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Problems: 

• fixed focal plane

• no focus cues L

• vergence-
accommodation 
conflict (nausea)



Computational Near-eye Displays with Focus Cues

Konrad et al., SIGCHI 2016; 
Padmanaban et al., SIGGRAPH 2016, PNAS 2017

Gaze-contingent 
Varifocal Displays

Near-eye Light Field 
Displays

Holographic Near-
eye Displays

Huang et al., SIGGRAPH 2015;
Wetzstein et al., SIGGRAPH 2011, 2012

Padmanaban et al., SIGGRAPH Asia 2019;
Peng et al., SIGGRAPH Asia 2020;

Choi et al. SIGGRAPH Asia 2021; SIGGRAPH 
2022, …

Facebook/Oculus 2018



https://www.youtube.com/watch?v=sQS6_DbYIAw

Holographic Displays



Collimating
OpticsLaser Target ImageSLM

Holographic Near-eye Displays

?

Eyepiece

Challenge: low image quality due to mismatch 
between physical optics and simulation
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[Peng et al., SIGGRAPH Asia 2020; Choi et al., SIGGRAPH ASIA 2021; SIGGRAPH 2022; …]
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Camera-calibrated Wave Propagation Model

CNN CNN

CNN

[Peng et al., SIGGRAPH Asia 2020; Choi et al., SIGGRAPH ASIA 2021; SIGGRAPH 2022; …]



Neural Holography

Input:
2D, 2.5D RGBD, 3D focal 

stack, 4D light field, …
Output:
SLM phase
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Camera-calibrated Wave Propagation Model

CNN CNN

CNN

[Peng et al., SIGGRAPH Asia 2020; Choi et al., SIGGRAPH ASIA 2021; SIGGRAPH 2022; …]
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Gerchberg–Saxton 



Neural Holography 2020 Results

[Peng et al., SIGGRAPH & SIGGRAPH Asia 2020]



Experimentally Captured Results.

3D Neural Holography on Emerging MEMS Phase SLMs

[Choi, Gopakumar et al., SIGGRAPH 2022]



3D Neural Holography on Emerging MEMS Phase SLMs

Experimentally Captured Results.[Choi, Gopakumar et al., SIGGRAPH 2022]



3D Neural Holography on Emerging MEMS Phase SLMs

Experimentally Captured Results.[Choi, Gopakumar et al., SIGGRAPH 2022]



Maimone et al., SIGGRAPH 2020 Kim et al., SIGGRAPH 2022

Additional Benefits of Holographic Near-eye Displays

Thin VR Display Form Factors Other:
• Light-efficient AR Displays
• Prescription correction (including 

astigmatism and higher-orders)
• Correcting optical aberrations
…
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The Human Eye



The Human Eye
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Ocular Parallax
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Ocular Parallax Disabled

Konrad et al., ACM TOG 2020



Ocular Parallax Enabled

Konrad et al., ACM TOG 2020



Is ocular parallax visible in VR?

Does ocular parallax increase
perceptual realism?

Yes! Same effect size 
as retinal blur!

Yes!

Summary of Insights



Ocular Parallax Affects IPD!

Krajancich et al., ACM SIGGRAPH Asia 2020



Conventional Stereo Rendering Distorts Disparities!

Krajancich et al., ACM SIGGRAPH Asia 2020



Gaze-contingent Stereo Rendering

Krajancich et al., ACM SIGGRAPH Asia 2020

FT … “fine-tuned” (user-adjusted) IPD 
HL … “Hololens” built-in stereo rendering
GC … gaze-contingent IPD

GC stereo improves depth perception 
in VR and optical see-through AR!



Event-based Eye TrackingVR/AR Displays Perceptually-driven 
Rendering

(Some) Emerging Technologies in XR 



Current Eye Tracking Solutions

EyeLink 1000

Near-eye Systems:

• Tobii, Pupil Labs, …
• 120-200 Hz
• Accuracy: 0.5-1°

Pupil Labs

Desk-mounted Systems

• EyeLink, …
• 1,000 Hz
• Accuracy: ~0.5°



Fast tracking is needed...

from psychophysics, miccrosaccades reach up to 200°/s

for capturing extremely fast eye movements, like microsaccades, and 
for new technologies in VR/AR, like foveated rendering



… but consumes too much bandwidth

• Imagine a 10,000 FPS system
• Each frame is 300x300
• Each pixel is 8 bits

Bandwidth is 10,000 x 300 x 300 x 8 =  
7.2 Gbps!



But near-eye gaze tracking is sparse!

𝐼(𝑥, 𝑦, 𝑡)
𝜕
𝜕𝑡
𝐼(𝑥, 𝑦, 𝑡)

An intensity image Difference between two consecutive images



Event-based sensors trigger events (at high speed) 
when the brightness changes

outputsD
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We use a sensor outputting both frames and events

And can capture what 

happens between frames!
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An overview of our system

Online
Least Squares

Processing Eye Model Gaze Point
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Fitting the pupil at high update rate
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Estimating Gaze Vectors at 10kHz
An

ge
lo

po
lo

us
, M

ar
te

l e
t a

l.,
 IE

EE
 V

R 
20

21



Real-time system
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Wearable prototype
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People don’t need technologies, so let’s engineer experiences!

Augmented Vision

Warby Parker
Bose Frames

Augmented Hearing
Ray-Ban Stories

Snap
Spectacles

Augmented Memory

Augmenting Human Performance



Normal Vision

Near ∞Distance

Normal

Near-Sighted

Far-Sighted

Prebyopic Vision

muscles

presbyopic
lens





Presbyopic Vision



Reading Glasses



Progressive Glasses



Natural Solution



Alvarez Liquid Liquid Crystal

Focus-tunable Lens Technology



eye tracker
coma corrector

depth camera

focus-tunable lens

offset lens holder

Padmanaban et al., Science Advances 2019

Autofocals



Autofocals

Padmanaban et al., Science Advances 2019





Classic frame shapes 
and looks New features and tech innovation

Full-featured, competitive 
smart frames

Launch with full-field 
display features

Miniaturization and integration over time Mass-market 
form factor

XR Device Form Factors / Go-to Market



Eye tracking–enabled AI



Deep OpticsComputational Cameras

Neural Rendering

Single-photon Imaging

VR/AR & Wearable 
Computing

Computational 
Microscopy

Stanford Computational Imaging Lab



Gordon Wetzstein
stanford.edu/~gordonwz

Computational Imaging Lab
Stanford University EE & CS

computationalimaging.org


