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Platform for Trajectory Reconstruction Using Sparsely Sampled GPS Data
Abstract:

As the devices having GPS receivers are becoming more common, collecting and analysing
GPS data is increasing as well. The analysed data can be used to give the user information
about travelled trajectories.

Finding the exact travelled real trajectory can be difficult to achieve as the GPS signals may be
sparse or missing in some areas. Using the shortest possible path between the start and
destination does not always lead to a correct result. One way to improve the accuracy of
determining the correct trajectory is to consider the travel time of the user as well.

The aim of this thesis is to propose a platform for trajectory reconstruction using sparsely
sampled GPS data. Additionally, it aims to propose a method that uses the temporal aspect of
GPS data for trajectory reconstruction.

As a result of this thesis work a platform for trajectory reconstruction is created and the method
for trajectory reconstruction is proposed. The platform enables to reconstruct the real trajectory
travelled by the user. Instead of using only shortest path search the decision making algorithm
uses the real travel time of the user to find more probable trajectory travelled by the user.

The provided platform enables to analyse and visualise GPS data and reconstruct the trajectory
more accurately than it would have been performed without including the temporal aspect of
GPS data.

Using more accurate method to reconstruct trajectories using GPS data makes finding the real
trajectory more precise. Hence, the quality of the information given to the user improves.
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Platvorm trajektoori rekonstrueerimiseks hajusalt esitatud GPS-andmeid
kasutades

Lihikokkuvote:

GPS vastuvdtjat sisaldavate seadmete populariseerumisega kaasneb ka GPS-andmete
kogumise ja analutsimise suurenemine. Analtlsitud andmeid saab kasutada kasutajale labitud
teekonna kohta informatsiooni andmiseks.

Léabitud teekonna tépne leidmine voib osutuda keerukaks, sest GPS-signaalid voivad mdnes
piirkonnas olla hajusad v6i puudulikud. Algus- ja I6pp-punkti vahel kdige luhema voimaliku
teekonna kasutamine ei vii alati Gige tulemuseni. Uks viis parandada Gige teekonna leimise
tapsust on arvesse votta ka kasutaja poolt teekonna labimiseks kulunud aega.

Selle bakalauruset66 eesmark on valja pakkuda platvorm teekonna rekonstrueerimiseks
kasutades hajusalt esitatud GPS-andmeid. Lisaks pakutakse valja meetod, mis kasutab
trajektoori rekonstrueerimisel GPS-andmete ajalist aspekti.

Selle bakalaureusetdd tulemusena luuakse platvorm teekonna rekonstrueerimiseks ja pakutakse
vélja meetod teekonna rekonstrueerimiseks. Platvorm vdimaldab rekonstrueerida kasutaja
poolt l1abitud teekonna. Selle asemel, et kasutada ainult lihima tee otsimist, vGtab otsust tegev
algoritm arvesse ka kasutaja poolt teekonna labimiseks kulunud aega, et leida tdendolisem tee.

Platvorm vdimaldab analtilsida ja visualiseerida GPS-andmeid ja rekonstrueerida trajektoor
tdpsemini kui ainutiksi kdige lihema vdimaliku teekonna kasutamisel ajalist aspekti arvesse
vOtmata.

Tapsema meetodi kasutamine tee rekonstrueerimisel kasutades GPS-admeid muudab 6ige
trajektoori leidmise tépsemaks. Téanu sellele paraneb kasutajale antava informatsiooni
kvaliteet.

Vodtmesonad:
GPS-andmed, trajektoori rekonstruktsioon
CERCS: P 170
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1. Introduction

1.1 General view

With the ever increasing digitalisation of everyday life also road maps are being digitalised and
provided with additional data concerning the roads. Besides, the start and destination points of
the roads as well as data like the speed limit on the road excist in the data set of the digital map.
Next to it the freely accessible Global Positioning System (GPS) [1] is being more and more
frequently included to the devices that people use in their everyday life. The increase of the
production of these kind of devices together with their incremental usage creates a possibility
to gather and a massive amount of GPS data. One of the ways to illustrate the use of this data
is by creating a digital map on the top of web application such as OpenStreetMap (OSM) [2].
OSM is an open source project that is built by a community of mappers around the world. The
contributors add data about roads, buildings, sightseeings and other objects of interest. The
collected GPS data can be used to analyse the traffic on the roads and to improve the existing
data. As the GPS receiver works instantly, it is possible to give its user real-time information
using GPS data. The GPS receiver positions its user in two-dimensional space, enabling
coordinates returned from one of the GPS satellites. The consequent signals gathered by the
device, can be used to reconstruct the trajectory travelled by the user. The knowledge about the
movement of the user holding a device that has a GPS receiver can be used to improve the
trueness of the information given to the user. For instance, if the data is used to match the GPS
readings to a digital map, it is important to specify the correct trajectory to give the user
accurate information about its movement on the map. This can in some cases be difficult as the
information about the user’s location is not received constantly, rather after some time interval.
Furthermore, the characteristics of the surroundings of the user may worsen the signal and
make their frequency even sparser. For example, in urban areas obstacles like trees,
constructions and signals provided by other devices prevent the device from sending and
receiving the signals. Thus the information about location of the user on each moment is not
received and the potential trajectory travelled by the user during this time interval has to be
reconstructed using estimation. One more step in the process of trajectory reconstruction is
mapping the coordinates of the user to the digital map. Further, depending on the length of the
particular interval, the selection of the potential path travelled by the user can either be easier
or harder. Generally, the longer is the time interval between the two consecutive signals, the
more difficult is the decision making to choose the accurate path from the set of all possible
paths that the user could have travelled within the given time and in this current location. To
make the decision making more precise, the additional information from the data of the
consecutive signals combined with the records provided by the digital map can be used. One
of the aspects to take into account in order to improve the decision making for trajectory
reconstruction is the temporal aspect. As the information about the speed limits on the roads of
the digital map is freely available and in some cases already mapped to the digital map’s
records, it is possible to use this data together with the data received from the device to compute
the estimated distance travelled by the user. This computed parameter allows decreasing the
amount of possible candidate paths. Nevertheless, the given speed limits are rather theoretical
and do not always depict the real situation in the traffic. For this reason the usage average speed
computed from the data helps to make a better decision based on more probable speed chosen
by the user than the maximum speed limit allowed in the given road.



1.2 Objectives

The main purpose of this thesis is to provide a platform for trajectory reconstruction using
sparsely sampled GPS data. In this thesis, an alternative method to find the user’s real travelled
path by emphasising on the temporal aspect of data, is provided.

To achieve the main objective of the thesis, there is a need to use and create a digital map for
the purpose of GPS data manipulation and representation. Moreover, for creating and finding
the right path between the sparse GPS data a routing algorithm is needed. This latter has to be
also evaluated and enhanced by integrating the temporal aspect.

Finally, for illustration and evaluation of the final output a visualization tool is a necessity in
this work.

1.3 Contributions
The contributions of this thesis can be resumed as follows:

e Creation of a platform for trajectory reconstruction and visualization using sparsely
sampled GPS data. The platform uses QGIS as host environment, stores data in
PostgreSQL database and performs trajectory reconstruction using an algorithm
implemented in Java.

e Implementation of modified algorithm for pathfinding in order to find all possible path
which are used later by the main algorithm to extract the estimate trajectory.

e Creation of an algorithm that takes into account the temporal aspect and estimate the
correct trajectory using sparse data.

As a result the method finds the real trajectory travelled by the user more accurately than by
simply applying the shortest path algorithm.

1.4 Road Map

This thesis begins with an introductory chapter 1. Then, the second chapter of this thesis
describes the state-of-art of the current topic and the related works that have been performed
until the current moment. The topics covered are associated to collecting GPS data, pathfinding
implementations and trajectory reconstruction.

The third chapter consists of the description of system architecture. More precisely, it describes
the source data for road network representation, the database and the selection of the related
tools. Lastly, the visualisation process and the selection of its tools are mentioned.

The fourth chapter describes and presents the results of implementing the designed system
architecture and how the extraction of the OSM data is described. Next, the implementation of
the visualisation process is described. Lastly, trajectory reconstruction is described, test
strategy and test results are presented and analysed.

The final, fifth chapter makes a conclusion of the thesis work and states the perspectives for
future work.



2. Background and Related Work

2.1 Introduction

This chapter covers state of the art related to the thesis topic. Therefore. The chapter is divided
into four sections. Firstly, the key definitions used in the context of this work are provided.
Secondly, the related work concerning the collection of the data is described. Thirdly, related
work regarding the pathfinding algorithms are described. As there are many more pathfinding
algorithms than described in this section, only the ones that are most similar to the algorithm
proposed in this thesis are introduced. Finally, the related work concerning trajectory
reconstruction is described.

2.2 Key Terms — Definitions

Node: is defined as a pair of x and y coordinates on planar graph and is used to provide
localization on the map.

Way: is defined as an edge that connects two nodes on planar graph and is used to depict a
road segment in form of polyline on the map.

Trajectory or path: is defined as a collection of one or more ways in a sequential order starting
with the source node and ending with the target node on planar graph. It is used to depict
directed sequence of ways on a map.

2.3 Related work

2.3.1 Collecting GPS Data

To begin with, GPS data can be obtained in different ways. The most common is to use the
data provided by the device’s GPS receiver. This works in case the object under inspection is
for example a mobile phone that has a GPS receiver. However, in traffic management not in
all cases are the objects under inspection devices with GPS receivers. For example in case of
vehicles the presence of GPS receiver cannot be assumed. In this case alternative ways like
using toll readers [4] is possible. This however may result in inaccurate measurement as the
sensors used for measurement are located not on the mainline but on the ramps. Secondly,
collecting the data using a GPS receiver consumes the device’s battery. This can result
uncomfortable for the user as the battery life of the device decreases noticeably. To avoid this
downside, the necessary data can be collected in a sparsely manner to reduce the energy
consumption [5]. On the other hand, using this data collection method demands a fully-
optimized design process like coordinating phone sensor types, sensing circles, etc. This
results far more complex than the previous method. Also, this method does not provide more
accurate data than the previous one. To sum up, collecting data without the use of the device’s
GPS receiver results in increased inaccuracy and taking into account that GPS receiver itself
provides inaccurate in positioning anyway, it is difficult to provide correct results based on the
data collected this way. For this reason, in this dissertation a solution to reduce this bad effect
IS proposed.

2.3.2 Pathfinding implementations

There are several ways to implement pathfinding for road networks. Vavpeti¢ et al. [6]
introduces two methods for Pathfinder algorithm for sparse data. One of them would be to
use Binary Pathfinder, where initial matrix is generated, and the paths between nodes are
improved with each round. The second one, a modification of Djikstra’s algorithm [7], uses
adjacency list with neighbouring nodes. The previously mentioned algorithms are reasonable



to use mainly in case of large amount of data nodes and are unreasonably complicated for
smaller datasets. Besides, their usage is neither grounded nor efficient in case of small data
sets. Furthermore, to improve the probability of choosing the correct path, additional
parameters should be introduced. Doing so would decrease the efficiency even more and thus
writing alternative algorithm for pathfinding were used in this thesis.

2.3.3 Trajectory Reconstruction

Wang et al. [8] propose trajectory reconstruction model using point-based speed data
collected by existing Intelligent Transportation Systems (ITS). Additionally, it uses
smoothing scheme that makes changes of speed less abrupt. Nevertheless, the suitable data
for this model is not always available — it is difficult to find datasets containing point-based
data and route-based data simultaneously. Furthermore, bi-level probability method can be
used to reconstruct the trajectories [9]. This method uses shortest path algorithm and
produces reasonable routes on complicated urban road network. Still, it does not always
choose the most probable path. First of the above mentioned trajectory reconstruction models
is restricted to GPS data in specific format and requires datasets containing point-based data
and route-based data simultaneously. The method proposed in this thesis uses only point-
based GPS data. In addition, not always the shortest path is used, but the travel time is taken
into account as well.

2.4 Conclusion

There is a number of works related to the current topic, but all of them have downsides that
can be surmounted. It is clear that there is a lot work done in this topic. However, the case
studies and testing environment vary from paper to another. For this reason, the proposed
approaches can have some limitation depending on the defined hypothesis or the nature of
data itself. As a result, the method described in the current thesis aims to propose a solution
that uses GPS data as the source data.



3. System Architecture

3.1 Introduction

In this chapter the system design and architecture of the platform proposed in this thesis is
described. The chapter is divided into subsections according to the tools used in the creation of
the platform and according to the steps passed to create the platform. In each subsection a small
introduction to the tool is given, and also the reason for selecting this particular tool, the
purpose and usage of this tool in the platform.

3.2 The General Overview of the Architecture

The general schema of the system architecture is shown of figure 1. The architecture of the
system consists of three main parts which are PostgreSQL database, the program with the
algorithm and QGIS environment.

GPS data

output

Algorithm

PostgreSCQL Database

QGIS Interface

{
JJIH#.IL
=R

web map
\ J

Figure 1. The system architecture.

3.3 The Source Data for Road Network

To begin with, the purpose of this platform was to provide tools for trajectory reconstruction
and visualisation. It was necessary to decide right at the beginning the format of the geographic
data files to be used. This latter is important, because the type of the extension of the digital
maps has a direct influence on the tools to be used for GIS manipulation and programing the
platform features. For this platform OSM provided road network maps were decided to use.
OSM provides open source data and is being updated by volunteer collaborators. It has quite
high coverage in comparison to real road networks, although quite a big number of the roads
are still missing even in more popular regions. However, OSM digital maps have the advantage
of being freely usable for any purpose and this fact makes its usage fast and clear. Other option
would have been to use data provided by Google Maps [10]. Google Maps provides data with
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high coverage regarding the real road network and is being updated frequently by the team of
Google maps itself as well as by volunteer collaborators. Nevertheless, Google Maps has the
disadvantage of having strongly regulated usage permissions. Thus, taking into account the
possible further development of the created platform, the usage of open source data appeared
to be a more reasonable choice.

3.3.1 OSM Data Files

As OSM provides free and open data, the contents of its database are freely accessible and
downloadable for anybody. As the data provided by OSM is massive even in compressed form,
exceeding 30 GB [11], and difficult to work with at once, it is reasonable to extract a smaller
area for exporting. In this context, by extracting the data cutting the data from the area of one’s
choosing as well as pulling out the specific features that are wanted from the chosen area, is
meant [11]. Exporting the data is defined as converting OSM data from its native XML format
into a format that is convenient [11]. There are a number of tools that offer the option of
selecting a precise area of OSM data and exporting it. The structure of a regular OSM file can
be seen on figure 2.

<2?¥xml version="1.0" encoding="UTF-&8"2>
<gam version="0.6" copyright="OpenStreetMap and contributions">
<file>
<infor str="The main road system in Hanei. It includes 20 zones. "/>
<infor str="Author: Tuan Ham Nguyen&#l0:;Date: Jammary 2015"/>
</filex>
<bounds minlat="20.911" minlon="1053.685" maxlat="21.132" maxlon="105.953"/>
<node id="-28833" lat="21.0107278" lon="103.8373101">

<tag k="interszection" v="yes"/>

</node>

<node id="-29888" lat="21.0227201" lon="105.8575671">
<tag k="highway" v="traffic signals"/>

</node>

<way 1d="-36069">
<nd ref="-288535"/>

<nd ref="-20888"/>
<nd ref="-20889"/>
<tag k="oneway" wv="yes"/>
<tag k
<tag k="name" v="Fhuit Duy Tién"£>
<tag k="tm connector" v="yesz"/ />
</ wayr
<way 1id="-36364">

<nd ref="-20778" />

<nd ref="-28687"/>

="highway" v="primary link"/>

<tag k="oneway" v="yes"/>
<tag k="highway" v="secondary"/>
<tag k="width" w="16"/>
<tag k="name" v="Tran Nhin Tong" />
</ wayr
</ oam>
</Eml>

Figure 2. The structure of OSM file [12]

OSM file format is based on XML file format that enables data exchange between different
software tools. The file contains data primitives like nodes, ways and relations. The set of
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features contained in each OSM file can vary, as the features to be contained in the file can be
chosen in the process of extracting the data. In the creation of this platform, the OSM file
contains the three major topological data structure features: nodes, ways and relations. There
is a number of possible ways to export the OSM data from OSM database. However, if it is
important to export the data of a particular area, it can happen that the selected tool does not
enable exporting the data of the selected area. For small amounts of data the usage of OSM
API’s map request or downloading via JOSM is suggested [13]. JOSM is an extensible open
source editor for OSM. Among other features, it enables exporting and editing OSM data [14].
For larger amounts of data the usage of tools like Osmosis or Overpass API is suggested [15].
The Overpass API is a read-only API that acts as a database over the web. The data can be
obtained by sending a query to the API. As a result, the query selected parts of the OSM map
data are returned to the client as a data set [14]. The constructed query obtains the data set that
corresponds to the area specified. The area has to be specified as a set of parameters for the
URL. The parameters to be specified are the minimum longitude, the minimum latitude, the
maximum longitude and the maximum latitude of the area to be downloaded.

3.4 Database and Related Tools

To efficiently use the data obtained with the OSM data file, a database with suitable extensions
is needed. As PgRouting seemed to fill the conditions for the further work on road networks
data, it was selected for this work. PgRouting is an extension to PostGIS that provides
geospatial routing functionality. It helps to create data and attributes that can be modified by
many clients like QGIS [16]. PostGIS is a spatial database extender for PostgreSQL which
adds support for geographic objects and allows to run location queries in SQL [17].
PostgreSQL is an open source object-relational database system [18]. The workshop page of
PgRouting [19] demonstrated using PostgreSQL with various tools, among which the usage of
PostgreSQL and PostGIS are suggested. This page provides a good set of suggestions, however
many of the suggested solutions are outdated or do not perform expected results with the
current configuration, although the tool is created for PostgreSQL taking into account its
properties. Not all versions of PostgreSQL support the named extensions. These extensions are
supported for example by PostgreSQL 9.3 and 9.4. Unfortunately in Ubuntu 14.04 that was
used to create the platform, PostgreSQL has missing features that prevent the usage of these
tools. Hence, PostgreSQL 9.4 was selected for the platform.

For adding pgRouting functions to database pgAdmin Ill is used. PgAdmin Ill is an open
source administration and development platform for PostgreSQL [20]. Using PgAdmin makes
adding extensions to the database easier as well as provides a good visualization for the tables
stored in the database and their contents. As OSM data cannot be just exported to the database
another tool, called Osm2pgrouting is used to export the data. Osm2pgrouting is a tool that
comes with pgRouting and enables easy exporting of the OSM data to pgRouting database [21].

3.5 Algorithm for Trajectory Reconstruction

The algorithm for trajectory reconstruction takes both start location and destination location as
an input. The input data are GPS locations with the following information: latitude, longitude,
timestamps, and headings. The timestamps are used to compute the real travel time TT,. spent
to go from start location to destination location:

TT, = |te - tsl

Where, t; is the timestamp at the start location and ¢, is the timestamp at the destination
location. Next, start and destination nodes are used in pathfinding algorithm to find the
candidate trajectories. After finding all the candidates we use the observed speed collected from
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real world data for each candidate trajectories. Then, estimated travel time TT, of each
candidate trajectories is computed using the average speed observed on each trajectory. The
next step is to associate a weight w to the candidate trajectories and it is defined as follows:

TT,
TT,

where TT, is the travel time of the candidate trajectory and TT, is the travel time of the real
trajectory. As a result of the comparison, the best weights is the weight of the estimated
trajectory that is given as an output. In case the weights for different candidate trajectories
happen to be the same, the candidate trajectory with shorter distance is chosen.

w =

3.6 Visualisation Process

As the next step, the trajectories are visualised on a web map. The visualization is performed
using QGIS (version 2.8.3). QGIS is a free and open source application that enables to create,
edit, analyse, visualise and publish geospatial information [22]. The data points from the real
data are added to QGIS from the CSV file containing the real data.

For exporting the QGIS project to a web map a Python plugin called qgis2web is used. It
enables to generate a web map from the current QGIS project without requiring server-side
software. There are two sorts of web maps to choose from while exporting the project. One of
them is Leaflet which is generated using QGIS2Leaflet plugin. Leaflet is an open source
JavaScript library that enables to create interactive maps [23]. However, it is deprecated [24]
and does not function properly in the version of QGIS used for this platform. Another one is
OpenLayers 3. OpenLayers 3 is an open source JavaScript library that has many mapping
related features, among them creating interactive web maps [25]. In the process of exporting
the QGIS project the layers and labels as well as other features to be displayed on the created
web map can be specified. Moreover, additional features like background map layer can be
added. There are a number of possible background maps offered in by the prompt, however
only small amount of them actually work. An example of the exporting prompt window is
shown on the figure 3.

Layers: Preview
¥ Layers and Groups
- O dataset1
Info popup content No popup

Visible &
Cluster
hd O path1 dots
Info popup content No popup
Visible =
Cluster
Label s
O path1 dots copy
Info popup content No popup
Visible ]
Settings:
Setting Value
¥ Data export
Delete unused fields &
Export folder Jtmp/qgis2web
Minify GeaJSON files &

Precision [ =
v Scale/Zoom
Extent Canvas extent
Max zoom level 28 :
Min zoom level 1 32
Restrict to extent
Use layer scale dependent visibility

¥ Appearance
Add address search 4

& Export OL3 Export Leaflet | |[&PreviewOL3 | [3 Preview Leaflet

Figure 3. An example of the web map exporting prompt window.
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The exported web map can be viewed in any of the most common web browsers as well as
integrated with other software. As all the necessary data is added to the generated output folder,
no additional sources but the generated folder are necessary to display the generated web map.

The data is visualized on the road network retrieved form the database table that contains all
the possible ways. In addition the nodes with the corresponding labels are added as another
layer. The road network and nodes layers are shown on figure 4.

3512 oL 57 6"‘ 3515 417"
22792171 1767 3146, 405 3¥ 3357 4022 287 3290
49792169 s g 217 %"‘51 s 353 S, . 20 3363 32
16 2168 5718 P54 0o 3143 J >
1338 2275, 41§ 1947 4011 4009 “1232 1231
g s7d® S Aloar 4010 2129 J230
1694 1187 20390 ao023, “Q14 21 122
. 417199 30 *2092 > 5 .3977 2128 12'29-
5713, 66 2096 é 60127
1186 5753 418, 566 31312044 3132’ ®3153 5105 0 1960 1959
Ll
; 2146921 5007, 4? o7sg B0 o7y p 2410 X
3134° Gars S524¢ 1201956!}373 2118
010 3521 1522%718%074 2081, 2083 Fs7 1
¢ 195 o
1585, 3346 050 o
1586 8345 Jan Ko 52&037 2089
183018313344 3513 .
J832 1240 ) 5754 2123%
L
1833 % 2016 3522 3137439
1034
J747 o 2015 57318 3523 3577
1746 1827 2401 5732 % $749 35253526
Ll
Ja78 Js28 Jo33 %24 423 5758 5682 5169
738 I3 6615683 449
658 2114 ‘558 560, 2105450 2014 s
101 @104 5741
s 38547'0119 }mos 213 " < e 25.244@3.4294 é
56 4
659 1834 4, 2108 @112 5747, 9423800 5739 6740
FE s #1834 155q 562 2110 2111 4041+
563 886 gug7en %746 5170 1334
885 2281 % J
67 280 627
782 $66.¢ 43 5
ge2 660 863 Bea B ¢ 2282 5626
1801 $4 - 2e3 o2
s J83 808 ¢
J265  g61 J83s 2057 ¢

43134307, 4312
4308, &fgﬁ 4'299431
a3

1
S OWE o

Figure 4. Road network layer with nodes and node labels layers.

There are the way segments obtained from the database on this layer as well as the
conjunction nodes for the ways.
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4. Testing, Results and Analyses

4.1 Introduction

In this chapter the testing, results and analyses of the platform proposed in this thesis is
described. The chapter is divided into subsections according to the tools used in the creation of
the platform and according to the steps passed to create the platform. In each subsection the
usage of this tool in the platform, the problems faced during the implementation are described
and the results are presented. The platform is tested under 64 bit Linux Ubuntu 14.04 LTS
operating system.

4.2 Extracting the OSM Data

To manage the data provided by OSM and storing the test results, a database was created.
Before creating the database, the tools mentioned in system architecture were installed. With
PostgreSQL previously installed, the packages for PgRouting were installed with the command
shown on figure 5.

sudo apt-get install postgresgl-9.4-pgrouting

Figure 5. Commands used to install PgRouting packages.

Although PgRouting and PostGIS extensions are supported by the PostgreSQL version used in
this work, some features of PostGIS still could not be used as the necessary features just did
not appear in the menu where they should have appeared after the installation of the extension.
The database to store the OSM data was created using the commands shown on figure 6.

createdb -U dbuser routingdb
psgl -U dbuser -d routingdb -c "CREATE EXTENSION postgis;™
psgql -U dbuser -d routingdb -c "CREATE EXTENSION pgrouting;”

Figure 6. The commands used for creating the database.

To import OSM data to the database, Osm2pgrouting tool was used from command line with
the command line with the command shown on figure 7.

osm2pgrouting -file "./map.osm™
- conf "fusr/sharefosm2pgrouting/mapconfig.xml”
- dbname routingdb %
- user postgres \
- host localhost 3
- clean

Figure 7. The command used for exporting OSM data to the database.

In this command the OSM data file and database parameters are given to the tool as an input.
As a result, the database is populated with the tables created from the OSM data and
additionally the necessary attributes to perform shortest path queries, are added.

4.3 Visualising the Data

The visualisation was performed using QGIS. As the estimated trajectory was stored in the
database as a separate table, visualising the trajectory could be done by importing the
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corresponding table to QGIS project. To visualise the ground truth trajectory, the CSV file
entries were visualised on the map. As the GPS locations are not precise and often have
erroneous locations, matching the GPS data with map appeared to have difficulties. As map-
matching was not the purpose of this thesis, the problem was solved intuitively matching the
unprecise locations to the closest way segment on the map. An example of the GPS data and
corresponding trajectory is shown on figure 12.

Figure 12. An example of the GPS data and corresponding trajectory visualised. The pink dots represent the GPS data and
the green line marks the way segments that correspond to the data.

As a base layer a layer with all the ways in the database is added. Furthermore, the map
composed by the layers was exported to an interactive web map visible in browser using the
plugin qgis2web. More precisely the template using OpenLayers3 JavaScript library was
selected. On figure 13 an example map with the ground truth trajectory and estimated trajectory
is shown.
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Figure 13. An example web map visualized. There is a legend added to the upper right corner of the map.

The map is usable with different browsers and the layers added to the map can be viewed either
separately or all at the time.
4.4 Trajectory Reconstruction

For testing real GPS data is used. The data is located in CSV files. Figure 9 shows an example
CSV file content.

1;2015-03-21 15:20:16.0;5;58.40442718;26.67450439;27.5;37.0;338.799987793
1;2015-03-21 15:20:22.0;5;58.4058653;26.67348991;28.0;20.0;339.299987793
1;2015-03-21 15:20:30.0;5;58.40767944;26.67213849;27.5;43.0;338.299987793
1;2015-03-21 15:20:34.0;5;58.40863141;26.67147437;28.25;25.0;339.299987793
1;2015-03-21 15:20:41.0;5;58.41024559;26.67024502;28.0;26.0;338.0
1;2015-03-21 15:20:52.0;5;58.41277789,;26.6686336;28.25;63.0;339.200012207
1;2015-03-21 15:21:04.0;5;58.41555058;26.6664538;27.5;44.0;337.200012207|

Figure 9. The example of the format of a CSV file used as the input of the algorithm.

On the first line the names of the data fields given below are stated. The file contains one entry
on each line. Every entry consists of the data related to one GPS receiver signal. Each entry
has speed, location of the measurement in form of longitude and latitude, timestamp and some
other fields that are not used by the algorithm. As different GPS data files have slightly different
fields, the functions for reading in the data and processing it have to be slightly different as
well. In some example files time is given in milliseconds, in some in in 1ISO 8601:1988 format
[26] (yyyy-MM-dd HH:mm:ss.SSS) and in some cases in both formats. Another problem faced
while testing was the differences between the data units. For example time can be given in form
of milliseconds while the length of the segments is computed in meters and the speed is given
in meters per second. As OSM is an open source free data, the data is not being updated
systematically and hence is not complete. There are a significant number of roads that exist in
the real road network but are not present in OSM data. Furthermore, many streets are marked
as one-way streets even though they are actually two-way streets. For more accurate test results
the missing way of the streets marked as one-way street was added.
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4.4.1 Test Strategy

For testing 22 trajectories were extracted from different raw GPS data files. The trajectories
were selected randomly, trajectories of different length were chosen. The number of way
segments in the chosen trajectories was between 3 and 17. The start and destination locations
for each trajectory were extracted from the data. The observed average speed for every
trajectory was computed as well. As the GPS data most often has measuring errors, the
selection of the start and destination locations was corrected intuitively, if did not correspond
to the real trajectory. From the ground truth trajectories real travel time was extracted. The start
and destination locations and real travel time were given to the program as an input. As a result
estimated trajectory was returned by the program. Finally, the ground truth trajectory was
compared to the estimated trajectory.

4.4.2 Test Results

Testing showed that on almost 50% of the test cases the correct trajectory was found. The
average accuracy of the prosed algorithm was about 64.6%. For more details, the percentages
of the correct segments found by the algorithm are shown in the table 1.

Table 1. The test results.

No of Segments No of Correct Segments Found |Correctness Percentage
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%:
100.00%
100.00%
100. 00%:
T5.00%
37.50%%
26,703
30.80%
42,900
75.00%6
53.30%
33.30%
0.00%
30.00%
17.60%
0.00%
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One of the cases where the algorithm found the correct trajectory, is shown on figure 10.
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Figure 10. The test case with all correct way segments found. The pink dots represent the GPS data and the green line marks
the way segments that correspond to the data. The red line marks the trajectory found by the algorithm.

Next, the observation of the test cases where the correct trajectory was not found was done.
Instead of comparing only whether the complete trajectory was found correctly, it can be
estimated how many segments of the found trajectory corresponded to the ground truth
trajectory. As can be seen from the table, in such case the minimum percentage of correctness
was 0% and the maximum percentage of correctness was 75%. In two cases any of the segments
were found correctly. The ground truth trajectory and estimated trajectory of one of these cases
is shown in figure 11.
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Figure 11. The test case with 0% of correct way segments found. The pink dots represent the GPS data and the green line
marks the way segments that correspond to the data. The red line marks the trajectory found by the algorithm.

One of the cases where 75% of the way segments were found correctly is shown in figure 11.
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Figure 11. The test case with 75% of correct way segments found. The pink dots represent the GPS data and the green line
marks the way segments that correspond to the data. The red line marks the trajectory found by the algorithm.
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Furthermore, as can be seen from the table the percentage of correct way segments found do
not depend completely on the total number of the segments in the trajectory, although a
connection can be seen. The proposed algorithm is using the temporal aspect of GPS data and
therefore finds more accurate results than it would have found with using only shortest path
search. The figure 12 shows an example of a test case where the algorithm returns a more
accurate trajectory than it would have returned when the temporal aspect of the GPS data would
not have been taken into account.

Figure 12. An example of test case where the algorithm finds more correct trajectory than the shortest path. The green line
marks the way segments that correspond to the data. The red line marks the trajectory found by the algorithm. The blue line
marks the trajectory with the least distance possible.

As can be seen from the figure 12, the trajectory with the shortest distance between given start
and destination differs immensely from the real trajectory travelled by the user. The trajectory
returned by the proposed algorithm returns trajectory that widely corresponds to the real
trajectory.
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5. Conclusion and Future Work

The usage of the devices with GPS receiver is constantly increasing and the obtained GPS data
is analysed and more frequently used for different purposes. Hence, there is a need to improve
the tools, techniques and methods to perform these processes as well. Better methods improve
the accuracy of the information given to the user and lead to more favourable user experience.

The aim of this thesis was to create a platform for trajectory reconstruction using sparsely
sampled GPS data. Additionally, a method for trajectory reconstruction was proposed. The
method applies decision making based on the temporal aspect of the provided GPS data.

In this thesis work suitable platform architecture was designed. Firstly, appropriate source data
was selected and processed. Furthermore, the tools that meet the objectives of this thesis work
the best and fit with the used data, were found and integrated. In addition, the algorithm for
trajectory reconstruction was added. Real GPS data was used to test the proposed method. As
a result the method was able to find the real trajectory travelled by the user more accurately
than it would have been when only the shortest path would have been found and the temporal
aspect would not have been considered. All in all, the aim of this thesis was met and a platform
that is capable to analyse the data, reconstruct the probable real trajectory and visualise it on
an interactive web map was developed.

However, there still remain improvements that could be done. In future work map-matching
could be either implemented or some of the libraries enabling its usage could be integrated to
this platform. Additionally, instead of using Java to implement the trajectory reconstruction,
the algorithm could be written in PL/SQL. This would help to make it less memory and time
consuming. Another improvement would be to create a plugin for QGIS that would automate
a significant amount of the work needed to be done.
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