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Abstract—The reliability of communication in vehicular net- — overall coverage of the vehicular network. Equipped with
works depends mostly on the density of DSRC-enabled vehide petter hardware and less power and cost constraints than the
that form the network. In highway scenarios, and depending 0 nits ysed in the vehicles, they are expected to enhance the

the time of day, the probability of having a disconnected vettular twork’ f di h tion digt
network can be very high, which hinders communication religil- ~N®WOrK'S periormance and improve the propagation digtanc

ity. To improve communication in these scenarios, infrastucture  Of messages. A network of RSUs can also serve as a backbone,
points known as Road Side Units (RSU) may be used. RSUs,enabling access to other WANs or to the Internet. Although
however, have an associated cost, and therefore the numbef o the presence of these units may significantly improve commu-
RSUs needs to be minimized while still providing a significan nication performance, the cost of deploying and supporting

improvement on communications. . . . .
In this paper we study the effect of including RSUs as RSUs in vehicular environments can be very high. The trade-

relay nodes to improve communication in highway scenarios. Off between the required number of RSUs and the vehicular
We model the average time taken to propagate a packet to network performance in sparse scenarios is thus an imgortan
disconnected nodes (denoted as re-healing time) when cossiing  problem that needs careful study.

both scenarios of connected and disconnected RSUs. We then

compare the results of both these models and of a model

with no RSUs. Results show significant improvements with RSU  The aim of this paper is to give insight into this tradeoff:

deployments, both connected and disconnected, particulsrin 15 assess the improvement on vehicular network performance
multi-cluster communication scenarios.

Index Terms—VANET, Vehicular Ad-Hoc Networks, Road-Side for a specific number of RSUs. To this end, we develop

Units, Sparse Networks, Traffic Modeling, Re-Healing Time. mathematical models (based on [1]) to determine the av-
erage delay of a packet between disconnected source and
I. INTRODUCTION destination in the presence of RSUs as relays. We study

The dynamics associated with mobile nodes make vehgcgtr;otlz 3;3?3;{02 OL ds'li (;cl)ncnoencrﬁzztiSr?LéZ}wV;Z?\r?hgﬁtsai:je
ular networks susceptible to partitioning. Moreover, i ploy physical S
connected RSUs, where units are connected through fiber or

density, limited radio range and even small penetratioesratbroadband wireless links. The models cover both the one-gap

of yeh|cles eqmppeo_l with Dedlcate_d Short-Rang_e Commu_z{he disconnection between adjacent clusters) and maifti-g
cations (DSRC) devices may contribute to the disconnectign L ; . -
Icommunlcatlon scenarios. The results obtained for a specifi

between nodes in a vehicular network, leading to the sedal ber of RSUs (connected and disconnected) are compared

. u
sparse netwqu phenomenon. Researc_h reported in [1] Shc\g/]\ﬁg the ones where no RSUs are in place. The results show
that even during rush hours, where vehicles are expectee to o . ; ;
at significant improvements can be achieved with RSUs.

very close to each other, a market penetration rate of DS o single-gap communications. the transmission delav can
enabled vehicles of less than 35% can lead to the same kbncf gle-gap y y

0 o7 ; .
of disconnected network problem. e reduced by 15% to 30%; for traversing multiple gaps,

o . up to 25% reduction in end-to-end delay with disconnected
In sparse networks, the communication between vehicl . ; .

. . o RSUs is achievable, and with connected RSUs the decrease
can be characterized by very high transmission delays whic

make the communication extremely slow. Moreover, these [ delay can be of several orders of magnitude, depending on

. . Fe desired area of interest.

lays may sharply increase the buffer requirements for strea
ing media, and lead to failure of network protocols that do
not expect large round-trip times. In [1], a model for dextyi  The remainder of this paper is organized as follows. An
the packet delivery delay between disconnected vehidhes, bverview of the state of the art in infrastructure-suppibrte
re-healing time, was proposed. It was shown that this tinmehicular networks is presented in Section Il. Section llI
can increase to values in excess of 100 seconds in muttescribes the analytical models developed to model detays i
hop disconnected communications, which is unacceptable thsconnected and connected RSU deployments. The analytica
vehicular networks. results are depicted in Section IV together with a discussio

Road Side Units (RSUs) can be used to overcome thia the expectations with both types of RSU configurations
problem. These infrastructure points are fixed base sttian vehicular networks. Finally, concluding remarks andufet
deployed along the road with the goal of increasing thesearch directions are presented in Section V.



1. RELATED WORK was reported. This study shows how the spacing between

The interest in vehicular networks research has been i&cre\éeh'des |r! sparse networks fOHOV.VS. an exponential distrib
ion, allowing for many characteristics of such networks to

ing exponentially over the last few years. A pure vehicle—ti] derived. O f them i il h healing ti )
vehicle (V2V) network, albeit possible, may not be suffitie e derived. One of them in particular, the re-healing tinse, i
crucial metric for the research at hand, and is defined as

to ensure good performance when the network is sparte. i o deli wo adi ;
Therefore, the topic of vehicle-to-infrastructure (V2Idna- € lime necessary o deliver a message across two adjacen

munication, where RSUs with better equipment are deploy: L&Jsters. The. main goal c.)f an RSU deployment. IS tp reduce
to increase network quality, is of paramount importance. this commumcatlon gap. i.e., reduce the r_e—healmg time.

The physical distribution of RSUs to optimize commu- In Fh's pape.r we adopt the same notat|o_n as the one used
nication is an important design consideration for any red[? [1]: CN’CL'_C“_JSter size (nu_mber of yehlclgs) and cluster
life scenario, and research on this topic is relatively sear ength (mgter),R. veh_lcle radlo.ran.ge,ve.,vw. sam_e-lane
[2] presents strategies for deploying RSUs at junctions pd o.pposne—la}ne vehicle speed, Aw: vehicle Qen5|$|es p_er
using a measure of centrality, but suggests placing RS ter’.E[Si“terJ' same-lane mtgr-cluster.s.pacmg[Sinter}.
at popular junctions (where traffic density would not |eagpp03|te-lane inter-cluster SpacifglSinyra]: intra-cluster ve-
to disconnection), and reports end-to-end delays of skve
minutes. In [3], placement of gateways for Internet access
considered, but under the assumption of having full cowera@

by RSUs. Research in [4] analyzes the connectivity prola- Re-healing with assistance from disconnected RSUs

abilities in infrastructure-based vehicular networksywhoeer he first model luates h deol t of fixed RSU
no measures of delay are given, and opposite-lane mess -E € first model evaluates how a deployment of fixe S

relaying is not considered. Finally, in [5], a framework &ds aiong a h|_ghway can Improve a sparse ve_hlcul_ar network.
on queuing theory gives a delay bound for relaying messa grkmg with the analytical framework described in the pre-
to an RSU through V2V communication, but traffic densitie ious section, we determine which communication scenarios
are not representative of sparse networks and no effortgem&a" benefit from th.e presence of an RS.U'

to reach delays under 100 seconds. 1) Improvements in a best-case scenario: In a best-case

None of these studies give a clear comparison between uﬁ\% nario, depicted in Fig. 1a, where the source vehicle is

connected and disconnected RSUs in quantitative terms. ctly conne_cted to a vehicle on the O.ppOSite lane 1o carry
work reported in this paper aims to make that compariso'ﬁs, message, |mprovements_can be achieved when an RSU is
ositioned in a way where it can forward the message from

by developing analytical models that assess the improvtsmerrll

brought to vehicular communications by both types of Rsme-olpposite-lane v_ehicle.to the destination, effecti\miypg
deployments. as if it were a vehicle (Fig. 1c). In a multi-gap scenario, an

improvement is only seen if the destination vehicle’s @ust
I1l. ANALYTICAL MODELS has a new opposite-lane vehicle in range; if not, the old

posite-lane vehicle will be the next message carrier,rand

_Th's section presents the analytical models developed in is seen. On average, the reduction in the travel distanc
disconnected and connected RSU deployment scenarios. Pfhe opposite-lane vehicle is:

can envision several specific scenarios where RSUs can pro-
vide significant benefits in communication:

« RSUs as communication relays;
« RSUs as broadcasters of information (one-time or reserepy,, is the probability for an RSU to be positioned

ficle spacing; ana;: probability of being the last vehicle in a
uster. We also consider that the transmission delay ketwe
onnected units (spatial delay) is negligible.

2R > e
E[LI]:pfav'RI:C—j'(l_e Ao ElOL]) 1)

peated information); favorably for this assistancez|c;] is the average cluster
« RSUs as infrastructure communication points to and frolangth, andr; and ¢; are the RSU’s radio range and the
a WAN (e.g., Internet). spacing between RSUSs, respectively. The modified re-hgalin

When one considers the benefit of having RSUs assist cofifoe for a best-case scenario with disconnected R3s, |,
munications in sparsely connected networks, the mostatiti IS given by:

scenario is the first one, where we envision deployments 1 11

of RSUs to enable relaying of information when there is E[Tr] ={(1—Pd) o T ow ~{)\—e = 5 ElSintral
severe disconnection between vehicles. Therefore, thperpa

addresses specifically this scenario, where we considér tha BCN|CN < K] - E[Lz}} + FPa-
vehicles flow in both directions and that RSUs, if preserd, ar

aiding the relay of information between disconnected sesirc AR+ E[S;nter] — R — E[LI]}} - D10, (2)

and destinations.

In order to evaluate the performance improvements dwudere the first term is the re-healing time when the source is
to a deployment of RSUs, we first seek a mathematigart of a cluster, and the second term refers to isolatedle=hi
model to characterize traffic patterns on a highway. In [1], @s in [1]); p1o IS the probability that the opposite-lane vehicle
comprehensive traffic model based on empirical data celiectis disconnected from the destination (and the complemgntar
from a dual-loop detector along the Interstate 80 freewayent has zero re-healing time).

Ve + Vw
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Figure 1. lllustrations for: (a) best-case scenario; (bjsivoase scenario; (c) RSU as a last-hop relay; (d) RSU a®e ‘and forward’ relay. Solid arrows
represent spatial delay, dashed arrows represent temgbeieg).
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2) Improvements in a worst-case scenario: In a worst-case
scenario (Fig. 1b), the source vehicle is not connected yo ¢
vehicle capable of forwarding its message, and must wait f
one to come into range (e.g. vehicte in Fig. 1c).

With the presence of RSUs, a new scenario where an R! / :
acts as a message carrier becomes possible (Fig. 1d). 1\ ] \ /\ :
occurs when the delay to forward a message through ; " ;
opposite-lane vehicle is larger than the delay for the sour. FomTm T >

RSU
o> [Lvi b |o1||02||cs\}>

]

togeta message toan RS_U’ plus th(_e_destlnatlon reaChmg m&}re 2. lllustration of a disconnected isolated vehicld)(and of a
RSU. This event occurs with probabilipg 4: connected 3-vehicle cluste€l, C2, C3) in a scenario of connected RSUs.
poa =P [S:-nter > K} = eAw(R*K), (3)
Wherex = 2((E[Siner]— Ry+Cr/2)(ve +viw)— (E[Singer] — R)] /ve. We begin by deriving equations for the average time a
The re-healing time for this new scenario is: vehicle takes to reach its nearest RSU. We consider two
L O oR separate scenarios: the vehicle can be isolated, or be foart o
E[Try,] = — - (g + E[Smm}) 7 (4) cluster, which will aid message transmission.
Ve

1) Isolated vehicle: It can be shown that the delay involved

when considering an RSU as the sole message catrrier. i#] an isolated vehicle reaching an RSU is given by:

If the previous scenario does not occur, then we are
the worst-case scenario, where the source vehicle is discon
nected from both the destination and opposite-lane vehicle
In this case, the RSU can reduce the temporal delay from _ Cr—2R <1_ &) (6)
the opposite-lane vehicle to the destination as in SecAlll- 2-v Cr
(and Fig. 1c). The worst-case scenario is defined by the delax i L o
from source to opposite-lane vehicle|z.,], plus the delay WNeré vaq IS the event “Vehicle is disconnected from an
from the opposite-lane vehicle to the destinatis(s;.,,]. One RSU." andE(Ty, V] is the re-healing time for such vehicles.

can rewrite the latter accounting for an RSU temporal del&p! Vehicles in the range of an RSU, the re-healing time
reduction: E[Tyy, |-Vy] is intuitively zero.

The isolated vehicle scenario occurs with probability
() pPrioy =1 = Pd(1 — Pd)ON~1 = =As'R,
The terme|T:,,] remains unchanged, and is the same as in [1 .j) Ve(;ucle inac USteL' -Lhﬁ a\f/err1age| trave,I (ljlstanhce IS now

The global re-healing time for the worst-case scenari ucl:e ,or;]alvefrage, dyha of the cus}ers ﬁn?t ,asmar:s
E[Tr,], is the combination of the first and second re-healir]t € chuster edp (r)]rwgl_r the mgssage. Also, a c,ustersm o
scenarios with probabilities, , and 1 — p, 4, respectively. ngth exceeds the distance between two RSU’s consecutive
radio rangesd; —2R;) can now be considered as permanently

B. Re-healing with assistance from interconnected RSUs connected (i.e., zero re-healing). The average re-hetitimg

The second model characterizes re-healing time when Ifl% disconnected clusters is given by:
vehicles travel on a road covered by interconnected RSUs
(Fig. 2). For this, we approximate the re-healing time as the ElTrg] =E[Trg|Ca N Cp < Cr = 2R;]:
delay for the source to reach an RSU, and the delay for the - Pr[Cy] - Pr[C, < C1 — 2Ry, (7)
destination to also reach an RSU - these events occur in
parallel and, on average, carry the same delay. Later, w& shoherec, is the event “Cluster is disconnected from an RSU,”
how this approach can be combined with the previous modej is the cluster length in meters, amir; . |C;nCy, < C; —
to ensure the lowest re-healing time possible. 2R;] is the travel delay for disconnected clusters smaller than

E[Try] = E[Try |Vq] - Pr(Vg] + E[Try, [=Vg] - Pr[=Vy]

R""E[Sinter} -R- E[LI]

E[Ty21] = p——
€ w




Cy — 2Ry, given by: 20

\ - — —No RSUs

ETr5|CqNCp < Cr —2Ry] = \ —— DisconnRSU 1km
(Cr —2Ry) — E[CL|CL, < C; —2RI] 8) 15F -\ — % — DisconnRSU 750m |-
2w ’ \ —+— ConnRSU 1km
. \ — —
with E[c,|c; < ¢; — 2RI] as the expected length of suct * — ConnRSU 750m

clusters. The probability of cluster disconnectionAgc,) =
1— (2R; +C)/Cy, and we also require the probability that ¢
cluster is smaller than two RSU’s consecutive radio range
Pr[Cf, < Cp — 2Ry].

The scenario where a vehicle is part of a cluster occurs w
probability PriCy > 1] =1-Prl[Cny =1 =1 —e s E,

Two factors in the above equationsjc; |C;, < C; — 2RI]
and pr[C;, < Cf — 2Ry], require knowing the distribution of
the vehicle clusters’ lengths. This distribution is novitl to Figure 3. Single-gap re-healing time.
compute algebraically, and therefore we have determined th
following PDF for cluster length, based on empirical eviden
from vehicular network simulations of the traffic motlel A deployment of connected RSUs shows substantial im-
) provement for very sparse networks, for densities under

325 [veh/h] fOr C; = 1000m, and ~ 475 [veh/h] fOr €} = 750m.
K(R,\) - (R-k(R,\) + e—R/H(Rv/\)Y1 0<ecr <R Due to the way the scenario for connected RSUs was designed,
w(RN) " Lemern/niA) note that, for a transmission over a single hop and given
Rek(R\)+e~ F/n(1A) sufficient vehicle density in both lanes, opposite lane deBi

_ v _ 0-R-A may be able to deliver a message in shorter time than if going
WRErek(R, \) = a+ 6 A+ 5 BNA(R,A) = kw77 through connected RSUs. This is evident from Fig. 3.
The required probability and conditional expectation anthb ~ For a single-hop transmission, we observe that the best re-
straightforward to compute fror}bL (cL)- healing time in a road with connected RSUs is the shortest
time between the opposite-lane store-carry-forward aggrp
IV. RE-HEALING TIME ANALYSIS WITH MULTIPLE ROAD  anq the delivery-through-infrastructure approach. Thipar-
SIDE UNIT MODELS ticularly valid for safety messages, where an ideal vehicul

In this section we present the results of our analyticaketwork must try to broadcast the message through any means
models, and show how RSUs can improve re-healing time possible, and the re-healing metric is the shortest timéatr
sparse vehicular networks. Our two main performance neetrimessage to be delivered.
are:

. Single-gap re-healing time the delay associated withB- Multi-gap accumulated defay

forwarding a message from a source to a destination inin a multi-gap scenario, we study the delay involved in

the next cluster on the same lane; and, propagating a message over a large length of road, up to

« Multi-gap accumulated delay, the time required to 30 km, which is essentially an accumulation of re-healing

transfer a message between a source and a destinatiores dependent on the number of clusters on the road and

separated by a span of multiple disconnected clustersthe inter-cluster spacing between them.
A S N In the no-RSU and disconnected RSU models, store-carry-
. Single-gap re-healing time . . . o
) ) ~ forward is the primary mechanism of transmission. For these

For the single-gap scenario, we analyze re-healing time &snarios, we fix the vehicle density in both directions and
a function of the density of vehicles in the road. The deesiti getermine the mean number of clusters to be traversed. Then,
in both lanes are considered to be similar. We considertig total delay is the sum of all re-healing times required to
road where RSUs are deployed with intervals of 1000 apgt a message from each cluster to the next. For the model
750 meters, and, conservatively, have the same radio rang§fiere RSUs are connected through a backbone, we determine
vehicles. Vehicle speeds were setqm/s] (both lanes), and the number of RSUs the message must travel to reach the
radio ranges taso [m]. Fig. 3 shows a comparison of all thre€jestination, and add a conservative 50 ms delay per hop to
scenarios, for densities that go froseo0 to ~700 cars per the re-healing time.
hour. _ ~ Fig. 4 is the key result of this paper, and it plots accumulate

It can be seen that a deployment of isolated RSUs can yigldhealing times for all three scenarios as a function of the
a reduction of 1 to 5 seconds in the network’s mean re-heah%gth of road to transmit a message across, in a network
time. This advantage becomes smaller for denser netwasks,sere » is fixed to a value indicative of a sparse network
disconnection becomes less of an issue. (A = 425 [veh/R]). All other parameters are the same as in the

Linterpolation constants extracted from simulatioas:= 0.0003295, 8 = single-gap scenario given above. This is a scenario where a
—0.2942, v = 0.7212, § = —24.67, k = —161.1, w = 199.8, 6 = 0.9063. deployment of RSUs is capable of yielding significant gains.
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Figure 4. Total end-to-end delay to transmit over largeadises.
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Table |

Threshold || DisconnRSU | ConnRSUs

Per-gap 2s 295m 740m
delay 4s 770m 880m
End-to-end 2s not possible 720m
delay 4s not possible 860m

The mere presence of disconnected RSUs steadily redu
the multi-gap accumulated delay by20%, with even higher

gains possible with closer-spaced RSUs. Connected RSUs
intuitively expected, can be seen as the only way to car
messages across long lengths of road in under 5 seconds,

C. Threshold-dependent RSU density

Our last set of results evaluates how hypothetical protoa@lquired to ensure reliable vehicular communications sith
requirements constrain the minimum number of RSUs tfoderate investment on highways.
be deployed, or, from a different point of view, how an As part of our future work, the immediate goal is to
infrastructure-assisted vehicular network can be designe assess all the benefits of RSUs in different communication
order to support protocols with specific delay requirementsscenarios, such as when they are used as periodic broagcaste
Table | shows the maximum distance allowed betweest information. We also plan to investigate new approaches t
RSUs to meet thresholds of 2 and 4 seconds, for a trafRsU deployment that can yield the same benefits without such
density of x = 425 [ver/n], and for a distance of 30km for costly investments.
the end-to-end scenario. These values are indicative for th

following cases: a protocol that needs to keep delay in check

D. Discussion

The overall results show that RSUs are indeed able to
significantly decrease the re-healing time in vehicular €om
munications. However, for scenarios with low vehicle dgnsi
a significant decrease can only be achieved with a strong
deployment of RSUs, but the underlying costs of such a large
deployment scenario may be prohibitive. For example, spgaci
RSUs 770 meters apart in a 30 Km road section would require
a deployment of 39 units.

In scenarios with multiple clusters, the connection betwee
RSUs can greatly reduce the time to transmit information
between vehicles. Again, this connection requires a large
investment on broadband communications along the roads.
Thus, the support of RSUs to solve the disconnected network
problem is still an important issue to tackle, to be able to
provide reliable communications for vehicular applicato

V. CONCLUSION

In this paper, we developed mathematical models to analyze
the communication improvements in sparse vehicular nédsvor
when employing RSUs to work as relays. The models deter-
mine there-healing time, which is the time required to transmit
information between source and destination in a two-wag roa
scenario in the presence of RSUs, both disconnected and
connected units. The results show that this time is sigmifiga
Eee%uced in the presence of RSUs, where a larger improvement
IS achieved for the case of connected RSUs. However, the
most significant improvements are seen in scenarios with
?aﬁigh density of deployed RSUs on the roads. Moreover,
infterconnected RSUs, which present great advantages when
the information travels multiple clusters, require thesan of
broadband wired or wireless communications to be available
along the roads or highways. Therefore, further research is
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