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Resume

The issue of spatial data visualization is currently an important element
in the positioning and navigation process. The constant trend in increasing
the accuracy and availability of position modules affects the widespread
use of the mobile devices in transport. The paper presents creation of
a three-dimensional visualization model based on ground tracks recorded
in NMEA (National Marine Electronics Association) and GPX (GPS
Exchange Format) formats. Additionally, the study presents an analysis
of the positioning accuracy including the sky obstructions presence and
the instantaneous state of the satellite constellation. The significant
deterioration in positioning accuracies was noted due to the presence of sky
obstructions and low movement speed during data recording. The analysis
of these parameters showed the dependence of the positioning accuracy
with the number of visible satellites and the HDOP (Horizontal Dilution of
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1 Introduction

Satellite positioning is widely used in both maritime
and land transport. The practical application of
astronavigation in marine navigation has been almost
eliminated by the global satellite navigation systems [1].
The issue of visualization of routes in the sea conditions
is carried out through the use of the ECDIS (Electronic
Chart Display and Information System) system [2].
Based on the readings of the GNSS (Global Navigation
Satellite System) sensors, the current position of the
ship is determined and then it is related to the electronic
map [3]. Concerning the land transport, the issue of
the spatial data visualization is related to connection
of positional data with the environment. In the period
of rapid development of information and geospatial
technologies, on-line numerical maps are widely used
[4-5]. Another level of detail is imaging based on
photogrammetric imaging [6], LIDAR (Light Detection
and Ranging) aerial laser scanning [7] and terrestrial
laser scanning [8].

Presentation of the routes of movement of people
and means of transport is related to the accuracy of
satellite positioning. Positioning errors vary depending
on the measurement mode and type of receivers. Authors
in [9] focused mainly on the aspect of availability of
the smartphone positioning service under different
conditions and did not include the accuracy results of the
devices. In [10] the research topic was determining the

positioning accuracy in the rail transport, however, the
professional GNSS receivers and INS (Inertial Navigation
System) and MEMS (Micro-Electro Mechanical System)
inertial modules were used in the study. In [11] and [12]
the methodology was presented, as well as verification
of the real data for the accuracy analysis of dynamic
and stationary satellite measurements. The cited works
confirm the variability of the accuracy results in relation
to the constant values presented in the official standards
issued by the managers of navigation systems, e.g. GPS
(Global Positioning System) [13]. The presence of the sky
obstacles, which block the reception of satellite signals,
is of particular importance from the point of view of
positioning accuracy [14]. To increase the accuracy of the
determined coordinates, supporting systems are used,
e.g. active geodetic networks [15]. In [16] the accuracy
of static and dynamic positioning of smartphones was
examined in relation to the reference station of an active
geodetic network. Similar studies were carried out in [17].

Presentation of the spatial data in numerical form is
realized in the form of topography and land cover models.
In the second case, especially in highly urbanized cities,
different levels of details (LoD) are used [18]. The source
of this data is photogrammetric images collected, among
others by aerial [19] and surface drone vehicles [20].
The spatial data, after appropriate harmonization [21],
are presented in the form of a three-dimensional model
with various levels of detail, e.g. the Google Earth [4].
An additional advantage of the above solutions is the
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ability to import external spatial data and display them
together with the terrain model. This is an important
tool for representing the location of different modes of
transport.

The fusion of positioning technology with supporting
systems has significantly changed the implementation
of the land transport. These solutions are primarily
used in personal navigation systems and vehicle fleet
monitoring [22]. Vehicle tracking information provides
useful data, such as congestion, determining the site
of an accident, locating emergency vehicles and the
public transport. The above operations significantly
support the procedures for traffic management, tracking
and managing the fleet of vehicles [23]. An interesting
issue concerning the public transport is described in
[24] by application of the GNSS and WiFi technologies
in determining the position in underground/ subway
public transportation conditions, whereas in [25] the
methodology of using smartphones for indoor/outdoor
navigation in the public transport was presented. The
authors did not include the precision parameters for
positioning of devices in the study. The application of
the satellite positioning also has a key role in the rapidly
growing industry of Intelligent Transport Systems (ITS)
and autonomous vehicles [26]. In addition, location
data is used to coordinate the fleet, determine transport
routes, conduct and optimize the transport control [27].

This study is related to presentation of the process
of integration of the spatial data from external sources
with the spatial model of the Google Earth application.
For this purpose, satellite measurements were carried
out with use of the four different mobile devices at four
locations in Poland and Sweden. The study also involved
processing the recorded spatial source data of GNSS
receivers into an import format used in the Google
Earth application. Moreover, based on the recorded data,
a basic positioning accuracy analysis of the used mobile
devices was carried out. The study was divided into
three main sections describing used data formats, data
processing procedures and visualization results.

2 Materials and methods

The study used three formats commonly used in
the GIS (Geographic Information System) environment:
NMEA, GPX, and KML (Keyhole Markup Language).
The advantage of the formats is recording of the latitude
and longitude coordinates as well as the height relative
to the adopted reference level. The name of the first
format comes from the NMEA, the creator of standards
for digital data exchange between the marine electrical
devices [28]. The NMEA standards are open, but access
to the full specification is limited and paid for. Currently,
there are two versions of the standard: NMEA 0183 and
NMEA 2000. Due to the emergence of more and more
modern devices, the NMEA standards are constantly
being improved, as well.

The NMEA 0183 standard enables one-way
data exchange and defines requirements for data
protocols, electrical signals, transmission time and
sentence format. Devices using the NMEA 0183 use
an asynchronous serial interface with strictly defined
transmission parameters: speed 4800 bits per second
with 8 data bits, one stop bit and no parity [29]. Data
is transmitted in sentences with a defined structure
and ASCII encoding is used for recording. In the
NMEA 0183 transport and navigation applications,
a Global Positioning System Fix Data (GGA) message
is often used to provide the positioning information
[30]. The NMEA 2000 differs from the previous version
because it is multi-tasking and self-configuring. The
format uses the binary encoding and offers the faster
data transmission than the alphanumeric NMEA 0183.
It also enables bi-directional data exchange between
multiple transmitters and receivers. The NMEA 2000
messages are transmitted as a series of data frames. The
standard is primarily used for transmission of the short
data messages [28].

The other two formats: GPX and KML are open
standards developed based on XML (Extensible Markup
Language). The XML defines a set of rules for encoding
ASCII documents in such a way that they are both
human and machine-readable [31]. Created in 2002, the
GPX format defines a set of tags to describe the GNSS
survey data and geographic data and allows to indicate
user-defined features and attributes. The format allows
saving position data in the form of points, routes and
tracks. The GPX is supported by many applications and
websites and it is considered by many to be the standard
format for exchange of the GPS data between the
fixed and mobile devices, GNSS receivers and internet
services [32].

The second XML-based format is KML (Keyhole
Markup Language). According to the documentation of
the format, it is used to store the spatial data, with help of
which visualizations are created in mobile applications,
internet maps, or browsers of three-dimensional Earth
models, such as Google Earth [33]. The KML files,
unlike the encrypted KMZ format, can be generated
either by using the GIS software user interface or
created from scratch using XML in a text editor. The
KML's feature set includes placemarks, lines, polygons,
3D models, text annotations, images, icons, labels, web
links [34]. Each point saved in the KML file is defined
by longitude and latitude and optional data defining
the view in the 3D space of the software. The location
coding with KML is entered in the form of tuples, i.e.
multi-element variables consisting of a sequence of real
numbers representing the coordinates in the following
order: longitude, latitude and altitude. Horizontal
coordinates are defined on the WGS84 ellipsoid (World
Geodetic System 1984) [35] and the elevation coordinate
is measured with respect to the EGM96 geoid model
(Earth Geopotential Model 1996) [36].

Measurements were analyzed after the registration
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was completed and the files were copied to the computer.
Processing of the spatial data saved in NMEA and
GPX formats is related to the filtering of the content
of source files and downloading from them, among
others values of geographic coordinates and heights of
subsequent points. The visualization of spatial data
recorded by mobile devices in this study was carried
out in the Google Earth software [6]. Since the Google
Earth supports files in KML format, it was necessary to
convert the input data to the appropriate form. In the
first phase of data processing, the input data, in the form
of NMEA messages and GPX file, was transformed into
a time series of positional parameters of the measured
points. The second phase of processing was to create
a text file with a tag structure corresponding to the KML
language [37].

Of all the NMEA 0183 messages recorded by
mobile devices, the study analyzes used the GGA
type containing position data of the receivers. The
NMEA 0183 protocol messages are sentences with
successive parameters separated by a comma separator.
Geographic coordinates in the NMEA GGA format
are stored in the form of a series of digits consisting
of degrees and minutes. The first coordinate in the
message is the latitude, which consists of the first
two digits representing the full degree value and the
remainder of the floating-point representing the number
of arc minutes. The next parameter - the longitude
consists of the first three digits that define the number of
full degrees [12]. The latitude and longitude coordinates,
after separating the whole parts of degrees and minutes,
were converted to degrees with a decimal part:

0 =psr+ 28 (1)
A= Asr+ lgg” , (2)

where ¢ is latitude [°], g, is a number of full degrees of
latitude, ¢,,,, number of angular minutes of latitude, .
longitude [°], Ay, number of full degrees of longitude
number of angular minutes of longitude.

The processing of data from the GPX file consisted
of extracting the position data based on selected tags.
Unlike the NMEA GGA format, the GPX longitude and
latitude angular coordinates are given in degrees and
do not require additional numeric recalculation. The
last stage of data processing from both recording formats
is arranging the coordinates of the points in the order
required in the KML format, i.e. longitude, latitude and
altitude, respectively. The decimal separator in KML
format is a period and the separator of values in a given
record is a comma. The ordered coordinates of points
constituted the body of the KML file. To read it properly
in the Google Earth software, it was necessary to add
a header and footer defined in the format documentation
[37]. The implementation of individual stages of the data
processing in the work is presented in Table 1.

’ /IMIN

It should be noted that the text file used for
visualization, containing geospatial data processed from
the NMEA and GPX formats, should be saved with the
KML extension.

3 Measurements

Four mobile devices equipped with the GN'SS modules
were used to record the satellite data in the study:
three smartphones and a smartwatch. The installed
GNSS module determines the coordinates, which are
then saved on the device’s storage medium. In the case
of smartphones, obtaining the position data in a file
requires installation of a software that reads the signal
from the GNSS receiver of the phone and saves it in text
files in the NMEA format. The used smartwatch saves
the designated coordinates in the GPX format using
an appropriate application. The characteristics of the
equipment used in the study are presented in Table 2.

The measurement data for visualization by the
procedure described in the Materials and Methods
section have been registered in Poland (3 routes) and
Sweden (1 route). The test route selection criterion
reflected the accuracy of the GNSS receivers recorded
in the field conditions with varying degrees of satellite
signal availability limited by the sky obstacles.

The first measurement on the Stara Kiszewa -
Gdynia (Poland) route was made while driving a car
using a Samsung Galaxy A30S smartphone with an
active SIM card. The section is the longest recorded route
with a length of 83.7km. Along the route, there are all
variants of presence of the terrain barriers that hinder
the accuracy of positioning: difficult, moderate and
favorable. The initial part of the route runs through the
rural areas characterized by sparse buildings, winding
roads, roadside trees and sometimes wooded areas. The
middle part of the route is an expressway with no major
obstacles. The final part of the recorded route is located
in the area of the high urban development in Gdynia.

The second measurement was made with an
iPhone 7 smartphone on the route Glava - Arvika
(southern Sweden) during the bus ride. The smartphone
has an active SIM card. The 29km long route runs
through agricultural land located between lakes and
is characterized by a large forest area. There are no
buildings along the entire length of the measurement
route. The exceptions are the final route part in the
city of Arvika and the village of Sulvik. Most of the
measurements were made in difficult conditions with
presence of tree obstacles, which significantly reduces
the quality of satellite positioning.

The third test section in Gdynia between Gdynia
Main Railway Station and seafront was covered on
foot. A Huawei Mate 10 Lite mobile phone without an
active SIM card was used to record the satellite data.
The course of the route was planned in such a way as to
ensure the most unfavorable measurement conditions.
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Table 1 Results of the steps for processing the sample NMEA and GPX source data to create a KML export file

No. Result of the transformation stage

1 $GPGGA,144436.00,5430.1520,N,01833.5260,E,1,13,0.818,41.778,M,, M, 0,70
é 2  $GPGGA 144436 5430.152 N 1833.526 E 1 13 0818 41778 M M 0 *70
§ 3 54 30.1520 18 33.5260
4  18.55877 54.50253 41.778
5 18.5587666666667,54.5025333333333,41.778
No. Result of the transformation stage
<trkpt lat="54.51764757279307” 1on="18.52669391781092”>
<ele>60.577198691309306</ele>
1 <eleGPS>90</eleGPS>
<speed>0.6120000064373017</speed>
g <time>2020-05-20T06:36:44</time>

</trkpt>
<trkpt lat="54.51764757279307” lon="18.52669391781092">
<ele>60.577198691309306</ele>
3 54.517647572793 18.5266939178109 60.5771986913093

4 18.52669391781092,54.51764757279307, 60.577198691309306
<?xml version="1.0" encoding="UTF-8"?>
<kml xmlns="http://www.opengis.net/kml/2.2”>
<Document>
<name>Trasa.kml</name>
<open>1</open>
<Placemark>
<name>Trasa</name>
<LineString>
<extrude>1</extrude>
<tessellate>1</tessellate>
<coordinates>
18.5587666666667,54.5025333333333,41.778

2

KML

18.5316133333333,54.520615,44.492
</coordinates>
</LineString>
</Placemark>
</Document>
</kml>

Table 2 Selected technical parameters of the mobile devices used in the study [38-41]

iPhone 7
Samsung Galaxy A30S HHhone Huawei Mate 10 Lite SamsFEmg Qear 83
rontier
(@ =3
Measuring }
device 0
[ |
Systems GPS, GLONASS, Galileo, GPS GPS, GLONASS, GPS, A-GPS,
available BeiDou BeiDou GLONASS
Application NMEA Tools Pro NMEA Gps NMEA Tools Pro GPX Trackel.', Gear
GPX receiver
Recording format NMEA NMEA NMEA GPX
Frequency 1Hz 1Hz 1 Hz 1Hz
BDGSA, BDGSV,
BDGSA, BDGSY, GAGSA, - 6pgaa, GPGSA, GLGSA, GLGSV,
Recorded NMEA GAGSV, GLGSV, GNGSA, .
messages GPGGA. GPGSA. GPGSY GPGSV, GPRMC, GNGSA, GPGGA, not applicable
) . ’ GPVTG GPGSA, GPGSY,

GPRMC, GPVTG GPRMC, QZGSA
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This applies especially to the part of the route running
near the vicinity of high urban development. The
remainder of the measurement was taken on the seaside
boulevard along which the sky is more exposed on the
south and south-east sides.

The last test measurement on the Gdynia - Sopot
(Poland) route was performed with the Samsung Gear
S3 Frontier smartwatch while driving. There are two
types of terrain conditions along the route. In the initial
section in Gdynia and the final section in the center
of Sopot, the sky visibility is limited by buildings. The
remaining part of the registered route is a straight
course of the road and no buildings near the road. The
only terrain obstacles in this section are roadside trees.
The list of test routes along with the assessment of field
conditions is presented in Table 3.

The recorded position data represents both different
terrain conditions and different speed of movement of
the user. Thanks to this, the data is a valuable research
material, both in terms of presenting the procedure of
transition from the level of saved files with the receiver
positions to three-dimensional visualization, as well as
for conducting a preliminary assessment of positioning
accuracy.

4 Results

The NMEA format, in addition to position data, also
contains additional information about the instantaneous
state of the satellite constellation. The NMEA GGA
messages include the following parameters: the number
of available satellites and the HDOP factor. Figure 1
shows the parameter values for three routes, where
registration was performed on smartphones with the
use of NMEA stream recording applications. The graphs
show jumps in parameter values in various terrain
conditions of the routes traveled.

In the case of the first route Stara Kiszewa - Gdynia
(Figure 1a), the number of satellites ranges from 5 to
24 satellites with an average value of 18.6 and for the

Table 3 List of test routes with a map orientation plan [42]

Gdynia Centrum route (Figure 1c) it ranged from 13 to
18 with an average value 16.0. For the Glava - Arvika
route (Figure 1b) the number of GPS satellites along the
entire length of the route was constant and amounted
to 12. The average HDOP value for the Stara Kiszewa -
Gdynia route was 0.58, for the Glava - Arvika route 2.54
and for the Gdynia Centrum route 0.72.

Based on the presented measurement data, it
is noticeable that with the greater number of GNSS
systems used, the number of visible satellites increases
and the HDOP factor takes the lower values. In
places located in wooded areas, under viaducts, or
in the vicinity of high-rise buildings, the number of
visible satellites decreased and the value of the HDOP
increased. In addition, for the one-system (GPS) phone,
the iPhone 7 has a significantly higher DOP value
than the remaining multi-system smartphones, which
represents the advantage of using multiple satellite
navigation systems to improve the geometry of the
satellite system in the user’s sky.

The conducted analyses indicate that the number
of available satellites and the value of the HDOP are
interdependent. It should be noted, however, that the
distribution of satellites in the sky, which determines
the values of dilution of precision parameter, is of
the key importance for the positioning accuracy. With
increase in the number of visible satellites and their
favorable distribution in the sky, the HDOP decreases
and the accuracy of determining the horizontal position
increases [43].

An important factor influencing the quality of the
measurement is also the speed of the GNSS receiver
during the measurement. Therefore, graphs were made
to show the speed achieved during the measurement
for each of the recorded routes. For this purpose, the
$GPRMC sentences from the NMEA files were used,
which contained information about the speed given
in knots. The values recorded in kn were converted to
km/h. For the route saved using the GPX format, the
speed was read from the <speed> tag, which contained
the values recorded in the destination unit km/h, so

Stara Kiszewa - Gdynia

Glava - Arvika

Gdynia Centrum

Route (Poland) (Sweden) (Poland) Gdynia - Sopot (Poland)
Gynia R Mc:::%?&"gl ot Stupecka
. Ly
Arvika DZIALKI LESNE \-
Map T
g L
Stara Kiszewa et Gigye e ? '\'&.,,M, =Y RzemiesInicza
Recording device Samsung Galaxy A30S iPhone 7 Huawei Mate 10 Lite Sams;;i g:rar 53
Length of the 83.7km 29.2km 3.3km 11.1km
route
Duration 1 hour 3 min. 2 sec. 38 min. 52 sec. 37 min. 2 sec. 18 min. 15 sec.

good, moderate and

Field conditions difficult

difficult

good and difficult moderate

COMMUNICATIONS 1/2022

VOLUME 24



PROCESSING OF THE RESULTS OF SATELLITE INLAND POSITIONING TRANSPORT USING MOBILE...

41

Stara Kiszewa - Gdynia

2 30 7
=25 6
i)
=20 iF‘*
S
o 15 30
: A
) 210 2
Q §5 1
Z 0 0
L =T o B e B e e B ol I .o R e B T ot I o T o U T o 2 O\OPICOVPO\OPICO:FO\OPICOVPO
i i RS B R B B B SRR s B BN A B IR SR TS B AL RS s B S B L B B B s A B
"_"50\v—ct‘*lﬂ'\000O\v—cmI(]\DOOOf‘*lﬂ'Iﬁl"‘hO\v—tf‘*lﬂ'\owc\v—cmlﬁ\Dwa‘*l:FV'Jl“‘hO\
ot R R R R R e A = e Bl n B B B B B B B B B A T A TS A T A s A Al
?}: Lo B B B I B I B B B B B B B o o o M ' I o I o B o B ' B I B B N N I B B |
‘_"—I!—I!—I!—I!—I!—I!—I!—|!—|'—I'—I'—I!—I!—I!—I!—I!—I!—I!—!ﬂ!—!ﬂﬂﬂ!—!!—!!—!!—!!—!!—!!—!!—!!—!ﬂﬂ
- UTC time
number of satelites ——HDOP value
Glava - Arvika
2 14 12
%12 10
= 10
= 8 o
w
w8 (o]
° 6 6@
3] | 4
b) = 4 TV T
g 2
g 2
=
Z 0 0
v—cwﬂ'v—cwlﬂE“IO\DH‘:OI“‘-:FE‘*IOOV'JE“IO\\Oﬂ‘OI‘“—ﬂ‘v—cOOV}MO[‘“—MOI‘H—V}v—!OOV}
N FgFTnoo TN gnnoo O INEO SN F nng oo
r»wcnov—cmwrva\oruwc\ov—cmwrva\or»wc\o'—‘mwrva\oruwc\o'—'m:;w\o
it iaiaiaiaiia B s B B B By By S B B B B B g B B B B il - A
UL T T T L T T T T A T T T T T T T T T T A T T A T T A T A T A T A T A T T A T AT A T AT S T T " ']
UTC time
number of satellites ——HDOP value
” Gdynia Centrum
£20 1
w
5 18 0.9,
w5 16 u 082
o 14 2
= 12 0.7
¢ g
Z 10 0.6
\OCOOPI:F\OWOP'W\OWOPIS\DWOP'VP\OWOPIVP OE“IVPC‘JOE“I:F\OCO
BERL IR i R e I R I e e =T Bl B B Bl S B B L B B T B A T = il A A
:FIn\Dl“‘~00ChDv—tNrf‘:V!'IﬁhwChOv—cr\lmgva\ot‘%wO\Ov—tNmﬂ'va\ohwc\O
TEE T NN NN o ooooe e o
S S S S ST ST T, T T T AT [ A[ [ NNNNNNNW NN W W W W W W W T
L B B B B e e O I e I IO IO I B IO B IO IO B B IO B B B B B e B e B e e e e I e B e B I
UTC time

Figure 1 The number of satellites and HDOP from NMEA recording for each route: Stara Kiszewa

number of satellites

——HDOP value
- Gdynia (a); Glava -

Arvika (b); Gdynia Centrum (c)

they did not require processing. Figure 2 presents the
graphs of the speeds achieved during the registration of
individual routes.

It should be noted that the specificity of the mobile
devices and applications used do not allow for comparison
of all the parameters that could have influenced the size
of measurement errors. The applications and algorithms
used in the measurement devices allow only the reading
and recording of the signal from GNSS receivers in
the established NMEA and GPX formats. Information
related to the technology implemented in the GNSS
receivers of the tested devices is not publicly available.
Therefore, parameters such as ionospheric correction,
tropospheric correction, correction from the EGNOS
system, multipath signals mitigation and the Doppler
shift were not included in the data analysis. In addition,
information on the Kalman filter software used in the
receiver and its settings are unknown and it is only

possible to observe the filtering results. The formats
used for the data recording also make it impossible to
read from the files in how many measuring epochs the
position was not determined and with what quality the
positions were determined (code / fixed).

In order to assess the size of the measurement errors,
the cross-track errors at 100 equally distant route points
based on the visualizations were determined in Google
Earth. Based on the read values of position errors,
graphs were made for each of the routes (Figure 3). In
the case of the longest route Stara Kiszewa - Gdynia
(Figure 2a) the mean value of the position error was 2.89
with a standard deviation of 3.24. For the route Glava -
Arvika (Figure 2b) the mean value of the position error
was the highest and amounted to 4.04 with a standard
deviation of 4.06. For the Gdynia Centrum route (Figure
2¢), the mean value of the position error was the lowest
and amounted to 1.66 with a standard deviation of 2.50.
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the road or the course of the route through wooded areas
causes a noticeable deterioration of accuracy. An example
is the section of a winding road leading through the
12:29 shown in Figure 1a, which is characterized by the
highest variation of the HDOP along the entire route,

forest in Kolbudy (Figure 4a). Due to the sky obstacles,
almost the entire recorded route (yellow) is outside the
real position of the road (green). It is a fragment of
the measurement representing the UTC range 12:13 -
which, at the critical moment, reached the maximum
value of 6.8. The number of available satellites has also

sharply decreased from 21 to 6.

Time
Gdynia Centrum (c); Gdynia - Sopot (d)

Figure 2 GNSS receivers speed on individual routes: Stara Kiszewa - Gdynia (a); Glava - Arvika (b);
1/2022

In the parts of the rural areas of the Stara Kiszewa
- Gdynia route, slight deviations of the recorded track,

For the last Gdynia-Sopot route (Figure 2d) the mean
Stara Kiszewa - Gdynia

value of the position error was 1.71 with the standard

deviation 1.77.
visible. Nevertheless, the presence of single trees near

related to the road, due to the lack of major obstacles are

4.1 Visualization of the route
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Figure 3 Position errors read on the basis of visualizations made in Google Earth on individual routes:
Stara Kiszewa - Gdynia (a); Glava - Arvika (b); Gdynia Centrum (c¢); Gdynia - Sopot (d)

The section of the route located on the Tricity ring
road (Figure 4b) was covered at high speed (Figure 2a,
UTC period 12:34 - 12:44), thanks to which no significant
disturbances influencing the visualization of the course
of the track were recorded. This indicates convenient
measurement conditions and high measurement accuracy,
close to 1 meter, enabling the identification of the
occupied road lane. The course of the curve is influenced
by the working Kalman filter [45] smoothing out the
outliers of the receiver position. With the predominantly
no obstruction of the sky along the expressway, the HDOP
values did not exceed 0.8 (Figure 1a).

The projection of the route from the UTC period
12:45 - 12:50 (Figure la) located along Morska Street
in Gdynia (Figure 4c) has significant and frequent
fluctuations in HDOP and the number of satellites due to
the high urban development. The HDOP in the presented
location was the second largest value of 4.2. In turn, the
number of satellites reached the lowest value during the
measurement and was 5. The unfavorable parameters of
the satellite constellation in this section did not cause any
major fluctuations thanks to use of the Kalman filter. The
course of the visualized route is rectilinear, but almost the
entire length is outside the real path.
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a)

Figure 4 Selected fragments of the visualization of the route Stara Kiszewa - Gdynia:
the section of a winding road in Kolbudy (a); the section located on the Tricity ring road (b);
the section located along Morska Street in Gdynia (c) (Poland) [44]

4.2 Visualization of the route Glava - Arvika

Taking into account that the recorded route is
located at the latitude of 59 °N and GPS satellites
operate in principle on orbit inclined to the equator by
55° angle, the quality of the measurement may be much
lower and burdened with a greater error. Additionally,
anomalies caused by the speed drop to 0 km/h while
stopping at bus stops are visible along the entire length
of the route (Figure 2b). Figure 5a shows clear jumps in
position caused by the bus stopping and much smaller
anomalies along the rest of the section. This situation is
illustrated by the effect of the Kalman filter, which gives
positive results for positioning in motion. The terrain
conditions in this section are the best for the entire
route. The road is surrounded by agricultural land and
sparse surrounding trees. This is reflected in values of
the HDOP coefficient, which is the lowest in the first
minutes of the measurement and fluctuates slightly in
the range from 0.8 to 1.6 (Figure 1b).

Figure 5b shows a fragment of the Glava - Arvika
route in the forested area corresponding to the HDOP
jumps, which falls in the period of UTC 5:383 - 5:38 shown
in Figure 1b. The value of the coefficient fluctuates
considerably and doubles from 3.2 to 6.4. The projection
of the entire route section is inaccurate and is outside
the road area. In extreme cases, the estimated error
value, related to the road axis, is even 15m. This is due
to the presence of tall trees close to the road, irregular
course of the route and bus stops located in this area,
causing the vehicle to stop.

The last landmark of the route is its final section
in the city of Arvika (Figure 5c¢). It shows deviations of
the recorded position from the road, caused by urban
buildings obscuring the sky and increasing the risk of

multipath errors. Figure 1b shows that the value of
the HDOP coefficient in the UTC period from 5:45:38
to 5:45:41 slightly increases from 2.4 to 3.2. At the end
of the route, when the bus enters the station area, the
HDOP coefficient decreases to the minimum value for
the entire route of 0.8.

4.3 Visualization of the Gdynia Centrum route

The Gdynia Centrum route was covered on foot
at a low speed of 1.24 m/s on average (Figure 2c¢). In
the section located on the Seaside Boulevard (Figure
6a), slight deviations of the recorded route from the
rectilinear route are visible. There were no sky obstacles
near the receiver during the registration. Figure 1c
shows that fluctuations in both the HDOP and the
number of satellites occur much less frequently in
relation to the measurement section located between
the buildings on Polish Home Army street in Gdynia
(Figure 6b).

The discussed section of the route was covered in
the closest possible vicinity of high urban development.
There are large anomalies in the determined horizontal
positions along the entire length of the route. Taking
into account that the pedestrian with the receiver was
walking along the sidewalk on the right side of the road,
it can be assumed that the positioning error at extreme
moments was 15m. In Figure 1c the fluctuations of the
HDOP are visible, which varies from 0.65 to 0.94. During
the period shown, the number of visible satellites ranged
from 13 to 18, while the number of all the satellites
varied from 33 to 37 (Figure 6¢). This indicates that the
dense buildings obscured 60 % of the satellites visible to
an observer in Gdynia during the measurement.

Figure 5 Selected fragments of the visualization of the route Glava - Arvika: the section of road with bus stop (a); the
section located in the forested area (b); the section in the city of Arvika (c) (Sweden) [44]
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Figure 6 Selected fragments of the route visualization Gdynia Centrum: the section located on the Seaside Boulevard (a);
the section along Polish Home Army street in Gdynia (b) (Poland) [44] and the Trimble GNSS Planning Online window
showing the number of available satellites (c) [46]

4.4 Visualization of the Gdynia - Sopot route

The last test route was recorded using a smartwatch
in GPX format. For this reason, in contrast to the three
previous routes, it was not possible to evaluate the
parameters of the satellite constellation. The assessment
of factors influencing the positioning accuracy was made
based on the conditions of the presence of sky obstacles
found in the field and speed. Figure 7a shows a section
of the route located on one of the main public roads in
Gdynia, where the car reached a higher speed than in
the rest of the route (Figure 2d, UTC period 06:40:30
- 06:42:20). Moreover, there are no larger sky obstacles
near the road, which makes the measurement conditions
very favorable. The outliers that appear from time to
time are eliminated by the Kalman filter, thanks to
which a measurement error close to 1m was obtained.

In the further part of the public road in question,
the measurement conditions significantly different from
the previous measurement conditions were noted, where
there are many trees near the road, forming natural
sky obstacles (Figure 7b). This results in a sixfold
deterioration in the accuracy of the measurement in
relation to the earlier part of the road. The projection
of the track is located outside the edge of the road and
deviates from the axis of the road lane on which the car
was moving by approximately 6 m.

The last section presented is a fragment of a public
road in the neighboring city of Sopot (Poland). The route
presented in Figure 7c is surrounded by high buildings
causing disturbances in the rectilinear representation
of the car route. The largest anomaly is located at the
intersection of the roads and is associated with stopping
of a vehicle and disruption of the Kalman filter (Figure
2d, UTC 06:51). The estimated error in the section
shown was about 3m at the extreme moment.

5 Conclusions

The paper presents the process of creating
a visualization based on routes recorded by the mobile
devices GNSS receivers. The NMEA and GPX formats
require that saved positional data be processed and
saved in KML format to be recognized by the Google
Earth software. In addition to presenting the subsequent
calculation steps, the study included the application of
the presented procedure on results of the satellite
measurements carried out on four routes located in
Poland and Sweden. Measurements were made in
various field conditions using three smartphones and
one smartwatch. Apart from presenting the traveled
routes, this article presents an analysis of the factors
influencing the positioning accuracy. The dependence

Figure 7 Selected fragments of the visualization of the Gdynia - Sopot route (Poland): the section along Victory Avenue
street street in Gdynia (section with favorable measurement conditions (a), wooded section (b)); the section along Polish
Home Army street in Sopot (c) [44]
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of the quality of the obtained route mapping on the
existing terrain barriers was noted on each of the routes.
Depending on the size and distance of the shutters from
the receiver, they increased the errors in the coordinates
determined.

The study showed that with deterioration of the
terrain conditions, the HDOP value increases and the
number of satellites decreases, which is associated
with a decrease in the accuracy of satellite positioning
results. On the visualized measurement routes, it was
also observed that with decrease in speed, the quality
of the obtained mapping of the traveled route also
decreased. This situation is due to the Kalman filter,
which alters the current position coordinates with
their previous values. This was especially noticeable
in the places where the wheeled vehicles stopped and
the route was covered on foot. Due to the different
conditions of the measurements, it was not possible to
precisely determine the average positioning accuracy
of the devices used. The values of horizontal errors

were approximated based on the route of roads and
streets on the map and assuming the correctness of
georeferencing of satellite images. Based on the research,
the estimated values of the mean positioning errors
were 15m in difficult conditions and 1m in favorable
conditions.

The conducted study presented the process of
creating a visualization of traveled routes based on the
position data recorded in the NMEA and GPX formats.
Additionally, the visualization of routes in the Google
Earth software, thanks to the extensive function of
adjusting the view, enables the basic accuracy analysis
of the recorded position data. The NMEA format,
thanks to the range of recorded data wider than the
GPX format, enables the comparison of the constellation
parameters of satellites without mapping in the basic
graphical form of the route. Descriptive attributes in the
form of the number of satellites and the HDOP are an
important source of information about the accuracy of
the measurements.
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