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Course announcements

ÅHomework 5 still ongoing.
- Any questions?

ÅProject checkpoint meetings this week.
- Make sure to sign up for a timeslot if you have not already done so.



hǾŜǊǾƛŜǿ ƻŦ ǘƻŘŀȅΩǎ ƭŜŎǘǳǊŜ

Å Introduction to time-of-flight (ToF) imaging.

Å Impulse ToFimaging and single-photon avalanche diodes.

ÅContinuous-wave ToFimaging.

ÅEpipolarcontinuous-wave ToFimaging.

Å Interferometric ToFimaging.



Slide credits

A lot of these slides were adapted from:

ÅMohit Gupta (Wisconsin).
ÅSupreethAchar(Google, formerly CMU).



Introduction to time-of-flight (ToF) imaging



Time-of-flight (ToF) imaging



Time-of-flight (ToF) imaging

ɲt

light source

camera

ÅConventional imaging: Measure all photons together regardless of time of travel.

ÅTime-of-flight imaging: Measure photons separately based on time of travel.



Time-of-flight imaging in nature

echolocation using sound-
wave time-of-flight



Time-of-flight applications: depth sensing
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Time-of-flight applications: non-line of sight imaging
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camera sees
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camera sees
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camera thick smoke 
cloud

Time-of-flight applications: seeing inside objects



Time-of-flight applications: light-in-flight visualization

video at 1012 frames per second video at 1015 frames per second



Time-of-flight imaging technologies

1 femtosecond

(10-15 secs)

1 micron

(10-6 meters)

fr
a

m
e

 r
a
te

d
is

ta
n

ce
 

tr
a
ve

lle
d

te
m

p
o
ra

l 
re

so
lu

tio
n

interferometry streak cameras single-photon 
avalanche diodes

time-of-flight 
cameras

LIDAR

quadrillion fps

1 picosecond

(10-12 secs)

1 millimeter

(10-3 meters)

trillion fps

100 picoseconds

(10-10 secs)

10 centimeters

(10-1 meters)

10 billion fps

1 nanosecond

(10-9 secs)

1 meter

(10-0 meters)

billion fps

10 nanoseconds

(10-8 secs)

10 meters

(101 meters)

100 million fps



Time-of-flight imaging technologies

1 femtosecond

(10-15 secs)

1 micron

(10-6 meters)

fr
a

m
e

 r
a
te

d
is

ta
n

ce
 

tr
a
ve

lle
d

te
m

p
o
ra

l 
re

so
lu

tio
n

interferometry streak cameras single-photon 
avalanche diodes

time-of-flight 
cameras

LIDAR

quadrillion fps

1 picosecond

(10-12 secs)

1 millimeter

(10-3 meters)

trillion fps

100 picoseconds

(10-10 secs)

10 centimeters

(10-1 meters)

10 billion fps

1 nanosecond

(10-9 secs)

1 meter

(10-0 meters)

billion fps

10 nanoseconds

(10-8 secs)

10 meters

(101 meters)

100 million fps

impulse ToFcontinuous-wave ToF



Impulse ToFimaging and single-photon avalanche 
diodes
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Impulse time-of-flight imaging
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How can we infer 
depth from this?



Impulse time-of-flight imaging

sensor

source

scene

time

in
te

n
si

ty

received light 

direct 
radiance 
(depth)

indirect 
radiance

scene

indirect paths

Å Indirect paths are nuisance for depth 
ǎŜƴǎƛƴƎ όάƳǳƭǘƛ-ǇŀǘƘ ƛƴǘŜǊŦŜǊŜƴŎŜέύΦ

Å Indirect paths are very informative for 
other time-of-flight applications.



How exactly is the transient formed?
Depends on the kind of sensor we use.
ÅHere we will examine only photodiodes. 
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How exactly is the transient formed?
Depends on the kind of sensor we use.
ÅHere we will examine only photodiodes. 

Avalanche photodiode (APD):
ÅCurrent is roughly proportional to 

number of photons.
ÅOne photon produces tiny current.

Single-photon avalanche diode (SPAD):
ÅOne photon produces huge current.
ÅRequires multiple low powerpulses, 

so that one photon returns from each.



discretized time

Geiger-mode impulse time-of-flight imaging
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ÅThe SPAD records only photon arrival 
times, no intensity. 

ÅAdditional electronics maintain a histogram 
of arrival times over multiple pulses

From each received 
pulse, one photon 
saturates the SPAD.
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discretized time

Geiger-mode impulse time-of-flight imaging

sensor

source

scene

scene

ÅThe SPAD records only photon arrival 
times, no intensity. 

ÅAdditional electronics maintain a histogram 
of arrival times over multiple pulses

From each received 
pulse, one photon 
saturates the SPAD.
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What determines which 
photon gets picked?



What hardware do we need for impulse ToF?

Expensive Lasers 
[Short (picosecond) and Powerful 

(mega joules) Light Pulse]

sensor

source

scenestop-watch

High Speed and High Dynamic Range Sensors
[Picosecond Time Resolution]



Time-of-flight imaging technologies
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Continuous-wave ToFimaging
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Continuous-wave (CW) time-of-flight imaging
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Measuring phase shift

received light 
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Three Unknowns
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Measuring phase shift: direct

received light 

time
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Low Signal-to-Noise-Ratio
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Measuring phase shift: correlation

Correlation:Ὅ Ὁ᷿ὸ ὒ ὸὨὸ
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High Signal-to-Noise-Ratio 
Real Time Capture

Measuring phase shift: correlation

Correlation 1:Ὅ Ὁ᷿ ὸ ὒ ὸὨὸ
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Phase ambiguity

•ὄ•ὃ

A

sensor

source

B

frequency 1

Different Scene Depths Have Same Phase
Å!ƭǎƻ ƪƴƻǿƴ ŀǎ άǇƘŀǎŜ ǿǊŀǇǇƛƴƎέΦ



Phase ambiguity

sensor

sourcefrequency 2

Unambiguous Depth Range:Ὑ

•ὄ•ὃ

A B

How can we resolve the phase ambiguity?



• ὃ

Disambiguating phase

A

sensor

source

B

frequency 1

same phase
• ὄ

A

sensor

source

B

frequency 2

different phases
• ὃ • ὄ

Compute phases at two different frequencies



Implementation: two-well architectures
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Åapproximate sinusoid with a square pulse
Åstore photons in different wells depending 

on whether they arrive at 1 or 0
Å take difference between two wells



Some examples
light source 

(bank of laser diodes)
sensor

(PMD CamBoardNano)

(only second generation of Kinect uses CW ToF)



Multi-path interference
2
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sensor

interreflections

ground truth

ToFdepth reconstruction
mean error = 86.6 mm
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Epipolarcontinuous-wave ToFimaging
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Regular Imaging
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Regular Imaging

Light Source Sensor



Epipolar Imaging

Light Source Sensor & Mask

Epipolar 
Plane



Epipolar Imaging

Light Source Sensor & Mask



Epipolar Imaging

Light Source Complete Image



Epipolar Imaging

Light Source Sensor & Mask



Epipolar Imaging

Light Source Sensor & Mask



Benefits of Epipolar ToF Imaging

52

Ambient Light Multi-Device 
Interference

Camera MotionMulti-Path 
Interference



Epipolar ToF Prototype

53



Epipolar ToF and Global Illumination

54

Regular ToF @ 30MHz Epipolar ToF @ 30MHz

Depth Errors (in meters)



Epipolar ToF and Global Illumination
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Regular ToF Epipolar ToF

Regular ToF
Epipolar ToF

Corner of Room



Epipolar ToF and Global Illumination
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Regular ToF Epipolar ToF

Regular ToF
Epipolar ToF

Conference Room



Epipolar ToF and Global Illumination
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Regular ToF Epipolar ToF

Regular ToF
Epipolar ToF

Water Fountain



Outdoors (Cloudy ς10 kilolux)

58

Depth (meters)

Regular ToF Epipolar ToFScene



Outdoors (Sunny ς70 kilolux)

59

Depth (meters)

Regular ToF Epipolar ToFScene



Outdoors (Sunny ς70 kilolux)

60

Depth (meters)
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Interferometric ToFimaging



ẗ́    ps~

Tiny scenes

0.5 cm

1 cm

toy cup

ẗ́

ẗ́    10-3 ps~
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continuous wave

Interferometry example
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source
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Michelson interferometer
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scene

translation stage

̱̈́

Optical coherence tomography

mirror

+ +
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light 
source

correlation

mirror position
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source
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resolution)

temporal 
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Temporal coherence
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superluminescent
diode

Temporal coherence length
correlationbandwidth

broadband

monochromatic

very 
broadband

pathlengthresolution ̈́ ˍ 10 ˃ m~

25 nm

supercontinuum
laser



Optical setup

light 
source

collimating lens beamsplitter
translating 

mirror

camera + imaging lens

scenefilter 
wheel

light 
source

beamsplitter

regular  
camera

scene

mirror

translation 
stage

superluminescentdiode supercontinuumlaser

broadband LED sodium lamp



Some transient images
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centimeter-sized objects

diffuser

diffuser



Material properties

birefringence dispersion scattering



Gummy bear and diffuse corner
diffuserdiffuser

2 cm

dark frame surface reflections paths through 
gummy bear

very highly 
scattered paths

pathlength
(ɲ̱  = 10 ˃ m) 



Chess knightand mirror

3 cm

surface reflection mirror-object 
object-mirror

diffusermirror

mirror-object-mirror

pathlength
(ɲ̱  = 10 ˃ m) 



surface reflection 
subsurface scattering

Subsurfacescattering

1 cm

pathlength
(ɲ̱  = 10 ˃ m) 

paths transmitted 
through ground glass 

diffuse-diffuse 
reflections
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coating

ground glass 
plate

diffuserdiffuser



White jade

3 cm

time (10-15 seconds)

specular 
reflections

low-order 
scattering

mid-order 
scattering

high-order scattering

exquisite 
white jade

[TOG 2015]



Dispersion

mirror diffuser

glass slab
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mirror diffuser

glass slabcropped frame

refractive index ́(wavelength)
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Dispersion
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Visualizing dispersion

camera

glass 10-15 sec

white light rainbow what a regular camera seeswhat our camera sees



low resolution ̈́ =̱ 1 mmscene

Visualizing photoelasticity

high resolution ̈́ˍ = 10 ˃ m

detail under polarized light
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