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Abstract ITA 

 
La realtà aumentata è uno dei paradigmi più promettenti nel campo 
del design dell’interazione, con più di quarant’anni di avanzamenti 
alle spalle, si trova adesso davanti a un momento cruciale del suo 
sviluppo. 
Oggigiorno, le tecnologhe che possono permettere la sua piena frui-
zione hanno raggiunto possibilità tali da poter garantire un conti-
nuo arricchimento della realtà con informazioni puntuali e rilevanti, 
dovunque e sempre, risultati che solo pochi anni addietro rappre-
sentavano problemi di difficile risoluzione. 
Queste possibilità sono da altra parte oscurate dalla sempre più 
lunga lista di start up e aziende che, seppure pochi anni addietro 
promettessero nuove meraviglie tecnologie nel campo della realtà 
aumentata, sono costrette oggi a ridimensionare o addirittura ab-
bandonare le proprie ambizioni. 
Una delle motivazioni che sta limitando l’adozione di questa tecno-
logia è la scarsa attenzione all’utente finale, alle sue aspettative ed 
esigenze, che spesso vengono messo in secondo piano rispetto alla 
tecnologia stessa.  
Il lavoro di questa tesi propone l’analisi e la classificazione dei me-
todi adottati fino a questo momento per la valutazione oggettiva e 
soggettiva di questa tecnologia. 
Inoltre, è stato elaborato un framework per poter identificare le mi-
gliori tecniche di indagine. 
Il framework ha il duplice scopo: illustrativo, per identificare metodi 
e tecniche impegnate in passato nel campo della valutazione utente 
con tecnologie AR, e operativo, per poter valutare quale metodolo-
gia e strumento siano i più adatti a una specifica situazione rispetto 
che un'altra. 
All’interno di questo lavoro vengono anche proposti due casi studio 
per poter, da un lato, illustrare passo a passo l’utilizzo del fra-
mework, e dall’altro, per comprenderne i limiti e le potenzialità dello 
strumento sviluppato.  
Entrambi i case study derivano da reali prototipi di sistemi AR, sui 
quali andremo a utilizzare il framework per decidere quali metodo-
logie di valutazione siano le più opportune da utilizzare per ogni 
specifica situazione.  
L’uso di questo framework potrà così favorire lo sviluppo e la vali-
dazione di nuove modalità di interazione sempre più incentrare 
sull’utente finale al fine di rendere la realtà aumenta alla portata di 
tutti e al di fuori dei centri di ricerca e sviluppo. 
 
Parole chiave: Realtà Aumentata, Realtà Mista, Valutazione 
utente, metodi di valutazione, strumenti di valutazione, framework 
di valutazione, design centrato sullo utente, Esperanza utente, test 
con utenti, test di usabilità 
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Abstract ENG 

 
Augmented reality is one of the most promising paradigms in the 
field of interaction design, with more than forty years of advance-
ments behind it, right now is facing a crucial moment in its develop-
ment. 
Today we have the technology that can enable its full potential, al-
lowing us to “augment” the world around us with timely and rele-
vant information, everywhere and at any time, results that only a 
few years ago presented challenging problems. 
However, these possibilities are obscured by the ever-growing list 
of start-ups and companies that, after long developments and 
promises of new tech marvels, are now forced to downsize, or even 
abandon their ambitions. 
One of the reasons that are holding back the technology has been 
identified in the lack of study focused on the end-users, on their mo-
tivations and needs, often overshadowed by the technology itself. 
In this regard, this thesis work aims to analyse and categorize the 
methods so far adopted to investigate the objective and suggestive 
spheres of this technology. 
In addition, a framework has been developed to identify the best 
evaluation techniques to employ in the future. 
Thus, this framework has two goals: an illustrative one, to inform 
which fields and which techniques have been used in the past re-
garding the user evaluation with AR technologies, and an opera-
tional one, to evaluate which methodology and tool are the best 
suited to a specific situation over the other. 
Inside this work, we also propose two case studies to illustrated 
step by step the use of the framework, and to understand what the 
limitations and potentials of this tool are. 
Both case studies derive from real AR prototypes, and on these we 
will use the framework to decide which evaluation methodologies 
are the most appropriate to use for each specific situation. 
This framework would thus be able to guarantee faster develop-
ment iterations, keeping the end-user always at the centre of the 
development, and bringing this new revolutionary technology in the 
hands of people outside the research and development centres. 
 
Keywords: Augmented Reality, Mixed Reality, user evaluation, 
evaluation methods, evaluations tools, evaluation framework, User 
Centered Design, user experience, user testing, usability testing 
  



 

 
1 – INTRODUCTION & BACKGROUND 

INTRODUCTION & BACKGROUND 

1.  
INTRODUCTION 
& BACKGROUND 

Augmented Reality (and to an extent Mixed Reality) is one of the 
most promising technology right now in the field of interaction  
design, it has the potential to change irremediably the way we act, 
see, and experience the world around us. 
With a long history of advancements in the last century, in the next 
years is expected to reach wider and wider adaptation [51F1] bringing 
us what is considered the “next-generation interface [ 52F2] [ 53F3], a new 
interaction paradigm without borders between the real world and 
the information accessed, where the world is itself become the in-
teraction medium, the next leap in Human-Computer Interaction af-
ter the Graphical User Interface [54F4].  
But exactly what are we talking about? In the next section, we will 
lay down the bases to understand this new interaction paradigm, 
define exactly what is, where came from, and what is the main ap-
plication that these new technologies could bring us in the future. 
We will also see the main problems and issues that afflict Aug-
mented Reality right now and define exactly what is imitating the 
integration and adoption of this technology, as well as what could 
stem these problems. 
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1.1. Definition 

 
The term Augmented Reality was originally coined by Caudell and 
Mizell [55F5] in the early 1990s, two Boing engineers that at the time 
were developing an innovative system to help workers visualize the 
complex aircraft schematics directly on the body of the plane on the 
factory floor (through the utilization of a headset).  
Although the term was created at the end of the XX century, the 
concept of Augmented Reality is at least one hundred years old, as 
we will see in the next chapter. 
As often happens with new paradigms and technology that chal-
lenge how we define and behave with the world (as well as our 
relationship with the technology itself), giving a brief and concise 
definition is quite difficult, and the borders of this definition can only 
be blurry and undefended. 
Therefore, to better understand what we are dealing with, we had 
to define not only what is Augmented Reality (hereinafter abbrevi-
ated as AR), but also what are Mixed (MR), Virtual (VR) and Ex-
tended Reality (XR). 
We will start with the definition of Augmented Reality to better un-
derstand the definition problem. 
Springer’s Encyclopaedia of Multimedia define Augmented Reality 
as:  

Augmented reality is a system that enhances the real world  

by superimposing computer-generated information on top of it [ 0F6]  

that is not dissimilar to the Cambridge Dictionary definition:  

Images produced by a computer and used together  

with a view of the real world [ 1F7]  

At first glance, these definitions could appear complete and com-
prehensive, but paint only a small part of the complex and varie-
gated definition that AR has. 
To start, these definitions seem to indicate that the term is restricted 
only to the sense of view (pictures and images, that the most used 
media by our society to share information), but during the years the 
AR term was commonly used also to “augment” other senses, such 
as auditory, kinaesthetic, olfaction and so on, without limiting it only 
to one sense that would be too restrictive.  
The second insight, these definitions offer, is that AR can be only 
generated by a computer, and, in the past, there have been debates 
about the topic of “exclusivity” of computer to be the device that can 
augment the real world, or if also an analogue device (such as, an 
analogic radar screen reflected inside a cockpit) can be considered 
AR.  

“ 
„ 

„ 
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This is a complex taxonomy topic and for the purpose of this work 
it could be neglected and both cases can be considered AR. 
This statement is originated from the consideration of the current 
state of our technology, where thanks to the unprecedented com-
putational power of today devices often in small form factors, and 
the infinite potential that they can have in generating an AR con-
text, the subgroup of analogue AR devices, which has always been 
small and confined to the first searches of the field, will be less and 
less relevant in the future, if not completely inexistent. 
Returning to the main topic, another more comprehensive definition 
is the one from the Interaction Design Foundation that says: 

Augmented reality is an experience where designers enhance parts 

of users’ physical world with computer-generated input.  

Designers create inputs (ranging from sound to video,  

to graphics to GPS overlays and more) in digital content which re-

sponds in real-time to changes in the user’s environment, typically 

movement [ 2F8] 

It states that the real world can be enhanced not only by images 
but also by something more (like data, sound and so on), this defi-
nition is better than the previous one, but is still lacking. 
It does not say how much an experience can be enhanced, and if 
we start to consider other types of technologies that also can en-
hance an experience the boulders of AR start to become too fuzzy 
and undefined: are the graphics superimposed on the sports chan-
nel on the T.V. (like the world record position in a swimming com-
petition) in the same category of a VR game or exhibition?  
Both of them are enhancing the user physical world after all, one in 
an informative way, the other for entertainment and cultural pur-
pose, we need something more to define AR.  
To cope with this differentiation problem, we need to introduce a 
framework where both AR and VR can be better defined: the real-
ity-virtuality continuum by Milgram and Kishino [56F9]. 
They created this concept in 1994 to better define the various ty-
pologies of visual display available back then for AR and VR, and 
since then, the reality-virtuality continuum has been the standard 
framework to distinguish these terms and technologies. 
This continuum relates to the different types of objects and environ-
ments that can be presented in any display situation (both immer-
sive and not).  
It could be viewed as a spectrum, where on one end lies any envi-
ronment composed only of real objects, including whatever might 
be seen in the real-world scene, either directly in person or through 
some kind of (video) display (either see through that not).  
On the other end of the spectrum lies instead every environment 
that consists only of virtual objects (such as conventional computer 
graphic simulations), either monitor-based or immersive.  
The authors then introduced the Mixed Reality (MR) concept, de-
fined it as any environment in which both real and virtual world ob-
jects are presented together within a single display, and can be, 

“ „ 
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according to the degree of what is displayed, anywhere on the  
continuum [Figure 1-1]. 

 
Milgram also individuates on the continuum the interesting concept 
of Augmented Virtuality (AV). 
It consists of “Augment” the virtual world with something from the 
real one, we can see this special type of augmentation in action in 
the special effects industry for live TV broadcasts, where thanks to 
special techniques they can represent people in a totally fake and 
constructed (virtual) sets.  
Now, looking at the Virtual Continuum schema, we can easily dif-
ferentiate Augmented Reality from Virtual Reality (that in the origi-
nal virtual continuum schema was called Virtual Environment  
and is position on its far-right side), VR, on the contrary of AR,  
completely substitute the real world with the virtual, instead to  
enhance it. 
With this concept in mind, Milgram and Kishino define Augmented 
Reality as: 

Augmenting natural feedback to the operator  

with simulated cues [ 57F10] 

This board definition simplifies the differentiation between AR, VR 
and MR, but is too vast, are the images virtually enhanced of films 
(like Jurassic Park, where the T. rex was layered on the top of real 
images in a later production stage) the same of the information dis-
played in real-time on a HUD of an aircraft? We are missing one 
dimension here, time. 
On this matter various researchers tried in the past to define better 
the specially and intractability of AR: around the year 2000, Azuma 
has investigated the best visual trade-off used in AR application of 
the time, and further reduced the broad definition of Milgram 
[ 58F11][59F12] including these assumptions:  

1. AR combines real and virtual world (according to the  
Virtual Continuum concept), 

2. AR is Interactive in real-time, 

3. AR is registered in 3D (it matches the viewer position with the 
world position). 

“ „ 
 

Figure 1-1

Virtuality Continuum (VC)
schema (source: [9])
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According to Azuma, these principles narrow the field of possible 
applications that can be considered AR, without narrowing too 
much the possible technologies that can be used for achieving AR. 
We can borrow them to define better our definition, they imply the 
necessity of AR applications to work in real time and match the 
real-world input. 
Finally, we can combine what we have discussed until now in this 
definition:  

Augmented Reality is the augmentation of the natural feedback 

that one person has of his or her surroundings employing various 

devices, it is interactive in real-time, and combine the real (what is 

augmented) and virtual world (that is the augmentation) in a seam-

less way according to the virtual continuum. 

This is only one definition, and it is a highly technical one (it is orig-
inated for the need of Milgram, Kishino and Azuma to differentiate 
the various types of video display used in the virtual continuum  
to find the best tread off for the best AR visualization), but it can be 
used right away and is not too difficult to grasp. 
However, there is no common agreement on the right definition of 
AR, and different definition and taxonomy exists (Normand and 
Moreau even classified them in four different groups before trying 
to create their own taxonomy of AR [60F13]) 
Other researchers tried to improve the definition and they expand 
the Virtual Continuum to better define their research fields. 
To study the concepts of shared spaces, collaboration and interac-
tion within Virtual and Augmented Realities, Benford et al. [61F14] in 
1998 expanded this definition by taking the Virtual Continuum as a 
starting point.  
Together with the real/virtual axes, they introduced another dimen-
sion parallel to the first one, called “Dimension of Transportation”. 
On this new axis, they collocated at one extreme all the situation 
where people share the same physical space (local), and on the 
other side the situation where the users were far apart (remote), 
this created a new 2D space on which concepts as Telepresence 
(TP) and Physical Reality (PR) could find place [Figure 1-2]. 
  

Figure 1-3  

Benford et al shared spaces 
schema (source: [14]) 
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Another work that expanded the Milgram and Kishino continuum 
was made by Steve Mann, that in 1994 introduced the concept of 
Mediated Reality [62F15].  
In his interpretation, the continuum is not limited to mixing real and 
virtual objects, but it can also modify and filter the users’ view of the 
real-world (e.g., substitute unwanted advertising on a public bill-
board with something else, like the user personal email client)  
[Figure 1-3]. 

 
Mann introduced another dimension to the Virtual Continuum, the 
amount of mediation (or filtering) that is performed in the users' per-
ception of the real (or virtual) environment. 
The author also introduced the concept of MODulated (or DIMin-
ished) Reality, that contrary to what happens with AR, which 
should enhance the users’ world perception, reduce what the user 
is experiencing, like in the case of unwanted advertising on public 
billboards. It is an intriguing use case that these technologies could 
bring. 
A fascinating definition based on a completely different point of 
view is the one from Olivier Hugues, Philippe Fuchs, and Olivier  
Nannipieri [63F16].  
Starting not from the technologies that enable AR but from the def-
inition of AR itself, they tried to understand its potentials, function-
alities, and purposes, they asked to themselves:  

What is augmented in augmented reality? 

 If reality is by definition everything that exists,  

then strictly speaking reality cannot be augmented since  

it is already everything. So, what is augmented? […]  

The answer seems obvious: it is not reality, but the perception  

of reality which is augmented.  

Figure 1-4

Milgram and Kishin’s
continuum

(source: [15])

“ 
„ 
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This shift of perspective from reality to perception (they also coined 
the term “Augmented Perception”) opening the door to a different 
type of consideration about AR; a pragmatic one.  
They continued considering Bergson’s definition of perception [64F17]: 
He said that for human beings, any perception and any knowledge 
have only one final aim: action. 
We do not perceive and do not attempt to familiarize ourselves to 
know, but rather to act, indeed perception is never disinterested, 
knowledge is only ever a means to acting better in the real world: 
surviving for wild animals or being happier for humans [65F18]. 
This concept is further altered by the ability of humans to use the 
things we build (i.e., technology) to interact with the real world: us-
ing any technical device modifies our relationship with the environ-
ment, and so it modifies our perception [66F19]. 
Therefore, we cannot “only” endeavour to perceive better (augment 
our perception) since perception is not a final aim, but a means of 
achieving an aim (surviving or being happier), thus, AR technologies 
may satisfy two objectives for humans:  
 

1. Enhance the understanding and mastery of the real world and 
so, an augmented perception of reality. 

2. Propose a new environment whose aim does not appear to 
obey either requirements in terms of knowledge or practical re-
quirements [16]. 

 
This shifting of the definition problem from the technological one to 
a pragmatic one, allow us to better think about the aim of this tech-
nology, its limits, possibilities, and meanings for us as humans with-
out being imitated to the practical and technical aspect of it.  
Finally, I want to clarify some acronyms that lately are being used 
by the specialized press (mainly in the marketing and tech world), 
which are different from the classical academic definition we found 
and discussed in this chapter. 
After Google launched its Google Glass project back in 2012 [ 3F20], 
Oculus its first prototype in 2012 [4F21] and Microsoft its HoloLens 
project in 2016 [5F22], terms like VR, MR, AR, entered the common 
jargon, but thanks to the marketing push of this, and other big tech 
companies that join the market, a different definition for AR and MR 
was adopted. 
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The main differentiating factors of this definition are the degree of 
interaction between the virtual objects and the real world, and how 
these elements are represented in respect to each other, which is 
instead the key differentiating characteristic of the Milgram’s Virtual 
Continuum: 

 AR is often described as superficially interact with the environ-
ment, with no occlusion between the virtual and real environ-
ment. The user cannot interact directly with the virtual objects, 
and sometimes they are not even matched in the real 3D world 
[ 6F23]. 

 MR on the other way, (also referred to as Mediated [7F24] or Hy-
brid [8F25] reality by some company) is the complete merge of 
the virtual and real world. In this definition virtual objects can 
interact with the real world (and often also the other way 
around), there is real-time occlusion between them, and some-
times they can react to the lighting changes of the environment 
to better camouflages themselves with the environment. 

Occasionally also the term Extended Reality (XR) can be found 
online, it is an umbrella term that encompass AR, MR, and VR, and 
it is in some way similar to the Virtual Continuum. 
For the purpose of this work, I will use the terms used in the aca-
demic literature, thus the term Augmented Reality will be refired to 
the definition we found in this chapter, and the terms Mixed Reality, 
Virtual Reality and Augmented Virtuality as the ones defined by Mil-
gram and Kishino. 
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1.2. Main events in the history of 
Augmented Reality 

Although the technology that enables AR made great strides in the 
last decade, the first idea and the initial implementation are not re-
cent.  
With at least one hundred years of advancements since the first 
concept, through the first research imitated to the military and aer-
onautical fields, the opening to other sectors in the 80s and 90s, and 
finally arriving at the commoditization and the entrance of the term 
in the lives of common people in the last decade.  
In this chapter, we will retrace the main events in the history of AR 
to better understand what has been done, where the concepts 
came from, and where we are headed. 

1.2.1. The history of AR 

The ancestor of AR can be traced back to the so-called Pepper's 
ghost illusion by the English scientist's John Henry Pepper [67F26]  

during the mid-19th century. 
The illusion, even in use today inside amusement parks and in some 
AR systems, use a clever system of light, mirrors, and optical ele-
ments to give the impression that the reflected objects share the 
same space of the real objects that the user is looking at.  
[Figure 1-4] 

 
Figure 1-6 - Stage setup  
for Pepper's Ghost, book 
 illustration of the IX century 
(source: Le Monde Illustré) 
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We can also find a similar concept inside the 1901 novel Master 

Key: An Electrical Fairy Tale [ 68F27] novel is published by L. Frank 
Baum’s (author also of The Wonderful Wizard of Oz). 
In this book there is one of the first mentions of an augmented real-
ity-like device, the so-called “character marker” glasses. 
This pair of spectacles could reveal to the persons wearing them 
the hidden personality traits of the characters surrounding him, 
though a letter that will appear on the person’s forehead. 
But we had to wait until the 1942, In the context of the Second 
World War, to see the first proper experiment inside the field of AR, 
and more specifically inside the context of the Telecommunications 
Research Establishment in England.  
They were experimenting with the combination of images from the 
radar system and the gunsight system of the Havilland Mosquito 
night fighter, where the resulting image were projected on the 
windscreen of the cockpit [69F28]. 
Similar research was then conducted ten years later inside the 
United States ANIP program, were the first prototype of synthetic 
vision for aircraft system [ 70F29], a special type of instrumentation that 
collected the flight data from the aeroplane and provided them to 
the pilot to improve the operation of the aircraft in all-weather con-
ditions, were develop. 
Interesting was also in 1957 the works conducted by the Cinema-
tographer Morton Heilig, he built the first immersive multi-sensory 
experience prototype called Sensorama [71F30], initially described in 
his 1955 essay “The Cinema of the Future” [72F31]. 
This prototype consisted of a new theatrical experience, where the 
viewer could experience a film not only with his or her eyes and 
ears, but also with the other senses in an effective manner.  
Today this experiment is considered an ancestor of modern-day VR 
and AR experiences [Figure 1-5]. 
  

Figure 1-7
Picture of Sensorama

by Morton Heilig
(source: lausanne.inno-forum.org)
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We need anyway wain until the earl 60s of the last century to see 
the first prototypes of wearable headsets, with Philco and Hughes 
Aircraft and theirs Headsight and Electrocular [73F32] [ 74F33], two head-
mounted systems designed to improve remote operation and jet 
fighter pilots’ performance. 
In the same years, Bell Helicopter Company started experimenting 
with a servo-controlled infrared camera, controlled by a remote 
viewing device on a headset, the aim of this prototype was provide 
to helicopter pilots with an augmented remote view of the ground 
linked with their head movements [Figure 1-7]. 
However, only in the years between the 1965 and 1968 the AR re-
search field really begins to flourish, mainly with the developments 
of Ivan Sutherland, associate professor at Harvard University (and 
the creator of the SketchPad project at MIT three years prior [75F34]). 
Interesting is his essay “The Ultimate Display” [76F35], published in 
these years, where he conceptualizes a room where a computer 
could control everything, even down to the existence of the matter, 
this prompted him to say:  
 

With appropriate programming, such a display could literally  

be the Wonderland into which Alice walked 

 
A clear vision that will constitute the aim of his work, and of this 
field as well. 
Indeed, three years later, Sutherland and his students visited Bell 
Laboratories, and deeply impressed and inspired by their remote 
viewing prototype, they begin to build their version in the same 
year: “The Sword of Damocles”, a headset system with head-track-
ing capabilities enhanced by computer-generated images [ 77F36]. 
This head-mounted display consisted of two CRTs (one for each 
eye) suspended from the ceiling (due to his weight, and thus the 
origin of the name), the unit was partially see-through and used a 
special purpose computer to generate a single cube with some let-
tering on the sides. 
This prototype is often cited as a precursor to AR and VR technolo-
gies, and credit as the first of its kind, allowing 3D head tracking in 
space with the ability to display both the virtual and real environ-
ment, it permitted Sutherland’s team to conduct various experi-
ments within this new and unexplored “virtual world” in the follow-
ing years [Figure 1-6]. 
Of course, seen with today eyes, this prototype seems cumbersome 
and of difficult use, however if we consider that in those years, even 
the simplest computer had the dimensions of entire rooms, we can 
well see how this prototype was revolutionary at the times, and 
how it shaped the history of this field.  

“ 
„ 
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Figure 1-10 (above)  
Sutherland’s The Sword of Damocles 
headset 
(source: Il grado zero della 

rappresentazione / Representation 

Degree Zero, A. Sdegno) 
 

Figure 1-9 (left)  
Third Eye for Space Explorers 
(source: [29])  
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At the end of the decade, Myron Krueger developed a series of  
interactive computer artworks which he named “artificial reality” 
[ 79F37]. 
These works consisted of interactive computer-generated environ-
ments that could connect far away people (even miles apart) in a 
responsive and playful way, today this artwork is considered the 
forerunner of telepresence.  
A series of projects (Glowflow, Metaplay, and Psychic Space) fol-
lowed during the years, culminated in 1975 with Videoplace, an Art 
installation and interactive environment where visitors could control 
the surrounding space through their movements and actions with-
out the use of goggles or gloves [Figure 1-8], applications that are 
very close to the spatial AR systems that will be thoriate only 
twenty years later. 
In the eighties, Steve Mann (who later in 2000 received the title “Fa-
ther of Wearable Computing” by the IEEE for his inventions and 
contributions to the field [9F38]) created the WearComp1, a concept 
prototype for a wearable AR headset computing device, the first of 
his kind, he also continued, over the span of three decades, to  
iterate this concept in what we know today as Eyetap [Figure 1-9].  
In 1985, Jaron Lanier (former Atari developer, who later will coin the 
term “virtual reality”) and his fellow co-worker Thomas G. Zimmer-
man founded VPL Research.  
This company will later develop the Data Glove (a device that al-
lowed people to use their hands to interact with a virtual environ-
ment) and the EyePhone, (a head-mounted display), the first de-
vices of their kind available to the public. 
In 1990, the term “Augmented Reality” is finally conceived  
by Thomas P. Caudell, and David Mizell two Boeing researchers [5]. 
 
  

Figure 1-11 (below left)  
Videoplace art installation  
by Kruegerg  
(source: Digital Art Museum) 

 

Figure 1-12 (below right)  
WearComp1 prototype concept 
(source: [29]) 
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The scope of their research was to simplify the process of conveying 
wiring instructions for aircraft assembly to the factory floor workers. 
They proposed a headset that overlaid computer represented ma-
terial on top of the real world (their research was later published in 
1992 in a paper). 
In the second part of this decade, Steve Mann develops the first ver-
sion of Sixth Sense within the context of MIT Media Lab [ 81F39], a ges-
ture-based wearable computer system. 
This prototype will undergo a series of iteration: In 1997 he will be-
come a head-worn item, in 1998 a neck worn device and finally in  
2009 a projected AR tool with internet connectivity [82F40] (thanks 
also to the work of Pranav Mistry) [Figure 1-10]. 
In 1996, Steven Feinberg (professor of computer science at Colum-
bia University) created the first outdoor mobile augmented reality 
system using a see-through display.  
This project will develop some years later in MARS (Mobile Aug-
mented Reality System) and The Touring Machine [83F41]. 
The AR system was composed of a head-mounted display, a 
handheld tablet display for interaction, a backpack with a com-
puter, GPS, and internet connection through digital radio for wire-
less web access [Figure 1-11]. 
The system was still cumbersome and uncomfortable, anyway it al-
lowed users to see combined overlaid 3D graphics elements with 
the untethered freedom of mobile computing, proving support for 
everyday interactions with the world, thus making a substantial 
contribution to the field of mobile AR. 
In the same year, Sony released the Glasstron, a head-mounted dis-
play that included two LCD screens and two earphones for video 
and audio respectively, it could also become a see-through display 

Figure 1-14 (below left)
MARS prototype 

by Steven Feinberg
(source: [29])

Figure 1-13 (below right)
Sixth Sense by Steve 

Mann in its late revision
(source: MIT Media Lab)
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in its late revisions, this device will be later used in many AR studies 
due to its versatility. 
Here, in the late nighties, the new-born Augmented Reality field 
started to become a distinct field of research, with several interac-
tional conferences, workshop and symposium on the topic of AR 
and MR, became possible to rapidly build AR prototypes thanks to 
open toolkits like the ARToolKit and survey on the state of the tech-
nology become available [12]. 
Always in these years the concept of spatial augmented reality 
(SAR) is introduced at the University of North Carolina, where vir-
tual objects are rendered directly within, or on, the user’s physical 
space without a headset [84F42]. 
At the turn of the millennia ARQuake, one of the first outdoor AR 
game experiences, was developed by Wearable Computer Lab Uni-
versity of South Australia, using a head-mounted display, a mobile 
computer, a head tracker, and a GPS system to control the game 
player [87F43]. 
Four years later, the first augmented reality system on a consumer 
mobile phone was accomplished by Mathias Möhring, Christian 
Lessig, and Oliver Bimber at the Bauhaus University [88F44],  
making prototyping for mobile AR technologies more accessible 
[Figure 1-12]. 
In 2007, Sony released for the gaming console PlayStation 3 the 
game The Eye of Judgement, introducing to the gamers audience 
the concept of AR, it was a card-based battle game where players 
used their physical cards, recognized by the PS3 camera, to control 
the game. The game sold over 300,000 copies, making it the most 
widely used AR experience at the time [89F45]. 
But only two years later, in 2009, the general public will have they 
first experience with the world of AR, with  
Indeed, this year represented a turning point for AR: LEGO launch 
DIGITAL BOX in its stores [ 10F46] [Figure 1-13], where customers 
could see a preview of the products on dedicate AR totems, and 
Esquire Magazine publish its special on AR [11F47], including AR mark-
ers that the reader can use to experience extra the content in real-
time with the help of their smartphones, the general public interest 
in AR field start to raise. 
  

Figure 1-15 (below left) 
First AR system on  
a consumer mobile 
phone implemented 
by Bauhaus  
University 
(source: [44]) 
 
Figure 1-16 (below right) 
LEGO DIGITAL BOX  
interactive totem 
(source: LEGO 



 

 
1.2 Main events in the history of Augmented Reality – 16 

Always in 2009, Projects such as Vuforia and nyARToolKit are 
launched, simplifying the development of AR for the web, and fur-
ther simplifying the creation of AR applications. 
The next decade will see Microsoft launching project Baraboo (re-
lying on its experience with the Kinect technology), to develop 
mixed reality smart-glasses, it will become Microsoft HoloLens in 
2016 with its first developer’s edition at the market price of $3000 
(they will launch the second version in 2019, this time aimed more 
towards the Enterprises field). [Figure 1-15] 
In 2011, instead Magic Leap began to raise investments, the first 
round of $50 million, which will become $1.4 billion in 2014, the 
largest public investment in the AR field so far [12F48]. 
They will launch their first retail version in 2018 for $2300, and in 
2020 declared they would focus on the enterprise sector, mean-
while cutting half of their staff [13F49] [Figure 1-16]. 
In 2012 Google publicly announced the Google Glass project, devel-
oped by Google X, their technological advancements division, and 
one year later, the Explorer Edition was made available to Google 
I/O developers in the United States for $1500, they discontinued the 
consumer edition in 2015, in 2017 they relaunch them aimed at the 
enterprise sector and in 2019 unveil their second edition [14F50]. 
Meta company is founded by Meron Gribetz with the aim to produce 
an interactive real 3D headset for desktop use, the company will 
close six years later in 2019, and declare itself insolvent [15F51]. 
 
  Figure 1-21

Magic Leap
(source: Magic Leap)

Figure 1-21
Microsoft HoloLens

in its second revision
(source: Microsoft)
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In 2016, Nintendo and Niantic released Pokémon GO [Figure 1-16], 
an Android and iOS games that utilize the player GPS position and 
camera to allow an immersive and delocalized gameplay, its suc-
cess allowed more and more people to learn about the concept of 
AR [16F52]. 
Two years later, in 2018, IKEA lanced the Android and iOS applica-
tion IKEA places, it allowed users to use their phone camera to pre-
view the Swedish company catalogue directly in the real world and 
helped the term AR to become commonly used even outside certain 
fields of application, marking the definitive popularization of the 
term. 
 

1.2.2. Future Trends 

Right now, the public opinion for AR technologies is in decline [90F53], 
this is expected as Augmented Reality is entering the so-called 
Trough of disillusionment of the Gartner hype cycle model [ 17F54]. 
This model created by the American research firm Gartner uses a 
graphical presentation used to represent the maturity, adoption, 
and social application of specific technologies, subdivide into five 
phases: 

1. Technology Trigger: A potential technology breakthrough kicks 
things off. Early proof-of-concept stories and media interest 
trigger significant publicity, 

Figure 1-22  
snapshot of Pokémon GO 
(source:  Niantic) 
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2. Peak of Inflated Expectations: Early publicity produces several 
success stories - often accompanied by scores of failures,  

3. Trough of Disillusionment: Interest wanes as experiments and 
implementations fail to deliver. 

4. Slope of Enlightenment: More instances of how the technology 
can benefit the enterprises start to crystallize and become more 
widely understood, 

5. Plateau of Productivity: Mainstream adoption starts to take off. 
Criteria for assessing provider viability are more clearly defined, 
the technology gains market applicability and relevance. 

 
If we take VR technology as a reference point, which is years ahead 
of AR regarding market and user adaptation and is entering the 
slope of Enlightenment, we can expect that AR will follow a similar 
pattern in the next years, with some estimation that forecasts an 
adoption of AR by the market in 10 years [1]. 
  

Figure 1-23
Garten Hype Cycle 

(source: [1])
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1.3. Principles and main 
components 

As we have seen until now, AR has a long history of advancements 
a large variety of technologies have been utilized to realize different 
AR experiences. In this chapter, we will provide an overview of the 
major techniques and technologies that today are (and were) in use 
in the research, industrial and cultural fields, we will also briefly in-
dicate some of the taxonomies that are in used to differentiate 
these types of technologies. 
This section will not represent a comprehensive list of all the possi-
ble techniques and taxonomies that could be used, but anyway, it 
could be useful to understand the possibilities and shortcomings of 
AR.  
As we will see, a lot of these classifications refer to AR that is 
achieved using some types of display, thus utilizing the sense of vi-
sion as the main medium to enrich the user perception.  
This is a clear indicator that the AR research field is focused on the 
visual spectrum of sense, as natural results of its roots in the infor-
mation technology and Human-computer Interactions (HCI), fields 
that have always related heavily on visual clues and inputs to com-
municate with the users, just think of the first command line and 
then later the graphical user interfaces (UI) that characterized the 
first HCI. 
Due to this unbalance, some of the following classifications will deal 
mainly with the augmentation of the visual sense. 
If we should describe a barebone AR system, it will have at least 
these three main components [91F55]:  

1. A tracking and sensing device for recording the user position in 
3D space, 

2. An output device for enriching the user, 

3. A scene generator (as a visualization software running on a 
computer device) for collecting the tracking data, generate the 
virtual elements and finally match them together to enhance 
the user perception. 

4. And finally (depending on the type of augmentation) the  
system could also include an input device for user control. 

In the next sections, we will look more in detail at these components, 
and we will outline the common sequence on how an AR system 
work.  
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1.3.1. Output devices 

An output device is defined as any tool that allows the user to en-
hance their perception with virtual elements, once they have been 
matched with the real world according to the data collected by the 
tracking sensors, 
Considering that AR is not limited to any particular sense, this 
means that also the output technology cannot be limited to only a 
class of devices, this creates a very vast field of technologies that 
can augment reality, for example some of these could be: common 
smartphone displays, see-through monitors (both head-mounted 
and fixed), projectors, contact lenses screens, aural headphones, 
special smells dispensers, or even tongue electrodes (like in the case 
of BrainPort [92F56], an aid device for blind people, where video infor-
mation are converted to an electric signal transmitted on the user’s 
tongue).  
With such a broad spectrum of possible devices, a taxonomy that 
defines how exactly we can enhance the end-user perception be-
come a necessity. 
As we have seen in chapter 1.1, there are a lot of taxonomies that 
tried to cluster all the different types of devices used in AR. 
One the most used is the one by Bimber and Raskar [93F57], this clas-
sification is imitated mainly to the visual sense of AR but can be 
adapted also to other types of senses with some work. 
They decided to divide the output devices into three main catego-
ries, depending on the distance of the output device from the users. 
 
  

Figure 1-24 
Bimber and Raskar’s [57] 

visual output  
technologies classification 
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 Wearable: On the closest position relative to the user, we have 
all those devices that are worn or are directly in contact with 
the user, both see-through and monitor based. They can be fur-
ther dived in: 

 Helmets: devices that incorporate completely the user 
head, such as the Daqri Smart Helmet [18F58].  

 Headsets, divided in integrated (that comes all in one 
form factor, like the HoloLens) and add-on (that instead 
are added later, like in the case of the Google Glass) 

 And finally, in direct contact with the user (such as smart 
contact lenses, like the Mojo Vision [19F59], bone conduction 
audio speakers and so on). 

 

 

 

 

 

 

 
 

 Head handle: That are all the devices that the uses can 
hold in their hands (like a smartphone, tablet PDA and so 
on), or are attached to the device that the user Is holding 
(like in TrakingPoint [20F60], a special optical sight used on 
hunting weapons where the user aim is enhanced with 
computer-generated aids), usually all the main AR com-
ponents (Input, scene generator and output devices, that 
we will discuss in the next chapter) are integrated. 

 On borderline between this category and the successive, 
we find all the devices that are not fixed to some surface, 
but the user had to physically touch in order to work (like 
in the case of the PHANTOM Omni [21F61] or the haptic can-
vas [94F62]) 

 

Figure 1-26 (left)  
Daqri smart helmet  
(source: domusweb.it) 
 

Figure 1-25 (right)  
Google Glass 2  
(source Shutterstock.com) 
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Figure 1-27 & Figure 1-28 
(above left) IKEA Place smartphone 
app (source: IKEA) 
 
(above right) Precision Guided  
Firearm from TrackingPoint  
(source: defense-update.com) 

 
Figure 1-29 (left) 
PHANTOM Omni haptic device  
(source: 3DSYSTEMS)  
 
Figure 1-30 & Figure 1-31 
(below rleft) CAVE system  
immersive technology 
(source: ST Engineering Antycip) 
 
(below right) HUD of a Boeing 787 
(source: Pablo Andrés Ortega)  
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 Spatial: Are all the output device that is “far away” from the 
user, and they could be fixed to the real world, or enhance it 
directly (like in the case of SAR), in this group we can find:   

 Heads-Up Displays (HUD), both factory-installed and 
retrofitted.  

 Stationary devices, such as a fixed display (like in the 
case of see-trough screen, like the LG Transparent OLED 
Signage [22F63], or video-based like a normal TV monitor 
with an “augmented” live video feed), as well as station-
ary speakers, and smell dispensers.  

 Projected, both with a normal projector (like in the case 
of a CAVE system [ 23F64]) or with a retro-reflective system 
(such as the CastAR [ 24F65]), as well the on that use make 
use of projectors that are worn or are attached to the 
user (like in the case of the Six Sense device [40])  

Each of these groups includes completely different types of technol-
ogies and technical principles that can be used to deliver an AR ex-
perience, everyone with different pros and cons, as well different 
unique problems and, a clear statement of the vastness of this field 
and its applications.  

1.3.2. Tracking and sensing devices 

On the contrary of what happens with VR, where the tacking sensor 
could produce a less accurate position in the virtual environment, in 
AR their precision and readability are fundamental (with, of course, 
some difference according to the application), however some VR 
tracking methods, with the right adjustments, are used in AR as 
well. 
The techniques that are used to track the user are various, and all 
of them have different pros and cons depending on the final AR 
system task and requirements. 
We can group them in these macro-categories based on the tech-
nology that is usually employed [95F66]: 
 
Mechanical 

It relies on a physical structure that is attached to some fixed refer-
ence point, this structure is then composed of a series of linkages 
that connect the fixed point to the tracked object [25F67]. 
Those linkages have sensors at each of the joints (usually a variable 
resistor, e.g., a potentiometer) that register the angle between 
them, thus the position is determined by calculating all of these 
measurements.  
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This method is quite old (Sutherland used this in the Sword of Dam-
ocles prototype) and was often used only inside research labs due 
to its strong limitations.  
 
Electromagnetic tracking 

Also known as Magnetic sensing, works measuring the intensity of 
inhomogeneous magnetic fields with electromagnetic sensors. A 
base station, often referred to as the system's field generator, gen-
erates an alternating or a static electromagnetic field that is piked 
and measured by the receiver on the tracked object [26F68]. 
The need for s fixed station paired with the imitated range of oper-
ation do not provide high freedom of moments, this could be an im-
itating factor for outside applications. 
 

Wireless tracking  

Uses a set of anchors that are placed in fixed spaces and one or 
more tags attached to the tracked object. These anchors broadcast 
a signal that is received by the tags and then triangulate to know 
their 3D position [96F69], the specifics of these wireless systems are 
varied and depend on the type of application, the desired range and 
precision (e.g., some system could use a Wi-Fi signal or localization 
beacon, as well the GPS signal if the precision is not required and 
the application is outside). 
 
Ultrasonic or Acoustic tracking  

Use various techniques similar to those found naturally in animals 
(i.e., echolocation), they utilized a set of at least three ultrasonic sen-
sors and at least three ultrasonic transmitters on the devices to cal-
culate the position and orientation of the object. 
Again, this method required a fixed transmitter and has an imitated 
range, so may not be suitable for external application.  

Figure 1-32
A mechanical tracking device 

developed by Fake Space
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Inertia tracking 

It uses data from accelerometers (that measure linear acceleration) 
and gyroscopes (measure angular velocity) that can be integrated 
to find the position and orientation relative to some initial value (the 
origin point) [27F70]. 
Modern Inertial Measurement Units systems (IMU) are based on 
MEMS technology and allows to track the orientation (roll, pitch, 
yaw) in space with high update rates and minimal latency. 
Usually. dead reckoning techniques and prediction algorithm are 
used to track positional data, hover due to the intrinsic characteris-
tic of dead reckoning that leads to drift, this type of tracking method 
is unreliable if used for a long span of times without recalibration.  
 
Optics: 

It uses cameras to determine position and orientation based on 
computer vision algorithms, it’s also one of the most promising 
tracking methods for AR [ 97F71] as well as one of the most used and 
researched, it can be father divided [98F72] in: Marker-based or 
marker-less: Optical tracking can be done either with or without 
markers, tracking with markers involves some types of targets 
(such as a known pattern) to serve as a reference point, this target 
is constantly sought by the image recognition algorithm in camera 
feed, once this is found, other algorithms are used to extract and 
match the position of the object.  

 

Markers can be visible, such as printed QR codes, barcodes or fidu-
ciaries markers, or can be optical, such as infrared light LEDs em-
bedded directly in the tracked objects or reflected back to a tracking 
station. 

 
On the other end, marker-less tracking does not require any pre-
placed targets but instead uses special algorithms (usually built 
with the help of machine learning procedures) of features recogni-
tion to track a desiderated object. 
The type of features that are actively sought can be natural ele-
ments of the environment (such as the edges of a structure, the 
ground plane, a surface topology), or can be object-based (a pre-
defined object, human traits like faces or hands, body positions and 
so on). 
 

Figure 1-33 
 
(left) example of a Marker-
based tracking with a hand 
handed device  
(source: areteproject.eu) 
 
(right) Examples of Markers 
commonly used in marker-
based tracking 
(source: ARTag, a fiducial 
marker system by M. Fiala) 
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The second fundamental differentiation for the visual tracking is the 
Outside-in / Inside-out configuration; In the Outside-in configura-
tion, the cameras are placed in stationary locations around a pre-
defined environment, those cameras constantly survey the area in 
search of the known references points (both marker-based and 
not), and carry all the limitations that space-imitated tracking has. 
In the Inside-out methods instead, the cameras are attached to the 
tracked object and thus look outward to determine its location in 
the environment. 
This method can work with or without markers, but lately advanced 
marker-less techniques are used, one of those is SLAM (Simultane-
ous Localization And Mapping) [99F73]. 
It uses advanced feature detection and reconstruction processes to 
create a 3D map of the surrounding in real-time, then machine 
learning algorithms are deployed to determine the position and ori-
entation of the tracked object within the 3D map.  
  

Figure 1-35 (below)
Outside-in, Inside-Out 

tracking differences
(source: delight-vr.com)

Figure 1-34 (above left)
example of feature 

tracking on a toy
(source: wikitude)

(above right)
SLAM tracking with 

border recognition
(source: Kade Barrancoe )
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The SLAM method is quite performance heavy and is usually em-
ployed by high-end headsets like the Microsoft HoloLens or the 
Magic Leap, anyway, this technology allows these devices to be 
self-contained and highly versatile at the same time. 
Usually, more than one method is used to collect data, then through 
several sensor fusions algorithms (that match the data together), 
the results are processed to get a more precise and reliable position. 
Using more than one sensor is also useful for compensating the 
shortfalls of each sensor, for example, an optics sensor can be 
paired with an inertia one, this is beneficial because they synergise 
well together: inertial sensors are optimal for tracking fast 
movements but accumulate errors quickly (i.e., sensor drift), the op-
tical one can help to provide an absolute reference point.  
On the other way around, inertial tracking can help exceed some 
shortfalls of optical tracking (like reference points occlusion) provid-
ing an estimation of the position until the reference point is visible 
to the optical sensor again. 

1.3.3. Scene generators 

Also called processors, are the components with the task to create 
the virtual elements, collect the data originated from the tracking 
and sensing devices, modelling the real environment on the base of 
these data, and finally match the rendered virtual elements with the 
tracked real world in order to enrich the user perception. 
Nowadays this job is usually carried out by some software running 
on a computer (that can be dedicated or specific) that, generally 
speaking, execute four distinct tasks to achieve its task, here there 
is a brief description of these [ 100F74]:  

1. Screen capture: the system processes a single frame, namely 
the single “snapshot” that the sensors communicate to the 
computing device, (e.g., s single frame if the sensor is a cam-
era), 

2. Scene identification: is the key process that differentiates AR 
from VR, this step varies widely depending on the type of sen-
sors, and the tracking technique used, 

3. Scene processing: After the scene is captured and identified, 
the virtual elements are created and then mixed with the cap-
tured scene, essentially any type of virtual information (i.e., au-
dio and video) is matched with the real scene, 

4. Visualization: When the process is completed, the results are 
outputted to the users (e.g., if the output is an image, this is 
displayed on the screen). 
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Figure 1-36
(below left)

Nreal Smartglasses and its 
external computing unit

(source: Nreal)

(below right)
HP Z VR backpack 

computer
(source:: HP

 

These processes can be quite complex depending on the type of 
sensor and the quality and quantity of the data collected, not to 
mention the direct access to the gathering hardware. 
On this complex matter, today there are available SDK and third-
party tools that are built to simplify this process and communicate 
directly with the underlying hardware (some examples are: Unity 
3D game engine [28F75], Vuforia [29F76], ARCore [30F77] and so on). 
According to the resolution and type of virtual elements rendered, 
the load on the computing machine could range from trivial (in the 
case of wireframe and simple graphical elements and sounds) to 
really heavy (in the case of complex 3D elements with photorealistic 
shaders, or if is processing and modelling a lot of data coming from 
the sensors). 
Devices that can run these processes in the last two decades are 
become quite available and can range from common smartphones 
(for small to medium loads) to systems that employ a laptop in a 
backpack configuration (like the HP Z VR [31F78]), reaching also sta-
tionary systems like traditional workstation with powerful graphics 
card or dedicated servers, that then deliver the data through the 
network to the output device. 
In some case they can also run-on custom build hardware that is 
designed specifically for this type of operations and can be light and 
mobile (like the HoloLens, the Nreal Smartglasses [32F79] or the Magic 
Leap).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.3.4. Input devices 

As we have seen until now in this chapter, the domain of possible 
technologies and solutions that AR can use is really large, and this 
is also true on what concern the possible types of interaction tech-
niques used by users to interact in this new and unique space.  
Here in this chapter, we will touch and illustrate only some of them, 
again, this will be by no means a complete collection of input 
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modalities that can be used in AR, but it could be a good starting 
point to understand what has been done, and where the research 
is aiming.  
Before we start to describe them, we had to discuss some aspects 
that these new interfaces must have to create intuitive and direct 
interactions between the user and the virtual content of AR. 
According to Julie Carmigniani and Borko Furht [72], there are three 
non-exclusive possibilities for such interfaces:  

 collaborative AR interfaces, which includes the use of different 
technologies to support remote and co-located activities such 
as remote sharing of collaborative workspaces and 
telepresence. 

 hybrid interfaces, then combine an assortment of different, but 
complementary interaction methods as well as the possibility 
to interact through a wide range of devices. 

 And finally, multimodal AR interfaces, which combine real ob-
jects input with naturally occurring forms of language and be-
haviours such as speech, touch, natural hand gestures, gaze or 
bio-signals. 

This last type of interface is also often called Natural User Interface 
(NUI) and is a recurrent theme in AR interfaces since the 90s when 
Steve Mann began to use in his works on AR terms such as “natural 
user interfaces”, “Direct User Interfaces”, and “metaphor-free com-
puting” 101F80, It is also one of the most discussed [ 102F81]. 
Right now, there is no standard defined for interfaces in AR due to 
the vastness of this field, it is also unlikely that only one type of 
these interfaces will be adopted over the other, being the use of AR 
at the moment task centred, and one solution could never fit all the 
possible use cases that this paradigm cover. 
Here are some of the most used input categories in the past and 
now: 
 
Direct interaction with the AR device 

It is one of the simplest ways of interaction and consists of control-
ling the virtual element directly on the AR device itself (like tapping 
on the side of google glasses or using the touchscreen of a 
smartphone), according to the type of AR system it could be the 
most straightforward way of interaction. 
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Figure 1-37
(above left)

FinchRing tactile 
controller

(source: Technologies Ltd)

(above right)
Leap Motion Controller

(source: Ultraleap)
 

 

 

External Physical devices (i.e., hand controllers) 
It consists of using external physical devices that are not physically 
connected with the AR output device, such as hand controllers, re-
motes, wands, wireless special keyboards, gyroscopic mice (like in 
the MARS prototype [103F82]) and so on. 
 
 
Gestures recognition and hand tracking 

Where, as the name imply, directly uses the users’ hands to interact 
with the AR application, this is an attractive alternative to other 
cumbersome devices (such as those described above), hand ges-
tures can help in achieving ease and naturalness that NUIs process.  
There are a lot of prototypes and commercial devices that can be 
used to perform gesture and hands resonation, the most commonly 
used are: special gloves (called also data gloves, wired glove or 
cybergloves, and were one of the first types of device used to get 
data from the users’ hands position), waves or eco-localization 

(that determinate the distance of the hands from the wave or sound 
source), and lately IR or normal cameras (that paired with special 
recognition software can track the hands in 3D space).  
  

Figure 1-38
(below left)

Cyber Glove II 
 (source: CyberGlove 

Systems LLC)

(below right)
Magic Leap One Controller

(source:  Magic Leap Inc)
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Voice recognition 

also called speech recognition, is an input technology that has a 
long history In the HCI field. 
From the 50s, it has undergone a series of iterations and only in the 
last decade has reached the common consumer. 
With this input device, the users directly communicate to the device 
with their voice, and according to the complexity of the system, 
these commands could range from really simple to syntactically 
complex, and these could be useful to achieve a similar human to 
human interaction with the devices. 
In the context of AR it could be really useful in situations where the 
user could not use their hands, (like in the case of assisted mainte-
nance), anyway, its strong limitations and issues in both in the prac-
tical and social domains, make the uses of this input really imitated 
and task-specific. 
 
 
Eye-tracking 

Eye-tracking consists of measuring the point of gaze (where one is 
looking) or the motion of an eye relative to the head, and today is 
primarily used for behavioural studies in real-world environments 
and ophthalmology studies, but also as an interface for disabled 
people (like people affected by Tetraplegia). 
Eye-tracking in the context of AR can be used as an attention and 
context selector paired with other input devices, but right now its 
limitations, like the physical integration in the devices, the lack of 
common user interaction paradigms, the calibration required to fil-
ter involuntary eye movements and errors correction (that are 
unique to each person [104F83]), makes its adoption challenging.  
 
 
Tangible interfaces 

In this type of interfaces, users interact with the digital information 
directly through the physical environment, in this way, real-world 
objects become the input device themselves, allowing unprece-
dented simplicity and intuitiveness to the interaction [Figure 1-34]. 
 
In the context of AR its possibilities are endless, for example, con-
sider this user scenario: Marco is repairing his car in the garage, he 
is wearing an AR headset like the Magic Leap, and his visual per-
ception is enhanced by task-specific information like the user 
manual presented directly on his field of view. 
These instructions then could be different if he decides to pick up a 
wrench or a screwdriver, the physical tool in this context is used as 
an input device for the virtual elements [Figure 1-33]. 
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But tangible interfaces are not imitated only to single objects, they 
could be referred also to entire environments: in our previous exam-
ple, let's imagine that Marco went to the kitchen to take a glass of 
water, the information visualized has changed, and now are show-
ing what is in the fridge and that he needs to go out to buy some 
milk. 
In this context, changing the room means that the purpose of the 
space has changed, thus also the interface and information visual-
ized had adopted accordantly. 
 
 
 
  

Figure 1-39

SandScape, 
an example of 

tangible interface
(source: Ars Electronica 2016)

Figure 1-40

Concept of car manutention 
aid with an AR interface

(source: zealAR)
 



 

 
33 – INTRODUCTION & BACKGROUND 

1.4. Uses & fields of applications 

As we have seen in the previous chapters, with a so broad spectrum 
of radically different type of technologies and possibilities, also the 
spectrum of possible application it can only be large as well.  
As we have already discussed in chapter 1.2, the first applications 
for AR were related to the military field, and only at the beginning 
of the 90s, they entered the civil field, and specifically in the guided 
maintenance and assembly research fields (with Feiner [105F84],  
Caudell and Mizell [5]). 
Anyway, over the years researchers and developers found more 
and more areas that could benefit from augmentation, expanding 
more and more the possible field of applications, and today it is dif-
ficult to think of one sector that could not be helped by some form 
of AR. 
Now we will see a quick and not comprehensive overview of the 
major field that have been explored or hypothesized to benefits 
from AR in one way or the other, briefly discussing the main solution 
and possibilities adopted. 
This chapter is divided into several fields coming from both public 
and private sectors, they are presented without following a specific 
order, and a lot of the solutions presented are transversal to more 
fields. 
This set should not be taken as an inclusive taxonomy of applica-
tions (that is beyond the scope of this work), but more as an over-
view aiming at better understand the possible application and pos-
sibilities of this new paradigm. 

1.4.1. Military 

This field could be considered the father of wearable augmented 
reality, and one of the first heavily researched in the domain of AR 
(think at the first research in the field of the 40s and 60s). 
Some technologies are already in use by fighter jet and helicopters 
pilots (think to cockpit HUDs, HMS and recent “smart” helmets, like 
the F-35 pilot helmet [33F85]) to visualize the fight data directly in front 
of them and minimize distraction and reactions times, lately, these 
helmets are being deployed also in heavy vehicles, like tanks [34F86].  
But AR could also be used directly on the battlefield, traditional in-
formation systems required the soldiers to look down on maps or 
mobile devices to access tactical information, and thus to direct 
their attention away from what is happening in front of them, AR 
could instead allow soldiers to acquire time-critical data on the en-
vironment around them directly in front of them, this has experi-
mented extensively with the BARS [Errore. Il segnalibro non è 
definito.] prototype, but only in the last years these types of devices 
are being considerate usable by the US Army [35F87].  
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1.4.2. Education & Training 

Education and Training are one hot topic for AR (and also VR tech-
nologies), they could complement or enhance a standard curriculum 
by imposing a graphic, video or text, and audio into a student’s text-
book or practical exercise in real-time, facilitating the learning pro-
cess through experiences, and the so-called learning by doing. 
This holds true also in the field of training, where learning by doing 
is often the norm like in medical and first aid training, here students 
and medical professionals need more situational experiences, es-
pecially for the sake of patient safety, but not only, in the context of 
medical training [106F88], AR as proved itself to provide a rich contex-
tual experience to help practitioners to achieve core competencies, 
such as decision-making and teamwork, these could be also ex-
pected in other fields. 

1.4.3. Healthcare, medical and Emergency response 

The medical field has a long story of using imagining technologies 
for tasks such as pre-operative imaging studies of the patient, that 
provide the surgeon with the necessary view of the internal anat-
omy, and image-guided surgery, that help the surgeon perform the 
operation.  
With technologies like these used in the field, is not surprising that 
this domain is viewed as one of the more promising for augmented 
reality systems.  
Using AR systems would give doctors "X-ray vision" inside the pa-
tients, this would be very useful during minimally invasive surgery 
[ 107F89], which reduces the trauma of an operation by using small inci-
sions or no incisions at all. 
 
 
 

Figure 1-41 
 

(above left) 
First Gen III F-35 Helmet 

(source: Rockwell Collins) 
 

(above right) 
IVAS CS 3 Military Form 

Factor Prototype 
(source: Courtney Bacon) 
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But the benefits could not be only for surgeons, also roaming nurses 
and doctors could benefit from important information being deliv-
ered directly to them when they needed, like manage patients’ med-
ical history or visualize pertinent information during an emergency, 
like a stroke. 
Another subfield of research in the medical AR field is the therapeu-
tic one, some examples are post-stroke hand rehabilitation training 
[ 108F90], phobias and psychological disorders treatment [109F91], and help 
patients to cope with an illness or condition [110F92]. 
Another prolific branch of research is the use of AR technology to 
assist the impaired, such as supporting the visually impaired 
through augmented navigation, communicate using the eyes (using 
devices such as eye-speak [111F93]) or help navigation in complex en-
vironments. 
Concepts are also being envisioned to help first responders [36F94], 
not only in the training phase (like we saw), but also on the field, 
providing a hand-free real-time link of position and point-of-view 
display between the responders and the situation manager, im-
proving coordination and analysis of the situation, as well as col-
lecting detailed and accurate information about the environment 
and the situation. 

1.4.4. Architecture, Engineering and Design 

Computer-Aided Design is a group of software made for Industrial 
designers, mechanical engineers, architects, interior decorators and 
so on, that in the last 40 years have the way these professions cre-
ate and envision new things, environments and realities.  
This revolution is destined to repeat with the advent of AR and its 
possibilities, leading us to spectacular insights in these fields, ena-
bling large and complex 3D CAD data to use for direct visualization 
and comparison with real-world conditions, as well as modelled 
and simulated. 
  

Figure 1-42 
 
(above left) 
AR utilization concept  
in education 
(source: Case Western  
Reserve University) 
 
(above right) 
AR utilization concept  
in surgery 
(source: Microsoft  
and Philips)  
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AR could be also paired with telepresence; clients or experts could 
literally “walk-around” the virtual model inspecting it in order to 
generate useful insights, even in the earlier stage of the design pro-
cess, even before a proper prototype is built, speeding up and mak-
ing the whole process more efficient. 

1.4.5. Manufacturing, Logistic and maintenance 

As already mentioned, one of the first use for AR in the public sector 
was on the assembling line of a factory, and to communicate 
maintenance instructions, undoubtedly these sectors could benefit 
from the adoption of this technology, allowing the operator to in-
crease their productivity, both during training and on the job. 
AR could support manufacturing, logistic and maintenance tasks by 
acting as an “x-ray” like visor, by providing information from sen-
sors directly to the user or providing technical documentation su-
perimposed directly “onto” their field of view. 
Even more, like what we have seen in the previous section, 
telepresence could immensely help the AR worker in case of trou-
bleshooting and repair procedure of complex machinery, where an 
expert could guide the action of the operator on the field to accom-
plish the task in the best way possible.  

1.4.6. Vehicles & Machinery control 

Assistance in flying aircraft is one of the pillars of AR, with its roots 
going back during World War II (as seen in chapter 1.2), and made 
its way also in the commercial field, and today is present in some 
form or another (the most common as a HUD that overlays flight 
information on what the pilot can see on the windscreen) and is 
even becoming of common use in commercial drone field, where 
drone pilots use HMD to proper flight their devices.  
 
  

Figure 1-43

(below left)
AR utilization concept 

(source: Microsoft)

(below right)
Mira headset use 

in logistics 
(source: Mira Labs Inc)
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Today these HUD are being used more and more also in non-flight-
ing vehicles, like cars and trucks, and consist of small screens that 
project on the windscreen the most important information for the 
driver, like vehicles speed, direction, the location of lane markings, 
how close the car in front of you is, nearby points of interest (such 
as gas stations or parking lots) and sign recognition in the most ad-
vanced model. 

1.4.7. Arts & Culture 

One of the first use of AR principles could be traced back to the mid-
IX century with Pepper's ghost illusion, used to enhance theatrical 
plays all around the world as a special effect. 
Art galleries and museum exhibits have been experimenting with 
this technology since the early 2010s to better enrich the visitors’ 
experience, offering also supplemental “backstories” to pictures 
along with some history of the personalities involved. 
 One interesting application of augmented reality in the museum 
context is the “museum or Stolen Art” (MOSA) [37F95] in Hertogen-
bosch, southern Netherlands. It is an art initiative to let people enjoy 
art that they could only see in a virtual way because it is stolen or 
destroyed.  
Another interesting application in the art field was made in 2015 by 
a group of New York students, called NO AD [38F96].  
In this AR project, the New York subway movie posters and product 
adverts were virtually replaced with works of art curated by RJ 
Rushmore of Vandalog. 
It consisted of 39 GIF artworks by 13 artists and collectives that 
commuter could access through the use of an AR mobile app. 
Another use of AR in spectacles and performance art and exhibition 
could be found also in the art form of projection mapping [ 112F97], 
where entire buildings or environments are enhanced by projecting 
an image 3D mapped on the real space in order to create various 
illusions, effects and display certain information.  

Figure 1-44 
 
(below left) 
AR head-up display by ASU 
(source: chinadaily.com.cn) 
 
(below right) 
NO AD installation 
(source: Luke Dormehl) 
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1.4.8. Commercial & Enterprise 

Some application already disused could eventually be used also in 
the enterprise sector, mainly in the collaboration field such as con-
ferences and telepresence devices, anyway in the last year a lot of 
attention has been reposted in the commercial and marketing sec-
tors. 
Starting from interactive product packaging and passing through 
print ads and billboards, Augmented marketing” have opened a 
new range of communication opportunities to enhancing brand im-
age and utility, with the objective to increase consumers conversa-
tions and brand recognition. 
These first experiments were introduced in the early 2010s with 
various advertising campaigns made with the help of QR codes and 
special AR mobile apps, one example overall is the 2014 charisms 
campaign made by the Coca-Cola company [39F98]: In this promotion, 
users could interact with some brand icons, such as their bottles 
and trucks, using the Magic App, an application that the customers 
could download on their smartphone in that period. 
Another large branch in the commercial AR sector is the virtual “vis-
ualize before you buy”, where products are shown to the consumer 
in a virtual way before they purchase the goods, this is achieved 
through various methods, such as: special totem inside Brick and 
mortar shops (like the LEGO digital boxes in their stores or the 
Magic Mirror prototype [113F99]), in virtual e-shop websites, using a 
webcam (as in the case of the Ray-Ban store), or with the use of an 
AR application for smartphone, like IKEA Place (where users can 
visualize in real-time and with the right dimension the company's 
furniture catalogue before the purchase, eliminating the issues of 
measuring and imagine the product in the real environment).   
 
 
 

Figure 1-45
Snapchat lens studio

ADV experiments
(source: Snap inc.)
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1.4.9. Consumer Sector 

The needs and usage of commercial and enterprise AR are dramat-
ically different from consumers, whereas commercial and enterprise 
users are more concerned with functionality and return on invest-
ment and reliability of the solution, the consumer sector would be 
most interested in appearance and price. 
AR for the consumer sector is here today, but it is still in its infancy 
and not ready for wide adaptation (similar situation of the 
smartphones in the mid-2000s), someone speculates that its evo-
lution will take years, but at the same time has a lot of potential 
[93], anyway  
There are a lot of problems that must be addressed before AR could 
enter this market (such as social acceptance, battery, data connec-
tion…) but we will see these in the next chapter, right now let us 
focus on what fields, unique to the consumer sector are the most 
interesting for AR. 
Right now, one of the most used applications for AR in the con-
sumer space is probably the features Lens by the social network 
Snapchat [40F100], it consists of special AR filters that are applied di-
rectly on the camera field of the smartphone to enhance the picture 
with various effects, and currently this is mainly used for sharing 
contents on the social network, but could be also expanded to other 
fields, like fashion and makeup industries, where not only the users 
could previsualize before purchase product (like we have seen in 
the previous chapter) but also purchase virtual and unique items 
that only them could use [93]. 

Figure 1-46:  
(top – left) 
HoloLens AR game demo 
(source: Microsoft) 
 
(top – right) 
Sport vision technology 
used in a baseball match 
(source: Piero Augmented 
Reality) 
 
(bottom – left) 
Recon-Zeal Transcend 
smart ski googles 
(source: Recon-Zeal) 
 
(bottom – right) 
Google Maps AR  
walking directions  
(source: Digital Trends) 
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It’s also used by business to reach wider and wider users, through 
tailor-made marketing campaigns (as we have already seen in the 
previous chapter).   
One of the most anticipated filed of adaptation is the entertainment 
one, and specifically the game sector, with advancements and pro-
totypes carried out as early as the 1990s within institutions like MIT 
and the University of South Australia. 
Initially, the solutions were cumbersome, like in the case of AR 
Quake in 2000, where the players in order to “play” needed a com-
puter backpack, gyroscopes and head-mounted display, this al-
lowed them to control the game with their current physical location. 
Later with the advancements of devices and software, other alter-
natives come out, like augmented reality Tennis for the Symbian 
platform (develop by the NVIS Linköping University [114F101]). 
On the end of the 2000s, always more player started to approach 
to AR gaming thanks to the games like “The Eye of Judgment [45]” 
for the gaming console PS3, that used a camera as the main input 
control (see chapter 1.2 for more info). 
During the 2010s always more game-integrated the use of AR as a 
feature, but no other game did more to introduce the concept  
of augmented reality to the public than Nintendo’s Pokémon GO. It 
was a free-to-play, location-based augmented reality game pub-
lished for iOS and Android platforms and quickly became a global 
phenomenon with downloads exceeding 75 million in the first year. 
Pokémon GO has been credited with making augmented reality un-
derstandable and more accessible to millions of people who never 
interacted with an augmented reality game or device before, but 
also attracted a lot of critics, about the user data and physically 
safety (countless were the cases of injury on the player due to lack 
of attention or starlight up attacks by malicious people), turning on 
a spotlight on AR issues that until that moment were only hypno-
tizes or just unknown.  
In the customer sector we also have the use of AR in sports, both to 
enhance the viewer experience during broadcasts, such as the 
Sport vision technology that highlight some aspect of the game in-
visible to the spectator (like the trajectory of a ball, the touchline in 
a football match, the disk in hockey games and so on…) or in devices 
aimed to improve the perceptions of who is practising sport, like in 
the case of the Recon-Zeal Transcend [41F102], an augmented reality 
goggles targeted at skiers and snowboarders, that using a micro 
LCD display is able to show all the important information the user 
needs at the moment.  
Finally, in the last years we have seen also the use of AR to help 
customers access tailor-made information (and Ads) directly in the 
real world, such as in the case of Yelp Monocle and later inside some 
Google products (such as Maps and Translate) that have some AR 
capabilities. These features and applications, usually really on the 
phone camera to add 3D layers of information on the real world to 
help the users, and can range from place reviews around them, 
wayfinding, object, and products through trough AI, on the moment 
translations of texts and audio and so on, features that undoubtedly 
will change the way people relate to the world around them. 
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1.5. Limitations and issues:  

With a so broad range of technical solutions and fields of applica-
tion, as many different and unique problems can only rise, in this 
chapter I will try to illustrate the main problems that both academia 
and the industry have been trying to address in the last three dec-
ades, please note that, again, these will not be compressive list and 
each of them is a topic that will require a book to fully understand 
and discuss. 
These problems could be specific to one form of AR and completely 
irrelevant to another (e.g., smart glasses must be discrete and fol-
low precise ergonomic criteria, but this is not true for special aug-
mented reality, which instead faces a completely different type of 
problems). 
We will split this chapter into two macro-categories, the technolog-
ical problems, and the user issues to better understand and illus-
trate the problems. 

1.5.1. Technological problems:  

In this group we can find all the issues that are created by the hard-
ware itself, they are specific for each component of the system de-
fined in chapter 1.3 and vary widely according to the devices. 
Output devices have unique issues according to the type of appli-
cation: Visual components like Optical see-through and video-see-
through displays have their own peculiarities such as deficiencies in 
resolution, field of view, brightness and contrast (especially if the 
system should be used in an outside settings), optical problems 
such as stereo vision (for example, no interpupillary distance or ver-
gence adjustment), focus adjustment and deep perception are the 
most common ones for head-mounted devices. 
Audio output is usually trouble-free, but according to the situation 
could be difficult to integrate or unappropriated, like in the case of 
wearable technology or spatial AR, instead, other devices, like the 
olfactory one, are not suitable for mobile AR and are imitated in 
their application (like when applied inside stores or exhibitions), and 
have issues related to the “persistence” of the smell, that usually is 
difficult to clear in large spaces [115F103], taste (gustation) and vestib-
ular senses are still in the prototype phase and hepatic display de-
pending on the application could be difficult or impossible to inte-
grate. 
For what concerns tracking devices, according to the technology 
chosen, the range, accuracy, robustness, latency, ergonomic com-
fort, and user-friendly calibration vary immensely [116F104], 
this dictates that, while certain systems have achieved good per-
formance in one or some of these characteristics, it often comes at 
the expense of another (for instance, high accuracy can be achieved 
over a short-range, or low-accuracy over larger spaces), this might 
work for some application classes (for example, AR over a desktop 
area versus AR in a room) but clearly there is work to do. 
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Usually, more than one tracking methods is used to balance all the 
advantages and disadvantages of each component, but these 
could add complexity and points of failure to the system.  
Tracking in unprepared environments, such as in outdoor situations, 
remain challenging, problems like noise and orientation errors when 
tracking distant objects, recognition of boundaries between physi-
cal and the virtual world, environmental factors such as lighting, 
weather and bad lighting conditions constitute difficulties that still 
need to be resolved [117F105]. 
Related to the scene generation, nowadays the computational 
power required to run an AR application is quite available and dis-
tribute, even in consumer products (like a common smartphone) 
[103], this of course could vary widely depending on the specifics 
and the task that the system had to perform, for instance matching 
some data form the sensor to get the device position is less inten-
sive than traying to modelling and blending all the virtual elements 
with the real environment. 
With this in mind, the main issues derived from the trade-offs that 
are made when choosing the most suited solution for the AR sys-
tem; these include decisions such as portability vs power, portability 
vs network access, or cross-platform performance vs the need for 
network access.  
Generally speaking, one of the most adopted solution, when porta-
bility is needed, is a standalone application on a handheld device 
(like a smartphone or smart tablet), However, if the application re-
quires more computation or memory than the device supports, the 
trade-off should be done between a larger system (like a laptop in 
a backpack) or to connect the portable device to a remote server via 
a network, these anyway open a lot of problems on the network 
availability and reliability of the system. 
In general, for AR in mobile settings, the hardware used should be 
small, light, easily portable and fast enough to display graphics, all 
this then should be powered by a battery with enough capacity to 
allow a good time span of usage, but without weighing down and 
waste space on the device [105]. 

1.5.2. User Issues:  

Moving away from the world of technology, also from the final us-
ers’ viewpoint there are a lot of topics unresolved, these are usually 
related to the ergonomic world, both physical, like the weight and 
comfort, but also in the cognitive space, such as usability, interac-
tion and satisfaction of using AR applications and usefulness per-
ceived by the end user [105].  
Indeed, all the interaction methods described previously have their 
problems, that depending on the situation can range from small dis-
comforts to completely inappropriate. 
Also, well-established User Interfaces paradigms such as the tradi-
tional WIMP (Windows, Icons, Menus, and Pointing) have issues, 
and in some situation could not be the best interaction methods for 
AR, this has led some researchers to argue that they should be 
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rethought, favouring multimodal interfaces that simplify the com-
munication with the users [118F106], without overload them with infor-
mation while also preventing them to overly rely on the AR system. 
This anyway create a new set of unique problems, such as the lack 
of standards, both in the interfaces themselves, but also in the eval-
uation methodologies used to created and tests these interfaces, 
the next sections will be totally dedicated to these issues. 
Another big problem that an AR will face, mostly in the consumer 
mobile AR domain, is the social acceptance by the users themselves 
and the people around them, both in terms of natural interaction 
and fashion [119F107]. 
Let us consider, for example, a smartphone notification system that 
procures a distraction to the user, these distractions are mostly con-
sidered to be socially unacceptable if the owner of the devices is 
distracted from having a conversation with someone or if this dis-
turbs also other persons present in the same ambient (of course this 
change according to the culture and the customs of the place).  
This is another hot topic for AR researchers and has been found 
that interaction with an Augmented Reality system implemented in 
mobile applications needs to be subtle, discrete, and unobtrusive, 
thus do not disrupt the user and the people around the users and 
be considered socially acceptable [120F108]. 
Another important factor to socially acceptable devices is that the 
user has to be able to interact with the device in a natural way. If 
the interaction between the user and the device is unnatural, it will 
appear awkward to use in public places, for instance, using hands 
gesture in mid-air to control an AR mobile system in the middle of 
a crowded bus could be considered not acceptable by today stand-
ards.  
Any mobile system will also face fashion issues as a user usually 
will not want to wear a bulky HMD or other visible devices. As a 
result, developers of mobile systems should take this into account 
as well as fashion trends, this right now is a big obstacle to over-
come, considering that common fashion items could not have the 
space to accommodate all the technical device required to provide 
properly AR. 
Finally, personal mobile AR systems should also consider the pri-
vacy issue [121F109], meaning that the accessed information should 
only be viewed by the device user, and not others, systems like the 
MIT six senses that project directly the information onto the ambient 
has exactly this kind of problem,  
On the other end, sometimes is useful or necessary to share the in-
formation that the user is viewing, thus these systems should also 
have the ability to share this information if the user desires to. 
In addition, AR mobile systems need to be careful not to violate the 
user (and also other users’) privacy, indeed, information that are 
available and not considered private on social networks can be con-
sidered private in everyday life, as a result, technologies that make 
use of online available information might face privacy issues due to 
the way, and witch settings, the information are being disclosed. 



 

 
1.6 Problem definition – 44 

1.6. Problem definition 

As we have discussed in this brief introduction on the background, 
possibilities, and issues that Augmented Reality has, we saw that 
in the last 40 years the research has advanced considerably, but 
still a lot of problems needs to be resolved, both in the technical field 
and in the user side. 
Indeed, most of the research conducted up to this point focused 
mainly on how to overcome hard and software issues, with only a 
little part devoted to the user-centric side of this field [122F110]. 
With different groups involved in the AR research process with a 
strong technology centre, it is not surprising that the results that 
emerge are new technologies and prototypes that do not fully ad-
dress any specific user problem. 
This process unquestionably drives technological advancement, but 
on the other hand often forgets the end-users, that often find them-
selves without a useful and usable implementation. 
This is expected, as in most emerging technological fields the initial 
effort is spent on the technical issues, however, as the field matures 
and more applications are developed, the users must acquire more 
and more importance, both in the design of the solution, as well as 
in its evaluation. 
This has been individuated as an important step to bring the tech-
nology out of the research labs and into people’s everyday lives, 
that paired with well-designed user experiences will declare the 
success of Augmented Reality technologies [123F111].  
On this matter, a survey conducted by Swan and Gabbard on AR-
related publications in specialized journals found that only 14% of 
those addressed some aspect of HCI, while just 8% had any formal 
user-based experiments [124F112], they concluded that the absence of 
formal user evaluations was due to the research’s lack of 
knowledge on what tools use for their specific situation. 
The amount of user-centred researched, user-driven design and 
former evaluation with actual users have slightly raised in the fol-
lowing decade [125F113] [126F114], thanks to the definition of some guide-
lines and heuristics principles, anyway there is still a need for more 
human-centred research in the field of Augmented Reality to gen-
erate reliable evaluation methods and guidelines. 
An effort is also needed in the direction of rearranging and then re-
evaluate what has been done until now, to create on the existent 
state of the art a solid foundation for the future user evaluations of 
AR systems, always keeping in mind the importance of the end-us-
ers, their needs, emotional aspects and desirers (often dismissed in 
the technology-driven development of this field), that in the end will 
play a fundamental role in the effectiveness of an AR product and 
consequently in its use [127F115]. 
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2.  
LITERATURE 
REVIEW 

 
 
 
To catalogue and evaluate the various tools and methods that have 
been (and are) used in the Augmented Reality field, first we will dis-
cuss the definition of “user evaluation”, then we will identify the in-
teraction issues of Augmented Reality systems and how they can 
be addressed; finally, previous categorization modalities will be 
presented and discussed. 
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2.1. Users Evaluations, what are 
and when employing them? 

Evaluation is an integral part of any design process and involves 
collecting and analysing data about users’ (or possible users) expe-
riences while they are interacting with a specific designed artefact 
(or system).  
The final aim of these evaluations is to found potential problems 
that may arise, for later addressing them on successive iterations 
or during the development phase [128F116].  
User Evaluation are also sometimes called ‘Usability tests’, however 
this term can create some confusion being the two similar, does not 
help the fact that they are often even used interchangeably. 
Usability testing revolves around defining a representative group of 
tasks against a set of various attributes (Nielsen individuated five: 
Learnability, Efficiency, Memorability, Errors, and Satisfaction, but 
there are also many other models in use, as seen in [129F117]), that are 
later menstruated and confronted with the help of real users. 
Its final aim is always to collect the necessary data in order to fix 
the problems found during the test, but they focus only on the prop-
erty of the system of being usable (with the definition of “usable” 
changing according to the model used [117]), but this might not al-
ways be the case. For instance, user evaluations can be used to 
compare a new interaction technique regarding user efficiency or 
accuracy, study user behaviour and interaction with a new proto-
type, or study how a new system supports collaboration and so on. 
Different evaluation techniques are in use at various points in the 
development cycle, from the very beginning (like in the ideation 
phase), where methodologies such as Heuristic evaluation and 
Wizard of Oz techniques are adopted [118] [129], to the final pro-
totype, where test with the physical prototype and the real users 
are conducted. 
Anyway, a test run with the final prototype, or using evaluations 
methods developed for usability testing does not always mean that 
a usability test is being performed, therefore it is essential to clarify 
the purpose of every evaluation study [130F119].  
What is the best moment for conducting an evaluation?  
This depends on a lot of factors: the type of development processes 
that someone is following, if the concept is new, if the technologies 
used are already available and well spread, if there are already 
studies that slightly address the problem on hand and so on. 
This means that evaluations cover a broad part of the processes, 
from the early stages of the prototype development to the tweaking 
and perfecting phase of a nearly finished design. 
Small informal tests can also be conducted throughout the project, 
and they are a very valuable way to quickly uncover usability and 
design problems, allowing for rapid iterative advancements of the 
design, and ensure that the development is on track. 
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However, they do not provide reliable results that can be general-
ized, and, if they are not followed by formal evaluation confirming 
the results, they can be also harmful.  
Indeed, Greenberg and Buxton [131F120] on this matter argued that: 
although evaluation is a valuable tool, it can become dangerous if 
used inappropriately or with the wrong settings. 
User evaluation nowadays has become a key concept in Human-
Computer studies, both in the Academia and Industry fields, but it 
can produce terrible results if done by naively following the rules 
rather than the critical thought. 
In some situations, user studies could give meaningless or trivial re-
sults, in others, they could even misdirect or suppress future design 
directions, “it is not a universal panacea that guarantees user-cen-
tred design when ap-plied in a project”, the authors warn. 
Validating a prototype does not necessarily tell us how it is going to 
be used in everyday life, there are myriads of other factors that 
should be considered when analysing a user evaluation, compo-
nents like the underlying social context, the usefulness of the sys-
tem itself and the perceived ease of use, just to name a few. 
They conclude affirming that the choice of an evaluation methodol-
ogy, if any, must arise from and be appropriate for the actual prob-
lem or research question under consideration. 
In the end, user evaluation is a powerful tool in the research process, 
but it should be only used if employed in the correct way, it can add 
value to the project only if it is rigorously designed, carried out, an-
alysed, and if it helps to answer a meaningful research question. 
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2.2. Traditional User evaluation 
methods 

There are several methods that can be used for the evaluation of an 
AR system, but to understand the main approaches that are avail-
able right now, we need to take a brief overview of the traditional 
methods used in common interfaces. 
In the research literature we can find various classifications of eval-
uation techniques (for example the one from Bowman et al.[ 132F121], 
Mahrin et al. [133F122] or Ledo et al. [134F123]) anyway we will discuss the 
one from Kostaras and Xenos [135F124] that is simple enough to pick 
up, sufficient flexible to accommodate a lot of the techniques com-
monly used and was created with the context of AR. 
They decided to divide the evaluation methods into two basic cate-
gories on the base of Nielsen [136F125] work; Analytic and Empiric eval-
uations, that then could be divided again in four subcategories as 
we can see in the following schema in [Table 1]. 
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 User observation 

 Thinking aloud protocol 

 Co-discovery 
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Inquiry  
methodologies 

 User questionnaires 

 User interviews 
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Before we start to discuss more specifically this classification, we 
need to introduce an important notion, the difference between 
Qualitative and Quantitative data. 
Evaluation methods consist of a collection of data, later organized 
and analysed to prove or reject specific hypotheses. 
These data can be divided into two main categories: Qualitative 

data, information that consists of some metrics (task completion 
time, number of errors, heart rate, etc.) and Qualitative data, infor-
mation that derives from observational finding, and are not related 

Table 1
Kostaras and Xenos

User evaluation methods
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to any direct measurable metric, (usefulness of a feature, emotions 
felt, interaction behaviour, etc.)  [42F126]. 
Sometimes, qualitative data can be transformed into Quantitative, 
for instance, the usefulness of a feature can be addressed with a 
questionnaire where the users must rate on a numeric scale what 
they think of the feature under analysis.  
In the following, a brief overview of common evaluation methods is 
provided. It is worth noting that this overview includes evaluation 
methods not used for AR. These anyway can be categorized again 
within this categorization that will come handy in the next chapters 
when we discuss specifically the evaluation methods used in AR 
systems. 

2.2.1. Analytic methods 

Analytic methods include all the theoretical models, rules or stand-
ards that simulate the user’s behaviour, and thus the presence of 
users during the evaluation process is not needed. 
They could be used in the first part of the development process dur-
ing the requirement analysis or even before the development of the 
prototype, and usually, they are less time-consuming than other 
categories. 
We can further divide them into two methods: Inspection and The-
oretically based models. 
 
 
Inspections methodology 

The most used procedures inside the inspection methodologies are 
Heuristic Evaluations, Cognitive Walkthrough and Pluralistic 
Walkthroughs [122]. 
Heuristic Evaluations employs experts to identify any interaction 
problems with the system, this is usually achieved according to 
common pre-established assumptions called heuristics. 
They are a set of principles and rules which use common sense 
knowledge, usability guidelines and standards that have been 
proven valuable and true in the past. 
Cognitive Walkthrough employ experts “walking” through several 
scenarios composed by various tasks inherent to the system and 
involve simulating how users would approach the application in 
terms of problem-solving at each task. 
In Pluralistic Walkthroughs a group of experts analyses the system 
and writes down the action they will take to accomplish the speci-
fied goal. 
Once each inspector has written their own response, one of the in-
spectors (the administrator) reveals their answer for the task, then 
the inspectors will debate their response as well as any possible 
usability problems. 
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Theoretically based models  

The theoretically based models, instead, are used for comparing the 
efficacy of different interfaces of the same system, and the optimal 
arrangement and location of the features of these interfaces [116]. 
They make use of formulas (the most famous and influential is 
Fitts’s Law), and predictive modelling to derive various measures of 
user performance and estimates the efficiency of different systems 
for various kinds of tasks. 

2.2.2. Empiric methods 

If in the analytic evaluation cluster, users do not need to be present 
during the evaluation phase, on the contrary, the Empiric methods 
depend on the implementation, the evaluation, and the rating of the 
system by a representative sample of end-users (with or without 
the help of several experienced evaluators).  
This category can be further divided into Experimental and Inquiry 

methodologies.  
 
 
Experimental methodology 

The range of tests that can be conducted with the Experimental 
methodology is considerable, from true classic experiments with 
large sample sizes and complex test designs, to informal qualitative 
studies with a single participant, depending on the objectives and 
time and resource requirements available. 
Usually, Experimental evaluations are suitable at later stages of 
system design to check for consistency of the system’s response to 
the user and to evaluate the extent to which the evaluated system 
meets specific criteria previously selected. 
According to the complexity of the experimental evaluation per-
formed, different type of choices about the study design had to be 
made, such as the sitting of the experiment, the group of users em-
ployed, the types of variables present in the system and the kind of 
tasks performed. 
Experimental evaluations can be conducted in two different set-
tings: in a laboratory environment or on the field, each with its pros 
and cons, as we will see in a few chapters. 
If more than one system, interface or tasks had to be evaluated in 
one experiment, usually two different study design are used [43F127]:  

 Between-subjects (or groups) study design: Where different 
users test each condition of the system, so that each person is 
only exposed to one. 

 Within-subjects (or repeated-measures) study design: where 
the same person tests all the conditions.  

Each type of experimental design has its own series of benefits and 
drawbacks: within-subjects designs require fewer participants and 
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increase the likelihood of discovering a true difference between your 
conditions, instead, between-subjects designs minimize the learn-
ing effects across conditions, lead to shorter sessions, and may be 
easier to set up and analyse. 
If more group of users are involved in an evaluation (indifferently if 
they study design is Between-subjects, Within-subjects or both) or 
more system designs are addressed, evaluators must also determi-
nate which variables of the experiment are Independent (the ones 
that can be directly manipulated by the researchers, for instance 
the age of the participants) and Dependent (the ones that are men-
surates and are expected to vary as a result of the independent-
variable manipulation, for example the accuracy of the task as-
sisted), this is important because different variables lead to differ-
ent study design (i.e., the choosing of Between- or Within-subjects 
methodologies). 
 
Evaluators should also decide what type of task are asked to the 
users to perform inside the system, these can be:  

 Structured: the tasks are structured in a way that the experi-
menter creates a step-by-step to-do list which the users per-
form to complete the task, these types of tasks can be written 
down in a very detailed manner, like providing a realistic sce-
nario explaining what the user needs to do. 

 Unstructured: tasks are written down on an abstract level, so 
the users have full control of the steps needed to complete the 
given task. 

Experimental evaluations involve a wide array of techniques, one of 
the most used is the user observation, where the actions (and 
sometimes also the performances) of the users are observed and 
recorded during their interaction with the system. 
Different type of methods can be used to observe the user, such as 
note-taking, voice recording, video recording, eye tracking, system 
logging (i.e., screen recording, keystrokes, mouse movements, etc.), 
user biofeedback recording (i.e., galvanic skin response, Heart Rate, 
Electroencephalography, etc.) and so on. The results of this tech-
niques are aggregate data that are then father analysed. 
These data can be both quantitative, like in the case the evaluation 
observed the user’s performance with measurements on their time 
and accuracy with the system) and qualitative (if the observation 
produced consideration about how the user behaved in the evalu-
ation scenario).  
Another important and commonly used experimental qualitative 
technique that can be integrated is the Thinking Aloud Protocol 

[ 137F128]. 
According to this method, used to estimate the effectiveness of a 
system and the user’s satisfaction, a small number of users interact 
with the system while they state aloud their thoughts, opinions, 
emotions, and sentiments. 
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Two alternatives of this method are the Co-discovery and the Ques-
tions-Answers Protocol: In the first a group of users attempt to per-
form tasks together while being observed, simulating a typical work 
process (where most people have someone else available for help), 
instead of the second method the evaluator provokes the user to 
express thoughts and feelings while interacting with the system by 
asking specific questions. 
A widespread technique commonly used is also the so-called Wiz-
ard of Oz approach [138F129], often used in rapid prototyping at the 
early stages of the design process, when it is not clear what the 
underlying technology would be. In this approach, a “wizard” (an 
evaluator) simulates either some part of the model (the unbuilt sys-
tem components) or the complete envisioned system with the users, 
that would test all the simulated (and real), features of the system. 
Even though the evaluation is carried out in a quasi-realistic envi-
ronment, the user awareness of the “mock-up” parts of the systems, 
or the incorrect system behaviours (i.e., the simulated system is 
overperforming or underperforming) can corrupt an evaluation and 
compromise the results, however, its flexibility at the early phases 
of the development process is remarkable, making it a valuable tool 
at the evaluators disposal. 
 
 
Inquiry methodology 

Inquiry methods focus on the examination of the quality character-
istics of the system by measuring users’ opinion and usually are less 
time consuming than the other categories [128]. 
They can be used alone or paired with other types of evaluations, 
such as the user observations of the experimental methodology, 
and can be used at every step of the design process, even before a 
proper prototype is built. Consequently, they could be used not to 
evaluate something, but to collect more insight about the users’ 
needs and wishes. 
The most popular of these methods are User questionnaires, User 

interviews and Focus groups. 
With the use of questionnaires, users are requested to express their 
opinions about the system addressed by completing a structured 
questionnaire usually consisting of multiple-choice questions. 
User interviews, on the other hand, form a structured method of 
evaluating a system where the researcher is in direct contact with 
the user. 
The questions of the interview follow a hierarchical structure, 
through which the general opinion of the product is first formed af-
ter which more specific matters of the system characteristics are 
considered.  
Finally, focus groups are a variation of the User interviews, where a 
group up to 10 participants is formed under the supervision of a 
coordinator (also called facilitator) in charge of the topics of conver-
sation, at the end of this conversation, the coordinator gathers their 
conclusions on the assessed system features. 
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2.3. Limitations of current evaluation 
methods  

As described in the previous section, many techniques and methods 
are used in the assessment of traditional systems, anyway, in the 
case of AR implementations the use of these approaches cannot 
always be achieved. 
Common evaluations techniques are developed specifically for tra-
ditional interfaces, so rely heavily on the WIMP (window, icon, 
menu, pointing device) metaphor used in common Graphical User 
Interfaces (GUIs), differently, AR (and VR) environments allows new 
and unique multimodal interfaces which are rather different from 
the standard ones. 
Indeed, AR systems implementations could be very different from 
each other: they could work on different senses (sight, hearing, 
touch, etc.), could be contained in a single device or in whole envi-
ronments, could be used in outdoor or indoor conditions, be realized 
with different types of input and output technologies which allow a 
variety of interaction techniques and so on. 
This disparity causes that, although traditional methods may be 
able to detect some problems with new interfaces, none of the ex-
isting ones really addresses fully the unique needs of these [ 139F130] 
but must be adapted case by case. 
The novelty of AR interfaces also creates another issue, the lack of 
design guidelines that can be used both in the development and in 
the evaluation phases. 
Indeed, WIMP inspired heuristics do not always fit the design needs 
of AR systems and common and settled design guidelines used in 
the creation of traditional GUI interfaces had to be used wisely. 
The well-known ten usability heuristics of Nielsen [140F131], for exam-
ple, do not cover issues related to radically different input and out-
put modalities of AR interfaces, as well as 3D space interaction. 
This means that part of the Analytic methods used in traditional 
evaluation cannot be used in AR without modification, as there are 
no experts or agreed guidelines on the use of the technology yet 
(anyway, as we will see in the next chapter, in the last ten years 
some generic guidelines have been developed). 
Moreover, the limitations of WIMP-based evaluations methods in 
Virtual and Augmented Environment does not stop at the effective-
ness and efficiency of the evaluation method itself, but according to 
Stanney et al. [141F132] also concern their intrinsic aspects, such as: 

 Multimodal system output (visual, auditory, haptic) is not com-
prehensively addressed by used methods. 

 Assessing presence, immersion, system comfort, sickness and 
after-effects are not covered by traditional evaluations. 
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 Traditional performance measures (time, accuracy) do not al-
ways comprehensively characterize Virtual Environments (VE) 
& AR system interaction. 

 Lack of methods to assess collaboration in the same environ-
ment. 

 Multidimensional object selection and manipulation of objects 
in 3D space are not touched directly by traditional interfaces. 

Another challenge that complicates the evaluation of AR is that, of-
ten, evaluators draft and create a single prototype as a proof of 
concept, test it, and then move on to the next issue, leaving behind 
a wide range of fascinating ideas and prototypes that do not nec-
essarily share many common features, exacerbating the problem of 
finding common guidelines for design and evaluations of the next 
AR systems [118]. 
The variety of AR applications also create problems when we need 
to define a single category of users on which focus: the users may 
be novices, experts, casual users, frequent users, children, adults, 
elderly, and so on, all categories that affect radically the ways in 
which interaction is designed and evaluated. 
Without a clear idea about the final users of the system, we cannot 
design effective systems and then evaluate them to get representa-
tive and meaningful results. 
Traditional interfaces do not have these issues; they share many 
characteristics between each other, such as the input methods that 
are quite standard, and they are the result of an incremental devel-
opment instead of a radical innovation, as in the case of AR. 
Moreover, traditional GUI/WIMP evaluation frequently focuses on 
different issues than AR interfaces, in AR systems increasing the 
user’s effectiveness and efficiency are not always the primary goals 
as it happens in WIMP based systems, where the focus is usually 
to support users in accomplishing specific tasks (office work, word 
processing, etc.).  
While some AR systems pursue similar goals (e.g., AR systems for 
engineering), most evaluations focus more on providing a novel 
user experience that requires different evaluation techniques [118]. 
All these problems made the development of a general evaluation 
framework for AR systems rather challenging. Dünser and Billing-
hurst on this matter has proposed two solutions to overcome this 
generalization problem: Creating a general framework for AR sys-
tems, finding an acceptable level of abstraction necessary to allow 
the creation of practical guidelines and for accommodating a large 
part of solutions. 
Narrowing down the field of interest to an extent that it permits the 
definition of common sets of guidelines for different kinds of sys-
tems sharing certain characteristics, for instance, creating guide-
lines for mobile phone AR systems, head-mounted AR, spatial AR, 
and so forth.  
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2.4. Evaluation Approach commonly used 

Although evaluation methods used in traditional interfaces are not 
build for AR system, various researchers have tried to use and cat-
egorize the available methods and tools that have been used during 
the years in different AR studies.  
One of the first research to study this issue and to propose some 
methods, which could be used for the evaluation of Mixed Reality 
systems, were Bach and Scapin [142F133]. 
They found that the available knowledge at that time was relatively 
limited, with a lot of technical problems that needed to be solved 
compared to the number of issues that need to be tackled in such 
complex environments.  
They mentioned three categories of methods that they considered 
general enough to be used in Mixed Reality settings: question-
naires/ interviews, inspection methods and user testing. 

 According to the authors, questionnaire and Interviews al-
lowed the gathering of subjective data, important to evaluate 
visual appeal, preferences, aesthetics, missing functionalities, 
and very useful to compare or cross-reference performance 
data, providing specific lead questions for interviews and ques-
tionnaire items that could be tailored and validated for such en-
vironments.  

• The second good candidates they found was the group of In-
spection methods, which has been proven valuable during 
the history of Human-Computer Interaction in the fields of 
GUIs, the web and VR applications. The main problem they 
reported was the need for more data on how to evaluate MR 
systems on Issues regarding recommendations identification 
and structuring these into dimensions (such as guidelines).  

• Finally, they propose user testing as a valuable method of 
evaluation, as it has been the major assessment methodol-
ogy in the past, and they predicted that it would equally be 
important for MR Systems. However, they stated that, to suc-
cessfully apply that method, several methodological prob-
lems have to be tackled first (we will see a selection of these 
problems in the next section). 

They concluded with two recommendations: the first of “not re-in-
vent the wheel”, as MR systems are composed of “mixed” compo-
nents, therefore new knowledge needs to be gained only for the 
novel issues specific of the system, and not on its non-specific ele-
ments (e.g., real objects, 2D displays, etc.). 
The second suggestion was to incorporate evaluations with the 
systems early in the development process with user testing. 
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Another pair of researchers that analysed different evaluation 
methods used in the literature on the application of the evaluation 
methods in the assessment of AR systems, as well as the potential 
problems and difficulties were Kostaras and Xenos [124] [143F134]. 
They found no evaluation methodology specifically designed for the 
assessment of AR user interfaces, although some traditional meth-
ods used in HCI could be applicable to AR systems if the system 
requirements and the objectives of the assessment are the same or 
similar to those of traditional "standard" interfaces. 
The authors continued expanding the methodologies previous 
found by Bach and Scapin [142F135].  
They found that Inquiry methods such as the use of Questionnaires 
and Interviews are suitable and very useful in AR systems assess-
ment, thanks to their easy implementation, which does not need 
specialized hardware and software equipment to be performed, 
and versatility in collecting subjective data, such as users’ opinions 
and preferences on ease of use, understandability, efficiency, and 
aesthetics of a system. 
Analytic methods, instead, have limited application in the assess-
ment of AR systems at the time, due to the lack of knowledge on 
ergonomic issues as well as concrete design guidelines and stand-
ards. 
Experimental methods were employed in most cases and provided 
very useful data, however, for better results in user testing, new 
methods and techniques had to be tailored for AR technologies. 
In the end, they suggested that to better trickle the problem of eval-
uations in AR, a combination of methods from the three main cate-
gories found could bring the best results. 
Starting with the application of heuristic evaluation, using a set of 
application-specific heuristic rules, then employing inquiry and ex-
perimental methods would be useful to reveal new problems that 
arise during user interaction with AR systems, for them collecting 
users’ opinions regarding the system and the degree of their satis-
faction during the interaction. 
Finally, Dünser, Grasset and Billinghurst in their surveys on the state 
of the AR research [110] categorized the evaluation methods used 
in the AR field. 
This classification did not follow any other methodology categori-
zations and was mainly inspired by the authors’ experience. 
Its goal was to get an overview of the research approaches and 
methods that have been applied in the field, as well as provide a 
guideline and resource to the AR community, several publications 
since then have referred to this one to categorize and illustrate the 
various methods used in their AR research [144F136] [145F137]: 

1. Objective measurements: All methods that produce a reliable 
and repeatable assignment of numbers to quantitative ob-
servations. They can be taken automatically or by an experi-
menter, and typical measures include times (e.g., task com-
pletion times), accuracy (e.g., error rates), user or object posi-
tion, or test scores, etc. 
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2. Subjective measurements: These rely on the subjective judg-
ment of people and include questionnaires, ratings, rankings, 
or judgments. 

3. Qualitative analysis: The data is gathered through structured 
formal user observations (direct observation, video analysis), 
classification or coding of user behaviour (e.g., speech or ges-
ture coding) or formal interviews (structured, unstructured). 

4. Non-User Based Usability evaluation techniques: This in-
cludes evaluations techniques such as cognitive walk-
throughs, heuristic evaluations, task analysis or Wizard of OZ, 
as well as techniques that involve people who are not end-
users (e.g., expert-based usability evaluations, think-aloud 
method, etc.). 

5. Informal testing: studies that report informal user observations 
or informal collection of user feedback (e.g., gathered during 
demonstrations). They were surprised that a reporting method 
with such limited capability was so common and accepted in 
AR contexts, above all when compared with traditional CHI 
publications, where informal evaluations were almost disap-
peared. 

2.5. AR design Practices, Heuristics 
and Guidelines  

A reason for the lack of inspection methods used in AR evaluation 
is linked with the limited knowledge in the AR field and the very few 
design guidelines developed during the years [111]. 
Most guidelines are rather specific findings by researchers, and 
there is right now a generalization problem in AR, that is the direct 
reflection of some problems already discussed, such as the different 
Input and Output devices that can be used in the AR domain, that 
has not yet defined specific interaction techniques and interfaces 
(and somebody asks also if this field would ever find standardize 
interfaces for all its applications [111]). 
While “traditional” interfaces, such as Web or desktop applications, 
share common design guidelines and tools, the same cannot be di-
rectly applied for AR applications. 
This absence has led some researcher to hypnotize that, without 
established design and interface methodology like the ones that 
emerged for the 2D desktop environment over the last 30 years, we 
would be still limited to an exploratory, trial-and-error-style ap-
proach to 3D interface and interaction design [146F138]. 
This, together with the relatively fast changes in hardware capabil-
ities, device availability and their associated costs, has been 
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individuated as the main cause that hindered the development of 
AR until now [111]. 
Some attempts have been made to develop guidelines and heuris-
tics in the past, drawing on the ones developed for Virtual Environ-
ments: Sutcliffe and Gault [147F139] created a very concise list of 12 
heuristics, which could be adapted to the AR field, Stanney et al. 
[132] have created a computerized system to assist in the evalua-
tion of virtual environments called MAUVE (Multi-criteria Assess-
ment of Usability for Virtual Environments), Sutcliffe and Kaur [130] 
present a walkthrough method for VE user interfaces.  
One of the few efforts to define design and evaluation guidelines 
for AR systems was presented by Gabbard [148F140], he started col-
lecting information from many different sources including AR spe-
cific research and more general VE based research, this led to an 
extensive list of 69 statements and guidelines in several categories. 
Again, the size of this list shows the challenge of creating a concise 
list of AR design guidelines that could be easily applied by practi-
tioners and researchers.  
Dunser et al. [111] investigated how general HCI guidelines may 
relate to the domain of AR application design, to do so, they com-
bined some known user-centred design guidelines with the aim to 
identify issues that should be considered by AR interface research-
ers. According to the authors, this work was an initial attempt to fill 
the gap that existed in the area and the presented design guidelines 
were just a small overview and the guidelines given were rather 
general and had to be further refined.  
Ko et al. [149F141] proposed the creation of usability guidelines for the 
development and evaluation of smartphone applications using AR 
technology.  
The authors developed these guidelines by analysing existing re-
search about heuristic evaluation methods, design guidelines for 
AR systems, guidelines for handheld mobile device interfaces, and 
usability guidelines for tangible user interfaces. 
Kourouthanassis et al. [ 150F142] proposed a set of interaction design 
guidelines for the development of Mobile Augmented Reality (MAR) 
applications. 
According to the authors, the design recommendations adopt a 
user-centred perspective and thus, they focus on the necessary ac-
tions to ensure high-quality MAR user experiences. 
Vi et al. [151F143] proposed 11 guidelines for User Experience (UX) in 
HMD after an analysis of different resources both from the industry 
and the academic field, anyway these are suggestions for the de-
signers building an AR application, rather than elements for a com-
plete and correct evaluation.   
Finally, Endsley et al. [152F144] developed 9 general AR heuristics start-
ing from a set of 11 general and specific guidelines and HCI princi-
ples, that were refined using affinity diagrams, expert evaluations, 
feedback from active AR designers, and statistical analyses. 
We can conclude that current principles and heuristics, not always 
completely validated, often focus on specific applications and tech-
nologies for AR or are too general to provide some valuable insight 
into distinct aspects of AR design evaluation [144]. 
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2.6. Evaluation procedures 

Until now, we discussed only the evaluations methods and tools 
used in AR systems themselves, without touching the procedures 
that could be employed in the development of new AR interfaces. 
Hix et al. [153F145] were the first to adapt an evaluation procedure to 
support the development of AR, the following two, from Bowman 
and Hodges [154F146], and Gabbard et al. [155F147], were created for Vir-
tual Reality applications, though, they have been individuated as 
usable for the development of AR systems if accordantly adapted 
[115]. 
Finally, the approach from Swan et al. [ 156F148], which is based on the 
Gabbard’s one [147], tries to mitigate some of its shortfalls when 
applied in the AR field. 

2.6.1. Usability engineering approach 

One of the first evaluation procedure specifically developed and ap-
plied in the field of AR was the one from Hix et al. [145], and spe-
cifically implemented for the usability testing on their Battlefield 
Augmented Reality System (BARS) prototype. 
This procedure, also called Usability engineering by the authors, 
was a structured, iterative user-centred process, applied during all 
phases of the development life cycle, and included both design and 
evaluations with users. 
The procedure could be divided into five main phases linked to each 
other through an iterative approach (one step inspire the following 
and the one that preceded – [Figure 2-2]), resembling closely the 
waterfall development process of common software development 
[ 44F149]. 
  

Figure 2-1 
Usability engineering  
approach by Hix et al. 
(source [103]) 
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The main phases of this approach are: 

1. Domain Analysis: this is the activity in which two critical ques-
tions are answered: Who are the users? And what tasks will 
they perform? This is not only useful as reveal the methods us-
ers would employ to complete the tasks at hand but, more im-
portantly, allows gathering information about the user’s point 
of view. 

2. User-centred Requirements and Metrics: they are quantitative 
ways of respectively specifying and measuring user interac-
tion and user performance within the system. User-centred re-
quirements ensure that requirements definition efforts reflect 
user goals (and likely user activities), user-centred metrics in-
stead are based on measures related to the task domain and 
allows us to assess the usability of the system.  

3. Conceptual and Detailed User Interaction Design: these are 
activities that encompass the design of a particular set of user 
interactions, based on tasks and users who would perform 
them. 
This activity could range from conceptual, where large-scale 
usage and equipment requirements are discussed, to detailed, 
where specific user interactions are developed.  

4. Rapid Prototyping: It is a quick and temporary way of imple-
menting detailed user interaction for the system, and in this 
methodology is necessary before those designs can be evalu-
ated. 
In this phase, the initial versions of these designs must be im-
plemented rapidly and cheaply, considering that they are cer-
tain to change after the usability evaluation. Because of this, 
a series of techniques are used, such as the Wizard of Oz ap-
proach, to create the prototype in the fastest possible way, 
without the need of writing any line of code. 

5. Usability Evaluation: it is the activity of assessing and meas-
uring the usability of a user interaction design. The purpose of 
this evaluation is to drive successive iterations of user interac-
tion design by pointing out interaction design flaws, as well as 
missed task and system requirements. 
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2.6.2. Testbed evaluation approach 

The procedure by Bowman and Hodges called Testbed evaluation 

approach has the aim of empirically evaluating low-level interac-
tion techniques outside the context of applications (i.e., within a ge-
neric context, rather than within a specific application). In addition, 
it adds the support of a framework for design and evaluation. 
This approach is divided into eight steps as follow:  

 

1. Initial Evaluation: the first step consists of gain an intuitive un-
derstanding of the generic interaction tasks in which is inter-
ested, and current techniques available for the tasks. This is 
accomplished through experience using interaction tech-
niques and through observation and evaluation of groups of 
users. 

2. Taxonomy: the next step is to establish a taxonomy of inter-
action techniques for the task being evaluated, partitioning  
the task into separable subtasks, which represent a decision  
that must be made by the designer of the interaction. 
Once the task has been decomposed into a sufficiently fine-
grained level, the taxonomy is completed by listing possible 
technique components for accomplishing each of the lowest-
level subtasks. Ideally, the taxonomies established by this ap-
proach need to be correct, complete, and general, any interac-
tion techniques that can be conceived for the task should fit 

Figure 2-2 
Testbed evaluation  
approach by Bowman 
and Hodges 
(source [146])     
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within the taxonomy, thus, subtasks will necessarily be ab-
stract.  

3. Outside Factors: interaction techniques cannot be evaluated in 
a vacuum, a user’s performance on an interaction task may 
depend on a variety of factors that had to be accommodate 
for. 
The authors identified four categories of outside factors: task 
characteristics (attributes of the task itself), environment char-
acteristics, user characteristics, and system characteristics, 
each of these must be considerate and studied.  

4. Performance Metrics: aspects that the evaluation would inves-
tigate, are then selected, usually these are speed and accu-
racy, as they are easy to measure and quantify, but also other 
performance metrics had to be considered, such as perceived 
ease of use, ease of learning, user comfort, sense of presence 
(inside Virtual Environments in particular) and so on.  

5. Testbed Experiments: this is the final stage of the evaluation 
of interaction tasks, and it is an experiment that uses a for-
mal, factorial, experimental design, with the tasks that in-
volve all important aspects previously individuated. This eval-
uation tests each component of a technique, considering out-
side influences (previously defined) on performance, and that 
have multiple performance measures (as defined). Normally, 
it requires many subjects, and the number of trials per sub-
ject can become overly large, so interaction techniques are 
usually a between-subjects variable (each subject uses only 
a single interaction techniques), while other factors are 
within-subjects variables. 

6. Qualitative Performance Results: Testbed experiment pro-
duces a set of results or models that characterize the usabil-
ity of the interaction techniques for the specified task at 
hand.  Usability is given in terms of multiple performance 
metrics, with respect to various levels of outside factors, 
these results become part of a performance database for the 
interaction task, with more information being added to the 
database each time a new technique is run through the 
testbed. 

7. Heuristics & Guidelines: These results can also be generalized 
into heuristics and guidelines, that can easily be evaluated 
and applied later in similar new systems design.  

8. User-centred Applications: The last step is to apply the per-
formance results to other applications of the system, with the 
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goal of making them more useful and usable. To choose the 
most appropriate interaction for the task, the evaluators must 
understand the interaction requirements of the application, 
as there is no single “best” technique due to their uniqueness 
(what is best for one application would surely not be optimal 
for another application with different requirements).  

Once the requirements are in place, the performance results from 
the testbed evaluation can be used to recommend the interaction 
techniques that meet those requirements. 

2.6.3. Sequential evaluation approach 

The Sequential evaluation framework by Gabbard, Hix & Swan 
[147] is an approach based on usability engineering and addresses 
both design and evaluation of novel user interfaces in a sequential 
manner. 
While some of its components are well-suited for the evaluation of 
generic interaction techniques, the complete sequential evaluation 
approach employs application-specific guidelines, domain-specific 
representative users, and application-specific user tasks to produce 
a usable and useful interface for a particular application.  
These factors make the results of this approach applicable to other 
similar applications and, but only in some isolated cases to generic 
systems. 

Figure 2-3 
Sequential evaluation 
approach according to 
Gabbard, Hix & Swan 
(source [147])     
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This approach involves a sequential evaluation that evolved itera-
tively at each step, leveraging the results of each individual method 
by systematically defining and refining the Virtual Environment user 
interface in a cost-effective progression.  
Depending upon the nature of the application, this sequential ap-
proach may be applied in a strictly serial manner or be iteratively 
applied many times, depending on the application’s complexity 
and maturity. 

1. User Task Analysis: It provides the basis for design in terms of 
what users need to be able to do within the application. 
This step usually produces a list of detailed task descriptions, 
sequences and dependencies, user works and information 
flows, tailored to the representative users, these are then  
organized and ranked. This phase is quite important, being 
that its accuracy and completeness directly affects the quality 
of the following formative and summative evaluations.  

2. Heuristic Evaluation: This step may be the first assessment of 
an interaction design based on the user task analysis and the 
application of the guidelines found for the VE user interface 
design.  
As we have already seen, the goal of heuristic evaluation is to 
simply identify usability problems in the design early in the de-
velopment lifecycle so that they may be addressed, and then 
redesign iteratively refined and evaluated. A set of usability 
guidelines or heuristics (either general or are tailored for a spe-
cific application) is required, however, the current lack of well-
formed guidelines and heuristics for VE user interface design 
and evaluation make this approach more challenging than tra-
ditional User Interfaces, as discussed in section xx. Nonethe-
less, for the authors, it is still a very cost-effective method for 
early assessment and can simplify and make the next step 
more efficient. The results of this step are a streamlined user 
interface design (that may be more rigorously studied in sub-
sequent evaluations) and a representative user task sce-
nario(s) created on the basis of both the heuristic evaluation 
and the task analysis. 

3. Formative Evaluation: A typical formative evaluation cycle 
(also call user-centred evaluation) may vert around a user-
task scenario(s) that are specifically designed to explore many 
facets of a user interface design, providing ample coverage of 
tasks identified during a user task analysis.  Representative 
users are recruited to work through the task scenarios as eval-
uators observe and collect both qualitative and quantitative 
data, these are then analysed to identify user interface com-
ponents that both support and detract from user task perfor-
mance and user satisfaction. Alternating between formative 
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evaluation and (re)design of the interface, lead to an iteratively 
refined user interface design, that it efficiently and effectively 
supports all user. 

4. Summative Evaluation: (or comparative evaluation) is an as-
sessment and statistical comparison of two or more configu-
rations of user interface designs, user interface components, 
and/or Interaction techniques. They enable evaluators to 
measure and compare the productivity and cost benefits as-
sociated with each different user interface designs. A major 
impact of the formative to summative progression is that the 
results from the formative evaluation inform the design of 
summative studies by helping determine the appropriate usa-
bility characteristics to evaluate and compare in the subse-
quent summative studies.  

Both testbed and sequential evaluation approach, take different 
procedure to try to solve the same problem, namely, how to improve 
usability in AR applications, however, the two approaches have dif-
ferent goals: Testbed evaluation tries to find generic performance 
characteristics in a high-level, abstract way, not in the specific con-
text of a particular application. 
Sequential evaluation instead, attempts to iterate towards a better 
user interface for a specific application, looking very closely at user 
tasks of these to determine which scenarios and interfaces should 
be incorporated, and in doing so, produce the best possible inter-
face design for a particular application under development.  

2.6.4. User-based studies approach 

The last approach we consider is the one from Gabbard and Swan 
[147], who proposed a procedure that employs user-based studies 
to inform the design of AR interfaces. 
This procedure iteratively inserts a series of user-based studies into 
a traditional usability engineering lifecycle to better inform the initial 
user interface designs, trying to mitigate some of the shortfalls of 
the frameworks that precede it, such as the Sequential evaluation 
approach from Gabbard, Hix and Swan (see section xx), which 
needed of expert guidelines that usually are not directly applicable 
to AR. 
The framework emphasizes iterative design activities between the 
user task analysis phase (where requirements are gathered and 
user tasks understood), and the formative user-cantered evaluation 
phase (where the user interface prototype has been developed and 
is under examination). 
Within this approach, they introduced two new steps: the expert 

evaluation and user-based studies, to assist the user interface de-
sign activity [Figure 2-5]. 
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These so-called “user-based studies” differ from traditional ap-
proaches, as their scope addresses basic user interface or interac-
tion designs rather than using established design guidelines. 
On the other hand, expert evaluations can be iteratively combined 
with the user-based studies to refine the evaluators’ understanding 
of the design space, as well as the effective design parameters (e.g., 
how to identify the following user-based studies), and, most im-
portantly, how to refine the user interface designs. 
A strength of this approach is that the interface design definition 
phase is driven by several activities, such as inputs from the user 
task analysis phase, user interface design parameters correlated 
with good user interface performance (derived from user-based 
studies), and expert evaluation results.  
The authors propose two logical starting points: user interface de-
sign and user-based studies. 
An advantage of starting with user interface design activities is that 
the evaluators can start exploring the design space before starting 
the system development, and moreover, they can explore several 
candidates designs quickly and easily.  
Once a set of designs has been created, expert evaluations can be 
applied to assess the static user interface designs, rejecting user 
interface designs that are likely to be less effective than others.  
These expert evaluations are also useful in terms of further 

Figure 2-4
User-based studies 

approach by Gabbard, 
Hix & Swan

(source [148])
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understanding the design space by identifying potential user-based 
experimental factors and levels. 
Once identified, user-based studies can be conducted to further ex-
amine those factors to determine if the findings of the expert eval-
uation match with the user-based studies.  
If the design space is somewhat misunderstood and designers have 
specific questions on how different design parameters might sup-
port different user task performances, the evaluators may be able 
to choose the user-based study as a starting point, individuating 
the experimental design parameters before the specific user inter-
face designs. 
User-based studies not only identify the user interface design pa-
rameters to assist the User Interface (UI) design, but also have the 
potential to produce UI design guidelines and insights, as well as 
generate innovation, providing both tangible contributions to the 
field while also improving the usability of a specific application.  
Finally, a set of iteratively refined user interface designs are pro-
duced and can be the basis for the overall application user interface, 
this can then be evaluated using formative user-centred evaluation, 
as described previously in the Sequential evaluation approach by 
Gabbard, Hix & Swan [147].   

2.7. User testing obstacles 

As we have definite (in chapter 2.4), user testing is certainly the pre-
ferred method to be used to close the gap of available data, how-
ever, many methodological problems inherent to the uniqueness of 
AR application and the limitations of the methods themselves arise. 
Now we will briefly see these problems using the classification that 
Bach and Scapin [133] proposed, they divided these problems into 
three different categories, namely limitation posed by the environ-
ment, the setup of the evaluation and the users themselves. 
All the problems describe complicate the creation of well-designed 
and carry out experiments, this can explain why often results are 
disappointing [133] when classical graphics environments are 
compared to VE or AR systems. 

2.7.1. Limitations related to the physical environment 

One of the major differences between AR systems and traditional 
interfaces concerns their physical environment. 
AR systems require a more sophisticated environment than the one 
commonly in use, the users rarely just sit in one single position, as it 
happens with desktop computing, but they can move from one 
place to place, they talk, they move parts of their body to interact 
and so on. 
This raises several problems in the evaluation space, for instance, 
the evaluation area must be limited to a certain interaction zone  
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to avoid collisions with other elements present in the environment 
and the employed evaluation equipment. 
Interaction devices can be an obstacle themselves, not only physi-
cal but also in the data collection, for example with some specific 
hardware solution may be difficult, or even impossible, to capture 
determinate data (for instance what the user is seeing), in that 
cases, it could be necessary the use of other devices that can com-
plicate the evaluation and pollute the data collected [133]. 
AR systems can also be multi-users, thus requiring a larger space 
for the evaluation, they can be used outdoors, so other determinate 
limitation necessarily will apply. 
Current laboratories, built for traditional interaction evaluations, 
usually have limited space, so does not facilitate such experiments 
and data harvesting, thus they should be adapted before perform-
ing a proper evaluation in the AR field. 

2.7.2. Difficulties in the setup of user testing  

The complexity of interactive situations with AR may necessitate 
more resources than usual user testing, for instance, several evalu-
ators are needed to extract interesting data (e.g., checking on per-
formance, on various modalities, on various media, etc.), as user be-
havioural sequences are more complex to extract and describe, or 
to operate the evaluation equipment, that depending on the test 
and technology used may be drastically different [133]. 
In addition to the complexity of software programming for such en-
vironments, setting up experiments may be also more complex, be-
cause it requires more technical skills to calibrate and to tailor every 
single type of technologies and software supporting the AR system. 
In case of devices or system breakdown, it may be more difficult 
and more time-consuming to restart the devices or system than its 
traditional counterpart, which may threaten the outcome of the user 
testing [121], therefore, it is even more important than the assessed 
systems are stable for all the duration of the evaluation experiments 
in this type of tests. 
Another obstacle specific to AR systems, and in general to all novel 
systems, is the lack of previous users’ knowledge on how to oper-
ate. 
This means that extra time is required in describing to the testers 
the experimental requirements, task goals, and ways to operate the 
various parts of the environment. 
This also leads to the question on which is the best way to design 
the experiment: how much information is needed to the user to cor-
rectly perform the test without influencing the “intuitiveness” of the 
system at the first use? 
Along the same line, it may be also difficult to explain all the fea-
tures of the system beforehand and may impossible during the test 
without affecting the results. 
In some cases, as current technology is unable to support fully and 
consistently novel interaction paradigms, there is no way to test 
those new ideas unless using the “Wizard of Oz” technique, which 
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requires trained specialists and the creation of a specific, carefully 
balanced experimental design [133]. 
In other cases, the techniques used for interacting and those used 
for gathering the subject’s data may conflict, for instance, the use 
of thinking aloud cannot work when the voice recognition is ena-
bled. 

2.7.3. Limitations related to the participants 

AR applications are not always guided by application needs, but by 
the design of new interaction paradigms, this makes difficult the 
specification of precise and accurate tasks and user requirements 
and means that also the generalization of the results may be diffi-
cult. 
Another difficulty arising from this factor and the novelty that sur-
round AR systems concerns the impossibility to distinguish the sub-
jects in terms of experience (e.g., novices or experts) yet. 
This is also true for the skills of the “specialists” in charge of the 
evaluation, which sometimes are even the subjects tested in the 
evaluation, such as in the guerrilla usability approach [45F150]). 
Evaluators may also encounter difficulties in recruiting the right 
number of subjects needed to cover the many potential variables 
involved in the system. 
For instance, if an experiment wants to compare various combina-
tions of interactive devices in use, such as 3 tasks for each one of 3 
user interaction individuated (e.g., voice, gesture and eye-gaze), we 
would need 27 different testing situations (9 combinations x 3 
channels) in order to have all the subjects tested to all possible com-
binations [133]. 
This may be a problem, due to the possibility for the subjects to be-
came quickly exhausted, and therefore the data collected poten-
tially useless, after so many tests are performed in one sitting, in-
stead if more sessions are employed, the runtime of the evaluation 
can become really long. 
If alternatively, we decide to set up the experimental design with 
non-repetitive measures and associate different subjects’ groups to 
each situation, then the number of subjects required becomes very 
large and consequently quite difficult to recruit and manage, not 
mentioning keep the sample the more homogeneous possible.  
Other limitations that affected the studied subjects and thus must 
be accommodated for, are related to the topic of “cybersickness” 
[121] and can be both ethical, concerning the decision to run the 
user testing and in which situations, and practical, concerning the 
post-experimental arrangements and the evaluation of the data 
collected. 
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2.8. Field or Laboratory evaluation? 

When discussing user testing, the question that inevitably arises is: 
should the test be conducted in a real environment (on the field) or 
in a controlled ambient (laboratory)? This is a valid question and 
both methods can be adapted to conduct an evaluation, neverthe-
less, each of them brings certain pros and cons that must be con-
sidered when is planning an evaluation. 
Field research is the natural means of performing user-based eval-
uation as it places the user in realistic scenarios, however, com-
pared to controlled laboratory experiments, specific attention is 
needed [157F151], as data collection in the field may be difficult and it 
might not be possible to concentrate the research attention on spe-
cific aspects of the interaction [158F152]. 
In addition, the use of assessment methods such as Think Aloud or 
video recording could be of difficult implementation in realistic en-
vironments due to external factors such as noise and social norms 
(I.e. inside office spaces and hospitals). 
On the other hand, laboratory evaluation has their problems (as dis-
cussed in the previous chapter), and in some determinate situations 
it can be difficult simulate realistic outside environments in inside 
settings [ 159F153]. 
For instance, evaluating a jogging application could be difficult to 
simulate in a realistic manner in a lab setting, if the movement can 
be substitute with a treadmill, and the visual input can be recreated 
with a system like a CAVE, the social part of the experiment will be 
difficult to recreate, as well the physical condition (e.g., weather 
conditions). 
Anyway, inside evaluation has inevitably some advantages, like the 
possibility to control more strictly determinate variables of the ex-
periment and cost of evaluation that are lower compared with field 
evaluations [167]. 
Those differences do not stop at the cost and convenience of build-
ing and running the tests, but also the efficiency of the test itself 
changes according to the method applied, leading to different re-
sults. 
Focusing only on the product can lead to the identification of 
some problems, on the opposite, others argue [151] that field as-
sessment finds other issues due to different variables: such as at-
mospheric noise, activity, privacy concerns and so on. 
Nielsen et al. [160F154] when discussing on the efficacy of field evalua-
tion concluded that they are “worth the hassle”, meaning that even 
though they are more expensive and time-consuming, field studies 
reveal more problems, identifying issues related to cognitive load, 
interaction styles and external variables (e.g., noise and privacy) be 
not investigated in a lab environment due to their difficulty of simu-
lation.  
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RESEARCH METHODOLOGY 

3.  
RESEARCH  
METHODOLOGY 

As we have seen in chapter 2, some researchers have already tried 
to identify the main tools that are used in AR. Anyway, if we con-
sider the wide scope that a technology like this could have, a better 
categorization and organization of these approaches is needed. 
Our aim with this work is the creation of a usable framework that 
could inform and guide future user evaluation in the AR field. 
In this chapter, we will formulate the main research questions and 
procedures that would guide our process in the realization of this 
goal. 
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3.1. Research Process and Questions  

In order to help future researchers to better evaluate their AR sys-
tems, and thus allowing this technology to be adapted by larger 
and larger number of users, we need to answer three main research 
questions: 
 
Question 1: 

 
What are the main methodologies for user’s evaluation that have 

been employed in the past in the field of AR, for each determinate 

domain application? 

 
 
we need first and foremost look at the past, at what was already 
done, and what tools and procedures other researchers used. 
This will inform what was already attempted, and what tools and 
approaches have been used to successfully investigate the prob-
lem. 
 
Question 2: 

 
What were the aspects of Human-Computer Interactions that 

these evaluations methodologies investigated? 

 
 
Only knowing what has been done is not sufficient to guide future 
evaluations, we need also to understand what aspect of the HCI 
these tools had investigated. 
This is necessary to further understand why these tools have been 
used, and what aspect of the AR research was more focused on in 
the past, and so, if future evaluation needs to look at the same 
facets or need to focus their resources elsewhere.  
 
Question 3: 

 

Based on the results of the first and second questions, is possible to 

derivate a usable framework to inform and guided future evalua-

tions? 

 
Finally, if the first and second questions have been answered ac-
cordantly, we could proceed to the construction of a usable frame-
work that has three main goals:  

1. to informs future researchers on what methods and HCI as-
pects has been investigated,  

2. to guide future studies on what are the tools and approaches 
that have been utilized in the past and demonstrated to be ef-
fective,  
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3. and finally, to educate on why user evaluations are fundamen-
tal for the success and adoption of future AR technologies and 
applications. 

Although, as we have seen, there is still no common consensus on 
what are the most common tools in use today to investigate AR in-
teraction for each specific domain of application, more and more 
scholars express the importance of focusing both on technology de-
velopment and evaluation of the user’s interaction to further de-
velop AR technologies and push them through a more mature fu-
ture [112] [115]. 

3.1.1. Initial Process 

The above research questions have been initially addressed by con-
ducting a literature review on the main online databases (Scopus 
[ 46F155], Science Direct [47F156], IEEE Xplore Digital Library [48F157], Re-
search Gate [49F158] and Google Scholars [50F159]) to find survey papers 
on the field of user evaluations and, more specifically, in the domain 
of HCI, UX, UI, usability, and of course AR. 
This first inquiry returned a series of results, where the most prom-
ising were: 

1. Survey of User-Based Experimentation in Augmented Reality, 
Swan and Gabbard (2005) [112]. 

2. A Survey of Evaluation Techniques Used in Augmented Reality 
Studies, Dünser, Grasset and Billinghurst (2008) [110].  

3. Trends in Augmented Reality Tracking, Interaction and Dis-
play: A Review of Ten Years of ISMAR, Zhou, Duh and Billing-
hurst (2008) [161F160] 

4. Analytic review of usability evaluation in ISMAR, Bai and 
Blackwell (2012) [137] 

5. The future of augmented reality and an overview on the to  
researches: a study of content analysis, Bal (2018) [162F161] 

6. Usability Assessments for Augmented Reality Motor Rehabil-
itation Solutions: A Systematic Review, Cavalcanti et al. 
(2018) [163F162]. 

7. A Systematic Review of 10 Years of Augmented Reality Usa-
bility Studies: 2005 to 2014, Dey, Billinghurst, Lindeman and 
Swan (2018) [113] 
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8. Revisiting Trends in Augmented Reality Research: A Review 
of the 2nd Decade of ISMAR (2008–2017), Kim et al. (2018) 
[114] 

9. Usability Measures in Mobile-Based Augmented Reality 
Learning Applications: A Systematic Review, Lim et all. (2019) 
[ 164F163] 

10. Evaluating Mixed and Augmented Reality: A Systematic Liter-
ature Review (2009–2019), Merino et all. (2020) [165F164] 

11. Evaluation of Augmented Reality Technologies in Manufactur-
ing – A Literature Review, Zigart and Schlund (2020) [166F165] 

12. Evaluation of user experience in augmented reality mobile ap-
plications, Davidavičienė, Raudeliūnienė and Viršilait (2021) 
[ 167F166] 

After a quick analysis of the papers here above reported, was im-
mediately clear that we could not extract the necessary information 
from these data, due to their different objectives. 
 
[162] [165] investigated a single field of applications [161] includes 
a small sample of papers, [166] relates to a specific technology, or 
[164] [116] did not included a large set of studies with real users 
evaluations  and thus they have been excluded. 
With this information, we decided to focus the work and structure 
the investigation into three main phases: 

 Collecting studies that respected specific inclusion criteria and 
not relying on the data provided by already existing surveys. 

 These studies will be analysed and clustered according to pre-
determinate groups and categories, which will be derived from 
the academic literature and would constitute the structure of 
the framework. 

 The resulting data will be analysed and organised in a graphic 
form that will constitute the final framework. 
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3.1.2. Studies Identification 

Concerning the collection of the papers, two approaches were eval-
uated: 

 the first one is a systematic online research on Scopus, following 
these Boolean keywords terms: 

 (“Augmented Reality” OR AR)  

 AND (“Evaluation(s)” OR “User Evaluation(s)” OR “Usability Test-

ing” OR “User Study/-ies”)  

 AND (“Usability” OR “User Experience” OR “UX”)  

 AND ((“participant AND study”) OR (“participant AND experiment”)) 

 AND ((“subject AND study”) OR (“subject AND experiment”)) 

 AND (experiment(s)) 

 The second one, instead, uses some of the past surveys, has 
already been discussed in chapter 3.1.2, and presented the 
same investigation parameters we need. Furthermore, these 
papers reported all the studies used in their analysis, so were 
suitable for our needs. 

From these resulting studies, a finer selection was conducted to 
identify the papers that presented the right characteristics to be in-
cluded in the successive analysis step. 
These Inclusion and exclusion criteria were: 

 Articles that investigate Augmented Reality systems accord-
ing to the definition presented in section 1.1. 

 Articles including at least one of the analytical and/or empir-
ical user evaluation methods presented in section 2.4. 

 Exclude all: 

 Articles that discuss only topics of application development 
and does not implement user evaluation measures. 

 Articles that do not include evaluations with users or experts. 

After careful considerations, the second approach was chosen due 
to the constraint of resources and time dedicated to this first iden-
tification phase. 
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Moreover, the sample that these papers utilize respected, for the 
most part, the inclusion and exclusion criteria individuated.  
The survey papers used for the final elaboration were [Table 2]: 
 
 

Publication 
Venues  

considered 

Coverage  

years 

n.  

publi-

cations 

Swan and Gabbard  

(2005) [112] 

IEEE ISMAR, ISWC,  

1992–2004 21, IEEE VR,  

and Presence 

1992 

2004 
21 

Dünser et al.  

(2008) [110] 

All venues in IEEE, Xplore, ACM 

Digital, Library, and Springer Link 

1992 

2007 
165 

Bai and Blackwell 

(2012) [137] 
IEEE ISMAR 

2001 

2010 
71 

Dey, Billinghurst,  

Lindeman and 

Swan (2018) [75]  

All venues indexed in Scopus 
2005 

2014 
291 

Lim et all.  

(2019) [163] 

IEEEXplore, Web of Science, Sci-

ence Direct, SpringerLink, ACM 

Digital Library and Google 

Scholar 

2009 

2018 
72 

 
 
After an accurate analysis, only the one from Bai and Blackwell 
(2012) [95], Dey, Billinghurst, Lindeman, Swan (2018) [75] and Lim 
et all. (2019) [115] were selected and the number of research to be 
analysed is 433.  
The choice to discard the first two surveys was the result of two 
main considerations:  
First, the publication of Dünser et al. [72] was an extension of the 
one from Swan and Gabbard [74] and included the same papers of 
its predecessor, and above all, these publications refer to a 
timespan too old for the current AR technology state to be consid-
erate still relevant. 
Although these publications respect the parameter described in the 
previous pages for being analysed, this selection is originated from 
different sources and venues, that does not use the same criteria of 
acceptance for their studies, and thus could not represent fully the 
current state of the art, and the tools used in today AR evaluation.  
 

Table 2 
List of surveys consider  

for the analysis 
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3.2. Identification of categorization 
parameters 

After we choose the studies to analyse (that we can see as the fun-
damentals of our framework), we needed to define the main cate-
gorization parameters, (that we can compare them as the pillars 
that will support the structure of our framework). 
These parameters concerned three main aspects of the framework: 

1. the technology sphere,  

2. the domain/field aspect and study design,  

3. and finally, the main evaluations methodologies with their  
relative investigated HCI aspects. 

3.2.1. Technology used  

As we have seen in the first chapter, an AR interaction can be im-
plemented by following several methods, tools, and devices. This is 
surely a strength of the AR field, but it can also complicate substan-
tially the work of categorization and parametrization. 
Thus, for the creation of a usable framework, we decided to follow 
the division of the main components presented in section 1.3, with 
their corresponding sub-categorization (presented in sections 1.3.1, 
1.3.2, and 1.3.4), with the exception of the scene generator / com-
putational devices section (1.3.3) [Table 3].  
The choice of excluding the computational devices from the classi-
fication was motivated by the idea that different type of today com-
putation hardware does not affect too much the HCI nor the evalu-
ations methods used to investigate it,  
Instead, they are more related to the technological part of the crea-
tion of a functional and reliable AR system more than its evaluation 
with real users, and thus outside the scope of our work.  
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Output devices Input devices Tracking devices 

 

  Wearable  

      ▪ Headsets See-through 

      ▪ Headsets Monitor 

      ▪ Contact 

      ▪ Helmet 

 

 Handheld 

      ▪ Non fixed 

      ▪ Fixed 

 

 Spatial 

      ▪ HUD 

      ▪ Stationary Monitor 

      ▪ Spatial See-trough 

      ▪ Spatial Projected 

      ▪ Spatial Projected  

         (wearable/handheld) 

 

 

 Direct Interaction with Device 

 Gesture Recognition/Hand 

 Tracking 

 External Physical Device 

 Voice Recognition 

 Head/Eye Tracking Tangible 

 None 

 

 Mechanical 

 Electromagnetic 

 Wireless 

 Ultrasonic 

 Inertia 

 Optics Marker-based 

 Optics Marker-less 

 

3.2.2. Domain/Field focus and Studies Design 

The second parameter that we will analyse in our investigation is 
related to the definition of the single study itself, its design and fo-
cus, and it can be divided into these different subcategories: 
 
Augmented / Used Senses 

The first subgroup concerns the senses augmented, as we have 
seen, the concept of AR is not only limited to the visual one, but the 
world perception that can be augmented could affect different 
senses, as well as a combination of them. 
 
Field / Domain & Field / Sub-Domain 

Originally, for this section was planned to use the examples of cat-
egorization defined in chapter 1.4, but after an initial analysis of the 
sample of studies under examination, we found these subdivisions 
did not match completely the studies sample selected.  
This forced us to adopt a newly expanded taxonomy based on the 
ones already presents inside the surveys of Dünser et al. (2008) [72] 
and Dey, Billinghurst, Lindeman, Swan (2018) [75], those intro-
duced different new categories that in our old classification were 
too broad or wrongly grouped. 
 
 
 

Table 3 (above) 
Technology used 

classification 
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This led to the creation of new categories and the reorganization of 
others to describe in more detail the domain treated, and better rep-
resent the analysed tour sample [Table 4]:  
 

Domain (*new categories added) Reference 

Business & Services 

Included all the applications that could help the retail 

sectors, as well the adverting and enterprise sectors (see 

1.4.8 - Commercial & Enterprise and 1.4.9 Consumer 

Sector) 

Communication & Telepresence 

Due to the high presence of this domain inside the paper 

analyse, was decided to separate this field from the oth-

ers. It refers to topics such as Telepresence, remote col-

laboration, as well as remote help. (see 1.4.4 - Architec-

ture, Engineering and Design and 1.4.8 - Commercial & 

Enterprise) 

Cultural & Tourism 

That is close to the topics traded in 1.4.7 - Arts & Culture, 

with museum and art exhibitions, heritage explorations 

and tourism (both cultural than commercial)  

Education & Training 

Where can we find all the topics related to education and 

training with the aid of AR systems (as seen in 1.4.2 - Ed-

ucation & Training) 

Entertainment 

In this category are present all those domains that have 

a strong ludic component inside, like games, narratives 

experiences, toys and so on (1.4.9) 

Field Operations* 

The introduction of this category was necessary due to 

the high number of studies that focused on some type of 

operation (like maintenance or work) conducted in the 

field. 

Generic Interface* 

This new group included all those interfaces developed 

without a clear field of application in mind, and thus were 

evaluated from a more generic point of view, analysing 

universal HCI principles (such as information perception, 

communication, or collaboration), and thus are transver-

sal to more fields. 

Health Care & Medicine 
As seen in chapter 1.4.3  

Industry, logistics, and manufactur-

ing 

As seen in chapter 1.4.5 and 1.4.4  

 

Military operations 
As seen in chapter 1.4.1 

 

Navigation & Driving 

As seen in chapter 1.4.6, also include navigation by foot 

or inside buildings. 

 

Other 
All the entries that could not be classicised in the other 

categories 

 

 



 

 
Identification of categorization parameters – 80 

Finally, these new parameters were ampliated with the addition of 
sub-domains/fields to better describe the field of utilization of each 
study (as we will discuss in the next phase).  
 
Type Of Study Evaluation 

This category describes how the evaluation was conducted, and 
specifically what was its focus.  
The introduction of this specification was made necessary due to 
the completely different types of approaches that we could in the 
same domain in the evaluation of an interface. 
Here we can find 13 categories (described as in [Table 5]). 
 

Study Setting 

As discussed in section 2.8, the setting, where the evaluation is con-
ducted, is an important aspect of every study that had to be ac-
counted for, so is important also evaluated where and in which do-
main/field the evaluation is carried out. 
This can be: 

 In Lab, defined as all the evaluations that are conducted in a 
controlled environment where all (or most) of the variables are 
under control (i.e., usability lab, previously prepared room, ac-
cess restricted interior area and so on) 

 On the field, namely every place where the evaluation is con-
ducted without having full (or almost full) control of the envi-
ronment (i.e., outside, in a classroom during lessons, on the fac-
tory floor, and so on.) 

 Both, where the evaluation is conducted both in a controlled 
environment and on the field, both with the same subjects (as 
in the case of with-in study design) or with different subjects 
(as in the case of in-between studies) 

Number of participants 

We must also consider the number of participants to gather how 
many subjects are preferred for a determinate evaluation method 
or domain/field.  
  

Table 4  
(previous page) 

Field / Domains description 
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Type Of Study Evaluation element description 

Comparison with Traditional 
Evaluation created with the scope of evaluating the new 

AR system in relation to its traditional counterpart.  

Concept investigation 
Evaluation that aims to investigate a concept, idea or new 

process that employ an AR system.  

Informal feedback or Design  

process 

Evaluation conducted without following a precise study 

protocol but had the goal to collect “quick and dirty” in-

sights on the developed AR system.  

Interaction Evaluation 
That had the goal to investigate how the users interact 

with the AR system. 

Interactions Comparison 

That instead of investigating how users interact with the 

system, investigate the differences between various in-

terfaces or interactions methodologies (both new and 

traditional) 

Methodology Evaluation 

Investigate the new type of methodology in the related 

domain that makes use of AR, the difference between the 

concept investigation and the methodology evaluation is 

that, here the concept was already definite, and the focus 

is on testing if the proposed solution, instead of the con-

cept. 

Perception Method Evaluation 
Investigated how the users’ perceptions behave to de-

terminate aspects or information of the AR system. 

Perception Method Comparison  

That instead of investigating how user’s percept deter-

minate aspect or information of the system, investigate 

the differences between different output devices (both 

new and traditional) 

Prototype Evaluation 

Evaluations that were created with the aim of investigat-

ing a single prototype and are not imitated to the interac-

tion or perception aspects 

Prototypes Comparison 

That instead of investigating a single prototype, analyse 

different prototypes that have the same goal, or function 

(but do not include comparison with traditional inter-

faces)  

Technologies and Solutions  

Valuation / Comparisons 

Evaluations that have as main goal the testing of different 

solutions or technologies (i.e., different types of display 

or calibration methodologies, and so on…)  
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3.2.3. Evaluation methodologies and main 

investigated HCI aspects 

The third parameter taken into consideration was the central, and 
most important pillar of the framework, here we can find all the 
methodologies that can be used in the investigation of AR systems 
and the focus of why these evaluations were conducted. 
 
Evaluations Methodologies 

This categorization followed closely the one defined in section 2.2, 
defined by Kostaras and Xenos [135]. 
Originally this classification had to cover all the cases present in the 
evaluated papers, but after an initial look at the evaluation’s meth-
odologies present inside the papers, we found this categorization 
to be too restrictive, thus we opted to expand this classification with 
two additional subgroups (of which the last one facultative) that 
allowed us to create a more precise and accurate description of the 
tools used. 
So, the evaluation methodologies could be subdivided as: 

 1st level: (Analytical, Empirical…) 

 2nd level: (Experimental, Inquiry, …) 

 3rd level: (Questionnaires, interviews, …) 

 4th level: (SUS, NASA-TLX, …) 

 5th level: (5 Likert scale, range items…) – if applicable 

 
1st level 2nd level 3rd level 4th level 5th level 

Analytic 

Methods 

Inspection meth-

odologies 

 Heuristic Evaluations 

 Cognitive Walkthroughs 

 Pluralistic Walkthroughs 

 (…) 

 (…) 

 (…) 

 (…) 

 (…) 

 (…) 

 (…) 

 

Theoretically 

based models 

 Fitts’s Law 

 GOMS 

 (…) 

 (…) 

 (…) 

 (…) 

 

 (…) 

 (…) 

 (…) 

 

Empiric  

Methods 

Experimental  

methodologies 

 User observation 

 Thinking aloud protocol 

 Co-discovery 

 (…) 

 (…) 

 (…) 

 (…) 

 

 (…) 

 (…) 

 (…) 

 

Inquiry  

methodologies 

 User questionnaires 

 User interviews 

 Focus groups 

 (…) 

 SUS 

 (…) 

 (…) 

 

 5 Likert 

 (…) 

 (…) 

 

 
 

Table 5  (on next page) 
Type of Study Evaluation 

 
 
 

Table 6 (below) 
Evaluation Methodologies 

sublevel data structure 
and example schema 

 



 

 
83 – RESEARCH METHODOLOGY 

Main investigated HCI aspects  

 

As we already discussed, just collect data about the evaluation 
methods employed to give us only half part of the comprehensive 
picture, to made sense of the data collected and build a useful 
framework we need to analyse also why these data were collected 
in the first place. 
In the field of HCI, an evaluation could be conducted for a large va-
riety of reasons, these could range from the interface usability to 
the meaning of an action, as well as how things are perceived and 
how users behave.  
To summarize and make an order from a so large spectrum of pos-
sible goals, we initially focus our effort to see what other research-
ers had individuated in their surveys. 
Different types of classifications of evaluations goals have been 
created during the years, Swan and Gabbard in their original survey 
in 2005 [112] individuated three district fields of research, these 
were then been later expanded by Dünser, Grasset and Billinghurst 
in 2008 [110] adding a fourth category. 
Since then, also other surveys that follow during the years main-
tained this taxonomy when discussing the topic of User Evaluations 
in AR.  

 Perception: The first category they found concerns Human Per-
ception and Cognition in AR, here found place all the research 
that examine issues such as perceptual effects of alternative 
rendering techniques (such as those that employ realistic light-
ing and shading), depth-perception in AR and effects of AR dis-
play viewing conditions and/or display hardware specifications 
on perception. The main aim of those assessments is to study 
low-level tasks, with the goal of understanding how human 
perception and cognition would operate in AR contexts. 

 Performance: The second category refers to Performance, thus 
all the experiments examining user task performance within 
specific AR applications or application domains, to gain a bet-
ter understanding of how AR technology could impact the un-
derlying tasks. Often, they measure time and accuracy/errors 
as main parameters, but some studies also assess aspects 
such as cognitive load, judgment reliability, distraction, cogni-
tive support, learning effect, and various behaviours [168F167]. 

 Between user interaction and communication, the third cate-
gory touch instead of user interaction and communication be-
tween collaborating users, this field is a subset of human-com-
puter interaction research known as computer-supportive co-
operative work. All the works where more than one user shares 
the same AR space at the same time belong to this category. 
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 Finally, Dünser, Grasset and Billinghurst proposed a fourth cat-
egory called System usability/system design evaluation, alt-
hough this category can be similar to articles in the second cat-
egory (Performance), they stated that these studies do not nec-
essarily include user task performance assessment, but instead 
focuses on other the identification of device usability issues. 

The term usability was used by Dünser et al. in the broadest defini-
tion of the term [121], including also concepts like the ease of use, 
usefulness, learnability, subjective satisfaction, and comfort. 
This led other researchers, like Bai and Blackwell [137] to substitute 
the term usability with User Experience (UX) in their 2012 review 
evaluation, to describe better this category. 
They defined UX as “subjective user issues, such as technology 

preference, affect, perceptual and physical experiences”, following 
the work of Hassenzahl et al. [169F168] and the ISO definition of UX 
[ 170F169]. 
They found, however, that UX was less likely to be investigated us-
ing controlled experimental methods, which conduct them to sepa-
rate this category into two sub-groups: Formal and Informal UX 

evaluations. 
in the former category, Formal evaluations involved controlled ex-
periments with a fixed sample of users and collected participants’ 
experiences with tools like structured surveys/questionnaires.  
In the latter instead, Informal evaluations involved unstructured in-
terviews or observations with a casual sample of potential users or 
domain experts, such as the group of evaluations categorize by 
Dünser as Informal testing (seen chapter 2.4). 
Another insight they found was that many experiments in the other 
categories also included some methods that could be categorized 
as UX evaluations, such as a questionnaire at the end of a task per-
formance assessment or an unstructured interview after a collabo-
rative section. 
This is quite understandable, as the broad definition of UX includes 
a lot of aspects of the human experience, and one method cannot 
be used merely to assess a single factor that contributes to suc-
cessful Human-Computer Interactions. 
This also means these categorizations are not to be taken as rigid 
and contained, but rather as flexible ones that could accommodate 
evaluations that refers to more than one category. 
The last finding was quite important in our parameters definition 
phase because leads us to realize that one evaluation method could 
be used to determinate multiple HCI aspects and cover more eval-
uations goals than one. 
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Starting from these considerations and the categorization that 
other researchers identify so far, we defined the initial subdivision 
of this parameter as: 

 Perception 

 Performance 

 Between user interaction and communication 

 Formal User Experience  

 Informal User Experience 

 
Again, after an initial look at the evaluation methodologies pre-
sented in previous research, we found the categorization to be too 
restrictive due to the too-broad definition that these parameters 
identify. 
This forced us to expand and reorder this taxonomy, looking at the 
works of M. I. Zarour [170], Irshad et al. [171], and Arifin et al. [172], 
that tried in their studies to better analyse and define all those as-
pects that could describe a successful and pleasant user interac-
tion, as well the definitions provided by the works of the Rogers and 
Sharp [173], and Hartson and Pyla [174]. 
Starting from this work, 15 categories have been identified (and are 
described in [Table 7], with the relative subgroups (as we will see 
in the next chapter). 
 

Type Of Study  

Evaluation element 

Description 

Collaboration &  

Communication  

Based on the definition given by Dünser, Grasset and Billinghurst [72], con-

cern user interaction and communication between collaborating users. 

Education specific 

This category is mainly used in the education and trading domains to under-

stand if teachers, with the help of AR, are being understood by the students, 

and here we can find all those evaluations that are carried out to evaluate the 

level of understanding of the explained topics. 

  

Ergonomics, Loads 

and Comfort 

Here we can find those metrics that aim at investigating the load (both mental 

and physical), the comfort, sickness, frustration, anxiety, or stress that the 

users experience in the utilize of the AR system, as well as the effort per-

ceived and the physical ergonomics properties of the product/prototype. 

In this category, the metrics, linked to usability properties, are not included. 

This was due to the creation of a specific section for the usability. 

  

Table 7 
Type of Study  
evaluation classification 
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Interaction 

We used the category interaction as an umbrella term to indicate all the 

metrics that collected the behaviours, interaction patterns and strategies, 

attentions, and actions of users during the tests. 

These data could be collected for model and understand what are the under-

lying interactional models and cognitive process that occur during the utili-

zation of an AR system 

Perception &  

Cognition 

Based on the definition given by Dünser, Grasset and Billinghurst [72] already 

discussed, concern Human Perception and Cognition in AR, so all that metrics 

that aim to examine issues such as perceptual effects of alternative render-

ing techniques, depth-perception and so on.  

Prototype focus 

This group concern all the evaluations that revolve mainly around the evalu-

ation of the prototype itself. Here we have topics such as missing features, 

general opinions, feedbacks, and suggestions on the prototype itself. 

Task performance 

As already identify, here there are all the metrics that are referred to the per-

formance that the users provided in their interactions with the system (per-

formances such as time, errors, length travelled, and so on…). 

This category is used paired with the usability one (see below) and used to 

measure the efficiency of the system. 

We decided to divide this category to the usability one, due to the fact that 

not always this group was used to address the usability of AR systems, and 

moreover, the tools used to investigate it where completely different from 

the one used in the usability group. 

Treatment Specific 

In this category we can find all the metrics that are related to some type of 

medical treatment, rehabilitation, or phobia study, we can find this group only 

in the Health Care & Medicine section, being high tied with this application 

field. 

User Experience 

(subdivided in Emo-

tion, Meaning, Usa-

bility, and Useful-

ness)  

 

We decided to subdivide the category of user experience into four different 

groups: Emotion, Meaning, Usability, Usefulness, following the definition 

given by Hartson and Pyla [174] [173].  

This is necessary due to the complexity and multifaceted nature of the term 

User experience, that also today does not have a common and agreed defini-

tion [175], for instance, the concept of usability is considered for someone 

separated from user experience, other on the contrary encompass it com-

pletely inside the concept of users experience, and for others instead is the 

term user experience child of usability (seeing it as an elaboration of the sat-

isfaction component of usability [Figure 3-1]) [170]. 

This is true also for the concept of usefulness, that someone sees it as a de-

scriptive component of usability [176], and others as completely separated 

subjects [124].   

To accommodate all these different points of view, we chose to follow the 

model identified by the authors quoted above (that can be seen in [Table 8]), 

which provided a good description of each category, as well also a good col-

lection of examples that helped us in the definition of this category.   

  

Other 
Here we can find all those parameters that could not be categorized in the 

other groups. 
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Usability 

 Ease of use 

 User performance 

 Efficiency 

 Error avoidance 

 Learnability 

 (…) 

Usefulness 
Ability to use the system or  

product to accomplish a determinate goals 

Emotional  

Impact 

The affective component of user experience and 

user feeling and satisfaction, such as: 

 

 Joy of usage 

 Pleasure 

 Excitement 

 Fun and amusement 

 (…) 

Meaningfulness 
The long-term personal relationship with prod-

ucts, the society, personal believes, self-expres-

sion (…) 

 
After all the main parameters were defined, the actual analysis was 
conducted, as we will see and discuss in the next chapter. 

Table 8 
Hartson and Pyla [125] 
subdivision of User  
Experience component 

Figure 3-1 
M. I. Zarour possible  
categorizations of User  
Experience and Usability 
(source: [170]) 
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RESULTS & FRAMEWORK DEFINITION 

4.  
RESULTS  
& FRAMEWORK 
DEFINITION 

In this chapter we will see and analyse the investigation results 
(that can be found in their raw form inside [APPENDIX - B]) subdi-
vided per the main parameters, we will define and describe the re-
sulting framework, as well as illustrate how it could be used for 
guiding future evaluations.  
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4.1. Studies sources and type 

The study was conducted on 433 papers, sourced from three struc-
tured surveys (as seen in chapter 3.1.2) that referred to a time frame 
running from 2001 to 2018. 
The source with the largest number of papers was the one from 
Billinghurst, Lindeman, Swan (2018) [75], followed by Bai and 
Blackwell (2012) [95] and Lim et all. (2019) [115] [Chart 4-1].  
Of these 433 papers, only 34 were duplicates find in more than one 
source, bringing the total number of unique papers to 399. 
These papers produced 474 unique evaluations, because one paper 
could refer to more than one study, this number also included 29  
pre-studies (studies conducted on a small sample of users), that 
were included in the analyse, and one study removed because it did 
not respect the exclusion criteria illustrated in chapter 3.1.2. 
A major part of the papers contained only one study, and only 36 
(8,3%) contained more than one and followed an iterative structure, 
finally 24 (5,5%) contained at last one pre-study evaluation  
[Chart 4-2]. 
 
 
 
  

Chart 4-1
Percentage of 

 papers per source

Chart 4-2
Distribution of papers with 

different studies
 and pre-studies
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4.2. Technology used 

4.2.1. Output technologies: 

In our analysis, we found that the most used output devices used 
was of the category handled mobile by far [Chart 4-4]. 
This is not surprising, being that in the last 12 years tools for these 
devices have simplified the creation of AR applications in a quick 
and cheap way, making them a good and fast solution for rapid 
prototyping. 
The second most-used devices belong instead to the category of 
the wearable headsets see-trough (such as the Sony Glasstron or 
the nVisor) that in the 2000-2010 decade were commonly used be-
fore mobile devices such as smartphones and PDA become more 
available. 
Third category are the common spatial monitors (e.g., traditional pc 
monitors) that are the easiest and most straightforward method 
used in the delivery of fast AR prototype. 
Then we found the group of wearable headset monitors, which to-
gether with wearable see-trough devices, was used more at the be-
ginning of the century, after them, we had the spatial projected cat-
egory, that was employed mainly in generic interfaces investigation 
and in the perception studies. 
The category of wearable contact (with devices such as head-
phones) was only used to augment the auditory sense, and like the 
other devices of the list, were used only in determinate prototypes 
that made use of these technologies as the main output device. 
We found also that about 8% of studies used more than one output 
device, this mainly because about 5% of the studies focused on the 
comparison between different types of output technologies, or, 
more rarely because the prototype employed more than one tech-
nology [Chart 4-3]. 
As we can see in [Chart 4-5] (that show the corelation between the 
different output technologies, here the width of the flow inside the 
circle represent the number of times a devices has been used with 
the other one linked by the line), the most paired output technolo-
gies were the handled mobile and spatial stationary monitor, with 
the other one fallowing. 
This result is in line with what we found with [Chart 4-3], that indi-
cated that for the major part, the studies that employed more than 
one output devices, were comparing the different technologies. 
This is also shown by the quasi-symmetry of the charts [Chart 4-5], 

[Chart 4-6 

], [Chart 4-6], that indicate that these output devices were employ 
evenly in the same studies.  
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  Chart 4-4 
Total number of outputs devices used 

 

Chart 4-3 

Distribution of studies per number of output devices used. 

 



 

 
93 – RESULTS & FRAMEWORK DEFINITION 

Chart 4-5 

Corelation of output devices used between each other (total) 
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Chart 4-6 
Corelation of output devices used between each other 

(in studies with at last three devices used) 

 

Chart 4-7 

Corelation of output devices used between each other 
(in studies with two devices used) 
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4.2.2. Input technologies: 

We notice that the most used way of interacting was using cate-
gory “direct interaction with the device” [Chart 4-8], this is not sur-
prising, being one of the most used and traditional ways of inter-
acting with our technologies, moreover, as we have seen in the last 
chapter, one of the most used devices typologies were hand han-
dled, and direct interaction is the most immediate and easy way of 
interaction with this category. 
The second most used way of interaction was with tangible inter-
faces (such as physical tokens, real objects, tools and so on), this is 
interesting because a good number of studies (as we will see in the 
next chapters) was indeed centre on the studies of tangible inter-
faces within the context of AR interaction. 
Interesting is also the strong presence of gesture and hand tracking 
interfaces, in our opinion this is the result of the novelty and flexibil-
ity that this new type of interaction in 3D space could give to AR 
systems and the HCI field, and thus the academic interest gener-
ated from this. 
Following the chart we find the group of external devices, that were 
used mainly with HMD (both see-through and monitor) and station-
ary (both monitor and projected) where the direct interaction with 
the AR device itself would have be impractical.   
Only 17 studies did not report any interaction devices, being these 
focused on the perception evaluation than the interaction itself, and 
thus did not needed any interaction device. 
Finally, interfaces like voice recognition and head or eye tracking 
were not commonly used, we think due to their low number of use 
cases, where their use would be beneficial. 
Only three devices could not be categorized in the already defended 
groups, these interfaces made use of special brain interfaces (EEG 
/ EMG amplifier) used in the treatment of ghost pain in amputee pa-
tients. 
We found that only 5% of studies analysed the comparison be-
tween different input devices, although, unlike what happened for 
the output devices, here the 12% of studies employed more than 
one interaction device to interact with the AR system [Chart 4-9]. 
We can see this also in [Chart 4-10] (that show the corelation be-
tween the different output technologies, with the width of the flow 
inside the circle representing the number of times a devices has 
been used with the other one linked by the line), were input metrol-
ogies direct interaction and tangible interfaces were used more of-
ten together than the others ones, that instead were used more 
evenly (as we can better see in [Chart 4-12] and [Chart 4-11]). 
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Chart 4-8 

Total number of Inputs devices used 
 

Chart 4-9 

Distribution of studies per number of input devices used. 
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Chart 4-10 

Corelation of input devices used between each other (total) 
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Chart 4-12 

Corelation of input devices used between each other 
(in studies with two devices used) 

Chart 4-11 
Corelation of input devices used between each other 

(in studies with at last three devices used) 
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4.2.3. Tracking technologies: 

In tracking technologies, marked-based technique was the most 
used one, and again we are not surprised, considering the availa-
bility in the last decade of frameworks and tools that help creating 
prototype based on this technique [Chart 4-13].  
Marker-less tracking is the second most used tracking technique, 
that especially in the last years is becoming more and more used, 
always thanks to the spreading of new tools that integrate this 
technology and thus help in making it wildly available. 
Here, once more, we can see the dominance of methods used 
mainly on hand-handled devices, such as inertia and wireless track-
ing methods, that being integrated inside a major part of today 
smart-phones, make them a rather common choice for tracking in 
mobile prototypes [Chart 4-15], we can notice this also with optics 
(both marker-base and marker less) tracking technique, that were 
often used with hand-handled devices [Chart 4-16] [Chart 4-17], 
as the result of the highly available framework that simplify the pro-
totype development. 
Surprising, we found many evaluations that used any tracking de-
vice, this was in part the result of studies that only focus their effort 
on the comparison of different output or input devices, but for the 
major part, it was the result of a common workaround that many 
studies employed.  
This consisted in the use of output technologies such as stationary 
monitors that did not require, one positioned and calibrated, to con-
tinually track the user position in space, being his or her position 
“constrained” in one position. 
For this category we did not evaluate if there was a comparison 
between the different tracking devices, for various reasons:  
first, this would go beyond the scope of our work, and second, none 
of the evaluations selected presented a compressive comparison 
between tracking technologies [Chart 4-14]. 
We think that this could be the results of the exclusions criteria (de-
scribed in chapter 3.1.2) which dictated the need of at last a user 
evaluation with real users or experts and comparing different track-
ing technologies could be done without employing real users.   
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Chart 4-13 

Total number of Tracking devices used 
 

Chart 4-14 
Distribution of studies per number of tracking devices used. 
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Chart 4-15 
Corelation of tracking technologies used between each other (total) 
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Chart 4-16 

Corelation of tracking technologies used between each other 
(in studies with at two devices used) 

Chart 4-17 

Corelation of tracking technologies used between each other 
(in studies with at last three devices used) 
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4.3. Domains and fields 
of application 
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Figure 4-2 
Domains and fields of 

application groups 
and quantity 

As reported in chapter 3.2.2, we decided to subdivide the category 
of the domains and field of applications into 11 categories, followed 
by their subgroups, here reported [Figure 4-1].  
In this chart (where the area of each circle represents the number 
of studies in that category) we can see the repartition and where 
the focus of the evaluation was for the major part aimed. 
The first main domain is the one related to the generic interfaces, 
subdivided into the main sub-domain of perception (that alone is 
bigger than the second-largest domain), followed by interaction, 
info presentation and tangible interfaces. 
We think that this unbalance between the domains is due to the 
efforts that researchers have devoted, mainly in the first decade of 
research, to the exploration of the generic principle of perception 
and interaction rather than to specific prototype for determinate 
field and applications. This is also understandable, as also indicated 
by Gabbard and Swan in their evaluation studies approach (chap-
ter 2.6.4), the investigation (and later definition) of the new HCI par-
adigms specifically build for AR is a step that is necessary for the 
development of Augmented Reality.   
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We decided to group the training subdomains of health care and 
industry in their correspondents’ main domains. 
Even with this decision, the second most represented group after 
the general interface one was the one of Education and Training, 
where many evaluations investigated different types of traditional 
subjects, such as science, language, history and so on. 
We also notice an interest in evaluating the use of AR for teaching 
complex topics such as design, engineering, and architecture, 
where the visualization properties of AR could be very beneficial.  
 The third domain most investigated was the Health Care and med-
icine one, in this domain the largest focus was on teaching and 
training of future surgeons, nursery and emergency personal, spe-
cifically in delicate and dangerous situations where more realistic 
training could be helpful.  
Followed this sub-category the groups of rehabilitation and phobia 
treatment, that also relied on the possible realism that AR interfaces 
could bring to these applications. 
Another important field of application was the surgical one, where 
many evaluations investigated innovative and less invasive visual-
ization and interaction techniques with the surgical instrumentation 
and the patients. 
Inside the industry field, the first sub-group is the one from the 
maintenance sector, where the focus was mainly on the possibility 
to visualize quick contextual information, then the design and engi-
neering sector, where there were evaluations designed to compare 
new design interfaces with traditional ones (similar evaluations 
that we could find in the Field operations domain, where the ability 
to previsualize information directly on the real world was one of the 
most investigated. 
Less frequent were evaluations on a specific task, such as assem-
bly, logistics or manufacturing, as well as training.    
In the domain of Navigation and Driving the main efforts found 
were subdivided mainly into three fields: info visualization and au-
thoring of information inside AR, driving (mainly using HUD inside 
simulators), and Indoor/Outdoor navigation. 
Interesting also the part linked to the Cultural and entrainment do-
mains, where the use of augmentation was used mainly inside 
museal exhibition and to evaluated new and innovative interaction 
with video games.   
Finally, domains such as telepresence, business and services, and 
security were rarely touched. Here the evaluations were more fo-
cused on the large concept of AR inside these fields, its meanings, 
potentialities, and foreseen issues. 
 We think that this could be the result of the lack of stable and us-
able AR solutions in these domains, as well as the lack of uses case 
where the potential of this technology could be beneficial.  
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4.4. Study design and characteristics 

4.4.1. Senses augmented 

Unsurprising the sense most augmented was the visual one, fol-
lowed by a mix of visual plus auditory and then visual plus hepatic. 

 
In barely rare cases the senses augmented was only auditory or 
only haptic, this is true also for those evaluations that augmented 
all three senses [Chart 4-18]. 
Only one study investigated the pair auditory plus haptic, other 
senses (like the olfactory or the kinaesthetic one) instead were not 
touched in this sample of studies. 
We can here see how the visual senses are the most used and in-
vestigated for what concern the field of AR, and as we already dis-
cussed, we think is due to the tendency in tractional HCI interfaces 
of using the visual channel to fast share information large amount 
of information, with the other senses relegate to secondary func-
tions only. 
For what concern the distribution of the senses augmented per do-
main of application [Chart 4-19], we can clary see that (set aside 
the dominance of the visual sense in all the categories), the auditory 
sense was used with a rather frequency in the field of education, 
cultural, and entertainment, all fields that already make highly uses 
of this sense in traditional interfaces. 
The haptic sense instead, was used mainly as feedback support to 
direct interaction interfaces, or in all that places that provided direct 
contact with an object, of course, is the result of the technical diffi-
culty of providing efficiently haptic feedback “in mid-air”, and only 
in the last years relabel technologies has been made available to 
deliver this type of feedback (like the ultra-leap Stratos-Inspire) 
[177] 

Chart 4-18
Diagram of Ven of senses 

augmented per studies
Visual (V)
Audio (A)

Haptic (H)
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Chart 4-19 

Distribution of senses used per domain 
Visual (V), Audio (A), Haptic (H) 
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4.4.2. Type of evaluations 

The main type of evaluation was related to the comparison of dif-
ferent perception methods, followed closely by prototype evalua-
tion, this was expected, being the perception sub-domain one of the 
largest groups evaluated [Chart 4-20]. 
Indeed, it is almost completely finding inside that sub-domain, with 
only some cases where we can find it inside groups like navigation 
(where the focus was understanding how the information delivered 
to the user), industry (mainly in the logistic sector) and finally in 
telepresence (where the perception of the environment and the 
other users is fundamental) [Chart 4-21]. 
For what concern the prototype evaluation, it is one of the most 
used types of evaluation, being it used to evaluate prototypes that 
respond to a specific task and being this transversal to all fields. 
About the mereology evaluation, we can find them almost exclusiv-
ity inside the domain of education and training, is it almost used to 
understand if this new learning approach would be beneficial to 
students and workers. 
Also, the interaction comparison and the perception method evalu-
ation are found mainly inside the generic interfaces group, being 
these evaluations designated often without a specific case study in 
mind.   

Chart 4-20
Evaluation types

distribution (total)
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For what concerns all the other methodologies, they do not find any 
correlation with any specific application field, but we can find them 
every distribution. 
Instead, is interesting the case of the concept investigation, that we 
can find mainly in those domains that are underrepresented in the 
sample (like business and others), as we already discussed in the 
last chapter, this could be the result of the lack of AR solution in 
these domains, as well as the lack of important uses case.  

Chart 4-21 
 
Distribution of different  
Type of evaluations  
used per domain / field 
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4.4.3. Evaluation setting 

The most used evaluation setting was inside specialized Labs, 
[Chart 4-22] 

We think this is due to the difficulties of designing and running a 
user evaluation in uncontrollable environments that could be quite 
difficult (as discussed in 2.8). 
We can also notice that of the 28% of evaluations conducted on the 
field, a good amount is subdivided between the education, naviga-
tion, cultural and healthcare domains, we think this is related mainly 
to the main characteristics of these fields, which is difficult to recre-
ated inside a lab environment, necessitate of a direct evaluation on 
the field. 
For instance, lets considerate the education field, and more specifi-
cally the use of AR with a group of elementary students, here con-
ducting an experiment in a controlled environment will be quite 
challenging, being these types of evaluations (as we will see) con-
ducted during long periods of time (like a semester), with many stu-
dents, and in equipped environments. 
This is similar to what happened within the heartcare domain, 
where specialized tools and equipment could not easily replicate or 
moved, this is also true for the users (like in the case of AR systems 
for treatment, rehabilitation and early help), who could have diffi-
culties in reaching the evaluation lab. 
This is an issue that must be counted for, during the experiment de-
sign phase, being that the evaluated system should be easy to 
move assemble, ad disassemble on site.  
Finally, about 6% of studies could not be categorized, being these 
studies conducted online or remotely, like in the case of online 
serveries and phone interviews. 
  

Chart 4-22
Total proportion of 
evaluation settings
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Chart 4-23 

Distribution of senses used per domain / fields 
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4.4.4. Number of participants 

The number of participants evolved in the evaluation range from 1 
(mainly in the pre-studies evaluations) to more than 500 (in the case 
of studies that employed online serveries), this large span gives us 
an average of 55,70 users (a value that does not give us a good 
indication of the common number of participants, being this value 
polluted by the numbers of online evaluations, as seen in the next 
page [Chart 4-25]). 
indeed, the 1st quartile, if we also consider the online evaluations, 
gives us 10,75 users, the 2nd quartile (the centre of the data) gives 
us 17, and the 3rd quartile 31. 
This is in line with what we can see in [Chart 4-25], where the more 
common number of evaluations is between 10 and 30. 

4.5. Evaluation methodologies 
employed and main HCI 
aspects investigated 

4.5.1. Methodologies  

For what concerns the main methodologies used (1st and 2nd level 
of our classification), the Empirical Inquiry was by far the most used 
(68.6%), followed by the experimental one (30.1%), and the analyt-
ical inspections (1,4%) [Chart 4-24]. 
 
 
 
 

Chart 4-24
Proportion of total 

evaluation methodologies 
used (2nd level)
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Chart 4-25 
count of studies (X-axis) per number of users involved during the evaluation. 
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We can also see this net distinction in the 3rd level of our classifica-
tion, where questionnaires were the most used (as we can see in 
chart), followed by user action logging, observation, and interviews 
activities. 
Rarer were used other evaluations such as question answer proto-
col, conventional tests, and direct user’s measurements, even less 
used were methodologies such as expert reviews, focus groups, 
shadowing and think aloud, finally other types such as diaries stud-
ies co-discover and cognitive walkthrough, were not used (as we 
can see in [Chart 4-26]). 

 
This is not surprising at all, being these results in line with the ones 
founded by others (such as Bach and Scapin [133] and Kostaras 
and Xenos [124] [134], as seen in 0), that attribute this unbalance 
of methodologies used to the difficulties of adopting and defining 
effective analytical methodologies. 
Also expected was the use of methodologies such as user action 
logging (time and error recording), and direct (or on recorded mate-
rial) observation, being these of the most used in common usability  

Chart 4-28 
Distribution of methods 

used per studies 
(3rd level) 
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Table 9   
Table of evaluations methods, 2nd, 3rd, and 4th level with percentage of total uses 

 

Empirical Inquiry 68,44%   Ben Schneiderman’s acceptance test 0,12% 

 Questionnaire 55,00%   Cornell Musculoskeletal Discomfort Question-

naires (CMDQ) 
0,12% 

  custom-made 34,14%   Sensitivity scale questionnaire by Detlev von  

Zerssen 
0,08% 

  NASA TLX 3,37%   EZ-Scale 0,08% 

  ISO 9241 1,65%   illusion evaluation questionnaire by Pusch, Martin, 

and Coquillart 
0,08% 

  Technology Acceptance Model (TAM) 1,65%   After-Scenario Questionnaire (ASQ) 0,04% 

  remote survey 1,45%   Santa Barbara Sense of Direction (SBSOD) 0,04% 

  System Usability Scale (SUS) 1,18%   GameFlow questionnaire  0,04% 

  presence questionnaire 1,18%   Rating Scale for Mental Effort (RSME) 0,04% 

  Education specific Questionnaire 1,18%   ITU-R BT - Methodology for the Subjective Assess-

ment of the Quality of Television Pictures 
0,04% 

  adapted from previous/similar research 1,10%   Technical self-efficacy (TSE) Questionnaire 0,04% 

  Intrinsic Motivation Inventory (IMI) 0,82%   Post Experiment Questionnaire for UX for MARs by 

Olsson et al. (10.1007/978-1-4614-4205-9_9) 
0,00% 

  Unified Theory of Acceptance and Use of Tech-

nology (UTAUT2) 
0,63%  Interviews 9,76% 

  Wearability Levels (WL) scale Knight et al. 0,55%   semi-structured 3,10% 

  Treatment / Rehabilitation specific Question-

naire 
0,51%   structured 1,96% 

  Questionnaire for User Interface and Satisfac-

tion (QUIS) 
0,51%   unstructured 1,72% 

  Usability Satisfaction Questionnaires 0,51%   unstructured post-experiment discussion 1,45% 

  Software Usability Measurement Inventory 

(SUMI) 
0,47%   with proxy users 1,06% 

  Flow State Scale (FSS) 0,43%   later coded 0,35% 

  Bipolar Laddering (BLA system) 0,43%   remote interview 0,04% 

  QUIM (Quality In Use Integrated Measure-

ment) 
0,39%   custom-made 0,04% 

  Post-Study System Usability Questionnaire 

(PSSUQ) 
0,39%   closed response (during evaluation) 0,04% 

  
Perceived Usefulness, Perceived Ease of Use, 

and User Acceptance of Information Technol-

ogy by D. Davis (10.2307/249008) 

0,35%  Conventional Test (Written/Oral) 1,18% 

  AttrakDiff 0,27%   test with evaluation given by teacher 0,39% 

  Computer-Mediated Collaborative Learning: An 

Empirical Evaluation 
0,24%   test with evaluation given by teacher (PRE + POST 

evaluation) 
0,31% 

  Perceived Usefulness Perceive Ease of Use 

(PUEU) 
0,24%   test with evaluation given by teacher (Control + 

Experiment groups) 
0,31% 

  Simulator Sickness Questionnaire (SSQ) 0,20%   test with evaluation given by teacher (PRE + Post -

> Control + Experiment group) 
0,16% 

  Short Feedback Questionnaire (SFQ) 0,20%     

  Profile of Mood States questionnaire (POMS) 0,16%     

  Flow experience questionnaire by Chang et al. 

(2012) 
0,12%     
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Focus Group 1,10%   User Measurements 1,33% 
 

 Post-test focus group 0,74%    eye tracking 0,55% 
 

 Pre focus group 0,24%    Heart Rate Variability (HRV) 0,27% 
 

 Paper wireframe creation with users 0,08%    Electromyography (EMG) 0,12% 
 

 workshop with students 0,04%    Galvanic Skin Response (GSR) 0,08% 
 

Experts Review / Evaluation 0,94%    eye accommodation 0,08% 
 

 Treatment / Rehabilitation specific tests  

Experts Evaluation 
0,78%    grasping / press force 0,08% 

 
 Experts Interview 0,16%    Electroencephalography (EEG) 0,08% 

 

Self-Reported / Diaries 0,47%    gait tracking 0,08% 
 

 Self-reported data / Diaries 0,27%   Think aloud / Shadowing 0,47% 
 

 Participant’s artefacts (notebooks, emails, 

drawings, produced materials etc.) 
0,16%    Think aloud on prototype 0,27% 

 

 Factor-Referenced Cognitive Tests (Paper-

folding test) 
0,04%    Think aloud on task 0,12% 

Empirical Experimental 30,18%    Shadowing 0,08% 
 

User Action Logging 16,35%  Analytical Inspections 1,37% 
 

 tracking logs 6,47%   Experts Review / Evaluation 1,37% 
 

 system logs 5,84%    Heuristic evaluation 0,71% 
 

 evaluators count/measure 2,31%    Experts Interview 0,27% 
 

 evaluators timing 1,72%    Cognitive Walkthrough 0,16% 
 

Observation 9,25%    Tasks analysis 0,16% 
 

 evaluators observations 6,00%    Digital Ethnography 0,08% 
 

 evaluators coded/structured observations 2,63%      
 

 Treatment / Rehabilitation specific tests Ex-

perts Evaluation 
0,47%      

 
 comments collection during test 0,16%      

 
Question-answer-Protocol 2,78%      

 
 open response (during evaluation) 1,84%      

 
 closed response (during evaluation) 0,78%      

  
Virtual element finding / matching 0,16% 
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evaluation (see chapter 2.2), were task performance (with the use 
of user action tracking metrologies) and usability inquiries (with 
standardize questionaries and inversions) are the norm. 
 Instead, more interesting is the repartition of the 4th level (as we 
can see in [Table 9 ] next page), where there is an irregular distri-
bution inside the group of questionnaire inquiries, where the major 
tool used were not standardized, but customs made for the specific 
situation. 
This practice is quite normal in prototype evaluation, but the large 
gap between the first entry (custom-made) and the second one 
(NASA TLX), denote anyway the immaturity of the evaluations 
methods for AR systems, that as the result of the lack of standard 
evaluations protocols, tools, and the vast number of possibilities, 
make the task of finding common evaluation tools that could be 
used in more fields and solutions quite challenging.  
The number of second-level methodologies used per single study 
varied from 47.1% used only one type (mainly only interview, ques-
tionnaire or user action logging), the 35.5% used two methods (such 
as questionnaire inquiry or interview with user action logging), rarer 
were the case with 3 (12.5%), 4 (3,2%) 5 (1,5%) and only one study 
used 6 methodologies (0.2%) [Chart 4-27]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.5.2. HCI aspects  

Interesting was the reparation of the investigated HCI aspects  
with a more equal division between the different categories  
[Chart 4-28]. 
Here we can see that the usability aspects were the most investi-
gated (25,62%), in line with what Kim et al. (2018) [114] reported in 
theirs survey, as was also expected the second and third group, re-
spectively perception/cognition (12.2%) and Task performance 
(12,0%), being former a large subdomain of interest for AR inter-
faces (as seen in chapter 4.3) and the latter a common usability 
practice, used to assess the efficiency of a system (as seen in 3.2.3). 

Chart 4-29 
Percentage of number of 2nd 
level evaluation methodolo-
gies used inside a single study 
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Chart 4-30
Total distribution of 

investigated HCI aspects

Fallow the prototype focus and the ergonomics, loads, and comfort 
group, and surprisingly we found the cluster of the UX-Emotions 
(7,5%), that was mainly used to address the amusement, motiva-
tion and the general interest towards the system and the technol-
ogy (as we can see in [Table 10] next page). 
The interaction group is just slightly behind (with 7.1%) with the UX-
Usefulness (4.5%) category, that, despite the importance that it pre-
sents for the success and the adaptation of new devices, we found 
is rarely investigate and considerate in this type of evaluation. 
We think that this lack of efforts spent on this category could be the 
result of the technological push that drive the development of AR 
technologies, and the consequent lack of user-centring approaches 
in the field of AR systems [110]. 
The remaining categories are the sectoral ones, namely Communi-
cation (3,5%), Education specific (2,3%), Mixed background ques-
tions (1,8%) and treatment-specific (1,3%). 
Almost at the tile end, we found the UX - Meaning (1,7%) category, 
which as expected, is rarely explored due to the immaturity of the 
technology and thus the lack of experiences that surrounding it. 
If we decide to look at the proportions of aspects investigated per 
domain/fields (as seen in [Chart 4-29]), the situation does not 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
change much, with usability almost always at the first place, fol-
lowed by task perforce, only in some fields (the one less ex-
plored)we can notice more prevalence of other aspects, such as 
communication and interaction for entertainment, more prototype 
focus for field operation (indeed, in this domain we notice more ef-
forts put into the evaluation of real prototypes, and how they would 
be used in real (or simulated) situations. 
Interesting is also see a higher prevalence of the UX – Meaning as-
pect inside domains such as the cultural, the educational, and the 
entrainment one, all fields where this aspect has been detected 
more frequently. 
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Table 10 
Table of HCI investigated aspects, with relative subgroups and percentage of total uses 

 

UX - Usability   
 

Task performance   
 

ease of use 3,8% 
  

completion time 4,0% 
 

preference 3,6% 
  

accuracy 2,5% 
 

perceived performance 3,5% 
  

errors 2,1% 
 

satisfaction 2,1% 
  

task completion time 0,9% 
 

efficiency 1,9% 
  

n. trails 0,6% 
 

effectiveness 1,4% 
  

distance 0,5% 
 

learnability 1,2% 
  

reaction time 0,3% 
 

system status information and feedback 1,1% 
  

score 0,3% 
 

intuitiveness 1,1% 
  

n. interactions 0,3% 
 

perceived task/interaction difficulty 0,9% 
  

field specific amount 0,2% 
 

system perceived control / interactivity 0,8% 
  

interaction time 0,2% 
 

understandability 0,8% 
 

Prototype focus   
 

usability - unspecified 0,8% 
  

feedbacks / insights 3,2% 
 

aesthetic 0,7% 
  

comments / suggestions 2,7% 
 

system perceived accuracy 0,5% 
  

problem individuation 2,2% 
 

naturalness 0,4% 
  

requirements and missing features 1,1% 
 

system smoothness / response time 0,3% 
  

feature usefulness / importance 0,8% 
 

system perceived robustness / stability 0,3% 
  

possible use / potentials of system 0,5% 
 

system flexibility 0,2% 
  

co-design 0,3% 
 

system consistency / standards 0,2% 
 

Ergonomics / Load / Comfort   
 

system errors recovery, prevention and warning 0,2% 
  

physical load 2,1% 

Perception/Cognition   
  

cognitive load 1,8% 
 

virtual environment / object recognition 2,2% 
  

frustration / stress / anxiety 1,6% 
 

sense of presence / immersion 1,9% 
  

comfort / sickness 1,5% 
 

perception related errors 1,4% 
  

task perceived effort 1,4% 
 

virtual environment / object perceived quality 1,2% 
  

ergonomic properties 0,7% 
 

real environment / object recognition 1,0% 
 

UX - Emotion   
 

perceived (or evaluated) depth or distance 1,0% 
  

amusement / fun 2,6% 
 

perception related completion time 0,7% 
  

interest / attractiveness 1,2% 
 

hepatics 0,6% 
  

motivation 1,2% 
 

perception related accuracy 0,6% 
  

arousal / engagement 0,9% 
 

perception completion time 0,5% 
  

trust (perceived safety) 0,9% 
 

perception related response time 0,4% 
  

reactions and emotion individuation / shifting 0,5% 
 

physical body responses 0,4% 
  

perceived innovativeness / wow factor 0,3% 
 

sense of orientation / navigation 0,2% 
    

 
perception related n. attempts 0,2% 
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interaction   
 

Mixed background questions   

 
general interaction behaviour 1,4% 

  
subject technological comfort / general use 1,3% 

 
interaction strategy and system use 1,3% 

  
subject interest / knowledge on topic 0,7% 

 
attention / focus 1,1% 

  
mixed background questions 0,3% 

 
users movements / gestures / physical utilization of 

prototype 

0,9% 
 

UX - Meaning   

 
common general live / interaction behaviour 0,7% 

  
believes/opinions 0,4% 

 
learning / problem coping strategy 0,6% 

  
price / value 0,4% 

 
interaction patterns 0,6% 

  
meaning of context / place / interaction 0,3% 

 
gaming style / behaviour 0,2% 

  
Privacy 0,2% 

 
long period interactions studies with system 0,2% 

  
hedonic quality 0,1% 

UX - Usefulness   
  

captivating / delightful experience 0,1% 
 

perceived usefulness 3,1% 
  

pragmatic quality 0,0% 
 

would use again in future 0,7% 
  

aspirations 0,0% 
 

would recommend the use 0,4% 
  

acceptance 0,0% 

Collaboration/Communication   
  

self-expression 0,0% 
 

Social presence / interaction impact 0,5% 
  

memories 0,0% 
 

ease of communication 0,5% 
  

perception of brand 0,0% 
 

communication behaviour 0,5% 
 

Treatment Specific   
 

speech / dialog protocols and communication 0,4% 
  

fears / phobias  0,9% 
 

ease of collaboration 0,4% 
  

rehabilitation 0,4% 
 

gaze / head communication 0,4% 
 

other   
 

communication - score / errors / accuracy 0,2% 
  

documentation 0,1% 
 

collaboration - completion time 0,2% 
  

users tasks 0,0% 
 

organization behaviour and strategies between  

users  

0,2% 
  

Digital Ethnography - Apps adaption 0,0% 

 
gestures / hands / body communication 0,2% 

  
Digital Ethnography - Apps perception / rating 0,0% 

 
individual action vs collaboration 0,2% 

    

Education specific   
    

 
learning performance (error / score comparation) 1,2% 

    

 
learning performance POST (error / score  

comparation) 

0,4% 
    

 
learning attitude (self-regulation / autonomy /  

motivation) 

0,3% 
    

 
learning performance PRE (error / score  

comparation) 

0,2% 
    

 
learning performance POST (free discussion) 0,2% 

    

 
learning performance POST (meta test compara-

tion) 

0,1% 
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Chart 4-31 
Distribution of investigated HCI per Domain / Field 

 



 

 
Evaluation methodologies employed and main HCI aspects investigated – 122 
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4.6. Framework definition, description, 
and usage  

After we saw what the main evaluation methodologies employed 
and what HCI aspects they investigated, we are now ready to de-
fine our evaluation framework. 
Starting from the first and second research questions defined in 3.1 
we can determinate that the framework to be usable and useful 
(Q3) must respond to two main questions: to illustrated what are 
the main user evaluations methodologies that have been employed 
in the past for each domain of application (Q1), and thus have been 
already been proved to be usable in those contexts, and then what 
aspect of Human-Computer Interactions these methodologies in-
vestigated (Q2), as a means to better guide the choice of the right 
tool and therefore of the whole evaluation. 
To accomplish this, we based the framework mainly on the works 
conducted by previous researchers, works that act as a guide for 
both questions. 
Based on the data analysed in this chapter, we decided to choose 
as main framework parameters the following categories: 

 Domain/Fields of application 

 Evaluation methodologies used 

 Investigated HCI aspects 

This choice was detected to the need to keep the framework orga-
nized and readable, and these three parameters allowed us to bal-
ance the framework usability with usefulness. 
Thus, the framework (that can be found in [APPENDIX - A]) is com-
posed of the results of the three parameters of the evaluation ana-
lysed and categorized, and is composed of four main sections  
[Figure 4-2]:  

A. Reference tables: a collection of tables that serve to better il-
lustrate the differences between each domain, evaluations 
methods, and HCI aspects. Their main goal is to illustrate the 
main differences between the various category, to allow an 
easier section of the right one.  

B. Correlation charts: graphs of correlation of methods used, 
and most investigated HCI aspects subdivide per domain. In 
the metrologies correlation graphs, we can see if a determi-
nate method is often used paired with another, one looking at 
each link, and its width. in the HCI aspect pie instead, we can 
see the percentage of studies that were investigated each as-
pect. 
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C. Method Used & Aspects Matrix: this bubble graph put in cor-
relation the method used for each HCI aspect within each do-
main, here we can easily see if one pair is more used than the 
other through the size of each bubble.  

D. Lookup tables: As we have discussed in section 3.2.3, due to 
the number of tools and methodologies used, we decided to 
sub-divided the used methodologies into 5 levels, this was 
necessary because only knowing the main evaluations group 
used does not allow us to create a framework with the right 
level of detail to be considerate usable. 

Figure 4-3
Framework sections preview
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In order to use the framework, during the evaluation design phase, 
the evaluators must follow a determinate procedure [Figure 4-3], 
inspired by the evaluation procedures defined by Gabbard et al. 
[147] and Swan et al. [148], where there is the possibility to revert 
to the previous steps if the need should arise. 

1. In the first step, evaluators had to choose the most appropriate 
field of application for their AR system, this can be done with 
the help of the tables present in section A. 

2. After that, using the correspondent domain chart found in sec-
tion B, evaluators should decide (if this was not already de-
cided) what type of HCI investigations they want to conduct on 
the analysed system. This section could be also used to under-
stand what has been already explored in the past and evaluate 
if there is the need to investigate determinate aspects over oth-
ers.  

3. Then, using the correspondent domain matrix found in section 
C, evaluators should decide what method was the most used 
in the past linked to the selected HCI aspect. Due to the large 
number of possible methodologies that could be used, here are 
reported only the 3rd level of our evaluation classification (see 
chapter 3.2.3). 

4. When the right method is decided, evaluators should use the 
lookup table of the correspondent domain present in section D 
to evaluate more in detail the possible tools and their specifi-
cations (4th and 5th level of our classification). 

5. Finally, evaluators could also use the correlation chat used in 
section B to better decide what other type of evaluation meth-
ods they could pair with the selected one, to better cover differ-
ent HCI aspects of the evaluated system.   

If during the resulting method of the framework is irrelevant, would 
not work, or is not relevant for the current evaluated AR system, we 
suggest searching inside similar fields, or in the generic interfaces 
domain, as this is usually the result of the lack of studies in the cor-
responding sector, or probability the HCI aspect investigated is still 
not yet explored.  
This is clary a strong limitation of the framework, that analysed only 
a small sample of papers, and to be more usable and useful need 
to incorporate more and more studies, than the one present right 
now. 
In the next chapter, we will see two case studies where this proce-
dure could apply, with the aim to better illustrate the framework use 
in more detail. 
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Figure 4-4 
Framework usage process steps 
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CASE STUDY 

5.  
CASE STUDY 

In this chapter, we will test the framework derived from our analysis 
and described both how it is composed and, its use, in the last chap-
ter. 
We will address it through the use of two cases study coming from 
the academic lecture that would represent two real situations in 
which the framework could be used. 
Those situations will consist of two real projects, where a real AR 
system has been defined or build, and where there is the need to 
choose the right evaluation method for the situation at hand. 
These case studies would have two main goals, the first to test its 
current state, its potentials, main issues and limits, and thus we will 
try to validate the work made until now, and so answer our third 
research question. 
The second aim of this section is to better illustrate how the frame-
work is used, what are the main expected results, and the principal 
steps that a hypothetical evaluator would encounter with this tool.   
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5.1. First Case study 

The first case study we will explore is based on the work of Dadhich, 
Caruso, and Shi [178], and concern the evaluation of novel inter-
faces for personal road vehicles which utilize AR and 5G technolo-
gies to increase the safety of the passengers on board.  
This study focuses mainly on testing new warning interfaces for 
dangerous situations derived from blind spots and improvises ob-
stacles entering inside the field of view of the driver, severe situa-
tions that could happen at road intersections or traffic lights.   
To test this technology in a safe way, they decided to create a sim-
ulation in Virtual Reality on the iDrive simulator [179], that can re-
produce in a realistic and safe way the worst-case scenario to in-
vestigate if the proposed interfaces are suitable for this kind of sit-
uations [Figure 5-1].  
 

 

Figure 5-1
iDrive simulator 

(source Dadhich et al. [178])
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They divided the simulation into two main situations to test the ad-
vantage of 5G technology, and inside each one was present two 
conditions to test: with 5G turned ON and with 5G turned OFF, with 
different environmental conditions, like night and day. 
 
Situation 1 - Blindspot warnings:  
in this scenario different blind spots are introduced inside the virtual 
city environment, so the driver needs to approach these spots  
with the proper speed to avoid accidental collision with various ob-
stacles [Figure 5-2 – left].    
 
Situation 2 - Prior warning to hazard:  
this scenario involves instead lane change assistance provided with 
the help of V2X communication and 5G technology, thus the driver 
needs to drive the vehicle inside the simulation paying attention to 
any warring that could come from the tested interface and the en-
vironment [Figure 5-2 – right].    

 
A lot of attention was spent by the authors on the individuation of 
the right UI elements, that could provide to the driver an engaging 
driving experience, but at the same time needs to be clear and de-
liver the right message at the right moment, avoiding unnecessary 
elements of distraction that could be dangerous.  
The final interfaces that Dadhich et al. proposed make use of an AR 
windscreen display, that would not divert the driver's attention from 
the road, and at the same time would visualise the relevant data 
directly Infront of them [Figure 5-3]. 
  

Figure 5-2 
(left) Situation 1 
(right) Situation 2 
(source Dadhich et al. [180]) 
 

Figure 5-3 
Screenshots of the virtual  
scenario build by Dadhich et al. 
for testing new types of AR in-
terfaces and 5G technologies 
inside personal vehicles 
(source Dadhich et al. [180] 
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Use of the framework: 

 
After the scenario has been individuated, and the prototype builds, 
researchers now should evaluate the AR system created (in this 
case study new AR interfaces for driving), to investigate if it fully 
satisfies the users’ needs and expectations, and it is precisely at this 
moment that our framework comes into play. 
As we have seen in chapter (4.6), the first step consists in the indi-
viduation of the right domain of application for the evaluated AR 
system, operation that can be performed thanks to the reference 

tables present in section A (that can be found inside the [APPENDIX 

- A]), and we can individuate this application inside the domain 
Navigation & Driving. 
Now, in the second step, we should consult the chats present in 
section B, to select the right HCI aspect to investigate, doing this we 
can individuate as the most investigated aspects inside this domain 
are the ones belonging to UX – Usability, task performances, 
ergonomics, and interaction [Figure 5-4 – Left]. 
  

 
Knowing this, we can proceed to the third step, where using the 
Method Used & Aspects Matrix for this domain, we can select what 
evaluations methodologies have been used in the past to investi-
gate the HCI aspects individuated in the last step. 
Here we can see as, for Usability, the most used evaluations 
method was the questionnaire one [Figure 5-4 – Right], now we 
can easily look at the lookup tablet to search, in better detail, what 
questionaries tools were the most used. Here we can find that the 
most used tools were custom-made for their evaluation, but more 
interesting are the following results: with the Software Usability 
Measurement Inventory (SUMI), the System Usability Scale (SUS), 
the Short Feedback Questionnaire (SFQ), and the ISO 9241 part 9. 

Figure 5-4
(Left) Section B –
Corelation Chart

(Right) Section C –
Method Used & 
Aspects Matrix
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Here the evaluators should investigate what of these tools are the 
most usable and appropriate for the situation at hand, in our case 
the SUNI is the right for us. 
Then for the final step of our framework, we should look back at the 
charts of section B, and here see what the most used tools were 
paired with the one that we have investigated.  
For our case study, we can see that the questionnaire methodology 
was paired for the major part with the user action logging method-
ology. 
If now we look again at the Method Used & Aspects Matrix, but we 
reverse our research and we search for the HCI aspects investi-
gated with the action logging methodology, we can see that this 
methodology was employed mainly to investigate how the users' 
performance in completing a determinate task. 
This measurement could be relevant for our system; thus, we can 
check what tools were used in detail in the lookup table. 
Here we found that the tools most used for gathering data were 
systems logs and tracking logs.  
These methodologies could be easily implemented in our simulation 
and can be useful in the comparison between sceneries, to tack the 
responses time of the users and the virtual distances between the 
car and the obstacles. 
Finally, we could try to check a third time to the correlation chart in 
section B, where we can see that the most used methodologies 
paired with user action logging after the questionaries are inter-
views, the think-aloud/shadowing, observation, and the user meas-
urements. 
Of these methodologies, the one that we think could be the more 
interesting in using is the user measurements, and if we exam the 
lookup table, we found that the most used tool inside this category 
is eye tracking. 
The use of this tool can be beneficial to investigate where the driver 
attention is spent, and if the AR interface under exam provides too 
many distractions to be considered dangerous. 
Here anyway a problem arises, the iDrive simulator in the configu-
ration created for this experiment uses a VR headset, which makes 
the implementation of an eye-tracking methodology difficult. 
There are however some workarounds, such as the use of devices 
that incorporated the eye-tracking sensor directly in the VR headset 
(such as the Varjo VR-3 headset [180]), these devices could any-
way add a layer of complexity to the evaluation, and thus must be 
taken in consideration accordantly. 
When we decided that the solution that the framework present 
could work fine for our solution, in our case study an investigation 
that will employ the SUNI questionnaire, user action logging from 
the simulator, and attention detection through the use of eye-
tracking), we could start to prepare the real evaluation and the ex-
periment design.  
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5.2. Second Case study 

For what concerns the second case studies we chose to analyse 
the work of Aleksy et al. [181], they designed and prototyped a 
HoloLens AR application to help field services workers in Remote 
support, Repair takes, and technical “on the field” information ac-
cess. 
The authors also conducted a quick informal user evaluation to 
gather some initial feedback and insights but did not conduct a 
structured user study, thus the data they collected was only subjec-
tive and qualitative, and focused exclusively on some features of 
the interfaces they developed. 
The prototype was built with the help of the game engine Unity3D 
and made use of marker-based tracking (QR codes). 
It presented three main features, once for each individuated task: 
Remote, Repair, and Access to technical details. 
Remote support:  
they implemented inside their application a live video & audio 
stream between the service engineer working the field and wearing 
the HoloLens device, and a remote expert, they also added the pos-
sibility to augment the video stream with notes, warning signs to 
highlight inside the point to view of the users the areas of interest 
and the potential sources of danger. 
 
Repair tasks:  
consisted of several features (such as safety instructions, checklists, 
required tools and spare parts, maps, and step-by-step repair in-
structions) that help the user performing the maintenance activities. 

1. First, they started presenting the safety instructions and check-
lists to ensure that all necessary safety actions have been 
taken into consideration. 

2. Second, a checklist of all the required tools and spare parts is 
present to ensure that all the necessary components for the job 
at hand are available. 

3. Then, navigational support is shown to help the users find 
where the equipment to be serviced can be found, as well as 
all the correlated facilities and implants. 

4. Finally, step-by-step instructions regarding the repair task are 
provided to help perform the required service activity in an ef-
ficient way. 
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Access to technical details:  

the last task that the authors identified concerns the access to var-
ious types of technical product documentation, such as prior service 
reports, technical drawings, and manuals that are not often stored 
near the place of serviced equipment. 
Moreover, also other features could be beneficial to the field work-
ers, such as accessing 3D models of industrial components without 
being forced to remove them from their place or retrieving infor-
mation directly from the on-site devices to get a quick and compre-
hensive view of the current system status.  
 

 
 

Use of the framework: 

 
Here, considering that the AR system build is quite complex and 
presents different types of tasks and interactions modalities, we 
should decide on what we want to focus our evaluation, to get the 
best results from the framework and the evaluation itself.  
Of the three main features developed, we can say that the first one 
could be easily identified (always using section A of our framework) 
within the domain of Communication & Telepresence, and more 
specifically, inside the sub-domain Remote Help, and Telepresence 
& Remote collaboration. 
Instead of the other two main tasks, we can see that it can be part 
of both generic interfaces (Info presentation / Visualization) and 
Field Operations (On-site planning/maintenance). 
In this case, when the AR system evaluated can be used for more 
than one field, we suggest using the more specific one (in this case 
Field Operations), and if the results of the framework are not usable 
for the situations or are too generic, to tray also with results of the 
other domains, to check, (and eventually marge) more than one 
possible solution. 
For this case study, we decided to focus our attention on the second 
domain, the Field Operations one, and not concentrate our effort on 
the collaboration domain.  
After the domain has been individuated, we can proceed with the 
second step, looking in section B of the framework where we can 
see that the most investigated HCI aspects were focused on the 
prototype feature evaluation and usability. 
Now looking at the comparison matrix, under the voices prototype 
focus and usability, we can see that the methodologies more used  

Figure 5-5 
Screenshots of the prototype 
build by Aleksy et al., to help 
field workers. 
(source Aleksy et al. [181]) 
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in the past were Interviews, Focus groups and Experts reviews. 
Knowing this, we can now check the lockups tables (section D) and 
we can see that the tools used in the past are too generic and do 
not fit our situation, so we try to see the second most used method, 
the focus groups and expert evaluations, and here we can find that 
the post-test focus group and the heuristic evaluation and cognitive 
walkthrough could be used in our situation and, as we can constate 
from the correlation chart in section B, easily paired together.  
Now could stop here and conduct an expert evaluation (maybe also 
if experts fields work) later followed by a post-evaluation focus 
group. 
Another possible solution could be also searching for the second 
most used HCI aspects, in our case the usability aspect, and repeat 
all the framework steps, this will give us that the most used meth-
odology for investigated usability inside the fieldwork domain is 
with questionnaires, and more specifically the Perceived Useful-
ness, Perceived Ease of Use, and User Acceptance of Information 
Technology questionnaire by D. Davis, another methodology that 
could be easily integrated inside this system evaluation, between 
the cognitive walkthrough and the focus groups. 
 

Figure 5-6
(Left) Section B –
Corelation Chart

(Right) Section C –
Method Used & 
Aspects Matrix
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DISCUSSION & CONCLUSIONS 

6.  
DISCUSSION 
& CONCLUSIONS 

Discussion 

This work focused on the evaluation methodologies currently in use 
inside the field of Augmented and Mixed Reality, and more specifi-
cally, on how to choose the best tools to evaluate these novel sys-
tems and interfaces. 
Starting from the understanding of what commonly is defined as 
Augmented Reality (and, to an extent, also Virtual Reality and 
Mixed Reality), we introduce why it is considered the “next-gener-
ation interface”, what is its long history of developments in the last 
and current century, and what are its prospects for the future.  
We tried to better classify the foundational elements that allow it 
to work, as well as showing the particularities and limitations of 
each element. 
We briefly saw its main field of application in which is already in 
use, or it is expected to have a disruptive impact in the future, as 
well its current shortcomings and potential future issues.  
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Indeed, as discussed in the first part of this work, AR has right now 
more than three decades of active research on its behalf, anyway 
very few solutions have come onto the market, and those that did 
had not the desired adoption, a clear signal of the immaturity of this 
technology, and that many problems need yet to be resolved, both 
on the technical field and on the user side. 
Anyway, as we have seen, most of the research conducted up to 
this point have spent their efforts mainly on technical problems, 
with little focus reserved to the user-centric side of the field. 
This has been individuated as one of the main issues that hindered 
this technology inside research and development centres, and the 
success of AR devices will come only after a strong push towards 
user-centred design-oriented research that will produce well-de-
signed user experiences. 
Exploring this concept, we have found that previous surveys con-
ducted on this matter found that too little research addressed these 
HCI aspects within the AR field, with an even smaller number of 
articles contain any formal user-based experiment. 
The absence of formal user evaluations has been attributed by the 
survey authors to the research’s lack of knowledge on what tools 
use for their specific situation, being the AR field too large and frag-
mented. 
Is clear that an effort is needed to rearrange and then re-evaluate 
what type of evaluations has been conducted until now, to create 
from the existent state of the art a solid foundation for future user 
evaluations of AR systems, always keeping at the centre of the de-
velopment process the end-users, their needs, emotional aspects, 
and desirers (that often are dismissed by the strong technology-
driven push of the AR field). 
From this motivation, this work draws its main objective: to create 
a working framework to inform and help in the selection of the best 
user evaluation methods for Augmented Reality systems. 
To accomplish this, a literature review was conducted to explore the 
most common evaluations techniques to address both AR and tra-
ditional interfaces. 
We started understanding what means conducting a user evalua-
tion, and what are the main tools and approaches commonly used, 
as well as how these methodologies are classified, and what are 
their pro and cons. 
We quickly discover that there is not a standardized procedure or 
tools to evaluated AR interfaces due to the particularities of Aug-
mented Environments such as multimodal interactions possibilities 
and explorable 3D environments and interfaces make the general-
ization of common evaluations procedure, tools, and guidelines, 
quite challenging.  
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The results of this first literature review led leads us to the creation 
of three main research questions, that we need to answer to allow 
the creation of our framework that will help future researchers to 
better evaluate their AR systems, and thus allowing this technology 
to be adopted by larger and larger number of users. 
 
Question 1:  

What are the main methodologies for user’s evaluations methodol-

ogies that have been employed in the past in the field of AR,  

for each determinate domain application?  

Question 2:  

What were the aspects of Human-Computer Interactions that 

these evaluations methodologies investigated?  

Question 3:  

Based on the results of the first and second questions, is possible to 

derivate a usable framework to inform and guided future  

evaluations?  

After we defined these three questions, we started defining the 
main steps of the framework creation: a collection of the studies 
that respected specific inclusion criteria, then the analysis and clas-
sification of these studies according to pre-determinate groups and 
categories (derivate from the academic literature), and finally the 
production of the results and creation of the final framework upon 
those results. 
The studies were collected from three field servery that explored the 
field of user evaluations, more specifically, in the domain of HCI, UX, 
UI, usability, and of course AR. 
Then we individuated the main categorization parameters, divided 
into 3 main sections:  
The first was relative to the technological sphere and was struc-
tured as: Output device (composed of 11 categories), Input device 
(composed of 7 categories), and tracking device (composed of 7 
categories). 
The second section was the basis on the study design, and it was 
in turn divided into: domain/field of application (12 categories with 
relative subdomains), types of Study evaluation (11 groups), study 
settings (3 groups), and number of participants per study,  
And finally, main evaluations methodologies with their relative in-
vestigated HCI aspects. 
This last category was divided into two main parameters: the eval-
uations methodologies (composed of an ordinated structure of 5 
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nested layers) and the investigated HCI aspects (divided into 10 
groups with relative sub-groups). 
From this parameter systematic literacy reviews were conducted on 
433 papers, resulting in 474 individual studies that cover a time 
frame running from 2001 to 2018. 

6.1. Contribution to knowledge  

From our systematic literacy reviews we tried to answer our main 
research questions: namely, what tools have been used in the past 
inside the various AR application fields (Q1), as well as what are 
the main HCI aspects touched by these investigations (Q2), ques-
tions that constitute the guidelines for the creation of our work.   
The result is a working framework based on three main parameters 
derived from our analysis results: Domain/Fields of application, 
Evaluation methodologies Used, and Investigated HCI aspects. 
The framework is composed of four main sections: Reference ta-
bles, Correlation charts, Method Used & Aspects Matrix and Lookup 
tables, and its use is straightforward. 
During the evaluation design phase, the researchers who are in 
need to choose the right evaluation methodology need to follow a 
simple procedure: first, select the most appropriate field of applica-
tion for the AR system currently under examination with the help of 
the reference tables, then, using the correspondent domain chart 
found in the correlations section, the researchers should decide (if 
there is the necessity) what type of HCI investigations they want to 
conduct on the analysed system.  
After that, the domain matrix is used to find the most used method 
inside the determinate domain and the selected HCI aspect. 
When this method is found, thanks to the Lookup tables the re-
searcher can find out in more detail which method to use. 
Finally, the correlation chat could also be used to select what eval-
uation methods could be pair with the selected one, in order to bet-
ter cover different HCI aspects of the evaluated system.   
If during this procedure, the resulting method is irrelevant, would 
not work, or is not relevant for the current evaluated AR system, the 
researcher has two main options: look inside similar fields, or search 
inside the generic interfaces domain.  
At the end of this work, we also try to validate our framework with 
the use of two theoretical case studies resultants from the aca-
demic literature and that could represent two real situations in 
which this tool could be employed. 
This had two main goals: Illustrate in detail how to use it, and to 
investigated if it responded to our third and last question (Q3): is 
this framework usable to guide future evaluations in the field? 
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6.2. Open issues and future 
developments 

There are yet many open issues that must be addressed to make 
the framework usable within a real evaluation environment.  
Right now, a small test run with real evaluators and a real system 
is needed to test if our third research question is fully answered, or 
if any changes are needed. 
This necessity arises from the consideration that, being the two test 
cases proposed in chapter 5 highly hypothetical, they do not give us 
a full picture of how the framework could be used and its real limits 
and issues. 
Another issue that arises from the use of the framework is its low 
number of results that can be restitutive in some cases, namely 
when an investigating inside domains such as business, services, 
and field operations, that contenting a lower sample of studies, not 
always could answer the researchers needs totally.  
To cope with this problem, a larger survey in the domain of user 
evaluations with AR technologies is needed, also including other 
scientific databanks and venues, being that the majority of the sam-
ple used in our work is sourced by publications from ISMAR. 
Indeed, also as Kim et al. [114] point out, concentrating the analysis 
and the scope of our work exclusively on a few sources and venues 
might exclude potentially insightful and impactful research, while 
also not cover influential research works from other fields, that also 
consider AR/MR for its potential uses. 
This is not only a problem for the quantity of the data collected and 
thus a lack of potential framework results, but also a quality issue. 
Indeed, many fields servery used looked mainly at one specific do-
main or research field (i.e., from Lim et all. [163] looked only in the 
educational one for their study), a sample discrepancy that can con-
stitute a bias toward some type of evaluations and HCI aspects. 
Moreover, in our research, during the first step of our analysis (see 
chapter), we used different systematic reviews to source our main 
sample. 
Although these studies collection respected the defined inclusion 
parameters, the different origins of these sources do not use the 
same acceptance criteria between them, a discrepancy that could 
create another bias, and so could not represent fully the current 
state of the art, and the tools used in today AR evaluation.  
An example of this aspect can be found in the survey of Lim et all. 
[163], the main goal of their goals was to map what tools and pro-
cedures were used in the evaluation of AR technologies inside the 
domain of education and training. 
After a careful analysis, we choose to also insert this publication in 
the sample of papers, since a good proportion of the papers re-
ported do not cover the domain of education or trading, but also 
navigation, general interfaces and more.  
Nevertheless, this could be a potential indicator that these papers 
could not represent a compressive sample of the state of the art, 
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and worst could give a distorted view of the field, these considera-
tions must be always taken into consideration when working with 
this framework. 
In the future, we also plan the creation of an interactive online plat-
form, where all the data could be accessed by the research in an 
easy, efficient, and quick way. 
This platform could also allow, in its future iteration, to share possi-
ble evaluation conducted within the AR field, and more specifically 
their evaluation methods and investigated HCI aspects, to allow a 
larger and larger sample of studies, that would expand the frame-
work data, and thus making it more and more usable.  
This platform could also work as a repository of the studies used, 
as well as a meeting point for all those researchers that need to 
conduct or are conducting, AR systems evaluations with real users. 
We also plan in the future the inclusion of also other parameters 
(such as the technologies used and the evaluation design) inside 
the framework. 
These parameters were excluded from the current framework to 
keep it organized and readable, this anyway could not be a neces-
sity in the future, if we decide to create the above online platform, 
that could allow us more flexibility than the one possible by the cur-
rent framework.  
Finally, we want to specify that this framework is meant to be seen 
as a continuous work, always growing, changing, and improving to 
propose the most appropriate tools to, hopefully, a larger and larger 
group of researchers. 
Researchers, that using this work as a guide would further develop 
this field, making this technology become more mature and 
adopted in ours everyday lives, thus achieving what someone [4] 
once called the “next-generation interface”. 
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How to read the framework  

  

Methodologies used correlation chart 

  

Correlation chart between methodologies used,  
 the width of the flows corresponds to the number   
of times the methodology has been used. 
 The external arches correspond to the total use 
within the domain/field. 
 

Investigated HCI aspects pie 

 

Repartition of the HCI aspects investigated  
within the domain/field. 

Method Used & Aspects matrix 

 

Bubble graph that puts in correlation the method 
used for each HCI aspect within the domain. 
 Here we can easily see if one pair is more used 
than the other through the size of each bubble. 
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Section A – Reference tables: Domain and Fields  
Section A 

Business & Services  Generic Interface 

Advertising / Product preview  Calibration 

Fashion / Makeup  On site collaboration 

Retail  Info presentation / visualization 

Communication & Telepresence  Interactions & Ergonomics 

Remote Help  Perception 

Telepresence & Remote collaboration  Tangible Interface 

Telepresence Surgery  Health Care & Medicine 

Cultural & Tourism  Elderly / Disables Help 

Commercial exploration & discovery  Emergency 

Heritage exploration & discovery  Personal Help 

Museum & Exhibitions  Phobia Treatment  

Education & Training  Rehabilitation 

Design, Engineering and Architecture  Surgery 

History  Training 

Languages  Industry 

Music  Assembly 

Orientation  Design & Engineering 

Other  Logistics 

PA  Maintenance 

Science subjects  Manufacturing 

Serious game  Training 

Special needs education  Navigation & Driving 

Entertainment  Driving 

Gaming  Info / Annotations AR & Remote viewing 

Narrative experience  Inside orientation & space navigation 

Field Operations  Outside orientation & space navigation 

Archaeological  Remote orientation & navigation (i.e., on map) 

CSI  Other 

Military Operations  

Generic Perception on AR  

    ( Expectations  / acceptance) 

On site planning / maintenance  Generic Perception on AR - Immersion / motivation 

  Generic Perception on AR - Privacy 

  Generic Perception on AR - State of the art 

  human/robot/AI interaction 

  Security 
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Investigated HCI Aspects 
 

Collaboration/Communication  learning / problem coping strategy 

collaboration - completion time  long period interactions studies with system 

communication - score / errors / accuracy  

users’ movements / gestures / physical  

utilization of prototype 

communication behaviour  Mixed background questions 

ease of collaboration  mixed background questions 

ease of communication  subject interest / knowledge on topic 

gaze / head communication  subject technological comfort / general use 

gestures / hands / body communication  other 

individual action vs collaboration  Digital Ethnography - Apps adaption 

organization behaviour and strategies between  

users   Digital Ethnography - Apps perception / rating 

Social presence / interaction impact  documentation 

speech / dialog protocols and communication  users’ tasks 

Education specific  Perception/Cognition 

learning attitude (self-regulation / autonomy  

/ motivation)  hepatics 

learning performance (error / score comparation)  perceived (or evaluated) depth or distance 

learning performance POST (error / score  

comparation)  perception completion time 

learning performance POST (free discussion)  perception related accuracy 

learning performance POST (meta test  

comparation)  perception related completion time 

learning performance PRE (error / score  

comparation)  perception related errors 

Ergonomics / Load / Comfort  perception related n. attempts 

cognitive load  perception related response time 

comfort / sickness  physical body responses 

ergonomic properties  real environment / object recognition 

frustration / stress / anxiety  sense of orientation / navigation 

physical load  sense of presence / immersion 

task perceived effort  virtual environment / object perceived quality 

interaction  virtual environment / object recognition 

attention / focus  Prototype focus 

common general live / interaction behaviour  co-design 

gaming style / behaviour  comments / suggestions 

general interaction behaviour  feature usefulness / importance 

interaction patterns  feedbacks / insights 

interaction strategy and system use  possible use / potentials of system 

  problem individuation 

  requirements and missing features 

 (from previous page) 
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Task performance  price / value 

accuracy  Privacy 

completion time  self-expression 

distance  UX - Usability 

errors  aesthetic 

field specific amount  ease of use 

interaction time  effectiveness 

n. interactions  efficiency 

n. trails  intuitiveness 

reaction time  learnability 

score  naturalness 

task completion time  perceived performance 

Treatment Specific  perceived task/interaction difficulty 

fears / phobias   preference 

rehabilitation  satisfaction 

UX - Emotion  system consistency / standards 

amusement / fun  system errors recovery, prevention, and warning 

arousal / engagement  system flexibility 

interest / attractiveness  system perceived accuracy 

motivation  system perceived control / interactivity 

perceived innovativeness / wow factor  system perceived robustness / stability 

reactions and emotion individuation / shifting  system smoothness / response time 

trust (perceived safety)  system status information and feedback 

UX - Meaning  understandability 

acceptance  usability - unspecified 

aspirations  UX - Usefulness 

believes/opinions  perceived usefulness 

captivating / delightful experience  would recommend the use 

hedonic quality  would use again in future 

meaning of context / place / interaction   
memories   
perception of brand   
pragmatic quality   
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Evaluations Methods 
 

Analytical Inspections  Empirical Inquiry 

Experts Review / Evaluation  Conventional Test (Written/Oral) 

Cognitive Walkthrough  test with evaluation given by teacher 

Digital Ethnography  

test with evaluation given by teacher  

(Control + Experiment groups) 

Experts Interview  

test with evaluation given by teacher 

(PRE + Post -> Control + Experiment group) 

Heuristic evaluation  

test with evaluation given by teacher 

(PRE + POST evaluation) 

Tasks analysis  Experts Review / Evaluation 

Empirical Experimental  Experts Interview 

Observation  

Treatment / Rehabilitation specific tests  

Experts Evaluation 

comments collection during test  Focus Group 

evaluators coded/structured observations  Paper wireframe creation with users 

evaluators observations  Post-test focus group 

Treatment / Rehabilitation specific  

tests Experts Evaluation  Pre focus group 

Question-answer-Protocol  workshop with students 

closed response (during evaluation)  Interviews 

open response (during evaluation)  closed response (during evaluation) 

Virtual element finding / matching  custom-made 

Think aloud / Shadowing  later coded 

Shadowing  remote interview 

Think aloud on prototype  semi-structured 

Think aloud on task  structured 

User Action Logging  unstructured 

evaluators count/measure  unstructured post-experiment discussion 

evaluators timing  with proxy users 

system logs  Questionnaire 

tracking logs  adapted from previous/similar research 

User Measurements  After-Scenario Questionnaire (ASQ) 

Electroencephalography (EEG)  AttrakDiff 

Electromyography (EMG)  Ben Schneiderman’s acceptance test 

eye accommodation  Bipolar Laddering (BLA system) 

eye tracking  

Computer-Mediated Collaborative Learning:  

An Empirical Evaluation 

gait tracking  

Cornell Musculoskeletal Discomfort 

Questionnaires (CMDQ) 

Galvanic Skin Response (GSR)  custom-made 

grasping / press force  Education specific Questionnaire 

Heart Rate Variability (HRV)  EZ-Scale 
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(from previous page) 

 

 

Flow experience questionnaire by Chang  

et al. (2012) 

Flow State Scale (FSS) 

GameFlow questionnaire  

illusion evaluation questionnaire by  

Pusch, Martin, and Coquillart 

Intrinsic Motivation Inventory (IMI) 

ISO 9241 

ITU-R BT - Methodology for the Subjective  

Assessment of the Quality of Television  

Pictures 

NASA TLX 

Perceived Usefulness Perceive Ease of  

Use (PUEU) 

Perceived Usefulness, Perceived Ease of Use, 

 and User Acceptance of Information  

Technology by D. Davis (10.2307/249008) 

Post Experiment Questionnaire for UX for 

 MARs by Olsson et al.  

(10.1007/978-1-4614-4205-9_9) 

Post-Study System Usability Questionnaire  

(PSSUQ) 

presence questionnaire 

Profile of Mood States questionnaire (POMS) 

Questionnaire for User Interface and  

Satisfaction (QUIS) 

QUIM (Quality In Use Integrated  

Measurement) 

Rating Scale for Mental Effort (RSME) 

remote survey 

Santa Barbara Sense of Direction (SBSOD) 

Sensitivity scale questionnaire by Detlev  

von Zerssen 

Short Feedback Questionnaire (SFQ) 

Simulator Sickness Questionnaire (SSQ) 

Software Usability Measurement  

Inventory (SUMI) 

System Usability Scale (SUS) 

Technical self-efficacy (TSE) Questionnaire 

Technology Acceptance Model (TAM) 

Treatment / Rehabilitation specific  

Questionnaire 

Unified Theory of Acceptance and Use  

of Technology (UTAUT2) 

Usability Satisfaction Questionnaires 

Wearability Levels (WL) scale Knight et al. 

Self-Reported / Diaries 

Factor-Referenced Cognitive Tests  

(Paperfolding test) 

Participants artefacts (notebooks, emails, 

 drawings, produced materials etc.) 
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Section B - Correlation charts 

Business & Services  
Section B Section B C and D 
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Section C - Method Used & Aspects Matrix  

Business & Services 
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Section D – Lookup Table: Business & Services 
 

Ergonomics / Load / Comfort 1 1,39% 
 

Questionnaire 
  

  
adapted from previous/similar research 

  

   
A Mixed Reality Virtual Clothes Try-On System by Yuan et al. (10.1109/TMM.2013.2280560) 1 1,39% 

interaction 12 16,67% 
 

Interviews 
  

  
semi-structured 3 4,17% 

  
structured 1 1,39% 

 
Self-Reported / Diaries 

  

  
Self-reported data / Diaries 3 4,17% 

 
Questionnaire 

  

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 1 1,39% 

   
7 Likert scale 1 1,39% 

 
Observation 

  

  
evaluators observations 

  

   
on material recorded 1 1,39% 

 
Focus Group 

  

  
Paper wireframe creation with users 1 1,39% 

 
Think aloud / Shadowing 

  

  
Shadowing 1 1,39% 

Mixed background questions 5 6,94% 
 

Questionnaire 
  

  
custom-made 

  

   
1 to 5 scale 2 2,78% 

   
closed ended question/s 1 1,39% 

  
remote survey 

  

   
online survey 1 1,39% 

 
Interviews 

  

  
structured 1 1,39% 

other 
  

2 2,78% 
 

Experts Review / Evaluation 
  

  
Digital Ethnography 2 2,78% 
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Prototype focus 7 9,72% 
 

Focus Group 
  

  
Post-test focus group 3 4,17% 

  
Paper wireframe creation with users 1 1,39% 

 
Interviews 

  

  
structured 

  

   
7 Likert scale 1 1,39% 

  
semi-structured 1 1,39% 

 
Questionnaire 

  

  
remote survey 

  

   
online survey 1 1,39% 

UX - Emotion 5 6,94% 
 

Questionnaire 
 

4,17% 
  

Technology Acceptance Model (TAM) 
  

   
Unspecified 1 1,39% 

   
7 Likert scale 1 1,39% 

  
adapted from previous/similar research 

  

   
A Mixed Reality Virtual Clothes Try-On System by Yuan et al. (10.1109/TMM.2013.2280560) 1 1,39% 

 
Interviews 

  

  
semi-structured 1 1,39% 

 
Self-Reported / Diaries 1 1,39% 

  
Self-reported data / Diaries 1 1,39% 

UX - Meaning 8 11,11% 
 

Questionnaire 
  

  
adapted from previous/similar research 

  

   
A Mixed Reality Virtual Clothes Try-On System by Yuan et al. (10.1109/TMM.2013.2280560) 2 2,78% 

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 1 1,39% 

   
7 Likert scale 1 1,39% 

  
custom-made 

  

   
1 to 5 scale 1 1,39% 

 
Interviews 

  

  
structured 2 2,78% 

 
Experts Review / Evaluation 

  

  
Heuristic evaluation 1 1,39% 
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UX - Usability 28 38,89% 
 

Questionnaire 
  

  
Technology Acceptance Model (TAM) 

  

   
7 Likert scale 5 6,94% 

   
Unspecified 2 2,78% 

  
custom-made 

  

   
5 Likert scale 5 6,94% 

  
adapted from previous/similar researches 

  

   
A Mixed Reality Virtual Clothes Try-On System by Yuan et al. (10.1109/TMM.2013.2280560) 4 5,56% 

  
remote survey 

  

   
online survey 2 2,78% 

 
Experts Review / Evaluation 

  

  
Heuristic evaluation 10 13,89% 

UX - Usefulness 4 5,56% 
 

Questionnaire 
  

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 1 1,39% 

   
7 Likert scale 1 1,39% 

  
adapted from previous/similar researches 

  

   
A Mixed Reality Virtual Clothes Try-On System by Yuan et al. (10.1109/TMM.2013.2280560) 1 1,39% 

  
remote survey 

  

   
online survey 1 1,39% 
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Section B - Correlation charts 

Communication 
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 Section C - Method Used & Aspects Matrix  

Communication 
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Section D – Lookup Table: Communication 
 

Collaboration/Communication 6 8,33% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 3 4,17% 

   
1 to 7 scale bipolar scale  1 1,39% 

 
User Action Logging 

  

  
tracking logs 2 2,78% 

Ergonomics / Load / Comfort 2 2,78% 
 

Interviews 
   

  
closed response (during evaluation) 1 1,39% 

 
Questionnaire 

  

  
custom-made 

  

   
1 to 3 scale 1 1,39% 

interaction 
 

7 9,72% 
 

Observation 
  

  
evaluators observations 5 6,94% 

 
User Action Logging 

  

  
tracking logs 2 2,78% 

Perception/Cognition 6 8,33% 
 

User Action Logging 
  

  
evaluators count/measure 3 4,17% 

  
tracking logs 1 1,39% 

  
evaluators timing 1 1,39% 

 
Questionnaire 

  

  
custom-made 

  

   
closed ended question/s 1 1,39% 

Prototype focus 8 11,11% 
 

Observation 
  

  
evaluators observations 4 5,56% 

  
comments collection during test 1 1,39% 

 
Questionnaire 

  

  
custom-made 

  

   
open ended question/s 2 2,78% 

   
7 Likert scale 1 1,39% 
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Task performance 19 26,39% 
 

User Action Logging 
  

  
tracking logs 15 20,83% 

  
evaluators count/measure 2 2,78% 

  
evaluators timing 1 1,39% 

 
Observation 

  

  
evaluators observations 1 1,39% 

UX - Emotion 
 

3 4,17% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 2 2,78% 

   
3 Separate Propositions (disagree/neutral/strongly agree) 1 1,39% 

UX - Usability 
 

15 20,83% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 7 9,72% 

   
order items 3 4,17% 

   
1 to 5 scale 2 2,78% 

   
3 Separate Propositions (disagree/neutral/strongly agree) 1 1,39% 

   
open ended question/s 1 1,39% 

 
Observation 

  

  
evaluators observations 1 1,39% 

UX - Usefulness 6 8,33% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 3 4,17% 

   
open ended question/s 2 2,78% 

   
3 Separate Propositions (disagree/neutral/strongly agree) 1 1,39% 
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Section B - Correlation charts 

Cultural & Tourism 
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Section C - Method Used & Aspects Matrix  

Cultural & Tourism 
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Section D – Lookup Table: Cultural & Tourism 

 
Education specific 2 1,11% 
 

Conventional Test (Written/Oral) 
  

  
test with evaluation given by teacher (PRE + Post -> Control + Experiment group) 1 0,56% 

  
test with evaluation given by teacher 1 0,56% 

Ergonomics / Load / Comfort 8 4,44% 
 

Questionnaire 
  

  
NASA TLX 

  

   
7 Likert 5 2,78% 

  
custom-made 

  

   
5 Likert scale 2 1,11% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 1 0,56% 

interaction 16 8,89% 
 

User Action Logging 
  

  
system logs 5 2,78% 

 
Observation 

  

  
evaluators observations 5 2,78% 

 
Questionnaire 

  

  
Technology Acceptance Model (TAM) 

  

   
7 Likert scale 2 1,11% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 1 0,56% 

 
Interviews 

  

  
semi-structured 2 1,11% 

 
Think aloud / Shadowing 

  

  
Think aloud on prototype 1 0,56% 

Mixed background questions 8 4,44% 
 

Questionnaire 
  

  
custom-made 

  

   
closed ended question/s 3 1,67% 

   
1 to 5 scale 2 1,11% 

   
opposite adjectives (1 to 4 scale) 1 0,56% 

  
Technology Acceptance Model (TAM) 

  

   
7 Likert scale 1 0,56% 

  
adapted from previous/similar research 

  

   
The Development and Evaluation of a Survey to Measure User Engagement - 5 

Likert scale 

1 0,56% 
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Perception/Cognition 10 5,56% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 2 1,11% 

   
opposite adjectives (1 to 4 scale) 1 0,56% 

   
5 Likert scale 1 0,56% 

  
presence questionnaire 

  

   
Regenbrecht and Schubert (2002) - 7 Likert scale 4 2,22% 

  
Santa Barbara Sense of Direction (SBSOD) 1 0,56% 

 
Experts Review / Evaluation 

  

  
Heuristic evaluation 1 0,56% 

Prototype focus 40 22,22% 
 

Interviews 
  

  
semi-structured 

  

   
open ended question/s 9 5,00% 

   
unspecified 5 2,78% 

   
recorded 2 1,11% 

  
unstructured 5 2,78% 

  
remote interview 

  

   
semi-structured phone interview 1 0,56% 

  
structured 

  

   
Close-Ended Questions 1 0,56% 

 
Questionnaire 

  

  
custom-made 

  

   
1 to 5 scale 4 2,22% 

   
7 Likert scale 2 1,11% 

   
5 Likert scale 1 0,56% 

 
Observation 

  

  
evaluators observations 

  

   
unspecified 3 1,67% 

   
on material recorded 1 0,56% 

 
Think aloud / Shadowing 

  

  
Think aloud on task 

  

   
unspecified 2 1,11% 

  
Think aloud on prototype 

  

   
unspecified 1 0,56% 

 
User Action Logging 

  

  
system logs 

  

   
unspecified 2 1,11% 
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Experts Review / Evaluation 

  

  
Heuristic evaluation 1 0,56% 

Task performance 6 3,33% 
 

User Action Logging 
  

  
system logs 4 2,22% 

 
Observation 

  

  
evaluators coded/structured observations 

  

   
on material recorded 2 1,11% 

UX - Emotion 22 12,22% 
 

Questionnaire 
  

  
custom-made 

  

   
1 to 5 scale 4 2,22% 

   
5 Likert scale 4 2,22% 

   
opposite adjectives (1 to 4 scale) 2 1,11% 

   
7 Likert scale 2 1,11% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 4 2,22% 

  
adapted from previous/similar research 

  

   
The Development and Evaluation of a Survey to Measure User Engagement - 5 

Likert scale 

2 1,11% 

  
Technology Acceptance Model (TAM) 

  

   
7 Likert scale 2 1,11% 

 
Interviews 

  

  
semi-structured 

  

   
recorded 1 0,56% 

   
open ended question/s 1 0,56% 

UX - Meaning 7 3,89% 
 

Questionnaire 
  

  
custom-made 

  

   
opposite adjectives (1 to 4 scale) 1 0,56% 

   
5 Likert scale 1 0,56% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 1 0,56% 

 
Experts Review / Evaluation 

  

  
Experts Interview 2 1,11% 

 
Interviews 

  

  
semi-structured 

  

   
open ended question/s 2 1,11% 
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UX - Usability 55 30,56% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 18 10,00% 

   
1 to 5 scale 5 2,78% 

   
opposite adjectives (1 to 4 scale) 3 1,67% 

   
7 Likert scale 3 1,67% 

   
closed ended question/s 1 0,56% 

  
Technology Acceptance Model (TAM) 

  

   
7 Likert scale 4 2,22% 

  
Ben Schneiderman’s acceptance test 

  

   
5 Likert scale 3 1,67% 

  
System Usability Scale (SUS) 

  

   
5 Likert scale 3 1,67% 

  
presence questionnaire 

  

   
Regenbrecht and Schubert (2002) - 7 Likert scale 3 1,67% 

  
adapted from previous/similar research 

  

   
The Development and Evaluation of a Survey to Measure User Engagement - 5 

Likert scale 

3 1,67% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 1 0,56% 

  
NASA TLX 

  

   
7 Likert 1 0,56% 

 
N/D 

   

  
N/D 

 
3 1,67% 

 
Observation 

  

  
evaluators observations 2 1,11% 

 
Experts Review / Evaluation 

  

  
Heuristic evaluation 1 0,56% 

 
Inter-

views 

   

  
semi-structured 1 0,56% 

UX - Usefulness 6 3,33% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 2 1,11% 

   
1 to 5 scale 1 0,56% 

  
Technology Acceptance Model (TAM) 

  

   
7 Likert scale 2 1,11% 

  
System Usability Scale (SUS) 

  

   
5 Likert scale 1 0,56% 
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Section B - Correlation charts 

Education & Training 



 

 
Framework – 25 

Section C - Method Used & Aspects Matrix  

Education & Training 
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Section D – Lookup Table: Education & Training 
 

Collaboration/Communication 6 1,31% 
 

Observation 
  

  
evaluators coded/structured observations 3 0,66% 

 
Questionnaire 

  

  
Computer-Mediated Collaborative Learning: An Empirical Evaluation 

  

   
5 Likert scale 3 0,66% 

Education specific 46 10,04% 
 

Conventional Test (Written/Oral) 
  

  
test with evaluation given by teacher 8 1,75% 

  
test with evaluation given by teacher (Control + Experiment groups) 7 1,53% 

  
test with evaluation given by teacher (PRE + POST evaluation) 6 1,31% 

  
test with evaluation given by teacher (PRE + Post -> Control + Experiment group) 3 0,66% 

 
Questionnaire 

  

  
custom-made 

  

   
graded questions 10 2,18% 

   
5 Likert scale 1 0,22% 

   
6 Likert scale 1 0,22% 

  
Flow experience questionnaire by Chang et al. (2012) 

  

   
5 Likert scale 2 0,44% 

  
Education specific Questionnaire 

  

   
Pintrich's Motivated Strategies for Learning Questionnaire (MSLQ) 1 0,22% 

 
Observation 

  

  
evaluators observations 

  

   
on material recorded 2 0,44% 

   
unspecified 2 0,44% 

  
evaluators coded/structured observations 2 0,44% 

 
Interviews 

  

  
semi-structured 1 0,22% 

Ergonomics / Load / Comfort 38 8,30% 
 

Questionnaire 
  

  
Wearability Levels (WL) scale Knight et al. 

  

   
Visual Effects scales (VES) - 1 to 5 scale 6 1,31% 

   
comfort rating scales (CRS) - 1 to 5 scale 6 1,31% 

   
Borg RPE - 1 to 5 scale 1 0,22% 

   
Borg-CR10 - 1 to 5 scale 1 0,22% 

  
custom-made 

  

   
5 Likert scale 5 1,09% 
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6 Likert scale 1 0,22% 

  
Intrinsic Motivation Inventory (IMI) 

  

   
5 Likert scale 1 0,22% 

   
Likert 7 scale 1 0,22% 

   
7 Likert polar terms scale 1 0,22% 

  
QUIM (Quality In Use Integrated Measurement) 2 0,44% 

  
Education specific Questionnaire 

  

   
Learning Attitude towards Ecosystems (LATE) - 5 Likert scale 1 0,22% 

   
based on The ebb and flow of online learning by Pearce (10.1016/j.chb.2004.02.019)  

- 5 Likert scale 

1 0,22% 

  
Flow State Scale (FSS) 

  

   
5 Likert scale 2 0,44% 

  
Questionnaire for User Interface and Satisfaction (QUIS) 

  

   
12 Likert scale 1 0,22% 

  
Bipolar Laddering (BLA system) 1 0,22% 

 
Interviews 

  

  
structured 5 1,09% 

   
NASA TLX 5 1,09% 

 
User Measurements 

  

  
Heart Rate Variability (HRV) 2 0,44% 

interaction 
 

22 4,80% 
 

Observation 11 2,40% 
  

evaluators observations 6 1,31% 
  

evaluators coded/structured observations 5 1,09% 
   

unspecified 4 0,87% 
   

on material recorded 1 0,22% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 3 0,66% 

   
7 Likert scale 2 0,44% 

  
Flow State Scale (FSS) 

  

   
5 Likert scale 1 0,22% 

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 1 0,22% 

  
Education specific Questionnaire 

  

   
Keller's Instructional Materials Motivation Survey (IMMS) 1 0,22% 

 
Think aloud / Shadowing 

  

  
Think aloud on prototype 2 0,44% 
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Interviews 

  

  
with proxy users 

  

   
semi-structured 1 0,22% 

Mixed background questions 26 5,68% 
 

Questionnaire 
  

  
custom-made 

  

   
closed ended question/s 10 2,18% 

   
5 Likert scale 2 0,44% 

   
7 Likert scale 2 0,44% 

   
graded questions 1 0,22% 

   
1 to 6 scale 1 0,22% 

  
Intrinsic Motivation Inventory (IMI) 

  

   
5 Likert scale 1 0,22% 

  
Computer-Mediated Collaborative Learning: An Empirical Evaluation 

  

   
5 Likert scale 1 0,22% 

  
remote survey 

  

   
email survey - closed question/s 1 0,22% 

  
System Usability Scale (SUS) 

  

   
5 Likert scale 1 0,22% 

  
Bipolar Laddering (BLA system) 1 0,22% 

  
Flow experience questionnaire by Chang et al. (2012) 

  

   
5 Likert scale 1 0,22% 

 
Interviews 

  

  
later coded 

  

   
structured evaluation from evaluators with 1 to 5 scale 2 0,44% 

 
Observation 

  

  
evaluators observations 2 0,44% 

other 
  

2 0,44% 
 

Self-Reported / Diaries 
  

  
Participants artefacts (notebooks, emails, drawings, produced materials etc.) 2 0,44% 

Perception/Cognition 14 3,06% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 8 1,75% 

  
presence questionnaire 

  

   
by Slater et al. (1994) - reduced version 2 0,44% 

  
Flow State Scale (FSS) 

  

   
5 Likert scale 2 0,44% 
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Interviews 

  

  
with proxy users 

  

   
structured 1 0,22% 

  
semi-structured 1 0,22% 

Prototype focus 44 9,61% 
 

Questionnaire 
  

  
custom-made 

  

   
open ended question/s 12 2,62% 

   
closed ended question/s 3 0,66% 

   
5 Likert scale 3 0,66% 

   
7 Likert scale 1 0,22% 

  
remote survey 

  

   
email survey - closed question/s 3 0,66% 

 
Interviews 

  

  
with proxy users 

  

   
unstructured - unformal 3 0,66% 

   
structured 3 0,66% 

   
semi-structured 2 0,44% 

   
un-structured 2 0,44% 

  
semi-structured 4 0,87% 

  
later coded 

  

   
unstructured interview later coded in topics 1 0,22% 

 
Observation 6 1,31% 

  
evaluators observations 3 0,66% 

  
evaluators coded/structured observations 2 0,44% 

   
on material recorded 1 0,22% 

  
comments collection during test 1 0,22% 

 
Think aloud / Shadowing 1 0,22% 

  
Think aloud on prototype 1 0,22% 

Task performance 11 2,40% 
 

User Action Logging 
  

  
evaluators count/measure 5 1,09% 

  
evaluators timing 

  

   
unspecified 2 0,44% 

   
on material recorded 1 0,22% 

  
system logs 2 0,44% 

 
Observation 

  

  
evaluators coded/structured observations 
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on material recorded 1 0,22% 

UX - Emotion 66 14,41% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 8 1,75% 

   
7 Likert scale 6 1,31% 

   
closed ended question/s 3 0,66% 

   
open ended question/s 2 0,44% 

   
Likert 4 1 0,22% 

  
Education specific Questionnaire 

  

   
adapted from Evaluating the Usability of an Augmented Reality Based Educational  

Application by Aleven et al. (10.1007/978-3-642-13388-6 34) (Likert 5) 

4 0,87% 

   
Keller's Instructional Materials Motivation Survey (IMMS) 2 0,44% 

   
Learning Attitude towards Ecosystems (LATE) - 5 Likert scale 1 0,22% 

  
Intrinsic Motivation Inventory (IMI) 

  

   
5 Likert scale 2 0,44% 

   
Likert 7 scale 1 0,22% 

   
7 Likert polar terms scale 1 0,22% 

  
Bipolar Laddering (BLA system) 4 0,87% 

  
Flow State Scale (FSS) 

  

   
5 Likert scale 3 0,66% 

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 3 0,66% 

  
QUIM (Quality In Use Integrated Measurement) 2 0,44% 

  
Questionnaire for User Interface and Satisfaction (QUIS) 

  

   
8 Likert scale 1 0,22% 

   
10 Likert scale 1 0,22% 

  
Post-Study System Usability Questionnaire (PSSUQ) 1 0,22% 

  
System Usability Scale (SUS) 1 0,22% 

  
remote survey 

  

   
email survey - closed question/s 1 0,22% 

  
ISO 9241 

  

   
ISONORM part 10 - 5 Likert 1 0,22% 

 
Interviews 

  

  
with proxy users 

  

   
semi-structured 3 0,66% 

   
structured 1 0,22% 

  
later coded 

  

   
unstructured interview later coded in topics 2 0,44% 
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structured 2 0,44% 

 
Observation 8 1,75% 

  
evaluators coded/structured observations 7 1,53% 

   
on material recorded 4 0,87% 

  
evaluators observations 1 0,22% 

 
User Measurements 

  

  
Galvanic Skin Response (GSR) 1 0,22% 

UX - Meaning 8 1,75% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 6 1,31% 

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 1 0,22% 

 
Interviews 

  

  
later coded 

  

   
unstructured interview later coded in topics 1 0,22% 

UX - Usability 135 29,48% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 22 4,80% 

   
7 Likert scale 6 1,31% 

   
open ended question/s 4 0,87% 

   
1 to 10 scale 4 0,87% 

   
Likert 4 2 0,44% 

   
closed ended question/s 2 0,44% 

   
6 Likert scale 2 0,44% 

   
1 to 5 scale 1 0,22% 

  
ISO 9241 

  

   
part 11 19 4,15% 

   
ISONORM part 10 - 5 Likert 7 1,53% 

  
Education specific Questionnaire 

  

   
adapted from Evaluating the Usability of an Augmented Reality Based Educational  

Application by Aleven et al. (10.1007/978-3-642-13388-6 34) (Likert 5) 

6 1,31% 

   
Keller's Instructional Materials Motivation Survey (IMMS) 1 0,22% 

   
Learning Attitude towards Ecosystems (LATE) - 5 Likert scale 1 0,22% 

   
based on The ebb and flow of online learning by Pearce (10.1016/j.chb.2004.02.019) - 

5 Likert scale 

1 0,22% 

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 6 1,31% 

   
7 Likert scale 1 0,22% 
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System Usability Scale (SUS) 

  

   
5 Likert scale 3 0,66% 

   
Unspecified 2 0,44% 

  
QUIM (Quality In Use Integrated Measurement) 5 1,09% 

  
Post-Study System Usability Questionnaire (PSSUQ) 

  

   
Unspecified 3 0,66% 

   
7 Likert scale 2 0,44% 

  
Bipolar Laddering (BLA system) 4 0,87% 

  
Intrinsic Motivation Inventory (IMI) 

  

   
5 Likert scale 2 0,44% 

   
Likert 7 scale 1 0,22% 

   
7 Likert polar terms scale 1 0,22% 

  
Usability Satisfaction Questionnaires 

  

   
5 Likert scale 4 0,87% 

  
Questionnaire for User Interface and Satisfaction (QUIS) 

  

   
6 Likert scale 1 0,22% 

   
5 Likert scale 1 0,22% 

   
11 Likert scale 1 0,22% 

   
13 Likert scale 1 0,22% 

  
Flow State Scale (FSS) 

  

   
5 Likert scale 3 0,66% 

  
Computer-Mediated Collaborative Learning: An Empirical Evaluation 

  

   
5 Likert scale 2 0,44% 

 
Interviews 

  

  
later coded 

  

   
unstructured interview later coded in topics 3 0,66% 

  
with proxy users 

  

   
semi-structured 3 0,66% 

  
structured 

  

   
Unspecified 2 0,44% 

   
NASA TLX 1 0,22% 

 
Observation 

  

  
evaluators coded/structured observations 

  

   
Unspecified 2 0,44% 

   
on material recorded 1 0,22% 

  
evaluators observations 1 0,22% 

 
User Action Logging 1 0,22% 

  
system logs 1 0,22% 

UX - Usefulness 40 8,73% 
 

Questionnaire 
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custom-made 

  

   
5 Likert scale 9 1,97% 

   
closed ended question/s 3 0,66% 

   
open ended question/s 1 0,22% 

   
Likert 4 1 0,22% 

   
1 to 10 scale 1 0,22% 

   
1 to 5 scale 1 0,22% 

  
Technology Acceptance Model (TAM) 

  

   
Unspecified 3 0,66% 

   
7 Likert scale 1 0,22% 

  
Education specific Questionnaire 

  

   
adapted from Evaluating the Usability of an Augmented Reality Based Educational  

Application by Aleven et al. (10.1007/978-3-642-13388-6 34) (Likert 5) 

2 0,44% 

   
Learning Attitude towards Ecosystems (LATE) - 5 Likert scale 1 0,22% 

  
Intrinsic Motivation Inventory (IMI) 

  

   
Likert 7 scale 1 0,22% 

   
7 Likert polar terms scale 1 0,22% 

  
Usability Satisfaction Questionnaires 

  

   
5 Likert scale 2 0,44% 

  
Questionnaire for User Interface and Satisfaction (QUIS) 

  

   
9 Likert scale 1 0,22% 

   
7 Likert scale 1 0,22% 

  
Post-Study System Usability Questionnaire (PSSUQ) 

  

   
7 Likert scale 1 0,22% 

   
Unspecified 1 0,22% 

  
ISO 9241 

  

   
part 11 1 0,22% 

  
Bipolar Laddering (BLA system) 1 0,22% 

  
QUIM (Quality In Use Integrated Measurement) 1 0,22% 

  
System Usability Scale (SUS) 

  

   
5 Likert scale 1 0,22% 

 
Interviews 

  

  
with proxy users 

  

   
semi-structured 2 0,44% 

   
unstructured - unformal 1 0,22% 

   
structured 1 0,22% 

  
semi-structured 1 0,22% 
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Section B - Correlation charts 

Entertainment 
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Section C - Method Used & Aspects Matrix  

Entertainment 
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Section D – Lookup Table: Entertainment 
 

Collaboration/Communication 20 17,09% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 4 3,42% 

   
5 Likert scale 4 3,42% 

 
Observation 

  

  
evaluators observations 

  

   
on material recorded 2 1,71% 

   
unspecified 2 1,71% 

  
evaluators coded/structured observations 2 1,71% 

 
User Action Logging 

  

  
system logs 4 3,42% 

 
Focus Group 

  

  
Post-test focus group 1 0,85% 

 
Interviews 

   

  
semi-structured 1 0,85% 

Ergonomics / Load / Comfort 3 2,56% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 2 1,71% 

   
1 to 7 scale 1 0,85% 

interaction 
 

18 15,38% 
 

Observation 
  

  
evaluators observations 

  

   
unspecified 7 5,98% 

   
on material recorded 5 4,27% 

  
evaluators coded/structured observations 

  

   
on material recorded 3 2,56% 

 
Questionnaire 

  

  
GameFlow questionnaire  

  

   
Likert Ordinal scale 1 0,85% 

  
custom-made 

  

   
5 Likert scale 1 0,85% 

 
Self-Reported / Diaries 

  

  
Participants artefacts (notebooks, emails, drawings, produced materials etc.) 1 0,85% 
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Mixed background questions 1 0,85% 
 

Questionnaire 
  

  
custom-made 

  

   
closed ended question/s 1 0,85% 

Perception/Cognition 17 14,53% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 3 2,56% 

   
open ended question/s 2 1,71% 

   
1 to 7 scale 2 1,71% 

   
closed response multi-item 1 0,85% 

   
7 Likert scale 1 0,85% 

  
presence questionnaire 

  

   
MEC-SPQ - Likert Ordinal 1 0,85% 

 
User Action Logging 

  

  
system logs 4 3,42% 

 
Interviews 

   

  
semi-structured 3 2,56% 

Prototype focus 18 15,38% 
 

Interviews 
   

  
unstructured 5 4,27% 

  
semi-structured 2 1,71% 

  
unstructured post-experiment discussion 1 0,85% 

  
structured 1 0,85% 

 
Observation 

  

  
evaluators observations 4 3,42% 

 
Questionnaire 

  

  
custom-made 

  

   
open ended question/s 2 1,71% 

   
5 Likert scale 1 0,85% 

 
Focus Group 

  

  
Post-test focus group 2 1,71% 

Task performance 5 4,27% 
 

User Action Logging 
  

  
system logs 3 2,56% 

  
evaluators timing 1 0,85% 

 
Questionnaire 

  

  
custom-made 

  

   
graded questions 1 0,85% 
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UX - Emotion 
 

16 13,68% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 5 4,27% 

   
5 Likert scale 2 1,71% 

   
1 to 7 scale 1 0,85% 

  
System Usability Scale (SUS) 2 1,71% 

  
Intrinsic Motivation Inventory (IMI) 1 0,85% 

   
Likert Ordinal scale 1 0,85% 

 
Interviews 

   

  
unstructured 2 1,71% 

  
unstructured post-experiment discussion 1 0,85% 

 
Observation 

  

  
evaluators observations 

  

   
on material recorded 1 0,85% 

  
evaluators coded/structured observations 

  

   
on material recorded 1 0,85% 

UX - Meaning 
 

3 2,56% 
 

Interviews 
   

  
semi-structured 

  

   
recorded 2 1,71% 

 
Questionnaire 

  

  
custom-made 

  

   
7 Likert scale 1 0,85% 

UX - Usability 
 

16 13,68% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 5 4,27% 

   
7 Likert scale 2 1,71% 

   
open ended question/s 1 0,85% 

   
closed ended question/s 1 0,85% 

  
System Usability Scale (SUS) 3 2,56% 

 
Interviews 

   

  
unstructured post-experiment discussion 2 1,71% 

  
semi-structured 2 1,71% 
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Section B - Correlation charts 

Field Operations 
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Section C - Method Used & Aspects Matrix  

Field Operations 
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Section D – Lookup Table: Field Operations 
 

Collaboration/Communication 7 9,09% 
 

Questionnaire 
  

  
Education specific Questionnaire 

  

   
Evaluation method for computer supported collaborative learning (CSCL)  

by Spada et al.' - 5 Likert 

7 9,09% 

Ergonomics / Load / Comfort 6 7,79% 
 

Questionnaire 
  

  
NASA TLX 

  

   
7 Likert 5 6,49% 

  
Perceived Usefulness, Perceived Ease of Use, and User Acceptance of Information Tech-

nology by D. Davis (10.2307/249008) 

  

   
5 Likert scale 1 1,30% 

interaction 3 3,90% 
 

Experts Review / Evaluation 
  

  
Cognitive Walkthrough 2 2,60% 

 
Observation 

  

  
evaluators observations 1 1,30% 

Perception/Cognition 4 5,19% 
 

Question-answer-Protocol 
  

  
open response (during evaluation) 1 1,30% 

  
closed response (during evaluation) 1 1,30% 

 
Observation 

  

  
evaluators observations 

  

   
on material recorded 1 1,30% 

 
Questionnaire 

  

  
custom-made 

  

   
7 Likert scale 1 1,30% 

Prototype focus 29 37,66% 
 

Interviews 
  

  
unstructured post-experiment discussion 11 14,29% 

  
unstructured 3 3,90% 

  
structured 2 2,60% 

 
Focus Group 

  

  
Post-test focus group 6 7,79% 



 

 
Framework – 43 

 
Experts Review / Evaluation 

  

  
Heuristic evaluation 3 3,90% 

  
Tasks analysis 1 1,30% 

  
Cognitive Walkthrough 1 1,30% 

 
Observation 

  

  
evaluators observations 1 1,30% 

 
Questionnaire 

  

  
custom-made 

  

   
7 Likert scale 1 1,30% 

Task performance 6 7,79% 
 

User Action Logging 
  

  
system logs 3 3,90% 

  
tracking logs 1 1,30% 

  
evaluators count/measure 1 1,30% 

  
evaluators timing 1 1,30% 

UX - Emotion 4 5,19% 
 

Interviews 
  

  
unstructured post-experiment discussion 2 2,60% 

 
Questionnaire 

  

  
custom-made 

  

   
7 Likert scale 1 1,30% 

 
Observation 

  

  
evaluators observations 1 1,30% 

UX - Usability 17 22,08% 
 

Questionnaire 15 19,48% 
  

Perceived Usefulness, Perceived Ease of Use, and User Acceptance of Information  

Technology by D. Davis (10.2307/249008) 

  

   
5 Likert scale 8 10,39% 

  
custom-made 6 7,79% 

   
7 Likert scale 

  

  
NASA TLX 1 1,30% 

   
7 Likert 

  

 
Experts Review / Evaluation 

  

  
Heuristic evaluation 1 1,30% 

 
Observation 

  

  
evaluators observations 1 1,30% 

UX - Usefulness 1 1,30% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 1 1,30% 
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Section B - Correlation charts 

 Generic Interface 
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Section C - Method Used & Aspects Matrix  

Generic Interface 
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Section D – Lookup Table: Generic Interface 
 

Collaboration/Communication 40 5,49% 
 

Observation 
  

  
evaluators coded/structured observations 12 1,65% 

   
on material recorded 7 0,96% 

   
unspecified 5 0,69% 

  
evaluators observations 

  

   
unspecified 7 0,96% 

   
on material recorded 3 0,41% 

 
User Action Logging 

  

  
tracking logs 5 0,69% 

  
system logs 5 0,69% 

 
Questionnaire 

  

  
custom-made 

  

   
10 Likert scale 2 0,27% 

   
1 to 7 scale 1 0,14% 

  
adapted from previous/similar research 

  

   
Rico and Brewster. Usable gestures for mobile interfaces: evaluating social accepta-

bility 

2 0,27% 

   
Some Advantages of Video Conferencing Over High-quality Audio Conferencing:  

Fluency and Awareness of Attentional Focus. By Daly-Jones et al. 

(10.1006/ijhc.1998.0195) - 1 to 7 scale with polar terms 

1 0,14% 

 
User Measurements 

  

  
eye tracking 1 0,14% 

 
Self-Reported / Diaries 

  

  
Participant’s artefacts (notebooks, emails, drawings, produced materials etc.) 1 0,14% 

Education specific 2 0,27% 
 

Conventional Test (Written/Oral) 
  

  
test with evaluation given by teacher 1 0,14% 

 
Observation 

  

  
evaluators observations 

  

   
on material recorded 1 0,14% 

Ergonomics / Load / Comfort 80 10,97% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 19 2,61% 

   
5 Likert scale 10 1,37% 

   
closed response multi-item 3 0,41% 

   
order items 3 0,41% 

   
9 Likert scale 2 0,27% 
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open comments 1 0,14% 

   
closed ended question/s 1 0,14% 

  
NASA TLX 

  

   
100 scale 11 1,51% 

   
RTLX version (Raw)- 100 scale 5 0,69% 

   
Unspecified 5 0,69% 

   
7 Likert 5 0,69% 

   
modify Likert 4 0,55% 

  
ISO 9241 

  

   
part 9 - 2000(E) 2 0,27% 

  
Simulator Sickness Questionnaire (SSQ) 

  

   
5 Likert scale 1 0,14% 

 
Observation 

  

  
evaluators observations 

  

   
unspecified 4 0,55% 

   
on material recorded 1 0,14% 

 
User Measurements 

  

  
Heart Rate Variability (HRV) 1 0,14% 

  
Galvanic Skin Response (GSR) 1 0,14% 

 
Interviews 

  

  
structured 

  

   
based on SIE’s ease of use 1 0,14% 

interaction 
 

47 6,45% 
 

Observation 
  

  
evaluators observations 19 2,61% 

   
unspecified 13 1,78% 

   
on material recorded 6 0,82% 

  
evaluators coded/structured observations 

  

   
on material recorded 9 1,23% 

   
unspecified 3 0,41% 

 
User Action Logging 

  

  
evaluators count/measure 

  

   
on material recorded 4 0,55% 

  
system logs 1 0,14% 

  
tracking logs 1 0,14% 

  
evaluators timing 

  

   
on material recorded 1 0,14% 
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Questionnaire 

  

  
custom-made 

  

   
7 Likert scale 2 0,27% 

   
Unspecified 1 0,14% 

  
adapted from previous/similar research 

  

   
Emotional intensity: Measurement and theoretical implications by Bachorowski  

& Braaten (1994) - 1 to 5 scale 

2 0,27% 

  
Questionnaire for User Interface and Satisfaction (QUIS) 

  

   
7 Likert 1 0,14% 

  
presence questionnaire 

  

   
by Witmer and Singer (1998) - 7 Likert 1 0,14% 

 
Experts Review / Evaluation 

  

  
Tasks analysis 1 0,14% 

 
User Measurements 1 0,14% 

  
eye tracking 1 0,14% 

Mixed background questions 3 0,41% 
 

Questionnaire 
  

  
custom-made 

  

   
closed ended question/s 2 0,27% 

   
Unspecified 1 0,14% 

N/D 
   

1 0,14% 
 

Questionnaire 
  

  
custom-made 

  

   
Unspecified 1 0,14% 

other 
  

1 0,14% 
 

Experts Review / Evaluation 
  

  
Tasks analysis 1 0,14% 

Perception/Cognition 198 27,16% 
 

Question-answer-Protocol 66 9,05% 
  

open response (during evaluation) 45 6,17% 
  

closed response (during evaluation) 17 2,33% 
  

Virtual element finding / matching 4 0,55% 
 

Questionnaire 62 8,50% 
  

custom-made 
  

   
7 Likert scale 14 1,92% 

   
open ended question/s 7 0,96% 

   
5 Likert scale 7 0,96% 

   
-3 to +3 scale 5 0,69% 

   
closed ended question/s 4 0,55% 

   
1 to 5 scale 4 0,55% 

   
10 Likert scale 3 0,41% 
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order items 1 0,14% 

   
Unspecified 1 0,14% 

   
11 Likert scale 1 0,14% 

   
1 to 7 scale 1 0,14% 

  
presence questionnaire 

  

   
IPQ version -3 to +3 scale 4 0,55% 

   
by Witmer and Singer (1998) - 7 Likert 1 0,14% 

  
Questionnaire for User Interface and Satisfaction (QUIS) 

  

   
7 Likert 3 0,41% 

  
Simulator Sickness Questionnaire (SSQ) 

  

   
5 Likert scale 2 0,27% 

  
illusion evaluation questionnaire by Pusch, Martin, and Coquillart 

  

   
1 to 7 scale 2 0,27% 

  
adapted from previous/similar research 

  

   
Some Advantages of Video Conferencing Over High-quality Audio Conferencing:  

Fluency and Awareness of Attentional Focus. By Daly-Jones et al. 

(10.1006/ijhc.1998.0195) - 1 to 7 scale with polar terms 

1 0,14% 

  
ITU-R BT - Methodology for the Subjective Assessment of the Quality of Television  

Pictures 

  

   
1 to 5 scale 1 0,14% 

 
User Action Logging 

  

  
evaluators count/measure 

  

   
unspecified 19 2,61% 

   
on material recorded 1 0,14% 

  
system logs 18 2,47% 

  
evaluators timing 15 2,06% 

  
tracking logs 7 0,96% 

 
User Measurements 

  

  
eye accommodation 2 0,27% 

  
gait tracking 

  

   
Force plate balance 1 0,14% 

  
Electromyography (EMG) 1 0,14% 

  
grasping / press force 1 0,14% 

  
Heart Rate Variability (HRV) 1 0,14% 

  
Electroencephalography (EEG) 1 0,14% 

  
eye tracking 1 0,14% 

 
Interviews 1 0,14% 

  
structured 1 0,14% 

 
Observation 1 0,14% 

  
evaluators observations 1 0,14% 
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Prototype focus 48 6,58% 
 

Interviews 
  

  
unstructured 12 1,65% 

  
unstructured post-experiment discussion 4 0,55% 

  
semi-structured 4 0,55% 

  
structured 

  

   
open ended question/s 2 0,27% 

   
based on SIE’s ease of use 1 0,14% 

  
custom-made 

  

   
-3 to +3 scale 1 0,14% 

 
Questionnaire 

  

  
custom-made 

  

   
open ended question/s 5 0,69% 

   
7 Likert scale 3 0,41% 

   
order items 2 0,27% 

   
open comments 2 0,27% 

   
1 to 10 scale 1 0,14% 

   
5 Likert scale 1 0,14% 

 
Observation 

  

  
evaluators observations 6 0,82% 

 
Experts Review / Evaluation 2 0,27% 

  
Tasks analysis 1 0,14% 

  
Experts Interview 1 0,14% 

 
Think aloud / Shadowing 1 0,14% 

  
Think aloud on prototype 1 0,14% 

Task performance 89 12,21% 
 

User Action Logging 
  

  
system logs 39 5,35% 

  
tracking logs 36 4,94% 

  
evaluators timing 8 1,10% 

   
unspecified 6 0,82% 

   
on material recorded 2 0,27% 

  
evaluators count/measure 5 0,69% 

   
on material recorded 3 0,41% 

   
unspecified 2 0,27% 

 
User Measurements 1 0,14% 

  
Electroencephalography (EEG) 1 0,14% 
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UX - Emotion 22 3,02% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 7 0,96% 

   
opposed adjective Likert 5 scale 3 0,41% 

   
5 Likert scale 1 0,14% 

   
9 Likert scale 1 0,14% 

  
Simulator Sickness Questionnaire (SSQ) 

  

   
5 Likert scale 1 0,14% 

 
Observation 

  

  
evaluators coded/structured observations 

  

   
on material recorded 2 0,27% 

   
unspecified 1 0,14% 

  
evaluators observations 

  

   
unspecified 2 0,27% 

 
Interviews 

  

  
structured 

  

   
based on SIE’s ease of use 1 0,14% 

   
7 Likert scale 1 0,14% 

  
unstructured post-experiment discussion 1 0,14% 

  
semi-structured 1 0,14% 

UX - Meaning 
  

 
Questionnaire 

  

  
custom-made 

  

   
5 Likert scale 1 0,14% 

   
opposed adjective Likert 5 scale 1 0,14% 

   
7 Likert scale 1 0,14% 

 
Interviews 

  

  
unstructured post-experiment discussion 1 0,14% 

UX - Usability 
  

 
Questionnaire 

  

  
custom-made 

  

   
7 Likert scale 63 8,64% 

   
5 Likert scale 20 2,74% 

   
order items 19 2,61% 

   
1 to 5 scale 7 0,96% 

   
1 to 7 scale 6 0,82% 

   
closed response multi-item 4 0,55% 

   
Unspecified 4 0,55% 

   
10 Likert scale 3 0,41% 

   
9 Likert scale 3 0,41% 
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-3 to +3 scale 3 0,41% 

   
1 to 10 scale 2 0,27% 

   
balanced scale: -2 -1 +1 +2 2 0,27% 

   
open comments 1 0,14% 

   
opposed adjective Likert 5 scale 1 0,14% 

   
3 Separate Propositions (Not Acceptable/Acceptable/Excellent) 1 0,14% 

   
closed ended question/s 1 0,14% 

   
10 Likert scale polar terms 1 0,14% 

   
7 Likert polar terms scale 1 0,14% 

  
adapted from previous/similar research 

  

   
Assessing dimensions of perceived visual aesthetics of web sites by Lavie and 

Tractinsky (2004) - 1 to 5 scale 

4 0,55% 

   
Some Advantages of Video Conferencing Over High-quality Audio Conferencing:  

Fluency and Awareness of Attentional Focus. By Daly-Jones et al. 

(10.1006/ijhc.1998.0195) - 1 to 7 scale with polar terms 

3 0,41% 

  
ISO 9241 4 0,55% 

   
part 9 - 2000(E) 

  

  
NASA TLX 

  

   
100 scale 1 0,14% 

   
RTLX version (Raw)- 100 scale 1 0,14% 

   
7 Likert 1 0,14% 

  
Simulator Sickness Questionnaire (SSQ) 

  

   
5 Likert scale 1 0,14% 

 
Interviews 

  

  
structured 11 1,51% 

   
7 Likert scale 4 0,55% 

   
based on SIE’s ease of use 3 0,41% 

   
rank items 2 0,27% 

   
unspecified 2 0,27% 

  
unstructured 5 0,69% 

  
unstructured post-experiment discussion 2 0,27% 

  
semi-structured 2 0,27% 

 
User Action Logging 

  

  
system logs 1 0,14% 

 
Question-answer-Protocol 

  

  
open response (during evaluation) 1 0,14% 
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UX - Usefulness 15 2,06% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 6 0,82% 

   
closed response multi-item 2 0,27% 

   
5 Likert scale 2 0,27% 

   
9 Likert scale 1 0,14% 

   
1 to 7 scale 1 0,14% 

 
Interviews 

  

  
semi-structured 1 0,14% 

  
unstructured 1 0,14% 

  
structured 

  

   
7 Likert scale 1 0,14% 
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Section B - Correlation charts 

Health Care & Medicine 



 

 
Framework – 55 

Section C - Method Used & Aspects Matrix  

Health Care & Medicine 
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Section D – Lookup Table: Health Care & Medicine 
 

Collaboration/Communication 5 1,74% 
 

Questionnaire 
  

  
custom-made 

  

   
6 Likert 2 0,70% 

   
5 Likert with proxy users 1 0,35% 

 
Focus Group 

  

  
Pre focus group 1 0,35% 

 
Observation 

  

  
evaluators coded/structured observations 

  

   
on material recorded 1 0,35% 

Education specific 6 2,09% 
 

Conventional Test (Written/Oral) 
  

  
test with evaluation given by teacher (PRE + POST evaluation) 2 0,70% 

 
Questionnaire 

  

  
custom-made 

  

   
graded questions 2 0,70% 

 
Focus Group 

  

  
Pre focus group 1 0,35% 

 
Observation 

  

  
evaluators observations 1 0,35% 

Ergonomics / Load / Comfort 24 8,36% 
 

Questionnaire 
  

  
NASA TLX 

  

   
7 Likert 5 1,74% 

   
100 scale 4 1,39% 

  
custom-made 

  

   
1 to 10 scale 2 0,70% 

   
open ended question/s 1 0,35% 

   
6 Likert 1 0,35% 

  
Profile of Mood States questionnaire (POMS) 4 1,39% 

  
Intrinsic Motivation Inventory (IMI) 2 0,70% 

   
5 Likert scale 

  

  
Usability Satisfaction Questionnaires 

  

   
7 Likert 1 0,35% 

  
System Usability Scale (SUS) 

  

   
5 Likert scale 1 0,35% 
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Observation 

  

  
evaluators observations 2 0,70% 

 
Focus Group 1 0,35% 

  
Pre focus group 1 0,35% 

interaction 10 3,48% 
 

Observation 7 2,44% 
  

evaluators observations 
  

   
on material recorded 2 0,70% 

  
evaluators coded/structured observations 

  

   
on material recorded 3 1,05% 

 
User Measurements 

  

  
eye tracking 2 0,70% 

 
Questionnaire 

  

  
custom-made 

  

   
5 Likert scale 1 0,35% 

Mixed background questions 2 0,70% 
 

Interviews 
  

  
with proxy users 

  

   
semi-structured 1 0,35% 

 
Questionnaire 

  

  
custom-made 

  

   
closed ended question/s 1 0,35% 

Perception/Cognition 26 9,06% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 10 3,48% 

   
6 Likert 2 0,70% 

   
1 to 100 scale 1 0,35% 

  
presence questionnaire 

  

   
by Slater et al. (1994) - 1 to 7 scale 6 2,09% 

  
Treatment / Rehabilitation specific Questionnaire 

  

   
base on VRUSE—a computerized diagnostic tool: for usability evaluation of virtual/syn-

thetic environment systems by S. Roy - 5 Likert scale 

2 0,70% 

 
User Action Logging 

  

  
tracking logs 2 0,70% 

  
system logs 1 0,35% 

 
User Measurements 2 0,70% 

  
grasping / press force 1 0,35% 

  
eye tracking 1 0,35% 
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Prototype focus 35 12,20% 
 

Questionnaire 
  

  
custom-made 

  

   
open ended question/s 5 1,74% 

   
1 to 10 scale 3 1,05% 

   
5 Likert with proxy users 2 0,70% 

   
5 Likert scale 1 0,35% 

   
6 Likert 1 0,35% 

  
AttrakDiff 

  

   
Second Version 1 0,35% 

 
Observation 

  

  
evaluators observations 6 2,09% 

  
evaluators coded/structured observations 

  

   
on material recorded 1 0,35% 

 
Interviews 

  

  
semi-structured 3 1,05% 

  
unstructured post-experiment discussion 2 0,70% 

  
with proxy users 

  

   
semi-structured 1 0,35% 

 
Focus Group 

  

  
Post-test focus group 3 1,05% 

  
workshop with students 1 0,35% 

  
Pre focus group 1 0,35% 

 
Experts Review / Evaluation 

  

  
Experts Interview 3 1,05% 

  
Cognitive Walkthrough 1 0,35% 

   

Task performance 46 16,03% 
 

User Action Logging 
  

  
tracking logs 34 11,85% 

  
system logs 6 2,09% 

 
Self-Reported / Diaries 3 1,05% 

  
Self-reported data / Diaries 3 1,05% 

 
User Measurements 3 1,05% 

  
Electromyography (EMG) 2 0,70% 

  
eye tracking 1 0,35% 
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Treatment Specific 34 11,85% 
 

Experts Review / Evaluation 
  

  
Treatment / Rehabilitation specific tests Experts Evaluation 

  

   
Anxiety Disorders Interview Schedule (ADIS-IV) 4 1,39% 

   
Subjective units of discomfort scale (SUDS) (1 to 10 scale) (pre and post therapy) 4 1,39% 

   
modified The Fear of Spiders Questionnaire (8 Likert) (pre and post therapy) 2 0,70% 

   
 Presence and reality judgment (open ended) (pre and post therapy) 2 0,70% 

   
Spider Phobia Beliefs Questionnaire (SPBQ) (1 to 100 scale) (pre and post therapy) 2 0,70% 

   
Target Behaviors (adapted from Marks & Mathew 1979) (1 to 10 scale) (pre and post 

therapy) 

2 0,70% 

   
Measures regarding expectations and-satisfaction with the treatment (1 to 7 scale) 

(pre and post therapy) 

1 0,35% 

   
Degree of belief in catastrophic thoughts (1 to 100 scale) (pre and post therapy) 1 0,35% 

   
unspecified 1 0,35% 

   
Fear and avoidance scales (1 to 10 scale) (pre and post therapy) 1 0,35% 

 
Observation 

  

  
Treatment / Rehabilitation specific tests Experts Evaluation 

  

   
Behavior Avoidance Test (Bat) (pre and post therapy) 4 1,39% 

   
Standard functional tests (box & blocks, Rancho) 1 0,35% 

   
Wolf Motor Arm Test (pre/post-test) 1 0,35% 

   
Berg Balance Scale (BBS) 1 0,35% 

   
The Fugl-Meyer Upper Extremity Motor Performance Section Test (pre/post-test) 1 0,35% 

   
clinical measurements on motor rehabilitation 1 0,35% 

   
Working Alliance Inventory (WAI) 1 0,35% 

   
Objective Structured Assessment Technical Skills (OSATS) (1 to 5 scale) 1 0,35% 

   
short Falls Efficacy Scale-International (FES-I) 1 0,35% 

 
User Measurements 

  

  
gait tracking 

  

   
GAITRite system 1 0,35% 

 
Questionnaire 

  

  
Treatment / Rehabilitation specific Questionnaire 

  

   
DASH questionnaire (pre/post-test) 1 0,35% 

UX - Emotion 24 8,36% 
 

Questionnaire 
  

  
custom-made 

  

   
6 Likert 6 2,09% 

   
5 Likert with proxy users 3 1,05% 

   
1 to 10 scale 1 0,35% 

   
5 Likert scale 1 0,35% 

  
Treatment / Rehabilitation specific Questionnaire 

  

   
base on VRUSE—a computerized diagnostic tool: for usability evaluation of virtual/syn-

thetic environment systems by S. Roy - 5 Likert scale 

4 1,39% 
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AttrakDiff 

  

   
Second Version 2 0,70% 

  
Intrinsic Motivation Inventory (IMI) 

  

   
5 Likert scale 1 0,35% 

 
Interviews 

  

  
unstructured post-experiment discussion 1 0,35% 

  
structured 

  

   
7 Likert scale 1 0,35% 

 
Focus Group 

  

  
Post test focus group 2 0,70% 

 
Observation 

  

  
evaluators observations 1 0,35% 

  
evaluators coded/structured observations 

  

   
on material recorded 1 0,35% 

UX - Usability 60 20,91% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 12 4,18% 

   
6 Likert 9 3,14% 

   
1 to 5 scale 6 2,09% 

   
open ended question/s 3 1,05% 

   
1 to 10 scale 2 0,70% 

  
Usability Satisfaction Questionnaires 

  

   
7 Likert 6 2,09% 

  
Treatment / Rehabilitation specific Questionnaire 

  

   
base on  VRUSE—a computerized diagnostic tool: for usability evaluation of virtual/syn-

thetic environment systems by S. Roy - 5 Likert scale 

6 2,09% 

  
System Usability Scale (SUS) 

  

   
5 Likert scale 4 1,39% 

  
NASA TLX 

  

   
7 Likert 1 0,35% 

   
100 scale 1 0,35% 

  
Intrinsic Motivation Inventory (IMI) 

  

   
5 Likert scale 1 0,35% 

  
AttrakDiff 

  

   
Second Version 1 0,35% 

 
Interviews 

  

  
with proxy users 

  

   
semi-structured 1 0,35% 
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structured 

  

   
7 Likert scale 1 0,35% 

 
Focus Group 

  

  
Pre focus group 1 0,35% 

  
Post test focus group 1 0,35% 

 
Observation 

  

  
evaluators observations 2 0,70% 

 
Experts Review / Evaluation 

  

  
Experts Interview 1 0,35% 

 
User Action Logging 

  

  
system logs 1 0,35% 

UX - Usefulness 15 5,23% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 6 2,09% 

   
6 Likert 2 0,70% 

   
5 Likert with proxy users 1 0,35% 

  
System Usability Scale (SUS) 

  

   
5 Likert scale 2 0,70% 

 
Focus Group 

  

  
Pre focus group 1 0,35% 

  
Post test focus group 1 0,35% 

 
Experts Review / Evaluation 

  

  
Experts Interview 1 0,35% 

 
Interviews 

  

  
with proxy users 

  

   
semi-structured 1 0,35% 
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Section B - Correlation charts 

Industry 
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Section C - Method Used & Aspects Matrix  

Industry 

 
Section D – Lookup Table: Industry 
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Collaboration/Communication 3 1,28% 
 

User Action Logging 
  

  
evaluators count/measure 2 0,85% 

 
Questionnaire 

  

  
custom-made 

  

   
1 to 7 scale 1 0,43% 

Education specific 4 1,71% 
 

Questionnaire 
  

  
custom-made 

  

   
graded questions 2 0,85% 

   
5 Likert scale 1 0,43% 

 
Conventional Test (Written/Oral) 

  

  
test with evaluation give by teacher (Control + Experiment groups) 1 0,43% 

Ergonomics / Load / Comfort 32 13,68% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 6 2,56% 

   
order items 1 0,43% 

   
9 Likert scale 1 0,43% 

   
10 Likert scale polar terms 1 0,43% 

   
1 to 5 scale 1 0,43% 

   
5 Likert scale 1 0,43% 

  
NASA TLX 

  

   
100 scale 7 2,99% 

  
Cornell Musculoskeletal Discomfort Questionnaires (CMDQ) 3 1,28% 

  
Sensitivity scale questionnaire by Detlev von Zerssen 2 0,85% 

  
EZ-Scale 2 0,85% 

 
User Measurements 

  

  
Heart Rate Variability (HRV) 3 1,28% 

 
User Action Logging 

  

  
tracking logs 2 0,85% 

 
Interviews 

   

  
structured 

  

   
8 Likert scale 1 0,43% 

 
Observation 

  

  
evaluators observations 1 0,43% 

interaction 
 

15 6,41% 
 

Observation 
  

  
evaluators observations 
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unspecified 8 3,42% 

   
on material recorded 2 0,85% 

 
Interviews 

   

  
semi-structured 1 0,43% 

  
unstructured 1 0,43% 

  
structured 

  

   
6 Likert scale 1 0,43% 

 
User Action Logging 

  

  
tracking logs 1 0,43% 

 
Questionnaire 

  

  
custom-made 

  

   
9 Likert scale 1 0,43% 

Mixed background questions 6 3,42% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 2 0,85% 

   
1 to 7 scale 2 0,85% 

   
closed ended question/s 1 0,43% 

   
1 to 5 scale 1 0,43% 

  
Post Experiment Questionnaire for UX for MARs by Olsson et al.  

(10.1007/978-1-4614-4205-9_9) 

 

    
2 0,85% 

Perception/Cognition 
  

 
User Action Logging 

  

  
evaluators count/measure 1 0,43% 

  
tracking logs 1 0,43% 

  
evaluators timing 1 0,43% 

 
Interviews 

   

  
structured 

  

   
9 Likert scale 1 0,43% 

   
7 Likert scale 1 0,43% 

 
Question-answer-Protocol 

  

  
closed response (during evaluation) 1 0,43% 

Prototype focus 
  

 
Interviews 

   

  
semi-structured 

  

   
open ended question/s 2 0,85% 

  
unstructured post-experiment discussion 3 1,28% 

  
unstructured 2 0,85% 

  
structured 
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6 Likert scale 1 0,43% 

 
Questionnaire 

  

  
custom-made 

  

   
open ended question/s 4 1,71% 

   
open comments 1 0,43% 

  
Post Experiment Questionnaire for UX for MARs by Olsson et al.  

(10.1007/978-1-4614-4205-9_9) 

 

    
3 1,28% 

 
Observation 

  

  
comments collection during test 2 0,85% 

 
Think aloud / Shadowing 

  

  
Think aloud on task 1 0,43% 

Task performance 52 22,22% 
 

User Action Logging 51 21,79% 
  

tracking logs 16 6,84% 
  

evaluators count/measure 
  

   
unspecified 11 4,70% 

   
on material recorded 2 0,85% 

  
evaluators timing 

  

   
unspecified 10 4,27% 

   
on material recorded 2 0,85% 

  
system logs 10 4,27% 

 
Observation 

  

  
evaluators observations 

  

   
on material recorded 1 0,43% 

UX - Emotion 
 

12 5,13% 
 

Questionnaire 
  

  
custom-made 

  

   
10 Likert scale polar terms 3 1,28% 

   
open ended question/s 1 0,43% 

   
7 Likert scale 1 0,43% 

   
1 to 5 scale 1 0,43% 

   
5 Likert scale 1 0,43% 

 
Interviews 

   

  
unstructured post-experiment discussion 4 1,71% 

 
Observation 1 0,43% 

  
evaluators observations 1 0,43% 

UX - Meaning 
 

2 0,85% 
 

Questionnaire 
  

  
custom-made 
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5 Likert scale 2 0,85% 

UX - Usability 
 

66 28,63% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 27 11,54% 

   
7 Likert scale 7 2,99% 

   
9 Likert scale 6 2,56% 

   
order items 4 1,71% 

   
open ended question/s 3 1,28% 

   
10 Likert scale polar terms 2 0,85% 

   
1 to 5 scale 2 0,85% 

   
1 to 7 scale 1 0,43% 

   
6 Likert scale 1 0,43% 

  
Perceived Usefulness Perceive Ease of Use (PUEU) 5 2,14% 

  
Post-Study System Usability Questionnaire (PSSUQ) 

  

   
7 Likert scale 2 0,85% 

  
Post Experiment Questionnaire for UX for MARs by Olsson et al.  

(10.1007/978-1-4614-4205-9_9) 

 

    
1 0,43% 

  
After-Scenario Questionnaire (ASQ) 

  

   
7 Likert scale 1 0,43% 

  
NASA TLX 

  

   
100 scale 1 0,43% 

 
Interviews 

   

  
structured 

  

   
5 Likert scale 1 0,43% 

   
10 Likert scale 1 0,43% 

  
unstructured post-experiment discussion 1 0,43% 

  
semi-structured 1 0,43% 

UX - Usefulness 12 5,13% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 4 1,71% 

   
7 Likert scale 2 0,85% 

   
1 to 5 scale 2 0,85% 

   
1 to 7 scale 2 0,85% 

  
Perceived Usefulness Perceive Ease of Use (PUEU) 1 0,43% 

 
Interviews 

 
1 0,43% 

  
semi-structured 1 0,43% 

   
- 1 0,43% 
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Section B - Correlation charts 

 Navigation & Driving 
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Section C - Method Used & Aspects Matrix  

Navigation & Driving 
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Section D – Lookup Table: Navigation & Driving 

 
Collaboration/Communication 1 0,39% 
 

Questionnaire 
  

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale  1 0,39% 

Ergonomics / Load / Comfort 31 11,97% 
 

Questionnaire 
  

  
NASA TLX 

  

   
100 scale 11 4,25% 

   
unweighted 3 1,16% 

  
custom-made 

  

   
5 Likert scale 5 1,93% 

   
1 to 5 scale 1 0,39% 

   
1 to 6 scale 1 0,39% 

  
ISO 9241 

  

   
part 9 - with only one Fatigue category (7 Likert) 5 1,93% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 2 0,77% 

  
System Usability Scale (SUS) 

  

   
7 Likert scale 1 0,39% 

  
Short Feedback Questionnaire (SFQ) 

  

   
5 Likert scale 1 0,39% 

  
Rating Scale for Mental Effort (RSME) 

  

   
- 1 0,39% 

interaction 
 

25 10,04% 
 

Questionnaire 
  

  
custom-made 

  

   
-3 to +3 scale 4 1,54% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 2 0,77% 

  
Post Experiment Questionnaire for UX for MARs by Olsson et al.  

(10.1007/978-1-4614-4205-9_9) 

1 0,39% 

      

 
User Measurements 7 2,70% 

  
eye tracking 7 2,70% 

      

 
Observation 

  

  
evaluators observations 4 1,54% 
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evaluators coded/structured observations 

  

   
on material recorded 1 0,39% 

 
User Action Logging 

  

  
tracking logs 5 1,93% 

 
Think aloud / Shadowing 

  

  
Think aloud on prototype 1 0,39% 

  
Shadowing 1 0,39% 

Mixed background questions 2 0,77% 
 

Interviews 1 0,39% 
  

semi-structured 1 0,39% 
 

Questionnaire 
  

  
Technical self-efficacy (TSE) Questionnaire 1 0,39% 

Perception/Cognition 25 10,04% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 5 1,93% 

   
closed ended question/s 3 1,16% 

   
7 Likert scale 2 0,77% 

   
-3 to +3 scale 2 0,77% 

   
6 Likert 1 0,39% 

  
presence questionnaire 

  

   
by Witmer and Singer (1998) - 7 Likert 6 2,32% 

  
Post Experiment Questionnaire for UX for MARs by Olsson et al.  

(10.1007/978-1-4614-4205-9_9) 

 

    
1 0,39% 

 
User Action Logging 

  

  
tracking logs 3 1,16% 

   

 
Self-Reported / Diaries 

  

  
Factor-Referenced Cognitive Tests (Paperfolding test) 1 0,39% 

 
Interviews 

  

  
structured 

  

   
1 to 6 scale 1 0,39% 

 
Question-answer-Protocol 

  

  
closed response (during evaluation) 1 0,39% 
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Prototype focus 15 5,79% 
 

Interviews 
  

  
semi-structured 

  

   
open ended question/s 3 1,16% 

   
unspecified 2 0,77% 

  
unstructured 3 1,16% 

  
unstructured post-experiment discussion 1 0,39% 

 
Experts Review / Evaluation 

  

  
Experts Interview 2 0,77% 

 
Questionnaire 

  

  
custom-made 

  

   
open ended question/s 1 0,39% 

   
closed ended question/s 1 0,39% 

 
User Action Logging 

  

  
tracking logs 1 0,39% 

 
Observation 

  

  
evaluators observations 1 0,39% 

Task performance 67 25,87% 
 

User Action Logging 
  

  
system logs 39 15,06% 

  
tracking logs 24 9,27% 

  
evaluators count/measure 

  

   
on material recorded 1 0,39% 

 
Observation 

  

  
evaluators observations 1 0,39% 

  
evaluators coded/structured observations 1 0,39% 

 
Questionnaire 

  

  
custom-made 

  

   
-3 to +3 scale 1 0,39% 

UX - Emotion 9 3,47% 
 

Questionnaire 
  

  
custom-made 

  

   
1 to 6 scale 2 0,77% 

   
6 Likert 1 0,39% 

   
order items 1 0,39% 

   
5 Likert scale 1 0,39% 

  
Software Usability Measurement Inventory (SUMI) 

  

   
1 to 3 scale 2 0,77% 
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Short Feedback Questionnaire (SFQ) 

  

   
5 Likert scale 1 0,39% 

 
Observation 

  

  
evaluators observations 1 0,39% 

UX - Meaning 4 2,70% 
 

Questionnaire 4 2,70% 
  

Post Experiment Questionnaire for UX for MARs by Olsson et al.  

(10.1007/978-1-4614-4205-9_9) 

 

    
2 1,16% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 2 0,77% 

  
custom-made 

  

   
6 Likert 2 0,77% 

UX - Usability 69 26,64% 
 

Questionnaire 
  

  
custom-made 

  

   
5 Likert scale 9 3,47% 

   
7 Likert scale 6 2,32% 

   
-3 to +3 scale 5 1,93% 

   
6 Likert 5 1,93% 

   
1 to 5 scale 4 1,54% 

   
1 to 6 scale 4 1,54% 

   
order items 3 1,16% 

   
closed response multi-item 3 1,16% 

  
Software Usability Measurement Inventory (SUMI) 

  

   
1 to 3 scale 10 3,86% 

  
System Usability Scale (SUS) 

  

   
7 Likert scale 4 1,54% 

  
Short Feedback Questionnaire (SFQ) 

  

   
5 Likert scale 3 1,16% 

  
ISO 9241 

  

   
part 9 - with only one Fatigue category (7 Likert) 3 1,16% 

  
NASA TLX 

  

   
100 scale 2 0,77% 

  
presence questionnaire 

  

   
by Witmer and Singer (1998) - 7 Likert 2 0,77% 

  
Unified Theory of Acceptance and Use of Technology (UTAUT2) 

  

   
7 Likert scale 1 0,39% 
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Interviews 

  

  
unstructured 1 0,39% 

  
structured 

  

   
2 to 6 scale 1 0,39% 

 
Observation 

  

  
evaluators observations 2 0,77% 

 
Experts Review / Evaluation 

  

  
Experts Interview 1 0,39% 

UX - Usefulness 6 2,32% 
 

Questionnaire 
  

  
custom-made 

  

   
6 Likert 2 0,77% 

   
-3 to +3 scale 1 0,39% 

  
System Usability Scale (SUS) 

  

   
7 Likert scale 1 0,39% 

 
Interviews 

  

  
unstructured 2 0,77% 
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Section B - Correlation charts 

 Other 



 

 
Framework – 77 

Section C - Method Used & Aspects Matrix  

Other 
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Section D – Lookup Table: Other 

 
APP 

Collaboration/Communication 2 2,56% 
 

Interviews 
   

  
semi-structured 1 1,28% 

 
Questionnaire 

  

  
remote survey 

  

   
online survey - Likert 7 scale 1 1,28% 

Ergonomics / Load / Comfort 8 10,26% 
 

Questionnaire 
  

  
NASA TLX 

  

   
modify Likert 5 6,41% 

  
custom-made 

  

   
7 Likert scale 2 2,56% 

 
Observation 

  

  
evaluators observations 1 1,28% 

interaction 
 

7 8,97% 
 

User Action Logging 
  

  
tracking logs 2 2,56% 

 
Observation 

  

  
evaluators observations 2 2,56% 

   
on material recorded 1 1,28% 

 
Questionnaire 

  

  
remote survey 

  

   
online survey - polar choice 1 1,28% 

  
custom-made 

  

   
7 Likert scale 1 1,28% 

 
Interviews 

   

  
semi-structured 1 1,28% 

Mixed background questions 5 6,41% 
 

Questionnaire 
  

  
remote survey 

  

   
online survey - closed ended question/s 2 2,56% 

   
online survey - 7 Likert scale 1 1,28% 

 
Interviews 

   

  
semi-structured 1 1,28% 

 
Observation 

  

  
evaluators observations 1 1,28% 
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Perception/Cognition 5 6,41% 
 

Questionnaire 
  

  
custom-made 

  

   
7 Likert scale 4 5,13% 

  
remote survey 

  

   
online survey - Likert 7 scale 1 1,28% 

Prototype focus 9 11,54% 
 

Questionnaire 
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