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Abstract—The paper describes a map generation system,
which relies on random individual contributions of GNSS
(Global Navigation Satellite Systems) traced movements for
outdoor scenarios and traces from a RF-based indoor localiza-
tion system. In a typical use case, mobile phone users would
join a specific community to contribute their movements along
streets, roads or pathways in form of so called journeys. The
proposed algorithms presented in this paper are also able
to generate a precise map for indoor scenarios, with which
certain changes the accuracy of the RF localization system
can be mitigated. Neither contributing subscribers nor the
map generation need to have an á priori knowledge of the
charted area. The approach presented here comprises the
journey recording, the upload process to a common server
and the processing algorithm for map generation. The filter
mechanisms and adaptive plausibility checks applied to the
raw data are key components for the deduction of precise street
and movement maps. Summing up, the paper provides a proof
of concept of a map generation system for different in- and
outdoor application scenarios relying on random individual
movements to demonstrate the performance of the algorithmic
approach and the adaptablity of the map generator.

Keywords-map generation; community map; street-attribute
creation; RF-based indoor localization.

I. INTRODUCTION

Recently GNSS (Global Navigation Satellite System) re-
ceivers have become a standard feature of business class mo-
bile phones. Thus, a new and rapidly growing user group is
employing terrestrial navigation and merges with the already
proliferating market of vehicle based and portable navigation
systems [7][8]. Assessing system performance by traits as
”being up to date”, ”good accuracy” and ”availability of
annotations”, traditional GPS navigation systems always rely
on already out–dated map data and thus are always lagging
behind. Moreover they are limited in their resolution by
local map storage capacity. In contrast community based
map collection and generation scales with the number of
members and is envisioned to overcome these limitations. In
addition, memory demand on the mobile user side may be
lowered as the used and locally stored map area at some time

only need to be a subset of all available maps at the expense
of increasing data volumes being exchanged. The dynamic
upload of requested map data implicitly enables the use of
up to date information. From the market perspective, such an
approach must ensure an additional value for potential users
in order to be accepted, e.g., in terms of accuracy, pricing
or available annotations to points of interest [3][4]. Potential
user groups range from pedestrians, joggers or hikers to car
drivers. The performance indicators, as mentioned above, are
assumed to match this requirement and in addition enhance
coverage (i.e., in rural and retired areas). As GPS or other
navigation resources such as GALILEO [13] are expected to
be integrated into even low budget devices soon, the poten-
tial number of subscribers to a community based system is
likely to rise. The minimum number of potential, technology
enabling subscribers, therefore is supposed to be already
active. Thus the authors strongly assume that an operational
system, which follows the algorithms proposed in this work
can be established in the current market situation.

Another emerging technology field is the application of
RF-based indoor localization systems (e.g., in safety critical
scenarios). In comparison to [1], this paper shows further
extensions to the map generation algorithm addressing the
specific conditions of an indoor positioning system. In com-
parison to GNSS systems, RF-based localization systems
are highly vulnerable to changes in the environment caused
by moving persons or any relocations of inventory. RF
indoor localization relies on the evaluation of the Received
Signal Strength Indicator (RSSI), a Time of Arrival (ToA)
measurement or hybrid approaches. As typical application
areas are highly influenced by multipath fading effects,
the accuracy of position estimation is varying over the
time. Considering a high number of journeys collected
in these environments, temporal signal fluctuations caused
by specific conditions can be mitigated using the map
generation framework. Once a sophisticated user map is
generated, the position estimation can be supported by the
generated map during normal operations. In case of changes
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in the traffic infrastructure, new journeys are detected by
persitent deviation and consequently lead to map updates.
This process is envisioned to also support the detection
of temporal situations like blockings due to accidents or
construction sites.

Parameters of the depicted algorithm used in this paper
have been deduced by pure heuristics. It should be noted
that the goal of this work has been to prove the concept of
a reasonable solution for distributed map processing rather
than finding an optimum. The authors want to emphasize
that the key contribution of this paper is the architecture
of the novel, community based approach, especially for
indoor scenarios. Furthermore, performance evaluations for
motorway, city and pedestrian scenarios for GNSS journeys
are shown.

In the sequel Section II describes the overall system
to record journeys and to transfer them to a server. The
section also addresses the processing stages of map merge
and map storage. Section III gives details on the particular
map generation algorithms while pointing out quantified
indicators for proper map performance. Section IV describes
the scenarios, which have been applied for performance
evaluation. Section V provides results, explaining exemplary
maps and presents quantitative measures. It is assumed that
an increased size of the set of journeys including a particular
route is sufficient to guarantee convergence of the traced data
to a street map of reasonable quality. Section VI wraps up
the major findings in a conclusion and states an outlook to
further work.

II. SYSTEM OVERVIEW

The architecture of the proposed map generation system
is flat and operates in a client server fashion. It is based on a
large number of mobile trace recording devices (TRDs), e.g.,
a group of collaborative navigation devices (CND) or, in
case of indoor scenarios, corresponding indoor localization
tags (ILTs). Furthermore one central server or map gen-
eration server (MGS) is necessary to accomplish the map
generation process. In the first place, the MGS is responsible
for filtering the raw traced data as well as for generating and
storing the resulting map. In addition, it will keep track of a
limited trace history for plausibility checks and finally hadles
the task of scheduling the distribution of requested results
back to the CNDs. It should be noted that in a practical
use case TRD and CND are likely to be co–located or even
different functions of the same physical device, although this
is not a prerequisite for successful operation.

Figure 1 provides an overview of the community based
map generation system. It shows the graphical user interface
of a sample collaborative navigation device (community
user) and the server providing databases for the recorded
journeys and the resulting map. A further task of the server
is the cumulation of the trace data into a concise map, which
can be returned to the systems users.

UMTS

SELECT EXIT

Figure 1. System Overview

A. Collaborative Navigation Device (CND)

The used CND is a simple GPS equipped mobile phone,
which has been used as a trace recorder. It executes a Java-
Midlet and stores the recorded waypoints as list of journeys
(see Figure 2). Each journey is defined by an arbitrary

Start of journey
Recording Started

1197494247570    51.516495    7.19847    0.0
1197494249071    51.51659333333333    7.19855    6.127934
…
…
1197494944926    51.49798    7.381916666666666    21.821777
1197494946925    51.49796333333333    7.382556666666667    22.011719

Recording Terminated
End of Journey

Start of journey
Recording Started

1196860938115    51.521103333333336    7.214025    0.0
…
...

Start of journey
Recording Started

1197494247570    51.516495   7.19847    0.0
1197494249071    51.51659333333333    7.19855    6.127934
…
…

1197494944926    51.49798 7.381916666666666    21.821777
1197494946925    51.49796333333333    7.382556666666667    22.011719

Recording Terminated
End of Journey Journey

GPS Tracefile

Figure 2. Sample Trace Data

number (>= 2) of waypoint samples. The first and the
last sample denot the starting point of the journey and the
ending point respectively. For the findings in this paper
an initial setup has been chosen, which samples waypoints
and records them in time intervals of 1 second. Each
waypoint summarizes the geographical position in latitude
and longitude along with an UTC time stamp. Altitude
information is omitted due to the poor GPS resolution in this
respect. Further annotation of the location date is possible
in general but has been omitted for clarity as it would
not support the concepts focused here. Figure 2 shows an
exemplary part of a GPS trace file, whereby the first number
in each row resembles the time stamp, the second and third
the latitude respective longitude position and the forth the
calculated velocity for the past two waypoints. We calculate
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the velocity during the recording of the GPS data to save
computing time at the server side. Note that each GPS Trace
File is defined as a container only and is used to transmit the
relevant data from the mobile to the MGS. For this reason
those text files are always created after each upload request
of the CND.

The TRD is different in the reference design for the indoor
localization system. Here the data is captured and analyzed
by a central localization server, whereby an ILT sends the
current position directly over the air to the server. This setup
has been chosen due to the limited resources of processing
capabilty and battery lifetime in the TRDs.

B. Map Storage Architecture

Figure 3 depicts the object flow chart (OFC) diagram for
all data objects from raw journey data, summarized in GPS
Trace Files as explained in II-A, to a final map knowledge
representation. To facilitate the association of journey data
to the final map, another storage entity is introduced, which
will be called a segment throughout this paper. Each segment
consists of a processed version of the former waypoints.
In a first step, all recorded waypoints have to pass at least
three redundancy checks, to minimize the effect of possible
erroneous measurements in the GPS tracking process, before
the connecting edges are accepted as a segment. Afterwards
each segment is expanded by some additional information
like an unique ID or the average velocity on a specified
segment part, but this will be explained in Section III-D
in detail. All segments are assumed to represent a potential
path in the final map. The differences between a segment
S and a journey J are the eliminated illogical waypoints W
by using Consistency Checks. So (S) is an annotated subset
of

⋃
J . (This will be will be explained in more detail in

Section III-A. Each segment Sy = {N1, N2, · · ·Nn} is made
up by an ordered sequence of nodes N . The set of segments
S comprises all nodes:

⋂
x

Sx = N with Sx ∈ S (1)

finally constitutes the points, which are known to the map.
The connections between 2 or more segments are also
special nodes called a Crossing (C), which are defined by

∃(x, y) → C ∈ Sx ∧ C ∈ Sy. (2)

The relation C ⊆ N is self evident. Each crossing C in turn
may be entered via so called incoming segments IC ⊂ S

and may be left via exiting segments EC ⊂ S. In the general
case EC

⋃
IC = ∅ is allowed. Crossings and the respective

input and output subsets are stored in a so called Segment-
Transition-Table.

The mentioned segment attributes are relevant for the
plausibility check and intelligent filters. Furthermore, a
source table stores the history of a segment with the under-
lying journeys, which were used to retrieve the particular

Start Recording

Stop Recording

Upload Request

1
2

3
4

5 6=w

1st
Journey

2nd
Journey3rd Journey

= Journey j

Upload to MapGenerator

Add meta information

Start Inter-Segment Merge Routine

Merge-Routine

1
2

3
4

5=n

Illogical
waypoint

Map

Consistency Checks

Waypoints

[Timestamp Longitude
Latitude]

Journeys

[Waypoint 1, Waypoint
2, …, Waypoint w]

GPS Trace File
[Journey 1, Journey 2,

…, Journey j]

Separate
Journeys

Nodes
(Remaining logical

waypoints)
[Timestamp Longitude

Latitude]

Segment
[Node 1, Node 2, …, Node n]

[Avg Speed, ID]

Common Nodes (CN)
Direction Angle (DA)

Crossing
[Node 1]

[In- and Outcoming
Segment-ID]

Segment Table
[Segment 1, Segment 2, …, Segment s]

[Segment Transition Table]

Individual Segment
[Node 1, Node 2, …, Node n]

[Avg Speed, ID]

CN <= 2  
DA >= 30°

CN = 0 
DA Not analyzed

CN > 2 
DA < 30°

Individual + Common Segment/s
[Node 1, Node 2, …, Node n]
[Avg Speed, ID, Original ID]

Database Maintenance

- Erasing outdated segment/-
parts
- Categorize detected
segments (highway, street, ...)

Figure 3. Object flow chart(OFC) diagram for map knowledge
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segment. This enables an a-posteriori correction of the
generated map in case subscribers or individual journeys
turn out not to be trustworthy.

III. MAP GENERATION ALGORITHMS

In a first step, we collect journeys from different sub-
scribers and analyze them. In order to retrieve a realistic
map constellation, it is also necessary to analyze every trace
for potential duplicates of journeys, say the way to work on
different days. In general all journey data is subject to noise
due to positioning inaccuracy. The major task of the pre-
filter for the map generation is the detection and elimination
of duplicates by means of an intelligent reasoning in order
to yield a realistic graphical display.These filter algorithms
are described in the following.

Presently, all filter algorithms are operating at the server
side, although it would be possible to export some to
the TRD, like the upcoming Intra Journey Merge Routine
(IJMR). To keep the algorithm-structure clearly and trans-
parent, we decide to defer this aim up to the end in our
implementation plan for the future.

Currently all waypoints and recorded journeys may con-
tain evident errors caused by measurement errors from the
CND. Therefore, the GPS annotated journeys are checked
for inconsistencies. Second, each journey is investigated for
multiple passings of the same street. Third the journeys are
compared to the existing map data (created by merging
already uploaded journeys), the distances are calculated
and, where appropriate, journey data is merged with the
map data. Finally, the information in the journey data is
processed to add additional information to the segment- and
the transition-table of the map. Note that all the assumptions
for validity and the thresholds for taking actions on the
journey data are purely heuristic at this stage of research.
They have been retrieved and validated to be useful by a lot
of experiments.

A. Consistency Checks

As a first step of validation each trace is checked for
obvious inconsistencies. This check starts with a pre-run,
which executes a ’Minimum distance between points check’.

Due to the inaccuracy of public GPS or RF-based indoor
localization, all waypoints, which are too close (|Wi −
Wi+1| < T[m]) to a given intermediate starting point are
averaged and replaced by the result. T is assumed to be
a valuable threshold for different application scenario and
localization system. In outdoor scenarios, the averaging
process is stopped e.g., when

1

w

w∑
l=1

|Wl −Ww+1| ≥ 5[m]. (3)

Once this spatial noise filter has been applied, the remaining
annotated journey data is subject to three further checks
(exemplary parameterized for a motorway scenario) .

1) Speed: The speed calculated from time and spatial
distance between two recorded points may not be
larger than 200 km

h . If this is the case, the second point
is assumed to be faulty and discarded.

2) Acceleration: Similarly, the acceleration along a jour-
ney is checked. If the acceleration is larger than 4 m

s2 ,
the point, which was reached through this unlikely
acceleration is discarded.

3) Direction change: The angle between two successive
segment fragment vectors may not be higher than a
certain speed-dependent angle. If this is witnessed in
the journey the end point of the second vector is
discarded.

The filter parameters are adapted to the use case scenario, as
different mobility patterns for indoor and outdoor scenarios
are expected. If a waypoint is marked by one of these
consistency checks, it is discarded from the journey to
smoothen the resulting way. The check is then re-run until
no further eliminations have been executed. An example for
the direction plausibility test is given Figure 4.

Figure 4. Effects of maximum angle check

The spatial points, which remain in the filtered output
of this processing are now called nodes N . Due to the
averaging process and the other checks ∃i → N i 	 W is
possible. Note that |W| ≥ |N| holds true.

B. Intra Journey Merge Routine (IJMR)

The upcoming merge routine only controls complete
segments. Therefore, redundancy has to be eliminated by
checking each journey for intra merge parts. Thus, only
relevant waypoints are passed to the segment processing on
the server. Redundancy is assumed when a subscriber drives
the same street, or a part of it, multiple times per journey,
e.g., while searching for a parking lot. The merge routine
compares the distance between each fifth (chosen arbitrarily
to return processing load) segment fragment of the journey.
When the distance decreases below a certain threshold, the
routine cuts this part and replaces it by artificial but concise
waypoints attributed by new index numbers, directions of
travel and time stamps. The processing is then repeated. If
none of the 3 consistency criteria is violated, the program
passes the result to the segment generation and continues to
analyze the next journey. The dissection of the journey into
multiple segments enables the reuse of the algorithm for the
upcoming multi journey merge routine (MJMR). Both merge
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Figure 5. Trace split/merge to segments

steps are, at present, executed on the server to maintain a
concise processing engine. Deployment of the IJMR to the
CND or ILT results in a proportional scaling of processing
power and journey count in a productive system.

C. Perpendicular Calculation

In a first attempt we compare the distance of all nodes
of a new segment record to all nodes already stored in
the database. In case of being under a given threshold T
(e.g., 13m for GPS outdoor scenarios), the segments are
supposed to be copies of already known ones. Moreover,
distances between a node and the connecting line between
close neighbors may meet the same criterion as being shown
in Figure 6-left. To include this case in our algorithm, we use
a point–to–point–distance calculation to the closest neighbor
node and the line–to–point distance between the predecessor
and successor. Now it is possible to calculate the minimum
distance to a line, by using the formula displayed below.

(
�N1 − �N3 − x · ( �N2 − �N1)

)
· ( �N2 − �N1) = 0 (4)

�N = �N1 + x · ( �N2 − �N1) (5)

By calculating the ’x’ value for which the dot product
becomes zero, we draw the perpendicular from the �N3 in
the detail pane of Figure 6-right to the track between �N1

and �N2. Obviously, this is the minimum distance between
the point of one journey and the segment fragment of the
other. Now we can decide precisely, which segments or parts
of them (fragments) are below T and feed them to the merge
process. Each perpendicular minimum will then be used to
increase the reliability factor α of a merged waypoint, which

N2z

N1y

N1y

PP

Segment 1

Segment 2

Segment 2

Segment 1

Merged
Segment

Figure 6. Perpendicular segment alignment

can be understood as an attribute of ’trust’ in the correctness
of this point. Above a particular numerical threshold of α a
segment (either genuine or merged) is consolidated into the
final map. For the further calucation steps no distinction is
made with respect to the origin of a (now qualified) segment.
The weight of a segment in the map is monitored constantly
with reference to the count of supporting decisions from
new segments or their fragments. The reliability is used
as a priority factor in further calculations, like shown in
Formula 6, where α is the reliability factor.

�Nfinal =
α1

�Nnew + α2
�Nold

α1 + α2
(6)

In case of a new segment, the reliability factor α1 = 1.
Superior segment priority invalidates new close by segment
fragments, which are still too close to make up for a
new segment or street. Aged (not reconfirmed) segments
are subject to ageing and consequently will be deleted by
a database maintenance routine eventually. Merging two
segments of equal α in this perpendicular way leads up to
twice the number of estimated nodes than pure averaging
as shown in the right pane of Figure 6. The increased node
density enables a smooth fitting even to curved trajectories
and thus is more realistic. The outer circles in Figure 6-right
account for the nodes of the two segment fragments, which
we are going to merge in order to eliminate the inevitable
noise in position estimation. Concerning our perpendicular
calculation (inner lines and circles), we are able to reach
highly concise results, as shown by the boundary lines.

By doing so, Figure 7 shows an iterative evolution of the
community map (CM) for four exemplary journeys, whereby
the dashed lines denote the new added one.

D. Street segment attributes

After inserting new or merged segments into the map, non
spatial information is extracted from the segment. Obvious
information is the average and maximum velocity (AV, MV)
measured across a particular segment fragment and therefore
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Figure 7. Iterative map evolution from 4 journeys

across the segment it has been associated to. AV then
differentiates between highways, streets and walkways in our
model, based on characteristics like average speed, direction
changes, etc.. Such an approach is useful to deduce different
streets, which are directly in parallel, e.g., exit or entry
lanes on highways. Further attributes like the time-of-day
or day-in-week including the respective AV and MV values
per hour are already stored but still remain unused in the
algorithms. This information for post analysis is valuable in
case the optimization goal of navigation systems employing
the CM is minimum delay rather than minimum distance.
Community users may update all these attributes by real-
time measurements. Taking into account age and first order
derivate in case of changing attributes, navigation software
gains superior capabilities to detect temporal changes in
traffic situations (road work, traffic jam, detours) in nearly
real–time.

E. Extensions for new application scenarios

For applying the map generator to indoor scenarios,
several changes are implemented to adapt the changed
mobility patterns and the different positioning accuracies.
The consistency checks have been adapted for the following
movement-classes:

1) High speed (outdoor)
2) Vehicular (outdoor)
3) Low speed (outdoor)
4) Ultra low speed (indoor)

The degree of freedom for the movement paths is enlarged
with every step by reducing the strictness of rules. In
the special case of indoor scenarios, we implemented a
double stage process, as high fluctuations in the RF-based
localization system are observed:

1) Erasing outliers with a coarse filter
2) Adaptation of remaining illogical waypoints by per-

pendicular calculation

The merge routines have been adapted in terms of dimension
and degree of freedom. Additionally, we introduced a speed
depended smoothing of the estimated positions.

IV. SCENARIOS FOR PERFORMANCE EVALUATION

In order to show the adaptivity and performance of the
map generator framework for different scenarios, we chose
a top-down approach in terms of scenario size. At first,
a classic motorway scenario is evaluated, before showing
a city traffic scenario. These are the classic application
scenarios for today’s navigation devices. But hence, pedes-
trian mobility in combination with navigation is opening
new application fields. Therefore, we provide two scenarios.
One outdoor scenario, where the position estimation is
accomplished by GNSS, and one indoor scenario, where
the position estimation is accomplished by a RF-based
localization system.

A. Motorway Scenario

The journeys for the classical Motorway Scenario have
been generated in Bochum, Germany (GPS-coordinates ap-
proximately: 51.516 N, 7.206 E) at a motorway cross of
the frequently driven A40 and A43. Average speeds of
around 80 km/h are expected, as the area is mostly speed
limited due to heavy commuter traffic. The street structure
is characterized by wide spaces and a straight street course.

B. City Traffic

City Traffic is different in terms of speed and position
changes compared to motorway scenarios. We have gener-
ated GPS journeys again in Bochum. The average speeds
are expected to be at around 30 km/h. An interesting point
will be how reliable the map generation is working in
that application field, as environmental influences like high
buildings affect the accuracy of GPS positioning. As the
structure of city streets is more fine grained compared to
motorways, it is more challenging to generate a highly
accurate CM.

C. Pedestrian Movement

In order to evaluate the accuracy of the map genera-
tor in pedestrian scenarios, we traced several journeys on
our campus on the classical route from out institute to
the refectory (Mensa). The journey takes about 3 minutes
over a distance of 350m. This scenario is challenging as
surrounding buildings affect the accuracy of GNSS position
estimation. We deployed an additional tracking application
on the iPhone as CND, as we need fast acquisition of the
initial user position. In our case this has been accomplished
by utilizing the cellular network information to improve
the startup performance of the used GNSS system (GPS).
This scenario has been chosen to show the capability of
adaptation of the map generator framework for low speed
and dense position data.
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D. Indoor Localization Testbed

RF-based indoor localization is a challenging research
topic, as the radio channel is prone to interferences caused by
fixed infrastructure, other mobile users and the CMD itself.
Hence, the position estimation is highly susceptible to these
effects, when relying on the common techniques like Re-
ceived Signal Strength Indicator (RSSI) or Time of Arrival
(ToA) range estimations. When thinking of a target environ-
ment like an industrial application scenario, employees are
expected to walk over commonly used movement paths, as
the degree of freedom is usually restricted by constructional
circumstances. Thus, the map generator approach constricts
the parameter space of journeys by a system calibration time,
where external influences are strictly avoided. Hence, during
normal operation, external influences are mitigated as the
position estimation is corrected to the map location.

In the context of this paper, it is very interesting to learn
about the scalability of the map generator in terms of size
of scenario and movement behavior. We analyse a mobile
indoor localization testbed, consisting of a model train as
depicted in Figure 8.

Reed contacts

Magnet

Anchor

Anchor

Anchor

Mobile
(ILT)

Tag

Figure 8. Indoor localization testbed for performance evaluation of the
map generator

A so called Chirp Spread Spectrum (CSS) [12] local-
ization system is applied, which uses ToA for range es-
timation. This system is an extension of the well known
IEEE802.15.4 standard [9] and is standardized in the exten-
sion IEEE802.15.4a [10] as an alternative Physical Layer
(PHY) implementation. We installed 5 fixed anchor nodes
and placed an ILT on the model train. The localization error
is expected to be at a maximum of 2 meters using this
constellation. This is obviously too high for such a small
scale scenario. Therefore, the generation of a movement map
could, in this case, enhance the localization accuracy and
reduce the number of position measurements, as the position
change can be predicted based on the current speed of the
user.

V. RESULTS OF THE PERFORMANCE EVALUATION

The following chapter describes an analysis of the con-
vergence of the street segment representation. All segments
have been derived as result of the merge from several
journeys for the described application scenarios.

A. Motorway

The two highway sections shown in Figure 9 are the
A43 and the A40 crossing in the bottom right at Bochum
junction (GPS-coordinates approximately: 51.516 N, 7.206
E). Figure 9 depicts a map and a corresponding Google
Maps screenshot in an increased diameter. Recorded average
speeds below 80 km/h are indicated by a dashed, faster
segments by a solid line type. The grey circles mark deduced
crossings between at least two map segments. The gap in

Figure 9. Reference check of deducted map

the A40 segment results from a tunnel between the exits
Bochum-Harpen and Bochum-Ruhrstadion. To clarify the
original route and the reached accuracy, Figure 9 (top) shows
a Google Maps screenshot in an overlay with the driven
route.

This vivid example clarifies the achieved approvements.
In contradistinction to the Google Maps data origin, the map
generator must not work with specially equipped time- and
cost-intensive measurement cars. Concerning the fact, that
our map generator just uses a high quantity of CND position
tracks (e.g., from mobile phones), we achieve a very prompt
overall map, demonstrating an accuracy which is competitive
to that of Google.

Figure 10 depicts the average error of a map segment
related to the underlying journey count. At this point, the
authors want to mention, that the used journeys were tracked
with an external GPS antenna, supporting Differential GPS
(DGPS). As reference we used the entire street width. Hence,
a deviation ΔD of 0.20m does not correspond with an
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accurate localization (compare with Figure 10), it just figures
out how accurately and how fast the map generator is able
to create a realistic street position and -course. Based on
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Figure 10. Mean deviation from roadside vs. journey count

this error measurement, we assume that merging 4 to 6
segments describing the same street can result in a sufficient
representation (ΔD ≤ 0.1m) of a street segment existing in
reality.

B. City Traffic

Figure 11 shows the evolution of the map generation
process for the evaluated city scenario. It can be seen that
the resulting map perfectly matches to the Google Maps
view. The evolutionary map generation process is depicted
in three major steps, following additional journeys taken into
account for the computation.

51.51

51.5151.51

51.515 51.515

51.515

51.52

51.5251.52

51.525

51.52551.525

7.19

7.197.19

7.2

7.27.2

7.21

7.217.21
Longitude [degree]Longitude [degree]

Longitude [degree]

Latitude [degree]

Latitude [degree] Latitude [degree]

Figure 11. Map Generation for the City Scenario

For a productive service the effect of convergence and
thus the effort up to an initial map generation is important.
Claiming that a map is ready for use when new data
has not caused major changes in the database for some
journey additions, we focus on the quantity of information
particular journeys contribute, named I(J).Therefore, we
analyse after every merge process, how many new nodes

have been contributed by the actually beholded journey to
the overall map. In case of a complete new segment, every
node carries information about a street-part, which was not
detected yet (I = 1). On the other hand, it is also possible,
that some journeys describing already detected parts of the
road network, so the information content of such journeys
is 0 ≤ I(J) < 1.

In general these results will depend on many factors such
as the quality of available journey data, too. However, this
test of the processing gives a good insight into the common
map generation.
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Figure 12. Information content I(J) of each journey added in three
different orders

Figure 12 depicts the results for three different processing
orders of 7 journeys on the paths shown in Figure 11. The
area covered is of about 0.5km2. It can be seen that the
information content of a new journey is depending on the
number of already analyzed journeys. Beneath the order,
other parameters like position and length of journey, do also
have a high influence on the information content. A short
journey on a main road do not have a hugh information
content to an already created segment table, whereas a long
journey, which just uses small side roads, can depict a
very hugh information content, even when merging such a
journey to an already existing map.

These effects are also visible in Figure 12. In every order
the first added journey shows an information content of I =
1 and the fifth journey of the random order, for example,
has a higher amount of information content than the forth
one, though it was added afterwards.

It has to be noted that this test is only a first hint and that
the authors are aware of the fact, that the absolute amount
of information in a journey will show significant variations
depending on a multitude of parameters such as length of
journey, precision of data, novelty of taken path etc..

C. Pedestrian Movement

In order to demonstrate the accuracy, scalability and
behavior of the map generation framework for lower speeds
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and therefore a geographically dense set of waypoints,
Figure 13 depicts the result of a journey collection and map
generation process on our campus. The journeys have been

Start

Merged Trace Day-by-day walk to the mensa

End

Figure 13. Merged Segment in comparison to measurements

collected by a pedestrian user walking different ways to
the refectory. If a map for this scenario is generated, the
merged journeys lead to a segment located in the middle of
the journeys, as expected. It is also visible that outliers in
the measurement or movement pattern are mitigated by the
number of journeys taken into account. Again, the resulting
map is depending on the accuracy of position estimation,
which obviously is high in this scenario, as different move-
ment paths can be detected clearly. This benefit is gained
by the combined localization process and the sophisticated
GNSS receiver of the iPhone.

D. Indoor Localization Testbed

This experiment again give an insight into the perfor-
mance of the filtering and merging algorithms as being
described in Section III. Figure 14 depicts the preliminary
results of the journey collection without applying the algo-
rithms of the map generator. The position deviation from
the train lane is significant and obvious. Furthermore, it is
fluctuating for each circular driving under static conditions.
We have interconnected three independent cycles, which
explains the starting and ending points of the journeys. As
depicted in the figure, the RF-based indoor localization sys-
tem shows position dependent fluctuations in the accuracy of
position estimation. The overall performance of the system
shows a maximum error of around 1m, where in most cases
the accuracy is considerably better.

Taking into account journey 3 from Figure 14, Figure 15
shows the result of the consistency checks alone before the
merging to the final map is executed. It can be seen that
outlier measurements are mitigated. The consistency checks
have been performed using the following parameters:

1) Speed Limit: 1.5m
s

2) Acceleration Limit: 0.5m
s2

3) Vector Plausibility: 40◦

In the next step, we executed the intra journey merge
routine in order to generate a more accurate map of the
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Figure 14. Comparison of measured journeys (raw-material) and the real
movement

scenario. In this case we merged three journeys after the
plausibility checks. In Figure 16 it can be seen that the map
has closely adapted to the real train lane. It is also visible
that constant fluctuations of the RF localization affect the
accuracy of the map. As a plus, these adverse effects seem to
be confined to the area of their incident. In comparison to the
raw data, the generated map greatly enhances the accuracy
of the localization process. Summarizing, the accuracy of
the map reduces the maximum error by 0.25m in this case.

In the final system design, the map generation algorithm
can be used to generate an up to date map of the application
scenario. When thinking of an industrial or public indoor
environment, the available maps are as old as the building
itself. Constructional changes are often not reflected in
building plans. Hence, these blueprints are not usable for
optimizing the performance of an indoor localization system.

After generating the map, the user position can be esti-
mated by a combination of CM and localization system by
applying a particle filter approach [11]. The positions esti-
mated by the system are represented in so called particles,
which are weighted and mapped on the new building map.
By doing so, outliers can be mitigated during the operational
phase of the system, but hence the degree of freedom is
reduced. Concluding, a certain update interval for the user
map is mandatory to retain the accuracy of localization.
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VI. CONCLUSIONS

This paper describes a successful experimental implemen-
tation of map generation out of GPS journeys recorded by
several mobile subscribers. Employing attribute tables for
each street segment should enable an enhanced navigation
service. The combination of the Java Applet and the Gen-
erator Server Program allows the user to create map data
plus lots of other useful information for navigation. The
initial results of these experiments suggest that only 4 to 6
journeys along a particular street segment result in a useful
estimation even in complicated scenarios. Furthermore, we
have demonstrated the scalability of the proposed map gen-
eration framework by exploring four scenario classes. The
results demonstrate the wide applicability of the approach.
Especially indoor scenarios can benefit from this framework.
The mean position deviation has been reduced considerable.

These promising findings motivate further extensions,
including 3D-Navigation by means of additional sensor data
(like accelerometers) or optimizations for noise reduction
and increased accuracy. Power awareness for long battery
lifetimes and communication protocol dependent topics like
traffic models or business case schemes will be studies
in upcoming work. Additional features as described in [6]
will enhance the controllability of the consumer hardware.
The influence of the sample interval to the fidelity of the
resulting map has to be carefully pondered against the
resulting workloads (in terms of bandwidth usage, storage
requirements etc.) in the system and on the radio link.
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Figure 16. Merged Segment in comparison to measurements

VII. FUTURE WORK

The map generation framework is capable for opening
new application fields for traffic management and indoor
localization applications.

The next step will be that the map generator algorithms
are optimized for real-time calculation. If this target is
reached, today’s traffic forecast procedures can even benefit,
if e.g., working sites on motorways can be detected out of the
transmitted journeys. This is a realistic target, as the GNSS
accuracy will be enhanced with the launch auf Galileo.
Furthermore, if a temporal connection between navigation
devices and traffic management center can be established
e.g., by using public cellular or satellite networks, journeys
and route planning can be transmitted on the uplink and be
regarded for traffic jam prognosis; updated traffic informa-
tion for adaptive routing and lane assistance can therefore be
forwarded to the navigation devices of the user as a special
service of the operator.

The applied consistency checks are very useful for indoor
localization systems. If the calculation time is optimized,
these algorithms can be applied in a local control center.
As we have seen that the accuracy can be enhanced, this
approach will lead to reduced costs, as the investment in
sophisticated localization devices can be reduced.
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