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FOVID Natural vs Synthetic Light-fields

In a natural light-field we observe light reflected
off objects, perceiving color and depth cues. An
eye focuses a 3D scene on the retina as a 2D
image, our brain reconstructs the 3D world.

In a synthetic light-field, we observe light
projected from a surface that generates the
same color and depth cues, thus we see the
same object.
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» Reproduces a 3D aerial image visible to the unaided eye without glasses or
head tracking

« Binocular disparity, occlusion, specular highlights, and gradient shading and
other expected depth cues must be correct from the viewer’s perspective as in
the natural real-world light-field
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FOVIED Significance of Light-field Displays

« Human binocular vision and acuity, and the
accompanying 3D retinal processing of the
human eye and brain, are specifically
designed to promote situational awareness
and understanding in the natural 3D world.

» The ability to resolve depth within a scene,
whether natural or artificial, improves our
spatial understanding of the environment
and as a result reduces the cognitive load
accompanying the analysis and
collaboration on complex tasks.
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* QOriginating with a DARPA Urban Photonic Sand-table Display challenge, "/’z\'
core FoVI?P team members participated in developing the initial Light- N ’
field Displays; Thomas was the computation architect on the program

* Core IP filed and the team continued to develop LfD technology
* Genl LfD systems built and installed in various research labs

3D . . .
FoVI®® formed to commercialize LfD technologies Lightfield Display Developedi

Imaging under the DARPA UPSD Progra
r 35 Issued and Pending Patents
ms, Radiance Rendering Compute (MvPU), Distortion Correction Technologies,

https://youtu.be/blbOT
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Quantified Benefits of Light-field Displays

Pertormance

Holograms

Determine relative height of other objec
Determine e of sight]

Determine relative height of buiklin
Position teams, snipers,

Determine JTAC overwatch positios
Determine LZs

Holograms versus traditional 2D
methods proved overwhelmingly to
increase retention and reduce the
cognitive load when used in

recalling complex medical
anatomy.

M. Hackett, Medical Holography for
Basic Anatomy Training , 2013
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2D vs. 3D Effectiveness Ratings

[8 2D Photo 8 3D Hologram

Determine breaks between buildin:

Mission Task

Colateral damage estimate|

Interpret Shadows

Interpret Vegetation|

Determine relationship to vehicle:

Define cordons

Determine hgress/Egress Route:

Effectiveness Rating

Eye saccades, ,Q/?Q%E'aﬁc‘reased Wi
hologramt Vs.: 2D:map-

v RS Y

The findings from these descriptive statistical comparisons
indicate that the mean times from the search tasks
performed by the individuals using the hologram were
approximately 23 percent faster for target one, and 54
percent faster for target two.

N. Smith, SWAT Team Wayfinding in Laser Tag facility
study, 2007




FOVID Light-field Display: Application Agnostic
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Interaction Collaboration Visualization
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Entertamment Information Medlcal

eSports (player and V|sua||zat|on Surgical Planning

spectators) Automobile Navigation *  Concept
» Casual gaming - Engineering Visualization

+ 3D internet « Architecture Patlents

exploration - Design (film and game
* Supplemental asset creation)

disp!a-y L8 . + Oil & Gas Exploration
traditional media - Population Data

consumption
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@ VIES What is a Light-field Display
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Resolution in Light-field Displays

S

Sy tion
De e and pitch of micro-
smaller micro-
lense esolution.

Angular Re
Pixc.els per degree D _ uminga
|nd|ca'.c|.on of potential pro L f rays per micro-lens.
capability. More than one ray/pix
degree is desirable. Angular pitch is
FoV/Dr.




- ation of a lens

g comb
ualized above, each hogel is

responsible for “50 views of the overall
from the hogels forms a field of light rays.

scene. When aggregated, light emitting

ICS

Hogel Opt

HOGEL OPTI(

LIGHT FIELD DISPLAY
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AVAES Hogel Lens Properties

Lens Projection Performance

Spatial Resolution

0.1mm

0.1px/* 10

- 3px
Angular Resolution




Field of View

- ertically
ted
‘ r* k-

~ tighter FoV




3D i
ROV Micro
Spherical Molded Plastic Gradient Index Glass (GRIN) Aspheric Wafer-assembled oooooc .
S5000¢ Challenge:
D000CC « Image blur decreases 3D aerial
Designs ! _OOOOC'C image fidelity
' ' * MicrolLens performance scales
Modeled !’ with design complexity:

Tewwwe * Number of lens components
* Number of curved surfaces
* Expensive to iterate on designs
* Cost scales with complexity
* Cost scales with size
* Hard to mold
* Lithographic processes are costly
* Current printed microlens array
are of low quality — but there is
progress
* SLM tiling introduces seams which
inhibit the use of ‘hex’ package
microlens arrays

Molded Printed



ROVEP Micro-Lens Scatter and Cross-talk

Rays will create
a ghost image
(undesired)

Ghost Image Removed

Main Image Unchanged

Rays will create
the main image
(desired)




Photonics
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LIGHT FIELD DISPLAY i

Each pixel in the radiance image is
converted into a ray of light to be
sent through the optical array.
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Large Area Photonics

ea photonics requires tiling of modulation devices (SLMs)
ogy imposes opto-mechanical constraints

Density: Directly drives the angular and spatial resolution of the
ay
inance: Brightness loss through optical stack
play Package: Tiling micro-displays requires magnification to reduce

s created by packaging. Keep magnification to a minimal to
tain pixel density

3x2 LCoS 9x4 Pico Projector

5x4 OLED
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3D Model with Hogel Radiance Image Resultant 3D Aerial LfD

Image Plane 50 Hogels ~ 40° Pixels ("Rays”) Projection
per Hogel

. .
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Radiance
Image
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Radiance Image Rendering

Two traditional approaches to computing the radiance image

Spatial x Directional Directional x Spatial
Double Frustum Oblique Slice and Dice
* Calculate each hogel independently * Calculate each direction across

entire display and divide into hogels

Actually..., a third FoVIAN approach

Bowtie Rasterizer
* Rasterize all hogels in parallel
Custom bowtie frustum

dispatch from host PC



FOVIE0 Double Frustum Light-field Rendering

Projected Hogel
Frustum

Model of MicroLens Array/
Radiance Image/
“Hogel Plane”




ROV

Near of Green
Clip Plane il

Double Frustum Near Plane Singularity

FarClip

Plane 7
’f
/
Front Frustum

OpenGL
Valid

Render

Region

Green
OpenéL Triangle
Valid
Render
Region

Backside \ Back Frustum
A\

~ Edge of
Green
Triangle

" Plane

. FarC ip

Valid
Bowtie
Frustum
Render
Region

]

MvPU double
frustum simulator
showing hogel
corruption

GPU double
frustum showing
hogel corruption

MvPU Bowtie
frustum; no hogel
corruption




R V-2 Oblique Slice and Dice Light-field Rendering

An Obligque
Render

Step 2: Transform oblique rendered
pixels into hogel space

3x3 Array of 4x4 Pixel Hogels

4x4 Array of Oblique 3x3 Pixel Renders - - =
90° Micro-Lens Projection

Step 1: Render all oblique views Frustum
across the field of view




F_VEZ Traditional Render Pipeline for Multi-view Systems

Scene is described Scene is rendered

to the GPU GPU to the display
Vertices Fragments
Vertex Rasterizer Fragment
Vertices Transforms Processing | Pixels

Viewpoint fE &' &

Textures

Scene is described

to the GPU GPU

Vertices Fragments Radiance Image
Vertex Rasterizer Fragment
Vertices Transforms Processing | Pixels

A A A

. Textures
Vertex Lists

Only one hogel is rasterized at a time. The viewpoint and viewport change
per hogel but the scene description remains the same.
Vertex dispatch/transform dominates pipeline.




FOVIEP Multi-view Update Rate and Interactivity

VARG G L E P ECE R R RSB 80.9.0.
AR A

LCEEesse

The host application scene is distributed to an
array of computers, each of which renders a
subset of the global light-field radiance image.

502 Hogels — 402 Pixels ("Rays”) per Hogel




FCVED Magnitude of the Light-field Radiance Image

Size of Radiance Image - Examples

1m x 0.75m (90° FoV) Static Light-fields
* 1.0mm hogels, Dr = 256, ~300mm (1ft) usable depth

1,000 hogels x 750 hogels x 256 rays x 256 rays x 3 RGB bytes per pixel = ~150 Glga bytes per frame

* 0.7mm hogels, Dr =512, ~600mm (2ft) usable depth
1,429 hogels x 1,071 hogels x 512 rays x 512 rays x 3 RGB bytes per pixel = ~1.2 Terabytes per frame

1m x 0.75m (90° FoV) Dynamic, Real Time, Light-field Display
* 0.5mm hogels, Dr =128, ~150mm (6”-8") usable depth — real time 30 fps rendering
2,000 hogels x 1,500 hogels x 128 rays x 128 rays x 3 RGB bytes per pixel = ~150 Giga bytes per frame

x 30 fps = V4.4 Terabytes per second

onclusion: DO NOT MOVE PIXELS, don’t transport them, don’t store them.
Render in hardware at the display instead.



ROV

Heterogeneous
Display
Ecosystem




Actuality MIT.

FOVIEP Field of Light-Displays (FoLDs)

Holografica Holoaans

Phase (Wavef

Light-Space 3D Multi-view Zone LF?)
Multi-depth Plane
Volumetric

Multi-view Zone




ROVIED Today’s Display Environment: a Growing Problem

1. Multiple Displa
2. Increasin
3. Nowe

Si

@ M
Ui |
‘ HOS '
y ool e
HOST = |
APP i
M

HT-FIELD

20+ VIEWS

ance accommodation « Multi-depth plane
forces multiple views. - Swept Volume

Single View Multi-view




ROV Current Graphics Rendering: The Tightly Bound Display




Source Master and the FoLD Ecoystem

Post Cinema W
Production Master J

Stereo ]

Source Home

‘2D video is captured with the expectation that Master Master

the downstream display offers a single point
of view. .

) ' i Conversionto
3D visualization requires actual 3D real-world ‘Real’ 3D)
coordinates in three-dimensional space.

Aejdsig Aejdsig 3|iqc

Voxels

Points

Radiance 3D Master 3D Application

Polygons

Other ( 3D Sensor




FOVIED Tomorrow’s Heterogeneous Display Ecosystem

Server terc ous Displays

1 3D Data Service sends dt A #4| Rendering occurs at the display via
e any device initiating a request. o , 7 (MY MvPU allowing unique rendering
con agnostica requirements to be met.

38




HDE: Sport Visualization

Flat Panel:
PoV O

Light-field Display:
Bird’s Eye View O

HMD

lat Panel

/|

Flat Panel:
PoV Stat G



SUBSCRIBER
2D Display
MvPU

Traditionally, a host application
creates a 3D scene for viewing
on a 2D monitor. As such, the
host application system has
responsibility for rendering to
that display device. If the
underlying display technology
changes or evolves, the host
application has to adapt. The
host application and display are
tightly bound.

Volumetric
Display
MvPU

FUTURE WITH HDE

Within the Heterogeneous Display Ecosystem, the host application that Consider, for example, an eSports application/game broadcast from a Netflix-
creates a 3D scene is loosely bound to the display environment. like server. The game is streamed without regard to the types of
Responsibility for rendering is placed with the display. The host visualization devices present within the ecosystem. Whether a viewer wants
application broadcasts its 3D scene data in a display agnostic manner to wear a head mounted display (HMD) for a first-person perspective at

via ObjGL; the display receives the scene data and renders the views ground level or a group of viewers surrounds a Light-field Display (LfD) for a
required by its architecture and projection system internally via the bird’s-eye view of the entire scene, the host application is unaware. The
MvPU. host application and the display technology are free to evolve independently.




MvPU Development

If the Phase Il framerate goals can be

obtained with OTS GPUs, then custom

Phase Il MvPU may only be necessary
to reduce SWaP.

Exynos
> x86/x64 ARM
o CPU CPU

x86/x64 AMD VEGA Mali
CPU GPU GPU

developed in C

* FoVI3D currently has a
working reference simulata
for Bowtie rendering a LfD 3 MvPU is responsible for
multi-view rendering for

radiance image
3D displays o




ROV

Calibration
and
Metrology




FOVIED Calibration

LIGHT FIELD DISPLAY

= CALIBRATION

Example of
uncalibrated
hogels projecting
a blurry image.

Light-field Display

alibrated hogels
projecting a crisp
image.



Calibration

patial Calibration: Color / Brightness Calibration:
Maximize clarity of projected Minimize visibility of distracting
content tiling artifacts




Physical Metrology Pipeline

Construction
of Metrology
Databases

Projection of
3D Metrology
References

Analysis

2D Image or
& Reports

Data Capture

Image Plane




Camera Gantry




FOVIED Defining the Volume




ial Accuracy

Spat

ROV

3D Metrology Visualizer

0

File Help

O smallest Possile Projection

llest Possible Area

Spatial Accuracy

Resolution (2 dof)

Display Plane

Colormap

Long Rainbow
Data Range

| [7.55171

Measureme

ic pri

geometr

Abs. Error=V((x e-x m

48



Measureme
projection volu
FoLD’s plenoptic desc

L=P(0,¢ V1)

Spatial Resolution

3.95

1.98

3.95

3.95




FOVID 9-Tile ZMD Spatial Accuracy

B: Distribution authorized to U
50 agencies only.



FOVID Display Artifacts Make 3D Metrology Hard

(b)
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Snellen Volume

Equivalent 20/x rating vs content height in cm

— DK2, 0.5 mm, FoV 60
DK2, 1.1 mm, FoV 90
= Lightspace x1406a
- - - 20040




20/%

FOVIP Snellen Volume

Equivalent 20/x rating vs content height for viewer at 0.7 m e— Usable —
Volume Pixel Grid
Feature Size
50 -
ZMD
DK2 (Wilcox)
100 [ —
(min. spec.)
New
e /o~ N\ ulRpeanle (max. spec.)
FoVI3D “usable .
volume&! threshold Static
Hologram
= *will detract focus from displayed virtual object
250 L . |
oem o s 0 5 10 cmi5

= ZMD, 1.6 mm, FoV 90, views 78 (1.2 Ap)

=== DK2, 0.5 mm, FoV 60, views 50 (1.2 Ap)

New (nom.), 0.4 mm, FoV 95, views 100 (0.9 Ap)
New (max.), 0.4 mm, FoV 105, views 200 (0.5 Ap)
Static hologram, 0.7 mm, FoV 90, views 256 (0.4 Ap)
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ROVIED Today’s Demo: DK?2
ight-fi Object Graphics .v Multi-view E H.eterogeneous
E II_)Iigst)tlafylleld @ Libjriry Processing Unit Display Ecosystem

729 cubic centimeters of
> active 3D light field display
'\ volume projection

DK2: Light-field Display 9cm

Projected
3D model




Demonstrating:

LUcCas - The highest resolution
light-field display yet created.

CI=\

- 90° field of view

- 1.6 mm hogel diameter
- 80 x 70 hogel display

- 76 x 76 views per hogel

DK?2
Wilcox

- 90° field of view

- 1.0 mm hogel diameter

- 80 x 80 hogel display

- 110 x 110 views per hogel

DK?2
Lucas

- 60° field of view

- 0.5 mm hogel diameter

- 168 x 168 hogel display

- 55 x 55 views per hogel |

6



Light-field Display Developer Kit

Lab Prototype Display LFD Developer Kit with
Wl.th | LfD DK2 “O.Sm.m Glass Lens Solution
~1.0mm Plastic Micro-Lens First Quarter 2018

FOVIED

DevKit 2 gring Up Lens Design

Scm

729 cubic centimeters of active 3D
light field display volume
projection

90° FOV

0 -
i \ - < Wide hogel field of view with
Wide hogel field of view with - 5 - K f 7
high angular resolution projects . / - . 2 ) high angul asr 6essc(§:lexon projects
Technical Specifications: Gk scae - > - Technical Specifications:

- Enclosure dimensions ) y Efry
W:15.5cm H: 22cm D: 15.5cm

losure dimensions
5cm H: 22¢m D: 15.5cm




Technical Challenges




Thank you

ROV
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FOVIEP

Socialize the significance of light-field

display technology and what FoVI3P is
doing about it.

Thank you
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Questions?



