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Topic 

§  Disclosure: I’m not a core display technologies expert (LCD, OLED, etc.) 

§  Set the stage for the rest of today by providing broad but shallow overview of 
what immersive experiences need from the display community 

§  I have a long history in Augmented Reality… 
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Plea for help to the display community:  
Success depends upon advancements in display technologies! 
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Why the excitement in immersive experiences? 

§  Potential new markets, demanding new types of displays 

§  Virtual Reality (VR): Immerses viewer into 3D environment 
–  Presence: the sense of really being in another space 

§  Augmented Reality (AR): Supplement or modify direct view of real world 
–  Potentially larger market than VR 

–  Near-eye AR displays are most likely approach to replace smartphones, eventually 

§  Long-term potential to replace all traditional displays 

§  BUT… the technology today falls for short of where we want to be! 
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Configurations of VR and AR 
displays  
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VR form factors 
Virtual Reality is not equivalent to head-worn displays! 
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Head-worn displays CAVE 
Large scale head-tracked stereo displays 

Courtesy Walt Disney Imagineering 

Intel Project Alloy 

Oculus Rift and HTC Vive 
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VR form factors 
Virtual Reality is not equivalent to head-worn displays! 
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Head-worn displays CAVE 

•  Less encumbering 

•  Wider field-of-view 

•  Multiple people can collaborate in 
same real space (professional 
applications) 

•  Latency is less of a problem 

•  Portable, less infrastructure 

•  Cheaper.  Mass market potential. 

•  Direct stereo (no crosstalk or time 
multiplexing) 
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AR form factors 
Three main approaches for AR 
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Direct view of real world 
through optical combiners 

Optical see-through Projective Video see-through 

Project directly onto 
real objects 

Composite virtual into 
captured video of reality 

Real 
World 

Video 
Camera(s) 

Blend video 
w/graphics 

Optics & 
display 

Real 
World 

Combiner 

Display & optics Projector 
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AR form factors 
Three main approaches for AR 
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Optical see-through Projective Video see-through 

Microsoft HoloLens 

Meta 2 

DAQRI Smart Helmet 

Google Project Tango 

Intel Leviathan 
demo @ CES 

2014 Pokémon Go (Niantic) Sixth Sense (MIT Media Lab) 

CastAR 
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AR form factors 
Three main approaches for AR 
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•  Supports occlusion, pixel-by-
pixel blending and control 

•  Blinds user if power removed 
•  Reduced FOV and impaired 

view of real world.  Cameras 
not at eye positions. 

•  Imposes latency on view of 
real world. 

•  Possible motion sickness. 

•  Best match for wearable 
•  Wide FOV is difficult in 

compact form factors. 
•  Latency: must match 

direct view of real world 
•  Occlusion is a challenge. 
•  Brightness is a problem.  

Perceived color affected 
by background. 

•  Tracking 
requirements 
reduced/removed 

•  Some configurations 
avoid head gear 

•  Power hungry, may 
use retroreflectors 

•  Low brightness, lack 
of privacy, not suited 
for wearable 

Optical see-through Projective Video see-through 



Other issues common to VR & AR 
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FOV (Field of view) 

§  In VR, wide FOV needed to enable presence 
–  VR systems typically target at least 90 degrees horizontal FOV 

–  Presence improves with larger FOV.  180 degrees is preferable. 

–  Human visual system supports ~240 degrees if you include eye rotation 

§  Optical see-through AR: a big challenge 
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Meta 2 

Conventional optics Computational displays Contact lens optics 
Innovega Pinlight (UNC Chapel Hill) 
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Display resolution 

§  Measure in pixels per degree (PPD), not pixels per inch (PPI) 
–  60 PPD is good.  Ideal is 120 PPD. Based on resolution of fovea. 

§  Today’s dilemma: 
–  We have narrow FOV displays with acceptable PPD 

–  We have wide FOV displays with ~10 PPD 

–  We can’t provide both wide FOV and acceptable PPD 

§  Need for high resolution displays 
–  Drive a 100 degree horizontal FOV with 2.5 inch horizontal display 

–  Demands 2400 to 4800 PPI 
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Display update rate and persistence 

§  VR displays target 60-90 Hz to ensure visual fusion 
–  But we want faster displays for approaches relying on time multiplexing 

–  120 Hz, even 240 Hz or higher 

§  Low persistence displays 
–  Reduce smearing and latency errors 

–  Brightness can be an issue if the time a display is on is reduced 
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System responsiveness and latency 

§  Display must keep up with head rotation (in head-worn displays) 
–  Analogy of “rolling shutter” in cameras 

§  Graphics pipelines where low latency is as important as high throughput 
–  Systems target a few tens of milliseconds, preferably under 10 ms 

–  A research system has demoed latency of 80 microseconds 

§  Predictive tracking 
–  Render for a future viewpoint when the image you are computing will be viewed 

§  Image deflection / time warp 
–  2D shift of final image to compensate for measured orientation change since image 

was generated 
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Motion sickness 

§  High latencies can cause motion sickness. 

§  Vection is a major problem 
–  Visual stimuli generate the sensation of self-motion, even though user stays still 

–  Conflict between visual display and vestibular system 

–  VR interfaces developed that avoid vection (e.g. teleportation) 

§  Motion sickness has many causes.   
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Rendering 

§  Foveated rendering 
–  Prioritize rendering in the area viewed by the fovea, where the human visual system 

has highest resolution 

–  Can reduce bandwidth and computation requirements. 

–  Simple idea, but executing this well is difficult. 

–  Human visual system is sensitive to certain changes in periphery outside of fovea 

§  Requires accurate and robust eye gaze tracking across wide diversity of users 
–  Note that eye rotations (saccades) can be very rapid. 

–  Peak speeds around 1000 degrees/second 
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Senses beyond visual 

§  Displays aren’t limited to visual displays 

§  Both VR and AR should engage all senses 
–  Although today almost all systems focus on sight and hearing 

§  Auditory (3D audio) 

§  Touch (haptic and tactile displays) 

§  Smell 

§  Taste 
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Eyestrain and depth cues 

§  Stereo displays cause eyestrain 
–  Conflict between accommodation and convergence depth 

cues 

§  Need for displays that support focusing to different depths 
–  Holographic displays, Volumetric displays (multi-focal), Light-

field displays 

§  Many other perceptual issues with near-eye displays 
–  Monocular displays can cause binocular rivalry 

–  Monocular display should be assigned to dominant eye 

–  Binocular displays should be match to viewer’s interpupillary 
distance 
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Form factor and social acceptance 

§  Displays that users actually want to wear, in the form factor of what is already 
socially acceptable: sport sunglasses, fitting tight against face 

§  Bright enough for outdoor usage (few display technologies are) 

§  Incorporate prescription correction 
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The goal is 
something that 
looks like this 

Oakley Radar Pace 



Conclusion 
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Specific requests 
§  High resolution:  

–  Thousands of PPI 

–  In larger form factors than microdisplays 

§  High update rate: 120 Hz, 240 Hz or higher 

§  Transparent displays 
–  90% or more light transmission 

§  Move away from the grid 
–  Non-uniform pixel spacing 

–  Varying Bayer patterns 

–  Update on pixel-by-pixel basis rather than frame-by-frame (for bandwidth, latency) 
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Location-Based Mixed and Augmented Reality Storytelling by Ronald 
Azuma in Fundamentals of Wearable Computers and Augmented Reality, 
2nd Edition (ed. Woodrow Barfield) 

Other papers and project descriptions at http://ronaldazuma.com/ 

Optics for Smart Glasses, Smart Eyewear, Augmented Reality and 
Virtual Reality Headsets by Bernard Kress, in the same book 

Michael Abrash’s keynote at Oculus Connect 2016 
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