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Abstract—Cooperative vehicular systems have been identified technology is based on the CSMA/CA (Carrier Sense Multiple
as a promising solution to overcome the current and future Access with Collision Avoidance) access protocol, and is

needs for increasing traffic safety and efficiency, while providing being adapted to the European context in the ETSI ITS-G5
infotainment and added-value services on the move. To achieve

their objectives, cooperative vehicular systems will be based ;tandard [2]. The operation of cooperat|ve.veh|cular syste
on wireless communications between vehicles and with other IS currently based on the exchangetafo primary typesof
infrastructure nodes, and will have to deal with highly dynamic messages. Othe one hand, Cooperative Awareness Messages
nodes, challenging propagation conditions, and stringent appli- (CAMs), also known as beacons, are broadcasted by all
cation requirements. By looking at cooperative applications and 1, 4ag on theso-calledcontrol channel, to provide and receive

their data traffic, as well as the current and foreseen spectrum tatus inf fi bouth hical it
allocations for cooperative vehicular systems, there is a risk that Status Information abouhe presence, geographical position

the corresponding radio channels could easily be saturatedf ~and movemenbf neighoring nodesand service announce-
no control algorithms are used. The saturation of the radio ments to/fromthosenodes. On the other hand, event-driven
channels would result in unstable vehicular communications, and emergency messages are transmitted when an abnormal or

thus in an inefficient operation of cooperative systems. As a gangerous situation is detected, in order to inform surdng
prime example of upcoming ubiquitous networks contributing nodes about it '

to the vision of “a thousand radios per person”, cooperative .
vehicular systems need to be designed to scale to high densities AS the technology becomes more widely adopted, and
of radios without centralized coordination, while at the same time cooperative applications and services are deployed, thegh

guaranteeing the requirements of the implemented applications radio channels could easily be saturated. It is well known
and services, for example the stringent needs of active traffic from wireless local area networks based on CSMA/CA, that

safety applications. In this paper, we survey and classify various icati f iaht not d d fully if
decentralized methods to control the load on the radio channels cOMmmunication performance mignt not degrade gracetully 1

and to ensure each vehicle’s capacity to detect and communicatethe network is saturated, bwtill in fact drop significantly

with the relevant neighbouring vehicles, with a particular focus once the maximum capacity is exceeded. Since the exchange

on approaches based on transmit power and rate control. Finally, of periodic CAMs alone could already saturate the channel,

we discuss the open research challenges that are imposed byywathods are required to control and limit the load on the

different application requirements and potential existing contra- . . . .

dictions. radio channel. Congestion control has betmdied in depth

in variousareas of computer networking. The term congestion

control typically goes together with the Transport Control

Protocol (TCP) of the Internet protocol suite. Here, coafiee

control is used to ensure that each TCP connection gets a

. INTRODUCTION fair share of the available network resources. The meciranis

Foreseen cooperative systems for Intelligent Transportatfor congestion contro_l N veh|cu|a_r networks typlcal!y sho
analogous concepts, like decentralized control and fag;naut

Syste_ms (ITS.) address th_e_ current and future needg of difter significantly due to the specific constraints of wirss$
creasing traffic safety, efficiency and comfort. Despite the

predicted growth ratetn the number of motorized Vehiclescommumcaﬂons in highly mobile and potentially harsh eadi

. nditions.
and the volume of transported goods, transportation shoifd ditio 'S .
., n addition to guaranteeing a channel load level that elssure
become safer, cleaner, more efficient and more comfort@ble. . . . .
. . stable system operation, cooperative vehicular systenils wi
help to reach these goals, cooperative vehicular systeths

I . o )
enable the direct exchange of information between vehicl\%sﬁ rsggérid :geeirr]r?ulr:r:::tgzcgwt)lliczrgﬁsg \'ll'eohlecnuslﬁ:enggg/iork
and between vehicles and Road Side Units (RSUSs), USi\r/\]/ng y P PP :

the IEEE 802.11p [1] technology on the 5.9GHz band. This e’connecu\./lty. through the dynamic adaptation of each
node’s transmission parameters, topology control prdsoco
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load on the radio channel, and guaranteeing each vehicle’s
capacity to communicate with its local neighborhood. Irs thi
paper, we survey various key approaches and key findings
in a coherent manner to present and categorize the pool of
Fig. 1. Highway scenario with a traffic jam in one directiondbiving and  ideas for upcoming standardization and deployment aietivit
free flow conditions in the other direction. This example esents a typical \ne will discuss in some detail three approaches based on
traffic situation in which congestion control and awarenasstrol protocols . . . .
might be needed. transmit power control, one targeting the issue of congesti
control, and two addressing an efficient awareness control.
The paper is structured accordingly. We first introduce some
and updateddata oneach vehicle’s local environment (e.gbackground information in Section Il, followed by a disdoss
position, speed and direction of movement of neighborimef congestion and awareness control through the perspectiv
vehicles) to support upper-layer protocols and coopexatief control theory in Section Ill. In Section IV, we survey
applications. In this context, this paper defines awarenesmgestion control approaches that have been proposed for
control protocols as those techniques aimed at ensurinyg eaehicular communications, and discuss in detail a proposal
vehicle’s capacity to detect, and possibly communicatdr wibased on transmit power control, in addition to evaluatisg i
the relevant vehicles and infrastructure nodes preseriteim t performance vs. effectiveness trade-offs. Section V sgrve
local neighborhood, through the dynamic adaptation ofrthéiey contributiongo awareness control, before discussing geo-
transmission parameters. Awareness control protocolsfoan opportunistic and traffic contextual approaches desigmed t
example, adapt each vehicle’s transmission power to ssccemnsure the strict requirements imposed by cooperativa-appl
fully transmit a message at a given distance, or dynamicattgtions, in particular traffic safety applications. Settidl
modify each vehicle’s packet generation rate to increase ttliscusses open research challenges deriving from the joint
probability of receiving at least one packet at a certain distudy of congestion and awareness control protocols, dsawel
tance during a given time window. Given their similaritiesmulti-application scenarios. Finally, Section VII sumizas
awareness contratan be seems a geo-localized adaptationthe main contributions made by this paper
of topology control.

Based on the previous definitions and their fundamentally
different objectives, congestion and awareness contiolbea
easily differentiated. For instance, congestion contioisato A first generation of future cooperative vehicular systems
limit the observed load on the wireless channel for all nodegll be based on the IEEE802.11p standard, according to
in order to provide fair and harmonized access to the wigelesurrent standardization activities. As such, previouslist
medium. As such, congestion control algorithms reduce thealing with congestion and awareness control have been
transmission power or rate of all nodes in order to avoigerformed on top of IEEE802.11p. In order to support the
scenarios in which neighboring nodeghich are part of the explanations and descriptions given in the following sei
same traffic situation, use (on average) significantly ckffi¢ and to clarify the system setup and the assumptions made in
power levels or beaconing rates. Considering the examplés paper, we will briefly elaborate on the relevant aspetts
illustrated in Figure 1, the high density of vehicles in théhe communication system for cooperative vehicular system
traffic-congestedarea would require the use of congestion IEEE802.11p [1] is specified to operate in the 5.9GHz
control protocols to control and limit the channel load. Kal frequency band. At the MAC (Medium Access Control) layer,
congestion control protocols, awareness control algmsth it employs the CSMA/CA mechanism to coordinate medium
adjust the power or rate of only a selectsubsetof nodes, access by multiple stations. In CSMA/CA, each station has
with the objectiveof fulfilling the requirements of a partic-to listen to the channel and check whether it is free before
ular application. In the scenario illustrated in Figure Ae t being allowed to transmitThis operation is callectarrier
requirements of the applications run by the vehicles in tilsensingand it is performed by comparing the detected energy
traffic jam are notably differerfrom those of the applications on the channel with a pre-defined threshold, calledctineier
run by the vehicles unddree-flow conditions moving in the sensinghreshold. The region of space where a certain ongoing
opposite direction, with different speeds and distancésdrn transmission can be detected by a device tentatively dogess
neighbouring vehicles. For example, while vehicles uridss- the channel is called thearrier sensing regionNote that, in
flow conditions would require their communication settings tgeneral, this region has irregular shape due to non-isatrop
allow for a safdane-change maneuver, such a maneuver coulatlio signal propagation. However, it is a common practice
be completely unexpectedr be less dangerous, for vehicles inn the wireless networking literature to consider the earri
the traffic jam. Awareness control protocols would be thenef sensing region as nearly circular, hence the notiogasfier
required to dynamically adapt each vehicle’s communicatiosensing rangeused to refer to the distance up to which an
parameters to efficiently satisfy their individual reqoments. ongoing transmission can be sensed by a device attempting

In this context, this paper focuses on congestion amad access the channdf.the channel is busy, the station has
awareness-control techniques with a special emphasis tondefer, wait until the channel is free again and choose a
transmit power control and application-driven design @el. random backoff timer that determines the additional wgitin
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time that has to elapse after the channel is sensed idleitBesp fl-evel_ Mhaxl- d;éknsi/tly Avg-kssﬁed . Vehicles within
the backoff mechanism, two or more stations can transmi’ Se"vice (vehiclesikmflane)  (km/h) 000m comm. range
simultaneously, therefore producing a packet collisioml an A 7 100.0 84

a possible data loss due to interferences. In particulas, tw = 1 100.0 132

pe S al S. In p : c 16 98.4 192
stations can transmit simultaneously mainly due to the well D 22 91.5 264
known hidden-terminal problem. The hidden-terminal peoiol E 25 88.0 300
occurs when two (or more) stations cannot detect each sther’ TABLE |

transmissions, but their transmission ranges aredispint. It THE CAPACITY OF MULTILANE HIGHWAYS AND THE CORRESPONDING
has been WIde'y StUdied in the Iiterature AVERAGE SPEEDS ACCORDING TQlO]. IN ADDITION, THE NUMBER OF

) . i VEHICLES WITHIN THE COMMUNICATION RANGE ARE LISTED FOR A3
Due to its robustness against fast fading channels, thee per piRECTION HIGHWAY AND A 1000M COMMUNICATION RANGE.

IEEE 802.11p amendment adapts the OFDM (Orthogonal Fre-
guency Division Multiplexing) transmission technologyeds
in IEEE 802.11a and g, with the exception that 10 Mhz instead
of 20 MHz channels are used by default. The reduction froresults revealthat a 6 Mbps data rate turns out to be the
20 Mhz to 10 Mhz was necessary to account for the increadeeist selection for safety related communication. Sincernec
Doppler and RMS delay spreads (as reported by [4] standardization activities [2] have taken up these findimgs
[5]) which would otherwiselead to inter-symbol interferencewill assume a fixed data rate of 6 Mbps in the rest of this
(ISI) and inter-carrier interference (ICI), and thus sfguintly paper.
challenge the successful reception of packets. Apart filzen t Apart from the key technology characteristics, it is alse im
problem of ISI and ICI, a receiver is also challenged by thgortant to understand hoitvis envisioned thathe cooperative
fast fading channel conditions that are observable duedo thehicular systemwill operate and what its dimensions will
high relative mobility of vehicles. For instance, the c@rae be. According to the common agreement among researchers
time of the channel, i.e. the time during which the channehd industry, vehicles will periodically broadcast cogime
impulse response is essentially invariant, can be smdikar t awareness messages (CAM) in order to establish a mutual
the duration of a single packet transmission [6], which doubwareness. CAM messagpsovide information onposition-
result in an increased probability of bit and packet errdtés ing, speed, and heading, among other fields. The establighme
is an issue, since the IEEE802.11p frame format provides a mutual awareness can be considered the fundamental
only a preamble to fully estimate the channel and only fowafety service in cooperative vehicular systems, on top of
pilot sub-carriers to partially track the state of the chalrjii]. which advanced safety applications, e.g. cooperative doiw
Hence, the initial estimate can become invalid at the endef tcollision warning or intersection collision warning, wille
reception leading to an increased probability of bit andkpac deployed. However, in order to fulfill the requirements of
errors [6]. As a consequence, the channel impulse respdnsawuch advanced safety applications, the transmitted irdtom
two consecutive packet transmissions will most likely net bmight needto be updated several times per second, possibly
correlated, and the channel can only be considered synunetdquiring a periodic CAM rate of up to ten messages per
for an instant of time, but not for slightly different timestps. second [11]-[13]. Hence, solely the establishment of a alutu
By symmetric, we mean that the propagation characteristis&zareness could saturate and congest the wireless channel,
of the radio channel are approximately the same in bo#fspecially according to the following considerations.sEir
directions of the wireless communication link. each CAM message could havesize of between 250 and

As defined by thd=ederal Communications Commission oB00 Bytes, due to digital signatures and certificates thairse
the USA (FCC)[8], a spectrum of 75 MHz has been allocatednd authenticate the information contained in those messag
at 5.9 GHz. Similarly, a spectrum of 50 MHz has been all&econd, the communication system is expected to cover dis-
cated at the same frequency band in Europe. In both cases,tdmees of up to 1000m. And third, vehictiensities ofup
entire spectrum is divided into several 10 MHz channels, otat 25 vehicles/km/lane are not an exception (cf. the reporte
of which one channel, commonly callede Control Channel capacity of multilane highways as listed in Table ). As a
(CCH), is used as a reference for the exchangeatdty-related result, the total amount of traffic generated per second for
information. The remaining channels are known as servigeutual awareness could easily exceed the available datafrat
channels and are used for safety and non-safety applisatichMbps. As a consequence, the performance of the communi-
The data rates provided by IEEE 802.11p [1] with such 10 Mteation system will degrade significantly if mmuntermeasures
channels range from 3 to 27 Mbps. While the lower datare taken.
rates are the most robust ones and require lower signal-to-
interference and noise ratio to correctly decode a packet,
higher data rates come with the benefit of reduced transonissi
times, and thus with the possible gain of a reduced packetThe process of restricting the load on the wireless channel,
collision probability in situations of higher channel lgad and thereby the congestion in the wireless network, and
Obviously, there is trade-off between increased robustaad the process of adapting the communications parameters to
reduced congestion. To investigate this trade-off, a simrh  guarantee a certain awareness level are very closely delate
study was performed in [9] in order to determine the mosb traditional control theory. In particular, due to the th
robust data rate for broadcast communicatidhe study’'s wireless communication channel and the lack of a centicdlize
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open loop controllers, closed-loop controllers can imprthe
control due to the use of feedback data, at the cost of commu-
nications overhead. In addition, and particularly if a géne

target
description

Taffic N - PID controller is gsed, they do not incorporate any system

Situation painput model, have no direct knowledge of the underlying process
! optional feedback ! and perform poorly in non-linear systems. With respect to
"""@ """ feedback, it is also necessary to distinguish between a@kpli

feedback, i.e.first-orderfeedback with regard to the desired
Fig. 2. Analysis of congestion and awareness control atyos from a result, and implicit feedback, i.esecond-ordefeedback that
control-theory-basegberspective. In general eontroller adapts the trans- g ghtained by using different observations that are to some
mission parameters, based on dfgjectiveand the detectettaffic situation . .
in order to achieve a particulaesult Optionally, the controller makes use €Xtent correlated to the actual observation. A possibldiditp
of some sort offeedbackwith regard to the observed result to optimize itsfeedback could be, for instance, the Iocally observed numbe
performance. Depending on the objective (;), e.g. a netwadle- limitation of neighbors or MAC |ayer reception statistics.
of the channel load or aawareness-rangequirement, the scope of the open- . . . L
or closed-loop controller (2) is either global or local. Gequently, optional  Another important aspect is how the design objective can
feedback (4) about the resudancome from the network or from individual be quantified and how the achievement of the objective is
nodes only (3). measuredWhen awareness control protocols are ysie

objective could be defined as the reliability with which a

certain vehicle’s awareness range is guaranteed. Howfever,
coordination entity in vehicular communications, both -Pracongestion control, the question of how to describe thembje
cesses are representatives of the distributed contrablif®  tjve is more difficult to answer, since more than one metric
For instance, congestion in the network can not be avoidedsgf channel congestion exists, and all have their advastage
reduced if only one single node is decreasing its transomssigq disadvantages. For instance, tise of a metric such as
power and/or rate, and more importantly, the result of thge channel busy time ratio, i.e., the fraction of time dgrin
selected action can not be observed by the node itself, Byt oy hich the channel is considered busy by the access layer, or
by its neighbors. That implies that all nodes should — attleaghe channel load, i.e., the fraction of time during which the
for an optimal and reliable control — act cooperatively angansed energy exceeds a specific threshzagnot account
provide feedback about the result of their actions to ealtrot f,, overlapping transmissions, but has tdvantageof being
Similarly, the success of an increased transmission povtar Weasily implementable by the communication hardware. On the
regard to a desired awareness range can only be determiggghr hand, a metric such as the beaconing load fhéligh
by the receiving node, and not by the transmitter itself. it does quantify the amount of overlapping packets, is not

Due to the relationshipf congestion and awareness contrairectly measurable by the hardware.
to traditional control theory, this paper discusses axispiro-
posals for congestion and awareness control with respéiceto
concepts and notions typically used in control the®igr this
purpose, both methods are analyzed and compared accordingongestion control techniques for vehicular communica-
to the general framework sketched in Figure 2: an algorithtibns can be classified according to several criteria. Thema
might use some sort of detection to classify the traffic sitma classificationcriterion considers the information bafeom
or scenario which the node is currently in, and which might hghich congestion control mechanisms derive their decision
usedproactivelyby the controller as feedforward input. Theto adjust the transmission parameters. The first class,hwhic
controller itself decides how the transmissieill be adjusted, in the literature is sometimes also referred &s reactive
of course depending on the situation and the correspondifighgestion controlusesirst-orderinformation about the chan-
target description, i.e. the current objective. The seleection nel congestion status to decide whether and how an action
then leads to an observable result, which can be fed backsifould be undertaken. Due to their nature, actions to lessen
the controller in order to improve its accuracy. channel load are undertaken ordfter a congested situation
Based on Figure 2, particular control algorithms are aldms been detected. Using control theory terminology, react

classified intoopen-and closed-loop controllersThe former congestion control approaches can be classified as an ¢gestan
do not make use of feedback to correct and optimize tlo¢ feedback controinechanisms. The second class, sometimes
decisions made in the past, and typically incorporate aesystalso referred to aproactive congestion controlses models
model to derive the actions to be taken. The advantage of sulht, based on information such as number of nodes in the
a control loop is thenonexistingoverhead, but, obviously, thevicinity and data generation patterns, try éstimatetrans-
performance and robustness of such a controller dependsnaission parameters which will not lead to congested channel
the accuracy of theystem model use®n the contrary, closed conditions, while at the same time providing the desired
loop controllers employ feedback to determine haewvell application-level performance. In particular, such madsas
the objective has been achieved. An often used closed Iagpically employ a system model to estimate the channel load
controller is the generic Proportional-Integral-Derivat(PID) under a given set of transmission parameters, and make use of
controller, which uses the present error (P), the accumoulat optimization algorithms to determine the maximum transmit
of past errors (I), a prediction of future errors (D), or oly power and/or rate setting that will adhere to a maximum
subset of those measures to control the system. Compatted congestion limit. Using control theory terminology, proee

IV. CONGESTIONCONTROL



congestion control approaches can be classified as andestamell as to communicateits own status to the surrounding
of feedforward controimechanisms. vehicles. Hence, fairness becomes a major design goal in
Another criterion used to classify congestion control techsafety-related applications. As for prioritization, piding a
niques is what type of information is used to feed the contretrict prioritization of different classes of packets is iam
system, whichs typically only locally availableinformation, portant requirement for vehicular networking, which istyar
or alsoinformation provided by neighboring vehicleslubbed addressed in the drafted IEEE 802.11p standard by adopting
distributed informationin the following. the EDCA (Enhanced Distributed Channel Access) mechanism
Finally, existing solutions can further be classifisdth defined within IEEE 802.11e.
reference tahe means through which congestion is controlled,
which is typically achieved by adjusting theansmission
power, the packet generation ratehe carrier sense threshold A. Related Work
or acombinationof a subset of the transmission parameters. Before describinga relevant congestion control approach,
Let us start briefly discussing the relative advantages awe briefly survey the most representative studies aimed at op-
disadvantages of proactive vs. reactive approaches. @edn timizing the packet generation rate and transmission paiver
ability to preventcongestion, proactive approaches are velyeaconing applications. While this body of work is not ditgct
appealing for vehicular environments, where radio commaencerned with controlling congestion on the wireless alegn
nications are primarily used for safety applications, vehodt has the merit of giving very useful insighisto the effects
performance would be seriously threatened by congested chaf varying rate and transmission power on beaconing perfor-
nel conditions. However, proactive approaches come with tunance. These insights can be considered as knowledge base
major drawbacks. First, in order to estimate the expectad loupon which state-of-the-art congestion control approscire
generated by neighboring vehicles, such approaches esqivilt. Further, with respect to the literal interpretatiaf
a communication model that maps individual transmissigongestion control in this paper, those approachight rather
power levels to deterministic carrier sense ranges. Howevee termedcongestion reductiortechniques, which, on their
this mapping is reasonable only as long as it reflects thwn, are of course able to reduce themberof messages
average propagation conditions of the wireless channels Thtransmitted to the channel, but which are not actually able t
propagation conditions should be either dynamically estidri  effectively avoid congested and overloaded channel ciomdit
as the vehicle moves, which is very difficult to do in a In [15], the authors present a performance evaluation study
practical scenario, or they should be statistically estitia of cooperative collision warning applications based oriqukec
to build specific profiles for different environments, e.gbeaconing. The major contributiomade by this study is
urban and highway. A second major drawback of proactitbe introduction of a novel parameter to meastive perfor-
approaches is the nedd carefully estimatehe amount of mance of cooperative collision warning applications, nigme
generated application-layer traffic in a certain periodimfet the packet inter-reception timeThis metric, defined as the
Although in some cases this is indeed possible (e.g, in ttime elapsed between two successful reception events at a
case of applications built on top of periodic beacon exceangvehicle referring to beacons sent by another, specific \ashic
accurate application-layer traffic estimation is a chajleg is motivated by the observation that what is relevant foivact
task in general. safety applications is the freshness of the status infoomat
Reactive approaches, which do not suffer of the drawbaadfathered from surrounding vehicles. Thus, a few consezutiv
that accompanyproactive mechanismsionetheles$iave the failed receptions are much more harmful to active safety
notable disadvantage of undertaking control actions aftgr applications tharare several scattered failed receptions. After
a congested channel condition has been detected. Comgjdeiiitroducing the novel metric, the authors go tonperforman
that some time is needed to recover from a congested charextensive simulation-based performance study on thetsffec
situation, this means thateactive approaches expose safetysf using different beacon generation rates and transnmissio
related applications to the risk of not being able to fulfilbower values on the packet inter-reception time.
their design goal, due to the poor (temporary) performanceln [16], the authors investigate the effect of different bea
of the underlying radio channel. Another disadvantage obning strategies on active safety application perforraanc
reactive approaches is that important design goals suchMare specifically, the authors considiacking accuracyas
fairnessandpacket prioritizationare more difficult to achieve the performance metric, which is defined as the error (as
than in a proactive approach. We remark that fairness perceived by the active safety application) in tracking the
important in vehicular networks to ensure that all vehiclgsositions of neighboring vehicles. After having defined the
in the network have similar opportuniti¢ge communicating performance metric, the authors present different beagoni
with nearby nodes. In fact, if congestion contweére tobe strategies aimed at minimizing tracking error, and idgnaif
obtained by sacrificing, say, a specific node in the network aslaptive beaconing policy with repetitions as the besioperf
forced to set its transmission power to a very low value, thisg one. According to this policy, a beacon is sent only if the
node would not have a chance to communicate with nodesedicted tracking error of the own position at surrounding
in its surrounding, impairing application-level perforea. vehicles exceeds a thresholflthe threshold is exceeded, the
Most importantly, in safety-related applications, eveeghicle beacon is sent a few times (the number of repetitions is a
in the network should be able teceive fresh information tunable parameter) to increase the probability that thedrea
about the status of the other vehicles in the surrounding, iascorrectly received by neighboring vehicles, thus imprigv



tracking accuracy. As mentioned in the beginning of thigower/rate only if the currently used value is below the ager
section, such a mechanism will help to reduce the congestipower/rate configuration used by theshicle’s neighbors.
but it does not control the congestion of the channel in t@omparedwith proactive approaches, this reactive approach
first place. is not able to avoid congestion on the wireless channel, and
Another example of congestion reduction can be found supports no prioritization of different classes of message
[17]. The authors focus on emergency warning messages, thaddition, a simple analysis shows that the proposed algorit
are sent whenever a vehicle shows an abnormal behavior (egnot able to prevent oscillations in the adjustment preces
it broke down and is blocking the road/lane, or it lost cohtrar'he issue is systematic and fundamental: since not all ke=hic
and it is changing lanes unexpectedly). The authors aim mérform the transmit power adjustment at the same point in
optimizing the transmission of warning messages is based tame, it can easily happen that the transmit power redudton
the observation that messages should be repeatedly sentaoféw nodes leads to a reduced channel busy time observation
until the “abnormal” behavior stops and the vehicle retums from the perspective of neighboring nodes that have yet not
“normal” behavior. The authors further state that if sebata reduced their transmit power. As a result, those nodes will
normal vehicles are sending out emergency warning messagessibly increase their transmit power (instead of deangas
at a constant rate, the average delivery delay will increases well), and amplify the transmit power reduction of nede
rapidly due to channel congestion. Consequently, the numiteat have already decreased their transmit power. It isooisvi
of simultaneous emergency warning transmissions should that some sort of additional feedback is needed to indidege t
carefully controlled. To achieve this goal, the authorspps®e reason why the measured channel busy time has decreased or
a “multiplicative rate decreasing algorithm”, which dexses to determine who should reduce first.
the retransmission rate of an emergency warning messzge A hybrid approach that attempts combinethe advantages
time. As a result, several emergency warning messages carobdoth proactive and reactive approacheas proposed by
served and delivered by the system with limited delay. Thgaldessari et. al in [22]. Their solution consists of an ioyad
above transmission strategy is further optimized by dedinimate control, an improved power control and a combined
strategies to freez¢éhe generation of emergency messagegsower and rate control algorithnall of which use channel
when certain conditions are met (e.g., redundant trangmiss busy time observations to derive the number of neighbors in
from following vehicles). the surroundingarea (optionally, also through an additional
According to the terminology defined in Section IlIl, theexchange of local vehicle density estimations). Based en th
approach of [17] belongs to the class of proactive appraacheumber of neighbors and a pre-defined channel busy time
and acts on packet generation rate to prevent congestion. Yereshold, the authors thezither derivea packet generation
the approach of [17] is mostly an open-loop controller, sinaate directly, or start with a fixed packet generation ratd an
the multiplicative rate decreasing algorithm that is used terive the maximum transmission power which will not vielat
tune the packet generation rate is based only on predicteé threshold. In the latter case, the authors assume that th
performance based on suitable models of the communicatieehicles in the surroundingreaare distributed uniformly and,
channel. On the other hand, a form of primary feedback (e.typical for a proactive approach, make use of a communieatio
reception of redundant transmissions from following vedsr model that maps carrier sense ranges to individual transmis
is used in the decision rules to freeze emergency message power levels.
transmission. Another hybrid congestion control approaalas recently
Apart from the cited studies above, other congestion redymroposed in [23], where the authors adaptively change both
tion solutions that adapt the transmission power and géorra beacon generation rate (in a proactive way) and transmissio
rate based on the current velocity exist as well (e.g. [18power (in a reactive way) with the goal of reducing channel
[19]). Since the paper focuses on actual congestion contoalngestion, and consequently improving a vehicle’s gbibt
techniques, wawill skip their detailed presentation here andccurately track the position of surrounding vehicles. Two
instead survew collection of representative congestion contralightly different control approaches are appliedthe tuning
approaches for cooperative vehicular systems. One of thedebeacon generation rate and transmission power. Beacon
approachescalled Distributed Fair Power Adjustment forgeneration rate is tuned based on a predicted tracking er-
Vehicular Environments or D-FPAJ20], will be described ror of own position. The prediction accounts for channel
in detalil in the next section. unreliability, i.e. packet losses, by including the observ
On the reactive side of congestion control, Khorakhun et. faiction of successfully received beacons sent by surriognd
developed an algorithm that adjusts either the transnmissigehicles. Thus, a closed-loop feedforward controller Qase
power or the packet generation ratéh relation tothe locally secondary feedback is used for setting the beacon gerneratio
measured channel busy time ratio [21]. The channel busy timete.Additionally, transmission power control is applied based
is the fraction of time during which the channel was senseuh the observed channel status (more specifically, basedukon t
busy. Depending on whether the local measurement is belohannel busy time). This part of the algorithnthsisa closed-
or above a pre-defined threshold, the transmission powerloop feedback controller based on secondary feedback. Note
generation rate is either increased or decreased by one steat both beacon generation rate and transmission power use
In order to achieve a higher level of fairness, the auth@tedt information locally available at the vehicles (i.e., direbser-
that it is necessary to exchange the local measurementsgameaations) to control transmission parameters. As a consege
neighboring vehicles, and allow an increase of the trarsionis this mechanism bears the same fundamental issue observed fo



[21]: W|thout knowing the chaqne] congestion statu; of theAlgorithm D-FPAV: (algorithm for nodev,)
surrounding nodes, the transmission power adaptation mechypur AL of all the nodes iNCS(MAX, )
anism cannot know why the channelns longercongested OuTpPuT: a power setting?A(:) for nodew;, such that

and which vehicleshould reduce or increase its power value the resulting power assignment is an optimal
first. solution to CCF

I(MAX,1) denotes the set of nodes such that

u; € CS(MAX, j)

B. Contribution 1. Based on the AL of the nodes {#S(MAX, i),

; ; iotri ; compute the maximum common tx power level
~ In this section, we present the Distributed-Fair Power Ad- i Sﬁ. the MAL thioshold e ot violgted &t any
justment for Vehicular Environments (D-FPAV) approach to node iInC'S(MAX, i)
proactive, distributed congestion control in vehiculavien 2a.DisseminateP; to all nodes inC'S(M AX, )
ronments. D-FPAV achieves congestion control by varying  2b. Collect the power level values computed by
the node transmission power, where a node’s transmit power nodesu; € I(MAX,i); store the received values ify
setting depends on predictions of application-layer wafid 3. Compute the final power level:
the observed number of vehicles in the surrounding. PA(i) = min { P, miny; erovax.o{P;}}

D-FPAV is designed to pursue all the optimization goals
described in the previous sub-section:

Fig. 3. The D-FPAV algorithm.
1. congestion controllimit the load on the wireless medium

in order to prevent congestion generated by applicatioh-- Formally, AL(i) denotes the application-layer load (ex-
layer traffic. The metric used to asséseeffectiveness of Pressed inbytes/sec) that nodew; is expected to generate

congestion control is channel access time. Furthermol®, e nextperiod where the period represents the interval
the authors showthe benefits of congestion control on

of time before the next D-FPAV execution. Based on these
the performance of multi-hop emergency message pr =finitions, the CL experienced by a node can then t?e
omputed based on the AL generated by the nodes in the

agation. _ _
2. fairness maximize the minimum transmit power valueStirounding as follows:
over all transmission power levels assigned to the nodes CL(PA,i) = Z AL(j) ,

forming the vehicular network, subject to Goal 1.
3. prioritization: improve the basic IEEE 802.11 EDCA

mechanism to provide a better prioritization of highef#/NereZ(PA,i) = {u; € N :u; € CS(PA, j)}. _
priority over lower priority messages. The intuition behind our definition of channel load is that

. ... the load observed ai; can be estimated as the sum of the
We observe that the D-FPAV approach is aimed at I'm't'ngpplication—layer load generated by nodes in thel$&tA, ),

the amount Qf traffic that is generated F’Y vehicles, ‘_Nith _ﬂ],ee., those nodes having within carrier sensing range at the
goal of keeping this load under a specified congestion linyfrent transmit power levels. This is because a transomissi
(the MAL value defined in the following). By tuning thefrom a node in seff(PA, i) preventsu; from accessing the

congestion limit, the optimal point of the “interferenced€
vs. “reception rate” tradeoff can be found. The optimaltgni 4 Congestion Control under Fairness constraints (CCF)

of this tradeoff is however out of D-FPAV scope. problem we are attempting to solve is defined as follows:
The D-FPAV protocol is periodically executed on the nodes pefinition 1 (CCF problem):Given a set N _

forming the vehicular network, in order to adjust node tran ui,...,u,} of nodes, and a valud/AL of the Maximum
mission power in response to changes in the network topolog)sjication-layer Load admitted on the wireless channel

or application-layer traffic patterns. Before presentingPAV, (expressed inbytes/sec), solve the following optimization
we introduce some notation and basic definitions. We de”%blem

u  EI(PA,G)

channel.

by N = {u,...,u,} the set of nodes in the vehicular

network. Each of these nodes can set its transmission power maxpAepA (miny, ey PA(i))

in the interval [P,,, Py/], where P,, is the minimum and subject to ,
Py is the maximum possible transmission power. Given a CL(PA,i) < MALVi€{l,...,n}

set N of nodes as above, power assignmeniunction PA  wherePA is the set of all possible power assignments.
for NV is a function that assigns to every nodge € N a  Solving CCF addresses design goaland?2 above, where
value PA(i) € [0,1]. The power used by node; to send MAL (a choice of the network designer) is used to control the
application-layer messagesjis= P, + PA(i) - (Pyv — Pr).  congestion generated by application-layer load. As we show
For any node; in the network, we us€'S(PA, i) to denote in the following, goal3. can be achieved by transmitting low-
the carrier sensing range of node at transmission power priority messages using the transmit power computed splvin
pi = P+ PA(i)- Py, andCS(M AX, i) to denote the same CCF, and by transmitting high-priority messages at maximum
range at maximum transmission powey;. power.
A fundamental notion in D-FPAV is that of Application- The D-FPAV algorithm is reported in Figure 3, and is
layer Load (AL) generated by a node, and of Channel Loadmposed of the following steps) gather information about
(CL) experienced by a node under a certain power assignméit for nodes within (maximum) carrier sense range)



based oni), locally execute the FPAV algorithm from [14]
to compute the optimal CCF solution for the nodes within

Eventldriveﬁ D—FF“AV—O‘n —
Event-driven D-FPAV-Off +----+--- 1

j =1
(maximum) carrier sense range;) exchange the locally com- ‘?i)_ p B B EPAV.Off o
puted transmission power values with surrounding vehicles é 0.8 [y
iv) select the minimum transmission power value among the ¢ &Y
one locally computed and those computed by surrounding § 06 |
vehicles in order to build the network-wide optimal solatio =
to CCF. S o4t
The FPAV algorithm of [14] is a centralized algorithm based %
on the well-known “max-min” principle: the transmission § o02f
o

power of all vehicles in a surroundingreais ‘virtually’
increased step-by-step (starting at lowest possible ptavel),
while estimating the resulting application load at eachisleh
after each step. As long as the MAL threshold is not violated o ) o
. . . Fig. 4. Probability of successful reception of periodic di@aand emergency
at any vehicle, and the maximum allowed transmission pow, Essages at varying distances. MAL is SeRtMb/s.
has not been reached, power levels are further increasesh Up
termination, FPAV has thus computed the highest common
transmission power level which did not violate the MALon the channel, which can be considered as control overhead.
parameter in the whole network. In order to optimally tune the above described tradeoff, the
In [20], it is formally proven that D-FPAV computes anfollowing design decisions have to be made: how often the
optimal solution to CCF under the following assumptioas: Status of neighboring vehiclesiould be forwarded, what range
carrier sense ranges of nodes are symmefili¢ach node is of neighbors must be included, and which transmission power
able to accurately estimate the AL for the next period; andust be used to transmit this information.
c) each node is able to gather AL information fraih nodes  The following strategies have been considered in [20]:
within maximum carrier sense range. In practical scenariggggyback the aggregated status information (positionuof s
these assumptions are unlikely to hold, dugniecomplexity rounding vehicles) to 1) each beacon, 2) every 5th beacon or
of the propagation environment)( and difficulties in accu- 3) every 10th beacon, and transmit it with powenr (i) (the
rately predicting AL and gathering AL informatiorb)(and transmit power value as computed by D-FPAV). The authors
(c). Yet, in [20] it is shown through extensive simulation thatound that piggybacking aggregate status information imtl o
D-FPAV successfully solves the CCF problem at least wheh 10 beacon messages results in the best compromise between
assumptiorr) is released, i.e., when nodes have only partigbntrol overhead and effectiveness of congestion control.
knowledge of the AL generated by nodes within maximum The probability of correctly receiving a beacon or emer-
CS range. gency message as a function of distance with and without
In [20], D-FPAV is evaluated in a scenatidn which D-FPAV is reported in Figure 4. As seen from the figure,
application-layer load at each node is generated by a beaporEDCA alone is not sufficient to clearly prioritize emergency
application, which periodically generates packets to repd®ver beacon messages. On the other hand, D-FPAV achieves
vehicle status to nodes in the surroundamga Beacon mes- @ clear prioritization of emergency over beacon messages,
sages are considered low-priority messages in this scenake. emergency messagkave a consistently higher reception
and transmitted using D-FPAV computed transmission powefobability in the whole range of transmission distances. |
with lowest EDCA priority class. Besides beaconing messagés also interesting to observe that D-FPAV congestion abntr
event-driven emergency messages are randomly generdi@¢hanism has beneficial effects not only on high priority
within the network. These are high-priority messages that draffic, but also on low-priority traffic (beacons): in fatheir
seldom generated, and, given their safety-critical natare reception probability at close distances from the tranemit
not subject to congestion control. Emergency messages @kéhin 150m) is considerably higher thamhenno congestion
sent at maximum transmission powgy,; using the highest control exists
priority EDCA traffic class. The effectiveness of the D-FPAV approach in achieving
An important issue to understand in the D-FPAV approadfil channel access opportunities is shown in Figure 5, vhic
is the tradeoff between accuracy of channel load estimation feports the channel access time of vehicles as a function of
a vehicle, and additional overhead which is put on the cHann@eir position on the road: without D-FPAV, channel access
In fact, asthe carrier sense rangs typically larger than the time dependsighly on the density of vehicles in the surround-
transmission range, the oniyay to acquire knowledge aboutings, and it is thus unfairly distributed. On tlwher hand
presence of vehicles located outside the transmissiorersngWhen D-FPAV is active, the load generated by the beaconing
by making use of a multi-hop strategy, i.e., having vehicles r@pplication is kept under control, and channel access tane i
transmit the position of their neighbors. Clearly, propaga Nearly constant throughout the network.

this information in a multi-hop manner puts an additionaido !N @ follow-up study [24], we showed that in order to
effectively guarantee a strict enforcement of an upper cblan

1For details on the simulation scenario, including featureshe radio load limit and tq_proyuje fairness with respect to ?.hannel
environment, please see [20]. access opportunities, it isecessaryo propagatehe position
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0.07 ¢ Following the previous discussions, awareness contrbktec

% 0.06 | ] nigues are aimed at ensuring each vehicle's capacity tatdete
E oosl as well as to communicateith the relevant vehicles in their

P local neighbourhood. Awareness control protocols are eged
g 0.04 ¢ 1 to r(a_liaply and efficiently support_ higher-layer. protocalls_r.d

T 003} | appllcat|ons,' for exam_plg, ensuring that traffic safetyliapp .
s cations obtain, at a minimum, the level of awareness that is
6 0027 required to detect dangerous traffic situations in advamce a

0.01 | act accordingly.
0 T s ———————————— Cooperative vehicular systems impose very stringent ap-
1000 2000 3000 4000 5000 6000 7000 plication requirements, with most of the applications kgein
X-Position on Highway supported by the periodic exchange of beacons. It is gdperal
Fig. 5.  Average channel access time experienced by periodazdn assumed in the literature that the cooperative application
g"gislzg/]es as a function of vehicle position on the highway. NAEet 0 o jirements can be defined in terms of dissemination area (0
' > range), latency (or delay) and reliability [25]. This exierthe
preliminary requirements defined by VSC [26] and ETSI [27],

of neighbor vehicles for at least two hops. As described abO\\/NhICh consider onlysome of these requirements. While the

the D-FPAV protocol provides this information by piggybackdIssem"m“.on area can be defined as the geographic area
: . ) : where a given message should be received, the latency is
ing this information only in 1 out of 10 beacon messages

order to reduce the overhead, yet, the overhead can still grgie raximur alloweq _delay 0 deh_yer such message, and
e reliability is the minimum probability of receiving dua

0 40% — compared to the actual AL data. In [24], we thereforrﬁessa e (usually estimated during a certain time windotg. T
developed a distributed algorithm that adjusts the trassiom 9 Y 9 '

power based on averaged values for the neighbor informatirerguwements imposed by cooperative applications reptese
. . ; . : : t?P]e basis of awareness control protocols.
instead of using detailed neighbor information about eac

single node. By using only this averaged information, weewer

able to reduce the overhead down to less than 1%, at the cQStRa|ated Work

of only slighty exceeding the pre-defined MAL limit.

Initial studies have been conducted to evaluate the com-
munications and applications performance in VANETs, and
C. Standardization serve as fundamental studies for the design of awareness
control protocols. For example, the work in [28] presents a
In Europe, congestion control in vehicular communicationserformance and sensitivity analysis of different MAC laye
is considered to be a building block and seen as mandat@iptocols, based on the idea of repetitive transmissioms ov
in order to guarantee a reliable communication performangsSMA. In this work, the authors propose that a packet be
for safety-related applications. Thigasacknowledged by the retransmitted multiple times during its lifetime, and stud
Car-2-Car Communication Consortium (C2C-C&3) early as different repetition mechanisms by means of simulation and
in 2009 through the establishment of a task force on transmitdetailed mathematical anlalysis. The conducted study- ide
power control. The results from this task force have helpeifies the operating and communications conditions (number
to persuadethe European Commission to establish a Spef interferers and packet generation rates) under which the
cialist Task Force (STF) on the configuration and validatiospplication requirements are satisfied and the channelitoad
of decentralued congestion control methods for Intelligemaintained undea certain limit. In [15], the authors conduct
Transportation Systems (ITS) and techniques to enableathe g performance evaluation study of cooperative collisionnwa
existence of cooperative ITS and Dedicated Short Range Cafy applications under different traffic densities, and lesg
munication (DSRC) within the European Telecommunicationifferent packet generation rates and transmission ranges
Standard Institute (ETSI). Since March 2010, the STF withhe conducted study shows the importance of considering
its six experts from the industry and research communmélye appropriate metrics to evaluate the performance of cotipera
beenworking on a technical specification for a standardizeghpplications, such as latency packet inter-reception time
congestion control algorithm to be used by ITS. This observation results from the importance of the freskne
The specification defines a mandatory basic congestiohthe information received from surrounding vehicles. The
control algorithm based on a controller that uses no feddbaelevance of adequately evaluating the performance of-coop
and only information that is locally available. In additighe erative vehicular systems has also been emphasized in other
specification describes an enhanced control algorithmuteg  studies. For example, the work in [29] highlights the néed
feedback from neighboring nodes, e.g. their observed alandifferentiate communication and application performance or
load and their currently used transmit power. Both appreachreliability. In particular, in [29] the authors demons&ahe
will use the channel load metric to define the congestiontJimsuitability of cooperative vehicular systems to improwaffic
since it can be implemented by the hardware. safety based on real-world experimental datehighways.
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Following the control-theory perspective discussed in-Seexample of closed-loop solution with implicit feedback liee t
tion 1ll, awareness control protocols can be classified ark in [34], in which the authors propose the use of the
open-loop or closed-loop approaches, and can use impligteived messages to estimate in real-time ghth lossor
or explicit feedback. Different existing open-loop awass average signal attenuation, by subtracting the power attiin
control protocols use power-range maps to dynamically adagt the receiver from the transmitted power (included by défa
each vehicle’s transmission power as a function of its trans the header of all beacons in cooperative vehicular system
mission range requirements. For example, the work in [30he proposed algorithm dynamically selects the power and
proposes an OPportunistic-driven adaptive RAdio resourdata raterequired to successfully transmit a packet to a given
Management (OPRAM) mechanism, that adapts each vehicle&hicle, while minimising the interference generated toeot
transmission parameters to reliably and efficiently exgeam vehicles. In the joint rate-power control algorithm propds
message before reaching a critical safety area, for exaamplein [23], two different control approaches are applied topda
intersection. The OPRAM mechanism is an application-drivehe packet generation rate and the transmission powerdgr or
awareness control protocol that is based on radio promagatio detect abnormal drivingnaneuvers in advancéhe packet
estimates to dynamically calculate the required transomiss generation rate is dynamically adapted to bound the lodgitu
power levels as a function of the distance to the criticadtgaf nal and lateral position tracking errors of surroundingisiels.
area. Despitehaving beendesigned as a power-range mapg\ new packet is transmitted when the estimated tracking
based technique, OPRAM could be evolved to dynamicalgrror of surrounding vehicles exceedertain threshold. To
adapt the transmission power and packet generation rateestimate the tracking error, the algorithm takes into antou
the experienced channel load, in order to compen$ate the channel reliability by dynamically estimating the petck
the negative effects of packet collisions on the applicedio error probability from the packets received from surrongdi
reliability. OPRAM will be described in detail in the nextvehicles. The transmission power is adapted based on the
section. observed channel status. Considerifg,;, and L,,,. as

Multi-hop beaconing protocols represent an alternatithe lower/upper transmission range bounds dictated by the
open-loop solution for awareness control. With these proteafety applications, the transmission range is linearpéed
cols, broadcast messages transmitted by a vehicle areecelayetweenL,,.;, and L,,,, as a function of the experienced
by neighboring vehicles to achieve the target probability @hannel load. The transmission power is then calculatee con
reception at high distances within the required delay. It],[3 sidering power-range maps based on empirical measurements
the Multi-Hop Vehicular Broadcast (MHVB) protocol ig- Other closed-loop awareness control solutions are based on
tendedto efficiently relay broadcast packets over multiplexplicit feedback. In this case, vehicles inform each other
hops, and satisfy the target dissemination area within thbout the correct reception of messages at a certain déstanc
allowable latency. With MHVB, only the vehicle that corrdgct Using this explicit information, vehicles can decide whesth
receives a given broadcast message and is located at ttiey should increase or decrease their transmission power
highest distance from the transmitter will relay such mgesa and/or packet generation rate. For example, the work in [35]
A similar approach was proposed in [32], where a vehicle camcludes the target range of the packet, and the IDs of the
relay multiple beacons durings lifetime in a single packet nodes from which a message was successfully receieth
as long as it haseceivedeach one of these beacons lestheir separation distance was larger than the target rage,
than a established maximum number of times. With multextra information in the beacon’s header. When a vehicle
hop beaconing protocols, the beacon’s transmission poweceives more thatv beacons containing its ID, it decreases
was able tobe reduced compared to single hop beaconirntg transmission power, since at ledst vehicles beyond the
protocols. In this context, the work in [33] compares singldarget range are receiving its broadcast messages. Thityp
hop and multi-hop beaconing protocols. This study showvetosed-loop technique depends heawilythe correct reception
that under simplified propagation and multi-hop operatingf a beaconto adequately adapt its operational parameters.
conditions, the channel load in multi-hop beaconing prot®c As a result, if some of these messages are not correctly
can be reduced using packet multiplexing techniques. Witbceived, for example due to packet collisions under high
these techniques, when a vehicle has to relay a broaddasffic densities, the vehicles can incorrectly increaseirth
packet it will attach its own broadcast packet to the relaydthnsmission power and augment packet collisions.
message. However, in realistic environments where packetdhe accuracy or precision of the awareness information
can be lost due to radio channel errors and packet collisionsceived from surrounding nodes is also analysed in diftere
the reduction of the channel load obtained with multi-hoprotocols proposed in the literature. A representativergta
beaconing cannot be achieved. It is worth mentioning thas, reported in [16], where the authors propose an open-
in scenarioswhere obstaclesblock the radio signal, such asloop approachthrough which the packet generation rate is
buildings or trucks, multi-hop beaconing protocols coull bdynamically adapted to bound the tracking errors of surdeun
required to successfully satisfy the application requasts. ing vehicles. To thisend a new packet is transmitted by a

Closed-loop awareness control protocols make use of asehicle only when its movement changes (speed, heading,
changed broadcast messages to dynamically adapt to the vatg.). In this case, the authors propose that each of these
ing propagation and channel load conditions. In some exjstipacketsbe retransmittegeveral times to ensure its reception
solutions, the feedback ignplicitly obtained from received by surrounding vehicles, which results in a decrease of the
messages without the nesal transmitextra information. An tracking error in realistic propagation environments, fa t
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expense Of increasing the channel Ioaq. In fact, as ShOVVr@Sasi(:application-driven awareness control approach
in [36], the increase of the packet generation rate can angme |ypyt:  Established application reliability,
the probability of successfully receiving a packet at thgga ~ OuTPUT: A power and rate setting for vehicle such that
distance within the required time window, as long as the the resulting assignment satisfies the application
channel load is maintaineat reasonable levels. In particular, requirements
the work reported in [36] proposes the rap&broadcasting
of each packet during its lifetime to increase its probapili Adapt application requirements.
of reception, extending the work presented in [28]. To this Obtain required power and rate basedpap,
aim, variousrebroadcastinggchemes are proposed based on and application requirements.
different open-loop strategies: synchronous and asynciu®
designs, repetition with and without carrier sensing, fixed
number, ang-persistent repetition. A different perspective i§'9- 8- Basicapplication-driven awareness control approach.
reported in [37]with regardto the accuracy of the awareness
information required by each vehicle. The work in [37] conand benefits, an intersection collision warning applicati®
siders that the packet generation rate should depend on eg@hsidered hereHowever, OPRAM'’s operation could be eas-
vehicle’s mobility characteristics, and those thie vehicles illy adapted to other applications such as cooperative mgrg
surrounding it as well as the traffic context/situation. In@ssistance and left turn assistance applications.
particular, the authors propose the use of situation-adapt Intersection collision warning applications in urban mte
beaconing to achieve adequate levels of accuracy or updatedtions represent one of the most challenging scenarios fo
awareness information received from neighboring vehicles awareness control protocols due to the strict traffic safety
application requirements and the challengimam-line-of-sight
_ propagation conditions. In a typical intersection scemaxwo
B. Contribution approaching vehicles A and B might collide at the intersercti
The consideration of application requirements in the delue to the driver's lack of attention, wrong/hidden traffic
sign of awareness control protocols for cooperative véaicusignals, or any other reason that could provoke the accident
systems is particularly important due to the critical natof despite the driver’s ability and perception capabiliticeq
safety applications. Aasicapplication-driven awareness configure 7). To detect each other’s presence, the two vehicles
trol approach is summarized in Figure 6. Its operation igbasperiodically broadcast beacon messages. The intersemtion
on each vehicle’s application requirements. As an example,lision warning application requires that both vehiclestexmme
the case of an intersection collision warning applicatithe, at least one packet before the critical distan¢&Dj. The
requirements would correspond to the minimum distancedo t8'D distance is the minimum distance to the intersection at
intersection at which two potentially colliding vehicleged which a vehicle needs to receive a broadcast message from
to exchange a message to alert the driver with sufficient tiraethe potentially colliding vehicle to alert the driver of a
to avoid the accident. Since such requiremelgigsend heavily potential road danger with sufficient time to react, and stop
on the vehicles’ position, speed and acceleration, eacitleeh before reaching the intersection. Tl&D distance typically
would need to continuously adapt its application requinetsie depends on the vehicle’s speed, the driver’s reaction tinte a
based on its positioning and movement information. Ontke vehicle’s emergency deceleration. The presence of-buil
the application requirements have been updated, eachleehings may require the use of high transmission power levels
will accordingly modify its communications parametersg(e. and/or packet generation rates to guarantee the commiamicat
transmission power and packet generation rate) to satisint between the two vehicles before the target distafiég, and
with certain reliability imposed by the application.(,). hence avoid the potential accident. However, the constsat u
The adaptation of the communications parameters could dehigh transmission powers and rates by multiple vehicles
based on some of the protocols and algorithms describedcwuld create channel congestion, and increase the system’s
the previous section. While thisasic approach could satisfy instability. To reduce the channel load while satisfying th
the required vehicle’s awareness level, the followingisest application requirements, OPRAM is designed to dynamyjcall
describe two application-driven awareness control agires: increase the transmission power and packet rate of eacti@enhi
aimed at further improving the communications efficiencgnly in a small region befor€ D, calledthe Algorithm Region
through the use of geographic and traffic context infornmatio(AR), as illustrated in Figure 7. With this geo-opportunistic
1) Geo-Opportunistic approachOPRAM [30] is an ex- increase, OPRAM aims to guarantee with high probability the
ample of an application-driven awareness control tecteiquorrect reception of at least one packet from a potentially
aimed at efficiently adapting each vehicle’'s communicatiorrolliding vehicle before reaching'D, while minimizing the
parameters (transmission power and packet generationtoateoverall channel load. OutsidelR, OPRAM operates with
guarantee the transmission range and reliability requerésn a low transmission power, sufficient to communicate with
imposed by traffic applications. To further improve the effithe vehicles moving along the same street in line-of-sight
ciency of thebasicawareness control approach previously diggropagation conditions. The definition of theR region allows
cussed, OPRAM proposes a geo-opportunistic approach tERAM to adapt its communication parameterdy when
makes use of the geographic positioning and the knowledgeproaching a critical safety area, such as an intersedéina
of potentially critical safety areas. To illustrate its og@on merging zones, entrance ramjind curves etc.

Update positioning and movement information.
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Position of B cb Pappi)- Itis interesting to note that the increaselof reduces

the requiredp. and the consequent required transmission
power levels for a given application reliability.

M Transmission Under realistic operating conditions, the probability of
power packet reception from a potentially colliding vehicle wadul
- depend not onlyn the radio channel propagation effects, but
. also on the channel load, and consequent packet collisions.
Probability of .. . .
H T [ H reception p. Packet collisions reduce the pro.bat?lhty of pac_ket recepti
_ pe, and hence decrease the application’s reliability. Thekwor
in [39] proposed two different packet collisions compeitsat
techniques. These techniques are based on the evaluation of
the experienced channel load, and the consequent adaptatio
of each vehicle’s transmission power or packet generatite r
in AR to combat the negative effect of packet collisions on
the OPRAM performance. With these compensaiton policies,
OPRAM couldtherefore beextended to follow a closed-loop
approach based on the feedback received from neighbouring
vehicles.

To define the operation of the OPRAM mechanism, we The OPRAM technique was initially designed considering
consider that each vehicle transmitg- broadcast packets in thatthe Ny transmitted messages are received independently
AR. Avoiding the intersection collision requires that at kagiowever, such independence cannot be guaranteed under
one of these packets is correctly exchanged with high piibbalsorrelated radio channel conditions. Although such catieh
ity before C'D. Considering the challenging and probabilisti€ffects can be simplified for certain system level invesioges,
radio propagation conditions, OPRAM has been configurd@eir impact on the instantaneous performance of cooperative
to successfully receive at least one of these messages froighicular systems cannot be neglected, in particular iticar
potentially colliding vehicle before reachingD in 99% of traffic safety applications. In this context, the work in J40
the caseslippa = papps = 0.99). An intersection collision Proposes and evaluates various compensation policies that
could be avoided if at least one of the two vehicles receivescan efficiently overcome the negative communication effect
broadcast message with sufficient time to react. If we assugrused by the radio channel correlation.
that the success of transmission from vehicle A to vehicle B For the scenario illustrated in Figure 7, Figure 8 depicts
is independent of the succee$ transmissionfrom B to A, the cumulative distribution function (CDF) of the distartce
the overall application’s reliability could be then,, = 1 — the intersection at which the first message from a poteytiall
(1= Pappa) (1 — pappr) = 0.9999. However, it is important to colliding vehicle is received, considering the use of OPRAM
note that such full independence is difficult to achieve itespand the constant transmission power levBt£2W) needed
the potentially different interference conditions expeded to ensure the same application’s reliability under the same
by each vehicle, and the different obstacles present i theperating conditions. As it can be observed, using OPRAM
respective local environments. To reach the target rdiigbi a 2W fixed transmission power can guarantee that at least one
OPRAM initially considers that the probability that a siagl message is exchanged befard with the target reliability.
packetwill be successfully received by the potentially colHowever, as demonstrated in [41], the application of OPRAM
liding vehiclep,. is constant and independent ihR. Having at a system scale results in a more efficient use of the radio
defined N and each vehicle’s application reliability, suph channel, since it is able to considerably reduce the channel
probability can be calculated through a Binomial distribat load @y nearly70%), while guaranteeing the awareness level
constructed byV; Bernoully experiments [30]. needed to ensure the same application reliabégywithfixed

To dynamically calculate the required transmission pow#i@ansmission power policies.
level for each of theVy packets transmitted id R, the initial 2) Traffic contextual approachThe previous subsection
OPRAM implementation considers an open-loop approadhustrated the benefits of enhancitigsic application-driven
based on propagation models obtained through empiriéalareness control approaches through the use of geogahiphic
radio channel measurements conducted under the Europdiormation. This subsection is aimed at demonstratindg tha
WINNER project [38]. In particular, OPRAM computes thethe operation obasic awareness control techniques can also
transmission power for each of th& packets based onbe improved through the use of traffic context information.
the current distance to the intersection, and gah loss To thisend a lane change assistance application in highway
shadowing and multipath fading propagation efféct§he scenariosvasconsidered. This application informs the driver
transmission power is then selected so that each ofMpe about whether a potential lane changeaneuvercan be
packets transmitted withirl R is received with a probability performed in a safe way or not based on the proximity of
pe. This will ensure that at least one of thé, transmitted other vehicles. Such proximity can be detected through the
packets will be correctly received with probabilipy,,,4 (or reception of broadcast messages transmitted by neiglgporin

i Algorithm '
| region (AR) |
i i
[}
[}

1
|
| Nr messages :
|

%
| |
L/
V JO uonisod

Fig. 7. OPRAM operation in intersection scenarios
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2For details on the calculation methodology, plaese see [30]. 3The same OPRAM performance is achieved for differ®nt values.
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Fig. 8. CDF of the distance to the intersection at which thet finessage information.
from a potentially colliding vehicle is received

The transmission power is accordingly adapted to satisdy th
target reliability following the OPRAM transmission power
estimation methodology. In this case, the applicatiorabglity

has been defined as the probability of receiving at least one

distanceD,, (Warning Distance)D,, represents the minimum broadcast message befdpg, and during a given time window
separation distance between the two vehicles aIIowingdAehiTWindow (see Figure 9a, where tHEW indow is mapped

B to change lane W|thout.mak|ng vehicle A reduce its spee% the DWindow distance following the vehicle’s speed). To
and can be computed as: combat the negative effects of packet collisions and raldime
9 nel correlation, the compensation policies proposed il [39
EM + L+ D, (1) and [40] could be considered. However, reduced correlation
2 an—ap levels have been observed in highway scenarios [42], and the
wherewv, andvp represent the vehicles speedity's, a4 chan_nel (_;orrel_ation compense_ltion t_echr_1iques have not been
and ap their acceleration inn/s?, L is the vehicle length reql_ured_ in this case. Following thibasic approach, eaph
in m, and D, is the safety distance. It is important to not¢/€hicle is able to autonomously and dynamically configure
that neither of the two vehicles knows the speed of the otHLt transmission power to the minimum value that satisfies th
vehicle before receiving its first message. Consequerty t @PPlication reliability.
need to assume the worst case scenario in terms of speed fgonsidering a highway scenario wisiix lanes, the com-
calculate their respectiv®,,. This corresponds to vehicle Abination of transmission power and packet generation rate
calculating D,, considering that vehicle B is moving at thethat allows meeting the application requirements with the
minimum speed allowed on the road, and it has the lowdsfget reliability is illustrated in Figure 10. In partieu) the
possible acceleration in the overtakin@neuve vz = v,,;,, transmission power levels shown in this figure correspond to
ap = amin = 1m/s?). Vehicle B will consider that vehicle the vehicles experiencing the highds,, i.e. vehicles moving
A is moving at the maximum constant speed allowed on t# vmae = 120km/h and vy, = 60km/h. In this case,
road @4 = Vmaz, a4 = 0m/s). This results in differenD,, the application’s reliability for each vehicle has been et
distances for vehicles with different driving context siilons. PappA = Papps = 0.99. In this scenario, the multipath fading
It is interesting to note that vehicles with a speed outside teffect has been modeled by a Nakagami model, following
(Vmaz, Umin) limits could be configured to transmit with athe observations for highway scenarios in [42]. As shown in
higher transmission power to warn surrounding vehicles withis figure, when increasing the packet generation rate, the
enough time for the driver to avoid dangerous situationscéi transmission power can be decreased to maintain the same
only a few vehicles would be driving with a speed outside thpplication reliability.
limits, this results in a more efficient use of the radio clenn To reduce the channel load and unnecessary interfererce, th
than considering all vehicles calculatidg, based on speedsdescribedbasic awareness control approach can be improved
higher thanv,,... or lower thanv,, . through the use of traffic context information following a
Based on the proposed application and previous definitiom$gsed-loop approach. To this end, each vehicle couldzatili
D,, is the minimum distance at which vehicles A and B woulthe specific positions of neighbouring vehicles to recoméigu
need to communicate to avoid a dangerous situation. Ast® application requirements and the resulting transimissi
result,D,, represents the application requirement according arameters. An example of the use of traffic context infor-
the basic application-driven awareness control approach prezation for the lane change assistance application is ridted
viously described. Following thisasicapproach, each vehiclein Figure 9b. Considering the previously explained appnpac
autonomously adapt®,, based on its own vehicular speedvehicle A would broadcast its beacon message atDitsy

vehicles. Following the illustration in Figure 9a, vehidk
would consider its lane change unsafe if another vehicleas
approaching on the left lane and thegrecloser than a certain

D, = —
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Fig. 11. Channel busy time for the communications configuratian satisfy
the application requirements with the target reliability.{ and p,,,4 =
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Fig. 10. Communications configurations that satisfy the apfibn re-
quirements with the target reliability,, and poppa = Pappn = 0.99),
considering a traffic density of 15veh/km/lane.

distance. However, if vehicle A is aware of the presence afvareness control protocols. Under certain conditioresctm-
vehicle D through the reception of one of its beacon messaggsstion control limitationsould prevent the proper function
it can assume that vehicle B would have been informed lo§ multiple applications running on neighboring vehiclesisTh
vehicle D that it cannot conductlane-change maneuveks couldarisein scenarios such as the one illustrated in Figure 1.
a result,if vehicle D is located at a distance lower thah,4 In this scenario, the requirements of the lane change assist
from vehicle A, thenvehicle A does not need to transmitapplication run by the vehicles under free flow conditions
with the power level required to guaranteg,, at D,4. would be notably differentrom the requirements of the appli-
In this context, vehicle A can reduce its transmission poweations run by the vehicles in the traffic jam. While awareness
to that needed to communicate with vehicle D, located atcantrol protocols would adapt each vehicle’s communicesio
distanceD; from vehicle A (see Figure 9b). Consequentlyparameters to efficiently satisfy their individual requients,
each vehicle can configure its transmission parametergibasengestion control protocols would limit the channel load
on the minimum of theD,, and Dy distances. This results generated, given the high density of vehicles in the scenari
in vehicle A configuringits transmission power to directly As a result, the requirements of all the different applimasgi
communicate with vehicle B only when there is no vehicleight not be simultaneously satisfied. This example inégat
D in the same lane ahead located/2 < D,,. Therefore, the obvious challenge of how to integrate both control aspec
the use of traffic context information obtained through thimto one system, in particular if the selected actions and
periodic exchange of broadcast messages altheseduction adjustments are contradictory. The fundamentally differe
of unnecessary interference and limits the channel load withjectives lead to the issue that a joint realization might b
respect to adasicapproach. difficult to realize or even mutually exclusive. One potahti
Figure 11 shows the average channel busy time fob#isic approach to address this probleis based on the use of
and traffic contextualapproaches previously described. Thadditional policies to prioritize among different applicas
results shown in the figure have been obtained for a highwayid control the amount of information sent to the wireless
scenario with 6 lanes, different traffic densitie®1( = 7.2, channel. An example of this type of policy was proposed
D2 = 9.6, and D3 = 14.4 veh/km/lane) and packet in [43], based on application-specific utility functionsdaa
generation rates of 2Hz and 10Hz. It is important to noferioritization andreschedulingechnique.
that all the configurations reported in this figure watse to In addition to the joint consideration of congestion and
satisfy the target application’s reliability. As it can beserved, awareness control, future cooperative vehicles might rieed
the traffic contextualextension of awareness control policiesun different applications simultaneoushjs a result, they
can significantly reduce the channel load (more than 50% should be able to simultaneously support potentially ciffe
some cases) while guaranteeing the application requiresmeifand maybe contrary) communication and application reguir
The obtained results also demonstrate that the reductionneénts. How to efficiently satisfy these requirements while
the packet generation rate can also decrease the chandel kfficiently using the communications channel is a challeng-
generated, despitehe fact that it would require a higher ing aspect that would need to be carefully investigated in
transmission power to meet the application requiremems (the coming years. Considering only safety applications for
Figure 10). illustration purposes, these applications might need teate
or monitor neighboring vehicles in the various safety areas
VI. OuTLOOK shown in Figure 12. For the example shown in this figure,
The design of future cooperative vehicular systems cowehicle A might need to simultaneously run a cooperative
certainly require the joint consideration of congestiord arforward collision warning (CFCW) application with vehicle
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B, and an overtaking vehicle warning (OVW) application witt € 15 € 15
vehicle C [27]. In this context, vehicle A would experience < 1o “ 10
very different relative speed with vehicles B and C due 1 s H 5 H H
their opposite directions. This would result in very diffat 0 0
warning distances and communications settings for the t DlT,afﬁcD §ensny'33 DlTrafﬁCP [fensitym
simultaneous applications run by vehicle A. @ (b)

In this context, it is also worth highlighting the necessit)é 5 Mini ber of neiahbori hicles 4e3189% of
. . . ; ig. 13. inimum number of neighboring vehicles detecte (M)
of jOII’lt|y takmg '”t‘? acl:count the requ”emems, Of_ Safet%e time for the communications configuration tisatisfiesthe established
and non-safety applications. For example, considering onlppiication reliability pappa = papps = 0.99, considering a payload of
the requirements of traffic safety applications in the desig00Bytes. (a) 2Hz (b) 10Hz
of awareness control protocols could compromise the con-
nectivity requirements of non-safety applications emjslgy Pt transmission n;, number of packets transmitted
. L . . . power [dBm] per second usingt;
multi-hop transmissions. This example can be illustratét w

the highway scenario considered in subsection V-B2. In this___ Pt n =R’

scenario, the vehicles adapt their communication paramsete :2 2 zz;‘igg’g? :Zl)f )

to support the lane change assistance application. As demon ,_,3 3 S

strated in in subsection V-B2, the use of a traffic contextual Pty ny =maz(0, RN —nN-1 —NN-—2 — ... —N1)
approach satisfying the safety requirements can reduagsthe TABLE Il

of channel congestion. However, the decrease of the trans- CoMMUNICATIONS ADAPTATION LAYER CONFIGURATION FOR
mission power without considering the requirements of iothe MULTI-APPLICATION SCENARIOS

applications could compromise, for example, the connigtiv
requirements. This effect can be observed in Figure 13. This
figure shows .the minimum m_meer (.Jf neighboring .Vehldeéifferent applications, the total number of packets traitisich
that each vehicle has in its neighbor list 99% of the time. The ) . )
T . C per second by this vehicle would be:
results shown in this figure correspond to Hasicapplication-
driven awareness control technique previously explainet a
its traffic contextualadaptation. Following [44], a vehicle is R =maz(Ry, Ry, ..., Ry)
removed from another vehicle’s neighbor list after 5s witho  To satisfy thePt; requirements of the different applications,
receiving any 1-hop broadcast packet from it. As it can iese applications should first be ordered as a function of
observed, the use of a contextual approach to reduce the tis&ir transmission power requirements so tidy > Pty >
of channel congestion reduces the number of neighboring ve-> Pty. Then, the transmission power of tHe packets
hicles, which could compromise the connectivity requiratee transmitted per second could be distributed as indicated in
of the different vehicles. Table I, so that at leas®; packets per second are transmitted
To efficiently support various simultaneous applicationsyith a transmission power equal or higher thatt;. An
each vehicle should dynamically define the minimum conexample of the operation of the CAL is provided in Figure 14,
munications parameters (e.g. transmission power and packéere three applications are being run by a vehicle, and each
generation rate) that are able to satisfy the requiremeihtsad them has different transmission power and packet gener-
each application, following the awareness control projgosation rate requirements. Following the proposed adaptatio
discussed in this paper. Then, the communication requimesneR = 5 packets would need to be transmitted per second to
should be efficiently and safely combined to minimize theatisfy the requirements of the three applications in teomns
channel load generated and satisfy the requirements dfiall packet generation rate. Two of these packets would need to be
different applications. To thiend the definition of a Com- transmitted with at least 20dBm to satisfy application Ieéh
munications Adaptation Layer (CAL) would be needed, anghckets with at least 10dBm to satisfy application 2, and five
its operation could be as follows. Assume that all applicati packets with at least 6dBm to satisfy application 3.
require the same information to be sent/received in thegderi  Although this example clearly shows that the consideration
broadcast packets transmitted in the communications @hanmf a CAL is certainly more efficient than treating each ap-
Let us further assume that a given vehicle is runniNg plication separately, it also highlights the nefed further re-
applications, each of them with communication requiremengearch investigatingptimization approaches to address multi-
Pt; (transmission power) andk; (packet generation rate),application scenarios. For example, considering the el@amp
with 1 < ¢ < N. To satisfy theR; requirements of the shown in Figure 14, the communications settings could be
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Transmission power and packet
generation rate requirements

and relatively simple methods like the reactive approaches
based on distributed information about the currently used
transmit parameters and channel congestion, provide a good
performance versus complexity trade-off somewhat similar
to overprovisioning strategies in other networks. The glesi

of awareness control policies could also be simplified and
an individual application approach could be feasible. A-ful
scale deployment in large and multi-application scenarios
might require the use of advanced congestion and awareness
control policies. However, tackling joint congestion awht
and awareness control can be highly compiexconsideration

of the different and possibly contradicting requiremeatshe
vehicles involved In this context, advances in information
theory for local broadcast networks as well as application
of operations research techniques, for example, gameytheor
might help as foundations for a theory of optimal communica-
tions setting in cooperative vehicular systems: an infaiona
theory for local broadcast networks could define what eyactl
is possible in these types of networks from a local broadcast
capacity point of view, while the operations research eglat

) ) o ) o treatment could help in dealing with contradicting systerd a
redefined if transmitting five packets with just 6dBm COU'@pplication requirements.

directly satisfy the requirements of applications 1 and 2. Finglly, the issue of congestion control and awareness
This would reduce the channel load and increase the systgghirol depends heavily on allocated frequency bands, umedi
capacity with respect to the solution discussed in the figurg.cess control techniques, and available technology, alhd w

In addition, the proposed CAL should be designed consiflafinitely have to be revised with regulatory and technical
ering its interaction with the contribution from [45], whic z4yances.

proposes to combine the information to be transmitted by
different applications to reduce the channel load gendrate ACKNOWLEDGMENT
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VII. CONCLUSIONS T .
i ) and validation of channel congestion control methods of ITS
Congestion and awareness control techniques represent rsg well as all members of this STF for many interesting
vant building blocks in cooperative vehicular communicas, discussions

since they are essential mechanisms to entheetable and

reliable operation oEommunications system, while efficiently
using the limited channel bandwidth. This paper has present
a unified viewof the underlying control issues, and has alsd!l ‘IEEE P802.11p/D11.0, Draft Amendment for Wireless Accés Ve-
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