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Abstract - Location has become one of the most relevant context parameters
for mobile applications. Technology for the positiong such as Global Positioning
System (GPS) has been widely adopted for locating the mobile user. However,
for mobile applications that use an oﬀ the shelf GPS-receiver such as a PCMCIA
card attached to a PDA, the correctness of the positioning is yet unsatisfying.
Especially pedestrians, walking in urban areas, may experience strong deviations
of the detected position from their actual position. In this paper, we present our
approach to provide a software-based solution for a more correct position to a
mobile pedestrian by still relying on consumer-grade GPS receivers. The results
are small-sized, however, promising.

1

Introduction

Over the past several years, there have been signiﬁcant advances in navigation technologies
for the consumer market. This trend has been made possible by developments in the Global
Positioning System (GPS), the development of GPS-based navigation applications, and the
technological advancement of mobile computing devices. While most navigation applications
on the consumer market to date have been developed for automobile navigation, a current
area of research and development is that of GPS-based navigation for pedestrians. Pedestrian
navigation applications would help pedestrians navigate through unfamiliar cities, for example,
and would guide them to various points of interest. The development of software applications
for pedestrian navigation is, however, faced with a number of unique obstacles.
The environments in which GPS-based pedestrian navigation applications would most likely
be used are urban in nature; for example, a downtown district of a major city. Tall buildings and
narrow passageways in these types of environments can present very diﬃcult conditions for obtaining accurate GPS positions. This problem is augmented by the fact that most users of pedestrian navigation systems would use inexpensive, consumer-grade GPS receivers for positioning.
Professional-grade GPS receivers, which are far too expensive for the general consumer, often
provide GPS error correction technologies, such as hardware-based multipath-reduction, and
have powerful antennas capable of obtaining GPS signals in diﬃcult environments. Consumergrade devices generally do not provide these advanced features. In addition, software-based
GPS position correction methods common to automobile navigation applications, such as mapmatching, cannot be easily transferred to pedestrian navigation applications. Thus, there is
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a need for a new GPS-position correction technology that addresses the unique problems of
pedestrian navigation in urban environments.
Existing approaches in the area of high quality receivers work on correction on the signal
level. Other approaches use additional sources of location information to enhance the position
such as Diﬀerential Global Positioning System or use additional sensor information such as RFID
to increase the precision of the determined position. We also ﬁnd a research ﬁeld that exploits
further modalities such as video with the location information and combines positioning and and
computer vision techniques to improve the received signals correctness. The overall goal of our
project, however, was to design, implement, and test a software-based dynamic GPS-position
correction technology that addresses the current problems of GPS-based pedestrian navigation in
urban environments and that can be integrated into existing pedestrian navigation applications.
Two primary properties of the developed system are that (1) it relies solely on a single, consumergrade GPS receiver for positioning and that it (2) only uses the subset of positioning information
that is commonly provided by inexpensive, consumer-grade receivers. The system architecture
is based on the Pipes and Filters architectural pattern [BMR+ 96], which provides a basis for
applications which ﬁlter an incoming stream of data. Using this pattern, the developed system
successively ﬁlters and corrects incoming GPS positions via a series of position-correction ﬁlters.
This paper introduces the developed ﬁltering system as well as the individual position-correction
ﬁlters in Section 2. In Sections 3, present the test environment and results 4, and discuss the
eﬀectiveness of each ﬁlter and ﬁlter combination in reducing GPS error with respect to pedestrian
navigation.

2

System Design and Implementation

Our position correction system takes the original signal as received from the GPS receiver and
shifts it through a set of sequential ﬁlters. In each ﬁltering step, the system enhances the
position by a speciﬁc strategy and hand the result over to the next step. The following Section
2.1 introduces this Pipes and Filters architecture before the single ﬁlters and their functionality
are presented in Section 2.2.

2.1

General System Design

The GPS position correction ﬁltering system is modelled after the Pipes and Filters architectural
pattern and is meant to be integrated into an existing pedestrian navigation application. By
intercepting incoming GPS positions and passing them through the ﬁlter pipeline prior to making
them available to the pedestrian navigation application, an improvement in positioning accuracy
can be obtained. The general ﬁltering process is illustrated in Figure 1. This ﬂexible and
extendable architecture allows any number and combination of ﬁlters to be used in the ﬁlter
pipeline as well as the easy integration of new ﬁlters and the customization of the ﬁltering process
for various operating environments. The system was implemented using the Java programming
language and uses property ﬁles to allow the end user or application developer to customize the
ﬁlter pipeline without having to alter the source code.

Figure 1: Conceptional ﬁlter design
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GPS data is most commonly transmitted via the NMEA (National Marine Electronics Association) protocol, in which positioning information is contained in comma-separated ASCII-text
sentences. Before this data can be ﬁltered and / or corrected, it must be parsed and packaged
into position objects. These position objects can then be passed down the ﬁlter pipeline for
analysis and correction. Once corrected, they can be provided to the host application for further processing. As part of this project, four position correction ﬁlters were developed and
implemented: a ﬁlter for removing invalid GPS positions, a ﬁlter for enforcing pre-deﬁned position quality standards, a map-matching ﬁlter speciﬁcally designed for pedestrian navigation,
and a ﬁlter to remove logically inaccurate positions. These ﬁlters were conceived, developed,
and implemented based on their expected potential to reduce overall GPS error. The following
sections introduce and discuss the four position correction ﬁlters in more detail.

2.2

Correction Filters

Invalid Position Filter: The goal of the Invalid Position Filter was to identify and remove
GPS-positions deemed inaccurate by the GPS receiver. If a GPS receiver deems a position to
be invalid, it sets a numeric ﬂag in the ”‘GGA”’ NMEA data sentences to denote this. This
information is then included in the resulting position object that is supplied to the ﬁlter pipeline.
A GPS receiver can invalidate a position for several reasons. For example, a position might be
invalidated if there were less than 3 satellites available for the position computation or if the
position is too far away from the previous position to be logically valid. Although the criterium
for position invalidation varies from receiver manufacturer to receiver manufacturer, it can be
reasoned that if a position has been deemed invalid for any reason, it should not be made
available to the host application. In this case, the Invalid Position Filter nulliﬁes any position
object which is ﬂagged as being deemed invalid by the receiver. By nullifying the position object,
it cannot be used by the host application and is disregarded. Once a position object has been
processed by the Invalid Position Filter, it is passed down the ﬁlter pipeline to the next available
ﬁlter.
Mask Filter: The goal of the Mask Filter was to remove GPS-positions that do not meet
certain quality standards. The NMEA data protocol allows a GPS receiver to transmit information regarding the expected quality of a GPS position. Quality measurements include the
Position Dilution of Precision (PDOP), the Signal-to-Noise Ratio (SNR), and the dimension of
the position (either 2D or 3D) [DMW05]. A deﬁned threshold level for a speciﬁc measurement is
often referred to as a “mask”. For example, a PDOP of less than 6 is indicates that the spatial
geometry of the satellites used to compute the position was very good and that the position is
most likely accurate. A high SNR value indicates that the signal strength of a particular satellite is good, which can aid in accurate positioning. In addition, for truly accurate positions, at
least four satellites should be used in the position calculation (such a position is known as a 3D
position). The Mask ﬁlter enables the user to deﬁne which quality measurements should be used
for ﬁltering (the masks) and what the respective threshold values should be. This information
is deﬁned in the properties ﬁle, which allows the user or application developer to customize the
mask ﬁlter as desired. If the incoming GPS position does not meet the quality levels required
by the masks, the position object is nulliﬁed and passed down the pipeline.
A static nulliﬁcation of position objects that do not meet the speciﬁed masks is, however,
undesirable. If GPS conditions are continually poor and the threshold valued are set too high,
the situation could arise that every position is nulliﬁed. An important aspect of GPS quality
measurements is that they represent the statistical accuracy of a position. This means that
poor PDOP and SNR values do not necessarily result in an inaccurate position, only that
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the chances for the position being accurate are low. For these reasons, a dynamic ﬁltering of
GPS positions was implemented for the mask ﬁlter. The mask ﬁlter continually monitors GPS
conditions by collecting statistics on the number of positions rejected versus the number of
positions accepted by the mask ﬁlter. If conditions remain inadequate for some time, the mask
ﬁlter dynamically adjusts the threshold levels of the masks. If conditions do not improve, the
masks are successively disabled, so that the positions are sent down the pipeline regardless of
their quality measurements. The motto here is that a bad position is better than no position at
all.
Map-Matching Filter: The goal of the Map-Matching Filter was to determine the areas in
which a user of a pedestrian navigation system would be travelling and correct any positions that
do not adhere to this assumption. As stated before, map-matching methods used for automobile
navigation systems cannot be easily transferred to pedestrian navigation system. The reason
for this is fairly strait forward; there are no “rules of the road” for pedestrians. Automobile
navigation systems can make the assumption that the user must be on a particular road. If
a GPS position is received that is near a road, it can be “snapped” back onto the road. On
the other hand, pedestrians have complete freedom of movement which means that deﬁning
the allowable routes of travel is nearly impossible. If no position correction at all takes place,
however, it can lead to confusion and frustration on the part of the user.
Therefore, a diﬀerent strategy had to be developed. The only assumption that can be made
with respect to GPS-aided pedestrian navigation is that users will not be trying to navigate
in or through buildings, lakes, or other obstructions. These areas can be thought of as areas
in which a pedestrian would not possibly be travelling. In this way, they can be designated as
“oﬀ-limits” by the Map-Matching ﬁlter. If a GPS position is received that is within one of these
areas, it can be safely reasoned that the position must be inaccurate. The next step is to project
the position back to the edge of the area. Figure 2 shows the downtown district of Oldenburg,
Germany and outlines the areas of downtown Oldenburg in which a pedestrian would not be
travelling.

Figure 2: Layout of downtown Oldenburg

Figure 3: Determining intersected side of Polygon

To deﬁne these areas, the Geographic Markup Language (GML) was used. GML is an
XML-Schema application that provides an extensible framework for deﬁning and describing
geographical objects and features. Any areas deemed “oﬀ-limits” by the application developer
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can be deﬁned as polygons in a GML ﬁle which is supplied to the Map-Matching ﬁlter at runtime.
The Map-Matching ﬁlter analyzes each incoming position and checks whether it is within a nonallowable area. If a GPS position is within a deﬁned polygon, then the coordinates of a new
position that lies just outside the polygon are computed. The original position coordinates
are then overwritten with the corrected coordinates and the position object is sent down the
pipeline. The ﬁrst step in correcting the position coordinates is determining the side of the
polygon that was “intersected” by the route of travel. Figure 3 illustrates the corrrection back
to this side.
Statistical Correction Filter: The goal of the Statistical Correction Filter was to identify
and “smooth out” incorrect positioning. One distinct characteristic of inaccurate GPS positions
is a sudden and drastic change in user direction and speed. By identifying such events, the
statistical correction ﬁlter attempts to adjust the error in speed and direction to produce a
“smoother” route of travel.
The algorithm behind the Statistical Correction Filter keeps track of the average distance
travelled between GPS positions. If the distance to a new position is more than 25% greater
than the average distance between positions, the distance to the corrected position will be the
average distance plus 25% of the diﬀerence between the average and actual distances. This
allows for a slight increase in travel speed for the pedestrian user. In addition, the Statistical
Correction Filter analyzes the diﬀerence between the last recorded course and the actual course
for every GPS position. If the course varies from the previous course by more than 45◦ , a new
course is calculated that lies halfway between the previous course and the actual course. Once
the distance and course have been adjusted, the coordinates of the new position are calculated.
This new position is then passed down the ﬁlter pipeline. The Statistical Correction Filter can
only partially eliminate this type of GPS error because in the end, it is impossible to know for
sure if the user has really changed his or her direction and / or speed.

Implementation and Test

3.1
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For testing purposes, the position
correction ﬁltering system was integrated into the position module
of the Niccimon platform [RGB+ 03,
BBK+ 04b], a framework for individual mobile software development.
The diﬀerent autonomous modules
oﬀer basic functionality that is often
required within location-based mobile applications. The architecture of
the Niccimon platform is illustrated
in Figure 4.
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Figure 4: The modular Niccimon platform [BBK+ 04a]

To test the developed GPS position correction ﬁltering system in a real-world scenario, a reference route through downtown Oldenburg was decided upon that was characteristic of a path
a user of a pedestrian navigation system might take. Downtown Oldenburg is characterized by
relatively tall buildings (4-5 stories high) and narrow passageways as shown in Figures 5(a) 5(d).
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(a)

(b)

(c)

(d)

Figure 5: Oldenburg downtown district
The next step was to collect and log raw GPS data along this route. This was done using
an inexpensive consumer-grade GPS receiver connected to a PDA. This data served as the
“uncorrected” GPS data. After this data was obtained, it was possible to compute the amount
the uncorrected GPS data varied from the reference route. When the GPS data varied from
the reference route, a polygon could be derived (see Figures 6(a) and 6(b)) whose area could be
measured using the following formula [Bey88]:
Area =

n−1


(xi yi+1 − xi+1 yi )

i=0

where x and y represent the respective vertex coordinates. The sum of these areas represents
the total amount of variance between the GPS data and the reference route.
Next, each ﬁlter and ﬁlter combination was tested to see which produced the greatest reduction in GPS error. This was done by processing the logged GPS data with all ﬁlters individually
and then with diﬀerent ﬁlter combinations. The results of ﬁltering were logged and then compared, as with the uncorrected GPS data, with the reference route to determine the amount of
variance. If the sum of the polygon areas obtained from using the ﬁltered data was less than that
obtained by comparing the uncorrected GPS data to the reference route, it could be concluded
that an improvement had been achieved.
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(a)

(b)

Figure 6: GPS and reference route data

4

Results of the Position Correction

To automatically determine the area variance between the ﬁltered and non-ﬁltered GPS information and the reference route, a program was developed. This program determines the polygons
and their areas as described above, adds the areas together and generates a summary report
with detailed analysis information. The ﬁrst step was to ﬁnd the area variance of the original
GPS data with respect to the reference route. This was determined to be 12, 553 m2 . Thus, the
original GPS data contains more than 1.2 hectares of error over the entire data set 1 .
The ﬁrst ﬁlter to be tested was the Invalid Position Filter. However, the original GPS data
set did not contain any positions deemed invalid by the receiver. This ﬁlter would not have
corrected the GPS data in any way. The fact, however, that there was over 12, 500 m2 of error
and not one position was deemed invalid, is surprising. In some cases, valid positions were
received that registered no satellites in view, which is, of course, impossible. This being said,
it is fairly safe to say that even if a few positions were to be deemed invalid by the receiver,
the overall improvement in accuracy using the Invalid Position Filter alone as it is currently
implemented would be marginal at best. The fact that the Invalid Position Filter could not
improve any positions with this GPS data set left 3 Filters to analyze; the Mask Filter, the
Statistical Correction Filter, and the Map-Matching ﬁlter. These were ﬁrst tested individually.
Then, all possible combinations of the three ﬁlters were tested. The results of these tests are
summarized in Table 1.
Processing the original GPS data with the Mask Filter alone only improved the accuracy
by 28 m2 . Given the fact that there is a calculation error of approximately ±1%, it can be
concluded that no real change in accuracy was obtained. This was due in part to the fact that
many of the inaccurate positions in this data set had acceptable mask values. The mask ﬁlter,
therefore, enforced the masks throughout the entire data set. This proves the fact that good
quality measures (e.g., PDOP, SNR, 3D) do not necessarily result in accurate positions.
Filtering the GPS data through the Statistical Correction Filter alone also did not result in
an improvement in accuracy. On the contrary; there was a slight increase in error (12, 700 m2 ).
1
Almost all of the determined areas contain a slight inaccuracy due to the fact that the formula used assumes
that the polygons are non-self-intersecting, which is not always the case. After further analysis, however, this
error was determined to be within ± 1% of the total area.
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Filter (Combination) Test
Original GPS
Mask
SCF
Map
Mask-SCF
Mask-Map
Map-SCF
Map-Mask
SCF-Map
SCF-Mask
Mask-SCF-Map
Mask-Map-SCF
Map-SCF-Mask
Map-Mask-SCF
SCF-Mask-Map
SCF-Map-Mask

Error (m2 )
12553.09
12525.00
12700.68
10298.30
12354.19
10245.94
10304.57
10247.60
10161.47
12612.62
10194.07
11014.84
10051.05
11267.69
10063.17
10136.45

Table 1: Results of ﬁlter / ﬁlter combination tests

Table 2: Statistical Correction ﬁlter

This can be attributed to the fact that sharp changes in direction are “smoothed” out by
the Statistical Correction Filter, resulting in potentially larger variance polygons. Inaccurate
positions often result in sharp direction changes, which could actually decrease the amount
of area variance. This type of behavior, however, does not reﬂect pedestrian movement and is
exactly the type of behavior that the Statistical Correction Filter is designed to correct. Another
point to note is that the corrections performed by the Statistical Correction Filter were, on an
overall scale, fairly small. This is due to the fact that the GPS data was collected while walking at
a slow speed. This resulted in many positions being located very close together. The correction
takes place but on a very small scale. To illustrate this, consider Figure 2, which shows the
ﬁrst 25 GPS positions and the correction that took place through ﬁltering with the Statistical
Correction Filter. As can be seen, the Statistical Correction Filter identiﬁed sharp changes in
direction and distance and computed the new positions accordingly.
The Map-Matching ﬁlter produced the best results as a stand alone ﬁlter, reducing the area
variance by 2, 254 m2 . In addition, the positions were corrected to reﬂect the fact that GPS
positions cannot be collected inside of buildings. Figure 7 shows the GPS data after being
ﬁltered by the Map-Matching Filter and the polygons that represent the buildings and other
areas speciﬁed as “oﬀ-limits”. As can be seen, no positions are located within the speciﬁed
polygons. However, the situation can arise that the next valid position is “on the other side” of
a polygon. In this case, the next position is accepted, which if viewed graphically, causes a line
to be drawn across the polygon to the new position. This situation can not be easily prevented
because, in the end, the mobile application can never know if a GPS position is truly accurate
or not. If this was prevented, and the user really was on “the other side” of the polygon, the
system would not accept any positions there. The fact that the system can never know if a
position is accurate or not and the fact that it cannot predict future positions limits the amount
and type of correction that can logically be applied.
The ﬁnal step was to compare all possible dual and triple combinations of the three ﬁlters
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Figure 7: Map-Matching ﬁlter

Figure 8: Map-Matching Filter followed by
SCF

to determine if they improved accuracy. During analysis, there were two trends that became
evident. First, ﬁltering the GPS data with the Statistical Correction Filter and the MapMatching Filter, in that order, seemed to produce the best results. The best overall reduction
in error was achieved with the combination: Mask Filter → Statistical Correction Filter →
Map-Matching Filter. The top four ﬁlter combinations in error reduction all ﬁltered the GPS
data ﬁrst with the Statistical Correction Filter and then, at some point, with the map-matching
ﬁlter. The Mask Filter seemed to have little eﬀect on error reduction. The second trend was that
ﬁltering GPS data with the Map-Matching Filter before ﬁltering it with the Statistical Correction
Filter did not produce good results. The Statistical Correction Filter’s goal is to detect sharp
changes in direction and distance and modify these to “smooth out” these changes. The MapMatching Filter, however, produces sharp changes in direction when positions are projected
back to the edge of a polygon. The result of the Statistical Correction Filter being further down
the pipeline as the Map-Matching Filter is that the sharp changes in direction caused by the
Map-Matching Filter are corrected by the Statistical Correction Filter. This ultimately results
in a circular-pattern of positions being produced around the projected positions from the MapMatching Filter, as shown in Figure 8. Thus, placing the Statistical Correction Filter above the
Map-Matching Filter in the pipeline will generally increase error and is not recommended.

5

Conclusion

The Map-Matching Filter proved to be the only ﬁlter that signiﬁcantly reduced GPS error.
The downtown district of Oldenburg is a maze of narrow passageways between tall buildings.
Correcting the incorrect positions in this case meant projecting the positions back onto the
narrow passageways, which coincided more closely with the actual path taken. The Invalid
Position Filter relies on positions being deemed invalid by the receiver. The test data set,
however, contained no invalid positions, although many of the positions were very inaccurate.
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Thus, no correction could take place. The Mask Filter did not produce a signiﬁcant reduction
in error, primarily because the delivered GPS-position quality measures do not directly reﬂect
position accuracy, rather they are statistical measures that can be used to make an assumption
of the quality of the position calculation. Many of the inaccurate positions in the test data
had acceptable position-quality values and consequently, were not rejected by the Mask-Filter.
Lastly, the Statistical Correction Filter corrected sharp changes in direction and speed, however,
not enough that a user would beneﬁt from it. This resulted from the speed of the user being
very slow and many positions being collected over a short distance. The corrections were thus
on a very small scale and hardly noticeable to the user.
Two major obstacles presented themselves when developing the position-correction ﬁlters.
The ﬁrst obstacle was that the only source of positioning information was a single, consumergrade GPS receiver. It is nearly impossible to know if a GPS-position is truly accurate or not,
because a second positioning source is not available for veriﬁcation. An exception to this are
positions that are obviously inaccurate, hence the success of the Map-Matching Filter. Consequently, position accuracy can only be roughly estimated at best and these estimations have
a high rate of error. The Map-Matching and Statistical Correction ﬁlters relied on these estimations for correction and thus many corrections were prone to error from the outset. The
second obstacle was the fact that it is nearly impossible to make future predictions about where
a pedestrian navigator will travel. They do not have to adhere to any rules of movement and
thus, diﬀerentiating accurate from inaccurate positions, unless it is obvious, becomes much more
diﬃcult. In order for this system to produce more signiﬁcant reductions in GPS error, other
technologies, such as the integration of inertial navigation systems and new ﬁlter concepts such
as Bayes and Kalman ﬁltering [FHL+ 03] need to be researched. The system itself, however,
provides a solid basis for any and all future work.
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