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Abstract

Performance of wireless sensor networks (WSNs) is dictated by their parameters, such as number of sensor nodes, sensor
mobility and the network protocol used for routing. This paper provides two contributions to the study of data dissemination
protocols in WSNs. First, we describe results investigating the performance of two data dissemination protocols — Directed
Diffusion (DD) and Two-tier Data Dissemination (T'TDD) — under varying WSN parameters and application properties. We
compare their performance along two dimensions including (1) observed application latency and routing overhead, and (2) sensor
network efficiency in terms of packet transmission ratio and energy consumption. Second, we describe our improvements to these
protocols and illustrate the performance gains achieved by our changes.

Our experiments analyzing network performance indicate that increasing the number of nodes per unit sensing area does not
make the network more redundant. At increased network densities and sink sizes the energy consumption starts increasing very
rapidly on account of the added traffic. This argues for a better energy utilization mechanism, which scales the network as network
density, while maintaining other performance parameters, such as delivery fraction and average delay, within acceptable limits.
Our proposed protocol modifications call for local broadcast in DD and dynamically changing the flooding area in TTDD without
changing the cell size.
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1. INTRODUCTION

A wireless sensor network (WSN) consists of low power,
low cost, multifunctional and miniature collaborating sensor
nodes, which are spread across a geographical area. The nodes
are usually deployed inside or very close to a phenomenon
being tracked. The sensor nodes carry a small processor,
which can perform several localized computations, such as
data aggregation or routing data packets. This enables them to
process raw data generated by the phenomenon, filter it and
send only the required information to the observer(s).

Moreover, the position of sensor nodes need not be pre-
determined thereby allowing any random deployment of these
nodes and facilitating tracking of mobile phenomenon. These
properties make the sensor networks applicable in a variety of
applications ranging from military, to industrial, to scientific,
to healthcare, to home. Most of these applications are aimed
at (a) minimizing humans in the loop so that tasks can be
executed remotely, such as remotely monitoring a patient’s
health and (b) collection of data in the environments that are
hazardous to humans.

In WSNss a large number of sensor nodes collect the sensed
data, which is then routed to a number of observers interested
in this data. We call the sensor node generating data reports
of an observed phenomenon as a source node and the node
requesting the report as a sink node, both of which may
be fixed or mobile. For example, soldiers collecting location
information of the enemy using the sensor networks deployed
in the battlefield act as sink nodes. The movement of the
enemy acts as the phenomenon being tracked, whereas the
sensor nodes in the immediate vicinity of that phenomenon
act as source nodes. The source nodes detect the movement,
generate appropriate data reports, which are then forwarded to
each of the sink nodes interested in the event.

The unique characteristics of wireless sensor networks de-
scribed below, however, makes the problem of disseminating
the data generated by sensor nodes non-trivial and different
than conventional wired networks. The main challenges are:

1) Wireless sensor networks are usually large to ensure
that a mobile phenomenon can be covered, which might
occur over a wide geographical terrain.

2) Computational power, storage capacity, battery life are
limited, since the nodes themselves have to be large.
Further, the nodes themselves can not be reconfigured
(to add some resources for example) once deployed.

3) Node failures and frequent topology changes, due to
node failures or sensor movement.

These problems form the motivation for a data-centric

family of sensor network routing protocols called data-
dissemination protocols, where the focus is on the data rather
than the nodes. It follows that the protocols must be scalable,
efficient, fault-tolerant and adaptable. A number of data-
dissemination protocols have been suggested [10], [6], [4],
[9], which aim to address these challenges.

Although significant work in WSN area has been done on
designing and building sensor networks, most of it focuses
on designing new applications and routing protocols. For
example, Bokareva et al [2] recently proposed a comparative
study of data-dissemination protocols comprising uniform
node distribution under two different topologies. However,
this is a more direct comparative analysis and does not study
the effect of variations in availability of network resources
on the overall performance. This paper aims to address the
resource tradeoffs in designing a WSN and its ramifications
on network performance and its design. We also compare two
dissemination protocols e.g., the Two-tier Data Dissemination
(TTDD) [9] and Directed Diffusion (DD) [4] protocols, in
order to provide useful insights into the design choices and
optimizations for WSNs. The direct impact of our work is thus
on providing useful insights in network and protocol optimiza-
tions, studying the best possible design and optimal resource
decisions in the context of the dissemination protocols studied.

Our experiments analyzing network reliability indicate that
increasing the number of nodes per unit sensing area does not
make network more redundant; instead this might very well
result in fast depleting network which is counter intuitive. One
of the important findings from the analysis is that the the net-
work needs to intelligently manage the resources. At increased
network densities and sink sizes the energy consumption
starts increasing very rapidly on account of the added traffic.
This argues for a better energy utilization mechanism which
scales the network well as network density, while maintaining
other performance parameters (for example, delivery fraction,
average delay) within acceptable limits.

Organization: The rest of the paper is organized as
follows: Section II provides a brief overview of the data dis-
semination protocols used in our study; Section III describes
the experimental setup used for our protocol simulations;
Section IV presents and analyzes the results of our simulation
studies; and finally Section V provides concluding remarks
outlining lessons learned.

II. OVERVIEW OF DATA DISSEMINATION PROTOCOLS

This section provides a brief overview of the two data
dissemination protocols we study in this paper.
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Directed Diffusion (DD): Directed diffusion (DD) [4]
was the first protocol to address the problem of sink mobility in
the context of sensor networks. In DD each participating node
maintains a dynamic map of the sensing tasks and the previous
hop from which the interest was received. Each sensing task
has an associated information, such as the node(s) to which
to forward data reports, the rate of sending this data and the
duration. As soon as the source nodes detect sensing tasks,
they start sending exploratory packets to the sink nodes (which
generate these tasks or interests). The sink node chooses one
particular node (in its neighborhood) from which to receive
the data and thus for a given source node, a single path is
reinforced, which is used for all the traffic towards the sink.

Two-tier Data Dissemination (TTDD): Two-tier Data
Dissemination (TTDD) [9] uses a two-tier architecture to
disseminate the data to interested nodes. A grid is formed
with the source node at one of the crossing points of the grid.
Thus, the sensing space is divided by the grid into small cells.
Only the nodes at the crossing points (called dissemination
nodes) can forward the data. A sink node, which is interested
in receiving a specific data, floods its local cell in order to
discover the closest dissemination node. Each dissemination
node contains forwarding information for each request of data
it receives. On discovery of a dissemination point, the data
request is forwarded to source node by the dissemination
nodes, followed by data report being sent to the sink. Here,
the smaller cell is the first tier, while the higher tier is made
of the dissemination nodes at the grid points, which makes the
two tier architecture.

1I1. EVALUATION METHODOLOGY

For studying the relationships of infrastructure and appli-
cation properties of sensor networks, we used an evaluation
environment within the NS-2 [7] discrete event simulator.
The underlying MAC layer was IEEE 802.11, the physical
radio characteristics of each node’s network interface, such as
transmit power, receiver sensitivity, data load and antenna type
were chosen so as to approximate the Lucent Wavel.an direct
sequence spread spectrum radio. The evaluations were based
on the simulation of sensor nodes which were distributed and
moving within a square flat space of 1000m X 1000m for 100
seconds of simulation time. The mobility model used was the
random waypoint model [5], [1].

The network parameters of interest to us was the sensor
network size. This parameter were varied for the different
protocols described in Section II. Increasing the total nodes
in a network will not necessarily increase the network per-
formance, for the same topology since denser node will have
more collisions, possibly node failures and hence congestion.
The simulations are run for 100, 196, 289 and 400 nodes for
the same square flat space described above [8].

The data-dissemination protocols mainly address the ob-
server mobility issue. As such it is critical to study the behavior
of protocols varying the following parameters:

1) number of observers (i.e., sinks nodes): Network per-

formance against increasing sink nodes is an important
metric since it is indicative of how well the network

scales as sink nodes. We call the total number of sink
nodes in the simulation as sink size.

2) pause time: In the sensor network, each node remains
initially stationary for a fixed period of time, known
as the pause time. A destination is then selected from
the flat simulation space defined and then a node starts
moving towards the destination. The speed of the node
varies from 0 to some maximum speed specified at the
beginning of simulation. On reaching the destination, the
node again pauses for the fixed time, at the end of which
it selects another destination and the process is repeated
for simulation time. Pause time is thus a measure of sink
mobility, since lower pause time indicates highly mobile
sinks, while longer pause times mean the sinks are
stationary for longer periods. Increased sink movements
leads to more frequent changes in dissemination path
(and potentially increased traffic). Thus it is interesting
to observe protocol efficiency for increased sink mobil-
ity. Such an experimental setup was important in order
to challenge the protocols in an environment where they
would be most applicable.

The simulations are run for reports generated (by source
nodes) every 0.25 seconds. In order to have a direct compari-
son for the protocols being studied, the same environment vari-
ables with identical loads were used for the all experiments.
The same movement files, which describe the movement of
nodes in the sensor network are used for both the protocols.
The simulations were run with movement patterns which were
generated for seven different pause times including 1, 2, 10,
25, 40, 50 and 75 seconds. Eight different values for the
number of sink nodes were used including 2, 4, 6, 8, 10, 12,
14 and 16 sinks nodes.

1V. RESULTS AND DISCUSSION

This section describes results and analysis of our experi-
ments described in Section III. The results are presented along
different dimensions of WSN performance metrics.

A. Aggregate Energy Consumption

Aggregate Energy Consumption is defined as the total
energy consumed (in joules) in transmission and receiving,
during the simulation. The Sink Size is the total number of sink
nodes in the wireless network. Assume that the total energy
per node ¢ is F; and energy consumption for this node is
Econsumed; . then the energy depletion, Egepietion, 18 defined
as

n
Edepletion = Z(E’L - Econsumedi)/n (l)
i=1
where n is the network density.

Figures 1 and 2 show the variation of aggregate energy
consumption against sink size for various network densities
for DD and TTDD, respectively. On an average, the energy
consumption increases by 17% for a 60% increase in the
sensor nodes deployed. It would appear that increasing the
total sensors per unit flat space under observation will increase
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the redundancy of the network. This follows from the fact that
since there are more nodes per unit space, at least some nodes
will always be “alive” and would route the through traffic for
that space. However, from Figures 1 and 2, we observe that
the energy gets depleted faster for highly dense nodes. For
example, for the same sink size (of 2) the energy depletion
is 36% for a network density of 100, while it is 50% for a
network density of 400. Thus, a highly dense network will not
increase the redundancy. This is because for such a network
for the same time the energy of a single node will deplete at
a faster rate and hence the nodes that are “alive” per unit flat
space will be lesser.
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B. Packet Delivery Fraction discussions

Packet Delivery Fraction is defined as the fraction of number
of packets received at the sink to the number of packets being
sent from the source nodes. The fraction is averaged for all the
sink-source pairs for each network density in the simulation.
The variation of packet delivery fraction against sink size, for
network densities of 100, 196, 289 and 400 for DD and TTDD,
respectively, is shown in Figures 3 and 4.
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Fig. 3. Packet Delivery Fraction versus Sink Size for DD
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Fig. 4. Packet Delivery Fraction versus Sink Size for TTDD

We observe that the fraction variation is about 7% on
an average, for increase in sink size from 2 to 16. This
reduction is owing to an increase in the overall traffic since
the reports have to reach more observers. This allows us to
accommodate more sinks (an 800% increase) at the cost of 7%
more packets getting dropped. This might seem a reasonable
tradeoff, however, it must be noted that for the same sink
size increase, the energy consumption increased almost 100%!
A better energy utilization, in particular, as the sink size is
increased is thus crucial to increase network performance,
since this will mean more sinks could be tolerated at an
acceptable energy consumption level and delivery fraction
values.

C. Normalized Routing Load discussions

Routing load (L) for a single node is defined as the total
number of routing packets that it transmits in a network for the
duration of simulation. We define Normalized Routing Load
(Ln) as

L, = (_Z Ly)/n )
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where n is the total number of nodes in the network.

Figures 5 and 6 show the variation of normalized routing
load against pause time for various network densities for DD
and TTDD, respectively. The sink size is kept constant at
6 for this set of experiments. Observe that, for less mobile
sinks (indicated by higher pause times), the TTDD has more
normalized routing load than DD. This is expected since,
TTDD has to construct and maintain the grid which is very
costly. Further, TTDD has a localized flooding, where a small
area of topology is flooded till a dissemination point is located.
The flooding area is thus another factor which contributes
the routing load. The flooding area is a static configuration
parameter, and thus once set it can not be dynamically varied
(in order to reduce the normalized routing load, since lesser
are will mean lesser flooding). Thus, TTDD has more routing
load than DD for the same pause time and sink size.
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D. Average Delay discussions

The average delay is defined as the latency seen by the
sink in obtaining reports of interests from the source, averaged
for all sink-source pairs. Figures 7 and 8 show the variation

against sink size for DD and TTDD, respectively. As one
would expect, with the increase in sink size, more packets
are transmitted for the same per unit sensing area causing
increased delays as seen by the sink. Figures 7 and 8 confirm
this behavior where the average delay increases steadily as
sink size increases. One important observation from the TTDD
and DD delay results is that the delay increases more rapidly
for TTDD than for DD. This is corroborated by the fact that
other parameters being constant, the routing overhead is more
for TTDD than DD, which leads to congestion and hence an
increase in the delays.
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E. Suggestions on protocol improvement

Based on insights gained from our experimental evaluation,
we now briefly describe proposed improvements to the two
protocols we studied.

1) DD: In DD, network-level broadcast (for advertising
interest in specific sensing data) and sending exploratory
data packets are one of the most expensive operations
and hence network performance will be greatly affected
if the cost associated with these operations is reduced.
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One possible solution is diffusing interests locally in-
stead of broadcast, such as using passive clustering [3],
where the redundant transmissions during broadcast
operations are reduced effectively reducing the costs.
Furthermore, cost reduction can be done by exploring
multiple paths instead of a single reinforced path since
a single path depletes the nodes that make up this path
faster.

2) TTDD: In TTDD, the flooding is restricted to a single
home cell of a sink node, thus aiming to reduce the as-
sociated cost. However, the flooding area is not dynamic
and thus once set, the same area will be flooded with
sensing data request. A possible enhancement to TTDD
can be that if the current density of the network and
average energy consumption makes cell-level broadcast
costly, a new tier could be introduced at the cell-level.
A new dissemination point can be appointed inside the
cells themselves. This is better than changing the cell
size [2] because changing cell-size dynamically means
reconstructing the grid structure, which is a very costly
operation. In the worst case scenario, for a sink lying
on the grid but at a distance «/2 from each of the
closest dissemination points, the flooding will be done
for a maximum of 0.785 unit area for unit a. The worst
case value for the plain two grid structure without the
suggested improvement is 1.57 unit area, thus giving a
reduction of almost 50%.

V. CONCLUDING REMARKS

In this paper we discussed the resource tradeoffs for WSNs.
We studied the protocol performance against steady increase
of sensor nodes and sink size in the network. The contributions
and lessons learned from our work are twofold.

1. Effects of resource tradeoffs in sensor networks: We
studied the effects of resource tradeoffs on network perfor-
mance, which indicated the following:

1) We show that increasing nodes per unit sensing area
does not make the network mode redundant, instead this
may lead to a fast depleting network which is counter
productive.

2) At increased network densities and sink sizes (number
of sinks in the network), the energy consumption starts
increasing very rapidly due to increased traffic that each
node has to handle. This argues for an intelligent energy
utilization mechanism which scales the network well as
the above parameters.

2. Proposed enhancements to protocols: Based on our
analysis, we propose the following improvements to the two
protocols studied.

1) In Directed Diffusion (DD), we propose a local broad-
cast, which reduces redundant transmissions during
broadcast operations. Further, performance improvement
can be achieved by maintaining multiple paths instead of
a single reinforced path, to reduce the energy depletion
of the single path nodes.

2) In Two-tier Data Dissemination (TTDD), we propose
a new mechanism to dynamically change the flooding

(1]

(2]

(7]
[8

—

(9]

[10]

area without changing the cell size i.e., without having
to reconstruct the grid. In the worst case, our approach
gives a reduction of almost 50% in the local (cell)
flooding area.
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