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Abstract—In this paper, we describe VCAST, an algorithm decrease as vehicular density and size of the region inereas
for obtaining individual vehicle location as well as aggregte Hence effective forwarding algorithms need to be designed

traffic information over an infrastructure-less multi-hop wireless hat ensure that the system remains scalable with vehicular
vehicular network. VCAST can be used to improve safety against

collisions, inform about approaching emergency vehicles rai dénsity and region size. Secondly, there exist tradeoffs in
lane merging vehicles (that may even be beyond a single hopcho_osm_g the rate and communication range of each broadcast
communication range) and to enable dynamic routing and While higher broadcast rates and range promise greates-trac
navigation techniques by providing aggregate traffic infomation  jng accuracy, in reality wireless channel contention camsea

In an extt_ended neugr}{:_)olr h%"d- To ensure Sfa'ab"{?y in f?g‘!";j'“g an adverse effect in tracking accuracy as these levels éxcee
Information over multiple nops, we exploit a notion or distance . P . . .
sensitivity in information propagation, by which traffic information & Certain limit. While these tradeoffs have been studiedén t

is propagated at a rate that decreases linearly with distanefrom ~ context of single hop networks, the impact of these tradeoff
the source. By doing so, traffic information can be obtained wth  in multi-hop traffic estimation need to be investigated.

a staleness, which is a measure of error in the traffic informgon, I .
that is bounded by O(d?) where d;, is the communication hop Contributions: To address these challenges and to ensure

distance from the source of the information. At the same time scalability when providing traffic maps over large regions i
the required communication rate per unit time at each node oly  real-time, we exploit a notion afistance-sensitivity in propa-
depends on the radius of the region in terms of communication gating individual vehicle information: information aboedch

hops, and not on the vehicular density or the number of vehids : : ; ;
in the region. VCAST does not require any special hardware vehicle is propagated at a rate that decreases linearlythdth

or modification to vehicular transmission standards; instad it distance from the vehicle [3], [4]. By doing so, we show that
can simply piggyback on basicHere | am communication for traffic information can be obtained with a worst-case s&dsn
vehicular networks. that is bounded by)(d? ) whered,, is the communication hop
distance from the source of the information. We use statenes
|. INTRODUCTION as a measure of error in vehicle position as it reflects how
old the current information about a particular vehicle iBug,
Infrastructure-less, V2V wireless communication is eXpec using VCAST we are able to obtain traffic information with
to be the basis for both safety and navigation applicatiogstance-sensitive precision in which the error does not grow
in future intelligent transportation systems [1], [2]. Exples with the number of vehicles in the region. At the same time,
of safety applications in transportation scenarios ineledl-  the average communication cost (the required transmisaten
lision warnings and stopped vehicle alert, while examples gt each node) also does not grow with the number of vehicles
intelligent navigation applications include dynamic gitime in the region, but is rather only bounded BYR;,p), where
computations and re-routing based on congestion infoonati g, is the maximum number of communication hops in the
A building block for all these applications is a real-timeegion over which traffic information is to be propagated and
vehicular traffic mapping system on board every vehiclg, is the broadcast rate at the source. Thus, in comparison
which portrays information about current position of othefith periodic one hop vehicular safety messages, the iserea
vehicles in its vicinity and provides guidance about acetde in communication overhead is only by a factfy,. VCAST
approaching emergency vehicles and traffic congestion oveih be used to propagate actual vehicle location as well as to
an extended neighborhood. In this paper, we deMGAST, propagate aggregate traffic information such as averagsispe
a scalable, infrastructure-less peer-to-peer wirelesarke and density of vehicles over individual traffeells inside a
service for computing such a real-time traffic map over ajivgegion. One possible scenario is to propagate actual \eehicl
region surrounding each vehicle. location up to a distance 0500 — 1000m and aggregate

We assume that vehicles are equipped with a differentf&ffic information up to several miles. When propagating

GPS that can estimate its location to an accuracy of ab&itly aggregate cell information, we note that the required

1m. As a result, by advertising this information, vehicle§ommunication rate per node decreases further by a factor
can learn about traffic in their near vicinity, i.e., a one hop:» Wherer. is the radius of each aggregation cell.

communication range. However, estimating traffic maps ovey forwarding traffic information over multiple communica-
a large area using multi-hop wireless communication is ten hops, we expect several advantages: (1) vehicle teati
much more challenging task. Firstly, we note that forwagdinover a vicinity will be available even if the communication
each vehicle’s information over multiple hops at a constapinge is extremely low because of high density, thus impigvi
rate is unlikely to be scalable as it will cause the amougghicular safety (2) information about approaching emecge
of communication required at each vehicle to grow with thgehicles will be available (3) information about lane mergi
number of vehicles in the region over which traffic infornoati vehicles will be available even if they are outside a single

is required. As a result, both the allowable broadcast rate acommunication range, and (4) information about road blpcks
the accuracy of the traffic map obtained at each vehicle will



accidents and impending congestion will be available frotmaffic densities at different places. Letdenote the maximum
several miles ahead, thus permitting higher level applicdensity, i.e., the maximum number of vehicles per unit area
tions that dynamically re-route based on this informatitm. at any time in the whole region. Note that the geographic
achieve scalabilityVCAST provides traffic information with area will consist of regions with no traffic flows (i.e., no
an accuracy that degrades with distance, but we expect ttoads), as well as regions with high density traffic flows. We
to be a reasonable condition that is still sufficient for bothssume that the region is partitioned into geograpielts
vehicular safety and intelligent navigation. For examg@e, which allow representation of aggregated traffic informati
larger distances there is more reaction time for takingtgafdor that cell. The cells need not be of the same size, but for
actions or for computing new routes towards the destinatiease of explanation we assume that the area of each cell is
based on traffic information. Finally, we note th&EAST does constant and equal td- with a radius ofr.. Let r;, denote
not require any special hardware or modification to vehiculthe single hop communication range for a vehielg £ < R).
transmission standards; instead it can simply piggyback dhe objective of our system is to provide each vehicle with
the proposeddere | am communication [1], [2] for vehicular information about all vehicles and all cells within a radius
networks. R around itself!. We call this area of radiu® around each

Related work: The design of wireless communication protoY€Nicle as théracking zone.

cols for vehicular safety has received a lot of researcintitbe Let N denote the maximum number of nodes in the tracking
lately [1], [5]-[9]. There have been several recent papeas t zone of a vehicle. ThusV = pnR2. Let L denote the
have focused on the problem of balancing broadcast rangeximum number of cells in a radius &f around each node.
and reliability so as to maximize the number of successflihus L. = %. Let p denote the frequency at which each
receptions in close proximity of the sender [5]-[8]. A commovehicle broadcasts its own information. L&, j) denote the
foundation in these papers to handle the tradeoff is to ®dugeographic distance between vehiclesand j. Let dj, (4, 5)

the communication range in regions of high density so as denote the distance between vehiciesind j in terms of
improve the reliability of reception. However, these papegommunication hops. Thus, we hawg (i, ) = @ Let
mainly focus on a one-hop message reception and not pn; ;) denote the distance between vehicland cellj in
multi-hop propagation. As a result information about VE8C 1erms”of smallest number of cells traversed to reach gell
outside the communication range are not available even Whehiy, ;| the following subsections, we first descrid€AST

the range has to be very low because of high density. On I5§uming that only vehicle location is propagated up to a
other hand, the algorithm developed in this paper can be ugggiance R. Then we describe the required changes when
to propagate both individual vehicle information and aggte 54gregateell information is propagated. The communication

traffic information over several communications hops antd ygsst and accuracy for both these cases are characterized in
keep the required communication rate low. As a result, neargqction [1-C

vehicles can be tracked even when they are outside the com-
munication range. Additionally, aggregate traffic infotina B. Distance-sensitive broadcast algorithm

such as vehicular traffic density, congestion informatian c . . . . .
be propagated to several miles in a scalable manner, whigfiailve technique would be to require each vehicle to obtain
—+ rniNformation about all vehicles in its tracking zone at a ¢ans

can enable intelligent navigation applications. We notat th. i | of 1 ds. H ; h ; h
rate and power control algorithms [1], [5]-[8] developed folnterval o /p seconds. However, in such a scenario eac

a single hop vehicular broadcast are complementary and ¢&ghicle would have to broadcast information about at nidst
be used in conjunction with the distance-sensitive mug-h vehicles atp Hz, making the required communication rate at

forwarding algorithm designed in this paper. each node per unit ime to bl@(NVp). Note that the required
) ’ i communication rate grows with the number of vehicles in the

Multi-hop broadcast algorithms for vehicular networks éavregion and is therefore directly proportional to the vedicl
mainly focused on the choice of optimal forwarding vehidgensity and the size of the region. Also @ denotes the
cles and on the reduction of redundant forwarding vehiclgfowable wireless channel transmission capacity at a iode
using one of several heuristics proposed in [10]. The idea |gits per second, we observe that the allowable broadcast rat
distance-sensitive broadcasting rates developed in 8 js limited by p < <, i.e., inversely proportional to the number
for ensuring scalable information broadcast has thus far ngf vehicles. This in turn has an adverse effect on the latency
been explored in the context of mobile ad-hoc and vehiculgith which traffic information is obtained and as a result the
networks. accuracy of the obtained traffic map information decreases
Outline of the paper In Section2, we describe our systemWith increasing vehicular density, which is not desirable.
model, the VCAST algorithm and provide an analysis for they address these drawbacks, we propose to forward informa-
expected accuracy and communication cost. In Sedjome  tion about a vehicle at a rate that is proportional to theadisé
evaluate the performance of our system in simulations. ffom that vehicle. Also, inVCAST, a vehicle suppresses
Section4, we present conclusions and state future work.  forwarding of information about a vehicle in an interval, if
some other vehicle has already forwarded information about
the respective vehicle in that interval. By doing so, we show
Jhat the update rate, system accuracy and communication cos
0 not depend ov. A more formal description of/CAST is
presented below. A pseudo-code in guarded command notation
[11] is provided in Fig. 1, which shows the program at each

A. System model and problem statement vehicle in the form of<event — action > pairs.

Il. SYSTEM DESCRIPTION

In this section, we first state the system model and objecti
We then describeVCAST and analytically characterize its
accuracy and required communication rate.

We mOde_| the VehiCU|ar network as a large _geOQratphiC aréawe note that our system can also be specialized to propagditddial
with multiple traffic flows, each with potentially differentvehicle information within a smaller radius than aggregzet information.



Protocol: VCAST C. Analysis

Vehicle: j

Var: ) ) o ) Theorem Il.1. The average amount of data communicated per
J-V - List of vehicles within radiusi unit time by each node in VCAST to obtain information about
J-Xi¥Vi € V : Location ofi all vehicles within a distance of R from itself is bounded by
J.T:¥i € V : Timestamp ofi’s record O(@)
j.wi¥i € V : Counter fori’s information Th /T

j-A : Sequence number of current interval

Vi : Forwarding list forj.\ Proof: Let B denote the average amount of data communi-

Actions: cated per unit time, by each node MCAST. The number of
(A1) = Initialization: —» vehicles at a distance of at mdstcommunication hops from
3V = jijuvi = 0; . = 0; a vehicle is bounded by (ph?r}). As a result the number
Timer.start(%) of vehicles at exactly» hops away from a vehicle is bounded
(A) :: Timer fired: — by O(phr?). Information about vehicles at distanéehops
JA =GN+ 1; is broadcast af Hz. Thus the total amount of data to be
IVa=17 communicated about vehicléshops away isO(ppr?). Note
ViejVv that this information is broadcast by at most one vehicle in
it (A mod dn(i,j) ==0) every arearr2. Hence, on average each node is responsible for
if ju; <2 ot PPTRN i i i
Add i to 5.V communicating onIyO(pT;{) bits about vehicles at distance
fi h hops away from itself. Summing up over all distances and
Jvi = 0; by noting that each vehicle broadcasts its own state ld¥,
V'ﬁ - we get: . ) "
1€ 7.V = r
Send; X, j.T, B=0(p+3520) =02
(A3z) it recvs (V) — PTh "h
vk €.V |

j.Xk = ’LXk,ka = i.Tk;j.I/k =jur+1;
fi

Thus, we see that the amount of data communicated per node
does not depend on the number of vehicles. As a result, if
C denotes the allowable wireless transmission capacity at a

Fig. 1. VCAST: Protocol Actions at vehiclg node therp < %. Thus the maximum broadcast frequency

In VCAST, each vehiclej maintains a listj.V of vehicles at the source also is not limited by the number of vehicles

that are within a distanc®& from itself. Associated with each but rather only by the radius of the tracking zone in terms of
vehicle i € 4.V is the locationj.X; of i as most recently communication hops. We now obtain a bound on the maximum

heard by, a timestampj.T, associated with the Iocationdelay after which information about a vehicle is receivettsi
1 . 1 . . -
and j.v;, which is the number of times information abouit Was transmitted at the source. We refer to thisstakeness

i has been heard since the last broadcast interval. A tin{g[the information posessed by a vehicle.

is fired at each vehicle every seconds for broadcastingDefinition 11.1 (Staleness(j,i)) The staleness in the state of
information and a randomness is introduced in this intervedhicle 7 at vehicle j is the time elapsed since the timestamp
because of CSMA based transmission. het 1,2, ... denote of the state of i (5.7}).

the timer sequence at vehiclg Let j.V) denote the set . S .

of vehicles V\?hose information is forwarded in the intervaTheorem ”'2_' Thestalenessmgh((eis_tgtec_)f Veh'cji?f.?zt vehicle
number \ at vehicle j. j.V is initially set to be equal to J in VCAST is bounded by O(=3=), i.e. O(T5%-) -

{j}. Thus information about itself is broadcast by a vehicle in . _ _ .
every interval along with the current time which serves as th Proof: Consider a vehiclg at a distance ofi communica-
timestamp for this record. Nodeis added into the setV, tion hops away from a vehiclg i.e., d (i, j) = h. Note that
only if A mod dy(i, j) = 0 and if information about has not at a distance oh — 1 communication hops from a vehicle
been broadcast by any other vehicle witfigrange in the last information about is updated only once every—1 intervals.
dn(i,7) intervals. This ensures that information about nodéss a result the maximum time before whighhears fresher
at a distance ok communication hops is broadcast at modaformation abouti from some vehicle at distanck — 1
once everyk intervals in each communication neighborhoodiops away fromi is bounded by“=! seconds. Likewise,
In the presence of channel interference, we note that nodlee maximum time elapsed between a vehiclé:at 2 hops
may occasionally duplicate the transmission of infornmatioreceiving information about and a vehicle at distande— 1
of a vehicle within a neighborhood. But we expect this thops obtaining that information is bounded By2 seconds.
cause a much smaller overhead when compared with all no&snming from a distance of hop to h hops, we get the
transmitting. Finally, whenever information about a véids result. ]
heard by a nodg, it is added into the lisf. V" if the timestamp From Theorem II.2, we note that the staleness at a distdnce

of the incoming record is more recent thaff;. from a vehicle does not depend upon the vehicular density or
For the case where aggregate traffic information is to liee region size, but only on the communication hop distance
propagated, each vehicle computes summary informatidm sand the initial broadcast rate at the source. Hence, we expec
as density and average speed for the cell in which it residiaat as the communication range increases the stalenagsl sho
based on information it possesses about vehicles within decrease. However, as the communication range increases, t
communication range. This summary is then propagated irimserference within the vehicular transmission also iases
distance-sensitive manner: information about a cell aadize and this can adversely affect the network reliability anstem

d. is forwarded at a rate 03,"— Hz. accuracy. In Section IlI-C, we analyze the performance of ou
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Fig. 2. (a) Maximum staleness vs pair-wise vehicular distap = 20Hz, one hop communication range 200m, 300m, 400m and 500m. (b) Zoomed
in version of the previous plot at smaller distances (showrhie ellipse in Fig. (a))

algorithm in large scale simulation and point out the impaatformation staleness. We consider communication ran@es o
of p andr;, on the staleness at different distances. 200m, 300m, 400m and500m and initial broadcast rates 6

We now state the average communication rate and stalengés 10 Hz and5Hz, which are within the range of expected

when aggregate cell information is propagated insteadtabhc transmission rate and range valuesere | am messages for

vehicle location information. The proofs have been omiteed INtelligent transportation systems [1], [2].
reasons of space. B. Experimental procedure

Theorem 11.3. The amount of data communicated by each At each vehicle, we measure the maximum staleness with
node in VCAST per unit time, when aggregate cell informa-  regpect to every other vehicle by measuring the time elapsed
tion is propagated, to obtain information about each cell at  since the information originated at the source, just before
distance up to R from itself is bounded by O (). fresh information about a vehicle is received. For inforiorat

_ ) aggregation, we consider the cell size equal to the commu-
In comparison with the result from Theorem 1.1, we notgjcation range of each vehicle and propagate only aggregate
that the average communication rate reduces by a factQij| information instead of individual vehicle informatipand
equal to the number of vehicles in each celt because measure the maximum staleness with respect to every cell
only aggregate information about the cell is propagateth wit, the region. We then group the maximum staleness based
distance-sensitive rate as opposed to propagating inf@ma o, pajrwise distances between vehicle-vehicle and vebielle
about each vehicle in the cell. respectively. The average of these measurements ovepiaulti

Theorem I1.4. The staleness in the state of cell z at vehicle €xperiments are used in our evaluations.
J in VCAST, when aggregate cell information is propagated,
is bounded by O(%l:20dnU:2)) - where dj,(j, ) denotes the _ _ _ o
communication hop distance between j and the closest vehicle  In Fig. 2(a), we plot the maximum staleness in vehicle infor-
to j in cell z. mation against the inter-vehicular distance fox= 20Hz and
different communication ranges. We note that as the communi
cation range increases, the staleness at larger distaathesas
because of fewer number of hops to traverse. Moreover, the
A. Experimental setup staleness decreases quadratically with the increase imcem

. nication range, corroborating our result from Theorem.lIl.2
We evaluate the performance ®CAST at different broad- However, increasing the communication range also has an
cast ranges and source broadcast rates, using simulationgdyverse effect on the information accuracy at smaller oégs.
Jprowler [12], a discrete event simulator for wireless met8. |n Fig. 2(b), we highlight the staleness with= 20Hz at
JProwler models wireless channel interference, incotpsracioser distances under different values for the commuioicat
the Rayleigh fading model, and supports CSMA based Wirele@:‘nge_ We observe that with, = 200m can achieve a
transmission with adjustable backoff times, transmit powgtaleness of as low as5 — 60ms within 200m, but with
and transmission times. To systematically study the impact — 500m, the staleness increases 120 — 130 ms. Thus,
of broadcast range on system performance, we disable tBg|arger distances higher communication range is prefera
channel fadlng in the simulation and instead use a fixed SadWh”e for closer distances smaller range is preferab|e_
communication. We simulatg00 vehicles moving with uni-
form speed in the same direction islém long 4 lane highway
with an average inter-vehicle separatior26im. By simulating
vehicles with uniform velocity, we are able to remove th

effect of mobility on system performance - for instance, i 4 L >
vehicles move in opposite directions, the informationestebs [ange values, a higher initial broadcast rate is able toedese
e staleness significantly at higher distancespAt 20Hz,

may reduce because of faster propagation of informatio{ﬂ. al | t a distanceskm i matel
Instead, by simulating uniform velocity, the relative diste € staleness values at a distanc are approximately

between vehicles is maintained during the course of the sifte @nd2s for 7, = 300m andr), = 500m respectively.
ulation allowing the clear characterization of distancesus Finally, in Fig. 4, we plot the maximum staleness in aggregat

C. Key observations

Ill. PERFORMANCE

We now investigate the impact of initial broadcast rate on
system performance. In Fig. 3(a) and Fig. 3(b), we compare
e staleness at different valuesyofor r;, = 300m andr, =

00m respectively. We note that at both these communication



e 300
16 I m
_.14 /
242 /
2.0 yd p (Hz)
% 5 / _ - 20
T 6 S 7T --10
@, -
2 o i
0

0 1 2 3 4 5
Pair-wise distance Km

(@
Fig. 3.

16
14 rm=300m

w12 /

A\

Staleness (s

o N B~ O ©
\
\
\
(4]

0.2 1.4 26 3.8 5
Vehicle-cell distance (Km)

Fig. 4. Maximum staleness vs vehicle-cell distancg:= r. = 300m

= 500m /
J

0

A p (Hz)

w

2 J e 20

_— s —

= - 10
- P )

- ““,ur‘

O =2 N W A~ 00 o -~

o

1 2 3 4 5
Pair-wise distance (Km)

(b)

(a) Maximum staleness vs pair-wise vehicular disgan;, = 300m (b) Maximum staleness vs pair-wise vehicular distange= 500m

gregate traffic information in an extended neighborhood. We
showed using simulations that our algorithm could provide
traffic information up td km away in unded seconds without

a drastic increase in communication overhead when compared
with basic one hop safety messages.

In future work, we would like to augment our basic four
lane vehicular network simulation with a more comprehemsiv
traffic simulator and evaluate the performance under differ
ent mobility patterns, vehicular densities and traffic flows
We would like to use these extensive simulations to more
throughly investigate the relation between communication
range, initial broadcast rate and achievable accuracyfat di
ferent vehicular densities. Finally, we would like to intatp
our vehicular traffic mapping service with a navigation fron
end for dynamic computation of alternate routes and evaluat
the impact of distance sensitivity on the quality of navigat

cell information against pairwise vehicle-cell distanoerf;, =
300m at different values op. In comparison with individual [1]
vehicle information from Fig. 3(a), we observe that the eiso
lower at the corresponding distances because a single geessa
from a cell is enough to convey information about the entirefz]
cell as opposed to potentially requiring multiple messages
learn about individual vehicles. We note thatrgt= 300m  [3]
andp = 20Hz, aggregate traffic information frosKm away

can be communicated in undérseconds without too much [4]
extra overhead when compared to bad®e | am messages.

IV. CONCLUSIONS [5]

In this paper, we have described an algorithm for obtainin%]
individual vehicle location and aggregate traffic inforroat
over a multi-hop wireless vehicular network without the chee
for expensive road-side infrastructure, any special hardw
or modification to vehicular transmission standards. Taiens
scalability in forwarding information over multiple hoptsaf-
fic information is propagated at a rate that decreases linear®!
with distance from the source. By doing so, traffic inforroati
can be obtained with a latency, which is a measure of errg9]
in the traffic information, that is bounded h9(d?) where

d is the communication hop distance from the source of t
information. We showed that both the accuracy and the aeerag
communication rate do not depend on vehicular density agg]
number of vehicles in the region. Our algorithm can be us

to improve safety against collisions, inform about apphiag [12]
emergency vehicles and lane merging vehicles (that may even
be beyond a single hop communication range) and to enable
dynamic routing and navigation techniques by providing ag-

(7]

performance.
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