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Abstract

Smooth Route - Cyclist Routing With Crowd-Sensed Road Metrics
by
Cian McElhinney
MAI in Computer Engineering

Trinity College Dublin

Supervisor: Siobhan Clarke

The quality of a road is of great importance to cyclists, a ectig their comfort and safety
as well as the condition of their bicycle. Defective road segnts lead to reduced safety and
comfort, causing cyclists to swerve to avoid obstacles sual potholes and cracks that can
cause punctures. Long stretches of uneven, deterioratecads cause vibrations which can
damage the bicycle.

Existing approaches to automate road assessment focus onngsbnly a smartphone,
these are not accurate, can be di cult to set up and they immobise the users phone for the
duration of the journey or they uses expensive embedded contgrs.

The aim of this project was to investigate if attaching a dedigted sensor to bicycles could
accurately classify sections of roads. This approach attaeh a custom 3-axis accelerometer
in a 3D printed case to a bicycle that connects over Bluetoothow Energy to the users phone
where acceleration and GPS location data is stored. Data fronmé cyclists is uploaded to
a central server where sections of roads are clustered andsslad. The data is visualised
and the user is can automatically nd the smoothest route fotheir journey. The approach
in this project allows for a simple set-up without heavily reling on a smartphone. 437 rides
were recorded with 10 di erent users, this was done over a 5 ménperiod, covering 3500 km
and including 600 unique roads. This procedure was able to nahomalies to within under
a meter of their true location and classify road segments imt3 distinct categories based o
their average smoothness. A 93% agreement was found betwesnking of roads with this
system and the participants opinion.
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Chapter 1

Introduction

1.1 Background and Motivation

Knowing the quality of a road is very important to cyclists. Deécts in a road can cause a
cyclists velocity to suddenly change on collision or causkem to swerve in avoidance. This
can cause the cyclist to collide with the pavement or along®dira c. In 2008, 13 cyclists
in Ireland were killed, 27 sustained serious injury and 308ene reported to have relatively
minor bumps and scrapes5. Studies have shown the correlation between road de cieesi
and fatal road accidents. A 2008 study of 248 fatal road ac@&dts in Sweden found that
59% were related to poor road qualityd6]. As seen in Figurel.l, the majority of fatal road
accidents were attributed to roads that were not compliant vih road safety criteria.

Apart from the risk of injury, bad road sections cause discofort to the cyclist as well
as damaging their bicycles and personal possessions. Pt#haand cracks result in pinch
punctures, this is when the tire and inner tube are squeezedtideen a defect in the road
and the wheel rim causing a tear in the inner tube. Long sectisrof bumps cause a large
amount of stress on the axles increasing the chance of it fag. This ability to plan smooth
routes is valuable for commuters who bring expensive equipntesuch as a laptop on their
bikes, casual cyclists looking for a relaxing route and moserious athletes requiring smooth
routes for their high-end bikes. This project aims to facilate the cyclist in nding the
smoothest and safest route. There has been research into threaaof analysing roads using
various modes of transport and sensors. These include Stré&aimp [6], which works by
placing a smartphone on a cars dashboard which records acoeteeter and location data
from the user's smartphone, Biketasticg8] which attaches a user's smartphone to their bike
in a custom designed mount and records accelerometer anddton data from the phone
and vCity Map [42], where a user places a smartphone in their pocket and it redsrboth
accelerometer and sound data as well as location data fronethiser's phone while they cycle.
All of these rely on a user's smartphone as the sole input of gderometer data, this leads
to inconsistent data from di erent phone manufacturers with e phone being in di erent
positions and moving freely. Also in the rst two cases thissmmobilises the user's phone for
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MNon-compliance with road MNon-compliance with
safety critena vehicle safety criteria
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Figure 1.1: Contributing Factors in 248 Fatal Crashes in Swede

the duration of the journey which is not practical.

Everyday large volumes of cyclists commute to and from the git There has been a
continual rising trend in the number of cyclists in Dublin ircreasing from 4839 in 2006 to
10349 in 20149]. A large amount of these commuters are equipped with numer®gensors in
the form of their smartphones, bike computers, exercise mitors, navigation devices, smart
bike lights or even smart bike locks, to name a few. These sersare not being utilised.

The motivation behind this project is to take advantage of the20698 total commutes to
and from the city center and to help plan safe and enjoyable utes. The bene ts gained from
an automatic system that can analyse and classify sectionkroad include saving money and
time manually surveying roads. The metrics from manual perdic checks quickly become
outdated, whereas an automatic system can continuously upigait's model of all locations
by taking advantage of the crowd.

1.2 Dissertation Layout

Chapter 2 will compare di erent research approaches and will I&at speci ¢ projects which
aimed to tackle the problem of automating the surveying of @ds. Chapter 3 will examine
the technical implementation and design of this project. Chater 4 will evaluate the results
of this project. In Chapter 5 we will discuss the future applicdons and the contributions of
this project.



Chapter 2

Background Research

This chapter gives some insight into related state of the artesearch into crowd sensing road
guality. I will examine the main approaches along with their adantages and disadvantages.
Four similar projects will be compared and contrasted in thealated work section.

2.1 Sensor Types

The three main sensing approaches considered were using $pfane sensors, dedicated
sensing and a combination of the two.

2.1.1 Smartphone Sensing

Modern smartphones are equipped with a vast array of sensorsdaradios while being eas-
ily connected with the Internet. These sensors include 3-ax&ccelerometers, gyroscopes,
magnetometers, pressure and temperature sensors. With rdransmitters and receivers
including WiFi, GPS, Bluetooth, FM and Infrared. The popularity of smartphones mean
that almost everyone has a compact sensing computer with theam all times, this allows for
applications to be quickly distributed to a large volume of pople with ease. For recording
the quality of a road the sensors and radios of interest aredtB-axis accelerometer, the GPS
receiver and the network and WiFi radios.

While the smartphone allows for a large amount of values to becorded it does come with
a number of limitations and downfalls. The quality and accelemeter frequency limitations
vary between di erent phones. This can lead to inconsistent eslings between users. The
reliance on a smartphone leads to excessive battery use. Wiattery life being a valuable
resource, users can be reluctant to use applications thataiv a lot of power. To ensure
accurate readings from the accelerometer the user's phonashbe immobilised and xed to
the vehicle for the entire recording duration. This means theser can not use their phone
to check directions, control music or interact with their phme without distorting readings.
With a phone in a cyclist pocket there will be unwanted accelation from the user's legs
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moving up and down as well as the persons legs acting as shockabers to the bumps
resulting in inaccurate readings. Similarly if the phone iplaced on a car dashboard there
will be unwanted movement with the phone sliding along the dablmards surface which leads
to readings that are not a true representation of what the veble is sensing.

One solution would be to attach your phone directly to the veisle, while this would
overcome some of the inaccuracies, it would require additial equipment to mount it and
increases the complexity and time required to set up. In thease of bicycles most people
would not be comfortable mounting their expensive phone onlacycle, as users would see
this as a risk of their phone falling out and breaking.

2.1.2 Fully Isolated Dedicated Sensing

Sensors are now becoming cheaper and more widespread. Wlalesers are relatively cheep,
adding processing power, storage and a method to transmit tdaover the Internet quickly
increases the cost. An approach to reduce cost would be to reve the ability to transfer
data wirelessly over the Internet and instead require the datto be manually retrieved. This
would require far more storage of the raw readings, increage latency in the time it takes
for the data to be uploaded and processed and would add a largmount of e ort and time
for the user. The requirement of an additional device removeslarge amount of potential
users that one could get from a method using a smartphone. A&ftthe initial disadvantages
of distributing and setting up the dedicated sensor, therera a great deal of advantages.
There is far more control over what type of sensor to use and howrsitive they should
be. This results in higher and more reliable recording freqoneies and accuracies than that
achieved by smartphones.

Using a dedicated sensor removes any negative implicatiassociated with using a smart-
phone. The user does not have to worry about disrupting measments by using their phone
or worry about attaching it to a mount on a bicycle. This appro&h will also have no impact
on a phones battery life as it is a fully separate device.

Having a fully dedicated device means it can be attached in axed position for an
inde nite amount of time. This will allow for easy distinction between the X, Y and Z axis
and will provide a more true representation of what forces theehicle is experiencing. A
xed device will require less time and e ort from the user per jarney as they will not need
to take an action to set up the recording.

2.1.3 Dedicated Sensing and Smartphone Hybrid

Using a fully dedicated sensor or just a smartphone both haeglvantages and disadvantages.
Many of these counteract each other, most criteria that a smighone excels in are those
that a dedicated senors fails on and vice versa. For exampke smartphone makes it very
easy to transmit data across the Internet where as a separatensor will require manual

extraction of the data or expensive WiFi or mobile telecommications technologies like 3G
added to the device.
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The third and nal sensing method requires using both a deditad sensor xed to the
vehicle but making use of the phone for the other actions thato not require being mounted
to the vehicle such as processing, storing, recording lomat and transmitting it over the
Internet. This is achieved by recording batches of reading ahe sensing device and then
transmitting the data to the smartphone over Bluetooth Low Enery (BLE).

These devices can be smaller and have a better battery life tha fully isolated sensor
as they are only responsible for sensing and transmitting t&aover BLE to the phone.
This also means that they can be much cheaper to produce. Usiagdedicated sensor to
do the sensing means the smartphone does not have to use asimbattery life reading
accelerometer measurements. Similarly to a fully isolatedkdicated sensor a hybrid would
share the advantages of increase accuracy, distinction ofes and ease of use while not
immobilising or putting the user's phone in a potentially dagerous position.

Finally using a hybrid approach combats the problem of the driction in potential users.
This is done in two ways. This hybrid device is smaller and cheapmeaning it is easier to
distribute to a large amount of users. Secondly as this deeicequires far less functionality
than that of a fully isolated sensor, we can integrate with ananake use of a wide range of
smart devices that are already attached to many bicycles andilise their sensing capabilities.

The disadvantages to using a hybrid approach are that it reqees some interaction from
the user and their smartphone, using some of their battery. Wle it is not as prohibitive as
the fully isolated device it can require the purchase of adithnal hardware reducing the size
of the potential user base.

2.2 \ehicles

Cars and bicycles are the main vehicles that are appropriate sense the quality of a road.
Both of these vehicles pose their own advantages and disadtzyes.

2.2.1 Cars

Cars generally drive in the same locations on a road, along tvparallel lines on either side
of the lane, if there is a pothole or defect along these path®mnally they do not or can
not swerve to avoid them meaning meaning the probability ot being sensed is high. Even
though there is going a be a high success rate for nding defe@long these two paths, any
other pothole or damaged sections of the road will not be sedséeading to many a ected
road sections going unnoticed. A large distance of road cae lsovered with cars and only
a few users, but it is limited to just streets and excludes aas such as separate cycle tracks
and parks that do not allow the driving of cars. The speed carsdvel at on di erent roads
varies greatly with some being limited to 30 km/h with tra c lim iting them to even slower
speeds, while others are 120 km/h. This large di erence in spe®ebuld make it di cult to
compare forces experienced at di erent speeds. A combinati@f the high speed reached
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by cars as well as their large mass and advanced suspensioramsethat many bumps and
potholes would go unnoticed even if they were directly hit.

2.2.2 Bicycles

Using bicycles to sense a true representation of road quglihas many advantages. Cyclists
may o er a far more dense coverage of routes and can travel whether vehicles are not
permitted to. Cyclist will travel along di erent paths on the same road depending on tra c,
parked cars, pedestrians or debris on the road. Because oistleyclists might eventually
cover a large percentage of the width of the road. Many cyclistdready have smart devices
on their bicycles, making it easy for them to integrate with a fbrid sensing model of using a
smartphone and a xed device. In contrast to a car, a bicycleds much smaller tyres, lower
mass and less suspension giving it a more true feel of the sod below it. As discussed,
cyclists will take a number of di erent paths along the same ra& This could mean that a
bad pothole is being avoided by every cyclist making it di cut to locate them. This is not a
problem as if a well calibrated 3-Axis accelerometer is bgmsed, swerves along a horizontal
plane can be found to show where cyclists are actively avoidimn area. Though in reality,
no pothole will be successfully avoided one hundred percerittone, sometimes rain lIs a
hole making it di cult to see or the cyclist has no option to swerve because of alongside
tra c. This results in a pothole being eventually picked up if enough users travel by that
location. If a pothole does manage to be avoided all the time thout causing the cyclist to
swerve to avoid it then it would be safe to say that this defects not an issue and can be
ignored.

2.3 Related Work

In this section we look at four similar projects which have atmpted to automate the de-
tection of road quality.

2.3.1 Street Bump

Street Bump [6] is an iPhone app 37] created for the city of Boston. This application works
by starting a ride on the app and placing the smartphone on thears dashboard or in a cup
holder, the application records accelerometer and locatialata from the user's smartphone.
This is then uploaded where it is processed and bad potholes doeind and labelled. The
use of a smartphone has meant that many users from around th@sd can easily download
and start using it. The choice of sensor and vehicle has meanteduction in accuracy. The
aim of this project is to locate actionable obstacles which &éhauthors describe as features
such as potholes and sunk castings which are caused by naturel aequire attention to
be taken as opposed to non-actionable obstacles such as dpmenps, railway crossings or
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cobblestones which need no attention. Street Bump aims to @it a city council nd and x
a ected areas.

The authors rst extract features, this is done on a binary bais where any reading with
an acceleration value greater than 0.4g and a speed greateamn 5 miles per hour is extracted
along with a 0.25 second window from before the incident. Nexhéy measure features of
interest such as mean, standard deviation and range of theaateration values. The readings
are also passed through a high pass Iter to remove any valueslow 0.4g, the aim of this
was to remove noise from small bumps in the road and from the phe moving around on
the dashboard. Machine learning algorithms were used, Supp®ector Machines (SVM),
AdaBoost and Logistic regressionl1f], to classify actionable obstacles and non-actionable
obstacles. Using a large set of training data, classi ersdmt to distinguish between these
two types of obstacles. This application was reported as hang "too many false positives”
[38]. As well as the number of false positives there would havedrea large amount of missed
defects due the to low coverage from a car.

2.3.2 The Pothole Patrol

The authors of The Pothole Patrol L(] discuss how they located and classi ed di erent types
of defects in the road by deploying embedded computers eqogd with 3-axis acceleration
sensors and GPS in cars. For their study 7 taxis were used. Theoate of vehicle contributed
to 2,492 distinct kilometers being covered in 10 days. The usé an embedded dedicated
sensor meant that they could record at 380 Hz. To produce an@gate location for each
measurement this project uses linear interpolation, this & necessary as the sensor records
380 measurements per second where as the GPS receiver is lidnitel Hz, 1 measurement
per second. A di culty with using a fully isolated system overa smartphone is the ability
to upload measurements. This project used opportunistic WiFconnections provided by
participating open WiFi access points to upload the recordedata, the downside to this is
that it required adding additional storage to the embeddedamputers to bu er the data in
between connections.

When attaching the sensor to the car, the authors faced the piblem of where to place it.
The three positions considered were attached to the windshielattached to the dashboard,
in the glove box and attached to the embedded computer itseifhich was not rmly attached
to the vehicle. After a series of tests driving over the sameulmps, it was found that while
it was easy to attach the sensor to the embedded computer, shresulted in a lot of signal
noise. Consequently, they rmly attached the accelerometeio the dashboard inside the
cars glove box, which is a relatively easy location to instathe sensors and which keeps the
sensors out of the way of passengers in the cabin.

This project aimed to classify road segments into a number of @rent classes including
smooth roads, expansion joints, railroad crossings, potles and manholes. They further
went on to attempt to classify driving behaviours such as a d stop and a sharp turn.
It was found that it was too di cult to manually label large vo lumes of data for training
purposes. Instead, loosely labelled training data was usethis involved providing a rough



CHAPTER 2. BACKGROUND RESEARCH 8

number of the features experienced on a road. For example aeq reading of a road might

be labelled as containing some distribution of manholes, swth sections, a few potholes
but no railroad crossings or expansion joints. The looselylalled data was then used in
conjunction with a small data set of carefully labelled dataTo improve the accuracy of the

system as well as removing some of the false positives clusig was used. The clustering
of multiple events in the same location allowed them to remevwunusual false classi cations.
The authors report that when classifying potholes they had a 9% success rate with 7.3%
of them being incorrectly classi ed as a railroad crossingnd 0.3% as an expansion joint.

2.3.3 Biketastic

Biketastic [28] attempts to create a platform that consists of mounting a s@rtphone in a
custom attachment to a bicycle that will use an application tarecord acceleration and noise
values as the user cycles. The user then has the opportunity sbare the data recorded on
that route. The motivation behind this project was to help cydists nd a "good" route to
travel. This was achieved by presenting the user with visuabsions of raw data. To use the
application, a manual calibration step had to be taken at théeginning of each ride. This
was reported to be cumbersome with users saying "...for shdrips it was a hassle." pg. A
manual calibration process allows for the di erentiation of &es but requires more e ort by the
user. The authors aimed to describe segments of a journey asosth or rough by analysing
the change in variance in 5 second windows. To combat the chakdge of indicating the
size of a pothole becoming di cult due to the varying speed lels, an experimental scaling
parameter was found. When visualising the route, clusterinwas used to group readings
within a distance threshold. The clustering technique usedaa be described as if a point is
within a certain minimum distance from the preceding points enter, it is considered part of
the cluster. This continues until a point is reached that excals the distance threshold, and
if the cluster is at least four points, then all the points arereplaced with the center point
[46]. A study was conducted with 12 participants and a total of 208outes were recorded
over the testing time.

2.3.4 vCity Map

vCity Map uses crowd-sensing to visualise the city environmeffr two kinds of information:
sound and road conditions42]. This project consists of a smartphone application that
records accelerometer, location and sound data. This ap@ion is started at the beginning
of a journey and the user places the phone in their pocket whitgcling. To analyse road
conditions they must be able to separate the two input signslof acceleration, the cyclists leg
moving up and down and the acceleration experienced by the pate as a result of the road
surface. They applied independent component analysis(ICA) thi the Fourier transform
to the raw acceleration signals to separate them. ICA is a maild to estimate sources
even if source signals are unknown. Once the signals had beepasate, the acceleration
signal representing the road surface was analysed. The auth@roposed four di erent road
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conditions: at, positive step, negative step, and convextgp. These can be seen in Figure
2.1

Positive Step
il rf-;—lm
MNegative Step
W Homm
Convex Step 0% mmm

Flat
b e e

Figure 2.1. Four classes of road conditions

To test the system's accuracy users cycled over a known bumprin each of the four
classes in a controlled environment 50 times. These were thied into their system where
they were analysed and classi ed. It was found that it succehully classi ed the at 100%
of the time, positive steps 76%, negative steps 84% and coxngep had a true positive rate
of 68%.

While these success rates were quite high, in a real world @ovwment where the user is
not cycling at a consistent rate and over bumps varying in s& it would be expected that
these results would be lower.

2.3.5 Comparison

These four projects aimed to achieve similar goals. To gain amsight into what attributes
would be best to use in this project, Smooth Route, the previs projects will be compared
and contrasted. The most favourable attributes of each proge will then be used for the
development of this project.

Target Use Case and Motivation

The Pothole Patrol and Street Bump share the same goal, to allocity workers to locate
potholes that need xing. Both of these projects make an e orto classify recorded bumps
to let city works know what bumps are intended to be there, likspeed bumps and expansion
joints and which require attention to be xed, like potholes. Biketastic makes it clear their
goal is to allow users to nd nice and enjoyable routes to takeThis is evident from letting
users view and compare other users rides to nd a good router ftnem to take based on
noise and smoothness. This is also seen by how they describeniselves as almost a social
network allowing users to annotate routes or upload picturesWhile it can be seen that



CHAPTER 2. BACKGROUND RESEARCH 10

the motivation of Biketastic is to allow cyclists to nd a goad route, the authors make no
attempt to automatically nd that route for the user but inst ead they present the user with
visualisations of the data. vCity did not make it clear what theér aim of their project was. It
appears their motivation was to see if it was possible to usast a smartphone in a cyclists
pocket. While these projects seem to target di erent use caséor the data recorded, all of
these applications could be used interchangeably to a degre

Sensor

The Pothole Patrol was the only project to use a fully isolatedensing device, this project was
reported to have very accurate results, with both a high ratefaccuracy locating features as
well as classifying them into many di erent groups. In compason with Street Bump which
had a lower success rate with fewer types of features beingssiced, it is evident that the
type of sensor as well as it being rmly attached played a bigote in this gain in accuracy.

The location of the sensor and if it is xed or not is evidently mportant, looking at Street
Bump and The Pothole Patrol the main di erence is that the sensois xed to the car in The
Pothole Patrol. | believe this was the main attribute to the hgher accuracy and less noise
experienced by The Pothole Patrol. On inspecting Figurg.2 and Figure 2.2 it can be seen
that the two main di erences are that The Pothole Patrol record at a far higher frequency.
This can be attributed to the sensor type allowing a sampling ta of 380Hz as opposed to
40-50Hz which was achieved by Street Bump. The other main di enee between these two
graphs is the level of noise. With The Pothole Patrol it is cleawhere the bump is and where
the smooth areas are. With Street Bump it is a far noisier grdp this di erence can be
linked with the placement of the device with the smartphone beg free on the dashboard
where as the sensor is xed to the dashboard in The Pothole Patro

When comparing the two bicycle projects it can be seen that Betastic recorded cleaner
data and was more robust, as vCity was only seen to work well uedlab conditions. Bike-
tastic was reported to be a lot of e ort from the users side wheras vCity only required
putting your phone in your pocket.

A nal consideration to take when picking the sensor type is ta@onsider cost. Using a
pure smartphone approach requires no additional purchasg the user. Having a custom
mount, like with Biketastic, will require a small or even no expnse with some users already
owning mounting enclosures for their phone. This is an imponté decision to make as to
whether it is it worth adding more hardware to have the sensindevice xed to the vehicle
if it removes a large percent of potential users.

Vehicle

The Pothole Patrol and Street Bump are limited in the coveragef the width of the road and
the locations where cars are permitted to drive. Both of thesprojects could only record
measurements of features in the road that either spanned thvedth of the road, such as
speed bumps and railway crossings or features that appeardidectly in line with the path
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Figure 2.2: The Pothole Patrol: Raw accelerometer datd. (]
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Figure 2.3: Street Bump: Raw accelerometer dat®]

taken by the cars tyres. It is evident from the two car based syems that their sensitivity is
very low this can be seen in photographs included of typicabgholes as well as by looking at
their raw data. As seen in Figure2.4, The Pothole Patrol describe this as a "Typical small
pothole”. For a cyclist this pothole is far from typical or snall. If a cyclist were to hit that
pothole at speed it would result in a high probability of a crah or damage to the bike.
Looking at the raw accelerometer data from both The Pothole Reol and Street bump
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Figure 11z Typical small pothole with missing pavement.

Figure 2.4: The Pothole Patrol: Typical small pothole 10]

it can be seen that the magnitude of the acceleration expenieed over a pothole is approxi-
mately 1m/s? and 5m/s? respectively. When compared with readings 10-15nt/gor vCity it
can be seen that the mass and suspension of a car play a hugea padampening the signal
received by the sensors. When measuring ne details about ead, such as if it is a freshly
paved road or an old gravel road it is very di cult to tell the di erence between the two in
a car but on a bicycle those two road surfaces are massivelyedent.

Ease of Use

Ease of use and practicality are important aspects to considerhen developing a system
to be used by the public. If the application obstructs the ugeby too much or requires a
lot of their time, many will simply not use it. With the three projects that rely on the
smartphone as the sole source of sensor data users will bectlat to use it as it will require
they do not touch their in anyway for the duration of the jourrey. With Biketastic this
level of impracticality and di culty of use is particularly bad not only is the user's phone
immobilised for the duration of the ride but the user must atach it in a speci c way to a
mount on the bike and then perform a manual calibration. The umillingness of a user to
attach their expensive smartphone to a mount on a bike furthrereduces the practicality of
this approach.
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Axes Distinguished

The Pothole Patrol appears to distinguish between three axe$ acceleration. This separation
of the three signals allows them to perform detailed analyssich as classifying sharp turns
and sudden breaking which would cause a large spike in accatem along the X-axis and
Y-axis respectively. As the device is xed in the same locatn for each journey it is easy to
get the three axes separated. Similarly for Biketastic thehtee axes can be distinguish after
a manual calibration is carried out, but the authors seem tognore the the X and Y-axis
and just focus on the Z-axis. Street Bump attempts to isolatéhe three axes by de ning Z
as the direction of gravity with the X-axis pointing North with the X-axis aligning with the
direction of travel, this solution poses a few problems outie lab conditions, for example, if
the phone is with in a cup holder or free on the dashboard allowgnt freely rotate throughout
the journey. In vCity two axes are considered, the X-axis whiclaligns with the direction
of motion and the Y-axis which points in the direction of grawy. The X-axis is used to
help separate the motion of the user's leg from that of the sigls of the road, this results
in this project isolating one axis of acceleration. In a sir@r way to Street Bump, vCity is
vulnerable to the phone moving and rotating in the user's pdet outside of lab conditions.
From these projects the importance of distinguishing betves the axes of acceleration can
be seen. Having well de ned axes allows for more detailed dasation and helps to clean
signals, removing unwanted noise.

Speed Adjustment

When a vehicle hits a obstacle in the road the accelerationgarienced is going to be a ected
by the speed of the vehicle, this is the premise of speed bumpk obtain more accurate
reading the speed at the time of impact should be considere@ihe authors of Street Bump
make no direct mention to the use of speed to adjust acceleiat but they do explain how
speed is used in the training and classi cation phase of thesystem, this leads the reader
to believe that speed is accounted for when analysing measuents. The Pothole Patrol
directly discusses how speed impacts the magnitude of thecateration sensed. The authors
further explain how this is particularly useful for highways to prevent false positives where
the car is travelling at particularly high speeds. Biketast uses an experimentally obtained
scaling parameter to scale the acceleration of each readirngity makes no mention of taking
speed into consideration as their experiments were strigtperformed at 13 km/h.

2.4 Research Approach

Before it can be decided what favourable attributes are wante we rst need to de ne the
motivation behind this project. The goal of this project is todevelop an easy to use and
easily distributed system that can locate areas that are gdoand bad for cycling. These
areas must include dedicated cycle tracks and along side tracycle lanes. It must also
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include the full span of the width of roads. It should have a higlevel of accuracy that can
distinguish between a freshly paved smooth road and a slightlder more weathered road.

To ensure this system is easy to use while still being relatiyeeasily distributed, a
hybrid solution was picked for the sensor. A bicycle was chas as the vehicle. It is the only
choice that ful Is the requirements of coverage as well as ¢hrequirement of distinguishing
between reasonably good and very good roads. An automatic tmed of calibration would
be favourable as it saves time and e ort for the user. This will miee it possible to isolate
all three axes of acceleration. Speed adjustment will be usedaccount for the variation in
speed by di erent cyclists at di erent points so as not to penase fast sections of road. Once
an adequate amount of data has been recorded it will be disp&y to the user in a similar
way as done by Biketastic but with the added feature of automatally nding the best route
for the user.

2.5 Ethics

When dealing with members of the public ethical consideratomust be taken. Ethical
approval was granted before any participants were includea this project, this required
adhering to the ethical guidelines presented by the Ethics Camnittee. Participants were
free to withdraw from the study for any reason without any pendies at any time. The
participants were told that the data gathered is done so angmously and will be treated
with full con dentiality.

These considerations were taken into account when developitite system and when
gathering participants. In particular privacy and anonymty were given careful thought when
developing the Android application by the inclusion of priacy zones and the aggregation of
data.
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Chapter 3

Implementation

3.1 Overview

Developing on the knowledge received from the projects stedi in the research section, the
architecture of this project was designed. A high level ovgew of the chosen design can be
seen in Figure3.1

A Bluetooth enabled accelerometer is attached to the usetscycle, which will communi-
cate over Bluetooth Low Energy to an application running on a\ndroid smartphone. The
Android application will record location data and store it abng with the acceleration data,
these two data sources are uploaded to a Heroku web service.isTWeb service is responsible
for storing the raw data on Amazon S37]. An entry for the ride is pushed to a Redis49|
gueue with the metadata denoting where in S3 this ride is storedA daemon process re-
moves entries from the Redis queue, retrieves the uploadeés from S3 and processes them.
An infrequent scheduled Cron process performs more procegsand adjusts the data. The
resulting data is stored in a MongoDB 41] database. This data is then fed into custom
mapping user interfaces and into Smart-GHZ[1] where automatic routing is achieved.

3.2 Hardware

For the hardware a MetaWear R SerieslB] was chosen. The MetaWear is composed of a
Nordic Semiconductor nRF51822 BLE SoC, this provides a 2.4 GHransceiver that can
operate over Bluetooth Low Energy, a ARM Cortex-M0 32 bit procesdr, 256 KB of ash
program memory and 16 kB or RAM. The MetaWear has an integrated &xis accelerometer
that can sense 8g as well as an ultra-bright RGB LED. It has a max data rate of 80Hz
which is far higher than any smartphone sensor. A micro-USB rde used to provide power
and charge the battery.

Initially two early access beta version of the MetaWear weresed to create prototypes.
These early versions were not assembled. A lithium polymer tbery had to be soldered to
the board. Flux was applied to the end of the leads to ensure éhjoining of the metal on
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Figure 3.1: System Diagram

the board. As seen in Figures.2 the ground wire of the battery was carefully soldered to 3
Venp and the positive lead was soldered to 2 gy .

Once the hardware had been proven to work 10 more MetaWears wesrdered. These
were fully assembled and were smaller than the prototypesahwere initially used for de-
velopment.

These devices were assigned uniqgue names, BIKEO through to BIKE®his was with
the aim to make it easier to keep track of how many were currdgtdistributed and who had
which device.

3.3 Enclosure

For the sensor to record an accurate reading for a road suréait was clear from the previous
research that the device must be securely xed to the bicycleA number of designs and
variations of those designs were looked at.
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Figure 3.2: MetaWear R

3.3.1 3D Modelling

The nal design was inspired by a commonly used bicycle lightThe design consists of a
hard plastic internal case which holds the MetaWear, with a softubbery plastic used to
attach to the bicycle as well as providing friction to stop itfrom twisting around the pole it
is connected to. The inner hard plastic case was modelled withcambination of SketchUp
[1] and OpenSCAD R5|.

The inner hard plastic case can be broken into three main aspgcthe top half of the
case, the bottom half of the case and the hook protruding frorthe bottom half for the
elastic to attach on to.

SketchUp is a GUI based 3D modelling program. This was used ftve designing the
top and bottom half of the body of the case. Small dimples weresed on the lip of the case
so the two parts could snap together. A hole on the back was ated to align with the USB
charging port of the MetaWear.

OpenSCAD is a 3D compiler that uses a programming language di&n to JavaScript.
This was mainly used for designing the hook. OpenSCAD was cheder this as it is e ective
at turning a mathematical formula for a curve into a 3D model.OpenSCAD also o ers the
ability to easily parametrise modules. This functionality vas particularly useful for designing
the hook as we iterated through a number of di erent lengths, withs and curvatures to create
the strongest model that t best to a bicycle. Simply changig the value of one variable
meant that a full model could be changed and rendered to a 3D CAe with ease. Listing
1 shows the use of modules and variables to construct a 3D model.

When rendered this example produces a 3D model seen in Fig@r&. In this example a
hoop is created by drawing a circle and then subtracting a snet circle to produce a hoop
with a thickness de ned by the parameter passed in to the hoop oalule, this is represented
in semi-transparent red. A curve created by taking the intesection of a hoop with a square
to cut out a section of the hoop. Finally this curve is lineast extruded to a height of 5cm.

The body of the model designed with SketchUp was then combinedtiithe nalised
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module hoop( thickness , radius ) {
difference () {
/I draw circle
circle (rad);
/I remove center
circle (rad-thickness );
}
}

module curve (size , thickness , rad) {
intersection  (){
/I make a hoop
hoop( thickness , rad);
/I only keep part of hoop that intersects with this square
square([ size, size], center =true );
}
}

/I create curve of height=5cm, width=15cm, thickness=0.8c m, radius=20cm
linear_extrude (height = 5)
curve (15, 0.8, 20);

Listing 1: Sample OpenSCAD: Code for hook

hook within OpenSCAD, this meant that the body of the case couleasily be scaled and
transformed from within OpenSCAD based o provided parametey. Netfabbs 3D Model
Repair tools R0 were used to ensure connectivity and that there were no hsléhroughout

the model. The full nalised case design can be seen in Figusel.

3.3.2 3D Printing

To obtain a solid form of the 3D model described in the previausection, an Ultimaker
Original [44] 3D printer was used. This 3D printer uses a Plexiglas build pia and has the
ability to print using Polylactic acid (PLA) and Acrylonitri le butadiene styrene (ABS). For
the choice of material ABS was initially considered, ABS haa higher melting point and is
a stronger plastic with a more exibility when compared to PLA. While still strong PLA is
more rigid and o ers a wider range of colours and levels of tratucency. ABS is known to
be more di cult to print with as it can warp and curl making it di cult to print precise
models, this can be combated using a heated build plate.

It was decided that PLA would be the better material to use for his project as the 3D
printer being used did not have a heated build plate it would & di cult to print cases with
high levels of accuracy. This was important as the two sectierof the case were modelled
to perfectly t together and even a millimetre di erence due © warping would cause the
parts not to t together. The other deciding factor for the useof PLA was its ability to
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Figure 3.3: Sample OpenSCAD: Model of hook

Figure 3.4: Case Top and Bottom

be translucent, this was important as we would like the abily to take advantage of the
ultra-bright RGB LED built into the MetaWear.

The method of 3D printing used by the Ultimaker Original is addive manufacturing.
This entails slicing the 3D model into layers, these two dimeonal layers are then broken
into one dimensional lines. The instructions on where thesenés should go are serialised
into a G-Code K5 format and written to an SD card.

Before the print can begin, it must be ensured that the bed islel and at the correct
height. This process is known as calibration and involves ptishing the print head in each
of the four corners of the build plate and adjusting that corars height until it just about
touches the print head.
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Using the parametrised model created with OpenSCAD, over 20 elient models were
printed. Various dimensions of the case were tested to nd #hideal internal volume for
MetaWear to tightly t into. The thickness of the walls were experimented with to nd
the optimum size to provide protection and rigidity while stll permitting the light from the
LED to pass through. A curve around the Y-axis provides a hookof the elastic to clip
around. Testing on di erent con gurations of the model were grformed on the hook. A
curved or arched shape around the Z-axis was found to result ihe strongest shape. The
arch displays greater resistance to fracture while in tengipcompared to a at shape. The
degree to which the arch is curved was chosen based on iteratidesigns to nd the best
resistance to the tension forces experienced from the elas¢énclosure attaching it to the
bicycle. Ultimately the nal design was chosen based on theemits of its resistance to both
tensile and compressive stresses. FiguBeb shows a sample of the di erent con gurations
and materials tested.

Figure 3.5: A Collection of Prints Testing Parameters and Mateals

For the outer elastic casing, low cost rubber bike light attehments were used. These
were obtained for free as they are normally disposed when thehits costing one euro break
or run out of battery. The nal device can be seen in FigureC.1.

3.3.3 Placement of Device

Three locations on the bike were considered for the device to.gThese were the handlebars,
seat post and the handlebar stem.
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The rst location looked at was the handlebars, these seemeitd the obvious choice but
it became apparent that this was not an option for every userSome bicycle, especially road
bikes, have very little room on their handlebars. The little oom there is, is usually already
in use with lights, bells or other accessories. This can be seerrigure C.1 where the limited
space on the handlebars in already in use with a bell and a light

We contemplated placing the device on the seat post, this idsa a popular location for
bike lights to be attached and tends to have free space. A cama with this placement
was that it may be more di cult to calibrate the orientation o f the device. This transpired
to not be an issue providing the seat post was not fully perpdicular to the road. This
is known as the seat tube angle and ranges from 70 to 80 degree=aning the calibration
system would work for this placement. If this location was asen then the functionality of
mirroring noti cations would be lost. On experimenting with this placement it was observed
while it was accurately calibrated due to the generic calibteon process that the device tends
to rotate and get nudged by the user's leg as they cycle.

It was found that the handlebar stem of the bicycle was the p#act location. Here the
user can easily see noti cations, while not taking up any spacon their handlebars. The
stem was the chosen location recommended to users to attattetdevice.

3.4 Android Application

The core functionality of the Android app is to communicate wih the MetaWear device
attached with to the bicycle, to store the sensor data receideand upload this data. A
secondary functionality was added to the application to hav the LED on the MetaWear
mirror the LED noti cation light found on most Android phones. SMS and call noti cations
were picked to be mirrored as they are seen as having the higheriority. A bright purple
light ashes for the duration of the time the phone is ringingand an orange light ashes 4
times for any received SMS message.

3.4.1 Privacy

The ethical implications of this project were considered payg particular attention to the
main areas discussed in The Data Protection Acts 1988 and 2003 fhat govern the pro-
cessing of personal data. It was ensured that the user is inllfgontrol of the data which
meant no data was recorded or uploaded without the user's cam. Location and sensor
data is only recorded after the user pressed start and thisaerding is stopped as soon as
the user touched stop. It was important that any personal dat or data that could be linked
to an individual was not recorded. It would be possible to Idoat the produced heat map
and see where a user resides or commutes to, for example, vigwandriveway that has a
lot of points recorded on it, or noticing that a common routesstart and end point. These
privacy concerns were tackled with two approaches. The rst gcaution taken was the use
of a privacy zone, this feature allowed the user to select astiince that would be omitted
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from the start and end of every journey. The default value forhis was 60 meters meaning
that the rst and last 60 meters of the journey are never stor@. The user was in full control
of this value and could change it to any value of their choogn

Secondly all data recorded is anonymously aggregated magiit impossible to discern
the di erence between two overlapping journeys by one or moresers. With these two
precautions it would mean that if the user went the opposite icection, for example left
as opposed to right, to or from their home or workplace entra® or if they, or any other
user, cycled past their home or workplace entrance even orthen it would be impossible to
recognise any starting or nishing points for routes.

An approach of automatically uploading data on behalf of theiser was not taken as it
was felt that the most ethical approach was to let the user close when and what data they
wish to upload.

3.4.2 Design

It was important to keep this app simple and attractive to enare continued use. Material
Design as de ned by Googl€el[7] was implemented, this was with the aim to provide a familiar
looking application to the user, one which they intuitively know how to use.

The application consists of three views or activities, the s@gs menu, main screen, and
previous rides.

CSV les are used to store logged sensor and GPS data. A SQLitatdbase is used to
store metadata about a ride, this contains the start and endkation, the time and duration,
what suspension type was used for this journey, the MAC addreskthe device used for that
ride and if it has been uploaded yet. Shared Preferences areedido store key-value pairs
for data relating to the user and the use of the application.

Settings Menu

When the user rst starts the app they are prompted to Il out their chosen settings as
seen in FigureB.1. Clicking on the Privacy Zone option launches a number pickeri@alogue
allowing the user chose the size of their privacy zone. The LED tnoations for calls and
SMS can be toggled on and o separately. Finally the user canghi their bike type from
a range of 1-5 where 1 represents a racer and 5 a full suspensiwuntain bike, this can
be viewed in FigureB.2. These settings were stored in using Androids Shared Prefeces
key-value store BQ]. This consists of an XML document recording key-value pairhat are
stored internally on the user's phone meaning that it can ogllbe accessed by this application
and when the user uninstalls the app all les stored for the appill be removed.

Main Screen

For all subsequent launches of the app after the rst time theiser is shown the main screen.
When a user presses the start button for the rst time, or if they have not yet connected



CHAPTER 3. IMPLEMENTATION 23

to a device, they will be prompted to select a device from scaath devices, seen in Figure
B.3. The chosen devices name and MAC address is then stored in thea®id Preferences.
All later launches will use this device unless changed by ps#sg "'SCAN NEW DEVICES"
which will launch the Bluetooth Device Picker again. In the loweleft hand corner of the
main screen, the device name and the rst two groups of its MACdalress can be seen. The
colour of this text varies between red, yellow and green whered represents not connected,
yellow is for trying to connect and green signi es that it is arrently successfully connected.
When the device is connected its battery status is queried drdisplayed beside the device.
GPS status is displayed in the upper left hand corner. This coists of the user's speed in
km/h and the accuracy of the GPS measurement. The center of thergen displays what the
application is currently doing. "Ready" is displayed when nthing has been started, once
a ride has started the number of that ride is shown along with thetatus of the recording
and the elapsed time for this ride. When the user touches théast button an animation is
played to change the colour and text of the button to that in Fgure B.5. The center message
is updated to display "Waiting on GPS and BLE" is shown, when GPS gnal is found or
the device is connected then they are removed from the messa@nce both GPS signal has
been established and a Bluetooth connection has been madetite MetaWear device then
the message changes to "Recording".

This activity is responsible for creating a SQL.ite entry for ach ride when the user presses
start.

Ride History

A Rides History view was added to show a list of all journeys k&n. This section can be
accessed by pressing the menu button or pulling in from thefldo display a sliding drawer
menu, seen below in Figur®.7, here the user may select to view rides or access the settings
menu. On the rides history page a large "SYNC ALL" button is xed at the top of the
screen with a scrollable list of previous rides below.

The large sync now acts to upload all rides that have yet to be lgaded. Once a ride
has successfully been uploaded the icon, colour and cont@ftthe text changes to clearly
show that ride has been synchronised with the web server.

A list of material cards are used to represent a single ridehis is a similar style to that
seen in popular Android apps such as the Play Store or Gmail. Bacard displays the
starting, A, and nishing, B, position of a journey, the time and duration with the title
of the card being either "Morning", "Afternoon”, "Evening" or "Night" depending on the
time the ride was taken. The names of the street shown at the staand end of the journey
are obtained by reverse geocoding the latitude and longitedof at the two points. Reverse
geocoding is the process of converting a latitude and longde into a human readable street
address. Google's HTTP geocoding APK[] was used on the rst and last location of the
journey when the journey ends. If an address is unavailable thre user does not have Internet
access at that point then the raw latitude and longitude is usd. This was purely for cosmetic
reason to provide the user with a reminder of where they went tond from. Touching the
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blue location for the start or end of a journey sends an interib open this location in the
users default map application, for example Google Maps. Thearsmay delete a ride simply
by swiping it to the left or right, again this is similar behaviour that is seen in many popular
apps like Gmail or Google Keep, because of this the user is iitively familiar with these
actions. When a ride is deleted by swiping its card o the scree a Snackbar is shown at
the bottom of the screen seen in Figur8.9.

A Snackbar is de ned as providing lightweight feedback abawan operation, they auto-
matically disappear after a timeout or after user interactin elsewhere on the screen. Snack-
bars can be swiped o screen. Snackbars can contain an acti®4][

The Snackbar provides information about the ride number thatvas deleted and gives
the user a window of time when they can undo this deletion.

This approach of allowing the user to undo their deletion was heved by adding the
ride to a queue of pending deletion rides. If the user pressasdo before the Snackbar is
dismissed by time or the user interacting with anything othethan the Snackbar, then that
ride is removed from pending deletions, a new Snackbar magsas shown to say the ride
has been restored and the ride is pushed back to its positiom the list of cards. If a user
does not press undo the ride remains in pending deletions urihe Snackbar is dismissed at
which point the ride and all its associated data will be permamgly erased from the phone.

MetaWear Library

MetaWear provide an API [L9] for communication with the MetaWear board, this APl makes
it possible to achieve a number of actions with the MetaWear bod. Small programs can be
loaded over BLE onto the MetaWear that can sample the acceleneter at a given frequency
and perform simple calculations and operations on board oié data. The board can log
measurements within its own 16 kB of RAM and have the phone dowrdd them in bulk,
this saves bandwidth in comparison to continually sending nasurements. Requests can be
sent with the API to query battery level or operate the LED. To cottrol the LED three bytes
with a value limited between 0 and 31 are sent to board to represt the intensity of the red,
green and blue LED.

Location Service

In Android a service is de ned as an application component peesenting either an appli-
cation's desire to perform a longer-running operation whil@ot interacting with the user
[32]. For this application, four services were used, locatiorecording, MetaWear recording,
uploading rides and to scan for new devices.

Services let an application component run in the backgrouncegardless of whether the
screen is 0 or the application is closed. This was achieved lagcquiring a partial wake lock
for that service, this prevented the CPU going asleep but allowfsr the screen to be turned
0 . At the end of each service it is important that each wake lok is released.
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A location service is launched by the main activity when the s presses the start button,
the service is passed the ID of the ride that has just begun. Ae name derived from the ride
ID and the start timestamp is used to create the CSV le that thedata is logged to. This
le name takes the form of <ridelD>_<timestamp>_<suspensi on_type>_<geo|acc>.csv,
for example 46_1450272730_2_geo.csv. This naming conveoiti ensures uniqueness across
le name and it serves a secondary purpose of storing some agdta about a ride making
it possible to still make use of the data even if the metadataegs erased.

A request is made to the Location Manager to receive updates dne location of the
phone. Within this request the location provider is choserrdm either a low accuracy cell
tower network provider and a higher accuracy GPS provider. A mimum time and distance
is also specied. These de ne the minimum change in time and stance to have passed
before getting updated. For this application the GPS providewas chosen as accuracy and
speed data is very important. The minimum allowed time and dtance was picked to ensure
regular updates of the location. The real world maximum rate chieved is 1 Hz.

The location data that is recorded consists of timestamp, latide, longitude, accuracy,
speed, altitude and bearing. For each reading received sgealtitude and bearing may not
be available. This is the case because speed is obtained assalteof the Doppler e ect on
the GPS signals meaning if the user is moving at a slow pace oatsbnary it is possible they
have a GPS x but since the Doppler e ect can not be observed at tt time, speed may not
be available, similarly for bearing if the user is not movingr moving slowly it is di cult
to know the direction they are travelling, again resulting m this value being unavailable.
Altitude may not be available if there is a high level of errorassociated with the reading.
These values are continually logged to a CSV le. This method ofoatinual logging in
small batches means that if the battery on the phone suddenhan out of power or the app
unexpectedly ended then the abrupt ending of the ride will nomatter and will just mean
that ride was cut short.

As discussed previously the idea of a privacy zone was usecettsure the start and end
of a journey is never recorded. The privacy zone around the stiag point was added by
recording the rst location in a local variable and only stating to log readings to a le once
a location is greater than the required distance from the stang point. The zone around
the end point was implemented by having a rst in, rst out bu er for readings. When a
reading is initially recorded it is pushed onto the bu er, ony once the rst reading is greater
than the required distance from the newest reading does ittgeemoved and appended to a
le.

Bluetooth Acceleration Service

A Bluetooth service to record accelerometer data is created the same time as the location
service. This service is also passed the ride ID of the newly ated ride. An added action is
also passed to this service, these actions can be to start thervice or to tell the service that
a SMS has been received or a call has started or stopped ringitigis information is then
used to ash the LEDs on the MetaWear.
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When this service is started, it rst attempts to connect to the MetaWear. The MAC
address is fetched from the Shared Preferences. A BLE connestis then made to this
device and when connected a request is made to get the battematss of the device. If
this attempt fails the service continually tries to connectuntil a successful connection has
been established. The operations to record the acceleratizaues are sent to the MetaWear,
when these have been successfully registered by the MetaWend aecording has begun a
request is made to ash the LED green twice.

The data recorded in this service is the timestamp and the adeeation about the X,Y
and Z-axis. These values are also continually logged to a CS\e de ned by the previous
naming convention.

If this service receives a message with an action of CALL_STARThen a sequence of
rapid bright purple ashes of the LED is made and sent to the Metd/ear to be executed, if
the action is CALL_END then a command is sent to stop all ashingand if the action is
SMS a sequence of 4 orange ashes is sent. The purple ash caesif the red LED being
at full intensity, 31, and the blue LED being at a lower intendy of 20. Similarly orange
was created by sending a value of 25 for red and 10 for green. Stop the possibility of
accidentally ashing inde nitely if, for example if the CALL _END action was never received,
a timeout of 60 seconds was used to stop ashing unless ingtted to continue.

These services had to expect there to be times when no GPS signabwavailable or that
the MetaWear device was unreachable or had no power left in ibgttery and to handle these
cases gracefully.

Both of these services also provided queryable data that theain activity could read to
update the Ul. This included the user's current speed and thecauracy associate with the
most recent location reading, the battery level and connecin status of the MetaWear.

Upload Service

For data collected to be uploaded a number of di erent approdes were looked at. The
chosen approach was to use the Android Asynchronous HTTP Clieptovided by loopj [3].

When this service starts it queries the SQLite database to d all the rides that have
not been uploaded yet. If there are no rides that have not beaiploaded then the service
ends. Otherwise each ride is uploaded over HTTP using a HTTP PUT reg@st, this request
is idempotent meaning if the app accidentally uploads the sze ride twice, it will be treated
as the same ride and not two separate rides.

A unique URL to PUT the data is created by concatenating the Metd#/ear MAC address,
a unique ID for the smartphone and the ride ID being uploadedlhe CSV les corresponding
to that ride are loaded into memory and if no CSV le is found or bat le is empty then that
ride is skipped. A multipart HTTP request is formed comprisingof the metadata relating
to the ride and the contents of the two CSV les, the accelerabtin data from the MetaWear
and the location data from the phones GPS.

An attempt is made to upload these to a web service running ondfoku. This web
service returns a 200 OK HTTP status code if the le is successlyuploaded. On receiving
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an asynchronous HTTP response, if it is successful, the entrgrfthat ride in the SQLite
database is updated with the time this ride was uploaded at.

BLE Scanning Service

A Bluetooth scanning service used to scan for near by devicéis service is launched when
the user rst launches the app or they scan for a new device. A Dbit service UUID is used
to limit scanned results to just MetaWear devices. This stopstleer devices such as phones
or smart watches being found. This service returns all the staed MAC address of near by
devices and they are then displayed in a dialogue for the userchoose from.

LED Noti cation

An intent lter was used to tell Android that we want a speci c part of the application to
run when a call or SMS message is received.

When a call or SMS event is triggered, Android checks what appétions are registered
to Iter this intent. A Broadcast Receiver was used to receig these events, this receiver
inspected the received intent and sends a CALL_START, CALL_END o SMS action to
the Bluetooth acceleration service if a ride is ongoing.

NFC Integration

To increase the ease of use and make it possible to use the dewvhile wearing gloves a
small NFC sticker was stuck to the case. This was placed unddret rubber outer casing to
increase resistance to weathering. A photograph of this NFag can be seen in Figur&.6.

To start a ride a user can touch their phone, providing it has RC capability, to the
device. This will toggle a ride to start or end. This feature wasdded by rst manually
writing the same URI corresponding to the application to eachNFC sticker. An intent lter
was created in a similar way to that of receiving SMS and call tents. Only scanned NFC
tags with the appropiate URI is registered by the application

NFC tags are not capable of starting and stopping services bthey can start activities.
To get around this problem a blank hidden activity was used. Tis activity is started when
a NFC tag is scanned, it is then responsible for checking if &e is currently in progress,
if there is then that ride is signaled to stop, otherwise a newide is started. This hidden
activity launches the main view of the application so the usegyets visual feedback that the
ride has been started.

Ongoing Noti cations

Ongoing noti cations were used to reduce the possibility gbeople forgetting to stop a ride.
These act similarly to normal noti cations except they can nbbe dismissed.

When a ride is being recorded an ongoing noti cation is dispyed as seen by the bike
icon in the upper left hand corner in FigureB.5. This noti cations persists even if the user
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Figure 3.6: NFC tag beside 3D Printed Case

closes the application or opens a di erent app. This serves t@mind the user that a ride
is currently being recorded. Pulling down the noti cation barreveals more information as
seen in FigureB.6, informing the user that a ride is recording and clicking ontis message
will bring the user to the main page of the application. Linkig the noti cation to the
applications main screen makes it easy for the user to navigaback to stop a ride.

3.4.3 Obstacles

When developing this application a number of implementatio issues had to be overcome.
The rstissue encountered was when using Bluetooth on Androidevices older than Lollipop.
These older versions have a di erent API to interact with Bluetoth. To support these older
devices a lot of the code had to be duplicated and rewritten tose these older and more
limited APIs.

When storing the data two main approaches were considered. ciistom web service and
storing the data in S3 and MongoDB or to use SiteWhere§]. SiteWhere is a time series
database wrapper for MongoDB. It provides a Ul to browse data, a HP interface for
inserting events and an Android library. Initially SiteWhere seemed like the ideal solution.
While integrating their library it was found that it was out of date and targeted a far older
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version of Android.

As soon as this version issue was overcome another problerosarwith SiteWhere.

SiteWhere only allows measurements to be uploaded individiyaover HTTP. This makes
it extremely slow to upload a ride as it has to continually ope and close a HTTP con-
nection. For an average 25 minute ride recording accelerati data at 50Hz and location
data at 1Hz a total or 76,500 readings are recorde@5minutes 60seconds 50hz =
7500@ccelerometer_readings and 25minutes 60seconds 1hz = 1500location_ readings
totaling 75000 + 1500 = 7650tbtal _ readings.

Making 76500 request to the server for a single typical user Wwibne ride is very expensive
and not practical. It was found that a small ride took over an bur to upload while connected
to WiFi on a new Android phone. With the average user making te journeys per day and
there being 10 users, it was clear that this approach would hwork.

The CSV les containing the 76500 readings are very small beirtgpically under 3 MB
which is the only size of an average photograph. It would be egpted that this would be
uploaded almost instantly.

A di erent approach of hosting a web service on Heroku was takewhich lets les be
streamed on a single HTTP connection reducing the upload timetone or two seconds per
ride. This is a much more reasonable time.

3.5 Web Server

For the reasons discussed previously a custom web services weeated to handle uploading
of the rides.

This web server was create with Flasklfl] in Python. A URL that accepts PUT requests
was exposed that takes the form of /<phone_id>-<device_addess>/ride/<int:ride_id>.
When a le is uploaded the phone ID, MetaWear MAC address and r& ID is parsed and
the validity of these is checked.

The acceleration and location CSV les are examined to see ifélg meet the maximum
size constraint and are in the appropiate format. These lesra then read from the socket
into memory and sent to S3 where these raw les will be inde nity stored. A metadata
JSON document is created, this records the location of theek in S3, phone ID, MetaWear
MAC address, ride ID and suspension type for that ride. The metkata is pushed to a Redis
Queue, a copy of this document is stored in S3 for backup andhliggyging purposes. A 200
OK status code is returned if the this uploaded process is sigssfully.

This web server was deployed with HTTPS support to increase the seity and reduce
the possibility of participants data getting leaked, this vas enabled by Heroku.

A private GitHub repository was used to host the code for theesver, this was connect
to Heroku to allow for one click deploys.
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3.6 Storage

The storage technologies used were Redis, S3, MongoDB, CSV af®N les.

3.6.1 Redis

Redis is a fast in-memory database. Data is stored using kegtue pairs. Redis was used
to provide a queue messaging service for the system. A Pytholass was written to push
metadata documents to the end of a queue and to retrieve docenis from the start of a
gueue. This was implemented by using a list in Redis under thek of the queue name. To
put an entry on the queue, it is serialised into JSON and the RPSH command was used to
push a it to end or right hand side of a queue. To get an entry fro the queue, the BLPOP
command is used. This executes a blocking list pop from the star left of the queue. This
allows the a worker process to long poll the queue with the get thed.

Amazon's Simple Queue Service was considered for the roleaaghessaging queue. This
was not picked as it was felt that less reliance on proprietaiservices would be better, as well
as this a Redis database is needed for the integration with Sm&H meaning this queue
can piggyback of this already deployed database.

Smart-GH reads the information needed to rate roads from thRedis database. This is
stored with the road name as the key and quality of that road ashe value.

3.6.2 S3

S3is an online le storage web service o ered by Amazon. This wahosen to store to raw
les as their free tier o ers 5 GB of storage that get reset evgrmonth, i.e. every month, 5
GB of new data can be stored for free. Amazon provides libras for most languages making
it seem as though the les are locally stored.

The function of S3 for this project was to store the raw accelation and location CSV
les along with their JSON meta les. This meant that workers running on any machine
would all have access to the same data. As Amazon resets the B @&nit every month,
there was no negative drawbacks to never removing the raw daténde nitely storing the
raw readings made it very easy to safely test and develop withiothe worry of permanently
removing important information. It also meant that post processing or additional analysing
of the data could be done at any time.

3.6.3 MongoDB

MongoDB is a highly scalable document-oriented database. Thmimary reason for using
this instead of a relational database like MySQL was becausé its geospatial support.
MongoDB makes it very easy to perform geospatial queries liked all documents within X

meters of this point or inside a given polygon, with location ata being a large part of this
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project it was a crucial feature to have. The secondary reasdor using MongoDB was due
to there already being a MongoDB running on a college server.

This database served the role of storing rides metadata, reded measurements and data
derived from the raw readings.

3.6.4 CSV and JSON les

CSV and JSON les are used for storage and transfer of data thughout the project. As
discussed, CSV les are used to store the raw accelerometerddncation data both on the
smartphone, in S3 and to transfer it between them. CSV les weralso used to store the
ranking of roads.

JSON les are used to store the metadata for a ride, they are sd used in the heat
mapping process with the quality of a location being stored iIGSON les which are feed to
the JavaScript Ul.

3.7 Web Worker

Once a ride is successfully uploaded and added to the Redisqa, a worker asynchronously
pulls the ride from the queue and process it. The act of decouqd the processing of the data
to the uploading of the data means that the web server can qkiy complete the uploading
of a ride, saving time for the user. With this architecture mece workers or web services can
easily be created to deal with the required load.

The processing and analysing of the data was managed by two diest processes. The
rst is a web worker daemon that continually transforms and dads rides from the Redis
gueue into a MongoDB. This process retrieves the ride as sooniais placed into the Redis
gueue. The second is a Cron job scheduled to run every N days,stiprocess aggregates all
of the rides and produces the data for the Ul maps and road quil ratings for Smart-GH.

The web worker is a Python daemon running in a continual loop, winea ride has been
pushed to the Redis queue the daemon retrieves it, joins ldicas with acceleration mea-
surements, performs light processing and inserts it in the MgoDB database.

The location CSV data is rst loaded into memory from S3. This CSV dta is used to
initialise a path. The idea of a path is used to represent a sitggroute of location data. The
path is responsible for cleaning and smoothing the GPS data ®napping it to the road
and then reverse geocoding each coordinate to resolve a straddress. A ride is used to
represent acceleration measurements that have an assoethtocation.

3.7.1 Snapping to Road

The purpose of snapping a point to the road is to not attribute areading to the wrong
road. As well as computing and storing the snapped coordirgtthe raw GPS points are
also stored.
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The Google Snap to Roads API35 was used to achieve this. This API takes up to 100
GPS points collected along a route, returns a similar set of thg with the points snapped to
the most likely roads the user was travelling along. It was sa that the 100 readings limit
was quite restricting and did not always produce coordinatesnapped to the correct road
due to them being so close to each other. This was due to the usdocation being recorded
every second meaning 100 readings would be only 100 secoifdje user was travelling
slowly or stopped for part of those 100 seconds the APl would nd di cult to tell what
direction and on what road the user was travelling. This e ect wa particularly noticed
at cross road tra c lights when the user intended on going streght. But when they were
stationary at the side of the road it could appear that they wee taking the left turn due to
errors in GPS accuracy.

To combat this two precautions were taken. Every 5th point wasaken and fed into the
API, this would then return 100 anchor points that were 5 GPS radings apart covering at
least 500 seconds of the route. Next an overlap of at least 2@swsed when entering 100
contiguous points which means that the last 20 from each batdre used to seed the rst 20
for the next batch. This method results in every batch, excludg the rst, having at least
20 from the previous batch snapped to the correct road and 16&Mm every 5th point in the
last 80 locations totalling at least 36 points out of every kkah of 100 already being snapped
correctly. The size of the overlap was calculated as seen irsting 2. In this example a path
of 1380 locations results in an overlap of 24 points, with a fiesize of 77, this means the rst
request would contain points 0-99 and the next request wouldave points 77-176 followed
by 154-253. This pattern is continued for all 18 batches.

# e.g. num_locations = 1380
interval_size = 100 # max size of batch supported by API

min_overlap = 20 # minimum number of points to overlap
num_batches = ceil(num_locations / ( interval_size - min_overlap ))
step_size = ceil(num_locations / num_batches)

# num_batches = 18
# step_size = 77 -> overlap = 23

Listing 2: Snap to Road interval overlap

For each point in a batch the API returns the corresponding srgped point if available.
If the user is not cycling on a road or the accuracy for the read is low then that point may
get ignored and not snapped. The process of snapping data aidsreducing the number
of roads that are wrongly attributed, it also increases the atracy when reverse geocoding
location street addresses.
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3.7.2 Reverse Geocoding Locations

Having a street address to associate with an individual reaaty has a number of uses. Know-
ing the street name plays a big part in how Smart-GH routes, iallows for roads to be rated
and compared and it makes it easier to analysis and clusteragings from di erent rides.

After researching a number of di erent online reverse geocig) APIs, it was found that
Googles API o ered a large number of requests for free, it doestrrate limit and allows for
parallelising multiple requests. It was also found that usig Google for both snapping the
location data and reverse geocoding worked well together. iBhcan be seen with Googles
place_id being used across a number of products to represenunique location.

When looking up a GPS point it is checked if a snapped coordiraexists for that point,
it it does then that point is used. For a given GPS point the API réurns the top most likely
addresses along with the exact point of each address, somelwddde are vague address with
just the county or country the point is in, others are more aagrate pointing to an exact
street number. The most accurate result is taken if availabjetherwise that point does not
get an address.

Individually geocoding every point in a path is very expenge both in terms of processing
time and using up the limited requests from the free tier. Foexample a 40 minute journey
contains about 2400 GPS points, at an optimistic rate of 4 re@sts per second, it would
take at least 10 minutes just to look up each point. This would & a huge bottleneck.

Two features were added to reduce the reliance on Google aedden this bottleneck.

Before looking up a point with Google its own paths cache is cher. For each point
in a path the 50 previous locations are checked. If any of thesire within a given distance,
2 meters was chosen to ensure high accuracy, and they are aetaddress, this point takes
that address as its own. We de ne a true address as one that haedn looked up with the
API and a precise location was found. This method of checkingsipath greatly reduces the
reliance on Google and having the previous locations in mergaesult in a hit being a few
thousand times quicker than making a HTTP request. This approdcmeans that there will
only be at most one request every 2 meters, leaving a large ambof points still needing to
be looked up with Google.

The second feature added aims to further diminish the bottlestk and the reliance on
Google by checking the MongoDB in a similar way to that of cheakg the paths cache. After
a location has not been found in the paths cache and before & looked up remotely with
Googles API, it is rst checked in the local MongoDB if any otheride has ever gone within
2 meters of that point and if it was looked up with the API to make  a true address. If
one is found then that address is taken as the address of a giygint. A geospatial index is
placed on the coordinates of a measurement in the MongoDB datese, this makes it very
quick to access data within a radius of a given point. MongoDB ches the most recently
accessed data in RAM. If the working data set ts in RAM, MongoDB srves all queries
from memory. Because of this a geospatial query can be as mashten to a hundred times
quicker than looking it up online.

The power of these features is seen when a new user takes a roatete rst time and
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the majority of it is already known to the system due to other usrs taking overlapping
routes.

Only true address points are considered to remove the podgltlp of addresses creeping
along a road, where it continually takes the location of the pot before and if the user never
travels more than 2 meters per second then the full journey winl end up with just one
street address.

3.7.3 Merge Location and Acceleration Measurements

Acceleration data and location data are both indexed by timgamp, with the MetaWear
recording at 50Hz and GPS recording at a maximum of 1Hz, there going to be at least 49
measurements that have no location associated with them. @ that acceleration values
are recorded with an accuracy of a single microsecond and ltea is recorded with only a
precision of one second, it is very likely that none of thesertestamps will directly correlate.

The process of assigning a location to an acceleration measuent involved linearly
interpolating between the two nearest locations and calcting an intermediary location.
Every measurements timestamp was looked up in the path to ndhte two nearest locations,
this can be seen in Listing3.

prev_location = locations[ 0]
for location in locations:
# >= handles if measurement_timestamp equals a location tim estamp
if (measurement_timestamp >= prev_location .timestamp and
timestamp < location . timestamp):
return (prev_location, location)
prev_location = location

Listing 3: Finding to two nearest locations

If a measurement has a timestamp between two locations in thgath, then those two
locations are used. These two points are linearly interpolkad to nd the most likely position
at the time of the measurement. This is seen in Listing. The percentage a measurements
timestamp is from the rst location is calculated and then ued to calculate the distance the
measurement is from the rst location. The direction of travéis computed by taking the
bearing from the rst point to the second. The bearing and disince is used to travel that
length from the rst point in the direction towards the secord point.

A new location is then created and initialised with the destiation_point and computed
bearing. The speed and altitude of this new location is integdated in a similar manner
using the percentage from the rst location. The accuracy isssigned the worse value of the
two locations used in the interpolation. This was done as maagments will only be as good
as the least accurate measurement. If the acceleration messments timestamp was closer
to the rst location then that geocoded address is used if allable, otherwise the address of
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# how close the timestamp is to the 1st nearest location

percent_from_locl = ( (measurement_timestamp - locl . timestamp)/
(loc2 . timestamp - locl . timestamp) )

interpolated_distance = percent_from_locl * locl . distance_to(loc2)

bearing = locl . bearing_to(loc2)

d = VincentyDistance(meters = interpolated_distance)
start = Point(latitude = locl . latitude, longitude = locl . longitude)
destination_point = d. destination(point  =start, bearing =bearing)

Listing 4: Interpolating two nearest points

the second location is used, if the timestamp is closer to tlsecond location the opposite is
done. This process was done with the raw GPS values before beingmped to a road. If
it is found that the two nearest locations have snapped locans these snapped coordinates
are interpolated in a similar way to give a snapped to the roalbcation for the measurement.

To ensure two location points which are far apart are not usedimits were put in place.
These were chosen were as follows: a 5 second limit to the nelaoéshe two locations, a 20
second limit between the two nearest locations, a 50 meter mimum distance to the nearest
location and a 150 meter maximum distance between the two rreat locations. If any of
these limits were broken then that measurement would receino location.

If these limits were not used, a measurement could get a loaat with a high level of
error. For example if GPS signal was lost mid journey and found few kilometres later
this could result in the points, mid journey, receiving locaons with an error in the order
of kilometres. While omitting locations from these measuneents results in less geolocated
data, it means that any measurement having a location will becgurate. This approach
of choosing quality over quantity was taken throughout the mject. It can be seen that if
enough users adopted using this system then quantity wouldhbe an issue.

3.7.4 Separation into Sections

Measurements now consists of a 3-axis acceleration value amdbcation. The concept of
a section is used to split up parts of a ride where the cyclist sontinually cycling. This
separation can be caused by a tempory lose in GPS or connectionthe accelerometer or
due to the user stopping. Sections make it easier to procesmtiguous chunks of a rides.
This allows one to assume that readings next to each other in actien are next to each
other by location and time as well and that the user is movingtahis point.

For every measurement in a ride it is checked if they are mowgrat a cycling speed. This
was restricted to over 8 km/h. The average walking speed for aiman is about 5 km/h [43],
so anything above 8 km/h can be assumed that it is not the usemghing their bicycle.
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If the measurement has a speed greater than 8 km/h it is push&dto a section and this
is continued until a measurement where the user is not moving a cycling pace or a gap in
GPS locations is encountered. This measurement is ignored aiheé next good measurement
is used to create a new section. Sections are stored by asisignreach measurement in a
section an integer that acs as an index for the section it is aap of. A visual representation
of a ride split into sections can be seen in Figurg.7.
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Figure 3.7: Sample ride with 6 sections

3.7.5 Axial Calibration

Participants were advised to attach the device to their bicgle on the stem as seen in Figure
C.1. Sometimes they might put it on pointing left, other times panting right. They may,
out of habit of using other bike lights, attach it to the main handle bar. As well as users
attaching it to di erent locations on the bicycle, they will also attach it at slightly di erent
angles around the pole each time. All of these di erent placesnts make it impossible to
directly compare the raw acceleration data in an accurate dnfair way.

The raw acceleration data from two rides can be seen in FigudeB and Figure 3.9. These
graphs show how for di erent rides, the mean acceleration alg the axes are very di erent.
Directly comparing the readings from the Z-axes, it can be em that there is a di erence of
0.634 in the mean resulting in all the readings in the rst grph appearing to be far larger.
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Designing a Method

The initial approach taken was in uenced by the method of manal calibration used by
Biketastic in the research section. This method involved hding the bicycle still at the
start of the ride and waiting for the accelerometer to recortheasurements of the stationary
bike. These measurements were then used to rotate all furthereasurements. A process
was developed to mimic this action automatically. The apprazh taken was to scan the
acceleration data for stationary sections. These were de deo be groups of points longer
than 3 seconds where all acceleration data for the 3 axes weppmximately equal and the
magnitude of these 3 axes was approximately equal to gravitthese approximations were
with a precision of 2 decimal places. These stationary pointerided to be at tra c lights
or at the start or end of a journey. Calibrating by these pointsseemed like a good idea
but turned out to have two major aws. When a cyclist is stoppedat a tra c light they
rest the bike at an angle against their leg with the handlebaralso turned to the side at
a variable angle. The second aw came when a ride has no statiopgoints. This could
happen if recording starts during the ride and is ended bef®the cyclist stops. A sample of
this can be seen in the rst sample ride shown above. This woul@sult in the ride remaining
uncalibrated.

Figure 3.10is a zoomed in section of Figur8.9 with the exception of stationary sections
not being removed. Inspecting the yellow X-axis it can be se¢hat the two stationary points
do not align with the true mean value with there being a 0.14 di eence. It can also be seen
that including these stationary increased the overall meaalong the X-axis by 0.011. In this
sample this was caused by the bicycle pointing to the right wia the cyclist was stopped.
This realisation lead to the opposite approach being taken wiesinstead of being relied on,
the stationary points were fully omitted from the calibration process.

Uncalibrated
time (ms) vs acceleration (m/s™2)
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Figure 3.8: Uncalibrated continuous ride with no stationarypoints
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Figure 3.9: Uncalibrated ride with two station- Figure 3.10: Enlarged Figure3.9 with sta-
ary points ignored tionary points kept

After the mean vector to align is found two approaches were dged at to rotate it to
align with gravity along the Z-axis. The rst approach will be described here along with
how the error was found.

This approach used the cross product to derive the axis perpdinular to both the mean
vector and gravity. The dot product was then used to compute th angle between the
vector and the Z-axis about the derived axis. All measuremenwere then calibrated by
rotating them about the derived axis by the magnitude of the agle computed. This worked
well providing the device was rotated about just one axis. Foexample if the device was
perfectly centered on the stem about its Y-axis and the anglef the stem with the frame
rotated it 30 degrees about its X-axis, then this approach wibd work well as the derived
axis would end up being the Y-axis. This approach fails when the were rotations about
multiple axes.

For example if the device was rotated 30 degrees about bothetiX and Y axis, i.e.
the stem is at a 30 degree angle with the ground, X-axis, and thaevice is rotated 30
degrees about the stem, Y-axis. The vector for this positionano be calculated by rotating
< 0;0;1 > about the X axis by 30 degrees followed by the Y axis resulting a vector,
V =< 0:43330:5;0:75 >. Calculating the cross product betweerV and and the Z-axis
produces the derived axi/ Z = C =< 0:5;0:43330>. The angle betweerC and the
X-axis can be calculated with the dot product to ge#4(:89 , this represents the amount this
vector has been rotated about the Z-axis. This calculation cabe seen represented in Figure
3.11whereV is in black, the cross productC colored in pink and the angle between th€
and the Y-axis is in green.
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Figure 3.11: Rotating vector about derived axis

Seen in the above example, a small rotation of 30 degrees abitne X and Y axes results
in the calibrated measurement being aligned with gravity butotated 41 degrees about the
Z-axis.

The error in this approach was noticed when the placement of thdevice resulted in a
rotation about the Z-axis of over 60 degrees causing the X andtaxis to become almost
ipped where the X-axis was closer to the true Y-axis and viseersa.

Integrating Axial Calibration

To correct this, the following calibration process was desigd. The goal of this process is
to compute a matrix that will align these measurement vectorsvith the acceleration felt by
gravity which is pointing along the Z-axis, G=<0, 0, 1> and that they are orientated as
de ned in Figure 3.12

The mean value of the X, Y and Z-axis from all measurements in@®ns is computed.
These 3 averages produce a 3D vector V=<avg_x, avg_y, avg_z>.Due to the conserva-
tion of energy, the magnitude of this vector will be approximiely equal to that of grav-
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Figure 3.12: Placement of device and axis de nition

ity. It was seen in every ride that this mean vector was appramately equal to gravity

to within 3 decimal places. In the above example in Figur€.1, the mean vector was
< 0:345562864417 0:223629958118:9146692124% . The magnitude of this can be cal-
culated to be 1.00301g mA

The magnitude of the angle about the Y-axis between the vecto¥, and the YZ plane
is calculated as foIIow§ using the dot product:

angle= cos }(V:z= V:x2+ V:22)

A right-hand rule, counter-clockwise system was used to commg a rotation matrices.
To know if it should be rotated clockwise or counter-clockwisthe sign of the X component
is checked. If it is positive, the angle is multiplied by -1 aasing the rotation to be in
the clockwise direction. A rotation matrix, My, about the Y-axis with this angle is them
computed. M, is applied to the vector, V forming a new vector, Y which lies on the YZ
plane.

A similar process is now used to calculate a matrix to rotate }about the X-axis to
complete the alignment with gravity. The angle between Y and the Z-axis is calculated as
follows:

angle= cos (V:2)

The sign of the Y component of ¥ is checked. If it is positive, then the angle is multiplied
by -1. A rotation matrix, M , about the X-axis is obtained using this angle. Applying Mto
V, would result in <0, 0, 1> aligning it to gravity. The nal rotat ion matrix was computed
by performing the dot product on M, and My.

M =My, My

The Python code to perform this calibration can be seen in Listg 5.

This rotation matrix is then applied to all the measurementsn a given ride. This is done
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avg_x = sunfx) /len(x) # find the average value for each axis
avg_y = sunfy) /len(y)
avg_z = sunfz) /len (z)

V = norm([avg_X, avg_y, avg_z]) # normalise vector
angle rot y = acos( V[2] / sqrt(V[ 2] **2 + V[0]**2) )
if V[0] > O # Check if clockwise/counter-clockwise
angle_rot y *= -1.0
# rotation matrix around Y-axis
rot_matrix_y = np. array([
[cos(angle_rot_y), 0, sin(angle_rot_y)],
[0, 1, 0],
[ - sin(angle_rot_y), 0, cos(angle_rot_y)]
)
V2 = rotate(V, rot_matrix_y)

angle_rot x = acos( V2[2] )
if V2[1] > O
angle_rot x *= -1.0
# rotation matrix around X-axis
rot_matrix_x = np. array([
[1, 0 Q]
[0, cos(angle_rot_x), sin(angle_rot_x)],
[0, -sin(angle_rot x), cos(angle_rot_x)]
)
# combine two matrix
rot_matrix = np. dot(rot_matrix_x, rot_matrix_y)

Listing 5: Calculating calibration matrix

by using the dot product, calibrated measurement= rot_ matrix measurement As well
as rotating, each measurement is also zeroed, this invohssbtracting gravity, i.e. removing
1 from the value of the Z-axis. A sample of a ride after being ldarated and zeroed can be
seen in Figure3.8.

All the measurements in a ride have now been rotated about thé axis followed by the
X axis to align them with gravity. With these two rotations it can be assured that the Z
acceleration values from multiple rides are along the sameis. This is not true for horizontal
acceleration on the XY plane. Users were advised to place ttevice as seen in Figur8.12
with it pointing to the left while they are sitting on the bicycle. As people are not perfect
and sometimes forget to put it on pointing left or right or tha this position is not very
practical for their bicycle. It was found that it was not accetable to just assume they had
it on the correct way.

To combat this a nal two steps were added to the calibration ppcess. The goal of the
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Calibrated time(ms) vs acceleration(m/s”™2)
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Figure 3.13: Sample Calibrated and Zeroed ride

rst step is to nd out if the device is attached to the stem or handlebar and if it is on
the handlebar to rotate it so that it is in line with the stem. The basis of this relies on the
acceleration along the Y-axis being correlated to that of #1 Z-axis. This happens as when a
bicycle collides with a bump, it is not accelerated directly p, part of that acceleration is along
the direction the cyclist is travelling. This correlation can be seen in Figure3.14 This allows
for the discerning of the X-axis and Y-axis. The absolute vakiof 3 axes have a Gaussian Iter
applied with a standard deviation value of sigma = 120. With tle accelerometer recording
at 50Hz, 120 provides around a 2.5 second window over which theathening occurs.

It is known at this point that the Z-axis is correctly orientated, the two axes are compared
with the Z-axis. This was done by calculating the root-mean-s@re deviation (RMSD)
between the X and Z ax';s and the Y and Z axis.

RMSD_X Z= - Xy Zj)?=n

RMSD_Y Z= "I (Y, Z)?=n

RMSD _ratio = RMSD_X Z=RMSD_Y Z

A ratio is calculated by dividing the RMSD for the X-axis by thevalue for the Y-axis. If
this value is lower than 1 then the X-axis is closer to the Z-ax. To x this, each measurement
is rotated by 90 degrees about the Z-axis. Experimentally it @ found that there was a
factor of 5 or more between the two axes, with the true Y-axis lreg at least 5 times closer
to the Z-axis. If the Y-axis is closer then it is already aliged correctly. As the only places
the device can be attached are at right angles, the stem andrdiebars, it is safe to assume
that either the X or Y axis aligns with the Z-axis and not an angé between them.

The nal step attempts to nd out if the device is pointing left or right. The principle
behind this is that the acceleration in the positive Y diredbn is closer to the positive Z
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Comparison of Axes
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Figure 3.14: Comparing axes of acceleration

direction than that of the negative Y direction. This is due towhen a cyclist hits a bump
they are accelerated both backwards and up at the same time.

In a similar why to what was described before with the exceptionféhe data not having
been made smooth and not using the absolute value of the dathe RMSD of the Y and Z-
axis and the -Y and Z-axis were compared. A ratio was computeohd if it was found -Y was
closer then all measurements were rotated by 180 degreeswditbe Z-axis. Experimentally
it was found that there was a factor of 1.5-2.5 between -Y and When compared to the
Z-axis.

Finally these geolocated and fully calibrated measuremenare inserted into a MongoDB
database. As a ride could have hundreds of thousands of me&suents and individually
inserting them would be very time intensive. MongoDB provide the ability to perform
write operations in bulk. This involves building a bulk objectof all the documents required
to be inserted and sending this to the database. To further sgd up insertions, an unordered
bulk operation can be used. This can be used when the documentsry inserted do not
a ect or rely on each other. With unordered bulk operations MogoDB will execute inserts
in parallel. Consideration was used when deciding what values be indexed. Indexing elds
massively increases query speeds and without indexes on dawates geospatial queries are
not possible. Indexing elds has downfalls though. In termsfespace each geospatial index
takes up approximately 1.5% of the space used by the databadedexes can dramatically
slow down inserts as each new value being inserted has to beexeld as well this becomes
more of a problem as the size of the database grows, becausehis bnly the minimum
number of indexes were used.
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3.7.6 Error/Fails handling

Before beginning processing and inserting a ride, this welowker tries to connect to the
MongoDB database, if it fails it sleeps for a given time denateby a binary exponential
backo limited at 5 minutes. After sleeping, it will try to con nect again and this process will
be continued until a successful connection is established/hen the ride has been processed
and is being inserted, if this fails due to lost connection witthe database, the ride is pushed
back onto the queue to be tried again later. This approach wasoessary as the MongoDB
database being used was not always available online. If thigas not being done it could
result in a ride being removed from the queue and if there was @nnection error while
inserting then that ride would be lost.

3.8 Scheduled Job

A Cron process is triggered to run every N days and normally tak about an hour to run.
For the small group of participants used it was found that ewy 3 days was regular enough
for this to be executed. If the demand was there, it could havgeen run as regularly as every
few hours. Discussed below are the jobs carried out by in thisocess.

3.8.1 Acceleration Adjustment

The magnitude of the acceleration felt due to bumps on the roadhries with the speed the
cyclist is travelling. As discussed in the research sectipayclists travel at di erent speeds,
making it di cult to directly compare measurements.

This step uses supervised machine learning to nd the corréian between speed and
acceleration experienced in the X,Y and Z-axis. Every measment in the database that is
in a section is queried. To improve the speed of this query amdemory used, the returned
values are limited to just the speed and the 3 axes of acceltoa.

Linear regression is used to nd the equation of the line of Isé t for speed verses each
acceleration axis. The method used to t the line was least sques. This approach aims to
minimise the squared error between each point and the lineing t. The equation of the
line being t can be represented byspeed= m acceleration+ ¢ where m and c are the two
parameters being obtained. These two parameters are then i#d for each axis.

A target speed at 5.5 m/s or approximately 20km/h was chosensahe baseline speed.
Each measurement is now scaled to its equivalent value if it ldbeen travelling 5.5 m/s. A
scaled value is obtained by the code seen in Listirtg

After adjusting acceleration by the speed these issues weneercome. It was discovered
that this step did not need to be run very often as the adjustm#& parameters, m and c,
were seen to change very little as more data was added to thesem. If the speed of this
Cron job was becoming a concern, this step could be safely gkgol once it has been run
at least once with a large sample size. But having said that, i step is executed quickly
taking under a minute for a database of 20 million measuremtsn Another approach that
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target speed = 55 # m/s

line_y2 = nitarget_speed + c
line_y1 = nfinput_speed + c

ratio = line_y2 /line_y1
scaled_accel = input_acceleration * ratio

Listing 6: Scaling acceleration by speed

could be taken to ensure this step executes quickly would be guery the newest N million
measurements and compute the adjustment parameters for thhe Where N could be picked
based on time constraints.

Each measurement document was then updated to have an additad eld of the adjusted
acceleration. The reason why it was chosen to update each measnent in the database as
opposed to only storing the parameters and computing the adjted acceleration whenever
needed, was to make it easy to search by these adjusted aaegien values. For example
writing the adjusted acceleration to each document means tha simple query can be made
to nd all measurements with an adjusted acceleration alongie Z-axis greater than a given
value. Without storing these values all measurements woultked to be loaded into memory
on the application side and have their acceleration adjusieeach time and then compared to
the required value. Every acceleration value used after thigoint has been adjusted based
of its speed.

3.8.2 Peak detection

Peak detection is used to nd all the local maximas in a givenide. The previously described
concept of sections were used to ensure measurements nexdoh other in the database are
truly next to each other. Querying by sections o er an easy waio ensure the measurements
have been checked to be moving at cycling pace and that theyvgaan accurate location
associated with them.

All the measurements from a ride that are found to be in sectis are loaded into memory
from the database. Measurements are then separated into theections. Peak detection is
then performed for each axis on a section. A Gaussian lIter wita sigma value of 20,
correlating to about half a second, is used to smooth the semt. This value of 20 was then
used as the look ahead value when performing the peak detentithis acted as the window
size to look ahead from a peak candidate to determine if it id1¢ actual peak. A sample
section after peak detection can be seen in FiguBel5 where "+" symbols represent peaks.

A document object is created for each peak, storing the ID ohé measurement corre-
sponding this peak, the axis and value, and the geolocatiofi this peak. These were then
bulk inserted into a peak collection. A sample of this docunmé can be seen in Listingl4.

It should be noted that the value associated with a peak is nohe acceleration felt at that
point. Due to the Gaussian lter peaks are smoothened to a l@v value. The advantage of
using this value over the actual raw acceleration reading that this method treats a longer
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Peak detection for X,Y,Z axis
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Figure 3.15: Sample peak detection on X,Y and Z axis

lasting bump with a smaller acceleration as worse than a largeceleration over a very short
period. This helps to remove noise and outlying single values

3.8.3 Peak Classi cation

Peaks are assigned a category of low, medium and high, where lepresents a peak from a
smooth road and high represents a peak on a bad bump. These gatees are also represented
as category 0, 1 and 2 respectively. To decide the thresholidfst de ne these 3 categories,
it was decided that good represents the lower 50% of all peaksedium represents the next
45% and high represents the worst 5%. To compute these thresds, peaks are separated
into bins at 0.01 intervals for their peak value. This data ishien used to decide the threshold
values for the 3 categories. This was achieved by nding therbthat contained reading at the
50% point and doing the same for 95%. These two thresholds wérand to be approximately
0.225 and 0.45 and can be seen in Figuel5 With these limits the categories can be de ned
as:

0:000 Low < 0:225

0:225 Med< 0:225

0:450 High
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Figure 3.16: Sample peak detection on X,Y and Z axis

3.8.4 Clustering

The objective of this step is to nd a single numerical value taepresent every distinct part
of a road. This was necessary as in the peak collection, a givaagment of road could have
hundreds of peaks within a few meter radius. This clustering pcess uses unsupervised
machine learning to determine the number of each feature sk ed by the three categories
described previously.

Designing a Method

Di erent methods of clustering were considered and tested foge deciding mean shift was
the best t for this application. Figure 3.17shows a visual comparison of the ve clustering
methods that were compared.

K-means clustering provides a fast way to cluster data into aalready known number of
clusters. This method was not suitable as K-means is developadwork with a Cartesian
coordinate system and not geospatial. The biggest downfall Kfmeans is that the number
of clusters K needs to be known prior, while metrics like the D&s-Bouldin index can be
used to calculate K this serves to add more complexity thus égneasing the executing time.

DBSCAN was the recommend method for clustering location datay a number of online
sources. This uses a nearest neighbour approach, if a pointwghin a distance limit it is
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Figure 3.17: Comparison of di erent clustering methods

joined into a cluster. After some testing seen in Figur8.18it was clear that this approach
results in a number of features getting clustered togethento one long cluster. Looking at
the center in red numbered 92, it is evident that this is betwen at least 2 di erent features.
It was also found that this algorithm was particularly slow b execute.

Spectral clustering was not used for similar reason to thaf @BSCAN. Ward clustering
uses a hierarchical clustering technique, as seen in the gmarison diagram it is di cult to
ne tune the level at which clusters are separated. As well ashis Ward has a high time
complexity and uses a nearest neighbour metric to cluster kiag it not suitable for this
project.

The chosen technique was mean shift. Mean shift works by commg the center of two
points. All points within a radius of this center are clusterd together and the center, or
mean, is recalculated. The kernel is shifted and the processdontinued until the cluster
converges to one point. This is repeated until all points arebelled. The advantages of this
are that the maximum size of a cluster can be de ned. The benestin this can be seen in
both the comparison diagram and in Figure3.19 On comparing this with DBSCAN, it is
clear that this approach is far more practical for clusterig an unknown number of bumps
on a road. It was also found that it scales well and dealt with fge volumes of data quickly.
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Figure 3.18: DBSCAN of road section Figure 3.19: Mean Shift of road section

Clustering a road

The distinct query is used to get a unique list of all roads in th peak collection. Each of
these roads is individually clustered and the results are wien to a cluster collection in the
MongoDB database. The objective of a cluster is for its centeptrepresent a single value
for the road at that point.

This step begins by querying all the peaks from each categorym ¢the given road. An
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adapted version of the mean shift algorithm to deal with latitde and longitude is used to
cluster all the points from the category within a maximum cluger size of 10 meters. This
size was chosen to deal with GPS error which was seen to vary betwe and 15 meters. If a
value greater than 10 meters was used, it would result in tooany di erent features getting
incorrectly clustered together, anything less than 10 mete was seen to result in many single
bumps getting separated into a number of smaller ones due tdPS error.

The low category 0 is rst clustered with a threshold minimum alister size of 1 to ensure
every peak with a low category is made into a cluster. No mininmu cluster size was used
for the lowest cluster as it will be seen later that single clisr value will get overtaken by
a higher cluster and it was important that every road segmengets a value, even it is in an
area that is infrequently travelled.

This process is repeated for the middle and higher category Wwiminimum cluster sizes
of 1 and 2 respectively. The same bandwidth of 10 meters was udedall categories. These
3 steps can be seen in the start of the for loop in Listing.

for road in roads:

clustersO = cluster_road(road, min_cluster_size =1, cat =0, bwidth =10)
clustersl = cluster_road(road, min_cluster_size =2, cat =1, bwidth =10)
clusters2 = cluster_road(road, min_cluster_size =3, cat =2, bwidth =10)
clusters = merge_clusters(clustersO, clustersl, clusters2, bwidth =10

insert_clusters(clusters)

Listing 7: Clustering roads

Next the 3 clusters were merged. The merging process attemgt® nd what cluster
should be used to represent a given area. If a low category hasndreds of points for a
cluster but a medium or high cluster has very few points for aluster in that location then
it is likely that the higher cluster was caused by somethingke a mobile piece of debris or
an easily avoidable bump. In that case the smaller high clust is ignored and the lower
category is assigned to that section. This step also acts totdr out old readings. When a
large low and higher category clusters are compared the mestent N points are considered.
The chosen N for this system was 100 which correlated to about lIonth for popular routes
and with more users a higher value could be used and that wouldgvided more up to date
data.

This process was implemented by looping through each clustarcategory 2. It is checked
if this cluster representing a bad section of road should bemoved. The center of this
category 2 cluster is compared with the center of all lower ddters, 0 and 1, along that road.
If any of these lower centers are within a radius of 10 meters thfe higher cluster then the
two clusters progress to decide if the higher or lower clustshould be removed. A ratio is
computed by dividing the number of category 2 points by the nmber of the lower points in
the lower category. This ratio is then further divided by the derence in categories. This
is to help di erentiate between the cases where a road segmestdn the borderline between
two adjacent categories, 0 and 1, and it is trying to be decidewhich to pick. In this case
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there only needs to be 4 points in category 1 for every 100 integory O for that segment
to be classied as a 1. In the case where a road segment is pdtjesmooth except for a
few stray points of category 2, there would need to be at lea8tcategory 2 points for every
100 in category 0 for the category O cluster to be removed. Thisbecause it is a far bigger
claim to say a smooth road is actually very bad than it is for agod road to be classi ed as
medium. This algorithm can be seen in Listing.

higher_center = higher_cluster[ ‘center' ]
higher_cluster_cat = higher_cluster[ 'category' ]
higher_point_count len (higher_cluster[ 'points’ ])

for lower_cluster in lower_clusters:

lower_center = lower_cluster[ ‘center' ]

if distance(lower_center, higher_center) < bandwidth:
lower_point_count = len (cluster[ ‘points’ ])
ratio = higher_point_count /lower_point_count
category _dif = higher_cluster_cat - lower_cluster[ ‘category' ]
ratio /= category_dif

if ratio < 0.04:
# remove higher point

# if higher point is not removed
# remove all lower points near it

Listing 8: Comparing higher cluster with all lower clusters

If the higher point is not removed then that point is dominantand every point within
the bandwidth distance is removed. This process is repeatedngoaring category 1 with 0.

After all overlapping clusters have been removed the 3 catages can be safely combined
and inserted into the MongoDB database.

Generate Heat Map Data

The nal step in the clustering process is to generate the dat® be used by the heat mapping
library. This requires making a JSON le that takes the form ofa two dimensional array,
where the inner arrays store the latitude, longitude and vak at that point, this can be seen
in Listing 9.

All clusters are queried from the cluster collection, the lmation of the center of the cluster
is used for the point on the map. The value is the mean value of@apoint in the cluster.

This data is then written to 3 separate JSON les, one for each ¢agory. Using 3 separate
les makes it easy for the Ul to toggle the 3 categories on or dndependently.
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[53.33279273 -6.26052540, 0.6597],

[ 53.38633324, -6.26083575, 0.4717]

Listing 9: Heat Map JSON File

Clustering Snapped and Raw data

This whole process is repeated for both coordinates snappedatooad and for the raw GPS
points. Some cycle tracks do not register as roads making thenot recognised or incorrectly
merging them with a near road. This can be seen when comparing &ig 3.20and 3.21, in
this example it is clear from the raw data that the cycle trackis of good quality, while the
road is bad. Using only the snapped data the clusters from theycle track get grouped with
that of the road resulting in a false model of that area.
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Figure 3.20: Mapping Raw Cluster data  Figure 3.21: Mapping Snapped Cluster data

3.8.5 Ranking Roads

Assigning a road section a score plays a number of roles inglgroject. For integration with
Smart-GH, road ratings are read from a Redis database and tb®values are used for routing
purposes. To be able to see a table of roads with a clear scorsigised to them is a useful
tool for a cyclist to have. Road ratings were used to conduct survey where participants
were given the roads rated in the top and bottom 25 percent irhts system for their area.
This was used to see how this systems ratings compare with theltic opinion.

The quality of a road is quite a subjective measurement. Is a smoth road with a few
huge potholes better than a slightly bumpy road with no pothas?
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Rating by Mean Acceleration

One approach taken was to nd the mean acceleration felt, thimeant on a smooth road,
and potholes would play a small part in reducing the score ohat road.

A database index placed on the road name meant all measurerngefor a given road could
be quickly retrieved. Using MongoDBs distinct method, a unige list of all the road names
is extracted.

road_names= db. measurementsdistinct( 'location.address.street' )
for road_namein road_names:
measurements= db. measurementsfind({

'location.address.street' : road_name,
'section’ :{ '$exists’ : True}, # is in a section
'location.position’ { '$exists' : True}, # has been snapped

)

Listing 10: Query to get unique road name

For each road a query is made to nd all the measurements on theoad, limiting to only
return results that are in a section and that have a positiontat has been snapped to a road
to reduce the chance of incorrect attribution between roaddf the number of measurements
on that road was found to be under a threshold value, then thatbad was omitted. A value
of 50 was experimentally chosen for the minimum number of m&&ements on a road.

The mean value of the magnitude of each axis for each road isadhted and written to
a CSV le and to a Redis database. The CSV les were displayed in aTHL table for easy
viewing. Figure 3.22shows an extract of the table of the average values for each doa

Road Name X mish2 ¥ mist2 Z mis*2 Magpnitude m/s*2 speed mis samples count speed km/h mag*2

Clontarf Road 0.1032648663 0.2539612764 0.2340011229 0.3604450292 6.141341188 802099 2210882828 0.1299206181
Howth Road 0.06723372782 0.1427115671  0.1410574704 0.2188001933 5.942610478 800021 21.39339772 0.04787352461
Vemnon Avenue 01143773074 0.2450882688 0.2757679264 0.3862620576 5345665887 958958 19.25519719 0.1491983772
North Strand Road 0.09944254877 0.1770992241 0.1710632388 0.265547712 B.218971934 547758 22.38829896 0.07051558735
Amiens Street 0.1005166263  0.1848169925 (0.1797259159 0.2766989659 5.739471344 469039 20.66209684 0.07656231776
Brookwood Avenue 0.1074069751  0.1924722173 0.2288093162 0.3177035032 5.954349472 225097 21.4356581 0.1009335159
Fairview 0.09530204621 0.1866919963 0.1868797936 0.2808210097 B.069349196 195757 21.84965711  0.0788604395
Sybil Hill Road 0.117863323 0.239844697 0.2788056926 0.3861992437 6.249112058 183822 2249680341 0.1491498558
Mount Prospect Avenue 0.1339347282  0.3349305648 0.3315592796 04899474977 5.293006863 178245 19.05482471  0.2400455503
Annesley Bridge Road 0.1096613307  0.2209300422 0.2232130419 0.3326562709 5.367376908 172334 19.32327687 0.1106601946

Figure 3.22: Table of the average value for each road

The information shown here includes the average value for eaakis, the magnitude of
the 3 axes, the speed in both meters per second and kilometger hour, the number of
measurements on that road and the magnitude squared to helpmarate roads that may
appear to have similar values.
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Rating by Cluster Value

A second approach was taken to order roads by average clustatue. To achieve this all
clusters on a road were summed and the average value was cotagdu The goal of using this
method was to compute a more fair rating. If with the previous rethod, a short bad section
was popular among the participants then whole road average uld be very low. Where as
using a clustering approach meant that these popular shorestions would only be assigned
single values at the same rate as other sections. For exampd¢ a popular crossroads the
users may be on a second road for just a few meters but this adukpresent thousands of
points, these would play a large part in the average of the swwd road. If this section was
unrepresentative of the second road then it would cause theads overall score to not be its
true score. Using a clustering approach would mean this csssads would only get one or
two clusters causing only a slight change to its overall saar

This approach operated very similarly to the previous methowith a di erence in query-
ing the Clusters collection to retrieve all clusters on that@ad. Each cluster had a value
computed by calculating the mean value of each point in theuster. The number of clusters
and total number of points in each cluster were summed, thesalues are used to Iter out
any roads that have the same amount of clusters as total posit This removes roads that
only have clusters with one point. These are normally roads thdave only been ridden
once. The road was then given a score by getting the averagestir value for each cluster
on a road.

3.9 User Interface and Visualising Data

A heat map was used to visualise this data, this map can be vied as a stand along heat
map or overlaid on top of Smart-GH. A number of custom maps usy colored markers were
generated. A personalised survey was generated to compdrne tesults of this system with
the opinion of the public.

3.9.1 Heat Map

To visualise this data the Lea et heat map plugin was used.[f]. This is an open source library
that uses OpenStreetMap. Using the JSON data generated frorhé clustering process a
heat map were created and deployed to same Heroku server Igtthe uploading service.

Using JavaScript, HTML and CSS a legend depicting the color graeht was add. The
ability to toggle on and o speci c categories was also added

3.9.2 Smart-GH

GraphHopper [LZ] is an open source routing library and server using OpenSgtap written
in Java that runs on Apache Tomcat. Smart-GH is a fork of GrapHopper developed in the
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Future Cities Research Centre in Trinity College Dublin that povides routing by an arbitrary
data source.

The integration process involved locating and downloading ¢h@OSM le for the greater
Dublin area as the map provided was limited to just the city ceter. A new routing option
of "Least Bumpy" was added, a weighting class was created tmplement the weighting
interface. When GraphHopper is calculating the value of a ute, a method in this least
bumpy class is called to calculate the average surface valigeg a given road, this method
gueries the Redis database and returns the value of that roatf no road is found, a default
value is used. This default value is assigned the value of thettom 20th percentile. The
reasoning behind this is that if there is multiple routes clge to each other and one has never
been taken, then it is likely that this road has never been cled on for a reason and therefore
should only be taken if the surrounding routes are particulty bad.

Overlaying the heat map required adding the code used in theqvious section to the
Ul packaged with GraphHopper. As OpenStreetMap is also used WgraphHopper the

integration was quick to achieve.
As seen in Figure3.23and Figure 3.24these maps are easily viewable on mobile devices.
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Figure 3.23: Mobile Smart-GH Figure 3.24: Mobile HeatMap

GitHub was used to help with the integration, this allowed forthis to be worked on
independently without the worry of damaging their code. Gitiib was used for this entire
project for version control, this made the integration proess smoother.
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3.9.3 Custom Maps with Markers

Custom maps were generated using Google Maps and colored Maskefrhese maps served
the purpose of providing additional detailed information wer the clustered heat maps.

As seen in the previous maps in Figurg.18and Figure 3.18 the detail provided by these
markers allowed for a deeper understanding of the data.
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Figure 3.25: Colored Markers Denoting Direction

The use of color markers in Figur&.25meant the bearing of the point can easily be seen,
the color of the center marker with a dot denotes the categoryf the bump where categories
0,1 and 2 were represented with tan, grey and red respectivelifhe direction of individual
point can be seen by the color of the marker where green is ea&llow is west, blue is south
and north is pink.

3.9.4 Auto Generated Survey

Surveys were generated to compare the results from this sgst with the opinion of the users.
For a given users phone ID, a distinct list of all road they hadravelled on was queried. The
roads that were ranked in the top and bottom 25% were found. Feeach of these roads
the number of measurements recorded for this user was couhtéf this value was above a
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threshold, the road was appended to a list. This threshold wde ensure that user has spent
a considerable amount of time on this road. This list of roadsas then randomly shu ed
and HTML was generated for each road with its title and a link to ths road on Google Maps.
The generated HTML was then fed into SurveryMonkey using their "Ad Answers in Bulk"
tool [39]. A unique link was then generated for each user and sent todm. This survey can
be seen in Figure~.1.
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Chapter 4

Results and Evaluation

In this chapter we will evaluate this project and discuss re#ts obtained. Possible improve-
ments and changes will be investigated with their advantagesd disadvantages compared.
This evaluation will consist of:

Hardware

Did the electronic hardware and enclosure ful | the requimments
What improvements could be made?

Android Application

What worked well and what did not
Improvements gained from 3 stage reverse geocoding
Correlation between acceleration sensed and speed travelle
Rating roads using clustering and mean approach

How this system compared to participants opinion

4.1 Electronic Hardware

The objective of the hardware was to record accelerometer datransmit the data over BLE
to the user's phone and to ash an LED to display noti cations. The MetaWear achieved
all of these but had one downfall, the battery life. The MetaWeacame packaged with a 100
mAh battery, this provided approximately a week of battery ife, with regular use lowering
this. As the MetaWear was always on, even if the user did not ugkeir device for a week
or two, it would be out of battery.

This poor battery life resulted in a large amount of journeys éing wasted due to the
MetaWear not having power, this can be seen in Figuré.1
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Figure 4.1: Number of Rides with Incomplete Data

Out of a total of 618 rides recorded, it was found that 181 hachcomplete data, the
majority of these has no acceleration data. This can be partlgttributed to the battery
having no power. This could be also caused by a ride being so hbat there was not
enough time for the MetaWear to connect. The connection time \gaseen to range from a
few seconds to a one or two minutes.

The large overlap between rides with no GPS and those with no aceslmeter data
would support the idea that these were short rides or accide ones that were started and
instantly stopped without being deleted. This leaves at leasi9 rides that were lost due to
no acceleration data.

If I were to repeat this project | would have invested in a largr battery. Researching
online with the same supplier that provided the batteries fothe MetaWear showed other
batteries with a capacity 5 times as large for an extra $2f]. While the bigger battery
would mean the overall volume of the device would be increasat would only bring a 1.5mm
increase in the thickness. This increase would result in a sizlose to that of the prototype
boards which were initially used. Larger enclosures were ated for these MetaWears and
it was found that they attach to a bicycle equally well and disretely.

Even though the number of rides with missing data is large, therwas still a large volume
of rides which had good data making up for those missed.

4.2 Enclosure

The purpose of the 3D printed case was to protect the device aattach it in a xed position
on the bicycle. The devices were used in all weather condit®for the 5 month period, no
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cases broke or became damaged and neither did any of the Metafge The enclosures had
a 100% success rate serving their purpose.

4.3 Android Application

When searching for participants, a number of people could hpartake due to the phone
they had not being supported. The majority of those had Apple fpones with two having
old Android phones that did not support BLE. While this made it more di cult to get
participants, it was quickly overcome by nding di erent volunteers.

A focus group was organised to receive some qualitative feadk about the Android
application. Participants felt it was easy and intuitive to use but all of them agreed that
more could have been done to alert them when the battery levebw low or fully discharged.
In terms of letting the user know when the battery level was lowthe application displayed the
battery percentage in a small font on the bottom of the screeduring the ride. Participants
reported that they did not pay attention to this value, this was partially due to it only
being displayed a few seconds into the ride after the connext had been made, at which
point the phone was back in the user's pocket. It was reportethat the most common way
participants knew the battery had no power was to notice thatit hadn't ashed for a few
days". On inspecting the raw data it was seen that for some usethese "few days" were at
times longer than a week. It is evident that this was a large atributing factor in data seen
in Figure 4.1

Some proposed solutions to this problem were to alert the usat the beginning of a
ride if it had not connected the previous time, or to alert theuser after a number of failed
connection attempts, the application used in this project &pt trying to connect inde nitely
until stopped, or to alert the user at the end of a ride if the btery is running low. It can
be argued that if these precautions were in place from the stahere would be more data
collected.

It was also suggested that rides should be automatically updded and that there could
be a setting to turn this feature on or o meaning the user wast#l in control of their data.
This feature was considered during the course of this projebut was dismissed as it was
felt that trying to push to many updates to users would be annging and could result in
di erent participants running di erent versions of the application. It was also felt that since
this method worked well and the developing time could be moreectively used elsewhere
in the project.

The inclusion of NFC was seen to make the application easy toausspecially during the
winter when participants wore gloves which do not work for touclscreens.

Overall participants reported that they "got into a habit of using it" when cycling. This
shows how the application can be quickly become a regular part a cyclists commute.
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4.4 Reverse Geocoding E ciently

Three methods were used to look up a GPS coordinate. The use ofd@te Maps Geocoding
APl meant that a very detailed addresses were found for GPS pdin A sample of this
precision can be seen in the Listind2 where details on the building number is included.

As discussed previously relying only on this APl would be expsive in terms of both
time and money. A hybrid system was created which provided faquicker look ups and did
not rely heavily on Google.

Distribution of look ups

100 % Google
— % Path
— % MongoDB

% Lookups

&0 120 180 240 300

Ride Numbers

Figure 4.2: Comparison of Reverse Geocoding Methods

Initially all look ups were ful lled by Google and the paths @che. This quickly became
overtaken by database lookups. Figurd.2 shows the running total percentage of how loca-
tions are reverse geocoded. It can be seen in this graph how tbok ups in the path and on
Google correlate with each as only true addresses retrievedr online can be fetched from
the paths cache. Without the use of the path, there would be g@poximately twice as many
look ups online. The occasional declining spikes in the looksiful lled by the MongoDB
database were caused by either getting new participants oy lisers cycling to new locations
never visited with the system. It can also be seen that as timeogs on, these spikes become
far smaller, even new routes have the majority of their joury already recorded by a dif-
ferent user. This shows how this approach improves upon itseléarning more locations as
time goes on.

This approach of using 3 methods to look up a location meant thaut of a total of over
half a million locations reverse geocoded, only fty thousal were looked up with the online
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API with the rest being served from memory or disk.

4.5 Acceleration Adjustment

The acceleration of each measurement was adjusted to combhétproblem of measurements
recorded at di erent speeds.

A scatter plot consisting of 25 million points of speed vs Zx& acceleration can be seen
in Figure 4.3, where the blue line represents the line of best t for the Z-as.

speed (m/s)

Figure 4.3: Scatter plot of Speed vs. Z-axis

While this line appears to be almost linear, rescaling the ‘éxis of the graphs shows the
extent to which acceleration increases with speed. This can bees in Figure4.4 where
the computed lines of best t can be seen for the X, Y and Z-axim red, green and blue
respectively.

On inspecting this graph we see that at a leisurely 10 km/h (Z8 m/s), which is 2 km/h
above what we de ned cycling to be earlier, the value for Z-axiacceleration is 0.156 mfs
At a faster, but still common pace of 36 km/h (10 m/s) we see th&-axis acceleration has
approximately doubled to 0.311 m/$. This shows how there can be a dramatic di erence is
the acceleration experienced based on the speed the cydkstravelling.

The strong correlation between the Y and Z-axis can be seen Eig 4.4 where the two
lines of best t are almost identical. On inspecting the Také 4.1 it can be seen that the
parameters for the Y and Z axes are very similar.

From this graph it would appear that speed has very little, ifany, e ect on the X-axis
with an increase of only 28% from 0.089 to 0.1142 over the sampeead di erence used for the
previous calculation with the Z-axis where a 100% increase wseen. It can be argued that
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Figure 4.4: Speed vs. X,Y,Z-Axis & Corner X-axis

AXis m C
X 0.00351| 0.079046
Y 0.02173| 0.105364
Z 0.02137| 0.096995
Corner X | 0.02018| 0.064113

Table 4.1 All measurements: Parameters for accelerationljastment

this is due to cyclists slowing down when coming to a corner andaing quickly on a straight

sections. To test this hypothesis two known sharp turns werduslied. All measurements
within 7 meters of the corners were queried resulting in ovewb thousand readings. The
line of best t was computed and the results can be seen in yall in Figure 4.4 and Table

4.1 where the slope can be seen to be very similar to that of the Y anfiaxis.

A linear curve was used to t the relationship between speednd acceleration because it
was observed that previous research had scaled their accati®n values linearly. It can also
be seen in the equation for impulse imparted] = m v whereJ is the impulse imparted,
m is the mass andv is the velocity that there is a linear correlation between impulse and
velocity.

The importance of adjusting the acceleration with relation tespeed can be seen by looking
at a sample fast paced road. The "Carrickbrack Road" in Howth isteep down the side of
a hill where cyclists reach high speeds. The average speed réed for this road in this
project was 29.095 km/h, with a Z-axis acceleration of 0.185/87 placing it in position 194
out of 514, see Tabld-.2. Calculating the average acceleration before adjustmentsgted
in a value of 0.23812 m/% which would place it in position 326, dropping it 25% down the
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list.

4.6 Road Ratings

Rating the di erent roads was an important process in this prgect. The ordered roads were
used to produce a survey to give to participants, they were sd used within Smart-GH to
allow routing by the smoothest road. This survey can be seen kigure F.1 with the results
of these ratings can be seen in Table.1 and Table F.2.

4.6.1 Comparing Methods

Comparing these two techniques for scoring roads it can be sdbat the clustering approach
results in fewer roads than just calculating the mean for tharoad. The clustering method
ignores roads that are only brie y travelled on as there is ricenough measurements to form
clusters.

On evaluating these techniques it can be seen that the avenag approach without clus-
ters included some roads which were never travelled on. Thesere roads were close to a
road being travelled on but due to GPS error a few points were gistered on the incorrect
road. Using clusters improved upon this, removing incorrecoads which resulted in fewer
roads being labelled.

A di culty for both methods is roads at intersections perperdicular to the direction the
cyclist is travelling, that are never travelled on other tha at the intersection. These roads
can get a score even though there was never a real journey omitthmoad. The clustering
approach can combat this by looking at the total number of clsters verses the number of
points. For example looking at Preston Street we see 86 poirttsit only 4 clusters, due to
the low amount of clusters but high amount of points it can bewsspected that this is just a
road that a user passes through or passes close to. On insp®tit is seen that this is a side
road, perpendicular to a main road, which has never been trdied on and the values are
due to GPS error in measurements on the main road. Using onlyghroad averaging method
this fact can not be seen.

The di culty in de ning what makes a good road makes it hard to label one method as
categorically better. A big di erence in these two methods iseen when part of a road is
travelled on much more than another, averaging all points othe road weights the overall
score based on popular sections while clustering gives a mtaie score for the total road. It
can be argued that if a section is more popular then that locein deserves a higher weighting.
For this project it was reasoned that using the clustering nteod gave more accurate and
fairer results.

On comparing the best and worst rides for each method, it careltseen that they produce
similar results. This correlation is seen to grow when you onlgonsider routes with a large
point count. Looking at Figure 4.5 we see a histogram with the di erence in positions for
each road between both methods. This histogram consists o#43bads that were in common
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on both lists. It can be seen that the majority of roads are witim 15 places of each other
throughout both lists. However there is still a discrepancpetween the two lists highlighting
the di erences between the to methods.

Ranking distance between cluster and mean roads

100

Number of Roads
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Distance between Iists

Figure 4.5: Dierence between quality rankings for each roafbr each methods - bucket
width = 15

One major di erence can be seen with "Su olk Street". By the clugering method this
road is rated as the & best where as it is the ® worst by the averaging method. This
discrepancy can be linked to the number of readings on thatad. It is seen that there is
less than 37 seconds of data for this, because of this and hawfclusters are found the
clustering approach ignores outlying single bad results.ll&ad readings for that road would
be outliers as there is so few readings. One approach to combas problem would have
been to have enforced a strict minimum cluster size for all tmgories but this would have
resulted in a number of road having no values associated withgém due to the low number
of participants used.

With more participants or if this was conducted over a longetime, then the size of these
clusters would grow and increase the overall accuracy meagiwe could safely enforce a
strict threshold for cluster sizes.

4.6.2 Survey Results

Surveys were distributed to participants with the best and wist roads that they were seen to
travel on. The surveys consisted of 20 roads on average depagdn how many roads that
user went on. Participants were encouraged to only rate roadvhich they were con dent
about and to ignore any that they could not remember if they we good or bad. Participants



CHAPTER 4. RESULTS AND EVALUATION 66

were given a week to complete the survey meaning they coulddethe roads on their survey,
check on a map where they were and then pay particular attentioto them during their
commute. The results of these personalised surveys were aggited and compared to their
position within this system.

| Participant - Good | Participant - Bad
Smooth Route - Good 38 2
Smooth Route - Bad 3 24

Table 4.2: Survey Results

From this survey, 8 of the participants responded. Each pacdipant gave a response
for an average of 8 roads. The results can be seen in Tadl€ From this table a 93%
agreement can be seen between the ratings by the system andgé by the participants. It
can be argued that one of the three roads rated as good by therfi@pants but bad by the
system is actually a bad road. It was seen that two other paripants rated this road as bad
and on manual inspection it was seen that this was in fact a weipoor road. This would
bring the agreement to over 94% if that user had labelled it dsad.

4.6.3 Diculties

A di culty or aw with the process of ordering roads for routin g came from relying on road
names. There is not a "one to one" mapping from a road name to amiaular road, there
is not even a "one to many" mapping. It was seen that there is ariany to many" mapping
between road names and actual roads. This is seen with roads theve common names,
for example the road "Church Road" appears 5 times throughoyust Dublin. And with
regional roads which are made up of multiple smaller section$ other roads. An example of
this can be seen with R808 that includes parts of Vernon Avenwend Grace eld Road but all
of Brookwood Avenue and Sybil Hill Road. Reverse geocodingardinates along this path
could result in either or both names being returned. This wast@mpted to be overcome
by storing both the long name, e.g. Vernon Avenue and the shianame, e.g. R808. But at
times just the short name was returned and it was unknown whichord it was a part of.
Another issue with relying on road names comes when dealing witkicle tracks, most cycle
tracks do not have a name resulting in the measurement eithbaving no address or being
incorrectly assigned to a nearby road.

The reliance on roads was seen to have a negative e ect relatitgghow measurements
along a cycle track were snapped to the road beside the cyctadk this can be seen in the
previous shown example in Figure8.20and 3.21

It was di cult to decide on a cut o point for when roads are disregarded. It can be seen
that roads with a low point count, result in unexpected resukk. An approach could have
been taken to omit roads with a point count or ratio between paoit count and cluster count
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below a threshold. For the purposes of this report it was ches for this threshold to be low
to allow for unpopular roads to be seen for completion and exencing purposes.

4.6.4 Improvements

A di erent approach was proposed towards to end of this projeécthis was to use OSM

Node IDs 2. These are unique IDs relating to points along a route. Theseutes included

community de ned routes, like cycle tracks and paths throulg parks that do not have to have
a road name. Using OSM IDs would also mean routing could be neoaccurate as it could
calculate the best route based o just the Node IDs which are paof a given route. This

method was only discovered after implementing the approachhich relies on road names
and the associated problems were discovered. At this poiritwas too late to change the
architecture of the system. Using OSM Node IDs and OSM Routegould help to combat

the errors that arose when snapping a unknown cycle track to aad. As OSM routes are
community generated and do not rely on the route having a ste¢ name, there are a lot
more smaller paths and cycle tracks included.

4.7 Cluster

As discussed, clusters serve a number of uses in this projedfithin the eld of visualising

location data, a major problem is how to view the data in a meangful way. A big barrier

to this is the aggregation of data. Exposing a JavaScript engg to the gigabytes of map
data would not be a possible solution. Naive aggregation amgaches still leave more than
one value for a given location. This was a major problem with thieeat map library used, if
an area had more than one reading then that area's value woulee added to form a single
value. This initially resulted in popular routes appearing a far worse than rarely travelled
roads. Clustering solved this and ensured popular areas dotmyershadow all other areas.

4.8 User Interface

The user interface was developed for users to browse the dataeily and to allow them to
route by a given parameter. The interactive heat map can be wed in Appendix D. This
screenshot in FigureD.1 shows the volume of the data that was collected by just 10 cadua
cyclists. This shows how with only a few users, a large area can dmered quickly.

The results of the routing with Smart-GH can be seen in Figur®.2. Here the blue line
on the top diagram represents the quickest path taking 22 mies where as the blue line
on the bottom image represents the least bumpy route avoidynsome particularly bad areas
but taking 3 minutes longer. It can be seen in this Figure howsers can toggle di erent
categories on and o . This makes it possible to easily locate &g ¢ potholes and bad areas.
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4.9 Case Study
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Figure 4.6: Howth Road Heat Map - Category 2

The Howth Road was used to perform a case study. This road was chosas it was
observed that there were very few category 2 potholes with oparticularly big one that we

can study.
Inspecting the heat map with only category 2 clusters visiblé can be seen that there
are only 2 sections with category 2 clusters, these can be seerfFigure 4.6. The darker

feature on the right was chosen to study.

—— abs(X Axis)
— abs(Y Axis)
— abs(Z Axis)

Acceleration (g m/s”~2)

16:37:22.000000 16:37:27.000000 16:37:32.000000 16:37:37.000000 16:37:42.000000 16:37:47.000000
Time (ms)

Figure 4.7: Howth Road Acceleration Data

Looking at the calibrated data for that section of Howth Road dr a single journey, this
pothole can be clearly seen in Figurd.7. This sample was taken by querying a ride at
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Figure 4.8: Howth Road Cluster Satellite Image

random that travelled along Howth Road. All measurements onhiat ride within a 350
meter radius of the target area were queried and plotted. Itam be seen how there are no
other spikes of a similar size near, with the next largest pedkeing approximately 4 times
smaller.

Using the custom maps created, all the points that make up thecluster can be seen
along with that clusters center. This is seen in Figuré.8. Looking at this image we can
see how all the points making up that cluster are green meawgjrthey are travelling east and
are not from the other side of the road. This site was manuallynspected and a photograph
of the feature was taken, this is seen in Figurd.9. This photo is a good example of an
unavoidable pothole, due to the tra c island ahead, regulartra c and size of the hole it
is almost always unsafe to avoid it. It is not apparent from tkb photo that this pothole
uctuates massively and sharply on the smooth looking centethis deception makes it even
more dangerous.

On inspecting the location of the center of the cluster, it aabe seen that it is in the cycle
lane at the corner of the yellow box. On comparing this with thectual photograph we see
how the center of the cluster is within a few centimetres of thactual location even though
each individual point had an error placing it a few meters fnm the actual point. This shows
how when a sample size grows, so does the statical accuracy eogiwg towards the actual
location. This reinforces the notion that as the number of use grows the accuracy of the
system does too.
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Figure 4.9: Howth Road Photograph
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Chapter 5

Conclusion

When comparing this project with similar projects from the rgearch section it can be seen
how this excelled in some areas more than others. The routingutomatic calibration, road
rating, reverse geocoding and visualisation of the data pred very e ective. This project
focused on retrieving accurate clean data. It is felt that soe other projects did more in
terms of classifying features in more detail than just 3 cat@ries. This approach was taken
as a cyclist does not care if it is a pothole, sunken manholespansion joint or a bad speed
bump, the cyclist just cares about the smoothest and safesbute.

5.1 Overview

The aim of this project was to provide a cheap and crowd sensedpapach to survey the
quality of a road. It has been demonstrated that dedicated ssors can work in tandem with
with a smartphone to sense road quality and provide routing gabilities based on this data.

5.2 Contribution

This project introduces novel approaches to the problems emmtered while implementing
this system.

5.2.1 Dedicated Sensing and Smartphone Hybrid

A unique approach to the problem of crowd sensing was chosensityy cheap sensors, 3D
printed cases and a smartphone provides the best of both sgsts and can be seen to elimi-
nate many of the problems associate with similar projects thaelied solely on on device.
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5.2.2 Auto-Axial Calibration

Using the idea of sections, aligning mean acceleration withayity and correlating acceler-
ation along the positive Z and Y axis, where the positive Z-agipoints up along the line
of gravity and the positive Y-axis is in along the path of motn pointing backwards. The
advantages of this technique can be seen in the accuracy oétbalibrated measurements.
The autonomous nature of this approach means it requires nopat from the user making
it easy to use and reducing any human error associate with maaducalibration.

The use of sections would mean that if a system existed where tHevice periodically
rotates and was not always in a xed position then this systencould easily deal with that
by calibrating each section individually. This approach is at seen in any of the papers
researched and has to ability to add value to projects of a silar nature.

5.2.3 3 Step Reverse Geocoding

To combat the problem of geocoding coordinates a 3 step tedppe was developed. The
ability to check the path in RAM for a given ride and a geo-indeed database of all known
location o ers a huge advantage by reducing the reliance on &itd party and o ers expo-
nential speed increases.

5.2.4 Location Interpolation

While location interpolation is not a novel idea, the methodused in this project incorpo-
rated unique aspects. These were interpolating a snapped arav location, speed, altitude
and computing a bearing for that point. The best address fromhie two closest points to
that measurement was assigned while having a limit to ensureairacy. This interpolation
pipeline was not seen in related work with only The Pothole Patl reporting that just the

location was interpolated. It was noticed that many relatedvorks would either not mention
how location was linked to measurements or state that they @i took the previously recorded
location.

5.2.5 Acceleration Adjustment

The importance of scaling acceleration with relation to speeslas seen in this project. It can
be seen that related projects which deal with speed and acceligon often omit this relation-
ship. Without this aspect good roads where cyclist tend to tnzel quickly were punished and
slow bad roads were rewarded. This project proposed an appcbausing sections to limit
only cycling paced measurement where a linear relationshigtiveen acceleration and speed
was found through linear regression. This project proposea argument for why speed was
not seen to a ect horizontal acceleration along the X-axis bgtudying only sharp corners
and displaying how the data would suggest that there is a stng correlation between X-axis
acceleration and speed when it is limited to areas where cytdigurn.
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5.2.6 Category Based Clustering

This project used an adapted mean shift algorithm with an origial approach to cluster data
into di erent categories based of calculated peaks. This tenique allows for the increase
in accuracy in locating an individual feature, removing nay outlying readings, fading old
data out and provides the ability to easily visualise data bygiving a single value for a given
location. The fading of old data also helps with ensuring thisystem operates quickly and
e ciently.

5.2.7 Integration with Smart-GH

Integrating with Smart-GH provided a large geolocated dataet by which routing was

achieved. On inspecting related work, each project just pvales the data for the user to
view without any attempt to route using that data. The aws with relying on roads in this

project have been discussed with the suggestion that using MSNode IDs would provide

better results. Future projects attempting to route journg/s based on location data can learn
of the challenges faced with this project in the hope of imprawg theirs.

5.3 Future Work

The value of this system comes from a large amount of user's spd over di erent areas
with routes being covered multiple times. To achieve a wide gg@phical coverage with a
large user base, the best approach would be to integrate SnitodRoute with an existing
commercial smart product.

With this only requiring updated software to become integreed with the smart device, it
could be rapidly be introduced to a wide audience. These smarévices include: BeeLined]
navigation device, Haize24] navigation and noti cation device, PowerPod 6 power meter,
Lumos [16] lit up helmet, SeeSense ICONS3[l] bike light, Noke [23] U-lock and the Garmin
Edge Explore P] bike computer. These devices are just a small sample of thetgutial
devices that could integrate with Smooth Route.

Another approach to increase the user base for this projectowld be open source it.
Providing the hardware speci cations, 3D model les for the ase, the Android application
and documentation for the use of the HTTP endpoint would mean gone could build their
own and integrate it with this project. Having the HTTP endpoint documented and the
application open sourced would mean other developers coutiegrate with already existing
3D party smart devices removing the need to construct theirven hardware.

There are many uses for the data collected within this projectOne future use would be
to put more energy into classifying features. As discussetli$ was not a priority for this
project as its aim was to nd the smoothest route without worryng about what the bumps
were. A more detailed classi cation system would mean thetgi council could easily see
areas that need repair.
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Another future use for this data that has yet to be explored wald be to use the detailed
acceleration maps produced by this system to aid in geoloaag a device. Applying particle
Iters in a similar way to that described by the authors of Leaning and inferring transporta-
tion routines [15] could mean detailed geolocating in a urban environment cloube achieved
be by matching areas with an acceleration pro le similar to tht experienced by the cyclist.

This project displayed the importance of adjusting acceleti@an by speed. It was seen how
this relationship along the X-axis was dependant on the lotian of the cyclist, if they were
travelling straight or taking a sharp corner. An interestirg idea to be investigated further
would be the idea of location based adjustment where speci edtures such as corners or
speed bumps were scaled di erently.

The type of bicycle was recorded for each reading, this infoafion was never used as
all the participants had very similar road bikes. It would beinteresting to see how di erent
bikes from racers to mountain bikes experience the same polbs.

This project mainly focused on acceleration along the Y and &xis, it would be interesting
to further study X-axis acceleration, to nd particularly sharp turns or if there are areas
where users are regularly swerving.

The success and high levels of accuracy achieved in this padjerovides good foundations
for future work to be built on. The most favourable future pathwould be to integrate with
a commercial smart device, gaining a vast user base in a shpdriod of time.
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Abbreviations

BLE
Ccsv
JSON
XML
mAh
OSM
HTTP
HTML
CSSs

Bluetooth Low Energy
Comma SeparatedV alues
JavaScript Object N otation
Extensible M arkup Language
milli Ampere hour
OpenStreetM ap
HyperT ext T ransfer Protocol
HyperT ext M arkup Language
CascadingStyle Sheets



Appendix B
Android App

Figure B.1: Settings page

Figure B.2: Suspension Picker
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APPENDIX B. ANDROID APP

Figure B.3: Bluetooth Device Picker

Figure B.4: Main Screen
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Figure B.5: Ongoing Ride
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Figure B.6: Recording Ride Noti cation
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Figure B.7: Sliding Drawer

Figure B.8: Rides View
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APPENDIX B. ANDROID APP

Figure B.9: Deleted Ride, Snackbar with
undo action
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Appendix C

Hardware Photographs

Figure C.1: Device attached to bicycle stem
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APPENDIX C. HARDWARE PHOTOGRAPHS

Figure C.2: Device attached to bicycle stem

Figure C.3: USB Charging Cable connect to device
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Appendix D

User Interface

D.1 Live Heat Map

A public version of the heat map that is hosted on Heroku can b&ccessed here:
Smooth Route Heat Map - https://smoothroute.herokuapp.com
A screenshot of this can be seen in Figui@.1.

Figure D.1: Heat Map on Heroku
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D.2 Smart-GH Routing

The blue line in FigureD.2 represents the route. The heat map ranging from green to red to

represent good to bad. The top image displays routing by the $test route with the lower
image showing routing by least bumpy.

Figure D.2: Routing by least bumpy
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Appendix E
Snippets

" id" : Objectld( "66f9fc1551686f7879a2efbd" ),
"acceleration" : {

"X" : -0.226900867608054,

"y" 1 -0.0578086027912058,

"z" . -0.343113280906029,

"magnitude” : 0.41539446531226
}
"acceleration_adjusted” : {

"x" : -0.200986228738158,

"y" 1 -0.0427927046156691,

"z": -0.251091474572218

"magnitude” : 0.324458947038854,
}
“ride_id" : Objectld( "56f9fc1351686f7879a25c34"),
“timestamp” : 1SODate("2016-01-20T14:46:02.906Z" ),
"section" : 2,
"location” : {..}

Listing 11: Sample JSON Document
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"location” : {
"bearing" : 212.810745274789,
"altitude" : 72,
"speed": 9.41334,
"accuracy" : 8,
"position” : {
"type" : "Point" ,
"coordinates” : [
-6.22537113581372,
53.3691836733065

|
h
"raw_position" : {
"type" : "Point" ,
"coordinates" : [
-6.22538955827217,
53.3691907752951

]

h

"address" : {
“city" : "Dublin City" ,
"country" : "Ireland"
"street_short" : "R107",
"place_id" : "ChlIJLVAZAk40OZ0OgRAQ7IDXFx-mU"
"number": "110",
"county" : "Dublin" ,
"geocoded": true
"suburb" : "Dublin" ,
"street” : "Malahide Road",

"formatted _address" : "110 Malahide Rd, Dublin, Ireland"

Listing 12: Sample Expanded Location
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" id" : Objectld( "571ccefl51686f2f9fb9163e" ),
"device_address" : "fObl9e6cfclf"

"rotated" : O,

"phone_id" : "c8d766f0f87edal8" ,

"number" : 37,

"vehicle" : 2,
"started_at" : ISODate('2016-03-30T21:41:16.000Z" )

Listing 13: Sample ride document

"id" : Objectld( "56fe997051686f242f742223"),
“ride_id" : Objectld( "56f9ff6551686f7879b0898b" ),
"peak_measurement_id" : Objectld( "56f9ff6551686f7879b09229" ),

"value" : 0.587795943145369

"axis" o "z",
“location” : {...}

Listing 14: Sample peak document
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{
"id" : Objectld( "57312ad051686f7c62001b23},
"category" : 2,
"snap" : true,
“road_name" : "Howth Road
"center" : {

"type" : "Point" ,

"coordinates” : |
-6.218595808203,
53.3669381491447

]

i

"points” [

{

"lat" : 53.3669840699292,
“Ing" : -6.21853011549187,
"bearing” : 59.2791457779181,
"value" : 0.514858723446057,
“timestamp” : 1SODate("2016-05-09T20:54:49.000Z" )

}

{

"lat" : 53.3670453735787,
"Ing" : -6.21869520103589,
"bearing” : 59.279109172663,
"value" : 0.505388199927735
}
]
}

Listing 15: Sample cluster document
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Appendix F

Road Ratings

F.1 Ordered by Cluster Average

Best roads Cluster

# Road Name Value | Point Count Cluster Count
1 Beaumont Road 0.06169 16 14
2 George's Quay 0.11590 4 3
3 Phibsborough Road 0.12096 233 65
4 Saint Lawrence Terrace 0.13033 20 10
5 Leeson Street Bridge 0.13224 12 2
6 Su olk Street 0.13316 5 4
7 Tom Clarke Bridge 0.13525 2 1
8 Dunluce Road 0.13845 10 3
9 N3 0.13918 200 16
10 Ballsbridge Avenue 0.14161 32 8
11 Mayor Street Lower 0.14386 18 13
12 Swords Road 0.14498 22 20
13 Charlemont Road 0.14665 5 4
14 Lower Leeson Street 0.14840 2 1
15 Belgard Square West 0.14888 14 2
16 Portland Row 0.14964 14 7
17 Lombard Street West 0.15070 8 2
18 Claremont Court 0.15159 39 11
19 Hume Street 0.15172 33 14
20 The Grove 0.15200 30 3
21 Morgan Place 0.15203 185 19
22 Morehampton Road 0.15234 70 44
23 Wynnsward Drive 0.15240 8 3
24 Leeson Lane 0.15246 14 3
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

Shandon Gardens
Bells Lane
Nassau Street
Farmleigh View
Copeland Grove
Georgian Village
Clare Street
Haverty Road
Old Abbey Street
Howth Road
Saint Nessan's Terrace
McAuley Avenue
White's Road
Burgh Quay
Claremont Crescent
Poolbeg Street
Church Lane
Navan Road
Ely Place
River Road
Camden Street Lower
O'Connell Street Upper
Leeson Street Upper
Rathmines Road Lower
Green eld Road
Merrion Street Lower
Carrickbrack Road
James Larkin Road
Gardiner Street Upper
Saint Stephen's Green
Thormanby Road
Rathmichael Manor
George's Dock
Shelbourne Avenue
Rock Road

Sean Macdermott Street Upper

Wexford Street
Temple Street
Malahide Road
Pembroke Road
Copeland Avenue
Drumcondra Road Upper

0.15258
0.15310
0.15327
0.15431
0.15643
0.15689
0.15757
0.15802
0.15883
0.15909
0.15911
0.16013
0.16058
0.16145
0.16227
0.16237
0.16376
0.16382
0.16444
0.16483
0.16529
0.16536
0.16540
0.16677
0.16693
0.16717
0.16770
0.16876
0.16995
0.17182
0.17198
0.17200
0.17407
0.17428
0.17440
0.17469
0.17473
0.17506
0.17512
0.17557
0.17600
0.17654

759
16
30
51

76

28
8192
39
14
485
14

18
1986
75
855
37
39
90
554
86
35
236
210
28
161
16
36
13
104
126
27
27
14
2072
102

54

598
18
12

156
12

231
22
91
28
31
59
94
74

204
129
22
65
14
18
11
12
100
13
14
12
654
66

43

90



APPENDIX F. ROAD RATINGS

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

Grafton Street
Sars eld Road
Bessborough Avenue
Ormond Quay Lower
Donnybrook Road
Howth Terrace
Westhaven
James's Street
Harcourt Street
Wellington Road
Bailey Green Road
R138
Christ Church Square
Albert College Park
Rathgar Road
Grand Canal Bridge
Dublin Port Tunnel
Nicholas Street
Saint Lawrence Road
Shamrock Place
Bray Road
Conyngham Road
Ely Place Upper
Grosvenor Court
Saint Nessan's Close
Northumberland Road
Church Street
Harcourt Road
Bushy Park Road
Harbour Road
Ranelagh Road
Bramble eld Drive
Gardiner Street Middle
Macken Street
Mount Merrion Avenue
R137
Wellington Lane
Wolfe Tone Quay
Glengarri Parade
Crampton Avenue
Knockmaroon Hill
Inns Quay

0.17684
0.17740
0.17804
0.17976
0.17994
0.18019
0.18108
0.18148
0.18161
0.18267
0.18401
0.18495
0.18508
0.18603
0.18621
0.18739
0.18757
0.18786
0.18974
0.19079
0.19164
0.19312
0.19440
0.19462
0.19475
0.19481
0.19543
0.19705
0.19799
0.19858
0.19889
0.19964
0.20021
0.20029
0.20050
0.20085
0.20099
0.20158
0.20169
0.20170
0.20177
0.20427

154

121
76
16
15
26
26

71
42
30
31
944
12
49
63

234
202
17

34
217
18
35
18
12
106
26
28
40
171
365

157
110

78
121

34

29
55
12
13

19

27
24

17
135
10
22
20

183
113
13

14
96
10
16
16
10
62

14
25
125
88

39
34

36
30

91
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109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

Causeway Road
N11
McAuley Road
Inchicore Parade
Fenian Street
R114
Cathal Brugha Street
Seaview Avenue North
Stiles Court
Earlsfort Terrace
Holles Street
Collins Avenue West
Landen Road
Hogan Place
Townsend Street
Mount Street Lower
Summerville
Littlepace Park
Littlepace Gallops
Balglass Road
Ellis Quay
Rathfarnham Wood
Chester eld Avenue
Bachelors Walk
Beresford Place
Tallaght Road
Third Avenue
O'Connell Street Lower
Dodder View Cottages
Clanbrassil Street Lower
Canal Road
BA3thar Ghort Na nGrAjs
South Lotts Road
Fourth Avenue
Grand Canal Street Upper
Ormond Quay Upper
The Drive
Charlemont Street
Foster Place
Brookwood Grove
N81

0.20465
0.20532
0.20554
0.20563
0.20939
0.21094
0.21162
0.21195
0.21207
0.21248
0.21265
0.21274
0.21279
0.21286
0.21287
0.21335
0.21556
0.21624
0.21644
0.21696
0.21714
0.21780
0.21843
0.21883
0.22128
0.22272
0.22362
0.22417
0.22471
0.22564
0.22763
0.22863
0.22978
0.23038
0.23050
0.23073
0.23073
0.23086
0.23105
0.23174
0.23184

549
24
77

53
45
134

60

36
175

517
117
109
20
1299
34
132
26
1116
159
418
723
145
12
23
301
158
14
26
99
28
124

57

18
1568

386
14
17

12
18
21

36

26
25

94
56
15

128
14
26
19

363
38
45

185
21
10

57
31

22
20
16
31

27

11
401
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150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

Arran Quay
Custom House Quay
Kincora Grove
Merrion Road
Leeson Street Lower
R806
Merrion Square North
Clanbrassil Street Upper
New Street South
Brookwood Park
Stillorgan Road
North Road
Balkill Road
R148
Collins Avenue East
Victoria Road
Kilmainham Lane
Memorial Road
Blackheath Park
North Strand Road
Watermill Road
Dorset Street Lower
Collins Avenue Extension
Sean Macdermott Street Lower
Canon Place
Fairview
Grand Canal Street Lower
Dublin Road
Merlyn Park
Richmond Street South
Anglesea Road
R802
South Great George's Street
Ringsend Road
Eccles Street
Ballsbridge Park
Sea eld Avenue
Dolphin Road
Sars eld Quay
Belgard Road
Leinster Street South
Parnell Road

0.23191
0.23243
0.23254
0.23288
0.23321
0.23365
0.23365
0.23393
0.23478
0.23492
0.23512
0.23571
0.23650
0.23699
0.23744
0.23860
0.23871
0.23871
0.23913
0.23976
0.23999
0.24287
0.24338
0.24363
0.24375
0.24444
0.24575
0.24582
0.24582
0.24766
0.24852
0.25017
0.25022
0.25087
0.25125
0.25130
0.25199
0.25199
0.25283
0.25294
0.25305
0.25424

140

52
3373
48
220
42
244
245
10
844
19
102
50
35
216
613
133
329
4352
10
38
99
84
43
1267
16
354

158
146
163
51

22
223
54
128
41
178
26
118

41

30
327
34
17
21
41
38

538

50
16
25
45
79
22
76
156

24
52
40
10
120
12
216

25
64
18
28

31
29
77
12
32
10
72
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192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

Cookstown Road
Seville Place
Eden Quay
Marino Mart

Prince's Street South
Gardiner Street Lower
Amiens Street
Lucan Road
Cookstown Way
Ranelagh

Pelletstown Manor

Dunseverick Road
Main Street

Herbert Cottages
Pearse Street

South Circular Road
O'Hara Avenue
Westland Row

Royal Canal Way

Vernon Drive
Talbot Court
Trinity Terrace
Preston Street

Beatty's Avenue

Rathborne Avenue

Al e Byrne Road

R105
Grand Parade
Lincoln Place

The Stiles Road

Grove Road
Patrick Street
Templeogue Road
Mountjoy Square West
Martin's Row
Rathfarnham Road

Killarney Street

Westbourne Road
Tower Road

Fitzwilliam Square East
Drumcondra Road Lower
M50

0.25444
0.25547
0.25951
0.25964
0.25968
0.26057
0.26133
0.26371
0.26408
0.26597
0.26738
0.26831
0.26968
0.27040
0.27135
0.27219
0.27269
0.27299
0.27334
0.27367
0.27516
0.27586
0.27635
0.27643
0.27782
0.27882
0.27927
0.28041
0.28060
0.28079
0.28181
0.28192
0.28239
0.28242
0.28257
0.28316
0.28381
0.28435
0.28549
0.28638
0.28649
0.28655

93

146
1023
10
98
3803
43
48
56
66
149
1120
37
898
164

182
297
15
58
10
86
112

1813
201
295
145
181
644
189

2350

21
222
471

14
116
104

32
261
123

14

36
99

48
194
10
10
33
10
26
121
13
144
71

49
39

22

19

123
33
52
24
25

109
38

470

44
52

12
51
10
62
29

94



APPENDIX F. ROAD RATINGS

234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

Belgard Square East
Mount Drummond Avenue
Conquer Hill Road
North Circular Road
Talbot Memorial Bridge
East Wall Road
Belgard Square North
Dawson Street
Castleview
Thomas Street
Redmond's Hill
Snugborough Road
Harold's Cross Road
Orwell Road
Buckingham Street Upper
D'Olier Street
Belgrove Park
Rathborne Drive
Inchicore Road
Tara Street
Royal Canal Avenue
Maiden's Row
Anglesea Street
Sandwith Street Lower
Aungier Street
Irishtown Road
Saint Ignatius Road
Ratoath Estate
R111
Merrion Square South
R811
Huntstown Drive
Clonli e Road
Bridge Street
R113
Annesley Bridge Road
Roebuck Castle
Zion Road
Thornberry Square
Clontarf Road
Summer eld Rise
Lord Edward Street

0.28705
0.28963
0.29111
0.29165
0.29179
0.29191
0.29196
0.29432
0.29462
0.29470
0.29621
0.29667
0.29740
0.29742
0.29903
0.29921
0.29978
0.29983
0.30021
0.30104
0.30117
0.30209
0.30273
0.30345
0.30374
0.30425
0.30492
0.30658
0.30835
0.30900
0.30906
0.31170
0.31266
0.31345
0.31407
0.31476
0.31605
0.31696
0.31776
0.31844
0.31916
0.32130

10
10
10
45
175
2547
523
22
15
617
13
1224
2291
36

35
113
748
476

1052

99

33
812

78

165
92
79

1424
201
425

1790

14
19

12075
14
306

19
12
271
91
14

81

92
220
21

10
83
58
87
20

18
58

19

35
30
14
121
37
76
121

689

33
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276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

Magennis Place
Suir Road
Lansdowne Road
Thomas Street West
Creighton Street
Grattan Crescent
Terenure Road East
Adelaide Road
Christchurch Place
Kincora Avenue
Prospect Road
Fort eld Road
Old Navan Road
Sheepmoor Grove
Merrion Square West
Herbert Road
Fergus Road
Westmoreland Street
City Quay
Terenure Road North
Collins Avenue
Whitworth Road
Seapark Road
Parnell Street
Whitestown Park
R815
Merrion Street Upper
Castlekevin Road
Ash eld Lawn
College Green
Dame Street
Meath Street
Dollymount Avenue
Belgrove Road
Mark Street
Saint Ignatius Avenue
Sea eld Road West
Huntstown Wood
Cumberland Street South
Huntstown Way
Charlotte Way
R121

0.32168
0.32222
0.32243
0.32256
0.32441
0.32736
0.32743
0.32809
0.32814
0.32826
0.32965
0.32990
0.33124
0.33183
0.33283
0.33296
0.33546
0.33844
0.33870
0.33935
0.34277
0.34336
0.34380
0.34429
0.34623
0.34667
0.34805
0.34999
0.35134
0.35331
0.35361
0.35470
0.35518
0.35559
0.35650
0.35689
0.35841
0.35934
0.36077
0.36106
0.36423
0.36442

26
384
191

32

90
294
112
281

28

19

464
345
170
101
24
137
215
847
121
1016
327
67
837

103
244

344
442
10
387
326

219

300

489

362

12
26
27
17
12
70
27
21
10

51
33
23
23

34
52
71
65
120
76
28
83

22
45

56
65

73
34
66
64

63

41
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318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

O'Connell Bridge
Inchicore Terrace North
Fitzwilliam Lane
Hollybrook Park
Sea eld Road East
Mark's Lane
Hawkins Street
Martin Savage Park
Parkgate Street
Castle Avenue
Huntstown Green
Nutley Lane
R109
Archers Wood
Lombard Street East
Fitzwilliam Street Upper
Tritonville Road
Green eld Crescent
Castle Grove
Chapelizod Road
Saint Patrick's Villas
Albert College Avenue
Saint Laurence's Road
Thorncastle Street
Huntstown Park
Ash eld Way
Bow Lane West
College Street
East-link Toll Bridge
Green eld Park
Terenure Place
Vernon Avenue
Fitzwilliam Street Lower
Sandwith Street Upper
Bayview Avenue
Kincora Road
Luke Kelly Bridge
Fitzwilliam Place
Brookwood Avenue
Moss Street
Denzille Lane
Shaw Street

0.36592
0.36709
0.36819
0.37016
0.37038
0.37112
0.37194
0.37344
0.37450
0.37477
0.37881
0.38053
0.38065
0.38241
0.38262
0.38543
0.38644
0.38732
0.38879
0.39024
0.39593
0.40061
0.40082
0.40372
0.40743
0.40908
0.40973
0.41715
0.42653
0.42983
0.43231
0.43273
0.44231
0.44581
0.44819
0.45313
0.45333
0.45689
0.46259
0.46646
0.46785
0.47476

49
143

35
134

45
171
63
1128
81
1639
72
95
325
164
323
174
635
201
65
15
737
766
45

357
80
162
1350
70
4270
61

13
1093
179
140
1098
359

153

14
22

10
55

14
28
20
171
11
126
17
27
52
30
26
20
66
90

94
63

49
23
19
103
11
260
12

187
16
26

157
32

18
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360 Mount Prospect Avenue 0.47768 1572 192
361 Grace eld Road 0.48047 302 45
362 Cornmarket 0.48542 80 10
363 Newbridge Avenue 0.48669 510 37
364 Ardlea Road 0.48942 670 111
365 Ratoath Road 0.49776 461 65
366 Ballyboggan Road 0.50316 144 23
367 Fairview Strand 0.51601 547 51
368 High Street 0.51621 166 19
369 Sybil Hill Road 0.52934 1178 153
370 Kilmore Road 0.54660 377 77
371 Oulton Road 0.55025 269 41
372 R131 0.55405 84 17
373 Dollymount Park 0.59079 532 20
374 Castle Road 0.60068 8 2
375| Royal Canal Way, Glasnevin | 0.61363 732 52
376 Kilbarron Road 0.61692 297 61
377 R814 0.61782 16 2
378 Ballyshannon Road 0.61832 128 24
Table F.1: Order of roads by cluster
F.2 Ordered by Average
# Road Name X Y Z Speed | Point
m/s? | m/s? | m/s? | km/h Count
1 Beaumont Road 0.165 | 0.142 | 0.074 | 25.757 | 7044
2 Lawrence Grove 0.062 | 0.080 | 0.082 | 17.404 | 625
3 Ossory Road 0.065 | 0.090 | 0.083 | 24.341 | 147
4 Towerview Cottages 0.038 | 0.123 | 0.091 | 27.207 | 155
5 Leinster Street North 0.061 | 0.106 | 0.093 | 24.525 | 5603
6 Swords Road 0.135 | 0.094 | 0.094 | 25.019 | 4554
7 Dalcassian Downs 0.066 | 0.117 | 0.095 | 21.264 | 8470
8 Ashbrook 0.053 | 0.099 | 0.096 | 20.754 | 133
9 Talbot Street 0.066 | 0.097 | 0.099 | 11.763 | 100
10 Leeson Lane 0.064 | 0.126 | 0.100 | 16.730 | 1626
11 Saint John's Wood 0.076 | 0.118 | 0.101 | 8.684 531
12 Slaney Road 0.055 | 0.116 | 0.102 | 23.822 | 1223
13 Clareville Grove 0.057 | 0.130 | 0.103 | 21.627 | 80
14 Botanic Road 0.042 | 0.122 | 0.104 | 32.335 | 111
15 Hatch Street Lower 0.078 | 0.135 | 0.104 | 11.848 | 152
16 R102 0.057 | 0.115 | 0.107 | 20.431 | 19893
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17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Leeson Street Bridge
Strandville Avenue
Dunsink Lane
Deerhaven Walk
Mill Lane
Claremont Lawns
Phibsborough Road
Pace Avenue
Deerhaven Avenue
Shandon Park
Charlemont Road
Finglas Road
Saint David's Wood
N3
Shandon Gardens
Saint Attracta Road
Richmond Row
Farmleigh View
Prospect Avenue
Killester Avenue
Dunluce Road
Howth Road
Shamrock Place
Newcomen Avenue
Herbert Park
Morgan Place
Ballsbridge Avenue
Wynnsward Drive
Evora Park
Hume Street
Claremont Court
Deerhaven Park
Memorial Road
Decies Road
Claremont Crescent
Buckingham Street Lower
River Road
Clare Street
Old Abbey Street
Saint Lawrence Terrace
Sean Macdermott Street Upper
Saint Nessan's Terrace

0.105
0.094
0.059
0.050
0.065
0.058
0.068
0.095
0.049
0.068
0.083
0.050
0.071
0.061
0.062
0.056
0.104
0.060
0.049
0.065
0.091
0.080
0.090
0.077
0.084
0.058
0.057
0.067
0.094
0.070
0.055
0.067
0.094
0.082
0.062
0.045
0.065
0.082
0.090
0.114
0.085
0.092

0.145
0.112
0.116
0.126
0.121
0.123
0.126
0.140
0.139
0.130
0.131
0.136
0.112
0.131
0.133
0.128
0.167
0.107
0.152
0.113
0.131
0.125
0.124
0.112
0.128
0.137
0.120
0.153
0.134
0.143
0.137
0.156
0.147
0.118
0.140
0.164
0.150
0.144
0.142
0.190
0.124
0.152

0.107
0.109
0.109
0.110
0.110
0.110
0.111
0.111
0.112
0.114
0.116
0.117
0.120
0.120
0.121
0.122
0.122
0.122
0.124
0.125
0.125
0.126
0.127
0.127
0.128
0.128
0.129
0.129
0.130
0.131
0.131
0.132
0.132
0.132
0.132
0.132
0.134
0.135
0.137
0.137
0.138
0.138

10.405
23.466
22.053
20.670
18.861
23.705
20.014
13.603
21.886
20.738
23.166
30.541
17.646
25.363
19.979
21.009
15.216
16.095
33.192
11.034
13.170
21.103
17.060
21.880
17.352
28.780
18.972
15.054
11.780
18.942
25.146
25.160
19.398
19.024
23.067
16.768
20.347
16.196
24.459
12.018
19.220
9.824

1990
52
22130
148
32139
23095
19697
2501
179
18709
310
200
607
13672
86349
3647
250
5222
178
72
723
1110662
527
279
126
17388
3386
787
65
3731
2503
1358
43174
305
15394
61
75481
10312
1810
1947
1719
3976
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59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

Navan Road
The Grove
Carne Court
Rathmines Road Lower
White's Road
Nicholas Street
Upper Merrion Street
Ormond Quay Lower
Dorset Street Upper
Bessborough Avenue
Ely Place
Bells Lane
Merrion Street Lower
O'Connell Street Upper
Morehampton Road
Malahide Road
Third Avenue
Leeson Street Upper
Iveragh Court
Saint Stephen's Green
Ely Place Upper
Beresford Place
Causeway Road
Oriel Street Upper
Rathgar Road
Vernon Drive
Estate Cottages
Shelbourne Avenue
Sars eld Road
Seaview Avenue North
Booterstown Avenue
Deerhaven View
Merlyn Park
Wexford Street
Blunden Drive
Westhaven
Green eld Road
McAuley Avenue
Crinan Strand
Saint Philomena's Road
Shelbourne Road
Hollybrook Park

0.065
0.065
0.051
0.103
0.064
0.057
0.111
0.063
0.083
0.083
0.096
0.067
0.140
0.102
0.096
0.086
0.076
0.093
0.067
0.093
0.092
0.085
0.131
0.070
0.104
0.079
0.081
0.073
0.075
0.099
0.121
0.071
0.089
0.068
0.099
0.061
0.080
0.087
0.094
0.061
0.073
0.091

0.152
0.152
0.159
0.157
0.112
0.153
0.160
0.120
0.171
0.141
0.165
0.163
0.171
0.132
0.173
0.143
0.176
0.180
0.133
0.178
0.156
0.155
0.141
0.190
0.166
0.138
0.158
0.144
0.126
0.190
0.204
0.149
0.165
0.187
0.162
0.183
0.153
0.158
0.195
0.150
0.154
0.150

0.139
0.139
0.139
0.139
0.140
0.141
0.141
0.141
0.142
0.142
0.142
0.143
0.144
0.145
0.145
0.146
0.148
0.149
0.151
0.151
0.151
0.151
0.151
0.152
0.152
0.152
0.152
0.152
0.153
0.153
0.153
0.153
0.153
0.153
0.153
0.154
0.154
0.154
0.155
0.155
0.155
0.156

22.684
22.732
21.753
23.739
25.902
19.660
13.716
19.274
17.450
13.873
17.725
19.905
18.781
20.525
17.400
19.396
17.088
17.552
16.370
16.035
19.015
21.881
10.756
24.503
20.886
19.093
20.255
15.364
20.971
16.929
9.257

22.678
27.035
17.774
19.665
21.295
19.885
16.957
22.788
24.743
18.053
24.348

187412
2113
232
48344
36477
6443
430
12178
230
250
8599
913
2712
3134
6053
195593
18256
6614
449
12306
2536
78189
172
212
87248
3881
4895
19623
13040
15090
75
718
1501
2340
329
3086
6965
1323
180
303
12572
8126
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101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

Frankfort Cottages
Fourth Avenue
Wellington Road
Clanbrassil Street Lower
Littlepace Park
Talbot Memorial Bridge
Donnybrook Road
George's Quay
Inns Quay
James Larkin Road
Belgard Square West
Harcourt Road
Pembroke Road
Rathmichael Manor
R806
R815
Harbour Road
R802
Inchicore Parade
Landen Road
Northumberland Road
Summerville
Joshua Lane
Howth Terrace
Clanbrassil Street Upper
Victoria Road
Leeson Street Lower
North Strand Road
Albert College Park
Haverty Road
Grand Canal Bridge
New Street South
Townsend Street
R137
Bailey Green Road
Dodder View Cottages
The Drive
James's Street
R138
Christ Church Square
Ormond Quay Upper
Wolfe Tone Quay

0.054
0.067
0.094
0.068
0.086
0.102
0.097
0.103
0.077
0.095
0.065
0.107
0.097
0.101
0.071
0.079
0.091
0.105
0.093
0.072
0.109
0.104
0.075
0.103
0.081
0.107
0.109
0.094
0.058
0.078
0.138
0.071
0.087
0.068
0.091
0.083
0.078
0.059
0.095
0.084
0.076
0.101

0.129
0.172
0.147
0.177
0.176
0.167
0.185
0.152
0.133
0.157
0.177
0.171
0.186
0.220
0.176
0.160
0.171
0.174
0.139
0.133
0.193
0.178
0.165
0.191
0.192
0.197
0.197
0.169
0.168
0.125
0.214
0.189
0.151
0.194
0.182
0.173
0.192
0.133
0.189
0.206
0.146
0.159

0.156
0.157
0.157
0.157
0.157
0.157
0.158
0.158
0.159
0.159
0.159
0.159
0.160
0.160
0.160
0.160
0.160
0.161
0.161
0.162
0.163
0.163
0.163
0.164
0.164
0.164
0.165
0.165
0.165
0.165
0.166
0.166
0.167
0.167
0.167
0.167
0.167
0.167
0.169
0.169
0.169
0.171

18.803
19.110
26.593
23.021
15.284
21.759
17.838
19.423
21.847
25.347
19.230
18.959
24.049
14.587
21.157
21.527
23.332
20.353
19.384
21.867
23.305
14.477
21.235
12.001
19.945
19.146
16.685
22.209
16.056
18.911
20.525
21.914
21.073
25.189
14.660
23.900
25.722
16.083
17.394
15.223
21.591
29.227

76
14048
406
39036
3886
37477
6361
396
12183
19082
1000
4897
11409
3862
29463
1937
733
31642
14522
27403
18464
10237
102
2451
32113
23566
11516
764539
2174
447
827
27937
57226
29783
5990
4844
2651
2882
2961
4392
12383
12937
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143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

The Moorings
Littlepace Gallops
Amiens Street
Ellis Quay
Cookstown Way
Conyngham Road
Inchicore Square North
Crampton Avenue
R114
Marino Crescent
The Willows
Lindsay Grove
Priorswood Road
Bachelors Walk
Pace Road
McAuley Road
Preston Street
George's Dock
Herbert Cottages
Harbourmaster Place
Dublin Port Tunnel
Saint Fintan Terrace
Lombard Street West
Merrion Road
Deerhaven Close
Canal Road
M11
Saint Nessan's Close
Ballyfermot Road
Tara Street
Kilmainham Lane
Pearse Street
The Park
Mount Street Lower
Fairview
Chester eld Avenue
Ranelagh Road
Copeland Grove
Collins Avenue West
R148
Temple Street
R105

0.054
0.080
0.094
0.085
0.076
0.089
0.085
0.078
0.099
0.100
0.061
0.090
0.093
0.088
0.112
0.084
0.093
0.089
0.083
0.091
0.093
0.075
0.069
0.097
0.076
0.100
0.148
0.092
0.056
0.090
0.081
0.108
0.081
0.146
0.088
0.092
0.072
0.138
0.084
0.075
0.077
0.095

0.129
0.192
0.175
0.147
0.180
0.157
0.133
0.179
0.182
0.175
0.169
0.221
0.176
0.153
0.194
0.175
0.178
0.192
0.172
0.201
0.181
0.176
0.178
0.193
0.196
0.183
0.251
0.184
0.181
0.178
0.153
0.180
0.140
0.205
0.178
0.158
0.207
0.196
0.216
0.165
0.175
0.186

0.171
0.171
0.172
0.172
0.173
0.173
0.173
0.174
0.174
0.174
0.174
0.174
0.175
0.175
0.175
0.175
0.175
0.175
0.175
0.176
0.177
0.177
0.177
0.177
0.177
0.177
0.177
0.178
0.178
0.178
0.178
0.178
0.179
0.180
0.180
0.180
0.180
0.181
0.181
0.181
0.182
0.182

13.867
22.297
20.645
22.335
15.363
26.990
23.131
16.154
19.857
12.472
19.598
19.560
24.518
17.641
14.073
14.572
21.343
13.440
22.859
18.856
20.167
22.772
24.142
25.018
20.527
24.710
18.319
13.162
14.241
19.069
17.772
19.330
25.418
22.148
21.804
30.052
19.876
14.774
18.990
22.739
19.200
18.851

6705
134597
679215
11041
4464
16661
153
21948
5645
824
175
1041
356
17033
196
2057
7758
2131
5744
2731
2791
376
518
378621
285
16281
358
3288
153
84164
81087
153616
262
12517
249170
88392
9380
182
5440
4690
1625
49360
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185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226

Church Lane
Earlsfort Terrace
Burgh Quay
Saint Lawrence Road
Mount Merrion Avenue
Sandymount Avenue
Lagan Road
Arran Quay
Marino Mart
Carrickbrack Road
Richmond Street South
Macken Street
Abbey Street Lower
West Terrace
Blackheath Park
Belgard Road
Ashington Mews
Nassau Street
Thormanby Road
Saint Patrick's Terrace
Foster Place
Patrick Street
Anglesea Street
Al e Byrne Road
Tallaght Road
Cathal Brugha Street
Cookstown Road
Georgian Village
Pelletstown Manor
Gardiner Street Upper
N81
Rock Road
Main Street
Grand Parade
Inchicore Terrace South
Bramble eld Drive
Bray Road
Clinchs Court
Harcourt Street
Beatty's Avenue
N11
North Wall Quay

0.069
0.098
0.093
0.096
0.128
0.105
0.079
0.088
0.090
0.103
0.117
0.462
0.109
0.098
0.088
0.073
0.070
0.118
0.097
0.088
0.078
0.081
0.093
0.100
0.080
0.111
0.071
0.073
0.067
0.101
0.078
0.127
0.081
0.108
0.079
0.087
0.103
0.103
0.115
0.098
0.118
0.099

0.150
0.197
0.167
0.203
0.234
0.194
0.216
0.151
0.184
0.198
0.209
0.197
0.191
0.158
0.201
0.202
0.217
0.240
0.195
0.135
0.217
0.221
0.219
0.200
0.232
0.165
0.245
0.161
0.211
0.176
0.246
0.257
0.220
0.199
0.169
0.225
0.224
0.171
0.243
0.204
0.242
0.234

0.182
0.183
0.183
0.183
0.184
0.184
0.185
0.185
0.185
0.185
0.186
0.187
0.187
0.187
0.187
0.187
0.188
0.188
0.189
0.189
0.190
0.190
0.190
0.191
0.191
0.193
0.193
0.194
0.195
0.195
0.196
0.197
0.197
0.198
0.198
0.198
0.199
0.199
0.199
0.199
0.200
0.200

13.849
20.073
20.539
16.869
16.349
23.862
17.859
26.611
19.248
29.095
17.467
18.467
21.785
23.609
23.059
20.357
15.447
18.525
15.250
22.808
15.823
21.753
17.471
23.921
24.496
17.918
20.056
17.038
21.879
20.027
24.335
23.081
21.806
24.973
19.877
19.396
22.498
25.549
15.752
22.603
20.473
10.594

1386
10498
2413
369
15383
816
4997
13570
215260
27535
14594
3025
264
168
32932
16847
220
2103
1795
78
999
25316
724
225599
67763
4080
9153
585
10108
5307
136635
12908
150770
28975
713
3491
26885
301
3546
14664
57089
409
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227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267

Eden Quay
Church Street
Grosvenor Court
Fort eld Road
South Lotts Road
Fitzwilliam Square East
Annesley Bridge Road

Sean Macdermott Street Lower|

Sheri Street Lower
Lincoln Place
Laurence Brook
Camden Street Lower
Sars eld Quay
Trinity Terrace
Wyattville Road
Merrion Square North
Royal Canal Way
Eccles Street
Maiden's Row
Balglass Road
Wellington Lane
Belgard Square North
Grove Road
Westbourne Road
Drumcondra Road Lower
Ballsbridge Park
Rathfarnham Road
Leinster Street South
BAsthar Ghort Na nGrAjs
Canon Place
East Wall Road
Kilgobbet Grove
Charlemont Street
Irishtown Road
Mount Drummond Avenue
Talbot Court
Prince's Street South
The Stiles Road
Templeogue Road
Bass Place
Westland Row

0.085
0.142
0.108
0.088
0.121
0.114
0.100
0.127
0.108
0.102
0.058
0.074
0.116
0.088
0.096
0.241
0.075
0.127
0.064
0.121
0.091
0.077
0.100
0.094
0.093
0.085
0.106
0.107
0.130
0.085
0.105
0.107
0.078
0.109
0.101
0.085
0.078
0.100
0.079
0.116
0.110

0.205
0.256
0.196
0.252
0.247
0.219
0.201
0.177
0.184
0.222
0.154
0.223
0.184
0.226
0.227
0.240
0.223
0.266
0.163
0.237
0.263
0.246
0.224
0.220
0.226
0.203
0.218
0.228
0.169
0.193
0.228
0.238
0.252
0.232
0.241
0.237
0.194
0.210
0.256
0.219
0.243

0.200
0.201
0.201
0.202
0.202
0.202
0.202
0.202
0.203
0.203
0.203
0.204
0.204
0.204
0.206
0.206
0.206
0.207
0.209
0.209
0.209
0.209
0.210
0.210
0.210
0.211
0.211
0.212
0.212
0.214
0.214
0.215
0.215
0.215
0.215
0.216
0.216
0.216
0.216
0.216
0.216

20.544
13.599
16.472
18.948
15.667
27.341
19.118
20.354
21.035
17.553
14.401
20.133
27.426
20.070
21.311
17.077
20.195
11.758
15.689
10.410
26.495
21.212
24.320
13.757
19.348
15.785
19.646
16.066
17.591
16.434
24,771
23.140
18.942
24.908
25.585
22.716
13.738
16.424
22.867
21.108
14.891

24891
2359
433
783
3774
5393
300153
7070
204
16136
9175
4285
3958
1008
410
4317
43332
2042
20153
2834
1305
55384
65255
15101
47088
29045
57940
2576
1288
3198
284158
52
5476
93024
1370
16600
1642
19508
237823
273
25211
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268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

South Great George's Street
Collins Avenue Extension
Harold's Cross Road
Fownes Street Upper
Prospect Road
Brookwood Park
Exchange Place
Grand Canal Street Upper
Brookwood Avenue
Balkill Road
Royal Canal Avenue
Stillorgan Road
Knockmaroon Hill
Martin's Row
Gardiner Street Middle
Whitestown Park
Clontarf Road
Lucan Road
Court View
Sea eld Avenue
Cope Street
Clonli e Road
City Quay
Camden Street Upper
North Road
Brookwood Glen
R132
R811
Mayor Street Lower
Trim Road
Watermill Road
Merrion Square South
Bayview Avenue
Sheepmoor Grove
Whitworth Road
Belgrove Park
Bramble eld Court
BA3thar Mhuirfean
Bridge Street
Dublin Road
Killarney Street

0.093
0.075
0.098
0.090
0.099
0.090
0.134
0.423
0.103
0.106
0.083
0.119
0.085
0.065
0.117
0.090
0.100
0.085
0.068
0.090
0.088
0.083
0.115
0.095
0.099
0.058
0.120
0.119
0.138
0.159
0.098
0.120
0.109
0.096
0.089
0.073
0.084
0.234
0.123
0.113
0.162

0.270
0.240
0.239
0.186
0.260
0.174
0.296
0.263
0.187
0.227
0.249
0.259
0.248
0.171
0.210
0.249
0.242
0.165
0.261
0.203
0.195
0.257
0.233
0.245
0.181
0.219
0.185
0.251
0.353
0.256
0.167
0.259
0.224
0.266
0.255
0.181
0.261
0.343
0.245
0.233
0.255

0.217
0.217
0.217
0.218
0.219
0.219
0.219
0.219
0.220
0.220
0.222
0.222
0.222
0.222
0.223
0.223
0.224
0.224
0.225
0.225
0.225
0.225
0.225
0.226
0.226
0.227
0.228
0.228
0.228
0.229
0.229
0.229
0.230
0.230
0.230
0.231
0.232
0.232
0.232
0.232
0.233

16.715
15.103
24.409
20.790
15.918
22.399
13.552
14.271
21.367
11.505
20.061
20.559
13.231
15.545
16.876
21.723
22.827
18.186
25.851
21.177
21.268
22.285
22.418
22.707
18.585
18.432
22.370
19.748
11.439
20.038
20.663
21.189
25.220
21.398
21.111
12.822
21.854
19.402
19.488
23.934
14.608

105

6353
10063
270595
267
3422
1420
76
3333
249594
15249
136154
100795
8591
23748
3704
90146
1729772
7023
180
5249
68
171421
31540
1000
2127
100
512
10996
1880
14794
1758
21647
5892
44947
152008
8235
1146
51
24004
34863
678
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309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

Dunseverick Road
Lord Edward Street
Stiles Court
Christchurch Place
Huntstown Wood
Rathborne Drive
Shaw Street
Kincora Road
Lombard Street East
Merrion Square West
Belgard Square East
Inchicore Square East
Kincora Drive
O'Connell Street Lower
Eustace Street
Castlekevin Road
Grattan Crescent
Dolphin Road
Roebuck Castle
M50
Snugborough Road
Dame Street
O'Hara Avenue
Inchicore Road
Drumcondra Road Upper
Kincora Grove
R121
Mountjoy Square West
Portland Row
Thomas Street
Buckingham Street Upper
Adelaide Road
Copeland Avenue
Rathborne Close
Castleview
Parnell Road
Brookwood Grove
Gardiner Street Lower
Castle Avenue
Collins Avenue East
Huntstown Green
Lansdowne Road

0.101
0.104
0.118
0.097
0.090
0.077
0.111
0.120
0.107
0.105
0.082
0.088
0.081
0.114
0.074
0.106
0.101
0.120
0.119
0.093
0.090
0.095
0.117
0.094
0.125
0.097
0.100
0.104
0.107
0.105
0.134
0.118
0.103
0.077
0.067
0.130
0.113
0.108
0.113
0.088
0.102
0.095

0.213
0.238
0.249
0.234
0.268
0.259
0.242
0.229
0.225
0.244
0.306
0.178
0.202
0.219
0.173
0.188
0.197
0.241
0.223
0.282
0.284
0.240
0.229
0.203
0.196
0.261
0.276
0.219
0.217
0.206
0.232
0.264
0.232
0.273
0.214
0.263
0.247
0.264
0.250
0.300
0.269
0.233

0.233
0.233
0.233
0.233
0.233
0.233
0.234
0.235
0.235
0.235
0.235
0.235
0.236
0.236
0.237
0.237
0.238
0.238
0.238
0.238
0.239
0.240
0.240
0.240
0.242
0.242
0.242
0.243
0.243
0.244
0.244
0.244
0.246
0.246
0.246
0.246
0.247
0.247
0.248
0.248
0.248
0.248

16.726
19.992
17.574
17.965
19.215
21.872
16.534
19.915
18.543
19.777
20.776
23.769
17.922
17.432
17.553
19.569
18.507
25.516
12.441
24.286
21.176
19.930
28.535
21.032
18.640
19.312
22.225
17.615
18.513
23.370
15.065
19.342
14.742
22.479
15.201
28.024
17.507
21.210
17.631
19.857
17.237
14.051

13839
36639
846
31531
47258
9950
36514
161151
50636
19992
719
428
75
2555
108
26972
10820
13911
2678
11155
123722
61896
667
71642
8664
5653
44411
2508
1733
55387
870
10631
73
1075
1032
15493
2548
13290
165224
8581
11959
42226
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351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

Parkgate Street
Parc Na Silla Rise

Sandwith Street Lower
Inchicore Terrace North

R808
Moss Street
Yellow Road
East-link Toll Bridge
South Circular Road
Ranelagh
Rathborne Avenue
Westmoreland Street
Phelan Avenue
Fenian Street
College Green
Parnell Street
Terenure Road East
Terenure Road North
Anglesea Road
Old Navan Road
North Circular Road
Belgrove Road
Castle Grove
R113
Merrion Street Upper
Thomas Street West
Huntstown Drive
Newtown Road
Seapark Road
Vernon Avenue
Fergus Road
Empress Place
Herbert Road
Bramble eld View
Collins Avenue
Petty Lane
Rathfarnham Wood
Dorset Street Lower
Nutley Lane
Kilmore Road
Mark Street
College Street

0.100
0.143
0.141
0.101
0.125
0.108
0.107
0.130
0.122
0.092
0.088
0.102
0.109
0.124
0.101
0.118
0.121
0.103
0.118
0.096
0.103
0.108
0.100
0.084
0.115
0.101
0.080
0.110
0.133
0.108
0.110
0.131
0.106
0.109
0.103
0.108
0.075
0.105
0.122
0.119
0.128
0.103

0.205
0.348
0.238
0.208
0.274
0.241
0.177
0.270
0.260
0.286
0.274
0.282
0.275
0.256
0.246
0.252
0.257
0.279
0.278
0.296
0.277
0.236
0.228
0.263
0.263
0.220
0.251
0.250
0.294
0.234
0.244
0.224
0.252
0.323
0.292
0.250
0.222
0.238
0.278
0.212
0.308
0.249

0.249
0.249
0.250
0.250
0.250
0.251
0.251
0.251
0.251
0.252
0.252
0.252
0.253
0.253
0.253
0.253
0.253
0.254
0.254
0.254
0.255
0.255
0.255
0.257
0.257
0.258
0.258
0.258
0.258
0.258
0.259
0.260
0.260
0.261
0.261
0.262
0.262
0.262
0.262
0.262
0.263
0.263

25.394
18.076
15.089
24.385
20.236
20.885
23.290
23.716
18.490
18.585
19.670
17.257
21.465
20.436
18.321
15.538
20.443
24.655
26.961
20.583
21.455
16.979
18.500
20.924
17.252
23.083
19.605
15.679
20.371
19.174
21.865
21.862
13.866
22.034
19.101
17.467
14.557
17.633
23.034
21.413
13.686
16.394

5704
52
4423
22829
308
71118
360
29778
18828
8215
4099
15064
152
2239
52994
8243
28702
85772
13889
55780
6442
40286
118673
35058
11971
20609
10222
1002
32006
733715
1241
133
14414
427
19099
643
5459
5215
196480
60725
2254
21496
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393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434

Grand Canal Street Lower
Ratoath Estate
Martin Savage Park
Sea eld Road West
Bushy Park Road
Ardlea Road
Hogan Place
Ringsend Road
Tower Road
Tritonville Road
Sybil Hill Road
Temple Lane North
Hardwicke Place
Arranmore Avenue
Orwell Road
Exchange Street Upper
Albert College Avenue
Bow Lane West
Cambridge Park
Nerney's Court
Knock Riada
Vernon Court
Dollymount Avenue
O'Connell Bridge
Creighton Street
Redmond's Hill
Grace eld Road
R827
Thorncastle Street
Saint Patrick's Villas
Fitzwilliam Street Upper
Oulton Road
Mark's Lane
Fleet Street
Talbot Downs
R111
Suir Road
R109
Huntstown Park
Saint Ignatius Avenue
Sheri Street Upper
Archers Wood

0.300
0.093
0.099
0.115
0.131
0.107
0.133
0.154
0.089
0.127
0.115
0.107
0.099
0.135
0.123
0.142
0.075
0.091
0.135
0.108
0.071
0.114
0.136
0.108
0.125
0.109
0.109
0.101
0.121
0.128
0.121
0.143
0.145
0.095
0.107
0.143
0.115
0.109
0.110
0.117
0.145
0.124

0.273
0.308
0.296
0.274
0.280
0.205
0.281
0.343
0.211
0.289
0.241
0.283
0.273
0.306
0.296
0.239
0.302
0.215
0.356
0.258
0.219
0.276
0.319
0.295
0.279
0.347
0.226
0.331
0.289
0.278
0.288
0.296
0.273
0.258
0.365
0.309
0.276
0.233
0.324
0.343
0.320
0.317

0.264
0.264
0.267
0.269
0.270
0.271
0.272
0.273
0.273
0.274
0.274
0.274
0.274
0.274
0.275
0.276
0.276
0.276
0.276
0.276
0.278
0.278
0.279
0.281
0.281
0.281
0.281
0.284
0.284
0.286
0.287
0.288
0.288
0.289
0.290
0.290
0.291
0.291
0.291
0.291
0.293
0.293

21.206
20.370
17.391
23.930
29.331
21.233
18.600
21.428
17.215
22.791
22.356
19.346
17.299
10.995
20.852
18.314
12.917
22.694
24.596
17.968
15.532
24.904
17.560
18.185
20.621
20.873
19.863
20.883
21.845
22.294
20.669
18.874
11.677
16.965
20.364
24.891
24.565
24.724
18.354
15.316
29.455
22.667

3210
21987
36423
20542
4218
107283
1330
3208
12528
40285
208821
487
225
449
4085
138
1871
37667
153
75
680
456
33829
6325
4098
1588
48366
102
84705
10726
17679
47512
344
1146
485
1568
4224
7017
3617
488
671
15336
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435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476

Fitzwilliam Lane
Saint Laurence's Road
Meath Street
Huntstown Way
Hill Street
Nutley Park
Dawson Street
Saint Ignatius Road
Kincora Avenue
Zion Road
Thornberry Square
Ballyshannon Road
Summer eld Rise
Wellington Quay
D'Olier Street
Glengarri Parade
Poolbeg Street
R803
Sandwith Street Upper
Magennis Place
Saint Andrew's Street
Ballyboggan Road
Sea eld Road East
Green eld Park
Aungier Street
Fitzwilliam Street Lower
Park Lane East
Terenure Place
Luke Kelly Bridge
Knockmaroon Road
Kilbarron Road
Nottingham Street
Mount Prospect Avenue
Fitzwilliam Street
Green eld Crescent
Fitzwilliam Place
Newbridge Avenue
Dean Street
Rathborne Way
Pinewood Court
Hawkins Street
Carnlough Road

0.121
0.098
0.139
0.102
0.108
0.115
0.131
0.088
0.124
0.134
0.104
0.139
0.085
0.131
0.106
0.110
0.115
0.113
0.123
0.127
0.099
0.094
0.130
0.126
0.101
0.123
0.083
0.105
0.125
0.121
0.134
0.118
0.128
0.142
0.129
0.149
0.139
0.130
0.097
0.118
0.115
0.101

0.288
0.225
0.240
0.312
0.297
0.304
0.323
0.330
0.310
0.308
0.349
0.265
0.347
0.339
0.266
0.338
0.310
0.222
0.305
0.261
0.376
0.363
0.308
0.321
0.362
0.309
0.175
0.345
0.364
0.202
0.256
0.336
0.317
0.321
0.353
0.337
0.345
0.405
0.355
0.380
0.291
0.408

0.293
0.293
0.294
0.294
0.294
0.294
0.295
0.295
0.296
0.296
0.296
0.296
0.299
0.299
0.301
0.301
0.304
0.307
0.307
0.308
0.308
0.308
0.308
0.309
0.310
0.310
0.310
0.311
0.311
0.316
0.317
0.318
0.319
0.323
0.324
0.324
0.326
0.327
0.328
0.328
0.329
0.330

24.983
23.749
22.392
20.947
22.921
30.298
17.479
20.662
17.043
21.588
20.993
19.865
19.773
24.957
18.094
22.852
18.215
14.093
18.511
15.628
13.041
18.571
21.676
18.857
18.835
21.349
21.525
18.435
16.925
12.353
21.896
24.691
18.768
22.564
25.443
25.762
21.847
17.349
20.605
18.709
16.644
22.629

462
74596
655
59625
2176
103
3630
2422
2962
3688
8479
21694
504
53
417
1678
1035
262
1790
1577
803
22920
17884
161391
5718
6499
94
8442
21178
82
39397
76
227396
641
16795
14133
62041
402
567
1668
9043
941
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477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

R131
Bow Lane East
Fairview Strand
Conquer Hill Road
Castle Road
Charlotte Way
Ratoath Road
York Street
Cumberland Street South
Castleside Drive
Holles Street
Ash eld Court
Broombridge Road
Chapelizod Road
Saint Gabriel's Road
Trinity Street
Alexandra Road
Ash eld Way
York Road
Barrow Road
Bannow Road
Lee Road
High Street
Cornmarket
Seville Place
R814
Coburg Place
Dollymount Park
R817
Saint Brendan's Avenue
Con Colbert Road
Winetavern Street
Denzille Lane
Ash eld Lawn
Boyne Street
Bow Bridge
Rathdown Drive
Royal Canal Way, Glasnevin
Back Lane
Pembroke Cottages
Su olk Street

0.138
0.101
0.113
0.139
0.147
0.136
0.108
0.097
0.120
0.080
0.122
0.154
0.127
0.119
0.136
0.122
0.153
0.122
0.151
0.136
0.112
0.117
0.148
0.141
0.104
0.188
0.096
0.150
0.152
0.158
0.152
0.148
0.140
0.111
0.161
0.147
0.133
0.128
0.150
0.229
0.197

0.339
0.428
0.366
0.279
0.389
0.457
0.399
0.484
0.329
0.291
0.369
0.391
0.416
0.300
0.414
0.429
0.434
0.412
0.372
0.454
0.435
0.436
0.351
0.330
0.324
0.448
0.306
0.410
0.490
0.468
0.394
0.474
0.409
0.514
0.354
0.376
0.744
0.582
0.381
0.523
0.704

0.331
0.333
0.333
0.334
0.336
0.337
0.338
0.338
0.347
0.351
0.352
0.359
0.359
0.361
0.362
0.373
0.375
0.378
0.381
0.386
0.390
0.392
0.396
0.403
0.403
0.412
0.414
0.428
0.436
0.438
0.444
0.445
0.450
0.463
0.470
0.473
0.483
0.490
0.500
0.523
1.147

20.939
20.257
18.288
24.162
16.803
16.049
19.135
17.390
18.457
15.342
24.856
21.212
18.498
27.054
22.130
15.305
21.632
19.986
15.301
18.163
20.341
17.643
27.451
26.761
20.045
20.763
23.337
15.707
18.227
19.128
23.686
18.540
19.367
22.613
20.705
22.957
15.751
19.121
26.105
12.022
11.726

14296
255
72251
2359
957
1660
75219
127
2998
501
1287
232
336
29920
1385
949
842
2345
17183
62
16344
34840
13998
5431
717
1550
103
50440
253
51

52
151
1754
270
111
5016
102
68254
503
185
1889
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| 518 Wicklow Street | 0.500 | 0.905 | 2.019 | 9.225 | 540 |
Table F.2: Order of roads by mean Z-axis acceleration

F.3 Road Rating Survey
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Figure F.1: Participants Road Rating Survey
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Appendix G

Ethics

Figure G.1: Information sheet given to participants
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Figure G.2: Consent form signed by participants
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Figure G.3: Con rmation of ethical approval
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