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Based on the success of automotive navigation systems pedestrian navigation systems have
been introduced for mobile devices. They have much higher accuracy requirements, since
movements are less constrained in open places, and alternatives like alleys in an old town centre
are in closer proximity. Location-based tourism information systems like tour guides are
designed to provide context-driven interpretation of sights situated in the immediate vicinity.
Current pedestrian navigation systems exclusively rely on GPS assisted by a map for
localization. Hard to reproduce anecdotal evidence suggests that pedestrian navigators have
difficulty to provide accurate navigational guidance. This paper examines the actual accuracy of
positioning for various GPS receivers in areas of the city of Gorlitz relevant to a tourist. These
measurements are based on a comparison between a dense network of reference points of known
locations and the estimated positions provided by the GPS receivers. The error of GPS
localization is largely determined by the interaction of the current constellation of GPS satellites
and the built-up in the immediate proximity. Since the constellation changes constantly the
localization error of the same position varies significantly over time. A fraction of the error is
reproducible and can therefore be used to correct the position estimate. The error along the
street or alley is much smaller than the orthogonal error. This is of strategic importance for the
design of mobile information systems targeting a tourist with interpretive information.

1 Introduction

Nowadays most people already have an internet enabled mobile device like a smart phone. This
stimulates the demand for mobile agents and location aware services. The quality of location-based
services is highly depended on the accuracy of the presumed position of the user. Positioning based on
GPS is very attractive, since PDAs and mobile phones that have an integrated GPS receiver are on or
coming on the market. Therefore the actual accuracy of GPS positioning is of strategic importance for
the design of location-based services. As Meurer et. al. (2005) pointed out localization becomes
unsatisfactory in multipath scenarios because of the large delay spreads leading to non line of sight
propagation paths of the signal — which is very often the case in the so called urban canyons. But
actually there is no clear description how to define an urban canyon concerning the height of the
houses in the surrounding. In contrast to that a group of researches led by Eisenfeller (2005) showed
that an exact positioning in urban areas is no problem and even possible indoor.

This paper will show the design, the execution and some results of several field trials performed in the
city of Gorlitz. The mediaeval town centre has some narrow alleys, but most of the city is dominated
by buildings with 3-4 stories and streets laid out at the end of the 19th century. This is rather typical
for many medium size cities of Europe. The positions are measured with four different GPS receivers
based on two hardware platforms (Fortuna and Holux, SIRF II and SIRF IIT) with and without external
antenna. The measured position data is compared with a dense network of reference points provided
by the land surveying office to assess the accuracy itself and to identify the major factors on GPS
positioning in an environment like Gorlitz.
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2 Related work

Shoval and Isaacson (2005) compared localization systems like GPS to land-based tracking systems;
these are units sending signals to antenna stations that calculate the position, by measuring the
movement of pedestrians. The main advantages of GPS are the worldwide ability, little costs and
exacter positions, whereas land-based tracking systems have the advantages of being unaffected by the
weather and work also well in urban regions and indoors.

Eisenfeller et. al. (2005) showed that the possibility in indoor positioning using GPS technology is
highly depended on the materials of the walls around the room. The walls cause a noise which makes
it hard for the receiver to filter the useful signals, leading to much longer calibration times. They
pointed out that an assisted approach with the mobile network would be useful to shorten that
calibration time.

Rempel and Rodgers (1997) researched the effectiveness of differential correction and the influence of
well-spaced satellite configurations. They found out that it is possible to reduce the GPS error from 65
meters to lower than 10 meters by increasing the proportion of positions based on 4 rather than 3
satellites (3-dimensional mode). The error reduction is done by sending out correction information
from fixed earth stations.

Nayak et. al. (2000) analyzed the occurrence of multipath propagation by mounting 4 GPS antennas
onto a vehicle and driving through a city. The collected data was compared to an accurate digital road
map to determine the position accuracy. They analyzed the correlation of the data from one antenna to
the other and showed rapid decorrelation of multipath among antennas. They also pointed out that the
success of an accuracy improvement depends on successful identification and subsequent elimination
of the multipath corrupted measurement.

3 Research topics and design of experiment

To gain insight into the error of GPS localization the estimated coordinates provided by a GPS
receiver are compared to reference points with well known positions. To make the error analysis
representative a dense network of points was constructed for the city of Gorlitz. That network was
divided into a set of roughly equal length tours to facilitate the data gathering. Close collaboration
with the Land Surveying Office (LSO) was necessary to determine the exact positions of visible
reference points e.g. street lights, manhole covers, traffic signs, parking automata, inspection
chambers, holes for flag poles, trees, drains or traffic lights.
According to the LSO the coordinates of these items are known with an accuracy of a few centimetres.
In Germany the LSO stores all positions in the Gauss-Kriiger format. Since the GPS receivers are
delivering the position data in a format called WGS 84 (NMEA standard), the reference data had to be
converted to WGS84. In order to enable the visualization of the referenced and measured positions,
both of them were linearly interpolated.
The tours were plotted on a map and handed out to teams of two students each. The first student uses
the map to determine the next reference point and walks to this point in a straight line. The second
student follows with constant walking speed and indicates to a mobile device that the reference point
has been reached. While walking the GPS estimates were constantly logged onto the mobile device in
close relation to the exactly known positions to enable a comparison afterwards. Evaluating the logged
data the following research questions should be answered:

Q1: What is the actual GPS error in various areas?

Q2: Which influence does the internal chip of the receiver have?

Q3: Is there a correlation between the error estimates of the device and the real errors?

Q4: Which other factors determine the accuracy of GPS localization?

Q5: How do the buildings in the close proximity influence the GPS accuracy?

Q6: How large is the reproducible fraction of the error?

Q7: Are there possibilities to correct the localization error?
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3.1 Execution

In order to minimize the human error through distractions, the students with the role “map carrier” had
to learn the points of their tour in advance. Insights into reproducibility of errors and the influences of
the device configurations could be gained by executing each tour with each device configuration
several times. The following configurations were available for the field study:

GPS receiver chip set External antenna
Fortuna clip-on SIRF II Yes
Holux GR 231 SIRF II Yes

Fortuna Slim SIRF III
Holux GR236 SIRF 11T

Table 1 GPS configurations during field trial

As Table 1 shows, the two latest generations of GPS receivers were available for the field trial.
Additionally the two receivers of the older generations offered the possibility to plug in an external
antenna. All together four tours with reference points in all areas relevant for tourism were modeled
for the field trial. The tours had an average number of 181 exact measured reference points from the
LSO. The following picture shows the distribution of the collected reference points in the areas
relevant for a tourist.

The color of the grids in Fig. 1 visualizes the mean error per grid whereas the scale ranges from red
indicating a low localization accuracy to green where positioning error was smaller when the
measurements were taken. The students with the role “device carrier” were asked to carry the GPS
device within their trouser pockets in order to determine the error in a realistic scenario for a location-
aware application.

3.2 Tracking and evaluation software

The mobile tracking of the position data was done by an application for a mobile device, since the user
had to select a reference point and click a button when it was reached.
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Table 2 Screenshots of experiment software
The screenshot on the left column of Table 2 shows the main screen of the mobile application with a
list of reference points which are linked to points in the map by numbers. The green check indicates
that the point was already visited and the red dot marks the current reference point which has to be
visited next.
The screenshot in the right column visualize the desktop application for analyzing the tracked GPS
data. It shows a blue line on the map which symbolizes the interpolated points of the reference tour
given by the LSO and a red line announces the estimates of the GPS device. In order to enable the
evaluation of the error in a user-defined area the user can draw a rectangle in the map. To get insight
into the error values of several points a vector lens can be used to connect the exact points with the
estimated ones. This lens is shown on the upper right of the map whereas the little number aside shows
the mean error of all points covered by the lens in meter. This makes the error visible even if the red
and blue line overlap and the error arises along the path. Finally it is important to get insight into the
constellation of the satellites for several geographical points. Therefore the application provides a
satellite lens for showing the fixed satellites at the focused position and a satellite tool window for
visualizing the signal to noise ratio (S/N ratio) which is indicated by the colour of the satellites within
the tool window. Starting with a high S/N ratio the scale goes from green to yellow, orange, pink and
red.
Both applications are based on the currently dominating NMEA 0183 standard to enable other analysts
to evaluate GPS data from external measurements or to compare the evaluation with other tools on the
market too.

4 Results

The land surveying office provided 706 references points organized in four tours. On average the GPS
devices were estimating 4149 positions per tour. The mean error of all runs is 24.5 meter with
significant variations for different areas.

Tour #Points #Runs @ GPS estimates

1 142 4 3578
2 163 1 3540
3 224 3 3960
4 177 7 5521
All 706 15 4149

Table 3 Experiment statistics
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The 4th tour was walked several times with different GPS receivers of the generations SIRF II and
SIRF III to find out whether there are improvements due to the revised hardware equipment. While the
Fortuna Slim device showed an average error of 12 meter within tour 4, the Holux GR 236 reached
much worse results with a mean error of 18 meter. This proves that a more sensitive hardware of a
newer generation doesn’t necessarily lead to better measurement results.

4.1 Estimation of positional error

The standard data transmitted by most commonly available GPS receivers offers a record called GS4
which contains an internal assessment about the quality of the signals. A linear correlation of this data
to the actual errors would enable a mobile application to estimate its own precision dynamically at
runtime and react in different manners according to the current precision. The Pearson correlation
coefficient was used to verify the correlation of the two lists. According to Gravetter (2000) the
following formula was applied:

Cov(X,Y)
\/Var(X) *\/Var(Y) )

The covariance of two samples divided by the product of their squares of variances returns a value
between -1 meaning a reverse correlation and 1 approving a clear correlation within the two item lists.
The outcome of this is a correlation of 0.13 meaning that the device assessments are inapplicable to
predict the current localization error.

Corr(X,Y) =

4.2 Influence of built-up

As mentioned earlier in this paper the localization error depends on the area. Table 4 shows a
comparison between two locations. The first row visualizes the topography of the localities with red
arrows in the map to show the positions and directions of view where the pictures in the last row were
taken. The main difference between the two locations is the built-up in close proximity. While the
train station street is a broader street with just a few high houses at distance, the 43 feet high houses on
the hospital street are at close quarters. The map and the satellite view in the second row are aligned to
make it easier to show the visible GPS satellites and the S/N ratio of the received signal.
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Table 4 Comparison of different area types
The error distributions in the third row and the average error underneath show that the error is highly
depended on the built-up in the area the measurement was taken. The houses at the Hospital Street
prevent the device to get a direct signal from satellites in directions orthogonal to the rows of houses
on both sides. A mean error of about 15 meter forces a context aware mobile application to use other
information to remove positioning uncertainty, e.g. request the help of the user for the final navigation
to the sight on this street.

4.3 Influence of constellation

The interaction of the built-up and the actual constellation determines the localization error.
Fundamentally the “visible” constellation can either be advantageous for the positioning if the
satellites are spread out in all directions of the sky, whereas if the satellites are concentrated in one
area the localization error will be much higher. However the GPS System was designed with the
intention to maximize the convenient constellations around the world (Dixon, 1991). Unfortunately the
built-up of different urban locations seems to shade the reception of the satellites most suitable for an
accurate positioning.

In order to analyze the impact of the interaction between built-up and constellation two points with
different positional error were selected for a deeper analysis. Pictures of the locations were taken and
merged to a 360 degree panorama. The camera has an aperture angle of 40° in landscape mode. It was
elevated 30° upwards, thus taking a panorama with 10 degrees above the horizon up to 50 degree. The
position and satellite data was tracked constantly over a period of three hours. To visualize the
positions of the satellites the successive positions and the S/N ratio were projected into the 360°
panorama picture as shown in the following pictures.

ig. 2 Hospital street
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. e :
Fig. 3 Elisabeth square

At the Elisabeth’s square it is much more likely that an advantageous satellite constellation becomes
visible than at the Hospital Street where many satellites are shaded by the houses preventing a direct
reception of the signal. In that case the GPS receiver has to balance between using satellites with a less
suitable signal and using satellites with a low S/N ratio. A low S/N ratio might indicate one or multiple
reflections. Even wide streets like the hospital street with houses of 3-4 stories surprisingly seem to
match the definition of “urban canyon”. Because of this interaction between built-up and time varying
satellite constellation the error for the same position varies significantly in amount and direction over
time as indicated in Table 5.
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Table 5 Error variation
The diagram on the left shows the positional error for the same position but at different times and
confirms that the error can differ up to 34 meters. Even the Elisabeth square which has a wider and
more unobstructed view to the sky shows significant variations of the localisation error over time. Of
course the mean error is much smaller there but still any estimate of the positional error has to be
based on the built-up and the time varying constellation of the GPS satellites. This might explain the
puzzling conflict between reports of participants in our field trial in the summer of 2005. Some
reported misleading navigational instructions, whereas others moving through the same area a little bit
later didn’t experience any problems.

5 Correction strategies

Context-aware applications cannot allocate a timely and adequate service without an exact knowledge
about the current position. This kind of ambient intelligence might turn into ambient hell for the user if
the information doesn’t fit to the local context (e.g. wrong navigational instructions). That’s why
finding additional ways for improving the original signal is absolutely necessary. This section
discusses several methodologies of correcting and evaluates its effectiveness.

5.1 Prediction of reflection using a 3D model

The reflection of satellite signals seems to have a tremendous impact on the accuracy of a GPS
receiver. Fig. 2 sketches a reflection of a signal in an “urban canyon” and the position estimated by a
GPS receiver. The satellite signal is reflected at the facades. The reflections cause an increase of the
time of arrival value. Since this value is the basis for calculating the distance to the satellite the
receiver sets the position further aside. Fig. 2 shows a signal which is reflected 3 times before reaching
the receiver. The delay of the signal is extended by the length of # which is the sum of all additional
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paths the signal takes due to reflection. Because the GPS receiver isn’t aware of the built-up in its
environment it would determine its own position to Pos(gps) — at the opposite side of the building.

Pos(ars).
N h POS o)

Fig. 4 Reflection

The above described situation leads to the assumption that the correctness of the positioning could be
greatly improved if a prediction of the reflection was possible. The standard NMEA protocol which is
supported by almost all GPS devices delivers a sentence called GSV containing the satellite
information azimuth, elevation and S/N ratio for all tracked satellites. This information in combination
with a city’s 3D model should enable a mobile application to predict the number and length of signal
reflections for any tracked satellite. Unfortunately the exact position of the receiver within the 3D
model is an important precondition for this mathematical model. Since the delivered position is only
estimated, the projection into the 3D model is kind of vague and makes the reflection predication
ambiguous. However a 3D model should enable a GPS receiver to exclude signals w/ a low S/N ratio
from satellites, which are at this point in time shaded by the built-up.

5.2 Map based correction
A closer look at the errors in conjunction with the course of the streets reveals an interesting fact: The

error in direction of the street seems to be much smaller than the error orthogonal to the street. Fig. 5
illustrates this situation at an exemplary street whereas DistX is much smaller than DistY.

Fig. 5 Error along and orthogonal to a street

This constellation is pretty much the same at most other measured positions. This effect seems to be
due to reflections on the facades. Satellites along the street are visible directly and thus their signals
are received without any reflection, whereas satellites on the left and right of the street are shaded
behind houses. This fact provides the opportunity to correct a GPS signal with the help of street maps.
However, this methodology has a weakness in areas of crossroads where the position of the nearest
street isn’t clear at any place. But in such areas the GPS signal very often becomes more accurate
anyhow since more satellites can be received directly due to a much larger view of the sky. Another
difficulty appears if only crossing streets but not the square itself is saved within the underlying map.
This leads to the problem that the position of a tourist staying in the middle of a square and requesting
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information about a central attraction, like a statue, is always set onto the adjacent street by the
correction process. A solution to that problem will require an adaptation of the map material.

5.3 Effectiveness of map based correction
In order to evaluate the chances of the map based approach the methodology was applied to correct the

data collected in the field study. Fig. 6 shows the error in meter before and after the correction
methodology was applied.

error = = = :Map corrected
f;:j: IR Mean values
12:;: ' Error: 15,22m
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1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58
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Fig. 6 Comparison of correction methods

This chart gives a first impression that the map based approach is very effective one since the mean
error after adapting the values is lower than 5 meters. This is a significant improvement to the raw data
of about 15 meters.

However, to avoid ambient intelligence bothering the user with wrongly timed information it is
important for the mobile application to know how credible the positioning within the mobile context
is. Dependent on this value the application will react differently according to the assumed mobile
context (e.g. “somewhere in front of you is a church: Turn to your right afterwards.” instead of “Turn
to your right now!”) in order to involve the user to resolve positional ambiguities.

Reference area Error [m]
Without map correction | With map correction Improvement
95% 99% 95% 99% 95% 99%
Elisabeth Square 47m 61m 26m 34m 45% 44%
Hospital Street 31m 33m 10m 12m 68% 64%
City 43m 84m 28m 76m 35% 10%

Table 7 Cumulative localization error for different localities

Table 7 shows the error an application has to expect in different localities for 95% and 99% of all
cases. The table also shows that the map based correction approach could improve the accuracy in all
areas. A pretty interesting result is that the best enhancements could be achieved in the hospital street
having no adjacent street in close proximity which might “distract” the map-based correction. This
confirms the great impact of the built-up to the location precision.
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6 Conclusion

This paper has shown the design and the execution of several field studies executed in Gorlitz to
capture the localization error of commercially available GPS receivers targeting the consumer. The
error of the GPS position is mainly determined by the interaction of the time varying constellation of
the satellites and the built-up in the close vicinity. The average position error ranges from 2 meters on
an open square to 15 meters even in wide streets with four story houses on both sides. The built-up
shades the satellites especially suitable for a positioning. The constellation of the satellites is periodic
and the built-up constant, therefore a rudimentary database was used to reduce the positioning error by
~10%. Most location-based services targeting the tourist need a higher accuracy along the street than
orthogonal to it. Fortunately the built-up shades the satellites to the left and right, but not along the
street. Hence the error along the street was by a factor of 3 times smaller than the total error. All-in-all
a location-based application has to assume a positional error along the street of 28 meters for 95% of
the time. Therefore navigation instructions and context driven interpretation have to include the tourist
her/himself to resolve positional ambiguity.
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