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Not Special Cameras but Special Lighting

Ramesh Raskar, Computational lllumination

Edgerton 1930’s Computational lllumination:

Presence or Absence, Duration, Brightness

— Flash/No-flash

Light color/wavelength

Light position

— Multi-flash for depth edges

— Programmable dome (image re-lighting and matting)
Spatial Modulation

Stroboscope Multi-flash — Dual Photography
(Electronic Flash) Sequential Photography

I Flash IIIIII
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Available light:
+ nice lighting

— Flash/No-flash
* Light color/wavelength
* Light position
— Multi-flash for depth edges

- noise/blurriness

— Programmable dome (image re-lighting and matting) - color

+ Spatial Modulation
— Dual Photography

Elmar Eisemann and Frédo Durand , Flash Photography Enhancement via Intrinsic
Relighting

Georg Petschnigg, Maneesh Agrawala, Hugues Hoppe, Richard Szeliski, Michael Cohen,
Kentaro Toyama. Digital Photography with Flash and No-Flash Image Pairs

Flash: Denoise no-flash image using flash image

+ details
+ color

- flat/artificial

Result

Cross-Bilateral Filter based Approach
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Transfer detail from flash image to no-flash image

no-flash

g

ElE

intensity —|

Intensity

+ original lighting
+ details/sharpness
+ color

Result
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Build Exposure HDR image
* Multiple images with different exposure

— Debevec & Malik, Siggraph 97
— Nayar & Mitsunaga, CVPR 00

Increasing Exposure D —

Ambient

Build Flash HDR image

Build
Flash-Exposure
HDR image
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Agrawal, Raskar, Nayar, Li
Siggraph05

Exposure

Flash and Ambient Images

[ Agrawal, Raskar, Nayar, Li  Siggraph05 ]

Capturing HDR Image

Varying Exposure time  Varying Flash brightness Varying both
Ambient Flash Result Reflection Layer
E— =
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Intensity Gradient Vectors in Flash and Ambient Images

Same gradient vector

Reflection Ambient Gradient
direction

Vector
Flash Gradient Vector

Different gradient vector Flash Gradient Vector
direction
Ambient Gradient Vector

No reflections With reflections

Computational lllumination:
Reflection Ambient Gradient

Intensity Gradient Vector

Vector Projection Residual Flash Gradient
Gradient

* Presence or Absence, Duration, Brightness
Vector — Flash/No-flash

Result Gradient Vector
Ambient

+ Light position
— Multi-flash for depth edges

— Programmable dome (image re-lighting and matting)
» Spatial Modulation
— Dual Photography

Dark Flash
Photography

Dilip Krishnan and Rob Fergus

Dept. of Computer Science,
Courant Institute,
New York University




4/23/2009

Dilip Krishnan

|||H

Dark Flash Photography

* Dark flash is ~200 times dimmer than conventional

Dark flash image Ambient image Reconstruction Ground truth

Electromagnetic Spectrum

Ingrsosin ng
0.0001 nm 0.01 nm 10nm 1000 8m 0.01 em lem In 100 m
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Spectral Image Formation

.................

From Foundation of Vision by Brian Wandell, Sinauer Associates, 1995

Spectral Image Formation
= [ I(N)S(A)R(X) dx

I(2) - INlumination Spectrum

Sc(&) - Spectral sensitivity of channel ¢

Properties of illumination/sensor

R(M) - Surface reflectance/transmission
Property of the scene

Pixel value / Perceived color depends on all 3 terms

Some Reflectance Spectra R())

white petal

400 450

Forsyth, 2002




The Retina

Cross-section of eye

Cross section of retina

5 Pigmented
epithelium

Bipolar cell layer

Receptor layer

© 1998 Sinauer Asssciates, Inc.
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Two Types of
Light Sensitive Receptors

Cones

cone-shaped
color vision

less sensitive
Photopic -- operate in high light

Rods

rod-shaped

gray-scale vision

highly sensitive
Scotopic -- operate in low light

Human Spectral [ 3)
Sensitivity Function

Luminous efficacy (lumens/watt)
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Vos 1978

Vos 1978
DSLR Camera Sensor
RGB Inside the Camera
Incoming Visible

light

Visible Light passes
through IR-Blocking
Filtar

Millions of

Sght sensors Color Filters control

the color light
reaching a sensor

Color bind sensors
convert ight
reaching each
Sensor into electricity

http://www.photoaxe.com/wp-content/uploads/2007/04/camera-sensor.jpg

Camera Spectral g @
Sensitivity Function -

04l

Il
]
i
'
i
]
]
i
]
03l i
]
]
i
]
i
¥

02

Spectral response

il

005

L gr— H L i i
350 400 450 500 550 600 650 700 750 800 850 900 950 1000




4/23/2009

Camera Spectral g 3 Camera Spectral g 3
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How invisible is the flash?

Visible flash with 220x attenuation

FUNFIM

Dark flash




How Safe is the flash?
* Eye is most sensitive part of the body
e Threshold Limit gx10” i
Values [TLV] 2
specify safe limits =~ I o
<Ly 8 _‘g
L &
1 2 u_n_t
oo 340 360 40
Wavelength (nm)
Recording Five Different
Spectral Bands —____

* Need two images
— Temporal multiplexing

* With UV/IR flash image:
— “Blue” channel records UV

— “Red” channel records IR

Little ambient
UV and IR light

UV/IR flash
dominates ambient
visible light

Visible

Red
L]

Grean

Related Work

. Relighting faces with IR (Wang et al. Eurographics ‘08)

* Multispectral Video Fusion

— Bennett, Mason and McMillan IEEE TTP ’7

— Twin cameras: IR/Visible
— Temporal smoothing
— Cross-bilateral filter

Noisy Visible IR image
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Flash

spectr um

Flash/No-flash photography

* Visible flash & ambient (no flash) image
* Petsnigg et al. SIGGRAPH 2004
* Eisemann & Durand SIGGRAPH 2004

* Cross/Joint-bilateral filter combines images

Our
Approach

Typical scene




Spatio-Spectral Volume

UV | Blue Red, IR
T
Clean s Noisy <mmmmm (Clean

Green

Wavelength :

Spatial-Spectral Model

2
L Likelhood: [--]
a

Keeps intensities
of reconstruction|
close to ambient

Reconstruction Ambient

Keeps gradients
of reconstruction

Keeps difference

2. Spatial prior:

Gradients of
Reconstruction

3. Spectral of gradients
P - between
constraint: reconstruction
(Also for UV flash) Gradients of Gradients of and IR flash
) IR flash sparse

Gradient

Difference of

DOG Histogram gradients (DOG) _

&

Intensity

Long Exposure

2
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Spatial-Spectral Model

2
1. Likelihood: - - -]

Reconstruction Ambient

a

Keeps intensities
of reconstruction|
close to ambient

Keeps gradients

v of reconstruction
Gradients of
Reconstruction a
Keeps difference
of gradients
V - V between
reconstruction
(Also for UV flash) ~ Gradients of Gradients of and IR flash
Reconstruction IR flash Sparse

Long Exposure

Operation of

Spectral Constraint
Visible

=

B

Intensity

Effect of Varying a in Spectral Term

Best results

Non-convex
optimization

Slow: ~20mins
for 1.4 megapixel image

Models actual distributio
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Sensor Non-Linearity

Overall Scheme in Low Light

L] - 1 1
Pre-processing  Due to noise

— White balance processes in
— Masking of shadows in dark flash image sensor

* Optimization of spatial-spectral model
p P p * Introduces

True pixel value

— Each channel in reconstruction estimated separately

color cast w
. if channels
* Post-processing have different
— Removal of color cast levels .
— Gamma correction N.B. Using 14-bit images, i.c. 16384 is max S:)nsor pixel valuem "
Color Cast Correction Experiments

* Use noise curve
* People & General scenes

— Wide range of materials
* Explore different levels of ambient lighting

* Comparison to other approaches

* Only form of color correction used * All scenes captured with a tripod, o0 = 0.7

* Further correction color possible
e.g. leveraging face detector

Long exposure Visible flash

Reference

10
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(1/128® of normal
illumination)

Reconstruction
Medium nois

-7 stops

Visible flash

(17128 of normal

illumination)

-6 stops (1/64™ normal lighting) -7 stops (1/128" normal lighting) -8 stops (1/256 normal lighting) |]
T T = e -

2% H

1 Ambient | Reconstruction

Dark Flash | Visible flash ng exposure | Atten. flas

11
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Murphy — Per Channel Zoom

Ambient Ambient Ambient
Low noise (-6EV) Mid noise (-7EV) High noise (-8EV)

Reconstruction Reconstruction Reconstruction

12



e reference shot

Doll image, Per Channel Close-up

Red Green Blue

Ambient Reconstruction  Ambient Reconstruction  Ambient Reconstruction

Low noise (-5 stops 1/327d)

Mid noise (-6 stops 1/64th )

High noise (-7 stops 1/128th )

Long exposure

reference

4/23/2009

Doll image - Close-up

Low noise Mid noise High noise
(-5 stops, 1/3274) . (-6 stops, 1/64™ ) , (-7 stops, 1/128h)

Dark flash

Long .Exposure
(Ground truth)

Visible flash

13
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Ambient illumination

Low noise

-6 stops

UV/IR flash
(1/64 of normal
lighting)

Reconstruction
Low noise
-6 stops

(1/64 of normal
lighting)

Agnes - Closeup

-6 stops (1/64%") -7 stops (1/128%) -8 stops (1/256)

Long exposure
Ambient

Visible flash
Reconstruction
Attenuated flash
Reconstruction

14
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Effect of
removing
UV flash

Component

Are both IR and UV
Flash Chnnels Needed?

UV« IR (Blue channed)

Cross-bilateral

Comparison Our model
to Cross-Bilateral
Filtering

* Cross bilateral filtering
is method used in

flash/no-flash papers
(Petsnigg et al., Eiseman & Durand
Siggraph 2004)

* Also known as joint
bilateral filtering

¢ Has L2-like constraint
between color channels

— Similar to a=2

Comparison to Denoising Methods

Our model Bilateral filter on ambient ~ Noise Ninja on ambient

A

Other Applications

1. Spectroscopy
(Hardware)

2. Color channel denoising
(Software)

1. Spectroscopy

* Reconstruct R(A) using two images:
1. With dark flash
2. With visible-only flash
Model R() using 6-dim PCA projections
» Comparison to Park et al. ICCV 07

on Macbeth color chart squares

[T

AMS error

Spectral Reflectance  Spectral Reflectance

Color chart square index

. Parketal

il

2. Color Channel Denoising

Candle-lit
scene,
after white
balancing

Captured
by
unmodified
camera

15



2. Color Channel Denoising

* Denoise blue channel

* Spectral terms use red and green channels
as constraint on blue

Without spectral ' with spectral
— h

* Technique can be applied to images captured
with a standard camera

4/23/2009

Off-the-shelf Hardware

Standard
Nikon
50mm
/1.8 lens
(~$80)
+
MaxMax
CC3 filter
(~$50)

| Hoya U360
filter glass
(~$200)

Fuji IS Pro (~$3000)

Comes without IR filter sensor

Nikon SB-14 flash (~$200)

Improving the Hardware

* Can use LEDs for flash

— Narrow spectral width
— Good for cell phones (low power, compact)

* Need to two separate images is awkward

— Some cameras have sensors with double image

buffer, e.g. Fuji finePix Z10d

Single Shot Dark Flash Photography

Standard Bayer
3 channels

Summary

* Dark flash system that can capture images in
low light conditions without dazzling subjects

* Spatial-spectral model with novel spectral
constraints

 Future work:
— Better color correction

— Improve hardware to require only a single shot

Acknowledgements

* Fredo Durand, Yann LeCun, Anat Levin, Olga

Sorkine, Dennis Zorin
* Subjects: Agnes Chen, Murphy Stein

* MaxMax.com for camera hardware
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Computational lllumination:

Presence or Absence, Duration, Brightness
— Flash/No-flash

Light color/wavelength

— Multi-flash for depth edges

— Programmable dome (image re-lighting and matting)
Spatial Modulation

— Dual Photography

4/23/2009

Non-photorealistic Camera:
Depth Edge Detection and Stylized Rendering using

Multi-Flash Imaging

Ramesh Raskar, Karhan Tan, Rogerio Feris,
Jingyi Yu, Matthew Turk
Mitsubishi Electric Research Labs (MERL), Cambridge, MA
U of California at Santa Barbara
U of North Carolina at Chapel Hill

17
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Mitsubishi Electric Researcl bs MultiFlash NPR Camera Raskar, Tan, Feris, Yu, Turk

Depth Discontinuities

Canny Our Method

Internal and external
Shape boundaries, Occluding contour, Silhouettes

Mitsubishi Electric Research Labs MultiFlash NPR Camera Raskar, Tan, Feris, Yu, Turk Mitsubishi Electric Research Labs MultiFlash NPR Camera eris, Yu, Turk

Photo |

Canny ‘infensity~ _
Edge Detéction. .

Debevec et al. 2002: ‘Light Stage 3’

the actress in Los Angeles
- - . -

Film the background in
Measure incoming light,

Matched LA and Milan lighting.

Ramesh Raskar, Computational lllumination

18



A 4-D Light Source

[Debevec et al. 2000]

[Debevec et al. 2002]

Ramesh Raskar, Computational lllumination

Dual Photography

Photocell
W

Projector

Dual Photography

Projector Photocell

9

Computational llumination:

* Presence or Absence, Duration, Brightness

— Flash/No-flash

+ Light color/wavelength
* Light position

— Multi-flash for depth edges
— Programmable dome (image re-lighting and matting)

— Dual Photography

Dual Photography

Photocell

L

Projector

Dual Photography

Projector Flartoarall

4/23/2009

19
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The 4D transport matrix: The 4D transport matrix:

Contribution of each projector pixel to each camera pixel Contribution of each projector pixel to each camera pixel
projector camera projector camera

Sen et al, Siggraph 2005

The 4D transport matrix: Dual photography
Which projector pixel contribute to each camera pixel fI‘O m d IfoSG reﬂeCtIOHS

projector camera

the camera’s view

Sen et al, Siggraph 2005 Sen et al, Siggraph 2005

Visible flash

R -Vis

20



Metamer identification
Visible

4/23/2009

Brief overview of Color

21
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Visible Light

Plank’s law for Blackbody radiation
Surface of the sun: ~5800K

Some examples of the reflectance spectra of surfaces

Why do we see light of these wavelengths?

10000°C

...because that’s where the
Sun radiates EM energy

% Photons Reflected

0 400 700 1000 2000
[

Visble  Wavelength (nm)
Region ©Stephen E. Paimer, 2002

Wavelength (nm)

Simulation of spectral sensitivities of 5 Simulation of emission
channel dark flash Bayer pattern spectrum of dark flash
Note that YV and IR channels are:
A (a) On\ijst outside visible (blue dashed lines) J Z : :
(b) Very rarrow in width to prevent too much ambient UV and IR being picked up L issi
(c) Closely matched to emission spectrum of UV/IR flash provided by UVAR LEDs (see next slide) UV LED emission R 'TED emission
1 I
o 1 I I
£ 1 I S I
2 1 1 '% I Notes:
g I 1 € I (a) UV LED emission must not be below
» 1 1 ° 1 350nm for safety reasons
g I 1 g I (b) Spectral width of emissions should be
S 1 1 § 1 as narrow as possible, to couple with
& 1 Conventional R,G,B channels 1 n 1 narrow bandpass filter of sensor
I | |
I I I
I I I
I I I
1 L I & > I
350 UV 400 5Ql\gavelength (nSnQS 700 IR 800 350 [9\% 400 5Q/\Olavelength (nenqg 700 IR 800

Dark flash design for
cellphone/camera

* Array of White LEDs, UV LEDs (shown in
yellow) and IR LEDs (shown in magenta)

* White LEDs provided standard visible flash

* UV/IR LEDs provide dark flash

* LEDs are cheap/compact

Ultra-Violet photography

http://www.naturfotograf.com/uvstart.html
Potentilla anserina © Bjgrn Rarslett/NN 2001

22
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Infra-Red Photography

Normal Visible light Infra Red (only >715nm)

Ambient illumination
Medium noise

-7 stops

Reconstruction E Long exposure
Medium noise : reference
-7 stops

Ambient illumination Reconstruction
High noise High noise
-8 stops -8 stops

23



Low power
Visible flash

4/23/2009

Long exposure
reference

Long exposure
reference

24
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25
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jon: Low noise (-5.5 stops)

26
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Ambient illumination
Low noise
-6 stops

Reconstruction
Low noise
-6 stops

27



Long exposure
Reference

4/23/2009

Reconstruction
High noise
-8 stops

Low power
visible flash

Ambient illumination
High noise
-8 stops

Visible flash

28
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UV Safety

x10™

(=2
-y
r

w
=y
o

Max flashes = 522

B
==

Hazard factor - H{A)
(5]
[
Flash irradiance I'4) at 1m

Eew = [ H(A)I(A) dN

)
B

n

4y

340 360 380 400
‘Wavelength (nm)

Cost function

* Alpha = 0.7 — sparse norm

argmin Y [ g m(p) (R, (p) = 4,(p)* + K m(p) | VR, (p)]* +

R - -
Likelihood Spatial
(V8 (1) = VR + VR () = VI |
113 S|:octr:ll uv S1|;cclr:ll

exposure shot

29
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Dark Flash

e

e o (il T ——
Reconstruction Long exposure (ground truth)

._K._gl"

30
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Ambient Reconstruction

St()pb'

(1745

-6.5
stops

-7.5

STOPS

31



