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Abstract 

In 1997 Ronald T. Azuma introduced the now generally ac-
cepted and followed definition in Augmented Reality (AR) 
research. In short, it tells us that in AR we introduce virtual 
content into the real world, this virtual content needs to be 
aligned with real content, and a user of an AR environment 
can interact with the (dynamic) virtual and real content in 
real-time. This definition leaves open how virtual content is 
generated, which display technology is desired and which 
senses are addressed. This has advantages, but it is now be-
coming clear that these missing aspects lead to confusion, 
also because with the current smart technology in general 
and ubiquitous computing in particular, AR technology can 
no longer be considered in isolation. We present the argu-
ments that lead to this conclusion. We will explain the ar-
guments with examples in which the vision, auditory and ol-
factory senses play a role. Starting point and conclusion ob-
tained is that AR eventually will become an everyday tech-
nology that will merge into reality. 
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 Introduction 

Although introduced a long time ago, augmented reality 
(AR) research usually still follows the 1997 AR definition 
[1] which tells us that in AR we introduce virtual content 
into the real world, this virtual content needs to be aligned 
with real content, and that a user of an AR environment 
can interact with the (dynamic) virtual and real content in 
real-time. This definition does not make references to a 
particular sense that is being addressed by the virtual con-
tent. Neither does it demand that the virtual content be dig-
itally created. What is ‘virtual’ and what is meant by ‘in-
teraction’ is not discussed. If the virtual content is not digi-
tally created, should it at least be digitally controlled or 
mediated? By not being too explicit about these matters, 
the definition is practically workable, but at the same time, 
it has led to a vision-dominated interpretation of the con-
cept of AR. Other senses might only be addressed in the 

context of computer-generated images of objects, that must 
be aligned with real-world physical objects. From the per-
spective of a user whose most relevant interaction with the 
environment consists of changing his position and orienta-
tion this might be acceptable. However, it is not when ei-
ther the user or the environment asks for more active in-
volvement of the user in the environment. 

The virtual layer that is superimposed on reality can 
contain content that addresses the traditional five senses 
(sight, hearing, taste, smell, and touch), but other senses 
can play a role as well. Virtual content can affect our pro-
prioceptive sense, for example in a therapeutic application, 
and equally, we can think of applications that have virtual 
content that shows awareness of temperature changes or 
has been designed to cause pain or induce hunger in a user. 
If we want to go beyond vision-oriented AR, both for users 
and for virtual content, we need to look at multisensorial 
input and crossmodal effects. A virtual creature in a virtual 
layer should show multisensorial situational awareness and 
by doing so in a believable way it needs input for its as-
signed models of goals, intentions, knowledge, and emo-
tions from various sense-related sensors. This is quite dif-
ferent from ‘just’ referring to the integration of computer-
generated imagery with the real world as we can see men-
tioned in most observations on and research in AR. 

AR, both its virtual and real content, will become em-
bedded in smart environments in which we assume ubiqui-
tous computing and sensors, processors, and actuators that 
are part of the Internet of Things (IoT) and that can feed 
the virtual content that is present in the layer that is super-
imposed on reality with their real-time information about 
the environment and its dynamics. Hence, the alignment, 
requiring whatever combination of senses, can be satisfied 
by information made available from the smartness embed-
ded in the environment. This includes information obtained 
from multiple cameras, probably providing non-usual 
views that make it possible to visualize objects that are out 
of the user’s view, for example from a drone, from remote 
locations, and from other sensors that provide the user or 
the virtual content with perceptual enhancements that have 
no real-world counterparts. 

In this paper, we survey the various views that can be 
held when considering the alignment of virtual content 
with an AR user’s real-world view. The aim is to investi-
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gate how Azuma’s definition of AR can be maintained if 
we look at other than computer-generated (imagery) ‘virtu-
al’ content, addressing other senses than our sight sense, 
and whether we can maintain a distinction between ‘aug-
mented reality’ and reality in a future where we can speak 
of ever-present AR integrated with the IoT and ubiquitous 
computing technology [2]. From the sight sense point of 
view, our focus is on optical see-through (OST) AR, rather 
than on hand-held AR. The assumption is that in the (near) 
future bulky head-mounted devices (HMDs) such as the 
Hololens can be replaced by AR glasses with similar func-
tionality and in a more distant future by AR contact lenses. 

In Section 2 we start with a global view of AR. Such a 
view has the danger of having to enter philosophical con-
siderations of how ‘virtual’ as it is used in a ‘virtual layer’ 
that is, a layer that is superimposed on reality, fits in dis-
cussions on material versus non-material, physical versus 
non-physical, and real versus non-real. We will not enter 
this discussion, but rather, in section 3, look at ways ‘virtu-
al’ content can be generated and aligned with real-world 
content. AR as part of smart technology and ubiquitous 
computing is discussed in section 4. All these observations 
are given a more concrete basis in section 5 where we have 
a more case-study-oriented approach to the various issues 
that need to be considered when we want to integrate AR 
into our daily life activities. To do so we need to pay atten-
tion to AR that is multi-sensorial instead of being uniquely 
oriented on only the sight sense. Conclusions that take into 
account developments in AR devices follow in section 6. 

Augmenting the Real World: From Street Signs to 
‘Mouth Glasses’ 

It makes sense to go back to the original definition of AR 
and comment on the parts of this definition that are usually 
taken for granted. But before delving into a technology-
inspired AR definition, it is enlightening to review a 
somewhat more general view of augmentation of the real 
world and how to distinguish, if possible, purposely added 
changes from ‘naturally occurring’ additions and changes 
to real-world environments. This is the recurring theme in 
this paper and it will be discussed from different angles. 

As mentioned by Miguel Sicart [3], reality has always 
been augmented. Streets have been given names, borders 
exist between countries, there are directional and road 
signs, et cetera. We align these names and signs with the 
real world.  Egyptians engraved hieroglyphics on walls, 
and in Roman times places of business were identified by 
signs, and stone pillars provided directions and distances to 
cities throughout the empire. Devices to enhance our sens-
es also date back to ancient times. A treatise on optics was 
written two thousand years ago. Visual aid devices for 
reading and observing such as magnifying glasses, eye-
glasses, binoculars, and microscopes were introduced. 
Wearable eyeglasses appeared in Italy during the 13th cen-
tury. The Claude glass was introduced in the 18th Century, 
a gray convex mirror that allowed users ‘to view land-
scapes as if they were picturesque paintings’ [4], that is, to 
make landscapes more beautiful than they were in reality. 

In the 1890s George M. Stratton experimented with eye-
glasses that inverted the visual field [5]. Technological 
devices were designed that allowed us to perceive and ma-
nipulate our perception of reality.  

Nowadays we have artifacts designed and produced by 
humans all around us. We perceive, usually in a multisen-
sorial way, we appropriate, and use them, they can be in-
teractive, and they are aligned in appearance, behavior, and 
function with our three-dimensional world. It can be ar-
gued that these artifacts are superimposed on the real 
world, but they are not virtual or interactive from a human-
computer interaction point of view, where we interact with 
digital content and control digital and physical processes. 
For example, in contrast, Pokémon GO is an interactive 
smartphone game where virtual animated characters can 
appear and move around superimposed on a user’s view of 
the real world. The creatures are computer-generated and 
for that reason are called ‘virtual’. While some researchers 
have expressed the opinion that Pokémon GO is not AR, 
others have hailed it as a breakthrough for AR. Sicart men-
tions “ ... audiences worldwide are now aware of aug-
mented reality as a way of engaging and playing with the 
world.” 

Other much-cited applications with which the name of 
AR is associated by the general public are the well-known 
Snap Chat selfies that augment a face with cat ears, Face-
book apps that add elephant trunk and ears to your face, or 
a Google Play app that lets you put a virtual tiger or anoth-
er animal on the table in your living room. And, of course, 
we can look at navigation and tourist applications where 
we see location-based information, usually presented in 
textual form on a handheld, about streets, buildings, and 
events, that is superimposed on two- or three-dimensional 
representations of a particular environment. 

There are other examples of augmenting the real world 
and devices that are needed to perceive such augmenta-
tions. Augmentations are not necessarily digitally generat-
ed and viewers-users do not necessarily have to use tech-
nology to perceive these augmentations, whether they ad-
dress vision, sound, touch, smell, or taste. We may have 
the opinion that vision is our dominant sense and most AR 
research is oriented towards augmenting what we can see 
with wearable devices, whether they are handheld 
(smartphones) or head-mounted (smart glasses), the other 
senses have also their AR equivalents, and maybe more 
importantly, multi-sensorial or crossmodal equivalents. 
While with vision-oriented AR we have a virtual layer su-
perimposed on the real world that contains (digitally ren-
dered) visual content, with audio-oriented AR we have a 
virtual layer containing digitally rendered sounds, and sim-
ilarly we can look at superimpositions of virtual layers on 
the real world that are touch, taste, or smell oriented and 
therefore augment our tactile, gustatory, and olfactory sys-
tem. Hence, we can perceive these augmentations but this 
perception may require specialized technology, just as we 
need specialized technology to perceive visuals superim-
posed on the real world. In his foreword to a book on aug-
mented taste and smell, world-owned chef Andoni Luis 
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Aduriz Mugaritz [6] mentions that we need ‘glasses’ for 
the mouth and perhaps in the future they become as com-
mon as spectacle glasses. 

Augmented Reality and Digital Technology 
In the previous section, we already introduced many char-
acteristics of AR that need to be included in a more formal 
definition of AR. The original and generally accepted defi-
nition of [1] goes like this: “Some researchers define AR in 
a way that requires the use of Head-Mounted Displays 
(HMDs). To avoid limiting AR to specific technologies, this 
survey defines AR as systems that have the following three 
characteristics: 1) Combines real and virtual, 2) Interac-
tive in real-time, 3) Registered in 3-D.” Azuma also men-
tions that “AR might apply to all senses, not just sight.”  

According to this definition, the real and virtual content 
is combined in a real environment, real and virtual content 
are aligned with each other, and the combined content (the 
AR environment) is interactive, in real-time, and in three 
dimensions. The definition is not supposed to be limited to 
sight, AR should apply to all senses. Nevertheless, since 
humans are primarily sight-oriented, sometimes tacitly, 
sometimes explicitly, independence of technology is often 
understood as independence of display technology that 
combines real and virtual view images [7], but clearly, we 
can talk about display technology for other senses, includ-
ing hearing, touch, and smell, or, preferably, a combination 
of senses that allow a multisensory display of virtual con-
tent just as in real life real objects display multisensorial 
characteristics. Adding virtual content to our surroundings 
can have the consequence that some real-world objects are 
no longer perceivable by our senses (diminished reality) or 
are perceived in a different sensory way. 

Technology is part of our world and it is part of our dai-
ly activities. So we can ask what is special about our world 
being augmented with AR technology compared with other 
(human-made) technology. Is our television set, our 
smartphone, and our Internet, part of the ‘real’ world or are 
they augmentations of the ‘real’ world? What about our 
wearables, are smartwatches more AR than our digital or 
mechanical watches? We have prescription glasses and 
hearing aids that enhance our perception of reality and 
(sun)glasses and hearing aids that, respectively, reduce 
light and block external sounds. We can also diminish real-
ity by closing our eyes and having our sight sense take 
over by active touch and discovering and experiencing an 
object in a quite different way than just looking at it. 

Azuma restricts his definition to ‘combining’ the real 
with the virtual, and his examples are vision-oriented: 
“This definition allows other technologies besides HMDs 
while retaining the essential components of AR. However, 
this definition does allow monitor-based interfaces, mo-
nocular systems, see-through HMDs, and various other 
combining technologies.” 

The technologies that are mentioned do not refer to any-
thing other than the visual sense for combining virtual and 
real content. We may ask why using this AR technology 
provides us with a different view of our world than using 

glasses that enhance our vision, batteries that provide us 
with energy that allow us to use our smartphones, connect 
with the Internet and communicate with friends, and en-
hance our perception of the world. Technology is not 
something that is added to our world, it is part of our 
world. Moreover, AR technology is not restricted to vision-
oriented technologies as we can see in Azuma’s definition 
and it has to function in a world that is full of ‘traditional’ 
and digital technology. If we want to look at AR that ad-
dresses not only the sight sense we need to look at the ‘var-
ious other combining technologies’ that are mentioned by 
Azuma. AR functions in an already technology-
impregnated society and in particular a ‘real world’ that 
consists of domestic and public environments with proces-
sors, sensors, and actuators that know about a user’s AR 
view and assist in interpreting and dealing with this view. 
In a seminal paper [8], Steve Mann introduced other ways 
to look at AR and made it part of a device-independent 
view of what he called ‘mediated reality’. 

Let us, in this section, continue to focus on Azuma’s de-
sire not to limit AR to a specific technology such as an 
optical see-through HMD. Indeed, various forms of AR 
have been introduced such as spatial AR, mirror AR, moni-
tor-based AR, and handheld AR, which, although vision-
oriented, do not require an HMD and where the conditions 
of this definition are satisfied. It is also mentioned that AR 
might apply to senses other than sight and that view is also 
generally accepted and there are many examples of sys-
tems that address senses such as touch, taste, smell, and 
sound by adding or manipulating stimuli that address these 
senses. That is, in AR we can overlay the real world with 
layers that contain augmentations of more than one of our 
senses. In this way, we have a multisensorial augmenta-
tion. For example, a virtual object can be provided with a 
tactile component, an animated object can be provided 
with sound, tactile properties of a real object can be 
changed. However, rather than having the AR cluttered 
with virtual content, we need an alignment of the virtual 
content with the real world. It needs to be anchored in the 
real world such that it appears to be a part of the physical 
environment. This attunement must meet an underlying 
desired goal of the augmented world, its designer, its own-
er, or its user. AR has many application areas. In medical 
education, it will make different demands on plausibility 
than in a theme park or an artistic installation. 

It is quite possible that while wanting to avoid limiting 
AR to a specific technology Azuma nevertheless might 
have in mind other digital technology that could enable 
registration and real-time interaction. And nowadays it is 
hardly possible to think that digital technology will not be 
used whenever we want to create, control, mediate and 
experience stimuli that address our senses. On the other 
hand, unlike computer-generated Imagery that stimulates 
our sight sense, touch, taste, smell, and sound stimuli are 
not necessarily computer-generated and the delivery of 
these stimuli is not necessarily digitally controlled. Taste 
and smell are considered to be ‘chemical’ senses that re-
quire stimuli that can be digitally modulated but not re-
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placed with digitally-generated stimuli that address recep-
tors in the nose or mouth. 

Hence, we might question what is the role of digital 
technology in this generally accepted AR definition. Can 
there be something ‘virtual’ that has not been created by 
digital technology? Or does ‘virtual’ only apply to some-
thing that has been created by digital technology?1  Alt-
hough we will return to this question in a later section, we 
may already decide, looking at other than the sight sense, 
that the answer is negative. The next question is how virtu-
al content can be embedded in the real world. Does that 
always require digital technology? Again, the use of digital 
technology is obvious, we live in a digitally enhanced 
world, but that does not mean that it should be an essential 
part of an AR definition. The concept of real-time interac-
tion does not necessarily require a special role for digital 
technology. Again, this role may be obvious, but not essen-
tial for an AR definition. 

Augmented Reality and Ubiquitous Compu-
ting 

According to the definition, in AR virtual content needs to 
be aligned with the real world. This assumes that in aug-
mented reality we can perceive the real world, if not, the 
world around us would be an immersive virtual reality 
world. It also assumes that we can make a distinction be-
tween real and virtual content, at least from the point of 
view of an AR designer. Included in our real world is the 
technology that enhances our senses in dealing with the 
world, such as watches, glasses, hearing aids, smartphones, 
and other wearables. Smartphones are now an integral part 
of our lives. And so are social media. Navigation systems 
are integral parts of our cars. A car’s navigation system can 
provide information about what a driver will encounter 
further along the way. Street lights equipped with cameras 
can provide a motorist with see-through images on his 
front window (the car’s smart windshield) so that they can 
see around dangerous corners [10] and avoid collisions. 
While in the first decades of AR research it was oriented 
toward intrinsic issues, nowadays we cannot separate AR 
technology from smart digital technology, including all of 
our wearable technology, that exists in environments that 
have embedded sensors, actuators, and processors that are 
part of a ubiquitous computing world. This smart digital 
technology provides information that makes AR and inter-
action with AR more natural and smarter. It should be 
mentioned that neither in a recent article by Azuma [11] 
nor a “Grand Challenges for Augmented Reality” paper by 
Mark Billinghurst [7] there is mention of AR for other than 
the sight sense and the extrinsic issues of AR. But of 
course, humans are open to multisensorial stimuli, can pre-
dict these stimuli, cross-sensorially integrate these stimuli, 

 
1 In [9] Azuma’s definition is followed, but it is also mentioned 
that “AR supplements the real world with virtual (computer-
generated) objects that appear to coexist in the same space as the 
real world.” 

and act upon them. Hence, we want them also to be present 
in always-present AR. 

Because of these observations, some questions arise. 
These questions can be considered from a human-
computer-interaction-technological and a philosophical-
technology point of view. The first view can be given a 
simple explanation. We design for a user who needs an 
application where they perceive their physical environment 
but designer-added content to their view makes the appli-
cation more useful or more entertaining. In this case, the 
distinction between real and virtual is designer-made, that 
is, whatever the AR designer decides to integrate (that is, 
align) into an existing user-viewer environment. It will be 
perceived by this user/viewer and can be acted upon in 
their augmented world with whatever technology (if any) is 
necessary. This is a workable but also very opportunistic 
way to define the difference between real and virtual con-
tent in AR. 

There is more to say, for example about the interaction 
between and the co-creation of the virtual and the real, not 
to mention many more insightful reflections on this differ-
ence from a more technology-philosophical point of view. 
But let us start by emphasizing how diverse the technology 
that is available to AR designers already is. While in the 
past AR technology could be distinguished in its use from 
other smart technology, ‘just’  focusing on the generation, 
display, and alignment of virtual content superimposed on 
reality, nowadays this distinction is hardly possible any-
more. AR sensors and actuators are not that different any-
more from what we expect to see in our wearables and the 
other way around. Various AR technologies exist: visual 
see-through, pass-through, optical see-through, mirror-AR, 
and spatial AR., each of them requiring technology such as 
miniature RGB and infrared cameras, wearable projectors, 
GPS, Bluetooth, head- and eye tracking, accelerometers, 
gyroscopes, barometers, magnetometers, depth sensors, et 
cetera, that we also need and use in pervasive and ubiqui-
tous computing and require in the IoT. 

Moreover, when we look at perceptual stimuli other than 
sight stimuli, we need to consider technologies that stimu-
late our auditory, touch, and haptic senses, and electric and 
chemical-based technologies that stimulate and change 
smell and taste experiences. Hence, in addition to the al-
ready mentioned technologies that are needed to generate 
and spatiotemporally control virtual content from the point 
of view of the user, we need to look at devices that provide 
electric stimuli to the tongue for taste experiences, tactile 
gloves, and ultrasonic transducers for touch and haptic 
experiences, directional microphones and in-ear sound 
monitors for auditory experiences, and scent projectors for 
smell experiences. Even when the stimuli are not digitally 
generated, in AR research their spatiotemporal characteris-
tics are digitally controlled. 

In ubiquitous computing, we have digital content real-
ized by sensors, actuators, and processors, superimposed 
on reality. This digital augmentation is usually designed to 
increase efficiency in collecting, managing, and using in-
formation by those who own or are responsible for the en-
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vironment but is also designed to increase the efficiency 
and positive experience of human users’ use of smart envi-
ronments. The positive experience may also be the result of 
being part of artistic, entertainment, or game environments. 
Ubiquitous or everyday-present AR is included in the 
smart environments that are realized with ubiquitous com-
puting technology and cannot and should not be separated 
from other smart technology that is used to create these 
environments. And indeed, in [12] it is mentioned that “ … 
If AR is to become ubiquitous in consumer usage” it re-
quires a semantic understanding of the real world, an un-
derstanding that is only possible with having specific AR 
technologies embedded in ubiquitous computing technolo-
gies that aim to support users in whatever activities they 
are involved with. 

Do these observations have consequences for the Azuma 
AR definition or perhaps require a completely different AR 
definition? There are many more observations to be made 
about the constituents of Azuma’s definition before we can 
do so. These observations have to do with questions about 
how to distinguish virtual or digital from real, about inter-
action with virtual content, whether virtual content can 
change the real world, and with what we mean by the 
alignment of artificially generated or otherwise added con-
tent to a user’s perception of the real world. Perhaps we 
should emphasize that in this paper we want to refrain from 
discussions about whether we need to distinguish between 
what is real, digital, or virtual. We will return to that in a 
future paper. But at this moment it is useful to look at a 
few examples of (not necessarily sight-oriented) augment-
ed reality that help to shed new light on the constituent 
parts of the definition and on the consequences of having 
AR technology embedded in ubiquitous computing envi-
ronments where there can be multiple AR users sharing 
augmented perceptions of reality. When discussing AR, we 
should also keep the well-known quote from Mark Weiser 
[13] in mind “The most profound technologies are those 
that disappear. They weave themselves into the fabric of 
everyday life until they are indistinguishable from it.” 

Can we expect that AR technology will be weaved into 
the fabric of everyday life and is indistinguishable from it? 

‘Augmented Reality’ and Public Space 

In the early sections of this paper we looked at the various 
ways the real world can be considered as augmented and, 
in more detail on augmenting the real world using 
Azuma’s AR definition. We discussed the supposedly 
needed digital technology to do so. Our aim in the previous 
section was to show that AR is a smart technology that will 
be part of ubiquitous computing making use of the Internet 
of Things. We mentioned Weiser’s well-known observa-
tion about technology that weaves itself into the fabric of 
everyday life. This section aims to make these issues more 
concrete by discussing them in the context of an applica-
tion that we can encounter as part of our daily activities in 
urban environments, entering or leaving a subway station. 

Entering a Subway Station 
Piano Stairs is an interactive musical stairway that has 
been introduced in cities around the world. Walking up and 
down the stairs is detected by sensors and a different tone 
is generated for each step. It became popular after it was 
included in the Volkswagen initiative called “The fun theo-
ry,” a project that was meant to show that people’s behav-
ior can be changed for the better by making things fun to 
do [14]. The installation, using pressure sensors for each 
step, was created in 2009 in the Odenplan underground 
station of Stockholm. Subway commuters preferred to 
climb the stairs rather than ride the escalator. 

Similar installations had already been introduced before, 
following a design of the artist Christopher Janney [15]. In 
his design, patented in 1985, different series of melodic 
and natural sounds were activated depending on ascending 
or descending the stair. For each step, a different sound is 
generated. Light sensors, one per step, detect an individu-
al’s position on the stairs. Other installations, usually fol-
lowing the piano stairs idea, and usually temporary, have 
been created in public spaces all over the world. 

Staircase with Sound and Sight 
Let us have a fresh look at regular stairways in public envi-
ronments that we want to make more attractive by using 
augmented reality. Consider the situation of stairs where 
each step has a light sensor that detects whether someone 
steps at that particular step. After detection, a sound is 
played in the headphone of the person that climbs or de-
scends the stairs. The sound that is played can be the note 
that belongs to a piano key that corresponds with a particu-
lar step. Black and white piano keys can be painted on the 
steps. The sound can not be heard by others not wearing a 
headphone, although they may wonder why the steps are 
painted like piano keys. According to the definition of 
Azuma, we have AR for the headphone user. That is, the 
virtual content is sound, not necessarily digitally recorded 
or (re)produced. The interaction between the user and 
(augmented) stairs is in real-time, and the virtual content is 
registered (or aligned) with the real-world objects. That is, 
the notes corresponding to the trodden step are played. 

It can be enlightening to make a comparison between 
this sound-oriented AR with the vision-oriented AR ap-
proach where computer-generated images are superim-
posed on the real world that is perceived through an OST 
device. In vision-oriented AR we have sensors in our 
wearables, in particular, cameras that sense the real world 
and that provide a view of the real world that can be over-
laid with virtual content, that is, computer-generated im-
agery. But other sensors are also needed to provide infor-
mation that helps in aligning the virtual content with the 
real world from the point of view of the AR user. For ex-
ample, in OST AR we need to sense the position and head 
orientation of the user to align the virtual content with the 
real-world view of the user. Notice, that the virtual content 
could as well be directed sound, perceived from a particu-
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lar location in the real-world view that is provided by the 
OST device. In that case, the virtual content addresses the 
hearing sense. Virtual content that addresses other senses 
(touch, smell, taste) is possible as well. How virtual con-
tent is generated and aligned with real-world content is not 
an issue in Azuma's AR definition, although we often tacit-
ly assume that it is done with digital means. 

In the case of the piano stairs’ implementation consid-
ered here, we need to sense sounds aligned with our posi-
tion in the world as well. Sensors in our headphones can 
cancel environmental noise, so we have a ‘diminished real-
ity’, and they can focus on sound coming from a particular 
location or person and the sound can be adapted to a listen-
er's hearing capabilities. In the case of our piano stairs im-
plementation, this sensor technology can add to the proper 
alignment of the keynote sounds to the position of the user, 
for example, by taking care that the sounds not only align 
with the particular step on the stairs the user is making but 
also that the sound is coming from the direction from that 
step, from below, rather than being ambient (not coming 
from a particular location). 

Rather than using light sensors, we can think of an im-
plementation with pressure sensors. It does not change the 
virtual layer, only how the position of the user is sensed, 
and the sound that has to be played in the user’s headset. A 
stairs implementation in a smart public environment can 
have other sensors as well to provide a user with a person-
alized AR experience that addresses one or more of their 
senses, perhaps creating cross-modal effects. 

Going back to our example, whether realized with light, 
pressure, or other sensors, if there is more than one user on 
the stairs, all of them wearing headphones that allow them 
to hear the sounds that are produced when interacting with 
the stairs, they can share their augmented world and they 
might try to play together. How should we look at a situa-
tion where the sounds can be triggered and heard by every-
one who uses the stairs without needing a headphone? That 
is, the usual piano stairs designs as they have been imple-
mented in indoor and outdoor public spaces? Should we 
call it shared AR? If we make an AR installation public by 
not requiring a personal device that displays virtual content 
aligned with the real world, is it still AR? With spatial or 
projected AR and monitor-based AR we use projectors, 
cameras, and additional technology, but the user is not 
necessarily required to have a personal device to perceive 
the augmented world. Azuma's definition of AR does not 
exclude perceiving AR without wearing a personal device. 
We can compare this public sound-oriented version of the 
piano stairs with spatial and vision-oriented AR implemen-
tations that address the alignment of projected visual con-
tent (computer-generated imagery) with real-world content, 
where real-world content ranges from museum objects to 
architectural or other objects that we can find in public 
spaces, for example, a three-dimensional front of a histori-
cal building. 

We can turn the existing real world into an augmented 
real world by adding not yet present images, sounds, 
smells, tastes, or touch content, or by manipulating existing 

content in a way that can be perceived by the user of the 
AR environment, whether or not a digital or other device is 
needed for perceiving the additions. Neither does the added 
content have to be digitally generated. Added auditory and 
touch experiences can be generated, controlled, and 
aligned in a non-digital way and this is certainly true for 
smell and taste. Digital technology can play a role or be 
needed in generating and aligning content and being able 
to interact with the augmented world. However, we con-
clude that Azuma’s AR definition cannot be maintained if 
we want to include anything other than the sight sense and 
other than computer-generated content. If we want to 
maintain this definition, we should accept that we cannot 
always make a distinction between what we consider real 
and what we consider augmented. An elevator with glass 
walls is nicely aligned with the ground and other floors, it 
provides multi-sensorial experiences (auditory, visual, pro-
prioceptive, smell) that are not present with traditional 
stairs, and its interactivity (where to go, going back on 
decisions because of requests from other floors, detecting 
children below a certain age, excessive weight, or door-
closing obstructions), make such an elevator interactive as 
well. When we introduce such an elevator, we augment the 
existing world with multisensorial experiences that can be 
shared, from different perspectives, and that are not availa-
ble for non-elevator users. 

Perhaps we should say that this example is not about 
augmented reality because we do not need a wearable de-
vice to perceive the augmentation and its alignment with 
the real world. But this contradicts Azuma’s device-
independent AR definition. In addition, we may think of 
AR applications (spatial AR, mirror-based AR) where us-
ers do not need a device to perceive the AR display. And, 
as mentioned above, AR devices can be embedded in a 
ubiquitous or IoT computing environment that allows us to 
have a personalized augmented view of the world since the 
environment can recognize us, our context, our history, and 
our preferences, and therefore the (smart) environment can 
provide us with a view of the augmented environment that 
despite being shared, nevertheless provides us with a per-
sonalized view and corresponding (multisensorial) experi-
ences. Our view of the augmented world might be different 
from the views of other users sharing the augmented reality 
world, in whatever way the augmentations have been real-
ized, and whatever senses are addressed. 

While in the Piano Stairs observations we made above, 
artificial sounds had to be aligned with passers-by stepping 
on its steps, to make it (sound-oriented) augmented reality, 
previous paragraphs and subsections already alluded to 
other than sound-oriented augmented reality. We made the 
comparison with vision-oriented augmented reality. In that 
case, we have computer-generated imagery that has to be 
aligned with a user’s real-world perspective. Also, in the 
case of computer-generated imagery we can distinguish 
between individual (and personalized) AR, shared AR, and 
AR that has become part of reality. One or more AR users 
can have a personalized view of computer-generated im-
agery as virtual content superimposed on reality. An OST 
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device is required to view this content, aligned with the 
real-world content. Rather than having virtual content dis-
played on a user’s OST device, we can have it displayed 
and embedded in a user’s AR view of the environment. In 
projected or spatial AR, we have computer-generated im-
agery superimposed on real-world objects such as walls 
and buildings. Such projections can become part of ever-
present augmented reality, not requiring a device to per-
ceive the augmentation of reality. 

Augmenting with Scent 
Sensors, actuators, and wearables in a smart environment 
can provide its human inhabitants with augmented reality 
experiences, making the environment an AR environment. 
We can further illustrate this with smell-oriented AR and 
provide similar piano-stairs-like observations as we had 
above for sound and vision. The smell can be added to an 
existing environment by having it entered with smell-
emitting objects such as flowers or making changes to the 
environment by starting cooking. These smells are generat-
ed chemically, not digitally. Digital technology can be used 
to manage the distribution and context-aware manipulation 
of natural or chemically produced scents, but the content 
is, unlike what we encounter with computer-generated im-
agery that has to be aligned with reality, not computer-
generated. Papers that follow Azuma’s AR definition and 
mention that it as well includes other than the visual sense, 
do not elaborate on this definition. 

In various papers, scent-augmented realities have been 
discussed. The scent is usually delivered from fragrance oil 
cartridges. These cartridges can be present in a user’s envi-
ronment or a wearable display device, for example, at-
tached to an OST HMD that displays visual virtual objects 
and have scents attached to them. The scent has to be de-
livered to the user we want to give an augmented reality 
scent experience. This is easy when the cartridges are near 
the user’s nose and mouth, otherwise a directional stream 
has to be created, targeted at the user. Alignment (as men-
tioned in Azuma’s definition) requires spatiotemporal con-
trol of the scent, which can be realized with fans that blow 
over an opened cartridge, scent projectors that make use of 
invisible air vortices [16], [17], or ultrasound [18]. If the 
scent-delivery system is not wearable, then the position of 
the user, in particular their nose, can be tracked with cam-
eras that are present in the application area. Commercial 
olfactory displays that deliver directional olfactory streams 
are already on the market [19]. Hence, this way of scent 
generation (not digital) and (not necessarily digital) deliv-
ery to one particular person makes it an olfactory augment-
ed reality experience. 

We can argue whether a scent should be considered vir-
tual. Unlike computer-generated imagery, the artificially 
added scent is not generated digitally and the alignment 
does not necessarily require digital technology. As in the 
case of computer-generated imagery where the aim can be 
to make it indistinguishable from visual reality in an AR 
application, we can think of sounds or scents that are indis-
tinguishable from reality but this more or less requires also 

considerations about the appropriateness of images, 
sounds, and scents that are added and perceived by the AR 
user, which again has to do with alignment. Another com-
ponent of Azuma’s definition is interaction in real-time. 
What does it mean to interact with scent?  Smells can re-
call memories and influence our behavior. We can sniff a 
scent and actively look for different scents but that does 
not define human-scent interaction. Rather we can have the 
user exploring the environment guided by smells or acting 
on objects in the visual AR environment that have (aug-
mented) smells associated with computer-generated visual 
virtual objects. From this point of view, we can say that 
Azuma’s definition also covers a smell-oriented realization 
of augmented reality. Of course, interactivity is also pre-
sent when an application requires the user to control the 
scent delivery system. For example by providing the user 
with a control panel or sensing the user’s activity (gaze, 
gestures, et cetera) that triggers the scent delivery system. 

We might think of a future scented version of the piano 
stairs where each step triggers a different scent. This cer-
tainly requires the quick switching and neutralizing of 
scents or their intensity. Rather we look at the next step we 
made when we discussed the transition from an individual 
AR experience to a shared AR experience, where ‘shared’ 
does not exclude the possibility that the AR experiences 
are personalized and depend on the position and orientation 
of the participants. Scents can be shared, whether their 
delivery and distribution are done by personal wearable 
delivery systems or by directional scent delivery systems 
(scent projectors) positioned in the environment. Sharing a 
scent-augmented environment can nevertheless provide 
inhabitants with different smells and smell intensities, 
similar to what we saw in the case of sounds in the sound-
augmented environment of the Piano Stairs. Interactions 
between users based on their own or shared smell experi-
ences are possible. Other inhabitants of the environment, 
not included in the scent-supported community, not having 
wearable scent delivery systems, or not being targeted by 
scent projectors, do not share the scent-enhanced reality. 
We can, as we discussed in the case of Piano Stairs, make 
the scent augmentation of the real-world environment 
available for everyone in the environment, not needing a 
special device, although different locations can have dif-
ferent smells. Just like daily experienced Piano Stairs, the 
olfactory augmented reality has become a daily reality, that 
is, not experienced as augmented anymore. The people 
involved are becoming familiar with the scents, there is 
habituation. AR becomes reality, similar to what we saw in 
the other examples we presented. 

Conclusions 

Once our ubiquitous IoT computing becomes reality, in-
cluding ever-present AR, it is not relevant anymore to dis-
tinguish AR from other digitally generated and controlled 
aspects of reality. To substantiate this conclusion we start-
ed with a global view of how the real world is already 
augmented and whether digital generated virtual content 
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can add to that from the point of view of Azuma’s defini-
tion. AR does not necessarily require digitally generated 
content and having that aligned with real content. It de-
pends on the senses that are addressed. Also, AR technolo-
gy can not be isolated from other technology that makes 
ubiquitous computing possible. 

We discussed an AR view on daily activity in public 
spaces, entering and leaving a subway station, and used it 
to explain our view on augmenting the real world with 
technology that provides us with an Azuma-like AR view 
but that does not necessarily distinguish between virtual 
and real and by looking at other modalities than vision 
only, not necessarily requires digitally generated content. 
We distinguished between individual, shared, and collec-
tive experiences. To have technology-supported personal 
experiences in the world the technology should be tuned to 
a particular user. That is true for a smartphone, a headset, 
or prescription glasses and it can be true for AR experienc-
es. Every individual's beliefs (common sense and world 
knowledge), aims, actions to satisfy them, and emotions 
are unique. AR technology becomes part of unobtrusive 
technology in our wearables that communicates with our 
smart (urban, office, domestic) environments in a way that 
we prefer and get used to it. Following Mark D. Weiser 
[13], it disappears into the fabric of everyday life, includ-
ing social life in public spaces and urban environments [2]. 

An OST HMD such as a Hololens is not unobtrusive. It 
is inconvenient to wear, it has a limited field of (virtual 
content) view, and it covers regions of the face that are 
important for social interaction [20]. But, OST HMD de-
vices, just like virtual reality devices, develop into all-day 
wearable light-weight glasses that cannot be distinguished 
from prescription glasses or sunglasses. They will be put 
on the consumer market by companies like Facebook, 
teaming up with Ray-Ban, Google, Apple, and Amazon 
[21]. AR contact lenses with image and motion sensors, 
connected to a smartphone, are also in development [22], 
[23]. We enter the world of Vernor Vinge’s novel Rain-
bows End, where wearing computers is the norm, people 
choose cliques or ‘belief circles’ with which they share 
experiences, and use contact lenses that overlay what they 
see with virtual content that redresses their environment to 
their taste [24]. 
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