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Abstract

Achieving single meter positioning accuracy by portable mobile devices still poses a major

challenge to the satellite signal receivers constructors, despite gradual constellation com-

pleting process and the progress achieved in last decades. Nowadays popular smartphones

are multifunctional devices that serve also as a personal navigation tool in navigation and

sport activities using the global navigation satellite systems (GNSS) receivers installed. It

would seem that introducing newer models to the global market would cause constant prog-

ress in the accuracies obtained, however, the study results do not confirm that. This study

focused on Galaxy series smartphones of Samsung, one of the leading manufacturers

worldwide, to examine its technological progress. The aim was to verify the thesis using sta-

tistical models and analyses to compare succeeding generations of smartphones on six

devices from the series. The authors conducted two synchronous stationary measurement

campaigns of 24 and 12 hours with one-second interval in obstacle-free environment which

provided 70000+ and 30000+ statistical samples of position measurements. The reference

values of true smartphones coordinates were determined by means of state-of-the-art pre-

cise surveying instruments and geodetic calculations. The results indicate that two newest

generations of the Galaxy series included in the research, namely S6 and S7, obtained

lower accuracies than their predecessors. Against the backdrop of lack of public availability

of smartphones technical parameters, the conducted research results are relevant espe-

cially to smartphones positioning service users community.

Introduction

Smartphones have become an inherent element of daily life of developed societies in the past

decade. With comprehensive accessories, readily installable applications connected to the

internet, they have in fact become upgraded multifunctional devices that help process, store

and disseminate various types of information, regardless of location and time. Their increasing
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capacities have made them the number one worldwide sale in 2013, as compared to other

mobile phones [1]. According to recent global studies, they are owned by 72% of adults in the

United States, 67% in Canada, 77% in Australia [2], and the estimated total number of users

will reach nearly 2.9 billion in 2020 [3]. The leading global vendors are Samsung and Apple,

with approximately 18% of the global market each [4].

In addition to basic features typical for most mobile phones, smartphones come with a

range of additional systems and sensors, including multi-axis accelerometers and gyroscopes,

magnetometers, cameras, Global Navigation Satellite Systems (GNSS) receivers, light intensity

sensors, and fingerprint readers or iris scanners in some cases. The use of these elements cou-

pled with the ingenuity of mobile application developers has resulted in thousands of free or

paid applications available to users. As the current leading operating system is Android (85%

market share), most applications and devices are developed for this platform [5]. It is notewor-

thy that a smartphone, as a versatile device, can replace many other dedicated devices, such as

car and tourist navigation tools or cameras. A specific group of smartphone applications deals

with positioning (Fig 1). Advanced motion, location and navigation applications that combine

different positioning solutions can, for example, recognise the human body condition [6], the

type of activity [7–9] or perform measurements of physical activity and influence it [10–11].

They can also be used in intelligent transport systems [12].

Fig 1. Three families of smartphone-based positioning solutions [13].

https://doi.org/10.1371/journal.pone.0215562.g001
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A very large group of applications and solutions is based entirely or in part on global and

local satellite navigation systems [14–18]. The latest smartphones, such as Samsung Galaxy

(models: S5-S8), receive signals of not only fully operational systems Global Positioning Sys-

tem (GPS) (United States) and GLONASS (Russia), but also of those being still developed—

such as Chinese BeiDou and European Galileo. Using more than one system speeds up the

positioning process and increases the accuracy of position determination [19–20]. This is

important because potential failure in high accuracy achievement can lead to errors, for

instance in navigating a moving vehicle, determining the route or speed of a person engaged

in physical, tourist or other activities in the Location Based Services (LBS) [21]. Mobile phone

manufacturers do not usually inform users about technical aspects of implemented GNSS

receivers. It is known, however, that they belong to a group of autonomous receivers determin-

ing distances based on correlation properties of pseudo-random codes—in the same way as

popular receivers dedicated to sport and recreation.

The concept of position determination accuracy (positioning) is a key parameter defining

GNSS receivers. The GPS system user segment includes both precise geodetic receivers used in

the highest accuracy applications (e.g. Earth crust displacements monitoring) and lower accu-

racy receivers that determine the position for recreational and tourist purposes.

In geodesy and navigation, positioning accuracy using GNSS satellite navigation systems is

carried out via [22–23]:

• static (stationary) measurements, where the position coordinates obtained from a receiver

measurements are referenced to known reference coordinates—geodetic coordinates (pre-

dictable accuracy) or to their position averaged in a session (repeatable accuracy);

• kinematic (in motion) measurements, where position coordinates obtained from measure-

ments are referenced to a predetermined track.

In summary, the purpose of this article is to provide a comparative analysis of the position-

ing accuracy of Samsung Galaxy smartphones, one of the world’s leading manufacturers of

mobile phones using static (stationary) measurements.

Materials and methods

Subject of study

For the comparative analysis five Samsung Galaxy S series smartphones were chosen: 3 Mini,

4, 5, 6, 7, and Galaxy Y. Selected technical parameters are presented in Table 1. Originally, the

authors intended to use first generation Galaxy S and Mini 2 phones, however, the devices

were discarded due to uncontrolled application downtime. The smartphone accuracy analyses

carried out so far have commonly adopted the methodology of using one device in a research

[24–25]. This would confirm the thesis that individual devices released on the market are

Table 1. Selected parameters of analysed Samsung smartphones.

Samsung Samsung Galaxy Series

Y S3 Mini S4 S5 S6 S7

Model number GT-S5360 GT-I8190N GT-I9505 SM-G900F SM-G920F SM-G930

Market launch 2011 2012 2013 2014 2015 2016

GPS + + + + + +

GLONASS - + + + + +

BeiDou - - - + + +

RAM 384 MB 1.5 GB 2 GB 2 GB 3 GB 4 GB

https://doi.org/10.1371/journal.pone.0215562.t001
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identical in terms of technical parameters. Therefore, quality tests (both in terms of firmware

and hardware) confirm the repeatability of individual devices. A more detailed analysis of

GNSS antenna parameters used in smartphones was carried out in [26]. In addition, it should

be noted that research [27–29] that focused on the precise Real Time Kinematic measurement

technology (providing centimetre accuracy) also used single copies of mobile devices. There-

fore, since even if analyses of such high accuracy are carried out with the use of a single model,

such approach is even more legitimate for much less accurate position estimation by smart-

phones GNSS receivers.

Measurements

As part of the research, two stationary measurement campaigns were held in 24-hour and

12-hour time spans respectively. The top roof of the National Sailing Centre in Gdansk

(Poland) was chosen as the measurement site as location free from any terrain obstacles. A spe-

cially designed platform with vertically placed mobile phones was mounted on the roof (Fig 2).

In case of unfavourable weather conditions (high humidity, drizzle, rain, etc.), a plastic cover

tightly connected to the base could have been mounted on the platform to secure the devices

(Fig 2). Inside the box a power strip with the connected phone chargers was placed.

The position coordinates determination by a smartphone receiver is substantially influ-

enced by the device’s software [30]. Hence, it has been decided (like with [31]) to analyse only

National Marine Electronics Association (NMEA) GGA messages recorded during measure-

ment. Each smartphone used application developed by ppillaii [32] as a free NMEA GPS logger

to register and record three-dimensional position coordinates and additional navigational

parameters. All active applications (except for the NMEA logger), connection options (Wi-Fi,

Bluetooth, mobile data) and power saving mode were disabled on each phone. The SIM cards

were also removed. Only the location service remained enabled.

Before commencing stationary measurements by smartphones on the platform, it was nec-

essary to accurately determine the reference (true) coordinates of mobile phones GNSS receiv-

ers. The centimetre accuracy of the determined coordinates was achieved by using satellite and

Fig 2. Measurement platform with attached mobile phones (left) and a plastic cover mounted (right).

https://doi.org/10.1371/journal.pone.0215562.g002
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classical geodetic measurement techniques. The real time kinematic (RTK) and real time net-

work (RTN) solutions were not used. Instead, static satellite measurements of state-of-the-art

geodetic GNSS receivers were used to establish a control network. In the next stage the tachy-

metry was used to determine coordinates of the antennas of the tested smartphones. The loca-

tion of the four points of the control network was chosen during field reconnaissance. Steel

bolts were used for permanent stabilisation.

In the first phase of the survey, two GNSS Trimble R10 geodetic receivers were used to

record raw satellite observations (Fig 3) during two 45-minute static sessions. Synchronous

satellite observations of GPS and GLONASS systems were obtained from the reference stations

of the TPI NETpro commercial active geodetic network located in Braniewo (68 km), Elblag

(46 km), Gdansk (13 km), Starogard Gdanski (48 km) and Wejherowo (44 km). During post-

processing precise ephemeris data in a ‘�.sp3’ format provided by GFZ German Research Cen-

tre for Geosciences was used. Satellite positions in the files were given with a 5-minute interval,

which significantly increased accuracy of the determined GNSS vectors. All calculations were

performed in the Trimble Business Center software. Estimated coordinates of the control net-

work points were characterised by maximal errors of 0.010 m (horizontally) and 0.017 m (ver-

tically). The resulting ellipsoidal coordinates were then transformed into the PL-2000

coordinate system (Polish modification of the Gauss-Kruger projection of the ellipsoid to the

plane).

The second stage of the measurement work was determination of the position of the phones

with the classic electronic distance measurements (EDM) using Leica TPS 1103 total station.

The instrument position was calculated by the method of space resection, which requires the

recording of directions and distances to points with known coordinates (Fig 3). Based on the

set of four points of the control network, the station coordinates were determined with errors

not exceeding 0.01 m. Known position and orientation of the instrument enabled the measure-

ment of the positions of the phones and determination of the coordinates.

After determining the receivers phones coordinates the NMEA GPS application and the

location service were activated, the “NMEA Raw Data” and “Save” options (for recording mea-

surements on the microSD memory card) were selected. The first measurement campaign (24

Fig 3. Establishment of the control network points using static satellite measurements (left) and determination of the position coordinates of the measurement station

by the tachymetric method (right).

https://doi.org/10.1371/journal.pone.0215562.g003
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hours) started at 13.15 (UTC + 2:00) on July 17 2017 and ended at 13.15 the next day. The sec-

ond verification campaign (12 hours) started at 9.45 and ended at 21.45 on August 24, 2017.

At night, the plastic cover was attached due to high humidity in the area. During the observa-

tions acquisition a number of problems was encountered:

• approximately 2–3 hours after the measurements started the applications in Samsung Galaxy

S3 Mini and Y smartphones were suddenly shutting down. Consequently, it was decided to

systematically record the information at 1.5-hour intervals (for Samsung S3 Mini and Y

phones) and at 3-hour intervals for other phones, without removing them from the measure-

ment platform;

• while recording data the NMEA GPS application occasionally crashed on some devices;

• at the beginning of the second measurement session, the Samsung Galaxy S7 application

shutdown was observed, and a message about possible overheating was displayed. That was

probably the result of a temporary plastic cover mounting due to the expected rain (despite

the sunny summer day).

All the unexpected events resulted in the loss of unsaved data. Fortunately, these periods

were relatively short because of the regular monitoring of a measurement platform status.

After the measurements were completed, registered files were transferred to the computer and

the obtained data were processed.

Data processing

The recorded measurement data were merged from multiple minor files and saved in one

observation file for each smartphone. The files were subsequently loaded to the proprietary

software (in C#) for deleting erroneously recorded NMEA-0183 messages, quite common in

GNSS receivers measurements datasets (Fig 4). It was used to calculate a checksum using the

XOR operation on all characters of the line (except the leading dollar sign) to the checksum

itself (without the checksum and the asterisk sign). The software compared a calculated check-

sum using an exclusive disjunction with the checksum value stored in the hexadecimal system

at the end of each line. If checksum values were not consistent, the software deleted the

selected line.

Upon completion of the software calculation, three files containing erroneously recorded

NMEA-0183 messages (1), NMEA GGA messages (2) and other messages (3) were received.

Fig 4. Software interface for deleting erroneously recorded NMEA-0183 standard data.

https://doi.org/10.1371/journal.pone.0215562.g004
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Only GGA messages were used in the research. In the context of further analyses, it is impor-

tant to explain in details the format of the latitude and longitude coordinates fields registered

in the form of full degrees and minutes within one string. It needed to be converted to full

degrees according to the example presented in the Fig 5.

The full-degree coordinates format was needed for further conversion of angular latitude

and longitude into metric Cartesian coordinates. The second important operation was the nor-

mal height calculation based on the altitude above mean sea level (GGA message) and the

height of geoid above World Geodetic System 1984 (WGS84) ellipsoid obtained by interpola-

tion of the EGM2008 geoid model [33]. Formulas in [34] were used to determine the normal

heights.

h ¼ H þ N ¼ H� þ z ð1Þ

where:

h - geodetic height (height relative to the ellipsoid),

H - orthometric height (height relative to the geoid),

N - geoid undulation,

H� - normal height,

z - height anomaly.

Determining errors of individual measurements (expressed in the differences of angular

horizontal coordinates of latitude and longitude) due to the changing length of parallels arcs

requires introducing a projection to present them as linear values in meters. To accomplish

that the angular coordinates of the WGS84 ellipsoid (with parameters: a = 6378137.000 m,

b = 6356752.314 m) [34] were projected onto a surface using the Gauss-Kruger projection

commonly used in geodesy [35]. As a result of the calculations, the plane coordinates (x, y)

were obtained, where x denotes distance in meters of the point from the equator calculated

along the meridian arc (on the WGS84 ellipsoid), and y denotes distance in meters from the

central meridian of several degrees wide zone, which is arbitrarily set. A minus sign in y coor-

dinate means that the point is located west of the meridian, whereas a plus sign corresponds

with a position to the east of the meridian. In order to avoid negative values of coordinates on

the y axis, a constant value of, for instance, 500 000 m (for the three-degree longitude zone in

the Polish 2000 system) is added to the coordinate. The entire process of converting the

Fig 5. Description of the NMEA GGA message.

https://doi.org/10.1371/journal.pone.0215562.g005
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angular ellipsoidal coordinates into Cartesian coordinates was based on the formulas pre-

sented in [36].

After converting ellipsoidal coordinates of points to plane coordinates and determining

normal heights, the results were statistically calculated. For this purpose, the commonly used

navigation method of measuring the accuracy of positioning was used, which is summarised

in Table 2 [37–39].

Horizontal coordinates of the latitude and longitude (φ, λ) and orthometric height (H)

were recorded in NMEA GGA format files. On their basis, the RMS values, used in further for-

mulas in Table 2, were calculated. RMS φ and RMS λ parameters are initially expressed in

angular units (degrees). In order to determine the linear values of positioning errors, the values

needed to be related to the one-degree arcs lengths of meridian and parallel in the measure-

ment location (Gdansk). The length of the meridian arc is calculated using the following for-

mula:

sM ¼
Zφ2

φ1

MðφÞdφ ¼
Zφ2

φ1

a � ð1 � e2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1 � e2sin2ðφÞÞ3
q dφ ð2Þ

where:

sM - meridian arc length of the ellipsoid of revolution,

M(φ) - the radius of curvature in the meridian plane at latitude φ,

φ1,φ2 - latitudes of points determining the meridian arc,

a- major semi-axis of the ellipsoid of revolution length,

e - ellipsoid of revolution eccentricity.

In order to determine the arc length of the parallel, it is necessary to calculate its radius

length using the formula:

r ¼ NðφÞcosðφÞ ¼
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � e2sin2ðφÞ

p cosðφÞ ð3Þ

where:

N(φ) - the radius of curvature in the prime vertical plane at latitude φ.

Table 2. Selected position accuracy measures.

Accuracy measure Dimension Probability Definition

RMS 1D 68% The root mean squared error calculated for φ, λ or h.

DRMS 2D 63–68% The distance root mean squared error calculated for φ, λ, (h).

3D

2DRMS 2D 95–98% Twice the DRMS.

3D

CEP 2D 50% The radius of circle centred at the true position, containing the position estimate with probability of 50%.

SEP 3D 50% The radius of sphere centred at the true position, containing the position estimate with probability of 50%.

R68 2D 68% The radius of circle (sphere) centred at the true position, containing the position estimate with probability of 68%.

3D

R95 2D 95% The radius of circle (sphere) centred at the true position, containing the position estimate with probability of 95%.

3D

where:

σφ−standard deviation of geodetic (geographic) latitude;

σλ−standard deviation of geodetic (geographic) longitude;

σh−standard deviation of ellipsoidal height.

https://doi.org/10.1371/journal.pone.0215562.t002
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The next step is to calculate the length of the parallel circle arc. According to the angle defi-

nition, this length was obtained using the formula:

sP ¼ r �a_ ð4Þ

where:

sP - parallel arc length,

a
_

- angle in the radial measure.

In case of the WGS84 ellipsoid of revolution used as the reference, the one-degree arcs

lengths of meridian (s M) and parallel (s P) in Gdansk were 111 311.842 m and 64 995.633 m,

respectively. According to them, the linear values of RMS φ and RMS λ were calculated.

Results

The assumption of the study was to conduct the measurement continuously for a period of 24

hours with a one-second interval in the same conditions. As a result, a representative synchro-

nous sample of statistical data that describe the smartphones positioning process was obtained.

The collected data allowed to carry out a reliable comparative accuracy analysis. By determin-

ing the coordinates of the GNSS receivers of the phones, the previously described accuracy

measures of positioning could be related to actual values (predictable accuracy). Due to the

limited volume of the article, statistics of errors in the repeatable position were deliberately

omitted. The applied approach can be found in the geodesy and navigation literature. For the

evaluation of several adopted measures of accuracy values a Mathcad sheet was created

(Table 3). Due to the achieved low accuracy of the positioning of Samsung Galaxy S6 and S7

phones additional verification session was conducted (Table 4).

Based on the results presented in Table 3, the smallest error was obtained in the Samsung

Galaxy S4 smartphone, which achieved 2D results: 1.10 m (R68) and 1.65 m (R95), and in the

3D: 1.93 m (R68) and 3.53 m (R95). Similar, but slightly lower accuracy characteristics are

those of a Samsung Galaxy S5 (differences between various measures are usually from a dozen

to several dozen cm)—Fig 6. On the Samsung Galaxy S3 Mini phone, most of the accuracy

measures are within the range of 3–4 m (both horizontal and vertical). However, during pro-

cessing of the measurement data it was noted that the phone continuously recorded the same

position during individual 1.5-hour measurement sessions (the coordinates changed when the

NMEA GGA file saving option was activated). A value decrease in the horizontal position

Table 3. Statistics of position errors of Samsung Galaxy phones calculated for the 24-hour measurement campaign.

Statistics of position error Y S3 Mini S4 S5 S6 S7

Number of measurements 73 699 71 438 86 290 86 346 86 371 86 355

RMS (φ) 2.47 m 2.46 m 0.70 m 0.65 m 5.87 m 3.93 m

RMS (λ) 1.33 m 2.34 m 0.74 m 0.80 m 3.52 m 2.11 m

RMS (h) 4.36 m 1.11 m 1.74 m 2.60 m 11.11 m 6.04 m

DRMS (2D) 2.81 m 3.39 m 1.02 m 1.03 m 6.84 m 4.46 m

2DRMS (2D) 5.61 m 6.79 m 2.04 m 2.06 m 13.69 m 8.93 m

DRMS (3D) 5.18 m 3.57 m 2.01 m 2.79 m 13.05 m 7.51 m

CEP (2D) 1.60 m 3.76 m 0.88 m 0.87 m 4.31 m 3.24 m

R68 (2D) 3.71 m 3.76 m 1.10 m 0.97 m 5.92 m 4.37 m

R95 (2D) 4.93 m 3.76 m 1.65 m 1.76 m 12.64 m 8.39 m

SEP (3D) 4.24 m 3.84 m 1.78 m 3.19 m 12.22 m 6.68 m

R68 (3D) 5.03 m 3.84 m 1.93 m 3.22 m 14.58 m 8.21 m

R95 (3D) 9.13 m 3.84 m 3.53 m 3.74 m 18.96 m 12.26 m

https://doi.org/10.1371/journal.pone.0215562.t003
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determination errors (RMS (φ) lower by 61% and RMS (λ) lower by 40%) was noted. In the

case of RMS (h), the error increased by 144% to 2.71 m in the second measurement campaign.

The above accuracy measures cannot be regarded as reliable for a S3 Mini, however, due to the

small statistical sample. Particularly noteworthy is the diametrically different measurements

precision of the S5 smartphone. In the first measurement campaign, low values of accuracy

parameters of 1.03 m (DRMS (2D)) and 2.79 m (DRMS (3D)) were obtained. The second mea-

surement campaign showed a significant increase in the value of DRMS (2D) by 142% from

the value of 1.03 m to 2.49 m, which can be seen in Fig 6. It should be noted that the RMS (h)

error has practically not changed (increase by 9% from a value of 2.6 m to 2.83 m). Accuracy

measures calculated for the S4 smartphone do not differ between the two measurement cam-

paigns by more than 50% (Tables 3 and 4).

The results of position determination of the other three remaining smartphone models in

two measurement campaigns are presented in Fig 7. The obtained accuracy measures in most

cases do not differ by more than 40%. The smallest differences were noted in the S6 model. In

the first 24-hour campaign, the Samsung Galaxy S6 obtained errors of 6.84 m (DRMS (2D))

Table 4. Statistics of position errors of Samsung Galaxy phones calculated for the 12-hour measurement campaign.

Statistics of position error Y S3 Mini S4 S5 S6 S7

Number of measurements 43 013 37 771 43 159 43 181 43 185 31 835

RMS (φ) 1.56 m 0.96 m 1.02 m 1.63 m 7.48 m 5.74 m

RMS (λ) 1.75 m 1.40 m 0.88 m 1.89 m 2.70 m 2.21 m

RMS (h) 4.71 m 2.71 m 0.97 m 2.83 m 9.99 m 9.73 m

DRMS (2D) 2.34 m 1.70 m 1.35 m 2.49 m 7.95 m 6.15 m

2DRMS (2D) 4.68 m 3.39 m 2.70 m 4.98 m 15.90 m 12.29 m

DRMS (3D) 5.26 m 3.20 m 1.66 m 3.77 m 12.77 m 11.51 m

CEP (2D) 2.14 m 1.48 m 1.01 m 1.78 m 3.82 m 3.84 m

R68 (2D) 2.45 m 1.48 m 1.38 m 2.10 m 5.36 m 5.45 m

R95 (2D) 4.42 m 2.79 m 1.86 m 4.97 m 17.88 m 12.94 m

SEP (3D) 3.76 m 2.58 m 1.52 m 2.99 m 10.86 m 10.34 m

R68 (3D) 4.97 m 2.58 m 1.68 m 4.38 m 12.56 m 11.83 m

R95 (3D) 9.92 m 6.05 m 2.24 m 5.89 m 22.74 m 18.57 m

https://doi.org/10.1371/journal.pone.0215562.t004

Fig 6. Two measurement campaigns results of Samsung S3 mini, S4 and S5 smartphones.

https://doi.org/10.1371/journal.pone.0215562.g006
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and 13.05 m (DRMS (3D)), which is a significant deterioration of positioning accuracy com-

pared to older models (Table 3). The next generation of the Galaxy series smartphone—S7 in

the tests obtained lower values of accuracy characteristics: 4.46 m (DRMS (2D)) and 7.51 m

(DRMS (3D)) in the first measurement campaign. However, an increase in the RMS (φ) (by

46%) and RMS (h) errors (by 61%) in the second campaign resulted in higher values of DRMS

(2D) and DRMS (3D) of 6.15 m and 11.51 m (Table 4). The S6 and S7 models turned out to be

the least precise devices in the whole set. Almost all their measurements, both in 2D and 3D,

vary from almost 10 to even a dozen or so meters. The next smartphone, which supported only

GPS satellites, (Samsung Galaxy Y) fulfils the accuracy requirements of [40], and the previously

quoted position errors are, respectively: 3.71 m (R68) and 4.93 m (R95) in the 2D plane, as well

as 5.03 m (R68) and 9.13 m (R95) in the 3D plane. In addition, the Samsung Galaxy Y recorded

periodically the same position, but definitely less often than the S3 Mini (Figs 6 and 7).

The study also analyses the random variable distribution which is the error of a single mea-

surement in terms of typical statistics used in navigation [41]. According to the Central Limit

Theorem it can be assumed that the random variables distribution with a large number of vari-

able values follow to a normal distribution [42]. Given the number of coordinate errors in the

north and east directions (x and y) considered in the research, their normal distribution can be

assumed. The linear position determination errors are defined by the Pythagorean theorem and

the calculation of the hypotenuse length. This formula corresponds to Euclidean norm of two

independent random variables. According to the definition, the probability distribution of the

resulting variable is Rayleigh distribution. Hence, it can be expected that the empirical probabil-

ity distribution of the accuracy indicators determined in this work will have a distribution simi-

lar to the Rayleigh distribution. The statistical distribution of position errors can be presented

by Rayleigh’s distribution, as probability density function ƒ(x; σ) and distribution function F(x):

f ðx; sÞ ¼
x
s2

e
� x2

2s2 ; FðxÞ ¼ 1 � e
� x2

2s2 ð5; 6Þ

Fig 7. Two measurement campaigns results of Samsung S6 mini, S7 and Y smartphones.

https://doi.org/10.1371/journal.pone.0215562.g007
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for x2[0,1), where the scale parameter σ is defined as:

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2N

XN

i¼1

xi
2

s

ð7Þ

where:

N–number of measurements.

The probability density functions (PDFs) present the probability of a continuous random

variable’s (in this case a position error) taking a value from a particular given range. It is worth

noting that statistical tests carried out in the EasyFit 5.5 Professional software confirm that the

position error empirical probability distribution is similar to the Rayleigh distribution (5). The

functions have the property that its integral over the entire domain (area under the function

graph) is equal to one. Depending on the parameters of the expected value and the standard

deviation, the PDF functions graph shape differs. The expected value in the case of repeatable

accuracy analysis is the arithmetic mean. In the presented analysis of the predicted accuracy it

is the known true value (the reference coordinates of smartphones determined using precise

surveying instruments). The standard deviation of a variable can be interpreted in the general

Rayleigh distribution as a scale parameter [42–43]. Hence, high accuracy GNSS receivers

should have PDF functions fast monotonically increasing and close to the vertical axis graphs.

The GNSS receivers of the S4 and S5 smartphones determined the position with a very similar

and relatively small error in relation to the other tested models. Furthermore, the graph of

their probability density function shows that they obtained small values of standard error devi-

ations. Increasing flattening and increasing values of the functions graphs maximum argu-

ments prove the lower the accuracy and the precision of subsequent models (Y, S3 Mini, S7

and S6) (Fig 8).

Cumulative distribution functions (CDFs) represent the probability that the random vari-

able will take a value less than or equal to a given argument (Fig 9). In this case the definition

should be read as the probability (vertical axis) of a position determination error equal to or

lower than the given threshold value (horizontal axis). The fast monotonically increasing func-

tion graph shows the high accuracy of the measuring device. The CDF functions (6) are strictly

dependent on the PDF functions (5). Additionally, in Fig 9 lines of the probabilities of 68%

(0.68) and 95% (0.95) were added with corresponding values of the tested smartphones CDF

functions determined by the Rayleigh distribution quantile function formula that can be

derived from (6):

Q ¼ s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� 2lnð1 � pÞ

p
ð8Þ

where:

Q - random variable value (positioning error),

p - probability threshold value.

Similar results of S4 and S5 smartphones confirm the two model’s relatively high accuracy

in comparison to other devices (steep chart of the function of the distribution function). The

probability that the position assigned with them will be burdened with an error greater than 3

m is almost certain (99.9%). Similarly, in the case of the S6 model, the probability is only

36.4%.

Discussion

Table 5 shows the global scientific research carried out over the last few years, during which

the accuracy of static (stationary method) position determination in the group of smartphones

Stationary positioning accuracy of Samsung Galaxy smartphones
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and sport-recreational receivers was assessed. It is worth adding that there is much more

research on the assessment of kinematic position determination accuracy [43–47], [31] than

stationary described in this research.

It can be seen in Table 5 that researchers use different methods to assess the accuracy of

measurements, while the basic and most commonly used in geodetic and navigational litera-

ture accuracy measures of position coordinates are: RMS, DRMS, 2DRMS, CEP, SEP, R68 and

R95 (described in data processing section). The positioning accuracy of Samsung Galaxy series

smartphones GNSS receivers exceeded the accuracy provided by GPS receivers tested in [49].

The CEP error values of both the first and the second smartphone measurement campaigns

are lower than in the cited publication. The tested GPS receivers did not obtain a value lower

than 5.0 m (Qstarz BT-Q1000XT). The worst position in terms of accuracy was obtained by i-

gotU GT-600 Logger (10.8 m). Bearing in mind the year of publication (2013) and only one

GNSS system used (GPS), it should be noted that Samsung Galaxy Y (present on the market

since 2011), S3 Mini at the time (since 2012) and S4 (since 2013) have obtained much better

Fig 8. 2D Rayleigh probability density function of Samsung Galaxy phones calculated for the 24-hour measurement campaign.

https://doi.org/10.1371/journal.pone.0215562.g008
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accuracy parameters. Therefore, using them as sports route loggers seems justified due to the

higher accuracy of positioning.

[50] describes the determination of the reference coordinates values with the same accuracy

as obtained in the following research (< 1 cm). The accuracy criterion used for the parameteri-

sation of sports GNSS receivers was 2DRMS—a measure commonly used in surveying and

navigation. As a result of the obtained values comparison, it should be noted that only two

smartphones (S4 and S5) and in the first campaign only, achieved better positioning accuracy

than the tested sports receivers. Qstarz BT-Q1000 with the accuracy of 2.18 m proved to be the

most accurate GNSS receiver. The remaining models also obtained good results (2.18 m, 2.97

m, 4.02 m and 7.06 m) compared to Samsung Galaxy smartphones, whose 2DRMS values usu-

ally oscillated between 5 and 6 m (Y, S3 Mini, S5) with several values exceeding 10 m (S6 and

Fig 9. 2D Rayleigh distribution function of Samsung Galaxy phones calculated for the 24-hour measurement campaign.

https://doi.org/10.1371/journal.pone.0215562.g009
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S7). The accuracy of sports receivers described in [50] proves their higher accuracy and preci-

sion in relation to Samsung Galaxy smartphones.

Conclusions

While addressing the issue of accuracy of GNSS receivers implemented in smartphones, the

authors realised that these are very specific measurement devices. The final effect of displaying

the desired information (a pair of coordinates, speed, direction, position on the electronic

map) is affected by a number of factors that can be assigned to two groups: (1) those who are

fully or partially user-dependent (software update and selection, choice of specific software

options, firmware update in the device, etc.); and (2) factors that the user cannot alter (the

quality of components installed in the receiver, built-in systems software, GNSS system errors,

etc.). The popularity of smartphones and their use in navigational applications is widespread

in public, but just few nonprofessional users are aware of the complexity of the underlying pro-

cess, based on the knowledge and experience of hardware and software manufacturers. It

would be helpful if smartphones manufacturers were to act like universal GNSS data loggers

manufacturers (e.g. Qstarz, Holux) and published technical information on the achieved accu-

racy or on implemented GNSS chipsets. Unfortunately, smartphone specifications are missing

such data. Hence, the major objective of this article has been to bridge the gap.

Determining the position using smartphones in most cases is used in dynamic applications

(travelled route registration, road navigation, etc.). Arbitrary determination of kinematic accu-

racy is difficult due to the changing measurement conditions (speed, direction, obstacles pres-

ence, etc.). For this reason, long-term stationary measurements are carried out in favourable

field conditions (no obstacles) to assess the accuracy of smartphones. Considering the ideal

conditions for carrying out the measurement, it can be assumed that smartphones in everyday

use in urban areas will achieve accuracy in the best case equal to that obtained in the study.

The authors aimed to verify the hypothesis concerning satisfying the needs for better position-

ing accuracies by successive generations of mobile devices. Due to the popularity, availability

and recognized position on the smartphone market, six models of the Samsung Galaxy series

from 2011–2016 were used in the study (Y, S3 Mini, S4, S5, S6 and S7). The construction of a

dedicated measurement platform enabled synchronous measurements under the same field

Table 5. Assessment of the accuracy of determining the position of smartphones and sport-recreational receivers using static measurements.

Author & purpose of research Type of measurement Accuracy measure Number of

points

recorded

Mobile application, smartphone & obtained accuracy or

receiver & obtained accuracy

Smartphone app

performance during various

weather conditions [48]

Static (known position) Avg horizontal error,

StDev, median, max

and min. error

12 200 U-Center GPS app; Samsung Galaxy Mini: 5.11–5.4 m

(avg horizontal error), 3.37–4.74 m (StDev), 3.83–4.17 m

(median), 21.38–46.13 m (max error),

0.22–2.09 m (min. error)

Determining the validity of

portable GPS receivers [49]

Static (geodetic sites are

determined with an accuracy

of 0.10–0.15 m)

CEP, mean error N/A FRWD B100: 6.8 m (CEP), 29.0 ± 93.7 m (mean error);

Garmin Forerunner 205: 5.7 m (CEP), 13.9 ± 21.5 m

(mean error); Garmin Foretrex 201: 5.5 m (CEP),

14.6 ± 26.8 m (mean error); GlobalSat TR-203: 6.3 m

(CEP), 58.8 ± 393.2 m (mean error); i-gotU GT-600

Logger: 10.8 m (CEP), 19.6 ± 30.9 m (mean error); Qstarz

BT-Q1000XT: 5.0 m (CEP), 12.1 ± 19.6 m (mean error);

StarsNav BTS-110: 7.3 m (CEP), 12.3 ± 15.6 m (mean

error)

Assessing the accuracy of

various GNSS receivers [50]

Static (geodetic point is

determined with an accuracy

of < 1 cm)

2DRMS 9 000 Garmin Edge 205: 4.02 m; Garmin Forerunner 305: 7.06

m; Pentagram P3106: 2.84 m; Qstarz BT-Q1000: 2.18 m;

Wintec WBT-100: 2.97 m

https://doi.org/10.1371/journal.pone.0215562.t005
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conditions. To verify the obtained results of the 24 hour long measurement, the second inde-

pendent campaign lasting 12 hours was carried out in the same place. The one-second mea-

surement interval ensured obtaining a representative statistical sample. The collected

measurement data were processed to determine the error values commonly used in surveying

and navigation (RMS, DRMS, CEP and others). In addition, a statistical analysis of the proba-

bility distribution of a random variable of measurement error was performed.

Two of the tested phones obtained the 2DRMS errors in the first campaign that slightly

exceeded 2 m (S4 and S5). The oldest models (Y and S3 Mini) obtained three times greater

error values and two latest tested smartphones obtained a surprising result close to 14 m (S6)

and 9 m (S7) accuracy. According to that, the second measurement campaign was performed

to verify the original research. For most cases, the accuracy obtained by smartphones was con-

firmed. Only Samsung Galaxy S5 got significantly different accuracy parameters (e.g. 2DRMS

larger by 142%). Errors increments exceeding 50% of the value obtained in the first campaign

were also recorded in smartphones S3 Mini and S7. In other cases (Y, S4 and S6 models), the

error differences did not exceed 50%, with a significant part not exceeding 25% of the original

values. The oldest models of the Samsung Galaxy series (Y and S3 Mini) during the tests mea-

sured the position abruptly, often registering the same coordinates for a longer period of time.

The significant low accuracy confirmation in two measuring campaigns was found in the case

of the S6, which additionally confirmed the worst result in the smartphones group. Obtained

results show that intuitive perception of newer Galaxy models as better in every possible opera-

tional aspect does not necessarily refer to the accuracy of positioning. It is difficult to under-

stand considering that the operators of global navigation satellite/positioning systems

continue to develop and improve them. It is also worth noting that the research was carried

out at a measuring station without terrain obstacles—the conditions rarely encountered in

everyday use of such receivers.

The limitation of the research is that only one model of each smartphone was tested in mea-

surement campaigns. In future work more than one device per phone type will be validated to

present the repeatability of the determined positioning accuracies.

Author Contributions

Conceptualization: Tomasz Szot, Cezary Specht, Mariusz Specht, Pawel S. Dabrowski.

Investigation: Mariusz Specht.

Methodology: Tomasz Szot, Cezary Specht, Mariusz Specht, Pawel S. Dabrowski.

Project administration: Cezary Specht.

Supervision: Cezary Specht, Mariusz Specht.

Validation: Cezary Specht.

Visualization: Mariusz Specht.

Writing – original draft: Tomasz Szot, Cezary Specht, Mariusz Specht, Pawel S. Dabrowski.

Writing – review & editing: Tomasz Szot, Cezary Specht, Mariusz Specht, Pawel S.

Dabrowski.

References
1. gartner.com [Internet]. Gartner Says Smartphone Sales Accounted for 55 Percent of Overall Mobile

Phone Sales in Third Quarter of 2013; c2013 [cited 2017 Jul 30]. Available from: http://www.gartner.

com/newsroom/id/2623415.

Stationary positioning accuracy of Samsung Galaxy smartphones

PLOS ONE | https://doi.org/10.1371/journal.pone.0215562 April 18, 2019 16 / 19

http://www.gartner.com/newsroom/id/2623415
http://www.gartner.com/newsroom/id/2623415
https://doi.org/10.1371/journal.pone.0215562


2. Pewglobal.org [Internet]. Smartphone Ownership and Internet Usage Continues to Climb in Emerging

Economies; c2016 [cited 2017 Jul 30]. Available from: http://www.pewglobal.org/2016/02/22/

smartphone-ownership-and-internet-usage-continues-to-climb-in-emerging-economies.

3. statista.com [Internet]. Number of smartphone users worldwide from 2014 to 2020 (in billions); c2017

[cited 2017 Aug 1]. Available from: https://www.statista.com/statistics/330695/number-of-smartphone-

users-worldwide.

4. gartner.com [Internet]. Gartner Says Worldwide Sales of Smartphones Grew 7 Percent in the Fourth

Quarter of 2016; c2017 [cited 2017 Jul 30]. Available from: http://www.gartner.com/newsroom/id/

3609817.

5. idc.com [Internet]. Smartphone OS; c2017 [cited 2017 Aug 1]. Available from: http://www.idc.com/

promo/smartphone-market-share/os.

6. Gu F, Kealy A, Khoshelham K, Shang J. User-Independent Motion State Recognition Using Smart-

phone Sensors. Sensors. 2015; 15(12): 30636–30652. https://doi.org/10.3390/s151229821 PMID:

26690163

7. Capela NA, Lemaire ED, Baddour N. Feature Selection for Wearable Smartphone-Based Human Activ-

ity Recognition with Able Bodied Elderly and Stroke Patients. PLoS ONE. 2015; 10(4):1–18. https://doi.

org/10.1371/journal.pone.0124414 PMID: 25885272

8. Duarte F, Lourenco A, Abrantes A. Classification of Physical Activities Using a Smartphone: Evaluation

Study Using Multiple Users. Procedia Technol. 2014; 17:239–247. https://doi.org/10.1016/j.protcy.

2014.10.234

9. Incel OD, Kose M, Ersoy C. A Review and Taxonomy of Activity Recognition on Mobile Phones. BioNa-

noScience. 2013; 3(2):145–171. https://doi.org/10.1007/s12668-013-0088-3

10. Roig J, Gilson ND, Puig-Ribera A, Contreras RS, Trost SG. Measuring and Influencing Physical Activity

with Smartphone Technology: A Systematic Review. Sports Med. 2014; 44(5):671–686. https://doi.org/

10.1007/s40279-014-0142-5 PMID: 24497157

11. Coughlin SS, Whitehead M, Sheats JQ, Mastromonico J, Smith S. A Review of Smartphone Applica-

tions for Promoting Physical Activity. J J Commun Med. 2016; 2(1):1–14.

12. Gikas V, Perakis H. Rigorous Performance Evaluation of Smartphone GNSS/IMU Sensors for ITS

Applications. Sensors. 2016; 16(8):1–21. https://doi.org/10.3390/s16081240 PMID: 27527187

13. Pei L, Guinness R, Chen R, Liu J, Kuusniemi H, Chen Y, Chen L, Kaistinen J. Human Behavior Cogni-

tion Using Smartphone Sensors. Sensors. 2013; 13(2):1402–1424. https://doi.org/10.3390/

s130201402 PMID: 23348030

14. Bort- Boulos MN, Yang SP. Exergames for Health and Fitness: The Roles of GPS and Geosocial Apps.

Int J Health Geogr. 2013; 12(1):1–7. https://doi.org/10.1186/1476-072X-12-18 PMID: 23561306

15. Donaire-Gonzalez D, Valentin A, de Nazelle A, Ambros A, Carrasco-Turigas G, Seto E, Jerrett M, Nieu-

wenhuijsen MJ. Benefits of Mobile Phone Technology for Personal Environmental Monitoring. JMIR

Mhealth Uhealth. 2016; 4(4):1–13. https://doi.org/10.2196/mhealth.5771 PMID: 27833069

16. Korpilo S, Virtanen T, Lehvavirta S. Smartphone GPS Tracking–Inexpensive and Efficient Data Collec-

tion on Recreational Movement. Landsc. Urban Plann. 2017; 157:608–617. https://doi.org/10.1016/j.

landurbplan.2016.08.005

17. Wang L, Groves PD, Ziebart MK. Urban Positioning on a Smartphone: Real-Time Shadow Matching

Using GNSS and 3D City Models. Inside GNSS. 2013; 8(6):44–56.

18. Wiehe SE, Carroll AE, Liu GC, Haberkorn KL, Hoch SC, Wilson JS, Fortenberry JD. Using GPS-

Enabled Cell Phones to Track the Travel Patterns of Adolescents. Int J Health Geogr. 2008; 7(1):1–11.

https://doi.org/10.1186/1476-072X-7-22 PMID: 18495025

19. Specht C, Koc W, Smolarek L, Grzadziela A, Szmaglinski J, Specht M. Diagnostics of the Tram Track

Shape with the Use of the Global Positioning Satellite Systems (GPS/GLONASS) Measurements with a

20 Hz Frequency Rate. J VibroEng. 2014; 16(6):3076–3085.

20. Specht C, Specht M, Dabrowski P. Comparative Analysis of Active Geodetic Networks in Poland. Pro-

ceedings of the 17th International Multidisciplinary Scientific GeoConference SGEM 2017. 2017;17

(22):163–176. https://doi.org/10.5593/SGEM2017/22/S09.021

21. Rao B, Minakakis L. Evolution of Mobile Location-Based Services. Communications of the ACM. 2003;

46(12):61–65. https://doi.org/10.1145/953460.953490

22. Szot T. [Monitoring of Athletes’ Locomotion in Selected Sports with the Use of Global Navigation Satel-

lite Systems] [dissertation]. Jedrzej Sniadecki Academy of Physical Education and Sport in Gdansk.

2014. Polish.

23. navcen.uscg.gov [Internet]. Federal Radionavigation Plan 2012 c2012 [cited 2017 Aug 1]. Available

from: https://www.navcen.uscg.gov/pdf/2012_FRP_Final_Signed.pdf.

Stationary positioning accuracy of Samsung Galaxy smartphones

PLOS ONE | https://doi.org/10.1371/journal.pone.0215562 April 18, 2019 17 / 19

http://www.pewglobal.org/2016/02/22/smartphone-ownership-and-internet-usage-continues-to-climb-in-emerging-economies
http://www.pewglobal.org/2016/02/22/smartphone-ownership-and-internet-usage-continues-to-climb-in-emerging-economies
https://www.statista.com/statistics/330695/number-of-smartphone-users-worldwide
https://www.statista.com/statistics/330695/number-of-smartphone-users-worldwide
http://www.gartner.com/newsroom/id/3609817
http://www.gartner.com/newsroom/id/3609817
http://www.idc.com/promo/smartphone-market-share/os
http://www.idc.com/promo/smartphone-market-share/os
https://doi.org/10.3390/s151229821
http://www.ncbi.nlm.nih.gov/pubmed/26690163
https://doi.org/10.1371/journal.pone.0124414
https://doi.org/10.1371/journal.pone.0124414
http://www.ncbi.nlm.nih.gov/pubmed/25885272
https://doi.org/10.1016/j.protcy.2014.10.234
https://doi.org/10.1016/j.protcy.2014.10.234
https://doi.org/10.1007/s12668-013-0088-3
https://doi.org/10.1007/s40279-014-0142-5
https://doi.org/10.1007/s40279-014-0142-5
http://www.ncbi.nlm.nih.gov/pubmed/24497157
https://doi.org/10.3390/s16081240
http://www.ncbi.nlm.nih.gov/pubmed/27527187
https://doi.org/10.3390/s130201402
https://doi.org/10.3390/s130201402
http://www.ncbi.nlm.nih.gov/pubmed/23348030
https://doi.org/10.1186/1476-072X-12-18
http://www.ncbi.nlm.nih.gov/pubmed/23561306
https://doi.org/10.2196/mhealth.5771
http://www.ncbi.nlm.nih.gov/pubmed/27833069
https://doi.org/10.1016/j.landurbplan.2016.08.005
https://doi.org/10.1016/j.landurbplan.2016.08.005
https://doi.org/10.1186/1476-072X-7-22
http://www.ncbi.nlm.nih.gov/pubmed/18495025
https://doi.org/10.5593/SGEM2017/22/S09.021
https://doi.org/10.1145/953460.953490
https://www.navcen.uscg.gov/pdf/2012_FRP_Final_Signed.pdf
https://doi.org/10.1371/journal.pone.0215562


24. Banville S, Van Diggelen F. Precision GNSS for everyone: precise positioning using raw GPS measure-

ments from Android smartphones. GPS World. 2016; 27(11):43–48.

25. Pesyna KM, Heath RW, Humphreys TE. Accuracy in the Palm of Your Hand: Centimeter Positioning

with a Smartphone-Quality GNSS Antenna. GPS World. 2015; 26(2):16–31.

26. Pesyna KM, Heath Jr RW, Humphreys TE (2014). Centimeter Positioning with a Smartphone-Quality

GNSS Antenna. 2014. Proceedings of the 27th International Technical Meeting of The Satellite Division of

the Institute of Navigation (ION GNSS+ 2014), Tampa, Florida, September 2014; 2014. p. 1568–1577.

27. Realini E, Caldera S, Pertusini L, Sampietro D. Precise gnss positioning using smart devices. Sensors.

2017; 17(10):2434, https://doi.org/10.3390/s17102434 PMID: 29064417

28. Odolinski R, Teunissen PJ. An assessment of smartphone and low-cost multi-GNSS single-frequency

RTK positioning for low, medium and high ionospheric disturbance periods. J Geod. 2018:1–22, https://

doi.org/10.1007/s00190-018-1192-5

29. Siddakatte R, Broumandan A, Lachapelle G. Performance evaluation of smartphone GNSS measure-

ments with different antenna configurations. Royal Institute of Navigation International Navigation Con-

ference, Brighton; 2017.

30. Bauer C. On the (In-)Accuracy of GPS Measures of Smartphones: A Study of Running Tracking Appli-

cations. Proceedings of the 11th International Conference on Advances in Mobile Computing & Multi-

media (MoMM 2013); 2013. p. 335–340. https://doi.org/10.1145/2536853.2536893

31. Dabove P, Petovello M. What Are the Actual Performances of GNSS Positioning Using Smartphone

Technology? Inside GNSS. 2014; 9(6):34–37.

32. google.com/store/apps [Internet]. Ppillaii. GPS NMEA Tool; c2017 [cited 2017 Jul 1]. Available from:

https://play.google.com/store/apps/details?id=com.ppillai.gpsnmea&hl=pl.

33. Pavlis NK, Holmes SA, Kenyon SC, Factor JK. The Development and Evaluation of the Earth Gravita-

tional Model 2008 (EGM2008). J. Geophys. Res. 2012; 117:1–38. https://doi.org/10.1029/

2011JB008916

34. earth-info.nga.mil [Internet]. NIMA Technical Report TR8350.2, "Department of Defense World Geodetic

System 1984, Its Definition and Relationships With Local Geodetic Systems", Third Edition; c2000 [cited

2017 Aug 1]. Available from: http://earth-info.nga.mil/GandG/publications/tr8350.2/tr8350_2.html.

35. Deakin RE, Hunter MN, Karney CFF. The Gauss-Kruger Projection. Proceedings of the 23rd Victorian

Regional Survey Conference; 2010. p. 1–20.

36. Gajderowicz I. [Map Projections. Basics]. Olsztyn: University of Warmia and Mazury Publishing; 2009.

Polish.

37. novatel.com [Internet]. NovAtel Positioning Leadership. GPS Position Accuracy Measures. c2003 [cited

2017 Aug 1]. Available from: https://www.novatel.com/assets/Documents/Bulletins/apn029.pdf.

38. van Diggelen F. GNSS Accuracy–Lies Damn Lies and Statistics. GPS World. 2007; 18(1):27–32.

39. Whelan B, Taylor J. Precision Agriculture for Grain Production Systems. Clayton: CSIRO Publishing.

2013. https://doi.org/10.1080/17538947.2013.817183

40. gps.gov [Internet]. Global Positioning System Standard Positioning Service Performance Standard. 4th

Edition. c2008 [cited 2017 Aug 1]. Available from: https://www.gps.gov/technical/ps/2008-SPS-

performance-standard.pdf.

41. Sniegocki H, Specht C, Specht M. Testing Accuracy of Maritime DGPS System Based on Long-Term

Measurements Campaigns Over the Years 2006–2014. IJCIET. 2014; 5(10):1–8.

42. Beckmann P. Rayleigh distribution and its generalizations. Radio Sci J Res. 1962; 9:927–932.

43. Mkolesia AC, Kikawa CR, Shatalov MY. Estimation of the Rayleigh Distribution Parameter. Transylva-

nian Rev. 2016; 24(8):1158–1163. https://doi.org/10.13140/RG.2.2.10088.47369

44. Benson AC, ruce L, Gordon BA. Reliability and Validity of a GPS-Enabled IPhone “App” to Measure

Physical Activity. J Sports Sci. 2015; 33(14): 1421–1428. https://doi.org/10.1080/02640414.2014.

994659 PMID: 25555093

45. Menard T, Miller J. Comparing the GPS Capabilities of the IPhone 4 and IPhone 3G for Vehicle Tracking

Using FreeSim_Mobile. Proceedings of the 4th IEEE Intelligent Vehicles Symposium; 2011. p. 278–

283. https://doi.org/10.1109/IVS.2011.5940500

46. Menard T, Miller J, Nowak M, Norris D. Comparing the GPS Capabilities of the Samsung Galaxy S

Motorola Droid X and the Apple IPhone for Vehicle Tracking Using FreeSim_Mobile. Proceedings of the

14th International IEEE Conference on Intelligent Transportation Systems (ITSC 2011); 2011. p. 985–

990. https://doi.org/10.1109/ITSC.2011.6083141

47. Specht C, Szot T, Specht M. The Research of Accuracy of the Personal GPS Receivers in Dynamic

Measurements. Railway Transportation Technology. 2013; 10:2547–2555 (in Polish).

Stationary positioning accuracy of Samsung Galaxy smartphones

PLOS ONE | https://doi.org/10.1371/journal.pone.0215562 April 18, 2019 18 / 19

https://doi.org/10.3390/s17102434
http://www.ncbi.nlm.nih.gov/pubmed/29064417
https://doi.org/10.1007/s00190-018-1192-5
https://doi.org/10.1007/s00190-018-1192-5
https://doi.org/10.1145/2536853.2536893
https://play.google.com/store/apps/details?id=com.ppillai.gpsnmea&hl=pl
https://doi.org/10.1029/2011JB008916
https://doi.org/10.1029/2011JB008916
http://earth-info.nga.mil/GandG/publications/tr8350.2/tr8350_2.html
https://www.novatel.com/assets/Documents/Bulletins/apn029.pdf
https://doi.org/10.1080/17538947.2013.817183
https://www.gps.gov/technical/ps/2008-SPS-performance-standard.pdf
https://www.gps.gov/technical/ps/2008-SPS-performance-standard.pdf
https://doi.org/10.13140/RG.2.2.10088.47369
https://doi.org/10.1080/02640414.2014.994659
https://doi.org/10.1080/02640414.2014.994659
http://www.ncbi.nlm.nih.gov/pubmed/25555093
https://doi.org/10.1109/IVS.2011.5940500
https://doi.org/10.1109/ITSC.2011.6083141
https://doi.org/10.1371/journal.pone.0215562


48. Kos S, Brcic D, Musulin I. Smartphone Application GPS Performance During Various Space Weather

Conditions: A Preliminary Study. Proceedings of the 21st International Symposium on Electronics in

Transport (ISEP 2013); 2013. p. 1–4.

49. Duncan S, Stewart TI, Oliver M, Mavoa S, MacRae D, Badland HM, Duncan MJ. Portable Global Posi-

tioning System Receivers: Static Validity and Environmental Conditions. Am. J. Prev. Med. 2013; 44(2):

e19–e29. https://doi.org/10.1016/j.amepre.2012.10.013 PMID: 23332343

50. Specht C, Szot T. Testing Methodology for GNSS Receivers Used in Sports and Recreation. Outline of

Issues. Niznikowski T, Sadowski J, Starosta W (eds.). Coordination Abilities in Physical Education

Sports and Rehabilitation Biala Podlaska: Jozef Pilsudski University of Physical Education in Warsaw

Faculty of Physical Education and Sport. 2016; 39:246–259.

Stationary positioning accuracy of Samsung Galaxy smartphones

PLOS ONE | https://doi.org/10.1371/journal.pone.0215562 April 18, 2019 19 / 19

https://doi.org/10.1016/j.amepre.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23332343
https://doi.org/10.1371/journal.pone.0215562

