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Over 0.2% of all bicycle accidents that take place are caused by
the cyclist removing their vision from the road by looking at their
cellphone, watch, or cyclocomputer. By giving immediate and direct
admittance to information associated within a user’s view of the real
world, Augmented Reality has the possibility to reshape and define the
way information is accessed and displayed.

By reading and analyzing scientific articles and empirical studies
around Augmented Reality and cycling we got a good understanding
of how the problem could be approached and how a solution could be
designed.

This thesis has developed and implemented an adaptive graphical user
interface for a head-mounted display that shows relevant information
for cyclists. This information was designed so that the user can easily
grasp the content and avoid collisions by having his/her focus on the
road, thus increasing safety.
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Sammanfattning

Över 0,2 % av alla cykelolyckor som inträffar orsakas av att cyklister tar bort sin syn
från vägen genom att titta på sin mobiltelefon, klocka eller cykeldator. Genom att ge
omedelbar och direkt tillträde till information, som är associerad med en användares
syn på den verkliga världen, har Augmented Reality möjlighet att omforma och defini-
era hur information möjliggörs och visas.

Genom att läsa och analysera vetenskapliga artiklar och empiriska studier kring Aug-
mented Reality och cykling så fick vi en god förståelse för hur vi ska närma oss proble-
met och utforma en lösning.

Denna uppsats har utvecklat och implementerat ett anpassningsbart användargränssnitt
för en huvudmonterad skärm som visar relevant information för cyklister. Denna infor-
mation designades noggrant så att användaren enkelt kan förstå innehållet och undvika
kollisioner genom att ha fokus på vägen, vilket medför ökad säkerhet.
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Augmented reality overlays
digital content and information
onto the physical world -
as if they’re actually there
with you, in your own space.

GOOGLE INC.



Terminology and definitions

These terminologies and definitions are looked up and taken from the internet.

• Augmented reality (AR) - an enhanced version of reality created by the use of
technology to overlay digital information on an image of something being viewed
through a device (such as a smartphone camera)

• Virtual reality (VR) - a computer-generated simulation of a three-dimensional
image or environment that can be interacted with in a seemingly real or physical
way by a person using special electronic equipment, such as a helmet with a
screen inside or gloves fitted with sensors.

• Mixed reality (MR) - Mixed reality is a blend of physical and virtual worlds that
includes both real and computer-generated objects. The two worlds are ”mixed”
together to create a realistic environment. A user can navigate this environment
and interact with both real and virtual objects. It is a mix between AR and VR and
is sometimes referred to as ”enhanced AR”, bringing in more physical interaction.

• Extended reality (XR) - a term referring to all real-and-virtual combined en-
vironments and human-machine interactions generated by computer technology
and wearables, where the ’X’ represents a variable for any current or future spatial
computing technologies.

• Head-mounted display (HMD) - a type of computer display device or screen that
is worn on the head or is built in as part of a helmet. The screen is positioned in
front of the user’s eyes so no matter where the user’s head may turn, the display is
always positioned right in front of the user’s eyes. In combination with a computer
it can be used to view reality, virtual reality, mixed reality or augmented reality.

• Field of view (FOV) - The extend of the observable world seen at any moment.

• Frames per second (FPS) - Frame rate is the frequency (rate) at which consecu-
tive images called frames appear on a display.
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1 Introduction

1 Introduction

The world’s connectivity needs are changing. Global mobile data traffic is expected to
multiply by a factor of 5 before the end of 2024 [Eri18]. Particularly in dense urban
areas, the current 4G networks simply won’t be able to keep up. That’s where a new G
comes into play. 5G is the fifth generation of cellular technology that started its deploy-
ment worldwide in 2019. With this new technology many opportunities that beforehand
were unfeasible present themselves, this is due to the sheer speed and latency that 5G
provides. 5G can produce up to 100 times faster download speeds [Kav20] as well as la-
tency up to 50 times lower compared to 4G in optimal conditions. The high-bandwidth
and low-latency performances of 5G [Eri20] have the potential to enable remarkable
and disturbing use cases. A class of new services that are sought after by a wide range
of verticals requires the provision of real-time light-weight Augmented Reality(AR) so-
lutions that are fully mobile.

AR can be presented in many ways and forms, a popular one is by projecting AR through
head-mounted displays (HMD). With greater technology and faster networks, HMDs get
more lightweight every year due to that hardware gets smaller, data and computations
can be fetched and calculated at base stations or in the cloud. This thesis is set out
to explore a set of AR services designed to support professional and amateur cyclists.
Professional cyclists or people who perform cycling for training often use some form of
technology to visualize and keep statistics about their training. This technology usually
consists of smartwatches or bicycle computers (cyclocomputer) that measure and dis-
play various data. To take in and read the data, the cyclist often needs to look away from
the road for a short while, which poses a great danger to the cyclist. Over 0.2% of all
bicycle accidents that take place are caused by the cyclist removing his/her vision from
the road by looking at their cellphone, watch, or cyclocomputer. This thesis is sought
out to prevent this by implementing an adaptive user interface using Augmented Reality
for a head-mounted display that transparently shows relevant information so that the
user can easily grasp the content and avoid collisions.

By giving immediate and direct admittance to information associated with a user’s view
of the real world, Augmented Reality has the possibility to reshape and define the way
information is displayed and accessed. By presenting data with AR through a pair
of glasses, the cyclist doesn’t have to remove an arm of the handlebar to look at its
smartwatch or divert its eyes from the road by looking down at the handlebar of the
cycle. Instead, data is presented in front of the user’s eyes in a very thoughtful and
simple way. This is done to make cyclists safer on the road so that they can stay fully
engaged at the moment and focus on what really matters.

There is a lot to keep in mind when developing a graphical user interface (GUI) for a
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1 Introduction

display that will also show the physical world in the background. Characteristics as po-
sitioning, depth, the coloring of the virtual elements, how to handle approaching objects,
when to warn the user, and how much information can be displayed at the same time.
The application is also sought out to be used in a moving outdoor environment since
its focus group is cyclists. The average cycling speed for a cyclist is 15.5 km/h (9.6
mph). Environmental conditions as fluctuation in brightness and illuminance, back-
ground color depending on what surface you are riding on, and weather can change
drastically within these moving speeds, making this a challenging case.
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2 Purpose, aims, and motivation

The high-bandwidth and low-latency performances that 5G brings have the potential
to enable unprecedented and disruptive use cases. A class of new services that are
sought after by a wide range of fields requires the provision of real-time light-weight AR
solutions that are fully mobile. The purpose of this master thesis is on the exploration
of a set of features for safety-related AR services designed to support professional and
amateur cyclists during their daily on-the-go activities. This represents a relevant area of
research and development for future Extended Reality (XR) services since the hardware
solution at the user side needs to be as light as possible, thus implying that most of
the processing needs to be occurring at the network’s edge. Decreasing the hardware
requirements needed at the user’s side allows lighter HMD devices to be used while still
getting the same computing power and user experience.

The introduction of 5G, as previously mentioned presents unprecedented use cases with
the utilization of edge computing which could resolve and improve a considerable num-
ber of tasks that currently require computational power on the user’s device. With edge
computing, most of the computing could be handled by edge-servers located at 5G base-
stations, where the thin-client feeds data to the edge-servers which then runs all the
computation needed and relays the data back to the thin-client in real-time. The ex-
pected latency could be as low as 1ms [5D17], this kind of offloading to edge-servers
can be considered ”real-time”.

But what is the expected benefit of these lightweight AR glasses?

Statistics show that a total of 153 cyclists in Sweden were killed between 2007 and
2012 [NE13], while more than 44,000 were badly injured. 8,400 of the injured cyclists
were seriously injured and 1,100 very seriously. Niska et al [NE13] reveal in section 5,
that in a study with over 2848 accidents, 0.2% of these are caused by the user interacting
with their cell phone. While around 2% of all accidents are caused by distraction. In
her report, Niska defines these distractions as:

”cyclist turned around, adjusted bicycle light, looked at the clock, closed his eyes,
looked at the surroundings, etc.”

This brings us to the conclusion that over 0.2% of all single bicycle accidents that have
led to injuries are caused by the cyclist removing his/her vision from the road to look at
their mobile phone, smartwatch, or cyclocomputer. To prevent this we want to explore
the usage of Augmented Reality glasses. To be able to show relevant information for
a cyclist without them having to take their eyes off the road or divert their focus to
something else.
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2 Purpose, aims, and motivation

Today there exist some AR glasses for cyclists that benefit the rider by allowing them
to keep their head up while seeing relevant data. Information such as speed, pace,
distance, navigation, and time will remain visible without the user having to look down
at the handlebar or its wrist. The information is displayed transparently in the view of
the cyclists which doesn’t affect the user’s view. However, these glasses do not have
the ability to adapt the interface from ”rich in features” to only displaying essential
information. These adaptations should be applied based on the context of the traffic
situation or depending on the throughput or latency of the network.

This thesis aims to develop a graphical user interface that would correspond to differ-
ent network conditions, with a stable network connection more advanced functionality
can be presented while in poor network conditions only essential information would be
shown. We also aim to implement object detection to improve awareness and safety for
cyclists. By implementing a system that can automatically analyze and label objects in
the cyclist’s surroundings, and with the usage of that information the system can warn
the cyclist of objects that could be a hazard to him/her. This is something we believe
should be explored in conjunction with the latency capabilities 5G will bring soon.

We will use the AR Head-mounted Display Microsoft HoloLens 1 [Mic20a] for this
project. The HoloLens was chosen since it has the capabilities needed for this thesis
and due to some hindrance which is further explained in the limitations section below.

2.1 Project Scope

The focus of this master thesis is on the exploration of a set of features for AR services
designed to support professional and amateur cyclists during their daily on-the-go ac-
tivities. This represents a relevant area of development for future XR utilities, since the
hardware solution at the user side needs to be as light as possible, thus implying that
most of the processing needs to be occurring at the network’s edge. At the same time,
due to the significant speed that can be reached by bikes, the computations and resulting
visual manifestations in the users’ devices need to perform at very low latency, making
it a challenging case for 5G.

2.2 Research Questions

• How can a graphical user interface be designed for cyclists?

• Is it possible to deliver object recognition in real-time for a client-server structure?

• How does the application respond to network impairments?
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2.3 Stakeholder

The stakeholders of this thesis are Ericsson AB. Ericsson is a Swedish multinational
networking and telecommunications company headquartered in Kista, Stockholm. The
company has around 100 000 employees globally and is the first company to launch
live commercial 5G networks on four continents. Today, 70 percent of the top service
providers evaluated in global public 4G network tests use Ericsson’s radios and base-
bands, which are the key to 5G performance. Their core solutions are supporting 2.5 bil-
lion subscribers from 2G to 5G, representing one-third of the global population [Eri20].

Ericsson has made great research in vast areas around Mixed Reality, everything from
VR apps to advanced driver assistance systems for cars, and are now, with this new
network, curious into looking at Mixed Reality applications for cyclists and how they
can be made with connection to 5G.

Ericsson has provided us with a mentor in the AR area from KTH Royal Institute of
Technology. Ericsson has a close relationship with KTH and is located in the same area
in Kista.

2.4 Delimitations

Due to the current situation with COVID-19, there have been difficulties using some of
the more advanced hardware for this project since the equipment cannot leave Ericsson
nor KTH premises. Therefore hardware that is permitted to leave the Ericsson and KTH
premises will be used in our project.

This also applies to the usage of 5G, since Ericsson currently does not have 5G coverage
nor 5G base stations in Uppsala a simulated 5G network might be used to imitate and
test 5G latency and bandwidth with the project. This will most likely be implemented
using some 3rd-party software to manually control the bitrate and latency of a network
to simulate different network situations.

For the graphical user interface of the application, bicycle data shown will be mock-
data, since the focus of the project is not to derive data such as speed, pace, and distance
among others.

This thesis will only be based on the application being used in normal daylight and
normal weather conditions, i.e. when it is not dark outside or raining.
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3 Background

Bicycles are an efficient and sustainable personal transportation used globally, according
to Leszek J. Sibilski over 50 percent of the world’s population know how to ride a
bicycle [Sib15]. Some people use it to go to work or shorter trips, while others may use
it for traveling or sports. When operating a bicycle people usually put both arms on the
handlebar making it hard to do anything else than riding the bike. This makes it difficult
to use other devices while operating it.

The most common way to display relevant information linked to cycling is with the us-
age of Cyclocomputer’s. A cyclocomputer is a small computer equipped with a liquid
crystal display which is usually mounted on the handlebar of a bicycle. Cyclocom-
puter’s bring functionality such as trip information, very similar to a dashboard of a car.
More advanced and expensive cyclocomputer’s models can bring additional information
and functionality such as GPS navigation and environmental sensors that can measure
temperature and altitude.

A more modern solution is the usage of smartwatches, they bring all the functionality
a cyclocomputer offers, the trade-off is a smaller screen and the fact that the device is
mounted as a watch on the cyclist’s wrist, causing the person either to look down at
his/her arm or let go of the handle and bring the display into their field of view (FOV).

While these are great solutions to the problem, they are still a safety risk. To let one’s
sight of the road for even a slight second is a danger both to the cyclist but also to sur-
rounding people. A new solution to this could be the use of Head-mounted displays
(HMD) together with AR. This HMD should operate as a thin-client that displays rel-
evant information to the user. But to display compute-heavy tasks like navigation and
object detection the network must be of marvelous manner. This is where 5G comes in,
5G can present solutions not possible before. Due to the low latency and high through-
put, the thin-client HMD could be used at the user side while having a server solution
in the cloud that handles the more compute-heavy tasks which then relays the computed
data back to the thin client.

3.1 Augmented Reality

The first functional AR system called Virtual Fixtures [Ros92] was invented in 1992
and was used within the U.S. Air force. A doctoral candidate from Stanford University
named Louis Rosenberg put together the idea of aiding surgeons to make more pre-
cise incisions. Rosenberg’s system made a virtual cone out of vibrational and visual
feedback that would guide a robotic arm to apply the needle tip to an exact point.
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3 Background

Augmented reality is the combination of computer-generated images layered on top of
the real physical world view. To separate the differences between AR/VR/MR and XR,
scientific articles usually refer to the Reality-Virtuality Continuum [MTUK94] shown in
Figure 1, proposed by Paul Milgram. The reality–virtuality continuum is a scale rang-
ing between the completely virtual and the completely real. The continuum, therefore,
encloses all possible variations and forms of real and virtual objects.

In this continuum Extended Reality (XR) is not mentioned, so what is XR? XR is a
more recent term referring to all real-and-virtual combined environments, where the
’X’ represents a variable for any current or future spatial computing technologies.

Figure 1 The Reality–virtuality continuum by Paul Milgram, taken from [Wik20c]

For an AR device to run, hardware components must be included. Generally, it needs a
processor, display, sensors, and an input device. Modern mobile computing devices like
smartphones and tablet computers contain these elements, which often include a camera
and Micro electro-mechanical system (MEMS) [ME20] sensors such as an accelerom-
eter, GPS, and solid-state compass, making them suitable AR platforms. Computers
are the core of augmented reality. The computer receives data from the sensors which
determine the relative position of an objects’ surface. This translates to an input to the
computer which then outputs to the users by adding a virtual element that would oth-
erwise not be there. The computer then generates an image or video and puts it on the
receiver for the observer to see.

Today AR-computers are not as small and practical as one would prefer, because the
technology together with HMD has not had its full breakthrough. Although Pokémon
Go succeeded as one of the most popular games downloaded for IOS and Android [Dil16],
AR is not nearly as close to how many users there will be soon according to Emar-
keter [Pet20]. If companies succeed in making AR glasses more efficient in terms of
software and hardware, the potential of AR glasses is tremendous.

The usage of AR can be relevant in cycling. Using HMDs with AR, the ability to show
relevant information for a cyclist without them having to take their eyes off the road or
divert their focus to something else is a great improvement. This will also lead to the
users gaining access to the relevant information all the time.
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3.2 Head-mounted Displays

Head-mounted displays (HMD) [RH05] are small displays or projection technology
mounted on a helmet or integrated into eyeglasses. A typical HMD has one or two small
displays, with lenses and semi-transparent mirrors embedded in the glasses. HMDs
differ in whether they can display only computer-generated imagery (CGI), only live
imagery from the physical world, or a combination of both. There are two types of
operational modes of HMDs called video see-through or optical see-through [CR06].
Video see-through is when the real environment is filmed with one or several cameras,
virtual content is then added to the image of the real world and the combined image is
presented as pixels on the display. Optical see-through differs from video see-through
in that only the virtual content is shown on the display. The real environment is seen
through a transparent display just like looking at the world through a window or a pair
of ordinary glasses with a virtual layer displayed on top of it.

Professional cyclists use cycling-glasses to keep various flying objects like bugs and
debris out of their eyes as well as reducing strong illuminance and sunlight into the
user’s FOV. Glasses in cycling started to appear in the early 1920s where ex-military
aviation goggles made of glass and leather were used to protect the cyclist’s eyes from
dirt, grit, and insects [Wal20]. It was not until the 1950s that sunglasses were used in
cycling to protect the wearer from sunlight. Now with newer smart glasses, lightweight
HMDs can replace these normal glasses and provide the user with many new features
that can advance their cycling experience and hopefully increase their safety.

There have been some improvements in the technology around optical displays for
HMDs used with AR. These improvements have mostly been around the FOV of the
displays along with angular resolution. Angular resolution is the minimum angular dis-
tance between two distant objects that an instrument can distinguish in detail. When
measuring angular resolution, 50 pixels per degree (PPD) is desirable. Google Glass
has the highest angular resolution today with 47 PPD, though only 15° FOV. The size of
the display required to achieve 50 PPD increases exponentially with FOV. The FOV of
commercial AR HMDs range between 15-52° in comparison to VR headsets which
provides a FOV of 120°. The Microsoft HoloLens 1 used in this project has only
34° FOV, while its newer version HoloLens 2 provides 52° FOV. This year a new
contestant has arisen called Kura tech, Kura has made a pair of glasses called The Kura
Gallium [Tec20] which rely on LetinAR’s [Let20] multi-pin-mirror technology, which
can provide a spectacular FOV of 150°.

HMDs can be standalone (HoloLens). A standalone device is any mechanism or system
that performs its function without the need for another device, computer, or connection.
The other setup is that HMDs rely on a smartphone/minicomputer as the main comput-
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ing unit and connects to it through Bluetooth, Wi-Fi, or a cable to render its content.

HMDs are used in many professional sectors today such as gaming, medicine, military,
and healthcare.

3.3 Human-Computer Interaction

Human-computer interaction studies the design and use of computer technology focused
on the interfaces between people and computers. The purpose of interaction design
is to simplify a user’s experience with technology by developing interactive products
that are effective, easy, and enjoyable to use. When creating an interactive product
one’s mind often strays forward in the early stages of development thinking of physical
design choices for the product. According to [PRS15] the problem with starting here
is that usability and user experience goals can be overlooked. Identifying usability and
user experience goals is a requirement for understanding the problem space. Much of
the research in the field seeks to improve human-computer interaction by improving the
usability of computer interfaces.

Since human error makes up for a large factor in two-wheel accidents [NE13], measure-
ments are needed to solve this problem. Advanced rider assistance systems pursue this
goal, providing assistance to riders and thus contributing to the prevention of crashes.

The German multinational engineering and technology company Bosch is developing
an Advanced Rider-Assistance Systems (ARAS) for motorcycles [Bos20]. According
to Bosch’s accident research estimates, ARAS could prevent one in seven motorcycle
accidents. These electronic assistances are always alert and respond faster than people
can in an emergency. The technology behind these systems is a combination of radar
sensors, brake systems, engine management, and HMI (Human Machine Interface).
Providing a motorcycle radar as a sensory organ enables these new motorcycle safety
and support features and allows the user to pinpoint their vehicle’s surroundings. As a
result, these assistance functions not only improve safety, they also enhance enjoyment
and convenience by making life easier for riders. As the existence of ARAS systems for
bicycles doesn’t exist, this kind of system can surely be adapted for the use of cyclists.

Poorly designed human-machine interfaces can lead to many unexpected problems and
sometimes even disasters, a typical example is the nuclear meltdown accident at Three
Mile Island in Pennsylvania 1979 [Com18]. A hidden indicator light led to an operator
manually overriding the automatic emergency cooling system of the reactor because
the operator mistakenly believed that there was too much coolant water present in the
reactor and causing the steam pressure release. A more relevant disaster in traffic would
be with a controller system affecting traffic lights to malfunction, making them turn
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green at the same time as the crossing lane, leading to a fatal intersection.

3.4 Perception Response Time

Perception response time (PRT) is commonly known as reaction time and can be defined
as the time that elapses from the moment the rider recognizes the presence of a hazard
on the road, to the moment the driver takes appropriate action, for example, applying
the brakes. Bruce Landis et al. [LPHD04] wrote an article where they conducted a
comprehensive study of the characteristics of emerging road and trail cyclists in 2004.
Bicycles and emerging devices were used to collect field data from 21 data collection
stations on three shared-use routes across the United States. Participants were recorded
from multiple angles through video-cameras within a segment of the shared path as they
applied their brakes on seeing an expected stop sign. The computed mean for the bicycle
PRT was 0.9 seconds.

3.5 5G / 5G Network

5G is the fifth generation of cellular network technologies. It uses higher frequency
waves than the previous generation to achieve speeds up to 100 times faster and 50 times
less latency than current 4G/LTE solutions. However, the higher frequency, also called
millimeter wave (mmWave) comes with the drawback of substantially lowered range.
Unlike 4G/LTE, the 5G frequency spectrum is much wider, ranging from 600MHZ up to
95GHZ, due to the wide spectrum 5G is divided between three main bands: low-band,
mid-band, and high-band. Each band has different use cases, lower frequency bands
offer larger coverage but less speed and higher latency while higher frequencies offer
higher speeds and lower latency but limited range.

With 5G, many potentials arise. Technologies such as edge caching and mobile edge
computing will bring data and computing resources close to the users, reducing la-
tency and load on the backhaul. Most VR/AR applications don’t support real-time in-
teraction of multiple users due to the bottleneck in the technology of today’s wireless
networks. This is because these applications demand intensive computational capa-
bility and huge communication bandwidth with super-low latency to broadcast high-
resolution imagery/videos that current wireless networks can’t provide. Edge caching
and edge computing within 5G will enable mobile VR/AR to benefit from the “anytime
anywhere connectivity” promise of modern wireless mobile networks [BGS+20].
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Figure 2 Hypothetical 5G Architecture, from [Wik20b]

Looking at the figure 2, caching content to a base station or access point when users
are geographically close may improve performance. On the computation side, cloud
computing allows access to a shared pool of services and resources. In wireless mobile
networks, the idea of cloud computing has led to mobile cloud computing and cloud
radio access networks. Edge computing urges the distribution of computing resources
closer to end-users, especially on nodes in mobile networks. Peripheral devices can be
base stations, access points, vehicles, or user devices. Computing heavy applications
can still be pushed to the cloud. However, with edge computing, light work can be
offloaded to peripheral devices. As a result, the latency associated with access is reduced
because the edge devices are closer than the cloud servers.

Edge caching takes advantage of the idea of storing content in temporary storage closer
to mobile users than content servers on the Internet. The cache can be placed on a
macrocell base station, small cell base station, or a user device [GGMG16]. Typically,
an edge represents a device within a radio access network. In the literature, edge caching
has been implemented in small base stations and user terminals and has been shown to
reduce overall power consumption and traffic through the backhaul [EK15].
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3 Background

Latency is a major concern for mobile AR/VR applications, so choosing where to pro-
cess and render content (e.g. radio access network or core network) is critical. Consid-
ering the low latency required for these applications, sending large amounts of data over
long distances to cloud servers for computational purposes is not very feasible. So one
can reduce latency by reusing edge computing.

3.6 HoloLens

This master thesis uses Microsoft HoloLens 1. It is the world’s first fully released holo-
graphic computer. The HoloLens is a head-mounted augmented reality system, shown
in Fig 3. The glasses contain holographic optical see-through lenses which are further
described in section 3.2. The display itself provides a 34°FOV. HoloLens is equipped
with a 32 bit customized holographic Microsoft processor, 2 GB RAM, and 64 GB
storage. The HMD has 6 different sensors to access information about the surrounding
environment. An inertial measurement unit (IMU) (accelerometer, gyroscope, and a
magnetometer), four environment-understanding sensors (two on each side), an energy-
efficient depth camera with a 120°x120° angle of view, a 2.4-megapixel photographic
video camera, a four-microphone array, and an ambient light sensor. The HoloLens
weighs around 580g and has a battery life of 2-3 hours when actively used.

Figure 3 Microsoft HoloLens 1, from [Mic18b]

HoloLens can save the current environmental state and its virtual content after a session
with spatial anchors. The anchors create a point in the real environment that the system
keeps track of overtime, the virtual content can then be positioned to these anchors.

The HoloLens headset can use the position and orientation of the user’s head to verify
their head direction. One can think of this as a pointer that passes straight from the
user’s gaze. This is a fair resemblance to where the user is looking. The HoloLens can
converge this pointer with virtual and physical objects, and draw a cursor at that location
so the user knows approximately where he/she is looking.
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4.1 Market Analysis

Smart glasses are considered the next big breakthrough for wearables that will filter into
our daily lives. Setting convenient features in front of our eyes is a challenge that many
companies are trying to realize. Leading products today according to Wearable [Saw20]
are Google glass [Goo20], Vuzixs blade [Vuz20], and Epson Movierio [Eps20]. But in
the area around cycling which this thesis is interested in, glasses such as Solos [Sol20],
Everysight Raptor [Eve20] and Garmin Varia Vision [Gar20b] is the most popular prod-
ucts which will be described further.

4.1.1 Everysight Raptor

Everysight Raptor [Eve20] are AR smart glasses designed for cycling. The glasses are
powered by a quad-core CPU that runs on an Android system. Other key specifications
include 16 GB or 32 GB of storage, 2 GB of RAM, GPS, Global Navigation Satellite
System (GLONASS), speakers, and a camera. Raptor also contains several sensors such
as gyroscope, magnetometer, accelerometer, barometer, and proximity sensors. Raptor
uses an organic LED-based projector system (BEAM) to provide the display, which
along with all sensors can show mapping data, heart rate information, and other ride
information. The AR display can easily be turned off by voice command, which is an
advantage if one needs their full line of sight for a part of the cycling route that requires
their attention.

4.1.2 Solos

Solos are a pair of glasses used for outdoor training [Sol20]. Solos are not really “smart”
glasses. Instead, they are a heads-up display that connects to mobile via Bluetooth. The
app running on a smartphone controls all the features plus gathers and processes the
data from different sensors such as ANT+ or Bluetooth Low Energy (BLE). The screen
is a small micro-display that rests on an adjustable arm in front of the right eye. The
arm can be used to move the screen away or closer to the cyclist’s eye.

A quote is taken from Solos website that describes partially what this thesis is trying to
achieve.

”When you feel safe on the road, you’re able to stay fully immersed in the moment and
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focus more deeply on what really matters. With Solos’ heads-up Pupil Display, voice
commands, and audio features, you no longer have to glance down to get your data or
worry about unsafe communication with your team.”

4.1.3 Garmin Varia Vision

In 2016 Garmin released its first HMD for cyclist called Garmin Varia Vision [Gar20b].
Garmin Varia Vision is quite different from Everysight Raptor and Solos. It is an HMD
that only covers a small part of either the left or right eye depending on the preferred
option and is attached to the outside of the cyclist’s regular cycling glasses or sunglasses.
The glasses do not operate by themselves and are heavily dependent on the user’s own
Garmin bike computer or watch to function. The remote display lacks both GPS and
sensors but can function together with Garmin’s own sensor attachments such as Varia
Rearview Radar [Gar20a].

4.1.4 Differences

(a) Everysight Raptor (b) Solos (c) Garmin Varia Vision
Figure 4 Pictures from [Eve20] [Sol20] [Gar20c]

Even though the glasses mentioned above are alike in many ways to what this thesis is
trying to pursuit in terms of the visual components, they are different in the way they
are implemented. The glasses do not utilize cellular connectivity but instead only rely
on their internal or external sensors to present visual information to the user. Conse-
quently, their capabilities are limited to the hardware and functionality of the device
beyond that can not be implemented. Even if more capabilities could be implemented
by feeding information to a smartphone which then processes the data and relays data
back via Bluetooth, the Bluetooth latency would make it unfeasible. In ideal situations,
the latency would be as low as around 30ms but in realistic conditions, it should average
between 100ms to 300ms, with a latency this high it could not be considered real-time.
Disregarding the latency, Bluetooth’s latest version which of the time being is 5.2 has
a data throughput rate of 2 Mbps [Afa17] which severely limits its opportunities. Nei-
ther do these HMDs have the ability to detect objects, which is something we aim to
implement.
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4.2 Related research

Scientific articles written around Augmented Reality for cyclists have hardly been re-
searched. There has been minimal work around Advanced Rider Assistance System
(ARAS) and GUI’s that show relevant information for a cyclist. When looking into
related work for the scientific part around Mixed-Reality applications and Human-
Computer interaction for cyclists, we have related to close connected areas within AR
and traffic such as ARAS, ADAS, AR in outdoor environments, AR design, etc.

Advanced Driver Assistance Systems (ADAS) has been developed for the automotive
sector for a long time to improve the safety, performance, efficiency, and convenience of
drivers through the support of information and communication technologies. The driv-
ing activity is very complex because the activity is carried out in an environment full of
unpredictable events, in which humans have time constraints in detecting, recognizing,
and processing information before making decisions and responding. In this framework,
the display of relevant information such as step-by-step guidance to a destination, future
weather events, traffic accidents, or obstacles ahead, distance from nearby vehicles can
be highly useful as supporting information for the driver to be prepared and make the
right decision. When using these types of systems the main priority is always the driver
and its ability to drive safely [PA10].

ADAS systems compared to ARAS systems differ greatly in how they can behave and
adapt to the driver/rider. Advanced Driver Assistance Systems in the field of automo-
biles can be classified into five categories [KA]. Those categories are informing, warn-
ing, assisting, partly autonomous, and fully autonomous systems. The information and
warning system only has an indirect effect on driving tasks. It can be observed by the
driver, but it does not necessarily mean that the observer performs any action correlated
to that activity. It can also be so that the system shows information or warnings but the
user doesn’t observe it.

Assistance systems are systems that indicate driving errors while driving the vehicle.
The indication happens directly and in a haptically perceptible way to those elements of
the vehicle, which must be operated to prevent an accident. Autonomous systems often
included in ADAS systems have functionality such as anti-lock braking system (ABS)
and automatic stability control (ASC) that take control over the vehicle to assist the
user [KA]. Our application and system, if it is to be called an ARAS, is not interested
in the autonomous parts of the system. The only thing our system shall do is to inform,
warn, and assist the cyclist during its ride.

One of the first projects to increase motorcyclist safety by providing head-up display
information to the user was the Saferider project [DGW+10]. In this project, sev-
eral ARAS and in-vehicle information systems were developed and studied. Most
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approaches used a head-down display (HDD), however, one was a smart helmet that
provided audio output, haptic feedback through vibration, and a display in the visor
that overlaid information about gear, speed, and distance to the next hazard to the users
FOV. However, there wasn’t much more information provided around the HUD or the
user research on safety.

Renate Häuslschmid et al. investigated whether a HUD for riders may provide similar
benefits as existing in-car HUDs or whether it rather disturb and distract the rider whose
vision is already limited [HFB18]. In their project, the researchers use a self-built HMD
consisting of a helmet and test it against an HDD. Their HMD uses the visor to reflect
the projected image into the user’s FOV. Their results indicate that the HMD induces
a lower workload and less disrupts driving activity because the focus switch is easier,
which correlates with the feedback provided by the participants interviewed in the user
study.

4.2.1 Head-Up Display

There exist various ways of displaying information for ADAS systems. One of them is
Head-Up Display (HUD), a HUD is a transparent display that presents data without re-
quiring users to look away from their usual viewpoints [Pau15]. The origin of the name
derives from a military pilot being able to view information with the head positioned
up and looking forward, without looking at the instrument below. The HUD also has
the advantage that the pilot’s eyes do not need to refocus on the outside after seeing the
instrument that is optically closest.

The way the HUD works is similar to HMDs but the difference is that the display is not
fixed to the user’s head, instead, it is placed in an appropriate place. A typical HUD
contains three main components: a projector unit, a combiner, and a video generation
computer. The combiner can either be the existing windshield that the information is
projected onto, or it’s a small transparent display that is set in front of the user between
the steering wheel and the windshield.

HUDs have been in the automobile industry since the late 80s. Although HUD is not a
new concept, it has not been sold as expected due to various problems with technology,
used light source, and optics. Today, notable technological advances and maturity are
driving automaker’s interest in HUDs. Advantages such as reduced focal accommoda-
tion and improved ”eyes on the road” time will help drivers in many ways. Pauzie et al
say [Pau15] that if HUDs gain popularity, drivers reaction time, control and detection
will improve since the operator has more time to scan the traffic scene than looking
down into the dashboard of the car. HUD systems provide the additional benefit of ex-
tending the image distance to several meters beyond the windshield, reducing refocus
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time and eye strain.

The combination of using HUDs together with AR to match the information which is
seen through the windshield with objects in the physical world can then allow only
relevant information to be shown. The information shown is often related to speed,
acceleration, speed limit, gas, navigation, or environmental objects. An example of a
HUD inside a car with AR is shown below in Figure 5.

Figure 5 An illustrative image of how a HUD can look, taken from [Dre20]

This type of graphical user interface is close to what this thesis is trying to explore and
develop, but with the change that the focus area is for riders of bicycles using a HMD
with AR and that it should display other types of information. Special attention is paid
to the dynamics of distraction when designing content for HMDs. Car HUDs create
certain types of distraction, such as visual tunneling and cognitive acquisition, in which
case the driver becomes distracted without being aware of the dangers associated with it.
This problem can be exacerbated by long-lasting interactions or undertaken by drivers
to achieve specific goals [FH02]. Since drivers cannot process display content and road
scenes at the same time, they can react late or late to events in the road scene even if
they are actually looking at it [Liu03]. Prominent HUD content can even allow drivers
to immediately withdraw visual attention and attention from the road scene. Similar
problems are expected for cyclists.

User perception is a key concept in HUDs together with AR. Consider the approxi-
mate display resolution required to match the resolution of a human eye in a particular
application. When considering moving objects, the delay contributes to inaccuracies.
To maintain the user’s default perceptual accuracy of the actual view, the reproduced

19



4 Related work

camera view should aim for zero latency [CR15].

AR presentations bear potential drawbacks. To make AR systems and integration’s
feasible, many challenges must be addressed and handled correctly. Below is a list of
some of these challenges.

• Depending on what the system is going to display, different types of data have to
be processed/computed, resulting in increased latency postponements that delay
the AR feedback related to real-world events.

• Depending on the speed of the vehicle, the information shown on a display has to
relate even faster and change without making it difficult to take in as a cyclist.

• The contrasts in optical paths of the real world image and the display can lead
to an optical distortion mismatch. Optical distortion occurs when special lens
elements are used to reduce spherical and other aberrations.

• The risk of occluding relevant objects of traffic as well as phenomena like percep-
tion tunneling and cognitive capture.

• The consequences of inconsistencies or errors can be extreme because the user’s
reality does not offer the ability to ignore the AR content shown.

The last itemization is the one weighing the most. Object detection accuracy is the
single most important parameter of any AR HUD system if implemented. Inaccurate
warnings will provide the driver with irrelevant information which will clutter the user’s
vision and reduce the driver’s safety.
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Figure 6 System architecture

The system we are trying to build is shown above in Figure 6. It will be built upon
several key components that are essential for running the system. The hardware used is
Microsoft HoloLens 1 as the HMD. The GUI for the HoloLens will be implemented in
Unity together with the cross-platform Mixed Reality app development library Mixed
Reality Toolkit (MRTK). The HoloLens will be connected to a python server which runs
the object detection through OpenCV and MobileNet using the HoloLens camera. The
object detection isn’t executed inside the HoloLens UI for several reasons explained in
section 11

Besides this, a network emulator called Nemo will be used to relay the network through
which will make it feasible to control different network variables. The development of
this thesis has been made on HP-laptops since the HoloLens 1 is only compatible with
the Windows operating system.

5.1 Unity

Unity is a game engine platform developed by Unity Technologies. The engine is ver-
satile and is used to develop three-dimensional, two-dimensional, and MR experiences.
Its main purpose is to develop video games but is widely used, especially within the MR
area to create experiences other than games as well. Unity is by far the industry leader
in modern-day AR development. As of May 2017, over two-thirds of all current AR
content is built using Unity and over ninety percent of emerging AR applications are
being developed with the usage of Unity [Mat17].

Development in Unity is done using its own scripting API which is in C#. Development
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in Unity allows for both writing code using its scripting API in addition to a drag and
drop functionality where the user simply drags an element into the environment and
drops it into place.

Microsoft has an open-source project called Mixed Reality Toolkit (MRTK). MRTK
provides a set of components and features, used to accelerate cross-platform MR app
development in Unity. MRTK supports the Microsoft HoloLens 1 and operates as an
extensible framework that provides developers with great tools for development.

5.2 Nemo

Nemo is a network emulator software developed and used internally at Ericsson to em-
ulate different network conditions. The software is compatible with Linux operating
systems with x86 and ARM architectures. It works with programmatic controls via a
REST API to configure different quality of service variables for a network such as:

• Delay - Also known as latency, measure the time it takes to traverse a network i.e.
It is the elapsed time from a node sending a package to when the receiving node
receives it.

• Jitter - Is the variation in package latency

• Bit rate - Also known as bandwidth, refers to a network’s ability to move a volume
of data over a unit of time. It measures the throughput of a network and is often
calculated in bits per second.

• Packet loss - Represents the percentage of packages that are lost or broken (arrived
with errors).

Nemo is used in the sense that a WIFI connection set up in our testing environment is the
”fast 5G network”, this network is then impaired by applying different configurations
of these variables to decrease its performance in various ways. This showed us how our
software application responded and reacted as a result.

5.3 Network Protocol

When choosing the network protocol to be used for the project multiple factors had to be
considered. If the system is to be implemented using 5G edge computing environments
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the system has to be designed in a way to make it compatible with most hardware and
operating systems (OSs) available. This also applies to the network protocol, choosing
a protocol that is widely available and does not depend on specific OS implementations
will increase compatibility in the future. This is why using Transmission Control Proto-
col (TCP) sockets for data transfer was chosen for this project. TCP sockets are widely
used and are a core component of the internet. The usage of TCP sockets is available in
most programming languages and OSs.

TCP was chosen over the User Datagram Protocol (UDP) protocol for several reasons
as well. Even though the UDP protocol is to be preferred when dealing with real-time
systems it has shortcomings that are crucial to the usage area of the project. Reliability
is one core thing that TCP performs better at compared to UDP. Missing data packages
could result in the system not responding to the potential hazard detected by the server,
which is one of the main priorities for the project. Reliability can be implemented
using UDP with custom created implementations but has a large chance of being slower
than the solution already implemented in the TCP protocol. Creating a custom solution
can also end up being network-unfriendly which is a factor to consider as well. The
server application will be run on a shared server along with other applications, having
applications interfere with each-other can cause problems. This brings another aspect
that TCP brings over UDP, congestion control. Congestion control is an important factor
to consider when dealing with shared environments that run a different application, such
as 5G edge computing environments.

5.4 OpenCV

OpenCV (Open Source Computer Vision Library) is an open-source computer vision
and machine learning software library. OpenCV was built to provide a common infras-
tructure for computer vision applications and to accelerate the use of machine percep-
tion in commercial products. It mainly focuses on image processing, video capture, and
analysis including features like face detection and object detection.

OpenCV was originally written in C++. In addition to it, Python and Java wrappers are
provided. OpenCV runs on various operating systems such as Windows, Linux, and
macOS. OpenCV is very popular and well documented with official documentation as
well as community information.

OpenCV was chosen as the computer vision library for this project because of numer-
ous reasons. It is widely regarded as a standard in the industry with its main competitor
being TensorFlow which is a framework developed by Google. Even though both the
OpenCV library and the TensorFlow framework can achieve the same thing in regards
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to what is needed for this project which is image recognition their main purpose differs.
OpenCV is strictly a computer vision library while TensorFlow is a framework for ma-
chine learning and it is suited for more general problems as well, such as classification,
clustering, and regression. Since the purpose of the project is not to train models with
the help of machine learning but rather only image recognition using pre-trained mod-
els the features provided by TensorFlow are superfluous in this context. That combined
with the vast amount of information and help available for OpenCV made it the image
recognition library of choice for this project.

5.5 MobileNet-SSD V3

MobileNet V3 was used as the backbone network in an SSD (Single Shot MultiBox
Detector) architecture [LAE+16] for object detection. It takes an image as input, and
as an output, it estimates the likelihood and size of a particular object in the image.

The combination of an object’s position and size in an image is commonly referred to as
a bounding box. These bounding boxes are used as points for where the augmentations
should be placed.

There are several ways to perform object detection, MobileNet offers many important
advantages over other methods but also trade-offs. A key advantage in this scenario of
detecting objects while on a bicycle is speed, since the average speed for a cyclist in a
larger city is about 10km/h-15km/h the algorithm and model for detecting objects can
not have a long prediction time. The model must detect objects as close to real-time as
possible, the trade-off for this is lower accuracy. Due to the nature of what our model
needs to detect this is a valid trade-off, the model is in place to detect hazards on the
road for a cyclist which in most cases are other vehicles or persons on the road. These
types of objects are often quite large, for such an object to be considered a potential
hazard they need to be moderately close to the cyclist. The trade-off for using a faster
object detection model with lower accuracy will result in the model not being able to
detect all smaller objects in a frame. It will still detect the obvious and large objects
which is the focus of our thesis.

Another popular model is the You Only Look Once (YOLO) system. Initially, our
project used the YOLO framework as its object detection system as it is widely used
and has a lot of resources online for documentation and help. The first iteration of the
object detection used was YOLO V2 running as a Universal Windows Platform appli-
cation written in C++, using Microsoft’s HoloLensForCV GitHub repository sample
”ComputeOnDesktop” [Mic20b] as the foundation to build the system upon. This iter-
ation of the object detection server was found to be insufficient for the project’s needs
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and purposes, the system did not deliver the accuracy nor performance that was needed
for the system to be considered real-time or accurate enough to detect hazards for cy-
clists. The system’s performance as mentioned previously did not suffice for this thesis
purpose. It averaged 1-3 frames per second, causing the object detection to frequently
miss objects that should be detected. When testing the system in conditions that ruled
out the fps performance, such as a paused video with an object in the frame it still had
problems. It detected 40% of objects it should have detected with a certainty of at least
95% or higher. The application was built as a Universal Windows Platform applica-
tion as well which meant that it could only be run on Windows platforms which was a
limitation.

The next iteration used the YOLO framework as well but this time it was based on a
Python application and with the newest version of YOLO, version 4. This system was
considerably better in both regards which were insufficient in the first iteration. The
system’s object detection detected the objects it was indented to with better accuracy
and the system performed up to four times better and could be considered in real-time.
However, even though the object detection was better at detecting objects needed for
the application it was still not sufficient. The bounding boxes for objects were a lot of
the time inaccurate. The system’s algorithm for determining if an object was considered
a hazard depended on the bounding boxes being accurate to the object’s true size, the
system often computed objects as smaller than their actual size which translated into the
system disregarding them as being hazards. An object such as a car could be close to
the cyclist but still detected with an inaccurate size.

(a) Yolo V4 (b) MobileNet V3
Figure 7 Difference between YOLO and Mobilenet

As seen in figure 7, which displays a test where the object detection was ran on the
same video of a person bicycling in city traffic the YOLO V4 detection fails to detect
the persons in the middle of the image which the MobileNet V3 detects correctly. In
addition to this, the silver SUV car on the left-hand side of the image is given an inac-
curate bounding box size with YOLO V4, the box is a lot smaller than the real size of
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the SUV. The MobileNet V3 assigns the SUV a bounding box of appropriate size that
represents the real size of the SUV.
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Most common AR applications for Mixed Reality glasses or head-mounted displays
are often just developed for a pre-defined space or room, by doing so the application
can create a spatial map of the surroundings and make the application interact with the
mapped out space. Our application differs very much from this since it shall be made
for outdoor movement. To fulfill this, the virtual content of the GUI needs to be head-
locked. Head-locked content means that the augmented content is associated with the
user’s gaze and follows it around. The content is not static but rather tags along with the
user FOV.

Presenting relevant and important information with AR in outdoor environments is chal-
lenging. There exist a broad range of uncontrollable environmental conditions that may
affect the way data is shown. Everything from drastic fluctuations in natural light to
varying backgrounds. Swan et al. [GSH06] describe in an article how a UI that is well
thought out and carefully selected can be perfect for a certain environment and light
while it is completely useless for another.

6.1 Brightness

Since a cyclist’s focus and eyesight often is set facing forward and slightly down at the
ground, varying Illuminance provided under different conditions can affect the vision
drastically. Lux is the SI derived unit of Illuminance. It is a measure of the intensity,
as perceived by the human eye, of light that hits or passes through a surface. Figure 8
illustrates how different levels of illuminance are provided under various conditions.
The system for this thesis will mainly be tested with illuminance levels between 1000
lux and 25000 lux since that is the range for normal daylight.
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Figure 8 Illuminance levels

The readability of the Microsoft HoloLens display is affected by different light condi-
tions. In a bachelor thesis written by Lillemor Blom [Blo18], the author measures illu-
minance on a HoloLens device both indoors and outdoors. In one of her experiments on
illuminance she says:

”Outdoors the values fluctuated considerably more due to changing light levels caused
by clouds passing the sun on a windy day.”

Microsoft’s own documentation page about HoloLens [Mic18a] describes how the prod-
uct is affected in different environments and lights. They describe how the HoloLens
camera saturates when an environment is too bright, and nothing is seen. They also
mention how the instability in the tracker can vary during different seasons of the year
since the secondhand light outside may be higher during some periods of the year.

The hardware of the display used in MR applications that include direct viewing can
easily produce less bright images than direct viewing objects [Mil06]. As a result,
objects that aren’t bright, due to direct vision may appear further away than expected,
as brighter objects appear closer.

Some researchers have attempted solutions to the outdoor lighting problem by dimming
the real-world light that reaches the eye by using a sun-glass effect to enhance the visi-
bility of the AR display. Everysight’s product Raptor [Eve20] uses this technique.
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6.2 Colors

While brightness and shifting illuminance is an issue, choosing the optimal color for the
GUI concerning environmental conditions is crucial. An interesting study of AR read-
ability in the outdoor environment was conducted by Gabbard et al. [GSH06] [GSH+07]
The authors evaluated text readability with an optical see-through display were they
tested a variety of text styles on different backgrounds. The authors used three different
algorithms to determine the best color to use, Complement, Maximum HSV Comple-
ment, and Maximum Brightness Contrast. Through these tests, the authors found out
that green text with high contrast for UI’s in outdoor environments is the superior one
for readability.

The wavelength range of visible light is about 400 nanometer (nm) to about 700 nm.
Photopic vision is a scientific term for human vision during the day under normal light-
ing conditions. Normal light conditions allow for color recognition. The cone of the
retina helps us see colors. There are three types of cones in the human eye. Each type of
cone absorbs light waves of a specific frequency, Figure 9 visualizes long-wavelength
(L), medium-wavelength (M), and short-wavelength (S). Color is perceived when the
cone is stimulated. The color detected depends on how excited each type of cone is.
Yellow is recognized when the yellow-green receptors are stimulated slightly more than
the cyan receptors. The eye is more sensitive to green light (555 nm) because green
stimulates two of the three types of cones, L and M, in almost the same way.

Figure 9 Normalized response of a human eye to various wavelengths [Wik20a]

A light-green color with high contrast was chosen for the normal presentation of the
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cycle computer data in the GUI and a more light-red color was chosen to show warnings
or approaching dangers. The choice of red and green as text colors was based on the
physiological fact that cones in the human eye are most sensitive to long and medium
wavelengths which are described above and shown in Figure 9. This will result in
faster and more accurate performances due to that the cyclist can easier process the
information provided [Orn85] [HZ87].

Together with the green color scheme, a dark-green outline was used to make the text
more readable in all conditions but more importantly, it makes the text substantially
easier to see in conditions where the green color does not stand out from the background.
An example is the cloudy skies shown in Figure 11 where the text would have been hard
to read without an outline. The color dark-green for the outline was chosen since these
types of displays such as the one the HoloLens is using can not render the color black,
it is used to represent transparency.

After reading these articles and empirical studies regarding colorization for AR-applications
in outdoor environments we feel certain that the colors chosen are optimal for what our
application needs. The usage of these colors will make the application’s content read-
able in most conditions.

6.3 Information and layout

There are many important aspects to consider when developing user interfaces. Informa-
tion overload is a major issue in large and complex environments. Overloading occurs
when the amount of information presented to the user is too large that it cannot be under-
stood. By filtering out irrelevant information, cognitive load can be reduced. J. Edward
et al pinpoint the effect that happens when a UI gets too cluttered [JLE+04]. While the
problem is not simply the volume of information, but rather a design, it makes sense
to limit the amount of information displayed to produce a better user interface. When
much information is displayed, it can be hard to process everything presented while
keeping the focus on the road.

Whilst the amount of information is important, where to place it in the user’s FOV is
also crucial. To enhance the user’s ”eyes on the road”, the positioning of the UI should
be centralized at a comfortable depth making the relevant information easy to take in
and read [CPMZ16] without the user having to shift its gaze or the eyes accommodation.
The augmented content should not be positioned directly in the user’s focal field (the
exact point where the user is looking). This is because the observer wants to focus their
sight in the middle of the road, the information should be placed around that point in a
centralized way that it doesn’t get too far out of the user’s periphery and doesn’t block
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the user’s main view. If the content is placed too far out, the user has to remove its focus
from the middle of the road by moving its head or by losing its main focus. Hau Chua et
al test 9 different display positions for an HMD on several participants [CPMZ16]. The
authors found that notifications in the middle and lower-middle positions were detected
faster, but the upper and surrounding positions were found to be more comfortable, dis-
crete, and preferred. In particular, the center-right represents the best balance between
performance and usability in the dual-task scenario they claimed. The response time
increases with the complexity of the content visualized.

The positioning in the z-axis must not be forgotten. When the distance of the projected
AR is at a fair depth, user performance will be faster and more accurate than when the
augmented content is near or too far from the user’s view. This is because it should
match the user’s accommodated focus [GW02]. When the eye sees an object from a
comfortable distance, the eye muscles relax. These muscles contract or accommodate
when the eye needs to focus on nearby objects. A fair distance means not too close
nor too far away from the user’s eyes so that the information can be grasped and un-
derstood. HUDs in cars and also AR and VR glasses often present the virtual elements
in roughly 2 to 3 m from the users FOV which corresponds to the eyes resting dis-
tance [HPA16][GFK14].

Paul Milgram talks about the common perceptual issue in Mixed Reality called Inter-
position conflicts [Mil06]. An image can be very difficult to observe and grasp to where
everything should be located, as some objects that should be further away will obscure
other objects that are closer to the user, resulting in an apparent perceptual collision.
This isn’t a problem for us since the HoloLens 1 uses optically combined imagery. Part
of the virtual image is usually not completely obscuring the real part, and the real part
does not completely obscure the graphic content. Meaning that there is usually some
degree of transparency on the virtual object.

There are many specific design choices that each have a specific role when implement-
ing a GUI for HMDs with AR, especially when the environment is set out for outdoor
movement where the visibility changes drastically depending on the environmental fac-
tors described. Here are the design choices taken into consideration when implementing
the GUI based on research and empirical studies made by other scientists:

• Head-locked content: The augmented content is associated with the user’s FOV to
increase the user’s view on the road while obtaining important information from
the content provided.

• Information overload: The amount of information has to be limited so it doesn’t
clutter the vision of the user.
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• Centralized: The content itself is centralized in a manner that doesn’t make the
user having to look in its periphery.

• Depth: The UI is placed at a depth of the user to maintain focal accommodation.
Meaning that is neither set to close nor too far away for the user to gain a clear
view of the augmented information. This also is important for safety, since the
information taken in is easy to read while still having their main focus and gaze
upon the road and its surrounding environment.

• Opacity: With the right amount of opacity the information is still shown in a
relevant way without occluding objects and making it difficult for the user to take
in.

• Color: With the optimal color for outdoor environments, the color and the amount
of contrast will increase the readability and safety of the user by making the in-
formation easier to take in.

32



7 System structure

7 System structure

Figure 10 Client-server structure

Our system as shown above in Figure 10 is built of a graphical user interface that is
displayed through the HMD Microsoft HoloLens 1. The GUI is developed in Unity. The
graphical elements in the interface are unity game objects which hold the information
presented on the screen. The game objects are controlled by a C# script that alters the
information depending on which object it is, for example, the script will increment the
time with one second when a second has passed.

The server-side application of the project was implemented using the programming lan-
guage Python, version 3.8.4. The server application communicates and receives data
from the Unity application on the HoloLens through sockets and then processes it using
the OpenCV framework and MobileNet Convolutional Neural Network (CNN) to detect
objects in a picture frame.

The HoloLens client and the server-side application communicate through a TCP socket.
Once a connection between the two applications has been established the HoloLens
client will start streaming the image data captured through the build in-camera via the
network socket to the server-side application, all data is sent with a header containing
information of what being sent so that it can be received correctly. The server-side
application will read the data-packages header and from there read the data being sent
in chunks so it can reconstruct the image when all data has been received.

MobileNet version 3 was used as the CNN model for this project. Pre-trained weights
were used for object detection, a tiny weight version was used to ensure optimal per-
formance. The model contains several pre-trained objects but we limited the project to
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only use objects seen in Figure 15, the list of objects can be increased by using another
model and assigning the new object multipliers as well, but for this projects purpose
only the objects present in the table is used. Since the model did not need to detect a
lot of different objects but mostly common hazards such as persons or vehicles, a tiny
version as a model met all our requirements. This also made it possible to run the ap-
plication on a laptop without a powerful GPU to process the data and apply the model,
which translates into better performance if run on a server with a powerful GPU.

Thereafter the network emulator Nemo was used to simulating how a network could be
impaired. By controlling different variables such as bit rate, delay, jitter, and packet loss,
Nemo mimicked the way a real network could work. Nemo ran on a virtual machine
on Windows using VirtualBox with Ubuntu 20.04. Nemo was tested with the finished
application to see how the application would react and respond when different variables
decreased the connected device network’s performance.
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8.1 User interface

The information we wanted to present in the UI should be at a fixed position both in-
depth and placement as described in the section Design choices. The solution we came
up with correlated to the position and user’s gaze. This is what Mixed Reality applica-
tion calls ”Head-locked content”. The HoloLens has a fixed depth set as standard when
creating different projects, this placement in depth was perfect for setting the cyclocom-
puter data.

Initially, we created a basic 2D-text that was head-locked to the HoloLens. This was
accomplished with a Unity-script called Orbital which makes the content orbit around
the user’s head and can be traced to the user’s gaze. This immediately concluded that it
was not a valid option to have the text’s position entirely head-locked. When the HMD
is affected to even minimal movement and vibrations the head-locked text becomes
immensely hard to read. To tackle this problem a lerp over time algorithm was added
to adjust the text’s position. This change made the text readable and seem stable even
though the HMD was affected by movement and vibrations. This problem will solve
text readability when going over different terrains such as gravel roads or going over
obstacles as a curb. The lerp over time algorithm is set to such a value that it will
essentially ignore the scenarios above but still not lerp so slow that the UI feels like it is
having latency issues.

With this, the UI is always in the user’s gaze and readable. The positioning of the
content was placed centralized around the user’s gaze. This was placed together with the
sought out depth, giving focal accommodation and made the content easy to grasp. The
cyclocomputer data is visualized with a saturated light-green color with a dark-green
outline which is further described in the subsection 6.2. There we discuss the importance
of colors, especially in context with outdoor environments and shifting brightness and
illuminance. It also describes the decision behind the choice of green for visualizing the
cyclist data and red for the warnings of an object detected in the cyclist’s FOV.

The mocked cyclocomputer data was implemented as data that randomly fluctuates us-
ing the C#, random class. Each cyclocomputer data type randomly fluctuates from its
current value in the range of negative one to one, where data represented as a float can
fluctuate anywhere in the range while data represented as an integer by either 1, 0, or -1.
After the cyclocomputer GUI was implemented a layer of object detection was applied
to the application. It was configured to use the HoloLens camera to detect objects related
to the user’s FOV. This object detection graphically spots certain objects depending on
chosen weights and where the HoloLens camera is aiming towards. This layer is used
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to improve the safety of the cyclist by detecting approaching objects and mark them out
depending on certain criteria described more in subsection 8.3.

The cyclocomputer data has the feature of being adaptive, this part is activated when a
user presses the HoloLens ”clicker” or does a clicking motion with its hands in front
of the HoloLens camera. The content then adapts by fading out the augmented content
to almost full opacity so that the user clearly can enhance approaching dangers without
having to account for additional information.

In a complete system, this step was thought out to happen automatically when the client
receives one or more hazards in the object detection. Figure 11 below illustrates the UI
without any hazard detected, note that the UI is set to 70% opacity to represent how it
would look for a user since the HMD screen has some transparency by default. Figure
12 represents how the UI would look when a hazard has been detected, the opacity is
set to 20% to not disturb the user.

Figure 11 GUI for cyclocomputer data with low transparency
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Figure 12 GUI for cyclocomputer data with high transparency

8.2 Transferring data from the HoloLens client to the Server
application

Data transferred from the HoloLens to the server is sent through a TCP socket. Each
frame is sent with a header describing the image data which the server receives and
uses to correctly read the image data in chunks and then reconstruct the image when
all chunks have been received. The HoloLens 1 has four different supported camera
resolutions that it can record video in, which are the following:

• 1408x792px

• 1344x756px

• 1280x720px

• 896x504px

The HoloLens application utilizes the lowest resolution available (896x504). This re-
sults in a lower bandwidth needed to reliably send the data for processing to the server.
The frames are continuously sent asynchronously in the background of the application
when a connection to the server has been established.
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8.3 Object detection

When creating AR-applications for optical see-through displays, the visualized content
provided often interacts or depends on the physical world seen through the lens. In
this thesis, the application should map out the different objects in traffic through the
HoloLens camera by applying object detection.

Once the image has been reconstructed on the server from the data chunks sent by the
client it is resized by a factor of 0.4 to improve the performance of the object detection
model since a smaller picture equals fewer pixels for the model to go through. Resizing
the images resulted in a performance increase of ∼11%, this was derived from running
the object detection on videos with and without resizing. Since the object detection in
this thesis is only used for detecting larger objects the resizing of the image had close
to zero implication to the ability to detect objects for out purpose. This was tested by
using the object detection on three separate videos in traffic, the system had the same
output when testing it with the video frames resized by a factor of 0.4 as they had with
the original resolution of 1280×720px.

The resized image is sent to the OpenCV DNN (Deep Neural Network) detection-model
which uses the MobileNet V3 configuration and weights to detect objects in an image.
The DNN detection-model returns all objects detected which has confidence above 0.6,
which is 60%. Each detected object has three values:

• Class ID: a number representing what type of object was detected. The num-
ber can be translated to a string using the Common Objects in Context (COCO)
files [COC20] which contains all objects the model can detect.

• Confidence: a value between 0 and 1, can be seen as 0%-100%. Representing
how confident the model is that an object detected actually is that object.

• Bounding box: an array with four numeric values. The values represent the object
as a box, defining where in the image the object was detected. The first value in
the array describes the x-coordinate of the bottom left corner of the box. The
second value describes the y-coordinate of the bottom left corner of the box. The
third value represents how wide the box is on the x-axis and the fourth value
represents how long the box is on the y-axis. All of these values are in pixels
and relative to the image’s resolution, from 0 to the width (x-axis) and the length
(y-axis) of the image. The values can not go beyond the image’s dimension.

See figure 13 for an example on how the bounding box is represented, the example
uses an image with the dimensions 100px by 100px and a bounding box with the
dimension 50px by 25px. The array above the box represents the values received
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for the bounding box and the box to the right-hand side represents how the values
are added together when displaying the bounding box.

Figure 13 Bounding box calculation

If objects were detected within the image and the confidence value of an object is above
60% an algorithm is run on the object to determine if it is a potential hazard to the cyclist
or not. The algorithm adjusts certain objects depending on their class (how objects are
adjusted is covered in the pseudo-code below, section 2). Calculate the width of the
box and assigns each object a score between 0 to 1, if the score is above a threshold it
will consider the object as a potential hazard and warn the user. The algorithm designed
works in the following way:
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1. Calculate bounding box x-axis midpoint: It takes the object’s array containing
its bounding box values and calculates where the midpoint on the x-axis is for the
object relative to the image. An object that is in the middle of the image translates
into straight in front of the cyclist view which poses a greater hazard compared
to an object detected to the side since the object is then in the way of the cyclist.
This value ranges from 0.5 to 1 where 0.5 equals in the middle or straight in front
of the cyclist and 1 equals on the edge of the image.

Figure 14 Calculating midpoint value

2. Calculate the width of the box: The algorithm calculates how wide the bounding
box is in comparison to the image using the x-axis. Since the objects we are track-
ing in the algorithm are relatively close in size (for example, cars can differ quite
some bit in length but the margin of how wide different cars are is relatively small
in comparison) we can assume that an increment along the x-axis of a bounding
box translates into the object being closer. The width is multiplied by a set num-
ber depending on the class of the object, since a person, cyclist, or motorcyclist
by nature are not as wide as a car the boxes have to be artificially made wider so
that the algorithm perceives them as larger than what they are. Otherwise, if the
algorithm is designed around a person object’ a vehicle such as a car or a truck
will almost always be considered a potential hazard because of their size. From
testing the object recognition on different vehicles and persons being at the same
distance away from the camera, we derived the different object’s weights/multi-
pliers found in 15. The cars used in the testing were ”normal” sedan model cars
which mean that wider car models such as SUVs will be detected as a potential
hazard at a further length compared to other car models. This is intentional since
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we can not comprehend different car models, the safe approach is to warn the
user earlier for some models. Figure 16 reveals how the object detection algo-
rithm sees a person after the width has been enlarged by its multiplier, this is only
how the algorithm sees the object. If an object is detected as a hazard it will show
the objects bounding box without the width altered to the user, the altered width is
only used by the algorithm but not shown to the user. The width is then raised to
the power of four to introduce granularity and rounded to two decimals. In short,
the granularity is that the width is calculated on an exponential scale instead of a
linear one. The following pseudo-code describes the algorithm:

(a) Calculate the width in percentage of the entire image.

(b) Multiply the width with multiplier according to figure
15

(c) Calculate (1 − width)4, rounded to two decimals

Width multiplier of objects
Object type Multiplier
Car 1x
Truck 1x
Bus 1x
Person 3x
Bicycle 3x
Motorcycle 3x

Figure 15 Object weights

Figure 16 How the object detection sees a person with multipliers

3. Combining the algorithms: By multiplying the values received from the two
functions described above an estimate for the potential hazard is given, ranging
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from 0 to 1 where a lower number is considered as a larger hazard. By using that
number and set threshold the algorithm can warn the cyclist of a potential hazard
when a detected object is under the set threshold. From testing the threshold
for warning the user about a detected object was determined to be 0.3, at that
point the object was considered close enough to potentially be a hazard. Any
object detected with a number lower or equal to 0.3 after evaluation from the
algorithm will be considered as a potential danger. Figure 17 illustrates that the
object detection will not warn the user of the red car to the right, the algorithm
does not classify it as a danger because it is not in the way of the user even though
it is the same distance away from the user as the person. The second picture is this
scenario in reverse, the object detection algorithm will not classify the person as
a hazard since it is not in the way of the user. But the car is detected as a hazard.
The person is shown using a blue bounding box for demonstration purposed only,
in the ordinary system it would be red. Figure 18 shows the same scenario on a
road where the object detection does not identify the yellow car parked next to the
sidewalk as a hazard when the user is on the road looking forward. The second
image in the figure identifies the yellow car as a hazard when the person is looking
towards it.

Figure 17 Disregarding objects not in the way of user

Figure 18 Disregarding objects not in the way of user on a road
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Because of the nature of the project and with AR generally, there are a lot of design
considerations to be taken into account when designing the graphical display of objects
to the user. Objects on the screen have to be designed in a way to be clearly visible to the
user in different conditions, furthermore, they must be implemented in a way that does
not distract the user from taking their attention away from the road and from discovering
other objects in the users’ field of view.

The design was therefore split up into two main purposes to solve and answer:

• How can objects on the screen be shown in such a manner that they are easily
seen by the user?

• How can such an object be displayed with minimum disruption to the user’s ability
to perceive what is going on in the surroundings?

The first question can be split into two main sub-questions, what shape should the object
have and how do we best show that shape in terms of color, opacity, and if it should be
represented as a solid shape or like a wireframe. Since AR displays are transparent and
show everything as an overlay, what is shown behind the screen needs to be taken into
consideration. When using an AR display in outside conditions, the environment seen
through the display is very unpredictable.

An important factor which is mentioned previously in the thesis is lightning conditions
and the contrast between the color of the object being shown compared to what is behind
it. Since those conditions are unpredictable and not a factor that can be controlled
the color of the object has to be a color that often is contrasting to what is behind it.
An option could be to have the representation of a hazard’s color dynamically change
depending on what color is present in the environment behind it. However, having
hazards represented in different colors every time depending on the background could
be confusing. Since the glasses are to be used in traffic conditions a rough prediction of
what colors will be seen through the glasses can be made.

The user should spend the bulk of his time looking on the road where other objects
correlated to traffic are present. Therefore a color that is easily seen and contrasting to a
backdrop containing such objects is optimal for displaying information to the user. The
majority of roads constructed using asphalt or concrete has a low saturated grey color.

In Color and semiotics: A two-way street by Jose Caivano [Cai98], figure 4 on page 398.
The color green is in a majority of situations seen as something that indicates a good
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action or event and thus is subconsciously associated as such. An example relevant to the
thesis is a traffic light, green means go, red means stop. This semiology is used in a lot
of different scenarios, if a user fails to sign in to a system a red box is usually shown as a
sign of failure, and on the contrary, a green box is shown as a success. Therefore the two
colors that have been found to fulfill these demands are highly saturated green and red
colors. These colors have earlier been described as a valid option in subsection 6.2. Both
of these colors have good contrast against low saturated colors and are also generally
easily seen. In this project, the color red was chosen for one main reason. Since the
system is designed to warn the user of possible hazards the color red was considered to
be the best option.

When examining how a detected object should be presented, four different implementa-
tions were tested and evaluated in cooperation with researchers in the human-computer
interaction area at Ericsson. The first test consisted of the usage of a shape, in this in-
stance an arrow. Using text and two different approaches to using the bounding box
detected. The purpose of showing the detected object is to make the user aware of a
potential hazard with the minimum amount of distraction caused for the user.

The first variation tested was using a warning text to warn the user, in this case, the text
”WARNING” was used. While testing it two inherent problems were discovered. The
primary problem was diverting the user’s attention, when the warning text appeared in
tests the user’s first reaction was to read what it says, which was seen as distracting
compared to other methods of showing an object. The second problem was displaying
the text in a good manner. Determining the size of the text and where it should be
anchored on the detected object. This problem can be seen below in Figure 19, even
though the yellow car is detected by the system it is unclear which object the warning
text is actually referring to.

The second variation tested was the use of a shape, in this instance an arrow pointing to
the detected object. This implementation had the same problem as the warning text had.
The placement of the arrow was problematic because using a small arrow was hard for
the user to see and using a larger arrow for objects far away resulted in the problem of
clearly marking an object as detected. Once again this can be seen on the yellow car in
figure 21.

The third variation tested was the usage of bounding boxes generated from the object
detection framework. Two different variations were tested, outlined, and filled bounding
boxes. Both variations performed better compared to previously tested variations and
the filled bounding box was deemed to be the better choice. The researchers felt that
the filled boxes were better at showing which objects that had been detected. Figure 20
shows the implementation of outlined boxes and Figure 22 of filled boxes. As can be
seen in figure 22 the filled boxes have a lower opacity set to them so they do not occlude
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the objects behind them.

Figure 19 Warning text on detected object, screenshot taken from video [Uta]

Figure 20 Outlined bounding box of object
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Figure 21 Arrow ponting to object detected

Figure 22 Filled bounding box of object detected
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We have created a graphical user interface for cyclists. The GUI consists of cyclocom-
puter data that represent important information for the rider in real-time. The data is
displayed transparently by adding enough opacity to the displayed object, this is done so
that it never disturbs the user’s main focus, which is on the view of the road. The color of
saturated green was picked to present the data, this was chosen after analyzing different
empirical studies done by researchers in the AR area for optical see-through displays
in outdoor environments [GSH06]. The augmented content is centralized around the
users’ central field of view at fixed positions both in the X, Y, and Z-axis. The aug-
mented information isn’t anchored at specific positions but is rather tagging along with
the user’s FOV and movements.

The GUI has the option of setting the opacity of the augmented content to a low value,
making it very transparent, this is done by clicking in front of the user’s FOV or by
using the HoloLens’ own ”clicker”. This adaptation part was a feature that we came up
with within the end due to that we didn’t succeed in making it adaptive to connectivity
because of issues with the hardware used. The original plan was that the UI was going to
be adaptive depending on different network conditions or dangerous scenarios in front
of the user on the road. But due to the company computers provided by our stakeholder
was firewall blocked because of company privacy, all incoming connections were unable
to send object detection data through the TCP connection from the computers to the
HoloLens client.

We are happy to have reached our main goal by creating a graphical user interface that
shows relevant data for the cyclist so they don’t have to divert their eyes off the road by
looking down at their handlebar or wrist.

Regarding object detection, the results are in line with what the thesis wanted to achieve.
The object detection works as intended and detects objects within a reasonable margin
of error. We performed a Positive and negative predictive values test on the object de-
tection to see how well it would do, regarding precision and accuracy. The test consisted
of 5 videos from different environments and bicycle scenes in traffic, where each test
had a determined amount of true positive cases. The result from these tests can be found
below in table 1.

Test 1 Test 2 Test 3 Test Test 5 Mean
True Positive Rating 94.87% 87.5% 86.96% 96.00% 92.31% 91.53%
False Positive Rating 7.69% 12.50% 4.35% 8.00% 7.69% 8.05%%

Precision 92.50% 87.50% 95.24% 92.31% 92.31% 91.97%
Accuracy 88.10% 77.78% 83.33% 88.89% 85.71% 84.76%

Table 1 Results from testing object detection in different traffic environments
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There are however some aspects that could be further improved using additional tech-
nologies that could be used in combination with the current solution to make the system
better. The algorithm for determining if an object is close to the user or not is something
that could be improved with further work. The current solution delivers a good estimate
but adding more parameters and new cases for the algorithm could definitely make it
more robust for varying scenarios.

Lastly, the UI & object detection were together tested with the network emulator Nemo
through running the python server inside a virtual machine. The VM was based on a
Ubuntu 20.04 operating system where a Nemo script was run together with a configu-
ration file. Inside this configuration, Nemo was connected to the HoloLens on the local
network and tested how the application would react and behave depending on changed
network conditions. Table 2 below reveals different tests made. All these tests were run
several times and the table below concludes the overall performance of these tests.

Test Delay (ms) Jitter (ms) Bit rate (kbps) packet loss (%) Downloading file FPS Comments
1 0 0 0 0 5-12 Works as intended
2 10 0 0 0 4-6 Much delay, OD ok
3 0 0 0 0.1 4-9 Looses frames
4 0 0 0 0.3 4-9 As Test 3 but more
5 0 1 0 0 5-8 Short freeze sometimes
6 0 2 0 0 5-10 As Test 5 but more freezes
7 0 0 50000 0 3 Slowed fps, unclear why
8 0 0 250000 0 2-6 Same as above
9 100 0 0 0 0-1 Almost fully frozen

10 0 0 0 0 yes 5-6 Downloads affects fps

Table 2 Results from testing Nemo with various network variables

Test 1: Standard test where all variables are set to zero. Nemo was connected to the
HoloLens to check if the fps were disturbed or affected by the connection. This was not
the case.

Test 2: A delay of 10ms was applied which affects the HoloLens extremely. The fps
drops by over 50% but it still finds objects (OD = Object Detection).

Test 3 and 4: Packet loss was set between 10 - 30%. The application loses more frames
the higher the packet loss percentage set.

Test 5 and 6: Test how jitter affects the software. Jitter is the variation in package
latency. The test revealed how frames sometimes froze, with higher jitter, the more the
application freezes.

Test 7 and 8: Test if the change of bit rate (bandwidth) affects the application. Test
ranges from 50 000 - 250 000 kilo-bits per second (kbps) in bandwidth. When applying
50 000 kbps we expect to see a lower performance as proved, but when setting it to
250 000 kbps our application shouldn’t be affected since that is the speed of our current
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internet connection at home.

Test 9: Set the delay to 100ms. This made the application nearly fully freeze. It still
applies object detection but the fps drop between 0 and 1.

Test 10: Set the configuration back to normal and tried to test the application while occu-
pying the bandwidth by downloading a large file. This lowered the fps of the application
by around 50%.
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Earlier in the section 3.4 we talked about perception response time which is the time that
elapses from the moment the rider recognizes the presence of a hazard on the road, to the
moment the driver takes appropriate action. We then wondered if the object detection
in the GUI would help the user in time or will it just be an unnecessary feature? When
using the object detection for this thesis, the object detection needed to visualize the
detected hazard in a reasonable time so that users could recognize the hazard and then
make the necessary action as a result.

The system will make it easier to visualize dangerous objects and help the user iden-
tify them. By marking out hazards detected and highlight them with a saturated trans-
parent red box that will notify the user. The visual object detection can not improve
the response time it takes for a user to act as visual stimuli are in the range of 180-
200msec [rea21], such as breaking. It can however warn the user of a potential hazard
earlier than they would notice it themselves with visual stimuli from the application,
causing the user to take action quicker.

After reading related studies around GUI’s in traffic contexts we understood the im-
portance of some criteria when developing an application for head-mounted displays.
Having a clean and readable graphical user interface is incredibly important to be able
to enable and see the road ahead while not wanting to overwhelm the user with infor-
mation that is redundant or complex. With the right placement and coloring, readability
can be increased.

The object detection is not run on the HoloLens itself and you may ask why it isn’t?
The optimal solution to this would be to have the entire system ran on the HoloLens
device itself. Running the object detection locally would remove the issue that latency
can cause, so why is it not run directly on the HoloLens?

There are two reasons why the object detection is not run locally on the HoloLens. The
first is performance; even though it is possible to run object detection on the HoloLens,
it does not deliver performance close to what is acceptable. ”Lighter” object detection
can be run with acceptable performance on the HoloLens but object detection such as
what is used in this project would not be feasible with the hardware from the HoloLens
1. When using Microsoft’s example program for computer vision which is developed
to use as a foundation for computer vision the performance was sub-par to what is
acceptable for this thesis use case, achieving at most 5 FPS. Running a more advanced
object detection algorithm would further decrease the performance.

The second reason is further development. This project was a test to see if it is possible
to use a client-server structure that can deliver object recognition in real-time. If it is
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possible to do this, then new devices can be used for this purpose. The HoloLens is not
a device that is practical to use when cycling in real-world scenarios since it is large,
heavy, and does not have good battery life. But by showing that this is possible paves the
way for the development of future light-weight devices that resemble normal sunglasses
in size and weight. They do not need to have the extra functionality that devices such as
the HoloLens brings. If the glasses only need capabilities such as a see-through screen,
5G, and a camera, then the glasses can be made substantially smaller and made usable
for real-world scenarios.

The algorithm for determining if an object should be determined to be a hazard or not
is something that could be further improved. Using an Monodepth algorithm [GMB17]
is one thing that could be investigated into, using such an algorithm in conjunction
with a modified algorithm such as the one used in this thesis could potentially improve
accuracy and results However performance of the algorithm could then be a bottleneck
which is a factor to consider since the system should function is as close to real-time as
possible.
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We have created a user interface that displays mocked cyclocomputer data for the cy-
clist such as speed, distance, heart rate, and time. This is presented with a clean and
well thought out design so that the user can obtain their main focus, which is keeping
eyes on the road. Together with the cyclocomputer data the GUI can also acknowledge
approaching dangers with object detection. This object detection highlights dangerous
objects in traffic related to the user’s FOV by setting a filled transparent red box around
that object. When a user feels unsafe or when too much information is presented when
cycling, the UI can be faded out fully so that the HMD is only attached to the user’s head
like a pair of normal glasses. The application was tested against two different network
emulators, Nemo and an additional tool for XCode called Network Link Conditioner.
The emulators were used to see how our application responded when different network
impairments were applied such as delay, jitter, bit rate, and packet loss. When applying
these configurations we saw an increase in both delay and freezes while the FPS was
decreased. With connectivity issues, information that was supposed to be displayed in
real-time can be presented seconds later. This delayed information can then mislead or
disturb the user by displaying irrelevant information.

When developing AR applications for outdoor environments, lightweight hardware is
crucial. If the hardware is too heavy, it will not be feasible to use in an outdoor envi-
ronment. A perfect scenario would be to have a pair of smart glasses as light as normal
sunglasses. If the hardware is heavy or puts pressure on the user’s nose, the chances of
getting ache or nausea will surely increase.
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Instead of picking the colors used in this thesis, an upgrade would have been to im-
plement a functionality to adaptively control the color displayed, i.e. by sensing and
adapting the color in real-time depending on changing environmental conditions like
illuminance, backgrounds, etc.

The adaptation of the UI was originally intended to work together with the object de-
tection based on current network stability. The UI was thought out to go from ”rich
in features” to only displaying ”essential” information. This was supposed to happen
when the object detection system identified hazards and highlighted those hazards while
at the same time making the rest of the UI less distracting so that the cyclist would not
get distracted. The UI was also thought to adapt depending on the network’s stability,
i.e. when the user is in areas with poor connectivity the UI would automatically adapt
itself to only show elements not depending on a stable network condition such as ob-
ject detection. This wasn’t achieved because of delimitation’s such as not having a 5G
network available and provided hardware being locked with company security rules, we
could not achieve this. Lack of time was also a reason that this was not prioritized in
the end.

A feature that could be explored is to set the transparency of the bounding boxes for the
objects depending on how close they were to the cyclist’s center of attention. Meaning
that the further out the marked object was from the center of the user’s view the more
transparent it should be. This is because objects in the periphery of a cyclist when
looking forward are not as important as those in its line of sight. Another feature for
object detection would be to track the direction of where the moving objects are going.
By doing so safety could be increased by notifying interfering objects approaching a
user’s lane earlier depending on if the object is moving into the user’s lane.

With better hardware that contains eye-tracking, object detection can be upgraded and
related to what exactly the user looks at. Popup warnings can appear when different
objects are approaching the cyclist, eye-tracking can then identify when the user has
seen the warning and then fade out/disappear.

The usage of other hardware than just the camera is also an area that could be used to
further improve the detection of objects. The current solution depends solely on the
camera and what it sees. Using sensors such as a LIDAR sensor could feed additional
information to the detection algorithm and make it more precise. This is something
that would especially improve the system in lightning conditions where a normal cam-
era performs poorly, such as dark conditions where a camera has difficulty picking up
objects a LIDAR or similar depth sensor would still detect objects.
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The software application can be upgraded with many new functionalities and features
dependent on 5G and edge computing. Features such as 3D navigation, which display
the quickest and best way to go in 3D depending on different conditions. By 3D we
mean by highlighting the road transparently and cleanly that guides the user in the right
direction.

It is a challenge to make hardware more lightweight when the requirements for calcula-
tions are constantly increasing as more data needs to be displayed in the UI that requires
more power. With the help of 5G, computations can be made at the base stations, using
edge computing. The data will then be sent to the HMD from these stations. The HMD
will then act as a thin client that only displays the information received to the user. But
for this to work together with object detection, the data sent and received should have
as low latency as possible. The further the latency can be reduced, the closer the system
comes to being in real time.
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