-Euclidean CNNs
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Key Properties of CNN
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Spectral Methods: Laplacian is Key
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Spectral Methods: Laplacian is Key
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Spectral Methods: Laplacian is Key



43

Spectral Methods: Laplacian is Key
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Going non-Euclidean: Laplacian is Key
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Going non-Euclidean: Laplacian is Key
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Going non-Euclidean: Laplacian is Key
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Fourier Analysis on Euclidean Spaces
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Fourier Analysis on Euclidean Spaces
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Fourier Analysis on Graphs and Manifolds
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Convolution: Euclidean Space
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Convolution: Euclidean Space
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Convolution: Euclidean Space
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Convolution: Euclidean Space
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Convolution: Euclidean Space



55

Spectral Convolution
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Spectral Convolution
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Spectral Convolution



58

Spectral Convolution
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Spectral CNN

Bruna et al., 2014
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Spectral CNN

Great! Are we done?
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Spectral CNN
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Localization and Smoothness
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Localization and Smoothness
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Localization and Smoothness
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Localization and Smoothness
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Spectral gCNN with Polynomial Filters (ChebNet)
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Spectral gCNN with Polynomial Filters (ChebNet)
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Example: Citation Networks
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Basis Dependence
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Filtering in Different Bases
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Filtering in Different Bases
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Filtering in Different Bases
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Filtering in Different Bases
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Spectral Transformer Network

Yi et al., 2017



• Normal estimation
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Spectral Transformer Network

Yi et al., 2017



• Shape segmentation
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Spectral Transformer Network
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Spatial Domain (Charting-based) CNN
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Patch Operators
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Patch Operators
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Patch Operators
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Patch Operators
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Geodesic CNN
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Geodesic CNN
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Geodesic CNN

rotation ambiguity
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Handling Rotation Ambiguity via Pooling
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Application: Shape Matching
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Application: Shape Matching
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Application: Shape Matching
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Application: Shape Matching
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Application: Shape Completion
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Application: Shape Completion
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Application: Shape Completion
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Graph HyperNets

Zhang et al., 2019



• Pooling
• Input features
• gCNN for edges
• Unknown connectivity
• …
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Many More Challenges…
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Graph Pooling
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Mesh Pooling



HKS
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Features

Circular Harmonics
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Dual-Primal gCNN
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Unknown connectivity (Dynamic Graph CNN)
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Unknown Connectivity (Dynamic Graph CNN)

Wang et al., 2018
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Discussion

• Spatial construction is usually more efficient but less principled

• Spectral construction is more principled but usually slow (computing 
Laplacian eigenvectors for large scale data could be painful)

• On going research tries to bridge the gap

• Generalization issue on generic graphs is still a challenge
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