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I Time-of-flight Imaging

Steady-state Time-of-flight

http://giga.cps.unizar.es/~ajarabo/pubs/femtoSIG2013/
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Sensing through media

* Seeing through fog * Reveal buried sketch under
painting

"

Complete image, accumulating ®

multiple exposures in a single frame

Uniformly clear across all ranges

Dynamic, variable
range slices

corwli;wcuous gated
https://www.brightwayvision.com/technology Abraham et al. (2010), ‘Non-Invasive Investigation of Art Paintings by Terahertz Imaging’
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I Why simulate time-of-flight imaging

ated2Depth

Test Vehicle . i
| scanning |

stereo camera Sl

Depth [m]

HGE camera data from GTAV

Scanning Lidar

Depth [m]
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laser illumination

Gruber et al. used synthetic data from video game GTA V to train a gated sensor on generating depth.
Gruber et al. (2019), “Gated2Depth: Real-time Dense Lidar from Gated Images”
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Skip connections for residual learning
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>

-* Conv. 5x5, Pad=2, Stride=1 + Conv. 5x5 Pad=2, Stride=2 (downsample)

. Low-dimensional features

m + m - . Residual features

Marco et al. employed a neural network to correct multipath interference errors from time-of-flight cameras in depth reconstruction.
Marco et al. (2017), “DeepToF: Off-the-Shelf Real-Time Correction of Multipath Interference in Time-of-Flight Imaging”
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I Volumetric Rendering

—q Camera

Light Source

>

Geometry
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I Volumetric Rendering

Light Source

>

N |
—

Geometry
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I Time-of-flight Volumetric Rendering

—q Camera

Light Source

% * 2

Geometry
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I Camera-unwarped vs. warped

Camera-unwarped (ignore time delay in first cam segment)

Camera unwarped

Camera warped

Marco et al. (2019), ‘Progressive Transient Photon Beams’

Camera-warped (count time delay in first cam segment)
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I Related Work

Apply photon mapping-based
methods to volumetric time-
of-flight rendering

* Jarabo et al. (2014)

* Transient photon mapping

* Marco et al. (2019)

* Progressive transient photon
beams
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t=0.93 ns

A time-of-flight animation with many volumetric caustics.
Marco et al. (2019), “Progressive Transient Photon Beams”
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Related Work

o . Steady-state higher-order

(SN (0SHN(uRV) B Beams s . . .
TR i —- photon primitives

MIS
3-planes, cones, cylinders 0D Planes

4. e Benedikt et al. (2017)

MIS

(u, t), (v, t), (u, v) Beams
* Deng et al. (2019)

MIS

¢ P »C N 0 . 2 2 PO . ~ ° °
e 9DiElane New benefits: unbiased, MIS

SINGLE

SINGLE 2+ BOUNCES

2+ BOUNCES

SINGLE

3-planes, cones, cylinders 0D Planes
Var: 0.209X Var: 1.0X

2+ BOUNCES

Deng et al. compare their method (left column) with previous work (right column).
Deng et al. (2019), “Photon surfaces for robust, unbiased volumetric density estimation”
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IGoaI

Apply the improvements from higher-order primitives to the
time-of-flight setting.

e Unbiasedness
* Multiple Importance Sampling

 |ncreased Path Reuse
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I Contributions

e New formulation
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I Contributions

* Recipe for sliced photon
primitives
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I Path Space

XO.

[ = [; f(z) du(z)
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I Extended Path Space

3D Blur Offset vector

f(2) = f)fo Ka(8)f ()

Photon subpath contribution

‘7/ S |_'I Temporally Sliced Photon Primitives for Time-of-flight Rendering

Camera subpath contribution
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I Extended Path Space

X0,

. g

Phase Function

fl,]
W

&7

Offset vector

f(@) = fFE)f" K3(8)f )

Photon subpath contribution
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Camera subpath contribution
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I Extended Path Space

%/XA I/\/JV

ﬁ R Ka(g)f () duGF)
- Bias @
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I Extended Path Space

%D/w /\/537

f: FRf15%(e) F(5) duGy)

No bias ©)
Cannot estimate with Monte Carlo ¢
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I Photon Primitives (Benedikt et al., Deng et al.)

%/\L/\ SN

[ [ rErk s & dz,

Choose 3 dimensions to pre-integrate
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I Photon Primitives (Benedikt et al., Deng et al.)

%/\J\ N

Ea — {t2/ tl/ Sl}

[ [ rErk s & dz,

Choose 3 dimensions to pre-integrate
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I Photon Primitives (Benedikt et al., Deng et al.)

%M N

/: flEafs” / |

Jacobian for change-of-variable
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I Photon Primitives (Benedikt et al., Deng et al.)

%/\J\ N

/: flEafs” / B de

No bias ©)
Can estimate ©)
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I Photon Plane

X0,

f: flEafo / Iz dé
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I Photon Primitives (Benedikt et al., Deng et al.)

Photon Plane Photon Parallelepiped Photon Ball

N e -

E_a = {t2, t1, 51} 5_a = {t3, t2, 1} E_a = {cos 01, @1, t1}
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Our Approach




I Spatio-temporal (4D) Extended Path Space

4D Blur 4D offset vector

f() = f(X)f, Ka(g)f(y')
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I Spatio-temporal (4D) Extended Path Space
Temporal Dimension% V

I/\/T’I(Tk)

Time gate function

f(Z) = f()f Ka(g) f(Y)

LT(TZ)

Emission pulse function

Spatial Dimension
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I Spatio-temporal (4D) Extended Path Space
Temporal Dimension% V

= WT(T]C)

o Time gate function

[ £ K@) ) duy)

LT(TZ)

Emission pulse function

Spatial Dimension
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I Photon Primitives (Benedikt et al., Deng et al.)

Photon Plane Photon Parallelepiped Photon Ball

N e -

E_a = {t2, t1, 51} 5_a = {t3, t2, 1} E_a = {cos 01, @1, t1}
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I Sliced Photon Primitives

Photon Plane Photon Parallelepiped Photon Ball

S ey ~L

En = 1t2, 11, 81, Tk} 5_21 = {t3, t2, 1,51} 5_21 = {cos 01, {1, t1, 51}

Time gate Last camera distance Last camera distance

‘7/ 5 |_'I Temporally Sliced Photon Primitives for Time-of-flight Rendering 32



I Sliced Photon Primitives

Sliced Sliced Sliced
Photon Plane Photon Parallelepiped Photon Ball
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I Sliced Photon Primitives

Sliced Sliced
Photon Plane Photon Parallelepiped
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Sliced
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I Sliced Photon Primitives

Sliced Sliced
Photon Plane Photon Parallelepiped
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Sliced
Photon Ball
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I Sliced Photon Primitives
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Sliced

Photon Ball
(camera-warped)
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The searchlight scene

Scene Schematic Steady-state

o
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Plane

Parallelepiped

Steady State
300k paths

Steady State
100 paths

Sliced Primitive
100 paths
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Scene Schematic

o

Rendered with sliced photon parallelepipeds
(unbiased)
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Warped

Unwarped

Warped and unwarped primitives

Sliced Parallelepiped (Unbiased) Sliced Balls (Unbiased)

6s678ms 3s575ms 643ms
512 300k 512 300k 512 300k

Sliced Beams (Bi

512

686ms
RI111)

ased)

7 AR
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I Multiple Importance Sampling

 Combine the strengths of different estimators
(and avoid their weaknesses)

* Smart weighted average of the estimators

* We use the score-based variant [Jendersiel8]

wa(z) = (), @)/ > (1), (2)
k=1

‘7/ 5 |_'I Temporally Sliced Photon Primitives for Time-of-flight Rendering

42



Sliced Ball

s
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Var = 1.0X
Sliced Ball

 Var = 0.102 X
MIS
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Results from General Ray Tracer

Subsurface Scattering Cornell Box Volumetric Caustic
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Subsurface Scattering

Progressive Transient Photon Beam
(Prev)

MIS Sliced (Parallelepiped, Ball)
(Ours)
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Subsurface Scattering

Var = 0.068x

Var = 0.053x%

(Ours)

Var = 0.046x

(‘2 10 0o1E )

(sIno)
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Cornell Box

Progressive Transient Photon Beam
(Prev)

MIS Sliced (Parallelepiped, Ball)
(Ours)
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Cornell Box

Transient
photon beam
(Marco et al.)

—~

+ MIS Sliced
(parallelpiped, ball)
(ours)

Var = 0.487x Var = 0.321x Var = 0.231x

Var=0.121x%

(Ours)
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Volumetric Caustic

Progressive Transient Photon Beam
(Prev)

+ MIS Sliced (Parallelepiped, Ball)
(Ours)
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Volumetric Caustic

Var = 0.189x

Var = 0.385x%

(Ours)

Var = 0.668x

(‘Te 12 021BIN)
weaq uojoyd

(sInoO)
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I Conclusion

 We lay the foundation for accelerating volumetric time-of-
flight rendering by introducing:

A novel extended spatio-temporal path space formulation of
the problem

* Arecipe for deriving and combining a new family of estimators
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