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Abstract

This work aims to analyse and summarise the interaction techniques used for the
different classes of the augmented reality (AR) devices available on the market,
such as smartphones, head-mounted displays, smart glasses and spatial displays.
The outcome of this research has been useful to design the interface we want to
propose as a tool to control smart objects present in the physical environment and
create dependencies and rules between them. In particular, we could exploit these
foundings to make sure that the techniques to interact with the application were
the most efficient and straightforward possible to enable users to easily access its
functionalities. Given that the interface works in an augmented reality setting
and takes advantage of the information retrieved directly from the appliances in
the Internet of Things (IoT), these functionalities consist of manipulating the
superimposed objects in AR in order to alter the behaviour of the real smart
objects in the surroundings. By defining personalised rules, the user can control
the properties of Things in an implicit manner. Hence, performing some explicit
action on an object might trigger the system to carry out some other action on
a set of smart devices behind the scenes. An example could be to define a rule
that makes sure that when the user turns on the TV (explicit interaction), the
light is automatically switched off by the system (implicit interaction). Explicit
interactions can be performed either through the interface itself or by using the
Things in the physical surroundings. By enhancing their characteristics, this work
brings the worlds of AR and IoT together to improve the experience of both experts
and novice users in their smart environments. In fact, by proposing an intuitive
interface running on any camera-equipped device, we aim to bridge the gap between
non-technical users and automation systems.
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1 Introduction

Augmented reality (AR) is a technique that consists of superimposing some
computer-generated geometric models, images, sounds and text to the physical
world [1]. It allows the user to see the real environment surrounding them, but with
the addition of digital content visualised by means of devices such as see-through
head-mounted displays (HMD), desktop and mobile interfaces, and monocular
systems [2, 3].

While virtual reality (VR) replaces the real world with a completely artificial
setting, AR supplements it, enabling the user to still have a perception of living in
and dealing with their reality, but with the extension of virtual content. Hence, not
only does AR enhance the connection between human and environment, but it also
facilitates human-computer interactions (HCI). With this regard, throughout the
last two decades, AR has been exploited in many different domains, ranging from
health care, manufacturing and navigation, to museums, education, entertainment,
sports and gaming [4].

With the spread of small Internet-connected devices all over the world, everyone
has access to the Internet everywhere and at any time [5], leading to the notion
of Internet of Things (IoT) or Web of things (WoT). The IoT is revolutionising
industries such as manufacturing, transportation and energy, by interconnecting
digital devices, and retrieving and exchanging information among them.

An example of an application field that has been emerging recently in the IoT context
is home automation. A home automation system enables users to control and
interact with the technological appliances (e.g. dish washer, microwave and tv) of
their so-called smart homes [6], through the Internet.

The leading research and advisory company Gartner2, forecast that 14.2 billion
connected things would be in use in 2019, and that the total will reach 25 billion by
2021, producing an immense volume of data3. However, as per Security Today4,

2https://www.gartner.com/en
3Gartner Identifies Top 10 Strategic IoT Technologies and Trends. https://www.gartner.com/
en/newsroom/press-releases/2018-11-07-gartner-identifies-top-10-strategic-

iot-technologies-and-trends
4https://securitytoday.com/Home.aspx
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in 2019 the number of active IoT devices reached 26.66 billion, and every second
127 new IoT devices are connected to the Web. They also predicted that by 2021 35
billion IoT devices will be installed worldwide, against the 25 billion foreseen only
two years ago1. Comparing the numbers, the Internet of Things is growing much
faster than expected, increasing the possibility for people, things, and services to
become closely and rapidly connected [7].

Some of the most recent research has been tackling the challenge of integrating
AR and IoT [8]. In fact, although AR and IoT might seem unrelated, given that
they focus on different concepts, they can indeed be complementary one to the
other.

In this thesis we aim to investigate a method to combine AR and IoT, in a way
that allows users to detect the electronic devices in their environment and interact
with individual devices via an AR interface as well as define implicit interactions
(via rules) between multiple IoT devices.

A first step is to analyse the current state-of-the-art research to compare the displays
and techniques that are used in AR settings, together with their advantages and
disadvantages. In this way we will get a better understanding of which approaches
might be most suitable for the above-mentioned idea.

Subsequently, the focus is on studying a way to connect multiple devices together in
an IoT setting. Currently the Web of Things applications allow the user to control
one appliance at a time and the interconnection between smart devices is rather
limited. This means that the Things’ properties cannot be altered automatically in
case some events and situations (e.g. the user is on the couch or the TV is currently
on) take place.

Finally, we combine augmented reality and Internet of Things by implementing the
interface previously described. The idea is to exploit the Internet of Things to detect
and control the surrounding appliances through camera-equipped technologies
such as headsets, smart glasses and smartphones, and the augmented reality to
superimpose graphical hints or objects that allow the user to link them and make
them communicate. Therefore, by collecting the data from one device and sending
it to another, the functionality of the first could be used by the second, pushing the
AR concept of enhancing reality even further. This also entails that the interaction
between different devices might not only be implicit by applying some predesigned
rules (e.g. if the tv is on, the music on the stereo is turned off), but it is also
possible for the user to explicitly define an interaction by following the suggestions

1The IoT Rundown For 2020: Stats, Risks, and Solutions. https://securitytoday.com/

Articles/2020/01/13/The-IoT-Rundown-for-2020.aspx?Page=2
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in AR with their hands (e.g. drag a document and drop it to the printer through
the gesture recognition of the AR interface, in order to print that document).

1.1 Problem Statement

The rapid evolution that is happening every day in the IoT domain and the spread
of more sophisticated devices and technologies to interact with, have raised many
questions and new needs. As described above, the Web of Things aims to control
and monitor the equipment we use in our daily lives through the Internet [9].
However, the objects we interact with are constantly changing, improving or even
being replaced by other up-to-date refined ones. Hence, the need of new guidelines
and solutions as to how we could interface with smart objects is a natural outcome.

One of the main problems that we try to address in this thesis is the fact that, to
our knowledge, all the existing developed solutions to engage with IoT appliances
focus on the interaction with one single object at a time, rather than multiple ones.
We can control whether the light in the living room is on, and we can turn off
the coffee machine, but we cannot define a rule that would control both objects
simultaneously. In fact, as stated in [10], “we are witnessing an explosive growth of
the number and density of powerful mobile devices around us. However, their great
majority are still blind to the presence of other devices and performing tasks among
them is usually tedious and lacks recognizable guiding principles”. Home Assistant
is slightly moving toward this direction, adding logic and dependencies between
smart objects. However, controlling and customising the application are tasks that
need to be performed by someone with enough technical knowledge, which might
be intimidating for those approaching this domain for the first time.

Linked to the previous issue is the fact that different objects are not able to
communicate with each other, which represents an important limitation in terms
of usability. We live in a world fully connected, where we can engage with devices
that complement each other in relation to their functionalities, but we still do not
have the chance to combine appliances together in order to make them exchange
information and resources.

Furthermore, for what concerns the AR side, existing solutions have only one fixed
set of interactions, independently of what particular device one is currently using [11].
In other words, the available implementations do not take into consideration that,
for different AR solutions, different types of interaction might be required. A
head-mounted display might work better with a certain interaction technique,
which in turn might not be very suitable for a handheld device.
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Finally, what is missing in current automation systems (e.g. Amazon Alexa and
Google Assistant) is a proper graphical user interface that makes the control and
manipulation of smart objects more efficient and intuitive. Potential end users, such
as the elderly, people with little knowledge of Computer Science or with physical
disabilities, still have no access to an easy and straightforward way to visualise
their smart appliances on a display.

Our research addresses the issues just presented by (1) comparing the different
AR devices available and identify the most effective interaction techniques, (2) inves-
tigating a way that allows the interaction between multiple objects in an IoT setting,
and (3) develop a simple interface that enables the user to interact with multi-
ple appliances by combining their functionalities via implicit human computer
interaction.

1.2 Contributions

Given the problem statement presented in the previous section and the corre-
sponding proposed solution, we can identify the main contributions of this work as
follows:

• The delineation of some guidelines specific to each augmented reality display
in a way that their usability and potential are maximised. As mentioned
above, currently only one set of interaction techniques is available for all
devices, without differentiating which one is more suitable for a given type of
augmentation. Identifying how to best deal with a specific AR hardware when
manipulating the virtual objects is expected to increase the performance of
the model and satisfaction of the user.

• The exploration of the possibility to interconnect multiple devices in an
IoT setting. This is achieved through the definition of rules that outline
implicit interactions by checking whether the appliances are allowed or not
allowed to connect, and the definition of rules created by the users while
utilising the application, which allow them to make the interaction across
smart objects explicit.

• The implementation of an AR interface which brings together the two points
above. This prototype allows the user to detect the smart objects in their
room and interact with them logically. This is possible through the definition
of personalised rules that create connections behind the scenes (implicit
interactions), and through rules made concrete by users themselves (explicit
interactions). In fact, the interface shows some hints regarding which devices
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can be combined, preventing the user to try to connect appliances that are
not expected to exchange data. By following these patterns, the user can
complement the functionality of a smart object with the functionality of
another.

• The illustration of some use cases in which the interface described above
might come in handy in real world situations.

1.3 Methodology

The completion of this thesis was possible by collecting and analysing state-of-the-
art work in the domains of mixed reality, Internet of Things and human-computer
interactions. Studying how the research was carried out and what steps were taken
during the last decades helped us understand the evolution of the above-mentioned
fields throughout the history, and where the results of the current state come from.
By putting all the relevant findings together, we could make comparisons and draw
conclusions that led to the outcome of this thesis.

In particular, the Research through Design (RtD) methodology [12] was applied,
which is often used where technology is designed with the purpose of illustrating
how the future will or should look like. In fact, with this thesis we aim to propose a
new interface that allows users to deal with smart objects in the most efficient and
straightforward way possible, by means of particular interaction techniques. This is
something that has not been implemented yet. To this date, the Internet of Things
already plays an important role in our lives, but in the future it will probably
be accessible by a larger number of people, making it even more omnipresent
in our routine and in every environment. Hence, an important outcome of the
research method adopted for this thesis is the definition of operations and guidelines
necessary to show the utility and the validity of the application, as well as future
research questions.



2 Background

In this chapter, we portray the relevant information concerning the topic in question.
Thus, we explore the background in the domains of augmented reality (and mixed
reality in a broader way), and the Web of Things. This preliminary step represents
the foundation of the outcome of our research, which will be described in the next
chapters.

As explicitly stated in the introduction, this thesis aims to look for a solution that
brings the worlds of augmented reality and the Web of Things together. Hence,
the first part of our work focused on exploring these two domains in terms of
background and main research contributions that have led to the current state.
However, we will not provide an insight of the history of these two fields because
this would be out of the scope of what we want to achieve in this thesis.

2.1 Mixed Reality and Augmented Reality

Augmented reality (AR) has faced astonishing advances since the implementation of
the first AR system in 1968 [13]. Since then, experts came up with many alternative
or complementary definitions to describe what AR really is. However, the most
popular, and probably most straightforward, one still remains the one proposed
by Azuma in 1997: “Augmented reality is a field in which 3D virtual objects are
integrated into a 3-D real environment in real time” [2]. Furthermore, Azuma
added that AR is a variation of Virtual Environments (VE) [3] which brings us to
the definition of virtual reality, and mixed reality in a broader way.

As per Costanza et al. [14], virtual reality (VR) is a technology that enables users
to be immersed in a virtual, computer-generated world, losing the perception of the
real environment surrounding them. This represents the main difference between
AR and VR. The former, in fact, always happens in the physical space the user is
currently in, which does not allow a fully immersive VR experience. The fact that
the virtual objects are superimposed to the real environment entails that the user
is not isolated from their familiar surroundings. On the other hand, VR systems
create a new artificial reality that replaces the real world.
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Both virtual and augmented reality belong to a broader concept called mixed re-
ality (MR). Even though this notion has been around for a while, there is still
no shared understanding of what MR actually represents and experts have not
found a universal definition to describe this concept [15]. For instance, many
consider mixed reality as a synonym for AR, but others disagree responding that
MR enables walking into and manipulating a scene, whereas AR does not. In
MR systems, users perceive both the physical (real) environment around them
and the computer-generated elements presented through, for example, the use of
semitransparent displays.

A definition of mixed reality which is commonly adopted to describe the concept
is the one provided by Milgram and Kishino, who are the first to introduce
this term in 1994 [16]. In their vision, mixed reality is “a particular subset of
Virtual Reality (VR) related technologies that involve the merging of real and virtual
worlds somewhere along the “virtuality continuum” which connects completely real
environments to completely virtual ones”. This definition is visualised in Figure 2.1.

Figure 2.1: Graphical representation of the Reality-Virtuality continuum described
by Milgram and Kishino [16]. It ranges from completely real to com-
pletely virtual environments and comprises Augmented Reality and
Augmented Virtuality.

Therefore, MR systems are designed to give their users the illusion that digital and
physical objects coexist in the same space. To achieve this, it is fundamental to
precisely position digital objects into the real environment and align them with
the real objects in real time, as stated in Azuma et al.’s work [17]. In particular,
they declare that this alignment or registration of elements in virtual and real
environments is a definitive characteristic of augmented reality systems. Thus,
AR is often considered to be a branch of MR. In fact, both systems in which the
virtual aspects are dominant and systems in which the physical reality is dominant
fall under the definition of mixed reality. This means that, even though augmented
reality has a higher physical aspect than a virtual one, it is still considered part of
mixed reality [14].

Finally, the last concept comprised under the umbrella term mixed reality is
augmented virtuality (AV). AV refers the inclusion of real world elements into a
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virtual environment [18]. The difference between AR and VR boils down to where
the user interaction takes place: while AR occurs in the real world, AV happens in
a virtual environment.

Azuma [3] states that an AR system, to be defined as such, should present the
three following properties:

• combination of real and virtual objects in a real environment;

• interactive and real-time execution; and

• registration (alignment) of real and virtual objects with each other.

Even though in this thesis we focus on augmented reality, we thought it was
important to provide a short overview of what the broader concept of mixed reality
comprises of and the differences with other related technologies.

2.1.1 Elements of Augmented Reality Systems

It should be clear by now that augmented reality (and mixed reality in a broader
way) has a wide meaning that can have different interpretations. For this reason,
it is not always clear what is meant or intended when people use AR. Liang [19]
identifies six elements that should be included in an AR system and that ascertain
the options available in the use of AR for particular activities. He points out that
an architecture that comprises these elements might significantly facilitate the
development and the innovation of the actual AR application.

The first element is the user. Users are in fact the core component of the AR archi-
tecture because they represent the direct beneficiary of any AR system. They are
able to control and manipulate the AR system themselves, both individually and
in group.

The second element is the interaction, where inter means the state between (or
among) things, and action means that something has been concretely done, typically
to achieve an aim. Hence, we refer to interaction when one entity performs an action
and the other entity responds in a particular way. In the user-based AR system,
usually the user does something that triggers some changes in terms of AR content
visualised. This response might occur between users and AR device, or users and
virtual content, both explained below. However, it is also true that in some cases
this process of interaction does not exist anymore. In other words, users do not
necessarily need to interact with the augmented reality device and the virtual
content in order to see the augmentations in the real world.
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The third element to be included in an AR architecture is the device, which is the
hardware component of the AR architecture. Craig [20] identifies three hardware
functions that every AR device must comprise: sensors, processors and displays.
Sensors are responsible for the recognition of the state of the physical world where
the application is deployed (e.g. GPS to identify the location and the orientation
of the user). In fact, it is essential for the application to retrieve information of the
real environment in real time, in order to properly respond to the user’s actions.
Craig identifies three primary categories of sensors in AR systems: (1) sensors used
for tracking, (2) sensors for gathering environmental information, and (3) sensors
for gathering user input. Processors are used to evaluate the data obtained by
sensors, execute the instructions specified in the application program, and finally
generate the signals required to drive the display. Processors can be seen as the
brain of the technological system. Finally, displays represent the means with which
users have the impression that the real and virtual worlds coexist. Thus, a display
consists of a device that provides the signals perceived by our senses. Many different
kinds of display are available, such as visual, audio, haptic and stereo displays.

The fourth element is the virtual content, which represents the digital information
presented by the AR device. 3D animation, 2D image, text, audio information
and vibration are some methods through which the digital content is visualised,
and more generally communicated, to the user. Since we are in an AR setting, an
important feature of virtual content to be pointed out is that the virtual information
can be changed dynamically.

The fifth element is the real content, which is nothing more than the real-world
information presented by the device without any rendering. This component allows
the user to still have the perception of the real environment surrounding them.

The sixth and last element of AR systems is tracking, which is the way of generating
virtual content based on the real content. This comprises three different features:
synchronicity, because when the real content changes, the virtual content should
change as well; antecedent, because the real content happens before the virtual
content (if it was the other way around, the virtual element would be meaningless
since it cannot be interpreted in the real world); and partial one to one, because there
is a one-to-one correspondence between real and virtual content [21]. However, in
some case, the real content is associated with multiple pieces of virtual information.
Optical, acoustical, electromagnetic and mechanical tracking are some methods to
perform tracking nowadays.

From a design perspective, Liang [22] adds that, in an AR system, the most critical
problem is to select an appropriate physical-world context, identifying the method
of transmission and creating different modalities of virtual content.
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2.1.2 Object Positioning and Accuracy of Virtual Objects
Perception

Both VR and AR have developed incredibly rapidly and find their application in
many different domains. However, Ping et al. [23] identified two critical problems.
The first one concerns the correctness of the virtual object’s position in the scene;
the second one regards the accuracy with which the user perceives the virtual
objects in relation to the other (virtual and physical) objects in the scene. This is
the reason why researchers and experts consider perceiving the position of virtual
objects correctly in AR and VR a critical challenge.

A solution as to how to properly position virtual objects in AR is the use of visual
markers or computer vision techniques, in order to create an understanding of the
real environment and its physical elements [24].

Initially, AR content originated from marker-based tracking toolkits (e.g. ARToolkit
or ARTag) that aim to determine tracking and registration (in other words, where
to display the digital content) and the media content itself (what information needs
to be displayed) [25]. However, marker-based tracking has slowly been replaced
by markerless tracking. This is due to the fact that AR has evolved significantly
over the last decades, registering huge technological advancements in terms of both
hardware and software. Another outcome of this progress led to the diffusion of
mobile context-aware methods (e.g. Layar, Junaio, and Wikitube) that can bring
AR into mobile and contexts.

With regard to the two above-mentioned problems of implementing AR applications,
Wang et al. [25] state that the “biggest single obstacle to building effective AR sys-
tems is the requirement of accurate, long-range sensors and trackers”, identifying
in optical tracking the tracking technology most used by developers.

Many different possibilities for implementing object tracking in AR are available,
based on the nature of the tracking algorithms [26]:

i ID markers, which are rectangular 2D markers used for simple AR applications.
They all follow the same structure with a wide black border and a distinctive
pattern on the inside, such as the ones in Figure 2.2a. By exploiting all the
different combinations of patterns, one can configure a few hundreds of markers
with different encoded information. They represent the simplest but at the
same time most efficient and robust method to detect and track an object. A
comparison of ID markers used by some marker-based tracking toolkits is shown
in Figure 2.2a.

ii 1D barcodes and Quick Response (QR) codes. They are optical 2D representa-
tions of data items that are machine-readable. One-dimensional barcodes have
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been around since the 1960s and are still widely used for packaging, labeling
and identifying retail and commercial products worldwide [27]. QR codes are
read by imaging devices (e.g. any camera-equipped device with an installed
QR reader application) and interpreted to extract information from the patterns.
Examples of a linear barcode and a QR code is shown in Figures 2.2b and 2.2c
respectively. As one can notice, ID markers and QR codes are similar.

iii Picture markers, that are somewhere in between ID markers and markerless
tracking. A similarity with the former is that they have an easily distinguishable
rectangular border as well. However, they can contain any arbitrary image
(containing enough visual content) inside the boundary, which is not possible
with ID markers. Additionally, the presence of this border enables the marker
to be detected faster than with borderless markers, which represents a quite
important advantage.

iv Markerless is the term used when referring to 2D markers that do not present
an explicit rectangular boundary as the markers described above. An example
is shown in Figure 2.2d.

v Markerless 3D tracking does not use any physical marker to identify an object.
Instead, it uses a map of distinctive 3D features (e.g. point descriptors). This
technique is less immediate than the one presented previously and the object
needs to be scanned from different perspective in order to determine its own
visual features. A concrete example is shown in Figure 2.2e

vi Computer-Aided Design (CAD) edge model tracking requires real-time six-
degrees-of-freedom (DOF) pose estimation of the camera/objects. The AR sys-
tem estimates in real time the location and orientation of the camera (pose)
and subsequently superimposes computer-generated objects on the captured
sequence of a real environment [28]. A 3D CAD model is used to initialise
the pose of an object through its edges. This is achieved in order to enable
an accurately scaled and localized augmentation. As soon as the pose of the
objects is initialised, the tracking method is usually switched to markerless
3D tracking (see above). CAD edge model tracking requires extra attention to
be prepared because it does not rely on any physical signs or picture. The user
is responsible for the initialisation of the very first pose. This process is done
once and for all manually.

2.1.3 Design Principles in AR Setting

Dünser et al. [29] state that a consequence of adopting an approach focused on
technology might be the development of applications and prototypes without
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(a) Examples of ID
markers1

(b) Example of 1D
barcode2

(c) Example of QR
code3

(d) Example of
borderless image4

(e) Example of mark-
erless 3D tracking5

(f) Example of CAD
edge model track-
ing6

Figure 2.2: AR tracking techniques

having a complete understanding of the problem they aim to solve. By taking into
consideration the core purpose of the application and the public it is designed for,
the development of (in this case) AR systems can significantly improve, becoming
more successful and reaching a wider audience. This is called user-centred design.

Furthermore, not only defining guidelines might be beneficial for developers in an
early stage, but it also prevents usability problems that may become evident later.
Even though it sounds tempting, applying Graphical User Interface (GUI) design
and evaluation principles to AR interfaces is not ideal. In fact, the two of them
present some fundamental differences, especially in terms of interaction with the
system itself.

1https://en.wikipedia.org/wiki/Augmented_reality
2https://commons.wikimedia.org/wiki/Barcode
3https://commons.wikimedia.org/wiki/Barcode
4https://redshift.autodesk.com/borderless-world
5https://www.youtube.com/watch?v=PtdxNAvso08
6https://www.jvrb.org/past-issues/4.2007/1159

12

https://en.wikipedia.org/wiki/Augmented_reality
https://commons.wikimedia.org/wiki/Barcode
https://commons.wikimedia.org/wiki/Barcode
https://redshift.autodesk.com/borderless-world
https://www.youtube.com/watch?v=PtdxNAvso08
https://www.jvrb.org/past-issues/4.2007/1159


We can therefore consider general Human-Computer Interaction (HCI) principles
and knowledge derived from VR. In their work, Dünser et al. [29] identify eight
design principles that might be useful in an AR setting.

Affordance is first design principle to be applied in AR. This concept “suggests
that there is an inherent connection between a user interface and its functional and
physical properties”. In other words, affordance offers a conceptual model that
describes a subject-object relationship. Tangible User Interfaces (TUIs) are an
example of technology that reverses or negates meaning perceived from physical
objects. Hiroshi and Ullmer [30] describe TUIs as a new type of HCI that “augment
the real physical world by coupling digital information to everyday physical objects
and environments”. It is therefore clear that since the relation subject-object can
change, it is necessary to precisely define it for a user study.

The second design principle is reducing cognitive overhead. The goal is to allow
the user to focus as much as possible on the task they are carrying out, and
therefore to reduce the effort used to interact with the application itself. In their
work, Rizzo et al [31] explain how this extra non-automatic cognitive overhead on
the interaction with the system might in fact represent a distraction to the user,
limiting the quality of the VR (and AR) experience. Additionally, Dede et al. [32]
prove that factors such as fatigue and cognitive overhead in mastering the interface
influence negatively the outcome of the task fulfilled through virtual reality.

Linked to the previous principle, another important thing to take into consideration
when designing an AR interface is to ensure that the task is carried out with low
physical effort. The idea is to enable the user to reach the goal with the minimum
number of interaction steps. In other words, the application should not ask the user
for unnecessary interventions that might cause them fatigue and frustration. In his
Ph.D. thesis, Kaufmann [33] demonstrates through some experiments and surveys
how wearing a heavy or uncomfortable Head-Mounted Display (HMD) for a long
time might be counterproductive in terms of success of the task to be accomplished.
His findings show that the effects of wearing a mixed-reality device are subjective to
the person using it, and they should all be taken into consideration when designing
an AR interface. Fatigue, headache, nausea and dizziness are some words used
by the participants of her study to describe their feelings during the experiment.
These symptoms might in fact significantly reduce the usability of the system. A
well-know example of fatigue manifestation is the so-called gorilla arm. We refer
to gorilla-arm effect when mid-air interactions might cause fatigue and lead to a
feeling of heaviness in the upper limbs [34].

The fourth HCI design principle that can be applied to AR development is learn-
ability. It should be easy for a user to learn how to use the AR system in question.
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Sometimes, designers might come up with new different interaction techniques
that users are not familiar with. Since these new methods need to be learned by
users in order to enable them to use the system properly, they must be as much
intuitive as possible. Designing techniques similar to what users are used to in
the real world or designing them in a way that reminds users of something they
have already acquired through another application/technology (e.g. traditional
computer interactions), might significantly reduce the time spent to learn them.
Self descriptiveness is an important prerequisite that facilitates learnability. In
fact, the more self-explanatory the interaction element is, the less time the user
spends on understanding what it is for and how to use it. Another factor that
improves learnability is consistency. An interface is considered inconsistent when
different design choices are applied throughout the application (e.g. referring to
a functionality in different ways or associating a feature or design element with
different colours). This might cause confusion and uncertainty on the user side.

User satisfaction could come across as an obvious concept but the truth is that if
a designer does not adopt a user-centred approach, they might forget taking into
consideration this principle. It is in fact fundamental to always bear in mind that
satisfaction is not an objective feeling and users may have a different opinion on
an application compared to the one of who designed it in the first place. For this
reason, both objective and subjective measurements should be made in order to
offer an as much satisfactory as possible user experience.

Furthermore, flexibility in use is an aspect to be considered when designing AR in-
terfaces. As stated above, all users are unique and have different opinions and
preferences that the designer should try to accommodate. For instance, since the
AR technology allows the integration of different kinds of input and output devices,
users can choose one interaction modality rather than the other. More concretely,
an AR system might include both gesture and speech options to carry out a task,
thus leaving to the user the opportunity to pick the one they prefer or that simply
come more in handy in that particular moment.

For what concerns responsiveness and feedback, the system should respond rather
quickly to the user input and if it is not the case, it should at least provide an
explanation of the reasons behind the delay. In this way, the user is informed
and always have a clear idea as to what is happening. Additionally, not only the
feedback should be sent by the system to help minimise problems caused by poor
responsiveness, but it should also be provided any time the user performs an action,
as a way to communicate that the input has been acknowledged and taken in
charge. Thereby, the user is aware that they have triggered some functionality and
they expect something to happen soon.
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Finally, last but not least, the principle of error tolerance is essential to remind
the designer to predict all scenarios where things can go wrong. Building an
AR interface capable of managing errors whenever they occur (especially in terms
of tracking, since we are in an AR setting) represents an effective way to gain the
trust of the user with regard to the system reliability.

In addition to the eight HCI design principles above mentioned, Rolim et al. [35]
propose further guidelines relative to the AR setting. A designer should bear in
mind the importance of indicating movement by the application. In other words, an
instruction must show the correct path (which sets the trajectory of the movement),
the correctness of the movement (the right way to achieve the goal) and, in some
cases, the velocity or acceleration. Moreover, if the action the user is expected to
perform requires the exploitation of some part of the body or object in the scene,
the system should be really clear in conveying the exact element involved in the
task must be moved. Thus, misunderstandings about how to perform a gesture or
instruction should be avoided. The AR interface should also allow different kinds of
visual appearance attributes, which depend on the conditions of the environment,
and which are controlled by users themselves. The last AR guideline proposed
in the paper [35] is making sure to manage occlusion and depth. The former
is the situation in which an object blocks the view of another object, whereas
the latter is the distance between an object and the user. Handling occlusion in
AR environments means comparing the depth of the pixels of the virtual objects
with the depth of the pixels corresponding with real objects, which is not a trivial
operation [36]. A system should provide all the necessary information and cues to
the user to make them aware of objects hidden behind other objects, the distance
that separates different elements in the scene, and the depth estimation of each
virtual and real component, in order to have a clear perception of the environment
surrounding them.

Dabor et al. [37] further suggest that the interface should be easy to use both for
novice and for expert users (so-called universal usability). Designer should also
support user control, meaning that users should have control of the next action to
be performed, rather than the system carrying out pre-defined ones. This guideline,
together with the possibility for the user to personalise the visual display, might
considerably reduce the stress imposed on the user. Dabor et al. also add that
the short-term memory should not be overloaded (e.g. low amount of steps to
accomplish a task and minimise distracting audio output). Finally, as last guideline
they suggest that context should be used to provide information, in order to convey
the application messages in the most clear and straightforward way possible.
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2.1.4 Mixed Reality Technologies and Displays

The mixed reality space can be designed and developed through two main types
of technologies: optical see-through (OST) and video-see-through (VST). The
main difference between the two is that with the former, a user can see the real
world through the transparent glasses while the virtual objects are formed on
LCD (Liquid Crystal Display); whereas with the latter, a user sees both real world
and virtual objects on LCD [38, 39]. Technically, this happens in the following way.
In VST displays, one or two video cameras are mounted near the user’s eyes and
are used to capture the real world. These real-world images are then combined
with the computer-generated graphics and displayed to the user. On the other
hand, in OST displays the semitransparent screens are placed in front of the user’s
eyes and optically merged with the digital graphics. Thus, with this technology,
the perception of superimposed graphical element colours is affected by the colour
and brightness of the real environment, which is not the case of VST displays [40].

In practice, OST devices are preferred over VST devices because considered simpler
to be set up and because they give a better awareness of the real environment. In
fact, since with VST displays the real world is not seen directly but as a digital
capture, there might be some problems of latency and low resolution. This might
lead to situations in which images may not appear “attached” with the real objects
they are supposed to correspond to, appearing unstable, jittering, or swimming
around [41]. These issues do not normally occur with OST devices which, however,
require the human eye to adjust the focus between different planes, the screen
and the real environment (effort that is not needed with VST). Given the above-
mentioned comparison, Rolland et al. [42] conclude that “the fundamental trade-off,
then, is whether the additional features afforded by the more invasive approach
justify the loss of the unobstructed real-world view”.

There are essentially three classes to categorise the display tools in mixed reality:
head-mounted display (HMD), handheld display (HHD), and spatial displays. As
already mentioned above, when designing a mixed reality application, one of the
principles to bear in mind is reducing as much as possible the physical effort to be
made when carrying out the task. This also anticipates the two concepts to pay
particular attention to in this phase: comfort and immersion (e.g. field of view) [38].
Both of them are in fact related to the MR device that is used by the user and can
therefore be different for each category of display the MR application can support.

As its name suggests, a head-mounted display is worn on the head (or as part of a
helmet) and shows real and virtual world images over the user’s view. HMDs can
be either OST or VST, and can have a monocular or binocular display optic.
As already explained above, video-see-through displays expect the user to wear
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two cameras on their head and both captures are combined to digitally recreate
the real environment with integrated computer-generated images. This can be
quite demanding compared to OST displays which allow the view of the physical
world to pass through a half-silver mirror technology, and graphically overlay
information that is then reflected in the user’s eyes. In Figure 2.3 the reader can
find some examples of head-mounted displays. Oculus Rift (2.3a) is used for virtual
reality, HTC Vive is used for both virtual and augmented reality (2.3b), whereas
Magic Leap is a HMD used for augmented reality purposes (2.3c).

(a) Oculus Rift1 (b) HTC Vive2

(c) Magic Leap3

Figure 2.3: Examples of head-mounted displays

The term “handheld” is self-explanatory, too. A HH display consists of small device
that the user can hold in their hands. This class of displays uses video-see-through
for the superposition of computer-generated images to the real world, and sensors
(e.g. digital compasses and GPS units) for their six-degree of freedom tracking.
HH devices represent a superior alternative for AR, “especially for untrained users
in unconstrained and non-supervised environments” [43]. There are essentially three
categories of handheld displays for AR settings: mobile phones, Personal Digital
Assistants (PDAs) and Tablet PCs. The trade-offs here is about their size, weight,
computing power and cost [44]. Nowadays handheld displays represent the most

1https://www.oculus.com/rift-s
2https://www.vive.com/eu
3https://www.magicleap.com/en-us
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accessible type of AR technology for the general public, and they are more robust
than HMDs. For these reasons, users are more comfortable operating with them.
One last note on handheld displays is that, since at least one of the user’s hands
are occupied with the device, the designer should consider that interface metaphors
developed for SAR displays and HMD based systems may not be appropriate for
this class of displays [45].

Finally, with Spatial Augmented Reality (SAR) users do not need to wear or carry
any kind of device. In fact, computer-generated information is displayed directly
onto physical objects, by means of technologies such as video-projectors, optical
elements, holograms, radio frequency tags, and other tracking technologies, most
of which integrated into the environment [41]. This enables collaboration between
users in wide areas. The environment can be augmented differently according
to the approach to SAR adopted. We can distinguish essentially three of them:
video-see-through, optical-see-through and direct augmentation. Spatial VST dis-
plays are screen based, whereas spatial OST displays generate images that are
aligned within the physical environment. Because of their spatially aligned optics
and display technology, spatial OST displays do not support mobile applications.
Lastly, projector-based spatial displays take advantage of front-projection to throw
computer-generated images directly into physical objects’ surfaces, instead of dis-
playing them on an image plane in the visual field of the viewer [46]. An example
of spatial augmented reality is the SunCAVE in San Diego that the reader can see
in Figure 2.4.

Figure 2.4: SunCAVE in San Diego1

1https://ucsdnews.ucsd.edu/pressrelease/from-star-to-sun-the-qualcomm-

institutes-cave-expands
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If on one hand, according to Carmignani et al. [41], we identify these three major
types of displays used in AR (head mounted displays, handheld displays and spatial
displays), Peddie [47] states that within dedicated visual see-through augmented
reality systems there are seven classes of displays. These classes are more specific
than the categories reported above and they further subdivide the augmented
reality displays developed so far. The user should also bear in mind that these
classifications are not strict and inflexible, and a device can be categorised under
one or multiple classes. Thus, some overlapping is present. We can identify the
following classes:

• Contact lens

• Helmet

• Head-up Display (HUD)

• Headset (Smart-glasses)

– Integrated (Indoors and Outdoors)

– Add-on display and system for conventual, sun, or safety glasses (Indoors
and Outdoors)

• Projectors (other than HUD)

• Specialised and other (e.g., health monitors, weapons, etc.)

The idea of contact lenses for augmented reality is that “by building the infrastructure
directly on top of the eye, the eye is allowed to move or rotate freely without the
need of exit pupil expansion nor eye tracking” [48]. However, they are still under
development and nothing is available on the market yet.

Helmets are devices that cover the user’s ears, total head and most of the face.
Head-mounted displays can be used as part of a helmet.

Head-up Displays (HUDs) superimpose information to physical surfaces or objects,
without the need for the user to wear particular devices or perform specific actions.
HUDs are mostly used in cars (see Figure 2.5a), where they are positioned in the
dashboard and connected either to the automobile’s on-board diagnostics system
or to the user’s smartphone. By projecting the vehicle’s information such as speed,
water temperature and battery voltage, to the inside surface of the windshield,
the user can keep their head up looking at the road, having complete awareness
of the car’s data [47]. Another application is the aviation context, as shown in
Figure 2.5b.
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(a) HUD in cars (b) HUD in aviation

Figure 2.5: Examples of head-up displays1

Peddy [47] defined integrated smart glasses those that include and integrate lenses
and other elements (such as a microphone, camera, or earphones), which constitute
a full-fledged augmented reality headset (see Figures 2.6b and 2.6c). Smart glasses
can be more suitable for indoor or outdoor environments, depending on the level of
brightness of the display that determine the possibility to overcome the ambient
light from outside. Smart glasses are worn in the same way as normal glasses and,
as any type of augmented reality interface, they overlay extra computer-generated
information to the user’s real-world scenes and project it to the lenses or the user’s
eye sight. On the other hand, add-on augmented reality display devices, such as
Varia Vision by Garmin in Figure 2.6a, can be attached to sunglasses or prescription
glasses, but the basic idea is the same as the one described above. This kind of
device is usually limited to monocular presentation and suppliers seem to favour
the right eye, possibly influenced by Google Glass.

Finally, examples of specialised displays are glasses with limited or no information
display capability that are commonly used for fitness tracking and health monitoring,
and special weapons used by the military.

2.2 Internet of Things

The objects in our surroundings are more and more equipped with tiny sensors
and processors that allow the transmission and the reception of data. This ability
to autonomously obtain and apply knowledge is the reason why we call them
smart objects [49]. Therefore a smart environment is capable of exchanging
knowledge to adapt according to its inhabitants’ needs. Likewise, we refer to smart
homes, smart cities and smart transportation, when the aim is to automate them

1https://magic-holo.com/en/all-about-head-up-displays-hud
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(a) Varia Vision by Garmin1 (b) Raptor by Everysight2

(c) Microsoft HoloLens 23

Figure 2.6: Examples of smart glasses

and manage everything via the Internet [50].

Kevin Ashton was the first who, in 1999, coined the term “Internet of Things”
(IoT) to describe this concept of connecting smart objects with the Internet [49].
In his vision, computers would use technologies such as sensors and Radio Fre-
quency Identification (RFID) to gather data without human help and render it
into useful information. In other words, they would enable computers to observe,
identify and understand the world [51]. Since then, the notion itself has evolved
and new technologies have been introduced.

2.2.1 IoT Components

Considering that “Things” can be literally anything from appliances and buildings
to people and trees, a broader definition has been provided by some companies,
such as Cisco [52]. They refer to IoT as the Internet of Everything (IoE) with four
key components:

• people, because the main idea is always to connect people together, who take
action based on notifications from connected applications;

1https://buy.garmin.com/en-US/US/p/530536
2https://everysight.com
3https://www.microsoft.com/en-us/hololens
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• data, which represent the information exchanged between devices;

• processes, that guarantee interoperability; and

• Things, physical devices connected to the Internet and able to send and
retrieve information intelligently.

Figure 2.7: Graphical representation of IoT components.

All in all, with this in mind, a more complete definition of IoT can be drawn: “IoT
is the network of “Things”, with device identification, embedded intelligence, and
sensing and acting capabilities, connecting people and Things over the Internet” [52].

This network consists of physical elements empowered by (1) sensors, to collect
the information, (2) identifiers, that identify the source of data, (3) software,
used to analyse the data, and (4) Internet connectivity, in order to communicate
information and notify a user or an object.

The two main requirements for “Things” in IoT are sensing and addressing. The
former is essential to identify and collect key parameters for analysis, but it lacks the
ability to control or repair the Things. The latter, on the other hand, is necessary
to uniquely identify Things over the Internet. In order to be able to control things
through the Internet, actuators have been introduced. Thus, the key requirements
for “Things” in IoT consist of sensing, actuating, and unique identification. We
can now merge these requirements with the IoT definition provided above, and
obtain a high level graphic representation of IoT (Figure 2.8).
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Figure 2.8: IoT requirements [52]

2.2.2 Mediums of Deployment

For what concerns the mediums of deployment, many different solutions are available.
However, even though initially the IoT was implemented in wired communication
(because the Internet itself used only wired connections), that does not seem to be
a good idea nowadays, both in terms of cost and mobility issues, as reported in
Suresh et al.’s work [9]. The wireless medium is preferred instead, and five main
mediums of deployment are identified.

i Radio Frequency Identification (RFID), a technology that transmits data
through radio frequencies. Thanks to its small size, it can be included in
any object (e.g. car keychains and mobile cardiac telemetry systems) and can
transmit data remarkably fast (less than 100 milliseconds). A concrete example
is shown in Figure 2.9a.

ii IEEE 802.11, also known as Wi-Fi, is a wireless medium used to send and
receive data, signals, commands and any other information emitted by an
electronic device. Nowadays, Wi-Fi networks are used in most public and
private areas, which represents a huge advantage for the IoT, given that its goal
is to connect smart objects that might be distant from each other. Additionally,
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as mentioned above, the number of Things increases every day, and the fact
that Wi-Fi allows adding new devices without installing new ones, makes it a
great means of deployment in IoT scenarios.

iii Linear or 1D barcodes, and 2D barcodes. They consist of a series of lines and
spaces of variable width to encode data, and they are read horizontally. Two-
dimensional barcodes, on the other hand, are read in two dimensions because
the data is encoded based on both the vertical and horizontal arrangement of the
pattern. They can contain any types of binary data, such as images, audio and
website addresses [53]. Barcodes are probably the most economical, accurate and
reliable medium for electronic data interchange, and they can be deployed with
every thing easily. Using 2D barcodes such as Quick Response (QR) codes allows
the consumer to connect to the IoT with the simple scan of a smartphone or
tablet. Examples of a linear barcode and a QR code are depicted in Figures 2.2b
and 2.2c respectively.

iv ZigBee IEEE 802.15.4. Zigbee is a wireless network standard for small, low power
radios based on the IEEE 802.15.4 Standard for Personal Area Network (WPAN),
which has a typically limited range of transmission (10 to 100 meters) [54].
Since it uses very low data rate, has a long battery life, and is cheaper than
Wi-Fi and Bluetooth, Zigbee is widely useful in monitoring and controlling
applications [55]. Thus, it is considerably adopted in IoT systems. For a
concrete example, see Figure 2.9b.

v Bluetooth is an open wireless technology for Personal Area Networks. Introduced
in 1998, Bluetooth has faced substantial advances in terms of technology.
Nowadays, Bluetooth finds its application in multiple environments and domains
ranging from printers and smartphones to wearable devices such as smart
watches, headsets and shoes.

(a) Examples of keys using RFID [56] (b) Zigbee transmitter and receiver [57]

Figure 2.9: Some graphical representations of IoT mediums of deployment
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2.2.3 Home Automation

In this section we briefly analyse the current state of the home automation domain,
providing some examples of applications available for the public. As already
anticipated, the number of intelligent electronic objects exploited by humans
has largely increased in the last years, up to a point that even appliances such
as the toaster and the fridge can emit and receive data through the Internet.
Their computing capabilities are made possible by the electronic components
embedded into these physical devices. Even though these smart devices can be
found anywhere (e.g. industry and urban environments), with all probability, private
smart homes represent the most common and investigated scenario where to control
the IoT devices by means of one single application. This application is most likely
installed on tablets or smartphones, which can be carried anywhere and used at
any moment. Users provide some commands to the controlling devices that in
turn, thanks to the hardware elements listed above (usually Bluetooth and Wi-Fi),
enable the communication with the smart appliances.

The most common home automation systems in commerce are Amazon Echo1 and
Google Nest Hub2. The former uses Amazon’s proprietary Alexa voice-powered
technology. It comprises speakers and microphones around the room to easily
capture the user’s voice commands and answer them back. Everything that can
be retrieved from the web or that is connected to Amazon Echo can be requested
or controlled. The Echo can work as a standalone device, connecting to a cloud-
based service to make calls or send text messages, provide music, request weather
and traffic information, set up alerts and times, or simply ask questions. On the
other hand, Google Nest Hub uses Google Assistant to carry out tasks using voice
commands, but works mainly as a visual interface. It can display local weather
information, events, notifications, daily schedules, as well as play music and video
from YouTube and other services such as Netflix.

Even though they represent a big support to users in their homes, we could identify
two main limitations of these home automation systems. The first is the lack of a
proper interface that allows users to have a visual understanding and control of
the smart objects in the surroundings. In particular, a way to quickly check their
position in the space and to perform some actions directly when they appear in
front of the camera. The second limitation concerns the impossibility to add logic
to the domotic system. For instance, when the user wants to turn on the TV, turn
off the light and open the couch leg extension, they are currently obliged to provide
three separate voice commands, such as “Hey Google, (or Alexa) turn on the TV”,
then “turn off the light” and finally “open the couch leg extension”. Whereas it

1https://www.amazon.com/smart-home-devices/b?ie=UTF8&node=9818047011
2https://store.google.com/category/connected_home
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could come in handy if the system automatically performs these actions when the
user sits on the couch (thus, when the sensors detects the user laying or sitting on
it). These two limitations are addressed and tackled in the application we propose
in Chapter 6.

Finally, another important contribution for the home automation field is provided
by Home Assistant1, which is an open source project powered by a worldwide
community of tinkerers and do-it-yourself enthusiasts. This systems is oriented to
the control and the privacy of users’ homes, and can be run on a Raspberry Pi or
a local server. Figure 2.10 shows a demonstration of how Home Assistant would
look like after being installed and set up. Here we can notice that this automation
system has a rich and elaborated interface that enables end users to control and
personalise their homes. However, the target audience consists of people who are
very familiar and skilled at programming. In fact, novice users might not be able
to set up a Raspberry Pi by themselves and might find the interface provided quite
overwhelming.

Figure 2.10: Home Assistant demo

1https://www.home-assistant.io
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3 Related Work

During the last decades, extensive work has been done in the domains of augmented
reality, human-computer interaction and Internet of Things. In this section we
present some of the major contributions that has led to the outcome of this thesis.

One of the first implementations combining different input techniques to manipulate
the graphical interface is Bolt’s Put-that-there, presented in 1980. The idea was
that, by means of speech recognition and position sensing in space, voice and
gesture inputs could be used to draw and move objects projected in a large screen.
The user could also exploit joysticks or touch controls to zoom in and navigate
to where specific caches of information reside. In this way, the two spatial orders
(virtual graphical space and the user’s immediate real space) could converge to
become one continuous interactive space [58].

In 1997, Jun Rekimoto proposed a new field of user interfaces called multi-computer
direct manipulation where the user could transfer data between different computers
or within the same computer through the usage of a pen. Each pen is assigned a
unique ID, used to recognise which pen holds an object. When the user touches the
display with the pen, the pen manager asks the first computer to transfer the data
to the second one. The proposed implementation takes the name of Pick-and-Drop,
and allows a user to pick up an object on a display and drop it on another display
as if they were manipulating a physical object [59].

Related to this work, two years later, Rekimoto presented augmented surfaces, a
spatially continuous work space for hybrid computing environments. The idea was
that by “using an interaction technique called hyperdragging, users can transfer
information from one computer to another, by only knowing the physical relationship
between them” [60]. This can been seen as dragging icons from one screen to
another in a single computer supporting multiple screens. But what is particularly
interesting to the matter of this thesis is that the system supported links between
digital information and physical objects. In fact, by attaching visual markers to
the objects, the system could read and recognise them in order to display the
associated digital data.

As a solution to the difficulty of transferring information between different devices,
Marquardt et al. propose the gradual engagement design pattern, capable of con-
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necting devices and exchange capabilities as a function of inter-device proximity [61].
In other words, when people move and orient their personal devices (e.g. smart-
phones and tablets) towards other surrounding devices, the interface increases
continuously in three stages: (1) awareness of device presence and connectivity,
(2) reveal of exchangeable content, and (3) interaction methods for transferring
content between devices tuned to particular distances and device capabilities. This
mitigates the problem of knowing which devices can communicate with each other,
what information they contain is exchangeable, and how to exchange information
in a controlled way.

In the same context of cross-device interactions, but now with the addition of user
gesture tracking, Rädle et al. propose HuddleLamp, “a desk lamp with an integrated
RGB-D camera that precisely tracks the movements and positions of mobile displays
and hands on a table” [10]. The camera detects and identifies displays such as
smartphones and tablets situated on the table, and tracks the users’ hands to
enable the interaction between the devices. By just opening a URL on the device
and putting it on the table, the user can easily add it to the space and use it to
transfer and receive data to and from the others.

Espada et al. [62] proposed a system that allows web applications to access the
device communication hardware elements (e.g. Bluetooth and Wi-Fi), enabling
the communication with physical devices. As explained in their article “these
communication elements use a group of actions to interact with other devices or
networks, actions such as scanning the network, connecting to a device, sending
data, receiving data, and so on”. This implies that web applications need to use a
specific language to specify the action that has to be executed. For this reason,
the application proposed by Espada et al. eliminates any platform dependency
and can work on a wider range of mobile platforms with lower development and
maintenance costs. Furthermore, the language adopted does not require the use of
specific web technologies, libraries, plugins or other components.

In 2017, Roels et al. presented a framework for cross-device information exploration
and exchange called INFEX [63]. By communicating via various protocols and in an
extensible manner, the INFEX framework allows the user to read content from one
device and copy it to another device even though they use different communication
methods. Hence, the framework acts as a mediator to handle device detection and
information exchange.

Yang and Nakajima [64] proposed a cross-platform middleware infrastructure that
“supports remote monitoring and control functionalities based on remote stream-
ing for networked intelligent devices such as smartphones, computers and smart
watches, and home appliances such as smart refrigerators, smart air-conditioners
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and smart TVs”. The authors started from the issue that screens in our daily
lives are mostly isolated from each other. To control them, users have to directly
exploit input widgets connected to the device, and to watch them, users necessarily
need to stand in front of the output screens. Given that hanging around these
devices and home appliances is still laborious and irritating, Yang and Nakajima’s
goal is to propose a platform whose connection of multiple smart objects over the
display screen would considerably save time and efforts, constructing a convenient
IoT environment indoors and outdoors. In other words, the middleware overcomes
the constraints of “one display per device” and “one operating system per device”
and is particularly thought to find its application in a smart home context.

Some of the recent research focused on browsing the Web of Things in mobile
augmented reality (MAR). Zachariah and Dutta propose a model capable of allowing
users to identify new devices and to easily access the ones used regularly in the
physical environment [65]. More precisely, through this model, users can open a
“browser” on their smartphone or tablet, and use the camera to identify objects and
discover their associated web interfaces in physical space. Once open, the interface
uses a JavaScript Bluetooth API or network protocol to interact with the device.

Another important architecture helping the interaction with the Internet of Things
using augmented reality is smAR2t (Smart Model At Runtime Augmented Reality
Tracking). As Bezerra and de Souza explain in their paper [66], smAR2t allows
users to point their smartphones directly at Things, adapting them to the in-
formation acquired in the surrounding environment, by simply interacting with
3D augmentations. The system exploits the World Wide Web Consortium (W3C)
Web of Things standard, which suggests the use of a formal model called Thing
Description (TD) [67] that allows to express in detail how to interact with a
Web Thing (WT). Furthermore, these TDs can constitute guides to create and
manipulate models in different contexts.

In the context of adding conditions and statements in an IoT scenario, IFTTT 1 has
been developed. IFTTT, which stands for “If This Than That”, helps people
connect services together through the usage of Applets. Examples of services are
Amazon Alexa, Twitter, Evernote, Dropbox and Uber. In this way, you can get
Alexa talking to Google applications, change the hue of the bulb when Uber arrives
or send Evernote to Slack. All in all, IFTTT brings services together and adds
logic to them in form of conditions and dependencies.

Guided by the purpose of reducing energy consumption at home and improving
the safety and security of home equipment, Vishwakarma et al. [68] developed an
IoT-based home automation system that uses both voice and web-based services to

1https://ifttt.com
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control all smart appliances. The former are provided by the support of an existing
home assistant such as Google Assistant. The latter uses an IoT based application
that uses (1) NodeMcu1, which is an open-source firmware and development kit that
helps prototype the IOT product within a few Lua script lines; (2) IFTTT, used
to make easier for the device to work based on the mobile application using the
conditional statements; (3) Adafruit2, responsible for sending and receiving the
feed data; (4) Arduino3, used to compile the code.

Finally, a work that helped us design our interface conceptually is the context
modelling toolkit (CMT) [69]. In their work, Trullemans et al. point out the
importance of having a balance between the level of control and automation. For
this reason, the context-aware system they built is particularly helpful in a smart
home scenario, where by taking into consideration the individuals’ behaviours, the
system adapts and controls the smart objects accordingly. Thus, users can define
context rules in the form of “IF this THEN that” or “IF situation THEN action”
and therefore instruct the system into taking a certain action only in case specified
events or situations happen. The context modelling toolkit is not only accessible to
programmers who are experienced with this logic and low-level programming, but
also to expert users, capable of creating template for the rules, and those end users
who only need to fill the templates with data instances without any programming
knowledge whatsoever. In the same way, our interface aims to assist any type of
user to access and control all the smart objects in the environment in the most
intuitive and straightforward way possible.

1https://www.nodemcu.com/index_en.html
2https://www.adafruit.com
3https://www.arduino.cc
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4 Interaction Techniques

In this chapter, we explore the different interaction techniques available for each
augmented reality category of display. As stated above, each type of device might
be more suitable for a certain kind of interaction technique rather than another.
This is due to various factors such as the size of the display, the field of view (FOV),
and the engagement of one or both hands. Furthermore, an important aspect to
take into consideration is that the interaction should be performed in a natural
way, which also depends on the display used for the task. In other words, if the
user interacts with the device in an unnatural way, it will appear awkward to use it
in public places. For instance, speech recognition is an interaction technique that,
besides suffering from noisy conditions, which is already a factor of unsuitability, is
also not socially acceptable, therefore often not applicable [70].

As explained in Section 2.1.4, in the mixed reality domain, we count three main
categories of displays: head-mounted displays (HMD), handheld displays (HHD),
and spatial displays. However, further classes can be identified as stated by
Peddie [47] (e.g. smart glasses and head-up displays). They all have different
characteristics and thus require the use of particular parts of the user’s body or of
the device itself.

4.1 Head-mounted Displays

Recently, Whitlock et al. conducted a study [71] in which they explored AR interac-
tions at a distance, in particular in the category of head-mounted displays. Three
interaction modalities – multimodal headtracking and voice, embodied headtracking
and freehand gesture, and pointer-based handheld remote – have been considered to
test actions such as selection, rotation and translation, on objects situated between
8 and 16 feet away from the user’s position. Three main conclusions emerged from
the experiment:

• Voice interaction was the least efficient and least preferred modality,

• Embodied gestures were perceived as the most usable and strongly preferred,

• Both handheld remotes and embodied gestures enabled fast and accurate
interactions.
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More precisely, even though objectively no efficiency differences was registered
between embodied gestures and handheld remotes, participants preferred the former
to the latter, considering them more usable and effective. This is also due to the
fact that locating and maintaining a cursor was much easier with embodied gestures,
where the cursor is located in the centre of the field of view.

Despite the original hypothesis that “multimodal voice interactions would be robust
to distance, while embodied freehand gestures and handheld remotes will be slower
and less accurate as distance increases”, Whitlock et al. found out that, with
increased distance, the performance improved for voice interactions and degraded
for handheld remotes and freehand gestures when in combination with other factors.

Finally, for what concerns voice-based interaction, users performed the actions
worse (both objectively and subjectively) with this modality, whereas embodied
freehand gestures were perceived more usable and intuitive than the handheld
remote.

Gesture-based Interaction Song et al. [72] identify two approaches to perform
mid-air interactions: the first requires a handheld controller device, such as the
Nintendo Wiimote1, and the second is a controller-free approach where the user
can manipulate the 3D objects directly with their bare hands. The former allows
to form high-level gestures to support the interaction by means of button clicks
and accelerometer-based motion sensing. The latter uses an image and/or a depth
sensor to keep track and analyse the user’s hands. Unfortunately, the user might
encounter the occlusion problem where some content in the environment is hidden
by their hands or the remote controller. To tackle this problem, the bar metaphor
was introduced, enabling the user to manipulate single or multiple objects along the
line described by both hands [73]. Song et al. [72] call it the handle bar metaphor
and it consists of virtually piercing a virtual bar through the selected 3D object.
In this way, the user can translate and rotate the object exploiting this bar with
both hands in a more intuitive and visible manner, as shown in Figure 4.1.

Gaze-based Interaction To date, eye-tracking technology is still mostly used in
research but it is not available in products commercialised in the market [74]. What
is more currently used is head-gaze, which is exploited to aim at the UI elements.
Practically, the user moves their head towards an element in the scene in order
to make the virtual cursor in the display overlap with it. However, Blattgerste
et al. [74] proved that a solution that “outperforms head-gaze in terms of speed,
task load, required head movement and user preference” is eye-tracking, which also

1https://www.nintendo.be/nl/Wii/Accessoires/Accessoires-Wii-Nintendo-626430.
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Figure 4.1: Handle bar metaphor. (a) Scaling is done by varying the distance
between the two hands. (b) Rotation of a selected object (Earth)
performed about the centre of the handle bar placed inside another
object (Sun) [72]

appears to be more natural and less exhausting than head-gaze. By using eye-gaze,
the trigger event can be either the click of a controller or a dwelling threshold.

Compared to other interaction techniques, for a simple operation such as selection,
eye gaze is slower than hand-based pointing, and less accurate (even though a bit
faster) than controller-based pointing. Furthermore, when used in a virtual envi-
ronment, mouse selection is outperformed by eye-gaze in terms of task-completion
times. Finally, when users cannot use their hands for the interaction because they
are busy in completing a task (e.g. maintenance tasks), eye-gaze has proven to
be the potential best solution, and it is even more accurate than head-gaze both
in VR and AR settings in all FOV conditions. What needs to be done is further
research to improve it and integrate it to the current devices.

Elmadjian et al. [75] conducted a study to explore eye tracking as a means to
interact with 3D objects. They took advantage of two methods: a geometric one
and an appearance-based one. The former provides gaze vectors through a rigid
transformation of the eyeballs, assuming many simplifications such as the sphericity
of the eyeball that causes the shift of the gaze estimates by a certain degree from
the user perspective. The latter consists on tracking specific features on the eye
image, such as the projected pupil center. Here a nonlinear regression function with
the aim of mapping tracked features to targets on the scene camera is needed. This
procedure appears to be more accurate than the geometric one, since it also takes
into consideration noise and sensing biases. The most evident result of Elmadjian et
al.’s study is the proof that gaze estimation is still an open challenge which requires
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particular attention especially in terms of depth. Furthermore, they discovered that
even with the simplest method (geometric), a single-plane calibration is not enough
to provide accurate gaze estimation in the scene volume [75]. Gaze interaction is
indeed a field that demands further research and investigation in order to provide
a more accurate result.

4.2 Smart Glasses

As shown in the examples in Figure 2.6, smart glasses have a limited display
size and viewing angle, which corresponds to a narrow field of view (FOV). This
makes it difficult to visualise all the information on the AR display and limits the
user-centric task assistance [11]. Moreover, using full hand gestures as a means to
interact with the interface might be quite challenging.

Kim et al. [11] recognise two main types of gesture-based interactions in wearable
AR: hand gesture-based interaction and multi-touch interaction. The former allows
the user wearing AR smart glasses to use both their hands to manipulate virtual
objects. To enable this type of interaction, it is therefore necessary to include a
depth sensor to the front of the glasses in order to consistently track and recognise
the hands. The latter, on the other hand, requires the usage of a touchpad
(e.g. smartphone or tablet) in combination with the smart glasses. It is now evident
that bi-manual operations are no longer supported, since one of the user’s hands is
occupied.

What emerged from the experiment run by the authors, for all the tasks (except one)
the hand gesture interaction method was preferred over the multi-touch method,
because considered more natural and effective, and hence, faster. However, a
downside was that participants found wearing another sensor for detecting hand
gesture uncomfortable. For what concerns the second method, participants stated
that carrying out the tasks with multi-touch interaction was more difficult and
challenging. Moreover, the narrow FOV is indeed a limitation for the augmented
information to be displayed, which sometimes fell out of the FOV of the screen.

Finally, the results showed that manipulating 2D virtual objects through selecting
and dragging was more feasible with the multi-touch interaction, whereas the hand
gesture interaction is more efficient for manipulating 3D models (translating and
rotating are more efficient with this method). Therefore a hybrid user interface
might be the best solution. In this way, the user can decide to opt for one technique
rather than the other, according to the type of task they need to complete.
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Given the characteristics and limitations of smart glasses, in their study [76],
He and Yang reported that three main design principles should be applied:

• No cumbersome sensors on hand, meaning that even though wearing sensors
on hands (or gloves) would make the tracking of hands easier, it would be an
uncomfortable and unnatural technique. Thus, bare-hand is preferred.

• Keep few gestures, because having a large number of gestures to memorise
would be frustrating and counterproductive for the user.

• Keep obvious status switching, which would avoid any kind of confusion to
the user. It is important that they have the situation clear at any moment in
time when using the device to interact.

4.3 Handheld Displays

Handheld displays comprise every computer device that can be held in one hand,
such as smartphones and tablets. In comparison with other AR displays such as
traditional desktops or tabletops, this category of augmented reality interfaces is
more limited in terms of screen size, graphic support and activity time due to
the battery duration [45, 77]. Additionally, the input mediums are different as
well, since no mouse and keyboard are available. As a consequence, handheld
displays require different interaction techniques. Even though handheld mobile
devices represent the most popular output medium for augmented reality (especially
smartphones which take part in everyone’s daily life), research in this field is still
lacking. However, in their exhaustive study, Goh et al. [78] were able to identify
three main categories of 3D object manipulation in handheld mobile AR:

1. touch-based interaction, which involves all uses of on-screen touch inputs;

2. mid-air gesture-based interaction, made possible by the tracking of bare hands
of finger gestures as inputs; and

3. device-based interaction, that includes techniques enabling the handheld
mobile device’s physical attributes to be tracked.

These interactions are graphically shown in Figure 4.2. Being significantly different
one from the other, each type has its own limitations and strengths.
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Figure 4.2: The three categories of 3D object manipulation in handheld mobile AR:
(a) touch-based interaction, (b) mid-air gesture-based interaction, and
(c) device-based interaction [78]
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Touch-based Interaction In multi-touch interaction, the number of degrees of
freedom (DOF) that can be simultaneously controlled on a device is high. In fact,
given that each finger specifies a 2D position, using the whole hand theoretically
allows the control of 10 DOF (5 fingers * 2D) [79]. However, this count represents
only an upper bound because the actual number is lower (between 4 and 6). In
fact, currently no multi-touch interaction uses the position of all the five fingers to
control the object. The reason behind this is that “complex gestures involving all
fingers are often unstable, and the time it takes to perform them would be prohibitive
for an interactive use” [79]. Finally, for tasks that can be completed with global
hand gestures such as translation, rotation, and scaling of an object, two or three
fingers would be sufficient to do the job.

Furthermore, as reported in [80], given that only one hand is available for inter-
actions in typical handheld AR devices, only simple touch gestures of one hand
for interaction are suitable. Additionally, usability can suffer not only from using
two-finger touch on such small displays for 3D object manipulation (and especially
for rotation), but also because users occlude the object with their fingers. This
issue in turn can cause the fat finger effect, which happens when the users’ fingers
cover part of the content on the touch screen [78].

To facilitate the touch-based interaction in handheld devices and to tackle some the
problems above mentioned, the freeze view has been introduced. This technique
allows the user to easily manipulate the AR scene without being affected by shaky
views [81]. For instance, if the interface is used while walking and the user touches
its screen while trying to maintain visual tracking, it is hard to keep it still and
steady. However, thanks to the freeze view, users can freeze the current camera
frame (hence, the real world view) and interact just with the virtual objects in
the AR scene. In this way, they can move the device without updating the visual
tracking. When they successfully complete the selected task on the scene, they can
free the frozen view by releasing it and letting it update with the new real world
data [82].

Mid-air Gesture-based Interaction As mentioned above, there are essentially
two approaches to perform mid-air interactions: the first requires a handheld
controller device, such as the Nintendo Wiimote, and the second is a controller-free
approach where the user can manipulate the 3D objects directly with their bare
hands [72]. Since here we are in a handheld display context in which one of the
user’s hands is occupied by holding the device, we focus on the second mid-air
interaction approach. By means of a depth sensor, the user’s hand gestures are
continuously sensed and analysed via real-time processing techniques. This type
of interaction represents a more natural and intuitive mechanism for the user.
However, self-occlusion is still a problem that requires special attention. Moreover,
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the computational tracking information that needs to be calculated on the depth
axis, and the additional hardware that is necessary to obtain the spatial data could
significantly exhaust the battery capacity of the device [78, 83].

Bai et al. [84] conducted a study with eighteen participants to compare touch-based
and gesture-based interactions in handheld AR. What emerged was that users
found the touch-based technique not intuitive because it did not correspond to
the common interaction pattern in their real life. Hence, they felt in need for
instructions and tips in order to manage to complete the task. Furthermore, as
already proved in other studies, the reduced screen size represents a limitation that
entails the fat finger phenomenon and the occlusion issue, aggravated by touching
the interface erroneously and shaking problems. These drawbacks did not appear in
the gesture-based interaction technique that users found more enjoyable and more
intuitive, even though participants could feel physical stress by using both hands to
hold the interface. Finally, what these two techniques appear to have in common is
the difficulty in perceiving depth. Users, in fact, realised that the 3D objects were
positioned in a misleading way after checking from another viewpoint. The reasons
behind this issue are essentially two: visual occlusion and depth occlusion, which
make it more difficult to understand the spatial relationship in the environment.

Another problem related to hand-gestures interaction is the the gorilla arm.
Chun and Höllerer’s experiment [85] showed how participants were affected by
the phenomenon of “tiring shoulder” when carrying out tasks that required up
to ten seconds. Holding the handheld mobile for such a long time might lead to
frustration and discomfort. Combining hand gestures with other techniques, such
as touch interaction, or avoid long tasks by splitting them into shorter, easier ones
might solve the problem.

Finally, Nanjappan et al. [86] recently published a study in which they explain
the reasons why tracking the hand and finger movements with the device’s camera
might not always be feasible. First of all, the tracking may not be very accurate.
Then, the handheld display should be kept at a certain distance from the user’s
eye, in order to be comfortable for the sight and to actually see captured view.
However, on the other hand, since the human arm is not very long, it could be very
difficult to have enough space between the device itself and the hand performing
the gestures.

Device-based Interaction We refer to device-based interaction when the user
exploits the attributes of the device to control the interaction with the virtual
objects. What emerges from Mossel et al.’s [80] and Marzo et al.’s [87] studies
is that device-based interaction appears to be a natural and intuitive technique
which allows to translate 3D objects faster than touch-based interaction. However,
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large-range 3D rotation tasks are still hard to be completed. “By mapping the
position of the handheld mobile device’s built-in camera with the 3D object registered
on the AR marker, the user can use the handheld mobile device as a moving and
rotating tool for manipulation” [78]. A downside of using the device movement
as the same input for both 3D translation and rotation is the position deviation,
which leads to a slower and less accurate positioning when performing 3D object
manipulation tasks. Despite this inconvenient, device-based techniques are more
suitable than mid-air gestures to be applied in handheld mobile AR because the
device movement in the depth axis (z-axis) is mapped with the 3D object (contrary
to mid-air gesture-based techniques where depth data needs to be calculated).
This means that when the user lifts the device, the 3D object selected is lifted up,
too, reducing additional calculations on the depth axis and hence, avoiding the
exhaustion of the battery capacity.

As a summary to the issues relative to touch-based (TBI), mid-air gesture-based (MBI)
and device-based interaction (DBI) techniques for 3D object manipulation in hand-
held mobile AR, the reader can find Table 4.1 partially retrieved from [78].

Issues
Interaction Techniques

TBI MBI DBI

Occlusion Yes Yes No

Fatigue phenomenon Serious Serious Slight

Prior knowledge needed Yes No No

Intuitiveness/naturality Low High High

Low precision No Yes No

Position mismatch No Yes No

Orientation mismatch No Yes No

Position and orientation deviations Yes Yes Yes

Table 4.1: Issues comparison between the touch-based (TBI), mid-air gesture-
based (MBI) and device-based interaction (DBI) techniques for 3D object
manipulation in handheld mobile AR [78]

Speech-based Interaction Another possibility for the interaction between users
and handheld devices is speech. In the same way as gaze-based interaction, voice
enables the user to operate with the virtual objects without using their hands.
However, even though speech interaction appears faster than other modalities since
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humans use their voice naturally to communicate with people, this technique is
less accurate than other means such as multi-touch. To enhance the usability and
the performance of voice interaction, an excellent solution would be to use it in
combination with another modality. In fact, as per Kondratova [88], “multimodal
interfaces allow speedier and more efficient communication with mobile devices,
and accommodate different input modalities based on user preferences and the usage
context”.

Moreover, in outdoor settings the number of challenges to face is higher, not only
with HH displays, but with any AR device. Noise and distractions are the main
problems a user might encounter in an open environment. The noise can be in
the form of traffic, industry, animals, or wind speed, and so on. Whereas what is
considered distraction are movements of people, animals, information overload, or
forgetting system keywords [89].

4.4 Spatial Displays

In Spatial Augmented Reality (SAR), computer-generated images are integrated
directly in the user’s environment and not simply in their visual field. If this
digital content is aligned on a flat display surface, it appears in 2D, otherwise,
in case it floats above a planar or non-planar surface, it appears in 3D [90].
Roo and Hachet [91] identified the basic issues to address in SAR:

• Geometry. In order to align the virtual and real information, it is paramount
to know the geometry of the surface. This is achievable by generating a
3D model of the environment, either manually or through a scanner.

• Position. It is also necessary to know where the geometry lies in relationship
with the real scene. By taking advantage of sensors or tracking (with or
without markers), we can acquire the position of the scene.

• Material. The observed colour of a surface or object can be affected by its
material depending on the colour and reflectance where the pixel is projected.

• Light condition. The ambient light is another factor capable of affecting the
final result and it competes with the projector luminosity.

• Shadow casting. Shadows are produced when a pixel path from the projector
reaches an object. A way to ease this problem is to use more than one
projector.

• Dynamic environments. Spatial environments can be dynamic, meaning that
all the problems listed above can change over time. This can be tricky and
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might lead to unpredictable results. A way to mitigate this issue could be to
predict the change.

Spatial augmented reality brings several advantages among which the most impor-
tant one is probably the fact that users do not need to wear any heavy equipment,
meaning that the system is less cumbersome and more ergonomic. Since the inter-
face is not limited to a mobile screen or a head-mounted display, but the content is
displayed on the wide surfaces present in the real environment, the field-of-view
is less limited. These two benefits suggest that SAR is the preferred option for
multi-user scenarios [46, 92]. In fact, as Thomas et al. [93] state, projecting the
information directly onto the physical objects enable the user to observe them from
different points of view by physically walking around them. Furthermore, when
picking up a 3D element from the scene, users can move, rotate and resize them
however they wish, in order to analyse them from different faces.

Moreover, if on the one hand in most of human-machine systems, interaction is
facilitated by means of accessories such as the mouse, keyboard, remote controllers or
by using touch displays, on the other hand, spatial AR requires something different
than fixed controls, since the users move around the room while interacting with
screens and projectors [94]. In order to assure users to have freedom of mobility
at any time and to enable them to interact with the system from any distance,
touchless interaction seems to be the most suitable option.

With regard to the interaction techniques in the context of spatial augmented
reality, Roo and Hachet [91] detected three main categories: (1) manipulation,
(2) body and speech, and (3) pointing. Manipulation is used in Tangible User
Interfaces (TUIs), where by applying human natural skills for interaction with
physical objects users are able to give physicality to virtual information and
operations. However, manipulation here is not limited to manipulate rigid bodies,
but it is also extended to touching surfaces or objects, detected by means of sensors
placed in the environment or in the objects themselves, or vision techniques. As
one might imagine, a disadvantage of this technique is that when objects are close
together, their shadows could inevitably create confusion. The second interaction
technique suggests that the best options in a SAR setting are gaze, gestures and
speech, whereas pointing is achievable by controlling a cursor, either using tools
or fingers. The same conclusions were drawn by Elepfandt and Sünderhauf who
identify three main touchless interaction means in the context of spatial augmented
reality: gaze, speech and gesture [94].

Gaze-based Interaction Given that it is the only reliable predictor of the area of
visual attention, gaze is often used for people with motor disabilities. It represents
a good means to point at people or objects, and selection appears to be faster than
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hand-eye coordination (e.g. when using a mouse with their hand, the user needs
to look at the target and reach it with the cursor simultaneously). Furthermore,
users do not need to learn something new, since the movement of the eye is a
natural consequence of the direction the individual is looking in. Different events
can trigger the selection of an object. Some examples are when a certain amount
of time elapses without moving the eye, or when the user blinks or any other
keystroke is detected. The dwell-time is the most common technique used in the
gaze interaction. However, defining the most convenient duration of the fixation
is not a trivial task. If the dwell-time is too short, the system detects commands
everywhere the user looks at (this phenomenon is called Midas Touch and it is
fully explained by Jacob in [95]), which might be annoying for the user who would
keep activating functionalities unintentionally. However, on the other hand, if the
dwell-time is too long, there would not be any advantages in terms of rapidity of
using eye movements instead of other techniques such as the mouse. Additionally,
it might be difficult for a user not to blink or not to look away for a relatively long
time.

Speech-based Interaction If hands and eyes are busy, speech represents an
excellent interaction technique that gives even more freedom to users compared to
gaze and gestures. Speech is in fact completely independent from input devices and
works in any situation and from any distance [94]. For all these reasons, speech can
indeed enhance productivity because users are able to instruct the system while
in motion or doing something else at the same time [96]. However, this technique
has also some drawbacks. The most obvious one is the fact that users might not
want to be heard by others, either because of privacy or for a disturbance policy of
the environment in question. Furthermore, systems are usually not that clever to
understand everything the user says. Thus, voice commands need to be learned and
memorised in order to correctly use the application. Due to these disadvantages,
most of the time speech is used in multimodal settings, rather than on its own.

Gesture-based Interaction In human-computer interaction, gestures are very
often used in combination with other modalities and they convey different messages
according to the country or the cultural context they are adopted in. Pointing
appears to be the only natural gesture shared by everyone, whereas all the other
gestures in human-machine interactions might be obvious for some people and
unintuitive for others. Hence, learning all the gestures could be quite demanding,
both to learn and to reproduce fluently. For this reason, Jetter et al. [97] differentiate
two classes of interaction: symbolic gestures and manipulations. The former are
close to the keyboard shortcuts of the common WIMP (Windows, Icons, Menus
and Pointers devices) systems and they are not continuous. This means that the
user at any moment can execute them and the system detects them providing no
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explicit feedback. The latter are continuous between manipulation and completion.
Some typical examples of manipulations are the dragging, resizing, and rotating of
objects. Since manipulations are natural and gestures are not, Jetter et al. “consider
non-symbolic direct manipulation in a model-world as the key to truly natural
interfaces” [97].

Touch-based Interaction Finally, touch-based interaction is another option.
Bimber and Raskar [46] illustrated some scenarios and prototypes where 3D objects
can be manipulated by means of a mouse, a transparent touch screen mounted in
front of the holographic plate (a touchpad), or a 6-DOF force-feedback device. Thus,
the user is able to virtually touch and feel the hologram and all the virtual models
integrated to it. Furthermore, in a tabletop SAR system (see Figure 4.3) different
interaction techniques are brought together. In addition to mid-air gestures, the
user(s) might hold a handheld device with an integrated push button for selection
and a scroll wheel for 2D zooming, whereas physical objects are used for tangible
interactions [93].

Figure 4.3: A common setting of Tabletop SAR [93]

The major characteristics of the interaction techniques introduced above are sum-
marised in Table 4.2.
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5 Interactions

What we aim to do in this chapter is offering the reader a description of the
available interactions for each of the categories of displays discussed in the previous
chapter, and a comparison of how a task is carried out with different devices.
While Chapter 4 describes the existing means of interaction used in the various
AR settings, we now dig in a bit deeper, focusing on how the user can practically
perform actions on 3D objects. In his book, Craig [98] provides an accurate overview
of augmented reality, its application and the possible interactions in this domain.
Interactions are defined as any action taken by the users during the AR experience.

Common interaction schemes such as the WIMP paradigm may or may not be
possible in AR settings, especially for specific types of interface. While interactions
on handheld devices are similar to the desktop ones, mouse, trackpad or touchscreen
to select an object might not be available on another AR display such as smart
glasses. Therefore, new interaction techniques need to be discovered and designed.

Sherman and Craig [99] identify three main key interactions in virtual (and aug-
mented) reality: manipulation, navigation, and communication. Manipulation
is the action through which the user can modify the objects present in the vir-
tual world. Navigation allows the user to explore and walk through the virtual
world. Sometimes navigation is the only available interaction. Communication
can be performed either with other users or with some agents in the virtual world.
“Each of the user’s interactions involves a primary task (e.g. grabbing, pushing,
or talking), that is often made up of subtasks such as selecting (items, directions,
correspondents), and then a means of activation” [99]. We are going to describe
each of these key interactions, focusing more on the manipulation one, given the
scope of this thesis. Moreover, we will analyse the differences between performing
interactions with one interaction category rather than the other.

5.1 Manipulation

In the virtual context, most manipulations include two phases: (1) selecting
the object in order to instruct the system to know what needs to be modified,
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and (2) performing an action on that object [99, 100]. It is also possible to
execute these actions simultaneously. In an early study about virtual reality
environments, Mine [101] identified three major categories of manipulation, to
which Sherman and Craig [99] have added a fourth one:

1. Direct user control. This includes the use of hand tracking, gesture recognition,
pointing, gaze direction, and so on, to mimic real-world interaction.

2. Physical control. This includes buttons, sliders, dials, joysticks, steering
wheels, trackballs or any device the user can physically touch to manipulate
the objects.

3. Virtual control. This includes any control we can implement, therefore any
virtual version of a physical control that the user can virtually touch to
manipulate the objects.

4. Agent control. This happens when participants give commands to some agent
in the virtual world to carry out the action on their behalf.

Direct User Control As anticipated above, most of the time direct user inter-
actions combine the object selection with the actual manipulation, and they use
either gaze or gesture interactions. For instance, with gesture-based interaction,
the user can perform the grab with fist technique to select an object by closing their
hand into a fist (grab) and subsequently moving the object around by maintaining
the fist and changing its position is space. In case of gaze interaction, the user
could select an object by blinking, carry it around by exploiting gaze tracking, and
finally release it by blinking again.

Physical Control Since the user exploits real-world devices to control the virtual
world, the participants receive haptic feedback from pressing buttons and performing
other actions. Buttons, switches with multiple position settings, slider and dial
valuators, 2-degree of freedom (DOF) valuator controls like joysticks or trackballs,
represent examples of controls integrated in tracked props. These controls can act
independently or in combination with the prop’s position. For instance, using the
buttons on a controller to scroll forward and backward, or left and right, or to select
a menu option (usually the middle button) constitute a setting where controls act
independently. On the other hand, an example of integrating the prop’s position
would be to point the prop at an object and press a button to select it.

Nowadays, physical controls are seldom used because displays such as head-mounted
devices or contact lenses are more and more widespread and, as should be clear
by now, the ideal situation is to leave the user’s hands free. In some cases, hand
controllers are still used as a means of interaction in the virtual world. However,
detecting hand gestures and, more generally, any action performed by the user will
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replace any physical tracking device. Thus, virtual controls are without any doubt
becoming more important for AR applications [100].

Virtual Control We talk about virtual controls when physical controls such as
those listed above are emulated in virtual representations. In many cases, virtual
controls are preferred as a means of interaction, even though at some point it is
necessary for the user to physically do something to activate a virtual control.
For instance, having virtual controls reduces the number of devices needed by the
interface to operate. The most evident example is the use of the mouse in a desktop
setting, which has 2D movements and can also be used for virtual controls, such as
moving sliders, rotating dials or pressing buttons.

Furthermore, a virtual control can be hidden and only showed on-demand. The
reader could think about a pop-up menu similar to the one in the desktop metaphor,
which is specifically retrieved when the user presses a button. In such cases, what
is common in today’s interfaces is to “grey down” the appearance, meaning that
the content is temporarily toned down to move the focus to the virtual control in
foreground.

Agent Control With agent controls, “the user is in direct communication with
an “intelligent” agent who will then perform the requested action” [99]. The
communication can be performed via voice or gestures, where gestures can be simple
body language commands or more formal languages such as naval semaphores or
American Sign Language (ASL). On the other hand, tools such as Apple’s Siri1 or
Microsoft’s Cortana2, now available on any mobile device and computers, could be
exploited to instruct the system to do something for us in the virtual world.

5.1.1 Selection

Selection is probably the most basic and at the same time essential operation in any
interactive system. We can distinguish three main categories: choosing a direction,
choosing an item, and direct input of numeric or alphabetic values. Mine [101]
states that each type of selection requires 1) a way to identify the object to be
selected, and 2) a signal or a command to indicate the actual act of selection.

Direction Selection This method is used both for item selection and as a direc-
tional indicator for travel control. It is not necessary for items to be within reach:
they can be placed faraway from the user. Sherman and Craig [99] distinguish
seven different direction selections:

1https://www.apple.com/siri
2https://www.microsoft.com/en-us/cortana
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• Pointer-directed, which uses hand posture or gesture to indicate a direction.
For this purpose, direct tracking of the hand position or the use of controllers
are exploited.

• Gaze-directed, which depends on the user’s attention, using the direction the
user is looking in. Eye-gaze is still under development in the mixed reality
context, therefore gaze-based pointers take into consideration the direction
the user’s nose is pointing.

• Reticle-directed, which is the product of combining pointer-directed and
gaze-directed selection styles. Despite being an easy and accurate technique,
reticle selection requires the user to use their head and hand, which might
result too demanding.

• Torso-directed, which is a natural option to select direction of travel. There
is also the possibility to combine the torso position to the rest of the body in
order to provide a full-body pose used for direction and activation gesture.
However, due to the fact that it requires additional tracking hardware, it is
very often discarded in AR/VR systems.

• Device-directed, which uses multiple valuators, such as a joystick (2-DOF val-
uators) or Spaceball (6-DOF valuators). By assuming that the valuator is
always held in the hands oriented in a certain way with respect to the user’s
body, the user can manipulate the valuator to indicate a direction relative to
the control location.

• Coordinate-directed, which uses azimuth and elevation values to specify a
direction relative to some reference frame. This is accomplished by providing
numerical coordinates. For instance, the user can use their voice to say “East”
and the application would be oriented in that way.

• Landmark-directed, which performs the selection by taking into consideration
a point of reference in the environment. For instance, with speech interaction,
the user could say “move toward the red tea pot”.

Select an Item Practically speaking, selecting an item (both in mixed-reality and
real-world applications) is the process of picking a component from an enumerated
list. These selectable components can be objects, locations or iconic representations
of those items. In some cases, it is also possible to select multiple items. Conse-
quently, the user should be able to deselect objects that are erroneously marked.
Sherman and Craig [99] identify seven different ways of selecting items:
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• Contact-select. The user’s avatar makes contact with the object. The contact
can automatically activate an action (from a specific body part or part of
the avatar’s body) or a separate trigger activation needs to be executed.

• Point-to-select. As explained above, the user selects an item by pointing
directly at it, by means of a controller, their finger or their gaze.

• 3D-cursor-select. A 3D cursor indicates the object selected. It is the 3D equiv-
alent of selecting an item on a 2D surface using a mouse or trackball. A
method often used is the Go-Go interaction technique, which uses “a non-
linear mapping between the controlled motion of the user’s hand in the real
world and the effected motion of the virtual hand in the immersive environ-
ment” [102]. Basically, it uses the metaphor of interactively growing the
user’s arm, by mapping the position of a 6-DOF sensor onto the position of
a virtual hand so the user can touch, grasp and manipulate virtual objects
with their own hands.

• Aperture-select. The space between two fingers (thumb and forefinger) creates
an aperture and objects that appear in the aperture are selected. The user
can then manipulate the items using finger gestures, as already described
above. This technique uses the image that is formed, which combines the real
world, the virtual world, and the participant’s fingers [100]. Aperture-select
is also used to move and delete a virtual object. In fact, by closing the
fingers together, the object becomes smaller and smaller until it disappears
completely.

• Menu-select. A list of items is presented for selection, similar to the traditional
desktop WIMP interface. Some solutions could be to use eye-gaze (but it
is not very accurate), gestures or finger-contact gloves. What differentiates
menu-select from contact-select is that it is not necessary for the choices to
be nearby or visible to the user.

• Select-in-miniworld. Selecting items by contact-select in a miniature repre-
sentation of the world, such as a map. While the direct methods, such as
contact-select and point to select, provide the primary representations of the
item, select in miniworld provides smaller replicas of objects.

• Name-to-select. A user selects the desired item by providing its name. This
can be achieved with voice or by typing the name with a virtual keyboard.
Since speech recognition is not an exact science and therefore might mis-
understand what the user says, it is important for the system to provide
some feedback to verify whether what has been processed is exactly what
the participant intended. A downside could be that the user needs to know
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the precise name of each object to be selected. However, this technique
could be combined with the point-to-select method, which might reduce the
overhead. For instance, instead of saying “under the green square” it would
be possible to point at that location and say “there”, which is the basic idea
of Bolt’s Put-That-There [58].

Alphanumeric Value Selection Sometimes, specific numeric or alphabetic infor-
mation can significantly enhance the mixed-reality experience. A common technique
to enter such data into the system is by using a pen-like handheld device. Voice
and physical or virtual devices are some valid alternatives. Physical input devices
should not occlude the real world and should always be visible to the user, whereas
virtual input devices are the digital representations of the physical ones. Voice is
an example of agent control which represents an effective means to feed the system
with the alphanumeric values, by speaking out loud the entire phrase or number,
or each letter or digit at a time.

5.1.2 Manipulation Operations

Above we have explored the various possibilities to select an object in a mixed-
reality context. However, to actually manipulate the desired element, many other
operations can be performed. In their work, Sherman and Craig [99] propose the
following most common forms of manipulation: positioning and sizing objects,
exerting force on a virtual object, modifying object attributes, modifying global
attributes, altering state of virtual controls, and controlling travel.

Positioning and Sizing Objects This operation enables the user to change the
location, orientation, and size of a virtual object. Any of the direct, physical,
virtual, or agent controls described above can be used to alter the position and
the size of the object. For instance, the grab with fist allows the user to change
the object’s position by “carrying” it around in their fist, and the object’s size by
opening and closing the hand. The virtual element’s centroid and the position of
the user’s hand represent two alternatives of axes or points to be used when rotating
or resizing an object. A common technique to resize an object is to use both hands
to virtually stretching or shrinking it. It is easier and more straightforward to use
both hands for this kind of operation. Thus, handheld devices might not be the
preferred option. However, when only one hand is available and the device includes
a touch screen, it has become a standard practice to use two fingers to modify the
object’s size. By using physical or virtual controls, the repositioning of an object
is constrained to only one axis, which can constitute a limitation in some cases
and a perfect suit for others (e.g. when the alignment of the object is important).
Scaling the size of an object could also be accomplished by considering the distance
between the finger aperture and the eyes.
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Exerting Force on a Virtual Object Pushing, hitting, and supporting objects
are kinds of interaction that require the exertion of force. Since there are different
degrees or force that might be applied, the system must provide some feedback
(e.g. visual, sound or haptic) to the user to notify them about their action and let
them decide whether to increase or decrease the force. Not necessarily exerting
force is used to move virtual objects, but it can be a means to hold an object in
place or to cut, puncture or deform the object itself.

Modifying Object Attributes, which means changing the parameters used to
control the rendering or the behaviours of an object. Mass, density, colour and light
are examples of attributes that can be modified. Some of parameters are linked to
others. Thus, changing a property might inevitably change another characteristic
of the object (e.g. altering the density can affect the shape).

Modifying Global Attributes By changing global parameters, the rendering
and/or simulation parameters for the virtual world are adjusted, leaving unaltered
the attributes of a specific object. However, global attributes are related to all
the objects in the environment. Hence, if the user reduces the global light, the
elements would become a bit darker.

Altering the State of Virtual Controls Since virtual controls are not physically
present in the scene, but instead are computer-generated elements added to the
environment, their state can be modified on-demand. For instance, the user might
trigger the visualisation of a virtual control by clicking or pointing at a button.

Controlling Travel Users can also change their own position in the virtual world,
by travelling from one position to another. This technique fall under the second
interaction key that we present below: navigation.

As a visual representation of the main gestures used in AR we propose the exper-
iment carried out by Piumsomboon et al. [103]. In this study, the participants
were asked to perform some mid-air interaction with the application in order to
complete some different tasks. The results showed a total of 800 gestures, that
were then classified according to their similarity. By using the “similar gesture”
constraint to group those static pose and path gestures that were identical or
behaved in the same way, the original 800 gestures were reduced into 320 unique
gestures. The authors were able to distinguish eleven major variants of observed
hand poses, showed in Figure 5.1, which can be used interchangeably. Finally, the
44 most used gestures were selected to make the so-called consensus set. These
final gestures are depicted in Figure 5.2. As the reader can notice, to scale an
object, different alternatives are available and proved to be efficient: both one- and
two-hand gestures might be adopted. Hence, the user can recur to head-mounted
displays as well as handheld devices to accomplish the task.
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Figure 5.1: Variants of hand poses that Piumsomboon et al. observed among all
gestures, identified with the codes H01-H11 [103]

5.2 Navigation

There exists a number of different alternatives to move from a place to another
in a mixed-reality context. Navigation involves two phases: wayfinding, which
is the awareness of where the user is where they want to go, and travelling, the
actual act of moving in a certain position in space. Sometimes wayfinding is not
performed at all. For instance, when the user just moves around to explore or
understand their location, or when there is simply no need to think about where
to go (so-called maneuvering). It is important to provide the necessary tools to
inform the user about their position in the environment and allow them to build
their mental model. A common way to assist the user in this process is through
maps, which probably constitute the best way to offer situational awareness. Other
methods are using a compass, displaying some signs (e.g. arrows) on the path, and
guiding the user via the system’s assistance (e.g. superimposition of text or voice
directions).

Unfortunately, as Craig states, a problem of travelling in augmented reality settings
is that the user might end up in places where the application cannot track them [100].
For this reason, many systems have designed different strategies to warn the users
that they are leaving the boundaries of the tracked world by showing a virtual
fence, activating an alarm or any warning signal, or displaying some text on the
user’s view.

5.3 Communication

In some circumstances, interacting with others represents a fundamental aspect
of the a mixed-reality experience. In fact, it is often desirable to have multiple
participants both in the virtual and in the real world (and hence in the AR ex-
perience) [100]. When multiple users interact with the purpose of completing a

52



 

Fig. 5. The user-defined gesture set for AR. The number shown in the parenthesis indicates 

multiple gestures in the same task. The codes in the square bracket indicate the hand pose vari-

ants (Figure 4) that can be used for the same gesture.  
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Figure 5.2: The user-defined gesture set for AR. The number showed between parentheses
indicates multiple gestures in the same task. The codes in square brackets
indicate the eleven hand pose variants (see Figure 5.1) that can be used for
the same gesture [103]

53



task or solving a problem, we refer to collaborative experience. However, users
might interact with each other not to achieve a common goal, but just to have
a conversation and socially entertain a relationship. Therefore, the experience is
only shared. In this regard, Facebook, one of the most popular social networks, has
recently bought Oculus (virtual reality device presented earlier), as a proof that
VR (as well as AR) is increasingly becoming a social computing platform.

It is important to note that a collaborative experience is shared, but a shared
experience is not necessarily collaborative. Ideas, annotations, the virtual world
itself and users’ avatars are examples of elements that can be shared in mixed-
reality experience. Furthermore, in a full multipresence experience all users live
the experience in immersively, whereas in a nonimmersive experience, participants
have more the role of viewers. Hence, instead of sharing the control of the whole
virtual world, users share only the control of the viewport.

Probably, the best way to communicate with someone is aurally, which is also the
quickest method to receive and process information from the system. Another
efficient means used to convey actions to other participants is by exploiting body
gestures. This technique of communication is often preferred because simple body
gestures can be transmitted using much less bandwidth than even low-quality
speech [99]. A commonly adopted solution that integrates both visual and aural
information is video conferencing, which can be easily incorporated in mixed-reality
systems. However, as one can imagine, the most intuitive and efficient way to
collaborate with someone is by physically being in the same room. This is possible
with spatial augmented reality systems, such as a CAVE, where all users can benefit
from all the advantages of a room size system with the addition of the extremely
high resolution imagery on the walls [93], as showed in Figure 5.3.

Finally, the communication might occur in a synchronous or asynchronous way.
According to the task in question, it may be paramount or not essential that
the information is conveyed instantaneously. The two main methods to interact
with others asynchronously are annotations and experience playbacks. The former
consist of notes placed on the virtual world by participant to explain, ask questions
or reviewing some content. The latter consist of storing the participants’ actions
over time, enabling their consultation or replay in a second moment. Experience
playbacks are particularly helpful in training scenarios where the learner has access
to the teacher’s instructions whenever they need.

We were able to identify five main operations in the domain of augmented reality
interaction: selection, drag, rotation, resize and zoom. These actions can then
be combined with each other in order to perform some more complex tasks. An
example is the drag-and-drop feature which can be seen as selection, followed by

54



Figure 5.3: Representation of SAR in a CAVE setting [93]

dragging, and deselection at the desired destination. We also noticed that the
techniques used for resizing an object are the same (or very similar) to the ones for
zooming in or out of an area. Hence, we categorised these two operations under
the same interaction method. Table 5.1 summarises what has been discussed in
this chapter.
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6 Augmented Reality Interface to
Control the IoT

As anticipated in Section 1.2, we aim to design an interface that allows the user
to detect the smart objects in their room and interact with them naturally. The
interaction can be of two types: explicit, when the user deliberately performs some
actions on a specific smart object (e.g. turning on/off an appliance or changing
the temperature of the oven), or implicit, when the actions performed on a smart
object are carried out by the system as a consequence of the existence of a certain
rule. For instance, the user might define a rule that specifies that when the window
is open, the heating must be turned off. Hence, if the heating is on and the user
opens the window, they also implicitly turn the heating off, if it was on, otherwise
its state remains unchanged.

In this chapter we propose some methods to interact with smart objects in an IoT
setting. Thus, possible techniques to manipulate smart appliances by means of an
augmented reality interface. The ways to carry out these different operations can
change significantly from one type of device to another, and from one category of
interaction (e.g. gaze or touch) to another. This is where the content of Chapter 4
and Chapter 5 comes in handy. Subsequently, we describe some use cases where
the proposed interface might be beneficial to the user in order to reach the goal
they have in mind. Finally, we will show how the above-mentioned functionalities
work practically, that is by building a prototype as a proof of concept.

6.1 Functionalities of the Interface

The interface we propose is designed to be used with each type of device available.
All the possible operations the user can perform on the interface are therefore
described in detail, by taking into consideration the characteristics of the different
categories of displays widely explained above.
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Search for smart objects in the real environment

The basic operation offered by our interface is searching for all the smart appli-
ances surrounding the user in the physical environment. As anticipated earlier
(see Section 2.2.2 about the mediums of deployment in the IoT), there exists
different techniques to connect and control the Things in the Internet of Things.
For instance, RFIDs and Wi-Fi networks are the most used ones. Therefore, when
the user requests to see all the smart devices present in the room, the system would
be able to show them on the interface by means of these mediums. Specifically, the
information retrieved from the smart objects in the IoT includes the location where
this Things are installed in the real environment. This enables the application to
place the relative images on top of the physical appliances, in a way that the user
can identify immediately the kind of smart object in question and its position in
relation to the room and the surroundings. An example of how this would look
like is depicted in Figure 6.1. Furthermore, not only can the user retrieve all the
available objects in the room, but they can also search for a particular Thing or
group of Things.

Figure 6.1: Search for all smart objects in the surroundings

When the room is scanned the first time, the interface takes approximately thirty
seconds to receive the data from the Things in the IoT, and consequently build and
save the room in the system. The following times the user uses the application in
the same room, it is not necessary to scan it again because all the information has
already been registered. In case the user installs a new smart appliance or wants
to check whether something new has been applied to the room since the last time,
they can scan the room again in order to update the data previously stored.
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In the event that the application is launched from a handheld device, the user has
the possibility to tap on a button on the screen to begin the search. The system
would then show some digital content, such as an image of the type of Thing in
question, on top of each smart object present in the room, as a sort of placeholder.
Consequently, it is intuitive and straightforward for the user to understand at a
glance the type of appliance in question and its position in relation to the real world.
Of course, since the size of the screen is limited, it is likely that not all the Things
would be shown to the user at the same time. For this reason, the application
provides some hints to inform the user that, even though not immediately visible,
there are some other objects out of the field of view. An efficient way to convey
this information is by superimposing some arrows on the edges of the screen and
showing a small icon of the object in question. For instance, if the system identifies
a coffee machine on the left of the user and the camera of the handheld device is
facing ahead, the appliance would not fit on the screen. Hence, an arrow pointing
toward the left of the screen serves as an indicator that the object depicted in the
small icon (the coffee machine) will appear on the screen if the user follows the
indication with their camera (that is by moving it on the left). Figure 6.2 shows
an example in which the user is pointing their smartphone toward the kitchen and
the interface displays some arrows as a notification that by moving the camera in
those directions, new smart devices can be discovered. In particular, by moving
the phone up the user could see the kitchen light, and on the right side another
light and the toaster are available, as the small icons next to the arrows suggest.
An alternative could be to explicitly instruct the user by using voice signals. In
other words, the system emits some predefined sentences (e.g. “move your device
to the left to discover more objects”) notifying the user about the hidden Things.
Given that sound is not always the preferred option, the user is able to select from
a menu which interaction means suits them the best.

Users could also start the application with a head-mounted display or smart glasses.
In this case, it would be possible to click on the search button via the controllers held
in the participant’s hands or by using mid-air gesture commands. Touch interaction
is an alternative when the device is used in combination with a touchpad. Here
the user would simply touch a button likewise the scenario mentioned above. Gaze
represents another option, but nowadays other techniques are preferred because
considered more efficient. On HMDs and glasses, the field of view is wider than on
HHDs but it still cannot cover the whole real environment. Hence, the same hints
described above are necessary in these scenarios as well.

Finally, whatever device the user resorts to, voice commands are always available
as a means to instruct the system to search for Things in the room. We could
imagine of short sentences such as “search smart objects in the room”, to which
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Figure 6.2: When the interface detects some objects in the surrounding that cannot
fit on the screen, some arrows on the edges are displayed

the interface would reply by displaying the digital content. Of course the user can
hide the available devices by repeating the same procedure adopted to show them
(that is taping the same button again with touch interaction or with controllers) or
by providing the opposite voice commands used to show the objects (e.g. “hide
smart objects in the room”).

On the other hand, as introduced earlier, the user might also decide to look for a
particular Thing in the environment. For instance, if someone is using the interface
in a room they are not familiar with, this option would enable them to quickly
check whether the desired appliance is present or not, without scanning all of
them. For this purpose, a button would be available on the interface, ideally with
a magnifying glass. The user could then have the choice of typing the name of the
smart object on the keyboard, or use their voice to instruct the system to search
for it in the environment. This functionality is useful if the user is interested in one
particular Thing, such as the coffee machine, or a group of Things, in case there
are more of them. Figure 6.3 shows an example where the user is in the kitchen
and wants to look for the thermostat. They type the word “thermostat” on the
keyboard; subsequently the interface shows an arrow on the left edge of the screen,
therefore the user follows the arrow until the living room where the thermostat
finally appears on screen.

Since this interface has the goal to enhance the functionalities of what is currently
available for the public to control the IoT (e.g. home automation) by adding
augmented reality for the visual graphics, the tasks can still be achieved in the
“traditional” way. This means that all smart objects or only the specific ones the
user is interested in can not only be retrieved and displayed in AR through the
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Figure 6.3: Search for a smart object by typing its name on the keyboard

red digital images described above, but they can also be visualised in form of a list
that the user can consult without actually using their camera and walking around
the room.

Visualise all existing rules between smart objects

Similarly to the previous operation, the user can select a button or provide a voice
command to obtain a visual representation of all the rules defined. Rules can
involve multiple smart objects as source and as targets. But they can also be
triggered by events not necessarily linked to Things (e.g. at a certain time, the
alarm is set to on) or situations such as “going to sleep”. This distinction will be
explained thoroughly in the operation concerning the definition of a rule.

Graphically speaking, in the first case, when a rule involves smart objects, the
interface visualises an outgoing arrow from one appliance to another, as a logic
representation of the fact that the behaviour of the first one affects the second
one, according to some predefined control rule. This coincides with an incoming
arrow to the second Thing, coming from the first one it has a relation with. If a
rule involves objects that are distant from each other and hence they currently
do not fit in the viewport, the arrow is still visualised, enabling the user to follow
where it leads to or comes from. Figure 6.4 shows a graphical representation of
this operation.

In the second case, when a rule has only a target object because triggered by
certain circumstances instead of an actual explicit action performed on a Thing by
the user, the visual representation on the interface corresponds to a green button
on the left side of the object. This button, once clicked, opens a pop-up list of all
the events and situations that need to happen in order to execute some actions, by
altering the properties of the target object of the rule itself. For instance, the rule
that says “if it is 11pm and everyone is in bed, then set the home security system to
on”, would be visualised as depicted in Figure 6.5. On the left of the house alarm,
the user can see a green button to be consulted to check what events and situations
modify the behaviour of the alarm without any human interaction. In this case,
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Figure 6.4: Visualise all existing rules between smart objects

the list includes two rules responsible for turning on the alarm: (1) the first uses
the event that it is past 11pm as an event, and the situation that “everyone is
sleeping”; (2) the second rule checks whether the door is locked (event fired by the
smart door) and that no one is at home (information sent by the sensors around
the house).

As one can guess, the presence of a high number of arrows would lead to an
overcrowded AR environment, which would be confusing and not very practical,
especially in a limited size screen such as the one on a smartphone. For this reason,
as a default option, no rules are displayed to the user, but they can easily retrieved
on-demand by a simple click/tap/voice command. As an alternative, the user
might decide to hide the overall rules of all smart devices and only display the ones
specific to one Thing (see next operation).

Finally, another interesting feature in the context of rules that might increase
the usability of the application is the visualisation of an object’s rules when it is
captured by the camera in the centre of the screen. In this way, the user does not
need to perform further actions to check the predefined rules of the Thing they
are currently looking at. Additionally, since the target objects might fall out of
the field of view, it would not be practical to move the device’s camera in order
to discover where the arrow leads to. This in fact would mean not to have the
desired smart object in front of the camera anymore, therefore the rules would not
be visualised (otherwise of course the user explicitly chooses to visualise the rules
from the menu, as explained in the next operation). For this reason, we thought
of a new technique that enables users to have a sort of preview of all appliances
involved in a Thing’s rules, by showing their miniatures around the source object.
Their disposition suggests the direction the smart object is located in the room,
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Figure 6.5: The user first selects the home security system or points at it with their
camera, and then presses the green button in order to visualise events
and situations

in relation to the source object in question. The user can recognise whether a
miniature refers to a smart device out of the field of view of the camera by its dashed
arrow. On the other hand, plain regular arrows are used for Things closeby the
source object. In the example in Figure 6.6, the reader can notice how the presence
of the TV in the centre of the smartphone’s screen triggers the visualisation of all
the rules where the TV is the source object, even though the targets are not in
front of the camera. In this case, since the TV has some dependencies with the
speakers, the light, the fireplace, the door and the lamp, these Things are displayed
as miniatures all around the source (TV). Since the light, the fireplace and the
door’s miniatures are linked to the TV through some dashed arrows, the user can
immediately understand that these smart Things are not closeby the TV, but by
moving the camera in those directions, they can discover their exact positions in
the physical environment.

On the other hand, the events and situations in place when the rule is triggered
are still visualised when clicking on the green button on the left side of the central
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Figure 6.6: When an object is captured in the centre of the camera, the visualisation
of all its rules is triggered, together with the miniatures of all the smart
objects involved

object, as described above. This is depicted in Figure 6.7, where we propose a
zoomed-in image of the TV in the centre of the screen. This miniature feature can
increase the usability of the application because without performing any explicit
interaction, the user can consult the rules of the desired Thing, by simply capturing
it in the centre of the screen.

Figure 6.7: Events and situations button on the left side of the object in the centre
of the screen

Select a smart object to get information about its properties
and display rules with other objects

When controlling an object, the user must first select it and then manipulate
its state and behaviour as they wish. As explained in Section 5.1.1, selection is
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an essential operation that is used as a starting point to perform most types of
“complex” operations, such as the classic drag-and-drop, where an object is firstly
selected, then dragged to the destination and finally deselected (dropped). In
our interface, it is possible to select a smart object displayed in the augmented
environment, and retrieve all the information related to it.

Different methods are available to select an object. For instance, in case of a
handheld device, the easiest and most straightforward way is the touch interaction,
with which the user tap on a smart object on screen in order to open up a menu.
At this point, it is possible to consult and alter the properties of the Thing selected,
such as the temperature of a thermostat or an oven, the timer of an electric
induction hotplate, or simply the on/off mode of a TV. Similarly, the properties
can be consulted and altered from the list of all smart objects present in the
surroundings. From there, the user selects the desired object and modifies the
properties they are interested in. This allows the user to manage their smart home
remotely, without physically standing in front of the smart object, which is the
other new option offered by our application. Furthermore, the user can choose to
display all the rules defined for that particular appliance, by ticking the “show
rules” option. In this way, the environment would not be overcrowded with plenty
of arrows, but only the ones concerning the selected Thing. This functionality
is particularly useful when using an AR display with a limited screen size, such
as the handheld ones. In the same way, the user has the possibility to hide the
selected object’s rules from the menu by toggling the same choice. In addition to
the arrows that lead to the target objects of the selected Thing’s rules, the interface
also shows a green button on the left side of the device in question that enables the
user to consult which events and situations not directly related to specific smart
objects’ properties act as sources in one or more rules. Figure 6.8 shows the result
of selecting a smart object (in this case a TV). The application visualises a pop
up window with the Thing’s properties and the option to display its rules. In this
case, the user is interested in displaying its rules, therefore as soon as they tick
that option, the outcoming arrows populate the interface. When deselecting the
device or simply touching outside the pop up menu, the user can clearly see the
scene with all the requested arrows, as depicted in Figure 6.9.

If a head-mounted display is used instead, the preferred technique to select a Thing
would probably be by means of controllers. Once the menu shows up, the user
can then decide to visualise the properties and their states, as well as get the
rules where the object is involved. Mid-air gestures represent another method to
select an object by pointing at it and then picking the desired choice from the
menu. Similar techniques are adopted in a spatial augmented reality setting, such
as a CAVE.
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Figure 6.8: When selecting a Thing, a pop up window with its properties and the
option to show its rules appears

Figure 6.9: All existing rules where the source object is the one selected by the user

What differentiates this operation from the one described above is that when
the user captures a Thing in the centre of the screen, its rules are momentarily
visualised with the miniatures of the target objects involved. However, when the
user moves around their device, the superimposed arrows disappear because the
Thing is no longer in the centre. On the other hand, when the user selects a smart
object and chooses to display its rules, the arrows appear on screen permanently
until another action is performed or the user explicitly decides to hide the rules
from the menu.
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Control a smart object by altering its properties in accordance
with the predefined rules

While the previous operation aims to consult the information related to a selected
smart object, the purpose of this one is the manipulation of the Thing itself by
altering the state of its properties, making sure that this action is allowed by the
existing rules. This is what we call “explicit interaction”, since the action on
the object is performed explicitly by a human being. As mentioned previously,
properties might be the temperature, the volume, the timer and so on, and their
values can be modified by the user by means of the popup menu showed on the
proposed interface. These properties can be accessed and altered from the list of
smart objects in the surroundings (the user selects the desired smart Thing from
the list, open its properties and modifies the one(s) they are interested in), which
is what is offered by current applications to control the IoT. This allows the user
to perform some actions remotely, without being physically in front of the smart
appliance. The other option is to tap on the corresponding AR image in the scene
to select the smart device and alter its behaviour from a popup menu, such as
the one in Figure 6.8. In a HH setting, the user can tap on a specific property
and type a certain value (e.g. type 20 as the number of degrees the air conditioner
should be set to, by using a virtual keyboard). In an HMD setting, controllers are
definitely the most suitable way to enter some numeric data or switch a button
from on to off, and vice versa. Voice commands can also be used to instruct the
system to change a property to a desired value, especially in case the user’s hands
are occupied (e.g. the user is cooking and wants to switch the oven off without
touching anything with their dirty hands). In this case, mid-air gestures with
head-mounted displays, smart glasses or spatial displays might come in handy.

The alteration of some property on an object coincides with an event that may or
may not have a corresponding rule responsible of modifying, in turn, properties
of another Thing. This is what we call “implicit interaction”, because it is not
performed directly by the user, but it is a consequence of a rule triggered by a
source event or situation. In other words, changing a property can entail a series
of adjustments on other objects’ properties simultaneously, without breaking any
other existing rule. This helps avoid unwanted situations in the environment. For
instance, let us take into consideration the case in which the user has defined a rule
that involves the smart window in the kitchen as a source object and the heating
as the target one, in a way that when the user wants to open the window, the
heating turns off. If, at any moment, the user wants to open the window while
the heating is on, the system would show a warning on the screen to convey that
the action carried out by the user on the window has provoked the shutting down
of the heating. In this way, the user is aware all the time of what is happening
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in their smart home, even when the actions have not been performed directly by
them, but from the system itself following some predefined rules.

Finally, by checking the state of the objects’ properties and by retrieving information
from the sensors around the environment, different situations are created, which
can be used in rules to trigger some actions. As an example, by exploiting the
sensors in the house’s beds, the system can know if all people living there are
actually laying on them. Through this information, plus the event that it is past
11pm, the situation “everyone is sleeping” is activated. As a consequence, the rule
“if everyone is sleeping then turn on the home security system” is triggered and the
alarm is set to on. Additionally, the fact that the house alarm is in place might
represent the source event of another rule responsible of turning off the TV and all
the lights. Thus, from a situation or event, a chain of other events and situations
might follow.

Define rules regarding one or more smart Things

Probably, the most innovative functionality of the interface we are proposing is the
possibility to define rules between two or more smart objects, and rules triggered
when certain events or situations are fired. So far we have talked about searching
and managing smart objects, and what happens when a rule is triggered. However,
we have not described how the user can create their own rules in order to personalise
the digital appliances in the real world according to their schedule and preferences.
There are essentially three methods to achieve this: (1) choosing the “new rule”
option from the menu, (2) performing the drag-and-drop operation from the source
object to the target one and (3) tapping the source object once, moving the camera
toward the target object and finally double tap it to create the new rule. These
operations are explained in detail below.

A user can create a rule by selecting the “new rule” button on the interface by
performing one of the possible techniques available for a particular AR display
(HHD → touch, HMD → gestures/controllers, ...). Rules are N:N associations,
meaning that the user can select one or more source objects, and one or more
target objects. These relations take advantage of the smart appliances’ properties
whose values are continuously checked by the system. For instance, in a home
automation scenario where people care about the environment, the user can select
the smart window in the kitchen as a source element, and the central heating as a
target. However, as depicted in Figure 6.10, since the heating is not among the
recently used Things, the user can click on “browse Things” in order to look for
other smart elements in the system. A popup window such as the one in Figure 6.11
will appear, allowing the user to type the name of what they are searching and
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select as many Things as they want. In this case only the heating is selected. In
Figure 6.12, the reader can notice that now the heating is in the list of Things to
be added to the new rule, and the user can select it as the only target. The rule
would exploits the properties “open” of the window and “off mode” of the heating
making sure that when the user opens the window, the heating shuts down. The
status of the properties is defined by the user directly from the rule settings menu
that appears on the interface, as shown in Figure 6.13.

Figure 6.10: The user creates a new rule where the kitchen window is the source

Figure 6.11: The user browses the available Things and selects the heater
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Figure 6.12: The user can now select the heater as the rule’s target

Figure 6.13: The user can select the properties of the objects involved in the new
rule

Furthermore, as anticipated above, a rule might involve only one or multiple target
objects, whereas the source is represented by certain information retrieved from
the sensors placed around the house (e.g. user laying in bed) or by a particular
situation. In fact, the context modelling toolkit [69] on which we based ourselves
clearly explains that events and situations are responsible for the execution of
certain actions. Since in our case we are in an IoT scenario where smart Things
are involved, events can be triggered by any alteration of the objects’ properties
or any data received from sensors and actuators. Situations, on the other hand,
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are defined by users themselves as a result of combinations of events happening
simultaneously. For instance, the user might define a situation “watching TV”
which takes place when the two following events happen: (1) the user is sitting or
laying on the couch (event triggered by sensors) and (2) the TV is on (the event is
the “mode” property of the TV set to on).

As anticipated earlier, a rule might present both events and situations as sources,
as shown in Figure 6.14. In particular, they select the time event and the “everyone
sleeping” situation as sources, and the TV, the light and the house alarm as targets.
The user can also notice that they have the possibility to add new events and
situations, in case they are not in the list of the ones used recently. The next
step in the creation of a rule consists of selecting the desired properties to be
checked (sources) or changed (targets). In this case, the user selects the property
“after” and set the time 11pm, as the event necessary to trigger the rule together
with the situation “everyone sleeping”, and as actions to be performed they set the
TV and light mode to off, and the house alarm to on. The representation of this
second step is shown in Figure 6.15. The reader can also notice that the situation
“everyone sleeping” is displayed as a button because by clicking it, the user can
actually modify the situation as they wish.

Figure 6.14: The user selects the time event and the situation that everyone is
sleeping as sources, and the light, the TV and the alarm as targets

The other modality used to create a rule is by dragging a source object (or better,
its virtual AR representation) and dropping it to the target destination, by means
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Figure 6.15: The user selects the properties of the sources and targets involved in
the rule

of touch interaction or controllers. Basically it is the equivalent of reproducing
with gestures the arrow from source to target that will be eventually be drawn by
the system once the rule is saved. This method is a shortcut of the previous one.
When the drag-and-drop has been performed, a pop-up menu appears, allowing
the user to choose which properties of the two objects are involved in the rule.
Practically speaking, a user might decide to create a rule where the source is the
TV and the target is the living room light, in a way that if the TV is on, the light
is off. Hence, they point the camera toward the TV, they drag it to the living
room light and finally drop it. When the rule settings menu pops up, the user sets
the property “mode” of the TV to on, and the property “mode” of the light to off.
When saving the new rule, an arrow appears from the TV to the light.

The drawback of recurring to this modality is that if a rule involves multiple objects,
the user must perform the drag-and-drop multiple times, one for each arrow. An
example might be the definition of a rule where the house alarm controller is the
source object that leads to the TV, the speakers and the oven. The user would
have to drag and drop the TV three times, one for each target, creating one arrow
for each gesture: (1) the arrow from the house alarm controller to the TV, (2) the
arrow from the house alarm controller to the speakers, and (3) the arrow from the
house alarm controller to the oven. For this reason, under these circumstances, the
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creation of the rule from the menu explained above is the preferred option.

Finally, if the source and target objects are not closeby and the user does not want
to drag the source on screen for a long time while moving the device toward the
destination, possibly because of the fatigue (gorilla arm), instead of using the first
method by selecting “new rule” from the menu, they can recur to a third option.
The user can double tap the AR image corresponding to the source Thing, then
move their device in order for the camera to capture the desired target, and finally
double tap on this second digital image. The same window described above, with
the first double-tapped object selected as source, and the second double-tapped
object selected as target is presented to the user, where they can confirm the
choice and pick the properties of the Things in question. The difference from the
previous operation is that here the user is not obliged to drag the object and thus
to keep their finger on screen until the destination is reached, which can be quite an
advantage if the Things involved are spatially far from each other. However, once
again, if more than one source or targets are involved, the user should perform the
double tap multiple times. Hence, the “new rule” from the menu might represent
the quickest option.

6.2 Implementing the Interface: a Proof of Concept

In this section we talk about the process of building the actual interface, imple-
mented in a strictly demonstrative way. Furthermore, we will illustrate the features
that have been implemented in this prototype, which were only described from a
conceptual point of view up to this stage.

The idea was to exploit a technology capable of rendering augmented reality content
on the browser, no matter the device from which the application is launched. Our
initial choice was WebXR1, which is an API designed to support virtual reality and
augmented reality on the Web. Any device with three or six degrees of freedom,
and with or without external positional sensors can be used to exploit the different
features offered by WebXR. However, we soon learnt that WebXR only supports
movement detection and no computer vision or marker detection. It hides the
camera to the application due to privacy reasons, meaning that it cannot use
any reference in the real environment to display the augmented reality content.
Consequently, we decided to use another technology, whose purpose is the same,
but with fewer restrictions. As reported in the official documentation,“AR.js is a
lightweight library for Augmented Reality on the Web, coming with features such as
image tracking, location-based AR and marker tracking.” [104].

1https://developer.mozilla.org/en-US/docs/Web/API/WebXR_Device_API
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Ideally, the application should be able to detect the IoT smart objects automatically,
for instance by means of WiFi or bluetooth. However, since what we wanted to build
was a proof of concept with the only purpose of showing the general functionalities
described in the previous section, we resorted to other simpler means, and leave
the integration of the whole IoT-related architecture for future work.

Our first approach involved markers, in particular ArUco markers, which are called
“pattern markers” in the official AR.js documentation. By placing markers all
around the room, we were able to superimpose some digital content to them when
detected by the camera. Hence, when the smartphone was used in the direction of
the TV, a red image of a TV appeared in correspondence of the position of the
relative marker, enabling the user to manipulate the real TV, by applying changes
on the virtual one. We also noticed that the interactions with the images worked
better when they were integrated inside a 3D model, for instance a cube. However,
since the content was showed only when markers were found, the interface could
not display arrows between objects that could not fit in the device’s screen. In fact,
the system did not know a priori the position of the markers in the room, nor it was
able to remember their locations after detecting them the first time. As illustrated
in Figure 6.16, the objects need to be captured by the camera simultaneously in
order to display the rule between them. Hence, we had to change our approach to
the problem.

Figure 6.16: Two markers representing respectively a TV and the light, connected
by a rule

What we tried next was the location based augmented reality, which is used
both for indoor (less accurate though) and outdoor geopositioning of AR content.
The official documentation presents all the different choices to load places. They
can be loaded statically, from HTML or from JavaScript, or data can be loaded
through local/remote json, or even through API calls. For simplicity, we used

74



static coordinates that work in relation to the device’s position. Therefore, we
defined some simulated latitude and longitude and we assigned to each element in
the scene some coordinates slightly different from the starting point. This means
that when opening the application, the user could move around the smartphone
and discover the objects’ images surrounding them. With this approach, we were
able to display arrows between objects even though they were not close to each
other and not in front of the camera, as depicted in Figure 6.17. The inaccuracy of
the GPS is showed once again in Figure 6.17b, where the arrows do not stop in
correspondence of the target objects, but they continue, even though the precise
coordinates of the floating figures are used as destination points.

(a)

(b)

Figure 6.17: Rules are displayed even though the source or target object(s) are not
in front of the camera

However, as already mentioned, the GPS inside the buildings is still not very
accurate and, since the use case of this application is inside the individuals’ homes,
this solution was not successful. In fact, we were not able to precisely identify the
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exact position where we wanted to show our content, because depth and distance
from the starting point were difficult to set and manipulate.

For this reason, we decided to go back to the marker-based AR, accepting the
limitation that the content we wanted to show had to fit necessarily in the same
field of view in order to be able to see the arrows representing the rules. The
only obstacle was the interactions needed to select a smart object to retrieve and
alter its properties. With one marker in the scene, AR.js and touch interactions
worked perfectly: when the user touched the TV in AR, a menu on the top-left
corner of the screen would appear to show the properties (see Figure 6.18), and by
touching it again, the menu would disappear as a consequence of the deselection.
The problem was that we needed multiple markers in the scene (one for the TV,
one for the light, one for the stereo, ...) and this seemed to create many issues in
the application. By contacting the maintainer of AR.js, we were informed that, to
this date, it is still not possible to interact with multiple markers in the scene. The
library was released in 2018 and it is currently under development. They said that
they would implement the possibility to add listeners to different markers in the
future but, since it will not be anytime soon, we had to change strategy once again.

Figure 6.18: When selecting an object, its properties appear as a menu on the
top-left corner of the screen
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Finally, we switched to Unity1, the most popular platform to create interactive, real-
time content, such as 2D, 3D and VR games and apps. We could therefore simulate
an augmented reality environment where the camera captures the real environment
and the interface superimposes some images on it, as shown in Figure 6.19. Here
we can see a bulb that superimposes the actual lamp in the room, and a TV that is
used as a placeholder for the physical TV in the room (which in reality is not there
because the real environment was not equipped with that Thing). We can notice
an arrow between the TV and the light, meaning that there is a rule in place where
the TV is the source object and the light is the target; and an outgoing arrow on
the bottom of the image. By following this arrow with the camera-equipped device
used (this screenshot was taken from a smartphone), the user can discover which is
the target object included in that rule.

Figure 6.19: The images of the TV and the light are superimposed to the real
environment, as well as the arrow that links these two Things

Initially, we decided to implement the application in a way that it could scan the
room, detect the surfaces and the disposition of objects, and eventually place the
AR images in specific locations. Hence, the disposition of the digital content would
have been related to the actual physical surroundings. However, when going down
to this road, we realised that the application was unstable and not very accurate at
identifying the distance between the walls and the angles in the room. Therefore,
we opted to anchor the digital images to some coordinates in the 3D space and
we assumed their presence worked as a placeholder for the real objects. Normally,
as explained in the previous chapter, the images representing the Things in the
IoT would correspond to the right positions of the objects in the physical space
(e.g. where the TV is installed in the room, we superimpose a red image of a TV over
it), but unfortunately the house where the application was implemented and tested
did not present any smart appliances. Hence, the AR images are displayed in the

1https://unity.com
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space without being linked to actual objects. We could also draw arrows between
Things. In particular, we took into consideration the TV and we showed only the
rules that included the TV as a source object, in order to avoid an overcrowded
scene. The touch on each of the images toggles the appearance and disappearance
of some text as depicted in Figure 6.20. This enables the user to see the object’s
name, check and control its properties, choose whether to display the rules on
screen in form of arrows, and edit the rules where the TV is the source or one of
the sources.

Figure 6.20: When taping on the TV, a popup window with its properties appears.
Here the user can also edit its rules and decide whether to show or
hide them

By tapping the “edit rules” voice, the user can check the rules where the TV is
involved in an active way (as a source) and can modify them as they wish. The
green button on the left side of the device in question enables the user to consult
which events and situations not directly related to specific smart objects’ properties
act as sources in one or more rules. For instance, as shown in Figure 6.21, if it is
eight pm and the TV is on (meaning that the user is actually home), the channel
on the TV is set to 5 in order to show the newscast. Another situation that can
change the TV’s behaviour is when everyone is sleeping. Here we can think of a
situation in which the user forgot to turn off the TV before going to bed or fell
asleep while watching it. In those circumstances, this rule would come in handy
because the application would take care of turning off the TV automatically after
checking the presence of these events and situations.

Finally, from the menu the user can create a new rule, search for a particular smart
Thing in the surroundings and show or hide the objects in the scene and their
rules.
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Figure 6.21: Tapping on the “events & situations” button the user can consult
which events and situations trigger some actions on the TV

6.3 Validation

In this section we validate the application described above, by considering both
the idea, purpose and functionalities, and the actual prototype implemented with
Unity that supports what we would like to achieve ideally. Due to the current
Covid-19 pandemic, it was not possible to perform a physical presentation of
the interface to some potential users of the target audience, and neither were we
able to let participants try the interface by themselves to get familiar with it.
This means that certain aspects of the application, such as the usability, could
not be evaluated. However, we managed to perform the inquiry by organising
multiple video calls with four to six participants each, where we first presented the
application in a more theoretical way and then showed a demo video of the working
implementation to make the explanation more concrete. We took advantage of the
mock-up screens used in Chapter 6.2 to support the concepts described with words,
such as augmented reality application that superimposes digital images to the real
objects by receiving data from them by means of Bluetooth or Wi-Fi networks.

The survey was created with Qualtrics1 and consisted of a total of twenty three
questions, most of which to be answered on a seven-point scale, where the adjective
on the left has a negative meaning and the adjective on the right describes the value
more positively, as depicted in Figure 6.22. They were divided into six main blocks,
each focused on a different value of the product we wanted to investigate. We took

1https://www.qualtrics.com/uk
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them from the extended version of the User Experience Questionnaire (UEQ)1,
a fast and reliable questionnaire to measure the user experience of interactive
products, and to these, we added some open questions. The questions users were
asked concerned the attractiveness, perspicuity, novelty, usefulness, visual aesthetics
and intuitive use of the application in question. Figure 6.22 represents an example
of questions asked to investigate the perspicuity value of the application. The
second part of the question aims to understand how important the value taken
into consideration is for the participant, in order to weight the four answers given
in the first part. In fact, if the participant thinks that handling and using the
application is understandable, easy to learn, easy and clear, and the perspicuity is a
very important value to them (basically, they evaluate everything with seven points
or values toward the right side), then we can conclude that their positive opinion
is deeply relevant for our validation. On the contrary, if they think that handling
and using the application is not understandable, difficult to learn, complicated and
confusing, but then the perspicuity is completely irrelevant for them (values on
the left side of the scale), then we know that their negative feedback should not
affect much the way that we evaluate the application. The same modality has been
adopted for all six properties investigated. The complete survey can be consulted
in annex A of the Appendix.

Figure 6.22: Example questions for the perspicuity value used in our survey

In addition to these application-oriented questions, the very first three questions of
the questionnaire aimed to learn some general information about the person filling
it out. In particular, we were interested in their age range, gender and familiarity
with Computer Science, in order to understand whether there is any direct relation
between these factors and the answers given by the participants. Given that we

1https://ueqplus.ueq-research.org
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designed the application to be accessible by anyone, whether they are old or young,
or expert in the technological field or novices, we tried to have a balanced group of
participants, especially for what concerns their age and the background knowledge
in Computer Science.

The UEQ also provides a tool to analyse the data retrieved from the participants’
answers. We will present the most interesting and relevant information in the form
of graphics and mean values, and we will include some of the suggestions and critics
that we learnt from the answers to the open questions of the survey. In total, we
presented the application to 27 people, which is also the same amount of replies we
registered. Figure 6.23 provides a visual representation of the participants’ personal
information. As the reader can see, of these 27 participants, 12 are female, 13 are
male and 2 are non-binary. For what concerns the age, 22 are between 18 and
40 years old, and 5 are between 41 and 65. Finally, on average, the participants
are overall moderately familiar with Computer Science. 15 of them are equally
distributed between very familiar, extremely familiar and slightly familiar, whereas
2 of them are not all familiar. This suggests a good variety of people with different
backgrounds, which is a positive factor since we want our application to be as
accessible as possible to anyone.

As anticipated above, there were six properties of our application that we wanted
to investigate: attractiveness, perspicuity, novelty, usefulness, visual aesthetics
and intuitive use. In order to calculate the means for the scales (that is the
means over all items in a scale), standard deviations and confidence intervals are
calculated. Since all our questions were constructed based on a seven-point scale,
we transformed the mean values from a 1 to 7 range to a –3 to +3 range, where
intuitively the neutral value zero is between the negative and positive ones. The
results of the calculations are summarised in Table 6.3. The fact that none of the
means of each scale (or property value) is negative tells us that the participants of
our survey did not find any particular problem or aspect they did not appreciate
regarding the application itself. In particular, the perspicuity, usefulness and
intuitive use of the proposed interface present values higher than 2 (out of 3), which
is a promising sign for our intention to make the application as straightforward and
easy to use as possible in order to be accessible by all kind of audience. The lowest
mean value is the visual aesthetics of the interface, but this is not an alarming
result.

Figure 6.24 highlights the means and interval values just reported in a graphical
manner. It is immediately visible that none of the property values goes below zero
and that participants were not particularly enthusiastic about the visual aesthetics
of the application.
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Figure 6.23: Participants’ personal data summaries

Scale Mean Variance Std. Dev. N Confidence
Confidence

Interval
Attractiveness 1.89 0.75 0.86 27 0.33 1.56 2.21
Perspicuity 2.19 0.77 0.87 27 0.33 1.86 2.51
Novelty 1.75 1.31 1.14 27 0.43 1.32 2.18
Usefulness 2.08 0.79 0.88 27 0.33 1.75 2.42
Visual Aesthetics 0.56 2.19 1.47 27 0.56 0.00 1.11
Intuitive Use 2.22 0.72 0.84 27 0.32 1.90 2.54

Table 6.1: Mean and confidence interval per scale

On the other hand, the graph in Figure 6.25 shows the importance ratings of each
of the application property investigated according to the participants of the survey.
The most important values taken into consideration by our participants when
judging an application are its perspicuity, usefulness and intuitive use. It is also
relevant for them the novelty of the interface in question, whereas its attractiveness
and visual aesthetics are overall less important.
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Figure 6.24: Scale means of the six investigated application properties
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Figure 6.25: Importance ratings of the six investigated application properties

We also realised that some participants considered the attractiveness and visual
aesthetics as referring to the same concept, which can be true if the user perceives
something attractive according to its graphics and visual effects, rather than its
usefulness and effectiveness. We discovered these different conceptions of the term
in the open question asked, whose most interesting answers are presented below.
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How would you make the application more attractive?

1. “User interface: bigger buttons, brighter colours, glassmorphism and other
modern graphics improvements. The arrows may be softer, with a lighter
colour and a less stretched shape. The user experience is globally good,
everything is easily reachable.”

2. “The application seems awesome and very user-friendly, but I didn’t mark
the max value in the “friendly” field since I’m a little concerned about the
application aspect when many devices have rules assigned. Moreover, the
menu could be hard to navigate on devices, due to the small buttons. Overall,
looks great!”

3. “The arrows should not be stretched but with the line elongated and the arrow
remaining small. Less strong and more muted colors.”

4. “Improve arrow graphics and enlarge menu keys before releasing the applica-
tion.”

5. “Instead of using arrows, maybe make a list of which devices are connected
to the source. And make like a drop down list. If you have 1 source and 10
targets, maybe it is a little bit messy to look at with all the arrows.”

6. “I really enjoyed the create new rule screens. A global overview of all devices
(maybe located on a map of the house) could be useful. How is conflict
resolution handled? E.g. when two rules want opposite results? Also the
ability to add certain rules only for specific people could be useful.”

7. “The arrows currently appear rather large and clunky, the same as the devices,
I think smaller less obtrusive icons would improve the look and feel of the
application.”

8. “I suggest a prettiest graphic, try to simplify some action and for example
have some ‘suggest’ from the app for the routines to apply, what can you also
do with the objects.”

9. “To attract more people, a way could be to propose it to those with limited
mobility.”

10. “Focusing on the fact that the application would represent an actual help for
people in their home (especially if they are old and alone, or with disabilities,
or simply people with not much knowledge of Computer Science) and it’s
accessible to anyone. Also, advertising the idea as a concrete and efficient
way to improve safety controls in people’s houses.”
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11. “Proposing the application to people who are not at home most of the time, so
they can control everything remotely, even in accordance to my engagements.”

12. “Adding a badge associated to each device that shows its primary properties
(current status).”

13. “Advertising the application with daily-life examples in order to make people
realise how often and easily they can use the application, and how much
simpler the tasks can be carried out compared to situations in which the
application is not available.”

14. “Smaller icons. Instead of identifying the TV thanks to a full size TV icon
for example, I would put just a little TV icon as a “point of interest”. This
is to have less mess in the smartphone screen, which is already populated by
the arrows.”

What emerged from these responses is that some users consider an application
attractive if it can come in handy to as many people as possible, which was more
our intention. Therefore, they suggested some ways to present our application to
different categories of users, such as people with physical constraints and those
who are rarely at home, in order to reach the needs of anyone (see answers 9,
11, 12 and 13). More that once, participants stated that they would change the
appearance of the arrows to visualise the rules between all smart objects (1, 3 and
7). They also seemed concerned about the case in which a source object is linked
to a high number of target objects, making the augmented environment highly
overcrowded in terms of arrows displayed. Answer 5 mentions a list of devices
instead of the arrow visualisations, which is something that we included in the
application but, since it was not implemented in the proof of concept, participants
were not informed about this alternative for the consultation and visualisation of
rules and smart objects. Finally, answers 6 and 8 propose to include a suggest
button to create new rules, taking into consideration the conflicts that there might
be between different smart appliances.

Furthermore, for what concerns the usefulness of the application, we asked users
if they think they would use this application in their daily life. As shown in
Figure 6.26, 20 participants answered positively and 7 replied “maybe”. None of
them thought that they would never exploit the application in their routine, which
is a very promising result.

To those who answered “yes”, we asked an open question to know what real-life
scenarios they could think about in support of their positive statement. The most
interesting answers are listed below.
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Figure 6.26: Usefulness of the application according to our study’s participants

Can you think of a situation in which this application would come in
handy? When would it be useful for you to exploit the application?

1. “I’d use this application to prevent the power from falling. If I have some
appliances working simultaneously and I want to turn on another one, the
application would stop me in case this action would cause a blackout.”

2. “Automatically switch off the lights, turn on the Wi-Fi when I arrive at home,
turn on the oven with an app button.”

3. “I think I would exploit the information concerning the weather conditions
to automatically take some actions in the house or to warn me that it will
rain or there will be a thunderstorm soon (and therefore I can consequently
control the IoT in my smart home)”

4. “Netflix that opens when I pick a beer from the fridge would be a dream,
otherwise I’d like to have the radio to start when I enter the shower.”

5. “Automate the heating temperature based on the presence or absence of people
in the rooms. Close the windows if it rains. Making coffee when you get out
of bed. Turn off various types of devices when you leave the house by locking
the door.”

6. “In the scenario where the alarm goes off, the shutters go up, I get out of bed
and the coffee machine prepares my coffee.”
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7. “As a table tennis trainer, this application could be very useful to configure
all devices in the sporting halls. E.g we can turn on light in different halls
depending on the number of players, and we can prevent energy lose from
devices that aren’t turned off. The same applies for buildings such as schools.”

8. “I would definitely see this as a beneficial application to use in an office
environment in which complex rules can be defined based on the specific people
entering. E.g. your computer could turn on when you arrive at work, push
notifications could be send, lights could be turned on automatically. And it
would still be understandable to the people on the floor instead of only to the
IT administrators.”

9. “Yes, I would use this application in my daily life. It would come in handy
in situations of emergency, for instance when I’m not at home after a certain
time, the system will turn the lights on automatically (I currently do it to
prevent burglars from coming in) and will turn on the heating or the AC some
time before I reach home. [Translated from Italian]”

10. “For example when I’m entering my home (so when I unlock the door and
somebody in the house), the shutters will open, or when the sun goes down
the lights will turn on automatically. Similarly, when I’m leaving home,
the system will shut the shutters and the light will be switched off. Or for
example if I’m at work and it’s starting to raining, the shutters will be shut
automatically.”

11. “When I step into the house, the light automatically turns on and the AC
or the heating turns on (after the system has checked that the temperature is
higher or lower than a certain limit. Hence, if it’s summer or winter).”

12. “As an integration to domotic systems and to help people with disabilities in
their homes to control their appliances.”

13. “I think that this application would be useful to reduce energetic consumption
in anyone’s home. In fact, by programming the exact time when the system is
supposed to turn on and off the smart appliances, we can significantly reduce
their usage time. Furthermore, by defining one rule, one simple action on
the interface would be enough to control the situation on the smart home
remotely, which is useful in case of emergency and it’s not possible to come
home.”

14. “When there are many appliances working simultaneously, the application
could calculate how many kWs are currently consumed and check whether the
power would fall, when I want to turn on another smart object.”
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15. “To create a rule that checks if it’s past of a certain time (e.g. 8 pm) and
no one is at home (maybe because I had an inconvenient or an accident so I
can’t control the app personally), then the dispenser for the dog’s food opens
and releases some food.”

16. “I’m used to watching YouTube videos during my breakfast and dinner. This
app seems useful for me to set the rules: If I sit on the chair, and the dish
is on the table, then play “Watch Later” videos from YT or a specific news
channel.”

These answers helped us realise that the participants would actually exploit the
proposed application, given that they provided their own scenarios in which the
app would come in handy in their daily life. In particular, weather conditions
have been mentioned more than once to trigger some automatic behaviours in
the house, such as shutting the blinds. The calculation of the energy currently
being consumed in the house in order to prevent the power from going out when
turning on an additional device is an interesting situation that could potentially be
implemented by using the information retrieved from the objects in the IoT.

Finally, only 3 people stated that in their opinion, tasks might be too difficult to
achieve with this application, against the 24 participants who said that they would
carried out the actions without any issue. We asked to those three

Can you think of some ways to make the application’s tasks more
intuitive to carry out?

and we received the following answers:

1. “If I hadn’t watched the demo, I wouldn’t know the meaning of source and
target when creating a new rule. Maybe adding some virtual guide to the
application, such as “?” button, would help the user to know better how to
use the application.”

2. “There should be an easy way to show conflicts between rules that allows for
debugging when things do not go as planned.”

3. “I suggest to include in the application some examples of usage and some
suggestions on how to combine the appliances with each other, in order to
help the user set the application and create new rules.”

Again, conflicts between rules is a feature that needs to be implemented, not only
as a background check by the application when creating dependencies between
Things, but also in the form of a visual message or warning to inform the user
of their options. It is in fact important that at any moment users are aware of
what is happening in the application and why, in order to improve its usability and
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accessibility. Similarly, answer 1 suggests a valid way to make the interface easier
to learn and use, especially for users that are not used to achieve daily-life tasks
through their phones (or any other device). As a matter of fact, some participants
claimed that the demo showed when presenting the app was very helpful to convey
the concepts explained theoretically at the beginning (e.g. meaning of rule between
Things, how to alter a property of an objects, how to select multiple sources and
targets, etc.). Hence, we could include it in the interface to be played on demand
by the user whenever they need help or do not remember how to perform an
action. Of course, the demo would be recorded with the final version of the working
application, and maybe split into different pieces, each describing a specific task
to achieve. In this way, the user would not be obliged to open a two-minute long
video and skip through it to find the part they are interested in. That would satisfy
answer 3, making sure that users feel constantly in control of the application by
being assisted at any step.
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7 Discussion and Future Work

In this chapter we discuss the results obtained during the validation process, and
compare what we achieved with what we set as a goal at the beginning. Furthermore,
we present some future work to fix and improve the application.

Even though what we implemented was only a proof of concept including the
basic functionalities of the application, it represents a good starting point that
(1) visually supports the goal we aimed to achieve in the first place, and (2) served
as a concrete idea to some potential end users in order to know what they think
about it and their first impressions. Unfortunately, our intention of adopting a
technology that would enable users to run the application on the Web, no matter
the device, was not satisfied because AR.js and WebXR are still in their early
stages. This means that in the future, when they might become more stable and
reliable and less limited in terms of features, the application presented in this thesis
could be successfully implemented with a tool of augmented reality on the Web,
such as AR.js. Having known this since the beginning, we could have immediately
discarded this option and focused on the investigation of an alternative technology
since the early stages of the process, such as Unity that we ended up adopting
rather late. But this is research and sometimes it is necessary to invest some time
into one route to eventually realise it led nowhere, in order to achieve the predefined
goal. The results, whether positive or negative, can always be useful for future
work to save some time and speed up the whole process.

As reported in Section 6.3, participants were overall satisfied and excited about the
proposed interface, up to a point where they could easily imagine themselves using
it in their current daily lives. In particular, it was important for us to receive some
positive feedback from those with little familiarity of Computer Science and those
in their middle age, who do not usually have a strong technological background.
In fact, we aim to provide a tool that is not only accessible to expert users, as it
is currently happening with the most recent applications such as Home Assistant
(see Section 2.2.3), but to anyone who wishes to have the complete control of their
home via an app. From the answers received and the individual interviews carried
out with the participants, we were informed that they found the augmented reality
side of the interface intuitive enough to be able to successfully use the application
by themselves already at their first attempt. One of the participants revealed that
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they had been using Home Assistant to control their home for a few months, and
stated that they managed to use it because highly skilled at programming and
connecting devices. “If you do not have any knowledge of Arduino and writing code,
you would not be able to set up your Home Assistant and customise the application.
The graphical interface is particularly difficult to model because you need to use
Python, HTML and JavaScript to get the job done”, they said, adding that “this is
why I think that an interface such as the one that you are proposing could simplify
the life of many and could bridge the gap between automation systems and any kind
of user”.

As some participants stated, when the smart objects and the arrows between them
are largely present in the scene, the augmented reality environment could become
convoluted and difficult to read and a list of devices with their rules might be a
better solution. This is indeed another option offered by the interface, which we
did not implemented in our prototype. The idea that drove us through this project
is not to substitute the current home automation solutions offered to the public,
but rather to enhance them with an AR interface and further functionalities.

Furthermore, we received some positive feedback about the interaction technique
that we included in the application to create new rules, which is the drag-and-drop
of a smart object to another. A participant aged between 41 and 60 years old
affirmed “selecting a TV and dragging it toward the light where I can drop it is
actually a very intuitive way to add some logic between the two devices because
the direction of the performed gesture indicates what is the source and what is the
target in the new desired rule. It makes sense”.

What is to be taken care of (as reported by some participants in the open questions)
is that the conflicts between rules need to be prevented. This means that when
the user wants to create a new rule between specific smart objects or events and
situations, and exploits some properties that would break the logic of other rules,
the system should not allow this new rule to be defined. For instance, if the user
is using the drag-and-drop feature to create a new rule, once the source object is
selected, we could display the possible target destinations in the same red colour
as they are always presented, and the prohibited destination in a more opaque red
or in a completely different colour. In the event that the target object is available
without breaking anything else, but some properties might contradict another rule,
we should not give the user the possibility to select them, and maybe show a
warning message stating that “if you wish to select this property, you should edit
or delete the rule between Thing X and Thing Y in order to be consistent with the
implicit actions in place”.
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Another improvement that needs to be realised in the graphical aspect of the
interface is the way how arrows appear on the screen, which seems to bother more
than one participant. Someone suggested a “help” button to be consulted in case
the user has difficulties when trying to achieve a task. For instance, a “?” icon on
one of the edges of the screen that once tapped would trigger a virtual guide tour
of the interface, with short sentences for each button and functionality, might be
enough to solve the problem. Some participants were not particularly enthusiastic
about the overall appearance of the app (neutral values for the visual aesthetics
property), suggesting some more stylish look and 3D models to represent smart
objects. This is indeed an aspect that needs to be improved, but we knew since the
beginning that what implemented would only be a simple prototype to visually show
what we meant in the application’s description, rather than the final product. On
the other hand, more than one participant appreciated the minimal look of the app
because “sometimes making stuff more fancy could lead to confusion and difficulty
in performing the actions”. One of them added “the plain red images clearly convey
the objects they represent in the real environment. My parents could easily use
the application by themselves without my help for once!”. A final improvement on
the visual aesthetics of the application that we learnt from the evaluation study
might be to use smaller images as smart object placeholders. A few participants
mentioned to use icons instead of images covering the entire size of the real smart
appliance they refer to. This must be further investigated because most of the
participants did not seem bothered by our current visual choice.

All in all, the feedback received was positive enough to suggest that we are moving
toward the right direction. Even though, as explained above, there is still some work
to be done to fix and increase some aspects of the application, the idea, the design
and the functionalities all constitute a solid basis for the final product we wish to
implement and distribute. In fact, as mentioned multiple times, the implementation
presented to the participants had the only purpose of supporting what we described
with words and aimed to achieve. It does not represent an accurate realisation of
the complete application. Besides the improvements regarding the graphical side of
the interface that emerged through the survey (e.g. stylish arrows, smaller images
as placeholders, bigger buttons, virtual guide), the whole IoT aspect needs to be
developed. The related work in Chapter 3 might significantly come in handy to
exploit some existing tool to make the exchange of data between smart objects,
and between smart objects and users, possible. Hardware such as Bluetooth
and Wi-Fi is installed in all devices used nowadays, therefore it represents the
easiest option to adopt when sending and receiving information. To take care
of the implicit interactions working behind the scenes between the smart Things
in the environment, the context modelling toolkit could be integrated in the
implementation in order to handle the “IF condition THEN action” logic.
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8 Conclusion

To the best of our knowledge, an augmented reality application that enables users
to monitor and manipulate all smart objects in the real environment through both
explicit and implicit interactions has not been proposed yet. For this reason, the
gap between users and home automation is still rather wide, and the actions that
can be performed consist mainly of voice commands (e.g. Amazon Alexa). By
letting all different smart Things in the environment exchange data between each
other and the user, and by offering users a tool to intuitively visualise where these
devices are and how their properties can be controlled to connect them intelligently,
not only we can enhance the features of the IoT, but we can also offer a tool that
allows anyone to master their automation system. Driven by these necessities, the
goal of this thesis was to design such an interface by exploiting the interaction
techniques studied in the research of the sate of the art. Even though there is
still some work to do in this direction, we could successfully address the problems
identified at the beginning of this project, as well as the goals we set initially as
contributions for the IoT field.

First of all, we provided some general guidelines concerning the interaction tech-
niques to be adopted when using each of the different augmented reality displays.
For instance, gestures are preferred when using head-mounted displays, whereas
touch interactions are more effective with smartphones and tablets. Furthermore,
we summarised the most efficient and straightforward ways to execute the universal
operations, such as the selection and the drag-and-drop, with a specific AR device
rather than the other. We also came up with a solution capable of enhancing the
current state of the art in the field of home automation. In particular, we proposed
a way to add logic and conditions between smart objects in the IoT in order to
enable not only interactions carried out explicitly by humans, but also implicit
interactions performed by the system behind the scenes by means of personalised
rules. Finally, we designed our own interface that brings together the augmented
reality and Internet of Things worlds, making a step further in the visualisation and
control of automation systems. By proposing this new interface, we also designed
new intuitive interaction techniques to make the application more accessible and
easy to learn for people with disabilities or not much technological background. In
particular, (1) by dragging the instance of a smart object in AR and dropping it on
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another smart object, the user can easily create a rule between the two, (2) double
tapping the source object and subsequently performing the same action on the
target object represents another way to create a rule with these two smart Things
involved, and (2) pointing the camera of the device in front of a Thing triggers an
automatic selection of the smart object in question by the interface itself, without
any explicit human action. While describing the interface and its functionalities,
we also presented some scenarios in which the user can easily identify themselves
in real life, and where the proposed application could come in handy.

The results obtained from interviewing some potential end users and analysing the
answers received from the participants of our survey have been positive enough
to conclude that the work done in this thesis constitutes an important addition
to what is currently available for the public in the domains of the Internet of
Things, human-computer interaction, automation systems and augmented reality.
In particular, since a commercial graphical user interface in support of the IoT is
currently missing, our solution could be beneficial for both novice and expert users
who wish to have a practical tool to manage and secure their homes with just one
click, voice command or gesture. The solution would in fact be accessible from any
camera-equipped device chosen to complete the desired tasks.
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Appendix A: Survey Questions

Beginning of survey

Mixed Reality-based Interaction for the Web of Things

Elena Zambon

Prof. Dr. Beat Signer

This survey has the purpose of validating the interface that we 
propose in our work, which will be presented as a Master's thesis 
submitted in partial fulfillment of the requirements for the degree of 
Master of Science in Applied Sciences and Engineering: Computer 
Science. 

In order to protect your opinions, your answers are treated 
confidentially in accordance with the Belgian and European privacy 
legislation (Cf. AVG or GDPR). All your answers will be processed 
anonymously, so your identity is never revealed. 

The application is presented to the participant prior to takingthis 
survey, with the support of a demonstration video to show its 
functionality in a concrete way. The video can be found here and you 
should watch the video before answering the questions of this survey.

The results of this survey will be collected and used in the report 
itself, in order to validate the research that has led to the design and 
implementation of this interface. In particular, we will investigate the 
following properties:

• attractiveness 
• perspicuity 
• novelty 
• usefulness 
• visual aesthetics 
• intuitive use
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The survey will take approximately 10 minutes of your time.  

If you have any questions, please contact 
elena.zambon@vub.be

Participant’s information

Participant’s personal data

Please select your gender

 Male

 Female

 Non-binary / third gender

 Prefer not to say

Please select your age

 Under 18 

 18 - 40 

 41 - 65 

 Over 65

How familiar are you with the Computer Science domain?

 Extremely familiar 

 Very familiar 

 Moderately familiar 

 Slightly familiar

 Not familiar at all
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Attractiveness

In my opinion, the application is generally

annoying

bad

unpleasant   

unfriendly

enjoyable

good

pleasant

friendly

I consider the attractiveness described by the above-mentioned terms as

completely irrelevant  very important

How would you make the application more attractive?

Perspicuity

In my opinion, handling and using the application is

not understandable   

difficult to learn   

complicated   

confusing   

understandable

easy to learn

easy   

clear
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I consider the perspicuity described by the above-mentioned terms as

completely irrelevant  very important

Novelty

In my opinion, the idea behind the application and its design are

dull

conventional

usual   

conservative

creative

inventive

leading edge

innovative

I consider the novelty described by the above-mentioned terms as

completely irrelevant  very important

Usefulness

I consider the possibility of using the application as

useless

not helpful

not beneficial   

not rewarding

useful

helpful

beneficial

rewarding
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I consider the usefulness described by the above-mentioned terms as

completely irrelevant  very important

Do you think you would use this application in your daily life?

 Yes

 Maybe

 No

Can you think of a situation in which this application would come in 
handy? When would it be useful for you to exploit the application?

Visual Aesthetics

In my opinion, the visual design of the application is 

ugly

lacking style

unappealing   

unpleasant

beautiful

stylish

appealing

pleasant

I consider the visual aesthetics described by the above- mentioned terms 
as

completely irrelevant  very important
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Intuitive Use

Novelty

In my opinion, using the application is

difficult

illogical

not plausible   

inconclusive

easy

logical

plausible

conclusive

I consider the intuitive use described by the above-mentioned terms as

completely irrelevant  very important

Do you think the tasks are too difficult to achieve with this application?

 Yes

 Maybe

 No

Can you think of some ways to make the application’s tasks more intuitive 
to carry out?
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