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Abstract 

In the last three years, several advanced toolkits for developing mobile augmented 
reality applications have been released. This in combination with the increased 
computational power of commercially available mobile devices has led to a great 
surge of attention given to the development of such applications. Currently, most 
mobile augmented reality applications being developed are within the gaming  
category. In this study, one of the less popular use cases, indoor navigation, were 
explored. An initial literature study was carried out followed by the development of 
a prototype which were then evaluated through different usability tests.  

During the tests, the test subjects navigated partly with the use of the prototype and 
partly with traditional navigational aids present in the shopping mall where the 
testing took place. The test subjects navigated 28% faster on average when using 
the prototype and felt that it was more intuitive. Different negative aspects were, 
however, also observed such as a decreased awareness of their surroundings. In the 
end, mobile augmented reality was deemed to have great potential when used in 
the context of indoor navigation even though some technical challenges would  
likely need to be solved before widespread adoption could take place. 
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Sammanfattning 

Under de senaste tre åren har flera avancerade verktyg för utveckling av  
mobilapplikationer med förstärkt verklighet lanserats. Detta i kombination med 
den ökade prestandan av kommersiellt tillgängliga mobila enheter har lett till en 
stor ökning av utvecklandet av sådana applikationer. För närvarande är  
majoriteten av de mobila applikationer med förstärkt verklighet som utvecklas 
inom kategorin spel. I denna studie undersöktes ett av de mindre populära  
användningsområdena, inomhusnavigering.  

Initialt utfördes en litteraturstudie följt av utvecklingen av en prototyp som sedan 
utvärderades genom olika användartester.  Under testerna navigerade deltagarna 
dels med prototypen dels med de traditionella navigationshjälpmedel som fanns i 
köpcentret där testerna ägde rum. Deltagarna navigerade i genomsnitt 28%  
snabbare vid användning av prototypen och kände överlag att den var mer intuitiv 
att använda. Olika negativa aspekter med prototypen observerades såsom en mins-
kad medvetenhet av omgivningen. I slutändan bedömdes mobilapplikationer med 
förstärkt verklighet ha stor potential vid användning för inomhusnavigering men 
att olika tekniska utmaningar sannolikt skulle behöva lösas före en mer utbredd 
användning av teknologin.  

Nyckelord 
Förstärkt verklighet, mobil förstärkt verklighet, inomhusnavigering,  
mobila enheter 
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Introduction 

1.1 Problem definition 
Augmented reality (AR) allows for virtual objects to be displayed in the real world. 
AR was first introduced in the 1960’s when computer graphics pioneer Ivan  
Sutherland used a see-through to present 3D graphics [1]. In the last three years, 
several advanced toolkits for developing AR applications such as Google’s ARCore 
and Apple’s ARKit have been released. This in combination with the increased 
computational power of commercially available mobile devices has led to a great 
surge of attention given to the development of AR applications [2]. Currently, most 
AR applications being developed for mobile devices are within the gaming category 
[3]. This study aims to explore and evaluate one of the less popular but very  
interesting use cases, indoor navigation, and thereby answer the following research 
questions: 

• To what degree is AR in combination with mobile devices suitable for use as 
a navigational aid in large indoor environments? 

• How does AR in combination with mobile devices perform as a navigational 
aid compared to traditional navigational aids? 

1.2 Purpose and aim 
The aim of this thesis is to investigate the problems and solutions that exist with 
AR in mobile devices in the context of indoor navigation, and then develop and 
evaluate a prototype. The study is thus divided into four different phases with the 
following sub-goals: 

1.2.1 Pilot study 
• Which various technical problems are there related to indoor navigation 

with mobile devices? 
• What solutions are there for the problems? 

1.2.2 Implementation 
• Which solutions are most suitable for use in the prototype? 
• Development of the prototype. 

1.2.3 Testing 
• What qualitative and quantitative measures best describe the effectiveness 

of the prototype? 
• Design and execution of user tests. 
• Production of graphs and tables. 
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1.2.4 Analysis 
• How does the prototype perform in comparison with traditional navigational 

aids? 
• Is AR in mobile devices suitable for use as a navigational aid in indoor  

environments? 
• Analysis of relevant non-technical aspects such as societal, social, ethical, 

ecological and sustainable development. 

1.3 Delimitations 
For the study to be feasible within the available time frame, only one prototype will 
be developed and evaluated as opposed to several different prototypes with varying 
implementations. The prototype's performance will only be compared with  
traditional navigation aids such as physical maps and information signs. 
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2 Theory and background 

This chapter presents the theory behind the technologies used in the prototype that 
was developed as well as the techniques used for its evaluation. Initially, the  
definition of AR and how it compares to other similar technologies such as virtual 
reality (VR) are discussed followed by an explanation of some of the key concepts 
within AR. Furthermore, a brief introduction to some of the sensors that are  
commonly used in AR systems are given.  

In section 2.2, a brief introduction to indoor navigation is presented. Thereafter, 
different localization techniques that have been successfully utilized in previous 
studies regarding indoor navigation in combination with AR is presented. Case 
studies for the solutions are also presented as well as an explanation of different 
shortest path algorithms. User interface design guidelines for AR applications are 
also discussed. The chapter concludes with explanations of some of the most  
popular techniques used for conducting effective usability tests, some of which 
were later used when evaluating the prototype. 

2.1 Augmented reality 
Augmented reality (AR) as defined by Alan B. Craig [4] is ‘a medium in which  
digital information is overlaid on the physical world that is in both spatial and  
temporal registration with the physical world and that is interactive in real time’  
(p. 36). By spatial registration it is meant that the digital information which is  
being presented has a physical location in the real world and thus does not change 
position depending on where the viewer is located. 

Another widely recognized definition of AR is the one presented by Ronald T. 
Azuma in his paper A Survey of Augmented Reality [5] in which he asserts that an 
AR system must have the following three characteristics: 

• Combines real and virtual objects 
• Is interactive in real time 
• Is aligned in three dimensions 

An important aspect of AR is that you remain in the “real world” and no attempts 
are made to make you believe otherwise as in other forms of media such as virtual 
reality (VR). Therefore, the digital information that is being displayed in an AR  
experience should not fully occlude the physical world [4]. 
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2.1.1 Reality-virtuality continuum 
The reality-virtuality continuum is a concept first presented by Paul Milgram [6] 
and is often mentioned when the relationship between VR and AR is being  
discussed. The idea behind the continuum is that there is a full range of realness 
between the completely virtual and the completely real. As seen in figure 2.1, AR is 
placed as a subfield of mixed reality (MR). MR spans the area between the two  
extremes, where the virtual and real world are mixed. In augmented virtuality (AV) 
objects from the real world are augmented into the virtual world as opposed to AR 
in which virtual objects are augmented into the real world. 

Figure 2.1: The reality-virtuality continuum [6]. 

2.1.2 System components 
All AR systems consists of at least three basic hardware components; sensors,  
processors and displays. The primary function of the sensors in an AR system is to 
enable tracking by providing information about the location and orientation of the 
device or participant. The most commonly used technique for tracking, especially 
for indoor AR applications, is using computer vision which is a form of optical 
tracking. The sensor used for optical tracking is a camera which captures images 
that are analyzed in order to extract the information required for tracking. [3] 

2.1.3 Tracking 
Based on captured images of the environment, the software calculates where it 
must be in the real world in order to see them. It is therefore necessary for the  
images to contain different defining features that the software can use as  
landmarks when trying to figure out the location. The landmarks can either be  
natural features in the environment or added artificially.  

When they are added artificially, for example as printed Quick Response (QR) 
codes, they are called fiducial markers. To instead use natural features has the  
advantage of not requiring any modifications of the environment but does in turn 
require significantly more computational power in order to detect the feature 
points required for tracking. [3] 

In order to further enhance tracking capabilities, computer vision is often used in 
combination with other sensors such as gyroscopes, compasses and accelerometers. 
Gyroscopes doesn’t provide any locational information but does on the other hand 
report values related to orientation and can therefore be useful when determining 
the orientation of devices. Accelerometers reports values related to acceleration 
which can be used to determine changes and direction of movement. [3]  
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2.1.4 Mobile augmented reality 
Mobile augmented reality (MAR) was first introduced in the early 1990’s and as the 
name suggests it takes AR and applies it to a mobile setting [7]. MAR as defined by 
Kourouthanassis et al. [8] are ‘‘systems that provide AR capabilities through  
wireless devices, such as smartphones and tablets” (p. 6). One of the biggest  
constraints when developing MAR applications is that the resources on most MAR  
devices are limited since their hardware must be small enough to be mobile. These 
limitations are primarily manifested as memory, computational power, graphics 
capability, input options, output options, and screen real estate limitations [3]. 

In order to create a virtual map from the real world, different AR toolkits such as 
ARKit can be utilized. ARKit uses a technique called Visual-Inertial Odometry [9]. 
The techniques gather information from the smartphone’s sensors such as,  
gyroscope, accelerometer, motion, frames captured from the camera etc. Initial 
odometry collects and process the motion data from a device as can be seen in  
figure 2.2. 

Figure 2.2: The process of initial odometry [9] 

On the other hand, visual odometry collects the video data from the camera for 
processing. Computer vision is used for analyzing the video frames. Computer  
vision will be discussed in more detail in section 2.2.4. Figure 2.3 shows the visual 
odometry process. 

Figure 2.3: The process of visual odometry [9] 
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ARKit combines these odometries to create visual-inertial odometry. Once this step 
is accomplished ARKit is able to understand the real world. Furthermore, by  
observing objects from different points in space, ARKit builds a virtual map with 
realistic distances and depth by using a technique called triangulation. Figure 2.4 
demonstrates triangulation. 

Figure 2.4: Demonstration of triangulation 

Once the map has been created, virtual content can be placed in the virtual world and be 

displayed. In order to create and maintain the virtual contents, six degrees of freedom 

(6DOF) is used to track the motion of the device [10]. 6DOF has 6 parameters that help 

track the motion of the devices including three rotation axes (pitch, roll, and yaw) and three 

translation axes (movement in x, y, and z). Figure 2.5 below demonstrates 6DOF. 

 

Figure 2.5: Pitch, roll and yaw axes 
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2.1.5 Occlusion 
One of the most important aspects of creating realistic AR experiences that still  
remains to be completely solved is the concept of occlusion. The goal of occlusion is 
to preserve the rules of line-of-sight by hiding virtual objects behind physical  
objects when necessary. This is done by selectively preventing parts of the virtual 
scene from rendering based on knowledge of the 3D structure of the real world.  

The great challenge is to perceive the environment quickly and precisely enough for 
realistic real-time occlusion to be possible. This requires immense computational 
power which currently no commercially available MAR devices are capable of  
producing [11]. In order to reduce the computational power required, potential  
solutions using either advanced depth sensors or statically predefined  
environments have been proposed [12]. Figure 2.6 shows the differences between 
correct and incorrect occlusion.  

Figure 2.6: a) Correct occlusion, b) Incorrect occlusion 

2.2 Indoor navigation 
Most navigation systems use satellite signals from a global positioning system 
(GPS) in order to enable localization. This works well in the outdoors but struggles 
in indoor environments due to the GPS signals being weak or unavailable [13]. 
There are many reasons as to why there are difficulties receiving the signals  
indoors, but ceilings, objects and concrete walls of buildings can be suggested as 
the primary reasons. Moreover, the proximity between pathways inside buildings 
can also cause issues [14]. Many different methods have been proposed and tested 
for indoor navigation, but a definite solution has not yet been established [13]. 

When it comes to indoor navigation in combination with MAR there have been  
several proposed solutions and research papers in which either Bluetooth beacons  
[15, 16], Wi-Fi fingerprinting [17, 18] or computer vision [19, 20, 21] technologies 
have been utilized for the localization of users. Additionally, there has also been 
successful approaches in which RFID tags have been used [22]. These technologies 
and methods for localization will be discussed in the following four subchapters. 
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2.2.1 Wi-Fi 
Wireless fidelity (Wi-Fi) is designed to allow users to access the internet wirelessly. 
It includes the IEEE 802.11 standards for wireless local area networks (WLAN) 
which defines the protocol for how different devices communicate over radio waves 
[23]. The radio spectrum used by Wi-Fi is 2.4 GHz which is among the industrial, 
scientific and medical (ISM) bands. Bluetooth and many other wireless  
communication devices use the same radio spectrum [24]. 

2.2.1.1 RSSI fingerprinting 
Received signal strength indication (RSSI) is a measurement of the total signal 
power received from a radio signal. The values received are usually expressed as 
decibels relative to one milliwatt (dBm) with typical values between -100 and -60 
where higher numbers represents stronger signals [25]. RSSI values can be used in 
different ways for localization, one of the most common and widespread methods is 
that of fingerprinting. In order for fingerprinting to work, RSSI data (along with the 
location coordinates where they were recorded) within the area which are going to 
be navigated has to be recorded and stored. The stored values can then be  
compared with live RSS data in order to find the closest match and in turn  
determine the current position [26]. 

2.2.1.2 Case study 
Many localization algorithms based on RSSI ranging are based on 2D planes and 
therefore does not take the height differentials into account when calculating  
distances. Pengfei Wang and Yufeng Luo conducted a study on indoor navigation 
using Wi-Fi technology based on RSSI ranging in which they proposed using  
geometric elimination of height to improve the accuracy [27].  

Most indoor locations use either access point (AP) or routers to distribute Wi-Fi 
signals. The RSSI values received by a device are usually interfered by a signal’s 
reflection, diffraction, and shadowing [28]. This means that the actual values and 
the theoretical values can differ greatly. Hence a log-normal shadowing was used 
that can be described as follows: 

 𝑃𝐿(𝑑)  =  𝑃𝐿(𝑑0) + 10𝑛𝑙𝑜𝑔(𝑑/𝑑0)  +  𝑋𝜎                                    (1) 

In (1), 𝑑 stands for distance between an AP and a device, 𝑑0 is the reference  
distance, 𝑛 is a path loss index which depends on specific propagation environment 
and 𝑋𝜎 stands for zero-mean Gaussian random variable. 𝑃𝐿(𝑑0) is the RSSI on the 
device when the distance between the AP and device is 𝑑0 (𝑑0 is normally 1 meter). 
𝑃𝐿(𝑑) is the RSSI on the device when the distance between the device and AP is 𝑑. 

Furthermore, Gaussian fitting was used to filter out high anomalies values and 
Kalman filtering was used to smooth out the values. A weighted centroid algorithm 
was used to determine the approximate location of the device based on several AP’s 
positioning. The Pythagorean theorem was used to calculate the height and then 
eliminated accordingly. 
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The experiment was conducted in a classroom with an area of approximately 16 by 
12 meters with a height of 4 meters. Four AP’s were used, and one mobile phone 
was placed at 10 randomly chosen locations in the classroom. The authors omitted 
the Gauss random noise 𝑋𝜎 as they deemed it too excessive for a classroom  
environment. 

Comparing the results from a traditional algorithm that neglects the height  
difference the proposed algorithm performed slightly better. The mean error rate 
per meter for the traditional algorithm was observed at 2.154 meters while the  
proposed algorithm was 1.589 meters. 

The mean error rate at 1.589 per meter is an acceptable range given the controlled 
environment. However, for real life uses cases the range may increase significantly. 
A typical range for using Wi-Fi signals as an indoor navigation ranges between 5-15 
meters [29]. In addition, the accuracy level is low and depends on the number of 
access points as well as the sensors that are being used [30]. 

2.2.2 Bluetooth 
Bluetooth is a wireless technology for exchanging data between electronic devices 
by using radio frequency [31]. It operates at the 2.4 GHz frequency spectrum with 
an approximate range of up to 100 meters [32]. Apart from exchanging data, it has 
been shown that Bluetooth can be effective in many other scenarios, including  
indoor navigation [33, 15, 16]. 

2.2.2.1 Bluetooth Low Energy 
Bluetooth Low Energy (BLE) is an advancement of the original Bluetooth  
technology with focus on lowering energy consumption [34]. In order to decrease 
the energy consumption, BLE remains in a sleep mode until it needs to transmit 
packages. The connection time is roughly a few milliseconds as opposed to the  
original Bluetooth technology which can be up to 100 milliseconds [35]. This has 
opened up various opportunities such as the use of Bluetooth beacons which can be 
used for indoor navigation [36].  

2.2.2.2 BLE beacons 
Bluetooth beacons are small portable devices that transmits small frames at a  
certain interval. They typically run on batteries which can last up to two years. The 
frames sent from the beacons contains information about that particular beacon. 
The flow of the data is only one-way, i.e. from the beacon to the receiver [37].  

There are currently two major formats of packet transmission, the iBeacon  
developed by Apple and the Eddystone format. A typical iBeacon frame contains a 
universally unique identifier (UUID), Major, Minor, and Tx Power [38]. Major is a 
2-byte string used for identifying a smaller subset of beacons and Minor is used for 
identifying the beacons individually and lastly, the Tx Power is reference signal 
power [37].  
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On the other hand, Eddystone is developed by Google and is open source. The  
format is slightly different from iBeacon. It contains Eddystone-UID similar to 
iBeacons, Eddystone-URL (the URL can be viewed by any device that contains a 
web-browser), Eddystone-TLM containing information about the beacon, and  
Eddystone-EID that uses short time identifiers for beacon applications that require 
an extra security component [38]. Based on the Tx Power value RSSI can be  
measured and the calculation of the position be obtained [31]. 

A survey conducted by Anum Hameed and Hafiza Anisa Ahmed [29] compared  
different indoor based applications found that bluetooth beacons typically operated 
in the range of 30 meters. Moreover, the accuracy saw an 100% measurement  
difference when a human body stood between a beacon and a device. Another study 
also found that beacons that were installed in an environment with prevalent Wi-Fi 
signals influenced the accuracy [39]. 

2.2.2.3 Case study 
Ana Gomes et al. [31] conducted an experiment using BLE beacons for indoor  
navigation. Two mobile devices were used to gather signals from BLE beacons and 
later used to estimate the distance between the devices. The collection of raw data 
can vary depending on Bluetooth chipset and device drivers; hence, the researchers 
were forced to calibrate for the device used in the experiment. The indoor  
propagation of the radio frequency (RF) will vary greatly depending the  
environment. The materials of the walls, moving people, objects, and interference 
from other devices can severely impact on the RSSI readings.  

Two properties are extracted from the signal received from a beacon, the RSSI  
value and the TxPower value which indicates the power used in the transmission. A 
potential regression fitting curve is then applied to the values to eliminate noise. 
The algorithm used for calculating the distance can be seen below: 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑎 × 𝑅𝑆𝑆𝐼 𝑇𝑥𝑃𝑜𝑤𝑒𝑟⁄ 𝑏
                                             (2) 

The potential regression fitting which were applied can be described as follows: 

 

 

(3) 
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In (3) the constants 𝑎 and 𝑏 are determined with potential regression fitting and 
the values used are the average values of the RSSI values observed on known  
distances calculated during the calibration process.  

As users move around there may be abnormal values due to signal propagation  
impairments. Hence, a noise filtering process was applied to account for the  
anomalies. The researcher proposed an algorithm called the Moving Average with 
Peak Suppression which has two fundamental goals, to prevent abnormal RSSI  
values and real time adaptation. The formula can be observed below. 

 

(4) 

In (4) the 2 𝑚/𝑠 is the proposed maximum walking speed and 𝑡𝑟𝑠𝑠𝑖 is the instant of 
time when the device received signal, 𝑡𝑟𝑠𝑠𝑖−1 is the instant time of the previous  
received signal.  

The results can be observed in Table 2.1, there is a slight improvement compared to 
the raw data. However, the researcher has noted several points. The material on the 
building will impact the calculation, as will moving objects, devices using Wi-Fi or 
Bluetooth (same frequency spectrum 2.4GHz), hardware, software, placement of 
beacons etc. will impact the accuracy of the position.  

Table 2.1: Variance of distance calculated on LG-H815 reproduced Ana Gomes et al. [31]. 

Distance (m) Process data variance (m) Raw data variance (m) 

1 0.038 0.044 

3 0.192 0.507 

5 0.178 0.815 

8 2.647 4.652 

2.2.3 Radio-frequency identification 
Radio-frequency identification (RFID) is a wireless system that utilizes the  
radiofrequency of magnetic fields for automatic identifications [40]. The idea is to 
use radio waves to transfer data from a microelectronic tag that contain  
unambiguous identification [41]. There are many uses cases for RFID apart from 
indoor navigation such as manufacturing, transportation and healthcare.  

RFID readers generate magnetic fields which in turn can locate objects that  
contains a tag within a certain range. The tags that are within the range will activate 
and respond by replying to the query signal. The frequency query reaches up to 50 
times a second [42]. Likewise, as discussed earlier in section 2.2.2.1 the strength 
signal can be used for calculating the indoor position.  
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There are several limitations that RFID possess that are similar to other  
radio-based technologies, such as signal interference. Likewise, physical readers 
and separate tags are required as well.   

2.2.3.1 Case study 
An experiment conducted by Ching-Seng Wang et al. used RFID for indoor  
navigation in the exhibition of Oxford College. RFID was placed around the  
exhibition and visitors were given a RFID tag. As visitor moved around the area the 
readers would detect the signals from the tags. The data is processed by a backend 
server and the result was sent back to the visitor’s mobile device. The application 
was based on AR technology and was able to represent the position of the visitor 
and other relevant information. A precise location of the visitor was identified.  
However, the experiment required extensive preparation such as creating an 3D 
architectural appearance of the entire exhibition [43]. 

2.2.4 Computer vision 
As the name implies, computer vision is concerned with the study of enabling  
computers to perform visual tasks such as identifying certain objects within an  
image. A commonly studied approach when utilizing computer vision for  
localization in indoor navigation applications with MAR involves the use of  
different AR markers [44, 45, 46, 47].  

As explained in previous chapters, these markers can either be natural landmarks 
or artificially added to the environment in which case they are called fiducial  
markers. The issue with this approach is that the fiducial markers have to be placed 
in the environment in such a way that they are not obscured during navigation. 
Moreover, when using natural markers there is a risk of not finding a trackable 
marker since few indoor environments have enough natural distinct features [48].  

Another approach that has been successfully implemented but is not as thoroughly 
studied involves creating 3D maps of the environment that are going to be  
navigated [19]. The maps are created by scanning the area and thereby capturing 
3D point clouds which can then be used as trackable markers. AR information can 
then by overlaid onto them and thus provide an accurate navigational experience. 
This method has the advantage over the previously discussed approach in that the 
physical layout of the environment does not have to be changed. 

Additionally, it is less computationally exhaustive since finding distinct patches in 
an indoor area is not as challenging as finding a specific object. They are also easily 
detectable from longer distances since because entire areas are considered as 
trackable [19]. However, the overall disadvantages of using computer vision as a 
means of tracking still remains. A key disadvantage is that in order to for the  
optical sensor to “see” the real world in enough detail to provide suitable data to 
analyze there has to be a sufficient amount of ambient light present. Another  
disadvantage is that there needs to be a clear line of sight between the sensor and 
the and the entities being tracked [4]. 
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2.2.4.1 Detecting features in images 
In order to generate the previously discussed markers or 3D maps, different image 
features (also known as interest points, key points or salient features) needs to be 
detected. Image features are often referred to interesting parts of an image. They 
can be defined as specific patterns that are unique compared to the pixels  
surrounding it. These patterns are typically associated with edges, corners, blobs or 
regions [49, 50]. The image features lay the fundamental building blocks for  
computer vision to detects higher level objects such as faces, cars or trees.  
According to Mikolajczyk K et al [49], there are 8 qualities that define a good image 
feature:  

1. Distinctiveness: the intensity of the pattern should high enough in contrast 
so that it is easy to distinguish the features and makes matching them easier. 

2. Locality: features should be local to reduce the chance of being occluded. 
This also allows for easy estimation of geometric and photometric defor-
mations between different frame views.  

3. Quantity: there shall be sufficient number of detected features to reflects the 
frames contents in a compact form.  

4. Accuracy: the located features shall be accurately located with respect to dif-
ferent image scales, shapes and pixel locations. 

5. Efficiency: as image recognition often happens in real-time, features should 
be efficiently identified in the shortest amount of time possible.  

6. Repeatability: a single feature should be identified even though different im-
ages are viewing the feature from different angle.   

7. Invariance: when extensive deformation is anticipated (scale, rotation, etc), 
the algorithm should account for such deformation to accurately minimize 
the effects.  

8. Robustness: when limited formation is anticipated (noise, blur, discretiza-
tion effects, compression artifacts, etc.) the algorithm should make minimal 
adjustments.   

The most important image feature includes edges, corners and regions [51]. An 
edge can be defined as significant local changes of intensity of an image. They  
typically occur on the boundary between two different regions [52]. Corner can be 
defined as the point at which two or more edge intersects in the local image. A  
region can be defined as a closed set of connected points with similar homogeneity 
criteria, usually the intensity value [51].  

2.2.4.2 Case study 
An experiment conducted by Umair Rehman and Shi Cao used computer vision as 
a means for localization in an indoor navigation setting [19]. The environment was 
initially scanned with a mobile device to capture visual feature points to form 3D 
point clouds which were used for storing trackable locations and navigational  
information. The camera and inertial sensor would then track the feature points. A 
backend server that analyzed the data captured from the device would then provide 
the current position and navigational instructions. 
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There were two major components that were discussed and analyzed, accuracy and 
efficiency. The efficiency was determined by the individual time taken to detect the 
feature points, processing and displaying the navigational information. The  
accuracy was based on the analysis of the localization errors caused to the time  
delays. The system was able to detect roughly 50% of the features on average of 4 
mph walking pace with a maximum of 0.7 seconds for the feature detection.  

Moreover, when the user’s pace was averaging 2.7 mph the system was able to  
detect 95% of the features. A static localization system was used and found that the 
movement speed of the user affected the localization error. The expected location 
error was 0.3 meters. However, the researcher suggested a dynamic localization 
module to be built as a more comprehensive analysis position-error could be  
studied. 

2.3 Shortest path algorithms 
Once an indoor navigation system has localized, the shortest path to the  
destination has to be calculated if there are multiple possible paths. There are many 
different algorithms that can be used to accomplish this such as the A*, D*,  
Dijkstra's and Flexible Path Planning algorithms with Dijkstra's and A* being 
among the most common. 

2.3.1 Dijkstra’s algorithm 
Dijkstra’s algorithm finds the shortest path between two nodes in a weighted 
nonnegative graph. It was published by Dijkstra, E. W. in the journal Numerische 
Mathematik titled ‘A note on two problems in connexion with graph’ in 1959 [53]. 

Assume a graph with 𝑛 number of nodes that are connected with nonnegative cost. 
Dijkstra’s algorithm allows us to find the shortest path from any selected node  
(initially node 1) to all other nodes. First, assume an array 𝐷[𝑖] that stores the cost 
to 𝑛 nodes. The array 𝐷[𝑖] is first initialized as 𝐷[𝑖] = ∞ for each 𝑖. Eventually at the 
end, 𝐷[𝑖] will contain the minimum cost from the initial node to node 𝑖.  
Furthermore, assume that each cost of an edge {𝑖, 𝑗} is given by an element of an 
array 𝑐(𝑖, 𝑗). For convenience nodes that not directly connect can be set to 𝑐(𝑖, 𝑗) =
∞  and 𝑐(𝑖, 𝑖) = 0 that is the cost of moving to itself is 0. Moreover 𝑐(𝑖, 𝑗)  >  0  for 
each 𝑖 ≠ 𝑗 since the cost is always positive [54]. 

As we traverse the graph 𝐷[1] = 0 as the cost from the initial node to itself is always 
0. Next let 𝑖 be the neighbour node 𝑐(1, 𝑖) with the minimum cost. During the next 
iteration we will now have the neighbors of the initial node 1 and the node that we 
traversed. We continue to traverse to the node with the lowest costs filling the array 
𝐷. [54] 

As an example, shown in figure 2.7 we start at the node A and we traverse by  
adding the lowest cost node to the tree and record the cost and path in the array D. 
For example, the lowest cost to node D is 3 with the path of A-D. The lowest cost to 
path E is 6 with the path A-D-E. Likewise, the cheapest cost to node G from node A 
is 8 with the path A-D-E-G.  
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Figure 2.7: Shortest-path tree constructed by Dijkstra’s algorithm 

 

The typical time complexity for Dijkstra algorithm is 𝑂(𝑛3). However, with a  
refined data structure and optimizations it has been shown that the algorithm can 
achieve a time complexity of 𝑂(𝑛2). [54] 

2.3.2 A* algorithm 
A*, pronounced A-star, was first described in 1968 by Peter Hart, Nils Nilsson and 
Bertman Raphael. It is an extension of the Dijkstra's algorithm, a combination of 
the uniform-cost search and pure heuristic search. As A* traverses through a graph, 
it follows a path of the lowest known heuristic cost while also keeping a list of  
alternative paths sorted by priority [55]. The general formula can be seen below: 

f(x)  =  g(x)  +  h(x)                                                     (5) 

In (5),  𝑔(𝑥) is the total distance from the initial position to the current position and 
ℎ(𝑥) is the heuristic function that appropriate the cost from the current position to 
the destination. The time complexity is dependent on the heuristics with 𝑂(𝑏𝑑) 
where bis the branching factor. This is with the assumption that the goal state  
actually exists and is reachable. However, for a simple and well-defined map, the 
A* is extremely effective as it does not traverse the rest of the graph like in  
Dijkstra's algorithm [56].    

2.4 User interaction 
There are five main aspects that are important to take into consideration when  
designing the user interface (UI) for MAR applications: physical scenarios, spatial 
scenarios, accessibility, interaction design and visual cues. They will each be  
discussed in the next five subchapters. 

2.4.1 Physical scenarios 
Physical scenarios refer to how the user uses the application. There are four  
categories that encompasses physical scenarios: Public, Personal, Private and  
Intimate. The Public, involves the user interacting with the software by using the 
whole body; Personal, user uses a device in public space; Private, user using a 
wearable device; and Intimate, users are sitting or standing with minimal body 
movement [57]. 
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2.4.2 Spatial scenarios 
The spatial scenarios have three elements; sound, light and users’ motion to the 
immediate surroundings [58]. In order to provide a satisfactory UI, experience the 
lighting in the environment must be considered. For example, focused light source 
might cause glaring issues that impacts the application. The surrounding ambient 
noise needs to be considered as the volume of the device can be masked.  
Furthermore, precautionary alerts can be implemented allowing users to be aware 
of the potential dangers of the surrounding environment. 

2.4.3 Accessibility 
The overall user experience can be enhanced by allowing user preference and  
flexibility. This includes; user engagement time, one-hand in-app navigation and 
restricting time to prevent unintentional operations [58, 59]. 

2.4.4 Interaction design 
There are several ways to strengthen the user experience by constructing an  
interaction design that is easy and intuitive. One common approach is to place  
frequently used buttons in areas that are easy to reach. Moreover, a journey map 
can be implemented. A journey map is the virtualization of the process that a  
person goes through in order to accomplish a goal [60]. According to ‘Principles of 
Mobile App Design: Engage Users and Drive Conversions’ [61] a successful journey 
map should effectively organize the flow of information presented on the display, in 
order for the user to reach the destination as fast as possible. 

2.4.5 Visual cues 
Visual cues can be used in order to enhance the AR experience. One technique is to 
place specific lighting towards the AR object thus casting a deliberated shadow to 
increase depth and presence. Wilson Tyler [62] recommend placing the light source 
just above parallel to the device. 

2.5 Usability tests 
There are two basic ways of employing test users when conducting a usability test 
in which the performance of two or more systems are compared, within-subject 
testing and between-subject testing. In between-subject testing, each test  
participant only tests one of the systems whereas in within-subject testing each 
participant tests all systems. There are multiple pros and cons to both approaches.  

Within-subject testing requires fewer participants than Between-subject testing 
and has a greater chance of discovering the true differences between the systems 
being tested [63]. However, within-subject testing risks being impacted by learning 
effects and fatigue when testing several features in one go [64]. Between-subject 
testing on the other hand minimizes the learning effects which leads to shorter  
testing sessions and can be easier to set up and analyze but requires more test  
subjects [63].  
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When selecting test users, the main rule of thumb is that they should be as  
representative as possible of the intended future users of the system. If the amount 
of test users is small, it is important to involve average users instead of users from 
outlier groups [63].  

2.5.1 Thinking-aloud 
Thinking-aloud tests involves having test subjects thinking out loud while they are 
performing a set of specified tasks. It is considered one of the most valuable  
usability engineering methods [65]. The key strength of the thinking-aloud method 
is the ability to collect a great amount of qualitative data from just a small number 
of test users [63]. 

2.5.2 System usability scale 
The System Usability Scale (SUS) was developed by John Brooke in 1986. The 
questionnaire is commonly used to analyze how user perceive the usability of a  
system. The standard SUS contains ten items where the odd numbered items are 
worded positively, and the even numbered items are worded negatively. The scale 
in which a user can rank the items is a scale from 1 to 5, where 1 is anchored with 
“Strongly disagree” and 5 is anchored with “Strongly agree”. If a user fails to rank 
an item a default value of 3 is applied. Each item has a score contribution between 
0 and 4. For the oddly numbered item (positively worded) the score contribution is 
the scale position minus 1. For the evenly numbered item (negatively worded) it is 5 
minus the scale position. To get the overall SUS score, multiply the sum of the item 
score contributions by 2.5. Hence the total SSU score is 100 with an increment of 
2.5 points [66]. 
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3 Methods 

To find out which technical solutions that exist for the problems that needs to be 
solved in order to make indoor navigation with MAR possible a literature study was 
initially carried out in which previous work, research and development in the area 
was investigated. Subsequently, a prototype was developed which was then  
evaluated and compared with traditional navigation aids through different usability 
tests. Finally, the results of the tests were compiled and analyzed. Moreover, an 
analysis of relevant non-technical aspects such as social, ethical, ecological and  
sustainable development was performed. 

3.1 Development of prototype 
The following section discusses the various tools available for building the  
prototype and why various tools were chosen over the others. Furthermore, likely 
obstacles and limitations of the prototype and how to avoid them are also  
discussed.  

In order to evaluate indoor navigation with MAR and compare it to traditional  
navigational aids, a prototype was developed at the software company Dynamo 
Consulting. It was explicitly requested that the prototype could be easily integrated 
with their current products and services. Therefore, the MAR toolkit ARKit was 
chosen which is developed by Apple and can be used with most modern devices 
that runs the iOS operating system. The source code for the prototype was written 
in the Swift programming language with the integrated development environment 
(IDE) XCode and the 3D application programmable interface (API) SceneKit. 

3.1.1 Localization 
For the localization of users, a computer vision approach was chosen for reasons 
which are explained in section 3.1.1.4. As discussed in section 2.2 and its  
subchapters, approaches utilizing Bluetooth beacons [15, 16], RFID tags [22] and 
Wi-Fi fingerprinting [17, 18] have also been successfully utilized for localization 
purposes in indoor navigation MAR applications. Reasons as to why those solutions 
were not chosen to be used in the prototype will be discussed in the next two  
subchapters. 

3.1.1.1 Bluetooth beacons and RFID tags 
Solutions using Bluetooth beacons or RFID tags were decided against because of 
their dedicated hardware requirements which can be costly and seen as obtrusive in 
the environment they are deployed. Such solutions are also subject to signal  
interference. Additionally, the hardware difference in different models of 
smartphones can affect the received signal strength and make the localization im-
precise. 
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3.1.1.2 Wi-Fi fingerprinting 
Wi-Fi fingerprinting techniques also require additional hardware in the form of 
different access points but since most indoor environments already have them  
present for purposes other than localization it is not seen as a significant negative 
aspect. However, Wi-Fi fingerprinting are also subject to signal interference as well 
as potentially returning incorrect readings depending on which hardware is being 
used to receive signals. 

3.1.1.3 Computer vision 
A computer vision solution was chosen because it is not affected by any of the  
previously mentioned disadvantages. It does, however, have other limitations. One 
key disadvantage is that an adequate amount of ambient light has to be present at 
all times in order for the tracking to work correctly. But since the prototype was 
only meant to be used indoors with sufficient lighting conditions it could be  
neglected.  

Another disadvantage is that in computer vision methods that makes use of fiducial 
markers, physical feature rich images has to be added to the environment which 
like Bluetooth beacons and RFID tags can be seen as obtrusive. Therefore, a  
markerless computer vision approach were chosen.  

3.1.1.3.1 ArKit and Placenote 
The MAR toolkit ARKit which was used for rendering and tracking the AR objects 
is also capable of detecting and recording the feature points necessary for a  
markerless computer vision solution. However, ARKit does not, at the time this 
thesis was written, offer any integrated cloud storage solutions to save the recorded 
feature points. But the software development kit Placenote does. Placenote extends 
the functionality of ARKit by wrapping its tracking capabilities in a cloud-based 
computer vision and machine learning API as well as offering cloud storage  
solutions. Placenote also allows for additional metadata to be stored alongside the 
recorded feature points. Therefore, in order to save development time, it was  
decided to use Placenote for persistent storage of the AR maps. 

3.1.1.3.2 Evaluating Placenote 
In order to find out how to best record the route for the usability test, three  
different tests were conducted of a simple application where Placenote’s mapping 
and localizations capabilities were evaluated. The first test was made to find out 
how the amount of feature points and in turn the size of a map affected the speed of 
localization within it. It was carried out by recording an area with varying amounts 
of feature points 10 different times. As can be seen in table 3.1, a moderate map size 
resulted in faster localization. 
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Table 3.1: Map size and average time to localize the map. 

Test 1, number of feature points 

Map size (megabytes) Average time to localize (seconds)  
across 10 different recordings 

11.4 2.5 

22.3 3.8 

34.6 4.7 

 

The second test were carried out to find out how lighting condition changes  
affected the localization capabilities. An area was initially mapped and the time that 
it took to localize within it was recorded 10 separate times. Then the light  
conditions of the area were modified, and time again taken for how long it took to 
localize within it. The application managed to localize during both scenarios but as 
can be seen in Table 3.2, it became slower as the lighting conditions changed. 

Table 3.2: Average time to localize the map with different light condition. 

Test 2, changes in lighting conditions 

Average time to localize the map with 
artificial lights (seconds) 

Average time to localize the map without artificial lights  
(seconds) across 10 different recordings 

2.6 3.4 

 

The third test were done in order to determine how changes in the environment 
affected the localization. An area was initially mapped, and then certain objects 
were removed from it. It was found that the application managed to localize as long 
as some objects from the original mapped area remained. However, it was also  
observed that if objects were moved to a different position, the application still  
localized the map. 

3.1.2 Shortest path algorithm 
The A* algorithm was chosen as the algorithm for finding the shortest path to a  
given destination within the area that was being navigated. Given that the nodes 
would be placed in a well-defined environment, infinite loop problems and  
performance issues were not considered to be a concern. Furthermore, unlike 
Dijkstra's algorithm, the A* algorithm does not keep traversing the graph once it 
finds the lowest cost to the destination which leads to better performance in most 
situations. 
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3.1.3 User interface 
The user interface (UI) of the prototype were developed following some of the  
general UI design guidelines for AR applications previously described in section 
2.4. At the advice of a user experience (UX) specialist at Dynamo Consulting, the 
symbols and letters of the UI were designed in white color with bold lines in order 
to increase readability. 

3.1.4 Occlusion 
As described in section 2.1.5, occlusion has been successfully simulated with  
approaches that has either utilized different depth sensors or statically predefined 
environments. However, since the device used for running the prototype lacked the 
required depth sensors such a solution was not attempted. A 3D map of the  
environment could have been created but since the occlusion for dynamic objects in 
the environment such as other customers within the store would still fail in such an 
approach it was not used either. In order to minimize the negative effects of  
incorrect occlusion an approach in which only a few of the waypoints were  
rendered at a time were chosen. 

3.2 Design of usability tests 
This section will disclose the environment in which the test was conducted, and the 
routes chosen. Moreover, the procedure of the test will also be discussed. Lastly, 
the creation and types of questionnaire are also examined and motivated.    

Within-subject design were chosen because it requires fewer test subjects than  
between-subject design in order to produce reliable data and has a greater chance 
of discovering true differences between two systems. As explained in section 2.5, 
within-subject design experiments runs the risk of being impacted by learning  
effects. However, since the test subjects were to use different routes for the  
different parts of the test it was not taken into consideration. Various techniques 
were used to collect both qualitative and quantitative data about the usability of the 
prototype. To collect data about qualitative aspects of the prototype, the  
thinking-aloud method were used. 

3.2.1 Environment 
In order for the test results to be as accurate and realistic as possible the usability 
testing was conducted in the same type of environment as a fully fletched final 
product of the prototype would be used in. The testing took place within the  
shopping mall Nordiska Kompaniet (NK) in Stockholm, Sweden. The route for the 
prototype and the route for the physical navigation were carefully chosen so that 
they both were relatively similar in terms of distance and difficulty. Figure 3.1 
shows the routes taken during the tests. 
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Figure 3.1: Floor plan of the shopping mall with the different routes taken 

 

3.2.2 Procedure 
The testing sessions were divided into two parts. The first part consisted of  
navigation with the prototype, and the second part consisted of navigation with the 
aid of the navigational information present within the shopping mall. The distance 
navigated in both parts where the same. The available navigational information 
were digital screens displaying the floor plans and physical signs displaying names 
and directions to different sections of the mall. The test subjects first navigated 
from point a to point b with the prototype and then from point b from point c  
without it. Questionnaires were given to the test subjects at the start, after  
completing navigating with the prototype and after completing navigating without 
it. During testing the thinking-aloud method were used. 

3.2.3 Questionnaires 
At three points of the tests, the users were asked to complete a questionnaire. At 
the start of the test, the user were given a questionnaire was designed to gather  
information about the test subjects previous knowledge of MAR applications, how 
they perceived their own navigational abilities, how familiar they are with the  
layout of NK and how they usually navigate to different places within the shopping 
mall.  

The users were also given questionnaires after completing navigating with the  
prototype as well as after navigating without it. These questionnaires were designed 
following the SUS guidelines as described in section 2.5.2 in regard to having an 
equal amount of negatively- and positively conditioned questions in order to  
minimize the influence of the phrasing of the questions [65]. The questionnaires 
can be found in appendix A. 
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4 Results 

In this chapter the implementation of the prototype and the results of the usability 
tests are presented. In section 4.1, the architecture of the prototype is explained as 
well as how the prototype functions when creating and navigating through different 
maps. The results from the usability tests are presented in section 4.2.  

4.1 Prototype 
In order to make the prototype as easy to use as possible for the test subjects during 
the usability tests, its functionality was separated into two different applications. 
One was used for creating and managing the maps and the other, which the test 
subjects used, were only used for navigating through the saved maps. 

4.1.1 Cloud storage 
All the recorded feature points and as well as the metadata for each map were 
stored in Placenote’s cloud storage solution. Therefore, the applications required a 
Wi-Fi connection in order to save and load the maps. The metadata consisted of the 
coordinates for each destination and waypoint nodes and were stored in the  
JavaScript Object Notation (JSON) format. 

4.1.2 Creating maps 
When mapping an area with feature points, a waypoint node was automatically 
created if the user moved more than 50 centimeters away from any other  
waypoints. The waypoints height was fixed in order to create a more uniform look 
while navigating but could be manually controlled by clicking a button in case the 
height of the environment changed, for example while mapping a staircase.  
Destination nodes were manually created with the click of a button. 

The different feature points that were generated could be displayed as small 3D 
cubes in order to give visual feedback on how well an area was mapped. However, 
the rendering of the 3D objects significantly reduced performance once a large 
amount feature points were created. Therefore, the functionality was best left  
disabled when mapping large areas. 
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Figure 4.1: Prototype rendering 3D cubed feature points. 
 

4.1.3 Map sizes and amount of feature points 
In preparation for the mapping of the path which were used in the usability tests, 
three different maps where created and observations regarding the size difference 
of the maps were made. The size of the generated maps was directly correlated to 
the number of recorded feature points within them. The observations where about 
how many times the prototype lost track of its position within the map as well as 
how far the AR objects within each map tended to drift from their original  
positions during navigation. 

As can be seen below in Table 4.1, a larger map size lead to a significant decrease in 
the number of times the prototype lost track of its position within the map. This in 
turn had the effect of decreasing the amount of drifting of the AR objects. However, 
as previously discussed in section 3.1.1.3.2 and shown in Table 3.1, a larger map 
size required significantly more time to localize again once the position was lost. 
This made the prototype unable to relocalize again if the user moved quickly 
through the map after it had lost track of its position. 

Table 4.1: Map size observations 

Map size (megabytes) Number of times  
localization was lost 

Drifting issues 

7.3 27 Severe 

40.2 14 Slightly notable 

73.8 3 Not notable 

 

On the other hand, in smaller maps, the AR objects tended to noticeably drift from 
their correct positions as the navigation proceeded. The drifting of AR objects can 
be seen in below in figure 4.2. 
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Figure 4.2: a) AR objects at correct positions, b) AR objects severely drifting 

 

Based on these tests, it was concluded that moderately sized maps were optimal in 
terms of accuracy of the AR objects positioning and speed of localization. Hence, an 
adequate amount of feature points for navigation along the path of approximately 
120 meters used in the usability tests at NK resulted in a map size of 44.3  
megabytes.  

4.1.4 Navigating maps 
When starting the application made for navigating within the saved maps, an  
animation prompting the user to scan the surrounding area is shown as can be seen 
in figure 3.3. The application is able to localize anywhere within the map as long as 
the camera is focused on an area that was previously mapped with feature points. 
However, a specific location was selected as a starting point for all test subjects 
during the usability tests in order to draw any meaningful comparisons. 

Once the application had localized within the map, the shortest path of waypoints 
to the destination was calculated using the A* algorithm. During the navigation the 
waypoints were presented in the shape of 3D arrows as can be seen in figure 4.4. 
The arrows were angled towards the next arrow allowing users to get a sense of 
which direction to move towards. 
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If the user pointed the camera in a direction so that the waypoint arrows were not 
visible, white arrows were presented on either the left or right side of the screen to 
help the user point the camera in the right direction. Figure 4.4 shows the arrow 
being activated. As the waypoint arrows became visible on the screen again, the 
indicator arrow on the side were deactivated. 

Figure 4.3: Initial screen prompting user to scan the area. 

In order to minimize the negative effects of incorrect occlusion, only the augmented 
3D arrows within 4.5 meters of the user were rendered as can be seen in figure 4.5. 
As the subject moved forward towards the destination, new arrows were rendered 
and arrows that were behind the user removed. This was done in order to increase 
performance and to minimize confusion for the users.  

Figure 4.4: White arrow helping user to point the camera in the direction of the 3D arrows   
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Figure 4.5: Augmented 3D arrows indicating the direction to follow. 

 

4.2 Usability tests 
As discussed in section 3.2.3, the test subjects first navigated to a given destination 
using the navigational information present in the shopping mall and then  
navigated to a different destination using the prototype. After each navigational 
segment as well as at the start, the test subjects were given a questionnaire. The 
results of these questionnaires will be presented in the following three subchapters. 

4.2.1 Test subjects 
Fourteen test subjects participated in the usability tests. As can be seen in figure 
4.6, half of the test subjects where in the age group 18-30 and felt that they had a 
strong sense of direction (figure 4.7) but could sometimes feel insecure when trying 
to navigate to new places. Half of the test subjects had used an AR application on 
their smartphone prior to the tests. When trying to navigate to a place within a 
shopping mall or other large indoor areas, most test subjects usually tried using 
physical maps or navigational signs and sometimes used the Google Maps  
application if available. 
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Figure 4.6: Test subjects age group 

Figure 4.7: When asked if they perceived that have a good sense of direction. 
 

 

4.2.2 Results from questionnaires 
Table 4.2 presents the mean, median and standard deviation time for both of the 
navigational routes. For the navigation without the prototype, the timer started 
right after the subjects were given the name of the destination. For the navigation 
with the prototype the timer started right after the map was localized. 
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Table 4.2: Mean, median and standard deviation time. 

 Mean time (seconds) Median time (seconds) Standard deviation (seconds) 

Without the prototype 98.13 93 23.2 

With the prototype 70.58 69.5 8.31 

 

Figure 4.8 displays the result when asked if it was easy to navigate to the  
destination with and without the prototype. The label ‘NK’ refers to the  
navigational map and signs provided by NK and the label ‘Prototype’ refers to the 
prototype used. According to the results the prototype outperformed traditional 
navigation by a large margin.   

  Figure 4.8: When ask if it was easy to navigate to the destination. 

 

When asked about the worst part of the navigational process using the digital map 
and signs, some test subjects reported that they had trouble translating the  
locations on the physical map to its real-world counterparts. The figure 4.9 below 
displays the results indicating if the test subjects had trouble finding in which  
direction to navigate towards at the beginning of the navigation. The results from 
the test subjects using the digital map and signs were mixed while the prototype 
performed significantly better. 
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Figure 4.9: When asked if they had trouble finding which direction to go. 

One question was asked whether the test subjects felt aware of what was happening 
in their surroundings. Figure 4.10 shows the difference between the two  
navigational methods. The tests subjects from the prototype method felt less aware 
of their surrounding when compared to the NK method.  

Figure 4.10: When asked if user felt aware of their surroundings. 
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Moreover, when asked whether the test subjects felt comfortable using the proto-
type the results were mixed as can be seen below in figure 4.11.   

Figure 4.11: When asked if user felt uncomfortable using the application. 

 

4.2.3 Results from observation 
The section below presents the results based on observing the test subjects 
throughout the navigational process for both methods. The test subjects were not 
told that they were being observed and the authors of this thesis did not intervene 
or gave any guidance once the test had started. 

4.2.3.1 NK method 
By observing the navigational process, it was noted that all subjects stayed longer 
finding the destination and orienting themselves between the digital map and phys-
ical environment. Furthermore, the NK method allowed the test subjects to look 
around the environment more often. It was observed that 12 out of 14 subjects 
stopped or slowed down once they reached a cross sectional pathway. Moreover, 2 
out of 14 subjects deviated from the original path resulting in longer navigational 
time. 

4.2.3.2 Prototype method 
As the navigational process had begun, it was observed that the subjects scanned 
the area slightly with the device. Once the subjects located the AR arrow, they  
followed the arrow immediately. It was noted that the subject payed most of their 
attention to the camera display. Furthermore, their walking speed stayed relatively 
consistent without any sudden increase or decrease in pace. However, 1 out of the 
14 subjects oriented the camera so low towards the ground that the prototype was 
unable to localize the map. Therefore, this particular test subject had to redo the 
navigation. Nonetheless, the subject realized that pointing the camera to low would 
affect the navigation and adjusted accordingly by holding the camera more upright. 
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5 Analysis and discussion 

In this chapter the results presented in chapter 4 will be analyzed and discussed. 
The answers to the research questions that were presented in chapter 1 will be  
discussed in section 5.2. Additionally, an analysis of relevant non-technical aspects 
such as social, ethical, ecological and sustainable development will be presented in 
section 5.3. 

5.1 Usability tests 
In this subchapter, various observations made when setting up and performing the 
usability tests as well as the results from its questionnaires will be analyzed and 
discussed. 

5.1.1 Feature points 
During the mapping of the route the test subjects where to navigate along during 
the usability tests, a number of observations were made. Firstly, attempts were  
initially made to include an escalator as part of the route which proved to be  
difficult as the prototype struggled to generate feature points fast enough as the 
escalator was moving. Such scenarios would need to be examined closer in future 
versions of the prototype.  

The prototype also had difficulties to generate feature points where the lighting 
conditions where uneven. Additionally, it was noted that the changes of the  
environment that often occurs in busy indoor areas such as crowds of people or 
stationary objects such as baby strollers can decrease the prototypes ability to  
localize as the areas with recorded feature points are obstructed. Finally, some test 
subjects naturally held the mobile device in such a way that the camera mostly  
captured images of the floor. This could be problematic in many indoor areas since 
the floors often lack distinctive features or patterns that can be used to generate 
feature points.  

5.1.2 Ease of use 
The results from the usability test questionnaires shows that the test subjects felt it 
was easier to navigate to the destination when using the prototype rather than  
using the navigational information present in the shopping mall. This is also  
reflected in the time it took for the test subjects to reach the destinations, on  
average they were 27.55 seconds faster when using the prototype. The time gain 
when using the prototype is likely because of the visual feedback it provides which 
made the test subjects feel that they knew where to go at all times. As can be seen in 
figure 4.9 in section 4.2.2, the test subjects particularly felt that it was easier to 
identify the direction in which they should be going at the start of the navigation 
when using the prototype.  
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However, some of the test subjects commented that the digital map used for the 
part of the test in which the prototype was not used could be better designed and 
was unnecessarily complicated. A more intuitive digital map and clearer  
navigational signs could have led to the time discrepancies being lower. 

5.1.3 Awareness of surroundings 
One of the biggest discrepancies between navigation with and without the  
prototype was whether or not the test subject felt aware of their surroundings  
during navigation. Whilst navigating with the prototype, many test subjects felt 
that they lost focus of their surroundings. This could potentially be dangerous for 
the user as well as people in their surroundings. In order to mitigate some the  
dangers, warnings could potentially be displayed if the user approached dangerous 
areas such as escalators or stairways.   

The way the navigational waypoints were implemented in prototype could have 
impacted to what degree the test subjects were focusing on the display. Because of 
the fact that the waypoints appeared as the user progressed along the path, the  
information in the display constantly changed. As explained in section 3.1.4, it was 
implemented in this way in order to minimize the negative effects of incorrect  
occlusion. If a better solution for dealing with occlusion had been implemented and 
for example a solid line could be rendered all the way from the starting point to the 
destination, it could potentially have led to better results as the user would have a 
greater overview of where to go and be less inclined to focus on the display. 

5.1.4 Experiencing discomfort 
While the prototype performed well compared to the traditional navigational  
information in terms of speed and ease of use, it was not without its own  
shortcomings. As can be seen in Figure 4.11 in section 4.2.2, many test subjects felt 
uncomfortable when using the prototype. When asked why they felt discomfort, the 
most common response was that they were feeling as if they were filming people in 
their surroundings. This can most likely be attributed to the angle in which the 
smartphone had to be held in order to see the AR information as well as the time 
spent focusing on the display. The solution proposed in the previous subchapter 
could also potentially mitigate some of the discomfort test users would be  
experiencing since they would not necessarily have to keep a constant eye on the 
AR information. 

5.2 Research questions 
The two research questions that were presented in section 1.1 will be discussed in 
this section. They were the following:  

• How does AR in combination with mobile devices perform as a navigational 
aid compared to traditional navigational aids? 

• To what degree is AR in combination with mobile devices suitable for use as 
a navigational aid in large indoor environments? 
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As to the first research question, the results from the usability tests suggests that 
AR in combination with mobile devices performs better than traditional  
navigational aids in terms of navigational speed and ease of use. However, the tests 
also showed that it has negative aspects which needs to be taken into consideration, 
mainly that users may feel discomfort or lose focus on their surroundings when 
using such applications. 

To what degree AR in combination with mobile devices is suitable for use as a  
navigational aid depends on the environment in which it would be deployed. As 
previously discussed, inadequate lighting conditions and surfaces with very few 
distinct feature points can significantly reduce the accuracy of the placement of the 
navigational information. Additionally, crowded areas could also make it difficult 
for the application to recognize the recorded feature points. The size of the mapped 
areas also has to be taken into consideration as they can quickly reach sizes of  
hundreds of megabytes so further innovations would likely need to be made in  
order to for example realistically create maps of entire shopping malls. If, however, 
the conditions are satisfactory, the degree to which such applications are suitable 
for indoor navigation is arguably high. 

5.3 Social, ethical, environmental and economic aspects 
An indoor navigation application like the one described in this study could be of 
great help in many different scenarios where physical signs or maps could be  
problematic. In terms of social and ethical aspects, it could for example be helpful 
for people with vision disabilities that has difficulties reading navigational signs 
and maps. Additionally, such applications could also be of great help if the  
navigational signs or maps are written in a language that the user cannot  
understand. However, there are also negative implications with such applications. 
As discussed in the previous chapter, many of the test subjects did not feel aware of 
what was happening in their surroundings because they were primarily focusing on 
the display. This could potentially be dangerous if the user, for example, is in a 
crowded area or approaches an escalator. However, such risks could possibly be 
negated by displaying different warnings within the application. An ethical aspect 
that could be negatively affected is in regard to people's privacy. Because of the  
angle the smartphone needs to be in in order to show the AR objects, people in the 
user’s immediate surroundings could get the feeling that they are being recorded. 

When it comes to environmental and economic aspects, there are not many  
potential impacts such an application could have. However, one possible scenario 
where it could have a positive impact is when physical signs and maps have to be 
replaced or moved. Since such changes would be significantly faster to implement 
with the application and require no materials it would be both more economical 
and better for the environment. In terms of economic aspects, such applications 
also open up for new promotional opportunities. For example, targeted promotions 
in the way of displaying paths to different products depending on a user’s previous 
history or displaying promotional information alongside the AR navigational  
information.  
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6 Conclusions 

The different sub-goals that were presented at the beginning of the study have all 
been accomplished. They were to conduct an initial pilot study, implement a  
prototype, test and evaluate the prototype and finally to analyze the results. During 
the usability tests of the prototype, it was found that it enabled the test subjects to 
navigate 28% faster on average than with traditional navigational aids. Moreover, 
the results from the test questionnaires showed that the participants felt it was  
easier to navigate with the prototype, likely because of the visual feedback it  
provided. Because of these advantages, AR in combination with mobile devices was 
deemed to be highly suitable for use as a navigational aid.  

However, some negative aspects of the prototype were also identified during the 
tests. Mainly that some test subjects felt uncomfortable using it because they felt as 
if they were filming the people in their immediate surroundings. Additionally, it 
was observed that the test subjects often lost focus on their surroundings when  
using the prototype which in some scenarios could be dangerous. It was also found 
that the size of the recorded maps could become problematic as very large areas 
where mapped.  

6.1 Future works 
For future works, it would be interesting to see how the negative aspects of the  
prototype would be affected if the occlusion of the AR objects could be improved in 
such a way that all the waypoints could be rendered at the same time without  
causing confusion for the user. Additionally, comparisons and tests could be made 
with wearable AR mobile devices such as Google Glass or Microsoft Hololens. Tests 
with different kinds of implementations of the AR objects could also be made to 
determine which are optimal as well as comparisons with 2D indoor navigation 
apps such as Google maps. Finally, solutions for dynamically loading maps could be 
explored to alleviate the issues with large map sizes.  
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Appendix A – Usability questionnaires 

In this section, the questionnaires used for the usability tests are presented. The 
numbers in bold represents the test subjects answers. 

Questionnaire 1: 
Background information 

Age group <18 18-30 31-
40 

41- 
50 

50+ 

 
2 7 2 1 2 

 

Do you often feel insecure on where to go 
when getting to new places? 

Strongly 
disagree 

 
Strongly 

agree 

1 2 3 4 5 6 7 

  

2 6 2 2 2 

Do you perceive that you have a good sense of 
direction? 

[10]Yes   /   No [4] 

Have you used an Smartphone before? [14]Yes  /   No [0] 

Have you used any AR applications before?  [10]  Yes  /   No [4] 
If yes, which one(s)? 

Have you been to NK before?  [6] Yes  /   No [8] 

How do you usually find a store you’ve never 
been to before? Which methods do you use? 
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Questionnaire 2: 
Navigation without the prototype 

Strongly dis-
agree 

 
Strongly 

agree 

1 2 3 4 5 6 7 

It was easy to navigate to the destination 
 

3 6 2 3 
  

At the start, I had trouble finding which direction I 
should be going 

1 2 5 3 2 
 

1 

I felt that I knew where to go at all times 2 
 

1 3 4 3 1 

The navigational signs where difficult to identify 
and read 

  

3 5 4 1 1 

I felt aware of what was happening in my sur-
roundings 

2 
 

1 1 1 3 6 

The digital maps where unnecessarily complicat-
ed 

2 5 3 2 1 1 
 

I felt that I needed extra help during some parts 
of the navigation 

[8] Yes  /   No [6] 
If yes, which one(s)? 

What was the best part of the process? 
 

What was the worst part of the process? 
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Questionnaire 3: 
Navigation with the prototype 

Strongly 
disagree 

 
Strongly 

agree 

1 2 3 4 5 6 7 

It was easy to navigate to the destination 
    

1 8 5 

At the start, I had trouble finding which direction I 
should be going 

12 2 
     

I felt that I knew where to go at all times 
     

1 13 

I found the system unnecessarily complicated  10 1 2 1 
   

I felt aware of what was happening in my surround-
ings 

2 1 1 7 2 
 

1 

I felt uncomfortable using the application  1 1 4 2 2 2 2 

I would use this application in my everyday life  2 1 1 1 2 3 4 

The AR waypoints where difficult to identify in the 
environment 

12 1 1 
    

I felt that I knew in which direction to point the phone 
in order to see the AR waypoints at all times 

     

1 13 

I felt that I needed extra help during some parts of 
the navigation 

                 [0] Yes  /   No [14] 
If yes, which one(s)?  

What was the best part of the process?    

What was the worst part of the process?    
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