Lecture 1: Introduction and Overview

Yuhao Zhu

http://yuhaozhu.com



Scope of the Course

Physical Scene
(Objects, lights)

Optics
(Gather light)

Modeling
(Scene, optics)

Image Sensing
(Optical to electrical
signal transformation)

Rendering
(Visibility + Shading)

Image Signal
Processing
(Signal “cleanup”)

Display
(Generating lights)

Human Visual
System
(Eye, retina, visual
cortex)

Video/Image
De/Compression

Cloud/Storage



Conventional Digital Camera

| W https://digital-photography-school.com/a-beginners-guide-to-buying-a-camera/




Today'’s Digital Camera
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Today'’s Digital Camera: High Dynamic Range
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Digital Camera System

Physical Scene
(Objects, lights)

Converting optical signals (lights) to electrical signals (pixels)

l

Display Electrical to optical
(Generating lights) ‘ signal transformation

l

Human Visual
System
(Eye, retina, visual
cortex)



Digital Camera System

Physical Scene Optics
(Objects, lights) (Focus lights)

Display
(Generating lights)

Human Visual
System
(Eye, retina, visual
cortex)



Role of Optics in a Camera

Focus light and capture energy

At a cost of introducing “imperfections” (aberrations)

e Distorting incident light signals to another form of light signals

\
Ideal lens /
/ \
/ I’ |
\ |
Sphe”?al \ chromatic aberration
aberration
/

https://www.etsy.com/hk-en/listing/275756784/camera-lens-wall-decal-camera-lens-decal https://en.wikipedia.org/wiki/Chromatic_aberration


https://www.etsy.com/hk-en/listing/275756784/camera-lens-wall-decal-camera-lens-decal
https://en.wikipedia.org/wiki/Chromatic_aberration

“"Desired” Distortion

Motion Blur
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"Desired” Distortion

We even intentionally
create lenses that do
hot mimic our eyes.

https://www.nikonusa.com/en/nikon-products/product/camera-lenses/af-s-fisheye-nikkor-8-15mm-f%252f3.5-4.5e-ed.html

A .
"‘"4-. ‘ ‘ "':—'_‘h

https://stackoverflow.com/questions/2589851/how-can-i-implement-a-fisheye-lens-effect-barrel-transformation-in-matlab

11



Digital Camera System

Physical Scene
(Objects, lights)

Introduce
“imperfections”

Optics

(Focus lights)

Image Sensing
(Optical to electrical
signal transformation

Display
(Generating lights)

Human Visual
System
(Eye, retina, visual
cortex)

12



Image Sensing

Converts optical signals (lights) to electrical signals (pixels)
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Photoelectric effect
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https://en.wikipedia.org/wiki/Photoelectric_effect https://www.theverge.com/circuitoreaker/2017/2/27/14749082/oppo-periscope-zoom-lens-announced-mwc-2017

https://www.zdnet.com/article/samsung-launches-first-64mp-image-sensor-for-smartphones/ 13



ignals to Electrical Signals

Convert Optical S

~are almost

Istortions

which, unlike optical d

imperfections” too,

11

Introduces

always unwanted.

14

https://storage.googleapis.com/hdrplusdata/20171106_subset/gallery_20171023/0006_20160722_115157_431.jpg



Convert Optical Signals to Electrical Signals

1"
I

Introduces "impertfections” too, which, unlike optical distortions, are almost
always unwanted.

https://iphonephotographyschool.com/iphone-camera-controls/ 15



Digital Camera System

Physical Scene
(Objects, lights)

Introduce
“imperfections”

Optics

(Focus lights)

Introduce
“imperfections”

Image Sensing
(Optical to electrical
signal transformation

Remove
“imperfections”

Image Signal
Processing
Signal “cleanup

Display
(Generating lights)

Human Visual
System
(Eye, retina, visual
cortex)

16



Digital Camera System

Introduce Introduce Remove
“imperfections” “imperfections” “imperfections”

Image Sensing Image Signal
(Optical to electrical =——» Processing
signal transformation Signal “cleanup

Phygical Scene Opticls
(Objects, lights) (Gather light)

Conventional cameras use complex Today'’s cameras use better signal

and expensive lenses and sensors to processing algorithms to make up
minimize imperfections. for the weak optics and sensors.

—
—

https://www.shutterbug.com/content/dslr-strikes-back-why-mirrored-cameras-still-matter-2020 https://4mobiles.net/iphone-6s-iphone-6s-plus/iphone-6s-space-grey/ 17



Computational Photography

Use computational algorithms to simplity optics and sensors
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Portrait mode: simulate a large aperture

HDR mode: simulate a high dynamic range sensor
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Computational Photography

Jointly design computational algorithms with optics/sensors to overcome
limitations that conventional systems face
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https://www.dpreview.com/reviews/lytro  http://lightfield-forum.com/light-field-camera-prototypes/adobe-lightfield-camera-protypes/ 19









Slides credit: Ren Ng 22










Slides credit: Ren Ng 25



Traditional Telephoto (Long-Focus) Lens

r

.......




Telephoto (Long-Focus) “Lens” in Smartphones

Google Pixel 4

Telephoto lens (f = 48 mm) + computational
photography algorithm for super resolution

https://9to5mac.com/2018/05/01/coretronics-patent-claim-iphone-x/  https://www.slashgear.com/google-pixel-4-camera-review-brilliant-and-frustrating-21596272/ 27



Wide Field-of-View
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Cameras in Modern Smartphones

iPhone 12 T r— ———

//
/
/
J
/"
|
|
!

y
Wide camera ————+— * ’ @— Ultra wide camera |
Telephoto camera f ‘> » ————— LIDAR Scanner

‘.\\ . < \ :

Autofocus and portrait
mode at night.

https://www.phonearena.com/news/iPhone-12-to-have-larger-12MP-sensors_id126865 30



Digital Camera System

Physical Scene
(Objects, lights)

Converting optical signals (lights) to electrical signals (pixels)

l

Display
(Generating lights)

l

Human Visual
System
(Eye, retina, visual
cortex)

31



Photorealistic Rendering

otrianglestudio.com/al|Jcategories—blog/why—eh'otorealistic—renderings—shouId—be—pa rt-of-your-real-estate-marketing-strategy

e



Photorealistic Rendering

https://www.youtube.com/watch?v=uY4cE_ng2lY




Real-Time Photorealistic Rendering (e.g., Gaming)
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Graphics

Image Sensing Image Signal
(Optical to electrical Processing
signal transformation Signal “cleanup”

Physical Scene Optics
(Objects, lights) (Focus lights)

Why do those images look “real” to you?
Photorealism: a rendered image that looks like taken by a camera

Photorealistic rendering is a simulation of:

e Light-matter interactions in the physical worla

e Camera imaging pipeline (can “cheat”)

35



Graphics

Physical Scene
(Objects, lights)

Image Sensing
(Optical to electrical
signal transformation)

Optics
(Focus lights)

v v

Simulate light-matter interactions and

camera imaging

Display
(Generating lights)

l

Human Visual
System
(Eye, retina, visual
cortex)

36



Graphics

Physical Scene
(Objects, lights)

Optics
(Focus lights)

Modeling

(Scene, optics)

Rendering
(Visibility + Shading)

Display
(Generating lights)

Human Visual
System
(Eye, retina, visual
cortex)

37



Point cloud
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Parametric surface

3D Modeling
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Modeling: Mesh

https://docs.blender.org/manual/en/dev/render/introduction.html http://www.cgarena.com/freestuff/tutorials/max/thomas_highway/sergeant.html 39




Utah teapot

Modeling: Parametric Surface

~Searst | |

) :.r.ﬂ maih
HAIAL = ot Ao mb Tl dapats e

”’" - W“L “';l
4

Scac - ”éb‘ ""‘3 e 3 (kA b()
Do i 2 2 bt i, AR LA,

1975 Newell’s drawing

https://www.scratchapixel.com/lessons/advanced-rendering/bezier-curve-rendering-utah-teapot
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Point Cloud Acquisition

Laser scanner

From Mike Jarvis, Prof. @ History Dept. Scanning Elmina
Castle, a UNESCO World Heritage Site at Ghana.

42



Point Cloud Acquisition

Velodyne LiDAR (Light

's self-drivi i ith LIDAR
Detection and Ranging) Uber’s self-driving car equipped with Li S

UBERATC.COM/CAR

ADVANCED
TECHNOLOCIES

https://news.voyage.auto/an-introduction-to-lidar-the-key-self-driving-car-sensor-a7e405590cff?gi=78c9216%9e8e https://www.iftas.de/Main/VelodyneHDL64E?setlang=en 43



Modeling Optics

Curvature Radius
30.98738
11.69718
13.08714
—22.63294
71.05802

0
—9.58584
—11.28864
—166.7765
—17.5911
—16.7662
—7.70286
—11.97328

Thickness
1.21638
9.9957
5.12622
1.76924
0.8184
2.27766
2.43254
0.11506
3.09606
1.32682
3.98068
1.21638

(depends on focus)

Index of Refraction
1.54

1

1.772

1.617

1.617

1.713
1.805

1.617

Aperture Diameter
23.716
17.996
12.364
9.812
9.152
8.756
8.184
9.152
10.648
11.44
12.276
13.42
17.996

http://www.pbr-book.org/3ed-2018/Camera_Models/Realistic_Cameras.html

44



Graphics

Physical Scene
(Objects, lights)

Optics
(Focus lights)

Modeling

(Scene, optics)

Rendering
(Visibility + Shading)

Display
(Generating lights)

Human Visual
System
(Eye, retina, visual
cortex)

45



Modeling Light Transport

Direct Lighting Only Direct + Indirect Lighting

¢’ SIGGRAPH 9 DREAMWORKS 47 SIGGRAPH » DREAMWORKS

https://colinbarrebrisebois.com/2015/11/06/finding-next-gen-part-i-the-need-for-robust-and-fast-global-illumination-in-games/ 46



https://colinbarrebrisebois.com/2015/11/06/finding-next-gen-part-i-the-need-for-robust-and-fast-global-illumination-in-games/

https://www.tomlooman.com/lighting-with-unreal-engine-jerome/

47



https://www.tomlooman.com/lighting-with-unreal-engine-jerome/

48
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Rendering == Simulatior

Expression
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ering == Simulation};¥ Artistic Expression

T A

https://blog.yiningkarlli.com/201 7/07/spectraI—and-decomposition-traCking-E:i”bI SﬁéY




Video/Image Compression

Physical Scene Optics Imgge Sensin.g Image Signal
(Objects, lights) (Focus lights) (Optical to electrical Processing
| signal transformation) (Signal “cleanup”)

Video/Image
De/Compression

Cloud/Storage

52
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30-second video @ 1080p resolution (1920 x 1080 pixels per frame) @ 30 frames per second (FPS)
3 colors per pixel + 1 byte per color = 6.2 MB/frame = 6.2 MB x 30 s x 30 FPS = 5.2 GB total size
Actual H.264 video file size: 65.4 MB (80-to-1 compression ratio).

Compression/encoding done in real-time without you even realizing it!
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Scope of the Course

Electrical to optical
signal transformation

-~

Display
(Generating lights)

55



Display: Transform Electrical Signals to Optical Signals

LCD

Backlight

Cover Glass

: - ,/ {
Case Congrats! You are back on track! now
¢ o Keep up the great work by completing -
a French lesson!
| &4
1 6 mc ] n

Cover Glass

Rear Glass

iPhone 11

https://www.gsmarena.com/glossary.php3?term=display-type 56


https://www.gsmarena.com/glossary.php3?term=display-type

3D Display

Sequence filmed with 4DViews’ volumetric capture technology

https://blog.lookingglassfactory.com/announcements/introducing-the-looking-glass-a-new-interactive-holographic-display/ 57



https://blog.lookingglassfactory.com/announcements/introducing-the-looking-glass-a-new-interactive-holographic-display/ 58




Human Visual System

Physical Scene
(Objects, lights)

Display
(Generating lights)

Human Visual
System

(Eye, retina, visual
cortex)

59



Why StUdy Human Vision (Other Than For Science Itself)?

Brain implants and gene

therapy influence this directly

: Perception
Display System \ P

Imaging System Visual Stimuli Cognition

Action

/\

Rendering System

/\

Things we actually have 'hings we want to

influence over (mostly) influence and optimize

60



Human Visual System

Another sequence of signal transformations

e Eye optics focus lights
* Photoreceptors turn photons to electrical responses
(photocurrents across cell membrane)

e The rest of the HVS (neurons on retina, LGN, visual
cortex) further processes the electrical signals ana
gives rise to semantic meanings

Photoreceptors
—p (Optical to electrical
signal transformation)

Physipal World Eye Optics
(lights) (Focus lights)

—

Perception

Post-receptoral Processing
(Electrical to semantics
transformation)

61



Light and Dark Adaptation

Dark adaptation
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https://www.eurekalert.org/multimedia/883263 62



https://en.wikipedia.org/wiki/Checker_shadow_illusion#/media/File:Checker_shadow_illusion.svg %

Checker Shadow lllusion



https://www.vice.com/en/article/wnkg5n/this-picture-has-no-red-pixelsso-why-do-the-strawberries-still-look-red M

Red Without Any Red Pixel
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Protanopia (missing red sensor)

Color Vision Deficiency

With two, we
are dichromatic:

Tritanopia (missing blue sensor) Deuteranopia (missing green sensor)
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Simulations from Sharpe, Stockman, Jagle & Nathans, 1999



Super-human Color Vision?

Tetrachromacy: Do you have Mantis Shrimp
superhuman vision? A o
% "
L
: " ", ;
2 60
O
n
g 40 ‘ ‘ \
L
E
- o
c§> F ) \ ‘ )A
Z O S A\ N\ N s . - '
300 400 500 600 700
WL (hm)

https://www.optimax.co.uk/blog/tetrachromacy-superhuman-vision/ 67



Computer Vision: Semantic Understanding

Physical Scene
(Objects, lights)

Optics
(Gather light)

Image Sensing
(Optical to electrical
signal transformation)

Image Signal
Processing
(Signal “cleanup”)

Display
(Generating lights)

Human Visual
System
(Eye, retina, visual
cortex)

Consumer:
human

Consumer:
computer!

68



Not a Computer Vision Course

Computer vision is concerned with
understanding scene from images.

What this course focuses on is how
images are formed from scenes.

e Both in biological systems and in engineered
systems (cameras, rendering, etc.)

We will touch upon many computer vision
topics whose solutions rely on the
fundamental image formation process.

Scene

Computer Vision

& Visual Cortex
——

m

—_—p

EFye & Retina

Graphics

Images

69



Visual Computing Systems

The most exciting applications on the horizon
are visual computing applications, and they
challenge the way we build computers.



) .
Computer graphics: draw the

virtual content to overlay

| <

/

P Image Sensing: sense
the environment

Display: lenses, mirrors,
waveguides

o~

https://www.engadget.com/2018-09-14-facebook-augmented-reality-strategy.html  https://en.wikipedia.org/wiki/Optical_head-mounted_display#/media/File:A_Google_Glass_wearer.jog 71
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Virtual Reality

L)
2
3
<

https://fortune.com/2016/11/15/virtual-reality-gaming-entertainment-tech/ 72



How Do | Teach (and How You
Should Learn)?

* The First-Principles approach.
e Nothing is magic.

e Things don't have to be that way.



Logistics

Course website: https://cs.rochester.edu/courses/259/tall2026

We meet on Wednesdays and Fridays (9 - 10:15).

All announcements will be made through blackboard.
Feel free to send me emails.

Oftice hours by appointment.

TA: Can Yagmur (iyagmur [at] ur [dot] rochester [dot] edu)

74


https://cs.rochester.edu/courses/259/fall2026

“Pre-requisites”

Basic geometry (similar triangles, etc.)
High-school physics (power, energy, etc.)
Basic calculus (integration, derivatives, etc.)

Good to know:
* basic linear algebra (e.g., matrix multiplication, solving systems of linear equations)
* basic probability (e.g., random variables)

* basic computer systems (CSC 252 equivalent) could be helpful depending on what you
want to get out of this course.

75



Reference Materials

Main book: https://learnvisualcomputing.github.io/.

There will be readings assigned (some are required and others are
recommended).
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