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Vehicle to Vehicle communications applied to Roadntersection
Safety, Field Results

Javier Ibanez-GuzmaMember, IEEE Stephanie Lefevre, Abdelkader Mokkadem and
Sylvain Rodhaim

Abstract— Road intersections represent one of the most braking, etc. They use exteroceptive sensors tatifgie

complex configurations encountered when traversingroad

networks. A high percentage of accidents occur athese
locations. The introduction of wireless communicabns

technologies onboard passenger vehicles is enablitie sharing

of information and through it enhancing the situatonal

awareness of vehicle drivers. In this paper the inlpmentation

of safety applications for cooperative vehicle sysins is
presented applied to road intersection safety. Theystem relies
on three fundamental technologies: communications,
localization and the modelling of the environment wrrounding

the subject vehicle. The paper centres in a caseudy, the

priority crossing of an Emergency Service Vehicle taan

intersection. An analysis of the issues identifiedluring the

implementation and testing is included. The implemetation

represents an instance of the architecture develoge for

cooperative vehicles applications as part of the HEapean

project, SAFESPOT.

I. INTRODUCTION
N intersection is defined as a road junction where

safety risks and either inform the driver or acttlom vehicle.
These systems are a major progress in safety. Howthe
physics involved in traffic situations, costs armmplexity
limit their effectiveness.

Vehicle motion in traffic environments is a “Spatio
Temporal” problem, if the spatial evolution of thehicles is
known within a time sequence, by projecting it iataligital
representation of the environment; it is possiblebtild a
world model. The availability of low cost wireless
communications systems onboard passenger vehiotedds
permit the sharing of information in extended areBise
world model could provide an enlarged situationahw of
the environment well beyond the limitations of oalb
exteroceptive sensors. This results in an extemgedeness
for the driver and safety systems. That is, an yearl
understanding of potential risks could be attaia#idwing
the anticipated deployment of safety measures. iwithis
perspective the European Commission (EC) has addda

or more roads meet, cross or split at the same.leveppg an exclusive frequency for vehicle to vehipkV)

Between the years 1996-2004, almost 61.000 pensens
killed in traffic accidents at intersections, in European
Union countries. This represents 21% of all traffacident
fatalities [1]. In 2004, out of 1.2 million injurgiccidents in
the Europe of 27, 43 % occurred at intersectiohes€ were
responsible for 10 000 fatalities or 21% of dedthsoad
accidents [2]. The situation is more alarming ie thewly
industrialised countries where accidents are aetmicand
economic problem.

Changes in legislation combined with an increasssl af
onboard safety systems have reduced the numbatadities
within the past years e.g. the number of fataliti&ts
intersections for the years 1996-2004 has beencestby

21.2% [1]; nevertheless numbers remain high. Currefhtersection accidents occur

vehicles incorporate a combination of passive activa
safety systems designed to protect vehicle occapBassive
systems include safety belts, air-bags, etc. thagtfon once
a collision occurs. Active safety systems are desigto
prevent accidents or to reduce the speed at wihillisions

and vehicle to infrastructure communications (M@)V2X,
to be used for safety and traffic information flowhis
comprises 30 MHz of spectrum in the 5.9 GHz band [3

This paper presents the implementation of use cases

related to intersection safety using V2V wireless
communications. The partial results of the co-fuhgeoject
SAFESPOT (Cooperative Systems for Road Safetythby
EC Information Society and Media.
integrated project under theif’ &ramework Programme; it
comprises major vehicle OEMs, rank 1 automotivepfiaps
and leading universities/laboratories across Eufépe

The paper is organized as follows: Section Il sunsea
the accidentology analysis made to define the contbere
and to identify design
constraints. A formulation of the road intersectigmoblem
and associated use cases is made in Section I$lystem
description of the architecture and related teabgiek is
presented in Section IV. The implementation andiltef
the field trials are included in Section V. Final§ection VI

occur. These include lane departure systems, PSRCrconcludes the paper with emphasis on potentialarebe
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problems that the implementation has identified.

The paper centres on the implementation of theesysa
thorough literature
SAFESPOT project, it can be found in [5].

SAFESPOT is an

review was made as part of the



II.  ANALYSIS OF INTERSECTION SAFETY

Accidents across Europe have been reduced overatte

years, though figures remain high. In the Europe2@f
(2004): 43 % of injury related accidents, 21% dhlities,
44 % of victims and 34% of the seriously injured ofithe
total number of accidents were at road intersestj@h

Intersection accidents occurred mainly in rural aare

(80%), they have a low severity. Fatalities at jiors
mostly occur inside urban areas (42 %). Of injuslated
accidents at intersections, 23 % involved at lease
passenger car and resulted in 10 % of all fatalitién the
United Kingdom (2004), more than one third of themll
road accident fatalities occurred at junctions¥d5 whereas
in Greece fatalities at junctions constitute a mitgd1].
Lately, the number of fatalities at junction insideban
areas has been decreasing more quickly than tloasering
in rural areas. This is mainly due to changesttitude,
compliance with the law and better road design.

A. Understanding Intersection Accidents

level crossings.

Accidents at crossroads involve “cutting scenaritisdt is
the path of the converging vehicles will resultarcontact
point, independent of the type of signals or tcafifjhts. The
vehicles arrive perpendicular to each other or wdéurning
manoeuvre is performed by any of the drivers ingdlv

For analysis purposes, the Subject Vehicle (S¥)ésone
observed or where the safety system will be hostédst an
Intruder Vehicle (1V) is the one likely to collideith the SV.
Figure 2 represents the trajectories and pointoofact that
occur most frequently between two vehicles at asnaads.

Statistics show that accidents most likely occur fo
scenarios 1.1 and 1.2, as shown in Figures 2apRbhavith
29 and 27% of accidents resulting in persons kilted
seriously injured out of all the total fatalitiesiatersections.
Accidents involving rear collisions at intersectipresent
5%. Safety Systems should operate mainly in thise tgf
intersections. Accidents in “cutting scenarios” resent for
the elderly 37% of fatalities and 60% of injuri€®r persons
older than 80 years, half of fatal

An intersectionis a junction that contains a crossing or @ntersections.

connection of two or more roadways not classified aa

driveway access. A junction is a location wherdfitracan
change between different routes, directions, oreiones

Road and Traffic Signals The distribution varies very
much across Europe. In France, intersections witlaoy
control experience few accidents (10%), by contra§&pain

modes of travel. The former includes T-junctions; Ythese are 30%. In the UK, accidents at intersestiwith

junctions, crossroads and level crossings, wherthesater
comprise exit junctions.

An intersection-related crash occurs when the ffiestnful
event happens outside but near a road intersectiah
involves a vehicle which was engaged or should Hmen
engaged in making an intersection-related manoeiuwck as
a turn. When an accident occurs, a dysfunctiontextsat

“give way” signs represent ~58% (most accidentsiisivin
France less than 10%. Accidents at traffic lightsryv
between 20% in the UK and ~60% in France.

Scenario

11 Scenario

12

)

could be associated either to the vehicle, the edrior PEN 5 (0] %n
infrastructure. It could involve one or two vehgla vehicle s - i

and vulnerable road users, a vehicle and two wHeele @ é
vehicles, etc. Is there an age distribution? Attwimae of the a) = A

day accidents occur? Was the weather a factor? Wit Scenario = b)

the trajectories of the vehicles? These are impbrta =

considerations that direct the design of the reoder$ection

safety system.
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Fig. 1. Distribution of Intersections accidentsrbgd geometry

Fig. 2. Vehicle trajectories for “cutting scenatio

Road and Traffic SignalsThe distribution of accidents at
intersections having road and traffic signals \&aviery much
across Europe. In France, intersections without mtrol
experience few accidents (10%), by contrast in iSpiaeése
are 30%. In the UK, accidents at intersections Witve

Road Geometry Is there a type of road geometry wheravay” signs represent ~58% (most accidents) whilsirance

most accidents at intersections occur? Figure shbe

less than 10%. Accidents at traffic lights varyviestn 20%
in the UK and ~60% in France.

crashes occur at

distribution of road accidents at intersectionshwispect to
the road geometry [2]. Most accidents occur at syaesls,
followed by those at T and Y junctions, roundaboaitsl

Environmental Conditions Contrary to common belief

accidents mainly occur at daylight or twilight whgood



visibility conditions exist (48%), those at nightpresent

23%. Similarly,
conditions are dry (between 82 to 90%).

However, if each vehicle can transmit their positispeed

accidents at intersections occuremwh and other data, by associating this informatioro @antigital

map representing the road geometry and other ciatiex

Involved Actors In most cases two vehicles (67 to 82 %)information an extended digital representationhef tehicle
One pedestrian and one vehicle (9% to 14%). Actsgdenimmediate environment could be built as shown guFe 4.

involve mainly passenger cars (85 to 90%), followsd
powered two wheelers and pedestrians.
Driving Situation

Thus an application running in the SV can analyed a
identify the possible risks informing the driverybed what

Several phases exist, as a vehicleurrent sensors could provide. The figure shows rible

arrives to an intersection, normal, crossing, tugnietc. 59 vehicles in red. By knowing the speed at which tlaeg

to 67 % of all intersection situations occurred lehihe
driving phase was normal (no manoeuvre), with 480%
when drivers turned left.

Collision Causes.
conditions, 43 % were driver inattention, followed 12 %
as a deliberate violation of the traffic signal. &dhthe

vehicle is making a manoeuvre: 70 % will be driver D 0

inattention (did not observe the incoming vehiaeyl 16 %
a deliberate manoeuvre [6].

IIl. INTERSECTION SAFETY COOPERATIVE SYSTEM

Communications between vehicles and
provide a network that allows for the dynamic shgrbf
information amongst entities in the road networkafTis,
information acquired by the vehicles or infrastuet via
their own sensors can be shared with other vehmlesith
another part of the infrastructure. Figure 3 repnés a
crossroad where different types of vehicles cormefhe
subject vehicle (SV) arrives to the intersectidme driver

infrastructure ‘

evolving, their distance to the intersection attinge of the
query plus the state of the SV, it is possible swmor even
act in the SV. This is the Safety Margin conceggldged in

It is estimated that in normal the SAFESPOT project.

=D

Fig. 4 Perception from the SV perspective usinyVv2
communications (after [7])

Thus by sharing vehicle state information, projegtit on
the road geometry, it is possible to extend thevedri

needs to be aware of the presence of all vehicles situational awareness. The fundamental functionafo2V

vulnerable road users that represent a risk. Aghouse of

safety system would consist of a Wireless Commuioica

perception systems should enhance driver awarerssss,dynamic network, a Digital Map and a Localisatigatem.

represented by the triangular shape in the figocejusion
will mask several potential risks e.g. the distragtvehicle
(DV), the power two wheeled vehicle (PTW), etc.tRar, if
there is an Intrusion Vehicle (V) arriving at aopibited
speed, for the driver of the SV will be difficuti know that
the IV will be travelling too fast to brake at te®p line on
time. When the IV enters the SV sensor field ofwig will
be likely too close already.

| =

SV = subject vehicle
IV =intrusion vehicle
DV=distracter vehicle
HTV= high tonnage vehicle =
VRU=wulnerable road user
ESV=emergency services vehicle
PTW= power two wheel vehicle M

Fig. 3. Configuration of a crossroad intersectioan Urbar

A. Road Intersection, Safety Use Cases

The intersection safety problem is confined to Tsses
representing different instances of safety riskt ttan be
addressed by cooperative vehicles. In SAFESPOTsethe
were described thoroughly [4]. Some of the most
representative use cases are: Crossing a roadéntiem
independent of the right of way, Assisting a vehitd make
a left hand turn, Turning left at an intersectiohilst having
an occluded view, Building a right of way for an &mency
Vehicle approaching an intersection, etc.

IV. SYSTEM LEVEL DESCRIPTION

The design principles applied centre on the degictf
the SV ego-state and information received from mwthe
vehicles within its immediate environment on a @ibi
representation of the road geometry. That is, sahskical
representation of the environment where all therimftion
will be mapped and associated with respect to tithe.
requires a multi-level representation having megselutions
and different sizes. Each level would contain stathd
dynamic data including the position of the hostirghicle
(ego-position) and the geo-localised projections toé
vehicle states from data received via the wirelsssvork.



The principle is similar to the 4-D/RCS architeetuior sensors with that from the positioning system. T&t@mping

autonomous unmanned ground vehicles formulated .by the information is very important for this purposal

Albus [8]. computers clocks are synchronised using the GP® tim
The map structure in SAFESPOT is known asltheal issued from the positioning system.

DynamicMap (LDM). In the automotive world digital maps Similar systems have been studied; these are pones

representing road geometries and associated featne to specific situations. A general review in thiga can be

used intensely in car navigation systems. Thesaused as found in [11] and [12].

the basis for the LDM. The main map suppliers TéksA

and Navteq are involved in the project. Separal /

\

implementations of the LDM were made; these wer DZ':’F:‘"“ Local Dynamic Map
associated to different sites. The implementatisaduthe % road geometry ; Cooperative |I
Navteq version. A description of one instance @& DM vemporal alignment _ssostate “
can be found in [9]. - Messoge

The relative position of the vehicles is anothemary Acquisition A
function not only thésV positiorhas to be projected onto the : % messages
LDM using map-matching techniques but also the tjmos
of other vehicles received via the wireless netw@ik The [EELEE
use cases implemented are vehicle position depénddn L
the spatial association requiring temporal infoiorat This \ /

is difficult as position estimates might be at eliffnt rates
with processing and transmission delays likely txuo.
Within SAFESPOT different solutions to the posititm
problem were studied, including the use of landmadead V. SYSTEMIMPLEMENTATION AND APPLICATION
reckoning, dGPS, etc. The software was developed by several project pegin
As vehicles enter within theommunicationsrange of The final system consisted of several PC-type caerpu
their onboard equipment, they form dynamic ad-howunning Windows XP and Linux OS. All computers were
networks for information exchange. These use t8eGHz linked using an Ethernet switch. To decouple thsitipming
frequency based on the IEEE 802.11p. They allowfolti-  problem and to centre on the project applicatitims system
hop forwarding and geo-routing and accessibilitthwiigh used an advanced positioning system that consisted
priority for the exchange of critical information. loosely coupled GPS, odometry and an Inertial Mesamant
The information from the SV and in the incomingunit. The resulting accuracy was less than a metizh
messages needs to be fused and interpreted. T@ésas makes the projection of the vehicles’ positionsocthe LDM
part of theSituation Refinemerih the data fusion process. sufficient for the implemented applications. Thesteyns
The SV position information is projected onto tHeNl. The  were integrated onboard two Renault vehicles, graéss |V
position of the other vehicles embedded in the rimog and a Laguna lll. A schematic representation of the
message is projected in time to compensate fond&e in  implemented system is shown in Figure 6. The vehilere
the system, a temporal alignment. The compensatia® modified to supply sufficient electrical power aadjateway
made via a path-prediction method, in which theialeh to the CAN-bus.
position, speed and heading will be projected fimetias an  The system implementation required enriched digifdr
estimate. This projection is made to the time atiwthe SV  this purpose special maps were created based orpdue

ego-state is used. geometries found in existing navigation systems.
Figure 5 shows the System Architecture. The major

components are the LDM, the Positioning System, ¥AN
router/Message Generation, Data Fusion and theidgijgn
software. The later implements the use cases bgrgtng
the messages associated to the Safety Margin. Deta
Fusion unit performs a very important task. It ntaiims the
coherence of the LDM via a set of functions: Situat
Refinement, Spatial and Temporal Alignment. Theyonl
system component writing onto the LDM is the outpiithe
data fusion process. The cooperative applicationrs a Fig. 6 Schematic representation of the implemesystem

triggered following events detected in the LDM. $ken

turn will effect some queries on the LDM to decigleether A. Use Case. Arrival of an Emergency Vehicle to an

or not to inform the SV driver. The SV ego-statgémerated Intersection

by combining information from the vehicle propriptee For testing purposes the priority crossing of an

Fig.5. SAFESPOT System Architect




intersection by an Emergency Service Vehicle (ESMp
chosen. The rationale is two fold: First, it enabtee testing
of the SAFESPOT system on a simple case; priogityiven
to the ESV and thus no complex decision process
involved. Second, in the event of deployment, if EBVs

and related services are equipped with communitstio.

systems, vehicles equipped with V2X systems shatiekit
directly from the technology.

evaluations were made, nearly 400 passengers \herens
the application (InterTraffic 2010 exhibition, Arastam).
The application was well perceived.

B Implementation and Functional Observations

The system application was written in C++ and westédxl
in the SAFESPOT software architecture. The follayin
observations were made:

Scenario An ESV broadcasts its presence (at 2Hz) as it 1he first relates to limits of the 802.11p as apamant

approaches an intersection indicating its positiand
expected trajectory. The vehicles in the neighboodhwill
receive this information, those close to the irgetion and
converging to it will be considered as relevant.hi¢kes
travelling perpendicular to the ESV will estimatheit
distance to the next intersection, and after titignaent the

distance of the ESV to the same intersection wil b

calculated. An evaluation of the risk is made basedhe
vehicles speeds and distances to the interseqgbiois, an
estimation of the distance needed for them to biake
According to this ratio, three levels of warningancbe
shown to the driver (yellow, orange, red).

If the ESV travels along the same road as the S\cie
its presence is notified to the driver. The intgngif the
warning depends on the inter-distance between heshic
Figure 7 illustrates the concept and shows annostaf the
HMI used.

i [ - | . |
Fig 7. Pictorial Representation of the ESV arnivto an intersection.
Warning shown to the SV driver (the saloon car)

Trials were conducted at La Brosse area and abdiery
test track (Guyancourt, France). The first is rtexa village
whilst the second is a vehicle test site. Vehiglese run at

barrier to situational awareness. The frequendiagih the
communication devices operate (5.9 GHz) make them
sensitive to obstacles. The vehicles communicatenwhey
are within line of sight of each other. When thiarred,
communications could be established up to 700 nf wit
packet loss fewer than 8%. However, a thin waltrees
obstructing the line of sight will break communioats even

at 50 m (25% packet loss). Better performancesdcbel
achieved with better antenna layouts or differemidems.
Other test included the use of four vehicles aedpeup to

70 Km/h without a perceptible reduction in perfonoe.
During the InterTraffic demonstration, up to 20 asdvere

in operation within a confined space, there was not
performance reduction.

The second observation is map-matching algorithed us
to localize the vehicle on the LDM cannot not ale/dye
applied successfully to localize other vehiclestlom LDM
(from data received via V2X). The reason is th&irimation
held by the SV about another vehicle (known adttiecipal
Other Vehicle - POV) is not always sufficient. Asesult the
system onboard the SV will not be aware that the tw
vehicles are heading towards the same intersectiod,
hazardous conditions might arise. Figure 8 illussawhat
occurred during one of the field experiments. &tiiyi the
SV and POV are ~500 m apart, with both vehicles
establishing a communications link. The vehiclesvedr
towards the same intersection, without any comnaiitios
break. Both vehicles are equipped with the samen-hig
precision IMU-based localization system, thus eaecim

speeds between 20 and 70 Km/h, the upper limitgoein estimate accurately its own trajectory, as illusman Figure

safety constraint. Warning signs will appear onides 8 (SV in blue, POV in red). The vehicles sharertpesition
screen, as shown in Figure 7 when the app||cat|m ina V2V communications. However, the SV is not atde

triggered. estimate correctly the trajectory of the POV; thapm
A total of four use cases were tested: An accicderdn matChing algorithm I'Unning in SV localizes the POW the

Intersection, one of the vehicles pretends to favaccident Wrong road (pink line in Figure 8). This was uneotge, as
while another vehicle approaches the intersectiofata used by SV and POV to localize the POV isstae.

Obstructed view at intersection, in this case tledicle The main difference resides in the information rese by
obstructing the line of sight was a non SAFESPOHRiale. the SV about the position of POV via V2V commuricas.
Permission Denial to go ahead, one vehicle is stgrat the It was observed that the link is not ideal. Wheas tihicles
intersection while the other one is approachingly@isual are far some messages were lost. The lack of poEig
warnings are given. The most complex use caseeeetatthe data, coupled with inaccuracies in the digital ngapmetric
Approaching Emergency Vehicle Warning. It uses file  descriptions, plus the likely weakness in the mateiring
SAFESPOT architecture and V2V communications witfinction, leads to a large initial error in the jétory
both vehicles in motion. The later was demonstratethe estimation. The POV as seen from the SV is assigmele
Satory track site where vehicles were driven byppeo Wrong road with the error being propagated throtighrest
unfamiliar with the technology. Whilst no quantiwet ©f the experiment. The position of the vehicles| vaé



interpreted as not converging to the intersectidahicle situations must be created, this implies a leveisiflimiting
localization is a major issue for situational avwesss. evaluations. Large scale tests must take into adcthese
considerations, and likely a combined strategy esded,
trials in dedicated sites and standard traffic dbots as
well as advanced simulation.
Future work will centre on the building of a didita

representation for decision making and on the dgreent
of metrics to effect quantitative performance assests.
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