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Today’s Agenda
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Today’s Agenda

* Introduction to Computer Vision
* What is Computer Vision
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Physics
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What is (Computer) Vision ?

Image (or video) Sensing device Interp:eti?g device Interpretations
\

TR

»

garden, spring,
bridge, water,

trees, flower,
/ green, etc.

[Niebles, Fergus]
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What is (Computer) Vision?

e Vision is about discovering from images

e what is present in the scene, and

 whereitis

* In Computer Vision a camera (or several cameras) is linked to a computer
* The computer interprets images of a scene to obtain information

e Useful for tasks such as navigation, manipulation and recognition

Co-financed by the European Union 3 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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What is Computer Vision?

Computer Vision’s goal is to obtain a high-level
understanding of the world using images as input

Co-financed by the European Union 9 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Facmty under GA nr. INEA/CEF/ICT/A2020/2267423
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Understand = Obtain Semantics & Geometry

3D Object layout Building facade segmentation Object semantic segmentation
Input: RGBD Image Input: RGB Image Input: 3D Mesh

Co-financed b\[ the European Union 10 This Master is run under the context of Action
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Understanding the world is hard for machines
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What we see What the machine sees
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Today’s Agenda

* Introduction to Computer Vision

* How hard is Computer Vision
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How hard is Computer Vision ?

* The Summer Vision Project — MIT Al Memo 100, 1966

e ‘Solve vision in a summer project’ - almost an urban legend

* Basic foreground/background segmentation,
* Analyse scenes with simple non-overlapping objects,

e Extend the system to more complex objects.

Co-financed by the European Union 13 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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http://www.lyndonhill.com/opinion-cvlegends.html

Master programmes in Artificial
Intelligence 4 Careers in Europe

Co-financed by the European Union

Connecting Europe Facility

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
PROJECT MAC

Artificial Intelligemce Group July 7, 1966
Vision Memo. No. 100.

THE SUMMER VISION PROJECT

Seymour Papert

The summer vision project is an attempt to use our summer workers

effectively in the construction of a significant part of a visual system.

D —

The particular task was chosen part{? because it can be segmented into

sub-problems which will allow individuals to work independently and yet
participate in the construction of a system complex enough to be a real

landmark in the development of "pattern recognitiom!l.

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

Visual 7
Cgryﬂ%uting th

Group

G



Master programmes in Artificial Visual
Intelligence 4 Careers in Europe @ g?ﬁgutmg

How hard is Computer Vision ?

WHEN A USER TAKES A PHOTO,
THE APP SHOULD CHECK WHETHER
THEY'RE. IN A NATIONAL PARK ...

SURE, ERSY GIS (0OKLP
GIMME A FEW HOURS.

... AND CHECK WHETHER
THE PHOTOD 15 OF A BIRD.

I NEEDA RESEHRCH

% TEAM AND FIVE YEARS.

IN C5, IT CAN BE HARD TO EXPLAIN
THE DIFFERENCE BETWEEN THE EASY
AND THE VIRTUALLY IMPOSSIBLE.

Co-financed by the European Union 15 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Conﬂectlng Europe Fauhty under GA nr. INEA/CEF/ICT/A2020/2267423
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How hard is Computer Vision ?

Co-financed by the European Union
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Today’s Agenda

* Introduction to Computer Vision

* Why is Computer Vision so hard
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Why is Computer Vision so hard?

Because it is an ill-posed problem

X

[Sinha and Adelson 1993]

Co-financed by the European Union 18 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Challenge 1: viewpoint variation

Madonna della Pieta, -
Michelangelo Buonarroti, 1498-99 e, . [Fei Fei, Fergus & Torralba]

Co-financed by the European Unan 19 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Challenge 2: illumination

Co-financed by the European Union
Connectlng Europe Fac1l1ty
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Challenge 3: occlusion

The Blank Signature,
Rene Magritte, 1965

Co-financed by the European Union
Connecting Europe Facility

Master programmes in Artificial
Intelligence 4 Careers in Europe

21

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

[Fei Fei, Fergus &
Torralba]
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Challenge 4: scale

[Fei Fei, Fergus & Torralba]

Co-financed by the European Union 59 This Master is run under the context of Action s
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Challenge 5: deformation

Six Galloping Horses,
Xu Beihong, 1942

[Fei Fei, Fergus & Torralbal]

Co-financed by the European Unan 23 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Challenge 6: background clutter

The Maiden,
Gustav Klimt, 1913

[Fei Fei, Fergus &
Torralba]

Co-financed by the European Union 24 This Master is run under the context of Action
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Challenge 7: object intra-class variation

[Fei Fei, Fergus & Torralbal]

Co-financed by the European Union 25 This Master is run under the context of Action
e R T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom %
under GA nr. INEA/CEF/ICT/A2020/2267423 e
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Challenge 8: local ambiguity

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

[Fei Fei, Fergus & Torralbal]
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Today’s Agenda

* Introduction to Computer Vision

* How to organize Computer Vision

Co-financed by the European Union 27 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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How to organize Computer Vision ?
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[Shapiro]

Co-financed by the European Union )8 This Master is run under the context of Action
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] 4

Master programmes in Artificial Visual _,-», 82, &,

i D i Computing N Ngpa
Intelligence 4 Careers in Europe Group XA

PrON——— __' VPPN 1 (D “ - e No 2020_EU_|A_0087’ co_financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423

— \
Co-financed b\[ the European Union 29 This Master is run under the context of Action ? %
N



Master programmes in Artificial Visual @5y A‘“'f 4"»&
i i Computing )
Intelligence 4 Careers in Europe Group SN x

How to organize Computer Vision ?

e Low Level Vision

* Mid Level Vision

* High Level Vision

[Shapiro]

Co-financed by the European Union 30 This Master is run under the context of Action — e
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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How to organize Computer Vision ?

* Low Level Vision

* Measurements
Enhancements
Region segmentation
Features

[Shapiro]

Co-financed by the European Union 31 This Master is run under the context of Action —
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Low-Level: Exposure
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Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
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under GA nr. INEA/CEF/ICT/A2020/2267423

[Redmon]
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Low-Level: Edges

[Redmon]

Co-financed by the European Union 33 This Master is run under the context of Action s
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Low-Level: Segmentation (color)

[Redmon]

Co-financed b\[ the European Union 34 This Master is run under the context of Action KA
- e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom ¢
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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How to organize Computer Vision ?

e Low Level Vision

* Mid Level Vision

* Reconstruction
* Depth
* Motion Estimation

* High Level Vision

[Shapiro]
Co-financed by the European Union 35 This Master is run under the context of Action §
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Mid-Level: Panorama Stitching

[Redmon]

Co-financed by the European Union 36 This Master is run under the context of Action KA
- e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom ¢
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 ot
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Mid-Level: Panorama Stitching
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[Redmon]

Co-financed by the European Union 37 This Master is run under the context of Action %%
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Mid-Level: Panorama Stitching
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Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action
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under GA nr. INEA/CEF/ICT/A2020/2267423

[Redmon]
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Mid-Level: Multi-View Stereo

Visual
Computing
Group
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Co-financed b\[ the European Unlon 39 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connectlng Europe Fac1l|ty under GA nr. INEA/CEF/ICT/A2020/2267423

[Redmon]
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Mid-Level: Multi-View Stereo

[Redmon]

Co-financed by the European Union 40 This Master is run under the context of Action
T N S No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 AR
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Mid-Level: Multi-View Stereo

! [Building Rome in a Day,
Agarwal et al., ICCV 2009]
The Colosseum, 2,106 images, 819,242 points

Co-financed by the European Union a1 This Master is run under the context of Action %%
T o T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom et
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 AR
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Mid-Level: Optical Flow

Visual
Computing
Group

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

[Redmon]
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Mid-Level: Optical Flow

[Redmon]

Co-financed by the European Union 43 This Master is run under the context of Action
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How to organize Computer Vision ?

* High Level Vision
* Category detection
* Activity recognition
* Deep understanding

[Shapiro]

Co-financed by the European Union a4 This Master is run under the context of Action — e
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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High-Level: Classification
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Computing 51

Group
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O

- Whatis in the image?

L JON =/ dog.jpg v

Corfinanced by the Eurapean:Uflon

Connecting Europe Facility

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

[Redmon]




Master programmes in Artificial
Intelligence 4 Careers in Europe

High-Level: Tagging

Visual
Computing
Group

%

7
Voo,
=
Do,
O

- What are ALL the things in the image?

L JON =/ dog.jpg v

Co-financed by the European Union

Connecting Europe Facility
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High-Level: Detection

Visual

e,
Computing 51

Group

7
Voo,
=
Do,
O

- What are ALL the things in the image?
- Where are they?

[ NON = predictions.jpg -
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High-Level: Semantic Segmentation

Visual

Group

N & b
Computing ’A‘ Af"

S

STATIONARY VEGETATION

STATIONARY
CAR

MOVING CAR

STATIONARY ROAD

Co-financed by the European Union

Connecting Europe Facility

STATIONARY BUILDING

STANOMARY FENCE

STATIONARY PAVEMENT

This Master is run under the context of Action
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High-Level: Instance Segmentation
http://www.youtube.com/watch?v=00T3UIXZztE [Redmon]
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http://www.youtube.com/watch?v=OOT3UIXZztE
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Today’s Agenda

* Introduction to Computer Vision

* Why study Computer Vision

Co-financed by the European Union 50 This Master is run under the context of Action %%
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Why study Computer Vision?

* Match (or beat) human vision
— central to Artificial Intelligence, countless applications
* Understand human vision = neuroscience
* Do research with huge impact
* Get a job in the industry

* Timing is perfect: Al revolution — big data, faster hardware, deep learning

Co-financed by the European Union 51 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Do research with huge impact

Google Scholar = Google Scholar

“ . .
Top publications Top publications

: Categories ~ English -
Categories ~
o Publication h5-index  h5-median
Publication
1. Nature 44 607
1. Nature
. 2. The New England Journal of Medicine 410 704
2. The Mew England Journal of Medicine
) 3. Science 391 564
3. Science
4. IEEE/CVF Conference on Computer Vision and Pattern Recognition 356 583
4. The Lancet
. . 5. The Lancat 345 600
5. IEEE/CVF Conference on Computer Vision and Pattern Recognition
6. Ad d Material 254 406
[ Advanced Materials vanced Materiais =
o 7. Cell 288 459
7. Nature Communications
a. MNature Communications 287 389
8. Cell
9. Chamical Reviews 9. Chemical Reviews 270 434
10 Chemical Society reviews 10 International Conference on Leamning Representations 253 470
1. Journal of the American Chemical Society " JAMA 253 446
12 Angewandte Chemie 12. Neural Information Processing Systems 245 422
13, Proceedings of the National Academy of Sciences 13. Proceedings of the Mational Academy of Sciences 245 337
14, JAMA 14. Journal of the American Chemical Society 245 330
15. Nucleic Acids Research 15. Angewandte Chemie 235 314

2021 2022

Co-financed by the European Union 55 This Master is run under the context of Action
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Get a job in the

glassdoor

E Jobs

([E] Companies

Master programmes in Artificial
Intelligence 4 Careers in Europe

Q computer vision engineer

Salaries

21096 computer vision € $94K‘$334K

Visual
Computing
Group

®

industry

Jobs &oj

©

@ Post Jobs

Q Interviews For Employers

Q Create Job Alert

$14K-$334K More hg

All Job Types ~ Posted Any Time v
= Most Relevant
s DEEPMaAD, INC
Computer Vision Software Engineer
4.5 *

Palo Alto, CA

365K -$139K (Glassdoorest) @

Actively

Phantom Al

W Burlingame, CA

Viewed on January 1%

Entek International LLC
Design Engineer

Lebanon, OR

Neff Press Inc.
CONTROLS AND ROBOTICS ENGINEER

Saint Louis, MO

Advanced Imaging Systems
CT Technical In-House Engineer

1= Portland, TH
Medford Water Commission
Senior Engineer

&b Medrard, OR

- Lrvasin Caatina Mamnans

Co-financed by the European Union
Connecting Europe Facility

Senior Computer Vision Software Engineer

Actively Hiring

Include jobs with no salary data iineer
Cancel Apply
EasyApply  18d LRSI DeepMap, Incis actively hiring for this role. Apply now!
o

Job & Company Insights
Job Type: Full-time

Rating Highlights
Hot EasyApply 7d Compensation & Benefits: 4.2 %

Job Function: Software Engineer Culture & Values: 4.2 &

i'\/
Industry: Information Technology Career Opportunities: 434
Hot EasyApply 12d Size: 51 to 200 Employees Work/Life Balance: 4.1#
i'\"?
Job Salary Company Rating Reviews Why Work With Us Benefits
Easy Apply  &d
- We are looking to grow our team with talented computer vision engineers who are passionate about the self-
driving car industry, maps, machine learning and big data. If you are an independent problem solver, have a
strong drive to excel, and are looking for opportunities to make a big impact, thisis the right place for you.
kew EasyApply 3d

Description:

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

* Introduction to Computer Vision

* Applications

Co-financed by the European Union
Connecting Europe Facility

54

This Master is run under the context of Action
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Segmentation and Matting

Join now

f.f /

. 8 .- ] 703 ':...ETC:'T'l Setup
- - Laf i

Co-financed by the European Union 55 This Master is run under the context of Action
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3D Maps

Co-financed by the European Union
Connecting Europe Facility

56

®

This Master is run under the context of Action
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Computational photography

Co-financed by the European Union
Connecting Europe Facility

PHOTO

PORTRAIT

PANO

Portrait mode

simulating wider aperture

57

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

How scientists captured the first image of a black hole, 2019

[Seitz, Szeliski]

Co-financed by the European Union 58 This Master is run under the context of Action s
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https://www.jpl.nasa.gov/edu/news/2019/4/19/how-scientists-captured-the-first-image-of-a-black-hole/

Master programmes in Artificial
Intelligence 4 Careers in Europe

3D photos

3D Photos on Facebook

Estimate depth from photo to create animation

Co-financed by the European Union 59 This Master is run under the context of Action
et ’. et _...._‘ ‘ et b 4 et No 2020_EU_|A_0087’ co_financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Visual 7 YWY
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Group <L

[Seitz, Szeliski]
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https://ai.facebook.com/blog/-powered-by-ai-turning-any-2d-photo-into-3d-using-convolutional-neural-nets/
http://drive.google.com/file/d/1nX1JvLVzCZ2IWEhUdnLoOSq3ovCFn9Fc/view

Master programmes in Artificial Visual 2 A‘“'f \4’»&
' i Computing |-
Intelligence 4 Careers in Europe Group <N x

G

Age Simulation

11:50 7 W - 11607

e - IS Q Search

oa.o@ oa.e_
103 [ ] @ Q S e 0 @ Q :
= - i i From CNET

Snapchat Time Machine
[Seitz, Szeliski]

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectlng Europe FaCIIltV under GA nr. INEA/CEF/ICT/A2020/2267423
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https://www.cnet.com/how-to/snapchats-time-machine-ar-lens-creepily-shows-what-youll-look-like-old/

[ 4
Master programmes in Avrtificial Visual &7y AW AA
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Face recognition

NATIONAL
GEOGRAPHIC

GREAT SALT LAKE:
THE FLOODING
DESERT ass

U. 5.-MEXHCAN BORDER:
LIFE ON THE LINE 70

JAVA'S WILDLIFE RETURNS a0

Along Afghanistan’s
War-orn Frontier .. rovmpae. .

FAIR SKIES FOR THE CAYMAN |SLANDS 75a

SEE NATIONAL GEDGRAFHIC EXPLORER EVERY SUNDAY OM MICKELDDEON CARLE TV

Who is she: [Seitz, Szeliski]
Co-financed by the European Union 61 This Master is run under the context of Action
o SR No 2020-EU-IA-0087, co-financed by the EU CEF Telecom %
under GA nr. INEA/CEF/ICT/A2020/2267423 e
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Vision-based biometrics

“How the Afghan Girl was Identified by Her Iris Patterns” Read the story

Co-financed by the European Union 62 This Master is run under the context of Action
: o et 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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http://www.cl.cam.ac.uk/~jgd1000/afghan.html

Master programmes in Artificial Visual @5y Ai"r' 4“»&
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Object recognition
Goode Lsis

Search what

you see

~ Explore what's afound you in an entirely
' new way.

[Seitz, Szeliski]

Co-financed b\[ the European Union 63 This Master is run under the context of Action — 1”,_
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Special effects: shape capture

) {
Visual ' N
Computing ke ‘af"‘

Group

The Matrix movies, ESC Entertainment, XYZRGB, NRC

Co-financed by the European Union 64 This Master is run under the context of Action
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Sports - VAR

o LL/R CHECKING GOAL

Co-financed by the European Union
Connecting Europe Facility

65
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- Co-financed by the European Union
Connecting Europe Facility

Microsoft’s XBox Kinect

66
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Virtual Reality - Metaverse

Oculus Quest, Beat Saber
[Seitz, Szeliski]

Co-financed by the European Union 67 This Master is run under the context of Action %%
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Augmented Reality - Metaverse

Microsoft Hololens 2

Co-financed by the European Union 68 This Master is run under the context of Action
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Augmented Reality - Metaverse

HoloLens2 Sensors

——— 4 head-tracking-cameras

8Mpix RGB camera (stereo + periphery)
+ IMU

1Mpix depth €amera
(near and far range)

IR eye/cameras + IR LEDs

_ \
5 microphone array

[Seitz, Szeliski]

Co-financed by the European Union 69 This Master is run under the context of Action s
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Augmented Reality

[Seitz, Szeliski]

Co-financed by the European Union 70 This Master is run under the context of Action
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Phone-based AR

http://www.youtube.com/watch?v=0Pj-jzy6ESE

[Seitz, Szeliski]

Co-financed by the European Union 71 This Master is run under the context of Action y
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Robotics

__ Greenheugh Pediment

Climbed to here after drilling
==

Hutton
-~ drill hole

o

¥ Mastcam

NASA’s Mars Curiosity Rover (self portrait) b oD
https://en.wikipedia.org/wiki/Curiosity (rover) Aot 2 [Seitz, Szeliski]

Co-financed by the European Union 72 This Master is run under the context of Action —
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https://en.wikipedia.org/wiki/Curiosity_(rover)
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Master programmes in Artificial
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Smart cars

= manufacturer products

Our Vision. Your Safety:

rear
looking
camerd

side looking, cameral

consumer products -

forward
lopking

,f' camera

-EyeQ gizigir; on

-Vision Applications
# | Road, Vehicle,

Pedestrian Protection
and more

> read more

- AWS Advance

Warning System

News

Events

= Mobileye at Equip Auto,
Paris, France

= Mobileye at SEMA, Las
Vegas, NV

? read more

Mobileye

e Vision systems currently in high-end BMW, GM, Volvo models

Co-financed by the European Union
Connecting Europe Facility
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http://www.mobileye.com/
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Self-driving cars

Visual 7
Computing Bv’
Group <A

Co-financed by the European Union
Connecting Europe Facility

https://waymo.com/tech/
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https://waymo.com/tech/
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Drones

Co-financed by the European Union
Connecting Europe Facility

https://www.skydio.com/

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

4, 4
Visual ] % &%
Computing A‘ Ngpa
Group XS

Szeliski]


https://www.skydio.com/
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Research: Yolo

||."J'-.i..'|. N A WL L

Co-financed by the European Union
Connecting Europe Facility

HTreT g BIL

http://www.youtube.com/watch?v=MPU2Histiv|
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http://www.youtube.com/watch?v=MPU2HistivI
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Research: StyleGan

http://www.youtube.com/watch?v=BIZg PPuj 0

Co-financed by the European Union 77 This Master is run under the context of Action
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http://www.youtube.com/watch?v=BIZg_PPuj_0
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Today’s Agenda

 \What we do

This Master is run under the context of Action *X ok
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3D Shape Understanding

3D Building Semantic Understanding

o Y l—-— K g/e Sl

B Back surface
- ) W armirest hard surface
' 1 convolution = Acm ertical b
N Seat surface
. _ M‘ rnr shepe Collecton

Neural 3D Reconstruction

™ ey i G S0 R e

Geometric/Semantic Decomposition

Criginal Semantic Unary + Boundary

Boundary Probability Sammientation (Grary) probabilit Boundary Probability Geometric Parts
rabability
5 ,‘?
£
L o, iy
¢ & I —)
. i;.,l"f‘
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Texture Generation for 3D Data

Single-View Guided

Projective Urban Texturing

Textured 3D Geometry

Reference 3D Scene
Facade Images Renderings

-
|

PUT [TETS .
k Textured Atlas
Street Level Panoramic Images
Interactive Texturing
Co-financed by the European Union 30 This Master is run under the context of Action %%
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Urban Semantic Understanding from Remote Sensing Data Sources

Semantic Segmentation of Buildings
[ CEmSmEIRE N

Urban 3D Reconstruction

J

Polygonal Building Footprint Extraction Network

Vertex
Detection
Network

Final
' Building ,
. Polygons |
Graph Vertex - |
Attention Matching Bé*('jd'ensg
Network Network g

Co-financed by the European Union 31 This Master is run under the context of Action
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Thank you.

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

University of Cyprus — MSc Artificial Intelligence

MAI644 —- COMPUTER VISION

Lecture 2: Fundamentals - Color

Melinos Averkiou
CYENS Centre of Excellence

University of Cyprus - Department of Computer Science
| NCYENS

m.averkiou@cyens.org.cy / Do et

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

Connectlng Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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e Course Qverview

* Introduction to Computer Vision

* What is Computer Vision

* How hard is Computer Vision

* Why is Computer Vision so hard

* How to organize Computer Vision
Why study Computer Vision
Applications

Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action
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Today’s Agenda - Overview of Color

* Physics of color

[Slides based on material by Niebles 2017]

Co-financed by the European Union 3 This Master is run under the context of Action %%
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What is color?

* The result of interaction between
physical light in the environment and
our visual system.

* A psychological property of our visual
experiences when we look at objects
and lights, not a physical property of
those objects or lights.

Co-financed by the European Union 4
Connectmg Europe Facmty

4 4
Visual ] \2. &%
@Computmg } ‘ LV
Group W/

VISION SCIENCE

S v F 1]
Photons to Phenomenology

Stephen E. Palmer

[Slide credit: Lana Lazebnik]

This Master is run under the context of Action
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Color and light

White light: composed of almost equal energy in all wavelengths of the

visible spectrum

Try it:
https://micro.magnet.fsu.edu/primer/java/scienceopticsu/newton/

bt
Newton 1665 .

This Master is run under the context of Action

Co-financed by the European Union 5
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Electromagnetic Spectrum
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Human Luminance Sensitivity Function

http://www.yorku.ca/eye/photopik.htm
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No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423


http://www.yorku.ca/eye/photopik.htm

MAI4CAREV

Visible Light

Master programmes in Artificial
Intelligence 4 Careers in Europe @

Why do we see light of these wavelengths?

Co-financed by the European Union
Connecting Europe Facility

10000 C

...because that’s where the
Sun radiates EM energy

5000°C

400 700 1000 2000
—

Visible Wavelength (nm)
Region © Stephen E. Palmer, 2002
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Sun’s temperature makes it emit yellow light more than any other color

TEMPERATURE OF STARS

12,000 C
Rigel

5500°C
Qur Sun

3,000°C
Betelgeuse

TOTAL SOLAR ECLIPSE

ttps://science.nasa.gov/ems/09 visiblelight

Co-financed by the European Union 8 This Master is run under the context of Action
T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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The Physics of Light

Any source of visible light can be
completely described physically
by its spectrum:

the amount of energy emitted
(per time unit) at each
wavelength 400 - 700 nm.

Co-financed by the European Union
Connectmg Europe Facility

®

Relative
spectral
power

Visual D,
Computing }
Group

400 500 600 700
Wavelength (nm.)

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

© Stephen E. Palmer, 2002




MAILCAREU | uieoseries.
The Physics of Light

A. Ruby Laser

Rel. power

Some examples of the o
spectra of light sources Wavelength (nm.)

C. Tungsten Lightbulb

Rel. power

400 500 600 700

Co-financed by the European Union

Visual ﬁ
C ti .
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B. Gallium Phosphide Crystal

Rel. power

400 500 600 700
Wavelength (nm.)

D. Normal Daylight

Rel. power

400 500 600 700

© Stephen E. Palmer, 2002
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The Physics of Light

Some examples of the
reflectance spectra of
surfaces

% Light Reflected

400 700 400 700 400 700 400 700

Wavelength (n m) © Stephen E. Palmer, 2002

Co-financed by the European Union
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Interaction of light and surfaces

Reflected color is the
result of interaction of
light source spectrum
with surface reflectance

INumination

200

150 e

2

Relative energy

N
o =

400 500 600 700
Wavelength (nm)

1.0
0.8
0.6
0.4
0.2

Reflectance

A -

U 1
400 500 600 700

Wavelength (nm)

Color signal

40

30

b2
[

Relative energy

0
400 500 600 700
Wavelength (nm)

From Foundation of Vision by Brian Wandell, Sinauer Associates, 1995

Co-financed by the European Union
Connecting Europe Facility

12

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

Visual

Computing i“

Group

<

) 4,
Sy



0 4
Master programmes in Avrtificial Visual @I TN
MAIA CAREU ‘ Intelligence 4 Careers in Europe @ g?&%umg k% x

Interaction of light and surfaces

What is the observed color of any surface under monochromatic light?

r' | ™ Py

Olafur Eliasson, Room for one color 131de by s Lazebnikl

Co-financed by the European Union 13 This Master is run under the context of Action
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Interaction of light and surfaces

i 15,
G:- 1i

W e

‘lu

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

* Human encoding of color

Co-financed by the European Union
Connecting Europe Facility
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Two types of light-sensitive receptors

Cones

e cone-shaped

* |ess sensitive

e operate in high light
e color vision

Rods

* rod-shaped

* highly sensitive

: * operate at night
Cillary body 2 * gray-scale vision

http://www.blueconemonochromacy.org/how-the-eye-functions/

Co-financed b\[ the European Union 16 This Master is run under the context of Action
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Rod / Cone sensitivity

o /\ Dazzling light; bright sun on snow
1- Outdoors in full sunlight

E f_@ — Outdoors under a tree on a sunny day
o
% o 1072 £ | Comfortable indoor illumination;
hit 2 ) :E night sports events
2 g
=3 118
z g g bnght munnhght
q‘_l e -
LI

~

&

\ 127

102 V' Threshold when dark-adapted
The famous sock-matching problem... g 1968 sinauer Associates, Inc.

Co-financed by the European Union
Connectlng Europe Facmty
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Physiology of Color Vision

Three kinds of cones: Short (S), Medium (M), Long (L)

Cone mosaic

530 560 nm.

v oy

S
L
O
Z
<
)
e
&
m50
<
L
=
l_
<
-
m
e

400 450 500 550 600 650

WAVELENGTH (nm.)
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Color perception

Power

Wavelength

Rods and cones act as filters on the spectrum

* To get the output of a filter, multiply its response curve by the spectrum, integrate over all wavelengths
e Each cone yields one number

 Q: How can we represent an entire spectrum with 3 numbers?

* A: We can’t! Most of the information is lost.
* Asaresult, two different spectra may appear indistinguishable - such spectra are known as metamers (see demo)

[Slide by Steve Seitz]

Co-financed by the European Union 19 This Master is run under the context of Action
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https://csci1230.graphics/demos/metamers/index.html
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We need metamers!

Co-financed by the European Union
Connecting Europe Facility

20

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

Visual
Computing
Group

[Seitz]




MAI4CAREV

Master programmes in Artificial
Intelligence 4 Careers in Europe

We need metamers!

Lettuce SPD
stimulating
S=0.2, M=0.8,
[=0.8

SPD of “real lettuce”

Lettuce SPD
— S cone
L —— |— Mcone
§1 ,)'I',‘— L cone
s 08} ' X
2086 / \ A ]
& f b ) y
£o04l i ""”'p‘ﬂ. Y
& /f |-~ [}
ﬁ 0_2.‘\ 7 ]'\ '\\\\‘.I ] v&\
. ,’;’.I. \\ II““‘ \\
b — R S
400 500 600 700
wavelength (nm)
Green Ink SPD
— E‘cone
. |— M cone
z L /A \|— Lcone
~ J iy
3 08 'F
E |‘I |'I L0y
206 ooy
o :lII-' \ ‘,\,
= | f
S_'M Il .l'llfl\"b .'II \
§ &\, \ i I.'1
0.2 LT
e R

>

400

500 E00 700
wavelength (nm)
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Green ink SPD '
stimulating
S=0.2, M=0.8,
L=0.8

§PD of ink in a “picture of lettuce”

21

Result in the same
color “sensation”.
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Standardizing color experience

* We would like to understand which spectra produce the same color
sensation in people under similar viewing conditions

* Color matching experiments

(A) Primary
lights

Surround field

Primary
lights

Bipartite
white
screen

Subject

Surround Test light

field

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

Co-financed by the European Union 22 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Trichromacy

* In color matching experiments, most people can match any given light
with three primaries

* Primaries must be independent

* For the same light and same primaries, most people select the same
weights
e Exception: color blindness

* Trichromatic color theory

* Three numbers seem to be sufficient for encoding color
 Dates back to 18™ century (Thomas Young)

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

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Color matching experiment 1

Source: W. Freeman

This Master is run under the context of Action *X ok

Co-financed by the European Union 24
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom A
Connectmg Europe FaCJllt\/ under GA nr. INEA/CEF/ICT/A2020/2267423 A



Master programmes in Artificial
Intelligence 4 Careers in Europe

Color matching experiment 1

o

Co-financed by the European Union
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Color matching experiment 1

2 \%@%%}.“

Source: W. Freeman
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Color matching experiment 1

The primary color
amounts needed for a
match

2 \%@%%3.“

Source: W. Freeman

Co-financed by the European Union 27 This Master is run under the context of Action
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Color mixing

red
cyan

~

400 500 600 700 nm 00 500 600 700 nm

green

magenta

400 500 600 700 nm 400 500 600 700 nm

blue
yellow

400 500 600 700 nm 400 500 600 700 nm

400nm  500nm 600 nm - F0Onm

Source: W. Freeman

Co-financed by the European Union 28 This Master is run under the context of Action
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Additive color mixing

=
2
400 500 600 700 nm
=
o
)
400 500 600 700 nm
=
=
S
>

400 500 600 700 nm

Co-financed by the European Union
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Colors combine by
adding color spectra

Light adds to existing black.

Source: W. Freeman

This Master is run under the context of Action
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Examples of additive color systems

Cathode Ray Tube

Picture tube ———=

Electron guns

Electron beams

«— Screen

Phosphor dots —

CRT phosphors

Co-financed by the European Union
Connecting Europe Facility
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Color matching experiment 2

Source: W. Freeman

Co-financed by the European Union 31 This Master is run under the context of Action s
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Color matching experiment 2

2 \%@%%L]

Source: W. Freeman
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Color matching experiment 2

2 \%%%U

Source: W. Freeman

Co-financed by the European Union 33 This Master is run under the context of Action
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Color matching experiment 2

We say a “negative”
amount of p, was
needed to make the
match, because we
added it to the test
color’s side.

P11 Py Ps

Co-financed by the European Union
Connecting Europe Facility

34

The primary color
amounts needed for a
match:

P11 P2 Ps3

Source: W. Freeman

This Master is run under the context of Action
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Subtractive color mixing

Colors combine by
multiplying color spectra.

cyan

400 500 600 700 nm

yellow

400 500 600 700 nm

= .
s Pigments remove color
a0 . . . .
from incident light (white).
400 500 600 700 nm
Source: W. Freeman
il Bl i 35 o 2020 T LS A
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Examples of subtractive color systems

* Printing on paper
* Crayons
* Photographic film

Co-financed by the European Union 36 This Master is run under the context of Action
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Overview of Color

* Color spaces

Co-financed by the European Union
Connecting Europe Facility
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Linear color spaces

* Defined by a choice of three primaries

* The coordinates of a color are given by the weights of the primaries
used to match it

mixing two lights produces mixing three lights produces
colors that lie along a straight colors that lie within the triangle
line in color space they define in color space
Co-financed by the European Union 38 This Master is run under the context of Action

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Linear color spaces

e Pick some primaries
* Can mix those primaries to match any color inside the triangle

e There is a commission that studies color!

e Commission internationale de |"éclairage (CIE) is a 100-year-old organization
that creates international standards related to light and color.

[Shapiro]

Co-financed by the European Union 39 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




MAI4CAREV | i, s () S
CIE 1931 XYZ color space

0.9- * First attempt to produce a color space

. e based on measurements of human color
_ perception

0.7 1

0.61

5001 * Y corresponds to brightness or luminance

y‘”: of a color. Z is like blue light stimulation,

0441 and X is a mix (a linear combination) of

0l 620 cone response curves chosen to be
: nonnegative.

0.2

0.1

. e 2D visualization - draw (x,y), where:

00 01 702703 04 05 06 07 08  x=X/(X+Y+Z), y=Y/(X+Y+2)

http://en.wikipedia.org/wiki/CIE 1931 color space

[Shapiro]
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‘Theoretical’ CIE RGB primaries

0.9
0.8
0.74
0.6

500
0.5-
0.4

620

0.3

0.21

D.D' T T T T T T T T T T T T 1
00 01 02 03 04 05 06 07 08

[Shapiro]
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Practical sSRGB primaries, MSFT 1996

0.9

520

0.81

0.7 1

0.61

500+

0.51

0.41

Co-financed by the European Union
Connecting Europe Facility

42

sRGB (standard Red Green Blue) is an
RGB color space that HP and
Microsoft created cooperatively in
1996 to use on monitors, printers, and
the Internet

It was subsequently standardized by
the IEC (International Electrotechnical
Commission) as [EC 61966-2-1:1999

[Shapiro]
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What does this mean for computers?

* We represent images as grids of pixels
e Each pixel has a color, 3 components: RGB

* Not every color can be represented in RGB!
* Have to go out in the real world sometimes

 RGB is not fully accurate

* \We can represent a color with 3 numbers
e #ffOOff: (1.0, 0.0, 1.0): 255,0,255
* What color is this?

[Shapiro]

Co-financed by the European Union 43 This Master is run under the context of Action
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Image: 2d array of color

* Some range
* [0,255]
* [0.0,1.0]

e We'll talk more about
this later.

Co-financed by the European Union
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RGB is a cube...

[Shapiro]
Co-financed by the European Union 45 This Master is run under the context of Action : &3—};
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Non-linear color spaces:
Hue, Saturation, Value

* Different model based on perception of light
e Hue: what color
 Saturation: how much color
* Value: how bright

* Allows easy image transforms
e Shift the hue
* |ncrease saturation

anjep

[Shapiro]
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Hue, Saturation, Value: cylinder!

anje/)

Co-financed by the European Union 47 This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connectlng Europe FaCJIIty under GA nr. INEA/CEF/ICT/A2020/2267423

Visual
Computing
Group

[Shapiro]



MAI4CAREV

Master programmes in Artificial
Intelligence 4 Careers in Europe

An RGB Image

Co-financed by the European Union
Connecting Europe Facility
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Still 3d tensor, different info

[Shapiro]
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Hue Saturation Value

[Shapiro]
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More saturation = intense colors

H Channel

V Channel

[Shapiro]
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More value = lighter image

H Channel SChanngI

[Shapiro]
- Co-financed by the European Union 52 This Master is run under the context of Action S
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Shift hue = shift colors

H Channel S Channel V Channel

[Shapiro]
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Set hue to your favorite color!

H Channel

Y Ch n |

S Channel

[Shapiro]
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Or pattern...

H Channel i Channel

S Channel

[Shapiro]
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Increase and threshold saturation

H Channel \V Channel

[Shapiro]
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Thank you.

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

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectlng Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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University of Cyprus — MSc Artificial Intelligence

MAI644 —- COMPUTER VISION

Lecture 3: Fundamentals - Cameras

Melinos Averkiou
CYENS Centre of Excellence

University of Cyprus - Department of Computer Science
| NCYENS

m.averkiou@cyens.org.cy / Do et

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

Connectlng Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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* Physics of color
* Human encoding of color
* Color spaces

Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Today’s Agenda - Overview of Cameras

e Pinhole Camera model
e Aperture
e Camera Obscura

e Cameras with lenses

e Thin lens equation
e Depth of field
e Field of view

e Digital cameras
e Bayer filters
e Debayering

Co-financed by the European Union 3 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Fauhty under GA nr. INEA/CEF/ICT/A2020/2267423
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Today’s Agenda - Overview of Cameras

e Pinhole Camera model
e Aperture

Co-financed by the European Union 4 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Let’s design a camera

object filrr

_——

* |[dea 1: put a piece of film in front of an object
* Do we get a reasonable image?

[Slide by Steve Seitz]

Co-financed by the European Unan 5 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Pinhole camera

object barrier filrr

n
>

Add a barrier to block off most of the rays
e This reduces blurring
* The opening known as the aperture
* How does this transform the image?

[Slide by Steve Seitz]

Co-financed by the European Union 6 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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

 Captures pencil of rays — all rays through a single point
* The point is called Center of Projection
* The image is formed on the Image Plane

Co-financed by the European Union 7 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423

[Slide by Steve Seitz]
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Pinhole cameras everywhere

Sun “shadows” during a solar eclipse
by Henrik von Wendt http://www.flickr.com/photos/hvw/2724969199/

[Slide by Steve Seitz]

Co-financed by the European Union 3 This Master is run under the context of Action
T g & 7 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Pinhole cameras everywhere

a5

¥

Sun “shadows” during a solar eclipse
http://www.flickr.com/photos/73860948 @N08/6678331997/

Co-financed by the European Union 9 This Master is run under the context of Action
: o et No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423

[Slide by Steve Seitz]
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Pinhole cameras everywhere

Tree shadow during a solar eclipse

photo credit: Nils van der Burg http://www.physicstogo.org/index.cfm

Co-financed by the European Union 10 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423

[Slide by Steve Seitz]
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Today’s Agenda - Overview of Cameras

* Pinhole Camera model|

e Camera Obscura

Co-financed by the European Union 11 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Pinhole Camera - Camera Obscura

The first camera
* Known to Aristotle | Solis delignivm _ flano Chiristiisag

Die 24 granmary L ouani =

Gemma Frisius, 1558

[Slide by Steve Seitz]

Co-financed by the European Union 12 This Master is run under the context of Action "rx
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How to Turn a Room into a Camera Obscura

https://www.youtube.com/watch?v=hsXo4gD7iWI|&ab channel=GeorgeEastmanMuseum

Co-financed by the European Union 13 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom T
Connectlng Europe FaCJIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423


https://www.youtube.com/watch?v=hsXo4gD7iWI&ab_channel=GeorgeEastmanMuseum
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Home-made pinhole camera

Why so blurry?

-

http://www.debevec.org/Pinhole/

Co-financed by the European Union 14 This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connectlng Europe FaCJIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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[Slide by A. Efros]


http://www.debevec.org/Pinhole/35mm-pinhole-camera.jpg
http://www.debevec.org/Pinhole/
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Pinhole Camera - Camera Obscura

The first camera
* Known to Aristotle
* How does the aperture size
affect the image?

[Slide by Steve Seitz]

Co-financed by the European Union 15 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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

Why not make the aperture

as small as possible?

I mm

{).6mm (1.35 mm

[Slide by Steve Seitz]

Co-financed by the European Union 16 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Shrinking the aperture

Why not make the aperture

as small as possible?
* Less light gets through
e Diffraction effects

I mm

{).6mm (.35 mm
h ]
—
)))))))) HH D)) OPTICA
FOTDERELAr &
L P —
.15 mm (.07 mm
Large Aperture - Low Levels of Diffraction Small Aperture - High Levels of Diffraction

[Slide by Steve Seitz]

Co-financed by the European Union 17 This Master is run under the context of Action
§ -- " No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Today’s Agenda - Overview of Cameras

e Cameras with lenses

Co-financed by the European Union 18 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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

cbject lens filrm

\\ - “circle of

\ COnfUSion”

A lens focuses light onto the film
* Rays passing through the center are not deviated

* There is a specific distance at which objects are “in focus”

* other points project to a “circle of confusion” in the image

[Slide by Steve Seitz]

Co-financed by the European Union 19 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Lenses

aperture

optical axis /

optical center
(Center Of Projection)

A lens focuses rays parallel to its axis onto a single focal point
* Focal pointis on a plane located at a distance f (focal length) beyond the plane of the lens
— fis afunction of the shape and index of refraction of the lens
* Aperture of diameter D restricts the range of rays
— aperture may be on either side of the lens
« Lenses are typically spherical (easier to produce) Slide by Steve Seitz

Co-financed by the European Union 20 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Today’s Agenda - Overview of Cameras

e Cameras with lenses
e Thin lens equation

Co-financed by the European Union 21 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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

See here Converging — Convex lens

Co-financed by the European Union
Connecting Europe Facility
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Diverging — Concave lens

This Master is run under the context of Action

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

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


https://courses.lumenlearning.com/boundless-physics/chapter/lenses/#:~:text=The%20thin%20lens%20equation%20quickly,hi%2Fho).

Master programmes in Artificial
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Thin lenses — ray tracing

* Five rules for image formation with thin lenses

1.

See here

Co-financed by the European Union
Connecting Europe Facility

A ray entering a converging lens parallel to its axis passes
through the focal point F of the lens on the other side.

A ray entering a diverging lens parallel to its axis seems to
come from the focal point F.

A ray passing through the center of either a converging or
a diverging lens does not change direction.

A ray entering a converging lens through its focal point
exits parallel to its axis.

A ray that enters a diverging lens by heading toward the
focal point on the opposite side exits parallel to the axis.
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https://courses.lumenlearning.com/boundless-physics/chapter/lenses/#:~:text=The%20thin%20lens%20equation%20quickly,hi%2Fho).

MAI4CAREU | lnessivis, oy (1) g
Thin lens equation

Cibj e

[mage

Thin lens equation: i 4+ i — 1
do d@' f

- Any object point satisfying this equation is in focus
- Thin lens applet (needs java player):
http://www.phy.ntnu.edu.tw/java/Lens/lens e.html (by Fu-Kwun Hwang)

[Slide by Steve Seitz]

Co-financed by the European Union 24 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423



http://www.phy.ntnu.edu.tw/java/Lens/lens_e.html

MAI4CAREV

Master programmes in Artificial
Intelligence 4 Careers in Europe

Thin lens formula

Co-financed by the European Union
Connecting Europe Facility

25

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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[Slide by Fredo Durand]
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Thin lens formula

Use similar triangles!

Co-financed by the European Union
Connecting Europe Facility

26
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Thin lens formula

y’/y = di/do

Co-financed by the European Union
Connecting Europe Facility

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

[Slide by Fredo Durand]



Master programmes in Artificial
Intelligence 4 Careers in Europe

Thin lens formula

V'/y
V' /y

d,/d,
(di-f)/f

Co-financed by the European Union
Connecting Europe Facility

28

This Master is run under the context of Action
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[Slide by Fredo Durand]

*
* o

x4k



MAI4CAREU

Master programmes in Artificial
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Thin lens formula

Any point satisfying the thin
lens equation is in focus.

Co-financed by the European Union
Connecting Europe Facility

29

[Slide by Fredo Durand]

This Master is run under the context of Action
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Today’s Agenda - Overview of Cameras

e Cameras with lenses

e Depth of field

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

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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UEFTH OF FIELD
DEPTH OF FIELD
D,

' e s S el W DFPTH OF FIE

http://www.cambridgeincolour.com/tutorials/depth-of-field.htm

Co-financed by the European Union 31 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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http://www.cambridgeincolour.com/tutorials/depth-of-field.htm
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/32
Changing the aperture size affects depth of field

* Asmaller aperture increases the range in which the object is approximately in focus
e But small aperture reduces amount of light — need to increase exposure

Flower images from Wikipedia http://en.wikipedia.org/wiki/Depth of field

Co-financed by the European Union 32 This Master is run under the context of Action
AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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



http://en.wikipedia.org/wiki/Depth_of_field
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Depth of field

Co-financed by the European Union
Connectmg Europe Facmty

copgrigal 1997

Large aperture =smal

33

DOF
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Group

philgEnit edu grighl 1997 philgEnil e

Small aperture = Iarge DOF
[Slide by A. Efros]
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Today’s Agenda - Overview of Cameras

e Cameras with lenses

e Field of view

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

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

1000 mm — anp
S00 mm 5
) imm g
1485 mm &
Yiwe
&5 mm 20
50 mem a7
28 v T5*
17 mm v B5emm
=) .
From London and Upton [Slide by A. Efros]
Co-ﬁnanced by the EuropeanUnlon 35 This Master is run under the context of Action
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Field of view

1000 mem 2"3,5

- Co-financed by the European Union
Connecting Europe Facility
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From London and Upton

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

d f ?

FOV depends on focal length f and size of the camera sensor size d

d
= tan ' (—
¢ = tan (2f)

Smaller FOV = larger Focal Length [Slide by A. Efros]

Co-financed by the European Union 37 This Master is run under the context of Action %%
T o T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom et
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 AR
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Today’s Agenda - Overview of Cameras

e Digital cameras
e Bayer filters

Co-financed by the European Union 38 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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From light to pixels

RGB Inside the Camera

Incoming Visible
light

Visible Light passes
through IR-Blocking
Filter

Millions of

: Color Filters control
light sensors

the color light
reaching a sensor

Color blind sensors
convert light
reaching each
sensor into electricity

Co-financed by the European Union
Connecting Europe Facility
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https://sites.google.com/a/globalsystemsscience.org
/digital-earth-watch/tools/digital-cameras/light-
entering-a-camera

[Slide by Steve Seitz]

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



https://sites.google.com/a/globalsystemsscience.org/digital-earth-watch/tools/digital-cameras/light-entering-a-camera
https://sites.google.com/a/globalsystemsscience.org/digital-earth-watch/tools/digital-cameras/light-entering-a-camera
https://sites.google.com/a/globalsystemsscience.org/digital-earth-watch/tools/digital-cameras/light-entering-a-camera

Master programmes in Artificial
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Bayer filters

Incoming light
Hter layer
Sensor array

Resulting pattern

Y of pixels see red light (e.g.)
« Q: how do you get red at every pixel?
- A: Need to interpolate -- called debayering

Co-financed by the European Union

Connecting Europe Facility

https://en.wikipedia.org/wiki/Bayer filter

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

[Slide by Steve Seitz]



https://en.wikipedia.org/wiki/Bayer_filter

4

4 4

Master programmes in Artificial Visual ' V% &%

; brog ; @Computing wA‘ LV
Intelligence 4 Careers in Europe Group &Y,

Today’s Agenda - Overview of Cameras

e Digital cameras

e Debayering

Co-financed by the European Union a1 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Debayering

100 10 30
50 50 100
10 30 10

Y of pixels see red light (e.g.)
- Q: how do you get red at every pixel?

- A: Need to interpolate -- called debayering
[Slide by Steve Seitz]

Co-financed by the European Union 42 This Master is run under the context of Action
§ -- " No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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RGB images (three channel)

What we see

What we get out of the camera

Co-financed by the European Union 43 This Master is run under the context of Action
T T e S T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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From now on: what to do with these RGB images

[Slide by Steve Seitz]

Co-financed by the European Union a4 This Master is run under the context of Action %%
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Thank you.

Co-financed by the European Union This Master is run under the context of Action
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University of Cyprus — MSc Artificial Intelligence

MAI644 —- COMPUTER VISION

Lecture 4: Interpolation — Resizing

Melinos Averkiou
CYENS Centre of Excellence
University of Cyprus - Department of Computer Science 1

NCYENS

/ CENTRE OF EXCELLENCE

m.averkiou@cyens.org.cy

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

Connectlng Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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* Pinhole Camera model|

e Aperture
e Camera Obscura

e Cameras with lenses

e Thin lens equation
e Depth of field
e Field of view

e Digital cameras
e Bayer filters
e Debayering

Co-financed by the European Union
Connecting Europe Facility

®

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Today’s Agenda

* Image basics

* What is an image — addressing pixels
* Image as a function —image coordinates

* Image interpolation
* Nearest neighbor
* Bilinear
* Bicubic

* Image resizing
* Enlarge
e Shrink

Co-financed by the European Union
Connecting Europe Facility

\(.{.iCJSrl}]l?)luting i%

Group <X

[material based on Joseph Redmon’s course]

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




Master programmes in Artificial
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Today’s Agenda

* Image basics
* What is an image — addressing pixels

Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Eyes: projection onto retina

Co-financed by the European Union
Connecting Europe Facility
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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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Model: pinhole camera

Co-financed by the European Union
Connecting Europe Facility

Visual
Computing
Group
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At each point we record incident light

| focal length

Co-financed by the European Union 7 This Master is run under the context of Action
: v e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom b
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 ot
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How do we record color?

L SCSCOSCSCS SN,

-

S =

focal length

IS

Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Bayer pattern for CMOS sensors

| focal length

Incoming light

Filter layer

Sensor array

Resulting pattern

Co-financed b\[ the European Union 9 This Master is run under the context of Action :w.
S = i No 2020-EU-|A-0087, co-financed by the EU CEF Telecom x '*
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 ot
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An image is a matrix of light

Columns
0123456 ...

Rows

b WON—=O

Co-financed by the European Union 10
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Values in matrix = how much light

Columns
0123 56 ...

Rows

O hWON—O

Co-financed by the European Union 1
Connecting Europe Facility

This Master is run under the context of Action

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

under GA nr. INEA/CEF/ICT/A2020/2267423
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Values in matrix = how much light

- Higher = more light
Columns

- Lower = less light 01 223 456

- Bounded
- Nolight=0
- Sensor/device limit = max

- Typical ranges:
[0-255], fit into byte
[0-1], floating point

- Called pixels

Co-financed by the European Union 12 This Master is run under the context of Action — NN
T T e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom = - ~ :
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 = =
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Addressing pixels

- Ways to index:
- (X/y)

- Like cartesian coordinates
- (3,6)is column 3 row 6

- (rc)
- Like matrix notation
- (3,6)isrow 3 column 6

- We use (x,y)
- Arbitrary

- Only thing that matters is
consistency

Co-financed by the European Union
Connecting Europe Facility

Rows

13

O h WON—=O

Columns
012345 6...

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Color image: 3d tensor in colorspace
Vv

B Channels

~
O 0123456 ...

Co-financed by the European Union 14 This Master is run under the context of Action
; T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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RGB information in separate “channels”

|II

Remember: we can match “rea
colors using a mix of primaries.

Each channel encodes one
primary. Adding the light
produced from each primary
mimics the original color.

Co-financed by the European Union 15 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Addressing pixels

- We use (x,y,c)
- (1,2,0):

column 1, row 2, channel O

- Still doesn’t matter, just be
consistent

- Also for size:

- 1920 x 1080 x 3 image:
1920 px wide
1080 px tall
3 channels

Co-financed by the European Union
Connectmg Europe Facmty

16

This Master is run un
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Today’s Agenda

* Image basics

* Image as a function —image coordinates

Co-financed by the European Union

S B 17
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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An image is like a function

An image is a mapping from
indices to pixel value:

- Im:IxIx!l->R

We may want to pass in non-
Integers:

- Im":RxRxI->R

Co-financed by the European Union 18 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423




R

) [y

Master programmes in Artificial Visual fa A, A,

: Prog : Computing B" Ng)a
Intelligence 4 Careers in Europe Group <X S/

A note on coordinates in images

Columns
0123456 ...

- _Em
I

integer pixels

Rows
OUMAWN—=O

Co-financed by the European Union 19 This Master is run under the context of Action
ot No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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A note on coordinates in images

Columns

01 23456...

1
w 2 . .
3 We can think of their
(o) 3 values as being at the
o 4
centers.
5
Co-financed by the EuropeanUnlon 20 This Master is run under the context of Action

T ot No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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A note on coordinates in images

0123456...
0F—+—+—+—+—+—+——+—+—+—+—+—+—>
1 + e o o o
2 4 o e
3 + e e s | Now we can move to
4 + © o o o o o o o o o a real coordinate
5 4 o o > © © © © o o o o o system.
6 + @ e o o o o o o o o o
cer ® © o o o o o o o o o
+ ® o o o o ® o o o o
-+ i & ® ® O ® @ ® ® o ® ®
+ * ® o o o # ® o o
® o o e o o o
Co-financed by the European Union 91 This Master is run under the context of Action
e T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom PO
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A note on coordinates in images

Co-financed by the European Union
Connecting Europe Facility

OO hhWN=—=O

+ | W
+ | I
+ | O

0
44—+ +—+—+ 44—
& L &
a2l [ & ®
+| o e o 0o o o o o On the image
+ | o ® = o o ® ® @ ® ®
4 @ @ @ o @ O ® O e ] ®
B 2 ® ® ® & @ ® O L J @ ®
& @ ® [ e [ ] ® L ® @
h 2 ® ® ® O ® ® ® ® ®
$ | @ ® ® @ @ ® & ® ®
-T— o ® & (] @ o o L & @
7
22 This Master is run under the context of Action sl
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A note on coordinates in images

So, the value of the 0 ] 2 3

pixel (x,y) is now
centered at (x,y).

PO N —= O

Co-financed by the European Union 53 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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A note on coordinates in images

But there are other 0 ] 2 3 4
y

real-valued points.

‘I

Co-financed by the European Union 24 This Master is run under the context of Action %%
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A note on coordinates in images

<>/\9 1 23.

o

‘I
2 |0 e e

Co-financed by the European Union 55 This Master is run under the context of Action
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Today’s Agenda

* Image interpolation
* Nearest neighbor

Co-financed by the European Union 26 This Master is run under the context of Action %%
T o T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom et
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 AR
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Interpolation

How do we find out the VALUE of a non-integer point, when the
image only comes with integer points, i.e. (25,45,3).

Two simple ideas:
1. Nearest-Neighbor Interpolation
2. Bilinear Interpolation

Co-financed by the European Union 57 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Facmty under GA nr. INEA/CEF/ICT/A2020/2267423
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Nearest neighbor: what it sounds like
f(x,y,z) = Im(round(x), round(y), z) m_ﬁ

- Looks blocky
Note: z is still int

Co-financed by the European Union 28 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Today’s Agenda

* Image interpolation

* Bilinear

Co-financed by the European Union
Connecting Europe Facility

29

This Master is run under the context of Action
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Bilinear interpolation: for grids, pretty good

This time find the closest pixels in

a box 0123456.
O<d————+——+— 4+
1 ¢ ¢ ¢ ¢ ¢ e o o o o ¢ ¢ o o
2-’-.... ® o o o
3-.-... ® o o
4-.-..' ¢ @ o 2 @ @
5-‘-..6 . e e e > o o
6-.-..( ??.C » @& @
-3—.............

This Master is run under the context of Action

Co-financed by the European Union 30
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Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Bilinear interpolation: for grids, pretty good

This time find the closest pixels in
a box

Co-financed by the European Union 31 This Master is run under the context of Action
No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connectlng Europe FaCJIIty under GA nr. INEA/CEF/ICT/A2020/2267423
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Bilinear interpolation: for grids, pretty good

This time find the closest pixels in
a box

Co-financed by the European Union 32 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Bilinear interpolation: for grids, pretty good

This time find the closest pixels in
a box Vi

Weighted sum based on area of
opposite rectangle

q=V1*Al+V2*A2 + V3*A3 + V4*A4

Need to normalize!

Co-financed by the European Union 33 This Master is run under the context of Action
" R R S T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility
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MAI4CAREV

Bilinear interpolation: for grids, pretty good

=V1*A1+V2*A2 + V3*A3 + V4*A4
q V1. d1 d2 Vo
Al =d2*d4
A2 =d1*d4
A3 =d2*d3
A4 =d1*d3 d3

=>q =V1*d2*d4 + V2*d1*d4 + V3*d2*d3 +
V4*d1*d3

d4

V3T V4

g2

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

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Bilinear interpolation: for grids, pretty good

Alternatively, linear interpolation
of linear interpolates V1,

di d2

V2

g1 = V1*d2 + V2*d1
92 = V3*d2 + V4*d1
g =ql*d4 + q2*d3

d3

d4

V3T V4

g2

Co-financed by the European Union 35 This Master is run under the context of Action
: o et No 2020-EU-1A-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Bilinear interpolation: for grids, pretty good
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MAI4CAREV

1=V1*d2 + V2*d1
2 = V3*d2 + V4a*d1
= q1*d4 + q2*d3

Equivalent:

q:

ql*d4 + g2*d3

Co-financed by the European Union
Connecting Europe Facility

Master programmes in Artificial
Intelligence 4 Careers in Europe
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V1,

V3T

di d2

g2

This Master is run under the context of Action
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Bilinear interpolation: for grids, pretty good

al =V1*d2 + V2*d1l d1 4o
a2 = V3*d2 + V4*d1 V1,
g =qgl*d4 + q2*d3

Equivalent:

g=9l*d4 +qg2*d3
q=(V1*d2 + V2*d1)*d4 + (V3*d2 + V4*d1)*d3 (subst)

V3

g2

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

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Bilinear interpolation: for grids, pretty good

gl =V1*d2 + V2*d1
g2 =V3*d2 + V4*d1
q=q9l*d4 + g2*d3

Equivalent:

g=9l*d4 +qg2*d3
q=(V1*d2 + V2*d1)*d4 + (V3*d2 + V4*d1)*d3 (subst)
q=V1*d2*d4 + V2*d1*d4 + V3*d2*d3 + V4*d1*d3 (distribution)

Co-financed by the European Union
Connecting Europe Facility

38

V1,

V3

di d2

g2

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Bilinear interpolation: for grids, pretty good
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Master programmes in Artificial
Intelligence 4 Careers in Europe

1=V1*d2 + V2*d1
2 = V3*d2 + V4a*d1
= q1*d4 + q2*d3

Equivalent:

q:
q:
q:

ql*d4 + g2*d3
(V1*d2 +V2*d1)*d4 + (V3*d2 + V4*d1)*d3 (subst)
V1*d2*d4 + V2*d1*d4 + V3*d2*d3 + V4*d1*d3 (distribution)

Recall:

Al
A2
A3

=d2*d4
=d1*d4
=d2*d3

A4 =d1*d3

Co-financed by the European Union
Connecting Europe Facility
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V1,

V3

di d2

g2

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

V2

d3

d4

V4



Bilinear interpolation: for grids, pretty good
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Master programmes in Artificial
Intelligence 4 Careers in Europe

1=V1*d2 + V2*d1
2 = V3*d2 + V4a*d1
= q1*d4 + q2*d3

Equivalent:

q:
q:
q:

ql*d4 + g2*d3
(V1*d2 +V2*d1)*d4 + (V3*d2 + V4*d1)*d3 (subst)
V1*d2*d4 + V2*d1*d4 + V3*d2*d3 + V4*d1*d3 (distribution)

Recall:

Al
A2
A3

=d2*d4
=d1*d4
=d2*d3

A4 =d1*d3

q

=V1*Al +V2*A2 + V3*A3 + V4*A4

Co-financed by the European Union
Connecting Europe Facility
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V1,

V3

di d2

g2

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Bilinear interpolation: for grids, pretty good

Master programmes in Artificial

MAI4CAREV

Smoother than NN

More complex

- 4 lookups
- Some math

Often the right tradeoff of
speed vs final result

Co-financed by the European Union
Connecting Europe Facility

Intelligence 4 Careers in Europe
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This Master is run under the context of Action
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

* Image interpolation

e Bicubic

Co-financed by the European Union
Connecting Europe Facility
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Bicubic sampling: more complex, maybe better?

- A cubic interpolation of 4
cubic interpolations
- Smoother than bilinear, no

“star” el
- 16 nearest neighbors
- Fit 3rd order poly: Bilinear Bicubic

f(x) =a+ bx + cx"2 + dx”3
- Interpolate along axis
- Fit another poly to

interpolated values

Co-financed by the European Union 43 This Master is run under the context of Action

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Bicubic vs bilinear

Corfinanced by the Eurapean:Uflon

Connecting Europe Facility

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

Co-financed by the European Union This Master is run under the context of Action
: e T e s T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Resize algorithm:

- For each pixel in new image:
- Map to old im coordinates
- Interpolate value
- Set new value in image

Co-financed by the European Union
Connecting Europe Facility

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

46




Master programmes in Atrtificial Visual @AY
MAIA CAREU Intelligence 4 Careers in Europe g?&g“t'”g !%

So what is this interpolation useful for?

Co-financed by the European Union 47 This Master is run under the context of Action %%
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom *

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 AR
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

* Image resizing
* Enlarge

Co-financed by the European Union
Connecting Europe Facility

48

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

MAI4CAREV

Image resizing!

Say we want to increase the size
of an image...

This is a beautiful image of a
sunset... it’s just very small...

Co-financed by the European Union

Connecting Europe Facility

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

Say we want to increase the size 0 1 2 3
of an image...

This is a beautiful image of a
sunset... it’s just very small...

Say we want to increase size 4x4 -
> /X7 N

Co-financed by the European Union 50 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Resize 4x4 -> /x/

- Create our new image

Co-financed by the European Union

S B 51
Connecting Europe Facility
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Resize 4x4 -> /x/

- Create our new image
- Match up coordinates

Co-financed by the European Union 52 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0 1 2 3

- Match up coordinates
| I

Co-financed by the European Union 53 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image
- Match up coordinates

Co-financed by the European Union 54 This Master is run under the context of Action
T g & 7 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial
Intelligence 4 Careers in Europe

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates

- System of equations
- aX+b=Y

- a*5+b=-5

- a*65+b=35

Co-financed by the European Union 55
Connecting Europe Facility

0

(-5, -5) > [-.5,-.5)

o

(g

O

®@ | O] @

(6.5, 6.5) » (3.5,3.5)

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates

- System of equations

- aX+b=Y

- a*-5+b=-5

- a*65+b=35
a*7=4

Co-financed by the European Union 56
Connecting Europe Facility

0

(-5, -5) > [-.5,-.5)

o

(g

O

®@ | O] @

(6.5, 6.5) » (3.5,3.5)

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

Resize 4x4 -> /x/

- Create our new image
- Match up coordinates

- System of equations
- aX+b=Y
- a*-5+b=-5
- a*65+b=35
a*7=4
a=4/7

Co-financed by the European Union
Connecting Europe Facility

57

0

(-5, -5) > [-.5,-.5)

o

(g

O

®@ | O] @

(6.5, 6.5) » (3.5,3.5)

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0 1 2 3

- Match up coordinates o
- System of equations o (g =t -+ =
- aX+b=Y
- a*-5+b=-5
. a*6.5+b=35 — )
- a=4/7

@ | O

2
®@ | O] @

(6.5, 6.5) » (3.5,3.5)

Co-financed by the European Union 58 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates
- System of equations
- aX+b=Y
- a*5+b=-5
- a*65+b=35
- a=4/7
a*-5+b=-5

Co-financed by the European Union 59
Connecting Europe Facility

0

(-5, -5) > [-.5,-.5)

o

(g

O

®@ | O] @

(6.5, 6.5) » (3.5,3.5)

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0 1 2 3

- Match up coordinates o
- System of equations o (g =t -+ =
- aX+b=Y
- a*5+b=-5

- a*6.5+b=35 — 1 © ] O] ©
- a=4/7
a*-5+b=-5
4/7*-1/2+b =-1/2 N O\l @||] O
™ @ | | ®
(6.5, 6.5) > (3.5,3.5)
Co-financed by the EuropeanUnlon 60 This Master is run under the context of Action

T S No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0 1 2 3

- Match up coordinates o
- System of equations o (g =t -+ =
- aX+b=Y
- a*-5+b=-5
. a*6.5+b=35 — )
- a=4/7

O
a*-5+b=-5
4/7*-1/2+b =-1/2 N O\l @||] O
4/14+ b =-7/14
™ @ | | ®
(6.5, 6.5) > (3.5,3.5)
Co-financed by the EuropeanUnlon 61 This Master is run under the context of Action

T S No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0 1 2 3
. (-5, -5) > (-.5,-5)
- Match up coordinates
- System of equations o (s b= ol =
- aX+b=Y
- a*-5+b=-5
. a*6.5+b=3.5 — » 1 O || ©O ] O
- a=4/7
- a*-5+b=-5
4/7%-1/2 +b =-1/2 N O O O
-4/14+b=-7/14
b =-3/14
™ | ® | ®
(6.5, 6.5) » (3.5,3.5)
Co-financed by the European Union 62 This Master is run under the context of Action

T S No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0 1 2 3

- Match up coordinates o
- System of equations o (g -
- aX+b=Y
- a*5+b=-5
. a*6.5+b=35 — )
- a=4/7
. b=-3/14

@ | O

2
®@ | O] @

(6.5, 6.5) » (3.5,3.5)

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

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates
- 4)7X-3/14=Y

Co-financed by the European Union
Connecting Europe Facility

64

(6.5, 6.5) » (3.5,3.5)

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




Master programmes in Artificial
Intelligence 4 Careers in Europe @

Resize 4x4 -> /x/

- Create our new image 0 1 2

- Match up coordinates
- 4)7X-3/14=Y o

Co-financed by the European Union 65 This Master is run under the context of Action
T T e S T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial

MAI4CAREV

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates
- 4)7X-3/14=Y

- |terate over new pts

Co-financed by the European Union
Connecting Europe Facility

Intelligence 4 Careers in Europe

66

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates
- 4)7X-3/14=Y

- |terate over new pts
- Map to old coords

Co-financed by the European Union
Connecting Europe Facility

Intelligence 4 Careers in Europe

67

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Resize 4x4 -> /x/

- Create our new image 0 ] 2 3
- Match up coordinates
- 4)7X-3/14=Y o

- |terate over new pts

- Map to old coords
(1, 3)

N @ O @

™ ® o o

Co-financed by the European Union 68 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Conﬂectlng Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Resize 4x4 -> /x/

- Create our new image 0 ] 2 3

- Match up coordinates

- 4/7X-3/14=Y o
- |terate over new pts

- Map to old coords

- (1/ 3)

- 4/7*1-3/14

. 4/7*3-3/14 o 578 -0

™ ® o o

Co-financed by the European Union 69 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Conﬂectlng Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREU

Resize 4x4 -> /x/

- Create our new image 0 ] 2 3
- Match up coordinates
- 4)7X-3/14=Y o

- |terate over new pts

- Map to old coords

_ p © O O
(1, 3)

- 4/7*1-3/14 (1,3) > (5/14, 1.5)

. 4/7*3-3/14 N Oe 4

. (5/14, 21/14) 7o e

™ @ O O

Co-financed by the European Union 70 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Conﬂectlng Europe Fauhty under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Atrtificial Visual \ ﬁf% ‘i%
MIA CAREU Intelligence 4 Careers in Europe @ gfgﬂ‘;““”g k /

Resize 4x4 -> /x/

- Create our new image 0 ] 2 3

- Match up coordinates
- 4/7X-3/14=Y o
- |terate over new pts

- Map to old coords
(1,3) ->(5/14, 21/14) © O O

(1,3) » (5/14, 1.5)

N O O @

™ ® o o

Co-financed by the European Union 71 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Conﬂectlng Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREU

Resize 4x4 -> /x/

- Create our new image
- Match up coordinates
- 4/7X-3/14=Y

- |terate over new pts

- Map to old coords
(1, 3) ->(5/14, 21/14)
- Interpolate old values

Co-financed by the European Union
Connectmg Europe Fauhty

Intelligence 4 Careers in Europe

72

Visual
@ Computing
Group

© O O

(1,3) » (5/14, 1.5)

O

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

Create our new image
Match up coordinates
4/7 X -3/14 =Y

Iterate over new pts

Map to old coords
(1, 3) ->(5/14, 21/14)
Interpolate old values

Co-financed by the European Union
Connecting Europe Facility

5/14 9/14

@ O
1/2
r O

1/2 | (5/14, 21/14)

© O

73 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> 7x/
- Create our new image 5/“l 9/1“l

- Match up coordinates
4/7X-3/14=Y

- |terate over new pts
Map to old coords 1 /2
(1,3) -> (5/14, 21/14)

Interpolate old values
Size of opposite rects

Co-financed b\[ the European Union 74 This Master is run under the context of Action
3 T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

MAI4CAREV

Resize 4x4 -> /x/

Create our new image

Match up coordinates
- 4/7X-3/14=Y

Iterate over new pts

- Map to old coords

- (1, 3)->(5/14, 21/14)

- Interpolate old values
Size of opposite rects

OR find g1 and g2, then interpolate
between them

Co-financed by the European Union
Connecting Europe Facility

75

0 )
Visual 7 \%. &%
Computing A‘ Ngpa
Group XS

0, 255, 255 241, 90, 36

5/14

1/2

1/2

241, 90, 36 255,255, 0

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0,255, 255 241, 90, 36

- Match up coordinates | 5/14
. 4/7X-3/14=Y |

- |terate over new pts

- Map to old coords 1/9
- (1, 3)->(5/14, 21/14) /
- Interpolate old values -
gl=rl,gl, bl
rl=.5*%0+.5*%241
1=.5*255+.5*%90
kg)lz .5%255 + 5*36 ]/2

241, 90, 36 255,255, 0

Co-financed b\[ the European Union 76 This Master is run under the context of Action

-- R T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0,255, 255 241, 90, 36

- Match up coordinates | 5/14
. 4/7X-3/14=Y |

- |terate over new pts

- Map to old coords \
- (1,3)->(5/14, 21/14)
- Interpolate old values

gl =(120.5,172.5,145.5)
g2=r2,82,b2

5

1/2

1/2

120.5, 172.5, 14

241, 90, 36 255,255, 0

Co-financed b\[ the European Union 77 This Master is run under the context of Action
- L T L R e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

MAI4CAREV

Resize 4x4 -> /x/

Create our new image

Match up coordinates
- 4/7X-3/14=Y
Iterate over new pts

- Map to old coords
- (1, 3)->(5/14, 21/14)
- Interpolate old values
- g1=(120.5,172.5, 145.5)
g2=r2,82,b2
r2 =.5%241+ 5*255
g2 = .5*90 + .5*255
b2 =.5*36+.5*0

Co-financed by the European Union
Connecting Europe Facility

78

0 )
Visual 7 \%. &%
Computing A‘ Ngpa
Group XS

0, 255, 255 241, 90, 36

5

")

120.5, 172.5, 14

5/14

1/2

1/2

241, 90, 36 255,255, 0

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

MAI4CAREV

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates
- 4/7X-3/14=Y
- |terate over new pts
- Map to old coords
- (1, 3)->(5/14, 21/14)
- Interpolate old values

gl =(120.5,172.5, 145.5)
q2 = (248, 172.5, 18)

Co-financed by the European Union 79
Connecting Europe Facility

0, 255, 255

5/14

21/2

5

1/2

120.5, 172.5, 14

0 )
Visual 7 \%. &%
Computing A‘ Ngpa
Group XS

241, 90, 36

248, 172.5, 18

241, 90, 36

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Resize 4x4 -> /x/

Create our new image 0,255, 255 241, 90, 36
Match up coordinates 5/14
. 4/7X-3/14=Y

Iterate over new pts

5

- Map to old coords %; 1/2 ®
(1, 3)->(5/14, 21/14) . .
- Interpolate old values i) \
ql=(120.5,172.5, 145.5) N J >
q2 = (248, 172.5, 18) - )
q=rg b ‘0 3
q=9/14*q1l + 5/14*q?2 Q 1/2 N

241, 90, 36 255,255, 0

Co-financed b\[ the European Union 30 This Master is run under the context of Action
- L T L R e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Resize 4x4 -> /x/

Create our new image 0,255, 255 241, 90, 36

Match up coordinates 5/14
- 4/7X-3/14=Y
Iterate over new pts

5

- Map to old coords 9 e

(1, 3)->(5/14, 21/14) < 1/2 ~

- Interpolate old values i) \

. g1=(120.5,172.5, 145.5) N J

q2 = (248, 172.5, 18) - )

=r g b 0 3

3 = 9/g14*q1 +5/14*q2 ~ 1/2 “
r=9/14%¥120.5 + 5/14*248 -

g=9/14*172.5+5/14*172.5
b=9/14*145.5+5/14*18

241, 90, 36 255,255, 0

Co-financed b\[ the European Union 31 This Master is run under the context of Action
- L T L R e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Resize 4x4 -> /x/

Create our new image 0,255, 255 241, 90, 36
Match up coordinates | 5/14
. 4/7X-3/14=Y |

Iterate over new pts

5

- Map to old coords \ 1/2 0
- (1,3)->(5/14, 21/14) | -
- Interpolate old values ’o) \ :
ql=(120.5,172.5, 145.5) N J >
q2 = (248, 172.5, 18) - oS
q = (166, 172.5, 100) g 1/2 N

N

241, 90, 36 255,255, 0

Co-financed b\[ the European Union 82 This Master is run under the context of Action
- L T L R e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Resize 4x4 -> /x/

- Create our new image

- Match up coordinates
- 4/7X-3/14=Y
- |terate over new pts

- Map to old coords

- (1,3)->(5/14, 21/14)

- Interpolate old values
g=(166,172.5, 100)

Co-financed by the European Union 83
Connecting Europe Facility

0, 255, 255

5/14

21/2

5

1/2

120.5, 172.5, 14

0 )
Visual 7 \%. &%
Computing A‘ Ngpa
Group XS

241, 90, 36

248, 172.5, 18

241, 90, 36

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Resize 4x4 -> /x/

- Create our new image 0 ] 2 3

- Match up coordinates
- 4)7X-3/14=Y o

- |terate over new pts
- Map to old coords

(1,3)->(5/14, 21/14) il
- Interpolate old values
g=(166,172.5, 100) N
™M
Co-financed by the European Union 84 This Master is run under the context of Action
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Intelligence 4 Careers in Europe 8?5‘3}5““”9 X7

MAI4CAREV

Resize 4x4 -> /x/

Create our new image 0 ] 2 3

Match up coordinates
- 4/7X-3/14=Y o
Iterate over new pts
- Map to old coords
(1,3) ->(5/14, 21/14)

- Interpolate old values
g=(166,172.5, 100)

Fill in the rest

Co-financed by the European Union 85 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe 8?5‘3}5““”9 X7

MAI4CAREV

Resize 4x4 -> /x/

Create our new image 0 ] 2 3

Match up coordinates
- 4/7X-3/14=Y o
Iterate over new pts
- Map to old coords
(1,3) ->(5/14, 21/14)

- Interpolate old values
g=(166,172.5, 100)

Fill in the rest

- On outer edges use padding!

Co-financed by the European Union 36 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423




Intelligence 4 Careers in Europe

MAI4CAREV

Resize 4x4 -> /x/

Master programmes in Artificial @

- Create our new image 0 1 2 3
- Match up coordinates
. 4/7X-3/14=Y o
- |terate over new pts
- Map to old coords _ lelelele
- (1, 3)->(5/14, 21/14) R I
- Interpolate old values & ® ®
g=(166,172.5, 100)
ey N e @ ®  ® o
- Fillin the rest - -
e o e ©o o o o
m
o o @ o ® o o
Co-financed by the European Union 87 This Master is run under the context of Action
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MAI4CAREV

Resize 4x4 -> /x/

- Create our new image 0 1 2 3
- Match up coordinates
- 4/7X-3/14=Y o
- |terate over new pts
- Map to old coords L
- (1, 3)->(5/14, 21/14)
- Interpolate old values
g=(166,172.5, 100) N
- Fill'in the rest
m
Co-financed by the European Union 38 This Master is run under the context of Action

-- R T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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We did it!

Master programmes in Artificial
Intelligence 4 Careers in Europe

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Different scales

256x256
7x7 32x32
Co-financed by the European Union 90

Connectlng Europe Facmty

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

Bicubic
7x7
NN
Co-financed by the European Union 91 This Master is run under the context of Action %%
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Today’s Agenda

* Image resizing
* Enlarge
* Shrink

Co-financed by the European Union
Connecting Europe Facility

92

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Want to make image smaller

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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448x448 -> 64X64

Corfinanced by the Eurapean:Uflon

Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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448x448 -> 64X64
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Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

Bilinear




Master programmes in Artificial
Intelligence 4 Careers in Europe

448x448 -> 64X64
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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448x448 -> 64x64

Co-financed by the European Union 97 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial

Intelligence 4 Careers in Europe

448x448 -> 64X64

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Lots of issues

- NN and Bilinear only look at small area
- Lots of artifacting

- Staircase pattern on diagonal lines

- We'll fix this with filters!

Bilinear

Co-financed by the European Union 134 This Master is run under the context of Action
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THERE IS A BETTER WAY!
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Thank you.
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University of Cyprus — MSc Artificial Intelligence

MAI644 —- COMPUTER VISION

Lecture 5: Filters — Convolution

Melinos Averkiou
CYENS Centre of Excellence

University of Cyprus - Department of Computer Science
| NCYENS

m.averkiou@cyens.org.cy / Do et

Co-financed by the European Union This Master is run under the context of Action
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* Image basics
* What is an image — addressing pixels
* Image as a function —image coordinates

* Image interpolation
* Nearest neighbor
* Bilinear
* Bicubic

* Image resizing
* Enlarge
e Shrink

Co-financed by the European Union
Connecting Europe Facility
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Today’s Agenda

* Averaging vs Interpolation
e Systems - filters

e Convolution
* Box Filter
* (Gaussian
* Cross correlation vs Convolution

e Examples of filters

Co-financed by the European Union
Connecting Europe Facility
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[material based on Joseph Redmon’s course]

This Master is run under the context of Action
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Today’s Agenda

* Averaging vs Interpolation

Co-financed by the European Union
Connecting Europe Facility
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s this all there is ??
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Lots of issues

- NN and Bilinear only look at small area
- Lots of artifacting

- Staircase pattern on diagonal lines

- We'll fix this with filters!

Bilinear

Co-financed by the European Union 6 This Master is run under the context of Action

o No 2020-EU-IA-0087, co-financed by the EU CEF Telecom _ = -
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 = =
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There is a better way!

Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Look at how much better

Co-financed by the European Union
Connecting Europe Facility

®

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

Co-financed by the European Union 9 This Master is run under the context of Action
T BN e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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How'? Averaging!

i

s A

Co-financed b\[ the European Union 10 This Master is run under the context of Action B

R R T g No 2020-EU-IA-0087, co-financed by the EU CEF Telecom A
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 ot
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Master programmes in Artificial
Intelligence 4 Careers in Europe

How'? Averaging!

“interpolation”

Co-financed by the European Union
Connecting Europe Facility

11

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

I
E

Co-financed b\[ the European Union 12 This Master is run under the context of Action

* ¥k
T I No 2020-EU-IA-0087, co-financed by the EU CEF Telecom o
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 %



Master programmes in Artificial
Intelligence 4 Careers in Europe

What is averaging? A weighted sum

Co-financed b\[ the European Union 13 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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What is averaging? A weighted sum

49

What are the weights here ?

Co-financed by the European Union 14 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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

Visual

Computing i“

Group

o

* o

x4k

4

7



MAI4CAREV

Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

e Systems - filters

Co-financed by the European Union
Connecting Europe Facility

15

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

Filter or Rernel

Co-financed by the European Union 16 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Filtering

o Filtering

o Forming a new image whose pixel values are transformed from original pixel
values

e Goal is to extract useful information from images, or transform
images into another domain where we can modify/enhance
Image properties

o Features (edges, corners, blobs...)

o Applications: super-resolution (resizing); in-painting; de-noising;

[Slide by Niebles]

Co-financed by the European Union 17 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Super-resolution

De-noising

lvs)
)
s
Q
3.
o
o
o [Slide by Niebles]
- Co-financed by the European Union 18 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom b
Connectlng Europe FaCJIIty under GA nr. INEA/CEF/ICT/A2020/2267423
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Systems

o We define a system as a unit that converts an input function
f[x,y] into an output (or response) function g[x,y], where (x,y)
are the independent variables.

o Inthe case of images, (x,y) represents the spatial position in the image.

[Slide by Niebles]

Co-financed by the European Union 19 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Facmty under GA nr. INEA/CEF/ICT/A2020/2267423
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Moving average - example
Flz, y]

- Co-financed by the European Union 20
Connecting Europe Facility

Glz, y]

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

[Slide by Seitz]
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Intelligence 4 Careers in Europe

Moving average - example
Flz, y]

- Co-financed by the European Union 91
Connecting Europe Facility

Glz, y]

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

[Slide by Seitz]



Master programmes in Artificial
Intelligence 4 Careers in Europe

Moving average - example
Flz, y]

- Co-financed by the European Union 29
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Visual ] \%. 3%
Computing A‘ Ngpa
Group XS

[Slide by Seitz]
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Moving average - example
Flz, y] Glz, y]

[Slide by Seitz]

Co-financed by the European Union 23 This Master is run under the context of Action %%
e T R No 2020-EU-IA-0087, co-financed by the EU CEF Telecom %
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 A



Intelligence 4 Careers in Europe

MAIA CA R E U Master programmes in Atrtificial

Moving average - example
Flz, y]

Co-financed by the European Union
Connecting Europe Facility

24

20

This Master is run under the context of Action

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

under GA nr. INEA/CEF/ICT/A2020/2267423
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Visual ] \%. 3%
Computing A‘ Ngpa
Group XS

[Slide by Seitz]
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Moving average - example
Flz, y]

[Slide by Seitz]

Co-financed by the European Union 25 This Master is run under the context of Action
: v e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom b
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Properties of systems
 Amplitude properties
e Additivity S| filn,m] + fjn,m]] = S|fi[n,m]] + S[f;[n, m]]

* Homogeneity  Slaf;[n, m]] = aS[fi[n, m]|]

* Superposition  Slaf;[n, m] + Bf;[n, m]] = aS[fi[n, m]] + BS[f;[n, m]]

Stability | fln,m]| <k = |g[n,m]| < ck

nvertibility ST [S[filn,m]]] = fln,m] [Slide by Niebles]

Co-financed by the European Union 26 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

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

* Spatial properties
* Causality for n < ng,m < my, if fln,m] =0 = g[n,m] =0

S
e Shiftinvariance  f[n — ng,m — mo| — gln — ng, m — my|

[Slide by Niebles]

This Master is run under the context of Action

Co-financed by the European Union 57
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Linear Systems - filters

Linear filtering

— Form a new image whose pixels are a weighted sum of original pixel values

— Use the same set of weights at each point

« Sisalinear system (function) iff S satisfies

superposition property

[Slide by Niebles]

Co-financed by the European Union )8 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Fauhty under GA nr. INEA/CEF/ICT/A2020/2267423
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Linear Shift Invariant Systems

o We call systems

which satisfy the superposition and shift-

invariant property Linear Shift Invariant Systems (LSI)

e Not all filters are LSI

o Isthresholding linear?

o Consider:

f1[n,m]
f1[n,m]
f2[n,m]

e LS| systems can

Co-financed by the European Union
Connectmg Europe Facmty

1, fln,m] > 100

‘Tqu 77? — { 3
gln, m| 0, otherwise.
+f2[n,m] >T

<T

1<T

oe described by the convolution operation

29 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

e Convolution
* Box Filter

Co-financed by the European Union
Connecting Europe Facility

30

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Call this operation “convolution”

Filter or Rernel

Note: multiplying an image section by a filter is actually called “correlation” and convolution involves inverting the filter first

Co-financed by the European Union 31 This Master is run under the context of Action
- L T L R e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Convolutions on larger images

Co-financed by the European Union

Connecting Europe Facility

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

N\ ol
.
>

=5

Co-financed by the European Union 33 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial
Intelligence 4 Careers in Europe

Convolutions on larger images

Co-financed by the European Union
Connecting Europe Facility

34

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

Box filters

Co-financed b\[ the European Union 35 This Master is run under the context of Action B
S = R e e No 2020-EU-|A-0087, co-financed by the EU CEF Telecom x '*
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Box filters smooth image

Box filters

Co-financed b\[ the European Union 36 This Master is run under the context of Action B
S = R e e No 2020-EU-|A-0087, co-financed by the EU CEF Telecom x '*
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Now we resize our smoothed image

Co-financed by the European Union 37 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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So much better!

Co-financed by the European Union
Connecting Europe Facility

38

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

Co-financed by the European Union
Connecting Europe Facility

39

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

I A
= 3§

! ‘

Co-financed by the European Union 40 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom T
Connectlng Europe FaCJIIty under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Box filters: vertical + horizontal streaking

Co-financed by the European Union

Connecting Europe Facility

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

Box filters: vertical + horizontal streaking

I

Co-financed by the European Union
Connectlng Europe Facmty

43

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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Master programmes in Artificial
Intelligence 4 Careers in Europe

Box filters: vertical + horizontal streaking

IIF

Co-financed by the European Union
Connectlng Europe Facmty

44

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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Intelligence 4 Careers in Europe

Box filters: vertical + horizontal streaking

iz

Co-financed by the European Union
Connectlng Europe Facmty

45

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

Visual
Computing
Group

&

Voo

\ ol
b,
ot




Master programmes in Artificial
Intelligence 4 Careers in Europe

We want a smoothly weighted kernel

Co-financed by the European Union 46 This Master is run under the context of Action
: e T e s T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

e (Gaussian

Co-financed by the European Union

S B 47
Connecting Europe Facility

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

Co-financed by the European Union 48 This Master is run under the context of Action %%
T o T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom et
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 AR
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Gaussians — how o affects the shape

1.0

0.8

0.2

0.0

‘L:‘&:":‘&l:l
© OO

02= 0.2, mm— ]

Co-financed by the European Union
Connectmg Europe Facmty

49

This Master is run under the context of Action

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

under GA nr. INEA/CEF/ICT/A2020/2267423
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2D Gaussian

1 -

Co-financed by the European Union 50 This Master is run under the context of Action %%
e T R No 2020-EU-IA-0087, co-financed by the EU CEF Telecom %
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 A
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Intelligence 4 Careers in Europe g%‘ﬁ%utmg

Example 7x7 Gaussian

0.000 0.000 0.001 0.001 0.001 O0.000 O0.000

0.000 0002 0.012 0.020 0.012 0.002 0.000

0.001 0.012 0.068 0.109 0.068 0.012 0.001

0.001 0.020 0.109) 0.172| 0.109 0.020 0.001

0.001 0.012 0.068 0.109 0.068 0.012 0.001

0.000 0002 0.012 0.020 0.012 0.002 0.000

0.000 0.000 0.001 0.001 0.001 0.000 O0.000

Co-financed by the European Union 51 This Master is run under the context of Action %%
T N S No 2020-EU-IA-0087, co-financed by the EU CEF Telecom et
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 AR
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Better smoothing with Gaussians

Visual
Computing
Group

- Co-financed by the European Union 55
Connectlng Europe Facmty

This Master is run under the context of Action

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

under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Better smoothing with Gaussians
AL |

Co-financed by the European Union This Master is run under the context of Action
: o et 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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Better smoothing with Gaussians

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
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

* Cross correlation vs Convolution

Co-financed by the European Union
Connecting Europe Facility

55

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

Master programmes in Artificial
Intelligence 4 Careers in Europe

Co-financed by the European Union

Connectiung 'Europe Fa'c'ilit\'/"

56

\(.{.iCJSrl}]l?)luting i%

Group <X

o000
o000 [ X X ]
o090
This Master is run under the context of Action sl
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom et

under GA nr. INEA/CEF/ICT/A2020/2267423
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Cross-Correlation vs Convolution

Cross-Correlation Convolution

@@~ B~ )

|
la
|0

alb| cps i|lh|gl-
dle|f] I fle[d} I
hli clb|a
{ ris|t ris|t
N Ujviw YY) » YY) q ese \ Ujviw + eee q
X\y|lz X|y|lz
q =axr + bxs + ¢xt + dxu + exv + fxw + gxx + hxy + ixz q =ixr + hxs + gxt + fxy + exv + dxw + c¢xx + bxy + axz
Co-financed by the European Union 57 This Master is run under the context of Action

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Fauhty under GA nr. INEA/CEF/ICT/A2020/2267423
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Image support and edge effect

*A computer will only convolve finite support signals

* What happens at the edge?

e zero “padding”
e edge value replication
h * mirror extension

[Slide by Niebles]

Co-financed b\[ the European Union 58 This Master is run under the context of Action
- L T L R e No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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5

2D convolution example

m

Input Kernel Output

[Slide by Song Ho Ahn]

Co-financed by the European Union 59 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connectlng Europe FaCJIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

2D convolution example

00
Visual ] \%. 3%
Computing A‘ Ngpa
Group XS

= 2—-1-1]-2[11] + x[0,—1]- 2[0,1]+ »{1,-1] - 2[—1,1]

Co-financed by the European Union
Connecting Europe Facility

60

1 ‘ 1 + x[—1,0]- %[1,0] 4+ x[0,0]- #[0,0]+ 2{1,0]- 2[-1,0]
0 0 + x[—1,1]- A[1.-1]+x[0,1]- 2[0,—1]+ x{1,1]- A[—1,—-1]
2] 3 =0-140-240-1+0-0+1.042-04+0- (-1)+4- (-2)+5- (- =-13
-1 |12 |[-1
411 5| 6
7| 8| 9 -20 | -17
-24 | -18
13 | 20 | 17
Output

[Slide by Song Ho Ahn]

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

2D convolution example

Co-financed by the European Union
Connecting Europe Facility

00
Visual ] \%. 3%
Computing A‘ Ngpa
Group XS

= {0~1]- W[11]+ A 1,-1]- B[ 01]+ x{ 2,-1]- A[~1.1]
+x{0,0]- A[L,0]+ 2{1,0]- 4{0,0]+ x{ 2,0]- #[—1,0]
+x{0,1]- A[1L=1]+ 2{1,1]- [0~ 1]+ x[2,1]- H{ - 1,~1]
=0.140.240.1+1.042.043- 0+4. (=) +5-(=2) + 6. (= 1) = =20

61

13 | 20 | 17

Output
[Slide by Song Ho Ahn]

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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2D convolution example

- x[1-1]- A[L1] + x{2,-1]- #[01] + { 3~1]- A~ 1.1]

Co-financed by the European Union
Connecting Europe Facility

o +x[1,0]- A{1,0]+ x[2,0]- 4[0,0]+ 2{3.0]- 4[-1,0]
+x[11]- A1+ x[2,1]- H0,-1]+ { 31]- #[-1,-1]
1 =0.-140-240-1+2.0+3-040-0+5.(-D)+6- (-2) + 0. (=) =—17
4
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-18 | -24 | -18
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Output

[Slide by Song Ho Ahn]

62 This Master is run under the context of Action
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2D convolution example

3 2 3 =x—1,0]- A 1,1]+ 2{ 0,0]- £[0,1]+ x[1,0]- A[—1,1]
1 2 3 + x[—1,1]- 2[1,0]+ 2 0,1]- %[ 0,01+ x[1,1]- #[—1,0]
0 0 + x[—1,2]- #[1,-1]+x[0,2]- 4 0,-1]+ x{1,2]- A -1,-1]
ol 6 =0-14+1.242-140.044.04+5.040.(-D+7 - (-2) +8 . (-1)=-18
-1 ||1-2 |-
7 8| 9
-13 | -20 | -17
-18 | -24 | -18
13 | 20 | 17
Output

[Slide by Song Ho Ahn]
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2D convolution example

= x{0,0]- #[11]+ x{1,0]- H[0,1]+ x{2,0]- #[-11]
+x{0.1]- H[1,0]+ x[L1]- #[0,0]+ x[2,1]- H{-1,0]
+x{0,2]- #[L-1]+ A1,2]- M0, ~1]+ A 2,2]- k[-1,~1]
=1.142.243.144.04+5.0+6.0+7- (=) +8. (=2) +9 . (-1) = —24

-13 |-20 | -17

-18]-24 | -18

13 | 20 | 17
Output

[Slide by Song Ho Ahn]

Co-financed by the European Union 64 This Master is run under the context of Action
AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

2D convolution example

= x{1,0]- A[11]+ A 2,0]- {011+ {3,0]- H{~1,1]
+ x{11]- H{1,0]+ 2[2,1]- #[0,0]+ 3.1]- #[-1,0]

+x{12]- W[1~1]+2[2,2]- {0~ 1]+ x[3.2]- H{-1~1]
=2.143.240.1+5.04+6.040.0+8-(-) +9-(-2) + 0. (-1) = —18

00
Visual ] \%. 3%
Computing A‘ Ngpa
Group XS

Co-financed by the European Union
Connecting Europe Facility

-13 |-20 | -17

-18 | -24 | -18

13 | 20 | 17
Output

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

Master programmes in Artificial
Intelligence 4 Careers in Europe

Co-financed by the European Union
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Calculate it!

Master programmes in Artificial
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Co-financed by the European Union
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

e Examples of filters

Co-financed by the European Union
Connecting Europe Facility

68

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



Master programmes in Artificial
Intelligence 4 Careers in Europe

Guess that kernel!

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Highpass Kernel: finds edges

applied to grayscale

Co-financed by the European Union 70 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial
Intelligence 4 Careers in Europe

Guess that kernel!

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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|dentity Kernel: Does nothing!

Co-financed by the European Union
Connecting Europe Facility

Master programmes in Artificial
Intelligence 4 Careers in Europe
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

Visual
Computing
Group
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Guess that kernel!

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial Visual 7 N
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Sharpen Kernel: sharpens!

Note: sharpen = highpass + identity! Why ?

Co-financed by the European Union 74 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial
Intelligence 4 Careers in Europe

Sharpen Kernel: sharpens!

What does blurring take away?

Highpass

ldentity +
Highpass

Corfinanced by the Eurapean:Uflon

Connecting Europe Facility

detail

detail

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

[Slide by D. Lowe]
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Guess that kernel!

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Emboss Kernel: styling

Visual &7
Computing v
Group <27

7
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=
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applied to all three channels

Co-financed by the European Union
Connecting Europe Facility

77

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Guess those kernels!

Co-financed by the European Union
Connecting Europe Facility
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78 This Master is run under the context of Action
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Sobel Kernels: edges and...

|
e

Co-financed by the European Union
Connecting Europe Facility

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

in Artificial
Intelligence 4 Careers in Europe

Sobel Kernels: edges and gradient!

Co-financed by the European Union
Connecting Europe Facility
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This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Atrtificial Visual @AY
MAIA CAREU ‘ Intelligence 4 Careers in Europe @ g?&g“t'”g !A

Sobel Kernels: edges and gradient!

This visualization is showing the magnitude and direction of the gradient

Co-financed by the European Union 81 This Master is run under the context of Action
§ T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

And so much morel!l

e Nexttime
O Edges

o Features

Co-financed by the European Union
Connecting Europe Facility

82

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

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

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectlng Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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AI _ EU ‘ Master programmes in Artificial \éigrlij’]?:)'t,ltiﬂg ﬁ'ﬂ CY E N S sx“a

University of Cyprus — MSc Artificial Intelligence

MAI644 —- COMPUTER VISION

Lecture 6: Edges

Melinos Averkiou
CYENS Centre of Excellence
University of Cyprus - Department of Computer Science 1

NCYENS

/ CENTRE OF EXCELLENCE

m.averkiou@cyens.org.cy

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

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

* Averaging vs Interpolation
e Systems - filters

e Convolution
* Box Filter
* (Gaussian
* Cross correlation vs Convolution

e Examples of filters

Co-financed by the European Union
Connecting Europe Facility

®

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

 \What can we do with convolutions

* What is an edge — image derivatives
* Sobel filters

 Laplacian filters

* Difference of Gaussian filters

e Canny edge detection

Co-financed by the European Union
Connecting Europe Facility

[material based on Joseph Redmon’s course]

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenc

d

e \What can we do wit

Co-financed by the European Union
Connecting Europe Facility

n convolutions

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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What can we do with convolutions

Mathematically: nice linear properties

- Commutative
. A*B =B*A

- Associative
. A¥(B*C) = (A*B)*C

- Distributes over addition
- A*B+C)=A*B + A*C

- Plays well with scalars
- x(A*B) = (xA)*B = A*(xB)

Co-financed by the European Union 5 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Facmty under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial
Intelligence 4 Careers in Europe @

MAI4CAREU

What can we do with convolutions

This means some convolutions decompose:

- 2d gaussian is just composition of 1d gaussians
- Faster to run 2 1d convolutions

Co-financed by the European Union 6 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Fauhty under GA nr. INEA/CEF/ICT/A2020/2267423

Visual
Computing
Group




Master programmes in Atrtificial Visual \ ﬁjé ‘g;%
MAIA CAREU Intelligence 4 Careers in Europe @ 8?5‘;‘;““”9 k

What can we do with convolutions

- Blurring

- Sharpening

- Edges

- Features

- Derivatives

- Super-resolution
- Classification

- Detection

- Image captioning

Co-financed by the European Union 7 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Fauhty under GA nr. INEA/CEF/ICT/A2020/2267423
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What can we do with convolutions

- Blurring

- Sharpening

- Edges

- Features

- Derivatives

- Super-resolution
- Classification

- Detection

- Image captioning

A big part of computer vision
is convolutions

Co-financed by the European Union 3 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaCIIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe @ g?ﬁgutmg

So what can we do with these convolutions anyway?

Blurring
Sharpening
|Edges |

- Features

- Derivatives

- Super-resolution
- Classification

- Detection

- Image captioning

A big part of computer vision
is convolutions

Co-financed by the European Union 9 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Facmty under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Today’s Agenda

* What is an edge — image derivatives

Co-financed by the European Union

o B 10
Connecting Europe Facility

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

What's an edge?

- Image is a function
- Edges are rapid changes in this function

Visual
Computing
Group

Co-financed by the European Union 11 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

What's an edge?

- Image is a function
- Edges are rapid changes in this function

H(x)

Co-financed by the European Union
Connecting Europe Facility

This Master is run under the context of Action

12 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial Visual ‘ % %

Intelli : g4(: i @Computiﬂg V‘- N4
gence areers in Europe Group &Y,

Finding edges

- Could take derivative
- Edges = high response

H(x)

£ (x)

Co-financed by the European Union 13 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Image derivatives

Recall:

o flath) - f(a)
f(a) = Jlim h '

|II

- We don’t have an “actua
function, must estimate

- Possibility: seth =1 F
- What will that look like? (X)

F'(x)

Co-financed by the European Union 14 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Image derivatives

Recall:

f'(a) = lim flath) - fa) .

h— h

|II

- We don’t have an “actua
function, must estimate

- Possibility: seth =1

- What will that look like?

Co-financed by the European Union
Connecting Europe Facility
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H(x)

£ (x)

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

Recall:

o flath) - f(a)
f(a) = Jlim h '

|II

- We don’t have an “actua
function, must estimate

- Possibility: seth =2 F
- What will that look like? (X)

F'(x)

Co-financed by the European Union 16 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Image derivatives

Recall:

f'(a) = lim flath) - fa) .

h— h

|II

- We don’t have an “actua
function, must estimate

- Possibility: set h =2

- What will that look like?

Vax(|A]0[ 1
N

N N
BNEE

Co-financed by the European Union
Connecting Europe Facility
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H(x)

£ (x)

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

e Sobel filters

Co-financed by the European Union
Connecting Europe Facility

18

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

0 100 200 300 400 0O 10 20 30 40 50 60

Co-financed by the European Union 19 This Master is run under the context of Action
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Artificial
Intelligence 4 Careers in Europe

But we already know how to smooth

0 10 20 30 40 50 60 0 10 20

Co-financed b\[ the European Union 20 This Master is run under the context of Action

TR R A TR T A No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
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Smooth first, then derivative

ox(TOT]K (

Co-financed by the European Union
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Connecting Europe Facility
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Smooth first, then derivative

Vax{ [1]0]1

Co-financed by the European Union 59
Connecting Europe Facility
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Smooth first, then derivative

,( %
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Co-financed by the European Union 53 This Master is run under the context of Action s
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Smooth first, then derivative

,( %
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Smooth first, then derivative

,( %
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Smooth first, then derivative

,( %

Co-financed by the European Union
Connectlng Europe Facility
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Smooth first, then derivative
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Co-financed by the European Union 57 This Master is run under the context of Action s
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Smooth first, then derivative

,( %

N
o
IS

Co-financed by the European Union )8 This Master is run under the context of Action s
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom *
Conﬂectlng Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 T,

T g%



Master programmes in Artificial Visual ‘
MAIA CAREU ‘ Intelligence 4 Careers in Europe @ g?é‘ﬂfé““”g

Smooth first, then derivative

,( %
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Smooth first, then derivative

,( %

Co-financed by the European Union 30 This Master is run under the context of Action s
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Smooth first, then derivative
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Sobel filter! Smooth & derivative

,( %

015 e ;
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Co-financed by the European Union 32 This Master is run under the context of Action s
= 7 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom o

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

* ¥



Master programmes in Artificial Visual 7R
MIACAREU ‘ Intelligence 4 Careers in Europe g?gagumg !% -

Image derivatives

- Recall:

f'(a) = lim flath) - fa) ,

h—s) h

- Want smoothing too!

H(x)

Vax *

1]0]1 ” f’(X)

2|1

Co-financed by the European Union 33 This Master is run under the context of Action
T g & 7 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREU

Finding edges

- Could take derivative

- Find high responses

- Sobel filters!

- What about y direction ?

ez )
2 oy [

21 t(x)

Co-financed by the European Union 34 This Master is run under the context of Action
FE g & 7 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423

H(x)
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Finding edges

ﬂ \ \‘

[

AN

Co-financed by the European Union
Connecting Europe Facility

Master programmes in Artificial

Intelligence 4 Careers in Europe

Could take derivative
Find high responses
Sobel filters!

Let’s stop a moment and get some basics

35

f(x)

F'(x)

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Simplest image gradient

0
. L~ fet+1,9) ~ f(.y)

Likewise for df/dy

The gradient directionis § = tan_l (%/%)

How does this relate to the direction of the edge? -Perpendicular

The edge strength is given by the gradient magnitude

Vil = /G0 + (3

Co-financed by the European Union
Connectmg Europe Facmty

36 This Master is run un
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Sobel filters

1(0{-1 11211
gz = [2]0]|2] g, =|0]0]0
1(0]-1 -1(-21-1

Magnitude:
g = \/9% + g

Orientation: 1 1

O = tan ! (g_y) by e

9o

We can change the sign: AN N

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

Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Intelligence 4 Careers in Europe

Finding edges

- Could take derivative
- Find high responses
- Sobel filters!

- But...

Co-financed by the European Union
Connecting Europe Facility

38

f(x)

F'(x)

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREV

Finding edges

- Could take derivative
- Find high responses
- Sobel filters!

- But...

- Edges go both ways

- Want to find extrema

Co-financed by the European Union

o B 39
Connecting Europe Facility

Visual
@ Computing
Group

H(x)

£ (x)

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

 Laplacian filters

Co-financed by the European Union
Connecting Europe Facility

40

This Master is run under the context of Action
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2nd derivative!

- Crosses zero at extrema

f(x) f(x)

(x) (x)

AN
N\

() /\/ F(x)

Co-financed by the European Union a1 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Laplacian (2nd derivative)!

Crosses zero at extrema
Recall:

(&) = lim ﬂﬁh}_i{f”ﬂm_h)+ /
Laplacian:
R f(x) f(x)

A =oat o
Again,ahavj to /\ v
£ (x)
AN
VRV

estimate ' (x): £ (x)
T2 R ; N
AN 1

AN

AN e FII()()

F(x)

Co-financed by the European Union
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Laplacians

- Laplacian:
- Pf  f
& —
! ﬂm2+ﬁy2

Co-financed by the European Union
Connecting Europe Facility

Master programmes in Artificial
Intelligence 4 Careers in Europe
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This Master is run under the context of Action
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Laplacians

- Laplacian:
- 3zf azf (
ﬂ —
! Ox? * Oy?

=[]
*

)+ (mme )

Co-financed by the European Union a4 This Master is run under the context of Action %%
T T e S T No 2020-EU-IA-0087, co-financed by the EU CEF Telecom .
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Laplacians

- Laplacian:
- a*f  o*f ( H
Af = + 2| X ) (I!I-zlll* )
! Ox?  Oy? 1 +
1]
(Bl + o=m) *
Co-financed by the European Union 45 This Master is run under the context of Action

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

- Laplacian:
- Pf  f
& —
! ﬂm2+ﬁy2

Co-financed by the European Union
Connecting Europe Facility

Master programmes in Artificial Visual a
i bros i Computing ’A‘
Intelligence 4 Careers in Europe Group SN

)+

=[]
*

([ + =) +

o[1]0 o[o[o
(o-zo+ -21)*
o[1]o

46 This Master is run under the context of Action sl
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom et
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Laplacians

- Laplacian:

; aszrﬂzf ( )+ (m-zmale

=[]
*

ﬂ _
! dx?  Oy?

([ + =) +

SN {

0[1]0 (8.;3+?.2?)e|e
0|1(0 0/0|0

This Master is run under the context of Action

Co-financed by the European Union 47
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Laplacians

- Laplacian:
- . Of  &f
Af dr? * Oy?
- Negative Laplacian, -4 in middle
- Positive Laplacian --->

Thal ¥ sl | L [ [

Co-financed by the European Union 48 This Master is run under the context of Action
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Laplacians also sensitive to noise

- Again, use gaussian smoothing

- Canjust use one kernel since convs commute

- Laplacian of Gaussian, LoG

- Can get good approx. with
5x5 - 9x9 kernels

S i P L = o
W Fl fl rd i s

Co-financed by the European Union

49 This Master is run under the context of Action
T S No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

e Difference of Gaussian filters

Co-financed by the European Union
Connecting Europe Facility

50

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Another edge detector

- Image is a function

- Has high frequency and low frequency components
- Think in terms of fourier transform

- Edges are high frequency changes

- Maybe we want to find edges of a specific size (i.e. specific
frequency)

Co-financed by the European Union 51 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Facmty under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial Visual 7
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Difference of Gaussian (DoG)

- Gaussian is a low pass filter

- Strongly reduce components with frequency f > o
- (g*1) low frequency components

- |- (g*!) high frequency components

- g(ol)*1-g(o2)*I

Components in between these frequencies

- g(o1)*I-g(o2)*I =[g(ol) - g(o2)]*|

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

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




Master programmes in Artificial
Intelligence 4 Careers in Europe

Difference of Gaussian (DoG
- g(ol)*I-g(o2)*I = [g(ol) - g(o2)]*I

T
e T
S gl T Ay e, S ey
e

Co-financed by the European Union 53 This Master is run under the context of Action
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Difference of Gaussian (DoG)

- g(o1)*1-g(02)*I = [g(ol) - g(02)]*I
- This looks a lot like our LoG!
- (not actually the same but similar)

% 10

Co-financed by the European Union 54 This Master is run under the context of Action
: e T R No 2020-EU-IA-0087, co-financed by the EU CEF Telecom %
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DoG (3 - 2

Co-financed by the European Union 57 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Co-financed by the European Union
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423

58 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

e Canny edge detection

Co-financed by the European Union
Connecting Europe Facility

59
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Another approach: gradient magnitude

- Don’t need 2nd derivatives
- Just use magnitude of gradient

f(x) / f(x)

\
F(x) o )l N
—7

\

() %
e

Co-financed by the European Union 60
T W AT No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial Visual "
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Another approach: gradient magnitude

- Don’t need 2nd derivatives
- Just use magnitude of gradient
- Are we done? No!

= ]

Co-financed by the European Union 61 This Master is run under the context of Action
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What we really want: line drawing

Co-financed by the EUI’OPEE\I’I Union 63 This Master is run under the context of Action *E
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Canny Edge Detection

Algorithm:

|/)

- Smooth image (only want “real” edges, not noise)
- Calculate gradient direction and magnitude

- Non-maximum suppression perpendicular to edge
- Threshold into strong, weak, no edge

- Connect together components

http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Co-financed by the European Union 64 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Conﬂectlng Europe Facmty under GA nr. INEA/CEF/ICT/A2020/2267423



http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Master programmes in Artificial
Intelligence 4 Careers in Europe

Smooth image

- You know how to do this, gaussians!

Visual iA‘
Cc ti
Sop" R

.

Ve
_

Corfinanced by the Eurapean:Uflon

Connecting Europe Facility

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



http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Master programmes in Artificial Visual ’\
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Gradient magnitude and direction
- Sobel filter

SNEEREE™ el | L] [ |-
AN AN

http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Co-financed by the European Union 66 This Master is run under the context of Action
FE g & 7 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Non-maximum suppression

- Want single pixel edges, not thick blurry lines
- Need to check nearby pixels
- See if response is highest

http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Co-financed by the European Union 67 This Master is run under the context of Action
FE g & 7 No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Non-maximum suppression

Co-financed by the European Union
Connectlng Europe Facmty
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Non-maximum suppression

Co-financed by the European Union
Connectlng Europe Facmty

69

This Master is run under the context of Action
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Non-maximum suppression

Co-financed by the European Union 70 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom b
Connectlng Europe FaCJIIt\/ under GA nr. INEA/CEF/ICT/A2020/2267423 ot
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Non-maximum suppression

Co-financed by the European Union
Connecting Europe Facility
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Non-maximum suppression

Co-financed by the European Union
Connecting Europe Facility
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Non-maximum suppression

This Master is run under the context of Action *X ok

Co-financed by the European Union 73
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom A
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Non-maximum suppression

Co-financed by the EUI’OPEE\I’I Union 74 This Master is run under the context of Action *E
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Non-maximum suppression

Co-financed by the European Union This Master is run under the context of Action
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http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Master programmes in Artificial Visual
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Threshold edges

- Still some noise
- Only want strong edges

- 2 thresholds, 3 cases
- R>T:strong edge
- R<ThbutR>t: weak edge
- R<t:noedge

- Why two thresholds?

http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Co-financed by the European Union 76 This Master is run under the context of Action

No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Master programmes in Artificial Visual =) N
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Group W

Connect them up!

- Strong edges are edges!

- Weak edges are edges
iff they connect to strong

- Look in some neighborhood
(usually 8 closest)

http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Co-financed by the EUI’OPEE\I’I Union 77 This Master is run under the context of Action
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http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/
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Canny Edge Detection

Algorithm:

|/)

- Smooth image (only want “real” edges, not noise)
- Calculate gradient direction and magnitude

- Non-maximum suppression perpendicular to edge
- Threshold into strong, weak, no edge

- Connect together components

- Tunable: Sigma, thresholds

http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/

Co-financed by the European Union 78 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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http://bigwww.epfl.ch/demo/ip/demos/edgeDetector/
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Canny Edge Detection

'l ! i Taa
e s
R B i

e ATy
’a' v "'.-. b 2 = ',,_ -
23K bk

http://bigswww.epfl.ch/demo/ip/demos/edgeDetector/

Co-financed by the EUI’OPEE\I’I Union 79 This Master is run under the context of Action
: No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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Thank you.

Co-financed by the European Union This Master is run under the context of Action
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University of Cyprus — MSc Artificial Intelligence

MAI644 —- COMPUTER VISION

Lecture 7: Features — Corners

Melinos Averkiou
CYENS Centre of Excellence

University of Cyprus - Department of Computer Science
| NCYENS

m.averkiou@cyens.org.cy / Do et

Co-financed by the European Union This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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* What can we do with convolutions
* What is an edge — image derivatives
* Sobel filters

 Laplacian filters

* Difference of Gaussian filters

e Canny edge detection

Co-financed by the European Union 5 This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connectmg Europe FaC|l1t\/ under GA nr. INEA/CEF/ICT/A2020/2267423
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Today’s Agenda

* Features
e Self-difference

e Harris corner detection

Co-financed by the European Union
Connecting Europe Facility
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Group L

[material based on Joseph Redmon’s course]

This Master is run under the context of Action
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Today’s Agenda

* Features

Co-financed by the European Union
Connecting Europe Facility
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Co-financed by the European Union
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Master programmes in Artificial
Intelligence 4 Careers in Europe

What else is there?

5 This Master is run under the context of Action
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So what can we do with these convolutions anyway?

- Blurring

- Sharpening

- Edges

- LEeatures

- Derivatives

- Super-resolution
- Classification

- Detection
- Image captioning
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Features!

- Highly descriptive local regions
- Ways to describe those regions
- Useful for:

. ’X‘__ T, ﬂ\\

- Matching ARIE R J , f
.. \_)\“a - >

- Recognition SNNUAENE )

- Detection NEEADSME
\A s I N P Yz |5
\\, oM e = ‘7/

Image gradients Keypoint descriptor
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What makes a good feature?

- Want to find patches in image that are useful or have some
meaning

- For objects, want a patch that is common to that object but not in
general

- For panorama stitching, want patches that we can find easily in
another image of same place

- Good features are unique!

- Can find the “same” feature easily

- Not mistaken for “different” features

Co-financed by the European Union 3 This Master is run under the context of Action
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Application - How to create a panorama

- Say we are stitching images to create a panorama
- Want patches in one image to match to patches in another image
- Hopefully only match one spot

Co-financed by the European Union 9 This Master is run under the context of Action
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How close are two patches?

- (weighted) Summed squared difference
- Images|, |
- Z)(,y W(X/y) (l(xly) - J(X/y))z
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How can we find unique patches?
- Sky: bad

- Very little variation
- Could match any other sky

Co-financed by the European Union
Connecting Europe Facility
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How can we find unique patches?
- Sky: bad

- Very little variation
- Could match any other sky

- Edge: ok
- Variation in one direction

- Could match other patches
along same edge

Co-financed by the European Union 12 This Master is run under the context of Action
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How can we find unique patches?
- Sky: bad

- Very little variation
- Could match any other sky

- Edge: ok
- Variation in one direction
- Could match other patches
along same edge
- Corners: good!

- Only one alighment matches

Co-financed by the European Union 13 This Master is run under the context of Action
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Today’s Agenda

e Self-difference

Co-financed by the European Union
Connecting Europe Facility
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How can we find unique patches?

- Want a patch that is unique in the image

- Can calculate distance between patch and every other patch, a
lot of computation

- Instead, we could think about auto-correlation:

- How well does image match shifted version of itself?

- Autocorrelation: 2,2 w(x,y) (I(x+d,,y+d,) - I(x,y) )°

- Measure of self-difference (how much am I not myself?)

Co-financed by the European Union 15 This Master is run under the context of Action
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Self-difference

Sky: low everywhere
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Self-difference

Edge: low along edge
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Self-difference

Corner: mostly high

Co-financed by the European Union 18 This Master is run under the context of Action %%
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Selt-difference
Sky: low everywhere
Edge: low along edge

Corner: mostly high
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Today’s Agenda

e Harris corner detection

Co-financed by the European Union
Connecting Europe Facility
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Self-difference is still expensive
- I, WKY) (I(x+d,,y+d) - 1(xy) )2
- Lots of summing

- Need an approximation

Use Taylor Series expansion of the image function (see Szeliski book Section 7.1.1)

[(x+d,,y+d,) ~= 1(x,y) + d, L (x,y) + d ], (x,y)

Co-financed by the European Union 51 This Master is run under the context of Action
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Approximate self-difference

- Look at nearby gradients |, and |,
- If gradients are mostly zero, not a lot going on

- Low self-difference

- If gradients are mostly in one direction, edge

- Still low self-difference

- If gradients are in two(ish) directions, corner!
- High self-difference, good patch!

Co-financed by the European Union 59 This Master is run under the context of Action
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Approximate self-difference

- How do we tell what’s going on with gradients?

- Eigenvectors/values!
- Need structure matrix for patch, just a weighted sum of nearby

gradient information

| Swil (L) Zwil (i)1(1) |
| Swil (L) Zwil (i) (1) |

- Not as complex as it looks, weighted sum of gradients near pixel

https://en.wikipedia.org/wiki/Structure tensor
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Structure matrix

Weighted sum of gradient information
| S (D) Zwil ()1 i) |
| SwiL (1) Zwil (1) |

Can use Gaussian weighting

Eigenvectors/values of this matrix summarize the distribution of
the gradients nearby

A, and A, are eigenvalues
- Ayand A, both small: no gradient
- A;>> )\, 0r A\, << A, : gradient in one direction
- A;and A, both large: multiple gradient directions, corner

Co-financed by the European Union 24 This Master is run under the context of Action
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Estimating eigenvalues

- Use determinant and trace:

det(S) = A *A,
trace(S) = A +A,

- Response function (R score): det(S) - k trace(S)? = A A, - K(A;+A,)?
- If this score is large, both A, and A, are large

Co-financed by the European Union 55 This Master is run under the context of Action
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Harris Corner Detector

- Calculate derivatives |, and Iy

- Calculate 3 measures L1, |1, L,

- Calculate weighted sums

- Want a (weighted) sum of nearby pixels, guess what this is?

- Gaussian —or weights could just be ones

- Estimate response based on R score
- Non-max suppression in a neighborhood

Co-financed by the European Union 26 This Master is run under the context of Action
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Ok, we found corners, now what?

- Need to match image patches to each other
- Need to figure out transform between images

Co-financed by the European Union 29 This Master is run under the context of Action
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Ok, we found corners, now what?

- Need to match image patches to each other

- What s a patch? How do we look for matches? Pixels?

- Need to figure out transform between images

- How can we transform images?
- How do we solve for this transformation given matches?
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