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Abstract—A vehicular ad hoc network (VANET) is a highly
mobile wireless ad hoc network that is targeted to support vehicular safety, traffic monitoring, and other applications. Mobility
models used in traditional mobile ad hoc networks cannot directly
be applied to VANETs since real-world factors such as road
layouts and traffic regulations are not considered. In this paper, we
propose a vehicular mobility model that reflects real-world vehicle
movement and study the performance of packet-routing protocols.
First, we study the routing in small-scale VANETs and propose
two routing schemes: 1) connection-based restricted forwarding
(CBRF) and 2) connectionless geographic forwarding (CLGF).
With the insights obtained, we consider routing in large-scale
VANETs. Since road complexity and traffic variety may cause
many potential problems that existing routing protocols cannot
address, we introduce a two-phase routing protocol (TOPO) that
incorporates road map information. The proposed protocol defines
an overlay graph with roads of high vehicular density and access
graphs that are connected to the overlay. While in the overlay,
packets are forwarded along a precalculated path. As far as access
routing is concerned, we employ the aforementioned CBRF and
CLGF schemes and send packets to the overlay or handle packets
delivered from the overlay. We argue that the TOPO can serve as
a framework that integrates existing VANET routing protocols.
We also consider data diversity in VANETs and design the TOPO
as an intelligent transportation system (ITS)-friendly protocol. To
validate our design philosophy and the routing protocol, we use
different areas in the city of Orlando, FL, and generate vehicular
mobility traces, following our mobility models. We feed the traces
to network simulators and study the routing behavior. Simulation
results demonstrate the performance and effectiveness of the proposed routing protocols for large-scale VANET scenarios.
Index Terms—Mobility, networks, routing, vehicular ad hoc
network (VANET).

I. I NTRODUCTION

T

HE approval of the 75-MHz spectrum at 5.9 GHz for
dedicated short-range communications (DSRC) [9] by
the Federal Communications Commission and the successful
deployments of WLAN technologies are making vehicular ad
hoc networks (VANETs) a reality [5], [27], [36]. In recent years,
the VANET has emerged as a research area that has received
increased attention from the research community. However, due
to the cost and difficulty associated with the implementation
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of VANETs in the real world, computer simulations remain
as one of the primary techniques in investigating networking
characteristics of VANETs. In this regard, it is very important
to adopt realistic vehicular mobility models and design network
protocols that are capable of delivering good end-to-end performance in such highly mobile environments.
It is widely accepted that the underlying mobility models
greatly affect ad hoc network performance [3], [6], [41]. Many
studies on mobile ad hoc networks (MANETs) have used
random waypoint (RWP) or the Manhattan model to simulate
node movements in an open field. Although such mobility
models work well in certain scenarios, they are not suitable
for VANETs, simply because the movement of vehicles is
constrained by the layouts of the roads. Moreover, traffic regulations (e.g., speed limits and traffic lights) and driver behaviors
(e.g., overtaking or following) make realistic vehicular mobility
far different from the commonly used ones in MANETs.
The traffic simulator framework introduced by Saha and
Johnson [31] makes it convenient to use the real map of the
U.S. in the form of a graph model where the edges represent
the roads and the vertices represent the intersections. The (map)
input to the simulator is the data provided by the U.S. Census
Bureaus’ Topologically Integrated Geographic Encoding and
Referencing system (TIGER) Project [34]. In their framework,
each vehicle randomly chooses a source and a destination on
the map and moves along the route, which is calculated using
Dijkstra’s single-source shortest path algorithm. The output of
the framework is the trace of the vehicles on the map, the
data format of which is compatible with the network simulator
ns-2 [45]. However, the framework only uses simple mobility
models (similar to RWP [21]) and does not include realistic
vehicle mobility models.
Using the aforementioned simulator framework, it is possible
to design a traffic simulator with a sound mobility model,
which generates realistic vehicle mobility traces that can be
used for network simulation.1 Moreover, we are motivated
to investigate the performance of existing routing protocols
in VANETs and design new protocols. We study the routing
problem in both small (e.g., less than 1 mi2 ) and large areas
(e.g., tens of the mile scale). In small-area routing, we propose and compare two routing schemes: 1) connection-based
restricted forwarding (CBRF) and 2) connectionless geographic
forwarding (CLGF). Considering different road topologies, we
conduct extensive simulations to evaluate the performance of
the proposed protocols, as well as other existing counterparts,
1 We

make the traces compatible with both ns-2 and GTNetS [10].
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in terms of the average data packet delay, data packet delivery
ratio, and routing overhead.
However, when applied to a large-scale VANET, neither of
the small-scale routing protocols maintains a fair performance.
To this end, we use additional information such as traffic flows
and road layouts to assist the routing. Thus, we propose a twophase routing protocol (TOPO) for large-scale VANETs. The
two phases are access and overlay. While overlay is a graph of
high vehicular density roads, (e.g., state roads and highways),
access is the rest of the areas/roads connecting to the overlay.
The TOPO utilizes the road and traffic information on the
overlay and delivers the message along the overlay to the access
area of the destination, where the routing can again be handled
in a small-scale area.
The advantages of the proposed routing protocol are twofold:
First, it serves as an effective routing protocol in large-scale
VANETs, as our simulation validation is conducted with a
30-km2 real-world map. Second, the TOPO is a framework
that can be integrated with existing VANET routing algorithms.
Various routing protocols can reside in the two defined stages
in the TOPO and independently perform with the TOPO as an
interface.
The rest of this paper is structured as follows: In Section II,
we discuss the related work on VANET mobility models and
routing protocols. We propose the vehicular mobility model
in Section III. In Section IV, small-scale VANET routing protocols are presented with simulation results and a discussion
about performance. The routing for large-scale VANETs is
presented in Section V. In Section VI, we further evaluate the
performance of the TOPO and suggest enhancements to make
the TOPO more suitable for intelligent transportation system
(ITS) applications. Section VII concludes this paper.
II. R ELATED W ORK
Mobility models in MANETs have extensively been studied,
among which, the RWP is the most popular. The RWP is
a tractable model for evaluating the worst-case performance;
however, it does not provide much insight on realistic vehicular
movements. Other mobility models in MANETs are not suitable for VANETs, because they consider neither macro (e.g.,
road information and traffic information) nor micro (e.g., driver
behavior) features, which are crucial in VANETs.
As far as modeling mobility in VANETs is concerned, there
are generally two kinds of approaches: 1) analysis and 2) simulation. Analytical modeling of mobility characterizes the traffic
flow from a macroscopic perspective. Such methods are shown
to accurately model how vehicles move on highways [39], [40].
However, in a more generic scenario, e.g., a residential area,
analytically modeling mobility is much more challenging [25].
Although sophisticated mathematical tools can be applied, factors such as driver behaviors are difficult to capture. In terms of
the simulation study, traffic engineers have designed different
ways to characterize and simulate vehicular traffic, with a
variety of traffic simulators being proposed. Wu et al. [38]
used CORSIM to generate traffic traces. However, since
CORSIM is not open source, it is not easy to pursue research on
that. Another disadvantage of the proprietary traffic simulator
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is that the output data format may not directly be compatible
with existing network simulation tools. Recorded real-world
vehicular traces [13], [26] are also a way to model mobility,
but the cost in gathering those data is considerably high. Saha
and Johnson [31] developed an open-source traffic simulator
framework with real-world U.S. maps. The work in [21] is
based on the same framework, but, instead of using real maps, it
deploys regular blocks. Other realistic traffic simulation efforts
for VANETs are presented in [11], [22], and [29], whereas [17]
shows thorough analysis how the mobility would affect the
network connectivity.
As far as routing protocols for ad hoc networks are concerned, there are many. See [1], [2], [7], and [20] for a good
survey of recent advances in this topic. Implementing these
protocols on VANETs is a feasible approach in studying and
evaluating routing issues. Again, the performance of routing
protocols is highly dependent on the vehicular mobility model
and environmental factors (e.g., traffic density and road layouts), and there is still very little understanding on the end-toend routing performance when all physical, network, and radio
characteristics are incorporated [26].
It is generally agreed that the routing protocols in VANETs
should incorporate geographic information (i.e., road topology
and GPS) [12]. Greedy perimeter coordinator routing (GPCR)
[19] is the extension of greedy perimeter stateless routing
(GPSR) in the VANET. It delivers messages along the road;
however, it ignores the vehicle mobility and route maintenance. GVGrid [32] is a quality-of-service-based VANET outing protocol that exploits geographic information. It divides
a geographical area into grids and forwards packets along
the roads crossing different grids. However, it assumes that
both the source and the destination are static, which does
not always hold true in VANETs. Vehicle-assisted data delivery (VADD) [42] reflects a consent in VANET research
that carry-and-forward schemes can be useful, because disconnection frequently happens; however, routing is not its focus.
Zhao et al. [43] showed that the use of a data buffer at intersections can significantly improve the data delivery ratio. Other
protocols based on link or traffic metrics are also proposed for
VANETs, e.g., MUlti-hop Routing protocol for Urban VANET
(MURU) [24] and improved greedy traffic aware routing protocol (GyTAR) [14]. Moreover, it is very much desirable that all
the routing protocols be compatible with ITS services [33].
This research is motivated by the aforementioned work.
Similar to Choffnes and Bustamante [8], we propose a vehicular
mobility model. With the road data from the TIGER project
[34], we developed a Java-based traffic simulator to generate
a vehicular mobility trace. Different from the approach taken
in [8] and [26], where the performance of well-known routing
protocols, such as dynamic source routing (DSR) [15], ad hoc
on-demand distance vector routing (AODV) [30], and GPSR
[16], have been evaluated, we focus on how to modify the
existing protocols to better fit a VANET. Furthermore, we
propose a novel two-stage routing scheme for a large-scale
VANET. Our scheme, i.e., the TOPO, which handles both static
and mobile scenarios, is complementary to existing protocols,
such as [32] and [42]. ITS-compatible features are also added
to the TOPO so that it can better support ITS services. The
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performance of the TOPO integrated with the roadside unit is
also studied, with the results serving as a supportive extension
to [43].

TABLE I
MAXIMUM STOP TIME AT INTERSECTIONS

III. V EHICULAR M OBILITY M ODELS
The most distinctive and basic characteristic for any vehicular mobility model is that the vehicles move on roads. In
the TIGER data files, a road is defined by two intersections
it has with other roads. By this definition, a geographic road
in real life is divided into several segments of roads. We
define and implement our mobility models based on roads and
intersections.
A. Road Mobility Model
On any road, the mobility of vehicles is constrained by the
posted speed limit. Generally, in the U.S., the speed limits
are among 15 mi/h (24 km/h), 35 mi/h (56 km/h), 55 mi/h
(88 km/h), 60 mi/h (96 km/h), and 75 mi/h (120 km/h). We
model the speed of vehicles as per three rules.
1) If there is no other vehicle on the same road in the same
direction for d m ahead, a vehicle can choose an arbitrary
speed within ±5 mi/h (8 km/h) of the speed limit.
2) If there is another vehicle on the same road in the same
direction within d m ahead, a vehicle can decide whether
to overtake or not. The overtake probability is p. To
overtake, the vehicle will speed up 5 mi/h faster than the
vehicle in front. It will maintain this speed until it is 50 m
ahead of the overtaken vehicle.
3) If the vehicle decides not to overtake, it will go to the
following mode. In the following mode, a vehicle keeps
a safe distance (usually 2-s distance) at its speed away
from the followed vehicle. The vehicle then keeps the
same speed as the one ahead. We understand that there
are many advanced car-following models [4]; however,
through simulations, we find that car-following models
do not have a major influence on the wireless network
performance.
B. Intersection Mobility Model
When a vehicle approaches an intersection, it follows the
intersection mobility rules given here.
1) If an intersection is within 50 m ahead of a vehicle, the
vehicle will reduce its speed at a deceleration of a so that
it can come to a complete stop at the intersection.
2) At an intersection, based on the type of the intersection, a
vehicle may need to stop and wait for a certain period of
time. The maximum values for waiting times are listed in
Table I. If the intersection type is a stop sign, the vehicle
is required to stop for 3 s before proceeding to another
road. If the intersection type is a traffic light, the vehicle
can pass it without waiting if the vehicle sees green;
otherwise, it will stop and wait. The traffic light durations
are also listed in Table I. Each row represents the speed
limit of the road the vehicle is on; each column represents
the maximum speed limit of the intersection roads. SS

and TL stand for the “stop sign” and “traffic light,”
respectively. It is noted that this table is not symmetric,
because there is more traffic on a road with a higher speed
limit and thus should enjoy less waiting time.
3) When passing the intersection, the vehicle increases its
speed at an acceleration of b. The mobility is then regulated by the road mobility model.
Although constant acceleration and deceleration are hard to
achieve in real life, with limited vehicle information data, we
assume that the acceleration/deceleration rates do not change
within the acceleration and deceleration periods.
IV. C ONNECTION -B ASED R ESTRICTED F ORWARDING
AND C ONNECTIONLESS G EOGRAPHIC F ORWARDING :
R OUTING IN S MALL -S CALE VANETs
With the vehicular mobility model defined, we now proceed
to study packet routing in small-scale VANETs. To do so,
we first need to define road topologies, populate roads with
vehicles, and make them go from some starting point to a
destination.
A. Implementation
We choose two 1000-m × 1000-m square areas in Orlando,
FL, as shown in Figs. 1 and 2. The online maps and TIGER
line file figures are presented to show two very different road
layouts: 1) a downtown “grid” area and 2) a residential area. We
generate the trace for the vehicle movements for 1000 s.
We implement our mobility models using the framework in
[31]. We add the traffic lights and stop signs to the corresponding intersection, and let the traffic lights operate according to
Table I. The simulator begins with randomly chosen source
and destination spots on the roads. Given the road layouts,
the simulator will calculate the path from the source to the
destination for the vehicle to take using Dijkstra’s single-source
shortest-path algorithm. With this path planning, vehicles know
where to turn at intersections. The parameters are set as intervehicle distance d = 50, overtaking probability p = 0.5, and
acceleration/deceleration (a = −b) = 4 m/s2 .
To validate our proposed mobility model, we also implement
the car-following model Street RAndom Waypoint (STRAW)
described in [8]. In Fig. 3, under the same coordinate, we
plot the average speed of vehicles generated by STRAW for
both the downtown and residential areas. It is observed that
the average speed of vehicles decreases when the number of
vehicles increases. In addition, both models generate similar
values for average speeds. To make the experimental study
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Fig. 1.

Part of the Orlando, FL, downtown and the corresponding TIGER output. (a) Online map (courtesy of maps.google.com). (b) TIGER line file figure.

Fig. 2.

Residential area in Orlando, FL, and the corresponding TIGER map. (a) Online map (courtesy of maps.google.com). (b) TIGER line file figure.

Fig. 3. Average speeds of vehicles in residential and downtown areas applying
different mobility models.

Fig. 4. Average speeds of vehicles in residential and downtown areas with
different mobility parameters.

more comprehensive, we investigate how the values of the
mobility parameters affect the average speed. In particular, we
consider the parameters of intervehicle distance d, acceleration
a, and overtaking probability p. Other than the base case with
d = 50 m, p = 0.5, and a = 4 m/s2 , we conduct four other
controlled tests. The first two tests study the effects of d and
a, where d = 20 m, and a = 2 m/s2 . The last two tests consider

the different tendencies of drivers, i.e., to overtake or follow.
For the downtown area simulation, we assign each vehicle with
a predefined p value in [0, 1], and this value is fixed in the
simulation; in the residential area, no vehicle is allowed to
overtake. The comparison results are shown in Fig. 4; however,
the plots indicate that the mobility model parameters have a
very limited effect on the vehicular average speed. Nonetheless,
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the figures do suggest that the road layouts greatly affect the
average speed, because most roads in both scenarios are of the
same speed limit.
B. Inapplicability of MANET Routing Protocols
Proactive routing protocols require that all nodes maintain a
routing table for routing to other nodes. To update the routing
tables, a huge amount of information exchange is needed,
making large overhead a burden for the network. In a highmobility network such as a VANET, the overhead is even larger
because of the increased routing table update failure probability.
As their counterpart, reactive or on-demand routing protocols
discover and establish routes only when there is a need. This
kind of routing protocol saves unnecessary information exchange and thus brings down the overhead cost. Nevertheless,
existing routing protocols in ad hoc networks are exposed to
some performance problems in VANETs [23], [37]. Moreover,
the performance of well-known AODV and DSR protocols
in [8] motivates us to explore the design space of existing
MANET protocols and modify and tailor them for VANET
applications. In this section, we propose two routing protocols
based on AODV and GPSR [16], highlight their drawbacks, and
analyze their performance.
We first make an assumption that all vehicles (or nodes;
we interchangeably use them) are GPS enabled and equipped
with wireless transceivers. With GPS, the nodes will get their
positions, as well as map information. The wireless transceivers
enable the nodes to communicate with surrounding nodes
within some communication range and direction. For example,
in the MobiSteer Project [27], directional antenna and beam
steering were used to improve the communication performance
between moving vehicles and roadside access points.
C. CBRF
The CBRF algorithm works like AODV. It builds routes using
a route request (RREQ)/route reply (RREP) query cycle. First,
RREQ packets are broadcast across the network to discover
a route from the source to the destination. A node receiving
an RREQ packet sends RREP packets back to the source if
it has a route to the destination or is the destination itself;
otherwise, it will rebroadcast the RREQ. Data packets are sent
to the destination after the source node receives the RREP. The
routing information is updated to ensure that the best route is
chosen. If a link breaks while the route is active, a route error
(RERR) message is sent to the source node. The source node
may then reinitiate a route discovery process.
However, CBRF differs from AODV in the way it controls
the undesired broadcast of the RREQ, i.e., the broadcast storm
[18], [28]. CBRF restricts the range of such broadcast packets
and makes them “multicast.” We assume that the communication range for a vehicle is R and argue that only vehicles that
are toward the destination would be useful in routing. Thus,
the RREQ is not intended for the other half, and we can use
steerable beam directional antenna to control the broadcast direction [27]. Moreover, within the useful half, we set a reference
distance r < R, as shown in Fig. 5. The nodes within a distance

Fig. 5.

Restricted forwarding.

of r are not allowed to broadcast, i.e., they are forcefully made
deaf to any query packet. The reason behind this is that the
vehicles in r would then rebroadcast the RREQ to range R−r,
adding to the congestion and overhead. Of course, if the final
destination happens to be within R, then it gets the packets. In
CBRF, we make the broadcast RREQ only available in R−r
toward the destination.
In addition, due to the high mobility, a vehicle sometimes
gets isolated, and packet forwarding stops. When the vehicles
in front are slowed down due to traffic lights or stop signs, the
data forwarding can be resumed. In such cases, when the next
hop is temporarily unavailable, instead of generating an RERR
and sending it back to the source, indicating a link failure, the
current vehicle will act as a mobile link and cache the data
packets in the buffer in a “carry-and-run” manner. Avoiding
unnecessary route rediscovery, CBRF is expected to increase
the packet delivery ratio and reduce the overhead.

D. CLGF
CBRF is a connection-based routing scheme that sets up the
route before data can be transferred. It is designed for some
VANET applications that require a route to be established
and maintained. When establishing and maintaining a route is
costly, applications may choose not to set up a route a priori.
In this regard, we propose CLGF, which follows the same
routine as GPSR [16] in location-based forwarding. Both
CBRF and GPSR are location-based routing protocols that
exploit the correspondence between geographic position and
connectivity in a wireless network by using the positions of the
nodes to make packet-forwarding decisions. However, GPSR
is greedy, because it always forwards packets to nodes that are
progressively closer to the destination, if such a node exists. If
not, GPSR lets a packet traverse successively closer faces of a
planar subgraph of the graph until it reaches a node closer to the
destination.
Along with the position update problems described in [26],
it is also possible that, in GPSR, some hotspot nodes (in our
case, vehicles) may be chosen as the intermediate forwarding
nodes for multiple routing sessions, resulting in congestion at
those nodes. This problem is even more serious in VANETs for
1-D roads, as shown in Fig. 6. Vehicles A and B hold sessions
to send packets to C and D, respectively. As the last hop node
nearest to the destination, vehicle E is chosen for both A and B.
If the forwarding is not that greedy, vehicle F can be chosen as
an alternative to alleviate the congestion in E.
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Fig. 6.

Congestion caused in GPSR.

To determine the level of congestion that a node is currently
experiencing in CLGF, we consider the queue length at the
medium access control (MAC) layer. The MAC layer then
calculates the instantaneous level of congestion as a ratio of
the instantaneous queue length to the total buffer size. Finally,
the node appends the level of congestion information in the
periodically broadcast beacon signal (HELLO packets), along
with its own identifier and position. When a forwarding node
receives the beacon signal, it compares the level of congestion to a predefined threshold and only considers a subset of
noncongested nodes whose congestion values are less than the
threshold. The forwarding node will choose the next hop as
the node progressively closest to the destination in the subset
of noncongested nodes. In our implementation, the level of
congestion threshold is set to be 0.8.
E. Simulation Model and Setup
Integrating the mobility traffic model traces with the investigated routing protocols, we conduct ns-2-based network
simulation. We use the 2.28 version of the simulator in our
experiments. To simulate a DSRC VANET environment as
realistically as possible, we set the wireless signal frequency
to 5.9 GHz with 10-MHz bandwidth. We also assume that vehicles are equipped with bidirectional antennas that can radiate
fixed and equal transmission powers of 20.4 dBm, making the
communication range about 400 m. As dictated by the standard,
we tune the DSRC receiver sensitivity to −77 dBm. We adopt
the IEEE 802.11 MAC and set the data rate to 6 Mb/s, which is
one of the suggested data rates in the DSRC standard [36]. The
simulations are conducted for both road layouts, i.e., downtown
and residential, as mentioned in Figs. 1 and 2. The number
of vehicles ranged from 50 to 250. The simulation time was
900 s (excluding transients) for our vehicular mobility model
simulator trace. (Note that we had the trace for 1000 s.) Ten
randomly chosen source nodes generated CBR traffic for their
respective destination nodes. For every 50-s epoch, a new set
of source/destination vehicles was chosen to characterize the
randomness in network traffic flows. The default CBR data
packet size was 64 B, and the rate was 2 packet/s.
We would like to emphasize that our aim is not to compare CBRF with CLGF. The reason is that CBRF is aimed
at delivering packets to a specific destination, whereas CLGF
is better at routing the packets in some direction (of the
destination). Instead, we are interested in understanding their
performance constraints and how they compare to existing
MANET routing protocols, i.e., AODV and GPSR. In CBRF,
we make r = 250 m, i.e., all vehicles within 250 m of the
sender ignore the broadcast RREQ packets. Through simulation, we find that it is a suitable setting for r. In the CLGF
setting, vehicles advertise their MAC layer queue lengths in
periodically broadcast HELLO packets. For measuring the per-
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formance, we use three metrics to evaluate and compare routing
protocols.
1) Average data packet delay: This metric is the average of
all data packet delays from the source to the destination.
It reflects the latency of a route and the routing protocol.
It also reflects the level of congestion.
2) Data packet delivery ratio: This metric measures how
much data are successfully delivered by the routing
protocol. It is a measure of the routing effectiveness.
3) Routing overhead: This metric is the ratio of the number of administrative routing packets to the number of
successfully received packets.
F. Performance Study
The performance of CBRF and AODV for both downtown
and residential areas is shown in Fig. 7. The average data
packet delays are smaller when CBRF is used. For the data
packet delivery ratios, although residential areas generally get
a lower ratio of successful packet delivery, the improvement
due to CBRF is clear. CBRF also lowers the overhead to almost
half. The improvement is twofold: First, by controlled broadcast
of RREQ, many unnecessary packet transmissions are saved.
Second, if a vehicle could “cache and carry” data along the way
than report a broken link and set up a new route, it can save the
administrative packets for new route discovery.
The performance of CLGF and GPSR is shown in Fig. 8. We
find that the delays do not increase that much with increasing
number of vehicles, which shows that CLGF and GPSR are
scalable. CLGF gives a better delay performance by considering the congestion information given by queuing delays. Using
CLGF, we also get better packet delivery ratios for denser
networks where the number of vehicles is large, and the data
traffic is high.
G. Impact of Road Layouts and Mobility
It is commonly accepted that the road layouts influence the
traffic pattern and, hence, the network performance. We first
consider the data packet delivery ratio to show this effect. In
the downtown area, where the roads are of a more regular “grid”
structure, vehicles have a higher average speed. The faster the
vehicles move, the larger the chance that they meet with others.
This chance helps deliver packets when the vehicle density is
low [see Fig. 7(b)]. In addition, the “grid” layout increases
the probability of data delivery at the intersections, because
vehicles reduce speed at intersections. At smaller intervehicle
distances, the vehicles have a better chance of setting up good
and direct wireless communication. The “grid” layout has a
large number of intersections, and packet delivery benefits from
this structure. Due to the irregular road layouts at the residential
area, the vehicle moves slower, which hampers the intervehicle
communications. However, when the number of vehicles is
large, the road layout is no longer the dominating factor. The
impact of road layouts is also justified in Fig. 7(a). When the
vehicle density is low and vehicles get isolated, a slow-moving
vehicle takes longer time to reach (be in the communication
range) other vehicles, resulting in a larger delay. We observe
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Fig. 7. Performance of CBRF and AODV. (a) Average data packet delay. (b) Average data packet delivery ratio. (c) Routing overhead.

Fig. 8. Performance of CLGF and GPSR. (a) Average data packet delay. (b) Average data packet delivery ratio.

the delay difference in Fig. 7(a) when the number of vehicles is
50. Again, when the number of vehicles increases, factors such
as MAC contention and backoff contribute to the delay.
Furthermore, it is also interesting to know how the network
performance is affected by the mobility model. In Fig. 9(a)
and (b), we show the performance of CBRF and CLGF with
different intervehicle distance d, acceleration a, and overtaking
probability p. It is observed that, although the network is
tested under different mobility parameters, the average packet
delay and average packet delivery ratio are not altered much.
Therefore, we can infer that the precise implementation of the

mobility profiles does not have a significant impact on the
network performance.
V. TOPO: R OUTING IN L ARGE -S CALE
V EHICULAR A D H OC N ETWORKS
Let us now focus on the routing in a large-scale VANET, i.e.,
an area of several or tens of square miles. Such a network can be
used to deliver messages in a metropolitan area. The application
for this large-scale routing can be either mobile to static (e.g.,
a vehicle queries catering information and a vehicle talks to
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Performance of CBRF and CLGF with different mobility parameters. (a) Average data packet delay. (b) Average data packet delivery ratio.

Fig. 10. Map used for large-scale simulation (courtesy of maps.google.com).

a distant road side unit for digital map update) or mobile to
mobile (e.g., vehicle data transfer/exchange, online intervehicle
video conference or gaming, and other real-time applications).
The aforementioned small-scale routing protocols face some
difficulties and are inappropriate for this scenario, as will be
shown later in Fig. 11(a) and (b). Thus, a new routing protocol
for a large-scale VANET is needed.
A. Definitions: Overlay and Access
We define overlay as high-density high-speed limit roads
(e.g., state roads and interstate roads), which make the
backbone of the transportation system, e.g., the thick roads in
Fig. 10. It can be inferred that, in general, message delivery on
the overlay will enjoy less delay, because there are more nodes,
and they move faster. As the complement of overlay, access
consists of the remaining roads. Access covers residential
areas and low-speed roads. Usually, access areas are located
along the overlay and intersect with the overlay. This way, two
isolated access areas can be linked through the overlay. Given a
local map, e.g., a TIGER map [34], the overlay can be extracted
by traversing the map and getting the speed limits of each road.
The overlay constructed from a TIGER map is a graph. It is
to be noted that the graph may not be a connected graph, as
the overlays may also be connected by access. With the map
and GPS information, a vehicle can calculate information, such
as the positions of the intersections between the access and
overlay, and the distance from the intersection.
We further define a data structure called neighbor list that
each of the nodes maintains. The nodes discover and keep their
neighbor information in the list. This information includes
neighbor IDs, next intersection IDs, and the current phase (in

access or overlay). The ID of each node is unique, and it is easy
to implement, as their transceivers will have different serial
numbers. Intersection IDs can be obtained from the TIGER
map. The phase is determined by the road where the node is
on. The neighbor lists are periodically updated to refresh the
surrounding information. Moreover, without loss of generality,
we assume that the message exchange in the VANET-oriented
system (e.g., ITSs) follows some common format: A packet
can be identified with the contents in the header. Such contents
will help categorize the application types delivered through the
packets, e.g., safety information and commercial information.
B. Two-Phase Routing Scheme
For the routing packet from any given source to destination,
there can only be four combinations of the source, destination
tuple. They are access, access, access, overlay, overlay,
access, and overlay, overlay. If both nodes are in the
overlay, then only overlay routing is enough. If only one of
them is in the overlay, routing will consist of both the overlay
and access phases. If both of them are in access, routing can
be done with a pure access phase or a mix of both phases (i.e.,
from access to overlay and then to access). When dealing with
nodes that are both in access, the TOPO will first evaluate how
far away the nodes are separated. From our experimental study,
we observe that, if the scale is of 1 km, single-stage small-scale
routing protocols work fine. Thus, the TOPO will switch to the
use of a small-scale routing protocol if and only if the following
conditions are satisfied: 1) Both the source and destination are
in access. 2) They are connected without overlay, or they are
no farther than 1.5 km apart.
Let us sketch how the TOPO works. The TOPO borrows
the philosophy of Internet routing, where the message from
one end user to another will be relayed on both the Internet
backbone and local access networks. We give the most general
case in VANET routing, i.e., both ends of the route in access.
The source node is aware of the position of the destination
and, thus, can calculate the shortest path on the map to that
destination using path-planning algorithms. We argue that it
is only necessary and efficient to do the path planning in the
overlay. After the paths have been planned, the source node
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will begin the TOPO with the access routing phase and deliver
the messages to the overlay. Then, the routing switches to the
overlay routing phase, and messages will be delivered along
the path to the access areas. Finally, the TOPO will switch
back to the access routing phase and send the messages to the
destination node.
Before we present the TOPO in detail, we first explain
why we consider the TOPO to be a framework for routing
in large-scale VANETs. The two phases in the TOPO are
independent of each other, which makes it easy to implement
different routing schemes in either phase, provided that there
are some infrastructure support at the intersections. The link
between the two phases is the handover of packets, where the
packets exist in one routing phase and enter the other, and the
starting/ending point of any routing algorithm. If the routing
scheme in access is R1 , it only needs to set the destination at
one of the intersections with the overlay. Then, routing scheme
R2 gets the packet and routes it to another intersection with
access. Finally, R3 acts as the routing in access again.
C. Access Routing Phase
As previously discussed, various routing protocols can reside
in the two routing phases CBRF and CLGF. The objective
behind the design of access routing is that it must be fast and
reliable and have low-complexity message delivery. We argue
that, since, in the access areas, the node density is not high, and
it is not efficient to make a message delivery along a predefined
path. In this regard, we adopt CBRF and CLGF as the routing
protocols in the access routing phase and present the TOPO
accordingly. It is noted that some infrastructure support may be
needed if some other routing protocol is adopted.
However, several issues need to be addressed. First, it is
necessary to distinguish the stages of access to overlay from
the stages of overlay to access. In the former case, the nodes
just know how to forward the messages to the overlay, which is
a kind of static infrastructure; in the latter case, the destinations
may be mobile, and we need to discover them and reach there.
Thus, in the first stage, CLGF is more appropriate as long as the
direction of the overlay is given; in the other stage, CBRF will
do better, because it involves a route discovery, as destinations
may be mobile.
To find an efficient way to guide the messages to the overlay,
a node in access needs to find the nearest intersection of the
overlay and access. This can easily be done by current GPS
technology or simple calculation of the Euclidean distances
from the source node to each of the intersections. The source
node will invoke CLGF to forward the message to the nearest
intersection. However, while checking its neighbor list and
forwarding the message to the next hop, a node will also
check if it has a neighbor in the overlay. If so, the message
will directly be forwarded to the node in the overlay, and the
access routing phase ends. Although there might be a chance
that a message forwarded to the intersection cannot further be
forwarded to a node in the overlay, we find it very unlikely to
happen, as later discussed in Section IV-E.
We consider the second stage, when the message is delivered
to a node in access from the overlay. A node will start route

discovery to establish a route to the destination node. If the
destination node is either static or mobile within the same
access, CBRF will easily find the destination node. However,
the worst case occurs when the destination node is mobile and
moves out of access to the overlay. In the TOPO, we make the
destination node acknowledge its neighbors about its position
change at the time it moves on to the overlay. In particular,
the destination node broadcasts packets containing its direction
in the overlay (next intersection ID) and a time-to-live (TTL)
value. When a node in access gets an RREQ for the destination
and this request is received within the TTL, it will reply with
the next intersection ID to guide the packet back to the overlay
and follow the movement of the destination node. After the
destination node receives the message from the source node,
it can include its updated position information in the messages
back; however, this process is outside the scope of the TOPO.
D. Overlay Routing Phase
The process between the two stages of the access phase is the
overlay routing. Again, the routing in the overlay can employ
any arbitrary routing protocol; we present a simple yet efficient
one in this paper. We argue that, in the overlay, the message
is delivered and forwarded along the precalculated path to the
destination node (if it is in the overlay) or to an intersection
with access (if destination is in access). The forwarding is done
in a greedy manner for each node: as long as the destination
(intersection) is not within the communication range, it just
forwards the message to the farthest node along the path,
provided that the node is not overwhelmed. However, to make
it work, we add some rules for the nodes.
1) If there are no nodes ahead of the current messagecarrying node C along the path and it is moving along
the path, it carries the message until it finds some other
node to forward.
2) At an intermediate intersection A in the overlay, if there
is no traffic along the path (to intersection B) and C is
not heading in that direction, it forwards this message
to any node heading intersection A and sets a TTL to
that message. The node receiving that message will do
the forwarding again. If it is not able to forward the
message to intersection B, it will redo this step, except for
setting the TTL. If the TTL value in a message exceeds
a predefined threshold, the node currently holding the
message will delete edge e = A, B on overlay graph G,
recalculate the path for this message, and continue
forwarding.
3) At the final intersection F , where the message should get
off the overlay and continue in access, if there is no node
in access to relay the message, C will forward this message to any node heading F , making the message bounce
around F until some node in access is able to get it.
It is to be mentioned that the overlay network may not be a
connected graph, i.e., two or more overlays can be connected by
access. Thus, during path planning, in such scenario, the TOPO
will set the end intersection of the overlay as the temporary destination and invoke the TOPO routing process again when the
packet reaches that point. However, in our experimental study,
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we find that the disconnected overlay is unlikely to happen. We
summarize the TOPO as pseudocodes in Algorithm 1.
Algorithm 1 TOPO
1: procedure TPO (s, d, p)  The source, destination, and
packet
2:
r ← distance(s, d)
3:
if s, d ∈ access && (r < 1.5 km no overlay
between s, d) then
4:
CLGF(s, d, p)
5: else
6:
if s ∈ access then
7:
ACCESS-ROUTING-PHASE (s, d, p)
8:
else OVERLAY-ROUTING-PHASE (s, d, p)
9:
end if
10: end if
11: end procedure
12: procedure ACCESS-ROUTING-PHASE (s, d, p)
13: if p is not from overlay then
14:
n ← nearest intersection
15:
while neighbor list ! = NULL do
16:
if overlay node o ∈ neighbor list then
17:
SEND (o, p)
18:
else o ← CLGF(s, n, p)
19:
end if
20:
end while
21:
OVERLAY-ROUTING-PHASE (o, d, p)
22: else RREP ← CBRF (s, d, p)
23:
if RREP == destination left then
24:
TOPO (here,new_des, p)
25:
end if
26:
Update_Position_Info (d, s)
27: end if
28: end procedure
29: procedure OVERLAY-ROUTING-PHASE (s, d, p)
30: Calculate the path to d.
31: If d ∈ overlay then
32:
GREEDY-FORWARDING (s, d, p)
33: else get the last intersection id i on the path
34:
GREEDY-FORWARDING (s, i, p)
35:
ACCESS-ROUTING-PHASE (i, d, p)
36: end if
37: end procedure
38: procedure GREEDY-FORWARDING (s, d, p)
39: while d ∈
/ neighbor list do
40:
if OVERWHELMED(nf ← farthest node) then
41:
nf ← second farthest node
42:
end if
43:
Forward p to nf along the path subject to the rules in
V-D.
44: end while
45: end procedure
46: procedure OVERWHELMED (n)
47: l ← MAC Queue Length of n
48: if l < fo × buffer size then return False
49: else return True
50: end if
51: end procedure
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E. ITS Friendliness
We further discuss how the TOPO can be used in ITSs, which
is targeted to deliver information between vehicles and/or infrastructure. Since the backbone of the TOPO relies on the
overlay (highways), where the wireless channel may highly be
congested and the bandwidth is limited due to ITS applications,
the main challenge for the TOPO is how to perform routing
without compromising other services in ITSs.
The basic approach in addressing ITS friendliness is prioritization. From the header of the packets in ITSs, we can get
the application type of the message. Based on the service type,
we prioritize packets, e.g., packets with safety information will
have higher priority than packets with commercial information.
The prioritization categorizes packets by giving them different
weights, and scheduling is done using the weighted fair queuing technique. When there are N traffic flows with weights
w1 , w2 , . . . , wN , the data rate for flow i is given by
Rwi
Ri = 
i wi
where R is the available link data rate.
VI. P ERFORMANCE E VALUATION OF TOPO
We conduct simulations to study the performance of the
TOPO. As indicated in [44], it is not efficient to use the
current ns-2 release on a single computer to simulate a large
number of nodes in a large topology; thus, we choose another memory-efficient network simulator, i.e., GTNetS [10].
GTNetS is proven to be competent of simulating as many as
50 000 nodes in a mobile ad hoc scenario [44]. We use the
mobility model presented in Section III on a large topology, as
we have shown in Fig. 10. The number of nodes is set to be 6000
unless specifically mentioned, and the area measures 10 km ×
3 km. In our simulation, the overlay is chosen as the thick
roads on the map, and we use Dijkstra’s single-source shortest
path algorithm in path planning. The rest of the environmental
settings are the same as those for small-scale VANETs in
Section IV-F. To test the performance of the TOPO, we choose
different route lengths or source–destination pairs with different
separation distances (i.e., 2000, 3000, 4000, and 6000 ±50 m).
It is worth mentioning that, since the nodes are mobile, the
separation distance is the average distance from the source to
the destination over a session, as the calculation of distance
is evoked once a packet is received. Overwhelm factor fo =
(MAC layer queue length/overall buffer size) is set to 0.8, and
TTL = 3 s. We first allow ten CBR flows generating 2 pps. Each
packet is 64 B. The effects of different packet sizes and rates
are also studied. The simulation lasts 900 s, with each session
lasting 100 s.
A. Performance
The results for the delay and packet delivery ratio are presented in Fig. 11(a) and (b), respectively. As a comparison, we
also test the performance of two single-phase routing schemes
AODV and GPSR. Fig. 11(a) shows the average end-to-end
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Fig. 11. (a) Delay performance. (b) Packet delivery ratio.

Fig. 12. Packet delay w.r.t. (a) packet rate and (b) packet size.

delay in packet delivery. Not only does the TOPO yield smaller
delays but it also keeps a slow increase in delay with increasing
distance. The reason behind the small delay is that the TOPO
routes packets along an overlay path, which has high traffic
density and high connectivity. Unless there are extreme cases
when some portion of the overlay has very low traffic density,
routing in the overlay will not generate higher delay. GPSR and
AODV discard the traffic information and route packets from
a pure networking perspective; thus, the delay becomes larger
if the route is longer. However, AODV performs even poorer
because of the cost associated with the route maintenance.
Fig. 11(b) shows the packet delivery ratio of the protocols.
The performances of all protocols degrade with longer routes.
However, the TOPO has a better delivery ratio than the other
two. It is to be noted that, if there is no delivery failure in
the overlay, which is true if the traffic density and direction
diversity are high, the performance of the TOPO will mainly be
determined in access. In other words, the performance of access
phase routing (i.e., CLGF and CBRF) dictates the overall
performance of the TOPO.
B. Effect of Packet Size and Packet Rate
We vary the amount of data packets in the network, as
well as the packet size, in testing the performance of the

TOPO. In particular, we are interested in the network delay
performance under DSRC standards. It is suggested in [35]
that typical DSRC applications generate packets of sizes larger
than 100 B with more than 3 pps. In Fig. 12(a), we increase
the data traffic volume by generating more packets per second.
As expected, the delay shows an increasing trend when the
traffic load is heavy. However, considering the length of the
route, the delay performance is acceptable, particularly when
compared with other protocols, as shown in Fig. 11(a), where
the load is low. In Fig. 12(b), we set the packet generation rate
at 10 pps and vary the data packet size. Plots indicate that an
increase in data packet size does not significantly cause a larger
delay.
C. Effect of Vehicle Density
We further study the effect of vehicle density on the network performance. The benchmarks used are 2000, 6000, and
8000 vehicles (66.7, 200, and 266.7 vehicle/km2 ). Fig. 13(a)
presents a drastic decrease in delay when the vehicle density increases. However, the delay gaps between 6000 and
8000 vehicles are not very impressive. The reason is given as
follows: Although the higher node density decreases the delay
by increasing the connectivity, possible packet collision due
to channel access contention nullifies some of the effect and
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Fig. 13. (a) Packet delay. (b) Packet delivery ratio.

Fig. 14. Effect of packet-caching schemes on the (a) packet delay and (b) packet delivery ratio.

contributes to the delay. Fig. 13(b) clearly shows that a higher
vehicle density means more successful data packet delivery
ratio.
D. Effect of Packet Caching
As mentioned earlier, when the packet-carrying vehicle
leaves the precalculated data-forwarding route at an intersection, it will send the packet to other vehicles on the route. A
TTL value is set to indicate the lifetime of the packet. If we
assume that a certain infrastructure, such as a data buffer [43],
is available at the intersection, we can use the infrastructure
to cache the packets and deliver them to other vehicles on
the route at a later time. Fig. 14(a) and (b) explores these
possibilities.
Fig. 14(a) indicates that the delay increases to a great extent
when a larger TTL value is set or the infrastructure is assumed.
This is because, when the next hop is not available, after waiting
TTL time, the packet is rerouted. A larger TTL value means
that the packet should wait at the intersection longer before it
can be rerouted or continued on the forwarding process. The
longer waiting time leads to a larger delay. The presence of
infrastructure implies that the packets will always be cached
and never be rerouted; thus, the delay is the largest. Fig. 14(a)
also indicates that the increased amount in delay increases with
the separation distance. However, in Fig. 14(b), the delivery

ratios show the tradeoffs. With the support of the infrastructure,
most of the packets can successfully be delivered when the
delay is compromised, and smaller TTL values yield less of a
delivery ratio. It can be inferred from the plots that, although
the packet delivery ratio (PDR) decreases when the separation
distance increases, the change rate is smaller when a larger
TTL value is adopted. The tradeoffs can be used to tune the
parameters of the TOPO when the awareness of the delay and/or
delivery ratio is different for various applications.
E. Performance Under ITS
We also investigate the performance of the TOPO when other
ITS data transfer sessions occur in parallel. Since the actual
application type in ITSs is unknown, we do not distinguish data
transfers in ITSs. This way, all ITS packets are treated equally
and have higher priority than the TOPO routing packets.
First, we define w = (weight of ITS/weight of the TOPO) and
assume that there is only one saturated ITS session in the system. The throughput of the TOPO and ITS sessions are shown
in Fig. 15(a). Then, we fix w = 2, vary the number of simultaneous ITS flows, and record the throughput in Fig. 15(b).
Plots indicate that, although the throughput is not proportional
to w or the number of ITS flows, the throughput of the ITS
sessions is not compromised when the TOPO is implemented.
Thus, we claim the TOPO as an ITS-friendly protocol.
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Fig. 15. Throughput ratio of the TOPO and ITS sessions w.r.t. (a) w and (b) the number of flows.

VII. C ONCLUSION
Research on VANETs needs integrated study of vehicular
mobility models and network protocols. Physical-world traffic
rules, such as road layouts and traffic regulations, have a
significant impact on the networking performance and, hence,
deserve careful investigation. In this paper, we have proposed
a vehicular mobility model based on real-life scenarios. We
have simulated vehicle movement traces using real-world maps.
Based on the traces, we have designed new routing protocols for
VANETs.
Considering the routing issues of VANETs, we have first
proposed two small-scale VANET routing schemes and carefully studied their performance. We have shown how the packet
delivery ratio and delay are affected by different schemes,
vehicle densities, and road layouts. However, when applying
the existing protocols to large-scale VANETs, the performance
degrades. We have argued that it is possible to exploit the
road diversity that could potentially provide insights into designing better VANET routing schemes. To this end, we have
distinguished the overlay roads from the access roads, based
on the vehicle density and speed limit, and suggested that
routing can independently be done on both types of roads. We
have presented a TOPO and addressed the packet-routing issue
similar to a vehicle moving on a map. The proposed TOPO can
also be regarded as a framework in large-scale VANET routing
that is compatible with various single-stage routing protocols.
We have conducted simulations to verify our ideas, and results
have shown much better performance, compared with those of
existing methods. Furthermore, results have also shown how
the performance of the TOPO is affected by the packet size,
packet rate, vehicle density, and packet-caching schemes. As
an added benefit, the TOPO has also achieved ITS friendliness
with packet prioritization.
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