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άbƻΣ ȅƻǳ ŎŀƴΩǘ ǿƛǇŜ ȫemƻŦŦΦ  ¢ƘŜȅΩǊŜ ƘƻƭƻƎǊŀƳǎΦέ ςTobias Becket to Chewbacca.





Gabor
Holograms

ÅDennis Gabor,
ά! ƴŜǿ ƳƛŎǊƻǎŎƻǇƛŎ ǇǊƛƴŎƛǇƭŜΣέ
Nature, 1948.

ÅEtymology: holo + gram,
from Ancient Greek
(hólos, whole) +
(ƎǊŀƳƳἎ, letter, line, writing, message)

Decode

Encode

https://en.wikipedia.org/wiki/Holography



Gabor Holograms as (Angular Spectra of) 
Images from Multiple Viewpoints
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Images from Multiple Viewpoints as Light Fields
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Light Fields as Point Clouds

https://shrouded-beach-34171.herokuapp.com/scenes/VALENTINO_1450/
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Applications



Holograms: The Medium to Represent 
Natural Content in VR / AR / MR

VR puts you in a Virtual World AR puts virtual objects in yourworld



Audio: Three Modes of Distribution

On-Demand Live Broadcast Telecommunication



Video: Three Modes of Distribution

On-Demand Live Broadcast Telecommunication



Holograms: Three Modes of Distribution

On-Demand Live Broadcast Telecommunication

Buzz Aldrin: Cycling Pathways to Mars



Historical Remarks



180+ years since invention of images (as 
photographs)

Daguerreotype, 1838



140+ Years since the invention of audio (as 
telephony)

Telephone ca. 1875



90+ Years since the invention of video (as 
television)

Television, 1926



Dawn of Digital Video

Arun Netravali, Head Visual 
Communications Research Dept.

IEEE Transactions on Computers, 1974



JPEG (January 1988)

Today:
> 1 Trillion photos/year

Photo from
JPEG (Macau, October 2017):

Celebration of 25th Anniversary 
of JPEG Standard (1992)



MPEG PCC (Macau, October 2017)

Hologram compression today
is like video compression in 1988



Subjective Results: Category 2 (Dynamic)

3.9 6.0 13 27 Mbps3.5 6.0 11 20 Mbps3.5 6.0 9 18 Mbps



1. Static (single-frame) 3. Dynamic Acquisition
(e.g., from Mobile Mapping Systems)

MPEG Point Cloud Compression (PCC)
2. Dynamic (multi-frame)



ά±ƛŘŜƻ-ōŀǎŜŘέ ŀǇǇǊƻŀŎƘ

ÅPatch Information
ÅDominant axis
Å(x,y,z) offset
Å(u,v) offset
ÅDimensions

ÅOccupancy map
ÅGeometry video
ÅTexture video



άbŀǘƛǾŜ о5έ ŀǇǇǊƻŀŎƘ ǘƻ ŎƻŘƛƴƎ ƎŜƻƳŜǘǊȅ
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άbŀǘƛǾŜ о5έ ŀǇǇǊƻŀŎƘ ǘƻ ŎƻŘƛƴƎ ŀǘǘǊƛōǳǘŜǎ

221,136,255

255,153,255 255,102,255 153,153,255

e.g., Y, U, V



Point Cloud Attribute Compression 
using a Region Adaptive Hierarchical 
Transform (RAHT)
Ricardo L. de Queiroz and Philip A. ChouΣ ά/ƻƳǇǊŜǎǎƛƻƴ ƻŦ о5 tƻƛƴǘ /ƭƻǳŘǎ ¦ǎƛƴƎ ŀ 
Region-!ŘŀǇǘƛǾŜ IƛŜǊŀǊŎƘƛŎŀƭ ¢ǊŀƴǎŦƻǊƳΣέ L999 ¢ǊŀƴǎΦ LƳŀƎŜ tǊƻŎŜǎǎƛƴƎΣ !ǳƎ нлмсΦ

Maja Krivokuca, Maxim Koroteev, Philip A. Chou, Robert Higgs, and Charles Loop, 
ά! ±ƻƭǳƳŜǘǊƛŎ !ǇǇǊƻŀŎƘ ǘƻ tƻƛƴǘ /ƭƻǳŘ /ƻƳǇǊŜǎǎƛƻƴΣέ ƛƴ ǇǊŜǇŀǊŀǘƛƻƴΦ



Three Generations of Transforms
for Point Cloud Attribute Compression
1. Graph Signal Processing (Graph Fourier Transform ςGFT)

2. Sampled Spatial Stochastic Process (Gaussian Process Transform ςGPT)

3. Volumetric Functions (Region Adaptive Hierarchical Transform ςRAHT)



Measure

ÅMeasure ‘ȡὛm ᴙ maps each set to a non-negative real number
ÅThe sets lie in a „-algebra ꜞ (set of sets for which ὛᶰꜞᵼὛ and ᷾ Ὓᶰ )ꜞ

ÅIf ὛȟὛȟȣare disjoint, then ‘᷾Ὓ В‘Ὓ .

ÅExamples:
ÅLebesgue measure on ᴙmaps each interval of length ὒto ὒ

ÅProbability distribution of r.v. ὢmaps each set Ὓto the probability that ὢᶰὛ

ÅCounting measure w.r.t. points ●ȟȣȟ● ᴙɴ maps each ὛṒᴙ to #points 
in Ὓ
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Measure defines Integration
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Integration defines Inner Product.
Inner Product defines Norm, Orthogonality.

ὪȟὫ Ὢ᷿●Ὣ●Ὠ‘● ВὪ● Ὣ●

Ὢ ὪȟὪ В Ὢ●

ὪṶὫiffπ ὪȟὫ ВὪ● Ὣ●

ᵼMeasure defines Hilbert Space, 
and with it all the machinery 
required for function approximation



Cardinal B-Splines of Order ὴ

Scaling functions

Integer shifts of scaling functions 
span space of functions that are
Å Piecewise polynomial of degree 
ὴ ρover unit intervals

Å Continuously differentiable up to 
order ὴ ρ



B-Spline Basis Functions (ὴ ρ)
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Nested subspaces



B-Spline Wavelet Basis Functions (ὴ ρ)

Using Lebesgue Measure Using Counting Measure
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Multiresolution Approximation
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Using Lebesgue Measure Using Counting Measure



B-Spline Approximation (ὴ ρ)

Level 7
(15604 coeffs)

Level 6
(3821 coeffs)

Level 5
(917 coeffs)

Level 8
(62073 coeffs)

Level 9
(237965 coeffs)



B-Spline Approximation (ὴ ς)

Level 7
(30455 coeffs)

Level 6
(7213 coeffs)

Level 5
(1699 coeffs)

Level 8
(125244 coeffs)

Level 9
(497199 coeffs)



Compression Results

/ƻƳǇŀǊƛǎƻƴ ǘƻ ½ƘŀƴƎΣ CƭƻǊŜƴŎƛƻΣ ŀƴŘ [ƻƻǇΣ άtƻƛƴǘ ŎƭƻǳŘ 
ŀǘǘǊƛōǳǘŜ ŎƻƳǇǊŜǎǎƛƻƴ ǿƛǘƘ ƎǊŀǇƘ ǘǊŀƴǎŦƻǊƳΣέ L/Lt нлмп



Surface Light Field Compression 
using a Point Cloud Codec
Xiang Zhang, Philip A. Chou, Ming-¢ƛƴƎ {ǳƴΣ aŀƻƭƻƴƎ ¸ŀƴƎΣ Ŝǘ ŀƭΦΣ ά{ǳǊŦŀŎŜ [ƛƎƘǘ 
CƛŜƭŘ /ƻƳǇǊŜǎǎƛƻƴ ǳǎƛƴƎ ŀ tƻƛƴǘ /ƭƻǳŘ /ƻŘŜŎΣέ ǎǳōƳƛǘǘŜŘ ǘƻ L999 W9¢/!{ ǎǇŜŎƛŀƭ 
issue on immersive video, and to appear at ICIP 2018.



ά[ƛƎƘǘ CƛŜƭŘέ ҐҐ PlenopticFunction

Å7D: Ὢὼȟώȟᾀȟ—ȟ‰ȟ‗ȟὸ

Å5D: Ὢὼȟώȟᾀȟ—ȟ‰

Å4D: Ὢὼȟώȟ—ȟ‰

9Φ IΦ !ŘŜƭǎƻƴ ŀƴŘ WΦ wΦ .ŜǊƎŜƴΣ ά¢ƘŜ plenopticŦǳƴŎǘƛƻƴ ŀƴŘ ǘƘŜ ŜƭŜƳŜƴǘǎ ƻŦ ŜŀǊƭȅ ǾƛǎƛƻƴΣέ ƛƴ /ƻƳǇǳǘŀǘƛƻƴŀƭ aƻŘŜƭǎ ƻŦ ±ƛǎǳŀƭ tǊƻŎŜǎǎƛƴƎΣ мффмΦ



Image-Based Light Field Representations

M. LevoyŀƴŘ tΦ IŀƴǊŀƘŀƴΣ ά[ƛƎƘǘ ŦƛŜƭŘ ǊŜƴŘŜǊƛƴƎΣέ SIGGRAPH1996.
S. J. Gortler, R. GrzeszczukΣ wΦ {ȊŜƭƛǎƪƛΣ aΦ /ƻƘŜƴΣ ά¢ƘŜ LumigraphΣέ SIGGRAPH1996.

Multiview representation

Lenslet representation



Surface Light Field (SLF)

ÅThe SLF can be regarded as a function 
Ὢ▬ȟⱷ , representing the color of 
surface point ▬ ὼȟώȟᾀwhen viewed 
from direction ⱷ —ȟ‰ .

ÅSpherical image Ὢⱷ▬, or view map, 
for each ▬generalizes lenslet 
representation.

ÅTo compress Ὢ▬ȟⱷ efficiently:

ÅRepresent Ὢⱷ▬ for each ▬in 
some image basis 

ÅCompress coefficients across surface 
points to reduce spatial redundancy

D. N. Wood, et al., ά{ǳǊŦŀŎŜ ƭƛƎƘǘ ŦƛŜƭŘǎ ŦƻǊ оŘ ǇƘƻǘƻƎǊŀǇƘȅΣέ SIGGRAPH 2000
W.-C. Chen, et al.Σ ά[ƛƎƘǘ ŦƛŜƭŘ ƳŀǇǇƛƴƎΥ ŜŦŦƛŎƛŜƴǘ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ŀƴŘ ƘŀǊŘǿŀǊŜ ǊŜƴŘŜǊƛƴƎ ƻŦ ǎǳǊŦŀŎŜ ƭƛƎƘǘ ŦƛŜƭŘǎΣέ SIGGRAPH 2002

▬

ⱷ

view map
Ὢⱷ▬



View Map Representation

Linear combination of basis functions: Ὢⱷ▬ ВὋ ⱷ‌ ▬

Basis
functions

╬╖♪
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Coefficients

Observations

B-spline wavelet basis functions
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Compress Coefficients of Representation

ÅSpatially, using a Point Cloud Codec

ÅCoefficients are attributes of the points

ÅIn this work, we used
ÅOctree+RAHTPCC (MPEG PCC TMC1)

ÅVideo-based PCC (MPEG PCC TMC2)
ÅAll the SLF coefs. are scaled to the range of [0,255] for 8-bit video codec



Datasets

Synthetic datasets: Can, Die

Natural datasets: Elephant, Fish

D. N. Wood, et al., ά{ǳǊŦŀŎŜ ƭƛƎƘǘ ŦƛŜƭŘǎ ŦƻǊ о5 ǇƘƻǘƻƎǊŀǇƘȅΣέ SIGGRAPH2000 



Die LF reconstruction

N=1,  0.30 MB N=8,  0.62 MB

N=32,  1.71 MB N=128,  3.90 MB



Fish LF reconstruction

N=1,  0.24 MB N=8,  0.53 MB

N=32,  1.57 MB N=128,  4.02 MB



RD Performance

Fish Elephant



Streaming of Volumetric Media
Jounsup Park, Philip A. Chou, and Jenq-NengIǿŀƴƎΣ άwŀǘŜ-Utility Optimized 
{ǘǊŜŀƳƛƴƎ ƻŦ ±ƻƭǳƳŜǘǊƛŎ aŜŘƛŀ ŦƻǊ !ǳƎƳŜƴǘŜŘ wŜŀƭƛǘȅΣέ ŀǊ·ƛǾΥмулпΦлфуспΦ
Also submitted to IEEE JETCAS special issue on immersive video,
and to appear at Globecom 2018.




