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Abstract—Vehicle density information is crucial for efficient
functioning of many vehicular applications, including emergency
notification, driver assistance, and infotainment applications. This
information is used for evacuation planning in accident scenarios,
finding alternate routes in the case of road congestion, and providing stable routing paths for uninterrupted internet connections.
In a city scenario, it is a tedious task to continuously collect and
share large volumes of data containing density information. In this
paper, we propose a mechanism to create a density map for city
environments. A hierarchy (i.e., tree) is established, where a node
represents a road segment and the density is used to determine
the height of the node; the root node represents the road segment
having highest density. The purpose of this tree is to collect and aggregate density information starting from the leaves until the root
node is reached. Then, the aggregated density information (i.e.,
density map) is forwarded down the hierarchy. For efficient aggregation of density information, we adopt an effective curve-fitting
method where data are represented in an equation. Simulation
results show that the proposed mechanism allows highly accurate
computing of density map while generating low network overhead.
Index Terms—Curve fitting, density measurement, traffic control, vehicular ad hoc networks.

I. I NTRODUCTION

W

ITH the advancement of wireless technology and development in the automobile industry, current transportation systems involve intelligent vehicles. Over the last several
years, vehicular ad hoc networks (VANETs) [1], [2] have drawn
considerable attention from research community because of
the promising services and applications provided through the
cooperation of equipped vehicles. The major goal of vehicular
ad hoc networks is to increase the safety of passengers and
enhance the driving experience by providing services, such as
collision warning, lane change assistance, intelligent navigation
and road traffic control.
Real-time monitoring, control and management of road
traffic are significant necessities in megacities. Awareness of
vehicle density is essential for effective traffic management
operations [4], [27]; knowledge of vehicle density is useful
in determining the congestion status of a road and allows
drivers to navigate through congestion free routes. Moreover,
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the performance of VANET communication protocols (e.g.,
broadcast, routing and content sharing) varies greatly according
to vehicle density. Thus, vehicle density information at any
place and at any instant allows VANET protocols to adapt their
behavior in different density situations to provide the required
performance.
In traditional vehicle density estimation techniques [3], [7],
[8], the information collected from road side sensors (e.g., magnetic loop detectors) or surveillance cameras is sent to a central
server where the information is processed and disseminated
either proactively or in response to queries sent by drivers.
Because of the high cost involved in installation and maintenance, road sensors are mostly deployed near junctions or in
selected highways; thus, it is difficult to estimate vehicle density
in road segments of the entire city. These devices are also
limited in capacity; for example, it is difficult for a surveillance
camera to perform complex image processing and analysis in
real-time. Since, vehicles are equipped with GPS and wireless
transceivers, vehicle-to-vehicle (V2V) communication can be
leveraged to estimate vehicle density in a decentralized manner.
However, as the network bandwidth is limited, it is necessary to
develop mechanisms that estimate vehicle density of a whole
city without generating considerable overhead in the network.
In this paper, we propose a novel service, called Density Map
Service (DMAP), for vehicular networks, with the objective
of providing precise density information to vehicles. The main
challenge in realizing the service is to provide real time information while satisfying low delay requirements and minimizing
overhead. It is known that spatial density information is huge
to deal with. Therefore, we decided to use a comparison-based
aggregation mechanism to substantially compress density information. To lower end-to-end delay, a single virtual gateway1
should be identified to store local density information for each
road segment. Basically, a hierarchy (i.e., tree) is established
where a node represents a road segment and the height of a
node represents the density of the corresponding road segment.
The root node represents the road segment having the highest
vehicle density. At each level, the density of a node is combined
with the density of nodes at the next lower level. The combined
information is expressed in the form of an equation using a
curve-fitting method. Once the root node receives the desired
density map, it is transmitted down the hierarchy, eventually
distributing the density information in the entire network.
Density information is very useful for any routing protocol
to take routing decisions. Denser paths are considered to be
better connected routes and routing decisions are made on
1 A vehicle is located around a position (e.g. midpoint of a road segment)
to act as a gateway to store data; when this vehicle leaves the position, a new
vehicle takes over.
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connectivity. To be able to evaluate the performance of our
proposal, we choose to evaluate the performance of the routing
protocol BAHG [13] with and without the density map service.
The rest of the paper is organized as follows. Section II
presents related work. Section III describes the proposed service, called DMAP. Section IV analyses the accuracy of density
information computed by DMAP. Section V evaluates the performance of DMAP. Finally, Section VI concludes the paper.
II. R ELATED W ORK
To collect traffic density information of a road segment,
various methods are adopted in Intelligent Transportation
Systems. Traditionally, two techniques are used to measure
traffic density in a neighborhood: (i) using periodic beacon
exchanges: beacons are periodically broadcast by all vehicles
with position information [10], [20]–[22]. Thereafter, selected
vehicles collect one-hop density information and forward it to
their neighbors; and (ii) using sensing devices: various sensing
equipment are used to measure the density of a road segment
[3], [7], [8]; they include magnetic loop detectors, surveillance
cameras, and radar speed guns. In [3], [7], [8], traffic data is
collected using sensors placed at either ends of a road segment
and various methods are presented to estimate the vehicle
density. In [3], using a Markov model, Singh et al. attempted
to solve the density estimation problem using the arrival rate of
vehicles. Yuan et al. [7] proposed a Lagrangian state estimatorbased approach to estimate vehicle density. An extended and
modified approach based on Kalman filter is adopted for density
estimation in [8]. Liu et al. [34] presented a Gaussian process
congestion model to collect routing information for fleets of
cooperative vehicles. There is another interesting approach
[35], where vehicles are clustered using their mobility pattern.
This proposal finds out hotspots (i.e., vehicles congestion) for
effective routing decisions. Zhang et al. [36] use GPS-enabled
mobile data for traffic state estimation. They propose a heuristic
method to estimate traffic states. Buch et al. [6] proposed an
interesting use of camera sensing techniques for urban traffic
monitoring; video cameras are installed at light poles to collect
vehicle count information. In [11], three vision sensors were
used to compute the number of vehicles. In [12], cumulative
road acoustics were used in estimating road traffic density and
the impact of noise on the estimation was analyzed.
Though it requires all vehicles to be equipped with wireless
transceivers, density estimation achieved through periodic beaconing is pretty accurate in one hop. It is however a difficult
task to extend the accuracy of density information beyond one
hop. Magnetic loop detectors are often considered to be expensive and installation is a cumbersome task. Also, surveillance
cameras and radar speed guns face similar issues. Apart from
that, analysis of images captured through cameras involves
huge processing and communication cost. Also, sensors are
usually confined to some geographic locations which limit the
capability of sensors to capture events (i.e., accident, traffic
congestion, road conditions and weather conditions) for the
entire network.
The distribution of density information is very similar to
location services in vehicular networks [5], [14], [15]. Location
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services can be classified into three major categories: (i) centralized, where a central server usually takes care of the entire
system; (ii) decentralized, where the location information is
held on distributed entities; and (iii) query-based, where the
source probes the destination position through flooding. In a
centralized mechanism (e.g., [10], [25]), as the central server
has the core responsibility to provide the location service, memory, computational capabilities and bandwidth can be easily
exhausted; also, installation of such sensing devices, which are
connected to a central server is quite expensive. Conversely, in a
decentralized system (e.g., [14], [24]), the moving entities hold
the location information. Since vehicular networks consist of
fast moving vehicles, there is always a possibility that a vehicle
gets lost in the crowd carrying a lot of location information.
In the Map-Based location service (MBLP) [26], the area is
divided into hierarchy of squared regions, where a waypoint
stores and provides location information of each vehicle in the
square and a hierarchy of waypoints stores location information
of the entire area. The random selection of waypoints and mobility of vehicles selected for waypoints make it inappropriate
for vehicular networks. The query based location service, proposed in RLS [15], uses controlled flooding to get the real time
position information of a vehicle. This location service is quite
useful to take routing decisions if the source or the destination
changes its position noticeably. Usually, a vehicle will move
away from its original position quite often after a connection
has been established between the source and the destination to
exchange data in routing. Therefore, further position updates
generate unreasonable network overhead.
The major difference among a location service and density
map service is that, in first case, a position information in shared
whereas in later case, density information is shared for a region
(i.e., road segment). If a centralized location service were to
be used to infer density information, the amount of data to be
communicated with the server would be quite considerable. For
example, in any big metropolis, the total number of vehicles
moving at a time can be hundreds of thousands. So, location
data from all those vehicles needs to be collected continuously
and correlated with a region. Similarly, if using a distributed
hierarchy based location service, the data transfer time would
be very long and the topology may change by the time the
source collects the information. For query based systems,
though collecting location information of a road segment may
involve small communication cost, it is infeasible to collect this
information for a large area. Therefore, it would not be possible
to use a location service to provide density information. Apart
from that, location services are not free from shortcomings.

III. D ENSITY M AP S ERVICE
A. Definitions
The road network can be transformed into an undirected
graph by replacing each road segment by an edge and replacing
each intersection by a vertex. Let the undirected graph be
denoted by G = (V, E), where V and E denote the set of
vertices and set of edges respectively. We use the term node
to denote an edge in G.
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Vehicle Density: It is the average number of vehicles per
100 meters. As the length of each road segment is not uniform,
we measure the density information for a normalized distance
of 100 meters.
Virtual Gateway: To collect information of each road segment, a storage vehicle must be selected. Such a vehicle is
located around a position to act as a gateway to store data; when
this vehicle leaves the position, another vehicle takes over. We
name the storage vehicle as the virtual gateway.
Border Vehicles: Two vehicles, on the opposing ends of the
road segment must provide density information to the virtual
gateway. These vehicles which pass the density information to
the virtual gateway are called border vehicles (e.g., Fig. 2).
Border Region: It is a region adjacent to the intersection from
which a vehicle has the (network) visibility of other vehicles
present at such regions of adjacent road segments. This region
is called border region (e.g., Fig. 2).
A border vehicle may or may not present at a border region.
The area of operation of a border node is R meters from the
intersection (R is Transmission Range). However, the width of
the border region is very short (e.g. 30 meters).
K-Adjacent N eighborhood (K >= 0): For K = 0, edge
ei and, said to be K-adjacent neighbor of edge ej if ei is directly
connected to ej . For K >= 1, edge ei is said to be K-adjacent
neighbor of edge ej if ei and ej have same Membership level,
M0 (see Section III-B), and ei & ej are separated by K edges
apart; where K = f (M0 ) = M0 + 1, 1 ≤ M0 ≤ Hmax .
K-Adjacent N eighborhood Set: For edge ei , Nk (ei )
represents the set of all K-adjacent neighbors.
M embership Level − 0: Initially, all road segments are
assigned a membership level of 0.
M embership Level ≥ 1: For edge ei , membership level
Mei is set to L + 1 if ∀ edge ej ∈ Nk (ei ), dei > dej and
Mej = L, where dei and dej are the densities of edges ei and
ej respectively.
Root Node: This is the only node that is not a child of
any other node, and it has the highest Membership Level. The
highest Membership Level is set to be HMax .
B. Hierarchy Constructions and Update Procedures
In order to provide density information to every vehicle in
a city network, we construct and maintain a hierarchy tree.
In such a tree density information is forwarded from leaves
to the root. Note that, leaves have lowest membership level
(i.e., zero) and the root has highest membership level (i.e.,
Hmax ). Thus, root node is the node having highest density
in the network. A leaf node has knowledge of only its own
density information. However, a non-leaf node has knowledge
of aggregated information (i.e., its own density information and
density information of all nodes in its sub-tree). With increase
in membership level (i.e., height of a node) the amount of
information stored in a node increases. If a node has higher
membership level, but very low density (i.e., low connectivity),
the propagation of entire density information will be disrupted.
Thus, in our approach, we set a rule that parent node must have
higher density than its children have. If we map this structure
to a city, in the outskirt, nodes (i.e., road segments) have lower

Fig. 1. (a) Membership Level 1, 1. (b) Membership Level > 1.

connectivity than that in the downtown. The connectivity also
increases from outskirts to downtown. Our hierarchy tree allows
density information to flow inwards (i.e., from outskirt to the
downtown). The highest membership level Hmax is computationally determined in the following sub section.
1) Determining Highest Membership Level: We consider
unit cost for all edges in G. A path is defined as a sequence of
edges. The edge-count of a path denotes the number of edges
between start vertex and end vertex of the path. Floyd-Warshall
algorithm [37] is executed to find all pairs of shortest paths
(based on edge-count) for the entire graph G. These paths are
sorted in descending order. Let the longest of these paths be
termed as LP . Let the edge-count of LP is referred to as Hmax.
It is intuitive that the edge-count of the path between root node
and its farthest child in the hierarchy is smaller than or equal to
Hmax . Thus, K lies in the range (1, Hmax ).
2) Hierarchy Tree Construction: The hierarchy tree is constructed using a distributed algorithm which is executed by each
node (i.e., a road segment) in the network. Initially, each node
has membership level zero. The algorithm is executed until a
node is child of another node or it becomes root node. A node
shares its density information with its K-Adjacent neighbors
starting with K = 0 (i.e., immediate neighbor road segments).
On receiving density information from K-adjacent neighbors,
if the current node finds that its density is higher than all
them, it increments its membership level by one. Thereafter, it
sends messages to its K-Adjacent neighbors informing them
to become its children. On receiving such message, a node
becomes child of the sender node and exits the hierarchy tree
construction algorithm. In Fig. 1(a), the road segment at the
center increases its membership level. All other road segments
are just immediate neighbor of this road segment. In Fig. 1(b),
the road segments are K edges apart (i.e., K-Adjacent neighbors). However, the value of K is greater than or equal to
one. A node that increases its membership level repeats this
algorithm. Every time, a node increases its membership level,
the value of K is incremented. The value of K is incremented
till K becomes Hmax . When K reaches Hmax for a node, the
node becomes the root node and hierarchy tree is constructed.
The pseudo-code of the distributed hierarchy tree construction
algorithm is shown in Table I.
3) Updating Hierarchy Tree: Once the hierarchy tree is
constructed, it is not necessary to update the tree structure
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TABLE I
A LGORITHM FOR H IERARCHY T REE C ONSTRUCTION

unless the density of an intermediate node is very low (i.e.,
connectivity among vehicles of that road segment cannot be
maintained). Thus, we can relax the rule where the parent node
should be denser than its children should. If a node has very low
density especially when most of its children (e.g. 50% of them)
have higher density then, the node can swap its role (i.e., parent)
with its densest child node. The pseudo-code of the distributed
algorithm for updating hierarchy tree is shown in Table II.
4) Complexity Analysis: For K = 0, each node has 6 adjacent neighbors in Manhattan grid structure. For K >= 1, the
number of K-adjacent neighbors is 8∗ K. In the worst case, the
inner for loops in step 14 to step 16 and in step 19 to step 23 are
executed 8∗ HMax times, where HMax is the maximum value
of K. The outer while loop in step 7 to step 28 also executes
HMax times. Thus, complexity of the hierarchy construction
procedure is O((HMax )2 ).
The update procedure has one loop (i.e., Step to Step 17).
The maximum number of iteration in this case is 8 ∗ HMax
(i.e., maximum number of neighbors of a node). Thus, the time
complexity of the update procedure is O(HMax ).
C. DMAP Service in a Nutshell
This paper proposes Density Map Service (DMAP) for vehicular networks. Every vehicle in the network accesses DMAP
to get density information of all road segments. To provide
DMAP for the entire network, density information is collected
and delegated through a network hierarchy called density tree.
Once the hierarchy is formed, the density information collec-
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TABLE II
A LGORITHM FOR H IERARCHY T REE U PDATE

tion and distribution process would take place. In the lowest
level, every road segment collects its density information and
keeps computing the mean and standard deviation which it
forwards to its parent road segment in the form of equations
(i.e., using curve-fitting method [18]). Upon receipt of such
information from its children a road segment extracts, merges
and sorts the mean and standard deviation of densities, then
forwards to the next higher level (i.e., its parent) in the form
of equations. At the highest level, the information collected
will be the mean and standard deviation of densities of all road
segments of the entire network. This is the density map in the
form of equations and it is delegated back to every road segment
through the density tree.

D. Virtual Gateway Selection and Density
Information Collection
Before collecting density information, a storage site should
be selected to keep density information of each road segment.
Thus, a vehicle should be chosen as the virtual gateway to take
the responsibility of the road segment. A road segment may
have either single lane or multilane, either unidirectional or
bidirectional. The road structure would be straight or curved.
An intersection may be connected to multiple road segments
(such as 3, 4 or 5 etc.). Also, a road segment may have traffic
light installed.
Two vehicles (i.e., border vehicles), on either end of the
road segment must provide density information to the virtual
gateway. In Fig. 2, vehicles A and G represent border vehicles
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Fig. 2. Density information collection and storage.

and D the virtual gateway; vehicle A selects a forwarding
vehicle C and sends a message with density up to vehicle C
(i.e., 2 vehicles, A and B). Similarly, vehicle C forwards the
density information to the next hop which is the virtual gateway. Vehicle C sums up the density it has received from A
and the density up to D (i.e., 4). Similarly, G sends density
information to E which sends it to D. Virtual gateway D sums of
total densities it receives from either ends of the road segment.
Also, it computes Vehicle Density for the normalized distance
(i.e., 100) as it is aware of the length of the road segment.
A virtual gateway should be a vehicle which resides a fairly
long period on a road segment to reduce the number of message
exchanges caused when it leaves the road segment and a new
virtual gateway takes over. If the length of a road segment is
smaller than the transmission range of a vehicle, no vehicle
is chosen as the border vehicle and a virtual gateway takes
the entire responsibility of the entire road segment; no density
information collection is done here. When a vehicle enters to
a new road segment, and if no vehicle is the border vehicle
(of this segment), this vehicle declares itself as the border
vehicle through its beacon. A border vehicle selects another
vehicle (if any) to be border vehicle when it senses that the
intersection will not be within the transmission range of the
border vehicle after ‘Bt ’. ‘Bt ’ is the time period of two beacon
intervals. Usually, the slowest moving virtual gateway takes
the responsibility of a road segment for the longest period.
Virtual gateways, in each road segment, are chosen through
beacon scheduling. We introduce a status flag in beacon which
if set represents a virtual gateway; otherwise, it represents an
ordinary vehicle. The virtual gateway selection procedure is invoked in the following two cases (1) case 1: initial deployment
phase; and (2) case 2: existing virtual gateway leaves a road
segment.
Case 1: Initial Deployment Phase: At the beginning, before sending a beacon, each vehicle determines whether it is
just entering the road segment by using information (position,
speed, acceleration) in beacons sent by neighboring vehicles.
If a vehicle finds itself as the closest to the intersection as
it is just entering the intersection, it broadcasts its status as
the virtual gateway in its beacon. Since the length of a road
segment can be longer than transmission range, all vehicles
in a road segment may not receive beacons of each other.
Therefore, when a vehicle is aware of the virtual gateway
in its neighborhood, it rebroadcasts this information in its
beacon (piggybacked beacon) until an intersection is reached.
It may happen that more than one vehicle may set their status
as virtual gateway in their beacons. When a virtual gateway

becomes aware of another virtual gateway (through multi-hop
piggybacked beacon messages), it compares its own position
with the new position (considering speed and direction from the
time of beacon forwarding) of the other virtual gateway. If the
other vehicle is going to stay longer in the road segment, this
vehicle changes its status to an ordinary vehicle. Thus, after
few beacon intervals only a single vehicle will be the virtual
gateway of a road segment.
Case 2: Existing Virtual Gateway Leaves a Road Segment::
To avoid disruption in communication to an outgoing virtual
gateway, a new virtual gateway should be chosen much before
the existing virtual gateway leaves the road segment. In fact,
few beacon intervals should elapse to allow vehicles to select a
new virtual gateway; we assume the elapsed number of beacon
intervals to be 10 (i.e., 1 sec). Indeed, in the ith beacon interval,
if the existing virtual gateway estimates that it will be located in
a new road segment in the (i + 10)th beacon interval it notifies
its neighboring vehicles, via multi-hop piggybacked beacons,
to choose a new virtual gateway. Hence, using the basic procedure (procedure explained in case-1), a single vehicle can be
successfully selected as the new virtual gateway.
E. Inter Road Segments Communication
In ML1 and MLN, road segments need to compare density
information with other road segments. It is the responsibility
of each virtual gateway, of a road segment, to transmit density
information to virtual gateways in other road segments. For
adjacent road segments, the source virtual gateway transmits
density information towards the intersection (of the 2 road
segments); then the information is forwarded to the destination
virtual gateway. For non-adjacent road segments, a shortest
path, between the two segments, is computed using Dijkstra
algorithm [33]. Then, the source virtual gateway transmits density information to the destination virtual gateway through the
intersections of road segments that are part of the shortest path.
A vehicle closest to the intersection is chosen as a forwarder
for an intersection; the vehicle may or may not be a border
vehicle. To effectively realize this multi-hop communication,
we propose to use fast forwarding scheme (see Section III-H).
F. Aggregation Based Data Collection
In the collection procedure, two pieces of information,
namely average density and standard deviation of all road
segments, are collected at the root (i.e., the road segment having
highest level) of the hierarchy. Information collection starts at
road segments at level 0; each of these road segments sends its
average density and standard deviation information to its parent
(road segment at level 1).
Upon receipt of this information, a road segment at level 1
combines its own information with the information received
from its children and sends the combined information to its
parent (road segment at level 2). In this way, the information
is sent upward in the hierarchy. In Fig. 3(a), all road segments
are initially assigned membership level 0. On running the
procedure to assign membership level 1, in the first iteration
most of the road segments become either promoted to level 1
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Fig. 3. Road segments with their (a) membership Level 1, (b) membership level 2, and (c) membership level 3.

or become the children of road segments having level 1. It
took three iterations to complete this process. Fig. 3(b), in two
iterations, level 2 membership is computed. In Fig. 3(c), the
highest membership level is achieved (i.e., membership level 3)
and a single road segment is assigned that level. This road
segment is the root of the density tree.
The main challenge in this procedure lies in sending the combined information. As shown in the hierarchy, a road segment
at level L has to send its own information and information
of all road segments present in the sub-tree rooted at it. It is
clear that, as the level increases, the forwarding of information
creates huge communication overhead and leads to significant
amount of collisions. As a consequence, it results in very low
packet delivery ratio at the vehicles at intermediate levels. To
address this issue, we propose a data aggregation scheme [9],
[17] in which, a road segment performs aggregation on the
information received from its children and its own information.
The aggregation operation is depicted in Fig. 4. At a given node
at level 1, the density information (average) of its children can
be sorted in decreasing order. Accordingly, an ordering of the
segments is determined based on the sorted density information.
If this information is plotted against the segments ordering, then
a curve showing the decreasing trend of the density is obtained.
The curve can be represented by a polynomial of some order;
we use polynomial least square curve fitting method to obtain a
polynomial of order >2. Since, there are two pieces of information (average density and standard deviation) two polynomials
are obtained. Let P (x) and Q(x) denote jth order polynomials
that represent the decreasing trends of average densities and
standard deviations respectively; they are defined as follows:

Fig. 4. Average density and standard deviation information collection, sorting,
and curve-fitting forwarding.

aggregated. Let mi denotes the average density of the road
segment having order i. The mean square error for P (X) is
given as follows:



j
n


2
k
ak xi
mi − a 0 +
.
(3)
err =
i=1

P (x) = a0 + a1 x + a2 x2 + · · · · · · + aj xj

(1)

Q(x) = b0 + b1 x + b2 x2 + · · · · · · + bj xj

(2)

where x denotes the order of the road segment. Let n denotes
the number of road segments whose information needs to be

k=1

We used the technique described in [18] to minimize err2
and obtain the coefficients in Equations (1) and (2). At level 2,
a node receives one or more polynomials (e.g., for average
density) from its children; before sending density information
to its parent at level 3, the node merges all these polynomials to one polynomial (one for average and one for standard
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deviation); more specifically, it starts by extracting density
information from the received polynomials and then sorting this
information in decreasing order; it also computes an ordering
of the segments according to the sorted density information.
Finally, it computes two polynomials, as described above, and
sends them to its parent.
We introduce a packet, called UP-DP (Upward Density
Packet) to carry the average density and standard deviation
information. The fields of UP-DP includes highest membership
level, number of levels, total number of segments at each level,
the ids of those segments, average density and standard deviation. At level 0, a road segment includes its average density and
standard deviation in UP-DP to be sent to its parent at level 1.
But, for all other levels, UP-DP to be sent to the upper level
contains the coefficients that describe the polynomial of average
density and the polynomial of standard deviation in addition
to other fields. Since, the decreasing trend of average density
is same as that of standard deviation, the segment ordering
remains same and is included in UP-DP. The benefit of the
proposed aggregation scheme is that the average density and
standard deviation of multiple road segments are sent to the next
upper level in the hierarchy using just two polynomials instead
of a huge data set.
Fig. 4 shows an example of the operation of the density aggregation algorithm; for clarity, we show only the average density aggregation. As shown in Fig. 4, road segment P (resp. Q)
receives UP-DP packets sent by its children; for example, P
receives from K UP-DP packet that includes (highest membership level = 0, number of levels = 0, number of segments in
each level = 0, segments identifiers = “”, density = 13).Upon
receipt of UP-DP packets from its children, P sorts them in
descending order as shown in Fig. 4. Then, it prepares the
corresponding fitted-curve and forwards it to node E; more
specifically, P forwards UP-DP that includes (1, 1, (0, 6),
“GFAKLC”, 2, {a0 , a1 a2 }) where (0,6) means that there are
6 segments at level 0, “GFAKLC” is the ordering of segments
identifiers according to their densities (density in K higher
than density in L, etc.), 2 is the order of the polynomials and
{a0 , a1 a2 } is the list of polynomials coefficients. On getting
data from multiple children, namely P and Q, E extracts the
average density of each node, in the sub-tree rooted at E,
from the 2 polynomials it received; then, it applies the density
aggregation algorithm to produce a polynomial and forwards it
to node H.
When the root receives polynomials from its children road
segments, it merges the polynomials to form a single polynomial that contains the information of the entire network.
More specifically, the root forms two final polynomials, one
containing the average density and the other containing the
standard deviation of all road segments in the network.
G. Density Map Construction
The two final polynomials formed at the root of the hierarchy, at the end of the collection/aggregation procedure,
embed the network-wide average density and standard deviation information. In order to construct the density map, the
coefficients of these final polynomials as well as the segments

ordering need to be distributed in the entire network. A new
packet, called downward density packet (DN-DP), is created to
send the density information of the network. The propagation
of DN-DP is initiated by the root and it is disseminated to
all nodes in the hierarchy. Note that, nodes in the hierarchy
represent road segments of the network under consideration.
As described earlier, each road segment has a virtual gateway
whose basic function is to store and forward density packets
received from/to neighboring road segments. A virtual gateway
is also responsible for providing density map service to vehicles
moving on its road segment. The dissemination of DN-DP from
any node (i.e., road segment) to its children nodes (i.e., neighboring road segments) is realized using inter- road segments
communication (see Section III-E) When DN-DP is received
by a virtual gateway, the information contained in DN-DP is
processed to construct the density map. In particular, segments
ordering are used to extract the average density and standard
deviation of each road segment from the received polynomials.
For example, let D(x) and S(x) denote the final polynomials
that embed the average density and standard deviation for
the entire network; for a road segment of order i, its density
and standard deviation is obtained by computing the values
of D(i) and S(i) respectively. If the node is a non-leaf node
of the hierarchy, then it will send the received DN-DP to its
children nodes. The process is repeated until all nodes (i.e.,
road segments) have access to network-wide average density
and standard deviation information.
H. Fast Forward Scheme
We develop a multi-hop forwarding scheme, called fast forward scheme which is used for dissemination of density packets
UP-DP and DN-DP during density collection and distribution
of density information in the network respectively. The objective of this scheme is to disseminate density packets with
less overhead and less delay. Beaconing [10], [20]–[23], [30]
is a periodic activity in vehicular networks, where each vehicle
broadcasts a short message containing its position and speed to
neighbors. In vehicular networks, information piggybacking in
network-layer beacons is widely adopted by many dissemination strategies [28] because of several advantages [29]. Since
beacons are already scheduled, the overhead associated with
sending a separate packet for each density packet is eliminated.
Most importantly, avoiding the need to contend for channel
reduces network collisions. We, therefore, attach the density
packet (i.e., UP-DP or DN-DP) in the beacons. Fast forward
scheme is used by a virtual gateway when it has to send a
density packet carrying density information of its own segment
to its neighbor road segments or non-adjacent road segment.
A vehicle employs fast forward scheme when it is itself a forwarder of the density packet. In fast forward scheme, the sender
selects one of its neighbors as the forwarder; it piggybacks the
density packet in its beacon and specifies the nodeID of the
forwarder in the header of the beacon. On receiving beacon
from the sender, the forwarder extracts the density packet from
the received beacon and piggybacks the same in its own beacon.
In this manner, the multi-hop forwarding of density packet is
achieved using beacons of vehicles.
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In vehicular networks, a common way of selecting a forwarder for packet dissemination is to select the farthest neighbor [10], [13]. However, additional delay may occur if the
beacon of the farthest neighbor is not scheduled at a near time
instant. In the worst case scenario, the beacon transmission of
the farthest neighbor occurs just before it receives the density
packet (of course piggybacked in a beacon) from the sender and
hence the next beacon is scheduled at a much later time instant.
In this case, the delay of forwarding the density packet in one
hop would be close to the beacon interval.
To overcome this problem, we propose a fast forward scheme
to select a forwarder that has scheduled its beacon in the earliest
time instant. Let R denotes the transmission range. The time
at which a beacon is transmitted is termed “time instant”. The
initial forwarding region is given by the transmission range of
the sender along the direction of propagation of the density
packet. Neighboring vehicles located in the initial forwarding
region denote the potential candidates to be considered for the
role of forwarder. In the first step of the fast forward scheme,
among the candidates, the vehicle with the earliest beacon is
identified. More specifically, the vehicle with minimum time
gap Bi − Bc is selected, where Bi is the time instant of next
beacon transmission of the candidate vehicle and Bc is the time
instant of beacon transmission of the sender. The candidates
located between the sender and the selected candidate (called
SC) will transmit beacon at later times; thus, they are eliminated
from the forwarder selection process. Let us note that SC may
not be the most suitable forwarder; this is because one (or
more) candidate, located between SC and the border of the
initial forwarding region along the direction of propagation,
may transmit its beacon at a time instant such that the time gap
between their beacon transmission and the beacon transmission
of SC is smaller than or equal to the duration, Fd , of a beacon
(including the piggybacked density packet) transmission. Using
such a candidate as a forwarder will incur smaller delay than
using SC. To determine, if a better candidate exists, we consider
a new forwarding region that covers the region between the
SC and the border of the initial forwarding region along the
direction of propagation. Now, SC acts as the reference vehicle
for all candidates in the new forwarding region. The candidate,
for which the time gap between its beacon transmission and
the beacon transmission of the reference vehicle is smallest
among all candidates, is identified. If the time gap is greater
than the beacon duration, then we will select the reference
vehicle as most suitable forwarder; otherwise, we consider that
the new candidate is a better (in terms of delay) forwarder
than the reference vehicle. In this case, the candidates, located
between the reference vehicle and the newly identified candidate, are eliminated from the forwarder selection process. The
same procedure is executed considering the new candidate as
the reference vehicle and the new forwarding region as the
region between the reference vehicle and the border of the
previous forwarding region. At each step, the forwarding region
is narrowed until most suitable forwarder is determined. After
determining the forwarder, the sender piggybacks the density
packet (UP-DP or DN-DP) in its beacon which will be transmitted at the scheduled time instant. The identifier (NodeID)
of the forwarder is included in the header of the beacon. The
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Fig. 5. Fast forward scheme.

forwarder, on receiving beacon from the sender, repeats the fast
forward scheme to disseminate the density packet further.
For better understanding let us consider the example shown
in Fig. 5. Vehicle ‘S’ denotes the sender; the time instants of
beacon transmission of neighbors are shown relative to vehicle
‘S’. Rest of the time instants are mentioned relative to their
respective senders. Since the proposed fast forward scheme
uses beacon piggybacking, the sender/forwarder keeps the density packet until its beacon arrives. If every sender/forwarder
decides to send the message (beacon + density packet) to the
farthest neighbor, the hop count will be 3; however, the delay
will be 0.9345 sec (see Fig. 5). If fast forward scheme is used,
then each time the vehicle whose beacon will trigger first will
be selected as the forwarder; in this case, the hop count will be
4 hops but the delay will be 0.556 sec. Though the fast forward
scheme requires higher number of hops, it provides a delay
which is half of the delay provided by the farthest vehicle based
scheme. We conclude that the proposed scheme considerably
reduces the density information dissemination delay.
IV. ACCURACY OF D ENSITY I NFORMATION
In this section, we present an analysis of the accuracy
of density information computed and distributed by DMAP.
Users/vehicles will find the density map service useful only
when the map includes accurate density information of all road
segments. The density map is received with a delay because
of the multi-hop propagation and packet transmission times.
Since, VANETs is highly dynamic, the vehicle density changes
very frequently. Thus, it is a necessity for the density map
service that the density information must be received after
a time period within which the density is unlikely to have
considerably changed. The smaller the time period the lesser
is the variation in density. First, we formulate the probability
distribution for vehicle density. Then, we derive an analytical
expression for the average delay incurred. Finally, we show that
the variation of density within this delay is significantly small.
A. Density Probability Distribution
We assume that vehicles arrive and depart to/from a road
segment according to Poisson distribution. λ1 and λ2 denote
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the mean arrival rate and mean departure rate of vehicles
respectively. We consider a road segment ‘A’ in the network.
In DMAP, the density information of ‘A’ is transmitted to other
road segments in the network. We consider another road segment ‘B’ to which the density information of ‘A’ is transmitted.
We refer to ‘A’ and ‘B’ as the source segment and destination
segment respectively. As described in earlier sections, the density information of a road segment is collected at its virtual
gateway which then disseminates it to other road segment. D
denotes the density information of ‘A’ collected at its virtual
gateway. Let k is the time delay (in seconds) needed to transmit
density information from ‘A’ to ‘B’. We will investigate the
accuracy of the density information received from ‘A’. Let X1
and X2 are Poisson random variables that denote the number of
vehicles that arrive and depart to/from ‘A’ respectively during a
time period of k sec. Then, X1 − X2 can be Skellam distributed
[19] with parameters λ1 and λ2. Let Dnew be random variable
that denotes the density of ‘A’ after k sec and it acquires values
in the set {D ± 0, D ± 1, D ± 2, . . .}. Hence, Dnew can
be expressed as Dnew = D + X1 − X2 . P (Dnew − x) can be
computed using Skellam probability mass function as follows:

x/2
 
λ1 k
IK 2 λ1 kλ2 k .
P (Dnew = x) = e−(λ1 k+λ2 k) ·
λ2 k
(4)
B. Delay Estimation
To reduce delay in communication, we propose a fast forward
scheme (See Section III-F). In this sub-section, we estimate
delay of fast forward scheme using probabilistic techniques.
Basically, we find an analytical expression for average delay.
In the next sub-section, we use this expression to show that the
delay incurred in delivering density information of a segment
to other segments is too small for the density to vary. To
estimate the delay, we consider a pair of source and destination.
Source denotes the road segment whose density information
need to be propagated. Destination denotes the road segment
where the density information is consumed by vehicular users.
As described in Section III-E, a path is pre-determined to
disseminate density information from source to destination. Let
d denotes the length of the path. We estimate the average delay,
TD incurred by transmitting density packet up to a distance
W < d as follows: The average delay, DAvg for distance d is
calculated as:
 
d
TD = DAvg ∗
(5)
W
where DAvg is average delay for distance d. Since the density packet is transmitted using the fast forward scheme (see
Section III-H), the transmission involves more than one hop to
cover a distance of W (in meters); we assume that vehicles are
separated by a safety distance [23] to provide drivers’ enough
reaction time; this time depends upon the speed of vehicles. We
assume that the safety distance, between two vehicles, is same
as the distance covered by a vehicle in 1 sec. Therefore, there
can be at most h = W/Vav. vehicles within W meters ( Vav
denotes the average velocity of a vehicle); thus, the maximum

number of hops within W , denoted by h, is equal to W/Vav. .
We define P (i) as the probability that density information is
propagated using i hops within R. Note that, a vehicle randomly
selects a time instant within its beacon interval to transmit its
beacon periodically. For the sake of simplifying the derivation
of P (i) we consider that beacon interval is divided into a
number of small time units, called slots. Thus, it is intuitive that
for n vehicles including the sender of density packet, located
within a distance of R (in meters), and employing a beacon interval consisting of 4 ∗ n slots (s1 , s2 , . . . , s4∗n ), collision free
transmission can be ensured. Indeed, each vehicle randomly
selects a slot with probability 1/(4 ∗ n); as the density packet is
forwarded in beacons, one or more slots from the next 4 ∗ n − 1
slots is used. We assume, for simplicity, that the sender has
selected slot s1 in beacon interval; our findings will be the same
if the sender selects a slot anywhere in beacon interval.
Case 1 (i = 1): This occurs when one forwarder is chosen.
According to fast forward scheme, the time slot of the forwarder
occurs (to send its beacon) earlier than the slots of all neighbors
of the sender. Let Ai represents the event that the forwarder
has selected slot si and has the earliest slot among neighbors;
this means that slots before si are not selected by any of the
neighbors. Thus, (1) A1 occurs with probability 1/4n; (2) A2
occurs when the forwarder has selected slot s2 and none of
n − 1 neighbors has selected slot s1 ; (3) A3 occurs, when the
forwarder has selected slot s3 and none of the n − 1 neighbors
has selected slot s1 and slot s2 . More specifically, we have:

n−1
1
1
P (A2 ) =
∗ 1−
4∗n
4∗n

2∗(n−1)
1
1
∗ 1−
P (A3 ) =
4∗n
4∗n

(i−1)∗(n−1)
1
1
∗ 1−
P (Ai ) =
.
(6)
4∗n
4∗n
The probability P (1)is then obtained as follows:
P (1) = P (A1 ∪ A2 ∪ A3 .. ∪ A4∗n−n+1 ).
By applying exclusion-inclusion principle, we have the
following:
P (A1 ∪ A2 ∪ A3 .. ∪ A4∗n−n+1 )
= P (A1 )+P (A2 )+P (A3 )+· · ·+P (A4∗n−n+1 )

(i−1)∗(n−1)
n

1
1
∗ 1−
=
4∗n
4∗n
i=1
⇒ P (A1 ∪ A2 ∪ A3 .. ∪ A4∗n−n+1 )
⎛

n−1 
n−1 2
1
1
1
∗⎝1+ 1−
+
1−
=
4∗n
4∗n
4∗n

+

1
1−
4∗n

⎞

n−1 3
n−1 3∗n
1
⎠.
+· · ·+ 1−
4∗n
(7)
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Thus, P (1) can be expressed, by simplifying Equation (7),
as follows:
P (1) =

1
∗ (1 + x + x2 + · · · + x3∗n )
4∗n

(8)

where x = (1 − (1/(4 ∗ n))).
Case 2 (i = 1): Let us first discuss for i = 2 and generalize
for case i. Case i = 2 occurs when two forwarders are selected.
The events for probability P (2) are defined as follows: (1)
Event B1 occurs when the forwarder at first hop selects slot
s1 and the forwarder at second hop selects any slot between
s2 and s3n ; and (2) Event B2 occurs when the forwarder at
first hop selects slot s2 and the forwarder at second hop selects
slot between s3 and s3n. We can express event Bi by unions
of events b1,i , b2,i , . . .. For example, b2,2 represents the event
when slot s2 and slot s4 are selected by the forwarder at first hop
and the forwarder at second hop respectively; in this case, slot
s1 and slot s3 are not selected by any of the n − 2 neighbors.
Thus, P (b1,i ) and P (B1 ) are expressed as follows:

2 
(i−1)∗(n−2)
1
1
∗ 1−
P (b1,i ) =
4∗n
4∗n

2 
(i−1)∗(n−2)
3∗n 
1
1
P (B1 ) =
∗
.
1−
4∗n
4∗n
i=1
P (b2,i ) and P (B2 ) are expressed as follows:

2 
i∗(n−2)
1
1
P (b2,i ) =
∗ 1−
4∗n
4∗n

2 
i∗(n−2)
3∗n 
1
1
P (B2 ) =
∗
.
1−
4∗n
4∗n
i=1

A similar expression for P (3) is obtained as


3 
1
(3n+1)(3n+2) 3n
2
P (3) =
∗ 1+3x+6x + · · · +
x
4∗n
2
(9)
P (i) is thus expressed as
3n


Xi,j

(10)

j=1


where Xi,j = (1/(4 ∗ n))i ∗ xj∗(n−i) ∗ (1/i!) i−1
k=1 (j + k).
Now, we compute the average delay DAvg for transmitting
density packet over a distance of R units as follows:
DAvg =

h 
3n


Xi,j ∗ ti,j

sponding probability is given by Xi,j which refers to the event
that density packet is forwarded in i hops and there is a total of j
ideal beacon slots, before the beacon is sent to the last forwarder
within R. Thus, the delay ti,j is calculated as follows:
ti,j = j ∗ tbeacon + i ∗ DT X

(12)

where tbeacon is the duration of one beacon slot and DT X
denotes the transmission time of a beacon. DT X includes the
packet transmission time and a small backoff delay. The total
delay TD is obtained by substituting Davg in Equation (5) by
the expression of Equation (11).

The probability P (2) is then obtained as: P (B1 ∪
B2 ∪, . . . , B3∗n+1 ). Thus, P (2) can be expressed as follows:

2
1
P (2) =
∗ (1 + 2x + 3x2 + · · · + (3n + 1) ∗ x3n ).
4∗n

P (i) =

Fig. 6. Probability of hop count in normalized distance (i.e., 300 m).

(11)

i=1 j=1

where ti,j is the time duration needed to transmit the density
packet over i hops to cover a distance of R units. The corre-

C. Discussions
In this sub-section we discuss the impact of propagation
delay in fast-forward scheme on the accuracy of position information. When the density is very high, the connectivity
increases and it increases the probability of finding a forwarder.
Fig. 6 shows the probability of average hop-counts (see
Equation (10) variation with vehicle density within the normalized distance). The distances between all source-destination
pairs are not uniform; thus, for the sake of fair comparison,
we choose the normalized distance to be the same as the
transmission range (i.e., R = 300 m). As the vehicle density
increases, the farthest vehicle approaches R and, thus the hop
counts decreases. We observe, as expected, that the probability
of 1 hop is highest while, the probability of more than 4 hops is
quite low and it is almost 0.
Fig. 7 shows the average delay (Equation (11)) variation
with vehicle density within the normalized distance (i.e., Davg ).
We observe that the delay decreases when vehicle density
increases. This can be explained by the fact that when vehicle
density increases, number of vehicles within transmission range
increases which reduces the inter-beacon gap. Therefore, the
idle period between two beacons is reduced leading to overall
delay reduction. We also observe that when vehicle density
increases beyond a certain threshold (e.g., 45 vehicles), the
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Fig. 7. Average delay in normalized distance (i.e., 300 m).

average delay remains almost unchanged. Let us note that these
computations are based on idealistic situations where no beacon
collision takes place.
Fig. 8 shows the probability of density in source road segment
remaining the same or changing within a range (i.e., +/ − Δ)
after an average delay of sending a density packet, carrying the
density of source road segment, from source road segment to
a destination road segment. The probability is computed using
Equation (4) where parameter k is replaced by the average delay
estimated in Equation (5). In Equation (5), the length of the
path d between the source road segment and the destination
road segment is considered to be 3000 meters (i.e., 10 ∗ W ).
The X-axis in Fig. 8 shows the initial vehicle density in a
road segment that has a normalized width equal to R. For low
arrivals and departures (with μ1 = 0.5, μ2 = 0.7) (Note that
μ1 = λ1 k and μ2 = λ2 k of Equation (4)), the vehicle density
remains same with very high probability (i.e., 70% or above
for initial vehicle densities of 35 or higher). This indicates that
low arrival and departure do not impact the net density of a
road segment; with 90% probability, the densities vary within a
range of [D − 2, D + 2] for low and medium arrival-departure
rates. For high arrival-departure rate, the density remains the
same with a low probability (i.e., < 30%). However, with high
arrival rates, the probability of having a density with a variation
of +/−2 or +/−4 is very high (i.e., 70% and 90% respectively
for initial densities above 45 vehicles). Here, we conclude that
the density of a road segment remains within a density variation
of ±4 vehicles with high probability (i.e., more than 90%
confidence).
V. P ERFORMANCE E VALUATION
In this section, we evaluate the performance of the proposed
DMAP service. We used ns − 2 simulator [16] to conduct all
simulations. The density map service can complement existing
protocols for better decision making, such as routing decisions
in routing protocols and path planning for traffic information

Fig. 8. Probability of Success for various initial vehicle density (i.e., Low
[μ1 = 0.5, μ2 = 0.7], Medium[μ1 = 2, μ2 = 3], High[μ1 = 9, μ2 = 7]).

systems. Many routing protocols have already been developed
in vehicular networks [10], [13], [21], [22]; we chose BAHG
[13] to evaluate its performance gains when using DMAP. In
BAHG, the source chooses a routing path to the destination
based on hop-count and connectivity metrics. If a routing packet
could not be forwarded due to lack of connectivity in sparse
scenarios or the source/destination moves away, a new path is
predicted from the position of last forwarder to the destination
and the packet is forwarded using the new path which may be
entirely different from the original path or may have portions
(i.e., intersections) in common with it; this detour factor (i.e.,
percentage of changes in the new path with respect to the
original path) increases when the accuracy of density information decreases. We believe that with the help of DMAP, where
precise and accurate density information can be obtained, the
detour factor can be minimized and thus packet delivery ratio
can be increased.

A. Performance Metrics
Density Estimation Error (%): It is the percentage change in
density information of a road segment from the actual value to
the estimated value.
Density Information Propagation Delay: It is the delay
elapsed between density packet generation at the source and
successful reception at the destination. This is done through
piggybacked beacon packet which is broadcast in nature.
End-to-End Delay: It is the delay elapsed between packet
generation at the source and successful reception at the destination. This is the delay for the unicast routing packets.
Detour Factor (%): It is the changes in percentage from the
original routing path to a new routing path between a pair of
source and destination.
Packet Delivery Ratio (%): It is the ratio of total number
of packets received at the destination to the total number of
packets generated by the source.
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TABLE III
S IMULATION PARAMETERS

Beacon Overhead: It is defined as total number of bytes
transmitted in sending beacons/piggybacked beacons during the
simulation period.

Fig. 9. Density estimation error vs vehicle density vs network size.

B. Simulation Environment
In the simulation, we consider an area of 4000 m × 4000 m
which is a grid of 64 intersections with 8 intersections on each
row (for the simulation parameters, see Table III). To evaluate
the performance of the density map service, we investigate
the performance of BAHG routing protocol [13] with and
without the density map service. For the evaluation, we consider 10 different source-destination pairs. In DMAP service,
we use polynomials of order 3 for the aggregation operation
(see Section III-E).
C. Results and Discussion
The percentage of density information changes in a road
segment is presented in Fig. 9; the length of a road segment is
around 500 m. The estimation error is shown for different vehicle densities with varying network sizes. The density information collection and information propagation takes place for the
entire network. Therefore, with the increase in network size, the
time to collect density information and propagation increases;
this causes an increase of the error in density information. When
the size of the network is 0.5 × 0.5 Km2 , the maximum hop for
density information propagation is found to be 4 hops. However, maximum number of hops is 21 when the area is 2.0 ×
2.0 Km2 . For lower densities (i.e., 4 vehicles/segment), with
larger network sizes (i.e., 2.0 × 2.0 Km2 ) the density error is
twice compared to smaller network sizes (i.e., 0.5 × 0.5 Km2 ).
Similarly, for higher densities (i.e., 20 vehicles/segment), with
larger network sizes (i.e., 2.0 × 2.0 Km2 ) the density error is
just 1/4 times higher than smaller network sizes (i.e., 0.5 ×
0.5 Km2 ). This shows that when density increases the delay
in message forwarding decreases (i.e., due to fewer stores and
carry forwarding).
To use D-MAP service, we make use of piggybacked beacon
messages. Such beacon messages are bigger (i.e., 4.5 times)
in size compared to ordinary beacon messages. It is therefore
necessary to evaluate the overhead incurred by using the DMAP

Fig. 10. Beacon overhead vs. vehicle density.

service. Fig. 10 shows the total number of bytes transmitted
in case of beacons and piggybacked beacons. It is observed
that at vehicle density 100 for the entire network, the number
of bytes of piggybacked beacons is higher (i.e., 1.8 times)
than that of beacons. With lower vehicle density, the selected
forwarder may not be always close to the boundary of the
transmission range; this increases number of hops in multihop communication, resulting in higher number of piggybacked
beacons as opposed to higher density scenarios. As density
increases, the overhead due to piggybacked beacons decreases;
indeed, with higher vehicle density fast forward scheme is able
to forward density information using fewer hops. Thus, the
overhead is reduced. In fact at the highest vehicle density (i.e.,
600 vehicles), the overhead of piggybacked beacons is 1/5 times
the overhead of beacons. Although, DMAP service requires
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Fig. 11. Density information propagation delay from root to leaf in the hierarchy tree.

piggybacked beacons, dissemination of density information in
the entire network does not consume a significant portion of the
bandwidth.
Fig. 11 shows the delay in propagating density information
from the root to the leaf nodes in the hierarchy tree. The delay
is investigated for average SRC-DST distance which is the
distance between the root (source road segment) and a leaf
(destination road segment). The vehicle density for the network
is set to 640. The density information propagation delay is
obtained via simulations as well as our analysis in Section IV-B.
The figure validates our analysis since analysis-based delay
and simulation-based delay show same behavior. We observe
that the delay (analysis and simulation) increases with average
SRC-DST distance. This can be explained by the fact that
the number of hops increases with the distance (SRC-DST)
resulting in longer delays. Fig. 11 also validates our analysis
(see Section IV) since analysis-based delay and simulationbased delay show the same behavior.
In Figs. 12–16, the performance of BAHG routing protocol [13] is investigated with and without the DMAP service.
Fig. 12 shows the end-to-end delay for average SRC-DST distance which is the distance between the source and destination
of the data packet being routed. We observe that end-to-end
delay of BAHG without DMAP as well as BAHG with DMAP
increases with average SRC-DST distance. However, BAHG
with DMAP outperforms BAHG without DMAP for all values
of average SRC-DST distance. This can be explained by the
fact that by using DMAP, BAHG is capable of finding highly
connected routing paths and thus avoiding store-and-carry of
packets. Furthermore, a highly connected routing path includes
road segments having high vehicle densities; this increases the
possibility of locating farthest vehicle as a forwarder resulting
in lower end-to-end delay. In Fig. 12, we also observe that
the performance gap increases with the average SRC-DST
distance; more specifically, BAHG with DMAP shows 19% and
26% improvement over BAHG without DMAP for the lowest

Fig. 12. End-to-end delay for routing packets in presence and absence of
DMAP service.

Fig. 13. Detour factor vs vehicle density with avg. SRC-DST distance
of 3 km.

and highest value of average SRC-DST distance respectively.
This behavior is due to the fact that when the distance increases,
the number of hop increases resulting in higher end-to-end
delay (as explained earlier).
Figs. 13 and 14 show the performance of BAHG routing
protocol in terms of the detour factor. Note that, in BAHG
routing protocol, the source vehicle determines a routing path
to be used by the unicast data packets. During the dissemination
of data packets, new routing paths may be required (detouring)
due to lack of connectivity. In Fig. 13, the average source to
destination distance is 3 km. In low density scenarios (e.g.
100 vehicles for the specified area), there will be not enough
connectivity and BAHG routing protocol may fail to find a

SAHU et al.: DENSITY MAP SERVICE IN CITY ENVIRONMENTS

Fig. 14. Detour factor vs SRC-DST distance with vehicle density of 400
vehicles.

suitable routing path(i.e., a path with enough vehicle density for
routing) in the absence of DMAP service; this leads to higher
detour factor. However, in the presence of DMAP service, as
expected, the detour factor is significantly reduced. As density
increases (i.e., from 100 vehicles to 600 vehicles) in BAHG
without DMAP service, the detour factor decreases (i.e., 33%
to 18%). The main reason behind the poor performance of
BAHG without DMAP service lies in the calculation of connectivity metric. BAHG routing protocol considers that a road
segment with higher number of lanes are likely to have higher
vehicle density than road segment having smaller number of
lanes. However, this consideration is unlikely in real scenarios.
Therefore, when DMAP service is used, the source knows the
actual densities of each road segment of the entire network. As
a result, the routing path is determined according to the current
dynamics and requires minimal changes in the routing paths. In
Fig. 14 shows that the detouring factor when using BAHG is
double the detouring factor when using BAHG with DMAP.
We also observe similar detour factors for different sourcedestination distances.
Fig. 15 shows packet delivery ratio for vehicle density of 100
vehicles to 600 vehicles for average source-destination distance
of 3 km. We observe that packet delivery ratio for BAHG with
and without DMAP service increases with increase in vehicle
density. Connectivity is associated with vehicle density; with
high vehicle density, it is possible to obtain a highly connected
routing path. If a path is connected, a forwarder is always found
and the packet is forwarded successfully to the destination. As
a result, a higher packet delivery ratio is achieved. On the other
hand, low density results in sparse scenarios in the network.
Store and carry approach is adopted if a forwarder is not available. In such cases, if a packet is simply carried by a vehicle
for a long time, the packet is dropped from the queue. For 100
vehicle density, DMAP service improves packet delivery ratio
of BAHG from 82% to 91% and for higher densities (e.g., 600
vehicles), the packet delivery ratio goes as high as 95% with
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Fig. 15. Packet delivery ratio vs. vehicle density with Avg. SRC-DST distance
of 3 km.

Fig. 16. Packet delivery ratio vs. SRC-DST distance with vehicle density of
400 vehicles.

DMAP. A routing path with better connectivity can be obtained
with DMAP service leading to higher packet delivery ratio.
In Fig. 16, packet delivery ratio of BAHG with DMAP service remains high irrespective of source-destination distance.
On the contrary, the performance of BAHG routing protocol
without DMAP service is adversely impacted when sourcedestination distance increases; for example, when sourcedestination distance is above 2500 m, BAHG without DMAP
service attains a delivery ratio of around 72% which is 0.78
times the delivery ratio obtained with DMAP service. A routing
path, computed by BAHG without DMAP service, may include
road segments with very low vehicle densities. Thus, some
of the senders may not find any forwarder for a very long
period and thus packets may be dropped after many attempts
to forward. With higher SRC-DST distance, such occurrences
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will be more frequent and thus packet delivery ratio will considerably decrease. Also with longer SRC-DST distance, paths
may include more intersections; thus, a sender may be forced
to choose a forwarder which changes its moving direction in an
intersection becomes out of sight in the middle of receiving a
packet (e.g., because of obstacles in the form of building); in
this case, the packet is dropped impacting delivery ratio.
VI. C ONCLUSION
Vehicular density map helps in evacuation planning when
accidents occur, provides alternate routes to drivers in case of
congestion, and can offer uninterrupted internet connections
to vehicles through stable routing paths. Using our DMAP
service, every vehicle can have access to density information
through a density tree where density information is collected
and aggregated in the tree. We adopt an effective curve-fitting
method for aggregation where density information of multiple
road segments is represented by an equation. The curve-fitting
method has the potential to achieve a substantial reduction of
the size of density information; indeed, only the coefficients of
the equation are sent instead of the entire density information.
Another important contribution of the paper is the fast forward
scheme in which density information is piggybacked in beacons
and is disseminated by selecting forwarders with the earliest
beacon. Thus, the forwarder’s beacon (i.e., piggybacking density information) is immediately sent after the transmission of
the sender’s beacon resulting in lower delays for the dissemination of density information. DMAP allows for better route
planning; indeed, it provides higher packet delivery ratio and
lower end-to-end delay.
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