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Abstract

Earthquakes are responsible for significant injuries, loss of life, and damages to infras-
tructure every year. Part of this damage could be mitigated by providing earthquake early
warning (EEW). Therefore, this topic attracts the attention of many researchers and engi-
neers. EEW systems exploit two observations: the speed and the destructive power of the
waves. Due to the fact that the first waves that arrive in a location, the P or Primary waves,
are the fastest and the least destructive ones, correctly identifying them can provide the af-
fected areas with time to prepare for the arrival of the more destructive waves. The warning
time derives from the relatively low speed of even the fastest waves, along with the distance
the waves have to travel. Also here one should mention that the closer to the epicenter you
detect the earthquake, the more time slack for notification you have.

The conventional seismic networks, that are currently in use as input to EEW systems,
provide only scarce coverage. However, smartphones, which are far more widespread, pro-
vide embedded accelerometers, that can be used to identify seismic events. With the use of
mobile phone sensors, EEW coverage can be extended in every populated area. We present
a smartphone Android application that detects possible earthquakes and sends accelerometer
and GPS (Global Positioning System) data to a computer. The gathered information could
then be cross-referenced and utilized to classify the warning as a true earthquake or false
alarm, calculate the earthquake’s epicenter and issue a warning in the distant areas that will
be potentially affected. This Thesis discusses the implementation of the application and eval-

uates its performance over everyday activities.

xi






Iepiinyn

Oroeopol evfHvovron yio moAAOVS TPOVHOTIGHOVGS, OTMAELES (oMY Kot {NEG OTIG VAIKES
VIOOOUEC KGO ¥pdvo. MEpoc avtng g (npids Ba pmopovoe va amopevybel pe v vVTapén
"Eykaipng [pogdomoinong yia Zetopovg(EIY). To cvotiuata EITE Bacilovtar og 600 ma-
POTNPNCELS: TNV TOYVTNTA KOL TNV KATAGTPOPIKT OVOVAUTN TOV GEIGHIK®V Kupdtov. Eneldn ta
TPAOTO KOUATO TOV TAVOLV o€ pia Tomobecia, Ta P 1 [Ipota kdpota, sivol ta mo ypryopa
KoL To AIYOTEPO KATUGTPOPIK(L, 1| COGTH OVOYVMOPIGT TOVE UTOPEL VO TOPEYEL OTIC TEPLOYES
7oV Ba enNPEAcTOHV A0 TOV GEIGHO YPOHVO Y10l VO TPOETOLAGTOVV Y10 TO TLO KATOGTPOPIKA
Kopata. O dbEéc1og ¥pdvog Yo TV TPOELOOTOINCT) TPOEPYETAL OO TV GYETIKA YOUUNAN
TOYOTNTO KOO KOL TV YPTYOPOTEP®V KVUOTOV, GE GUVOVOGHO [LE TNV OTOGTUGT TOV VT
ypewaletar va tawéyovv. Emmiéov, mpémetl va avapépovpe e avto to onueio 61t 660 mo
KOVTO 6TO EMKEVTPO aviyveLBel 0 GEIGLOC, TOGO TEPIOTOTEPO YPOVIKO TEPODPLO Y10 TPOEL-

domoinomn vrapyeL.

To mopad0c1oKd GEIGHKA O1KTLA, TTOL XPNGILOTOOVVTOL CT|LEPA OG IGO0 GTU GLOTH-
nato EITE, mapéyovv eddyiom povo kdioyn. Iop’ OA” avtd, To Kivtd ThAEQ®VA, To OTToio
etvat TOAD o S10ded0UEVA, TOPEYOVY EVOOUUTOUEVO EMLTOYVVOIOUETPA, TO OTO10L LTOPOVY
Vo YPNOLUOTONB0DV Y10 VO OVOyVOPIGTOVY GEIGHIKA YeYovoTa. Me v xprion Tov cucOnm-
POV TOV KIVIITOV TNAEPOV®V, 1] KOALY™ TV cvotnudtov EITE uropel va emektobdei oe OAeC
T1G Katownpéves meployés. [apovosialovpe pio epappoyn Android yio kivntd mAépova 1
omoia avayvopilel mBavoHg GEIGHOVG Kot GTEAVEL SEGOUEVO OO TO EMLTAYVVGIOUETPO KOt TO
GPS(ITayxoc o Zootpo Xtrypotofétnong) o Evay vmoloyiot]. Ot GLALEYUEVEG TAPOPO-
pieg umopovv Emelta vo doeTavp®Oovy Kot va xpnoipomoin oy Yo va Kot yoplomoinei 1
TPOEWBOTOINGT G TPOYUATIKOS GEIGUOC 1] G AdBog cuvayeprdg, Vo VTOAOYIGTEL TO EMIKEV-
TPO TOL GEIGLOV KOl VO GTAAEL TPOEIOOTOINGT GTIC TEPLOYES TOV THOVOV VO ETNPEAGTOVV.
AVt N AUTAOUOTIKT EpYOGT0 OOTPAYUATEDETAL TV VAOTOINGT TNG EPOPUOYNG Kot a&toroyel

NV EMIO0GT NG G KAOMUEPIVEG OPUGTNPLOTNTEC.
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Chapter 1

Introduction

1.1 Earthquake Early Warning

Earthquakes are a problem that affects human civilization since the dawn of time, caus-
ing destruction in its wake. However, the denser the populated areas become, the greater
the fatalities become, ranging up to hundreds of thousands of human casualties in the most
severe cases [[7]. The earthquake casualties per year are shown in Figure [I.1. However, the
earthquake’s destruction does not stop in human lives. As we can see in Figure [1.2, many
billions of dollars are lost every year. An early warning could potentially save many lives
and infrastructure costs by allowing people to get cover, trains and cars to slow down, and

much more.

300,000

50,000 /\A—\
Earthquake

1912 1920 1940 1960 1980 2000 2019

Figure 1.1: Earthquake casualties per year (worldwide)[|1]
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Figure 1.2: Earthquake financial destruction per year (worldwide)[2]

EEW systems have been developed with one purpose: to detect the earthquake near its
epicenter and issue warnings in the areas that will be afflicted before the damaging waves
arrive. This is possible due to the difference in the propagation speed of the various waves an
earthquake emits, and also the fact that these speeds are relatively low. Correctly detecting the
faster waves near the epicenter can be utilized to warn areas further away from the epicenter,
that will be afflicted, providing them with some precious seconds to prepare.

It is crucial that EEW is not confused for earthquake prediction. In opposition to earth-
quake prediction that would offer us knowledge about the earthquake before it has even be-
gun, EEW offers us only a few precious seconds between the arrival of the faster-moving
waves in our detection sensor and the arrival of the slower destructive ones in the near areas.
This means that it is crucial to detect the earthquake near its epicenter in order to provide
as much time as possible and for this to be achieved sensors should be spread everywhere.
However, modern seismic and geodetic networks exist in a handful of countries and even
then they offer scarce coverage.

In Figure [1.3 we can see that even in a country that is experiencing multiple earthquakes
every year, there are only ~ 100 earthquake stations, making the coverage of the country
inadequate. Moreover, the fact that the older-traditional seismographs are not built to work
in real-time makes the coverage even scarcer. This scarce coverage of sensors can be solved
by utilizing sensors that are able to detect earthquake waves and are very widespread: the

accelerometers in smartphones. According to statistics [8], there are approximately 4 billion
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Figure 1.3: Greek Nation Seismograph Network [3]

smartphone users in the world, which could help by allowing their smartphone to work like
an earthquake detector. This would solve the problem of the coverage in populated areas.
Due to the fact that smartphones are not stationary sensors but are moving throughout the
day due to human interaction, the data from smartphones will not be always accurate. Even
though the smartphones’ accelerometer will have more noise than the usual sensors used for
earthquake detection, this idea is enabled by the large scale. By having thousands of phones
scanning for an earthquake in a city it is safe to assume that an earthquake is happening when

a significant number of smartphones report an event simultaneously.

1.2 Contribution

The goal of this diploma Thesis is the proposal of a solution to the Earthquake Early

Warning problem. The main contribution of this Thesis can be summarized below:

1. Smartphone application. For the purpose of harnessing the data of the smartphones’
accelerometers, an Android application was developed. This application monitors the
accelerometer, detects possible events with the use of the STA/LTA algorithm, and

reports to a central computer.

2. Server-side application. The implemented server-side application monitors the spec-

ified address for new messages, creates a file, and saves the recorded accelerometer
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data along with the timestamps and the GPS location data.

3. STA/LTA algorithm parameter setting. Through tests run on our physical device, the
various parameters of the STA/LTA algorithm were set on values that aim to reduce

the delay of the event detection and the detection of false events.

4. Experimental evaluation. An evaluation of the application’s performance on recording
and detecting possible events through everyday activities was made. Moreover, the

application was evaluated about its resource consumption.

1.3 Thesis organization

The rest of the Thesis is organized as follows. Background information that supports the
rest of the Thesis is in Chapter . In Chapter J there is an analysis about the implemented
design. Chapter i includes the experimental evaluation and the STA/LTA algorithm parameter
setting. Chapter [ presents related projects and their differences with this implementation.

Lastly, Chapter [ summarizes the Thesis and proposes possible future expansions.



Chapter 2

Background

2.1 Seismic Waves

Seismic waves[9][10][L1] are waves of energy that travel through Earth’s layers, and are
a result of earthquakes, volcanic eruptions, magma movement, large landslides, and large
man-made explosions that give out low-frequency acoustic energy. For this Thesis we are
interested mainly in the properties of these waves that support the EEW systems: the propa-

gation velocity and the destructive power of each type of seismic wave.

Among the many types of seismic waves, one can make a broad distinction between
body waves, which travel through the Earth, and surface waves, which travel at the Earth’s
surface. Figure 2.1 shows two seismograms of the same event. The main focus should be the
time intervals between the arrival of the different type of waves, that indicates a difference

in propagation speed.

2.1.1 Body Waves

Body waves arrive at the earthquake location before the surface waves are even emitted.
They travel through the interior of the earth and have a higher frequency than the surface
waves. There are two categories of body waves: Primary waves (P-waves) and Secondary

waves (S-waves).
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P-Wave S_Wave
S-P interval = 0.95 sec
Seismograph A
i " " 1

1 1 " n i " 1

1 Time 2 3 4

P-wave S-w‘ave I H M’ I”

S-P interval = 0.54 sec

Seismograph B “

Figure 2.1: Comparison of the S-P intervals of a seismic wave in two seismographs. The P-
waves are the first to arrive at each station, followed by the S-waves. Because the P-waves
travel faster than S-waves, the great the distance between the two of them is, the further away

the earthquake’s epicenter is.[4]

Primary Waves

Primary waves (P-waves) are compressional waves that are longitudinal in nature. This
means that the displacement of the medium they are traveling into is in the same direction
as the wave propagation. They are the fastest type of seismic wave and thus the first ones to

arrive at a specific location. They can travel through any type of material and their typical

speeds are[[10][[11]:
1. 330 m/s in air
2. 1450 m/s in water

3. 5000 m/s in granite
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Secondary Waves

Secondary waves (S-waves) are shear waves that are transverse in nature. This means
that their oscillations are perpendicular to the direction of the wave propagation. These are
the second waves to arrive, after the faster Primary waves. They are able to travel only through

solids and their speed is typically around 60% of that of Primary waves in any material.

2.1.2 Surface Waves

Surface waves travel only through the crust. They have a lower frequency than the body
waves and thus are easily distinguished. Even though they travel slower than the body waves,
they are almost entirely responsible for the damage and the destruction an earthquake causes.
All of the surface waves diminish as they get further from the surface. There are two cate-

gories of surface waves: Love waves and Rayleigh waves.

Love Waves

Love waves are transverse waves. They vibrate the ground in the horizontal direction
perpendicular to the direction that the waves are traveling. Love waves are the fastest surface
waves, however, they are slower than the body waves, traveling at approximately 90% of a

S-wave’s speed.

Rayleigh Waves

Rayleigh waves, also called ground rolls, are surface waves that travel as ripples with
motions that are similar to those of waves on the surface of the water. A Rayleigh wave rolls
along the ground just like a wave rolls across a lake or an ocean. It moves the ground up and
down, and side-to-side in the same direction that the wave is moving. Most of the shaking
felt from an earthquake is due to the Rayleigh wave, which can be much more intense than

the other waves. They are the slowest wave, moving slightly slower than the Love waves.

2.2 Accelerometers

Acceleration sensors have multiple applications in today’s industry and science. More

specifically, in smartphones they can be used to change the screen orientation from portrait
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to landscape and vice versa when the device is tilted, function as a pedometer by counting
the user’s steps. Additional uses include correcting the shaking in smartphone cameras while
taking a picture or recording a video and even controlling characters in games.

An accelerometer is a tool that measures proper acceleration. Proper acceleration is the
acceleration (the rate of change of velocity) of a body in its own instantaneous rest frame.
This is different from coordinate acceleration, which is the acceleration in a fixed coordinate
system.[[12]

Theoretically, the acceleration of a device (ap) is calculated by computing the sum of the

forces that are exercised on the device (Fp) using the following formula:
ap = —(1/mass) > Fp

Nevertheless, the force of gravity is always affecting the measured acceleration according

to the formula below:
ap = —g— (1/mass) > Fp

For this reason, when the device is at rest on the Earth’s surface, the accelerometer reads
an acceleration of @ = g ~ 9.81m/s® straight upwards. By contrast, when the device is
in free fall and thus accelerating towards the ground at 9.81m/s?, its accelerometer reads a
magnitude of o = 0m/s?. Therefore, to obtain the real acceleration of the device, the input
of the force of gravity must be eliminated from the accelerometer data. Hence, a separate
embedded accelerometer is utilized, the gravity sensor. This particular sensor has the ability
to measure the magnitude of gravitational force that is being exerted on the device.

The accelerometer data are presented to the smartphone applications in their three-component
form. This means that the magnitude of the total acceleration of the device ||a,/|| is calculated

according to the following formula:

laall = \/ag, + ag, + ag.

where aq,, aqy, aq. 1s the acceleration of the device in the x, y and z axes respectively.
The standard configuration of the axes is shown in Figure

The device used for the development and testing process of this application is a OnePlus 8.
It includes the Bosch bmi261 inertial movement unit (IMU), which is a 6-axis IMU featuring

a 16-bit tri-axial gyroscope and accelerometer specifically designed for Android operating
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+Y

+Z +X

-Y

Figure 2.2: Smartphone axes [5]

systems[|13]. According to the technical data, the accelerometer has a maximum capacity of
1.6 Khz data output rate. Moreover, the sensitivity of the sensor varies from 2048 LSB/g

(least significant bits/g) up to 16384 LSB/g and a sensitivity error of + 0.4%.

2.3 Global Positioning System

Global Positioning System (GPS) is one of the global navigation satellite systems (GNSS)
that provides geolocation and time information to a GPS receiver anywhere on or near the
Earth where there is an unobstructed line of sight to four or more GPS satellites[|14]. Initially,

GPS signals were used by specific dedicated devices. Nowadays, there are GPS receivers
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embedded in many electronic devices, including smartphones.

However, modern Android software offers developers the chance to use an Assisted GPS
(A-GPS) interface. Using this approach, the location information doesn’t have to rely on GPS
satellites solely or not at all. Instead, the software can utilize WiFi or cell tower positioning
in order to calculate the device’s coordinates. This option offers less accuracy on the real
position of the device but helps to reduce the battery drain of the application on the device.
The options can be low power, meaning accuracy of approximately 10 kilometers, balanced
power, meaning accuracy of approximately 100 meters, and high accuracy, which is usually
the data from GPS sensor, as it is mentioned on Android Developers’ page[[15].

The OnePlus 8 we used for testing the application supports the most known GNSSs which

are:
1. GPS (L1+L5 Dual Band)
2. GLONASS
3. Galileo (E1+E5a Dual Band)
4. Beidou

5. A-GPS

24 STA/LTA

The short-time-average through long-time-average (STA/LTA)[|16] trigger is an algorithm
designed to identify potential earthquake events, that should be recorded and further analyzed.
STA/LTA continuously calculates the average absolute values of the amplitude of the accel-
eration over a short-time and a long-time window. Consequently, a ratio of both those values
(STA/LTA ratio) is calculated, and when the ratio of those windows exceeds a specific value,
an event is declared and the data are recorded. The recording process continues until this ratio
falls below a distinct value, a detrigger threshold.

The trigger works by identifying sections of an incoming data stream when the signal
amplitude increases. The STA window is relatively small; however, it is not instantaneous,
and there is less of a possibility of triggering at spikes or short-duration events. On the other

hand, the purpose of LTA is to provide a measure of the variation in the background seismic
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noise. To fully capture a seismic event, recording a few seconds of buffered data from before
the event is needed. It is distinctly beneficial for emergent type signals, where the system is
triggered only after the first arrival. Similarly to the trigger, the detrigger works by identifying
when the signal amplitude decreases to its normal levels.

Figure 2.3 shows the raw accelerometer data recorded from a minor event. The smart-
phone is resting on the table recording when the event, someone placing a coffee mug on
the table, happens. The usual noise levels of the table are ~ 4-0.04, thus in the x- and y-axis
we can see that the plot before the event is noisy, due to the minimal acceleration levels on
those axes. On the other hand, the acceleration on the z-axis is quite significant, reaching a
peak value of ~ 5, and thus the plot before the event seems like a straight line. Figure .4
shows the calculated STA and LTA values for the same event. Additionally, Figure 2.3 shows
the calculated STA/LTA ratio. Finally, we should mention that for these examples the STA
window is 400 samples, meaning ~ 1 second, the LTA window is 4000 samples, meaning ~
10 seconds and the refresh interval of STA and LTA is 80 samples or == 0.2 seconds since the

sampling rate is ~ 400 Hz.

o 011
< 00/
0.1

0.25 1
0.00 1

Y Axis

-0.25 1

Z Axis
L]

18700 18800 18900 19000 19100 19200 19300
Time (ms)

Figure 2.3: Accelerometer raw data from placing a coffee mug on a table.

STA/LTA algorithm is associated with the following parameters:

1. STA window duration
2. LTA window duration

3. STA/LTA event trigger parameter
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Figure 2.4: Calculated STA and LTA of placing a coffee mug on a table.
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Figure 2.5: Calculated STA/LTA ratio of placing a coffee mug on a table.

4. STA/LTA detrigger parameter

2.4.1 STA window duration

STA measures the (almost) instant absolute values of the acceleration. It monitors these
values and checks for possible events. The duration of the STA window affects the sensitivity
of the algorithm. When the duration of the STA window is short, the STA value becomes
more sensitive, especially on short-lasting spiky movements. For instance, even a minor spiky
incident such as placing a coffee mug on the table can potentially trigger an event, if the STA

window is too small. On the contrary, the same activity with a larger STA window might not
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even come near to triggering an event.
On the other hand, if the STA window gets too large, the STA value could potentially
become non-sensitive, thus requiring multiple windows for STA to ramp up. This could cause

an unwanted delay in triggering the algorithm and consequently the earthquake warning.

2.4.2 LTA window duration

LTA measures the average absolute values of the acceleration over a long period of time.
A shorter window for LTA means that LTA can be updated fast enough and get used to man-
made noise and thus possible false triggers might be prevented. On the other hand, an LTA
that updates too quickly, might delay, or even prevent, the triggering of an event, by keeping
the STA/LTA ratio lower than it should be. Moreover, with short windowed LTAs, events

may be terminated sooner than they should.

2.4.3 STA/LTA event trigger/detrigger parameter

The trigger parameter mainly decides the significance of the recorded events. Obviously,
there is some element of trade-off in setting a value for the trigger ratio. As a result, the
lower the trigger parameter gets, the less powerful earthquakes can be recorded. However,
this means that the algorithm becomes more susceptible to man-made noise as well. Although
some false events are expected to be recorded, the trigger parameter should not be set too high
as this will cause many actual events to be missed. Determining an appropriate value, one
that maximizes the number of detected events, while also minimizing the number of false
alarms, is a matter of trial and error.

The detrigger parameter determines the duration of the recorded events. Consequently,
the bigger this parameter is, the smaller the duration of the recordings becomes. Nevertheless,
the value of this parameter should not be too low, because a never-ending recording might
occur. This can happen when, due to the increasing environmental noise, the STA/LTA ratio

can never fall lower than the detrigger parameter.

2.5 MOQTT

Message Queue Telemetry Transport (MQTT), which has nowadays become the standard

protocol for internet of things (IoT) communications, is a lightweight protocol that was in-
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vented by IBM to facilitate machine-to-machine communication[|17]. MQTT is built on top
of'the TCP/IP stack and can also run on SSL/TLS, which is a secure protocol built on TCP/IP.
It has officially become an OASIS open standard since 29 October 2014[[18], and it is cur-
rently supported by many popular programming languages by using multiple open-source

implementations.

MQTT is a Client-Server publish/ subscribe messaging transport protocol, with a small
transport overhead and protocol exchanges minimized to reduce network traffic. In this project,
the MQTT protocol is used to facilitate communication between the mobile device and the
computer. For this reason, an MQTT client library written in Java for developing applications

on Android, the Paho Android Service was used[19].

There are a couple of reasons that this protocol is chosen for the application. To begin
with, the more widely known and used Hypertext Transfer Protocol (HTTP)[20] web ser-
vice, is heavyweight with a lot of header files, making it unsuitable for restricted networks
like mobile roaming. HTTP also has a bigger average response time than MQTT[21]], making
HTTP not the best option. Another very popular messaging protocol used in enterprise mid-
dleware systems is the Advanced Message Queuing Protocol (AMQP)[22]. AMQP is very
similar to MQTT, however, it has a bigger header size in its messages, so we opted for the

second one.

MQTT doesn’t create a direct connection between the server and the client in order to
transfer messages. Instead, it requires an intermediate broker, like Mosquitto[23] which is a
lightweight open-source that implements the MQTT protocols. The broker is necessary be-
cause the clients have no unique addresses or identifiers and messages cannot be sent directly
to them. For this reason, the mobile device publishes the message on a specific topic. After
the message is published, the broker identifies the subscribers of this topic and forwards the
message only to them. As shown in Figure P.€, the client-publisher sends the message to the

broker and then the broker forwards the message to the subscribed devices.

MQTT invokes the TCP/IP protocol for the connection between the clients and the bro-
ker. This guarantees that the packages will arrive in the correct order. Moreover, MQTT is
a command-response protocol, which means an acknowledge message is sent back from the
broker. As we can see in Figure 2.7, the client initiates the communication by sending a con-
nection request, the broker answers with a connection acknowledge. Then the client publishes

the message and finally, the broker confirms that the message was received.
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Figure 2.7: MQTT command-response protocol

2.6 Android Interface

Android[24] is one of the most popular smartphone operating systems (OS) and many
smartphone companies use it as a base for their devices. It is free and open-source software.
Its source code is known as Android Open Source Project (AOSP). It is a mobile operating
system based on a modified version of the Linux kernel. More specifically, Android uses
versions 4.4, 4.9 or 4.14 of the Linux kernel since 2020[6]. On top of the Linux kernel, there
are the libraries and the application programming interfaces (APIs), which are written in
C. The standard C library for Android is Bionic, which is developed by Google to be used
in environments with less memory and processing power. Along with the libraries, there
is the Android Runtime (ART) environment which uses ahead-of-time (AOT) compilation
to entirely compile the application bytecode into machine code upon the installation of an

application [6]. On the highest level, there is the application software, commonly known as
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apps, running on an application framework that includes Java-compatible libraries. Figure 2.8

shows the Android layers.

APPLICATIONS

Contacts Phone Browser

APPLICATION FRAMEWORK

Activity Window Content View Notification
Manager Manager Providers System Manager

Package Telephony Resource Location XMPP
Manager Manager Manager Manager Service

LIBRARIES ANDROID RUNTIME

Surface Media
Manager Framework
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OpenGLIES — —

SQLite (ART)

LINUX KERNEL

Display Camera Bluetooth Flash Memory Binder (IPC)
Driver Driver Driver Driver Driver

USB Keypad WiFi Audio Power
Driver Driver Driver Drivers Management

Figure 2.8: Android System Architecture[6]

Android uses events to collect data from various sources such as user’s interaction with the
phone (button presses or screen touches) or read data from sensors. The Android framework
maintains an event queue structured like a first-in, first-out (FIFO) queue. In order to be able
to handle the event, the application must have the proper listener registered.

The Android Event Management includes the following:

1. Event Listeners: an event listener is an interface that contains a single callback method.
These methods will be called by the Android framework when the component, for

instance, the sensor, to which the listener has been registered is triggered.

2. Event Listeners Registration: this is the process by which an Event Handler gets reg-
istered with an Event Listener so that the handler is invoked when the Event Listener

receives an event.

3. Event Handlers: this is the method that handles the event. It is called by the Event

Listener when the event happens.
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The tool used to develop this application was Android Studio, which is the official in-
tegrated development environment (IDE) for Google’s Android operating system. The most

notable features that it offers to the developers are:

1. tools to help you in debugging (inline debugging) and performance analysis tools,

2. an integrated Gradle-based tool as the foundation of the build system,

3. Lint tools to catch performance, usability, version compatibility, and other problems,
4. abuild-in emulator which allows for further testing and debugging of the application,

5. alayout editor that allows users to drag-and-drop or code Ul components, while also

being able to preview the layouts on multiple screen configurations.






Chapter 3

Design and Implementation

3.1 System Architecture

The EEW system’s overall proposed design can be described in Figure B.1]. First and fore-
most, there are smartphone devices. These devices are constantly monitoring their respective
accelerometer for potential events. The devices are then divided into clusters based on their
current location. Each cluster publishes the messages to a local MQTT broker, which then
forwards them to a subscriber-server application. This server along with the MQTT broker
creates a local fog server in each area. The final decision takes place in another server, the
Decision Server, which is responsible for declaring an event as true or false. This is accom-
plished with the implementation of a voting system. This means that the event will be declared
only if the majority of the devices in the area sent simultaneously a trigger message to the
server. If the server decides that an event is detected, it notifies the devices that might be

affected by this event, by publishing a warning message.

3.1.1 Implemented Design

In this Thesis, the implemented design can be described in Figure B.2. It includes the
smartphone application and the fog server, which contains the MQTT broker along with a
simple server implementation that subscribes to the channel and reads the data sent from the

mobile publisher.

19
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Figure 3.1: Overall design of the full EEW system.

3.2 Smartphone Application implementation

The general functionality of the implemented application can be shown in Figure 3.3,
This block diagram shows the core modules of the application, along with the inputs/output
they use to communicate with each other. Figure B.4 shows a more detailed flow diagram of

the application. The smartphone application can be separated into three distinct parts:
1. the data collecting function
2. the function that calculates STA/LTA ratio

3. the function that handles MQTT communications

3.2.1 Data collecting function

This function, as its name suggests, is in charge of collecting the data. As we mentioned
in 2.6, the data from a sensor arrive at the application in the form of an event. This means that
in order to collect and store the data one should register a listener. Since our data (events) are

related to sensors, the listener utilized is a sensorEventListener. These listeners are registered
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Figure 3.2: Implemented design of this Thesis.

during the onCreate function of the application, which is the default function that is executed
when the application is being initialized. During the registertration process of the listener, the
programmer can also specify the sampling rate of each sensor.

In this part, we came across some limitations of the Android application development. It
is mentioned in a previous subsection that the accelerometer has a capacity of 1.6 Khz data
output rate, yet the programmer has access to a maximum data rate of ~ 400 Hz. Moreover,
the programmer is not able to define the exact sampling rate of the accelerometer interface.
According to the Android developer page[25], programmers can only give a “hint” to the
system about their preferred sampling rate. The results of our testing showed that usually, the
samples arrive on time, but sometimes they may be received faster or slower.

After registering a listener, there are some core functions that need to be declared. These

arc:

1. onPause: this function is called by the system every time the activity stops being in the

foreground (without meaning the activity is getting destroyed).

2. onResume: when the activity gets back to the foreground, this function is executed. The
application then enters and stays in the resumed state until something happens that will

take the focus away from the application (like a phone call)

3. onAccuracyChanged: this function is invoked when the accuracy of a registered sensor

changes
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Figure 3.3: Block diagram of the implemented application. It shows the main functions and

their inputs/outputs.

4. onSensorChanged: this function gets called when new data arrive from a registered
sensor. Despite what the name implies, the new data could be exactly the same as the

previous ones

In this application, the data collecting and storing part is incorporated in the onSensor-
Changed function. Due to the fact that the same function is being invoked for all the registered
sensors, which in this case are the accelerometer and the gravity sensor, this function is split
into two parts, that are executed according to the identity of the sensor that generated the

event.

The first half belongs to the gravity events. We mentioned in .2, that the acceleration
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Figure 3.4: Flow diagram of the implemented application.

values given by the accelerometer are affected by the force of gravity. However, in order to
detect earthquake motions from the acceleration data, the contribution of the force of grav-
ity must be first eliminated. Thus, the gravity sensor is being sampled, in a relatively low
frequency (50-55 samples/s), and these values are stored in order to be deducted from the

accelerometer values.

The other half of this function is executed when the accelerometer events arrive. First
and foremost, after the acceleration values arrive, the current gravity value is deducted from
them. Consequently, the data are being stored in a circular buffer. This buffer consists of four
fields, one for every component of the acceleration and a fourth one containing the timestamp
of the sample’s arrival. This part of the onSensorChanged is also responsible for calling the
function that calculates STA/LTA at the end of each window. For this reason the index of the

circular buffer’s position is used to determine the end of a window. For this application, the
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window was set in eighty (80) samples, which is approximately every 0.2 seconds since the

sampling rate of the accelerometer is ~ 400 Hz.

Location data collecting function

Another type of data being collected in this application is location data. Location data
are acquired by similar means to the motion sensors data. In order to use this feature, the
application should request permission from the user. Afterward, a fused location provider
client along with a fused location request is created. Moreover, the normal and the fastest
update intervals, as well as the required accuracy are set. The last step in the registering
process is the creation of the callback function, the function that is getting executed when the
new data arrive.

In this application, the callback function begins by checking the new location value fields
for null values, which can happen because the user turned off the location settings. Next, it

updates the stored location values with the new ones. The values used are:

1. latitude
2. longitude
3. accuracy
4. altitude

5. speed

The last two are not available on every device, thus before updating a check about their

availability is performed. If they are not available a "NaN” string is sent instead.

3.2.2 STA/LTA calculating function

This function, as mentioned earlier, is executed at the end of every window. It is respon-
sible for processing the data, calculating the STA, LTA and STA/LTA ratio values, identify
the events as well as initializing the communications.

It begins by calculating the magnitude of the acceleration of every sample in the last

window by using the following formula:
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where a,, a, and a, are the three components of the device’s acceleration. These sums are
then stored in a circular buffer, similar to the one the accelerometer data are being stored.
Consequently, there is the calculation of the new STA and LTA values. The function utilizes
the circular sum buffer and updates the STA and LTA values by subtracting the oldest sum
and adding the new one. However, STA and LTA are average values, which means that they
contain sums from multiple windows, as shown in Figure B.3. Thus before adding (or sub-
tracting) the sums they are divided by the number of samples STA or LTA include. After

updating the STA and LTA values the new ratio is calculated.
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Figure 3.5: Example of two-windowed STA and six-windowed LTA.

Subsequently, the function checks in what state the application is in. The two possible

states are:

1. an event is currently active

2. no event is active at the time
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In case there is not an active event, the function checks if the STA/LTA ratio is higher than
the trigger limit. If this is not true, the application continues its normal function. However, if
the ratio is greater than the trigger threshold, an event is declared active and the communica-
tion with the broker is initialized. Moreover, the timestamp of the event declaration is stored
(it will be used in B.2.3)).

On the other hand, if there is an already active event, the function checks if the STA/LTA
ratio is higher than the detrigger limit. In case this is true, the function continues to send
data via the MQTT connection. When the ratio gets lower than the threshold, the application
publishes the final data along with a terminating message. Moreover, the event is declared
finished and a timer, which puts the application on a break until the countdown hits zero,
is initialized. The timer is used to deactivate and then reactivate the functionality of the data
collecting function by changing the value of a boolean flag variable. The break functionality is
implemented so that a device cannot detect false events too often. The following Algorithm [I

describes this function in pseudo-code.

3.2.3 MQTT communication

The functionality of the communication can be split in four parts:
1. commands that initialize the connection with the broker

2. commands that are executed when an event starts

3. commands that are executed to publish data

4. commands that are executed when an event is finished

The commands that initialize the connection with the broker are executed during the on-
Create function, which is the function that the system invokes when an application is started.
These commands are used to create the connection of the application with the broker, set up
information regarding the username and the password of the publisher device as well as cre-
ate the callback functions that are executed upon the arrival of the acknowledge messages,
the loss of connection or the reception of a message (in case the application subscribes to
another topic). After these, the application connects to the broker. It should be mentioned,
that at the beginning of the other functions a check of the connection state occurs and in case

of a disconnection, the application tries to reconnect to the broker.
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Algorithm 1 STA/LTA calculating algorithm
1: Procedure StaLtaCalc

2: for each sample s in this window do do
3:  Calculate total acceleration

4: end for

5: Update STA and LTA

6: Calculate new ratio

7. if event == active then

publishData(data)

*®

9: if ratio <= detriggerThreshold then

10: event = inactive

11: Publish ending message
12: initiateTimer()

13: end if

14: else if ratio >= triggerThreshold then
15:  event = active

16:  Publish starting message

17:  publishData(data)

18: end if

19: End Procedure

When a potential event is detected a starting message containing specific information is
being published. This message begins with a standard string, by which the subscriber/server
is informed that data from a new event will arrive shortly after. This string is followed by
the geographical longitude and latitude along with the timestamp of the event, which are
separated by a predefined separator character. After this message has been sent, the function
that is executed when an event is detected also sends data from windows prior to the event’s
detection in order to provide a better understanding of the event. As we mentioned in3.2.1], the
buffer which contains the saved accelerometer data and the timestamps is circular. This means
that it needs to be untangled before being copied to a smaller buffer used by the function that
publishes the data since not all the windows are to be sent via the MQTT connection. The
untangling process is visualized in Figure B.6. Additionally, timestamps are being converted
to differential values, by subtracting the timestamp of the event detection, while also being

typecasted from longs to integers and thus reducing memory and network usage.
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Circular Buffer

Figure 3.6: Example of circular array untangling.

The next part of the communication process is the function that publishes the data. This
function is executed at the end of every window from the time an event is detected until
the event is declared finished. This function takes as an argument the buffer with the copied
accelerometer data and the differential timestamps. Since each sample has three floats, the
three components of the acceleration, and one integer, the differential form of the timestamps,
the total payload is 3 * 4 + 4 = 16 bytes. Since the maximum payload of an MQTT message
normally is approximately 260 MB, more than 16.000.000 samples can be sent at once, which
in our case is more than enough. It should be mentioned in this part that, MQTT requires the
data payloads to be in byte form in order to be able to publish them. For this reason, a byte
buffer equal to the size of the copied buffer is allocated. The data are then transformed into
their byte forms before they are published as an MQTT message.

We mentioned in that after a window of data is published, the STA/LTA calculating
function checks whether the ratio is lower than the detrigger value in order to declare the event
finished. When this happens, in order to inform the subscriber/server that there are no more
data from this event to be sent, the function that publishes an ending message is executed.
This ending message consists of a standard string payload, that informs the receiver that there

are no more data from this event.

3.2.4 Data recording function

The user interface (UI) depicted in Figure B.7 is used to control data collection for the

experimental evaluation. Each of these buttons has a registered onClick function that is ex-
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ecuted every time the user clicks them. Through the save button the user has the ability to
create a file that has the name the user typed in the text box above. This button’s function cre-
ates an Intent[26], which asks the user to confirm the creation of the file in a pop-up window.
After a file has been created, the user can decide when to start and when to stop recording
accelerometer data. This is controlled using a boolean flag variable. When the start button is
pressed, the timestamp is noted as the beginning of the recording and the flag’s value becomes
true. While it is true, another block of code inside the data collecting function is executed.
This block is executed every time the accelerometer sends data. When the recording is on,
the data are written into a buffered output stream, after they have been saved in the circular
buffer. The timestamps are written in their differential value (like B.2.3)). Finally, when the
stop button is pressed, the boolean flag’s value becomes false and the output stream is closed.

An issue that appeared during the development of this functionality is the storage per-
missions. Since Android 11, Application Programming Interface (API) level 30, asking for
external storage permissions prompts the user to allow the application to access media files
only. This can still be solved by requesting legacy external storage if the application is tar-

geting Android 10, API level 29.

SAVE
START

STOP

Figure 3.7: User interface for data recording.

3.3 MQTT Broker (Mosquitto)

The broker that was used for this project was Eclipse Mosquitto[23]. It is an open-source

(EPL/EDL licensed) message broker that implements the MQTT protocol versions 5.0, 3.1.1
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and 3.1. The Mosquitto project also provides a C library for implementing MQTT clients,
as well as the mosquitto_pub and mosquitto sub command line MQTT clients. The latter
two were used for testing the communication mid-development since they function both as a

broker and as a publisher/subscriber.

3.4 Fog Server Implementation

As we discussed in Chapter 2, the MQTT protocol requires one or more publishers and
one or more subscribers. In this project, a simple subscriber/server has been implemented.
The server is a Java[27] application that consists of the following parts. Figure 3.8 describes
the functionality of the server-side implemented application.

To begin with, the server application makes a connection with the MQTT broker, whose
IP (Internet Protocol) address is already known. Afterward, the server subscribes to the re-
spective topic. When this is completed, the subscriber continuously monitors the connection,
waiting to receive a message. Then the server application checks if the message has the cor-
rect format, which is described in B.2.3. If the message begins with the correct string the
server application extracts the information about the location and the time of the incoming
event and creates a file. After the creation of the file, the server enters a loop, writing the
payload of every message it receives into the file. Finally, the server exits the loop when the

predefined standard string message, which signals the end of the event, arrives.
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Figure 3.8: Flow diagram of the implemented server-side application.






Chapter 4

Experimental Evaluation

We discussed in Section 2.4 the different effects the STA/LTA algorithm’s parameters
have in the detection of a potential event. In this section, we will review the proper setting of
those parameters in order to avoid as many false triggers as possible in everyday activities.
The initial plan was to test the application on a shake table with recordings of real earthquake
events. However, access to the equipment was not possible due to the SARS-CoV2 pandemic,
therefore the experimental evaluation was limited to sampling and analyzing everyday activ-

ities. The parameters under discussion are:

1. the trigger parameter, which should be set accordingly in order to avoid as many false

triggers as possible,

2. the de-trigger parameter, which should should be set at a value that allows the algorithm
to accurately identify the end of events (neither prematurely, nor too late or - even worse

- never),

3. STA and LTA windows, which should be set in such a way that the algorithm’s sensi-

tivity to man-made noise will be minimized.

We should also remind, that the size of the window is 80 samples, which is ~ 0.2 seconds

since the sampling rate is at ~ 400 Hz.

4.1 General Graph Form

To begin with, one should analyze the general form of an STA/LTA ratio graph. Figure

shows the calculated STA/LTA ratio recorded from a smartphone during a walk. In the begin-
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ning, the STA/LTA ratio has values of approximately 1, due to it being in a pocket of a person
who stands still. When the person starts moving (when the event starts) STA/LTA ratio rises
until it hits its max value and then it begins falling. Here one can observe many interesting

things.
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Figure 4.1: STA/LTA ratio of walking with the smartphone in a pocket. The legend describes
the number of LTA windows each graph has. STA is set on 1/5 of LTA windows. The red

lines indicate when the event starts and when it finishes.

First of all, the maximum value of the STA/LTA ratio depends on the size of the STA and
LTA windows as well as on the ratio of the STA window size/LTA window size, which can
be seen in Figure #.2. This means that with the same size ratio of 1/5 the graph with an LTA
window size of 800 samples achieves the peak ratio value of 2.31360 while the graph with
the LTA window size of 2400 samples achieves the peak ratio value of 4.02012. On the other
hand, with a stable LTA window size of 800 samples, we can observe that the graph with the
STA window size of 160 samples achieves a peak ratio of 2.31360 while the graph with the
STA window of 400 samples achieves a peak ratio of 1.55705.

Moreover, the rising and falling speed of the STA/LTA ratio is also dependant on the sizes
and the ratio of the sizes. This means that with the same size ratio of 1/5 the graph with an
LTA window size of 800 samples achieves the peak ratio value in 0.749 seconds after the
events start while the graph with the LTA window size of 2400 samples achieves the peak
ratio value 12.501 seconds after the events start. On the other hand, with a fixed LTA window

size of 800 samples, we can observe that the graph with the STA window size of 160 samples
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Figure 4.2: STA/LTA ratio of walking with the smartphone in a pocket. The legend describes

the number of STA windows each graph has. LTA is set on 10 windows.

achieves the peak ratio 0.749 seconds after the events start, while the graph with the STA
window of 400 samples achieves the peak 0.949 seconds after the beginning of the event.

Following, the ratio falls until it reaches values around 1, where it remains for the rest of
the duration of the event. In events that have a small duration this part is not observed. Then,
when the event is ending, in this case when the person stops moving, the ratio falls even lower,
reaching the lowest value which is dependant on the STA and LTA window sizes, similarly
to the peak values. This means that with the same size ratio of 1/5 the graph with an LTA
window size of 800 samples achieves the lowest ratio value of 0.37057 while the graph with
the LTA window size of 2400 samples achieves the lowest ratio value of 0.13520. On the
other hand, with an LTA window size fixed at 800, we can observe that the graph with the
STA window size of 160 samples achieves the lowest ratio of 0.37057 while the graph with
the STA window of 400 samples achieves the lowest ratio of 0.49981.

Finally, the ratio stabilizes again, due to the phone standing still.

4.2 Different Everyday Activities

Due to the global pandemic going on during the composing of this Thesis, this is essen-
tially the only experimental evaluation we could do. Had we the experiments on the shake
table, the ones in 4.2 would be indications on what not to detect as an event.

After discussing the general form of a graph, one should further analyze the data from

some everyday activities that could trigger a false event. In the following subsections, we
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experiment on the most ordinary activities. However, first, we should set a reference point.
For this reason, we used the event that most closely resembles an earthquake. That event is

the shaking of a table.

4.2.1 Shaking the table (earthquake imitation)

In this experiment, a smartphone is placed on a table. After a while, the table is shaken
for 5-10 seconds in an attempt to imitate an earthquake-like motion. We can observe from
Figure 4.3 that the graph contains most of the basic properties that were under discussion in
the previous section. The graph begins with the ratio being stable with values of ~ 1. After
that, the STA/LTA ratio raises when the event starts. However, here we can observe that the
ratio might start declining for a little while before it raises to the peak value, instead of going
straight for the maximum value. This happens due to the fact that during the shaking of the
table there were differences in the intensity of the shaking. Especially, the graphs with the
lower LTA sizes include many spikes due to the increasing and decreasing of the intensity,
while the graphs with the larger LTA sizes are smoother. Consequently, when the event ends,
the ratio drops to its lowest value, where it stays for a while. Then, it returns to its normal
levels of ~ 1. The peak and lowest ratio values of this experiment, along with the timestamps

these values are detected, are shown in Table [4.1].

STA/LTA ratio
STA/LTA ratio
~

STA/LTA ratio

!
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Figure 4.3: STA/LTA ratio of shaking the table where the smartphone rests. This is trying to
imitate an earthquake event. The legend describes the number of LTA windows each graph

corresponds to. STA is set on 1/5 of LTA windows.
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Table 4.1: Highest and lowest values from shaking the table where the smartphone rests.

These values depict Figure §.3i.

LTA size (windows) | Peak ratio | Peak ratio time (ms) | Low ratio | Low ratio time
10 3.095806 160 0.152698 8917
20 3.685992 359 0.064540 9514
30 3.881555 956 0.044640 10310
40 4.039886 1354 0.036528 10708
50 4.164926 1753 0.034937 11704
60 4.249399 2150 0.036327 12699
70 4.321893 2548 0.040071 13097
80 4.381726 2946 0.044900 15087
90 4.432071 3344 0.050297 14689
100 4.470444 3743 0.055435 15087

4.2.2 Walking

In this experiment, a smartphone is placed in the pocket of a standing person. Then the
person begins to walk for a while and later they come to a full stop and stands still for some
moments. We can observe from the figures in Figure §.4 that the graph starts off with a
stable ratio, with values of =~ 1. When the event begins, the ratio rises for some milliseconds
until it reaches its peak value and then starts to fall off. As we mentioned in the general
example, due to the fact that walking is an activity with a long duration, one can observe
a phase where the STA/LTA ratio has values near 1 with a deviation of + 0.5. We can also
notice here that in the graphs with the smaller LTA sizes, after the ratio falls off to values
around 1, it has some periodical spikes that do not diverge more than 0.5 from the stabilizing
values. The bigger the LTA sizes are the smoother these spikes become and they diverge less.
These spikes are caused by the person holding the phone taking steps, which also explains
their periodical nature. When the person with the device comes to a stop the ratio drops to
its lowest value. Then, after a while, the ratio stabilizes again to normal values of ~ 1. The
peak and lowest ratio values of this experiment, along with the timestamps these values are

detected, are shown in Table §.2.
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Figure 4.4: STA/LTA ratio of walking with a smartphone in a pocket. The legend describes
the number of LTA windows each graph has. STA is set on 1/5 of LTA windows.

4.2.3 Desk bump

In this experiment, a smartphone is resting on the table. Then the table is getting bumped
by hand, or by throwing a heavy object, like a book, on top of it. We can observe from
Figure that the ratios start by being stabilized on ~ 1 due to the phone resting on the
table. When the bump (the event) happens, the ratio suddenly spikes to its peak value. In
this case, we can observe that even though the LTAs with the larger sizes delay a couple
of seconds to reach their peak value, in all the graphs, the ratio appears to spike to a value
near the peak almost immediately. After the spike, the ratios stabilize to values ~ their peak
values. The duration of the flat part of the curve is proportional to the STA window size since
the only acceleration the phone receives is from the bump. When a full STA window passes,
the STA/LTA ratio spikes again, falling off to its lowest values. There it stays for a while,
before climbing up and stabilizing again to normal values of ~ 1. The peak and lowest ratio
values of this experiment, along with the timestamps these values are detected, are shown
in Table }.3. It should also be noted here that in contrast with all the other experiments, the
values of the ratio are inversely proportional to the size of the LTA window, meaning that the

bigger the LTA and STA windows become the smaller the peak ratio gets.

4.2.4 Smartphone pick up

In this experiment, a smartphone was set on the table. After a while, the phone is getting
picked up and put down a couple of seconds later. We can observe from Figure §.4 that like
the previous cases the ratio starts being stable at a value of =~ 1. In this case, before the event,
a small noise is observable. This noise is caused by small movements on the device while

trying to grab it. Consequently, when the phone gets picked up, the ratio rises to its peak
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Table 4.2: Highest and lowest values from walking with the smartphone in a pocket. These
values depict Figure §.4i.

LTA size (windows) | Peak ratio | Peak ratio time (ms) | Low ratio | Low ratio time
10 2.225809 43 0.259855 164427
20 2.461799 2033 0.265191 164626
30 2.878690 1834 0.226176 166417
40 3.083738 2033 0.181241 167213
50 3.242368 2431 0.153797 168010
60 3.300375 2431 0.139432 168407
70 3.343488 2431 0.134290 168805
80 3.363833 2829 0.128662 169203
90 3.396341 3426 0.123721 169601
100 3.416700 3625 0.121409 169999

value. Then the STA/LTA ratio falls off. One can observe here that in the graphs with the
small LTA window sizes the ratio spikes again after it falls below 1. This is caused by the
second movement, setting the phone to the table again. It is also noticeable that the longer the
LTA window size is the less distinguishable the second spike is. After the two movements are
over, the ratio drops to its lowest values. Then, after a while, it stabilizes to a value of ~ 1.
The peak and lowest ratio values of this experiment, along with the timestamps these values

are detected, are shown in Table §.4.
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Figure 4.5: STA/LTA ratio of bumping the table where the smartphone is resting. The legend
describes the number of LTA windows each graph has. STA is set on 1/5 of LTA windows.
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Table 4.3: Highest and lowest values from bumping the table where the smartphone is resting.

These values depict Figure #.5i.

LTA size (windows) | Peak ratio | Peak ratio time (ms) | Low ratio | Low ratio time
10 4.845900 351 0.044575 1943
20 4.704198 749 0.073163 3741
30 4.567620 1154 0.105081 5924
40 4.449641 1545 0.130321 7715
50 4.334980 1943 0.158244 8113
60 4.231240 2341 0.184443 8511
70 4.133628 2739 0.208466 8909
80 4.041489 3138 0.230975 9307
90 3.953614 3535 0.253082 9307
100 3.871175 3933 0.274425 9506

4.2.5 General Conclusions

In the previous subsections, a discussion about the properties of some common everyday
activities was made. With these observations in mind, we came to a conclusion about setting

the parameters that are under discussion, meaning:

1. the trigger parameter
2. the de-trigger parameter

3. STA and LTA window sizes
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Figure 4.6: STA/LTA ratio while picking up a smartphone resting on a table. The legend
describes the number of LTA windows each graph has. STA is set on 1/5 of LTA windows.
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Table 4.4: Highest and lowest values from picking up the smartphone. These values depict

Figure [4.6i.

LTA size (windows) | Peak ratio | Peak ratio time (ms) | Low ratio | Low ratio time
10 3.544719 5 0.147162 3587
20 3.885472 403 0.064933 9360
30 4.120685 1000 0.052278 10355
40 4.379988 1199 0.063787 10355
50 4.491607 1796 0.044343 10555
60 4.569806 1995 0.047351 11549
70 4.568850 2194 0.054892 12743
80 4.536406 2394 0.061458 15330
90 4.496223 2791 0.068059 17520
100 4.460234 2990 0.074790 18117

However, let us analyze the observations that we considered when making our choice.

LTA Window Size

LTA window size affects two performance metrics. The first and most important aspect
is that it affects the responsiveness of the algorithm. We can observe in the tables presented
earlier that a ratio with an LTA window size of 10 achieves its peak value 3-4 seconds earlier
than a ratio with an LTA window size of 100. Due to the fact that for this application any
latency matters as it reduces the time between receiving warning and the arrival of the seis-
mic event, we opted for the smaller LTA window sizes. The other aspect that LTA window
size affects, is the peak and lowest values. This means that the choice of the trigger and de-
trigger parameter values should be made after choosing the LTA window size. Lastly, STA
size should be small in comparison to LTA size which means that LTA window size was the

first parameter we decided on.

STA Window Size

STA window size has similar effects on the algorithm. With these observations in mind,

we opted for smaller STA window sizes too. However, due to the fact that STA window sizes
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have smaller deviations from each other, since the values are smaller than LTA window sizes,
the effect on the outcome of the algorithm is also smaller. Lastly, this was the second param-
eter we decided on, since it also has an effect on the values of the two remaining parameters,

the trigger and de-trigger thresholds.

Trigger Parameter

We observed in the previous sections, that the relation in general (except the bump exper-
iment), between the peak values and the size of the LTA window is as follows: the larger the
LTA window becomes the larger the peak value is. The inverse is also true between the peak
values and the size of the STA window, with the peak ratio values getting bigger the smaller
the STA window size becomes. However, due to the fact that the imitation of the earthquake
event, the experiment with the table shake, achieves the lowest peak ratio values from all
the activities under discussion, choosing a value that only the “real” events will manage to

exceed is impossible. Thus, the choice was made so that no “real” event will be missed.

De-trigger Parameter

Choosing a proper value for this parameter was easier. The value of this parameter should
be set with two concerns in mind. First of all, the value should not be set too low, in order for
endless events to be avoided. Also, the value should not be set too high, so that the application

will not lose any part of the event.

Final Parameters

After considering the above, the choice we made for the LTA window size was 10 win-
dows (800 samples). LTA window size should not be too small, however, we chose this LTA
window size due to the fact that for this application the delay is very important and should be
minimized as much as possible. With the same thought process, the STA window size was
chosen to be 2 windows (160 samples).

After deciding on the STA and LTA window sizes, choosing a trigger parameter value
means that the chosen value should be lower than the lowest “real” event value recorded,
such as no real event will be missed. The lowest recorded peak value was 2.236124 which
means that setting the trigger parameter value to 2.0 seems a safe choice. Similarly, the cho-

sen de-trigger parameter value should be higher than the highest of the recorded lower pick
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ratio values. Since this was 0.259855 setting the de-trigger parameter to 0.4 seemed a proper

choice.

4.3 Fog Server Notification Latency

Another fact we analyzed and took under consideration was the delay of the application,
in other words, the delay between the start of the event and the time the warning message
reaches the MQTT server. In order to study this delay more in-depth, we separated the overall

delay into two:
1. the algorithm’s buffering delay

2. the communication delay

4.3.1 Algorithm’s Buffering Delay

With the term algorithm’s buffering delay, we refer to the time between the start of the
event and the time the event was detected. This delay is caused due to the fact that the accel-
eration data come in windows and thus is influenced by the size of the LTA window along
with the size of the STA window. We mentioned in the previous section that we chose STA
and LTA size mainly considering the minimization of the algorithm delay, however, the elim-
ination of this delay is not possible. Moreover, the computational delay was measured and
was found negligible, as it was < 1 ms.

In the previous section, we summarized in Tables 4.3 /4.4 the elapsed time between
the start of the events and the time these events were detected. The average algorithm’s buffer-
ing delay across all experiments, for STA and LTA windows size equal to 2 and 10 windows

respectively, was measured to 139.75 ms.

4.3.2 Communication Delay

With the term communication delay, we refer to the time between the detection of the
event and the time the MQTT message arrives at the MQTT server. This delay is heavily
influenced by the wireless internet connection of the mobile device, meaning roaming data

or WiFi.
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In this Thesis, the MQTT message route is from the mobile device to the router via WiFi
and then to the desktop, where the MQTT broker and the MQTT server are running, via
Ethernet cable. Due to the fact that we do not know if the mobile device’s clock and the
desktop’s clock are in perfect sync, we calculated the round-trip delay, by adjusting the server
to reply with an MQTT message back to the phone when the warning message arrives, and
then dividing the total elapsed time by 2. The average one-way communication delay was
calculated at 10.76 ms by executing the above experiment multiple times.

This means that the total average delay is the sum of the algorithm’s buffering and the

communication delay, summing up to 150.51 ms.

4.4 Resource Consumption

The resources an application uses while it is running are:
1. processing power (CPU)

2. memory (RAM)

3. network bandwidth

4. power

For inspecting the CPU and the memory usage we used the Android Profiler[28§] utility, bun-
dled with Android Studio. For the battery consumption, we used the Android Profiler along
with testing it on our physical device.

In Figure 4.7 these values are shown in further detail during a small duration event. Start-
ing from the application’s CPU usage, one can see that while the phone is staying still the
usage of the processor is between 0 and 3%. Around the 1:25 minute mark, the minor event
takes place. Then we can see the application’s CPU usage momentarily reach up to 12%
before it falls again to 0-3%.

Next, the memory consumption is stable, ranging from 54 to 55 MB. Bellow memory
consumption, we can see the network bandwidth usage of the application. While idling, the
application uses no network bandwidth. When the event takes place the event uses the net-
work to send the MQTT messages and receive the acknowledgement messages back, reaching

a peak network usage of 1,1 KB/s sent and 0,7 KB/s received.
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Lastly, concerning power (battery) consumption, according to the Android Profiler, it is
light at all times. It is visible that in general, the application consumes negligible power,
with a spike in consumption during the event. However, in order to get a more conclusive
result, we tested the application in our physical device by letting it run in the background
for several hours and then consulting Android’s detailed battery usage. At this point, we
should mention that many Android-based operating systems have an aggressive approach to
optimizing battery consumption by pausing any background activity of an application that
spends more than a few minutes in the background. This happened in our case as well. Thus,
to calculate the power consumption we ran the application on the foreground. After 8 hours of

usage, the application had consumed 2% of the phone’s battery (this figure does not include

the power consumption for the screen, which was much larger).

Figure 4.7: Screenshot from the Android Profiler, while running the application on the One-

Plus 8.






Chapter 5

Related Work

In this chapter, there will be a short reference in some major EEW systems that, similarly

to this project, utilize the smartphone’s accelerometer as an earthquake sensor.

5.1 Earthquake Network Project

Earthquake Network Project’s[29] application is Earthquake Network - Realtime alerts.
The application, similarly to the one developed in this Thesis, detects and reports anomalies
in a smartphone’s acceleration. However, Earthquake Network’s application monitors the
accelerometer only when the smartphone is charging and it is not being used. Then, the ap-
plication sends a signal to a server which, with the gathered signals from all the smartphones
and by utilizing a statistical algorithm, will decide in real-time if there is an earthquake going
on. In order for an earthquake to be declared, there should be at least six smartphones that
are actively monitoring the accelerometer and at least six smartphones should send a signal
around the same time. Regarding accuracy, the Earthquake Network’s EEW design has some
blind spots due to the fact that a smartphone is working as a sensor only when it is charging
and not being used. This means that the system has better accuracy during night time, when
people typically charge their smartphones, while it is possible to miss the earthquakes that
happen during the day. However, it should be noted that the project researchers claim that
when the minimum number of active smartphones during the day exceeds 500 in an area,
the time of the day does not matter anymore. For the alert distribution, the Firebase Cloud
Messaging (FCM)[30] platform is utilized and the messages are being sent according to the

distance of the calculated earthquake’s epicenter.

47
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5.2 MyShake

MyShake[31] is another widespread EEW system that utilizes smartphones. This sys-
tem’s application uses an artificial neural network (ANN) in order to distinguish the possible
earthquake motions from everyday activities, achieving a ~ 93% accuracy. Then, the appli-

cation sends two messages to a central computer:

1. the trigger information (time of the trigger, location and the maximum amplitude of

the three components of acceleration)

2. the waveform data of the three-component acceleration for a short time prior, during

and after the event

In order to save resources, the waveform data are sent only when the smartphone has access to
WiFi and power. Then, the central computer declares an event if at least 60% of the operating
devices in a 10km radius trigger. Moreover, it calculates the earthquake’s epicenter, the time
the event started as well as its magnitude. Lastly, the central computer calculates the shaking

intensity and time until shaking at a user’s target location, before sending an alert.

5.3 Android Earthquake Alerts System

Android Earthquake Alerts System[32] is Google’s EEW system. It started in partnership
with the United States Geological Survey (USGS) and was powered by ShakeAlert[33] as a
warning system for earthquakes on the West Coast of the United States. However, it recently
expanded to countries that do not have an EEW system, Greece and New Zealand. In these
countries, the Android Earthquake Alerts System utilizes the smartphone’s accelerometers
to detect seismic waves. After the phone detects a possible earthquake it sends a signal to
Google’s earthquake detection server along with the location and the server then decides, by
cross-referencing the data from multiple sources if there is an ongoing event, its location, and

its magnitude.

5.4 ARIS Project

ARIS project[34] is another EEW system that is currently being developed in Greece.

By using special seismographs, project ARIS’s researchers are able to detect the P waves
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an earthquake emits. After the detection of the wave, special algorithms are utilized for the
computation of the size and the epicenter of the earthquake. Moreover, computations about
the remaining time until the destructive earthquake waves arrive are taking place. Finally, the

system sends the data to the near vicinity, in order for precautionary actions to take place.






Chapter 6

Conclusion

6.1 Summary

In this diploma Thesis, we implemented a part of an EEW system. To begin with, an
application that detects potential earthquake activity and then sends out a warning message
to a central computer with information about the time, the location, and some accelerometer
data was implemented. For the STA/LTA algorithm that was used to detect the potential earth-
quake motions, an experimental evaluation was made. This evaluation was also used to prop-
erly configure the parameters of the algorithm in order to reduce the elapsed time between
the start of the event and the event’s detection and increase the accuracy of the algorithm.
In addition, the smartphone application offers the functionality of recording accelerometer
data along with their respective timestamps in differential form in a file. Moreover, a server-
side application was implemented. This server-side application monitors the network for new

warning messages and then stores the collected information in files.

6.2 Future Work

A first future step would be to fine tune the detection algorithm. As we discussed earlier,
the experiments for the fine-tuning would have included events with the smartphone placed
on top of a shake table, in order to get samples about a real event. This would potentially
make the detection algorithm able to distinguish more accurately earthquakes from human
motions. However, due to the pandemic, this plan was canceled. Another potential future

expansion could be an update to the algorithm the smartphone application is using, which
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could lead to a better classification between real earthquakes and human motions.
Furthermore, the focus of this Thesis was on the edge application (and partially the fog
interface) and an natural next step is the implementation of the full fog server, as well as the
cloud server functionality. The completed fog server would decide if an event is ongoing or
if the warnings are false alarms, calculate the earthquake’s epicenter, and sends out warning
messages to the users inside the afflicted areas.
Last but not least, one should test the possible latency that could be caused by a high

number of users. More specifically, there are two main reasons for such a latency to appear:
* Network latency (wifi and, mainly, cellular data network) under load.
» Fog server processing under load.

So in order to avoid these types of problems, there needs to be a research based on the systems

infrastructure.
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