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Holographic True-3D Displays

Holographic True-3D Displays:
Basic Principles
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Holographic True-3D Displays

True 3D:

• Duplicates the physical volume-filling light

• Holography (Diffraction approach)

• Integral Imaging (Light field approach)
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Holographic True-3D Displays

• We float in 3D (volume-filling) light
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- True

•All optical receivers (human eye, cameras,  
animal eyes, insect eyes, etc.) float in time-
varying volume-filling light.

•That volume-filling light originates from light  
sources, and then gets modulated by objects and  
scenery (carries their optical information)



Holographic True-3D Displays

• We see objects and scenery around us
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- False

•We see only the light that enters through our  
pupils

•Our visual system (including the brain) then  
processes and interprets that light

•The same is true for any optical receiver



Holographic True-3D Displays

• Holographic Goal:

-Capture the volume-filling time-varying light with  
all its “relevant” physical properties

- Store or transmit it

-Replay it at another place and maybe at another  
time

- Thus a duplicate of the original volume-filling
time-varying light distribution is obtained

.
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Holographic True-3D Displays

• Holographic Goal:

-Any optical capture device (humans , for  
example) will get the exact duplicate of the  
original light as input

-Since the input is the same as the original, any
optical receiver floating in the duplicate field will
see nothing but the indistinguishable duplicate of
the original 3D time-varying scene.
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Holographic True-3D Displays
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Holographic True-3D Displays

• What should be recorded?

• Holography case:

-Propagating waves in 3D free space

-A single 2D (over a surface) cross-section is  
sufficient for monochromatic case in free  
space

-A complex-valued fringe pattern is needed
to be captured
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Holographic True-3D Displays

•Display side: write the complex-valued fringe pattern
on the surface

- Illuminate it to diffract light by the fringe pattern
to get the desired 3D field
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Holographic True-3D Displays

• “Light field” case - capture:

•Has the same goal to capture and reconstruct  
the time-varying volume filling light, as in  
holography : It is also a true 3D technique.

• It is a valid mathematical model for true 3D:

-Represents the 3D field by rays

-If there is a collection of dense rays, their  
collection (superposition) forms the 3D field

-A capture of directional distribution of color
and intensity at a 2D surface is sufficient for
free space 3D light
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Holographic True-3D Displays

• “Light field” case - display:

•If the same directional distribution of color and  
intensity of rays is physically genenrated at the  
display side, the duplicate volume-filling time-
varying field is recreated -> the goal is achieved

• The problem is :

• Light does not travel in the form of rays

•This is a physical constraint
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Holographic True-3D Displays

• “Light field” case - display:

•Therefore, light-field representation of light is a good  
mathematical model, but such a physical display  
cannot be built

- Uncertainty principle

- Point source (small size) -> Spherical radiation

- Directional radiation -> Large display patch

- Extreme directional radiation (ray) ->

Infinite display patch
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Holographic True-3D Displays

• “Light field" case - display:

• Only approximate physical devices are possible

• For example, integral imaging -> Lenslet arrays

- Requires perfect focused capture of
“elementary images”
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Holographic True-3D Displays

•3D volume-filling light can have infinitely many  
different mathematical descriptions:

• 3D basis functions, their weighted superposition

•(Terminology: psi(x) = 3D light field, x is the  
3D position vector, psi() has complex values.  
Therefore, light field does not necessarily refer  
to ray decomposition, as in this discussion;  
rather it is a general term.)

•One of the basis function sets is the set of  
line impulses in 3D space -> rays -> the “light 
field”
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Holographic True-3D Displays

•3D volume-filling light can have infinitely many  
different mathematical descriptions:

• Other common decompositions are:

•Plane wave decomposition (idealization:  
assume infinite plane wave size)

• Local Gaussian beam (a form of wavelet)
decomposition

•This is actually the physical counterpart of  
“light fields”: basis functions are directional  
physical beams (expanding as they  
propagate)
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Holographic True-3D Displays

• Local Gaussian beam decomposition:

•Local equivalent “patches” on a 2D surface

• Local 2D frequency = local direction

•Superpose using weights = local directional  
distribution NOT of idealized rays, but of physical  
beam shapes
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Holographic True-3D Displays

• Holographic Displays:

•Easy to generate 2D diffracting grids for each  
3D basis function

• Easy to superpose 2D patterns, to get a
superposition of 3D light components

•No optics (lenses, mirrors, etc.) are needed for  
the basic principle

• Many lab prototypes exist
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Holographic True-3D Displays

• Holographic Display problems are:

•If ordinary pixels are utilized and a planar  
surface is utilized (currently the common  
case), too many pixels are needed -> A  
commercially acceptable quality maybe needs  
64K by 64K pixels

•Complex valued pixels are not as easy to get  
as amplitude only or phase only cases
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Real 3D
Some holographic display results from Bilkent Univ.

Real 3D Project
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Real 3D Project
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Real 3D Project
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Holographic Input - Integral Imaging Display

A recently filed patent application by Levent Onural  
for a 360 degree view holographic display
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Signal Processing Issues
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Signal Processing Issues
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Light Fields
Cameras, Displays, and Applications

Gordon Wetzstein

Stanford University, EE & CS

www.computationalimaging.org

September 29, 2016

OSA Light Field v Hologram Debate



Primary applications: 3D imaging, refocus

Light Field Camera



Primary applications: cinematic VR, 3D imaging, refocus

Light Field Camera Array



Primary applications: glasses-free 3D, focus cues for VR/AR, vision correction

The Observed Light Field



Primary applications: glasses-free 3D, focus cues for VR/AR, vision correction

The Observed Light Field





2D display

barrier

Parallax Barriers – Ives 1903

• low resolution & very dim



Integral Imaging – Lippmann 1908

• low-res, but brighter than parallax barriers 

• epreuves reversibles ≈ reversible photographs

2D display
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Integral Imaging – Light Field



Integral Imaging – Microlens Image
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Light Field Imaging





Scene from
Above

Lenslet Array

[Lippman 1908], [Adelson and Wang 1992], [Ng et al. 2005]

Integral Imaging
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Scene from
Above

Integral Imaging



Scene from
Above
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Integral Imaging: Spatio-Angular Resolution Tradeoff!Spatio-Angular Resolution Tradeoff!



Key Insight: Light Field is Redundant!Scene from
Above



Exploit Redundancy
Computationally

Sparse
Reconstruction

Overcomplete Dictionaries
Light Field Atoms

Sparse Representation Optimal Optical Setup

Mask-based
Light Field Coding

Compressive Light Field Photography
ACM SIGGRAPH 2013
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Basis Pursuit Denoise:

Sparse Coefficients!

Compressive Light Field Photography
ACM SIGGRAPH 2013



Multi-camera Light Field Imaging

light.co

pelican imaging facebook 360 google jump

stanford camera array the matrix



Light Field Displays



This slide has a 16:9 media window

The picture can't be displayed.



This slide has a 16:9 media window

4D Light Field



This slide has a 16:9 media window
viewer moves right
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Three-layer Tensor Display
SIGGRAPH 2012, with D. Lanman, M. Hirsch, R. Raskar



Three Layer Prototype





Vision-correcting Display
perceived 

image

displayed 
image

SIGGRAPH 2014, with F. Huang, B. Barsky (UC Berkeley)



Vision-correcting Display

iPod Touch 
prototype 

printed 
transparency

SIGGRAPH 2014, with F. Huang, B. Barsky (UC Berkeley)



prototype construction

300 dpi or higher



vision-correcting 
display

conventional 
display



8D Display
Hirsch et al., SIGCHI 2013



image courtesy: vpl research

Virtual Reality



A Brief History of Virtual Reality

1838 1968 2012-2016

Stereoscopes
Wheatstone, Brewster, …

VR, AR, 
Ivan Sutherland

VR explosion
Oculus, Sony, HTC, MS, …

Nintendo
Virtual Boy

1995
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Top View

Near-eye Displays Today (all stereo displays):

Vergence-Accommodation Mismatch!

virtual 
image



Primary applications: focus cues for VR/AR
Light field approach: project multiple different views into pupil!

Near-eye Light Field Displays

=



Light Field CamerasLight Field Stereoscope ACM SIGGRAPH 2015



Backlight

Thin Spacer & 2nd panel 
(6mm)

Magnifying Lenses
LCD Panel

Light Field Stereoscope ACM SIGGRAPH 2015



Target Light Field
Input: 4D light field for each eye



Input: 4D light field for each eye

Target Light Field



Input: 4D light field for each eye

Target Light Field



Input: 4D light field for each eye

Target Light Field



Input: 4D light field for each eye

Parallax over the Pupil

Target Light Field



Multiplicative Two-layer Modulation

Reconstruction:
for layer t1

Tensor Displays, 
Wetzstein et al. 2012

Input: 4D light field for each eye



Traditional HMDs
- No Focus Cues

The Light Field HMD
Stereoscope

Light Field Stereoscope ACM SIGGRAPH 2015



Traditional HMDs
- No Focus Cues

The Light Field HMD
Stereoscope

Light Field Stereoscope ACM SIGGRAPH 2015



Traditional HMDs
- No Focus Cues

The Light Field HMD
Stereoscope

Light Field Stereoscope ACM SIGGRAPH 2015



Traditional HMDs
- No Focus Cues

The Light Field HMD
Stereoscope

Light Field Stereoscope ACM SIGGRAPH 2015



Light Field Summary

• light field = great tool to model light transport in cameras and displays

• ray-space model is intuitive & easy to connect to modern signal 
processing and optimization

• lacks interference / diffraction

• light field is similar to phase space models (e.g. Wigner distribution 
function), except for interference & diffraction – models joint distribution 
of space & spatial frequency



Gordon Wetzstein

Computational Imaging Group

Stanford University

stanford.edu/~gordonwz

www.computationalimaging.org


