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Abstract

Localisation systems like GPS and Bluetooth are now widely used to create, send and receive
data to help cities become more e cient. Indoor small-scale environments have proven dif-
cult for such systems and other Real-Time localisation Systems (RTLS) become relevant
alternatives. Accurately locating moving children in a playground is a problem that can
be solved using such an alternative method. Trilateration formulas based on Time-of-Flight
measurements of ultrasound waves through air are used to calculate the location of a moving
object.In this thesis we developed sensor range pro les using the re ective and direct method
which are used to create the optimal basis for the 2D and 3D localisation experiments. 2D
localisation had an average error of 1.30 centimeters and 3D localisation had an average error
of 10.93 centimeters per location measured. 3D localisation is preferred for locating moving
children in a playground, because 3D localisation covers a way larger area with the same
amount of sensors and can be improved by removing miss measurements. Future work can
also focus on a possible scale-up architecture that uses a measuring angle of 30 degrees per
sensor and a measuring distance of more than 4 meters using the direct method.
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1 Introduction

1.1 Background

In recent years, urban computing has become a fundamental part of cities' infrastructure. Through
the combination of wireless networks, sensors and localisation systems, it has become exceedingly
easy to create smart cities on a big scale.

Localisation systems like GPS and Bluetooth are now widely used to create, send and receive data
to help cities become more e cient. However, indoor small-scale environments have proven di cult
for such systems. The direct signal can disappear or it can bounce o a re ective surface and this
re ection can result in measurement errorsl]). In these environments, other Real-Time localisation
Systems (RTLS) become relevant alternatives.

Accurately locating moving children in a playground is a problem that can be solved using
such an alternative method. Ultrasound is a possible and e ective alternative. This thesis acts as
the blueprint for a large-scale ultrasound indoor positioning system.

1.2 Objectives

This thesis aims to explore the use of ultrasound to locate a moving object in an indoor small-scale
environment. Another aim is to locate the beacons' position using their relative distance to each
other. The accuracy of a 2D and 3D ultrasound localisation system will be compared. Furthermore,
a possible method for scaling the ultrasound indoor positioning system will be described.

RQ1: How do we accurately determine the location of a moving object using ultrasound waves
propagating from the beacons?

RQ2: How do we accurately determine the locations of the beacons using their relative distance
from each other?

RQ3: How well does the positioning accuracy of an 2D ultrasound localisation system compare to a
3D ultrasound localisation system?

RQ4: How could an ultrasound localisation system be implemented for large-scale environments?

1.3 Thesis Overview

This thesis aims to explore the use of ultrasound to accurately determine the position of a moving
object in a indoor small-scale environment. This document contains the bachelor thesis of Bas van
Aalst conducted at the Leiden Institute of Advanced Computer Science (LIACS). In section 1 we
present the Introduction. Section 2 covers Related Work. Section 3 shows the methods employed
in our experiments. Section 4 includes all experiments. Section 5 describes the results of the
experiments. Section 6 summarises the thesis and includes options for further research.



2 Related Work

2.1 Global Positioning Systems

Global positioning systems, or GPS, have served as a solution to a diverse range of navigation
problems. The Navstar Global Positioning System is the most popular GPS that uses 31 active
satellites. A GPS receiver that receives radio signals from at least four satellites can calculate a
position on Earth. The distance between a receiver and these satellites is calculated using the time
delay that a signal takes to be sent from the satellite to the receiver. After calculating one distance,
we know that we are somewhere on a sphere around that satellite. After measuring at least four of
these distances, the GPS calculates the intersection point between all the spheres which is your
position (Figure 1a and Figure 1b). This technique of measuring a position is called Time-of-Flight
multilateration and GPS is typically accurate to within 5 meters 95% of the time4]. In 3D space,
multilateration with at least four distances is standard in calculating a position. In 2D space, three
distances are enough to calculate a position which is called trilateration.

(a) 3D view of satellites using Multilateration (b) 2D schematic of satellites using Trilateration

Figure 1: Multilateration and Trilateration

i R L C Y e I 1)

Equation 1 consists of the three coordinatesy; yx; z« which are the receiver's position in 3D space.
X;y; z is the satellite's position in 3D space andy is the distance between the satellite and the
receiver. Once at least four of the navigation satellites have determined thej, this formula can
be used to determine the location.

2.2 Local Positioning Systems

Local Positioning Systems, or LPS, are positioning systems that are not suited for world-scale
localisation like GPS. LPS specialises in smaller, enclosed spaces and is more accurate than GPS.



LPS are a viable alternative to GPS when such systems cannot be used. A GPS signal from
satellites can not be received indoors because its intensity is too low. Subsequently, LPS were
developed to act as a positioning system for autonomous robots indoors. These systems require the
use of beacons that act as satellites. LPS use di erent types of signals like ultra-wideband, ultra-
sound or bluetooth; and di erent types of signal measurement techniques and positioning algorithms.

2.3 Signal Measurement Techniques

LPS use di erent signal properties to measure the distance, angle or signal between a receiver and
a transmitter of a signal. The most prevalent ones are Angle of Arrival (AOA), Time of Arrival
(TOA), Time Di erence of Arrival (TDOA) and Received Signal Strength Indication (RSSI) [3, 4].

A~

The Angle Of Arrival is the direction from which the signal is received.

The Time of Arrival is the moment the signal reaches the receiver. The elapsed time after
transmitting the signal is called the Time of Flight (TOF). To calculate the TOF it needs to
be known when the signal was transmitted.

The Time Di erence of Arrival is the di erence in TOA measurements by at least two di erent
receivers. For this method, when the signal was transmitted needs te be known.

The Received Signal Strength Indication indicates the strength of the signal. The further
away the signal's source, the lower the signal strength measured by the receiver.

Signal property | Measurement metric| Pros Cons
AOA Angle-based High accuracy at room level Complex, expensive and

low accuracy at wide coverage
TOA Distance-based High accuracy Complex and expensive
TDOA Distance-based High accuracy Expensive
RSSI Signal-based Low cost Medium accuracy

2.4 Positioning Algorithms

Local positioning systems use di erent positioning algorithms to measure our receiver's position
using the di erent signal properties like triangulation, trilateration, proximity and scene analysis
and ngerprinting [4].

" Triangulation uses angle measurements relative to at least three known points to determine
the receiver's position.

" Trilateration uses distance measurements relative to at least three known points to determine
the receiver's position. Multilateration uses four or more known points which is preferred over
trilateration.



~ Proximity calculates coordinates by how close they are to a known set of points.

" Scene Analysis and Fingerprinting examines a space from a particular viewing point.

Positioning algorithm | Signal property | Pros Cons

Triangulation AOA Simple, low-cost and high Complex, expensive and low
accuracy at room level accuracy at wide coverage

Trilateration TOA/TDOA High accuracy Complex and expensive

Proximity RSSI High accuracy Complex and expensive

Scene analysis/ RSSI High performance Complex, expensive, medium

ngerprinting accuracy and time consuming

2.5 Ultrasound Indoor Positioning Systems

Multiple ultrasound indoor positioning systems have been designed to improve existing local posi-
tioning systems. One such example is the robust high-accuracy ultrasonic indoor positioning system
(UIPS) [5]. This system extracts the envelope of a signal to determine the Time-of-Flight. The

envelope of a signal is the boundary within which the signal is enveloped or, to put simply, contained.

The fully distributed ultrasound indoor positioning system by M. Minami at el. p] demonstrates

the di culties of an of ultrasound indoor positioning system and discusses the potential solution to
these problems. Problems such as no-line-of-sight signals and accumulated errors were discovered
in this system.

The TELIAMADE system [ 7] is another ultrasound indoor positioning system that uses Time-of-
Flight as signal measurement technique. A high accuracy in the estimation of the Time-of-Flight
is achieved using parabolic interpolation. Parabolic interpolation is used to detect the maximum
value of the signal to match it to the Iter output. Furthermore, the signal phase information also
increases the Time-of-Flight measurement accuracy.

Our research possesses a lot of similarities to these UIPS. Our experiments will employ trilateration

and time-of- ight measurements to calculate a position in our coordinate system. This thesis focuses

on methods for expanding these UIPS to larger areas. The experiments will be used to compare 2D
and 3D UIPS con gurations and to recommend one such system for further research.



3 Methods

3.1 Microprocessors

A comparison was made between the possible microprocessors to evaluate the arguments for and
against the di erent hardware options. The two main contenders for this thesis were the Raspberry
Pi 3 Model B! and Arduino UNO R3? because of their price, capabilities and large community.
The speci cations of these development boards are compared below [S]:

Pros Cons

Supports operating system Closed-source
Raspberry Pi 3 Model B| Supports large number of sensorsMore expensive
More processing power
Open-source Cannot handle concurrent tasks
Arduino UNO R3 Faster development Less processing power

Less expensive

As the literary research progressed, it became ap-
parent that we did not need a lot of processing
power to perform our experiments. This realisation
steered our attention towards the Arduino since it costs
less comparatively and can still handle the necessary
tasks.

The Arduino UNO Rev3 became our main board for
faster development of structured, usable code. The Ar-
duino was programmed using its own Arduino Integrated

Development Environment (IDE).
P (IDE) Figure 2: Arduino (left) and Raspberry

. Pi (right)
3.2 Ultrasonic Sensors
Multiple sensors were assessed in our literature research.
The HC-SR04 had the most potential as it is reasonably priced, has a well-documented user's
manual, has a large community and produces similar results in terms of accuracy and distance to
the other ultrasonic sensors we considered.

The HC-SRO04 ultrasonic sensor speci cations are as listed below. These speci cations are listed in
the HC-SR04 user's manudl

" Power Supply: +5V DC

" Quiescent Current:<2 mA

https://us.rs-online.com/m/d/4252b1ecd92888dbb9d8a39b536e7bf2.pdf
2https://docs.arduino.cc/resources/datasheets/A000066-datasheet.pdf
3https://datasheetspdf.com/pdf- 1e/1291829/Cytron/HC-SR04/1

5



" Working current: 15 mA

" E ectual Angle: <15

" Ranging Distance: 2-400 cm

" Resolution: 0.3 cm

" Measuring Angle: 30

" Trigger Input Pulse width: 10 uS

~ Dimension: 45 mm x 20 mm x 15 mm

3.2.1 How does the sensor work?

The sensor has four outputs. The four outputs are as follows:
1. VCC: Power supply pin
2. TRIG: Triggering input pin
3. ECHO: Transistor-transistor logic output pin

4. GND: Ground pin

(a) Frontside HC-SR04 Module (b) Backside HC-SR04 Module

Figure 3: Overview HC-SR04 Module

The power supply is between 3.3V and 5V. Each output is connected to the Arduino using jumper
wires.

Once all outputs are connected to an Arduino, the HC SR-04 ultrasonic sensor can start taking
measurements. The sensor has a transmitter (T) and a receiver (R). A pulse is sent to the trig
pin for 10 uS. A 8-cycle 40 kHz burst is transmitted through the transmitter, re ected and then

received by the receiver. The Time of Flight is given to the user which is used to calculate the
distance to the re ecting object.



For calculating the distance, the following formula is used:
s=v (T=2)

which is derived froms = v t. T is the Time of Flight and the duration of the echo signalt is
the time in microsecondst is T is divided by 2, because the signal has to travel to and back from
the object instead of just to the object. To get the distances in centimeters, we use the speed
of soundv (340 m=sor 29 s per cm) to go from microseconds to centimeters. E ectively, the
formula becomess (cm) = T (s)/29/ 2.

The NewPing Arduino library [9] we used was designed to reliably ping multiple sensors and
calculate the distance from the object to each sensor. We will further elaborate on this library and
its methods in the Software section.

The speed of sound diers in certain temperatures. The colder it is, the lower the sound ve-
locity. We used a speed of sound of 340 m/s in our calculations which would put the estimated
temperature in the room at 15 Celcius [.(]. This is below average room temperature, but the
method from the NewPing Arduino Library internally uses this parameter for its calculations.

3.3 Connecting Hardware Components

Multiple other hardware components were used to connect the Arduino boards and HC-SR04
ultrasonic sensors with the laptop.

3.3.1 USB Hub

The USB 3.0 Hub 7 Port connects the four Arduino boards to the laptop using USB cables. Now,
the laptop is required to have only one USB port instead of four USB ports.

3.3.2 USB Cables

The four USB-A to USB-B cables (5 metres) connect the USB hub to the Arduino boards.

3.3.3 Breadboard Jumper Wires

The thirty-two breadboard jumper wires (Male-Male, 30 centimetres) connected the breadboards
to the Arduino boards. Each breadboard has four wires plugged in that connect the Arduino board
to the HC-SRO04 ultrasonic sensor using its four outputs: VCC, GND, TRIG and ECHO.

3.3.4 Breadboards

The eight breadboards connected the breadboard jumper wires to the HC-SR04 ultrasonic sensors
and formed the base for the sensors to stabilise them.



3.3.5 Moving Object

The moving object was used as a re ective material to 'bounce o ' the ultrasound waves. According
to the user's manual of the HC-SR04 sensfran object of at least 0.5 m2 should be used for better
results. We opted for a smaller object since the experiments were done on a Ir3area.

Di erent objects were tested for the intensity of re ection and angle of re ection. A cardboard
rectangular object and a ceramic cylindrical object were considered for the object of choice.

3.4 Setup Motion Detection

To test whether the HC-SR04 sensors were su cient in accuracy and range, we tested the ultrasonic
sensors in a few experiments.

Initially, a small program was written in Arduino IDE which measured the distance from the sensor
to an object. Then a Python program was written to extract the data from the Arduino serial
monitor and plot the data in a diagram.

3.5 Sensor Range Pro les

The reach of the HC-SRO04 ultrasonic sensor was estimated by conducting an experiment. The
maximum reach of the sensor was estimated by sending out a signal and having that signal bounce
o of an object. On the corner case for which the signal could still be received, some adhesive tape
was used to identify that point. This was done for every 30 centimeters up to 3 meters. These

points showed the combined range of the sensor which could be used to further improve our setup
for other experiments. In Figure 4a, we see the reach of the HC-SR04 ultrasonic sensor using two
objects. One object is a rectangular carton container and the other is a round aluminum bottle.

As can be seen in Figure 4a, the rectangular shape performs better at longer distances but has less
reach at shorter distances. The round shape is preferred because the rectangular shape is too depen-
dent on the angle of the carton container. We found that the round object is consistent at every angle.

Since round objects performed better in the re ection pro le experiment, we tried using a mug
which is made of a denser material. A mug had a larger reach in the re ection pro le experiment,
so we used that object to perform the 2D localisation experiment.

In Figure 4b, the re ection pro le of the direct method is shown. In comparison with the re-
ective method in Figure 8a (ref), this approach created a larger re ection pro le in both width
and length. However, this method can not be used in 2D localisation since the sensor attached to
the moving object can only look in one direction. Therefore, the re ective method is preferred in
2D localisation and the direct method is preferred in 3D localisation.

“https://datasheetspdf.com/pdf- 1e/1291829/Cytron/HC-SR04/1
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