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Abstract— Vehicular sensing has gained prominence in recent
years with its use in entities, including traffic management
centers, forensic authorities, and air pollution control units.
It also provides end users with real-time street images, parking
summaries, and road congestion status. To reduce bandwidth
usage and improve the content value, the sensed data must be
aggregated. Data aggregation is said to be efficient when the
destination (i.e., a node that serves as a data collection point
in the network) is capable of receiving sensed data from a
significant proportion of vehicles. However, when a large number
of vehicles attempt to send sensed data, the network becomes
congested eventually causing packet losses and collisions. Thus,
if aggregation is performed without considering key factors, such
as number of vehicles and network dynamics, it is difficult to
ensure the efficient collection of sensed data at the destination.
In this paper, we propose a dynamic hierarchical aggregation
scheme in which sensed data is aggregated using a hierarchy.
Moreover, the hierarchy is dynamically updated based on theoretically estimated delivery efficiency. In particular, we perform
partition and merge operations within the hierarchy to achieve
an improved value of delivery efficiency. The simulation results
show that the proposed scheme ensures efficient data collection
even with stringent delay requirements and achieves scalability
with respect to a number of vehicles in the network.
Index Terms— Aggregation, road-side unit, vehicular sensing.

I. I NTRODUCTION

I

N THE last decade, vehicular networks have drawn
considerable attention from academia and industry because
of their immense potential in areas ranging from vehicular
safety, to traffic management, driver assistance, navigation,
and infotainment. Besides these applications, vehicular sensing
has gained significant interest recently because of the interactions between sensor-equipped vehicles and the physical
world. Indeed, vehicles can accommodate a wide variety of
sensors such as GPS, still/video cameras, accelerometers and
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pollution detectors; thus, vehicular sensing offers tremendous
opportunity to visualize the dynamics of the environment
at any instant, or over a period of time. Vehicular sensing in urban environments has many dimensions namely
capturing surveillance videos of streets through image/video
sensing [1]–[3], discovering available parking spaces [4],
measuring the concentration of carbon dioxide (CO2) [5], [6],
sensing traffic related events [6], discovery of location and
number of available Road Side Units (RSUs) such as WiFi
Access Points (APs) [7], [8]. The last application uses
compressive sensing techniques and is useful in provisioning
various services such as Internet Access and information
sharing in vehicular networks.
Some of the sensing applications involve generation of huge
amount of sensed data. One such application is multimedia
sensing application [3]. Multimedia data is of paramount
importance in intelligent transportation systems as they can be
used in advanced driver assistance systems [9], [10] to enhance
vehicle safety by increasing visibility of drivers. Self-driving
vehicles also rely on stereo images [11], [12] and complex
algorithms to compute 3D perception of the environment
around them. Real-time images can be used by police to track
criminal activities on roads. Images can also be used by traffic
management centers to monitor events such as accidents and
congestion.
To reduce bandwidth and achieve a scalable transmission of sensed data, various in-network data aggregation
schemes have been proposed for vehicular networks [13]–[20].
These schemes achieve bandwidth savings by compressing the
collected data using some transformation operation, known
as aggregation [21]. Aggregation serves an integral part of
sensing applications as users are generally interested in an
aggregated view of an event rather than its finer details.
There are mainly two types of aggregation: syntactic and
semantic. In syntactic aggregation proposed for vehicular
networks [19], [20], sensed data are concatenated in order
to fit in a single communication packet, resulting in lower
header overhead. On the other hand in semantic aggregation [19], [20], meaningful data is extracted by using certain
aggregation functions (e.g. Average, Count, and Maximum).
For example, a traffic information system uses the average
velocity of a road segment (The portion of street between
adjacent intersections is called a road segment) to determine
its congestion status. Syntactic aggregation allows a full
reconstruction of the original data from the aggregated data;
whereas the semantic aggregation results in complete or partial
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loss of original information. Media compression algorithms
such as JPEG [22] and MP3 [23] can be considered as a
form of semantic aggregation in the context of vehicular
sensing. Both semantic (lossy) as well as syntactic (loss-less)
aggregation can be applied to an image sensing application
where images captured by vehicles moving through the same
or even different road segments are aggregated in the network.
Although, data aggregation in sensor networks has been
addressed thoroughly in the literature, vehicular sensing is significantly different from sensing in traditional sensor networks
in terms of the nature of sensing, node characteristics and
network dynamics. To be specific, vehicles are not constrained
by battery power and storage; they also exhibit patterned
mobility behavior. Furthermore, the topology in vehicular
networks changes very rapidly due to large velocity differences
among vehicles. As far as sensing is concerned, vehicles can
generate data in huge scale; (e.g., image/video sensing generates considerable volumes of data). Thus, vehicular sensing
requires specific and innovative data aggregation solutions
quite different from those developed for traditional sensor
networks.
Vehicle-to-Vehicle (V2V) communication has been leveraged to design proactive and reactive methods for sensing
applications in vehicular networks. On the one hand, in V2V
based proactive data collection methods [1], [24], the sensed or
aggregated data is usually broadcasted periodically to inform
other vehicles of the event being sensed, causing significant
packet losses [25]. On the other hand, V2V based reactive
methods [26] are not efficient because users only have access
to the instantaneous content and cannot obtain information of
events that occurred earlier. The limitations of both methods
can be overcome by using an infrastructure-based approach
where vehicles upload sensed data to a base station directly
using cellular networks. The sensed data is then aggregated
and stored in servers and later downloaded by vehicles when
needed. The major drawback of the above approach is that
a large number of vehicles trying to upload/download data
overload the cellular networks.
In this paper, we propose an in-network aggregation
scheme for a vehicular sensing application in which the
sensed data is collected, aggregated and then sent to an RSU.
The collection of the sensed data in real-time is critical to
the performance of vehicular sensing applications. Therefore,
the objective of the proposed aggregation scheme is to ensure
data collection within a specified delay. In our work, we rely
on DSRC RSUs [27] which are connected to a server through
a backhaul network. Although, few works on aggregation
use DSRC RSUs, they are designed for highway scenarios.
In contrast, we focus on data collection in an urban scenario.
Using V2V communications, sensed data can be aggregated
in the network and using Vehicle-to-Infrastructure (V2I)
communications [28], the aggregated data can be uploaded to
RSU. However, the greater the number of vehicles involved in
sensing, the higher the contention among V2V communication
paths (usually the shortest path). Contention increases the
delay in delivering data to RSU. As a consequence, a
destination RSU may receive a small fraction of the data
being sensed within the specified delay.
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The proposed in-network aggregation scheme is a novel
approach in the sense that it establishes a hierarchy in a
dynamic manner for data collection and aggregation in a
given region. The dynamic nature of the hierarchy suits the
dynamic behavior of vehicular network. We introduce a metric,
called delivery efficiency (to be defined later) to measure
the efficiency of data collection. Moreover, the hierarchy
is updated by performing partition and merges in order to
achieve an improvement in delivery efficiency. The important
contributions of this paper are as follows:
• A state transition method that controls the dynamic
update of the hierarchy. Moreover, it also ensures a stable
hierarchy when the network condition remains same.
• A novel graph partition algorithm that partitions a given
region represented as a connected graph into two smaller
regions, also represented as connected graphs.
• Analytical Estimation of delivery efficiency metric.
The rest of the paper is organized as follows. Section II
presents related work. Section III describes the proposed
scheme. Section IV presents the analytical estimation method.
Section V evaluates the proposed scheme via simulations.
Finally, Section VI concludes the paper and presents future
works.
II. R ELATED W ORKS
In infrastructure-based approaches, vehicles perform sensing as they move along roads and send sensed data to a central
server if internet connectivity is available. The server either
proactively disseminates the sensed data or disseminates it in
response to queries by users. SOCRATES (System of Cellular
Radio for Traffic Efficiency and Safety) [29] is one of the
earliest contributions that propose the use of 1/2G cellular
technology to predict traffic flow based on traffic information received from vehicles. Every vehicle periodically sends
its position, speed and travel times to a traffic information
center (TIC) that processes the sensed data and sends the
current traffic conditions back to the vehicles. Cocar [30] is
a client-server system that evaluates the suitability of UMTS
for traffic sensing. In order to limit the number of reports sent
to the TIC, a vehicle reports an incident (e.g. road accident)
to the TIC only if it has not received a similar report within a
certain period. ParkNet [3] is another centralized architecture
that collects on-street parking information sensed by vehicles
moving in streets. One major common drawback of these
systems [3], [29], [30] is that the capacity of cellular links is
not taken into consideration. When a large number of vehicles
attempt to upload their sensed data, voice/video services might
suffer in terms of quality of service.
CarTel [31] is a sensing platform that does not require
vehicles to use cellular links, rather uses opportunistic relaying
through WiFi or Bluetooth to connect to the Internet. It offers
a versatile solution by not being constrained by the type
of sensed data and hence makes it easy to integrate new
sensors. In addition to traffic monitoring, it is also used for
environmental monitoring, automotive diagnostics and geoimaging. A CarTel node can use storage devices such as USB
keys and flash memories as “data mules”; it relies on those
mules to deliver sensed data in best-effort manner. Because of
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its delay-tolerant nature, CarTel cannot be used for real-time
acquisition of sensed data.
PeerTIS [32] is an overlay infrastructure-based approach
adopted for traffic sensing applications. Vehicles create a
peer-to-peer (P2P) overlay over the Internet. They generate
travel time reports (timestamp, road segment ID and measured travel time) which are stored in their local storage.
To search travel time of a road segment, a lookup scheme
similar to the one used in a structured P2P architecture is
used. The requested traffic data is published in a particular
node according to the lookup mechanism. In an improved
version of PeerTIS [33], the street network is represented by
a graph, which is partitioned into sub-graphs on detecting
a new vehicle in the system. When vehicles perform route
planning, they generate queries to obtain travel reports. These
queries result in implicit subscription of vehicles to road
segments whose travel reports are requested. Vehicles are
informed about change in travel time of road segments they
are subscribed to. Although, P2P based solutions provide
better performance than the approaches using cellular links,
maintaining the overlay structure is cumbersome in the highly
dynamic vehicular network.
In [34]–[36], infrastructures or RSUs are used to collect
traffic data (e.g. traffic density, mean vehicle speed and travel
times) sensed by vehicles. RSUs send the collected data to
a central server. In [35], few RSUs as task organizers (TO)
are deployed along the road. To collect traffic data, a TO
broadcasts a message containing its position. Vehicles on
receiving the message from TO trigger the sensing task and
send the sensed data back to the TO. In order to collect city
wide traffic data, this scheme requires RSUs to be deployed
along all roads which is not feasible.
To reduce the amount of data transmitted to the RSUs,
Salhi et al. [34] and Miloslavov and Veeraraghavan [36]
propose an in-network aggregation scheme to create fewer
content-rich reports out of many sensor readings. In [34], a
cluster-based architecture is proposed for the collection of
aggregated traffic data along a straight road. A given straight
road is divided into a number of small segments; a cluster head
(i.e. a vehicle) is elected for each segment. The cluster head
aggregates the data sensed within the segment and sends it to
the cluster head of the adjacent segment closer to RSU. In the
last segment (i.e. the segment closest to RSU), the cluster
head sends the aggregated data to this RSU. Using the above
schemes [34], [36], it is not possible to collect sensed data in
a complex environment (e.g. entire city), as it would involve a
huge cost to deploy RSUs on all road segments. In [6], a cyberphysical sensing framework is proposed for urban sensing
using drone swarms. The urban sensing scheme proposed
in [6] allows independent depots to deploy drones and assign
sensing tasks (sensing traffic information, air pollution and
noise). A drone can store the sensed data locally which is
collected by the depot when the entire swarm returns to the
depot. The sensed data is also disseminated to drones in other
swarms to relay the data to the depot. In [7], a WiFi lookup
scheme is proposed. Vehicles such as bus, patrol cars, and
private cars use compressive sensing technique to localize
nearby WiFi APs along their routes and upload the WiFi
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AP lookup data to a server. At the server, the data collected
from different vehicles is refined and aggregated to estimate
WiFi AP distribution. Vehicles that require Internet access
can download the WiFi AP distribution from the server and
connect to a nearby WiFi AP in an opportunistic manner.
In infrastructure-less approaches [1], [24], [26], vehicles
cooperate to collect, aggregate and disseminate the sensed
data in the network. In such approaches, the sensed data
is broadcasted up to a certain distance. Each vehicle can
aggregate the received data and broadcasts the aggregated data
in the network. In case of proactive dissemination [37], [38],
the broadcast storm problem results in packet losses; thus,
sensed data cannot be delivered to all vehicles especially
the ones that are far from the place of the sensed event.
Broadcast storm problem is a critical problem for Vehicular
Ad Hoc networks (VANET). It results in serious redundancy,
contention, and collision when a large number of vehicles
try to broadcast the packet at the same time. The broadcast
storm problem has been studied extensively in VANETS.
Various suppression schemes by combining probabilistic
and time-delay-based methods have been discussed in [39].
In most of the works, the main focus relies on improving reliability of periodic beacons (one hop broadcast) [40] and emergency message transmissions (multi-hop broadcast) [40]–[42].
Unlike beacons and emergency messages, the aggregated
information is generally broadcasted periodically over multiple
hops. Thus, the broadcast storm mitigation schemes need to be
revisited from an aggregation perspective. In [43], probabilistic
data aggregation is used to eliminate the impact of broadcast
storm problem on data transmission and reduce bandwidth
consumption. Recently, a broadcast storm mitigation scheme is
proposed for safety information broadcast in VANETs, where
the mathematical models of single lane and multiple lane roads
are used to design a probabilistic flooding scheme [44].
On the other hand, in reactive approaches [26], [45],
requested data is obtained with longer delays because of the
time spent in collecting sensed data from distant vehicles and
performing aggregation. Vehicles only exchange data when
data is requested. As a result, it is difficult to obtain data of
a past sensed event and the temporal scope of sensed data is
limited to a few seconds rather than hours, days or weeks.
Furthermore, none of these approaches presents aggregation
schemes that can adapt to vehicular density variations.
In [46], a hierarchical aggregation scheme is presented.
Although the hierarchy is updated, the need for an update is
identified using a simple metric: total number of transmissions.
Moreover, the metric does not indicate the efficiency of data
collection within a certain delay. Our work is closely related to
the Delay Bounded Vehicular Data Gathering (DB-VDG) [47].
The protocol focusses on data collection in urban vehicular
sensor networks within a certain delay, also specified as the
query life time. Basically, the data collection area is a circular
region centered at the base Station. Vehicles moving in the
area transmit their sensed data towards the base station by
selectively using one of the two methods: data muling and
next hop forwarding. A vehicle on receiving data from other
vehicles performs aggregation and carries the aggregated data
or forwards it to a suitable forwarder. Data muling refers

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
4

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS

to a carry-forward paradigm where the data is carried by a
vehicle as the vehicle moves along a road. A vehicle chooses
data muling method if the time taken by the vehicle to reach
the base station is smaller than the remaining query life
time. Otherwise, next-hop forwarding is selected in which
the vehicle forwards it data to a neighbor that has lowest
aggregation level (amount of data carried). The limitation
of DB-VDG is that in-network aggregation is performed by
vehicles independently and without considering the current
network load. As a result, the potential of aggregation in
reducing bandwidth is not leveraged properly.
For data transmission, the aggregation schemes rely one
of the following protocols: unicast routing protocols [26],
broadcast protocols [26], [37] and geocast protocols [47].
In some reactive schemes, the protocol to be used is specified
in the query packet. Unicast routing protocols are basically
used in case of reactive schemes where the data needs to be
dissemination from the vehicle carrying the requested data to
the requesting vehicle. On the other hand, broadcast protocols
are leveraged to disseminate sensed information both in one
hop and over several hops. Geocast protocols provide an
efficient way to disseminate information to a large number
of vehicles in a specific destination region [20].
III. P ROPOSED S CHEME
A. Basic Idea
In this paper, we propose hierarchical in-network data
aggregation scheme called Dynamic Hierarchical Aggregation
for Vehicular Sensing (DHAVS). Aggregation is performed
by a number of vehicles termed as aggregators. An aggregator
is elected based on the following two criteria. First, it must
be located in close proximity of a higher number of vehicles
to prevent a large proportion of data packets from travelling
over longer number of hops, thereby avoiding congestion in
the network. Second, it must stay on a road segment for
the longest amount of time among other candidate vehicles
to avoid frequent selection of aggregators, thereby ensuring
stability. The detail of the aggregator selection scheme is
provided in Section-III. G. The final aggregation takes place at
an aggregator that lies within the transmission range of RSUs
through which the aggregated data is uploaded to an RSU. The
concept of DSRC RSUs has been formalized in [27] according to which an RSU can communicate with the on-board
unit (OBU) of vehicles located in its range. RSU is connected
to the backhaul network and provides internet connectivity
to vehicles. For multi-hop data (i.e. sensed/aggregated information) dissemination, vehicles use intersection based unicast
routing. A list of intersections is provided in the header.
The list is essentially a shortest hop-count path that will be
traversed by the data packet. The packet is thus forwarded
following the list until it reaches the destination. More details
on the routing protocol are provided in Section-III.H.
We consider that sensing is performed in a given region,
called sensing region. A sensing region is defined as a set of
geographically connected road segments. In a city, a number
of sensing regions can be determined in a way that each sensing region must contain one RSU. Determination of sensing
regions is a non-trivial problem and can be solved using an

Fig. 1.

Aggregation Hierarchy (height = 2).

approach similar to the one described in [48]. In our work,
we consider that the sensing regions of a city are predetermined. We represent each sensing region as a connected graph
G = (V , E), where each vertex v ∈ V denotes an intersection
and each edge e ∈ E denotes a road segment. If RSU of
the sensing region is located on an edge (u, v), the edge is
divided into two edges (u, k) and (k, v), where k denotes the
position of the RSU. If the RSU is located at an intersection,
its position is referred to using the vertex that denotes that
intersection.
A naïve and simple way to deal with aggregation for a sensing region is to send the sensed data directly to the aggregator
located within the transmission range of the RSU. However,
the eventual many-to-one communication would make packets
from multiple vehicles share either the same path or a portion
of it along their way to the aggregator. This would result
in heavy contention among vehicles attempting to transmit
or forward data. Moreover, in a highly dynamic vehicular
scenario, vehicle density is likely to fluctuate rapidly. As a
result, the number of vehicles in a sensing region is subject to
change, making the sensing application produce the required
data to the aggregator with large delays in some regions. This
problem can be solved by using a hierarchy for collection
and aggregation of sensed data within a sensing region.
In the remainder of this paper, we restrict our discussion to
one sensing region as the proposed schemes can be applied to
each sensing region independent of the other.
The hierarchy is a binary tree which is established by
partitioning the identified sensing region into smaller regions.
The identified sensing region is denoted as the root of the
hierarchy. When the sensing region is partitioned, two smaller
regions are produced which are represented as the child nodes
of the root. Each resultant region can again be partitioned into
two smaller regions. An aggregator is selected for each node
in the hierarchy. Aggregators at the lowest level of hierarchy
i.e. leaf aggregators, collect sensed data from vehicles. Leaf
aggregators perform aggregation on the collected sensed data
and send the aggregated data to their parent aggregators.
At each level, aggregated data received from the lower levels
are combined to form new aggregated data. The aggregated
data ascend the hierarchy until they reach the root aggregator.
The final aggregation takes place at the root aggregator which
then sends the aggregated data to the corresponding RSU.
Fig.1 shows aggregation hierarchy of height 2. Fig. 2 depicts
aggregation at all levels of this hierarchy. The hierarchy needs
to be updated with time because changes in network conditions, number of vehicles, topology, etc. affect the delivery
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Aggregation at (a) level 2, (b) level 1, and (c) level 0 of the hierarchy shown in Fig. 1. (Black circles denote aggregators).

TABLE I
D EFINITION OF E NTITIES

Fig. 3.

Aggregation Scenario

of data at the root aggregator. The dynamic update of the
hierarchy is achieved by applying one of two operations:
a partition operation or a merge operation. In the partition
operation, the leaf nodes are partitioned into two child regions;
whereas in the merge operation, two leaf nodes are merged
back with the parent node making it a leaf node in the
hierarchy. The partition and merge operations are described
in detail in Section III. E.
In order to decide whether a hierarchy update is necessary,
we use the notion of delivery efficiency the formal definition of
which is given in section III.C. In section IV, we introduced an
analytical model to estimate delivery efficiency. The necessity
of estimating delivery efficiency arises mainly because we aim
to adapt the hierarchy as quickly as possible. Thus, we estimate
the status of the data collection in the next time interval and
provide an updated hierarchy at the beginning of the next
interval. Detecting performance degradation beforehand helps
to update the hierarchy in a timely manner. The dynamic
update of hierarchy is achieved using a state transition method
described in Section-III. D. It provides triggering rules for
partition and merge operations based on delivery efficiency
values. Fig. 3 shows some entities used in the proposed scheme
and in the analytical estimation. TABLE-I defines all entities.

B. Assumptions
1) Vehicles are equipped with various sensors, GPS and
digital road map.
2) An urban area is considered for the vehicular sensing
application.
3) In our work, we consider one RSU that hosts a vehicular
sensing application. RSUs are deployed at the city intersections. We select one of the RSUs for our application.
Each vehicle senses data periodically with an interval,
called data collection interval (denoted as Timg ). We
also assume that the application needs to collect sensed
data from all vehicles in the designated urban area
within a specified delay equal to the duration of data
collection interval. Any data received after the delay is
discarded.
4) All vehicles are synchronized to the boundaries of
data collection interval. The required synchronization is
achieved through GPS [49].
5) Each vehicle generates one sensed data packet of fixed
size in each data collection interval. Vehicles moving
on a same segment may sense same or different events.
We assume that each vehicle sends its kinematic profile
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along with its sensed data. However, at leaf aggregator
these profiles are discarded.
6) Certain vehicles are designated as aggregators which
perform aggregation operation on the data packets
from different vehicles or from different aggregators.
The aggregation operation is basically a compression operation that reduces the amount of data to be
transmitted.
C. Hierarchical Aggregation

(1)

where N is the vehicle count (i.e. number of vehicles) of the
region of leaf aggregator ak . s is the fixed size of data packet.
If ak is a non-leaf aggregator, Sk is given by:
Sk = ρ ∗ (Si + Si+1 )

Nrecv
(3)
Nt ot
where S denotes the region of the root aggregator,
Nrecv denotes number of vehicles whose sensed data is
received at the root aggregator within a delay Ts and Nt ot
denotes the number of vehicles that transmitted sensed data.
Let Tu denote the delay incurred in sending aggregated data
from root aggregator to the RSU. The delay Ts is given by:
β(S, Ts ) =

In the proposed hierarchical aggregation scheme, vehicles
start sending their sensed data to the leaf aggregators at the
beginning of a data collection interval. The leaf aggregators
perform aggregation and send the aggregated data to their
parent aggregator, if any. Further aggregation is performed at
each parent aggregator on reception of aggregated data from
its two child aggregator. Aggregation is thus performed at each
level of the hierarchy until the aggregated data reaches the root
aggregator which performs the final aggregation operation and
sends the aggregated data to the RSU.
Let the root of hierarchy be considered at level 0. The
aggregators at level l of the hierarchy will be denoted as
ak and the amount of data they transmit to their parent
aggregator is denoted as Sk , where k=2l , 2l +1,…2l+1 -1. Due
to aggregation at each level of the hierarchy, the amount of
data transmitted by an aggregator ak to its parent aggregator
is smaller than the amount of data the aggregator receives
from its two child aggregators. In our aggregation scheme, the
aggregation operation is a compression operation that reduces
the amount of data. Note that the aggregation can be semantic
or syntactic based on loss-less or lossy nature of the compression operation. We assume a loss-less compression; however
the specific compression algorithm depends on the type of
event sensed and the requirements of the sensing applications;
hence is beyond the scope of this paper. For example, when
the sensed data includes images, a suitable loss-less image
compression algorithm can be used. We consider that the
aggregation operation reduces data using a ratio, called as
aggregation factor, denoted as ρ. The aggregation factor is
the ratio of the amount of data generated after aggregation
to the amount of data before aggregation. For example, in
case of images, ρ represents the compression ratio used by
an image compression algorithm. For sake of simplicity, we
assume a constant value of ρ (e.g. 0.1 and 0.2 are used in our
experiments).
The amount of data after the aggregation operation at a leaf
aggregator ak is calculated as
Sk = ρ ∗ s ∗ N

In our scheme, we measure the efficiency of data collection
at the root of the hierarchy using a metric, called delivery
efficiency. The formal definition of delivery efficiency is given
below:
Definition 1: The delivery efficiency for a time interval is
defined as ratio of number of vehicles whose sensed data is
received at the root aggregator within a delay Ts to the number
of vehicles that transmitted sensed data during the interval.
It is expressed as follows:

(2)

where Si and Si+1 denote the amount of data transmitted
by ak ’s child aggregators ai and ai+1 respectively.

Ts = Timg − Tu

(4)

Many factors such as changes in network conditions, number of vehicles and topology may result in lower delivery
efficiency. It is necessary to update the hierarchy in order to
achieve higher value of delivery efficiency. When the number
of vehicles increases in a region, contention increases which
in turn increases the number of collisions. Consequently,
higher retransmission delays occur during transmission of
sensed data which may not be delivered to RSU within the
required delay. The higher retransmission delay can be avoided
by partitioning region into two smaller regions. One more
example of the topology change that lowers delivery efficiency
is the scenario where the numbers of vehicles within leaf
regions remain same, but are more concentrated near the parent
of the leaf aggregator. Because of the aggregation hierarchy,
these vehicles must still send their sensed data to the leaf
aggregators rather than sending them directly to the parent
aggregator which is located in close proximity of them. As a
result, sensed data will reach RSU with a significantly higher
delay than the required delay. This condition can be avoided
by merging the two region into one region and removing the
corresponding leaf nodes from the aggregation hierarchy.
However, it is not wise to engage in any kind of update
(partition or merge) of the hierarchy if a very small improvement in delivery efficiency is achieved. In this regard, we
devise specific conditions that trigger the update. The state
transition method in the next section describes these conditions
in detail.
D. State Transition Method
We propose a state transition method that controls the
dynamic update of the hierarchy. Moreover, it also ensures
a stable hierarchy when the network condition remains same.
According to this method, at any data collection interval, the
aggregation hierarchy remains in one of the four states: initial,
partitioned, merged and steady. At the beginning, the hierarchy
contains only root and is in the initial state. Afterwards, the
state of the hierarchy changes from initial state to either
partitioned or merged state. Transition from one state to
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TABLE II
M EANING OF VARIABLES U SED IN T RIGGERING
C ONDITIONS FOR S TATE T RANSITION

Fig. 4.

State Transition Diagram

another is triggered by certain conditions. A transition to
the partitioned state is preceded by a partition operation in
which a given region is partitioned into two smaller regions.
Similarly, a transition to the merge state is preceded by
merge operation in which two regions are combined to form
a single region. A steady state indicates a stable hierarchy
where no update (partition or merge) is performed. The state
may change from steady to any of the other three states if
the triggering conditions are satisfied. Note that initial state
indicates a hierarchy with only root. Thus, a merge operation
on a hierarchy of height 1 with partitioned/merged/steady as
its current state will lead to initial state. The state transition
diagram is shown in Fig. 4. The triggering conditions for
change of state are denoted as Ci , i=1,2..7. The triggering
conditions are derived based on observed and estimated value
of delivery efficiency.
The hierarchy is updated by one or more entities, referred
to as updating entity. When the hierarchy consists of a root
node only, the root aggregator itself serves as the updating
entity. Otherwise, the parents of leaf aggregators serve as the
updating entity.
The delivery efficiency is observed at the root aggregator at
the end of a data collection interval t and is shared with all
updating entities. At the beginning of the data collection interval t+1, the updating entities estimate the delivery efficiency
expected for the data collection interval t+1. Then, using the
observed value for interval t and estimated value for t+1, the
updating entities decide the update operation as well as state
of the hierarchy for interval t+1. Specifically, the updating
entities determine the estimated values of delivery efficiency
expected for interval t+1 for three update operarations:1) No
operation, 2) partition, 3) merge, that can be performed on
the hierarchy. Then, the update operation as well as the next
state of the hierarchy is determined by checking the triggering
conditions. TABLE-II shows the delivery efficiency values and
some thresholds used in the triggering conditions. TABLE-III
shows the triggering conditions (please see Fig. 4) and their
meaning.

TABLE III
M EANING OF S YMBOLS T HAT D ENOTE T RIGGERING C ONDITIONS

E. Update Operations
1) Merge Operation: The merge operation involves simple
set operations on two input leaf nodes (i.e. regions)
of the hierarchy. It produces a connected graph whose
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vertex set and edge set is given by the union of the
vertex sets and edge sets of two leaf nodes.
2) Partition
Operation:
We
propose
Partition
Algorithm (PA) to perform the partition operation. The
objective of PA is to divide a region into two smaller
regions. The region to be partitioned is represented by a
connected graph. PA is a bi-directional search algorithm.
Bi-directional search was investigated thoroughly by
Pohl in [50]. It consists of a search in the forward
direction from an initial node and a search in the
backward direction from a goal node. It has several
applications including finding a shortest path between
two points. Running Breadth-First-Search (BFS) in
forward and backward directions can lead to an
intersection point. Once the searches meet, the shortest
path from the initial node to the goal node is obtained
by tracing through the vertices that have been visited.
In PA, the initial node and goal node are selected as
two vertices that are farthest apart in the connected
graph. There are several design choices to design
the bi-directional BFS. Two choices are described as
follows: 1) alternating through the searches, visiting
one vertex at a time; 2) running a search till a certain
depth and then running the other search till it intersects
the first search. The objective of PA is to ensure the size
of two regions to be as close as possible (assuming a
uniform grid topology for the region to be partitioned).
Thus, we adopt first design choice in the proposed PA.
Algorithm 1 shows the pseudo-code of PA. The objective
is to traverse edges of the input region in order to produce
two connected sub-graphs as the output regions. Note that the
input region is represented as a connected graph G = (V , E),
where V and E denotes the set of vertices and set of edges
in graph G respectively. For each output region, we select a
vertex in V at which the traversal begins. A pair of vertices
is selected such that the distance between the vertices is
the largest among any pair of vertices. For each of the two
vertices, an edge is randomly selected among all edges that
are incident on it. The traversal starts at the selected edges.
E 1 and E 2 denote the set of edges for two output regions.
Two queues Q 1 and Q 2 are used to store the edges for
the two searches. During the execution of the while loop in
Algorithm 1, edges are enqueued and dequeued to and from
the queues. After an edge is dequeued from a queue, it is added
to the edge set of the corresponding output region. Then, its
neighboring edges that are not yet visited are enqueued to the
queue. The set of neighboring edges of an edge e is denoted
as N(e).
In Algorithm 1, each edge is enqueued and dequeued exactly
once. The Enqueue and Dequeue operation take place in O(1)
time. Thus, Algorithm 1 requires O(|E|) time to enqueue and
dequeue all edges of the input graph G. We assume that an
edge-adjacency list is used in which the neighbors of an edge
are found in O(1) time. As a result, the total time needed for all
edges is O(|E|). The overall time complexity of Algorithm 1
is O(|E|). The space complexity of Algorithm 1is O(|E|).
This is because the queues as well as the edge-adjacency list
have a space requirement of (O(|E|) each. Fig. 5(a) shows
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Algorithm 1 Partition Algorithm (PA)
Initialization:
1.
Select a vertex u 1 and vertex u 2 s.t. Dist (u1 , u2 ) is
maximum
2.
Randomly select edge e1 incident on u 1
3.
Randomly select edge e2 incident on u 2
4.
E 1 =E 2 =φ
5.
Q1 = Q2 = φ
6.
for ∀w ∈ E − {e1 , e2 }
7.
vi si ted[w] = false
8.
end for
9.
Enqueue(Q 1 ,e1 )
10.
Enqueue(Q 2 ,e2 )
11.
vi si ted[e1 ] = true
12.
vi si ted[e2 ] = true
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

while either Q 1 or Q 2 is not empty
e = Dqueue(Q 1 )
E 1 = E 1 ∪ {e}
for ∀w ∈ N(e)
if vi si ted[w]! = true then
Enqueue(Q 1 ,w)
vi si ted[w] = true
end if
end for
e = Dqueue(Q 2 )
E 2 = E 2 ∪ {e}
for ∀w ∈ N(e)
if vi si ted[w]! = true then
Enqueue(Q 2 ,w)
vi si ted[w] = true
end if
end for
end while

a connected graph in which vertex A and vertex L have the
maximum separation distance among all pairs of vertices. For
A and L, the start edges e1 and e2 are selected. When we
apply breadth-first traversal to edges e1 and e2, we obtain the
output regions r1 and r2 respectively. Regions r1 and r2 are
shown in Fig. 5(b). In Fig. 5 (c), execution of PA partitions r1
into regions r1,1 and r1,2. Similarly, r2 is partitioned into
regions r2,1 and r2,2.
1) Example: An example of merge and partition operations
is illustrated in Fig. 6. In Fig. 6 (a), once a3 decides a
partition operation; it communicates its decision to the
leaf aggregator a6 and a7 which then initiate aggregator
selection for their newly formed regions by broadcasting a message. Once aggregators are chosen, vehicles
will send their sensed data to the new aggregator.
Fig. 6 (b) shows a merge operation. Once a3 decides
merge operation, it broadcasts this decision as well as its
own position in regions of the leaf aggregator a6 and a7.
Vehicles in these on receiving the broadcast message are
informed of the new aggregator (i.e. a3) to which they
will send their sensed data.
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Fig. 5. Partition Algorithm (PA) (a) Connected Graph, (b) Output regions r1 and r2 by partition operation on connected graph (c) Output regions r1,1
and r1,2 by partition of r1 and output regions r2,1 and r2,2 by partition of r2 .

Fig. 6. Execution of DUA at aggregator a3 of hierarchy shown in Fig. 1.
Sub-tree rooted at a3 (a) after partition operation, (b) after merge Operation.

F. Delivery Efficiency Calculation
As described in Section-III.D, the triggering rules of state
transition are based on two types of delivery efficiency: actual
value observed at the root aggregator at the end of data
collection interval and an estimated value that is expected
for the next data collection interval. Once the actual value
is obtained, the root aggregator shares it with all updating
entities; whereas the estimated values are computed by the
updating entities independently.
The root aggregator computes the actual value of delivery
efficiency using the values of Nrecv (i.e. number of vehicles
whose data have been received at the root aggregator) and Nt ot
(i.e. number of vehicles that transmitted their sensed data).
In order to allow root aggregator know Nrecv each aggregator
computes the total number of vehicles whose messages are
aggregated and send this information its parent aggregator.
The parent aggregator on receiving such information from its
two child aggregators computes the sum and sends it to its
parent. Similarly, to allow root know Nt ot , each leaf aggregator
sends the total number of vehicles in its region to its parent
aggregator. Root aggregator computes Nt ot as the sum of the
information about number of vehicles received from its two
child aggregators. In order to compute the estimated delivery

Algorithm 2 Delivery Efficiency and Delay Estimation (DEE)
1.
for each vertex u ∈ VL
2.
N[u] = 1
3.
end for
4.
n min = 1
5.
while(tr ue)
6.
for i = 1,2....n slot
7.
for each vertex u ∈ VL
8.
if N[u] ≥ 1 and S L[u] = i then
9.
N[u] = N[u]-n min
10.
N[Next[u]] = N[Next[u]] + n min
11.
if Next[u] = u dst then
12.
Nrecv = N[Next[u]]
13.
end if
14.
Dret [u] = FindDelayRet (u)
15.
end if
16.
end for
17.
Td [i ] = Tslot + FindMaxDelayRet (i )
18.
Tdelay = Tdelay + Td [i ]
19.
if Tdelay ≥ TS then
20.
return Nrecv
21.
end if
22.
end for
23.
n slot = Update_Contention( )
24.
n min = FindMin( )
25. end while

efficiency, the updating entities requires the predicted vehicle
count of all road segments within its region for the current data
collection interval. Note that the leaf aggregators piggyback
this information when they send their aggregated data to their
parent.
The method to predict vehicle count is described later in
this section. Using the received predicted vehicle counts, the
updating entities use algorithm DEE (i.e. Algorithm 2) to compute the estimated value of delivery efficiency. In particular,
they will compute the fraction of vehicles whose sensed data
can reach the root aggregator after being aggregated in the
hierarchy within a certain delay, Ts .
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Vehicle Count Prediction: Estimation of delivery efficiency
requires vehicle count information of all road segments in the
next data collection interval. We propose a simple method
that uses vehicle’s kinematics profile in the current data
collection interval and moving average of vehicle arrival rate
to predict vehicle count in the next data collection interval.
The kinematic profile of a vehicle includes its position, speed
and acceleration. If n(t) denotes the vehicle count of a road
segment at current data collection interval t, vehicle count at
time t+1 is given as:
n(t + 1) = n(t) + λa (t + 1) + λd (t + 1)

(5)

where, λa (t+1) represents the number of vehicles that arrive
at the road segment in the time interval t+1 and λd (t+1)
represents the number of vehicles that depart the road segment
in the time interval t+1. λa (t+1) is obtained as the simple
moving average [51] of most recent kobservations on vehicle
arrival rates. In order to calculate the initial moving average,
we allow first few data collection interval to pass before
vehicles start to sense data. n(t) is thus determined using the
kinematic profiles. Also, using speed and acceleration values,
vehicles that will no longer stay in the same road segment in
the next data collection interval can be identified and hence
λd (t+1) can be obtained.
G. Aggregator Selection
The road segment, where aggregation is performed, termed
as aggregation road segment, is selected using a method that
considers vehicle count of all road segments. According to
the multi-hop dissemination strategy, data packets carrying
aggregated/sensed data are broadcasted along the shortest
hop-count path; thus, multiple data packets are disseminated
along the same road segment. If the aggregator is located
in a region of high vehicle density, then delivery efficiency
will increase; indeed, in this case, a large proportion of
data packets will travel few hops resulting in packets being
delivered in shorter delays. Based on this observation, we
adopt a COG (Centre-of-Gravity) method to compute the
position of aggregator. Let nist denotes the number of
intersections. For intersection i, the coordinates are denoted
by (Xi , Yi ). The number of data packets, denoted by Wi ,
that travels through intersection i is measured by looking at
the path specified in the packet header. The weighted COG
is denoted by (Xc , Yc ) and is calculated as follows:
n
ist

Xc =

n
ist

Wi X i

i=1
n
ist
i=1

, Yc =
Wi

H. Multi-Hop Communication
In our scheme, multi-hop communication is needed, when
1) when a vehicle sends its sensed data to an aggregator,
2) when one aggregator sends aggregated data to another
aggregator. Unicast routing protocol is best suited for our
multi-hop scenario as the communication takes place between
two distinct entities. In this regard, we use Backbone-AssistedHop Greedy (BAHG) routing protocol [52] which is proposed
in one of our previous works. BAHG is an intersectionbased unicast routing protocol in which a routing path is
computed as a sequence of intersections. BAHG selects a
routing path that has shortest hop-count as well as highest
connectivity. Thus, it offers higher performance than other
intersection-based unicast routing protocols that rely on roadmetric distance, connectivity [53] or both [54]. This is because
a routing path selected using only connectivity metric may
involve more hops leading to longer delays. Similarly, routing
path having shortest road-metric distance may not necessarily
provide lowest hop-count because of numerous intermediate
intersections in urban scenario.
IV. E STIMATION OF D ELIVERY E FFICIENCY

Wi Yi

i=1
n
ist

segments. Once the aggregation road segment is selected, we
select an aggregator by considering a small cell around the
center of the aggregation road segment. Vehicles located in
the cell exchange messages (e.g. one hop beacons) to elect
one of them as aggregator. In particular, a vehicle which is
expected to stay in the cell for the longest time period is
elected as aggregator. Vehicle having lowest velocity can stay
longer compared to other vehicles. The size of the cell is
determined based on maximum velocity of vehicles, and the
duration of data collection interval. We consider that the length
of the cell is given by the distance (e.g., 100 m) travelled by
a vehicle at the maximum speed (e.g., 20m/sec) for a time
period of few (e.g. 1) data collection intervals (e.g., 5 sec).
Vehicles located in the cell exchange messages with each other
to elect one of them as the aggregator. The aggregator informs
existing vehicles in the cell to elect a new aggregator before
it leaves the cell. The procedure to elect a new aggregator
is based on case 2 of the coordinator selection procedure
proposed in [49]. Once a new aggregator is elected, the current
aggregator transfers all data collected to the new aggregator if
the data have not yet been sent to the parent aggregator and
other information such as vehicle arrival observations.

(6)
Wi

i=1

If point (X c ,Yc )lies on a road segment, then the latter is
chosen as the aggregation road segment. If (X c ,Yc ) does not lie
on a road segment, then the road segment closest to (X c ,Yc )is
selected as the aggregation road segment. Let (X s , Ys ) denotes
a point on a road segment where the perpendicular drawn
from (X c , Yc ) intersects the road segment. Then, the closest
segment is determined as the segment whose perpendicular
has the smallest distance to (X c ,Yc )among the candidate road

The parameter Nt ot in the expression of delivery efficiency
given by Eq. (3) is computed as:
Nt ot = s ∗ n(t + 1)

(7)

where n(t+1) is obtained using Eq. (5) and s is the fixed size of
data packet. Nrecv is computed using DEE algorithm described
in this section. Since we use CSMA/CA (in 802.11p/DSRC
standard [55]) as the underlying channel access scheme,
we need to take into account contention that may result in
packet collisions causing longer delays. In a sensing region
with a high number of vehicles, the delivery efficiency will be
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TABLE IV
S UMMARY OF N OTATIONS

Fig. 7. Communication Link graph CLG (a) Dist(u j , u j +1 ) > R (Without
Wk vertices), (b) Dist (u j , u j +1 ) > R (with Wk vertices).

low as packets from all vehicles cannot reach the aggregator
within the required delay.
The network dynamics that occur in CSMA/CA can be
captured by a combination of perfect scheduling MAC and
expected number of collisions in the network. In a perfect
scheduling MAC, no two transmissions are allowed to interfere
with each other. First, we estimate the delay considering a
perfect scheduling. Then, by adding the retransmission delay
due to packet collisions to the above delay, the delay incurred
using CSMA/CA is obtained. TABLE-IV shows the meaning
of important parameters used in this section.
A. Transmission Using Perfect MAC Scheduling
A region S is a connected sub-graph G S = (VS , E S ),
VS ⊂ V , E S ⊂ E of graph G = (V , E). Graph G denotes the
entire sensing region under consideration, where each vertex
v ∈ V and each edge e ∈ E denote an intersection and
a street (i.e. road segment) respectively. Let us refer to the
vehicles that generate data as the source vehicles/source vertices. Each source vehicle computes a path to the destination
vehicle/destination vertex (i.e. the aggregator). The path is a
sequence of vertices u i ∈ VS . If the source vehicle and/or
destination vehicle are not located at the intersections, but
located along a road segment, then they are represented using
the vertex that denotes their closest intersection.
Definition 2: A Communication Link Graph (CLG) is
defined as the graph G L =(VL , E L ), where each vertex is either
a group of vehicles or a forwarder.
CLG is constructed from G S as follows. We denote the
Euclidean distance between two vertices u ∈ VS and v ∈ VS
as Dist(u, v). For each source vertex, the path Pi is the shortest
hop-count path from the source vertex to the destination vertex.
Pi is represented as a sequence of vertices. For any two
consecutive vertices u i and u j along path Pi , if Dist(u i ,
u j ) > R we consider that forwarders are placed R distance
apart where R is the transmission range of a vehicle and
hence we introduce
a new vertex

 denoted by z n , where
n = 1, 2, . . .. Di st (u i , u j )/R . Then, the path segment

between vertices u i and u j including them is the sequence
< u i , z 1 , z 2 …z  Dist (u i ,u j )/R , u j >.
We repeat this procedure for all source vertices. Please note
that, paths of two or more source vertices may have common
pair of consecutive vertices. Thus, the above procedure is
repeated once for each distinct pair of consecutive vertices.
Next, we consider the group of vehicles located between
two consecutive vertices in the above sequence as a new
vertex wk . These are the vertices that generate data packets.
Since each vehicle generates one data packet in each data
collection interval, the number of packets generated at vertex
wk is equal to the number of its constituent vehicles. Thus,
the new sequence will be < u i , wk , z1 , wk+1 , z 2 , wk+2 ,….
z dist (u i ,u j )/R , wk+dist (u i ,u j )/R , u j >.
Packets received by a forwarder located at u i are forwarded
to u j through forwarders located at z 1 , z 2.., z dist (u i ,u j )/R .
Similarly, packets originated at vertex wk are also forwarded
until the packets reach u j . Fig. 7 (a) and (b) show the graph
CLG obtained from a sub-graph G S when Dist(u i , u j ) >R.
We schedule transmissions in a way that interferences from
hidden terminals are avoided. The required schedule depends
on the number of hidden terminals which varies based on
whether the packet is intended for a forwarder along a road
segment or is intended for a forwarder at an intersection.
Packet collisions in these two cases are described using the
CLG as follows:
Case 1: Collisions along a road segment: Along a road segment, collisions occur only at intermediate forwarders. Given
three forwarders, z n , z n+1 and z n+2 along a road segment,
z n and z n+2 are hidden to each other. Hence, transmissions
by z n and z n+2 , at the same, will result in collisions at z n+1 .
Furthermore, some vehicles located between z n and z n+1 are
hidden to some of the vehicles located between z n+1 and z n+2 ;
thus, packets forwarded to z n+1 by a vehicle located between
z n and z n+1 may be lost due to simultaneous transmission
from vehicles located between z n+1 and z n+2. Thus in
CLG, wk and wk+1 are also considered hidden to each
other.
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Scheduling (i.e. time slot assignment).

Case 2: Collisions at intersection: Collisions occur at an
intersection, when forwarders or vehicles located on different
road segments transmit packets simultaneously to forwarder(s)
at the intersection that connects those road segments. Even
if forwarders/vehicles of different road segments may be
physically located within each other’s carrier sense range,
obstacles, such as buildings, may prevent them from hearing
or detecting each other’s transmissions. For example, in CLG
shown in Fig.7. (b), z1 , z2 , z3 and z4 are hidden to each other.
Definition 3: We define conflict Graph GC =(VC , EC ) where
VC = {u: u∈ VL } and EC = {(u, v): u and v are hidden to each
other}
Definition 4: A time slot, Tslot is a duration needed to
transmit a given load (size of a given number of packets
indicated as number of bits).
To achieve perfect scheduling i.e. to avoid collisions, the
communication link graph CLG is transformed into a conflict
graph CG as follows. All vertices of CLG will remain in CG.
However, edges are added between vertices which are hidden
from each other according to the collision scenarios illustrated
in case 1 and case 2. For each vertex u, an edge is added
from u to vertex v, if u and v are hidden to each other. After
constructing CG, the schedule is obtained by finding a solution
to the vertex coloring problem. Vertex coloring problem is the
problem of assigning colors to vertices of a graph in a way
that no two adjacent vertices share the same color; each color
corresponds to a distinct time slot. It is known that vertex
coloring problem is NP-complete. Thus, we adopt iterative
greedy heuristic algorithm [56] to find a schedule. Once the
schedule is obtained, we assign time slots to the vertices in CG.
Fig. 8 shows the assignment of time slots for the graph shown
in Fig. 7 (a).
1) Algorithm in Detail: We use DEE algorithm to find the
value of Nrecv . We compute the amount of data received at the
destination within a given delay. Transmissions start at source
vertices wk , wk+1 ,..and the packets are forwarded through
vertices z1 , z2.... along a road segment of the computed shortest
paths.
Algorithm 2 shows the pseudo-code of DEE. Using a perfect MAC schedule (see details above), multiple transmission
rounds are needed to send packets to the destination, where the
duration of a transmission round is given by the total number
of time slots in the schedule. In CLG, the source vertices
wk have different number of packets to send as they might
have different number of constituent vehicles. As a result,

different forwarders have different load. In each transmission
round, the number of packets transmitted by each vertex is
equal to the smallest number of packets transmitted by a
vertex. We denote the minimum load as n min . For a given
transmission round, the duration of time slot i.e. Tslot is
computed as the time needed to transmit the minimum load.
In each transmission round, vertices that have been assigned
time slot for transmission transmit exactly n min /s packets (s is
the packet size). When a vertex transmits n min /s packet, its
load is updated by subtracting n min from its current load;
similarly, when n min /s packets transmitted by a vertex is
received by its next-hop forwarder, the load of the latter
is updated by adding n min to the latter’s current load. If a
vertex is an aggregator, then the load due to packets received
from vehicles or from other aggregators is reduced by the
aggregation factor.
In each transmission round, the retransmission delay (see
next sub-section for details) is obtained for each vertex that
has been assigned time slot to send data. The function
FindDelayRet(u) in step 14 of Algorithm 2 uses (12) to obtain
the retransmission delay for a vertex u. Retransmission occurs
when a packet is not transmitted successfully due to collision.
The function FindMaxDelayRet(i ) in step 17 of Algorithm 2 is
used to find the maximum value of retransmission delay during
time slot i . The actual delay of transmission is obtained by
adding the maximum retransmission delay to the time slot
duration Tslot . When the delay is greater than or equal to
the required delay Ts , the number of packets received at the
destination is returned as Nrecv . Delivery efficiency is then
obtained by using the value of Nrecv in (3).
At the end of each transmission round, the conflict graph
is updated by eliminating the vertices (group of vehicles)
that have already transmitted their packets. A new schedule
is computed on the basis of the updated conflict graph. The
function Update_Contention () in step 23 of Algorithm 2 is
used to update the conflict graph as described in Section-IV.A.
Once the conflict graph is updated, a collision free schedule
is determined using a greedy vertex coloring algorithm. The
function Update_Contention () returns the total number of
time slots (n slot ) in the schedule. In step 24 of Algorithm 2,
the function FindMin() is used to determine the minimum
load (n min ) which is the smallest value of current load among
all vertices (i.e. N[u]).
Updating the conflict graph and finding a schedule (using
greedy vertex coloring algorithm [56]) are the most expensive
operations in Algorithm 2. Both have the time complexity O(|V L |2 ), where |V L | is the total number of vertices in
the conflict graph. In Algorithm 2, the above two operations
are repeated for each hop (i.e. a transmission round). Thus,
the time complexity of Algorithm 2 is O(H ∗|V L |2 ), where
H is the maximum number of hops along the path between a
source vertex and a destination vertex. The space complexity
of Algorithm 2 is O(|VL |).
B. Retransmission Delay
In the following, we present the details to compute retransmission delay for vertex u in the graph CLG. We consider the
following assumptions.
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1) A collision involves two packets. In [57], it is shown that
the number of collisions involving 3 or more packets is
negligible.
2) Each packet is transmitted with probability p =1/cw
where cw is the contention window.
3) Vertex u has m hidden terminals. The numbers of
packets transmitted by the hidden terminals are denoted
by n 1 , n 2, n m .
4) During a time slot, vertex u sends n packets.
5) P(i ) denotes the probability that i packets of vertex u
undergo collision.
6) nret is the average number of times a packet is retransmitted following a collision.
7) tx is the transmission time of sending a packet in
wireless channel. It includes propagation delay, packet
transmission time, Distributed Coordinated Function
Inter-frame Space (DIFS) and Short Inter-frame
Space (SIFS) periods and a small back-off delay.
The expected number of packets sent by vertex u that undergo
collisions can be expressed as:
Ncol =

n


i ∗ P(i )

13

Fig. 9. Delivery efficiency vs Total vehicle count (Region 1, Ts =450 units).

(8)

i=1

P(i ) is closely related to the number of hidden terminals of
vertex u and the number of packets transmitted by its hidden
terminals. Thus, the probability that only one packet of vertex
u undergoes collision is given by:
  

m 
n
ni
P(1) =
(9)
∗ p2
∗
1
1
i=1

P(2) is obtained as:

P(2) = P(1) ∗

n−1
1

 

m 
ni − 1
∗
∗ p2
1

(10)

i=1

The general expression for P(i) is thus given as:


 
m 
ni − i + 1
n −i +1
P(i ) = P(i − 1) ∗
∗ p2
∗
1
1

Fig. 10.

Delivery Efficiency vs Required Delay (Region 2).

i=1

(11)
The retransmission delay for vertex u is obtained as follows:
Tret = nret ∗ Ncol ∗ tx

(12)

C. Numerical Results
In this section, we show the limitation of having no hierarchy using numerical results. Let us consider a hierarchy
that consists of only the root. In particular, we investigate
the impact of required delay, total vehicle count (i.e. total
number of vehicles in the network) and size of the region on
the delivery efficiency at the root. For evaluation, we consider
two scenarios: region 1 which is an 800 × 800 m2 grid
road network with 25 intersections and region 2 which is
an 800 × 400 m2 grid road network with 25 intersections.
The length of each road segment is equal to 200m. In order
to validate the proposed analytical expression of delivery

efficiency, we run simulations to compute delivery efficiency.
Details about simulation are provided in Section-V.A.
Fig. 9 shows the variation of delivery efficiency with the
number of vehicles for region 1. We observe that there is an
almost perfect match between the analytical and simulation
based results; this proves the accuracy of the proposed analytical expression to compute delivery efficiency. Fig. 9 also
shows that delivery efficiency decreases significantly when
the number of vehicles increases; for example, increasing the
number of vehicles from 200 to 240, in the sensing region,
degrades delivery efficiency from 0.98 to 0.7.
Fig. 10 shows delivery efficiency for different values of
required delay, Ts for region 2. It also shows delivery efficiency for different numbers of vehicles for each value of Ts .
The parameter Ns in Fig. 10 denotes the number of vehicles.
We observe that, for a given number of vehicles, delivery
efficiency improves as Ts increases. This is expected as packets
have a higher lifetime and the packets whose transmissions are
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Fig. 11.

Delivery Efficiency vs Total vehicle count (Ts =500 units).

delayed in the network, either due to congestion or large hopcounts, will eventually reach aggregator.
Fig. 11 shows the variation of delivery efficiency with the
size of sensing region. We observe that delivery efficiency
in 800 × 800m2 region is smaller than that obtained in
800 × 400m2 region for any number of vehicles. This strongly
supports the adoption of aggregation hierarchy in which a
region is partitioned into smaller regions in order to achieve
higher delivery efficiency. A large region attains lower delivery
efficiency due to transmission of sensed data over a large
number of hops. Instead, if the region is partitioned and the
sensed data within each resultant region can be aggregated
before forwarded to a final aggregator, the delivery efficiency
will improve.
V. P ERFORMANCE E VALUATION
A. Simulation Setup
In this section, we investigate the performance of the
proposed scheme DHAVS using ns-2 simulator [58]. We used
version ns-2.33, which is modelled after the MAC and PHY
layer specifications of 802.11p [55]. We compare DHAVS
with a baseline scheme in which a static hierarchy is used
for data collection and a state-of-the-art aggregation scheme
DB-VDG [47]. We refer to baseline scheme as SHAVS
(Static Hierarchical Aggregation for Vehicular Sensing). We
implemented SHAVS for two hierarchies: one with only a
root (i.e. height is 0) and the other with two levels (i.e. height
is 1). SHAVS is referred to as SHAVS (h =0) when the
hierarchy height is 0 and SHAVS (h =1) when it is 1. For
DHAVS, f t h and ρ are set to 0.1 and 0.2 respectively.
The simulation scenario represents an urban road topology
which consists of 800 x 800 m2 grid. The grid has five
vertical streets, five horizontal streets and 25 intersections.
The length of each road segment (i.e. the segment between
two adjacent intersections) is 200m. Each street has two lanes,
one lane in each direction. We assume presence of one RSU
at one of the corners of the simulation area. Note that the

position of RSU is independent of the proposed scheme. We
used IMPORTANT mobility generator tool [59] to generate
vehicular mobility traces according to Manhattan mobility
model. The Manhattan mobility model was introduced in [60]
to model vehicle movement in a grid topology. This model
uses a probabilistic approach to allow vehicle movement at an
intersection, where a vehicle continues to move straight with
probability 0.5, turn left or right with probability 0.25. The
velocity of a vehicle is determined in a periodic manner with
a period length of 1s. In particular, the vehicle speed at a time
slot depends on the velocity and acceleration of the vehicle
in the previous time slot. More details on this model can be
found in [59] and [60].
Velocity of vehicles varies between 15m/s and 25m/s; the
acceleration is set to 10% of maximum velocity. Different
scenarios are generated by varying the number of vehicles
in the network. We run 10 experiments for each scenario and
summarize the results in graphs. We consider data sensing
application for the evaluation; it was simulated by generating
packets of high payloads. Each vehicle sends the sensed data
periodically in each data collection interval. For realistic propagation, we used a Nakagami-m channel model to reflect the
wireless channel in an urban setting. The “m” parameter of the
Nakagami distribution is responsible for controlling the fading
intensities and its value depends on the distance between the
transmitter and the receiver [61]. We used dataset 2 provided
in [61] for the “m” parameters of Nakagami distribution. Other
simulation parameters are listed in TABLE-V.
B. Performance Metrics
1) Average Delivery Efficiency: It is defined as the average
of delivery efficiency observed at the root aggregators
for all data collection intervals.
2) Maximum Height of Hierarchy: It is the maximum
height attained by the aggregation hierarchy during the
simulation period.
3) Total Number of Bits Transmitted: It is defined as the
total number of bits transmitted during the simulation
period. This metric considers the data packets that carry
sensed data or aggregated data.
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Fig. 14.
Fig. 12.

Average Delivery Efficiency (Number of Vehicles =320).

Fig. 13.

Average Delivery Efficiency Data Collection Interval=10Sec).

C. Results and Discussions
Fig. 12 shows the average delivery efficiency of DHAVS
and DB-VDG with respect to data collection intervals for a
scenario of 320 vehicles. We observe that with increase in the
duration of data collection interval, an elevation in average
delivery efficiency occurs. The reason for this behaviour is
that a higher delay threshold allows data packets to reach root
aggregator even if using increased number of hops. Overall,
DHAVS outperforms DB-VDG irrespective of the duration
of data collection interval. This is due to use of aggregation
hierarchy in DHAVS which gets updated dynamically in order
to improve the delivery efficiency. The reason for lower
delivery efficiency in DB-VDG is that it neither employs
a hierarchy nor uses a systematic aggregation scheme with
meticulously selected aggregators.
Fig. 13 shows the impact of number of vehicles on average
delivery efficiency of DHAVS, SHAVS(h=0), SHAVS(h=1)
and DB-VDG. For SHAVS (h=0) and SHAVS (h=1), we
observe a reduction in average delivery efficiency with

15

Maximum Height of Hierarchy in DHAVS Scheme.

increase in the number of vehicles. In SHAVS (h=0), the
sharp decrease can be explained by the fact that many-to-one
communications result in higher contention with the increase
in the number of vehicles; thus, data packets are discarded
before they are received at the root aggregator because of
significantly higher delays. In SHAVS (h=1), large number
vehicles in the leaf regions contend in order to send data
to the one of the two leaf aggregators. As a result, some
data packets might not reach at the leaf aggregator due to
delay violations, thereby leading to less packets received at the
root aggregator. SHAVS (h=1), however, performs better than
SHAVS (h=0) due to one more aggregation level. In contrast,
we observe only a small and steady variation in performance
of DHAVS even when the number of vehicles is high, thereby
confirming the scalability of DHAVS. When the number of
vehicles is 200, the average delivery efficiency of DHAVS
is slightly higher than SHAVS (h=1). This is due to the
fact that DHAVS (dynamically) decided the hierarchy as time
progresses. Thus, when number of vehicles is 200, DHAVS
uses a same hierarchy as SHAVS (h=1) sufficient to ensure
efficient data collection at the root aggregator.
The average delivery efficiency of DB-VDG is close to
SHAVS (h=1) and less than that of DHAVS. In case of
DB-VDG, no aggregators are chosen and every vehicles is
allowed to perform aggregation on data received from other
vehicles. Since aggregation is performed independently by
multiple vehicles, the number of data packets is not reduced
effectively which results in lower value of average delivery
efficiency. Moreover, DB-VDG experiences 15% decrease
in performance as the number of vehicles increases from
200 to 400.
Fig. 14 shows the impact of number of vehicles on the
maximun height of the aggregation hierrachy used by DHAVS
for three different durations of data collection interval: 5 s,
10s and 15s. We observe an increase in the maximum height
with increase in number of vehicles. The rationale is that the
greater the height, the higher the reduction in number of data
packets. Moreover, for any number of vehicles, the maximum
height decreases with the increase in the duartion of data
collection interval. This is because of the fact that with a higher
duration the contention among vehicles has less impact on the
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TABLE VI
T OTAL N UMBER OF B ITS T RANSMITTED

delivery efficiency. Hence a small height is sufficient to ensure
a high value of delivery efficiency at the root aggregator.
Table. VI shows the total number of bits transmitted in the
network during the entire simulation period for two different
scenarios: one with number of vehicles equal to 200 and
the other with number of vehicles equal to 400. We observe
that the smallest number of bits is transmitted in case of
DHAVS. This confiirms the ability of the proposed scheme to
reduce bandwidth usage. As expected, the highest number of
bits is transmitted in SHAVs (h=0). DB-VDG transmits 25%
and 52% more bits than DHAVS for 200 and 400 vehicles
respectively. This huge performance difference is attributed to
the lack of a hierarchy in DB-VDG.
VI. C ONCLUSION AND F UTURE W ORKS
Vehicular sensing applications are becoming more popular
as vehicles embed an increasing number of sophisticated
sensors. Sensed data when collected over time from a big
number of vehicles can generate enormous amounts of data
which apart from congesting the network, may fail to arrive
in real time to RSUs. In this paper, we address this problem
by proposing a scheme for sensed data aggregation in a hierarchical way in order to decrease the volume of data transferred
from the road and also to decrease the delay of delivering
sensory information. The aggregation hierarchy is dynamically
updated in order to ensure an improved performance.
In future, we would like to estimate the delivery efficiency
considering network parameters such as channel quality in
vehicular networks. Also, we will investigate probabilistic
schemes to estimate the quality (e.g. reliability) of aggregated
data. In addition, we would like to work on multimodal fusion
approaches for urban sensing, where different sensory information such as images, traffic information, and air pollution
level of a given area can be combined to provide a complete
view of the urban environment.
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