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Abstract. By exchanging events in a vehicular ad hoc network (VANETiyats can receive information that allows them to
find relevant places (e.g., parking spaces) or avoid dangamdesirable situations (e.g., an accident or a traffi¢.jdowever,
developing this kind of information services for driverdledor new data management approaches, such as an appeopria
dissemination protocol and some mechanism to decide whewmea dhould be alerted.

In this paper, we present a data management solution fot exehange in vehicular networks and compare two different
approaches for relevance assessment. The first approaes oel the computation of geographic vectors to estimate the
relevance of events, whereas the second approach exptpttd doad maps. We also describe a prototype that has atlavg
to test our proposals in a real environment. Moreover, wegitean exhaustive simulation-based experimental evatutitat
proves the usefulness of exploiting the information staredigital road maps for data management and sharing in ukgric
networks, which is an important novelty regarding existvarks. The experiments also show that the first approachlsan a
be used with a good accuracy, although smaller in some igitigatin cars where maps are not available.

Keywords: Vehicular ad hoc networks, data managementt egiavance estimation

1. Introduction

In the last few years, intensive research efforts are betngldped in the area of transportation, mainly
motivated by safety issues and technological improvemeBesides research focusing on enhancing
vehicle applications such as navigation systems for vesi(@.g., see [4,31,40]), exchanging dynamic
data (i.e., data whose relevance can change very quicklg)viehicular network usingnter-Vehicle
Communication§lVC) is a hot topic nowadays [23,32,37]. Thus, thanks to the ldpment of wireless
networks and portable computers/devices, two vehiclegoggavithin communication range of each
other) can exchange interesting data, such as informationteboth static and mobile events (e.g.,
an emergency braking, an available parking space, a drit@biéng risky behavior, etc.). Other
communication schemes can also be considered, based ordarfisastructure or mobile telephony
networks (e.g., 3G). Thus, even if it may be unrealistic &uase the availability of a generalized wide-
area fixed infrastructure in the next years, mobile telegm@tworks already offer new perspectives for
the development of applications to assist drivers. Anywagh solutions, based on a centralization of the
data and decision processes, still suffer from issues spbar scalability or low reaction time available
when dealing with some events like an emergency braking.refbie, we focus in the following on
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vehicular ad hoc networks, although it is important to engitethat this does not prevent the possibility
to benefit also from a wired backbone (when available) asqseg in [30].

As an exampleyESPA\Vehicular Event Sharing with a mobile P2P Architecusa system developed
to share information about events in inter-vehicle ad hdworks [13]. Data are received from other
vehicles and stored locally in@ata cache Then, query evaluation techniques are used to sift through
the stored information to determine what is relevant adogrtb that time and location, and issue a
warning or transmit information to the driver when necegs@wo main challenges in VESPA, as well
as in other data sharing approaches for vehicular netw@k28], are how to decide which data are
relevant to the driver and how to transmit data to potentiatierested vehicles.

In this paper, we focus on the concept of Encounter Prolal§iiP), whose goal is to determine
whether arevent(e.qg., a traffic congestion) orrasourcge.g., an available parking space) is relevant to
a vehicle, by using both spatial and temporal criteria. Tlhes EP is a measure of the likelihood that
the vehicle will meet the eventin the future. Such an EP causled to filter, among the events received,
those events that are relevant to the vehicle and so may beeddvant to the driver [12]. The EP can
also be used by data dissemination protocols. In [6], wedhiced a dissemination protocol able to
handle the diffusion of a wide variety of events in the nekwdFhis protocol relies on the assumption
that an event relevant to a vehicle may also be relevant teithbors. The EP is then used at each hop
in the network to determine the relevance of the event. Sumgnp, the main contributions of this paper
are the following:

— We propose a general data management architecture for ukticetworks The architecture
proposed allows exchanging data in vehicular networks aodassing the data exchanged on the
vehicles. One of the important components of the architeéstarEncounter Probability Evaluator
which computes the EP between a vehicle and the events egceiv

— We propose a method to compute the EP based on the use of gemgractorgapproach 1). This
method simply considers the Euclidean space and thus doeslyon the availability of road maps
or other information about the environment.

— We propose a method to compute the EP based on the use of tigilamaps(approach 2). This
method exploits the information available in digital roadps to try to compute the EP in a way
that can be used more effectively. It is important to empteafiat the use of digital road maps for
relevance assessment has not been considered so far itethtulie.

— We perform an experimental evaluation to test and compatk pmposals The experimental
results show the interest of the approaches and allow usai@ donclusions about the advantages
and disadvantages of each alternative.

The structure of the rest of this paper is as follows. In $&c#, we describe the basics of the data
management approach that we propose, which relies on sameidqee to compute the EP between
a vehicle and an event. In Section 3, we summarize an apptoachmpute the EP based on the
management of geographic vectors. In Section 4, we deszrilgsv proposal that benefits from the use
of digital road maps. In Section 5, we evaluate and comparer@rentally both proposals. In Section 6,
we present some related works. Finally, in Section 7 we suiamaur conclusions and indicate some
ideas for future research.

2. General data management approach

In this section, we describe the basic aspects of the getetiaainanagement approach that we propose
for exchanging data in vehicular networks and processiagitta exchanged on the vehicles. Firstly,
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in Section 2.1 we present the different types of events trat@nsider. Secondly, in Section 2.2 we
describe the way the information about the events is reptede Thirdly, in Section 2.3 we present the
general architecture proposed for data management inwahicetworks. Finally, in Section 2.4 we
explain how the events are disseminated and processedexgaiead by the vehicles.

2.1. Types of events

Based on mobility features, we distinguish different typégvents: direction-dependent vs. non-
direction-dependent, and mobile vs. stationary. As opghsether proposals, our proposed system not
only supportstationary event&e.g., the presence of available parking spaces) bubaiddie eventée.g.,
an emergency vehicle asking preceding vehicles to yielddi of way). When supporting such mobile
events, the set of vehicles for which the event is relevamiliveg according to both the movements of the
vehicle generating the event (in the example, the emergestugle) and the other vehicles involved (in
the example, the preceding vehicles). The direction ofitréff also of major importance in establishing
the relevance of shared information, even for non-mobiknev (e.g., consider a traffic jam affecting
only the vehicles moving in one direction). So, some evergslzection-dependent everasd others
arenon-direction-dependent events

Besides, an orthogonal classification of events, consideattraction and repulsion events, is also
proposed.Attraction eventare events that the driver would like to meet (e.g., parkipaces, petrol
stations, etc.) according to her/his current interestdfgceven if this means that s/he has to change
her/his current route. As an example, a driver approachovgntbwn for a business meeting would
be interested in parking spaces nearby even if they are spbirjdront of her/his final destination. As
another example, an unavailable taxi driver could releasevant reporting other taxis about a person
looking for a taxi, and this event could potentially be reletto any taxi nearby (independently of its
direction). On the contraryepulsion eventare events that should be avoided whenever possible because
they imply driving difficulties (e.g., accidents, traffije, a slippery road, fire on the road, a vehicle
driving in the wrong direction, etc.).

Finally, we could also distinguish betweewentsandresources An event and a resource differ in the
sense that competition between vehicles may appear in Heeafaesources (e.g., parking spaces). In
the rest of the paper, we will use the term event to refer ttypks of events, since we do not want to
focus on competition management here. The interestedreadeonsult [14,15] for more information
about parking spaces allocation and competition managem®ANETS.

2.2. Representation of events

The different types of events mentioned previously areasgmted uniformly in our approach. Spe-
cifically, the following attributes are used to represem gvents and generate messages exchanged
between vehicles to assist the drivers when necessary:

— A Key(composed of a unique identifier of the vehicle, such as itsOM@ldress, plus a local event
identifier) identifies the event.

— A Versionnumber allows to distinguish between different updatefhiefdame event (e.g., used to
refresh the location of a mobile event or to remind that a {tived event still exists).

— An Importancevalue helps to determine the urgency of presenting thatrimdtion to the driver
(e.g., an emergency braking has a higher importance thavedlalae parking space).
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Fig. 1. General data management architecture.

— A CurrentPositionfield indicates the time and place corresponding to the evesing the GPS
time on each vehicle allows to avoid synchronisation pnolsldetween the clocks of the different
vehicles.

— A Descriptionfield contains further information for the driver.

Other additional attributes will be introduced throughtigt paper depending on the relevance assess-
ment approach considered. Specifically, in Section 3.2.ihtmeduce the attributeBirectionRefPosition
andMobilityRefPositiorfor the approach based on geographic vectors, and in Setfome introduce
the attributdnitial TTL for the approach based on digital road maps. All these ateg#bcould be part of
the representation of an event, which would enable vehiolese any of the two relevance assessment
approaches proposed.

It could be interesting to mention that we plan to enrich ttnecture of events by adding semantic
information (by considering the RDF/XML exchange syntax tfte Web Ontology Language OWL),
which will help the vehicles to interpret unambiguously itfermation exchanged (e.qg., tbescription
field) and could also facilitate the interoperability beenaifferent systems (e.g., developed by different
car manufacturers). However, for the purposes of this ptpestructure of events presented in this
section is enough.

2.3. General architecture for data management in vehicoktworks

The general data management architecture that we propdseh v8 deployed on every equipped
vehicle, is presented in Fig. 1, where the following maimedats can be distinguished:

— The Wireless Communication Managexr in charge of the reception and transmission of events.
This module is composed by thgissemination Managemwhich allows the vehicle to broadcast
events, and thRemote Event Listenawrhich is responsible for the reception of events transmitt
by neighboring vehicles.

— The Event Managehandles the events received by the vehicle. It is composétedontinuous
Query Processgmwhich processeasctive continuous querigspresenting the driver’s interests (e.g.,
a driver is informed about available parking spaces onlhié specified her/his interest in that type
of event) by using aiEncounter Probability Evaluatofbased on geographic vectors or digital road
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maps, as described in Sections 3 and 4, respectively), arftdinage Managemwhich is in charge
of deciding about the storage and removal of events in a taie.

— The Driver Interfaceis the graphical user interface used to interact with theedrie.g., showing
information about relevant events).

— ThePosition Managemteracts with the GPS receiver of the vehicle to retriefarimation regarding
the location of the vehicle.

— The Map Manageris in charge of managing digital road maps containing infation about the
roads in the surroundings of the vehicle. This module is algded when the approach based on
digital road maps is used to compute thecounter Probability{see Section 4).

— Finally, theEvent Generatoreleases events detected by the vehicle. The generatioarof avents
could be initiated using the numerous sensors embeddeddemaars (for example, by coupling
the airbag system with the creation of an event represeatingccident) or via other static data
sources (e.g., sensors on a road). This will prevent a diger disseminating false information to
her/his own benefit (ensuring the reliability of messagesumally generated by drivers is out of the
scope of this paper and considered in works such as [29]).

In the following, we explain briefly the way the different mdds interact:

1. An event received by the Remote Event Listener is comnaticto the Encounter Probability
Evaluator. The Encounter Probability Evaluator computesincounter Probabilitypetween the
vehicle and the event, which is a measure of the likelihoad tthe vehicle will meet the event in
the future, based on information provided by the Positiom&gger. Additionally, the information
provided by the Map Manager can also be used if the informagtored in digital road maps is
exploited as described in Section 4. The relevance of antewap change continuously due to
the different dynamic factors affecting the computatioriref Encounter Probability (such as the
distance to the event), whatever the method used to compuibérefore, the Continuous Query
Processor, using the Encounter Probability Evaluatotuetas periodically the active continuous
queries to verify which events must be reported to the dilwerugh the Driver Interface. For this,
each event for which the Encounter Probability is highenthacertainrelevance thresholsee
Section 2.4) must be checked against the set of active eantgqueries. Additionally, some events
representing dangers on the road (identified by a high vdltieedmportancefield, described in
Section 2.2) are reported to the driver immediately, evéimgfe is no query asking for those data.

2. The Storage Manager is informed by the Query Processartdbe probabilities computed by
the Encounter Probability Evaluator. If the Encounter Rfmlity of a previously stored event is
smaller than a certaistorage thresholdsee Section 2.4), then the Storage Manager removes the
event from the local cache. On the contrary, if the EncouRtebability of a new event is greater
than the storage threshold, the event is stored.

3. Foraneweventreceived, in case its Encounter Probaisitiigher than a certautiffusion threshold
(see Section 2.4), the Dissemination Manager is contagtédebEvent Manager to broadcast the
event and inform other vehicles.

It should be emphasized that our focus on this paper is orottare side, and more specifically on
the data managementissues involvingBEvent Managecomponent, instead of on networking aspects.
However, in other previous works, we have also proposed a diagsemination approach aiming at
minimizing the network overload [6].
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2.4. Management of events

To share information in VANETS, different protocols havebgroposed over the last years. All these
protocols have to control both the number of messages egeldaand the delivery of the information
to the interested vehicles. For example, in [6], we propaselissemination protocol whose goal is
to carry different types of events in the vehicular netwaelg(, available parking spaces, emergency
vehicles, traffic congestions, etc.) to the potentiallgiasted vehicles. To achieve this, it is necessary
to adapt the dissemination of an event according to its tfhaus, for example, the information about
an available parking space may be interesting for all vebiekound, whatever their direction. On the
contrary, the information relative to an emergency braking traffic congestion should be delivered
only to the vehicles driving towards that event. In [6], wedidhe concept of Encounter Probability
(EP) to adapt the dissemination chain of an event accordinig type. Thus, each vehicle receiving
an event estimates its relevance by computing the EP andehays it only if such event is considered
relevant. In addition, we introduced in the proposed protéeatures to limit the number of times a
single message can be relayed, in order to avoid networkifigod

Thus, once an event is received by a vehicle, this vehicttsdmsed on the comparison of its EP with
three different thresholds, tirelevance thresholdRT’), the storage thresholdST', with ST < RT),
and thediffusion thresholdDT):

— If EP < ST then the (potential) relevance of the event for the vehglet enough. Therefore, the
event is discarded.

— If EP > ST then the eventis considered relevant to the vehicle andfbred in the vehicle's data
cache. Additionally, a warning will be communicated to thever if and only if: 1) EP > RT
(which means thahe event is relevant to the vehiaethat moment), and 2) either thaportance
of the event is high (e.g., it is an accident) or the driver $y@ecified her/his interest in that type of
event (i.e.the event is relevant to the driver

— Besides, ifEP > DT then the vehicle relays the message it received about thm. eMae diffusion
threshold is used by the dissemination protocol proposé@]inThe basic idea of this protocol is
that a vehicle should diffuse a message about an event ifrit&®s it relevant enough. In that case,
the probability that the event is also relevant to its neagkbs indeed high. Thus, an event will
keep being disseminated to neighboring vehicles whiledbissidered relevant for dissemination in
a particular area. Besides, this dissemination stratdgingeon the EP also ensures the adaptation
of the diffusion chainaccording to the type of event. For example, an event reptiegea traffic
congestion will only be diffused to the vehicles driving s it; on the contrary, a notification
about an available parking space will be relayed to all tHeckes in the vicinity of that resource,
whatever their direction.

It should be noted that a distinction between events thatedesant to the vehicland events that
arerelevant to the driveis made, emphasizing the importance of cooperation betwezrehicles.
Moreover, an event that is initially relevant only to the g could become also relevant to the driver
(e.g., for parking spaces the driver may decide at any tiraestne wants to park).

3. First approach: Using geographic vectors

In this section, we focus on the approach using geograplutoke[13]. Firstly, in Section 3.1 we
intuitively explain the motivation of this approach. Then,Section 3.2 we describe how the EP is
computed by using geographic vectors.
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Fig. 2. Mobility and direction vectors.
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3.1. Motivation for using geographic vectors

The main motivation for using geographic vectors to estintlag EP is that the direction of a vehicle
(and/or a mobile event) can be used to predict its futuretiposi, and so it is possible to compute a
probability that estimates if the vehicle is going to meetaent.

Thus, when no digital road maps are available, the Encotrrtability between a vehicle and an
event is obtained by considering the estimated future ipositof the vehicle. For this purpose, two
movement vectors are defined for a vehicle: the directionoveand the mobility vector (see Fig. 2).
The direction vectorallows to estimate future positions of the vehicle quitecizely on a short term,
whereas thanobility vectorcaptures an overall impression of the direction of the Vetand allows
to estimate future positions on the long term. Each vehiale @ompute its direction vector and its
mobility vector easily. Similarly, each vehicle can conpthhemobility and direction vectors of the
eventst receives, since not only vehicles but also events (moeeifipally, mobile evenfscan move.
By comparing the direction and mobility vectors of a vehiglal an event it is possible to compute the
Encounter Probability, as we explain in the following. loskd be noted that, as these vectors are defined
in the Euclidean space, no digital road maps are needed l#tapproach to compute the Encounter
Probability.

3.2. EP with geographic vectors

In this section, we explain our approach to compute the EBdas geographic vectors. First, we
present the main aspects of the approach in Section 3.2dn, TinSection 3.2.2 we detail some ideas
about the use openalty coefficientto adjust the weights of the different spatio-temporal peeters
involved in the computation of the EP.

3.2.1. Computation of the EP by using geographic vectors

As explained before, this approach for the computation ef BP is based on theobility and
direction vectorsof vehicles and events. A vehicle can compute its mobilityt direction vectors by
sampling its location periodically. To allow computing thmbility and direction vectors of an event
by a vehicle, we introduce two additional attributes in therg description presented in Section 2.2:
the DirectionRefPositiorand theMobilityRefPosition which store two preceding reference positions
(according to what is described in Section 3.1).

For each event, anobility vector(and direction vectdr of the vehicle in relation to the everg
computed by the vehicle by changing the frame of referenigur€ 3 illustrates this change, explained
in detail in [13]. The mobility vectors of one vehicle and aaeent are represented on the left side of
the figure, and the resulting vector after the frame of refeeehas been changed is shown on the right
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side. The change of frame of reference simplifies the contiputaf the EP by allowing a single vector
for each couplecvehicle, event to be managed, regardless of the type of event.

The mobility vector and direction vector of the vehicle itet®n to the event are used to compute
four elements (an example of the first two elemenig,andAt, is shown in Fig. 4, wher® represents

the position of the vehicle,' the position of the event, andB is the mobility vector of the vehicle in
relation to the event):
— The minimal geographical distance between the vehicle flamévent over timeXd).
— The difference between the current time and the time whereahele will be closest to the event
(A).
— The difference between the time when the event is generatktha moment when the vehicle will

be closest to the eveni\g).
— The angle between the direction vector of the vehicle anditikeetion vector of the event (represented

by a colinearity coefficient).

Once these values have been calculated, they are usednatesthe EP (a value in the range0t
to 100%) between the vehicle and the event:

100

EP =
aXAd+ B xAt+vyxAg+{xc+1

wherea, (3, v and( arepenalty coefficientsiith values> 0. They are used to balance the relative
importance of theAd, At, Ag, andc values. The bigger the coefficient is, the more penalized the
associated valued is when computing the EP. For examplgréater they value, the shorter the spatial
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range where the event is considered relevardand~ are used so that only the most recent information
and the information about events that will be encounteregrapidly is considered. Finally, is used to
weigh the importance of the colinearity coefficient. It sliblbe noted that if the vehicle is moving away
from the event, ther\t is 0 andAd is the current distance to the event. Therefore, the cortipntaf

the EP makes sense even when an interesting event (e.gkiagpspace) is behind the driver.

3.2.2. Use of the penalty coefficients

Considered individually, the penalty coefficients allove tthefinition of bounds on the relevance of
events. For example, if the relevance threshold is s&t% for the Encounter Probability, a value of
> Wlo implies that if the minimum geographical distance betwdenvehicle and the event over time
(Ad) is larger than 100 meters, then the event will be considasaubt relevant whatever the values of
the other parameters (i.e\t, Ag, andc):

5 < 100 < 1
~ (e} ~
( x 1004 1) 300

In the same way; sets a maximum time interval between the current positich@fehicle and the
position of the vehicle when it is expected to be at the cldseation from the event; if this time interval
is exceeded, the event is considered not relevant. For dgafopvalues of5 > Wlo an event will not
be considered relevant if the time elapsed when the velsc the closest distance from the event is
estimated to be five minutes or more. Similarhyis used to penalize the relevance according to the age
of the event. In practicey should be set according to the frequency used to generatgarswngsee
Section 2.2) of potentially long-term events (e.g., if thexiod is five minutes, then it is possible to set
v = ﬁ). Finally, ¢ may induce a maximum tolerance on the angle formed by thetairevectors for
direction-dependent events. For instance, when the eeisidn the highway, the tolerance on the angle
should be relatively low. Thus, if the tolerance is set t6,4Be value of can be computed as follows:

100 1
d< g><45+1_>C< 135

Naturally, the importance of thAd, A¢, Ag andc parameters depends on the event considered (e.qg.,
traffic congestion, parking space, emergency braking). €or instance, a message describing a traffic
congestion should be broadcasted several kilometers aaanthe place where it is located, for drivers
to have the opportunity to change their itinerary. The pigrai A¢ should so be very low. On the other
hand, when dealing with parking spaces, the penaltjhéshould be more important because a driver
is only interested in finding an available parking spacedgih be reached quickly. In addition, for the
same type of event, the penalty coefficients may have to béfimddccording to the current time and
date. For example, when dealing with parking spaces in udbeas, the penalty on the age (i.e., the
value ofy) should be more penalizing on Saturday afternoons than amdiEpnights.

The different penalty coefficients can be fine-tuned by feitg different guidelines, similar to the
ones described in this section. For more details about thguatation of the Encounter Probability,
along with an evaluation of its benefits, we refer the intiéngseader to [13].

4. Second approach: Using digital road maps

In this section, we propose an alternative approach wheségead of relying on the computation of
geographic (mobility and direction) vectors, the undewyioad network topology is considered. Firstly,
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Fig. 5. Advantages of maps: sample scenarios.

in Section 4.1 we present some simple but illustrative sitna where the use of digital road maps could
be useful. Then, in Section 4.2 we describe how the EP is ctedpyy exploiting the extra information
provided by digital road maps.

4.1. Motivation for using digital road maps

A key idea of our general data management approach is thaglthence of an event should determine
how the information about the event is disseminated and havivar is alerted about such an event.
The importance of considering the road network for this &ified by describing some simple situations
where just considering the mobility and direction vectasdescribed in Section 3, is not appropriate
(see Fig. 5):

— In the situation shown in Fig. 5a, the car would consider theneE1 (an accident) as not relevant
since the values oAAd andc¢ computed (see Section 3.2.1) would be too large. Intuitjvielis
difficult to predict that the vehicle will meet the event usdewe know that the road network will
force a right turn.

— InFig. 5b there is fire on a curve (represented by e#2ht However, by just considering geographic
vectors,E2 is not relevant until the vehicle is at locatidP2 (at P1 the value of the colinearity
coefficientc is too large and leads to a small EP computed). By then, adettie driver is of little
use (the driver herself/himself is able to see the fire),esihmay be too late to react.

— Figure 5c shows a segment of a road that is difficult to travehse to road works (everi3).
Although the direction and mobility vectors of the vehictanputed at locatioRP1 suggest that the
vehicle will meet the event, the value &fd computed renders the event as not relevant yet (the
vehicle is still far away from the event and so the situaticayrohange in the future). When the
event is considered relevant (at locati®) it is too late for the driver to take an alternative route,
as s/he just missed the last possible intersection to akeident.

— A similar situation is shown in Fig. 5d, where there is a meleventE4: an ambulance requesting
the cooperation of nearby vehicles to get through. In thgecéhe value of thé\d computed is
small enough and the event is considered relevant to theleetowever, the ambulance is about to
turn left towards the hospital. As a consequence, the velgalever going to meet the ambulance.
Therefore, alerting the driver would be an unnecessaryrtiiahce. It should be noted that, in this
scenario, information about the route of the mobile evenild@also be necessary to benefit from
the use of digital road maps.
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It is important to emphasize that, even though we have ptedeery simple examples for illustration
purposes, similar situations can be observed in realitycamdidering real road maps. Despite the fact
that the previous scenarios suggest the need of usingIdigidd maps, we have obtained promising
experimental results with the alternative approach (setid@e3) that uses geographic vectors [6,13].
Therefore, once we design an approach based on road map4| mexd to evaluate experimentally how
the use of information contained in digital road maps canaligtimprove the accuracy of the relevance
estimation.

It should be noted that, by using maps, it is trivial to estenahether a vehicle will encounter an
event or not if we assume that the route of the driver is knowadvance (the route of the event is also
needed if it is a mobile event, as exemplified before in retato Fig. 5d). However, it is not possible
to constantly ask the driver about her/his destination.s Thifor example required for route guidance
with existing navigation systems, but these are used ordgsionally, when the driver does not know
her/his route. On the contrary, driver assistance systamdd not be intrusive in order to facilitate their
everyday use transparently. Indeed, even when the drivew&ier/his route perfectly (e.g., driving to
the office or back home) and s/he has not introduced the sd#ta in a navigation system, s/he may
need to be informed about some interesting events (e.ggeds)hon the roads. Therefore, the solution
that we propose to compute the EP with digital road maps doeassume that routes are known in
advance.

4.2. EP with digital road maps

To benefit from digital road maps, we introduce one new fieldhim messages describing events
exchanged between vehicles (see Section 2.2). Instead offilrence positions used for the EP com-
putation based on geographic vectors (i.e.,DimectionRefPositiorandMobilityRefPositiorattributes,
described in Section 3.2.1), we add herdratial TTL field which will be used to compute the EP. The
TTL (Time to Livg of an event is an estimation of the time interval during viattize event will continue
being valid. If the event still exists after the TTL (e.g.etevent may be a traffic congestion that has not
disappeared yet when expectedheav versiorof the event (with a new TTL) has to be generated. The
generator of an event sets tmialTTL of the event, and the current value of the TTL can be obtained
by considering that value and the time elapsed since thé@nez the event (the event’s generation time
is stored in theCurrentPositiorfield, as described in Section 2.2).

In the following, we present our solution to compute an EmtecuProbability using digital road maps
for both attraction and repulsion events (described iniGe@.1). Firstly, in Section 4.2.1 we define
the concept oReachability Probabilityfor attraction events. Secondly, in Section 4.2.2 we defige t
concept ofNeed to Escape Probabilifpr repulsion events. Finally, in Section 4.2.3, we sumaethe
computation of the EP based on the two previous concepts.

4.2.1. Dealing with attraction events: reachability prddility
For attraction events (i.e., events that the driver wolde tb meet, such as parking spaces), the EP is
computed as thReachability ProbabilitfReachp:

100 if TTL>TTR

ReachP= {0 otherwise

where thél'T'R (Time To Reackis the time needed for the vehicle to reach the event by ¢getkie shortest
path. Notice thafzeachP is either0% or 100%, depending on whether it is estimated that the vehicle
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will be able to reach the eventin time (i.e., before it dissgms) or not. As there may be several attraction
events relevant to the driver (i.e., wifteach P = 100%), extra information is used to computeeore

for each event and provide the driver with events of the sgpedrdered in @aanked list For example,
several reachable parking spaces are ranked accordinffdoedt criteria, such as: 1) the distance to
the vehicle (to minimize the time needed to reach the parrage, and therefore the probability that it
becomes unavailable), 2) the probability of finding an al## parking space it that afe@o minimize

the impact of a situation where another vehicle occupiesphaee first), 3) the distance from that parking
space to other alternative available parking spaces (igraashigher score to a parking space if there
are other events reporting available parking spaces nagsplace), or 4) the number of modifications in
the route planned by the driver (if available) needed to rtreeevent.

Obviously, sharing resources such as parking spaces itesdsome competition between vehicles.
Indeed, only one vehicle will obtain the resource even if enttran one receives a notification about
it. To overcome such problems, we have proposed a complanyeafiocation protocol which aims
at avoiding the competition between vehicles by electimgog the set of interested drivers, a single
one [14,15].

4.2.2. Dealing with repulsion events: need to escape prilibab

In contrast to attraction events, repulsion events arete\kat the driver wants to avoid (e.qg., traffic
congestions, accidents, etc.). Dealing with such eveh&sEP is computed as thdeed to Escape
Probability (NeedEs, which indicates the probability that the driver needs éof@rm some specific
action to avoid the event:

100 if TTL > TTE
0 otherwise

NeedEsP= {

where thelT TE(Time To Escapés the amount of time needed by the vehicle to reach therigstsiection
that offers the vehicle an alternative route to avoid theulsipn event (e.g., in Fig. 5c it would be the
time needed to reach intersectignor theTTRIf there is no such intersection (i.e., if it is not possilde t
avoid the repulsion event). Therefore, by definition, itwddoe noted that the following always holds:
TTE < TTR. The idea is that if the vehicle is not even able to reach titatsection before the end of
the TTL of the event, then such an event is not relevant to éiécle (it is expected to disappear before
the vehicle reaches it). Otherwise, as commented beforewavarsion of the event will be generated
if the TTL elapses and the event is still there; in this cagehdving the last intersection to escape as
a reference (instead of simply considering the TTL), theialetwill still be able to avoid the event if
necessary. Besides, a driver would not be alerted aboutudsiep event if the route of the vehicle
is known in advance and it does not pass through the everdgsithe route changes in the future).
However, even in this case the NeedEsP computed mayde (the event will be considered in this
case relevant to the vehicle although not to the driver,lanhgito what we discussed in Section 2.4),
which implies that the vehicle will store and disseminatedkient to inform other vehicles.

4.2.3. Computation of the EP by using digital road maps
According to the previous considerations, a vehicle willnpute the EP for an event depending on
whether the event is an attraction event or a repulsion event

EpP — ReachP for an attraction event
" | NeedEsP  for arepulsion event

1This knowledge can be extracted from aggregated informatimut events, as suggested in [11].
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Fig. 6. GUI of VESPA for the GV-based approach.

By using digital road maps, the EP computed is thus eitbeor 100% (i.e., an event is either definitely
relevant or irrelevant). Therefore, the specific valueshefstorage threshold, the relevance threshold,
and the diffusion threshold (defined in Section 2.4), aresiificant as long as these thresholds are
higher thar0. Rankings of the attraction events (see Section 4.2.1) earsbd to remove events with
small scores in case of insufficient storage or to minimizerthmber of events disseminated. On the
other hand, relevant repulsion events should be disseadiniatany case, as they represent places that
should be avoided and besides there will probably be a mualiesmmumber of them.

5. Experimental evaluation

In this section, we evaluate and compare experimentallywbealternative approaches presented in
this paper for data sharing in vehicular networks: usinggaphic vectors and exploiting the information
stored in digital road maps, that we will call in the rest dbtkection theGV-based approacand the
Map-based approachrespectively. We consider two different configurationstfte approach based
on geographic vectors: the GV-based configuration for baghway and urban scenarios, and the
GV-based* configuration for highway scenarios. TB¥-based*configuration uses more selective
penalty coefficients (e.g., the vehicle has to be closerdaettent to consider it relevant), and it will be
considered as an alternative to reduce the number of falsginvgs (i.e., irrelevant messages received
by a vehicle) in a highway scenario. On the contrary, with@Gebasedonfiguration the events will be
disseminated far away from their location to provide drsweith more time to react (e.g., in the case of
traffic congestions).

In the following, we present our experimental results. thirsn Section 5.1 we describe the experi-
mental settings considered for the evaluation of our prabdghen, we present experiments where we
measure the amount of time available since a driver is ndifimut an event until the moment the driver
meets the event (see Section 5.2), the number of irrelevassages transmitted (see Section 5.3), and
the performance of the system when dealing with mobile evsete Section 5.4).

5.1. Experimental settings

We have developed a prototype of VESPA (http://www.unilemaiennes.fr/ROI/SID/tdelot/
vespa/prototype.html), that works on mobile devices, asidopmed some experiments in real situa-
tions. Thus, Fig. 6 presents the graphical user interfad#l)(Gf VESPA for theGV-based approach
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Fig. 7. GUI of VESPA for the Map-based approach.

considering an available parking space event. The GUI feiMhp-based approacls different, as
shown in Fig. 7, since the digital road maps used to evalli#edievance of events are also exploited
to show the events on a map, like navigation systems (e.giJdm Navigator, Navigon, Garmin, etc.)
do, or to show the route needed to reach or avoid a specifi¢.even

Despite the availability of this working prototype, due tbv@us scalability reasons it is not pos-
sible to fully evaluate our approach through field tests. sTHor example, it is difficult to obtain
repeatable scenarios with a high number of vehicles in aeparonment. Therefore, for exper-
imental evaluation we use a vehicular network simulatot e have developed (http://www.univ-
valenciennes.fr/ROI/SID/tdelot/vespa/simulator.himhich allows to simulate realistic contexts. Tests
in a real environment are thus used mostly for verificatiooh tarcalibrate our simulations.

During our experimentations, we have considered real redaarks of an area of the city of Va-
lenciennes (France) extracted from real digital road mapise maps we used in our prototype and
our simulator were provided either biele Atlas(http://www.teleatlas.com) or byYpenStreetMap
(http://www.openstreetmap.org/). For the Map-based @ggr, these maps are transformed into a
graph representation from which shortest paths can be ceafoy applying the Dijkstra algorithm [8,
41] (some additional heuristics are applied to speed upenfepnance of the computation of routes on
the mobile device when large maps are managed). More phgaisgehave considered two scenarios for
evaluation:

— Highway scenarioa (15 Km long) segment of the highway between Valenciennes ane inlthe
North of France; see Fig. 8, where different events are sgmted with their numbers: froeventl
to event4
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Fig. 9. Road network considered for the experimentatiominrdan area.

— Urban scenario the center of the city of Valenciennes in France; see Figlh@&re a single event is
marked.

On these road networks, we evaluate whether the two sosgpimposed (based on geographic vectors
vs. using digital road maps) allow the vehicles to explo& thformation about attraction/repulsion
events effectively (in order to avoid the repulsion evemd meet the attraction events). The events
considered for evaluation are those shown in the figuresefttesess, similar results have been obtained
considering other maps and/or events placed at differeatilans.

In the simulation, vehicles are created every two seconitls,awrandom location, at one extreme of
one of the roads considered in the scenario evaluated. @eated, vehicles follow a classical random
mobility model through the road network. Their speed rarfiges 20 Km/h to 130 Km/h with an average
speed of 76 Km/h in the highway configuration, and varies fidimio 60 Km/h with an average speed
of 32.5 Km/h in the urban configuration. About 400 vehicleseveonsidered during each simulation.
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Fig. 10. Percentage of vehicles warned along time: statyodisection-dependent event on the highway.

The wireless communication range considered for each lelsi?00 m. For each event, its time to
live (TTL) is set to 500 s and the event is activated after 199 the start of the simulation. For the
approach that computes the EP based on geographic vectarditydirection vectors are obtained by
using position statements performed every 500 m and every,3@spectively. Finally, the thresholds
used to evaluate the incoming events in relation to theiokEnter Probability (see Section 2.4) are set to
75%. The values used for the different parameters in the exgerisnincluding the penalty coefficients
in the GV-based approach, have been obtained through ansiydeexperimental evaluation; thus, we
have selected values that behave well in a variety of diffieseenarios.

5.2. Evaluation of the reaction time available to drivers

During our simulations, we observed the vehicles which gméed a warning to the driver before
meeting events of different types (e.g., direction-degemadr not) located at different places on the
road networks considered. More specifically, we measumegdincentage of vehicles which presented a
warning to the driver according to the time separating thengrat when the vehicles received a warning
and the moment when they would encounter the event. We eitpstcthe greater thaccuracyof the
mechanism used to compute the Encounter Probability, #eggrthe amount of time available to drivers
to react when events are received.

First, in Fig. 10 we focus on the event humHldeindicated in Fig. 8, that isgsventl This eventis a
repulsion, stationary, and direction-dependent evegt,(a.danger on the road or a traffic congestion)
located on the highway. We first observe in Fig. 10 ti&% of the vehicles meetingventlinform their
driver before meeting the event with both approaches. The-Mesed approach significantly increases
the time interval separating the moment when the vehiclen teeir driver and the moment when they
will actually encounter the event. By warning the drivergdieg the probability to be able to exit the
highway before meeting the event increases, which is péatily interesting for repulsion events that
drivers need to avoid. For instance, the average travel tigteeeneventland the last exit on the
highway beforeeventlis about 120 seconds; in this figure and in the upcoming figuhesaverage
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Fig. 11. Percentage of vehicles warned along time: statyodieection-dependent event in the urban scenario.

travel time from the last exis represented by a vertical dashed line. So, the GV-baggdagh does
not ensure that the messages describing this repulsion axerelayed far enough for drivers to have
the opportunity to avoid that event. Indeed, the figure shtbatsonly abouf0% of the vehicles with the
GV-based approach (and no vehicle with the GV-based* apgh)dzad a chance to use the information
received to avoid the event. Obviously, even with the Mageldaapproach, it is not possible to reach
100% of the vehicles informed 120 seconds before meeting thetesiease some of them may be already
very close to the event at the moment when the event is gexksatcording to our experimental results,
with the Map-based approach ab@ots of the vehicles received the information in time to avoid the
event. Although in Fig. 10 we only show the resultséwentlit is important to clarify that we obtained
similar results for other types of events, located at déffeiplaces on the highway (see Fig. 8).

During our tests, we compared the GV-based and Map-basedagies not only on highways but
also in urban environments. Our goal with the evaluatiorrian environments was to study the effects
of frequent changes of the direction of vehicles. Figure Adws the moment when the vehicles are
informed considering our different approaches applied stationary direction-dependent event located
in the center of the city of Valenciennes (as shown in FigI®Yhis scenario, the Map-based approach
outperforms again the GV-based solution, although in thgedhe differences are reduced with respect
to the highway scenario. Moreover, since the number ofradtére roads is much higher here, both
solutions allow a large percentage of the drivers to find trrédtive route before encountering the event
(about95% with the Map-based approach a}s with the GV-based approach), which is important in
the case of repulsion events.

Finally, in Fig. 12 we present as another example the reRuls stationary non-direction-dependent
event in the urban scenario (located at the same locatidmeasvent considered in the previous experi-
ment, see Fig. 9). The difference between the Map-basedagipand the GV-based approach is again
reduced in this case and we observe similar results for hgghoaches.

Before concluding this section, it is important to remindttive have evaluated also other types of
events at different locations, in both urban and highwayades, obtaining similar results. Thus, we
can conclude that the Map-based approach increases th@netime available for drivers to avoid
repulsion events, especially in scenarios where no maesnaltive roads exist.
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Fig. 12. Percentage of vehicles warned along time: statyoman-direction-dependent event in the urban scenario.
5.3. Evaluation of the number of irrelevant messages showmetdrivers

Obviously, the time interval available since a vehicle reegan event until it meets the eventis a very
important parameter, as it determines the reaction timeiged to the driver by the system. However, it
is not the only important one. The number of warnings aboeh&s/communicated to drivers that these
drivers finally did not encounter (callédise warningsn the following) is interesting too. Indeed, while
trying to communicate a piece of information to vehiclesalied far away from the event, it should be
ensured that the information is delivered only to poteltiadterested drivers. Again, we expect that
the greater thaccuracyof the mechanism used to compute the Encounter Probaltiigysmaller the
number of false warnings communicated to drivers. Of cqutseexistence of false warnings cannot
be avoided when the final destination of the vehicles is notn For instance, a vehicle can change
its direction and finally not encounter an event that it pagly estimated relevant (in that case the
Continuous Query Processor, described in Section 2.3nefify the driver that the eventis not relevant
anymore). Anyway, it is important not to disturb the drivathwirrelevant information and the ratio of
false warnings should remain limited.

Figure 13 shows the ratio of false warnings for differenrddiion-dependent) events considered
during our tests on the highway (see Fig. 8). Since the rdfim®e warnings observed strongly depends
on the trajectory of the vehicles (e.g., it depends on thegrgage of vehicles exiting the highway
just before meeting a certain event), it is particularly artpnt to ensure that the same trajectories are
considered for the vehicles in the evaluation of all the apphes. We observe in Fig. 13 that the
ratio of false warnings is quite limited with the Map-baseg@ach whatever the location of the event.
The GV-based* approach, using very penalizing coefficiemugperforms the Map-based approach for
several events; however, as it was shown in Fig. 10, the Gédiaapproach may leave little time for
the reaction of the driver. As expected, the GV-based agbroereases the number of false warnings,
and the increase depends on the road configuration. For éxafopeventlwe observe a very high
percentage of false warnings because a high number of eshactiving on the highway using the road
located betweenventZandevent3n Fig. 8 consider this event relevant but finally do not meet i
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We also evaluated the percentage of false warnings geddmtéhe different solutions in the urban
environment. We omit the corresponding figure here becéesgdaneral conclusions are similar to those
observed in the previous case. Nevertheless, it should Ipha&sized that the ratio of false warnings
in the urban scenario is always inevitably higher than intigdhwway configuration, since in an urban
environment the vehicles keep changing their directior tdithe numerous turns and alternative routes
available in urban roads) and often estimate an event agrglat one point during their travel but it
becomes irrelevant later. The percentage of false warrdhgat repulsion events shown to the driver is
reduced with the Map-based approach, since it considerEithe to Escape to warn the driver only if
s/he should react then to try to avoid the event.

5.4. Evaluation of the case of mobile events

Finally, we consider the evaluation of mobile events. Sisly, we present the reaction time
available to drivers when receiving information about a itl@obvent corresponding to an emergency
vehicle driving on the highway and asking the precedingalehito yield the right of way. The speed of
the emergency vehicle i$53 Km/h. It moves ovep Km, starting from the location aéventlin Fig. 8,
and generates a new version of the mobile event every twandsdo update its location. The TTL
associated with each version is seRfoseconds.

As shown in Fig. 14, similar results to those presented ptesly are observed. Thus, all the drivers
reached by the emergency vehicle had been warned beforen thAs previous cases, the vehicles are
warned earlier with the Map-based approach. Anyway, witthsnobile events, the GV-based approach
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Fig. 14. Percentage of vehicles warned along time: mobikctbn-dependent event on the highway.

can help to keep the diffusion area of the event limited, toichwarning drivers too early (i.e, for
vehicles still too far away from the mobile event), thus redg the probability that the warning is
unnecessary (e.g., the emergency vehicle may exit the ighafore reaching the vehicle, as explained
in Section 4.1).

6. Related work

Data dissemination ifMobile Ad Hoc Network¢§MANETS9 is an important research topic. In this
area, several works have proposed broadcasting approtactngdo overcome the network congestion
and other limitations of classicélboding(e.g., thedynamic probabilistic floodingpproach presented
in [20]). The special features of vehicular networks, whach highly dynamic MANETS, have attracted
further research efforts. Thus, several previous worke laadressed the problem of data management
in vehicular networks [28], highlighting the importancedsfining appropriate relevance measures for
data exchange and query processing. As an example, we vikeilw lhighlight the following works:

— In the Mobi-Dik project (see, for example [39]), apportunistic exchangmechanism, inspired
by the field of epidemiology, is proposed for data sharingahigular networks. A vehicle with a
certain piece of information acts as a disease carrier, eogt&minates” the nearby vehicles along
its route. Once contaminated, these vehicles proceed tmmimate others. This dissemination
principle is accompanied by mechanisms that monitor thevasice of the information (based on
temporal and spatial criteria) in order to decide whethshduld be stored in a local cache in the
vehicle and/or broadcasted later on. Although this meamarns well adapted for cars to share
information about available parking spaces (which is treecudy for Mobi-Dik), it has not been
designed to deal with other types of events (e.g., to rel&yrmmation about an accident or an
emergency braking situation). Another work related to #Hypgroach is [27], which focuses on
road hazards and proposes a data sharing strategy thainiedlgo be similar to the opportunistic
exchange proposed in Mobi-Dik. It is also interesting to tiamnthe proposal in [19], which tackles
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the problem of content-based communication in a MANET basedhe ideas obpportunistic
networking(temporary contacts between mobile hosts are exploiteddbasmge documents) and
delay-tolerant networkinga message can be stored temporarily in a host until forwgrdiis
possible).

— The importance of considering the relevance of data in a miai@agement solution for vehicular
networks is also emphasized in [9], which proposes the usepobpagation functiorto decide
the route that a message has to follow in order to reach attapgeial area. The originator of
a message defines an appropriate propagation function g.gonsidering traffic conditions for
the current time frame), which can be interpreted as a “tatwhal field" where the message is
attracted towards areas of minimum potential. The routeetseed by the message is thus the
result of evaluating the propagation function at each noukiop. On the basis of this propagation
function, different dissemination approaches (both deit@istic and probabilistic) are proposed and
compared. However, how to define appropriate data propaghtinctions for different scenarios,
which is a key element for the dissemination strategy, isstudied in such paper.

— Finally, the importance of considering the relevance ohévécalled theexpected beneiit [2,17])
for data sharing in VANETS, especially when the bandwidtbciarce, is also emphasized in works
such as [1,3]. For example, in [1], a relevance-based dissgion approach is proposed, although
it is not detailed how the values of the different relevanaemeters are set. In [5], the focus is on
road accidents and a zone-of-relevance is also defined.

Thus, all these previous works agree on the importance dfigtitag the spatio-temporal relevance
of data. However, they mostly focus on the disseminationvehts, whereas our approach considers
a relevance evaluation mechanism for both data sharing guwemicles and data management on the
vehicles (data storage, dissemination, and reporting eftsvto drivers). Moreover, our approach is a
general proposal for all the types of events relevant on dhaes. Finally, the previous works do not
exploit the information available about road networks far evaluation of the relevance of the data.

Although the importance of considering the underlying raativork has been highlighted in several
works related to moving objects and location-based ses\ies., [7,16,18,36]), as far as we know the
road information has not been used so far for data sharinglaradmanagement in vehicular networks.
There are only some works that use road map information lmutsfon multi-hop data delivery [22,38,
42]. Thus [22], presents a position-based routing apprtdzatimakes use of the navigational systems of
vehicles to route a message following the shortest pathdoget node. In [38], th&1DDV approach is
presented, based on the observation that taking the pdthivéitshortest distance from the source is not
necessarily the best approach, as road segments with araffit density lead to a faster propagation.
Finally [42], proposes several Vehicle-Assisted Data @l (VADD) protocols, that benefit from the
predicted vehicle mobility and digital road maps to imprtive basicarry-and-forwardsolutions [10].

Summing up, although the previous works show the importaridbe topic studied in this paper,
none of them considers the use of road maps to estimate thanele of events or uses this relevance
to decide an appropriate dissemination strategy and ebseidaiver alert mechanism for different types
of events. On the contrary, we propose a complete and gesystaim for data management and sharing
in vehicular networks, that is able to benefit from the infation stored in digital road maps when it is
available.

7. Conclusions and future work

In this paper, we have presented a general and complete dat@g@ment solution for intelligent ve-
hicles, and we have studied and evaluated two differentogmbies to compute d&ncounter Probability
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in order to estimate the relevance of events exchanged ihiautar ad hoc network. The first approach
is based on the management of geographic vectors whereasdbied one exploits digital road maps.
Whatever the mechanism used to compute it, the Encountéapitiy is used to decide when to alert

the driver and whether the event should be rediffused or dptto the authors’ knowledge, this is the

first work that proposes to benefit from information storedigital road maps for data management and
sharing in vehicular networks.

We have implemented a working prototype of the proposeesyand tested it in a real environment.
Moreover, we have evaluated our approach in a larger scalesimg simulations. Our experimental
evaluation proves that digital road maps can increase thaacy of the system considerably, especially
when dealing with repulsion events that should be diffuse@dvay from their initial location. However,
the other alternative also provides good results and wevsmethat both approaches are rather comple-
mentary. Indeed, digital road maps may be unavailable, (gy can be expensive to buy or accessible
only through the Internet when a 3G connection is availalde)some elements may be missing in
existing digital road maps (e.g., roads in parking lotsramtes of parking lots, etc.). So, the approach
based on geographic vectors could be the only one that ceulddd in some situations.

As future work, we will analyze whether using informationoab the planned trajectories could
be useful, especially in the case of a mobile event (whoseazd trajectory could be stored as an
attribute of the event). Besides, our current researchivegostudying the applicability of mobile
agent technology [26,33] in vehicular networks. Thus, foaraple, we have proposed encapsulating
environment monitoring tasks in mobile agents that hop foamto car as needed [34,35]. We are also
considering using mobile agents to implement a pull-baseshygprocessing approach that supports
location-dependent queries [21,24] in vehicular networkSnally, it could be interesting to study
agent-based data dissemination approaches, as propd2adl in
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