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A large-scale sensor network (LSSN) is formed when a very large number of sensor nodes
with short-range communication capabilities are deployed randomly over an extended region.
The random distribution of nodes in an LSSN leads to regions of varying density, which means
that if all nodes have an identical transmission radius, the effective connectivity would vary over
the system. This leads to inefficiency in energy usage (in regions of unnecessarily high connec-
tivity) and the danger of partitioning (in regions of low node density). In this paper, we propose a
technique for adapting a node’s transmission radius based on a node’s local information. Through
localized coordination and self-organization, nodes try to attain fairly uniform connectivity in the
system to aid in efficient data messaging in the system. We study the benefits of network adapta-
tion by incorporating it into an adaptive geographical routing algorithm called corridor routing.
We present simulation results showing significant improvement in performance over routing al-
gorithms that do not use network adaptation. We also propose and study several scenarios for
network adaptation in the presence of node failures, and explore the effect of parameter variation.



Introduction

A large-scale sensor network (LSSN) is formed when a very large number of sensor
nodes with short-range communication capabilities are deployed randomly over an ex-
tended region. Unlike custom-designed networks, these randomly deployed sensor net-
works need no pre-design, need very little or no human supervision and configure them-
selves through a process of self-organization. These nodes are usually battery-operated
and have limited computational capabilities. The vision motivating LSSN’s is that using
a large number of randomly deployed, locally communicating, cheap, disposable, sim-
ple and, therefore, individually unreliable nodes can produce more robust, flexible and
scalable performance than a system of fewer, more powerful but expensive nodes with-
out an appreciable loss of reliability. The focus, therefore, is in making the individual
nodes as simple as possible while keeping the system “smart” [4, 6].

The problem of determining the optimal transmission radius for nodes in a wireless
network is a key one for LSSNs. Researchers have argued that transmission power for
each node must be sufficient to reach a “magic number”, n*, of other nodes in order
to maximize forward progress of messages, minimize congestion, and minimize the
possibility of partitioning. Kleinrock and Silvester [8] arrived at the “magic number” 6
as the optimal number of terminals to be covered by one transmission. In [13], Takagi
and Kleinrock re-considered the problem and arrived at a new magic number nearly
equal to 8. In LSSNss, a further reason to use no more transmission power than necessary
is to conserve energy, since nodes have limited battery life.

In this paper, we propose a technique for adapting a node’s transmission ra-
dius based on a node’s local information. Through localized coordination and self-
organization, nodes try to attain fairly uniform connectivity in the system. The proposed
adaptation technique is a network level adaptation independent of the overlying routing
algorithm. Our approach is based on the principle — derived from complex systems
such as cellular automata and neural networks — that decisions made by nodes must
be based on simple, locally available information rather than awareness of the wider
network. In the approach proposed in this paper, we utilize the location information of
nodes, which might be obtained using the global position system (GPS) or some other
localization scheme [9, 3].

System Model and Problem Statement

The network we consider comprises n nodes distributed uniformly in a two-dimensional
region. Each node, limited by its energy capacity, can only communicate over a limited
transmission radius. It is, thus, connected only to a small subset of the nodes, called
its neighbors. In this paper, we assume that the nodes have variable transmitter power
and receiving sensitivity, so a node’s neighbors can change. The wireless network is,
therefore, a random graph G = (N, E), where the nodes are N = 1,..,n and there is
an edge (i,j) € E if node 7 is a neighbor of node j in the wireless network. Initially,
we assume that all nodes have identical transmission radius, the graph is undirected.
Messages in our system are sent to geographical locations (coordinates) rather than
to specific nodes. We assume that every node knows its own position. Using an ini-



tial setup process that is repeated periodically, each node in the system pre-determines
the coordinates for which it is the closest node. Thereafter, it considers any message
directed at any of those coordinates as intended for itself. Henceforth, we refer to this
node as the destination node, even though the source node does not explicitly address
the message to it. All data messages have a header with source and destination coordi-
nates.

Medium Access Control

The Medium Access Control (MAC) protocol we use, is a modification of the Slotted
Carrier Sense Multiple Access (CSMA) protocol [12] and is called Carrier Sense Mul-
tiple Access with Mini-Back off (CSMA-mb) [1]. In CSMA-mb, the channel is divided
into major time slots. Each major time slot is subdivided into a number of mini-slots.
The size of each mini-slot is the maximum propagation delay among any neighboring
nodes in the system. Nodes contend for channel access at the first mini-slot of every
major time slot. The first m mini-slots are reserved for contention in the system. At
the beginning of every major slot, each node wishing to transmit backs off randomly
to a value in the range of [1, m]. This process is termed as the mini-backoff scheme.
At the end of its mini-backoff, the node senses the carrier again. If the channel is busy,
it backs off to the next major slot; otherwise, it transmits. CSMA-mb thus follows a
cautious persistent back off procedure. CSMA-mb has been shown to produce better
results than slotted CSMA [1].

Network Adaptation Technique

The random distribution of nodes in an LSSN leads to regions of varying density. The
network adaptation technique discussed in this section intends to adapt a sensor node’s
transmission radius based on its 1-hop neighborhood in order to attain a pre-determined
connectivity in the system, thereby making the network more efficient and robust. This
algorithm is explained in detail below.

The Algorithm

The nodes start off with a uniform high radius of communication so as to ensure good
connectivity in the system. There exists a setup period in the system, known as the
system setup time, during which the network adaptation takes place. During this period,
nodes broadcast only hello messages. These control messages are of a smaller packet
size compared to data messages. The system set-up time can be divided into two stages:

1. Neighborhood Identification Stage: During this stage of the system set-up
time, nodes identify their neighborhood configuration using the hello messages.
Each hello message carries information about its node’s geographical location
and its current transmission radius. When a node A receives a hello message



from a new neighbor B, A responds by sending an acknowledgement (ack) mes-
sage as reply. This type of control messaging is termed event-driven control
messaging. In addition to this, the system also has periodic control messaging.
The rate of this messaging is denoted by Acontror- With the help of both the
event-driven and periodic control messaging, nodes develop and update lists of
their 1-hop neighbors (locations). The entire process helps a node determine its
local connectivity.

2. Neighbor Pruning Stage: The second stage of the system set-up time involves
the actual adaptation process.Using the information obained in the identification
stage, nodes adapt their connectivity to attain a pre-determined number of neigh-
bors denoted by n*. By making a simple computation, nodes either decide to
increase their transmission power by a pre-determined value or decide to de-
crease their transmission power so as to reach n* neighbors. Through a series
of updated “hello” and “acknowledgement” messages, nodes self-organize their
neighborhood and try to attain the n* neighbors.

The neighborhood identification stage and the neighbor pruning stage together con-
stitutes the system set-up time in our algorithm. We choose the pre-determined number
of neighbors (n*) in our simulations following the analysis in [8, 13]. We also propose
and study several scenarios for network adaptation in the presence of node failures, and
explore the effect of parameter variation.

Routing Algorithm

A primary requirement for any sensor network to function is the ability to transfer infor-
mation between arbitrary points in the system, and in this paper, we study the benefits
of network adaptation by incorporating it into an adaptive routing algorithm developed
by us. This algorithm, called corridor flooding, is an intelligent broadcast algorithm
that seeks to balance the redundancy and robustness of broadcast with the efficiency
of directed routing. For LSSNs with a large number of very limited, unreliable nodes,
we consider broadcast more appropriate than unicast because: 1) The computational
resources needed for path discovery or creating and maintaining routing tables are not
available to the nodes; 2) Most paths are too long (in terms of hops) to be discovered or
maintained by a source node, and too transient to be worth discovering or maintaining.
In this situation, a broadcast-based approach with its inherent redundancy of paths is
the natural answer. However, it must be tempered by concerns of efficiency so that it is
less wasteful than simple flooding.

Our approach is based on the principle that decisions made by nodes must be based
on simple, locally available information rather than awareness of the wider network.
Thus, each node in our network, upon receiving a message not intended for it makes
a simple decision: Should it re-broadcast the message? This is simpler, for example,
than determining which node to forward the message to. By intelligently controlling
the basis for each local re-broadcast decision, we arrived at the corridor flooding algo-
rithm, which scales effectively and is robust against node failure. The corridor routing
algorithm utilizes the geographical location information of the nodes to route messages.



We define a corridor as an imaginary two dimensional region of a pre-determined
width extending from the message source to the message destination. The pre-
determined width of the corridor is termed the corridor width. As the imaginary corridor
depends on the locations of the source and the destination of a message, the length and
orientation of the corridor differs for different source-destination pairs. The corridor for
a particular message is consistent at all nodes involved in routing the message because
the nodes infer the same corridor based on the information received in the message it-
self. The source and destination location for every message is encoded in the message
header.

When a node receives a message, it evaluates the position of the imaginary corridor
and computes whether it lies within the region. If it lies within the corridor, the node
re-broadcasts the message; otherwise, the message is discarded. This way the nodes
contain the flood of a message to the message’s imaginary corridor. The primary pa-
rameter in this algorithm is the corridor width, w. The corridor width determines the
number of redundant paths to the destination, with the consequent robustness against
node failure. A wider corridor increases the available redundancy of paths between
source and destination, but increases congestion and wastes energy. A narrower corri-
dor has the converse effect. Thus, determining an optimal corridor width is crucial to
obtaining a robust and efficient system in the face of node failures.

The corridor routing algorithm exploits the best available redundancy in the system
to achieve superior performance over broadcast-based flooding. In this paper, we show
that the corridor routing algorithm outperforms even unicast-based routing protocols in
networks with high rates of node failure.

Comparison Protocols

In order to evaluate the performance of the corridor routing algorithm with the network-
level adaptation, we have implemented three other routing protocols in this work. These
are described below:

Simple Flooding: The classic flooding algorithm is the baseline case for compar-
ison in our performance study. In this protocol, a non-destination node re-broadcasts
any message it receives exactly once.

Pseudo Unicast: In pseudo-unicast, each non-destination node, upon receiving a
message, unicasts the message to its most forward neighbor — the neighbor that pro-
vides the greatest progress towards the destination [13]. Nodes in pseudo-unicast do not
employ any channel-reservation scheme [7, 2], and thus collisions are prevalent. If the
most forward neighbor happens to be the immediate source node (evaluated with the
information carried by the message), then the transmitting node chooses the next most
forward node / the least backward neighbor to unicast the message. In essence, pseudo-
unicast can be seen as worst-case unicast — the least sophisticated kind of unicast. It
can also be seen as broadcast with forwarding only by a single node. By comparing
this protocol with the corridor routing algorithm, one can quantify the value of path
redundancy for the performance of the system: It shows whether a system with a single
point of failure is sustainable under highly unreliable conditions or if it is necessary to
preserve a certain degree of redundancy to achieve robustness under failures.



Super Unicast: Super-unicast works like pseudo-unicast, but assumes idealized
conditions for communication. Hence, a transmission from a node A to a neighbor B
is always successful, provided B is in commission. The motivation for investigating
super-unicast is to compare the corridor routing algorithm with the best-case unicast.
Although pseudo-unicast eliminates some of the problems of broadcast, it still suf-
fers from the classical hidden and exposed terminal problems. Researchers over the
years have proposed many sophisticated unicast protocols to address these problems,
e.g. MACA [7] or MACAW [2]. Instead of implementing any of these sophisticated
protocols, we simply consider the case obtained when such protocols work perfectly,
obtaining super-unicast.

We believe that by comparing our scheme with both pseudo-unicast and super-
unicast, we cover the entire spectrum of unicast protocols.

Simulation Framework

In this section, we describe the simulation framework and systematically present the
results of performance of the corridor flooding algorithm in comparison with the simple
flooding algorithm and unicast-based algorithms.

Performance Metrics

The following performance metrics are used to evaluate the various protocols:

1. Message Delivery The ratio of the number of messages that reached the destina-
tion node to the number of messages generated in the system.

2. Transmission Ratio The number of messages transmitted in the system for every
message generated. This measures the efficiency of energy usage.

3. Message Wait Time The average wait time of messages at every hop, expressed
in terms of mini-slots.

4. Hop Length The average number of hops taken by messages that have reached
the destination.

Simulation Model

We performed a series of simulations with networks of 100, 500 and 1000 nodes. The
nodes had an initial uniform transmission radius of 10 units, 4 units and 3 units for
the 100-node, 500-node and 1000-node cases, respectively. They were distributed uni-
formly on a 50 x 50 square geographic region. The pre-determined corridor widths were
chosen as 40, 16 and 12 for the 100-node, 500-node and 1000-node cases, respectively.

Messages were generated according to a Poisson process with message generation
rate A\. The \ values used in simulation ranged from 0.05 to 0.25 (per slot). Every mes-
sage generated had a randomly generated source-destination coordinate pair. The sim-
ulation made sure that the source and the destination were not identical. The A oniror



was fixed at 2.5 (per slot). We implemented a discrete-event simulator that kept track
of message collisions in the system. The width of the major slot in CSMA-mb was 70
mini-slots, with m = 30 mini-slots dedicated for contention.

Test Scenarios

The performance of the protocols was evaluated under two different scenarios:

1. Infinite Energy Assumption: Nodes in the system are assumed to have infinite
energy for communication. The nodes are thus in operation throughout the run.
We explore this scenario to analyze the best-case performance of the protocols.

2. Random failures: This scenario considers the possibility where certain nodes in
the system fail. To model this, we divide the nodes in the system into stable nodes
and normal nodes. Stable nodes are ideal, infallible nodes. These nodes are in
commission throughout the lifetime of the system. In contrast, a normal node
fails in each major slot with some probability ;. This failure could be attributed
to wear and tear or shortage of energy or even a timeout period. The node could
become active and participate in routing in the next major slot. The concept of
stable nodes was introduced to study the robustness of the system in relation to
the degree of unreliability prevailing in the system.

Simulation Results

Based on preliminary simulations, we determined that a value of n* = 8 was appropri-
ate for our networks. This was consistent with the recommendation in [8]. The choice
of n* and the density of nodes then determined the default radius of transmission, and
thus the energy usage of nodes.

Adaptive Network: Infinite Energy Condition

Figures 1 and 2 show the performance curves of the 500 and 1000-node adaptive net-
work under infinite energy conditions. In both cases, the broadcast-based algorithms
out-perform the unicast-based algorithms in terms of message delivery. Even in larger
networks, simple flooding performs exceptionally well in terms of message delivery.
This is attributable to the better and fairly uniform connectivity in the system. Corri-
dor routing performs either as well as or better than simple flooding. The savings in
energy is more substantiable as the network becomes larger, emphasizing scalability.
Also, there is a slight improvement in message latency in corridor routing as compared
to simple flooding.
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Figure 1: Adaptive network, infinite energy scenario: all protocols comparison with number of
nodes = 500

Adaptive Network: Random Failures

The first part of the random failure study involved keeping the message generation rate
(A) constant and varying the percentage of stable nodes. Normal nodes in the system
fail with a probability of 0.5 (i.e., Py = 0.5) in every major time slot.

Figure 3 shows the performance curves for a 100-node network with the message
generation rate fixed at A = 0.2. Corridor routing shows the best message delivery and
wait times not much worse than the unicast protocols. Energy usage is much better than
simple flooding. Overall, corridor routing clearly provides the best combination of reli-
ability, efficiency and robustness. It can be argued that using handshaking mechanisms
similar to MACA [7] or MACAW [2], one could achieve higher message delivery even
under the effect of node failures. However, these methods are not suitable for the simple
nodes and the failure-prone scenarios being studied here.

The second study of the random failure mode involved fixing the percentage of
stable nodes in the system while varying the message generation rate (A). Again, the
normal nodes fail with a probability of 0.5 in each major time slot (i.e., Py = 0.5). The
percentage of stable nodes is fixed at 50% for the simulations and ) is varied from 0.05
to 0.25.

Figure 4 shows the performance for a 500-node network. The adaptive unicast-
based algorithms performs poorly in the face of such a high node failure rate (Only 50
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Figure 2: Adaptive network, infinite energy scenario: all protocols comparison with number of
nodes = 1000

% of the nodes are stable). On the other hand, the broadcast-based protocols perform
much better than their unicast counterparts under similar test conditions in terms of
message delivery. While corridor routing performs almost as well as simple flooding
in terms of message delivery, there is appreciable gain in the transmission ratio and a
significant improvement in the message latency (product of message wait time and hop
count). The unicast-based systems performs poorly because of the presence of a single
point of failure of these algorithms coupled with the need for the messages to traverse
a large number hops to reach their destination.

So far, in the analysis of the node failure modes, we used n* = 8 as the pre-
determined neighbor count. What happens if n* were to be increased? A higher n*
would mean a greater radius of transmission for the nodes.

Next, we consider what happens if n* is raised beyond 8. One might assume that
there would be a corresponding increase in the amount of traffic received at each node.
However, in the presence of node failures, such an increase in a node’s neighborhood
actually helps performance. We chose n* = 10 as the new pre-determined neighbor
count for this analysis. The value of n* can be chosen based on the anticipated risk of
failures of the nodes. In a scenario in which nodes have a high risk of failing, a slightly
higher n* than the magic number of 6 or 8 [8, 13] would aid in the messaging.

Figure 5 shows the performance comparison of the simple flooding and corridor
flooding protocols with n* = 8 and n* = 10 cases under node failures. In this scenario,
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Figure 3: Adaptive network with node failures: all protocols comparison with number of nodes
=100 and A = 0.2 (vs percentage of stable nodes. Py = 0.5)

A was fixed at 0.1, the percentage of stable nodes was varied from 0 % to 100 % and the
probability of failure of the nodes Py = 0.5. The message delivery of simple flooding
with n* = 10 shows up to 35 % improvement over the message delivery of simple
flooding with n* = 8. Also, there is a slight improvement in the performance of the
corridor routing protocol in terms of message delivery. The width of the corridor is
fixed as 40 in both cases; the transmission ratio of both the corridor routing curves
almost overlap due to this reason. There is a slight increase in the wait times for the
n* = 10 case because of the increase in contention at each hop.

Essentially, the better results for n* = 10 reflect an increased redundancy of paths
that compensates for node failures. Of course, there is a trade-off here — increasing
the n* above a certain value will lead to performance degradation. We have not studied
that phenomenon in this work.

Summary and Future Work

The work reported here shows that adaptive broadcast-based algorithms perform sig-
nificantly better than unicast-based algorithms in networks of simple nodes with high
failure rates. The primary drawback of the network adaptation is the need for the system
set up time. The system set up time uses up both bandwidth and energy in the system.
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Figure 4: Adaptive network with node failures: all protocols comparison with number of nodes
=500, percentage of stable nodes = 50% and probability of failure Py = 0.5

However, this would typically be only a small fraction of system lifetime.

Node mobility is an issue left un-explored. Actually, nodes in an LSSN are not ex-
pected to be highly mobile because of their limitations on energy, cost and complexity.
Also, nodes in an embedded sensor network will generally be stationary. Neverthe-
less, as we rely on the geographical locations of the source and the destination nodes,
node mobility would require that nodes continuously estimate their own coordinates
in an absolute or relative system, e.g., using beacons or landmarks [9]. Also, the net-
work adaptation technique would be drastically affected by node mobility because of
the dynamics of node links.
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