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3D Cameras: History
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[Francois Willeme, 1860]
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3D Cameras: Present

High resolution 3D 3D capture of dynamic scenes
[Levoy et. al. 2009] [Zhang et. al. 2003]



3D Imaging: Structured Light Triangulation

- &

image

correspondence

 _
image plane
projector

pattern

object




3D Imaging: Time-of-Flight
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Modern 3D Cameras

X

Microsoft Kinect SoftKinectic
5 million sold in last 6 months Consumer devices

Potential to Revolutionize Diverse Application Domains

http://news.xbox.com/2014/04/xbox-one-march-npd
http://www.engadget.com/2013/06/04/intel-announces-creative-depth-vision-camera-at-computex-2013/



3D Revolution

augmented robotic
.a reality surgery

underwater : industrial
) 3D Imaging ,
exploration automation
autonomous exploratory 4 e
cars robots

image courtesy: www.magicleap.com/, http://www.upi.com/



3D Imaging: Challenges
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3D Imaging In Sunlight
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3D Imaging: Challenges
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Effect of Scattering in Autonomous Driving

KAIST EureCar: Self Driving Car
[Hyundai Autonomous Vehicles Competition]

videos from: https://www.youtube.com/watch?v=D7WtSB55qg4s, https://www.youtube.com/watch?v=xs9Gr9V2mOE




Effect of Scattering in Autonomous Driving

KAIST EureCar: Self Driving Car
[Hyundai Autonomous Vehicles Competition]

videos from: https://www.youtube.com/watch?v=D7WtSB55qg4s, https://www.youtube.com/watch?v=xs9Gr9V2mOE




3D Imaging: Challenges
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3D Imaging: Challenges
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Evolution of 3D Cameras

next generation

3D cameras
future
“—— speed — High
— resolution > o performance

«— portability —— in-the-wild



3D Cameras Of The Future

3D Cameras That Work Reliably In-The-Wild

In Every Environment

ambient iIIumination|




3D Imaging In Sunlight
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3D Imaging In Sunlight

missing / incorrect depths
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Problem: Random Arrival Of Photons
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Problem: Photon Noise

measured true (mean) photon
value value noise
N\ ¥ 4

photon noise follows Poisson distribution



Source Light Versus Sunlight

log ambient lllumination (/ux)
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Source Light Versus Sunlight
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source illumination range
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2-5 orders of magnitude weaker as compared to sunlight



Camera Design for Outdoor 3D Imaging
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Camera Adapts to the Environment

decreasing sunlight
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Achieving Different Light Spreads

polygonal mirror laser sheet

—

/\cylindrical lens

laser diode

vary the rotation speed of the mirror



Achieving Different Light Spreads

mirror scene mirror scene
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Experimental Results



Clay Pot Placed Outdoors
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11:00 AM. Ambient light = 75,000 lux.



Shape Comparison

frame adaptive approach
averaging [Gupta et. al.,
ICCV’13]

same acquisition time for both methods)



Scanning Columbia Campus




Scanning Columbia Campus




3D Cameras Of The Future

scattering

geometry
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3D Imaging Of Indoor Scenes
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Errors in Shape Recovery

shape computed using time-of-flight
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Continuous Wave ToF Imaging
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[Smith, 1980; Schwarte 1995; Lange, 2000]



Continuous Wave ToF Imaging
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Interreflections and ToF Imaging
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Interreflections and ToF Imaging
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Interreflections Result In Incorrect Phase
And Hence, Incorrect Depths



Interreflections: Existing Work

scene —— direct radiance

----------- interreflections
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2-3 Indirect Paths
[Godbaz et al. 2008, Jimenez et gl. 2012, Dorrington et al. 2011]
[Godbaz et al. 2012, Kaddii El"&/.ez‘)ﬁtdkrr@ﬁﬁi Q@thﬁlB, Freedman et al. 2014]



Intuition for Solution
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Interreflections vs. Modulation Frequency

omitted signa! sensor radiance
mequenql (interreflections)
source

resultant

resultant=0"

2dll1IT OIII}JIILUUC

sensor
scene

Increasing Modulation Frequency Decreasing Resultant Amplitude
angular spread of phases

Local SmootRness of Light Transport
[Nayar et al. 2006]



Interreflections vs. Modulation Frequency
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Phase Ambiguity
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Disambiguating Phase
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Micro Time-of-Flight Imaging
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Conventional vs. Micro ToF Imaging

Conventional ToF Shifting: One Low Frequency
Three Measurements
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Micro ToF Shifting: Two High Frequencies
Four Measurements




Simulations: 3D Imaging Of Indoor Scenes
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Room: Shape Comparison

conventional ToF imaging (10 MHz.)

error = 1.0 meter
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Shower Curtain
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Shape Comparison

large errors and holes
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Experimental Setup

light source sensor
(bank of laser diodes) (PMD CamBoard Nano)

Maximum System Modulation Frequency = 125 MHz.



Scattering and ToF Imaging

Driving through fog

source sensor

Driving in a dust storm

Images from: drivinglessonsedinburgh.blogspot.com, ngm.nationalgeographic.com



Sphere: Shape Comparison
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3D Cameras Of The Future

material properties




Challenge of Specular Materials
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Challenge of Specular Materials
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3D Imaging Of Optically Challenging Objects
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Comparison

Conventional Structured Light

Diffuse Structured Light
[Nayar and Gupta, ICCP’12]




Reconstructions with Our Method




Practical Impact

robotic assembly of machine parts inspection of printed circuit boards

images courtesy: https://roboticsonline.files.wordpress.com, http://www.btw-inc.com/images/pcb_assy_big.jpg




