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Computational illumination for Vision

Structured-light scanning Separation of light transport

Dual Photography Office of the Future

[Zickler et al, Raskar et al, Zhang et al, Levoy et al, Débevec et al,Nayar et al]
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Programmable Illumination

lllumination from DLP projectors

M. Rvzgg

Video acquired at 60Hz Video acquired at 1000Hz

Fast way of encoding scene illumination




High-speed Illumination Dithering

mirror state

_k
camera intensity
Pulse-Width Modulation (PWM) Coding M
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Micro-mirror arrays for Imaging and Display
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Color wheel effect
+

Number of brightnesses

[Texas Instruments, DLP.com]

Reverse engineering a DLP projector

L

Intensity mosaic input to projector Video captured a t 3000 Hz

.

Video captured at 1000 Hz Video captured at 500 KHz




Reverse engineering a DLP projector

Measured Projected value

intensity 123_551?

21000

Projected
value

Frames 100
Frames

Applications
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Fast structured-light based reconstruction

Camera

DLP Projector
Structured Pattern

Captured video (30Hz) Captured video (3000Hz)

Reconstruction (30Hz) ReconsRectos trudiffemgidel) (120Hz)
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L

Reconstruction (30Hz) Reconstruction (120Hz)

Different View

L

Captured video (30Hz) Captured video (3000Hz)

Reconstruction (30Hz) RecorRuaotistructidfe(@atiHe)v (120Hz)
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Reconstruction (30Hz) Reconstruction (120Hz)

Different View

Captured video (30Hz) Captured video (3000Hz)

Reconstruction (30Hz) ReconsRectos trudiffengiidelr) (120Hz)
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Reconstruction (30Hz) Reconstruction (120Hz)

Different View

Captured video (30Hz) Captured video (3000Hz)

Reconstruction (30Hz) ReconstRetiomstraitiere (1t 2y (120Hz)
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Reconstruction (30Hz) Reconstruction (120Hz)

Different View

Captured Video (30Hz) Reconstruction (jiggling effect)
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Moving cloth shown at 30 Hz Patterns dithering at 3000 Hz

Reconstruction (120 Hz)
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Multiplexing Illlumination Dithering

Multi-spectral lllumination Multiplexing

Multiplexed intensity: Multiplexed gray scale video

multi-spectral source
intensities (=, G, B)

<

\

single source
image

Scene illuminated
by three projectors

[Schechner 05, Grossberg, 07]
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Multi-spectral lllumination Multiplexing

Multiplexed intensity: De-multiplexed color video

multi-spectral source
intensities (=, G, B)

<

\

single source
image

[Schechner 05, Grossberg, 07]

lllumination Multiplexing

Multiplexed intensity: Multiplexed gray scale video

source
intensities

v

\

single source
image

Scene illuminated
by three projectors

[Schechner et al 03]
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High-speed Photometric Stereo

De-multiplexed intensity:

e N

single source computed
image source direction

Computed Shape (300Hz)

[Horn 86]

High-speed Photometric Stereo

Scene illuminated Surface normals (300Hz)
by three projectors

Frame 5 Frame 10
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DLP Photography

DLP Photography

4 5% & &1 6
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DLP Photography

DLP Photography
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Motion Blurring under DLP illumination

Blurring under normal lighting:

 emm

object object motion notice the smear

Blurring under DLP illumination:

i [

object projector dithering + notice the high-frequencies
color wheel

[similar to Flutter shutter, Raskar et al, 06]

Frequencies of Motion PSF
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Conclusions

Motion Blurring under DLP illumination
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Motion Blurring under DLP illumination

I
I —

Direct and Global separation for dynamic scenes

High speed
camera

Beam
splitter

DLP
projector

Frame 2719

ser=\zalalelal- FhaheeTement
Flipped Ch&epardinteRegirect + Global) [Nayar et al, 06]
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Co-locating projector and camera

High speed
camera

Side-view Co-located view

Beam .
with shadow without shadow

splitter

DLP
projector

Side-view shows Co-located view shows
distorted pattern no distortion

Reverse engineering a DLP projector

HEEE

10000hz 3000hz 1000hz 500hz
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High-speed lllumination dithering

B
-

Fast projector-camera pixel correspondences

Patterns dithering at 3000 Hz Stripe correspondences
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Fast reconstruction of rigid objects

N

Moving statue shown at 30Hz Recovered 3D structure

( holes due to occlusions
and dark cast shadows )

Fast reconstruction of non-rigid objects

HE
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Deblurring at 125Hz

Blurred image under Deblurred image
DLP illumination
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High-speed photometric stereo

Moving Statue Instantaneous shape Depth map of
moving statue

Fast photometric stereo: Statue

Surface normals Needle map 3D shape by integrating normals
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lllumination de-multiplexing for dynamic scenes

lllumination multiplexed images:

multiple

source
shadows

intensities

e

\ multiple

single source specularities

iy llluminated by three projectors

lllumination de-multiplexed images:

llluminated llluminated llluminated
by projector 1 by projector 2 by projector 3

[Schechner et al 03

Fast reconstruction of rigid objects

Ping-pong balls dropped, shown at 30 Hz Patterns dither at 3000 Hz

Reconstruction shown at 120 Hz
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Measured PSF

Deblurred image

(a) Skylight illumination

Motion blur

Measured PSF

Deblurred image
(b) Fluorescent illumination

Motion blur

Measured PSF

Motion blur Deblurred image

(c) DLP illumination

——— 'BoX'PSF

Deblurred image

———————1'BoxX’' PSF

Deblurred image

== DLP point spread function

== PSF for ‘box’ function
== Measured PSF for skylight .
== Measured PSF for fluorescent light

(d) Comparison of PSF frequencies
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Micromirror arrays in DLP projectors

Mirror State
Mirrors (10 x 10 microns) 4

L L

Measured intensity

A

Digital Micromirror Device (DMD)

Pulse-Width Modulation (PWM) Coding
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