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What is
around the corner ?



Can you look 
around the corner ?



2nd Bounce

Multi‐path 
Analysis

1st Bounce

3rd Bounce



Femto‐Photography (Transient Imaging)
FemtoFlash

Trillion FPS camera

Computational Optics

Serious Sync

•2011: CVPR (Pandharkar, Velten, Bardagjy, Bawendi, Raskar)
•2009:  Marr Prize Honorable Mention (Kirmani, Hutchinson, Davis, Raskar, ICCV’2009)
•2008: Transient Light Transport (Raskar, Davis, March 2008)

With M Bawendi, 
MIT Chemistry



Collision avoidance, robot navigation, …



Capture Setup

Photos from Streak Camera

Hidden Scene



Capture Setup

Photos from Streak Camera

Hidden Scene OverlayReconstruction



Motion beyond line of sight

Pandharkar, Velten, Bardagjy, Lawson, Bawendi, Raskar,  CVPR 2011 



…, bronchoscopies, …

Participating Media
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Traditional  Photography

Lens

Detector

Pixels

Image

Mimics Human Eye for a Single Snapshot:
Single View, Single Instant, Fixed 
Dynamic range and Depth of field 
for given Illumination in a Static 
world

Courtesy: Shree Nayar



Computational  Camera + Photography: 
Optics, Sensors and Computations

Generalized
Sensor

Generalized
Optics

Computations

Picture

4D Ray Bender
Upto 4D 

Ray Sampler

Ray Reconstruction

Merged Views, Programmable focus and 
dynamic range, Closed‐loop Controlled 
Illumination, Coded exposure/apertures



Computational Photography Novel Illumination

Computational Cameras

Scene: 8D Ray Modulator

Display

Generalized
Sensor

Generalized
Optics

Processing

4D Ray Bender
Upto 4D 

Ray Sampler

Ray 
Reconstruction

Generalized
Optics

Recreate 4D Lightfield

Light Sources

Modulators

4D Incident Lighting

4D Light Field



Bit Hacking

Ph
ot
on
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Computer Vision

Optics

Sensors

Signal Processing

Displays

Machine Learning

Computational 
Light Transport

Computational 
PhotographyIllumination

Co‐designing Optical and Digital Processing



Computational 
Camera and 
Photography

Pixels
Images

Illumination
Lenses

Image Processing

Photons
Light Fields (4D/6D/8D)

Computational Light 
Transport 

Algebraic Rank
Scene Priors/sparsity

Transforms (signal proc)

Smart Cameras



MIT Media Lab
www.media.mit.eduWhat is MIT Media Lab?

A Graduate Program in the Media Arts & Sciences
Houses ~150 students and 30 PIs

A Research Lab that spans across disciplines and academic/ industrial lines
65 sponsor companies, 
Sponsorship = ~ Cost of 1 employee
Sponsors get free, non-exclusive licenses for ML IP

Founded in 1985 by 
Nicholas Negroponte and Jerome Wiesner

2010: New Building 



MIT Media Lab
www.media.mit.edu
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Close Ties With Industry

Our 65 corporate sponsors include some of the most creative companies in the world







Mitsubishi Electric Research Laboratories Raskar 2006Spatial Augmented Reality

CurvedPlanar Non-planar

Single
Projector

Multiple
Projectors

Projector
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Pocket-ProjObjects

Computational Illumination

1998

1998 2002

2002

1999

2002

20031998

1997

Computational Camera and Photography



Multi‐Dimensional 
Light Transport

5‐D Transport

Gigapan



Photons not Pixels
• Time

• Looking around a corner
• Flutter Shutter (motion deblur)

• Space
• LCD as virtual cameras (BiDi)
• Mask-based Light Field Camera (depth)

• Illumination
• Multi-flash Camera

• Computational probes 
• Bokode (long distance barcodes)

Computational Camera + Photography



Motion Blur in Low Light



Traditional

Deblurred Image

Blurred Photo



Fluttered Shutter Camera
Raskar, Agrawal, Tumblin Siggraph2006

Ferroelectric shutter in front of the lens is turned
opaque or transparent in a rapid binary sequence



Flutter Shutter: Shutter is OPEN and CLOSED

Preserves High Spatial 
Frequencies

Sharp 
Photo

Blurred 
PhotoPSF == Broadband Function

Fourier 
Transform



Traditional Coded 
Exposure

Image of 
Static 
Object

Deblurred 
Image

Deblurred 
Image



Motion Blur in Low Light



Varying Exposure Video: 
Exploit auto-exposure mode



Completely automatic: (i) Segmentation, 
(ii) PSF estimation, (iii) deblurring

Blurred Photo



Deblurred Result Ground Truth

Input Photos



Lenslet-based Light Field camera

[Adelson and Wang, 1992, Ng et al. 2005 ]

Lightfield Camera for 4D Capture



Stanford Plenoptic Camera  [Ng et al 2005]

4000 × 4000 pixels  ÷ 292 × 292 lenses  =  14 × 14 pixels per lens

Contax medium format camera Kodak 16-megapixel sensor

Adaptive Optics microlens array 125μ square-sided microlenses



Digital  Refocusing

[Ng et al 2005]

Can we achieve this with a Mask alone?



Mask based Light Field Camera
Mask Sensor

[Veeraraghavan, Raskar, Agrawal, Tumblin, Mohan, Siggraph 2007 ]



Spatial Heterodyning

Main LensObject Mask Sensor

Wavefront Analysis for ANY wavelength

Light Field without Additional Lenslets



Captured 2D Photo

Encoding due to 
Mask



Mask-based 4D Light Field
2D Sensor Photo, 1800*1800 2D Fourier Transform, 1800*1800

2D 
FFT

Rearrange 2D tiles into 4D planes
200*200*9*94D IFFT

4D Light Field  Depth

9*9=81 spectral copies

200*200*9*9



Sensing Depth from Light Sensing LCD
By creating Array of Virtual Cameras in LCD

BiDi Screen: Thin LCD for touch+hover

Hirsch, Holtzman Lanman, Raskar  Siggraph Asia 2009



BiDi Screen: Multi‐touch + Hover 3D interface
LCD = Large Area Camera



Photons not Pixels
• Space

• LCD as virtual cameras (BiDi)
• Mask-based Light Field Camera (depth)

• Time
• Flutter Shutter (motion deblur)
• Looking around a corner

• Illumination
• Multi-flash Camera

• Computational probes 
• Bokode (long distance barcodes)

Computational Camera + Photography



Depth Edges with MultiFlash
Raskar, Tan, Feris, Jingyi Yu, Turk – ACM SIGGRAPH 2004











Depth Discontinuities

Internal and external
Shape boundaries, Occluding contour, Silhouettes



Depth 
Edges



Our MethodCanny



Canny Intensity 
Edge Detection

Our Method

Photo Result



Gestures and Pose Estimation

Input Photo Canny Edges Depth Edges

Cell Manufacturing Automation
with Mitsubishi Electric Research Labs

Feris et al 2005



Can we shrink barcodes?

Bokode



• Smart Barcode size : 3mm x 3mm
• Ordinary Camera:  Distance 3 meter
• Recover using out‐of‐focus camera

Bokode: Long Distance Barcodes

Bokode

Mohan, Woo, Smithwick, Hiura, Raskar [Siggraph 2009]





camera

sensor
Bokode
(angle)

Encoding in Angle, not space, time or wavelength

Sharp Focus



camera

sensor

circle of confusion  circle of information

Bokode
(angle)

Quote suggested by Kurt Akeley

Encoding in Angle, not space, time or wavelength



Coding in Angle: Defocus not Zoom

Mohan, Woo, Smithwick, Hiura, Raskar [Siggraph 2009]

Bokode



Product labels Street‐view Tagging

Public gamingMultiuser classroom

Interaction

Bokode



cell-phone camera
close to the Bokode

(10,000+ bytes of data)

Capturing Bokodes



Mitsubishi Electric Research Laboratories Special Effects in the Real World Raskar 2006

Imperceptible Tags under clothing, tracked under ambient light

Hidden 
Marker Tags

Outdoors

Unique Id



Mitsubishi Electric Research Laboratories Special Effects in the Real World Raskar 2006

Inside of Multi-LED Emitter
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NETRA: 
Near Eye Tool for Refractive Assessment

Pamplona, Mohan, Oliveira, Raskar,   Siggraph 2010



6.5 Billion people

4.5B with
Mobile phone

2B
refractive errors

0.6B 
uncorrected 

refractive errors

NETRA at 
LVP Eye Institute
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Spot Diagram
on LCD

NETRA = Inverse of Shack‐Hartmann wavefront sensor
User interactively creates the Spot Diagram

1. Displace 25 
spots with 
smart UI

CellPhone 
LCD

EyePiece

2. Displace spots 
till single dot 
perceived
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Awards and Selection
• VodafoneFoundationWinner$300K prize
• NASA/USAID  Launch  Top 10 Innovators
• World Bank 3 selected global health inv
• Google Innovation
• Deshpande Ignition Grant
• MIT IDEAS (#2 award)
• International Space Station evaluation

Validation
• 0.09 D : objective precision
• ~ 0.5 D: subjective trials
• 0.3 D: IRB approved wet‐studies (Prelim 

data)
Academic Scientific Papers
• SIGGRAPH 2010
• Frontiers in Optics
• Am Acad of Optometry (AAO)

IndiaKenya

Selection for Global Health Events
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Yoon Lab, U of Rochester

Slit Lamp Exam Retinal Scan

Eye = Mirror of Health
Ocular Manifestation: Leading Indicator?
Convert CellPhones into Scientific Instruments  



[Nayar, Krishnan, Grossberg, Raskar 2006]

Photo

First 
Bounce

Later 
Bounces

Direct Global

+



Trillion Frames Per Second



Trillion  FPS



Each frame = ~2ps = 0.6 mm of Light Travel



Ripples of Waves





MIT Media Lab          raskar@mit.edu  http://raskar.info        fb.com/cameraculture

Photons not Pixels
• Time

• Flutter Shutter (motion deblur)
• Looking around a corner
• Trillion FPS

• Space
• LCD as virtual cameras (BiDi)
• Mask-based Light Field Camera (depth)

• Illumination
• Multi-flash Camera

• Computational probes 
• Bokode (long distance barcodes)

Computational Camera + Photography


