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Abstract: Despite the growing interest in a real-world deployment of vehicle-to-vehicle communication,
the topological features of the resulting vehicular network remain largely unknown. We lack a clear under-
standing of the level of connectivity achievable in large-scale scenarios, the availability and reliability of
connected multi-hop paths, or the impact of daytime. In thispaper, we adopt a complex network approach
to provide a �rst characterization of a realistic large-scale urban vehicular ad hoc network. We unveil the
low connectivity, availability, reliability and navigability of the network, and exploit our �ndings to derive
network design guidelines.
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Sur la Topologie d'un Réseau Véhiculaire à Grande Echelle

Résumé : Malgré l'intérêt croissant au déploiement de communication entre véhicules dans le monde
réel, les caractéristiques topologiques du réseau véhiculaire résultant restent largement inconnus. Il nous
manque une compréhension claire du niveau de la connectivité réalisable dans des scénarios à grande
échelle, la disponibilité et la �abilité des chemins multi-sauts, ou l'impact de l'heure de la journée. Dans
cet article, nous adoptons une approche de réseaux complexes pour fournir une première caractérisation
d'un réseau ad hoc véhiculaire réaliste à grande échelle dans un environnement urbain. Nous dévoilons
la faible connectivité, disponibilité, �abilité et navigabilité du réseau, et exploitons nos découvertes pour
en tirer des lignes directrices pour la conception de réseaux.

Mots-clés : VANET, connectivité des réseaux, réseaux complexes, topologie des réseaux, réseaux ur-
bains à grande échelle
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1 Introduction

More than a decade after the allocation of a dedicated frequency bandwidth in the USA, vehicular com-
munication networks have �nally abandoned their long-standing status of fundamental research exercise
and have started developing into real-world systems. On-going standardization efforts, including IEEE
802.11p, IEEE 1609, OSI CALM-M5 and ETSI ITS, jointly with the growing interest of the automobile
industry, have played a major role in speeding up the processover the last few years. Thus, it will be soon
time to �eld test the vast amount of vehicular networking solutions proposed by the scienti�c community
during the last decade, whose scope ranges from medium access to transmission power control, from data
rate adaptation to mobile address management, from multi-hop routing to reliable data transfers.

However, the real-world performance of many of such protocols risk to fail the expectations, for the
simple reason that they will be confronted to a network they were not designed for. As a matter of fact,
dedicated solutions have – and are – being proposed for vehicular networks whose major topological
features remain largely unknown. In urban environments in particular, even basic questions stay unan-
swered, such as:is the vehicular ad hoc network well connected or highly partitioned? Which size can
clusters of multi-hop connected vehicles attain? Which is the internal structure of such clusters? How
sparse or dense are single-hop communication neighborhoods? How do all these network connectivity
features vary in time? How do they depend on the geographicallocation?

The responses to these questions directly determine the strengths, weaknesses and overall capabilities
of a spontaneous vehicular network, and shall thus be among the main drives to the design of dedicated
protocols. Moreover, they are the key to quantifying theavailability andreliability of the network, i.e.,
the main concerns of car manufacturers when it comes to vehicle-to-vehicle multi-hop communication.

The aim of this paper is to shed some light on the major topological features of a large-scale urban
vehicular network, providing qualitative and quantitative answers to the questions above and highlighting
their impact on vehicular networking solutions. To that end, after a presentation of the literature in Sec. 2,
we leverage a speci�c mobility dataset, presented in Sec. 3,that is representative of a typical middle-
sized European city and yields unprecedented realistic microscopic and macroscopic mobility features.
We study the dynamics of the vehicular network topology in such an urban scenario through acomplex
networkapproach [1–3], by modeling the dataset as a set of instantaneous connectivity graphs, as from
Sec. 4, and analyzing their features from a communication network perspective, in Sec. 5, 6 and 7. Finally,
conclusions are drawn in Sec. 8.

2 Related work

The characterization of the instantaneous topology of a vehicular ad hoc network is a subject that, for its
own nature, demands knowledge of the exact position of all the vehicles circulating in a large region. This
makes direct experimental evaluations, that have high economic costs and are extremely time-consuming,
impractical. It also renders the available datasets of recorded real-world vehicular mobility, that are lim-
ited to speci�c subsets of vehicles such as buses [4] or taxis[5], too incomplete for a thorough topological
analysis. As a consequence, studies on the the instantaneous connectivity of vehicular ad hoc networks
mainly rely on simulative or analytical tools.

Highway environments are simpler to analyze in terms of connectivity, since they result in unidimen-
sional road traf�c �ows. The studies on the topology of vehicular ad hoc networks on highways aim at
determining which combinations of vehicular density, absolute and relative car speed, technology pene-
tration rate and communication range are required to achieve a full network connectivity. However, the
results, be they based on synthetics traces of highway traf�c [6,7] or mathematical models [8–10], do not
apply to the more complex urban scenarios we are interested in.

As a matter of fact, characterizing the topology of urban vehicular networks is a signi�cantly harder

RR n° 8112



4 Naboulsi & Fiore

process. Not only the problem becomes bidimensional, but realistic road layouts can be extremely com-
plex and include heterogeneous restrictions, such as speedlimits and one-way rules. Even worse, road
intersections are regulated by non-trivial mechanisms, such as traf�c lights, roundabouts, stop and yield
signs.

Analytical studies of the vehicular connectivity in urban areas are therefore based on strong simpli-
fying assumptions, namely Poisson distribution of cars andregular-grid road layouts [11–14]. These
make the problem mathematically tractable through, e.g., percolation theory, but dramatically reduce the
realism and interest of the results.

As far as simulation-based analyses of the connectivity of urban vehicular networks are concerned,
seminal works have focused on the impact of microscopic mobility models [15, 16]. These studies un-
veiled the high bias that unrealistic random and pseudo-random car mobility can induce on the network
topology, and the importance of properly modeling road signalization. However, they do not study the
network from a macroscopic point of view as done in this paper.

The impact on the vehicular network connectivity of macroscopic traf�c parameters, such as the
vehicular density, the arrival rates and the routes traveled by drivers, is instead assessed in [17, 18].
However, these works assume a small-scale regular-grid road layout and aim at de�ning the generic
connectivity behavior of the urban vehicular network in idealized and controllable settings, rather than at
studying a large-scale realistic scenario as we do.

Large urban areas have been considered in studies of the vehicular network connectivity in Porto,
Portugal [19], and Zurich, Switzerland [20]. In the �rst case, the authors describe the evolution of the
average network degree for around 5 minutes, assuming that 10% of the vehicles participate in the net-
work. Our analysis provides a more complete picture, as it accounts for a broad range of metrics and
spans over 24 hours. The authors of [20] analyze instead a region of 25 km2, during 3 hours that cover
the morning traf�c peak. Despite the thorough evaluation, the trace employed only includes major road
arteries in heavy traf�c conditions, and the mesoscopic simulator used to generate the vehicle movement
yields a rather uniform distribution of cars over the road layout. These factors contribute to a vehicular
network signi�cantly biased towards unrealistically highconnectivity [21].

3 Vehicular mobility dataset

The vehicular mobility dataset we employ is part of the TAPASCologne project, that aims at reproducing,
with the highest level of realism possible, the car traf�c inthe greater urban area of Köln, Germany.
The dataset has been synthetically generated by coupling state-of-art tools dedicated to speci�c aspects
of vehicular traf�c modeling. A short summary is provided next, we refer the reader to [21] for further
details.
Road topology. The street layout of the Köln urban area is extracted from the OpenStreetMap (OSM)
database. The OSM initiative provides freely exportable maps of cities worldwide, contributed and up-
dated by a vast user community. The OSM road information is generated and validated by means of
satellite imagery and GPS traces, and is commonly regarded as the highest-quality map data publicly
available.
Microscopic mobility . The microscopic mobility of vehicles is simulated with theSimulation of Urban
Mobility (SUMO) software. SUMO is an open source tool developed by the German Aerospace Center
(DLR), capable of accurately modeling the behavior of individual drivers, accounting for car-to-car and
car-to-road signalization interactions. The level of detail of the simulation and the high scalability of the
environment make of SUMO the most advanced open-source microscopic vehicular mobility generator
available today.
Macroscopic mobility. At the macroscopic level, large-scale car �ows across the urban area are deter-
mined by coupling travel demand and traf�c assignment models. The former determine the locations
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