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Fair Congestion Control in Vehicular Networks with
Beaconing Rate Adaptation at Multiple Transmit
Powers

Esteban Egea-Lopez, Pablo Pavon-Marifio

Abstract—Cooperative inter-vehicular applications rely on the information about vehicles position, speed, heading, accelera-
exchange of broadcast single-hop status messages among vehiclefion and other data of interest [5]. These messages are called
called beacons. The aggregated load on the wireless channel d”%eaconsand are transmitted periodically, at a fixed or vari-

to periodic beacons_ can prevent the transmission of other types ble beaconing rate Beacons provide very rich information
of messages, what is called channel congestion due to beaconlnﬁ1 9 p Yy

activity. In this paper we propose to let vehicles transmit with about the vehicular environment and so are relatively long
different transmit powers, each with a particular beaconing messages, between 250 and 800 bytes, even more if security-

rate. The selection of the rate is modeled as a Network Utility related overhead is added [6]. In addition, vehicles exchange
Maximization (NUM) problem. Our goal is to maximize the gher messages on the control chansetvice announcements

number of beacons delivered at each transmit power according d t-dri It of tai ts. F
to a well-defined fairness notion while complying with the andevent-ariven messageés a resuit ot certain events. For

maximum allowed beaconing load on the channel. The algorithm instance,emergencymessages are transmitted only when a
parameters can be set per vehicle and dynamically changed, dangerous situation is detected.
which provides enough flexibility to support multiple applications  The aggregated load on the wireless channel due to periodic
on top of the control scheme, while the NUM model provides heacons can rise to a point where it can limit or prevent the
a rigorous framework to design a broad family of simple and L .
decentralized algorithms, with proved convergence guarantees transm|§5|on of other types Qf mess_a_ges, whatis caliednel
to a fair allocation solution. Simulation results validate our Congestion due to beaconing activit€ontrol schemes are
approach and show that it provides fair rate allocations in required to prevent this situation and several alternatives are
realistic multi-hop and dynamic scenarios with packet losses.  available: adapting either the beaconing rate, the transmission
Index Terms—Vehicular Communications, congestion control, range, the transmission data rate, the carrier sense threshold or
beaconing rate control, Network Utility Maximization. a combination of some of them [6]. The practical implementa-
tion of the system imposes two strong additional requirements
on the control scheme: to lastributedand to grant beaconing
rates to each vehicle in fair way. Being distributed means

) Inter-veh;::le cor‘r;mu_mcatlor_\s basei_d on ww_elessﬁ_tech?oll(h-at vehicles should control their rates making use only of the
gies pave the way for innovative applications In traffic safety;, 5jing information exchanged with their neighbor vehicles

driver-assistance, traffic control and other advanced servicgsy yithout relying on any centralized infrastructure. Besides,
which will make up future Intelligent Transportation Systems," .y ,ce the signal overhead, the exchanged information

(ITS) [1]. Communications for Vehicular Ad'H,OC N,etworksshould be kept to a minimum. The control scheme should
(VANET) have been developed and standardized in the Iaas}g

I. INTRODUCTION

ironment, such as the channel conditions and the number of

(DSRC) bandwidth has been allocated to vehicular commugispicjes in range. The limits on such capabilities are captured
cations at 5.9 GHz and both American and European standay Sthe convergence propertiesf the algorithm in use

[2] have adopted IEEE 802.11p [3] as physical and mediu Fairnessmust be guaranteed as a safety requirement since

ac_:chess Icl:_o_ntrol 'aY(eij' based oz/carrler—aense multlpll(e aCGfSScons are used to provide vehicles with an accurate estimate
W: co 'S'Orc'j gvm ?n(;el (SSM _CA)' _T ese net\gor S ﬁr%f the state of their neighbors or mutual awareness [6].
Ff aracterize yg ignly ynha_lrrlnc envwonment\(/jv ere s I?EE'onsequentIy, the fairness goal implies that no vehicle should
lte connections between vehicles are expected as wWell |33 4 qcated arbitrarily less resources than its neighbors, under
ad\{erse propagation conditions leading to severe or moderf'ﬁ;g constraints imposed by the available capacity. However,
fading effec.ts [4]' . L even starting from the previous principle, several notions of
Cooperative mter—vehlcul_ar applications usually rely on thr"Ef\irness can be defined, and in most of them there is a trade-
exchange of broadcast single-hop status messages am@igqnyeen fairmess and efficiency [7]: more faimess results
vehicles on a single control channel, which provide detallq%ua”y in a less efficient use of the shared resource. But

Copyright (c) 2015 IEEE. Personal use of this material is permitte(l)(.':fsS eff|C|ency 1S qetr'memal to _Safety’ since ”_'] general' the
However, permission to use this material for any other purposes must Ibigher the beaconing rate, the higher the quality of the state

obtained from the IEEE by sending a request to pubs-permissions@ieee.gfformation [6] Thus, using an inadequate notion of fairness
E. Egea-Lopez and P. Pavon-Marifio are with the Department of Information

Technologies and Communications, Universidad Politécnica de Cartagén‘ép“es not S|mply wasting resources but also hasl a negatlve
(UPCT), Spain, e-mail{esteban.egea, pablo.pay@upct.es influence on the safety of the users. In summary, in vehicular
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networks it is necessary not only to provide fairness but alsoito section Il. In section lll, the problem is formulated as
be able to select thappropriate fairness notianThis ability a NUM rate allocation problem where multiple powers are
is a distinguishing feature of the algorithm put forward in thiavailable. First we discuss qualitatively the goals, then we
paper with respect to other proposals [8]-[13]. formulate formally the problem and we end proposing a par-

Several beaconing rate and transmit power control schentiesilar algorithm. In section 1V, it is validated and compared
have been proposed in the literature. Although most of themith other proposals in static scenarios. In section V we extend
are able to bring the channel load to the desired level, nonetbé comparison and evaluation in different dynamic scenarios.
them is able to meet all the aforementioned requirements. Fimally, conclusions and future work are discussed in section
particular, all of them consider a very basic approach to faifi.
allocation of beaconing rates, without a formal definition and
rigorous convergence support. Il. RELATED WORK

In a previous paper [14] we modeled the congestion controlTransmissions in vehicular networks are broadcast in nature
as a Network Utility Maximization (NUM)rate allocation and use a CSMA-based medium access control (MAC) with
problem [15], where each vehicle is associated a so-calleshstant contention window and no acknowledgment or re-
utility function, such that the problem objective becomes theansmission. ETSI standards define a 10 MHz control channel
maximization of the sum of utilities of each vehicle. Thigor vehicular communications at 5.9 GHz [2]. Periodic beacon-
approach not only allows to design algorithms with proveithg over one-hop broadcast communications supports cooper-
convergence guarantees, but also, thanks to the work in [1&five inter-vehicular applications by disseminating status and
ensures that they converge to a formally well-defined fagnvironmental information to vehicles on the control channel
beaconing rate allocation. That is, the particular (concav®). The rate of beacons has an influence on the quality of
shape of the utility function of the vehicles is related to thservice of the applications [5], [11]. In fact, some applications
different notions of fairness induced globally, the so-calleghay require a certaitbeaconing reception frequencwhich
(o, w)-fairness allocations. Therefore, the shape of the utilitg dependent on propagation losses, the number of contending
function is selected in order to enforce a particular type efodes and other considerations, although standards [5] specify
fairness, such as proportional fairness £ 1), or max-min the requiredbeaconing generation rateA framework for
fairness & — o0). In our previous work [14] we assumed adecentralized congestion control (DCC) in the control channel
single common power for all the vehicles and focused onhas been published by ETSI [17], which can accommodate a
on controlling the beaconing rate. variety of controls such as transmit power, message rate or re-

In this paper we apply the NUM methodology with &ceiver sensitivity, though the currently suggested mechanisms
different approach: First, since standards allow the use afe very basic, and extensions are being discussed.
different transmit powers [17], we assume vehicles can useAmong the aforementioned range of potential controls, there
a set of transmit powers and select a particular beaconiaig proposals for pure beaconing [8], [9], [14] or transmit
rate for each power in the set, transmitting at multiple powepswer control [6], [19] and more recently some for joint power
with different rates during the cycle. Networks interfaces faand rate control [10], [12], [13]. Regarding pure beaconing
vehicular networks actually allow to set the transmit poweate control, [8], [9] propose rate control algorithms that
for each individual frame. Second, the optimization variablsomply with a generic beaconing rate goal. The former,
used in the utility function is not simply the beaconing ratesalled LIMERIC, uses a linear control based on continuous
but the beaconing rate used with a power multiplied bigedback (beaconing rate in use) from the local neighbors,
the number of neighbors reached with that power. This nemhereas the latter, called PULSAR, uses an additive increase
variable counts the total number of copies of a beacon thatltiplicative decrease (AIMD) iteration with binary feedback
are delivered (in absence of errors) in its neighborhood afmbngested or not) from one and two-hop neighbors. Both
so it provides a measure of the degree of dissemination aff them, however, show limitations. Fairness is not defined
the state of a given vehicle. Thus, we call this new variabfermally by any of them. LIMERIC is shown to converge
Beacon Dissemination Rate (BDRfach vehicle seeks toto a unique rate, that is, the same rate for all the vehicles
maximize the BDR, which can also be seen as a measure of sharing a link, and the convergence is only proved when
awareness its neighbors have of it. From this model we derivalh the vehicles are in range of each other, not for multi-
particular distributed algorithm, with guaranteed convergenhep scenarios. PULSAR requires synchronized updates and
to a fair allocation, and remarkably flexible since vehicles cariggybacking congestion information from vehicles at a two
independently and dynamically adapt the algorithm parametéisps. Authors of LIMERIC propose to combine the LIMERIC
to the requirements of a wide range of applications. Feate adaptation mechanism with the PULSAR piggybacking of
instance, it can seamlessly be used to implement prioritizedo-hop congestion information to achieve global fairness [8],
congestion control, in the sense that vehicles with specialalled here LIMERIC+PULSAR, but it is not proved neither
needs are allocated higher rates to disseminate their staliscussed in detail. Pure transmit power control is discussed in
more frequently. In fact, the use of multiple powers in a cyclgg], [19]. In the latter, we proposed a transmit power control
a novel approach compared to previous proposals [8]-[1#)at linearly adjusts the average carrier-sense range to keep
supports the parallel execution of multiple applications, witthe desired number of neighbors in range.
different quality of service requirements, on top of it. In this context, there is a related concept calledareness

In the remainder of this paper we first review related worksontrol: the techniques to adapt the communications parame-
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ters, such as transmit power or beaconing rate, to the requindrich is what the standards actually specify [17], and we
ments of an application. The requirements of the applicatiteverage this extra degree of freedom by letting vehicles
are usually captured via one of several possible awarenaiecate beaconing rates at more than one power. Then vehicles
metrics [12] which are directly or indirectly based on thenaximize the BDR over all powers in a fair way. On the
time between successful reception of beacons, or beacon Intgher hand, the constraints ensure that the channel occupancy
Reception Time (IRT), which depends among other thingss, kept below the target value, so indirectly maximizing the
on the probability of reception at a givaiarget distance IDR, according to [10]; but also, the application requirements
Joint transmit power and rate control to enforce particulaan beindependently and dynamicalget by each vehicle by
application quality of service requirements has been studiestablishing a minimum allowed rate for each available power,
in [10]-[13]. which in practice supports awareness control as the previously
In [10] authors derive analytically a measure called Infodiscussed proposals do.
mation Dissemination Rate (IDR) which provides the number Similar approaches can be found for MANET and MESH
of copies of a beacon successfully delivered, according to thetworks [18]. However, our mechanism can be implemented
simplifying assumptions of the model: a linear network withvith little effort due to the particularities of vehicular net-
uniformly placed vehicles and Poisson generation of messagaerks, whereas in other domains similar procedures are much
Then, authors show that the maximal IDR occurs in a certaimore problematic to implement in realistic scenarios. Data
range of channel occupancy. Therefore, they let the beaconflugvs in MANET are mainly multihop end-to-end whereas
rate be set by the requirements of a particular tracking apglh vehicular networks they are mainly single-hop broadcast
cation and propose to control the transmission range in ordeansmissions. Then, controlling congestion in the first case
to keep the channel occupancy within the desired levels. Theguires to send back to the source information about the
precise mechanism to achieve a desired transmission rangeargestion state of all the links used by the flow, which is
how to cope with the effects of non-deterministic propagatiaifficult [18], whereas in the latter vehicles simply have to
are not discussed. Our optimization variable, BDR, is simil@roadcast this feedback to inform all the involved sources of
to IDR since in both cases they count the number of deliverdte congestion state of the links they use.
copies of a beacon. IDR takes into account packet losses-inally, there are two main differences with our previous
due to MAC and some physical-layer related effects withiwork [14]. Allowing the use of multiple power renders a
the limits of the underlying theoretical model, whereas fatifferent optimization problem, specially regarding the dis-
BDR those effects are included, though implicitly, during th&ibuted algorithm that solves it. And the use of BDR as
measurement of the number of neighbors. Authors of [18ptimization variable provides a more accurate measure of the
study with simulations the combinations of beaconing ratelegree of dissemination of the vehicle state. Simply selecting
and transmit powers which optimize several awareness metmggimal beaconing rates for each power separately is not valid,
and propose control strategies. In [13] authors propose to siice they are coupled by a constraint and in the BDR. We
the vehicles set their beaconing rates and transmit poweraire extending our previous problem, introducing several new
order to guarantee their minimum application requiremerdggrees of freedom.
and use the linear control of LIMERIC+PULSAR in order to
equally share the excess of capacity, when available, among NUM MODELING OF THE BEACONING RATE CONTROL
all the vehicles. In all the three cases the strategy is similar w|TH DIFFERENT POWERS IN VEHICULAR NETWORKS
but with different aspects: in [10] the beaconing rate is €| this section we model the beaconing congestion control

by tthe traqug applllf[:ﬁnonhandt then _:ched tr:ansmlssu:rl r?(n%zoblem as a convex optimization problem. We first discuss
via transmit power aithough not specilied now, 1S Set 1o kegh, goals, connecting them to the modeling decisions, and

the chgnnel occupancy within some range. In [12] trans fovide an informal description of the problem. Afterwards,

POWET 1S set to maximize the_ IRT at agiven common targ formally pose the problem and propose a distributed

distance and then the beaconing rate is adapted to comply WBorithm for its solution.

the maximum channel load using some beaconing rate control,

for example PULSAR, as suggested by the authors. Finally, in . o

[13] each vehicle sets its transmit power and rate to guaranfée G0als and design decisions

with a certain probability the IRT at the target distance and Let V' be a set of vehicles in a vehicular network and assume

then, if available, an additional amount of beaconing ratach vehicle has a common set of available transmit powers,

is assigned via LIMERIC+PULSAR so that the maximunP. Each vehicles € V' can select a transmit powgre P for

channel load is reached. In all three cases, the application s=ish beacon transmission and so can transmit beacons with a

the minimum value of rate or power and the control drivedifferent rater,, beacons/s for each power. This assumption

the remaining capacity. None of them, however, providemsmplies with the current standards [17].

convergence guarantees in multihop scenarios or well-defined he primary goal of the control mechanism is usually stated

fairness notions. as to prevent channel congestion [6], that is, to keep the
In this paper, we propose a different approach, whiatccupation of the resources below a desired level. However, we

partially integrates those strategies, while guaranteeing convawnsider it rather a requirement, and consequently translate it

gence to different notions of fairness allocations. On the oms a constraint of the optimization problem. Given this require-

hand, we assume that a discrete set of powers is availalfent, our aim is actually to achieve the best possible usage of
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the shared resource, that is, to maximize some utility function
of the control variabled/, (r.,). To determine it, consider that _
on the one hand, the quality of state information received
a single vehicle increases with the beaconing rate and, on the

- - . link: 1o [P I2
other hand, the quality of Cooperative Awareness Service [5] powers: p,, p, Py s " Pi P2

. . . . . H 11, F12 a1, T
is globally increased with the number of vehicles that receive G ™ o Venclo 2
information about other vehicles. Therefore, our goal is to bd— ¢

increase both aspects: since the number of potential receivers 1
is a function of the transmit power used, and there is a discrete
set of powers available, we combine them in a variable callég. 1. Three vehicles, with two transmit powers availablensmitting

; ; ; ; ; beacons/s at power respectively. Top: schematic diagram showing ideal
'y
Beacon Dissemination Rate (BDR)’ which is the sum of trrré'.n'l':msmission ranges of vehicle 0 at each pou®y; and R,2. Bottom: Solid

beaconing rates at each power weighted by the numberagbws show the spatial area of reception of the beaconing rates at each power
receivers at the corresponding powers;,,) = Zp NypTyp.  fOr vehicle O,ro1 andros: at power 1, only vehicle 1 is in transmission range

That is. we assume that a vehicle transmits beacons with gﬂ ehicle 0, whereas at power 2, both vehicles 1 and 2 are in range of vehicle
’ . Dotted-lines respresent the virtual link of a vehicle, which is loaded by the

the ava”a_ble powers and With a certain bea(.:o'j‘ing rate for eaghcons whose arrows intersect it. To avoid cluttering only the rates and ranges
power which is to be determined by the optimization problemif vehicle 0 are shown.

Hence, our main goal is to maximize the BDR but we want

also to do it in afair way. As shown in [16], we can induce aout also in [8], [9], good performance at reception can be

global notion of fairness by selecting appropriately the shape,. . ) :
of the utility function applied to the variable. In particuIar,PndlreCtly obtained by keeping the beaconing channel load at

utility functions of the form a gi\(en level. For instanc_e, the IDR is maximized when the
fraction of channel capacity used is kept at 0.6 to 0.7 [10].
Wyry if =0 Finally, we provide an informal description of the problem
Uy(z) =  wylogz, if a=1 L |Ilus_trated in Fig. 1. The key |de_a_|s to notice thgt every
ploa vehicle acts as a source, transmitting beacons which use a
wy =y ifa>0a#1 fraction of the wireless channel of their neighbors; and as
a resource, defining a logical channel that is shared in the
physical wireless channel with the vehicles in range. That is,
Jye can assign every vehicle a logical resource: a virtualllink

as proportional ¢ — 1) or max-min ¢ — oc) fairmess. All which has a given capacity which is shared by all sources that

together, the goal of our optimization problem is to maximiz&'€ N range at a given powe, including its own beacons.

the sum of the utilities of all the vehicleS., U, (b(ru,)), ﬁs can be Seen In Fig. 1, Whe”_"eh'g'e 0is ransmiting
whereU, is chosen from eq. (1). eacons with powep, at a rater,, = ro; beacons/s they are

We are also interested in providing means for the applicla\g'ing the spatially shared physical wireless channel of only

tions to set their quality of service requirements. As discuss}é(ah'de_:t)_ and %hthat 1S, vw:rL:allimkIg andi;. Wfrletrﬁasl_wkhen
in section Il, such requisites are expressed in terms of demal ghsmitting with powelp; the beacons Use all the 1inks,
1 andls. And conversely the total load of resourkeis the

ing, with a certain probability, a minimum beacon IRT at t the rat ing it at all th di that
target distance. Since the probability of reception at the tar ™ of the rates using it at all th€ corresponding powers, tha
To1 + To2 + r11 + 712 + 722, Whereasry; IS not usingly

distance is determined (in absence of interference) by e . . . i
transmit power, they are readily translated into constraints feause vehlclg 21s npt in range of vehicle 0 .at power 1.

the minimum beaconing rate allowed at each transmit power,In .tge fqllowml? sections, WE formlarllly d(:]scnb(fe lthe above
r{}y”. In addition, by letting the minimum rate to be zero gonsl erations. Let us note that, although useful to get an

vehicle is not required to transmit beacons at all the availadmormfal _|dea, we do not use the cqncept of V|rtua_l I|n_k

powers if not necessary. to avmd_mtro_ducmg potentially confusing terms. Notation is
Let us note that alternative goals may have been deﬁnésammarlzed in Table I.

such as the maximization of throughput or theception

beaconing rate that is, the frequency of correctly received- NUM model

beacons. We focus in this paper solely on the control of theLetV be a set of vehicles in a vehicular network and assume

transmission beaconing rates at each power, which is aksch vehicle has a common set of available transmit powers,

the customary approach in other proposals [8], [9], becaude: Each vehiclev € V can select a transmit powere P

first, to take into account the reception rate we need to brifiy each beacon transmission and so can transmit beacons

into consideration MAC behavior, which in most practicalith a different rater,,, beacons/sec for each power. Let us

situations is out of effective control by the user. Secondssume ideal, deterministic, isotropic radio propagation. Let

the probability of reception is determined by a particulai(v), denote the set of vehicles which have vehiclen

propagation model which is not known in practice and requirémnsmission range when they transmit at powewhich also

to treat the transmit power as another control variable, whidatcludes vehicle. Let us note that, since the links are assumed

removes, in general, the convexity of the problem, renderingsymmetric, this is also the set of vehicles in range af power

very difficult to solve in a decentralized way. Third, as pointeg. Let n,, be the number of elements if(v),,. The total rate

Iy Fo2 [

result in (o, w)-fair allocations of the variable,,, see [14]
for further details. That is, by setting the parameter we
can globally obtain different fair resource allocations su
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Notation | Description . .
"o Beaconing ate of vehicle With powerp vehicle rates_ {;\t all powers to be under a total maximum value
n(v)p Set of vehicles which have vehiclein transmission range (Rmae) Specified by standards.
when they transmit at power, including v itself
Nop Number of elements of(v)p _ -
C Maximum Beaconing Load (MBL) in beacons/s C. Dual decomposition
b(rvp) Beacon Dissemination Rate (BDR) . . .
rmin | Minimum beaconing rate that vehicle must use with In order to find a decentralized algorithm to solve the
power p problem we use a dual decomposition. We first form the
Rmaq | Total maximum beaconing rate Lagrangian functior. of (2a) relaxing the constraints (2b):
Uy(z) | Utility function of vehicle v grang (2a) 9 (2b):
m Lagrange multiplier (price) associated with the relaxed o 2
’ constraints L(r,m) = Z Up(b(rop)) —€ ) 1op—
oy Sum of the prices received with powgr v p
a Fairness parameter
B Gradient projection stepsize in Algorithm 1
a Gradient projection stepsize in Algorithm 2 - Z Ty Z Z rop —C | =
€ Regularization term weight v P v'eEn(v)y
TABLE |
NOTATION - Uy (b(rop)) — Z Z T Tt — legp +
v P v'en(v), 4
+CY m, (3)
v

received by each vehicle is the sum of the rates used by the o )
members of its sets of neighbors for each power and we ar,éNhere_”v > 0 are the Lagraljge multipliers (prices) asso-

interested in limiting this amount to a maximufhbeacons/s, C|at¢d with the relaxed constralnts. The .Lagrange dual is t.he
that is, aMaximum Beaconing LoafMBL), to avoid channel maximum value of the Lagrangian function over the domain
congestion. Let us define thBeacon Dissemination Rate,Cf the rates:

(BDR) as b(ru,) = Y, nuprup- Let rov™ be the minimum

beaconing rate that a vehicle must use at powep. Let  ,(7)=  ax {U,(b(rvp)) — Z Z T p Tt —
U,(z) be the utility function of vehiclev. Finally, let R, <y, b venw),
the absolute maximum beaconing rate that every vehicle is 2y rop<hmaz
allowed to use. — EZTEP (4)
The NUM beaconing rate allocation problem is given by: »
2 Given a set of non-negative prices the optimal rate
I?ixzv:Uv(zp: MupTop) = Gzp:%p (23) allocation solving the Lagrange dual (4) for each vehicle is
: T (7).
subject to: pS(in)ce the original problem is convex with linear constraints,
Y rmp<C VeV (2b) it has the strong duality property [20] and the Karush-Kuhn-
p ven(v), Tucker (KKT) conditions characterize its optimum solution.
T;v;in <ry YpEP WWweEV (2c) Then, it can be shown that 'Fhere is a set of optimum link
pricest* such that the associated rates given by (4) are the
Z”P < Bipaz VWEV (2d) optimal solution of the original problem (2). The problem of
P finding such optimum prices is called the dual problem, which
is defined as:

The objective function (2a) is essentially the sum of the
utilities U, (b(r,,)) of each vehicle. We assume vehicle utility
functions as the ones in (1) and so we have that a rate min g(7) = min max  L(r,m) (5)
allocation to the vehicles is-fair if and only if, it is the opti- w20 m20 | r <
mum solution of (2). However, the functioq’, U, (b(r.p)) Lp ropSHmas
is concave but not strictly concave which may result in In our case, it can be shown that the objective function in
oscillations in the control algorithm. In order to correct it angs), called the dual function, is strictly convex and differen-
make it strictly concave we introduce a regularization term iiable, since the objective function in (2a) is strictly concave.
the objective functions 3 r2,, with e small enough to avoid Thus, the dual problem (5) has a unique set of optimal prices
significant deviations from our real maximization goal. 7* [21]. The classical dual approach for solving the rate
Constraints (2b) ensure that the beaconing load at a givaiocation problem consists of finding the dual optimal prices
vehicle, which is the one generated by the neighboring vehicles using a gradient-based algorithm [21], as a means to (in
at different powers plus its own rates, must be below tiparallel) obtain the optimal rate allocatiorj,. Hence, to
MBL, C. Constraints (2c) guarantee a minimum beaconir@pmpute its rates, each vehialeneeds to know just its own
rate allocated at each power. These constraints are expect#lity function U, and the set of prices,. of its neighbor
to be set by applications to ensure their minimum requiraethiclesand use them to solve problem (4), thatitscan be
quality of service. Finally, constraints (2d) force the sum cfolved separately by each vehicle
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To summarize, in order to find the optimal beaconing ratee convex sefX, that is,[z]} = argmin.cx ||z — z||2 [21].
allocation, vehicles have to iteratively exchange their pricd$e convergence of the algorithm is shown in Appendix A.
= with their one-hop neighbors and use them as input to theWe finish this section by discussing and clarifying relevant
optimization problem (4) which can be solved autonomoushspects of the algorithm and its practical implementation.
by each vehicle with its local information. In the next sectiole start with aspects related to thaégorithm and physical
we provide an algorithm that finds the optimal allocation in meaning of its parameters

distributed way. Since it is based on a gradient projection, let

us notice that given a set of prices the gradient of the dual
function g evaluated atr is given by:

;Tgv(w)zz Z rvp—C, Yo

p v'en(v)y

(6)

D. Fair Adaptive Beaconing Rate with Multiple Powers for

Intervehicular Communications (FABRIC-P)

In this section, we propose FABRIC-P (Fair Adaptive Bea-
coning Rate with Multiple Powers for Intervehicular Commu-
nications), an algorithm that solves problem (5) in a distributed
manner. Let us note that there are two main steps: first

vehicles compute their gradients (6) and update their prices

and, second, solve thecal optimization problem (4). There

are several alternatives to solve the latter: we propose to use
a gradient projection algorithm that provides a quick conver- ,

gence to the optimal solution. In Algorithm 1 we describe the
main procedure while in Algorithm 2 we describe the local

gradient projection.

Algorithm 1 . Fair Adaptive Beaconing Rate with Powers for

Intervehicular Communications (FABRIC-P).
1: At k =0, set initial vehicle prices) and rates-),
2: Then, at each timé:
3: Step 1. Each vehicle receives the prices of neighbor
vehicles¥ v’ € n(v),. Then, for each power, vehicle

updateSnfjp and stores separately the sum of the prices

receivedIly, =3, ¢, (), T YPEP
4: Step 2. Each vehicle computest*! according to:

+
E+1 _ |k _
nit = [+ 8 (S Soenin, e =€),
5. Step 3. Each vehicle compute«%H as the result of

execution of Algorithm (2):r5! = LGP(11},, nk,,rh,)

Algorithm 2 . Local Gradient Projection with diminishing step
size.
1: procedure LGP(,, ny, rp)

. L =
2: Ty =Tpy i =1
3 repeat
4 VL(T;,) = np(zp nprzl,)_o‘ — 267”; — 11,
. it = [+ $VL)] " pmineys
> rh<Rmaz

6 1=14+1

7 until VL(rf) =0
8: return it

9: end procedure

Where we use the notatiop]¥ to denote the orthogonal

projection with respect to the Euclidean norm of a vector onto

The pricesyr,, reflect the congestion state of the wireless
channel as measured by a vehicle and can be thought
of as the cost to use the vehicle shared channel. Each
vehicle measures its own perceived congestion relative to
the MBL when the gradient is computed at each iteration
k (in Algorithm 1, line 4). The price increases when the
channel is congested and the other way round.

Note that the implementation of this algorithmdecen-
tralized and uses only collected information from one-hop
neighborhood Each vehicle broadcasts its prieé¢ to

its neighbors in range. It is not necessary to disseminate
every price to all the vehicles in the network. Then, each
vehicle updates its rate with Algorithm 2 using only the
collected prices from its one-hop neighboring vehicles
(IL,) as well as their current rates,] and the locally
measured number of neighbors at each powsgj. (
Algorithm 2 solves locally the maximization of eq. (4) by
gradient projection. Line 4 is just the gradient of eq. (4)
and is separable ip. As can be seen there, the beaconing
rate at a given powep is reduced when the congestion
state at this power is highl). We use a diminishing
step witha > 0. The gradient update is projected on
the constraint set in line 5. All the procedure can be
effectively and quickly run on conventional hardware, and
to speed the process, it can be stopped once a certain
accuracy has been achieved.

Just by selecting the parametedifferent notions of fair
allocations are obtainedvioreover, our procedure can be
used to achieve not only different classes of fairness but
also to incorporate heterogeneous utility functions and
constraints for different vehicles. And vehicles do not
need to know the parameters or utility functions of other
vehicles. The criteria for selecting a particular fairness
notion are application or even scenario dependent. Further
considerations on this are left as future work.

The parameters, a, and e do not have any physical
meaning and are used just to tune the algorithm be-
havior. Both 3 and a basically determine the speed of
convergence. High values increase speed, provided they
are below the bound derived in Appendix A. Since the
algorithm converges any initial price? is valid. The
values used for our simulations in next sections have been
selected by experimentation.

Next we discussmplementation and practical aspects

The number of neighbors at each powey,, is locally
measured by each vehicle as it receives beacons from
its neighbors. Here we are using the assumption that
the links are symmetric and consequently if a vehicle
receives a beacon from a neighbor it can also reach it
back with the same power. In practice, howevey, is a
random variable because of fading and interference. Our
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simulations show that such effects tend to overestimate Daptgr?;?stg) GVﬁ/:ESS
the congestion, as we discuss later. If necessary, it can be Sensitivity (S) -92 dBm
compensated by filtering the unreliable links, although we Fraqt_lency iigo?jgz
. oise - m

leave a fmg tuned proposal as future wor.k. _ SNIR threshold ) 4 dB
Every vehicle updates and stores a single price Neighbor Table update time 1s
However, it broadcasts its value piggybacked in beacons SBample pE_rriOiF)S 5001 bst

. . . f eacon size ytes
tra_msr_mtted at d|ﬁgrent powers. V\/_h_en a vehicle receives a Maximum Beaconing ratefmas) | 10 beacons/g
price in a beacon it accumulates it in a local vecias,) 8 10-8
indexed by the transmit power used for the beacon, since € 108
in Algorithm 2, line 4, it is necessary to subtract the sum a 100
of the prices received with different powers. Tlig, also TABLE Il

reflect the particular congestion state of the neighborhood COMMON PARAMETERS FORSIMULATIONS

due to beaconing with power.

The minimum beaconing rate at each pow@'ﬁ" is set

by a particular application operating on top of the conges-

tion control. The typical procedure would be as follows: IV. VALIDATION

according to some propagation model the probability of In this section we test the validity of our algorithm and
reception with powep at a target distance is fixed and assumptions in a static scenario where vehicles do not move
so the application sets a minimurfj,” to guarantee the which allows us an accurate control of the vehicles interac-
required IRT with a certain probability. In practice it istions. It also allows us to compare the results of the algorithm
necessary to send some signaling at all powers in ordeith the exact solution of the maximization problem (2),
to let the vehicles know their neighbors at all powers, sarovided by a numeric solver, JOM [23], based on the Ipopt
rZ];j" > 0 even though it can be a very low value. [24] optimization library. We focus on scenarios where the
The procedure is robust against errorsuch as packet differences between one or several powers are more evident.
losses due to fading, collisions or hidden-node inte¥e only use 2 transmit powers, low and high, in all the cases,
ference. We have simulated it with realistic MAC andn order to avoid cluttering the figures and results and for
propagation models and the results show convergencetie sake of clarity in the discussions. We consider it as a
the close vicinity of the optimal allocation in spite ofreasonable number for many potential applications.

packet losses. Simulations setupWe summarize first the simulation pa-
To compute the perceived congestion, via eq. (6), ommmeters that are common to the simulations studies in this and
choice is to let vehicles inform others of their currenthe following section. The simulations have been implemented
beaconing rate and transmit power used by piggybackingth the OMNET++ framework and its inetmanet-2.2 exten-
them in the beacon. In our opinion it is the more reliablsion [25], which implements the 802.11p standard. This library
option with regard to the accuracy of the rate controglso implements a realistic propagation and interference model
since it informs about the actual offered load of the chafer computing the Signal to Interference-plus-Noise Ratio
nel in absence of errors, such as fading or interferend§INR) and determining the packet reception probabilities,
though it tends to overestimate the actual load. On tlmplementing capture effect too.

other hand, the algorithm requires each vehicte store In our tests, vehicles are located on a straight single lane
and send a non-negative real humber, its price So, road and their positions are eithggterministic that is equally
regardingoverhead vehicles should broadcast at mosgpaced with distancé m or randomly positioned according to
their current beaconing rate, transmit power used and thd?oissondistribution of average density vehicles/m. Both
price, all of them piggybacked in a beacon, that is, thréee spaceand Nakagami-mpropagation models have been
real numbers, which adds little overhead to the currensed. In both cases, the path loss exponent has been set to
procedures, around 1% for 500-byte beacons. 2.5. This is a slightly lower value than those reported by [22],
Finally, synchronous or asynchronoumsplementations measured in suburban scenarios. Higher values result in shorter
can be considered. In the first case, all the vehicles updatensmission range and so congestion is more unlikely and its
their rates at the same instant with the received pricedfects milder. Thus, our values model a worst case scenario.
This is possible in practice for vehicles equipped witNakagami-m shape parameter has been setto 1, to model

a GPS device. In that case, all the neighbor prices aevere (Rayleigh) fading conditions. Values reported by [22]
available prior to the beaconing rate update. In the secosulggest even stronger fading. The MBL has been set to 3.6
case, each vehicle may update its rate at different instari#bps, which is 60% of the available data rate of 6 Mbps. Since
We have used the asynchronous case for our simulationg use a beacon size of 500 bytes plus 76 bytes of MAC and
which show that FABRIC-P also works correctly. Regardshysical headers, it results in a MBL 6f= 781.25 beacons/s.

ing the actual implementation of the multiple beaconin@able Il summarizes the rest of common parameters. Vehicles
rates, vehicles only need to set up timers to1/r,, collect prices and information from the neighborhood during a
respectively. When they time out, a vehicle sends a nesample period’s and then execute an iterati@rof Algorithm
beacon to the MAC layer together with the value of. All the simulations have been replicated 10 times with
transmit power to be used in its transmission. different seeds.
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—FaeRC 7 LovFavel. B, in range of 102 and 198 vehicles respectively. Except for
the overlapped-range nodes, all the rest of the nodes have the
same number of neighbors with all the powers in each cluster.
S s W The results are shown in Fig. 2. In this case, for the vehicles
o not overlapping range in both clusters, the beaconing rate
is split between both powers, since they all have the same
number of neighbors at each power. For cluster A, there is not
congestion and the sum of the rates of each vehicle is equal to
R,.qz, that is, 10 beacons/s, whereas in cluster B the sum is
4.22, complying with the MBL constraint. For the overlapped
vehicles, in cluster A, the beaconing rate corresponding to
™ High density cluster high power is decreased while the low power one is increased,
Fig. 2. Beaconing rate versus position in an ideal two-opgda-cluster keeping the sum constant to 10, whereas in cluster B the
scenario for FABRIC-P withw = 1 (proportional fairness). Exact optimal opposite occurs. Therefore, from the point of view of the

value computed with a numeric solver is shown. The part of the X axjeast of the vehicles in their respective clusters there is no
without vehicles is not shown. CBT versus position is also shown on the

right Y axis in the top subplot. Schematic diagram (not on scale) is shovyr?'r'auor_] in the absolute beaconing rate_ they are receiving from
below, where dashed and dotted arrows and arcs show high and low poifee vehicles at the edges. However, in the overlapped area,

transmission ranges respectively. vehicles from cluster A are receiving more beacons from their
neighbors at cluster B, while still informing of their presence
T Optimal Low Power to B. This is beneficial in some situations, for instance if this
EEEEI%HEE.F;L;’;W scenario models a cluster of vehicles (A) approaching a traffic
e jam (B), possibly at high speed, it is beneficial to increase the
quality of the information received by the high speed vehicles.
In all the cases the CBT is kept below the MBL as shown in
. . Fig. 2 top.
L i In the second scenario we show a typical situation where
S e i the use of different powers is appropriate. We haweatral
. e | - cluster with a very high density of vehicles and two low-density
clusters at a certain distancdhis may model again a traffic
jam in a highway with clusters of vehicles approaching from
both directions. The central cluster is congested. If a single
high power is used it acts as a bottleneck for the other two
L —— 1 | clusters. In particular we have set up a cluster of 51 vehicles
—7 rooerny from 0 to 100 m (L), a central one of 162 vehicles from 600
" to 923 m (C) and another one of 47 vehicles from 1500 to
1520 m (R). At high power L and R are not in range of each
Fig. 3. Beaconing rate versus position in an ideal threet@luscenario for other, whereas C is in range of both L and R. The situation is

FABRIC-P witha = 1 (proportional fairness). Exact optimal value computet\jﬁ}'[|1 . . . .
with a numeric solver is shown. Schematic diagram (not on scale) is sho alOgous to that of Fig. 1 but with clusters instead of Smgle

below, where dashed and dotted arrows and arcs show high and low powehicles.
transmission ranges respectively. Results in Fig. 3 show that indeed with high power the
beaconing rate of the 3 clusters is limited by congestion and
kept at 2.11 beacons/s (in the exact solution). With the use
Scenario 1. Multihop ideal scenarios: overlapped clustersf an additional power, clusters L and R can use a much
and bottleneck cluster higher beaconing rate at low power, between 6.5 and 7.5
In these tests we evaluate two scenarios where not lbdlacons/s. It basically shows that FABRIC-P in a trivial case
vehicles have the same number of neighbors. An ideal chanligt this effectively allocates rates as an intuitive heuristic
is considered and packets are not lost. In the first one, we hawauld: increasing the low power rate when the high power
two clusters of vehicles in partial coveragd each other: enters congestion. Additionally, the CBT is kept exactly at the
on the left, at the origin, there is a low density cluster (AMBL limit, 0.6 (not shown in Figure).
of 51 vehicles separated 3 m of each other; on the right, atwith a different fairness = 2) the results are the
1023 m of the origin, there is a denser cluster (B) of 184ame in these particular cases. Whether is preferable to set
vehicles separated 1 m. We set up minimum rate$ltd] proportional, max-min or any othes-fairness is a matter
beacons/s and transmit powers[t®0, 1000] mW. Since the of discussion and possibly application or scenario dependent.
transmission range is 367.83 and 923.95 m at low and highany case, the key advantage of FABRIC-P is that it can
power respectively, the 17 rightmost vehicles of cluster A abe configured with thex parameter to achieve any of the
partially in range of the 51 rightmost vehicles of cluster B dairness notions. Moreover, vehicles can use different fairness
high power and reciprocally. The most loaded nodes at eguérameters simultaneously and they can even be dynamically
cluster are the last vehicle of A and the first vehicle of clusteet. For the moment, a study on the applicability of the fairness

Low density cluster

Beaconing rate (beacons/s)
T
L

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TVT.2016.2540163

aternatives and its dynamical setting is left as future work.below the MBL at that time, which shows that it is not
Finally, our results also show that FABRIC-P, without chamecessary to achieve convergence to the optimal allocation to
nel access or propagation effects, converges to a solution closet the MBL constraint. In fact, in the following sections
to the optimal value in both cases. The solutions in Fig. 2 amchen the time evolution of the rates for this scenario is
3 have been achieved after 200 steps of the algorithm. Evemovided we show how the algorithm tends to move out of
though the exact optimal allocation has not been achievedcangestion quickly. With strong fading (Nakagami-m), shown
that time, the MBL constraint is already met. The convergenge Fig. 4(b) FABRIC-P reduces the high power beaconing
to the exact optimal allocation may be long, specially ifate while increasing the low power one, and smooths the
the optimal allocation shows sharp edges, but in practicalocation globally. The reason is that there is now a chance of
for randomly positioned scenarios and realistic propagatiomndomly receiving beacons from far away nodes. It has two
models, it is not necessary such a long convergence timedifferent effects. On the one hand, the perceived number of
observe acceptable results, that is, even though the allocati@ighbors 4.,,,) is higher for low power, 10% on the average,
is not yet optimal the CBT is already below the MBL. Theand due to its weight in the utility function the corresponding
results for the Poisson-like vehicle positioning, shown in Fidpeaconing rate is increased. On the other hand, the congestion
4, and results in Scenarios 3 and 4 are an example of thisis overestimated because in the computation of the gradient
Scenario 2: Realistic scenario with hidden nodes and packat step 4 of Algorithm 1 vehicles use the beaconing rate
losses piggybacked in the beacons. However, actually around 12% of
In this scenario vehicles are positioned along a 2800 m lottie beacons are lost because of fading, and so the physically
line, with a Poisson distribution of average dengity= 0.1 measured CBT is below the MBL as shown in Fig. 4(b). It
vehicles/m. The propagation models have been set to fresults in a less efficient use of the channel. If necessary, this
space and Nakagami-m with path loss exponent equal to Zfscrepancy between the announced rate and the received one
In both cases, the transmit power has been s¢t(0, 1000] can be corrected in the implementation by filtering unreliable
mW which results in transmission ranggg0.43,923.94] m links or using measured CBT as congestion feedback signal,
for free space and (an average ¢$§8.23,819.78] m for though its evaluation has been left as future work. The opposite
Nakagami-m [19]. And minimum rates have been seftitd] allocations of beaconing rates at low and high powers for
beacons/s. Let us remark that, with this setting, there areighboring nodes, as for instance in Fig. 4(a) for nodes
interferences due to hidden nodes. In fact, in this scenabietween 600 and 1100 m compared to those between 1100 and
we can see the effects of MAC and hidden collisions as wel600 m, might seem odd. But the effective beaconing rate (
as fading and channel errors in our model, since it has besnboth reference distances shows that its combination results
simulated with an accurate 802.11p and propagation modela similar received rate all over the range. It also shows the
including SINR evaluation and capture effect. In this case, Wwesses due to collisions and fading, which for Nakagami is
seta = 2 instead of proportional fairness. an average reduction of 15% with respect to the sum of the
To better measure the effectiveness of the algorithms intransmitted rates.
lossy scenario, we define tleffective delivery ratio at distance  Finally, we confirm that FABRIC-P fulfills its goal. We have
d, D,(d) = s’g((‘;)),wherecv(d) is the total number of correctly been looking at the allocated beaconing rate, but recall that
received copies of a beacon up to a distafioéthe transmitter the explicit goal of FABRIC-P is to maximize the BDR in
v andn?(d) is the total number of copies of a beacon whose fair way. In Fig. 5(a) we show the allocated and effective
power is above the sensitivity up to that distance. That iseaconing rate by LIMERIC+PULSAR and compare it with
D,(d) indicates the fraction of copies of a broadcast beactime effective beaconing rate of FABRIC-P. Looking at the
that are correctly received at a distance no greaterdfaom effective beaconing rate the results are quite similar, specially
the transmitter. We then defineffective beaconing rate atin the central region. However, as shown in Fig. 5(b) where
distanced, asr,(d) :Zp 7op Dup(d), which is the product of we have plotted the ideal BDR (without losses) and the
the allocated beaconing rate and the average effective deliveffective BDR (with hidden-node and fading losses) for both
rate at a certain distance summed over all powers. Tha is,cases, FABRIC-P actually maximizes the dissemination of the
is an average of thital beaconing rate correctly received upbeaconing rate of a vehicle and does it in a globally fair way,
to a certain distance of the transmitter as induced byy, unlike LIMERIC+PULSAR.
In Fig. 4 we show the allocated and effective beaconing Scenario 3: Differences with previous proposals
rate. Confidence intervals at 95% have been computed butWWe briefly compare FABRIC-P with conventional ap-
since the maximum radius of the confidence interval does mobaches [8], [9], [14], where only beaconing rate or transmit
exceed 0.08 and 0.4 beacons/s for free space and Nakaganmienver are controlled. In Fig. 6 we show the allocations
respectively, they are not shown to avoid cluttering the figuref FABRIC [14], our previous proposal, for the previous
The exact optimal allocations computed with the numergcenarios, using only high power (1000 mW). With FABRIC-
solver JOM are also shown. P we are extending our previous problem, introducing several
As can be seen, the optimal allocation is far from obviousew degrees of freedom, with the powers and the minimum
in this scenario. As Fig. 4(a) shows, with free space propeates associated to those powers. It allows to introduce new
gation and hidden-node and propagation losses, asynchronfoustionality such as the simultaneous use of applications
FABRIC-P approximately tracks the optimal allocations aftexith different requirements over the same congestion control
only 90 algorithm steps. More importantly, the CBT is alreadiyamework. Let us also note that we can recover our previous
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(b) Allocated beaconing rate{), effective beaconing rate*{(250) and

beaconing rate for high power and effective beaconing rates.

Fig. 4. Beaconing rate in a realistic multi-hop scenario, with free space and Nakagami m=1, for FABRIC-P asynchronous: ®itExact optimal value
computed with a numeric solver is shown. Markers show vehicle positions.
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(b) Ideal BDR and effective BDR at 500 m for FABRIC-P and
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Comparison of beaconing rate and BDR in a realistic multi-hop scenario with free space, for FABRIC-P asynchronaus=with and
LIMERIC+PULSAR.
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Fig. 6.

versus vehicle position. Top: Comparison of three-cluster scenario. Botto

Comparison of previous scenarios with FABRIC. Beauprate

Comparison of multi-hop scenario with free space.

problem in [14] as a particular case of this one just by using
a single power and setting = 0, so FABRIC can be also
seen as an optimized implementation of FABRIC-P for the
single-power case.

In any case, in a moderately congested scenario such as
Scenario 2, there are only slight increases in performance: as
shown in Fig. 6 bottom, with both approaches up to 500 m
the effective beaconing rate is very similar. However, with
FABRIC-P the sum of beaconing rates only reaches up to
640.43 m and from then up to 923.24 m just the high power-
beaconing rate is received.

However, a highly congested scenario illustrates how the
FABRIC-P approach may benefit applications by augmenting
m_e degrees of freedom available: In a conventional approach,
a highly congested scenario such as the three-cluster one,
shown in Fig 6 top, makes all the vehicles (in middle and

edge clusters) reduce the beaconing rate. If a higher one was
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necessary it would force vehicles to decrease the transmite in Fig. 4 Interestingly, FABRIC-P quickly moves rates
power as the only solution to increase the beaconing rate, tloug of congestion. Moreover, these results confirm that it is
reducing the number of neighbors aware of the approachingt necessary to achieve the optimal allocation to meet the
of vehicles in L and R clusters. On the contrary, FABRIC-RIBL constraint, showing that after only a few steps, 80%
allows to let all vehicles be aware of each other, although witf the vehicles experience a load below the MBL. In fact, we
a reduced rate (around 2 or 3 beacons/s up to 923.24 m), wiigve checked that asincreases (not shown in the paper) both
keeping a safer high beaconing rate at short distances (u&aconing rate and CBT show a steeper reaction to congestion.
600 m). Scenario 5: Dynamical settings at intersection

To conclude, we examine a demanding scenario, where a
static cluster of 150 vehicles is set along a 1500 m highway
segment oriented north-soutly @xis), and it is crossed at

In this section we investigate the FABRIC-P performance e middle position by another highway west-east orienied (
dynamic configurations, where vehicles move. We look mainfjkis). A moving cluster of 100 vehicles, stretching over 500 m,
at the time evolution of the beaconing rates and CBT. Owuioves from west to east at a constant speed of 32 m/s, starting
goal is to test the ability of FABRIC-P to perform smootfp250 m away from the bridge. The moving cluster approaches
transitions from low to high congestion situations and whethee static cluster, crosses the intersection, and moves away. We
it may support dynamical changes of its parameters. set powers td400, 1000] mW.

Scenario 4: Single vehicle and traffic jam In this scenario we are interested in the capabilities of

The first scenario involves (i) a cluster of statically posiFABRIC-P to dynamically change its parameters, which pro-
tioned vehicles along a 1500 m road segment, using Poissddes flexibility in the configuration of the applications on
positioning withp = 0.14 vehicles/m, and (ii) a single vehicletop of it. The availability of multiple powers supports the
approaching the cluster, starting 1320 m away from the firsimultaneous use of several applications. An application would
cluster car, and moving at a constant speed of 32 m/s untibisically select one of the available transmit powers and set
passes the cluster. This configuration can model different rg¢laé minimum beaconing rate needed to meet its quality of
scenarios such a highway with a traffic jam in one directioservice requirements. How this is done is out of the scope
and a single vehicle moving in the opposite direction. Powes$ this paper [12]. As an example, let us assume that there
and minimum rates have been set as in Scenario 2. The gigahn intersection safety application which runs in parallel
of this configuration is to show the dynamics of FABRIC-Rvith another one which requires 3.6 beacons/s for the high
when a vehicle switches from none or very few neighbogsower. The intersection application requires that in a radius
to a congested state, and back again. Let us note that, walR00 m of the intersection the vehicles guarantee at least an
the selected parameters shown in Table II, the channel d®&T=0.4 s at target distance of 250 m with a probability of
accommodate approximately 78 vehicles all in range at tBed5. Obviously, the higher the power, the lower the beaconing
maximum rate. The case of a congested cluster approachiag requirements to achieve such a reliability. However, the
another one is considered in the next configuration. Finally, lietersection application can also select the low power, 400
us remark again that MAC collisions, hidden node interfereng@w, which results in a probability of reception at 250 m of 0.9
and propagation errors are present in these scenarios. Sincdov@akagami m=1; and so it sets the minimum beaconing rate
are interested in the time evolution of the variables we plédr this power to 4 beacons/s in order to satisfy the application
only the results of one replication (all of them show a simildRT requirement [12].
evolution). Summarizing, now the moving vehicles set initially the

In Fig. 7(a) we show the time evolution of the beaconinminimum rates td1, 3.6] beacons/s but when they are within
rate and CBT of the moving vehicle. For free space, tI#0 m of the intersection, the minimum rates are switched to
vehicle keeps the initial beaconing rates until it received, 1] beacons/s. The static cluster sets directly the minimum
beacons from the first neighbors at high power, at t=Ihtes according to their distance to the intersection.
s, and starts increasing the high power beaconing rate andn Fig. 8 we show the time evolution of the beaconing rates
decreasing correspondingly the low power one. As it receivaad CBT for all the vehicles in both clusters. As can be seen
beacons from vehicles at the congested cluster it progressivielyFig. 8(a) top, vehicles in the moving cluster immediately
increases the low power one and decreases the high poemsiorce the minimum rate constraint as they enter the intersec-
one. The latter is increased again at the end, as neighborsiait area. This is a consequence of the design of FABRIC-P,
high power become dominant. It shows how FABRIC-P bthe minimum rate constraints (2c) are immediately and locally
default behaves in a sensible way, assigning the maxim@nforced by Algorithm 2, whereas the MBL constraints are
allowed rate to the power that keeps longer the links widnforced in a distributed way and take more time. In fact, the
neighbors (high) in absence of congestion. With NakaganMBL constraint cannot be met at the intersection with these
m the behavior is very similar except that it starts earlier amdquirements, as shown in Fig. 8(b). Before the clusters start
extends longer since there is a chance to receive beacons fgstting in range of each other, around t=40 s, there is margin
far afar. In both cases, the CBT never exceeds the MBL. for FABRIC-P to increase the beaconing rates above the

In addition, we provide the results of Fig. 7(b) to showninimum ones and so it does. These results essentially show
the time evolution of beaconing rates and CBT of the clustehat a FABRIC-P vehicle can independently and effectively
which are the time evolution of an scenario similar to thset its parameters in a dynamical way, and consequently its

V. DYNAMIC SCENARIOS
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(a) CBT and beaconing rate versus time for a single vehicleoaighing  (b) CBT and beaconing rates versus time and vehicle positiche
the cluster of vehicles at 32 m/s. Top: Free space. Bottom: Nakagami m=luster of vehicles with free space propagation. A horizontal plane at
z=0.6 has been plotted to mark the MBL.

Fig. 7. Beaconing rate and CBT versus time for a vehicle approaching a cluster of 230 motionless nodes. FABRIC-P asynchraneawith

(a) Beaconing rates versus time. Top: Moving cluster. BottStatic  (b) CBT versus time. A horizontal plane at z=0.6 has beengaaib mark
cluster. the MBL. Top: Moving cluster. Bottom: Static cluster.

Fig. 8. Beaconing rates and CBT versus time for a cluster of 100 nodes crossing an intersection at 32 m/s. Nakagami m=1 propagation. FABRIC-P
asynchronous withy = 2.

flexibility to support multiple applications on top. results shown in Fig. 8. The results show that FABRIC-P
) _ o supports the safety application with a performance at least

In fact, it behaves in a similar way to other proposalgs good as INTERN in the intersection, while allocating a
specifically designed to comply with the quality of service ofigher beaconing rate outside the intersection. Since INTERN
applications. In Fig. 9 we provide a comparison of INTERNssigns the excess of capacity as LIMERIC+PULSAR does, it
[13] with FABRIC-P. INTERN basically assigns the transmikyffers from the same problem: the allocation is equal for all
power and rate needed to meet the quality requirements ofiaR yenicles, and therefore it is constrained by the more loaded

application and distributes the excess of channel capacity Uges and the assigneXlT; never exceeds 1.5 beacons/s.
formly via LIMERIC+PULSAR linear assignment. INTERN,

with minimum and maximunAT; 1 and 3 beacons/s respec- V1. CONCLUSION AND EUTURE WORK

tively [13], has been configured to use the high power and 3.6 '

beacons/s until a vehicle is within 200 m of the intersection, In this paper we approach the problem of beaconing con-
where it switches to low power and 4 beacons/s. For a fgjestion control in vehicular networks as a NUM rate allocation
comparison, in Fig. 9 we provide the effective beaconing rapeoblem. We assume vehicles can use a set of transmit powers
achieved by both of the proposals at 500 m, thati$500), and select a particular beaconing rate for each power in the
this way, we also provide a view of how losses affect theet, transmitting at multiple powers with different rates during
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moving cluster with FABRIC-P and INTERN. cluster with FABRIC-P and INTERN.

Fig. 9. Effective beaconing rates versus time for a cluster of 100 nodes crossing an intersection at 32 m/s. Nakagami m=1 propagation. Comparison of
FABRIC-P asynchronous withk = 2 and INTERN.

the cycle. The use of multiple powers, in fact, facilitates th&teps ofl; = 1 s in our tests but the interval can be safely be
execution of multiple applications with different requirementeduced to 500 ms or below, which would reduce the absolute
on top of it. time to convergence. Since the feedback is collected during

In our NUM model, the utility function of each vehicle is7s it is interesting to find how much it can be reduced and
a particular concave function of the BDR, that is, the sum &ow it may affect the stability. Finally, filtering of unreliable
the beaconing rates over all powers multiplied by the numblétks may provide a more accurate measurement of congestion
of neighbors at each power. The shape of the utility functicdnd neighbor estimation in fading scenarios. Even the use
is selected in order to globally enforce a particular type ©f alternative congestion measurements such as the measured
fairness, controlled by a single parameter, which can be CBT can be tested. We intend to carry out an extensive
independently set by each vehicle. evaluation of these matters in a future work.

From this model we propose a particular distributed al- The possibility of executing in parallel multiple applications
gorithm, FABRIC-P, which solves the NUM problem, withwith different quality of service requirements introduces the
theoretical and empirical convergence properties and limitégestion of how to manage the priorities and allocate resources
signaling overhead. FABRIC-P is remarkably flexible since vé0 them when the needs are in conflict. We intend to look
hicles can independently and dynamically adapt the algoritth this question too in the future. Additionally, from a more
parameters to the requirements of overlying applications. general perspective, we have shown how different values of

We have validated FABRIC-P by exhaustive simulatione fairness parameter result in different allocations, which
in both static and dynamic scenarios, for different positioRi@y be more adequate depending on the intended application
distributions and propagation models, showing that FABRIE scenario. One of the key advantages of FABRIC-P and
P effectively controls the congestion while generating fafur ap_progch is that the fairness aIIocat_|ons can be controlled
beaconing rate allocations. Our results have been compaféth this single parameter. Moreover, this approach allows to
with LIMERIC+PULSAR, a relevant rate allocation schemé&'S€ different values for each vehicle or even to use totally
in vehicular networks, and INTERN, an awareness contrgifferent utility functions, which can be both dynamically
algorithm. They show that FABRIC-P can be used by Safeghanged. And vehicles do not need to know the functions
applications that require to dynamically achieve a minimuff values used by other vehicles. Consequently, as a future
reliability with equal or better performance. Simulations als§ork, we intend to further explore variations of the discussed
confirm that the algorithm is robust against packet losses def@Plem in the context of vehicular networks. In particular, a
to collisions or fading. comparative application and evaluation of alternative fairness

There are still a number of practical considerations alptions and_the i_ntroduction of heterogeneous utility functions
implementation alternatives that can be evaluated in orgifd constraints in the problem.
to tune the algorithm. First, thg parameter controls the
convergence speed and the amplitude of fluctuations and there APPENDIXA
is a wide range of possible values meeting the convergence = PROOF OF CONVERGENCE ORALGORITHM 1
condition to test. Second, also related to the convergenceConvergence of the overall scheme is guaranteed as long
speed, which is expressed in algorithm steps, we have usedthe dual iteration is able to find the optimal vehicle

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TVT.2016.2540163

14

prices 7*, that is, the optimal solution of dual problem To compute the partial derivatives, we form the Lagrangian
(5), whose objective function is called the dual functiorfunction of (4) for a given vehicle relaxing all the constraints
Since the problem enjoys strong duality, and the objective

function of the original problem is strictly concave (thanks (52 MpTop)

to the regularization term), the dual function is everywhere Lg(r) = plf —ey -
differentiable. Since the original problem has a finite solution, @ P

the dual function has a finite minimugir*) > oo, andg(7*)

equals the optimal utility of the original problem. Finally, in — ij Z Z rop —C | —

order to guarantee the convergence of AlgorithmVl() v P ven(v),

must be a Lipschitz continuous function with finite Lipschitz min max
constantH [21][Prop. 3.4]. Therefore we have to prove that ;)\p(r”” o) M; rop — B7) - (10)

Vg(z) = Vg(y)lla < Hl|z -yl Vz,y>0  (7) From the KKT stationarity condition for (4), all the partial
derivatives with respect to eaeh, must be equal to zero

Now, given anyz,y > 0, using Taylor theorem we have .
that [[Vg(x) — Vo(w)ll2 < [929(=)[a]l — yllo for some  PLIUT) o (™ e hoa g 14— =0,

z = ty+ (1 —tx > 0,t € [0,1]. Therefore, we have ory; p

to find a bound for the Euclidean norm of the Hessian ;_1 p (11)
[V2g(z)|]2. The Euclidean norm is bounded by the product o _ _

of the maximum column and row sum of the Hessian matri@nd since the maximizer are functions of the pricgs= f ()
that is, | V2g(2)||2 < [|V29(2)]11]|V29(2)||. And since the We take the pgrtlal denya}twe with respect to someof the
Hessian is symmetrid,V2g(z)|1 = || V2g(2) ||, and we have above expression, obtaining

that |V2g(2)[l2 < [|V?g(2)l]1. (—a)np; Iy Orys ,

To compute the Hessian we first write the gradient of the(z s Yot (Z on; )~ 2 or; 1=0, i=1...P
dual function (6) in matrix formVg(r) = >° NPRP — C, P P (12)
where eachV? is aV x V symmetric neighbor matrix whose
component§N?),; = 1 if vehicle j is in range of vehicle where from now on we call’ = =%~ to simplify
v at powerp and (N?),; = 0 otherwise. MatricesR” are notation. For any given vehiclethe P equations (12) define a
V x 1 column vectors whose componerit8”), = r,, are linear system of equations with variableso-c, i =1...P,
the beaconing rate at powgrfor each vehicle. And”' is a where we remove the index for the sake of clarity. The
V x 1 column vector whose componer(§'), = C are the system written in matrix form i3z — 1 = 0, wherez is a

MBL for each vehicle. The Hessian is thex I matrix whose P x 1 column vector whose components = gr; are the
p—

components are the partial derivatives\o§(m), with respect variables,1 is a P x 1 column vector whose components are
to m,,Vu. That is, an arbitrary colump of the Hessian is 1 andB is a P x P square matrix whose components are

given by o
By = {‘"iK e (13)
' - K, i#£]

The solution of the system is = B~!1 as long as the
inverse of B exists. To check the existence of the inverse we

where the partial derivative of a matrix is maade of the partighmpute the determinant &f. Taking advantage of the special
derivatives of its components, that '%}af_j = (522)v- Since  grycture of B the determinant can be transformed to lower
[V2g(2)||l2 < [V2g(2)|l1 we have to derive an upper boundriangular form by first adding all the rows to the first one and
for the sum of the elements of an arbitary column of thgyen substracting the first column to the rest of the columns.
Hessian (8),||V3g(z)|li = max; ., |as;|. We know that Then the determinant B is

() are the elements of the unique maximizer of (4) given

0

ORP
J— = P — . =
o, Vg(r) Ep N o, ay; v=1...V (8)

— P—-1
a vector or pricesr. Performing the sum and multiplication Det(B) = (=2¢)" 7 (—2¢ — Kan) (14)
of (8) and rearranging the terms, the sum of absolute value of P
the elements of an arbitrary column becomes Sincee > 0, Det(B) # 0 as long as at least on¢ # 0,

and the inverse exists. The inverse matrix can be computed
directly from the adjugate matrix yielding

Ty _ry
;mm < ZZMW < ;;wag 9)

(=207 (2K (X, np—ni)

_ ~ , =
where the inequality comes from the subadditivity of absolute B! = _mK(zg)PB “Br (15)
values and we defin® as the maximum number of neigbors [Det(B) * " 7
any vehicle has at any given power. And finally, the 1-norm of the system solution fig:||; =

or’ . . . .
- . . rg |%| < |B7 Y1 P, which we substitute in (9) yield-
IFor simplicity we assume that the Hessian exists everywhere. At poirfts’? ' 97

where it may not exist derivatives should be replaced by convex subgradiehftd Zv |avj| < VVPB, where B = m -
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(26))|]P’2K|(Zp [np| — nj) + 1(=26)7 71 (=2 = K(32,np — 117

Therefore, we conclude thatg(r) is Lipschitz continuous ;g

with # = VVPB. From this follows that Algorithm 1

converges to the optimal values provided< 8 < % Let 1]

us note that the bound fgt depends on the: ande in use.
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