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o Instructor:

Sanja Fidler (fidler@cs.toronto.edu)

o Office: all office hours will be hosted online

e Office hours: Mon 11am-12pm. Please send me an email to
schedule.

o TAs:

Sayyed Nezhadi (snezhadi@cs.toronto.edu)

Frank Shen (shentill@cs.toronto.edu)

VALY
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fidler@cs.toronto.edu
snezhadi@cs.toronto.edu
shenti11@cs.toronto.edu

Course Information

e Class time: Monday at 9-11am
e Location: Online

e Tutorials: TUT0101 on Monday 11am-12pm (online), TUT0102
on Monday 12-1pm (online), demos and Q&A, we'll do it on
demand

o Class Website:

http://wuw.cs.toronto.edu/~fidler/teaching/2021/CSC420.html
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Course Information

e Class time: Monday at 9-11am
e Location: Online

e Tutorials: TUT0101 on Monday 11am-12pm (online), TUT0102
on Monday 12-1pm (online), demos and Q&A, we'll do it on
demand

o Class Website:

http://wuw.cs.toronto.edu/~fidler/teaching/2021/CSC420.html

e The class will use Quercus for announcements and discussions
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Course Information

e Textbook: We won't directly follow any book, but extra reading
in this textbook will be useful:

S Rick Szeliski

Computer Vision

Nigorithms a0d Appcasions

Computer Vision: Algorithms and Applications

available free online:

http://szeliski.org/Book/

e Links to other material (papers, code, etc) will be posted on the
class webpage
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Course Prerequisites

Course Prerequisites:

e Data structures
o Linear Algebra
e Vector calculus

@ Numerical Analysis
Without this you'll need some serious catching up to do!

Knowing some basics in this is a plus:
e Python, Matlab, C++
e Machine Learning
e Neural Networks
@ Solving assignments sooner rather than later
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e Each student expected to complete 4 assignments and a project
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e Each student expected to complete 4 assignments and a project

e Assignments:
e Short theoretical questions and programming exercises
o Will be given roughly every two weeks (starting second week of class)
e You will have a week to hand in the solution to each assignment

e You need to solve the assignment alone
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e Each student expected to complete 4 assignments and a project

e Assignments:
e Short theoretical questions and programming exercises
o Will be given roughly every two weeks (starting second week of class)
e You will have a week to hand in the solution to each assignment

e You need to solve the assignment alone

e Project:
e You will be able to choose from a list of projects or come up with your
own project (discussed prior with your instructor)
o Need to hand in a report and do an oral presentation
e Can work individually or in pairs
6/60
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o Grade breakdown

o Assignments: 60% (15% each)
o Project + oral exam: 30%(project) + 10%(oral exam)

e For the project you will need to do

e Short project proposal
e Project report

e Project presentation (oral)

@ Oral exam: During the project presentation, you will be asked

questions about the class material
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Term Work Dates

Term Work Post Date Due Date
Assignment 1 Jan 22 Jan 29
Assignment 2 Feb 5 Feb 12
Assignment 3 March 5 March 12
Assignment 4 March 19 March 26
Project Report April 15
Project Presentation TBD

@ All dates are for 2021

@ Dates are approximate (depend on what material we cover in class)
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Programming Language?

e Your assignments / project can be implemented either in Python,
Matlab, or C++. Python is preferred, but not a requirement.

@ Most code and examples we will provide during the class will be
in Python and Matlab.

o Choose wisely
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Lateness

Deadline The solutions to assignments / project should be
submitted by 11.59pm on the date they are due.
Anything from 1 minute late to 24 hours will count as one
late day.

Lateness Each student will be given a total of 3 free late days.
This means that you can hand in three of the assignments
one day late, or one assignment three days late. It is up to
the you to make a good planning of your work. After you
have used the 3 day budget, the late assignments will
not be accepted.
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Syllabus

Tentative syllabus

Intro

Linear filters, edges
Image features
Keypoint detection
Matching

Stereo, multi-view
Stereo, multi-view
Object recognition
Object detection
Neural Networks
Segmentation
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Introduction
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Introduction to Intro to Image Understanding

e What is Computer Vision?
e Why study Computer Vision?
e Which cool applications can we do with it?

@ Is vision a hard problem?
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What is Computer Vision?
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What is Computer Vision?

e A field trying to develop automatic algorithms that would “see”

.....
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Embodied Agents

@ Understand the scene in order to take actions: perception, planning,
reasoning

Figure: How do | make dinner in this household?

Many simulators: Carla, Thor, House3D, VirtualHome, etc

Sanja Fidler Intro to Image Understanding 16 / 60
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What is Computer Vision?

o What does it mean to see?

[text adopted from A. Torralba]
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What is Computer Vision?

o What does it mean to see? [text adopted from A. Torralba]

o To know what is where by looking — Marr, 1982

(s aptop |
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What is Computer Vision?

o What does it mean to see? [text adopted from A. Torralba]

o To know what is where by looking — Marr, 1982
o Understand where things are in the world
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What is Computer Vision?

o What does it mean to see? [text adopted from A. Torralba]

o To know what is where by looking — Marr, 1982
o Understand where things are in the world
o What are their 3D /material properties?

- Flat horizontal surface
- Soft - Made of glass

- Wrinkled .f % = Can support ight objects
oy m S

- Flat vertical surface
- Soft, comfortable

- Can be leaned on
“d

- Flat horizontal surface

- Soft, comfortable

- Can support heavy objects
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What is Computer Vision?

o What does it mean to see? [text adopted from A. Torralba]

o To know what is where by looking — Marr, 1982
o Understand where things are in the world

o What are their 3D/material properties?

o What actions are taking place?

snake escaping!

polar bear
eating fish

gorillas arguing

AW
boy scaring girl Pic from www.cobblehillpuzzles.com
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“Full” Image Understanding?

@ Full understanding of an image?
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

[M. Malinowski, M. Fritz, A Multi-World Approach to Question Answering about Real-World Scenes based on Uncertain Input,
NIPS, 2014]
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

Q:What is behind the table? Q: What is in front of the toilet? Q: What is on the counter in the
A: window A: door corner? A: microwave
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

Q:What is behind the table? Q: What is in front of the toilet? Q: What is on the counter in the
A: window A: door corner? A: microwave

Q: What is the shape of the green
chair? A: horse shaped
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

Q:What is behind the table? Q: What is in front of the toilet? Q:What is on the counter in the
A: window A: door corner? A: microwave

Q: What is the shape of the green Q: Where is the oven?
chair? A: horse shaped A: on the right side of the fridge
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

Q: What is behind the table? Q: What is in front of the toilet? Q:What is on the counter in the
A: window A: door corner? A: microwave

Q: What is the shape of the green Q: Where is the oven? Q: What is the largest object?
chair? A: horse shaped A: on the right side of the fridge A: bed
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

Lu|l=

Q: Which object is red?
A: toaster
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

Q: Which object is red? Q: How many drawers are there? Q: How many doors are open
A: toaster A:6 A1
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“Full” Image Understanding?

@ Full understanding of an image? You can answer any question about it

Q: How many doors are open

Al

Q: Which object is red? Q: How many drawers are there?
A: toaster A6

Q: How many lights are on? Q: Can you make pizza in this room? Q: Where can you sit?
A6 A: yes A: chairs, table, floor
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Why study Computer Vision?
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Why study Computer Vision?

@ You are curious how to one day make the robot walk your dog

http://www.cs.toronto.edu/~fidler/videos/robotsmovies.mov
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http://www.cs.toronto.edu/~fidler/videos/robotsmovies.mov

Why study Computer Vision?

e ... and fold your laundry

https://www.youtube.com/watch?v=gy5g3350Gzo https://www.youtube.com/watch?v=KKUaVzf30qw
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file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/folding_towels.mp4
file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/Sockification.mp4
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Why study Computer Vision?

@ ... and drive you to work

Amnon Shashua’s Mobileye autonomous driving system

https://www.youtube.com/watch?v=4fxFDypHZLs
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Why study Computer Vision?

e Allows you to manipulate your images

Scene Completion using Millions of Photographs, Hays & Efros, SIGGRAPH 2007
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Scene Completion using Millions of Photographs, Hays & Efros, SIGGRAPH 2007
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y Computer Vision?

e Allows you to manipulate your images

https://www.youtube.com/watch?v=p5U4NgVGAwg

GauGan, Ming-Yu Liu et al., http://nvidia-research-mingyuliu.com/gaugan/]
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file:///Users/sanja/science/class/2021/CSC420/videos/gaugan2.mp4
https://www.youtube.com/watch?v=p5U4NgVGAwg
http://nvidia-research-mingyuliu.com/gaugan/

Why study Computer Vision?

@ Change style of images

[Gatys, Ecker, Bethge. A Neural Algorithm of Artistic Style. Arxiv'15.]
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Why study Computer Vision?

@ Change style of videos

Freiburger Minsterplatz

https://www.youtube.com/watch?v=Khuj4AS1dmU

[Ruder, Dosovitskiy, Brox. Artistic style transfer for videos, 2016]
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https://www.youtube.com/watch?v=Khuj4ASldmU

Why study Computer Vision?

@ Change style of videos

an 2017

e

I [cs.CV] 18]

Bringing Impressionism to Life with Neural Style Transfer in Come Swim

Bhautik J Joshi*
Rescarch Engineer, Adobe

Figure 1: Usage o
permission, (c) 2017 Starlight Sewdios LLC & Kristen Stewart,

Abstract

Neura! Style Tramsfer is a swiking, recencly-developed techaique
that uses seural setworks to artistically redraw an image in the style
of a source style image. This paper exploces the use of this tech-
nigee in a production setting, applying Neural Style Transfer to re.
draw key scenes in Come Swime in the style of the impeesdionistic
painting that isspired the film, We document how the techaique
can be driven within the framework of an iterative creative process
0 achieve a desired look, and propose a mapping of the broad pa.
rametes space 10 3 key set of creative costrols, We hope that this
mapping can provide insights into priorities for future research.

Kristen Stewast
Director, Come Swim

David Shapiro
Producer, Starlight Studios

Newral Style Transfer in Come Swine; left: consens image, neiddie: style mage, right: spsampled resds. Images used with

execste efficiently and prodictably. In a production setting, how-
over, a great deal of creative costrol is needed 10 tine the result,
and a rigid set of aigorihmic constraints ren counter 10 the need
for ®in creative expl While ealy % better
map the low-level neural net evaluations 10 stylistic effects are un-
derway [Li et al. 2017}, is our paper we focused on examising the
higher-Jevel parameser space for Neural Styde Transfer and foend 2
set of working shoeicuts 1o map them to & reduced but measingful
set of creative coatrols.

2 Realizing Directorial Intent

https://arxiv.org/pdf/1701.04928.pdf
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Why study Computer Vision?

@ ... and make cool videos using a single image

http://www.cs.cmu.edu/~om3d/

3D Object Manipulation in a Single Photograph using Stock 3D Models,
Kholgade, Simon, Efros, Sheikh, SIGGRAPH 2014
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Why study Computer Vision?

e Fancy visualization and game analysis in sports

— R

-

TAaTeESYEE A

JANMIESON e

GYURL A S=——
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Why study Computer Vision?

e Fancy visualization and special effects in movies

GUGAMLEOr | ARWINE

SEASON [V

[Source: http://cvfxbook.com and http://vimeo.com/100095868]
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y Computer Vision?

@ Reconstruct the world in 3D from online photos!

https://www.youtube.com/watch?v=IgBQCoEfiMs

Photosynth: https://photosynth.net/
Nerf: https://www.youtube.com/watch?v=yPKIxoN2Vf0
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file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/PhotoTourismFull.mp4
file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/dubrovnik.mp4
https://www.youtube.com/watch?v=IgBQCoEfiMs
https://photosynth.net/
https://www.youtube.com/watch?v=yPKIxoN2Vf0

Why study Computer Vision?

MODIFACE

3D Real-Time Video Ha oration

Figure: Modiface: Toronto-based startup
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Why study Computer Vision?

o Play with faces

9 Facerpp

Transform your face
using Artificial Intelligence
with just one tap

& i o
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Why study Computer Vision?

e Play with faces

7'y

FaceApp
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Why study Computer Vision?

e Play with faces
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Why study Computer Vision?

e Play with faces

45?7@

\
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source

destination

Coarse styles

https://wuw.youtube.com/watch?v=kSLJria0umA

StyleGAN, Tero Karras et al., https://github.com/NVlabs/stylegan]

Sanja Fidler Intro to Image Understanding
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Why study Computer Vision?

@ Generate image descriptions automatically

A man with a colorful umbrella walking down a street.
A small plane parked in a field with trees in the background.

[Source: L. Zitnick, NIPS'14 Workshop on Learning Semantics]
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Why study Computer Vision?

@ Generate images from descriptions automatically

TEXT PROMPT

an illustration of a baby daikon radish in a tutu walking a dog

GENERATED HAGES
\M =
..' %ee ] .
y ‘ s
S
H = o)
View more or edit prompt +

an armchair in the shape of an avocado [...]

AI-GENERATED IMA

YVIXY

View more or edit prompt +

[DALL-E: https://openai.com/blog/dall-e/]
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Computer Vision?

@ Have a computer do math for you

F

e
e ney

e

LAWY - f

Figure: Photomath: https://photomath.net/, nttp://www. youtube. con/watch?y=X1bVB50nTha
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Why study Computer Vision?

@ You can do movie-like Forensics

Figure: Source: Nayar and Nishino, “Eyes for Relighting”

[Source: N. Snavely]
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Why study Computer Vision?

yar and Nishino, “E}

[Source: N. Snavely]
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Why study Computer Vision?

Figure: Source: Nayar and Nishino, “Eyes for Relighting”

[Source: N. Snavely]
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Why study Computer Vision?

@ Some more CSI

@ Can you see something on the wall?

Torralba & Freeman, CVPR'12
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Why study Computer Vision?

@ Some more CSI

a ‘

c) Differe

nce image (b-a) d) Crop upside down e) True view
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Why study Computer Vision?

e Recognizing movie posters (in mobile phones)

iPhone Apps:kooaba (www.kooaba.com)

J]ODEKEREO S TER

Source: S. Lazebnik

From student last year: phone app
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How It All Began...
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How It All Began...

MASSACHUSETTS INSTITUTE OF TECHNOLOCY
PROJECT MAC

Artificial Istelligence Croup July 7, 1966
Vision Meso. No. 100,

INE SUMMER VISION PROJECT

Seysour Papert

The suzmer visios project is an attespt to use our summer workers
effectively in the comstruction of a significant part of a visual syste=.
The particular task was chosen pn’.'\z because it cam be segmented into
sub-probleas which will allow individuals to work independently and yet
participate in the comstruction of a systems complex emough to be a real
landsark in the development of “patterm recognitica’l.

[Slide credit: A. Torralba]
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50 years and thousands of PhDs later...

Popular benchmarks: KITTI, PASCAL, Cityscapes, MS-COCO

Car
Method wllh‘ Code Moderate Easy Hard Runtime Environment Compare
THU CV-A 1 1 T 91.97% | 91.96%  BASTX | 0385 GPU @ 2.5 Ghz (Pythom) T
DH-AR 4 WS 0.25% “ GPU® 256G (C/Ces)
) e 071X | 9ILME | BA2EX | 1es
4 BMNET 030X | 8% BNY | 05s
MVRA + LFRCNN. 0.36%  S0.78%  BOM4SX | 0.8s GU® 223Gz )
TuSimele e WIIX | N0T7X | m86X | 163 GPU @ 2.5 GP2 (Pythom + C/Cor)

Reasoning demo: http://vqa.cloudcv.org/

Sanja Fidler Intro to Image Understanding 44/ 60


http://vqa.cloudcv.org/

Why is vision hard?
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Why is vision hard?

@ Half of the cerebral cortex in primates is devoted to processing visual
information. This is a lot. Means that vision has to be pretty hard!

Primary somatic |

Primary motor cortex
\ / sensory cortex

Skelotal — o100 association area

muscle J /
movement | (Premotor cortex) \ o/ , Pariotal | o i
N\ > / from skin,
/Sensory musculoskeletal
/ association | system, viscera,
7 e and taste buds
i )
Frontal lobe ) Vious sascciation
\— Vision
Prefrontal - Occipital lobe
g P8/ Visual cortex
area
Coordinates Z .
information from / N :'u‘:hovy association l
other association 7,44 |GUStatory) \oree Hearing
areas, controls lcortex / \ Auditory cortex
some behaviors / 7o aot

Olfactory
Smell-
|cortex

Sanja Fidler

Intro to Image Understanding

MEMORY &

YOUR BRAIN (crcb‘fal Cortex

Hippocampus
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Why is vision hard?

All this is dog... [slide adopted from: R. Urtasun]
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Why is vision hard?

Lots of data to process:

@ Thousands to millions of pixels You ub
in an image ﬂiiiﬂi’ﬁi
@ 100 hours of video added to mmgg HOURS

YouTube per minute [source: L L UL L LY oo oo oo |

YouTube]
@ Over 6 billion hours of video 13
are watched each month on i S
aasssas
YouTube — almost an hour for [Z507 |

every person on Earth [source:
yP [ BILLION m‘
YOUTUbe] views a day on the site
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Why is vision hard?

Lots of data to process:
@ ~ 5000 new tagged photos added to Flickr per minute (7M per day)
@ ~ 60M photos uploaded to Instagram every day [source: Instagram|
How many photos are uploaded
to Flickr every day, month, year?

flickr  Millionsof public photos uploaded per month - Jan. 2004 to Aug. 2014

2004 gpn&—"/moc 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 |2014

A Instagram 2 Login
200M 65% 20B 16B 60M
Monthly Actives People Outside U.S. Photos Shared Likes Daily Average Photos Per Day
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Exploit so h Datal

Figure: Vemodalen: The Fear That Everything Has Already Been Done,
https://www.youtube.com/watch?v=8ftDjebw8aA

[Source: L. Zitnick, NIPS'14 Workshop on Learning Semantics]
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https://www.youtube.com/watch?v=8ftDjebw8aA

Why is vision hard?

e Human vision seems to work quite well.
e How well does it really work?

o Let's play some games!
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How good are humans?

@ Which square is lighter, A or B?
[Slide credit: A. Torralba]
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How good are humans?

&
v

@ Which square is lighter, A or B?
[Slide credit: A. Torralba]
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How good are humans?

Figure: 2006 Walt Anthony

@ Which red line is longer?

[Slide credit: A. Torralba]
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How good are humans?

Figure: 2006 Walt Anthony

@ Which red line is longer?

[Slide credit: A. Torralba]
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How good are humans?

gy

Figure: Ames room

@ Assumptions can be wrong

[Slide credit: A. Torralba]
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http://en.wikipedia.org/wiki/File:Ames_room.ogv

How good are humans?

Figure: Chabris & Simons, https://www.youtube.com/watch?v=vIG698U2Mvo
@ Count the number of times the white team pass the ball

@ Concentrate, it's difficult!

https://www.youtube.com/watch?v=vJG698U2Mvo
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file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/gorilla.mov
https://www.youtube.com/watch?v=vJG698U2Mvo
https://www.youtube.com/watch?v=vJG698U2Mvo

How good are humans?

Figure: Simons et aI., http://www.perceptionweb.com/perception/perc1000/a_d_ex1.mov (more videos

here: http://www.perceptionweb.com/misc. cgi?id=p3104)

@ Is something happening in the picture?
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file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/a_d_ex1.mov
http://www.perceptionweb.com/perception/perc1000/a_d_ex1.mov
http://www.perceptionweb.com/misc.cgi?id=p3104

How good are humans?

Flgu re: Torralba et al. , http://people.csail.mit.edu/torralba/courses/6.870/slides/blur.avi

@ Can you describe what's going on in the video?
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file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/blur.avi
http://people.csail.mit.edu/torralba/courses/6.870/slides/blur.avi

How good are humans?

F|gU re: Torralba et al., http://people.csail.mit.edu/torralba/courses/6.870/slides/highres.avi

@ Can you describe what's going on in the video?
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file:///Users/sanja/science/class/2021/CSC420/videos/lecture1/highres.avi
http://people.csail.mit.edu/torralba/courses/6.870/slides/highres.avi

What do | need...

What do | need to become a good Computer Vision researcher?
@ Technical capabilities

@ Good programming skills

Imagination

Even better intuition

Lots of persistence

Some luck always helps
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