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What is Virtual Reality?

“A high-end user interface that involves real-time simulation 
and interaction through multiple sensorial channels.” 
(vision, sound, touch, …)  (Burdea and Coiffet., 2003)
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Virtual Reality Systems 
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(Jerald, 2015)

Interaction 

devices  & 

techniques 



Crucial technologies 
for VR                   for AR

• Visual displays +  Cameras and registering

• Graphics rendering system 

• Tracking system

• Database system

• Interaction devices 

• Interaction techniques

• Sound and haptic displays

(if possible…)
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Input devices

• Trackers:
– Magnetic (AC, DC)
– Optical
– Ultrasonic
– Inertial,  
– Mechanical
– Hybrid ...

• Navigation and manipulation interfaces:
– Tracker-based
– Controllers
– ...

• Gesture interfaces:
– Depth cameras 
– Gloves ...

“old” HTC Vive

Interaction 

devices  & 

techniques 



6 degrees of freedom (D.O.Fs):

-three translations;

-three rotations. 

Aircraft principal axes – Wikipedia

Note: you may find slightly different  definitions in different areas…

Tracker is a special purpose H/W to 
measure the real-time change in a 3D 
object position and orientation 

6

Trackers measure the motion of “objects” 
(e.g. user head) 
in a fixed system of coordinates.

Oculus Rift Coordinate System

https://en.wikipedia.org/wiki/Aircraft_principal_axes
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Testing the ‘differences in virtual and physical head pose’ and ‘subjective vertical 
conflict’ accounts of cybersickness | Virtual Reality, 2024

Example: Head motions are important also for cybersickness

yaw

pitch

https://link.springer.com/article/10.1007/s10055-023-00909-6


Example: 3D magnetic sensors in a HMD and controllers

Without the head tracker 
- the image
- the sound  
cannot change to 
match the head posture 

Required tracking accuracy: 
Image  >  sound
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Body Tracking:      

• Head

• Hand and fingers

• Torso

• Feet

• A group of people, ...

Indirect tracking:
Using physical objects 
(props and platforms) 

Objects

Technologies:

• Electromagnetic  

• Optical

• Ultrasonic

• Inertial

• Mechanical

• Hybrid ...

What is usually tracked?                          How?
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Tracker characteristics:

• Measurement rate – Readings/sec

• Sensing latency

• Sensor noise and drift

• Measurement accuracy 

• Measurement repeatability

• Resolution

• Tethered or wireless

• Work envelope

• Sensing degradation 

• …
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Tracker performance parameters:

• Accuracy

• Resolution

• Jitter

• Drift

• Latency

• Tracker update rate
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Tracker performance parameters should be analyzed to match a solution 
for sensorial channel and budget of an application! 



Real object position

Accuracy

Tracker position 

measurements
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(Burdea and Coiffet., 2003)

Accuracy:
Difference between the object’s 
actual 3D position and that 
reported by the measurement



Real object position

Accuracy

Resolution

Tracker position 

measurements
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(Burdea and Coiffet., 2003)

Resolution:

“the  smallest amount of the quantity being 
measured that the instrument will detect.” 

(used by Ascension)

(other makers may use different definitions )



Real object fixed

position

Signal noise

Time

Tracker data

14

(Burdea and Coiffet, 2003)

Jitter:
Change in tracker output when 
the tracked object is stationary



Real object fixed

position

Sensor drift

Time

Tracker data
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Drift: Steady increase in tracker error with time

(Burdea and Coiffet, 2003)



Real object 

position

Sensor latency

Time

Tracker data
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Latency:
Time delay between action and result: time between the change in object 
position/orientation and the time the sensor detects this change

(Burdea and Coiffet, 2003)
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Most used tracking technologies:

• Magnetic

• Optical 

• Inertial

• Ultrasonic 

• Hybrid

• …



Magnetic Trackers

• Use low-frequency magnetic fields to measure position

• Fields are produced by a fixed source

• Size of source grows with the tracker work envelope

• The receiver is attached to the tracked object

• Distance is inferred from the voltages induced in the antennas 
– needs calibration…

• Errors grow from source outwards
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LaValle_ch9

https://lavalle.pl/vr/vrch9.pdf
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How to select a tracker: example

Polhemus - Motion Tracking Selection Guide

https://polhemus.com/motion-tracking/motion-tracking-selection-guide
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Polhemus Viper in F-16 flight simulator

VIPER and the Most Advanced 
F-16 Pilot Trainer

combines wide field of view virtual 
reality with a fully functional cockpit 
replica

VIPER offers ultra-fast update rates 
and accuracy

Realistic training experience

https://www.youtube.com/watch?app=desktop&v=jFaPNKRGwO4
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Example: Polhemus Viper

Viper_Brochure_1.pdf

Fast and customizable 
electromagnetic tracker

Latency as low as one millisecond

High price!

https://polhemus.com/_assets/img/Viper_Brochure_1.pdf
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“Cost-effective”: Polhemus Patriot

PATRIOT_brochure.pdf

Latency less than 18.5 milliseconds

https://polhemus.com/_assets/img/PATRIOT_brochure.pdf


Optical Trackers

Non-contact position measurement devices that use optical sensing to 
determine the real-time position/ orientation of an object
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outside-looking-in inside-looking-out

Pose Tracking Methods: Outside-in VS Inside-out Tracking in VR

https://pimax.com/blogs/blogs/pose-tracking-methods-outside-in-vs-inside-out-tracking-in-vr/


Tracking Methods: Outside-in VS Inside-out Tracking 

Examples for reference (May, 2023)

Pose Tracking Methods: Outside-in VS Inside-out Tracking in VR
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https://pimax.com/blogs/blogs/pose-tracking-methods-outside-in-vs-inside-out-tracking-in-vr/


Outside-looking-in 
Vicon 

• Motion tracking (high accuracy)
(e.g. for animation films characters)

• Research, …

• VR simulators

• User may have to wear reflective markers (small 
spheres)

Vicon
Vicon Origin Explainer -
A New World Awaits

https://www.vicon.com/
https://www.youtube.com/watch?app=desktop&v=69IryHUbmBU


Location based VR
Immersive experiences
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Location Based VR | Fully Immersive Virtual Reality | Origin by Vicon
Vicon Origin Explainer - A New World Awaits

https://www.vicon.com/applications/location-based-virtual-reality/
https://www.youtube.com/watch?v=69IryHUbmBU
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Inside-looking-out
HTC Vive “Lighthouses”

• The base stations beam (IR) signals to the headset and controllers
(new models no longer use this solution)



Inertial Trackers

• No interference from metallic objects

• No interference from magnetic fields

• Large-volume tracking

• “Source-less” orientation tracking

• Full-room tracking

• Work in any light conditions

• No line of sight requirements

• Errors grow geometrically in time!

30Xsens Products | Movella.com

https://www.movella.com/xsens


PICO Motion Trackers (Beta) 

• IMU sensor + 12 infrared sensors to enable 6DoF 

• Recognize subtle leg movements as small as 0.5°

• Capturing motion frequency of up to 80Hz

• Low latency ~30ms

PICO devices | PICO Developer

Example of Hybrid Solution for user’s movements and objects

https://developer.picoxr.com/document/discover/xr-devices/


Example of Hybrid Solution for hand tracking

32VIVE Focus Plus | VIVE Business United States

https://business.vive.com/us/product/focus-plus/


A research example
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Yang et al.. “HybridTrak: Adding Full-Body Tracking to VR Using an Off-the-
Shelf Webcam”, CHI '22, Article 348, 1–13. 
https://doi.org/10.1145/3491102.3502045

Vive

https://doi.org/10.1145/3491102.3502045


Performance parameters of consumer-grade VR trackers
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Holzwarth et al., “Comparing the Accuracy and Precision of SteamVR Tracking 
2.0 and Oculus Quest 2 in a Room Scale Setup”, ICVARS 2021, pp. 42–46, 2021 
https://doi.org/10.1145/3463914.3463921

Vive

SteamVR Base Station 2.0 | VIVE European Union

https://doi.org/10.1145/3463914.3463921
https://www.vive.com/eu/accessory/base-station2/
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Main limitations of different tracker technologies:

• Magnetic - affected by the presence of ferromagnetic metals 

• Optical –line of sight and illumination conditions

• Inertial – error grows with time

• Ultrasonic – affected by temperature and humidity

• Hybrid

• …



Navigation and Gesture Input Devices

• Navigation interfaces allow relative position control of virtual objects 

(including a virtual camera)

• Gesture interfaces allow dexterous control of virtual objects and interaction 

through gesture recognition.
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Navigation, manipulation, drawing, …
Input Devices

• Controllers 

• pens

• …

more or less sophisticated and expensive 

• Perform relative position/velocity  control 
of virtual objects

37

MR Stylus for Meta Quest 3, 
Meta Quest 2 | Logitech

https://www.logitech.com/en-us/products/vr/mx-ink.html?srsltid=AfmBOooCGz4T3-mrUIyPN5qik7pHrwSvmzD3aQYyz-iQSi3a4XrShJCi
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Headsets may include hand tracking 

Quest, 

Hololens (discontinued …)

…

Making Technology Feel Natural -
Tech at Meta
Hand tracking technology & haptic 
feedback | Meta for Work

Gesture Input Devices

https://tech.facebook.com/reality-labs/2020/10/making-technology-feel-natural/
https://forwork.meta.com/blog/hand-tracking-technology-and-haptic-feedback-mr/


Gesture Input Devices

• May be also gloves

(but currently cameras are more common …)

• There are/ have been various sensing gloves such as:

- Fakespace Pinch Glove (switches)

- Immersion CyberGlove (stain gauges), 

- Avatar VR

• Most need some calibration for user’s hand

• Gloves usually are also (haptic) output devices
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5DT Data Glove

CyberTouch

Nova Haptic Glove | 
SenseGlove

https://www.est-kl.com/cybertouch/
https://www.senseglove.com/product/nova/
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Headsets may include eye tracking

Include small high quality cameras, illuminators and algorithms

Allow for fast and accurate monitoring of eye movements

Much used for research in human perception and behavior

Allow foveated rendering 
Foveated rendering - Wikipedia

Eye tracking in VR 2019

Eye Tracking in Virtual Reality: a Broad Review 
of Applications and Challenges | Virtual Reality

VIVE Pro Eye Overview

https://en.wikipedia.org/wiki/Foveated_rendering
https://bop.unibe.ch/JEMR/article/view/4332-Clay-final-sub
https://link.springer.com/article/10.1007/s10055-022-00738-z
https://www.vive.com/sea/product/vive-pro-eye/overview/
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Eye tracking in headsets…

Involve:

- cameras and lights in a ring between the user and the display image  

- algorithms providing pupil size, gaze direction, and eye openness

…

Eye tracking in VR – A vital component - Tobii

https://www.tobii.com/blog/eye-tracking-in-vr-a-vital-component
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Some HMDs allow 
voice and gesture control

Speech recognition is also an interesting input possibility:

• Frees hands

• Allows multimodal input

• Issues: recognition, ambient noise, training, false positives

XTAL Virtual and Mixed Reality 
Headsets | Vrgineers.com
Voice input - Mixed Reality | 
Microsoft Learn

https://vrgineers.com/xtal-virtual-and-mixed-reality-headsets/
https://learn.microsoft.com/en-us/windows/mixed-reality/design/voice-input


An input device “providing  an infinite  VE”: a treadmill for VR
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May have applications, beyond gaming: promote physical exercise, train people, … 

Omnidirectional 
Treadmill:

Infinadeck

The Infinadeck
Omnidirectional Treadmill -
Smarter Every Day 192

https://infinadeck.com/
https://www.youtube.com/watch?app=desktop&v=fvu5FxKuqdQ


Another input device “providing  an infinite  VE”:  VR shoes

44Electric "treadmill shoes" set to boost the world of VR gaming

https://newatlas.com/vr/freeaim-vr-shoes/
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Virtusphere (“the VR hamster ball”)
Another curious input device…

VIRTUAL REALITY HAMSTER BALL | Virtusphere Review

https://www.youtube.com/watch?v=2e5Qvac3BB8
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Input + output
Meta Haptic Gloves still under research

Facebook Reality Labs Haptic Gloves

https://www.wired.com/story/facebook-haptic-gloves-vr/
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A new commercial solution?
(based on air…)

Home | HaptX

https://haptx.com/


48

Lets handling virtual objects, feeling their texture, size, rigidity, 

and other characteristics …

Home | HaptX

https://haptx.com/
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Will Brain Computer Interface (BCI) be a viable  VR Input technology?

NextMind's Dev Kit for mind-controlled computing offers a rare 'wow' factor in tech | 
TechCrunch
The Current Research of Combining Multi-Modal Brain-Computer Interfaces With Virtual 
Reality (2021) IEEE Xplore
Frontiers | Editorial: Brain-Computer Interfaces and Augmented/Virtual Reality

https://techcrunch.com/2020/12/21/nextminds-dev-kit-for-mind-controlled-computing-offers-a-rare-wow-factor-in-tech/
https://ieeexplore.ieee.org/document/9310231
https://www.frontiersin.org/journals/human-neuroscience/articles/10.3389/fnhum.2020.00144/full
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Will Brain Computer Interface (BCI) be a viable VR Input technology?

Zhu at al., "A Human-Centric Metaverse Enabled by Brain-Computer Interface: A 
Survey," in IEEE Communications Surveys & Tutorials, vol. 26, no. 3, pp. 2120-2145, 
2024  https://ieeexplore.ieee.org/document/10496440

Integration of BCI with the Metaverse: Through BCI, the Metaverse user’s brain 
signals could be extracted, processed, and communicated into the Metaverse. 

https://ieeexplore.ieee.org/document/10496440


BMW //M Mixed Reality technology using Unreal
Web summit, Lisbon, 2022 

BMW ///M Mixed Reality at Web Summit 2022
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https://www.youtube.com/watch?app=desktop&v=vQ20Prr4CZM


Ray ban virtual mirror
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Concluding remarks

Every year new devices appear, some will prove useful and usable,

others will not …

When choosing a device, consider:

• Cost

• Generality

• DOFs

• Ergonomics / human factors

• Typical scenarios of use

• Output devices

• Interaction techniques, …

Do not select one just because it seems a cool technology!
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