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Abstract - Extended reality (XR) is by no means a new
field, with conceptual and cultural references permeating
science fiction (sci-fi) since the early 20t century, and
technical origins going back to the 1950s and the 1960s [1,
2].  However, in recent years, advances in computing,
visualization, consumer electronics, and communications
technologies have made XR more accessible to the public.
Since the mid-2010s, games and applications on cell phones,
for instance, have seamlessly and ubiquitously started to
integrate XR technology into everyday life [3, 4, 5]. This
review article provides a source of comprehensive
background information that can be used as a foundation
for additional research and investigation of XR and its past,
present, and future applications. To that end, we discuss
technologies and concepts associated with several XR-
associated fields, including virtual reality (VR), augmented
reality (AR), mixed reality (MR), digital twins, telepresence,
and telerobotics. We further include some historical context
to enrich appreciation for the origins of these disciplines, the
relationships between them, and their impact on society.
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1. INTRODUCTION

To begin our review, we note that “extended reality” (XR)
is an umbrella term that, as concisely stated by O’'Donnell
[4], covers “...all real-and-virtual combined environments
and human-machine interactions generated by computer
technology.” This includes virtual reality (VR) augmented
reality (AR), mixed reality (MR), and - by extension -
many forms of telepresence and telerobotic applications
[3, 6, 7]. Interestingly, the term “Extended Reality” and
usage of its abbreviation in this context were actually
coined in 1991 by Steve Mann and Charles Wyckoff,
decades before penetrating mainstream awareness [8].
Wyckoff - a photochemical expert and forerunner of high
dynamic range (HDR) photography in the mid-20t century
- invented “XR” or “eXtended Response” film in 1962; XR
film enabled the capture of extremely fast phenomena (i.e.,
nuclear explosions) with unprecedented detail by using
photosensitive emulsion layers with different sensitivities
or “speeds” [9, 10, 11]. Mann, with a background in
physics and engineering, was a doctoral student at the

Massachusetts Institute of Technology (MIT) studying
media arts and sciences when he collaborated with
Wyckoff to conceptualize and build “XR vision” devices for
early wearable computers [8, 11, 12]. Tangentially, the
word “cyborg” was first used by Manfred Clynes and
Nathan Kline in their article Cyborgs and Space to describe
a human being augmented with technological
"attachments"” to facilitate space exploration [13, 14, 15].
Mann - who often used the term “cyborg” self-referentially
- is widely considered the “Father of the Wearable
Computer”, inventing the first wearable AR computers,
smart watch, and digital eyeglasses - precursors to today’s
well-known VR/AR head mounted displays (HMD) and
other wearable technology (See Fig-1)[16,17,18,19].

Fig - 1: Steve Mann'’s early wearable XR devices. [16]
2. VIRTUAL REALITY

Virtual reality (VR) is a subset of XR which - in its most
widespread, recognizable form - is made possible by a
combination of technologies that provides human
interfaces into realistic, immersive three-dimensional
(3D), simulated/artificially generated worlds or virtual
environments (VE) [3, 2, 20, 21, 22]. An immersive VR
system introduces users into a 360-degree synthetic
reality designed to envelop them with simulated visual
and (generally) auditory input that is distinct from the real
world. Ideally, this alternate reality completely takes over
a person’s senses, changes as they move through it via
tracking of a person’s head, body, and extremities, and is
indistinguishable from “real life” [23, 24]. The artificial
environments simulated with VR can range from
“mundane” recreations of familiar venues, to challenging,
seldom-seen environments (e.g, deep sea, space,
planetary landscapes), and entirely fictitious worlds
derived from science fiction and fantasy.
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Not surprisingly, as with many technological innovations,
VR has very strong roots in science fiction. Historically,
many consider the origins of the concept to be in the 1935
science fiction story “Pygmalion’s Spectacles” by Stanley
Weinbaum, wherein the main character is able to
experience an artificial sensorium of a fictional
“holographic” world via the use of a pair of goggles [22,
25]. The first documented use of the term “virtual reality”
is said to have been in the 1982 novel The Judas Mandala
by Damien Broderick [26, 27].

The concept of VR was popularized by media in the late
20t century, following the promulgation of “cyberspace” -
a term invented by sci-fi writer William Gibson in 1984 in
his seminal novel, Neuromancer, [28]. In Neuromancer,
Gibson described cyberspace as “..a consensual
hallucination experienced daily by billions of legitimate
operators in every nation”; users accessed this "matrix”
neurologically, via brainwave reading electrodes
connected to sleek, sophisticated consoles and decks. Neal
Stephenson further developed this idea in his classic book
Snow Crash [29], in which hacker and pizza delivery driver
“Hiro Protagonist” navigated a complex future-scape
dominated by commercial franchises and sovereign
corporate enclaves. The world of Snow Crash is rife with
information piracy and viruses that plague the avatars
(i.e., virtual bodies) of users who frequently venture into
the novel’s vast virtual landscape for entertainment and
commerce. This expansive digital domain called the
“metaverse” is accessed using sophisticated computer
terminals with advanced, laser-based optics and graphical
rendering capabilities. Notably, the word “metaverse” was
invented by the Stephenson and co-opted years later by
Facebook/Meta to describe that company’s XR ecosystem
[30]. Arguably, via Neuromancer’s “cyberspace” and Snow
Crash’s “metaverse”, Gibson and Stephenson literally
precipitated the massively popular “cyberpunk” sci-fi sub-
genre and social culture, established a widely accepted
view of our technological future, and inspired the
commercial drive toward it.

Similar concepts in motion pictures such as Tron (1982),
The Lawnmower Man (1992), Strange Days (1995), and
The Matrix (1999) also contributed to public awareness
and fascination with VR technology during the late 20t
century. In one of the most widely recognized adaptations
of a virtual reality construct, the television series Star
Trek: The Next Generation (1987-1994) featured a fully
immersive, multi-user “Holodeck”. Films such as Tron:
Legacy (2010) and Ready Player One (2018) continued to
promote visions of VR and immersive synthetic worlds to
the public into the 2000s, and the mass adoption of the
internet broadened familiarity and appreciation for the
subject. [20, 23, 27, 31, 32, 33]

2.1 Early Virtual Reality Systems

In terms of practical implementation, Morton Heilig, a
cinematographer and documentary director, is often
credited with the first investigations of the VR concept,
beginning with his invention of the “Sensorama Machine”
in 1962 (See Fig - 2) [20, 21, 34].

Fig - 2: Heilig’s “Sensorama” (Left) [34]. Sutherland’s
“Sword of Damocles” (Center, Right) [25].

Heilig patented this device ten years later, marketing an
unsuccessful, arcade-like machine that promised to take
“the user into another world” [35]. By combining a 3D
motion picture with stereo sound, smell, motion and
tactile feedback (i.e., vibrations), the Sensorama provided
users with the illusion of activities such as riding a
motorcycle, flying in a helicopter, and going on a date [2,
22, 34]. Heilig also sketched out preliminary designs for a
head mounted display (HMD) - a device designed to
immerse the user in a simulated environment; this would
become a crucial element of some future VR systems.

Despite Heilig’s initial forays, many consider Ivan
Sutherland’s “Ultimate Display,” an HMD conceptualized in
1965, to be the first blueprint for a true VR system - one
that the inventor claimed would replicate reality so well
that the user would not be able to differentiate it from the
real world (See Fig - 2) [22, 25]. This is likely because the
Ultimate Display concept incorporated key ideas that
widely considered to be fundamental qualities of the VR
experience [2, 21, 36, 37]:

= Immersion: Using stereoscopic viewing, head
tracking, and similar technologies to create the
sensation of being within a world created and
maintained by a computer in real-time. This included
augmented 3D sound and tactile (i.e., touch) feedback
and the ability to interact with objects.

= Navigation: Giving the user the ability to roam about
the artificial world.

Sutherland was of the mindset that forthcoming advances
in computer technology would enable complete user
immersion within artificial constructs [22, 37].
Significantly, with his student Bob Sproull, he
subsequently created the “Sword of Damocles”, the first
VR/AR HMD - which integrated computers into the
fabrication of simulated environments and head-tracking
to enable the navigation of his virtual worlds [25, 34, 35,
38].
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Just as William Gibson is considered to be the “father of
cyberspace and cyberpunk,” Jaron Lanier - a leading
computer scientist and pioneer in multimedia art - has
been called the “father of virtual reality” [39, 40]. After
working at Atari, Lanier co-founded Virtual Programming
Languages (VPL) Research in 1985 with Thomas
Zimmerman. VPL was one of the first companies to
develop and market commercial and industrial VR systems
including the DataGlove wearable hand interface and the
EyePhone HMD (see Fig - 3) [22, 39]. While there are
earlier uses of the phrase in science fiction, Lanier is
credited with coining the term “virtual reality” in 1987 as
a consolidated reference for immersive simulated
environments [20, 22, 27]. There were three key points to
the definition attached to his term [41, 42]:

= The virtual environment is a computer-generated 3D
scene, providing a high degree of realism.
= The virtual world is interactive, sensing and

responding to the user’s input, and reflecting the
consequences via a display or HMD.
= The user is enveloped in this virtual environment.

Fig - 3: VPL Eyephone HMD and DataGlove. [3]

Often-cited texts such as Virtual Reality by Rheingold [21]
and Silicon Mirage: The Art and Science of Virtual Reality by
Aukstakalnis and Blatner [41] provided comprehensive
treatments of the history of the developing field of VR, its
enabling science and technology, and applications in
commercial industry, academia, government, and
entertainment; Becker [43] also gave a brief historical
review of VR and its applications in the space program
until the early 1990s. Captured in these works are
descriptions of key enabling technologies and techniques
associated with VR systems such as head/body tracking,
stereoscopic video, immersive sound, gesture recognition,
and physical feedback. Also  described are
implementations of VR that offered varying degrees of
immersion without the use of an HMD, including the Cave
Automatic Virtual Environment (CAVE™), pioneered in the
early 1990s at the University of Illinois at Chicago. By
projecting stereoscopic images on the walls, floors, and

ceilings of a room-sized cube, a CAVE™ system generated
an immersive illusion of being in a virtual world; a
head/gaze-tracking system could continuously change the
views so that the user was always presented with a
stereoscopic perspective. In many ways, the CAVE can be
considered an early version of the “Holodeck” as
envisioned in Star Trek and may someday evolve into a
fully realized adaptation of its sci-fi counterpart.

Fig - 4: Early commercial Virtuality pods. [25]

One of the first widespread instances of virtual reality for
public entertainment was developed by pioneering VR
tech company Virtuality in 1991 [25, 44]. Founded by Dr.
Jonathan D. Waldern, who conducted research in virtual
reality during his doctoral program, the company
developed and distributed specialized VR interfaces and
games to arcades and “Virtuality Centers” across the
United States [45]. In addition to specialized handheld
controllers and joysticks, Virtuality equipment included
the “industry standard” 1000CS and 1000SD HMD
helmets; 1000CS, 2000SU, and 2000SD standing platforms
with motion tracking; and the seated 1000SD rig that
enabled piloting of vehicles (see Fig - 4).

The 1000CS (Amiga 3000-based) and 2000SU/SD (Intel
486-based) platforms enabled the first ever multiplayer
networked game for immersive VR, Dactyl Nightmare [46,
47]. The game took place on an eerie, multi-level map
with tiered platforms, on which players used “grenade
launcher” weapons to battle each other and a circling,
attacking pterodactyl enemy. Other Virtuality games,
distributed by Arcadian Virtual Reality, L.L.C., included
robot shoot-‘em-ups, fantasy adventures, space battles,
and air and robot combat simulators (facilitated by the sit-
down 1000SD). The company’s streamlined gear was
important in establishing the iconic, pop-cultural look of
virtual reality tech, and familiarizing the public with VR
environments. Many New Yorkers (including one of the
authors), for example, had their first VR experience within
a multiplayer version of Dactyl Nightmare, installed in
1991 at Manhattan’s South Street Seaport “Virtuality
Center” [48]. While Virtuality is no longer in business,
ownership of its technology (and Arcadian software) has
transferred to ViRtuosity Tech, Inc., which continued to
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market industrial and entertainment VR systems as of
2024 [49].

Since the introduction of VR into mainstream culture in
the 1990s, the philosophical and practical definitions of
what constitutes “virtual reality” became somewhat open
to interpretation. Other terms and phrases - including
“cyberspace,” “synthetic environments,” and “artificial
reality” - became used synonymously with VR in industry
and media, contributing to ambiguity over what is and
isn't considered a VR system. As an example, in
Castronova’s book Synthetic Worlds: The Business and
Culture of Online Games - a relatively early, comprehensive
look at the emerging online gaming experience - the
author coins the now pervasive term synthetic world while
describing VR technology:

“So far I have been referring to the technology in question
as a ‘practical virtual reality” tool, a way to make decently
immersive virtual reality spaces practically available to
just about anyone on demand. For the most part, I will
refer to these places as synthetic worlds: crafted places
inside computers that are designed to accommodate large
numbers of people... places created by video game
designers. Chances are, if you are under 35 years old you
know exactly what that means, because you have been
playing in synthetic worlds since you were a kid and you
know that they have moved online.” [50]

This description includes concepts that are core to
online/networked console and PC-based games -
particularly those set in expansive, interactive multiplayer
artificial environments, gameworlds, or virtual worlds (see
Fig - 5). Similarly, even since the 1990s, many desktop or
“look-through” systems - as characterized by video games
and industrial implementation such as commercial flight
simulators - have sometimes been considered forms of VR
at its lowest level, since they can provide sophisticated
interaction with a simulated environment [21, 43, 51].
This is especially true when advanced monitors/displays,
graphics cards, and input devices are used.

More recently, a robust article by Cipresso et al. [36]
captured several definitions of VR gleaned from literature
on its developmental history that echo three common
facets: immersion, interaction, and the perception to be
present in an environment. Achieving these depends
greatly on the types of technologies used to deliver the
experience to the user. Consequently, “VR” can range from
non-immersive (ie, traditional desktop
screens/monitors), to semi-immersive (i.e., stereographic
3D monitors), and more fully immersive implementations
that take advantage of high-definition HMDs, multi-
dimensional sound/audio, spatial/movement tracking,
and robust physical feedback for the user, including
haptics.

© 2025,IRJET | ImpactFactor value: 8.315

2.2 Haptic Feedback

Haptic feedback is a technology that uses the sense of
touch to communicate physical sensations from actual or
simulated real-life interactions to a user, such as pressure,
vibrations, and textures, and other “touch-related”
sensations [7, 52, 53]. This is often done with the use of
haptic-capable interface devices (e.g., helmets, controllers,
gloves, body suits) equipped with actuators and
transducers designed to interpret and relay physical
feedback. Haptics have become another cornerstone

technology associated with XR games/applications and are
used to maintain the illusion that users are immersed in
physical environment (simulated or remote) [7, 54, 55].

Fig - 5 : Gameworlds from multiplayer, networked video
games (e.g., Bungie’s Destiny) share VR principles. [51]

A review of literature quickly reveals substantial overlap
and often interchangeable usage of several terms and
concepts within the field of haptics, including force
feedback, kinesthetic feedback, tactile feedback, and
cutaneous feedback. — However, parsing the multiple
interpretations leads to two general categories of haptic
feedback [52, 53, 56, 57, 58, 59, 60]:

= Kinesthetic (or Force) Feedback: Applies to
interaction forces between a user and a virtual (or
remote) object or environmental elements. Generally,
this type of feedback relates to sensations received via
the limbs (e.g., arms, hands, legs, feet, head, etc.) of the
user, and is also responsible for spatial and temporal
awareness of the movement and position of those
extremities. Kinesthetic feedback can enable a user to
perceive the size, weight, and density of an object
through physical sensation, and can be passively
implemented (i.e.,, by impeding the user’s movement)
and/or active (i.e., by actually moving the user).

= Tactile (or Cutaneous) Feedback: Information passed
through sensors in the skin from simulated (or
remote) objects and environmental stimuli, with
particular reference to the spatial and temporal
pressure, contact, or traction (e.g., pulling, pushing, or
grip) sensations. This type of feedback can be
responsible for replication of texture, shape (including
edges), temperature, and vibrations.
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In academic literature, cutaneous feedback is often
nuanced as the form of tactile feedback that deals
particularly with the sense of touch - ie., sensation
directly associated with feeling against the skin [58, 60,
61]. Furthermore, thermal feedback (e.g., temperature)
and electromagnetic feedback (e.g., using magnetic fields
to simulate touch) have also been isolated as
subcategories of physical feedback [53]. However, in
common usage (particularly for consumer products) all of
these disciplines are typically lumped under the umbrella
term of “haptics”. Overall, the inclusion of any/all of these
physical feedback mechanisms can significantly enhance
the level of immersion for a user and lead to an increased
degree of presence - an important concept to consider in
the field of VR/XR.

2.3 Presence and Realism

As VR was gaining academic and cultural traction in the
early 1990s, Thomas Sheridan [62] - pioneering roboticist
and professor in MIT’s Department of Mechanical
Engineering - considered its connections to the concept of
presence. Sheridan [62] described presence as a sensation
that is difficult to describe, being “subjective... and not so
amenable to objective physiological definition and
measurement.” However, he suggested that there could be
some crude measurements of presence in relation to VR,
particularly in light of emerging technologies such as
“...high-density video, high-resolution and fast computer-
graphics, head-coupled displays, instrumented ‘data
gloves’ and ‘body suits’, and high-bandwidth, multi-
degree-of-freedom  force-feedback and cutaneous
stimulation devices.”

Sheridan [62] went on to posit three principal
determinants on the sense of presence in a virtual world:

1. The extent of sensory information: The density of
transmitted “bits” of information to appropriate
sensors available to the user.

2. Control of relation/orientation of sensors to
environment: Such as, the ability of the observer to
modify their point-of-view to enable visual parallax or
an expanded field-of-view, change their head position
to alter audio the response of stereo/binaural hearing,
and perform haptic (i.e., physical feedback-driven)
searches of their surroundings.

3. Ability to modify the physical environment: The
amount of control and interaction available to actually
change objects in the environment or their relation to
one another.

Since then, researchers have devised various models to
frame the concept of presence in synthetic environments.
Tangential to Sheridan, Michael McGreevy - a pioneer of
VR implementation at NASA - was developing the first

inexpensive, wide field-of-view (WFOV), tracked HMD (see
Fig - 6) [25, 34, 63]. McGreevy alluded to the significance
of grounding a participant in a virtual world, indicating
that:

“...connecting the user’s space and the virtual display
space is essential for creating a sense of presence in a
virtual reality. Several strategies can be used to support
this linkage by building a model of the user into the
simulation system. Typically, however, the observer is
hardly modeled at all, other than as a pinhole camera, the
simplest model of the eye. Still, even the minimal pinhole
camera model of the user can be used as a spatial link
between the user and the depicted scene.” [63]

Fig - 6: NASA - first low-cost WFOV tracked HMD. [25, 34]

McGreevy’s thoughts recognize the technological
limitations of the time - i.e., the basic “pinhole camera”
perspective characteristic of many early VR systems.
However, his suggestion that building a “model of the
user” is a valuable strategy in helping to link participants
to artificial worlds echoes throughout future XR efforts
that seek to improve the sense of connection, interaction,
and presence within a synthetic space via the inclusion of
avatars. In fact, nearly 30 years later, a study published by
then NASA Human Research Program Senior Scientist
Katherine Rahill and colleague Marc Sebrechts suggested
that the similarity of an avatar to the person it represents
can impact performance and subjective experience in
computer games [64, 65]. Moreover, the authors put forth
that enabling the individual to have a role (i.e., agency) in
constructing and customizing their avatar can also
enhance performance and a sense of presence, noting:

1. The similarity/dissimilarity of an avatar's appearance
to players' characteristics influenced performance,
presence, and perceptions of performance and
control.

2. Avatar construction source (i.e., player-constructed vs.
externally constructed) of an avatar influenced
performance, presence, and perceptions of
performance.

3. The sense of presence evoked by player-construction
and player-similarity showed limited correlation with
game performance.
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Lombard and Ditton [66] described presence as being
related to the “...illusion that a mediated experience is not
mediated.” Drawing from then-available literature and
research on computer-mediated (i.e., generated and/or
delivered) experiences, their work highlighted several
facets of presence and its relation to realism, including:

= Presence as Realism: Defined by the degree to which
accurate representations of actual objects, events and
people can be produced in a mediated environment.

= Presence as Transportation: The degree to which a
mediated environment can transport a user to another
place; objects or people from another place can be
transported to a user; or, multiple users can be
transported to a shared space.

= Presence as Immersion:
psychological component

Which factors in the
of feeling “absorbed,

engaged, or engrossed” in a synthetic environment.

Fig - 7: VR mission planning for NASA MSL/MER. [68]

Later on, Riva and Waterworth [67] postulated “Three
Layers of Presence” for a synthetic environment, wherein
the sensation is maximized when all three layers are
integrated around the same object or situation. Notably,
this framework was used to study the experience of
presence by NASA’s Mars Science Lab (MSL)/Mars
Exploration Rover (MER) telerobotic mission controllers,
who also used VR for mission planning (see Fig - 7) [68].
The three layers were characterized as:

=  Proto-Presence: Relates how perception and action
are correlated when we intuitively and unconsciously
interact with objects. In particular this involves low-
level forms of guidance and monitoring of our body
parts called “micro-movements” or “motor intentions”
(M-intentions) that occur without “thinking” about
them. High levels of Proto-Presence result when our
unconscious movements accurately correspond to
consequences. It is an evolutionary consequence of
the “proto-self” needing to model the external world
based on our intuitive motions. The M-Intentions

associated with Proto-Presence operate over a
timescale of 10-300 ms.

= (Core-Presence: Relates to higher level actions
representing conscious forms of guidance and
monitoring directed at specific objects. These are
“present-directed intentions” (P-intentions) that
initiate based on a particular situation, or in conscious
response to a specific object. They are
content/contextually anchored in the present/near-
term (i.e, 300 ms to 3 s) in a “do this in a response to
that” kind of way.

= Extended-Presence: A result of successful attainment
of long-term goals based on planned activities and
imagined future situations. Extended-presence can
manifest as a result of exclusively mental activities -
in which the participant considers their possible
actions, the significance of those actions, and probable
consequences. These “distal-intentions” (D-
intentions) take place over “narrative” timescales -
i.e, greater than 3 s. Extended-Presence can be
maximized when future goals are attainable and
consistent with the participant’s identity within the
world or story they reside in.

Interestingly, Riva and Waterworth (2014) suggested that
“cybersickness” might be a result of conflict between their
first two levels of presence in VR:

“In an awake, healthy animal in the physical world, proto-
presence and core-presence will rarely if ever be in
conflict. This is an aspect of presence in the physical
world that is very hard to duplicate with interactive media
such as VR. In fact, in VR there is always some degree of
conflict between these two layers and, when it is severe or
the participant is particularly sensitive, so-called
‘cybersickness’ (essentially a form of motion sick- ness) is
a common result.” [67]

Several years later Cipresso et al. highlighted the
significance of presence as a philosophical and practical
concept in virtual world creation, indicating that a user’s
experience in VR could be characterized:

“..by measuring presence, realism, and reality’s levels.
Presence is a complex psychological feeling of ‘being there’
in VR that involves the sensation and perception of
physical presence, as well as the possibility to interact and
react as if the user was in the real world. Similarly, the
realism’s level corresponds to the degree of expectation
that the user has about the stimuli and experience. If the
presented stimuli are similar to reality, VR user’s
expectations will be congruent with reality expectation,
enhancing VR experience. In the same way, higher is the
degree of reality in interaction with the virtual stimuli,
higher would be the level of realism of the user’s
behaviors.” [36]
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This synopsis reflects the focus of many other studies in
the 2000s that explored the importance of presence and
realism in VR [69, 70, 71, 72]. Van Gisbergen et al. [72]
suggested that realism could refer to the act of
reproducing something that is “known and familiar to the
observer” from the “real, non-mediated world”; or
something that is perceived as real in the absence of any a
priori knowledge of that object. Research conducted by
Van Gisbergen [71] suggests that presence and realism in
VR are commonly held to be enhanced by a combination of
four enabling technologies:

=  Sensory: Technologies used to access content.

= Interaction: Technologies used to explore, navigate
through, and participate in virtual environments; can
range from simple keyboards to advanced headsets,
goggles, hand-held controllers, and gloves.

= Control: Technologies that enable users to regulate
real-time interaction with the virtual environment,
providing the latitude to determine where to look,
what to look at, how long to look at it, etc. This
includes technologies that enable manipulation and
alteration of the VE, and those that allow sharing of
virtual content and social interaction in the virtual
world.

= Location: Technologies used to automatically locate
and track the user in the physical and virtual world,
including GPS, inertial measurement devices, optical
and wireless sensors, and tracking of eye and body
movements. This incorporates technologies that are
frequently implemented in portable smart devices
(i.e., cellphones) and wearable devices.

These concepts of presence and realism and their impact
on the user experience in VR are becoming more
important to understand as industrial, commercial, and
consumer technology becomes more capable of generating
realistic virtual worlds. It is clear that establishing a
strong sense of presence in XR environments is likely to
grow in importance as technology becomes more
advanced and the experiential expectations of users
increase commensurately.

2.4 Contemporary VR Hardware

At present, virtual reality usually requires a relatively high
degree of computer processing power and often requires a
“VR-ready” gaming computer to render more
sophisticated simulations and run more intensive
applications [24]. While alternative implementations exist
(i.e., CAVE systems), HMDs (e.g., “goggles” or a “headset”)
are the most ubiquitous sensory interfaces used in
consumer-level VR systems, since these devices can
provide immersive experiences by placing the user in an
artificial world that is as separated from the “real”
environment as possible. This is reflected in the may
commercial VR systems that emerged in the 2010s and
2020s produced by companies such as Oculus, Meta, HTC,

Microsoft, Google, and Apple [25]. The many varieties of
HMDs available can be connected to a PC, console, or
smart device (wired or wireless), and can sometimes also
function as standalone devices [4].

Current HMDs typically use high-resolution displays
enabled by light-emitting diode (LED) or organic LED
(OLED) technology [73]. Spatially tracked via external
sensors, cameras, and/or inertial measurement units
(IMUs), HMDs are usually paired with hand-held
controllers that are similarly monitored. @ Advanced
systems feature integrated hand tracking, body mapping,
and even facial expression recognition capabilities for the
rendering of avatars that represent the user in the
synthetic environment. Noteworthy commercially
available HMD-based VR systems in the 2024-2025
timeframe included (see Fig - 8) [23, 25, 33, 74, 75, 76,
77,78]:

= Meta Quest 2, 3, and Pro

= HTC VIVE XR Elite, Flow, Pro and Focus
=  Sony PlayStation VR2

= Apple Vision Pro

= HP Reverb G2

Fig - 8: Clockwise from Top Left: Meta Quest Pro, HTC
VIVE Pro, Apple Vision Pro, Meta Quest 3. [75, 76, 77, 78]

The spectrum of commercial VR gear marketed for gaming
and industrial applications continues to evolve in terms of
technical sophistication, applications, and integration with
each manufacturer’s ecosystems of hardware and
software. With advances in technology, HMDs have
become smaller, lighter, and more capable over the years.
Also - while full immersion is usually the goal - VR
headsets are often equipped with cameras that scan their
environments for tracking, safety, and “look-through”
functionality to merge synthetic and real-world elements
[73]. These advancements, and the proliferation of highly
sophisticated mobile devices including smartphones,
smartwatches, and wearable “smart glasses”, enable many
commercial “VR” systems to offer additional capabilities
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across the XR continuum - including augmented reality
(AR) and mixed reality (MR) functionality [24, 73, 76].

3. AUGMENTED REALITY AND MIXED REALITY

Augmented reality (AR), like virtual reality, is a subset of
XR and the two disciplines share many technologies and
dependencies. However, whereas VR attempts to
construct and envelop users within a fully immersive
synthetic environment, an AR system is based on the
operator also maintaining a sense of presence and
interoperability with the actual world. Augmented reality
systems incorporate mechanisms and displays that
combine real and simulated objects, allowing the user to
distinguish these objects. Azuma et al. [79] indicated that
an AR system should:

= Combine real and virtual
environment.
=  Register real and virtual objects with each other.

= Runinteractively in real-time.

objects in a real

Essentially, with AR physical reality is “augmented” by
dynamically overlaying digital elements onto the
participant’s view/perception of the real-world, thereby
enhancing the experience of the environment without
replacing it; AR systems also routinely integrate haptic
feedback [4, 21, 76].

The term “augmented reality” was coined by physicist and
researcher Tom Caudell in 1990 while working at Boeing,
when he and co-author David Mizell described the design
and implementation of “...a heads-up, see-through, head-
mounted display... combined with head position sensing
and a real-world registration system” for use in the
aerospace industry [5, 81, 82]. Very early head’s up
displays (HUDs) such as those used in fighter aircraft were
precursors to AR technology in that they displayed critical
information within the line-of-sight of a pilot or system
operator (i.e, on a transparent visor or cockpit
window/screen). However, they often did not have the
computing power and tracking/registration capabilities to
seamlessly integrate virtual data with the field-of-view
(FOV) view of the user’s environment and associate
information with entities within that FOV [83, 84]. The
implementation envisioned by Caudell and Mizell would,
for example, enable data to be superimposed directly onto
a real-world object for a technician during the aircraft
manufacturing process by tracking and registering what
they were looking at. Since then, many contemporary
HUDs in aircraft/spacecraft cockpits have been enhanced
to include AR capabilities [83, 85]. Similarly, operators of
remotely piloted vehicles (RPVs) and drones can use AR-
capable headsets to steer their craft beyond visual range
with aid of real-time video, providing a first-person view
(FPV) overlaid with flight-data and navigational
information [86]. This kind of capability is widely

available in commercial and recreational drones and RPVs
as well, allowing hobbyists to fly vehicles using AR-
enhanced smartphones equipped with on-screen virtual
controls, and/or integrated with handheld controllers [87,
88].

Since Caudell and Mizell conceived their industrial
application for augmented reality several developments
have made AR one of the most widespread and popular
versions of XR, including: advancements and
miniaturization in computing and sensor technology (e.g.,
cameras, proximity sensors, accelerometers, gyroscopes,
etc.); relatively low-cost integration of these components
into personal smart devices (i.e., cellphones); and, the
advent of high-performance mobile/wearable displays
and “smart glass” [5, 89, 90].

In fact, because so many people own smartphones,
augmented reality technology has become the most
accessible type of extended reality. AR apps use phone
cameras to capture imagery and video of the real world -
often dynamically - and overlay virtual objects onto the
scene so that users can see them on the screen in a
composite view [3, 4]. One of the best examples is the
immensely popular AR game Pokémon GO, released in
2016 by Niantic [3, 73, 91, 92]. Pokémon GO enables

players to search for, locate, and capture Pokémon (i.e.,
“pocket monsters”) scattered throughout the “real world”
using an AR-enhanced mobile device interface and GPS
locational data.

Fig - 9: Meta’s Orion AR glasses perspective. [80]

Specially designed glasses and headsets can provide even
more sophisticated AR experiences by projecting digital
data right in front of the user’s eyes and adding virtual
objects into their perception of the real world [4]. In April
2013, Google introduced one of the first commercially
available smart glasses called Google Glass, with the goal
of putting smartphone functionality, including internet
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access, into a wearable set of slim glasses [93, 94]. Soon
thereafter, in 2016, Microsoft released its HoloLens
augmented reality goggles amidst much less hype than
Google Glass, which had met with marginal success and
had been recast as an “Enterprise Edition” targeted at the
business and industrial sectors [94, 95]. Notably, the
HoloLens had its technical roots in Microsoft’s Kinect
device - a 2010 add-on for the Xbox gaming console that
enabled tracking of players and interpretation of gestures
into commands for immersive gaming experiences [95,
96]; while the Kinect was discontinued in 2017, it still
finds use by developers in the Windows environment [97].
Google Glass was officially discontinued in 2023, but at the
time of this writing, Microsoft’s more advanced and well
received HoloLens 2 is still being sold, offering advanced
AR capabilities focused on technical and business
applications [98, 99].

As cited earlier, several recent commercial XR headsets
aimed at everyday users provide AR functionality aimed at
gaming and personal applications, including the
MetaQuest 3 and Pro [76], Apple Vision Pro [78, ], and
Snap’s AR Spectacles [100]. Additionally, in 2024 Meta
revealed the prototype for its Orion AR Glasses - a much
more capable evolution of the Ray-Ban Meta Smart Glasses
marketed the year before (See Fig - 9) [101, 102, 103,
104]. Meta [104] characterized the Orion as the “most
advanced pair of AR glasses ever made”, and a “feat of
miniaturization” that ”... bridges the physical and virtual
worlds, putting people at the center so they can be more
present, connected and empowered in the world.” Notable
features, which highlight many desired characteristics of
consumer AR devices, include [76, 102, 104, 105]:

= Lightweight, “stylish”, and designed for indoor and
outdoor use.

=  Multi-user video, audio, and text communication.

= Collaborative, dynamic interaction with 2D and 3D
digital content blended into the physical world.

= Shared digital experiences with multiple users, that
can be local or located around the world.

= Micro LED projectors, enabling a holographic, high-
clarity WFOV display (70 deg), with transparent
lenses that enable users to see each other’s faces.

=  Wireless multitasking (i.e, multiple simultaneous
applications), enhanced by a high-performance
pocket-sized “compute puck”.

= Advanced input control - including voice, eye tracking,
hand tracking, and a new electromyography (EMG)
wristband that enables subtle input in low-light, free
of external sensors.

= Haptic feedback.

= Seamless, “multimodal”, contextual Al (i.e, Meta Al)
that enables sensing, interpretation, and
understanding of the world surrounding the user.

While the initial version of Orion was not intended for
retail release, it was described by Meta as a “Purposeful

Product Prototype” and was provided to a limited number
of Meta employees in 2024 for testing and evaluation [76,
104]. This would allow their development team to “learn,
iterate and build” towards the consumer AR glasses
product line expected 2-3 years later - focusing on tasks
like fine tuning the AR display quality, optimization of
components to further reduce the form factor, and scaled
manufacturing to make the glasses more affordable [102,
104]. Orion was hailed as possibly “game-changing” and
“pretty far-out” by noted critics and reviewers specializing
in XR technology, making the release of the consumer
versions eagerly awaited [102, 105].

In perhaps the most advanced attempt at streamlining
AR/MR technology to date, companies such as Sony and
Mojo Vision have planned and prototyped “smart contact
lenses” that will enable users to experience XR
environments and seamlessly record images and videos of
the real world [106, 107, 108, 109]. As the historical trend
for XR technology indicates, these lenses arguably
represent the logical next step in the evolution of
canonical HMDs beyond smart glasses - largely driven by
miniaturization, advances in communications and display
technology, human factors, and widespread consumer use
cases (e.g., gaming and work/personal productivity) (See
Fig - 10) [110, 111]. Consequently, contact lens-like
overlays may become the leading XR interface of the
future - at least until Gibson-inspired neural systems
and/or Star Trek-like Holodecks emerge.

AR technologies and use cases evolve from mobile
VR usage primarily comes from console/TV/PC, but it's also moving towards AR

Landline PDA
m Handheld

Camera -

E e
Q Laptop Smartphone

Al W

Desktop PC Gaming conscles

Fig - 10: Qualcomm depiction of AR evolution. [111]
3.1 Augmented Reality vs. Mixed Reality

Augmented reality (AR) and mixed reality (MR) are so
closely related that they can be very hard to distinguish,
and the terms are often used interchangeably [3]. Both of
these subsets of XR blend digital and real-world elements.
However, a main distinction could be that while AR
overlays digital data onto a real-world perspective - and
can register those overlays with physical objects - it does
not necessarily require interaction with those physical
objects. As stated by Meta:

“AR overlays don’t interact with the real world, though you
may be able to interact with them depending on the
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software in use. MR is another matter. It overlays the real
world with digital elements and the physical and digital
objects co-exist and react to each other in real-time.” [112]

Both AR and MR are enabled by VR technologies, and this
shared dependency can help illuminate the subtle
distinction. According to Greenwald:

“..mixed reality is when primarily VR headsets
incorporate AR aspects into their use. All major VR
headsets currently available have outward-facing cameras
that can scan your surroundings and provide a view of
what's around you. Virtual reality becomes mixed reality
when those surroundings factor into what you're doing in
the headset. It can be as simple as setting borders around
you, so you don't trip over anything in the real world, or as
complicated as taking detailed measurements of furniture
and building the virtual environment to reflect those
physical objects.” [73]

In MR, digital and real-world objects by definition interact
with each other leading to a kind of “hybrid reality” that
usually requires more processing power than with AR or
VR [90]. Moreover, MR can facilitate face-to-face
communication and collaboration between people in
virtual spaces [4]. To support anticipated demand for MR
applications, Microsoft announced support for commercial
headsets based on its “Windows Mixed Reality” software
platform - an extension to the Windows 10 operating
system in 2016 [113, 114]. Numerous headsets based on
Windows Mixed Reality were produced, including those by
manufacturers such as HP, Dell, Lenovo, Samsung and Acer
[114,115,116].

However, possibly due to poor marketing and controller
design issues, in 2023 Microsoft decided to discontinue
support for Windows Mixed Reality headsets beginning in
2027 [113, 117]. Nevertheless, it vowed to maintain
production and support of the HoloLens 2, which is the
basis for the U.S. military’s Integrated Visual
Augmentation System (IVAS) which provides enhanced
situational awareness to soldiers on the battlefield [118,
119]. Further, Microsoft has recently partnered with Meta
to produce limited run Quest VR/MR headsets for use with
the Xbox, bring Microsoft applications to Meta Quest
devices, deploy Microsoft Teams communication
capability to Quest headsets, and integrate Xbox Cloud
Gaming with the Meta Quest XR application store [120,
121, 122]. Many of these integrations will presumably
extend to the forthcoming retail version of Meta’s Orion
AR glasses as well [104].

4. DIGITAL TWINS

In reflecting on how VR and AR/MR can facilitate
modeling of the physical world and enhance human
interaction with it, it is important to mention a recently re-
emerging concept known as the digital twin (DT) [123,
124]. According to Purdy et al. [125], a digital twin is “an

item, person, or system that can be updated continuously
with data from its physical counterpart.” The term was
initially coined by Jonathan Vickers and Michael Grieves
while they were working at NASA in 2002 (see Fig - 11)
[126]. However, seminal concepts related to the notion of
the digital twin were first put forth by computer scientist
David Gelernter in his 1991 book Mirror Worlds: Or: The
Day Software Puts the Universe in a Shoebox... How It Will
Happen and What It Will Mean [127, 128]. In his text,
Gelernter (1991) stated that “Mirror Worlds”:

“..are software models of some chunk of reality, some
piece of the real world going on outside your window.
Oceans of information pour endlessly into the model
(through a vast maze of software pipes and hoses): so
much information that the model can mimic the reality's
every move, moment-by- moment...” [127]

It is not difficult to see how these ideas may have
influenced Grieves, who had been studying replicative
simulation methods at NASA as ways to improve product
lifecycle management (PLM) for manufacturing. At first
referring to the concepts as “mirrored spaces model,”
“information  mirroring  models” and = “virtual
doppelgangers”, Grieves ultimately adopted the “digital
twin” monicker while working with Vickers, who was
trying to capture and apply similar concepts (see Fig - 12)
[129, 130, 131, 132]. In 2023, Vickers was still serving as
a principal technologist at NASA and Grieves was the chief
scientist for NASA’s Digital Twin Institute [131,132].

9 2006 e i i
H 5 ) DT applied to
5 Mirroring Node™ Hyper-Automation
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pre in market valueto *==~~="
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. & \ 62010
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by Grieves (Mirror Space
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by David Gelernter

Evolution of

Digital Twin

Fig - 11: A. Mazumder et al. illustration of the evolution of
the digital twin concept. [126]

Going further back, the first methods resembling digital
twin techniques were initially referred to as “living
models” by NASA in the 1960s and applied to the historic
Apollo 13 mission to train astronauts and mission
controllers via then high-fidelity simulators [133]. This
approach contributed to the successful return of the crew
to Earth following the explosion of an oxygen tank on their
spacecraft while enroute to the Moon in 1970 [126, 133].
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Interest in digital twin technology continued at the agency,
as exemplified in a study by Glaessgen et al, who
promoted the application of the techniques toward the
design and development of future NASA and U.S. Air Force
aerospace vehicles. They described the digital twin as:

“..an integrated multiphysics, multiscale, probabilistic
simulation of an as-built vehicle or system that uses the
best available physical models, sensor updates, fleet
history, etc., to mirror the life of its corresponding flying
twin. The Digital Twin is ultra-realistic and may consider
one or more important and interdependent vehicle
systems, including airframe, propulsion and energy
storage, life support, avionics, thermal protection, etc.”
[134]

Since then, several researchers indicted that in order for a
model to be accurately described as a digital twin it should
be characterized by bi-directional vs. one-way information
flow between the physical system and the
simulation/replica; otherwise, the “clone” would just be
considered a digital shadow (DS) [126, 135]. As suggested
by Bergs et al.:

“...the Digital Shadow can be seen as a preliminary stage of
a Digital Twin. The DS sets the basis for the DT
contributing measurement data or meta-data attributed to
a specific object with spatial or temporal reference, but
does not yet describe the physical object itself with its
properties... On the other hand, an asset's DT is a virtual
representation of its physical state. State changes are
described by models and supported by data.” [136]

Digital Thread

Digital Twin
Environment

‘ Information
EEEEEER

Physical Space ““'Vinual'Spai:e

Fig - 12: Grieves’ generalized digital twin model. [129]

In support of this interpretation, NASA Senior
Technologist for Intelligent Flight Systems B. Dannette
Allen provided several additional definitions of the DT
while discussing the history and application of these
methods at the 2021 Digital Twin Summit (held virtually).
Notably, as attributed to IBM [137]:

“A Digital Twin is a virtual representation of an object or
system that spans its lifecycle, is updated from real-time

data, and wuses simulation, machine learning, and
reasoning to help decision-making.” [133]

While the digital twin is a distinct concept, there is
considerable discussion in industry about how the
convergence of DT- and XR-related technologies will be a
powerful combination [123, 124, 138]. Basing VR and
AR/MR environments on dynamically updating streams of
real-world information, for example, can enable
researchers to immerse themselves in evolving
simulations based on current data. As the disciplines
evolve and continue to overlap, it is likely that DT
techniques will have an impact on the design and
implementation of immersive synthetic worlds for
academic, industrial, and commercial purposes, and also
be used to enrich implementations of remote user
experiences via telepresence.

5. TELEPRESENCE AND TELEROBOTICS

The term telepresence was coined in 1980 by Marvin
Minsky, a noted American scientist in the field of artificial
intelligence (AI). Minsky used the term as a reference to
teleoperation systems and applications for remote object
manipulation, augmented by enhanced sensory feedback
for the user that could assist them in completing complex
physical tasks at a distance [139, 140, 141]. Generally
speaking, the central goal of telepresence is to enhance a
human user’s sense of “being” when introduced into a
synthetic/replicated environment or involved in remote
controlled, computer-mediated operations. As such,
telepresence can be considered a subset of extended
reality, as it is enabled and facilitated by XR technologies.
However, telepresence is frequently referenced with more
experiential, phenomenological, or philosophical terms -
particular when more immersive forms are pursued. Very
often, telepresence is connected to the discipline of
telerobotics and implemented to enhance human
teleoperation of remote systems.

5.1 Telepresence

As the term implies, telepresence is the conceptual and
literal extension of the sensation of presence, as discussed
earlier in relation to VR. Drawing from Minsky’s original
description, Sheridan [62] explained telepresence as
“..feeling like you are actually ‘there’ at the remote site of
operation” and a “...sense of being physically present with
virtual objects at a remote teleoperator site.” Basically,
both VR and telepresence seek to create a sense of “being
in another world.” However, whereas a basic requirement
for pure VR is that the user is placed into a synthetic
environment, telepresence usually exposes the user to a
rendition of an actual distant or otherwise inaccessible
environment and enables interaction with physical objects
within that remote space. To facilitate the illusion of
presence, it is typically useful to replicate the distant
environment for the user “locally” with XR technology. In
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this sense, telepresence is probably more closely related to
MR, and specifically “MR at a distance”.

Fig - 13: Developmental telepresence demonstrated by
Matthes et al. using VR Neurorobotics Labs. [144]

Contemporary telepresence implementations run the

gamut from consumer-level high-definition (HD)
interactive video teleconferencing equipment, to
experimental, fully immersive 3D systems. Some

advanced telepresence systems can surround multiple,
geographically separated people with a highly realistic
virtual rendition of a shared environment populated with
actual physical objects, permitting the users to experience,
move, and interact as if they were in proximity to each
other; this includes the provision of a “virtual body” (i.e.,
avatar) within the mediated environment (see Fig - 13)
[139, 142,143, 144, 145].

Telepresence interfaces are frequently pursued for
systems that benefit from enhanced degrees of realism,
immersion, and/or responsiveness, such as high-fidelity
remote surgical applications and operation of robots for
remote exploration [146, 145, 147]. Haptic interface
devices are often integrated into such telepresence
systems, employing force-feedback and sensations that
provide tactile stimulation to replicate the manipulation of
real objects. Significantly, given that telepresence is
computer- and technology-mediated experience, a user’s
capabilities need not be constrained by human limitations.
A telepresence-enabled system can be designed to
replicate what a human would naturally experience in a
remote environment or expand on that experience with
additional capabilities such as advanced/remote sensing,
enhanced mobility, and mechanically aided means to
interact with remote physical objects. Exploring this idea
leads us into the connected discipline of telerobotics.

5.2 Telerobotics

Largely as a result of science fiction literature and cinema,
the term “robot” typically conjures images of
anthropomorphic, artificial, autonomous beings that can
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think for themselves, interact with humans, and affect
their environments. Film-inspired examples span the
spectrum from “Robby the Robot” in the 1956 film
Forbidden Planet [148, 149] and android/droid “C-3P0” of
the Star Wars Franchise [150], to actor Sean Young's
portrayal of “Rachael” - the alluring and lifelike “replicant”
in director Ridley Scott’s 1982 cinematic masterpiece,
Blade Runner (see Fig - 14) [151, 152, 153]. Widespread
use of robotic technology in industry, manufacturing, and
domestic consumer products invokes more prosaic visions
of mechanical automata as workforce helpers that perform
repetitive or labor-intensive tasks, such as vacuuming
carpets or building automobiles.

Fig - 14: Robots, androids, and “replicants” from sci-fi;
Robby the Robot, C-3P0, and Rachael. [139, 141, 144]

Thomas Sheridan [154] defined a robot as a
“reprogrammable, multifunctional manipulator designed
to move material parts, tools, or specialized devices
through variable programmed motions for the
performance of a variety of tasks”. This might seem
straight forward, but a precise academic definition of a
robot can be challenging to attain, with degrees of
independence, environmental interaction, and
sophistication of behavior usually at the heart of the
question. Nevertheless, a survey of opinions held by
leading roboticists yields some commonly held
characteristics of a robot, including [140, 155, 154, 156,
157, 158]:

= Autonomy: Robots generally have some level of
independence, with a fully autonomous robot
requiring no human input or external control to
accomplish intended or pre-programmed tasks. For
very sophisticated tasks, full autonomy likely entails
that the machine incorporates a degree of artificial
intelligence. Some robots can move and act
completely on their own; others require some form of
remote control or human supervision - as can be the
case with telerobotics, discussed below.

= Sensing: Robots are typically equipped with hardware
and/or software sensors that take measurements,
respond to events, and send signals to computer
controllers and/or motors and actuators to
understand and effect changes in their environment.

= Computing: Robots are controlled by computers or
carry out computations to perform decision-making,
often employing repeated sensing-computing-acting
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cycles called “feedback loops”. The information
processing algorithms and feedback/control methods
used by some robotic computers can be sophisticated
enough to manifest human-like behavior and artificial
intelligence.

= Actuating/Manipulating:  Robots usually perform
actions in the real world, or actions that have effects
and consequences on real-world systems (i.e.,
computer systems and networks). Some robots are
physically mobile, and some can handle objects using
actuators - either on their own initiative or under
some degree of human control.

Furthermore, in the definition for robot contained in its
Standard Ontologies for Robotics and Automation [159], the
Institute of Electrical and Electronics Engineers (IEEE)
acknowledges the idea that robots can work with pure
“software agents” (i.e., “bots”), and can act collaboratively
in concert with other robots and people toward common
objectives:

“Robot: An agentive device in a broad sense, purposed to
act in the physical world in order to accomplish one or
more tasks. In some cases, the actions of a robot might be
subordinated to actions of other agents, such as software
agents (bots) or humans. A robot is composed of suitable
mechanical and electronic parts. Robots might form social
groups, where they interact to achieve a common goal. A
robot (or a group of robots) can form robotic systems
together with special environments geared to facilitate
their work. See also: automated robot; fully autonomous
robot; remote-controlled robot; robot group; robotic system;
semi-autonomous robot; teleoperated robot.” [159]

Overall, robots as machines comprised of software and
hardware can range from very simple to extremely
complex mechanisms designed to perform single tasks or
fill multiple, versatile roles. In the case of telerobotics,
humans can leverage the advantages robots provide by
remotely operating them to conduct operations in distant
or dangerous environments [160, 161]. Telerobotic
systems can assist human operators by handling complex
processes required to achieve results, freeing the
controller to focus on aspects of tasks that require more
skill, innovation, or attention. As succinctly stated by
renown roboticist and VR/XR expert Dr. Goldberg:

“...a telerobot is a robot that accepts instructions from a
distance, generally from a trained human operator. The
human operator thus performs live actions in a distant
environment and through sensors can gauge the
consequences.” [140]

Sheridan [154] indicated that there are three classic
control modes for telerobotic operations:

1. Continuous manual control under the direction of a
(human) operator.
2. Intermittent manual control.

3. Fully autonomous operation, for extended periods of
time or continuously.

(Multimodal) man—machine interface
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Tele-sensor programming

Unilateral command Shargd ¢ontrol
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Fig - 15: Niemeyer et al. illustration of common
telerobotic control models. [162]

Consistent with those concepts, system designers and
engineers have devised various levels of autonomy and
control schemes for telerobotic systems to address
different scenarios and tasks (see Fig — 15). With partial
autonomy or supervisory control, for example, an operator
is responsible for defining the overall higher-level goals
for the telerobot based on its current situation [160, 162].
The controller will assess the situation, set objectives,
transmit commands to the telerobot, and assess the
outcome; prior to doing this, the operator may program
and simulate the command session in a synthetic
environment. Although this type of machine can handle
some complex processes autonomously, it is still designed
to perform its functions under the overall control of a
person.

Supervisory control can be carried out in near real-time.
However, it is particularly useful in situations when delay
- or latency - is appreciative, but not substantial enough to
preclude the operator from monitoring results and
responding to situations to effect changes within a
timeframe that does not necessarily jeopardize mission
accomplishment. This gives the operator more creative
control over the situation. A computer in a telerobotic
arm on an interplanetary probe, for example, can
independently “close” the required control loops in
response to tasks generated by the human controller. But
the arm is still ultimately being steered toward a target by
an operator, who is being fed information from the
telerobot’s sensors.

With shared control, there is a higher degree of autonomy
present in the robot to dynamically assist the operator in
completing tasks [160, 162]. The user can also rely on
these higher levels of autonomy to execute something
called traded control, which allows them to monitor or
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oversee a robot’s independent actions for short periods of
time and still take over completely when required. This
leads to the notion of direct or manual control, wherein the
operator has full control over the system all the time. The
human user can control the telerobot in real-time/near
real-time (depending on the latency) or opt to do so only
when machine faces tasks or obstacles it does not “know”
how to deal with. In such “master-slave” systems, an
operator user will typically use some form of controller to
physically direct the telerobot’s actions (e.g., joystick,
mouse, keyboard, game controller, etc.) [160, 162]. Haptic
elements can be integrated into telerobotic human-
machine interfaces (HMI) to enable bilateral control in
shared or direct control systems; this “bidirectional
control” uses force feedback and tactile interfaces to
facilitate more intuitive operation of the telerobot [160,
162].

While telerobotics is not necessarily a subset of the
extended reality domain, it is still very closely related to it.
Dr. Goldberg indicated that:

“Virtual reality presents a simulacrum, a synthetic
construction. With telerobotics, what is being experienced
is distal rather than simulacral. While VR admits to its
illusory nature, telerobotics claims to correspond to a
remote physical reality.” [163]

Consequently, designers of telerobotic systems often
leverage a spectrum of XR concepts and technologies to
achieve more believable local recreations of inaccessible
(or dangerous) environments, emulate a human’s persona
in a distant location, and/or provide a user with more
complete information or “human” sensation during
machine-enabled remote operations [160, 162, 164, 165].
Virtual reality can be used to simulate environments in
which telerobotic operations are performed, and AR/MR
interfaces can be used to enhance and inform an operator
via overlaid/interactive interfaces that interactively blend
data and actual perspectives of the “real world”. Fully
immersive telepresence-enabled telerobotic systems
require HMIs advanced enough to completely replicate all
of the sensations and qualities that could be (safely)
experienced by the operator - including sight, sound,
taste, smell, and haptic feedback (touch, pressure, force)
[56, 166, 167, 168]. Such systems also require intuitive
controls capable of translating typical human physical
actions to the telerobot; and, in cases where there could be
interaction with humans or other telerobots at the distant
end, sophisticated sensors might be needed to accurately
translate and relay human social cues/behavior [160, 162,
169].
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Fig - 16:]. Van Erp et al. demonstrate immersive
telepresence telerobotics. [169]

Immersive telepresence is often discussed as the ultimate
control system for telerobotics (see Fig - 16) [169, 170,
171, 172, 173]. In their chapter on “Telerobotics” in the
Springer Handbook of Robotics, on Niemeyer et al. highlight
this by saying that telepresence:

“...promises to the user not only the ability to manipulate
the remote environment, but also to perceive the
environment as if encountered directly. The human
operator is provided with enough feedback and sensations
to feel present in the remote site. This combines the
haptic modality with other modalities serving the human
senses of vision, hearing or even smell and taste. ...The
master-slave system becomes the medium through which
the user interacts with the remote environment and
ideally they are fooled into forgetting about the medium
itself. If this is achieved, we say that the master-slave
system is transparent.” [162]

Therefore, removing the “illusory nature” of XR to the
greatest extent feasible, and providing the most natural,
intuitive human interaction with remote environments
(and other entities) are goals of many telepresence and
telerobotic systems. In pursuit of these objectives,
researchers and developers often explore the concepts of
transparency and embodiment, which are closely related to
the previously mentioned XR principles of presence and
realism.

5.3 Transparency and Embodiment

The term “transparent telepresence” was coined by
designer and engineer Gordon Mair in the late 1990s while
he was on staff as a senior lecturer and research advisor at
the University of Strathclyde in Glasgow, Scotland. Mair
defined transparent telepresence as "the experience of
being present interactively at a live real-world location
remote from one's own immediate physical location”
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[174], and established the Transparent Technology
Research Group (TTRG) at the University with the
mission:

“To create, through research and development, the first
telepresence system that allows a user to experience the
sensation of being fully present at a remote site. This
implies that the interface between the user and the
surrogate presence will be completely transparent.” [175]

The TTRG was organized under Strathclyde’s Design
Manufacturing & Engineering Management department,
and - as related by Mair [174] - was composed of full-time
researchers and graduate students; TTRG staff also
oversaw projects for undergraduate and postgraduate
students. Government and industry provided funding
totaling more than £2M, and projects were worked jointly
with the Departments of Computer Science, Architecture,
Civil  Engineering,  Psychology, and Mechanical
Engineering.

Mair and the TTRG [175] ardently promoted and
investigated the characteristic of transparency in
telepresence, “...in which the technological mediation is
transparent to the user of a telepresence system.”
According to their paradigm, an awareness of the HMI
diminishes the sensation of presence, and full
transparency would be achieved when the user was not
aware they were being connected to a remote
environment with intervening hardware or software. The
group proposed that complete "presence"” in the mediated
world would be possible if the proper technology could be
developed to make the interface as imperceptible as
possible, allowing for complete immersion [175].

In the course of their research, experimentation, and
prototyping, the TTRG explored and identified key system
elements and enabling technologies required to support
transparency in telepresence. These included [174, 175,
176]:

=  Advanced “Remote Site” visual, aural, haptic, olfactory,
and vestibular sensors, possibly based on
anthropomorphic platforms (i.e., sensor platforms
with human characteristics).

= Ergonomic “Home Site” equipment, interfaces, and
controls for the user/operator. Minimally, Home Site
equipment should feature stereoscopic visual displays
(i.e., HMDs, panoramic screens); high-fidelity, spatially
immersive audio displays (i.e., speakers and
headphones); olfactory displays for smell replication;
haptic displays that provide touch and kinesthetic
feedback; and vestibular feedback mechanisms to feed
the body’s proprioceptive system and impart a sense
of motion.

= Image compression, decompression, and stereo co-
encoding algorithms that can provide high resolution
and fast frame rates.

= Optimized communications bandwidth and protocols
to achieve predictable throughput and latencies.

The TTRG garnered a decent amount of niche attention,
with features in numerous newspaper articles and
television appearances including an appearance on the
popular British science show Tomorrow's World, which
focuses on developments and future trends in technology
[174, 177]. In 2001, Mair established a spin-out company
to take advantage of some of the technology the TTRG had
created for low bandwidth telepresence and teleoperation
over mobile phone networks [174]. Although he dissolved
the company in 2006 for “a variety of reasons” and retired
from Strathclyde in 2015, Mair continued to work and
author books in the engineering and manufacturing
industries. Notably, Mair declared his firm belief that
science fiction informed many of developments in
telepresence and presaged its future - citing works such
as Neuromancer [28] and Snow Crash [29] as critical
inspirations for the drive toward immersive synthetic
environments and full transparency [178]. Along these
extrapolated lines of fiction-inspired development, Mair
and the TTRG mentioned direct brain interface and control
as an example of a method that might eventually achieve
full transparency [176].

The notion of transparency in telepresence, particularly
when considered within the realm of telerobotics, led to
the conceptualization of embodiment. Embodiment refers
to theoretical and practical ways of understanding and
mimicking the sensation of using one’s own “real-world”
body when associated with the representation of an avatar
in a synthetic domain, or projection of a person into a
remote physical environment [179, 172]. In short, as
stated by J. Van Erp et al. [173], “...embodiment may be
considered as ultimate transparency” in a mediated
experience.

According to a theoretical construct offered by A. Haans
and W. IJsselsteijn [180], embodiment depends on
replicating a user’s:

=  Morphology: The physical characteristics of the body.

= Body Schema: The “dynamic distributed network of
procedures” that “combines the individual parts of our
morphology into a coherent functional unity” and
guides interaction with the environment.

= Body Image: “Consciousness” that the body and any
synthetic extensions of it (e.g. virtual or robotic) are
actually owned by an individual.

Similarly, A. Toet et al. [172] suggested that achieving
embodiment goes beyond the “technical” solutions that
foster transparency in a mediated experience and involves
“..recruiting brain mechanisms of telepresence (i.e., the
perceived relation between oneself and the environment)
and body ownership”. They posited three key components
of sensory experience required to achieve embodiment as:
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= Sense of Self-location (“Self-Location”): The feeling of
location in space; facilitating a sensation of collocation
between a virtual and real body.

= Sense of Ownership (“Ownership”): The feeling that
non-bodily objects are part of one’s own body;
fostering the “realism” of a virtual body via temporal
correlation of visual and tactile stimulation.

= Sense of Agency (“Agency”): The feeling of being the
“author” of an observed action; promoted by efficient
and effective motor control.

Fig - 17:]. Van Bruggen et al. demonstrating the I-Botics
Avatar System, ANA Avatar XPRIZE entry. [169]

These ideas were further developed and expanded upon
by Prof. Jan Van Erp and fellow researchers at the
University of Twente, The Netherlands, who highlighted
the importance of multisensory cues in attaining the
“illusion” of embodiment, including haptics, touch,
temperature, smell, and airflow [169].

Achieving full transparency and embodiment in
telepresence and telerobotics is not necessarily solely
dependent on replication of a user’s physical body and
capabilities in/through a mediated environment. J]. Van
Erp et al. [169] also suggested the importance of
transporting/replicating both the functional self and the
social self through the mediated environment. The
functional self is related to “..spatial presence, task
performance, and interacting” with objects in a virtual or
remote environment; the social self pertains to attaining
social presence via the ability to interact with and “feel
connected to” people in remote environments. According
to the researchers, embodiment depends on
“..synchronicity in multisensory information, a first-
person visual perspective, human-like visual appearance
and anatomy of the telepresence robot” and “...the
important bidirectional social cues it needs, including eye
contact, facial expression, posture, gestures, and social
touch.” They summarized additional sensory and social
cues required to evoke embodiment and social presence in
telepresence/teleoperation as follows [169]:

= Sensory Cues (Embodiment): Realistic point of view;
posture;  visual-motor-proprioception  synchrony;
connection between body parts (i.e, anatomically
correct); visual-tactile synchrony; visual appearance.

= Social Cues (Social Presence): Realistic eye contact;
facial expression; non-verbal sounds; eye gaze and
blinks; gestures, movement, orientation, and posture;
touch; proximity and personal space.

J. Van Erp and his colleagues integrated these ideas into
the design and development of a fully integrated
telerobotic avatar teleoperation system, convicted that
“...the feeling that you are the telepresence robot implies
that there is no longer a mediating device”; and that
“..ultimate transparency may lead to lower cognitive
workload and faster learning” [169]. The system featured
a universal control pod that could be utilized by an
operator to control multiple types of telerobots, including
a humanoid version called “Eve”, and a more functionally
oriented four-legged animal-like system called “ANYmal C”
[169, 173, 181]. Of note, this system - dubbed the I-Botics
Avatar System - placed 5% in the international ANA Avatar
XPRIZE competition - which awarded $5M to the team
that could “create a robotic avatar system that could
transport human presence to a remote location in real-
time” (see Fig - 17) [181, 182]. The University of Bonn
sponsored NimbRo, an immersive and intuitive robotic
telepresence system that incorporated many similar
concepts and architectural considerations, claimed first
prize [183, 184, 185].

6. CONCLUSIONS

With roots in science fiction, applications in industry and
exploration, and strong connections to pop culture and the
modern consumer electronics/entertainment market,
extended reality (XR) concepts and technology have
permeated society for many years. In this article we have
reviewed and cross-referenced sources that provide
foundational information relating to the historical,
conceptual, and technical development of XR and
associated subdisciplines, including virtual reality (VR),
augmented reality (AR), mixed reality (MR), digital twins,
telepresence, and telerobotics. These inter-related
domains often use similar technology to facilitate human-
machine and human-human interaction in synthetic or
replicated environments - often remotely or at a distance.
And, in many ways they have evolved from one another in
an almost organic way, responding quite rapidly to
advancements in enabling technologies and emerging use
cases. However, perhaps the most interesting and
fascinating consequence of the pursuit of XR in its various
forms is how it has iteratively challenged us to consider
how and why we experience the world around us - real or
rendered. We hope this review stimulates interest and
serves as a starting point for continued investigations by
XR researchers and enthusiasts alike
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