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Abstract

With the invention of integral imaging and parallax barriers in the begin-
ning of the 20th century, glasses-free 3D displays have become feasible.
Only today —more than a century later— glasses-free 3D displays are fi-
nally emerging in the consumer market. The technologies being employed
in current-generation devices, however, are fundamentally the same as
what was invented 100 years ago. With rapid advances in optical fab-
rication, digital processing power, and computational models for human
perception, a new generation of display technology is emerging: compu-
tational displays exploring the co-design of optical elements and compu-
tational processing while taking particular characteristics of the human vi-
sual system into account. This technology does not only encompass 3D
displays, but also next-generation projection systems, high dynamic range
displays, perceptually-driven devices, and computational probes.

This tutorial serves as an introduction to the emerging field of compu-
tational displays. The pedagogical goal of this tutorial is to provide the au-
dience with the tools necessary to expand their research endeavors by pro-
viding step-by-step instructions on all aspects of computational displays:
display optics, mathematical analysis, efficient computational processing,
computational perception, and, most importantly, the effective combina-
tion of all these aspects. Specifically, we will discuss a wide variety of
different applications and hardware setups of computational displays, in-
cluding high dynamic range displays, advanced projection systems as well
as glasses-free 3D display. The latter example, computational light field
displays, will be discussed in detail. In the tutorial presentation, supple-
mentary notes, and an accompanying website, we will provide source code
that drives various display incarnations at real-time framerates, detailed
instructions on how to fabricate novel displays from off-the-shelf compo-
nents, and intuitive mathematical analyses that will make it easy for re-
searchers with various backgrounds to get started in the emerging field of
computational displays. We believe that computational display technology
is one of the “hottest” topics in the graphics community today; with this tu-
torial we will make it accessible for a diverse audience. This tutorial was
previously taught as a course at SIGGRAPH 2012.

We will discuss all aspects of computational displays in detail. Specif-
ically, we begin by introducing the concept and discussing a variety of
example displays that exploit the joint-design of optical components and
computational processing for applications such as high dynamic range im-
age and wide color gamut display, extended depth of field projection, and
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high-dimensional information display for computer vision applications.
We will then proceed to discussing state-of-the-art computational light field
displays in detail. In particular, we will focus on how high-speed displays,
multiple stacked LCDs, and directional backlighting combined with ad-
vanced mathematical analysis and efficient computational processing pro-
vide the foundations of 3D displays of the future. Finally, we will review
psycho-physiological aspects that are of importance for display design and
demonstrate how perceptually-driven computational displays can enhance
the capability of current technology.

Prerequisites

For this intermediate-level tutorial, some familiarity with Matlab, C/C++,
OpenGL, as well as a general understanding of linear algebra and Fourier
analysis is assumed, although the tutorial also functions as a brief, applica-
tion-driven introduction to each of these tools.
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Course Outline

5 minutes: Introduction and Overview
Gordon Wetzstein

This part will introduce the speakers, present a motivation of the
course, and outline the individual parts.

25 minutes: Computational Displays as a Next-generation Technology
Gordon Wetzstein

This part will introduce the emerging field of computational displays.
We will discuss the fundamental building blocks of computational
displays: optical components, computational processing as well as
the human visual system. This part will also serve as an overview
of computational displays, such as adaptive coded aperture projec-
tion, high dynamic range displays, and emerging projection systems.
In addition to displays intended for the human visual system, we
also plan to provide an overview of computational probes: high-
dimensional displays targeted toward computer vision applications
rather than the human visual system.

55 minutes: Computational Light Field Displays - Hardware Architec-
tures, Fabrication, Content Generation and Optimization
Douglas Lanman and Gordon Wetzstein

The combination of numerical optimization, display fabrication, and
efficient computational processing provides the foundation of fu-
ture glasses-free 3D display design. This part will present the lat-
est light field display designs exploiting high-speed LCDs as well as
stacked layers of light-attenuating and polarization-rotating LCDs.
We will present detailed instructions on how to build arbitrary com-
binations of high-speed see-through LCD panels and refractive op-
tical elements from off-the-shelf parts. In addition, we will pro-
vide source code and instructions for driving these with efficient
GPU-based implementations of the most important algorithms: to-
mographic light field synthesis, non-negative matrix factorizations
as well as non-negative tensor factorizations. Furthermore, this part
will discuss how important display characteristics, such as depth of
field, field of view, and contrast, are theoretically analyzed. This
analysis along with hardware and software-related implementation
details will be presented as step-by-step instructions so as to provide
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other researchers with intuitive tools that facilitate them to get started
in this exciting new field and build their own computational light
field displays.

55 minutes: Perceptually-driven Computational Displays
Piotr Didyk

This part will review aspects of the human visual system that are of
particular importance for designing displays. In particular, we will
discuss sensitivity to contrast, spatial frequencies, stereo disparities
and other depth cues as well as temporally-multiplexed signals. The
goal of this part is to emphasize how the limitations of the human
visual system can be exploited to enhance the perceived capabilities
of computational displays.

10 minutes: Summary and Q & A
All

This part will summarize how computational displays are chang-
ing current display architectures by exploiting the co-design of dis-
play optics and computational processing targeted toward human
observers. We will outline future directions of this emerging field
and allow for sufficient time to answer questions and stimulate dis-
cussions.



Computational Displays as Next-
generation Technology

Fast Forward!

Gordon Wetzstein
MIT Media Lab
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Computational Reflectance Displays

[Weyrich et al. 09]
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[Nature, 2008] [Holovideo, 1989 — present]
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= |ayered 3D and Polarization Fields considers multi-layer design without temporal multiplexing
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=  Automultiscopic Displays
" Multi-Layer Displays
» Layered 3D
— Polarization Fields
= Dual-Layer Displays
— High-Rank 3D (HR3D)
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Light Field Synthesis

virtual plane
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tenuator
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2D Light Field

Image formation model:

—fu(r)dr

L(x,0)=1 ©

L(x,0)= ln(L(;C’G)) - { u(r)dr

0
1=-Pa

Tomographic synthesis:

arg min HT + PaH2 , fora=0



phic Light Field Synthesis

[T T T
virtual plane
E
T attenuator
F o =y
[ backiight )

2D Light Field

Image formation model:

—fu(r)dr

L(x,0)=1 ©

L(x,0)= ln(L(;C’G)) - { u(r)dr

0
1=-Pa

Tomographic synthesis:

arg min HT + PaH2 , fora=0
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Transparency stack with acrylic spacers Prototype in front of LCD (backlight source)
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= Automultiscopic Displays
= Multi-Layer Displays
— Layered 3D
» Polarization Fields
= Dual-Layer Displays
— High-Rank 3D (HR3D)
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vertical polarizer
color filter array (s o o oo o e o o G O G G O .
liquid crystal cells (@ O O OO

horizontal polarizer

Analyzer

Unpolarized Polarizer |
light N

Copyright Jokn Wiley & Sons

Intensity Modulation with Liquid Crystal Cells

Malus’ Law

I=1,sin*(6)



red 3D to Multi-Layer LCDS  «iccrnmprionio,

/

™ Virtual Planes

Design Optimization

LCD 3 * Eliminate redundant polarizers
S - Sequentially-crossed design
0
LCD 2 _Te5L T I=T ]
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E B B 2
[backlight ]

2D Light Field




ed 3D to Multi-Layer LCDs  <icopnpionn,

(T N 4
. = | Pl L
Virtual Planes

Design Optimization

LCD 3 * Eliminate redundant polarizers
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LCD 2 * Exploit field-sequential color

[ [ e [ o e e[ e[ o o J s [ s [ ] >0.3°=2.7% brightness

LCD1

[ backlight |

A 2D Light Field
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™ Virtual Planes

Design Optimization
LCD 3 * * Eliminate redundant polarizers

- Use sequentially-crossed

LCD 2 //\ * Exploit field-sequential color

LCD 1 =========/============ * Further optimize pOIarizerS
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[backlight ]

N 2D Light Field




™ Virtual Planes

Image Formation

O(x,0)= ¥ ¢,(x,0)

L(x,0) = sin’ (@(x,@))

[backlight ] Tomographic Synthesis
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Projection Matrix

Target Light Field
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LCD Pixel Values
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. @ MATLAB
® O O Editor - /Volumes/FreeAgent GoFlex Drive/MIT/project/Layered3D/! —— X

File Edit Text Go Cell Tools Debug Desktop Window H
x 2 *» /O H ¥R LE- Aes
2’%‘ ;B - (10| + = |11 x [ ¥ O
1 % run a number of SART updates
2 function x = SART(Afun, b, 1lb, ub, x0, maxIters)
3
4 % compute weights
5 W = Afun( ones(size(x0)) , 1); .
¢ W(W-=0) = 1 ./ W(W-=0); pre-compute some weights
8 V = Afun( ones(size(W)) , =1);
9 V(V~=0) = 1 ./ V(V~=0);
10
11 % initialize result e e, e
12 - x = x0; initial guess
13
14 % run SART iterations
15 - for k=1:maxIters AIV A_x
16 % update x ' 4 d
17 - X = x + V .* Afun( |W .=* (b-[Afun(x,l)) , =1 ); Up ate
18 % project back into feasible range
19 x(x<lb) = 1lb(x<lb);
20 - x(x>ub) = ub(x>ub); Clamp
21 end
22
23] = end|
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Forward Projection (Multiview Rendering)
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Reconstruction Results
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= Automultiscopic Displays
= Multi-Layer Displays
— Layered 3D
— Polarization Fields
* Dual-Layer Displays
» High-Rank 3D (HR3D)
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on Results

Parallax Barrier
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Matthew Hirsch an 0 'our Own 3D Display. SIGGRAPH 2010, SIGGRA’PH-A SIGGRAPH 2011.




\ental Results

Time-Multiplexed Parallax Barrier High-Rank 3D (HR3D)
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= Automultiscopic Displays
= Multi-Layer Displays
— Layered 3D
— Polarization Fields
= Dual-Layer Displays
— High-Rank 3D (HR3D)
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Cost

Full-resolution 2D
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HR3D: Front LCD image

High-Rank 3D (HR3D) Layered 3D Polarization Fields
www.hr3d.info www.layered3d.info tinyurl.com/polarization-fields

£

e 3

BiDi Screen Tensor Displays
www.bidiscreen.com tinyurl.com/tensordisplays



Perceptually-Driven Computational
Displays

Slides by Diego Gutierrez
Universidad de Zaragoza

Slides by Diego Gutierrez



= For the latest version of the slides, please go to:
= http://giga.cps.unizar.es/~diegog/pub.html

Slides by Diego Gutierrez
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http://blogs.discovermagazine.com/badastronomy/2009/06/24/the-blue-and-the-green/ Slides by Diego Gutierrez
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http://blogs.discovermagazine.com/badastronomy/2009/06/24/the-blue-and-the-green/ Slides by Diego Gutierrez
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http://blogs.discovermagazine.com/badastronomy/2009/06/24/the-blue-and-the-green/ Slides by Diego Gutierrez
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http://blogs.discovermagazine.com/badastronomy/2009/06/24/the-blue-and-the-green/ Slides by Diego Gutierrez



SIGGRAPH2012 »;‘

We judge the color of an object by
comparing it to surrounding colors!

http://blogs.discovermagazine.com/badastronomy/2009/06/24/the-blue-and-the-green/ Slides by Diego Gutierrez
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Slides by Diego Gutierrez
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= The human visual system works in a specific way
= Some aspects known, some are still open problems

= Sometimes what we think we see is different from the input
signal

Slides by Diego Gutierrez
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* The human visual system works in a specific way
= Some aspects known, some are still open problems

= Sometimes what we think we see is different from the input
signal

= Let’s take that into account when designing displays!

Slides by Diego Gutierrez
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= Dynamic range

= Color

= Depth

= Spatial frequencies

= Temporal frequencies

Slides by Diego Gutierrez
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= Dynamic range

= Color

= Depth

= Spatial frequencies

= Temporal frequencies

= Can we exploit the limitations/mechanisms of the HVS to

enhance their perceived capabilities?
Slides by Diego Gutierrez
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Human visual system models in computer graphics (Tung Aydin, PhD Thesis 2010)

Slides by Diego Gutierrez
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1ge and tone mapping

Real-world

Display

Goal: map colors to a restricted color space

Multidimensional image retargeting, SIGGRAPH Asia 2011 (slide by Rafal Mantiuk)

Slides by Diego Gutierrez
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The art and science of depiction (Fredo Durand)

Slides by Diego Gutierrez



» Contrast is reinforced at the occlusion silhouette

 Tone modification/ haze

?ﬂ‘ f & -

The art and science of depiction (Fredo Durand)

Slides by Diego Gutierrez



Predicting display visibility under dynamically changing lighting conditions, Eurographics 2009 [Tun¢ Aydin et al.]

Slides by Diego Gutierrez
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ing conditions 1

¥

Display Adaptive
Tone-Mapping

"sunlight" setup - 1600 lux

Tone-mapped image Displayed image (photograph) Displayed image (photograph)

Tone-mapped image

Predict the visibility of contrast distortions, and alter the input so
that they are minimized

Display adaptive tone mapping, SIGGRAPH 2008 [Mantiuk et al.]

Slides by Diego Gutierrez



Dark room

a Display ﬁfive tone mapping, SIGGRA
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Bright office

Display ﬁﬁve tone mapping, SIGGRA
: 1)



Outdoors

otive tone mapping, SIGGR
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Slides by Diego Gutierrez
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http://www.opticalillusion.net/optical-illusions/grey-glow-illusion-the-glare-effect/

Slides by Diego Gutierrez



>
(4

SIGGRAPH2012}

Brightness of the glare illusion. APGV 2008 [Yoshida et al.]
Slides by Diego Gutierrez



Brightness of the glare illusion. APGV 2008 [Yoshida et al.]
Slides by Diego Gutierrez



Pupil Lens particles ‘ Lens gratings . Vitreous particles . Eyelashes 3

Temporal Glare: Real-Time Dynamic Simulation of the Scattering in the Human Eye, Eugfraphics 2009 [Ritschel et al.]
|

ides by Diego Gutierrez
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Tunne! [NNED D 55| (Control)
1 L
Brightness Attractiveness 64 Real pixel int. (%) 74

Temporal Glare: Real-Time Dynamic Simulation of the Scattering in the Human Eye, Eug?raphics 2009 [Ritschel et al.]

ides by Diego Gutierrez
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keep staring at the black dot.

Perception-based rendering: eyes wide bleached, Eur(§;r_aphics 2005 [Gutierrez et al.]
lides by Diego Gutierrez



=
SIGGRAPH2012v(_4§

johnsadowski.com

Perception-based rendering: eyes wide bleached, Eurosqraphics 2005 [Gutierrez et al.]

lides by Diego Gutierrez
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= Neurons in the retina habituate (adapt) and stop responding to
a fixed stimulus

* Once adapted, they need a little time to reset to their original,
responsive state

Perception-based rendering: eyes wide bleached, Eurogr_aphics 2005 [Gutierrez et al.]
lides by Diego Gutierrez
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bleaching of retinal photoreceptors

Perception-based rendering: eyes wide bleached, Eurc§;r.aphics 2005 [Gutierrez et al.]
lides by Diego Gutierrez
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= Neurons in the retina habituate (adapt) and stop responding to
a fixed stimulus

* Once adapted, they need a little time to reset to their original,
responsive state

Perception-based rendering: eyes wide bleached, Eurogr_aphics 2005 [Gutierrez et al.]
lides by Diego Gutierrez



arent brightness

—

A computational model of afterimages, Eurographics 2012 [Ritschel and Eisemann]

Slides by Diego Gutierrez
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“Unsharp masking, countershading and halos: enhancements or artifacts?” by §T%“é%°8§t6%9% _ é(t)ﬂlze ey
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= Limited spatial resolution of displays makes showing very fine
details impossible

Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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= HVS to the rescue!

Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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= Smooth pursuit eye motion
= Eye caught on an interesting moving feature

= Eye tracks feature (matching velocity)

= The image will be constantly projected on predictable locations
of the fovea with high density of photoreceptors

= Interesting integration effect!

Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]
Slides by Diego Gutierrez
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Slide by P. Didyk

Apparent display resolution enhancement for moving images, SIGGRAPH 2010 [Didyk et al.]

Slides by Diego Gutierrez
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Slides by Diego Gutierrez
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Slides by Diego Gutierrez
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iAccommodationi
Screen [ (focal plane)!
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A perceptual model for disparity, Slgﬁill'g\ePSH %(i} 1|5E|)g k Oet l]J tierrez
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Discomfort

Comfort zone

ViewiRe A8 4Wforviewing comfort

A perceptual model for disparity, Slgﬁill'g\ePé—i %(i} 1|5E|)g k Oet l]J tierrez
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A perceptual model for disparity, Slgﬁ;‘iR ePSH 6%/1 1[598 Kk c;et éll],l tierrez



New Disparity |

Input Disparit - -
P P y © 2010 Disney Enterprises

Nonlinear disparity retargeting

Introduce more distortions where they will be less perceived

“Nonlinear Disparity Mapping for Steresqqaz&?%’&p@?égg Glerrez
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New Dispari

Input Disparity

© 2010 Disney Enterprises

Visual Importance
based on saliency

“Nonlinear Disparity Mapping for Steresqqaz&?%’&p@?égg Glerrez
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Remapping
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Edge saliency + global texture saliency + disparity-based saliency

“Nonlinear Disparity Mapping for Stereeﬁ(feté‘s’i%ya@?égﬁ zG%m %rrez
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= Scaling is performed in a linear perceptual space

= Different applications, including:
= Compression: remove disparity below 1 JND (or more)
= Non-linear disparity scaling: more predictable in linear space
= “Backward compatible stereo”

A perceptual model for disparity, SIGGRAPH 2011 [Didyk et a.] ,.
v gﬁcﬁes %y Diego Gltierrez
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= Relies on the Craik-O’Brien-Cornsweet illusion
— Apparent depth is induced at the disparity continuity, and propagated by

o | “

© 3

nbe
==

Cornsweet image from http://www.purveslab.net/ A perceptual model for disparity, Slg?lg\ %011 Didyk et .
iego utlerrez

Relative luminance

Relative brightness
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Light Field

“Multi-Perspective Stereoscopy from Light FiGtidesydyimieign. Gaitierrez
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pping (light fields)

“Multi-Perspective Stereoscopy from Light FiGtidesydyimieign. Gaitierrez
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= Similar to DOF in photography, automultiscopic displays can
only reproduce a limited depth range at full spatial resolution

Antialiasing for automultiscopic 3D displays, EGSR 2006 [Zwicker et al.]

Multi-Layer Approach

Dragon from Layered 3D: tomographic image synthesis for attenuation-based light
field and high dynamic range displays, SIGGRAPH 2011 [Wetzstein et al.]

Perceptually-based content remapping for automultiscopic displays, SIGGRAPH 2012 (poster) [Masia et al.]
Slides by Diego Gutierrez
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Automulti

= Similar to DOF in photography, automultiscopic displays can
only reproduce a limited depth range at full spatial resolution

Antialiasing for automultiscopic 3D displays, EGSR 2006 [Zwicker et al.]

— 40 —3-layer
3 ~—4-layer
k=) 5-layer
>30 ——conventional |
Q -==max. sp. freq.
[
[
=)
O 20
[}
=
=
S10
3>
®)

—_— T
"8 40 0 40 80
Distance from screen [mm]

Multi-Layer Approach

Dragon from Layered 3D: tomographic image synthesis for attenuation-based light
field and high dynamic range displays, SIGGRAPH 2011 [Wetzstein et al.]

Perceptually-based content remapping for automultiscopic displays, SIGGRAPH 2012 (poster) [Masia et al.]
Slides by Diego Gutierrez
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a) Original

Perceptually-based content remapping for automultiscopic displays, SIGGRAPH 2012 (poster) [Masia et al.]
Slides by Diego Gutierrez
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Perceptually-based content remapping for automultiscopic displays, SIGGRAPH 2012 (poster) [Masia et al.]
Slides by Diego Gutierrez
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Predicted View

Cutoff frequency [cycles/imm)
E <
N
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c) Close up Distance from screen [mm)

b) Retafgatﬁﬂually-based content @mapping for automultiscopic displays, SIGGRAPH 2012 (poster) [Masia et al.]
Slides by Diego Gutierrez
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APH 2012 (poster) [Masia et al.]
Slides by Diego Gutierrez



SIGGRAPH2012 »:‘

Perceptually-based content remapping for automultiscopic displays, SIGGRAPH 2012 (poster) [Masia et al.]
Slides by Diego Gutierrez
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(Fovea)

“Perceptually-motivated real-time temporal upsampling of 3D content for high-refresh-rate displays” by Didyk et al. 2010
“Perceptual considerations for motion blur rendering” by Navarro et al. 2011

Slides by Diego Gutierrez
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* The HVs can play an important role in designing future
displays and overcome current limitations

* The list of examples is very extensive
= Only a small set of examples shown here

= Some fields have seen a lot of action already (tone mapping,
color...)

= Qthers are hot today (stereo...)
= Qthers are quite revolutionary

Slides by Diego Gutierrez



Perceptual Digital Imaging: Methods and
Applications

Piotr Didyk, Tobias Ritschel, EImar Eisemann, Karol Myszkowski
Exceeding Physical Limitations: Apparent Display Qualities

CRC Press
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furning

= Displays that can diagnose?
= NETRA: Near Eye Tool for Refractive Assessment
= CATRA: Cataract Screening Tool

@ EyeNetra.com|

NETRA: Interactive Display for Estimating Refracting Errors and Focal Range, SIGGRAPH 2010 [Pamplona et al.]

CATRA: Interactive Measuring and Modeling of Cataracts, SIGO-Gllfﬁgg 2891 B?é‘@langeﬁﬂ érrez
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= So what awaits for us in the future?

= Vibrating displays will further exploit the temporal integration in
the retina

= Future displays will free the viewer from needing optical
corrections (glasses)

= A light field will be split into multiple instances focused at different distances

Slides by Diego Gutierrez
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= So when will this occur?

Slides by Diego Gutierrez
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= So when will this occur?

This Wednesday

Slides by Diego Gutierrez
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= So when will this occur?

This Wednesday

Technical Papers Session: Displays
Wednesday, 8 August, 0900-1030
Room 408A

Slides by Diego Gutierrez
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Thanks for your attention!

(and thanks a lot to the authors of the original papers and slides!)

For the latest version of the slides, please go to:
http://giga.cps.unizar.es/~diegog/pub.html

Slides by Diego Gutierrez
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