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This thesis researches the current state of small teleoperated devices, the need for them and
developing one. Small teleoperated devices give the possibility to perform tasks that are
impossible or dangerous for humans. This work concentrates on small devices and cheap
components and discloses one way of developing a teleoperated vehicle, but not
necessarily the optimal way. Development and the current state of teleoperation were
studied by a literature review, in which the data was searched from literature as well as
from the Internet. The need for teleoperated devices was mapped through a survey, where
11 professionals from variating fields were interviewed how they could utilize a
teleoperated devices and with what kind of features. Also, a prototype was built as a proof
of concept of small teleoperated devices. The prototype is controlled by a single-board
microcomputer that also streams video to the controlling device. The video can be viewed

on a display or with a head mounted display.
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1 INTRODUCTION

This section introduces this work, specifies its goals and delimitations and goes through its
structure. The works content is described briefly and the motivation for researching small
teleoperated devices is presented. The introduction also includes reviewing all areas of the

work and specifying research questions for this work.

1.1 Overview

Small teleoperated devices were chosen as the topic for this work mainly for personal
interest, but as can be seen later in the work, there is a demand for small teleoperated
devices in the industry. This work also concentrates on relatively cheap solutions that are
reasonable for corporative use as well as personal use. Small teleoperated devices could be
used in a variation of locations and situations that are either too small or too dangerous for
humans. Especially cheap devices can be used with potentially poisonous or radiating
situations to inspect if it is safe for humans to work, as cheap devices can be disposed and

replaced easily if they break or are contaminated.

Cars are constantly moving towards automation in small steps, such as anti-lock braking
system (ABS), traction control system (TCS) and automatic parking. Some groups have
already developed self-driving cars, such as Googles self-driving car project and Volvos
autopilot. Remote controlling is also one step towards autonomic devices, and even though
development of self-driving cars has gone a long way, some specific tasks require someone
controlling the devices, being it from a distance or not. These tasks require a person to
make decisions, monitor the surroundings or operate the vehicle in a way that is hard to
implement as software. In many cases, requirements for such vehicles ask for so small size,
that humans cannot fit in. On the other hand, controlling devices with a line-of-sight have
been around for ages, but controlling them from a distance needs a fast and accurate video
feed. Such video feed has been difficult to implement in a small device with analog
techniques due to its size and limitations of transmitting distance, but the development of
digital video streaming has made it possible. This also allows us to use the video feed more

effectively, and to use new techniques, such as virtual reality devices.



This work researches development and the current state of the art of small remotely
operated vehicles and also gathers information, in which kinds of tasks potential users
would use these devices. Evolution of remotely operated vehicles and their main
components was searched from literature and the Internet with various appropriate
keywords, after which the results were examined and tabulated. To gather possible use
cases from potential users 11 persons with different backgrounds in various fields were
interviewed. These persons were selected by their fields and their backgrounds and they
were all specialists in their fields. They were asked questions about how they could utilize
small teleoperated devices, what features they’d like on them and if they could save some

other expenses by using teleoperated devices.

A prototype was built to test the main parts of the device, such as the actual device,
controlling motors with a microcomputer, wireless networking, controlling with various
controllers and streaming video from the device wirelessly. Then all of those parts were
examined as how well they manage as a part of the system and how they could be
developed further. Due to temporal restrictions of the work, some of the tests were quite
small-scale, but they are decent as they give an approximate result. In building the
prototype term development is used, even though the action has been more of a re-
engineering type, as existing components have been disassembled as needed and
assembled back in a way they were not meant. None of the parts were built from scratch,

but only components commonly available were used.

1.2 Goals and delimitations

The main goal of this thesis is to gather information about current small teleoperated
devices, research the need for them in the different fields of industry and to develop a
proof-of-concept level system to demonstrate the main parts of such device. This work
does not aim to make the optimal device or in most cases even usable one, but to proof,
that it is possible to resolve the main problems related to teleoperation and to build a
teleoperated device to fit the needs of the potential users. The main problems contain
controlling the device and transmitting video feed from it wirelessly with a sufficient

latency. Small teleoperated devices offer the possibility to act in situations and locations



that are unreachable or dangerous for humans. Using a device could improve work safety
and quality as certain tasks could be fulfilled in situations that are nowadays hard or

impossible to perform.

Literature review made for this thesis doesn’t aim to gather information about all
teleoperated devices there is, but rather to examine the state of the art of the field.
Industry’s need for small teleoperated devices is gathered with interviews, but due to
temporal restrictions of this work, sample group for interviewees is rather small, although
it gathers well different industry fields in Finland. These limitations restrict the results, but
even though only a fragment of all the possible use cases and features are collected by
these interviews, it doesn’t mean that these results are wrong. They just present a portion

of all the possibilities.

The prototype developed during this work is not the optimal result, but it offers a good
viewpoint to the world of small teleoperated devices. Delimiting this work to small devices
is intentional, as small devices offer a good testbed, and small devices themselves have
also plenty of possibilities. This work aims to use relatively inexpensive off-the-shelf
components and to develop one possible scheme to build a teleoperated device. Also
automated actions are left out of this work, as they entail their own problems. This work
targets to use cheap components, so the solution is usable in both, corporative and personal
usage, as in corporative usage certain parts can be developed better or a cheap solution can
be used in a disposable way. As some of the use cases include that the device works in
some way dangerous locations, and may be contaminated itself, cheap devices can be used
as long as they run and replaced with a new one after they break. This way it is not needed

to repair a contaminated device.

The work is analyzed in the end. The background of developing telepresence devices is
viewed as how well it presents the theory behind telepresence devices and components that
can be used in one. The survey is thought in a way of how it could be improved, meaning,
what should be asked and from what kind of persons. About the prototype it was discussed,

how it could be made better and to correspond more to the answers of the survey.



The possibilities of virtual reality (VR) technology were tested with the prototype. It was
wanted to know if viewing the video feed from the device with a head-mounted-device
would make a difference while operating the device. The research questions for this thesis
are collected and presented next. Each research question is answered after the chapter
associated with it. The research questions goal to give at least one possible way to solve

the problem, but finding the optimal result is not a target in any part of the work.

The research questions are as follows:

1. With what kind of delimitations a computer controlled, small teleoperated device
from cheap, consumer level components can be build and where it can be utilized?

2. How much is the latency from the image recorded by the camera to displaying it in
the display with cheap, consumer-level components and software?

3. How can the control signal be transmitted from the controlling device to the
teleoperated device?

4. How can the controlling signal be directed to the motors?

5. How well does a head-mounted display work in a real-time system, where there is
latency also from other sources?

6. Can a head mounted display be used effectively with a wide angle lens?

1.3 Structure of the thesis

This thesis consists of seven sections. It starts with an introduction, continues to
background analysis and gathering information by survey and then it discusses developing
a prototype of a small teleoperated device. At the end the works succeeding is analyzed, its
importance is discussed and at latest the main findings of the work are rehearsed one more
time. The first section is an introduction to the thesis and the subject. Chapter 1.1 consists
of an overview, and it gives a short description of the work. Chapter 1.2 places goals for
the work and assigns also some delimitation. This chapter describes the structure of the

thesis.

The second section introduces the current state of the art of telepresence devices and
introduces the main parts of such a system. Chapter 2.1 is about radio-controlled (R/C)

devices and gathers information about the history and the usage of R/C devices. Chapter
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2.2 presents teleoperated devices over history to this day and makes a difference between
teleoperated and R/C devices. Chapter 2.3 deals with autonomic devices that can operate

independently. It also discriminates automated devices from R/C and teleoperated devices.

Chapter 2.4 is all about single-board computers. It tabulates some of the most used single-
board microcomputers powerful enough to stream high-definition (HD) video and tells the
main differences between them. In chapter 2.5 wireless networks are analyzed. It tabulates
the main wireless systems used in the year 2015 that are usable in this work and specifies
the main differences. Chapter 2.6 explains some of the history of augmented reality and
virtual reality and it tabulates the main virtual reality head mounted displays (HMD) and

compares their features.

Section three describes the survey made to gather information about how useful a
teleoperated device would be in the industry. Chapter 3.1 introduces the interviewees,
chapter 3.2 presents the questions asked as well as the answers given. The latest chapter in

the section, chapter 3.3, then analyzes those answers.

The fourth section depicts the built prototype, its problems, and solutions. In chapter 4.1
the actual physical device, built on an R/C car chassis, is described, and the problems and
solutions found during the development are disclosed. Chapter 4.2 tells about attaching
Raspberry Pi —microcomputer to the R/C car and programming it to control the device. It
also describes how the camera is used on the system. Chapter 4.3 is about the controlling
side of the system, as it describes how the different controllers were implemented to the
system. Wireless networking and especially its latency is discussed in chapter 4.4. Chapter
4.5 discusses different methods to show the user the video feed from the device. The last
chapter of the section is devoted to further development of the device, as in this work only
a working prototype was built. Section 5 analyzes the works success, section 6 analyzes its

significance and section 7 summarizes the results of the work.



2 TELEPRESENCE AND COMPONENTS FOR DEVELOPMENT

This chapter discusses the theory behind teleoperated devices. Chapters 2.1, 2.2 and 2.3 are
about research made earlier and the current state of the art of R/C vehicles, telepresence
vehicles and autonomic devices. They are all studied, as they are the different phases
towards a fully autonomic device. The rest of the chapters are about the needed
components for building a teleoperated device. The car itself requires few parts despite the
implementation. These parts are chassis of the car, motors, camera, transmitter, receiver
and a controller to control the motors. In figure 1 a simplification of the necessary parts of
a teleoperated system is displayed. In addition, also wireless networks and virtual reality
are mentioned, because they are also an important part of the device. Virtual reality is
studied to solve if it can be used in this kind of implementations. It is not considered how
the vehicle is driven, as there are many possibilities and the network can be considered as
an interface, which allows all kind of devices to connect.

W

N

Fig 1. Necessary parts for a teleoperated system [1] [2] [3] [4].



2.1 Radio controlled devices

R/C devices are typically battery or gas-powered scale-cars meant as toys or for a hobby.
There are also R/C trucks, tractors, tanks, boats, and helicopters, to name just a few. R/C
devices can be controlled from a distance with a transmitter or remote, working mostly
with frequencies around 27 Megahertz (MHz), 49 MHz and 2.4 Gigahertz (GHz) [5].
Although the devices can be controlled from a distance, the operator normally has to see
the device to be able to control it efficiently. Toy-grade R/Cs and the cheapest hobby-grade
R/Cs are usually battery-powered while on the hobby-grade there are also glow plug and
small gasoline engines [6]. Glow plug engines are fueled by a mixture of nitromethane,
methanol, and oil, and are often referred as “nitro” cars. In both, toy- and hobby-grade,

there are on-road and off-road vehicles available with a selection.

The 1980s is considered as the beginning of the golden era of R/C cars. The cars were no
longer limited to paved roads, and the amount of sold R/C cars increased fast. As there
were more hobbyists, there were more organized races. This decade gave also the first
four-wheel drive off-road car, as Tamiya released the HotShot [10]. On the beginning of
the 1990s, the components of the cars had developed a lot, and the low-grade cars were
quite cheap. On the other hand, the top-level cars were fast, advanced and expensive. The
best cars had speeds of over 120 kilometers per hour (km/h). Work on developing the
components go on and an example of the development of R/C cars is the H-CELL 2.0, the
first hydrogen fuel cell hybrid developed by Horizon Fuel Cell Technologies [11]. The
history of R/C cars before 1980s can be read from appendix 1.

On 2015, a basic toy-level R/C car can be bought with less than 20 euros (€), a four wheel
driven car costs about a hundred euros and gas powered costs about 150 € in Amazons
online store. The smallest cars are 5 centimeters (cm) long while most of the racing cars
are 1/10 and 1/8 scaled cars. There are also classes for smaller cars on the races. The
fastest R/C car on 2014 was Nic Case’s R/C Bullet with the top speed of 325.12 km/h [10].

2.2 Telepresence devices

Telepresence devices are devices that can be driven from a distance with the guidance of
sensor data provided by the device[12]. The data can be for example video feed or data

10



from proximity sensors. Although the distance between the operator and the device can be
long, the distance creates latency, which can make operating the device impossible. In this
thesis telepresence devices are restricted to only directly controlled devices, meaning
devices without any autonomy. Chapter 2.3 deals with autonomic vehicles, at least as much
as they are covered in this work.

Telepresence devices are referred with several terms, for example, remote operated
underwater vehicle (ROV), unmanned aerial vehicle (UAV), unmanned ground vehicle
(UGV) and unmanned combat ground vehicle (UCGV) [12] [13]. Mentioned vehicle types
can be seen in figure 2. Telepresence devices can be used in environments, which are hard
to reach, to avoid loss of life or to reduce costs. The device needs to collect and send
sensor data to the operator, to make it possible to operate the device. The sensor data can
consist of video feed or other data. The device can also collect data to complete some
mission, to create a map of the area or to monitor the surroundings. Navigation can be an
important part of the device, if it has to be controlled in an unknown and possibly hostile
area. Telepresence devices are being used on land, in the air and on water as well as
underground, underwater and in space, in operations like border security, policing,
patrolling and inspection, emergency and hazard management, remote exploration works

and repairs, urban transport and drone journalism [13].
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(a) (b)

(c) (d)
Fig 2. Unmanned vehicles: (a) ROV, (b) UAV, (c) UGV and (d) UCGV

The first unmanned vehicles (UV) were built at the beginning of the 20 century, but the
first ones were meant to be targets of air defense training. The first real UVs seem to have
appeared in the 1940s in the nuclear plants, although it is hard to tell exactly because much
of the research relating UVs is from military and kept classified. Outside military, UVs
were used mainly in ocean exploratory and aerial spraying for agricultural crops. The
Japanese are known to have experimented a full-size teleoperated helicopter as early as in
the 1950s. In the 1960s, the first normal size aircraft were teleoperated, but it wasn’t until
the 1970s as teleoperation became widely used. In the 1980s, the Teleoperated Dune
Buggy and the Teleoperated vehicle were developed by the Naval Ocean Systems center.
Although UGVs had been used before, especially in space missions, these were the first

full-size ground vehicles meant to be driven with stereo video and replicated controls. UVs
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are also used in hazardous duties, such as the Remote Reconnaissance Vehicle and the
Remote Core Borer, which were used to explore and remediate after the Three Mile Island

nuclear reactor accident.

To research the current state of the art of teleoperated devices and unmanned devices in
general, a literature review was performed. Different kinds of existing devices were
searched from literature with Google Scholar as well as from the web with Google search
to map what kind of solutions already exist. Features in these devices were analyzed and
researched if they contained any usable features for the prototype. The used search words
are presented in table 1. Search results were browsed until no significant results were
found; usually, this contained more than 100 results with each search word. All the
relevant findings were examined and tabulated if needed. Most of the findings are from the
2000s and 2010s, but some examples from previous century were included, as they give a
good example of the state of the art at those times.

Table 1. Search words for finding existing devices from literature and the Internet.

Telepresence guarding vehicle

Teleoperation guarding vehicle

Remote control guarding vehicle

Telepresence guarding vehicle

Remote surveillance vehicle

Virtual guarding vehicle

Digital guarding vehicle

Low-cost telepresence vehicle

The table of devices found from scientific sources can be found from appendix 2. Some of
the findings were found during searching for the devices from the Internet, but they were
still categorized as scientific. Most of the discoveries in this table were from the military
side and main part of the remaining was developed to help to research something else.
Most of the plain teleoperated vehicles are huge, up from the size of a quad bike [14] [15]
[16] [17] [18] [19] [20]. There were also small devices that were clearly of bad quality, as
they were just R/C cars sending low-level video feed [21], and not teleoperatable. The

autonomic devices are smaller, but they are mostly made to research only one feature, like
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hopping the stairs [22] or self-charging [23] [24]. The features, that are important to this
work and are found in the table in appendix 3, are ascending of stairs, fire detection sensor
[25] [26], all-terrain [27], self-recharge, and easy interface for adding additional sensors.
Some of the features of autonomic devices could be implemented in a teleoperated device,
but they are not an essential part of such a system. These features were face recognition
[28] [29], following sound source [30] modularity [31], variety of sensors [32], solar
panels [33] and autonomous underground mining[34]. Also, one of the devices fulfilled the
physical requirements but was too autonomic and expensive for this research [35]. There
were also a couple made for telepresence communication [36] [37] [38]. Only one device
was notably near this works ideology, as it is a low cost teleoperated device [39]. Its only
weakness was, that it is not easy to construct, as one of the goals of this work was to build

a device from off-the-shelf components.

In the table of devices found from Internet sources, which can be found from appendix 3,
about half of the findings were productized. Mainly in the autonomic ones, there were
devices made for video conferencing [40] [41] [42] [43]. The cheapest remote controlled
ones seem to be mainly quite lightweight, and the videos they transmit are of poor
resolution. Some of the vehicles can be driven with only a smartphone and some of them
are basically radio-controlled cars with video feed [44]. Some good features in the results
are night-vision [45], turning camera [46], wireless fidelity (Wi-Fi) [47], throwability [48]
and programmability [49]. The search also disclosed one mind-controlled robot [50], one
wheel shaped robot [51] and one doctor robot [52]. There are also Android-based platforms

for research and development of robotics [53].

None of the found devices were considered suitable for the requirements of a small and
low-cost teleoperated device for multiple tasks in various environments. They either lack
some important features, or they are too strictly built to execute just one designated task.
Many of them were also made for some scientific research and not meant to fill any other

requirements.
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2.3 Autonomic devices

A fully automatic vehicle could do some operation all by itself, like border controlling [13]
or self-driving cars[54] [55]. Today we have partly autonomic vehicles, which mean they
can do some simple and straightforward operations by themselves. Partly autonomic
vehicles are a combination of a traditional vehicle, driven remotely or from the device, and
autonomic vehicle. A good example of partly autonomic vehicles is cars with park
assistant[56], which can be found from the majority of new cars nowadays. Autonomic
operations can be added to also R/C devices, with operations like taking off and landing

with a helicopter.

The steps of autonomic operations are Waypoint navigation, Robust obstacle avoidance
and Advanced autonomous behaviors[57]. Waypoint navigation means the vehicle is able
to navigate from some waypoint to another. At this level, it doesn’t need to be able to
avoid obstacles or to react to any changes on its route. Robust obstacle avoidance level
gives the vehicle a possibility to react to changes on its route. Advanced autonomous
behaviors give the device the abilities to recover from communication lost or to navigate

on an unknown terrain.

On some cases device autonomy is a vital condition. For example latency in
communication to Mars is 4 — 20 minutes[58], so a rover on Mars couldn’t be driven from
Earth. When comparing to man-driven vehicles, the autonomic vehicles reduce personnel
costs, because one person can supervise several devices. As 2015, autonomic devices can
monitor certain areas, such as borders, map distant, hard to reach or hazardous areas,
search caves and buildings, detect mines, transfer accessories or wounded, acquire
information about the enemy or even repair themselves. As 2015, autonomic vehicles don’t
use lethal force themselves[59], at least not officially. In Irag, the first small unmanned
ground vehicles (SUGV) were used in April 2004[60]. The main research concentrates on
three aspects: sensors, cognition, and network [60]. Sensors are important because they are
the senses of the vehicle. Cognition means the device needs to think humanlike and to
separate enemies from civilians and friendlies. Networking is on an important role in
military-level vehicles, as it is important to modern warfare, and it is disturbed in multiple

different ways.
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2.4 Single-board microcontrollers and cameras

In teleoperated vehicles a single-board microcomputer can be used for connection between
the device and the controlling end, controlling motors in the device and for recording and
streaming video with the help of an external camera module. Nowadays markets offer
powerful single-board microcomputers with multiple ports for developing systems on a

wide range.

A single-board microcontroller is a microcontroller built on a single circuit board. It
provides all the necessary circuitries, such as a microprocessor, input/output (1/0) and
memories for different tasks. The most developed single-board microcontrollers are little
computers, with all the necessary ports, including universal serial bus (USB)-, networking,
display and camera ports. On the other hand, some of the boards are meant for more simple
tasks, and they don’t need any additional ports in addition to the general purpose input

output —pins (GP10), which can be used for various tasks.

Traditionally, single-board microcontrollers are used in embedded systems due to their
small size and connectivity to sensors and motors. The latest engineering has made it
possible to pack a powerful computer on a single board while there are still a lot of single-
board microcontrollers meant for embedded systems. The price of a board depends a lot on
the ports and processing speed. The cheapest ones cost just a few euros while the most
expensive ones may cost several hundred euros. A computer like single-board
microcontroller can be bought with less than one hundred euros, which has made it

possible to use them in various tasks also at homes.

As can be seen in appendix 4, Arduinos clock rate is less than 100 MHz, which is quite low
compared to other boards. Arduinos have also less memory, 32 — 512 kilobytes (kB) flash
and 2 — 96 kB random access memory (RAM). Flash is used to store program code and
RAM is used as runtime memory. Overall, Arduinos are closest to the traditional
microcontroller, and as such their most used communication method are the GPIO-pins, in
which almost anything can be connected. Arduinos are also quite permissible about the
given voltage to power them and they have multiple pulse width modulation-ports (PWM),

which can be used to control motors, for example.
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Raspberry Pi:s, Banana Pi, BeagleBone and Udoo Quad are closer to a traditional
computer than Arduinos. The recent versions have clock rate around 1 GHz with 1 to 4
cores. They have 0.5 — 1 gigabyte (GB) of RAM but only BeagleBone has 4 GB of flash
memory as the others are programmed on a memory card. The boards have also 1 — 4
USB-ports, which allows the user to connect a memory stick as well as almost any other
USB-connected device. The Raspberry Pi:s, Banana Pi and Udoo Quad also have camera
serial interface —port (CSI), which makes it possible to attach a camera. BeagleBone has
also a camera interface, called Cape. BeagleBone has 8 PWM-ports while Raspberry Pi:s
have only one, Banana Pi is going to have one and Udoo Quad has none. Shields can be
added to each board to expand its capabilities. Shields are connected to GP1O-pins and
they are at least partly compatible with all the boards. Some of the boards offer a Wi-Fi
transmitter, but it is possible to add a Wi-Fi shield to GP1O-pins or a Wi-Fi transmitter to
USB-port in all of them. These boards are more expensive than the Arduino ones, because
they are more sophisticated and powerful, with the prices from 35 euros to a little over 100

euros. Prices presented in appendix 4 are the official prices at the end of the year 2015.

There are cameras for the boards on table 2, but the cameras for Arduinos are left out
because it is difficult to handle video stream with such low clock rates. In all of the other
boards, the camera can be connected to dedicated camera port, USB-port or GPIO-pins.
The differences between the cameras are basically resolution and an infrared filter. There
are also differences in the field of view (FOV), but it actually depends on the lens, which is
changeable in most cases. Resolution varies up to 5 megapixels (MP) and there are
cameras that filter out the infrared light and ones that don’t. No infrared (NoIR) cameras
are capable of recording infrared light (IR), which can be viewed programmatically. Prices
are taken from the each board's own online market at the end of the year 2015.
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Table 2. Cameras for different microcomputers

Camera Raspberry Banana Pi BeagleBone camera Mipi AF
Camera camera cape Camera

Resolution 5 Mp 5 Mp 1.3 Mp 5 Mp

Static image 2592 x 1944 2592 x 1944 1280 x 960 2592 x 1944

1080 p 30 fps 30 fps None 30 fps

720 p 60 fps 60 fps 30 fps 60 fps

640 x 480 60/90 fps 60/90 fps None 90 fps

IR/NolIR Both Both NolR Both

Price 25 € 25 € 45 € 29 €

Port () Csl Cape Csl

Board Raspberry Pi Banana Pi BeagleBone Udoo Quad

In table 2 is presented one camera for each board, except Arduinos, and except
BeagleBone camera cape they are all official cameras made by the microcontroller
manufacturer. There are also a variety of cameras made by third party manufacturers.
BeagleBone camera cape is also the only 1.3 MP camera, as all the others are 5 MP. It is
also the only one with only NoIR version. Raspberry Pi:s and Banana Pi can use each
other’s cameras, but the rest are independent to their own board brands. BeagleBone
camera cape is the most expensive one, and the rest are from 25 euros to 30 euros, but third

party cameras are even cheaper.

2.5 Wireless network

In teleoperated devices wireless network needs to be used to transmit data between the
device and the controlling end. Important features of the network are its latency and its
bitrate. Too large latency affects immersion of operating the vehicle and small bitrate

limits transmitted video feeds quality.

Wireless communication has been around for ages, but it wasn’t until the late 19th century
when a leap to more developed techniques could be made. In 1844, the first telegraph was
sent by Samuel Morse[61], and later in 1876 the telephone was invented by Alexander
Graham Bell[62], but these both required a wire between the two parties. Radio was

developed in 1895, as electromagnetic signals were transmitted by Jagdish Chandra Bose
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[7], and the first radio program with speech and music was sent in 1906 by Reginald
Fessenden. In the same year, the first radiotelephone was developed. It wasn’t until 1947
that Bell Labs invented the technique for cellular mobile phones[63], and nearly ten years
later, in 1956, the first fully automatic mobile phone was published. The first satellite sent
information back to earth in 1957. Electronic mail (E-mail) was introduced as early as in
1972[64]. The first mobile phone network with the capability to move during the call was
invented in 1970 and it started 1G-era on mobile phones[65]. Five years later the first
commercial mobile phone network was published in Chicago. 2G came to the markets with
a global system for mobile communications (GSM) in the beginning of 1990s[66] and two

years later the text message was introduced.

1997 and the publishing of the first version of Wi-Fi standard, 802.11[67], began the data
era in the wireless communications. Even though Wi-Fi wasn’t the first possible solution to
wireless local area network (WLAN), it was the first to hit the markets with the maximum
data rate of 2 megabits per second (Mbps). Two years later the second version of the Wi-Fi
standard, 802.11b with the data rate of 11 Mbps [67], and Bluetooth was introduced [68].
In the beginning of the third millennium, 3™ generation partnership project (3GPP)
standardized 3G. However, the commercial networks just began to introduce 2.5G with
general packet radio service (GPRS) and enhanced GPRS (EDGE) [61]. In 2002, the Wi-Fi
standard was updated with version 802.11g/a, which offered 54 Mbps data rates [63]. In
2003 also a 3G technique wideband code division multiple access (WCDMA) was
standardized and it offered the data rate of 384 kbps [69]. ZigBee was introduced in 2005
and the same year standardized high-speed packet access (HSPA) increased the maximum
speed of mobile networks to 14 Mbps. The Wi-Fi-standard updated again in 2007 to
version 802.11n and added the data rate to 600 Mbps [67]. In 2008, the first 4G standard,
HSPA+ with the data rate of 28 Mbps, was introduced and also the last analog mobile
phone networks were shut down. HSPA+ got a challenging standard in 2010 as long term
evolution (LTE) was standardized, offering the data rate of 100 Mbps. 2012 the Wi-Fi
standard was updated to the most recent version, 802.11ac, with the data rate of 3,6
gigabits per second (Gbps) [67]. It is expected that in the year 2016 LTE advanced will be

published and it will increase the mobile network data rate to 1 Gbps.
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Appendix 5 presents different techniques for wireless networking. The distance in 3G and
4G means the distance from the cell tower and in the rest the maximum distance between
the transmitter and the receiver. The distance may be shorter due to obstacles or other radio
traffic. The latency includes just latency produced by the wireless networking technique,
and the real delay is bigger in real world solutions. The frequencies used by the R/C
vehicles and IR can’t be used to transmit data in practice, and the transmission with R/C
and IR frequencies normally needs a line of sight between the transmitter and the receiver.
With IR, the maximum distance is tens of meters while R/C frequencies can carry
hundreds of meters under good conditions.

Bluetooth offers more bit rate, but its range is quite limited. ZigBee gives more distance
with low energy consumption and low delay, but it also has a quite low bit rate. ZigBee
could be used in tasks that don’t require transmitting anything with a big data rate, like a

video stream.

Wi-Fi offers much more bit rate with a longer range than the previous, although it
consumes a lot more energy. Wi-Fi can also be used as Wi-Fi direct, which makes it
possible to use peer to peer network to minimize the delay and not to be restricted to any
stationary transmitter. Wi-Fi based solutions are also easy to connect to the internet, and
the device can be connected nearly anywhere on this planet. However, this can increase
latency notably; the absolute minimum latency is presented in table 3, where the data
transfer speed is calculated with the speed of light. This speed can never be achieved in a
real-life solution, but it gives a lower limit for the latency. Compared to other internet-
based solutions, Wi-Fi has relatively low latency compared to other techniques. 3G covers
nearly the whole Finland, with some uncovered areas mainly in northern Finland and also
in some unpopulated areas in southern Finland, while 4G covers mainly the populated
areas. However, 4G offers a much bigger data rate, up to 100 MB/s, with a lower latency,
50 — 150 ms, than 3G, which data rate is up to 3.1 MB/s and latency 100 — 350 ms.

Overall, the latency varies a lot depending on the structure and traffic of the network.
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Table 3. The lower limit of latency with different distances.

Distance (km) 1 5 10 100 1000 | 20000
Time (ms) 0,0033 0,017 0,033 0,33 3,34 66,7

2.6 Stereoscopic image

The stereoscopic vision was suggested as one possibility to view the video feed offered by
the device. Stereoscopic vision can increase the immersion of operating the vehicle, but
combined with latency can make operating it difficult and also cause motion sickness for

the person operating the vehicle.

Virtual reality is commonly understood quite widely. In this work, this theme is divided
into three different categories, virtual reality, augmented reality and stereoscopic three-
dimensional space (3D) images. The first category holds every solution, where the user is
taken to a virtual reality world, with the help of VR-devices. Augmented reality (AR)
images our reality but adds some elements to it. The stereoscopic 3D image takes a 3D
image from our reality and shows it to the user in a stereoscopic way. A stereoscopic
image uses only a stereoscopic device, virtual and augmented reality can take advantage of
other devices as well, such as surround sound speakers or devices spreading scents. Oculus
VR published their Kickstarter-project Oculus Rift and started fundraising in 2012 and
published their first HMD in the same year. In 2014, the markets had already a selection of
HMDs. More detailed history can be found from appendix 6.

Appendix 7 presents a table, which introduces some of the HMDs in markets at the end of
2015 and also the most important features of each. Even though the stereoscopic image can
be made in multiple ways, all of these HMDs use the technique, where a separate image is
shown to each eye. Some of other techniques are Chroma depth system, color anaglyph
system, interference filter system, polarizations system, Pulfrich method shutter system.
Head tracking in HMDs require sensors and usually offer the user three to six axles of
freedom, and as such make the usage more immersive. Images of a couple of the devices
can be found in figure 3. Prices in appendix 7 are each products official price at the end of
2015.
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(b)

Figure 3. Different HMDs: (a) Oculus Rift, (b) Google Cardboard.

The most important features of HMDs are discussed here. Resolution is important, because
in HMDs the display is near eye, and in low-resolution systems pixels stand out easily and
start to disturb. In recent high-level products resolution is, at least, Full-HD. Field of view
is also a significant feature, as a small FOV system really can’t give a feeling of an
immersive 3D system. In most systems FOV is around 100 degrees, which makes the user

think he really is in the reality that the HMD is showing. Refresh rate in most systems is at
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least 60 Hz. About half of humans perceive at least 45 frames per second (fps) [75], but
certain trained persons can perceive even over 200 fps. At 60 Hz most of the people don’t
notice any flickering. Display lag means the lag between the action and the image on the
display. It is important especially in games, as certain events happen very quickly. Another
measured lag is the lag in head tracking, meaning the lag between the user turning head
and the image refreshing to that event. A long lag in head tracking might cause severe
symptoms of motion sickness as the other senses can’t verify visions outcome. Head
tracking lag is not tabulated, as there was no data available. However, common latency in
most of the HMDs is 80 — 90 ms, with the best case scenario of 50 ms. The absolute
minimum latency is 15 ms, and it can’t be beaten with the devices mentioned in appendix
7. Head tracking lag can be minimized with good sensors, and as such, most of the high-
level HMDs are equipped with at least 6-axis sensors. The HMDs that don’t require a
smartphone weight about half a kilogram, and HMDs that require phone weight nearly as

much with the smartphone. Prices of HMDs are from practically free to about 650 euros.

While modern HMDs show an individual image to each eye, recording it is possible for the
majority of people and it is relatively easy comparing to the beginning of the millennia.
The setting requires two cameras that are set a little bit apart from each other in a bit
intersecting angles. For example Raspberry Pi compute module development kit can record
two videos simultaneously and compute different distances in the images[76]. Virtual
reality techniques are proven to make gaming more fascinating[77], as it offers more

dimensions for the gameplay to use.

Using VR HMDs can cause the user motion sickness and headaches. Some of the sources
for these reactions are poor display resolution, limited FOV, visual latency and position
tracking latency[78]. Especially the latencies can cause visually induced motion sickness
(VIMS). 1t is also studied, that the more depth the HMD offers, the more danger the user
has to have symptoms. However, with driving games the symptoms were found to be
nearly as small as with a common display[79]. Most of the sources for the symptoms
mentioned are caused by the HMD, and as such, the developer or the user has just a little or

not at all possibility to try to reduce motion sickness.
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3 NEED FOR THE DEVICE IN THE INDUSTRY

To understand the possible use cases for a small teleoperated vehicle a survey was made. A
group of people with variating backgrounds were questioned about the subject to find,
where they need or could use a teleoperated vehicle. The survey gathered information
about the needed features of the vehicle and how the interviewees thought they could use
the device. In this chapter the results of the survey are introduced, as well as the people and
organizations behind the answers. At the end of the chapter, the answers are analyzed and
discussed to gather what kinds of devices are needed with what kind of features. A
prototype was made with the information of this survey in mind. The prototype will be
introduced in section 4.

3.1 Interviewees

Eleven professionals from nine different organizations were interviewed about the subject.
The professions of the interviewees’ consist of facility services, security services, aviation,
power grid maintenance, large-scale industry and customs. The available time for this
thesis was brief, and for that reason, it was decided to concentrate on the quality of the
interviewees instead of the quantity. The interviewees are specialists on their labor and as
such they have a good knowledge of how their and their co-workers tasks could be made

better, cheaper or more safely.

Persons interviewed are presented in table 4. Suomen Yliopistokiinteistot Oy is a company
that owns most of the university facilities in Finland, meaning over a million square meters
of facilities and 35 persons working. Lappeenranta University of Technology (LUT) is a
University with 70 000 square meters of premises, 800 employees, and 5000 students.
Lammaisten Energia Oy is a small electricity company with about 800 km of the power
grid and 16 employees. Finnish customs are responsible for customs in Finland and they
make over a million inspections in a year. LOAS is a student housing foundation in
Lappeenranta with 3 000 apartments, 80 000 square meters and 35 persons working.
Finavia Oyj offers aviation services in Finland and in Lappeenranta their organization
consists of 20 personnel and one runway. SOL offers cleaning, facility, laundry and
security services mainly in Finland and Baltics with 12 000 employees. ISS is an
international company, offering cleaning, food, security and facility services in over 75
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countries. It employs 11 000 persons in Finland and over a half million internationally.

Teollisuuden voima Oyj (TVO) is a Finnish electricity company, which owns two nuclear

reactors, employs 850 persons and produces 15 TWh of electricity per year.

Table 4. Persons interviewed in the survey.

Organization

Title

Suomen Yliopistokiinteistot Oy

Campus manager

Lappeenranta University of Technology

Property director

Lappeenranta University of Technology

Development manager

Lammaisten Energia Oy

Power grid manager

Lammaisten Energia Oy

Operation manager

Finnish Customs

Manager of the technology unit

Lappeenranta Student Housing Foundation- LOAS

Facility manager

Finavia Oyj Airport manager
SOL Palvelut Oy Development manager
ISS Oy Development director in facility services

Teollisuuden Voima Oyj

Asset manager

3.2 Introducing questions and answers

All the interviewees were Finnish and were interviewed in the Finnish language. Listing 1
contains these questions translated into English. The interviewees received a presentation
about the device before the interview, so they were aware of the basic structure and
features of the prototype. Before the questions, it was asked if the organizations had

already some kind of teleoperated devices.

Listing 1. Survey questions in English.

1. Can you notice from your labor or your hobbies any need for this kind of a device?
Where, how and in what kind of situations?

2. Can you notice needs for this kind of a device from any other associations?

3. Do the situations you thought demand any specific features from the device? Does the
device need any sensors or physical features?

4. Could the device save some other expenses, or give some kind of other added value?

5. From how far should it be possible to operate the device?
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6. How would you like to operate the device? Rally wheel / keyboard / joystick / joypad /
smartphone / tablet?

7. How would you like to watch the video stream from the camera? With a display or with
Virtual reality glasses?

8. If the device could offer stereo image for VR-glasses, would there be any need for this
feature?

9. Because the device actually could offer stereo image for VR-glasses, where could this
feature be needed?

10. Should it be possible to turn the cameras (the device itself can be turned)? With 1, 2 or
3 turning axles?

11. How long the battery should be able to power up the car, if there were a charger in

which the car could be driven?

The first two questions are close to each other, and the second question is actually used to
get the interviewee to think use cases outside of the box. Even though these people were
selected because of their labor, it is wanted that they can also imagine use cases from other
connections. The main idea of these questions was to gather as many different possible
tasks as possible, so it could be mapped what kind of tasks would require a teleoperated
device. This question responded to its purpose and gave 55 different tasks. The answers to
first two questions were combined and categorized into six different groups, which are
surveillance, dangerous places, narrow places, delivery tasks, sampling and the tasks where
the device acts as an active participant. The categorized answers can be found in appendix
8. Most of the answers were categorized into surveillance, and it includes all answers
relating to actual surveillance of people and facilities, supervising tasks in maintenance and
cleaning and recording the events for later analysis. Dangerous and narrow places consist
of all the tasks, where some location is either impossible or difficult for human presence.
Delivery tasks include all use cases, where the device should transport some physical
material. Sampling involves tasks, where the device gathers either information with
sensors or samples from the surroundings. The last category includes all the tasks where

the device is an active player and tries to influence to the surroundings.
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Surveillance category consists partly of common surveillance tasks, in which the device is
operated in a certain area and it is monitoring, if there are inappropriate persons or events,
or something has gone badly. Furthermore, there are also tasks, which are less obvious,
such as elderly care, following a scent, remote flight control, and inspecting roofs. The
latest came up in two interviews, in one, the interviewee wanted to inspect the amount of
snow on the roof and in another leafs and dirt in the roof and in eave gutters. Part of
answers in the category of dangerous locations belongs also to narrow places —category, as
they are unreachable for humans. Some of the interviewees also wanted to gain access to
locations with radiation without risking human health and clear dangerous spaces. Good
examples of narrow locations are ventilation pipes and sewers, which might be very
narrow, but needs to be inspected from time to time. Delivery tasks consist of delivering
and retrieving post or items or carrying cargo, such as tools. In sensor tasks —category the
answers consist of gathering information and recognizing certain events, such as steam
leaks and damages. In active actor —category the device is an active player and tries to
influence to the surroundings. Examples of these tasks are cleaning, preventing birds or

they are part of a military operation.

The third question is quite ambiguous, as it expects people to answer what kind of sensor
data they want, as well as what they demand on the devices structure and durability. The
answers, which can be seen in table 5, were divided into four categories, device, camera,
sensors, and sampling. All the features presented in table 5 were mentioned during the
interviews. Some features were mentioned on more than one occasion, and they are
marked in the “Amount” —column of the table. The outcome of the question contains
various features in each category, and as such, the question resulted in the expected way.
Device category includes the answers related to the devices physical features, such as if it
needs to be off road —capable or if it should tolerate cold or radiation. Camera category
consists of answers which relate to the camera of the system. Sensors include answers of
what kind of sensor data the device should be able to gather. Answers in sampling are
differed from sensors, as in them the device should be able to gather samples from the

surroundings to be analyzed later or in some other location.
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Table 5. Features gathered from the survey.

Device Amount | Camera Amount | Sensors Amount | Sampling
Caterpillar Thermal imaging 3 | Temperature Sampling
String-backup Camera Humidity 2 | Sweep sample
Grap IR-camera 2 | Sensors Air sample
Suitable car High definition 3 | Barcode reader

Steep staircases Still images Damage in insulation

Radiation Zooming Microphone

Offroad Details Speaker

Driving power Location

Working life Cleanliness level

Coldness Radiation 2

4 wheel drive Following scent

Big wheels

Doorsteps

Cargos

Gratefloors

Difficult grounds

Light 2

Main parts of the answers in device category are about driving capabilities of the device,
such as driving on different kind of grounds, carrying accessory and providing light to help
to navigate. A couple of the answers are about the durability, as if the device tolerates cold
or radiation and how long is the working life of the device. Some answers also requested
the device to have a string-backup, so it could be towed back, some kind of a clamp to grip
on different things and also a power source different from electricity. In the camera
category, most of the questions were about normal camera capabilities, such as it should be
possible to take still images, zoom and the video stream should be in HD. It was also

requested that the device should be able to record IR and thermal video.

Most of the required sensors are common sensors, such as temperature, humidity, radiation
or microphone and speaker. Speaker was included in this category, because even though
it’s not a sensor, connecting it to the device is very similar to a sensor. Some interviewees
also wanted the device to be capable of reading barcodes, inspecting damages in insulation,

checking cleanliness level and following scents similar to dogs. Sampling was the smallest
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category and it consists of sweep sample and air sample. They are both samples, that are

gathered in one place and analyzed in another.

In the fourth question, it was wanted to know how much the organization would be willing
to pay for the device. However, the interviewees were challenged to think about the value
of the device as how much it could save other expenses. This question was not seeking for
a price for the device, rather what kind of expenses could be saved, and how much value
the device could give for the organization. The answers, however, did not give any
estimation of how much the device could save other costs. The answers were divided into
three classes, which are called money, quality and work safety, as can be seen in table 6.
Additionally, two answers were given, that did not answer the question what expenses
could be saved, but rather how expenses could be saved. These responses were that aerial

and autonomic devices would save costs.

Table 6. Saved expenses gathered from the survey.

Money Quality Work safety

Saving time More detailed evaluations | Work safety

Saving money Getting into spaces Protecting personnel
Saving personnel costs Make tasks easier Avoiding radiation
Saving gasoline Environmentally friendly Environmentally friendly

Less driving while on work

Less distance to workplace

Saving time

Saving clients time

Make tasks easier

In the first category, money saving, the answers are saying, the device could save in time,
work trips and it would make certain tasks easier. This would lead to savings in personnel
costs and travel costs. The second category isn’t straightforwardly saving, but it gives the
organization value by leading to better quality. In this category, the answers were about
getting more detailed results, making tasks easier, getting into spaces that are unreachable
by other means and it could also lead to more environment-friendly practices. The last

category, work safety, means saving in fewer accidents or in less sick leaves. The answers
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were about protecting personnel and protecting personnel from radiation and other

hazardous situations.

The fifth question asks about the operating range. This question seeks to figure out if the
device could be controlled via Wi-Fi or mobile networks. At the same time, it was
discovered by discussion if the organization had any use cases for the device with possible
problems in communications. Table 7 presents the results, and as can be seen, most of the
interviewees thought, that the device could be controlled with Wi-Fi network. These
answers included the tasks, where the device is inside buildings, or in a limited area
outside. 4G networks were also mentioned in situations, where the device would be used in
certain areas in the urban area. Some of the interviewees thought, that the device should be
able to be controlled from few kilometer distance on areas or situations, where there are no
4G or even 3G networks available. The results of the question were as expected of the

question.

Table 7. Required network distances.

Distance | WLAN 4G 2-4 km
Answers 7 3 2

The sixth question continues the controlling theme and asks with what kind of controller
the user would like to control the device. Different options are given in the question, but it
was also told, that the controller could also be anything else. Many of the interviewees
said, as can be seen in table 8, that wheel and pedals could be good if the device is used in
a stationary location, but smartphone or tablet if the device should be used in more than
one location. Part of the interviewees also thought, that keyboard, joystick or joypad could
be the simplest controller to use. The answers raised wanted conversation, and the results
were not only, what kind of controlled they would prefer, but also which controller could

be most usable in certain cases.
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Table 8. Demanded controllers.

Device | Wheel and pedals | Keyboard | Joystick | Joypad | Smartphone Tablet
Answers 3 2 3 2 4 3

As it was decided at the beginning of this work, that virtual reality is demonstrated as one
option to watch the video stream from the camera, the interviewees were also questioned
about this. The seventh question challenges the answerer to think the differences between
regular display and virtual reality HMDs. As some of the people answering are not familiar
with virtual reality technology, they were told about the differences compared to a regular
display. The eighth question asks if the people can imagine any use cases for the virtual
reality and the ninth question gathers these use cases.

The results of the seventh question are displayed in table 9. 6 interviewees out of 11
thought, that a common display would be better than virtual reality headset. Most of the
people, who wanted to use virtual reality headsets, couldn’t argument the good features of
them over the display. This question may have influenced of the fact, that most of the
interviewees were not familiar with VR-technology and as such they cannot consider
differences between stereo-vision and mono-vision. Few of the interviewees said that
virtual reality headset could be a nice feature, but they could as well use the device without
one.

Table 9. Demanded display.

Display | VR-headset
6 5

The answers to the eighth and ninth question were combined and are presented in table 10.
Nearly half of the answers were, that stereo-image could help to understand distances and
dimensions in space. According to the answers, the stereo image could also help to control
the device and stereo image taken from a drone could be analyzed further in a different

kind of mapping.
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Table 10. Usage for virtual reality headset.

Answer Amount

Understanding distances and dimensions in space 5

Stereo image from drone
Controllability

In the tenth question, it was asked if it should be possible to turn the camera. The camera
could be able to turn on 1, 2 or 3 axles, which mean up and down, left and right and
leaning to the left and to the right. Two axles could benefit a user with a display, and with
all three axles, the camera rig can imitate all head turns, which could be beneficiary
especially with virtual reality headset. As can be seen in table 11, most of the interviewees
thought, that 2 axles are enough. One answer was that the device should have at least one
axle, because the interviewee thought, that the whole device can turn horizontally, but it
could be needed to turn the camera vertically. Actually, none of the interviewees needed all

three turning axles, as they couldn’t figure out where they would need them.

Table 11. Required turning axles for the camera.

Answer | At least 1 axle | 2-axles | 3-axles
Amount 1 8 0

The last question is about battery life. Bigger battery means usually more weight and as
such the battery life is important to discuss. It was also told, that the device could have a
charger, in which the device could be driven, and as such, it needs no human contact to be
charged. The results of the question are presented in table 12. As can be seen, most of the
interviewees thought that the device should be able to work from 30 minutes to an hour.
One answer stated that the device should work as long as possible, and one thought that it
should work for one shift, meaning about eight hours. Later the interviewee also told, that
the device could have “coffee breaks” as does the operator, and it could be charged at those
times. The answers gave important information about how long the batteries of the device
should be able to power up the device. This influences on the size, weight and power of the

device.
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Table 12. Needed battery life.

Time 0,5-1h | Maximum | work shift (~8 h)
Answers 7 1 1

3.3 Analyzing the results of the survey

This work is restricted to UGVs, so aerial and underwater devices are left outside of the
prototype plan, even though they offer important information about the need for small
undermanned vehicles in various tasks. In the same manner, most of the autonomic actions
and machine vision are left out of this thesis due to works limitations. However, some of
the related problems are disclosed here, as they were raised during conversations in the
survey and they are found to be important for the topic. Various tasks and technical
requirements of the device are impossible, infeasible, hard to implement or could lead to
other problems. These questions are discussed next.

If the device needs to clear some space, it needs to be powerful and tough enough for the
job, and it needs to have the necessary tools for the job. There comes also some problems
with the size as if the device needs to be the size of an R/C car, and it needs to lift loads of
its own weight and size or even more. It was also wanted that the device could be powered

by something else than electricity.

Following scents was also one of the given tasks. The interviewee wanted the device to be
able to follow scent in a dog-like manner, so it could follow the scent and decide where the
intensity of the scent is the strongest, as where the scent is coming from. In this way, the
origin of the scent could be traced even if it is mobile. With image recognition, it’s fairly
easy to read barcodes, but evaluating cleanliness level isn’t as straightforward task as that.
Some of the tasks could also benefit from multiple distinct cameras. This is possible with a

multi-camera adapter module, which will be elaborated later in chapter 4.2.

Reliability is also an important question, especially with the network. If the network for
some reason goes down, what happens to the device? Can it recover after the breakdown or

can it react to the events autonomously and try to recover the network access. Also, the
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interviews raised questions about the network in troublesome situations, like with an
underwater device or inside a ventilation pipe. Communication systems, which utilize
sound waves, such as Wi-Fi or 4G, suffer from a major multi-path propagation, and as such

they are troublesome to use underwater [80].

Stairs and other steps might also become a problem as small devices can’t climb high
because their size and a descent of the floor might be hard to see on a video. The device
can’t go through doors by itself without any assistance, which needs to be counted when
thinking what the device should do. When thinking of the operational environment of the
device, we should also think if the device could disappear or get stolen on its task, if it is
legal to run the device in the environment and if the device could cause damage to

someone or something.

In some tasks, the device should be waterproof, which shouldn’t be hard to implement. It
was also required, that the device should tolerate radiation. Radiation could harm it and
especially the sensitive electronics in the microcomputer. One problem in this theme is also
toleration of cold. As known, cold influences mainly the battery, and may cause the battery
to run out long before it was expected. This can be avoided by using some other driving
power than electricity and creating power for the microcomputer in the process. The
information security is also a factor in some cases, as even seeing the video feed from the

device might harm someone.

This section answered to the last part of the first research question, with what kind of
delimitations a computer controlled, small teleoperated device from cheap, consumer level
components can be build and where it can be utilized, as it told in what kind of situations
potential users would like to use a small teleoperated device. The results varied a lot, and
they can be viewed in appendix 8. Next chapter is about a prototype to proof the concept.
As it is a prototype, off-road capabilities are not implemented, as they are dependent only
on the R/C car used as the chassis for the device. The requirements for the car are, that the
parts need to be relatively cheap, meaning that especially the R/C car is a low-class device.
The meaning of the prototype is to research, how certain concerns work on an actual

device, and what kind of problems they raise. These aspects are controllability, battery life,
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controlling motors with a microcomputer, WLAN as a network, streaming video stream
over the network, latency in the network, controlling with different kind of controllers,
cameras and virtual reality headset. The meaning of the prototype is not to create a device
that fulfills all the demands of the interviewees, but to create a working model, that can be
used to develop further.
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4 PROTOTYPING TO FIT THE NEEDS

This section goes through the main structure of the prototype and problems raised during
the development of the prototype. The requirements for the prototype were that it should
be operatable from a computer with a controller, wireless and offer sufficient form of the
video feed. All the main components are introduced and analyzed starting from
components related to the physical structure of the device. Solutions to the problems
related to essential components of the device are proposed. One possible solution to
building a small teleoperated device is presented as a proof-of-concept, and as such the
prototype is only one possible way to build a teleoperated device. Figure 4 presents the
main components of the prototype and chapters in this section further explain how the
structure was developed.

Head mounted Computer
device

u@%l&& |

Controllers ﬂ <=>
/ Wi-Firoute

Display Smartphone

I

>

o

& . Wi-Fi adapter for
Raspberry PI

é Q Motors

R Camera for
AN Raspberry Pl
- \ Ba - Battery for

for motors
Raspberry Pl

Fig 4. Components in the prototype [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92]
[93] .
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4.1 Actual device

The prototype was built on a cheap Audi TT —R/C-car. Cars own circuit board was
removed, as was the hood also. Some parts of the original vehicle remain, and they are the
chassis, tires, driving motor, battery casing under the chassis and the steering system, not
including the motor. The hood can be installed back if wanted. The reason this car was
chosen was its size and its cheap price. It was big enough to hold the microcomputer,
battery and also a breadboard for the development phase. The final form of the prototype

can be seen in figure 5.

Fig 5. The final form of the prototype.

The original driving motor was good enough for the prototype. It's recommended voltage
is 3 volts of direct current (VDC), but it can be driven on higher voltages, and it is driven
with 7.5 VDC on the prototype. It offers 6800 rpm at 3 VDC for 0.11 A. The steering
system has been changed a little, as the original motor offered just three positions; full
right, full left or straight. A TowerPro SG90 —servomotor was installed and the steering

system was simplified by leaving the gears out. The servomotor controls directly the
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steering shaft, which turns the front wheels, as can be seen in figure 6. SG90 is a
lightweight and tiny servo motor [94], which can rotate 90 degrees in each direction.
Preferred operating voltage for the SG90 is about 5 volts (V), but it can also be used with
other voltages, such as the 7.5 VDC in the prototype. SG90 can turn the whole 180 degrees
in 0.3 seconds. SG90s are also used on the camera rack, which is in the front of the car.

The camera rack contains two SG90 servomotors, which can be used to turn the camera

180 degrees horizontally and vertically.
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Fig. 6. Steering system: a) Original; b) Modified
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All the motors are controlled with PWM and an L293D driver is used to control the signal
to the driving motor and four light emitting diodes (LED). Steering servomotor and the
camera rack motors are controlled directly by the microcomputer. In PWM, pulses of a
chosen timeframe, such as 20 milliseconds (ms), are being sent[95]. The pulse consists of
duty cycle and low duty cycle, in which duty cycle refers to high power and low duty cycle
refers to low power. The percent of duty cycle compared to the whole time frame expresses
the percent of the given power. In driving motor the timeframe can be of any length as the
motor just simply is working on duty cycle. Because the time frames are short, a motor
with 50 % duty cycle acts similarly to a motor with 50 % of the voltage. Servomotors,
however, typically expect a timeframe of a certain length, which in the case of SG90 is 20
ms. In this timeframe, the servomotor expects a duty cycle of 1-2 ms, with 1 ms pulse
signaling it to all the way left, 1.5 ms pulse to center and 2 ms pulse all the way to the
right. As the servomotor can be set to any angle between those 1 ms and 2 ms pulses, any
inaccuracy can cause the servomotor to start shaking. This is an unwanted feature,

especially in motors turning the camera.

The L293D quadruple high-current half-H driver[96] gets a signal from the microcomputer
and amplifies the signal to the wanted voltage. Technically it can control up to four motors,
but as the driving motor can also be driven reversed, it takes two places. The L293D driver
could also be used to amplify and control the power feed to the four LEDs. The LEDs can

be used to give some light for the cameras in dark places.

The device has two power sources, five AA-batteries for the car and a 4 000 milliamp
hours (mAh) power bank for the microcomputer. The AA batteries are located under the
car chassis and used to power up motors and LEDs. They provide 7.5 V and their capacity
is approximately 10 000 mAh. The batteries could be changed to a rechargeable battery
pack meant for R/C devices. The power bank provides power only for the microcomputer,
and the devices connected to it, like cameras, and give the voltage of 5 VDC and the
current of 1 ampere (A). It can be charged with standard micro-USB, with a charger or a
computer. The power bank could be changed to a power bank with a greater capacity. The
two power sources were separated so the current for microcomputer wouldn’t drop too
down and shut it down. At the moment, the power bank can power up Raspberry Pi 2 B for

about 45 minutes. The batteries for the car last hours, depending on the usage.
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Top speed of the device is about 1 meter per second (m/s), and as the device itself is about
28 cm long, it can go its own length 3.5 times per second. The average length of a car is
around 4.3 meters, so with the same relative speed, an average length car would go about
15 meters per second (m/s). This converted to km/h results, that the relative speed of the

device is somewhere around 50 — 55 km/h.

This chapter answered to the fourth research question, how can the controlling signal be
directed to the motors, by proposing the motors to be controlled by PWM. PWM is a
widely used method to control motors and also other electrical components, and there

aren’t any considerable alternatives.

4.2 Cameras and Raspberry Pi

The device itself is controlled by Raspberry Pi 2 B —microcomputer. Raspberry Pi is
powered up by a 4000 mAh power bank and it runs Raspbian, which is a free, Debian
Linux-based operating system (OS) designed exactly for Raspberry Pi hardware[97]. The
OS is booted from a memory card, due to Raspberry Pi:s restrictions, but it is run from a 16
GB flash drive. An Edimax EW-7811Un WLAN adapter is also used with Raspberry Pi, to
connect to the Wi-Fi. All the instructions for the car and the video stream from the car are
transmitted through Wi-Fi network to the controlling end. The Wi-Fi network is also used
as an interface between the server, meaning the car and the Raspberry Pi, and the client,
meaning whatever device is connected to it. The control software in the Raspberry Pi is
designed to be able to hold multiple connections and it is not quitted after any connection

is shut down.

Wiring diagram of the car is displayed in figure 7. It demonstrates how the GP10-pins on
Raspberry Pi are used to control the L293D driver, the motors, and the LEDs. The GPIO-
pins are controlled programmatically with Python programming language. The Raspberry
Pi has only one hardware PWM port while the car actually needs five PWM ports. PWM
signal can also be made by software, and in this work, it is made with a library called
Pigpio, which uses pulse-code modulation (PCM)[98]. In PCM, an analog signal is coded

to a digital signal, by taking samples at a specified frequency and presenting them in a
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numerical form, as a digital signal. The signal created in this way is stable and doesn’t
make any of the motors to shake, as did some of the software PWM libraries, in which the
signal wasn’t as stable. The stability is especially important with servos, as they require a
very steady signal. With SG90 servos, the timeframe for the whole 180 degrees is just 1
ms. If the signal is even 1 us imprecise, it would make the servo shake 0.18 degrees, which

is already noticeable.
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CSl: Camera servo 1
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Fig 7. Wiring diagram of the prototype.

There are three types of cameras for the Raspberry Pi[99], a regular, infrared (IR) filtered,
camera board, an infrared sensitive, NoIR, camera board, and a spy camera board. They
are actually quite similar, the only differences are that the regular camera and the spy
camera filter IR light while the NoIR camera doesn’t and the spy camera is smaller than
the other two, only 8,5 mm x 11,3 mm, while the others are about 25 mm x 24 mm. They
all have a native resolution of 5 MP and they can capture 2592 x 1944 pixel static images
or 1080p30, 720p60 and 640x480p60/90 video. The camera boards have also a selection of
different, removable, lenses with a variation of FOV and other qualities. All the above
cameras can be attached to Raspberry Pis CSI-port, which is the preferred method.
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The regular camera is good when shooting in space with sufficient light, as it can record
the colors in the way we see them. In the image of a NoIR camera, the colors are weaker,
but it can be used with much less light. Both of the cameras were also tested in dark with
extra light emitted from the car with four LEDs with equal power consumption. It was
discovered, that the light emitted in only one wavelength gave the most benefit. The NoIR
camera can be used with just IR light, so it sees in a space where human eye sees nothing.
Figure 8 shows the difference between normal and NoIR camera. The image on the left is
taken with a normal camera and the one in the right is taken with a NoIR camera. As can
be seen, the colors with a NoIR camera are a lot weaker.

Fig 8. The difference between Raspberry Pis normal and NoIR cameras.

There is also an FLIiR Dev Kit[100], which includes the Lepton longwave infrared imager
(LWIR) for thermal imaging. It has only 80 x 60 pixels, and it costs about 250 € in FLiRs
online shop at the end of the year 2015, but for thermal imaging, the price is relatively low.
IR and thermal imaging could both give the device useful features, which will be discussed
more in chapter 5.

GStreamer is a pipeline-based multimedia framework, which can be used with audio and

video to play, record, stream or edit. It is used to stream video between the Raspberry Pi on

the car and the controlling device. GStreamer was chosen, because it offers streaming with

good quality and low latency[101]. The video is recorded with command-line based

Raspivid-program. The latency with Raspivid and Gstreamer varies mainly between 150

ms and 300 ms, and it will be discussed more on chapter 4.4. The server program running
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on the Raspberry Pi is programmed with Python, which is a high-level programming
language. Even though Python offers the possibility to record still images or video with
PiCamera-library[102] and stream them with GStreamer-library, it was not used, as it has
about 500 ms latency. However, the main program runs on Python, as it offers an easy way
to control the motors on the car. This led to the final solution, which was to run the
Raspivid and Gstreamer as a command-line command with Pythons Subprocess.Popen

function, which starts a new thread for the given command-line command.

4.3 Controlling device

The control system was made modularly to allow as many control devices as possible. The
more detailed information about the networking is given in the next chapter. This chapter
focuses on giving an inclusive overview to the control devices and their good and weak
sides. Control devices used in the prototype are rally wheel, gamepad, joystick, and

smartphone.

SlimDX was used to wrap DirectX. It gives a simple application programming interface
(API) for .NET technologies, such as C# [103], which was used to implement the
controlling applications. SIimDX gives complete classes to use rally wheel, gamepad, and
joystick, and all the developer needs to do is to determine which axis in the API is which in
the controller. The rally wheel, which was used, has two pedals. The car can be accelerated
forward with the right pedal and backward with the left pedal. The wheel has also few
buttons, some of which were used to control the camera, lights and to shut down the
application. With joypad, both thumb sticks could accelerate and steer the device, and as
such, the user has the opportunity to use it as he wants. Joystick naturally can accelerate
and steer the device, and the buttons were also used as with the rally wheel and the

gamepad.

With a smartphone, the controlling can be used by tilting the phone. In prototype
application, the device is in place when the phone is in a horizontal plane. When the phone
is tilted forward or backward, the device moves to that direction. When the device is tilted

on either side, the steering turns front tires likewise. In the final solution, the zero-point
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should be calibrated whenever the user wants, and the phone should be hold lengthwise, so

the video stream from the camera could be directed well to the phone's display.

Some research was done to gather information about how immersive different controls are,
more about it in chapter 4.6. As this thesis has timely constraints, the research was quite
minimal, but still gives important information how the users felt about each controller.
Prior studies show, that out of a mouse, a rally wheel, and a gamepad users favorited rally
wheel, but they succeeded the track fastest with gamepad[104]. With a smartphone, most
users felt slip more immersive than tilt or touch[105].

4.4 \Wireless network

Wi-Fi was used as the wireless network protocol in the prototype, as it offers an easy
interface and commonly available technology. In the development phase Raspberry Pi
microcomputer, which was installed on the device, was wirelessly connected to the Wi-Fi
router. The controlling computer was wired to the router, and when the device was

controlled with a smartphone, it was connected to the router wirelessly.

The application on the device side works server-like, as it waits for incoming transmission
control protocol (TCP) -connections, accepts them and starts a new thread for each
connection. Control data can be sent to the device in an array form, in which the first value
holds optionally pressed button, second value contains throttle, third contains steering and
fourth and fifth value contains information about cameras position. As soon as the socket
receives data, it reacts accordingly and signals motors, LEDs, and the main program, if

needed.

As mentioned earlier, GStreamer is used to stream video from device to controlling device.
GStreamer is a modular, pipeline-based multimedia framework. It contains a large set of
modules or elements for different tasks and the modules can be piped together to perform
difficult tasks in multiple phases. The command used on the sending end is raspivid -t
999999 -w 1920 -h 1080 -fps 30 -rot 180 -0 - | gst-launch-1.0 -e -vvv fdsrc ! h264parse !
rtph264pay pt=96 config-interval=5 ! udpsink host=192.168.11.2 port=5000, in which

raspivid records the video stream from Raspberry Pi:s camera, -t argument specifies how
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long video is recorded and sent, -w and —h defines videos width and height, -fps sets videos
framerate and -rot rotates it 180 degrees [106]. The video feed is then piped to GStreamer
on command line command "|". In GStreamer —vvv defines videos source, h264parse
parses h264 video and compresses it, rtph264pay includes payload-encode into real-time
transport protocol (RTP) packets and udpsink sinks stream into given IP-address and port.

On receivers end command gstreamer\1.0\x86\bin\gst-launch-1.0 udpsrc port=5000 !
application/x-rtp, payload=96 ! rtpjitterbuffer ! rtph264depay ! avdec_h264 !
fpsdisplaysink sync=false text-overlay=false was used. In it udpsource defines into which
port the stream is sent, application/x-rtp caps defines payload into 96, rtpjitterbuffer
reduces network-caused jitter and other transmission faults, rtph264depay extracts H264
video from RTP packets, avdec_h264 decodes H264 and fpsdisplaysink shows the stream
on the display[107].

To measure how reliable the network is a little research was done. Measurements were
repeated three times, in the first round Raspberry Pi was just sending video stream, on
second round Raspberry Pi was sending video stream and running a server program.
However, on the second round, the data sent to Raspberry Pi was to hold the car in one
place. On the third round, the device was sending video stream and it was actively
controlled at the same time. Video recorded a stopwatch with a millisecond precision on a
display, and the stream was showed next to stopwatch on the display. Video stream was
started and a print screen was captured after 15 seconds, 30 seconds, one minute, two
minutes and 5 minutes. Latency in ms was then checked out from the print screen images,

and they are presented in tables 13, 14 and 15.
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Table 13. Latency test, first round.

Data rate
15s 30s 1 min 2 min 5 min Average | Median (Mbps)
1080p30 200 200 230 230 230 218 230 9
1080p25 200 200 200 200 180 196 200 7,5
1080p15 240 240 220 200 230 226 230 4,5
960p30 180 300 170 200 170 204 180 4,5
960p30x2 135 200 160 170 200 173 170 9
960p20 200 200 170 220 200 198 200 3
960p20x2 240 240 200 200 - 220 220 6
720p60 130 - 160 200 160 162,5 160 8
720p30 140 170 130 240 190 174 170 4
720p20 230 170 200 140 200 188 200 3
640p60 140 170 140 170 175 159 170 4,5
640p60x2 135 200 170 160 125 158 160 9
640p30 200 160 140 160 170 166 160 2,5
640p30x2 170 170 170 170 165 169 170 4,5
480p60 130 160 160 130 145 145 4
480p30 135 180 150 200 165 166 165 2
Table 14. Latency test, second round.
Data rate
15s 30s 1 min 2 min 5 min Average | Median (Mbps)
1080p30 200 200 200 200 130 186 200 9
1080p25 200 200 230 170 180 196 200 7,5
1080p15 230 230 250 250 260 244 250 4,5
960p30 130 200 180 240 150 180 180 4,5
960p30x2 130 135 135 175 205 156 135 9
960p20 200 170 230 180 200 196 200 3
960p20x2 200 200 200 170 240 202 200 6
720p60 140 140 140 140 170 146 140 8
720p30 180 170 200 200 165 183 180 4
720p20 160 200 200 200 200 192 200 3
640p60 135 180 180 160 165 164 165 4,5
640p60x2 200 230 170 135 140 175 170 9
640p30 200 200 180 200 135 183 200 2,5
640p30x2 130 200 170 140 160 160 160 4,5
480p60 140 135 180 - 100 138,75 137,5 4
480p30 135 200 170 170 170 169 170 2

46




Table 15. Latency test, third round.

15s 30s 1 min 2 min | Average | Median
1080p30 200 200 200 200 200 200
1080p25 270 240 200 250 240 245
1080p30 180 200 180 250 203 190
1080p15 250 200 220 240 228 230
720p30 - 160 220 170 183 170
720p20 200 200 180 170 188 190
480p30 180 170 130 170 163 170

In tables, the first column presents used resolution and framerate, and then five next
columns are measurements of latency in milliseconds and after them average and median
of the latency in milliseconds as well. Latest column presents the needed bandwidth to
transmit the video. Data rate depend a lot on how much the image is moving, how dark it is
and how precise it is wanted to be. As can be seen from tables, latency has a little to do
with resolution and framerate, as well as how much Raspberry Pi was given load at the
same time. The latency was in the same vicinity in all three tests, even though Raspberry
was used more in the latest, as the average latency in first two rounds was 180 ms and on
the last round slightly more, 200 ms. Also, it was discovered during these tests, that video
feeds with 60 fps were typically low quality and not suitable to drive the device. It was also
discovered, that resolution of 720 was sufficient for driving with a display, but VR-HMD
needs a resolution of 1080, as only part of the image size is used at once. According to the

test, the latency was mostly under 200 ms, which is considered to be tolerable[108].

There is also some latency in steering. As told earlier, the servomotor can turn 60 degrees
in 0.1 seconds. To turn the wheels fully is less than 60 degrees, so it takes less than 100
ms. Most times the tires are turned less, and it takes also less time. As the controlling
signal is just a few bytes, testing the latency in control signal was made with ping
command. It sends a certain amount of data to the device, which answers back with the
data. Then the time that the round trip takes is measured. When this is repeated multiple
times, the average latency gives a good estimation of the latency. This was tested in two

situations, where the device was pinged 200 times. In the first test, the device was in
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optimal locations compared to the Wi-Fi-router. In the second test, the device was in a
location with poor connection to the router. In the first round, the average latency to one
direction was 21 ms variating from 0 ms to 100 ms. In the second round, the times variated
between 0 ms to 1250 ms. 23 % of the packets were lost, as they took too long to answer.
Average latency was 220 ms. Losing single packets isn’t dangerous in this application as
packets are sent multiple times per second and one lost packet just lengthens the latency
momentarily. Latency in steering could be reduced with a better router. The most
problematic situation is when the device is in location, where the network is poor and the
latency increases. This can be fixed only with a better network, which covers the needed

area better.

Similarly, the device could be driven over the internet, but it was not done during these
tests. Driving over the internet would increase the latency, but the amount of the increase
would depend much on distances and network structure between the device and the
operating device. The device could be also driven with Wi-Fi direct, in which the users’
device could connect directly to Raspberry Pi without a router, and would decrease the

latency a bit. It would also allow using the device in rural areas without electricity.

Another possibility is to use 3G or 4G, as the device could be driven in urban areas with a
long distance between the user and the device. They, however, increase latency. According
to previous studies, real-life mean round trip latency is with Wi-Fi less than 25 ms, with
4G less than 100 ms and with 3G about 250 ms [109]. As the average latency in the video
was 180 ms, we can say, that latency made by handling the video is 155 ms. With a little
calculation, it can be speculated, that the video latency with 4G would be under 250 ms
and with 3G about 400 ms. They both are bigger than Wi-Fi:s, but with 4G, it might be
possible to operate the vehicle. The latency in 3G is certainly too large for operating a

device in real-time.

This chapter answered the second research question, how much is the latency from the
image recorded by the camera to displaying it in the display with cheap, consumer-level
components and software, by investigating the latency of the video feed in Wi-Fi network.
In optimal network strength, the latency is mainly between 150 and 200 ms, but with a

48



poorer network, the latency can increase notably. This latency is considered tolerable in
racing games, so it is assumed to be bearable in a teleoperated vehicle also. This also
suggested Wi-Fi to act as the network between the controlling device and the teleoperated
device, which was called for in the third research question. Wi-Fi was chosen for its
relatively low latency and commonness. This also answered the third research question,
how can the control signal be transmitted from the controlling device to the teleoperated
device, by explaining how the controls were sent to the device in an array form over TCP.
This is one possibility to transmit the data to the device, but there are multiple other
possibilities as well.

4.5 Stereoscopic image vs. mono image

The video feed from the device to the controlling device was achieved with one Raspberry
Pi camera attached to the CSl-port on Raspberry Pi and an external wide-angle lens
intended for smartphones. The original camera with just the original lens gives FOV of
about 30 degrees while with a wide-angle lens FOV of about 120 degrees was achieved.
With too narrow FOV the user can’t see surroundings and is in a danger to hit obstacles on

the side of the device.

The video feed was shown on a display and on an Oculus Rift development kit 1 (DK1) —
HMD. Oculus Rift DK1 was chosen because it was easily available during the work. With
the display, the video was shown with GStreamers fpsdisplaysink, which projects every
frame in the display as soon as it gets one. The video was presented in the HMD with
Virtual desktop, which basically just shows the desktop virtually in the HMD. Image form
can be set with multiple settings, but testing the video from the device, a carver display
was used. It seems like a carved display is few meters from the user and fills users’ whole
sight. It also allows the user to turn their head a little, as the video FOV is larger than the
one presented to the user. This allows the user to understand about their surroundings, but
it does not give them a feeling of immersion and especially not about dimensions around

them.

Even though the video feed is shown on an HMD, it is still mono video. Stereo video needs
own feed for each eye and this means two cameras, which are apart from each other about
49



the same distance as human eyes are apart of each other. However, Raspberry Pi 2 B can
hold only one camera at a time. Arducam has produced a multi-camera adapter module to
solve this problem, but even with the adapter, Raspberry Pi can record only one video
stream at a time[110]. The solution could be to use Raspberry Pi compute module
development kit, which is a prototyping kit intended mainly for industrial
applications[111] [112]. It offers two simultaneous video streams from two cameras. It has

only one USB type A port, but it is sufficient for the device.

Excluding the problem with the mono video, the HMD works well with the latency and the
wide angle lens. The wide angle lens makes it possible to track head movements, at least a
little, without turning the camera. Turning the part of the video, that is shown to the user
according to his head movements, happens nearly real-time and does not break the
immersion. The latency in the video feed does not break the immersion and doesn’t make
operating the device irritating or disturbing. Such latency could break the immersion in
other kinds of applications, but in this case, other senses are not as eager to fight with the
vision as in cases, for example, where the user is moving and the HMD needs to refresh the

image according to that.

This chapter answers to research questions 5, how well does a head-mounted display work
in a real-time system, where there is latency also from other sources, and 6, can a head
mounted display be used effectively with a wide angle lens. As told, the latency of 200 ms
in the video feed isn’t disturbing, even though the user notices it. However, the latency
shouldn’t increase to 500 ms, as it makes operating the device much more difficult. Wide
angle lens can be used effectively with an HMD, but also, more range for head movements

would be recommendable.

4.6 Further development of the device

The prototype device could be developed further by making current features better and also
by adding features. 20 test users, mainly IT-students, tried the device and gave written and
spoken feedback about using the device. The feedback is first analyzed and then

developing new and better features are discussed here, starting from the physical device
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and camera techniques and continuing to sensors and the software side. Some of these
features are important for the device, and some are more of nice to have —kind. Some are
also essential for some tasks, but not all of them. Some development targets mentioned
here cannot fit the definition of a small and cheap device from consumer level components,
and they can even restrain some actions, but they are nevertheless possible development
targets for a teleoperated system. It is not meant, that all of these features would be
developed in a single device, but they can be used as needed. Also, it is not possible to
construct or describe an optimal device, as the needed features depend on the user and the
use case. Some features even depend on other features, for example, more strength can be

implemented in a heavier machine and a heavier machine requires more strength.

Most of the test users gave positive feedback. They felt, that operating the device was easy
and also funny. Some told that driving was a little bit tricky at the beginning, but they also
quickly became familiar with it. Most of the users felt rally wheel to be the most
immersive controller, but some users also told, that joystick was even better, when one
began to get used to it. Joypad was commonly disliked. According to the test users, the car
should turn faster, but it shouldn’t be so sensitive. As this is a little conflicting, they
supposedly wanted adaptive steering, meaning the device to turn harder at slow speeds and
less at high speeds. The main part of the users felt, that the latency in the system was
tolerable. Only one user said that it was a little bit too big. The users felt, that the video
feeds resolution was too low. Some of it are explicable with the low resolution of Oculus
Rift DK1. Also, the test area was quite dark, and people felt, that the image was also too
dark. This resulted in a way that the users got lost, even though the test area was very easy
and well-known by the users. Users also wanted the camera to turn, to give stereo image to
the HMD and to shake less. One user also tried to turn the camera vertically. First he
thought that there is no point in watching the floor, but as he turned the camera up, he got
lost in the area even easier. Some of the test users used an HMD for the first time and a
few reported simulator sickness of some level. Overall, all the test users felt, that the

device was easy enough to control.

The device clearly needs to be built on a bigger and more powerful R/C car. The prototype

can’t go over a doorstep, not to mention difficult environments outside and also inside. A
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preferable device would be 30 — 40 cm long, 4WD and off-road capable. It should have
tires big enough to climb over doorsteps, wires, small steps and small plants. It should also
be capable of carrying small loads, few kilos at its peak. This would also make it easier to
attach additional equipment into it. The device should also have some kind of a lighting
system. It should be able to light the way for 10 to 50 meters, depending on how fast the
device is capable of driving. Also using NolR camera and IR-LEDS could be considered,
as this gives the device the ability to be driven invisible to the bare human eye. Especially
in surveillance tasks, this feature could be useful, as would also an infrared camera capable
of recording heat differences[113]. Brakes could also be handy, at least if the device can be
driven at high speeds. In the prototype the device only breaks with engine breaking, and
with a slippery surface the tires might stop spinning, causing the steering to not respond. It
is also essential, that the device is firmly constructed, and sensitive electronics, especially
the Raspberry Pi, is in a dry place, where it can’t get any hits. Some of the interviewees
also hoped some kind of a method for sampling. The device should take a sample with a

clean probe, and move it to the testing spot without interference with air or other matters.

As the device should be more powerful, it should also have a more powerful battery. Now
the battery for the Raspberry Pi can power it for about an hour and the batteries for the
device can power the motors for hours. However, a more powerful device needs more
power. The batteries should be able to keep the device and the Raspberry Pi up and
running for about an hour, as it was sufficient enough to the point of most of the
interviewees. It should be also possible to drive the device into a recharging station without
any direct human contact with the device. One way to give the device power could be
some other form of power source than batteries. Some of R/C cars run with gasoline or

nitroglycerine, and they could be used also with a teleoperated device.

For stereo vision, the device needs another camera. As told earlier, this could be
accomplished by Raspberry Pi compute module development kit, which has two CSI-ports
and allows two simultaneous video streams. Using an HMD also uses head tracking.
Currently, the users can turn their heads just a few degrees, and outside of the video, there
IS just blackness. Turning head could be simulated with multiple cameras or by turning

cameras with wide angle lenses. Multiple cameras —option needs three or four cameras
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with wide angle lenses so they can record whole 360 degrees. Previously mentioned
Arducam can connect multiple cameras into one CSI-port, but just use one at a time. This
allows using monovision but doesn’t allow using sterco vision, as then the device would
need six or eight cameras. Turning cameras —option, however, allows stereo vision, as
there are only two cameras at a time. This option requires cameras to start turning when the
user starts to turn his head. Minor changes with head movement can be simulated with
showing different parts of the video feed, but bigger movements, such as looking back,
could be made by turning the cameras and showing the user the right part of the video feed.
This requires, however, the network and the motors turning the camera to be fast enough,
so the head tracking doesn't start to lag behind, as the user could then suffer from motion

sickness.

IR and thermal imaging could give the device a lot of possibilities. They can help detecting
objects that human eyes can’t notice, such as persons or animals in dark, warmth leaks and
non-visible dirt. This would also give the opportunity to run the device invisible to human
eye, and at the same time monitor the surroundings and even light the way for the device.
The video feed from the prototype shakes quite a bit, as the device creates vibration. This
effect could be decreased by separated suspension for the camera or also
programmatically. Shaking off of the video feed is irritating, especially with an HMD, and
reducing it would make driving easier and more immersive. HMD could also use a wider
video from the device as prototypes 120 degrees are a little too narrow for head tracking.
Different meters in the video would be also good, such as speedometer, compass, and
battery level. They could help the operator to take better advantage of the device. Also,
control of the video feed should be made more efficient. Now the main program has very
little to do with the video, but it could adjust it a lot. If recording and sending of the video
would be handled by the main program, it could start and stop the video feed as it needs to,
and also configure resolution, framerate and a load of other camera settings. It would also
make it possible to record still images during video feed and to automatically set lower

resolution or framerate when the network is getting weaker.

The device needs also different kinds of sensors, such as temperature, location,

acceleration and inclination. This could make driving easier and these measurements could
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be used to keep the device safe, by for example notifying the user when the device is
driven on a too inclined plane or when the battery is running out. It could have microphone
and speaker, so the user could interact with persons near the device. The device could also
identify different kinds of features of the surroundings, such as in which kind of a surface
it is, if it is sliding or if there are any obstacles or steps nearby. With this information, the
device could adjust acceleration, brakes and steering so that it wouldn’t slide, hit obstacles
or fall from a step. When driven with wheel and pedals, it could also give force-feedback
to the user. With location, the device could save its route for future use. A good feature for
the device could be following, so the device could follow some person and maybe carry his

tools, luggage or shopping bags, just to name a few.

Network, which the device is using, should be more stable and reliable as the Wi-Fi used
for the prototype and it should also have more range. Additionally, it should be possible to
use the device over 4G or internet. The device could also react to weakening network, and
try to recover it, especially if the connection is lost. When connecting, the first messages
could imply format for the connection, such as is the user using a mobile device, or is he
wearing an HMD. Some autonomic actions could be implemented into the device, such as
navigating through some known route or navigating to some known spot. Automation can
be considered as the final result of implementing teleoperated devices[114]. It would also
be useful to restrict devices power in some cases similarly to a transmission. On precise
tasks, the user could use only half of the power and speed of the device, or whole power,
when in a large area without any obstacles.

This section answered to first part of the first research question, with what kind of
delimitations a computer controlled, small teleoperated device from cheap, consumer level
components can be build and where it can be utilized. More precise delimitations are
presented in each chapter of this section, but the most vulnerable parts of such a system are
network and video feed. Both suffer from problems quite easily, even though they are
crucial parts of the system. One of the biggest issues is latency in the video feed, in the
prototype operated in a Wi-Fi network it varied mainly between 150 ms and 200 ms, but it

can increase notably depending on the network.
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5 ANALYSIS

This chapter analyzes this thesis and its results. It is started from chapter 2 by considering
how well the literature review on remote controlled devices reflects reality. Then the
results of the survey are examined and it is considered, how the survey could be made
better. Then the main problems and their solutions in the device are discussed and revised.

At the end of this chapter, the work is glanced as a whole and analyzed.

Most parts of section 2 were quite straightforward, but chapter 2.2, Telepresence devices,
caused some difficulties. Telepresence concept is quite near automated solutions and on
the other side also R/C devices. Differentiating these three was important, even though
often different combinations of them can be found in devices. Finding the existing
solutions was also very hard and time-consuming, as in some devices there was more
automation than wanted in this work and, on the other hand, some were closer to R/C
devices than telepresence devices. Many of the solutions were also made to research some
other aspect, especially in solutions found from literature sources. Some of the solutions
were also so badly outdated, that they hadn’t any of the requirements needed today. On the
whole, section 2 contains sufficient ground for the further research. The main part to be
developed further is finding existing solutions more extensively by searching them with a
wider variation of search words and by concentrating on The Internet instead of the
literature, as many of the devices are made for fun or need in garages neither than in

laboratories.

Section 3 comprehends the survey made for this work. The survey was also quite small-
scale, due to temporal restrictions of this work. However, the group of the interviewees
consists of persons from multiple fields of industry, such as security, cleaning, electricity,
power grid management, and facility services, and as such the group was quite diverse
despite its small size. The survey could have given better outcome by interviewing more
persons from a wider range of organizations that work in wide areas, dangerous places or
situations or could need the device for some other purpose, like driving education or

military.
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Some of the questions repeated each other, and it was a bit useless. However, questions 1
and 2, which were about the tasks for the device, worked well, as they challenged the
interviewee to think the subject from different angles. Tasks could have had even more
importance in the questions, as it was one of the main incomes of this work. As such, also
features of the device should have been more important, as it describes what kind of device
is needed. Question 4 was about saving expenses with the device. This questions meaning
was to investigate, how much the organizations would be ready to pay for the device or
how much one would be worth to them. Now these answers can’t give an answer to that

question.

The built prototype raised multiple problems, which can be divided into the device itself,
network, latency in the video stream and controlling. Problems in developing the prototype
are found more closely in appendix 9. One of the main requirements for a better device
than the prototype is a more powerful R/C car as the body of the device. More powerful
and sophisticated devices often have also a servo controlled steering, which would
decrease the backlash in the steering. Even though control signals and video are transferred
through the same network, the sources of latency differ quite much. As the latency for the
control signal comes mainly from the network, latency for the video feed comes mainly
from handling the video at both ends. Latencies for the video feed were tested, as video
feed is one of the essential parts of the prototype. Both latencies are considered to be
tolerable amounts, and as such, it is not required to decrease them. The main objective of
developing networking for small teleoperated devices are decreasing the latency and
increasing the reliability of the network.

Controlling the device should be made as easy as possible. According to the feedback from
the test users rally wheel and joystick were preferred over the gamepad. On the other hand,
when controlling from multiple places, a portable solution could be preferred, like a
smartphone or a tablet. The best solution depends a lot on the usage, but the given methods
give an inclusive selection, where to choose the right one for each use case. Stereographic
imaging requires another camera, but it could be developed with Raspberry Pi compute
module development kit. It offers two CSI-ports for cameras and both video feeds can be
transferred with GStreamer simultaneously. According to test users comments, using HMD
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with a mono image made operating the device harder than with just a common display.
With stereoscopic vision, the user could see dimensions and it could ease operating. Even
though testing stereoscopic imaging was left out of this work, it was discussed at a

sufficient level.

As a whole, the work gives a good all-around overview of small teleoperated devices and
developing them. It deals with multiple topics superficially, but simultaneously gives
solutions to the main problems in the area and gives a good starting point for further
research and development.
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6 DISCUSSION AND CONCLUSIONS

This work proves that there is demand for small teleoperated devices, and one can be
developed. Some of the interviewees even said that they would consider using a
teleoperated device if there were a suitable device for their needs on markets for a
reasonable price. The main problem with current devices is, that they are either too low-
level, or they are too expensive. This work proposed a way to build one from off the shelf

components.

A prototype was developed with commonly available hardware and software. It is a
prototype, but it proofs, that the main problems of a teleoperated system, such as
controlling the device and transmitting video feed from it wirelessly with a sufficient
latency, can be solved. The device could be developed further in many different ways, as
told in chapter 4.6, but the most crucial parts to develop are devices strength, reliability,
video feed and its latency and control. With these changes, one could build a teleoperated

device considerable for real-life applications.
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7 SUMMARY

Remote controlling has a long history dating back to 19" century. However, the late
development of technology has made it possible to build better teleoperated devices by
increasing immersion in the system. R/C devices are nowadays powerful and reliable,
single board computers have high performance, and they allow to stream live video
wirelessly. Also virtual reality techniques offer the possibility to use stereovision as a way

to watch the stream and to see the world from another perspective.

According to the survey made for this work, different fields in the industry could use and
benefit from teleoperated devices, as they could perform tasks in situations, which are
unreachable or too dangerous for human beings. A prototype was developed as a part of
this work to proof the main components of the device. The prototype can be driven on Wi-
Fi network with a latency of about 200 ms in the video feed, which is considered to be
tolerable. This work proves that there could be some demand for teleoperated devices and
technology to build one from consumer level components. So, these devices are no more

up to the technology, but of how well we can use it to our benefit.
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APPENDIX 1. The history of R/C vehicles

The first radio controlled device was built as early as 1898 by Nikola Tesla. Tesla
presented his invention, the radio controlled boat called Teleautomaton, in Madison Square
Garden, New York[7]. However, Teslas device was very simple, and the rudder in the boat
had only three states: on, off and still [5]. Few years later, in 1903, Leonardo Torres
Quevado presented his Telekine, a controller that could send and receive up to 19 different
commands [8]. Telekine made it possible to have different positions for the steering engine

and different speeds for the propelling engine.

The history of racing with model cars started somewhere in the beginning of the 20"
century. For a couple of decades, the cars were just clockwork and rubber drive cars, which
couldn’t be controlled at all. Miniature petrol engines were installed in the cars, and by
1940s the speeds on the tether tracks were up to 95 km/h [9]. The emergence of 1 to 2.5cc
motors and the desire to run with multiple cars resulted in rail cars. The British Model car

racing association was formed in 1936.

The internal combustion engines turned to electric motors and rail cars turned into slot
cars. By the mid-1950s, radio-control was in some cars, but it could just command steering
and propelling engine to go on or off, meaning that the operator could turn the steering
fully right or left [9]. Ten years after the controlling could be made proportional and the
cars could be driven without any tracks.

Before the 1960s, all the pan cars were made individually, but in 1966 Elettronica
Giocattoli, an Italian company, produced Ferrari 250LM, the first ready to run R/C car
[10]. In the beginning of the 1970s, there were already several sets with nitro- and gas
motors, followed by a purely electric R/C car on 1974. On 1979 Japanese company Tamiya

released Sand Scorpion and Rough Rider, the first off-road dune buggy sets.



APPENDIX 2. Devices found from literature.

UGV/robot? | Features Size (cm) Use case Tire/caterpillar | Year | Reference
uGgv Weapon Quad bike Security Tire 2010 | [10]
UGV/robot leep Tire 2001 | [11]
uGgv Monitor nozzle 388x180x237 1988 | [12]
UGgv Monitor nozzle 397x190x238 1996 | [12]
uGgv Rescue robot 398x174x189 1994 | [12]
uGgv High-speed Car Dune Buggy Tire 2003 | [15]
UGV/robot | Bomb defusing 117x100x79 | Bomb defusing Tire 2004 | [13]
uUGv Quad bike Tire 2005 | [14]
UGv Multi-direction Tire 2013 | [16]
uGgv All-terrain Security Caterpillar 2015 | [35]
UGV/robot | RC Security, fun Tire 2000 | [17]
Robot Partly autonomous with sensors 28x70x75 Surveillance and fire-detection 1991 | [21]
Robot Hopping 14x9x24 Home security Tire 2009 | [18]
Weapon, CCD and thermal
Robot cameras Surveillance and fire-detection Tire 2010 | [22]
Robot Face-recognition Surveillance Tire 2013 | [25]
Robot Face-recognition 44x38x22 Security 2005 | [24]
Robot Multisensor 50x150 Security 2005 | [19]
Robot Modular design 76x50x30 Research, warfare Caterpillar 2006 | [31]
Robot Tracking Security Tire 2008 | [26]
Robot Self-charging 15x15x9 Home surveillance Tire 2010 | [20]
UGV/robot | Can drive autonomously Mining vehicle Tire 2001 | [30]
Robot Video conferencing Communication Caterpillar 2011 | [32]
Robot Video conferencing Communication Tire 2015 | [33]
Robot Solar panel Security Tire 2011 | [29]
Robot All-terrain Security Caterpillar 2012 | [23]
Robot Video conferencing Immersive communication Tire 2012 | [34]
Robot Modularity 21,5x38x38 Research, modular Tire 2000 | [27]
Robot Sensors 20x20x50 Home and office security Tire 2004 | [28]




APPENDIX 3. Devices found on The Internet.

UGV/robot | Features Price € Size cm Use Tire/caterpillar | Year | Productized | Reference
Robot/UGV | Camera, microphone, speakers | 200-300 34x30x36 | Tele-presence 2010 | Yes [46]
UGV Night vision, path mapper 220 Security Caterpillar 2011 | Yes [41]
UGV Turning camera Security Caterpillar 2011 | No [42]
uGgv Mobile phone interface, night- | 100 Security, fun Tire 2012 | Yes [40]
vision
UGv Wi-fi 500 Security Tire 2005 | No [43]
Platforms 100-16 000 2013 | Kind of [49]
Robot Near 360-video Home and office 2014 | Yes [47]
security
Robot Small, light, throwable 10 000++ 23x26x10 | Security Caterpillar 2012 | Yes [44]
Robot Programmable 1500+ 29x25x14 | Security Tire 2014 | Yes [45]
Robot Video conferencing Communication | Tire 2013 | No [36]
Robot Doctor 60 000 Health care 2014 | Yes [48]
Robot Needs iPhone 100 Communication | Tire 2012 | Yes [37]
Robot Video conferencing 2500 Communication | Tire 2012 | Yes [38]
Robots Video conferencing 500-16 000 Communication | Tire 2011 | Yes [39]




APPENDIX 4. Single-board microcomputers.

Board Raspberry Raspberry 2 B Raspberry Pi Arduino uno Arduino Arduino BeagleBone | Udoo Quad | Banana Pi
1B+ compute R3 Due Mega 2560
module
development
kit
Clock 700 MHz 900 MHz 700 MHz 16 MHz 84 MHz 16 MHz 1 GHz 1 GHz 1GHz
Cores 1 4 1 1 1 1 1 Quad-core | Dual-core
Supply 5V 5V 5V 7-12V 7-12V 7-12V 5V 6-15V 5V
voltage
Flash None None 4 GB 32 kB 512 kB 256 kB 4GB None None
RAM 512 MB 1GB 512 MB 2 kB 96 kB 8 kB 512 MB 1GB 1GB
PWM pins 1 1 1 6 12 15 8 0 0
USB-ports 4 4 1 0 0 0 1 2n+2m 2
Dimensions 85 x 56 x 85 x 56 x - 53x 75 mm 53 x102 53 x 102 53 x86 mm 85x 110 92 x 60
21mm 21mm mm mm mm mm
Price 35¢€ 45 € 100 € 20 € + VAT 36 €+ VAT | 35€+ VAT 45 € 99 € + VAT 59 €
CSl-port 1 1 2 None None None None 1




APPENDIX 5. Wireless network techniques.

Wi-Fi Wifi +

Technique Bluetooth | Bluetooth LE | ZigBee Direct Wi-Fi 3G 4G internet
868/915 MHz,
Frequency 2,4 GHz 2,4 GHz 2,4 GHz 2,4 GHz 2,4 GHz 1,6-2GHz | 2-8GHz 2,4 GHz
Max bit rate | 1 Mbps 1 Mbps 250 kbps 54 Mbps 54 Mbps | 3,1 MB/s 100 MB/s 54 Mbps
Modulation | GFSK GFSK DSSS Various Various Various Various Various
Distance 10 m 50 m 10-100m 140 m 100 m >1km >1km 140 m
Current 250-350 | 250-350
consumption | <30 mA <20 mA 30 mA mA mA 160 mA 190 mA 250-350 mA
100 - 350

Delay 100 ms 3ms <5ms <5ms ms 50-150ms | >5ms
Network P2P P2pP Mesh P2P IP IP IP IP




APPENDIX 6. The history of stereoscopic images, virtual reality and

augmented reality.

The history of stereographic images starts from the 1830s, as Charles Wheatstone invented
the first stereoscope and proposed a theory of three-dimensional vision [70]. The next
milestone was the first anaglyph 3D movie in 1915. Anaglyph is technique, in which two
cameras record the same image from little different angles and in different colors, one in
green and another one in reddish pink. Viewed with special glasses, this makes an illusion
of 3D view. In 1974, Andy Warhol’s Frankenstein was presented in the polarized
stereoscopic 3D system, in which the two separate colors were replaced with polarized
light. In 1995, Nintendo published Virtual Boy, which was a video game stereoscopic
device, but it failed as it gave users headaches and motion sickness[71].

The story of augmented reality started in 1968, as Ivan Sutherland invented the first
display, in which it was possible to draw simple figures on top of the real image[72]. The
display system was hanging from the ceiling. In 1992, Louis Rosenberg developed one of
the first AR systems for United States Air Force, which made it possible to operate in
remote areas. In 1999 began work on Battlefield Augmented Reality System (BARS),
which made it possible to train warfare in urban areas[73]. In 2004 augmented reality was
implemented on a mobile phone. In 2009, ARToolkit gave the possibility to use AR in a
web browser. In 2013, it was possible to load a car-repair manual to a smartphone. In 2014,

there was a selection of AR glasses on the market.

The journey of virtual reality began in 1957, as Morton Heilig developed the Sensorama,
the first VR simulator[74]. Sensorama was able to offer not just an image, but also scents,
sounds, and air currents. Headsight was the first HMD. It was discovered in 1950, and it
was also used in military training. In 1965, Ivan Sutherland, who was introduced in the
previous chapter, invented HMD, which allows the user to see the virtual world. The first
VR-boom was seen in the 1990s, as in 1991 the first virtual arcade game was introduced
and a couple years later Sega meant to launch the first HMD. Sega’s HMD never hit the

markets, as the users suffered headaches and motion sickness.



APPENDIX 7. Head-mounted devices.

Item Oculus Rift DK2 | Sony Morpheus | Dlodlo Gear VR Cardboard Epson Durovis Dive | Homido Carl Vrizzmo
Moverio Zeiss VR
one
FOV 100 90 110 96 ~60 23 ~90 100 100 105
2560 x
Resolution 1080P 1080P 3840 x 1080 1440 - 960 x 540 - - - -
Refresh rate 75 Hz 120 Hz 120 Hz 60 Hz - 60 Hz - - - -
Display scale 8:9 - 16:09 - - 16:01 - - - -
Form Helmet Helmet Monocular Helmet Monocular Monocular Helmet Helmet Helmet Helmet
180 g+ 150 g + 250g + 400 g +
Weight 440¢g - 120 g 556 ¢ phone 240¢g phone phone - phone
GPS, Compass,
Gyroscope,
Sensors 9-axis sensor x 1 | 6-axis sensorx 1 | 6-axis sensor x 2 - - Accelerometer | - - - -
Tracking display lag <20 ms <18 ms 10 ms <20 ms >20ms - - - - -
Price 350$ 350$ 700$ 200$ 0-50$ 700 S 60-110€ 70-90€ 129 € 60 - 65 €
Require smartphone | No No No Yes Yes No Yes Yes Yes Yes




APPENDIX 8. Use cases from the survey.

Surveillance

Dangerous locations

Narrow locations

Delivery tasks

Sensor tasks

Active actor

Cleanup inspection

Unreachable locations

Unreachable locations

Delivering post x 2

Condition evaluation

Dangerous events

Elderly care

Dangerous locations x 3

Ventilation pipes

Fetch and retrieval

Imaging / mapping

Maintenance

Home surveillance

Locations with radiation

Sewers

Carrying cargo

Troubleshooting

Preventing birds

Power grid inspection Diving Narrow locations x 3 Condition survey Dust on high locations
Following scent Clearing dangerous spaces | Shallow and narrow locations Sampling Cleaning

Person identification Work safety x 2 Hard to reach locations Measuring circumstances Guard / Sheriff

Drone surveillance Diving Gathering information Military

Remote flight control

Gas

Surveillance

Steam leaks

Runway monitoring

Recognizing steam

Reporting

Quality control x 2

Perimeter surveillance

Inspecting roofs

Cottage village surveillance

Monitoring

Counting persons

Following

Saving video

Recording events

Prevention

Drive routes




APPENDIX 9. Technical notices collected during development of the
prototype.

During the development of the prototype, few problems were raised and solved. They are
aggregated here to help anyone struggling with the similar type of problems. At the same
time, this dives a little bit deeper on the technical side of developing the prototype. Hope

these notes help you in your work, so you don’t need to have the same struggles I had.

Raspbian, Raspberry Pi:s operating system, was ran from a USB-stick, as Raspberry Pi has
a known problem with corrupting memory cards. BerryBoot was found to be an easy
program to install Raspbian to the memory stick and it even offered the possibility to
install it via Wi-Fi.

Constructing the device was quite straightforward. There are one motor and three servo
motors that were easy to install on the device. Giving more voltage to the motors than
Raspberry Pi can offer was solved with 1293d-driver, but a bunch of other similar drivers
could be used as well. Power bank wasn’t any fancy one, but just a supermarket type
device. Batteries for the motors were the cars original batteries, as there was no need to
change them. However, a more powerful battery pack would be good in the future.
Attaching the camera to the Raspberry Pi was quite simple, even thou, it needed a longer
cable, than the original. Attaching the lens to the camera was easy, but it should be noted,

that the camera shouldn’t have any big lens in itself.

Transmitting the control signal was also straightforward. It could be made with UDP
instead of TCP to try to minimize latency in controlling signal, but it probably wouldn’t
change it a lot. Video transmission needed a little more thinking, searching and testing, as
there were multiple options, and the one with the smallest latency was wanted. GStreamer
was the best according to multiple forums online. Latency in it could probably be reduced,
but it needed more work and time than was available to this project. Another problem was
showing the image on the display. Showing just one image was easy, but showing the same
image two times side-by-side wasn’t, and at the end it wasn’t implemented. This side by

side mono-image could be used with virtual reality helmet to demonstrate the workings of



stereo-vision image. Also, stereo-vision was not implemented as there was no time for it.
At the beginning, it was thought, that the Raspberry Pi could hold two cameras, one in
CSl-port and the other one in USB-port. This idea was given up as this would probably

lead to serious trouble in synchronizing the streams to reduce motion sickness.

Controlling the motors was also problematic. As told earlier, creating software PWM is not
easy to do, and small delays may cause servo motors to shake. This was however fixed by
using PiGPIO-library, which creates PWM signal with the help of DMA. Most of other

libraries can’t do this and make the servos shake.

Controlling devices were also easy to implement. In Windows, a library called SIimDX
was used to get the controls from ActiveX and with that from the controllers. However, it
wasn’t figured out how to use certain classes with SIimDX, but using joystick-class was
good enough, as only the axles of the controller were changed to get it work right with a
rally wheel and a joypad. Controlling the device with a smartphone wasn’t hard either.
Devices API gave the possibility to get the information of the devices position, and it was

used to send the controls to the device.



