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Non-Photorealistic Rendering  “%i.

* Problem set has no associated lecture
* Paper review for grad version
* Last p-set: choose your own p-set

e Ethics mini essay
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Rainbows ? 9

 See Veritassium: https://voutu.be/24GfgNtnijXc?
si=DVnO3igndkuxflmH



https://youtu.be/24GfgNtnjXc?si=DVnO3iqndkuxf1mH
https://youtu.be/24GfgNtnjXc?si=DVnO3iqndkuxf1mH
https://youtu.be/24GfgNtnjXc?si=DVnO3iqndkuxf1mH

Rainbows

© Shuchang Dong, Geshuang Chen




Prisms, dispersion

QINITEY




Why the prism experiment does@%ﬁu
Tully explain rainbows




What is the shape of a raindrop?“-..

e https:/www.youtube.com/shorts/Ko02mUWhItA



https://www.youtube.com/shorts/Ko02mUWhItA

Refraction, reflection, refraction @%




CSAIL

Caustics (or catacaustics)
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« https://phys.libretexts.org/Bookshelves/Optics/Geometric_Optics_(Tatum)/
01: Reflection and Refraction/1.07: The Rainbow

FIGURE 1.17
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https://phys.libretexts.org/Bookshelves/Optics/Geometric_Optics_(Tatum)/01:_Reflection_and_Refraction/1.07:_The_Rainbow
https://phys.libretexts.org/Bookshelves/Optics/Geometric_Optics_(Tatum)/01:_Reflection_and_Refraction/1.07:_The_Rainbow



https://people.uncw.edu/hermanr/Documents/Talks/Rainbow_History.pdf
https://people.uncw.edu/hermanr/Documents/Talks/Rainbow_History.pdf

Demo

CSAIL

* http://www.jgiesen.de/rainbow/index.html

Radius Rays
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b/R=0.765

Extend

Rainbow Color Details

Diagram

[ primary e] [ B+G+R #] [ Angles on/off

#] [ delta vs. impact param.

A
v

)

n =1.3443 1.3366 1.3302

delta = 40.659°, 139.341°,
delta = 39.888°, 140.112°,
delta = 38.972°, 141.028°,
nbow 0.947 -- 2016 -- ]. Giesen -- www.GeoAstro,de

b/R = 0.765
b/R = 0.765
b/R = 0.765



http://www.jgiesen.de/rainbow/index.html

Al el

CSAIL

* http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/

rbowpath.html

Rainbow Light Paths

Violet light is bent more and comes

The colors of the secondary out higher from the droplet. It

HyperPhysics***** Light and Vision R Nave

rainbow are reversed from appears ftttlhehlt)c')ttoml of thedrainlb:)w Index
the primary bow, and the s;:c':‘e vio er ight from lower droplets -
secondary bow is twice ‘ Shxesyoureys. Kalihos
as broad. // “\\ ‘ e
Atmospheric
\ optics
Secondary “ concepts
Rainbow ’
References
Red \F/ Greenler
N >
top of ~_
secondary bow ) Schaaf
since it comes The red light from
to the eye from , droplets higher in the sky
higher drops. 42Red reaches your eye.
Rainbow image
Go Back



http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/rbowpath.html
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/rbowpath.html

Per droplet rainbow vs @%

per-observer rainbow



Alexander s
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ralnbow >

Primary

e rainbow ——Rainbow Rim = Red
—
g

https://earthsky.org/earth/what-gives-rainbows-their-curved-shape/



Secondary rainbow 457,

* https://people.uncw.edu/hermanr/Documents/Talks/
Rainbow Historv.pndf

Secondary Rainbow

water droplet

o
Primary Bow viewing angles: from sun - to droplet - to observer's eye = 400 t0 420

Secondary Bow viewing angles: from sun - to droplet - to observer's eye = 520 10 540
colors are reversed in the secondary bow!


https://people.uncw.edu/hermanr/Documents/Talks/Rainbow_History.pdf
https://people.uncw.edu/hermanr/Documents/Talks/Rainbow_History.pdf

Rainbows ? 9

 See Veritassium: https://voutu.be/24GfgNtnijXc?
si=DVnO3igndkuxflmH



https://youtu.be/24GfgNtnjXc?si=DVnO3iqndkuxf1mH
https://youtu.be/24GfgNtnjXc?si=DVnO3iqndkuxf1mH
https://youtu.be/24GfgNtnjXc?si=DVnO3iqndkuxf1mH

Rainbows

© Shuchang Dong, Geshuang Chen




Bonus facts ey

* Sun must be lower than 42 degrees. No rainbow at
noon in summer.

e Reflection rainbows




Rainbow related phenomena @%

* Glories, etc.
* Scattering in ice crystals, tiny droplets (clouds)

M.G.J. MINNAERT

ngbt

C olor

in the

Outdoors

Inspired cloud chambers




What is the shape of a raindrop?“-..

e https:/www.youtube.com/shorts/Ko02mUWhItA



https://www.youtube.com/shorts/Ko02mUWhItA

CSAIL

https://youtu.be/24G1fgNtnjXc?si=2PaDRwjYgFZbhwl.g
http://www.jgiesen.de/rainbow/index.html

https://people.uncw.edu/hermanr/Documents/Talks/Rainbow_History.pdf
https://photonicsdesign.jimdofree.com/physics-at-home/

https://pubs.aip.org/aapt/ajp/article/86/4/316/1057639/The-rainbow-in-the-box
https://www.voutube.com/watch?v=HKsLhlvZVtE

https://isaacscience.org/pages/maths_ch7 8 text
http://graphics.ucsd.edu/~henrik/papers/physically based simulation_of rainbows.pdf

http://hyperphvsics.phv-astr.ssu.edu/hbase/atmos/rbowpath.html

https://phys.libretexts.org/Bookshelves/Optics/Geometric_Optics_(Tatum)/
01: Reflection and Refraction/1.07: The Rainbow

https://youtu.be/cTqRE4F6qJ4?si=FCevp3XwvjPRwusSG
https://www.youtube.com/watch?v=gVZwdYZqCUI

https://www.youtube.com/watch?v=HZogKI .4zzko

https://earthsky.org/earth/what-gives-rainbows-their-curved-shape/
https://en.wikipedia.org/wiki/Rainbow#/media/File:Rainbow_principle.svg

Minnaert: https://link.springer.com/book/10.1007/978-1-4612-2722-9



https://youtu.be/24GfgNtnjXc?si=2PaDRwjYgFZbhwLg
http://www.jgiesen.de/rainbow/index.html
https://people.uncw.edu/hermanr/Documents/Talks/Rainbow_History.pdf
https://photonicsdesign.jimdofree.com/physics-at-home/
https://pubs.aip.org/aapt/ajp/article/86/4/316/1057639/The-rainbow-in-the-box
https://www.youtube.com/watch?v=HKsLh1yZVtE
https://isaacscience.org/pages/maths_ch7_8_text
http://graphics.ucsd.edu/~henrik/papers/physically_based_simulation_of_rainbows.pdf
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/rbowpath.html
https://phys.libretexts.org/Bookshelves/Optics/Geometric_Optics_(Tatum)/01:_Reflection_and_Refraction/1.07:_The_Rainbow
https://phys.libretexts.org/Bookshelves/Optics/Geometric_Optics_(Tatum)/01:_Reflection_and_Refraction/1.07:_The_Rainbow
https://youtu.be/cTqRE4F6qJ4?si=FCevp3XwvjPRwu5G
https://www.youtube.com/watch?v=gVZwdYZqCUI
https://www.youtube.com/watch?v=HZogKL4zzko
https://earthsky.org/earth/what-gives-rainbows-their-curved-shape/
https://link.springer.com/book/10.1007/978-1-4612-2722-9

|
Lens Quality
Evaluation




LPIs ey

* Line pair per inch

After lens http:/www.imatest.com/docs/sharpness.html

Input

* http://www.optikos.com/Pdf files/how_to_measure mtf.pdf
e http://www.imatest.com/docs/tour.html



http://www.optikos.com/Pdf_files/how_to_measure_mtf.pdf
http://www.imatest.com/docs/tour.html
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MTF 227

1 . Table-3
[ )
Modulation Spatial frequency Maximum aperture | F8
Transfer S M s M
SDINesinm ||| semsi] e | i

e Pretty much
Fourier
transform of
lens response

Graph-5 MTF Characteristics
1.0

 Complex
because
needs to be
measured at
multiple .
location -
O0 5 10 15 20

source: canon red book

Here the x axis is image location

‘Resolving power is good and contrast is bad



Blur index based on Photoshop! “%i..

* Lens sharpness (or lack thereof) expressed as the
amount of Photoshop blur that would blur the image
similarly

* http://www.imatest.com/

e http:/www.dxo.com/en/measure/dxo_analyser/default.php

* Cool vis at http://www.slrgear.com/reviews/index.php

100 macro: http://www.slrgear.com/reviews/showproduct.php/product/157/sort/2/cat/10/
page/l

e 50mm 1/1.4 http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/
page/2

 16-35mm http://www.slrgear.com/reviews/showproduct.php/product/142/sort/2/cat/11/
page/l

. ?5-200 http://www.slrgear.com/reviews/showproduct.php/product/141/sort/2/cat/11/page/

. 58-135 http://www.slrgear.com/reviews/showproduct.php/product/139/sort/2/cat/11/page/

1
e 18-55 http://www.slrgear.com/reviews/showproduct.php/product/137/sort/2/cat/11/page/1
e 17-85 http://www.slrgear.com/reviews/showproduct.php/product/136/sort/2/cat/11/page/l

e 10-22 http://www.slrgear.com/reviews/showproduct.php/product/135/sort/2/cat/11/page/l



http://www.imatest.com/
http://www.dxo.com/en/measure/dxo_analyser/default.php
http://www.slrgear.com/reviews/index.php
http://www.slrgear.com/reviews/showproduct.php/product/157/sort/2/cat/10/page/1
http://www.slrgear.com/reviews/showproduct.php/product/157/sort/2/cat/10/page/1
http://www.slrgear.com/reviews/showproduct.php/product/157/sort/2/cat/10/page/1
http://www.slrgear.com/reviews/showproduct.php/product/157/sort/2/cat/10/page/1
http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/page/2
http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/page/2
http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/page/2
http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/page/2
http://www.slrgear.com/reviews/showproduct.php/product/142/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/142/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/142/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/142/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/141/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/141/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/141/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/141/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/139/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/139/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/139/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/139/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/137/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/136/sort/2/cat/11/page/1
http://www.slrgear.com/reviews/showproduct.php/product/135/sort/2/cat/11/page/1

.
Autofocus




dio

How would you build an Auto Focus? “cai.




Contrast

 Focus = highest contrast

OQut-of-focus scene

Out-of-focus pixel strip

Infocus scene

http://electronics.howstuffworks.com/autofocus3.htm _

Infocus pixel strip


http://electronics.howstuffworks.com/autofocus3.htm

206 Applied Photographic Optics

e

(a)

Qy

Sand A
(b) Band C

Output 4

« /

RN Sharp

~
~ <~ Unsharp Figure 21.5  Focus detection by a linear
~

~- CCD array

T~ (a) Subject S imaged in sharp focus at A,
but unsharp at C and B. (b) Intensity
profiles of S and A and of B and C.

(c) Intensity profile as measure of focus
determined by lincar array of charge
Sensor number = d coupled devices (CCD) whose output is
proportional to intensity and where sensor

CCDI I L l l l I l I | l I l l l number corresponds to distance. Signal-
1 2 3 . . . . . .

Y

processing techniques detect the sharp or
unsharp characteristic.

From Ray’s Applied Photographic Optics

(c)
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Figure 21.6  Autofocus using image contrast measurements

(a) Sharp image at F with maximum contrast. (b) Variation of contrast with focus position. (¢) and (d) Beamsplitters in
equivalent focal planes to compare contrast at Q and P or at Q, IF and P using linear CCD arrays. (e) and (f) Double or triple
outputs of CCD arrays compared by signal-processing techniques to indicate best focus at O or generate signals in viewfinder

or operate a servomotor. From Ray’s Applled Photographlc Optlcs



autofocusCD.html

Autofocus: Contrast Detection
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http://graphics.stanford.edu/courses/cs178/applets/autofocusCD.html
http://graphics.stanford.edu/courses/cs178/applets/autofocusCD.html

Phase detection focusing
e Used e.g. in SLRs zcommt

4

o ¢

LR
Flash
microprocessor

S ] N

Data
information

Data communication

control
Drive quantity detection — E‘?éfm St
L Lens position <| B L
information B q;}

L

actuator
Image Main mirror

stabilizer unit

: i . - i hF] Sub mirror
K A iy cmtﬁ;‘:&mr B --.{ ptlca 5
| ystem!
i :

H
T
H
Zoom |
information {..
1
L

Figure 9.24 [Location of autofocus and metering modules.

- —

L., camera lens: S, focusing screen; F, film in gate: M,, reflex Focal lengifi Kiformation AF ranging

Ir 'l 3 I CC ITSS « N : : (zoom encoder) — calculation and
mirror with 30 per cent transmission; M5, central region with Electronic mount point (for data control lens drive
5 T CC : 1sston: NV o0 ’ el communication and power supply) : command generation
50 per cent transmission; My, secondary mirror with two o Main

~ . . . : P I ‘ microprOCeSSOr
focusing regions; A, autofocus module; K, metering module; SN Battery
spot or centre-weighted U,

From The Manual of Photography From the Canon red book




Phase detection focusing 20

* Stereo vision from two portions of the lens on the
periphery

* Not at the equivalent .
film plane but farther < . p as}»
=>» can distinguish
too far and too close

* Look at the phase
difference between FI“
the two images

In focus

- —

Too close “

Too far

Figure 9.25 Principles of autofocus by phase detection. (a) Subject in focus. (b) Focus in front of subject. (¢) Focus beyond
subject. Key: L camera lens; F equivalent focal plane; A lenslet array; C CCD linear array: B output signals with time delay 1,
ctc. From The Manual of Photography



Applet

e http://sraphics.stanford.edu/courses/cs178/applets/
autofocusPD.html

Autofocus: Phase Detection



http://graphics.stanford.edu/courses/cs178/applets/autofocusPD.html
http://graphics.stanford.edu/courses/cs178/applets/autofocusPD.html

Multiple focus sensors 2

source arthur morris



On-sensor phase autofocus

Alel

CSAIL

* https://research.googleblog.com/2017/10/portrait-mode-on-

pixel-2-and-pixel-2-xl.html

Light from
Left Half

Pixel Unit

Color Filter

Metal Wire ——m
.
.

Photodiode |

— Photo-Taking Lens

Light from
Right Half

Micro Lens

Pixel
Substrate

Photodiode |l




Polaroid Ultrasound (Active AF)

* Time of flight (sonar principle)
* Limited range, stopped by glass
* Paved the way for use in robotics

. http://www.acroname.com/robotics/info/articles/sonar/sonar.html

. http://www.uoxray.uoregon.edu/polamod/

\

.y
-~

~
~

. http://electronics.howstuffworks.com/autofocus2.htm [ ’l | !
| ! | |
I I
P .- T : ) 1 ) I ! | ——
P [ " I‘
Y | | | |
\ \
+ - ‘\ \ \ \ \
C - M < A - [

or

ré--mp-._
(og;)

~7

. Figure 21.3  Polaroid sonar autofocusing
http//W .uoxray.uoregon.edu/polamod/ Ultrasonic pulse emitted by transducer T from power unit P under control of microprocessor M and clock C. Echo E also

received by T, digitized by analogue-digital circuitry A, returns to M to control focusing motor S. This halts axial movement
of lens L or a rotation of disc K of supplementary lenses behind L. Graph of elapsed time 7 against v shows locusing behaviour.,

From Ray’s Applied Photographic Optics


http://www.acroname.com/robotics/info/articles/sonar/sonar.html
http://www.uoxray.uoregon.edu/polamod/
http://electronics.howstuffworks.com/autofocus2.htm

Infrared (Active AF) a2,

Intensity of reflected IR is assumed to be proportional
to distance

There are a number of obvious limitations
Advantage: works in the dark

This is different from Flash assistant for AF where the
IR only provides enough contrast so that standard
passive AF can operate
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Image

stabilization




Image stabilization &3

1. Lens when still

Focal plane

To subject

\J IS lens group
Camera shake

2. Camera shaken \

Photo-21 Shake-detecting gyro sensor

Corrected light rays
3. Camera shaking corrected

source: canon red book IS lens group shifts downward



Image stabilization @%

-igure-54 EF70-200mm f/2.8L IS USM Image Stabilizer System

Compensation optics lens barrel hold pin

. Compensation optics movement
IRED

Circuit board

Magnet

Guide axis

Compensation optics lens barrel

Compensation optics lens barrel hold pin

IRED

Compensation optics
Yoke (magnetic plate)

source: canon red book



Image stabilization a7

IS OFF

source: canon red book



1000mm, 1/100s, monopod, IS




e http://www.cim.mcgill.ca/ e L T
~scott/papers/ —=< i
ICCP 2011.pdf

 Enables custom blur

Figure 1. Stabilizing elements of the Canon EF70-200mm F/4L IS USM lens. (Left) We sever the flex cable connection between the
position-sensing and motion compensating lens sub-systems. (Center) Lens motion is measured in the circled chips by the position of
a laser spots relative to two orthogonal axes of motion. (Right) The floating element projects laser points (from circled slots at 1 and 4
o’clock), and moves the encased lens element using magnets (under red coils) and a yoke.


http://www.cim.mcgill.ca/~scott/papers/ICCP_2011.pdf
http://www.cim.mcgill.ca/~scott/papers/ICCP_2011.pdf
http://www.cim.mcgill.ca/~scott/papers/ICCP_2011.pdf

Different versions

 Canon, Nikon: in the lens
 Panasonic, Konica/Minolta: move sensor
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Links ey

e http://en.wikipedia.org/wiki/Chromatic_aberration

* http://www.dpreview.com/learn/?/key=chromatic+aberration

» http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/aberrcon.html#cl
* http://en.wikipedia.org/wiki/Spherical_aberration

* http://en.wikipedia.org/wiki/L.ens_(optics)

* http://en.wikipedia.org/wiki/Optical_coating

e http://www.vanwalree.com/optics.html

» http://en.wikipedia.org/wiki/Aberration_in_optical_systems

* http:/www.imatest.com/docs/igf.html

e http:/www.luminous-landscape.com/tutorials/understanding-series/
understanding-mtf.shtml

 http://mansurovs.com/what-is-chromatic-aberration

* http://www.dvinfo.net/articles/optics/lensdefects.php



http://en.wikipedia.org/wiki/Chromatic_aberration
http://www.dpreview.com/learn/?/key=chromatic+aberration
http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/aberrcon.html
http://en.wikipedia.org/wiki/Spherical_aberration
http://en.wikipedia.org/wiki/Lens_(optics)
http://en.wikipedia.org/wiki/Optical_coating
http://www.vanwalree.com/optics.html
http://en.wikipedia.org/wiki/Aberration_in_optical_systems
http://www.imatest.com/docs/iqf.html
http://www.luminous-landscape.com/tutorials/understanding-series/understanding-mtf.shtml
http://www.luminous-landscape.com/tutorials/understanding-series/understanding-mtf.shtml
http://mansurovs.com/what-is-chromatic-aberration
http://www.dvinfo.net/articles/optics/lensdefects.php

Focus, defocus and
focal stacks

Fredo Durand
MIT EECS 6.815/6.865



Depth of field
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Misfocus

* Points too far focus too close and project into a circle
—called circle of confusion

focal
plane

lens



Misfocus

* Points too far focus too close and project into a circle
—called circle of confusion

focal
plane

lens



Depth of focus: more accurate view =2

* Points too far focus too close and project into a circle
* Points too close focus too far and project into a circle

* When the circle exceeds a given size, we declare the point
out of focus

focal
plane

lens



Depth of focus: more accurate view =2

* Points too far focus too close and project into a circle
* Points too close focus too far and project into a circle

* When the circle exceeds a given size, we declare the point
out of focus

R

focal

lens
plane




Depth of focus: more accurate view =2

 Max circle of confusion can be achieved in two ways
—point that focuses too close, or too far

 The distance between those points is the depth of focus
—Conjugate of depth of field

Dfeﬁ th Depth
oL 20CUS of field

lens




Applet demo

Fallslsl

CSAIL

e http://graphics.stanford.edu/courses/cs178/a

lets/dof.html

Depth of Fleld
ject sp A Image Space
=3
. +1
/]\ ~ A
\l/ . |
pum
Focal Length () 60 mm h 9 ,.\rC U?
FFFFF ber (N) 0.5 . - - 223 mm
A 5
Subject Distance (U) 200 mm f-
- Help |
Circle of Confusion (C) 20 mm . Depth Of Fleld _ l 39 d
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http://graphics.stanford.edu/courses/cs178/applets/dof.html

Bottom line 2

* Depth of field is increased by using a smaller aperture
* But lets in less light =>noise

* And also diffraction gets worse

e Can only be done up to a point

e Especially challenging for macro photography

 Bottom light: even at smallest possible aperture,
often not enough depth of field



Depth of field
calculation
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Depth of focus: more accurate view Skt

* Goal: compute depth of field

lens



Depth of focus: more accurate view Skt

* Goal: compute depth of field
—distance d1 and d2 in front and behind the focal plane
—given max circle of confusion

Depth
of field

lens d, | d,




Depth of focus: more accurate view =2

* Goal: compute depth of field
—distance d1 and d2 in front and behind the focal plane

—given max circle of confusion
* Solution: similar triangles

Depth
of field

lens d, | d,




Depth of focus: more accurate view Skt

e Circle of confusion C,
* Focusing distance D, focal length f, aperture N

lens d, | d,




Depth of focus: more accurate view aigd

* Backproject the circle of confusion diameter C onto the
focal plane

—Depends on magnification factor ~ f/D




Depth of focus: derivation a2

&_D—dl fdl, d1 _ D
CD  f/N cD ' f/N f/N
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Depth of focus: more accurate view
fdi D —dy fdi . di D
JEL | _
CD f/N cCD f/N f/N
dlfQ/N—I—CD_ D |5 _ CD?
CDf/N ~ f/N f?/N + CD




Deriving depth of field
NCD? 2
f?+ NCD f2—NCD
2NCD? f2
d=dy + dy = /

f4 _ NQCQDQ




Deriving depth of field

CSAIL

DNCD? f2

B f4 _ N202D2

N2(C2D? term can often be neglected when DoF 1s small
(conjugate of circle of confusion is smaller than lens aperture)

d

~ 2NCD?




eyl
Depth of field and aperture =

. 2NCD?
==

d




Depth of field and aperture

* Linear: proportional to f number

* Recall: big f number N
means small physical aperture




DoF & aperture

* http://www.juzaphoto.com/eng/articles/depth_of field.htm

/2.8 /32



SLR viewfinder & aperture 25T

* By default, an SLLR always shows you the biggest aperture
* Brighter image
* Shallow depth of field help judge focus
* Depth of field preview button:
—Stops down to the aperture you have chosen
—Darker 1mage

—Larger depth of field



Depth of field and focusing distance 25t

* Quadratic (bad news for macro) 2
(but careful, our simplifications d = 2NCD
are not accurate for macro) f2




Depth of field & focusing distance  ©4%.,

Closer to subject Farther from subject 10 feet

From Photography, London et al.



Hyperfocal distance

Hyperfocal
Point

Depth of Field l
o - — e

T Hyperfocal
Point

l Depth of Field
- -

Focus

Figure 5-34  The hyperfocal distance is the closest distance that appears
sharp when a lens is focused on infinity (top), or the closest distance that
can be focused on and have an object at infinity a pear sharp (bottom).

From Basic Photographic rials and Processes, Stroebel et al.



Hyperfocal distance

 Recall full formula




Hyperfocal distance

* When CD/f becomes bigger than {/N
 focus at D=12/NC and sharp from D/2 till infinity

* Our other simplifications do not work anymore there: the
denominator term has to be taken into account in

~ 2NCD? f?
o f4 — N202p2
fIN % ﬂ
\
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Depth of field and focal length
* Inverse quadratic: 2
the lens gets bigger, d — 2NCD

the magnification is higher f2




Depth of field & focal length ScE

* Recall that to get the same image size,
we can double the focal length and the distance

* Recall what happens to physical aperture size when we
double the focal length for the same f number?

—It 1s doubled

24mm 50mm



Depth of field & focal length ScE
« Same image size (same magnification), SN .

same f number d
DoF
* Same depth of field!

A
v

Wide-angle
lens

Telephoto
lens (2x f), same aperture



DoF & Focal length a2

» http://www.juzaphoto.com/eng/articles/depth_of field.htm

© E.A. "Juza"

50mm 1/4.8 200mm /4.8
(from 4 times farther)

See also http://luminous-landscape.com/tutorials/dof2.shtml


http://www.juzaphoto.com/eng/articles/depth_of_field.htm

Important conclusion aloel

* For a given image size and a given f number, the depth of
field (in object space) is the same.

—Might be counter intuitive.

—Although only true 1f assumption respected
(far from hyperlocal distance)

* Very useful for macro where DoF is critical. You can

change your working distance without affecting depth of
field

 Now what happens to the background blur far far away?



Important conclusion Slcel

* For a given image size and a given f number, the depth of
field (in object space) is the same.

—The depth of acceptable sharpness 1s the same

* But background far far away looks more blurry
Because it gets magnified more

* Plus, usually, you don't keep magnification constant




To learn more

 http://toothwalker.org/optics/dof.html

COC (pm)

100 '
M = 0.0025
=

0
()
=
I

Focal length (mm)
e |
(-

tn
o

-10 9 -8 6 -4 -1 1 10 100 1000
Distance from object {m)

Figure 2. The circle of confusion versus distance at a fixed image magnification for a range of focal lengths.


http://toothwalker.org/optics/dof.html

CSAIL

Figure 3. A: Gromit photographed with a 100-mm lens at f/4. B: Gromit photographed with a 28-mm lens at f/4. DOF is the same.



Same object space blur

"

Figure 4. Background crop from the photographs in Fig. 3. A: 100-mm lens. B: 28-mm lens.



Good tutorials a2

* http://petapixel.com/2011/05/10/a-detailed-explanation-of-
depth-of-field-and-the-factors-that-atfect-it/

 http://snodart.com/tutorials.php



http://petapixel.com/2011/05/10/a-detailed-explanation-of-depth-of-field-and-the-factors-that-affect-it/
http://petapixel.com/2011/05/10/a-detailed-explanation-of-depth-of-field-and-the-factors-that-affect-it/
http://snodart.com/tutorials.php




Effect of parameters

Fallslsl

CSAIL

50
(a)
50

50

50
(b)
28

50

200
(c)

/5.6

/5.6

/5.6

/5.6

f/5.6

f/5.6

O

o O

O O

aperture

B

| J
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Figure 22.1 Depth of field
Effect of the variables focal
length (), f~number (N) and
focused distance (u) at
constant value for circle of
confusion (). (a) Lens
aperture varying from f/1.4
to /116 with S0 mm lens
focused on 5m. (b) Focused
distance varying from 0.5 to
I m with 50 mm lens at f715.6.
(c) Focal length varying
from 28 to 200 mm at f75.6
focused on S5m.

focal length

From applied photographic optics



DoF guides

I

CSAIL
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(b)
Figure 4.20 Visual indication of depth of field. (a) Depth of

field indicator scale. (b) Converging scales on a 75-250 mm
14 zoom lens, including an infrared focus correction mark R

From "The Manual of Photography" Jacobson et al



Is depth of field good or evil?

It depends, little grasshopper

 Want huge DokK: landscape,
photojournalists, portrait with
environment

* Shallow DoF: portrait, wildlife

Michael Rechman Steve McCurry



Crazy DoF images

* By Matthias Zwicker
 The focus is between the two sticks

Sharp version

Really wide aperture version



Is depth of field a blur?

* Depth of field is NOT a
convolution of the image

 The circle of confusion varies
with depth

* There are interesting occlusion |
effects

* (If you really want a
convolution, there is one, but
in 4D space... more about this
in ten days)

From Macro Photography
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Sensor size




Depth of field ScE

e It’s all about the size of the lens aperture

Point in focus

sensor  lens Object with texture
lens
Sensor Point in focus

Object with texture



Fallslsl

Equation COAIL
* Smaller sensor SNC D2
—smaller C d =
—smaller f f 2

* But the effect of f is quadratic

* Bottom line: the size of the sensor linearly scales the depth
of field

—for same field of view, focusing distance and f number
(aperture).



Sensor size

e http://www.mediachance.com/dvdlab/dof/index.htm

Depth of Field

for different cameras

f/2.8



http://www.mediachance.com/dvdlab/dof/index.htm

The coolest depth of field solution 225

 http://www.mediachance.com/dvdlab/dof/index.htm
* Use two optical systems

lens

SCNSOTr

Point 1in focus

diffuser lenS Object
with
texture


http://www.mediachance.com/dvdlab/dof/index.htm

The coolest depth of field solution 225

 http://www.mediachance.com/dvdlab/dof/index.htm

Point in focus

diffuser lens Object
- with



http://www.mediachance.com/dvdlab/dof/index.htm

The Frazier lens i

* The opposite: relay optics for large depth of field in macro
shots.

 http://photo.stackexchange.com/questions/11124/how-can-a-
frazier-lens-achieve-that-massive-dof



http://photo.stackexchange.com/questions/11124/how-can-a-frazier-lens-achieve-that-massive-dof
http://photo.stackexchange.com/questions/11124/how-can-a-frazier-lens-achieve-that-massive-dof

Brenizer method

e Simulate larger sensor using panorama stitching
 http://www.amazon.com/gp/blog/post/

PLNKIUFLDXXBIL.DMN3



http://www.amazon.com/gp/redirect.html/ref=cm_plog_item_link?ie=UTF8&location=http%3A%2F%2Fwww.flickr.com%2Fphotos%2Ftags%2Fbrenizermethod&token=9D35A2CE802B09748580460E55E839C06D54FAFB
http://www.amazon.com/gp/blog/post/PLNK1UFLDXXBLDMN3
http://www.amazon.com/gp/blog/post/PLNK1UFLDXXBLDMN3
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Seeing through
occlusion




Seeing beyond occlusion

* Photo taken through zoo
bars

* Telephoto at full aperture

* The bars are so blurry
that they are invisible




Synthetic aperture

« Stanford Camera array (Willburn et al.
http://graphics.stanford.edu/papers/CameraArray/)

(a) (b) (c)

Figure 11: Matted synthetic aperture photography. (a) A sample image from one of 90 cameras used for this experiment. (b) The synthetic
aperture image focused on the plane of the people, computed by aligning and averaging images from all 90 cameras as described in the text.
(c) Suppressing contributions from static pixels in each camera yields a more vivid view of the scene behind the occluder. The person and
stuffed toy are more clearly visible.


http://graphics.stanford.edu/papers/CameraArray/
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Aperture




Why a bigger aperture

* To make things blurrier
—Depth of field
—outside the focal plane

* To make things sharper
—Diffraction limit
—on the focal plane

Sharpness & aperture (e.g. for the Canon S0mm 1/1.4)
http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/page/3

 1/1.4: soft (geometrical aberrations), super shallow Dof. Lots of
light!

 1/2.8 getting really sharp, shallow depth of field
 1/5.6: best sharpness

 1/16: diffraction kicks in, loses sharpness. But dpoth of field is
big



http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/page/3

Depth of field S

 More narrow when focusing close
* More narrow with bigger sensors
* For the same magnification, independent of focal length



http://petapixel.com/2013/05/17/focus-stacked-macro-photos-of-bugs-by-photo her-nicolas-reusens/



http://petapixel.com/2013/05/17/focus-stacked-macro-photos-of-bugs-by-photographer-nicolas-reusens/

Focal stack
aka
Focus stack




Problem: limited depth of field




Idea

* Take images with different focusing distances
* Merge into a full-focus image

- For each pixel, pick sharpest image
- Similar to autofocus

* Similar to HDR, panorama
- But along focus dimension

_af focus
) : ’ T‘,'. \;\“




Evaluating sharpness

* Local amount of high-frequency content

green: positive, red: negative
here image focused in the back



Need for smoothing

* The high frequency around an edge goes from
positive to negative, through zero

 We want high “sharpness” all around the edge

* Plus we want spatial coherence in our choice
of pixels




We can’t smooth directly

* High frequency has positive and negative
values

* Local average is zero
* By construction: we removed low frequencies!




Local high frequency energy

* Take the square of the high frequencies
- All positive




Local high frequency energy

* Take the square of the high frequencies
- All positive
* Take local average using Gaussian filter




Focal Stack Compositing

 Weighted sum of all input images (normalize!)
* Each pixel weighted by sharpness value
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and divide
by sum of
weights




Compositing (17 input images)

 Weighted sum of all input images
* Each pixel weighted by sharpness value




Compare to single image




Bells and whistle

* So far, simple weights
 But we want to give more weight to best image
* Potential solution: just use the max

* Simpler solution: raise the sharpness to a high
exponent (e.g. 4)




With exponent 1

* (The previous version)




With exponent 4

* Subtle difference, but sharper




Visualization of image weights

 Random color for each input image




Visualization of image weights

 Random color for each input image
 With exponent =1 : blurrier




More results: input




More results: input




More results:




More results: input




More results: input




More results: input




More results: input




More results: input
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More results: input




More results: input




More results: input

#
i

W
£f
¥ i

&8

y

:
e .
. PR N




More results: input




More results




More results




More advanced

 Choose max image for each pixel
* Regularize for spatial coherence
* Poisson (gradient) blending

From Agarwala et al.
http://
grail.cs.washington.edu/
projects/photomontage/



http://grail.cs.washington.edu/projects/photomontage/
http://grail.cs.washington.edu/projects/photomontage/
http://grail.cs.washington.edu/projects/photomontage/

Interactive Digital Photomontage




Compared to our result
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Macro montage

* 55 images here

* Not my code




How to get the focal stack?

e http://www.cognisys-inc.com/stackshot/
stackshot.php

* Although here we change the viewpoint as well



http://www.cognisys-inc.com/stackshot/stackshot.php
http://www.cognisys-inc.com/stackshot/stackshot.php

Swept under the rug

* We also need to scale images

* recall that changing the focus changes the field
of view / magnification

film film
focuse d focuse d
lose at
infinity







Scanning: combination in 1 exposure .

Macrophotography scanning moved forward and backward by

device. The subject is lit by a fine a slow and regular movement

ray of light with a thickness less that is controlled by a motorized

than the depth of field; the lens micrometer. This device, which

can be used with average aper- can be made by a meticulous Erladdi bl
tures that provide maximum handyman, lets you take spectac-

sharpness. Mounted on a stand ular shots of large insects with

with a headless screw, it is total depth of field.

Principal Axis

Light Source (Slide Projector)

Path of Light (and Focus)

e v

Sharp-Focus Area (Depth of Field)




Macro is easy with small sensors =2t

* 1/ minimum focusing distance is way smaller

* 2/ depth of field is bigger

* Summary: you've scaled down the camera, you can take
pictures of a scaled-down world

Point in focus

sensor  lens Object with texture

Well, except for
diffraction
(we did not scale

lens  1/
sensor || wavelength!)

Point in focus

Object with texture



More

» http://grail.cs.washington.edu/projects/photomontage/

e http://www.heliconsoft.com/heliconfocus.html

« http://people.csail.mit.edu/hasinoff/pubs/hasinoff-timeconstrained-2009.pdf

* http://people.csail.mit.edu/hasinoff/pubs/hasinoff-timeconstrained-2009.pdf

» http://layersmagazine.com/extended-depth-of-field-with-auto-blend-layers-in-photoshop-
cs4.html

« http://www1.cs.columbia.edu/CAVE/projects/flexible_dof/images/FocalStack/pool_table/

« http://en.wikipedia.org/wiki/Focus_stacking

* http://en.wikipedia.org/wiki/Microscopy#Deconvolution

« http://www.equisetites.de/palbot/tools/focus_stacking.html
« http://www.youtube.com/watch?v=fJiEw4VCcYU

e http://www.janrik.net/insects/ExtendedDOF/LepSocNewsFinal/
EDOF_NewslLepSoc 2005summer.htm

* https://alliance.seas.upenn.edu/~cis581/wiki/Lectures/Pyramid.pdf



http://grail.cs.washington.edu/projects/photomontage/
http://www.heliconsoft.com/heliconfocus.html
http://people.csail.mit.edu/hasinoff/pubs/hasinoff-timeconstrained-2009.pdf
http://people.csail.mit.edu/hasinoff/pubs/hasinoff-timeconstrained-2009.pdf
http://layersmagazine.com/extended-depth-of-field-with-auto-blend-layers-in-photoshop-cs4.html
http://layersmagazine.com/extended-depth-of-field-with-auto-blend-layers-in-photoshop-cs4.html
http://www1.cs.columbia.edu/CAVE/projects/flexible_dof/images/FocalStack/pool_table/
http://en.wikipedia.org/wiki/Focus_stacking
http://en.wikipedia.org/wiki/Microscopy#Deconvolution
http://www.equisetites.de/palbot/tools/focus_stacking.html
http://www.youtube.com/watch?v=fJiEw4VCcYU
http://www.janrik.net/insects/ExtendedDOF/LepSocNewsFinal/EDOF_NewsLepSoc_2005summer.htm
http://www.janrik.net/insects/ExtendedDOF/LepSocNewsFinal/EDOF_NewsLepSoc_2005summer.htm
https://alliance.seas.upenn.edu/~cis581/wiki/Lectures/Pyramid.pdf

