Master programmes in Artificial
Intelligence 4 Careers in Europe

EU

Al

University of Cyprus

- Machine Learning for
Graphics and Computer Vision

Marios Loizou, PhD
Spring Semester 2025

Co-financed by the European Union This Master is run under the context of Action

e No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

These notes are mainly based on the following works:

Fei-Fei Li, Jiajun Wu, Ruohan Gao, CS231n - Deep Learning for Computer Vision, Stanford
University

Hao Su, Jiayuan Gu, Minghua Liu, Tutorial on 3D Deep Learning, University of California San Diego
Evangelos Kalogerakis, Deep learning architectures for 3D shape analysis and synthesis,

University of Massachusetts Amherst

Co-financed by the European Union ) This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe
3D Vision

Notes have been prepared by Dr. Marios Loizou
Research Associate at Visual Computing Group at
CYENS Centre of Excellence

ggrl:rj"ﬁ:]unﬂg b’A CYE NS

= & o CENTRE OF EXCELLENCE
Group X/

Co-financed by the European Union 3 This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial

AI EU Intelligence 4 Careers in Europe
Today’s Agenda

e Who are we?
e Whatis 3D Vision
 (Geometry

« 3D shape representations

» 3D shape datasets

» 3D Deep Learning architectures
 What we do

Co-financed by the European Union This Master is run under the context of Action
S S No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




University
of Cyprus

Master programmes in Artificial

AI EU Intelligence 4 Careers in Europe
Today’s Agenda

e Who are we?
« Whatis 3D Vision
 (Geometry

3D shape representations

3D shape datasets

3D Deep Learning architectures
 What we do

Co-financed by the European Union This Master is run under the context of Action
S S No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe
Who are we?

Visual Computing Group at CYENS Centre of Excellence

Melinos Averkiou Yiangos Georgiou Marios Loizou Yeshwanth Kumar
MRG Leader Research Associate Research Associate Adimoolam

Research Associate
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What is 3D Vision: Overview

* Teaching the computer (learning) to understand the 3D world around it

* |In 3D Vision the input data lie in the 3D space, rather the 2D domain as In
the case of images (2D Vision)

 Deep Learning algorithms and architectures are specifically designed to
process this type of data
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What is 3D Vision: Overview

Traditional 3D Vision

* Multi-view Geometry: Structure from Motion (StM)

Hao Su et al.
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What is 3D Vision: Overview

Now

* Acquire knowledge of the 3D world by
Learning

Hao Su et al.

Co-financed by the European Union 10 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

What is 3D Vision: Tasks (a very small subset)
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What is 3D Vision: Tasks (a very small subset)

Indoor Scene
Segmentation
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What is 3D Vision: Tasks (a very small subset)

Surface reconstruction
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What is 3D Vision: Applications

Co-financed by the European Union
Connecting Europe Facility

Autonomous

Robotics

o

driving

14

Augmented
Reality

Medical Image
Processing

This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

Hao Su et al.
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Geometry: Definition

Geometry is the study
of two-column proofs

0.5. Let AABC be inscribed in a semicircle with diameter

A

Then angle.

Ceci n’est pas

Pisiar géeomeétrie!
Statement “

. Draw radius OB. Then OB = OC = XSS

2. mZOBC =mZBCA

mZOBA = mZBAC
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3. mZABC = mZOBA + m& 3. Angle’ late

4. mLABC + m£LBCA A7 C - 180 4. The sum of & O s of atrlangle 1s 180

5. mZABC + 1 a7/ 0BA =180 5. Substitution (lme_

6. 2msAd g0 6. Substitution (line 3) .

T z/".v’ Z 90 7. Division Property of Equality <& ian Crane
8. ZABC is a right angle 8. Definition of Right Angle I
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Geometry: Definition

1. The study of shapes, sizes, patterns and Earth measure
positions l i
gedmetry

2. The study of spaces where some quantity -
can be measured

Y

Plato «... the earth is in appearance like one of those balls which have leather coverings in twelve pieces...» Keenan Crane
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Geometry: How to encode geometry?

IMPLICIT LINGUISTIC EXPLICIT
xt+y*=1 "unit circle"” (cos0, sinh)

Given all these options,
what's the best way to

encode geometry on a
computer?
Keenan Crane
Co-financed by the European Union This Master is run under the context of Action
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Geometry: Examples
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Geometry: Examples
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Keenan Crane
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Geometry: Examples

Keenan Crane
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Geometry: Examples

Keenan Crane
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Geometry: Examples

Keenan Crane
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Geometry: Examples

Keenan Crane
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3D shape representations: Many ways to represent geometry

Explicit
* point cloud
* polygon mesh

Implicit
e |evel sets
e distance functions

 \oxels Jiajun Wu

Co-financed by the European Union 27 This Master is run under the context of Action
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3D shape representations: Point clouds

» Simplest representation: only
points, no connectivity

Jiajun Wu

Co-financed by the European Union )8 This Master is run under the context of Action
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3D shape representations: Point clouds

» Simplest representation: only
points, no connectivity
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» Collection of (x,y,z)
coordinates, possibly with
i P1 xl,yl,zl,nxl,ny ,Tl21
normal (perpendicular to the 1

| P2 |X2:Y2,2Z2,Nxy Ny, Ny,
underlying surface i 2
Ying ) Listof N _ Pz |X3, Y323, Ny, My, Mgy

unordered
oints
p Pn XN,yN,ZN,an,leN,TlZN
Jiajun Wu
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3D shape representations: Point clouds

» Simplest representation: only
points, no connectivity

» Collection of (x,y,z)
coordinates, possibly with
normal (perpendicular to the
underlying surface)

* Points with orientation (normal)
are called surfels

Jiajun Wu
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3D shape representations: Point clouds acquisition

Laser triangulation
rangefinder

Co-financed by the European Union
Connecting Europe Facility

31

'
it
e 2 1%
it L
i_ f iy ; FI I, 1' 2 _’
| t.- i :
1Y

KINECT
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3D Depth sensor

3D Laser scanner

Jiajun Wu
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3D shape representations: Point clouds pros & cons

* Pros:
v’ Easily represents any kind
of geometry
v Useful for large datasets

e Cons
X Incomplete/noisy point
clouds 7
X No topological information
No topology
Jiajun Wu
Co-financed by the European Union 32 IS Master s run under the context of Action
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3D shape representations: Polygonal Meshes
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* A 3D polygonal mesh is the structural build of a 3D model consisting of
polygons
 Boundary representation of objects

Co-financed by the European Union 33 This Master is run under the context of Action
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3D shape representations: Polygonal Meshes

* Polygon:
* Vertices: vy, vy, ", V1

° Edges {(UQ, Ul);"‘;(vn—z: Un—l)} ‘JU[} e I[{ﬂ

* Types of polygons:
 Closed: vy =v,,_4
 Planar: all vertices on a plane
» Simple: not self-intersecting

Jiajun Wu

Co-financed by the European Union 34 This Master is run under the context of Action
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3D shape representations: Polygonal Meshes

* Polygonal Mesh:
* A finite set M of closed, simple

polygons Q;

M =< V,E F >
V = set of vertices
E = set of edges
F = set of faces

Co-financed by the European Union 35
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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3D shape representations: Polygonal Meshes

* Polygonal Mesh:
* A finite set M of closed, simple
polygons Q;
 Every edge belongs to at least
one polygon

Co-financed by the European Union 36
Connecting Europe Facility

This Master is run under the context of Action
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3D shape representations: Polygonal Meshes

* Polygonal Mesh:
* A finite set M of closed, simple
polygons Q;
 Every edge belongs to at least
one polygon
 Each Q; defines a face of the
polygonal mesh

Co-financed by the European Union 37
Connecting Europe Facility
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3D shape representations: Polygonal Meshes

» Polygonal Mesh:

* A finite set M of closed, simple
polygons Q;

 Every edge belongs to at least
one polygon

 Each Q; defines a face of the
polygonal mesh

 Vertex degree or valance =
number of incident edges

Jiajun Wu
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3D shape representations: Polygonal Meshes

» Polygonal Mesh Triangulation:
 Polygonal mesh where every
face Is a triangle — triangular

mesh
. Simplifies data structures | >
« Simplifies rendering
» Simplifies algorithms
 Each face is planar and convex
* Any polygon can be triangulated

Jiajun Wu

Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action
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3D shape representations: Polygonal Meshes

* A polygonal mesh consists of three kinds of mesh elements: vertices, edges and faces

« Mesh connectivity or topology: describes the incidence relation amongst mesh
elements

 Mesh geometry: specifies the position and other geometric characteristics of each vertex

Co-financed by the European Union 40 This Master is run under the context of Action
- N No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
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3D shape representations: Polygonal Meshes

» Data Structures:
* \What should be stored?
 Geometry: 3D coordinates
« Connectivity: Adjacency
relationships
* Attributes:
 Normal, color, texture
coordinates
» Per vertex, face, edge

Jiajun Wu

Co-financed by the European Union a1 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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3D shape representations: Polygonal Meshes

 Indexed Face Set
« Used in formats like OBJ and
OFF
« Storage
* \ertex: position
 Face: vertex indices
* No explicit neighborhood info

Co-financed by the European Union 42
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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3D shape representations: Implicit Functions

* |Implicit function
» (Classifies arbitrary 3D points as

iInside / outside the shape

Implicit function Explicit Shape

Justin Solomon

Co-financed by the European Union 43 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
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3D shape representations: Implicit Functions

* |Implicit function
» (Classifies arbitrary 3D points as

iInside / outside the shape
* Occupancy function:
o:R> - {0,1}
* The surface of the 3D object is
the level set:

1

{x:0(x) ==} — _ —
2 Implicit function Explicit Shape

Justin Solomon

Co-financed by the European Union a4 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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3D shape representations: Implicit Functions

* |Implicit function
» (Classifies arbitrary 3D points as
iInside / outside the shape

« Signed Distance Function:
Euclidean distance to the
surface of shape; sign gives
inside / outside

* The surface of the 3D object is

+ + + +

the level set: Implicit function Explicit Shape
{x:SDF(x) = 0}

Justin Solomon

Co-financed by the European Union 45 This Master is run under the context of Action
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3D shape representations: Volumetric Grid

* Volumetric Grid
 RepresentashapewithaVlVxV xV
grid of occupancies or SDFs
» Conceptually simple — just a 3D

regular Euclidean grid "
* Like an image
e Pixels —> Voxels o Gric
» Straightforward to apply 3D Polygon Mesh C;‘E)F’%%CVBO i
convolutions RIOUX
Hao Su et al.
Co—ﬁnance_d by _the Eurq_p_g_q_lj Unlon 46 This Master is run under the context of Action
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3D shape datasets: Datasets for 3D Objects

* Princeton Shape Benchmark
« # Models: 1,814
» # Categories: 182

Shilane et al., 2004

Co-financed by the European Union 48 This Master is run under the context of Action
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3D shape datasets: Datasets for 3D Objects

 ModelNet40 and ModelNet40  ModelNet10 (subset of ModelNet10)
 # Models: 12,311  # Models: 4,899
« # Categories: 40 » # Categories: 10
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3D shape datasets: Datasets for 3D Objects

 ShapeNet  ShapeNetCore (subset of ShapeNet)
* # Models: 3M (not publicly * # Models: 51,300
available) » # Categories: 55

d:eAF@afd H:SAR TNV CHE TR NG L LISl PR Y

he*RIE@H A exsBhuscease JaolUvwvgay

BAf=-B gegunp~s

Change et al., 2015

Co-financed by the European Union 50 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for 3D Objects Parts

 ShapeNet-Part (subset of ShapeNet)
 # Models: 16,881
» # Categories: 16
* # Semantic parts: 50

pistols cars
o T - P e I .
= &~ =g - el Py Gy e §hy Gy
||:||. i ':_ TF__'_'__;-" === : | 1'__“— £l il _"“-'.. ' p— 1 B 5 2= " -
B & —F e/ Wity gy ove ‘“gmier
handle = body handle ' barrel [T trigger wheel " roof hood
lamps airplanes motorbikes
L ( ) i | I - m t:-L::?;.-'_‘."'L‘"--'-é. N S _--q:_.___‘_ __‘.._._r, Mo o m “ m il ﬂ_ gg@ a#o ol H‘\. gy
R R e e
.qlf B = 4 4 :L-i;'-J - : / ._ |
I', I ! MI W B — \-____:_ - *—-—r:r b M
¥ chade B base Btube body = wing [lengine [itail gastank [wheel Wiseat light handle Yi et al.. 2016
Co-financed by the European Union 51 This Master is run under the context of Action

I Ml LB B —S A No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
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MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for 3D Objects Parts

* PartNet (subset of ShapeNet)
* # Models: 26,671 = S

» # Categories: 24
 # Part instances: 573,585

Fine-grained

* # Semantic parts: 480 - Somani e
! ! . degmentation
* Fine-grained ;
- Cﬂarsn? »  Fine-grained

 Hierarchical

Hierarchical Semantic

PartNet Dataset | Segmentation
Mo et al., 2019
Co-financed by the European Union 59 This Master is run under the context of Action
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MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for 3D Objects

* Pix3D
* # Images: 10,069
* # Models: 395 (2D-3D aligned)

Sun et al., 2018

Co-financed by the European Union 53 This Master is run under the context of Action

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for 3D Objects

* Objaverse 1.0
* # Models: 800,000+
» # Categories: 21,000
» Captions

» Tags ﬁ %}

 Animations
Bloody Baseball Bat [-] Vintage Microphone Dart Set Robot Cat - High poly [-] Southern White Rhino Winter Girl Astronaut

il R

Bike Ardis Verona 28" New York Hot-Dog Cart Ficus Bonsai Christmas Ball Log Cabin Bathroom Interior Monastery of Batalha

-
Y
b}

1928er Cadillac Graffiti Railway Tank Astronomic Map Ox head sculpture, Paris The Matrix Red [-] Chair Hydria apothecary vase Steampunk Hat

(=

Retro computer

Deitke et al., 2022

Co-financed by the European Union 54 This Master is run under the context of Action
- N No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for 3D Objects

* Objaverse-XL
 # Models: 10M+
« Captions
* Jags
* Animations
* CLIP embeddings

Deitke et al., 2023

Co-financed by the European Union 55 This Master is run under the context of Action
e e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for Indoor 3D Scenes

 Large-scale Scanned Real

Scenes: ScanNet

 # Views: 2.5M

« # RGBD scans: 1,500

3D camera poses

e Surface reconstruction

* |nstance-level semantic
segmentations

Dai et al., 2017

Co-financed by the European Union 56 This Master is run under the context of Action
Connecting Europe Facility

under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for 3D Buildings

* BuildingNet
 # Models: 2,000

* # Semantic Components: 292K

o« # Semantic Parts: 31
« Semantic segmentation
e Surface reconstruction

Co-financed by the European Union
Connecting Europe Facility

] roof
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M vindow plant/trec [l ground

T A

L stairs

|
B icice B door

Selvaraju et al., 2021

This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D shape datasets: Datasets for Urban Areas

« SensatUrban
 # Points: 3B
o I Semantilases: 1

____. == LT e -— S e 8- N ‘I_:_;l.-.l‘__ ﬂ BT -
- = . T 2T
- L g L -
o i
- .
-l
3
-
-

- e

.

oround [vegetation mbunldmes wall | bridee | parking ike street furniture

Figure 3: Examples of our SensatUrban dataset. Different semantic classes are labeled by different colors.

Qingyong et al., 2022

Co-financed by the European Union 58 This Master is run under the context of Action
* * . e e No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

aaa Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




University
of Cyprus

Master programmes in Artificial

AI EU Intelligence 4 Careers in Europe
Today’s Agenda

« Who are we?
e Whatis 3D Vision
 (Geometry

3D shape representations

3D shape datasets

» 3D Deep Learning architectures
 What we do

Co-financed by the European Union This Master is run under the context of Action
S S No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: 2D architectures “success story”

Layers of convolutional filters trained to extract descriptors + learned functions that map
descriptors to high-level concepts

W
o
.d'_.:"

— CAR

F \\ J;‘ — TRUCK
\ -— VAN
N
!
IIII\\
f
/
{
III" — BICYCLE
| ” INPUT CONVOLUTION + RELU POOLING CONVOLUTION + RELU POOLING FLATTEN EGL“;ELLEE SOFTMAX
% AR .
FEATURE LEARNING CLASSIFICATION
Kalogerakis E.
Co-financed by the European Union 60 This Master is run under the context of Action
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MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: 2D architectures “success story”

Can capture various low-level and high-level features through hierarchical representation
learning. Very good performance in 2D vision tasks (class., seg., obj. det....)

Low-Level Mid-Level| |High-Leve Trainable -
Feature Feature Feature Classifier

Kalogerakis E.

Co-financed by the European Union 61 This Master is run under the context of Action
e e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Challenges — How do we apply convnets in 3D shapes

Geometric representations are irregular and unordered: arbitrary point order, different
tpoints, different #neighbor per point etc.

Ll

- L
ﬁ"'ﬁ &
Polygon mesh Point clouds
Kalogerakis E.
Co-financed by the European Union 62 This Master is run under the context of Action

No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Challenges — Artifacts

3D models can have several artifacts

Parts do not touch
....... —

Kalogerakis E.

Co-financed by the European Union 63 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Challenges — Noise

Scanned surfaces have noisy and missing parts

RGB Image &
depth data
o) (k8

Resulting
surface

“A Large Dataset of Kalogerakis E.
Object Scans”™

Choi, Zhou, Miller, Koltun 2016

Co-financed by the European union 64 INIS Master IS run under the context of Action
- e No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Image-based networks can process individual shape renderings

Image-based
network

Image-based
network

Kalogerakis E.

Co-financed by the European Union 65 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Image-based networks can process individual shape renderings

Multi-view ﬁ Chair

network

Kalogerakis E.

Co-financed by the European Union 66 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Convolutional Neural Networks for 3D Shape Recognition

& |~ om

« —»‘ CNN " bathtubj
= : bed 1
chair
| View desk[—
dresser[-
’ —»[ CNN1 pnnling CNN;E ]-
toilet—
h —>[ CNN,
3D shape model )
rendered with 2D rendered our multi-view CNN architecture output ‘flaEE
different virtual cameras images predictions
Hang Su et al.
ICCV 2015
Co-financed by the European Union 67 This Master is run under the context of Action

No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Avrtificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Convolutional Neural Networks for 3D Shape Recognition

Hang Su et al.
ICCV 2015

Co-financed by the European Union 63 This Master is run under the context of Action
o o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAI4CAREU

Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Convolutional Neural Networks for 3D Shape Recognition

Co-financed by the European Union
Connecting Europe Facility

<

q*
.
f

- View 1

- View 2

- View 3

View N

69

This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

Hang Su et al.
ICCV 2015




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Convolutional Neural Networks for 3D Shape Recognition

2 [T % onn
I @ eNN

[ @ CNN

@ |

} ) " ~
N

T »

| g 5 -
m ([T G onN

CNN.: a ConvNet extracting image features

Hang Su et al.
ICCV 2015

Co-financed by the European Union 70 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Convolutional Neural Networks for 3D Shape Recognition

>

5 8 V'
I i

\ =~ @

/
e
| ) =
View pooling: element-wise Hang Su et al.
max-pooling across all views ICCV 2015
Co-financed by the European Union 71 This Master is run under the context of Action

e No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connecting Europe FaClllW under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Convolutional Neural Networks for 3D Shape Recognition

o F = % bathtubfs

|
- bed
£ - - | —*WH iy % chair
)‘ ‘ - View desk
A 4 ] - dresser[J
> ) Y[ BLEB R g B
] T softmax :
r N )
,ﬂ F Lru—; % toilet
CNN,: a second ConvNet
producing shape descriptors Hang Su et al.
ICCV 2015
Co-financed by the European Union 77 This Master is run under the context of Action

e No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connecting Europe FaClllW under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Avrtificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Convolutional Neural Networks for 3D Shape Recognition

ModelNet40: Classification & Retrieval

Method Classification
(Accuracy)
Spherical Harmonics [Kazhdan et al.] 68.2%
LightField [Chen et al.] 75.5%
Volumetric Net [Wu et al.] 77.3%
ImageNet-trained CNN (VGG-M, 1 view) 83.0%
Multi-view convnet (MVCNN) 90.1% Hang Su et al.
- ICCV 2015
Co-financed by the European Union 73 A 008 ot e e O Tt

No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

Connecting Europe Facility



MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Multi-view approach

Multi-view Networks

* Pros:
v' Good performance
v Can leverage vast literature of image classification
v' Can use pretrained features

 Cons
X Need projection
X |ssue with noisy and/or incomplete input, e.g., point cloud

Jiajun Wu

Co-financed by the European Union 24 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Voxelization: Convert shape to 3D regular volumetric grid

3D polygon mesh Voxels

Kalogerakis E.

Co-financed by the European Union 75 This Master is run under the context of Action
- N No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Processing Voxel Inputs —> 3D Convolution

Y \
f x\
/ .
r 4
V4
’
/
4 st S
.
\\
6X6X6 conv 5x5x5 conv 4X4x4 conv N ,
48x13x13x13 160x5x5x5 512x2x2x2 ‘\ /’
Input: cc ° s Class
1 x30x30x 30 Layer Scores “3D ShapeNet”,
Wu et al., CVPR 2015
Co-financed by _the European Unlon 76 This Master is run under the context of Action

e No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connecting Europe FaClllW under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Processing Voxel Inputs —> 3D Convolution
Computationally and memory expensive! Requires low-res input

/ \
f x\
/7 s
F 4
V4
/
/
/ -——she-
.
\\
6X6X6 conv 5x5x5 conv 4X4x4 conv N ,
48x13x13x13 160x5x5x5 512x2x2x2 ‘\ /’
Input: cc ° s Class
1 x30x30x 30 Layer Scores “3D ShapeNet”,
Wu et al., CVPR 2015
Co—ﬁnance_d by the European UnIOI'I 77 This Master is run under the context of Action
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MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Sparsity of 3D data

H#occupied grid
#total grid

Occupancy: 5.09%

Resolution: 32 64 128
Running convolution on so much empty space is wasteful!

Hao Su et al.

Co-financed by the European Union 78 This Master is run under the context of Action
- N No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Memory usage

Voxel memory usage (VxV xV float32 numbers)
10000

1000

100

MB
10

0 256 512 768 1024

0.1

Storing 1024° voxel grid takes 4GB of memory!

Justin Solomon

Co-financed by the European Union 79 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Solution —> Octave Tree Representations
» Store the sparse surface signals
* Constrain the computation near the surface

Hao Su et al.

Co-financed by the European Union 30 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Octree: Recursively Partition the Space

B - ~
Z - f
al
% f'frf"!"” ||II:%‘:HH
= : *’ff'f . | x\x t
0 f_,/ J__.-"'f | | xx_x \
e S ERARN
2 | iﬁﬁl iwn |'f-4'| fﬂj"'n (Y ) ' ]lﬁﬁj
PN LN L
g | s, "r/:ﬁl T:ﬁ‘x Illuq?%%f%x“
ZZARRANN RN
- } o / / | | A \ \ ™, i
v - / P | o T N
% i s 1 Eﬁ ™ \ \R}ﬁ“: .
g} 11 COOO0000D OOOOVTUUU
]
L]
E i convolution pooling .+« «-. convolution pooling
normal field
;:‘ X
2 1 T s o “’ii e o M“..ﬁ
5 f“ o
' ' ' ' octree input (d-depth) - a i1 3 g _I
(a) Layer 1: 323 (b) Layer 2: 16° (c) Layer 3: 83 . |
Hao Su et al.
Riegler et al. OctNet. CVPR 2017 Wang et al. O-CNN. SIGGRAPH 2017
Co-financed by the European Union 31 This Master is run under the context of Action
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MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Volumetric approach

Memory Efficiency

Memory (GB) GPU Memory
6

Voxel CNN

Pk 643 128"3 2956”3

O-CNN Resolution
-\oxel CNN Hao Su et al.

Co-financed by the European Union 37 This Master is run under the context of Action
- N No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial

MAIACAREU Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

Motivation:
* Lots of scanned data are raw 3D point clouds

* Process raw input, i.e., point cloud, without any preprocessing

. ’
""-‘-.l [

S

Wy

Kalogerakis E.

This Master is run under the context of Action

No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

Co-financed by the European Union
Connecting Europe Facility




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

PointNet: (Qi et al., CVPR 2017)
* Processes input point clouds for various tasks

PointNet

mug’

ey ’.;;.; "
.':-;&1- kg
o =

“ﬂ'j? “;f a e'.
o

car’

Classification Part Segmentation ~ Semantic Segmentation
Hao Su

Co-financed by the European Union 34 This Master is run under the context of Action
- o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

Desired Properties of PointNet:
 Permutation invariance

D —> I:’-_"
N \- represents the same set as M\

2D array representation

Kalogerakis E.

Co-financed by the European Union 35 This Master is run under the context of Action
- N No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Avrtificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

PointNet architecture:

VILP layer
(shared parameters)

(123)— |

11—
32— |
234)— |

Input 3D
point coord.

Kalogerakis E.

Co-financed by the European Union 36 This Master is run under the context of Action
o o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

PointNet architecture:

output layer

MILP layer
(shared parameters)

(123)— |

Simply a fully connected NN
with one hidden layer,
3 inputs for 3D points, and T

|
2 3. 2 —-[ ] outputs (T is layer parameter)
234)— |

Input 3D
point coord.

(1,1,1) —

Kalogerakis E.

Co-financed by the European Union 37 This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

PointNet architecture:

VILP layer
(shared parameters)
(1 > 3) Ir max pooling
o \ (or any symmetric function)
(1,1,1) —

e

2,3,2)—
(2,3,4)—

Input 3D
point coord.

Kalogerakis E.

Co-financed by the European Union 33 This Master is run under the context of Action
o o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Artificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

PointNet architecture:

VILP layer
(shared parameters)

-~

(1,2,3) —

vooling Output layer

(1.1,1) —}

L

232)—
(2,3,4)—

Input 3D
point coord.

FC layer

o

Kalogerakis E.

Co-financed by the European Union 39 This Master is run under the context of Action
o o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAIACAREU Master programmes in Avrtificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

PointNet architecture:

Classification Network
o tEilr]EUl | rrip(ﬁ-’-lﬂ#}_ feature rrijilﬁ-‘-uzﬁ,m_zai] ra mip
. ransform — |— —
| E E ; trensform e —c pool 405 (512,256,K)
: o™ |
:'E B —| & shared x [ = r'g shared nx1024 P _’[?
5 ure
B B Eee e i i P TRy
[ R - | - .-~ outputscores -
| | A g " point features i1
/ }V\ / T-Met Bduxd —I-I : =—||-| = % .
ms‘crrrn' transform — A :
| n|x 1088 | & | E |8
matrix J_. i __[ matrix ]_' Eﬂ"’lEIFEd x Eﬂ"]EIrEﬂ e 5 .
L L) | —C o I
5 mip (512,256) mip (128,m) '
Segmentation Network |
Kalogerakis E.
Co-financed by the European Union a0 This Master is run under the context of Action

No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
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MAIACAREU Master programmes in Avrtificial
Intelligence 4 Careers in Europe

3D DL architectures: Point-based approach

Limitations of PointNet

Hierarchical feature learning |, & Global feature learning
Multiple levels of abstraction =" Either one point or all points
%;ﬁ 28 iﬂ-:; (1,2,3) —> MLP
4 W% - - (2,3,4) — MLP =
- - h L - —
E i‘mfmr‘-‘r:“ -4 o - I n .~
3 AR S e | : -
; - (1.3.1) 4»[ MLP J
3D CNN (Wu et al.) PointNet (vanilla) (Qi et al.)
No local context for each point!
Hao Su et al.
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3D DL architectures: Point-based approach

Points in Metric Space

* Learn "kernels” in 3D space and conduct convolution
 Kernels have compact spatial support

* For convolution, we need to find neighboring points

» Possible strategies for range query
» Ball query (results in more stable features)
* k-NN query (faster)

Co-financed by the European Union 97 This Master is run under the context of Action
o o No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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3D DL architectures: Point-based approach

PointNet++: (Qi et al., NIPS 2017)

* Use PointNet in local regions

» Aggregate local features by PointNet again
—> Hierarchical feature learning

pointnet " Kalogerakis E.

Co-financed by the European Union 93 This Master is run under the context of Action
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3D DL architectures: Point-based approach

PointNet++:
« Sampling: Farthest Point Sampling (FPS)
* Grouping: Radius-based ball query

sampling & ©
grouping

Kalogerakis E.
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3D DL architectures: Point-based approach

PointNet++:
» Shared PointNet applied in each local region using local coordinates

sampling& ©  pointnet
grouping

. J -
~ Kalogerakis E.
set abstraction

Co-financed by the European Union 95 This Master is run under the context of Action
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3D DL architectures: Point-based approach

PointNet++:
» Shared PointNet applied in each local region using local coordinates

~
gﬁﬂ;
'E:"“ )
— - —_— —_—
sampling & pointnet sampling & pointnet
crouping grouping
\ b J Kalogerakis E.
N Y J
set abstraction set abstraction
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3D DL architectures: Point-based approach

PointNet++ architecture

slzip link concatenation

unit

interpolate :
i pottitnet

Classification

—_— (1,C4)

—_  —

—

it
sampling &  pointnet  sampling & pointnet % g
grouping grouping L — 2
i
i . I e J =
set abstraction set abstraction —
pomtnet fully connected layers
Qi et al., NIPS 2017
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3D DL architectures: Point-based approach

Point Convolution as Graph Convolution: Dynamic Graph CNN

* Points —> Nodes
* Neighborhood —> Edges
* Graph CNN for point cloud processing

'3
12

W

L
.Jllj'j'

DGCNN, Wang et al.,
TOG, 2019

Co-financed by the European Union 93 This Master is run under the context of Action
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3D DL architectures: Point-based approach

Dynamic Graph CNN
 EdgeConv Layer

pl E Rdin

e, =Piupj, —Pil € RZ4”
Pi.@®

PLL.

° ] Pi\.
ij .pjl pJS

Pj, '
point neighborhood k-nn graph edge features
E, € RFxd" F; € Rk*d°" F; € Rkxd**
€ij, fij, fij,
. E E . dﬂut — — . . — .
= MLP =—» > : i €ER = Y= max MLP(pi,p; —Pi)

e, fon fir output feature

feature transformation max pooling DGCNN, Wang et al.,

TOG, 2019
Co-financed by the European Union

99 This Master is run under the context of Action
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3D DL architectures: Point-based approach

Dynamic Graph CNN:

At each layer, each local graph is rebuilt upon the feature space of the previous EdgeConv
layer

C [T | TR e —— s
2 : - : o ™ feature concat. i
S EdgeConv — & |— EdgeConv — ;?: — EdgeConv — & |— & 5 .:i';
‘E 5 : :_:E" : o = multi-layer perceptron E_I o
e g DGCNN, Wang et al.,
TOG, 2019
Co-financed by the European Union 100 This Master is run under the context of Action
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3D DL architectures: Point-based approach

Standard GCNs are not Geometry Aware:
* Note that points are sampled from surfaces

» |deally, features describe the geometry of the underlying surface
* Should be sample invariant
« But GCNs lack design to address sample invariance

» Solution: Estimate the continuous kernel and point density for continuous
convolution

Hao Su et al.
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3D DL architectures: Point-based approach

Kernel Point Convolution (KPConv)

[nput Output
| Kemel
L. S g | Input Kernel
/ / ““IIh"""---..,____I.__“--I : | .______.._.--.--.-I.- Outl:jl_lt
/’.. / / Bk m e .' -.."I-.I_-..--. "
[ ——— i b ' ' e "N
19— W P e
gl P | \ e BN (Do)
| ;'; :’:' .': ' _,"J Curput features
Ly | EB;.:' ID.L- i | ; ,fﬁ "
Pixel features | | f Kernel responses Quiput features /' Point features - Kernel responses :'
l r'f — ,';' ’: \ - III f: @ Stmemeation
{ r ! .' N :
: ". '.l_ ;'r' |.. : F " ?‘:E:\ _ : ! . ,.r'
' - "‘I} ] — "FE-U_ e — Covrelations
'Y Wk in LI E | | / ———b Foints-Matrices
b4 — = 7. D, 7, correspondences
_ I 7, Dia D Do 2. Douc]
K, D] e T (K, D, ]
Thomas et al.,
ICCV, 2019
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3D DL architectures: Point-based approach

Kernel Point Convolution (KPConv)

Deformable point-based kernel
3D version of 2D deformable convolution

"*
me— -~ Local shifts
Filter Values g&8 _'D b - Rigid KPConv  ——~.
: - = e / \
5 ; o e Input > I — . Output
- — ¥, v ;
e / b o
~ / g
—-.{\.._..EH ! I
S ; v
] 'n
| '
S I
T
[
.' II J
Hao Su et al.
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3D DL architectures: Mesh-based approach

Subdivision-Based Mesh Convolution Networks (SubdivNet)

------------------------------------------

{/

ooling (

oy

------------------------------------------

i
. || o '-—"?'_T"_
: .

convs& [ = global
/v pooling \ i pooling}

Feature Vector

/

Shi-Min Hu et
al., TOG, 2021

Co-financed by the European Union
Connecting Europe Facility
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3D DL architectures: Mesh-based approach

SubdivNet:

A subdivision surface provides a hierarchical multi-resolution
structure, in which each face in a closed triangle mesh is exactly
adjacent to three faces

Shi-Min  Hu et

b) al.. TOG, 2021

lis Master is run under the context of Action
0087, co-financed by the EU CEF Telecom

Co-financed by the European Union _
Connecting Europe Facility ' nder GA nr. INEA/CEF/ICT/A2020/2267423
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3D DL architectures: Mesh-based approach

SubdivNet:
» (Can support mesh convolution

Mesh conv. A *
kernels

k=3, d=1 k=5, d=1 k=3, d=2 k=3, d=3
 HH EE
2D conv. o) "HEE ] N
kernels
 HN BN o
Shi-Min Hu et
k=3, d=1 k=5, d=1 k=3, d=2 k=3, d=3 al. TOG. 2021
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3D DL architectures: Mesh-based approach

SubdivNet:
» (Can support pooling and upsampling

nearest bilinear Shi-Min Hu et
upsampling upsampling al., TOG, 2021

pooling

Co-financed by the European Union 107 This Master is run under the context of Action
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University
of Cyprus

Master programmes in Artificial

AI EU Intelligence 4 Careers in Europe
Today’s Agenda

« Who are we?
« Whatis 3D Vision
 (Geometry

3D shape representations

3D shape datasets

3D Deep Learning architectures
 What we do

Co-financed by the European Union This Master is run under the context of Action
S S No 2020-EU-1A-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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What we do: 3D shape understanding

Cross-shape semantic segmentation
3D Building Semantic Understanding

-

£y
1
o I E i; | Cross-shape

Lo L. | convolution

Geometric/Semantic Decomposition

Boundary Probability Original Semantlc Unary + Br:u.u.ndﬂr‘r' Boundary Probability Geometric Parts
Segmentation (unary) Probability
D
B L o
0 “f
¢ L v )
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What we do: Texture Generation for 3D Data

Single-View Guided
Facade Synthesis

PrOJectlve Urban Texturing

Street Level
Panoramic Images

O Surface Texture
Generation via T2| &
Diffusion Models 1

Co-financed by the European Union 110
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What we do: Urban Semantic Understanding from Remote Sensing Data Sources

Semantic Segmentation of Buildings

Semantic Segmentation Metwork
(Gated Shape CNN +HRMat)

Urban 3D Reconstruction

Polygonal Building Footprint Extraction Network

Vertex
Detection
Network

| Final
:  Building
:Pmlygons
Graph Vertex e ' ;
Attention Matching B;;d;ngg
Network Network E

Co-financed by the European Union This Master is run under the context of Action
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Research in Visual Computing

DVCG

CYENS

CENTRE OF EXCELLENCE

Connecting Europe Facility

Melinos Averkiou

Team Leader
Visual Computing Group

email: m.averkiou@cyens.org.cy

Research Interests:

Geometry processing, acquisition, understanding
and modeling of 3D geometry, deep learning for
3D objects, including part segmentation, material
identification and style detection.

https://www.cyens.org.cy/en-gb/research/pillars-
groups/visual-sciences/deep-
camera/people/alessandro-artusi/

Co-financed by the European Union 112

https://vcg.cyens.org.cy/

m.averkiou@cyens.orq.cy

+357 227 475 75

Dimarchias Square 23 STOA, Nicosia
Nicosia, Nicosia 1016, Cyprus
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Thank you!
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