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Preface

Recent years have witnessed rapid advances in location-based services (LBS) with
the continuous evolvement of mobile devices and communication technologies.
LBS have become more and more popular not only in citywide outdoor environ-
ments, but also in shopping malls, museums, and many other indoor environments.
They have been applied for emergency services, tourism services, intelligent
transport services, gaming, assistive services, etc.

This book provides a general picture of recent research activities related to this
field. Such activities emerged in the last years, especially concerning issues of
outdoor/indoor positioning, smart environment, spatial modeling, personalization,
context awareness, cartographic communication, novel user interfaces, crowd-
sourcing, social media, big data analysis, usability, and privacy. The innovative and
contemporary character of these topics has led to a great variety of interdisciplinary
research and studies, from academia to business, from computer science to geodesy.

The contributions in this book are a selection of peer-reviewed full papers
submitted to the 11th International Symposium on Location-Based Services in
Vienna (Austria) in November 2014, organized by the Research Group Cartogra-
phy, Vienna University of Technology. We are grateful to all colleagues who
helped with their critical reviews. Please find a list of their names in the
“Reviewers” section.

The conference series on LBS has been held at

• 2002—Vienna, Austria
• 2004—Vienna, Austria
• 2005—Vienna, Austria
• 2007—Hong Kong, China
• 2008—Salzburg, Austria
• 2009—Nottingham, UK
• 2010—Guangzhou, China
• 2011—Vienna, Austria

v



• 2012—Munich, Germany
• 2013—Shanghai, China
• 2014—Vienna, Austria

The conferences themselves were a response to an increased interest in providing
anyone, anything, anytime, and anywhere services. These conferences together
offer a general overview of how LBS-related research has been evolving in the last
years. The contributions of this book reflect the recent main areas of interest,
including wayfinding and navigation, outdoor and indoor positioning, spatial-
temporal data processing and analysis, usability, and application development.

We would like to thank our colleagues Manuela Schmidt, Felix Ortag, Florian
Ledermann, and Günther Retscher for their help during the production of this book.

Vienna, Austria, September 2014 Georg Gartner
Haosheng Huang

vi Preface



Contents

Part I Wayfinding and Navigation

Is OSM Good Enough for Vehicle Routing? A Study
Comparing Street Networks in Vienna . . . . . . . . . . . . . . . . . . . . . . . . 3
Anita Graser, Markus Straub and Melitta Dragaschnig

Calculating Route Probability from Uncertain Origins
to a Destination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Carolin von Groote-Bidlingmaier, David Jonietz and Sabine Timpf

Visualization and Communication of Indoor Routing
Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Jukka M. Krisp, Mathias Jahnke, Hao Lyu and Florian Fackler

A Computational Method for Indoor Landmark Extraction . . . . . . . . 45
Hao Lyu, Zhonghai Yu and Liqiu Meng

Part II Positioning

On the Feasibility of Using Two Mobile Phones and WLAN
Signal to Detect Co-Location of Two Users for Epidemic
Prediction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Khuong An Nguyen, Zhiyuan Luo and Chris Watkins

3D Indoor Location on Mobile Phones Using Embedded
Sensors and Close-Range Photogrammetry . . . . . . . . . . . . . . . . . . . . . 79
Xiujuan Li, Yan Zhou and Hanjiang Xiong

vii

http://dx.doi.org/10.1007/978-3-319-11879-6_1
http://dx.doi.org/10.1007/978-3-319-11879-6_1
http://dx.doi.org/10.1007/978-3-319-11879-6_2
http://dx.doi.org/10.1007/978-3-319-11879-6_2
http://dx.doi.org/10.1007/978-3-319-11879-6_3
http://dx.doi.org/10.1007/978-3-319-11879-6_3
http://dx.doi.org/10.1007/978-3-319-11879-6_4
http://dx.doi.org/10.1007/978-3-319-11879-6_5
http://dx.doi.org/10.1007/978-3-319-11879-6_5
http://dx.doi.org/10.1007/978-3-319-11879-6_5
http://dx.doi.org/10.1007/978-3-319-11879-6_6
http://dx.doi.org/10.1007/978-3-319-11879-6_6


Range Domain IMM Filtering with Additional Signal Attenuation
Error Mitigation of Individual Channels for WLAN
RSSI-Based Position-Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Seong Yun Cho

Application of the Inertial Navigation System
3D-Self-Calibration-Method for the Minimization
of the Measurement Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Enrico Köppe, Daniel Augustin, Tabea Wilk,
Andreas Subaric-Leitis, Achim Liers and Jochen Schiller

Part III Spatial-Temporal Data Processing and Analysis

Feature Selection in Conditional Random Fields for Map
Matching of GPS Trajectories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
Jian Yang and Liqiu Meng

Road Network Conflation: An Iterative Hierarchical Approach . . . . . . 137
Andreas Hackeloeer, Klaas Klasing, Jukka Matthias Krisp
and Liqiu Meng

Analysing the Usage of Spatial Prepositions in Short Messages . . . . . . 153
André Dittrich, Daniela Richter and Christian Lucas

Using Location-Based Social Media for Ranking Individual
Familiarity with Places: A Case Study with Foursquare
Check-in Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
Wangshu Wang

Part IV Innovative LBS Applications

A Space Time Alarm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
Adrian C. Prelipcean, Falko Schmid and Takeshi Shirabe

Urban Emotions—Geo-Semantic Emotion Extraction
from Technical Sensors, Human Sensors
and Crowdsourced Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Bernd Resch, Anja Summa, Günther Sagl, Peter Zeile
and Jan-Philipp Exner

Citizens as Expert Sensors: One Step Up on the VGI Ladder . . . . . . . 213
Farid Karimipour and Omid Azari

viii Contents

http://dx.doi.org/10.1007/978-3-319-11879-6_7
http://dx.doi.org/10.1007/978-3-319-11879-6_7
http://dx.doi.org/10.1007/978-3-319-11879-6_7
http://dx.doi.org/10.1007/978-3-319-11879-6_8
http://dx.doi.org/10.1007/978-3-319-11879-6_8
http://dx.doi.org/10.1007/978-3-319-11879-6_8
http://dx.doi.org/10.1007/978-3-319-11879-6_9
http://dx.doi.org/10.1007/978-3-319-11879-6_9
http://dx.doi.org/10.1007/978-3-319-11879-6_10
http://dx.doi.org/10.1007/978-3-319-11879-6_11
http://dx.doi.org/10.1007/978-3-319-11879-6_12
http://dx.doi.org/10.1007/978-3-319-11879-6_12
http://dx.doi.org/10.1007/978-3-319-11879-6_12
http://dx.doi.org/10.1007/978-3-319-11879-6_13
http://dx.doi.org/10.1007/978-3-319-11879-6_14
http://dx.doi.org/10.1007/978-3-319-11879-6_14
http://dx.doi.org/10.1007/978-3-319-11879-6_14
http://dx.doi.org/10.1007/978-3-319-11879-6_15


LBS-Based Dilemma Zone Warning System at Signalized
Intersection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
Yi Li, Junhua Wang and Lanfang Zhang

ATSSS: An Active Traffic Safety Service System in Pudong
New District, Shanghai, China . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
Hangbin Wu, Chun Liu, Junhua Wang, Lianbi Yao,
Shuhang Zhang, Yi Li, Zhengning Li, Cheng Liu
and Shouen Fang

Part V General Aspects of LBS

Bridging the Gap Between Field- and Lab-Based
User Studies for Location-Based Services . . . . . . . . . . . . . . . . . . . . . . 257
Ioannis Delikostidis, Holger Fritze, Thore Fechner
and Christian Kray

Challenges of Location-Based Services Market Analysis:
Current Market Description. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
Anahid Basiri, Terry Moore, Chris Hill and Paul Bhatia

Contents ix

http://dx.doi.org/10.1007/978-3-319-11879-6_16
http://dx.doi.org/10.1007/978-3-319-11879-6_16
http://dx.doi.org/10.1007/978-3-319-11879-6_17
http://dx.doi.org/10.1007/978-3-319-11879-6_17
http://dx.doi.org/10.1007/978-3-319-11879-6_18
http://dx.doi.org/10.1007/978-3-319-11879-6_18
http://dx.doi.org/10.1007/978-3-319-11879-6_19
http://dx.doi.org/10.1007/978-3-319-11879-6_19


Reviewers

The production of this book would not have been possible without the professional
help of our scientific committee. We would like to thank all the following experts
who have helped to review the papers published in this book.

Suchith Anand, University of Nottingham, UK
Gennady Andrienko, Fraunhofer IAIS/City University London, Germany/UK
Thierry Badard, Laval University, Canada
Rex Cammack, University of Nebraska at Omaha, USA
Cristina Capineri, Siena University, Italy
William Cartwright, RMIT University, Australia
Matt Duckham, University of Melbourne, Australia
Claire Ellul, University College London, UK
Peter Fröhlich, Telecommunications Research Center Vienna, Austria
Georg Gartner, Vienna University of Technology, Austria
Haosheng Huang, Vienna University of Technology, Austria
Mike Jackson, University of Nottingham, UK
Bin Jiang, University of Gävle, Sweden
Jie Jiang, National Geomatics Center of China, China
Markus Jobst, Austrian Federal Office for Metrology and Surveying, Austria
Hassan Karimi, University of Pittsburgh, USA
Farid Karimipour, University of Tehran, Iran
Jukka Krisp, University of Augsburg, Germany
John Krumm, Microsoft Research, USA
Chun Liu, Tongji University, China
Liqiu Meng, Technische Universität München, Germany
Xiaolin Meng, University of Nottingham, UK
Peter Mooney, National University of Ireland Maynooth, Ireland
Takashi Morita, Hosei University, Japan
Hans-Berndt Neuner, Vienna University of Technology, Austria
Ed Parsons, Google, UK
Michael Peterson, University of Nebraska at Omaha, USA

xi



Martin Raubal, Swiss Federal Institute of Technology Zurich, Switzerland
Karl Rehrl, Salzburg Research, Austria
Günther Retscher, Vienna University of Technology, Austria
Tapani Sarjakoski, Finnish Geodetic Institute, Finland
Manuela Schmidt, Vienna University of Technology, Austria
Johannes Schöning, Hasselt University, Belgium
Volker Schwieger, University of Stuttgart, Germany
Stefan van der Spek, Delft University of Technology, The Netherlands
Josef Strobl, University of Salzburg, Austria
Nico van de Weghe, Ghent University, Belgium
Stephan Winter, University of Melbourne, Australia
Kefei Zhang, RMIT University, Australia
Sisi Zlatanova, Delft University of Technology, The Netherlands

xii Reviewers



Part I
Wayfinding and Navigation



Is OSM Good Enough for Vehicle
Routing? A Study Comparing Street
Networks in Vienna

Anita Graser, Markus Straub and Melitta Dragaschnig

Abstract As a result of OpenStreetMap’s (OSM) openness and wide availability,
there is increasing interest in using OSM street network data in routing applications.
But due to the heterogeneous nature of Volunteered Geographic Information (VGI)
in general and OSM in particular, there is no universally valid answer to questions
about the quality of these data sources. In this paper we address the lack of sys-
tematic analyses of the quality of the OSM street network for vehicle routing and
the effects of using OSM rather than proprietary street networks in vehicle routing
applications. We propose a method to evaluate the quality of street networks for
vehicle routing purposes which compares relevant street network features as well as
computed route lengths and geometries using the Hausdorff distance. The results of
our case study comparing OSM and the official Austrian reference graph in the city
of Vienna show close agreement of one-way street and turn restriction information.
Comparisons of 99,000 route pairs with an average length of 6,812 m show
promising results for vehicle routing applications with OSM, especially for route
length computation where we found median absolute length differences of 1.0 %.

Keywords OpenStreetMap (OSM) � Volunteered geographic information (VGI) �
Quality assessment � Routing � Street networks

1 Introduction

Vehicle routing applications used in route planning, navigation, and fleet man-
agement software depend heavily on the quality of the underlying street network
data. Errors such as missing streets, wrong or missing turn restrictions or one-way
street information lead to wrong route choices and wrong distance estimations.

A. Graser (&) � M. Straub � M. Dragaschnig
Dynamic Transportation Systems, Mobility Department, AIT Austrian Institute
of Technology, Vienna, Austria
e-mail: anita.graser@ait.ac.at

© Springer International Publishing Switzerland 2015
G. Gartner and H. Huang (eds.), Progress in Location-Based Services 2014,
Lecture Notes in Geoinformation and Cartography,
DOI 10.1007/978-3-319-11879-6_1
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Historically, street network data for vehicle routing applications was only available
through a limited number of vendors or official government sources. With the
increasing popularity of Volunteered Geographic Information (VGI) projects such
as OSM, there is a growing interest in using such free and open data sources in
routing applications for different modes of transport.

The adoption of OSM in professional settings is hindered by concerns about the
unknown quality of OSM data. Besides simple omission of objects, potential users
are also concerned about active vandalism. One important factor is that OSM
quality is not consistent between regions. Some countries such as Germany and
Austria have large communities of contributors (Neis 2012), which has been found
to correlate positively with higher data quality (Neis et al. 2012), while other
countries have only smaller groups of contributors. Additionally, OSM quality
shows an urban-rural divide (Thaller 2009; Zielstra and Zipf 2010) with better
quality in urban regions. It is therefore necessary to evaluate the map in the area of
interest with respect to quality for a specific application before OSM can be used.
Existing studies describe evaluation methods for quality aspects such as positional
accuracy and attribute completeness (for an extensive, non-exhaustive list see OSM
Wiki 2014). However, to date there has been no systematic analysis of the quality
of the OSM street network for vehicle routing and the effects of switching vehicle
routing applications from established proprietary or governmental street networks
to OSM.

Aiming to fill this gap, this paper presents a comparative method which eval-
uates OSM street network quality in comparison to a reference street network. The
method is based on comparisons of street network features such as turn restrictions
and one-way streets as well as comparisons of routes calculated on both street
networks. Route comparisons analyze both route length and route geometry to
evaluate the effects of different street networks on the results of vehicle routing
applications.

Section 2 presents an overview of related work, followed in Sect. 3 by a
description of the methodology used in this study. Section 4 presents results of the
comparison of OSM and the official Austrian reference graph in the analysis area.
The paper closes in Sect. 5 with a discussion of results and an outlook for future
work.

2 Related Work

A first systematic approach for analyzing the quality of OSM is presented by
Haklay (2010). He compares OSM to Ordnance Survey UK calculating positional
accuracy and comparing network length in regular grid cells covering the study
area. Ather (2009) extends Haklay’s work, comparing completeness of street
names. Subsequent papers compare OSM to other street network datasets such
as Ordnance Survey Ireland (Ciepluch et al. 2011), TeleAtlas/TomTom Multi-Net
(Thaller 2009; Zielstra and Zipf 2010), or Navteq (Ludwig et al. 2011).

4 A. Graser et al.



Ludwig et al. (2011) and Koukoletsos et al. (2012) follow a different approach
based on matching street objects of OSM and street objects in a reference dataset.
This enables them to compare attributes and geometries of specific street objects in
two network datasets. Other studies, such as Neis et al. (2012), present OSM-
internal checks on validity and topology of the street network.

Work focusing on routing-specific aspects of street networks includes Thaller
(2009), who compared three routing examples calculated by OpenRouteService
(which uses OSM) and TomTom personal navigation devices, based on route
length, travel time estimation, and route choice.

Zielstra and Hochmair H (2012) compare shortest path lengths for 1,000
pedestrian routes of “typical pedestrian walking distance” per city. Routes were
calculated using OSM and other free and commercial street network datasets
(TomTom, Navteq, TIGER, ATKIS, as well as a combination of networks) in two
German and two US cities. They found that OSM provided the most complete data
source and the shortest routes—only outperformed by a combination of all available
datasets.

On the topic of vehicle routing, Ludwig et al. (2011) found that the “oneway”
attribute was missing from 28.1 % of features in inhabited areas and 48.8 % of
features in uninhabited areas of Germany when compared to the Navteq street work.
Similarly, “speed limit” was found missing for 80.7 % of objects in inhabited areas
and 92.6 % of objects in uninhabited areas. Neis et al. (2012) compared the number
of turn restrictions found in OSM and TomTom and showed that the number of turn
restrictions in OSM is significantly lower (21,000 instead of 176,000 for Germany
in June 2011) than in TomTom MultiNet dataset.

As shown in Graser et al. (2014), comparing the number of turn restrictions can
cause misleading results due to differences in how street networks are modeled with
respect to network generalization and representation of driving restrictions. While a
comparison of turn restriction counts between the official Austrian reference graph
“Graph Integration Platform” (GIP) and OSM for the greater Vienna region in
December 2012 found 2,500 turn restrictions in GIP but only 691 (27.6 %) in OSM,
a systematic routing-based comparison showed that 1,515 (60.6 %) of the 2,500
GIP turn restrictions had a matching representation in OSM. Similarly, 10,499
(87.8 %) of the 11,964 one-way streets in GIP could be matched to one-way streets
in OSM.

None of the studies so far offer a systematic evaluation of how exchanging an
established street network dataset with OSM affects the output of vehicle routing
applications with respect to resulting route length and route geometry.

3 Methodology

Our approach comprises the following steps: After the initial preparation of routable
graphs, we compare the street networks based on network completeness, similarity
of turn restriction and one-way street information, and vehicle routing results.

Is OSM Good Enough … 5



3.1 Preparing Routable Graphs

The OSM street network consists of nodes and edges but OSM edges are not
necessarily split at each intersection. Instead, in the OSM representation, edges are
considered to be connected if they share a common node at the point of intersection.
Therefore, OSM is not routable without preprocessing, which splits edges at the
appropriate intersections as depicted in Fig. 1. The GIP street network, on the other
hand, is modeled using nodes and edges which are split at intersections and con-
nected through explicit turn relations. Without a turn relation, even GIP edges
sharing a common intersection node are not considered to be connected. For more
details on the different approaches to street network modeling used in OSM and
GIP, including a matching of OSM highway tag values and GIP functional road
classes, see Graser et al. (2014).

Another aspect where the modeling approaches of OSM and GIP differ is the
handling of features such as driving permissions and turn relations. While GIP tends
to explicitly define driving permissions for various modes of transport, OSM tends
to use conventions and explicit restrictions; i.e. the OSM tag combination vehi-
cle = no and bicycle = yes evaluates to a ban on all vehicles except bicycles.
Similarly, GIP turn restrictions are modeled implicitly through missing turn rela-
tions, while in OSM, all turn maneuvers are allowed at an intersection as long as
there is no explicit restriction relation specified.

In order to create a correct OSM routing graph, edges that share a node at their
intersection have to be split up at the intersection node. It is worth noting that the
data preparation has to ensure that edges which do not share a common node at the
point of intersection are not split in order to avoid creating junctions where there
should not be any. This is especially relevant at overpasses and underpasses
created by bridges, tunnels or similar network features. Turn restrictions are cre-
ated from OSM tag combinations that define turn maneuvers and finally, each
driving direction and turn restriction is labeled with the modes of transport they
concern.

Fig. 1 OSM preprocessing step splitting edges at intersections

6 A. Graser et al.



3.2 Street Network Comparison

The comparison of street networks is divided into three parts: (1) assessment of
street network completeness; (2) comparison of turn restriction and one-way street
information relevant for vehicle routing; (3) comparison of routing results.

The first step is a general comparison of the length of the street networks of
OSM and GIP determined by calculating the total sum of the length values of all
street network graph edges. This is the most common test for completeness of
street networks used in Haklay (2010) and numerous subsequent publications.
This test can only provide a rough estimate of data completeness since it assumes
that both datasets contain similar types of information. Before applying the test, it is
therefore necessary to remove road classes which are not represented in both
datasets.

In a second step, we compare turn restriction and one-way street information
relevant for vehicle routing applications. The routing-based comparison method
presented in Graser et al. (2014) compares forbidden maneuvers of driving against
the one-way street direction and turning at a turn restriction of one street network
with routing results calculated on the second street network (see Fig. 2) to test
whether both street networks contain matching driving restrictions. Similarity
between forbidden turn maneuver and route generated on the second street network
is determined using the Hausdorff distance (Hausdorff 1914). A Hausdorff distance
above 10 m is interpreted as a correctly modeled turn restriction. Additionally,
similarity between a maneuver describing driving against the one-way direction and
the route generated on the second street network is determined using length com-
parison. If the one-way information is present in both street networks, the generated
route has to find a way around the driving restriction and will therefore be con-
siderably longer than the forbidden maneuver, which is generated by extracting a
10 m long section from the center of a one-way street (see forbidden maneuver in
Fig. 2c, d). A route length above 20 m is interpreted as a correctly modeled one-way
street.

The routing comparison step of the street network comparison procedure
examines routes calculated between identical start and end points. A regular grid is
created and used to distribute start and end points in the study area. For each cell

Fig. 2 a Correctly modeled turn restriction; b Missing turn restriction; c Correctly modeled one-
way street; d Missing one-way restrictions; (narrow black arrows: forbidden maneuver; wide grey
arrows: routes generated on the comparison graph)

Is OSM Good Enough … 7



pair consisting of a source and target cell, n routes are calculated. Before the routes
are calculated, it is necessary to select route start and end points. Distributing start
or end points randomly within the cells would lead to ambiguous situations, e.g. if
the points end up in the middle between two edges or at an intersection where it is
unclear which street should be selected for the route start or end. To minimize these
ambiguous situations, we first choose a random network edge within the cell and
then select the center point of the edge as start or end point for the route. To select
start and end points in the second dataset, a simple map matching routine is applied
as follows: the start and end points generated on the first dataset are each matched
onto the 13 nearest junctions in the graph and of all incoming and outgoing edges of
these junctions, the one with the minimum normal distance is chosen. Finally, the
routes are calculated using shortest distance routing with Dijkstra’s algorithm
(Dijkstra 1959).

The evaluation starts by computing length differences between the routing
results on OSM and the reference graph. The distribution of length differences
provides a first assessment (see also Fig. 5b). Systematic differences can be
observed if routes in one network are systematically shorter than in the other
network. Systematic differences might be due to (1) higher road density in one
network; (2) lack of driving restrictions; or (3) lack of necessary connections.

Even if the resulting length differences are small or non-existent, this evaluation
step only confirms or disproves that route calculations on both graphs result in
routes of the same length. While this might be sufficient for certain kinds of vehicle
routing applications which only focus on the resulting distance estimates, further
evaluations are necessary for applications which depend on calculating correct route
geometries, because the first evaluation step cannot confirm whether both route
calculations result in the same routes in respect to route geometry. Therefore, in the
second part of the routing comparison procedure, the Hausdorff distance is calcu-
lated to assess route similarity based on route geometry since it describes the
difference between two route geometries independent of the route length.

Fig. 3 Details and network generalization differences between OSM (dashed black lines) and GIP
(wide grey lines) at Schwarzenbergplatz

8 A. Graser et al.



4 Results

The datasets used in this study are the raw OSM XML data provided by Geofabrik
(2013) for March, 19th 2013 and the effective GIP export for routing motorized
traffic (called “MIV export”) within a 10 × 10 km study area (Fig. 4). In the
following comparisons, the GIP export is used as the reference street network graph
which OSM is compared with. We want to point out that the methodology could
just as well be applied to commercial street network data by providers such as
TomTom or Nokia HERE. Since the GIP export does not contain unpaved roads
which would be equivalent to the OSM type “track”, we removed streets of type
“track” from the OSM network.

4.1 Street Network Completeness

A preliminary assessment of OSM and GIP street networks shows that the OSM
street network is 1,402 km long and thus 210 km (+17.6 %) longer than the GIP
export which is 1,192 km long. Since by removing unpaved roads we ensured that
both datasets represent the same road classes, this difference is largely due to the
more generalized nature of the GIP export street network which is optimized for
routing applications and only contains road center lines as shown in Fig. 3. No
generalization was applied to the OSM dataset.

Fig. 4 Spatial distribution of matching one-way streets (left), and turn restrictions (right); absolute
counts (value in the cell) and ratio of matching features (color)
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4.2 One-Way Streets and Turn Restrictions

The comparison of one-way streets shows that 6,289 (95.4 %) of the 6,595 GIP
one-way streets in the study area can be matched to a one-way street in OSM.
Similarly, 842 (68.3 %) of the 1,232 GIP turn restrictions have a matching repre-
sentation in OSM.

Figure 4 depicts the spatial distribution of one-way streets and turn restrictions in
the analysis area. The rate of matching features is color-coded using darker shades
for cells with more matches and lighter shades for cells with fewer. The number
written inside the cell states the number of occurring one-way streets or turn
restrictions in the respective cell. The numbers in the turn restriction map clearly
show that turn restrictions are much less common than one-way streets. Addi-
tionally, some cells do not contain a single one and are therefore omitted from the
turn restriction map. While agreement about one-way streets is high with 91 out of
100 cells with a match ratio better than 80 %, only 30 of the 96 cells which contain
turn restrictions reach the same ratio of 80 % matching features in OSM and GIP.

4.3 Routing Comparison

In this case study, we used a grid with 100 1 × 1 km cells and calculated ten route
pairs consisting of an OSM route and a GIP route per cell pair. This leads to a total
of 99,000 route pairs with an average GIP route length of 6,812 m (min: 54 m; max:
20,465 m). We calculate each route pair’s length difference as OSM route length
minus GIP route length. Negative difference values therefore stand for shorter OSM
routes. Based on all 99,000 routes, the mean length difference is −15.5 m and the
median length difference –17.3 m. These results show that OSM routes tend to be
shorter than the corresponding GIP routes. Figure 5a depicts the relation of length

Fig. 5 a Length differences depending on GIP route length for individual routes; b Distribution of
length differences for individual routes
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difference and GIP route length per route pair. High negative length differences are
found for long GIP routes over 5 km length while positive length differences are
also found for shorter routes. Figure 5b depicts the overall distribution of length
differences per route pair and clearly shows the trend of shorter OSM routes in the
shift towards negative length differences.

We have seen the trend towards shorter OSM routes, but how often can OSM
and GIP routes be considered equally long for the purpose of vehicle routing
applications? Figure 6 presents the number of route pairs with equally long OSM
and GIP routes depending on the threshold chosen to define “equally long”: at a
threshold tolerance of ±10 m, 15,874 (16.0 %) of the total 99,000 routes are
considered equally long. For a threshold of ±25 m this value rises to 29,325
(29.6 %), growing to 58,373 (59.0 %) for a threshold of ±100 m. Additional
evaluations of absolute length differences in relation to GIP route length show that
the median OSM route length deviates by 1.0 % from the corresponding GIP route
length.

To gain a better understanding of the spatial distribution of route pairs with
similar route length and those with bigger deviations, we further evaluate the length
difference values grouped by route starting cell. Mean route length by cell varies
between 5 and 9 km depending on whether the cell is located in the center of the
analysis area or around its border. Figure 7b shows that, in most cells, OSM routes
are shorter than GIP routes, confirming our previous interpretation of individual
route results, while Fig. 7a depicts the same median length difference values plotted
over the median GIP route length. This confirms the intuition that higher length
difference values are found for cells with longer GIP routes.

Figure 8 depicts the length differences for all route pairs starting in the respective
cell. Cells in the center of the grid generally show lower median length difference
values than cells around the border of the analysis area. While cells with high
negative median difference values—indicating that OSM routes starting there are
considerably shorter than the respective GIP routes-cluster in the northwest, cells

Fig. 6 Number of route pairs
with equally long OSM and
GIP routes depending on
threshold
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with positive values are found in the northeast of the analysis area, north of the river
Danube where most of the routes have to cross the Danube bridges to the southern
part of Vienna. In any case, it has to be noted that route length differences are
accumulated along the whole route, and the underlying street network deviations
causing the differences are therefore not necessarily located in the route starting
cell.

Fig. 7 a Median length difference over median GIP route length per route starting grid cell;
b Distribution of median length differences per route starting grid cell

Fig. 8 Median length difference in meters for all route pairs starting in the given cell
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Figure 9 shows the median absolute length difference thus highlighting areas
with bigger length differences independent of whether OSM or GIP routes tend to
be shorter. As before, higher values are found at the borders of the analysis area but
the focus of highest difference values has shifted to areas southwest of Schlosspark
Schönbrunn (298 m difference) and along the Danube (205 m difference). Closer
inspection of the routes starting in the grid cell near this park shows that the cell is
mostly covered by the park and contains only a very limited number of street edges
(< 20 in either datasets). As a result, the algorithm picking route start and end points
ends up picking from this small set of edges over and over for each cell pair and
thus a single network difference can affect multiple routes.

To gain a better understanding of the sources of the length differences, 25 routes
were inspected manually. For all randomly selected and inspected routes with very
large differences (eight kilometers) the reasons were that the automatic matching
process selected topologically different start or end edges, e.g. motorway links
instead of motorway exit. For further studies, it is recommended to take special care
that the chosen start and end edges of the routes match to the same logical edges in
the road graphs.

Other causes for length differences were map defects or inaccuracies, such as
missing or wrong information about where motor vehicles are allowed to drive,
different one-way information, missing or wrong turn restrictions, and different
lengths of dead end streets.

After these length-based comparisons, the following sections present the results
of comparing route geometries. In this study, similarity of route pair geometries was

Fig. 9 Median absolute length difference in meters for all route pairs starting in the given cell
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calculated as the Hausdorff distance between OSM and GIP route since it describes
the difference between two route geometries independent of the route length.
Figure 10 shows how the rate of route pairs with OSM and GIP route geometries
which are considered similar grows as the Hausdorff distance threshold, which is
used to define “similar”, is increased. The figure shows separate curves for several
length difference classes from the top-most curve which represents only route pairs
with a length difference of 0–1 m to the curve at the bottom which represents route
pairs with a length difference of 29–30 m. These results show a steady increase of
similar routes up to a threshold of 25 m which slows down considerably afterwards.

Based on these results, Fig. 11 depicts the relation between length difference of
OSM and GIP routes and the rate of route pairs with similar route geometries
defined by a Hausdorff distance less than 25 m. A threshold of 25 m was chosen
since it is well below the size of typical city blocks, thus eliminating routes which
deviate by one city block while allowing for smaller deviations caused by different
levels of street network generalization. The graph in Fig. 11 shows a linear

Fig. 10 Rate of routes with a Hausdorff distance under a given threshold

Fig. 11 Rate of routes with a Hausdorff distance under 25 m over length difference
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relationship with a high coefficient of correlation R2 = 0.98. Since calculating
Hausdorff distance is computationally expensive, we use the resulting linear
relationship

�0:0104642553 � absolute length difference + 0:6829946168 ð1Þ

to estimate the total number of route pairs with both a length difference less than
25 m and a Hausdorff distance less than 25 m. Of the total 99,000 routes in the
sample, 16,903 (17.1 %) route pairs fall into this class and are therefore considered
to be a perfect match for the purpose of this study.

5 Conclusion and Future Work

The comparison of OSM and GIP for vehicle routing application presented in this
work investigates the influence of switching from GIP to OSM on resulting shortest
path route length and route geometry. The study covers comparisons of street
network completeness, turn restriction and one-way street information as well as
99,000 routes with a mean GIP route length of 6,800 m in the city of Vienna.

Route length comparison results show that for 59.0 % of routes, the computed
OSM route length is within a tolerance of 100 m of the corresponding GIP route
length, and for 29.6 % of routes, OSM route length is within a tolerance of 25 m of
the corresponding GIP route length. Observed route length differences vary by
location but it has to be noted that route length differences are accumulated along
the whole route and, as a result, locating the street network deviations causing the
differences therefore is no trivial task. OSM routes tend to be shorter than GIP
routes which could be explained by two factors: first, the OSM network could be
denser than the GIP network and thus contain more “shortcuts”, be they right or
wrong; and second, the OSM street network could contain fewer driving restrictions
and thus be more connected. While comparisons of street network length show that
the OSM street network within the analysis area is 17.6 % longer than the GIP street
network, the differences are mostly due to the more generalized nature of the GIP
export and not due to additional connecting streets in the OSM street network.
Regarding driving restrictions, a comparison of one-way streets shows that 95.4 %
of the 6,595 GIP one-way streets in the study area can be matched to a one-way
street in OSM and similarly, 68.3 % of the 1,232 GIP turn restrictions have a
matching representation in OSM. Differences in the remaining turn restrictions and
one-way streets will influence route length and geometry deviations. Based on the
results of an evaluation of absolute length differences relative to GIP route length,
vehicle routing applications that compute route length based on OSM instead of
GIP would result in routes with a median absolute length difference of 1.0 %
relative to the original GIP route length.

To further evaluate the similarity of routing results, Hausdorff distance between
OSM route geometry and the corresponding GIP route geometry was calculated.
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Results of this evaluation show that 17.1 % of route pairs have both a length
difference less than 25 m as well as a Hausdorff distance less than 25 m and are
therefore considered to be a perfect match for the purpose of this study. It has to be
noted that due to the varying quality of OSM, applying the analysis methods
presented in this study in other geographic regions might result in significantly
different results.

Expected correlations between shorter route length and a better agreement of
routing results both in respect to route length and geometry should be investigated
in subsequent studies. Further work is planned to evaluate the effect of migrating to
OSM on specific vehicle routing applications, such as floating car data systems that
require routing between successive vehicle positions, which are sampled at intervals
up to two minutes, leading to considerably shorter routes than the ones evaluated in
this study.
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