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Admin
* Projects due by the end of today
— Email me source code, result images and short
Lightfields report
Lecture 13
Overview Overview
* Lightfield representation of a scene * Lightfield representation of a scene
— Unified representation of all rays — Unified representation of all rays
* Lightfield hardware * Lightfield hardware
— Clever cameras that can capture a lightfield — Clever cameras that can capture a lightfield
* Other types of exotic cameras * Other types of exotic cameras
Idea

» Reduce to outside the convex hull of a scene
« For every line in space
« Store RGB radiance

T ) + Then rendering is just a lookup
]
8 P » Two major publication in 1996:
a s — Light field rendering [Levoy & Hanrahan]

Figure 1: The surface of a cube holds all the radiance information * http://graphics.stanford.edu/papers/light/
due to the enclosed abject — The Lumigraph [Gortler et al.]
¢ Adds some depth information

The Lumigraph, Gortler et al 1996 « http://cs.harvard.edu/~sjg/papers/lumigraph.pdf




How many dimensions for 3D lines ? e

 4:e.g. 2 for direction, 2 for intersection with plane
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4-D lightfield

* Alternate names: Lumigraph, Plenoptic function

a

4D parameterization

of rays

Figure from Gortler et al. SIGGRAPH 1996
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Cool visualization

Figure 7: An (s, u, v) slice of a Lumigraph

From Gortler et al.

View = 2D plane in 4D

» With various resampling issues

T
H 5
Figure 12: The process of resampling a light slab during

display.

4D Interpolation

IOV PR

|

o= ]
point sample uv bilerp

NS

uvst quadlerp

Slide by Marc Levoy




Plenoptic function

Adelson & Bergen ‘91

* 4-D -> Lightfield (transparent medium)
* 5-D - Lightfield + attenuation along rays
* 6-D = Time-varying lightfield w/attenuation

* 7-D = 6-D + spectral information
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Complete representation

Captures exterior of convex hull

Depth

— Corresponds to slope

BRDF

— Bidirectional reflectance function

hitp://math.nist govi~FHuntappearance/braf. htmi

Demo Demo

Fourier Slice Photography

* Ren Ng Stanford University

Tavere 2D
4D Fourier Transform 2D Slice Exraction Fourier Transfonm

.n
—

4D Light Field 4D Fourier Transform of 20 Shices of Photographs Focused
Light Field 4D Fourier Transform A1 Difforent Depthn

Fourier slice photography

40 Fourier Transform
Lr » Lp
FUo [0t legn)]

Photograph P P, Founer-space
symihe: I y Photograph
Synthesis (O nd ] [UI n? ;] .\;vm;;::.

h F* [Ofn? log )]
E.r > Eor
20 Founer Transform

Figure 5: Fourier Slice Photography Theorem (Eqg. 9). Transform relution-
ships between the 4D light field L g, a lens-formed 2D photograph B, g,
and their respective Fourier spectra, £p and &, p. n is the number of
samples in each dimension.

Overview

Lightfield representation of a scene
— Unified representation of all rays

Lightfield hardware

— Clever cameras that can capture a lightfield

Other types of exotic cameras
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High performance imaging
: using large camera arrays
Light field £larg ay

phOtOgl'aphy alld Vldeogl'aphy o v :" ( h Emilio Antunez,

(Proc. SIGGRAPH 2005)

Marc Levoy

yp s Jwws

Computer Science Department
Stanford University

Stanford multi-camera array

* 640 x 480 pixels x
30 fps x 128 cameras

Robotic Camera Plenoptic camera

» For depth extraction

carmera g1 » Adelson & Wang 92
3 http://www-bcs.mit.edu/peopIe/jyawang/demos/plenoptic/Ioptic.html

d-degree-of-freedom gantry
Image Leonard McMillan

Image Levoy et al.




5/13/2008

Light field photography using a

handheld plenoptic camera Comverbionl 3oy

rc Levoy, Mathieu Brédif,

al, Mark Horowitz and Pat Hanrahan r'. i ﬁ
= T

(Proc. SIGGRAPH 2005 P ~

and TR 2005-02) h’ ) . ‘ -?}
. L PR,
"

Slide by Ren Ng

Light Field Photography Hand-Held Light Field Camera
e | L

-

Ray carrying L (u, v, 7,y ) ; ,

Medium format digital camera Camera in-use

* Capture the light field inside the camera body

16 megapixel sensor Microlens array
Slide by Ren Ng Slide by Ren Ng

= Microlens array — . . 9 .
— A _@ Light Field in a Single Exposure
Lens holder =—

Separation
springs

Base plate =

) Drigital back =
Chip package: I |!:__I“i _‘{::,.,--"' I-

~—
— Microlens array

active surface

— s !

Flgure 8: Top: Exploded view of assembly for attaching the microlens armay
b the digital back. Bottem: Cross-section through assembled parts. Slide by Ren Ng

37 mm
296 micrvlenses
SO0 pivels

ft—y
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Light Field Inside the Camera
Body

Ray carrying L (, v, Z,3)

Slide by Ren Ng

Digital Refocusing Digital Refocusing

v g~
0.. r. .

-. ' #ﬁ’? 4

Slide by Ren Ng Slide by Ren Ng

Extending the depth of field
- ﬁ - m - w-

Digitally stopping-down

stopping down = summing only the central portion of

each microlens
conventional photograph, conventional photograph, lig ht held main lens at f/ 4,

main lens at f/4 main lens at /22
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Digital Refocusing by Ray- Digital Refocusing by Ray-
Tracing

Imaginary film
Sensor

Slide by Ren Ng Slide by Ren Ng

Digital Refocusing by Ray- Digital Refocusing by Ray-
Tracing Tracing

A
o
I
Imaginary film :
|

Sensor |

Slide by Ren Ng Slide by Ren Ng

Digital Refocusing by Ray-
Tracing

Imaginary film

Sensor " Figure 4: Two sub-aperture photographs obtained from a light field by ex-

r the shown pixel under each microlens (depicted on left). Note that

the images are not the same, but exhibit vertical parallax.

Slide by Ren Ng
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Digitally moving the observer Example of moving the observer

* moving the observer = moving the
window we extract from the microlenses

Results of Band-Limited
*Assume a light field c‘ﬁr]i@'zlx%ﬁ

— Anf/Alens
— Nx N pixels under each microlens

Moving backward and forward

*From its light fields we can

— Refocus exactly within
depth of field of an f /(A * N) lens

*In our prototype camera
— Lens
— 12 x 12 pixels under each microlens
*Theoretically refocus within
depth of field of an /48 lens

Slide by Ren Ng.

Implications Light Field Microsc

cuts the unwanted link between exposure e (L ey, e N, AT AS TS,
(due to the aperture) and depth of field Matthew Footer, and Mark Horowitz

trades off (excess) spatial resolution for ability to

S o c Proc. SIGGRAPH 2006
refocus and adjust the perspective ( )

sensor pixels should be made even smaller,
subject to the diffraction limit
36mm x 24mm + 2.5p pixels = 266 megapixels
20K x 13 els

4000 x 2666 pixels x 20 x 2( per pixel
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A traditional microscope A light field microscope (LFM)

A A * 40x /) objective

sensor l

eyepiece eyepiece 0.26 spot on specimen
x 40x = 10.4p on sensor
intermediate intermediate

image plane !

image plane’ ' ! 1 7 |

ver 25mm field

752 _mict ieT eQ
objective Y objective XY 1252-micron microlenses

specimen specimen l

200 x 200 microlenses with

educed lateral resolution on specimen 12 x 12 spots per microlens

26p x 12 spots

A light field microscope (LFM) Example light field micrograph

orange fluorescent crayon
-arc source + blue dichroic filter
SEREET x /0.5NA (dry) objective
0 microlens array
65mm £/2.8 macro lens at 1:1
Canon 20D digital camera

ordinary microscope light field microscope

Show video
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The geometry of the light field

: Panning and focusing
in a microscope

microscopes make orthographic views

translating the stage in X or Y
provides no parallax on the specimen

out-of-plane features don’t shift
position when they come into focus

front lens element size =

s = g anning sequence focal stack
aperture width + field width P 9554

PSF for 3D deconvolution microscopy
. is shift-invariant (i.e. doesn’t change
objective lenses : s the field of view)
are telecentric

Real-time viewer Other examples

.l|_k'

fern spore mouse oocyte Golgi-stained neurons
(60x, autofluorescence) (40x, DIC) (40x, transmitted light)

Extensions Extensions

« digital correction of aberrations « digital correction of aberrations
— by capturing and resampling the light field — by capturing and resampling the light field

eyepiece

Nikon 40x 0.95NA (dry) Plan-Apo

10
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Extensions Extensions

« digital correction of aberrations
— by capturing and resampling the light field

» multiplexing of variables other than angle

correcting for aberrations caused — by placing gradient filters at the aperture plane,

by imaging through thick specimens such as neutral density, spectral, or polarization

whose index of refraction doesn’t
match that of the immersion
medium :

Extensions Extensions

» multiplexing of variables other than angle + multiplexing of variables other than angle

— by placing gradient filters at the aperture plane, — by placing gradient filters at the aperture plane,
such as neutral density, spectral, or polarization such as neutral density, spectral, or polarization

... or polarization direction
...or???
wavelength

* gives up digital refocusing?

neutral density neutral density

Programmable

Extensions incident light field

* light source +
MiCromirror array +
microlens array

800 x 800 pixels =
40 x 40 tiles x

. 20 x 20 directi
* microscope scatterometry 20 x 20 directions

— by controlling the inci light field
using a micromirror array + microlens array driven by image from
PC graphics card

11
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Other applications of light field illumination:
“4D designer lighting”

-

=

{
|

http://graphics.stanford.edu

Overview : :

Computational Imaging:

* Lightfield representation of a scene Recent Advances in Optics
— Unified representation of all rays

* Lightfield hardware Shree K. Nayar

— Clever cameras that can capture a lightfield
Computer Science
Columbia University
* Other types of exotic cameras

The Eye’s Lens Varioptic Liquid Lens: Electrowetting

Ciliary body
Choroid

Comea

K

Sclera

12



Varioptic Liquid Lens

Conventional Compound Lens

Origami Lens
¢

Captured Video

“Origami Lens”: Thin Folded Optics (2007)
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Concentric
[ I?Zone
Annular ! ¥ Reflectors
Aperture || {'\

\ | Image
|

Optical Performance

13



Compound Lens of Dragonf

TOMBO: Thin Camera

Reconstructed Image
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TOMBO: Thin Camera (2001)

Separation Layer

Photodetector [
Array

Captured Image

14
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Wavefront Coding using Cubic Phase Plate

Wavefront coding

* Insert special element into lens
* All-depths blurred equally

T 5} . o .
E ol * Single deconvolution yields all-focus image
| £ * Parabolic lightfield integration path
e = * Parabola is only shape that is invariant under
shear
Photography as Integration Parabola is shear invariant
* f(t) = apt?

f(1) =.f(f)—5f=f’0(1—%)'— a

Figure from Levin et al. 2008

Depth Invariant Blur Point Spread Functions

15
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Example "0 ed Imaging

Conventional System

Single Pixel Camera Single Pixel Camera

Photodiode Bitstream

AD '—g’—)| Reconstruction '—b[m::gL

Phataaleds elreult Image on the DMD

Example

Original Compressed Imaging Original Compressed Imaging

4096 Pixels 65536 Pixels
1600 Measurements 6600 Measurements
(40%) (10%)
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