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Abstract

Multi-hop vehicle-to-vehicle communication is useful &pporting many vehicular applications that provide
drivers with safety and convenience. Developing multi-hopimunication in vehicular ad hoc networks (VANET)
is a challenging problem due to the rapidly changing topplagd frequent network disconnections, which cause
failure or inefficiency in traditional ad hoc routing protds. We propose an adaptive connectivity aware routing
(ACAR) protocol that addresses these problems by adapts&lecting an optimal route with the best network
transmission quality based on statistical and real-tinresitie data that are gathered through an on-the-fly density
collection process. The protocol consists of two parts:el¢ct an optimal route, consisting of road segments,
with the best estimated transmission quality, and 2) in eaeld segment of the chosen route, select the most
efficient multi-hop path that will improve the delivery ratand throughput. The optimal route is selected using
our transmission quality model that takes into accountalehiensities and traffic light periods to estimate the
probability of network connectivity and data delivery oafor transmitting packets. Our simulation results show
that the proposed ACAR protocol outperforms existing VANI©BTUting protocols in terms of data delivery ratio,
throughput and data packet delay. Since the proposed medek iconstrained by network densities, the ACAR

protocol is suitable for both daytime and nighttime city VBN scenarios.

Index Terms

Connectivity aware routing, vehicular ad hoc networks,nemtivity model, trajectory based routing.



I. INTRODUCTION

Wireless communication among moving vehicles is incregigithe focus of research in both of the academic
research community and automobile industry, driven by tk®r that exchange of information among vehicles
can be exploited to improve the safety and comfort of drivaerd passengers_|29,19,12) 20]. Some automobile
manufacturers have equipped their new vehicles with glpbaltioning systems (GPS), digital maps and even
wireless interfaces, e.g. Honda-ASV3. In addition, theefatl communications commission (FCC) has allo-
cated 75MHz of spectrum in the 5.9GHz band for vehicle-Vehénd vehicle-roadside communication, called
dedicated short range communications (DSRC). IEEE is almking on the IEEE 1609 family of standards
for wireless access in vehicular environments (WAVE), whaefine an architecture and a complementary,
standardized set of services and interfaces that colgtanable secure vehicle-to-vehicle (V2V) and vehicle-
to-infrastructure (V2I) wireless communications. AltlybulEEE 1609.3 considers the networking layer and
provides an alternative for IPv6, it does not define the adroating protocol between vehicles, and has left
this issue open.

Though several technical problems need to be solved baistalling vehicular networks, in the near future,
large scale vehicular networks will be available to provjmeople with more conveniences in their driving
experience. For example, through such networks, peoplequarny the price and services provided by gas
stations in a certain region, or remotely control their samausesi[15] while driving home. Drivers can even
download a real-time traffic image from a traffic camera ledadt a certain point, or connect to access points
of parking lots to inquire the number of parking slots avalga These types of applications could tolerate some
delay, e.g. a few minutes. If the information could be sustidly retrieved from the remote server, it would
be very helpful and desirable to drivers.

To realize this vision, we must first select the most appedprarchitecture. There are three broad categories of
network architectures: infrastructure-based, ad hoc owdsvand hybrid. The infrastructure-based architecture
takes advantage of the roadside infrastructure or existiltular networks. However, a big issue of such
networking is the high operation cost. Moreover, the cellutetworks have other drawbacks such as the
limited bandwidth and symmetric channel allocation forinlpland downlink. Ad hoc networks do not need
infrastructure, so the cost of building such network will bery low and it can even operate in the event
of disasters. The hybrid architecture is more practicalcwiiombines these two architectures by considering
vehicles as data relays between roadside base-station3][40his architecture also requires the function of
multi-hop communication between vehicles, which is theepsal part of ad hoc network architecture. This
paper focuses on the vehicular ad hoc network (VANET) aechitre with the flexible deployment and self-
organizing capabilities.

Due to special characteristics of VANETS, traditional ingtprotocols in wireless ad hoc networks may
not be suitable for vehicular communications. For exampl8R [17] and AODV [[28] are not suitable for
VANETSs because of the large route maintenance overheadefine, some variants of stateless geographic
routing protocols, such as_[18.124], may be the best choldesever, even with geographic routing, many of

the following challenges still need to be addressed:

1. Dynamic and rapidly changing topologies of vehiculammeks can cause frequent communication dis-



connections among vehicles. As revealed. in [36], the fratjnetwork disconnection is the most important
issue in designing protocols for VANET.

2. Geographic forwarding protocols select the shortederéminimal number of hops) that may suffer from
a higher packet error rate due to the poor link quality of elacp.

3. The uneven distribution of vehicles on the roads maketersalection more complex, e.g. the shortest
path in terms of geographic distance may experience mogaiérg network disconnections.

4. Some protocols [471, B8] make use of the density informabio roads to select routes but the inaccuracy
of statistical data may cause routes to be incorrectly caethu

5. Because of obstacles to wireless signal by large objeajsskyscrapers in cities, communication between

vehicles must have line-of-sight.

To address these problems, we propose a new routing pratatietl adaptive connectivity aware routing
(ACAR). There are four main contributions in this papersEibased on the statistical information on the road
(e.g. number of vehicles and average velocity), we propaseshnectivity model that provides the probability
of network connectivity on a road segment. This connegtiwibdel also takes into account the phenomena
that (red) traffic lights can block approaching vehicles @mgse nodes will move as a platoon in the next
road segment. Second, we introduced a transmission quabiyel that combines the network connectivity
probability and data delivery ratio of packets being fored along a road segment. Third, as the statistical
data may not be accurate, an on-the-fly information cobvectilgorithm is developed to help ACAR adaptively
select the best route. Fourth, instead of using greedy gebgr forwarding, we proposed a scheme for selecting
the optimal next hop that ensures the highest end-to-eraddidivery ratio.

The remainder of this paper is organized as follows. Sefffldiscusses currently available routing protocols
for VANET. Then in SectiorTll, we describe the assumptiomsl aystem model for ACAR. In SectidolV

and[M, the routing strategy and simulation results are ptese respectively. SectidnVI gives the conclusions.

Il. RELATED WORK

There exist several routing protocols that can be appliecetocular ad hoc networks as summarizedLin [3,
16,122]. They can be grouped into two categories: 1) thoseassume the networks are always connected and
2) those that focus on intermittently connected networks.

Protocols in the first category are suitable for the urbam fusur scenarios, where vehicles are densely
packed and locating a node for forwarding a message is tfpioat an issue. However, traditional ad hoc
routing protocols (e.g., AODVL[28] and DSR_|17]) have poout® convergences and low communication
throughputs because they are adversely affected by théyhilghamic nature of node mobility as shown by
the results inl[27].

Since a GPS device will be a standard component in futurecleshimore position-based routing protocols
have been proposed for VANETs [18,] 24, 25| 26, B7) 5, 23]. tlesbased approaches use geographic
coordinates information or relative positions of nodes ¢merate an efficient route through the network. For
example, the greedy perimeter stateless routing (GPSH)df8ocol may be a good choice because it is
stateless and performs well despite high mobility in VANER®wever, GPSR may encounter the problems

of selecting incorrect next hops due to out-of-date neigliformation, routing loop and too many (detour)



hops as stated in_[24]. Ir_[24], packets are forwarded aldrggtijkstra shortest path as calculated from

road maps. Similarly, in MDDVL[37], the forwarding trajecyoof a message is determined as the trajectory
that minimizes the sum of weights on that graph between thieceocand a vertex in the destination region.
Moreover, the authorsl[5] developed protocols that diseateiinformation to a set of target zones, rather than
specific destination nodes. They utilize a propagationtionavhose value is minimized over the target zones.
Unlike other greedy position-based unicast routing profscanchor-based street and traffic aware routing
(ASTAR) [23] utilizes city bus routes as a strategy to findtesuwith a high probability for delivery.

All the above protocols omit the problem of network discattin. The authors in_[25] introduced a new
metric, expected disconnection degree (EDD), to evallmt@tobability that a candidate route would be broken.
By broadcasting the RREQ message, the path with the sm&@Bt will be selected as the route. To handle
the problem of mobile end nodes (source or sirlk), [26] addgetsdea of guards which automatically adjust the
connectivity path when end nodes change their speeds adiémtions. However, it first needs to broadcast
the route discovery request to the entire network to find @grooute, causing excessive networking overhead
even with some optimization schemes. In summary, all thepeoaches basically require networks to be fully
connected; otherwise, the route discovery phase will faihdering the subsequent routing strategy useless.
Nevertheless, this assumption is often not true in VANETIitagas concluded inL[36] that network partitions
in VANET are very frequent.

Assuming networks are not always connected, another grdumudiing protocols are proposed in the
literature [41) 38| 19,11, 21) 7.132]. These routing proteamdn be considered as the delay tolerant protocols
and the carry-and-forward![4] scheme is used when netwa@&odinection happens. Network disconnections
occur frequently in rural highway situations and in citigsngght where fewer vehicles are running, making
establishing end-to-end routes impossible. Even in dgfs@bulated urban scenarios, sparse sub-networks can
also be prevalent.

To route a message from a vehicle to a roadside unit, the ma&otor (MOVE) routing algorithm_ [19] uses
knowledge of neighboring vehicles velocities and trajge®to predict which vehicle will physically travel
closest to the fixed destination. Another knowledge-baskdrae, scalable knowledge-based routing (SKVR)
algorithm [1] utilizes the relatively predictable naturé public transport routes and schedules. The SKVR
works in two levels: the top level is inter-domain routingheve a source and destination are on different bus
routes, while the bottom level consists of intra-domaintirguwithin the same bus route.

When network infrastructures are available at intersasti@ static node assisted adaptive routing protocol
(SADV) has been proposed [7] for vehicular networks. Whestalnected, each static node has the capability
to store a message until it can forward the message to a nadsditrg on the optimal path. Optimal paths are
determined based on a graph abstracted from a static roacanthpveighted with expected path forwarding
delays from a delay matrix.

Similar to other routing algorithms designed for delayetaht networks, the geographical opportunistic
routing protocol (GeOpps).[21] uses the navigation infaiorato route packets efficiently. GeOpps assumes that
each vehicle has a navigation system that provides a swghestite to a traveling destination. Each neighbor
vehicle will use a utility function built into the navigatiosystem to calculate the amount of time required to

reach the next interest point. The vehicle that can delivertacket fastest or closest to the destination will be



chosen as the next hop for the message. Those protocols ibthére infrastructure at intersections or vehicles
following the navigation system, but these assumptions nwybe true in reality.

Assuming a pure vehicular ad hoc network architecture, hBI¥ [41] protocol is proposed. When wireless
connectivity is not available, the carry-and-forward &gy is used to transfer packets along vehicles on the
fastest roads available. Since vehicles may deviate fradigied paths, the routing path should be recomputed
continuously during the forwarding process. To aid in thisgess, VADD uses a street graph weighted with
expected packet delivery delays. However, a drawback isvthen the average distance between vehicles is
close to the communication range, the transmission deldlyb&i much longer than the expected one used
in VADD. Unlike VADD, a delay-bounded routing protocaol |32} introduced for VANET. The goal of this
routing algorithm is to select an optimal path that not ondg lthe least transmission cost but also meets the
delay requirement given by the application. However, thiaydenodel used inl[32] still has a similar problem
as VADD.

Existing VANET routing protocols omit the connectivity orimation in highly dynamic networks, though
mobility can increase the capacity of ad hoc wireless neka/¢i2]. Obviously, mobility is the distinguish-
ing feature of vehicular networks, affecting the evolutisihnetwork connectivity over space and time in a
unigue way. The mathematical connectivity model in ad howvaeks has been studied in_|30, 8] with the
assumption that nodes follow the poisson distribution. Eley, node movement in VANET can be affected
by multiple factors such as the traffic lights, vehicles nmgvaround and speed limits. So instead of using
those traditional mobility models (e.g. the Random Waypaidel), researchers proposed several mobility
models for VANETsI[3[1] 34, 35, 11]. In the constant speed am{CSM) modeli[34], a generic vehiclés
movement is constrained on a given road topology, and itedsje set tov; = vmin + (vmaz — vmin)a
whereq is a uniformly distributed random variable in [0, 1]. The éiuraffic motion (FTM) modeli[31] adopts
a traffic stream approach on a microscopic level. It dessrthe speed as a monotonically decreasing function
of vehicular density, forcing a lower bound on speed whentithffic congestion reaches a critical state. Then
based on the intelligent driver model (IDM)_[35], IDM withtgrsection management (IDM-IM) and IDM with
lane changing (IDM-LC) models were proposedlin/ [11]. The HDWlis a flows-interaction model which adds
intersection handling to the car-to-car interaction digsion provided by IDM; the IDM-LC further extends
the flows-interaction description of IDM-IM, by adding ot&king capability to vehicles. To the best of our
knowledge, the IDM-based mobility models are the most aateuones for VANET. A detailed analysis of
those IDM-based models is describedlini [10], and a simyldametMobiSim [14], based on these models is
developed by the authors.

Although there exist some efforts to create accurate nigbiiodels, such as the IDM with lane changing
model [11], most of these models are too complicated to bd irsthe networking protocol design. Instead of
microscopic mobility models, we look at VANET in a macrositoway and try to reveal the statistical property
of network connectivity. In the design of the ACAR protocthlis information is used to select the route with

the highest probability of connection and thus the netwbrkughput is increased.
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Fig. 1. lllustration of the routing problem in VANETSs

Ill. PROBLEM STATEMENT AND SYSTEM MODEL
A. Problem Statement

The topology of VANET has a unique characteristic — it cotssis one or more sub-graphs (one sub-graph
if the network is fully connected) of the road map topologse\rous researches in wireless ad hoc networks
often make an unrealistic assumption on nodes mobilityexample, with the most popular Random Waypoint
model, nodes can freely move within a certain area with rarigeahosen velocities. However, nodes in VANET
do not have the ability to roam freely without regards to ablgs and traffic regulations, i.e. all road segments
containing vehicles construct the VANET topology. Therefahe problem of efficient routing of packets in
VANETSs can be transformed into selecting a route with thehbgj throughput from the road map.

Consider the network situation shown in Fig. 1, where ther@®mode at the bottom left corner is trying
to send packets to the destination at the top right cornehitnfigure, the lengths of road segmdnt/z /¢,
Islc, I4lp and IoIp are 1200m, 1000m, 707m and 707m, respectively. The numbers of nodes deployed
on each above-mentioned road segment2&re9, 5 and 2, respectively. All vehicles move with the average
velocity of 10m/s.

With the GPSR protocol, packets will be forwarded throughutiahop route (part of such a route is depicted
as dashed lines with arrows). Because the network densitpah segmeni 4 I~ is low, disconnections will
happen frequently. For example, node in Fig. [ fails to communicate with node, as they are out of
communication range. In this case, GPSR enters the perinmetde and selects nodes on road segnigii
to forward packets. However, since network partitions aeg/\common in VANETs, GPSR may face network
disconnections again. For instance, because wirelesalsigaly be blocked by objects, e.g. skyscraper in the
city, the communication between node andn, may be impossible due to the absence of line-of-sight. That
implies the GPSR protocol may take many detours to find cdaedemute, e.g. on segment Iz, after
many perimeter mode searches. If there is no such connemtégl in networks, GPSR may search through the

entire networks and finally fail to find a route.



To make use of road map information, the geographic souragng (GSR) protocoll[24] was proposed
for VANETs. With this approach, road segmehti/~ will be selected to forward the packets. Because the
assumption of connected networks does not always hold, 8 @ay fail to deliver packets when network
partitions occur. If the carry-and-forward scheme [4] idedinto GSR, packets can finally reach the destination.
However, the delay of forwarding packets on this road segmelh be higher than routing packets along
I4IgIc. According to measurements in our simulations, the netveorknectivity probabilities of roads I
andl4Iplc are.29 and.84, respectively. The29 connectivity probability can be interpreted as the netwsrk
disconnected 71% of the time, so the network delay can belgioafculated as71 x (1000/v)+.29 x (1000/¢)
wherew is the average velocity of vehicles on roagdl- andc is the wireless transmission speed. A c,
the delay of forwarding packets alodg I is delay 4 =~ (710/v). Similarly, the delay of forwarding packets
onlalplcis .16 x (1200/v) + .84 x (1200/¢) ~ (192/v). Therefore, routing packets alordg Iz /- generates
a much smaller delay than that 6f /..

In the motion vector (MOVE)L[19] protocol, the packet carnill select the next hop that is currently or
will be closest to the destination; otherwise, it will caityuffer) the packet until a next hop is available. It
provides 7 rules for current node to select the next hop, aedod them states that if the current packet carrier
is in AWAY state and one neighbor is in TOWARDS state, packatst be forwarded to this neighbor. For
instance, as shown in Fifll 1, nodg (moving away from the destination) will forward packetsitg as it
move toward the destination. Howeveryif moves over the vertical dashed line, it enters the AWAY steie
will forward packets back to following vehicles that are metTOWARDS state. This situation is so-called
Ping-Pong effect, and it will be solved if no more followinghicles become available. However, this problem
becomes worse when the network density is higher.

To select a route with the minimal transmission delay, [4bjppses the vehicle-assisted data delivery (VADD)
protocol for VANETS. According to the protocol, since thewerk density on road 4 I¢ is equal tol/ R, the
delay of forwarding packets ohs I is dac = a - lac wherelac = 1000m is the length of road 41 and
« is a constant. Similarly4ap = « - 1000, so we havelsp = dac. As stated in VADD, if the packet carrier
(vehicle) at intersectiorf 4 chooses to deliver packets on ro&glz, the expected packet delivery delay from

the intersection/ 4 to the destination is:

1
Dag -(dap +Ppa-dpa

~ 1= Pap Poa W
+ Ppa - Pac -dac + Ppc - dpc)
where P4 is the probability that the packet is forwarded througiYs at intersection/ 4, which is smaller
than 1. SincePap - Pga < 1, we haveDag > (dap + Ppa -dpa + Pga - Pac - dac + Psc - dc), SO
Dap > dap. On the other hand, sincBac = dac = dap, we obtainD4p > D4c. Therefore, road 41
will be chosen by VADD to forward packets as it has the smabkapected delivery delay. However, the delay
of sending packets along rodd Iz ¢ is actually the lowest.

Therefore, to select the optimal route in VANETS, a properdeioof the network connectivity is very
important and it is determined by several factors such asarktdensity, road length and number of lanes on
roads. In this paper, we first model the network connectiaitgl then propose an approach to select the optimal

route that can achieve the highest network throughput.



B. Assumptions

As GPS and navigation systems are becoming standard equiipimeehicles, we assume every vehicle can
obtain its current location. We also assume vehicles armlied with a pre-loaded digital map, such as the
commercial map provided by MapMechanics, which not onlycdbss the land attributes such as road topology
and traffic light period but also is accompanied by traffidisti@s such as traffic density and average velocity
at a certain time of the day. These digital maps with statstilata are derived from billions of GPS sampled
points from vehicles on the move. Similar digital maps casodle found from the Internet, e.g. yahoo.com.
We expect more accurate and detailed digital maps to be tiedeand equipped on vehicles in the future. We

also assume the vehicles are of similar sizes and each gdhielquipped with a 802.11 wireless interface.

C. Connectivity Model of Road Segment

The connectivity model of road segment, the portion of aestteetween two adjacent intersections, is
investigated in this section. We first propose the cell-Basennectivity model for vehicles moving within
road segments and the cluster-based connectivity modelefoicles clustered around intersections. Then, we
integrate those two models and present the connectivityelnfod a road segment.

1) Cell-Based Connectivity Modeli/e first consider the model for the one-lane case and latezrghre it
to multiple lanes. In the one-lane scenario, we divide thedrsegment equally inte cells so that each cell
can contain at most one vehicle and each vehicle can occupyoae cell. The length of cell can be set as
the average length of vehicles, e.g. 5m. It will be fairly coon that a vehicle partially occupies two adjacent
cells. In this case, the cell containing the majority partho$ vehicle is considered occupied. Since the distance
between occupied cells will be used to compute the distaeteden vehicles in these cells, we found that
there would be an error (at most 5m) in the distance communatiowever, compared to the large wireless
communication range, e.g. 250m in 802.11b and 1000m in DSRE€ error can be ignored. Therefore, the
probability of connectivity of networks can be formulatesifallows:

If there are n vehicles (also called nodes) on a road segment, what is the probability that the distance
of any two neighboring nodes is less than the communication range R = ng - d, i.e. there are no more
than n( successive empty cells on the road.

In one-lane scenarios, the number of empty cells is always n; but in the case of multiple lanes, the
number of empty cells will range frorm — n to m — [n/n’] wheren’ is the number of lanes. For multiple
lanes, each cell in the road may contain any number of nod#snwi, n']. So in the extreme case, if every
occupied cell contains only one node, the number of emptg in — n. On the other hand, if each occupied
cell hasn’ nodes, the number will become — [n/n’]. For instance, suppose 5 vehicles are deployed into a
road with 5 cells and 3 lanes. Let cells be ordered geografhisuch that celk, is at the leftmost and, is
at the rightmost position. It may happen that 3 vehicles acated in celle; and the other two in celts. So
the number of empty cells in this case is 3. Intuitively, i& thumber of empty cellg is equal or less than,,
then the network must be connectedklf> ng, the network may be connected or disconnected depending on
how the empty cells are distributed.

We denoteP,;, and P.,, = 1 — Py, as the probability of network being disconnected and cotekec

respectively. Since it is not easy to compuitg,,, we first calculateP,;;. To obtain this probability, two other



probablities are required: 1) empty cell probabilfl that there exist exactly empty cells ifn nodes are
deployed intom cells, denoted a$1 = P {u(n,m) = k}, and 2) successive empty cell probabilig2 that
there exist more tham, successive empty cells given exactlyempty cells on the road segment, which is
denoted asP2 = P {p(m, k) > no}. Then the probability that the network is disconnected beEs

mazx(m— (n/nrl ,n0)

k=maz(m—n,ng)

Empty Cell Probability P1

To drive safely on roads (with one lane), a driver need to kaegertain distance from the front or rear
vehicles, thus the occupancy of one cell is dependent ondfaeent cells. Considering multiple lane cases,
since traffic flows on different lanes are independent of edbbr, the dependency of occupied cells is broken.
If there are two moving directions on roads, the occupietsceill be more randomly distributed. Therefore,
we first assume that vehicles are uniformly deployed on rothds adjust our model taking into account the
clustering (platoon) phenomena of vehicles.

With the assumption of uniformly distributed nodes, we Btigate the probability that there exist exactly
empty cells on the road. Suppose there iareodes deployed on the road with cells. Let A; be the event

that theith cell is empty, and letd; be the event complementary tb (ith cell is occupied). Then we have:
P{p(n,m) =k}

Y P{Ay A, A )
1<y << <m

where {j1, jo, + jm—r} = {1,2,--- ,m} — {ir,ia, -+ ,ig}. P{A; - Ay A -~ A;, , } is the probability

that thei th to ixth cells are empty and thgth to j,,_rth cells are occupied by nodes. Since every term on

(3)

the right side of the above equation is the same, the totalbeurof them isC* . Moreover, we can rewrite

the term as:
P{Ail : ”Aikzjl "'ij—k}
_ _ (4)
= P{A; "'Aik}'P{Ajl Ay A Alk}

where P {4;, --- A;, } = —&= is the probability that there exist at leastempty cells on this road,

andP {4, ---A4;, _,|A; - A, } is actually the probability of® {.(n, m — k) = 0}. So we can obtain the

following recursive formula:

P{u(n,m) =k}

Cn , (5)
= O =& P {u(n.m — k) = 0)

Notice that the probability that there exists at least ongtgroell is:

P {pu(n,m) > 0}
D P(AA)+ > P(AAAL) — -

i<j i<j<h



1U

So the probability that all cells are occupied is:

“ CT:n— n’
P{u(n.m) =0} =" Cp, - (=)' =57 ()
1=0 m-n’

By substituting Equatior17) intd(5), the probability thhere exist exactlys empty cells can be computed.
Successive Empty Cell Probability P2

The P {p(m, k) > no} denotes the probability that there exist more th@nsuccessive empty cells on the
road given that there are exacttyempty cells. Since the number of occupied cellsnis- k£, we are able to
formulate this problem as:

Consider throwing k itemsinto N = m — k + 1 bags and each bag can contain any number of items
0,1,---,k, then what is the probability that at least one bag contains at least (ng + 1) items.

Since it is hard to directly compute this probability, we ffiesxamine the case where all bags satisfy the
condition:

C1: Every bag contains at most ny items.

We denoteNum(k, N) as the number of possible deployments that sat@fy Then it can be rewritten as:
Num(k,N)
= Num(k,N —1) + Num(k —1,N — 1) (8)

+ Num(k—2,N—1)+---+ Num(ng, N — 1)
The proof of Equation[{8) is stated as follows. Let us consaleertain bagb;, that may contair), 1,--- ,ng
items. Suppose it containsitems, then the number of deployments that satSlyis Num(k —j, N — 1). By

summing up all the possiblg we obtain:

k—no

Num(k,N) = > Num(k —j, N — 1) (9)
j=0

Since each term in the right part of Equati&h (9) can be expdrad

Num(k —j,N — 1)

k—j—no (10)
= Y Num(k—j—1,N-2)
=0
After expanding each term, Equatidd (9) becomes:

0]V Num(k, 1) 4+ c[1)V 1 - Num(k —1,1)

(11)
4o c[k]N T Num(0,1)
where Num(z, 1) refers to the number of possible deployments of puttingems into one bag.
Num(z,1)
0, x> mngorx<max{0,k—no- (N —1)} (12)

1, max {0,k —no- (N —1)} <z <mng
This number will be0 if 2 > ng or x < k —ng - (N — 1), sinceC1 does not hold in these casesali 0, it

means putting negative number of items into bagsNson(z, 1) is also0; otherwise,Num(x,1) = 1. Then
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(a) (b)

Fig. 2. lllustration of how traffic lights affecting the coectivity model

the number of deployments satisfyi@tll will be the sum of coefficients of all terms whose value ared,, i
min{k,(N—1)-no}
> it (13)
i1=k—mng
min{s,t-no}
diftt= Yl (14)

j=max{0,i—ng}

wherec[i]' =1 (i =0,1,--- ,no). Since the total number of all possible deployment&'fs, , , = CF,, the

probability P2 is:
min{k,(m—k)-no}
[i]
i:klf’no
P{(p(ma k) > nO} =1- Ck (15)

Substituting Equatior[]5) anfi{[15) intd (2), we can calauthie probability of the network being disconnected

m—k

or connected on a certain road, provided the network densfitymation is known.

2) Cluster-Based Connectivity ModeS8ince traffic lights (red signals) block approaching vetsclthese
vehicles will form a cluster (or convoy) on the road. Therefdhe proposed connectivity model that assumes
uniform node distribution needs to be modified by adjustimg metwork density information.

As shown in Fig[R, suppose on road segment A, therearaodes moving toward the intersection. Assume
the length of A isl4, the average velocity of vehicles on itis, and time period of red traffic light i4.

Then the expected number of vehicles stopped by every ratl dig road A is:

RAWATA (g ty) <1
] , (Va-1a A
A= B (16)
na, otherwise

If (va-ta) > la, the red signak, is long enough so that all vehicles on A are blocked. When it |
turns green, stopped vehicles will resume moving. Thoseimgowm the same direction will be very close to
each other because drivers prefer to follow the traffic flow. @result, we can assume those vehicles move
as a cluster. As the distance between vehicles in a clustehdd, the network composed of these nodes is
considered connected. Therefore, the number of nodes @s rogeds to be modified because clustered nodes
will be regarded as one node.

Since nodes in one cluster cannot fit into one cell, they areaspover several cells. For example, assume
there aren nodes in a cluster and they uniformly distribute on each lain@ road. Then, the total number of
cells on this road is reduced from to m — [/n’] - (ds/d), whered; is the safeguarded distance between
vehicles,d is the length of a cell and’ is the number of lanes. If nodes are uniformly deployed orh dace,

[7/n] will be the maximum number of nodes on each lane, giyth’] - (ds/d) the maximum number of cells
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occupied by this cluster. The safeguarded distance betwelginles can be calculated by:
ds =v-t, +v%/(2b) +d (17)

wherew is the average velocity,. is the reaction time andl is the deceleration value of comfortable braking.
Usually the distance between vehicles is larger than thegsafded distance for safe driving, so we use the
upper bound valu¢rn/n’] to denote the number of cell occupied by these clustered:heshi

Next, we investigate how to compute the number of nodef each cluster. Suppose the numbers of nodes
moving toward the intersection on road segmédntB, C and D aren, ng, nc andnp, respectively. Then
for each vehicle o4, the probability of moving taD will be:

np
= 18
pAD ng +nc +np (18)

Suppose there am 4 nodes blocked on road, the expected number of these blocked nodes moving from

Ato D is:

ma-np
map = ——————— 19
AD = (19)

In the same way, we can getgp andmcp. If the traffic light controlling south-north traffic turngegen,

as shown in Fifl2(ayjmap + mpp nodes will move as a cluster on rodal If the traffic light controlling

west-east traffic turns green, as shown in[Fig.2(b), thetebeia cluster ofimcp nodes moving on road.

Therefore, the number of nodes on road D is reduced to:

nD—(mAD+mBD+mCD+2) (20)

During each traffic light period, two clusters will be produlc Therefore, the number of clusters on rdad

is:

2lp , Ip > (T . ’UD)
Np = =l (21)
1, otherwise

whereT is the traffic light period at this intersection. Whés > (T - vp), new clusters are generated before
the first cluster moves out of road D. So the number of cIusiBer[sif—,DTW, which is the upper bound of this
Np. With the newly computed number of node and cells, we can coenthe probability of connectivity of
road segment.

If two moving directions exist on road D, we need to modify tiensity on the opposite direction too. By
adjusting the number of clusters, the cluster connectivitylel is also suitable for one-way roads or roads with
traffic light at only one end.

3) Integration of Cell and Cluster-Based Connectivity Misd&\Ve have proposed the cell-based connectivity
model where nodes move on roads without clustering and tistectbased connectivity model in which traffic
lights block vehicles to form clusters around intersectiddow, we describe how to integrate those two models
to compute the connectivity of road segment.

Vehicles form a cluster when they are blocked by the traffiitliin an intersection. However, the cluster
will exist only for a period of time. After that, these vehaslwill merge into the traffic flow of roads they are
moving on. In other words, vehicles deployment on a road segrchanges periodically between cluster-based

and cell-based modes.
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Suppose there is only one cluster on a road segment, e.godldesegment A as shown in F[d. 2. Nodes in
this cluster are geographically labelediag, - - - ,n, where nodé is the closest one to the intersection and
is the furthest one. Therefore, the size of this cluster.iAssume these nodes will move into another road, and
the density and velocity of this road adeandv, respectively. We defing as the time for a node(i € [1,7])
to move out of the cluster, i.e. afté} seconds, nodéwill merge into the traffic flow of a road segment (e.g.
D in Fig.A).

To compute the time? of nodei, we first investigate the one-lane one-cluster case, anddbaeralize it
to multiple-lane multiple-cluster cases. Within one laaejehicle cannot accelerate freely as its movement is
restricted by many factors: the distance to the precediiicies velocities of the preceding vehicle and itself.

This phenomena is represented by the car following maddl [B5which the acceleration rate of nodeat

dvt o\ s\
al = 7 ll — <v_0> — (?> (22)

wherev! is the velocity of node at timet, a is the maximum acceleration rate asidis the distance between

time instance is:

nodei and its preceding node? is the desired speed, which is equalitdn this case. Distance; is called

desired dynamical distand85] and is computed by:

t. At
sf =80+ <va + 4 Ul) (23)

2Vab

Itis a function of the minimum bumper-to-bumper distargethe minimum safe time headwaythe velocity
difference with respect to front vehicl&v! = (v! — v!_;) and the maximum acceleration and deceleration
valuesa and b. For nodel in the cluster, its distance to the preceding nodesis= 1/d; because in the
cell-based model, vehicles are assumed to be evenly dittdon road segments. The distance nodeves
from time 0 to ¢ is I} = f% -at - t2dt, so the value os! will be (It , —}).

Therefore, we can o(tJ)tain the tim that nodei needs to reach the speed@flt is computed by solving

the integral equation:
/ al -tdt = v (24)

During time period[t?_,,t%], there are only(n — i + 1) nodes remaining in the cluster. According to
Section[I=C2, we can compute the new number of cells, scsdhe connectivity probability during time

period of [t?_,,#%]. Then, the overall connectivity probability of the road semt can be computed as:

T — max{t’} <= . =t
Pcell : # + Zl Pcluster(n -1+ 1) : T (25)

wheret} = 0, T = [/v is the time a vehicle needs to move from one end to the otheroéritie road
segment.P.;; is the probability of connectivity computed by the cell-edsnodel, andP,;,ster (7 — i+ 1) is

the probability of connectivity obtained through the chkrdbased model with a cluster 6f — i + 1) nodes. If
there are\V., clusters and the size of each clustefijsj € [1, N.], the connectivity probability of road segment
is:

j=N¢ j=N¢ i=n; 1.]_#]
i—1

] !
Z cell * M Z Z Pcluster —1 + 1) T (26)

Jj=1 j=1 =1
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wheret! is the timet! that nodei needs to move out of thgth cluster.

In multiple lane cases, we assume clustered vehicles ardyadistributed on each lane because it is natural
for drivers to change lanes if the current one is too congest®e apply the calculation of the single lane case
to each lane and can compute the valuet/ofor everyi € [1,7;] andj € [1, N.]. Note that, the value of
eacht’ will change, and so doe@’ — #/_,). However, with Equatiofi26, we can compute the probabilfty o

connectivity of road segment for multiple lane and multiplester cases.

D. Connectivity Model of Route

So far, we modeled the connectivity probability of a certaiad segment given the information on segment
length, number of vehicles, average velocity and traffibtligeriods. However, since connectivity probabilities
of two adjacent road segments are not independent, the ctivityeprobability of a route consisting of multiple
road segments cannot be calculated as the product of carityeptobabilities of these segments. For example,
assume there is a route consistingrofoad segments and the connectivity probability of each segns P,
(t=1,2,---,n). Then the connectivity probability of this roufe.; is not[[ P;, the actual lower bound iP;
is not independent.

Suppose the length and average velocity of each road segmehts route aré; andwv;, respectively; then
the expected delay of forwarding packets along the path is:

Z|:Pi'li+(1_Pi)'li 27)

c V;
i=1 v

wherec is a constant denoting the speed of wireless transmissidr gn v;. This equation sums up the delay
of forwarding packets on each road segmgnand gives the end-to-end delay of forwarding packets on the
route. Similarly, if we consider the whole route as a segmtiig delay can be calculated as:

Prt'lrt + (1_Prt)'lrt
c Urt

(28)

wherel,; = >, is the total length of this route and; = Y v;/n is the average velocity of vehicles moving
on this route. Thus, the connectivity probability of thisite P, is:

C- Urt Z % + 7(175?)&
=1 (29)

C— Ut - (C — Urt)lrt

As ¢ > v, the first part of the above equation should be very close firice the second part must be larger
than 0, the value of,; must be smaller than 1. The value Bf;, might be smaller than 0 though it is a very
unlikely case; if so, we considé?,.;, = 0. In the above equation, we notice that the connectivity ability of

a route is a decreasing function of the end-to-end delivelsyd That means if the average velocity and route
length are the same, the protocol forwarding packets on & naith a higherP,; will generate a lower data

delivery delay.

E. Estimation of Transmission Quality

The carry-and-forward scheme can solve the problem of patieng dropped when network disconnections
occur in VANETs. However, there are other factors that caquesekets to be dropped in the delivery process,

such as number of hops, interference from other vehiclestransmission collisions. Considering these factors,
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we propose a model for estimating data delivery rafig,, for forwarding packets on a route. First, we describe
the packet error rate (PER) model for a single hop. Then weetnth@ packet error rate of delivering packets
on a road segment. Finally, we describe the PER estimatidiorafarding packets on a route consisting of
several segments.

According to our connectivity model, for a certain road seginthe larger the network density, the higher
is the probability of connectivity. However, higher derest can cause larger interferences (more nodes in
interference range), and thus reduce the packet delivéioy fieherefore, it is non-trivial to integrate the packet
delivery ratio and connectivity probability to select thesbroute.

We first investigate the PER of single hop communication betwtwo nodes. To model the path loss between
those two nodes, two cases have to be considered: the lisigiuf (no other nodes between these two) and
non-line-of-sight (at least one neighbor between them). Bécause of the popularity and lower price of IEEE
802.11 devices, the physical layer in VANET (the DSRC/IEER.81p PHY) will be a variation of the OFDM
(orthogonal frequency-division multiplexing) based tliEE 802.11a standard. So the channel fading model
of determining the received signal power level in the casknefof-sight (LOS) is:

— (4@5% [1+n2+2ncos (42—/}\12” (30)

where P, is the transmit powerq is the distance between the transmitter and receivés,the wavelength of

T

propagating signaly is the reflection coefficient of the ground surfageis the path loss factor antl is the

antenna height. The model of non-line-of-sight (NLOS) ipressed as:

PG,G, (M) (d<1
P - G (477)2( = m) 31)
PGiGr (£) - £ (d>1m)

4T
Taking into account the effect introduced by the cyclicafpr attached to each OFDM symbol, the signal
to interference plus noise ratio (SINR) should be reduced lgctor ofa:

P

SINR = « - 101log;, (32)

T N
Po+ > Pinr
=1

wherea is 0.8 according toL[39]7 is the background noise, ar®f - is the interference from neighbaes.

Suppose on a certain road segment, as shown in[Fig. 3, mpde sending packets ta, and the distance
between them id,,;,. Then from the perspective af,, there will beden-(R;nr—2R—d,p) potential interfering
nodes around it. In whichR and Ry are the communication and interference rangespfandden is the
network density of this road.

In the IEEE 802.11 protocols, before each communicatiofRif®/CTS (request to send/clear to send) packets
need to be transmitted between sender and receiver to ré@duae collisions introduced by the hidden terminal
problem. After that, during the communication betwegnandn;, nodes within their communication ranges
are not allowed to transmit packets. Thus, the potentiatiating nodes must be in the area that is outside the
communication ranges of, andn; but inside their interference ranges. Within these aremsafcircle with

a radius of R, there is at most one transmission that canféngewith the packet receptions at. Therefore,

there are at mostyz=Lt] 4 [Hvr—limdar] transmissions that interfere with nodg simultaneously.



106

RiNT /}
2R ——»f«—d,

Fig. 3. lllustration of the number of potential interferimpdes

The receiving powetP; .- of each interference transmission can be computed througfation [3D) or
1) whered is the distance between, and the center of each segment labele@ &sn Fig.[3. For cases of
d, < 2R andd, < 2R, 3R+ dy/2 and3R + d,p + d, /2 are the distances of interference transmissiong, in
andd,, respectively. If nodey, is in a nearby intersection area, there will be more potkmtarfering nodes.
Similarly, for roads with different network densities jeh at an intersection, we can calculate the number
NinT.

In Equation[(3R), we use the maximum number of interferiapsmissions with the communication between
n, andny, thus the worst case of SINR far, is obtained. In simulations, we find this lower bound value is
very close to the real one; thus, we use it to further caleuta¢ bit error rate and packet error rate of a single
hop transmission.

Suppose the binary phase shift keying (BPSK) scheme is aseddulate the signal, the bit error rate (BER)
is:

BER = Q (m) (33)

where@Q(z) = 0.5 — 0.5 x erf(%) anderf(-) is the error function. Because of retransmissions in thie lin

layer, the frame error rate (FER) can be computed as:

N
FERynx =1-)» (1— FER)FER’ (34)
=0

whereFER = 1— (1 — BER)L, L is the length in bits of each frame aid is the number of retransmission

times. Suppose every packet is composed fshmes, the PER is computed by:
PER=1~— (1 - FER;n)" (35)

So given the communication distance and number of neighb@san model the PER of a single hop.
Next, we discuss how to model the PER of a certain road segfdemoted asPER, ). On a certain

road segment, suppose there is a rautete; that is composed of hops with PER at every hop d?ER,

(l=1,2,---,h), then the PER of forwarding packets along this rouiete; can be computed as:

h
PER,oute, =1 — H (1- PER)) (36)
=1

This equation is valid only if the PER is independent from drm to the next; but due to the wireless
communication environment there could be interferencelwkiolates this assumption. However, in this paper,
we use this equation as the first-order approximation of tA& Bf forwarding packets on a certain route.
Since different routes (composed of different hops) giiiedint PERs, we consider a routing algorithm that

minimizes PER, so the problem is to determine the minimaketqrl PER. If there are nodes and:’ empty



17

cells on the road, for a certain distribution of these emmils¢ the minimal PER of this road segment is
denoted asPER:, = min{ PER,.usc, }. This value can be easily determined because we can confmite t

PER of every route. Therefore, the expected valu@’éfRR,., can be calculated as:
E [PER;,| = Ey, [E [PER}, |k = k]] (37)

which can further be rewritten as:
o] ok
PER, = » Y o PER; - P{u(n,m) =k} (38)

k=m—n i=1

wherem andn’ are the number of cells and number of lanes on this road sdgnespectively. Thus we use
D,, = 1— PER,, to model the data delivery ratio of a certain road segmentaFgiven route consisting of
road segments, suppose the data delivery ratio of everyseguhent isD; (: = 1,2, - -- , n), then the delivery
ratio of this routeD,, can be computed &g] D;.

Therefore, transmission quality of a route is modeledjas = D, x P., where P,, is the probability of
network connectivity of a certain route. As it will be showm $ectio ¥, since the ACAR protocol chooses
routes with the highest transmission qualities, the datwetyg ratio and network throughput are drastically

increased compared to other protocols.

IV. ROUTING ALGORITHM

The ACAR protocol includes two essential elements: 1) atlyeselecting an optimal route consisting of
road segments with the best estimated transmission quality 2) efficiently forwarding packets hop-by-hop
through each road segment in the selected route. To elienthatimpact of inaccurate statistical density data,
we developed an adaptive route selection algorithm thd¢ctsl real-time density information on-the-fly while
forwarding packets. In each road segment in the selectet,rthe next hop is selected using a metric that
minimizes the packet error rate (PER) of the entire routetbam measured PERs at each node. In addition,

carry-and-forwardLl4] mechanism is adopted to handle featjumetwork partitions in VANETS.

A. Neighbors Location Prediction

Through GPS, each vehicle can obtain its real-time locatimhvelocity. This information is then broadcasted
periodically along with its id to neighbors. Each node maiim$ a table of its neighbors information including
locations, velocities and ids. To avoid out-of-date nemisbwe implemented the neighbor location prediction

(NLP) algorithm proposed ir_[33], each node predicts itgghbors positions using following formulas:

' =z +ratio- (x — x,) (39)

Y =y +ratio- (y —yo)
Whereratio = (t, — t +t,)/ts, t IS current time, is beacon period andg, is the time when previous beacon
message was received from the same neighbog)( (z,, y,) and ¢’,y’) are the neighbor’s current, previous
and predicted position, respectively. Then, only thodéwtihin the communication range are considered for

next hop selections.
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B. Adaptive Route Selection

If the density information on each road segment is corréet,aptimal route will be the one with the highest
transmission quality. However, in reality, there may be sarors in the statistical density data. For example,
suppose on road there arel00 nodes (on average) in the afternoon, then it is possibletiieatetwork density
between 2:00pm-4:00pm &) and from 4:00pm to 6:00pm i850.

One possible solution to this problem is to flood the entitgvnek to collect the real-time density information.
However, even with directional and efficient flooding, thispeoach could still cause too much broadcast
overhead. Therefore, we propose an adaptive path selegpiproach that collects real-time density data when
packets are being forwarded into the network.

ACAR first computes a route based on statistical density filata the pre-loaded map. It then puts the route
information into packet headers and transmits packetsgatbis selected route. While the packets are being
forwarded to the destination, network densities of all reegdments along this path are collected simultaneously.
This process, called on-the-fly density collection, is diéstl in the next section. After a pre-defined number of
on-the-fly density collections (e.g. 10), the density infiation on road segments in the route can be obtained at
the destination. If the error rates of some road segmentsityezxceed the threshold, e.g. 30%, the sink node
sends an acknowledge message to notify the source abouptiated density of that road. Next, the source
node re-computes a new route based on the recently recaidbcthare accurate density data. Eventually, the

selected route will converge to an optimal route.

C. On-The-Fly Density Collection

As stated above, the on-the-fly density collection procesdone while data packets are being forwarded.
Before transmitting data packets, every forwarder adds fhé packets its local density information that is
obtained through received beacon messages. Then, theltotsity of a road segment can be obtained at the
end of the road segment. When packets reach the destindéosity data for all road segments along the path
are collected.

As shown in Fig[H, the data packet of ACAR protocol is complosetwo parts: packet header and data
payload. At the beginning of data payload, there are somerved fields (bytes) for one-the-fly density
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collection. The first byte, denoted hy,., records how many road segments are on the selected route. Th
subsequentV,. bytes record density data of all road segments on the rotue.ifitial value of these fields is

0. Since the source node is able to compute the entire routgllmshistorical density data from digital maps,

it is easy to get the numbéy..

We now describe how a node collects the local density inftionaand updates the corresponding byte in
data packets. Since every node periodically beacons itditot velocity and id to neighbors, a node can obtain
the number and positions of its one-hop neighbors. Thesefibris easy for a node to determine whether a
neighbor is in front of or behind it. For example, node in Fig. [4 infers that four nodes (including;)
are in front of it and five nodes in the rear. Suppose noedés the current packet forwarder which is at the
beginning of road segment 1, and its next hop4sBeforen; sends data packets, it adds the number of nodes
between itself andi; (including itself) to the fieldkS; and forwards the packets . Then,n, follows the
same strategy and sends the packetsstoNodens; modifies RS; again by adding its collected local density
information, and sends out packets. Finally, packets rélagtend of road segment 1 at nodg

Noden4 will decide if its next hop is still on the same road segmehsol, it continues the same procedure
as nodeng did. Otherwise, it adds to the field RS; as it is also on road segment 1, and forward packets to
its next hop (e.gns in Fig.[d). Consequently, node; addsé6 to field RS> and forwards packets tag. In the
same way, when the packets reach the destination, denséyeoy road segment on the route is collected.

After on-the-fly density collections, the destination naueeds to notify the source if there are significant
discrepancies between statistical and real-time densitg. df so, the source node recalculates the routes with

newly collected density information; otherwise, the samete will be used for future packets.

D. Next Hop Selection

On each road segment in the selected route, packets may Wwarfi@d through multiple hops from the
beginning to the end of the road segment. The next hop willdlected using a metric that minimizes the
PER of route on each road segment. The PER of a link betweemdaes can be calculated by counting the
number of successfully delivered packets and dropped drtes.is calculated during the beacon period and
thus does not incur additional network overhead.

The original geographic routing protocols [[18, 24] chooke farthest node as the next hop, since this
selection can minimize the total number of hops to the dastin. However, the link quality to the farthest
node is usually weak because PER increases as the trarmmilistance increases. However, selecting next
hop with a shorter distance will increase the number of hégsproven in [13], the data delivery ratio will
decrease as the hop number increases. So there is a traukvadfen shorter transmission distance and smaller
number of hops.

To address this issue, every node needs to measure the packetate of all neighbors. Suppose on a road
segment there are two neighboring nodgandn,, and they periodically send their locations to each other.
By counting the number of packets successfully deliveretidmpped, the expected transmission count (ETX)
can be calculated using the approachlin [6]. Then the PER frgro n, is obtained as:

1

PERypy=1— ———— 4
Ray ETX. (40)
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Fig. 5. A VanetMobiSim snapshot of nodes movements

where ET X, is the expected transmission count from nodgto n,. In the same wayPER;, can be
computed. Since the route is already known (stored in thkgideader), node, then computes the remaining
distance (denoted aBis) from itself to the next intersection. Suppose the distdnesveen node:, andn;

is d, then the PER of the remaining route on this road segment eastimated by:

Dis

PER=1— (1 — PER,)] (41)

We assume different parts of the same road segment haventilarscommunication environment, thus the
distance between nodes will be the dominant factor thattsffilne data delivery ratio. So among its neighbors,
noden, selects the one that minimizes the PER of the remaining patfhe next hop. The same next hop
selection will be done on all following road segments aintimg@chieve the highest data delivery ratio along the
whole route. However, due to frequent network partition¥ANETS, a data forwarder may have no neighbors
in the forwarding direction. In these cases, we adopt theyeard forward schemel[4] that buffers packets and
waits until there exists an next hop available. Then the gawlll be fetched from the buffer and forwarded

again.

V. SIMULATIONS AND RESULTS
A. Mobility of Nodes

Since modeling of complex vehicle movement is importantdfocurately evaluating protocols, we generated
the movement of nodes using VanetMobiSimi [14] whose magbjlatterns have been validated against TSIS-
CORSIM, a well-known and validated traffic generator. Then&tdobiSim features new realistic automotive
motion models at both macroscopic and microscopic leveld, aso supports traffic lights, lane changes and
speed regulations.

We compared the network connectivity model with data ctdliéchrough VanetMobiSim simulations for
a set of parameters: length of road segment, average veldldeity and traffic light period. Specifically, as
shown in Fid.b, there are 7 road segments (each is 1000mg imé#p, the average velocity of vehicles is 10m/s
and the traffic light period is 120 seconds. Those small sudenote vehicles moving on the road, the number

besides them are the node IDs. Our goal is to collect the mkta@nnectivity and density information on the
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Fig. 6. Validation of the connectivity model with data geated by VanetMobiSim

middle road segment ending with two traffic lights. The siatioin time is 2000 seconds and we check every
second if the network is connected. The number of times thawaorks are connected is denotedtasand
the probability of network connectivity can be calculatextg/2000. Similarly, the average network density
can be collected, though it may not be an integer. We repehtedame scenario 10 times with 10 different
random seeds to achieve a high confidence level. As showngie(B)-Fid:6(f), with different road lengths,
velocities and traffic light periods, the connectivity mbd®tches the value obtained from VanetMobiSim very
well (confidence level is 95%).

In the above simulations, there is only one road segmentaong two lanes in each driving direction. We
also verified the connectivity model in the cases of moredaieeg. 3-5 lanes), one traffic light at the end of
a road segment and routes consisting of multiple road segme&he results showed our connectivity model
matched the simulation results very well. However, due tacsplimitation those results are omitted in this

paper.
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Fig. 7. Street layout in the simulation area

B. Digital Map

We used two maps in simulations to show the high performaricAGAR, and how different network
densities and vehicles velocities affect this protocol.

One map is illustrated in Fig 1, which contains 5 major roaghsents:/ Iz, Ialc, Ialp, Iplc andIcip.

The length of each road segment and number of nodes deplaydkdem are the same as we described in
Sectiond=A. With this scenario, we evaluate the basionwek performance of ACAR such as: data delivery
ratio, end-to-end delay and throughput.

Within a 1000m x 1000m area, street layout of the second map is loaded from the dgpallly integrated
geographic encoding and referencing (TIGER) databaseshnikiused by the United States census bureau to
describe land attributes of U.S. The map from a city in Teseescentered at latitud162102 and longitude
—84877562, has15 intersections and8 road segments as shown in Elg.7. We use this map to evaluate ho

network density and vehicle velocity impact the perforneant ACAR.

C. Network Simulation

We simulated the ACAR protocol in NS2 (ns-2.29) and compéredth VADD [41], MOVE [19], GPSR*
and GSR*. The original GPSR_[18] and GSRI[24] simply drop maskvhen network disconnections occur, so
we add carry-and-forward schemes in them and named them 8R'G&#hd GSR*, respectively. To make fair
comparisons between ACAR and other trajectory based mpuytintocols, we also implemented the neighbor
location predication scheme on VADD and GSR*.

Because the proper PHY/MAC modules for vehicular commuitina are still under development and not
available for NS2, we adopt the channel fading model propasd39] and IEEE 802.11a as the MAC/PHY
protocol. Since this paper focuses on evaluating the nétwerformance of all protocols, we omit the exact
simulation of lower layers but consider it in our future wavken IEEE standards for vehicular communication
are finalized. Details of simulation parameters are listedablel.

We first simulated the scenario shown in Hig. 1. In the siniutest different data sending rates (1 to 10
pkts/s) were used to evaluate the data delivery ratio, erghtl delay and network throughput. A source node
is randomly selected to communicate with a fixed destinati&iven a real-time location service, ACAR works

well if the destination is mobile. However, we consideredxadi destination to model applications described
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TABLE |
SIMULATION PARAMETERS

Parameter Value

Number of lanes 2 lanes per direction
Number of nodes 40-200

Velocity 10-90 miles/hour

Period of traffic lights| 60 seconds

Comunication range | 250 m

Beacon interval 1.0 second
Buffer size 64 KB
Packet size 512 Bytes
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Fig. 8. Data delivery ratio of the scenario shown in [Eh. 1

in Sectionl. The simulation time is 2000 seconds and eachasiteis repeated 20 times to achieve results

with a high level of confidence.

D. Data Delivery Ratio

Data delivery ratio is the number of received packets at #stiglation divided by the total number of packets
sent into networks. As shown in Fifll 8, ACAR achieves the egjtdata delivery ratio (above 90%). This is
because ACAR forwards packets along route on rbafl; I~ with the highest transmission quality.

As shown in Fig[B, GPSR* and GPSR give the second and thirdelsigdata delivery ratios, respectively.
When network partitions happen, GPSR and GPSR* utilizenpetér mode searches to find routes, so packets
may finally delivered on roadsIgI- which has the highest transmission quality. However, GPSRIy
successfully delivered about half of packets compared ¢optarformance of ACAR. This is because, after
packets are forwarded on rodd I- or I41p, it is possible that there are no connected links back to road
I4Ig. So these packets are buffered and carried by nodes movingaolY 4 I or I4Ip. On the other hand,
wireless transmission qualities of these two roads are ady so the data delivery ratio of GPSR* forwarding
packets along them is very low. Since we implemented theyard-forward scheme on GSPRY, it delivered

10 — 20% more packets than GPSR. So we conclude that the carryeam@uid scheme is very helpful for
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routing protocols in VANET to achieve high data deliveryioat

GSR* selects road 4 I to forward packets, as it is the geographic shortest pathet@éstination. According
to the connectivity model in VADD, patlis I~ provides the shortest delivery delay, so it is chosen toerout
packets. However, the connectivity probability of thisdda just.29, and the wireless transmission quality is
even lower. Therefore, the overall data delivery ratio ofkeds being routed on this road is very low. Since
GSR* and VADD choose the same path for routing, they genesate similar data delivery ratio results.

The original GSR protocol gives a lower data delivery ratoly .02), compared to the extended version
GSR*. This is because on GSR*, we implemented NLP and cardyfarward mechanisms. The NLP scheme
can help nodes to correctly select the next hop and the eamdyforward scheme can avoid packet loss due to
network partitions. The data delivery ratio of GSR* is abdut 10 times that of GSR. Therefore, we conclude
the NLP mechanism is also necessary for VANET routing pra®to achieve high data delivery ratios.

MOVE protocol delivered the least number of packets in oomusations. In MOVE, there are 7 forwarding
rules being used to select the next hop. If none of neighbatisfies these forwarding rules, packets will be
carried by current node. So packets are more likely to beebedf and carried by vehicles instead of being
greedily sent out. As we will describe later, these packety ilme dropped due to packets expiration, weak
wireless links to next hops and buffer overflows. The numbigrazket loss due to these reasons is very high

for MOVE, so it gives the lowest data delivery ratio compatedthers.

E. Reasons of Packet Loss

There are mainly three reasons of packet loss for all VANEJtqmols: packets expired, weak wireless links
and buffer overflow. We measured the number of lost packetga@each reason, and then find the major cause
of packet loss for each protocol.

1) Expired Packets:Since we cannot run simulations an infinite number of timelsenvsimulations are
terminated, there might be some packets, called expiredepgcstill in buffers and these packets will be
dropped due to their huge delays. As shown in Elg. 9, theitmabf expired packets of MOVE is almost
5-6 times that of the others. However, ACAR, VADD, GSR* andSER® have the similar number of expired
packets. The reason is that, in ACAR, VADD, GSR* and GPSR*quols, packets are greedily forwarded to
the next hop; but in MOVE, if none of the neighbors satisfies fibrwarding rules (7 rules), packets will be

carried by the current node. Therefore, packets will be ntikedy to be buffered in MOVE than the others.
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However, due to the small number of expired packets, we cadecthat packet expiration is not the dominant
reason for packet loss.

2) Wireless Transmission Los®acket loss can also be caused by weak wireless links tohogxtiodes,
e.g. the next hop is too far away or even out of the commumicatinge of current packet forwarder. As shown
in Fig. D0, the number of this type of packet loss is much highan that of expired packets. In FlgJ10, we
note the original GSR has about 95% packets dropped duegadhson. GSR chooses nodes on rdafl
to forward packets, but the probability of network connattion this road is so low that most packets are
dropped because there is nho next hop available. The ori@R&R also suffers from this problem because not
all packets can be routed along roBdiz I, i.e. some packets are dropped on réadqc or 141 before they
are forwarded back td,IgIc through perimeter searches. However, GPSR* can reduckitidsof packet
loss. Because if there is no next hop available, packets arsimply dropped but buffered and sent when
a next hop becomes available. Since GPSR* does not have tferdchanism, most packets dropping in
GPSR* is caused by the problem of out-of-date neighbors.

MOVE gives a smaller number of packet loss in this case becpaskets will be most likely buffered instead
of being greedily sent out. Since NLP mechanism is impleeeioh both VADD and GSR*, they have fewer
packets dropped for this reason. In addition to NLP, ACARefidly selects every next hop and therefore, gives
the lowest packet loss due to weak wireless links.

In summary, we can conclude that weak wireless link is theomaason for packet loss in GSR, GPSR and
GPSR*.



0

700¢

600

@
3
3

400¢y

End-to-end delay (seconds)

L4
L

& T s

1 2 3 4 5 6 7
Data sending rate (pkis/second)

Fig. 12. End-to-end delay of the scenario shown in Hg. 1

3) Buffer Overflow: Another reason of packet loss in networks is buffer overflbig. [I1 presents the
percentage of lost packets due to this problem. As shownerfigure, VADD and GSR dropped more than
70% packets due to this reason. Therefore, if the size ofebudf large enough so that all packets can be
buffered and carried by vehicles, VADD and GSR can give alaindata delivery ratio as that of ACAR.
In other words, ACAR has a lower requirement of the capacitpudfer on vehicles to achieve a high data
delivery ratio. As mentioned before, because of the 7 rubessélecting the next hop, most packets will be
buffered by MOVE. So we can see from Figl 11, more than 60% eftckets are dropped in MOVE because
it has already buffered too many packets and had no space ibutfier for more packets.

Compared to the packet loss caused by weak wireless link&raverflow problem is not a big issue for
GPSR*, but is a significant one for ACAR. Therefore, we codellbuffer overflow is the major reason of

packet loss for GSR*, VADD, MOVE and ACAR.

F. End-to-End Delay

The end-to-end delay is defined as the average time taken facket to be transmitted across networks
from source to destination. As shown in Fgl 12, MOVE gives thrgest end-to-end delay, which is mainly
because of the long time vehicles carry packets. There amwafding rules in MOVE which determine if
packets are transmitted from current node to the next hopn Ewough a neighbor is closer to the destination,
it may not satisfy the forwarding rules and thus cannot r@lagkets. Therefore, more packets will be put into
buffers and that results in a larger delivery delay sinceviecity of vehicles is much lower than the wireless
transmission speed.

VADD and GSR* give a similar end-to-end delay because thdgctdhe same road segmehilo (in
Fig. ) to forward packets. However, the probability of netk connectivity on this road is very low; thus,
most packets are buffered as there is no next hop availaivlee $he velocity of vehicles is much slower than
the speed of wireless transmission, VADD and GSR* generdaeger delay compared to ACAR and GPSR*
which use connected routes dnlp - to forward packets.

An interesting observation is that when the data sendirg iratreases from 1 to 10 pkts/s, the end-to-end
delay of MOVE decreases from about 700 to 260 seconds, andDVADGSR* decreases from about 400
to 100 seconds. The reason of this huge reduction is: wheuldtee sending rate is increased, more packets

will be forwarded without being buffered. For example, sogp the network ori4 I is disconnected during
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[0.0,.5) seconds and connected witHi, 1.0] seconds. When the sending rate is 1 pkt/s, the first packkt wil
be buffered. However, if the sending rate is 10 pkts/s, tkeSapackets are delivered without being buffered.
Therefore, the average end-to-end delay of 10 pkts/s sgndie will be lower than that of 1 pkt/s case.
ACAR gives the lowest end-to-end delay, since packets angainled along the pattis/gI-. There are
22 nodes on this road segment, so the probability of networkaeotivity of it is very high (84). That also
means most packets are delivered to the destination witteing buffered, and thus ACAR saves the total time
of delivering packets from the source to destination. GP§Rerates a higher end-to-end delay than that of
ACAR because some packets are forwarded to thaky: and I4Ip, then they are detoured to roddiglc
by perimeter searches. So the longer delay of GPSR* is camgede longer route. However, it still gives a
lower delay compared to VADD, GSR* and MOVE.
Unlike VADD, GSR* and MOVE, the end-to-end delay of ACAR and&R* increases as the data sending
rate increases, due to two reasons. Firstly, when more tsmake injected into the networks, the probability of
packet collision is larger and thus the transmission datayeiases. Secondly, higher network traffic increases

the queuing time on each forwarder (vehicle) and also theterahd delay.

G. Network Throughput

We compared throughputs of MOVE, GPSR*, GSR*, VADD and ACARthe network shown in Fidl1.
Results in FigIB show that ACAR outperforms all the othestgeols, i.e. it achieves the highest network
throughput of84 kb/s. This value is about three times that of GPSR* which ord best protocol. Since
packets are forwarded along routes with the highest trasssom qualities in ACAR, link quality per hop is
higher than that of others. Therefore, the data delivenp ratd end-to-end delay can be improved. We also
note the shapes of GPSR and GPSR* results are very similaatmf ACAR because both GPSR and GPSR*
delivered most packets along the route iz I, which is the route chosen by ACAR too.

VADD and GSR* give the similar throughput as the data sendatg increases because they all chosen
routes on the same road segmeht/>) to deliver packets. Since the probability of connectivifyroad 741~
is low, the throughput of VADD and GSR* is lower than that of AR, GPSR* and GPSR.

An interesting observation of VADD and GSR* is that theirdhghputs increase when the data sending rate
increases from 1 kb/s to 500 kb/s and become stable aftertthatis quite different from ACAR and GPSR*,

whose throughputs decrease after reaching the peak valgesientioned previously, when the data sending
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rate increases, the chance of packets being deliveredaseseand so does the network throughput. However,
if the data sending rate is so high that buffer overflows happe nodes, the larger data sending rate is not
helpful for network throughput. At this point, every noddIivgeriodically send out one packet from its buffer
when a next hop is available. Since the time interval forquid buffer checking is a fixed value, the network
throughput becomes stable in this situation.

GSR gives the second lowest throughput performance begacsets will be simply dropped when it faces
network disconnections which is very common on rdadc. MOVE will choose nodes otd4Ip andIcip
to forward packets, so the overall network throughput wélyery low due to low network connectivity and

longer delivery path.

H. Impact of Network Density

To evaluate the network performance of ACAR in a more gereasé, we simulated networks in the second
map with data from the U.S. TIGER database. We evaluate htfereit network densities affect the network
performance, in terms of data delivery ratio and end-to-@eldy.

In reality, vehicles are not evenly distributed on roadsw&manually deploy more vehicles (70% of the
total number) on certain roads which are highlighted by Himlds in Fig.[T, and fewer nodes (30%) on the
others. The total number of nodes in networks varies fadnto 200. Since vehicles can only move on roads
instead of the entire simulation area, we defirework densityas the ratio between number of nodes and the

total length of all road segments. The total length of roadthe map isrT878m, so the network density varies



9

from 1/197 to 1/40 nodes per meter.

As shown in Fig[Il, except for VADD and MOVE, all protocoldider more packets as the network density
increases. This is because when the number of nodes insréhseexpected network connectivity probability
increases too and so does the data delivery ratio. From[Hgw#& note that when the network density is
low, 40 to 120 nodes, GPSR* and GSR* give similar data defivatios. That means the perimeter search
in GPSR* cannot drastically improve the data delivery ratieen network density is low, but it does help to
reduce the end-to-end delay as shown in Eig. 15. Howevemine number of nodes is larger than 120, the
network connectivity probability increases. Then, it isredikely for GPSR* to find a connected path instead
of forwarding packets on the geographic shortest path.éfbes, it delivered more packets than GSR* which
still forwards packets on the geographic shortest road satgn

In the MOVE protocol, the larger the network density, thehlgigthe probability of Ping-Pong situation may
occur (as described in Sectibn1Il-A). So the delivery raifdMOVE is reduced. For VADD, its data delivery
ratio increases when network density is low0 (— 80 nodes), decreases when network density is medium
(80 — 140 nodes), and slightly increases when network density ilérg0 — 200 nodes). When the network
density is low, VADD considers no connected network on moatrsegments, and will forward packets along
the path with higher probability of connectivity, e.g. reatharked by bold lines in Fid] 7. Thus, the delivery
ratio will increase when more nodes are deployed in netwdiksvever, when the network density becomes
larger, VADD may find there are some connected networks oarotitads which are closer to the destination.
Then, VADD will forward packets along those roads. Due to lih@tation of connectivity model in VADD,
probabilities of connectivity of these roads are actuaipyMow. So the data delivery ratio decreases until these
roads are really connected (140 nodes). After that, the dislteery ratio of VADD is similar to that of GSR*
because both of them will choose the geographic shortekttpairward packets. The delivery ratio slightly
increases when more nodes are deployed on the shortest path.

The end-to-end delay of all protocols, except for VADD, dsophen network density increases. This is
because network connectivity probability increases whemermodes are deployed in networks. As shown in
Fig. I3, ACAR and GPSR* give the lowest and second lowestterehd delay, respectively. Since ACAR
forwards packets along routes with the highest transmisgialities, the number of buffered packets (during
network disconnections) is less often than that of GPSR3ultimg in a lower delay. On the other hand, when
network disconnections happen, GPSR* in the perimeter ncadesearch for another connected path (e.g. the
path used by ACAR), so it also generates a small delay cordgarethers.

GSR* only forwards packets along pre-defined routes, i.e.ghographic shortest path, so it has no op-
portunity to find a better connected path as GPSR* does. Tarerdt gives a much higher end-to-end delay.
As mentioned above, in MOVE, nodes will carry more packetshigir buffers and this will reduce the data
delivery rate. Thus, MOVE gives a very high end-to-end delay

An interesting observation of VADD’s end-to-end delay isdécreases from 40 to 80 nodes, and increases
from 80 to 140 nodes, and decreases again from 140 to 200 .nbldeseason is similar to that of the delivery
ratio results: with the connectivity model used in VADD, somlisconnected paths are considered connected
and selected as routes to forward packets. Along those dralyadisconnected paths, packets are frequently
buffered so the average end-to-end delay of VADD is highantGPSR* and ACAR.
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As the end-to-end delays of ACAR and GPSR* are very similar further investigate the delay distribution
of delivered packets. For example, when there are 40 nodegtimorks, the delay distribution of received
packets for all protocols is shown in Fig]16. The x-axis deadndices of the received packets, and y-axis
for end-to-end delays which are measured in seconds. We cedeived packets by their end-to-end delays.
Dots denote the end-to-end delays of corresponding packstwe can see, ACAR delivers most packets
with smaller delays; while in GPSR*, some delivered packetge very large delays (a few hundred seconds).
In addition, although GPSR* and GSR* deliver similar nunsoef packets, GPSR* definitely routes packets
along faster but longer paths than those used by GSR*. Sowrleeiza(lst to 600th) in GPSR* are delivered
successfully along connected paths, while others (aftétifGre buffered and carried by vehicles. Since paths
selected by GPSR* are longer, delays of some packets ciiclédy. [I8 are even larger than those of GSR*.
In summary, we conclude that ACAR not only gives the lowestrage delay but also delivers more packets

with smaller delays compared to other protocols.

I. Impact of Velocity

Since mobility of nodes may affect the performance of prolmcwe simulated networks with 100 nodes
moving with different velocities. As shown in FigJ17, wheatworks become more dynamic, the data delivery
ratio decreases for all protocols. However, ACAR is onlglsily affected (reduced by 1%) by the change of
node mobilities. This is because higher velocity does nigicaour connectivity model but only the choice of

each next hop. In fact, the larger the velocity, the lowerdbeuracy of predicting neighbors positions.
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Since we implemented NLP on VADD and GSR*, their data delivatios drop more slowly than GPSR*
and MOVE. For GPSR*, as no NLP algorithm is available, it malest next hops which are already out of the
communication range due to the high speed of its neighbdrs.sltuation is even worse for MOVE protocol.
Unlike other protocols in which packets are routed on eitpeographic shortest paths or high connectivity
paths, MOVE forwards packets to nodes moving towards théndgion. However, this node may move away
from the destination a few seconds later. If no next hop islav&, which is very common for MOVE, current
forwarder (carrying packets) will move away from the destion very fast and so extends the total routing
path. The longer the route, the higher is the chance of wyosglecting next hops. So the delivery ratio of
MOVE drops very fast when the velocity increases.

As shown in Fig[IB, the end-to-end delay of ACAR is very lovednese ACAR forwards packets on routes
with the highest transmission qualities. So the delay of RCi& mainly composed of wireless transmission
and protocol queuing delays, which are very small. Since RBRSilizes the perimeter mode to find connected
paths, its delay is also very low. However, end-to-end delafyVADD, GSR* and MOVE are much higher
and drop when the velocity increases. Because VADD, GSR*M@YE have no mechanisms for selecting
connected paths, their delays are higher due to more pabketg buffered. In addition, when the velocity

increases, packet carriers can move faster to the destinatid thus decrease the average end-to-end delay.
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J. Networking Overhead

Networking overhead is defined as the number of packets seamnitworks for every delivered packet. In
other words, it is the ratio between the number of sent pacfetacon and data messages) and the number
of received packets. As every node sends beacon messagediqaly, e.g. every one second, this kind of
packets make up the majority of networking overhead. Wherd#ta sending rate increases, more packets will
be delivered to the destination, so the overall networkingrloead decreases. The total number of sent packets
for all protocols are similar, so the networking overheadA@fAR is the lowest as it delivers more packets
than others (Fig—19).

In ACAR, there is an on-the-fly density collection scheme alhwill increase the size of every forwarded
packet. So we further evaluate the networking overhead bgstigating the total size of packets sent into
networks per delivered packet. As the periodic beacon sehisrthe same for all protocols, we only consider
the size of data packets here. As shown in Eid. 20, ACAR gilieslawest networking overhead in terms of
the average size of data messages per delivered packet. djbe nmason is that ACAR delivers more packets

than others, so reduces the overall networking overhead.

VI. CONCLUSION

We have presented an algorithm for adaptively selectingesobased on statistical and real-time data to
avoid the influence of inaccurate statistical density dB&cause the selected path has the best transmission
quality, ACAR achieves a higher successful data delivetip @nd lower end-to-end delay compared to others.
Moreover, since the route length can be calculated befameafaling packets, every next hop is selected by
minimizing the packet error rate of the entire path. Our $ation results show that ACAR is much more suitable
for VANET than other protocols because of its higher datdvdef ratio, throughput and lower networking
delay. In addition, it works very well even when the statistidata of road density is not accurate. We will
investigate in our future work how we can further improve firetocol’s performance by integrating traffic

load with the quality model.
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